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Abstract 16 

Simulated present and future air quality is compared for the years 2006-2010 and 17 

2048-2052 over the contiguous United States (CONUS) using the Community Multi-scale Air 18 

Quality (CMAQ) model.  Regionally downscaled present and future climate results are 19 

developed using GISS and the Weather Research Forecasting (WRF) model.  Present and 20 

future emissions are estimated using MARKAL 9R model.  O3 and PM2.5 sensitivities to 21 

precursor emissions for the years 2010 and 2050 are calculated using CMAQ-DDM (Direct 22 

Decoupled Method).  We find major improvements in future U.S. air quality including 23 

generally decreased MDA8 (maximum daily 8-hr average O3) mixing ratios and PM2.5 24 

concentrations and reduced frequency of NAAQS O3 standard exceedances in most major U.S. 25 

cities.  The Eastern and Pacific U.S. experience the largest reductions in summertime seasonal 26 

average MDA8 (up to 12 ppb) with localized decreases in the 4
th

 highest MDA8 of the year, 27 

decreasing by up to 25 ppb.  Results from a Climate Penalty (CP) scenario isolate the impact 28 

of climate change on air quality and show that future climate change tends to increase O3 29 

mixing ratios in some regions of the U.S., with climate change causing increases of over 10 30 

ppb in the annual 4
th

 highest MDA8 in Los Angeles.  Seasonal average PM2.5 decreases (2 to 31 

4 µg m
-3

) over the Eastern U.S. are accounted for by decreases in sulfate and nitrate 32 

concentrations resulting from reduced mobile and point source emissions of NOX and SOX.   33 

 34 
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1. Introduction 35 

Regional air quality impacts public health [Ito et al., 2005; Lim et al., 2012; Murray et 36 

al., 2013; Zhou et al., 2011], visibility and ecosystem health [Likens et al., 1996; Mauzerall 37 

and Wang, 2001], and is significantly affected by changes in climate, land use and pollutant 38 

emissions [Weaver et al., 2009].  Predictions of regional air quality responses to such changes 39 

can help inform policy makers in the development of effective approaches to both reduce 40 

greenhouse gases and improve air quality.  However, major sources of uncertainty exist in 41 

predicting future air quality including limitations in the tools used to project future emissions, 42 

land use changes and uncertainties associated with predicting future climate.  Recently, 43 

technical advances in downscaling global climate simulations to regional scales, and, the 44 

development of bottom-up operational tools used to forecast emissions have enhanced our 45 

ability to account for the complex interactions between population, socio-economic 46 

development, technological change, and federal and regional environmental policies [EPA, 47 

2012; Liu et al., 2012].  In this paper, we address the potential impacts of changing climate 48 

and emissions on regional PM2.5 and O3 levels in the U.S., focusing on major cities, by 49 

applying recent downscaling and emissions projection techniques to inputs of a chemical 50 

transport model.  51 

There is a consensus among most studies that future climate change, alone, would lead 52 

to an increase in O3 concentrations over significant regions of the U.S. due to increased 53 

temperatures, surface insolation, stagnation, and biogenic VOC emissions [Mickley et al., 54 

2004; Weaver et al., 2009].  Potential impacts of climate on PM2.5 over the U.S. are more 55 

variable and likely small [Jacob and Winner, 2009].  Recent scientific efforts include 56 

investigating the effect of projected emissions changes on future air quality [Brown et al., 57 

2013; Fann et al., 2013; Liao et al., 2007; Nolte et al., 2008; Tagaris et al., 2007].  Tagaris et 58 

al. [2007] used the Community Multiscale Air Quality (CMAQ) model with inputs of 59 

downscaled future climate [Leung and Gustafson, 2005] and emissions projected to the near 60 

future (2020) using the Clean Air Interstate Rule (CAIR) emissions inventory and to the more 61 

distant future (2050) using  the Integrated Model to Assess the Global Environment (IMAGE).  62 

They find reductions of maximum daily 8-hr average (MDA8) O3 mixing ratios over most of 63 

the U.S. and reductions in sulfate, nitrate and ammonium concentrations in aerosols, causing 64 

organic carbon to be the most abundant species in aerosols in 2050.  Liao et al. [2007] 65 

expanded on the work of Tagaris et al. [2007] by calculating the present and future 66 

sensitivities of O3 and particulate matter to emissions using CMAQ-DDM (Direct Decoupled 67 

Method).  Nolte et al. [2008] also use the CMAQ model with inputs of downscaled future 68 
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climate from Leung and Gustafson [2005] and emissions projected from the 2001 National 69 

Emissions Inventory (NEI) according to the Asian Pacific Integrated Model (AIM) to 70 

compare recent (1999-2003) and future (2048-2052) O3 levels over the U.S.  This study 71 

predicted that decreases in O3 precursor emissions lead to decreased MDA8 mixing ratios 72 

over large regions of the U.S. despite the tendency for future climate to increase MDA8 levels.  73 

Fann et al. [2013] use the Comprehensive Air Quality Model with Extensions (CAMx) 74 

photochemical model to estimate recent and future health burdens of air pollution attributable 75 

to U.S. anthropogenic emissions sectors.  They projected the 2005 NEI to 2016 and found 76 

marked decreases in the health burdens associated with electricity generating units (EGU) and 77 

mobile sources due to the implementation of current emissions regulations. Some recent 78 

studies have investigated the feedbacks of changing aerosol concentrations to climate on a 79 

global scale [Leibensperger et al., 2012a; b; Ramanathan et al., 2001; Shindell et al., 2012].  80 

These studies agree that changes in global scale radiative forcing from aerosols can 81 

significantly impact global climate.  However, Leibensperger et al. [2012] conclude that 82 

climate change associated with changes in aerosol radiative forcing from U.S. emissions has 83 

already been realized and that future decreases in U.S. emissions will only have a small 84 

impact on future climate change associated with aerosols.  In light of this research, the present 85 

study focuses on the impact of changing emissions and climate on air pollutants in the U.S. 86 

and does not consider global scale feedbacks of future aerosol concentrations on climate. 87 

