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Abstract

In this study, we present the response of model results to different scientific treatments in an effort to quantify the uncertainties

caused by the incomplete understanding of mercury science and by model assumptions in atmospheric mercury models. Two sets

of sensitivity simulations were performed to assess the uncertainties using modified versions of CMAQ-Hg in a 36-km

Continental United States domain. From Set 1 Experiments, it is found that the simulated mercury dry deposition is most

sensitive to the gaseous elemental mercury (GEM) oxidation product assignment, and to the implemented dry deposition scheme

for GEM and reactive gaseous mercury (RGM). The simulated wet deposition is sensitive to the aqueous Hg(II) sorption scheme,

and to the GEM oxidation product assignment. The inclusion of natural mercury emission causes a small increase in GEM

concentration but has little impact on deposition. From Set 2 Experiments, it is found that both dry and wet depositions are

sensitive to mercury chemistry. Change in model mercury chemistry has a greater impact on simulated wet deposition than on

dry deposition. The kinetic uncertainty of GEM oxidation by O3 and mechanistic uncertainty of Hg(II) reduction by aqueous

HO2 pose the greatest impact. Using the upper-limit kinetics of GEM–O3 reaction or eliminating aqueous Hg(II)–HO2 reaction

results in unreasonably high deposition and depletion of gaseous mercury in the domain. Removing GEM–OH reaction is not

sufficient to balance the excessive mercury removal caused by eliminating the HO2 mechanism. Field measurements of mercury

dry deposition, better quantification of mercury air-surface exchange and further investigation of mercury redox chemistry are

needed for reducing model uncertainties and for improving the performance of atmospheric mercury models.
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1. Introduction

Eulerian-based, first-principle atmospheric mer-
cury models are useful tools to assess the fate of
mercury in the atmosphere. The models compre-
hensively consider the emission, transport, chemical
reactions, interfacial transfer/equilibria, cloud pro-
cesses, and dry/wet deposition of mercury for
process studies, source attribution and policy
making. Over the years, there have been a number
of such models developed to investigate the trans-
port, chemistry and deposition of atmospheric
mercury at plume (Seigneur et al., 2006a), regional
(Christensen et al., 2004; Gbor et al., 2006, 2007;
Lin et al., 2006a; Lin and Tao, 2003; Pai et al., 2000;
Pan et al., 2006; Petersen et al., 1995, 2001;
Schmolke and Petersen, 2003; Seigneur et al.,
2001, 2003b; Xu et al., 2000a, b), and global scales
(Bergan et al., 1999; Christensen et al., 2004;
Dastoor and Larocque, 2004; Holmes et al., 2006;
Seigneur et al., 2003a, 2004; Selin et al., 2007; Shia
et al., 1999). These modeling studies have greatly
advanced our understanding on the regional and
long-range chemical transport of mercury.

One major difficulty in interpreting mercury
model results arises from the uncertainties asso-
ciated with the implemented model science. This is
mainly caused by the incomplete understanding of
mercury science that leads to different parameter-
izations among models. To understand the model
differences, efforts in coordinated model inter-
comparison have been attempted. For example,
the EMEP program evaluated seven atmospheric
mercury models (Ryaboshapko et al., 2005). Using
same inputs of mercury emission inventory (EI) and
dynamic meteorology, it was found that the model-
to-model variation of the simulated mercury deposi-
tion ranges from a factor of 1.5 to 6.5, with an
average variation of about 2 (Bullock and Brehme,
2002; Christensen et al., 2004; Cohen et al., 2004;
Petersen et al., 2001; Ryaboshapko et al., 2002, 2005
and the references cited therein). Clearly, there is a
need to better understand the uncertainties leading
to the observed variation.

Recently, Lin and co-workers outlined a number
of model uncertainty issues in mercury emission
processing, gaseous and aqueous chemistry, aqu-
eous mercury speciation, dry and wet deposition,
initial and boundary conditions (IC/BCs), domain
grid resolution, and potentially missing components
in the models (Lin et al., 2006b). They suggested
that changes in model science processors can lead to
distinct model results, and model agreement with
limited field mercury measurements should not
be considered as an indication of model accuracy.
One approach to address model uncertainties
is to perform sensitivity analyses on various
model parameters, which defines the upper and
lower bounds of the model outcomes caused by
the uncertainties. For example, Seigneur and co-
workers (Lohman et al., 2006; Seigneur et al.,
2006b) studied the sensitivity of global simulations
to mercury chemistry and proposed a hypothetical
gaseous phase reduction of divalent mercury
by sulfur dioxide to understand the chemistry
uncertainty.

