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Abstract: This work presents new climate and emissions scenarios to investigate changes on future
meteorology and air quality in the U.S. Here, we employ a dynamically downscaled Weather Research
and Forecasting model coupled with chemistry (WRF/Chem) simulations that use two Intergovern-
mental Panel on Climate Change scenarios (i.e., A1B and B2) integrated with explicitly projected
emissions from a novel Technology Driver Model (TDM). The projected 2046–2055 emissions show
widespread reductions in most gas and aerosol species under both TDM/A1B and TDM/B2 scenarios
over the U.S. The WRF/Chem simulations show that under the combined effects of the TDM/A1B cli-
mate and emission changes, the maximum daily average 8-h ozone (MDA8 h O3) increases by ~3 ppb
across the U.S. mainly due to widespread increases in near-surface temperature and background
methane concentrations, with some contributions from localized TDM emission changes near urban
centers. For the TDM/B2 climate and emission changes, however, the MDA8 h O3 is widely decreased,
except near urban centers where the relative TDM emission changes and O3 formation regimes leads
to increased O3. The number of O3 exceedance days (i.e., MDA8 h O3 > 70 ppb) for the entire domain
is significantly reduced by a grid cell maximum of up to 43 days (domain average ~0.5 days) and
62 days (domain average ~2 days) for the TDM/A1B and TDM/B2 scenarios, respectively, while
in the western U.S., larger O3 increases lead to increases in nonattainment areas, especially for the
TDM/A1B scenario. The combined effects of climate and emissions (for both A1B and B2 scenarios)
will lead to widespread decreases in the daily 24-h average (DA24 h) PM2.5 concentrations, especially
in the eastern U.S. (max decrease up to 93 µg m−3). The PM2.5 changes are dominated by decreases
in anthropogenic emissions for both the TDM/A1B and TDM/B2 scenarios, with secondary effects
on decreasing PM2.5 from climate change. The number of PM2.5 exceedance days (i.e., DA24 h
PM2.5 > 35 µg m−3) is significantly reduced over the eastern U.S. under both TDM/A1B and B2 sce-
narios, which suggests that both climate and emission changes may synergistically lead to decreases
in PM2.5 nonattainment areas in the future.

Keywords: climate changes; emissions changes; air quality; downscaling; modeling

1. Introduction

Rapid and complex increases in population and economy lead to changes in weather,
climate, and air quality. Use of emission projections in gridded atmospheric climate and
chemistry models are critical elements in the understanding of future climate impacts on
regional air quality. There are two popular sets of emission scenarios developed by the
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Intergovernmental Panel on Climate Change (IPCC) research community, both of which
are based on expert judgments of plausible future emissions that consider socioeconomic,
environmental, and technological trends: (1) the “Special Report on Emissions Scenarios”
(SRES) [1], and (2) the “Representative Concentration Pathways” (RCP) [2].

The SRES scenarios represent a “big-picture” approach that covers a wide range
of main driving forces of future emissions based on demographic, technological, and
economic developments. The SRES scenarios are derived from extensive assessment of
the literature, six alternative modeling approaches, and an “open process” that solicited
wide participation and feedback from expert groups and individuals [1]. We note that
there are no future policies that address climate change in the SRES scenarios, and that
they include a range of emissions of all relevant species of greenhouse gases (GHGs) and
sulfur. Unlike the SRES, the RCP scenarios are based on the concept of four scenarios of
future radiative forcing pathways (i.e., an atmospheric response of changing incoming
vs. outgoing radiation due to changes in atmospheric GHGs, such as carbon dioxide)
that can be achieved by a diverse range of socioeconomic and technological development
scenarios [2].

Using SRES scenarios, many studies have investigated the effect of future changes in
climate and anthropogenic emissions on air quality [3–9]. It has been found that over the
contiguous U.S. (CONUS), potentially large decreases in surface ozone (O3) are simulated
when reductions in precursor anthropogenic emission estimates are accounted for, partially
counteracting potential increases due to climate change [7,10,11]. For example, Lam et al.
(2011) found a 2 to 5 ppbv increase for maximum daily average 8-h ozone (MDA8) O3 in
the 2050s compared with the 2000s in the eastern U.S. due to climate changes under the
SRES A1B scenario, while maintaining anthropogenic emissions at the 2000s level; however,
when accounting for changes in both climate and emissions by 2050, there was an up to
~5 ppbv decrease in MDA8 O3 [7]. Penrod et al. (2014) further analyzed the combined
climate and anthropogenic emission changes under the SRES A1B scenario and showed
that increased future temperatures lead to increases in O3 of up to ~5 ppbv in winter for
the eastern U.S., but that widespread anthropogenic emission decreases of nitrogen oxides
(NOx) lead to larger reductions of O3 of up to ~12 ppbv in summer over most of the U.S. by
2026–2030 [12]. Overall, the consensus of these SRES-based studies tends to indicate an
agreement in future (short term by ~2030 and long-term by ~2050) widespread decreases
in O3 over CONUS when both climate effects and declining anthropogenic emissions are
accounted for, where the O3 changes are typically dominated by changes in emissions.
There is, however, clear spatiotemporal variability in the amount and direction of change
throughout these SRES studies on O3 (e.g., some rising O3 levels near urban regions), which
are confounded by potentially rising GHG concentrations (e.g., methane, CH4) that are
also important to O3 formation. While not detailed here, there is further uncertainty and
spread across the SRES-based studies on the impacts of climate and emissions on future fine
particulate matter (PM2.5) concentrations over CONUS; however, we note that Penrod et al.
(2014) found that anthropogenic emission reductions dominate future PM2.5 decreases
across the U.S., with a secondary effect of increased precipitation and wet deposition from
future near-term (2030) climate impacts [12].

