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Abstract

The impact that changes in future climate, anthgepec U.S. emissions, background
tropospheric composition, and land-use have oronegiu.S. ozone and Pl concentrations

is examined through a matrix of downscaled regiosial quality simulations using the
Community Multi-scale Air Quality (CMAQ) model. &ected regional scale changes in
meteorology due to climate change under the Intengonental Panel on Climate Change
(IPCC) A2 scenario are derived through the dowmsgadf Parallel Climate Model (PCM)
output with the MM5 meteorological model. Futureemical boundary conditions are
obtained through downscaling of MOZART-2 (Model f@zone and Related Chemical
Tracers, version 2.4) global chemical model simoitest based on the IPCC Special Report on
Emissions Scenarios (SRES) A2 emissions scenBrgiected changes in U.S. anthropogenic
emissions are estimated using the EPA Economic tBrdmalysis System (EGAS), and
changes in land-use are projected using data fren€Community Land Model (CLM) and the
Spatially Explicit Regional Growth Model (SERGOM)For July conditions, changes in
chemical boundary conditions are found to havdahgest impact (+5 ppbv) on average daily



maximum 8-hr (DM8H) ozone. Changes in US anthrepag emissions are projected to
increase average DM8H ozone by +3 ppbv. Land-Uuseges are projected to have a
significant influence on regional air quality duwethe impact these changes have on biogenic
hydrocarbon emissions. When climate changes and-uae changes are considered
simultaneously, the average DM8H ozone decreasestawa reduction in biogenic VOC
emissions (-2.6 ppbv). Changes in average 24-i24{#) PMs concentrations are
dominated by projected changes in anthropogenissaris (+3 g ni°), while changes in
chemical boundary conditions have a negligibleaffeOn average, climate change reduces
A24-hr PMys concentrations by -0.9g mi®, but this reduction is more than tripled in the

southeastern U.S. due to increased precipitatidnaat deposition.

1 Introduction

Reduced air quality due to increased levels of ezamd PMs is the result of a complex mix
of chemical reactions and physical processes in atmosphere. These reactions and
processes are predominantly influenced by pollutamssions and meteorological conditions.
Consequently, global changes in climate and traseegnissions from both anthropogenic and
biogenic sources may have a profound impact onrduéir quality. In particular, global
climate change can directly affect air quality thgh changes in regional temperatures, which
will influence chemical reaction rates in the atpluere (Sillman and Samson, 1995). The
work of Dawson et al. (2007) found that during & Jazone episode over the eastern U.S.,
temperature was the meteorological parameter thatthe greatest influence on 8-hr ozone
concentrations, with an average increase in 8-lon@zof 0.34 ppb / °K. In addition to
temperature, global climate changes may directlyaich other boundary layer parameters that
are important to regional air quality, such as laarg layer height, cloud formation, and the
occurrence of stagnation events. Leung and Gustafs (2005) investigated the potential
effects of climate change on U.S. air quality, d@odnd that changes in temperature,
downward solar radiation, rainfall frequency, aheé frequency of stagnation events were
likely to impact regional air quality in the futureThe work of Mickley et al. (2004) also
examined the impact of climate change on regioiray@ality in the U.S., and found that
summertime air quality in the midwestern and nathern U.S. was projected to worsen due

to a decrease in the frequency of mid-latitudeaye$ across southern Canada.



Changes in anthropogenic and biogenic emissions atsy have a substantial influence on
future air quality. Changes in anthropogenic emirss (excluding control-related reductions)
are primarily driven by population growth and urization. The IPCC (Intergovernmental
Panel on Climate Change) estimates the global ptipalwill grow from 5.3 billion in 1990
to between 8.7 and 11.3 billion by the year 2058k{Nenovi et al., 2000). The IPCC SRES
(Special Report on Emission Scenarios) projectsdtiar the next 50 years global emissions
of the ozone precursors NOINO+NQO,) and non-methane volatile organic compounds
(NMVOCs) may increase up to a factor of 3.0 and &8pectively (Nakienovi et al., 2000).
Although the suite of IPCC SRES emissions projectiare highly variable and uncertain,
nearly all of the estimates predict an increaseZone precursor emissions through the
2050’'s. It is already well documented that globabne concentrations have increased
significantly over the past century due to increlaaethropogenic emissions (Marenco et al.,
1994; Staehelin et al., 1994; Varotsos and CastafB91). As these emissions continue to
increase, ozone related air quality issues canxpected to become more pronounced. In
regions such as the west coast of North Americaretiis already evidence that regional air
quality is influenced by increasing global anthrgenic emissions, and in particular,
increasing Asian emissions. Jaffe et al. (2008hébthat surface and airborne measurements
of ozone in the springtime air transported from Hastern Pacific to the west coast of the
U.S. showed ozone increasing by 30% (approximdi@lgpbv) from the mid 1980’s to 2002.
Similarly, Vingarzan and Thomson (2004) observednarease of approximately 3.5 ppbv in
the ozone levels of marine air transported intatlseastern British Columbia from 1991 to
2000, due to a combination of increased global ¢pamknd levels and direct influence from

Asian emissions.

