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Abstract. Dry deposition of speciated mercury, i.e.,
gaseous oxidized mercury (GOM), particulate-bound mer-
cury (PBM), and gaseous elemental mercury (GEM), was es-
timated for the year 2008–2009 at 19 monitoring locations in
eastern and central North America. Dry deposition estimates
were obtained by combining monitored two- to four-hourly
speciated ambient concentrations with modeled hourly dry
deposition velocities (Vd) calculated using forecasted meteo-
rology. Annual dry deposition of GOM+PBM was estimated
to be in the range of 0.4 to 8.1 µg m−2 at these locations with
GOM deposition being mostly five to ten times higher than
PBM deposition, due to their different modeledVd values.
Net annual GEM dry deposition was estimated to be in the
range of 5 to 26 µg m−2 at 18 sites and 33 µg m−2 at one site.
The estimated dry deposition agrees very well with limited
surrogate-surface dry deposition measurements of GOM and
PBM, and also agrees with litterfall mercury measurements
conducted at multiple locations in eastern and central North
America. This study suggests that GEM contributes much
more than GOM+PBM to the total dry deposition at the ma-
jority of the sites considered here; the only exception is at
locations close to significant point sources where GEM and

GOM+PBM contribute equally to the total dry deposition.
The relative magnitude of the speciated dry deposition and
their good comparisons with litterfall deposition suggest that
mercury in litterfall originates primarily from GEM, which is
consistent with the limited number of previous field studies.
The study also supports previous analyses suggesting that to-
tal dry deposition of mercury is equal to, if not more impor-
tant than, wet deposition of mercury on a regional scale in
eastern North America.

1 Introduction

Atmospheric mercury (Hg) dry and wet deposition need to
be quantified to reduce large gaps existing in global Hg mass
balance estimates, assess Hg effects on various ecosystems,
and attribute sources of deposited Hg for Hg emission con-
trols (Mason and Sheu, 2002; Mason et al., 2005; Lindberg
et al., 2007; Selin et al., 2007). The Mercury Deposition Net-
work (MDN) of the National Atmospheric Deposition Pro-
gram (NADP) in the USA and Canada was established more
than a decade ago to measure the wet deposition of Hg in
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precipitation (Vanarsdale et al., 2005; Prestbo and Gay, 2009;
Risch et al., 2012b). More recently, the Atmospheric Mer-
cury Network (AMNet) of NADP was also established to
monitor speciated concentrations of atmospheric Hg for sub-
sequent dry deposition estimation (NADP, 2011a, b, c, d, e).
Mercury monitoring networks and/or monitoring sites also
exist in many other parts of the world (Sakata and Asakura,
2008; Sprovieri et al., 2010).

Dry deposition of Hg has been estimated using surrogate-
surface measurements (Lyman et al., 2007; Marsik et al.,
2007; Huang et al., 2012), micrometeorological measure-
ments (Lindberg et al., 1998; Skov et al., 2006; Cobbett and
Van Heyst, 2007), litterfall and throughfall measurements
(Demers et al., 2007; Graydon et al., 2008; Risch et al.,
2012a), and the inferential method (Xu et al., 1999; Miller
et al., 2005; Lyman et al., 2007; Marsik et al., 2007; Bash et
al., 2010; Engle et al., 2010). Due to the constant cycling of
Hg between different atmosphere-surface media (Schroeder
et al., 1989; Bash et al., 2007; Gustin et al., 2008), as well as
technological limitations (Gustin and Jaffe, 2010; Lyman et
al., 2010a, b), direct measurements of dry deposition are dif-
ficult and subject to larger errors (Zhang et al., 2009; Huang
et al., 2012). Our incomplete understanding of other physical
and chemical processes involving Hg also affect our ability
to quantify Hg dry deposition (Lin et al., 2006, 2007; Gbor
et al; 2007; Bullock et al., 2008; Pongprueksa et al., 2008;
Zhang et al., 2012a). It is believed that the uncertainties in
dry deposition estimates are larger than those in wet deposi-
tion estimates (Lindberg et al., 2007).

Mercury wet deposition collected from MDN were dis-
cussed in many earlier studies (Vanarsdale et al., 2005;
Prestbo and Gay, 2009; Risch et al., 2012b). This is not the
case for measurement-based dry deposition estimates; par-
ticularly at regional scales, measurements are very limited
(Miller et al., 2005; Engle et al., 2010). With the availabil-
ity of speciated Hg concentrations data from AMNet, i.e.,
gaseous elemental Hg (GEM), gaseous oxidized Hg (GOM)
and particulate-bound Hg (PBM), it is now practical to pro-
vide more accurate estimations of Hg dry deposition for mul-
tiple locations. Furthermore, speciated Hg concentrations for
dry deposition estimation is critical given the substantial dif-
ferences in dry deposition velocities and ambient concentra-
tions among the different Hg species (Keeler and Dvonch,
2005; Zhang et al., 2009; Engle et al., 2010; Amos et al.,
2012).

The purpose of this study is to provide more accurate
model estimates of speciated and total Hg dry deposition for
multiple locations across eastern and central North Amer-
ica. Dry deposition estimates for the years 2008 and 2009 at
19 monitoring locations were generated using AMNet con-
centrations. The estimated dry deposition was assessed us-
ing limited surrogate-surface dry deposition measurements
(Castro et al., 2012; Huang et al., 2012) and substantial an-
nual litterfall Hg measurements collected at multiple loca-
tions (Risch et al., 2012a). Total dry deposition and contribu-

tions from each individual Hg species are discussed in detail.
Sources of Hg in litterfall and the relative importance of dry
and wet deposition are also briefly discussed. The results are
expected to provide useful information for the atmospheric
Hg community as well as to ecological research.

2 Methodology

2.1 Site information

Nineteen sites located in central and eastern USA and
Canada are included in this study (Table 1, Fig. 1). Note
that Rochester (NY43) and RochesterB (NY95) were collo-
cated but operated by two different research groups. All sites
except ELA belong to AMNet. Population density, land use
category (LUC), etc. are shown in Table S1 (Supporting In-
formation, “SI”), leading to site categorization. Ten sites are
identified as rural sites and the remainder are urban/suburban
sites. Hg point source emissions within a 100 km circle of
each site are also shown in Fig. 1. It should be noted that
point sources surrounding rural sites can be larger than those
surrounding urban and suburban sites (e.g., Athens Super
Site (OH02) and Piney Reservoir (MD08) versus nearby ur-
ban/suburban sites).

