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GLOBAL CHANGE AND REGIONAL AIR QUALITY: IMPACTS OF CLIMATE, 

LAND-USE, AND EMISSIONS CHANGES

Abstract

by Jeremy Charles Avise, Ph.D. 
Washington State University

December 2007

Chair: Brian K. Lamb

! This dissertation examines the impact that projected future (2050"s) global 

changes have on regional air quality in the U.S. (i.e., ozone and PM2.5 concentrations), 

where the future climate and emissions are based on the Intergovernmental Panel on 

Climate Change (IPCC) A2 scenario.  Specifically, we examine the impact of changes in 

climate, anthropogenic emissions, chemical boundary conditions, land-use (i.e., 

biogenic emissions), and the episodic long-range transport (LRT) of Asian emissions.  

The impact of global changes in climate and emissions, as well as the LRT of Asian 

emissions, were simulated using the Parallel Climate Model (PCM) and the MOZART-2 

global chemical transport model.  The PCM and MOZART-2 model results were 

downscaled to the regional scale using the MM5 meteorological model and the EPA 

Community Multi-scale Air Quality (CMAQ) photochemical grid model.  U.S. 

anthropogenic emissions were projected to the future using the EPA EGAS economic 

growth model, while the biogenic emissions were projected using the MEGAN model 

with adjusted land-use from the Community Land Model.
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! Model results show that changes in chemical boundary conditions have the most 

significant impact on summertime U.S. ozone concentrations (+5 ppbv), followed by 

changes in anthropogenic emissions (+3 ppbv), and climate changes (-1.3 ppbv).  

Changes in July PM2.5 concentrations are primarily influenced by changes in 

anthropogenic emissions (+3 #g m-3), while changes in chemical boundary conditions 

have a minimal impact and only increase PM2.5 concentrations by +0.4 #g m-3.  On 

average, climate change tends to reduce PM2.5 concentrations by roughly -0.9 #g m-3, 

with the largest decreases occurring in the south eastern U.S. (-3 #g m-3) due to 

increased wet deposition.  The episodic LRT of Asian emissions to the western U.S. is 

found to elevate surface ozone concentrations in the Pacific Northwest 1-2 ppbv above 

the average (~48 ppbv) during present-day events, and 1-3 ppbv above the average 

(~58 ppbv) in the future.  In California, surface ozone increases slightly during 

wintertime LRT events in both the present-day and future cases, but ozone decrease 

during summertime events due to the meteorological conditions associated with LRT 

events.
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CHAPTER ONE

Introduction

! Elevated levels of surface ozone (O3) and fine particulate matter (PM2.5; defined 

as particulate matter with an aerodynamic diameter of 2.5 micrometers or less) have 

been associated with various adverse health effects, such as lung irritation, decreased 

lung function, aggravated asthma, and even permanent lung damage [Lippman, 1993; 

Folinsbee, 1993; Brauer et al., 2001].  In order to protect public health, the 

Environmental Protection Agency (EPA), under the Clean Air Act, established national 

ambient air quality standards (NAAQS) for O3, PM (including PM2.5), and four other 

criteria pollutants known to adversely affect human health.  The current NAAQS for 

ozone is 0.08 ppm over an 8-hour averaging period, and for PM2.5 is 35 "g m-3 over a 

24-hour averaging period and 15 "g m-3 annually.  In 2002, the number of people living 

in counties with ozone and PM2.5 concentrations above the level set by the NAAQS was 

estimated to be 136.4 million for ozone and 59.2 million for PM2.5 (note: in 2002 the 

NAAQS for PM2.5 was 65 "g m-3 over a 24-hour averaging period) [U.S. EPA, 2003].  By 

2006, the population exposed to NAAQS exceedances for ozone and PM2.5 had been 

reduced significantly to 77.3 million for ozone and 66.9 million for PM2.5 (note: if 

adjusted for the change in PM2.5 NAAQS between 2002 and 2006, reductions 

comparable to ozone would be seen for PM2.5) [http://www.epa.gov/airtrends/

sixpoll.html].  This improvement in U.S. air quality is a direct result of emissions 

reductions.  Despite significant progress in improving air quality in the U.S. through 
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emissions control strategies, exposure to elevated levels of ozone and PM2.5 is still 

widespread.

! Global changes in climate and emissions are highly uncertain, and are expected 

to impact air quality in ways that could potentially offset the recent improvements made 

in U.S. air quality.  The goal of this work is to characterize the projected impacts of 

global changes (e.g., climate changes, population growth and urbanization, emissions 

changes, land-use changes) on U.S. air quality fifty years into the future (2050#s), for a 

single future scenario.  This dissertation contains two manuscripts that will be published 

in peer reviewed journals.  The first manuscript, titled:

• Attribution of projected changes in U.S. ozone and PM2.5 

concentrations to specific global changes

 describes modeling work conducted to determine the individual and combined impacts 

of changes in climate, regional anthropogenic emissions, chemical boundary conditions 

(i.e., global emissions), and land-use (i.e., biogenic emissions) on regional U.S. ozone 

and PM2.5 concentrations.  The second manuscript:

• Impact of episodic long-range transport of Asian emissions on 

ozone levels in the western U.S., today and in the future

describes modeling work aimed at examining the role that the episodic long-range 

transport of Asian emissions to the western U.S. has on surface ozone concentrations, 
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and how this role may change in the future due to global changes in climate and 

emissions.

Chemistry of Ozone in the Troposphere

! Ozone is not directly emitted into the atmosphere, but is formed in the 

troposphere through a set of complex and highly non-linear photochemical reactions.  

Production of ozone occurs through the chemical reaction of atomic oxygen (O) and 

molecular oxygen (O2):

O + O2 + M ! O3 + M                                                 (R1)

where M is any third body (primarily nitrogen or oxygen molecules) that absorbs the 

energy of the reaction.  In the troposphere, oxygen atoms are primarily produced in the 

presence of sunlight through the photolysis of NO2:

NO2 + hν ! NO + O                                          (R2)

where the photon hν is from the ultraviolet portion of the solar radiation and has a 

wavelength between 280 and 430 nm.  The nitric oxide (NO) produced in reaction R2 

rapidly reacts with ozone and regenerates NO2.

NO + O3 ! NO2 + O2                                             (R3)

Reactions R1-R3 determine the “photostationary state” of ozone.  In the absence of 

hydrocarbons, ozone concentrations remain low (approximately 20-30 ppbv for typical 
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U.S. latitudes).  However, when hydrocarbons (RH) are present through anthropogenic 

or biogenic emissions, they create a pathway that circumvents reaction R3, and 

converts NO to NO2 without destroying ozone.  This allows ozone to accumulate in the 

atmosphere.  The net process is:

RH + OH + 2O2 !!! RO2 + HO2 + H2O + RCHO             (R4)

RO2 + NO ! RO + NO2                                                                 (R5)

HO2 + NO ! OH + NO2                                                                 (R6)

The oxidation of hydrocarbon molecules in reaction R4 produces peroxy radicals (RO2) 

and hydroperoxy radicals (HO2).  The actual number and form of peroxy radicals formed 

in reaction R4 depends on the composition of the hydrocarbon.  The radicals RO2 and 

HO2 are highly reactive and rapidly convert NO to NO2 through reactions R5 and R6.  

The end result is that during daylight hours ozone is produced through equations R1 

and R2, while equations R5 and R6 dominate equation R3 in converting NO to NO2, so 

that more ozone is produced than is destroyed and ozone accumulates in the 

atmosphere.  During the nighttime, when sunlight is not present, reaction R2 no longer 

produces atomic oxygen, and reaction R3 removes ozone from the atmosphere.  A 

more detailed discussion of ozone chemistry can be found in Seinfeld (1989), Seinfeld 

and Pandis (1998), or Finlayson-Pitts and Pitts (2000).
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! The production of ozone is highly sensitive to emissions of hydrocarbons/VOCs 

(volatile organic compounds) and NOX (NO + NO2), and the relative ratio of VOCs to 

NOX at a particular location determines whether additional NOX emissions act to inhibit 

or increase ozone production.  In regions where the VOC/NOX ratio is low (i.e., NOX 

concentrations are large compared to VOC concentrations), additional NOX emissions 

tend to inhibit ozone production and may reduce ozone concentrations.  In this case, 

VOCs are the limiting factor in the production of ozone.  However, when the VOC/NOX 

ratio is high (i.e., NOX concentrations are small compared to VOC concentrations), 

additional NOX emissions tend to increase the production of ozone [Jeffries and Crouse, 

1990].

Chemistry of Fine Particulates

! Fine particulate matter (PM2.5) can be directly emitted to the atmosphere through 

combustion processes (e.g., motor vehicles, power generation, wood stoves, etc ...), or 

can be formed through chemical processes in the atmosphere.  When PM2.5 is formed 

in the atmosphere, it is typically called secondary PM2.5 or secondary aerosol.  The 

chemistry involved in the formation of secondary PM2.5 is significantly more complex 

than ozone chemistry, due to the number of chemical species involved and because the 

reactions involve compounds in the solid, gas, and aqueous phases.  Both inorganic 

and organic gas-phase species can contribute to secondary PM2.5 formation, however, 

the mechanisms for the formation of secondary inorganic aerosols is better understood 
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than for secondary organic aerosols (SOA) due to the complexity of organic compounds 

in the atmosphere.

! Secondary inorganic PM2.5 is primarily made up of sulfate, nitrate, and 

ammonium.  Sulfate is produced when sulfur dioxide (SO2) is oxidized by OH to 

produce sulfuric acid (H2SO4):

SO2 + OH + M ! ! H2SO4 + M                                          (R7)

which can nucleate in the presence of water vapor and ammonia to form new sulfate 

particles.  If particles are already present in the atmosphere, the newly formed sulfate 

may also condense onto an existing particle.  When ammonia is abundant in the 

atmosphere, or sulfate concentrations are low, ammonia will be available to react with 

nitric acid to form ammonium nitrate (NH4NO3) in the solid or aqueous phase:

 NH3 + HNO3 ↔ NH4NO3(s)                                           (R8)

NH3 + HNO3 ↔ NH4
+(aq) + NO3

-(aq)                            (R9)

If relative humidity is low, NH4NO3 is a solid and reaction R8 is followed.  At higher 

relative humidity (above the deliquescence), NH4NO3 will be in the aqueous state and 

reaction R9 is followed.

! Formation of SOA occurs when VOCs, from biogenic and anthropogenic sources, 

undergo oxidation by atmospheric oxidants such as OH, O3, or NO3 (nitrate radical) to 
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form semi-volatile products that can condense to form aerosols.  Monoterpenes (e.g., 

pinenes) are the primary biogenic VOC involved in SOA formation, while aromatics 

(e.g., toluene and xylene) are the largest contributors from anthropogenic sources.  

Typically, a two-product model is used to parameterize SOA formation:

VOC + [OH, O3, NO3] ! $aeroGaero + $gasGgas                                        (R10)

where VOC represents the precursor hydrocarbon, $ is a production coefficient, and G 

is the semi-volatile product in either aerosol (less volatile) or gas (highly volatile) phase.  

The partitioning between aerosol and gas phase is a complex process that is influenced 

by many physical and chemical properties, such as temperature and VOC/NOX ratio 

[Odum et al., 1996; Tsigaridis et al., 2006] such that higher temperatures and lower 

ratios result in greater yields of highly volatile products, while lower temperatures and 

higher ratios result in greater yields of less volatile products.  Readers are referred to 

Seinfeld and Pandis (1998), or Finlayson-Pitts and Pitts (2000) for a more detailed 

discussion of secondary aerosol formation.

Global Change and Air Quality

! One of the key issues facing air quality planners in the U.S., is how to adapt air 

quality management plans to account for global changes in climate and trace gas 

emissions.  This is not a trivial issue, since changes in either of these parameters can 

have a significant impact on ozone and PM2.5 chemistry.  Changes in climate can 

directly influence air quality in a number of ways.  The first, and most obvious, is change 
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in regional temperature.  In a warmer climate (as projected by the Intergovernmental 

Panel on Climate Change (IPCC), see Figure 1), reaction rates will increase, which will 

speed up the reactions involved in the production of ozone and PM2.5.  For ozone, this 

means increased production and higher levels of ozone.  Dawson et al. [2007] used a 

chemical transport model to analyze the impact projected climate change would have 

on a regional ozone episode in the southeastern U.S., and found that temperature 

change had the single largest impact on 8-hr ozone concentrations, with an increase of 

approximately 0.34 ppbv / °C increase in temperature.  For PM2.5, the effect of rising 

temperatures is more complicated.  For example, in terms of SOA, as temperatures 

increase so does the oxidation of hydrocarbons (reaction R10), but increased 

temperatures will also push reaction R10 to produce more volatile products, rather than 

the less volatile ones that contribute to aerosol production.  

! A second impact of climate change on air quality is through changes in planetary 

boundary layer (PBL) heights.  The height of the PBL is directly related to air quality, 

because it changes the volume of air available for diluting pollution emitted into the 

atmosphere.  As PBL heights increase, the volume of air available for diluting pollution 

increases, and air quality tends to improve (i.e, ozone and PM2.5 concentrations 

decrease).  PBL heights tend to increase with warmer temperatures, so while increased 

temperatures may reduce air quality (e.g., increase ozone production), the associated 

increases in PBL heights may somewhat offset this effect.
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Figure 1. Projected changes in global temperature (from: http://www.grida.no/climate/
vital/23.htm)

! Climate change may also influence air quality through changes in cloud cover.  

Cloud cover reduces the amount of solar radiation reaching the surface, which in turn 

reduces photolysis rates (e.g., reaction R2) and can slow down the production of ozone.      

Changes in precipitation can also have a significant impact on regional air quality, 

because precipitation is a mechanism for “cleaning” the atmosphere and removing 

pollution through wet deposition.  For example, Racherla and Adams [2006] projected a 

decrease in tropospheric PM2.5 concentrations in the future due to increased 

precipitation.  Changes in atmospheric water vapor content can also influence air 
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quality.  In a warmer climate, water vapor in the atmosphere is expected to increase, 

which will likely lead to decreases in ozone through increased removal of the O(1D) 

molecule (O(1D) + H2O ! 2OH) [Stevenson et al., 2000].  Racherla and Adams [2006] 

found that on a global scale, water vapor increases in a future climate based on the 

IPCC A2 scenario would more than offset increases in ozone due to temperature 

changes, and projected that the global tropospheric ozone burden would decrease by 

5% by the year 2050.

! Changes in large scale circulation patterns as a result of global climate change 

may also influence regional air quality.  Circulation patterns are responsible for 

transporting pollution from one region to another.  For example, large scale circulation 

patterns are responsible for the transport of Asian emissions across the Pacific Ocean 

to the western United States.  Consequently, changes in circulation patterns may 

influence the amount of Asian emissions reaching the U.S., which in turn will effect 

regional ozone and PM2.5 concentrations.  Finally, changes in wind speed may also 

impact regional air quality.  Higher wind speeds cause enhanced mixing within the PBL, 

resulting in improved air quality.  In contrast, lower wind speeds are associated with 

stagnation events that allow pollution to accumulate in a region and significantly 

increase ozone and PM2.5 concentrations.  Using global model climate simulations, 

Mickley et al. [2004] projected that the severity and duration of summertime pollution 

episodes in the midwest and northeastern U.S. will increase significantly due to  

increased stagnation events from a decline in the frequency of mid-latitude cyclones 
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tracking across Southern Canada.  Hogrefe et al. [2004] projected that future climate 

change will increase maximum 8-hr ozone concentrations in the eastern U.S. by as 

much as 4.2 ppbv by the year 2050.  In the western U.S., Steiner et al. [2006] suggest 

that climate change will result in an increase in summertime ozone of up to 5 ppbv in 

California#s urban areas.

