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SUMMARY

Climate change is forecast to affect ambient teatpees, precipitation frequency
and stagnation conditions, all of which impact osgil air quality. An issue of primary
importance for policy-makers is how well currentkanned control strategies for
improving air quality that are based on the curcdimate will work under future global
climate change scenarios. The US EPA’s Regionalaiality Modeling System, CMAQ,
with DDM-3D are used to investigate sensitivitid®pone and Pls to emissions for
current and future scenarios. Sensitivities ardipted to change slightly in response to
climate change. In many cases, mass per ton satis#ito NQ and SQ controls are
predicted to be greater in the future due to bethidwer emissions as well as climate,
suggesting that current control strategies base@duncing such emissions will continue
to be effective in decreasing ozone and;BMvels. Impacts of climate uncertainties on
regional air quality predictions are investigatsthg multiple climate futures in order to
evaluate the robustness of currently planned eamssintrols under impacts of climate
change. The results show that planned controlddoreasing regional ozone and R\
will continue to be effective in the future undeetextreme climate scenarios. However,
the impact of climate uncertainties may be subgthint some urban areas and should be
included in assessing future regional air qualitgt @mission control requirements.
Furthermore, daily cross-responses of ozone angsRMemissions are investigated for
current and future scenarios. Planned controls@f émissions are predicted to lead to
more positive responses in reducing urban ozond*dfd levels in the futureBased on
present emission control technologies, cost opgchemission reductions for offsetting
impacts of climate change on regional peak fourtjindsst daily maximum 8-hr average
ozone and yearly average Rdare predicted to range from $27 million to $5.8idn

(1999%) per year in 2050s for the cities examimethis study.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Regional air pollution meteorology is forecasteéspond to global climate change.
Ground-level concentrations of air pollutants aghly sensitive to meteorological
conditions, particularly temperature, humidity, @pitation and stagnation events.
Mickley et al. (2004) suggest the reduced cyclorgudency in a future warmer climate
could increase the severity of summertime pollutiothe Northeastern and Midwestern
U.S. Holzer and Boer (2001) found that decreasesmtinental atmospheric transport
of the future climate cause stationary-state stineodf long-lived passive tracers and
hence higher air pollutant concentratiol®lzer and Boer2001]. Further, changes in
precipitation can have a dramatic effect on fregyesf washout and fine particle

concentrationsRacherla and Adam£006].

In addition to air pollution meteorology, climatkange is forecast to affect
chemical and physical mechanisms of air pollutaniftion. A number of studies show
that peak ozone levels are positively correlateth wmbient temperaturédy and
Kleeman 2003;Baertsch-Ritter, et §l2004;Menut 2003]. Higher temperatures increase
decomposition of peroxyacyl nitrates (PANs) andrgpa photolysis of nitrogen dioxides
(NO,) during the daytime and hence cause higher peakeoevels illman 1995].

Higher absolute humidity (water vapor concentrgtiatiributed to higher temperature,

increases hydroxyl radicals (OH), resulting in éasixidation of VOCs, forming peroxy



radicals (e.g., H&® RG,) which react with nitrogen oxides (NO) to form plMoreover,
when temperature-induced increases in VOC emisgespecially biogenic VOC
emissions) are considered, higher VOC emissionscaanore ozone formation in NO
saturated (or VOC-sensitive) urban areéasifeld and Pandid997]. However, recent
studies suggest that, at least for ozone, futuletpat concentrations are more sensitive
to the expected changes in precursor emissionstdhidue expected changes in
temperature and photolytic fluBgrgin, et al, 1999;Russell and Dennj2000]. As the
amount of ozone formed per N@olecule emitted remains somewhat constant
[Kleinman 2000], forecast changes in ozone will generadigethd on the forecast NO
emission changes. Global/regional climate chantgpethesized to have relatively less
impact on NQ emissions since they are largely anthropogenicdanabt show a strong

relationship with temperature.

Another important air pollutant, P (particulate matter with an aerodynamic
diameter less than 2.9n), is influenced by climate change in several waligher
temperatures favor semi-volatile compounds (esgodary organic aerosols (SOAS)
and ammonium nitrate (NfNIO3)) to remain in the gas phase. On the other hand,
increases in temperatures and humidity resultghdr emissions of SOA precursors and
faster oxidation of S NOy and VOCs, increasing formation of condensable aamgs,

such as sulfate, nitrate and Semi-Volatile Org@&umpounds (SVOCSs).

This study addresses an issue of primary impoetéorcpolicymakers: how well
currently planned control strategies for improvaigquality for ozone and PM that are

based on the current climate will work under futglabal climate scenarios. Another



important objective of this study is to investigatgacts of climate change on regional
air quality. Of particular interest are the unciettias associated with the “climate
penalty” (increases in levels of air pollutantssedi by climate changeljckley, et al,
2004] and investigating whether uncertainties imate predictions suggest alternative
emission control strategies. Responses of futuve@and PMs levels to both climate
change and to emission changes are quantified agtayic (2000-2002) and projected
future (2049-2051) meteorology. The target futueaqal, 2049-2051, is chosen as a
compromise between being far enough in the futuexperience non-trivial climate

modification yet is still within a reasonable haniefor air quality planning.

For evaluating policy options it is important tov@stigate the interdependencies
between air pollutant formation and how they resptmnemission controls currently and
as conditions change in the future. Such infornmatian be used to evaluate how controls
developed for one pollutant might influence levielsother pollutants. Here we examine
daily responses of ozone and P¢b emission changes for current and future scesario
including effects of climate change and currentgnped emission controls, and
investigate their correlations. Also, under the acig of future climate change, it is
important to quantify the economic impacts of cliemehange on regional air quality
management if potential changes in meteorologields affect direction and magnitude

of currently planned emission controls for imprayfature air quality.

1.2 Sensitivity and Uncertainty Analyses

Sensitivity analysis quantifies the changes insineulation results when one or

multiple parameters are perturbed in the modelysgesns. Uncertainty analysis is



important and describes how reliable the modelesyits are since model inputs and
parameterizations/assumptions lead to uncertaimtittge outputs. For air quality
management, policy-makers are interested in thgiteaties of air pollutants to changes
in physical and chemical mechanisms in the regiamajuality models (RAQMS),
meteorological conditions and precursor emissiBasults of sensitivity analyses can
help us investigate effectiveness of emission cbstrategies for improving air quality.
There are a variety of ways to perform uncertaartglysis. One is an ensemble method,
which uses same inputs for running multiple modelsrder to examine the uncertainties
arising from model choice. Another method is todeprobability density functions
(PDFs) of variables of interest by taking into aatibuncertainties in the more influential

parameters and inputs.

Sensitivity and uncertainty analyses are usedigstudy in order to investigate
the impacts of global climate change on air quatiyecifically, sensitivities of air
pollutants to emission changes and how climate i@icgies affect the predicted impacts
of climate change on air quality are investigafdtk results are intended to help policy-
makers evaluate the effectiveness and robustnessrmntly planned control strategies
for improving air quality and human health in tlwuire. If the pollutant fields and their
sensitivities to anthropogenic emissions in thariare similar to current conditions, the
conclusion would be that climate considerations mot significantly impact design of
current control strategies that deal with ozoneRlH s as much as if the relative
sensitivities changed markedly. If the sensitigitige similar, but the pollutant levels are

significantly different, then control strategie®shd focus on degree of controls rather



than direction. If, however, the sensitivities aignificantly different, future control

decisions should consider how climate changes.

1.3 Scope of This Work

The objectives of this study are to: 1) assesitipacts of global climate
change on regional air quality; 2) investigate gasitses of air pollutants to emissions;
3) quantify impacts of climate uncertainties oncaiality forecast; 4) investigate cross-
responses of multiple pollutants to emissions; Bnelstimate costs of emission
reductions for offsetting climate impacts on aialjly. Here, both the direct (impact of
climate change alone on meteorology) and indimagigicts (those caused by emission
changes due to either/both controls and climategigof climate change on air quality
are investigated. Furthermore, cross-responsesanfeoand PMsto emission changes
for current and future scenarios including effexftslimate change and currently planned
emission controls are investigated. Economic ingpattlimate change on regional air

guality management are also examined in this study.

The chapters are organized as follows:

Chapter 2: Development of North American Emission Inventoriegor Air
Quality Modeling Under Climate Change.Emissions of U.S., Canada and
northern Mexico, consistent with near-term regolagiand trends as well as
longer-term projections, are developed to assedmytlimate impacts on

regional air quality over North America.



Chapter 3: Impacts of Global Climate Change and Enssions on Regional
Ozone and Fine Particulate Matter Concentrations ogr the United States.
Impacts of climate change alone and in combinatitth currently planned
emission control strategies on regional ozone avigsRare examined over the
continental United States.

Chapter 4: The Role of Climate and Emission Changes Future Air Quality
over Southern Canada and Northern Mexicolmpacts of climate change alone
and in combination with currently planned emissiontrol strategies on regional
ozone and PMs are examined over western and eastern Canaddlaswe
northern Mexico.

Chapter 5: Impacts of Future Climate and EmissiongReductions on Nitrogen
and Sulfur Reposition over the United Statedmpacts of climate change alone
and in combination with currently planned emissiontrol strategies on sulfur
and nitrogen deposition are examined over the gental United States.
Chapter 6: Sensitivities of Ozone and Fine Particulate MatteFormation to
Emissions under the Impact of Potential Future Clinate Changelmpacts of
climate change alone and in combination with cutygrianned emission control
strategies on sensitivities of air pollutants tas=mmons are examined. Results of
sensitivity analysis are used to investigate tifecéf/eness of currently planned
emission reductions for decreasing regional ailupeht levels in the future.
Chapter 7: Quantification of Impact of Climate Uncertainty on Regional Air
Quiality. Given uncertainties in climate forecasignificance of climate

uncertainties and their impacts on air qualityexamined in this chapter. The



results of uncertainty analysis are used to evaltra robustness of currently
planned control strategies for improving air qyalit

Chapter 8: Current and Future Linked Responses of Ozonand PM, sto
Emissions Controls.Interdependencies between ozone and $fisrmation and
their cross-responses to emission controls arestigaged for current and future
scenariosCross-responses of ozone and.Rk emissions are quantified and
linked on a daily basis for five cities in the coeintal United States.

Chapter 9: Cost Analysis of Impacts of Climate Chage on Regional Air
Quality. Costs of emission reductions for offsetting impautslimate change on
regional air quality are estimated in 2050s usimggronal air quality model and
cost control tools for five cities in the Unitedagds.

Chapter 10: Summary and Future ResearchThis chapter presents the
summary and main findings of this work and recomdagions for future research.
Appendix A: Auxiliary material for Chapter 3

Appendix B: Auxiliary material for Chapter 6

Appendix C: Auxiliary material for Chapter 7

Appendix D: Auxiliary material for Chapter 8

Appendix E: Auxiliary material for Chapter 9



CHAPTER 2

DEVELOPMENT OF NORTH AMERICAN EMISSION
INVENTORIES FOR AIR QUALITY MODELING UNDER
CLIMATE CHANGE

2.1 Introduction

Climate change, amongst its many impacts, willcffature regional air quality,
which will have potential human health, ecosysteh @conomic implications.
Assessing such impacts is frequently done usingmegair quality models which rely
on emissions inventories (EIs) of the relevant prear emissions (e.g., VOCs, NGQ,
NHgs, primary PM). However, forecasting emissionstowud period far enough into the
future so as to result in significant climate changet be able to provide consistent

emission estimates that reflect various currentileggpns and trends is challenging.

In the past decade, US EPA has been taking regulactions (e.g. Clean Air
Interstate Rule (CAIR)BPA 2005], Regional Haze Rule, etc.) aimed at imprg\air
quality in the US. Finalized in 2005, CAIR wouldgsificantly reduce emissions of
ozone and PM precursors (8é&nd NQ) from electric generating units across 28 eastern
states and the District of Columbia by 2015. Iniadid, Regional Haze Rule issued in
1999 sets federal requirements targeting reductionsmissions of PM precursors to

restore visibility to natural or pristine condit®m national Class | areas by 2064.

* This chapter is accepted to publish in doeirnal of the Air & Waste Management Associati©o-
authors are Jung-Hun Woo, Shan He, Efthimios Tagassesan Manomaiphiboon, Praveen Amar and
Armistead G. Russell.



These regulatory efforts have resulted in reliaiger-future (up to the year 2020)
emission inventory for the U.S. Beyond that, IPIt(S formulated a wide range of
global long-term (up to year 2100) SRES emissi@mados (e.g. A1B, A1T, A2, B1, B2
etc.) [PCC, 2001;Nakic enovic, 2000]. These long-term emission projections ased
on alternate combinations of complex economic/eyielignate assumptions and thus are
associated with high level of uncertainty.

The Integrated Model to Assess the Global EnvireminiiIMAGE), developed by
Netherlands’s National Institute for Public Headtid the Environment (RIVM), is one
of the more commonly used models to estimate eamssassociated with global change
(http://Iwww.mnp.nl/en/themasites/image/index.htiat access: May 11, 2008). The
main objectives of IMAGE are to contribute to s¢ifem understanding and support
decision-making by quantifying the relative impoita of major processes and
interactions in the society-biosphere-climate gyste the IMAGE 2.2 framework, the
general equilibrium economy model, WorldScan, dredpgopulation model, PHOENIX,
feed the basic information on economic and demdgcagevelopments for 17 world
regions into the following three linked subsysteiitse first subsystem, Energy-Industry
System (EIS), calculates regional energy consumpénergy efficiency improvements,
fuel substitution, supply and trade of fossil fuelsd renewable energy technologies. On
the basis of energy use and industrial product®8,computes emissions of greenhouse
gases (GHGs) (i.e., GOCH,; and NO), ozone precursors (NACO, NMVOC) and S@
The second subsystem, Terrestrial Environment 8y§T&S), computes land-use
changes on the basis of regional consumption, ptamuand trading of food, animal

feed, fodder, grass and timber, with consideratidlocal climatic and terrain properties.



TES computes emissions from land-use changes,ah&twsystems and agricultural
production systems, and the exchange of B&ween terrestrial ecosystems and the
atmosphere. Finally, the third subsystem, the Apphesic-Ocean System (AOS)
calculates changes in atmospheric composition ubegmissions and other factors
(such as land cover change, Ofptake, global mean temperature change, moisture
availability, etc.) in the EIS and TES, and by takoceanic C@uptake and atmospheric
chemistry into consideration. Subsequently, AOS mat@s changes in climatic
properties by resolving the changes in radiativeifigg caused by greenhouse gases,
aerosols and oceanic heat transport. Historical fdstthe 1765-1995 period are used to
initialize the carbon cycle and climate system. IGEA 2.2 simulations cover the 1970-
2100 period. Data for 1970-1995 are used to cdblEdS and TES. Simulations up to the
year 2100 are made on the basis of scenario assun®por variables such as
demography, food and energy consumption, technadoglytrade. Although IMAGE 2.2
is global in scope, it performs many of its caltiolas either on a high-resolution
terrestrial 0.5 by 0.5 degree grid (land use and over) or for 17 specific world
regions (energy, trade and emissions). The eneciprs in the IMAGE are as follows:
1) five energy end-use sectors, i.e. industriahgport, residential (households), services
(commercial and public) and other (agricultural atiter), 2) energy consumption by
electric power generation, 3) other energy tramsédion, 4) fossil fuel production (coal
production, gas flaring associated with oil produtt gas transmission, etc.), and 5)
marine bunkers (international shipping). Also, émergy carriers included in IMAGE
are: 1) solid fuels (coal and coal products), Zuydiquid fuels (diesel, residual fuel oll

and crude oil), 3) light liquid fuels (LPG and gkse), 4) gaseous fuels (natural and
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from gasworks), and 5) modern biofuels such asnethd@he CO, NQ SO, and
NMVOC are estimated from the model as distinct smisspecies. The summary of EIS

model input, output, and assumptions are desciibdte Table 2.1.

Table 2.1: Inputs, outputs, and assumptions of Engy-Industry System (EIS)
included in IMAGE

Income per capita
Model input _ .
(energy) Energy production and energy end-use consumptitMER)
Fraction surface and deep coal mining ¢C(fossil trade flows)
Emission factors for energy sectors and carriechiological and efficiency
improvements, structural changes)
Submodel Fraction of catalyst-equipped cars
assumptions
Technological improvements and end-of-pipe corteohniques for CO,
NMVOC, NO, and SQ (FGD in power plants, fuel specification standduits
transport, clean-coal technologies industry, etc.)
Model input Regional population
(industry) , .
Energy end-use consumption by industry (TIMER)
Emission factors for industrial sectors and casrier
Submodel . .
assumptions End-of-pipe control techniques for CO, VOC, N&hd SQ
Marine bunkers and feedstocks
Model output  [[Emissions of CQ CH,, N,O, NG, and SQ@, CO, NMVOC and halocarbons.
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The IMAGE thus generates a database using a sénmedels that allows for the
estimation of global emissions with a high degremirnal consistency. This study used
emissions data from IMAGE model results for theeéhregions of interest (Canada, U.S.,
and Mexico) and for three years (2001, 2020, arDPQsing the A1B scenario. With
IPCC A1B as reference scenario, Streets et abddhe “x1” set of scenarios, which
represent globalization scenarios, and are coresiderbe a much more likely set of
futures than the “x2” set of global fragmentatiotures Btreets, et al.2004]. Also,

Streets et al. (2004) note that these scenarioaniacl more in line with recent emission
trends in many parts of the world. In a previousesech effort they first selected two
futures for examination, B1 and Al, and noted &éidevel of confidence in the B1
scenario to be realize®{reets and Fernande®002]. B1 represents an emphasis on
environmental protection, whereas Al stresses enandevelopment. They eventually

selected A1B scenario as the midrange “balancestiaso.

As part of our more detailed study of climate- oggil air quality interactions, a
mid-21st century emissions inventory (El) for NoAimerica was required for a
modeling study of regional ozone and fine partiokgter. Since the time span (about 50
years in the future) of such a long projectionagdnd that of regular State
Implementation Plan (SIP) EI's used in typical cewil air quality modeling (in range of
10~20years), it is necessary to identify a practpgroach that allows the future-year
projection to account for possible emission costeoid climatic and socio-economic
changes. However, a technical challenge arisemusecsuch an approach requires
integration of various different types of infornatiwith which emissions from human

activities are associated. Often, information giveigenerated for global-scale studies
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has less detail and uses coarser spatial-tempsalution. This study extensively
reviewed and analyzed a number of existing regiandlglobal scale emissions
projection efforts, and then developed a methottties into account up-to-date
emission scenarios. Evaluation is based on daitabiity and accessibility, spatial-
temporal coverage and resolution, and future-seecansistency (i.e. IPCC SRES A1B,
the driving future emissions scenario adopted). Miéhod consists of two sequential
steps. First step involves the near-future propectif emissions to the year 2020, based
closely on both the US EPA CAIR EIl and the EnvireminCanada El, as well as
emissions projections from regional planning orgations (RPOSs) in the US. The
second step is longer term (to mid®2&ntury) El projection, following approaches
proposed by the RIVM in its IMAGE model. For Mexjage update present El using
BRAVO and Mexico NEI, and then project directlythe year 2050 since no
intermediate projections are available. Combimatibthese approaches provides a best-

estimate and practical emissions input for regiamatjuality modeling platform.

Species of interest for regional air quality maaglinclude carbon monoxide
(CO), nitrogen oxides (N sulfur dioxide (S@, nonmethane volatile organic
compounds (NMVOC), ammonia (N} and particulate matters (BMand PMo). The
Sparse Matrix Operator Kernel Emissions (SMOKE) @othmunity Multiscale Air
Quality (CMAQ)-Decoupled Direct Method (DDM) mod&unker, et al.2002;
Napelenok, et al2006] are employed as emissions processing agraichl transport
models, respectively, in our modeling platform. Stvork fills in the gaps in emissions
estimates from rather more certain near-term eomsstenario (EPA CAIR, year 2020)

to less certain distant-future scenarios (e.g.020Bhe resulting inventories have been
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used to simulate changes in regional air qualithheéU.S. (@ and PM ) between now
and 205010iao, et al, 2007;Tagaris, et al. 2008;Tagaris, et al. 2007]. Not only this

work should provide better emission estimates lionate change impact assessments 50
years down the road, it should also be helpful psligy-relevant tool and for scientific

research.

2.2 Methods

2.2.1 Emission Inventory for USA

This study develops estimates of future emissibasare as consistent as
possible to the Inter governmental Panel on ClinGitange SRES A1B scenario, which
is the emission scenario that has been used tdagerfuture climate at global scale, yet
also take into account recent emission controlreffim North America. The SRES A1B
scenario describes a future world of rapid econagroevth and global population that
peaks in mid-century and declines thereafter, vathd introduction of more efficient
technologies, and balanced usage between fostsldne other energy sources. This
study, however, does not restrict itself to the AstBnario alone and incorporates other

information as well.

Salient features of a number of existing regioaald global-scale emissions
projection efforts are presented in Figure 2.1.d8asn evaluation of a number of factors
including data availability and accessibility, Spatemporal coverage and resolution,
and future-scenario consistency (i.e. IPCC SRES,Ali8driving future emissions

scenario adopted), an integrated El is developeelciic Els that form the basis of our
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forecast, and account for recent control decisimudude the Clean Air Interstate Rule
(CAIR) EI from US EPA and the Environment Canad&)El, and the RIVM’'s IMAGE
El. After considering the factors noted above,2081 CAIR El of EPA was chosen as
the base-year inventory for this study. The prapecbf 2050 emissions from the 2001
base-year consists of two steps: first, collecing merging projected EI for near-future
which already incorporates all of “visible” growdimd control (up to year 2020); and
then, conducting a distant-future EI projection {ophe mid-century) using a more
coarse, but integrated modeling approach. The foisrtgased on the US EPA CAIR
2020 El while the latter follows approach givenRiM’'s IMAGE Model. The year
2020 CAIR El was selected as the basis for the-hkare emissions due to the
following advantages. The readily available CAIRi€the “official” data that is used for
the EPA’s Rulemaking, and as such, has underggnéisant evaluation and quality
assurance. It is based on updated growth and ¢@ssamptions and has content and
format which is most consistent with the need$f $tudy. In addition, CAIR uses the
most recent national database for its base-yedt, 2(0in this study. The base-year and
year-2020 inventories were developed in a “SMOK&dgg format and include the
following pollutants: carbon monoxide (CO), nitragexides (NGQ), nhon-methane
volatile organic compounds (NMVOC), sulfur dioxi(ieO,), ammonia (NH), particulate
matter with an aerodynamic diameter less than dans (PMg), and particulate matter
with an aerodynamic diameter less than 2.5 mic(BiMy 5). As noted earlier, RIVM’s
IMAGE model was selected to project emissions fy@ar 2020 to year 2050. IMAGE
model is the only one available that covers the timarizon of the target future year 2050

(up to year 2100 maximum) as well as the scenéirmsIPCC SRES A1B) which are
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consistent with the climate/meteorological scenefithis study. The IMAGE model, as
described earlier, has other sub-models which mewrporate interactions among various
components. It is readily available and has beed & a US EPA’s inter-continental

scale transport modeling project.

BAU, RGEI

JEPA

[N pos [ |cons  JEEEN Both

EIVM : Metherland:="s MNatonal Institute for Public Health and the Environment
IMAGE : Integrated Model to Assess the Global Environment

Figure 2.1: Salient features of a number of existigpregional- and global-scale
emissions projection efforts

Integration of the future emissions inventories wase as follows: 1) EPA CAIR
inventories for year-2001 and year-2020 were psegsvith SMOKE programs to
ensure consistency in data formatting followedh®s generation of an emissions
summary by each Source Classification Code (SCnfissions and “surrogates”
(agricultural production and black/organic carbonNH; and PM, respectively) from
IMAGE and Streets et. al. were estimated for USALE/Mexico and for

Y2001/Y2020/Y2050 to generate growth factors fasth periodsJtreets, et al.2004];
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3) cross-references from US SCC to IMAGE sectol/foenbination were developed,
and finally; 4) growth factors were applied to ffearly inventories, using cross
references described above to estimate the yed&-i808ntory for North America. For
on-road mobile sources in the U.S., first the RRO&ZVMT (vehicle miles traveled)
projection and MOBILEG input scenarios files wesed, then IMAGE transportation
sector growth factor was used to represent poss-28ange. The forecasting approach
accounts for current and expected regulations dsasgrowth technology
advancements, but any forecast over such a longdosropen to uncertainties. Finally,
emissions were calculated using SMOKE/MOBILEG6 witture meteorological (MM5)

forecasts.

2.2.2 Emission Inventory for Canada and Mexico

In the EPA CAIR work, emissions for Canada and Mexwvere held constant for
base and future years. This approach may be atdebta near future (i.e. year 2020),
US-based assessments, but is insufficient for mistant periods for climate-related
work. Therefore a growth approach was appliedfanada and Mexico even though
their emissions information is limited and emissinagnitudes are relatively small
compared to the US at present. For Canada, thergremissions inventory was updated
from US EPA’s 1996 Canadian inventory by combiningith Environment Canada
(EC)’s emissions inventory (year 2000 for pointrems and year 2020 for area, nonroad,
on-road mobile, (http://www.epa.gov/ttn/chief/nariada.html, last access: May 11,
2008) and by using the New York State’s Departna¢iiinvironmental Conservation

(NYS DEC)’s point source inventory that includeslaged data on Canadian point
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sources.H. Pechan & Associate006c]. For Mexico, the present emissions invento
was updated from US EPA’s 1999 BRAVO inventory byndining it with BRAVO EI
and Mexico NEI (http://www.epa.gov/ttn/chief/nethine.html, last access: May 11,
2008). Since the Mexico NEI (MNEI) only covers states, it was merged with BRAVO
El to cover the entire modeling domain. Since MNBeés not include emissions of
fugitive dust, BRAVO data are used instead fordixeborder states. With a merged

inventory, growth factors were applied to the detsis

2.3 Results and Discussion

IMAGE-generated emissions estimates for IPCC SREB #cenario have been
extensively analyzed in this study to provide ihssgon emissions trends, and to develop
growth factors specific to the modeling region. i&sions trends are presented in Figure
2.2 by fuels (left panel) and by source sectogh{rpanel) for three IMAGE regions
(USA/Canada/Mexico) and for three years (Y2001/Y®¥2050) for SQ (top row),

NOx (second row from top), NMVOC (third row from tognd CO (bottom row). For
SO, the dominant fuel is coal (CL) for the US and &aden, and heavy oil (HO) for
Mexico (Mexico is part of the Central America regio IMAGE). In the U.S. and
Canada, S@emissions are forecasted to decline substanbaliyeen 2001 and 2020
(~70%) but the rate of decline is lower between 282 2050 (~18%). For Mexico,
emissions are forecasted to increase between 2@D2020 (~100%) but decline after
2020 (down to 70% of 2020 level by 2050). Powereggation (POWGEN) is the
dominant sector for SCGemissions for all three countries (60~80% in URy. NQ,, the

dominant fuels are light oil (LO) and coal for UsdaCanada (70~80% overall), but light
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oil (LPG and gasoline) and heavy oil (diesel argidheal fuel oil) are the important
contributors in Mexico (75%). In the U.S., and Caama\NQ emissions are forecasted to
decline throughout all future years. Mexico show®pposite trend as emissions
increase. Transportation (TRA) is dominant seaiof2001 for all three countries but
POWGEN sector becomes more important as total ensslecrease in the future. In
U.S. and Canada, N@missions decline because of the implementati@nogsion
controls on vehicles and major stationary sourBasin Mexico, power generation
drives an increase in NOx emissions. For NMVOC,dbentry-by-country emissions
trend shows patterns that are similar tg 8@d the dominant fuel is light oil (gasoline)
(more than half of emissions from fuel in US, 2000he transportation, industrial
process (INDPRO) and fugitive emissions (LOSS)taeedominant sectors for NMVOC
(more than 95% overall). This trend is consisteitlh Wwigh growth rates in such sectors
as industrial solvents, paints, glues, and chemigadduction. Such industrial
commodities are typically associated with econode¢elopment. Hydrocarbon
emissions from growing transportation fleets of Mexadd to NMVOC emissions.
Forecasted CO emissions show a similar patter©tadog countries (2.5 times lower in
2050 compared to 2001). The dominant fuel and sac& however, light oil and

transportation (95% in US, 2001), respectively.
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Figure 2.2: IMAGE emissions (A1B) of SQ, NOy, NMVOC, and CO by fuels (left)
and by source sectors (right) for three IPCC regios (USA/Canada/Mexico) and
three years (Y2001/Y2020/Y2050) IND : Industrial, RA : Transportation, RES :
Residential, SER :Service, OTH : Other, ETRAN : Enegy Transformation,
POWGEN : Power Generation, INDPRO : Industrial Processes, LOSS : Loss, CL:
Coal, HO: Heavy Oil, LO: Light Oil, NG: Natural Gas, MB : Modern Biofuel, IP :
Industrial Processes, TOT : Total
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Ammonia and PM species are treated differentlyestheir emissions are not
calculated in the IMAGE model. Agricultural actieis were used as the NBurrogate.
Only livestock production from the IMAGE model wased to “grow” NH emissions
because NEemissions from fertilizer application are held stamt through all years in
CAIR emissions. Black carbon and organic carboualte$rom Streets et al. were used as
primary PM surrogatesStreets, et al.2004]. Present and future emissions of two
surrogates are shown in Figure 2.3. Agriculturaldpiction is projected to increase by
more than 30 percent in 50 years for all three treesy PM emission trends show similar
patterns as NQwith a small change in Canada, and a ~40% decnedlse U.S. In

Mexico, PM emissions increase by ~20% by 2030 ben ttecrease by more than 50%

by 2050.
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Figure 2.3: Emissions trends of NHand PM under the A1B scenario for three
IPCC regions (USA/Canada/Mexico) and three years (¥001/Y2020/Y2050)
FdCrop : Food Crop, FICrop : Field Crop, CropBrn : Crop Residue Burning
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2.3.1 Present and Future Emissions in USA

Since the purpose is to estimate projected emisstbe sectors remaining
constant during the years (i.e. fire and fugitivst are not included. Figure 2.4 shows
US SQ emissions by state and by source types (poir, a@road, and on-road
mobile) for years 2001, 2020, and 2050. Based erChIR emission inventory, point
sources are the dominant source category due loemgssions from the power
generation sector. The Midwest region shows hi@@remissions due to its substantial
coal-fired power generation sector. Area sourcerdmrtions are relatively high in
Northeast compared to other regions due to theshigbe of residential oil combustion.