The objective of this study is to quantitatively
assess the uncertainties of atmospheric mercury
models through a series of model sensitivity experi-
ments. This is the Part-II of the two companion
papers described in Lin et al. (2006b). To contrast
the work performed by Seigneur et al. (2006b) at a
global scale, we carried out the simulations at a
regional scale using a higher spatial resolution
in a 36-km continental Unites States (CONUS)
domain. The mercury model of the Community
Multiscale Air Quality modeling system (CMAQ-
Hg, Byun and Schere, 2006; Bullock and Brehme,
2002) was modified for this assessment. CMAQ-Hg
has a large user group and is currently maintained
by the Community Modeling and Analysis System
(CMAS) for public release. A second objective of
this study is to provide sensitivity analysis data to
facilitate model improvement for the future releases
of CMAQ-Hg.
2. Methods

2.1. Model domain, simulation periods and input

data

The study domain covers the entire CONUS in a
36-km Lambert Conformal projection, as shown in
Fig. 1. There are 148� 112 horizontal grids centered
at 971W 401N and 14 vertical layers with a surface
layer thickness of about 37m and a model top at
10,000 Pa. This is the model domain also used for
the USEPA Clean Air Mercury Rule (CAMR)
simulations. We selected the 2001 hourly meteor-
ological fields for the simulations, which were also
used by the USEPA for the annual simulations of
criterion air pollutants. Two-monthly simulations
were performed in January and July of 2001 for
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Fig. 1. The CONUS study domain in Lambert Conformal

projection. The spatial resolution is 36 km with 14 vertical layers.

Table 1

Summary of the anthropogenic mercury emission inventory used

in the sensitivity simulations

Anthropogenic, Mg

January July Annual

GEM 5.8 5.5 66.2

RGM 2.9 2.7 32.7

PHg 0.9 0.8 9.5

Total 9.6 9.0 108.3
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each sensitivity case to investigate the seasonal
variation of the model results.

The meteorological data were prepared by the
United State Environmental Protection Agency
(USEPA) using a meso-scale meteorological model
(MM5 Version 3.6, Grell et al., 1994). The raw
MM5 outputs were converted into the model-ready
format using a modified version of Meteorology-
Chemistry Interface Processor (MCIP2, Byun and
Ching, 1999) that also calculate the dry deposition
velocities of gaseous elemental mercury (GEM) and
reactive gaseous mercury (RGM) using the para-
meterization of the RADM deposition scheme in
selected experiments (Lin et al., 2006b). The dry
deposition velocity of particulate mercury (PHg) is
assumed to be the same as that of sulfate aerosol
(Bullock and Brehme, 2002).

The EI of anthropogenic mercury, criteria pollu-
tants and other photochemical precursors was
prepared using the Sparse Matrix Operator Kernel
Emissions (SMOKE) Modeling System Version 2.0
by the USEPA for the CAMR simulations. The
inventory of criteria pollutants and precursors was
from the 1999 National Emission Inventory Esti-
mates (NEI99) Final Version 3, and 2000 Canadian
inventory. For anthropogenic mercury emission in
the US, the point and area source emissions of
NEI99 Hazardous Air Pollutant (HAP) inventory,
with updates from municipal waste incinerators in
2002, were used. The Canadian mercury emission
was based on the 2000 point and non-point emission
estimates. The speciation of the anthropogenic
emission followed the suggestions by Walcek et al.
(2003). For selected sensitivity cases, the GEM
emission from vegetation, water surfaces and soils
were also included (Lin et al., 2005). Table 1 shows
the anthropogenic emission of GEM, RGM and
PHg entering the sensitivity simulations.

2.2. Chemical transport models

The chemical transport simulations were per-
formed using the original CMAQ-Hg (Bullock and
Brehme, 2002) and CMAQ-Hg version 4.5.1 (v4.5.1)
released in March 2006. Version 4.5.1 is an updated
version of CMAQ-Hg from the original mercury
model development (Bullock and Brehme, 2002).
CMAQ-Hg extensively treats the gaseous and
aqueous chemical reactions, aqueous sorption of
mercury onto insoluble particulates in droplets, and
inter-phase transfer for GEM, RGM and PHg. In
the sensitivity simulations, we modified selected
science processors in CMAQ-Hg to assess the model
uncertainties (more details in Section 2.3). Table 2
shows the summary of the features of CMAQ-Hg
used in the simulations.

The carbon bond mechanism (CB-IV) was used
as the gas-phase chemical mechanism to generate
the concentrations of photochemical oxidants. The
performance of the CB-IV photochemical mechan-
ism has been demonstrated extensively. The up-
dated gaseous mercury mechanisms (Lin and
Pehkonen, 1999; Lin et al., 2006b and the references
cited therein) was incorporated into the CB-IV
mechanism, and the aqueous mercury chemistry is
incorporated in the CMAQ’s RADM cloud models.
The Rosenbrock solver (ROS3 in CMAQ CCTM)
was used as the chemical solver since the solver is
not mechanism specific. The piecewise parabolic
method (PPM) scheme was used for the advection
scheme (vertical and horizontal), and the K-theory
eddy diffusivity scheme was employed for the
vertical diffusion.



