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 Atmospheric deposition of nitrogen, sulfur, and mercury is important to the 

people and ecology of the Pacific Northwest (PNW).  In this study, nitrogen and sulfur 

deposition patterns in the PNW were simulated using a numerical air quality modeling 

system consisting of the MM5 meteorological model and the CMAQ atmospheric 

chemistry and transport model.  This modeling system was used as part of a separate 
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analysis of global change and air quality to simulate current US climate conditions for ten 

years (1990-1999) at 36-km grid scale resolution.  In the PNW, the relative contribution 

of nitrogen wet and dry deposition are approximately equal on an annual basis.  Dry 

deposition processes dominate during summertime conditions, while wet deposition 

occurs mainly in non-summer periods.  Annual nitrogen deposition ranges are 0.6—13 

kg/ha.  Annual sulfur deposition ranges are 0.1—14 kg/ha.  Future global change 

conditions, consistent with the IPCC A2 “business-as-usual” scenario, are used to drive a 

second model simulation for the period 2045-2054.  The most significant prediction for 

the future decade is that nitrogen deposition in the inland PNW more than doubles. 

Results are also presented for numerical model experiments of mercury 

atmospheric chemical transport and deposition.  The AIRPACT-3 numerical air quality 

forecast system, which employs the MM5/SMOKE/CMAQ suite of models and operates 

on a daily basis for the PNW, was used to simulate mercury deposition.  Cases studies 

from May, 2006 and a re-analysis covering Aug-Nov, 2004 were used for this purpose.  

Mercury deposition on any given day is on the order of mg/ha through much of the PNW 

region.  Days of enhanced vertical flux and precipitation increase daily mercury 

deposition by 10 mg/ha or more in some locations near large mercury emission sources.  

Model results are compared with observations that include ambient concentration 

measurements conducted in southern Idaho and wet deposition measurements from the 

EPA National Acid Deposition Program Mercury Deposition Network.  The area of 

highest modeled mercury deposition (34 mg/ha/day) is located near mining emission 

sources in northeastern Nevada; elevated mercury deposition events also occur downwind 

of Portland, Oregon (~2 mg/ha/day). 
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contributed scientific guidance and direction.  Jack Chen and Jeremy Avise conducted 
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the CMAQ code to include mercury chemistry and boundary conditions and conducted 

some of the mercury model simulations.  I am the primary author of all three chapters.   

Chapter 2 presents regional model results of nitrogen and sulfur deposition in the 

PNW.  The numerical model system used to generate nitrogen and sulfur deposition 

results was created from the contributions made by several researchers.  Jack Chen 

conducted the majority of all model simulations.  Jeremy Avise ported global chemistry 

model output to regional model boundary conditions, and also helped with numerical 

simulations.  Dr. Alex Guenther and Dr. Christine Wiedinmyer contributed by supplying 

future land change and biogenic emissions data.  Dr. Christine Wiedinmyer provided 
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CHAPTER ONE 

1. Introduction 

 Atmospheric deposition is a major pathway in the biogeochemical cycling of 

nitrogen, sulfur, and mercury in Pacific Northwest (PNW) ecosystems.  It is necessary to 

understand anthropogenic influences on these biogeochemical cycles, because of the 

unprecedented magnitudes of anthropogenic perturbations to these delicately balanced 

systems.  The PNW is an ecologically sensitive region where anthropogenic perturbations 

to atmospheric deposition processes may have detrimental and long-lasting effects.  Some 

of these effects may also become, irreversible, if they haven’t all ready.  Alpine meadows 

and forests survive under unique environmental conditions that are believed to be highly 

sensitive to excess inputs of nitrogen and sulfur.  Atmospheric deposition is a significant 

pathway to these ecosystems due to their remote location.  Lower-elevation ecosystems 

(e.g., sub-alpine environments) experience higher levels of nitrogen, sulfur, and mercury, 

because they are closer to large air pollution sources.  Nitrogen deposition can cause soil 

nutrient imbalances and consequently change plant species distributions and diminish 

plant biodiversity.  Nitrogen and sulfur deposition contribute to acidification of terrestrial 

and aquatic ecosystems.  Acidification of soils promotes cation leaching, which in turn 

reduces acid neutralization capacity of the soils.  Acidification of rivers and lakes 

increases aluminum concentrations, and this is lethal to fish populations.  Mercury 

deposition is suspected of contributing to methyl mercury accumulation in fish 

populations in several rivers, lakes, and reservoirs in the PNW.  This poses a more direct 

threat to human health for those who consume fish on a regular basis, especially many of 

the indigenous tribal members that still practice subsistence lifestyles in the PNW. 
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 The objective of this thesis is to increase understanding of atmospheric deposition 

levels of nitrogen, sulfur, and mercury in the PNW.  Chapter 1 covers the background on 

nitrogen, sulfur, and mercury deposition research.  Numerical computations of PNW air 

quality and atmospheric deposition were presented in chapters 2 and 3.  For chapters 2 

and 3, two numerical air quality modeling systems are used to generate nitrogen, sulfur, 

and mercury deposition estimates for the PNW.  A regional climate and air quality 

modeling system was used to generate nitrogen and sulfur deposition estimates for two 

decades:  a current decade (1990—1999), and a future decade (2045—2054).  Results 

from the future decade are compared with results for the current decade and used to 

investigate effects of global change on PNW nitrogen and sulfur deposition.  The second 

modeling system is the AIRPACT-3 numerical daily air quality forecast system.  Cases 

studies from May, 2006 and a re-analysis covering Aug-Nov, 2004 were used to 

investigate mercury deposition patterns within the PNW.  Nitrogen, sulfur, and mercury 

predictions are compared with available observations, and model performance is 

discussed.  Chapters 2 and 3 are formatted to be journal papers.  Chapter 2 embodies a 

nitrogen and sulfur deposition paper, and chapter 3 contains a mercury deposition paper.   

2. Nitrogen Deposition Background 

2.1. Nitrogen Cycle 

The global nitrogen cycle includes several nitrogen reservoirs (Brasseur et al., 

1999).  The exact size of these nitrogen reservoirs is uncertain, however, estimations can 

be made based on available nitrogen flux measurements and model results and 

considering steady state conditions.   The atmosphere is the largest of these nitrogen 

reservoirs at 4.0 x 106 petagrams (1015).  Most of the nitrogen in the atmosphere is in the 
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N2 gaseous form.  This form is generally non-reactive (except for nitrogen fixation 

processes, and lightning-induced oxidation).  More reactive forms of nitrogen in the 

atmosphere are NH3, NOx (NO and NO2), nitric acid (HNO3), and N2O.  These forms of 

nitrogen participate in a wide range of chemical processes in the atmospheric exchange of 

nitrogen.  Sedimentary rocks are the second largest nitrogen reservoir holding 10.0 x 105 

petagrams of nitrogen.  The nitrogen locked up in sedimentary rocks is mainly released 

through denitrification processes in oceanic sedimentary layers followed by deep mixing 

in oceans and release of nitrogen from the ocean surface to the atmosphere.  The third 

largest nitrogen reservoir is the ocean, which holds 570 petagrams of nitrogen.  Oceans 

emit and receive (deposition) NH3, N20, and NOy species.  Soil organic matter is the 

fourth largest nitrogen reservoir: 190 petagrams N.  This reservoir facilitates microbial 

processes that participate in biological nitrogen fixation (BNF) of N2 in soils (e.g., 

N2 NH3  or NH4
+).  Emission and deposition of nitrogen species readily transmit 

nitrogen species between soils and the atmosphere (and also oceans or other aquatic 

systems).  The land biota is the fifth largest nitrogen reservoir, and contains 10 petagrams 

of available nitrogen.  This reservoir participates as a source (emissions) and sink 

(deposition) for atmospheric nitrogen species.  Marine biota stores the sixth highest 

amount of available nitrogen: 0.5 petagrams N.  The marine biota emits NH3, N2O, and 

NOx while receiving deposition of NH3 and NOx.  Emission and deposition rates between 

the atmosphere and these other nitrogen reservoirs are highly dependent on nitrogen 

fixation, nitrification, denitrification, emission, and deposition processes within 

individual reservoirs.  Land and marine reservoir size uncertainty is greatest due to the 

diverse and dynamic biological systems involved in the cycling of nitrogen. 
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Nitrogen emissions (sources) from the above mentioned nitrogen reservoirs have 

been derived from a variety of measurement techniques and estimation schemes (e.g., 

numerical modeling).  Nitrogen emissions have recently been updated for some species.  

Thus, the reservoir sizes discussed above may not be accurate.  Likewise, nitrogen 

deposition (sinks) from the atmosphere to available nitrogen reservoirs has been 

measured by an array of different measurement techniques and estimation schemes (e.g., 

deposition modeling).  The understanding of nitrogen deposition has grown since the 

publishing of the various nitrogen reservoir sizes discussed above.  This section will 

focus on reporting the new global emission and deposition rates of nitrogen species.   

2.2 Atmospheric Nitrogen Fluxes 

Research on the nitrogen cycle has focused on resolving uncertainties in the 

fluxes of the following major nitrogen species: N2, N2O, NH3, and NOx.  Galloway et al. 

(2004) have documented many of the improvements to nitrogen cycle fluxes of these 

species.  This discussion will summarize Galloway et al. (2004) findings. 

There is large uncertainty in the balance between biological N2 fixation (followed 

by nitrification) and nitrogen emissions from soils and oceans.  Biological nitrogen 

fixation (BNF) is poorly quantified.  According to Galloway et al. (2004), there are few 

BNF measurements in tropical regions.  Tropical region BNF is important because of 

large amounts of nitrogen are presumed to accumulate in the relatively large amounts of 

biomass growing in tropical regions (terrestrial and marine ecosystems).  Prior estimates 

of BNF were ~40—200 Tg N yr-1.  Current estimates are ~100—290 Tg N yr-1 (Galloway 

et al., 2006). 
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Denitrification processes in marine and terrestrial environments contribute to 

N2O emissions into the troposphere.  The only sink for N2O is believed to be oxidation 

in the stratosphere, and is 12.3 Tg N yr-1 (range: 9—16 Tg N yr-1; Prather et al., 2001).  

Following Galloway et al. (2004), the “Early 1990s” N2O sources total is 15.2 Tg N yr-1.  

Given the range of the stratospheric sink, the increase of N2O in the troposphere is 0—

6.2 Tg N yr-1 (there’s also the possibility of a decrease of 0.8 Tg N yr-1). 

Ammonia emissions estimates have increased for the period of record (1990s) 

from 53.2 Tg N yr-1 (Bouwman et al. 1997) to 58.2 Tg N yr-1 (Galloway et al., 2004).  

Deposition estimates are derived from modeling exercises, so there are some inherent 

assumptions and uncertainties associated with that approach.   Galloway et al. (2004) 

suggests that the accumulation of ammonia in the troposphere is negligible, because it 

rapidly deposits. 

NOx emissions are on the order of ~46 Tg N yr-1
 for the early 1990s (Galloway, 

2004).  NOx emissions come from, in order of contribution magnitude, anthropogenic 

combustion sources , lightning, and biological nitrogen fixation (BNF) sources.  

Deposition rates are of similar to emissions in magnitude, so NOx does not accumulate 

(over long time periods) in the troposphere over large time (and space) scales. 

The atmosphere sees the largest fluxes of nitrogen.  Nitrogen is constantly added 

to this reservoir through denitrification and combustion processes (primarily).  Loss of N2 

from the atmosphere is mostly a function of chemical reactions in the troposphere (e.g., 

oxidation of N2 through combustion or BNF).  Then oxidized forms of nitrogen 

participate in deposition processes and are lost to aquatic and terrestrial reservoirs. 
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2.3 Nitrogen Summary 

The largest source of uncertainty in the storage of nitrogen in the atmosphere 

comes from nitrogen fixation estimates.  Errors in these estimates propagate into soil 

emission estimates.  Biomass burning emission estimates for tropical regions is another 

source of uncertainty in estimating nitrogen emissions.  More measurements need to be 

made in the tropics to validate nitrogen deposition and emission fluxes.   

Nitrous oxide is suspected to have another sink besides the stratosphere.  Nitrous 

oxide entrainment into soils and further denitrification is one possible sink worth further 

investigation.  However, there seems to be consensus on the fact that nitrous oxide is 

increasing in the troposphere due to increased denitrification rates brought on by 

increased nitrogen emissions and deposition.   

3. Sulfur Deposition Background 

3.1.  Sulfur Cycle  

 The ocean, lithosphere, atmosphere, and biosphere store, release, and lose sulfur 

over various time scales.  Anthropogenic perturbations to the sulfur cycle mainly consist 

of emission of sulfur dioxide and sulfate particles into the atmosphere.  It is estimated 

that anthropogenic sulfur accounts for over 75% of the sulfur emissions budget.  Ninety 

percent of these emissions occur in the northern hemisphere.  Table 1 shows the fluxes of 

sulfur species from each source, and also shows the fluxes of sulfur to wet and dry 

deposition sinks.  Anthropogenic sources are more than twice that of oceanic sources.  

Sulfur dioxide emissions come primarily from biomass burning, volcanoes, and 

anthropogenic fossil fuel combustion.  Only anthropogenic sulfur emissions generate a 
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significant amount of sulfate (particulate SO42-, gaseous or aqueous phase).  Volcanoes 

can also emit sulfate, albeit, in relatively small amounts compared to sulfur dioxide, and 

infrequently.  Considering maximum fluxes from each source, anthropogenic sources 

account for 63% of total maximum emissions.  Since there is only one major sink 

(deposition; wet and dry) for sulfur in the troposphere, it follows that anthropogenic 

emissions account for 63% of total sulfur deposition, or 95 Tg/yr.  Another important 

sink not listed in Table 1 is the diffusion of carbonyl sulfide (OCS) to the stratosphere 

where it is photolyzed by ultra-violet radiation, and converted to sulfur dioxide and 

sulfate particles.  The sulfate particles in the lower levels of the stratosphere are referred 

to as the Junge Layer. 