 This study takes advantage of recent technological advances in climate and emission-88 

prediction modeling to simulate the response of future regional air quality in the U.S. to 89 

changes in climate and emissions.  We employ several methods to improve upon the methods 90 

presented in Tagaris et al. [2007] and Liao et al. [2007].   We use spectral nudging to 91 

downscale global climate simulations [Liu et al., 2012; Trail, 2013].  We also use detailed 92 

emissions projections from the MARKAL 9R (MARKet ALlocation 9 Region) model [EPA, 93 

2012; Fishbone et al., 1980; Loughlin et al., 2011], and use the Direct Decoupled Method 94 

(DDM) to calculate sensitivities of pollutants to precursor emissions.  Liu et al. [2012] 95 

identified the benefit of using spectral nudging to downscale global meteorology in that using 96 

spectral nudging maintains the small-scale meteorological features driven by local topography 97 

while preserving large-scale forcings.  The MARKAL energy system model responds to 98 

prescribed demand for regionally based energy services (in this case, energy required to meet 99 

the associated energy service demands of the residential, commercial, industrial and 100 

transportation sectors) and selects from available technologies to select the least-cost path 101 

which satisfies the specified demands. MARKAL is a flexible modelling framework that 102 
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considers mid-to-long-term technology choices that aim to reshape an energy system to meet 103 

specific environmental (or other) goals. The model also allows the implications of specific 104 

policy options to be examined and compared.  105 

In the present study, we use the CMAQ model to compare present and simulated 106 

future air quality for the years 2006-2010 and 2048-2052 over the contiguous United States.  107 

Inputs to CMAQ include the regionally downscaled present and future climate results 108 

developed using GISS and the Weather Research Forecasting (WRF) model from Trail et al. 109 

[2013], as well as, emissions processed using the Sparse Matrix Operator Kernel Emissions 110 

(SMOKE) model [CEP, 2003].  Emissions inventories are projected to future year levels 111 

using the MARKAL 9R model [Loughlin et al., 2011].  We also use CMAQ-DDM to 112 

calculate O3 and PM2.5 sensitivities to precursor emissions for the years 2010 and 2050.  113 

Results from a Climate Penalty (CP) scenario are also presented here in order to isolate the 114 

impact of climate change on air quality for comparison to past studies (e.g.; Weaver et al. 115 

[2009] and Nolte et al. [2008]).  Present PM2.5 and O3 simulated concentrations are evaluated 116 

using in situ measurements.  We also investigate and discuss the impacts of climate and 117 

emissions changes on air quality in major U.S. cities. 118 

 119 

2. Model Approach 120 

Air pollutant concentrations and sensitivities are simulated using a chemical transport 121 

model with inputs from emissions and meteorological models.  Meteorological inputs were 122 

downscaled from a Global Circulation Model (GCM) to the regional scale using a regional 123 

climate model as described in Trail et al. (2013).  The components of the modeling system are 124 

described below along with an evaluation of the chemical transport model. 125 

 126 

2.1 Global Climate  127 

The Goddard Institute for Space Studies (GISS) ModelE2 is used to provide base 128 

global scale meteorological fields which are used as initial and boundary conditions to the 129 

regional climate model [Schmidt et al., 2013]. As used, the model has a Cartesian grid point 130 

formulation with horizontal resolution of 2
o
×2.5

o
 latitude by longitude. The vertical 131 

discretization has 40 layers and follows a sigma coordinate up to 150 hPa and constant 132 

pressure layers between 150 and 0.1 hPa.  Simulations are carried out for years 2006-2010, 133 

and, 2048-2052 with a 3 year spin-up time starting either from 2003 or 2045, are driven by 134 

future atmospheric conditions over the 21
st
 century and follow the scenario development 135 

process for IPCC AR5. The “Representative Concentration Pathway” (RCP) 4.5 [Lamarque et 136 
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al., 2011; Moss et al., 2010] is used for this study, which is a scenario of decadal global 137 

emissions of greenhouse gases, short-lived species, and land-use-land-cover producing a 4.5 138 

W m
−2

 anthropogenic radiative forcing (corresponding to 650 ppm CO2-equivalent) in the 139 

year 2100. Outputs of physical parameters were produced at 6-hr intervals for regional 140 

downscaling by WRF (section 2.2). 141 

 142 

2.2 Regional Climate 143 

The regional climate model used is the non-hydrostatic Weather Research and 144 

Forecasting (WRF) Model [Skamarock and Klemp, 2008] version 3.4. Simulations were 145 

carried out for years 2006-2010 and 2048-2052 with a 10 day spin-up time period.  The model 146 

domain covers the contiguous United States (CONUS) and portions of southern Canada and 147 

northern Mexico and is centered at 40°N and 97°W with dimensions of 164×138 horizontal 148 

grid cells with a grid-spacing of 36 km. It contains 35 vertical levels, with the top pressure of 149 

50hPa. The model scheme configuration is as follows: the long-wave Rapid Radiative 150 

Transfer Model (RRTM) [Mlawer et al., 1997] and Dudhia scheme [Dudhia, 1989] are used 151 

for longwave and shortwave radiation respectively; the Yonsei University (YSU) [Hong et al., 152 

2006] scheme is used for the planetary boundary layer; the Noah scheme [Ek et al., 2003] is 153 

used for the land surface model (LSM); a revised version of the Kain-Fritsch scheme [Kain 154 

and Fritsch, 1993] is used to represent the effects of both deep and shallow cumulus clouds; 155 

and Lin et al. [Lin et al., 1983] is chosen for  cloud microphysics.  Spectral nudging is applied 156 

to temperature, horizontal winds, and geopotential heights with a wave number of 3 in both 157 

zonal and meridional directions at 6 hour intervals [Liu et al., 2012]. Only horizontal winds 158 

are nudged at all vertical levels, while no nudging is conducted for other variables within the 159 

planetary boundary layer (PBL).  The ability of GISS-WRF to reproduce the long-term yearly 160 

climatic means and the meteorological fields that strongly impact air quality are evaluated in 161 