Changes in biogenic emissions are also expectethyoa key role in determining future air
guality. Climate influences biogenic volatile ong@acompound (BVOC) emissions primarily
by temperature and solar radiation, and to a lesg&nt precipitation patterns and soil
moisture distributions. Consequently, changeslimate may have a profound impact on
regional BVOC emissions. In addition, BVOC emissianay also be influenced through
human forces such as urbanization and land managepmactices, as well as naturally
through climate driven changes in regional vegetagpatterns (Constable et al., 1999;

Wiedinmyer et al., 2006, Heald et al., 2008). Clesnip atmospheric chemical composition,



including carbon dioxide and ozone, can also moldibgenic VOC emissions (Guenther et
al. 2006).

Recent modeling studies have shown the importahaa mtegrated approach to studying the
impacts of global changes on regional air qualityogrefe et al. (2004) investigated the
impact of global changes (IPCC A2 scenario) in 20&0’s on regional air quality in the
eastern U.S., and found that summertime averadg maximum 8-hr ozone concentrations
were most significantly influenced by changes iemical boundary conditions (+5.0 ppb)
followed by meteorological changes (+4.2 ppb) amith@pogenic emissions (+1.3 ppb). The
work of Steiner et al. (2006) investigated the iotpaf changes in climate and emissions
reductions on ozone levels in central Californiad dound that projected reductions in
anthropogenic emissions has the single largestampa air quality, reducing ozone by 8-
15% in urban areas, while climate change is pregetd increase ozone 3-10%. Tagaris et al.
(2007) found that the projected impact of climatargge on U.S. air quality in the 2050’s is
small compared to the impact of control-relateduntibns in emissions, and that the
combined effect of climate change and emissiondsléa a decrease in mean summertime
daily maximum 8-hr ozone of 20% and a reduction28f6 in the mean annual BM
concentration. Similarly, Wu et al. (2008) detamed that the large emissions reductions in
the IPCC A1B scenario would reduce mean summey dagiximum 8-hr ozone by 2-15 ppb
in the western U.S. and 5-15 ppb in the east, witi&e associated climate change would
increase ozone by 2-5 ppb over much of the UnitedeS. Liao et al. (2008) found that
summertime U.S. surface ozone would increase aii@ual 10 ppbv in many urban areas

based on the A1B climate scenario.

Although it is known that the global environmentcisanging and that these changes may
have a profound impact on air quality, the magratadd spatial distribution of these impacts
remain highly uncertain. In this work, we applg tBPA Community Multi-scale Air Quality
(CMAQ) photochemical grid model (Byun and Scherf@)®& to examine the individual and
combined impacts that global changes, projectedd@®050’s, have on regional air quality in
the United States. In a companion paper, Cher. §2@08) present the overall modeling
framework and examined the combined effects of @lehanges upon ozone in the U.S. In
this paper, we examine how changes in future Wz8ne and PMs levels can be attributed to
changes in climate, regional anthropogenic emissioglobal emissions (as chemical
boundary conditions), and land-use (as biogenicssions). Section 2 briefly describes the

4



methodology and models used in this study. Iniced, we evaluate model performance
with respect to observations and describe thebattan results, and in section 4 we present

our conclusions.

2 Methodology

In order to quantify the impact of projected gloludlanges on surface ozone and;BM
concentrations, we conducted a matrix of CMAQ laitttion simulations based on six
different combinations of model inputs (Table 1ltach of the six attribution cases were
comprised of five separate month long simulatiorsngi meteorological conditions
representative of July, for either present-day (89999) or future (2045-2054) time periods.
July conditions from five separate years were chdmesed on modeled peak temperatures in
order to fully cover the range of simulated tempees, and to ensure our results were
representative of average July conditions for edichate period. The future conditions were
based on the IPCC SRES A2 “business as usual’ soefideki enovi et al.,, 2000). The
scenario ranks as one of the more severe IPCCrsaematerms of future population growth,

temperature change, and increases in ozone ang pEcursor emissions.