! In addition to changes in climate, anthropogenic and biogenic emissions changes 

are expected to have a significant impact on future air quality, with increased emissions 

resulting in increased production of both ozone and PM2.5.  On the global scale, 

changes in anthropogenic emissions are primarily driven by changes in population.  The 

Intergovernmental Panel on Climate Change (IPCC) estimates that the global 

population will grow from 5.3 billion in 1990 to between 8.7 and 11.3 billion by the year 

(Figure 2) 2050 [Naki%enovi% et al., 2000].  As a direct result of population growth, 

global emissions of NOX and non-methane VOCs (both ozone and secondary PM2.5 

precursors) are projected to increase up to 310% and 230%, respectively, by the year 

2050 (Figure 3) [Naki%enovi% et al., 2000].  Horowitz [2006] conducted global chemical 

model simulations out to 2100 for various anthropogenic emissions scenarios, and 

found that anthropogenic emissions alone would change the atmospheric ozone burden 

by -6% to + 43%, while sulfate aerosols are projected to increase over the next several 

decades before decreasing to below 2000 levels by 2100.  Similarly, Bauer et al. [2007] 

project that by 2030, nitrate aerosols are expected to become more important due to the 

expected increase in nitrate precursor emissions.  On the regional level, Steiner et al. 
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[2006] found that projected reductions in anthropogenic emissions in California will lead 

to a decrease in ozone of 8-15% in the future.  Similarly, Tagaris et al. [2007] project that 

the combined effect of emissions reductions and climate change will lead to a 20% 

decrease in mean summer maximum 8-hr ozone and will reduce the mean annual PM2.5 

concentration by 23% over the United States.  

Figure 2. Projected changes in global population, based on IPCC scenario [adapted 
from Naki%enovi% et al., 2000].
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Figure 3. Projected changes in global anthropogenic emissions, based on IPCC 
scenario [adapted from Naki%enovi% et al., 2000].

Even if the U.S. does not see such dramatic increases in precursor emissions (possibly 

even decreases), increases in other regions of the earth, such as Asia, may have a 

dramatic impact on U.S. air quality due to the long-range transport of those emissions 

across the Pacific Ocean to North America.  Using a global three-dimensional  chemical 

transport model, Jacob et al. [1999] found that a tripling of Asian emissions from 1985 to 

2010 resulted in an increase in U.S. monthly mean ozone concentrations of 1-6 ppbv, 

with the largest increases occurring in the western half of the country.

! While population growth results in increased anthropogenic emissions, 

urbanization works to relocate and concentrate those emissions in urban centers (see 

Figure 4 for recent urbanization in the Seattle, WA region).  Since the majority of the 

population (particularly in industrialized nations such as the U.S.) live in urban areas, 

this means a larger number of people will be impacted by the poor air quality associated 

with the urban environment.
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Figure 4. Urbanization in Seattle, WA from 1973 to 1992, where the red areas 
represents developed land [adapted from http://pubs.usgs.gov/circ/2004/
circ1252/15.html].

! Future changes in biogenic emissions are also expected to have a significant 

impact on U.S. air quality.  Biogenic VOC emissions are primarily influenced by 

temperature, but also by the amount of solar radiation reaching the surface, and by 

precipitation and soil moisture distributions.  Consequently, changes in climate may 

have a profound impact on biogenic emissions.  In particular, under a warmer future 

climate, biogenic VOC emissions are expected to increase, which may result in reduced 

air quality in regions with high biogenic emissions such as the southeastern United 

States.  In addition, biogenic VOC emissions may also be influenced through such 

human forces as urbanization and land management practices, as well as naturally 

through climate driven changes in regional vegetation patterns [Constable et al., 1999; 
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Wiedinmyer et al., 2006].  Recent modeling work by Tsigaridis and Kanakidou [2007] 

suggests that projected changes in future biogenic emissions due to temperature 

change, will significantly increase biogenic SOA production in the atmosphere, making 

SOA as important as sulfate in terms of total PM2.5 concentrations.  Racherla and 

Adams [2007] project the severity and frequency of ozone episodes in the eastern U.S. 

to increase in the future, due to increases in biogenic emissions in response to climate 

changes.
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Abstract:

! The impact that projected changes in future (i.e., 2050"s) July climate, 

anthropogenic emissions, chemical boundary conditions, and land-use have on regional 

U.S. ozone and PM2.5 concentrations is examined through a matrix of regional air 

quality simulations using the Community Multi-scale Air Quality (CMAQ) model.  

Projected regional scale changes in meteorology due to climate change under the 

Intergovernmental Panel on Climate Change (IPCC) A2 scenario are derived through 

the downscaling of Parallel Climate Model (PCM) output with the MM5 meteorological 

model.  Projected future chemical boundary conditions are obtained through the 

downscaling of MOZART-2 (Model for Ozone and Related Chemical Tracers, version 

2.4) global chemical model simulations based on the SRES IPCC A2 emissions 

scenario.  Projected changes in future U.S. anthropogenic emissions are estimated 

using the EPA Economic Growth Analysis System (EGAS), and changes in land-use are 

projected using data from the Community Land Model (CLM) and the Spatially Explicit 

Regional Growth Model (SERGOM).  Land-use changes are projected to have a 

significant influence on regional air quality due to the impact these changes can have on 

biogenic hydrocarbon emissions.  Changes in chemical boundary conditions are found 

to have the most significant impact (+5 ppbv) on average daily maximum 8-hr (ADM8-

hr) ozone, followed by anthropogenic emissions changes coupled with land-use 

changes (+3 ppbv), and climate changes (-1.3 ppbv).  When climate changes and land-

use (i.e.,, biogenic emissions) changes are considered simultaneously, the average 

decrease in ADM8-hr ozone is even greater (-2.6 ppbv).  Changes in average 24-hr 

(A24-hr) PM2.5 concentrations are dominated by projected changes in anthropogenic 
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emissions (+3 #g m-3), while changes in chemical boundary conditions have a negligible 

effect (+0.4 #g m-3).  On average, climate change reduces A24-hr PM2.5 concentrations 

by -0.9 #g m-3, but this reduction is more than tripled in the south eastern U.S. (-3 #g 

m-3) due to increased precipitation and wet deposition.
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1.! Introduction

! Reduced air quality due to increased levels of ozone and PM2.5 is the result of a 

complex mix of chemical reactions and physical processes in the atmosphere.  These 

reactions and processes are predominantly influenced by pollutant emissions and 

meteorological conditions.  Consequently, global changes in climate and trace gas 

emissions from both anthropogenic and biogenic sources may have a profound impact 

on future air quality.  In particular, global climate change can directly affect air quality 

through changes in regional temperatures, which will influence chemical reaction rates 

in the atmosphere (Sillman and Samson, 1995).  The work of Dawson et al. (2007) 

found that during a July ozone episode over the eastern U.S., temperature was the 

meteorological parameter that had the most influence on 8-hr ozone concentrations, 

with an average increase in 8-hr ozone of 0.34 ppb / ºK.  In addition to temperature, 

global climate changes may directly impact other boundary layer parameters that are 

important to regional air quality, such as boundary layer heights, cloud formation, and 

the occurrence of stagnation events.  Leung and Gustafson Jr. (2005) investigated the 

potential effects of climate change on U.S. air quality, and found that changes in 

temperature, downward solar radiation, rainfall frequency, and the frequency of 

stagnation events were likely to negatively impact air quality in some regions and 

positively impact it in others.  The work of Mickley et al. (2004) also examined the 

impact of climate change on regional air quality in the U.S., and found that summertime 

air quality in the midwest and northeastern U.S. was projected to decline due to a 

decrease in the frequency of mid-latitude cyclones across southern Canada.
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! Changes in anthropogenic and biogenic emissions may also have a substantial 

influence on future air quality.  If we ignore control-related reductions, then changes in 

anthropogenic emissions are primarily driven by population growth and urbanization.  

The IPCC (Intergovernmental Panel on Climate Change) estimates the global 

population will grow from 5.3 billion in 1990 to between 8.7 and 11.3 billion by the year 

2050 (Naki$enovi$ et al., 2000).  As a result of this global population increase, the IPCC 

SRES (Special Report on Emission Scenarios) projects that over the next 50 years 

global emissions of the ozone precursors NOX and non-methane volatile organic 

compounds (NMVOCs) will increase up to 310% and 230%, respectively (Naki$enovi$ 

et al., 2000).  Although the suite of IPCC SRES emission projections are highly variable 

and uncertain, nearly all of the estimates predict an increase in ozone precursor 

emissions through the 2050"s.  It is already well documented that global ozone 

concentrations have increased significantly over the past century due to increased 

anthropogenic emissions (Marenco et al., 1994; Staehelin et al., 1994; Varotsos and 

Cartalis, 1991).  As these emission continue to increase, ozone related air quality issues 

can be expected to become more pronounced.  In regions such as the west coast of 

North America, there is already evidence that regional air quality is influenced by 

increasing global anthropogenic emissions, and in particular, increasing Asian 

emissions.  Jaffe et al. (2003) found that surface and airborne measurements of ozone 

in the springtime air transported from the Eastern Pacific to the west coast of the United 

States showed ozone increasing by 30% (approximately 10 ppbv) from the mid 1980"s 

to 2002.  Similarly, Vingarzan and Thomson (2004) observed an increase of 

approximately 3.5 ppbv in the ozone levels of marine air transported into southwestern 
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British Columbia from 1991 to 2000.  The increase was attributed to a combination of 

increased global background levels and direct influence from Asian emissions.

! Changes in biogenic emissions are also expected to play a key role in 

determining future air quality.  Biogenic volatile organic compound (BVOC) emissions 

are primarily influenced by temperature, the intensity of surface level solar radiation 

(i.e., cloud cover), and to a lesser extent precipitation patterns and soil moisture 

distributions.  Consequently, changes in climate may have a profound impact on 

regional BVOC emissions.  In addition, BVOC emissions may also be influenced 

through human forces such as urbanization and land management practices, as well as 

naturally through climate driven changes in regional vegetative patterns.   (Constable et 

al., 1999; Wiedinmyer et al., 2006).

! Recent modeling studies have shown the importance of an integrated approach 

to studying the impacts of global changes on regional air quality.  Hogrefe et al. (2004)

investigated the impact of global changes (IPCC A2 scenario) in the 2050"s on regional 

air quality in the eastern U.S., and found that summertime average daily maximum 8-hr 

ozone concentrations were most significantly influenced by changes in chemical 

boundary conditions (+5.0 ppb) followed by meteorological changes (+4.2 ppb) and 

anthropogenic emissions (+1.3 ppb).  The work of Steiner et al. (2006) investigated the 

impact of changes in climate and emissions reductions on ozone levels in central 

California, and found that projected reductions in anthropogenic emissions has the 

single largest impact on air quality, reducing ozone by 8-15% in urban areas, while 
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climate change is projected to increase ozone 3-10%.  Similarly, Tagaris et al. (2007) 

found that the projected impact of climate change on U.S. air quality in the 2050"s is 

small compared to the impact of control-related reductions in emissions, and that the 

the combined effect of climate change and emissions leads to a decrease in mean 

summertime daily maximum 8-hr ozone of 20% and a reduction of 23% in the mean 

annual PM2.5 concentration.

! Although it is known that the global environment is changing and that these 

changes may have a profound impact on air quality, the magnitude and spatial 

distribution of these impacts remains highly uncertain.  In this work, we apply the EPA 

Community Multi-scale Air Quality (CMAQ) version 4.4 photochemical grid model (Byun 

and Schere, 2006) to examine the individual and combined impacts that global changes

(projected to the 2050"s) have on regional air quality in the United States (this work 

follows the same approach as Chen et al. [2007]).  Specifically, we examine how 

changes in climate, regional anthropogenic emissions, global emissions (as chemical 

boundary conditions into CMAQ), and land-use (as biogenic emissions) affect regional 

ozone and PM2.5 concentrations.  Section 2 describes the methodology and models 

used in this study.  In section 3, we discuss our results, and in section 4 we present our 

conclusions. 

2.! Methodology

! In order to quantify the impact of projected global changes on surface ozone and 

PM2.5 concentrations, we conducted a matrix of CMAQ “attribution” simulations based 
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on six different combinations of model inputs (Table 1).  Each of the six attribution cases 

were comprised of five separate month long simulations using meteorological conditions 

representative of July for either present-day (1990-1999) or future (2045-2054) time 

periods.  July conditions from five separate years were simulated to ensure our results 

were representative of average July conditions for each climate period.  We first 

simulated present-day levels of ozone and PM2.5 with CMAQ driven by meteorology, 

chemical boundary conditions, anthropogenic emissions, and land-cover (i.e., biogenic 

emissions) that reflect present-day conditions (CURall case).  Future levels of ozone 

and PM2.5 were simulated using CMAQ driven by model inputs that reflect projected 

conditions for the 2045-2054 (hereinafter referred to as future-2050) time period (FUTall 

case), where future-2050 conditions were based on the IPCC SRES A2 scenario 

(Naki$enovi$ et al., 2000).  To examine the individual effects of projected global change 

parameters on ozone and PM2.5 concentrations, an additional four cases were 

simulated.  Specifically, these four cases examined the impact of future chemical 

boundary conditions alone (futBC simulation), future anthropogenic emissions combined 

with future land-cover (futEMISfutLU simulation), future climate alone(futMETcurLU), 

and future climate combined with future land-cover (futMETfutLU).  All modeling results 

were grouped and analyzed by EPA region (see Figure 1).  For simplicity, we have 

combined results from regions 1, 2, and 3, and will treat them as a single region (R1-3).
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2.1.! Model Setup

2.1.1.!Chemical Transport Model

! In this work, the CMAQ version 4.4 photochemical grid model was run on a 36-

km by 36-km grid, centered over the continental U.S., with 17 vertical sigma levels from 

the surface to the tropopause (first layer height approximately 18 m; Table A1).  Gas-

phase chemistry was modeled using a condensed version of the SAPRC-99 chemical 

mechanism (Carter 2000a,b) available with the CMAQ distribution, which includes 72 

model species and 214 chemical reactions.  Aerosol processes were simulated using a 

modal approach with the AERO3 aerosol module (Byun and Schere, 2006) for model 

species including sulfates, nitrates, primary and secondary organics, and elemental 

carbon.  The model was driven using MM5 meteorological fields processed through the 

Meteorology-Chemistry Interface Processor (MCIP version 3.0).

2.1.1.!Meteorology

! To generate the meteorological fields used to drive CMAQ, MM5 version 3 (Grell 

et al., 1994) was used to downscale present-day and future-2050 global climate model 

results from the NCAR-DOE Parallel Climate Model (PCM; Washington et al., 2000).  