 Where regional scale sulfur deposition is concerned, the most important sulfur 

compounds are dimethyl-sulfide (DMS), hydrogen sulfide (H2S), sulfur dioxide, and 

non-sea-salt sulfates.  Several studies have shown that DMS is the primary biogenic 

sulfur compound (Watts, 2000, references therein).  It is responsible for ~75% of sulfur 

emissions from the ocean, with H2S accounting for up to ~20%, and other reduced sulfur 

compounds represent the remaining ~5% (Table 1).  Hydrogen sulfide is emitted from 

oceans, plants, and soils, and is much more variable in time and space than DMS.  Direct 

input of sulfur dioxide into the atmosphere results mainly from combustion processes.  

Anthropogenic combustion activities, including biomass burning and primarily fossil fuel 

combustion, are the chief source of SO2 in the atmosphere.  Non-sea-salt sulfate particles 

are emitted primarily from anthropogenic sources.  These particles are rapidly taken up 

into clouds, and then later deposited out.  Accurate emission inventories for DMS, H2S, 
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and especially for SO2 are required to estimate regional scale sulfur wet and dry 

deposition rates.   

Table 3.1.  Current estimates of sulfur species global fluxes (Trace Gas Exchanges 

and Biogeochemical Cycles (Brasseur et al., 1999)). 

 Species Flux (Tg-Sulfur / yr) 

Sources   

 

Volcanoes 

Vegetation and soils 

Biomass Burning 

Ocean 

Anthropogenic 

 

 

SO2, H2S, OCS 

H2S, DMS, OCS, CS2, DMDS 

SO2, OCS, H2S 

DMS, OCS, CS2, H2S 

SO2, Sulfates 

 

7—10 

0.4—1.2 

2—4 

10—40 

88—92 

Sinks   

Dry Deposition 

Wet Deposition 

SO2, Sulfates 

SO2, Sulfates 

 

50—75 

50—75 

 

Accurate estimation of reaction rates of the afore-mentioned sulfur species with 

the hydroxyl radical is important in determining regional scale sulfur deposition.  The 

hydroxyl radical is the primary atmospheric oxidizing agent transforming reduced sulfur 

into sulfur dioxide.  Sulfur dioxide undergoes further oxidation by either participating in 

aqueous phase reactions in water droplets (reaction with OH, H2O2, CH2O, or O3) or by 

 8



participating in gas phase reactions; primarily oxidized by OH.  Oxidized sulfur 

eventually forms sulfuric acid aerosols that participate in homogeneous and 

heterogeneous nucleation processes to produce cloud condensation nuclei.  Oxidation of 

DMS by OH to SO2 is fast, occurring on the order of seconds to hours.  Sulfur dioxide 

can be oxidized by hydroxyl radicals in about a week’s time; however, its lifetime is on 

the order of a day due to dry deposition close to the source. SO2 can also be taken up into 

clouds where it is oxidized and where it participates in particle formation.   

3.2.  Sulfur Wet and Dry Deposition Measurements 

 Deposition measurements of sulfur are conducted using a wide variety of 

methods, and for different research purposes.  Wet deposition measurements primarily 

involve precipitation capture (e.g., “rain bucket”) and ion extraction by means of various 

wet chemistry techniques, followed by mass spectrometry analyses.  With wet deposition 

measurements, it is assumed that interfering sulfur chemical reactions in the precipitation 

capture device is negligible, and therefore what sulfur is present in the liquid precipitation 

is assumed to be that derived from scavenging and interception wet deposition processes 

prior to precipitation capture.  Dry deposition of sulfur is more problematic to measure.  

There is no practical way to assess dry deposition of sulfur particles and gases to 

differing plant tissues (e.g., stomata, cuticles from different plant species) and variable 

ground surfaces (e.g., snow, soil, rocks) directly.  That is, there is no general purpose 

technique that can address all of the dry deposition mechanisms involved in loss of sulfur 

to these surfaces.  Lovett, 1994, discusses three methods of dry deposition measurement:  

micrometeorological, inferential, and surface analysis.  Micrometeorological methods 

derive dry deposition estimates from knowledge of turbulent diffusivity of a pollutant 
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from the atmosphere to the surface.  Inferential methods are employed by the 

Environmental Protection Agency Clean Air Status and Trends Network (CASTNET) to 

estimate dry deposition.  This method requires parameterization of vertical transport of 

the pollutant to arrive at an estimate of dry deposition.  Concentrations of a particular 

pollutant are measured at a site and then a deposition velocity is calculated based on an 

electrical resistance analogy scheme where all factors opposing dry deposition of the 

pollutant are represented as resistances.  These resistances include:  aerodynamic, laminar 

sub-layer, and surface (ground cover, plant, soil, and water).  Lovett, 1994, and Brasseur, 

1999 discuss these resistances and parameterizations in detail.  Surface analysis provides 

estimates of dry deposition by means of chemical analysis of different receptor surfaces.  

Ra et al., 2003, use this method when analyzing lichen tissues for nitrogen and sulfur 

species uptake, because lichen species have been shown to be especially sensitive to 

increased atmospheric inputs of sulfur and nitrogen compounds.  Raymond et al., 2004, 

used two surrogate surfaces (water surface sampler and knife-edge surrogate surface) to 

measure SO2 and sulfate deposition.  The benefit of using these types of surfaces is that 

there is less uncertainty in determining how much accumulation occurs on the given 

surface.  In general, all measurements of sulfur dry deposition assume no bi-directional 

exchange of sulfur species following the initial loss of sulfur from the atmosphere.  Most 

methods of measuring wet and dry deposition rely on bulk deposition methods where 

throughfall and litterfall deposition under canopies are not considered (e.g., CASTNET 

and NADP sites). 

 Cloud deposition of sulfur is not accounted for in most cases, and may be a 

significant pathway of sulfur deposition.  These measurements are critical for regions 
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where clouds often come in contact with the ground surface.  For example, in the Pacific 

Northwest storm systems from the north Pacific continually traverse perpendicular to the 

Cascade Mountain Range where significant cloud deposition is likely to occur as clouds 

are pushed up and over the Cascade crest.  Lovett, 1994, shows that cloud deposition of 

sulfur at two sites in New York and North Carolina account for ~40% of the total sulfur 

deposition. 

Table 3.2.  Regional sulfur deposition (SO2 + SO4) measurements. 

Deposition (kg/ha/yr) 

Site/Network Time WET DRY Ref.’s 

CASTNET 

(CONUS) 

1997—2000 0.1—8.6 0.2—4.2 Baumgardner et 

al., 2002 

NADP 

(CONUS) 

1991 5—20  NADP 1992* 

NADP 

(CONUS) 

2004 3—27  NADP 2005* 

East Germany 

Sites 

2002—2004 5.1—7.2 8.1—12 Zimmerman et 

al., 2006 

* NADP data accessed here:  http://nadp.sws.uiuc.edu 

  

Table 3.2 gives a short list of long-term sulfur wet and dry deposition measurements 

currently available.  Sulfur wet and dry deposition measurements are similar in 

magnitude, and therefore, both processes are important in characterizing regional 
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scale sulfur deposition.  Considerable spatial variability can be expected when 

considering sulfur wet and dry deposition proportions, as Table 2 suggests. 

3.3.  Sulfur Deposition Modeling 

 Numerical grid modeling has become a popular way to estimate sulfur deposition.  

These models help compliment what various sulfur deposition measurement efforts and 

campaigns have provided.   

Most state of the science numerical grid models use a resistance-based scheme for 

estimating sulfur dry deposition (Lovett, 1994; Byun et al., 1999).  This resistance model 

is similar to the parameterization used in inferential dry deposition measurements 

discussed previously. 

Grid models account for in-cloud and below-cloud scavenging in handling sulfur 

wet deposition processes.  Model simulation of the uptake of sulfur into cloud droplets 

incorporates fundamental characteristic properties of sulfur species such as solubility, 

vapor pressure, and stickiness.  Model determination of the amount of sulfur wet 

deposition is based on precipitation intensities coupled with in-cloud and below-cloud 

sulfur concentrations. 

 Dentener et al. (2006), present an ensemble of 26 models and sulfur deposition 

results for different regions.  Sulfur deposition in North America ranges from 3—10 

kg/ha/yr.  Eastern Europe sees the highest sulfur deposition at ~13 kg/ha/yr.  Grid model 

experiments suggest a strong correlation between anthropogenic sulfur emissions and 

sulfur deposition.  This explains the increases of wintertime sulfur deposition when fossil 

fuel consumption increases to heat homes and buildings.  Spatial patterns are also 

determined by anthropogenic sulfur source proximity to deposition receptors. 
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4. Mercury Deposition Background 

Mercury deposition is a worldwide, human and ecosystem health concern.  

Mercury that is deposited into the environment can become methylated and 

bioaccumulate in higher order species in food chains.  It is known that methyl mercury 

causes acute and chronic neuorotoxicological effects in mammals and birds (Ullrich et 

al., 2001, ref. therein).  The European Union (EU) and the United States (US) are both 

conducting mercury deposition research.  The US Environmental Protection Agency has 

submitted the 1997 Mercury Study Report to Congress, advising law makers on the 

characteristics of mercury emissions, mercury fate, and mercury transport in the 

environment.  The EU has also documented the need for mercury deposition research 

through the recommendations made by the European Working Group on Mercury 

(Pirrone and Wichmann-Fiebig, 2002).  Both the EU and US have expressed the need for 

a better understanding of mercury deposition processes to thwart the increased risks 

posed to human and environmental health.  Atmospheric lifetime of mercury is on the 

order of two years (US EPA, 1997).  Loss of mercury is thought to occur by deposition 

processes.  Research initiatives have included mercury atmospheric chemistry modeling 

and measurements.  Modeling and measurement research has focused on identifying 

mercury chemical mechanisms that lead to mercury deposition.  Quantification of 

mercury bioaccumulation and biomagnification in ecosystems in relation to mercury 

deposition has not been well explored in literature. 

4.1 Mercury Measurements 

 Mercury deposition or flux can be measured in different ways.  

Micrometeorological gradient methods (e.g., eddy correlation and eddy accumulation) 

 13



have been a popular choice (i.e., fluxes derived from high frequency wind and 

concentration data at two heights above an emission source).  Dynamic chambers have 

been used for mercury flux measurements as well.  These chambers rely on changes in 

concentration above the emissions source (Edwards et al., 2005) within a chamber that is 

somehow sealed and fixed to an emitting surface.  These methods compare well 

(Edwards et al., 2005), whereas, the micrometeorological method provides better time 

resolution (Edwards et al., 2005).  Chamber methods can typically provide lower 

detection limits. 

It is important to differentiate between natural and anthropogenic mercury 

emissions.  Some examples of major anthropogenic mercury emissions sources include 

coal-fired power facilities, waste facilities and waste incinerators, and various mining 

practices in mercuriferous (mercury enriched) and non-mercuriferous geologic locales.  

Major contributors to natural mercury emissions include geologic, aquatic, biological, 

and biomass combustion sources.  There are large uncertainties in measuring the 

interrelated processes governing mercury cycling in the natural environment.  For 

example, mercury fluxes are measured in terms of the net surface exchange.  This does 

not fully address or explain deposition mechanisms playing a role at the plant tissue level 

that may cause an increase or decrease in the net surface exchange of mercury.  Impacts 

of anthropogenic inputs, as best can be measured, to natural environments are therefore 

uncertain.  Mercury chemical speciation is also important, because different chemical 

forms have varying lifetimes in the atmosphere prior to deposition.  Speciation also 

determines atmospheric mercury deposition processes (e.g., wet or dry deposition 

pathways).  There are three forms of atmospheric mercury that are typically measured: 
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gaseous elemental mercury (GEM), reactive gaseous or divalent gaseous mercury 

(RGM), and particulate mercury (PHG).  Mercury chemical speciation is a major factor 

in mercury deposition fate and transport.  Uncertainties most likely stem from speciation 

chemicophysical processes.  Regulation of mercury emissions would require that these 

uncertainties be resolved.  Atmospheric mercury deposition is believed to be the main 

mechanism for mercury cycling in the natural environment. Natural emissions are 

suspected to account for up to 60% of total mercury emissions (Cinnirella and Pirrone, 

2006, ref. therein).  Inherently, total mercury emissions represent re-emission of 

deposited mercury (i.e., in natural environments) as well as newly released emissions 

(i.e., from anthropogenic and natural inputs).   

First, consider major geologically related emission inputs to mercury deposition 

processes.  In one US study, it was shown that anthropogenic mercury emissions 

accounted for only ~11% of the total mercury emissions (~171 ug ha-1h-1) from a mining 

district in Nevada (Engle et al., 2001).  The remainder of the mercury emissions (~89%) 

comes from mercuriferous, geologic sources (e.g., soil, fault lines, etc.).  It was also 

found that the anthropogenic mercury emissions from mining activities were equivalent 

to those produced from a 700 MW coal-fired power plant (Engle et al. 2001, ref. therein).  