Trail et al. (2013).  Trail et al. [2013] found that the distribution of model predictions agree 162 

well with observations when conducted for 2010.  163 

 164 

2.3 Emissions  165 

Hourly, gridded and speciated emissions are generated for input to CMAQ using the 166 

Sparse Matrix Operator Kernel Emissions (SMOKE V3) model [CEP, 2003] based on the 167 

2005 National Emissions Inventory (NEI) and ancillary data which include temporal, spatial 168 

and chemical allocation of emissions according to source category. Spatial surrogates (e.g., 169 

population and landuse distributions) are used to allocate the NEI’s county-level emissions to 170 
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the modeling gridded domain. The Biogenic Emissions Inventory System (BEIS) and 171 

Biogenic Emissions Landcover Database 3.0 (BELD3) are used here to compute hourly 172 

emissions from U.S. vegetation. The resulting inventory consists of pollutants emitted from 173 

area, mobile, point, fire, ocean, biogenic, agricultural and other sources.  NEI 2005 energy 174 

related emissions are projected to the years 2010 and 2050 using factors calculated by the 175 

EPA MARKAL 9R model.  MARKAL 9R [EPA, 2012; Fishbone et al., 1980; Loughlin et al., 176 

2011] models the energy system of the nine Census Divisions of the U.S. and estimates future 177 

energy dynamics.  Future emissions projections were calculated assuming the implementation 178 

of the following policies: Clean Air Act Title IV (Acid Rain Program) SO2 and NOX 179 

requirements, Clean Air Interstate Rule (CAIR), Utility Mercury and Air Toxics Standards 180 

(MATS), aggregated state Renewable Portfolio Standards (RPS) by region, Federal Corporate 181 

Average Fuel Economy (CAFE) standards as modeled in AEO 2012, Tier 2 light duty vehicle 182 

tailpipe emission standards and heavy duty vehicle fuel and engine rules.  Non-energy related 183 

emissions were projected according to the Intergovernmental Panel on Climate Change 184 

Special Report on Emissions Scenarios [IPCC SRES], using the A1B scenario [Woo et al., 185 

2008].  Fire emissions represent average emissions of a typical year from the 2005 NEI are 186 

constant for present and future simulation.   187 

The overall emissions rates of CO, NOX and VOC decrease from 2010 levels over all 188 

nine regions of the U.S. by 2050 (Tables 1 and 2).  Emissions of SO2 decrease in most regions 189 

except East North Central and South Atlantic while primary PM2.5 emissions increase in the 190 

Mid and South Atlantic regions and decrease over the rest of the U.S.  Mobile sector emission 191 

decreases account for most of the total decreased CO, NOX, VOC and PM2.5 emissions.  192 

Increased emissions of SO2 and PM2.5 in some regions are attributed to increased emissions 193 

from point sources such as power plants and refineries.  Woo et al. [2008] projected large 194 

reductions SO2 from 2001 to 2050 with most of the decreased emissions taking place between 195 

2001 and 2020.  SO2 emissions are not projected to decrease much from 2010 to 2050 in the 196 

present study because a large portion of the reductions have been realized by 2010.  Relative 197 

reduction of NOX, and VOC emissions, on the other hand, compare well with Woo et al. 198 

[2008].   199 

 200 

2.4 Air Quality  201 

The Community Multiscale Air Quality Model (CMAQ 4.7.1) [Foley et al., 2010] is 202 

used to simulate the transformation and fate of air pollutants for the present (2006-2010) and 203 

future years (2048-2052) and for a climate penalty scenario (CP).  The climate penalty 204 
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scenario uses future emissions and present climate as inputs to determine the sensitivity of 205 

future air quality to the simulated climate change.  Gas-phase chemistry is modeled using the 206 

SAPRC-99 [Carter, 2000] chemical mechanism.  The modeling domain uses a Lambert 207 

Conformal Projection centered at 40ºN, 97ºW with true latitudes of 33ºN and 45ºN (Figure 1). 208 

The domain uses a 36-km horizontal grid-spacing that covers the entire continental US as well 209 

as portions of Canada and Mexico (148×122 horizontal grid cells) with thirteen vertical layers 210 

extending ~15.9 km above ground, with 7 layers below 1 km and the first layer is 18 m thick.  211 

Boundary conditions are dynamic over the course of a year, although they are held constant 212 

between the present and future year simulations in order to isolate the impact of regional 213 

climate change and changing emissions on US air quality.  The default CMAQ initial 214 

conditions are used here and a spin-up period of 10 days is used to minimize the influence of 215 

initial conditions. 216 

Pollutant sensitivities, )1(

ijS , to perturbations in an input parameter (e.g. emission rate, 217 

initial condition or boundary condition) are calculated in CMAQ using the Decoupled Direct 218 

Method in Three Dimensions DDM-3D:  219 

j

i
jij

P

C
PS




)1(   (1) 220 

where iC  is the ambient concentration of species i , and jP is the unperturbed “base case” 221 

emissions rate of source j.  The sensitivities, Sij, are computed for all modeled species over 222 

space and time.  In CMAQ, DDM-3D uses the same numerical algorithms and operator 223 

splitting processes as for calculating concentrations [Napelenok et al., 2006; Yang et al., 224 

1997].  DDM-3D has been successfully integrated into CMAQ and updated to include 225 

algorithms for computing particulate matter (PM) sensitivity coefficients.  First-order 226 

sensitivities are typically accurate for up to 30% perturbations in input parameters [Dunker et 227 

al., 2002].  Our focus is on calculating the sensitivities of ambient O3 and PM, )1(

ijS , to total 228 

emissions of NOX, SO2, and VOCs and emissions from mobile, point, and biogenic sources. 229 

 230 

3. Results 231 

 232 

3.1 Model Evaluation 233 

Cumulative distribution functions (CDFs) of observed and modeled PM2.5 (during 1 234 

