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Three sets of model predicted values for speciated mercury concentrations and dry deposition fluxes over
the Great Lakes region were assessed using field measurements and model intercomparisons. The model
predicted values were produced by the Community Multiscale Air Quality Modeling System for the year
2002 (CMAQ2002) and for the year 2005 (CMAQ2005) and by the Global/Regional Atmospheric Heavy
Metals Model for the year 2005 (GRAHM2005). Median values of the surface layer ambient concentration
of gaseous elemental mercury (GEM) from all three models were generally within 30% of measurements.
However, all three models overpredicted surface-layer concentrations of gaseous oxidized mercury
(GOM) and particulate bound mercury (PBM) by a factor of 2e10 at the majority of the 15 monitoring
locations. For dry deposition of GOM plus PBM, CMAQ2005 showed a clear gradient with the highest
deposition in Pennsylvania and its surrounding areas while GRAHM2005 showed no such gradient in this
region; however, GRAHM2005 had more hot spots than those of CMAQ2005. Predicted dry deposition of
GOM plus PBM from these models should be treated as upper-end estimates over some land surfaces in
this region based on the tendencies of all the models to overpredict GOM and PBM concentrations when
compared to field measurements.

Model predicted GEM dry deposition was found to be as important as GOM plus PBM dry deposition as
a contributor to total dry deposition. Predicted total annual mercury dry deposition were mostly lower
than 5 mg m�2 to the surface of the Great lakes, between 5 and 15 mg m�2 to the land surface north of the
US/Canada border, and between 5 and 40 mg m�2 to the land surface south of the US/Canada border.
Predicted dry deposition from different models differed from each other by as much as a factor of 2 at
regional scales and by a greater extent at local scales.

Crown Copyright � 2011 Published by Elsevier Ltd. All rights reserved.
1. Introduction

It is necessary to quantify levels of dry and wet deposition of
atmospheric mercury (Hg) at regional scales in order to assess the
effects of mercury on ecosystems and develop Hg emission control
.

011 Published by Elsevier Ltd. All
policies (Lindberg et al., 2007). Wet deposition can be quantified
reasonably well through the collection and analysis of precipitation
(e.g., Vanarsdale et al., 2005; Prestbo and Gay, 2009; Risch et al.,
2011b); however, direct measurements of dry deposition are tech-
nically difficult to make and have very large uncertainties (e.g., St.
Louis et al., 2001; Lyman et al., 2007; Graydon et al., 2008; Risch
et al., 2011a; also see a review of dry deposition measurements in
Zhang et al., 2009 and a reviewofmeasurementmethods in Lai et al.,
2011). Consequently, inferential methods have been commonly used
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to estimate dry deposition, however, these methods require
knowledge of ambient concentrations of each species of Hg in the
atmosphere, i.e., gaseous elemental mercury (GEM), gaseous
oxidized mercury (GOM) and particulate bound mercury (PBM), at
time scales of hours (Engle et al., 2010). The National Atmospheric
Deposition Program (NADP) Atmospheric Mercury Network
(AMNet) (http://nadp.sws.uiuc.edu/amn/) in the USA was designed
for this purpose. Because of insufficient spatial coverage in moni-
toring concentrations of GOM, PBM and GEM, it is very likely that
such networks alone cannot produce regional to continental-scale
dry deposition maps at a level of resolution that supports the
development of robust cause-effect relationships between levels of
mercury in atmospheric deposition and key biological endpoints
(Mason et al., 2005). Alternatively, Hg atmospheric transportmodels
can be used. Despite the very large uncertainties (e.g., a factor of 2) in
dry deposition estimates from transportmodels (Ryaboshapko et al.,
2007a, b; Bullock et al., 2008), the results can beuseful substitutes for
places where measurements are limited.

In order to fulfill the scientific objectives of the Great Lakes
Atmospheric Deposition (GLAD) Program, there was a need for an
improved understanding of Hg deposition over the Great Lakes
region. Studies of mercury loading to the Great Lakes were carried
out before the 1990’s and were based on very limited measure-
ments (see a review in Hoff et al., 1996). Since 1990, extensive field
studies have been conducted by the University of Michigan Air
Quality Laboratory and their collaborators (Keeler and Dvonch,
2005 and references therein) to improve our understanding of Hg
concentrations, chemistry and deposition in this region. These field
studies, along withmodel-based research and development at local
and regional scales (Pirrone et al., 1995; Landis and Keeler, 2002;
Vette et al., 2002; Miller et al., 2005; Lai et al., 2007; Jeremiason
et al., 2009), have increased our knowledge of the fate of atmo-
spheric Hg in this region.

Major findings related to Hg dry deposition at the regional scale
are summarized as follows (1) levels of dry deposition are of
a similar magnitude to wet deposition, (2) spatial and temporal
variations in dry deposition are significant, and (3) GEM can make
a significant contribution to total dry deposition and thus, moni-
toring speciated Hg at multiple locations is important (Keeler and
Dvonch, 2005; Miller et al., 2005; Engle et al., 2010).

Major challenges in quantifying Hg dry deposition at regional
scales include (but are not limited to) (1) insufficient spatial
coverage of speciated-mercury monitoring sites, (2) large uncer-
tainties in current flux-estimation techniques from both theoretical
(e.g., the inferential method) and field studies (e.g., the surrogate
surfaces for collecting Hg), and (3) large uncertainties in dry
deposition estimates from mercury transport models caused by
uncertainties in physical and chemical processes other than those
directly related to dry deposition (Keeler and Dvonch, 2005; Lin
et al., 2007; Bullock et al., 2008; Zhang et al., 2009).