Overall, controls and fuel changes by the year 2680 to a decrease in S€missions

by more than 50% compared to their 2001 level.

Figure 2.4: Present and future years S@emissions by US states and by source types
(P : Point source, A : Area source, N : Nonroad male source, M : On-road mobile
source)
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Figure 2.5 shows NCemissions (in the same format as the 8&%e in Figure
2.4). For NQ, mobile sources (nonroad and on-road) contribuieerthan half of the
total emissions and point sources’ portion is ald@%. Emissions decrease throughout
the years for mobile and for point sources. On-noadbile emissions show a distinct
decrease until the year 2020 due to control progr@m. U.S. Tier 2 standards). Note
that on-road mobile source emissions estimatesa@rgom SMOKE/MOBILEG6 but
from National Mobile Inventory Model (NMIMin CAIR EI [USEPA 2003]. Therefore
no growth factor is applied to the on-road mobdarse sector beyond 2020. Instead, it is
estimated by SMOKE/MOBILEG6 with future meteorologji¢ields generated by MM5
model [Grell, et al, 1994;Seaman2000]. Leung and Gustafson downscaled the GISS
simulations for 1995-2005 and 2045-2055 periodsguie MM5 to the regional scale
[Leung and Gustafsp2005]. MM5 forecasts cover year 2050 but not 26ip@e the
year 2020 was the future year for the regional leggry modeling (i.e. CAIR) and not
for the climate change. SMOKE/M6 use humidity aghperature data from MM5.
Although there are uncertainties in using regigndtiwnscaled climate, we do not
consider them herds for regional distribution, California, Texas aMidwest regions

show high NQ emissions in year-2001 but they are substantiaier in future years.
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Figure 2.5: Present and future years N@emissions by U.S. states and by source
types (P : Point source, A : Area source, N : Nonax mobile source, M : On-road
mobile source)

Area sources are an important source category ftw@C (~40%) (Figure 2.6).
Emissions decreases are not as significant asaB®ONQ. Major emissions reductions
occur in on-road and nonroad mobile source sectdrs.spatial distribution of NMVOC

shows a similar pattern to NO
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Figure 2.6: Present and future years NMVOC emissiagby U.S. states and by
source types (P : Point source, A : Area source, \Nonroad mobile source, M : On-
road mobile source)

PM. semissions (Figure 2.7) indicate point sources asltiminant source
category (contributing ~45% PJM. Overall, PM semissions decrease in the future but
point source emissions increase from 2001 to 2R2@ that fugitive dust and fire
emissions which comprise about 50% of total,B&re not included in this analysis since
they are assumed to remain constant through ths.yielb semissions are high in
California, Texas, Georgia, Florida, and the Midirregiion. The area source
contribution is high on the west coast, mid-Atlargnd northeast states, whereas the
point sources contribution is high in Texas, Midtesd the southern states. Rnd
CO emissions (Figure 2.8) show decreases in tlheefubut NH emissions gradually

increase due to increased agricultural activiteeg. (livestock feeding). Again, note that
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80% of total PMp emissions in the United States are from excludedces (i.e. fugitive

dust and fire emissions).
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Figure 2.7: Present and future years PMsemissions by U.S. states and by source
types (P : Point source, A : Area source, N : Nonax mobile source, M : On-road
mobile source)
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As described earlier, future on-road mobile emissiestimates are generated by
SMOKE/MOBILEG6 and adjusted for daily meteorologyowkver it is also of interest to
investigate impact of VMT vs. controls on futureissions without considering
meteorological variable changes in the future. ®alwt, we conducted one-day
SMOKE/MOBILES® run for base year (2002), near fut(2618), and distant future
(2050) for 12 Northeast and Mid-Atlantic Statks/entories are developed for each year,
and emissions modeling is used to develop day-Bpetnissions accounting for time of
year, weekend-weekday, hourly and meteorologicahtians on source-by-source basis.
Results are shown for August 1 for comparative pses. Year 2018 is used as near-
future year instead of 2020, since 2018 is theréuyear for regional haze SIP emissions
inventory. For this comparison, VMT and plannegulations in the Mobile6 calculation
for 2018 are held constant through 2050 and app@sed regulations and controls are
included. VMT and CO results are shown in Figu@& ¥MT increases 10~30%
compared with the base year. In spite of VMT inseed O emissions decrease
dramatically because of controls. Emissions deereasch more slowly after 2018 as no
new regulations are imposed. This suggests thati@ual regulations would be needed
for reducing emissions for the post-2018 era. Adicwy to projections (up to the year
2030) included in the EPA’s Tier 2 Regulatory IrapAnalysis (EPA 2005), NMVOC
emissions will increase post-2018 due to VMT inseeand this trend will continue if
new regulations or new technologies are not intcedu Therefore, for mobile source
projections, a combined approach similar to théhéosource types” is used by first

adopting Regional Planning Organization (RPO) 2008 projection and MOBILE6
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input scenarios files; and then growing 2018 VMingdMAGE transportation sector

growth factor (i.e. 0.496) to represent post-2048wgh and control.
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Figure 2.9: VMT and CO emissions for three years (@02/2018/2050) for MANE-VU
states
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The emissions results from IMAGE (2001, 2020, @0&AIR (2001, 2020), and
this study (2050) are presented in the Table DRtle year 2001, S&missions
estimates from IMAGE and CAIR are the same but B VOCs emissions show
differences of -22.5 and 11%, respectively. Th&d#nces result from the fact that the
IMAGE 2001 emissions are projected from the ye&51@ata. S@emissions show very
little discrepancy in the base year (i.e. 2001)abse S@major emission sector is power
generation which has very firm near term growth eowltrol plans. The year 2050 §O
emissions from this study, however, are almostdvais much as IMAGE’s because
IMAGE assumes faster fuel transient than CAIR xN@issions show bigger
discrepancy than in S@ase for the starting point (23% in the year 2Qfit)show less
(41%) in the year 2050. In this case, CAIR shovesdiareduction of NOx from onroad,
nonroad mobile, and area sources but IMAGE shoggdsireduction only in
transportation sector. The year 2050, Missions estimates from this study are lower
than pure IMAGE estimate, as a result. VOC estimal®w moderate difference (11%)
initially but end up very close (4%) because CAHRmates a little more reduction in the
2001-2020 period. For N@missions in the year 2050, Wu et al. (2007)restted about
40% reduction on the continental U.S. scale whsatpuite similar to IMAGE estimates
because both approaches use the same IPCC AlBisdéNa, et al. 2007]. Our year
2050 NQ estimate, which showed 15% more reduction than ®&#Amay be more
reasonable because it includes more updated emiasiivities and control measures for

the U.S.
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Table 2.2: Emissions results from IMAGE (2001, 2028nd 2050), CAIR (2001, 2020)

Talyr 2001 2020 2050
IMAGE CAIR IMAGE CAIR IMAGE This Study
SO 16.0 16.0 4.8 10.2 3.9 7.6
NO 28.9 22.4 24.0 13.3 16.8 9.9
VOC 16.0 17.8 13.4 13.1 10.8 10.3

2.3.2Present and Future Emissions in Canada and Mexico

For Canada, the present emissions inventory waslaj@ed by combining
Environment Canada (EC)’s emissions (year 200@pdamt sources and year 2020 for
area, nonroad, on-road mobile, available at hitui.epa.gov/ttn/chief/net/canada.html.
last access: May 11, 2008) and New York State Deyant of Environmental
Conservation (NYS DEC)’s year 2002 point sourcesimtery, which is based on EC’s
National Pollutant Release Inventory (NPRI) data
(http://www.ec.gc.ca/pdb/npri/npri_home_e.cfm. lastess: May 11, 2008). NYS
DEC's El is scaled using EC’s province subtotavtoid inconsistency between the
datasets. While Nis missing in NYSDEC's point source dataset,sM¥hissions are
scaled by N@emissions because of high correlation (r=0.9) betwtwo species’
emissions found in Canadian point source summaith e “scaled” point source
inventory, growth factors for years 2050/2000 (paiource) and 2050/2020 (area,
nonroad, on-road mobile) are applied to the dasaSstme source sub-sectors, for
example, volcano, fugitive dust, fertilizer apptica, and fire, are not grown, so as to be

consistent with US data. Table 2.3 shows 20002850 Canadian emissions for all
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seven species. Most emissions estimates, exceptifélg by about 30%. PM emissions

increase because the surrogate species, EC emsigstwaase from 2000 to 2020.

Table 2.3: Year 2000 and Year 2050 Canada point, @a, honroad, and on road

mobile source emissions (TPY)

Source Year CcoO NO VOC NH; SO PM;o PM, s
Point 2000 1.33 0.73 0.29 0.03 2.30 0.26 0.14
Area 2000 1.87 0.44 1.94 0.59 0.20 5.31 0.84
Nonroad 2000 2.92 0.77 0.35 0.00 0.06 0.07 0.06
Onroad 2000 6.31 0.94 0.45 0.02 0.03 0.02 0.02
Sum 2000 12.43 2.87 3.03 0.64 2.59 5.66 1.06
Point 2050 0.65 0.45 0.14 0.02 0.51 0.15 0.08
Area 2050 1.62 0.41 1.16 0.36 0.20 7.42 1.07
Nonroad 2050 2.13 0.54 0.17 0.00 0.04 0.04 0.03
Onroad 2050 2.36 0.15 0.08 0.02 0.00 0.00 0.00
Sum 2050 6.76 1.54 1.56 0.40 0.75 7.61 1.18

For Mexico, the present emissions inventory fromEF\’s 1999 BRAVO
inventory is updated by combining it with MNEI
(http://www.epa.gov/ttn/chief/net/mexico.html, lastcess: May 11, 2008). BRAVO
fugitive dust El values are used since MNEI dogsmdude dust emissions. Then year
2050/1999 growth factors are applied to the memgeentory. NQ emissions increase
by more than a factor of two due to growth of pogeneration industrial sector (Table
2.4). Emissions of SQhowever, increase at a lower rate due to cont@sand PM

emissions decrease due to improved combustionrarssien controls.
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Table 2.4: Year 1999 and year 2050 Mexico point ararea source emissions (TPY)

Source  Year CO NO, VOC  NH; SO,  PMy  PMs
Point 1999  2.68 0.43 1.22 0.00 2.89 0.62 0.33
Area 1999  3.00 0.34 0.86 0.35 0.14 0.76 0.23
Sum 1999  5.67 0.77 2.09 0.35 3.04 1.39 0.56
Point 2050  2.23 1.04 1.29 0.00 3.55 0.32 0.17
Area 2050 255 0.82 0.90 1.12 0.22 0.72 0.20
Sum 2050  4.78 1.86 2.19 1.12 3.78 1.04 0.37

The resulting inventories have been used to simulaanges in regional air
quality in the U.S. between now and 20%@garis, et al.2007]. Briefly, that study
found that emission changes have a greater impagolutant concentrations than
climate change, emphasizing the importance of atelyrforecasting emission trends.
Although climate change alone modifies mean summeedmum daily 8-hr ozone levels
(M8hGs) by +3% regionally and mean annual PiMoncentrations by -3% to 6%, the
impact of climate change, growth activity and emoiss controls lead to a 20% decrease
(regionally varying from -11% to -28%) in the mesummer M8h@while mean annual
PM, s concentrations are estimated to be 23% lowergsdrom -9% to -32%). Total
nitrogen and sulfur deposition in the future isgliated to be lower over the U.S.
compared to the historic period considering boitmate change and planned controls on
precursor emissions. Reductions in the Northeastywielst and Southeast sub-regions
will be higher compared to West and Plains, respantb emission reductions. Climate

change, alone, with no emissions growth or contralsa minor impact on nitrogen and
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sulfur deposition rates. Sensitivities of ozone BiM} s formation to precursor emissions
are found to change only slightly in response imale change. Sensitivities to Nénd

SO, controls are predicted to be greater in the futlure to both the lower emissions as
well as climate, suggesting that current contn@tsgjies based on reducing emissions
will continue to be effective in decreasing grolenkl ozone and Pp4 concentrations.
Uncertainties associated with climate scenariodaned to have a rather moderate effect
on the predicted biogenic VOC emissions and ozoneentrations in year 2050if0, et
al., 2008]. Differences in concentrations of M8hO3 tluencertainties in climatic
conditions are found up to 10 ppb in some pollutdzhn areas, though the change in
summer-average ozone is minimal (~1 ppb). Differsnceannualized Pl levels are
predicted to range between -1.0 and +1.5 [fgRtanned controls for decreasing regional
ozone and Pls will continue to be effective in the future undlee extreme climate
scenarios. The trend in pollutant concentrationsats the key role that emission control
strategies may play in future regional air qualigiting forecasting of emissions as key

to being able to assess the impact of climate ahangollutant concentrations.

2.4 Summary

Mid-21% century U.S., Canadian and Northern Mexican emissiconsistent
with near-term regulations and trends (e.g. US EAR 2020 EI) and longer-term
projections (using RIVM’s IMAGE modeling with IPCERES A1B) are developed to
assess global climate impacts on regional air tyualier North America. US emissions
in the future (Year-2050) are estimated to decrbgse5% each for NQand SQ, 30%

for PM,5, 40% for VOC, and increase by 20% for ammonia hdft further regulations,
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post-2018 emissions from U.S. onroad mobile souncksot decrease significantly
because of VMT growth. IMAGE model, however, prigea decrease for this source
sector. The Canadian EI shows decrease in emissi@aseous pollutants but an
increase in particle emissions because of fugdiv&. For Mexico, emissions of NO
SO, NHs, and VOC are estimated to increase but CO,dPdd PM semissions are
expected to decrease. The methods developed hendlass the future projected El
could be directly adopted or refined for policyenent assessment of future regional air

quality.
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CHAPTER 3

IMPATCS OF GLOBAL CLIMATE CHANGE AND EMISSIONS ON
REGIONAL OZONE AND FINE PARTICULATE MNATTER
CONCENTRATIONS OVER THE UNITEAD STATES ~

3.1 Introduction

Recent observations and future projections sudggastegional air quality will
respond to global climate change and the two systmintrinsically coupledfasseur,
et al, 2006;IPCC, 2001]. However, our understanding of the linkagetween air
guality and climate change remain incomplete, irt, e to the disparate spatial and

temporal scales traditionally used in the studthete fields.

Climate change over the next century is prediatdubive a direct impact on
meteorology [PCC, 2001]. Leung and Gustafson (2005) discuss thenpial for air
quality changes in the western and southwesternibd e 2050s based on changes in
surface air temperature, downward solar radiapoecipitation frequency, stagnation
events and ventilation in future climate simulatidar the U.S. Mickley et al. (2004)
suggest the reduced cyclone frequency in a futamener climate could increase the
severity of summertime pollution in the Northeasstend Midwestern US, although the
increase of hurricane strength and precipitatioghtncounteract this in some regions

[Webster, et al.2005].

* This chapter is published in tl®urnal of Geophysical Researdrol. 112, D14312,
doi:10.1029/2006JD008262, 2007. Co-authors are Tag#hsnios, Kasemsan Manomaiphiboon, L.
Ruby Leung, Jung-Hun Woo, Shan He, Praveen Amar, andsfead G. Russell.
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Hogrefe et al. (2004) estimate that regional clematange alone will increase the
summertime average daily maximum 8-hour ozone auraon over the eastern U.S.
by 4 ppb in the 2050s. Their results are baseth®hRCC A2 emission scenari®{CC,
2001], which is one of the highest future emissisesnarios. Knowlton et al., 2004
estimate that in 2050 there will be a 4.5% increaseone-related acute mortality in
New York metropolitan are&howlton, et al. 2004] although some researchers (e.g.
Schwartz et al. (2005)) question their findingsindsa similar approach, Murazaki and
Hess (2006) estimate 0-2 ppb decreases in U.Sgbaakd ozone and an increase up to 6
ppb within the U.S. in 2100 compared to 2000 duditoate change alone. Recently
Langner et al. (2005) have examined the impactaifaj/regional climate change on
surface ozone and deposition of sulfur and nitragegfurope Langner, et al.2005]. A
strong increase in surface ozone and mean of dakimum over southern and central
Europe and a decrease in northern Europe havedstiemated. The decrease in wet
deposition of sulfate and nitrate over western@tral Europe is caused by the
reduction in precipitation, but the authors cautiwat longer simulation periods are

necessary to establish the changes in deposition.

Recent studies suggest that, at least for ozohggfpollutant concentrations are
more sensitive to the expected changes in precam@sions than to the expected
changes in temperature and photolytic flux (e.grgb et al, 1999; Russell and Dennis,
2000). As the amount of ozone formed peryM@lecule emitted remains somewhat
constant (e.g., Kleinman, 2000), except in aredls wary high emissions of NGe.g.,
[Ryerson, et al.2001]) or high in reactive VOC emissions and gitlee small change

estimated for VOC emissions, forecast differenoeszione will generally depend on the
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forecast NQ emission changes. This should not be construedggesting that ozone
will not respond to VOC controls as significantaamce suggests otherwise, even in
cities with high biogenic loading€phan, et al.2006]. Global/regional climate change
will have relatively less impact on N@missions since they are largely anthropogenic
and they do not show a strong function of tempeeaflihus, current policies in the U.S.
to reduce NQemissions, such as those being pursued now,
(http://www.epa.gov/airtrends/nitrogen.html, lastass: May 11, 2008) should continue

to be effective.

The objective of this study is to assess the ingafglobal climate change on
regional air quality over the US. Here, both thedi (impact of climate change on
meteorology) and indirect impacts (those causeenmgsion changes due to either/both
controls and climate change) are evaluated. WesfoauQ and fine particulate matter
(FPM) because of their suspected significant huheaith effectsil-Fadel and
Massoud 2000;Galizia and Kinney1999;Pekkanen, et 311997]. Specifically, we
follow PM; 5 (particulate matter with an aerodynamic diamegss than 2.5m). Future
O3z and PM s concentrations are compared to historic ones umdedifferent cases: In
the first case, impacts of changes on regionajuatity in the US by climate change
alone are examined by keeping emissions sourcigfyatevels and controls constant.
In the second case we estimate the future pollg@amtentrations based on changes in
climate and emissions using the IPCC A1B emissaamarios (IPCC, 2001) and planned

controls.
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3.2 Method

Air quality modeling was conducted using the Comityullultiscale Air Quality
(CMAQ) Modeling SystemByun and Scher€006] and meteorology downscaled from
the Goddard Institute of Space Studies (GISS) GlGbmate Model (GCM) Rind, et al,
1999] using the Penn State/NCAR Mesoscale Model 8Y|@rell, et al, 1994]. Future-
year emissions forecast for North America are dsped by forecasting activity growth

and application of emission controls, as discussdolw.

3.2.1 Emissions

The 2001 Clean Air Interstate Rule (CAIR) emissioventory (EI)
(http://www.epa.gov/cair/technical.html, last accdday 26, 2008) is used as the U.S.
emission inventory for the historic period (i.e00B-2002), as well as the basis for
projected emissions up to 2020. For Canada, thed&mient Canada (EC)’s 2000
inventory has been used for area and mobile sources
(http://www.epa.gov/ttn/chief/net/canada.html, lasess: May 11. 2008). For point
sources, the 2002 inventory that the New York St&tepartment of Environmental
Conservation compiled using National Pollution Reke Inventory (NPRI) was scaled
using EC’s state level summary. For Mexico, theBF#\'s 1999 BRAVO inventory has
been updated with the Mexico NEI (http://www.epa/tio/chief/net/mexico.html, last

access: May 11, 2008).

Projection of emissions is done in two steps: fi)fear future (2001 — 2020), the

2020 CAIR El of the US EPA is modified using Econoi@rowth Analysis System
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(EGAS) factors (http://www.epa.gov/ttn/ecas/egash, thast access: May 11, 2008); ii)
for far future (2020 — 2050) projections are calreit based on the Netherlands
Environmental Assessment Agency’s IMAGE model
(http://lwww.mnp.nl/en/themasites/image/index.htiat access: May 11, 2008), which
uses widely accepted scenarios (i.e. Intergoverteh®anel on climate Change (IPCC)
Special Report on Emissions Scenarios (SRES)). staeario SRES-A1B has been
selected for the far future projection in ordeb&consistent with the
climate/meteorological modeling used here. The SRES scenario describes a future
world of rapid economic growth and global populati&missions peak in mid-century
and decline thereafter due to rapid introductiomofte efficient technologies, and
balanced usage between fossil fuels and other gsergces. Emissions are processed
by the Sparse Matrix Operator Kernel Emissions ($#@2.1) Modeling System
(www.smoke-model.org, last access: May 11, 2008)OKE converts the resolution of
the data in an emission inventory to the resolutieaded by the air quality model.
Emission inventories are divided into the followisgurce categories: area sources, non-
road mobile sources, on-road mobile sources, pointces and biogenic land use data.
MOBILES is selected for mobile source emissiongp(ftivww.epa.gov/OMS/m6.htm,
last access: May 11, 2008). The BELDS3 land usebdata
(http://www.epa.gov/ttn/chief/emch/biogenic, lastess: June 02, 2008) is used for
estimating biogenic emissions, and is not modifietiveen the historic (i.e., 2001) and
future (i.e., 2050) cases due to the lack of infmion. Historic and future emission
inventories include the following compounds: carlmonoxide (CO), nitrogen oxides

(NO,), sulfur dioxide (S@), nonmethane volatile organic compounds (NMVOC),
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ammonia (NH), and speciated particulate matter (R&hd PM ). A detailed

description of the method has been presented by &Wab (2008).

3.2.2 Meteoroloqy

Meteorological fields are derived from the GISS GQRInd et al., 1999), which
was applied at a horizontal resolution 6iatitude by 8 longitude to simulate current
and future climate at global scale (Mickley et28l04). The simulation followed the
IPCC A1B emission scenario for greenhouse gasee tRat for consistency, the same
emission scenario is used in projecting future sios described in 2.1. Leung and
Gustafson (2005) downscaled the GISS simulation$985-2005 and 2045-2055 using
the Penn State/NCAR Mesoscale Model (MM5) (Grellet1994) to the regional scale.
MMS5 is applied in a nested configuration with 108 korizontal resolution for the outer
domain and 36 km for the inner one. The inner darsavers the continental US, part of
Canada, Mexico and ocean (Figure 3.1). The MetegyoChemistry Interface Processor
(MCIP) (http://www.cmascenter.org, last access: Miay2008) is used to provide the
meteorological data from the hourly MM5 outputs aesek for the emissions and air
quality models that both have 147x111 horizontalgyof 36 km x 36 km, with nine

vertical layers up to approximately 15 km.
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Figure 3.1: Simulation domain with 111x147 horizordl grid cells which being 36 by
36 km and U.S. regions: West, Plains, Midwest, Ndneast and Southeast

3.2.3 Air Quality Modeling

Using meteorology simulated by MM5, both a fubtioric (2001) and future year
(2050) as well as three summer (June-July-Augymsspees for historic (2000-2002) and
future (2049-2051) ©@and PM s concentrations are simulated using the CMAQ
Modeling System with the SAPRC-99 chemical mectraniPredicted pollutant (i.e. 3O
and PM s) concentrations for the historic periods are camgavith the observed in
order to evaluate the modeling system performaraethe future period two different
cases are examined. In the first case the samsiem&ate, i.e., the 2001 inventory, is
used for both historic and future simulations idesrto estimate the impact to air quality
by changes in global climate alone. Although théssian inventory is kept the same,

emissions are not, since some pollutant emissieigs, (biogenic and mobile sources)
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depend on meteorology. In the second case the oaahlimpact of future emissions
(based on the forecast emissions and climate)wndef climate is evaluated to simulate
future levels of @and PM . Average regional concentrations are predictedHerU.S.
and five sub-regions (Figure 3.1). In this workaeges in long range transport of
pollutants to the U.S. have been neglected as dresencertain and could mask the
impacts of processes investigated here. In botbrisand future periods, boundary
conditions are kept the same, as there is insafftanformation for the emission scenario
we use. Keeping the boundary conditions constakiesithe impact of regional climate
change on pollutant concentrations more transpa@mén the simulated small
sensitivity of air quality to climate change, impagsvarying boundary conditions would
add significant noise to our ability to isolate holwnate change impacts compared to

emissions changes.

3.3 Results and Discussion

3.3.1 Emissions

Emissions changes between future (2050) and higt20i01) years show large
decreases in S4-51%) and NQ(-51%) when climate change, growth in human
activities and emission controls are simulated @&ission inventory and 2050
meteorology) (Figure 3.2). These reductions aretdwantrol strategies applied to
anthropogenic US and Canadian sources while thetgrof the industrial sector gives
higher emissions in Mexico. Emission reductionarnthropogenic VOCs combined with
the higher biogenic emissions in the warmer clinmagailts in a small change in VOC

emissions (+2%). A detailed description of the oegl emissions has been presented by
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Woo et al. (2008). For the case where only climetiianges are considered, VOC
emissions are higher (+15%) in the future due tapierature effect on biogenic and

mobile sources. Minor increases in N@2%) and S@(+4%) are also predicted.
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Figure 3.2: Yearly emissions for 2001, 2050 and 20%or the “no emissions
projection” scenario (2050 _np)

3.3.2 Meteoroloqy

Meteorological model performance is evaluated bygaring hourly statistical
distributions of observed and predicted temperatoker the US (Figure 3.3) data from
more than 1000 monitoring stations (see http:dss.edu/datasets/ds472.0/, last access:
May 11, 2008). Leung and Gustafson (2005) provigtaits, though a summary is given
here. There is a small warm bias of 0.4 K in therage summer temperatures of 2000-
2002. Model performance is better for the Northeagton with a small cold bias of 0.1K,
and poorest for the Southeast, with a warm bids®K. A general cold bias in the 2001
annual temperature is found. Cumulative distribufinction (CDF) plots presenting in

auxiliary material (Appendix A, Figures Al, A2 & A8ompare observed and predicted
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temperatures for 3 consecutive years (2000, 20622602). A general underprediction is
observed in all subregions but the model tendvéppredict maximum temperatures.
Model performance is better during the summer n®atid worst during the transition
season of fall, when mesoscale variability is high discussed in Leung and Gustafson
(2005) data assimilation has not been used. PrelyiddM5 evaluations (e.g. Zhang et
al., 2005) reveal that it reproduces well the dalinrariations for temperature and relative
humidity (RH), and the minimum temperatures. ld®to overpredict maximum
temperatures and underpredict both maximum andmim RHs. Moreover, MM5

predicts well the wind speeds but poorly the wirdation and the maximum mixing

depths.
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Figure 3.3 Mean summer (2000-2002) and mean anny&l001) observed and
predicted temperatures and monthly standard deviatns

Future summer temperatures (i.e., 2049-2050) cosdparthe historic ones (i.e.,
2000-2002) are simulated to be 1.4 K warmer inutte (Figure 3.4), with small

variations by region (x 0.6 K). The minimum increas noted in the Midwest (0.8 K)
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and the maximum in the West (2.0 K). The 2050 ahaverage temperature is simulated
to be 1.K warmer than 2001 in the U.S., with small variady region (x 0.5 K).
Maximum warming occurs during fall with simulatedkaage temperature changes up to
4.8 K in the West. The standard deviation calcdlaie the monthly average
temperatures is higher for the annual simulationgared to summers in both
observations and predictions. This is caused b¥igjger variation in temperature during

a whole year compared to the summers.
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Figure 3.4: Mean summer and mean annual temperatueand monthly standard
deviations for historic and future periods

One of the most critical questions is if the seddgtears 2001 and 2050 are
representative years for both the historic andréuperiod. In order to answer this
guestion comparison for the cumulative distributionction (CDF) plots and spatial

distribution plots is conducted for both historidafuture periods. The CDF plots for
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temperature and humidity are similar for the theemssecutive historic as well as future
years but there is an obvious shift to higher valmeving from historic to future period
(Figures are presented in the Appendix A). Moreptrer spatial distribution plots show
similar trend for the consecutive years in bothqus. The CDF’s plots for the
precipitation are similar between the two periodse spatial distribution plots for the
three consecutive years in both periods have time gattern with only small local

changes.