Many studies have also investigated the impacts of projected emission and climate
changes on air quality under the RCP scenarios [13–21]. Pfister et al. (2014) used a regional
coupled chemistry-transport model under the RCP8.5 scenario and showed that future
regional climate and globally enhanced background ozone will lead to increased surface
O3 by 2050 over most of the U.S.; however, they noted that pronounced differences across
the U.S. could not be resolved at the coarse resolution of the model used and that future
stringent emission controls can counteract these increases [18]. Yahya et al. (2017) used the
regional, online-coupled Weather Research and Forecasting model coupled with chemistry
(WRF/Chem) in conjunction with climate and explicit anthropogenic emission changes over
the U.S. to show that future O3 mixing ratios show decreases of ~2 ppbv by ~ 2050 under
the RCP4.5 scenario, except for major urban cities in California and in the northeastern
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U.S. [22,23]. However, under the RCP8.5 scenario, Yahya et al. (2017) also showed there
was an increase of ~3 ppbv over all parts of the U.S. by 2050, which is driven by higher
GHG and biogenic volatile organic compounds (BVOCs) [23]. These results of increasing
O3 due to climate and increasing BVOCs are similar to those of Pfister et al. (2014) for the
RCP8.5 scenario [18]. Yahya et al. also found that the PM2.5 concentration will decrease
over CONUS for both the RCP scenarios [23]. Nolte et al. (2018) showed the impacts of
downscaled climate and anthropogenic emission changes on U.S. air quality for three RCP
scenarios, and that the MDA8 O3 is projected to increase during summer and autumn in
the central and eastern U.S., with the largest increases (up to 4 ppb) for the RCP8.5 scenario
by 2030 [20]. Nolte et al. also reported mixed PM2.5 changes, with annual average PM2.5
concentration ranges from −1.0 to 1.0µg m−3 over CONUS by 2030 [20]. Overall, the RCP-
based studies tend to agree that rising temperatures and background GHG concentrations
and their contribution to potentially enhanced future O3 formation, particularly during the
photochemical O3 formation season in the U.S. These studies also show that climate changes
may outweigh the benefits of decreasing anthropogenic emission precursors; however,
mainly all studies rely on “big-picture” scenarios and demonstrate uncertainty in how well
they can explicitly represent future anthropogenic emission controls, particularly projected
technological changes at finer scales. We also note that in all previous studies (and our
work here), there is uncertainty from neglecting future land use/vegetation change on the
sources and sinks of O3/PM2.5 and predicted changes.

We note that the SRES were developed prior to the RCP projections and show definitive
differences in their impacts on future regional air quality as described in the aforementioned
studies. Furthermore, Rogelj et al. (2012) showed that there are uncertainties in the
projections of both the IPCC SRES and RCP scenarios, and there are both similarities and
differences between the scenario families [24]. There is evidence that shows a weakness
of the SRES, because there are no “real-world” technological mitigation policies implied
in any SRES scenario [1], and that the RCP scenarios have simply evolved from the SRES
in a similar manner. The RCP scenarios themselves are also not fully integrated scenarios
(i.e., they are not a complete package of socioeconomic, emissions, and climate projections),
and thus there is validity in continuing to apply and investigate the impacts of the SRES-
based projections in conjunction with more explicitly developed anthropogenic emission
inventories at finer scales, as in this work for the U.S.

The emission projections in the aforementioned SRES- and RCP-based studies do
not account for detailed, explicit relationships between future socioeconomic factors and
projected technology changes, but rather only by expert judgments. Consequently, Yan et al.
(2014) developed an advanced Technology Driver Model (TDM), which links socioeconomic
factors and projected technology change [25]. The TDM more accurately differentiates emit-
ters by their emission characteristics that are continually influenced by dynamic changes
in technology (i.e., economic development, policy changes, and emission control strate-
gies), while determining the emission factors using explicit relationships rather than by
expert judgments [25,26]. Campbell et al. (2018) investigated impacts of projected trans-
portation sector-only emissions on air quality based on the TDM approach at the U.S.
state-level [26,27]. They found that future O3 mixing ratios would decrease if only consid-
ering emission changes and would increase when considering both emission and climate
change (in conjunction with increasing GHG, e.g., CH4 concentrations).

The spatial, temporal, and socioeconomic-technological relationship variabilities in
future emission projections can have important impacts on the predicted future air quality
changes, especially when combined with climate change impacts. Socioeconomic aspects of
the SRES scenarios alone include different human population growth trajectories based on
published projections [1]. For example, the SRES “A1” scenario is based on low population
growth trajectories up to 8.7 billion people by the year 2050, and then decreasing toward
7 billion by 2100. The “B2” scenario, however, applies a long-term increasing population
projection of up to 10.4 billion by the year 2100 [1]. The use of such SRES scenarios alone
ignores other critical details of the combined interactions of socioeconomic–technological
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relationships that affect such trajectories, and thus, the TDM approach, to some extent,
overcomes the aforementioned limitations in SRES- and RCP-based projections used with
similarly predicted anthropogenic emissions for the U.S.

In this work, we expand upon previous work [26,27] and apply the emissions projected
by the TDM approach for all major anthropogenic emission sectors (i.e., transportation, power
plant, industrial, and residential sectors) at the U.S. state-level under two SRES scenarios
(i.e., A1B and B2). Here, we dynamically downscale the global Community Earth System
Model/Community Atmosphere Model (CESM/CAM5) simulations to provide the initial and
boundary conditions for the regional, online-coupled WRF/Chem model. We use the TDM
approach and the downscaled regional WRF/Chem simulations to investigate the individual
and combined impacts of climate change and emission projections on the future regional air
quality over CONUS during current (2001–2010) and future (2046–2055) decades.

2. Model Description and Simulation Setup

Table 1 summarizes six decadal simulations that are performed using the WRF/Chem
v3.7 model [28]. Two sets of baseline simulations are performed: one with the best possible
emissions of 2001–2010 based on the U.S. EPA National Emissions Inventory (NEI) 2002, 2005,
and 2008 (BASE_EVAL) for model performance evaluation, and one with the TDM baseline
2005 emissions during the SRES current climate period of 2001–2010 (BASE_TDM) that serves
as the reference for simulations with projected emission changes. Two additional simulations
are performed under the current 2001–2010 climate with future 2046–2055 projected TDM
emissions (Table 1; EMIS_A1B and EMIS_B2). Comparing these two simulations with the TDM
baseline 2005 simulation (i.e., climate held constant) allows for quantifying the impacts of TDM
emission changes only. Two additional simulations are performed under the future 2046–2055
climate (SRES A1B and B2) with future 2046–2055 projected TDM emissions (CLIM_EMIS_A1B
and CLIM_EMIS_B2). Comparing these two simulations with the BASE_TDM (with baseline
TDM 2005 emissions and current 2001–2010 climate) allows for quantifying the impacts
of both emissions and climate changes. Comparing these two simulations with those for
the 2001–2010 climate with future 2046–2055 projected TDM emissions (i.e., emissions held
constant) allows for quantifying the impacts of climate changes only (CLIM_ A1B and CLIM_
B2, which are also included in Table 1).