The objectives of the present study are to (1) assess the
performance of three mercury transport models in the Great Lakes
region using measured speciated Hg concentrations: model eval-
uations have been done previously however, none of these studies
have used speciated concentrations at multiple locations (e.g.,
Ryaboshapko et al., 2007a, b; Bullock et al., 2008); (2) assess the
uncertainties in dry deposition estimates from different Hg trans-
port models by comparing the models: this study is the first model
inter-comparison focusing on speciated mercury; (3) provide
a rough estimation of Hg dry deposition over the Great Lakes
region; (4) explore the relative importance of each Hg species to
total Hg dry deposition; and (5) identify areas that should be the
subject of future research in order to improve the predictability of
atmospheric mercury transport models and Hg dry deposition
estimation techniques at regional scales.
The approaches used in this study to meet these objectives are
model-measurement and modelemodel comparisons of speciated
Hg concentrations at surface layer and speciated dry deposition
fluxes at local and regional scales. Data from model prediction and
field measurements are described in Section 2, model evaluation is
described in Section 3, regional patterns of dry deposition are
described in Section 4 followed by a summary of conclusions and
suggestions for future studies in Section 5.

2. Data description

2.1. Model description and output

Predicted concentrations of GOM, PBM and GEM from three
different atmospheric transport models were used in this study.
These models were the Community Multiscale Air Quality
Modeling System (CMAQ) for the year 2002 (results from this run
are referred to as CMAQ2002 throughout the text and figures) and
for the year 2005 (referred to as CMAQ2005), and by the Global/
Regional Atmospheric Heavy Metals Model (GRAHM) for the year
2005 (referred to as GRAHM2005).

The CMAQ modeling system was designed to study multiple air
quality issues including tropospheric ozone, fine particles, toxics,
acid deposition, and visibility degradation (Byun and Ching, 1999).
This model was subsequently expanded to enable predictions of Hg
transport and fate (Bullock and Brehme, 2002). The CMAQ2002 and
CMAQ2005 simulations were both based on the CMAQ framework
but with different treatments of Hg-related processes. Both model
simulations were driven by meteorological fields produced by the
fifth generation Pennsylvania State UniversityeNational Center for
Atmospheric Research Mesoscale Model (MM5; Grell et al., 1994).
The quality-assured MM5 outputs were processed using the
MeteorologyeChemistry Interface Processor (MCIP version 3.3)
(Byun and Ching, 1999). In MCIP processing, the dry deposition
velocities of GEM and GOM were calculated using the M3DRY
deposition scheme (Pleim and Byun, 2004). The dry deposition
velocity of PBM was also calculated explicitly, similar to that of fine
aerosols in Aitken and Accumulation modes.

The CMAQ2002 simulation used the CMAQ-MADRID-Hg model
(Model of Aerosol Dynamics, Reaction, Ionization, and Dissolution
with Hg) (Vijayaraghavan et al., 2007). The mercury chemical
mechanism follows that described by Seigneur et al. (2006) andwas
upgraded to include the gas-phase adsorption of GOM on atmo-
spheric particulate matter following Vijayaraghavan et al. (2008)
and the gas-phase oxidation of GOM by bromine (Seigneur and
Lohman, 2008). In addition, the MADRID scheme (Zhang et al.,
2004) was used instead of the standard CMAQ particulate matter
(PM) module to simulate fine and coarse PM in two size sections.

The CMAQ2005 simulation used the model of CMAQ-Hg v4.6.
The model components, science updates, and model uncertainty
issues are described in several earlier studies (Bullock and Brehme,
2002; Lin et al., 2006, 2007; Pongprueksa et al., 2008). Full
photochemistry with aerosol dynamics was simulated. The emis-
sion inventory of anthropogenic Hg was prepared by using the
Sparse Matrix Operator Kernel Emissions modeling system
(SMOKE- version 2.2, USEPA). Emissions of GEM from natural
surfaces were prepared following the approaches of Shetty et al.
(2008). Gas-phase and aqueous-phase Hg reactions are listed in
Table 1. The model was run at a horizontal resolution of 36 km by
36 km.

The GRAHM2005 simulation used themodel of GRAHM, amulti-
scale meteorological and Hg simulation model that includes atmo-
spheric Hg dynamical, physical and chemical processes in
conjunctionwith the Canadian operational weather forecasting and
data assimilationmodel. Themain features of GRAHMare described

http://nadp.sws.uiuc.edu/amn/


Table 1
Chemical reactions included in CMAQ2005 and GRAHM2005.

