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Executive Summary

The northeast states, along with U.S. federal aamtb@ian partners, documented
the state of knowledge of mercury in the environtmem comprehensive report
published in 1998 (NESCAUM, 1998). This report erad topics including background
information on mercury, how it cycles in the enwingent, which and in what quantity
were the primary emission sources in the Northieas996 (i.e., a 1996 mercury
emissions inventory), and how local, regional, glubal sources affected the Northeast.
Following this publication, the New England Govehand Eastern Canadian Premiers
(NEG-ECP) released a Mercury Action Plan (MAP).isTlan and revisions thereof
outlined the region’s goal for virtual eliminatiof regional mercury emissions, with
interim emission reduction goals of 50 percent 892and 75 percent by 2010
(Conference of New England Governors-Eastern Cana@iemiers, 1998; 2001).

In support of the MAP, NESCAUM and the New Engld&ehional Office of the
United States Environmental Protection Agency utodéra project to document
mercury levels in the NESCAUM states. The inteaswo build upon the 1996
inventory to create a 2002 update for tracking preg toward the NEG-ECP mercury
reduction goals. In addition, NESCAUM performediafed deposition modeling using
an improved model with both the 1996 and newly gateel 2002 inventories.
NESCAUM conducted the model runs using the Regidaleling System for Aerosols
and Deposition (REMSAD) v7.13 with two specific ¢gg1) to determine mercury
deposition in the NESCAUM region and apportion ¢batribution to deposition
according to source region and major source cayetayhlighting differences
attributable to emission reductions, and (2) tovgt® input to aquatic and ecological
models that can inform regulatory and policy dexisi

This report documents the modeling exercise anddes a description of the
model and inputs generated. Model results werkiated against a limited set of
measurements for validation purposes. This coreparnievealed reasonable model
performance and suggests that the existing wetsitepo network of monitors are not
sited in areas most affected by mercury emissidaaions in the Northeast. Variability
in ambient data indicates the strong influenceeafrto-year meteorological changes,
which may mask deposition decreases attributabdeniesion declines.

NESCAUM modeled substantial regional emission rédas totaling over 60
percent from point sources in the Northeast, inalgdMunicipal Waste Combustors
(MWCs), Medical Waste Incinerators (MWIs), and Sge/&ludge Incinerators (SSIs).
Total deposition averaged across the NESCAUM stigebned by 37 percent as a direct
result. Smaller geographic regions near sourceweth even greater deposition declines
(over 80 percent reduction) from local emissionnges. The analysis demonstrates that
substantial local benefits can be achieved frorallaod regional scale emission
reductions. The results also indicate the grovinmgortance of global emissions relative
to emissions from within the Northeast, althoughstantial impacts remain from
emissions across the United States.

Vi
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1. INTRODUCTION

Mercury deposition emerged as an important enviemtal concern in the
northeastern United States in the late 1990s (NEE@AL998). Mercury is a persistent,
bioaccumulative, neurotoxic pollutant. When reézhmto the environment and
deposited or carried into water bodies, mercusasly converted to methylmercury, a
particularly toxic form of mercury. Methylmercurgadily passes up the food chain,
accumulating in the tissues of fish and other alsmigestion of methylmercury can
cause numerous adverse effects in plants, birdspremmmals, including humans.

A major route of exposure to mercury in human$isugh the eating of fish.
Women of child bearing age are of special concemmethylmercury ingested by a
mother can transport across the placenta intordua bf a developing fetus. In young
children and fetuses, methylmercury inhibits thenmad development of the nervous
system, an effect that may occur even at low exdgwvels. This damage frequently is
not apparent until later in the developmental psscg&hen motor and verbal skills are
found to be delayed or abnormal. Developmentaiotsfhave been found in children
exposedn uterg even though their mothers did not experiencesynyptoms of adult
toxicity.

Given recent measurements showing elevated melewels in freshwater fish in
the region, the eight NESCAUM states (Connectibl#ine, Massachusetts, New
Hampshire, New Jersey, New York, Rhode Island,\&rnont) issued health advisories
that recommended limiting the consumption of figinf state water bodies. This is the
best immediate approach for limiting exposure toauey that is already present in the
environment. Over the longer term, because mostungin the Northeast is believed to
reach watersheds through atmospheric depositi@nedsing its introduction into the
environment by limiting mercury emissions to thmasphere should permit an eventual
lifting of the fish consumption warnings.

A first step to address mercury in the environnvesis taken in 1998 by the
northeast states (through air, water, and wastesitaite agencies), along with U.S.
federal and Canadian partners, by documentingtétte sf knowledge of mercury in the
environment (NESCAUM, 1998). The report coveredide range of topics, including:
background information on mercury; how it cycleshe environment; what were the
primary emission sources in the Northeast in 198b6ia what quantity; and how local,
regional and global sources affected the Northelgsliowing this publication, the New
England Governors and Eastern Canadian PremierS{REP) released their Mercury
Action Plan (MAP). This plan, and revisions thdrewtlined the region’s goal for
virtual elimination of regional mercury emissiomsth interim emission reduction goals
of 50 percent by 2003 and 75 percent by 2010 (Cente of New England Governors-
Eastern Canadian Premiers, 1998; 2001).

In support of the MAP, NESCAUM and the New Engld&ehional Office of the
United States Environmental Protection Agency (B\Eundertook a project to
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document mercury emission levels in the NESCAUMesta The intent was to build
upon the 1996 mercury emissions inventory to cra&2@02 update for tracking progress
toward the NEG-ECP mercury reduction goals. Inteatd NESCAUM performed
updated deposition modeling using an improved muadtél both the 1996 and newly
generated 2002 inventories. NESCAUM conductedrtbdel runs using the Regional
Modeling System for Aerosols and Deposition (REMSA.13 with two specific goals.
The first goal was to determine mercury deposiitothe NESCAUM region and
apportion the contribution to deposition accordimgource region and major source
category, highlighting differences attributablestaission reductions. The second goal
was to provide input (i.e., loading) values to d@guand ecological models that can
inform regulatory and policy decisions. One exangdléhis is the setting of total
maximum daily loads (TMDLSs) for mercury in waterdies under the federal Clean
Water Act.

This report documents the modeling exercise anddes a description of the
model and inputs generated for this work. We campaodeled deposition and
atmospheric mercury concentrations where possibhedasurements, and discuss
differences between the two modeled years of 19862802. The tagged source results
demonstrate the multi-scale impact of mercury eimigsson deposition, revealing local,
regional and global influences.
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2. MERCURY IN THE ENVIRONMENT

Mercury (elemental symbol Hg) exists naturallyhe earth’s crust at trace levels.
This metal can enter the environment through nhfarg., volcanic eruptions, diffusion
from water and land) and man-made processes ¢emhustion of mercury-containing
fuels), after which it may cycle through land, aind water while undergoing chemical
and physical transformations. From the perspectiyaiblic health, the concern rests
primarily with a toxic organic form, methylmercumyhich bioaccumulates in fish, thus
exposing people who eat the fish to mercury’s tefiects. Although this report focuses
on anthropogenic emissions and their eventual deposthis section provides a brief
overview of the mercury cycle. The context hemvpites a basis for understanding the
importance of tracking the human impact in the glatycling of this pollutant.

2.1. Chemical properties

Mercury is present in several forms in the envireni In the gas phase, two
forms dominate: elemental mercury (ignd its oxidized divalent form (H9.
Divalent mercury often binds with other elementdf(s, oxygen, halogens) as mercuric
salts, and may exist in different phases (e.g., gasicle, or aqueous). Atmospheric
particulate mercury is a third species of merctat ts operationally defined as mercury
collected in particulate measurement devices (f#itgrs) (Cohen et al., 2004).

Elemental mercury does not readily dissolve in watel has a relatively high
volatility. As a result of these characteristitgxists primarily in the gas phase as only
small amounts will dissolve in atmospheric droptatsemain adsorbed onto the surfaces
of aerosol particles. Therefore, elemental mercangmoved relatively slowly from the
atmosphere, and has an atmospheric lifetime oorther of a year (Cohen et al., 2004,
Seigneur et al., 2003; Poissant et al., 2005).

The divalent form of mercury (H§ in the gas phase is often termed reactive
gaseous mercury (RGM). RGM is highly soluble, fesistile than HE, and adheres
readily to surfaces. The divalent form of mercasywell as other oxidized states can
also exist in the atmosphere as particulate-bougrdtuny (Hg(p)). Particulate-bound
mercury is relatively insoluble and less volathan elemental mercury. Oxidized
mercury in either of these two phases is pronenaorval from the atmosphere by wet
and dry deposition, and has a considerably shatteospheric lifetime (days to weeks)
than the elemental form (Cohen et al., 2004).

2.2. Atmospheric processes

Each of the mercury forms described above haderdift fate in the atmosphere.
Although mercury cycles between its elemental (ced) and oxidized forms, most of
the mercury in the atmosphere (the “global pooXists in the elemental state (generally
>95 percent). This is a direct result of the ledisolubility and high volatility of Hy
such that it remains in the atmosphere with aitifeton the order of one year, free from
deposition processes associated with aqueous tixlpdround states.
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Notably, both Lindberg et al. (2002) and Sprovetral. (2005) report an
exception to the general preponderance for elerhemiecury in the atmosphere that
occurs in the Arctic during polar sunrise. Theeslisd behavior in the Arctic reveals
rapid conversion of elemental mercury to both rigaajaseous and particle-bound
mercury.

