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Abstract. It is important to understand how future envi- 1 Introduction
ronmental policies will impact both climate change and
air pollution. Although targeting near-term climate forcers Near-term climate forcers (NTCFs), also referred to as short-
(NTCFs), de ned here as aerosols, tropospheric ozone, antived climate forcers (SLCFs), are those chemical species
precursor gases, should improve air quality, NTCF reduc-whose impact on climate occurs primarily within the rst
tions will also impact climate. Prior assessments of the im-decade after their emission (Myhre et al., 2013). This set
pact of NTCF mitigation on air quality and climate have of compounds includes ozone, aerosols, and their precursor
been limited. This is related to the idealized nature of somegases, as well methane (gHwhich is also a well-mixed
prior studies, simpli ed treatment of aerosols and chem-greenhouse gas (GHG). Other well-mixed GHGs, including
ically reactive gases, as well as a lack of a suf ciently carbon dioxide (C@) and nitrous oxide (AO), possess much
large number of models to quantify model diversity and ro- longer atmospheric lifetimes and impact climate on decadal
bust responses. Here, we quantify the 2015-2055 climatéo centennial timescales.
and air quality effects of non-methane NTCFs using nine NTCFs have important impacts on the climate system
state-of-the-art chemistry—climate model simulations con-and human health, as they perturb the radiative balance of
ducted for the Aerosol and Chemistry Model Intercompari- Earth and contribute to air pollution. The total aerosol radia-
son Project (AerChemMIP). Simulations are driven by two tive effect, estimated as an effective radiative forcing (ERF),
future scenarios featuring similar increases in greenhouses 0:9Wm 2 with a 90% con dence range of 1.9 to
gases (GHGs) but with “weak” (SSP3-7.0) versus “strong” 0:1Wm 2 (Boucher et al., 2013). A more recent review
(SSP3-7.0-lowNTCF) levels of air quality control measures.revised the 90 % con dence range to more negative values
As SSP3-7.0 lacks climate policy and has the highest level§ 2:0to 0:4Wm 2) (Bellouin et al., 2020). Moreover, not
of NTCFs, our results (e.g., surface warming) represent arall aerosols have a negative forcing, as black carbon (BC)
upper bound. Unsurprisingly, we nd signi cant improve- from anthropogenic fossil and biofuel emissions possesses a
ments in air quality under NTCF mitigation (strong ver- radiative forcing ofC0:40 (0.05 to 0.80) Wm2. BC, how-
sus weak air quality controls). Surface ne particulate mat- ever, is often associated with co-emission of organic matter.
ter (PMb:5) and ozone (@) decrease by 2.2 0:32ugm 3 The best estimate of net industrial-era climate forcing by all
and 4:6 0:88ppb, respectively (changes quoted here areshort-lived species from black-carbon-rich sources, includ-
for the entire 2015-2055 time period; uncertainty repre-ing open burning emissions, is slightly negative but with rel-
sents the 95% con dence interval), over global land sur-atively large uncertainty bounds of1:45 to C1:29W m 2
faces, with larger reductions in some regions including south(Bond et al., 2013). Thus, changes in BC emissions that
and southeast Asia. Non-methane NTCF mitigation, how-are different from changes in non-absorbing aerosols will
ever, leads to additional climate change due to the removalead to differing ERF changes. Tropospheric ozone, which
of aerosol which causes a net warming effect, includingis formed in the atmosphere through chemical reactions be-
global mean surface temperature and precipitation increasesveen nitrogen oxides (NQ, carbon monoxide (CO), and
of0:25 0:12Kand 003 0:012mmd 1, respectively. Sim-  volatile organic compounds (VOCs) including methane in
ilarly, increases in extreme weather indices, including thethe presence of sunlight, also exhibits a positive forcing of
hottest and wettest days, also occur. Regionally, the larges£0:40 0:2Wm 2 (Myhre et al., 2013). The radiative forc-
warming and wetting occurs over Asia, including central anding of changes in methane concentrations is estimated at
north Asia (066 0:20K and 003 0:02mmd 1), south  0:48 0:05Wm 2 (Myhre et al., 2013). We note that these
Asia (047 0:16Kand 017 0:09mmd 1), and east Asia estimates are currently being updated as part of the Coupled
(0:46 0:20K and 015 0:06 mmd 1). Relatively large  Model Intercomparison Project version 6 (CMIP6) (Pincus
warming and wetting of the Arctic also occur a0 0:36 K et al., 2016; Eyring et al., 2016). Thus, reductions in some
and 004 0:02mmd 1, respectively. Similar surface warm- NTCFs, including non-absorbing aerosols, will warm the cli-
ing occurs in model simulations with aerosol-only mitiga- mate system, whereas reductions in other NTCFs, including
tion, implying weak cooling due to ozone reductions. Our absorbing aerosols, tropospheric ozone, and methane, will
ndings suggest that future policies that aggressively targetcool the climate system. Things become more complex from
non-methane NTCF reductions will improve air quality but an emissions perspective, as reductions in some precursor
will lead to additional surface warming, particularly in Asia gases such as NCand VOCs impact ozone, methane, and
and the Arctic. Policies that address other NTCFs includingaerosols (Myhre et al., 2013). Reductions in,Nfr exam-
methane, as well as carbon dioxide emissions, must also bple, will promote cooling due to reduced tropospheric ozone,
adopted to meet climate mitigation goals. but the impact on CHlifetime and aerosol formation may
promote overall warming (Fiore et al., 2015).

NTCFs also perturb the hydrological cycle. Energetic
constraints and modeling studies show that anthropogenic
aerosols lead to reduced global mean precipitation (Ra-
manathan et al., 2001; Wilcox et al., 2013; Samset et al.,
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2016). Aerosol-induced reductions in surface solar radiationMatthews and Zickfeld, 2012; Rotstayn et al., 2013; Wu
will be partially balanced by reductions in latent cooling, etal., 2013; Westervelt et al., 2015; Salzmann, 2016; Hienola
leading to corresponding rainfall reductions. In the case ofet al., 2018; Richardson et al., 2018; Lelieveld et al., 2019).
absorbing aerosols, particularly in the boundary layer, atmo+urthermore, future aerosol reductions may shift the tropi-
spheric heating stabilizes the atmosphere and reduces coral rainbelt northward and may strengthen precipitation in
vection, also leading to an overall decrease in precipitationseveral monsoon regions, including west Africa, South Asia,
(Ming et al., 2010; Ban-Weiss et al., 2012; Stjern et al., 2017;and east Asia (Levy et al., 2013; Allen, 2015; Rotstayn et al.,
Allen et al., 2019a; Johnson et al., 2019). The buildup of2015; Allen and Ajoku, 2016; Westervelt et al., 2017; Zhao
aerosols during the 20th century has helped mask the exet al., 2018; Westervelt et al., 2018; Scannell et al., 2019;
pected increase in global mean precipitation due to GHG-Zanis et al., 2020). In contrast to the above studies, how-
induced warming (Liepert et al., 2004; Wu et al., 2013; Salz-ever, Shindell and Smith (2019) show that the time required
mann, 2016; Richardson et al., 2018). Furthermore, studiefo transform power generation, industry and transportation
show that the hemispheric contrast in aerosol forcing hadeads to largely offsetting climate impacts of €@nd sul-
shifted the tropical rainbelt southward, which is associatedfur dioxide (a precursor of sulfate aerosol), implying no con-
with a weakening of the west African monsoon and the oc- ict between climate and air quality objectives. Their simu-
currence of the Sahel drought of the mid-1980s (Rotstayrlations use a simple emissions-based climate model, Finite
and Lohmann, 2002; Biasutti and Giannini, 2006; Allen and Amplitude Impulse Response (FAIR) (Smith et al., 2018),
Sherwood, 2011; Ackerley et al., 2011; Chang et al., 2011;and it is not known if this result also applies to fully coupled
Biasutti, 2013; Hwang et al., 2013; Dong et al., 2014; Allen chemistry—climate models.
et al., 2015; Undorf et al., 2018). The observed precipita- Despite the rich literature, a robust assessment of the im-
tion decrease during recent decades over most of the apact of speci c NTCF mitigation measures on climate and air
eas affected by the south and east Asian monsoon can alspiality has been dif cult to achieve. Part of this uncertainty
be explained by the dominance of aerosol radiative effectstems from the idealized nature of many of the prior studies
suppressing precipitation over the expected precipitation enfe.g., instantaneous removal of all aerosols), simpli ed treat-
hancement due to increased GHGs (Wang et al., 2013; Songient of aerosols and chemically reactive gases, as well as
et al., 2014; Li et al., 2015; Xie et al., 2016; Krishnan et al., a lack of a suf ciently large number of models performing
2016; Guo et al., 2016; Lau and Kim, 2017; Zhang et al.,identical simulations with which to quantify model diversity
2017; Lin etal., 2018; Liu et al., 2018). and robust responses. The Aerosol and Chemistry Model In-
NTCFs are also a source of air pollution, including surfacetercomparison Project (AerChemMIP) (Collins et al., 2017),
ozone (Q) and ne particulate matter less than 2.5 um in di- part of CMIP6 (Eyring et al., 2016), quanti es the climate
ameter (PM:s). Air pollution has negative impacts on human and air quality impacts of aerosols and chemically reactive
health, including exacerbation of cardiovascular and respiragases. Here, we use AerChemMIP and the Scenario Model
tory diseases, and cancer. Recent estimates show air pollutidntercomparison Project (ScenarioMIP, O'Neill et al., 2016)
is the fourth-highest ranking risk factor for premature deathto quantify the climate and air quality impacts due to non-
and mainly due to non-communicable diseases, responsiblmethane NTCF mitigation (aerosols and ozone only) through
for 7 million premature deaths per year, with 4.2 million analysis of two future emission scenarios — one with weak
of these annual deaths attributable to ambient air pollution(SSP3-7.0) and one with strong (SSP3-7.0-lowNTCF) levels
(WHO, 2016; Cohen et al., 2017; Butt et al., 2017). A more of air quality control measures. NTCF mitigation is de ned
recent study suggests the global total excess mortality ratbere as the difference between these two scenarios: SSP3-
due to all air pollution is 8.79 million per year (95% con - 7.0-lowNTCF —SSP3-7.0. Models include an interactive rep-
dence interval of 7.11-10.41 million per year), leading to aresentation of tropospheric aerosols and atmospheric chem-
global mean loss of life expectancy of 2.9 years (Lelieveldistry, allowing for the quanti cation of chemistry—climate in-
etal., 2019). teractions. We use mean surface temperature and precipita-
Future reductions in emissions of NTCFs are necessaryion, as well as three climate-extreme metrics including the
for improved air quality but will yield relatively rapid (i.e., hottest and wettest days, and consecutive dry days, as indi-
decadal) climate responses due to their short atmosphericators of climate change and surface &d PM:s for air
lifetimes (relative to GHGs). Samset et al. (2018) show quality as these are commonly used metrics. We show that
that complete removal of present-day anthropogenic aerosalon-methane NTCF reductions improve air quality but also
emissions induces a global mean surface heating of 0.5-1.1 kead to additional climate change including surface warming.
and a precipitation increase of 2%—4.6%. Similar large,Policies that address other NTCFs including£ bk well as
near-term increases in global warming and precipitation areCO, emissions, must also be undertaken. Methods are pre-
predicted by other studies that assume a rapid removal ofented in Sect. 2 and results are discussed in Sect. 3. Conclu-
anthropogenic aerosols (Brasseur and Roeckner, 2005; Arsions appear in Sect. 4.
dreae et al., 2005; Ramanathan and Feng, 2008; Raes and
Seinfeld, 2009; Kloster et al., 2010; Arneth et al., 2009;
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2 Methods means. All data are spatially interpolated ta@ 2 2:5 grid
using bilinear interpolation.
2.1 AerChemMIP models Model trends are calculated using least-squares regression,

and the corresponding trend signi cance is based on a two-
Overall, nine coupled ocean—atmosphere climate modelsailed Student's test, where the null hypothesis of a zero-
performed the SSP3-7.0 and SSP3-7.0-lowNTCF simularegression slope is evaluated. Multi-model mean trends and
tions, including CNRM-ESM2-1 (Séférian et al., 2019; Mi- their signi cance are calculated using two different meth-
chou et al., 2019), MIROCG6 (Takemura et al., 2005, 2009;0ds. In the rst method, MMM trends are calculated from the
Tatebe et al., 2019), MPI-ESM1-2-HAM (Mauritsen et al., multi-model mean time series using a weighted least-squares
2019; Neubauer et al., 2019; Tegen et al., 2019), NorESM2+egression, where each value in the multi-model mean time
LM (Seland et al.,, 2020), BCC-ESM1 (Wu et al., 2019, series is weighted by:1n%, where , is the standard de-
2020), GFDL-ESM4 (John et al., 2018; Horowitz et al., viation across models. We note that the MMM trends and
2018; Dunne et al., 2020; Horowitz et al., 2020), CESM2- signi cance are very similar with and without weighting
WACCM (Emmons et al., 2020; Gettelman et al., 2019; the regression. Autocorrelation of the time series is also ac-
Tilmes et al., 2019), UKESM1-0-LL (Sellar et al., 2019), counted for by using the effective sample size, de ned as
and MRI-ESM2-0 (Yukimoto et al., 2019). However, the n.1 r1/=.1Cr1/, wheren is the number of years and
rst four models (CNRM-ESM2-1, MIROC6, MPI-ESM1- s the lag 1 autocorrelation coef cient.
2-HAM, NorESM2-LM) lack interactive tropospheric chem-  We also quantify the signi cance of the multi-model mean
istry schemes and therefore include identical ozone evoirend relative to each individual model mean trend. Here,
lution in both SSP3-7.0 and SSP3-7.0-lowNTCF simula-the MMM trend is calculated as the average of the individ-
tions (as recommended by AerChemMIP). As NTCF mit- ual model mean trends and its uncertainty is calculated as
igation only includes the effects of aerosols in these fourplus/minus twice the %tandard error (i.e., the 95 % con dence
models, we refer to these models as “Aer”. The remaininginterval), which is 2=" np,, where is the standard devia-
ve models, including BCC-ESM1, GFDL-ESM4, CESM2- tion of the trends andy, is the number of models. If this con-
WACCM, UKESM1-0-LL, and MRI-ESM2-0, include in-  dence interval does not include zero, then the multi-model
teractive atmospheric chemistry and aerosols, and thereformean trend is signi cant at the 95 % con dence level. Both
both aerosol and ozone reductions are included. These modnethods yield similar conclusions as to the magnitude and
els are referred to as “Aer+03". signi cance of the MMM trends.