The PCM model couples atmospheric, land surface, ocean, and sea-ice modules to 

form an earth system model for current and future climate scenario projections.  The 

future-2050 PCM simulations were based on the IPCC SRES A2 “business as usual” 

greenhouse gas emission scenario.  The A2 emissions scenario is characterized by a 

very heterogeneous world based on regional self-reliance.  An emphasis on family and 

community results in a relatively slow decline in fertility rates.  As a result, the A2 
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scenario has the largest population increase of all the IPCC scenarios (approximately 

11 billion by 2050).  In addition, while some attention is given to environmental issues 

on a regional basis, overall global environmental concerns are relatively weak in the A2 

scenario (Naki$enovi$ et al., 2000).  As a result, the A2 scenario ranks as one of the 

more severe scenarios in terms of future population growth, temperature change, and 

increases in ozone and PM2.5 precursor emissions.

!

! The MM5 simulations were performed in non-hydrostatic mode with 28 vertical 

sigma levels, and a one-way nested configuration at 108-km and 36-km grid resolutions.  

Model parameterizations include: MRF (Hong-Pan) PBL scheme (Hong and Pan, 1996), 

simple 5-layer soil model with land-use information from 1-km USGS data (Chen and 

Dudhia, 2001a,b), Kain-Fritsch cumulus parameterization scheme (Kain and Fritsch, 

1990), explicit moisture (including simple ice physics, but no mixed phase processes), 

and the CCM2 radiation scheme.  This model configuration was chosen to capture large 

scale meteorological processes at the 36-km grid scale, as well as to optimize 

computational speed.  In order to maintain simulation stability and mass conservation, 

nudging was employed on the outer 108-km domain (108-km) towards the PCM output.  

This constrains MM5 to the global model and results in a smooth transition from the 

global model to the continental scale MM5 simulations.  

! Model configuration for the current and future decade simulations was identical 

except for the 1-km land-use data used.  For the present-day simulations, land-use 

information was based on the 1-km USGS dataset with 24 land-cover categories.  Since 
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variations in land-use and land-cover are known to significantly influence regional 

meteorology and air quality through surface energy flux perturbations (Civerolo et al., 

2000), land-use for the future-2050 simulations was updated with data from the 

Community Land Model (CLM; Bonan et al., 2002) and the Spatially Explicit Regional 

Growth Model (SERGOM; Theobald, 2005).  The CLM predicted changes in vegetation 

distribution by plant functional types for the 2050 climate, while the SERGOM model 

provided projected urban and suburban population density distributions out to the year 

2030.  Figure 2 depicts the land-use information provided to MM5 for the present-day 

and future-2050 simulations.  The most striking projected changes are the 

predominance of dryland crop and sparsely vegetated lands in the future.  The majority 

of the forested lands in the eastern U.S. and grasslands in the central U.S. are 

projected to be converted to pastures and dryland crops in the future.  The 

southwestern states are projected to shift from predominantly shrubland to barren and 

sparsely vegetated land with small areas of grass and shrubland.  For the western U.S., 

much of the evergreen needleleaf regions are converted to crop and grassland mosaic.  

Table A2 shows a quantitative comparison of the changes in area coverage for each 

USGS land-use category.

! Projected changes in average daily maximum (ADM) surface temperature, 

boundary layer height, downward solar radiation, and average water vapor content 

within the boundary layer are shown in Figure 3, and summarized by EPA region in 

Table 2.  ADM surface temperatures are projected to increase across the continental 

United States, however, the magnitude of the increase varies greatly by region.  The 
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eastern U.S. is expected to have the largest increase in ADM surface temperature, with 

Region 1-3 having a projected increase of +3.4 ºC and Region 4 projected to increase 

by +2.6 ºC.  The south western U.S. (Region 9) shows comparable changes with 

Region 4, and the Pacific Northwest (Region 10) shows the smallest increase in ADM 

surface temperature of +1.0 ºC.  Changes in ADM PBL heights are clearly correlated to 

changes in ADM surface temperature (see Figure 3).  Regions with smaller changes in 

surface temperature (e.g., Texas, California, Oregon) show decreases in PBL heights, 

while the regions with the largest increase in temperature (southwestern states) 

correlate to the largest increase in PBL height.  On average, ADM PBL height is 

projected to increase by approximately 100 m or more for most regions, except regions 

6 and 7, which show only slight increases due to offsetting increases and decreases in 

PBL heights within the two regions.  Since temperature and PBL height are so highly 

correlated, on a regional scale any reduction in air quality due to increased 

temperatures may be offset by increased PBL heights.  Note, the larger increases in 

temperature and PBL heights along the coastlines are due to a slight mismatch in the 

land surface classifications for the present-day and future-2050 scenarios, and are not 

the result of climate changes.

! Assuming the amount of downward solar radiation can be used as a surrogate to 

cloud cover (i.e., reduced downward radiation implies increased cloud cover), from 

Figure 3 we can see that the general trend is towards less cloud cover for much of the 

U.S., which implies faster photolysis rates in the atmosphere leading to increased 

production of pollutants such as ozone.  There are, however, regions such as portions 
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of Texas and the Pacific Northwest and south eastern U.S., which are projected to 

experience more cloud cover in the future, potentially leading to improved air quality in 

those regions.  Water vapor content is generally projected to increase in the eastern 

U.S., while the western U.S. shows small regions of slight increases and larger areas of 

decreasing water vapor content.  Increases in water vapor in the eastern U.S. is likely to 

lead to decreases in ozone (Stevenson et al., 2000) due to the destruction of ozone 

through photolysis and the removal of the O(1D) molecule through its subsequent 

reaction with water vapor in the atmosphere (O(1D) + H2O --> 2OH).

2.1.3.!Chemical Boundary Conditions

! Both present-day and future-2050 sets of chemical boundary conditions were 

obtained through the downscaling of output from the MOZART-2 (Model for Ozone and 

Related Chemical Tracers, version 2.4) global chemical transport model.  The 

MOZART-2 output used here was previously described by Horowitz (2006).  Horowitz 

(2006) applied MOZART-2 to estimate tropospheric ozone and aerosol concentrations 

from 1860 to 2100 based on historical and projected changes in emissions, while the 

feedbacks from climate change and trends in stratospheric ozone were ignored.  The 

historical simulations (1860-1990) were based on the EDGAR-HYDE historical 

emissions inventory (van Aardenne et al., 2001), while the future simulations 

(1990-2100) were based on emissions projections from four different IPCC SRES 

scenarios (A2, A1B, B1, and A1F1).  For the purpose of this work, we obtained daily 

average model results from the A2 MOZART-2 simulations, for July 2000 and July 2050.  

Note that the meteorological inputs used to drive these MOZART-2 simulations are not 
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the same as the PCM results used in this work, so some consistency is lost.  However, 

the MOZART-2 output does provide a realistic set of present-day and projected 

future-2050 chemical boundary conditions for our CMAQ simulations.

! Chemical boundary conditions represent the transport of local emissions from 

somewhere outside of the modeling domain into the interior of the domain.  Due to the 

predominant westerly flow across the Pacific ocean and continental U.S., the western 

boundary condition for our domain primarily reflects the transport of emissions from the 

Asian continent to the western U.S., while the eastern boundary condition reflects the 

transport of U.S. emissions out over the Atlantic ocean.  The northern and southern 

boundary conditions reflect a mixture of local U.S. emissions with Canadian and 

Mexican emissions, respectively.

! Average present-day and future-2050 vertical profiles along the western 

boundary are shown in Figure 4, and boundary condition totals from the surface to 500 

mbar for all sides are summarized in the appendix (Table A3).  A shift towards higher 

concentrations of ozone, reactive nitrogen species, NMVOCs, and PM2.5 can be clearly 

seen for all vertical levels along the western boundary (similar shifts are evident along 

all four boundaries; see Figures A1-A3).  Generally, we see an increase in ozone of 

approximately 10 ppbv from the present-day to future 2050 conditions for the west, 

south, and east boundaries, while the north boundary shows a smaller increase of only 

7 ppbv (Table A3).  Similarly, NOX and NOY also show the smallest increases along the 

north boundary (8 pptv and 76 pptv), however the increase along the south boundary 
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(58 pptv and 228 pptv) is significantly larger than the increase projected along the west 

and east boundaries (approximately 10 pptv and 130 pptv).  Non-methane VOCs 

increase between 0.6 ppbv and 0.7 ppbv for all four sides.  In terms of PM2.5, the largest 

projected increases are along the western and southern boundaries (approximately 0.8 

#g m-3), reflecting projected increases in particulate and precursor emissions from Asia 

and South America.  Little to no change in PM2.5 is projected along the northern and 

eastern boundaries.

2.1.4.!Regional Emissions

! The anthropogenic emissions inventory used in this work is based on the 1999 

EPA National Emissions Inventory (NEI-1999; http://www.epa.gov/ttn/chief/net/

1999inventory.html), and was processed through the SMOKE (Sparse Matrix Operating 

Kernel Emissions; Houyoux et al., 2005) emissions  system.  Future anthropogenic 

emissions were projected out to 2050 using emission growth factors from the EPA 

Economic Growth Analysis System (EGAS; U.S. EPA, 2004).  EGAS generates 

emission growth factors based on projections of economic activity variables such as 

personal income, disposable income, population, employment, and estimated future 

energy consumption.  The EGAS growth factors were applied to area and mobile source 

categories, but not to point sources.  Point source emissions were held constant with 

the assumption that any increase in future point source emissions (due to new point 

sources) will be offset by improved control technologies.  Future anthropogenic 

emissions were also updated to account for the expansion of urban areas through 

projected estimates of population and housing density by the SERGOM model for the 
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year 2030.  Present-day and projected future-2050 anthropogenic emissions are 

summarized in Table 3.  Area source emissions are projected to experience the largest 

increase, with emissions for all species, excluding CO, increasing by more than 50%.  

Non-road emissions are projected to increase between 6% and 33%, depending on the 

species, while mobile emissions are projected to stay relatively unchanged.

! Biogenic emissions were generated dynamically using MEGAN-EZ (Model of 

Emissions of Gases and Aerosols from Nature - EZ version; Guenther et al., 2006).  The 

model uses seasonal vegetation datasets to estimate hourly isoprene, monoterpene, 

and other VOC emissions from plants as a function of predicted hourly temperature and 

ground level shortwave radiation from MM5.  For the current land-cover case, a 1-km 

seasonal vegetation dataset, derived from satellite observations, was used (provided by 

Christine Wiedinmyer from NCAR).  The 1-km data were up-sampled to match the 36-

km continental U.S. domain.  For the future-2050 land-cover case, the vegetation 

dataset was updated with the Community Land Model to be consistent with the 

future-2050 land-use dataset used in the MM5 simulations, as well as to account for 

simulated changes in plant functional types due to projected future-2050 climate 

change.  

! Projected changes in land-cover resulted in significant changes in biogenic 

emissions capacity from the present-day to future-2050 case.  Figure 5 shows 

emissions capacity of isoprene and monoterpenes at 30 ºC for the present-day and 

future-2050 time periods.  In the future, isoprene emitting vegetation has been 
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significantly reduced in the south and south eastern states, as well as in the northern 

mid-west and along the west coast of California.  Similarly, significant reduction of 

monoterpene emitting plants are projected along the west coast of the U.S. and into 

Canada, as well as in the south and south eastern U.S. and eastern Canada.  The 

projected reduction of isoprene and monoterpene emitting plants is significant enough 

to negate any increase in emissions due to increased future temperatures, and actually 

results in a net reduction in total future-2050 BVOC emissions compared to the present-

day.  Table 4 shows a comparison of total continental U.S. biogenic emissions for the 

case of present-day land-cover combined with present-day meteorology (CURall and 

futBC cases), the case of future-2050 land-cover and present-day meteorology (futEMIS 

case), the case of present-day land-cover combined with future-2050 meteorology 

(futMETcurLU case), and the case of future-2050 land-cover combined with future-2050 

meteorology (FUTall and futMETfutLU cases).  When we consider both changes in 

meteorology and future land-cover we see a net reduction in U.S. BVOC emissions of 

-53 ktons-day-1 compared to the present-day.  However, if we consider changes in 

meteorology alone, and do not account for future changes in land-cover, we see a net 

increase in BVOC emissions of +32 ktons-day-1.  When present-day meteorology is 

combined with future-2050 land-cover, the net result is a decrease in BVOC emissions 

of -60 ktons-day-1 compared to the present-day.

3.! Results and Discussion

! In the following sections, we first compare simulated surface ozone and PM2.5 

concentrations from the present-day (CURall) simulations to measurements made at 
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monitoring sites throughout the United States.  We then analyze and discuss the results 

of our attribution CMAQ simulations in terms of 8-hr ozone, 24-hr PM2.5 concentrations, 

and exceedances of the ozone and PM2.5 standards.

3.1.! Ozone and PM2.5 Evaluation

! CMAQ has undergone extensive evaluation for both ozone and PM2.5 model 

predictions for the continental U.S. (e.g: Eder and Yu, 2006; Phillips and Finkelstein, 

2006), and has shown good performance for most regions (i.e., within a factor of 2 of 

observations).  For this work, model performance is evaluated through a comparison of 

modeled and observed daily maximum 8-hr (DM8-hr) ozone and daily PM2.5 

concentrations (Figures 6 and 7, and Table A4 in the appendix).  Since our CMAQ 

simulations were driven by MM5 results that were nudged towards climate model output 

and not observations, our present-day (CURall) simulations represent a realization of 

present-day air quality and are not representative of air quality at any specific time (i.e., 

we cannot do a direct day-to-day or hour-to-hour comparison with observations).  Hourly  

ozone and daily PM2.5 observations were obtained from the EPA"s AIRS database 

(http://www.epa.gov/ttn/airs/airsaqs/) for the five July"s from 1999-2003.  The 1999-2003 

time period was chosen to best match the NEI-1999 used in this work.  A total of 1,349 

ozone and 1,277 PM2.5 monitoring sites were used (see Figure A6).  Figure 6 compares 

ranked modeled and observed DM8-hr ozone concentrations averaged across all sites 

within each EPA region.  Model performance for average DM8-hr ozone is fairly 

consistent across all regions, ranging from an over-prediction of +15% in Region 8 to 

+39% in Region 4.  Peak DM8-hr ozone, represented by the 98th percentile value, 
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shows better performance than the average, and ranges from -2% in Region 9 to +24% 

in Region 4 (DM8-hr ozone performance results are shown in Table A4).  Figure 7 

compares ranked modeled and observed daily PM2.5 concentrations averaged across all 

sites within each EPA region.  Modeled PM2.5 performance for the average of the daily 

PM2.5 concentrations is relatively consistent across all regions, ranging from an under-

prediction of -11% in Region 9 to -24% in Region 6.  The only exception to this is in 

Region 8, which under-predicts the average by -44%.  The peak (98th percentile) daily 

PM2.5 concentrations show much more variability compared to the average, and range 

from under-predictions of -7% to -17% for Regions 4, 5, 6, and 7 to under-predictions of 

-41% to -62% in Regions 1-3, 8, 9, and 10.

3.2.! Ozone results

! The impact of projected future-2050 global changes on surface ozone 

concentrations is large, but spatially highly variable.  Some regions experience 

increases in ozone greater than 10 ppbv (west-central U.S.), while others see 

reductions of a few ppbv (southeastern U.S.).   Figure 8 shows a map of the average 

daily maximum 8-hr (ADM8-hr) ozone concentration for the CURall base case 

simulation with difference maps for the five attribution simulations.  Table 4 summarizes 

these results by EPA region.