ARTICLE IN PRESS

Table 2

Summary of various versions of CMAQ-Hg used in the sensitivity simulations

Category CMAQ-Hg

(Bullock and Brehme, 2002)

CMAQ-Hg V4.5.1

(March 2006 release)

Modifications in this study

Emission

inventory

Only anthropogenic emission of

GEM, RGM and PHg are

considered. GEM emission from

natural processes (and re-emission)

is assumed to be balanced by the dry

deposition of GEM

Both anthropogenic and natural

emissions of mercury are included

Set 1: include the natural emission

by Lin et al. (2005), Case 1.2

Set 2: include both natural and re-

emission input of mercury

Gas chemistry O3, Cl2, H2O2, and OH as the

oxidants. PHg as the GEM

oxidation product by OH, O3, and

H2O2

Oxidation product by H2O2 changed

to RGM; by OH and O3 changed to

50% RGM and 50% PHg; kinetics

of GEM oxidation by OH scaled

down to 7.7� 10�14 from

8.7� 10�14 cm3molec�1 s�1

Set 1: speciate GEM oxidation

products as 100% RGM, Case 1.3

Set 2: test the sensitivity of different

kinetic constants, Cases 2.2–2.5 and

2.8

Aqueous

chemistry

Ox: O3, OH, HOCl, and OCl� Red:

HgSO3, Hg(OH)2+hn, HO2

Same as Bullock and Brehme (2002) Set 1: Same as Bullock and Brehme

(2002)

Set 2: test the impact of HO2

reduction mechanism, Cases 2.6–2.7

Aqueous

speciation

SO3
2�, Cl�, OH� as the primary

complexing ligands. [Cl�] assumed

to be constant

Same as Bullock and Brehme (2002) Same as Bullock and Brehme (2002)

Aqueous

sorption

Sorption of Hg(II) to ECA, bi-

directional non-equilibrium kinetics

with linear sorption treatment

Same as Bullock and Brehme (2002) Set 1: test an alternative sorption

scheme, Case 1.5

Set 2: Same as Bullock and Brehme

(2002)

Cloud mixing

scheme

RADM cloud scheme Asymmetrical convective model

(ACM) mixing scheme

Set 1: Same as Bullock and Brehme

(2002)

Set 2: ACM scheme (v.4.5.1).

Dry

deposition

Vdep of HNO3 for RGM dry

deposition calculation. No GEM

dry deposition considered. Vdep of

sulfate aerosol for PHg dry

deposition calculation

Both GEM and RGM deposition

treated explicitly using resistance

models of M3DRY scheme (Pleim et

al., 1999). PHg deposition velocity

treated as fine particulate in CMAQ

AERO3

Both GEM and RGM (as HgCl2 as

in Lin et al., 2006b) deposition

treated explicitly using the resistance

models of RADM scheme (Wesley,

1989). PHg deposition velocity

treated as fine particulate in CMAQ

AERO3 (Cases 1.4 and 1.6)

Wet

deposition

Scavenged PHg, dissolved and

sorbed Hg(II)aq considered

Same as Bullock and Brehme (2002) Set 1: Same as Bullock and Brehme

(2002)

Set 2: ACM scheme (v.4.5.1)
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2.3. Sensitivity analysis

We performed two sets of sensitivity simulations to
assess the model uncertainties. The design of the two
sets of sensitivity experiments is described in Table 3.
The first set of experiments was conducted to
investigate the effect of the inclusion of natural
emission (Lin et al., 2005), the modification of dry
deposition schemes for GEM and RGM [as HgCl2]
(Lin et al., 2006b), the speciation of GEM oxidation
products, the aqueous adsorption, and the combina-
tion of above scientific processors. To show the
difference between the original CMAQ-Hg and v4.5.1,
the model results using identical EI and meteorologi-
cal data was also compared. In Set 1 Experiments, the
model results of the original CMAQ-Hg (Bullock and
Brehme, 2002) were used as the base case for
comparison. A prescribed set of IC/BCs for GEM,
RGM and PHg was obtained from interpolating the
elevation-dependent concentration shown in Table 4.

The second set of experiments focus on the kinetic
uncertainty of mercury chemistry in both gaseous
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Table 3

The two sets of sensitivity simulations performed in this study (detailed model settings listed in Table 2)

Set 1 Experiments: alternative model implementations Set 2 Experiments: chemical kinetic uncertainty

Case no. Descriptions Case no. Descriptions

1.1 CMAQ-Hg as in Bullock and Brehme (2002) 2.1 CMAQ-Hg Version 4.5.1 (released March 2006)

1.2 Include natural emission of GEM in Hg EI as in

Lin et al. (2005)

2.2 Zero-out gaseous oxidation of GEM by OH

1.3 Speciate mercury oxidation products to 100%

RGM (Seigneur et al., 2001)

2.3 Zero-out gaseous oxidation of GEM O3

1.4 Incorporate the dry deposition schemes for GEM

and RGM (as HgCl2) as in Lin et al. (2006b)

2.4 Zero-out gaseous oxidation of GEM by both OH

and O3

1.5 Treat aqueous Hg(II) sorption as a Langmuir

sorption isotherm as in Lin et al. (2006b)

2.5 Use the upper kinetic limit for GEM–O3 reaction (Pal

and Ariya, 2004; 7.5� 10�19 cm3molec�1 s�1)