In addition to coupled simulations, models also performed We note that there are several sources of uncertainty, in-
analogous xed sea surface temperature (SST) experimentsluding model differences as well as internal climate vari-
to quantify the ERF. The ERF is calculated from the top- ability. Our quoted uncertainties include both. However, if
of-atmosphere (TOA) ux differences between atmosphere-we had three realizations for each model, the role of internal
only simulations with identical SSTs but differing compo- climate variability could be better isolated. Although three
sition (Forster et al., 2016; Pincus et al., 2016). The aboveealizations are probably not enough to truly quantify this
scenarios (SSP3-7.0 and SSP3-7.0-lowNTCF) are repeatesburce of uncertainty, which is the goal of large ensemble
with prescribed SSTs. These SSTs (and sea ice) are takgmrojects. Similarly, additional models would also allow im-
from the monthly mean evolving values from one ensembleproved quanti cation of the uncertainty due to model dif-
member of the coupled SSP3-7.0 ScenarioMIP run (Collinsferences. For a given variable that we analyze, the uncer-
et al., 2017). MPI-ESM1-2-HAM used daily mean SST and tainty across realizations for models with multiple runs is
seaice. The differences in radiative uxes between the weakcomparable to the uncertainty across models. For example, in
and strong air quality control scenarios yield the TOA tran- terms of the total global surface temperature change (Sect. 3),

sient ERF due to NTCF mitigation. we quote a multi-model mean 95 % con dence interval of
0.12 K. Models with multiple realizations yield correspond-
2.2 Model data and methodology ing values of 0.02, 0.08, 0.10, 0.11, 0.15, and 0.22, which

yields an average of 0.11K. Similarly, in terms of the to-
All models performed at least one realization each of SSP3tal global land PM.s change, we quote a multi-model mean
7.0 and SSP3-7.0-lowNTCF. CNRM-ESM2-1, MIROC6, 95% con dence interval of 0.32 ug nf. Models with mul-
UKESM1-0-LL, NorESM2-LM, CESM2-WACCM and tiple realizations yield corresponding values of 0.08, 0.09,
BCC-ESM1 performed three realizations of each experi-0.16, 0.25, and 0.29, which yields an average of 0.17 pgm
ment. For these models, the model mean response (aveFurthermore, if all models and realizations are used, our un-
age over the three realizations) is shown. The multi-modelcertainty estimates are reduced (due, in part, to more data).
mean (MMM) is obtained by averaging each model's meanFor example, the 95 % con dence interval for total global
response (i.e., each model has the same weight). Only one rsurface temperature change decreases from the quoted 0.12
alization exists for the corresponding xed-SST experiments.to 0.07 K. The 95% con dence interval for the total global
Unless otherwise mentioned, all analyses are based on annuaind PM:5 change decreases from 0.32 to 0.24 ugm
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Climate variables analyzed include monthly mean surfaceCMIP6 models consistently overestimate surface ozone dur-
temperatureTs) and precipitation (Precip). Surface tempera- ing both summer and winter across most regions, potentially
ture and precipitation are analyzed as these are arguably twdue to the coarse resolution of global models simulating ex-
of the most important climate variables. Changes in surfaceess @ production.
temperature are particularly relevant in the context of climate Perhaps more important than changes in the mean of a cli-
mitigation, as the goal of the Paris Agreement is to keep thenate variable are changes in its extremes. Heat waves, for ex-
increase in global mean surface temperature to well belonample, are a major cause of weather-related fatalities. Thus,
2 C above preindustrial values (IPCC, 2018). Precipitation,we also analyze climate extremes including the hottest day
and fresh water resources in general, is important to both hu¢monthly maximum value of daily maximum surface tem-
man society and ecosystems. perature), wettest day (monthly maximum 1d surface pre-

As discussed in the introduction, both P¥and ozone cipitation), and consecutive dry days (CDDs), de ned as the
are commonly used indicators of air quality, and both havemaximum annual number of consecutive days with surface
been associated with adverse human health impacts (WHQprecipitation< 1mmd 1. We focus on these three extreme
2016; Cohen et al., 2017; Butt et al., 2017). Air quality is indices since they are frequently used metrics for tempera-
therefore quanti ed from surface PM and surface @ ture and precipitation extremes. Prior observational analyses
These monthly mean elds are obtained from the model levelhave shown signi cant increases in the hottest and wettest
closest to the surface. Unfortunately, few models archiveddays, and decreases in CDDs over the latter half of the 20th
sub-monthly aerosol or ozone data, so we are unable t@entury (Donat et al., 2013a, b). Climate extremes are based
analyze changes in daily or sub-daily maximum #\or on daily data and are calculated at each grid box and then
Og pollution. Furthermore, only four models directly archive spatially averaged.

PMa.5 (with differing methodologies), and not all models

include the same aerosol species (e.g., nitrate aerosol; s&3 Future scenarios: SSP3-7.0 and SSP3-7.0-lowNTCF
the Supplement). Thus, we approximate F\vh all models

using the following equation (Fiore et al., 2012; Silva et al., As part of ScenarioMIP, a set of future emissions pathways
2017): PMsDBCCOACSO;C0:1 DUCO0:25 SS, has been developed for CMIP6 (Eyring et al., 2016). These
where BC is black carbon, OA is organic aerosol,,98  scenarios, referred to as Shared Socioeconomic Pathways
sulfate aerosol, DU is dust, and SS is sea salt. This formuldSSPs) (O'Neill et al., 2014; van Vuuren et al., 2014; Gid-
assumes 100% of the BC, OA, and £§@& ne mode, den et al., 2019), link socioeconomic and technological in-
whereas 25 % of the sea salt and 10% of the dust is nenovation to provide future trajectories of emissions, includ-
mode. The SS and DU factors will be dependent on theing different levels of controls on air quality pollutants. The
model and its size distribution. In the case of CNRM-ESM2- medium strength of pollution control corresponds to current
1, sensitivity tests were used to estimate a much smalletegislation (CLE) until 2030 and progresses three-quarters
SS factor of 0.01. This smaller factor addresses the larg®f the way towards maximum technically feasible reduction
SS size range of up to 20 um in this model (Pierre Nabat,(MTFR) thereafter. Strong pollution control exceeds CLE
personal communication, 27 November 2019). Althoughand progresses ultimately towards MTFR. Weak pollution
this approach likely introduces some uncertainties (seeontrol assumes delays to the implementation of CLE and
Sect. 3.1), it provides rst and foremost an estimate of;2M  makes less progress towards MTFR than the medium sce-
for all models, as well as a consistent estimate for all modelsnario (Rao et al., 2017). The rate of progress is different for

CMIP6 model evaluation of air quality metrics, including high-, medium-, and low-income countries. By encompass-
surface @Q and PM:5 (as approximated here), is quanti ed ing a wide range of possible futures, these scenarios provide
in a companion paper (Turnock et al., 2020). To summarizea large sample space of potential emissions through the 21st
CMIP6 models generally underestimate Pvbver mostre-  century.
gions relative to ground based observations from the Global To detect the largest signal, AerChemMIP uses the SSP3-
Aerosol Synthesis and Science Project (GASSP) (Redding7.0 “regional rivalry” without climate policy ( 7:0Wm 2
ton et al., 2017). This in part is due to the absence of nitrateat 2100) (Fujimori et al., 2017) as the reference scenario,
aerosol, and may also be related to misrepresentation of seevhich has the highest levels of NTCFs and “weak” levels
ondary organic aerosol. A similar PM underestimation oc-  of air quality control measures (O'Neill et al., 2014; Rao
curs over Europe and North America relative to the Modern-et al., 2017). The perturbation scenario SSP3-7.0-lowNTCF
Era Retrospective Analysis for Research and Applicationsuses the same socioeconomic scenario but with “strong” lev-
version 2 (MERRA2) aerosol reanalysis product (Buchardels of air quality control measures (Gidden et al., 2019). Ba-
etal., 2017; Randles et al., 2017). In contrast, CMIP6 modelssically, the emissions drivers (population, GDP, energy, and
overestimate PMs relative to MERRAZ2 over south and east land use) are based on SSP3, but the emissions factors of
Asia, contrary to the evaluation using GASSP observationsair pollutants that are related to NTCFs are associated with
Compared to surface Omeasurements from Tropospheric a sustainability pathway represented by SSP1 in conjunc-
Ozone Assessment Report (TOAR) (Schultz et al., 2017)tion with the stringent climate policy equivalent of stabi-
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lizing the radiative forcing to around 2.6 WrA. Assump-  air quality control yields strong emission reductions in all
tions include the following: SSP3-7.0-lowNTCF can reduce species, ranging from 30% for VOCs to 55 % for S@
CH4 as if SSP1's stringent climate mitigation policy is im- Thus, NTCF mitigation (SSP3-7.0-lowNTCF — SSP3-7.0)
plemented in the SSP3 world; SSP1's air pollutant legisla-yields emission reductions of all aerosols and gaseous pre-
tion and technological progress can be achieved in the SSP&ursors by 40 %—55 %.
world; other species (e.g., CFCs, HFCs, ang)S#e iden- The corresponding 2015-2055 regional emission trends
tical to the SSP3 baseline. Although methane reductions arérelative to 2015) are shown in Fig. 2. As with climate and
included in the lowNTCF scenario, they are not included in air quality trends, emission trends are estimated using least-
the lowNTCF experiment. This allows quanti cation of the squares regression. Consistent with the global mean time
aerosol and ozone effects alone; similar SSP3-7.0-lowNTCFseries of emissions (Fig. 1), GCGemissions increase un-
experiments that are analogous to those presented here bdér weak air quality control (and in both sets of AerChem-
also include the methane reductions will also be performedVIP simulations), with larger increases in south and north
and analyzed in subsequent work. Differences between theséfrica, south Asia, and southeast Asia. Similarly, £&nis-
two scenarios are designed to evaluate a SSP3 world in whickions increase in all world regions under weak air qual-
NTCF-related policies are enacted in the absence of otheity control (and in both sets of AerChemMIP simulations),
GHG-related climate policies. Moreover, our results (e.g., thewith larger increases in south and north Africa, and south
magnitude of the surface temperature increase) represent aksia. Most world regions also show increases in BC2SO
upper bound as our baseline scenario lacks climate policyand organic carbon (OC) under weak air quality control but
and contains the highest levels of NTCFs. strong decreases under strong air quality control. NTCF mit-
Differences in climate, effective radiative forcing, chem- igation (strong minus weak air quality control) shows large
ical composition, and air quality between the two scenarios( 20 % decade?) BC decreases in Central America, central
will be solely due to the alternative air quality control mea- and north Asia, east Asia, and southeast Asia. Most world re-
sures. These experiments cover the time frame from 201%jions exhibit a 10 %—20 % decadereduction in S@ emis-
to 2055, as this is when reductions in aerosol and ozonesions under NTCF mitigation, with a large decrease in south
precursor emissions are expected to be signi cant, particuAsia at 28 % decadel. Similarly, OC and CO emissions
larly in some world regions. Here, we de ne NTCF mitiga- decrease by 10%—-20 % decadé. Relatively large OC re-
tion as the difference between the strong (low NTCF) andductions also occur in east Asia, south Asia, and southeast
weak (high NTCF) air quality control scenarios (i.e., SSP3-Asia. NO; and VOC emissions also decrease in all world
7.0-lowNTCF minus SSP3-7.0). Although methane reduc-regions under NTCF mitigation (although this is only a de-
tions are included in the strong air quality control scenario,crease relative to non-mitigated emissions for,N@south
AerChemMIP protocol speci es unchanged levels of well- Asia and for VOC in east Asia).
mixed greenhouse gases (WMGHGS), including methane,
between the strong and the weak air quality control simu-
lations (Collins et al., 2017). Thus, our results guantify non-
methane NTCF mitigation (aerosols and ozone only).
Figure 1 shows the 2015-2055 global mean time series o

CO;, aerosol species, and gaseous precursor emissions f@fiy re 3 shows the 2015-2055 global annual mean time
SSP3-7.0 (weak air quality control) and SSP3-7.0-lowNTCF ggties for air quality under NTCF mitigation. By design,

(strong air quality control). Emissions shown here come di-N1cp mitigation leads to signi cant decreases in air pol-
rectly from the CMIP6 forcing datasets, which were down- | +ion in terms of both surface PM and G. All models

loaded from the input datasets for Model Intercomparisonyie|d signi cant global mean decreases in both quantities,

Project (input4MIPS) served by the Earth System Grid Fed'with an overall MMM decrease of 0:23 ugm 3 decade?

eration. We note that the emissions data are decadal aftgp, PMps and 1:19 ppbdecadé* for O (Table 1). Over
2015, with monthly values for the years 2015, 2020, 2030,ie 2015-2055 time period, these rates of change cor-
2040, 2050, 2060, etc. We estimate the emissions in 205$espond to global mean decreases d3:92ugm 3 and

as the mean of the emissions in 2050 and 2060 at each grid 4.7¢ ppb, respectively. Larger PM decreases occur over
box. Only weak air quality control Cand CH, emissions |44 onlyat 2:20pugm 3, whereas similar @decreases oc-
are shown, as AerChemMIP simulations include the same, ;; over land only at 4:55 ppb. Similar PMs trends occur
change in CQ and Chy emissions based on the weak air j3 aer+03 and Aer models over land only 0:59 versus
quality control scenario. By 2055, GGand CH, increase 0:44 pgm 3decade?, respectively), as well as over both
by 65% and 50% (relative to 2015), respectively. In cON- |and and ocean (0:26 versus 0:16 pgm 3decadel, re-
trast to CQ and CH, however, very different non-methane  gpqcively). Note that the MMM over all models fog @oes

NTCF evolution occurs. Under weak air quality control, ot include Aer models, as they yield negligible change in
global emissions of all aerosols and gaseous precursors (eX;,rface ozone (by design).

cept SQ) increase by 5%-15 % by 2055. In contrast, strong

3 Results

?.1 Global climate and air quality trends
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Figure 1. The 2015-2055 global mean GONTCF, and precursor gas emissions. Panels gawlack carbon (BC)(b) sulfur dioxide

(SO); () organic carbon (OC)d) carbon monoxide (CO)g) nitrogen oxides (NQ); (f) volatile organic compounds (VOC(g) methane
(CHg); and(h) carbon dioxide (C®) emissions for weak (red) and strong (blue) air quality control. Also included is the percent change
(relative to 2015) for weak (red solid) and strong (blue solid) air quality control, and NTCF mitigation (black solid). Emission units for
speciesX are MtX yr 1. Percent change units are %. Only weak air quality controp @@ CH, emissions are shown, as AerChemMIP
simulations include the same change in£dd CH, emissions based on the weak air quality control scenario. Emissions data come directly
from the CMIP6 forcing datasets, which were downloaded from the input datasets for Model Intercomparison Project (input4MIPS).