A similar study in central western Nevada also showed mercury natural emission 

dominance over anthropogenic sources.  In this case, the natural emissions of mercury 

contributed a far larger proportion to the mercury deposition when compared with 

anthropogenic emissions from mining practices (e.g., ore roasting).  Canadian natural 

emission sources from mercuriferous geologic substrates were in the range of 90 to 

17,600 ug ha-1h-1 (Schroeder et al., 2005).  This range is well above the mercury 
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emissions from soils reported in other studies (Table 2) where soils were measured 

emitting mercury at 10—70 ug ha-1h-1.  Geologic sources emit primarlily gaseous 

elemental mercury, with approximately 1% of total emissions being particulate mercury 

(Schroeder et al., 2005).   

Biomass burning is a significant source of mercury emissions, and therefore 

contributes to mercury deposition processes.  Mercury trapped in soil can be heated 

during biomass burning events, and as a result, can act as a secondary source of mercury 

emissions.  In an European Union study, forest fires were shown to only contribute to a 

small portion of mercury emissions when compared with anthropogenic inputs (Tbl. 4.1).  

Emissions from forest fires in Europe and Russia are estimated at 0.9—3.6 Mg yr-1 and 

0.4—24.8 Mg yr-1, respectively (Cinnirella and Pirrone, 2006).  This study further 

discussed the desirability of using remote sensing methods (satellite observations) over 

ground-based methods for estimating mercury emissions.  The uncertainties in biomass 

combustion efficiency, fire dynamics, and data coverage for ground-based mercury 

emissions estimates are seemingly larger than the uncertainties associated with remote 

sensing estimates (Cinnirella and Pirrone, 2006).  Mercury emissions from soil were 

suspected to originate from a depth of ~15 cm in areas of high burn intensity (Cinnirella 

and Pirrone, 2006).  A North American study found that there was a linear relationship 

between mercury emissions and forest biomass fuel loss in wildfires (Friedli et al., 2003).  

Furthermore, this study shows that forest fires reintroduce deposited mercury (previously 

deposited in soils and biomass from other sources) into the mercury cycling system.  

Elemental and particulate mercury have been found to be released from forest fires in 

North America (Friedli et al., 2003).  Thirteen percent particulate mercury was released 
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in proportion with the elemental mercury emissions from wildfires in North America 

(Friedli et al., 2003).  This ratio held consistent only when biomass fuel included green 

vegetation (Friedli et al., 2003).   

 

Table 4.1. Comparison between Hg emissions (Mg yr-1) from anthropogenic sources 

and forest fires in EU-15 for the 1980—2000 period (from Cinnirella and Pirrone, 

2006). 

Source 1980 1985 1990 1995 2000 

Anthropogenic sources 

Forest fires 

860 

0 

726 

0 

627 

3.6 

338 

1.8 

239 

3.6 

 

Biological sources of mercury emissions include vegetation and microorganism 

activity.  Vegetation is responsible for re-emission of elemental mercury that may have 

been deposited from anthropogenic and/or other natural sources.  Wetlands are a 

relatively large natural source of vegetative mercury emissions (Tbl. 4.2).  Vegetation 

mercury emissions can be up to 20 times those of the surrounding water surface 

(Lindberg et al., 2005).  Plant transpiration processes are a more significant mercury 

source than mercury volatilization from water surfaces.  An example mass balance for 

mercury atmospheric exchange processes of a wetland is illustrated in Friedli et al., 2003.  

Vegetation re-emissions in the wetland are shown to be more than three times that of 

mercury deposition inputs into a wetland. 
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Northern hemisphere anthropogenic mercury emissions have increased 

background atmospheric mercury concentrations by a factor of 2—3 since the beginning 

of the industrial period (Pirrone and Wichman-Fiebig , 2003, ref. therein).  Background 

Table 4.2. Mercury emission measured from natural sources. 

Land use Hg flux, 

(ng m−2 h-1) 

Reference 

Vegetation   

Mature Hardwood, TN, USA 8–66 (Lindberg et al., 1998) 

Young, Pines, TN, USA 1–35 (Lindberg et al., 1998) 

Cattail Canopy, FL, USA 17±43 (Lindberg et al., 2002) 

Soil   

 Shaded Forest, TN, USA 2–7 (Carpi and Lindberg, 1998) 

 Shaded Forest, MI, USA 1.4±1.4 (Zhang et al., 2001) 

 Agricultural, PQ, Canada 3±2.2 (Poissant and Casimir, 1998) 

Water     

 Coastal, Sweden 0–8.8 (Gardfeldt et al., 2001) 

 Lakes, NS, Canada 0–13 (Boudala et al., 2000) 

 Lake Ontario, North America 0–9 (Poissant et al., 2000)a 

Fire 
3.5% to 28.5% of 

total natural 
(Friedli et al., 2003) 

 

concentrations of GEM are on the order of 1—2 ng m-3.  Background concentrations of 

RGM and PHG on the order of pg m-3 have been found, showing a higher degree of 

 18



variability than GEM.  The mercury over Europe (MOE) project concluded with mercury 

speciation results that show that mercury emissions from combustion sources are mostly 

composed of GEM and RGM (Munthe et al., 2003).  Munthe et al., 2003, discuss 

mercury emission concentrations for coal and waste combustion sources.  Flue gas 

desulphurization (FGD) and electrostatic precipitator (ESP) mercury control technologies 

were used at these emissions sources.  The waste incinerators produced the highest total 

mercury emissions, even with upgrades to control equipment. 

 Some recent measurement campaigns have sought to identify the causes of 

mercury depletion events (MDEs) in the arctic during polar springtime (e.g., Schroeder et 

al., 1998; Lindberg et al., 2002).  Mercury measurements show that MDE occurrences 

have increased over the past couple of decades in the arctic regions.  Halogens have been 

shown to oxidize elemental mercury into a more readily reactive and deposited form.  

This oxidized form of mercury is suggested to participate in gas to particle conversion 

followed by deposition.  Possible gaseous mercury oxidation mechanisms (e.g., oxidation 

by CL2 and Br2) are still under investigation. 

4.2 Mercury Modeling 

 Several approaches are used to model atmospheric mercury processes.  Generally, 

modeling of chemicophysical processes is handled by chemical transport models (CTM).  

The CTM simulates mercury atmospheric chemical reactions (e.g., photolysis, oxidation, 

reduction, etc).  Mercury reactions can include multi-phase reagents (e.g., aerosols, gases, 

ice particles, etc.).  Mercury deposition models derive inputs from the CTM, such as 

ambient concentration in liquid, vapor, and solid phase.  Deposition models simulate both 

wet and dry deposition processes.  These models may require input from meteorological, 
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geological, and emissions models.  The accuracy of a CTM and deposition model relies 

heavily on model inputs from meteorology, terrain, and emissions.  Determination of the 

accuracy of current mercury CTM’s requires further testing and evaluation.  Mercury 

ambient concentration measurements are compared with model results for these purposes.  

However, mercury deposition measurements are more uncertain due to mercury 

reemission and reactivity processes.   

 Mercury atmospheric chemistry processes are not entirely well understood.  

Current mercury chemistry models are derived from a collection of 42 known mercury 

aqueous and gaseous phase reactions (Ryaboshapko et al., 2002).  Atmospheric 

transformations of mercury can be summarized as follows (Ryaboshapko et al., 2002):   

• Oxidation of Hg(0) to Hg(II) in the gas phase; 

• gas/droplet partitioning of Hg(0) and Hg(II) in the presence of clouds and fog; 

• scavenging of Hg(p) by droplets and dissolution in water; 

• oxidation of Hg(0) to Hg(II) in droplets; 

• reduction of Hg(II) to Hg(0) in droplets; 

• adsorption/desorption of Hg(II) to particles within droplets. 

 

Figure 1 illustrates the above mercury chemical transformations.  The models listed and 

evaluated in Ryaboshapko et al. (2002) are the atmospheric science community’s first 

attempt at simulating mercury chemistry processes in the atmosphere.  Most mercury 

chemical mechanisms assume gas phase reactions are slow while aqueous phase redox 

reactions happen relatively quickly.  The Community Multi-scale Air Quality mercury 

(CMAQ-Hg, Bullock and Brehme, 2002) model aqueous chemistry mechanism 
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incorporates mercury redox and adsorption processes.  Other models in Ryaboshapko et 

al. (2002) use similar approaches to simulate mercury aqueous and gaseous chemistry, 

however, there are some models that incorporate additional chemical phases.  For 

example, the GKSS TCM (Tropospheric Chemistry Model) predicts meteorology and 

mercury concentrations by including mercury particle nucleation and scavenging and 

dissociation with both water and ice (Ryaboshapko et al., 2002).  Other models vary in 

complexity and comprehensiveness in simulating atmospheric mercury chemicophysical 

processes.   

 

Figure 1. Major pathways governing Hg chemistry in the atmosphere (adapted from 

Ryaboshapko et al., 2002). 
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In general, deposition models conform to the same approaches for both wet and 

dry mercury deposition.  Dry deposition is simulated based on an electrical resistance 

analogy scheme (Fig. 2).  According to this scheme, mercury dry deposition flux is 

inversely proportional to aerodynamic, laminar sub-layer, and surface resistances.  The 

largest amount of uncertainty associated with this model exists within the surface 

resistances.  Ground cover type, canopy type, and plant stem and leaf resistance factors 

cannot always be adequately accounted for within modeling domains.  Furthermore, the 

associated mechanisms between these resistance factors and mercury dry deposition are 

still under investigation.  Wet deposition models simulate mercury wet deposition flux as 

a function of precipitation intensity in and below clouds coupled with water droplet 

scavenging processes.  This scheme relies heavily on accurate meteorological model 

input parameters for precipitation, liquid water content, and clouds.  Errors in 

meteorology inputs contribute strongly to errors in mercury wet deposition fluxes.  

Mercury deposition modeling results suggest that uncertainty in anthropogenic and 

natural source apportionment are still unresolved and under investigation.  Natural 

emission contributions to mercury deposition results from certain models can be as high 

as 60% (Seigneur et al., 2004).  Anthropogenic contributions to the same can range from 

10—30% (Seigneur et al., 2004).  Natural emissions are essential to model and 

observation correlations.  Natural emissions have been modeled to be twice that of 

anthropogenic emissions (Gbor et al., 2006).  This could lead to under-predictions in 

ambient concentration, as well as over-predictions of dry deposition.  Dry deposition of 

mercury is largely dependent on conversion of EGM to RGM via oxidation due to RGM 

reactivity with deposition surfaces.  On the other hand, EGM can be reemitted. 
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Figure 2.  Schematic Diagram of Pathway Resistances Used in Models-3/CMAQ Dry 

Deposition Model (US EPA, 1999). 
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4.3.  Mercury Deposition Summary 

 Mercury deposition model and measurement efforts have pushed toward further 

refining and supplementing knowledge of mercury cycling between the atmosphere and 

ecosystems.   

Several efforts are required to improve our understanding of mercury deposition 

and its potential toxicological and ecosystem effects.  Further measurements over a 

greater network area and over longer time periods are required to accurately evaluated 

model results.  Emissions in mercury chemistry and deposition models need to be further 

refined as well.  Biogenic re-emission of mercury must be properly apportioned to 

determine the net exchange of mercury in complex ecosystems.  Natural geologic sources 

also need to be added to emissions inventories.   
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Abstract 

 Nitrogen and sulfur deposition is an important ecological issue for U.S. Pacific 

Northwest (PNW) land managers, national parks, national forests, land conservationists, 

and a well-informed citizenry.  In this study, nitrogen and sulfur deposition patterns in the 

PNW are simulated using a numerical air quality modeling system consisting of the MM5 

meteorological model and the CMAQ atmospheric chemistry and transport model.  This 

modeling system was used as part of a separate analysis of global change and air quality 

to simulate current US climate conditions for ten years at 36-km grid scale resolution.  

The relative contribution of nitrogen wet and dry deposition are approximately equal on 

an annual basis.  Dry deposition processes dominate during summertime conditions, 

while wet deposition occurs mainly in non-summer periods.  Annual nitrogen deposition 

ranges are 0.6—13 kg/ha.  Annual sulfur deposition ranges are 0.1—14 kg/ha.  Sulfur 

deposition maxima are highly localized to more urbanized areas of the PNW (western 

Oregon and Washington), while nitrogen deposition maxima are more widespread..Future 

global change conditions, consistent with the IPCC A2 “business-as-usual” scenario, are 

used to drive a second model simulation for the period 2045-2054.  The most significant 

prediction for the future decade is that nitrogen deposition in the inland PNW more than 

doubles. 
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1.  Introduction 

It is well known that atmospheric deposition of nitrogen and sulfur directly impact 

soil nutrient and soil cation balances.  Deposition of acidic nitrogen or sulfur species 

(e.g., nitrates and sulfates) can lead to increases in soil pH, and promote enhanced soil 

cation (e.g., Ca2+, Mg2+, K+)  leaching (Tomlinson, 2003).  Increases in soil acidity and 

cation leaching can lead to reduced acid neutralization capacity (ANC).  Reductions in 

ANC have been shown to increase acidity in streams (Lawrence et al., 2001).  

Biogeochemical models have been used to predict ANC where atmospheric deposition 

rates are used as inputs to the biogeochemical model to perturb nitrogen and sulfur 

cycling between terrestrial and aquatic ecosystems (Gbondo-Tugbawa et al., 2001).   

 Ecosystem responses to increased nitrogen and sulfur deposition are variable.  

