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Abstract. A comprehensive numerical modeling framework emission projection used here, regional ozone pollution be-
was developed to estimate the effects of collective globalcomes worse in the 2045-2054 period for all months. An-
changes upon ozone pollution in the US in 2050. The frame-nually, the mean DM8H ozone was projected to increase by
work consists of the global climate and chemistry models,9.6 ppbv (22%). The changes were higher in the spring and
PCM (Parallel Climate Model) and MOZART-2 (Model for winter (25%) and smaller in the summer (17%). The area
Ozone and Related Chemical Tracers v.2), coupled with reaffected by elevated ozone within the US continent was pro-
gional meteorology and chemistry models, MM5 (Mesoscalejected to increase; areas with levels exceeding the 75 ppbv
Meteorological model) and CMAQ (Community Multi-scale ozone standard at least once a year increased by 38%. In
Air Quality model). The modeling system was applied for addition, the length of the ozone season was projected to in-
two 10-year simulations: 1990-1999 as a present-day baserease with more pollution episodes in the spring and fall.
case and 2045-2054 as a future case. For the current decadegr selected urban areas, the system projected a higher num-
the daily maximum 8-h moving average (DM8H) ozone mix- ber of pollution events per year and these events had more
ing ratio distributions for spring, summer and fall showed consecutive days when DM8H o0zone exceed 75 ppbv.

good agreement with observations. The future case sim:-
ulation followed the Intergovernmental Panel on Climate
Change (IPCC) A2 scenario together with business-as-usual |ntroduction

US emission projections and projected alterations in land

use, land cover (LULC) due to urban expansion and changegulerian chemical transport models (CTM) have been widely
in vegetation. For these projections, US anthropogenicused to study complex air quality problems for historical
NOx (NO+NQ;) and VOC (volatile organic carbon) emis- pollution events. These models have also begun to be em-
sions increased by approximately 6% and 50%, respectivelyployed as forecast systems to predict air pollution episodes
while biogenic VOC emissions decreased, in spite of warmeffor short term periods (Mckeen et al., 2005; Chen et al.,
temperatures, due to decreases in forested lands and expaPB08). With increasing concern about the range of impacts
sion of croplands, grasslands and urban areas. A stochastifue to global change, there are new CTM studies investi-
model for wildfire emissions was applied that projected 25%gating regional air quality impacts from large scale changes
higher VOC emissions in the future. For the global and US(Murazaki and Hess, 2006; Tagaris et al., 2007; Racherla and
Adams, 2008; Wu et al., 2008). Global changes, including
climate change, land use, land cover (LULC) alteration, pop-
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physical processes. The consequences of future ozone pollgonsistent with the SRES scenarios, changes in US emissions
tion on humans and the environment are described in sevdue to population growth and economic expansion, and al-
eral recent studies (Knowlton et al., 2004; Bell et al., 2007;terations in LULC that can affect both meteorological condi-
Campbell-Lendrum et al., 2007). tions and biogenic emissions important for ozone formation.
Climate change is predicted to have direct impacts on re\We also consider the effects of changes in climate that affect
gional meteorology (IPCC, 2007). Changing regional meteo-the occurrence of wildfires within the US. Together, these
rology can affect ozone pollution directly and indirectly. One different features of global change represent a relatively com-
direct consequence of climate change is the positive feedbacglete suite of changes that will affect air quality in the US in
between increasing temperatures and increasing ozone fothe future.
mation (Sillman and Samson, 1995). Steiner etal. (2006) and In this work, we demonstrate a coupled global and regional
Dawson et al. (2007) found a warmer future climate increaseCTM framework to study global change consequences on
ozone production by increasing PAN (peroxyacetylnitrate) US ozone pollution in 2050s. The methodology accounts
decomposition, and, thereby increasing,\fdncentrations.  for the collective factors influencing ozone: from large scale
Quantitatively, Dawson et al. (2007) estimated that a temperglobal climate and global pollution burden, to regional emis-
ature increase of 22K can result in 1 to 3 ppbv increase in sion variations due to LULC alterations and anthropogenic
ozone levels over the Eastern US. However, a warmer climatectivity. We first describe the modeling approach in Sect. 2,
can also increase atmospheric water content, which can infollowed by results and discussion in Sect. 3. A summary and
crease ozone loss bys®H0,—20,+OH and thus decrease conclusions are presented in Sect. 4. In a companion paper
ozone atmospheric lifetimes (Racherla and Adams, 2008). by Avise et al. (2008), this investigation is taken a step fur-
In addition to influences on ozone chemistry, climate ther with an attribution analysis of the relative importance of
change may also create atmospheric conditions that favor athe effects on ozone and B due to each individual aspect
pollution. By assessing future meteorological patterns with aof global change.
regional climate model, Leung et al. (2005) found that pollu-
tion events will increase in the Western US due to a larger
number of stagnation events coupled with higher summer Methods
temperatures, higher solar radiation and lower precipitation
frequency. Similarly Mickley et al. (2004) and Murazaki The model system consists of one-way coupled global and
and Hess (2006), using different global climate models, conregional scale models where results from the global models
cluded that climate change alone can cause longer and mongere used to drive regional simulations through spatiotem-
frequent pollution episodes due to decreased frequency anporal varying boundary conditions. In this dynamic down-
intensity of synoptic frontal passages. scaling approach, the global models account for the effects
Future changes in anthropogenic and biogenic emissionsf global change and communicate these changes to the re-
can also substantially impact regional pollution conditions. gional scale in terms dynamically changing boundary con-
In the Special Report on Emission Scenarios (SRES) thelitions. In turn, the regional models couple these global
Intergovernmental Panel on Climate Change (IPCC) de-conditions to better resolved terrain, land use, and emis-
scribed several socioeconomic scenarios with projected fusions affecting ozone formation and fate within the US. The
ture greenhouse gas and pollution emissions: Al, A2, B1model downscaling between global and regional models had
B2 (Nakicenovt, et al., 2000). Although the projections be- been recently discussed in the literature (Tong and Mauzer-
tween the scenario families are highly variable, all scenariosall, 2006; Huang et al. 2008).
foresee global increases in anthropogenic ozone precursors The model system was applied for two 10-year periods.
due to population increases and urban expansion. Since tréFhe base case, 1990-1999, represents present-day air qual-
pospheric ozone levels have been steadily increasing over thgy conditions. Results from this simulation are compared
past century (Marenco et al., 1994; Staehelin et al., 1994)with long-term measurements for model evaluation, and as
further increases in NQand non-methane volatile organic a benchmark for comparison with the future case for 2045-
compound (NMVOC) emissions may exacerbate pollution2054. Long-term simulations were carried out to better rep-
conditions and pose greater risks to human health and theesent large-scale signals from global change and to min-
environment in the future. imize the normal temporal variability. These decade-long
Although many recent studies have investigated the effectsimulations represent a large array of environmental con-
of individual meteorological parameters or regional emis-ditions driven by the combined global and regional model
sions upon surface ozone, few have considered the colleescenario.
tive effects of global changes on a regional scale. This
holistic view is important because of the broad effect that2.1 Global simulations
global changes have on ozone chemistry and physics. In this
case, we take global change to include the effects of climaté@he global models used were the PCM (Parallel Climate
change, changes in global anthropogenic precursor emissiortdodel; Washington et al., 2000), and the MOZART-2
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(Model for Ozone and Related Chemical Tracers version 2mesoscale features to develop freely. The model runs were
Horowitz et al.,, 2003). The PCM global climate model conducted in non-hydrostatic mode with the MRF planetary

