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1. INTRODUCTION

One-atmosphere three-dimensional (3-D) grid
models are now being widely used to predict the
impacts of emission controls on the concentrations
and deposition of pollutants such as ozone (O3),
fine particulate matter (PM,.s) and mercury (Hg).
Such a grid-based approach necessarily averages
emissions within the volume of the grid cell where
they are released. This averaging process may be
appropriate for sources that are more or less
uniformly distributed at the spatial resolution of the
grid system. However, it may lead to significant
errors for sources that have a spatial dimension
much smaller than that of the grid system. For
example, stack emissions lead to plumes that
initially have a dimension of tens of meters,
whereas the horizontal resolution in grid-based air
quality models is typically several kilometers in
urban applications and up to about 100 km in
regional applications. This artificial dilution of stack
emissions leads to (1) lower concentrations of
plume material, (2) unrealistic concentrations
upwind of the stack, (3) incorrect chemical
reaction rates due to the misrepresentation of the
plume chemical concentrations and turbulent
diffusion, and (4) incorrect representation of the
transport of the emitted chemicals. The errors
associated with the grid-averaging of stack
emissions can be eliminated by using a subgrid-
scale representation of stack plumes that is
imbedded in the 3-D grid system of the air quality
model, i.e., a plume-in-grid (PiG) approach.

Such PiG models have been developed for O3
(e.g., Karamchandani et al., 2002) and PM
(Karamchandani et al., 2006a). We describe here
the extension of this PiG modeling approach to the
transport, chemistry and deposition of Hg. The
new model uses the U.S. EPA Multiscale Air
Quality model (CMAQ) as the grid-based host
model, the Model of Aerosol Dynamics, Reaction,
lonization and Dissolution (MADRID) for PM
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processes and an Advanced Plume Treatment
(APT) to resolve stack plumes at the sub-grid
scale. The model, CMAQ-MADRID-APT-Hg, is
applied to the southeastern United States for the
2002 calendar year, and a performance evaluation
is conducted using available databases.

2. DESCRIPTION OF CMAQ-MADRID-
APT-Hg

CMAQ (Byun and Schere, 2006) is the grid-
based host model. The processes that govern PM
concentrations are simulated with MADRID
(Zhang et al., 2004). MADRID uses a sectional
representation of the particle size distribution and
simulates the formation of secondary inorganic
and organic aerosols. Two PM sizes (fine and
coarse) were used in this application.

Mercury processes were incorporated into
CMAQ using the chemical mechanism and
deposition algorithms of Seigneur et al. (2004).
The base formulation of CMAQ-MADRID-Hg and
its application to Hg deposition in the contiguous
United States for an entire year have been
described by Vijayaraghavan et al. (2006).

The plume-in-grid model consists of a reactive
plume model, the second-order closure integrated
puff model with chemistry (SCICHEM), imbedded
into CMAQ. SCICHEM uses a second-order
closure approach to solve the turbulent diffusion
equations (Sykes et al., 1993; 1995). The plume is
represented by a myriad of three-dimensional
puffs that are advected and dispersed according to
the local micrometeorological characteristics.
SCICHEM can simulate the effect of wind shear as
well as plume overlaps. The effects of buoyancy
on plume rise and initial dispersion are simulated
by solving the conservation equations for mass,
heat, and momentum.

The formulation of nonlinear chemical kinetics
within the puff framework is described by
Karamchandani et al. (2000). Chemical species



concentrations in the puffs are treated as
perturbations from the background concentrations.
The Carbon-Bond Mechanism (CBM-1V) is used in
both SCICHEM and the host grid model. The
formulation of PM processes in SCICHEM follows
that of the host model and has been described by
Karamchandani et al. (2006a). Hg processes also
follow the formulation used in the host model
(Vijayaraghavan et al., 2006). An empirical
reaction is used to represent the potential
reduction of Hg" to Hg0 in coal-fired power plant
plumes (Lohman et al., 2006); the kinetics that is
taken to be proportional to the SO, gas-phase
concentration affects Hg" concentrations in plumes
but has little effect in the background (Seigneur et
al., 2006).

SCICHEM was imbedded into the host grid
model (CMAQ-MADRID, based on CMAQ version
4.5.1) according to the established protocols for
incorporating new science modules into CMAQ.
The transfer of puff material to the 3-D grid system
occurs when the horizontal puff size becomes
commensurate with the horizontal grid size of the
host model. For fine grid resolutions (e.g., on the
order of a few km), another criterion based on the
chemical maturity of the plume can be added as
discussed by Karamchandani et al. (2002).

3. APPLICATION OF CMAQ-MADRID-APT-
Hg

The PiG model described above was applied
to a domain covering the southeastern U.S. with a
12-km horizontal resolution for the entire year
2002. The vertical grid structure consists of 19
layers from the surface to the tropopause with
finer resolution near the surface (e.g., the surface
layer is about 35 m deep). The meteorological
fields for the air quality modeling simulations were
obtained from a prognostic simulation conducted
with the non-hydrostatic meteorological model,
MM5. Forty coal-fired power plants in the 12 km
resolution domain with the highest emissions of
S0O,, NO, and Hg were selected for explicit PiG
treatment. Figure 1 shows the modeling domain
and the locations of the 40 power plants used in
the APT simulation.

Two simulations with CMAQ-MADRID-APT-Hg
were conducted for the model performance
evaluation. One simulation includes an empirical
reaction between Hg" and SO, to represent the
potential reduction of Hg" to Hg0 in coal-fired
power plant plumes, while the other simulation
does not include this reaction. As shown in a
previous study (Karamchandani et al., 2006b), the
incorporation of this reaction provides significantly

better agreement with Hg concentration
measurements downwind of power plants as
compared to simulations without this reaction. For
the study described here, the results from the two
simulations are compared with data from national
and regional ambient and deposition monitoring
networks, as well as with measurements of
ambient Hg concentrations downwind of several
coal-fired power plants during plume events. This
comparative model performance evaluation will
determine which approach provides better
agreement with observed Hg concentrations and
wet depositions.

4. CONCLUSION

CMAQ-MADRID-APT-Hg is a new model that
provides a comprehensive treatment of O3
formation, PM processes and Hg deposition with
an advanced PiG treatment. This model has been
thoroughly evaluated against available
measurements and represents the state-of-the-
science for “one-atmosphere” simulations.
CMAQ-MADRID-APT-Hg is available from
www.cmascenter.org.
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Figure 1. Modeling domain for CMAQ-MADRID-APT-Hg simulations and locations of 40 power plants
selected for explicit PiG treatment.