With its relatively long lifetime, gaseous elemdmteercury can be transported
over very long distances, even globally. Thus,ssions in any continent can contribute
to deposition in other continents (UNEP, 2002). néted above, the global pool of
mercury is almost entirely elemental mercury. Bwytcast, reactive gaseous mercury and
particle-bound mercury are more readily depositeds they have shorter lifetimes of
days to weeks and typically deposit within 50 t@ B@iles of their source. These forms
of mercury tend to have a more local and regiamglict.

2.3. Ecological and health effects

Mercury deposited to water bodies can form comeaxi¢h organic molecules
through a process known as methylation. A numbé&ators influence the rate of
methylation in the water, including the aciditytbé surrounding water, dissolved
sulfate, and dissolved organic carbon (DOC) lepdlener et al., 2006). Acidity and
DOC appear to be particularly important parameteith, more acidified conditions and
higher levels of DOC frequently associated withheiglevels of methylmercury
(Kamman, 1998). Methylated mercury in the aquatiel chain can bioaccumulate in
fish tissue to concentrations markedly higher timathe surrounding water. Because
methylmercury is more toxic than inorganic mercuanyd fish consumption contributes to
exposure for human beings and other animals, ttmegfion and bioaccumulation of
methylmercury in aquatic ecosystems is of particatencern to environmental and
public health officials.

Given the various factors that affect the methglatf mercury, different water
bodies will contain varied concentrations of methgicury. Additionally, not all
methylated mercury accumulates in fish. It canlé&enethylated (i.e., converted back to
an inorganic form) or volatilized back into the asphere. The spatial and temporal
differences in deposition of mercury will also calmtite to wide variations in levels of
mercury found in fish. Nonetheless, researcheve aveloped models to help
understand these variations and can use the depagsults from the atmospheric
modeling reported here as inputs for their ecosyst®dels.
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3. REMSAD

3.1. General description

The Regional Modeling System for Aerosols and Déjars(REMSAD version
7.13) is a three-dimensional Eulerian grid modeleti@ped by Systems Applications
International, Inc. The US EPA and others havellse model to simulate the physical
and chemical atmospheric processes relevant tosatmeoic pollutants, including fine
particles and air toxics. The model relies ondbetinuity equation, which represents the
mass balance of each species by mathematicalkinigaemissions, advection, diffusion,
chemical reactions, and removal processes.

Model users specify grid spacing and dimensiongputl requirements for the
model include meteorological parameters, emissaldd, and boundary conditions.
Using these inputs, the model solves the contiregfyation in a stepwise fashion. For
each time step, fresh emissions are added, folldwydtbrizontal and then vertical
transport by advection, diffusion and depositi@hemical reactions are performed, and
then transport processes are again performed.

After the model has been run, gridded output islalie for analysis. The output
is user-specified and generally includes conceotrdields for the surface layer and
deposition results. Post-processing programssed to reformat the output for
comparison to monitored results in assessing moelébrmance, often summarizing
results by relevant time intervals, such as dailgrsmual average values.

3.1.1.Model framework

REMSAD relies on a three-dimensional grid systetmictv overlays the region of
interest for atmospheric modeling. The model permiiid nesting that enables
calculations to be conducted on a finer scale tharoverall coarse grid would allow.
This capability offers a balance between modelra@ad resolution, such that a large
domain can be modeled, with a refined analysis gotadl in specific regions of concern.

Several options exist for the horizontal coordiratstem employed in REMSAD.
The application described here relied on a latilodgitude (geodetic) definition, with
grid spacing in constant degree definitions. Feg@ul displays the map of the domain.
The dimensions are 120 by 84 with grid spacing afégree longitude arik degree
latitude, nominally 36 km grids. The domain ranfyesn 66-126° West longitude and
24-52° North latitude.
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Figure 3-1 Representation of continental 36-km gdded modeling domain

a4 \

120

Table 3-1 Sigma pressure layers for US EPA and NEM@M modeling platforms

14 layer US‘? E};A Height (m) Prerist,)ure 12 Layer NEgiC'?nL;M S
0 1.00 0 1000 0 1.000
1 0.995 38 995.5 1 0.995
2 0.990 77 991 2 0.988
3 0.980 154 982
4 0.960 310 964 < T
5 0.940 469 946 4 0.938
6 0.910 712 919 5 0.893
7 0.860 1130 874 6 0.839
8 0.800 1657 820 7 0.777
9 0.740 2212 766
10 0.650 3108 685 . Gl
11 0.550 4212 595 9 0.582
12 0.400 6154 460 10 0.400
13 0.200 9626 280 11 0.200
14 0.000 16000 100 12 0.000

The vertical structure of the model is expressesigma-pressure coordinates.
The two reference pressures are pressure at tfeeswand at the top of the domain. Any
number of model layers can be specified and arergéyp matched with available output
from meteorological models. Here, a twelve layedsl was used, with sigma levels
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shown in the right-hand side of Table 3-1 rangmugr the surface to 16,000 meters (100
mb).

Given the effort required to develop model appima, NESCAUM relied on the
US EPA's proposed Clear Skies Act (CSA) modeliragfpkm for its mercury modeling.
The US EPA defined the grid system described irptegious paragraphs and created
the necessary meteorological and emission fieldsit@ the model, along with other
necessary input files for land surface definitions.

3.1.2.Chemistry

Criteria pollutants

REMSAD v7.13 uses a simplified version of the CarBond Mechanism —
version 4 (CB-IV) (Gery et al., 1989) to simulatenaspheric photochemistry. This
mechanism (called “micro-CB-IV,” or uCB-1V) reductee number of organic species to
three, which are grouped as volatile organic sgegepresenting most anthropogenic
species), carbonyl species (both as direct antlgeamo emissions and as products of
reactions), and biogenic species (kinetically repngative of isoprene). The inorganic
and radical parts of uCB-IV remain the same aténfuill CB-IV mechanism. Important
for purposes of calculating secondary particulastten, REMSAD includes aqueous-
phase (or in-cloud) chemistry that contributesuifese formation. For nitrate and sulfate
aerosols, REMSAD uses the methodology of Saxeah €1986) and Kim et al. (1993)
as the basis of an algorithm (known as MARS-A)doacaint for the equilibrium among
sulfuric acid, nitric acid, ammonium nitrate, amdraonium sulfate under local
meteorological conditions. While previous REMSA&rsions treated secondary organic
aerosols as directly emitted species from the eomssnventory, REMSAD version 7
added a new module with a methodology to calculeee aerosols from anthropogenic
and biogenic organic precursors (Pankow, 1994; Oeduah, 1997; Griffin et al., 1999).

Mercury

REMSAD incorporates 17 chemical reactions involvingrcury species in the
gas and aqueous phases based on the review byd.iRehkonen (1999). In undergoing
chemical transformations, REMSAD tracks the oxmlastates and phases (gas or
particulate) of mercury. It does not track speaifiercury compounds. The species
tracked by REMSAD are Hdgas phase), Hfj(gas phase), and Hg(p) (as divalent
mercury compounds in particulate phase). The REDISAemical reactions result in the
transfer of mercury mass from one of these statestdther. The REMSAD chemistry
assumes some of the Hgs adsorbed onto soot particles using primary eteai carbon
as an indicator of the amount of soot present. BEB contains mercury chemistry
involving chlorine that is only active at night.eBause REMSAD does not internally
estimate chlorine concentrations, it requires utfile to specify these. Chlorine
concentrations decrease linearly with altitude, aredalso set at different concentrations
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at the surface according to whether over land eanc Reduction of Hgto Hd’
includes a pathway involving the aqueous formatibsulfate (SAI, 2002).

3.1.3.Transport and diffusion

Air pollution transport occurs primarily throughetbbulk motion of air
(advection). REMSAD depends on the accurate reptagon of the magnitude and
variability of winds to model transport process8al, 2002). Diffusion processes
influence the redistribution of air pollutants wittthe REMSAD domain, and are driven
by turbulent eddies that form due to atmospheraignts. REMSAD handles horizontal
transport through an advection scheme develope&thiglarkiewicz (1983). It assumes
horizontal diffusion is proportional to the horizahconcentration gradient. Vertical
advection occurs through the vertical componerhefwind field, which REMSAD
calculates through conservation of mass. Vertigatls are typically much smaller than
horizontal, and are greatest under convective ¢ongdi(e.g., within convective clouds)
and terrain- and sea-breeze-induced convergen@szdks with horizontal diffusion,
REMSAD assumes vertical diffusion is proportiorathe vertical concentration gradient
(SAl, 2002).

3.1.4.Deposition

REMSAD simulates wet and dry deposition of air ptahts to the surface. Wet
deposition is the removal of gas phase and paatieydollutants from the atmosphere in
agueous form (e.g., in rain, snow, or mist). Depasition is the direct transfer of a gas
or particulate to the Earth’s surface without titea precipitation. Mechanisms for dry
deposition may include gravitational settling, dgfon, and even surface adsorption by
plant-leaf uptake.