January to 31 December, 2010) and maximum daily 8-hr O3 (MDA8; during 1 May to 30 235 

September, 2010) concentration at observational sites are compared for each of the 9 U.S. 236 
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census regions (Figures S1 and S2).  The modeled air quality was not evaluated by comparing 237 

observed and modeled pollutant concentrations coupled in space and time because the 238 

simulations were driven using boundary conditions from a global climate model rather than 239 

reanalysis data.  Comparison using CDFs, on the other hand, evaluates the model’s ability to 240 

capture distributions of pollutant concentrations and enables the evaluation of concentrations 241 

of pollutants at the upper and lower tails of the distributions.  Pollutant concentrations used in 242 

for the evaluation were simulated using 2010 emissions and meteorology (sections 2.1-2.3).  243 

Observed ambient 2010 O3 and PM2.5 concentrations were downloaded from the 244 

Environmental Protection Agency (EPA) Air Quality System (AQS) website 245 

(www.epa.gov/ttn/airs/airsaqs/detaildata/downloadaqsdata.htm).  Since present day emissions 246 

were projected to the year 2010, evaluations were carried out only for the year 2010.  247 

In each of the 9 U.S. census regions, modeled MDA8 mixing ratios show good 248 

agreement with observations (Figure S1).  The Mid-Atlantic and Mountain regions modeled 249 

MDA8 agrees best with observations when MDA8 exceeds 60 ppb while modeled MDA8 is 250 

biased high at the lower end of the distribution.  Modeled MDA8 mixing ratio is biased high 251 

in every region with the largest high biases occurring at the lower end of the distributions.  252 

Other studies have shown that CMAQ tends to overestimate O3 on days when O3 mixing 253 

ratios are low [Nolte et al., 2008].   254 

 The mean bias (MB) and normalized mean bias (NMB) were also calculated using 255 

mean observed and modeled PM2.5 and O3 at each site where observations are available 256 

(Table S1 and S2) to evaluate the model configuration.  Overall the simulated O3 and PM2.5 257 

surface concentrations show good agreement with observed concentrations (Tables S1 and 258 

S2).  Daily max 1-hr and 8-hr O3 are simulated best during the spring with a small positive 259 

bias (NMB<10%).  Simulated 1-hr O3 and 8-hr O3 also show good agreement with 260 

observations during the spring.  During summertime, 1-hr and 8-hr O3 simulations show very 261 

little bias (NMB = 0.17 and 1.1 %).  However, the model tends to over-predict daily max 1-hr 262 

and 8-hr O3 (NMB = 13% and 25% respectively) during the summer.   263 

The distributions of modeled PM2.5 show overall good agreement with observations 264 

in the 9 U.S. regions (Figure S2).  The model tends to underestimate PM2.5 concentrations at 265 

the upper 99
th

 percentile of the distributions.  The Mountain region shows a large 266 

underestimation of PM2.5 in the upper 90
th

 percentile of the distribution, which is likely due to 267 

the models underestimation of wildfire emissions.  Mean bias and normalized mean biases 268 

were also calculated for mean PM2.5 modeled and observed concentrations for four seasons 269 

(Table S2).  The model tends to be biased low for 24-hr PM2.5 during winter, spring and 270 

http://www.epa.gov/ttn/airs/airsaqs/detaildata/downloadaqsdata.htm
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summer with the greatest bias occurring during the summer (NMB = -39%).  The bias is 271 

smaller during winter and spring (NMB = -21% and -23%, respectively) and is the least 272 

during the fall (NMB = -1%).  273 

  274 

3.3 Surface Ozone 275 

 The National Ambient Air Quality Standards for O3 is based on the maximum daily 8-276 

hr average O3 (MDA8).  Currently, an area exceeds the standard if the 4
th

 highest MDA8 of a 277 

year, averaged over three continuous years, is greater than 75 ppb.  Health analyses, however, 278 

are often based upon longer term exposures (e.g., seasonally or annually averaged changes in 279 

daily 8-hr ozone), and may differ between warm and cool seasons, so the analyses here 280 

presents both 4
th

 highest ozone responses, as well as seasonal responses in the MDA8.  5-year 281 

seasonal averages of daily MDA8 (SA-MDA8) decrease over most of the U.S during spring 282 

(Mar - May), summer (Jun - Aug) and fall (Sep - Nov) (Figure 2).  The largest SA-MDA8 283 

decreases of 6 - 12 ppb occur over the Eastern U.S. and along the Pacific Coast during 284 

summer.  Average SA-MDA8 also decrease by up to 4 ppb over the Eastern U.S. during 285 

spring while increases of up to 3 ppb are simulated over New England and East North Central 286 

regions during fall.  In part, this is due to decreases in NOX emissions that can lead to 287 

increases in ozone on less photochemically active days.  A map of the 4
th

 highest MDA8, 288 

averaged over all five present years, shows regions of California, Arizona, and much of the 289 

Eastern U.S. with NAAQS exceedances (Figure 3a).  In the future simulation, the 4
th

 highest 290 

MDA8 decreases by 15 to 20 ppb in the regions with greatest present day 4
th

 highest MDA8 291 

(Figure 3c). 292 

 The climate penalty simulation (CP) isolates the sensitivity of future air quality to 293 

climate change from the emission changes by simulating air quality using future emission 294 

rates and present climate (Figure 2c).  The CP results indicate a climate induced increase in 295 

SA-MDA8 mixing ratio of up to 3 ppb in West, South Central, South Atlantic, Mid Atlantic, 296 

and New England regions during the summer.  Climate also induces increases up to 10 ppb in 297 

the 4
th

 highest MDA8 of the year over southern California, the southern Mountain region, 298 

Texas, and some portions of the South and Mid-Atlantic regions (Figure 3b and 3c).  299 