We first simulated present-day levels of ozone RN 5 with CMAQ driven by meteorology,
chemical boundary conditions, anthropogenic emmssi@and land-cover that reflect present-
day conditions (CURall case). Future ozone ang £Were simulated using CMAQ driven
by model inputs that reflect projected conditions the 2045-2054 (hereafter referred to as
future-2050) time period (FUTall case). To exantime individual effects of projected global
change parameters on ozone and, Pébncentrations, four additional attribution casesev
simulated. Specifically, these four cases examihedimpact of future chemical boundary
conditions alone (futBC simulation), future anthosgpnic emissions combined with future
land-cover (futEMISfutLU simulation), future clinetalone (futMETcurLU), and future
climate combined with future land-cover (futMETflt). All modeling results were grouped
and analyzed by EPA region (see Fig. 1). For soitp] we have combined results from

Regions 1, 2, and 3 designated as R1-3.

2.1 Model Setup

2.1.1 Chemical Transport Model



The modeling approach is similar to that descriime@hen et al. (2008). The CMAQ version
4.4 photochemical grid model was run on a 36-kn86ym gridded domain, centered over
the continental U.S., with 17 vertical sigma levietsm the surface to the tropopause. Gas-
phase chemistry was modeled using the SAPRC-99 icakmechanism (Carter 2000a, b).
Aerosol processes were simulated using a modabapbrwith the AERO3 aerosol module
(Byun and Schere, 2006), which includes the ISORRO$econdary inorganic aerosol
algorithms (Nenes et al., 1998) and the SORGAM @&y organic aerosol formulations
(Schell et al., 2001). The AERO3 module contaimecess dynamics for nucleation,
coagulation, condensation, evaporation and dry sigpo (Binkowski et al., 2003). Aerosol
species include sulfates, nitrates, ammonium, pgiraad secondary organics, and elemental

carbon.

2.1.2 Meteorology

To generate the meteorological fields for CMAQ, MiM5-based regional climate model
(Salathé et al., 2008) was used to downscale presgnand future-2050 global climate
model results from the NCAR-DOE Parallel Climateddb(PCM; Washington et al., 2000).
The PCM model couples atmospheric, land surfaceamcand sea-ice modules to form an
earth system model for current and future climatnario projections. The future-2050 PCM

simulations were based on the IPCC A2 emissionasaen

The regional climate model is based on the PenaridvState University (PSU)-National
Center for Atmospheric Research (NCAR) mesoscaldem@M5) Release 3.6.3 (Grell et
al., 1994). Simulations were performed in non-hgtliic mode with 28 vertical sigma levels,
and a one-way nested configuration at 108-km and&n36grid resolutions. In order to
maintain simulation stability and mass conservatiardging was employed towards the PCM
output on the outer 108-km domain. This constr&db to the global model and results in a

smooth transition from the global model to the gwemtal scale MM5 simulations.

The MM5 model configurations for the present-dayd amture-2050 simulations were
identical except for the land-use data. Sinceati@ms in land-use are known to influence
regional meteorology and air quality (Civerolo &t 2000), land-use for the future-2050
simulations was updated with data prepared folGbemunity Land Model (CLM; Bonan et
al., 2002), and the Spatially Explicit Regional @tb Model (SERGOM; Theobald, 2005).
The SERGOM provided projected urban and suburbaalption density distributions, while
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the remaining land-use data was based on a prelisnimapping of plant functional type
distributions for the CLM (J. Feddema, personal camications). These maps were based
on an interpolation of the Integrated Model to Assthe Global Environment (IMAGEV2.2;
Alcamo et al, 1998; Nakenovi et al., 2000; RIVM, 2002; Strengers et al., 200&uture
land-use held natural vegetation constant reldatibe present-day land cover dataset, but the
natural vegetation was reduced due to simulatertdtyre and grazing represented by the
IMAGE 2.2 SRES A2 scenario. Figure 2 depicts #ratuse for the present-day and future-
2050 simulations. The future land-use maps areirtated by agriculture (shrubs, grasslands

and dry-land crops) with large reductions in eveegrforests and wooded wetlands.

Projected changes in average July daily maximum )Biuiface temperature, boundary layer
height, downward solar radiation, and daily accwated precipitation, as well as average
water vapor content within the boundary layer drews in Fig. 3. Differences are computed
as the 5-year July average in the future simulatiomus the present-day simulation. Average
DM surface temperatures are projected to increasess the continental U.S., however, the
magnitude of the increase varies greatly by regibhe eastern U.S. is expected to have the
largest increase in average DM surface temperatuith, Region 1-3 having a projected
increase of +3.4 °C and Region 4 projected to asgdy +2.6 °C. The western U.S. (Region
9) shows comparable changes with Region 4, whdePtcific Northwest (Region 10) shows
the smallest increase in average DM surface terhyperaf approximately +1.0 °C. Changes
in average DM PBL heights are clearly correlatedctmnges in average DM surface
temperature, and regions with smaller changesriase temperature (e.g., Texas, California,
Oregon) show decreases in PBL heights, while tlgtgons with the largest increase in
temperature (southwestern states) correlate tdatigest increase in PBL height. The July
average DM PBL height is projected to increase fiyyraximately 100 m or more for most
regions, except Regions 6 and 7, which show oigjsincreases due to offsetting changes in
PBL heights within the two regions. Since tempa®iand PBL height are highly correlated,
on a regional scale any reduction in air qualitg tluincreased temperatures may be offset by
increased PBL heights. Note that the larger irsggan temperature and PBL heights along
the coastlines are due to a slight mismatch inahd surface classifications for the present-

day and future-2050 scenarios, and are not thét iifstlimate change.

