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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
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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
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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
MDO08 Piney Reservoir 39.7053;79.0122 Jan 2008-Dec 2009 Grass, mixed foresyral
shrubs, lake
MD99 Beltsville 39.0284;-76.8171 Jan—Feb 2008, May—JurForest, urban suburban
2008, Apr-Sep 2009,
Dec 2009
MS12 Grand Bay NERR 30.4294.,88.4277 Jan 2008-Dec 2009 ex-Woody wetland, rural
cept Sep 2008 shrubs, forest,
NHO06 Thompson Farm 43.1106,70.9500 Feb 2009-Dec 2009 Mixed forest, crops rural
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underestimated where PBM are frequently associated withthe forest are low, the litterfall Hg might be higher than the
coarse particles. dry deposition above the canopy due to the interception of
The original model of Zhang et al. (2001) used 15 LUCs, emitted Hg by the forest leaves. Based on the above argu-
but here we used 26 LUCs (Table S1), following Zhang etments, it is reasonable to assume that total dry deposition
al. (2003). Input parameters in Zhang et al. (2001) were giverand litterfall deposition should be similar on regional scales,
for each LUC and for five seasonal categories. This approachlthough the differences can be very large at individual sites.
was discarded here; instead, the same approach developedTinus, we compared the estimated dry deposition with mea-
Zhang et al. (2003) was used. That is, for any input paramesured litterfall deposition on a regional-scale and at six collo-
ter (X) changing with season, a maximum valugby) and  cated sites (see below for details). A better comparison would
a minimum value Xmin) were provided and were then inter- be to compare the estimated dry deposition with the litterfall
polated to any day of the year based on the annual variatioplus throughfall deposition, as was also done for ELA in this
of the leaf area index (LAI): study.
Three-year average Hg litterfall measurements during
LAI (t) — LAl (min) 2007-2009 at 23 selected MDN sites, as described in detail
~ [X(max) — X(min)] by Risch et al. (2012a), were used for this study. The site
LAI(max) — LAI (min) information for the litterfall measurements is listed in Ta-
wheret represents any day of the year, and LAI(min) and b_Ie S2. Litterfall measurements were also made at t_he ELA
LAI(max) represent minimum and maximum LAl values, re- site (Graydon et.al., 2008).. Note that many AMNet sites are
spectively, during the year. Input parameters for the particlenOt collocated with MDN sites and thus are not at the same
dry deposition model that need interpolation include a pa_snes where the Iltterfgll data were collectgd. Only six sites
rameter for the characteristic radius of collectors, a paramel@ve both dry deposition estimation and litterfall measure-

ter for calculating the collection efficiency by Brownian dif- Ments (Table 2). _
fusion, and a parameter for calculating the collection effi- et deposition collected by MDN during the years 2007-

ciency by impaction (Zhang et al., 2001). Roughness for eactf009 were also used for the purpose of quantifying the rela-
LUC for the particle dry deposition model is the same as fortive importance of dry and wet deposition. A wet deposition

the gaseous dry deposition model, as described in Zhang éfap was created using the three-year average wet deposition
al. (2003). of non-urban MDN monitoring sites. For this data, non-urban

The meteorological data used for driving the dry deposi-Sites were defined as less than 400 people per square kilome-
tion models were from the archived data produced by thef€" (kn?) within a 15km radius of the site. The interpolated
Global Environmental Multiscale model, which is the Cana- @hnual sums of Hg wet deposition were computed for an ar-
dian weather forecast model, an approach described in Brook2Y Of regularly spaced grid values using the sites that were

etal. (1999). Meteorological variables representing the samithin 300km of each grid point. The boundary of the in-
time period as the Hg air concentration measurements folerpolated area was trimmed at the coast line and smoothed

the surface and the first model-layer, typically at 40-50m infor values up to 300 km from the outermost data points over

height, are available hourly at a horizontal grid resolution ofland.