Gas-phase reactions in CMAQ2005 Rate constant

Hg0(g) þ O3(g) / (50%GOM þ 50%PBM) þ O2(g) 3 � 10�20 cm3 molec�1 s�1

Hg0(g) þ �OH(g) / (50%GOM þ 50%PBM) 8.7 � 10�14

Hg0(g) þ H2O2(g) / (50%GOM þ 50%PBM) 8.9 � 10�19

Hg0(g) þ Cl2(g) / GOM 2.6 � 10�18

Gas-phase reactions in GRAHM2005
Hg0 þ O3 / (75%GOM þ 25% PBM) þ products 3 � 10�20

Hg0 þ BrO / (75%GOM þ 25%PBM) þ products 1.5 � 10�14

Hg0 þ Br / GOM þ products 3.2 � 10�12

Hg0 þ Br2 / GOM þ products 9.0 � 10�17

Hg0 þ Cl / GOM þ products 1.0 � 10�11

Hg0 þ Cl2 / GOM þ products 2.6 � 10�18

Aqueous-phase reactions in CMAQ2005 and GRAHM2005
HgSO3(aq) / Hg0(aq) þ S(VI) T exp(31.971T�12595)/T s�1

Hg(OH)2(aq) þ UV / Hg0(aq) þ products 3 � 10�7 s�1, midday 60�N
Hg(II)(aq) þ HO2

�
(aq) / Hg0(aq) þ products 1.7 � 104 M�1s�1

Hg0(aq) þ O3(aq) / Hg2þ(aq) þ products 4.7 � 107 M�1s�1

Hg0(aq) þ �OH(aq) / Hg2þ(aq) þ products 2.0 � 109 M�1s�1

Hg0(aq) þ HOCl(aq) / Hg2þ(aq) þ Cl� þ OH� 2.09 � 106 M�1s�1

Hg0(aq) þ OCl�(aq) / Hg2þ(aq) þ Cl� þ OH� 1.99 � 106 M�1s�1
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in Dastoor and Larocque (2004) and Dastoor et al. (2008). The
anthropogenic Hg emissions (distributed as w69% GEM, w25%
GOM andw6% PBM) from area and point sources used in themodel
are based on Pacyna et al. (2010). The total non-anthropogenic
(natural and reemissions of GEM) sources are from the global Hg
budget of Mason and Sheu (2002); however, the redistribution of
these emissions were constrained by (a) the distribution of total dry
plus wet deposition of Hg historically, and (b) the ratios of non-
anthropogenic to anthropogenic emissions (Gbor et al., 2007 over
Fig. 1. Study domain and site locations including 15 monitoring sites (square
North America and Shetty et al., 2008 over East Asia). The seasonal
and diurnal variations of terrestrial emissions and reemissionswere
parameterized as a function of leaf area index and incoming direct
solar radiation, based on Shetty et al. (2008). The fast reemission of
GEM from snowsurfaceswas parameterized explicitly in themodel.
Oceanic emissions were spatially distributed according to primary
production activity and temporally modulated by surface solar
radiation. Dry deposition of GEM, GOM and PBMwere based on the
multiple resistance approach following Zhang et al. (2001, 2003)
with required parameters for GEM and GOM discussed in Zhang
et al. (2009). The aqueous-phase Hg chemistry is the same as that
used in CMAQ2005, however, the gas-phase chemistry is different
(Table 1). The simulation was run at 0.50 � 0.50 horizontal
resolution.

Hourly speciated concentrations of GEM, GOM and PBM at the
surface layer from all the three model simulations for a one year
period were used in this study. Hourly speciated dry deposition
fluxes were also used from CMAQ2005 and GRAHM2005 simula-
tions, however, only total dry deposition (the sum of GEM, GOM
and PBM) were used from CMAQ2002. All models cover a domain
much larger than the Great Lakes region. In the present study, only
model outputs for the Great Lakes and surrounding American states
and Canadian provinces were analyzed (see the domain in Fig. 1).

2.2. Field measurements

This study used ambient concentration measurements of GOM,
PBM and GEM collected for a one year period at 15 sites to evaluate
the performance of the models. Of these 15 sites, 13 are rural, one is
suburban (Rochester) and one is urban (Toronto) as shown in Fig. 1.
The data were collected using the Tekran Speciation system (model
symbol) and two short-term flux measurement sites (diamond symbol).
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1130, 1135, and 2537, Tekran Inc., Toronto, Canada; see Landis et al.,
2002). At 10 sites, the sampling period was 1 h followed by a 1 h
analysis period. At locations where GOM and PBM concentrations
were low, e.g., remote rural locations, the sampling periods were
increased to 2 h at five sites and to 3 h at the Experimental Lakes
Area site followed by a 1 h analysis period. Thus, the time resolu-
tions of the data were from two to 4 h (sampling period plus 1 h
analysis period), depending on the location of the site. The
concentrations of GOM and PBM were obtained from the accu-
mulatedmass during a sampling period divided by the total volume
of air taken during the same period. However, GEM concentrations
were measured at 5 min intervals during the sampling mode and
were averaged into hourly to multi-hourly (depending on the
duration of sampling period) concentrations.

The year in which the data were collected ranged from 2003 to
2009. It should be noted that for three of the sites (i.e., Chester,
Elizabeth and New Brunswick in New Jersey) two years of data from
2005 to 2009 were available. The majority of the monitoring sites
used in this study are AMNet sites that follow a standardized
operational and data quality control methodology developed in
2008 (http://nadp.sws.uiuc.edu/amn/). For a few non-AMNet sites
located in Canada, detailed information on data collection/quality
control can be found in Poissant et al. (2005) for the St. Anicet site,
in Song et al. (2009) for the Toronto urban site, and in Eckley and
Graydon (2010) for the Experimental Lakes Area site.