Lichen communities in the Pacific Northwest (PNW) are very sensitive to increases in 

nitrogen deposition, and also serve as good air pollution indicators in low to mid-

elevations (Fenn et al., 2003).  Alpine forest ecosystems have lower soil nitrogen 

saturation capacities, and therefore, may be more sensitive to only moderate increases in 

nitrogen deposition.  Alpine forests receiving increased atmospheric nitrogen inputs 

could begin to favor forest undergrowth species over native pines (Takemoto et al., 

2001).  Deposition of acidic sulfur and nitrogen species has led to the decline of the 

eastern US sugar maple and red spruce (Driscoll et al., 2003).  It is widely known that 

elevated nitrogen and sulfur deposition in aquatic ecosystems decreases higher order 

consumer (e.g., fish) populations, mostly due to the ramifications of acid deposition.  

 A variety of atmospheric deposition measurement methods have been employed 

to estimate nitrogen and sulfur fluxes.  These fluxes occur under dry or wet conditions.  
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Dry deposition measurements have been made using gradient and relaxed eddy 

accumulation techniques (Pryor et al., 2002).  Pryor et al. (2001) used Wet Effluent 

Diffusion Denuders (WEDD, similar to active denuders, except “wet”) to estimate 

ammonia fluxes over a forest in the Midwestern USA.  Filter-based sampling has also 

been employed to handle particulate and gaseous species (CASTNET, 1997—2007 and 

Hughes et al., 2002).  Gradient, eddy accumulation and covariance techniques require a 

constant flux layer assumption, which means that the flux measured at some height above 

the surface is indeed the flux to the surface (Pryor et al., 2000).  The above mentioned dry 

deposition measurement methods also require some estimation scheme to handle uptake 

of sulfur or nitrogen species by vegetation, ground cover, and/or water surfaces.  A dry 

deposition velocity is estimated to account for these variable surface covers.  This is 

similar to purely numerical dry deposition modeling solutions.  Surrogate surfaces can be 

used to estimate dry deposition more directly without assuming a constant flux layer 

below vertical measurements (Raymond et al., 2004).  The benefits of a surrogate surface 

approach to deposition estimates is that the surrogate surface is assumed to capture the 

depositing species in the same way that the surrounding environment would (i.e., 

deposition mechanisms are the same).  Wet deposition measurements typically involve 

precipitation capture and ion and anion composition analysis (National Acid Deposition 

Program (NADP), 1978—2007).   

 Interest in deposition modeling has been expressed by biologists, ecologists, and 

land managers in the PNW.  Deposition spatial and temporal variability in the PNW is a 

primary interest.  Of equal importance, are the deposition gradients extending from urban 

areas into national parks and forests.  Deposition gradients that intersect with large 
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changes in elevation can play a role in the establishment or destruction of certain lichen 

communities along these elevation changes and deposition gradients (Ra et al., 2005).  

The biogeochemistry community of the PNW is also aware of the potential impacts of 

global warming on nitrogen and sulfur deposition.  Global warming may change wind 

and precipitation patterns in the PNW.  This will directly affect nitrogen and sulfur 

transport and deposition locations and intensities.  Global warming may also increase 

natural emissions of nitrogen and sulfur, thereby upsetting nutrient and pH balances in 

soils and aquatic systems.  The effects of long range transport of increasing Asian 

emissions may also be particularly important in the Pacific Northwest (Jaffe et al., 2005).  

 In this paper, we take advantage of a comprehensive numerical simulation of the 

effects of global change on US air quality (Chen et al., 2007) and use results from 

regional numerical simulations to examine nitrogen and sulfur deposition within the 

PNW for a current decade and also for a future decade centered on the year 2050.  In 

these simulations, output from global models driven with the ‘business as usual’ IPCC 

A2 scenario were downscaled to the US using the MM5 meteorological model and the 

Community Multi-scale Air Quality (CMAQ) chemical transport model.  CMAQ is a 

state-of-the art photochemical model that explicitly treats wet and dry deposition of 

nitrogen and sulfur species in both the gas and aerosol phases.  Our overall objectives are 

to provide an initial examination of current nitrogen and sulfur deposition patterns for the 

PNW, to document the skill of the regional modeling system in capturing observed 

deposition rates, and to investigate the potential for changes in deposition patterns under 

one future global change scenario.   
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2.  Model System Description 

2.1. Meteorological Inputs 

 Meteorology was initialized from the global Parallel Climate Model (PCM), and 

input into the Fifth-Generation NCAR / Penn State Mesoscale Model (MM5).  The MM5 

model was run for a period of ten years, 1990 to 1999, at a grid cell scale of 36 km for a 

domain encompassing the continental U.S (Fig. 1).  The meteorological fields generated 

from this run period reflect climate realizations across those ten years.  The MM5 results 

were further processed through CMAQ’s Meteorology-Chemistry Interface Processor 

(MCIP 2.3) to generate the meteorology fields required by CMAQ.  MCIP was 

configured to use the M3DRY dry deposition option for estimating dry deposition 

velocity (Pleim et al., 1996 and 1997). 

2.2. Chemistry Initialization and Boundary Conditions 

    The MOZART (version 2, Horowitz et al., 2003) global chemistry model was 

used to initialize chemical species concentrations within CMAQ vertical and horizontal 

grid cells (initial and boundary conditions).  The MOZART model chemical mechanism 

includes primarily HOx, NOx, and hydrocarbon chemical reactions.  Sulfur species are not 

explicitly handled.  This global chemistry model is bound to the troposphere. 
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Figure 1.  U.S. 36-km model domain with Pacific Northwest area outlined. 

 

2.3.  Emissions Inputs 

    The Sparse Matrix Operator Kernel Emissions (SMOKEv2.3) system was used to 

generate emissions inputs for CMAQ within the continental U.S. model domain.  

SMOKE was modified to incorporate the Biogenic Emissions Inventory System 

(BEISv3), National Forest Service wildfire emissions, and EPA 1999 National Emissions 

Inventory (1999-NEI).  Annual emissions were held constant for the entire ten year 

modeling period. 

2.4.  Chemical Transport Model 

   The CMAQ chemical transport model (CTM) was configured to use the 

SAPRC99 chemical mechanism (Carter et al., 2000).  The CTM simulated aerosol 
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formation and deposition, gas and aerosol chemical transformations (including 

photochemistry), in-cloud and below-cloud wet deposition, vertical and horizontal 

diffusion and advection (including dry deposition losses in the vertical diffusion process), 

and plume rise.  The CTM used a terrain-following coordinate system. 

   The CTM was run for a period of ten years with changes in meteorology, while 

emissions and global chemistry inputs stayed the same from year to year.  Global 

chemistry inputs were changed from month to month to represent a monthly diurnal 

average.  Emissions followed the SMOKE hourly emissions derived from the 1999 NEI.  

Emissions changed depending on time of day, day of the week, and month of the year.  

Biogenic and mobile emissions were adjusted for gridded, hourly meteorological 

conditions.  This emissions pattern was reproduced for each year of the ten-year 

modeling run. 

3.  Results 

 Nitrogen and sulfur deposition plots have been created by averaging monthly and 

annual deposition totals over the ten year modeling period (Figs. 2 & 6).  Figures are 

arranged to illustrate relative spatial and temporal deposition pathways (wet or dry) on 

regional and intraannual scales (for the PNW).  Intraannual deposition variability is 

accounted for on a monthly basis (monthly deposition is calculated from hourly 

deposition model results).  Dry and wet deposition totals for nitrogen and sulfur are 

calculated by summing the N and S molar mass fractions of each CMAQ nitrogen and 

sulfur species over the given time period (e.g., month or year).   Box plots show the 

distribution of the nitrogen and sulfur deposition model data in monthly, annual, and 

pathway-specific (e.g., wet or dry) contexts (Figs. 3—5 & 7—9) for the ten-year model 
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period (1990—1999).  A comparison with observations (Fig. 10, observation sites) was 

also conducted, and those results are presented in the form of basic model statistics (Tbl. 

1).  Lastly, sulfur and nitrogen deposition for a future decade is examined.  Difference 

plots (Figs. 11 & 12) serve as the basis for comparing the current decade model 

experiment (1990—1999) to the future decade (2045—2054) model experiment.  

Discussion of nitrogen and sulfur deposition map and box plots follow.  The proceeding 

sections will present model and observation comparisons (Section 4) and future PNW 

nitrogen and sulfur deposition (Section 5). 

3.1.  Nitrogen Deposition 

   Monthly nitrogen dry deposition totals (Fig. 2a) are well distributed spatially 

throughout the PNW during the summer at about 0.1—0.2 kg/ha, on average.  Monthly 

nitrogen dry deposition summer maxima occur along the I-5 corridor from Portland to 

Vancouver B.C. at levels up to 1.0 kg/ha.  These maxima exceed the 95th percentile of the 

monthly nitrogen dry deposition predicted for the PNW domain as a whole, which are 

~0.3 kg/ha (Fig. 3).  Maximum monthly nitrogen dry deposition fluxes in the Columbia 

River Gorge and Idaho Sun Valley exceed 0.5 kg/ha during the months of July and 

August.  Minimum monthly nitrogen dry deposition occurs between October and April, 

and medians values are ~0.05 kg/ha on average (Fig. 3).  Monthly nitrogen dry deposition 

maxima increase throughout the PNW from May thru August, and then decrease from 

August thru October (Fig. 3).  Median nitrogen dry deposition values during August for 

the PNW domain are 0.11 kg/ha.  Annual nitrogen dry deposition totals are on the order 

of 2 kg/ha for the Pacific Northwest region, with maxima occurring in Portland, the Puget 

Sound Metropolitan Area, and Vancouver, B.C. at levels from 3 to 8 kg/ha.  These levels  
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(Figure 2b.) 
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Figure 2.  Ten-year averaged total nitrogen dry, wet, and dry+wet monthly (a) and 

annual (b) deposition plots. 
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Figure 3.  Box plots of monthly nitrogen deposition totals.  Dry and wet deposition 

for each month is shown using 5%, 25%, 50%, 75%, and 95% quantiles. 

are more than a factor of three greater than the inner quartiles of all annual nitrogen dry 

deposition predicted for the PNW (Fig. 5). 

Maxima for nitrogen wet deposition occur during the late fall, and late winter 

and/or early spring months, at fluxes up to ~0.6 kg/ha/month.  However, these maxima do 

not occur within the lower 95th percentile (~0.4 kg/ha, Fig. 3), and are considered to 

result from proximity to nitrogen emission sources.  These maximum deposition areas are 

located primarily around urban centers, seeming to coincide with higher precipitation 

catchments, and are located from northern Seattle to Vancouver, B.C., along the I-5 

corridor.  March and April nitrogen wet deposition maxima are widespread from the 
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inter-coastal regions through the inland PNW.  The inner-quartiles of nitrogen deposition 

during these months are in the form of wet deposition (~0.06—0.16 kg/ha, Fig. 3).   
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Figure 4.  Box plots of monthly nitrogen deposition totals.  Wet+Dry deposition for 

each month is shown using 5%, 25%, 50%, 75%, and 95% quantiles. 

Another seasonal maxima occurs during November (~0.1 kg/ha, Fig. 3).  Annual nitrogen 

wet deposition totals are 2 kg/ha (spatially averaged over the PNW region) with 

maximum deposition totals occurring along the I-5 corridor at levels up to 4.7kg/ha; local 

maxima also occur throughout the northern Idaho pan handle, and Umatilla range in 

northeastern Oregon at levels from 1.5—3 kg/ha.  The latter maxima are within the 95th 

and 5th percentiles (Fig. 5).  The inner-quartiles for the PNW domain are ~0.6—1.4 

kg/ha. 
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Dry plus wet deposition monthly maxima occur during the late spring to early 

summer months (May—July, Fig. 4), and there is also a brief maxima in September.  

These temporal maxima occur for different reasons.  May—July nitrogen deposition is 

more dependent on wet deposition.  September nitrogen deposition is more dependent on  

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

DRY WET WET+DRY

Nitrogen Deposition Pathway

D
ep

os
iti

on
 (k

g/
ha

 p
er

 y
ea

r)

  

Figure 5.  Box plot of annual nitrogen deposition totals.  Quantiles shown are for the 

5th, 25th, 50th, 75th, and 95th percentiles. 

dry deposition.  Spring and fall nitrogen deposition may have been enhanced due to 

meteorological factors increasing vertical fluxes.  Total nitrogen deposition during these 

months are ~0.2—0.45 kg/ha, and maxima are ~0.5—1kg/ha.  From May through July, 

wet plus dry deposition totals show only small spatial and temporal variations throughout 

the PNW region.  Nitrogen wet deposition during winter months appears to be equal to 

dry deposition during summer months, on a regional scale.  This suggests that regionally 
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averaged emissions are constant from year to year.  Annual nitrogen deposition is ~1—4 

kg/ha between the 5th and 95th quantiles, respectively. 

3.2.  Sulfur Deposition 

 Monthly maximum sulfur dry deposition totals (Figure 6a) are approximately 

1kg/ha during the summer months.  Levels of sulfur dry deposition are on the order of 0.2 

kg/ha during most of the year along the I-5 corridor (western Washington and Oregon).   

The 95th percentile values are ~0.1 kg/ha in August (Fig. 7).  Annual sulfur dry deposition 

maximums are at levels up to 9.4 kg/ha just south of Olympia, WA.  This maximum is 

the result of sulfur emissions from a coal-fired power plant in Centralia, WA.  The 

deposition from this source may be slightly exaggerated, because the CMAQ plume-in-

grid option was not used.  Under this scenario, sulfur emissions spread out over the entire 

grid cell before horizontal and vertical advection algorithms operate on the plume, which 

is much smaller than the 36x36 km grid cell.  In Calgary, Alberta, Canada, a foundry 

emissions source may be contributing to the nitrogen dry deposition maxima there (9.4 

kg/ha annual total, and 1.2 kg/ha July total).  These maxima are an order of magnitude 

greater than the inner-quartiles of sulfur dry deposition values (both monthly and annual) 

throughout the PNW (Fig. 7 & 9).  Sulfur dry deposition patterns along the I-5 corridor 

from Portland to Vancouver, B.C. show annual totals of around 1 to 2 kg/ha.  The inner-

quartiles are ~0.1—0.3 kg/ha (Fig. 9). 