Wang et al. (2021) previously described and evaluated the same WRF/Chem v3.7
model for a baseline evaluation 2001–2010 period over CONUS (Table 1; BASE_EVAL) [29].
Therefore, the results of Wang et al. will not be repeated here; however, we note that the
BASE_EVAL WRF/Chem simulations showed good performance for major meteorological
and chemical variables compared with the literature [29]. Wang et al. further discussed the
potential WRF/Chem model biases that may lead to uncertainties in the future air quality
projections presented in our work [29].

The WRF/Chem simulation domain covers CONUS and parts of Canada and Mexico,
with a horizontal resolution of 36 km with 148 × 112 horizontal grid cells, and a vertical
resolution of 34 layers from the surface to 100 mb. The physics options include the Rapid
Radiative Transfer Model for GCMs (RRTMG) for shortwave (SW) and longwave (LW)
radiation, the Yonsei University (YSU) scheme for planetary boundary layer (PBL), the
Noah Land Surface Model (LSM), the Morrison double moment scheme for microphysics,
and the Multi-Scale Kain Fritsch (MSKF) scheme for the cumulus parameterization (Table 2).
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Table 1. Baseline simulations, additional TDM simulations, and derived results for impact assess-
ments in this work.

Simulation
Index

Emission
Scenario

Anthro.
Emissions

Climate
Conditions

Purpose or Impact
Assessment Reference

BASE_EVAL None NEI 2002, 2005,
and 2008 2001–2010 Model performance

evaluation [29]

BASE_TDM None TDM Base
2005 2001–2010 Benchmark for other

scenarios This work

EMIS_A1B TDM/ A1B TDM/A1B
2046–2055 2001–2010

TDM/A1B
Emissions Only
(compared to
BASE_TDM)

This work

EMIS_B2 TDM/B2 TDM/B2
2046–2055 2001–2010

TDM/B2
Emissions Only
(compared to
BASE_TDM)

This work

CLIM_A1B * TDM/A1B TDM/A1B
2046–2055 2046–2055

A1B
Climate Only (compared
to EMIS_A1B)

This work

CLIM_B2 * TDM/B2 TDM/B2
2046–2055 2046–2055

B2
Climate Only (compared
to EMIS_B2)

This work

CLIM_EMIS_A1B A1B TDM/A1B
2046–2055 2046–2055

A1B Climate +
TDM/A1B Emissions
(compared to
BASE_TDM)

This work

CLIM_EMIS_B2 B2 TDM/B2
2046–2055 2046–2055

B2 Climate + TDM/B2
Emissions (compared to
BASE_TDM)

This work

* CLIM_A1B is derived using CLIM_EMIS_A1B and EMIS_A1B; and CLIM_B2 is derived using CLIM_EMIS_B2
and EMIS_B2.

Table 2. WRF/Chem model configuration, physics and chemistry options, and major inputs used in
this study.

Model Attributes Configuration

Model Online-coupled WRF/Chem v3.7

Domain and resolutions 36 km × 36 km, 148 × 112 horizontal resolution over the continental US with
34 layers vertically from surface to 100 hpa

Simulation period Current decade 2001–2010 and future decade 2046–2055

Physics and Chemistry options [Reference(s)]

Radiation Rapid and accurate Radiative Transfer Model for GCM (RRTMG) SW and LW
[30,31]

Boundary layer Yonsei University (YSU) [32,33]

Land surface model National Center for Environmental Prediction, Oregon State University, Air
Force and Hydrologic Research Lab (Noah) [34,35]

Microphysics Morrison double moment scheme [36]

Cumulus parameterization Multi-Scale Kain Fritsch (MSKF) [37]
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Table 2. Cont.

Model Attributes Configuration

Gas-phase chemistry Modified CB05 with updated chlorine chemistry [38,39]

Photolysis Fast Troposphere Ultraviolet Visible (FTUV) [40]

Aqueous-phase chemistry AQ chemistry module (AQCHEM) based on CMAQv4.7 implementation for
both resolved and convective clouds

Aerosol module Modal Aerosol Dynamics Model/Volatility Basis Set(MADE/VBS) [41,42]

Aerosol activation Abdul-Razzak and Ghan [43]

Inputs [Reference(s)]

Chemical and meteorological ICs/BCs
Downscaled from the Modified Community Earth System
Model/Community Atmosphere model (CESM/CAM5) v1.2.2; Meteorology
ICONs/BCONs bias-corrected with NCEP/FNL. [44,45]

Anthropogenic emissions
U.S. EPA National Emissions Inventory 2002, 2005, 2008 for the current
decade; TDM-projected growth factor under the IPCC/A1B and B2 scenarios
based on 2005 emission. [25] and [46]

Biogenic emissions Model of Emissions of Gases and Aerosols from Nature version 2 (MEGAN
v2) [47]

Dust emissions Atmospheric and Environmental Research Inc. and Air Force Weather
Agency (AER/AFWA) [48,49]

Sea-salt emissions Gong et al. parameterization [50]

The major chemistry options include the extended Carbon Bond 2005 (CB05) gas-
phase mechanism with updated chlorine chemistry and the Modal for Aerosol Dynamics
in Europe (MADE) aerosol module coupled with an advanced secondary organic aerosol
(SOA) treatment, i.e., the Volatility Basis Set (VBS) module (Table 2). The coupled CB05-
MADE/VBS option has also been linked with existing model treatments of various feedback
processes such as the aerosol semi-direct effect on photolysis rates of major gases, and
the aerosol indirect effect on cloud droplet number concentration (CDNC) and resulting
impacts on shortwave radiation [51].

The anthropogenic emissions for current years (2001–2010) are based on U.S. EPA NEI)
emission versions 2002, 2005, and 2008 that cover the 10-year time period (Table 2). Future
emissions are projected to 2046–2055 using the growth factors (from the 2005 base year)
generated by the TDM model based on the approach described below in Section 3. Biogenic
emissions are calculated online using the Model of Emissions of Gases and Aerosols
from Nature version 2 (MEGAN2) [47]. Dust and sea salt emissions are generated online
using the Atmospheric and Environmental Research Inc. and Air Force Weather Agency
(AER/AFWA) scheme [48,49] and the Gong et al. (1997) scheme [50], respectively (Table 2).