Two short-term dry deposition measurements using surrogate
surfaces were also available. One flux measurement was made at
Clarksville, Michigan using a surrogatewater surface during August
and September 2002; another one was made at Ann Arbor, Mich-
igan using both a surrogate water surface and a surrogate BrCl
solution surface during August 2008. It is believed that the water
surface collected primarily GOM and PBM, while the BrCl solution
surface also collected a small portion of GEM besides GOM and
PBM. The measurement methods were the same the one described
in Marsik et al. (2007).

3. Model evaluation

3.1. Comparison of observed and modeled ambient concentrations

Studies on Hg model evaluation using field data are very limited
(e.g., Ryaboshapko et al., 2007a, b) and no evaluation has been done
using speciated concentrations at multiple sites. Considering the
importance of Hg speciation to the dry deposition budget, it is
critical to know how accurate the modeled speciated concentra-
tions are before using themodel to generate dry depositionmaps. It
should be noted that Hg species, as they are defined in the models,
are slightly different from the definition of speciated mercury
measured in the field. For example, GOM from observations
includes oxidized organic and inorganic gas-phase Hg while the
model only includes the inorganic Hg. In most areas, the organic
portion is likely to be negligible compared to the inorganic portion
so a direct comparison of model and measurement values was not
considered to be a significant issue at these sites (Lin et al., 2006;
Seigneur et al., 2006). PBM from the Tekran speciation unit
measures all Hg species associated with particles having sizes
smaller than 2.5 mm (the size cut-off is not exactly at 2.5 mm but in
the range of 2.25e2.75 mm). In the models, CMAQ assigns PBM to
Aiken and accumulation modes and GRAHM treated PBM with
a lognormal distribution with a fine mode. Again, a direct
comparison of model and measurement was deemed to be
a reasonable approach.

Measured speciated ambient Hg concentrations at the 15
monitoring locations and model outputs from the model grids
containing these locations are shown in Fig. 2 for GEM and Fig. 3 for
GOMþPBM. Note that we first scrutinized GOM and PBM data
separately and found that the two species were measured at levels
that were similar to one another and all of the models over-
predicted these species by similar orders of magnitude. Thus, the
two species were grouped into one figure to save some space here.
For each of the figureswithin Figs. 2 and 3, the first and occasionally
the second columns are the statistical distributions of the mean,
median, central 67% and 90% values generated from the one year,
2e4 h data: the last three columns illustrate these same statistical
distributions for the modeled values at the surface layer. It should
be noted that the field data and model simulations were not
necessarily from the same year. Nevertheless, the field data were
assumed to be useful for evaluating the models’ performances
because year over year variation, in a statistical sense, in atmo-
spheric Hg concentrations was not as large as the differences
between model outputs and measurements. For example, at the
three sites that had two years worth of data (Chester, Elizabeth, and
New Brunswick), the variations in GEM in different years were
approximately 10e20% based on mean and median values and the
variations in GOM and PBM were in the range of a factor of 0.5e3.
These year over year variations in the field data were much smaller
than the model-measurement differences as described below.

It is noted that the GEM, GOM and PBM concentrations
measured at the suburban site (Rochester) were much lower than
those at the urban site (Toronto), e.g., 3 times lower for GEM and 2
times lower for GOMþPBM. The large differences between the two
sites were thought to be caused by differences in emission inten-
sities as was supported by the 10 times higher population in Tor-
onto than in Rochester. Similar differences in mercury levels were
also found between this suburban site and other large cities (Huang
et al., 2010). It is also noted that the concentrations for all three Hg
species at the suburban site were in a similar range to those
measured at the other sites located in New York and New Jersey
area. The similarity in concentrations between the suburban and
the rural sites in this area could be explained by the locations of the
sites and the prevailing wind directions at these sites, as detailed in
Huang et al. (2010). Thus, in the following discussions, the
suburban site and the rural sites were grouped together as non-
urban sites.

CMAQ2002 underpredicted the median measured concentra-
tion of GEM by 5e36% at all of the 14 non-urban sites. CMAQ2005
also underpredicted measured GEM concentrations by 5e26% at
nine of the non-urban sites, but agreed within 5% of the measured
concentrations at the other 5 non-urban sites (i.e., Athens, Belts-
ville, Canaan Valley, Huntington, Thompson Farm). GRAHM2005
overestimatedmeasured GEM concentrations by 10e26% at eight of
the non-urban sites, but agreed within 5% of the measured
concentrations at the other six non-urban sites (i.e., Elizabeth, Exp.
Lakes Area, New Brunswick, Rochester, St. Anicet, Underhill). All
three models underestimated concentrations of GEM measured at
the urban site (i.e., Toronto) byw60%: this result is not unexpected
because the outputs of regional chemical transport models depend
on grid resolutions that may not be sufficiently resolved for dense
urban centres and emission inventories that may not include all of
the sources of mercury in urban environments. The range of the
measured values, e.g., the central 90% data, were generally larger
than the modeled ones (e.g., twice or more of the range of the
modeled values for Brigantine, Elizabeth, Exp. Lakes Area, Hun-
tington, Pine Resevoir, Rochester, St. Anicet, Thompson Farm, Tor-
onto, Underhill).