 Monthly maximum sulfur wet deposition fluxes are 0.7 kg/ha during the months 

of November and April (Fig. 6) with 95th percentiles at 0.22 kg/ha.  Throughout the 

winter months 95th percentiles are ~0.2 kg/ha, and inner-quartiles are 0.03—0.08 kg/ha. 

Maxima occur along the I-5 corridor from Portland to Vancouver, B.C.  Monthly sulfur  
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Figure 6.  Ten-year averaged total sulfur dry, wet, and dry+wet monthly (a) and 

annual (b) deposition plots. 
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Figure 7.  Box plot of monthly sulfur deposition totals.  Dry, and wet deposition for 

each month is shown using 5%, 25%, 50%, 75%, and 95% quantiles. 

wet deposition levels in northeastern Oregon, northern Idaho, and the eastern edge of 

Washington approach accumulations of 0.25 kg/ha during the spring and late fall months.  

Minimum sulfur wet deposition occurs during the summer months with inner-quartile 

values extending from 0.01—0.04 kg/ha (Fig. 7).  Much of the wet deposition during the 

summer months occurs along the I-5 corridor, with summer maxima (0.2 kg/ha) 

occurring in Calgary, Alberta.  Monthly sulfur wet deposition is fairly constant at a site in 

southeastern Idaho at ~0.3 kg/ha year round.  Annual sulfur wet deposition totals are 

1.5—5.3 kg/ha along the I-5 corridor.  Annual sulfur wet deposition totals for 

northeastern Oregon, northern Idaho, and the eastern edge of Washington range from 1— 
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2 kg/ha.  The remainder of the domain falls into the inner-quartile ranges from 0.16—0.8 

kg/ha (Fig. 9). 

Sulfur wet plus dry monthly deposition totals (Fig. 6a.) exhibit small spatial 

variations.  There are seasonal-scale temporal variations.  Maximum total wet and dry 

monthly deposition is evident during the winter months, and ranges from 1—1.2 kg/ha.  

Inner-quartiles are 0.03—0.07 kg/ha during the summer months.  Inner-quartiles for the 

rest of the year are 0.04—0.1 kg/ha (Fig. 8).  Wet deposition contributes more than twice 

that of dry deposition to the total sulfur deposition in the PNW (Fig. 9).  Annual wet plus  
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Figure 8.  Box plot of monthly sulfur deposition totals.  Wet+dry deposition for each 

month is shown using 5%, 25%, 50%, 75%, and 95% quantiles. 
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dry sulfur deposition totals (Fig. 6b) show similar spatial trends compared to monthly 

totals, and annual maximums range from 6.0—12 kg/ha extending north and south  along 

the I-5 corridor through western Washington. 
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Figure 9.  Box plot of annual nitrogen deposition totals.  The 5th, 25th, 50th, 75th, and 

95th percentiles are shown. 

  

4.  Comparison with Observations 

 Deposition observation sites within the PNW are part of the National Acid 

Deposition Program (NADP) network and Clean Air Status and Trends Network 

(CASTNET) (Fig. 10).  These deposition monitoring networks are maintained by the  

 61



 

 

Figure 10.  NADP (red squares) and CASTNET (gold circles, GLR468, MOR409, 

NCS415, and WA19) nitrogen and sulfur deposition monitoring sites used for 

comparison with CMAQ current-decade (1990—1999) model results. 

 

National Park Service (NPS) and the Environmental Protection Agency.  All available 

observation data for NADP and CASTNET sites from 1996—2005 were used to compare 

with the ten-year model period.  The 1996—2005 time period was chosen to maximize 

the number of active CASTNET and NADP observation sites where deposition data were 

available.  The ten-year modeling period need not coincide with the observation period, 

because of the nature of the model experiment, which relies on climate realization 

parameters.  Therefore, these deposition observations cannot compare one-to-one with 
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model deposition predictions.  However, comparisons between averages and variances 

can be made. 

There are four CASTNET sites that monitor nitrogen and sulfur dry deposition in 

the PNW.  Nitrogen species monitored include HNO3(g), NO3(p), and NH4(p).  Sulfur 

species monitored at CASTNET sites include SO2(g) and SO4(p).  Deposition is 

estimated at these sites by means of weekly, 4-stage filter pack collections (non-size-

selective) and on-site meteorological data collection.  Meteorological data are processed 

through the Multi-Layer Model (MLM) for deposition velocity estimation (Meyers et al., 

1998).  The MLM assumes that particle deposition velocities for all particle species are 

the same.  Gaseous species deposition velocities are modeled independently.  Deposition 

is the product of weekly average concentration from the filter packs and hourly 

deposition velocities as calculated by the MLM.  Nitrogen and sulfur dry deposition was 

therefore compared based upon weekly deposition totals.  Average weekly deposition 

was constructed for an average 52-week year from available CASTNET observations 

from 1996—2005. 

CMAQ-modeled dry deposition output was originally in terms of hourly 

deposition.  Hourly dry deposition output was compiled into weekly totals for the ten-

year model period. A 52-week average for the ten-year model period was then 

constructed to compare with observations.   

Gaseous nitric acid (HNO3) , accumulation mode aerosol (J-mode) nitrate 

(ANO3J), and accumulation mode aerosol ammonia ( ANH4J) deposition rates were 

compared with CASTNET results for HNO3(g), NO3(p), and NH4(p) deposition, 
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respectively.  CMAQ SO2 (g), ASO4J (aerosol) were compared with CASTNET SO2 (g), 

and SO4 (p), respectively. 

Nineteen NADP sites existed within the PNW during 1996—2005.  These 19 sites 

cover more area and are better distributed throughout the PNW when compared with the 

locations of the CASTNET sites (Fig. 10).  Sulfur and nitrogen wet deposition 

measurements are collected at these sites.  Wet deposition is estimated by weekly 

precipitation collection and cation analysis.  Precipitation water is analyzed for NO3, 

NH4, and SO4 cations.  Wet deposition data from NADP sites were compiled into 

monthly deposition totals for all available data from the 1996—2005 period.  An average 

monthly deposition year was then constructed from all available monthly nitrogen and 

sulfur wet deposition totals.  We anticipated more variability in the wet deposition 

measurements, and thus, used monthly deposition totals were used to increase 

comparability between model results and measurements. 

Selecting nitrogen and sulfur wet deposition species from CMAQ is somewhat 

subjective.  Considering the wide range of aqueous phase chemistry schemes for 

individual species in CMAQ, and the large uncertainty associated with NADP cloud and 

water chemistry assumptions, our choice of nitrogen and sulfur species were selected 

based upon comparability of wet deposition totals.  Nitrogen and sulfur aerosol species 

from CMAQ compared best with cation flux estimates from NADP.  Thus, ASO4J, 

ANH4J, and ANO3J CMAQ wet deposition species were compared with NADP cations: 

SO4, NH4, and NO3, respectively.  Predicted, monthly wet deposition totals were 

averaged over the ten-year model period, and compared with available monthly wet 

deposition totals averaged over the years of available data at each NADP observation site. 
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Several statistics have been chosen that serve as simple metrics for comparing 

monthly wet deposition and weekly dry deposition totals (Table 1).  Mean bias shows 

small under- predictions for NO3(p) wet and dry deposition, which may be statistically  

Table 1.  Monthly wet deposition and weekly dry deposition statistics comparing 

CMAQ deposition with CASTNET (dry deposition) and NADP (wet deposition) 

observed deposition.  Species compared are in particulate (p) or gaseous (g) forms. 

 

NADP WET DEPOSITION 

(MONTHLY TOTALS) 

CASTNET DRY DEPOSITION 

(WEEKLY TOTALS) 

STATISTIC* NO3 (p) NH4 (p) SO4 (p) HNO3 (g) NH4 (p) NO3 (p) SO2 (g) SO4 (p)

N 228 228 228 208 208 208 208 208 

MB -0.013 0.023 0.083 0.024 0.000 -0.001 0.018 0.002 

ME 0.093 0.037 0.210 0.025 0.001 0.001 0.024 0.005 

NMB -0.053 0.418 0.352 1.064 -0.390 -0.700 1.686 0.438 

NME 0.391 0.666 0.897 1.118 0.583 0.781 2.198 1.280 

MFB -0.039 0.314 0.156 0.722 -0.454 -0.805 0.712 0.003 

MFE 0.419 0.566 0.613 0.760 0.758 0.984 1.005 0.940 

RMSE 0.131 0.052 0.399 0.039 0.001 0.001 0.036 0.008 

CMAQ MAX 0.675 0.297 2.065 0.244 0.005 0.003 0.141 0.069 

CMAQ AVG 0.226 0.078 0.317 0.046 0.001 0.000 0.029 0.006 

OBS MAX 0.791 0.266 1.200 0.108 0.004 0.005 0.041 0.013 

OBS AVG 0.239 0.055 0.234 0.022 0.001 0.001 0.011 0.004 

*N = number of points, MB = mean bias (kg/ha), ME = mean error (kg/ha), NMB = 

normalized mean bias, NME = normalized mean error, MFB = mean fractional bias, 

MFE = mean fractional error, RMSE = root-mean-square error (kg/ha). 
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negligible being -0.013 kg/ha and –0.001 kg/ha, respectively.  NH4 (p) wet deposition 

mean bias shows a small over-prediction of 0.023 kg/ha.  Mean error is lower for 

nitrogen species when compared to sulfur species by a factor of two or more for both wet 

(monthly) and dry (weekly) deposition.  SO4(p) wet deposition has a mean error of 0.210 

kg/ha.  Normalized mean bias (NMB) for wet nitrogen and sulfur deposition species 

suggests good agreement between observations and CMAQ.  NMB for dry nitrogen and 

sulfur species shows less agreement.  HNO3(g) and SO2(g) with NMB of 1.06 and 1.69, 

respectively, suggest over-prediction of nitrogen and sulfur dry deposition of gaseous 

species.  NH4(p) and NO3(p) NMB are –0.39 and –0.7, and this may suggest that most of 

the CMAQ nitrogen dry deposition is being converted to HNO3(g) in error.   However, 

under-prediction of nitrogen particulate species may be a result of the non-size-selective 

sampling at CASTNET sites.  Normalized mean error (NME) is largest for sulfur wet and 

dry deposition.   

Mean fractional bias (MFB) and mean fractional error (MFE) may be the best 

metrics for observed and modeled deposition, because this metric does not give as much 

weight to observations as does NMB and NME.  CASTNET and NADP deposition 

measurements may have levels of uncertainty equal to that of model parameterizations 

and assumptions, so when there are large biases in the observations these could skew the 

bias more positive or more negative and may also inflate absolute errors.  The bias 

calculated by NMB (0.352) for wet SO4 (p) deposition is double than that calculated by 

NFB (0.156).  The same is shown for dry SO2 (g) deposition where NMB is 1.69 and 

NFB is 0.712.  SO4 (p) dry deposition NFB and NFE are 0.003 and 0.940, respectively, 

which also shows better agreement between observations and CMAQ than does NMB 
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and NME statistics.  The same effect does not extend to all nitrogen wet and dry 

deposition species.  HNO3 (g) dry deposition NFB at 0.72 does show a statistical 

improvement from the NMB of 1.06.  This is similar when comparing HNO3 (g) NFE and 

NME (0.76 and 1.12, respectively).  Other nitrogen species show either no change or they 

get statistically worse in terms of bias and error when using NFB and NFE as opposed to 

NMB and NME. 

Observed nitrogen and sulfur deposition maxima and averages are very 

comparable.  All nitrogen and sulfur dry and wet deposition maxima and averages are 

within an order of magnitude.  NH4(p) and NO3(p) wet deposition observed and CMAQ 

maximums have a 16% difference or less.  HNO3(g) dry deposition observed and CMAQ 

maxima and averages compare at 70—80% differences, with CMAQ showing higher 

values.  Predicted NH4(p) dry deposition is within a 20% difference of maximum and 

average observed.  Predicted SO4(p) wet deposition shows higher maximum and average 

levels than observed (percent difference of 30—50%).  It is evident that SO4(p) dry 

deposition is over-predicted with a 137% difference between observed and predicted 

maximums.  Average SO4(p) dry deposition is much closer, so this suggests that SO4(p) 

dry deposition predictions are over-predicting the peaks.  Both maximum and average 

SO2(g) dry deposition observed is 90—100% different than CMAQ predictions, with 

CMAQ over-predicting.  Overall, the results are generally good particularly given the 

climate realization of meteorology without the use of any observed meteorological data 

and the use of constant annual anthropogenic emissions in the regional model. 
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5.  Future Decade (2045—2054) of Nitrogen and Sulfur Deposition 

 The effects of global change on nitrogen and sulfur deposition in the PNW are 

investigated here through CMAQ modeling experiments for a future decade.  The model 

system parameters have been changed to reflect the change in climate, land uses, land 

type, and emissions.  Full details of these global change parameters can be found in a 

dissertation written by Jack Chen (Chen, 2007).  In general, these parameters have been 

changed to illustrate a realistic climate scenario for the US that is consistent with the 

IPCC A2 ‘business as usual’ global scenario.   