Increased MDA8 in the CP scenario means that efforts directed at improving O3 air quality 300 

will be less effective with climate change than without.  Using the same two 5-year 301 

meteorological datasets as in this study, Trail et al. [2013] examined the changes in 302 

meteorological trends related to air quality and predicted increased O3 mixing ratio in Texas 303 

during the summer and in most of the U.S. during fall.  Similarly, Leung and Gustafson 304 
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[2005] used downscaled meteorology and predicted worsening air quality over Texas during 305 

summer due to increased temperature and stagnation and Nolte et al. [2008] confirmed their 306 

results.  The CP simulation results also show increased MDA8 mixing ratio during the spring 307 

over most of the U.S. except West North Central U.S. and increases during fall in Pacific and 308 

Eastern regions which indicates that the O3 season is extending into spring and fall (Figure 2c).  309 

Climate change causes an increase in the 4
th

 highest MDA8 of up to 10 ppb in Texas, the 310 

Mountain region, the Southern Pacific region and in the Mid-Atlantic (Figure 3c).  The largest 311 

increases in 4
th

 highest MDA8 occur over Los Angeles, with increases exceeding 10ppb.   312 

Cumulative distribution plots of urban MDA8 show changes in the frequency of 313 

extreme O3 events and exceedances in major cities that are representative of various regions 314 

of the U.S. (Figure 4).  The upper 95
th

 percentile MDA8 decreases in all cities analyzed 315 

except Los Angeles.  A localized increase in summertime MDA8 occurs over Los Angeles 316 

and, like the Northeast during the fall, is caused by a future decrease in O3 titration by NOX 317 

emissions from mobile sources (Figure 5).  Similar localized patterns of increased MDA8 318 

occur during the spring and fall in other urban areas.  Atlanta experiences the greatest 319 

decrease in the upper 95
th

 percentile MDA8 from 85 ppb to 68 ppb.  The percentile above 320 

which MDA8 mixing ratios are greater than 75 ppb indicates the frequency of MDA8 321 

exceedances of the current standard for a particular year.  In Atlanta, the frequency of MDA8 322 

exceedances of 75 ppb decreases from just over 10% to around 1% of the year.  Future MDA8 323 

exceeds 75 ppb 2 – 3% less of the year than present day in Chicago and 3 – 5% less of the 324 

year in New York and Philadelphia.  Seattle present day MDA8 rarely exceeds the standard 325 

and no future exceedances were simulated.   In Phoenix, simulated MDA8 exceeds 75 ppb up 326 

to 20% of the year while future MDA8 exceeds 75 ppb between 2 and 10%.  The cumulative 327 

distribution of the CP scenario shows that future MDA8 exceedances under present day 328 

climate would be less frequent than those under the predicted future climate in all cities 329 

except Seattle and Chicago given the same level of anthropogenic emissions.   330 

 Climate penalty results indicate that most of the future MDA8 reductions result from 331 

emissions changes.  CMAQ-DDM results show that during present day summers, the SA-332 

MDA8 sensitivity to emissions of NOX is from 5 - 20 ppb over the U.S. with the highest 333 

sensitivities in the Eastern U.S. and along the southern Pacific region (Figure 5a).  In other 334 

words, a 10% reduction in NOX emissions would result in a 0.5 to 2 ppb decrease in the 335 

annual average MDA8 in the Eastern U.S.  The summertime MDA8 sensitivity to NOX 336 

experiences little change between the present and future simulation.  The MDA8 sensitivity to 337 

NOX emissions from mobile sectors, however, decreases in the future in regions with high 338 
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NOX sensitivity with the largest decreases exceeding 8 ppb (Figure 5b).  The decreased 339 

MDA8 sensitivity to mobile NOX corresponds to decreases in NOX from the mobile sector.  340 

Interestingly, New England, East North Central, and Mid-Atlantic regions are characterized 341 

by a negative present day sensitivity of average MDA8 to emissions of NOX during fall which 342 

indicates the titration of O3 by NOX.  Future reductions in mobile NOX emissions in those 343 

regions leads to less titration of O3 and therefore higher average MDA8 mixing ratios seen in 344 

the Northeast during the fall (Figure 5).  The sensitivity of MDA8 to VOC also decreases 345 

during spring, summer and fall in Eastern and Pacific regions by up to 5 ppb between 2010 346 

and 2050 (Figure 5c).  Although mobile VOC emissions are reduced in the future, the 347 

sensitivity of MDA8 to mobile VOC emissions does not undergo much change in the future; 348 

rather most of the change in sensitivity occurs in the sensitivity to biogenic emissions of VOC 349 

(Figures S3 and S4).  The change in MDA8 sensitivity to VOC is due to decreased NOX 350 

emissions, causing these regions to become more NOX-limited. 351 

 352 

3.4 Fine Particulate Matter (PM2.5) 353 

 Understanding the response of PM2.5 concentration and composition becomes 354 

important and complex in the face of changing climate and emissions rates.  In the U.S., PM2.5 355 

is typically composed of sulfate (SO4), organic matter (OM), elemental carbon (EC), nitrate 356 

(NO3), ammonium (NH4), and other components.  PM2.5 comes from both primary emissions 357 

and secondary production and undergoes complex chemistry and transport in the atmosphere.  358 

Total annual average PM2.5 tends to decrease with future emissions and climate change with 359 

the greatest decreases in the Eastern U.S. ranging from 1 – 3 µg m
-3

 (Figure 6).  During winter, 360 

PM2.5 decreases of 1 – 3 µg m
-3

 occur in the New England and West North Central regions.  361 

Nitrate aerosol concentration decreases along with the sensitivity of PM2.5 to emissions of 362 

NOX (Figures 7b and 8). OM and EC concentration changes show similar spatial patterns in 363 

the Northeast during winter corresponding to further decreases in PM2.5 from regionally 364 

decreased emissions of primary PM2.5 from mobile sources (Figure S5a and b).  EC decreases 365 

during the entire year over Northeastern U.S. and the Pacific region, with the exception of 366 

some localized increases, corresponding to reductions in primary PM from mobile and area 367 

sources.  Sulfate aerosol increases during winter in East North Central are caused by increased 368 

emissions of SOX from point sources in the region (Figures 7a and S6).   369 

While wintertime PM2.5 decreases occur in the Northeastern regions, the CP 370 

simulation shows that, in the absence of reduced emissions, climate change would lead to 371 