All three models overpredicted the measured PBMþGOM
concentrations at all of the 15 sites. An overprediction of a factor of
2e10 was commonly observed at the majority of the sites from all
three models. An overprediction of a factor of >20 was also seen at
a few sites, especially from CMAQ2002. The large discrepancy

http://nadp.sws.uiuc.edu/amn/


Fig. 2. Comparison of observed (2e4 hourly) and modeled (hourly) ambient concentrations (ng m�3) of GEM. Vertical box and line represent the central 67% and 90%, respectively,
of the entire data set. Short horizontal line and the ‘*’ symbol represents median and mean values, respectively.
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between measured and modeled GOM and PBM concentrations
was likely a combination of many factors including, but not limited
to, uncertainties in the measurements to which the modelled
results were being compared and in the emission inventory and Hg
chemistry of the models. The measurement uncertainties in GOM
could be significant (Landis et al., 2002; Lyman et al., 2007;
Swartzendruber et al., 2009) and could reach a factor of 2 or
larger when GOM concentrations were close to or below detection
limit (E. Prestbo, personal communication). However, annual
average concentrations of GOM at the majority sites were much
higher than the detection limit as provided in Huang et al. (2010);
thus, measurement uncertainties alone were not enough to explain
the large differences shown here. Hence, it is very likely that the
models overpredicted GOM and PBM concentrations at these
locations.

The dry deposition velocities of PBM and GOM used in the
model simulations were similar to the values obtained from
measurements (e.g., Zhang et al., 2009). Uncertainties in dry



Fig. 3. Same as in Fig. 2 except for GOM þ PBM (pg m�3).
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deposition fluxes arising from the dry deposition parameterizations
were most probably within a factor of 2e3 on a seasonal to annual
basis as was shown by a recent dry deposition model inter-
comparison (Schwede et al., 2010). It should be noted that the
study of Schwede et al. (2010) focused on HNO3 and several other
species, however, GOM was thought to deposit at similar rates to
HNO3 (Bullock and Brehme, 2002; Dastoor and Larocque, 2004).
These observations suggest that, if the dry deposition velocities for
PBM and GOM were too low in the model, they would have only
caused an overestimation of PBM and GOM concentrations of
a factor of 2 or smaller. Thus, the 2e10 times overestimation in
GOM and PBM concentrations in the model simulations were likely
to have also been caused by other processes.

Since the concentrations of GOM and PBM were two orders of
magnitude smaller than GEM, a small uncertainty in the Hg parti-
tioning in emission inventory and in Hg chemistry could have
contributed significantly to the modeled GOM and PBM concen-
trations. Another possibility for the too-high modeled GOM and
PBM concentrations could be due to the oxidation process which
converted GEM to GOM and PBM faster than it should be and/or
a lack of compensating Hg-reduction reaction thatmight be present
in the real atmosphere.
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Fig. 4. Comparison of measured and modeled dry fluxes (mg m�2 yr�1) of GOM þ PBM.
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It is worth noting that there was a relatively good agreement
between the predicted wet deposition amounts and available
measurements (e.g., within a factor of 2 on seasonal and annual
basis) (Bullock and Brehme, 2002; Gbor et al., 2006; Vijayaraghavan
et al., 2007). However, it seems not to be the case for dry deposition
as discussed above. This is because model predictions of wet
deposition are controlled by column concentrations of GOM and
PBM from the surface to the cloud layer while dry deposition is only
controlled by the surface concentrations. It is expected that
uncertainties in the emission inventory contributed to more
uncertainties in the surface layer concentrations than to the upper
level concentrations.

Based on the above discussions, the modeled dry deposition for
PBM plus GOM presented in this study should be treated as an
upper-end estimation, if not an overestimation, over the areas
covering these measurement locations, considering that the dry
deposition in the models was simply calculated as a product of
concentration and dry deposition velocity. This assumption might
not be applicable to the surfaces of the Great Lakes and areas north
of the US/Canada border since these areas are further away from
the major Hg sources compared to the majority of the 15 moni-
toring sites. As an example, the estimates of GOM produced by the
GRAHM model at a very remote location (Alert, Nunavut, Canada)
are in the same range as available measurements.

3.2. Comparison of short-term observed and modeled
dry deposition

Fig. 4 showsmeasured short-termHg dry deposition collected at
two locations and model predicted values from the model grids
containing the measurement locations and during the same
months. Data were split into day (08:00e19:00) and night
(20:00e07:00) periods. It was found that CMAQ2005 made
reasonable predictions of night-time dry deposition when
compared to measurements collected using a surrogate water
surface at both locations, but overpredicted daytime dry deposition
by a factor of 5. GRAHM2005 overpredicted both day and night-
time dry deposition by a factor of w3 at Clarksville and by
a factor of 8 at Ann Arbor. During the 2008 Ann Arbor experiment,
the average measured concentrations were 3.7 and 3.5 pg m�3,
respectively, for GOM and PBM. The corresponding values for the
same time period were 55 and 37 pg m�3 from CMAQ2005 and
were 114 and 49 pg m�3 from GRAHM2005 which were more than
10 times higher than the measured values.

By comparing the relative magnitudes of dry deposition fluxes
and concentrations between the measurements and the modeled
values, and also based on discussions in previous sections, several
conclusions are made: (1) Models overestimated PBM and GOM
concentrations by large factors (commonly 2e10). (2) The dry
deposition velocities used in the model were conservative values
and the night-time values in CMAQ2005 were probably too low. (3)
Models most probably overestimated dry deposition fluxes of PBM
plus GOM.