 Future emissions were derived from the EPA Economic Growth Analysis System 

and the EPA 1999 NEI (Chen et al., 2007).  Emissions from point sources are the same 

for the future decade (2045—2054) as for the current decade (1990—1999) and model 

emissions for other sources are based on the assumption that  government controls are 

constant (Chen, 2007).  Non-point emissions (non-road mobile, on-road mobile, and 

biogenic) have been scaled to reflect population growth (EPA Growth Model; Chen et al., 

2007) and land changes (Fig. 11).  Anthropogenic area source emissions showed the 

largest increase in future decade emissions, which was 30% or greater for all chemical 

species (CO, NOX, VOC, and SO2; Chen, 2007).  Other significant emissions increases 

were primarily in the non-road mobile emissions category with NOX emissions increasing 

by 9% and SO2 emissions increasing by 28%.  On-road mobile emissions increased by 

2% for both NOX and SO2. 

The spatial patterns of nitrogen deposition in the PNW in the future decade 

change substantially (Fig. 12).  In some areas of the inland PNW nitrogen deposition 
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during the late fall, late winter, and early spring months doubles in magnitude (Fig. 12a).  

Parts of eastern Washington, northern and southern Idaho, and northeastern Oregon see 

 

(a) 
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Figure 2.  PNW land changes from the current decade (a) to future decade (b) 

employed with the MM5/SMOKE/CMAQ model (Chen et al., 2007). 
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(Figure 12b) 

b. (2045 to 2054 Annual Average) - (1990 to1999 Annual Average) 
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Figure 12.  Total nitrogen dry, wet, and dry+wet future decade (2045—2054) minus 

current decade (1990—1999) monthly (a) and annual (b) deposition difference plots.  

Used ten-year averages of monthly and annual plots. 
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monthly increases of 0.3—0.5 kg/ha in nitrogen deposition (Fig. 12a).  Increases of 

nitrogen deposition in western Washington and northwestern Oregon are less than those 

experienced further inland with monthly totals of 0.15—0.4 kg/ha.  Nitrogen deposition 

increases during the late fall, winter, and early spring months are mostly due to wet 

deposition.  Nitrogen dry deposition in the future takes over as the primary pathway 

earlier in the year when compared to the current decade where wet and dry deposition 

rates were relatively equivalent in magnitude with respect to annual totals.  Consequently, 

less wet deposition occurs during the month of May in the future decade (Fig. 12a).  

Nitrogen deposition during the summer months increases more in the inland PNW.  

Monthly nitrogen deposition increases range from 0.15—0.9 kg/ha.  The largest increases 

are near large nitrogen emission sources (e.g., I-5 corridor from Portland to Vancouver, 

B.C.).  The inland PNW in the future seems to overtake the western Oregon and 

Washington areas in terms of regional nitrogen deposition maxima for all seasons.  

Annual nitrogen deposition increases for the PNW range from 7.6 kg/ha in the inland 

PNW to 0.5 kg/ha along the coast (Fig. 12b).  Annual increases are 1 kg/ha or more for 

the PNW domain.  This is an increase of at least ~60%, however, areas with projected 

increases in agricultural activity in the inland PNW are predicted to see as much as 100% 

increase in nitrogen deposition. 

 Sulfur deposition increases throughout the PNW in the future decade.  During 

most seasons of the year monthly deposition totals are seen to increase by at least 0.015 

kg/ha in Washington, Oregon, and northern Idaho (Fig. 13a).  This is a ~10% regional 

increase in sulfur deposition.  These increases can be seen mainly in the fall thru spring 

months, and is mostly due to sulfur wet deposition.  Sulfur dry deposition decreases or 
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(Figure 13b) 

b.  (2045 to 2054 Annual Average) - (1990 to1999 Annual Average) 
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Figure 13.  Total sulfur dry, wet, and dry+wet future decade (2045—2054) minus 

current decade (1990—1999) monthly (a) and annual (b) deposition difference plots.  

Used ten-year averages of monthly and annual plots. 
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stays the same in the range of +/-0.015 kg/ha throughout the PNW.  Dry deposition does 

increase near some sources in western Washington, southern Idaho, and  Portland, 

Oregon by ~0.04 kg/ha or more.  However, there are decreases in sulfur wet and dry 

deposition in the Puget Sound area near strong sulfur sources.  These decreases range 

from -0.015 kg/ha to 0.234 kg/ha.  These relatively large decreases near sources suggest 

that there may be insufficient precipitation and enhanced boyancy reducing sulfur wet 

and dry deposition, respectively.  Land changes may cause this enhanced plume boyancy 

near sources.  The future decade land changes near these areas of reduced sulfur 

deposition converted what was evergreen needleleaf in the current decade simulation to 

urban, dryland crop/pasture, crop/grassland mosaic, and/or crop/woodland mosaic (Fig. 

11).  Annual sulfur deposition totals in the PNW are shown to increase by more than 

0.125 kg/ha regionally (Fig. 13b).  Annual sulfur deposition increases in northern Idaho 

and northeastern Oregon range from 0.25—0.50 kg/ha.  These increases are mostly due to 

sulfur wet deposition. 

6.  Summary and Conclusions  

The modeling results presented here for current climate conditions indicate that 

nitrogen deposition in the PNW shows a higher degree of spatial and temporal variability 

than sulfur deposition.  This may be due to the relatively sparse and isolated distribution 

of major sulfur emission sources in the PNW.  Both nitrogen and sulfur deposition appear 

to be sensitive to changes in season.  However, regional nitrogen deposition persists at 

relatively constant levels year round, whereas sulfur deposition shows marked increases 

during the winter months.  Maximum sulfur deposition during the winter suggests that 

sulfur emissions from local power plants promote higher deposition rates due to increased 
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power demands brought on by home heating usages; assuming that the SMOKE temporal 

allocation for coal-fired power plants in the PNW is close to actual seasonal emissions.  

Nitrogen and sulfur deposition “hotspots” are shown to be in close proximity to urban 

centers, and along interstate highways (e.g., Vancouver, B.C. to Portland, Or., and 

southern Idaho I-84). 

  Nitrogen deposition results demonstrate the relatively equal contribution of wet 

and dry deposition to annual deposition totals in the PNW.  Potential errors in 

precipitation in the ten year model run could lead to errors in proportioning of nitrogen 

wet and dry deposition.  Ecosystem responses may depend on nitrogen inputs delivered 

by either wet or dry deposition processes.  If wet deposition processes are more efficient 

in promoting nitrogen deposition, then errors in precipitation would cause under or over-

estimation of nitrogen deposition in various PNW catchments.  Further investigation of 

PNW precipitation patterns is needed to address uncertainties associated with wet 

deposition. 

 Sulfur emissions appear to be driving PNW sulfur deposition spatial and temporal 

trends.  Wintertime sulfur emissions from western Oregon and Washington may be 

contributing to sulfur deposition levels in the inland PNW (eastern Oregon and 

Washington, and northern Idaho, Fig. 3.a.).  Chemical transformation of sulfur species 

(e.g., sulfate aerosols) needs to be investigated further to determine whether or not sulfate 

particles are transported from emissions sources in the western Washington and Oregon 

to the inland PNW.  Long-range (PNW regional scale; western sources, eastern receptors) 

transport of sulfur may be the dominate source of inland PNW sulfur deposition. 
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 Model deposition estimates are comparable to deposition levels observed at PNW 

EPA/NPS NADP (National Acid Deposition Program) wet deposition and CASTNET 

(Clean Air Status and Trends Network) sites.  Most of the CASTNET and NADP data for 

monthly and annual totals of wet and dry sulfur and nitrogen deposition agree with model 

results to within approximately a factor of two.  This is also the case for other similar 

nitrogen and sulfur deposition modeling studies (e.g., Langner et al., 2004; Shim and 

Park, 2004).  However, process analysis of nitrogen and sulfur species chemical 

transformation prior to deposition is not regularly integrated into deposition modeling 

studies.  This type of analysis may help to determine what proportion of errors in 

deposition predictions are due to chemical transformation, precipitation, and/or transport.  

For instance, Dore et al. (2006) suggest that under-predictions in nitrate deposition may 

be due to model mishandling of ammonium nitrate production.  This would partially 

explain HNO3 (g) over-predictions and NO3 (p) under-predictions (wet and dry) shown in 

this work.  Other sources of uncertainty in model and observation comparisons in this 

work arise from sub-grid variability not captured by model coarse grid resolution (e.g., 

horizontal and vertical diffusion).  Underestimating ammonia emissions causes further 

underestimation in nitrogen deposition (Shim and Park, 2004).  This is very significant to 

this work where ammonia emissions from dairy feedlots are not accounted for.  The two 

fold increase in modeled nitrogen deposition in the inland PNW during the future decade 

scenario may be higher. 

 Annual nitrogen deposition ranges from 0.6—13 kg/ha.  Annual sulfur deposition 

ranges from 0.1—14 kg/ha.  Areas in the PNW region receiving higher deposition rates 

could be in danger of ecosystem degradation.  Even areas experiencing lower-end 
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deposition rates could be in danger of ecosystem imbalances.  However, this depends on 

the sensitivity of organisms within that ecosystem.  The United Kingdom uses a critical 

load of 2 kg-S/ha/yr to abate terrestrial acidification due to sulfur deposition.  In that 

context, and since the PNW experiences a similar synoptic weather pattern, sulfur 

deposition results from the current decade scenario show that there are isolated areas in 

the PNW near major sulfur sources that may be experiencing the U.K. sulfur critical load.  

Nitrogen critical loads have been established primarily based on the limiting nitrogen 

nutrient critical load (Shim and Park, 2004).  This load is set to abate eutrophication, and 

is less than the “nitrogen acidification” critical load.  A nitrogen nutrient critical load of 

1.5 kg-N/ha/yr has been set for Rocky Mountain National Park (RMNP) in Colorado.  

Most of the PNW domain nitrogen deposition for the current decade scenario is above the 

nitrogen nutrient critical load established in RMNP.  Given the predictions of a ~1 

kg/ha/yr regional increase of nitrogen deposition for the future decade scenario, there is 

greater evidence that PNW terrestrial and aquatic ecosystems will experience 

eutrophication in the future.   

Modeling nitrogen and sulfur deposition for a control scenario (i.e., the current 

decade in this work) followed by some comparison with available observations, and then 

followed by a climate change scenario has been done using Langrangian and Eularian 

numerical model approaches (e.g., Shim and Park, 2004; Dore et al., 2006; Langner et al., 

2004).  These studies use the IPCC “business as usual” emissions scenario, which is 

handled at a global model scale.  This study has coupled this approach with additional 

land type and land usage parameters.  Much of the changes noted by climate change 

deposition modeling studies are spatial distributions of wet deposition patterns due to 
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changes in regional precipitation patterns.  However, this does not address spatial dry 

deposition pattern changes due to land changes.  The results presented in this paper have 

shown the potential changes in spatial deposition patterns of nitrogen dry deposition in 

particular.  However, the land change effects on nitrogen dry deposition processes can 

not be fully evaluated because of a severe lack of dry deposition monitoring sites in 

agricultural areas of the inland PNW.  Therefore, PNW nitrogen and sulfur deposition is 

deserving of further investigation through modeling and measurement efforts. 
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Abstract 

 The atmospheric transport, transformation and deposition of mercury emissions in 

the Pacific Northwest (PNW) are cause for concern since deposition of mercury, is the 

suspected cause of fish advisories for several water bodies in the PNW.  This is due to the 

persistence and bioaccumulative effects of mercury.  This paper presents numerical 

model experiments of mercury atmospheric chemical transport and deposition.  Mercury 

deposition on any given day is on the order of mg/ha through much of the PNW region.  

Precipitation days and days of enhanced vertical flux increase daily mercury deposition 

by 10 mg/ha or more in some locations near large mercury emission sources.  Model 

results are compared with observations to determine relative confidence in model 

performance.  Observations include ambient concentration measurements conducted in 

southern Idaho and wet deposition measurements from the EPA National Acid 

Deposition Program Mercury Deposition Network.  The area of highest modeled mercury 

deposition (34 mg/ha/day) is located near mining emission sources in northeastern 

Nevada; second highest mercury deposition events occur around Portland, Oregon (~2 

mg/ha/day). 
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1. Introduction 

Atmospheric deposition of mercury plays a significant role in the cycling of 

mercury between the biosphere, lithosphere and the atmosphere.  Increased emission of 

mercury into the atmosphere during the industrial revolution is causing net accumulation 

of mercury in soil, water, and biota mercury reservoirs through atmospheric deposition 

(Lin and Pehkonen, 1998).  Mercury is deposited from the atmosphere in gaseous and 

particle form through wet and dry processes.  Wet processes include precipitation and 

precipitation scavenging (e.g., in-cloud and below-cloud).  Dry processes involve 

turbulent diffusion and the ability of the deposition surface (e.g., plant leaves, rocks, 

snow, etc.) to take up the various forms of atmospheric mercury (e.g., elemental, reactive, 

and particulate mercury).   

 The bioaccumulation and persistence, and resultant neurotoxicological effects of 

mercury on the health of humans and other organisms in aquatic and terrestrial 

ecosystems, are of great concern (US EPA, 1997).  Mercury is also a teratogen, affecting 

the central nervous systems of developing fetuses as well as causing various birth defects.  