! On average, projected changes in chemical boundary conditions (futBC 

simulation) have the largest impact on U.S. ADM8-hr ozone levels (+5 ppbv).  The 

boundary condition impact is more pronounced in the west (+6 ppbv) than in the east 
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(+4 ppbv), due to the predominant westerly flow across the U.S. (i.e., the further away 

from the boundary the less impact the boundary conditions have on ozone levels).  This 

result is consistent with Hogrefe et al. [2004] who showed that changes in chemical 

boundary conditions following the IPCC A2 scenario had the largest impact on ozone 

levels.

! Future emissions changes (futEMIS) are projected to increase ADM8-hr ozone 

levels across the U.S. by an average of +3 ppbv.  The most significant increases in 

ADM8-hr ozone are projected to occur in regions that combine increases in 

anthropogenic emissions with sufficient future biogenic emissions.  In particular, Region 

9 in the west and Region 4 in the southeast show the largest increase in ADM8-hr 

ozone (+5 ppbv).  The smallest increase in ADM8-hr ozone (+2 ppbv) is projected to 

occur in the Regions 5 and 8, which combine relatively smaller increases in 

anthropogenic emissions with lower future biogenic emissions.  Hogrefe et al. [2004] 

project a smaller increase in ozone due to future anthropogenic emissions, based on 

the IPCC A2 scenario, with an increase of only 1.3 ppbv in the eastern United States.  

The discrepancy between Hogrefe et al. [2004] and the results presented here is most 

likely due to how future regional anthropogenic emissions are projected.  Hogrefe et al. 

[2004] projected future U.S. emissions based on the IPCC A2 scenario, while emissions 

in this work are projected using the EPA"s EGAS model.  In contrast, Tagaris et al. 

[2007] found that under the A1b scenario the simulated 20% reduction in ozone was 

primarily due to control-related reductions in emissions.  Similarly, Tao et al. [2007] 

found that under the IPCC B1 scenario, the 4-12% modeled reduction in ozone was 
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dominated by emissions changes, while Steiner et al. [2006] found that projected 

reductions in California"s anthropogenic emissions had the single largest effect on 

reducing ozone.

! Projected meteorological changes (futMETcurLU simulation) result in an overall 

decrease (-1.3 ppbv) in U.S. ADM8-hr ozone.  The meteorological impacts are spatially 

highly variable, so some regions show increases in ADM8-hr ozone, while others show 

a decrease.  The largest increases in ADM8-hr ozone (approximately +4 ppbv), are 

found in the northeast and west central regions.  Our results for the northeast are in 

agreement with Hogrefe et al. [2004] who found that climate change resulted in an 

increase of roughly 4 ppbv in ADM8-hr ozone, as well as, Racherla and Adams [2007] 

who found that climate change based on the A2 scenario increased 95th percentile 

ozone in the eastern U.S. by approximately 5 ppbv.  In the west central region, 

increased temperature is somewhat offset by increases in daytime PBL height, and the 

increase in ADM8-hr ozone appears to be due to a combination of decreased water 

vapor and less cloud cover in the future atmosphere (Figure 3).  A decrease in water 

vapor is expected to increase ozone concentrations, while less cloud cover means 

increased photolysis rates in the atmosphere and increased ozone production.  In the 

northeast, increased ADM8-hr ozone appears to be due to a combination of increased 

temperature with only small increases in daytime PBL heights, as well as decreased 

cloud cover, which offset any reduction in ozone due to increased water vapor in the 

atmosphere.  The largest decreases in ADM8-hr ozone appear in the south and 

southwestern regions (-6 ppbv), with smaller decreases occurring along the west coast 
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and northern regions (approximately -1 ppbv).  The decreases in ADM8-hr ozone in the 

south and southwest regions are the result of increased water vapor in the atmosphere 

combined with increased cloud cover.  The smaller decrease along the west coast 

cannot be attributed to specific meteorological changes, and is in contrast with Steiner 

et al. [2006] who found that climate change alone would increase ozone 3-10% 

throughout California.

! When projected changes in future land-use are combined with future 

meteorological conditions (futMETfutLU case), the future ADM8-hr ozone is spatially 

very similar to when only meteorological changes are considered (futMETcurLU case).  

Accounting for changes in future land-use (i.e., reduced biogenic emissions) has the 

effect of enhancing the projected decrease in ADM8-hr ozone due to climate change.  

This enhancement is most pronounced in Region 4, where the largest decreases in 

BVOC emissions are expected.  In Region 4, ADM8-hr ozone is projected to decrease 

an additional 3 ppbv from -5 ppbv to -8 ppbv.  On average across the U.S., the 

decrease in ADM8-hr ozone is projected to double from -1.3 ppbv, when climate change 

alone is considered, to -2.6 ppbv when climate change and future land-use changes are 

accounted for simultaneously.

! The combined effects of projected changes in chemical boundary conditions, 

emissions, land-use, and climate (FUTall simulation) on ADM8-hr ozone results in the 

largest increases in the west central U.S. (e.g., +12 ppbv in Region 9) and in the 

northeastern U.S. (e.g., +12 ppbv in Region 1-3).  In Region 1-3, all of the global 
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changes accounted for in this study increase ADM8-hr ozone.  The same is true for the 

eastern portion of Region 9, however in the western portion of Region 9 (California) 

changes in chemical boundary conditions and emissions increase AMD8-hr ozone, 

while climate change tends to decrease AMD8-hr ozone.  The largest projected 

decreases in AMD8-hr ozone occur in the south and southeast regions, where future 

AMD8-hr ozone is dominated by climate effects.  This is reflected in the relatively small 

increases in AMD8-hr ozone (+3 ppbv) in Regions 4 and 6.  On average across the 

U.S., the combined effects of projected global changes result in a +7 ppbv increase in 

AMD8-hr ozone, and the changes in ozone are dominated by changes chemical 

boundary conditions and emissions in most regions, except for the southeast, which is 

dominated by changes in convective precipitation.

3.2.1.!Exceedance of the 8-hr ozone standard

! Figure 9 shows the average number of July exceedances per grid of the 8-hr 80 

ppbv ozone level.  The exceedance results are summarized by EPA region in Table 5.  

For most regions, projected changes in future chemical boundary conditions (futBC 

case) and emissions (futEMIS case) contribute nearly equally (i.e., within 1 exceedance/

grid) to increasing exceedances of the 8-hr ozone standard.  The exception to this is in 

Region 4, where emissions changes result in more significant increases in 80 ppbv 

exceedances compared to chemical boundary conditions, and in Region 8, where 

changes in chemical boundary conditions increase exceedances more than do changes 

in emissions.  Changes in climate alone (futMETcurLU case) have the smallest effect on 

80 ppbv exceedances for all regions except Regions 1-3 and 10, and actually result in a 
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decrease in Region 4.  In Region 1-3, changes in climate result in the largest increase in 

80 ppbv exceedances, while in Region 10 climate effects are greater than emissions 

effects, but smaller than effect of chemical boundary conditions.  When climate change 

and land-use changes are simultaneously accounted for (futMETfutLU case), the 

change in the number of 80 ppbv exceedances is the smallest for all regions, and 

decreases for Regions 4, 5, 6, and 9.  When all global changes are accounted for 

simultaneously (FUTall case), the number of 80 ppbv exceedances more than doubles 

for all regions except Region 4.  The largest increases are in Regions 1-3 and 9, where 

the number of 80 ppbv exceedances increase by approximately +9 exceedances per 

grid.  On average across the entire U.S., 8-hr ozone 80 ppbv exceedances are 

expected to increase by +5.3 exceedances per grid due to the combined effects of 

global change.

3.3.! PM2.5 results

! Results for the July average 24-hr (A24-hr) PM2.5 concentrations are shown in 

Figure 10, and summarized by EPA region in Table A5.  Changes in emissions (futEMIS 

case) contribute most to increasing A24-hr PM2.5 concentrations across the U.S. 

(approximately +3 #g m-3).  The largest increases in A24-hr PM2.5 due to changes in 

emissions are found in the east and central U.S. (+4 #g m-3 for Regions 1-3 and 7; +5 

#g m-3 for Regions 4 and 5), while the smallest changes occur in the west (+1 #g m-3 for 

Regions 8 and 10; +2 #g m-3 for Region 9).  Unlike ozone, changes in chemical 

boundary conditions (futBC case) have very little impact on PM2.5 concentrations.  A24-

hr PM2.5 concentrations are influenced most by changes in chemical boundary 
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conditions along the west coast (Regions 9 and 10), but for all regions the increase in 

A24-hr PM2.5 is less than +1 #g m-3.

! Changes in meteorology (futMETcurLU simulation) result in a slight decrease in 

A24-hr PM2.5 concentrations across the U.S. (approximately -1 #g m-3).  The largest 

decrease in A24-hr PM2.5 occurs in Region 4 (-3 #g m-3), and is primarily due to 

increased wet deposition in the region (Figure A7).  Changes across the rest of the U.S. 

range from +0.2 #g m-3 in Region 1-3 to -1 #g m-3 in Regions 5, 6, and 7.  Results for 

the future meteorology and future land-use simulations (futMETfutLU case) show very 

little difference in A24-hr PM2.5 to those of the future meteorology and current land-use 

simulations (futMETcurLU case), which suggests that the effect of meteorological 

changes on A24-hr PM2.5 dominate the effect that changes in future biogenic emissions, 

due to land-use changes, has on A24-hr PM2.5.

! In the FUTall case, the largest increase in A24-hr PM2.5 occurs in Region 1-3 (+4 

#g m-3) and is almost entirely due to changes in emissions.  Region 4 shows the 

smallest increase in A24-hr PM2.5 (+1 #g m-3) due to the combined effects of changes in 

emissions, which tends to increase A24-hr PM2.5, and changes in meteorology, which 

decreases A24-hr PM2.5.  On average, across the continental U.S. the A24-hr PM2.5 

concentration is projected to increase by +2 #g m-3.
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3.3.1.!Exceedance of the 24-hr PM2.5 standard

! Exceedance results for the 24-hr 35 #g m-3 PM2.5 standard are shown in Figure 

11 and summarized by EPA region in Table A6.  Similar to the A24-hr PM2.5 

concentrations, changes in emissions (futEMIS case) are expected to have the most 

significant impact on exceedances, with the largest increases occurring within Regions 

1-3, 4, and 5.  On average, across the U.S., changes in emissions alone are projected 

to increase 24-hr PM2.5 exceedances by +4,441 (or +1007%) in the month of July.  

Boundary conditions are projected to have the least impact on exceedances and only 

increase the total number of U.S. exceedances in July by +43 (or +10%).  Changes in 

meteorology  (futMETcurLU case) work towards decreasing the number of PM2.5 

exceedances in all regions.  When changes in land-use are accounted for along with 

changes in meteorology (futMETfutLU case), the number of PM2.5 exceedances also 

decreases in most regions, but the decrease is less than what is seen for the future 

meteorology case (futMETcurLU).  The differing results from the futMETfutLU and 

futMETcurLU cases are the result of a decrease in BVOC emissions in the futMETfutLU 

case, due to projected land-use changes.  This decrease in BVOC emissions leads to a 

decrease in biogenic secondary organic aerosol (SOA) formation, but an increase in OH 

concentrations.  Higher OH leads to increases in sulfate (formed by SO2 reacting with 

OH), as well as increased HNO3 (formed by NO2 reacting OH), which subsequently 

leads to increases in nitrate and ammonium (formed by HNO3 reacting with NH3).  The 

increases in sulfate, nitrate, and ammonium aerosols offset the decrease in biogenic 

SOA resulting in a small overall increase in PM2.5 for the futMETfutLU case compared to 
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the futMETcurLU case (see Figures A8 and A9 for difference plots of the relevant 

species involved).

4.! Conclusions

! Changes in future ozone and PM2.5 concentrations compared to the present-day, 

are due to the synergistic effects of changes in chemical boundary conditions, regional 

anthropogenic emissions, land-use (biogenic emissions), and climate.  Overall, U.S. 

July ADM8-hr ozone concentrations in the 2050"s are projected to increase by an 

average of +7 ppbv compared to the present-day.  However, these results are spatially 

highly variable, and some regions may experience larger increases in ADM8-hr ozone, 

while other regions may experience decreases in ADM8-hr ozone.  Projected changes 

in chemical boundary conditions are found to have the single largest impact on ADM8-hr 

ozone, and increase ozone levels in all regions.  The second largest impact on ozone 

levels is due to changes in anthropogenic emissions combined with future land-use (i.e., 

reduced BVOC emissions), which increase ozone in most regions, except in large urban 

centers, where ozone decreases.  Climate change alone is projected to increase ADM8-

hr ozone in some regions (north east and west central), and decrease it in others (west 

coast and south/south east), but results in an overall decrease in ozone.  When 

projected changes in climate and land-use are simultaneously accounted for, ADM8-hr 

ozone is decreased even further.

! Projected increases in future A24-hr PM2.5 concentrations are primarily driven by 

by increases in inorganic aerosol concentrations, due to changes in anthropogenic 
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emissions, which more than offset any decreases in biogenic SOA due to reduced 

BVOC emissions (from projected land-use changes).  Projected changes in chemical 

boundary conditions result in a negligible increase (< 1 #g m-3) in A24-hr PM2.5 

concentrations.  Climate change tends to reduce PM2.5 concentrations in most regions, 

with the largest reductions coming in the south eastern U.S. due to more removal 

through wet deposition from enhanced precipitation.

! The results from this work show that although climate change may play an 

important role in defining future air quality in certain regions, on a larger scale, changes 

in chemical boundary conditions and emissions appear to play a much more important 

role.  However, recent work by Tao et al. (2007) suggests that the importance of specific 

global changes to projected air quality may change depending on which future climate/

emissions scenario is assumed.  To examine the relationship between specific global 

changes and regional air quality more thoroughly, we plan to conduct a matrix of 

additional model runs, which will include multiple future climate, global/regional 

anthropogenic emissions, and land-use/land-cover scenarios.
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Figure 1.
EPA regions for the continental United States.  Note that for simplicity we are treating 
Regions 1, 2, and 3 as a single region when discussing our results (from http://
www.epa.gov/epahome/locate2.htm).

