
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 5

/2
/2

02
6 

5:
16

:5
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The effect of pre
aUniversity of California, Santa Cruz, Santa

ucsc.edu
bBingham Research Center, Utah State Univ
cDepartment of Chemistry and Biochemistry
dDepartment of Chemistry and Environme

Portland, OR, 97202, USA

Cite this: Environ. Sci.: Atmos., 2025, 5,
204

Received 4th November 2024
Accepted 12th December 2024

DOI: 10.1039/d4ea00145a

rsc.li/esatmospheres

204 | Environ. Sci.: Atmos., 2025, 5,
cipitation on gaseous oxidized and
elemental mercury concentrations as quantified by
two types of atmospheric mercury measurement
systems

Peter S. Weiss-Penzias, *a Seth N. Lyman,bc Tyler Elgiar,b Lynne E. Gratz,d

Winston T. Luke,e Gabriel Quevedo,f Nicole Chomag and Mae Sexauer Gusting

Gaseous and particulate-bound oxidized mercury (Hg) compounds (HgII) have high solubility in

precipitation compared to gaseous elemental Hg (Hg0). Wet and dry deposition are the primary routes of

entry for atmospheric HgII into aquatic ecosystems. Information on how much HgII is removed from the

atmosphere to the landscape during precipitation is lacking. In this study, oxidized HgII concentrations

were measured with a dual-channel system (DCS) at two sites in the United States, Storm Peak

Laboratory (SPL), in Colorado (2021–2022), and Beltsville (MD99) in Maryland (2022–2024), and

compared with data from 16 co-located Atmospheric Mercury Network (AMNet) and Mercury Deposition

Network (MDN) sites that used a KCl denuder method. At the two DCS sites, gaseous oxidized Hg

concentrations were segregated by wet and dry periods from the nearest precipitation gauge to

determine values for median dry HgII and median wet HgII concentrations (dry-wet = “HgII washout”) for

each site. SPL had higher median ambient HgII and higher median HgII washout (90 pg m−3 and 22 pg

m−3, respectively) compared to that for MD99 (43 pg m−3 and 7 pg m−3). This difference could be due

to site elevation (3161 vs. 77 m) as there is generally more HgII higher in the atmosphere. In contrast, the

ambient HgII/washout HgII ratios were more similar, 4.1 for SPL and 5.8 at MD99. The mean ambient

HgII/washout HgII ratio for the 16 AMNet sites was 1.8 ± 0.1. The AMNet HgII data are known to be

biased low due to issues with the KCl-denuder method, and this low bias appears to result in lower

ambient HgII/washout HgII ratio observed for the AMNet sites. Correction factors for AMNet data using

HgII measurements from DCS instruments were found to range from 2–3 and could be used to improve

the accuracy of older data.
Environmental signicance

Oxidized mercury (Hg) compounds in the atmosphere, both in gaseous and particulate forms, are the main sources of Hg in precipitation, which contributes Hg
to aquatic ecosystems where it is transformed into methylmercury. Understanding the connection between emissions of Hg to the atmosphere and their
contribution to Hg in precipitation is limited by several factors including uncertainties associated with the measurement methods for oxidized Hg. In this study,
an improved measurement method for oxidized Hg was utilized at a mountaintop site in the Rocky Mountains and at a suburban site in Maryland, where high-
resolution datasets were obtained at each site for two-year periods. The data were separated by precipitation depth as measured by the closest rain gauge (>0
(wet) and =0 (dry)). The medians of each of these categories were calculated and median wet-median dry was then termed oxidized Hg “washout”. We then
calculated the ratio of ambient oxidized Hg to washout oxidized Hg and found the ratios to be relatively consistent at the two sites that used the improved
instrumental method. The mean ratio for these two sites was then used to correct older measurements of oxidized Hg across a network of 16 sites in the U.S. and
Canada, which had a mean ratio of ambient oxidized Hg to washout oxidized Hg that was 2.7 times lower. This analysis revealed that the older oxidized Hg data
could be adjusted upward by factors of 2–3 depending on the site. We suggest that assessments of the impact of Hg emissions on Hg in precipitation could be
underestimated if only uncorrected data were used.
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1 Introduction

Mercury (Hg) is a global toxicant that affects humans and wildlife
through the dietary intake of methylmercury,1,2 as evidenced by
recent Hg concentration surveys of high trophic level and
sentinel species that showed exceedances of benchmarks for sh
and wildlife.3 Most Hg pollution is emitted to the atmosphere,
where it is transported and transformed from the relatively inert
elemental form (Hg0) to the divalent form (HgII) that is more
reactive and water-soluble.4 Experimental, theoretical, and
modeling advances have suggested that Hg0 is initially oxidized
by Br and OH, and subsequently by ozone and other atmospheric
constituents,5 and much of the resultant gas-phase HgII subse-
quently becomes part of dissolved organic compound complexes
in aerosols and cloud droplets.6 Gas- and aerosol-phase HgII can
then either be photochemically reduced back to Hg0 or wet and
dry deposited to the Earth's surface.7–10 Other atmospheric Hg
redox pathways may also exist; however, understanding of
atmospheric Hg chemistry is currently hindered by an inability to
identify specic HgII compounds in the atmosphere. Hg0 can also
be dry deposited to terrestrial vegetation through stomatal
uptake, and by some estimates this is the dominant removal
pathway,11 although bidirectional exchange releases Hg back to
the atmosphere from plants and soil surfaces.12,13

Wet deposition of Hg is measured by collection of precipi-
tation that contains particulate and soluble forms of HgII. Wet
deposition is an important source of Hg to ecosystems where
HgII undergoes methylation by microbes and enters the food
web.14 However, controls on methylmercury formation and
concentrations in the environment are numerous, and there is
not a simple relationship between wet deposition of inorganic
Hg andmethylmercury in sh.15 Although atmospheric washout
as a removal phenomenon for Hg was identied years ago
through observations of the decrease in Hg concentrations in
sequential rain samples,16,17 the origins of HgII in precipitation
are not well known. One complicating factor is that most
measurements of ambient HgII concentrations have been
collected using methods that are now known to be biased low
due to interferences on the KCl-denuder and the quartz ber
lter.18,19 A second factor is that most wet deposition measure-
ments made by the Mercury Deposition Network (MDN) that is
part of the National Atmospheric Deposition Program (NADP)
are weekly samples limiting the ability to quantitatively deter-
mine HgII sources using individual precipitation events.