2.2 Air concentration measurements

Speciated Hg concentrations for the years 2008/2009 were
used for this study. Available measurements are listed in
Table 1. All data were collected using the Tekran Specia-
tion systems (Models 1130, 1135, and 2537; Tekran Inc.,
Toronto, Canada; Landis et al., 2002). The detection limits
were 1.0 pg m−3 for GOM and PBM and 0.01 ng m−3 for
GEM (Baker and Bash, 2012). Specific site conditions, op-
erations, data quality control, and data presentation can be
found from individual studies, e.g., see Huang et al. (2010)
for Rochester (NY95), Cheng et al. (2012) for ELA, and Mao
and Talbot (2011) for Thompson Farm (NH06). A short de-
scription of data collection and analysis procedures can also
be found in Zhang et al. (2012a).

All sites except ELA have been quality assured by AM-
Net. The AMNet quality assurance program uses field opera-
tor procedures and software review of data to produce the fi-
nal reported data. Hourly and two-hourly observations, with
intervening hours of instrument analysis, are coded by the
software as either valid or invalid observations and then the
data has a final review by the network site liaison and the
site operator. Only valid data is released for distribution and
website download.

For field operations, initial data review is conducted by
trained, onsite operators following standard operating proce-
dures (SOP) for harmonized operation of all of the instru-
ments. The SOPs include documentation and reporting of in-
strument maintenance and status on a weekly, monthly, quar-
terly, and yearly basis. Additional procedures are in place to
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Fig. 1. Locations of the AMNet sites where Hg dry deposition were estimated. Also shown are Hg point source emissions with a 100 km
circle of each site.

detect instrument problems using warning and action limits.
An experienced site liaison is available for site consultation.
Field operators regularly submit monthly site visit reports
of instrument operation conditions, maintenance procedures
completed, and problems noted. These records are incorpo-
rated into the data record for final valid/invalid observations
(see NADP, 2011a, b, c, and d for specific steps).

Raw instrument data files are submitted regularly to the
network for processing and quality assurance review. Hourly
and two-hourly averages are determined from the raw obser-
vations using algorithms, with blank correction. The data is
then subjected to an automated electronic quality assurance
review procedure published in the Data Management Stan-
dard Operating Procedure document (NADP, 2011e). Exam-
ples of automated data flagging, covering a multitude of per-
formance checks, include baseline stability, calibration re-
sponse, contamination, sample volume, and variability be-
tween dual sample cartridges, to name a few.

2.3 Dry deposition estimation

The inferential method, i.e., an atmospheric species’ dry de-
position flux (F) estimated as a product of its air concentra-
tion (C) and its dry deposition velocity (Vd), was employed in
this study to estimateF for the three fractions of Hg (GEM,
GOM, and PBM). Fluxes for each fraction were calculated
at the same time resolution as their concentrations. Consid-

ering that upward fluxes of GEM from re-emission of pre-
deposited Hg and from natural emissions are frequently ob-
served, net GEM dry deposition was used in the present study
for constructing the dry deposition budget. Net GEM dry
deposition was estimated as the difference between the cal-
culatedF and modeled total re-emission plus natural emis-
sion from the Global/Regional Atmospheric Heavy Metals
Model (GRAHM) (Dastoor and Larocque, 2004; Dastoor et
al., 2008), as discussed in Zhang et al. (2012a).

Vd for GEM and GOM were calculated using the big-leaf
dry deposition model described in Zhang et al. (2003):

Vd =
1

Ra+ Rb + Rc

where individual resistance terms includeRa as aerody-
namic,Rb as quasi-laminar, andRc as canopy resistance, re-
spectively.Rc is parameterized as:

1

Rc
=

1− Wst

Rst+ Rm
+

1

Rns

whereWst is the fraction of stomatal blocking under wet
conditions,Rst is the stomatal resistance, calculated using a
sunlit/shade stomatal resistance sub-model,Rm is the mes-
ophyll resistance and is chosen as 500 s m−1 for GEM and
0 for GOM, andRns is the non-stomatal resistance which is
a function of in-canopy, soil, and cuticle resistances. Cuticle
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Table 1.List of AMNet site information.

AMNet Site ID Site Name Lat and lon Data coverage Dominant land type Site category
within 1 km circle

MD08 Piney Reservoir 39.7053,−79.0122 Jan 2008–Dec 2009 Grass, mixed forest,
shrubs, lake

rural

MD99 Beltsville 39.0284,−76.8171 Jan–Feb 2008, May–Jun
2008, Apr–Sep 2009,
Dec 2009

Forest, urban suburban

MS12 Grand Bay NERR 30.4294,−88.4277 Jan 2008–Dec 2009 ex-
cept Sep 2008

Woody wetland,
shrubs, forest,

rural

NH06 Thompson Farm 43.1100,−70.9500 Feb 2009–Dec 2009 Mixed forest, crops rural
NJ05 Brigantine 39.4020,−74.3790 Jul–Aug 2009, Oct–Dec

2009
Wetland, lake, forest suburban

NJ30 New Brunswick 40.4728,−74.4226 May–Jun 2009, Sep–Oct
2009

Urban, crop, forest,
wetland

urban

NJ32 Chester 40.7876,−74.6763 May–Aug 2008, Oct–
Dec 2008, Jan 2009,
Apr–Sep 2009

Urban, forest, wetland suburban

NJ54 Elizabeth Lab 40.6414,−74.2084 Jan–Feb 2008, Sep–Oct
2008, Apr–Jun 2009

Urban urban

NS01 Kejimkujik National Park 44.4328,−65.2056 Jan–Dec 2009 Forest rural
NY06 Bronx 40.8680,−73.8782 Aug 2008–Dec 2009 Urban urban
NY20 Huntington Wildlife 43.9731,−74.2231 Jan–Dec 2008 Forest, lake, wetland rural
NY43 Rochester 43.1463,−77.5481 Jan 2008–Jan 2009 Urban suburban
NY95 RochesterB 43.1463,−77.5481 Sep 2008–Dec 2009 Urban suburban
OH02 Athens Super Site 39.3078,−82.1182 Feb 2008–Dec 2009 Forest, shrubs rural
OK99 Stilwell 35.7514,−94.6717 Jan 2009–Dec 2009 Grass, forest rural
UT96 Antelope Island 41.0467,−112.0248 Jul–Dec 2009 Grass, crops suburban
UT97 Salt Lake City 40.7118,−111.9609 Dec 2008–Dec 2009 Urban urban
VT99 Underhill 44.5283,−72.8684 Jan 2008–Dec 2009 Forest, grass, lake rural
WV99 Canaan Valley Institute 39.0636,−79.4222 Nov–Dec 2008, Feb–