The general trend for July surface insolation fatare increase for much of the U.S. due to
reduced cloud cover. This implies faster photslysates in the atmosphere leading to
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increased production of photo-reactive pollutanishsas ozone. There are, however, regions
such as portions of Texas, the Pacific Northwest] the southeastern U.S., which are
projected to experience a decrease in surfaceaitisolat the surface due to increased cloud

cover, potentially leading to improved air qualitythose regions.

Water vapor content is generally projected to iaseein the eastern U.S., while the western
U.S. shows small regions of slight increases coetbinith larger areas of decreasing water
vapor content. Increases in water vapor in reddiyiclean environments (i.e., low MpPare
generally expected to decrease ozone due to theud@sn of ozone through photolysis and
the removal of the AD) molecule via OP) + H,O0 20H (Stevenson et al., 2000), as well
as through the reactiog@® HO, 20, + OH (Racherla and Adams, 2008). In Nfblluted
environments, increased water vapor is expectethde@ase ozone through the competing
reaction NO + HQ  NO, + OH (Racherla and Adams, 2008). The largesh@bs in
precipitation are projected to occur in the sousheahich will increase removal of pollutants
through wet deposition. Smaller increases in pitation are projected in the northwest and
north central regions, while the west central staiee generally projected to experience a

decrease in precipitation.

2.1.3 Chemical Boundary Conditions

Both present-day and future-2050 sets of chemiealnbary conditions were obtained
through the downscaling of output from the MOZART{@odel for Ozone and Related
Chemical Tracers, version 2.4) global chemical dpant model. The MOZART-2 output
used in this work is described by Horowitz (2006)orowitz (2006) applied MOZART-2 to
estimate tropospheric ozone and aerosol concesrigafiom 1860 to 2100 based on historical
and projected changes in emissions, while the fs&dbfrom climate change and trends in
stratospheric ozone were ignored. The historicatkations (1860-1990) were based on the
EDGAR-HYDE historical emissions inventory (van Aarche et al., 1999), while the future
simulations (1990-2100) were based on emissionggrons from four different IPCC SRES
scenarios (A2, A1B, B1, and A1F1). For the purpaofsthis work, we obtained daily average
model results from the IPCC SRES A2 simulations,Jay 2000 and July 2050. Note that
the meteorological inputs used to drive the MOZAREimulations are not the same as the
PCM results used in this work, so some consistentyst. However, the MOZART-2 output

does provide a representative set of present-dayenected future-2050 chemical boundary



conditions for the CMAQ simulations. Generallyr fall four boundaries MOZART-2
predicts an increase in ozone of approximately givdrom the present-day to future-2050
conditions, while NQ and NQ (NO+NG,+HNO;+N,Os+tPAN+HNO,+0ther organic
nitrates) increase by approximately 10 pptv and A, respectively (larger increases, 60
pptv and 230 pptv, were observed along the soutlenndary). NMVOCs increase
approximately 0.7 ppbv, while P increased approximately 0.8 m* along the western
and southern boundaries, reflecting projected as®e in particulate and precursor emissions
from Asia and South America. Little to no changePiM, s is projected along the northern

and eastern boundaries.

2.1.4 Regional Emissions

The anthropogenic emissions inventory used inwlsk is based on the 1999 EPA National
Emissions Inventory (NEI-1999), and was processedugh the SMOKE (Sparse Matrix

Operating Kernel Emissions; Houyoux et al., 200%)ssions system. Future anthropogenic
emissions were projected using emission growthofactrom the EPA Economic Growth

Analysis System (EGAS; U.S. EPA, 2004). EGAS gates emission growth factors based
on projections of economic activities and populatiwowth. The EGAS growth factors were
applied to area and mobile source categories, twutonpoint sources. Future anthropogenic
emissions were also updated to account for theresxpa of urban areas through projected
estimates of population and housing density by $iE®RGOM model for the year 2030.