provided the gridded climate input data to the MOZART- boundary layer scheme (Hong and Pan, 1996), simple-ice
2 chemical model. The global models had a horizontal rescloud microphysics, Kain-Fritsch cumulus parameterization

olution of ~2.8 in both latitude and longitude directions (Kain and Fritsch, 1990), and CCM2 radiation scheme. The

and 18 hybrid vertical layers from ground t&4 hPa. The  model configuration for the future case was identical to the

MOZART-2 chemistry-transport model was run with a time base case except for projected LULC changes.

step of 20 min (Lamarque et al., 2005a). The output time- |t js important to consider future LULC alterations in a
steps for PCM and MOZART-2 were 6h and 3h, respec-comprehensive global change scenario. Most previous stud-
tively. ies on global change impacting regional air quality have as-
Global CO, NQ, SO, VOC, and PM;s emissions for  sumed static LULC in the future scenario. LULC varia-
MOZART-2 were based on the Emissions Database fortions can significantly influence regional meteorology and
Global Atmospheric Research (EDGAR version 3.2; Olivier air quality through surface-atmosphere energy flux perturba-
et al., 2000) and the Global Emissions Inventory Activity tions (Civerolo et al., 2000; McDonald-Buller et al., 2001;
(GEIA: http://geiacenter.o)g Global biogenic emissions Grossman-Clarke et al., 2005). In addition, LULC changes
were generated dynamically using algorithms from Guen-can directly influence the magnitude and spatial distribution
ther et al. (1995) with variable global vegetation distribu- of emissions.
tions for each decade. Global lightning Nemissions were Future LULC applied here followed the A2 climate con-
included, but variations in lightning NOemissions from  iiions with data prepared for the Community Land Model
climate change were found to be small in this model setup(CLM; Bonan et al., 2002) and urban expansion information
(Lamarque et al., 2005b). projected from the Spatially Explicit Regional Growth Model
Future climate and pollutant environments for the 20505(SERGOM; Theobald, 2005). The SERGOM provided urban
were based on the IPCC SRES A2 scenario (IPCC, 2001)and suburban population density distributions for 2030. Fu-
The A2 scenario represents one of the worst projected globare vegetation and agriculture LULC were based on a pre-
environments among all the scenario families (Makiove  |iminary mapping of plant functional type distributions for
et al., 2000). It has high atmospheric loading with a steadyine cL M (Feddema, J., personal communication, 2007). The
rate of increase of greenhouse gases and ozone precursgaps were from an interpolation of the Integrated Model to
emissions. The average @@nd CH, mixing ratios in 2050s  Assess the Global Environment (IMAGE v2.2; Alcamo et
are both~50% higher compared to the present-day casey|. 1998; Nakienov et al., 2000; RIVM, 2002; Strengers
of 353ppmv and 1.70 ppmv, respectively. Global anthro-gt 51, 2004). Natural vegetation in the future was held con-
pogenic NQ emissions are projected to more than doublestant relative to the present-day land cover dataset, while fu-

to 71Tg nitrogen year', while global anthropogenic VOC  tre agricultural and grazing extents were represented by the
emissions are projected to increase by approximately 60% tQUAGE v2.2 A2 scenario.