There is considerable evidence that rainfall has a diluting effect
on Hg concentrations in precipitation ([Hg]aq) and that a log–log
relationship exists between [Hg]aq and precipitation depth both in
weekly integrated and event-based samples.20–27 Scavenging coef-
cients of Hg in precipitation are lower than for other airborne
metals and ions due to a continuous supply of soluble forms of
HgII at least in the vicinity anthropogenic emissions.21 Gaseous
oxidized Hg (GOM) is generally more water soluble than particu-
late bound Hg (PBM) and is thought to contribute more to [Hg]aq
than PBM,21 although the opposite could occur in polluted urban
atmospheres with heavy burdens of particulate matter.27 Some
studies have suggested that HgII is incorporated into precipitation
© 2025 The Author(s). Published by the Royal Society of Chemistry
via gas-phase inclusion or particulate nucleation within the cloud,
with below-cloud scavenging in the boundary layer probably being
less important.21,28 Indeed, Shah and Jaegĺe,29 in a modeling study,
found that HgII produced in the upper and middle troposphere
constitutes 91% of the annual HgII wet deposition ux. This may
be specically true in the western U.S. where the free troposphere
is an important source of surface GOM and PBM, and wet depo-
sition of Hg increases with altitude.30,31

Because of the importance of Hg wet deposition to ecosys-
tems, monitoring networks have been established to make
regular, standardizedmeasurements of Hg loads to surfaces. The
MDN is currently composed of 76 active sites that collect weekly
precipitation samples to be analyzed for [Hg]aq.32 At 16 MDN
sites, there were measurements of atmospheric speciated Hg
concentrations (PBM, GOM, and Hg0) carried out for multiyear
periods by AMNet during the years 2008–2020. Although these
atmospheric Hg data sets are large and potentially valuable for
understanding the origins of Hg in wet deposition, the quanti-
tative accuracy of these data is in question because PBM and
GOM measurements are subject to low-bias and interferences,
due to the use of the KCl denuder and quartz lter, respec-
tively.10,33,34 In response, alternative techniques have been devel-
oped that quantify HgII compounds using cation-exchange
membranes in dual-channel systems that can measure HgII by
difference (total Hg–Hg0),35–39 but datasets are from fewer loca-
tions and do not span as much time as the AMNet data.

Prior to the understanding of the limitations of the KCl-
denuder based measurements, comparisons were made using
the 2–3 h GOM and PBM concentrations with weekly [Hg]aq at co-
located sites in AMNet/MDN40 to make predictions of GOM + PBM
concentrations at MDN-only sites. Later, Cheng et al.41made use of
PBM measurements from AMNet sites and scavenging ratios of
major ions in wet deposition from measurements at MDN sites to
estimate the proportion of GOM, and coarse and ne PBM in
precipitation. These scavenging ratios42 were then combined with
weekly GOM concentrations from AMNet to estimate measure-
ment biases of the KCl-denuder measurement system which
ranged from 1.3–14.3 (mean = 2.3) times below predicted values.
This range is similar to that suggested by Gustin et al.43 (1.6–12)
and Gustin et al.44 (1.3–13), both of which were based on
comparison between measurements by different methods.

Using uncorrected HgII concentration data taken with the KCl-
denuder method could therefore be leading to misinterpretations
regarding the relationship between HgII concentrations in air and
[Hg]aq that is measured at an MDN site, resulting in uncertainties
about the source ofHgII in precipitation. For example, Lynam et al.45

saw Hg rainfall concentrations 2–4 times higher for concurrent
events with similar precipitation depth at an urban site compared
to a background site suggesting that scavenging of local Hg emis-
sions was occurring. On the other hand, away from location emis-
sion sources, there may be a weak relationship between ambient
HgII and [Hg]aq. Amodel evaluation study at the global level showed
a variation of only ±10% in wet deposition for three different Hg
emissions scenarios.46 Similarly, simulated Hg wet deposition ux
in New York State changed only by 2% despite a near doubling of
emissions in the Northeastern U.S.25Considering the importance of
themiddle and upper troposphere as a source region for HgII in wet
Environ. Sci.: Atmos., 2025, 5, 204–219 | 205
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deposition,29 changes in surface concentrations of HgII may not be
correlated with [Hg]aq in many locations.

In the current study, the effects of precipitation on air
concentrations of HgII andHg0 asmeasured with the dual-channel
systems, which have been shown to quantitatively recover HgBr2
and HgCl2, at a remote high elevation site in the Rocky Mountains
and in suburban Maryland were studied. The magnitudes of HgII

washout (median [HgII]dry–median [HgII]wet) and Hg0 enhance-
ment (median [Hg0]wet–median [Hg0]dry) were quantied at these
sites over multiple years of data and seasonal patterns, and air
mass histories were examined. It was then considered whether the
information learned about precipitation-driven changes in HgII

and Hg0 species from the dual-channel systems could be used to
correct for biases in the AMNet GOM and PBMdata (obtained with
KCl-denuder/quartz lter measurement system) from 16 co-
located AMNet-MDN sites. The mean DCS-derived ambient HgII/
washout HgII ratio was determined and the subsequent analyses
explored whether this ratio could be used as a correction of older
measurement data from 16 co-located sites.