PM2.5 increases in the region (Figure 6c). Also, in Texas, wintertime PM2.5 increases of up to 372 
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1 µg m
-3

 are caused by climate change in the region.  Summertime PM2.5 decreases of 0.5 – 2 373 

µg m
-3

 span the Eastern U.S. and share similar spatial patterns as decreased concentration of 374 

sulfate aerosol and reduced sensitivity of PM2.5 to emissions of total SOX and SOX from point 375 

sources.  Along with decreased emissions of SOX from point sources, climate change also 376 

contributes to decreased PM2.5 in the region except along the Atlantic Coast where increases 377 

of up to 1 µg m
-3

 develop (Figure 6c).  Decreased summertime PM2.5, especially over the 378 

eastern US, likely results from increased temperatures as well as decreased stagnation [Trail, 379 

2013].  Increased temperature leads to lower concentrations of organic carbon and ammonium 380 

nitrate aerosol resulting from increased gas phase partitioning of these compounds.  Further, 381 

the number of summertime stagnation days decreases over the most of the eastern US, leading 382 

to reduced aerosol concentrations.  While increased temperature reduces the concentrations of 383 

secondary aerosol species (e.g. from biogenic VOCs), decreased stagnation leads to decreased 384 

secondary and primary aerosol species (e.g. elemental carbon).  Increased summertime PM2.5 385 

concentrations over Georgia and the Carolinas result from a lower planetary boundary layer 386 

(PBL) height.  Changes in the PBL height also result in increased wintertime PM2.5 over the 387 

eastern US.   388 

 389 

4. Summary and Conclusions 390 

 In the present study, we determine the potential impact of changing climate and 391 

emissions on future ambient O3 and PM2.5 in the U.S.  Present and future emissions were 392 

estimated using the NEI and MARKAL-9R.  In comparing the impact of present and potential 393 

future climate and emissions changes on air quality, we find major improvements in future 394 

U.S. air quality including generally decreased MDA8 mixing ratios and PM2.5 concentrations 395 

and reduced frequency of NAAQS O3 standard exceedances in most major U.S. cities. 396 

Reductions in mobile and point source emissions account for reduced PM2.5 concentrations 397 

while climate change reinforces the reduced concentrations in some regions during the spring, 398 

summer and fall.  Increased temperatures and decreased stagnation leads to decreased 399 

summertime PM2.5 concentrations.  Tagaris et al. [2007] also found that increased temperature 400 

lead to reduced summertime PM2.5 in their simulations.  However, the same study found some 401 

increased PM2.5 as a result of increased stagnation.  In some regions, e.g. the East Coast, 402 

emissions reductions are necessary to overcome the climate change induced increases in 403 

PM2.5.  Future decreases in MDA8 mixing ratio are mainly attributed to decreased emissions 404 

rate of VOC and NOX from mobile sources.  Even though reductions are predicted to occur in 405 

the future from current efforts, the CP scenario of future emissions with present meteorology 406 



13 

indicates that the extent of air quality improvement is less due to predicted climate change.  In 407 

other words, present emission reduction efforts will lead to less O3 in the future, but these 408 

efforts will be less effective with climate change than without.  This means additional costs 409 

due to climate change because deeper emission reductions will be required to compensate for 410 

a warmer climate, even if current efforts are predicted to show improvement.  The sensitivity 411 

results agree well with the results presented by Liao et al. [2007].  Both studies find that 412 

reduced NOX emissions lead to lower MDA8 O3 concentrations and that reduced SOX 413 

emissions lead to lower PM2.5 concentrations.  Both studies also note that future PM2.5 is more 414 

highly sensitive to biogenic VOC emissions.   415 

  While most U.S. cities potentially exceed the MDA8 NAAQS standard less 416 

frequently in the future, decreased titration of O3 by NOX could increase the frequency of 417 

exceedances in Los Angeles and increase spring and fall average MDA8 mixing ratio in other 418 

urban areas.  However, as these cities become more NOX-limited, further reductions in NOX 419 

emissions in these urban environments will lead to reduced levels of O3. 420 

 While there are uncertainties in current and future emissions estimates, and 421 

uncertainties in climate, emissions sensitivities can be used to determine the major sources of 422 

O3 and PM2.5 and the current modeling platform can be used to isolate the effects of climate 423 

on air quality.  Further, the MARKAL 9R model can be used to develop a range of alternative 424 

policy based emissions scenarios to address the uncertainties associated with estimating future 425 

emissions.  Our results further the findings of Tagaris et al. [2007], showing that emissions 426 

reductions strategies will continue to play a vital role in improving air quality over the U.S., 427 

especially in regions where climate change threatens to degrade O3 and PM air quality.  428 

Future research will consider the impact of alternative future emissions, using the MARKAL 429 

9R model, and land use scenarios on U.S. air quality.   430 
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Table 1 Present day anthropogenic emission rates of NOX, VOC, SO2 and primary PM2.5 562 

emitted by area, point and mobile sources from each of the 9 U.S. census regions.  The last 563 

four columns are the total anthropogenic emissions from each census track and the bottom 564 

row shows the total emissions of each pollutant over the entire U.S. 565 

2010 Area [tons/yr *103] Point [tons/yr *103] Mobile [tons/yr *103] Total Anthropogenic [tons/yr  *103] 

Census Track  NOX              VOC              SO2              PM2_5            NOX              VOC              SO2              PM2_5            NOX              VOC              SO2              PM2_5            NOX              VOC              SO2              PM2_5           

New England 87 174 63 100 75 19 141 9 2970 952 12 27 3134 1145 216 135 

Mid Atlantic 274 322 215 87 407 62 1100 82 7034 2478 37 68 7721 2862 1352 238 

East North Central 475 409 317 141 1099 233 2544 145 12505 3750 64 90 14092 4392 2926 377 