Present-day and projected future-2050 anthropogemissions are summarized in Table 2.
Area source emissions are projected to experidredatgest increase, with emissions for all
species, excluding CO, increasing by more than 5Mé6n-road emissions are projected to
increase between 6% and 33%, depending on theespeshile mobile emissions are

projected to remain relatively unchanged. Notet th@se emissions projections do not

account for any changes in future emissions reiguigt

Biogenic emissions were generated dynamically usteGAN (Model of Emissions of

Gases and Aerosols from Nature; Guenther et al6P@ith the parameterized form of the
canopy environment model. The model estimatesifhasoprene, monoterpene, and other
BVOC emissions from plants as a function of hotelyperature and ground level shortwave
radiation from MMb5. Satellite observations of leafea are used to estimate monthly

emission variations associated with leaf age amdrfdensity. For the current land-cover



case, a 1-km seasonal vegetation dataset, derosddatellite and ground observations, was
used. For the future-2050 land-cover case, thetatign dataset was based on the same data

as that used in the MM5 model described above @ig.

Projected changes in land-cover resulted in lamgages in biogenic emissions capacity from
the present-day to future-2050 case (Fig. 4). hinfuture, isoprene emitting vegetation has
been reduced in the south and south eastern séatesell as in the northern mid-west and
along the west coast of California. Similarly,emluction of monoterpene emitting plants is
projected along the west coast of the U.S. and sottthern Canada, as well as in the south
and southeastern U.S. and eastern Canada. Thectaobjreduction of isoprene and
monoterpene emitting plants is sufficient to negatg increase in emissions due to increased
future temperatures, and results in a net redudnoiotal future-2050 BVOC emissions
compared to the present-day. Table 2 includesrgadson of total continental U.S. biogenic
emissions used in the attribution cases: presentathal-cover with present-day meteorology
(CURall and futBC cases), future-2050 land-coventivipresent-day meteorology (futEMIS
case), present-day land-cover with future-2050 aretegy (futMETcurLU case), and future-
2050 land-cover with future-2050 meteorology (FUBald futMETfutLU cases).

3 Results and Discussion

In the following sections, we first compare simathsurface ozone and Blconcentrations

from the present-day (CURall) simulations to measwents made at monitoring sites
throughout the United States. We then analyze discuss the results of our attribution
CMAQ simulations in terms of daily maximum 8-hr (BM) ozone and average 24-hr (A24-

hr) PM, s concentrations.

3.1 Ozone and PM », 5 Evaluation

CMAQ has undergone extensive evaluation for bottnezand PMs model predictions for
the continental U.S. (e.g: Eder and Yu, 2006; Risiland Finkelstein, 2006), and has shown
good performance for most regions. For this warkdel performance is evaluated through a
comparison of modeled and observed DM8H ozone &tk PM s concentrations (Fig. 5
and 6). Since our CMAQ simulations were drivenMiyl5 results that were nudged towards

climate model output and not observations, ourgreday (CURall) simulations represent a
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realization of present-day air quality and are megresentative of air quality at any specific

time (i.e., we cannot do a direct day-to-day orriodhour comparison with observations).

Hourly ozone and daily Pp4 observations were obtained from the EPA AQS datliar the
five July’s from 1999-2003. A total of 1,349 ozoaed 1,277 PMs monitoring sites were
used. Figure 5 compares ranked modeled and olosdW8H o0zone concentrations
averaged across all sites within each EPA regibtodel performance for average DM8H
ozone is fairly consistent across all regions, m@pdgrom an over-prediction of +15% in
Region 8 to +39% in Region 4. Peak DM8H ozonerasgnted by the 98th percentile value,
shows better performance than the average, anesaingm -2% in Region 9 to +24% in
Region 4. Figure 6 compares ranked modeled androdd A24-hr PMs concentrations
averaged across all sites within each EPA regidModeled A24-hr PMs performance is
relatively consistent across all regions, rangiognf an under-prediction of -11% in Region 9
to -24% in Region 6. The only exception to thisnsRegion 8, which under-predicts the
average by -44%. The peak (98th percentile) 2BMs s concentrations show much more
variability compared to the average, and range frorder-predictions of -7% to -17% for
Regions 4, 5, 6, and 7 to under-predictions of -40%62% in Regions 1-3, 8, 9, and 10.
These results are consistent with those from ourpamion paper (Chen et al., 2008) which
addressed model performance for ozone for periodending beyond the July period
considered here.

3.2 Ozone results

The impact of projected future-2050 global changessurface ozone concentrations is
spatially highly variable. Some regions experiemmeases in ozone greater than 10 ppbv
(west-central U.S.), while others see reductiona &#w ppbv (southeastern U.S.). Figure 7
shows a map of the average DM8H ozone concentrédiothe CURall base case simulation

with difference maps for the five attribution siratibns. Further analysis of the impact of the

combined effects of global change upon summertinome is given by Chen et al. (2008).