225Tg carbon year'. Figure 1 depicts the current and future decade LULC, in

terms of the USGS categories used in MM5. The predomi-
nant changes are the increasing abundances of shrub, grass-
land, and dry-land crop areas. Large regions of the central
US changed from grass and croplands to pasture or dry-land
crop. In the southwest, land covers shift from mostly shrub
gind to sparse vegetation and grassland. In the Pacific North-
west, areas of evergreen forests are transformed to grassland
and irrigated crops. Overall, there is complete disappearance
of tundra and wooded wetland categories; these are replaced
by shrubs, bare vegetation, dry land pasture and urban ar-
eas. Although the scenario appears extreme and is dominated
by agriculture, these changes provide an upper limit to the
H’mpact of LULC on future meteorology, emissions, and air
quality.

2.2 Regional simulations

The regional Mesoscale Meteorological model ver-
sion 5 (MM5) (Grell et al., 1994) and the EPA Community
Multi-scale Air Quality (CMAQ) modeling system (Byun
and Schere, 2006) were used to downscale the PCM an
MOZART-2 outputs, respectively. Results from the regional
models were hourly pollutant concentrations at 36-km grid
resolution over the continental US.

2.2.1 Regional meteorology

The Pennsylvania State University (PSU) — National Cente
for Atmospheric Research (NCAR) mesoscale model (MM5,
release 3.6.3) was used as the regional climate model and

applied in a one-way nested configuration at 108-km and2.2.2 Regional air quality

36-km grid resolutions (Salathet al., 2008). PCM to MM5

downscaling was conducted at the 108-km domain by nudgThe CMAQ model (version 4.4) with SAPRC-99 chemistry
ing the MM5 results towards that of PCM at every 6 h time mechanism (Carter, 1990) was applied for the regional air
step; no nudging was applied to the 36-km domain, allowingquality simulations. The model adopted the MM5 terrain
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Fig. 1. MM5 land use categories for the 1990s base case (top) and the 2050s future case (bottom).

following coordinates with 17 vertical layers. The top of the creasing global pollution conditions, while those on the east
first layer was approximately 35 m above the surface. are due to a combination of global changes and increasing
Both the base case and future case chemical boundaryS emissions. Hogrefe et al. (2004) and Avise et al. (2008)
conditions were downscaled from the MOZART-2 output. found higher global background concentrations to be a pri-
Chemical concentrations were taken directly from over-mary cause for the increases in US ozone levels in the 2050s.
lapping grids between the CMAQ lateral boundaries andSimilarly using a global CTM, Jacob et al. (1999) estimated
the MOZART-2 domain. Chemical mechanism species inmonthly mean ozone levels in the US to increase by 1-6 ppbv
MOZART-2 were matched to those used in the CMAQ from 1985 to 2010 due to increases in Asian emissions.
model. The boundary conditions represent the overall global
chemical background for each decade. There are conside.2.3 Regional emissions
able differences between the current and projected global
chemical conditions. Figure 2 shows the July averagedregional emissions for CMAQ were processed with the
ozone, NQ and VOC profiles along the east and west lat- SMOKE modeling system (Houyoux et al., 2005). The
eral boundaries. Species concentrations are generally highqy’resent-day US anthropogenic emission inventory was based
for the eastern boundary as the predominant westerly wingn the 1999 EPA National Emission Inventory (available at:
brings cleaner Pacific air to the west, while the air mass leavhttp://www.epa.gov/ttn/chief/net/1999inventory.html The
ing the eastern boundary contains higher anthropogenic pol2050s anthropogenic emissions were projected with the
lution levels. region-specific emission factors base on the EPA Economic
There is a clear shift towards higher global ozone,xNO Growth and Analysis System (EGAS; US EPA, 2004). Fu-
and VOC pollution in the future. The degree of increaseture emissions accounted for estimated population, economic
varies vertically. Along the western boundary, the averagegrowth and projected energy usage by sector, but did not
ozone mixing ratio below 500 mb increased approximatelyinclude emission control regulations or major technology
12 ppbv (31%), while the VOC mixing ratio almost doubled breakthroughs that would significantly affect the use of tra-
from 1.1 to 2.1 ppbv. Along the east, the ozone mixing ratio ditional energy. Future mobile source projections, based on
was projected to increase by 14 ppbv (30%), while,N@d EPA MOBILES, considered increases in alternative fuel ve-
VOC mixing ratios were estimated to increase by approxi-hicles and decreases in older vehicles; however, the dominant
mately 50%. The changes on the western edge reflect intransportation fuels were assumed to remain gasoline and
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Table 1. Summary of domain-wide emissions (kilotons/day) for the base case and the projected emission ratios for the future case (fu-
ture/current). Biogenic emissions are for the month of July.