REMSAD has two separate treatments for wet dejposif gases and
particulates. For gases, it uses a wet scavemggngithm based on Henry’s law and the
work of Hales and Sutter (1973). Particulate wegiasition comes from relationships
established by Scott (1978) connecting rainfa# eatd cloud type with the fraction of
ambient sulfate in rain reaching the ground. RENdSItends this to other aerosol
species as an assumed constant fraction of thetesuite, depending on the properties of
the aerosol species (SAl, 2002).

REMSAD handles dry deposition according to a schdeseribed by Wesley
(1989). For a given species, the dry depositiaiéosurface is directly proportional to
its concentration in the lowest model layer. Thapprtionality factor is the deposition
velocity, which is the inverse sum of a seriesasistance terms (e.g., aerodynamic,
boundary layer, and surface resistances). Laggstances for a species result in a
slower deposition velocity. The various resistatgees are calculated from parameters
related to meteorological conditions and physiats of the lowest model layer and the
underlying surface boundary. These include tentperaand pressure, wind speed,
moisture stress on vegetation, differences dueatemsurfaces, and surface moisture
(SAl, 2002).
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3.1.5.Re-emissions

Current atmospheric chemistry and transport mostelgygle to accurately
parameterize re-emission of mercury from the esugbiface (Lin et al., 2005). Until
very recently, models often assumed no net mentuxyoccurred from the surface, such
that dry deposition rates of elemental mercury wer® and re-emission was not
considered.

The REMSAD developers recognized the importanagnderstanding surface
fluxes and introduced a methodology for estimating tracking these emissions. Their
approach calculates the rate of change of availablkeury at the surface as the sum of
wet and dry deposition minus the re-emission atehtin (where retention represents
mercury “fixed” to the surface and therefore nailis). The rate of re-emission is two to
three orders of magnitude faster than the reteméitmand is 0.5 percent of the available
deposited mercury. This approach has not beepdutluated but the current modeling
did account for these emissions through the aVaik#yging feature, as described next.

3.1.6.Emissions source tagging

REMSAD employs an attractive feature termed “emissiource tagging.” The
model permits users to track emissions from a fipesgurce, source category, source
region, or combination of these by assigning a*taghe emissions. The tagging
scheme is an accounting system that follows spéaiesgh space and time in the model
without disturbing the physical or chemical pro@ssaffecting that species. With careful
consideration, the user can establish a modelaasdess the impact and influence of
particular modeled sources, including boundary ¢ .

For mercury, three model species (RGM, gaseousegl&rhmercury, and
particulate mercury) are followed for each tag.e Tinodel can track twenty-four different
tags, although the first tag is generally resefoedll mercury in the system and the™24
tag is used for the re-emission term. By taggihgaurces of mercury in the system, the
user can confirm that the model works correcthcbgnparing the sum of all tags to that
of the first tag. Minor differences are the resflbhumerical diffusion in the model,
whereas significant differences would indicate @jgm in the implementation of the
tagging (e.g., that mercury is not the limitinggeat for chemistry).

3.2. Model inputs

3.2.1.Meteorology

REMSAD requires a number of meteorological fieldsrput to adequately
represent the three dimensional motions of the spimere. Six separate files provide
hourly values for key parameters (horizontal wirtdejperature, surface pressure,
specific humidity, vertical diffusion, and cloudméall). This modeling relied on the US
EPA input files developed for its modeling of theposed CSA (US EPA, 2003). As
part of that work, the US EPA ran the Fifth-GeneraNCAR/Penn State Mesoscale
Model (MM5), which is a numerical meteorological debthat solves the full set of
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physical and thermodynamic equations governing spineric motions. They modeled
the 1996 calendar year, using 23 vertical lay@itsese results were then collapsed into
the twelve modeling layers used in REMSAD by a fostessor developed to convert
MMS5 output to REMSAD input files (MM5toREMSAD). Fihner details on the MM5
options used by the US EPA to develop this metegsolre available in the US EPA’s
technical support document (US EPA, 2003).

3.2.2.Emissions

Modeling inventory preparation

In 1998, the northeast states worked with the US #&Rmodel mercury
deposition based on a 1996 emission inventoryatifostary sources in the region. The
study was designed to provide a better understgrafithe dispersion and deposition of
mercury emitted by sources within the region, algghe region, and the relative
contribution of the global reservoir (NESCAUM et,dl998). During 2003 and 2004, the
northeast states updated the mercury inventorthéonortheast region used in the 1998
report by including new sources and improving emisgstimates for existing sources
(NESCAUM, 2005). NESCAUM integrated both the 19entory and the newly
developed emissions inventory (El) with the US E°&SA EI, and then processed them
into a REMSAD-ready format for two model simulatsohe model results were used to
assess impact for watersheds and ultimately, figfulations. Emission inventories used
and their sources are:

Mercury emissions:
For emissions outsidde Northeast for both scenarios:
- US EPA’s 1999 mercury inventory from proposed C3$R2@03
- 2000 Canadian mercury emissions (inventory provigethe US
EPA)
For emissions withitthe Northeast:
- Scenario 1: NESCAUM's 1996 inventory with pre-19@B6emissions
from Municipal Waste Combustors (MWCSs)
- Scenario 2: NESCAUM's updated mercury inventory2fa02
Criteria pollutants emissions:
- 2001 “proxy” surface and point emission files foiteria pollutants
provided by the US EPA (proposed CSA of 2003)

NESCAUM initially pulled annual mercury emissiomerh the US EPA’s
National Emissions Inventory Input Format (NIF) 8mission tables for each source
sector and state into one “base” table to preparersary charts and maps because the
parent NIF3.0 files are difficult to manipulatehdfiles, which include all necessary
fields, were exported to MS Excel for easier gyalssurance processing, updating, and
faster conversion into the Sparse Matrix Operat@mi€l Emissions (SMOKE)/Inventory
Data Analyzer (IDA) text format supported by aitatity modeling.
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Emissions tagging

REMSAD offers a key feature in its source taggiagability. To take advantage
of source tagging, NESCAUM developed in-house eomsstagging techniques for
application in air quality impact analyses, effeely adding an additional step to
emissions processing. In general, these emista@gsng schemes can be used to assess

source contributions in various ways, including by:

(1) size and susceptibility to transport (e.gowlhg comparisons between large
elevated sources vs. small, low-level sources);

(2) sectors/types (e.g., by source classificatmohes (SCCs) or by point, area, or

mobile source categories);
(3) regions (e.g., by country/state/county); or

(4) combinations (e.g., largest electricity genagatunit (EGU) in a specific state).

For this research, all combustion and industriatpss emissions sources in the
modeling domain were tagged by source types/seitersEGUs, MWCs, MWIs, SSIs,

Rest of Point sources, area sources, mobile squaicesby regions (six New England

states, New York/New Jersey, rest of US, Canalireover, boundary conditions were
tagged to assess out-of-domain impact. FiguresBeivs the tagging scheme employed
for this analysis and Table 3-2 displays the ra@sgikmissions. These are shown

geographically in Figure 3-3.

Figure 3-2 lllustration of source tagging regions ad sectors

Hg Region Tags
Canada
Mexico

Source Sector
Tags

EGUs

MWCs MWIs

SSI

I NY+N
I Hew England
Restof US

Rest of point
sources

Area source

Mobile sources

Note:
1. All Canadian point sources are treated as ape ta
2. Mobile sources = On-road + Non-road

3. The boundary conditions are tagged. MWCs andi$8/&k combined for the
Rest of the US, while they are tagged separatellydNESCAUM region.

EGU Electric Generating Unit

MWC/MWI Municipal Waste Combustor/Medical Waste ilmerator
SSi Sewage Sludge Incinerator

Other Rest of point sources (other than abovestbigsses)

Area sources
Mobile sources
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Table 3-2 Summary of tagged emissions inventory f{éNESCAUM modeling in tons per year

Regions Emission Total
New England New York - New Jersey Rest of US (TPY)

Tag Tag 96 US 02 US

Source Sectors |Tag No. 96 NESCAUM | 02 NESCAUM No. 96 NESCAUM | 02 NESCAUM [ No. CSA Total Total
EGU 1 0.288 0.288 7 0.677 0.677 13 58.835 59.800 59.800
MWC+MWI 2/21 3.962 / 0.563 0.482 / 0.003 8/22 6.563/0.321 0.631/0.014 14 14.674 26.084 15.804
SSI 3 0.323 0.288 9 0.728 0.485 15 0.837 1.888 1.610
Rest Point 4 1.255 0.099 10 1.661 0.605 16 29.824 | 32.740 30.527
Stationary Area 5 0.757 0.757 11 1.590 1.590 17 13.786 16.133 16.133
NonRoad 6 0.332 0.332 12 0.653 0.653 18 5.617 6.603 6.603
OnRoad 0.009 0.009 0.014 0.014 0.162 0.184 0.184
Sum 7.490 2.259 12.207 4.668 123.735 143.432 | 130.662

Note thebold red text highlights substantial emission reductions froracsfic source categories. NESCAUM region emissifondoth model simulations are shown.
“Rest of the US emissions” (ROUS) is based on UB ERentories developed for the proposed CSA ans hedd constant for both runs. Tag 14 combinessons
from MWC and MWI for ROUS while separate specifigs for each of these source types are applideiNéw England and New York — New Jersey regions.
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Figure 3-3 Mercury emissions by tagged source catexy and region
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Emissions processing

To simulate source emissions, NESCAUM used thesgpiiatrix Operator
Kernel Emissions (SMOKE) Version 2.1 Modeling Systeompiled on a Red Hat 9.0
Linux operating system with the Portland Group F&RN compiler version 5.1.
SMOKE is primarily an emissions processing systesighed to create gridded,
speciated, hourly emission input files for a variet air quality models such as CMAQ,
REMSAD, the Comprehensive Air quality Model withtemsions (CAM), and the
Urban Airshed Model (UAM). SMOKE supports aread®nic, mobile (both onroad
and nonroad), and point source emissions procegsirgiteria, particulate, and toxic
pollutants. SMOKE is also integrated with the oad emissions model MOBILES.

