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ABSTRACT

Changes in climate and emissions will affect future air quality. In this work, simulations of
regional air quality during current (2001-2005) and future (2026-2030) winter and summer are
conducted with the newly released CMAQ version 5.0 to examine the impacts of simulated future
climate and anthropogenic emission projections on air quality over the U.S. Current

meteorological and chemical predictions are evaluated against observations to assess the model’s
capability in reproducing the seasonal differences. WRF and CMAQ capture the overall
observational spatial patterns and seasonal differences. Biases in model predictions are attributed to
uncertainties in emissions, boundary conditions, and limitations in model physical and chemical
treatments as well as the use of a coarse grid resolution. Increased temperatures (up to 3.18 °C)
and decreased ventilation (up to 157 m in planetary boundary layer height) are found in both future
winter and summer, with more prominent changes in winter. Increases in future temperatures result
in increased isoprene and terpene emissions in winter and summer, driving the increase in
maximum 8-h average O3 (up to 5.0 ppb) over the eastern U.S. in winter while decreases in NOy
emissions drive the decrease in Oz over most of the U.S. in summer. Future PM, s concentrations in
winter and summer and many of its components decrease due to decreases in primary
anthropogenic emissions and the concentrations of secondary anthropogenic pollutants as well as
increased precipitation in winter. Future winter and summer dry and wet deposition fluxes are
spatially variable and increase with decreasing surface resistance and precipitation, respectively.
They decrease with a decrease in ambient particulate concentrations. Anthropogenic emissions play
a more important role in summer than in winter for future O3 and PM s levels, with a dominance of
the effects of significant emission reductions over those of climate change on future PM, s levels.

KEYWORDS: Future climate change, emissions, air quality, CMAQ, WRF, model evaluation

1. Introduction

Future projections of regional air quality must account for changes in both future emissions
and climate due to their closely-coupled impacts on air quality. Major air pollutants, such as ozone
(O3) and particulate matter (PM), are sensitive to many meteorological parameters including

temperature, relative humidity, precipitation, wind speed, and mixing height, making it imperative
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that the relationship between meteorology and air quality be examined. The relationship between
air quality and emissions is also important, as increases in the emissions of primary air pollutants
and the precursors of secondary pollutants will lead to air pollution thus poor air quality.

The influence of climate and/or emissions on future air quality has been extensively studied,
particularly the influence on surface O3 and PM. Among past studies, some included the impact of
climate change (including biogenic emissions) on future air quality (e.g., Zhang et al. 2008; Jacob
and Winner, 2009; Weaver et al., 2009; Fiore et al., 2011; Manders et al., 2012; Tai et al., 2012),
some included the impact of projected anthropogenic emissions on future air quality (e.g., S. Wu et
al., 2008a; Zhang et al. 2010a; Stevenson et al., 2012), and some included changes in both climate
change and anthropogenic emissions (e.g., Hogrefe et al. 2004; Unger et al., 2006; Tagaris et al.,
2007; S. Wu et al., 20083, b; Nolte et al., 2008; and Lam et al., 2011; Stevenson et al., 2012; Young
etal., 2012; Lei et al., 2012; Doherty et al., 2013; Gao et al., 2013). As an example of combined
impact of climate change and anthropogenic emissions, Tagaris et al. (2007) simulated changes in
future air quality in the United States (U.S.) due to climate change and emission reductions and
found 9% and 23% decrease in 2050 mean summer maximum 8-hr average O3 and mean annual
PM with aerodynamic diameters less than or equal to 2.5 um (PM5s), respectively. Some of the
studies on future air quality assess the separate and combined impact of future climate and emission
projections. For example, S. Wu et al. (2008b) reported an increase of maximum 8-hr average O3
by 2-15 ppb in the U.S. by 2050 due to climate change alone and a decrease by 1-5 ppb in the
western U.S. and 5-15 ppb in the eastern U.S. due to anthropogenic emission projections based on
the IPCC A1B scenario. Lam et al. (2011) showed a similar range of results for maximum 8-hr
average O3 and a decrease of annual average PM; 5 by 40% to 50%, with 10% of the impact due to
climate change and 90% due to projected anthropogenic emission changes.

Although the effects of emissions have been shown as a major driver of future air quality

(e.0., S. Wu et al., 200843, b; Zhang et al., 2010a; Lam et al., 2011), the impact of climate change
2
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cannot be ignored as it can offset the impacts of anthropogenic emission reductions. Increased
temperature and net radiative flux can increase concentrations of most air pollutants such as Oz by
accelerating the rates of photochemical reactions, while decreased wind speed (WS) at a receptor
and decreased planetary boundary layer height (PBLH) at any location can increase concentrations
due to decreased dispersion and ventilation. Increased precipitation at any location and increased
WS at a source can cleanse the atmosphere of pollutants through scavenging and dispersion.
Increased temperatures and radiation, decreased cloud cover, and reduced precipitation as reported
in Leung and Gustafson (2005) will likely increase future maximum 8-h average O3 mixing ratios,
particularly on the east coast, and decrease surface concentrations of PM, s over much of the U.S.
(Zhang et al., 2008). Dawson et al. (2009) suggested a 1.7 ppb increase in grid average maximum
8-h average O3 over the U.S. for July 2050 due to increased temperature and decreases wind speed
and mixing height, but predicted a decrease over the Northeast. Hogrefe et al. (2004) reported a
domain wide mean increase in maximum 8-h average O3 mixing ratios for July of 2020, 2050, and
2080 by 2.7, 4.2, and 5.0 ppb, respectively, but found that the O3 increases did not spatially
correlate with any one specific meteorological variable. This demonstrates that atmospheric
chemical reactions and transport processes are complex and nonlinear, which may differ among
studies and result in spatial and qualitative differences in model predictions of future air quality due
to the impact of climate.

The objectives of this study are to estimate future climate, emissions, and air quality trends
and to assess the combined contributions of climate change and anthropogenic emission projections
on regional air quality over the U.S. This work is distinguished from previous studies that have
included the impacts of both climate and emission changes in several aspects. First, previous
studies used either an older version of the Community Multiscale Air Quality (CMAQ) (e.g.,
Hogrefe et al., 2004; Tagaris et al., 2007; Zhang et al., 2008;) or other models (e.g., Jacob and

Winner, 2009; Pye et al., 2009; Lei et al., 2012; Doherty et al., 2013), while this study uses the
3
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newly released CMAQ version 5.0 that contains updated model treatments for several processes
(see section 2.1). Only one study (i.e., Gao et al., 2013) used CMAQ version 5.0 but it only
focused on the impact of future changes in climate and emissions on O3 and did not include the
impact on PM;s. Second, for meteorological fields, most of the previous work used MM5 (e.qg.,
Tagaris et al., 2007; Dawson et al., 2009), whereas this work uses the Weather Research and
Forecasting (WRF) model version 3.2. It has been shown in previous studies that WRF performs
similar to MM5 and, for some variables, better than MM5 (Appel et al., 2010; Gilliam and Pleim,
2010). Third, previous studies included limited model evaluation and/or focused on a single or <3
years (or season/month), whereas this work includes a comprehensive, 5-year (i.e., 2001-2005)
assessment in terms of both meteorological and chemical predictions. For the year 2002, model
simulation with meteorological conditions driven by the reanalysis data from the National Center of
Environmental Prediction (NCEP) are evaluated to show the baseline model skill when driven by
more realistic large-scale conditions from global reanalysis.
2. Model configuration, observational data sets, and evaluation protocol
2.1 Model setup and inputs

The pre-released beta version (as of summer 2011) of the U.S. Environmental Protection
Agency (EPA)’s latest version of the CMAQ modeling system (Byun and Schere, 2006), version
5.0 is used in this work, which was publically released in February 2012 (CMAQ 5.0 release note at

http://cmascenter.org/cmag/; Appel et al., 2013). Table S1 in the supplementary material shows the

model configurations. Chemical initial and lateral boundary conditions (ICs and BCs) are based on
the Goddard Earth Observing System Model with Chemistry (GEOS-Chem) 2002 output (Bey et
al., 2001) and are kept constant for all current/future year simulations.

Meteorological fields for all baseline and sensitivity simulations are generated using WRF
version 3.2 (Skamarock et al., 2008). Two sets of WRF simulations are performed: one for the

current (2001-2005) and future (2026-2030) climate (referred to as WRF_CCSM) and another for
4


http://cmascenter.org/cmaq/

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

model evaluation for one current year (2002; referred to as WRF_NCEP). There are two major
differences between WRF_CCSM and WRF_NCEP. First, ICs and BCs for the WRF_CCSM
simulations are initialized at the beginning of the simulation, run for 5.5-day and reinitialized every
5 days with the first 0.5 day discarded as model spinup, and driven by CCSM dataset at the lateral
boundaries every 6 hours to capture the large-scale climatology of the future and current years,
while the WRF_NCEP simulation is initialized with and driven by the NCEP-Final (NCEP-FNL)
Operational Global Analysis data to better replicate the current large-scale atmospheric conditions.
Second, four-dimensional data assimilation (FDDA) is used to constrain the u- and v-components
of wind, temperature, and specific humidity in both WRF_CCSM and WRF_NCEP simulations by
the large-scale conditions from CCSM and NCEP, respectively. However, the u- and v-components
are nudged in the PBL and above for the WRF_NCEP simulations following Stauffer et al. (1991)
and only nudged above the PBL in the WRF_CCSM simulations. Differences in the simulation
setup allow each simulation to better capture the observed meteorological conditions with the
respective lateral boundary forcing. The Meteorological Chemistry Interface Processor (MCIP)
version 4.0 is used to post-process all WRF output into CMAQ readable I/0 API formatted files.
Criteria and hazardous air pollutant emission inventories and ancillary files for current year
simulations are based on the U.S. EPA’s 2002 National Emissions Inventory (NEI), while biogenic
emissions for both current and future year scenarios are processed in-line with CMAQ v5.0 and are
based on the Biogenic Emissions Inventory System (BEIS) version 3.13. Domain-wide speciated
growth factors for future (2026-2030) anthropogenic emissions are applied to the base 2002 NEI
speciated, model-ready, and gridded emissions. The future-year simulations are based on the IPCC
SRES A1B scenario, which is characterized by rapid economic growth, moderate population
growth that peaks in 2050 and declines thereafter, and rapid growth and introduction of new, more
energy efficient technologies, with a balance across all energy sectors (IPCC, 2000). Table S2

shows the lumped growth factors (GFs) for the A1B scenario that are derived based on GFs for 8
5
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source sectors over the U.S. developed by Argonne National Laboratory (ANL) (personal
communications, David Streets, ANL, 2011). These growth factors are applied to the gridded 2002
NEI emissions to produce the gridded future year emissions inventory.

The baseline and sensitivity simulations cover the contiguous U.S. including portions of
southern Canada and northern Mexico, and are conducted at a horizontal grid resolution of 36 km
and a vertical resolution of 14 layers from the surface to about 15 km (~100 mb). Baseline
simulations are conducted for summer (June, July, August (JJA)) and winter (December, January,
February (DJF)) of 5 current years (2001-2005) and 5 future years (2026-2030). Changes in
simulated meteorological and chemical variables as well as biogenic emissions are estimated by
calculating the difference between the average future (2026-2030) and current years (2001-2005).