Area On-Road Mobile  Non-Road Mobile Point ~ Wildfire  Biogenic (July)

CO 45/1.31 185/0.98 61/1.14 11/1.00 1.5/1.25 -
NOx  5/1.57 23/0.99 11/1.11 23/1.00 - 4.1/1.02
VOC 24/2.01 14/0.98 7/1.35 5/1.00 0.1/1.24 156/0.66
SO 3/1.52 0.8/0.99 1.3/1.38 42/1.00 - -

VOC, NOy and CO emissions were projected to increase by
53%, 6% and 6%, respectively, compared to the present-day
/’ . |—NOy rd estimates.
V (= VOC| -/ Natural source emissions from vegetation and wildfire
a : : : were included in the regional domain in both cases. Biogenic
. : emissions were generated dynamically with the MEGAN
' model (Guenther et al., 2006). The model estimates hourly
& : isoprene, monoterpene and other biogenic VOC emissions
\\ : from vegetation using a seasonal varying vegetation dataset
L s : and hourly meteorology. Present-day vegetation data were
\ \V\ ; from satellite observations. Future case LULC data were
00 L \\ : based on the same data as that used in the MM5 model de-
04 100 scribed earlier (Fig. 1).
Large differences in biogenic emissions were projected for
Western Boundary| . the future due to changes in LULC and climate. Figure 3
200 ~ . 2 shows the July-averaged isoprene emission comparison nor-
300 3 ~ k ; malized at 30C. Isoprene emission capacity was projected
wol [ : to decrease because of projected LULC changes.
: Isoprene-dominant LULC categories, such as broadleaf
) : forests, were greatly reduced in the southeast, coastal Cal-
P ; ifornia and northern Midwest, and replaced by grasslands or
700 : crops with lower isoprene and monoterpene emission capac-
: ity. The reductions were significant since regional isoprene
g \ ".‘ ; emissions decreased, even though average temperatures were
\ \ * ! estimated to be warmer. The July biogenic VOC emissions in
; o o 2050s were predicted to decrease by 34% from the present-
mixing ratio [ppbv] day estimates. This is a significant difference in our simu-
lations in comparison to other model studies that projected
Fig. 2. Base case (solid line) and future case (dotted line) averagdiigher isoprene emissions in the future due to warmer cli-
boundary condition profiles along the western and eastern regionainate (e.g., Hogrefe et al., 2004; Racherla and Adams, 2008;
model domain. Wu et al., 2008). Our results show that future increases in
biogenic VOC emissions due to warmer temperatures could
be offset by reductions in emission capacity due to LULC
diesel. Spatial distributions of future anthropogenic emis-alterations. Although the LULC applied here represent an
sions were also updated with population density from theextreme scenario with large uncertainty, this change empha-
SERGOM to reflect expanding urban areas. sizes the importance of developing reasonable LULC projec-
Table 1 shows the regional emission summary for the twotions for both forested lands and agricultural expansion or
cases. The biggest projected change was for area sourcesntraction.
with NOy, VOC and SQ increasing by more than 50%, and  Emissions from fire events can contribute significant
CO increasing by 31%. Non-road mobile emissions wereamounts of pollutant precursors and pollutants to the atmo-
projected to increase between 11% and 38% depending osphere (Miranda, 2004; Malm et al., 2004). To account for
the species, but on-road mobile emissions were projected tthe impact of biomass burning on air quality, we applied the
stay relatively constant. Anthropogenic point sources wereBluesky model system (Larkin et al., 2008) to estimate fire
assume unchanged. Overall, the future US anthropogeniemissions for current and future case simulations. Fire event
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Fig. 3. July isoprene emission capacity normalized t8G@wg m~2h~1) for the base case (left) and the future case (right).

data for 1990_1.999 were obtal.ned from the Bur?fau of I‘andTabIe 2. Model performance statistics comparing base case mod-
Management with records of fire location and Siz€ on fec_j'eled and measured ozone mixing ratios for spring (MAM), summer
eral lands. Future fire events were modeled using the Firgjja) and fall (SON). Average ozone condition indicates averaged
Scenario Builder (FSB) stochastic model (Mckenzie et al.,monthly daily maximum 8 h (DM8H) ozone mixing ratios. Episodic

2006). The FSB model estimates fire occurrence probabilitypzone condition indicates the monthly top 98th percentile 8 h ozone

fire size, and fuel consumption with simulated future mete-mixing ratios.

orology from MM5. The Bluesky model projected approxi-
mately 25% increases in VOC and CO emissions from wild-

Average Ozone Condition

fire due to increases in future wildfire activity (Table 1). Spring Summer  Fall

Number of Points 2851 3066 2727
, _ MB (ppbv) 2.3 8.0 1.1

3 Results and discussion ME (ppbv) 592 97 59
NMB 5% 15% 3%

3.1 Compare regional meteorology with observations NME 11% 18% 15%
Modeled Average (ppbv) 51 63 41

Since the simulations were performed using a free-running  Measured Average (ppbv) 48 55 40

climate model, without any assimilation of observational R 0.48 0.58 0.45

data, the results for the current case do not correspond to

any specific calendar event, but represent a general realiza-  gpisodic Ozone Condition

tion of current climate conditions. Thus, comparisons of the _

base case with observations were conducted with an empha-  Number of Points 2851 3066 2727

sis on the ability of the model to reproduce the frequency and mg Eppgz; _71'78 :;Eé _2111

spatial distributions of meteorological parameters and pollu- NMBpp _2'% 40'/0 1%

tant levels. Surface temperature and precipitation from the e 10% 11% 15%

MMS5 model were compared with station observations across  \jodeled Average (ppbv) 75 92 74

the US for 1990-1999. The evaluations were performed at  Measured Average (ppbv) 76 89 76

the station level, independent of year. Observational data R 0.46 0.59 0.30

were from the Historical Climate Network (HCN; Karl et al.,
1990). There were 1221 stations selected for the evaluation,
such that all were at elevations within 150 m of the collocated
MM5 model grid cell.