3.3.3 Regional Air Quality

Air quality model performance is evaluated by cormgathe observed and
predicted daily maximum 8-hrZ@M8h0;) and hourly PMs concentrations over the U.S.
(Figures 3.5 and 3.6) using data from more thar® Eiftions for ozone and about 100
for PM, s (http://www.epa.gov/ttn/airs/airsaqs/detaildatavdtmadagsdata.htm, last
access: May 12, 2008). Around 250 ozone monitostagions located at the West,
Midwest and Southeast sub-regions, 200 at Nortlaabsi50 at Plains. Regarding PV
monitoring stations there are around 45 at Pl@&isat West and Northeast and 25 at
Midwest and Southeast. The three simulated summeanivi8hQ@ concentrations for
2000-2002 are about 15% higher, while the,Bbbncentrations are about 30% lower
than the observed. Model performance for the Pébncentrations is significantly more
region dependent than the M8hncentrations. Representation of secondary organic
aerosol (SOA) formation is uncertain, and low oigararbon (OC) has been noted in the
CMAQ approachesGhen and Griffin 2005;Kroll, et al., 2006;Lim and Ziemann2005].

Recent work suggests that this is due to lowedgiand higher vapor pressures in
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CMAQ [Morris, et al, 2005]. Moreover, the current chemical mechanisgiects
isoprene as a SOA precursor, though its role in $@#ation might be quite important
[Claeys, et al.2004aClaeys, et al.2004b;Henze and Seinfel@006], leading to
discrepancies between the predicted and observed &Wcentrations. The effect of
NOx on SOA yields, which is highly uncertain, has ddeen neglected.

mObserved Summers 2000-2002
oPredicted Summers 2000-2002

90+ B Observed 2001
| Predicted 2001
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Figure 3.5: Mean summer (2000—-2002) and mean annu@001) observed and
predicted maximum 8-hr O; (M8hO3) concentrations and monthly standard
deviations
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Figure 3.6: Mean summer (2000—-2002) and mean annu@001) observed and
predicted PM, s concentrations and monthly standard deviations

Annual mean M8h@and PM s concentrations are better simulated compared
with the three-summer average. Mean annual M&tuDcentration is slightly (10%)
over-predicted. Simulated RPMconcentrations are low during spring and summer an
high during the rest of the year largely due touhder-prediction of organic carbon. The
presented standard deviation is calculated fontbethly average concentrations. Ozone
concentrations are high during summers and lownduhe rest of the months resulting
in higher annual standard deviation compared tonsers in both observations and
predictions. The variation in PM concentration during a year is less than ozorieg\s;

high concentrations exist during autumn and winter.

3.3.3.1 Summer pollutant changes

Global climate change, alone, has a small effedutame summer (i.e., 2049 —
2051) M8hQ concentrations over the U.S. (Figure 3.7) whenpamed to the historic

summers (i.e., 2000-2002). The average regionalggsrange from -2.5% to +2.8%
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(Table 3.1.a)As noted, Leung and Gustafson (2005) found a smaiase in stagnation
events, and this, in part, leads to increasesamtimber of days where concentrations are
over 85 ppb in most regions expect the Midwest [@8ll.b). Stagnation events are
predicted to have the most impact in the West, iN@s$t and Plains and a small impact in
the SoutheasBummer PM concentrations (Figure 3.8) are predicted to betdn all

the U.S. sub-regions (average about 10%), usingahee emission inventory, as a result
of the increased precipitation and higher tempeeatin spite of higher biogenic VOC
emissions. The effect of climate change alone mmar PM 5 concentrations seems to
be quite important in the Midwest, Southeast aranBI(Table 3.1.a). Higher
temperatures lead to increased gas phase pargi@iiammonium nitrate and organics.
Sulfate, nitrate, ammonium and organic carbon @seaelue to increased precipitation
and higher temperatures (Table 3.1.a) but no sagmft modification in PMs

composition is predicted (Table 3.1.c).
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Figure 3.7: Mean summer and mean annual maximum 8+0 3; (M8hO3)
concentrations and monthly standard deviations fohistoric and future periods
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Figure 3.8: Mean summer and mean annual PMsconcentrations and monthly
standard deviations for historic and future periods

The impact of climate change, growth activity andssion controls are more
pronounced for the PM concentrations than M8h@Figures 3.7 & 3.8). The US
summer average concentrations for M@a@d PM s are predicted to be lower by about
20% and 35%, respectively. Significant reductioprisdicted for sulfate, nitrate and
ammonium while a smaller reduction is predicteddigyanic carbon (Table 3.1a). Sulfate
will be a significantly lower fraction of Pp4 in the future; nitrate and ammonium will be
slightly lower but organic carbon is predicted tthgher (Table 3.1c). Significant
reduction is also estimated for the highest M@@hcentrations over all US sub-regions
along with the average concentrations (Table 3¢ Midwest is simulated to have the
highest peak M8hg¢xoncentrations in the future as climate changeeal@s a more
significant effect compared to the other US subemg Better air quality is also
estimated for the cities and mega-cites (Table &@nificant reduction in the number of

days that the M8h§xoncentrations exceed 85 ppb as well as the pda&ssare

51



estimated for all the cities examined here. Atlantdhe Southeast US sub-region will
benefit more; no days are estimated for the MB3thcentrations above 85 ppb. In
general, there is little year-to-year variatiorregion wide M8hQ@ concentrations as well
as the number of days that the M8laOncentrations exceed 85 ppb as well as the peak
values for the cities examined (Table 3.2). Spdlistribution plots for mean summer
ozone and Pls concentrations show the reduction in the higheceatrations
simulated at the east comes from emissions costitategies (Appendix A, Figures A.8
& A.9), though lower concentrations may actuallgrease. Climate change alone leads
to increasing concentrations in all cities. Moraoslenate change lengthens the
stagnations events in these cities, similar tad¢iggonal behavior described previously
and more days with M8h{xoncentrations over 85 ppb are predicted in Logetas,

New York and Houston.
3.3.3.2 Annual Average Pollutant Changes

A separate comparison between the annual averagemations of M8hgand
PM,sis performed for the future (i.e., 2050) and histdr.e., 2001) years. Annual
average PMslevels tend to be stable year to year. Compari$dmeothree consecutive
summers reveals only small differences (typicadlgsithan 10% for M8h{and 15% for
PM,5); inclusion of more consecutive yearly data isexjected to change significantly
the results of our analysis as no significant wesathodification for the consecutive
years is estimated (see: Appendix A). Further exsdds found in observations.
Monitoring stations in large US cities (e.g. Losg&tes, New York, Chicago) show a

small variation (about 1g m®, or 5-10%) in annual average PMevels for the years
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2000-2002 (http://www.epa.gov/airtrends, last aschtay 11, 2008). This is similar to
the observed trend from 1999-2005 showing a deeref% nationwide. The same

trend is observed for M8h&oncentrations showing a decrease of 8% nationwide

While much of the analysis concentrates on thedriglzone levels found
predominantly in the summer, annual statisticpaoeided as well because some areas
have longer ozone seasons, and there is increesinugrn over exposures (human and
other) to lower ozone levels (EPA, 2006). As isedptmuch greater reductions are found
for higher ozone levels and in the ozone CDFs (AdpeA, Figure A.12). Others
[Lefohn, et al.1998], have found that intermediate and loweelewf ozone are not as
responsive to controls. Further, emission changedead to increases in ozone at night
and during photochemically less active periodsess by examining the low-

concentration tail of the CDF (Appendix A, FigurelR).

Annual average concentrations for both pollutan&® and PM s are predicted
to be slightly different over the U.S. in year 2G@&fnpared to 2001, using the 2001
emission inventory (Table 3.1). The sulfate andharg carbon fraction of P is
predicted to be slightly higher while the nitratadtion lower (Table 3.1.c). This is
caused by the higher VOCs and Sgnissions in a warmer climate, although the same
emission inventory is used. The higher,&Missions lead to more;8l0, formation that
quickly reacts with NHto form ammonium sulfate. On the other hand, igadr NG,
emissions, although leading to formation of Hi\N@o not translate in increase in nitrate
concentrations since nitrate aerosol formation ddp@n the availability of Niafter

neutralization of HSO,. Regional changes in future meteorology (e.g.penature,
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precipitation, wind) combined with projected enuss, lead to some regional variation
in air quality changes (Tables 3.1.a & 3.1.c). Mdiuds and precipitation in the

Southeast increase aqueous oxidation and wet diepolgiading to a net slight increase
in sulfate and a decrease in organic carbon coratents compared with the rest of the

regions.

Impacts of climate change, activity growth and emoiss controls are more
pronounced for regional PM concentrations than M8hOThe annually average US
concentrations for Pisand M8hQ are predicted to be 23% and 9% lower, respectively
in 2050 compared to 2001. Significant reductioresaedicted for sulfate (-31%), nitrate
(-48%), and ammonium (-32%) fractions, while onlgmaall reduction is predicted for
organic carbon (-6%) (Table 3.1.a). Controls on\MDC emissions from area and point
sources that are less stringent than fos &@ NQ combined with the higher VOC
emissions from biogenic sources expected in a wafuere climate are the primary
factors. A slight increase in organic carbon in\est is noted due to increase in both
primary and secondary organic carbon. Sulfateateitand ammonium fractions of RM
are predicted to be lower in the future comparedigtoric period while organic carbon
will be higher (Table 3.1.c). Recent work suggésés SOA formation from both
biogenic Pun, et al. 2003] and anthropogenidd Gouw, et al.2003] are larger than
have previously been accounted for in atmosphé&eostry models. Further, work by
Volkamer et al., (2006) and Mendoza-Dominguez ansgskll (2001) also suggests that
primary OC emissions may be larger as welkéhdoza-Dominguez and Russ2001;

Volkamer, et al.2006]. Such findings provide further evidence & will be the
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dominant fine aerosol species in the future. Howeey also show that significant

uncertainty remains as to the current and potefutiate source impacts.
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Table 3.1.a: Mean summer and mean annual changesefgent) in pollutant concentrations for future periods compared to
historic ones

M8hO; (%) PMs (%) SQ (%) NG; (%) NH, (%) OC (%)
Summers Summers_np Summers Summers_np Summers 8imme  Summers Summers_np Summers Summers_np Summessimmers_np

West -11.6 0.9 -15.7 -2.0 -32.2 -3.7 -72.8 -42.8 3.03 -6.9 -6.7 0.7
Plains -15.8 -0.1 -34.3 -12.1 -48.7 -16.4 -46.4 215 -41.8 -14.1 -16.2 -7.7
Midwest -24.4 -2.5 -37.1 -18.4 -52.6 -22.4 -68.5 4.12 -45.7 -21.9 -19.1 -11.7
Northeast -20.2 2.8 -41.2 -1.7 -56.7 -2.2 -79.3 .828 -44.5 -0.8 -25.2 -0.4
Southeast -27.9 0.3 -45.2 -14.3 -60.5 -16.5 -77.1 37.1- -47.9 -13.3 -27.5 -14.8
usS -18.9 0.0 -35.9 -9.9 -52.6 -13.9 -65.6 -22.6 .943 -12.2 -17.2 -5.5

2050 2050np 2050 2050np 2050 2050np 2050 2050np 0 205 2050np 2050 2050np
West -6.5 0.2 -9.2 29 -20.2 4.8 -41.4 -17.6 -249 -34 4.0 8.9
Plains -7.9 1.4 -22.0 -0.8 -29.2 5.5 -45.3 -17.9 1.73 -3.2 -3.4 4.7
Midwest -10.5 -0.2 -22.7 4.2 -22.2 12.6 -48.5 -1.7  -28.7 4.2 -9.3 6.6
Northeast -10.0 -0.5 -28.5 6.5 -37.4 10.3 -45.6 3-4. -32.6 5.9 -13.0 10.7
Southeast -14.8 2.3 -31.4 -2.4 -41.5 0.5 -54.9 4-12. -37.0 -1.7 -14.9 -3.6
US -9.2 0.9 -23.4 1.1 -30.8 6.2 -47.8 -12.4 -31.6 0.2 - -6.4 4.4
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Seasonal variation in M8h@oncentrations gives higher concentrations during
summers at all sub-regions (Appendix A, Table AThe differences between summer
and the rest of the seasons seem to diminish ifuthee under the impact of both climate
change and emissions projection as higher reduiestimated during summer.
Seasonal variation in P\ concentrations gives higher values during wintet autumn
and lower during spring and summer at all sub-regi®eductions are forecast for the
average PMjs concentrations over all US sub-regions (Table 8ltBough climate
change can lead to increases. The Midwest is stedita have the highest daily average
PMg s concentrations in the future. Lower Rltoncentrations are also forecast for the
cities. Reduction in the number of days that thydaverage PM s exceeds the standard
of 35 g m* as well as the peak values are estimated fonalitega cities examined
here except the peak value at Los Angeles, althcamggin, climate change alone leads to
increases. Annual average spatial distributionspiot ozone and Pp4 concentrations
show again the reduction in the higher concemnatsimulated at the east comes from
emissions control strategies (Appendix A, Figures0A& A.11) Comparison between
summers and annual distribution plots confirms dzatne is significant problem during

summer especially in the east while PNk important pollutant all over the year.

57



Table 3.1.b: Number of days per summer month and pegrid cell where M8hO3
concentration is over 85 ppb

Region Summers  Summers Summers
2000-2002 2049-2051 2049-2051_np

West 0.15 0.01 0.44
Plains 1.21 0.02 1.56
Midwest 4.52 0.08 4.22
Northeast 2.18 0.02 3.37
Southeast 6.78 0.05 7.11
United States 2.48 0.03 2.77
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Table 3.1.c: Mean summer and mean annual P4 composition of pollutants concentrations for histac period, future period

and future period_np (historic emissions and futuremeteorology)

Historic summers 2001

OTHER OTHER
SO, (%)  NO3(%) NH,4 (%) OC (%) EC (%) (%) SO, (%) NO3 (%) NH;(%) OC (%) EC (%) (%)
West 21 2 8 49 5 15 19 11 10 40 5 15
Plains 47 1 15 15 3 19 30 17 15 14 2 22
Midwest 44 3 14 13 3 23 27 22 15 11 2 23
Northeast 45 2 13 20 4 16 31 17 15 17 3 17
Southeast 50 1 14 20 3 12 34 13 14 20 3 16
us 44 2 14 20 3 17 29 17 14 18 3 19

Future summers 2050

OTHER OTHER
SO (%) NOs3(%) NHi(%) OC (%) EC(%) (%) | SO(%) NOs(%) NH.i(%) OC (%) EC (%) (%)
West 17 1 6 54 4 18 17 7 8 46 4 18
Plains 37 1 14 19 2 27 27 12 13 18 2 28
Midwest 34 1 12 17 2 34 28 15 14 13 1 29
Northeast 33 1 12 26 2 26 28 13 14 21 2 22
Southeast 36 0 13 26 2 23 29 9 13 25 2 22
us 32 1 12 26 2 27 26 11 13 22 2 26

Future summers_np 2050_np

OTHER OTHER
SO, (%)  NO3(%) NH,4 (%) OC (%) EC (%) (%) SO, (%) NO; (%) NH;(%) OC (%) EC (%) (%)
West 21 1 8 50 5 15 19 9 9 42 5 16
Plains 45 1 15 15 3 21 32 14 15 15 2 22
Midwest 42 3 14 14 4 23 30 19 15 12 3 21
Northeast 45 2 13 20 4 16 33 16 14 18 3 16
Southeast 48 0 14 20 3 15 35 12 15 20 3 15
us 42 1 13 21 3 20 30 15 14 19 3 19
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Table 3.2: Regional and local (cities) predicted mamum 8-hr O3 (M8hO3) concentration characteristics®

summers summers summers
2000-2002 2049-2051 2049-2051_np
# of days Peak # of days Peak # of days Peak
99.75% y 99.75% Y 99.75% Y
over 85 ppb value over 85 ppb value over 85 ppb value
00 01 02 00 01 02 avg 00 01 07 49 50 51 49 50 51 g av 49 50 51 49 np 50 51 49 50 51np avg 49 50 51
np np np  np np np  np
West / Los
Angeles 91 88 87 54 37 39 43 121 113 118 77 73 75 24 10 127 105 94 96 104 94 103 76 67 83 75 146 130 139
55325){1 101 97 95 68 45 36 50 132 116 113 76 77 76 9 12 193 100 99 109 102 101 102 47 70 64 60 139 130 143
'\gg\il\éee\gs;to/ 116 115 116 34 28 32 31 132 140 144 76 78 89 4 5 210 100 97 124 110 115 132 17 19 44 27 137 127 165
Northeast / q
New York 110 108 104 32 24 31 29 119 114 109 71 75 84 0 0 83 83 83 89 107 111 124 31 39 54 41 126 124 135
Southeast /
Atlanta 116 108 110 78 66 78 74 130 122 102 77 84 83 0 1 00 82 85 81 112 116 116 72 75 71 73 149 133 136

4The regional value corresponds to the 99.75% ottimeulative distribution function concentrationfieTlocal values correspond to the number of daysrevh
M8hQO; concentrations exceed 85 ppb as well as the akaged concentrations.
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Table 3.3: Regional and local (cities) predicted diy average PM s concentration characteristics®

2001 2050 2050np
Region / Region Region City Region City

) # of days Peak # of days Peak # of days Peak
Cit 759 B .759 . .759 R

y 99.75% over35 ¢ mS  value 99.75% over35 @ m3  value 99.75% over35 ¢ m* value

West/ 215 5 405 18.6 56.9 215 8 67.8
Los Angeles
Plains / Houston  33.5 14 485 28.3 4 46.1 34.6 11 54.0
Midwest / 45.2 35 80.0 415 23 63.6 48.0 44 64.0
Chicago
Northeast / 40.0 38 88.8 32.1 12 59.3 42.9 40 79.0
New York
Southeast / 40.0 38 66.0 34.0 18 54.3 41.3 41 63.1
Atlanta

2The regional value corresponds to 99.75% of theutative distribution function concentrations. Tloedl values correspond to the number of days wiiaihg average P

concentrations exceed the standard of 51> as well as to the peak estimated concentration.
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3.4 Conclusions

Regional Q and PM s concentrations for a future period (i.e., sumniz049-
2051 and year 2050) are simulated to be lower cosdpso the historic period (i.e.,
summers 2000-2002 and year 2001), given the pthooetrols on precursor emissions,
though global warming, alone, does lead to an as®en biogenic emissions. Climate
change, alone, with no emissions growth or contiats a small effect on the M8gp@nd
PM,s levels although changes in stagnation events, ngado higher pollutant
concentrations over a slightly extended duratioay rbe regionally important. Future
levels of sulfate, nitrate and ammonium are sineald@d be significantly lower compared
to organic carbon, leaving organic carbon as thkelyi major constituent of fine
particulate matter in the far future. M8h€dncentrations over all domain sub-regions are
simulated to be lower than the historic scenarmgh the number of days with M8RO
concentrations above the standards and the pea@ewriations are reduced for the urban

areas.

The trend in pollutant concentrations reveals thg fole that emission control
strategies may play in future regional air qualggiting forecasting of emissions as key
to being able to assess the impact of climate ahamgpollutant concentrations. One of
the most important implications of this study iattthe significant reduction predicted for
sulfate, nitrate and ammonium concentrations veilult in organic carbon as the most

important PM s component.

These results are used for studying the sensitiofy future pollutant

concentrations to emission changes as well asrtbertainties in regional air quality and
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changes in sensitivities to climate change unadties and source-specific emissions

[Liao, et al, 2007;Liao, et al, 2008].
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CHAPTER 4

THE ROLE OF CLIMATE AND EMISSION CHANGES IN FUTURE
AIR QUALITY OVER SOUTHERN CANADA AND NORTHERN
MEXICO °

4.1 Introduction

Global climate and emission changes are critiazbfs for future air quality.
Although climate change impacts on regional aifi(guhave been examined to some
degree Hogrefe, et al.2004;Knowlton, et al. 2004;Langner, et al.2005;Mickley, et
al., 2004;Murazaki and Hes2006] and have been summarized by Tagaris €G07),
there are limited studies examining the effecboil term emission changes on air
quality. Dentener et al. (2006) recently compabexglobal atmospheric environment for
the years 2000 and 2030 using global atmospheemidtry models and different
emission scenarios. Different emissions scenaesgltrin different global and regional
ozone levels, while climate change alone seemtatogyminor role. Tagaris et al. (2007)
examined the impacts of global climate and emissairanges on regional ozone and
fine particulate matter concentrations over thetéthBStates. They found that the impacts
of climate change alone on regional air qualitysarall compared with the impacts from
emission control-related reductions, although iases in pollutant concentrations due to

stagnation events are found.

* This chapter is currently published in tAémospheric Chemistry and Physics Discussiand under
review for publication in theAtmospheric Chemistry and PhysidSo-authors are Tagaris Efthimios,
Kasemsan Manomaiphiboon, Jung-Hun Woo, Shan He, Praveen @&maihrmistead G. Russell.

64



Most of the aforementioned studies focus on theddnbtates. However, it is
equally important to investigate the impact of thiemate and emissions changes to the
border U.S. regions, given that a large part of igkex and Canadian population lives
there and will both affect and be affected by gdalht transport. These border regions are
some of the most dynamic regions of North Amernrcadgonomic, environmental,
demographic and cultural terms. Extending theyshydTagaris et al. (2007), the
impacts of global climate and emissions changesgional air quality over northern
Mexico and southern Canada are assessed. Fujunedd®M s concentrations for
northern Mexico and southern Canada are comparedtric ones under two different
cases: i) the impacts of changes on regional allitgjiby climate change alone are
examined by keeping emissions sources, activitgléeand controls constant; and ii) the
future pollutant concentrations are estimated basecthanges in both climate and
emissions using the IPCC A1B emission scenariogpéarthed controls. This is the first
study examining the impacts of climate and emisstanges in these regions and how

changes in future U.S. air quality will affect theighbor countries.

4.2 Methods

Following the same methodology as described inilddig Tagaris et al. (2007),
and summarized below, we use the Goddard InstifuSpace Studies (GISS) IIRjnd,
et al, 1999] global results downscaled using the PeateMICAR Mesoscale Model
(MMD5) [Grell, et al, 1994], forecast North American emissions anddbmmunity

Multiscale Air Quality model (CMAQ) to simulate hisic and future air qualityHyun
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and Scherg2006]. The primary difference between this stadg the former is that

improved emissions became available for Canaddvandlco.

The Environment Canada’s 2000 inventory has beed fs area and mobile
Canadian sources (http://www.epa.gov/ttn/chieftaetada.html, last access: May 12,
2008). For point sources, the 2002 inventory thatNew York State Department of
Environmental Conservation compiled using the CaralNational Pollution Release
Inventory (NPRI) was scaled using Environment Carmdtate level summary. For
Mexico, the U.S. EPA’s 1999 Big Bend Regional A@land Visibility Observational
(BRAVO) Study Emissions Inventory was updated Wit Mexico National Emissions
Inventory (NEI). The 2001 Clean Air Interstate R(BAIR) emission inventory is used
for the U.S. for the early 21st century, as wellteesbasis for projected emissions up to
2020 Woo, et al.2008]. Far future (2020 — 2050) projections ofs=ions are carried
out based on the Netherlands Environmental Assegstgency’s Integrated Model to
Assess the Global Environment (IMAGE). IMAGE useadely accepted scenarios (i.e.
Intergovernmental Panel on climate Change (IPC@cBpReport on Emissions
Scenarios (SRES)) which are consistent with thaaoe IPCC A1B scenario and the

climate/meteorological modeling used here.

Meteorological fields are derived from the GISS GGMwhich was applied at a
horizontal resolution of4atitude by 5 longitude to simulate current and future climate
at global scaleNlickley, et al. 2004]. The simulation followed the IPCC-A1B ennss
scenario (IPCC, 2001) for greenhouse gases. Lenm@astafson (2005) downscaled

the GISS simulations for 1995-2005 and 2045-20%guhe Penn State/NCAR
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Mesoscale Model (MM5) to the regional scale; nadedsimilation has been used.
Although there are uncertainties in using regigndwnscaled climate in air quality
simulations, this approach is necessary in airiguaodels that employ higher
resolution meteorological fields produced by regianstead of global climate models
[Gustafson and Leun@007]. CMAQ with SAPRC-99 chemical mechanismsedifor

the regional air quality modeling.s;@nd PM s concentrations for three historic (2000-
2002) summer (June-July-August) episodes are cadgarthree future (2049-2051)
summer episodes. Regional concentrations are peedior northern Mexico and western
and eastern Canada (Figure 4.1). To quantify thémeact of climate change and the
impact of climate change combined with projectedssians; both the historic period and
future cases are examined. Future cases are:r t@ 2001 emissions inventory for
historic and future years to quantify the impactiohate change on air quality; and 2)
using future forecast emissions along with foreclstate to simulate future pollutant
levels over northern Mexico and western and eagtarmmada allowing the quantification

of both impacts on future air quality.

Western

- Canada
e

Eastern
. _ Canada

Figure 4.1 Modeling domain and regions examined
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4.3 Results and Discussion

4.3.1 Meteorology

Statistics and spatial distributions for forecashperature, mixing height,
insolation and precipitation for northern Mexicalamestern and eastern Canada (Table
4.1 and Figure 4.2) show higher average tempemsatii@erthern Mexico is simulated to
be the sub-region with the greatest average teryseracrease (2.6 K). The average
temperature is calculated 1.7 K and 1.5 K highevéistern and eastern Canada,
respectively. Locally changes up to 4 K in the hert Mexico and up to 3 K for Canada
are forecast. The mixing heights are simulatecetbifgher in most of the northern
Mexico (average around +30 m). Maximum increasesufad 200 m) are forecast near
the US border where the maximum temperature inersaalso estimated. For both the
Canadian sub-regions mixing height is calculateldetdower in the majority of the
domain (average around -30m) except the centraMgsere a small increase is estimated.
The average insolation at the earth’s surface dsereby 10 W fhin Canada and
increases by 3 W thin Mexico. Insolation is simulated to be lowemiost of the
Canadian sub-regions except the central part, wigenal changes are expected in the
northern Mexico. Regional changes in daily preeijiin are forecast with more
precipitation in northern Mexico where the averdgéy change is up to 6mm locally.
Little change is expected for both Canadian sulereyy Fewer rainy days are estimated
for the majority of the northern Mexican and west€anadian sub-regions in contrast to
eastern Canada for which more rainy days are pgestl{Eigure 4.3). All the mentioned

local changes in climatic conditions will affecetfuture local pollutant concentrations.
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Table 4.1: Regional average climatic parameters fahe three historic and future

summers

Temperature (K)  Mixing height (m) Insolation (Watt/rf)  Daily Precipitation (mm)

Historic Future Historic Future Historic Future Historic Future
Western 287.3 289.0 867.4 837.8 188.1 179.8 2.1 2.0
Canada
Eastern 287.9 289.4 919.3 884.8 168.7 158.1 25 2.5
Canada
Northern 296.1 298.7 1034.9 1062.3 282.3 285.8 1.9 2.2
Mexico
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Figure 4.2: Spatial distribution plots of the averae changes in climatic parameters
between the three historic and future summers a: taperature, b: planetary
boundary level (PBL height), c: insolation, d: pregitation
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Figure 4.3: Spatial distribution plots for the charge in rainy days between the three
historic and future summers

4.3.2 Emissions

Control strategies applied on anthropogenic Camadsmurces result in
significantly lower NQ, SG and NH emissions in both Canadian sub-regions (Table
4.2). NQ emissions are projected to be 32% and 50% lowewastern and eastern
Canada respectively while $@missions are projected to be 64% and 74% lowboih
areas, respectively. NHmissions are projected to be 30% and 60% loweestern and
eastern Canada respectively. Emissions reductiamtbiropogenic VOCs combined with
the higher biogenic emissions in the warmer clinragults in a small change in VOC

emissions: 6% higher in the western Canada andHigber in the eastern Canada.

For the case where only climatic changes are cereifl although the emission
inventory is kept the same, emissions are not,essmme pollutant emissions (e.g.,

biogenic and mobile) depend on meteorology. A minorease in NQemissions in both
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Canadian sub-regions is calculated but VOC emissiah be higher in the future (up to

19% in western Canada) due to climate change &ltaige 4.2).
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Table 4.2: Regional average emissions rates (tonakd for historic and future summers using emissionprojections (Future)

and no emissions projection (Future_np*) and the rative change (%) based on the historic emissions

NO, (tons/day) SO, (tons/day) VOCs (tons/day) NH; (tons/day)

Historic ~ Future  Future_np Historic Future  Future_np Historic Future Future_np Historic Future  Future_np

Western

2.49 3.72 0.67 1.84 2449  27.50 0.65 0.92
Canada 368 55495 (10w 8 (6390%w) (00w 2 mew @oow %92 (206%) (0.0%)
Eastern

0.92 1.84 0.41 158 2410  25.12 0.16 0.38
Canada 182 19895 (06%) 28 (7420) 00w Y9 7w @44%) 38 (592w (0.0%)
mr)fr'cim 5 3 4.60 2.39 188 3.53 1.88 061 3681 3678 3.89 1.22

: (98.8%) (3.1 %) : 87.5%) (0.0 %) : (243%) (242%) (2189 %) (0.0 %)
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For Mexico, the growth of the industrial sectordedo significantly higher
emissions (Table 4.2). NOSG,, VOCs and NHemissions are projected to be 99%, 88%,
24% and 220% higher in the future summers in thiheon Mexico. For the case where
only climatic changes are considered a minor irsgea NQ emissions is calculated.