Mar 2009
Forest rural

ELA Experimental Lakes Area 49.664,−93.721 Jan/08, May–Jul 2008,
Sep 2008–Dec 2009

Forest rural

and soil resistances for GEM and GOM were scaled to those
of SO2 and O3 using the following equation with two scaling
parameters chosen asα = 0 andβ = 0.1 for GEM andα = 10
andβ = 10 for GOM:

1

Rx(i)
=

α(i)

Rx(SO2)
+

β(i)

Rx(O3)

Note that the values ofRm, α, and β chosen for GOM
and GEM are empirical numbers that can be theoretically
supported by the species’ solubility and reactivity, an ap-
proach used in previous dry deposition parameterizations
for commonly-studied gaseous species in air quality models
(Wesely, 1989; Zhang et al., 2002). More importantly, these
values give the right range ofVd values when compared to a
review of available measurements (Zhang et al., 2009). The
β value for GEM was originally assigned a value of 0.2 in
Zhang et al. (2009). Sensitivity tests in GRAHM, based on
the comparison between modeled and measured GEM con-
centrations, suggest that this value is probably too big (Zhang
et al., 2012a). To avoid overestimatingVd for GEM, a value

of 0.1 is used forβ in the present study. Parameters for GOM
are the same as those for HNO3, a common approach used in
previous studies (Bullock et al., 2002; Miller et al., 2005;
Marsik et al., 2007).

Vd for PBM was calculated using the size-segregated par-
ticle dry deposition model described in Zhang et al. (2001):

Vd = Vg +
1

Ra+ Rs

whereVg is the gravitational settling velocity, andRs is the
surface resistance parameterized as a function of collection
efficiencies from Brownian diffusion, impaction, and inter-
ception mechanisms. A log-normal size distribution for PBM
was assumed andVd for each size bin was calculated and then
aggregated into the bulkVd based on the mass size distri-
bution. A geometric mass mean diameter of 0.38 µm and a
geometric standard deviation of 2.2 were used for the log-
normal size distribution. This assumption is thought to be
reasonable for inland sites where PBM is mainly associated
with fine particles; however,Vd for coastal sites might be
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underestimated where PBM are frequently associated with
coarse particles.

The original model of Zhang et al. (2001) used 15 LUCs,
but here we used 26 LUCs (Table S1), following Zhang et
al. (2003). Input parameters in Zhang et al. (2001) were given
for each LUC and for five seasonal categories. This approach
was discarded here; instead, the same approach developed in
Zhang et al. (2003) was used. That is, for any input parame-
ter (X) changing with season, a maximum value (Xmax) and
a minimum value (Xmin) were provided and were then inter-
polated to any day of the year based on the annual variation
of the leaf area index (LAI):

X(t) = X(min) +
LAI (t) − LAI (min)

LAI (max) − LAI (min)
[X(max) − X(min)]

where t represents any day of the year, and LAI(min) and
LAI(max) represent minimum and maximum LAI values, re-
spectively, during the year. Input parameters for the particle
dry deposition model that need interpolation include a pa-
rameter for the characteristic radius of collectors, a parame-
ter for calculating the collection efficiency by Brownian dif-
fusion, and a parameter for calculating the collection effi-
ciency by impaction (Zhang et al., 2001). Roughness for each
LUC for the particle dry deposition model is the same as for
the gaseous dry deposition model, as described in Zhang et
al. (2003).

The meteorological data used for driving the dry deposi-
tion models were from the archived data produced by the
Global Environmental Multiscale model, which is the Cana-
dian weather forecast model, an approach described in Brook
et al. (1999). Meteorological variables representing the same
time period as the Hg air concentration measurements for
the surface and the first model-layer, typically at 40–50 m in
height, are available hourly at a horizontal grid resolution of
15 km by 15 km. Data for model grids containing the mea-
surement sites were extracted from the archived data to cal-
culate hourlyVd. Area-weighted land types within a 1 km
radius of each site were used to calculateVd (see Table 1 and
Table S1).

2.4 Litterfall and wet deposition measurements

To assess the reasonableness of these dry deposition esti-
mates, and explore the sources of Hg in litterfall, estimated
speciated and total Hg dry deposition were compared with
collected litterfall Hg. The total net Hg dry deposition to a
forest is the sum of the Hg in the litterfall, the Hg captured
by the canopy and then emitted back to the atmosphere, the
Hg washed off the canopy by precipitation (throughfall), and
the Hg deposited directly to the underlying soils. Thus, litter-
fall deposition may be treated as the low-end estimation of
the total Hg dry deposition to a forest, if Hg emission from
the underlying soil is limited. On the other hand, if soil Hg
emissions are high and the ambient Hg concentrations above

the forest are low, the litterfall Hg might be higher than the
dry deposition above the canopy due to the interception of
emitted Hg by the forest leaves. Based on the above argu-
ments, it is reasonable to assume that total dry deposition
and litterfall deposition should be similar on regional scales,
although the differences can be very large at individual sites.
Thus, we compared the estimated dry deposition with mea-
sured litterfall deposition on a regional-scale and at six collo-
cated sites (see below for details). A better comparison would
be to compare the estimated dry deposition with the litterfall
plus throughfall deposition, as was also done for ELA in this
study.

Three-year average Hg litterfall measurements during
2007–2009 at 23 selected MDN sites, as described in detail
by Risch et al. (2012a), were used for this study. The site
information for the litterfall measurements is listed in Ta-
ble S2. Litterfall measurements were also made at the ELA
site (Graydon et al., 2008). Note that many AMNet sites are
not collocated with MDN sites and thus are not at the same
sites where the litterfall data were collected. Only six sites
have both dry deposition estimation and litterfall measure-
ments (Table 2).