51



Figure 2.
MM5 land-use by USGS category for the present-day (top) and future-2050 (bottom) 
simulations.
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Figure 3.
Projected change from the present-day to the 2050"s for (upper left) average daily 
maximum surface temperature, (lower left) average daily maximum boundary layer 
height, (upper right) average daily maximum downward solar radiation, and (lower right) 
average daily water vapor content within the boundary layer.
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Figure 4.
Comparison of predicted present-day (solid line) to projected future-2050 (dashed line) 
chemical boundary conditions along the western boundary of the modeling domain.
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Figure 5.
Biogenic emissions capacity maps (normalized to 30 ºC) for present-day isoprene 
(upper left), future-2050 isoprene (upper right), present-day monoterpenes (lower left), 
and future-2050 monoterpenes (lower right).
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Figure 6.
Comparison of modeled to observed daily maximum 8-hr ozone concentrations.
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Figure 7.
Comparison of modeled to observed 24-hr average PM2.5 concentrations.
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Figure 8.
Average daily maximum 8-hr ozone for (upper left) the CURall simulation, (middle left) 
difference between the FUTall and CURall simulations, (lower left) difference between 
the futBC and CURall simulations, (upper right) difference between the futEMIS and 
CURall simulations, (middle right) difference between the futMETcurLU and CURall 
simulations, and (lower right) difference between the futMETfutLU and CURall 
simulations.
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Figure 9.
Average number of days in July in which the daily maximum 8-hr ozone level exceeded 
the 80 ppbv standard for (upper left) the CURall simulation, (middle left) the FUTall 
simulation, (bottom left) the futBC simulation, (upper right) the futEMIS simulation, 
(middle right) the futMETcurLU simulation, and (lower right) the futMETfutLU simulation.
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Figure 10.
Average maps of 24-hr PM2.5 concentration for (upper left) the CURall simulation, 
(middle left) difference between the FUTall and CURall simulations, (lower left) 
difference between the futBC and CURall simulations, (upper right) difference between 
the futEMIS and CURall simulations, (middle right) difference between the futMETcurLU 
and CURall simulations, and (lower right) difference between the futMETfutLU and 
CURall simulations.
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Figure 11.
Average number of days in July in which the 24-hr PM2.5 level exceeded the 35 ug/m3 
standard for (upper left) the CURall simulation, (middle left) the FUTall simulation, 
(bottom left) the futBC simulation, (upper right) the futEMIS simulation, (middle right) the 
futMETcurLU simulation, and (lower right) the futMETfutLU simulation.
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Table 1.
Designated model inputs for the six attribution cases.  The “present-day” parameters 
refer to input representative of the 1990"s, while “future-2050” refers to input parameters 
representative of the 2050"s.  Each case is comprised of five separate month long 
simulations representative of July meteorological conditions.

Simulation 
Name

Chemical 
boundary 
conditions

Anthropogenic 
emissions

Land-use / 
land-cover*

Meteorology

CURall present-day present-day present-day present-day

FUTall future-2050 future-2050 future-2050 future-2050

futBC future-2050 present-day present-day present-day

futEMIS present-day future-2050 future-2050 present-day

futMETcurLU present-day present-day present-day future-2050

futMETfutLU present-day present-day future-2050 future-2050

* surrogate for biogenic emissions
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Table 2.
Projected changes in meteorology from the present-day to the 2050 time period, where 
the delta change from the present-day is shown in parenthesis.

Region

Maximum 
surface 

temperature 
[C]

Maximum 
boundary 

layer height 
[m]

Maximum 
radiation 

reaching the 
surface 

[watt m-2]

Average  
water vapor 
mixing ratio 

[g/kg]

Average 
wind speed 

[m/s]

R1-3
24.4    

(+3.4)
1934  

(+153)
865      

(+10)
8.6      

(+1.3)
2.3      

(+0.0)

R04
29.2    

(+2.6)
1976    
(+93)

889        
(+2)

11.4    
(+1.5)

2.2      
(+0.0)

R05
25.1    

(+2.3)
1982  

(+115)
834      

(+23)
8.5      

(+0.9)
2.4      

(+0.0)

R06
29.6    

(+1.5)
2288    
(+13)

934      
(+17)

10.3    
(+0.7)

2.2      
(+0.1)

R07
26.6    

(+1.8)
2039    
(+18)

852      
(+32)

9.3      
(+1.1)

2.4       
(-0.1)

R08
22.2    

(+1.7)
2509  

(+184)
875      

(+25)
6.9      

(+0.3)
2.1      

(+0.1)

R09
27.5    

(+2.6)
2501  

(+233)
1023    
(+10)

7.9       
(-0.6)

1.9      
(+0.2)

R10
22.8    

(+1.0)
2282    
(+92)

937        
(+5)

6.5      
(+0.2)

2.1      
(+0.2)
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Table 3.
Summary of U.S. present-day (PD) and projected future-2050 (F2050) anthropogenic 
and biogenic emissions.  Fractional change (future-2050 / present-day) is shown in 
parentheses for anthropogenic emissions.  Note, for this work anthropogenic point 
source emissions were assumed constant between the two time periods.

species units

anthropogenic biogenic

point area
non-

road
mobile

PD 

meteor

ology, 

PD 

land-

cover

PD 

meteor

ology, 

F2050 

land-

cover

F2050 

meteor

ology, 

PD 

land-

cover

F2050 

meteor

ology, 

F2050 

land-

cover

CO

ktons/

day

11.4  

(1.0)

40.2 

(1.20)

72.5 

(1.11)

161.4 

(0.99)
-- -- -- --

NOX
24.1  

(1.0)

3.7 

(1.58)

12.6 

(1.10)

22.4 

(0.99)
4.1 4.1 4.2 4.2

VOC
4.5    

(1.0)

19.9 

(2.11)

8.1 

(1.30)

15.6 

(0.98)
156 96 188 103

NH3
0.2    

(1.0)

15.2 

(2.50)

0.01 

(1.06)

0.8 

(0.99)
-- -- -- --

SO2
42.7  

(1.0)

2.8 

(1.57)

1.5 

(1.33)

0.8 

(0.99)
-- -- -- --

PM10
4.5    

(1.0)

57.1 

(1.93)

1.1 

(1.17)

0.7 

(0.99)
-- -- -- --

PM2.5
3.6    

(1.0)

13.9 

(1.79)

1.0 

(1.17)

0.5 

(0.99)
-- -- -- --
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Table 4.
Average daily maximum 8-hr ozone level (ppbv) for each EPA region.

Region CURall FUTall futBC futEMIS
futMET-
curLU

futMET-
futLU

R1-3 70 +12 +4 +3 +4 +2

R04 70 +3 +3 +5 -5 -8

R05 63 +7 +4 +2 +1 +0

R06 63 +3 +5 +3 -6 -7

R07 61 +5 +4 +3 -1 -2

R08 62 +9 +6 +2 +0 +0

R09 68 +12 +6 +5 +0 -1

R10 53 +7 +6 +3 -1 -1

U.S. 64 +7 +5 +3 -1.3 -2.6
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Table 5.
Average number of 8-hr ozone 80 ppbv exceedances per grid per month.

Region
# grid 
cells

CURall FUTall futBC futEMIS
futMET-
curLU

futMET-
futLU

R1-3 494 8.0 +8.9 +2.3 +2.6 +3.8 +1.5

R04 788 7.0 +4.1 +2.0 +4.6 -0.7 -2.6

R05 680 4.0 +4.0 +1.3 +1.3 +1.0 -0.5

R06 1119 2.9 +3.9 +3.1 +2.0 -0.3 -0.8

R07 558 0.7 +2.6 +1.0 +0.8 +0.6 +0.1

R08 1173 2.5 +7.0 +4.0 +1.2 +1.0 +0.9

R09 774 5.8 +9.6 +4.3 +3.9 +0.7 -0.6

R10 508 0.4 +1.6 +0.6 +0.2 +0.4 +0.4

U.S. 6094 3.9 +5.3 +2.6 +2.1 +0.6 -0.3
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Abstract:

! This work examines the impact that present-day (1990-1999) episodic long-range 

transport (LRT) of Asian emissions has on ozone levels in the western United States, 

and how this impact may change in the future (2045-2054) due to global changes in 

climate and emissions.  The transport of Asian emissions to the western U.S. is 

modeled using the MOZART-2 three-dimensional global chemical model for the present-

day and future decades, where the future decade results are based on the IPCC A2 

scenario.  Regional impacts of the episodic LRT events are analyzed through the 

downscaling of MOZART-2 using the CMAQ regional photochemical grid model.  In this 

work, a LRT event is defined as a CO concentration exceeding the monthly 85th 

percentile value for a minimum of 18 consecutive hours.  LRT events in the lower (< 2 

km) and mid-tropsophere (2-6 km) are examined.  For the present-day, 1 to 3 LRT lower 

and mid-troposphere events occur every month depending on season, and the number 

of events does not change by more than 40% either way in the future.  Enhancements 

of CO and PAN are found in the LRT air masses regardless of season, while 

measurable ozone enhancement only occurs in the late spring and summer months.  

The enhancement for all species is projected to increase in the future.  In the Northwest 

U.S. (Oregon and Washington), surface ozone increases roughly 1-2 ppbv during 

present-day lower-troposphere LRT events for most seasons.  In the future, surface 

ozone is projected to increase an additional 1 ppbv above present-day increases during 

LRT events.  In California, wintertime surface ozone tends to increase during lower and 

mid-troposphere LRT events, for both the present-day and future cases, but surface 

ozone tends to decrease during summertime events.  The decrease in ozone during 
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summer events is most likely due to the meteorological conditions associated with these 

LRT events.  Overall, we project background concentrations of CO, PAN, and ozone to 

increase roughly 40 ppbv, 0.13 ppbv, and 9 ppbv, respectively.
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1.! Introduction

! Air quality in any region is highly influenced by the chemical composition of the 

air being transported into that region.  In the western United States, the concentrations 

of pollutants in the incoming air from the Pacific Ocean are often enhanced by 

emissions from the Asian continent, and these enhancements have the potential to 

adversely affect air quality in the region.  In recent years, interest in assessing the long-

range transport (LRT) of Asian emissions to North America has increased.  Air masses 

leaving the Asia Pacific region have been characterized through intensive field studies 

such as the 2001 Transport and Chemical Evolution over the Pacific (TRACE-P) study 

[Jacob et al., 2003], which examined the chemical composition and transport of Asian 

air masses, and the 2001 Asia Pacific Aerosol Characterization Experiment (ACE-Asia) 

[Huebert et al., 2003] that focused on quantifying the distribution of aerosol 

concentrations and properties within these same air masses.  The LRT of these polluted 

air masses from Asia to the western U.S. has been well documented over the past 

twenty years [e.g., Andreae et al., 1988; Parrish et al., 1992; Jaffe et al., 1999, 2003a; 

Takemura et al., 2002].  Intensive field campaigns such as the Intercontinental Transport 

and Chemical Transformation 2002 (ITCT 2K2) study [Parrish et al., 2004] and the 

Photochemical Ozone Budget of the Eastern North Pacific Atmosphere (PHOBEA) I and 

II [Jaffe et al., 2001; Kotchenruther et al., 2001a; Jaegle et al., 2003] have provided rich 

data sets for studying the chemical composition of the air reaching the western United 

States to determine the Asian influence.
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! The primary mechanism for transporting Asian emissions to the U.S. is the 

passage of cold fronts over Asia, and then out to the Pacific [Jacob et al., 2003; Liang et 

al., 2004].  Once Asian pollution reaches the U.S., subsidence is the primary 

mechanism for influencing surface level ozone [Jacob et al., 1999; Hudman et al., 

2004].  Using GEOS-CHEM global chemical transport model simulations, Hudman et al. 

[2004] estimated the influence of Asian emissions on springtime surface ozone at 

Trinidad Head, California to be roughly 6 ppbv.  Similarly, Fiore et al. [2002] found that 

anthropogenic Asian emissions contribute between 4-7 ppbv to surface ozone across 

the U.S., with larger contributions occurring in the west.  Hudman et al. [2004] estimated 

LRT events to increase surface ozone in the western U.S. an additional 2 ppbv 

[Hudman et al., 2004] based on subsidence dilution factors from Jaffe et al. [2003a, 

2003b].  However, the influence of the episodic transport of Asian emissions to the U.S. 

is not as well understood, and is likely highly variable.    Price et al. [2004] examined 11 

LRT events between 1997 and 2002 off the coast of Washington State, and found that 

ozone enhancements during LRT events were highly variable due to mixing with upper 

tropospheric air and variations in the presence of mineral dust.

! The work presented here examines two decades (1990-1999 and 2045-2054) of 

global and regional chemistry model output as described by Chen et al. [2007] to 

determine the potential impacts that episodic Asian LRT events have on regional air 

quality in the western U.S., and how these impacts may change in the future due to 

global changes in  climate and emissions.  Section 2 describes the methodology and 

models used in this study.  In section 3 we examine the frequency of episodic Asian 
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LRT events using elevated CO concentrations as a measure of when an event occurs.  

We then examine the enhancements above mean seasonal values during the LRT 

events for CO, PAN, and ozone, and end with an analysis of the impacts that these 

LRT events have on regional ozone levels in California, Oregon, and Washington.  

Summary and conclusions are presented in section 4. 

2.! Methodology

! A multi-scale modeling approach is used to examine the impact of the episodic 

LRT of Asian emissions on present-day air quality in the western U.S., and to project 

how the impact of these events may change in the future due to global changes in 

climate and emissions.  The transport of Asian emissions across the Pacific Ocean to 

the western U.S. is simulated using the MOZART-2 (Model of Ozone and Related 

Chemical Tracers, version 2) [Horowitz et al., 2003] global chemical transport model, 

driven by meteorological fields generated with the Parallel Climate Model (PCM) 

[Washington et al., 2000],  for a current decade spanning 1990-1999 (present-day) and 

a future decade spanning 2045-2054 (future-2050).  Output from MOZART-2 is 

examined to determine how the LRT of Asian emissions to the western U.S. may 

change in the future, in terms of the frequency, timing, and severity of these events.    

LRT events in two vertical regions are examined: from the surface to 2-km above the 

surface (lower-troposphere events), and from 2-6 km above the surface (mid-

troposphere events).  Although LRT events do occur in the upper-troposphere (> 6 km) 

[Liang et al., 2004; Bernsten et al., 1999], the impact of these events on regional ozone 

concentrations in the western U.S. is expected to be minimal.  
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! We define a LRT event to have occurred when the CO concentration exceeds the 

monthly 85th percentile CO concentration for a given grid-cell for a minimum of 18 

consecutive hours.  Weiss-Penzias et al. [2004] used a similar method to identify LRT 

events from GEOS-CHEM model output and found good agreement with observations 

in predicting and quantifying LRT events.  CO is a useful species to use for representing 

the LRT of Asian emissions, because its atmospheric lifetime (months) is sufficiently 

longer than typical transport times across the Pacific Ocean (4-8 days), and its source 

regions are relatively well known [Goldstein et al., 2004].  Additional measures were 

also examined (e.g., 75th percentile, as well as 12-hour and 24-hour events for both CO 

and PAN), and we found that our results were similar using all measures. 

! LRT events are analyzed in terms of lower and mid-troposphere events for each 

of the seven MOZART-2 grid cells (rows 12-18) off of the coast of the western U.S. from 

southern California to Washington State (Figure 1).  To analyze the impact that LRT 

events have on both present-day and future-2050 regional ozone concentrations for the 

western U.S., CMAQ simulations were conducted for both the present-day and 

future-2050 decades for the continental U.S. at a 36-km grid resolution.  The influence 

of the LRT events is incorporated into the CMAQ simulations by using MOZART-2 

output as dynamic chemical boundary conditions for the CMAQ simulations.  Further 

details of this implementation can be found in Chen et al. [2007] and Chapter 2 of this 

dissertation.

73



2.1.! Global Models

! Global model simulations were conducted at NCAR using MOZART-2 [Horowitz 

et al., 2003].  MOZART-2 is a global three-dimensional chemical transport model that 

has been implemented and evaluated in numerous studies [e.g., Lamarque et al., 2003; 

Lamarque and Hess, 2004; Chandra et al., 2004; Beig and Brasseur, 2006; Arellano 

and Hess, 2006; Tie et al., 2006], including inter-continental transport studies [Liu and 

Mauzerall, 2005; Goldstein et al., 2004], as well as for investigating the impact of 

projected emissions changes on future air quality [Horowitz, 2006].