2 Methodology
2.1 Dual-channel measurement sites

2.1.1 Storm Peak Laboratory. Storm Peak Laboratory (SPL)
is in the Park Range, a subrange of the Rocky Mountains in
northwestern Colorado in the U.S. (40.452254°N and
106.749542°W, 3161 meters above sea level (A.S.L.)).47,48 HgII

and Hg0 measurements were made between March 12–October
11, 2021, and again from March 3–September 22, 2022.

Elemental and total gaseous Hg were measured in ambient
air at SPL using the dual-channel system.49–51 The system
sampled air at 9 L min−1 through a PTFE-coated, heated (120 °
C) elutriator and impactor that removed particles larger than
2.5 mm, through 0.5 m of heated peruoroalkoxy (PFA) Teon
line, and then into one of two channels. One channel included
a 650 °C thermolyzer to convert all atmospheric Hg to Hg0,
measuring total atmospheric Hg, and the other a series of two
cation-exchange membranes that retain HgII, to measure only
Hg0. A Tekran 2537X analyzer customized to reduce the sample
line volume and to increase sensitivity quantied the Hg0

output from both channels via the peak height method (cf.ref.
52), and HgII was calculated as the difference between the two
channels. Poly(tetrauoroethylene) (PTFE) Teon valves were
used to switch air sampled between the two channels at 5 min
intervals. The instrument had a 1 h detection limit for HgII of
less than 12 pg m−3 (3× standard deviation of ambient air
measurements) and an expanded measurement uncertainty of
16%. HgII concentrations in this paper are reported to the ones
place with no digit aer the decimal point. The dual-channel
system has been shown to quantitatively collect gas-phase
HgII compounds and Hg0 injected into ambient air from an
SI-traceable calibration source.42,50 Cation-exchange
membranes used in the system to capture HgII have been
shown to collect a wide variety of HgII compounds and do not
collect a signicant amount of Hg0.53 While no calibration
method exists for particle-phase Hg, it is assumed that the dual-
channel system captures all gas-phase HgII and HgII bound to
206 | Environ. Sci.: Atmos., 2025, 5, 204–219
particles smaller than 2.5 mm. Information about earlier
versions of the dual-channel system and calibrator is available
in Lyman et al.37 and Dunham-Cheatham et al.50 Soda lime traps
were upstream of the 2537X to scrub reactive gases that can
passivate the gold traps in the instrument. Soda lime traps and
cation-exchange membranes were replaced biweekly. Periodic
injections of Hg0 from a temperature controlled saturated Hg0

vapor source resulted in recovery of 101 ± 6%.
2.1.2 Beltsville, MD (MD99). The National Oceanic and

Atmospheric Administration (NOAA)'s Beltsville site is near Belts-
ville, Maryland (39.0284N, 76.8172W, 77 m amsl), on the campus
of the United States Department of Agriculture's Beltsville Agri-
cultural Research Center and bordering the U.S. Fish and Wildlife
Service's Patuxent National Wildlife Refuge (NWR). It is one of the
National Atmospheric Deposition Program (NADP)'s Atmospheric
Mercury Network (AMNet) sites (site ID: MD99).54 MD99 is also an
MDN site, thus unlike Storm Peak Laboratory, there was no
geographic separation between the atmospheric measurements
and precipitation collection. A 10mwalk-up tower was established
in a clearing surrounded by grassland and forest. All chemical
analyzers are housed in a climate-controlled shelter adjacent to the
tower. Ongoing measurements of atmospheric Hg species are
made from the top of the tower with an inlet height of 10.6 m
above ground to minimize local surface effects.

Oxidized mercury measured at MD99 as the difference
between total Hg (THg) and gaseous elemental Hg. A Tekran®
1135 Particulate Unit module was modied to serve as the
NOAA difference system. A custom pyrolyzer (URG Corp.,
Chapel Hill, NC) was based on amodied design of the Tekran®
Corp. Regenerable Particle Filter (RPF). A porous quartz frit was
fused approximately 5 cm from the threaded inlet of the pyro-
lyzer to minimize inlet losses of Reactive Mercury (RM) species
and supported a 22 mm diameter quartz ber lter and quartz
wool plug. Quartz chips were packed behind the quartz frit to
pyrolyze all mercury species to Hg0 at 800 °C. The pyrolyzer inlet
was typically ltered with a PTFE membrane (25 mm diameter,
1 mm pore size) that was assumed to capture particle-phase HgII

and allow gas-phase HgII to pass through.
Gaseous elemental Hg was measured by pulling air through

two 47 mm diameter polyether sulfone (PES) membranes (0.22-
micron pore size, MilliporeSigma™ Express™ PLUSMembrane
Filters) to remove all PBM and GOM. We note that, while
Dunham-Cheatham et al.55 found no signicant difference
between the cation-exchange membranes used at Storm Peak
and the PES membranes used at Beltsville, Allen et al.56 found
that PES membranes captured 14–23% less HgII than cation-
exchange membranes (which are PES that have been treated
with a proprietary process). The lters were housed in a Sul-
nert (Restek, Bellafonte, PA) coated open-faced stainless steel
lter holder (Model FJ-42SS, F&J Specialty Products, Inc., Ocala
FL). The lters and holder were thermostatically controlled at
40 °C and were situated along the bottom edge of the 1135
module. All inlet lters were changed monthly, and the pyro-
lyzer was cleaned and replaced quarterly. Soda lime traps
upstream of each 2537X analyzer were changed weekly. Ambient
air was sampled through each channel at 1.0 standard liters per
minute (0 °C, 1 atm), controlled by the Tekran analyzers.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The Tekran 1135 inlet module was mounted atop the 10 m
walk-up scaffold at MD99. Two 50-foot lengths of 1