As mentioned in the methods section, as only four mod-are about 85 % as large as those based on archived RM-
els directly archive PMls (with differing methodologies), derestimation by a similar amount exists in all four models,
and not all models include the same aerosol species (see thwith the largest underestimation in GFDL-ESM4). Larger
Supplement), we approximate BNl Comparing estimated differences exist in some world regions, particularly south
PMa.5 trends to those from the actual Bilas calculated Asia, where the estimated (actual) PMis 4:08 0:70
and archived by four models (GFDL-ESM4, NorESM2-LM, ( 4:71 1:36)ug m 3decade? (Fig. S2 in the Supplement).
MRI-ESM2-0, and MPI-ESM1-2-HAM) yields reasonably Some of this underestimation is due to the aforementioned
good results. The global annual multi-model mean trend inlack of nitrate and ammonium aerosol in our estimated
estimated (actual) P4 for this four-model subset is 0:24 PM..5. However, other factors also contribute, as the esti-
( 0:28)ugm 3decade! (Fig. S1). Over land only, the mated PM:s trends in all four models underestimate the ac-
corresponding trends are0.56 ( 0.65) ugm 3 decade?. tual PMp.5 trends, but not all of these models include nitrate
Thus, the estimated global mean and land-onlyBiMends  and ammonium species.
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Figure 2. The 2015-2055 regional mean gONTCF, and precursor gas emission trends. Regional 2015—-2055 emission trefa$kack

carbon (BC);(b) sulfur dioxide (SQ); (c) organic carbon (OC)d) carbon monoxide (CO)g) nitrogen oxides (NQ); (f) volatile organic
compounds (VOCs)g) carbon dioxide (C@); and(h) methane (Cl) for weak (red asterisks) and strong air quality control (SSP3-7.0-
IowNTCF; blue triangles) and NTCF mitigation (SSP3-7.0-lowNTG@&SP3-7.0; black diamonds). The center map shows the corresponding
color-coded world regions, based on Seneviratne et al. (2012). The following abbreviations are used: Canada: 1 (Can; black), United States
2 (US; magenta), Central America: 3 (cAm; sky blue), South America: 4 (SAm; purple), south Africa: 5 (SAf; yellow), north Africa: 6 (nAf;
green), Europe: 7 (Eu; pink), central and north Asia: 8 (cnA; orange), east Asia: 9 (eA; navy), south Asia: 10 (sA, red), southeast Asia: 11
(seA; gray), and Australia: 12 (Au; beige). The average over these 12 land regions is abbreviated as “L”. Trend units are % (deledite

to 2015). Only weak air quality control GQand CH, emission trends are shown, as AerChemMIP simulations include the same change

in CO; and CH, emissions based on the weak air quality control scenario. Emissions data come directly from the CMIP6 forcing datasets,
which were downloaded from input4MIPS.
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Figure 3. The 2015-2055 time series of global annual mean air pollution due to NTCF mitigation. Panel¢agrsawface particulate

matter (PM-5) (Lgm 3) and(b) surface ozone (ppb) for NTCF mitigation. The multi-model mean time series and the corresponding trend
estimated using a weighted least-squares regression are included as thick black lines. The multi-model mean (MMM) trend, its signi cance,
andR? value are also included, as is the 95% con dence interval (CI). Individual model mean trends are also included as de ned by the
legend.

Table 1. Air pollution and climate responses to NTCF mitigation. Annual mean 2015-2055 trends in surface particulate mattgr (PM
ozone (Q), surface temperaturdd), precipitation (Precip), hottest day, wettest day, CDDs, and the effective radiative forcing (ERF) for
NTCF mitigation. First set of numbers is the global mean trend; second set of numbers is the land-only trend. Trends signi cant at the 95 %
con dence level are denoted by bold font based drtest. Trend units are K decadkfor Ts and hottest day; mm d* decade 1 for Precip

and wettest day; ug n® decade ! for PMy.5; ppb decade? for Og; days per year decadé for CDDs; and W m 2 decade 1 for ERF. The

rst ve models include both aerosol and ozone changes (Aer+O3 models); bottom four models include only aerosol changes (Aer models).
MMM is the multi-model mean and the last row (“MMM total”) shows the total change over the entire 2015-2055 time period based on all
models. n/a indicates not applicable.

Aer+03 models

PMo.5 O3 Ts Precip Hottestday  Wettest day CDD ERF
UKESM1-0-LL 0.26= 0.67 0.81= 0.81 0.070.09 0.01%0.017 0.050.05 0.0550.100 0.17%= 0.36 0.070.02
BCC-ESM1 0.26= 0.51 1.22= 1.13 0.080.14 0.0080.010 0.080.14 0.11%0.095 0.250.40 0.0170.07
GFDL-ESM4 0.24= 0.57 125 1.26 0.070.08 0.01%0.004 n/a n/a n/a 0.68.13
CESM2-WACCM 0.29= 0.78 1.36= 1.39 0.080.10 0.0160.007 n/a 0.630.033 0.05= 0.06 0.160.23
MRI-ESM2-0 0.28= 0.58 1.22= 142 0.040.07 0.0160.007 0.060.09 0.0580.041 0.130.26 0.08-0.16
MMM 0.26= 0.59 1.19= 1.11 0.0740.10 0.0080.012 0.07/0.11 0.0640.067 0.12-0.07 0.07/0.12
Aer models
PMo.g O3 Ts Precip Hottestday  Wettest day CDD ERF
CNRM-ESM2-1 0.15= 0.41 n/a 0.040.05 0.0060.014 0.040.05 0.0430.068 0.03-0.01 0.12-0.16
MIROC6 n/a n/a 0.02.04 0.0040.010 0.030.06 0.02#0.024 0.13:0.41 0.1¥0.21
MPI-ESM1-2-HAM 0.23= 0.58 n/a 0.080.13 0.0080.010 0.080.12 0.0160.041 0.14 0.05 0.220.17
NorESM2-LM 0.20= 0.48 n/a 0.080.11 0.0160.012 n/a n/a n/a 0.160.16
MMM 0.16= 0.44 n/a 0.060.09 0.0050.009 0.040.10 0.0390.061 0.0%0.14 0.1770.19
All models
PMo.5 O3 Ts Precip Hottestday  Wettest day CDD ERF
MMM 0.23= 0.55 119 1.11 0.060.09 0.0080.011 0.060.09 0.0530.054 0.08-0.09 0.1170.15
MMM total 0.92= 220 4.76= 455 0.250.36 0.0320.045 0.260.36 0.2120.221 0.320.37 0.440.59
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GFDL-ESM4 is the lone model that archived nitrate Although not signi cant, Aer+O3 models yield a weaker
aerosol data. Globally (over land only), nitrate decreases byrend in global mean ERF than Aer models, at 0.07 versus
0:04 ( 0:12) ugm 3decade?, with maximum decrease 0.17 W m 2decade®. This is consistent with ozone reduc-
over east Asia and in particular south Asia (Fig. S3). Theseions driving a decrease in ERF in Aer+O3 models, offsetting
trends are 17 % and 20 % (13 % and 15 %) of the magnitudeart of the ERF increase due to aerosol reductions (Turnock

of the estimated (actual) global and land-only RMrend. et al., 2019).
GFDL-ESM4 also archives ammonium, and similar changes All models also yield a signi cant increase in global an-
occur (Fig. S3). Globally (over land only), ammonium de- nual mean precipitation (Table 1), with an overall MMM
creases by 0:05 ( 0:12) uygm 3decade?, with maximum  of 0.008 mmd!decadel. Aer+O3 and Aer models yield
decreases over both south Asia and east Asia. These trendamilar increases in global mean precipitation at 0.009 and
are 21 % and 20 % (16 % and 15 %) of the magnitude of the0.005 mmd ! decade?, respectively. Somewnhat less robust
estimated (actual) global and land-only RPAtrend. Thus,  results occur over land only. Although all models yield an in-
excluding nitrate and ammonium in GFDL-ESM4 leads to crease in precipitation over land, it is only signi cant in four
30 %—-40 % underestimation of the global and land-only models.
PMy:5 trend. The relatively large decreases in nitrate and am- Similar but less robust responses also occur in climate
monium in south Asia helps to explain the relatively large extremes, particularly those based on precipitation. Glob-
difference in estimated and actual Rytrend in this region  ally signi cant increases in the surface temperature of the
(Fig. S2). In addition to GFDL-ESM4, CESM2-WACCM hottest day occur in all but one model (MIROCES is the excep-
also archives ammonium (Fig. S3). Here, however, the globation). The multi-model mean also yields a signi cant trend
and land-only ammonium trends are an order of magnitudeat 0.06 K decade!. The wettest day signi cantly increases
smaller than those in GFDL-ESM4, which leads td % un- in about half of the models and in the overall MMM at
derestimation of the corresponding (estimatedpRiends.  0.053mmd!decadel. A mixed signal exists for CDDs,
The 2015-2055 global annual mean time series for climatewith four models yielding a positive trend and three models
variables under NTCF mitigation are shown in Fig. 4. All but yielding a negative trend. The overall MMM yields 0.08 days
one model (MIROC6) show signi cant global annual mean per year decadé but lacks signi cance.
surface warming in response to NTCF mitigation (Table 1 Thus, from a global mean perspective, NTCF mitigation
lists the trends for each model). Averaged over all models)eads to signi cantimprovements in air quality based on both
global mean surface warming is 0.06 K decatieor 0.25 K PMo.5 and G but also signi cant climate change in most
over the 2015-2055 time period (Table 1). We note that thismetrics. This includes increases in surface temperature and
warming will continue past 2055, as these transient simu-precipitation, as well as corresponding increases in most cli-
lations have not reached radiative equilibrium. Similar con-mate extremes, particularly the hottest day and to a lesser
clusions exist over land only, where the multi-model meanextent the wettest day. Except for surface temperature and
(MMM) warming is even larger at 0.36 K over the entire the hottest day, less robust results generally occur over land
time period (Table 1). Enhanced land warming is consistenonly. CDD yields a mixed signal, with lack of signi cance in
with the land-sea warming contrast (Sutton et al., 2007; Joshihe multi-model mean.
et al., 2008), which may also act to increase aerosol burden
itself (Allen et al., 2016; Allen et al., 2019b), implying a cli- 3.2 Regional climate and air quality trends
mate change penalty to air quality. Interestingly, models that
include both aerosol and ozone reductions (Aer+03) yieldFigure 5 shows the regional climate and air pollution trends
similar surface warming relative to the models that includefor weak and strong air quality control and the effect of
aerosol reductions (Aer) alone (0.07 versus 0.06 K decgde NTCF mitigation. We include both Aer and Aer+O3 mod-
respectively). Although this could be due to several fac-els in this analysis to maximize the signal-to-noise ratio
tors (small sample size, internal climate variability, different (except for ozone changes). The aforementioned response
model parameterizations, feedbacks, etc.), it suggests weatkifferences between these two model subsets are generally
surface cooling due to reductions in ozone. Such an internot signi cant. Consistent with increased aerosol and pre-
pretation is consistent with the negative forcing from aerosolcursor gas emissions (Figs. 1-2), air quality metrics gener-
increases dominating the positive forcing due to ozone in-ally show signi cant increases under weak air quality con-
creases over the historical period (Naik et al., 2013). Simulatrol, particularly @ where all 12 world regions exhibit
tions with a single model, running both coupled and uncou-an increase. In contrast, strong air quality control yields
pled chemistry experiments, would help isolate this effect. decreases in both PM and G for nearly all world re-
Warming in response to NTCF mitigation is consistent gions. The overall effect of NTCF mitigation is thus a
with the corresponding increase in ERF. All but two mod- robust decrease in air pollution, in terms of both #M
els (BCC-ESM1, GFDL-ESM4) yield a signi cant increase and &, over all 12 world regions, as well as the Arc-
in ERF, with a MMM of 0.44 W m 2 over the entire time pe- tic, Northern Hemisphere (NH) midlatitudes, and tropics.
riod (Table 1). Over land only, this increases to 0.59WAm  Over all land surfaces, the PM decrease is 0:55
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Figure 4. The 2015-2055 time series of global annual mean climate variables due to NTCF mitigation. Pan€s) shioface temperature

(K); (b) hottest day (K){c) precipitation (mmd1); (d) wettest day (mmdl); (e) consecutive dry days (annual number of days); énd
ERF(Wm 2) for NTCF mitigation. The multi-model mean time series and the corresponding trend estimated using a weighted least-squares
regression are included as thick black lines. The multi-model mean (MMM) trend, its signi canc®Zvalue are also included, as is the

95 % con dence interval (Cl). Individual model mean trends are also included as de ned by the legend.
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0:08 ugm 3decade?. Regionally, decreases in BMrange the least, but this region features a relatively large ERF in-

from 0:05 0:01pgm 3decade? over Canada to 3:8 crease.