VOC emissions are projected to be much highererfukure due to climate change alone
(around 24%), but slightly lower when emissionggetion is used caused by the higher
projected VOC emissions by human activities. Spdtgribution plots of emissions rate

changes for the historic and future summers argepted in auxiliary materials.

4.3.3 Air quality

4.3.3.1 Ozone

The impact of climate change alone and the combafiledt of climate and
emissions changes on M8kéxe illustrated in Figure 4.4. Under the impactlohate
change alone the average M&goncentrations are estimated to be 0.1 ppb higher
(0.1%) over western Canada, 0.6 ppb lower (2%) eastern Canada and 0.5 ppb higher
(19%) over northern Mexico (Figure 4.4 & Table 4G)obal climate change combined
with the projected emissions are calculated tocedbe atmospheric pollutant
concentrations. Average M8h@oncentrations are estimated to be 3 ppb lowe) (6%
over western Canada, 3 ppb lower (8%) over ea§&tenada and 2 ppb lower (4%) over
northern Mexico (Figure 4.4 & Table 4.3). Interagty, although future emissions over
northern Mexico are projected higher, pollutantaartrations are forecast to be lower.
This is caused by the large reduction in US emissighich affect pollutant

concentrations over Mexico (Figures are presemtedikiliary materials). Both Canadian
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sub-regions are simulated to have lower future MBticentrations due to emissions
reduction (2050s) shown by their Cumulative Disttibn Functions (CDFs) (Figure 4.5).
Significant reductions are expected for the conegioins above 50 ppb, especially over
eastern Canada. The same trend is found for M&b@centrations over northern Mexico

with significant reductions in concentrations abé&@eppb.
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Figure 4.4: (a) Mean maximum 8 hour ozone concenttens (M8hO3) and standard
deviations for historic and future summers (b) Meandaily PM, s concentrations and
standard deviations for historic and future summers(np: 2001 emission inventory
and 2050 meteorology)
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between the different examined cases (np: 2001 esin inventory and 2050
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Here, boundary conditions for both historic andifatperiods are kept the same
due to uncertainties in future global changes.ii8gttarying boundary conditions affect
our ability to isolate the impacts of regional cite and emissions changes. Further,
calculations were repeated excluding five grid <aleep of the outer perimeter of
modeling domain Giorgi and Bates 1989], with negligible change. Regional average
concentrations are similar since the winds typycaime from the west well away from

the land.

Over Canadian sub-regions, typical Mgh€bncentrations are calculated to be
between 30 and 50 ppb (Figure 4.6(a)). Climate ghaaone is simulated to increase
M8hOs concentrations up to 1 ppb in the center of Camada reduction of up to 2 ppb
is estimated for the rest of Canada (Figure 4.6Emission controls are expected to
reduce M8h@ concentrations up to 5 ppb in both Canadian sglwns (Figure 4.4(d)).
The combined effect of climate change and emissabrages is also found to reduce
M8hOs concentrations (up to 5 ppb) in both Canadianrsgimns (Figure 4.6(b)). Over
northern Mexico, the highest forecast M@h&ncentrations are calculated between 50
and 60 ppb near the US border (Figure 4.6(a)). &knthange alone is simulated to
increase M8h@concentrations up to 4 ppb in the east but toedss it up to 3 ppb in the
west (Figure 4.6(c)). Emissions changes are exgeoteeduce M8h@concentrations up
to 5 ppb near the US border while it is expectetharease up to 5 ppb on the west coast
due to emission increases (Figure 4.6(d)). The aoabeffect of climate change and
emission changes are found to reduce Mgb@ncentrations up to 5 ppb in the majority
of the region expect the east part where an inere@sto 2 ppb is predicted. (Figure

4.6(b)).
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Figure 4.6: (a) Three-summer-average maximum 8-hr zpne concentrations in
historic years; (b) changes in concentrations undethe impact of climate change
and emission controls; (c) changes in concentratisnunder the impact of climate
change alone; and (d) changes in concentrations uad the impact of emission
changes alone (np: 2001 emission inventory and 206{&teorology)

4.3.3.2 Particulate Matter

Global climate change alone has a significant effedfuture summer Pj4
concentrations over western and eastern Canadaaatitern Mexico as compared t@,O
as changes in temperature and precipitation ingeiphase partitioning and wet
deposition of particulate matter. Average Rjdoncentrations are estimated to be @3

m higher (8%) over western Canada, Oglmi® higher (3%) over eastern Canada and

79



0.4 g mlower (11%) over northern Mexico (Figure 4.4 & Te#.3). These changes
come mainly in S§ and OC over Canada (western Canada” 8Q g mi® higher
(12%), OC: 0.1 g m”* higher (7%), eastern Canada: 50.01 g m* higher (0.6%),

OC: 0.06 g m* higher (6%)) and from SO over northern Mexico (0.3g m’* lower
(14%)). PM.scomposition will be slightly different due to clingachange alone (Figure
4.7 & Table 4.4). Global climate change combinethwhe projected emission changes is
simulated to reduce the atmospheric pollutant catnaBons. AveragePM s
concentrations are estimated to be @2n* lower (5%) over the western Canada, 033
m3 lower (11%) over the eastern Canada (Figure 4Talile 4.3). PMscomposition is
calculated to be significantly modified setting @€the dominant component followed
by sulfate (Table 4.4). Over northern MexiaweragePM, sconcentrations are estimated
to be 0.6 g m* lower (17%) (Figure 4.4 & Table 4.3). No signifitachange in PMs
composition is expected with sulfate to be the a@mi component (about 50%) (Table
4.4). Although there is no change in the lower,Rbbncentrations (i.e., below g nmi®)
there are significant reductions in the higher leve eastern Canada and northern

Mexico when climate change and emissions projecrenconsidered (Figure 4.8).
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Table 4.3: Regional average M8h@and PM, 5 concentrations and PM s composition for the historic and future summers
using emissions projection (Future) and no emissiarprojection (Future_np*) and the relative change %) based on the

historic emissions

Western Canada Eastern Canada Northern Mexico
Ctzmg/?nnsints Historic Future Future_np  Historic Future Future_np  Historic Future Future_np
'\?3283 416 (-2?2'00@ ((;1.11'02) 39.4 (-2.61'3/0) (-i?éOS/o) 50.4 (-3%06@) (15.%52)
( Pgl\;lrzh%) 344 (-2:306@) (? .goi) 2.52 (-12i.2413:>/o) (3?.'??(2)) 3.71 (-136?79%) (-136.361%)
PM, scomponents (g/nT)

SO 1.07 (-205';.7;@) (1}1'.17%@ 0.99 (-3?1'.6780/0) (c}.g&)) 1.98 (-221.'722) (-113;.7710/0)

NH.' 0-35 (-3?4.213;/0) (?.'73;()) 0-19 (-9?6.123;@ (10.5.9130) 0.64 (-g:g(?/o) (-101%/0)

NGs 0.09 (-507'?;%;) (-82208/0) 0.02 (-70395%) (-32202/0) 0.02 (129(.)??%) (-307'921%)

EC 0.08 (-3?7'(.);@) (f.gfi)) 0.04 (-25;982%) (g.'g;;) 0.07 (-3?4‘;(.);%) (82(1);))

ocC 1.16 (216(2)) (71.'22;) 0.93 (8.'89;)) (gg;)) 0.46 (-10(5%21%) (-g:g;’;o)
OTHER  0.70 (4%3'.052@ (S.th/t) 0.34 (3?2'%%@) (z?.fcgo) 0.54 (-102.12’/0) (-22803/0)
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Figure 4.7: PM 5 composition for historic and future summers
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Table 4.4: Regional average Pls composition (%) for the historic and future summeiss using emissions projection (Future)
and no emissions projection

Western Canada Eastern Canada Northern Mexico

Components (%) Historic Future Future_np Histori¢cuture  Future_np Historic  Future  Future_np

SO 31 23 32 39 31 38 53 50 52
NH, 10 7 10 7 6 7 17 19 17
NO3z 3 1 2 1 0 1 1 2 0
EC 2 2 2 2 1 2 2 1 2
oC 34 36 34 37 42 38 12 13 13
OTHER 20 31 20 14 20 14 15 15 16
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Figure 4.8: Daily average PMjs concentration cumulative distribution function
(CDF) plots for (a) historic and future summers andthe correlation as well as (b)
between the different examined cases
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Spatial distribution plots for average PMoncentrations for historic years and
the changes caused by climate and emission prajeate presented in Figure 4.9. Over
the majority of both Canadian sub-regions averdgegeoncentrations are calculated
between 2.5 and 5.@y m* (Figure 4.9(a)). Climate change alone is simul&teidcrease
PM, sconcentrations up to 0.5 m* in the majority of Canadian sub-regions except the
east where a decrease up to @5n° is estimated (Figure 4.9(c)). Emissions projection
is expected to reduce BNconcentrations up to 1g m® in the major part of both
Canadian sub-regions, but there are small areasregiuctions up to 2g m° (Figure 4.9
(d)). The combined effect of climate change andssians projection is estimated to
reduce PMs concentrations up to 1Ig m* in both Canadian sub-regions but there are
small areas where increase up toglmi® is projected (Figure 4.9(b)). Over northern
Mexico average Pl concentrations are simulated higher in the noshgart with
average concentrations up to 7gpm’ (Figure 4.9(a)). Climate change alone is
calculated to decrease Bptoncentrations up to Ig m° in the central part (Figure
4.9(c)). Emissions projection is expected to redeiel sconcentrations up to Ig m’>
near US borders while an increase up t@In* is expected in the west coast (Figure 4.9
(d)). The combined effect of climate change andseians projection is estimate to
reduce PM; concentrations up to 2y mi® in the north eastern region close to U.S.

borders while small increases are expected in #st (fFigure 4.9(b)).

Comparing the effects caused by climate and enmssh@anges between the sub-
regions examined here and the U.S. sub-regionsafigagt. al., 2007) it is revealed that
climate change alone is not expected to signiflgamhodify summer M8h®

concentrations over Canadian, Mexican and U.S.reglens. The effect of climate
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change on PMs concentrations is expected to reduce summer ctriat@ns over the
U.S. and Mexico, they are more important over ttanB, Midwest and Southeast U.S.
sub-regions and Northern Mexico where significagductions are expected in R
levels, but over both Canadian sub-regions smalleases are forecast. The combined
effect of climate change and projected emissiosgbs are simulated to reduce M8hO
and PM s concentrations over Canadian and Mexican sub-nsgibut this reduction is
much lower compared to the reduction simulatedtha US sub-regions due to the

projected greater emissions reductions in therlatte
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Figure 4.9: (a) Three-summer-average PWMs concentrations in historic years; (b)
changes in concentrations under the impact of clinta change and emission
controls; (c) changes in concentrations under theripact of climate change alone;
and (d) changes in concentrations under the impaaf emission changes alone
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4.4 Conclusions

Global climate change impacts on air quality ovessigrn and eastern Canada
and northern Mexico are simulated to change futunmmer PMs concentrations but
have little impact on glevels. Global climate change combined with pre@gdatmission
changes is simulated to reduce pollutants condenigain all examined sub-regions. One
of the most important findings of this study is tttthough future emissions over
northern Mexico are projected to be higher, futpodlutant concentrations are not as
reductions in the US provide benefits to the sobBtfl, s composition is calculated to be
slightly different due to climate change alone kwihen projected emissions are
considered, it is calculated to be significanthaiged over Canadian sub-regions setting
OC as the dominant component followed by sulfateerOhorthern Mexico sulfate is

simulated to continue to be the dominantRMomponent.
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CHAPTER 5

IMPACTS OF FUTURE CLIMATE AND EMISSION REDUCTIONS
ON NITROGEN AND SULFUR DEPOSITION OVER THE UNITED
STATES®

5.1 Introduction

Deposition of nitrogen and sulfur containing compasi on the earth’s surface
affects terrestrial and aquatic ecosystems. Thdtieg eutrophication and acidification
caused by this deposition leads to changes inaspédstributions and a loss of
biodiversity [Sanderson, et gl2006]. Sala et al. (2000) rank nitrogen depasiéie the
third greatest driver after land use and clima@ngfe for terrestrial ecosystem
biodiversity [Sala, et al.2000]. Jang et al. (2006) suggest water and armocgnitrogen
soil components as the key factors controlling rme¢éhoxidation rates in forest soils
[Jang, et al.2006]. Bragazza et al. (2006) link peat bog dgmusttion rates with
atmospheric nitrogen depositioBrhgazza, et al.2006]. As peat bogs are exceptional
carbon sinks (their extremely low decompositioesatan accumulate plant remnants as
peat), increased nitrogen deposition poses a seriskito the valuable peatland carbon

sink.

* This chapter is published in tli&eophysical Research Lettek8OL. 35, L08811,
doi:10.1029/2008GL033477, 2008. Co-authors are Tagdthimios, Kasemsan Manomaiphiboon, Jung-
Hun Woo, Shan He, Praveen Amar, and Armistead G. Russell.

88



Recent studies examined the effect of climate chamgfuture deposition using
global modelsDentener, et al.2006;Phoenix, et al.2006;Sanderson, et al2006].
Sanderson et al. (2006) found an increasing riskcafification in parts of the USA and
southeast Asia between the present (1990s) anadtargeater (2090s) considering both
climate change and pollutant emission increasesruheé Intergovernmental Panel on
Climate Change (IPCC) I1S92a emissions scen#?iGC, 2001], but noted acid
deposition fluxes are subject to large uncertasnizentener et al. (2006) estimate that
in 2000 the deposition of total reactive nitrogBlO(+NH,) exceeds 2000 mgN fryr*
in much of the world, while 1000 mgNfyr* is viewed as the critical nitrogen load
above which changes in sensitive natural ecosysteaysoccur. Phoenix et al. (2006)
compare recent (mid-1990) and future (2050) nitnogeposition to 34 world
biodiversity hotspots keeping climate constant prajlected emissions for N@nd NH
based on the IPCC 1S92a emissions scenario. Theylfthat the average deposition
rate across these areas was 50% greater tharothed tgrrestrial average in the middle-
1990s and could more than double by 2050. 33 dfd@dpots receive greater nitrogen
deposition in 2050 compared to 1990. The authonslode that many areas with
significant amounts of the global floristic diveysare located near potential damaging
future nitrogen deposition rates. Bergstrom andgsam found that the atmospheric
nitrogen deposition in excess of natural levelsesithe 28 century has caused nitrogen
enrichment, eutrophication and increased mass\yibplankton in lakes over Europe

and North AmericaBergstrom and JansspB8006].

Langer et al. (2005) examined the impact of clinchteange on nitrogen and sulfur

deposition in Europe. Using the IPCC 1S92a emissa®nario, they estimate that for the
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2050-2070 period, deposition will be lower over tees and central Europe due to the
reduction in annual precipitation, although inceshdry deposition partly compensates

the decrease in wet depositidrapgner, et al.2005].

Extending the work of Tagaris et al. (2007) examgnihe impacts of global
climate change and emissions on air quality, thidysassesses impacts on nitrogen and
sulfur deposition over the U.S. This is the fsgidy comparing future with historic
deposition rates based on existing emission regukatnd strategies for future
emissions reduction and potential climate changeerainties in emissions projections
and future meteorology are not considered. Tweetkfiit cases are examined: In the
first case impacts of changes on deposition irlkl& by climate change alone are
examined by keeping emissions sources, activitgléeand controls constant. In the
second case future deposition levels are estintseedd on changes in climate and

emissions togetheLgung and Gustafsp2005;Woo, et al. 2008].

5.2 Methods

Emission inventory, meteorology and air quality ralxy approaches are
presented by Tagaris et al. (2007) and are brasfscribed here. The 2001 US EPA
Clean Air Interstate Rule (CAIR) emission inventdB})
(http://www.epa.gov/cair/technical.html, last accdday 11, 2008) is used for the early
21st century. Projection of 2050 emissions from20@1 base-year is done in two steps:
1) near future (2020) emissions projection is bawethe 2020 EPA CAIR El; 2) distant
future (2050) emissions projection is carried cagdd on the Netherlands Environmental

Assessment Agency’s IMAGE model (http://mww.mngmébge, last access: May 11,
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2008) Woo, et al.2008]. The IPCC A1B emissions scenario is seteftiethe middle
century projection in order to be consistent wité tlimate/meteorological modeling

used herelPCC, 2001].

Meteorological fields for both current and fututienate are derived from the
Goddard Institute of Space Studies (GISS) Globeh&te Model (GCM), which is
applied at a horizontal resolution dflatitude by 5 longitude Mickley, et al, 2004].

The simulation covers the period 1950 to 2055. @leskgreenhouse gas concentrations
are used during 1950-2000 and the IPCC A1B emisstenario INakic enovic, 2000]
during 2000-2055 with Cfas implemented in the Bern-CC mod&¢C, 2001]. Leung
and Gustafson (2005) downscaled the GISS simukfimn1995-2005 and 2045-2055

using a regional climate model based on the Peaie/BICAR Mesoscale Model (MM5).

The Community Multiscale Air Quality (CMAQ) ModelinSystem with the
Statewide Air Pollution Research Center's chenmniza¢hanism (SAPRC-99) (Carter,
2000) is used for the regional air quality modeliRgedicted total nitrogen (NO, NO
NOj3, N,Os, HONO, HNQ, HONQ,, RNG;, PAN, NH;, particulate N@and NH,) and
total sulfur (SQ, H.SO, and particulate S£) deposition for a historic period (i.e., annual
simulations for 2000-2002) are compared with ariperiod (i.e., annual simulations
for 2049-2051) over the US (Figure 3.1). For theife period two different cases are
examined. In the first case, the same emissiomiove (i.e., 2001) is used for both
historic and future simulations in order to estientite effect of global climate change,
alone, on deposition. Although the emission invents kept the same, emissions are not,

as some pollutant emissions (e.g., biogenic andlesburces) depend on meteorology.
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In the second case the combined effect of futuns®ans and climate on deposition is
examined. Here, in both historic and future peridagindary conditions are kept the
same due to uncertainties in future global chaagesto isolate how regional climate and

emission changes drive deposition.
5.3 Results and Discussion

A detailed discussion of the potential regionainelie change over the U.S. has
been presented by Leung and Gustafson (2005).d-témperature is simulated to be
higher over the U.S. (Figure 5.1(a)). Maximum agergemperature increases are
around 3 degrees over Texas, New Mexico, Utah, deewd/isconsin, and Michigan.

The minimum temperature increases for the U.Sbatween 1.0 and 1.5 degrees for the
southeastern States (Florida, Georgia, Alabamasid4igpi, Louisiana), along with

Montana.

Regional changes in precipitation up to +5 ci gre simulated for the majority
of the States in 2050s. Changes higher than +2grcrare expected over central Texas,
south Minnesota (negative values) and the southeaStates (positive values). Extreme
positive changes (higher than 50 critlyare simulated over the Atlantic Ocean and Gulf

of Mexico (Figure 5.1(b)).
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Figure 5.1 Average changes in temperature (a) andrgcipitation (b): (2049-2051)-
(2000-2002)

Regional changes in future emissions are detayed/bo et al. (2008). 2050
emissions of NQ SO,, PM, 5, anthropogenic VOC, and ammonia are expecteddongs
by -55%, -55%, -30%, -40% and +20% for the U.Spesetively, compared with 2001.
The biggest reduction is expected over the Midwesttheast and Southeast regions as
CAIR achieves large reductions in S&hd NQ emissions across 28 eastern States.
Emission reductions in anthropogenic VOCs combingh the higher biogenic
emissions in the warmer climate result in a smainge in VOC emissions (+2%). For
the case where only climatic changes are consig¥ @@ emissions are higher (+15%)
in the future due to the temperature effect on émgand mobile sources; a minor

increase in NQand SQ is also predicted.

Model performance is evaluated by comparing oleseand predicted annual

average total nitrogen and sulfur depositions tiverJS using data from the Clean Air
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Status and Trends Network (CASTNET) (http://www.gp&/castnet, last access: May
12, 2008). The simulated three year (2000-2002)ameetotal nitrogen deposition is 48
mgN mi? yr' overpredicted (9% high bias) for the U.S. don{samging from 7 mgN
yr'! or 1% high bias in Northeast to 145 mgNf gr* or 25% high bias in Southeast sub-
region) (Table 5.1) while the average total sutfeposition is 60 mgS fryr*
underpredicted (9% low bias) (ranging from 2 mg&ym’ or 0.3% low bias in the
Southeast to 132 mgShyr™ or 15% low bias in the Northeast sub-region) (€2hR).
Given that no data assimilation has been used &eaonological fields, model
performance provides confidence in our ability &pture typical deposition levels and
patterns. Performance (not shown) is better fdusutet deposition (27 mgS fryr*
underprediction or 7% low bias over U.S. domainjfws dry deposition (33 mgS fryr™
underprediction or 14% low bias over U.S. domamg aitrogen wet deposition (88 mgN
m? yr! underprediction or 23% low bias over US domairijtdgen dry deposition is
less well captured; over the U.S. domain the memhelilates a 70% bias high (~ 130

mgN m? yr?).

The annual average regional nitrogen depositiahtia@ standard deviation)(of

) N JE—
the annual average.:(z\/Ni1 (Xi- X), N=3, Xi stands for the regionally averaged
- 1

annual deposition and is the three year average value) over the U.Shfohistoric
period is estimated to be 485+2 mgNf g1 (ranging from 210+9 mgN Hyr?in the
West to 836+14 mgN yr™in the Midwest) giving 4.7 Tg as the budget of aien
deposited annually onto the continental U.S. (T&blg. Holland et al. (2005) estimate a

total of 3.7-4.5 Tg nitrogen deposited annuallyoaitie contiguous U.SHplland, et al,
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2005], close to our estimate. Seasonal variatiowigeable in all the U.S. sub-regions
while the oxidized fraction of total nitrogen deftims is greater than reduced due to the
elevated N@emissions. The dry deposition is greater thawtbiedeposition in the West
and Southeast, but lower in the Midwest and Nogheasulting in a similar contribution
of wet and dry deposition to the total annual démosaveraged over the U.S. No
significant change between the three consecutigesyexamined is noticed for regional
average deposition but locally variation can bearmonounced (30% and 50% in

interannual variability in nitrogen and sulfur defimn is noticed, respectively).

Climate change alone seems to have a minor effeti@average dry (<6%
change in various regions), wet (<9%) and totabgin deposition (<3%) (Table 5.1).
Wet deposition is modified more in the Southeag0(mgN n¥ yr™* or 7%), Midwest (-
35 mgN n¥ yr' or -7%) and Plains (-17 mgNfiyr or -9%) following the change in
precipitation. The same regions have the maximuamgé in dry deposition: Southeast
(-24 mgN ¥ yr* or -6%), Midwest (+17 mgN ihyr™ or 5%) and Plains (+9 mgN'm
yr'! or 5%). As a result, total nitrogen depositioexpected to change most in the

Midwest (-18 mgN rif yr' or -2%)).
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Table 5.1 Model Evaluation and Model Simulation forNitrogen Deposition (in mgN m? yr™)

Model evaluation

Model simulation

Historic Historic Future . F_Lure L
No emissions projection

Region Observed Predicted Total Oxidized Total Oxidized Total Oxidized
9 Total Total Seasonal Reduced Seasonal Reduced Seasonal Reduced
(Win,Spr,Sum,Aut) Dry - Wet (Win,Spr,Sum,Aut) Dry - Wet (Win,Spr,Sum,Aut) Dry - Wet

West 21049 2.2 165+3 0.97 21612 2.2
233+14 241£19 (57,51,49,53) 139-71 (51,43,30,41) 95-70 (60,55,47,54) 140 - 76

Plains 380+2 1.4 294+14 0.7 372112 1.5
235450 200£35 (56,103,119,102) 191 - 189 (48,79,91,76) 142 - 152 (63,100,115,94) 200 - 172

Midwest 836114 15 56718 0.5 818+16 1.6
803+28 898+30 (150,225,240,221) 360 - 476 (113,156,145,153) 214 - 353 (162,226,210,220) 377 - 441

Northeast 692465 699+62 695+13 2.5 38745 0.7 700+11 25
(145,180,196,174) 331 - 364 (91,99,91,106) 142 - 245 (159,181,170,190) 339 - 361

Southeast 574437 719+16 673+16 2.4 434439 0.6 669+51 2.2
(183,180,147,163) 391 - 282 (136,116,93,89) 188 - 246 (198,178,146,147) 367 - 302

us 558+27 606+3 485+2 1.8 338+11 0.6 479+14 1.8
(98,129,133,125) 248 - 237 (76,91,86,85) 150 - 188 (105,129,124,121) 251 - 228

20Observed and predicted annual average regionahittagen deposition for the historic period (2602002) and standard deviation of the annual

average for model evaluation, and annual averagienal nitrogen deposition data (total, seasonet, dry, oxidized/reduced nitrogen) for the histori

(2000- 2002), future (2049 —2051), and future withemissions projection periods for model simutatigitrogen deposition is in mgNfiyr™.
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Table 5.2 Model Evaluation and Model Simulation forSulfur Deposition (in mgS n? yr?) 2

Model evaluation

Model simulation

Historic Historic Future . F_Lure L
No emissions projection
Observed Predicted Total Oxidized Total Oxidized Total Oxidized
Region Total Total Seasonal Reduced Seasonal Reduced Seasonal Reduced
(Win,Spr,Sum,Aut) Dry - Wet (Win,Spr,Sum,Aut) Dry - Wet (Win,Spr,Sum,Aut) Dry - Wet
56+3 464 60+4
West 109+16 8515 (21,12,8,15) 19-37 (18,11,5.12) 12-34 (22,14,8,16) 19-41
. 21618 150+10 210+19
Plains 112+21 88124 (30,56,70,60) 67 - 149 (25,40.47,38) 42 -108 (34,57,66,53) 70 - 140
. 767128 453+15 73730
Midwest 980+90 911+11 (128,208,220,211) 265 - 502 (92,127.112,122) 131 - 322 (148,212,184,193) 274 - 463
770+46 31111 77432
Northeast 894+60 762+94 (148,187,243,192) 239 -531 (68,77.79,87) 72 - 239 (165,192,204,213) 253 -521
610+42 304+22 630+41
Southeast 697+40 695+14 (166,159,150,135) 239-371 (94,79.73,58) 83-221 (187,161,155,127) 222 - 408
USs 642443 582423 3r1x16 128 - 243 212%7 59 - 153 368+14 129 - 239

(73,97,104,97)

(48,57,55,52)

(83,99,96,90)

& Observed and predicted annual average regioradlsioifur deposition for the historic period (20(302) and standard deviation of the annual avei@gmodel evaluation,

and annual average regional sulfur deposition (atal, seasonal, wet, dry) for the historic (20@002), future (2049— 2051), and future with nossitins projection periods for
model simulation. Sulfur deposition is in mgS pr™.
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The effect of climate change, activity growth amdissions controls decreases
nitrogen deposition in all sub-regions ranging fretd mgN n¥ yr* (-21%) in the West
up to -308 mgN M yr(-44%) in the Northeast coming from the reductiofath dry
and wet deposition. The total future nitrogen buatggposited annually onto the
continental U.S. is estimated to be 3.2 Tg, ab6@b &ss than now. The largest
reduction is simulated over the Northeast, Midveast Southeast regions where the
reduction in NQ emissions is more pronounced. This is the reasotné change in the
oxidized nitrogen deposition; reduced nitrogen sgseare prevalent in all the U.S. sub-
regions. Since forest land is the dominant lan@ typvering the eastern U.S., changes in
nitrogen fertilizer will mainly affect species biodrsity in these regions. Reduced
nitrogen and sulfur loads will be more near predstdal conditions. Moreover, since
grassland is substantially affected by nitrogerodéjmn, the reduced loading can
decrease the productivity of invasive grassesrttegt cause less frequent fir&aja, et
al., 2000]. However, the loadings are still above ipdasstrial levels and will continue
to perturb the ecosystems. The spatial distributiomtrogen deposition for the historic
period (Figure 5.2) shows higher deposition ratehé Midwest States caused by the
elevated N@ emissions in this sub-regioWwpo, et al.2008]. High NQ emissions
result in high nitrogen deposition in the majofynortheastern and southeastern States,
as well as eastern Texas. This is in agreementathitér studies (e.g., Dentener et al.,
2006). For the future period, high nitrogen depositates are predicted in areas located
in California, lowa, North Carolina and lakes Migan and Erie. However, future
deposition rates are estimated to be lower comparbistoric ones all over the U.S.,

particularly in the middle and eastern States, gixirem a small increase simulated
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mainly at central California and south Idaho. Clienehange alone seems to have a
minor impact on nitrogen deposition rates, simaéh its impacts on regional air

quality [Tagaris, et al.2007].
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Figure 5.2: Average nitrogen (N) and sulfur (S) depsition for the historic (2000-
2002) (N, Sy), future (2049-2051) (N, S;) and future_np (2049-2051) (M Sz) periods
and changes caused by the combined effects of fueuemissions and climate (NSs)
as well as by climate change alone {N\ss)
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The annual average regional sulfur deposition rawes the US for the historic
period are estimated to be 371+16 mgSym'® (ranging from 56+3 mgS fyrtin the
West to 770+46 mgS fryrtin the Northeast) (Table 5.2). No significant chang
between the three consecutive years examinediteddbr regional average deposition
but seasonal variation is noticeable in all US sediens. Wet deposition rates are

greater than dry deposition.