To understand the impact of projected anthropogenic emission changes on future air quality,
sensitivity simulations (Sen) are conducted for representative winters and summers in which future
anthropogenic emissions are kept the same as those in 2002. To reduce computational
requirements, four sets of simulations are completed to examine a range of possible impacts from
interannual variability of the future meteorological conditions; one summer and one winter where
future climate may lead to poor air quality and one summer and one winter where future climate
may lead to improved air quality. Meteorological conditions that may lead to poor air quality with
increased pollutant concentrations include decreased precipitation (Precip), cloud fraction
(CFRAC), and PBLH and increased temperature and shortwave radiation reaching the ground
(GSW), while the opposite holds for improved air quality. By comparing individual winter and
summer during 2026-2030 with the 5-year average of 2026-2030 in terms of meteorological
parameters that affect air quality, the summer and winter of 2029 are chosen as poor and good air
quality seasons, respectively, while the summer of 2030 is chosen as a good air quality summer,
and the winter of 2026 is a poor air quality winter. The relative contribution of anthropogenic

emissions alone on air quality will also be examined by taking the difference between the baseline
6
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simulations of the corresponding years (i.e., summer 2029 and 2030 and winter 2029 and 2026,
which include both anthropogenic emissions and climate changes (Baseline), and the Sen
simulation (which include only changes in climate; e.g., Baseline 2029 — Sen 2029).
2.2 Observational datasets and evaluation protocols

Observational datasets used to compare with the WRF/CMAQ simulations are obtained
from a number of observational networks and satellites as summarized in Table S3. Meteorological
variables to be evaluated include temperature at 2-m (T2), water vapor mixing ratio at 2 m (QV2),
relative humidity at 2-m (RH2), precipitation (Precip), wind speed at 10-m (WS10), wind direction
at 10-m (WD10), and Precip. The simulated PBLHSs are also analyzed. These are the most
influential meteorological variables for atmospheric chemical reactions and the transport of many
pollutants. Air quality variables examined include maximum 1-h and 8-h average O3, mixing ratios
of carbon monoxide (CO), NO; (nitrogen dioxide), SO, (sulfur dioxide), HNO3 (nitric acid), and
NH; (ammonia), PM, s and its components (i.e., sulfate (SO,%), nitrate (NO3z"), ammonium (NH"),
organic carbon (OC), and elemental carbon (EC)), wet and dry deposition fluxes of SO4*, NH4",
and NOgs’, as well as visibility parameters (extinction coefficient (Bex)) and haziness index (HI)).
Surface-based observations are obtained from nine monitoring networks: the Clean Air Status and
Trends Network (CASTNET), the Aerometric Information Retrieval System-Air Quality System
(AIRS-AQS), the Interagency Monitoring of Protected Visual Environments (IMPROVE), the
Chemical Speciation Network (CSN), the Southeastern Aerosol Research and Characterization
study (SEARCH), the North Carolina Department of Environment and Natural Resources
(NCDENR), and the National Acid Deposition Program (NADP). In addition, the model’s ability
to capture the column mass abundances of CO, NO,, O3, HCHO, and AOD are also evaluated using
satellite measurements, which are described in the supplementary material.

Meteorological and chemical predictions for summer (JJA) and winter (DJF) of 2002 from

WRF_NCEP/CMAQ v5.0 are compared to all available observations in 2002 through a
7
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comprehensive evaluation. In addition, meteorological and chemical predictions for summer and
winter of 2001-2005 from WRF_CCSM/CMAQ v5.0 are compared to observations over a 5-yr
average (i.e., average of 2001-2005). Spatial, statistical, and column abundance comparisons of
WRF_NCEP/CMAQ simulations and observations are conducted, using a set of performance
statistic metrics recommended by Seigneur et al. (2000) and Zhang et al. (2006, 2009a). The
statistic metrics used include normalized mean bias (NMB), normalized mean error (NME), and
correlation coefficient (Corr) for both spatial and temporal distributions. Although WRF/CMAQ
with NCEP and CCSM initialization and boundary conditions are obtained through different means
(i.e., derived from reanalysis and a general circulation model (GCM), respectively), their simulated
spatial distribution trends in meteorological variables and chemical compositions are overall similar
for summer and winter (figures not shown), indicating that CCSM is able to capture the
climatological features of the NCEP reanalysis. To further verify the representativeness of the
simulations driven by CCSM for 2001-2005, statistical evaluation of meteorological and chemical
predictions against observations with the WRF_CCSM/CMARQ v5.0 simulations is conducted.
Evaluation of WRF_NCEP/CMAQ v5.0 and WRF_CCSM/CMAQ v5.0 (with the exception of
Precip, NHs, visibility parameters, and column abundance) is performed with the U.S. EPA’s
Atmospheric Model Evaluation Tool (AMET) (Appel et al., 2011a).
3. Evaluation of model performance under current year conditions
3.1 Meteorological predictions

WRF and CMAQ are evaluated for the base year winter and summer to assess the models’
ability to capture seasonal trends in current years before their applications for future climate and air
quality predictions. Table 1 summarizes the seasonal statistical performance of WRF_NCEP
meteorological predictions. T2 is generally well reproduced in terms of NMBs and NMEs when
compared to observations from different networks (with the exception of winter at SEARCH sites),

with a range of -18.7% to 4.2% for NMB, 7.4-34.0% for NME, and 0.7-1.0 for Corr for both
8
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seasons. The relatively large cold biases in winter (e.g., -1.6 °C at the CSN sites and -3.9 °C at
SEARCH sites) may be due to too cold soil initial temperatures and inappropriate snow treatments
as well as limitations in the PBL scheme (under more stable conditions), land-surface model, and
radiation schemes in current meteorological models (Gilliam et al., 2006; Zhang et al., 2010b).
RH2 is overpredicted in winter with NMBs of 11.3-19.1%, but are better predicted in the summer
with NMBs ranging from -1.3% to 4%. Overpredictions occur for WS10 at all sites, particularly at
the CASTNET sites in winter and summer (NMBs of 50.3% and 48.8%, respectively). A large bias
of WS10 has been a persistent problem associated with all PBL schemes in WRF and may be due to
the variance of terrain and/or unresolved subgrid-scale topographic features, and uncertainties in
parameterizations of turbulent fluxes (Hanna and Yang, 2001; Rontu, 2006; Mass and Ovens,
2011). Seasonal-mean precipitation over the domain is moderately underestimated in winter (with
an NMB of -33.2%), but largely overpredicted in the summer (with an NMB of 65.9%), which will
impact chemical predictions, including gas-phase and particulate concentrations and wet and total
deposition fluxes. The biases of Precip may be due to limitations of the land-surface, cumulus, and
microphysics schemes used in the simulation, as well as the missing subgrid-scale cloud feedbacks
in WRF as suggested by Alapaty et al. (2012). These results for summer 2002 are similar to or
better than those of Zhang et al. (2012), who performed a WRF/Chem simulation of July 2001 over
the continental U.S. and reported NMBs of -3.9% to 2.9% for T2, NMBs of -15.0% to -5.1% for
RH2, NMBs of 49.0-98.4% for WS10, and NMBs of 53.0-55.6% for Precip. The improved
statistical performance for some meteorological variables in this work compared to Zhang et al.
(2012) may be related to the use of FDDA that constrains the simulated large-scale circulation to be
close to that of the reanalysis throughout the model domain and a newer version of WRF (v3.2 vs.
v3.0) with some updates and bug fixes in physics schemes.

Table 2 shows the results of the 5-yr average meteorological variables from the 2001-2005

WRF_CCSM simulations. The model performance is overall similar to the base year of 2002
9
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shown in Table 1. Compared to the performance of WRF-NCEP in 2002, WRF_CCSM simulations
give larger overpredictions in WS10 in both winter and summer (due mainly to the use of
meteorological fields from CCSM instead those from NCEP for nudging), and underpredictions in
Precip. This reflects the limited capability of WRF_CCSM in capturing some meteorological
variables at mesoscale and local scales, which could be partly related to biases in the CCSM BCs,
in addition to the limitations of the above physics schemes in WRF. Overall, the meteorological
predictions of WRF over the U.S. represent a good approximation of the seasonal climatology of
the current atmosphere, with the performance generally consistent with or even better than that of
previous MM5 and WRF applications (e.g., Dolwick et al., 2007; Zhang et al., 2010b, 2012).
3.2 Chemical predictions

Table 3 summarizes the domain-wide, seasonal statistical performance of CMAQ driven by
WRF_NCEP initialization for surface concentrations, wet deposition fluxes, visibility parameters,
and column abundances in winter and summer 2002. Predictions of maximum 1-h and 8-h O3
compare well with observations, with NMBs and NMEs ranging from -11.1% to 11.4% and 15.5-
28.6%, respectively, for the AIRS-AQS, CASTNET, and SEARCH sites in both seasons. Figure S1
in the supplementary material shows the spatial distribution of NMBs of maximum 8-h O3 mixing
ratios at all monitoring sites sites, with overpredictions at some AIR-AQS sites in both seasons and
at the SEARCH sites during summer and underpredicted at the CASTNET sites in both seasons.
Discrepancies between model predictions and observations in this work for Oz may be due to
uncertainties in the emissions of precursors (e.g., nitrogen oxides (NOx = NO + NO,) and volatile
organic compounds (VOCs)) (Wang and Zhang, 2012), inaccuracies in meteorological variables
such as overpredictions in WS10, underpredictions in T2, and inaccurate PBLH. As shown in
Table 3, CO mixing ratios at the SEARCH sites are underpredicted. While this underprediction
may be caused by several factors (e.g., an underestimate of CO emissions and an overestimate in

dry deposition), one possible factor is an overestimate of simulated PBLH, which increases mixing
10
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and leads to underpredictions of CO, NO, and HNOj3 at the SEARCH sites. In addition to the
possible bias in PBLH, the underpredictions in NOx emissions may be another reason for large
underpredictions of NO and HNO; at the SEARCH sites. Finally, the grid resolution of 36-km is
too coarse to capture meteorological phenomena and chemistry at fine- or meso- scales.

Table 3 also shows the performance of WRF_NCEP/CMAQ for PM, 5 and its components
(i.e., SO4%, NOs, NH,*, EC, and OC). Figure S1 shows the spatial distribution of NMBs of PM, s
over the U.S. in winter and summer. CMAQ generally overpredicts the concentrations of PM, 5 and
its components in winter while underpredicting them in summer. While the seasonal performance
of those species at most sites is good to marginally good, large biases exist for some species at
some sites. Discrepancies between observed and simulated PM, s and its components may be due to
a number of factors. These may include uncertainties in the emissions of gaseous precursors of
secondary PM s, as well as primary PM, 5 (OC and EC), the model parameters such as the rate
constant and heterogeneous reaction probability, and model representations of gas/particle
partitioning, dry deposition, and scavenging/wet deposition fluxes (Wang and Zhang, 2012). The
spatial variability and biases of meteorology and the use of a coarse grid resolution may also
contribute to model biases in PM predictions. More detailed analyses of likely causes for such
biases are provided in the supplementary material. The model evaluation results are generally
consistent with those reported by other studies (Zhang et al., 2008, 2009a; Appel et al., 2011b;
Wang and Zhang, 2012).