0:69 ugm 3decade? in south Asia. Relatively large P4 Signi cant increases in the hottest day also occur, with
decreases also occur over east Asia, southeast Asidarger increases under strong relative to weak air quality
and north Africa at 2.1 0:27 ugm 3decade!, 0:78 controls. NTCF mitigation yields signi cant increases in

0:16 ugm 3decadel, and 0:82 0:20 ugm 3decadel, the hottest day for all but two world regions (Australia
respectively. The relatively large PM decreases over east and south America are the exceptions). A signi cant in-
Asia, southeast Asia, and south Asia are generally consisterdrease in the hottest day also occurs over all land regions
with the relatively large reductions in aerosol species, includ-(0:09 0:03 K decadel), with ve of six models yielding

ing BC, SQ, and OC (Fig. 2). a signi cant increase (Table 1; MIROCS is the exception).
Similar results exist for @ with a robust decrease Thus, NTCF mitigation unmasks the warming due to GHG
over land of 1:11 0:22 ppbdecade!. Regionally, Q de- increases resulting in robust increases in both surface air tem-

creases range from 2:41 0:33ppbdecade! over Cen-  perature and the hottest day over nearly all world regions.
tral America and 1:97 0:20ppbdecade! over south- We note that the lone area with cooling is the north At-
east Asiato 0:86 0:11 ppbdecade! over Australia. Rel-  lantic (around Iceland and southwest of Svalbard; Fig. 6),
atively large @ decreases also occur over south Asiawhich may be associated with a weakening of the Atlantic
( 1:55 0:93ppb decadel), as well as north Africa (1:7 Meridional Overturning Circulation (AMOC) (Delworth and
0:25 ppb decade!). Notably, a weak @ decrease occurs in  Dixon, 2006; Cai et al., 2006; Menary et al., 2013). Fig-
east Asia ( 0:45 0:51 ppb decade!), which may be related ure 6d—f show that this cooling is a robust feature, with
to relatively weak VOC reductions (Fig. 2). In addition to 70 % of the models yielding cooling here.
signi cant reduction in the Arctic, the other latitudinal bands  Over all land surfaces, a signi cant precipitation in-
also exhibit signi cant reductions in £ crease also occurs in both scenarios a12 0:005
Over all 12 world regions, signi cant surface warming oc- and 0022 0:006 mmd *decade! under weak and
curs in both the weak and strong air quality control scenariosstrong air quality control, respectively. Thus, NTCF
due to continued increases in g@nd CH;). More impor-  mitigation — by unmasking GHG-induced warming
tantly, NTCF mitigation — due to reduced cooling from re- — also yields a signi cant increase in land precipita-
ductions in non-absorbing aerosol (e.g., sulfate) — also yieldsion at Q011 0:003mmd ‘decadel. The effect of
signi cant warming, with a signi cant increase in land-only NTCF mitigation on precipitation over individual world
surface temperature of @ 0:02 K decade!. Signi cant regions, however, has mixed signicance and ranges
warming also occurs in all but one world region (Australia from 0:003 0:035mmd ! decade® over Australia to
is the lone exception) due to NTCF mitigation, ranging 0:044 0:022mmd ! decade’ over south Asia. Note that
from 0:05 0:02 K decade?® over southeast Asia to.D6 some world regions exhibit decreases in precipitation under
0:05 K decade? over central and north Asia. Relatively large both weak and strong air quality control (e.g., Central Amer-
warming also occurs over east Asial0 0:05 K decade?) ica), such that NTCF mitigation yields a weaker decrease
and south Asia (A2 0:04Kdecadel; see also Fig. S4). (as opposed to an absolute increase). In addition to south
Furthermore, large warming of the Arctic (60—90) occurs  Asia, a signi cant precipitation increase also occurs over
(0:15 0:09Kdecadel), particularly in the East Siberian central and north Asia (008 0:005mmd !decadel),
and Beaufort seas, north of western Canada/Alaska andast Asia (038 0:014 mmd !decadel), and the Arctic
around the Canadian Arctic Archipelago (Fig. 6). This result(0:010 0:005mmd ! decadel). Although southeast Asia
is consistent with recent studies showing high Arctic sen-also exhibits a relatively large increase in precipitation,
sitivity to aerosol reductions (Acosta Navarro et al., 2016;it is not signicant (Q019 0:041mmd !decadel).
Lewinschal et al., 2019; Westervelt et al., 2020). Other lat-Both south and north Africa yield precipitation increases,
itudinal bands also signi cantly warm, including the NH but the bulk of the African precipitation increase occurs
midlatitudes (30-60N), tropics (30 S—30 N), and South-  over east Africa (Fig. S5). From a latitudinal perspective,
ern Hemisphere (SH) midlatitudes (60—-3) at 010 0:03, in addition to the Arctic, the NH midlatitudes, tropics,
0:05 0:01,and @3 0:02K decadel, respectively. and SH midlatitudes all experience a signi cant increase
Warming is consistent with the increase in ERF, with mostin precipitation at @210 0:005, Q011 0:001, and
world regions yielding signi cant positive ERF trends. Little 0:004 0:001 mmd !decade?l, respectively. Thus, NTCF
correspondence exists between regions that warm the mostitigation generally increases precipitation in most world
and their ERF trend. This is not necessarily surprising, agegions (although, in some regions, this is a smaller decrease)
forcing and response do not need to occur in the same rebut the signal is less robust than that for surface temperature.
gions, due to climate feedbacks, remote teleconnection an&urthermore, in agreement with prior studies (Levy et al.,
other processes. For example, central and north Asia and th2013; Westervelt et al., 2017; Zhao et al., 2018; Westervelt
Arctic warm the most, but there is not a particularly large in- et al., 2018; Scannell et al., 2019), precipitation increases in
crease in their regional ERF. Similarly, southeast Asia warms

Atmos. Chem. Phys., 20, 9641-9663, 2020 https://doi.org/10.5194/acp-20-9641-2020



R. J. Allen et al.: Climate and air quality impacts due to NTCF mitigation 9653

Figure 5. Regional climate and air pollution responses to NTCF mitigation. Bar plots show regional 2015-2055 tr@)dsiiface tem-

perature Ts); (b) hottest dayjc) precipitation (Precip)(d) wettest dayje) CDDs; (f) ERF; (g) surface particulate matter (PM); and

(h) ozone (@) for weak (red) and strong (blue) air quality control, and NTCF mitigation (black). Bar center (gray horizontal line) shows the
muIti-rBodeI mean trend, estimated as the average of each model's mean trend. Bar length represents the 95 % con dence interval, estimate
as 2= n, where is the standard deviation of the individual model mean trendsnaisdthe number of models. Center map shows the
corresponding color-coded world regions for each bar plot (as in Fig. 2). The average over these 12 land regions is abbreviated as “L".
Also included is the Arctic (“A”; 60—90N; light blue hatched region); NH midlatitudes (“N”; 30—-6R; yellow hatched region); tropics

(“T"; 30 S-30 N; beige hatched region); SH midlatitudes (“S”; 60—3) red hatched region); and the global mean (“G”). Trend units are

K decade ! for Ts and hottest day; mm d" decade 1 for Precip and wettest day; pg m decade ! for PM,.5; ppb decade? for O3; days

per year decade* for CDDs; and W m 2 decade ! for ERF.
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Figure 6. The 2015-2055 annual mean surface temperature trends and model trend realization agreement over the Arctic. Surface tempera
ture (a—c)trends (K decadel) and(d—f) model trend realization agreement (%) ar d) weak air quality control(b, e) strong air quality

control, and(c, f) NTCF mitigation. Stippling denotes trend signi cance at the 95 % con dence level based on a starekirdrend real-

ization agreement represents the percentage of models that agree on the sign of the trend. Red colors indicate model agreement on a positi
trend; blue colors indicate model agreement on a negative trend. White areas indicate lack of agreement on the sign of the trend.

several monsoon regions, including east Africa, south Asiaduring JJA relative to DJF, at 1:41 0:16 and 0:86
and east Asia. 0:34 ppb decade!, respectively. This seasonal contrast is
Precipitation extremes, including the wettest day andmore pronounced over the NH midlatitudes, where the JJA
in particular CDD, also exhibit regional uncertainty under (DJF) decrease is1:87 0:17 ( 0:72 0:52) ppb decade'.
NTCF mitigation, with most regions lacking a robust re- In contrast, slightly larger P decreases occur during
sponse. Similar to the signi cant increases in mean precipita-DJF relative to JJA, at 0:67 0:12pugm 3decade? and
tion, signi cant increases in the wettest day also occurin cen- 0:48 0:08 ug m 3 decade?, respectively. As with the an-
tral and north Asia, east Asia, south Asia, and the Arctic. Thenual mean, the largest JJA and DJR @ductions oc-
NH midlatitudes and tropics (but not the SH midlatitudes) cur over Central America and southeast Asia (and north
also experience a robust increase in the wettest day. NTCRfrica during DJF). The lone regional increase i Oc-
mitigation also yields robust CDD increases in south Amer-curs during DJF in east Asia at9% 0:52 ppb decade.
ica and south Africa, and robust CDD decreases in Canaddahe largest JJA decreases in pPiMoccur in east Asia
and the Arctic. Outside of the Arctic, no other latitudinal ( 1:64 0:31ugm 3decade?) and south Asia (1:67
bands yield a robust CDD response under NTCF mitigation.0:32 ug m 2 decade?). These regions also exhibit large DJF
decreases in Pk, particularly south Asia at 5:55
3.3 Seasonal climate and air quality trends 1:2 ugm 3decade?.
NTCF mitigation yields similar warming in both sea-
Figure 7 shows the regional surface temperature, precipisons (see also Figs. S6-S7). Over all land surfaces, JJA
tation and air quality responses during June—July—Augustvarming is 009 0:02 K decadel; DJF warming is @9
(JJA) and December-January-February (DJF). Seasonal a@:04 K decade®. Consistent with the annual mean warm-
pollution, including both @ and PM:s, exhibits robust de- ing, relatively large JJA warming also occurs in central
creases in nearly all world regions under NTCF mitiga- and north Asia (16 0:06 K decade?), south Asia (L0
tion. Over land regions, slightly largersQlecreases occur
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Figure 7. Regional climate and air pollution seasonal responses to NTCF mitigation. Bar plots show regional 2015-2055 June—July—August
(JJA,; left panels) and December—January—February (DJF; right panels) tréadbjsurface temperaturdy); (c—d) precipitation (Precip);

(e—f) surface ozone (§); and (g—h) surface particulate matter (PM) for weak (red) and strong (blue) air quality control, and NTCF
mitigation (black). Bar center (gray horizontal line) shows the muBi-modeI mean trend, estimated as the average of each model's mean trend.
Bar length represents the 95 % con dence interval, estimated=as 2, where is the standard deviation of the individual model mean

trends andh is the number of models. World regions are identical to those in Figure 5. Trend units are K detadBs; mmd 1 decade?!

for Precip; pgm Sdecade! for PM,.5; and ppb decade* for Os.
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0:05 K decade?l), and east Asia (@0 0:06 K decadel),as  decreases in air pollution in nearly all world regions. Over
well as Canada (@4 0:05K decadel). DJF warming is  global land, surface PMs and G decrease by 2:2ugm 3
largest in similar regions as JJA, including central and northand 4:6 ppb, respectively, with larger reductions in some
Asia and south Asia (@0 0:12 and 013 0:04 K decade?) world regions including south and southeast Asia. However,
and east Asia (A3 0:12Kdecadel). Arctic warming is  NTCF mitigation unmasks the warming due to GHG in-
most pronounced during DJF, where the rate of warmingcreases, resulting in additional global warming and precipita-
is about double that during JJA:@B 0:16 versus (12 tion increases of 0.25 K and 0.03 mm'd respectively. Sim-
0:05 K decade?). Similar JJA and DJF warming occurs for ilarly, increases in extreme weather indices also occur, in-
the NH midlatitudes (0.11 versusi® 0:03K decade?), cluding the hottest and wettest days. All but one world region
tropics (0.05 versus:04 0:02 K decadel), and SH mid-  (Australia) yield robust warming in response to NTCF miti-
latitudes (603 0:02 K decade? for both seasons). As with  gation, with the largest warming (and wetting) occurring over
the annual mean warming, central and north Asia, east AsiaAsia, including central and north Asia, east Asia, and south
and south Asia generally warm the most during JJA and DJFAsia. Relatively large warming also occurs over the Arctic
with large Arctic warming during DJF. at 0.59 K, more than double the global mean warming. Inter-

Regional seasonal precipitation responses continue to exestingly, models that include both aerosol and ozone reduc-
hibit relatively large uncertainty, as most world regions lack tions (Aer+03) yield similar warming (and wetting) relative
a robust response (see also Figs. S8-S9). Central and north models that include aerosol reductions alone (Aer). This
Asia, east Asia, and south Asia yield robust JJA increasesuggests a weak cooling effect due to ozone reductions or
in precipitation under NTCF mitigation at:@5 0:008, other possible effects from interactive chemistry and aerosol
0:053 0:034,and M89 0:047mmd decadel, respec- that need to be further explored. For example, aerosol for-
tively. The increase in south and east Asia precipitation ismation may be reduced due to changes in oxidants (from
consistent with aerosol reductions driving enhanced mon-Os reductions), which would lead to more surface warming
soonal ow. Interestingly, there is also a signi cant increase in Aer+O3. Simulations with a single model, running both
in south Asian precipitation during DJF. Canada and northcoupled and uncoupled chemistry experiments, would help
Africa in particular also exhibit robust increases in DJF pre-isolate this effect. We also reiterate that few models include
cipitation. As with the annual mean, most of the increase innitrate aerosol, which implies an underestimation bias in the
DJF precipitation over Africa occurs in east Africa (Fig. S9). climate responses shown here.