are distinguished by different colors. Spatial correlations

A composite 1990-1999 annual cycle of daily maxi- between model and observations are good for all times of
mum temperature7(max) and daily minimum temperature the year. The monthly correlation coefficient fBmax are
(T'min) were computed for MM5 and HCN observations on 0.88-0.98, and fof'min are 0.91-0.95. There is a cold
a monthly interval. Figure 4 compares the simulated and obbias to7max less than 4C in the summer and a warm bias
served results in simple scatter plots, with each point repreto Tmin in the winter less than 5°8. The overall results
senting a single station and calendar month; calendar monthshow the model is capable of correctly representing regional

Atmos. Chem. Phys., 9, 1125341 2009
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Fig. 4. Scatter plots of MM5 modeled and measured monthly averaged (a) daily maximum temperature, (b) daily minimum temperature, and
(c) daily accumulated precipitation by station for 1990-1999.

temperatures, however, there is a reduced diurnal range in theroximately 1000 sites were used in the comparisons. Sta-
simulation as noted by deviations from the one-to-one line. tions were grouped geographically by the various US EPA-
Similar comparisons were conducted for modeled precip-designated regions. For simplification, stations in Regions 1,
itation (Fig. 4). Spatial correlation across the continental US2 and 3 are grouped together to represent the northeast
is good for winter months, but poor for fall with mixed per- (Fig. 5). Table 2 summarizes the comparisons using stan-
formance for summer and spring. The annual spatial corredard model performance statistics (defined in Table 3). The
lation coefficient is 0.61 with monthly ranges between 0.11statistics were computed for monthly averaged ozone lev-
and 0.89. There is a substantial wet bias in the simulatiorels as well as episodic ozone levels paired by measurement
for summer and fall, with smaller dry bias for winter and sites. The average ozone condition is defined as averaged
spring. The annual mean precipitation bias over the decadé@aily maximum 8-h (DM8H) ozone at individual sites, and
is —0.019 mm day?. Spatially, the MM5 simulations tend the episodic ozone condition is defined as the monthly 98th
to overestimate precipitation in the Southwestern US and unpercentile mixing ratio.

derestimate in the southeast. In general, the base case simulation adequately repre-
sented the spatial distribution and magnitudes of present-day
3.2 Compare modeled ozone with observations ozone conditions. The model monthly DM8H ozone mixing

ratios were all within a factor of 1.5 of the measured mix-
Long-term hourly ozone measurements were obtained froning ratios. The correlation coefficients ranged from 0.5 in
the EPA Air Quality System (AQS) database for years 1994-the spring and fall to 0.6 in the summer. In terms of perfor-
2003 (available at: http://www.epa.gov/ttn/airs/airsagqs mance statistics, the normalized mean error (NME) ranged
Model comparisons were performed for spring (March, from 11% in the spring to 18% in the summer. The model
April, and May), summer (June, July, and August) and performance was slightly better for episodic ozone events.
fall (September, October, and November). The compar-The NME ranged from 10% to 15%, and the overall mean
isons were not carried out for winter due to a lack of ozoneerror (ME) was between 7.7 ppbv and 11 ppbv, in the spring
measurement data. Hourly ozone measurements from amnd fall respectively. On average, the model over-predicted

www.atmos-chem-phys.net/9/1125/2009/ Atmos. Chem. Phys., 9, 11252009
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Regions 1, 2, and 3 are treated as a single combined region.
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Fig. 6. Comparison of modeled and measured daily maximum 8 h (DM8H) ozone mixing ratios for spring, summer and fall by geographic
regions. The top and bottom bars represent 98th and 2nd percentile values, the top and bottom box indicates 80th and 20th percentile value:
and the center bar represents the overall averaged DM8H ozone.

the summer time episodic ozone by 3.5ppbv and underment sites for spring, summer and fall months. In the summer
predicted the spring and fall episodic ozone by about 2 ppbvmonths when ozone mixing ratio was the highest, the aver-
age ozone condition was better represented for Western and

Figure 6 shows the quantitative regional comparisons ofNorth central US (R08, R09, and R10) but over-estimated by
modeled and measured DM8H ozone ranges across measure-
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increase by +1.3C. Monthly differences varied from +C.€

in November to +2.29C in September. The spatial distribu-
tion for the summer showgmax in the east and southwest
increased by up to°£. Regions in the Pacific Northwest

Table 3. Definitions of model performance statistics.

Number of Paired Data Points N

Mean Bias (MB) % % (M; — 0} and southeast showed smal_ler increases §C+Imax in _
i=1 the central states was predicted to have little change with
small regions in the northern Texas showing decrease of
N . .
Mean Error (ME) % S M — 0] f0.5°C. Ch.ange's in summer PBL h¢|ghts show good spa-
i=1 tial correlation withTmax. Regions with decreases or small
increases in temperature have lower PBL heights, while re-
Modeled averageif) % % M gions with larger temperatl_Jr_e incrt_aases have higher PB_L in
i=1 the future. Annually the mixing height was projected to in-
crease by 60m (2%); however, the monthly variations dif-
Measured average) 1 % 0, fered from 32m (2%) lower in December to 125m (5%)
i=1 higher in April. Since the spatial correlation for PBL and
temperature is high, future increases in ozone pollution that
Normalized Mean 1 % (M; — 0;)/0 x 100% resuIF from higher_temperature may be somewhat offset by
i=1 the higher PBL heights.