The chemical and meteorological initial/boundary conditions (ICONs/BCONs) are
generated following a previously described dynamic downscaling technique [22,23] using
global simulations from the modified CESM/CAM5 version 1.2.2 [45,52]. In addition to
similar gas-phase chemistry and aerosol treatments, the CESM/CAM5 and WRF/Chem
simulations both use the RRTMG for shortwave and longwave radiation schemes, but
do have different cloud microphysics, PBL, and convection schemes. Furthermore, the
CESM/CAM5 default LSM is the Community Land Model (CLM; https://www.cesm.ucar.
edu/models/clm/ (accessed on 18 November 2022)) in CESM/CAM5, and here we use the
Noah LSM in WRF/Chem. As global climate models (GCMs) generally contain systematic
biases for meteorology that can influence the downscaled simulations, the meteorological
ICONs/BCONs are bias-corrected before they are used in the WRF/Chem simulation using
a simple bias correction technique [22,23,53]. This bias correction technique is also applied
for future year simulations. Considering the decadal applications of WRF/Chem in this
work, the simulations are reinitialized monthly to constrain meteorological fields while

https://www.cesm.ucar.edu/models/clm/
https://www.cesm.ucar.edu/models/clm/
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allowing chemistry-meteorology feedbacks within the system. More details on model
configurations can be found in Table 2. For a visual flowchart that illustrates the TDM
and dynamical downscaling model simulation setup, please see the Graphical Abstract of
Campbell et al. (2018) [27].

3. Technology Driver Model (TDM) for Emission Projections

Emission projections are critical elements in understanding future climate impacts at
global and regional scales. One of the deficiencies for many current emission projections [1]
is the lack of a clear or explicit relationship between socioeconomic factors and projected
technology change. Thus, the TDM approach [25–27,54] has been developed to help close
the gap between socioeconomic factors and projected technology change. This model is
based on the Speciated Pollutant Emission Wizard (SPEW)-Trend model [54], which is a
hybridization of engineering (“bottom-up”) and economic (“top-down”) models. Yan et al.
(2011, 2014) described how the mix of technologies is determined dynamically by deriving
explicit relationships among socioeconomic factors and technological changes [25,54].
The SPEW-Trend model is driven by variables taken from IPCC SRES (e.g., A1B and
B2), including fuel consumption, population, and gross domestic product. SPEW-Trend
determines the final emission projections of the major anthropogenic transportation, power
plant, industrial, and residential sectors. The projected emission growth factors are further
apportioned to each U.S. state for all anthropogenic emission sectors by their current and
future energy consumption data, which is derived from business-as-usual trends reported
in the Department of Energy’s 2013 Annual Energy Outlook [55]. Consequently, the growth
factors used here are specific to each U.S. state and IPCC emission projection scenario, and
thus are highly detailed compared with other emission projection methods and applications.
Further details on the SPEW-Trend model and emission projection factors used here may
be found in previous work [25,26,54].

Figure 1 shows the absolute differences between future and current carbon monoxide
(CO), sulfur dioxide (SO2), nitrogen oxides (NOx), and volatile organic compound (VOC)
emissions under the TDM/A1B and TDM/B2 scenarios. Supplementary Figure S1 shows
the relative percent changes for the same species, and Supplementary Figures S2 and S3
show both the absolute and relative percent changes for gaseous ammonia (NH3) and
particulate elemental carbon (EC), sulfate (SO4

2−), and total PM2.5.
Overall, there is a reduction of emissions for most gas and aerosol species under both

TDM/A1B and TDM/B2 scenarios. Under the TDM/A1B scenario, the emissions of CO,
NOx, SO2, and VOCs are reduced near the high population density regions, power plants,
and highways and major roads, but slightly increased along coastlines due to shipping
emissions. On a domain-wide average, the future TDM/A1B CO, NOx, SO2, and VOC
emissions decrease by about 3%, 19%, 20%, and 5%, respectively (Figure S1). For the same
emissions species, the TDM/B2 decreases are similar in spatial distribution to TDM/A1B,
but have a larger average decrease at about 25%, 38%, 31%, and 16%, respectively (Figure S1).
The NOx and SO2 emissions, however, show local increases near the Ohio River and the
northern border of Ohio and Lake Erie due to transportation sectors (specifically shipping)
under both the scenarios [25,26]. There are increases in CO and VOC emissions in parts of
Florida due to on-road sectors under the TDM/A1B scenario [26]. There are also widespread
decreases in NH3 emissions for both the TDM/A1B and TDM/B2 scenarios, with domain-
wide average decreases of about 5% and 8%, respectively (Figures S2 and S3).
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Figure 1. Spatial distributions of absolute changes of CO, SO2, NOx, and VOC emissions between 
annual average of future (2046–2055) and present, baseline (2005) conditions under the TDM/A1B 
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Overall, there is a reduction of emissions for most gas and aerosol species under both 
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Figure 1. Spatial distributions of absolute changes of CO, SO2, NOx, and VOC emissions between
annual average of future (2046–2055) and present, baseline (2005) conditions under the TDM/A1B
(top) and TDM/B2 (bottom) scenarios.

For the particulate matter (PM) species, there are decreases in EC, SO4
2−, and PM2.5

emissions across the CONUS, but more dominating increases are found in major waterways



Atmosphere 2023, 14, 225 9 of 24

including the Ohio River and Lake Erie, Mississippi River, and near shipping ports along
the west coast, east coast, and the Gulf of Mexico (Figures S2 and S3). Increases in shipping
emissions of PM are further elucidated in the relative % differences for regions just off the
Pacific Coast and Atlantic Oceans, and the Gulf of Mexico. Overall, on a domain-wide
average, the TDM/A1B (TDM/B2) emission changes for EC, SO4

2−, and PM2.5 are about
−11% (−21%), +3% (+1%), and +4% (+2%), respectively (Figures S2 and S3).

4. Impacts of TDM/A1B and TDM/B2 on Future Climate, Clouds, and Air Quality

The following subsections show results from the CLIM_EMIS–BASE_TDM simulations
(Table 1), which are used to investigate the combined climate and emission impacts of the
TDM/A1B and TDM/B2 scenarios on climate, clouds, and air quality between the future
(2046–2055) and current (2001–2010) decades.

4.1. Impacts on Climate Variables

For the TDM/A1B scenario, the domain-average 2-m temperature (T2) increases by
~2.3 ◦C (up to a max grid cell increase of ~5.0 ◦C), where the largest relative increases are in
the western and central U.S. and parts of Canada due to increasing greenhouse gases and
downward shortwave radiation (SWDOWN) reaching the ground (Figure 2).