Similar results generally exist for the other sea- Our results are consistent with several studies that have
sons, March-April-May (MAM) and September—October— shown aerosol reductions will unmask GHG warming, re-
November (SON) (Fig. S10). The largest decreasedm€®  sulting in large, near-term increases in global surface temper-
curs in Central America, south Asia, and southeast Asiaature and precipitation (Brasseur and Roeckner, 2005; An-
as well as north Africa. The largest BM decreases oc- dreae et al.,, 2005; Ramanathan and Feng, 2008; Raes and
cur in east Asia, south Asia, and southeast Asia. Over alSeinfeld, 2009; Kloster et al., 2010; Arneth et al., 2009;
land surfaces, MAM and SON surface warming are bothMatthews and Zickfeld, 2012; Rotstayn et al., 2013; Wu
0:09 0:02Kdecadel. Maximum MAM (SON) regional etal., 2013; Westervelt et al., 2015; Salzmann, 2016; Hienola
warming occurs in central and north Asia (Arctic) at® et al., 2018; Richardson et al., 2018; Samset et al., 2018;
0:05 (017 0:09)K decade?. Relatively large MAM warm-  Lelieveld et al., 2019). Shindell and Smith (2019), however,
ing also occurs in east Asia:(B 0:07Kdecadel) and show that the time required to transform power generation,
south Asia (011 0:06 K decadel); relatively large SON  industry and transportation leads to largely offsetting climate
warming occurs in Canada:(® 0:06 K decadel) and Eu-  impacts of CQ and sulfur dioxide, implying no con ict be-
rope (013 0:05K decadel). Precipitation responses are tween climate and air quality objectives. There, a T5nit-
again less robust, although east Asia experiences robust inigation pathway is used, with gradual phasing out of fossil
creases in both seasonsd® 0:02 in MAM and Q06 fuel combustion, which leads to relatively small change in
0:03mmd decade® in SON). Relatively large SON pre- the near-future warming. Furthermore, Shindell and Smith
cipitation increases also occur for Central America and souti2019) include methane mitigation, which compensates the

Asia. relatively small near-term future warming from @duc-
tions.
Our simulations, however, do not account for £@ CH,
4 Conclusions reductions, implying the importance of simultaneous reduc-

tions in both WMGHGs and NTCFs. We note that it is dif-
Under the experimental protocols of ScenarioMIP (O'Neill cult to reduce only the NTCF emissions while keeping
et al., 2016) and AerChemMIP (Collins et al., 2017), we CO, emissions xed (since there are co-emitted species, in-
have analyzed future chemistry—climate simulations to as<luding SQ). If WMGHG emissions are simultaneously re-
sess the impact of non-methane NTCF mitigation of climateduced along with nhon-methane NTCFs, then the increase in
and air quality from 2015 to 2055. Simulations show robustglobal surface temperature and precipitation found here will
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be muted (and perhaps offset). Moreover, our results (e.g.Special issue statementhis article is part of the special is-
the magnitude of the surface temperature increase) represesite “The Aerosol Chemistry Model Intercomparison Project
an upper bound as our baseline scenario lacks climate pokAerChemMIP)”. Itis not associated with a conference.

icy and contains the highest levels of NTCFs. The lowNTCF

scenario, however, can be used to provide forcing and re-

sponse sensitivities under current climate, which could beAcknowledgementsiVe thank two anonymous reviewers and the

used by intermediate complexity models for testing out moreeditor for helpful comments on the initial submissions of the
manuscript.
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tions of methane. which is another NTCE. the reduction ofFlnanC|aI support. Toshihiko Takemura was supported by the su-
' ! percomputer system of the National Institute for Environmental

which would promote net cooling (i.e., reduced warming). gy gjes, japan, and JSPS KAKENHI (grant no. JP19HO5669).
As the strong air quality control pathway includes reductionsp,yig Neubauer acknowledges funding from the European Union's
of methane, additional AerChemMIP simulations are beingHorizon 2020 research and innovation programme project FORCeS
conducted that include the effects of all NTCFs, including under grant agreement no. 821205. David Neubauer and Ina Tegen
aerosols, ozone precursor gases, and methane. The inclusianknowledge a grant for computing resources from the Deutsches
of methane reductions will offset some of the warming re- Klimarechenzentrum (DKRZ) under project ID 1051. The CESM
ported here, and also impact troposphericadd air quality. ~ Project is supported primarily by the National Science Founda-
Although not addressed in this study, we also note the podion. This material is pased upon worI§ su.pported. by th.e'NationaI
tential role of hydro uorocarbon (HFC) mitigation through Center for Atmospheric Research, which is a major facility spon-
the Kigali Amendment, particularly for the late 21st cen- S°réd by the NSF under cooperative agreement no. 1852977. Com-
tury. Ef cient implementation of the Kigali Amendment and puting and data storage resources, including the Cheyenne super-

. | lati . . d to lead lativel IIcomputer, were provided by the Computational and Information
national regulations is estimated to lead to relatively smal Systems Laboratory (CISL) at NCAR. Sungbo Shim was sup-

cooling (< 0:07 C) by 2050, but this increases to cooling of porteq by the Korea Meteorological Administration Research and
0.2-0.4 C by 2100 (WMO, 2018). Nonetheless, cleaning the pevelopment Program “Development and Assessment of IPCC
air while keeping global warming below the 1.5@2 Paris  AR6 Climate Change Scenario” (grant agreement no. 1365003000).
Agreement climate target will require simultaneous cuts inMakoto Deushi and Naga Oshima were supported by the Japan
both NTCFs and carbon dioxide. Society for the Promotion of Science (grant nos. JP18H03363,
JP18H05292, and JP20K04070) and the Environment Research
and Technology Development Fund (grant nos. 2-1703, 2-2003,
Data availability. CMIP6 model data can be freely downloaded and 5-2001) of the Environmental Restoration and Conservation
from the Earth System Grid Federation (ESGF) server at httpsAgency, Japan. Dirk Olivié and Michael Schulz were supported by
llesgf-node.lInl.gov/projects/cmip6/ (World Climate Research Pro-the Research Council of Norway (grant nos. 229771, 285003, and
gramme, 2020a). The emissions data used here can also be dow#85013), by Notur/NorStore (grant no. NN2345K and NS2345K)
loaded from the ESGF via input4MIPs at https://esgf-node.linl.gov/@nd through EU H2020 (grant no. 280060).
search/input4mips/ (World Climate Research Programme, 2020b).

Review statementThis paper was edited by Frank Dentener and

Supplement.The supplement related to this article is available on- réviewed by two anonymous referees.
line at: https://doi.org/10.5194/acp-20-9641-2020-supplement.

References
Author contributions.RJA performed the analysis and wrote the
paper. DN, UL, and IT performed MPI-ESM1-2-HAM simulations. Ackerley, D., Booth, B. B. B., Knight, S. H. E., Highwood, E. J.,
PN and MM performed CNRM-ESM2-1 simulations. TW and JZ  Frame, D. J., Allen, M. R., and Rowell, D. P.: Sensitivity of
performed BCC-ESM1 simulations. NO and MD performed MRI-  twentieth-century Sahel rainfall to sulfate aerosol ang @c-
ESM2-0 simulations. TT performed MIROCG simulations. LE and  ing, J. Climate, 24, 4999-5014, https://doi.org/10.1175/JCLI-D-
JFL performed CESM2 and CESM2-WACCM simulations. LH,  11-00019.1, 2011.
VN, LTS, and JGJ performed GFDL-ESM4 simulations. WJC, JFL, Acosta Navarro, J. C., Varma, V., Riipinen, I., Seland, @.,
and MS originally conceived the AerChemMIP project, including ~ Kirkevg, A., Struthers, H., Iversen, T., Hansson, H. C., and
the low NTCF simulations analyzed here. All authors contributedto  Ekman, A. M. L.: Ampli cation of Arctic warming by past
editing the manuscript. DO performed NorESM2-LM simulations.  air pollution reductions in Europe, Nat. Geosci., 9, 277-281,
https://doi.org/10.1038/nge02673, 2016.
Allen, R. J.: A 21st century northward tropical precipita-
Competing interestsThe authors declare that they have no com-  tion shift caused by future anthropogenic aerosol re-
peting nancial interests. ductions, J. Geophys. Res.-Atmos., 120, 9087-9102,
https://doi.org/10.1002/2015JD023623, 2015.

https://doi.org/10.5194/acp-20-9641-2020 Atmos. Chem. Phys., 20, 9641-9663, 2020



9658

Allen,

Biasutti,

Allen, R. J. and Ajoku, O.: Future aerosol reduction and widening

of the nothern tropical belt, J. Geophys. Res., 121, 67656786,
https://doi.org/10.1002/2016JD024803, 2016.

Allen, R. J. and Sherwood, S. C.: The impact of natural ver-

R. J. Allen et al.: Climate and air quality impacts due to NTCF mitigation

Stocker, T. F,, Qin, D., Plattner, G.-K., Tignor, M., Allen, S.
K., Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P.
M. (Eds.), Tech. rep., Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, 2013.

sus anthropogenic aerosols on atmospheric circulation in theBrasseur, G. P. and Roeckner, E.: Impact of improved air qual-

Community Atmosphere Model, Clim. DynM., 36, 1959-1978,
https://doi.org/10.1007/s00382-010-0898-8, 2011.

ity on the future evolution of climate, Geophys. Res. Lett., 32,
https://doi.org/10.1029/2005GL023902, 2005.

Allen, R. J., Evan, A. T., and Booth, B. B. B.: Interhemispheric Buchard, V., Randles, C. A., da Silva, A. M., Darmenov, A., Co-

Aerosol Radiative Forcing and Tropical Precipitation Shifts dur-
ing the Late Twentieth Century, J. Climate, 28, 8219-8246,
https://doi.org/10.1175/JCLI-D-15-0148.1, 2015.

R. J., Landuyt, W., and Rumbold, S. T.. An in-
crease in aerosol burden and radiative effects in
a warmer world, Nat. Clim. Change, 6,

https://doi.org/10.1038/nclimate2827, 2016.

Allen, R. J., Amiri-Farahani, A., Lamarque, J.-F., Smith, C.,

Shindell, D., Hassan, T., and Chung, C. E.: Observationally-
constrained aerosol-cloud semi-direct effects, NPJ Clim. Atmos.
Sci., 2, 16, https://doi.org/10.1038/s41612-019-0073-9, 2019a.

larco, P. R., Govindaraju, R., Ferrare, R., Hair, J., Beyersdorf,
A. J., Ziemba, L. D., and Yu, H.: The MERRA-2 Aerosol Re-
analysis, 1980 Onward. Part II: Evaluation and Case Studies,
J. Climate, 30, 6851-6872, https://doi.org/10.1175/JCLI-D-16-
0613.1, 2017.

269-274, Butt, E. W., Turnock, S. T., Rigby, R., Reddington, C. L., Yoshioka,

M., Johnson, J. S., Regayre, L. A,, Pringle, K. J., Mann, G. W.,
and Spracklen, D. V.: Global and regional trends in particulate air
pollution and attributable health burden over the past 50 years,
Environ. Res. Lett., 12, 104017, https://doi.org/10.1088/1748-
9326/aa87be, 2017.

Allen, R. J., Hassan, T., Randles, C. A., and Su, H.. En-Cai, W, Bi, D., Church, J., Cowan, T., Dix, M., and Rotstayn, L.:

hanced land-sea warming contrast elevates aerosol pollu-
tion in a warmer world, Nat. Clim. Change, 9, 300-305,
https://doi.org/10.1038/s41558-019-0401-4, 2019b.

Andreae, M. O., Jones, C. D., and Cox, P. M.: Strong present-day

Pan-oceanic response to increasing anthropogenic aerosols: Im-
pacts on the Southern Hemisphere oceanic circulation, Geophys.
Res. Lett., 33, L21707, https://doi.org/10.1029/2006GL027513,
2006.

aerosol cooling implies a hot future, Nature, 435, 1187-1190,Chang, C.-Y., Chiang, J. C. H., Wehner, M. F.,, Friedman, A. R.,

https://doi.org/10.1038/nature03671, 2005.

Arneth, A., Unger, N., Kulmala, M., and Andreae, M. O.:

Clean the Air, Heat the Planet?, Science, 326, 672-673,
https://doi.org/10.1126/science.1181568, 2009.

Ban-Weiss, G. A., Cao, L., Bala, G., and Caldeira, K.: De-

pendence of climate forcing and response on the alti-
tude of black carbon aerosols, Clim. Dynam., 38, 897-911,
https://doi.org/10.1007/s00382-011-1052-y, 2012.