The large differences (e.g., a factor of 5e10) between the
measured dry deposition from using surrogate water and BrCl
solution suggest that GEM dry deposition could be significant
(considering thatwater surfacemainly takes upPBMandGOMwhile
BrCl may also take a small portion of GEM). It also suggests that the
measurements could have large uncertainties, and that the natural
surfaces might take up Hg at different rates from surrogate surfaces.

3.3. Comparison of modeled dry deposition at the monitoring sites

As mentioned earlier, speciated Hg dry deposition fluxes were
produced by the CMAQ2005 and GRAHM2005 models, however,
only the total dry deposition, i.e., the sum of GEM, GOM and PBM,
was provided by the CMAQ2002 simulation. To get a sense of the
differences between the different models, Fig. 5 shows the total dry
deposition from the three models and the dry deposition of GOM
plus PBM from CMAQ2005 and GRAHM2005. At the majority of
locations, the modeled dry deposition differed by 20e50% between
the different models for both GOM plus PBM and total dry depo-
sition. However, differences larger than a factor of 2e5 were also
found at some locations (e.g., the very large dry deposition from
GRAHM2005 at Beltsville and New Brunswick). Again, a large part
of these differences were caused by the differences in the modeled
concentrations shown in Figs. 2 and 3. It is also noted that one
model could predict either higher or lower dry deposition fluxes
than the other models for both total dry deposition and for dry
deposition of GOMþPBM at different locations: thus no consistent
pattern could be identified for the differences among the models. It
seems that the variability of GRAHM2005 GOMþPBM flux was low



Fig. 5. Modeled hourly dry deposition fluxes (ng m�2 h�1) at the 15 sites from the three model runs (with the same symbol definitions as in Fig. 2). TotC02, TotC05 and TotG05 are
the total (the sum of the three species) dry deposition from CMAQ2002, CMAQ2005 and GRAHM2005, respectively. RPC05 and RPG05 are the sum of GOM þ PBM deposition from
CMAQ2005 and GRAHM2005, respectively.
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in comparison with that of CMAQ2005 (Fig. 5) despite their similar
variability in concentration distributions (Fig. 3). The performance
of the models in this domain seems to result from the different dry
deposition schemes used in these model.

Using monitored speciated concentration and modeled dry
deposition velocity, Engle et al. (2010) estimated annual dry
deposition of GOMþPBM to be 0.5e2.2 mg m�2 (equivalent to
0.06e0.25 ng m�2 h�1) for seven rural and coastal sites in the
central and eastern U.S. and 5.9e53.3 mg m�2 (equivalent to
0.67e6.1 ng m�2 h�1) at two urban sites. Levels of dry deposition of
GOMþPBM from the present study (see ‘*’ symbol in Fig. 5) were
higher by a factor of 10 than those from Engle et al. (2010) at non-
urban sites and are similar to Engle et al. (2010) for urban sites. The
differences between the present study and Engle et al. (2010) were
mostly caused by differences between modeled and measured
concentrations. This suggests that dry deposition amounts of
GOMþPBM from the models should be considered as upper-end
estimates.
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4. Regional patterns of dry deposition

Because GOM and PBM have much higher deposition velocities
than GEM,many previous studies that addressed dry deposition did
not include GEM (e.g., Bullock and Brehme, 2002; Engle et al.,
2010). In addition, many studies did not include GEM because it
is frequently emitted from Hg-enriched soils. However, GEM dry
deposition can be significant in areas with vegetation (especially
forest canopies) and with low-Hg contained soils (e.g., Xu et al.,
1999; Hartman et al., 2009; Zhang et al., 2009). In this section,
dry deposition of GOMþPBM estimated from CMAQ2005 and
GRAHM2005 are discussed in detail followed by an illustration of
the potential importance of GEM dry deposition as indicated
through comparisons of estimated GEM dry deposition and ree-
mission values predicted by GRAHM2005. Existing studies are also
discussed where appropriate to illustrate these processes.

4.1. Dry deposition of GOMþPBM from CMAQ2005
and GRAHM2005

Fig. 6 shows the modeled annual dry deposition of GOM plus
PBM from CMAQ2005 (Fig. 6a) and from GRAHM2005 (Fig. 6b) and
the differences in the annual deposition between the two models
(Fig. 6c). Modeled deposition to the Great Lakes surfaces was
mostly lower than 5 mg m�2 from both models, however, values
from CMAQ2005 (mostly in the range of 2.5e5 mg m�2) were more
than double those from GRAHM2005 (<2.5 mg m�2) over Lake
Superior, Lake Michigan and Lake Huron. Modeled dry deposition
in the areas north of the US/Canada border was in the range of
5e15 mg m�2 from CMAQ2005 and was lower than 5 mg m�2 from
GRAHM2005, again a difference of a factor of 2 or larger between
the two models. Modeled dry deposition in the areas south of the
Fig. 6. Modeled dry deposition fluxes (mg m�2 yr�1) of GOM þ PBM from CMAQ2005 (a) and
total anthropogenic emissions between the two models is also indicated (d).
US/Canada border was mostly in the range of 10e40 mg m�2 from
CMAQ2005 and was in the range of 5e40 mg m�2 from
GRAHM2005. CMAQ2005 showed a clear gradient with the highest
deposition in Pennsylvania and its surrounding areas while
GRAHM2005 showed no such gradient in this region; however,
GRAHM2005 had more hot spots (>40 mg m�2) than those of
CMAQ2005.