4
00 diameter

PFA Teon tubes, encased in an insulated umbilical (Thermon
Manufacturing) maintained at 50 °C, routed the ows from the
THg and Hg0 channels to a valve switching box containing
a series of PFA Teon valves in the instrument shelter below.
The valve switching assembly was connected to two Tekran®
2537X analyzers, and a Labview program actuated the valves to
allow both analyzers to independently measure both THg and
Hg0. The analyzers operated asynchronously, so that when
analyzer 1 (X1) measured THg, Analyzer 2 (X2) measured Hg0,
and vice versa. Each channel was sampled for two 6 minutes
cycles by each analyzer. HgII was calculated as the difference of
the hourly-averaged THg and Hg0 concentrations for each
analyzer. The limit of detection was estimated as ±2 standard
deviations of the average difference when the pyrolyzer was
operated at 50 °C. LODs of 10–15 pg m−3 were achieved.
2.2 AMNet and MDN data

Measurements of atmospheric PBM, GOM, and Hg0 have been
made at 22 AMNet sites that also collect weekly precipitation
samples analyzed for [Hg]aq concentration (MDN sites). Of
these, 16 had sufficient data coverage to warrant detailed
analysis (>1 year) (Fig. 1). Summary data for Hg concentrations
measured at these sites is shown in Appendix A. Based on
geography, and monthly and diel concentrations of Hg forms
(Appendix A, Table 4) the AMNet sites were grouped into four
categories: Local Emissions (AL19, IN21, NY06, NY43, OH02,
UT97), Suburban North (MD08, MD99, NJ30, WI07), Suburban
South (FL96, GA40, MS12, OK99), and Rural North (NS01, VT99).

Concentrations of the different forms of mercury in the
AMNet network were quantied by automated Tekran® 1130/
1135/2537 systems.57 All instrumentation across each site was
Fig. 1 Map showing the co-located AMNet and MDN sites in the U.S. and

© 2025 The Author(s). Published by the Royal Society of Chemistry
operated in an identical manner according to standard operating
procedures provided by AMNet. The Tekran® 1135 measures
PBM <2.5 mm. GOM and PBM concentrations were determined
every 3 h with 1–2 h sampling and 1 h desorption times. Hg0 was
sampled and analyzed every 5 minutes and combined into hourly
averages in the raw AMNet data set. AMNet GOM and PBM
concentrations in this paper are reported to the ones place with
no digits aer the decimal point. Mercury concentrations in
precipitation samples taken at the AMNet/MDN co-located sites
were measured according to standardized protocols.32 Only vali-
dated data were used for this analysis. In this paper, HgII andHg0

are used to refer to oxidized and elemental mercury measure-
ments made at SPL and MD99 with the dual-channel system,
whereas GOM, PBM, and Hg0 refer to the Hg forms measured
using the Tekran® 1130/1135/2537 system, respectively.
2.3 Data analysis

Data tables from each site were used in their original down-
loaded formats to determine when there was precipitation at
each site and to classify the Hg measurements accordingly.
Hourly precipitation depth data reported by the electronic rain
gauge associated with the MDN sites were used to classify
individual Hg measurements at all sites as “wet” (precipitation
depth >0) or “dry” (precipitation depth =0). Median concen-
trations for all Hg forms during “wet” or “dry” periods were
calculated and used for subsequent comparisons between sites
and between measurement systems. Using median wet and
median dry concentrations, HgII washout for a given site over its
record of measurement was dened as

[HgII]washout = [HgII]dry − [HgII]wet (1)

Medians were selected instead of means because of the large
number of high concentrations of HgII in the AMNet, SPL, and
Canada and the SPL site which was paired with MDN-only site CO97.

Environ. Sci.: Atmos., 2025, 5, 204–219 | 207
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MD99 datasets that greatly skewed the means but not the
medians. When normally distributed datasets are grouped,
means are reported. For the AMNet data, [GOM]washout and
[PBM]washout were calculated separately and then combined to
determine HgII washout:

[HgII]washout = [GOM]washout + [PBM]washout (2)

The ratio of median ambient HgII concentration to the
median HgII washout concentration was calculated for each
site. A correction factor for ambient HgII concentrations
measured at the AMNet sites was calculated using

�
HgII

�
correction;AMNet

¼
h
HgIIambient;REF

i
h
HgIIwashout;REF

i
,h

HgIIambient;AMNet

i
h
HgIIwashout;AMNet

i (3)

where REF refers to the reference data, that being the mean
ratios from the DCS sites.

For Hg0 a precipitation enhancement was calculated

[Hg0]enhancement = [Hg0]wet − [Hg0]dry (4)

Relationships between the Hg concentration in weekly inte-
grated precipitation samples ([Hg]aq) and the air concentrations of
Hg forms along with values of other ancillary meteorological and
chemical parameters were also investigated. At SPL and MD99,
a weekly [Hg]aq was compared with mean values of chemical and
meteorological parameters by selecting those parameters' values
that corresponded to when precipitation depth >0 and neglecting
values when precipitation depth =0. For the MDN sites weekly
[Hg]aq was compared against GOM + PBM = HgII concentrations
averaged over the same weekly time step as the MDN sample,
which included both dry and wet precipitation states.

AMNet data were further reduced to monthly and hourly
means to characterize the seasonal and diel cycles (Appendix A,
Fig. 8 and 9).