Bellouin, N., Quaas, J., Gryspeerdt, E., Kinne, S., Stier, P., Watson-
Parris, D., Boucher, O., Carslaw, K. S., Christensen, M., Da-
niau, A.-L., Dufresne, J.-L., Feingold, G., Fiedler, S., Forster,
P., Gettelman, A., Haywood, J. M., Lohmann, U., Malavelle,
F., Mauritsen, T., McCoy, D. T., Myhre, G., Mulmenstadt, J.,
Neubauer, D., Possner, A., Rugenstein, M., Sato, Y., Schulz, M.,

and Ruedy, R.: Sulfate Aerosol Control of Tropical Atlantic Cli-
mate over the Twentieth Century, J. Climate, 24, 2540-2555,
https://doi.org/10.1175/2010JCLI4065.1, 2011.

Cohen, A. J., Brauer, M., Burnett, R., Anderson, H. R., Frostad, J.,

Estep, K., Balakrishnan, K., Brunekreef, B., Dandona, L., Dan-
dona, R., Feigin, V., Freedman, G., Hubbell, B., Jobling, A., Kan,
H., Knibbs, L., Liu, Y., Martin, R., Morawska, L., Pope, C. A.,
Shin, H., Straif, K., Shaddick, G., Thomas, M., van Dingenen,
R., van Donkelaar, A., Vos, T., Murray, C. J. L., and Forouzan-
far, M. H.: Estimates and 25-year trends of the global burden of
disease attributable to ambient air pollution: an analysis of data
from the Global Burden of Diseases Study 2015, The Lancet,
389, 1907-1918, https://doi.org/10.1016/S0140-6736(17)30505-
6, 2017.

Schwartz, S. E., Sourdeval, O., Storelvmo, T., Toll, V., Winker, Collins, W. J., Lamarque, J.-F., Schulz, M., Boucher, O., Eyring, V.,

D., and Stevens, B.: Bounding Global Aerosol Radiative Forc-
ing of Climate Change, Rev. Geophys., 58, e2019RG000660,
https://doi.org/10.1029/2019RG000660, 2020.

M.: Forced Sahel rainfall trends
archive, J. Geophys. Res.-Atmos.,
https://doi.org/10.1002/jgrd.50206, 2013.

in the CMIP5
118,

Biasutti, M. and Giannini, A.: Robust Sahel drying in response

to late 20th century forcings, Geophys. Res. Lett., 33, L11706,
https://doi.org/10.1029/2006 GL026067, 2006.

Bond, T. C., Doherty, S. J., Hahey, D. W., and et al.: Bound-

ing the role of black carbon in the climate system: A
scientic assessment, J. Geophys. Res., 118, 5380-5552,
https://doi.org/10.1002/jgrd.50171, 2013.

Boucher, O., Randall, D., Artaxo, P., Bretherton, C., Feingold, G.,

Forster, P., Kerminen, V.-M., Kondo, Y., Liao, H., Lohmann, U.,
Rasch, P,, Satheesh, S., Sherwood, S., Stevens, B., and Zhang, X.:
Clouds and Aerosols, in Climate Change 2013: The Physical Sci-
ence Basis. Contribution of Working Group | to the Fifth Assess-
ment Report of the Intergovernmental Panel on Climate Change,

Atmos. Chem. Phys., 20, 9641-9663, 2020

Hegglin, M. I., Maycock, A., Myhre, G., Prather, M., Shindell,
D., and Smith, S. J.: AerChemMIP: quantifying the effects of
chemistry and aerosols in CMIP6, Geosci. Model Dev., 10, 585—
607, https://doi.org/10.5194/gmd-10-585-2017, 2017.

1613-1623,Delworth, T. L. and Dixon, K. W.: Have anthropogenic aerosols de-

layed a greenhouse gas-induced weakening of the North Atlantic
thermohaline circulation?, Geophys. Res. Lett., 33, L02606,
https://doi.org/10.1029/2005GL024980, 2006.

Donat, M., Alexander, L., Yang, H., Durre, |., Vose, R., and

Caesar, J.: Global Land-Based Datasets for Monitoring Cli-
matic Extremes, B. Am. Meteorol. Soc., 94, 997-1006,
https://doi.org/10.1175/BAMS-D-12-00109.1, 2013a.

Donat, M. G., Alexander, L. V., Yang, H., Durre, |, Vose, R., Dunn,

R.J. H., Willett, K. M., Aguilar, E., Brunet, M., Caesar, J., Hewit-
son, B., Jack, C., Klein Tank, A. M. G., Kruger, A. C., Marengo,
J., Peterson, T. C., Renom, M., Oria Rojas, C., Rusticucci, M.,
Salinger, J., Elrayah, A. S., Sekele, S. S., Srivastava, A. K.,
Trewin, B., Villarroel, C., Vincent, L. A., Zhai, P., Zhang, X.,
and Kitching, S.: Updated analyses of temperature and precipita-

https://doi.org/10.5194/acp-20-9641-2020



R. J. Allen et al.: Climate and air quality impacts due to NTCF mitigation 9659

tion extreme indices since the beginning of the twentieth century: The Whole Atmosphere Community Climate Model Version
The HadEX2 dataset, J. Geophys. Res.-Atmos., 118, 2098-2118, 6 (WACCM®6), J. Geophys. Res.-Atmos., 124, 12380-12403,
https://doi.org/10.1002/jgrd.50150, 2013b. https://doi.org/10.1029/2019JD030943, 2019.

Dong, B., Sutton, R. T., Highwood, E., and Wilcox, L.: The Gidden, M. J., Riahi, K., Smith, S. J., Fujimori, S., Luderer, G.,

Impacts of European and Asian Anthropogenic Sulfur Diox-
ide Emissions on Sahel Rainfall, J. Climate, 27, 7000-7017,
https://doi.org/10.1175/JCLI-D-13-00769.1, 2014.

Dunne, J. P., Horowitz, L., Adcroft, A., Ginoux, P., Held, I., John, J.,
Krasting, J., Malyshev, S., Naik, V., Paulot, F., Shevliakova, E.,
C.A.Stock, Zadeh, N., Balaji, V., Blanton, C., Dunne, K., Dupuis,
C., Durachta, J., Dussin, R., Gauthier, P., Grifes, S., Guo, H.,
Hallberg, R., Harrison, M., He, J., Hurlin, W., McHugh, C., Men-

Kriegler, E., van Vuuren, D. P, van den Berg, M., Feng, L.,
Klein, D., Calvin, K., Doelman, J. C., Frank, S., Fricko, O.,
Harmsen, M., Hasegawa, T., Havlik, P., Hilaire, J., Hoesly, R.,
Horing, J., Popp, A., Stehfest, E., and Takahashi, K.: Global
emissions pathways under different socioeconomic scenarios for
use in CMIP6: a dataset of harmonized emissions trajectories
through the end of the century, Geosci. Model Dev., 12, 1443—
1475, https://doi.org/10.5194/gmd-12-1443-2019, 2019.

zel, R., Milly, P., Nikonov, S., Paynter, D., Ploshay, J., Radhakr- Guo, L., Turner, A. G., and Highwood, E. J.: Local and

ishnan, A., Rand, K., Reichl, B., Robinson, T., Schwarzkopf, M.,
Sentman, L., Underwood, S., Vahlenkamp, H., Winton, M., Wit-
tenberg, A., Wyman, B., Zeng, Y., and Zhao, M.: The GFDL

Remote Impacts of Aerosol Species on Indian Summer
Monsoon Rainfall in a GCM, J. Climate, 29, 6937-6955,
https://doi.org/10.1175/JCLI-D-15-0728.1, 2016.

Earth System Model version 4.1 (GFDL-ESM4.1): Model de- Hienola, A., Partanen, A.-l., Pietikainen, J.-P., O'Donnell, D., Ko-

scription and simulation characteristics, J. Adv. Model. Earth Sy.,
in review, 2020.
Emmons, L. K., Schwantes, R. H., Orlando, J. J., Tyndall, G., Kin-

rhonen, H., Matthews, H. D., and Laaksonen, A.: The impact of
aerosol emissions on the 16 pathways, Environ. Res. Lett.,
13, 044011, https://doi.org/10.1088/1748-9326/aab1b2, 2018.

nison, D., Lamarque, J.-F., Marsh, D., Mills, M. J., Tilmes, S., Horowitz, L. W., Naik, V., Sentman, L. T., Paulot, F., Blanton, C.,

Bardeen, C., Buchholz, R. R., Conley, A., Gettelman, A., Gar-
cia, R., Simpson, I., Blake, D. R., Meinardi, S., and Pétron,
G.: The Chemistry Mechanism in the Community Earth Sys-
tem Model Version 2 (CESM2), J. Adv. Model. Earth Sy.,

12, e2019MS001882, https://doi.org/10.1029/2019MS001882,

2020.

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B.,
Stouffer, R. J., and Taylor, K. E.: Overview of the Coupled
Model Intercomparison Project Phase 6 (CMIP6) experimen-

tal design and organization, Geosci. Model Dev., 9, 1937-1958,

https://doi.org/10.5194/gmd-9-1937-2016, 2016.

McHugh, C., Radhakrishnan, A., Rand, K., Ginoux, P., and Payn-
ter, D. J.: NOAA-GFDL GFDL-ESM4 model output prepared for
CMIP6 AerChemMIP, Version YYYYMMDD[1], Earth System
Grid Federation, https://doi.org/10.22033/ESGF/CMIP6.1404,
2018.

Horowitz, L. W., Naik, V., Paulot, F., Ginoux, P. A., Dunne, J. P.,

Mao, J., Schnell, J., Chen, X., He, J., Lin, M., Lin, P., Malyshev,
S., Paynter, D., Shevliakova, E., and Zhao, M.: The GFDL Global
Atmospheric Chemistry-Climate Model AM4.1: Model Descrip-
tion and Simulation Characteristics, J. Adv. Model. Earth Sy., in
review, 2020.

Fiore, A. M., Naik, V., Spracklen, D. V., Steiner, A., Unger, N., Hwang, Y.-T., Frierson, D. M. W,, and Kang, S. M.: Anthropogenic

Prather, M., Bergmann, D., Cameron-Smith, P. J., Cionni, 1.,
Collins, W. J., Dalsgren, S., Eyring, V., Folberth, G. A., Ginoux,
P., Horowitz, L. W., Josse, B., Lamarque, J.-F., MacKenzie, I. A.,

sulfate aerosol and the southward shift of tropical precipitation
in the late 20th century, Geophys. Res. Lett., 40, 2845-2850,
https://doi.org/10.1002/grl.50502, 2013.

Nagashima, T., O'Connor, F. M., Righi, M., Rumbold, S. T., IPCC: Summary for Policymakers, in Global Warming of IC5An

Shindell, D. T., Skeie, R. B., Sudo, K., Szopa, S., Takemura, T.,

and Zeng, G.: Global air quality and climate, Chem. Soc. Rev.,
41, 6663-6683, https://doi.org/10.1039/C2CS35095E, 2012.
Fiore, A. M., Naik, V., and Leibensperger, E. M.: Air Quality

and Climate Connections, J. Air Waste Manage., 65, 645-685,

https://doi.org/10.1080/10962247.2015.1040526, 2015.
Forster, P. M., Richardson, T., Maycock, A. C., Smith, C. J., Sam-
set, B. H., Myhre, G., Andrews, T., Pincus, R., and Schulz,
M.: Recommendations for diagnosing effective radiative forcing
from climate models for CMIP6, J. Geophys. Res.-Atmos., 121,
12460-12475, https://doi.org/10.1002/2016JD025320, 2016.
Fujimori, S., Hasegawa, T., Masui, T., Takahashi, K.,
Herran, D. S., Dai, H., Hijioka, Y., and Kainuma,
M.: SSP3: AIM implementation of Shared Socioeco-
nomic Pathways, Global Environ. Change, 42, 268-283,
https://doi.org/10.1016/j.gloenvcha.2016.06.009, 2017.
Gettelman, A., Mills, M. J., Kinnison, D. E., Garcia, R. R,
Smith, A. K., Marsh, D. R., Times, S., Vitt, F., Bardeen,

C. G., Mclnerny, J., Liu, H.-L., Solomon, S. C., Polvani, L. M., Johnson,

Emmons, L. K., Lamarque, J.-F., Richter, J. H., Glanville,
A. S., Bacmeister, J. T., Phillips, A. S., Neale, R. B., Simp-
son, |. R., DuVivier, A. K., Hodzic, A., and Randel, W. J.:

https://doi.org/10.5194/acp-20-9641-2020

IPCC Special Report on the impacts of global warming of €.5
above pre-industrial levels and related global greenhouse gas
emission pathways, in the context of strengthening the global re-
sponse to the threat of climate change, sustainable development,
and efforts to eradicate poverty, Tech. rep., Masson-Delmotte, V.,
Zhai, P., Pértner, H.-O., Roberts, D., Skea, J., Shukla, P. R., Pi-
rani, A., Moufouma-Okia, W., Péan, C., Pidcock, R., Connors, S.,
Matthews, J. B. R., Chen, Y., Zhou, X., Gomis, M. |, Lonnoy, E.,
Maycock, T., Tignor, M., and Water eld, T. (Eds.), World Mete-
orological Organization, Geneva, Switzerland, 32 pp., 2018.

John, J. G., Blanton, C., McHugh, C., Nikonov, S., Radhakr-

ishnan, A., Rand, K., Vahlenkamp, H., Zadeh, N. T., Gau-
thier, P., Ginoux, P., Harrison, M., Horowitz, L., Malyshev,
S., Naik, V., Paynter, D. J., Ploshay, J., Silvers, L., Stock,
C., Winton, M., Zeng, Y., and Dunne, J. P.. NOAA-GFDL

GFDL-ESM4 model output prepared for CMIP6 Scenari-
OoMIP., Version YYYYMMDDI[1], Earth System Grid Federa-

tion, https://doi.org/10.22033/ESGF/CMIP6.1414, 2018.