Other studies based on RCP scenarios have found differences in the future warming
patterns over the CONUS. For example, Yahya et al. (2017) used a downscaled regional
WRF-Chem model and showed warmer areas of the north-central U.S. during the future
years (2046–2055) compared to current years (2001–2010) [23]. Nazarenko et al. (2015) and
Separovic et al. (2013) showed warmer areas in Canada, the central U.S., the north-central
U.S., and the western U.S. during the late 21st century [56,57].

The changes in 2-m water vapor mixing ratio (Q2) between the future and current
climate closely follow the pattern for changes in T2 (see Supplementary Figure S4). The
largest increases in Q2 occur near the coastal areas, and the changes gradually decrease
inland. The 10-m wind speeds (WS10) increase over most parts of the U.S. due to the
increase in T2, with larger increases near the coastal areas (Figure S4). Planetary boundary
layer height (PBLH) increases over most parts of the U.S. due to the increase in T2 and
WS10 (Figure 2). The general increase in WS10 over the eastern and southeastern U.S. is
consistent with an increase in precipitation (PRECIP) and PBLH over the region (Figure 2),
suggesting an increased frequency of Atlantic storms due to increased surface heating and
warmer sea surface temperatures (especially near the coastlines). This is consistent with
recent work that shows extreme Atlantic hurricane seasons are twice as likely due to ocean
warming [58].

The changes in PRECIP show a similar trend to those in Q2, i.e., the largest increases
in PRECIP occur over the ocean and near the coastal areas, while for the central U.S., there
is a decrease in PRECIP. The decrease in PRECIP here is associated with warmer but drier
conditions (less increases and some decreases in Q2; Figure S4), which lead to increases
in clear skies and consequently less cloud formation. The drier and clearer skies over the
central CONUS is consistent with an increasing trend in outgoing longwave radiation at
the top of the atmosphere (OLR) over land ~1.3 W m−2 (Figure S4), which is similar to the
study by Yahya et al. (2017) [23].

Ultimately, increases in GHGs in the future scenario lead to overall warming and an
ability of the atmosphere to hold more water vapor (i.e., the Clausius–Clapeyron effect).
This leads to a dichotomy in the impacts over land vs. ocean, where over land, the warming
leads to more evaporation and a drying feedback due to limited evaporation of water vapor
from soils, reductions in cloud formation, and an increase in SWDOWN (Figure 2). The
increase in SWDOWN over land is relatively large and up to 4 W m−2 (Figure 2). However,
the warming over the oceans and evaporation of a relatively unlimited supply of water
vapor drive an increase in clouds and storms and a decrease in SWDOWN (i.e., driving the
domain-wide decrease at ~0.7 W m−2).
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For the TDM/B2 scenario, the domain average T2 increases by ~2 ◦C with grid cell
maximum T2 increases by 5.1 ◦C, mainly over the north-east-central and east-coast U.S.
(Figure 2). The spatial pattern of T2 for TDM/B2 is similar to TDM/A1B, but with lesser
increases in eastern and southern U.S. compared with TDM/A1B. The spatial changes of
Q2 are also similar to TDM/A1B (Figure S4); however, there are smaller increases in Q2
under TDM/B2 compared with TDM/A1B due to the smaller increases in T2 (i.e., less
water vapor holding capacity). The largest increases in WS10 occur in coastal areas of the
U.S. and central Canada and are associated with correlated increases in T2. We note that
there are also very small decreases in WS10 in the western and central U.S. (Figure S4). The
large increases in PBLH over the central and coastal regions of the U.S. are due to increases
in T2 and WS10, with small decreases in PBLH in western and southwestern U.S. (Figure 2).
In general, the increased WS10, PRECIP, and PBLH also suggest an increased frequency of
Atlantic storms in the TDM/B2 scenario. The changes in PRECIP also show a similar trend
to the changes in Q2, i.e., the largest increases in precipitation occur over the ocean and near
the coastal areas, while for the central U.S., there is a decrease in precipitation (Figure 2).
The spatial pattern of PRECIP for TDM/B2 is similar to TDM/A1B. This trend is similar
to the results from previous studies using the RCP scenarios, which also show the largest
increase in PRECIP over the southeastern U.S. [13,23] There is a domain-wide decrease in
SWDOWN of ~0.9 W m−2 but a much larger increase in SWDOWN of about 0 to 4 W m−2

over the central U.S. The SWDOWN is projected to increase over the central U.S. due to
increase in GHGs leading to overall warmer T2, deeper PBLHs, smaller (or decreased) Q2,
and reduced cloud formation feedbacks from aerosol reductions over these inland regions
(see Section 4.4 for more discussion). The trend for OLR is also similar to TDM/A1B with
an increase over land by ~1.3 W m−2 (Figure S4). The downward longwave radiation (not
shown) increases with a domain average of ~11.0 W m−2 due to increases in GHGs in the
future scenario.

4.2. Impacts on Air Quality Variables

The mixing ratio of NO2 is projected to decrease for both TDM/A1B (ave. ~0.8 ppb)
and TDM/B2 (ave. ~0.7 ppb) across the U.S. due to a decrease in emissions of the trans-
portation sector, industry, and power plants in the TDM/AB scenario; however, there are
localized increases in NO2 over the Ohio River and Lake Erie, Mississippi River, and the
east coast due to increased shipping emissions (Figure 3). The mixing ratio of SO2 is also
projected to decrease for both TDM/A1B (ave. ~0.2 ppb) and TDM/B2 (ave. ~0.2 ppb),
while NH3 (Supplementary Figure S5) is projected to increase except in California, in
response to changes in their emissions (see Figure 1 and Figure S2).

The mixing ratio of CO is reduced by ~50 ppb over the Midwest and northeast U.S.
due to the dominating decreases in TDM/A1B emissions (Figure 1); however, there are
more widespread CO increases that lead to a domain-wide average increase of ~10 ppb.
The higher widespread CO concentrations are mainly driven by higher background CH4
concentrations and temperatures under the TDM/A1B scenario. The oxidation of CH4
increases the mixing ratio of formaldehyde, which produces CO. In stark contrast to the
TDM/A1B scenario, the mixing ratio of CO is reduced across the U.S. for TDM/B2 due
to future emission decreases and much lower increases (or decreases) in background
CH4 concentrations.