Wet deposition collected by MDN during the years 2007-
2009 were also used for the purpose of quantifying the rela-
tive importance of dry and wet deposition. A wet deposition
map was created using the three-year average wet deposition
of non-urban MDN monitoring sites. For this data, non-urban
sites were defined as less than 400 people per square kilome-
ter (km2) within a 15 km radius of the site. The interpolated
annual sums of Hg wet deposition were computed for an ar-
ray of regularly spaced grid values using the sites that were
within 300 km of each grid point. The boundary of the in-
terpolated area was trimmed at the coast line and smoothed
for values up to 300 km from the outermost data points over
land.

3 Results and discussion

3.1 Air concentrations

Annual average concentrations among the sites during 2008–
2009 ranged from 1.1 to 22.6 pg m−3 for GOM, 2.9 to
17.1 pg m−3 for PBM, and 1.2 to 2.1 ng m−3 for GEM
(Fig. 2a, b). As expected, the species having the shortest
lifetimes had the largest geographical variations. GOM only
contributed 0.1–1.5 % to the total gaseous Hg (GOM+GEM)
at these locations.

The highest annual concentrations for GEM were detected
at several urban and suburban sites (e.g., 1.79 to 2.13 ng m−3

for NJ32, NJ54, NJ30, and UT97), whereas the lowest an-
nual concentrations were detected in more remote rural ar-
eas (e.g., 1.24 to 1.37 ng m−3 for ELA, NH06, OK99, and
NS01). The annual GEM concentrations did not differ signif-
icantly between suburban and rural sites in the north-eastern
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Table 2. Estimated speciated and total dry deposition (µg m−2 yr−1) and measured litterfall deposition (µg m−2 yr−1) at six sites. The last
column represents upper-end estimation of GOM+PBM dry deposition by incorporating the potential uncertainties.

Site ID GOM PBM GOM+PBM Net GEM Total dry deposition Litterfall Increased GOM+PBM

MD08 7.8 0.30 8.1 6.8 14.9 15.3 16.8
MD99 1.3 0.32 1.6 9.0 10.6 15.5 3.9
OH02 3.0 0.38 3.4 9.9 13.3 18.8 7.5
VT99 0.72 0.41 1.1 11.7 12.8 11.3 3.1
WV99 3.6 0.44 4.0 8.2 12.2 9.9 9.0
ELA 0.49 0.25 0.74 15.6 16.3 8.6 2.0

USA due to the many point and area sources in this re-
gion (Fig. 1) and the long atmospheric lifetime of GEM.
The geographical variations in the annual GEM were within
a factor of 1.8 among all of the sites discussed here. As
with GEM, the lowest annual concentrations of GOM and
PBM were also detected at the same remote rural sites (ELA,
NH06, OK99, and NS01); however, this was not the case for
the highest concentrations of GOM and PBM. For example,
UT97, MD08, WV99, and OH02 had the highest GOM con-
centrations and UT96, UT97, and NJ54 had the highest PBM
concentrations. Similar to GEM, quite a few rural sites (e.g.,
WV99, OH02, and MD08) had GOM and PBM concentra-
tions that were comparable to the concentrations at the urban
and suburban sites. Among all of the sites, the geographi-
cal variations in the annual GOM were within a factor of 20,
while the annual PBM were within a factor of 6.

With the exception of a few urban sites (NJ05, NJ30, NJ32,
and UT97), GEM had higher concentrations in the cold sea-
sons (spring and winter) than in the hot seasons (summer and
fall) (Fig. S1 and Table S3). The seasonal variations in GEM
(the ratio between the highest and the lowest seasonal con-
centrations) were in the range of a factor of 1.08 to 1.62,
depending on the location. Seasonal variations of GOM and
PBM were highly variable and were also much larger than
those of GEM. At many sites, GOM concentrations in the
spring were much higher than during any other season. At
an urban site (UT97), GOM had slightly higher concentra-
tions in the summer and fall compared to those in the win-
ter and spring. At two other urban/suburban sites (NJ05 and
UT96), GOM had much higher concentrations in the sum-
mer compared to the fall and winter, but the spring data at
these two sites were not available. The seasonal variations in
GOM were in the range of a factor of 1.4 to 11.2 at all of
the locations expect at NJ05, where it was a factor of 22. For
PBM, the highest seasonal concentrations were observed in
the winter and the lowest were in the fall at the majority of
the 19 sites. This phenomenon was also observed by Amos
et al. (2012) and an empirical PBM-GOM partitioning model
was generated to describe this variability in their study. The
seasonal variations in PBM were in the range of a factor of
2.2 to 11.6, depending on the location. The differences and
similarities among the three Hg species in their geographical
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Fig. 2. Annual average concentrations for GOM, PBM (pg m−3)
and GEM (ng m−3) and annual dry deposition velocity (Vd in
cm s−1).

and seasonal patterns were caused by many factors includ-
ing sources, transportation, chemical transformation, and re-
moval processes (Huang et al., 2010; Mao and Talbot et al.,
2011; Amos et al., 2012; Cheng et al., 2012).
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Fig. 3. Annual average speciated dry deposition fluxes (µg m−2).
Net GEM flux is the GEM dry flux minus GRAHM modeled annual
GEM re-emission and natural emission fluxes.

3.2 deposition velocities

Based on existing models/parameterizations constructed for
the calculation of HgVd (e.g., Zhang et al., 2009 and ref-
erences therein), if meteorological conditions are similar,
GOM and PBM should have largerVd values over surfaces
with larger roughness lengths (and thus higher friction ve-
locities) than over smoother surfaces; and GEM should have
larger Vd values over canopies with larger LAI than over
any other surface. For example, the estimated annualVd of
GOM over forest-dominated sites was in the range of 1.4–
2.0 cm s−1, and was close to 1.0 cm s−1 over urban areas
(Fig. 2c). Values lower than 0.8 cm s−1 were also calculated
for a few sites with small roughness lengths and/or weak
wind speeds. In general, estimatedVd of PBM was five to
ten times smaller thanVd of GOM. Estimated annualVd for
GEM was mostly in the range of 0.05–0.08 cm s−1 over veg-
etated surfaces and below 0.05 cm s−1 over urban areas, and
was generally 20–30 times smaller than those of GOM, and
2–6 times smaller than PBM. CalculatedVd values shown
here are well within the range of published estimates (Zhang
et al., 2009).