Exposure is commonly chronic, and at relatively low doses.  Chronic exposure to 

unhealthy levels of mercury often occurs when consuming mercury-poisoned fish 

(Clarkson, 1995).  Mercury deposition is suspected to be a major contributor to the 

mercury poisoning of these fish (US EPA, 1997).  Mercury deposition increases mercury 

concentrations in aquatic ecosystems through direct atmospheric deposition to a water 

body and also through atmospheric deposition to surrounding terrestrial surfaces that 

increase mercury concentrations in run-off.  
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Mercury in the atmosphere occurs in several forms including elemental mercury 

(EGM), reactive gaseous mercury (RGM), and particulate mercury (PHG).  Emissions are 

associated with incineration processes (e.g., medical waste and landfill incinerators) and, 

in the Pacific Northwest, with smeltering of ore at gold mines.  These types of sources 

emit both EGM and RGM, however, emission of RGM is up to three orders of magnitude 

less than EGM (Munthe et al., 2003) in many cases.  It is generally thought that increases 

of ambient RGM and PHG are the result of gas-phase oxidation of EGM.  Ambient 

mercury steady state background concentrations are estimated to be on scales of ng/m3—

pg/m3 (Jaffee et al., 2005; Bullock and Brehme, 2002; Ryaboshapko et al., 2002); 

particulate levels are usually much smaller than gaseous levels, and are often below 

detection limits.   

Deposition of mercury occurs by dry and wet processes.  Several models exist that 

handle the chemicophysical processes leading to atmospheric deposition of mercury 

(Ryaboshapko et al., 2002).  Model experiments using currently known mercury gaseous, 

aqueous, and particulate phase reactions have only been marginally successful 

(Ryaboshapko et al., 2002).  Sensitivity of mercury aqueous phase reactions and resultant 

wet deposition to precipitation results have only recently been explored (Bullock et al., 

2007).  Model performance tests are difficult since only mercury wet deposition 

measurements are available in quantities sufficient to provide any basis for statistical 

analysis. 

In this paper, we present results from a modeling study of mercury deposition in 

the Pacific Northwest.  This topic of particular interest because of the presence of a 

number of gold smeltering operations located in northern Nevada.  Mercury emissions 
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from these facilities are estimated to represent approximately 10% of current US mercury 

emissions.  To investigate mercury deposition associated with these and other sources, we 

take advantage of the AIRPACT-3 numerical air quality forecast system which operates 

on a daily basis using the MM5/SMOKE/CMAQ photochemical modeling suite (Chen et 

al., 2007).  Following Bullock et al. (2002, 2006), a mercury model mechanism has been 

added to the AIRPACT-3 (Chen et al., 2007) real-time air quality modeling system.  

Atmospheric deposition modeling of mercury in the Pacific Northwest is presented with 

an emphasis on southern Idaho mercury deposition.  Model performance statistics are 

also presented where AIRPACT-3 is compared with EPA NADP-MDN mercury wet 

deposition measurements for a August—November 2004 model experiment.  Model 

performance statistics reported here are for model evaluation purposes. 

2.  Model System Description 

 Two different modeling periods are examined in this paper.  First, case study 

results are obtained for days in May—June, 2006 using archived results from an initial 

version of the AIRPACT-3 air quality forecast system.  This period was selected to match 

field measurements collected in southern Idaho.  Second, a longer term re-analysis 

covering August through November, 2004, was used to provide a basis for evaluation of 

the mercury component of an updated version of AIRPACT3.   

2.1. Meteorological Inputs 

 Mass and colleagues have developed a comprehensive mesoscale meteorological 

forecast system to provide high resolution, twice daily numerical weather forecasts for 

the Pacific Northwest (Mass et al., 2003).  The forecast system employs the Fifth-
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Generation NCAR/Penn State Mesoscale Model (MM5).  In the AIRPACT-3 system 

(Chen et al., 2007), MM5 output from the UW system is used to provide the required 

meteorological parameters using 12-km grid cells over a 95x95 grid domain centered on 

the PNW (Chen et al., 2007).  The MM5 results are processed through the CMAQ 

Meteorology-Chemistry Interface Processor (MCIP) to generate the meteorology fields 

required by CMAQ.  MCIP 2.3 was used for the May 2006 model run, and MCIP 3.1 was 

used to model August—November, 2004. 

MCIP was configured to use the M3DRY dry deposition option for estimating dry 

deposition velocity (Pleim et al., 1996 and 1997) with additional parameters for handling 

mercury dry deposition (Bullock and Brehme, 2006).  Dry deposition velocities are 

calculated using a resistance-based scheme, accounting for turbulent diffusion, surface 

type, and vegetative resistances (e.g., stomatal and mesophyllic).  MCIP 2.3 did not 

explicitly address mercury deposition velocities (May 2006 model run).  RGM dry 

deposition velocity was estimated by using the nitrate deposition velocity from MCIP 2.3 

(Bullock and Brehme, 2002).  MCIP 3.1 includes deposition velocities for elemental 

gaseous mercury (CMAQ species name: HG) and reactive gaseous mercury (includes all 

stable forms of divalent mercury; CMAQ species name: HGIIGAS).  Elemental gaseous 

mercury (EGM) deposition velocity was included to forego the “zero-sum” assumption 

(i.e., net surface exchange of elemental mercury is negligible; Bullock et al., 2002).  Re-

emission of mercury from vegetation or other sources is not explicitly handled to offset 

dry deposition losses of EGM. 
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2.2.  Chemistry Initialization and Boundary Conditions 

 Initial conditions for each model run were linked from one model day to the next 

(e.g., “daisy-chained”).  This is expected to enhance model result continuity and 

numerical stability for each day of the model runs. 

 Boundary conditions for mercury were based on previous and local research 

studies.  North, east, and west boundary conditions were set to 1.7 ng/m3 (Bullock et al., 

2002; Jaffee et al., 2005) for all model layers.  South boundary conditions were set to 2.3 

ng/m3 to capture the elevated background concentrations reported for mercuriferous 

regions in Nevada (Gustin et al., 1996; Engle et al., 2001).   

Boundary conditions for other chemical species are described in Chen et al., 2007.  

Briefly, global chemistry model results were temporally allocated to monthly boundary 

condition files.  These dynamic boundary conditions changed every month for the model 

run. 

2.3.  Emission Inputs 

The Sparse Matrix Operator Kernel Emissions (SMOKEv2.1) system was used to 

generate emissions inputs for CMAQ within the PNW model domain.  SMOKE was 

modified to incorporate the Biogenic Emissions Inventory System (BEISv3.09), National 

Forest Service wildfire emissions, and EPA 1999 National Emissions Inventory (1999-

NEI).  Mercury emissions were incorporated from the 2001 Mercury Emission Inventory 

for the Clean Air Mercury Rule (http://www.epa.gov/ttn/chief/emch/invent/index.html).  

Mercury emissions from point, non-point (e.g., area sources), and mobile non-road and 

mobile road are included in this emissions inventory.  Chlorine emissions are derived 
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from sea salt aerosol emissions that are handled by a modified aerosol mechanism within 

the chemical transport model (AE4 mechanism). 

Table 1 shows the major mercury point sources in the PNW used in the model 

runs.  It should be kept in mind that the emissions estimates reported here have not been 

temporally allocated by SMOKE.  Thus, actual model emissions from these sources will 

vary depending on the temporal allocation chosen.  Nevada gold mining sources of 

mercury in the AIRPACT-3 domain account for almost 9 tons/yr.  Oregon mercury 

emissions add up to 2.25 tons/yr.  Idaho and Washington mercury emissions are both less 

than one ton/yr.  Mercury point sources in Oregon are mostly scattered south of Portland 

through the Willamette Valley.  The Boardman coal-fired power plant is located in north-

central Oregon, along the Columbia River.  A wide variety of industrial facilities in 

Oregon generate mercury emissions.  Nevada point source mercury emissions are 

primarily from gold mining operations.  Washington mercury emissions from point 

sources are dominated by wood products manufacturing.  The Centralia coal-fired power 

plant is the second largest source in Washington behind a wood and paper manufacturer.  

A chemical manufacturer is the largest point source in Idaho.  Wood and paper 

manufacturers in Idaho also contribute to mercury point source emissions.  

2.4.  Chemical Transport Model 

The CMAQ (Community Multi-scale Air Quality) model, version 4.6; Byun and 

Ching, 1999) was configured to use the SAPRC99 chemical mechanism (Carter et al., 

2000).  The SAPRC99 mechanism was modified to include mercury chemical reactions 
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Table 1. Major mercury point sources in the Pacific Northwest. 

FIPS STATE PLANTa LB/YR * 

    

16029 IDAHO P4ProductionLLC 916 

16069 IDAHO PotlachCorpIDDivision-PulpandPaperboard 500 

16035 IDAHO PotlatchCorporationWoodProductsDivision 41 

    

32007 NEVADA JERRITTCANYON(MAIN) 13561 

32013 NEVADA TWINCREEKS/NEWMONTMININGCORP. 2740 

32007 NEVADA BARRICKGOLDSTRIKEMINE 1411 

    

41051 OREGON OregonSteelMills-Inc. 2316 

41071 OREGON CascadeSteelRollingMills-Inc. 1236 

41051 OREGON AshGroveCementCompany 231 

41047 OREGON CovantaMarion-Inc. 203 

41049 OREGON Boardman 168 

41017 OREGON PG&EGasTransmission-NorthwestCorp. 126 

41049 OREGON PortlandGeneralElectricCompany 124 

41039 OREGON WeyerhaeuserCompany 105 

    

53073 WASHINGTON GEORGIAPACIFICWESTINC 662 

53041 WASHINGTON Centralia 530 

53073 WASHINGTON LONGVIEWFIBRECO. 89 

a. Raw SMOKE source name identification. 
* Emissions estimates shown have not been temporarly allocated through SMOKE. 
 
following Bullock et al., (2006).  This version of CMAQ-Hg simulates mercury aerosol 

formation and deposition (modified AERO4_Hg and AERO_DEPV2_Hg mechanisms; 

Byun and Ching, 1999; Bullock and Brehme, 2006), mercury gaseous and aqueous 
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chemical transformations (Bullock and Brehme, 2002; Gbor et al., 2006), mercury in-

cloud and below-cloud wet deposition (CLOUD_ACM_Hg; Byun and Ching, 1999; 

Bullock and Brehme, 2006), vertical and horizontal diffusion and advection(Byun and 

Ching, 1999), and Brigg’s plume rise (Byun and Ching, 1999).  The modified SAPRC99 

mechanism was configured to run using a modified version of the Euler Backward 

Iterative (EBI; Hertel et al., 1993) solver compilation.  This compilation of CMAQ-Hg 

was used in the August—November 2004 model run. 

 The May 2006 model run used a slightly different CMAQ-Hg without the updated 

aerosol (AERO4) and cloud (ACM) mechanisms.  Instead, modified versions of AERO3 

and RADM2 mechanisms were used, respectively.   

Chlorine emissions from heterogeneous chemical reactions in sea salt aerosols in 

the marine boundary layer were modeled as a function of wave action and sea salt aerosol 

production (Bullock and Brehme, 2002). 

 

3. Results 

3.1 Overview 

 Deposition results are presented in terms of total mercury deposition in mg/ha/day 

units.  Total daily deposition amounts are expressed in a way to illustrate average 

mercury deposition from day to day, and again expressed in terms of cell-maxima to 

show highest daily deposition rates for each grid cell for a given month.  An attempt has 

been made to compare ambient mercury concentration measurements taken at a site in 

southern Idaho (House Creek Ranch; Abbott et al., 2006) with the May 2006 model 

results.  The purpose of this is to build some level of confidence in the dry deposition 
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model results, which are subject to uncertainties associated with model parameterizations 

in meteorology, deposition surfaces, and the absence of model treatment of mercury 

emission due to re-volatilization.  The August—November 2004 model results are also 

compared with available NADP-MDN mercury wet deposition observations, and model 

performance statistics are presented. 

3.2.  May 2006 Mercury Deposition 

 May is still a relatively wet month in the PNW, and with storms traversing the 

region on a weekly basis, vertical turbulent diffusion and precipitation effects on mercury 

deposition are apparent.  Figure 1 shows average and maximum mercury dry, wet, and 

wet-plus-dry deposition for the PNW AIRPACT-3 model domain in the month of May, 

2006.  Average mercury dry deposition is below 0.25 mg/ha/day for much of the domain.  

Exceptions to this are small areas near Portland, Oregon and southeastern Idaho, with 

average mercury dry deposition of 1.5 mg/ha/day.  The spatial average mercury dry 

deposition maxima are 0.25—7.1 mg/ha/day and visible in and around mining activities 

in northern Nevada.  Average mercury wet deposition for May, 2006, shows the same 

spatial patterns and relative differences in magnitude.  Monthly average daily dry 

deposition is the leading contributor to PNW average mercury deposition in May.  The 

average daily mercury wet-plus-dry deposition plot confirms this.  However, wet 

deposition of mercury during precipitation events is much larger in magnitude when 

comparing cell-maxima.  Some sites in the domain show cell-maxima that are many 

times greater than the average mercury daily dry deposition rates.  This shows 

AIRPACT-3 mercury deposition sensitivity to precipitation events. 
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 Measurements of ambient EGM and RGM were made at House Creek Ranch, 

Idaho, and in conjunction with model predictions, have been used to identify mercury 

plume hits from the mining operations in northern Nevada.  Two high level mercury 

deposition events were predicted to occur around the Salmon Creek Falls Reservoir site 

in southern Idaho.  The May 25th event involved maximum mercury dry deposition to the 

areas around the reservoir (Fig. 2).  May 18th was a precipitation day with maximum 

mercury wet deposition in the same locale (Fig. 2).  Hourly maximum mercury 

deposition for both events ranged from ~20—300 ug/ha/hour.  Southwesterly flow in 

southern Idaho is shown in the AIRPACT-3 simulation carrying mining emissions of 

mercury toward the reservoir area.  A 5x5 grid-cell mask was used to obtain maximum 

mercury concentrations predicted surrounding the House Creek Ranch monitoring site for 

May 25th and 18th (Figs. 3 and 4).  A timeline comparison for the high mercury dry 

deposition event of observed and predicted EGM and RGM show similarity in 

magnitude, but peak hourly concentrations are offset (Fig. 3).  This may be due to errors 

in wind direction and temporal patterns of mercury emissions from the mining areas.  The 

same is true for the high wet deposition event (May 18th) where magnitudes are similar, 

and timing of peak concentrations are offset.  Both model and observations agree on 

higher peak RGM concentrations during dry deposition events (peak of ~50 pg/m3), and 

lower peak RGM concentrations during wet deposition events (peak of ~37 pg/m3).   