Climate change alone seems to have a minor eifettie average dry (<7%
change in various regions), wet (<10%) and totHusdeposition (<7%) (Table 5.2).
Wet deposition is changed more in Midwest (-39 mgSyror -8%) and Southeast
(+37 mgS rif yr't or 10%). Southeast appeared as the region witmthémum change
in dry deposition (-17 mgS fyr* or -7%) following by Northeast (+14 mgSayr™ or
6%). As a result the total sulfur deposition is@sed to change more in the Midwest (-

30 mgN n¥ yr or -4%) and Southeast (+20 mgS g’ or 3%).

The effect of climate change combined with agfigtowth and emissions
controls decrease sulfur deposition in all US sediens ranging from -10 mgSyr*
(-18%) in the West up to -459 mgSmir* (-60%) in the Northeast due to the reduction
in both dry and wet deposition. The biggest redurcis estimated over Northeast,
Midwest and Southeast sub-regions due to the fatppiied SQ emission strategies in

these sub-region®\oo, et al.2008].

The spatial distribution plot for the historic fwet (Figure 5.2) shows higher
sulfur deposition rates over lllinois, Indiana, ®khind Pennsylvania due to the large, SO

emissions in these Staté¥ o, et al. 2008]. Moreover, S©emissions in the eastern US
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results in high sulfur deposition over the eastér®. coast. For the future period high
sulfur deposition rates are predicted over the Misivand the lakes Michigan and Erie.
Similarly to nitrogen, future sulfur depositionastimated to be lower compared to
historic rates over a majority of the U.S. Climakange alone has a minor impact on

sulfur deposition rates.

5.4 Conclusions and Implications

Total nitrogen and sulfur deposition in the futgre., 2049-2051) is simulated to
be lower over the U.S. compared with the histoedqd (i.e., 2000-2002) considering
both climate change and planned controls on precemissions. Reductions in the
Northeast, Midwest and Southeast sub-regions wihigher compared to West and
Plains, responding to emission reductions (US ERfICAIr Interstate Rule (CAIR)).
Climate change, alone, with no emissions growtbamtrols has a minor impact on
nitrogen and sulfur deposition rates. As such, alerchange will not significantly impact

environmental gains achieved from emissions castrol
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CHAPTER 6

SENSITIVITIES OF OZONE AND FINE PARTICULATE MATTER
FORMATION TO EMISSIONS UNDER IMAPCTS OF POTENTIAL
FUTURE CLIMATE CHANGE

6.1 Introduction

Climate change is forecast to affect ambient teatpees, precipitation frequency
and stagnation conditionK#rl and Trenberth2003;Stott, et al. 2000], all of which
impact regional air quality. Increases in groungkleozone concentrations are expected
in the future due to higher temperatures and meguint stagnation eventddgrefe, et
al., 2004;Leung and Gustafsp2005;Mickley, et al, 2004;Murazaki and Hes2006].
Ozone-related health effects are also anticipatdstmore significant{nowlton, et al.
2004]. Prior work suggests BN (particulate matter with an aerodynamic diamedss |
than 2.5 micrometers) levels will increase in s@reas but not in others, largely due to
changes in precipitation. Both ozone and;Rlre also found to impact climate via direct
and indirect effects on radiative forcifglimotq 2003]. An issue of primary importance
for policymakers is how well currently planned aohstrategies for improving air
quality for ozone and P4 that are based on the current climate will worlemfuture
global climate change scenarios. This can be imgatsd by quantifying sensitivities of
air pollutants (e.g., ozone and P§to their precursors (e.g., nitrogen oxides:N¥ONO
+ NGO,), volatile organic compounds (VOCs), ammonia, suifur dioxides (S¢)) under

both historic and potential future climatic conalits.

* This chapter is published in tlgnvironmental Science & Technolog§07 41, 8355-8361. Co-authors
are Efthimios Tagaris, Kasemsan ManomaiphiboorgeSek. Napolenok, Jung-Hun Woo, Shan He,
Praveen Amar, and Armistead G. Russell.
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Sillman et al. §illman, et al. 1990] and Milford et al.Nilford, et al, 1994]
present sensitivities of ozone formation to itscpreors, NQand VOCs. They identified
the factors that affect sensitivity of ozone to,Nfdd VOCs including: the ratio of VOC
to NO, concentrations, reactivity of VOCs, abundanceiofénic hydrocarbons,
photochemical aging, and rates of meteorologicgdelision Fillman 1999]. Ambient
particulate matter formation, including inorganangonents (e.g., ammonium, nitrate
and sulfate) and secondary organic aerosols (S@As)ound to be influenced by
ambient temperature, humidity, clouds, and precwsocentrationsAnsari and Pandis
1998;Chow, et al. 1994;Pun and Seigney001;Russell, et a).1983]. Both
anthropogenic and biogenic VOCs contribute to SOAJm, et al.1997;Seinfeld and
Pankow 2003], though biogenic VOCs are thought to beenimportant on a global
scale Chung and SeinfeJ®002;Kroll, et al., 2006]. Since higher ambient temperatures
lead to higher biogenic VOC emissions as a regulimate change (assuming no
changes in vegetation coveragiethiere, et al. 2005;Sanderson, et al2003], future
climate-induced emission changes are expecteddolaw ozone and PM formation
will respond to their precursor emissions (i.enssvities) even if anthropogenic
emissions do not change significantly. Recent saiduggest that ozone concentrations
are more sensitive to precursor emission changes éontrols than to climate-induced
effects Russell and Dennj2000]. If the same is true for BM this would suggest that
current emphasis on local and regional controlsishoontinue to provide air quality

benefits.

Responses of future ozone and RNevels to both climate change and to

emission changes are quantified using historicr§/e62000-2002) and projected future
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(years of 2049-2051) meteorology. The target fupgeod from 2049-2051 is chosen as
a compromise between being far enough in the futuexperience non-trivial climate
modification, yet is still within a reasonable rmmm for air quality planning. If the
pollutant fields and their sensitivities to anthogpnic emissions in the future are similar
to current conditions, the conclusion would be tamate considerations will not
significantly impact design of current control ségies that deal with ozone and Pjs
much as if the relative sensitivities changed mdiskdf the sensitivities are similar, but
the pollutant levels are significantly differertiet control strategies should focus on
degree of controls rather than direction. If, hoarethe sensitivities are significantly
different, future control decisions should considew climate change might be
addressed in formulating strategies along with@ased uncertainties. This work
extends the previous work by Tagaris et al. (2@08how the sensitivities of different
air pollutants to emissions which provides criticdbrmation for the air pollution control

strategies.

6.2 Method

Details of the modeling approach are given in Tagatral. (2007), and
summarized here. The Fifth-Generation NCAR/Pentedeesoscale Model (MM5)
[Grell, et al, 1994;Seaman2000] is used to downscale NASA’s Goddard Institf
Space Studies (GISSRind, et al. 1999] global climate model results for years @9@-
2002 and 2049-2051 ¢ung and Gustafsp2005;Mickley, et al, 2004]. Meteorological
model evaluation has been presented by Tagarls(@07) and Leung and Gustafson

(2005). Emissions for Canada, Mexico and the Lb62000-2002 are processed using
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the Sparse Matrix Operator Kernel Emissions (SMOKigeling system
(http://www.smoke-model.org/index.cfm, last acce§sril 29, 2008). For future
emissions, we use forecasts accounting for recixtioNQ, SG and VOC
corresponding to current regulations in the U.&n&la and Mexico (which include
reductions from the Clean Air Interstate Rule (CAd&ntrols Houyoux 2004]) up to
2020. From 2020 to 2050, we use forecasts frontiniegrated Model to Assess the
Global EnvironmenfIMAGE) model (www.mnp.nl/image, last access: A4, 2008),

based on IPCC A1B scenario (see Woo et al. (2a¥8)dtails).

The Community Multiscale Air Quality Model (CMAQByun and Scher€006],
with SAPRC-99 Carter, 2000] chemical mechanism and decoupled direchade3D
(DDM-3D) [Dunker, 1981; 1984Dunker, et al.2002;Yang, et al.1997], are used to
simulate historic and future ozone and RMoncentrations, and to quantify their
sensitivities to specific sets of emissions; inaligdooth anthropogenic and biogenic
VOC emissions, anthropogenic N@otal NH; and total SQ over a domain covering the
United States as well as parts of Canada and Me&iemiform grid of 36 by 36 km
horizontal cells with 9 vertical layers is employ@adgure 3.1). DDM-3D directly
calculates the first-order local sensitivities oftbgas- Cohan, et al.2005] and
condensed-phasdlfpelenok, et §12006] pollutants to precursor emissions, i.e, th
first-order sensitivity §;) of pollutant concentration(C;) to source emissiongE) is

calculated as:

S =Ejot (2.1)
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The first-order (linearized) sensitivities, as re®d here, have the same units as the
corresponding pollutants. These sensitivities regmehow pollutant concentrations
would respond to a 100% reduction in precursor sions if the systems were linear,
which is typically reasonable for reductions of @B% emissions, depending on pollutant

and environmentQohan, et al.2005].

In this work, two different future scenarios aredsed. First, the changes in
sensitivities due to the impact of potential futalienate change alone are examined by
using historic and potential future climates, be¢fing future emissions source strengths
the same as in historic episodes (“non-projectedhp” scenario). In the second
scenario, potential future meteorological fieldd axpected future emissions, projected
following the IPCC mid-level increase scenario, Adfaission scenaridPCC, 2001],
and recent regulatory actiortdquyoux 2004], are applied in the regional air quality
simulations. Simulations performed in this study summarized in Table 6.1. By
comparing the results of sensitivity analyses fabfferent scenarios, contributions of

ozone and PMs precursors and effectiveness of control strategiegjuantified.
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Table 6.1: Summary of air quality simulations

Emission Inventory Future Air Quality

Scenario E.L) Climatic Condition Impacting Factor
2001 historic (2001) ?;Sggfiomplete jeay  NAS

2000-2002 summers historic (2000-2002) PZisé)tg(r)if:ZOOZ summes VA

2050_np historic (2001) future potential future climate

(2050 complete year) changes

future potential future climate

2049-2051_np_summers historic (2000-2002) (2049-2051 summeis changes

future potential future climate
2050 future (2050) (2050 complete year) changes & emission controls
future potential future climate
2049-2051 summers future (2049-2051)

(2049-2051 summets changes & emission controls

2 N.A.: not applicable® Summers include June, July and Augfi§ip” means no projection in emission
inventories. Emission inventories for 2049-2051theesame as 2000-2002.

Simulations using non-projected (np) emissiondienfuture (i.e., 2050 _np and
2049-2051 _np summers in Table 6.1) use the samssemiinventories as 2001 but the
emissions are not identical as some componentisseons (e.g., biogenic VOC and
mobile source NQ) have been adjusted to respond to future clima/anology

(Appendix B, Table B.2).

6.3 Results and Discussion

Regional variations are found by dividing the coatital U.S. into five large
regions, West, Plains, Midwest, Northeast and Szagh(Figure 3.1) taking into account
different characteristics of precursor emissions @n pollutant formation processes.
Sensitivity results are presented by averaging theecontinental U.S. and each region

separately for the year 2001, summers (June, dnty August) of 2000-2002, the year
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2050, and summers of 2049-2051 with both projeatetinon-projected emissions.
Additionally, the first-order sensitivities of tI2050 scenario are also normalized by
2050 emissions and multiplied by 2001 emissior@der to compare the sensitivities of
ozone and Plksformationwith the 2001 scenaribasedn “per unit” (e.g. per ton) of

precursor emissions (“2050_Norm”).

E
S050_Norm = D050 = (2.2)

E2050

Details of meteorology- and emission-simulatiorulessare given elsewhere
[Leung and GustafspR2005;Tagaris, et al. 2007;Woo0, et al.2008] and are
summarized here. Annual average surface tempesadneepredicted to increase by about
0-3 K over the simulation domain between 2001 &0®D2 The higher temperatures in
2050 are accompanied by increases in absolute Ityrimidnost of the domain (up to
20% compared to 2001). For emissions,; 8a@d NQ emissions are forecast to be
reduced 51% each between 2001 and 2050, largelfodterent regulations being fully
implemented. Nhlemissions are predicted to rise in the future (3 ff&m increases in
population and related activitiegdgaris, et al.2007;Woo, et al. 2008]. If the effects of
increased activities and planned emission contn@ot considered, $0+4%) and
NOx (+2%) emissions change only slightly due to terapge dependent processes (e.g.,
microbial activities, increased exhaust emissiog)hout controls of future
anthropogenic emissions, VOC emissions are pratitoténcrease (+15%) due to
warmer climate along with temperature-sensitivessions from biogenic and mobile
sources and other evaporative processes. On teelwhd, with controls, anthropogenic

VOC emissions are predicted to decrease in theduaifsetting increases in biogenic

109



VOC emissions. Combined effects of those two meishas cause total VOC (i.e.,

anthropogenic and biogenic VOCs) emissions to asgeapproximately 2% (Table B.2).

6.3.1 Ozone Sensitivities

In order toquantify how ozone levels will continue to respaadontrols, CMAQ
with DDM-3D was used to calculate ozone sensitigitio biogenic VOCs, anthropogenic
VOCs and anthropogenic N@missions for the historical and future periodgaind
without controls. Simulated 2001/2050 yearly an@@®@002/2049-2051 summer fourth-
highest daily maximum 8-hr average ozon® MDA8h ozone) is calculated for
comparison to EPA’s National Ambient Air Qualitya8tlards (NAAQS). Results of
sensitivities of annual and summertime (JJRA)MDABSh ozone to precursor emissions
are then averaged by regions as well as for thermorial U.S. (Figure 6.1). First-order
(linearized) sensitivities suggesdich 10% reduction in anthropogenic ,\gnissions
causes ~2% to 4% decreases'fiMDA8h O; concentrations in both 2001 and 2050
when emission controls are not included (AppendiX&ble B.1) on a regional basis.
Reductions in VOC emissions are also beneficiatBmreasing ozone levels for historic
and future episodes without projected emissionrotstOverall, ozone and its relative
sensitivities to anthropogenic Niogenic VOC and anthropogenic VOC emissions are
predicted to increase only slightly in 2050 withconsidering emission controls as

compared with 2001.

For scenarios with projected emissions (“2050” &482-2051 summers”), future
reductions in anthropogenic precursor emissionsedse the total contributions of

anthropogenic N@and anthropogenic/biogenic VOCs to ozone formabiecause of the
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51% reduction in NQemissions. However, sensitivities of ozone fororato “per unit”
(e.g., ton) NQemission (“2050_Norm” in Figure 6.1) increase figantly because the
reductions in NQand steady VOC emissions shift ozone formatiorato being more
NO,-limited. Conversely, sensitivities of ozone formatto per unit emissions of
anthropogenic and biogenic VOCs are both lowet0d02as compared to 2001. Changes
in multi-summer sensitivities of YMDA8h ozone formation to precursor emissions
between different scenarios (2000-2002_summer$-2081 np_summers and 2049-
2051 summers) are found to be in good agreemehttigtchanges in yearly
simulations (Figure 6.1). If one looks at regionatiations in all sub-regions,
sensitivities of # MDA8h ozone formation to anthropogenic Némissions are highest
in the Southeast because of greater biogenic VOEsams. Year-to-year variations in
sensitivities of # MDA8h ozone to anthropogenic N®missions during summers are
found to be small for 2000-2002 and 2049-2051 Wwdth projected and non-projected
emissions (Table 6.2). Such results suggest mareecwnitive yearly simulations are not

expected to change interpretation of sensitiviglgsis significantly.
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Figure 6.1: Sensitivities of annual and summertiméJJA) 4™ MDA8h Os to domain-
wide emissions of biogenic and anthropogenic VOCsd anthropogenic NGO for the
five regions and U.S. (Note the change in scales)
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Table 6.2: Sensitivities of summertime (JJA) 4 MDA8h ozone to domain-wide

anthropogenic NQ, emissions for the five regions and continental U.S Unit: ppb

2000 2001 2002 2049 _np 2050 np 2051 _np 2049 2050 5120

West 13.4 14.4 13.3 15.2 15.2 17.5 9.5 9.8 10.6
Plains 21.4 21.6 21.2 21.9 19.5 22.3 15.7 15.2 15.7
Midwest 27.6 254 27.7 24.8 24.6 32.3 18.4 195 22.9
Northeast 24.6 21.1 23.1 24.7 26.4 31.2 17.8 19.5 22.2
Southeast 33.8 314 315 34.3 31.5 35.8 23.3 22.3 23.4
U.S. 22.6 22.0 22.1 22.8 21.6 25.5 16.0 16.0 17.4

Spatial distributions of sensitivities of annu&lIMDAB8h ozone to anthropogenic
NOx emissions for the scenarios of 2001, 2050_np &30 2re found to be similar,
though the magnitudes of sensitivities of 2001 2060 np are higher than 2050 due to
controls of anthropogenic N@missions and associated decreases in ozone
concentrations in the future (Figure 6.2, (a)-(©. the other hand, planned future
emission controls are predicted to shift ozone &irom to being more Ng@imited in
2050 over the simulation domain. This suggestsrédhictions in anthropogenic NO
emissions will continue to be effective for reducnegional ozone concentrations, even

more so than is currently the case.
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® O

Figure 6.2: Spatial distribution of sensitivities & annual 4" MDA8h ozone to
domain-wide anthropogenic NQ emissions ((a), (b) and (c)) and annual averaged
sensitivities of PM s formation to domain-wide SGQ, emissions ((d), (e) and (f)) for
2001, 2050_np and 2050 (top to bottom) (sensitia8 presented here are first-order
sensitivities )

6.3.2 PM s Sensitivities

Sensitivities of 2050 annual average speciated #dmation to its precursors
are predicted to be similar to 2001 when non-ptegemission inventories are
simulated (“2050_np”) (Figure 6.3), even thougimelte change influences BM

formation in several ways. First, changes in te@apees shift the partitioning of volatile
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and semi-volatile compounds between gas and coadeismses. Higher temperatures
favor condensable compounds existing as gasesddmisasing the mass of condensed
material. This is true for nitrate and secondagaaic aerosols. Increases in absolute
humidity due to higher temperature can increasecOitentrations in the atmosphere.
Since OH radicals are strong oxidants, higher Ohkteatrations are expected to favor
more rapid oxidation of SCand NQ, forming condensable compounds in the
atmosphere. Most notable effects, however, retatedteorological processes affecting
dispersion (e.g., stagnation periods) and loss, (@&} deposition due to rain).
Surprisingly, the net effects of those mechanisause only slight changes in Ry(see

Tagaris et al., 2007) and their sensitivities (Fég6.3).

Relative sensitivities of sulfate fraction of PMo SQ emissions ($p4.s0) and
nitrate of PM s to anthropogenic NQemissions (Sos.anox (‘A” presents
“anthropogenic”) are predicted to decrease withgmted emissions in 2050 due to
reductions in emissions (Figure 6.3). However, geriges of nitrate aerosol formation
per unit NQ emission increase, although the contribution ofyrét SQ emission to
sulfate aerosol doesn’t change significantly (“2086rm”). The increase in sensitivity
of nitrate aerosol formation to per unit N@mission is due to both higher projected
ammonia emissions and reductions in,®@issions which make more MHEvailable to
react with nitric acid to form ammonium nitrate nSeivities of sulfate Ps formation
to ammonia (§os,nH9 are predicted to increase due to higher, futommania emissions.
Higher ammonia/ammonium concentrations tend toraee¢ cloud water, allowing
more rapid S@oxidation by ozone. On the other hand, lower@issions decrease

ammonium nitrate formation in the nitrate-limitasv@onment and reduce sensitivities of
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nitrate PM s to NH; emissions (fosnng). Overall, changes in sulfate and nitrate lead to
less ammonium P4 formation and decrease sensitivities of ammoniiuha £to

ammonia emissions (§4,nH3)-

SO, emission reductions lead to increases in nitratesml formation (o3,s021S
negative), while anthropogenic N@®mission reductions have small impacts on sulfate
aerosol formation ($»4.anoy. Decreases in S&@missions make more
ammonia/ammonium available for ammonium nitrateni@ation, though a small increase
in nitrate is simulated. Similarly, lower N@missions decrease nitrate aerosol, slightly
increasing sulfate, which arises from a decreasedspheric acidity, increases
heterogeneous sulfate formation. Thus, the nettsfief SQ and NQ reductions are
predicted to decrease BMmass under both current and potential future ¢éma
conditions. Unlike high ozone levels and their g@nses, which are consistently
observed in the summer, temporal variations, ptesdoy standard deviation of month-
to-month variability, of sensitivities of speciatBdil, s are found in a yearly simulation
(Figure 6.3). PMssensitivities with the largest variability arec2soz Svos anox and
Svosnns (Appendix B, Figure B.1). Sensitivities of sulf&®l, s to SGQ emissions are
simulated to be more important during summers tithar seasons, while sensitivities of
nitrate to NQ and NH emissions are found being the highest in the wifktgure B.1).
This is true because NNOs has higher vapor pressure and is more sensitikigto
temperatures than (NHSQO,. Gilliland et al. present an underestimation ofsNH
emissions in summers and overestimation in wirderse seasonal variations of jH
emissions are not included in current inventori&lijand, et al, 2003]. Therefore,

seasonal trends of NNO3 and (NH,).SO, are expected to be more significant if
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seasonal variation in N-emissions are considered. Those results shovsat
emissions dominate PMformation in the summer while emissions of ;SN0 and

NHj3 are all comparably important for decreasing seaon®M s levels in the winter.
Seasonal variability of sensitivity of secondargantic aerosol (SOA) to biogenic VOC
emissions (Soaevoc) (“B” presents “biogenic”) was also found due igher biogenic
VOC emissions and faster oxidation of VOCs in sumsmkacreases in sensitivity of
sulfate to SQin the summer are due to an increased photochkeaxickation and
stagnation. On the other hand, high temperature®dse particle-phase ammonium
nitrate condensation in summers but the convergaasat other times. Differences in
single- and three-summer average (e.g., 2001 v8-2002) sensitivities of Pptto SQ
emissions are found to be small (up to ~16%) fol02R002 and 2049-2051 with both
projected and non-projected emissions (Table &8atial distributions of sensitivities of
total PMy s formation to S@emissions in 2050 with both projected and nonqutgd
emissions are also examined and found to be sitoil2001 (Figure 6.2, (d)-(f)),
showing that the conversion of 5@ sulfate is only slightly sensitive to climateange.
The sensitivity reduction found in some areas s uprecipitationlleung and

Gustafson2005;Tagaris, et al.2008].
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Figure 6.3: Sensitivities of speciated Pl formation to domain-wide precursor
emissions for the scenarios of “2001”, “2050”, “20% _np” and “2050_Norm” (Error
bars represent standard deviations of month-to-morit variability of sensitivities)
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Contributions of biogenic VOC emissions to PMormation are simulated to be
more important in the future because of higher &napires, resulting in higher biogenic
VOC emissions while future emission reductions ttuplanned controls decrease the
sensitivities of PM s formation to S@and NQ emissions (Figure 6.3). However, $O
NHs, anthropogenic NEand biogenic VOCs are still found to continue ¢éoifportant
precursors for PMsformation in the future with both projected and fonjected
emissions. These results also suggest thatsPddmation is only slightly sensitive to the
simulated climate change with the direction of ict@mbiguous, and planned controls
of SO, and NQ emissions will continue to be effective in redgckPVL 5 concentrations
in the future. Climate—induced changes can slighttyease control effectiveness in
some locations (“2050_np” and “2049-2050 np_sumirarBigures 6.1 & 6.3). For
ozone and P, the impact of emission controls has a greatecefin sensitivities than

simulated climate change between 2001 and 2050.

Table 6.3: Single- and three-summer average serigities of PM,sto domain-wide

SO, emissions Unit: gm?

Single-summer average Three-summer average

2001  2050_np 2050 2000-2002 2049-2051_np 2049-2051

West 0.58 0.57 0.29 0.58 0.56 0.28
Plains 2.90 2.81 1.64 2.96 2.47 1.42
Midwest 3.60 3.88 2.03 4.10 3.51 1.84
Northeast 2.44 3.32 1.47 2.83 2.85 1.29
Southeast 5.15 5.51 2.72 5.73 4.80 2.36
U 2.77 2.90 1.54 3.00 2.57 1.35
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CHAPTER 7

QUANTIFICATION OF IMPACTS OF CLIMATE UNCERAINTIES
ON REGIONAL AIR QUALITY °

7.1 Introduction

Impacts of future climate change on regional aaliqy have been investigated
for different regions, future climate and futureigsion scenarios. Due to uncertainties
inherent in climate forecasts, the Intergovernmepaéamel on Climate Change (IPCC)
addresses multiple scenarios associated with diftgrrojections of future anthropogenic
emissions of greenhouse gases (GHGS) as a quaditsessment, which are presented
in IPCC’s Special Report on Emissions ScenarioE®RIPCC, 2001; Nakic enovic’,
2000]. Hogfere et al. (2004) predict an increasgpatially averaged summertime daily
maximum 8-hour @concentrations of 4.2 ppb in the 2050s based ®@tREC A2
scenario and assuming anthropogenic precursor iemssand boundary conditions to
remain constant. Murazaki and Hess (2006) suggeistcacase of up to 12 additional
days in the northeast of the continental U.S. gaeln exceeding daily maximum 8-hr
average ozone concentrations of 80 ppb in the @e2@80s compared with 1990s,
assuming that future precursor emissions remal99d levels and GHG emissions

follow the IPCC A1l scenario.

* This chapter is published online in tAémospheric Chemistry and Physics Discussansunder review
for publicationin the Atmospheric Chemistry and PhysiGo-authors are Tagaris Efthimios, Kasemsan
Manomaiphiboon, Chien Wang, Jung-Hun Woo, ShanRr@/een Amar, and Armistead G. Russell.

120



Racherla and Adams (2006) predict an increase 6pfub in ozone
concentrations and a 2%-18% decrease in fine péate matter levels between 1900s
and 2050s assuming climate will follows the IPCCg&2nario and anthropogenic
emissions remain constant. Sanderson et al. (2¥@8)ct a 10-20 ppb increase in ozone
concentrations due to a combined effect of chamgesgetation and prescribed IPCC

1S92a CQ emissions in 2090s compared with 1990s.

The objective of this study is to investigate itih@act of uncertainties inherent in
climate change forecasts on regional air qualigdptions over the continental U.S.
using multiple climate futures. Given that modgduits (e.g., regional meteorology and
precursor emissions) and parameterization/assumjgaa to uncertainties in regional
downscaling of future climate and air quality model(which have been presented
elsewhere, e.g., [Bergin, et al., 1999; Gustafsahlzeung, 2007; Hanna, et al., 2001;
Hanna, et al., 2005; Russell and Dennis, 2000]pthipose of this study is not to
specifically forecast future air quality but to quéy the impact of climate uncertainties
on regional air quality forecasts, particularlydsog on ground-level ozone and PM
(particulate matter with an aerodynamic diametss than 2.5 um) due to their adverse
health-related effect8frnard, et al. 2001;Galizia and Kinney1999;Johnson and
Graham 2005]. Of particular interest are the uncertemtssociated with the “climate
penalty” (increases in levels of air pollutantssediby climate chang#jckley, et al,
2004]) and investigating if uncertainties in climgredictions suggest alternative

emission control strategies.
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7.2. Method

7.2.1 Downscaling of Global Climate Models to a Messcale Meteorological Model

The meso-scale meteorological model, MM5 (The FB@meration NCAR/Penn
State Mesoscale ModelBfell, et al, 1994;Seaman2000], is used to downscale outputs
from the NASA Goddard Institute of Space StudiekS&) global climate model (GCM)
[Rind, et al, 1999] to regional scale for studying effects lohate on regional air quality
in year 2050. 2050 is chosen for this study asmaptomise between non-trivial climate
modification and a reasonable horizon for regi@iatuality planning. The GISS-MM5
climate fields, following the IPCC A1B scenariogarsed as base-case meteorological
fields. Details in GISS global climate simulatiamdedownscaling of GISS global climate
to meso-scale climate are described by Mickley.€R804) and Leung and Gustafson
(2005). IPCC A1B assumes a future world of verydagzonomic growth with a
balanced case between fossil and non-fossil ersrgsces lakic”enovic, 2000]. For
assessing uncertainties in climate projectionsthenl associated effects on regional air
quality, it is useful to investigate uncertaintiesndividual, but covering, climate
variables (e.g., temperature, absolute humidity) @ terms of their probabilistic
distributions instead of qualitative assessmentshik study, climate fields from MIT’s
Integrated Global System Model (IGSM) simulatioRsifin, et al, 1999;Reilly, et al,
1999], in the form of probabilistic distributiorare used to quantify uncertainties

inherent in forecasts of future changes, and tesociated effects on regional air quality.