Figure 3-4 Modeling processing flow chart

Profile & Cross-Reference

Tagged Mercury Speciation
(for HG Inv)

Criteria Pollutants Converts txt to
Modeled Emissions Elevated Input
(txt, uam) (ptsrcevl.3)

Speciation
(SPCMAT)

Criteria Inventory Model Re_ad_y
(IDA) Elevated Emissions

(bin)

Gridding
(GRDMAT)

Temporal
Allocation
(TEMPORAL)

Merge
(SMKMRG)

Mercury Inventory Import Inventory
(pre-tagged IDA) (SMKINV)
Mercury Tagging Tagged Mercury
In-house Program Inventory (IDA)
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(REMSAD)
Fine Grid Offline
Storage (coarse)

Mercury Run
(REMSAD)

Mercury Tagged
Modeled Emissions
(txt, uam)

v
Converts txt to
Elevated Input

Vertical
Gridding
(ELVTSPT)

(ptsrcev1.3)

Input or Output
File (format) Model Ready

Elevated Emissions
SMOKE REMSAD (bin)

To process tagged emissions, NESCAUM updated tbmidal speciation related
files and the species list to permit SMOKE to psstagged emissions. Other than
updating those files, the rest of the processetharsame as conventional SMOKE
processing, e.g., gridding, speciation, and temdi@cation. For on-road mobile
sources, NESCAUM used pre-calculated emissionsligappith the CSA emissions
dataset. Biogenic emissions were not includedEB58AUM’s emissions inventory or
emissions modeling/processing. Figure 3-4 shoe®tttire emissions tagging and
processing flows. After processing, SMOKE produegged, speciated, and
spatially/temporally allocated emissions, as iliatgd in Figure 3-5.
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Figure 3-5 Four example maps of SMOKE-processed essions (New England point
sources, NY/NJ mobile sources, rest of US area saess, and all sources)
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3.2.3.Mercury emission species profiles

As discussed in Section 2.1, mercury can be emittedveral forms and can be
transformed among those different forms. Duegaificant differences in atmospheric
residence time among those species, chemical sioectd emissions directly affects the
atmospheric transport and deposition patterns.

During emissions modeling using SMOKE, NESCAUM nfizdi two major
ancillary data sets to incorporate speciation ofcungy tagging. One is the inventory
table, which is used to read the pollutant codes fthe US EPA’s National Emissions
Inventory and convert them to SMOKE inventory ptahis, and the other is the
chemical speciation data used to convert the ramung emissions into the species
needed by the REMSAD tagging model. NESCAUM adtiedagged mercury species
to the SMOKE inventory table, speciation profiladaspeciation cross reference file so
that the SMOKE programs could understand and sigetzigged mercury species. The
speciation profiles used were MACT-based speciatata that supports REMSAD
version 7 with Micro-CB4 speciation plus mercuijhe dataset was provided as part of
the SMOKE version 2.1 download package (CMAS, 2008)e speciation profile data
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file provided with SMOKE version 2.1 was correctedise a molecular weight of 200.59
for Hg™".

NESCAUM ultimately performed emissions speciationsale of SMOKE using
in-house software due to the complexity of the ciovedb tagging and speciation
processes. This speciation was confined to th# eigrtheast states because the US
EPA'’s proposed CSA mercury modeling inventory for test of the United States was
already speciated. Figure 3-6 presents the spatiattofiles along with their source
categories that are used in NESCAUM'’s research.

For inter-comparison purposes, NESCAUM comparedpeiation factors
against the US EPA’s most updated modeling inverfram the Clean Air Mercury
Rule (CAMR) (US EPA, 2005). The speciation prefiSESCAUM used for
NESCAUM region emissions are mainly the same asahthe US EPA for the
important source categories, including MWCs, MWisd SSIs. The speciation profiles
NESCAUM used for coal EGUs (4.2 : 29.3 : 66.5 fay(p) : Hf" : Hd) differ, however,
from what the US EPA used for its modeling. NES@AUsed the speciation profile in
SMOKE, while the US EPA mercury speciation profilescoal EGUs varied according
to coal type and control technology, with averaggeciation profiles ranging from 0.99-
9.26 for Hg(p), 20.29-47.25 for Ky and 43.50-78.72 for Hgacross EGUs grouped
according to coal type and control technology (BRAE2004). Therefore, the REMSAD
speciation profile in SMOKE provides one aggregaeekciation profile for coal-fired
EGUs whereas the US EPA modeling draws upon araegeof speciated profiles.
Because the profile used in CAMR speciates moreungiinto the reactive portion, it
may model more mercury as being deposited ned®@ig¢ source. This difference,
however, would not be significant for EGUs in thertieast because they do not
dominate the region’s sources (~16 percent of tagicury emissions).
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Figure 3-6 REMSAD mercury speciation by source cagory
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3.2.4.Boundary conditions

Preliminary modeling used static boundary condgiter the mercury simulation.
As done by the US EPA, NESCAUM decided to adopgraachic boundary condition to
better represent the changes in mercury concemigain time and space. For its 2001
modeling efforts, the US EPA had relied on outpoibt a global three-dimensional
atmospheric transport and chemistry model, GEOS¥Cleiven by assimilated
meteorological observations from the Goddard E@tikerving System (GEOS) of the
NASA Global Modeling and Assimilation Office. Tiggobal model provided boundary
conditions for fourteen atmospheric layers evemdthour for an entire year on a 36-km
Lambert Conformal domain.

The NESCAUM model platform described in 3.1.1 dad exactly match these
dimensions. In addition, inputs varying everydHiour were deemed excessive and not
likely to be more accurate than monthly averagednail profiles. The GEOS-Chem
results, therefore, were reduced to 96 distindicadrprofiles per boundary grid column,
eight per day (every three hours), one set of ggghimonth. These averaged conditions
permitted model inputs that varied on a diurnal emmhthly basis, reflecting changes on
these timescales.
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In addition to the temporal averaging, spatial atients were required to use the
GEOS-Chem output. Vertically, two pairs of laygrshe GEOS-Chem output were
collapsed to their corresponding layers for REMSA&nverting the fourteen layer
values into a twelve layer domain (Table 3-1). idamtally, the REMSAD geodetic
domain was matched to the Lambert Conformal dorbgiaveraging at each vertical
layer the three cells nearest in horizontal distgikégure 3-7).

Quiality assurance plots were created for two dffieseasons for all three
mercury species to confirm the accuracy of the NESKI averaging procedure for
boundary conditions. These results are showngargi3-8. NESCAUM profiles are
plotted in the main graphic, with the US EPA presdilprovided in the inset figure. The
inset figure also shows differences between the &BBem profile and profiles created
by a different global model. Based on these ptbts NESCAUM-averaged boundary
conditions were deemed equivalent to the parent &EBGem results.

Figure 3-7 US EPA (orange) and NESCAUM (blue) modelg domain boundaries

The two insets show fairly different profiles baseddifferent models and inputs.
The associated variations in global model resaltsdrastically influence the impact of
boundary conditions in continental-scale modeliggibsequent to NESCAUM’s
modeling, GEOS-Chem developers adjusted emissi@ntories and model chemistry to
improve model performance relative to limited aabie measurements. A comparison
of mercury speciation and levels between thesentewdel runs was conducted and
showed that the older model run had lower totalcogrlevels but higher RGM values.
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Figure 3-8 Comparison of global model-generated sp@ated Hg boundary
conditions (original US EPA GEOS-Chem boundary conitions shown in insets)
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4. MODEL EVALUATION

4.1. Mercury monitoring in the Northeast

For evaluating model results, it is possible to pare the REMSAD outputs to
readily available mercury monitoring datasets, keggeveral important caveats in mind.
There are several ongoing and historical data dscof mercury levels in the Northeast.
Most of the measurements are focused on wet depusithile some more limited data
are available for ambient levels in the surfaceiaf the atmosphere.

As with any model to monitored data comparisonyloer of caveats exist. For
this work, significant items of note include:

model meteorology is for 1996, while modeled ensissnventories are a
mixture of years (details available in 3.2.2);

monitored data cover a number of years, none aalkb96; and

grid size represents roughly 36 km by 36 km, wischery large compared to
point measurements.