On average, projected changes in chemical bourmargtitions (futBC simulation) have the
largest impact on U.S. average DM8H ozone levels (§pbv). The boundary condition
impact is more pronounced in the west (+6 ppbvhthathe east (+4 ppbv), due to the
predominant westerly flow across the U.S.. Assalteas distance increases from the western

boundary, the the boundary conditions have lessceffpon ozone levels. These results are
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consistent with Hogrefe et al. (2004) who showedt tbhanges in chemical boundary

conditions following the IPCC A2 scenario had tAegkst impact on ozone levels.

Future emissions changes (futEMIS) are projectethd¢cease average DM8H ozone levels
across the U.S. by an average of +3 ppbv. Thesaigcreases in average DM8H ozone are
projected to occur in regions that combine increase anthropogenic emissions with
sufficient biogenic emissions. In particular, Regi9 in the west and Region 4 in the
southeast show the largest increase in average Dda8He (+5 ppbv). The smallest increase
in average DM8H ozone (+2 ppbv) occurs in Regionsn8 8, which combine relatively
smaller increases in anthropogenic emissions witlet future biogenic emissions. Hogrefe
et al. (2004) project a smaller increase in ozametd future anthropogenic emissions with an
increase of only 1.3 ppbv in the eastern UnitedeSta The discrepancy between Hogrefe et
al. (2004) and the results presented here is nikaly |[due to differences in how future
regional anthropogenic emissions are projectedgréfe et al. (2004) projected future U.S.
emissions based on the IPCC A2 scenario, whilesams in this work are projected using
the EPA EGAS model. In contrast, Tagaris et @0{) found that under the Alb scenario a
simulated 20% reduction in ozone was primarily dwoe control-related reductions in
emissions within the United States. Similarly, E@l. (2007) found that under the IPCC B1
scenario, a projected 4-12% reduction in ozone deasinated by emissions changes, while
Steiner et al. (2006) found that projected reduntion California’s anthropogenic emissions
had the single largest effect on reducing ozone.

Projected meteorological changes (futMETcurLU saioh) result in an overall decrease (-
1.3 ppbv) in U.S. average DM8H ozone. Meteorolagimpacts are spatially highly variable.
The largest increases in average DM8H ozone (appeigly +4 ppbv), are found in the
northeast and west central regions. Our resultstfe northeast are in agreement with
Hogrefe et al. (2004) who found that climate charggeilted in an increase of roughly 4 ppbv
in average DM8H ozone, as well as, Racherla andmsdé@008) who found that climate
change based on the A2 scenario increased 95tlergdecozone in the eastern U.S. by
approximately 5 ppbv. In the west central regimicyeased temperature and reduced cloud
cover may be somewhat offset by increases in dayBBL height, but the overall result is an
increase in average DM8H ozone. In the northéasteased average DM8H ozone appears
to be due to a combination of increased temperatitheonly small increases in daytime PBL
heights, as well as decreased cloud cover. Tlhygedardecreases in average DM8H ozone
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appear in the south and southwestern regions (b&)ppvith smaller decreases occurring

along the west coast and northern regions (appmteiyn -1 ppbv). The smaller decrease
along the west coast is in contrast with Steinesle{2006) who found that climate change

alone would increase ozone 3-10% throughout Caili&or The large decrease in the south and
southeastern regions is primarily due to increasmt/ective precipitation, which enhances

the removal of organic nitrates and other reactitegen species, reducing the amount of
reactive nitrogen available to participate in ozochemistry.

When projected changes in future land-use are awmenbiwith future meteorological
conditions (futMETfutLU case), the future averag®l®&H ozone is spatially very similar to
when only meteorological changes are consideretMBlicurLU case). Accounting for
changes in future land-use (i.e., reduced biogemnitssions) has the effect of enhancing the
projected decrease in average DM8H ozone. Thiarem@ment is most pronounced in Region
4, where the largest decreases in BVOC emissianprajected. In Region 4, average DM8H
ozone is estimated to decrease an additional 3 fplov -5 ppbv to -8 ppbv. On average
across the U.S., the decrease in average DM8H azgmejected to double from -1.3 ppbv,
when climate change alone is considered, to -2 pyhen climate change and future land-

use changes are accounted for simultaneously.

The combined effects of projected changes in ch@micundary conditions, emissions, land-
use, and climate (FUTall simulation) on average BM&one results in the largest increases
in the west central U.S. (e.g., +12 ppbv in RedoiCalifornia) and in the northeastern U.S.
(e.g., +12 ppbv in Region 1-3). In Region 1-3,ddlthe global changes accounted for in this
study lead to increases in average DM8H ozone. singe is true for the eastern portion of
Region 9. However, in the western portion of Ragy changes in chemical boundary
conditions and emissions both increase average Dbifide, while climate changes have the
opposite effect. The largest projected decreaseseérage DM8H ozone occur in the south
and southeast regions, where future average DM&heozs dominated by climate effects.
This is reflected in the relatively small increasesaverage DM8H ozone (+3 ppbv) in
Regions 4 and 6. On average across the U.S.,dhmbined effects of projected global
changes result in a +7 ppbv increase in average HDb#®ne, and the changes in ozone are
dominated by changes in chemical boundary conditeord emissions in most regions, except

for the southeast, which is dominated by changesmvective precipitation.
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3.3 PMs;5results