! In this application of MOZART-2, the model was run on a 2.8° latitude x 2.8° 

longitude horizontal grid, with 18 vertical hybrid levels extending from the surface to 4 

hPa.  Model results were archived at three hour intervals.  MOZART-2 simulations were 

driven using meteorological fields from PCM [Washington et al., 2000] simulations for 

two ten year time periods: present-day (1990-1999) and future-2050 (2045-2054).  The 

future-2050 PCM simulations represent a future climate based on the IPCC A2 

scenario, which is one of the more pessimistic future scenarios.

! Present-day MOZART-2 emissions are from the POET (Precursors of Ozone and 

their Effects in the Troposphere) database [Granier et al., 2004], which includes 

anthropogenic emissions based on the EDGAR (Emissions Database for Global 

Atmospheric Research) version 3.2 inventory [Olivier et al., 2000] and the Global 

Emissions Inventory Activity (GEIA) datasets [http://geiacenter.org].  Oceanic emissions 

are based on IMAGES [Muller and Brasseur, 1995, 1999].  The inventory includes 
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emissions from fossil fuel combustion, industrial processes, agricultural waste, biomass 

burning, lightening, aircraft, soil, and oceanic volatile organic compounds.  Global 

biogenic emissions were generated using algorithms adapted from Guenther et al. 

[1995] and global land cover data generated by the Community Land Model (CLM) 

[Bonan et al., 2002].  For the future-2050 simulations, global anthropogenic emissions 

were projected to 2050 by geopolitical region (OECD90, REF, ASIA, and ALM) based on 

the IPCC SRES A2 scenario [Naki"enovi" et al., 2000].

2.2.! Regional Models

! To examine the impact the LRT of Asian emissions has on regional air quality in 

the western U.S., it is necessary to downscale the global model simulations using 

regional meteorological and photochemical grid models.  The present-day and 

future-2050 global model simulations were downscaled to the regional scale using the 

MM5 version 3 meteorological model [Grell et al., 1994] and the EPA Community Multi-

scale Air Quality (CMAQ) version 4.4 photochemical grid model [Byun and Schere, 

2006].  Model simulations  were conducted on a Lambert Conformal projection centered 

over the continental U.S. with a central latitude of 97 °W, central longitude of 40 °N, and 

first and second parallels of 33 °N and 45 °N, respectively.  The MM5 simulations were 

conducted in non-hydrostatic mode with 28 full-sigma vertical levels in a one-way 

nested configuration for 108-km and 36-km grid resolution.  The following model 

parameterizations were used: MRF (Hong-Pan) PBL scheme [Hong and Pan, 1996], 

simple 5-layer soil model with land-use information from 1-km USGS data [Chen and 

Dudhia, 2001a,b], Kain-Fritsch cumulus parameterization scheme [Kain and Fritsch, 
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1990], explicit moisture (including simple ice physics, but no mixed phase processes), 

and the CCM2 radiation scheme.  Model configurations were chosen to optimize 

computational speed, while also capturing large scale meteorological processes at the 

36-km grid scale.  To maintain simulation stability, the outer 108-km domain was nudged 

towards the PCM output, which constrains MM5 to the global model and results in a 

smooth transition from the global model to the continental scale (36-km) MM5 

simulations.

! Model configurations for the present-day and future-2050 MM5 simulations were 

the same, except for the land-use dataset used.  The present-day simulations used 

land-use information based on the USGS 1-km land-use dataset, which includes 24 

land-cover categories.  Since variations in land-use and land-cover can significantly 

influence regional meteorology and air quality through surface energy flux perturbations 

[Civerolo et al., 2000], land-use for the future-2050 simulations was updated with data 

from the Community Land Model (CLM) [Bonan et al., 2002] and the Spatially Explicit 

Regional Growth Model (SERGOM) [Theobald, 2005].  The CLM predicted changes in 

vegetation distribution due to climate change and changes in land management 

practices for the 2050 time period, while SERGOM provided projected urban and 

suburban population density distributions out to the year 2030.  For a more detailed 

description of the changes in land-cover predicted by CLM and SERGOM used in this 

work, the readers are referred to Chen [2007] and Chen et al. [2007].
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! Output from the 36-km MM5 simulations was processed through MCIP 

(Meteorology-Chemistry Interface Processor version 3.0) and used to drive the CMAQ 

version 4.4 photochemical grid model.  Gas-phase chemistry was modeled using a 

condensed version of the SAPRC-99 chemical mechanism [Carter 2000a,b] available 

with the CMAQ distribution, while aerosol processes were simulated with the AERO3 

aerosol module [Byun and Schere, 2006].  The model was run with 17 vertical sigma 

levels from the surface to the tropopause, with a first layer height of approximately 36 

meters.  Present-day anthropogenic emissions were processed through the SMOKE 

(Sparse Matrix Operating Kernel Emissions) emissions processing system [Houyoux et 

al., 2005], and were based on the 1999 EPA National Emissions Inventory (NEI-1999; 

http://www.epa.gov/ttn/chief/net/1999inventory.html).

! Future-2050 anthropogenic emissions were projected out to the year 2050 using 

emissions growth factors, based on projections of economic activity, generated through 

the EPA Economic Growth Analysis System (EGAS) [U.S. EPA, 2004].  EGAS growth 

factors were applied to area and mobile source categories, but not to point sources.  

Due to the uncertainty surrounding future point source locations and emissions, point 

source emissions were held constant between the present-day and future-2050 time 

periods.  Future-2050 anthropogenic emissions were also updated to account for the 

expansion of urban areas using the SERGOM model, which projected estimates of 

population and housing density to the year 2030.  Biogenic emissions for both the 

pesent-day and future-2050 simulations were generated dynamically using the MEGAN-

EZ (Model of Emissions of Gases and Aerosols from Nature - EZ version) [Guenther et 
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al., 2006].  MEGAN-EZ estimates hourly isoprene, monoterpene, and other VOC 

emissions from plants using seasonal vegetation datasets, along with MM5 predicted 

hourly temperatures and incident shortwave radiation at the surface.  For the present-

day case the seasonal vegetation dataset was derived from satellite observations.  For 

the future-2050 case, the present-day vegetation dataset was updated with the 

Community Land Model to be consistent with the future-2050 land-use dataset used in 

the MM5 simulations.  For a more detailed description and summary of the 

anthropogenic and biogenic emission inventories used in this work, the readers are 

referred to Chen [2007] and Chen et al. [2007].

3.! Results and Discussion

3.1.! Frequency of LRT Events

! The number of simulated long-range transport events per month, defined as 18 

consecutive hours of CO concentrations exceeding the monthly average 85th percentile 

value, are shown in Tables 1 (mid-troposphere events) and 2 (lower-troposphere 

events).  The number of monthly predicted events is generally largest in the springtime 

for both the lower and middle troposphere, which is consistent with the more direct flow 

across the Pacific Ocean from Asia to the Northern Pacific during spring months [Hess 

et al., 1996].  The number of monthly transport events also tends to increase from the 

lower latitudes (row 12) to higher latitudes (row 18), particularly during the summer and 

fall seasons.  The predicted number of LRT events agrees relatively well with 

measurements made at Cheeka Peak Observatory in Washington State from 

2001-2002 and associated GEOS-CHEM simulations, which suggest approximately 1-2 

78



events per month below 2-km, and 2-3 events per month between 2-km and 6-km 

[Liang et al., 2004].  However, Liang et al. [2004] do show strong seasonal variations in 

the number of lower-troposphere LRT events, with an increased occurrence of events in 

the springtime.  Although the predicted number of lower-troposphere events in Table 2 

does show more events occurring in springtime compared to other seasons, the 

difference between seasons is small.  There are no obvious patterns to the predicted 

changes in the number of monthly transport events from the present-day to the 

future-2050, and changes are different for different seasons, latitudes, and the type of 

event (lower or mid-troposphere).  For mid-troposphere events (Table 1), the number of 

events tends to increase in the lower latitudes and decrease in the higher latitudes in 

the winter and summer.  In the springtime, mid-troposphere events are projected to 

decrease for nearly all latitudes, while fall events are projected to increase for most 

latitudes.  Lower-troposphere (Table 2) events show a similar trend in springtime, with 

most latitudes showing a decrease in the number of events, however, the decrease is 

significantly larger in the higher latitudes compared to lower latitudes.  Unlike the mid-

troposphere events, lower-troposphere events show a decrease in the number of fall 

events for most latitudes, with only the lowest latitudes showing some increase.  

Projected changes in lower-troposphere winter events show an increase in higher 

latitudes and a decrease in lower latitudes, which is the opposite of what is projected for 

the mid-troposphere.  Summer lower-troposphere events tend to increase in the future 

for all latitudes, but the increase is larger in the lower latitudes.  The significant 

differences between lower and mid-troposphere in terms of the projected changes of the 
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number of LRT events in the future suggests that events in the lower and mid-

troposphere are not highly coupled and may occur independent of one another.

3.2.! Comparison of Modeled to Observed

! Observations made during the ITCT 2K2 [Nowak et al., 2004] and PHOBEA 

[Kotchenruther et al., 2001] experiments are compared to modeled mean springtime 

values in Table 3.  Modeled CO is roughly 20-30 ppbv lower than observed values, 

which suggests that the magnitude of Asian emissions in the model may not sufficiently 

capture actual Asian emissions in order to reproduce the observed CO levels.  However, 

MOZART does accurately predict the seasonal variation in CO concentrations (see 

Figure 2), with CO levels decreasing throughout the spring and early summer and 

increasing again in the fall, due to seasonal changes in OH concentration and the 

seasonal variability in industrial emissions [Millet et al., 2004; Granier et al., 1999].  

Modeled PAN is significantly higher than observed levels, while ozone is significantly 

under predicted.  The discrepancies in PAN and ozone may be partly due to inaccurate 

Asian emissions, or possibly that the PCM output used to drive MOZART is predicting 

lower than actual temperatures across the Pacific, which is resulting in decreased 

thermal decomposition of PAN and higher PAN concentrations.  Consequently, NOX 

would be reduced, which may lower ozone levels depending on the ratio of 

hydrocarbons to NOX.  However, 1999 was also a year with anomalously high incoming 

ozone [personal communication with Dan Jaffe], which may account for the discrepancy 

between model predictions and observations.
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3.3.! Event Concentrations

! Average CO, PAN, and ozone concentrations compared to event average 

concentrations in the lower and mid-troposphere for both the present-day and 

future-2050 time periods are shown in Figure 2.  Because of the way we have defined a 

LRT event, CO concentrations will be inherently higher during these events, however, 

we also see significant enhancements in PAN concentrations during events, as well as 

enhancements in ozone during late-spring and summer months.  Table 4 summarizes 

these results by season.  Enhancement of CO, during present-day LRT events, above 

the seasonal average tends to be largest when CO concentrations are low (e.g., fall for 

mid-troposphere events and summer for lower-troposphere events), but in general the 

seasonal variation in not large.  This contradicts results from Liang et al. [2004] and 

Weiss-Penzias et al. [2004], who found that the largest enhancement occurs in the 

winter and spring months.  Enhancements in CO during future-2050 events in the lower-

troposphere also tends to be largest when CO concentrations are low, while in the mid-

troposphere, CO enhancements are roughly the same for winter, spring, and fall, but are 

lowest in the summer.  For both lower and mid-troposphere events, CO enhancement 

during events tend to increase from the present-day to the future-2050 by roughly +6 

ppbv, suggesting events may increase in severity in the future (this increase is on top of 

the 30-40 ppbv increase in average CO concentrations from the present-day to the 

future-2050).  Corresponding enhancements in PAN are generally largest in the winter 

and spring for both the present-day and future-2050 simulations, and tend to increase in 

magnitude in the future (20 to 120 pptv), with the only exception being fall mid-

troposphere events (this increase is on top of the 10-230 pptv increase in PAN from the 
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present-day to the future-2050).  Ozone concentrations show the largest enhancement 

in the summer months (~ 6 ppbv) during both lower and mid-troposphere events, and 

this enhancement is projected to increase slightly in the future (+0.5 ppbv for mid-

troposphere events and +1.7 ppbv for low-troposphere events).  Spring and fall ozone 

levels show smaller enhancement compared to summer, at 2-3 ppbv in the lower-

troposphere, and -5.5 to +1.5 ppbv in the mid-troposphere.  Future-2050 event ozone 

enhancements generally change by less than 1 ppbv for the spring and fall.  Changes in 

ozone enhancements are on top of the 5-12 ppbv increase in average ozone from the 

present-day to future-2050.

! During both lower and mid-troposphere LRT events, CO and PAN concentrations 

are highly correlated (see Figure 3).  Correlation in the mid-troposphere is much 

stronger than in the lower-troposphere, and in the present-day case ranges from 0.76 in 

the winter to 0.82 in the fall, while correlation in the lower-troposphere is not as high, 

and ranges from 0.40 in the winter to 0.71 in the spring.  The springtime correlations for 

both the lower and mid-troposphere events are in agreement with springtime 

observations made off the coast of Washington State as part of the 1999 PHOBEA 

experiments [Kotchenruther et al., 2001], which showed a correlation between PAN and 

CO of 0.66.  Hudman et al. [2004] also found a similar correlation between CO and PAN 

(r=0.61) in Asian pollution plumes measured during ITCT 2K2.  CO and PAN correlation 

is projected to become slightly stronger in the future in the lower-troposphere (0.42 in 

the winter to 0.76 in the spring), but remains roughly the same in the mid-troposphere, 

except for in the fall, which shows a decrease from 0.82 in the present-day case to 0.67 
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for the future-2050 case.  Unlike CO and PAN, CO and ozone are not highly correlated 

during LRT events (Figure 4), due to complexities, such as mixing with high levels of 

ozone in the upper troposphere.  The CO - ozone correlation does not significantly 

change from the present-day to the future-2050.

3.4.! Impact on Surface Ozone Levels

! The impact LRT events have on seasonal surface ozone levels in the western 

U.S. is illustrated in Figures 5-8 for the present-day (results are summarized in Tables 5 

and 6 for each region).  Southern California shows the largest increase in ozone in the 

winter time, with both lower and mid-troposphere LRT events increasing ozone levels 

approximately +1 to +3 ppbv throughout the region.  Summer and spring time events 

tend to have the opposite affect and actually result in a decrease in peak ozone ranging 

from -1 to -8 ppbv for mid-troposphere events and -2 to -4 ppbv for lower-troposphere 

events.  Although pollutant concentrations in the incoming air during these events are 

enhanced, the meteorological conditions leading to the LRT events may not be 

conducive to producing high ozone episodes.  Northern California also shows peak 

summer ozone levels decreasing (-1 to -3 ppbv) during mid-troposphere LRT events, 

while lower-troposphere events lead to slight increases in ozone levels (+1 to +2 ppbv 

for peak values and +2 to +3 for average values across the region).  Oregon and 

Washington show similar results for mid-troposphere events for non-summer seasons, 

with peak and regional average ozone levels increasing by +1 to +2 ppbv.  During 

summer mid-troposphere events, Washington shows a slight decrease in peak ozone 

levels (-1 to -2 ppbv), while Oregon shows no significant change.  Summertime lower-
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troposphere events tend to increase surface ozone in Oregon and Washington, with 

Oregon having slightly larger increases in ozone (+1 to + 3 ppbv) compared to 

Washington (-1 to +2 ppbv).