B. T., Haywood, J. M., and Hawcroft, M. K.:
Are Changes in Atmospheric Circulation Important for
Black Carbon Aerosol Impacts on Clouds, Precipitation,

Atmos. Chem. Phys., 20, 9641-9663, 2020



9660

and Radiation?, J. Geophys. Res.-Atmos., 124, 7930-7950,

https://doi.org/10.1029/2019JD030568, 2019.

Joshi, M. M., Gregory, J. M., Webb, M. J., Sexton, D. M. H., and
Johns, T. C.: Mechanisms for the land/sea warming contrast ex-
hibited by simulations of climate change, Clim. DynAM., 30,
455-465, https://doi.org/10.1007/s00382-007-0306-1, 2008.

Kloster, S., Dentener, F., Feichter, J., Raes, F., Lohmann, U., Roeck-

ner, E., and Fischer-Bruns, I.: A GCM study of future climate re-
sponse to aerosol pollution reductions, Clim. Dynam., 34, 1177—
1194, https://doi.org/10.1007/s00382-009-0573-0, 2010.

Krishnan, R., Sabin, T. P,, Vellore, R., Mujumdar, M., Sanjay, J.,
Goswami, B. N., Hourdin, F., Dufresne, J.-L., and Terray, P.: De-
ciphering the desiccation trend of the South Asian monsoon hy-
droclimate in a warming world, Clim. Dynam., 47, 1007-1027,
https://doi.org/10.1007/s00382-015-2886-5, 2016.

Lau, W. K.-M. and Kim, K.-M.: Competing in uences of green-
house warming and aerosols on Asian summer monsoon cir-
culation and rainfall, Asia-Pac. J. Atmos. Sci., 53, 181-194,
https://doi.org/10.1007/s13143-017-0033-4, 2017.

Lelieveld, J., Klingmdller, K., Pozzer, A., Burnett,
Haines, A.,
and total anthropogenic emission removal on public health
and climate, P. Natl. Acad. Sci. USA, 116, 7192-7197,
https://doi.org/10.1073/pnas.1819989116, 2019.

Levy, H., Horowitz, L. W., Schwarzkopf, M. D., Ming, Y., Golaz,
J.-C., Naik, V., and Ramaswamy, V.: The roles of aerosol direct

R. T,

R. J. Allen et al.: Climate and air quality impacts due to NTCF mitigation

Goll, D. S., Haak, H., Hagemann, S., Hedemann, C., Hoheneg-
ger, C., llyina, T., Jahns, T., Jimenéz-de-la Cuesta, D., Jungclaus,
J., Kleinen, T., Kloster, S., Kracher, D., Kinne, S., Kleberg, D.,
Lasslop, G., Kornblueh, L., Marotzke, J., Matei, D., Meraner, K.,
Mikolajewicz, U., Modali, K., M6bis, B., Miiller, W. A., Nabel,

J. E. M. S., Nam, C. C. W,, Notz, D., Nyawira, S.-S., Paulsen,
H., Peters, K., Pincus, R., Pohlmann, H., Pongratz, J., Popp, M.,
Raddatz, T. J., Rast, S., Redler, R., Reick, C. H., Rohrschnei-
der, T., Schemann, V., Schmidt, H., Schnur, R., Schulzweida, U.,
Six, K. D., Stein, L., Stemmler, I., Stevens, B., von Storch, J.-
S., Tian, F.,, Voigt, A., Vrese, P., Wieners, K.-H., Wilkenskjeld,
S., Winkler, A., and Roeckner, E.: Developments in the MPI-
M Earth System Model version 1.2 (MPI-ESM1.2) and Its Re-
sponse to Increasing GOJ. Adv. Model. Earth Sy., 11, 998—
1038, https://doi.org/10.1029/2018MS001400, 2019.

Menary, M. B., Roberts, C. D., Palmer, M. D., Halloran, P. R., Jack-

son, L., Wood, R. A., Miller, W. A., Matei, D., and Lee, S.-K.:
Mechanisms of aerosol-forced AMOC variability in a state of the
art climate model, J. Geophys. Res.-Oceans, 118, 2087-2096,
https://doi.org/10.1002/jgrc.20178, 2013.

and Ramanathan, V.: Effects of fossil fuel Michou, M., Nabat, P., Saint-Martin, D., Bock, J., Decharme, B.,

Mallet, M., Roehrig, R., Séférian, R., Sénési, S., and Voldoire,
A.: Present-day and historical aerosol and ozone characteris-
tics in CNRM CMIP6 simulations, J. Adv. Model. Earth Sy.,
12, e2019MS001816, https://doi.org/10.1029/2019MS001816,
2019.

and indirect effects in past and future climate change, J. GeophysMing, Y., Ramaswamy, V., and Persad, G.: Two opposing effects of

Res, 118, 45214532, https://doi.org/10.1002/jgrd.50192, 2013.
Lewinschal, A., Ekman, A. M. L., Hansson, H.-C., Sand, M.,

absorbing aerosols on global-mean precipitation, Geophys. Res.
Lett., 37, L13701, https://doi.org/10.1029/2010GL042895, 2010.

Berntsen, T. K., and Langner, J.: Local and remote temperaturMyhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt,

response of regional SO2 emissions, Atmos. Chem. Phys., 19,

2385-2403, https://doi.org/10.5194/acp-19-2385-2019, 2019.

Li, X., Ting, M., Li, C., and Henderson, N.: Mechanisms of
Asian Summer Monsoon Changes in Response to Anthro-
pogenic Forcing in CMIP5 Models, J. Climate, 28, 4107-4125,
https://doi.org/10.1175/JCLI-D-14-00559.1, 2015.

Liepert, B. G., Feichter, J., Lohmann, U., and Roeckner, E.:
Can aerosols spin down the water cycle in a warmer
and moister world?, Geophys. Res. Lett.,, 31, L06207,
https://doi.org/10.1029/2003GL019060, 2004.

J., Huang, J., Koch, D., Lamarque, J.-F., Lee, D., Mendoza,
B., Nakajima, T., Robock, A., Stephens, G., Takemura, T., and
Zhang, H.: Anthropogenic and Natural Radiative Forcing, in Cli-
mate Change 2013: The Physical Science Basis. Contribution of
Working Group | to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change, Stocker, T. F., Qin, D.,
Plattner, G.-K., Tignor, M., Allen, S. K., Boschung, J., Nauels,
A., Xia, Y., Bex, V., and Midgley, P. M. (Eds.), Tech. rep., Cam-
bridge University Press, Cambridge, United Kingdom and New
York, NY, USA, 2013.

Lin, L., Xu, Y., Wang, Z., Diao, C., Dong, W., and Xie, S.-P.: Nalik, V., Horowitz, L. W., Fiore, A. M., Ginoux, P., Mao, J.,

Changes in Extreme Rainfall Over India and China Attributed
to Regional Aerosol-Cloud Interaction During the Late 20th
Century Rapid Industrialization, Geophys. Res. Lett., 45, 7857—
7865, https://doi.org/10.1029/2018GL078308, 2018.

Liu, L., Shawki, D., Voulgarakis, A., Kasoar, M., Samset, B. H.,

Aghedo, A. M., and Levy Il, H.: Impact of preindustrial to
present-day changes in short-lived pollutant emissions on at-
mospheric composition and climate forcing, J. Geophys. Res.-
Atmos., 118, 8086-8110, https://doi.org/10.1002/jgrd.50608,
2013.

Myhre, G., Forster, P. M., Hodnebrog, @., Sillmann, J., Aal- Neubauer, D., Ferrachat, S., Siegenthaler-Le Drian, C., Stier, P., Par-

bergsjg, S. G., Boucher, O., Faluvegi, G., lversen, T., Kirkevag,
A., Lamarque, J.-F., Olivié, D., Richardson, T., Shindell, D., and
Takemura, T.: A PDRMIP Multimodel Study on the Impacts of
Regional Aerosol Forcings on Global and Regional Precipitation,
J. Climate, 31, 4429-4447, https://doi.org/10.1175/JCLI-D-17-
0439.1, 2018.

Matthews, H. D. and Zickfeld, K.: Climate response to zeroed emis-

tridge, D. G., Tegen, |., Bey, I., Stanelle, T., Kokkola, H., and
Lohmann, U.: The global aerosol-climate model ECHAM6.3—
HAM2.3 — Part 2: Cloud evaluation, aerosol radiative forcing,
and climate sensitivity, Geosci. Model Dev., 12, 3609-3639,
https://doi.org/10.5194/gmd-12-3609-2019, 2019.

O'Neill, B. C., Kriegler, E., Riahi, K., Ebi, K. L., Hallegatte, S.,

Carter, T. R., Mathur, R., and van Vuuren, D. P.: A new sce-

sions of greenhouse gases and aerosols, Nat. Clim. Change, 2, nario framework for climate change research: the concept of

338-341, https://doi.org/10.1038/nclimate1424, 2012.
Mauritsen, T., Bader, J., Becker, T., Behrens, J., Bittner, M.,

shared socioeconomic pathways, Clim. Change, 122, 387-400,
https://doi.org/10.1007/s10584-013-0905-2, 2014.

Brokopf, R., Brovkin, V., Claussen, M., Crueger, T., Esch, M., O'Neill, B. C., Tebaldi, C., van Vuuren, D. P., Eyring, V., Friedling-

Fast, I., Fiedler, S., Flaschner, D., Gayler, V., Giorgetta, M.,

Atmos. Chem. Phys., 20, 9641-9663, 2020

stein, P., Hurtt, G., Knutti, R., Kriegler, E., Lamarque, J.-F.,

https://doi.org/10.5194/acp-20-9641-2020



Pincus, R., Forster,

R. J. Allen et al.: Climate and air quality impacts due to NTCF mitigation

9661

Lowe, J., Meehl, G. A., Moss, R., Riahi, K., and Sander- Rotstayn, L. D., Collier, M. A., and Luo, J.-J.. Effects of

son, B. M.: The Scenario Model Intercomparison Project (Sce-
narioMIP) for CMIP6, Geosci. Model Dev., 9, 3461-3482,
https://doi.org/10.5194/gmd-9-3461-2016, 2016.

Forcing Model Intercomparison Project (RFMIP): experimen-
tal protocol for CMIP6, Geosci. Model Dev., 9, 3447-3460,
https://doi.org/10.5194/gmd-9-3447-2016, 2016.

Raes, F. and Seinfeld, J. H.: New Directions: Climate change and air
pollution abatement: A bumpy road, Atmos. Environ., 43, 5132—
5133, https://doi.org/10.1016/j.atmosenv.2009.06.001, 2009.
Ramanathan, V. and Feng, Y.: On avoiding dangerous anthro-
pogenic interference with the climate system: Formidable chal-
lenges ahead, P. Natl. Acad. Sci. USA, 105, 14245-14250,
https://doi.org/10.1073/pnas.0803838105, 2008.

Indian Ocean Experiment: An integrated analysis of the climate
forcing and effects of the great Indo-Asian haze, J. Geophys.
Res., 106, 28371-28398, 2001.

P. M., and Stevens, B.: The RadiativeSalzmann,

declining aerosols on projections of zonally averaged
tropical precipitation, Environ. Res. Lett., 10, 044018,
https://doi.org/10.1088/1748-9326/10/4/044018, 2015.

M.: Global warming without global mean pre-
cipitation increase?, Science Advances, 2, 1501572,
https://doi.org/10.1126/sciadv.1501572, 2016.

Samset, B. H., Myhre, G., Forster, P. M., Hodnebrog, 9., An-

drews, T., Faluvegi, G., Flaschner, D., Kasoar, M., Kharin, V.,
Kirkevag, A., Lamarque, J.-F., Olivié, D., Richardson, T., Shin-
dell, D., Shine, K. P., Takemura, T., and Voulgarakis, A.: Fast
and slow precipitation responses to individual climate forcers: A
PDRMIP multimodel study, Geophys. Res. Lett., 43, 2782-2791,
https://doi.org/10.1002/2016GL068064, 2016.

Samset, B. H., Sand, M., Smith, C. J., Bauer, S. E., Forster,
Ramanathan, V., Crutzen, P. J., Lelieveld, J., Mitra, A. P., and et al.:

P. M., Fuglestvedt, J. S., Osprey, S., and Schleussner, C.-
F.: Climate Impacts From a Removal of Anthropogenic

Aerosol Emissions, Geophys. Res. Lett.,, 45, 1020-1029,
https://doi.org/10.1002/2017GL076079, 2018.

Randles, C. A., da Silva, A. M., Buchard, V., Colarco, P. R., Dar- Scannell, C., Booth, B. B. B., Dunstone, N. J., Rowell, D. P., Bernie,

menov, A., Govindaraju, R., Smirnov, A., Holben, B., Ferrare,
R., Hair, J., Shinozuka, Y., and Flynn, C. J.: The MERRA-2
Aerosol Reanalysis, 1980 Onward. Part I: System Description
and Data Assimilation Evaluation, J. Climate, 30, 6823—6850,
https://doi.org/10.1175/JCLI-D-16-0609.1, 2017.

D. J., Kasoar, M., Voulgarakis, A., Wilcox, L. J., Acosta Navarro,
J. C,, Seland, @., and Paynter, D. J.: The In uence of Remote
Aerosol Forcing from Industrialized Economies on the Future
Evolution of East and West African Rainfall, J. Climate, 32,
8335-8354, https://doi.org/10.1175/JCLI-D-18-0716.1, 2019.