Statistical analyses included one-way ANOVA tests, linear
regressions, multiple linear regressions, principal component
Table 1 Summary statistics of HgII and Hg0 concentrations measured wit
the difference between these two categories (dry-wet for HgII and wet-

Site Parameter (unit) N (hourly)

SPL HgII all (pg m−3) 7469
SPL HgII wet (pg m−3) 703
SPL HgII dry (pg m−3) 6766
SPL HgII dry-wet (pg m−3)
SPL Hg0 all (ng m−3) 7574
SPL Hg0 wet (ng m−3) 722
SPL Hg0 dry (ng m−3) 6944
SPL Hg0 wet-dry (ng m−3)
MD99 HgII all (pg m−3) 10 465
MD99 HgII wet (pg m−3) 699
MD99 HgII dry (pg m−3) 9766
MD99 HgII dry-wet (pg m−3)
MD99 Hg0 all (ng m−3) 14 186
MD99 Hg0 wet (ng m−3) 846
MD99 Hg0 dry (ng m−3) 12 414
MD99 Hg0 wet-dry (ng m−3)
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analyses, and Shapiro–Wilk and Kolmogorov–Smirnov
normality tests. OriginPro 2021 (OriginLab) was used for these
tests. Statistical signicance was met if the test statistic was
<0.05. HgII concentrations were not normally distributed for any
of the sites (except for SPL) therefore log transformation was
carried out before further analysis.

2.4 Other chemical and meteorological measurements at
SPL

Meteorological data were collected on the roof of SPL at a height
of 10m above ground level (AGL) at ve-minute time resolution.51

Ozone (O3) was measured at a time resolution of 1 minute and
calibrated daily using a Thermo Model 49i Analyzer with
a precision of 1.0 ppb. As no precipitation data was collected at
SPL, this study relied upon hourly precipitation measurements
over the measurement period at SPL from the MDN site CO97 at
Buffalo Pass, located 9 km to the northwest from SPL in the same
mountain range at an elevation of 3234 m A.S.L. More details on
the SPL ancillary measurements are given in Derry et al.51

Back trajectory simulations for SPL were performed using
the NOAA Air Resources Laboratory GDAS 1° data archive and
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT) (http://ready.arl.noaa.gov/HYSPLIT.php) for the timespan
March 12–September 30, 2021. Back trajectories were initialized
every six hours for starting locations in a 0.5° × 0.5° grid
centered on SPL. The initial trajectory heights were 100, 300,
and 500 m above the ground, and the trajectories went
backward 24 hours. Each trajectory contains information on
the modeled boundary layer height, and this was used to
calculate the mean height of the multiple trajectories above
the boundary layer. All initial trajectory locations and heights
were reduced to a 6 h average (mean of N = 675 trajectories).
The mean pressure of the trajectories at time = 0 for a subset
between the dates May 1–June 14, 2021, was 704 mbar
(averaging all the 100, 300, and 500 m AGL starting heights)
that is similar to the mean barometric pressure (698 mbar)
during the previous study.47 This indicates that while the
h the dual-channel system, segregated into wet and dry categories and
dry for Hg0)

Mean Median Std dev. SE

93 90 43 0.5
71 70 34 1.3
96 92 43 0.5
25 22 9 0.3
1.256 1.270 0.118 0.001
1.301 1.314 0.094 0.004
1.250 1.264 0.117 0.001
0.051 0.050 0.033 0.020
44 43 23 0.2
37 36.6 16 0.2
45 44.0 23 0.6
8 7 7 0.3
1.288 1.289 0.150 0.001
1.341 1.347 0.135 0.001
1.289 1.297 0.143 0.005
0.052 0.050 0.008 0.004

© 2025 The Author(s). Published by the Royal Society of Chemistry
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terrain at SPL is complex and meteorological elds are coarse,
the back trajectory starting points reasonably represented the
surface. For the comparison of [Hg]aq with mean back
trajectory height, back trajectory data representing wet
conditions were selected 12 h before the onset of precipitation
at CO97 until the end time of the precipitation. This data
selection decision was made to boost the number of 6 h
observations used for averaging, since precipitation events
were sometimes only a few hours per week, and to get
a representation of the atmosphere just before the
precipitation event. If two precipitation events were separated
by 24 h or less in time, then an unbroken record of the 6 h
data was selected until the end of the precipitation event.
3 Results and discussion
3.1 Storm Peak Lab and CO97 Hg data

HgII and Hg0 concentrations measured at Storm Peak Lab with
the Dual-Channel System during March–October 2021 and
March–September in 2022 (ref. 51) were aligned with hourly
precipitation measurements from Buffalo Pass (CO97). Table 1
shows themean andmedian values for HgII and Hg0 grouped by
Fig. 2 Storm Peak Laboratory (SPL) box and whisker plots of (a) HgII and
monthly medians by precipitation state. These data were measured with
the standard error.