Temperature and absolute humidity fields from th8§ &SMM5 climate are

chosen for perturbation as they are strongly cateel with regional ozone and secondary
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PM, s levels Nenes, et al.1998;Sillman and Samsgi995;Strader, et al.1999;Wise
and Comrie 2005]. Climate fields used are associated wigh 8", 50" and 99.5
percentiles of temperature and humidity from IGS&Mitputs from the two-dimensional
50" percentile IGSM and the base case GISS-MM5 melegital fields and boundary
conditions are used to develop perturbation fiddsincertainty analysis. Details are
given in the Appendix C, and briefly described haieree-dimensional time-dependent
variables of the GISS-MM5 climate are decomposénlaverage and fluctuating terms

(equation 7.1).

C(y,x zt)=C(y,zm)+C (y,x,zt) (7.1)

whereC(y, x, zt) is the base case GISS-MMS5 climate field (resolvedrly and at a fine
scale, three dimensionallﬁ:(y, z,m) is the longitudinally and monthly average field,

C'(y, X, z,t) is the resulting finer scale fluctuating termss Yatitude, z is altitude, x is
longitude, m is month and t is time (from MM5 simatibns). To develop the IGSM-
derived fields, the base case average 1€{y z,m) is replaced with the 0"550", and
99.5" percentile IGSM fields, and then the fine-scalggtiiating field is added. The
reconstructed meteorological fields are then useadputs to rerun MM5 in order to get
conservative meteorological fields. Fields derifredn the 0.5' and 99.8 percentiles
climate are defined as “low-extreme” and “high-extie” scenarios, respectively. The
resulting fields were reanalyzed to assure thatl@irohanges in temperature and
humidity remained. It is recognized that using MMbdownscaling may not capture

the full range of uncertainty in climate changeugh the new fields do capture the
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impacts of the temperature and humidity changes tfae precipitation and wind fields

are dynamically consistent and responsive to taagés.

7.2.2 Emission and Air Quality Modeling

MMS5 results are inputs to the Sparse Matrix OpatpKernel for Emissions
(SMOKE) (http://www.smoke-model.org/index.cfm, lastcess: April 28, 2008) for
estimating emissions of precursors, and to the ConniynMultiscale Air Quality Model
(CMAQ) [Byun and Scher006] for simulating impacts of climate uncertaiga on
regional air quality. Details of the projectionsfofure emissions and regional air quality
modeling approach are given elsewhdradaris, et al.2007;Woo, et al.2008], and
summarized here. Projections of emissions for Canlsléxico and the U.S. account for
the U.S. Clean Air Interstate Rule (CAIR) contrplsgaris, et al.2007;Woo, et al.
2008] and projected growth in population and humetivities follow the IPCC A1B
scenario in 2050. Although the same projected eamsaventories are applied in the
uncertainty simulations in 2050, simulated emissiohprecursors of pollutants for the
three climate scenarios are not identical sincesgions (especially, biogenic volatile
organic compounds (VOCSs)) respond to changes ieonelbgical fields (e.qg.,

temperature, precipitation, etc.).

The simulation domain in this study covers the camttal U.S. as well as parts of
Canada and Mexico. For more detailed analysiscdidinental U.S is divided into five
regions -- West, Plains, Midwest, Northeast andtiseast (Figure 3.1). The highest daily
maximum 8-hr average ozone levels, which are atsmociated with adverse health

effects in epidemiologic studies and used for assgsattainment of the U.S. National
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Ambient Air Quality Standards (NAAQS) for ozorgdrnard, et al. 2001;Levy, et al.
2001], consistently occur in summer. Three summanths (June, July and August) in
the year-2050 are chosen as the target periodudyisg the impact of climate
uncertainties on the average affthighest daily maximum 8-h average @" MDA8h
0s) concentrations. Théhighest value is also chosen as being more spabljicted by
chemical transport models than is the maximum ynlacation. For PMs, one month
from each of the four seasons (i.e., January, Ajully and October) in 2050 is chosen
for studying the impact of climate uncertaintiesasmualized Ps levels because PM
has distinct seasonal variation and has an anmadthhbased standard

(http://www.epa.gov/air/criteria.html, last acce8gril 28, 2008) .

7.3 Results and Discussions

7.3.1 Meteorology

The 2050 based case annualized temperatures (averageratures of January,
April, July and October) are predicted to be 04K2warmer than 2001, depending on
the region, whereas absolute humidity values anelsited to be approximately 9%-14%
higher (Table 7.1). On the other hand, annualieetberatures and absolute humidity of
the two 2050 extreme scenarios are predicted togehapproximately from -0.8 K (low-
extreme) to +2.1 K (high-extreme) and -7% (low-erie) to +19% (high-extreme),
respectively, as compared with the 2050 base siceoiara regional basis (Table 7.1).
Summer (JJA) temperatures and absolute humidityegadre predicted to be higher for
the 2050 base case than 2001 climate (Table 7iff¢r&nces between the high-extreme

and base scenarios are found to be larger thasreliftes between the low-extreme and
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base scenarios for both temperature and absolmelhy. This reflects that the
probability density functions of predicted temparas and absolute humidity are not
normally distributed but have a long right-hand itathe IGSM outputs (Appendix C,
Table C.1) Webster, et al.2003]. Annualized precipitation is found to bensavhat
different for the three scenarios, with a notalderdase in summer precipitation in the

Plains for the high-extreme scenario as compar#u twe base case (Figure 7.2).

7.3.2 Emissions

Both sulfur dioxide (S& and nitrogen oxides (NPemissions are forecast to be
51% lower in 2050 compared with emissions in 2@k to planned emission controls.
Ammonia (NH) emissions are simulated to increase by about #&4alincreases in
population and related human activities. Total wl@arganic compounds (VOC)
emissions are predicted to increase by about 22050 as a net result of increased
biogenic VOC emissions and lower anthropogenic \&tssions for the whole
simulation domainTagaris, et al.2007;Woo, et al. 2008]. For the two extreme 2050
scenarios, S& NO, and NH emissions are predicted to change very slightiared
with the 2050 base scenario (Table C.2). Howewedipted VOC emissions vary
significantly as biogenic VOC emissions are muchiersensitive to temperature changes
than other precursor emissions (Table 7.1). Reg®oosVOC emissions to the extreme
climate scenarios are also found to change spatiitie low-extreme scenario results in
an approximately 0-17% decrease in total VOC (hraogenic + biogenic VOC)
emissions compared with the 2050 base scenaridhEdrigh-extreme scenario, higher

biogenic VOC emissions cause an increase of updat€22% in annualized and 29% in
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summer-average total VOC emissions compared witlp#se case in 2050 on a regional

basis (Table 7.1).

7.3.3 Summer-average ozone and summertime fourthdfiest daily maximum 8-hr

average ozone

Summer-average ozone and daily maximum 8-hr aeevagne concentrations
are found to be slightly sensitive to the extretimaate scenarios in 2050. Differences in
summer-average ozone and daily maximum 8-hr avesyagee concentrations are about
1-2 ppb between the extreme and base case clicenarsos on a regional basis (Table
7.2). For the peak ozone levels, summertime (JJA)YIBA8h O; (4" MDA8h Os in the
summer of 2050) concentrations for the high-extreoenario are predicted to increase
up to 10 ppb as compared with the 2050 base casbam areas of the Northeast,
Midwest and Texas in the continental U.S. (Figu@. Buch differences are attributed to
impacts of meteorological changes, especially teatpee, humidity and circulation, on
the photochemistry of tropospheric ozone. Sengptamalyses show that peak ground-
level ozone levels and ambient temperatures ainéedg correlated with each othefAf
and Kleeman2003;Baertsch-Ritter, et al2004;Dawson, et aJ.2007;Menut 2003].
Sillman and Samson (1995) found higher temperaincesase decomposition
peroxyacyl nitrates (PANs) and generate nitrogemides (NQ) during the daytime and
hence cause higher peak ozone levels. Higher abdulunidity (water vapor
concentration) increases hydroxyl radicals (OHguleng in faster oxidation of VOCs,
forming peroxy radicals (e.g., BORO,) which react with nitrogen oxides (NO) to form

NO, [Seinfeld and Pandid997]. Even when changes in precursor emissiemair
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considered, concentrations of summertime (JYAYMDA8h O; in urban are more
sensitive to changes in temperatures and humidigytd their higher concentrations of
PANs, VOC, CH and CO, and are also expected to find a gremedaed impact from
the high-extreme scenario than the base case i R0&reover, when temperature-
induced increases in VOC emissions (especiallydnagvVOC emissions, up to ~29%
regionally, Table 7.1) are considered, higher V@@ssions induce more ozone
formation in NQ-saturated (or VOC-sensitive) urban areas andftbets of extreme
climate scenario are predicted to be more sigmfidaower levels of predicted summer
precipitation for the high-extreme scenario alsmlleo more ozone formation and an
increase in the differences between the high-exdrend base scenarios in the polluted
urban areas (Figure 3.2

(@)
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Figure 7.1: Differences between the 2050 high-extree & base scenarios (top), and
the 2050 low-extreme & base scenarios (bottom) irummertime 4" MDA8h Oj

(figures (a) & (b)) and annualized PM;s (figures (c) & (d)) concentrations,
respectively
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Table 7.1: Differences in summer-average and annuaéd temperatures (K), absolute humidity (%) and téal VOC

(=anthropogenic + biogenic VOCs) emissions (%) beten the three 2050 climate scenarios and 2001

Summer-average Annualized

West Plains Midwest Northeast Southeast us West anhs Midwest  Northeast  Southeast us
Temperature (K)
Base-2001 1.8 0.6 0.2 1.8 0.9 1.0 24 1.1 1.0 1.8 0.4 1.3
Low_extreme-Base -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.6 -0.7 -0.8
High_extreme-Base 1.9 2.1 1.8 1.7 1.6 1.9 2.1 2.1 1.8 1.7 1.7 1.9
Absolute Humidity (%)
Base-2001 55.1 16.5 12.5 12.8 12.8 20.2 12.8 9.4 11.3 13.5 .0 9 113
Low_extreme-Base -4.1 -3.8 -4.0 -4.1 -4.0 -4.0 -6.6 -5.7 -5.1 -5.1 -4.7 -5.4
High_extreme-Base 13.3 11.6 11.3 11.6 10.8 11.7 19.1 15.7 13.6 119 126 151
Total VOC Emissions (%)
Base-2001 16.6 35 -16.9 -3.5 5.3 2.3 11.7 9.1 -26.3 -19.6 -16.9 -11.8
Low_extreme-Base -17.0 -10.3 0.4 0.1 -6.9 -8.3 -13.9 9.1 -1.4 -24 -4.9 -7.6
High_extreme-Base 4.1 14.9 28.5 24.2 15.6 154 6.3 14.0 22.0 12.9 117 13.2
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Differences in concentrations of summertinffeMDAB8h O; are predicted to be
approximately +/-3 ppb between the base case anéxtreme scenario (Figure 7.1).
Concentrations of summertim& MDAB8h O; are found to be less sensitive to the low-
extreme climate scenario than the high-extremeagtedue to smaller differences in
meteorological fields between the base case angidreme scenario as well as non-
linear responses of ozone concentrations to emistianges§ohan, et al.2005].

Tagaris et al. (2007) present an about 20% decreasmcentrations of summer-average
daily maximum 8-hr ozone and less number of exaeszldays of ozone concentrations
of 85 ppb in five U.S. cities between 2000-2002 2649-2051, mainly due to currently
planned emission contrais the future Here, there is a maximum change of 10 ppb'in 4
MDA8h O (about one-seventh of the current NAAQS of ozdngsgppb) found in 2050
in the extreme climate scenario, which may sigaiiity offset the effectiveness of
currently planned emission reductions in urbansvagh high concentrations of PANS,

VOC, CH; and CO as well as VOC-sensitive ozone formatigimmes.

Table 7.2: Summer-average ozone concentrations (ippb) for the three climate

scenarios for the five regions and the U.S.

Summer-average maximum

Ozone Summer-average ozone 8-hr average ozone
(ppb) Low- High- Low- High-
extreme base extreme extreme base extreme
West 41.7 41.8 41.6 50.3 50.3 50.5
Plains 40.4 40.8 41.8 48.5 49.3 50.9
Midwest 35.4 35.8 36.7 44.9 46.0 47.2
Northeast 37.1 37.2 37.3 44.0 44.9 45.0
Southeast 42.6 42.9 43.7 52.2 52.7 54.7
us 39.9 40.3 40.9 48.5 49.2 50.3
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Figure 7.2: Spatial distribution of difference in precipitation (mm/day) in 2050 for
(&) Annualized (high-extreme — base); (b) Annualiz¢ (base — low-extreme); (c)
Summer-averaged (high-extreme — base); (d) Summeraraged (base - low-
extreme)

7.3.4 Annualized PM 5

PM, s levels are influenced by the changes betweenlithhate scenarios in
several ways. Higher temperatures favor semi-uelabmpounds (e.g., secondary
organic aerosols (SOAs) and ammonium nitrate f¥Bk)) to remain in the gas phase.
On the other hand, increases in temperatures andily result in higher emissions of
SOA precursors and faster oxidation of,SRO, and VOCs, increasing formation of
condensable compounds, such as sulfate, nitrateeandvolatile organic species
(SVOCs). Further, changes in precipitation can feadeamatic effect on frequency of
washout and fine particle concentratioRa¢herla and Adam2006]. Overall, the net

effects of different mechanisms of R¥jproduction and loss resultin a -1.0 to +1.5 pg
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m difference in annualized PM levels (average of daily PM levels of January, April,
July and October) between the extreme and basaseein 2050 (Figure 7.1). Larger
differences in Pls levels between the extreme and base scenaridsuaré in the
Southeast and Midwest of the continental U.S. duegher PM s precursor emissions
(e.g., anthropogenic SONG, VOC, etc.) in those areas. The changes in fbVels
attributed to the extreme climate scenarios areinkaied by sulfate and nitrate since
SOA formation is not fully captured in current regal air quality modelsMorris, et al,

2006;Pun and Seigneuf007].

Impacts of climate uncertainties on Pitoncentrations also show a seasonal
trend. Monthly-average PM concentrations are predicted to be lower in Janbat
slightly higher in July for the high-extreme sceaaompared with the 2050 base case
(Table 7.3); this is mainly because temperaturasngé the partitioning of semi-volatile
compounds between the gas-phase and particle-gHiggeer temperature and humidity
increase sulfate aerosol formation due to faster gad aqueous-phase oxidation rates of
SO. Rae et al. (2007) have shown that increasesnpeeature and changes in oxidant
concentrations are simulated to decrease 1% o€Aitkode sulfate aerosols but increase
of 9.2% of accumulation-mode sulfate in 2100 assgnsiimate and emission-induced
oxidant levels will follow the IPCC SRES A2 scemarTotal sulfate concentrations are
expected to increase by 6.8% in 2100 compared 18€0 Rae, et al.2007]. Effects of
climate on nitrate are more complicated than selflate to high vapor pressure for
particle-phase ammonium nitrat®dinfeld and Pandid997]. Aw and Kleeman (2003)
present that nitrate aerosol may slightly increasle cool temperature (<290K) but

decrease with hot temperature (>290K) as temperatareases. The combined effects of
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changes in sulfate and nitrates show that the éigteme climate scenario with
associated increases in temperatures in Januargaesdnore nitrates to be in the gas-
phase lowering Pl concentrations. The seasonal trend is reverstilow-extreme
scenario. Wise and Comrie (2005) show that, frdong-term statistical analysis, PM is
not as weather-dependent as ozone in the southwest8. since low precipitation is
found in the studying region. The results in thigly also show that annualized P
levels are not as sensitive as concentrationsrofrgrtime peak ozone with respect to
the extreme climate scenarios examined since otleeahain removal mechanisms of
PM, s, precipitation scavenging, is found to slightlyeat annualized Pl levels
between the extreme climate scenarios (Figure @) previous study shows that
annual averagBM, s levels are predicted to decrease by about 23%camabined effects
of future climate change and CAIR emission contfobgaris, et al.2007]. The results
here imply that future emission controls will shi effective with respect to the extreme

climate scenarios if precipitation is only sligh#lffected.
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Table 7.3: PM, 5 concentrations (in pg nt) for the three climate scenarios in January, April July and October of 2050 for the
five regions and U.S.

January April July October
Low- High- Low- High- Low- High- Low- High-
extreme Base extreme extreme Base extreme  extreme Base extreme  extreme Base extreme
West 3.17 3.13 3.05 2.43 2.44 2.49 2.38 2.41 2.57 329 303 3.42
Plains 7.23 6.96 6.50 3.39 3.37 3.42 4.26 4.31 4.73 418 214 4.45
Midwest 14.53 13.53 12.21 5.80 5.78 5.79 6.70 6.65 6.72 963 6.38 6.64
Northeast 9.94 9.62 8.70 4.40 4.36 4.32 3.54 3.56 3.76 525 235 5.48
Southeast 10.46 10.23 9.83 5.68 5.69 5.85 5.65 5.62 5.78 6.90 7.08 7.72
us 8.20 7.86 7.32 3.99 3.98 4.03 4.39 4.40 4.65 483 .874 5.14
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7.4 Response of Air Quality to Emission Controls uther Extreme Climate Scenarios

In addition to simulating how the alternative exiire scenarios impact pollutant
levels, we also investigate the responses of oaode’M s levels to emission controls
under the extreme climate scenarios. CMAQ withDReeoupled Direct Method-3D
(DDM-3D) [Dunker, 1984;Dunker, et al.2002;Yang, et al.1997], is used to quantify
sensitivities of ozone and BIto precursor emissions. First-order sensitivi(gg of
pollutant concentration(C;) (i.e. ozone and Pp4) to source emissiongE) (i.e.,
anthropogenic VOC, anthropogenic N&hd total S@emissions) are defined aédng,
et al, 1997]:

S, =E .

fE,

First-order sensitivities represent the locallyan responses of pollutant concentrations
to emission changes and have the same units astticentrations. Sensitivities of
summertime # MDA8h O; to anthropogenic NOemissions ($hmpashos, anoy) are
predicted to slightly decrease for the low-extresoenario but increase for the high-
extreme scenario as compared with the base c&d5th The differences are mainly
attributed to the climate effects on biogenic VOfiissions and photochemistry. The
effects of the extreme climate scenarios on seit&t of summertime"2MDA8h O to
anthropogenic VOC emissionsi{smpashos, avoq are predicted to be small. For the
responses of Py to emission changesider the extreme climate scenarges)sitivities
of annualized PMs to SQ emissions (Su2.5, so) are predicted to slightly increase for the

high-extreme scenario because of higher temperdiursidity, decreased rainfall in
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some regions, and faster oxidation of precursooagpared with the base scenario.
Higher temperatures for the high-extreme scenanorfparticulate NENOs to
dissociate to its gas phase precursors and caghedicreases in sensitivities of
annualized PMs concentrations to anthropogenic Nédnissions (Su2.5, anoy (Figure
7.3). Overall, on a regional basis, the effectivasnef NQ and SQ emission controls for
reducing peak ozone and RPMevels changes little, though climate-driven iases in

extreme ozone levels may require additional costtmreach applicable air quality

standards.
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Figure 7.3: Sensitivities of 4 MDA8h O3 to (a) anthropogenic NQ (Sutmpashos,
anox) and (b) anthropogenic VOC (Simpashos, avoc) as well as sensitivities of
annualized PM, s to (c) anthropogenic SQ (Semzs so9 and (d) anthropogenic NQ
(Spm2.5, anox) In 2001 and the 2050 base and extreme scenarias the five regions
and U.S.
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7.5 Conclusions

Uncertainties associated with simulations of thieesre climate scenarios are found to
have a rather moderate effect on predicted emis©ibvOC and concentrations of
fourth-highest daily maximum 8-hr average ozongdar 2050. Differences in
concentrations of fourth-highest daily maximum 8lierage ozone between the extreme
climate scenarios and base case are found upgpd (about one-seventh of the current
ozone standards) in some polluted urban areasochiglier temperature, absolute
humidity and VOC emissions, though the change mrear-average ozone is minimal
(~1 ppb). Differences between the extreme and bzs®sos in annualized RMlevels
are predicted to range between -1.0 and +1.5 flghuture annualized PMis predicted

to be less sensitive to the extreme climate scesidinan summertime fourth-highest daily
maximum 8-hr average ozone since precipitationesogiwng is not significantly changed
with the extreme climate scenarios. Planned cantayldecreasing regional ozone and
PMz s will continue to be effective in the future undle extreme climate scenarios.
However, the impact of climate uncertainties maygblestantial in some urban areas and
should be included in assessing future regionajuatity and emission control

requirements.
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CHAPTER 8

CURRENT AND FUTURE LINKED RESPONSES OF OZONE AND
PM,5sTO EMISSION CONTROLS

8.1 Introduction

The formation of ground-level ozone and PMs strongly coupled because of
their common sources, secondary nature and intengodf their precursorddmarque,
et al, 2005]. Changes in both climate and precursor ®oms are expected to alter
characteristics of ozone and secondary, P{é¢.9., ammonium sulfate (NHSQy),
ammonium nitrate (NENOg3), secondary organic aerosols (SOASs), etc.) folonaind
their interdependencies. Due to interactions betweecursors of ozone and secondary
PM 5, control measures for one pollutant may lead tosiases in others, and reductions
in one location may be accompanied by increasethiers. For example, decreases in
anthropogenic nitrogen oxides (l@missions reduce regional ozone maxima and{M
concentrations, but may increase concentratiogsarfnd-level ozone in N@ich areas
Likewise, reductions in sulfur dioxide ($emissions decrease sulfate levels but induce
more nitrate formationLjiao, et al, 2007]. Unger et al. (2006) suggest that increases
emissions of ozone precursors will enhance suftateation up to 20% on a global scale

in 2030 climate nger, et al, 2006].

" This chapter is accepted for publication in Brevironmental Science and Technolo@p-authors are
Efthimios Tagaris, Kasemsan Manomaiphiboon, Setgé&apolenok, Jung-Hun Woo, Shan He, Praveen
Amar, and Armistead G. Russell.
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For evaluating policy options it is important twvestigate the interdependencies
between ozone and RMformation and how those pollutants respond to simis
controls currently and as conditions change irftlre. Such information can be used to
evaluate how controls developed for one purposge, meeting an air quality standard for
one pollutant metric, might influence levels fonet outcomes, e.g., overall health and
welfare. Here we examine daily responses of ozodePdt sto emission changes for
current and future scenarios, including effectslimhate change and currently planned

emission controls, and investigate their correfegio

Two frequently used indicators of air quality ane daily maximum 8-hr average
ozone (M8hQ@Q) and 24-hr average P For both of these pollutants, National Ambient
Air Quality Standards (NAAQS) have been establisttegrotect against adverse human
health effectsBurnett, et al. 1997;Lippmann 1993]. Five cities in the continental U.S. —
Atlanta, Chicago, Huston, Los Angeles and New Y@gpendix D, Figure D.1) — were
chosen in this study because each experience eteeabne and PM levels. Atlanta,
Chicago, Los Angeles and New York also have 24verage PMs levels over the 35g
m3 NAAQS (http://www.epa.gov/oar/oagps/greenbk/, astess: April 28, 2008). Two
years are chosen for this study: a “current” y2af1 and “future”, 2050. 2050 provides
an opportunity to assess the combined effectsain@d emission controls and climate
change. Changes in sensitivities of M8h&hd 24-hr average PJto emissions are
primarily due to planned emission changes betweé¥i Znd 2050 as previous results
suggest that the effects of emission controls apeensignificant than climate change

alone Liao, et al, 2007;Tagaris, et al.2007].
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8.2 Method

Quantifying sensitivities of air pollutant conceattons is done using EPA’s
Models-3 regional air quality system, applied asitked elsewhereljao, et al, 2007;
Tagaris, et al.2007], and described briefly here. The Fifth-Gatien NCAR/Penn State
Mesoscale meteorological Model (MM5) is used to dseale results (i.e., increase the
spatial and temporal resolution over the chosenatagldomain) from NASA's
Goddard Institute of Space Studies (GIFSpf, et al, 1999] global climate model
results for years 2001 and 203@{ing and Gustafsp2005;Mickley, et al. 2004]. GISS
results utilized are for the Intergovernmental PaneClimate Change (IPCC) A1B
scenario, which is generally viewed as a midrarage ¢hat assumes a future world of
rapid economic growth with a balance between f@s®l non-fossil energy sources
[IPCC, 2001]. Planned controls, e.g., the Clean Airrstege Rule (CAIR) and others in
the U.S. Houyoux 2004] as well as emission changes in Canada andach! Woo, et al.
2008] are used to forecast emissions to 2020. fitegiated Model to Assess the Global
Environmen{(IMAGE) model (http://www.mnp.nl/image, last accedgril 28, 2008) is
used to forecast emissions from 2020 to 2050. Eomssre processed by the Sparse
Matrix Operator Kernel for Emissions (SMOKE) systeension 2.1 (http://www.smoke-
model.org/index.cfm, last access: April 28, 20@8)thropogenic S@and NQ
emissions are projected to decrease 51% and 55@gatvely, between 2001 and 2050
over the simulation domain due to currently planaetdssion controls (Appendix D,
Table D.1) Woo, et al.2008]. Anthropogenic volatile organic compoun®@)
emissions are predicted to decrease about 38% lthote) VOC emissions are projected

to increase by about 2% as biogenic VOC emissiotrease (Table D.1). Ammonia
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(NHs) emissions are predicted to increase by 7% dgeawth in human activities

[Tagaris, et al.2007;Woo0, et al. 2008].

The Community Multiscale Air Quality Model (CMAQByun and Scher&006]
version 4.3 with the SAPRC-99 chemical mechanisthdetoupled direct method 3D
(DDM-3D) is used to simulate sensitivities of oza@re PM s to precursor emissions,
including anthropogenic NGand VOC, NH and SQ emissions, over the domain
covered the continental US and parts of Canaddveaxico in 2001 and 2050. A uniform
grid of 36-by-36 km horizontal cells with 9 vertidayers is employed in the simulations
(Appendix D, Figure D.1). CMAQ with DDM-3D directlgalculates the semi-
normalized first-order sensitivities of both gasd @ondensed-phase pollutants to
precursor emission&phan, et al.2005;Napelenok, et al2006], i.e., the semi-
normalized first-order sensitivity§(;) of pollutant concentration(C;) to source
emissiong (E) is determined as:

_E ﬂCI

S, = E,

The sensitivities, as presented here, have the gaitgeas the corresponding pollutants.
These sensitivities are local (accurate for snfaihges in emissions) and represent how
pollutant concentrations respond to precursor earnisshanges as if the systems were
linear. It is recognized that the system is nagdin but extensive testing suggests the
first-order (linear) response is accurate up tossian changes of the order of 30% for
ozone and 20%-50% for PM(depending on speciesphan, et al.2005;Napelenok, et

al., 2006]. Recognizing that changes by percent re@hgin a source are more policy-

141



relevant, here we show the daily sensitivitieszdree and PMs to 1% changes in
emissions for the two years studied. Sensitivitieszone and Pl are examined for the
grid over the city center where population densiiee typically highest, and also at the
location of the regional ozone maximum (i.e., maximvalues among five-by-five grid
cells around the city center, Figure D.1). While tizone response at the city center has
increased utility in health-based analyses (cityteemonitors are often used in health
effects studies, and generally are associatedhigtihh population densities), the regional

maximum is used in design of strategies to meebdome NAAQS.