4.1.1.Wet deposition monitoring data in the Northeast

The primary source of monitored mercury wet depasitor the Northeast is
through the Mercury Deposition Network (MDN), whiftinctions as a sub-network of
the National Acid Deposition Program (NADP). Thaalrecord varies by year and
location. These samples are collected over a Warekperiod and are intended to
provide information on the spatial and temporala$#on patterns of mercury, including
trend tracking. Other data sources are availablba region, including event-based
samples analyzed by University of Michigan.

Because direct model to monitor comparisons cabeabonducted given the
limitations of this study, we provide a generaliegvof the monitored data, along with
corresponding model results. First, annual webditjon data are plotted to show
behavior over time for a select set of monitorthim Northeast’s model domain (Figure
4-1). As seen in the figure, and documented prsho(VanArsdale et al., 2005), we do
not observe the anticipated deposition decreasesadiegional emission reductions. A
number of factors could explain this lack of coatin, although most are not tested by
this modeling study. For example, a significardrédase in Northeast mercury emissions
occurred in the late 1996sThe MDN data available for comparison with thisdy,
however, extend back in time only to 1997, and thely for a few monitoring sites. As
a result, a representative “baseline” period da¢®rist in the deposition record.
Additionally, the MDN monitors deposition in remaeesas, generally far from local

Y In October 1995, the US EPA issued final regulationd/fdfCs designed to reduce emissions by 90
percent from a 1990 baseline by December 2000. Where appliteblertheast states adopted MWC
mercury limits almost three times more stringent than theréédimits. In August 1997, EPA issued
emission standards for MWIs with compliance by Septem®@?.2 These were designed to reduce
emissions from these sources by 94 percent relative tol@98G.
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source contributions. Model results summarizeBigure 4-2 show that decreases in wet
deposition in the Northeast due to emission reduastare less than 20 percent for 60
percent of the region. The cells with substamtiatleled deposition reductions do not
contain MDN ambient monitors.

Figure 4-1 Time series of wet deposition from Meray Deposition Network (MDN)

Figure 4-2 Percentage of monitors (y-axis) with mieled percent change in
wet deposition from 1996 to 2002 (x-axis)
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Since no 1996 deposition results are availabledonparison, an alternative
evaluation of the data is presented in Table £&ifght MDN sites with data covering
most years from 1997 to 2004 are compared to nredelts from the corresponding grid
cell deposition output. In the first two columfmr-year average wet deposition was
calculated from the monitoring dataset. A fewssitad fewer than four complete years
of data, with the number of years noted in paresghe The next pair of columns shows
the modeled deposition for the 1996 and 2002 eonissscenarios. Percent deposition
change is tabulated in the third column pairindpe Telative monitored and modeling
changes are reasonably similar, although in twantes the monitored averages show
an increase in deposition (PA13 and NB02). Theehptedicts much greater deposition
decreases in two Maine locales (MEO2 and ME51)cwieflects substantial modeled
emission reductions. The final two columns compheeabsolute modeled and
monitored deposition, expressed as the ratio ofrtbéeled to monitored deposition. The
model captures the average deposition within afaufttwo.

Table 4-1 MDN data compared to modeled data at ssdt MDN sites. Skill reflects
the ability of the model to capture the monitored &erage wet depositionrfg/m?).

MDN Average Average 1996 2002 Monitor | Model Skill Skill
Site 97-00 01-04 Model Model 1996 2002
[PA13 | 947 [ 1092 | 1746 [ 1736 | 15% | -1%[  184[ 1.5
PA90 6.90 6.76 6.49 6.01 2% 7% 0.94 0.8p
PQO4 6.44 (2) 5.93 3.68 3.24 8% 12% 0.57 0.55
[ME02 | 6.90(3) | ¢ 625 | 938 | 634 | -ow| 324 136 10
[ME96 | 957(3) [ - 7.05 | 1297 | 636 | -26% 514 136 0
[MEQ9 | ¢ 621 [ 517 | 356 | 2.94 | 7% 174 057 0.5
ME98 8.37 6.77 (3) 4.75 4.14 19% 139 0.57, 0.
NB02 6.71 6.96 (3) 7.06 6.38 4% 10% 1.05 092 |

Figure 4-1 does highlight the inter-annual vari@pthat exists, both within a site
and between sites. This likely reflects changesaehdeposition patterns from year to
year. Broad regional precipitation patterns calrstically affect wet deposition
patterns. For example, drier than normal condstiopwind of the Northeast might allow
for a greater transport fraction of mercury thartereconditions. Figure 4-3 shows
statewide average annual rainfall from 1995 thro2@b4 (National Climate Data Center,
2005). The 2001 figure reveals a much dryer th@amal year, which is reflected in the
time series of mercury wet deposition in Figure. 4Ykars 2003 and 2004 show above
normal precipitation for much of the Northeast, amaly be associated with the relatively
high mercury wet deposition observed in those years

The same data plotted as a time-series in Figurar replotted in Figure 4-5 as
ranges of site-specific results. In addition, tive model results are shown as hollow
symbols for comparison. An obvious trend doesaxat, with the model showing
results that are lower, higher, or in the rangthefmonitored values. In some instances,
for example, the model under predicts in Ontarian&la, which may be due to missing
emission sources in Canada or to under-representatithe model of true northern
boundary conditions. However, the model genemligr predicts the results in
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Pennsylvania. This could be a direct result ofrtieteorology of 1996, which was the
wettest year on record.

Figure 4-3 Annual rainfall patterns in the easternUS 1995-2004 (20-year trend for
Northeast shown at bottom)
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Figure 4-4 shows the monitored year-to-year vammfor fifteen MDN sites as a
percentage change, expressed as the differencedaetive current and prior year
deposition divided by the prior year depositionaridbility ranges from a decrease of 50
percent to a doubling of deposition. These moadarhanges, since they occur from
year to year, are not likely to reflect emissioamtpes directly, as those would occur
gradually over time as controls come into placeesBmably, these changes directly
result from interannual meteorological differenc@fiese measured changes are in most
cases comparable to the deposition changes moateted monitor grid-cells attributable
to emission reductions.

Figure 4-4 Monitored year-to-year percent change for 15 sites Northeast

CRUADAEENnAD aa A

Results for two nearby MDN locations in Maine wekaluated versus model
results for the two corresponding grid cells. Thesgo cells provide an important
contrast because one has several point sourcagaswohably substantial area source
emissions within the cell (ME96 monitor) while tb#ner does not (MEO2 monitor).
Figure 4-5 shows that the model captures the veldifferences between these two sites.
Substantial emission reductions near the ME96 rapted to the large decline in
modeled deposition for 2002. Generally, the twaleled results reflect the range of
monitored concentrations quite well.

To analyze the model performance for this grid pelt further, plots were
generated to compare the weekly monitored resuliset modeled weekly deposition
averages. The results are not paired, which wooldnake sense given the different
meteorology from year to year, but instead areedrfkom low to high. Figure 4-6
shows that the model generally reflects the weekdek differences in deposition. The
results are especially good for the 2002 run, whadls within the observed year-to-year
variability from monitored wet deposition.
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Figure 4-5 MDN deposition ranges compared to modaiewet deposition

3

In addition to monitor specific comparisons witllividual grid cell results,
spatial patterns can be assessed. Figure 4-7moigored wet deposition results from
1996 and 2003 next to the modeled deposition fieRisth model and monitor results
show a general spatial trend of higher depositiatiié mid-Atlantic region with lower
values in northern Maine. Both also show a loealideposition hotspot on the coast of
southern Maine, especially apparent in the 1996smdjmese maps also display one of
the advantages of deposition modeling versus asparservation network. The model
reveals high deposition in New York around the Gtekes. Since no monitors are
located there, spatial interpolation of monitoredues fails to show this. As noted
before, the model over-predicts wet depositionenri3ylvania.
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Figure 4-6 Cumulative frequency plot of monitored ad modeled weekly deposition
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4.1.2.Dry deposition

Although a substantial fraction of the total modieheercury deposition is
attributed to dry deposition, there are no correspty measurements for evaluation
purposes. Recently published studies of dry dépodirom Nevada (Lyman et al.,
2007) and Florida (Marsik et al., 2007) discusslitingations and challenges of different
approaches for making dry deposition measuremértis. studies also note substantial
variability of dry deposition in time and spaceséd on their measurements.
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Figure 4-7 Spatial comparison of modeled and monited results for two years
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4.1.3.Measurements of elemental mercury vapor in the atnmgphere

In addition to deposition measurements, some resees measure ambient levels
of mercury at the surface. Currently there is atbamal ambient mercury monitoring
network. However, several research groups haveshelodl measurements conducted
around the Great Lakes, including measurementaimrada (Poissant et al., 2004; Kim et
al., 2005) and in New York (Han et al., 2004). Aahaveraged measurements were
compared to surface concentrations predicted by 8&M as shown in Table 4-2. In
general, modeled elemental mercury levels are 1pebfent lower than those measured.
The model substantially overestimates levels of tagthe surface by an order of
magnitude. Given the current high level of undatjain both measured and modeled
values, assessing the importance of these diffeseisadifficult.
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Table 4-2 Annual average Hg concentrations at thgurface