 The model more closely follows RGM concentrations as opposed to EGM 

concentrations (Fig. 5 and 6).  A cumulative frequency distribution graph shows the 

model over-predicts EGM from ~1—2.3 ng/m3 at House Creek Ranch and under-predicts 
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Figure 1.  Monthly average and cell-maxima daily total mercury dry, wet, and wet+dry deposition plots.
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Figure 2.  Southern Idaho gold mine plume events during maximum hourly dry 

(May 25, 2006) and maximum hourly wet (May 18, 2006) deposition. 
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(b) 

Figure 3.  CMAQ-Hg and INEEL (Abbott et al., 2006) ambient mercury at House 

Creek Ranch (north of Salmon Creek Falls Reservoir) on May 25th, 2006.  CMAQ 

reactive gaseous mercury (HGIIGAS, (a)) and elemental gaseous mercury (HG, (b)) 

shown is the hourly maximum concentration (+/- σ) from a 5x5 grid (Fig. 2) 

surrounding the observation site.   
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(b) 

Figure 4.  CMAQ-Hg and INEEL ambient mercury at House Creek Ranch (north of 

Salmon Creek Falls Reservoir) on May 18th, 2006 (rainy day).  CMAQ reactive 

gaseous mercury (HGIIGAS, (a)) and elemental gaseous mercury (HG, (b)) shown is 
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the hourly maximum concentration (+/- σ) from a 5x5 grid (Fig. 2) surrounding the 

observation site. 

 

Figure 5. Observed (Abbott et al., 2006, May 16th—June 8th 2006) and predicted 

(AIRPACT-3, CMAQ-Hg, May 1st—May 30th 2006) hourly elemental mercury (HG) 

at House Creek Ranch near Salmon Creek Falls Reservoir. 
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Figure 6. Observed (Abbott et al., 16MAY06—8JUN06) and predicted (AIRPACT-

3, CMAQ-Hg, 1MAY06—30MAY06) hourly reactive gaseous mercury (HGIIGAS) 

at House Creek Ranch near Salmon Creek Falls Reservoir. 

 

EGM peaks above ~3 ng/m3.  The model predicts RGM concentrations below ~10 pg/m3 

in concert with what is observed, and under-predicts RGM concentrations below ~40 

pg/m3.   

4. August—November 2004 Mercury Deposition 

August mercury dry deposition dominates over wet deposition processes, ranging 

from 0.25—0.75 mg/ha/day in the PNW interior, and 0.75—1.0 mg/ha/day along the 

coast (Fig. 7).  The spatial maximum mercury dry deposition can again be seen in cell 63, 

13, which is the location of a gold mining complex.  On the average, daily mercury wet 

deposition during August is below 0.5 mg/ha/day for most of the domain, and the 0.9 

mg/ha/day maximum is at cell 63, 13.  Cell-maxima during August are not far above 

average for much of the domain, increasing from ~0.5—1.0 mg/ha/day for parts of the 
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PNW interior and coast.  In the Portland, Oregon, eastern Idaho, and northern Nevada 

areas, enhanced daily mercury dry deposition event occurrences are predicted in August.  

Mercury wet deposition events are even higher, probably brought on by monsoonal rain 

shower activity in northern Nevada, eastern Oregon, and southern Idaho.  Mercury wet 

deposition events range from 2.0—4.0 mg/ha/day, or more.   

Lessening mercury dry deposition throughout the PNW during September indicates 

mercury dry deposition processes are sensitive to seasonal changes (Fig. 8).  September 

mercury wet deposition is less than August with most of the PNW being below 0.25 

mg/ha/day.  Cell-maxima for dry deposition are the same magnitude as August, but are 

less spatially widespread.  Mercury wet deposition cell-maxima in September at 0.25—

0.75 mg/ha/day for much of the domain, and areas of relative high wet deposition range 

from 1.0—2.0 mg/ha/day.  Again, for wet and dry deposition processes, cell 63,13 is the 

spatial maximum.  Dry deposition maxima are seen to be in closer proximity to major 

mercury emissions sources, and are much higher than wet deposition maxima during 

September. 
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Figure 7.  Monthly average and cell-maxima daily total mercury dry, wet, and wet+dry deposition plots. 
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Figure 8.  Monthly average and cell-maxima daily total mercury dry, wet, and wet+dry deposition plots. 
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 Mercury dry deposition continues its decline during October and wet deposition 

processes start to increase (Fig. 9).  Most of the domain falls below 0.5 mg/ha/day 

average daily mercury dry deposition.  A spatial maximum at cell 63, 13 is 11.3 

mg/ha/day.  Average daily mercury wet deposition increases near sources in southwestern 

Washington (e.g., Centralia coal-fired power plant) and other sources around Portland, 

Oregon.  Nevada mining sources are the strongest influence on average daily wet 

deposition in October at 3.0 mg/ha/day.  Mercury deposition cell-maxima can be seen to 

increase most significantly around mining sources in northern Nevada with wet and dry 

deposition processes contributing more equivalent effects on total mercury deposition.  

Cell 63, 13 is predicted to see a combined 35.5 mg/ha/day mercury wet-plus-dry 

deposition for enhanced wet and dry mercury deposition events in October. 

 Average mercury dry deposition remains below 0.5 mg/ha/day during November 

(Fig. 10), and the 63, 13 cell spatial maximum is 9.9 mg/ha/day.  Mercury wet deposition 

does not change much from October to November.  Dry deposition processes continue to 

dominate atmospheric mercury fate in the PNW in November, on the average.  Wet 

deposition processes are more significant than dry deposition when considering enhanced 

mercury deposition shown in November cell-maxima.  Total mercury deposition from 

wet and dry processes increases east of Portland to 2.0—4.0 mg/ha/day while the rest of 

the domain shows decreased deposition. 
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Figure 9.  Monthly average and cell-maxima daily total mercury dry, wet, and wet+dry deposition plots . 
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Figure 10.  November 2004 monthly average and cell-maxima daily total mercury dry, wet, and wet+dry deposition plots 

(ignore date-timestamps on plots). 
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 Mercury dry deposition along the coast is consistently above spatial averages for 

the August—November 2004 (Figs. 7-10) simulation.  Gaseous chlorine emissions 

simulated from wind-wave action are enhancing the chlorine and EGM oxidation reaction 

(Bullock and Brehme, 2006).  RGM generated from oxidation of EGM by chlorine gas is 

rapidly dry deposited along the coast, and increasing coastal mercury dry deposition 

rates.  Average mercury dry deposition along the coast ranges from 0.75—1.25 

mg/ha/day in August.  This range steadily decreases to 0.5—0.75 mg/ha/day by 

November.  The increased mercury dry deposition along the coast during August may be 

attributed to decreased dry deposition resistances (e.g., surface, canopy, and aerodynamic 

resistances). 

4.1 Model and Observation Comparison Statistics 

 Comparisons were made between predicted and observed total mercury wet 

deposition.  Weekly deposition totals for six National Acid Deposition Network program 

Mercury Deposition Network sites (Fig. 11).  Weeks with missing data were excluded in 

statistical calculations.  Data points were also excluded in the case where modeled 

mercury wet deposition was zero.  A total of 81 time and space observation-prediction 

pairs were used (Tbl. 2).   

 A normalized bias of 0.27 mg/ha/day indicates that AIRPACT-3 is over-

predicting lower-end mercury wet deposition at sites.  However, a mean bias of -0.73 

mg/ha/day shows that AIRPACT3 is under-predicting areas of maximum mercury wet 

deposition.  This may be the case for many sites where rain showers are inaccurately 

predicted with respect to spatial patterns.  The similarity of mean and normalized error, 

both being ~1.1 mg/ha/day, suggests that over-prediction at lower-end wet deposition 
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sites and under-prediction at higher-end sites are the same.  This further suggests that 

over-prediction may be occurring more with dry deposition processes in AIRPACT-3, 

because of the under-prediction of wet deposition at sites of maximum wet deposition.  

Normalized mean and fractional biases of -50% and -47%, respectively, indicate an 

overall model under-prediction of mercury wet deposition in the PNW.  Normalized  

 

Figure 11.  NADP-MDN monitoring sites used in model performance statistics for 

August—November 2004 model run.  Site ID03 was not available during the model 

run time. 
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Table 2.  Model performance statistics for mercury wet deposition.  Model results 

are compared with NADP-MDN in terms of semi-weekly mercury wet deposition. 

STAT 

NADP-MDN WET 

DEPOSITION 

81 numPoints

0 CutOff 

-0.73 (mg/ha/week) MB 

1.1 (mg/ha/week) ME 

0.27 (mg/ha/week) NB 

1.08 (mg/ha/week) NE 

-0.50 NMB 

0.77 NME 

-0.43 FB 

0.94 FE 

1.8 (mg/ha/week) RMSE 

2.6 (mg/ha/week) CTMMAX 

0.63 (mg/ha/week) CTMAVG 

7.8 (mg/ha/week) OBSMAX 

1.4 (mg/ha/week) OBSAVG 

 

mean error of 77% is less than the 94% fractional error.  Predicted maximum and average 

mercury wet deposition is more than a factor of two less than what is observed at the 

MDN sites. 

 Errors in precipitation were not investigated.  These errors may account for under-

predictions of mercury wet deposition at sites experiencing higher wet deposition events 

(e.g., northern Nevada).  Bullock and Brehme (2002) reported over-prediction of mercury 
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wet deposition during a summertime CMAQ model simulation.  They discuss that a 

significant amount of the error may have been caused by model over-prediction of 

summer precipitation.  This agrees with over-predictions of lower-end mercury wet 

deposition for most of the AIRPACT-3 domain (Tbl. 2; NB = +0.27 mg/ha/week).  

However, mercury emission sources in the Bullock and Brehme (2002) model domain 

(eastern U.S.) are several orders of magnitude smaller than those associated with northern 

Nevada gold mines.  Under-predicting emissions may be contributing to AIRPACT-3 

under-predicting mercury wet deposition for the PNW domain, on average.  Dry 

deposition over-prediction, especially near high-emission sources, may also be a 

contributing factor to under-prediction of mercury wet deposition. 

4. Summary and Conclusions 

 The deposition of mercury in the PNW ranges from ~1—10 mg/ha/day from 

month to month on the average.  The highest deposition levels are located in northern 

Nevada near mining sites and are predicted to be as high as 24.2 mg/ha/day during 

enhanced wet deposition events.  Mercury deposition is most active during May and 

August, with semi-equivalent participation of wet and dry deposition processes 

throughout the PNW. 

 Agreement between observed and modeled ambient EGM and RGM 

concentrations are similar enough to provide rough estimates of atmospheric mercury 

losses due to deposition.  More analysis needs to be done with regard to mercury 

concentration sensitivity and response to mercury deposition and emission. 

 Under-prediction of mercury wet deposition at sites with higher than average wet 

deposition suggests that dry deposition processes are over-predicted and/or mercury wet 
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deposition is very sensitive to errors in meteorology (e.g., precipitation and winds).  

Further investigation of precipitation errors in the model would help to show model 

biases in wet deposition of mercury.  Also, errors in mercury emissions from gold mine 

operations need to be quantified. 

The PNW is increasingly at risk of increased mercury deposition due to inflow of 

mercury from coal-fired power plants in Asia (Jaffee et al., 2005), increased power 

demands from coal-fired power plants in the PNW, and other various mining and metal-

works foundry activities.  It is critical that a modeling tool such as AIRPACT-3 be 

evaluated and tested against available observations to ensure that an accurate depiction of 

mercury deposition to terrestrial and aquatic ecosystems can be anticipated and planned 

for.  More long-term mercury measurement campaigns can be designed based on 

weaknesses found in the model system.   

Improvements to the model should include vegetative emissions of mercury (Lin 

et al., 2006; Gbor et al., 2006).  Dry deposition processes in the August—November 2004 

model run may be unrealistic due to the inclusion of dry deposition of EGM and no 

vegetative emissions, or other re-emission calibrations (Lin et al., 2007).  Other 

improvements to the AIRPACT-3 model system could include mercury emissions from 

soils (Gustin, 1996), especially for mercuriferous substrates located in the inland PNW.  

The inclusion of wildfire mercury emissions may be problematic, however, intermediate 

re-configurations of the model system could be implemented to address net mercury 

exchange from these active sources in the PNW (Cinnerella et al., 2006). 

Mercury deposition in the PNW is still poorly understood.  Mercury re-emission 

in PNW ecosystems does factor into the net flux of mercury on yet unknown temporal 
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scales.  Levels of mercury deposition are highest near mining area sources in Elko 

County, Nevada, and can be seen to affect surrounding areas on a daily basis.  Further 

investigation into how much mercury deposition is necessary to upset the natural 

buffering capacities of mercury in various ecosystems.  For instance, how much mercury 

deposition yields lethal doses in methyl mercury in fish?  Is there a critical mercury 

deposition threshold which can be normalized based on biota activity or species diversity 

to show areas in the PNW at the highest risk of irreversible effects of mercury poisoning 

and accumulation? 
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