! Results for the future-2050 case are shown in Figures 9-12 and summarized in 

Tables 7 and 8.  For southern California, the impact of mid-troposphere events on peak 

surface ozone is similar for both the present-day and future-2050 cases.  The only 

significant difference is in the summertime, where future-2050 events cause between no 

change and a -4 ppbv decrease in peak ozone level compared to the present-day case 

which shows up to a -8 ppbv decrease.  However, on average across all of southern 

CA, the future-2050 events result in significantly larger increases in surface ozone 

during the winter (+3 ppbv compared to +1 ppbv for the present-day cases) and 

summer months (+1 ppbv compared to -3 ppbv for the present-day cases).  Similarly, 

the impact of lower-troposphere events is not significantly different between the present-

day and future-2050 in regards to peak ozone levels.  On average across all of southern 

California, the future-2050 events cause an additional +1 to +2 ppbv increase in surface 

ozone during the winter and sumer months above present-day events.  In northern 

California, future-2050 lower and mid-troposphere events tend to increase ozone more 

in the winter months compared to the present-day, but show the opposite trend for other 

months.  Oregon and Washington both show larger increases in surface ozone (+1 to + 

2 ppbv) under LRT conditions for both lower and mid-troposphere events compared to 

the present-day case.
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4.! Summary

! We examined the influence of the episodic LRT of Asian emissions on CO, PAN, 

and ozone concentrations within the incoming air to the western U.S. for a present-day 

(1990-1999) and future-2050 (2045-2054) decade using the MOZART-2 global 

chemistry model, and evaluated the impact of these events on surface ozone levels 

throughout the western U.S. through regional CMAQ model simulations.  The number of 

LRT events (defined as 18 consecutive hours of CO concentrations exceeding the 

monthly 85th percentile for CO) ranges from 1-3 events per month depending on the 

season, and the number of events tends to increase with latitude (e.g., southern 

California experiences fewer events than does Washington).  Projected changes in the 

number of LRT events in the future is highly variable, and depends on the season, 

latitude, and whether the LRT event occurs in the lower or mid-troposphere.  However, 

the number of events generally does not change by more than 40% for any given 

latitude and season.

! The enhancement of pollutant concentrations during LRT events tends to 

increase in the future for both lower and mid-troposphere events.  This is particularly 

true for lower-troposphere events, which see an increase in CO enhancement from the 

present-day of +16 to +18 ppbv, to a future-2050 enhancement of +22 to +27 ppbv (the 

increase in CO enhancement from the present-day to future-2050 is in addition to the 

30-40 ppbv increase in average CO concentration).  Similarly, PAN and ozone 

enhancements increase in magnitude from the present-day case to the future-2050 

case, again in addition to increases in average ozone and PAN concentrations.  The 
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increase in magnitude of the ozone and PAN enhancement is potentially a concern, 

because subsidence of ozone and PAN (followed by ozone production) are two of the 

primary mechanisms for Asian influence on surface ozone in the U.S. [e.g. Jacob et al., 

1999; Hudman et al., 2004].

! The impact of Asian LRT events was found to have a minimal impact on surface 

level ozone concentrations along the U.S. west coast.  LRT events generally led to 

increases of roughly +1 to +2 ppbv in present-day surface level ozone throughout 

Oregon and Washington for most seasons.  In the future-2050 case, the influence of 

LRT events resulted in ozone increases of roughly +1 to +3 ppbv.  In California, LRT 

events tended to increase wintertime ozone by several ppbv in the present-day case, 

with slightly larger increases for the future-2050 case.  Despite an increase in pollutant 

concentrations within the LRT air masses, summertime events in California were 

associated with a decrease in surface ozone levels for both the present-day and 

future-2050 cases.  The decrease in ozone that occurs in California during summertime 

LRT events is most likely due to the local meteorological conditions associated with 

these events.

! The work presented here is unique in that we have examined both the present-

day and projected future episodic transport of Asian emissions to the U.S. west coast to 

determine how global changes may impact these episodic events, and what implications 

this has on U.S. air quality.  Previous work has primarily focused on present-day 

episodic transport only, or on how increases in Asian emissions will impact U.S. air 
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quality through enhanced background concentrations, but not changes in the episodic 

LRT transport of these emissions.  Although we found that Asian LRT events do not 

influence ozone levels along the U.S. west coast by more than several ppbv, this does 

not mean that Asian emissions play an insignificant role in defining U.S. air quality.  One 

potential flaw within this study is that we did not determine the source of the CO 

enhancement observed in MOZART-2, so we have no way of distinguishing whether the 

enhancement was due to the LRT of Asian emissions or transport from some other 

region.  Furthermore, it is far more likely that the most significant impact of Asian 

emissions on U.S. ozone levels will occur through an increase in the background ozone 

concentrations that enter the U.S. from the Pacific.  For example, Chapter 2 of this 

dissertation showed that as global emissions increase (including Asian emissions) 

based on the IPCC SRES A2 scenario, surface ozone in the western U.S. will increase 

by 6 ppbv.
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Global model domain, 36-km regional domain, and the grids used for measuring long-
range transport events.

93



Figure 2.
Monthly average CO, PAN, and ozone concentrations compared to CO, PAN, and 
ozone concentrations during (upper left) present-day mid-troposphere CO events, 
(lower left) present-day lower-troposphere events, (upper right) future-2050 mid-
troposphere events, and (lower right) future-2050 lower-troposphere events.  Concen-
trations are averaged across all MOZART grids.
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Figure 3.
CO vs PAN during long-range transport events for (upper left) present-day mid-
troposphere events, (lower left) present-day lower-troposphere events, (upper right) 
future-2050 mid-troposphere events, and (lower right) future-2050 lower-troposphere 
events.
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Figure 4.
CO vs ozone during long-range transport events for (upper left) present-day mid-
troposphere events, (lower left) present-day lower-troposphere events, (upper right) 
future-2050 mid-troposphere events, and (lower right) future-2050 lower-troposphere 
events.
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Figure 5.
Present-day winter average daily maximum 1-hr ozone concentration (upper left) and 
the difference in the daily 1-hr maximum ozone during transport events.  Transport 
events are shown from top to bottom representing events in MOZART rows 12-14 for 
the left column and 15-18 for the right columns.  Mid-troposphere events are shown on 
the left and lower-troposphere events on the right. 
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Figure 6.
Present-day spring average daily maximum 1-hr ozone concentration (upper left) and 
the difference in the daily 1-hr maximum ozone during transport events.  Transport 
events are shown from top to bottom representing events in MOZART rows 12-14 for 
the left column and 15-18 for the right columns.  Mid-troposphere events are shown on 
the left and lower-troposphere events on the right. 
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Figure 7.
Present-day summer average daily maximum 1-hr ozone concentration (upper left) and 
the difference in the daily 1-hr maximum ozone during transport events.  Transport 
events are shown from top to bottom representing events in MOZART rows 12-14 for 
the left column and 15-18 for the right columns.  Mid-troposphere events are shown on 
the left and lower-troposphere events on the right.
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Figure 8.
Present-day fall average daily maximum 1-hr ozone concentration (upper left) and the 
difference in the daily 1-hr maximum ozone during transport events.  Transport events 
are shown from top to bottom representing events in MOZART rows 12-14 for the left 
column and 15-18 for the right columns.  Mid-troposphere events are shown on the left 
and lower-troposphere events on the right.
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Figure 9.
Future-2050 winter average daily maximum 1-hr ozone concentration (upper left) and 
the difference in the daily 1-hr maximum ozone during transport events.  Transport 
events are shown from top to bottom representing events in MOZART rows 12-14 for 
the left column and 15-18 for the right columns.  Mid-troposphere events are shown on 
the left and lower-troposphere events on the right.
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Figure 10.
Future-2050 spring average daily maximum 1-hr ozone concentration (upper left) and 
the difference in the daily 1-hr maximum ozone during transport events.  Transport 
events are shown from top to bottom representing events in MOZART rows 12-14 for 
the left column and 15-18 for the right columns.  Mid-troposphere events are shown on 
the left and lower-troposphere events on the right.
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Figure 11.
Future-2050 summer average daily maximum 1-hr ozone concentration (upper left) and 
the difference in the daily 1-hr maximum ozone during transport events.  Transport 
events are shown from top to bottom representing events in MOZART rows 12-14 for 
the left column and 15-18 for the right columns.  Mid-troposphere events are shown on 
the left and lower-troposphere events on the right.
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Figure 12.
Future-2050 fall average daily maximum 1-hr ozone concentration (upper left) and the 
difference in the daily 1-hr maximum ozone during transport events.  Transport events 
are shown from top to bottom representing events in MOZART rows 12-14 for the left 
column and 15-18 for the right columns.  Mid-troposphere events are shown on the left 
and lower-troposphere events on the right. 
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Table 1.
Number of long-range transport mid-troposphere (2-6 km) events per month (defined by 
a minimum of 18 consecutive hours in which the monthly average 85th percentile CO 
concentration is exceeded) and the percent difference from the present-day (1990-
1999) to the future (2045-2054).

# of present-day events per month 
(percent difference from present-day to future-2050)

winter spring summer fall

row 18
2.1

(-13%)
2.5

(-17%)
2.4

(-14%)
2.2

(+8%)

row 17
2.2

(-9%)
2.4

(-4%)
2.3

(-9%)
2.3

(-3%)

row 16
2.4

(+1%)
2.5

(-7%)
2.0

(+28%)
2.2

(+8%)

row 15
2.2

(+8%)
2.4

(-14%)
1.6

(+63%)
2.1

(+8%)

row 14
2.0

(+25%)
2.7

(-14%)
1.7

(+40%)
1.9

(+14%)

row 13
1.8

(+26%)
2.5

(-1%)
1.5

(+46%)
1.9

(+12%)

row 12
1.9

(+16%)
2.2

(+3%)
1.3

(+41%)
1.7

(+6%)
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Table 2.
Number of long-range transport lower-troposphere (0-2 km) events per month (defined 
by a minimum of 18 consecutive hours in which the monthly average 85th percentile CO 
concentration is exceeded) and the percent difference from the present-day (1990-
1999) to the future (2045-2054).

# of present-day events per month 
(percent difference from present-day to future-2050)

winter spring summer fall

row 18
1.7

(+17%)
2.3

(-26%)
1.9

(+11%)
2.2

(-15%)

row 17
1.5

(+17%)
2.5

(-28%)
2.0

(+13%)
2.2

(-14%)

row 16
1.7

(+6%)
2.5

(-29%)
1.8

(+16%)
2.1

(-5%)

row 15
1.9

(+21%)
2.3

(-19%)
1.9

(+13%)
2.1

(-14%)

row 14
1.9

(-7%)
2.1

(-5%)
1.6

(+34%)
2.0

(-12%)

row 13
1.9

(-2%)
1.9

(+10%)
1.5

(+41%)
1.6

(+2%)

row 12
1.8

(-2%)
2.2

(-6%)
1.4

(+26)
1.4

(+17%)
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Table 3.
Observed and modeled spring-time mean concentrations of CO, PAN, and ozone.

modeled mean 
springtime

PHOBEAa
ITCT 2K2 

North Pacificb

0-2 km 2-6 km 0-2 km 2-6 km
marine free 
troposphere

CO [ppb] 118 103 139 136 125

PAN [ppt] 340 310 79 195 160

O3 [ppb] 33 37 47 66 59

a[Kotchenruther et al., 2001]
b[Nowak et al., 2004]
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Table 4.
Seasonal average CO, PAN, and ozone concentrations for the present-day (1990-1999) 
and future-2050 (2045-2054).  Pollutant enhancements above the seasonal average 
during CO transport events are shown in parenthesis.

CO [ppbv] PAN [ppbv] O3 [ppbv]

present-
day

future-
2050

present-
day

future-
2050

present-
day

future-
2050

mid-
troposph
ere

winter
106

(+16)
150

(+22)
0.25

(+0.13)
0.43

(+0.25)
31

(-1.6)
40

(-1.2)

spring
103

(+18)
148

(+23)
0.31

(+0.20)
0.54

(+0.30)
37

(+1.5)
49

(+0.8)

summer
69

(+15)
102

(+19)
0.11

(+0.10)
0.20

(+0.14)
35

(+6.4)
45

(+6.9)

fall
84

(+34)
120

(+22)
0.14

(+0.24)
0.25

(+0.16)
35

(-5.5)
47

(+0.5)

low-
troposph
ere

winter
123

(+16)
170

(+22)
0.30

(+0.17)
0.47

(+0.26)
29

(-0.3)
37

(+0.8)

spring
118

(+17)
166

(+23)
0.34

(+0.25)
0.54

(+0.35)
33

(+2.9)
42

(+3.2)

summer
78

(+21)
111

(+27)
0.04

(+0.06)
0.05

(+0.08)
23

(+5.9)
28

(+7.6)

fall
99

(+18)
138

(+26)
0.13

(+0.12)
0.19

(+0.18)
31

(+2.0)
39

(+2.6)
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Table 5.
Change in seasonal surface level ozone concentrations during lower-troposphere long-
range transport events for the present-day case.

average daily maximum 1-hr ozone concentration within each region [ppbv] 

(average of one grid cell)

southern CA northern CA OR WA

season ave
row 12 

event

row 13 

event
ave

row 14 

event

row 15 

event
ave

row 16 

event

row 17 

event
ave

row 17 

event

row 18 

event

winter 37 +2 +3 34 +1 +1 31 +2 +2 29 +2 +1

spring 59 -4 -2 52 +0 +0 43 +2 +3 42 +1 +0

summer 90 -4 +0 78 +2 +1 49 +1 +1 48 +0 -1

fall 52 -1 -2 50 -4 -2 38 +0 +1 35 +0 +0

average daily maximum 1-hr ozone throughout each region [ppbv] 

(average of entire region)

southern CA northern CA OR WA

season ave
row 12 

event

row 13 

event
ave

row 14 

event

row 15 

event
ave

row 16 

event

row 17 

event
ave

row 17 

event

row 18 

event

winter 34 +2 +2 31 +2 +2 30 +1 +2 28 +1 +1

spring 52 -1 +0 44 +1 +1 41 +1 +1 40 +1 +0

summer 68 +0 +1 56 +3 +2 44 +2 +1 42 +1 +1

fall 45 -1 -1 42 -1 +0 36 +0 +0 34 +0 +0
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Table 6.
Change in seasonal surface level ozone concentrations during mid-troposphere long-
range transport events for the present-day case.

average daily maximum 1-hr ozone concentration within each region [ppbv] 

(average of one grid cell)

southern CA northern CA OR WA

season ave
row 12 

event

row 13 

event
ave

row 14 

event

row 15 

event
ave

row 16 

event

row 17 

event
ave

row 17 

event

row 18 

event

winter 37 +2 +2 34 +1 +1 31 +2 +2 29 +2 +1

spring 59 -3 -1 52 +0 +0 43 +2 +2 42 +1 +1

summer 90 -8 -5 78 -3 -1 49 +0 +0 48 -2 -1

fall 52 +1 +0 50 -2 -1 38 +1 +1 35 +1 +1

average daily maximum 1-hr ozone throughout each region [ppbv] 

(average of entire region)

southern CA northern CA OR WA

season ave
row 12 

event

row 13 

event
ave

row 14 

event

row 15 

event
ave

row 16 

event

row 17 

event
ave

row 17 

event

row 18 

event

winter 34 +1 +1 31 +1 +1 30 +1 +1 28 +2 +1

spring 52 -1 +1 44 +0 +0 41 +1 +0 40 +1 +1

summer 68 -3 -3 56 +1 +1 44 +1 +1 42 +0 +0

fall 45 +1 +1 42 +0 +0 36 +0 +0 34 +0 +0
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Table 7.
Change in seasonal surface level ozone concentrations during lower-troposphere long-
range transport events for the future-2050 case.