1.6 Combine the modifications of Cases 1.2–1.5 2.6 Zero-out aqueous reduction of Hg(II) by HO2

1.7 CMAQ-Hg version 4.5.1 using identical mercury

EI (from anthropogenic sources only) and

meteorology as Case 1.1a

2.7 Zero-out both aqueous reduction of Hg(II) by HO2

and gaseous oxidation of GEM by OH

2.8 Speciate mercury oxidation products to 100% RGM

(Seigneur et al., 2001)

aIn Case 1.7, the kinetics of GEM oxidation by OH was not scaled down to 7.7� 10�14 from 8.7� 10�14 cm3molec�1 s�1 as in v4.5.1 for

consistency in kinetic constants compared to all other Set 1 cases. The difference between Case 1.6 and 1.7 is in the dry deposition schemes

and the speciation of GEM oxidation products. Case 1.6 uses RADM scheme and speciates the GEM oxidation products as 100% RGM;

while Case 1.7 uses M3DRY scheme for estimating the dry deposition velocity of GEM and RGM, and speciates the oxidation products as

50% RGM and 50% PHg.

Table 4

Mercury concentration used as the initial and boundary conditions

Sigma (s) level (layer top, m AMSL) 0.98 (146) 0.93 (521) 0.84 (1,234) 0.60 (3,447) 0.30 (7,281) 0.00 (14,657)

GEM (ppmv)a 1.78� 10�07 1.77� 10�07 1.76� 10�07 1.75� 10�07 1.74� 10�07 1.73� 10�07

RGM (ppmv)a 2.00� 10�09 3.00� 10�09 4.00� 10�09 5.00� 10�09 6.00� 10�09 7.00� 10�09

PHG (pgm�3) 19.4 19.0 17.8 14.0 9.0 3.0

appmv � 40,893 � M.W. ¼ ngm�3 @ 1 atm and 25 1C.
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and aqueous phases, particularly the GEM oxida-
tion by O3 and OH and the Hg(II)(aq) reduction by
HO2 as suggested in recently published literatures
(Calvert and Lindberg, 2005; Gardfeldt and Jons-
son, 2003; Lin et al., 2006b; Pal and Ariya, 2004a, b;
Pehkonen and Lin, 1998). For gaseous mercury
redox chemistry, the sensitivity experiments were
designed to investigate the effect of a range of GEM
oxidation kinetics and the oxidation product
distribution on the simulated mercury deposition.
For aqueous mercury redox chemistry, the sensitiv-
ity of model results to the controversial Hg(II)
reduction by HO2 was tested. In Set 2 Experiments,
the model output of CMAQ-Hg v4.5.1 was used as
the base case for comparison.

The model performance of each sensitivity case
was evaluated against the monthly wet deposition
data archived by the mercury deposition network
(MDN). Since the same deposition flux can be
obtained by different combinations of precipitation
and aqueous concentration, we selected the model
grids where the measured and modeled precipitation
data are within 750% of agreement for model
verification to avoid the compensation errors of
precipitation and concentration. Using the 50%
precipitation disagreement as data screening criteria
is a balance between maintaining sufficient number
of data points for model verification and eliminating
the bias from model meteorology. Through this
QA/QC routine, the model performance decreased
slightly. However, we feel that it is important to
screen out the data points that give good model
results for wrong scientific reasons to better evaluate
model uncertainties.
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3. Results and discussion

3.1. Set 1 Experiments

3.1.1. Base case results (Case 1.1)

Fig. 2 shows the July 2001 simulation results
of the monthly average concentration (GEM+
RGM+PHg), and the accumulated monthly dry
and wet deposition from Set 1 Experiments. The
January cases exhibit similar trends and only
the comparison to MDN data are shown (Fig. 3a
and 4a). From the base case results, it is clear that
elevated mercury concentration occurs only at the
locations near large anthropogenic emission sources
(e.g., Northeast US and West Coast, Fig. 2a.1). The
modeled total mercury concentration is dominated
by GEM (498% throughout the domain). The
dry deposition is mainly contributed by RGM
deposition (499%), due to the high surrogate dry
deposition velocity ðVdep;HNO3

Þ and no GEM
deposition implemented in the original CMAQ-Hg
(Bullock and Brehme, 2002; Lindberg and Stratton,
1998). From Figs. 2b.1 and 2c.1, the dry deposition
intensity is much weaker than the wet deposition
because the original CMAQ-Hg speciates the GEM
oxidation products as 100% PHg (i.e., no RGM is
produced from the chemistry). The model wet
deposition flux is contributed comparably by the
dissolved Hg(II) and scavenged PHg in the droplets.
The dissolved Hg(II) speciation is dominated by
HgCl2 with the calculated aqueous Cl� concentra-
tion (�10 mM). The regions with high wet deposi-
tion of mercury coincide with the grids with high
precipitation.