8.3 Results and Discussion

8.3.1 Daily Linked Responses of Daily Maximum 8-hiAverage Ozone and 24-hr

Average PM, s to Anthropogenic NO, and VOC Emissions

The response (or sensitivity, S) of daily maximuwin 8; to NO, emissions
(Swpasnozanox) IS typically correlated with the correspondinglylanaximum 8-h Q
levels (Figure 8.1; Appendix D, Table D.2 providesrelation statistics) when viewed
on a daily basis for the years studied. Reductimasmthropogenic NQemissions are
usually effective in decreasing daily maximum 8-haOncentrations on days of higher
O3, both at the city center as well as at the regiomtimum (Figure 8.1). On the other
hand, reductions in anthropogenic Nédnissions are expected to increase daily
maximum 8-h @ concentrations on days less conducive to ozomedtion, a response
found more at the city center (where, dependinthercity, 215-356 days have this
adverse response, Table 8.1) than for the regaaiBl maximum (where 97-234 days

have a negative sensitivity). The forecast 55% ¢tdn in domain-wide anthropogenic
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NO, emissions between 2001 and 2050 is shown to nmektmation of moderate-level
ozone more NQlimited and theSypashozanox Mmore positive in 2050 as compared with
2001 (Figure 8.1). Further, the highest daily maximB-h Q levels are reduced between
2001 and 2050, though levels are simulated to asg®n low-ozone days (Figure 8.1).
Daily maximum 8-h @levels andSypashozanox are predicted to have a higher correlation
in 2050 (0.53<0.81, depending upon city) than 2001 (0%€r77) (Figure 8.1 and
Table D.2), and the slopes are typically highewalt. Slopes in 2001 range from 0.0 to
0.006 (ppb/%)/ppb, and increase to 0.005 to 0.pp0O/¢6)/ppb in 2050, showing that
NOx controls are more efficient in reducing daily mmaxim 8-h Q concentrations in

2050 than 2001 for the five cities (Table 8.1) #mete are fewer cases where ozone has a
negative response. Based on actfange in anthropogenic N@®missions in 2001,
Svpashoz ANOx IS Simulated to vary from about -0.3 to +0.4 pepenhding on prevailing
NOy abundance in the five cities (Figures 8.1 & 833nsitivities of daily maximum 8-h
Osto VOC (Swpasnozavoc) are typically positive (though often small), amebatively
correlated with NQsensitivities (Appendix D, Figure D.2). VOC seiviites are greater
in 2001 versus 2050. While reductions in anthropag® OC emissions always decrease
daily maximum 8-h @levels in 2001 there are a few days where theaeslghtly
negative response in 2050 (Figures 8.1 & Appendi¥kiDure D.2). For regional
maximum daily maximum 8-h £n 2001, NQ-sensitive environments become “NO
starved” and the correlation between $)gasnozanox and daily maximum 8-h O
concentrations are stronger (0.4<0.84) and slope also increases for four of the fiv

cities as compared with city-center M8h@igure D.2).
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Table 8.1: Number of days with positiv8 and negativé Supasnosanox and daily

maximum 8-h ozone over concentration of 85 ppb in@1 and 2050 for the five cities

. 2050 City Center ( /) 2001 ( / ) Regional
(nzuorgtl)e?gfl gaeyn;zv(er/ss)ppb) (number of days over 85 Maximum (number of days over
ppb) 85 ppb)

Atlanta 144/ 215 (66) 276 /83 (0) 2241 135 (87)
Chicago 31/328 (19) 131/218 (6) 188 /171 (28)
Houston 117/ 242 (35) 294/ 65 (3) 262 /97 (58)
Los Angeles 871272 (9) 285/74 (1) 125/ 234 (56)
New York 3/356 (0) 7917280 (0) 1737186 (31)

& Positive sensitivity (+): Reductions in anthropoigeNQ, emissions decrease M8h lBvels

P Negative sensitivity (-): Reductions in anthropaigeNO, emissions increase M8h,@vels

Note: The first seven days of each year are exdtoleninimize the impacts of initial concentratiphesaving 359 days for
analysis
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Figure 8.1: Daily sensitivities of daily maximum 8a Osto anthropogenic NO
emissions (®pashos.anox) (in ppb, Y-axis) (based on a 1% change in emissis)
versus daily maximum 8-h Q concentrations (in ppb, X-axis). Shown are the dbj
maximum 8-h Ozand the corresponding (same day/time, same locatipeensitivities
in 2001 for city centers and regional maximum valug (defined as the maximum
over a 5x5 grid around the city) and in 2050 for ¢y centers

Sensitivities of 24-hr average BMto anthropogenic NOemissions (Svz2.5 anoy
are predicted to range from about 0 to 0.1 im2001 and 2050 based on t¥#ange
in anthropogenic N@emissions. Reductions in anthropogenicsd@use decreases in

nitrate but slight increases in sulfate formatibiad, et al, 2007]. The net effects show a
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positive $m2.5anoxin 2001 and 2050 (Figure 8.2) This suggests tithtatons in
anthropogenic NQemissions are expected to continue to be effeatideceasing 24-hr
PM. s (Figure 8.2), and such controls will tend to bereneffective and positive for

reducing ozone in the future.
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Ozone and PM responses to VOC controls are likeliviked. Sensitivities of
daily maximum 8-h @concentrations to anthropogenic VOC emissi@&)sabnos, avoc)
range from about 0 to 0.2 ppb while sensitivitie&4-hr average Pl concentrations to
anthropogenic VOC emissionse{$.s, avod are simulated to vary from -0.00§ nmi* to
+0.02 g m* based on a 1% change in anthropogenic VOC emis#ia2001 (Figure
8.3). Positive sensitivities of daily maximum 8- 10 anthropogenic VOC emissions
imply that reductions in anthropogenic VOC emissiare effective in decreasing daily
maximum 8-h @levels. On the other hand, there are a few cabesansensitivities of
24-hr PM s to anthropogenic VOC emissions suggest that rezhgtn anthropogenic
VOC emissions may slightly increase 24-hr RNevels. This is attributed to
interdependencies between anthropogenic VOCs,aladisQ and NQ levels in the
ambient air [Napelenok, et al2006]. Reductions in anthropogenic VOC emissions
decrease secondary organic aerosol (SOA) formétibean increase OH radical levels,
more rapidly oxidizing S@and NQ which can increase PMconcentrations. In 2050,
sensitivities of MDA8h @and 24-hr average PMto anthropogenic VOC emissions are
predicted to decrease mainly due to planned reshgin anthropogenic VOC emissions
between 2001 and 2050 (Figure 8.3). It is importamtote that current air quality
models do not fully capture SOA formatidvigrris, et al, 2006], and the actual R
sensitivities are likely to be more positive thanwdated, though they highlight the

linkage between the responses gfadd PM s to anthropogenic VOC emissions.
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8.3.2 Linked Responses of Sulfate and Nitrate to NHSO,, and NO, Emissions

Sensitivities of nitrate to Niemissions (Sos, nnd (Up to about 0.1g m* based
on 1% change in NfHemissions) are found to be much higher than seiisis of sulfate
to NH; emissions (§os, n+9 (up to about 0.02g mi® based on 1% change in AH
emissions, which is about one-fifth of the nitregsponses) in 2001 in the five cities
(Figure 8.4). High sensitivities of nitrate to hlEimissions are due to the thermodynamic
equilibrium between sulfate, nitrate and ammoniEormation of NHNOs is limited by
availability of ammonium (Nb) after (NH;).SQy is formed. This is particularly true in
areas with high N@and SQ emissions. In 2050, higher temperatures and hiynidi
increase hydroxyl radicals and induce more rapidaiion of SQ and NQ. Also, pH-
dependent aqueous phase oxidation of sulfate bescorage important. However, higher
temperatures also increase gas-phase partitiomisgna-volatile PM s compounds, such
as NHNOs. Overall, lower anthropogenic $@nd NQ emissions, and higher ammonia
emissions and temperatures causgMB; formation to become less ammonia-sensitive
in 2050. The increased importance of aqueous-ptradation of SQ causes (NSO,
formation to become more ammonia-sensitive evengh&Q emissions are predicted
to decrease in 2050 due to planned emission centf@Verall, the sensitivities of

(NH4)2SOsto NHs increase, a finding that is opposite of the omeNid;NO:s.
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Figure 8.4: Daily sensitivities of sulfate (Soannz i g mM®, Y-axis) and nitrate
(Swosnhsz, I g mP, X-axis) to NH; emissions in 2001 and 2050 for city centers (each
shown as response to a 1% change in Nidmissions)
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Sensitivities of sulfate to S@missions (&4, so) and nitrate to anthropogenic
NOx emissions (Sos, anox are simulated to be mainly positive in 2001 a@8@®
(Figures 8.5 & D.3). Reductions in $@nd anthropogenic N@missions, respectively,
are predicted to decrease gas- and aqueous-phtde and nitrate, and lead to less
condensable (Np,SO, and NHNO;3; formation in 2050. On the other hand,
competition for ammonia/ammonium between nitraig sulfate causes sensitivities of
nitrate to SQ emissions (So3,soj to be negative and, therefore, reductions ia SO
emission are simulated to increase nitrate formatievertheless, when lowering NO
emissions reduce oxidant levels (e.g., OBDK O, etc.), sulfate formation can
decrease (i.e., when sensitivities of sulfate thrapogenic NQemissions (So4an0y
are positive). Reductions in $@nd anthropogenic N@missions are simulated to lead
to similar decreases in annual 24-hr average fddncentrations (Table D.3). Both
future (NH;).SO, and NHNO; are found to be less sensitive to,20d anthropogenic

NOy emissions due to controls (Figures 8.5 & D.3).
8.4 Current Annual Average Responses.

While viewing the daily linked sensitivities ofmze and PMls to emissions
provides a rapid assessment of the complexitiisareffects of controls, some health
effects are linked to more chronic exposures tedhmllutants, and many areas
experience annual PMlevels above the NAAQS. Further, acute resporsédaity
maximum ozone levels are found as wBl], et al, 2004]. While the sensitivity of the
regional maximum % highest daily maximum 8-h£0 NQ is positive for all the cities

except Los Angeles (Appendix D, Table D.3), theumimverage of the NO
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sensitivities of the daily maximum 8-hs @ negative for four of the five cities (from -
0.15 ppb/% to -0.01 ppb/%; Atlanta being the except Further, the annual average
ozone response to N@ negative at all locations (from -0.11 ppb/%Qd5 ppb/%).
All of the annual average ozone metrics are fown@$pond positively to VOC
controls. Annual average PMwill be reduced by S©£and NQ reductions, with
sensitivities of 0.0 g m*/% to 0.04 g m*/% for SQ reductions and 0.01 to 0.0§ m

%% for NQ, reductions (Table D.3).

Consideration of responses of ozone ang £ emission changes shows the
complexities in choosing optimum strategies to addmir quality problems. While
NOx control is shown to reduce ozone on days withntbst elevated ozone levels, it
can raise ozone on others. The response of ondhe city center and the location of
the regional maximum are similar in three citiégugh not in New York and Chicago.
Both ozone and Pp4 are reduced in response to VOC controls, butmogsponse to
NO.. There is an inverse relationship between hovageiind nitrate respond to both
SO, and NQ controls. Further, the response of the annuabges is quite different
than peak daily levels for both BMand ozone, so health effects associated with acute
exposures will respond differently than health efeassociated with chronic exposures.
This also impacts formulating strategies to meetvidwrious NAAQS, including daily

maximum ozone and P}, as well as the annual averagezM
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CHAPTER 9

COST ANALYSIS OF IMPACTS OF CLIMATE CHANGE ON
REGIONAL AIR QUALITY

9.1 Introduction

Climate change has been forecast to influencengkéevel ozone and particulate
matters levels by affecting meteorological condisiobiogenic precursor emissions,
photochemical reactions and thermodynamic equilibs. Higher volatile organic
compound (VOC) emissions, especially biogenicjkatted to higher temperature,
increase peak ozone concentrations in VOC-limitbdu areas. Some studies show that
higher temperatures, faster photochemical ratesraord stagnant climate conditions
accelerate ground-level ozone formation assumitgdiclimate follows multiple
Intergovernmental Panel on Climate Change (IPCépacos [PCC, 2001] Hogrefe, et
al., 2004;Liao, et al, 2006;Murazaki and Hes2006;Tagaris, et al. 2007]. For another
important air pollutant, P (particulate matter with an aerodynamic diamegss fthan
2.5 um), several studies show that impacts of ¢eénshange are predicted to influence
PM, s levels via changes in precipitation, rates of phbemical reactions and shifts of
thermodynamic equilibriums between gas- and corelphsse semi-volatile compounds
[Liao, et al, 2006;Tagaris, et al. 2007]. Climate change and associated influenoes o
regional air quality are also expected to causeimdvhealth effects and increases in
mortality rate due to heat-related effects andatkay ozone level<asimiro, et al.

20086].
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Air quality managers should be made aware of giateincreases in control costs
of climate change. The objective of this studyigstimate the additional reductions in
precursor emissions required and associated aostéf§etting the impacts of climate
change on regional air quality. Here we use a rediair quality model to investigate the
impacts of climate change on future air quality artéchnology analysis tool to estimate
associated costs of emission reductions for offggthose impacts for five cites in the
continental U.S. Future climate change is assuméallow the IPCC A1B emission
scenario, which assumes a future world of rapichencoc growth with a balance between
fossil and non-fossil energy sourc&#3@C, 2001]. Specifically, we follow ozone and
PM, s since both cause adverse heath effaasy, et al.2001;Sarnat, et al.2001] and
a number of urban areas violate National AmbiemtQuality Standards (NAAQS)

(http://www.epa.gov/air/criteria.html, last accedsgril 28, 2008).

9.2 Regional Air Quality Modeling

Details of air quality modeling approach are giweifLiao, et al, 2007;Tagaris,
et al, 2007], and summarized here. The US EPA’'s Modé&s3Quality Modeling
System — MM5, SMOKE and CMAQ - is used for inveatigg impacts of climate
change on air quality. The Fifth-Generation NCARIP&tate Mesoscale Model (MM5)
[Grell, et al, 1994;Seaman 2000] is used to downscale NASA’s Goddard Intitof
Space Studies (GISSRind, et al, 1999] results for years of 2000-2002 and 20491205
assuming climate follows the IPCC A1B emission scen projections lleung and
Gustafson 2005;Mickley, et al, 2004]. 2049-2051 is chosen as a compromise batwee

non-trivial climate change and still in a reasoealiime scale for policy-making.
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Emissions for current (2000-2002) and future (2@891) episodes are processed using
the Sparse Matrix Operator Kernel Emissions (SMOKBE)odeling system
(http://www.smoke-model.org/index.cfm, last accedgril 28, 2008). To assess the
impacts of climate change along, emission inveasofor 2049-2051 are assumed to
remain the same as 2000-2002. However, both biogemil anthropogenic emissions
respond to changes in meteorological conditionstiquéarly temperature, and those

increases are included.

The Community Multiscale Air Quality Model (CMAQBlun and Scher€006]
and the decoupled direct method 3D (DDM-3Dupker, 1981; 1984, Dunker, et al.
2002; Yang, et al. 1997] are used to simulate ozone and;PMoncentrations and
guantify pollutant sensitivities to emissions. DEBW- directly calculates the first-order
local sensitivities of pollutants to precursor esioss, i.e. the first-order sensitivits ()
of pollutant concentration () to source emissionsf is calculated as:

_E ﬂCI

“EE (8.1)

S
The first-order (linearized) sensitivities have teame units as the corresponding
pollutants and represent how pollutant concentnatisould respond to a 100% reduction

in precursor emissions if the systems were linear.

Five cities in the continental U.S. — Atlanta, €igo, Huston, Los Angeles and
New York — were chosen in this study because eagiently experiences high ozone and
PM_ s levels (http://www.epa.gov/oar/oaqps/greenbkt, d@sess: April 28, 2008).

Yearly-average concentrations and sensitivitieBIM# s are calculated for the city

157



centers of the five cities in 2001 and 2050. OZenels peak in the summer and
downwind of city centers. Here the average conegintrs of regional maximuni™4
MDAB8h O (i.e., highest 4 MDA8h O; among five-by-five grid cells around the city
center, see Figure 9.1) are calculated for the sensu@une, July and August) of 2000-

2002 and 2049-2051.

v *. ’ i 1 v H_:
i i W
. , o e
i / ey
P A o
] el )
STl  yan T
i i 5 T
e by e e = éﬁ
- R R Q_hicagu :Héw
- § B e 1 il
Los Angeles f - 1 ----- ,-*j -;-/nh‘_-g#k N:;r Yu;k
: i | e city cetater
* T T i FIE i :
Py b M Aanta--
R f_ o menal o Do 7 Legend
,M.,-,t f HDUS-t:I__I :1 :_ b Atlanta_tASA
"._" -_E: --_;_1 £ :__,-' '-_I.. -* _!.____"“E 4 Hs L‘-_I -L:'-: ek lace, MEn
Bk a L A o
."'._"-..' '1“. 't :. {: 55 : :. '-i._\-:i Mews York BS54
i \ 'I ‘,":] \_,'J -.'"', _.'J Loz Angeles_BASA
h;l‘i.- J'"»«..._"l.. i Howston_hSa

Figure 9.1 Simulation domain and the five U.S. cities studiedn this study. Also

shown is the five-by-five grid used for identifyingthe regional maximum, as applied
to New York for an example. States include Atlantan the metropolitan statistical

area (MSA) include Alabama and Georgia; Chicago MSAstates include lllinois,

Indiana and Wisconsin; Houston MSA is solely in Teas; Los Angeles MSA is in
California; and the New York MSA states include Comecticut, New Jersey, New
York and Pennsylvania
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9.3 Effects of Climate Change on Urban Ozone and PM Levels

Average simulated concentrations of the regiomatimum 4' MDA8h O; range
from about 75 to 118 ppb in 2000-2002 summersherfive U.S. cities studied. For
comparison, three-summer average regional maxinfuM@A8h O; concentrations are
predicted to increase up to 17.7 ppb in 2049-2@sdpared with the 2000-2002 for the
cities examined though ozone in Chicago is simdl&tedecrease (Table 9.1). Slight
decreases in futurd"MDAS8hr O; levels in Chicago are related to increases inctlou
cover in 2050s in the Midwest of the U.8e{ing and Gustafsp2005]. Increases in
peak ozone concentrations due to impacts of clicladege are discussed in other studies
(e.g., Hogrefe et al. (2004), Mickley et al. (2004yrazaki and Hess (2006), Tagaris et al.
(2007), etc. Sensitivity results show that reduwion anthropogenic N@missions are
more effective for decreasing regional maximufMDA8h O; levels than VOC
emissions for the cities except Los Angeles. Reagliaraximum & MDA8h O; levels are
predicted to be more VOC-sensitive in Los Angeles tb high mobile NQemissions

(Table 9.1).
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Table 9.1: Regional fourth-highest daily maximum &ar average ozone ( MDA8h Os) in 2000-2002 and 2049-2051 summers

as well as sensitivity of # MDA8h O3 to anthropogenic NQ (Suth mpash oz.nox) @and VOC (Sith mpash os.voc) Emissions in 2049-
2051 summers for the five Cities in the U.S.

niy ppb
2000-2002 Summer 2049-2051 Summer 2049-2051 Summer 2049-2051 Summer Concentration
Concentration Concentration So03.ANOX Soz.Avoc (2050s-20015s)
Atlanta 113.9 123.4 51.9 2.2 9.5
Chicago 112.8 109.4 35.0 4.7 -3.4
Houston 105.9 112.2 38.2 4.5 6.3
Los Angeles 102.1 119.8 8.5 23.1 17.7
New York 95.8 106.9 18.6 10.6 11.1
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Simulated yearly average BMconcentrations range from 12.7 to 19.7 {igim
2001 at the city centers of the five U.S. citiehalf the emission inventory is kept
constant, in 2050, PM concentrations are predicted to increase in Chichgs Angeles
and New York but decrease in Atlanta and Houstoroagpared with 2001. The highest
increases in yearly average PMoncentrations are predicted to be 1.9 jibim
Chicago. Chemical composition of the yearly avedalght s is predicted to slightly
change in 2050 mainly due to shifts in the thernmaahgic equilibriums the rate of sulfate
formation. Sulfate is predicted to increase whiteate is predicted to decrease in 2050
due to the effects of climate change (AppendixiBufe E.1). Higher temperatures and
stronger radiation in the projected climate acetée6Q oxidation and induce more
sulfate formation, while increases in temperatargl less ammonia being available,
favor nitrate existing in the gas-phase and deerd@samount nitrate in the BM
Sensitivity results show that reductions in antlaiggnic SQ and NQ emission are more

effective for decreasing PMthan VOC emissions (Table 9.2).
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Table 9.2: Yearly PM, s concentrations in 2001 and 2050 and sensitivity &M, s to anthropogenic SQ (Semz.5.s02, NO«

(Spm2.5n0x) @and VOC (Semz.s.voc) emissions in 2050 for the five cities in the U.S. Unit: pg m™
. . 2050 2050 2050 Concentrations

2001 Concentrations 2050 Concentrations Souns.500 Soan.5 ANOx Sowr 5 Av0C (2050-2001)
Atlanta 19.7 19.0 3.4 2.1 0.2 -0.7
Chicago 19.0 21.0 2.4 3.1 0.3 1.9
Houston 16.5 16.0 3.4 1.7 0.0 -0.5
Los Angeles 12.7 12.8 0.4 0.6 0.1 0.1
New York 19.7 21.2 2.2 2.1 0.5 15
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9.4 Cost of Offsetting of Impacts of Climate Changen Regional Air Quality

Our previous study shows that anthropogenig B VOC are the major
precursors for controlling thé"MDA8h O; levels, while removal of SCand NQ
emissions are effective ways for reducingfMoncentrations, both now and in the
future [Liao, et al, 2007]. Here we use the U.S. EPA’s control tecbgplanalysis tool,
AirControlNet v4.1 E.H. Pechan & Associate2006a; b], to estimate the costs of
reductions in anthropogenic ONO, and VOC emissions from different regions in the
U.S. AirControlNET uses US EPA’s 1999 National Esmn Inventories (NEI)
(http://www.epa.gov/ttn/chief/net/1999inventory.httast access: April 28, 2008) and
relies on emission control efficiency, fuel use antission factor data provided in the
NEI to perform cost analysis. Costs of emissioruoséidns in the future are presented in
1999 dollars in order to compare with currentlyreated costs of emission reductions
for improving air quality EPA 2005]. Results of AirControlNet provide the anhua
maximum controllable emissions, tons of emissi@wiced and annualized associated
costs for emission control measures (by speciate,stost per ton, etc.). Costs of
emission reductions are calculated ¥sa2der polynomial, exponential or power
functions of absolute amount of emission reductdesending on species and region.
Cost functions of reductions in anthropogenic, 300, and VOC emissions in Los
Angeles and New York are shown as examples in Eigu; results from the other cities

are shown in the Appendix E.
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Figure 9.2: Relationship between costs and amounf eeductions in SG,, NOk and
VOC emissions for Los Angeles (left column) and NeWork MSA states (right

column)

For driving costs functions of emission reductiforsoffsetting the impacts of

climate change on"4AMDAB8h O; and PM s, we assume that there is no interaction
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between emission reductions of species from samo¢her sources. For example,
reductions in S@emissions are not expected to decreasgdM®OC emissions from

the same or other sources, nor are reductions jre8t¥sions from one source expected
to affect SQ emissions from other sources. Therefore, the tatsils for offsetting
impacts of climate change on ozone and,Plte a linear summation of the costs of

reductions in S@ NO, and VOC emissions for each city (equation 9.1).

Costsof emissiorreductionsfor cityi = C
j
where
C. . =cost of emissiorreductionof speciesj for city i (9.1)

1]

i = Atlanta Chicagq Houston Los Angelesand NewYork
j = anthropogaic SGQ,, NO, & VOC from MSAstatesof city i

Furthermore, prior study shows that impacts etprsor emissions on air quality
drop quickly with increases in distance betweerepgars and sourceblfpelenok, et al.
2007]. We assume that air quality in each citynly @ffected by the emissions from the
states which include the metropolitan statisticabgdMSA) of that city (Figure 9.1) (for
definition of MSA, see http://www.whitehouse.gov/ofoulletins/fy2007/b07-01.pdf, last
access: April 28, 2008), and the levels of contiddstified are applied over state(s)
containing MSA. This likely increases the controhthin the costs MSA states of each
of the five cities are shown in the notes of Téh® Future maximum controllable
emissions, costs of removal of per unit precursaissions and maximum control

efficiencies for emission sources are assumednm@airethe same as their current values.

3 -
DeNOxS4thMDA8h O3,NOx + Da/OCS4thMDA8h o3vocC C4thMDA8h 03,2050 C4thMDA8h 03,2001 (9 2)

3 -
DeSO28PM 25,802 + DeNOxSPM 25,NOx + DQ/OCSPM 25V0C CPM 25,2050 CPM 25,2001
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where

De, : reductionratios of emission]
S : sensitivitesof species to emissionj from MSAstates
C, : concentraionsof species

i =4" MDABh O, and PM,, ; j = SO, NO, andVOC

251

Sensitivities of the three-summer average regioralimum 4' MDA8h O; to
anthropogenic NQand VOC emissions and yearly-averageBM SQ, NO, and VOC
emissions are used in equation (9.2) in order limutate the amount of reductions
required for offsetting effects of climate changeaar quality in 2049-2051 based on
least-cost controls. The least-cost controls ofssian reductions are found among all the
possible control strategies using the cost funstaeveloped from AirControlNet outputs
and equation (9.2). Details of development of leasst control strategies are provided in
the Appendix E. Using the least-cost analysescdisés for offsetting impacts of climate
change on both"#MDA8h O; and PM s concentrations are predicted to range from
about $27 million to $5.9 billion in 2050s for tfiee cities (Table 9.3). The high costs of
emission reductions in Chicago ($1.3 billion) atteilauted to significant increases in
yearly average P levels (1.9 pg i) in 2050 compared with 2001 (Table 9.2).
Necessary S NO, and VOC emission reductions are calculated to286,30% and
19%, respectively, for the Chicago MSA states fiigeiting climate effects based on the
least-cost set of controls. High costs in Los Aegdb5.9 billion) are attributed to
significant reductions in anthropogenic N@ 46%) and VOC (~ 60%) emissions over
California. For the New York MSA states, §OIO, and VOC emissions are expected to

decrease by about 23%, 42% and 32%, respectivetyder to offset significant
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increases inMDAB8h O; and PM 5 in 2050. The associated least-costs are calculated
be $3.6 billion (Table 9.3). Since emission redutdiand associated costs are
independent among the MSA states of the five ¢itasal costs of emission reductions
for simultaneously offsetting impacts of climatenge on # MDA8h ozone and yearly-
average PM;s for the five cities are the summation of costsrfreach of the five cities,
but this sum still represents a lower bound ofttital nationalwide costs for increased
controls to offset climate change. The total costsimultaneously offsetting climate
impacts on air quality in the five cities are cddtad to be up to $11 billion in 2050s
(Table 9.3), and are mainly attributed to offseftincreases in peak ozone levels in the
future in Los Angeles and New York. EPA’s currerglgnned control strategy, Clean
Air Interstate Rule (CAIR), projects that annualremental costs of CAIR are $2.4
billion and $3.6 billion in 2010 and 2015, respeely, without considering effects of
climate penalty on air quality managemdalPP, 2005]. According to our calculation in
this study, additional $11 billion (or more) would added to offset the impacts of
climate change on air quality and achieve the atiyrgorojected environmental benefits
between 2001s and 2050s. The overall costs of emissductions for offsetting climate
change on climate change over the continental &f&Sexpected to be higher than

calculated values since there are only five citesravestigated in this study.
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Table 9.3: Percentage (%) and Amount (tons yed) of Emission Reductions from the Five MSA Statessawell as Associated
Yearly Costs (in 1999$ yeat) for Offsetting Impacts of Climate Change on # MDA8h Ozone and PM.5 for the Five Cities in

the U.S. in 2049-2051

Cit SO, NO, VOC SO, reduction NOx reduction VOC reduction Cost

y reduction (%) reduction (%) reduction (%) (tons year) (tons yeal) (tons yeal)) (19993 year')
Atlanta’ ~0 18.3 ~0 0 217194 0 $27,232,000
Chicag& 39.2 30.1 18.9 807868 606031 204236 $1,394,500,000
Houstori ~0 16.5 ~0 ~0 291933 ~0 $210,780,000
Los Angele% 0.4 46.4 59.6 196 580180 446242 $5,887,500,000
New York® 22.7 41.5 31.9 323865 759647 431837 $3,626,800,000
All cities - - - - - - $11,146,812,000

Note: maximum controllable emissiormnd maximum removal efficiencies of S®O, and VOC; both are calculated in 1999 levels:
3Atlanta MSA states (Georgia and Alabama ); maxinmamtrollable emissions: $S& 1,181,730 tons yearNO,— 1,186,853 tons yearVOC — 564,837 tons year

maximum control efficiencies: SG 0.969, NQ— 0.792, VOC - 0.762

P Chicago MSA states (lllinois, Indiana and Wisconsimaximum controllable emissions: $02,060,889 tons yearNO, — 2,013,392 tons yeirvVOC— 1,080,612 tons yegr

maximum control efficiencies: SG 0.940, NQ— 0.748, VOC — 0.750

“Houston MSA states (Texas); maximum controllabléssions: SQ— 834,917 tons ye'ér NO,— 1,769,293 tons ye’é,rVOC — 941,411 tons ye‘ér

maximum control efficiencies: SG 0.801, NQ— 0.755, VOC - 0.694

9 0s Angeles MSA states (California); maximum colttitde emissions: SO- 48,965 tons yeér NO, — 1,250,388 tons ye‘érVOC — 748,728 tons ye'ér

maximum control efficiencies: S& 0.910, NQ— 0.800, VOC — 0.743

®New York states (Connecticut, New Jersey, New Yarél Pennsylvania ); maximum controllable emissi®&@ — 1,426,718 tons yearNO, — 1,830,475 tons year
VOC - 1,353,720 tons yegrmaximum control efficiencies: S& 0.948, NQ— 0.787, VOC — 0.754
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9.5 Summary

We calculate the least cost of emission reductionsffsetting impacts of
climate change on regional peak fourth-highestydaximum 8-h average ozone in the
summers of 2049-2051 and yearly average Pl 2050 for the five U.S. cities. Impacts
of future climate change are predicted to incrgesk summertime ozone levels in 2049-
2051 for the cities examined, except Chicago, agpewed with 2000-2002 summers.
Yearly-average Pl concentrations are predicted to increase up tpud.8i° in 2050.
Based on present emission control technologiest t&st emission reductions for
offsetting impacts of climate change on regionakp®urth-highest daily maximum 8-h
average ozone and yearly average, Pite predicted to range from $27 million in
Atlanta to $5.9 billion (1999%) in Los Angeles. @btosts of emission reductions for
simultaneously offsetting impacts of climate changeair quality for the states

containing MSA of the five cities examined are peéet to be about $11 billion (19993).
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CHAPTER 10

SUMMARY AND FUTURE RESEARCH

10.1 Summary of Main Findings

An approach that integrates the impact of botlrctireent regulations and the
longer-term national and global trends is develdpetbnstruct an emissions inventory
(El) for North America for the mid-century in suppof a regional modeling study of
ozone and fine particulate matter. The method agesl is based on data availability,
spatiotemporal coverage and resolution, and futaesmario consistency (i.e. IPCC SRES
A1B), and consists of two major steps: 1) near+ittl projection (to the year 2020),
and 2) longer-term EI projection (to mid-centuryor the continental United States, the
year-2050 emissions for NOBQ, PM, 5, anthropogenic VOC, and ammonia are
projected to change by -55%, -55%, -30%, -40% &2{@P4, respectively compared to
2001. NQ and SQemission changes are very similar in total amoundidfferent in
sectoral contribution. The projected emission tesiodl Canada and Mexico differ
considerablyAfter taking into account the modeled climate chesdiogenic VOC
emission increases from three countries overwheédecreases in anthropogenic VOC

emissions, leading to a net small increase (abti? overall VOC emissions.