West North Central 474 240 462 198 606 121 972 56 6266 1837 28 44 7357 2198 1462 299 

South Atlantic 436 1065 347 368 898 224 2228 162 15131 4468 78 129 16476 5757 2653 660 

East South Central 281 328 182 125 593 213 1092 77 6260 1590 28 41 7137 2131 1302 244 

West South Central 883 526 391 209 906 308 1206 105 10700 2551 44 70 12497 3385 1642 385 

Mountain 455 1296 221 325 491 78 351 45 5940 1571 28 43 6890 2945 600 414 

Pacific 458 703 188 337 197 86 103 39 8233 2355 19 237 8900 3145 310 614 

Total 3824 5064 2385 1891 5271 1345 9737 720 75040 21551 339 749 84204 27960 12463 3366 

 566 

567 
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Table 2 Percent change (future minus present divided by present) in annual emission rates of 568 

NOX, VOC, SO2 and primary PM2.5 emitted by area, point and mobile sources from each of 569 

the 9 U.S. census regions.   570 

Change (2050-2010) Area [%] Point [%] Mobile [%] Total Anthropogenic [%] 

Census Track  NOX              VOC              SO2              PM2_5            NOX              VOC              SO2              PM2_5            NOX              VOC              SO2              PM2_5            NOX              VOC              SO2              PM2_5           

New England -6.13 -19.18 -20.77 -26.54 -11.32 -1.05 -25.74 -0.43 -77.99 -58.89 -14.28 -21.94 -74.35 -51.88 -23.64 -23.86 

Mid Atlantic -7.04 7.25 -13.61 7.96 -4.82 0.12 -8.43 44.75 -79.06 -65.22 -22.55 -35.48 -72.52 -55.66 -9.64 8.31 

East North Central -3.74 1.57 -2.06 -0.63 -15.22 -0.33 22.09 21.81 -76.56 -60.44 -20.34 -29.99 -69.26 -51.47 18.54 1.02 

West North Central -1.27 3.13 -0.69 0.14 -5.56 0.93 -2.50 -2.60 -74.28 -57.31 -13.15 -25.23 -63.81 -47.51 -2.14 -4.09 

South Atlantic 5.07 0.35 3.12 -2.43 -1.80 -0.07 10.44 83.71 -75.21 -50.85 17.12 -8.54 -69.03 -39.40 9.67 17.45 

East South Central -0.76 2.56 -1.91 3.41 -0.46 0.17 -44.76 -0.02 -74.55 -52.67 -10.50 -16.59 -65.46 -38.87 -38.03 -1.07 

West South Central 2.03 -0.41 -0.11 -0.66 -9.63 0.12 -7.24 3.86 -73.87 -44.72 13.99 -1.35 -63.80 -33.76 -4.97 0.44 

Mountain 2.29 0.39 -0.49 0.73 -10.21 -0.47 -6.91 -0.32 -72.94 -43.04 26.40 -25.13 -63.46 -22.80 -3.00 -2.06 

Pacific 4.46 0.29 -8.71 1.37 0.04 0.90 -5.26 2.33 -75.20 -46.83 5.15 -49.01 -69.34 -34.98 -6.74 -18.03 

Total 0.53 0.41 -2.63 -1.01 -7.31 0.09 0.37 28.74 -75.40 -53.48 -0.64 -28.54 -67.63 -41.14 -0.23 -0.77 

571 
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 572 

Figure 1 CMAQ modeling domain with the 9 US census regions used in the EPA MARKAL 573 

9R modeling 574 

575 
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(a) 576 

 577 

 578 
(b) 579 

 580 
(c) 581 

 582 
Figure 2 (a) 5-year Average present SA-MDA8, (b) change in SA-MDA8 (future minus 583 

present) and (c) change in SA-MDA8 for the CP scenario (SA-MDA8 simulated using 2050 584 

climate and 2050 emissions minus SA-MDA8 simulated using 2010 climate and 2050 585 

emissions)  586 

587 
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(a) 588 

 589 
(b) 590 

 591 
(c) 592 

 593 
Figure 3 (a) Average of 5 years (2006-2010) 4th Highest MDA8 of each year (b) Average difference of 4th highest yearly MDA8 (5 future 594 
years minus 5 present years) and (c) difference in 4th highest MDA8  for the Climate Penalty scenario (4th highest MDA8 using 2050 climate 595 
minus 4th highest MDA8  using 2010 climate) 596 

597 
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598 

599 

600 

 601 
Figure 4 CDF plots of daily max 8 hr O3 future (light blue) and present (dark blue) and CP 602 

scenario (2010 climate and 2050 emissions) (red).   603 

604 
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(a)  605 

 606 

 607 
 608 

609 

 610 
(b) 611 

 612 

613 

 614 

615 

 616 
(c) 617 

 618 

 619 

 620 

621 

 622 
Figure 5 (a) Average present SA-MDA8 sensitivity to total NOX emissions (top) and sensitivity change (difference of future minus present 623 
sensitivities) (bottom), (b) SA-MDA8 sensitivity to mobile NOX (top) and sensitivity change (difference of future minus present sensitivities) 624 
(bottom) and (c) SA-MDA8 sensitivity to total VOC emissions (top) and sensitivity change (difference of future minus present sensitivities) 625 
(bottom)626 
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(a) 627 

 628 

 629 
 630 

(b) 631 

 632 
(c) 633 

 634 
Figure 6 (a) Average simulated present day PM2.5 µg m

-3
, (b) change in PM2.5 (future minus 635 

present) and (c) change in PM2.5 for the CP scenario (PM2.5 simulated using 2050 climate and 636 