Results for the simulated July A24-hr RPMconcentrations are shown in Fig. 8. Changes in
emissions (futEMIS case) contribute most to inarep®\24-hr PM 5 concentrations across
the U.S. (approximately +3g m°). The largest increases in A24-hr PMiue to changes in
emissions are found in the east and central U&. ¢+m* for Regions 1-3 and 7; +55 m"*

for Regions 4 and 5), while the smallest changesioim the west (+1g m* for Regions 8
and 10; +2 g m* for Region 9). Unlike ozone, changes in chemmmaindary conditions
(futBC case) have very little impact on RMconcentrations. A24-hr PM concentrations
are influenced most by changes in chemical boundamditions along the west coast

(Regions 9 and 10), but for all regions the incedasA24-hr PMs is less than +1g mi°,

Changes in meteorology (futMETcurLU simulation) uksn a slight decrease in A24-hr
PM, 5 concentrations across the U.S. (approximatelyg-in®). The largest decrease in A24-
hr PMs occurs in Region 4 (-3g mi®), and is primarily due to enhanced wet deposition
the region. Changes in BMlevels across the rest of the U.S. range from +@.2n° in
Region 1-3 to -1 g m?in Regions 5, 6, and 7. Results for the futuréemmlogy and future
land-use simulations (futMETfutLU case) show onlyskght increase in A24-hr PM
compared to the future meteorology and current-lasel simulations (futMETcurLU case),
which suggests that for A24-hr BN meteorological changes are more important than
changes in future biogenic emissions due to lardebhanges. The differences in results from
the futMETfutLU and futMETcurLU cases are primaridye to a decrease in total BVOC
emissions (see Fig. 4) and a spatial redistributibthose emissions due to changes in land-
cover type (see Fig. 2) in the futMETfutLU casehisTdecrease in BVOC emissions leads to
reduced biogenic secondary organic aerosol (SOAgdton and enhanced OH levels. The
enhanced OH subsequently leads to increases iatesulfitrate, and ammonium aerosols.
This increase in inorganic aerosol concentratiofisets the decrease in biogenic SOA,
resulting in a small overall increase in A24-hr PjMor the futMETfutLU case compared to
the futMETcurLU case.

In the FUTall case, the largest increase in A28 soccurs in Region 1-3 (+4g mi®) and
is almost entirely due to changes in emissionsgid®e4 shows the smallest increase in A24-
hr PMys (+1 g m®) due to the combined effects of changes in emissiavhich tend to

increase A24-hr PlMs, and changes in meteorology, which decreases AZ2Mps. On
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average, across the continental U.S. the A24-hy Ridncentration is projected to increase by

+2 gm>.

4  Conclusions

Changes in future ozone and PMoncentrations compared to the present-day, arealthe
synergistic effects of changes in chemical boundeaoyditions, regional anthropogenic
emissions, land-use (biogenic emissions), and timaverall, U.S. July average DM8H
ozone concentrations in the 2050’s are projectedntoease by an average of +7 ppbv
compared to the present-day. However, these seaudt spatially highly variable. Some
regions may experience larger increases in aveDdg@H ozone, while other regions may
experience decreases in average DM8H ozone. Rrdjexhanges in chemical boundary
conditions are found to have the single largestaichjpn average DM8H ozone, and increase
ozone levels in all regions. The second largestach on ozone levels is due to changes in
anthropogenic emissions combined with future lase-@.e., reduced BVOC emissions),
which increase ozone in most regions, except igelairban centers, where ozone decreases.
Climate change alone is projected to increase geef@aM8H ozone in some regions
(northeast and west central), and decrease itharet(west coast and south/southeast), but
results in an overall decrease of ozone. Wherepteql changes in climate and land-use are
simultaneously accounted for, average DM8H ozomedseased even further.

Projected increases in future A24-hr PMoncentrations are primarily driven by increases i
inorganic aerosol concentrations, which more th#eeb any decreases in biogenic SOA
associated with the reduced BVOC emissions (froajepted land-use changes). Projected
changes in chemical boundary conditions resultriegligible increase (< 1g m®) in A24-hr
PM, s concentrations. Climate change tends to reducgsRBhcentrations in most regions,
with the largest reductions coming in the southezast.S. due to enhanced wet deposition

from an increase in convective precipitation.