The mixing ratios of total non-methane VOCs (TNMVOCs) decrease (Figure 3) over
most areas in the U.S. due to reduced projected anthropogenic VOC emissions in both
TDM/A1B and TDM/B2 scenarios (Figure 1); however, they increase over some areas
(e.g., California and some states in the southeastern U.S.) because of higher biogenic VOC
(BVOC) emissions including isoprene and terpenes (not shown) that are driven by increases
in T2 and radiation, especially for A1B (Figure 2). The increases in BVOCs and primary
OA (POA) that volatizes in a warmer future climate lead to increases in total SOA (TSOA)
over some areas of the U.S., with the exception of the central U.S. and some states in the
southeastern U.S. where TSOA decreases in TDM/A1B (Figure S5).
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The maximum daily average of 8-h (MDA8 h) O3 is projected to increase across the
domain under TDM/A1B scenario, with a domain average increase of ~2.6 ppb (Figure 3).
The largest increase in MDA8 h O3 between 10–22 ppb is found over major cities mainly
in the Midwest, northeast, and in California. The projected increase in MDA8 h O3 under
TDM/A1B scenarios is similar to that of Yahya et al. (2017) under the RCP8.5 scenario,
which showed an increase over the whole domain with the largest increases over major
cities in the northeastern U.S. and California [23]. The projected increase in MDA8 h O3 for
the TDM/A1B scenario is due to: (1) enhanced background CH4 concentrations, (2) higher
T2 (see Figure 2) and increased biogenic VOC emissions (not shown), and (3) a larger TDM
NOx emission reduction than VOC emission reduction over VOC-limited O3 chemistry
regions such as the major cities (Figure 1).

For the TDM/B2 scenario, the projected MDA8 h O3 has widespread decreases over
most of the U.S. with a domain average decrease of ~2.5 ppb, with the exception of major
urban cities in California and in some parts of northeastern U.S. and Florida, where there
remain localized MDA8 h O3 increases (Figure 3). These localized MDA8 h O3 increases
(maximum increase of ~20 ppb) are located in VOC-limited O3 chemistry regions where
there is a larger TDM NOx emission reduction than VOC emission reduction. A similar
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pattern is also found from the RCP4.5 simulation by Yahya et al. (2017) [23]. According to
Yahya et al. (2017), the O3 mixing ratios are projected to decrease in future decades over
most parts of the U.S., with a domain-average decrease of ~2 ppb with the exception of
major urban cities in California and over the northeastern U.S., where O3 mixing ratios
are projected to increase with a maximum increase of ~10 ppb [23]. Therefore, in both
TDM/A1B and TDM/B2 scenarios, the MDA8 h O3 is projected to increase near the major
cities; however, the changes in MDA8 h O3 in the surrounding rural/suburban areas
outside of cities will be strongly governed by future background GHG concentrations and
future climate change.

The total PM2.5 concentrations are projected to decrease over CONUS (with an exception
in western U.S. and some areas of Florida) for both TDM/A1B and TDM/B2 with a domain-
average decrease of ~0.7 µg m−3 (~10%) due to decreases in the concentrations of most PM2.5
species including sulfate (SO4

2−), nitrate (NO3
−), ammonium (NH4

+), black carbon (BC), and
total organic aerosol (TOA, comprised of primary (POA) and total secondary organic aerosol
(TSOA)), which mainly increases in the western U.S. Figures 4 and S5). The largest decreases
in total PM2.5 and its inorganic components in the eastern half of the U.S. are predominantly
driven by decreases in precursor anthropogenic emissions (e.g., NOx, SO2, and NH3 in
Figures 1 and S2), and warmer T2 that drives down the thermodynamic PM2.5 formation
potential (e.g., NO3

−). Furthermore, increases in PRECIP (Figure 2) and particulate wet
deposition (not shown) also have a secondary impact on the widespread decreases in PM2.5
concentrations in the eastern U.S. The TSOA decreases are larger for TDM/B2 compared
with TDM/A1B in the eastern U.S. due to larger decreases in anthropogenic VOC emissions
(Figure 1) and resulting TNMVOC concentrations (Figure 3) over those areas.

4.3. Impacts on Air Quality Exceedance Days

Figure 5 shows the spatial distribution of the average change in the number of O3 ex-
ceedance days with a threshold of 60 ppb and 70 ppb under TDM/A1B and TDM/B2 scenarios.

Ozone exceedance days are defined as the cumulative days with an MDA8 h greater
than 70 ppb, which is the current O3 National Ambient Air Quality Standard (NAAQS),
and for an MDA8 h O3 greater than 60 ppb, which reflects a possible lowering of the
NAAQS in the near future (i.e., potential future national standards) [59]. The number of
exceedance days of MDA8 h O3 > 70 ppb is significantly reduced but some areas remain
in non-attainment, i.e., parts of California, Miami, Ohio River, the Great Lakes, and New
York. The number of days of MDA8 h O3 > 60 ppb will increase over the U.S., except for
the eastern U.S. and in some parts of California (Figure 5). While the overall MDA8 h
O3 increases widely for the TDM/A1B scenario (Figure 3), the results here suggest that
daytime O3 exceedances in the future may be reduced (i.e., a flattening of the diurnal O3
curve) in the eastern U.S., even in the advent of more stringent air quality regulations
and lowering of the NAAQS for ozone (i.e., MDA8 h O3 > 60 ppb). Under more stringent
regulations in the western U.S., however, more daytime O3 exceedances are projected
under the future TDM/A1B scenario. Under the relatively more controlled TDM/B2
emission scenario, the daytime O3 exceedances in the future are reduced across the entire
U.S. (Figure 5), except for some coastal/Great Lake regions, and in Los Angeles, CA, which
may experience photochemical O3 regime shifts with such profound decreases in NOx
emissions (i.e., potential shifts from VOC- to NOx-limited conditions in urban areas).

Figure 6 shows the spatial distribution of average change in the number of PM2.5
exceedance days for the TDM/A1B and TDM/B2 scenarios.
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PM2.5 exceedance days are defined as the cumulative number of days with an average
24-h PM2.5 concentration greater than 35 µg m−3, which is the current PM2.5 NAAQS, and
for average 24-h PM2.5 concentration greater than 25 µg m−3, which is the current World
Health Organization (WHO) 24-h PM2.5 standard. Given the large reductions in PM2.5
concentrations for both TDM/A1B and TDM/B2 described previously (see Section 4.2 and
Figure 4), the future number of PM2.5 exceedance days is significantly reduced over the
U.S. under both the NAAQS and WHO 24-h regulatory standards. These results indicate
that O3 and PM2.5 may be better controlled by reducing emissions of their precursors and
GHGs with greater benefits under TDM/B2 than the TDM/A1B scenario.