Bias (NMB) (%) The projected changes in daily accumulated precipitation

were very small. Rainfall was projected to be slightly higher
(+0.2mm) in the spring but lower for the rest of the year
(=0.1 mm). The magnitude of change was larger at the re-
Error (NME) (%) gional scale. Precipitation in the summer was projected to
be higher in the central states, but decreased slightly for the
v B B southwest, Eastern Texas and coastal Florida. Higher precip-
(M;—M)(0i-0) itation and associated cloud cover can decrease photolysis
]112 rates and increase removal of ozone through wet deposition,

N _
Normalized Mean L5 1M; - 0:1/0 x 100%
=1

Correlation Coefficient (r) !

thereby reducing ozone levels.

3.4 Future ozone pollution conditions

M; —Modeled mixing ratio

0; — Measured mixing ratio The collective effects of global and regional changes were

projected to cause poorer air quality in the US. The mag-
nitudes of pollution changes varied spatially and temporally
Fig. 8 shows the spatially averaged DM8H ozone compar-
7-10 ppbv for Eastern and South central US (R1-3 to R07)jsons by month and over the entire year. The annual DM8H
The comparison was better for the 98th percentile episodigzone in the US was projected to increase by +9.6 ppbv
ozone Conditions Where miXing ratio diﬁerences I’anged from(zz%) from the base case Of 44 ppbv The inter-annua| ozone
a 10 ppbv under-prediction in the Northwestern US (R10)variability was similar for the current and the future cases:
to an 8 ppbv over-prediction in Northeastern US (R1-3). Inthe 10-year DM8H ozone standard deviations for the base
the spring and fall months, the regional model performancesase and the future case were 10 ppbv and 11 ppbv, respec-
were similar as in the summer, but the regional ozone mixingti\,e|y_ The annual DM8H ozone standard deviations were
ratios were lower with narrower ranges. In all seasons thQarger than the monthly values of 3-5 ppbv because ozone
comparisons were poorer for lower ozone conditions. Themixing ratios are higher during summers but lower during
model generally over-estimated the 20th and 2nd percentilghe rest of the months.
0zone mixing ratios, the positive biases across all regions and g yyre monthly averaged DM8H 0zone mixing ratios were
months ranged from 0-16 ppbv and 3-20 ppbv, respectively.projected to be higher in all months by between +8 and
+13ppbv. The rate of increase was larger in the winter
3.3 Future meteorological conditions and spring than the rest of the year. In the winter and
spring, the projected DM8H ozone increased by 28%, while
The magnitudes and spatial differences of present-day anth the summer months it increased by 17%. The differ-
future case average daily maximum surface temperaturences are attributed to higher future chemical boundary con-
(Tmax), boundary layer height (PBL) and daily accumulatedditions as well as decreases in PBL height during the win-
precipitation were compared by month and for the summetter. In a separate attribution study of factors contributing to
season (Fig. 7). The annual averagadax was projected to future US ozone, Avise et al. (2008) show that for the A2
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Fig. 7. (Left) US continental monthly and annually averaged daily maximum surface temperature, PBL height and daily accumulated
precipitation. The error bars indicate the standard deviation of daily values over the 10-year simulations. (Right) Difference plots of the
corresponding variable over the summer months (future case minus base case).

scenario, increasing tropospheric pollution levels, incorpo-assumed future emission reductions with successful emission
rated as chemical boundary conditions, have the most signifpolicies and controls. In this work, chemical boundary con-
icant impact compared to changes in future US emissionsditions were derived from the global MOZART-2 model, US
US meteorology, or regional LULC. vegetation distribution were altered following the IPCC A2
The overall projected DM8H ozone increase of +9.6 ppbv_scenario, and US anthropogenic emission_s were projected to
(22%) in 2050s from global change is slightly higher than increase based on economic and population growth factors.
those reported in other recent studies using CTM downscal N€ results presented here can therefore be taken as an upper
ing (Hogrefe et al., 2004; Steiner et al., 2006; Tagaris et al.,_bound on projected US air quality for 2050. However, it is
2007: Tao et al., 2007). This discrepancy is likely due to dif- MPortant to note that the ozone difference may have been

ferent considerations in future chemical boundary conditiongd"éater if LULC were to remain unchanged with higher bio-
and future US emissions. None of the above studies conJeNic emissions as the result of a warmer climate.

sidered future chemical boundary conditions with a dynamic The projected poorer ozone air quality in the future was
global chemistry model. The studies also did not account foralso reflected in the average number of days when ozone
the associated LULC changes due to future climate, and thegxceeds the new US EPA ambient air quality standard of
projected US emissions based on IPCC scenario factors of5 ppbv (Fig. 9). Episodic ozone events were projected to
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3.5 Future ozone pollution by regions and sites

70 - = Current
= Future
60 | I I t I I Figure 10 shows the difference map of average DM8H ozone
_ { I I I I I I mixing ratio for the summer months (future case minus the
3 %0 { { { base case). The spatial distribution correlated with the pro-
= 40- I { I { I jected increases in summer surface temperature as well as de-
I I I creases in summer precipitation (Fig. 4). Higher ozone levels
307 I were projected across the continent with larger increases in
W T T TS T T T T T e TS T TS the east, sou_th and southwe_st. o
< F 23222 248%9 4% é The combined effects of higher global and US emissions,

expansion of urban areas, and warmer summer temperatures

Fig. 8. Comparison of current and future case continental averagety\”" potentially cause much of the US to experience higher

daily maximum 8 h (DM8H) ozone distributions. The top and bot- ozone _condltlon In_t_he future. 'V'?‘”Y urban areas_, where
tom bars represent the standard deviations over the 10-year simulZ0N€ is more sensitive to VOC emissions, were projected to
tion. The middle bar indicates the overall month and annual averNave summer DM8H ozone increases between +10 ppbv to

aged DM8H ozone. +20 ppbv (Fig. 10). The summer DM8H ozone mixing ratios
in rural regions were also projected to be higher by approx-
imately +2 ppbv to +10 ppbv in the 2050s. The differences