The performance statistics of WRF/CMAQ in capturing seasonal mean weekly total wet
deposition fluxes of SO,*, NO3', and NH," is relatively good. Winter results show an
underprediction of all fluxes (NMBs of -28.6% to -15.7%) while summer wet deposition flux is
overpredicted for SO4* and NH," (NMBs of 24.6% and 36.3%, respectively) but underpredicted for
NO;3 (an NMB of -21.6%). The underprediction of wet deposition fluxes in winter may be due to

the underprediction in Precip in winter rather than the aqueous-phase concentrations of depositing
11
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species, as their particulate concentrations are overpredicted (except for NO3™ at the CSN and
SEARCH sites). The dependent relationship between wet deposition fluxes and Precip may also be
true for SO4% and NH," in summer, in that an overprediction of Precip may cause the
overprediction of wet deposition fluxes of SO,* and NH," despite an underprediction in their
particulate concentrations. In summer, one exception is NOs’, whose wet deposition fluxes are
underpredicted possibly due to the underprediction in its aqueous-phase concentrations as a result
of its underpredicted particulate concentrations (except at the SEARCH sites). Two visibility
parameters; Pex: and HI, based on the PM concentrations using the Mie theory are evaluated against
observations from IMPROVE. HI is well represented by CMAQ in winter with an NMB of 7% and
moderately underpredicted in summer with an NMB of -35.6%. CMAQ greatly overpredicts Bex: in
winter with an NMB of 89.2% but underpredicts it in summer with an NMB of -26.2%, consistent
with NMBs of PM; 5 in both seasons.

The evaluation of simulated tropospheric column abundances of CO, NO,, HCHO, TOR,
and AOD against observations is shown in Figure S2 and discussed in the supplementary material.
Overall, in terms of performance statistics, CMAQ predicts column CO and TOR fairly well, but
shows larger biases in predicted column HCHO and TOR, as well as AOD. CMAQ simulates
relatively well the spatial distributions for TOR and AOD in summer and CO and NO; in both
seasons but poor for HCHO in both seasons.

Table 4 shows the statistical performance of chemical predictions of the 5-year average of
WRF_CCSM simulations. Results are similar to the base year of 2002, indicating that
WRF_CCSM simulations of 2001-2005 represent current-year air quality.

4. Change of future climate and emissions and their impacts on air quality
4.1 Future climate trends
Figure 1 shows the differences of T2, RH2, GSW, and CFRAC, Precip, WS10, PBLH, and

the Monin-Obukhov Length (MOL) between the average of the future years (2026-2030) and the
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average of the current years (2001-2005). These changes, which have strong influence on air
quality, are associated with changes in the thermodynamics of the atmosphere as well as dynamical
changes reflected in changes in synoptic circulation such as storm tracks and blocking high.
Warming occurs over nearly the entire U.S. in summer due to increases in greenhouse gases and
small increases in GSW, while warming on average of about 0.83 °C occurs for the eastern U.S. in
winter, with slight cooling over portions of the western U.S. Hogrefe et al. (2004) and Unger et al.
(2006) reported similar results with the largest increases in surface air temperature over the central
U.S. The changes in GSW and CFRAC follow each other inversely, especially in winter, where
decreases in GSW correspond to increases in CFRAC. Increased saturation of the air (RH2) in the
future increases CFRAC. Increases in CFRAC and decreases in GSW also lead to the decreases in
T2 over parts of the western U.S. Increased water vapor mixing ratio (not shown) in both summer
and winter results in increased RH2, with exceptions in summer over portions of the lower plains
and Texas. Areas with the largest increase in CFRAC, particularly the west coast and southeastern
U.S. in winter, experience the largest increase in Precip (up to 0.478 mm). Changes in Precip over
the U.S. in summer are relatively small and vary regionally. Winter WS10 decreases mainly in the
northern plains, southwestern U.S., and portions of the east coast, but increases over the rest of the
U.S., particularly over most of the western U.S. The general increase in WS10 over the western
U.S. is consistent with the increase in Precip over the region, suggesting an increased frequency of
Pacific storms, leading to increased Precip, PBLH, and WS10. Summer WS10 decreases over
much of the U.S., consistent with the overall reduced Precip and PBLH (by about 27.1 m)
corresponding to more stable atmospheric conditions.

Lam et al. (2011) reported a maximum increase of 184.2 m and a maximum decrease of
105.4 m in PBLH between May-September and a maximum increase of 117 m and a maximum
decrease of 93.1 m in PBLH during January-April by 2050. The variation in trend of PBLH in this

work is similar to that of Lam et al. (2011) in magnitude, with some spatial variability due to the
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different seasons examined. MOL is used as a measure of atmospheric stability (Seinfeld and
Pandis, 2006) with large (between 100 and 10° m) to small (< 100 m) positive values corresponding
to stable and very stable conditions, respectively, and large (between -10° and -100 m) to small (> -
100 m) negative values corresponding to unstable and very unstable conditions, respectively, and
very large negative (< -10° m) or very large positive values (> 10° m) corresponding to neutral
conditions. Current year winter conditions are very stable to stable over the western coastal area,
the Southeast, and the lower central plains, while the Rocky Mountain region, the upper plains, the
Great Lakes region, and the upper Northeast on average have a very unstable to unstable
atmosphere (figures not shown). In the future, winter conditions in the southeast become less stable
but may still remain in the stable regime, while over the west coast, conditions become less stable
to very unstable, consistent with increased PBLH. Over the Rockies and other regions, conditions
stay in the very unstable regime or change to stable (consistent with increased PBLH). For other
regions, the conditions may remain very unstable or change to stable (consistent with reduced
PBLH). Atmospheric stability in the summer becomes slightly more stable over most areas of the
U.S., consistent with the decreased PBLH. Leung et al. (2005) reported a decrease in unvented
hours (i.e., an increase in unvented hours is a negative impact on air quality) over the southeastern
U.S. and Texas for JJA and September, October, November (SON), but reported increases over the
central plains in JJA and western U.S. in SON. Zhang et al. (2008) predicted increases in MOL
over the central, southeastern, and western coastal areas of the U.S. for future summer conditions.
Spatially, Leung et al. (2005), Zhang et al. (2008), and this study differ in the predicted atmospheric
stability. Uncertainties are also present in the simulated mixing depth among studies, with no clear
regional agreement of increases or decreases (Hogrefe et al., 2004; Leung and Gustafson, 2005; S.
Wou et al., 2008a; Chen et al., 2009; Jacob and Winner, 2009). This suggests that changes in
atmospheric stability and mixing are highly uncertain because they are more strongly influenced by

changes in large scale circulation that are less constrained than thermodynamical changes in
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response to greenhouse warming. Tai et al. (2012) used historical data and showed that 20 — 40%
of the observed PM, 5 day-to-day variability is explained by cold frontal passages in the eastern
U.S. and maritime inflow in the West, while interannual variability of PM, 5 in the Midwest is
correlated strongly with cyclone frequency. However, even among 5 ensemble members of the
same GCM under the same emission scenario, the projected changes in cyclone frequency are
inconsistent, suggesting large uncertainty in circulation changes that influence atmospheric stability
and mixing and hence air quality.
4.2 Future anthropogenic and biogenic emissions

Projected decreases in anthropogenic emissions are expected to decrease chemical
concentrations. Significant reductions in NOx emissions (28%) are projected to decrease O3
concentrations. The projected decreases in the emissions of SO, VOCs, primary PM5 (i.e.,
elemental carbon, primary organic carbon, SO,* , and other inorganic PM) (with growth factors of
0.25, 0.56-0.96, and 0.65-0.95, respectively, see Table S2) will decrease future PM; 5
concentrations; however, increases in the concentrations of NHz, HCHO, and NO3 (with growth
factors of 1.34, 1.14, and 1.01, respectively) may increase PM, s concentrations in some regions.
While the decreases in emissions are mainly due to emission control policy, the increases in
emissions are associated with enhanced activities of specific sectors. For example, the increases in
the emissions of NHj3 are due to enhanced emissions from agricultural operations and biomass
burning, and those in emissions of HCHO are due to enhanced emissions from anthropogenic
sources and biomass burning projected for future years. While the increases in the emissions of
NH3 and NOj can directly increase PM, s concentrations, the increases in the emissions of HCHO
increases the mixing ratios of HCHO in both winter and summers (figures not shown), which lead
to increased levels of CO, OH, HO,, and HNO3 through its reactions. The increases in the
concentrations of OH, HO,, and HNOj3 can result in the increases in the concentrations of NO3™ and

SOA in some areas in both seasons as shown in Figure 2. As changes in PM, s concentrations are
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affected by changes in the emissions of primary PM, s and gaseous precursors of secondary PM; s,
the dry, wet, and total deposition fluxes of PM will also be directly affected.

Winter trends of isoprene and terpene are similar with the largest increases over the
Southeast, especially Florida in the summer, and decreases over the western U.S. The magnitude of
the changes depends on vegetation species and associated BVOCs, but the spatial distribution
correlates well with temperature changes for both summer and winter. Decreases in temperature
over the western U.S. in winter lead to decreases in isoprene and terpene emissions, while increases
in temperatures over the Southeast increase isoprene and terpene emissions. Summer temperatures
increase over nearly the entire domain, especially over the Midwest, resulting in increased BVOCs
emissions over most of the domain. The increasing trend of BVOCs emissions found in this study
are similar to other studies that predicted increases of BVOC emissions by 10-90% due to increases
of temperatures by mid-century and 2100, but the magnitude of their increases found in this study is
smaller compared to other studies (e.g., Hogrefe et al., 2004; Tagaris et al., 2007; Zhang et al.,
2008). Differences among BVOCs emissions predicted in these studies may be due to differences
in the simulation period, the biogenic emission model and version used, and the projected climate
change of each study. For example, BEIS versions 3.13 and 3.12 are used in this work and Zhang
et al. (2008), respectively. In BEIS version 3.13, BVOCs emission parameterizations that account
for the effects of leaf temperature and solar radiation are revised based on more recent case studies,
generating more accurate BVOCs emissions than BEIS version 3.12.

4.3 Impacts of changes in both climate and emissions on regional air quality

Figure 2 shows the influence of future climate and emission projections on selected air
quality variables including the absolute change in maximum 1-h and 8-h average O3 mixing ratios,
24-h PM,5 and its composition concentrations, HI, and Bex.. Both maximum 1-h and 8-h average
O3 mixing ratios decrease over most of the western U.S. and parts of the Southeast in winter by

about 1.5-2.0 ppb, but increase by up to 5.0 ppb over the eastern and southeastern U.S. and major
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cities across the U.S.. Decreases in Oz mixing ratios in winter, particularly over the western U.S.,
are largely due to increased PBLH, WS10, and CFRAC and decreased GSW. Zhang et al. (2009b)
performed a full-year regional study on O; and PM_5 in the U.S. and found that in winter, VOC-
limited O3 chemistry dominates most of the U.S. with the exception of some areas in the western
U.S. This may explain the increased O3 mixing ratios in winter over the eastern U.S. and major
cities found in this study, as BVOC emissions are projected to increase in winter, while only one
anthropogenic VOC is projected to increase (i.e., formaldehyde). Areas of O3 mixing ratio
increases in winter may also be due to increased T2 and decreased WS10.