4.4. Impacts on Cloud-Aerosol Variables

The cloud condensation nuclei at supersaturation 0.5% (CCN5) and cloud droplet number
concentration (CDNC) decrease over almost the whole domain for both the TDM/A1B and
TDM/B2 scenarios (Figure 7). This is due to similar decreases in PM2.5 concentration spatial
distributions, again most prolific over the eastern U.S. (see Section 4.2 and Figure 4). This is to
be expected, as CCN is influenced by components of PM2.5 even though large uncertainties
exist [60,61]. While not shown, the decreases in near-surface PM2.5 concentrations are in good
agreement with the decreases in the total 3D column aerosol abundance (i.e., aerosol optical
depth). The macroscopic cloud properties such as cloud fraction (CF) and cloud water path
(CWP) decrease over most parts of the land area but increase over the ocean and over a portion
of the southeastern U.S. The macroscopic CF and CWP are intrinsically linked to both the
larger scale climate variable changes discussed in Section 4.1 (Figures 2 and S4), but are also
impacted by the microscopic cloud properties such as CCN5 and CDNC (Figure 7). Ultimately,
the spatial distributions of CWP changes are inherently similar to those in PRECIP (Figure 2),
which are driven by the relatively larger increases in moisture (Q2; Figure S4) over and
transported from the ocean in both TDM/A1B (larger in magnitude) and TDM/B2 scenarios.
We note that there are increases in CWP despite decreases in CDNC in the east-southeast
U.S., which suggests the presence of more water vapor for available aerosols (and CCN5),
thus driving the growth of larger cloud droplets and enhanced precipitation in the future for
these regions.

The cloud optical thicknesses (COT) and shortwave cloud forcing (SWCF) generally
have moderate to weak decreases over the whole domain except for the coastal and oceanic
regions of the domain, which have larger increases for both TDM/A1B and TDM/B2
(Figure 7). The projected increases in COT, CWP, and SWCF indicate higher cloud amounts
over the ocean in the eastern part of the domain, which results in a decrease in SWDOWN.
In contrast, the projected decreases in COT, CWP, and SWCF over land indicate decreases
in cloud amounts, which results in an increase in SWDOWN over land (Figure 2).

We note that the decrease in CCN5 for the TDM/B2 scenario, however, is slightly
smaller on a domain-wide average than the TDM/A1B scenario, even though there are
relatively larger decreases in PM2.5 concentrations for the TDM/B2 scenario (Figure 4).
This is a consequence of smaller increases in Q2 and less available water vapor for CCN5
activation in TDM/B2 (Figure S4). The CDNC decreases are slightly larger due to larger
decreases in PM2.5 for TDM/B2.
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5. Impacts of Climate vs. Emission Changes on Future Air Quality

Both emission and climate changes each have a relative impact on future air quality. The
impacts of climate changes only can also be derived based on CLIM_EMIS_A1B–EMIS_A1B,
and CLIM_EMIS_B2-EMIS_B2 (CLIM_A1B and CLIM_B2, respectively; see Section 2, Table 1).
We can thus study the relative importance of impacts from climate vs. emission changes on
MDA8 h O3 and 24-h PM2.5 between the current and future decades (Figure 8), as compared
with their combined changes (Figures 3 and 4).

Figure 8 demonstrates that the widespread increases in future MDA8 h O3 concen-
trations in the TDM/A1B scenario (Figure 3) are driven by climate changes that consist
of higher T2 (Figure 2) and CH4 concentrations, as well as the associated increases in
biogenic VOC emissions (not shown). The impacts of SRES A1B climate change signal
clearly dominate the anthropogenic TDM emissions change signal for MDA8 h O3. For the
TDM/B2 scenario, however, the widespread decreases in MDA8 h O3 are dominated by
the decreases in anthropogenic TDM emissions compared with the weaker climate signal
for the B2 scenario. There is also some contribution to the future MDA8 h O3 decreases
in the northwest U.S. from the B2 climate signal. We also note that in densely populated
areas (i.e., the major U.S. cities), the increases in MDA8 h O3 are driven (and exacerbate
the climate signal) by larger anthropogenic NOx emission reductions compared with VOC
emission reductions in the VOC-limited O3 chemistry regions in both the TDM/A1B and
TDM/B2 scenarios.

For the total 24-h PM2.5 changes in both the TDM/A1B and TDM/B2 scenarios, the
widespread decreases in the eastern U.S. and weaker increases in the west-northwest
(Figure 4) are clearly dominated by the anthropogenic TDM emissions signal (Figure 8).
There are also smaller contributions from the A1B and B2 climate signals to the decreases in
PM2.5 over the central/northern U.S. and increases in the west-southwest U.S. Furthermore,
the anthropogenic TDM (both A1B and B2) emissions signals dominate the future PM2.5
increases in Florida. Overall, the large PM2.5 decreases (0–30%) in the eastern and central



Atmosphere 2023, 14, 225 18 of 24

U.S. are due to decreases in the primary anthropogenic emissions of PM species and gaseous
precursors, as well as decreases in the secondary formation of inorganic aerosols. There is a
secondary effect of the climate signal with increased precipitation and wet deposition on
reducing the future PM2.5.
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6. Summary

In this work, we examine the impacts of both projected climate change and technology-
driven emission changes on future meteorology, aerosol-clouds, and air quality under
two IPCC SRES scenarios, which are modified with explicitly defined technology changes
(i.e., TDM/A1B and TDM/B2) using the WRF/Chem model. The baseline simulations
for 2001–2010 (representing the current climate and air quality) have been conducted and
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are well-evaluated [29]. Here, we employ WRF/Chem sensitivity simulations that use
projected emissions from a novel TDM under both current and future climate conditions
for 2046–2055 [25,26]. This simulation design allows for investigation of climate-only,
emissions-only, and combined climate and emission impacts on meteorology, aerosol-
clouds, and air quality changes.