3.1.2. Effect of including natural emission

(Case 1.2)

By incorporating the GEM emission from natural
sources (ca. 9 Mg in July 2001, Lin et al., 2005), a
small increase of 0.05–0.2 ngm�3 of GEM concen-
tration is observed (Figs. 2a.1 and 2a.2). Such an
increase is somewhat smaller compared to the
results by Gbor et al. (2006) that reported an
average increase of 0.2 ngm�3 in GEM concentra-
tion. This is caused by their higher natural mercury
emission estimate (about 3 times greater for the
same aerial coverage). For the January simulation,
the increase in mercury concentration is negligible
due to the much weaker natural emission in winter
months (Lindberg et al., 2002). From Figs. 2b.2 and
2c.2, adding natural GEM emission to the EI input
has little impact on the simulated dry and wet
deposition, since the small increase in GEM
concentration does not significantly enhance the
production of RGM and PHg.

3.1.3. Effect of GEM oxidation product speciation

(Case 1.3)

The original CMAQ-Hg treats all the GEM
oxidation products by OH, O3, and H2O2 as PHg,
presumably as HgO, due to its low vapor pressure
(Schroeder and Munthe, 1998). Some other models
consider the oxidation products remain in the
gaseous phase as RGM (Pai et al., 1997, 1999;
Seigneur et al., 2004). In Case 1.3, treating the GEM
oxidation products as RGM (as compared to PHg)
enhances the dry removal of mercury (Fig. 2b.3),
particularly in the regions with high photochemical
activities. This leads to a lower total mercury
concentration (Fig. 2a.3). The intensity of simulated
wet deposition also reduces significantly (Fig. 2c.3).
This is mainly caused by the low PHg concentration
since anthropogenic emission and IC/BCs of PHg
are the only source in the absence of chemical
production of PHg in the sensitivity case. More
quantitative discussion for a similar case is given in
Section 3.2 with the data obtained from the Set 2
Experiments.

3.1.4. Effect of incorporating GEM and RGM dry

deposition schemes (Case 1.4)

Figs. 2a.4, 2b.4 and 2c.4 show the effect of
incorporating a dry deposition scheme that calcu-
lates the deposition velocity (Vdep) of GEM and
RGM (treated as HgCl2) using the RADM resis-
tance model (Lin et al., 2006b). Compared to the
base case where GEM deposition is not considered
and Vdep;HNO3

is used as a surrogate Vdep,RGM, the
calculated Vdep,RGM in Case 1.4 is about 50%
smaller (Lin et al., 2006b). However, combining
the dry deposition of GEM and RGM, more
mercury is removed from the gaseous phase
(Fig. 2a.4), and the dry deposition increases
significantly (Fig. 2b.4) compared to the base case.
Of the total dry deposition, nearly two-thirds is
contributed by GEM deposition and slightly
more than one-third is contributed by RGM
deposition. The increased dry deposition occurs
mainly in the continent due to the greater deposition
velocity over land surfaces and vegetation compared
to over water surfaces (Lindberg et al., 1992).
On the other hand, the incorporation of dry
deposition processes does not significantly affect
the simulated wet deposition fluxes (Fig. 2c.4), since
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Fig. 2. Simulation results of Set 1 Experiments: (a) monthly average total mercury concentration, (b) accumulated monthly dry

deposition, and (c) accumulated monthly wet deposition. The Set 1 case numbers are indicated in each subplot.

C.-J. Lin et al. / Atmospheric Environment 41 (2007) 6544–65606550



ARTICLE IN PRESS
C.-J. Lin et al. / Atmospheric Environment 41 (2007) 6544–6560 6551
the chemistry and cloud process remains the same as
the base case.

3.1.5. Effect of incorporating sorption equilibrium

for aqueous sorption scheme (Case 1.5)

Case 1.5 tested an alternative aqueous adsorption
scheme for dissolved Hg(II)(aq). In the original
CMAQ-Hg (Case 1.1), the sorption algorithms have
equal adsorption and desorption rate. As a result,
the adsorption is insensitive to the implemented
sorption constant and soot concentration in droplets,
which is inconsistent with experimental observations
(Seigneur et al., 1998). The tested sorption scheme
uses a reduced form of Langmuir isotherm at dilute
substrate concentration as described in Lin et al.
(2006b). The implemented sorption constant is based
on the experimental work by Sanchez-Polo and
Rivera-Utrilla (2002) as compared to Seigneur et al.
(1998) in the original CMAQ-Hg. With the alter-
native sorption treatment, a greater fraction of
aqueous Hg(II) is drawn to the particulate phase in
droplets, causing a significantly greater wet deposi-
tion (Fig. 2c.5) and more mercury removal from the
gaseous phase (Fig. 2a.5). This modification has a
negligible effect on the dry deposition (Fig. 2b.5).