Modeled Values (ng/fh

Monitored Values (ng/f

Location Total Hg Hg** Total Hg Hg*
______ Stockton, NY® | 123 | 0056 | 183 | 0006 |
___Sterling, NY® ] 130 [ 0066 | 259 |.__0006 ]
Potsdam, NY ©& 1.25 0.035 1.84 0.004
St. Anicet, Canada®™ 1.29 0.033 1.68 0.003
__Egbert,Canada™ | O 0070 | 169 |
_Point Petre, Canada @ |~ 132 | 0049 | 193 N
Burnt Island, Canada © 1.34 0.032 1.58
Great Mountain, CT @ 1.29 0.051 1.60

@ Han et al., 2004 Poissant et al., 2004’ Kim et al., 2005; Sigler et al. (2006)

Figure 4-8 Comparison of monthly average total menary concentrations
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Comparisons of monthly averaged total mercury werelucted for three sites, as
shown in Figure 4-8. The model results are plottét solid lines, while the
corresponding monitored results are plotted witkhea lines, matching in color with the
appropriate modeled result. The model capturesitrghly trends reasonably well,
showing minima in late summer and fall with maximlawvels in the springtime. The
magnitude of the month-to-month changes is greatire modeled results.
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5. MODEL RESULTS

5.1.1.Inventory analysis vs. modeled results

One of the simplest approaches for understandimgalirces of mercury in the
environment comes from emission inventory estimaissed on the inventories used
for this work as detailed in Figure 3-3, both MWi@sm within the NESCAUM region
and EGUs from outside the region appear as thergorhsources of concern for 1996.
After controls were put in place in the NESCAUM iy local stationary and area
sources of mercury appear to rise in importandas $imple analysis neglects the form
of mercury in the emissions, unlike air quality rabdg of mercury.

The model incorporates information on the variaarsns of emitted mercury.
Equally important are chemical and meteorologicatpsses dealt with by the model.
Combined with the tagging capability in REMSAD, tlesults provide a better estimate
of which source types and source regions contribigie@ficantly to the mercury levels
observed in the Northeast.

5.1.2.Contribution by source region

As an area impacted by mercury deposition, NESCAdtidles want to
understand the extent to which emissions withinréggon account for observed mercury
deposition. The Mercury Action Plan of virtualrelnation of in-region mercury sources
was motivated by the belief that local sources rdoute substantially to the local
mercury problem. Based on these modeling regtkslocal reductions in mercury
emissions have a profound effect on the magnitdidiecal deposition.

Analysis of deposition across the entire NESCAUBWfioa is shown in Figure 5-1
and Figure 5-2. The stacked bar chart shows amtgadsition results for the two model
runs, split both regionally and by deposition typet or dry). Since the boundary
conditions and emissions from the area outsidé&trtheast were held constant, no
changes were observed in their modeled deposikatst Substantial decreases in both
wet and dry deposition are modeled as a directtreteduced mercury emissions in
NESCAUM states. Wet and dry deposition contritegaally in the 1996 run, whereas
modeled wet deposition in 2002 exceeds that froyddposition by about 20 percent.
The pie charts of Figure 5-2 show that the in-regiontribution to deposition declines
from nearly half of the modeled deposition in 139@&bout one-sixth of the total in
2002. This highlights the relative increase in amance of emissions outside the
Northeast to deposition within the Northeast assalt of local emission reductions.
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Figure 5-1 Regional contribution to wet and dry deosition in NESCAUM states
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Figure 5-2 Relative contribution to total depositon in NESCAUM by region

1996 2002



MODELING MERCURY IN THE NORTHEAST UNITED STATES Page 37

Figure 5-3 Wet deposition percent changes betwed896 and 2002 (top panel)
based on modeled deposition in 1996 and 2002 (battgpanels)

Percent
Reduction

1996 2002

Given the potential localized nature of mercuryatifon, the geographic area
chosen to summarize results can substantially tathecinterpretation. Figure 5-3
displays wet deposition results across the Nortifeadoth model scenarios in the
bottom panels. Substantial spatial gradients @xite deposition fields. The location of
modeled emission reductions clearly affects theadignts, with substantial grid-specific
differences in deposition percent reduction. T&bleillustrates the variation in modeled
deposition, both in absolute deposition totals esative contributions from source
region. The first two columns are the data plottedenerate Figure 5-1 and Figure 5-2.
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The next pair of columns provides the depositiaurse breakdown to two regional
receptors (New York-New Jersey and New Englandjtalldeposition to these two
regions show large differences, with depositiorraged over New York and New Jersey
50 percent greater than average deposition modeldw England for 2002. The
differences in apportionment indicate the rest 8fédntributes more than twice the
percentage of total deposition to the New York-Niassey region than New England,
and is nearly four times greater in absolute terftse final three columns provide state-
specific deposition allocations. Note that non4dBrces dominate the modeled
deposition in Maine, due in part to Maine’s locatitear the edge of the domain. This
highlights one limitation of the tagging, as therougy at the model boundary can
reasonably be attributed to re-circulated US emissbut of and back into the domain,
rather than arising from purely outside the domaf#mwever, the exact proportion and
allocation to region and source type can only bienased by the contribution of these
tags near the edge of the boundary. In other waidsnasses that pass out of the model
domain may get re-circulated back as part of thendary, but no longer retain
information on the origin of the mercury.

Table 5-1 Modeled mercury deposition averaged ovatifferent geographic regions

5 1996 1 Total Mercury Deposition 2002
eposition |
to NESCAUM!to NESCAUM| to NY/NJ to New England to NY to MA to ME
Average (ng/mz) :
In Region Sources 8.89 | 2.01 2.17 1.86 1.86 4.47 0.52
Other US Sources 2.89 | 2.89 4.71 1.32 4.02 2.07 0.67
Non-US Sources 6.94 i 6.94 7.62 6.35 7.50 7.40 5.85
Total 18.72 ! 11.83 14.50 9.53 13.38 13.94 7.04
Percent Contribution i
In Region Sources 47% | 17% 15% 20% 14% 32% 7%
Other US Sources 15% I 24% 32% 14% 30% 15% 10%
Non-US Sources 37% | 59% 53% 67% 56% 53% 83%

5.1.3.Contribution by source type

The model scenarios relied on source-specificitagsldition to the regional tags
to provide direct impacts of emission reductiomsfrsource classes. In addition to
modeling reductions in MWCs, MWIs, and SSis, otmajor source category tags,
including EGU, area, and mobile sources, providermation on their relative
contribution to overall deposition.

A summary of source-specific total deposition restdr both model scenarios
are shown in Table 5-2 and. Based on the tabE®6 the predominant anthropogenic
source of mercury deposition in the region cammfMWC emissions (note that the
emissions total modeled in 1996 include pre-199&sions for New Jersey MWCs).

The substantial emission reductions modeled fa@rgburce category resulted in nearly a
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90 percent decrease in associated mercury depoditi002, the MWC contribution to
regional deposition fell to 5 percent of the tdtam 29 percent in 1996. (Note that the
higher percentages of Figure 5-4 are only for pgegge source contributions from US
sources and do not include the contribution from-bk& sources). Other source
categories showed substantial deposition reductensell. For the “rest of point
sources” category, chloralkali facilities that @dsbetween 1996 and 2002 accounted for
a large part of the decrease.

Table 5-2 Total average mercury deposition in NESCHBM states

Wet+Dry Deposition ( g/m?)

1996 2002 | Percent Change

EGU 0.19 0.19 0%

s MWC* 5.49 0.59 -89%

2 § MWI 0.83 0.01 -99%

05 SSi 0.78 0.49 -37%

0 & [ Rest of Points (ROPs) 1.02| 014 ~86%

Z Area 0.48 | 0.48 0%

Mobile 0.11 0.11 0%

NESCAUM Total 8.89 2.01 -77%

EGU 1.77 1.77 0%

% @ MWC/MWI 0.59 0.59 0%

5 O SSi 0.05 0.05 0%

% 3 | Rest of Points (ROPs) 0.35 0.35 0%

¢ ? |[Area 011 0.11 0%

Mobile 0.03 0.03 0%

Rest of the US Total 2.89 2.89 0%

Total Non-US Sources 6.94 6.94 0%
Grand Total 18.73 11.82 -37%




MODELING MERCURY IN THE NORTHEAST UNITED STATES Page 40

Figure 5-4 Relative contribution to total mercurydeposition in
NESCAUM region from sources in the US
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The tagged information can also be plotted spgtialldemonstrate the area of
influence of the sources. Figure 5-5 shows tha tetet, and dry deposition
contributions from MWCs and MWIs in the NESCAUM reqg for the 1996 (top) and
2002 (bottom) simulations. These plots clearly destrate the local impact of emissions
from these facilities in 1996, and reveal the deastduction in mercury deposited in the
region. In particular, note the high depositiovels in northeastern Massachusetts that
virtually disappear as a direct result of local &son reductions. Modeled emissions
from MWC and MWI sources outside the NESCAUM regi@ve limited impact on
deposition in New England, with the exception ofAN#ersey (Figure 5-6).
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Figure 5-5 1996 and 2002 deposition results for MW@nd MWI tags from
NESCAUM sources
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Figure 5-6 Total deposition from MWCs and MWIs ouside of NESCAUM region

5.1.4.Comparison with RELMAP

In the late 1990s, modeling for the Northeast wasdacted using the mercury
version of the Regional Lagrangian Model of Airlebbn (RELMAP). Like the current
study, the model study was designed to aid regieffiaits in understanding the
contributions of different source types and regittndeposition in the Northeast. The
current REMSAD 1996 simulation results are compavitd the earlier RELMAP results
to demonstrate the consistency between the two Imgdexercises.