© 2025 The Author(s). Published by the Royal Society of Chemistry
precipitation state (dry or wet). HgII concentrations were
statistically signicantly lower during wet periods with a differ-
ence between the medians of each group of 22 pg m−3 (Fig. 2a).
HgII measurements classied as wet constituted 9.4% of the
total measurements. HgII was washed out of the atmosphere
during precipitation, however Hg0 was released as shown by
a wet-dry difference in median Hg0 concentrations of 0.052 ng
m−3, equivalent to a 4.2% increase (Fig. 2b). The effect of season
on HgII washout and Hg0 enhancement is shown in Fig. 2c and
d. HgII washout can be seen in all months except March, and
Hg0 enhancement occurred in all months except October. Both
Hg species displayed little seasonality at SPL.51

HgII and Hg0 concentrations plus ancillary parameters at SPL
were compared with [Hg]aq concentrations in the weekly
precipitation sample at CO97 (Table 2). Log[Hg]aq was signi-
cantly positively correlated with the following parameters: log
HgII, log sample volume, relative humidity, ozone concentra-
tions, PM10 aerosol scattering, and the mean altitude of 24 h
back trajectory heights arriving at SPL (Table 2). Principal
component analysis (Appendix A, Fig. 7) showed that the rst
component was consistent with a relatively strong anti-
correlation between [Hg]aq and %RH. Taken together, these
(b) Hg0 concentrations by precipitation state, and (c) HgII and (d) Hg0

a dual-channel measurement system. Error bars in (c) and (d) represent
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Table 2 Linear correlation coefficients between the MDN weekly
sample [Hg]aq concentration and other parameters measured at SPL
and MD99. Correlation coefficients in bold are statistically significant

Linear correlation with log [Hg]aq SPL (DCS) r2 MD99 (DCS) r2

Log sample volume −0.02 0.30
Hg0 −0.03 −0.01
HgII 0.09 0.00
O3 0.24
Log PM10 scattering 0.33
%RH 0.39
Back trajectory height 0.27
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relationships suggest that precipitation that originates higher
in the troposphere, as indicated by the trajectory heights, higher
ozone, and lower relative humidity, generally has higher [Hg]aq,
which is consistent with the recent analysis by Derry et al.,51

Shah and Jaeglé's29 model results, and the work of Huang and
Gustin.30 A weak correlation between HgII measured at SPL with
[Hg]aq in a weekly precipitation sample is consistent with the
source of HgII washout at this site being primarily entrainment
of middle free tropospheric air into the storm systemmany days
before reaching the site.51
Fig. 3 Beltsville, MD (MD99) box and whisker plots of (a) HgII and (b) Hg0

medians by precipitation state. These data were measured with a dual-
instruments used.

210 | Environ. Sci.: Atmos., 2025, 5, 204–219
3.2 Beltsville, MD (MD99) Hg data

The dual-channel system HgII and Hg0 measurements at this
site were aligned with hourly precipitation data to determine
which measurements were grouped either wet or dry. Like the
trend observed at SPL, HgII concentrations at MD99 were
statistically signicantly lower during wet periods with the
difference between the medians of dry and wet being 7 pg m−3

(Table 1 and Fig. 3a). The proportion of HgII measurements
classied as wet was 7.0%. Hg0 concentrations were signi-
cantly higher during wet periods with a signicant difference
between the medians of 0.049 ng m−3 (Table 1 and Fig. 3b).
Seasonal effects for both HgII washout and Hg0 enhancement
are evident in Fig. 3c and d. For HgII, washout occurred mainly
from Feb to July, peaking in the months of April and June. For
Hg0, the months of Jun.–Dec. showed the most enhancement.

HgII and Hg0 concentrations at MD99 were compared with
[Hg]aq concentrations in eachweekly precipitation sample (Table 2).
Log[Hg]aq was negatively correlated with log sample volume due to
the dilution effect, with the relationship being signicant. However,
neither HgII nor Hg0 showed a signicant correlationwith log[Hg]aq
atMD99. Principal component analysis forMD99 data (Appendix A,
Fig. 7) showed that the rst component is associated with elevated
[Hg]aq and lower sample volume, i.e., the dilution effect.
concentrations by precipitation state, and (c) HgII and (d) Hg0 monthly
channel measurement system. X1 and X2 refer to two Tekran 2537X

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3 Gaseous and aqueous Hg data from 16 co-located
AMNet-MDN sites

Co-located AMNet-MDN sites were categorized based on
patterns of mean Hg concentrations in seasonal and diel cycles
(in Appendix A, see Table 4, Fig. 8, and 9), and each site was
assigned one of four site types: Local Emissions, Suburban
North, Suburban South, Rural North. At each site, GOM, PBM,
and Hg0 concentrations were paired with the corresponding
hour when precipitation was >0 to produce a data set that could
be summarized based on precipitation state. Median HgII dry,
median HgII wet, and the median dry-median wet difference for
each AMNet site are shown in Fig. 4a–c, respectively, and for
Hg0, these values are plotted in Fig. 4d. HgII washout ranged
from 1–10 pg m−3 with an all-site mean of 4 pg m−3 (Table 3).
Hg0 enhancement ranged from −0.037 to 0.120 ng m−3 with an
all-site mean of 0.049 ng m−3, which was notably similar to that
observed at the two DCS sites. We hypothesize that the pattern
in Hg0 is related to emissions of Hg0 from surfaces when they
become wet.58–61

The washout amount and the percent removal varied by Hg
form with GOM percent removal being greater for 15 of 16 sites
(all-site mean 81%) than PBM (Table 3). This is consistent with
HgII being the more scavenge-able form. From the HgII washout
pattern across sites shown in Fig. 4c, there is greater HgII

washout for sites that are the Local Emissions category of site
Fig. 4 Comparison of median HgII concentrations, which is composed of
(a) dry, (b) wet, (c) the difference between median dry and median wet,
total height of the bars in panels (a)–(c) represents GOM + PBM = HgII. Th
Emissions, Suburban North, Suburban South, and Rural North).

© 2025 The Author(s). Published by the Royal Society of Chemistry
types and also have higher ambient HgII concentrations
(Appendix A, Table 4). The mean HgII washout amount for Local
Emission site group is 6 pg m−3, compared to 2 pg m−3 for the
two Rural North sites.