Summer maximum 8-h average Oz mixing ratios decrease over nearly the entire U.S. on
average of about 1.4 ppb, with the exception of major cities (e.g., Los Angeles, Chicago, Houston,
St. Louis, and New York City) and the upper Midwest and the northern Rockies where increases in
O3 mixing ratios occur. Decreases in summer Oz mixing ratios in this study are largely due to
decreases in NOy emissions (by 28%) and the NOx-limited O3 chemistry in summer. Zhang et al.
(2009b) reported that O3 chemistry over most of the U.S. switches from VOC-limited to NOy-
limited by April through August, with the exception of many major cities where O3 chemistry
remains VOC-limited. These results of future O3 trends are similar to previous studies that
examined the impacts of both climate and anthropogenic emissions. For example, Tagaris et al.
(2007) reported a mean summer maximum daily average 8-h O3 decrease of 11-28% by 2050 over
the U.S. due to climate and emission reductions with the A1B scenario and Lam et al. (2011)
reported a 10% or 5 ppb decrease of the annual maximum daily average 8-h O3 over the eastern
U.S. Unger et al. (2006) reported an increase in annual O3 mixing ratios over the U.S. by 2030 with
the A1B scenario; however, they attributed the increase mainly to methane (CH,) emissions, which
is not explicitly treated in CMAQ (although CMAQ accounts for the effect of CH, implicitly by
using a background concentration of 1.85 ppm for CH,). Although the increases in T2 over the

U.S. in the summer and the eastern U.S. in the winter and resultant increases in BVOCs emissions
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over most of the domain should cause increases in O3 mixing ratios, the relationship among air
quality, emissions, and climate is not always linear and largely affected by various atmospheric
processes such as transport, gas-phase chemistry, and dry deposition (Zhang et al., 2009b). In
addition, Racherla and Adams (2008) and S. Wu et al. (2008b) indicated that while annual isoprene
emissions were predicted to increase in the Southeast, O3 decreased due to NOx sequestration in
reactions with isoprene and ozonolysis of isoprene. Decreases in O3 while T2 and BVOCs increase
may also be due to the fact that emission reductions of O3 precursors compensate for the effect of
climate change on O3 formation, as discussed in Section 4.4.

Decreases in PM_ s concentrations are the most extreme over the eastern and central U.S. in
summer, with small decreases in the same regions in the winter. Slight increases are found over
small areas in the Southwest in summer and over the Great Lakes in winter. Decreases in winter
PM_ 5 concentrations can be attributed to the increases in Precip over much of the U.S. (which leads
to increased scavenging of PM, s and its precursors), and decreases in the emissions of gaseous
precursor (e.g., SO,) and primary PM (e.g., EC, primary OM, and other inorganic PM5).
Decreases in summer PM; s concentrations are due mainly to decreases in the aforementioned
emissions. Reductions in PM, s concentrations in this study are similar to those found by Tagaris et
al. (2007) and Lam et al. (2011), who reported around a 35% decrease in summer average
concentrations of PM, 5 and a 40-50% decrease in annual average PM, s concentrations,
respectively, by 2050 with the A1B scenario. Decreases in HI and Bex Over most of the domain in
winter and summer are due to decreases in PM; s, indicating an improved visibility in the future.

The largest reduction in SO4*, NH,", and NO3™ concentrations occur in summer, up to 6.2,
2.3and, 1.4 ug m™3, respectively), while spatially, OM and SOA decrease more in terms of
magnitude over a larger area in winter than summer. Decreases in NH,*, NO3", SO,%, OM, and

SOA are due to decreases in the emissions of gaseous precursors (e.g., NOy, SO, and VOCs) and
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primary PM species (e.g., OC), increased Precip in winter, and increased T2 that does not favor the
formation of volatile PM species (e.g., NO3z', NH;", and SOA). Increases in SOA and OM over
most of the U.S. in summer may be due to increases in BVOCs emissions in both seasons. Increases
in NO3™ over most of the U.S. in winter may be due to increased NH3 emissions and decreased SO,
emissions that lead to changes in aerosol acidity driven by changes in the amounts of cation and
anion in the particulate phase. Bauer et al. (2007) and Pye et al. (2009) found similar results for
NOj3’, in which its concentration increased over the northeastern U.S. due to increased availability
of NOy and NHj3 to form NO3". Although NOy emissions are reduced in this study, the increased
availability of NH; may be due to increased emissions of NH3 and reduced SO,* concentrations
(and consequently the availability for SO, to be neutralized by NH4"), resulting from decreased
SO, emissions. Modeling SOA accurately is difficult, as its precursors, formation pathways,
chemical composition, and physical properties are not fully understood. As shown in Figure 3,
SOA increases over a small portion of the Southeast in winter and a large portion of the U.S. in
summer, which is due to increases in BVOCs emissions. The decrease in SOA in winter and some
regions in the eastern U.S. in summer may be attributed to changes in climatic conditions, such as
increased T2 that compensates for the increases in SOA due to increased BVOCs emissions, similar
to the annual mean results of Tsigaridis and Kanakidou (2007) and the summer results of Zhang et
al. (2008). Zhang et al. (2008) found that although BVOC emissions increased SOA formation,
future (i.e., 2050) climatic conditions, specifically increased T2, decreased SOA concentrations
over the U.S. in summer. Tsigaridis and Kanakidou (2007) simulated future SOA concentrations
with a fixed temperature increase of 1-2°C, while holding all other climatic conditions constant, and
predicted an 11% decrease in SOA burden. Similar to PM, s concentrations, HI and Bex will
decrease in most of the domain in both seasons except for the northeastern portion in winter.

Figure 3 shows absolute changes in seasonal-mean dry, wet, and total deposition fluxes of

NH,*, NOg", and SO4>. Deposition fluxes are influenced by emissions and climate change. For
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example, dry deposition is inversely related to total resistances (i.e., the total of aerodynamic, quasi-
laminar, and surface resistance), so as resistances increase, dry deposition fluxes decrease (Seinfeld
and Pandis, 2006). Increases in dry deposition fluxes of NH;" and NOs™ in winter are due to
increases in emissions (e.g., NHs and NOg’), increases in concentrations of NO3’, and decreases in
stomatal resistance (figures not shown), dominating over the increases in aerodynamic resistance.
Avreas of increased NOj levels in winter generally correlate with the NO3™ dry deposition fluxes,
while the very small increase in NH;" dry deposition fluxes do not correlate with NH,"
concentrations, but may be due to increases in dry deposition velocity. Decreases in dry deposition
flux of SO,* in the Southeast and increases in the west coast may likely be dominated by the
increases in aerodynamic resistance and decreases in surface resistance, respectively. The
decreases in the dry deposition fluxes of NH;" and SO, in the future summer are likely dominated
by increases in aerodynamic resistance domainwide, while the increases in the NO3™ dry deposition
fluxes over the Northeast are due to the increases in NO3™ concentrations and decreases in decreases
in stomatal resistance over the northern portion of the domain. Wet deposition of species is
dependent on changes in precipitation and ambient concentrations of species. Precip increases over
most of the U.S. in winter lead to increases in wet deposition fluxes of NH," and NO3™ (by up to
0.29 g ha™ and 0.60 g ha™, respectively). Wet deposition fluxes of SO, increase in winter over the
west coast due to increased Precip, but decrease over the eastern U.S. in winter and summer due to
large decreases of ambient SO,* concentrations and SO, emissions. Summer Precip is more
spatially variable than winter, but correlates well with wet deposition fluxes of NH," and NO3 (e.g.,
increased Precip leads to increased deposition fluxes and vice versa). Wet deposition changes
dominate changes in total deposition for all species in winter and summer.
4.4 Impacts of projected anthropogenic emission changes on regional air quality

Figure 4 shows the impact of projected anthropogenic emissions on maximum 8-h average

O3 and PM 5 concentrations during future winter and summer with potentially good and poor air
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quality by comparing the baseline simulation with both climate change and emission change and the
sensitivity simulations with emissions kept at the 2002 levels. The relative impact of projected
anthropogenic emissions on the concentrations of O3 and PM s is nearly the same for both poor and
good air quality winters in 2026 and 2029, respectively. This is expected, as projected
anthropogenic emissions are the same in winters 2026 and 2029. Because projected anthropogenic
emissions of NOy and all VOCs except for HCHO are lower, domainwide maximum 8-h average Os
mixing ratios decrease by 0.08-0.1 ppb and 2.8-3.0 ppb for future winters and summers,
respectively. However, maximum 8-h average O3 mixing ratios in eastern U.S. increase by up to
4.1 and 5.0 ppb during a good air quality winter in 2029 and a poor air quality winter in 2026,
respectively. This is because more OH radicals (as a result of lower SO, and NOx emissions)
become available for the oxidation of isoprene, leading to increased O3 that dominates over
decreases in O3 resulted from reduced O3 precursors in this region during winters. During future
poor and good air quality winters, the domain-wide decreases and regional increases in O3 levels
are much smaller than those predicted from the averaged changes of O levels in 5 winters during
2026-2030 changes shown in Figure 2, indicating a dominant role of climate changes in affecting
future O3 levels. During future poor and good air quality summers, the domain-wide decreases in
O3 levels are comparable to or even larger than the averaged changes of O3 levels in 5 summers
during 2026-2030 shown in Figure 3, indicating a more important role of anthropogenic emissions
in affecting future Os levels. Because of projected reduced primary PM emissions such as SO4%,
OM, and other inorganic PM and emissions of secondary PM such as SO, NOy, and VOCs,
domain-wide PM, 5 concentrations decrease by 0.6-0.7 and 1.4-1.6 ug m=, with larger decreases in
eastern U.S. by up to 5.4-5.7 and 16.5-16.6 pg m™ for future winter and summer, respectively.
These decreases are comparable to or even larger than those predicted from averaged changes of

PM 5 concentrations in the 2026-2030 summers and winters shown in Figure 2, indicating that
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significant reductions in anthropogenic emissions can dominate over the effects of climate change.
Despite the potentially dominant role of anthropogenic emission changes, climate change may have
a greater or dominant impact on several gaseous and PM species such as BVOCs, SOA, NH,", and
NOj3" (figures not shown), as compared to anthropogenic emission changes. As expected, reducing
anthropogenic emissions can reduce more PM, s in summer than in winter. Further, reducing
precursor emissions under poor air quality winter (2026) and summer (2029) will lead to greater
reductions in PM, s concentrations compared to good air quality winter (2029) and summer (2030).
Results shown in this work are similar to those of other studies that examined the separate
and/or combined impacts. Several studies (e.g., Hogrefe et al., 2004; Tagaris et al., 2007; S. Wu et
al., 2008b; Zhang et al., 2008; Lam et al., 2011) predicted increases in maximum 8-h average O
over the Midwest and eastern U.S. for future years (2020 or 2050) due to climate change alone,
with the exception of Tagaris et al. (2007) that predicted a slight (0.1%) increase in the Midwest
and Zhang et al. (2008) that predicted a slight decrease over the northern plains (about 1.0 ppb).
Weaver et al. (2009) conducted a study with seven regional air quality models, all predicting an
increase in 2050 summer O3 concentrations due to climate change alone of about 2-8 ppb over the
U.S., with some regions showing little or slight decreases. Their study stated, however, that the
regional patterns of O3 change did not always agree among simulations due to differences in
modeling systems, configurations, and the experiment design choices of each group/simulation.
Weaver et al. (2009) also pointed out that O3 concentrations seem to correspond relatively well to
temperature and surface insolation in most of their simulations; however, some areas show no
correspondence to these two variables. Changes in O3 concentration may be due to other forcing
factors such as Precip and wind speed, which could also be factors in this study as well. In general,
many previous studies have found that future anthropogenic emissions have a greater influence
compared to climate change alone on future air quality, specifically projected emission reductions

that reduce O3 and/or PM_ 5 concentrations, which is also shown in this study.
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5. Conclusions