Table 5-3 Comparison of RELMAP and REMSAD

RELMAP REMSAD
Type Lagrangian (Puff) Eulerian (Grid)
Background Conc. Static (1.6 ng/m3) None (use IC/BC)
Vertical Structure 4 (up to 1.5km above ground) 12 (up to 16km)
Emissions 1996 (Some from 1992) 1996/2002
Meteorology 1989 1996

Table 5-3 lists notable differences between therwadeling platforms.
RELMAP is a Lagrangian or puff model, while REMSA®an Eulerian or grid model.
While RELMAP assumed a static background conceaotrdhat did not dry deposit,
REMSAD relied on the use of initial and boundarpditions. The vertical structure in
REMSAD included 12 layers extending 16 km into dtimosphere, while RELMAP was
constrained to four layers with a top much closaht surface. The meteorology driving
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the models was from different years, which was shpveviously to have a strong
influence on wet deposition patterns. Finally, éingissions were not exactly the same
for the simulations, and differences are detaiteBligure 5-4. Total emissions modeled
with RELMAP were about 20 percent greater tharhen 1996 REMSAD simulation,
although only a 10 percent difference when considezmissions from the Northeast.

Table 5-4 Emissions modeled in three Northeast starios

% difference
Emission 1996 1996 2002 (REMSAD96
/Region RELMAP(TPY) REMSAD(TPY) REMSAD (TPY) /RELMAP)
Northeast 22.0 19.7 7.0 -10.6
ROUS 160.1 124.3 124.3 -22.3
Total 182.1 144.0 131.3 -20.9

Figure 5-7 plots wet deposition attributed to EGkdsn outside the Northeast for
both RELMAP and REMSAD. A strong resemblance miagnitude and spatial
patterns of the two model results is observed. iI&ily, the absolute wet deposition
magnitude and spatial patterns are consistentefposition attributed to MWCs in the
northeast region (Figure 5-8). This correspondem@art results from the fact that the
point source locations are the same for both saenaAlthough the absolute emission
totals and even speciation of those emissions raaperthe same, they are sufficiently
similar, as is the underlying predominance of Hipposition. Presumably, the
deposition fields of both models are dominated ibyadl emission of HY and its
propensity to deposit near its source.

Table 5-5 compares apportionment results fromwiteerhodels, showing three
receptor regions (Massachusetts, New England,lnlESCAUM states). The
RELMAP results we reanalyzed and summarized taespond more closely to the
REMSAD spatial definitions (since the original 19@®ort was summarized for a

broader northeast region). The total depositiahiembreakout into NESCAUM, Rest of
the US, and ‘natural deposition’ are provided, vehiiae last category includes any non-
US anthropogenic source. The REMSAD results ptedgomewhat higher contribution
from this ‘global pool,” which is consistent wittHRMAP not modeling dry deposition
from its background source. In addition, since FE\D modeled lower direct
emissions, lower contributions from US sources &hbe expected. The combined
effect of REMSAD deposition from the boundary cdiwtis and lower US
anthropogenic emissions yields a greater relativeribution of the global pool in the
REMSAD modeling relative to the previous RELMAPuks.

Table 5-5 Comparison of RELMAP and REMSAD apportiorments

Massachusetts New England NESCAUM
Total NESC ROUS natde Total NESC ROUS natde Total NESC ROUS natde
ug/m2 30.4 22.6 25 5.3 19.2 11.8 2.9 4.4 22.4 12.1 5.5 4.8
RELMAP | 100%  74.4% 8.3% 17.3% | 100% 61.6% 153% 23.1% | 100% 54.2% 24.4% 21.4%
ug/m2 27.1 17.7 2.1 7.3 16.1 8.4 1.3 6.3 18.6 8.9 2.9 6.9
REMSAD | 100%  65.3% 7.6% 27.1% | 100% 52.5% 8.1% 39.4% | 100% 47.5% 15.3% 37.1%
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Figure 5-7 Comparison of RELMAP and REMSAD wet depaition from
EGUs outside the NESCAUM region for 1996

RELMAP EGU
compared to
REMSAD EGU
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Figure 5-8 Comparison of RELMAP and REMSAD wet depagition from
MWC emissions within the NESCAUM region for 1996

RELMAP MWC
compared to
REMSAD MWC
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5.1.5.Comparison with other modeling and monitoring resuts

New York State Global Modeling of Mercury Depositio

A number of studies have presented mercury depasitiodeling results relevant
to the Northeast. One study reports the globalraganal contributions to mercury
deposition in New York State (Seigneur et al., 2003sing a global model with a nested
continental scale model, Seigneur et al. condugtsehsitivity study of deposition to
three sites in New York, assuming different tramsgendencies of mercury (e.g.,
difference in transport scale or area of depositifilnence).

Results of this modeling exercise are summarizeddly and compared with the
results of the REMSAD 1996 and 2002 modeling (T&bk&. The upper part of the table
gives the ranges of dry and wet deposition modilethis study as compared to that
reported at the three New York receptors by Seigaeal. The deposition results shown
in the table are very consistent between the twdiss.

The lower part of Table 5-6 provides the sourceodignment results from the
modeling studies. Note that NESCAUM'’s modelinguiessfor 2002/1996 uses a tagging
scheme that combines emissions from New JerseWandYork. The results for (1) the
Adirondacks, (2) Finger Lakes and (3) the Catslkitks given, as reported in tables 5, 6
and 7, respectively, in Seigneur et al. (2003)aiAgthe results agree that New York
mercury sources account for a non-trivial amourthefdeposition within the State, along
with a substantial contribution from the rest of thS and global sources.

Table 5-6 Comparison of REMSAD results and Seigneet al. (2003)
attribution of mercury deposition to New York State

NESCAUM Modeling AER-Seigneur

Dry Deposition (ug/n) 5.5-8.8 3.9-10.2

Wet Deposition (ug/ri) 7.9-10.5 9.3-12.7

Total Deposition (ug/m 13.4-19.3 13.2-22.9
Source NESCAUM Seigneur (1) Seigneur (2) Seign@ur
New York (NJ) 12/37 10-14 19-25 9-13
Rest of US 32/24 25-28 30-31 47-50
Global / Natural 56/39 28-65 45-50 37-44

Massachusetts Mercury Monitoring and Source Appariment

Massachusetts Department of Environmental Prote¢iA DEP) has supported
the collection and analysis of wet deposition aksal sites across the State, including

North Andover and Quabbin Reservoir. Unlike the Mideek-long integrated samples,
the Massachusetts work relies on event-based tolecollection wet deposition for
much shorter periods (i.e. a discrete rain evenie samples were analyzed for mercury
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and trace elements (by ICP-MS) by Keeler at Unitaesf Michigan. Mercury results
are tabulated (Table 5-7) and compared to modekalts from this study. The
concentrations observed in North Andover were ~20§faer than at Quabbin, which is
comparable to the ~15% difference from the modallts. The model does predict
higher deposition than the measurements, althdugltould be due to the use of 1996
meteorology and its associated wetter than averiageacter.

Keeler conducted PMF source apportionment modeisigg the elemental data
obtained from the deposition measurement (KeelédR0The levels of trace elements
suggested that more than one incinerator was méing mercury deposition in North
Andover. Based on the analysis, two different eastinerator signatures were
associated with 37 and 24 percent of the monitdegabsition at North Andover. Fossil
fuel combustion contributed another 24 percenhéonhercury deposition at that site.
Figure 5-9 shows the apportionment determined 82002 model results at North
Andover which shows that 47 percent of the emissame from incinerators (e.g. MWC,
MWI, SSI) and 23 percent from fossil fuel sourceg( EGU, ROP, Mobile).

Table 5-7 Comparison of event based measurementsrtaodeled wet deposition

Wet Hg Deposition 1996 2002 7/02-6/03
( g/m?) modeled modeled measured
Quabbin 22.2 12.7 8.8
North Andover 134.9 145 10.7

Figure 5-9 Relative Contribution to Total ModeledDeposition
in North Andover, MA from Sources in the US
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The corresponding analysis for the Quabbin sitevgldoa lower relative
contribution from incinerators, totaling 49 percant relatively greater 41 percent from
fossil fuels, as compared to the North Andover. sithese results seem reasonable given
the nearby Mt. Tom facility to Quabbin. The modktkeposition at this site also
predicted a greater fossil fuel contribution of@@9cent, with 43 percent contribution
from incineration sources (Figure 5-10).