Relationships between AMNet atmospheric Hg concentra-
tion and [Hg]aq in a weekly precipitation sample are presented
in Fig. 5. Each HgII vs. [Hg]aq data pair represents the weekly
averaged GOM + PBM (both wet and dry) and the weekly Hg
concentration in the wet deposition sample. In Fig. 5a the mean
of weekly average HgII concentration is weakly linearly corre-
lated to median [Hg]aq across all sites (r

2 = 0.2, p = 0.05). AL19
and UT97 have the highest HgII and [Hg]aq concentrations,
whereas NS01 and VT99 have the lowest. IN21 and NY43 are
positively shied above the trend, perhaps due to the larger
proportion of PBM as HgII that was observed at these two sites,
since PBM is less easily scavenged by precipitation compared to
GOM.41 In contrast the Suburban South group had low HgII

concentrations and elevated [Hg]aq consistent with convective
storms that scavenge high altitude RM in the SE U.S. region29,31

and possibly greater levels of instrument bias due to the
humidity.62,63 The linear trend shown in Fig. 5b for all weekly
average HgII vs. [Hg]aq data for the six Local Emissions sites
grouped together is signicant (r2 = 0.04, p < 0.05), albeit weak,
but one must remember that a stronger correlation would
probably be seen if it were not for the negative bias in the HgII
GOMand PBM, at the 16 AMNet sites segregated by precipitation state:
and (d) median wet, median dry and wet-dry Hg0 concentrations. The
e sites are ordered from left to right on the x-axes by site group (Local
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Fig. 5 Comparison of AMNet and MDN data for the 16 co-located sites grouped into 4 site types. (a) Mean of HgII weekly averages
(not segregated by precipitation state) vs. median [Hg]aq by site. (b) Log of mean of weekly HgII (GOM + PBM) concentrations vs. log of weekly
[Hg]aq at. Linear regression statistics in (b) are shown for the data from Local Emissions sites; the other fits shown were not significantly different
from zero.
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measurements. Uncorrected AMNet HgII measurements are
likely underestimating the contribution from local emissions to
wet deposition of Hg.
3.4 Ambient HgII vs. washout HgII

Here we investigate whether HgII measurements made at two
sites with the DCS method could be used to correct the older
measurements made with KCl-denuders across the network. To
address this, the relationship was explored between the median
ambient HgII concentration and the median dry–median wet
HgII (washout HgII) concentrations at each site. We tested
whether at any given site using the same measurement method,
there would be a constant fraction of ambient HgII scavenged
during precipitation, when averaging over at least an annual
cycle. Washout HgII concentrations for each site were calculated
using eqn (1) and these values are plotted on the x-axis with
median ambient HgII concentration for each site on the y-axis in
Fig. 6 Median ambient HgII concentrations plotted against median dry-w
and (b) the 16 AMNet sites color coded by site type (see Fig. 5). The slopes
deviation of all measurements in the y-direction and the standard deviat
direction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 6a for the two DCS sites and in Fig. 6b for the 16 AMNet
sites (note the different scales in the x- and y-axes). Linear ts
for each group of sites were forced through zero and the
resulting slopes are 4.8 ± 0.9 and 1.8 ± 0.1 for the DCS and
AMNet sites, respectively. Standard deviations of the ambient
HgII and the washout HgII concentrations are included in Fig. 6a
to indicate the uncertainty in the slope that is derived from two
DCS data points. Despite the low number of DCS sites, the
pattern is clear that the slope from these sites is a factor 2.7
higher than for the AMNet sites.

Based on the observations, it is expected then, that if all the
instruments were behaving similarly the ratio of long termmedian
ambient HgII to washout HgII concentration should be the same
for all the instruments. Using this assumption allows for a poten-
tial correction factor which was derived for each AMNet site by
using eqn (3) and dividing the HgII ambient/HgII washout ratio for
the reference sites (DCS) by the same ratio for the AMNet site. This
produces site-specic correction factors between 2–3 for each of
et HgII concentrations for (a) the two dual-channel system (DCS) sites
are forced through zero and the error bars in (a) represent the standard
ion propagated from error in the dry and wet measurements in the x-
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Fig. 7 Principal component analysis of hourly data collected at the
two DCS measurement sites (a) SPL, and (b) MD99, averaged over the
hours of measurable precipitation during a weekly MDN sample.
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the AMNet sites (Table 3). Prior work to address the low bias in
AMNet GOM measurements using a scavenging ratio approach
showed that themean low bias across nine AMNet sites is factor of
2.3,42 a similar result obtained with the method shown here, sug-
gesting a possible consensus in the directions and magnitude of
the correction needed. While the results of this and the Cheng and
Zhang42 studies produced similar results, the benet of the
washout approach described here is that it does not rely upon the
assumption that there is a strong empirical relationship between
atmospheric oxidizedmercury andmercury wet deposition, as was
previously assumed.42

The washout approach described here assumes a mass
balance of HgII around the sampling site and it must be noted
that other processes may be occurring that give rise to uncer-
tainties in this method. These include in situHg redox reactions
and transport of air enriched or depleted in HgII, especially
when these processes might be different under wet and dry
conditions. Future measurements and modeling should focus
on the response of HgII and Hg0 concentrations around the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Meanmonthly (a) GOM, (b) PBM, (c) GEM, and (d) median monthly [Hg]aq for the 16 AMNet and MDN sites color-grouped by site type (red
= Local Emissions, blue = Suburban North, green = Suburban South, and black = Rural North).