The differences in the modeled annual depositions were smaller
than 5 mg m�2 over water surfaces (due to the small amount of
deposition predicted by both models), and in the range of
5e20 mg m�2 over the majority of land areas (with CMAQ2005
higher than GRAHM2005). For the GRAHM2005 hot spots, GRAHM
predicted much higher deposition than CMAQ2005, e.g., higher by
10 to >70 mg m�2. However, there were also a few places where
CMAQ2005 depositionwas much higher, e.g., by 30e70 mg m�2 and
by 100 mg m�2 at one spot. Apparently, the differences in the
modeled regional scale dry deposition fields of GOMþPBM using
different Hg transport models were as high as a factor of 2, and
were even higher at specific locations.

The differences in the modeled dry deposition fields between
the two models could have been caused by many factors. Two
major factors identified here include the following: The different
gas-phase Hg reactions used in the two models and the different
emission input fields. As can be seen in Table 1, although the two
models used the same aqueous-phase reactions, several gas-phase
reactions used in the models are different. Also, GRAHM2005
distributed oxidized Hg products as 75% GOM and 25% PBM while
CMAQ2005 distributed these products as 50% GOM and 50% PBM.
Thus, GRAHM2005 was expected to produce more GOM but less
PBM than CMAQ2005 at places where oxidants were abundant.
This assumptionwas supported by the data discussed in Section 3.1.
GOM concentrations from GRAHM2005 were around 10e50%
GRAHM2005 (b) and the difference between the two simulations (c). The difference in
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higher than those from CMAQ2005 at 10 sites, six times higher at
one site (Beltsville), and slightly lower at four sites. On the other
hand, PBM concentrations from GRAHM2005 were slightly lower
than CMAQ2005 at 12 of the 15 sites. Because GOM deposits a lot
faster than PBM, GOM would have deposited close to places where
it was produced while PBM could have deposited further down-
wind. Thus, the different partitioning of oxidized Hg in the two
models and the different dry deposition velocities for different Hg
species contributed to the different dry deposition spatial gradient
patterns between the two models. This also explains why
CMAQ2005 produced much lower deposition values than
GRAHM2005 at places close to point sources but produced higher
deposition at places away from the sources.

Differences in the anthropogenic emission inputs between the
two models (Fig. 6d) also seems to have contributed to differences
in the deposition fields (Fig. 6c), as can be seen from a comparison
of Fig. 6d with Fig. 6c. For example, most hot spots in GRAHM2005
(but not in CMAQ2005) were observed in the emission inputs (dark
red color in Fig. 6c and d). For large areas where the emission
differences between the two models were small (green color), the
differences in modeled dry deposition were also relatively small. It
should be noted that other factors such as the advection mecha-
nisms, meteorological fields, initial and boundary conditions might
also play a role in these different ‘spatial gradient’ patterns. For
example, different initial and boundary conditions within the same
Hg transport model framework gave dry deposition estimates
differing by several ten percent over the whole model domain
(Bullock et al., 2008). Detailed investigation on this topic is
certainly needed and is beyond the scope of this paper.

Seasonal averages of modeled dry deposition of GOMþPBM
from CMAQ2005 (figure not presented here) showed the highest
amount of deposition in spring, the second highest in summer and
fall, and the lowest in winter. The differences between spring and
winter were as high as a factor of 2 in certain areas. The largest
Fig. 7. Modeled deposition and reemission fluxe
contributor to seasonal variations in the modeled dry depositions
were attributed to large seasonal variations in deposition velocities
since concentration differences, on a seasonal average basis, were
mostly smaller than 20% for both GOM and PBM.

Considering the large differences between the two models, the
loading of Hg from GOMþPBM to each individual lake were not
provided here. The loading, however, can be estimated by multi-
plying the dry deposition rates shown in Fig. 6 with the lake area.
Gbor et al. (2007) summarized Hg loading to the five lakes from
their study which was also based on the CMAQ framework but with
modified Hg emission and chemistry and from a few other earlier
studies using various modeling approaches (including regional
scale Hg models). The deposition rates of GOMþPBM from Gbor
et al. (2007), converted here from the total loading by dividing
the lake area, were from2.5 mg m�2 (Lake Superior) to 3.7 mg m�2

(Lake Erie). In comparison, the deposition rates from Cohen et al.
(2004), which were from a hybrid single particle Lagrangian inte-
gratedmodel, ranged from 1.2 mgm�2 (Lake Superior) to 8.8 mgm�2

(Lake Erie). Values from CMAQ2005 and GRAHM2005 over the
Great Lakes seem to be in the range of earlier results. Differences
among these studies were larger than a factor of 2 on regional
scales.