P in ozone changes are due to combinations of changes in lo-

14| = Ccurrent | cal emissions and environmental conditions as well as due

15 W Future ] to collective global changes. There were, however, isolated
10 locations where episodic DM8H ozone mixing ratios were
projected to decrease in 2050s. Most of these represent major
8 cities such as Washington, DC, New York, NY, and Los An-
6 geles, CA. The projected decreases of 1 to 3 ppbv are likely
44 due to local increases in N@missions such that fresh NO
emissions enhance ozone chemical removal via NO titration.
Similar occurrences were found by Civerolo et al. (2007) for
the New York area. By using a regional CTM with the IPCC
A2 scenario, they estimated ozone in New York urban cen-

ters in the 2050s to decrease by 1 to 1.2 ppbv due to future

Fig. 9. Spatial averaged number of days per month and per year thafy yanization, which resulted in higher anthropogenic emis-
daily maximum 8 h (DM8H) ozone mixing ratio exceeds 75 ppbv. sions and reduced biogenic emissions

Spatial comparisons also showed future ozone pollution
to impact more areas within the US. Quantitatively, of the
6094 domain grids representing the contiguous US, 86%

r more fr ntly in all months ex he winter. Th . :
IOCCU Jore lreque ty almo ths except the winte . ewere projected to have DM8H ozone exceeding the 75 ppbv
argest increase in episodic ozone frequency occurred in the

0
spring. Annually, episodic ozone days were projected to ir|_standard at least once per year, and 76% were to exceed the

crease more than 3 times from the base case of 10 days pg}andard by at least four times per year. This represents a

year. In the summer, the average ozone episode frequenc 8% increase in areas experiencing high_ ozone '5"‘?'5 com-
was projected to increase to approximately 6.7 days from th ared to the base case, and the possmll!ty of 79(0 Increase
base case of 2.6 days per year. Since ozone attainment is derareas that were designated as n'on—attamment W.'th the fed-
termined by the 4th highest annual DM8H ozone average ral ozone standard. Larger fractions of rural regions were

) . . projected to have high ozone conditions in 2050s. Most of
over 3 years, increasing the frequency of ozone exceedin . )
e - ese occurrences were in spring and summer months when
75 ppbv on an annual basis will increase the likelihood of » .
X . conditions are favorable to ozone chemistry.
regions violating the ozone standard.

Figure 11 shows the quantitative seasonal comparisons of
Under the combined impacts of global change, the ozonéase case and future case DM8H ozone averaged by the mea-
pollution season was projected to be longer, with diminishedsurement sites shown in Fig. 5. Across the regions, the aver-
seasonal difference between the spring and summer monttege DM8H ozone were estimated to increase by 9-15 ppbv
(Fig. 9). In the 2050s, the average US ozone season wais the spring and 6—13 ppbv in the summer. The south central
projected to start as early as March and end in October. IlJS (R06) had the largest ozone increase compare to the base
both the base case and the future case, ozone events ocatase, with 15 ppbv (+29%) and 13 ppbv (+22%) increases,
most frequently in July when surface temperature was alsaespectively for spring and summer months. In contrast, the
the highest. Northwestern US (R10) had the least amount of change with
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Fig. 10. Difference plot of summer averaged daily maximum 8 h averaged (DM8H) ozone mixing ratios (ppbv) (future case minus base
case).
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Fig. 11. Comparison of current modeled and future modeled daily maximum 8 h (DM8H) ozone mixing ratios for spring, summer and fall
by geographic regions. The top and bottom bars represent 98th and 2nd percentile values, the top and bottom box indicates 80th and 20tt
percentile values, and the center bar represents the overall averaged DM8H ozone.

9ppbv (+24%) and 6 ppbv (+16%) increases. In the fall of 37 ppbv, and the southern Midwest region (R07) had the
season, the regional changes were more homogeneous bleast amount of change, with 6 ppbv (+16%) increase from
tween 6 ppbv and 9 ppbv. The Southwestern US (R08) hadhe base case of 38 ppbv.

the largest estimated increase of +25% from the base case
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The regional ozone spatial variability, measured by ozondikely to cause more damaging effects on human health than
mixing ratio standard deviations across measurement sitesingle-day acute exposures (Spektor et al., 1991; Ratto et al.,
was projected to be smaller in the future case. The smalle006).
variability implies that ozone concentrations in the 2050s
were projected to have smaller spatial differences between
sites within a region. This is likely due to expansions of ur- 4 Summary and conclusions
ban areas with more homogeneous LULC and pollution re-
sponses. We have implemented a numerical modeling system to quan-