15km by 15km. Data for model grids containing the mea-

surement sites were extracted from the archived data to cal-

culate hourlyVy. Area-weighted land types within a 1km 3 Results and discussion

radius of each site were used to calculggsee Table 1 and
Table S1). 3.1 Air concentrations

X(t) = X(min) +

2.4 Litterfall and wet deposition measurements Annual average concentrations among the sites during 2008—
2009 ranged from 1.1 to 22.6 pgrh for GOM, 2.9 to
To assess the reasonableness of these dry deposition esti7.1pgm?® for PBM, and 1.2 to 2.1ngm? for GEM
mates, and explore the sources of Hg in litterfall, estimated(Fig. 2a, b). As expected, the species having the shortest
speciated and total Hg dry deposition were compared witHifetimes had the largest geographical variations. GOM only
collected litterfall Hg. The total net Hg dry deposition to a contributed 0.1-1.5 % to the total gaseous Hg (GOM+GEM)
forest is the sum of the Hg in the litterfall, the Hg captured at these locations.
by the canopy and then emitted back to the atmosphere, the The highest annual concentrations for GEM were detected
Hg washed off the canopy by precipitation (throughfall), and at several urban and suburban sites (e.g., 1.79 to 2.13Agm
the Hg deposited directly to the underlying soils. Thus, litter- for NJ32, NJ54, NJ30, and UT97), whereas the lowest an-
fall deposition may be treated as the low-end estimation ofnual concentrations were detected in more remote rural ar-
the total Hg dry deposition to a forest, if Hg emission from eas (e.g., 1.24 to 1.37 ngth for ELA, NH06, OK99, and
the underlying soil is limited. On the other hand, if soil Hg NSO01). The annual GEM concentrations did not differ signif-
emissions are high and the ambient Hg concentrations abovieantly between suburban and rural sites in the north-eastern

www.atmos-chem-phys.net/12/4327/2012/ Atmos. Chem. Phys., 12, 43344 2012



4332 L. Zhang et al.: Estimation of speciated and total mercury dry deposition

Table 2. Estimated speciated and total dry deposition (fifiyr ~1) and measured litterfall deposition (ugryr—1) at six sites. The last
column represents upper-end estimation of GOM+PBM dry deposition by incorporating the potential uncertainties.

SiteID GOM PBM GOM+PBM NetGEM Total dry deposition Litterfall Increased GOM+PBM

MDO08 7.8 0.30 8.1 6.8 14.9 15.3 16.8
MD99 13 0.32 1.6 9.0 10.6 15.5 3.9
OHO02 3.0 0.38 3.4 9.9 13.3 18.8 7.5
VT99 0.72 0.41 11 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,
NHO06, OK99, and NS01); however, this was not the case for
the highest concentrations of GOM and PBM. For example,
UT97, MD08, WV99, and OHO02 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, OHO02, 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,
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diurnal and monthlyq at the Kejimkuijik site (NSO01; 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 thdg values of GOM
and PBM were higher in the winter. On the other havigl,
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 diurnd} were also much larger for GEM
(see normalizedy, Fig. S2 in the Supplement).

3.3 Estimated dry deposition fluxes
(b)
The estimated annual dry deposition of GOM+PBM ranged
from 0.4 to 8.1ugm2yr~! at the 19 sites. GOM con-
tributed 0.3-7.8 ug M yr—1 to these fluxes, whereas PBM
contributed only 0.1-0.8ugmyr—! (Fig. 3a). The esti-
mated annual GEM dry deposition was in the range of 13
to 35 ugm2yr~—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 smalVy values (Engle et al., 2010; Baker and
Bash, 2012). Despite the higfy 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

Based on existing models/parameterizations constructed fofiScussed in Zhang et al. (2012a), GEM re-emission was
the calculation of HgV4 (e.g., Zhang et al., 2009 and ref- around half of the GEM dry deposition on regional scales

erences therein), if meteorological conditions are similar," €astern North America, although the relative importance
GOM and PBM should have largsfy values over surfaces of re-emission/dry deposition varied significantly with loca-
with larger roughness lengths (and thus higher friction ve-tions. Using GRAHM modeled GEM re-emission and natu-

locities) than over smoother surfaces: and GEM should hav&®! €mission, net GEM dry deposition fluxes were estimated

: 21
larger Vg4 values over canopies with larger LAl than over (© P€ in the range of 4.8 to 23.3 ”9_'2{'yr ~ for all of the
any other surface. For example, the estimated anvigaf ~ S't€S except for NSO1, at 33 ug thyr* (Fig. 3b). The es-