Miller et al. (2005) estimated the dry deposition of GOMþPBM
to be 5e10 mg m�2 for individual states and provinces in the region
of Northeastern North America. Note that in their study only
measurements of PBM and total gaseous mercury were available,
and GOM concentration was thus assumed to be 1% of the total
gaseous mercury for estimating GOM dry deposition. The deposi-
tion values from CMAQ2005 and GRAHM2005 in this region were
in the same order of magnitude as those of Miller et al. (2005);
however, the differences were larger than a factor of 2 in many
locations. Differences of a factor of 2 or larger in dry deposition
values produced by atmospheric transport models are very
common, even at continental scales (Bullock et al., 2008).
s (mg m�2 yr�1) of GEM from GRAHM2005.
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4.2. Dry deposition and reemission of GEM from GRAHM2005

To examine the relative magnitude of GEM reemission to GEM
dry deposition and to the total Hg dry deposition, Fig. 7 shows the
annual fields produced from GRAHM2005. GEM dry deposition
was in the order of 15e20 mg m�2 in southern Ontario and
10e30 mg m�2 in north-eastern USA with hot spots much higher
than 30 mg m�2. In contrast, GEM reemission was roughly half of
GEM dry deposition over the entire domain. It should be noted that
GEM reemissions were estimated with total dry plus wet Hg
deposition for historic years, and were not directly related to the
more recent GEM dry deposition. This means that, over land
surfaces, the net GEM dry deposition (dry depositione reemission)
was relatively more important in areas with lower total dry plus
wet deposition than in areas with higher total dry plus wet depo-
sition. The net GEM dry deposition was about 2.5e10 mg m�2 in
Southern Ontario and 5e20 mgm�2 inmost areas south of the Great
lakes, except the area of the Northeastern USA and the Great Lakes
water surfaces where the net GEM dry deposition is close to 0. Also
note that natural emissions were not included in the reemission
map and the natural emissions were in the range of 0.5e2 mg m�2

in the Great Lakes and surrounding area and were up to 4 mg m�2

further south in the USA (figure not provided here). Based on the
parameterization of the GRAHM2005 model, natural emissions are
much smaller than reemissions.

By comparing the net GEM dry deposition shown in Fig. 7 with
the GOMþPBM dry deposition shown in Fig. 6, it was found that
GEM net dry deposition was in a similar order of magnitude to
GOMþPBM. It was further noticed that, based on discussions in
Section 3, the modeled GOM plus PBM dry deposition was likely an
overestimation. On the other hand, the modeled concentration of
GEM were generally within 30% range of available measurements,
suggesting that the modeled GEM dry deposition should be more
realistic than those of GOM plus PBM. The dry deposition velocities
for GEM used for GRAHM2005 simulation were chosen as half of
those values recommended in Zhang et al. (2009); this further
suggests that GEM dry deposition presented here might not be
overestimated (at least not by a factor of >2). Thus, GEM dry
deposition is thought to be as important as GOM and PBM. As
a comparison, GEM dry deposition obtained by Miller et al. (2005)
was in the range of 2e7 mg m�2 for individual states and provinces
in the region of Northeastern North America.

Net dry deposition (total dry deposition minus GEM natural and
reemission) from GRAHM2005 were mostly in the range of
5e40 mg m�2 in the domainwith hot spots higher than 100 mg m�2.
In southern Ontario, the Toronto-Windsor corridor was one of
several areas having high Hg deposition (20e40 mg m�2) while the
remaining areas of the province generally received dry deposition
at levels below 10 mg m�2. Areas with megacities along the coast of
the Atlantic Ocean in the Northeastern USA also had high Hg dry
deposition. A large area south of the Great Lakes received deposi-
tion at levels of 10e20 mg m�2. Modeled dry deposition over the
water surfaces was lower than 5 mg m�2, which is comparable with
the majority of earlier studies over the Great Lakes (Gbor et al.,
2007 and references therein).

5. Conclusions

Three sets of model predicted values for speciated mercury
concentration and dry deposition over the Great Lakes regionwere
assessed using field measurements and model intercomparisons.
When compared to observed speciated Hg concentrations at 15
locations, all of the models were found to overpredict surface-layer
concentrations of GOM and PBM by a factor of 2e10, although
modeled GEM concentrations were within a reasonable range
(e.g., 30%) of available measurements. Due to the substantial
overestimation of GOM and PBM concentrations at surface level,
dry deposition of GOMþPBM from the models might be over-
estimated, as supported by short-term flux measurements and by
earlier dry deposition studies using measured concentration data
based on inferential method. Comparison of the GOMþPBM dry
deposition maps from two different models suggest that the
uncertainties in the modeled deposition were as high as a factor of
2 at regional scales, similar to what has been found in previous
model inter-comparison studies. The spatial patterns of the simu-
lated dry depositions from the two models also differed substan-
tially and the differences between gas-phase oxidation reactions
and emission inventories were thought to be responsible for a large
part of these differences. Annual GEM reemission fluxes predicted
by GRAHM2005 were typically half of the GEM dry deposition
fluxes. While there were small areas that had GEM reemission
higher than GEM dry deposition, the net GEM deposition (deposi-
tion minus reemission) over most areas were comparable to, or
higher than, the model estimated dry deposition of GOM plus PBM,
demonstrating the important contribution of GEM to total dry
deposition.

Based on the results generated from this study and other
existing studies, several research activities are recommended. The
first activity is to improve the performance of mercury transport
models through sensitivity studies on various processes and model
evaluations using available speciated ambient concentration
measurements at multiple locations. The major factors behind the
large differences between model and measurements in GOM and
PBM concentrations need to be identified and corrected. The
second activity is to generate more reasonable dry deposition
estimates at all AMNet sites using available ambient speciated
measurements and reliable meteorological inputs. The results can
then be used as references for other studies where dry deposition is
a concern. The third recommendation is to develop regression
models and covariancematrices to enable the use of wet deposition
data to estimate ambient concentrations of GOM and PBM. The
models can then be used for increasing the spatial coverage of GOM
and PBM estimates by taking advantage of the more extensive
spatial coverage of the wet deposition networks.
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