In this study, WRF and the newly released CMAQ Vv5.0 are used to examine the impacts of
changing climate and anthropogenic emission projections on future (2026-2030) air quality, as
compared to current conditions (2001-2005) over the contiguous U.S. Current years (2002 for
WRF_NCEP and 2001 — 2005 for WRF_CCSM) simulations of meteorological variables, chemical
concentrations, wet deposition, visibility, and column mass abundance capture the overall
observational spatial patterns and seasonal differences. WRF and CMAQ perform similarly in
terms of performance statistics to other regional models reported in other studies. Large biases in
some meteorological variables from WRF_NCEP and WRF_CCSM simulations (e.g., WS10 and
Precip) are attributed to limitations in the PBL, land-surface, cumulus, and microphysics schemes
as well as the limited capability of CCSM in capturing these variables at mesoscale and local scales.
Biases in O3 predictions may be due to uncertainties in the emissions of precursors and inaccuracies
in some meteorological variables (e.g., overpredictions in WS10 and underpredictions in T2).
Biases in predictions of PM, s and its components can be attributed to uncertainties in the emissions
of primary PM, 5 and precursors of secondary PM, 5, uncertainties in model representations of some
atmospheric processes (e.g., gas/particle partitioning and scavenging/wet deposition), and
inaccurate meteorological predictions. The use of a coarse horizontal grid resolution of 36-km
contributes to model biases in meteorological and chemical predictions.

Future (2026-2030) winter climatic conditions are predicted to be colder with increased
mixing (PBLH) in the west, but warmer with decreased mixing in the east, and with increased cloud
cover, increased moisture and precipitation over the contiguous U.S. The summer, however, is
predicted to be warmer with decreased PBLH over most of the U.S., but with other climatic
conditions showing slight deviations from current conditions and spatial variability compared to

winter. Increases in summer and winter temperatures are predicted to increase BVOCs emissions
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over most of the domain, with the exception of California and the Pacific Northeast in winter.
Increases in future BVOCs emissions could potentially lead to increases in O3 mixing ratios in
VOC-limited regions; however, projected anthropogenic emissions of Oz precursors decrease,
which dominates over the effect of climate alone over most of the domain in summer and the
western U.S. in winter. Maximum 1-h and 8-h average O3 mixing ratios are predicted to decrease
by as much as 12.6 ppb during summer conditions over much of the domain, whereas major cities
in both summer and winter and the east coast in the winter show an increase by as much as 9.1 ppb.

Winter and summer PM; s concentrations are also affected by future climate and
anthropogenic emission projections. Decreases in PM; s and its components are mainly due to the
decreases in gaseous precursors and primary PM emissions and increases in precipitation in winter.
Concentrations of PM, 5 decrease by as much as 5.7 ug m™ in winter and 9.9 pg m™ in summer due
to decreases in the concentrations of PM, s components, particularly OM, NH,*, and SO, in winter
and NH,*, NO3’, and SO,% in summer. Increases in OM in summer can be attributed to increases in
SOA, which is in turn due to increases in BVOCs emissions. Future decreases in PM- 5 levels also
lead to improved visibility. Dry deposition fluxes of NH," and NO3 increase in winter over much
of the U.S. due to increased ambient concentrations and decreased surface resistance, while their
wet deposition fluxes in winter increase due to increased Precip. Summer wet deposition of NH,"
and NOgs™ are more spatially variable than winter, with decreases corresponding to decreases in
precipitation and ambient concentration. SO, dry, wet, and total deposition fluxes decrease over
the eastern U.S. in summer and winter due to decreases in SO,* concentrations.

Overall, air quality improves more in summer than winter. Winter concentrations of Os,
PM,s, NH,", and NO3 either decrease less or increase compared to summer concentrations,
especially over the eastern U.S. because of the larger increase in T2. Visibility (HI and Bext)

improves in both winter and summer, with the exception of the Great Lakes region and some areas
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of the eastern U.S in winter. Spatially on average, the total deposition fluxes of aerosols decreases
more in winter, while total deposition fluxes increases more in summer. Increased nitrogen
deposition and acid rain can have negative influences on ecosystems, agriculture, and architecture.
Seasonal differences in meteorological variables play a role in the variability between winter and
summer air quality. For example, a larger increase in future T2 and a larger decrease in future
PBLH over the east coast in winter lead to increases in Oz mixing ratios in winter, whereas summer
O3 mixing ratios decrease due to smaller increases in T2 and decreased precursor emissions.
Sensitivity studies show that projected anthropogenic emission changes play a more
important role in summer than in winter for future O3 and PM s levels; and they dominate over
climate changes for PM, sduring both summers and winters. While this study provides a
comprehensive analysis on the impacts of future climate and emission projections on air quality,
some limitations exist. This study did not account for changes in land use and land cover as well as
vegetation although they may impact future air quality (S. Wu et al., 2012). The emissions of dust
and lightning NOy are not included, which would contribute to model biases. Their important roles
have been recognized in a number of studies (e.g., Hudman et al., 2007; Wang et al., 2013). Other
limitations include the uncertainties of emissions and emission growth factors, limited length of the
simulations to establish more robust changes due to climate and emissions compared to interannual
variability (due to computational constraints), use of a single GCM, regional model, and air quality
model, and use of an offline-coupled WRF/CMAQ that does not consider the feedback of PM to
climate. In particular, the use of uniform growth factors over the entire CONUS in this work will
introduce some uncertainties in projection of future air quality due to different emission control
strategies at different states. The accuracy of the projected emissions is critical to the reliability of
the projected air quality because this study, as well as other previous studies, consistently show that

overall the impacts of changes in anthropogenic emissions dominate the effects of climate change
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on future air quality in the next few decades when the climate change signals in response to
greenhouse warming are relatively weak.
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Table 1

Seasonal statistical model evaluation of WRF_NCEP for winter and summer 2002

Winter Summer
No. of Mean Mean NMB NME (g No. of Mean Mean NMB NME Corr
Variable Database Data Obs Sim (%) (%) Data Obs Sim (%) (%)
T2 (°C) CASTNET 94209 7.3 6.2 -15.1 340 0.86 174869 21.5 22.3 4.2 11.9 0.87
SEARCH 16881 11.0 10.1 -7.6 25.2 0.87 15554 27.2 26.7 -2.0 9.4 0.72
CSN 1884 8.1 6.5 -18.7 299 0.85 3345 25.0 24.4 -2.4 7.4 0.83
RH2 (%) CASTNET 161484 68.1 81.1 19.1 241 0.64 173513 64.5 67.0 4.0 19.6 0.75
SEARCH 16947 72.7 80.9 11.3 18.7 0.66 15187 76.6 75.6 -1.3 14.9 0.67
WS10 (ms™) CASTNET 158190 2.7 4.0 50.3 71.2 0.50 171181 2.03 3.02 48.8 71.9 0.49
SEARCH 15632 2.4 2.9 21.6 50.2 0.46 14833 1.8 2.2 23.1 51.1 0.48
Precip (mm) NADP 2489 145 9.7 -33.2 52.0 0.83 2808 16.7 21.7 65.9 111.2 0.57
Table 2
Seasonal statistical model evaluation of WRF_CCSM for winter and summer of the current five-year mean (2001-2005)
Winter Summer
No. of Mean Mean NMB NME (g No. of Mean Mean NMB NME g
Variable Database Data Obs Sim (%) (%) Data Obs Sim (%) (%)
T2 (°C) CASTNET 365092 6.8 5.9 -13.2 79.7 043 850779 20.9 21.2 1.7 21.0 0.65
SEARCH 82928 9.3 10.6 -13.9 685 0.24 79765 26.1 25.7 -1.4 13.2 0.60
CSN 9307 7.8 7.0 -10.6 67.4 042 15375 245 23.2 -5.6 14.3 0.47
RH2 (%) CASTNET 701319 69.8 74.8 7.2 252 031 843305 67.3 64.6 -4.0 23.2 0.65
SEARCH 83741 73.6 76.9 4.6 25.0 0.23 79427 80.1 76.9 -4.0 16.9 0.57
WS10 (ms™) CASTNET 699011 2.6 53 1042 1263 0.13 835040 2.0 3.8 924 1170 017
SEARCH 79715 25 3.7 47.1 80.9 -0.01 77844 1.8 3.1 74.5 95.2 0.07
Precip (mm) NADP 12689 15.1 12.1 -20.0 1118 0.17 14561 19.3 2.2 -88.4 97.5 0.01
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Table 3

Statistical performance of CMAQ surface concentrations for winter and summer of 2002 with WRF_NCEP initialization