The results from this work show that although clenehange may play an important role in
defining future air quality in certain regions, arlarger scale, changes in chemical boundary
conditions and emissions appear to play a much magpertant role. This is consistent with
recent work by Tao et al. (2007) who show thatithportance of specific global changes to

projected air quality will change depending on whicature climate/emissions scenario is

15



assumed. Furthermore, the variability in the rssirtbm recent modeling studies examining
the impact of global changes on U.S. air qualitg.(&8/u et al., 2008; Racherla and Adams,
2008; Tagaris et al., 2007; Dentener et al., 20@6razaki and Hess, 2006) illustrates the
difficulty involved in making these predictions, agll as the necessity for including all

available studies when evaluating the potentialaote of global changes on future U.S. air
quality. To examine the relationship between dpeglobal changes and regional air quality
more thoroughly, we plan to conduct a matrix ofiaddal model runs, which will include

multiple future climate, global/regional anthropoge emissions, and land-use/land-cover

scenarios.
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Table 1. Designated model inputs for the six aititn cases. The “present-day” parameters
refer to input representative of the 1990’s, wliigture-2050” refers to input parameters
representative of the 2050’s. Each case is coepo$ five separate month long simulations

representative of July meteorological conditions.

Simulation Chemical Anthropogenic Land-use / land-
N boundary T Meteorology
ame o emissions cover
conditions

| I
CURall present-day present-day present-day present-day
FUTall future-2050 future-2050 future-2050 future-2050
futBC future-2050 present-day present-day present-day
futEMIS present-day future-2050 future-2050 present-day
futMETcurLU present-day present-day present-day future-2050
futMETfutLU present-day present-day future-2050 future-2050
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Table 2. Summary of U.S. total present-day andegtefd future-2050 anthropogenic and
biogenic emissions for the month of July. Fraaiochange (future-2050 / present-day) is

shown in parentheses for anthropogenic emissions.

anthropogenic biogenic
= & S5 =
d ss 8% 85 8¢
— [7p] - O - O [@) o (o) @]
o = 3 o 25 S® £& 589
5 5 g g & £ g5 g2 g5 g
@ S = < 3 = ES 2- 203
= 2 = = =0 ET E
O 0 O S Ly 05
n o 0n e S o =
s o2 5 a 5 2
o o — —
11.4 40.2 725 1614
CcoO (2.0) (1.20) (1.11) (0.99) -- -- - -
24.1 3.7 12.6 22.4
NOx (1.0) (1.58) (1.10) (0.99) 4.1 4.1 4.2 4.2
4.5 19.9 8.1 15.6
VOC (1.0) (2.11) (1.30) (0.98) 156 96 188 103
%s
o 02 152 001 08
NH3 2 (1.0) (2.50) (1.06) (0.99) -- -- - -
@]
<
42.7 2.8 15 0.8
SO (1.0) (1.57) (1.33) (0.99) - - - ~
4.5 57.1 1.1 0.7
PMyq (2.0) (1.93) (1.17) (0.99) -- -- -- -
3.6 13.9 1.0 0.5
PMzs (2.0) (2.79) (1.17) (0.99) -- -- - -
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Figure 1. EPA regions for the continental Unitedt&. Note that for simplicity Regions 1, 2,
and 3 are treated as a single combined region.(1-3)
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Figure 2. MM5 land-use by USGS category for thespné-day (top) and future-2050

(bottom) simulations.
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Figure 3. Projected July changes from the presanttd the 2050’s for (a) average daily
maximum surface temperature, (b) average daily mami boundary layer height, (c) average
daily insolation, (d) average daily water vapor teort within the boundary layer, and (e)

average daily precipitation.
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Figure 4. Biogenic emissions capacity maps (nomzedlito 30 °C and 1000 pmoles®ra®
photosynthetically active radiation) for (a) presday isoprene, (b) present-day
monoterpenes, (c) future-2050 isoprene, and (dy€42050 monoterpenes.
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Figure 5. Comparison of modeled to observed dadximum 8-hr ozone concentrations.
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Figure 6. Comparison of modeled to observed avedgm (A24-hr) PM s concentrations.
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Figure 7. Average daily maximum 8-hr ozone for tfeg CURall simulation, (b) difference

between the FUTall and CURall simulations, (c) eléince between the futBC and CURall
simulations, (d) difference between the futEMIS aDUWRall simulations, (e) difference

between the futMETcurLU and CURall simulations, aff difference between the

futMETfutLU and CURall simulations.
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Figure 8. Average maps of 24-hr PM2.5 concentratmm(a) the CURall simulation, (b)
difference between the FUTall and CURall simulagioft) difference between the futBC and
CURall simulations, (d) difference between the MtE and CURall simulations, (e)
difference between the futMETcurLU and CURall siatidns, and (f) difference between the
futMETfutLU and CURall simulations.
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