Climate change is predicted to have slight effeatground-level ozone and
PM, s concentrations as well as nitrogen and sulfur digpa in 2050s over the

continental United States. Sensitivities of ozone BM, 5 to precursor emissions are also
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found to change slightly in response to climatengiea In many cases, mass per ton
sensitivities to NQand SQ controls are predicted to be greater in the futlue to both
the lower anthropogenic emissions as well as cemaiggesting that current control
strategies based on reducing such emissions witirage to be effective in decreasing
ground-level ozone and Riconcentrations. S{emission controls are predicted to be
most beneficial for decreasing summertime,BMvels while controls of NQemissions
are more effective in winter. Spatial distributiafsensitivities are also found to be only
slightly affected assuming no changes in land-Geatributions of biogenic VOC
emissions to Pl formation are simulated to be more important mfiture because of
higher temperatures, higher biogenic emissionsJ@mndr anthropogenic NCGand SQ

emissions.

Impacts of the extreme climate scenarios on conagons of summertime
fourth-highest daily maximum 8-hour average ozamepsedicted to be as high as 10 ppb
in some urban areas, although regional averagerdiftes in ozone concentrations are
predicted to be about 1-2 ppb. Differences betwkerextreme and base scenarios in
annualized PWMs levels are very location dependent and prediciedrige between -1.0
and +1.5 pug . Future, annualized PMis less sensitive to the extreme climate
scenarios than summertime peak ozone since prgagpitscavenging of particles is only
slightly affected by the differences between thigeewe climate scenarios examined.
However, relative abundances of biogenic VOC artirapogenic N@can significantly
impact the response of ambient ozone concentratmocémate change. Since a warmer
climate will increase VOC emissions, VOC-limiteegéas are expected to experience

increased ozone in the future. Such areas maytHicclimate change can significantly
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offset air quality improvements from emissions r&chns, particularly during the most

severe episodes.

Reductions in anthropogenic N@&missions decrease 24-hr average Plevels
but may either increase or decrease daily maximimnai/erage ozone levels in 2001
and 2050. Regional ozone maxima for all the ceesmined are more sensitive to NO
reductions than at the city center, particularliNew York and Chicago. Planned
controls on anthropogenic N@missions lead to more positive responses to ozone
reductions in the future. Sensitivities of ozond &M, 5 to anthropogenic VOC
emissions are predicted to decrease between 2@020&0. Ammonium nitrate
formation is predicted to be less ammonia-sensiti@)50 than 2001 while the opposite
is true for ammonium sulfate. Sensitivity of PMo SQ and NQ emissions changes
little between 2001 and 2050. Both ammonium suléeig ammonium nitrate are
predicted to decrease in sensitivity to,20d NQ emissions between 2001 and 2050.
The complexities, linkages, and daily changes énpbllutant responses to emission
changes suggest that strategies developed to peatic air quality standards should

consider other air quality impacts as well.

Climate change alone is predicted to significambtrease urban peak ozone
levels in the future for the cities examined, exd@picago. Based on present emission
control technologies, least costs of emission redus for offsetting impacts of climate
change on regional peak fourth-highest daily maxm@ih average ozone and yearly
average PMs are predicted to range from $27 million in Atlatde$5.9 billion (1999%)

in Los Angeles assuming that emission reductioms fdifferent sources are independent.
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Total costs of emission reductions for simultangoaffsetting impacts of climate
change on regional ozone and PNbr the five U.S. cities examined are predicteteo

about $11 billion (1999%$) in 2050s.

10.2 Recommendations for Future Research

10.2.1 Quantification of Significance of Emission bkcertainty and Climate

Uncertainty

Uncertainties inherent in climate change forecastpredicted to propagate to
projections of regional meteorological conditioResults in this thesis show that climate
uncertainties may be similar in magnitude to therel@ases found in response to emissions
controls for improving regional air quality in hilglpolluted areas. In addition to
uncertainties in projections of meteorological dtinds, precursor emissions are another
important source of uncertainties in the regiomatjaality modeling in this study. It is
important to recognize the significance of emissionertainty impacts on regional air
guality and compare it with uncertainties in clim&recasts. By quantifying the
uncertainties in climate and precursor emissidresyobustness of the air quality
modeling results and the resulting implicationscarrently planned control strategies

can be better understood.

10.2.2 Applications of Least-Cost Method for Findig Optimal Control Strategies

Previously implemented control strategies foriaitgy standards consider
multiple pollutants separately despite the fact tha formation of many pollutants is

coupled via photochemical reactions in the atmosgphraditional approaches for air
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guality management use iterative processes forlojeivg attainment strategies. The
shortcomings of the traditional approaches arettieiterative processes are inefficient
for multiple pollutants and regions and difficudtfind the optimal (or most cost-
effective) control strategies. The least-cost metiiged in this study can be applied for
finding optimal control strategies for simultanelyugducing air pollutant levels for
multiple species and areas. The least-cost me#mpdres cost functions for emission
reductions, maximum controllable emissions/efficies and understanding of how

ambient pollutant concentrations will respond tdssmn changes.

There are a few steps for implementation of thstidost method for optimizing
air quality control strategies. Reductions in alytant concentrations required for
attaining air quality standards are firstly detered by calculating the differences
between prior air pollutant concentrations andjaality standards. The second step for
developing optimal control strategies is to chormadidate emission controls for species
from different source categories. The candidatessimn controls are those which have
major contributions to air pollutant formation aceh be found from the results of
sensitivities analyses. The last step is to fir@dptimal control strategies from a pool of
potential control strategies; this is done by miaing the cost of emission controls using
the cost functions and sensitivities of pollutantemission changes. By using the results
of air quality modeling and cost analyses of emisseductions, this method can be an
efficient and important tool for developing optinzaintrol strategies for reducing air

pollutant levels in the future.
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10.2.3 Quantification of Impacts of Climate Uncertinty on Air Quality Using

Probabilistic Distributions of Three-dimensional Climate Fields

Quantification of uncertainties in climate foretsasan be done in several ways.
Inter-comparison among multiple climate modelssedito quantify the differences in
climate estimates arising from choosing differdimhate models. Uncertainties in
climate forecasts can also be quantified by driyaingpbability density functions (PDFs)
of key properties of the climate system (e.g., terajure, climate forcing, etc.). The
PDFs can be driven using climate model ensembiegrtainties in model parameters, or
both Mastrandrea and Schneide2004;Murphy, et al, 2004;Stott and Kettleborough
2002]. In this study, impacts of climate uncert@gon air quality are investigated using
probabilistic distributions of climate fields froantwo-dimensional (zonal mean) time-
dependent global climate model. The two-dimensichalate fields (i.e., temperature
and absolute humidity) were expanded into threesdsional climate in order to perturb
the base-case three-dimensional climate for quamgifimpacts of climate uncertainty on
air quality. Quantification of uncertainties inhetén climate forecasts and their impacts
on air quality can also be implemented using oleg@rally-constrained climate
predictions Htott, et al. 2006] and probabilistic distributions of climdields from three-
dimensional climate models (e.g., HadAMBDppe, et al.2000;Stott and Kettleborough
2002]. Further research can apply three-dimensidimahte forecasts in the simulations
and their probabilistic distributions can be dowaled to meso-scale climate for studying
impacts of climate uncertainties on air quality mgement. The impacts of climate
uncertainties on air quality are expected to b&eebeuantified with more comprehensive

analyses of uncertainties inherent in climate fastx
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10.2.4 Impacts of Climate Change on Secondary OrganAerosols

Current regional air quality models neglect sompartant secondary organic
aerosol (SOA) precursors (e.g., benzene and isepestd underestimate organic carbons
formation in the modeling output€laeys, et al.2004a;Henze and Seinfel@006;Pun
and Seigneyr2007]. Recent work also suggests that discreparb@tween observational
and simulated organic carbon (OC) are partiallytatted to simple parameterizations of
SOA processes in regional air quality mod®&eiris, et al, 2006]. SOA formation is
sensitive to changes in meteorological fields (angbient temperature, humidity,
precipitation, etc.) because climate change affets of SOA precursor oxidation,
frequencies of particle washing-out and shiftshefrmodynamic equilibrium between
gas- and particle- phase organic specgeghan and BowmaR001]. Further studies of
climate impacts on regional RBMformation using more comprehensive SOA processes
in regional air quality models will help poly-makeguantify the effectiveness of control

strategies and decrease the uncertainties in tlygiality modeling outcomes.
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Appendix A

Table A.1: Seasonal M8h@and PM, sconcentrations over US sub-regions in years 2001020 and 2050 _np (2001 emissions
inventory and 2050 meteorology)

West Plains Midwest Northeast Southeast us

M8hO; PM,s M8hO; PM,s M8hO; PM,s M8hO; PM,s M8hO; PM,s M8hO: PM,s
(ppb) ( g/m’)  (ppb) ( g/m’)  (ppb) ( g/m) (ppb) ( g/m’) (ppb) ( g/m’)  (ppb) ( g/m)

Winter 2001 46 4.0 44 8.6 37 16.3 39 11.1 42 13.7 43 9.8
2050 44 3.9 42 7.6 37 13.2 40 8.8 41 10.6 41 8.2
2050 _np 44 4.4 43 9.2 35 16.8 36 12.0 40 13.7 41 10.3
Spring 2001 49 3.4 47 5.0 45 8.9 48 8.0 54 10.0 48 6.2
2050 46 3.1 43 3.6 40 6.1 42 4.9 46 6.5 44 4.4
2050 _np 49 3.5 47 45 43 8.4 46 7.4 54 9.1 48 5.8
Summer 2001 57 3.9 59 6.2 62 9.4 56 7.4 69 11.6 60 7.1
2050 50 3.3 49 4.6 46 7.3 45 5.2 53 7.5 49 5.2
2050 _np 57 3.8 58 6.2 59 10.6 58 9.0 74 11.9 60 7.4
Fall 2001 47 4.9 43 7.9 37 12.3 42 9.5 51 13.9 44 8.9
2050 45 43 43 5.9 39 9.5 40 6.8 45 9.1 43 6.7
2050 _np 49 4.9 48 7.6 a4 13.0 44 10.1 54 13.2 48 8.9
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Figure A.1: Regional CDF plots for temperature in 200: comparison between observations and predictien
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Figure A.2: Regional CDF plots for temperature in 201: comparison between observations and predictien
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Figure A.3: Regional CDF plots for temperature in 202: comparison between observations and predictien
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Figure A.4: CDF plots for temperature, humidity and precipitation over US
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Figure A.5: Spatial distribution plots of the annud average temperature
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Average humidity
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Figure A.6.: Spatial distribution plots of the annwal average humidity
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Average precipitation
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Figure A.7.: Spatial distribution plots of the annwal average precipitation
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O3_2000-2002summers O3_2049-2051summers

O3z_FutureSummers - O3_ HistoricSummers O3_FutureSummers - O3_FutureSummers_np
np: Emission Inventory 2001, Climate 2050

Figure A.8: Spatial distribution plots of the three summer average ozone concentrations in historic ges (Os;_2000-
2002summers) and future years (@ 2049-2051summers). © FutureSummers - Q_HistoricSummers plot presents the effect
of climate change and emission controls in futureusnmer ozone concentrations. @ FutureSummers - Q_ FutureSummers
_np plot presents the effect of emission controls

185



PM:s_2001 PM:s_2050

PMz2s_2050 - PM25_2001 PMzs_2050 - PM2s_2050np
np: Emission Inventory 2001, Climate 2050

Figure A.9: Spatial distribution plots of the three summer average PM s concentrations in historic years (PM.s_2000-
2002summers) and future years (PMs_2049-2051summers). PMs FutureSummers - PM 5 HistoricSummers plot presents
the effect of climate change and emission controis future summer ozone concentrations. PMs_ FutureSummers - PM 5

FutureSummers _np plot presents the effect of emiss controls
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O3_2001 Os3_2050

Os_2050 - O3_2001 Os3_2050 - O3_2050np
np: Emission Inventory 2001, Climate 2050

Figure A.10: Spatial distribution plots of the annwal average ozone concentrations in 2001 {C2001) and 2050 (@ 2050).
O3 2050 - Q_2001 plot presents the effect of climate change duemission controls in future ozone concentrationsOz;_2050 -
O3 2050 _np plot presents the effect of emission conts
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PMz2.5_2000-2002summers PM2.5_ 2049-2051summers

PMz.5_FutureSummers — PM2.5_HistoricSummers  PM2.5 FutureSummers — PM2.5_ FutureSummers_np

Figure A.11: Spatial distribution plots of the annwal average PM s concentrations in 2001 (PMs_2001) and 2050
(PM,5 2050). PM 5 2050 - PM s 2001 plot presents the effect of climate change @emission controls in future ozone
concentrations. PM 5 2050 - PMs 2050 np plot presents the effect of emission conts
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Table B.1: 4" MDA8h ozone concentrations and associated sensitigs: 4" MDA8h Ozone to anthropogenic NQ (Sath MpDASh 03,N0;

APPENDIX B

anthropogenic VOC S4th mpash 03,avod and biogenic VOC Sath mpash 03,.8vod emissions (in “ppb”). Percentage (%) of contributon of
precursors to 4" MDA8h ozone levels are listed at last three colunsn

ppb 2001 2050 _np 2050 2050 Norm 2SoL?£-nfgssz zogg;ﬁgﬁgnp szni'nz]gfsl 2001(%) 2050 np(%) 2050 (%)
4" MDA8 h O, 65.3 66.6 56.7 - 64.4 66.3 56.0 - - -
West Suth MDASh O3,NOX 13.6 14.6 9.1 20.1 13.7 16.0 10.0 20.8 21.8 15.9
Suth MDASh 03.AVOC 1.6 1.7 0.2 0.3 15 16 0.1 25 2.4 0.3
Suth MDASh 03,BVOC 2.6 2.8 0.0 0.00 2.4 2.20 -0.2 4.0 4.1 -0.1
4" MDA8 h O, 72.0 72.6 59.8 - 71.3 72.0 58.8 - - -
_ Suth MDASh 03,NOX 20.6 19.8 14.4 32.0 214 21.2 15.6 28.7 27.3 24.1
Plains Ssth MDASh 03 AVOC 0.8 13 -0.1 -0.1 0.9 13 0.0 11 17 -0.1
Suth MDASh 03,BVOC 3.8 4.1 0.40 0.3 4.1 45 1.3 5.2 5.7 0.7
4" MDA8 h O, 82.7 86.1 62.6 - 85.1 84.1 61.1 - - -
_ Suth MDASh 03,NOX 254 26.8 21.1 46.8 26.9 27.2 20.3 30.7 31.1 33.6
Midwest S4th MDASh 03 AVOC 2.1 2.4 -0.1 -0.2 21 22 -0.1 25 2.8 -0.2
Suth MDASh 03,BVOC 7.0 7.4 0.3 0.2 7.3 6.3 0.6 8.5 8.6 0.4
4" MDA8 h O, 77.8 82.2 58.5 - 78.0 82.5 58.5 - - -
Suth MDASh 03,NOX 20.7 25.7 20.3 45.0 22.9 27.4 19.8 26.6 31.3 34.6
Northeast Suth MDASh 03,AVOC 33 25 -0.1 -0.2 2.4 2.2 -0.1 4.2 3.0 -0.2
Suth MDASH 03,BVOC 5.7 6.0 -0.7 -0.6 5.4 45 -0.4 7.3 7.3 -1.2
4" MDA8 h O 87.2 91.9 63.4 - 89.4 90.5 62.3 - - -
Suth MDASh 03,NOXx 31.3 31.9 22.4 49.7 32.2 33.8 23.0 35.9 34.7 35.3
Southeast Suth MDASh 03.AVOC 1.3 2.1 -0.3 -0.5 1.4 18 -0.3 15 2.3 -0.5
S4th MDASh 03,BVOC 4.6 6.1 -0.7 -0.6 45 4.0 -1.3 5.2 6.6 -1.1
4" MDA8 h O, 74.9 771 60.0 - 75.2 76.2 59.0 - - -
Suth MDASh O3,NOX 21.4 22.0 15.9 35.3 22.3 233 16.5 28.5 28.5 26.5
VS Suth MDASh 03 AVOC 15 1.8 -0.1 -0.1 14 1.7 -0.1 1.9 2.3 -0.1
Suth MDASK 03,BVOC 4.3 4.8 0.0 0.00 4.4 4.2 0.3 5.8 6.2 0.1
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Table B.2: Changes in Emissions between 2001 and5BOwith and without Emission
Projections (Tagaris et al., 2007 and Wool et al., 2008)

Differences between 2001 and 2050

2050 with emission projections 2050 without enaegprojection
NOy -51 % +2 %
SO, -51 % +4 %
VOCs +2% + 15%
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Appendix C

Perturbations of the three-dimensional GISS-MM5 clmate fields using the two-

dimensional IGSM climate fields

The two-dimensional (latitude and vertical) IGSilds are expanded into the
three-dimensional climate fields and are appliepgaxdurb GISS-MM5 fields using the
following steps:

Step 1: Decompose a three-dimensional time-depéndeable of the GISS-MM5

climate C(y, X, z,t) into average and fluctuating terms:

C(y,x zt)=C(y,z,m)+C'(y,x,zt)

where

C(y,x, zt): OriginalGISS- MMS5 climate

C(y,z,m): Longitude- averageermof C(y, x, z,t) (steadycomponenbf C(y, x, z,t))
C'(y,x,zt): Fluctuatirg termof C(y,x,zt)and  C'(y,x,zt)=0

t
y: latitude, z: altitude, x: longitude
m: monthly-averaged values

t: MM5 temporal resolution of every 6-hr

Step 2: Replace the longitude-average t&mwith the 0.8', 50" and 99.5 percentile

cases of meteorological fields from IGSM results

Step 3: Reversely convert the n€vback to C using C’ to derive needed three-

dimensional meteorological fields
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Table C.1. Annual average zonal (longitude-averagefemperatures and their
difference from the IGSM outputs for percentiles of0.5", 5", 50", 95" and 99.%" for
five latitudes in 2050

2050 Average Zonal Temperature (K

Latitude Index Latitude 0.5% 5% 50% 95% 99.5%
1 19.6 295.3 295.3 295.9 296.6 297.5
2 27.4 292.0 2919 29238 293.1 294.1
3 35.2 288.2 288.4  288.6 290.0 291.1
4 43.0 282.4 282.8 283.3 284.2 285.4
5 50.9 277.3 277.8 278.2 279.1 279.8

2050 Average T (K)

Latitude Index Latitude 0.5%-50% 5%-50% - 95%-50%0.590-50%
1 19.6 -0.6 -0.6 - 0.7 1.6
2 27.4 -0.8 -0.9 - 0.3 1.3
3 35.2 -0.4 -0.2 - 1.4 25
4 43.0 -0.9 -0.5 - 0.9 2.1
5 50.9 -0.9 -0.4 - 0.9 1.6
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Table C.2: Annualized and summer-averaged emissionsf NOx, SO, and NH;

(tons/day/grid) for the base, low-extreme and higlextreme scenarios in 2050

Annualized (ton/day/grid) Summer average (ton/day/dd)
Low- High- Low- High-

Base extreme extreme Base extreme extreme

NOyx 2.47 2.46 2.49 2.90 2.86 2.91

WS SO, 0.61 0.61 0.61 0.75 0.75 0.75
NH3 1.47 1.47 1.47 1.66 1.66 1.66

NOx 341 3.38 3.50 4.11 4.09 4.24

PL SO, 181 1.81 1.81 2.12 2.12 212
NH3 1.64 1.64 1.64 1.96 1.96 1.96

NOx 6.19 6.17 6.28 6.51 6.50 6.67

MW SO, 8.22 8.22 8.22 8.74 8.74 8.74
NH3 3.44 3.44 3.44 3.95 3.95 3.95

NOx 7.30 7.30 7.29 6.78 6.76 6.78

NE SO, 4.96 4.96 4.96 4.43 4.43 4.43
NH3 2.46 2.46 2.46 2.88 2.88 2.88

NOy 6.58 6.55 6.60 6.81 6.77 6.83

SE SO, 5.13 5.13 5.13 5.69 5.69 5.69
NH3 3.24 3.24 3.24 4.19 4.19 4.19

NOx 4.42 4.39 4.47 4.83 4.81 491

us SO, 3.35 3.35 3.35 3.63 3.63 3.63
NH3 2.21 2.21 2.21 2.63 2.63 2.63
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Appendix D

Atlanta
ity zeniter

Figure D.1: Simulation domain and the five cities @amined. Also shown is the 5x5
grid used for identifying the regional maximum, asapplied to Atlanta for an
example.
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Figure D.2: Sensitivity of MDA8h ozone to anthropognic NO, (X-axis, in ppb/%)
and VOC (Y-axis, in ppb/%) emissions for 2001 (lefcolumn) and 2050 (middle
column) city centers and 2001 regional maximum lele
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Table D.1: Domain-wide Daily-average total SQ NH; as well as Anthropogenic, Biogenic
and Total VOC Emissions (in tons/ day) in 2001 and050 and Differences (in %) in
Emission between 2001 and 2050

2001 (tons/day) 2050 (tons/day) Difference (%)

Anthropogenic N@° 69953 31512 -55

Total SQ 53832 26266 -51

Total NHs 13582 14566 +7
Anthropogenic VOC 57067 35333 -38
Biogenic VOC 111909 135839 +21

Total VOC*® 168978 171172 +2

2 Difference (%) = 2050Emission 2001Emission *100%

2001Emission

P Total NQ, emissions are predicted to decrease 51% in Z6%0.
¢ Total VOC emissions are predicted to increase k62050 without emission controls. (6)
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Table D.2: SlopeS ((ppb/%)/ppb), Intercepts? (ppb/%), Correlation Coefficients® (r?) of
Sensitivity of MDA8h O; to Anthropogenic NO, Emissions (Sipashos, nox) (Y-axis) versus
MDAS8h O3 (X-axis) and MDAS8h O; valueg at which regression suggests NQeduction is

effective for decreasing MDA8h Qfor city center and regional maximum MDAS8h O; 2001

and city center in 2050

2001 city center 2050 city center

2001 regionakimam

Atlanta 0.006/-0.37/0.77/61.7 0.010/-0.37/0.76/37.0
Chicago 0.002/-0.17/0.22/85.0 0.005 / -0.0%8 / 38.0
Houston 0.005/-0.26 /0.67 / 52.0 0.007 / -0.281 / 35.7
Los Angeles 0.002/-0.14/0.13/70.0 0.006240.0.62 / 40.0
New York 0.000/-0.15/0.00/N.A.  0.005/-0.23/0.53/46.0

#N.A. = Not applicable

0.007/-0.37/0.820
0.003/-0.16/0.44/53.3
0.005/-0.25/0.71/50.0
-0.001/0.03/0.07/30.0

0.004/-0.22/0.88.5
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Table D.3: Sensitivities of the Regional Maximum ath City-center 4" MDA8h 0zone (Siwpash 03.an0x & Sathmpash 03.avoc) and
City-center Annual-average of the MDA8h ozone (@pash 03.anox & Smpash 03.avoc), Annual-average of Ozone to

Anthropogenic NOx and VOC Emissions (93 .anox & Sosavoc) and Sensitivities of Annual 24-hr Average PMsto SO,

(Spm2.5,509 and Anthropogenic NO; (Spmz2.5.an0x) EMissions

Regional max. Regional max. City-center City-center City-center City-center  City-center City-center City-center City-center
S4IhMDA8h03,ANOx S4thMDA8h03,AVOC S4IhMDA8h03,ANOx S4IhMDA8h03,AVOC SVIDAShOS,ANOx S\/IDAShOB,AVOC SOS,ANOX SOS,AVOC SPMZ.SSSOZ SPM25,ANO><
2001 (Ppb/%) (ppb/%) (ppb/%) (Ppb/%) (Ppb/%) (ppb/%) (Ppb/%) (PPb/%)  ((gm%%) (g m%)
Atlanta 0.42 0.04 0.42 0.04 0.00 0.04 -0.06 0.03 0.04 0.02
Chicago 0.43 0.05 0.26 0.07 -0.10 0.04 -0.11 0.02 02 0. 0.03
Houston 0.32 0.04 0.28 0.06 -0.01 0.04 -0.05 0.02 03 0. 0.02
Los
Angeles -0.31** 0.33 0.05 0.10 -0.04 0.04 -0.07 0.02 0.00 0.01
New
York 0.15 0.12 -0.29 0.20 -0.15 0.03 -0.11 0.01 20.0 0.02
2050
Atlanta 0.37 0.01 0.35 0.00 0.10 0.01 0.04 0.00 0.02 .020
Chicago 0.24 0.04 0.19 0.06 0.00 0.02 -0.05 0.01 100 0.02
Houston 0.38 0.01 0.30 0.02 0.10 0.01 0.04 0.06 0.02 0.01
Los
Angeles 0.16 0.09 0.17 0.05 0.06 0.01 0.02 0.01 0.00 0.00
New
York 0.31 0.01 0.11 0.08 -0.04 0.02 -0.08 0.01 0.01 0.02

**Sensitivities of the & highest ozone levels to NOx scatter about zeroZone levels above about 75 ppb, with both pasiivd negative values.
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Appendix E

Atlanta_2001 Atlanta_2050
Yearly PM, 5 = 19.73 mg m? Yearly PM, 5 = 18.98 mg m™ @ S04
mNH4
o NO3
@\ m ooM
OEC
A A @ Others

Chicago_2001 Chicago_2050
Yearly PM, 5 = 19.03 mg m? Yearly PM, 5 = 20.96 mg m™

a

18%

&

Huston_2001 Houston_2050
Yearly PM, 5 = 16.54 mg m™ Yearly PM, 5 = 16.02 mg m*

Los Angeles_2001 Los Angeles_2050
Yearly PM, 5 = 12.68 mg m™ Yearly PM, 5 = 12.79 mg m®

»
»

New York_2001 New York_2050
Yearly PM, 5 = 19.66 mg m® Yearly PM, 5 = 21.19 mg m*

»
»

Figure E.1: Yearly-average PM s composition in 2001 and 2050 for the five cities;
including SOq4: sulfate, NH;: ammonium, NOs: nitrate, OM: organic matter, EC:
elementary carbon and others species
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states
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Development of Least-cost Cost Control Strategies

1. Development of cost function for SONO, and VOC reductions

Toal Cost= cost of SQ, reductionst cost of NOxreductionst cost of VOC reductions

2. Setting up constraints of optimization problammg sensitivities results from
CMAQ-DDM simulations

3 -
DeANOXSO3, ANOX + DeAVOCSO3, AVOC CO3,2050 C03,2001

3 -
DeSOZ SPM 25,802 + DeANOxSPM 25, NOx + DeVOCSPM 25,v0oC CPM 25,2050 CPM 25,2001

3. Minimization of cost of emission reductions @dfsetting the impacts of climate

change on air quality

minimize CostFunction

subjectiveo:

DeANOxSOS,ANOX + DeAVOCSOS, AVOC 3 003,2050 - C03,2001
3 -
Desm SPM 25,502 + DeANOxSPM 25,NOx + DQ/OCSPM 25V0C CPM 25,2050 CPM 25,2001
0£ Dey, £ Regy
O £ DeANOX £ RANOX

O £ DeAVOC £ RAVOC

where

Dé;,, Déyo, and De,, o arereductionratios of SO, NO, andVOC emissiongir offsetting
impactsof clim atechangeonozoneand PM ¢

R: Maximumavailableremovalefficiency Ry, = 0.712 R, o, = 0.670; R, = 0.450
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