Winter Summer

No.of Mean Mean NMB NME cqrr No.of Mean Mean NMB NME cqrr

Variable Database Data Obs Sim (%) (%) Data Obs Sim (%) (%)
Max 1-h Os (ppb) AIRS-AQS 14857 317 353 114 236 058 98889 627 650 37 185 0.71
CASTNET 2217 333 300 -100 210 060 7149 615 547 -11.1 286  0.39
SEARCH 716 376 389 34 180 069 652 628 602 -40 155 0.78
Max 8-h Os (ppb) AIRS-AQS 14726 270 313 160 285 058 97322 554 607 96 198 0.72
CASTNET 2176 300 290 -34 209 065 7046 554 547 -14 163 0.78
SEARCH 713 314 347 105 224 071 636 520 566 87 176 081
Hourly avg. CO (ppb) SEARCH 13791 3082 2713 -120 427 051 15711 248.7 1875 -246 389 055
Hourly avg. NO (ppb) SEARCH 14290 9.8 19 -809 901 03 15472 32 04 -87.1 907 0.36
Hourly avg. SO, (ppb) SEARCH 14160 34 53 560 1052 037 15604 2.0 25 263 1163 0.23
24-h avg. SO, (ug m®)* CASTNET 834 48 108 1246 1251 0.88 961 24 39 618 885 0.3
Hourly avg. HNOs (ppb) SEARCH 11109 55 09 -832 922 006 8175 65 09 -864 912 021
24-h avg. HNO; (ug m®)?®  CASTNET 833 1.2 1.7 508 618 072 961 2.3 22 57 470 0.07
Hourly avg. NH; (ppb) NCDENR 5418 48 25 -489 @878 011 4771 149 105 -295 797 0.15
24-h avg. PM, 5 (g m™) IMPROVE 3505 38 571 512 789 071 3971 86 50 -421 526 046
CSN 2254 127 156 231 584 038 3339 151 102 -328 392 0.69
Hourly avg. PMys (g m®)  SEARCH 10172 103 139 344 748 036 7314 147 91 -380 492 051
NCDENR 6082 11.3 148 306 569 039 9848 185 86 -532 558 0.58
24-h avg. SO,> (g m®)? CASTNET 835 17 25 443 549 073 961 48 34 -293 312 053
24-h avg. SO, (ug m®) IMPROVE 3527 092 13 448 686 075 4070 24 18 -245 374 089
24-h avg. SO, (ug m®) CSN 2233 23 31 364 629 06 3282 48 38 -21.3 337 085
Hourly avg. SO~ (ugm®)  SEARCH 4600 14 36 1529 1693 037 6358 1.6 43 1655 1736 057
24-h avg. NOy™ (g m®)® CASTNET 834 1.4 18 253 711 065 961 05 04 -339 996 0.04
24-h avg. NOy™ (ug m™) IMPROVE 3395 07 097 347 1049 052 4060 0.3 02 -464 964 03
24-h avg. NO3™ (g m™®) CSN 1980 31 29 68 733 027 1907 1.1 08 -279 800 03
Hourly avg. NO3” (g m™) SEARCH 7851 8.7 1.8 -792 826 014 7453 75 148 980 980 0.23
24-havg. NH,  (ugm®)®  CASTNET 834 09 11 305 437 081 961 15 11 -265 313 031
24-h avg. NH," (ug m™®) IMPROVE 79 08 13 590 680 049 78 19 17 -119 371 065
24-h avg. NH," (ug m™®) CSN 2234 1.4 16 179 620 04 3282 16 13 -186 388 0.76
Hourly avg. NH," (g m®)  SEARCH 5516 1.4 1.7 242 g8sg 006 6349 05 1.3 199 2275 0.32
24-h avg. EC (ug m®) IMPROVE 3487 023 0233 13 565 063 3971 031 025 -186 64.6 0.9
CSN 2215 075 085 132 629 0.38 3264 058 059 12 536 04
24-h avg. OC (ug m*) IMPROVE 3502 084 074 -112 586 0.58 3982 2.2 09 -601 758 047
24-h avg. TC (ug m®) IMPROVE 3512 11 097 -85 562 062 3985 25 11 -549 728 0.48
CSN 2144 4.2 28 327 517 037 3231 45 1.6 -656 678 0.34
Weekly total SO,* (g ha™) NADP 1703 162 135 -157 611 067 1740 335 417 246 831 045
Weekly total NO5™ (g ha™) NADP 1703 162 123 -244 579 052 1740 302 236 -21.6 618 0.38
Weekly total NH," (g ha™) NADP 1703 29 21 -286 626 05 1740 83 113 363 932 0.39
Bex (M m™) IMPROVE 3454 285 539 892 1047 0.69 3520 501 37.0 -262 407 0.74
HI (deciview) IMPROVE 3454 111 119 70 332 079 3520 155 100 -356 373 0.82
Tropo. CO column® MOPITT 16576 1.9 18 -81 109 064 16576 184 15 -17.0 190 0.46
Tropo. NO, column® GOME 15414 21 30 434 688 0.78 16575 1.4 1.6 139 456 0.74
Tropo. HCHO column® GOME 14606 3.6 2.7 -265 485 0.30 16576 4.7 71 520 685 0.32

Tropo. O column® TOMS/

SBUV 13710 284 316 113 135 027 13710 418 349 -168 180 0.71
Aerosol optical depth? MODIS 13785 011 006 -41.8 56.8 -0.18 16576 021 013 -37.0 413 054

T CASTNET data are collected every week but reported as 24-hr average. ® The units are x10"® molecules cm™ for CO column, x10™
molecules cm™ for NO, and HCHO column, and Dobson unit (DU) for O5 column. N/A - not applicable (observations not available).
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Table 4
Statistical performance of CMAQ surface concentrations for winter and summer of the current five-year mean (2001-2005) with WRF_CCSM initialization

Winter Summer

No. of Mean Mean NMB NME No. of Mean Mean NMB NME

Variable Database Data Obs Sim (%) (%) Corr Data Obs Sim (%) (%) Corr
Max 1-h O (ppb) AIRS-AQS 49659 32.6 37.7 149 27.0 0.34 477124 586 681  16.1 372 024
CASTNET 9552 34.1 31.5 -7.5 23.9 0.37 28414 575 56.6 -1.5 305 032

SEARCH 2356 36.0 37.5 4.4 27.0 0.35 1646 58.3  56.6 2.9 340  0.29

Max 8-h O (ppb) AIRS-AQS 49179 27.8 346 244 35.4 0.31 470300 516 61.1 190 379 025
CASTNET 9370 30.8 31.2 1.2 25.2 0.39 27982  51.7 557 7.7 31.3  0.33

SEARCH 2328 30.3 355 170 33.0 0.39 1609 491 534 8.7 36.0 0.33

Hourly avg. CO (ppb) SEARCH 35772 336 229  -319 504 0.28 29963 237 184  -22.6 480  0.39
Hourly avg. NO (ppb) SEARCH 36394 115 1.0 -90.9 949 0.12 30165 3.2 0.6 -82.3 91.4  0.26
Hourly avg. SO, (ppb) SEARCH 35705 4.1 4.6 120 1000  0.13 29847 2.0 2.6 302 1252 0.16
24-h avg. SO, (ug m™) CASTNET 4333 5.8 8.9 53.8 72.2 0.74 4792 2.3 5.5 142.4 1711 013
Hourly avg. HNO; (ppb) SEARCH 30037 6.0 0.8 -86.8 95.7 0.03 22205 3.7 0.9 -75.1 92.7 0.07
24-h avg. HNO3 (g m) CASTNET 4332 1.2 1.5 22.3 60.0 0.52 4792 1.9 2.4 27.2 741  0.05
24-h avg. PM,5 (ug m*) IMPROVE 16063 3.9 4.1 4.0 74.0 0.43 15873 7.9 6.5 -17.6 66.1  0.25
CSN 10803 13.0 100 -233 61.9 -0.05 15464 145 118  -19.1 56.1  0.24

Hourly avg. PM,s (ug m™) SEARCH 14004 11.4 10.9 -4.9 68.3 0.09 36849 335 413 234 324  0.49
24-h avg. SO4% (ug m®)? CASTNET 4333 1.9 1.6 -143 465 0.52 4792 4.6 4.1 -11.9 442 024
24-h avg. SO,* (ug m™) IMPROVE 16307 0.97 1.03 6.4 76.1 0.43 16185 2.4 2.3 -4.0 69.5  0.50
24-h avg. SO,% (ug m™) CSN 10669 2.4 1.9 -21.2 65.4 0.16 15436 4.8 4.4 9.1 701 031
Hourly avg. SO,* (ug m™) SEARCH 6743 1.3 27 1114 1523  -0.03 11293 3.0 5.0 68.4  131.3  0.05
24-h avg. NOy (ug m*)? CASTNET 4333 1.6 1.4 -8.6 7.1 0.49 4792 053 042 -21.0 1104 0.00
24-h avg. NO3 (ug m*) IMPROVE 16145  0.82 064 -221 1005  0.27 16167 0.28 0.16  -40.3 1006 0.16
24-h avg. NO3 (g m*®) CSN 9507 3.2 1.9 -39.4  80.6 0.00 13422 0.9 0.6 -30.6 95.0  0.05
Hourly avg. NOz (g m™) SEARCH 10872 9.0 1.3 -85.8  89.2 0.05 12571 118 0.2 -98.1 984  0.10
24-h avg. NH,* (ug m?)? CASTNET 4333 0.9 0.9 9.9 45.1 0.60 4791 1.5 1.4 71 48.7  0.10
24-h avg. NH," (ug m*®) IMPROVE 1027 0.82 095  15.1 67.1 0.16 889 1.5 1.9 25.5 69.8  0.37
24-h avg. NH," (ug m*) CSN 10663 1.6 1.1 -32.1 67.4 0.11 15423 1.6 1.5 -7.0 771 0.27
Hourly avg. NH," (ug m™) SEARCH 8566 1.4 1.2 -13.4 826 0.00 11115 081 1.7 1039 1684  0.06
24-h avg. EC (ug m*) IMPROVE 15968  0.22 016 -28.4  68.4 0.45 15882  0.29  0.29 0.8 768  0.14
CSN 10580 0.7 0.5 277 071 0.08 15335 055 065  17.3 66.6  0.24

24-h avg. OC (ug m3) IMPROVE 16046 0.9 0.5 -42.9 73.9 0.31 15973 1.8 1.0  -425 864  0.07
24-h avg. TC (ug m*) IMPROVE 16105 1.1 0.7 -40.0 71.8 0.36 15995 2.1 1.3 -36.4 828  0.08
CSN 9647 4.0 1.7 -56.0 72.0 0.03 14688 3.8 1.9 504 613 0.1

Weekly total SO,* (g ha™) NADP 7420 159 113 -292  96.8 0.11 7341 400 148  -62.9 86.1  0.14
Weekly total NO;3 (g ha?) NADP 7420 159 101 -36.7 848 0.15 7341 293 78 -73.4 861  0.07
Weekly total NH,* (g ha™) NADP 7420 27.5 186  -323 913 0.11 7298 796 339 -57.3 86.9  0.05
Bext (MM™) IMPROVE 15501 29.5 35.1 18.8 77.5 0.37 15038  46.5 439 5.7 60.4  0.45
HI (deciview) IMPROVE 15501 11.4 9.0 211 461 0.54 15501 295 351 188 775  0.37

8 CASTNET data are collected every week but reported as 24-hr average. N/A, not applicable (observations not available).
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Figure 3. Absolute differences in dry, wet, and total deposition fluxes of NH4*, NOs', and SO, for winter (top) and
summer (bottom).
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1. Model configurations

Table S1 shows the model configurations including physics and chemical options. The
Carbon-Bond Mechanism (CBO05) is used to simulate gas-phase chemistry while AEROG is used
as the aerosol module with the thermodynamic equilibrium model ISORROPIA v2.0 that
accounts for the effects of crustal species on aerosol thermodynamic equilibrium (Fountoukis
and Nenes, 2007). CMAQ v5.0 includes a number of improved treatments, such as the
simulation of O3 in urban plumes in the updated toluene chemistry of the CB0O5 mechanism,
additional PM speciation for primary PM emissions, improved gas/particle partitioning of
inorganic species and elimination/moderation of numerical instabilities in ISORROPIA version
2.0, updated secondary organic aerosol yield parameterization, and updated vertical diffusion and
advection algorithms. New treatments that are not available in previous versions include primary
organic aerosol aging by OH radicals as a second-order reaction, in-line calculated photolysis

rates, in-line calculated biogenic emissions and wind-blown dust emissions, and in-line or off-
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line nitric oxide (NO) emissions from lightning. In this work, the inline wind-blown dust
emission module and the module for NO emissions from lightning are not activated, due to the
unavailability of input files at the time of the beta version release. Omission of such emissions
may contribute to some of the model biases in simulating relevant species such as NOy, O3, and
PM3,. A lookup table of actinic flux is used for photolysis rates instead of the in-line option, as
O3 column data needed for the in-line option is not available for future years. In addition, in the
CMAQ v5.0 beta version, the treatment of bi-directional flux of ammonia (NHz) is based on
CMAQ v4.7, which is used in this work. In the publically-released CMAQ v5.0, several updates
were made including updated parameterizations based on published field scale models and NH3
exchanges based on varying land use, soil, and plant compensation points. While the updated
treatments of advection and the stable the planetary boundary layer (PBL) in the publically-
released version affect column mass slightly, differences between the results with the publically-
released version and the beta version are very small.
2. Emissions for current and future year simulations