The estimated seasonal (or monthly) averageVd for GOM
and PBM was higher during seasons with strong wind
speeds. Note thatRa, Rb, Rns andRs, defined in Sect. 2.4,
are all smaller under stronger wind conditions. As for GEM,
theVd was higher over forests and during full growing sea-
sons than over other surfaces or during other seasons due to
the dominant effect of LAI onVd. As an example, average

diurnal and monthlyVd at the Kejimkujik site (NS01; a re-
mote coastal site with forest coverage) are shown in Fig. S2
in the Supplement. The wind was stronger in the winter than
in the summer at this location and thusVd values of GOM
and PBM were higher in the winter. On the other hand,Vd
of GEM was much higher in the spring and summer than in
the winter due to the dominant effect of LAI. The relative
changes (compared to their own annual average values) in
the seasonal and diurnalVd were also much larger for GEM
(see normalizedVd, Fig. S2 in the Supplement).

3.3 Estimated dry deposition fluxes

The estimated annual dry deposition of GOM+PBM ranged
from 0.4 to 8.1 µg m−2 yr−1 at the 19 sites. GOM con-
tributed 0.3-7.8 µg m−2 yr−1 to these fluxes, whereas PBM
contributed only 0.1–0.8 µg m−2 yr−1 (Fig. 3a). The esti-
mated annual GEM dry deposition was in the range of 13
to 35 µg m−2 yr−1 (Fig. 3b), much higher than originally as-
sumed in many previous studies. Earlier studies either sim-
ply excluded GEM in the dry deposition budget or used
extremely smallVd values (Engle et al., 2010; Baker and
Bash, 2012). Despite the highVd values used for GEM in the
present study, dry deposition estimates for GEM are still be-
lieved to be conservative estimates, as mentioned in Sect 2.3.
The very high dry deposition fluxes of GEM are certainly
due to the two to three orders of magnitude higher con-
centrations of GEM compared to those of GOM+PBM. As
discussed in Zhang et al. (2012a), GEM re-emission was
around half of the GEM dry deposition on regional scales
in eastern North America, although the relative importance
of re-emission/dry deposition varied significantly with loca-
tions. Using GRAHM modeled GEM re-emission and natu-
ral emission, net GEM dry deposition fluxes were estimated
to be in the range of 4.8 to 23.3 µg m−2 yr−1 for all of the
sites except for NS01, at 33 µg m−2 yr−1 (Fig. 3b). The es-
timated net GEM dry deposition was still much higher than
the estimated GOM+PBM dry deposition at the majority of
the monitoring sites. It is noted that at several sites (MD08,
UT07, WV99), net GEM dry deposition and dry deposition
of GOM+PBM were in a similar range of values (within a
factor of 2).

Estimated dry deposition of GOM+PBM was mostly two
to five times higher at sites near significant Hg emissions
(e.g., point sources>200 kg yr−1) than at the remote sites,
but this is not the case for the estimated net GEM dry de-
position. This is due to the strong dependence of GEMVd
on land types, meteorological conditions, and the small geo-
graphical variations of the ambient GEM concentrations. For
example, the dry deposition of GOM+PBM was among the
lowest at several rural/remote sites (ELA, Kejimkujik, Un-
derhill), while the net GEM dry deposition at these locations
was among the highest. Thus, the total dry deposition does
not necessarily correlate with proximity to emission sources
due to the dominance of GEM dry deposition.
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These estimated annual GOM dry deposition amounts
were in the same range as those in several previous studies
based on measured ambient GOM concentrations. For exam-
ple, Engle et al. (2010) and Lombard et al. (2011) obtained
GOM dry depositions in the range of 0.5 to 5.3 µg m−2 yr−1

at multiple locations in central and eastern USA; the only ex-
ception was for an urban site (Illinois) with estimated GOM
deposition of 52 µg m−2 yr−1, due to extremely high GOM
concentrations. Here, estimated GOM dry deposition ranged
from 0.3 to 4.5 µg m−2 yr−1 for all of the sites except for
MD08, which was 7.8 µg m−2 yr−1.

The estimated GOM+PBM dry deposition in the present
study seems to be supported by limited field measurements
using surrogate surfaces at several sites (MD08, NY20,
and NY95). For example, Castro et al. (2012) obtained
an annual dry deposition of 3.2 µg m−2 yr−1 for GOM at
MD08. However, the average GOM concentration during
their study period (September 2009 to October 2010) was
9.1 pg m−3. In comparison, the annual average GOM con-
centration from the present study was 21.5 pg m−3 and the
estimated dry deposition was 7.8 µg m−2 yr−1 (Figs. 2, 3).
Model estimations agree reasonably well with surrogate-
surface measurements at this site after concentration adjust-
ments (e.g.,<10 % difference). Measured GOM+PBM dry
deposition at NY20 during April 2009 to January 2010 was
0.8 µg m−2 yr−1 and at NY95 during January to November
2009 was 4.4 µg m−2 yr−1 (Huang et al., 2012). In compar-
ison, the estimated dry deposition was 0.4 µg m−2 yr−1 at
NY20 during 2008 and was 3.9 µg m−2 yr−1 at NY95 for
September 2008 to December 2009. At NY20, the average
GOM concentration was 1.9 µg m−3 during their study pe-
riod and was 1.2 µg m−3 during our study period. The differ-
ences in the dry deposition estimations between theirs and
ours studies were smaller than 30 % after concentration ad-
justments. The agreement was even better (∼10 % differ-
ence) at NY95. It is noticed that the GOM concentrations
at NY20 were very low and thus both the concentration and
dry deposition measurements were expected to have large er-
rors (more discussion in Sect. 3.4). Surrogate-surface mea-
surements conducted at other locations in the USA have also
suggested a similar range of GOM dry deposition (e.g., Ly-
man et al., 2007; Marsik et al., 2007).