Fig. 9 Mean hourly averages of (a) GOM, (b) PBM, and (c) GEM for the 16 AMNet sites color-grouped by site type, see caption for Fig. 1.
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sampling site during dry and wet periods to understand how
certain this mass balance approach could be.
4 Conclusions

This study analyzed the behavior of atmospheric Hg as
measured with two methods in relation to the effects of
precipitation. Two sites made long-term measurements with
a dual-channel system for quantifying atmospheric HgII (SPL
and MD99), and these data were used as a basis for compar-
ison of HgII washout, dened as median [HgII]dry–median
[HgII]wet, with older GOM, PBM, and Hg0 data from 16 co-
located sites in the AMNet and MDN networks (also with
long-term data) as part of the National Atmospheric
© 2025 The Author(s). Published by the Royal Society of Chemistry
Deposition Program. A reduction in HgII concentrations
during times of precipitation compared to dry conditions (i.e.
HgII washout) was observed at all sites regardless of the
measurement method, indicating this is a robust feature of the
atmosphere due to the effects of precipitation. Similarly, Hg0

concentrations were higher during times of precipitation at
nearly all sites (15 of 17) and likely is related to emissions of
Hg0 from surfaces when they become wet. Measurements with
the dual-channel system showed that on average, ambient HgII

concentrations were related to the magnitude of HgII washout
at a given site, with the ratios for SPL and MD99 (the dual-
channel system sites) being 4.1 and 5.8, respectively. These
relatively similar ratios between DCS sites were observed even
though SPL had ambient HgII concentrations that were 2.1
Environ. Sci.: Atmos., 2025, 5, 204–219 | 215
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times higher than MD99. When the same median ambient
HgII/median washout HgII ratio was calculated for the 16
AMNet sites, it was found that the average ratio for the DCS
sites was 2.7 times larger than the average for the AMNet sites.
If it is assumed that the ratios from the same type of
measurement method should be roughly similar, then it is
possible to derive a correction factor using DCS data from
a limited number of sites to apply to the AMNet sites. Site-
specic correction factors were calculated between 2–3,
which compared similarly with factors derived using a scav-
enging ratio approach42 giving another potential solution to
improving the accuracy of semi quantitative older data.

Correcting older HgII data is particularly important because
a relationship was found between HgII in the air and [Hg]aq in
wet deposition, and thus the proportion of local emissions
scavenged from the atmosphere and wet deposited would be
underestimated if the currently available measurements were
used to calculate a ux. Furthermore, uncorrected observations
are oen used to validate chemical models; therefore, to
improve source attribution studies and global model validity, it
is critical to improve the accuracy of the available data even if
the correction method itself is an estimate. Future work should
make at least one-year worth of measurements using the DCS at
multiple AMNet sites to calculate HgII washout and compare
with ambient HgII concentrations in order verify if the correc-
tion factors suggested here still agree.
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AMNet and MDN data are publicly available through the
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Appendices
Appendix A: seasonal and diel cycles of AMNet-MDN Hg data

A list of the 16 co-located sites considered in this study, their
measurement periods, and summary statistics for Hg are shown
in Appendix Table 4. Medians were calculated for [Hg]aq to
minimize the effect of single high sample since N = 4 or fewer
for each month. The mean monthly concentrations of PBM,
GOM, and Hg0 from AMNet sites, and the median monthly
concentrations of [Hg]aq from the co-located MDN sites are
shown in Fig. 7. Fig. 8 shows the mean hourly concentrations of
PBM, GOM, and Hg0 from AMNet sites. Among the 16 sites,
PBM concentrations were >75th percentile compared to all sites
data at NY06, NY43, IN21, and UT97, GOM concentrations were
>75th percentile at AL19, MD08, NY43, and UT97, and Hg0

concentrations were >75th percentile at AL19, NJ30, NY06, and
UT97. Most sites showed a springtime maximum for GOM,
a wintertime maximum for PBM, an early springtime maximum
for Hg0, and a summertime maximum for [Hg]aq (Fig. 7). Across
all sites, the magnitude of the seasonal cycle for Hg0 was in the
0.2–0.4 ng m−3 range, and GOM and PBM varied by 2–60 pg
m−3, although these data are biased low, and the magnitude of
the bias is dependent on which HgII forms are present and the
ambient atmospheric chemistry. Trends such as these could
also be due to trends in underlying non-Hg chemistry that
impacts KCl-denuder performance, rather than due to trends in
GOM itself. Concentrations of Hg in wet deposition displayed
a warm-season maximum at all sites32 with UT97 displaying the
highest summertime concentrations, probably due to its arid
climate and low sample volume.23

The diel cycles of GOM demonstrated that it is a daytime
form at least in the boundary layer, reaching a maximum at
nearly every site in the aernoon (Fig. 8). AL19 is known to be
impacted by local sources of GOM64 and thus displayed an
earlier-shied maximum compared to the other sites, reect-
ing the daily breakup of the nocturnal boundary layer.65 The
diel pattern at UT97 is of similar magnitude as AL19, consis-
tent with industrial sources in its vicinity,66 but is shied later
and smoother, indicating photochemistry or deep convective
mixing is more important at this site. The PBM diel pattern is
noisier than that for GOM, but generally shows a daytime
increase in concentrations, for example at OH02 the ampli-
tude of the cycle is 5 pg m−3 with a peak at 14:00 local time.
Nocturnal boundary layer trapping of pollutants is evident in
the diel pattern of PBM at AL19 with a peak in concentrations
at 04:00 local time. IN21 displayed the highest PBM concen-
trations of any site; the small number of samples and the 3
hours measurement cycle produced the sawtooth pattern in
Fig. 8. Hg0 diel patterns show a daytime minimum for the
more polluted sites which could reect a combination of plant
uptake and the mixing of cleaner air from alo throughout the
day, and a daytime maxima or no diel pattern for the more
background sites. Looking across all sites, the magnitude of
the diel cycle for Hg0 is in the 0.1–0.2 ng m−3 range, and GOM
and PBM vary by 2–20 pg m−3 although, as stated before, these
data are biased low.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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