3.1.6. Combined effect of Cases 1.2– 1.5 modifications

and comparison to CMAQ-Hg v4.5.1 (Cases 1.6

and 1.7)

Combining the model science modifications of
Cases 1.2–1.5 removes mercury from the gaseous
phase more rapidly through the dry deposition of
GEM and RGM (Fig. 2a.6). This is due to the
inclusion of GEM dry deposition and the produc-
tion of RGM from the gaseous oxidation of GEM
(Fig. 2b.6). The wet deposition is slightly lower
compared to the base case, a result of the combined
effect of Cases 1.3 and 1.5. Compared Case 1.6
results to the simulation results by CMAQ-Hg
v4.5.1 (the model difference is shown in Tables 2
and 3), v4.5.1 produces a greater dry deposition
(Fig. 2b.7) due to the slightly higher Vdep,GEM and
Vdep,RGM calculated from M3DRY deposition
scheme compared to the RADM scheme, and a
greater wet deposition because the 50% PHg
produced from GEM oxidation is scavenged into
the aqueous phase (Fig. 2c.7).

3.1.7. Comparisons between model results and MDN

data

The model results from Cases 1.1 to 1.7 were
compared to the observed aqueous concentration
(Fig. 3) and wet deposition (Fig. 4) of mercury at
the respective MDN sites. The model performance
statistics (slope and R2) is shown in Table 5. The
model and measurement precipitation have good
agreement (slope ¼ 0.846, R2

¼ 0.892 for January,
slope ¼ 1.069, R2

¼ 0.871 for July). The original
CMAQ-Hg (Case 1.1) slightly over-estimates the
concentration and deposition in both months.
Including natural emission does not change the
simulated wet deposition results compared to the
base case (Case 1.2). Speciating GEM oxidation
products as RGM (as compared to PHg in the base
case) decreases the PHg scavenged into the aqueous
phase, and leads to a lower wet deposition intensity
(Case 1.3). Changing the dry deposition scheme
mainly influences the dry deposition flux and has
little effect on wet deposition (Case 1.4). Incorpor-
ating the sorption scheme significantly partitions
aqueous mercury to the particulate phase, resulting
in greater wet deposition (Case 1.5). Combining all
the Set 1 modifications (Case 1.6) yields slightly
better overall model performance (slope closer to 1)
compared to other cases in the Set 1 Experiments,
particularly in July 2001.

3.2. Set 2 Experiments

From the Set 1 Experiments, it appears that
mercury chemistry and aqueous sorption have the
greatest impact on the simulated wet deposition;
and the chosen dry deposition scheme has the
greatest impact on the simulated dry deposition
flux. In the Set 2 Experiments (Table 3), we focused
on the response of simulated wet deposition to
mercury chemistry. In this set of simulations, the
‘‘re-emission’’ of mercury (Seigneur et al., 2004) was
also included in the simulations to compensate for
the dry deposition of mercury estimated by the
M3DRY deposition scheme in CMAQ-Hg v4.5.1.
Other simulation results are summarized as bar
charts for inter-case comparison.

3.2.1. Impact of mercury chemistry on modeled wet

deposition

Fig. 5 shows the effect of mercury chemistry
uncertainty on the simulated total mercury wet
deposition for July 2001. The January 2001 results
show similar trends and only model performance
statistics are shown. The model performance
statistics for both months are shown in Table 5.
Fig. 5.1 illustrates the simulated mercury deposition
using the default model settings of CMAQ-Hg
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Fig. 3. Comparison of modeled concentrations of total aqueous mercury for Set 1 Experiments: (a) January 2001, and (b) July 2001.
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v4.5.1, which underestimates the observed wet
deposition (slope ¼ 0.66). The wet deposition flux
is slightly smaller than Fig. 2c.7 since the default
settings of CMAQ-Hg v4.5.1 scales down the
GEM oxidation rate by OH by 12% (Table 3).
Figs. 5.2–5.4 show the role of OH and O3 chemistry
in mercury wet deposition. Removing the OH
oxidation mechanism results in a much weaker wet
deposition (Fig. 5.2, slope ¼ 0.37) compared to
removing the O3 oxidation mechanism (Fig. 5.3,
slope ¼ 0.64), indicating OH is a more dominat-
ing oxidant of GEM in the model. Removing
both GEM oxidation reactions provides an
indication of the wet deposition directly contributed
from anthropogenic emission, since there is no
other important oxidant removing GEM (Fig. 5.4).
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Implementing the recently reported rate constant
(Pal and Ariya, 2004b) for GEM-O3 reaction causes
much greater wet deposition through the scavenging
of both PHg and RGM (Fig. 5.5). With the much
lager rate constant, O3 becomes the most dominant
oxidant of GEM in model chemistry (slope ¼ 1.22),
and the reaction rate should be considered as
an upper limit (Seigneur et al., 2006b), since the
oxidation may also be contributed by other hetero-
geneous processes (Calvert and Lindberg, 2005).
Removing the controversial aqueous Hg(II)
reduction by HO2 (Gardfeldt and Jonsson, 2003)
results in unreasonably high wet deposition
(Fig. 5.6, slope ¼ 2.69), and also causes rapid
mercury depletion in the gaseous phase. This is
due to a lack of reduction mechanism in the model.
The other reduction reactions of aqueous Hg(II) are
mediated by dissolved S(IV) and Hg(OH)2 photo-
lysis. However, the lifetime of dissolved S(IV) is
relatively short (a few hours) and its aqueous
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speciation with Hg(II) is typically dominated by the
non-reactive Hg(SO3)2. The rate of Hg(OH)2
photoreduction is negligible. Under such condi-
tions, HO2 is the only important reductant to
balance the oxidation of elemental mercury in the
model (Lin and Pehkonen, 1998, 1999). Since the
Table 5