The estimated dry deposition of GOM+PBM discussed
above is substantially smaller than those simulated by Hg
transport models (Zhang et al., 2012a). The surface-layer
GOM and PBM concentrations simulated by the majority of
the Hg transport models were higher by a factor of 2 to 10
compared to the recently-available AMNet-measured speci-
ated concentrations in the Great Lakes region (Baker and
Bash, 2012; Zhang et al., 2012a) and this had a big impact on
the modeled dry deposition. Zhang et al. (2012a) suggested
that the emission inventory and the partitioning between
GOM and PBM were the major reasons causing the large
over-prediction of GOM and PBM concentrations. More re-
cently, Kos et al. (2011) modified the GRAHM model after

extensive sensitivity tests to improve the predicted surface-
layer GOM and PBM concentrations. As a result, wet depo-
sition prediction was also improved when compared to the
MDN measurements. This further suggests that previously
modeled Hg dry deposition of GOM+PBM were overesti-
mated and were not as realistic as the values estimated using
AMNet monitored speciated concentration data. It is thus be-
lieved that the dry deposition estimated using AMNet data is
more realistic than those estimated from Hg transport models

3.4 Potential uncertainties in the estimated dry
deposition

Uncertainties in the estimated dry deposition can come from
uncertainties in both the measured concentrations and the
modeledVd values. The instruments collecting speciated Hg
concentrations are subject to analytical artifacts which may
cause measurement errors on the order of 10–40 % for all
of the Hg species (e.g., Gustin and Jaffe, 2010; Lyman et al.,
2010a, b; Huang et al., 2012). For example, a lower efficiency
for capturing GOM was recently found by using KCl-coated
quartz denuders, a standard method in Tekran speciation sys-
tems for GOM measurements. The GOM concentration was
likely biased low, e.g., up to 55 % under high ozone concen-
tration conditions (Lyman et al., 2010b). At the ELA site,
automated and manual calibrations agreed within, on aver-
age, 4.9 % for GEM concentrations (Cheng et al., 2012). At
an urban site in Cleveland, Ohio, a recent study comparing
the Tekran system and passive air samples found the relative
percentage difference to be in the range of 4.0 to 44 % for
GEM and 1.5 to 41 % for GOM during a 20-day experimental
period (Huang et al., 2012). Apparently, large percentage er-
rors were associated with low concentration cases. Different
air sampler designs can increase these differences (Lyman et
al., 2010a). Considering that cases with the highest concen-
trations dominate the annual dry deposition, the uncertainties
in the annual dry deposition estimation caused by the uncer-
tainties in the measured concentrations should be lower than
40 %.

Uncertainties in the calculatedVd are expected to be larger
than in the measured concentrations. These uncertainties
came from variations in the model theory, errors in the me-
teorological data used to drive the model, and the inaccu-
rate representation of the surface characteristics. For exam-
ple, many of the AMNet sites are located in areas of com-
plex topography; the 15 km by 15 km average meteorological
data may depart considerably from the specific meteorologi-
cal conditions at an observation site.

If the dry deposition of GOM does behave like HNO3, as
frequently assumed in previous studies (Bullock et al., 2002;
Miller et al., 2005; Marsik et al., 2007), then the uncertainties
in the GOMVd should be generally within a factor of 2, as
shown by a recent model intercomparison study (Flechard et
al., 2011). No systematic error is identified in the estimated
GOM dry deposition across all of the sites. The relatively
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good agreement (e.g., within 30 % difference) between the
model estimates and the surrogate-surface measurements at
several sites discussed in Sect. 3.3 support this. However, an
earlier study by Lyman et al. (2007), using a modified ver-
sion of the present model, found the model underestimated
GOM dry deposition by a factor of 2 or more compared with
their surrogate-surface measurements. They also stated that
the model results were sensitive to environmental and mete-
orological conditions, and application of the model to other
land use categories or climatological conditions would likely
yield different results. Huang et al. (2012), on the other hand,
found much closer agreements between the model estimates
and the surrogate-surface measurements, with the model es-
timates lower by 10 % to 50 % (or a factor of 2), depend-
ing on the location and the sampling method, rather than on
the measurements. The same study also found the dry de-
position measured using different surrogate surfaces differed
by nearly a factor of 1.8. Thus, it is believed that uncertain-
ties in modeled and measured dry deposition are on a similar
order of magnitude and are mostly within a factor of 2. It
is worth pointing out that on-site meteorology was used in
Huang et al. (2012) while forecasted meteorology was used
in the present study in the calculation ofVd. AverageVd
for the three sites studied in Huang et al. (2012) were 0.02–
0.06 cm s−1 for GEM, 0.53–1.63 cm s−1 for GOM, and 0.03–
0.1 cm s−1 for PBM. These values were comparable with the
values obtained in the present study (Fig. 2).

The PBM dry deposition fluxes presented in this study
are likely conservative estimates since the ambient data col-
lected by a Tekran instrument excluded coarse particle Hg.
As shown in a recent study on trace metal dry deposition,
coarse particles play an important and sometimes dominate
role in the dry deposition budget (Zhang et al., 2012b). As-
suming 30 % of the total PBM is in coarse particles (Landis
and Keeler, 2002), PBM dry deposition needs to be adjusted
by a factor of 2 or more depending on the actual particle size
distribution, considering that coarse particleVd might be sub-
stantially higher than fine particleVd. At coastal locations
where coarse PBM can be as high as 50 % (Feddersen et al.,
presented in the 2010 AGU fall meeting, San Francisco), the
estimated dry deposition needs to be adjusted by a factor of
3 to 5. However, the uncertainties in the sum of GOM+PBM
dry deposition are likely to be within a factor of 2 considering
PBM only contributes a small fraction to the dry deposition
of GOM+PBM (more discussion in Sect. 3.5).

Due to the limited knowledge of GEM dry deposition and
its bi-directional exchange features, uncertainties in the es-
timated GEM dry deposition are difficult to quantify and
can be very large under certain circumstances. Further as-
sessments using litterfall measurements are presented in
Sect. 3.5. The dry deposition estimates presented in this study
are believed to be conservative estimates for all of the three
forms of Hg at the majority of the locations based on the
parameters given for theVd calculations. However, it is pos-
sible that the net GEM dry deposition at a few of the sites

might be overestimated if the GEM emission is underesti-
mated. Several mercury transport models in North America
have all used the same scheme of Shetty et al. (2008) to de-
scribe GEM emissions from natural surfaces (e.g., Dastoor
and Larocque, 2004; Lin et al., 2006). The uncertainties in
GEM remission cannot be quantified in the present study, and
should be done by the mercury modeling community in the
future.