GOM over forest-dominated sites was in the range of 1 4-timated net GEM dry deposition was still much higher than
2 0cms?! and was close to 1.0crmis over urban areas the estimated GOM+PBM dry deposition at the majority of
(Fig. 2). ’Values lower than 0.8 criiswere also calculated the monitoring sites. It is noted that at several sites (MDO8,
for a few sites with small roughness lengths and/or weakJT07, WV99), net GEM dry deposition and dry deposition
wind speeds. In general, estimateg of PBM was five to of GOM+PBM were in a similar range of values (within a
ten times smaller thavly of GOM. Estimated annualy for factor. of 2). .
GEM was mostly in the range of 0.05-0.08 cit ®ver veg- Estimated dry deposition of GOM+PBM was mostly two
etated surfaces and below 0.05 cF sver urban areas. and © five times higher at sites near significant Hg emissions
. , _ ) .
was generally 2030 times smaller than those of GOM, and€-9-» Point sources-200kgyr™) than at the remote sites,
26 times smaller than PBM. Calculatsq values shown but this is not the case for the estimated net GEM dry de-

here are well within the range of published estimates (Zhand?©Sition. This is due to the strong dependence of G&M
etal., 2009). on land types, meteorological conditions, and the small geo-

The estimated seasonal (or monthly) averdgéor GOM graphical variations of the ambient GEM concentrations. For
and PBM was higher during seasons with strong wind€Xample, the dry deposition of GOM+PBM was among the
speeds. Note thaa, Rp, Rns andRs, defined in Sect. 2.4, lowest at several rural/remote sites (ELA, Kejimkujik, Un-
are all smaller under stronger wind conditions. As for GEM, derhill), while the net GEM dry deposition at these locations
the Vg was higher over forests and during full growing sea- Was among the highest. Thus, the total dry deposition does

sons than over other surfaces or during other seasons due Bt necessarily correlate with proximity to emission sources
the dominant effect of LAl o/g. As an example, average dUu€ to the dominance of GEM dry deposition.

Fig. 3. Annual average speciated dry deposition fluxes (Hﬁ)n
Net GEM flux is the GEM dry flux minus GRAHM modeled annual
GEM re-emission and natural emission fluxes.

3.2 deposition velocities

www.atmos-chem-phys.net/12/4327/2012/ Atmos. Chem. Phys., 12, 431344 2012



4334 L. Zhang et al.: Estimation of speciated and total mercury dry deposition

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 pgayr—*
at multiple locations in central and eastern USA; the only ex-
ception was for an urban site (lllinois) with estimated GOM
deposition of 52 ugm2yr~1, due to extremely high GOM
concentrations. Here, estimated GOM dry deposition ranged
from 0.3 to 4.5ugm2yr~! for all of the sites except for
MDO8, which was 7.8 ug mf 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 ugryr—! for GOM at
MDO08. However, the average GOM concentration during
their study period (September 2009 to October 2010) was
9.1 pgm3. In comparison, the annual average GOM con-
centration from the present study was 21.5 pg'rand the
estimated dry deposition was 7.8 ugfyr—! (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
0.8pugn2yr~1 and at NY95 during January to November
2009 was 4.4pugm?yr~! (Huang et al., 2012). In compar-
ison, the estimated dry deposition was 0.4 icfiyr 1 at
NY20 during 2008 and was 3.9 pgrhyr—1 at NY95 for
September 2008 to December 2009. At NY20, the average
GOM concentration was 1.9 ugm
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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-

4335
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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 explairisZ0-100 % 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-



L. Zhang et al.: Estimation of speciated and total mercury dry deposition

4337

Table 3. Estimated annual dry deposition (ng#yr—1) and measured annual wet deposition (Jifr 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 NetGEM Totaldry Wet Dry/wet Precip
MDO08 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 11 112
NJ30 New Brunswick Urban 0.9 23 23.9 8.6 2.8 126
NSO1 Kejimkujik National Park Rural 1.4 33 34.4 7.1 4.8 147
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et al. (2005). But the relative contribution of dry and wet de- References

position to the total deposition certainly depends on location,

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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