Criteria and hazardous air pollutant emission inventories and ancillary files for current
year simulations are based on the U.S. EPA’s 2002 National Emissions Inventory (NEI), while
biogenic emissions for both current and future year scenarios are processed in-line with CMAQ
v5.0 and are based on the Biogenic Emissions Inventory System (BEIS) version 3.13. Emissions
of wind-blown dust and NO from lightning are not included for the reason stated previously.
Raw anthropogenic emission inventories are spatially allocated, chemically speciated, and
temporally allocated using the Sparse Matrix Operator Kernel Emissions (SMOKE) modeling
system version 2.6 to match the temporal, horizontal, and vertical resolutions of CMAQ. The
input emissions for the latest version of CMAQ (v5.0) require additional speciation of

unspeciated fine particulate matter (PMOTHR) that is not included in previous versions of
2



CMAQ. The speciation of PMOTHR in this work is based on that of Reff et al. (2009), namely,
PMOTHR is split into 14 particulate species: water, noncarbon organic matter, sodium,
aluminum, calcium, iron, silicon, chloride, potassium, ammonium, titanium, manganese,
magnesium, and other, which includes all unaccounted minor trace elements, metal bound
oxygen, and other unspeciated PM;s. Domain-wide speciated growth factors for future (2026-
2030) anthropogenic emissions are applied to the base 2002 NEI speciated, model-ready, and
gridded emissions outside of SMOKE. The future-year simulations are based on the IPCC SRES
A1B scenario, which is characterized by rapid economic growth, moderate population growth
that peaks in 2050 and declines thereafter, and rapid growth and introduction of new, more
energy efficient technologies, with a balance across all energy sectors (IPCC, 2000). The
IMAGE model developed by the National Institute for Public Health and the Environment
(RIVM) in the Netherlands (RIVM, 2001) is used to disaggregate the A1B scenario into
additional pollutant emissions. Table S2 shows the lumped growth factors (GFs) for the A1B
scenario that are derived based on GFs for 8 source sectors over the U.S. developed by Argonne

National Laboratory (ANL) (personal communications, David Streets, ANL, 2011) following the

approach of Nakicenovic et al. (2000) and RIVM (2001). The emissions of formaldehyde,

ammonia, and nitrate are projected to increase (i.e., with a GF > 1) by 2030, while those of
anthropogenic volatile organic compounds (VOCs), NOy, EC, primary organic carbon, fine
particulate matter, sulfur dioxide (SO;), and others are projected to decrease (i.e., witha GF <
1). Propinaldehyde and higher aldehydes are not included in the original ANL growth factors,
whose GFs are assumed to be the same as acetaldehyde. These growth factors are applied to the

gridded 2002 NEI emissions to produce the gridded future year emissions inventory.



3. Observational datasets

Table S3 shows observational datasets used in the evaluation of the WRF/CMAQ
simulations along with meteorological variables and chemical concentrations evaluated, their
data frequency and total number of sites. Surface-based observations are obtained from nine
monitoring networks: the Clean Air Status and Trends Network (CASTNET), the Aerometric
Information Retrieval System-Air Quality System (AIRS-AQS), the Interagency Monitoring of
Protected Visual Environments (IMPROVE), the Chemical Speciation Network (CSN), the
Southeastern Aerosol Research and Characterization study (SEARCH), the North Carolina

Department of Environment and Natural Resources (NCDENR), and the National Acid

Deposition Program (NADP). Satellite measurements include tropospheric CO column

abundances from the Measurements of Pollution in the Troposphere (MOPITT), tropospheric
NO; and HCHO column abundances from the Global Ozone Monitoring Experiment (GOME),
tropospheric O3 residuals (TORS) derived from the Total Ozone Monitoring Experiment (TOMS)
and the Solar Backscattered Ultraviolet (SBUV), and aerosol optical depths (AODs) from the
Moderate Resolution Imaging Spectroradiometer (MODIS). Meteorological variables (i.e.,
temperature and pressure) and layer thickness from MCIP outputs are used in conjunction with
CMAQ simulated mass concentrations to calculate and convert column abundances of CO, NO,,
HCHO, and Os into Dobson Unit (DU) for O3, and molecules cm™ for other species. Total (fine-
and coarse-mode) MODIS-derived AODs are compared with the calculated AOD based on the
parameterizations of Zhang et al. (2009) using fine and coarse PM predicted by CMAQ, layer

thickness, and the total number of layers.



4, Evaluation of the 2002 WRF_NCEP/CMAQ simulations

Figure S1 shows the spatial distribution of NMBs of maximum 8-h O3 mixing ratios and
PM, s concentrations at the AIRS-AQS, CASTNET, and SEARCH sites. Spatially,
overpredictions in maximum 8-h O3 mixing ratios occur at the AIR-AQS sites in the southeast
particularly along the Gulf coast, California, and parts of the Midwest in both seasons and at the
SEARCH sites during summer. The maximum 8-h O3 mixing ratios are generally
underpredicted at the CASTNET sites (mostly rural/remote sites), with the largest
overpredictions in the states of Washington, Florida, and West Virginia in both seasons. These
results are similar to Appel et al. (2007), who reported a slight overprediction to unbiased
performance for O3 over the eastern U.S. in summer with CMAQ v4.5, with an overprediction in
the winter as well. Appel et al. (2011b) also reported an overprediction of daytime O3 mixing
ratios over North America (an NMB of 9.7%), but found that winter O3 mixing ratios were
greatly underpredicted when using the Global and regional Earth-system Monitoring using
Satellite and in-situ data (GEMS) as lateral boundary conditions. The underprediction of Oz in
winter reported by Appel et al. (2011) was not evident when the simulations were conducted
with chemical boundary conditions from GEOS-Chem.

Discrepancies between model predictions and observations in this work for O3 may be
due to uncertainties in the emissions of precursors (e.g., nitrogen oxides (NOx = NO + NO,) and
volatile organic compounds (VOCs)) (Wang and Zhang, 2012). As shown in Table 3, the mixing
ratios of NO, one of the precursors for O3, are underpredicted at the SEARCH sites in summer
and winter, leading to overpredicted O3 at SEARCH sites due mainly to insufficient titration.
The discrepancies between simulated and observed O3 mixing ratios may also be due to
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inaccuracies in meteorological variables that affect chemical concentrations. For example,
overpredictions in WS10 can lead to underpredictions in O3 mixing ratios at the source and
overpredictions downwind, and underpredictions in T2 can lead to underpredictions in Oz mixing
ratios due to a weaker photochemistry than it should be. The inaccuracies in the simulated
PBLH may also lead to biases in O3 predictions. No observations are available for PBLH
evaluation. However, the model performance for CO, a relatively long-lived, slowly reactive
species, may provide an indicator to some extent to assess the model’s capability in representing
PBLH and thus vertical mixing (Zhang et al., 2013). As shown in Table 3, CO mixing ratios at
the SEARCH sites are underpredicted. While this underprediction may be caused by several
factors (e.g., an underestimate of CO emissions and an overestimate in dry deposition), one
possible factor is an overestimate of simulated PBLH, which increases mixing and leads to
underpredictions of CO, NO, and HNO3 at the SEARCH sites. One reason for the bias of PBL
height may be the vertical resolution used in this study, which has been found to affect PBL
height predictions (Hanna and Yang, 2001). In addition to the possible bias in PBLH, the
underpredictions in NOy emissions may be one main reason for large underpredictions of NO
and HNOj at the SEARCH sites. Finally, the grid resolution of 36-km is too coarse to capture
meteorological phenomena and chemistry at fine- or meso- scales.

As shown in Figure S1, CMAQ generally overpredicts the concentrations of PM, 5 and its

components in winter while underpredicting them in summer, with a few exceptions (e.g., NOs",

OC, and total carbon (TC) at the CSN sites and OC and TC at the IMPROVE sites in winter,

S04%, NOg, and NH," at the SEARCH sites and EC at the CSN sites in summer). At the

SEARCH sites, SO.%, NOg, and NH," concentrations are significantly overpredicted in summer



(NMBs of 165.5, 98.0, 199.0%, respectively), with the SO,* overprediction due possibly to
several factors such as an overestimation of SO, emissions from other non-EGU sources,
uncertainties in the vertical distributions of SO, emissions, and uncertainties in dry/wet

deposition and aqueous-phase chemistry treatments at the SEARCH sites. Predictions at the

CASTNET sites for SO,*, NOg, and NH," are good to moderately good in both seasons with

NMBs of -33.9% to 30.5%, with the exception of SO,* in winter (an NMB of 44.3%). Large

model biases occur for some species at some sites e.g., the NO3- at the SEARCH sites in both

seasons and at the IMPROVE sites in summer (NMBs of -79.2% to 98% and -46.4%), NH," at
the IMPROVE sites in winter and at the SEARCH sites in summer (NMBs of 59% and 199%,
respectively), SO,* at all sites in winter and at SEARCH sites in summer (NMBs of 36.4-
159.2% and 165.5%, respectively), and OC at the IMPROVE sites in summer (an NMB of -
60.1%). The seasonal performance of those species at the remaining sites is good to marginally

good with NMBs of -29.3% to -21.3% for summer SO,*, -6.8% to 34.7% and -33.9% to -27.9%

for winter and summer NOjs-, 17.9-30.5% and -26.5 to -11.9% for winter and summer NH,",

respectively, 1.3-13.2% and -18.6% to 1.2% for winter and summer EC, respectively, and -
11.2% for winter OC.