Despite the uncertainties in the estimated dry deposition
of all of the species, the major conclusions presented above
remain effective. For example, even doubling the estimated
GOM+PBM deposition would not change the relative impor-
tance of GOM+PBM and net GEM dry deposition.

3.5 Comparison with litterfall measurements

Dry deposition of GOM+PBM, net dry deposition of GEM,
and litterfall measurements were marked on a wet deposition
map for easy comparison (Fig. 4). Direct dry deposition mea-
surements for GEM are limited and there are no data avail-
able at multiple locations or at regional scales to evaluate the
estimated net GEM dry deposition. However, litterfall mea-
surements can be used to qualitatively (and to some extent,
quantitatively) assess and constrain the estimated GEM and
total dry deposition. A few factors need to be considered. The
estimated dry deposition considered all of the land types sur-
rounding the sites, included deposition to all media (leaves,
tree branches, soils), and covered the whole year period; in
contrast, the litterfall deposition was only for forests, only
considered deposition to leaves, and only covered seasons
with leaves for deciduous forests (for the coniferous forest at
the ELA site, year-round litterfall and throughfall measure-
ments were made). Additionally, the modeled dry deposition
represented net dry deposition above the canopy; in contrast,
litterfall deposition included Hg deposition from above the
canopy as well as the interception of soil-emitted Hg.

At all of the AMNet sites and the ELA site, the es-
timated total dry deposition (GOM+PBM+net GEM) was
in the range of 5.2 to 26 µg m−2 yr−1 (except for NS01,
34.4 µg m−2 yr−1), with GOM+PBM contributing only 0.4
to 8.1 µg m−2 yr−1 to this total (Fig. 4). Litterfall deposition
was in the range of 4 to 19 µg m−2 yr−1 from all of the sites
(Risch et al., 2012a). In general, the model-estimated dry de-
position was in the same range as the Hg measured in annual
litterfall in eastern and central USA.

For the six sites (MD08, MD99, OH02, VT99, WV99,
ELA) with both litterfall measurements and dry deposition
estimates (Table 2), the estimated total dry deposition was in
the range of 11 to 16 µg m−2 yr−1 and the measured litter-
fall Hg was in the range of 9 to 19 µg m−2 yr−1. At the two
forest-dominated sites (VT99 and WV99), the estimated total
dry deposition was not significantly different (e.g., 10–20 %
difference) from the measured litterfall Hg and the estimated
net GEM dry deposition explains>80 % of the litterfall Hg.
At another three sites (MD08, MD99 and OH02), the net
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Fig. 4. Comparisons of estimated dry deposition of GOM+PBM and GEM from 2008 and 2009 speciated concentrations with litterfall
deposition collected during 2007–2009 and with wet deposition monitored during 2007–2009.

GEM dry deposition explains 45–60 % of the litterfall depo-
sition while the total dry deposition explains∼70–100 % of
the litterfall deposition. There are several possibilities caus-
ing these discrepancies: (1) dry deposition of GOM+PBM
and the net GEM were underestimated due to various rea-
sons, including the overestimation of GEM re-emission; (2)
if only using forest canopies for estimating dry deposition at
these three sites (nearly 50 % of the areas were not forests at
these three sites as shown in Table S1), the net GEM dry de-
position would be higher and closer to the litterfall deposition
(Vd is higher over forests than over any other surfaces); (3) it
is also noted that the modeled re-emissions of GEM at these
three sites were among the highest (MD08, OH02, MD99 in
Fig. 2b); thus, part of the litterfall deposition might be from
the interception of re-emitted GEM from the soil, but may
not be reflected in the modeled net GEM dry deposition.

Among the six collocated sites, ELA is the only site hav-
ing net GEM dry deposition higher (by a factor of 1.8) than
the litterfall deposition, which should be the case for all of
the locations with low soil Hg emissions. Note that ELA is
a remote site with few Hg point sources (Fig. 1). Besides,
the modeled GEM emission from the natural surfaces at this
site was also very low (see Fig. 2 the differences between the
GEM and net GEM dry deposition). To better assess the esti-
mated dry deposition at this site, long-term litterfall, through-
fall, and open area wet deposition (Graydon et al., 2008,

2009) were used to construct the dry deposition budget. It is
noticed that the litterfall value (8.6 µg m−2 yr−1; Fig. 3) was
at the low end of previously-published long-term estimates
(8 to 12 µg m−2 yr−1) that were probably more representa-
tive of the entire area. Also, the throughfall deposition (the
difference between throughfall and open area wet deposition)
was 0.15 to 0.85 times the litterfall deposition. Using the me-
dian litterfall and net throughfall deposition, one can obtain
an annual dry deposition estimation (as the total of litter-
fall and net throughfall, and ignore soil deposition/emission)
of ∼15 µg m−2 yr−1. This is in very good agreement with
the model-estimated dry deposition of 16.3 µg m−2 yr−1 (Ta-
ble 2).

The good agreement between the estimated deposition and
the measured litterfall Hg suggests that the estimated dry de-
position fluxes presented in this study are reasonable and
conservative estimates. The speciated and total dry deposi-
tion numbers, in comparison with the litterfall deposition
numbers, suggest that litterfall deposition should be mostly
from the assimilation of GEM, consistent with one previous
study (Rea et al., 2002).

The dry deposition amounts presented in this study are
best-model estimates with large uncertainties (e.g., a factor
of 2 for speciated and total dry depositon). As mentioned in
Sect. 3.4, the GOM and PBM dry deposition are believed to
be conservative estimates. To test the validity of the major
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Table 3. Estimated annual dry deposition (µg m−2 yr−1) and measured annual wet deposition (µg m−2 yr−1) at AMNeT/MDN collocated
sites. Three-year average annual precipitation amount (cm) is also shown.