2050 emissions minus PM2.5 simulated using 2010 climate and 2050 emissions) 637 

 638 

639 
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640 

641 

 642 
 643 

644 

645 

 646 
 647 

Figure 7 Simulated present and future PM species concentrations across the U.S. (a) Average 648 

present day SO4 (top) and difference (bottom; future minus present) and (b) NO3 (top) and 649 

difference (bottom; future minus present)650 

(a) 

(b) 

 

Annual SO4
2-

              Winter                        Spring                        Summer                        Fall             (µg m
-3
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 653 

654 

 655 
 656 

Figure 8 Average present PM2.5 sensitivity to total NOX emissions (top) and difference 657 

(bottom; future minus present) 658 

659 

PM2.5 sensitivity to Total NOX 

Annual sensitivity    Winter                        Spring                        Summer                      Fall            (µg m
-3
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Supplementary 660 

 661 
Table S1 Seasonal performance of simulated O3 for the year 2010.  Simulated O3 662 

concentrations were compared with EPA_AQS O3 data. The number of data points (number), 663 

mean observed concentration (MOC), mean bias (MB) and normalized mean bias (NMB) are 664 

shown for hourly O3 (O3) and 8-hr average O3 (8hrO3) without a cutoff and with a cutoff of 665 

40 ppb and for maximum daily 1-hr and 8-hr average O3 (M1hO3 and M8hO3). 666 

 667 

Winter      O3      O3     

cutoff 0.04   nocut     

number 151630 1236573     

MOC (ppm) 0.044 0.025     

MB (ppm) -0.009 0.006     

NMB (%) -19.27 23.83     

       

Spring      O3      O3   8hrO3   8hrO3   M1hO3   M8hO3 

cutoff 0.04   nocut 0.04   nocut 0 0 

number 950849 2161826 878261 2180994 85424 89178 

MOC (ppm) 0.050 0.036 0.049 0.036 0.052 0.049 

MB (ppm) -0.004 0.006 -0.003 0.006 0.001 0.005 

NMB (%) -7.40 17.26 -6.39 17.54 2.64 9.18 

       

Summer      O3      O3   8hrO3   8hrO3   M1hO3   M8hO3 

cutoff 0.04   nocut 0.04   nocut 0 0 

number 873064 2497692 800324 2522862 101486 103378 

MOC (ppm) 0.052 0.033 0.051 0.033 0.053 0.048 

MB (ppm) 0.000 0.012 0.001 0.012 0.007 0.012 

NMB (%) 0.17 35.83 1.08 36.17 13.05 25.00 

       

Fall      O3      O3   8hrO3   8hrO3   M1hO3   M8hO3 

cutoff 0.04   nocut 0.04   nocut 0 0 

number 472568 1966896 397712 1987567 78085 81453 

MOC (ppm) 0.050 0.028 0.049 0.028 0.046 0.042 

MB (ppm) -0.006 0.008 -0.005 0.009 0.002 0.006 

NMB (%) -11.00 29.82 -10.48 30.27 4.10 15.28 

 668 

669 
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Table S2 Seasonal performance of simulated PM2.5 for the year 2010.  Simulated PM2.5 670 

concentrations were compared with EPA_AQS PM2.5 data. The number of data points 671 

(number), mean observed concentration (MOC), mean bias (MB) and normalized mean bias 672 

(NMB) are shown for hourly PM2.5 673 

 674 

PM2.5 Winter Spring Summer Fall 

 number 28126 31064 29680 29965 

MOC (ug m
-3
) 11.43 9.10 10.94 8.83 

MB (ug m
-3
) -2.46 -2.13 -4.33 -0.09 

NMB (%) -21.48 -23.40 -39.55 -1.02 

 675 

 676 

677 
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678 

679 

 680 
Figure S1 Cumulative distribution functions (CDFs) of observed (blue) and modeled (red) 681 

maximum daily 8-hr average (MDA8) ozone mixing ratios (ppb) for the nine U.S. census 682 

regions during 1May, 2010 to 30 September, 2010.  Observed MDA8 mixing ratios were 683 

retrieved from the EPA-AQS data.  The number of observation sites in each region is reported 684 

in the bottom right corner of each plot. 685 

 686 

687 
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 688 

689 

690 

 691 
Figure S2 Cumulative distribution functions (CDFs) of observed (blue) and modeled (red) 692 

daily 24-hr average PM2.5 concentrations (µg m
-3

) for the nine U.S. census regions during the 693 

year 2010.  Observed PM2.5 concentrations were retrieved from the EPA-AQS data.  The 694 

number of observation sites in each region is reported in the bottom right corner of each plot. 695 
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 698 

699 

 700 
Figure S3 Average present SA-MDA8 sensitivity to mobile sector emissions of VOC (top) 701 

and difference between present and future (future minus present) (bottom) 702 

 703 

 704 

705 

 706 
Figure S4 Average present SA-MDA8 sensitivity to biogenic emissions of VOC (top) and 707 

difference between present and future (future minus present) (bottom) 708 

709 
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 710 

 711 

712 

 713 

 714 
 715 

 716 

717 

718 

 719 
Figure S5 Simulated present and future PM species concentrations across the U.S. (a) 720 

Average present day OM (top) and difference (bottom; future minus present) and (b)  EC 721 

(top) and difference (bottom; future minus present)  722 

723 

(a) 

(a) 

(b) 
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Figure S6 Average present PM2.5 sensitivity to total SOX emissions (top) and difference 733 

(bottom) (a) and Average present PM2.5 sensitivity to point SOX (top) and difference (bottom) 734 

(b) 735 
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Figure S7 Average present PM2.5 sensitivity to total VOC (top) and future change (bottom) 751 

(a), average present PM2.5 sensitivity to mobile VOC (top) and future change (bottom) (b) and 752 

average present PM2.5 sensitivity to biogenic VOC (top) and future change (bottom) (c) 753 

 754 

755 



35 

 756 

 757 

(b) 758 

 759 

760 

 761 
Figure S8 (a) Average present PM2.5 sensitivity to mobile sector NOX (top) and difference in 762 

PM2.5 sensitivity to mobile NOX (bottom; future minus present)  763 
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