Discrepancies between observed and simulated PM; s and its components may be due to a
number of factors. First, uncertainties exist in the emissions of gaseous precursors of secondary
PM3s, as well as primary PM, s (OC and EC). For example, underestimation of PM;s, OC, and
TC concentrations in summer may be due to coarse spatial and temporal distributions of wildfire
emissions (Roy et al., 2007) and the exclusion of dust emissions. Uncertainties in the emissions
of gaseous precursors such as NH3 in the 2002 NEI and previous versions may contribute to
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biases in NOs- and NH,4" (Pinder el al., 2006; Zhang et al., 2006 a, b; S.-Y. Wu et al., 2008;

Wang and Zhang, 2012). The overpredictions in the concentrations of SO, and SO, at the
CASTNET sites in winter may be due in part to overpredictions of SO, emissions. Second,
uncertainties exist in the model parameters used such as the rate constant and heterogeneous
reaction probability, v, used in simulating the heterogeneous reactions of NO, and N,Os to

produce HNOg3. This uncertainty may help explain the overpredictions in the concentrations of

HNO3z and NO3- during winter. CMAQ v5.0 includes the heterogeneous reactions of NO, + H,O

and N,Os + H,0 that contribute to HNO3 production. The NO, + H,O reaction is assumed to
occur on the surfaces of aerosol and the ground surface areas with a rate constant of 3.0 x 10
S/V m™ (S/V is the ratio of surface area to volume of air) (Sarwar et al., 2008). The N,Os
heterogeneous reaction probability, v, is calculated as a function of temperature, relative
humidity, particle composition, and phase state following the parameterization of Davis et al.
(2008). The heterogeneous reaction of N,Os and NO, may be the most important pathway to
produce HNOg3 during the winter time. However, the rate constant of NO, + H,O and the y
parameterization of N,Os used have not been evaluated with ambient measurements during
winter time due to the lack of observations. In particular, while the y parameterization of N,Os
used in CMAQ v5.0 may reproduce the ambient measurements, it remains unclear if this
parameterization can reproduce observed concentrations during winter months because the
underlying steady state approximation is not applicable at cold temperatures (Brown et al., 2003;
Davis et al., 2008). Third, model representations of gas/particle partitioning, dry deposition, and

scavenging/wet deposition fluxes may add to biases of the PM predictions (Wang and Zhang,

2012). For example, the underprediction in dry and wet deposition fluxes of SO,, SO,*, NOg",
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and NH," in winter may be a factor in the overprediction of SO,, SO,*, NOg, and NH," in winter

(with the exception of NOj3- at the CSN sites). Fourth, the spatial variability and biases of

meteorology can affect predictions of PM, s and its components. Overpredictions of WS10,
PBLH, and precipitation can lead to underpredictions of PM concentrations in summer due to
increased dispersion, ventilation, and precipitation scavenging. For example, the underprediction
of Precip in winter could be a factor in the overprediction of SO,, PM; 5, and PM; s inorganic
components due to decreased scavenging. Compared to winter, larger underprediction occurs in
Precip, which may lead to underpredictions in agueous-phase oxidation rates of SO, thus the
concentrations of SO,%. Finally, the use of a coarse grid resolution also contributes to the model
biases in simulated PM and its composition. The model evaluation results are generally
consistent with those reported by other studies (Zhang et al., 2008, 2009; Appel et al., 2011;
Wang and Zhang, 2012). It is important to note that there are differences among model setups
that affect model performance, such as differences in emission inventories, meteorological

models and their predictions (specifically precipitation), air quality models and versions, the grid

resolution, years of simulation, and observations used for model evaluation.

Figure S2 shows the observed and simulated seasonal average spatial distributions of

tropospheric column abundances of CO, NO,, HCHO, TOR, and AOD in winter and summer
2002 from CMAQ simulations driven by meteorological predictions from WRF_NCEP. The
MOPITT-derived CO column abundance is high over the eastern and western U.S. coasts, but is

generally underpredicted by CMAQ in these regions, with better agreement over high altitude

regions in winter, specifically over the Rocky Mountains. In terms of seasonal statistical



performance, CMAQ predicts CO columns fairly well, with better results in winter compared to
summer (NMBs of -8.1% and -17.0%, respectively). Discrepancies between the prediction and
observations could be due to uncertainties in CO emissions, MOPITT retrieval methods, and
boundary conditions (Emmons et al., 2009; Wang and Zhang, 2012). Spatially, CMAQ produces
well column NO; in summer and winter, but overpredicts in high populated regions and major
cities such as Chicago, IL, New Orleans, LA, Houston, TX, and Seattle, WA. Statistically,
CMAQ overpredicts column NOg, particularly in winter with an NMB of 43.4%, likely due to
uncertainties in the NO, emissions, boundary conditions, and NO; oxidation rates in the CB05
gas-phase mechanism (Wang and Zhang, 2012).

The performance of CMAQ at capturing HCHO columns is overall poor, both spatially
and statistically. In general, CMAQ underpredicts the HCHO columns in winter (an NMB of -
26.5%) and overpredicts them in summer (an NMB of 52.0%). Discrepancies between the

GOME and CMAQ HCHO columns may be due to large uncertainties associated with satellite

retrieval methods, high yields of HCHO from the oxidation of BVOCs in the CB05 chemical

mechanism of CMAQ, and uncertainties in HCHO emissions (Wang and Zhang, 2012). CMAQ

does not capture the spatial distribution of TOR, particularly in the summer, with large
underpredictions over the southeastern U.S. and the California coast. Winter TOR is better
captured by CMAQ, both spatially and statistically, with an NMB of 11.3%. Discrepancies of
modeled and TOMS/SBUV O3 may be due to the boundary conditions of O3 provided by GEOS-
Chem (Wang et al., 2009). The seasonal variation of CMAQ-derived and MODIS AOD is
evident, with lower AODs in the winter. CMAQ-derived AODs are underpredicted domain-wide

in both summer and winter (NMBs of -37.0 and -41.8%, respectively), with the exception of the

10



southeastern and northeastern U.S. in winter. Several factors may explain the differences
between MODIS and CMAQ-derived AODs. First, the CMAQ simulations in this study do not
consider windblown dust (which may contribute to the derived AODs), whereas it is accounted

for in the total MODIS AOD (Wang and Zhang, 2012). Second, underpredictions of surface

concentrations of OC in winter and summer and SO4>, NOs-, and NH," in summer (with the

exception of the SEARCH sites), may contribute to the underprediction of CMAQ-derived

AODs in summer and winter. Finally, uncertainties exist in a number of parameters used to

calculate the CMAQ AODs as well as the MODIS data (Drury et al., 2008; Wang and Zhang,

2012).
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Table S1. Model components and configurations

Attribute

Configuration

Simulation Period

Domain

Horizontal resolution
Vertical resolution
Meteorological IC and BC

Shortwave and longwave radiation
Land surface

Surface layer

PBL

Cumulus

Microphysics

Gas-phase chemistry
Agueous-phase chemistry

Aerosol module

Chemical IC and BC

Anthropogenic emissions
Biogenic emission

Summer (June, July, August) and winter (December,
January, February) of 2001-2005 and 2026-2030
Continental U.S.

36 km

14 layers from the surface to about 15 km (~100 mb)
NCEP-Final (NCEP-FNL) Operational Global Analysis
data for WRF_NCEP simulations and Community
Climate System Model data for WRF_CCSM
simulations

Community Atmosphere Model

Soil thermal diffusion

Monin-Obukhov

Yonsei University scheme

Kain-Fritsch

WREF single-moment 6-class graupel

2005 Carbon-Bond Mechanism (CBO05)

Modified RADM mechanism

Aerosol module version 6

Goddard Earth Observing System Model with
Chemistry (GEOS-Chem)

2002 National Emissions Inventory

Biogenic Emissions Inventory System version 3.13
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Table S2

Domain-uniform lumped growth factors for

anthropogenic species

Growth
Emitted Species Factor
Acetaldehyde 0.93
Carbon monoxide 0.62
Ethene 0.59
Ethane 0.89
Formaldehyde 1.14
Internal olefin carbon bond 0.96
Ammonia 1.34
Nitrous oxide 0.72
Nitrogen dioxide 0.72
Terminal olefin carbon bond 0.96
Paraffin carbon bond 0.90
Elemental carbon? 0.65
Primary coarse particulate matter ® 0.95
Other inorganic fine particulate matter?® 0.79
Nitrate® 1.01
Primary organic carbon® 0.91
Sulfate® 0.81
Sulfur dioxide 0.25
Toluene and other monoalkyl aromatics 0.66
Xylene and other polyalkyl aromatics 0.56

®Particulate species
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Table S3

Surface and satellite databases used for model evaluation

Database® Variable(s) Evaluated® Data Frequency Number of Sites
CASTNET T2, WS10, RH2, O3, SO,, HNO3,  Hourly met. and Os; Weekly ~ ~80 sites, in remote/rural areas of
NO3, NH,*, SO,* average PM components the U.S.
CSN T2, PM,s, NOs, NH,", SO,%, EC, 24-h average, 1 every 3 days ~130 sites, in urban areas of the
OC,TC u.s.
NADP Precip, wet dep. of NH,*, SO,%, Weekly total Over 250 sites, nationwide
NO;’
SEARCH T2, WS10, RH2, O3, CO, NO, Hourly 8 sties, in the urban/suburban areas
SO,, HNO;, PMZ;, NO;, NH,", of the southeastern U.S.
SO4~
AIRS-AQS O3 Hourly Over 1100 sites, mostly in cities
and towns in the U.S.
IMPROVE PM,s, NOz, NH,", SO,%, EC, 24-h average, 1 every 3 days ~130 sites, primarily in remote
OC, TC, Bex, HI locations in the western U.S.
NCDENR O3, PM;5, NH3 Hourly 8 sites for PM, 5, 3 sites for NHs, in
North Carolina
GOME Column NO,, HCHO Monthly average Domain-wide
MODIS AOD Monthly average Domain-wide
MOPITT Column CO Monthly average Domain-wide
TOMS/SBUV TOR Monthly average Domain-wide

3CASTNET, Clean Air Status and Trends Network (http://www.epa.gov/castnet); CSN, Chemical Speciation Network
(http://www.epa.gov/ttnamtil/speciepg.html); NCAR-RDA, National Center of Atmospheric Research-Research and Data Archive ds472.0
(http://rda.ucar.edu/datasets/ds472.0/); NADP, National Acid Deposition Program (http://nadp.sws.uiuc.edu); SEARCH, Southeastern Aerosol
Research and Characterization (http://www.atmospheric-research.com/studies/SEARCH/index.html); MADIS, Meteorological Assimilation Data
Ingest System (http://madis.noaa.gov); AIRS-AQS, Aerometric Information Retrieval System-Air Quality Subsystem
(http://www.epa.gov/air/data/index.html); IMPROVE, Interagency Monitoring of Protected Visual Environments
(http://vista.cira.colostate.edu/improve); NCDENR, North Carolina Department of Environment and Natural Resources
(http://dag.state.nc.us/monitor); GOME, Global Ozone Monitoring Experiment (http://wdc.dlr.de/data_products/); MODIS, Moderate Resolution
Imaging Spectroradiometer (http://ladsweb.nascom.nasa.gov); MOPITT, Measurements of Pollution in the Troposphere
(http://eosweb.larc.nasa.gov/PRODOCS/mopitt/table_mopitt.html); TOMS/SBUV, Total Ozone Mapping Spectrometer and the Solar
Backscattered Ultraviolet (http://ozoneag.gsfc.nasa.gov/measurements.md).
PBex, extinction coefficient; HI, Haziness Index.
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Figure S1. Spatial distributions of NMBs of maximum 8-h average O3 and 24-h average PM, 5

predictions over the U.S. in winter (DJF) and summer (JJA) in 2002. The observational datasets
for maximum 8-h average Oz include AIRS-AQS (circles), CASTNET (square), and SEARCH
(triangle) and IMPROVE (circle), SEARCH (triangle), and CSN (square) for 24-h average

PM3s.
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