AMNet/MDN Site ID Site Name Site Category GOM+PBM Net GEM Total dry Wet Dry/wet Precip

MD08 Piney Reservoir Rural 8.1 6.8 14.9 8.3 1.8 110
MD99 Beltsville Suburban 1.6 9.0 10.6 9.7 1.1 112
NJ30 New Brunswick Urban 0.9 23 23.9 8.6 2.8 126
NS01 Kejimkujik National Park Rural 1.4 33 34.4 7.1 4.8 147
NY20 Huntington Wildlife Forest Rural 0.4 4.8 5.2 6.1 0.9 113
OH02 Athens Super Site Rural 3.4 9.9 13.3 8.4 1.6 96
OK99 Stilwell Rural 0.7 9.3 10.0 12.6 0.8 135
UT97 Salt Lake City Urban 5.0 10.0 15.0 6.0 2.5 36
VT99 Underhill Rural 1.1 11.7 12.8 9.0 1.4 130
WV99 Canaan Valley Institute Rural 4.0 8.2 12.2 9.3 1.3 125

conclusions generated above (e.g., the relative contribution
of GEM and GOM+PBM, the sources of Hg in litterfall),
GOM and PBM dry deposition are adjusted by a factor of
2 and 4 (based on the potential uncertainties discussed in
Sect. 3.4), respectively, which should represent their respec-
tive upper-end estimates. The increased GOM+PBM dry de-
position for the six sites are listed in Table 2. With this ad-
justment, GEM dry deposition still dominated in the total dry
deposition budget at four of the six sites; only at MD08 and
WV99, is GOM+PBM as equally important as GEM in the
total dry deposition budget. Thus, the conclusions generated
above remain effective regardless of the potential uncertain-
ties in the estimated speciated dry deposition.

The dominance of GEM in the litterfall Hg and in the total
dry deposition raised the concern of its “bioavailability” once
dry deposited. Organically-bound GEM temporarily stored
in the leaves may eventually be released back into the atmo-
sphere through biomass burning and other cycling processes
(Friedli et al., 2009). However, Hg bound to organic matter
can be methylated in riparian wetlands and similar conditions
in the stream or stream corridor, and litterfall can be an im-
portant source of organic matter to streams (Benfield, 1997).
Methylmercury, the bioavailable form of Hg, was detected in
all of the litterfall samples reported in Risch et al. (2012a).
There is also indirect proof that some of the Hg in the fo-
liage and in the litterfall is bioavailable. For example, song-
birds and bats that feed on invertebrates have been shown to
accumulate methylmercury concentrations at levels of con-
cern. Methylmercury in the invertebrates is most likely due
to their consumption of either forest canopy foliage or leaf
litter on the forest floor, or the consumption of lower trophic
level invertebrates that feed on foliage or leaf litter (Evers et
al. 2012). Thus, the role of GEM dry deposition in ecosystem
health needs more attention.

3.6 Relative contribution of dry and wet deposition

Within the domain of Fig. 4, there were ten collocated AM-
NeT/MDN sites that had data on both the dry deposition es-

timates and the wet deposition measurements (Table 3). The
wet deposition amounts during 2007–2009 at these sites did
not reveal any urban-rural differences. Instead, variations in
the wet deposition were mostly explained by the variations
in precipitation amount. This is demonstrated by the high
correlation between the wet deposition and the precipitation
amount (R2

= 0.89, P = 3.6×10−5). The lowest wet depo-
sition was observed at an urban site (UT97) due to the ex-
tremely low precipitation amount. However, large precipita-
tion amounts did not necessarily result in high wet deposition
amounts if the ambient concentrations of GOM and PBM
were extremely low, as was the case at NS01.

The GOM+PBM dry deposition amounts were similar to
the wet deposition amounts at two of the sites (MD08 and
UT97), but were only 6–43 % of the wet deposition at the
rest of the sites. However, the total dry deposition was more
than the wet deposition at the majority of the sites, and the
dry/wet ratio ranges from 0.8 to 4.8 at these locations. The
relative contributions of dry and wet deposition to the total
deposition budget were affected by the precipitation amount,
the ambient concentration, the surface type, and the meteo-
rological conditions.

Looking at the regional scale (Fig. 4), wet deposition
for the areas covering the AMNet sites ranged from 6 to
9.0 µg m−2 yr−1, and from 6 to 12 µg m−2 yr−1 for the areas
covering both the AMNet and litterfall sites (Fig. 4). If only
GOM+PBM was considered in the dry deposition budget, the
wet deposition played a dominant role in the total (dry+wet)
deposition budget. However, if the net GEM dry deposition
was also considered, the total dry deposition became domi-
nant over or equivalent to the wet deposition. This suggests
that dry deposition was more important than wet deposition
at a regional scale in central and eastern North America.

The importance of dry deposition in the total deposition
budget was also supported by the comparison of the litterfall
measurements with the wet deposition measurements (Risch
et al., 2012a). It is thus concluded that the dry and wet depo-
sitional loadings are equally important on regional scales in
eastern North America, similar to the conclusions of Miller
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et al. (2005). But the relative contribution of dry and wet de-
position to the total deposition certainly depends on location,
season, and meteorological conditions.

4 Conclusions and recommendations

Despite the potentially large uncertainties in the concentra-
tion measurements and in the calculated deposition veloc-
ities, the estimated dry deposition of GOM+PBM agrees
with the limited surrogate-surface dry deposition mea-
surements and the estimated annual total dry deposition
(GOM+PBM+net GEM) is in the same range as the annual
litterfall Hg measurements. This provides some confidence
on the estimated dry deposition. The results presented here
suggest that GEM contributes much more than GOM+PBM
to the total dry deposition at the majority of the sites studied
here; the only exception is at the locations close to signifi-
cant point sources where GEM and GOM+PBM contribute
equally to the total dry deposition. This also implies that lit-
terfall Hg is largely from the collection of GEM. Dry depo-
sition has a similar value range to wet deposition, and thus
needs to be quantified as accurately as possible.

Future work should focus on estimating net GEM dry de-
position more accurately, especially considering its dominant
role as a contributor to the total dry deposition. This will in-
volve a better handling of the bi-directional exchange pro-
cess, and a better understanding of GEM emission from nat-
ural surfaces. Recently, several research groups in the United
States started measuring GEM gradients over forest canopies
(10th ICMGP, Halifax, Canada, 23–29 July 2011). These
measurements, together with modeling practices, should im-
prove our understanding of net GEM dry deposition. It is
recommended, wherever possible, to collect data that can be
used to quantify GEM fluxes, both above the canopy and
above the forest floor, so that the data can be used to develop
and improve bi-directional exchange models for GEM.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
4327/2012/acp-12-4327-2012-supplement.pdf.
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