The projected emissions showed widespread reductions in most gas and aerosol
species under both TDM/A1B and TDM/B2 scenarios over the contiguous U.S. There is
a widespread increase in MDA8 h O3 (domain-wide avg. ~ +2.6 ppb) in the TDM/A1B
scenario due to enhanced CH4 concentrations and subsequent higher T2, increased biogenic
VOC emissions, and larger NOx emission reduction than VOC emission reduction over
VOC-limited O3 chemistry regions. The large increase in MDA8 h O3 between 10–22 ppb is
found near and within major cities mainly in the northeastern U.S. and California. Overall,
the impacts of climate change signal (i.e., “climate penalty”) dominate the impact of the
anthropogenic TDM emissions decrease on the future overall increases of MDA8 h O3 for
TDM/A1B. Despite the overall increases in MDA8 h O3 for TDM/A1B, the number of
exceedance days (MDA8 h O3 > 70 and > 60 ppb) is reduced (avg. ~ −0.5 days), but some
areas remain in non-attainment due to strong O3 increases (e.g., most of the western U.S.,
parts of Florida, Ohio River, the Great Lakes, and regions in the northeast U.S.). Thus, in the
face of climate change, there is a clear indication of a strong impact of projected TDM/A1B
emission changes on future air quality that can act to mitigate the climate signal in some
regions (i.e., widespread regional/rural areas), while exacerbating it in others (i.e., localized
urban/city areas). For the TDM/B2 scenario, there is a combined effect of climate and
emission changes on domain-wide reductions in MDA8 h O3, which leads to widespread
and significant reductions in the number of exceedance days in the future.

The daily 24-h average (DA24 h) PM2.5 levels are projected to similarly decrease (~0–30%)
for both the TDM/A1B and TDM/B2 scenarios, most prolifically in the central and east U.S.
and in parts of Canada and Mexico. This is due to synergetic effects of both the climate signal
and TDM emission changes; however, the PM2.5 changes are dominated by the impacts from
reduced anthropogenic primary aerosol and precursor gas emissions (for both TDM/A1B
and TDM/B2), with a secondary effect of climate change on reducing PM2.5 in parts of
the central and northern U.S. Consequently, the number of exceedance days (i.e., DA24 h
PM2.5 > 35 µg m−3 or 25 µg m−3) is significantly reduced over the eastern U.S. under both
TDM/A1B and B2 scenarios. We note that climate change does tend to increase the PM2.5
(climate penalty of ~ <10%) over parts of the west-southwest U.S. for both TDM A1B and
TDM B2 scenarios.

7. Discussion

While our work agrees in part with the general spatial patterns and direction of air
quality changes due to climate and emission changes from previous “big-picture”, top-
down SRES and RCP scenario studies (see Section 1 for details), we expand upon such
studies using a more explicit and detailed representation of the future anthropogenic emis-
sions via the TDM approach in regional WRF/Chem. The TDM approach is a hybridization
of an engineering (“bottom-up”) and economic (“top-down”) model, and thus we contend
that it can more explicitly represent the projected anthropogenic emission inventories com-
pared with previous studies, which allows us to better quantify the resulting U.S. state-level
changes in air quality due to emissions only, climate change only, and their combined
effects through our sensitivity simulations.

The detailed state-level TDM approach shows some pronounced differences in near-
surface O3 concentrations compared with recent RCP-based studies. For example, our
TDM/A1B results shows relatively more widespread spatial increases in O3 compared with
a recent RCP 8.5 scenario study; however, the time periods and averaging compared differ
(yearly at 2050 for TDM and seasonal at 2030 for RCP) [20]. We note that in this comparison,
however, both studies agree in that in more extreme projection families (i.e., SRES/TDM
A1B and RCP8.5), the combined future climate, background GHGs, and emission changes
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can lead to predominantly worsening air quality conditions and higher O3 in parts of the
U.S. Our work also partly agrees with another RCP8.5 study in that a future warmer climate
drives increases in O3; however, the inclusion of our explicit TDM/A1B emission changes
do not as significantly counteract these increases enough to lead to overall O3 decreases
in the RCP study [18]. Furthermore, our projected increase in MDA8 O3 is similar but on
the lower end compared with the range of other studies on MDA8 O3 changes in the U.S.
(3–5 ppb) that have used similar projection approaches [7]. Other SRES-only projection
studies show potentially larger offsets to the climate-induced O3 increases due to larger
anthropogenic emission reductions over the U.S. in their studies [10,11]; however, these
studies used relatively simpler SRES-only emissions projection factors and less granular
emission changes compared with the explicit TDM methodology at the U.S. state-level
employed here.

It is difficult to find similar studies that have the same domain coverage, projection
period, and averaging intervals, which leads to difficulty in making true “apples-to-apples”
comparisons across different projection methodologies. Clearly, in our work, the inclusion
of explicit TDM emission projections and increasing background GHGs leads to larger
potential increases in O3 by 2050 in some U.S. regions compared with other previous
studies. For PM2.5, the future air quality features greater reduction in PM2.5 by RCP
8.5/4.5 studies [23] than our TDM A1B/B2 work here, which is due to the inclusion of more
explicit changes in precursors and primary emissions in the TDM approach. Our work
does corroborate other studies that have shown future PM2.5 decreases in the southeast
U.S. (annual average of ~1.0 µg m−3) [7]; however, we present larger magnitude decreases
using the DA24 h analysis pertinent to shorter term exposure effects.

The results from this work add another possible future scenario (i.e., “SRES/TDM”)
and show important differences in the changes of near-surface O3 and PM2.5 across the
U.S. compared with the SRES-only and RCP scenarios. Thus, the results here are useful
in further supporting the policy and regulatory analysis and assessment of the impacts of
future control and changes in emissions on U.S. air quality in the face of imminent climate
and emission changes. Ultimately, an ensemble of the different scenarios (SRES/TDM,
SRES-only, and RCP) may be the best recommendation to evaluate potential future air
quality changes in the U.S.
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BCONs Boundary Conditions
BVOCs Biogenic Volatile Organic Compounds
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EMIS_A1B Future TDM/A1B scenario emissions model simulation in this work
EMIS_B2 Future TDM/B2 scenario emissions model simulation in this work
EPA Environmental Protection Agency
FTUV Fast Troposphere Ultraviolet Visible
GCMs Global Climate Models
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NAAQS National Ambient Air Quality Standard
Noah National Center for Environmental Prediction, Oregon State University,
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NCEP/FNL National Centers for Environmental Prediction Final Analysis Dataset
NEI National Emissions Inventory
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OLR Outgoing Longwave Radiation at the Top of the Atmosphere
PBL Planetary Boundary Layer
PBLH Planetary Boundary Layer Height
PM Particulate Matter
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RRTMG Rapid Radiative Transfer Model for GCMs
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SW Shortwave (Radiation)
SWCF Shortwave Cloud Forcing
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T2 2-m Temperature
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TDM Technology Driver Model
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