Model performance statistics for the sensitivity experimentsa

Case number Set 1 Experiments Set 2 Experiments

January July January July

Slope R2 Slope R2 Slope R2 Slope R2

1 1.37 0.77 1.32 0.79 1.88 0.81 0.66 0.76

2 1.40 0.76 1.32 0.79 1.79 0.80 0.37 0.61

3 1.16 0.76 0.70 0.79 1.81 0.81 0.64 0.76

4 1.50 0.76 1.33 0.79 1.69 0.80 0.34 0.59

5 1.99 0.75 2.27 0.78 3.15 0.83 1.22 0.78

6 1.36 0.76 0.77 0.78 4.15 0.82 2.69 0.74

7 2.56 0.91 0.72 0.81 3.88 0.82 1.99 0.66

8 n/a n/a n/a n/a 1.82 0.81 0.49 0.70

aModel results overestimate measurements when slope is

greater than 1.0.

Fig. 5. Effect of mercury chemistry treatment (Set 2 Experiments) on

number above each subplot indicates its respective case number in Set
occurrence of GEM oxidation by OH has also been
questioned (Calvert and Lindberg, 2005), Case 2.7
tests if simultaneously removing the GEM oxida-
tion by OH and aqueous Hg(II) reduction by HO2

would produce a more reasonable wet deposition
pattern. As shown in Fig. 5.7, eliminating GEM
oxidation by OH is not sufficient to balance the
reduction of Hg(II) by HO2. This is different from
the model results using a global model by Seigneur
et al. (2006b), which reported that the reduction of
Hg(II) by HO2 (or a reaction with a similar overall
rate) is needed to balance the oxidation of GEM by
OH and O3, but is not needed if the gas-phase
oxidation of GEM by OH is eliminated. Changing
the GEM oxidation products from 50/50 RGM/
PHg to 100% RGM slightly reduces wet deposition
(Case 2.8). This is because model chemistry does not
produce PHg, and the produced RGM is rapidly
removed through dry deposition. As a result, less
mercury is wet scavenged and removed compared to
the base case (Fig. 5.8). The simulated wet deposi-
tion overestimates the MDN observations in the
January cases (Table 5), indicating that there may
be systematic model bias for winter simulations
using CMAQ v.4.5.1.
the simulated total mercury wet deposition in the domain. The

2 Experiments.
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3.2.2. Sensitivity of simulated dry and wet deposition

to model chemistry

Fig. 6 compares the speciated mercury deposition
from Set 2 Experiments. The total dry deposition is
dominated by RGM, although GEM also contri-
butes significantly (Fig. 6a). Compared to Case 1.3
(Section 3.1.4), the contribution from RGM is much
greater in Set 2 Experiments because the GEM
oxidation product is assigned to 100% PHg in Case
1.3. PHg deposition is not important in mercury dry
deposition, because its particles size is in the fine
mode. This leads to a very small deposition velocity
and deposition flux (Lin et al., 2006b). Since the
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deposition.
employed dry deposition scheme is identical for the
sensitivity cases (M3DRY), the difference in the
simulated dry deposition from Set 2 Experiments is
quite moderate except in Cases 2.5 and 2.6. This
indicates that the current mechanistic and kinetic
uncertainties associated with the GEM oxidation by
O3 and the aqueous phase reduction of Hg(II) pose
the greatest potential for model bias in dry deposi-
tion. This also implies that aqueous chemistry (e.g.,
Hg(II) reduction by HO2) of mercury is sufficiently
strong to affect the simulated dry deposition.
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can contribute considerably in the summer
(Fig. 6b). There is little wet deposition of GEM
because of the low solubility of GEM in water. The
GEM oxidation by O3 and the aqueous Hg(II)
reduction by HO2 have the greatest impact on the
simulated wet deposition (Cases 2.6 and 2.7). In
Case 2.8, although the change in the oxidation
product speciation affects somewhat the dry and
wet deposition intensity and its contributing species
(Figs. 6a and 6b), the sum of dry and wet deposition
does not change compared to the base case
(Case 2.1).
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3.2.3. Sensitivity of total deposition contribution to

chemistry treatment

One question that is often asked in the atmo-
spheric cycling of mercury is the relative importance
of dry and wet deposition, and the relative
contribution from different mercury species being
removed from the atmosphere. With the model
results from Set 2 Experiments, these relative
contributions are compared. From Fig. 7a, it can
be seen that the most important deposited species is
RGM, accounting for at least 65% (average 80%)
of the total (dry and wet) deposition among all the
ul Jan Jul Jan Jul Jan Jul Jan Jul

4 Case5 Case6 Case7 Case8
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in for Set 2 Experiments: (a) contribution from different mercury

a) the adsorbed Hg(II) in the aqueous phase is considered as PHg.
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sensitivity cases. The next important species is
GEM, mainly removed through dry deposition,
contributing to an average of 20% of total
deposition in the summer month. However, its
contribution in January is much smaller (5%) due to
the lack of lush vegetation and its dry deposition
velocity in the cold month. It should also be noted
that net GEM deposition in all sensitivity cases has
little variation. PHg constitutes 2–18% of the total
mercury removal among the cases, mainly through
wet processes.