average daily maximum 1-hr ozone concentration within each region [ppbv] 

(average of one grid cell)

southern CA northern CA OR WA

season ave
row 12 

event

row 13 

event
ave

row 14 

event

row 15 

event
ave

row 16 

event

row 17 

event
ave

row 17 

event

row 18 

event

winter 48 +3 +3 43 +3 +3 40 +2 +3 38 +2 +2

spring 74 -1 -1 65 +0 +2 55 +2 +1 53 +2 +2

summer 100 -3 +1 88 -3 +0 59 +2 +3 56 +2 +2

fall 63 +0 +0 60 -2 -1 49 +1 +1 44 +1 +1

average daily maximum 1-hr ozone throughout each region [ppbv] 

(average of entire region)

southern CA northern CA OR WA

season ave
row 12 

event

row 13 

event
ave

row 14 

event

row 15 

event
ave

row 16 

event

row 17 

event
ave

row 17 

event

row 18 

event

winter 43 +4 +4 40 +3 +2 39 +1 +2 36 +1 +1

spring 65 +1 +0 56 +2 +2 52 +2 +2 50 +2 +2

summer 79 +1 +2 64 +1 +2 53 +2 +2 49 +2 +2

fall 59 +0 +0 52 +0 +0 45 +1 +1 41 +2 +2
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Table 8.
Change in seasonal surface level ozone concentrations during mid-troposphere long-
range transport events for the future-2050 case.

average daily maximum 1-hr ozone concentration within each region [ppbv] 

(average of one grid cell)

southern CA northern CA OR WA

season ave
row 12 

event

row 13 

event
ave

row 14 

event

row 15 

event
ave

row 16 

event

row 17 

event
ave

row 17 

event

row 18 

event

winter 48 +2 +2 43 +3 +3 40 +3 +3 38 +3 +3

spring 74 -1 -1 65 -2 -1 55 +0 +0 53 +1 +2

summer 100 -4 +0 88 -5 -1 59 +2 +2 56 +1 +1

fall 63 +1 -1 60 -2 -2 49 +2 +2 44 +1 +1

average daily maximum 1-hr ozone throughout each region [ppbv] 

(average of entire region)

southern CA northern CA OR WA

season ave
row 12 

event

row 13 

event
ave

row 14 

event

row 15 

event
ave

row 16 

event

row 17 

event
ave

row 17 

event

row 18 

event

winter 43 +3 +3 40 +2 +2 39 +2 +2 36 +3 +3

spring 65 -1 -1 56 -1 +0 52 +0 +0 50 +1 +2

summer 79 +0 +1 64 +0 +2 53 +1 +2 49 +1 +1

fall 59 +0 -2 52 -1 -2 45 +1 +1 41 +2 +2

112



CHAPTER FOUR

Summary and Future Directions

! Global changes are expected to influence regional air quality in ways that have 

not been explicitly considered by air quality planners.  As these planners move forward 

in developing strategies to improve U.S. air quality, it is essential that they understand 

how global changes in climate and trace gas emissions will affect their ability to meet 

their objectives.  A necessary tool in developing this type of understanding is the use of 

meteorological and chemical transport models that can simulate the impact of various 

global changes on regional air quality.  The research presented in this dissertation used 

global and regional scale modeling systems to project how regional air quality in the 

U.S. may change in the future due to changes in climate, anthropogenic and biogenic 

emissions, and the long-range transport of Asian emissions.  Analyzing the combined 

impacts of global changes on future air quality is important, because it gives us a 

baseline change with which to work with, but it is not particularly useful for air quality 

planners who need to make decisions on the best way to improve U.S. air quality.  A 

more useful approach, and the one taken with the research discussed in this 

dissertation, is to analyze the individual impacts of various global changes on air quality, 

so that we can answer questions such as:

1. How will changes in climate affect future U.S. air quality?

2. What role do changes in regional anthropogenic emissions play in 
determining future U.S. air quality?

3. How do changes in biogenic emissions due to changes in climate and 
land management practices affect future U.S. air quality?
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4. What is the impact of future global emissions (i.e., chemical boundary 
conditions) on U.S. air quality?

5. What is the role of the episodic long-range transport of Asian 
emissions on U.S. air quality, and how will it change in the future?

In the context of this dissertation and the future emission scenario used (IPCC A2), the 

answers to these questions are:

1. Climate change tends to increase ozone levels in the northeast and in 
the west central (e.g., Nevada) by up to +2 ppbv, while decreasing 
ozone to varying degrees in other regions (largest decrease is in the 
southeast: approximately -8 ppbv).  In terms of PM2.5, climate change 
decreases concentration in most regions (largest decrease is in the 
southeast: approximately -3 "g m-3).

2. Changes in regional anthropogenic emissions tend to increase ozone 
in all regions (+2 to +5 ppbv), except within large urban areas, while 
increasing PM2.5 concentrations in all regions (+1 to +5 "g m-3).

3. Changes in biogenic emissions have a large impact on ozone and 
PM2.5 concentrations in regions such as the southeast, where there is a 
large source of biogenic emissions.

4. Changes in global emissions (i.e., chemical boundary conditions) are 
responsible for significant increases in ozone levels throughout the 
U.S., but the increases are largest in the west (approximately +6 ppbv).  
Changes in global emissions also tend to increase PM2.5 
concentrations, but the increase is minimal (approximately 0.4 "g m-3).

5. The episodic transport of Asian emissions to the U.S. tends to slightly 
increase ozone levels in the Pacific Northwest, but leads to decreases 
in California (most likely due to the meteorological conditions 
associated with transport events).  In the future, the impact of these 
events is expected to become slightly worse.

By answering these questions, we are able to provide guidance to air quality planners in 

terms of what they should and should not be focusing on for mitigating future air quality 

issues.
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! It is important to remember that projections of future global changes are highly 

uncertain, and the work presented in this dissertation represents only one realization of 

what the future atmosphere may look like.  To illustrate this point, Figure 1 compares 

results presented in Chapter 2 of this dissertation (see Figure 8 in Chapter 2), with 

results from two other groups involved in similar modeling work, the EPA#s National 

Exposure Research Laboratory (NERL) and the University of Illinois (Illinois).  The 

variation in the change of summer mean daily maximum 8-hr ozone from each group is 

due to differences in the future climate and emissions scenarios used, as well as 

differences in the models used for the simulations.  The NERL simulation covered 5 

current and future summers using the IPCC A1b scenario and used GISS II for the 

global climate model simulations, and CMAQ for the regional chemical simulations.  In 

contrast, Illinois employed the PCM model for their global climate simulations and 

SAQM (SARMAP Air Quality Model) for their regional chemical simulations.  Both Illinois 

simulations cover only one current and future summer, so they do not account for inter-

annual variability in climate, which may be an important factor.  The Illinois 1 simulation 

follows the IPCC A1Fi scenario, while the Illinois 2 simulation follows the IPCC B1 

scenario.  Through various sensitivity simulations, NERL found that decreases in ozone 

due to future emissions (A1b) offset ozone increases associated with climate change.  

In contrast, Illinois 1 (A1Fi) found that climate and emissions effects equally contribute 

to increases in ozone, while Illinois 2 found that emissions effects dominate under the 

B1 scenario.  The differences in the results by NERL, Illinois, and those presented in 
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this dissertation illustrate how the choice of future climate/emissions scenario can effect 

results, and that it is necessary to consider a range future scenarios.

! In addition, future work should take a systematic approach to projecting future air 

quality in which projected changes in model inputs (e.g., meteorology/climate, chemical 

boundary conditions, land-use changes, etc ...) are varied one by one over the range of 

likely possibilities.  This will give regulators a better understanding of which parameters 

are most likely to have the largest influence on future air quality in any given region, and 

will allow them to make more informed decisions about how to improve future air quality.
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Figure 1. Difference from the 2050#s and present-day simulated mean daily maximum 8-
hr ozone [adapted from the Draft Review of the U.S. EPA Global Change Research 
Program Assessment of the Impacts of Global Change on Regional U.S. Air Quality: 
2007 Interim Report].  The simulations are based on the following IPCC scenarios: 
WSU/Figure 8 (A2), Illinois 1 (A1Fi), Illinois 2 (B1), and NERL (A1b).
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APPENDIX: Supplementary Material for Chapter Two
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Figure A1.
Comparison of predicted present-day (solid line) to projected future-2050 (dashed line) 
chemical boundary conditions along the northern boundary of the modeling domain.
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Figure A2.
Comparison of predicted present-day (solid line) to projected future-2050 (dashed line) 
chemical boundary conditions along the southern boundary of the modeling domain.
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Figure A3.
Comparison of predicted present-day (solid line) to projected future-2050 (dashed line) 
chemical boundary conditions along the eastern boundary of the modeling domain.
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Figure A4.
Comparison of the MOZART ozone vertical profile to ozonesonde measurements at 
Trinidad Head, CA (URL of the website to access the Trinidad Head data).
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Figure A5.
Comparison of the MOZART ozone vertical profile to measurements made off the 
Washington State coast during the PHOBEA 2003 field campaign (reference to data).
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Figure A6.
Observation sites for ozone (1,349 sites) and PM2.5 (1,277 sites) used for comparison 
to modeled output.  Observations obtained from the EPA AIRS database.
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Figure A7.
Difference plots (”future-2050” - “present-day”) for (left) convective precipitation, and 
(right) PM2.5 deposition (futMETcurLU - CURall).

125



Figure A8.
Difference plots (”futMETfutLU case” - “futMETcurLU case”) for (upper left) total PM2.5, 
(center left) ammonium aerosol, (lower left) biogenic SOA, (upper right) sulfate aerosol, 
(center right) nitrate aerosol, and (lower right) HO.
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Figure A9.
Difference plots (”futMETfutLU case” - “futMETcurLU case”) for (upper left) SO2, (lower 
left) HNO3, (upper right) NH3, and (lower right) NOX.
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Table A1.
CMAQ model vertical layer structure and the approximate elevation at layer interface.

Layer      
Interface

Sigma
Approximate 
Elevation (m)

18 0.000 12,670

17 0.131 10,300

16 0.175 9,278

15 0.375 5,942

14 0.575 3,522

13 0.725 2,047

12 0.775 1,624

11 0.820 1,302

10 0.850 1,061

9 0.878 860

8 0.900 690

7 0.920 571

6 0.930 454

5 0.950 281

4 0.975 149

3 0.985 82

2 0.995 18

1 1.000 0

128



Table A2.
Quantitative comparison of the area covered by each USGS land-use category for the 
current and future simulations.

Description
Present-day 
USGS (km2)

Future-2050 
USGS (km2)

Percent 
Change

Mix Shrubs/Grass 29,808 465,264 +1,461%

Bare Sparse Vegetation 93,312 1,321,920 +1,317

Dryland Crop Pasture 1,486,512 5,456,160 +267

Urban 55,728 169,776 +205

Crop/Grass Mosaic 1,065,312 2,011,392 +89

Crop/Wood Mosaic 578,016 648,000 +12

Water Bodies 10,465,200 9,000,720 -14

Grassland 1,503,360 1,049,760 -30

Evergreen Needleleaf 2,575,152 1,664,064 -35

Savanna 251,424 149,040 -41

Mixed Forest 1,854,576 918,864 -50

Shrubland 1,999,728 575,424 -71

Deciduous Broadleaf 1,041,984 84,240 -92

Irrigated Crop Pasture 82,944 0 -100

Evergreen Broadleaf 23,328 0 -100

Wooded Wetland 86,832 0 -100

Wooded Tundra 317,520 0 -100

Mixed Tundra 2,592 0 -100

Snow or Ice 1,296 0 -100
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Table A3.
Comparison of predicted present-day to projected future-2050 chemical boundary 
conditions.  Boundary condition totals are weighted averages up to 500 mbar.  The delta 
change from the present-day is shown in parenthesis.

Species Units
boundary side

west north south east

O3 ppbv 49 (+10) 50 (+7) 38 (+11) 52 (+10)

PM2.5 !g m-3 1.8 (+0.8) 2.3 (+0.4) 1.1 (+0.7) 2.4 (+0.0)

NOX pptv 38 (+8) 42 (+8) 71 (+58) 78 (+14)

NOY pptv 354 (+133) 421 (+76) 331 (+228) 539 (+127)

NMVOC ppbv 1.8 (+0.6) 5.2 (+0.7) 3.3 (+0.6) 4.3 (+0.6)

CH4 ppmv 1.7 (+0.9) 1.8 (+0.8) 1.7 (+0.8) 1.7 (+0.9)
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Table A4. 
Observed and percent difference between modeled and observed average daily 
maximum 8-hr ozone and average of the daily PM2.5 ([modeled - observed] / observed).

Region

ozone [ppbv] PM2.5 [!g m-3]

Average of 
the 8-hr 

daily maxi-
mum

98th 
percentile of 

the 8-hr 
daily 

maximum

Average of 
the 24-hr 
average

98th per-
centile of 
the 24-hr 
average

R1-3 57 (+31%) 96 (+14%) 17 (-20%) 58 (-45%)

R04 52 (+39%) 83 (+24%) 17 (-15%) 37 (-10%)

R05 55 (+23%) 87 (+14%) 16 (-15%) 36 ( -7%)

R06 48 (+33%) 81 (+19%) 12 (-24%) 26 (-11%)

R07 54 (+22%) 82 ( +7%) 14 (-21%) 31 (-17%)

R08 58 (+15%) 79 (+11%) 8 (-44%) 21 (-62%)

R09 57 (+23%) 99 ( -2%) 11 (-11%) 26 (-41%)

R10 40 (+22%) 69 ( +8%) 7 (-12%) 19 (-43%)
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Table A5.
Average 24-hr PM2.5 concentration (!g m-3) for each EPA region.

Region CURall FUTall futBC futEMIS
futMET-
curLU

futMET-
futLU

R1-3 11 +4 +0.0 +4 +0.2 +0.4

R04 13 +1 +0.3 +5 -3 -3

R05 10 +3 +0.2 +5 -1 -1

R06 6 +2 +0.4 +3 -1 -1

R07 8 +3 +0.3 +4 -1 -1

R08 3 +2 +0.3 +1 +0 +0

R09 5 +2 +0.6 +2 -0.4 -0.5

R10 4 +2 +0.5 +1 -0.2 -0.4

U.S. 7 +2 +0.4 +3 -0.9 -0.8
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Table A6.
Average number of 24-hr PM2.5 35 !g m-3 exceedances per region per month.

Region
# grid 
cells

CURall FUTall futBC futEMIS
futMET-
curLU

futMET-
futLU

R1-3 494 72 +510 +5 +639 -40 +6

R04 788 208 +447 +23 +1604 -187 -166

R05 680 131 +612 +9 +1408 -110 -79

R06 1119 16 +71 +3 +365 -16 -15

R07 558 12 +108 +1 +287 -7 -1

R08 1173 0 +0 +0 +25 +0 +0

R09 774 2 +30 +2 +113 -2 -2

R10 508 0 +0 +0 +0 +0 +0

U.S. 6094 441 +1778 +43 +4441 -362 -257
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