Results from both the grid model and receptor metelv that fossil fuel
combustion and incineration contribute substamti@imercury deposition in
Massachusetts. It should be noted, however, higatibdel results used for the
comparison did not include the deposition attridutethe boundary conditions, as these
cannot be associated with specific source typdisewise, the receptor model fails to
attribute any of the deposition to global sourpes,se. PMF attempts to apportion all of
the input to sources based on the variability withie data. Some portion of the mercury
mass associated with each of the PMF identifiedcgsuis likely derived from
background environmental levels. The consisteri¢heresults derived from two very
disparate modeling approaches

Figure 5-10 Relative Contribution to Total ModeledDeposition
at Quabbin from Sources in the US
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IN-Area, 17% \
OUT-Area, 1%
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Massachusetts: Fish Tissue Sampling

A recent study in Massachusetts observed signifidadines in mercury
appearing in fish in Massachusetts lakes that ab@alcwith the steep decline in mercury
air emissions from incinerators. MA DEP has esshlld a network of lakes for the
long-term monitoring of mercury concentrationshe edible tissue of two fish species.
This network has provided the state with an indocabf changes in fish tissue mercury
concentrations over six years from 1999 to 200gewventeen lakes (MA DEP, 2006).
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Over this period, statistically significant decresgn mercury concentrations in the
sampled fish in a number of the network lakes kedah the northeastern part of the
state. This decline of mercury in fish tissue caled with a significant decrease, ~87
percent, in mercury air emissions in the same lgggibn due to new pollution controls
on and closures of municipal and medical wastenarators. This part of the state was
known as a “hot spot” of mercury air emissions tuthe relatively high number of
incinerators in the area. The fish tissue sample®rtheast Massachusetts were also
higher than the state on average, indicating itavagercury deposition hotspot as well as
an emissions hotspot.

The mercury trends in the fish tissue samples fnontheast Massachusetts are
consistent with mercury deposition modeling preserere, as well as with modeling
work by Evers et al. (2007) for this location. TREMSAD 1996 modeling indicates an
area of high total mercury deposition in northédassachusetts that corresponds to a
high density of municipal and medical waste incaters in the same locale. The
mercury emissions in this area greatly decreasext 91996 due to more stringent
mercury emission controls on incinerators, mereaductions in waste streams, and
incinerator shutdowns. The REMSAD results for 2Q&f2er the decrease in local
mercury emissions) show a corresponding decreasetioury deposition from these
sources, consistent with the findings from the MEMDfish tissue sampling study and
Evers et al. (2007).
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6. SUMMARY

Since 1998, the Northeast states and eastern Ganadivinces have worked
towards goal of virtually eliminating all in-regi@nthropogenic sources of mercury
releases to the environment. A near-term step vaattmercury releases by 50 percent
by 2003, with an intermediate goal of 75 percen20%0. To assist this effort,
NESCAUM and the New England Regional Office of thated States Environmental
Protection Agency (US EPA) undertook the task eating a 2002 progress report for
the region.

The work described in this report had two objedivB to determine mercury
deposition in the NESCAUM region and apportion ¢batribution to deposition
according to source region and major source cagegod 2) to provide input (i.e.,
loading) values to aquatic and ecological modeds ¢hn inform regulatory and policy
decisions. This report documents the mercury modedlatform employed, with a
description of the model and inputs generatedHigrwork. It compares modeled
deposition and atmospheric mercury concentratidmesr&possible to measurements, and
discusses differences between the two modeled p&4d896 and 2002.

This effort used the Regional Modeling System ferdsols and Deposition
(REMSAD version 7.13), a three-dimensional Eulegad model. The model includes
wet and dry deposition and re-emission of mercarghiee forms — reactive gaseous
mercury (RGM), gaseous elemental mercury, andquéate mercury. REMSAD
employs an attractive feature termed “emission@tagging.” The model permits
users to track emissions from a specific souragi,cgcategory, source region, or
combination of these by assigning a “tag” to thessions. The tagging scheme is an
accounting system that follows species throughespad time in the model without
disturbing the physical or chemical processes affg¢hat species. With careful
consideration, the user can establish a modelaasdess the impact and influence of
specific modeled sources, including boundary coorait For mercury, REMSAD can
follow the three model species (reactive gaseousumg gaseous elemental mercury,
and particulate mercury) with their own tags.

Model results were evaluated against a limitedseateasurements for validation
purposes. This comparison revealed reasonablelmpedermance and suggests that
existing mercury wet deposition monitors are ndbrations most affected by mercury
emission reductions in the Northeast.

Variability in ambient data indicates the stronfjuence of year-to-year
meteorological changes, which may mask depositemmeses attributable to emission
declines. The REMSAD modeling only used meteoraalgilata from 1996—the wettest
year on record in a few states—to represent alisydde amount of rainfall has a
significant effect on the wet deposition of mercand how far it travels from the source;
often the model gives higher wet deposition letietsr were monitored. A lack of
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monitoring data prevents a comprehensive compaogamdel results with dry
deposition measurements.

Published measurements of ambient elemental menedigate that the model
estimates at the surface generally tend to be 1Bebfent lower than annual-averaged
ambient measurements collected in New York, Caraaharound the Great Lakes.
Given the current high level of uncertainty in bateasured and modeled values,
assessing the importance of these differencesfisuh.

The model captures the monthly trends in total emgrdeposition reasonably
well, showing minima in late summer and fall witlowmum levels in the springtime.
The magnitude of the month-to-month changes istgréathe modeled results than in
the monitored data.

Substantial decreases in both wet and dry deposatie modeled as a direct result
of reduced mercury emissions in the NESCAUM std¥escury emission reductions
totaling over 60 percent occurred from point sosiicethe Northeast, including
Municipal Waste Combustors (MWCs), Medical Wastgrearators (MWIs), and
Sewage Sludge Incinerators (SSIs). Total deposétieeraged across the NESCAUM
states declined by 37 percent as a direct reSuittaller geographic regions near sources
showed even greater deposition declines (over 8&pereduction) from local emission
changes. The analysis demonstrates that subs$tacahbenefits can be achieved from
local and regional scale emission reductions.

The deposition results also indicate the growinganance of emissions outside
the Northeast relative to the declining emissioithiw the Northeast. The model
estimated the share of total mercury depositiomfsources in the NESCAUM region
decreased from 47 percent in 1996 to 17 perce2@@®2, while the share from US
sources outside the NESCAUM region increased frémpelrcent to 24 percent, and non-
US sources increased from 37 percent to 59 perddre. REMSAD modeling, however,
cannot distinguish between US and non-US mercugrimasses that pass out of the
model domain but may get re-circulated back instlesing tagged model information at
the domain boundary on the origin of the mercuny. €&ample, “non-US sources”
dominate the modeled deposition in Maine, due i fgaMaine’s location near the
boundary of the modeling domain. However, theiredtation of mercury out of and
back into the domain would lose track of US meraoyrces that may contribute to
deposition at this near-boundary location.

In 1996, the predominant anthropogenic source atumg deposition in the
NESCAUM region came from MWC emissions. The REMS#Ddel estimated almost
a 90 percent decrease in associated mercury depasam MWCs since 1996 as a
result of the substantial emission reductions fthis source category. In 2002, the
modeled MWC contribution to regional mercury degiosifell to 5 percent of the total
from 29 percent in 1996. Other source categohesved substantial deposition
reductions as well. For example, closures of ctkaii facilities between 1996 and 2002
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accounted for a large part of the decrease in mgemissions from the “rest of point
sources” category.

The 1996 REMSAD modeling results were consistett warlier modeling of the
Northeast using the mercury version of the Regibagkangian Model of Air Pollution
(RELMAP). While the mercury emissions inventorigered by about 20 percent (with
RELMAP being greater), the magnitude and spatitibpas of modeled mercury wet
deposition displayed a strong resemblance betweztwio models. Because the point
source locations are the same in both models,atvespondence in the deposition
patterns suggests that the direct emission 6t Wigh its propensity to deposit near its
source dominates the deposition fields of both rrsodéhe REMSAD results predict a
somewhat higher contribution from the non-US “glgbaol” background source than
RELMAP, which is consistent with RELMAP not modejidry deposition from its
background source. The combined effect of dry dejom of the global pool and
decreased anthropogenic emission levels modelddREMSAD yields a relatively
greater contribution of the global pool to the REMBresults relative those from
RELMAP.

The REMSAD results presented in this report cao béscompared to other
modeling and monitoring results in the Northeasiddition to the RELMAP study. In a
sensitivity modeling study of deposition to thréesin New York State, Seigneur et al.
(2003) found, in agreement with the REMSAD resuhliaf New York mercury sources
account for a non-trivial amount of the depositiathin the State, in addition to a
substantial contribution from the rest of the U8 gfobal sources. Sampling of mercury
in fish tissue between 1999 and 2004 by MA DEP tbarspatial correspondence
between an area of high mercury emissions andflighissue mercury samples in
northeastern Massachusetts. The level of mercuitys sampled fish tissue decreased
over the sampled years at the same time mercurgsens from local sources decreased
significantly. The 1996 REMSAD modeling indicatins area of northeastern
Massachusetts was a local “hot spot” for mercurissions and deposition, which was
largely eliminated by 2002 due to the reductiomercury emissions from the local
sources. A study by Evers et al. (2007) also fatedsame “hot spot” in this portion of
northeastern Massachusetts.

The deposition results from this modeling efforbwtreasonable agreement with
previous deposition modeling, ambient measuremamseceptor modeling. In
addition, the conclusion that local emission redurcefforts can have a profound effect
on local deposition is supported by this modelind aorroborated by fish tissue
measurements in Massachusetts. The added behsditice tagging from this modeling
should prove helpful as the northeast states mmweafrd toward their goal of virtual
elimination of mercury emissions in the region.
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