From Fig. 7b, it can be seen that the default
model settings of CMAQ-Hg v4.5.1 estimates that
about 35% of the total mercury deposition is
through wet processes, and about 65% is through
dry processes. Interestingly, the relative contribu-
tion does not have much variation in January
and July for the base case (Case 2.1). However,
modifying the mercury chemical mechanism has a
considerable impact on the relative contribution,
with the wet deposition contribution ranging from
27% to 61% among the cases. The greatest impact
comes from eliminating the HO2 reduction mechan-
ism (Case 2.6), which forces the oxidized mercury to
stay oxidized and contained in the aqueous phase.
This gives a very strong wet removal and causes the
depletion of GEM. Nevertheless, the dry and wet
deposition has comparable contribution in all cases;
with the dry removal dominating over the wet
removal up to 2:1 ratio.

4. Implications and conclusions

In this study, we performed a series of sensitivity
simulations to quantitatively assess the scientific
uncertainties of atmospheric mercury models using
modified versions of CMAQ-Hg in a 36-km
CONUS domain. The sensitivity cases cover
a wide range of model treatments, including gas
phase chemistry, aqueous phase chemistry, aqueous
phase adsorption, dry deposition, and EI proces-
sing. The model results indicate that the simulated
mercury dry deposition is sensitive to the GEM
oxidation product assignment, and to the imple-
mented dry deposition scheme for GEM and RGM.
The simulated wet deposition is sensitive to the
aqueous Hg(II) sorption scheme, and the GEM
oxidation product assignment. The inclusion of
natural emission causes a small increase of GEM
concentration but have little impact on deposition.
Under the default model configurations of CMAQ-
Hg, OH is the most important oxidant responsible
for removing atmospheric mercury. However, O3

becomes the dominant oxidants if the upper-limit
kinetics of the GEM–O3 reaction is implemented in
the model. Simulated dry deposition accounts for
up to two-thirds of total mercury removal from the
atmosphere, and the total deposited mercury is
mainly contributed by RGM for both dry and wet
removal processes.

Model treatment of mercury chemistry has a
greater impact on simulated wet deposition than on
dry deposition. Among the known mercury reac-
tions, the kinetic uncertainty of GEM oxidation
by O3 and the mechanistic uncertainty of Hg(II)
reduction by aqueous HO2 have the greatest impact
on simulated mercury deposition. Using the upper-
limit kinetics of GEM–O3 reaction or eliminating
Hg(II)–HO2 reaction causes unreasonably high
deposition and rapid depletion of gaseous mercury.
Removing GEM–OH reaction from mercury
chemistry is not sufficient to balance the deposition
(especially for wet deposition) and GEM depletion
caused by eliminating the HO2 mechanism. There-
fore, if the reduction of aqueous Hg(II) by HO2

did not occur in atmospheric droplets as suggested
by Gardfeldt and Jonsson (2003), there should
be some other divalent mercury reduction mechan-
ism with a similar overall rate to balance the
oxidation rate of elemental mercury for the model
to perform consistently with our understanding of
atmospheric mercury processes. Recently, there are
modeling efforts that implement alternative gaseous
reduction mechanisms of divalent mercury by
SO2 (Lohman et al., 2006; Seigneur et al., 2006b),
CO and photoreduction of RGM (Pongprueksa
et al., 2006). Although these model results agree
reasonably well with field measurements, these
mechanisms need to be carefully verified with
laboratory investigations to confirm their signifi-
cance in atmospheric mercury chemistry for future
model improvement.

Another model uncertainty area that requires
more research attention is the treatment of air-
surface exchange of mercury. Recently, modeling
efforts have been attempted to estimate the evasion
flux using semi-mechanistic or regression models
from vegetative, soil and water surfaces (e.g., Bash
et al., 2004; Gbor et al., 2006; Lin et al., 2005; Xu
et al., 1999). These modeling approaches consider
vegetation as strong mercury emission sources, and
soils and water as weak emission sources based on
earlier flux measurements. However, more recent
measurements made by Gustin and co-workers
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under controlled experimental conditions (Ericksen
and Gustin, 2004, 2006; Gustin et al., 2006; Obrist
et al., 2005) suggested that soil emission is perhaps a
stronger source, and that vegetation may be a net
sink for mercury. More research is clearly needed to
better understanding these processes for model
formulation and implementation.

More field data of mercury deposition are critical
to providing more constrains for model science
implementation. Measurement of speciated dry
deposition flux will be very useful for verifying the
dry mercury removal processes in the models.
Furthermore, since oxidation of GEM is an
important driving force for the simulated concen-
tration and deposition, observational networks for
GEM and RGM will also be needed for model
verification and for constructing more realistic
initial and boundary conditions.
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