Eight sites were selected across the regions to compare tH&y regional ozone pollution 50 years in the future and
impacts of global change on ozone (Fig. 5). These sites wer@ccounted for the combined effects of large-scale global
chosen for their high observed ozone during 1992—2003change, regional-scale emissions, LULC changes within the
Each site is downwind of a large urban area with averageJS and changes in wildfire occurrence. The model frame-
measured episodic ozone levels ranging from 84 ppbv inwork includes a coupled global and regional model sys-
Canby, OR to 165 ppbv in Crestline, CA. Ozone seasons atem where the PCM and MOZART-2 global models provide
these locations, measured by days per month DM8H ozonépatiotemporal boundary conditions as input to the regional
exceeding 75 ppbv, were projected to lengthen. The changedM5 and CMAQ models. This framework was applied
were larger for cities in the east and in California comparedto simulate ozone conditions for the 1990-1999 base case
to the rest of the sites. In the present-day, most sites ha@nd the 2045-2054 future case. The projected future global
ozone seasons between April and September, except Chadnthropogenic influence follows the IPCC A2 business-as-
field Lake, CO and Canby, OR where the ozone season wadsual scenario. Future US anthropogenic emissions were
shorter from May to August. In the future case, all sites wereProjected to be higher based upon population and economic
projected to have longer ozone seasons. The three sites Browth projections, while biogenic VOC emissions were es-
the east, Winslow, NJ, Gt. Smoky Mt., TN, and Wilming- timated to be lower due to LULC changes. Wildfire emis-
ton, OH, were projected to have the longest ozone seasor$ions were estimated to be 25% higher in the future for both
Ozone season in these sites were projected to start as earOC and CO.
as February and end in November with an average 0.3 days The base case simulations were compared with long-term
and 0.4 days per month when DM8H ozone exceeds 75 ppbyneteorology and ozone measurements. Correlations for
respectively. Chatfield Lake and Canby with least number ofdaily maximum and minimum temperature were good, but
episodic ozone days had shorter ozone season from April téhe simulation showed reduced diurnal temperature ranges.
September. For the rest of the sites, high ozone conditiondhe system represented the episodic ozone conditions well
were projected to occur from March through October. for spring, summer and fall months, but had positive biases

In the 2050s, many areas were projected to have more frefor average and low ozone conditions. Spatially, the system
quent ozone episodes with longer pollution durations. Fig-was able to reproduce the measured ozone mixing ratios vari-
ure 12 shows the normalized percentage of ozone eventgtions across the US.
grouped by number of consecutive days when DM8H ozone Large changes in regional air quality conditions were pro-
mixing ratios exceed 75 ppbv. The total ozone episode-dayected for the 2050s with respect to the base case simu-
in each case, defined as number of days 0zone mixing ratitation. Although the estimated changes in LULC reduced
exceed 75ppbv at a site, is noted on the figure legend. Ithe biogenic emissions in the 2050s, the projected increase
the base case, most sites had less frequent and shorter ozoieanthropogenic emissions and higher tropospheric back-
episodes. At seven of the sites, more than 50% of all episodeground pollutant levels caused ozone air pollution to be
were shorter than 2 consecutive days. worse both spatially across the US and temporally within a

In the future case, all 8 sites were projected to have deyear. The mean annual DM8H ozone mixing ratio was pro-
creased frequency of one- and two-day episodes, in exjected to increase by 9.6 ppbv (22%) compared to the base
change were higher frequency of longer pollution events.case. Monthly DM8H ozone were projected to increase by 8
The shift in episode length distribution is due to normal- to 13 ppbv with a larger percentage change in the winter and
ization by total ozone episode-day from each decade. Irspring compared to the rest of the year.
the future case, the model estimated a shift in percentage of Spatially, the projected ozone change varied across the
shorter-duration episodes in exchange for increased numbeayS continent. There were larger increases in the east, south
of longer-duration episodes. The actual number of episodeand southwest, and lesser increases in the Pacific Northwest
day in the future is higher due to higher total number of and central states. Quantitatively, 38% more areas were pro-
ozone episodes. Except for Chatfield Lake, CO and Canbyjected to experience high ozone pollution exceeding the 75
OR more than 35% of ozone episodes were projected to lagipbv ozone standard at least once per year compared to the
more than 3 consecutive days, compared to approximatelyase case.

20% in the base case. The possibility of more frequent and Temporally, there were more days when DM8H ozone
prolonged exposures to high ozone conditions in the future isnixing ratios exceed 75 ppbv in the future. The increase in
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Fig. 12. Frequency distributions of base case and future case ozone episode duration expressed as consecutive days per episode dai
maximum 8 h averaged (DM8H) ozone exceed 75 ppbv. Numbers in the legend indicate the total number of 0zone episodes within each case

ozone episode frequency not only occurred during the sumwork provides a potential upper bound on US ozone condi-
mer season, as in the base case, but also in the spring atidns given the more pessimistic aspect of the scenarios con-
fall due to longer warming periods. The results also showedsidered.

a higher frequency of longer ozone pollution episodes with ) . . .
more consecutive days having ozone mixing ratios exceed 1he large reductions and spatial changes in the projected
the 75 ppbv standard. biogenic emissions demonstrated the sensitivity and uncer-

tainty with projected LULC changes, and their indirect im-
The results presented in this work showed the collectivepact on future ozone air quality. The projected ozone magni-
impacts of future global change on regional ozone pollutiontude and spatial distribution may have been worse if LULC
in the US based on the business-as-usual (A2) climate andrere to remain unchanged with higher biogenic emissions
pollution scenario in the 2050s. Studies based upon more opas the result of a warmer climate. Due to the complex-
timistic climate scenarios and projected future US emissionity of atmospheric chemistry and meteorology influences on
conditions will produce a different range of results. This pollution events, the overall ozone change may result from
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