Rao, S., Klimont, Z., Smith, S. J., Dingenen, R. V., Dentener, F., Schultz, M., Schréder, S., Lyapina, O., et al.: Tropospheric Ozone

Bouwman, L., Riahi, K., Amann, M., Bodirsky, B. L., van Vu-
uren, D. P, Reis, L. A., Calvin, K., Drouet, L., Fricko, O., Fu-
jimori, S., Gernaat, D., Havlik, P., Harmsen, M., Hasegawa, T.,

Assessment Report: Database and Metrics Data of Global
Surface Ozone Observations, Elem. Sci. Anth., 5, p. 58,
https://doi.org/10.1525/elementa.244, 2017.

Heyes, C., Hilaire, J., Luderer, G., Masui, T., Stehfest, E., Stre-Séférian, R., Nabat, P., Michou, M., Saint-Martin, D., Voldoire, A.,

er, J., van der Sluis, S., and Tavoni, M.: Future air pollution in
the Shared Socio-economic Pathways, Global Environ. Change,
42, 346-358, https://doi.org/10.1016/j.gloenvcha.2016.05.012,
2017.

Reddington, C. L., Carslaw, K. S., Stier, P., Schutgens, N., Coe, H.,
Liu, D., Allan, J., Browse, J., Pringle, K. J., Lee, L. A., Yosh-
ioka, M., Johnson, J. S., Regayre, L. A., Spracklen, D. V., Mann,
G. W, Clarke, A., Hermann, M., Henning, S., Wex, H., Kris-
tensen, T. B., Leaitch, W. R., Poschl, U., Rose, D., Andreae,

Colin, J., Decharme, B., Delire, C., Berthet, S., Chevallier, M.,
Sénési, S., Franchisteguy, L., Vial, J., Mallet, M., Joetzjer, E., Ge-
offroy, O., Guérémy, J.-F., Moine, M.-P., Msadek, R., Ribes, A.,
Rocher, M., Roehrig, R., Salas-y Mélia, D., Sanchez, E., Terray,
L., Valcke, S., Waldman, R., Aumont, O., Bopp, L., Deshayes,
J., Ethé, C., and Madec, G.: Evaluation of CNRM Earth Sys-
tem Model, CNRM-ESM2-1: Role of Earth System Processes in
Present-Day and Future Climate, J. Adv. Model. Earth Sy., 11,
4182-4227, https://doi.org/10.1029/2019MS001791, 2019.

M. O., Schmale, J., Kondo, Y., Oshima, N., Schwarz, J. P., NenesSeland, @., Bentsen, M., Seland Graff, L., Olivié, D., Toniazzo,

A., Anderson, B., Roberts, G. C., Snider, J. R., Leck, C., Quinn,
P. K., Chi, X., Ding, A., Jimenez, J. L., and Zhang, Q.: The

Global Aerosol Synthesis and Science Project (GASSP): Mea-
surements and Modeling to Reduce Uncertainty, B. Am. Mete-
orol. Soc., 98, 1857-1877, https://doi.org/10.1175/BAMS-D-15-

00317.1, 2017.

Richardson, T. B., Forster, P. M., Andrews, T., Boucher, O., Falu-

vegi, G., Flaschner, D., Hodnebrog, @., Kasoar, M., Kirkevag, A.,
Lamarque, J.-F., Myhre, G., Olivié, D., Samset, B. H., Shawki,

T., Gjermundsen, A., Debernard, J. B., Gupta, A. K., He, Y.,
Kirkevag, A., Schwinger, J., Tjiputra, J., Schancke Aas, K.,
Bethke, I., Fan, Y., Griesfeller, J., Grini, A., Guo, C., llicak,

M., Hafsahl Karset, I. H., Landgren, O., Liakka, J., Onsum
Moseid, K., Nummelin, A., Spensberger, C., Tang, H., Zhang,
Z., Heinze, C., Iverson, T., and Schulz, M.: The Norwegian
Earth System Model, NorESM2 — Evaluation of theCMIP6
DECK and historical simulations, Geosci. Model Dev. Discuss.,
https://doi.org/10.5194/gmd-2019-378, in review, 2020.

D., Shindell, D., Takemura, T., and Voulgarakis, A.: Drivers of Sellar, A. A., Jones, C. G., Mulcahy, J. P., Tang, Y., Yool,

precipitation change: An energetic understanding, J. Climate, 31,
9641-9657, https://doi.org/10.1175/JCLI-D-17-0240.1, 2018.

Rotstayn, L. D. and Lohmann, U.: Tropical rainfall trends and the

indirect aerosol effect, J. Climate, 15, 2103-2116, 2002.

Rotstayn, L. D., Collier, M. A., Chrastansky, A., Jeffrey, S. J., and

Luo, J.-J.: Projected effects of declining aerosols in RCP4.5:
unmasking global warming?, Atmos. Chem. Phys., 13, 10883—
10905, https://doi.org/10.5194/acp-13-10883-2013, 2013.

https://doi.org/10.5194/acp-20-9641-2020

A., Wiltshire, A., O'Connor, F. M., Stringer, M., Hill, R.,
Palmieri, J., Woodward, S., de Mora, L., Kuhlbrodt, T., Rum-
bold, S. T., Kelley, D. 1., Ellis, R., Johnson, C. E., Walton,
J., Abraham, N. L., Andrews, M. B., Andrews, T., Archibald,
A. T., Berthou, S., Burke, E., Blockley, E., Carslaw, K., Dalvi,
M., Edwards, J., Folberth, G. A., Gedney, N., Grifths, P. T,
Harper, A. B., Hendry, M. A., Hewitt, A. J., Johnson, B., Jones,
A., Jones, C. D., Keeble, J., Liddicoat, S., Morgenstern, O.,
Parker, R. J., Predoi, V., Robertson, E., Siahaan, A., Smith,

Atmos. Chem. Phys., 20, 9641-9663, 2020



9662 R. J. Allen et al.: Climate and air quality impacts due to NTCF mitigation

R. S., Swaminathan, R., Woodhouse, M. T., Zeng, G., and Zer- ternal variability, and climate sensitivity in MIROC6, Geosci.
roukat, M.: UKESM1: Description and Evaluation of the U.K. Model Dev., 12, 2727-2765, https://doi.org/10.5194/gmd-12-
Earth System Model, J. Adv. Model. Earth Sy., 11, 4513-4558, 2727-2019, 2019.

https://doi.org/10.1029/2019MS001739, 2019. Tegen, I., Neubauer, D., Ferrachat, S., Siegenthaler-Le Drian, C.,

Seneviratne, S., Nicholls, N., Easterling, D., Goodess, C., Kanae, Bey, |., Schutgens, N., Stier, P., Watson-Parris, D., Stanelle,
S., Kossin, J., Luo, Y., Marengo, J., Mclnnes, K., Rahimi, M., T., Schmidt, H., Rast, S., Kokkola, H., Schultz, M., Schroeder,
Reichstein, M., Sorteberg, A., Vera, C., and Zhang, X.: Changes S., Daskalakis, N., Barthel, S., Heinold, B., and Lohmann, U.:
in climate extremes and their impacts on the natural physical en- The global aerosol-climate model ECHAM6.3—-HAM2.3 — Part
vironment, in Managing the Risks of Extreme Events and Disas- 1: Aerosol evaluation, Geosci. Model Dev., 12, 1643-1677,
ters to Advance Climate Change Adaptation, Cambridge Univer- https://doi.org/10.5194/gmd-12-1643-2019, 2019.
sity Press, Cambridge, UK, and New York, NY, USA, 109-230, Tilmes, S., Hodzic, A., Emmons, L. K., Mills, M. J., Gettelman,
2012. A., Kinnison, D. E., Park, M., Lamarque, J.-F., Vitt, F., Shrivas-

Shindell, D. and Smith, C. J.: Climate and air-quality benets tava, M., Campuzano-Jost, P., Jimenez, J. L., and Liu, X.: Cli-
of a realistic phase-out of fossil fuels, Nature, 573, 408-411, mate Forcing and Trends of Organic Aerosols in the Community
https://doi.org/10.1038/s41586-019-1554-z, 2019. Earth System Model (CESM2), J. Adv. Model. Earth Sy., 11,

Silva, R. A., West, J. J.,, Lamarque, J.-F., Shindell, D. T., 4323-4351, https://doi.org/10.1029/2019MS001827, 2019.
Collins, W. J., Faluvegi, G., Folberth, G. A., Horowitz, L. W., Turnock, S. T., Smith, S., and O'Connor, F. M.: The impact
Nagashima, T., Naik, V., Rumbold, S. T., Sudo, K., Take- of climate mitigation measures on near term climate forcers,
mura, T., Bergmann, D., Cameron-Smith, P., Doherty, R. M., Environ. Res. Lett., 14, 104013, https://doi.org/10.1088/1748-
Josse, B., MacKenzie, I. A., Stevenson, D. S., and Zeng, 9326/ab4222,2019.

G.: Future global mortality from changes in air pollution at- Turnock, S. T., Allen, R. J., Andrews, M., Bauer, S. E., Emmons,
tributable to climate change, Nat. Clim. Change, 7, 647-651, L., Good, P., Horowitz, L., Michou, M., Nabat, P., Naik, V.,
https://doi.org/10.1038/nclimate3354, 2017. Neubauer, D., O'Connor, F. M., Olivié, D., Schulz, M., Sellar, A.,

Smith, C. J., Forster, P. M., Allen, M., Leach, N., Mil- Takemura, T., Tilmes, S., Tsigaridis, K., Wu, T., and Zhang, J.:
lar, R. J., Passerello, G. A., and Regayre, L. A.. FAIR Historical and future changes in air pollutants from CMIP6 mod-
v1.3: a simple emissions-based impulse response and car- els, Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-
bon cycle model, Geosci. Model Dev.,, 11, 2273-2297, 2019-1211, in review, 2020.
https://doi.org/10.5194/gmd-11-2273-2018, 2018. Undorf, S., Polson, D., Bollasina, M. A., Ming, Y., Schurer,

Song, F., Zhou, T., and Qian, Y.: Responses of East Asian sum- A., and Hegerl, G. C.: Detectable Impact of Local and
mer monsoon to natural and anthropogenic forcings in the Remote Anthropogenic Aerosols on the 20th Century
17 latest CMIP5 models, Geophys. Res. Lett., 41, 596-603, Changes of West African and South Asian Monsoon
https://doi.org/10.1002/2013GL058705, 2014. Precipitation, J. Geophys. Res.-Atmos., 123, 4871-4889,

Stjern, C. W., Samset, B. H., Myhre, G., Forster, P. M., Hodne- https://doi.org/10.1029/2017JD027711, 2018.
brog, @., Andrews, T., Boucher, O., Faluvegi, G., Iversen, T., van Vuuren, D. P., Kriegler, E., O'Neill, B. C., Ebi, K. L., Riahi, K.,
Kasoar, M., Kharin, V., Kirkevag, A., Lamarque, J.-F., Olivié, Carter, T. R., Edmonds, J., Hallegatte, S., Kram, T., Mathur, R.,
D., Richardson, T., Shawki, D., Shindell, D., Smith, C. J., and Winkler, H.: A new scenario framework for Climate Change
Takemura, T., and Voulgarakis, A.: Rapid Adjustments Cause Research: scenario matrix architecture, Clim. Change, 122, 373—
Weak Surface Temperature Response to Increased Black Carbon 386, https://doi.org/10.1007/s10584-013-0906-1, 2014.
Concentrations, J. Geophys. Res.-Atmos., 122, 11462-11481\ang, T., Wang, H. J., Otterd, O. H., Gao, Y. Q., Suo, L. L., Furevik,
https://doi.org/10.1002/2017JD027326, 2017. T., and Yu, L.: Anthropogenic agent implicated as a prime driver

Sutton, R. T., Dong, B., and Gregory, J. M.: Land/sea warming ra-  of shift in precipitation in eastern China in the late 1970s, Atmos.
tio in response to climate change: IPCC AR4 model results and Chem. Phys., 13, 12433-12450, https://doi.org/10.5194/acp-13-
comparison with observations, Geophys. Res. Lett., 34, L02701, 12433-2013, 2013.
https://doi.org/10.1029/2006GL028164, 2007. Westervelt, D. M., Horowitz, L. W., Naik, V., Golaz, J.-C., and

Takemura, T., Nozawa, T., Emori, S., Nakajima, T. Y., and Naka- Mauzerall, D. L.: Radiative forcing and climate response to
jima, T.: Simulation of climate response to aerosol direct and in-  projected 21st century aerosol decreases, Atmos. Chem. Phys.,
direct effects with aerosol transport-radiation model, J. Geophys. 15, 12681-12703, https://doi.org/10.5194/acp-15-12681-2015,
Res.-Atmos., 110, https://doi.org/10.1029/2004JD005029, 2005. 2015.

Takemura, T., Egashira, M., Matsuzawa, K., Ichijo, H., O'ishi, Westervelt, D. M., Conley, A. J., Fiore, A. M., Lamarque, J.-F.,
R., and Abe-Ouchi, A.: A simulation of the global dis- Shindell, D., Previdi, M., Faluvegi, G., Correa, G., and Horowitz,
tribution and radiative forcing of soil dust aerosols at the L. W.: Multimodel precipitation responses to removal of U.S.
Last Glacial Maximum, Atmos. Chem. Phys., 9, 3061-3073, sulfur dioxide emissions, J. Geophys. Res.-Atmos., 122, 5024—
https://doi.org/10.5194/acp-9-3061-2009, 2009. 5038, https://doi.org/10.1002/2017JD026756, 2017.

Tatebe, H., Ogura, T., Nitta, T., Komuro, Y., Ogochi, K., Takemura, Westervelt, D. M., Conley, A. J., Fiore, A. M., Lamarque,
T., Sudo, K., Sekiguchi, M., Abe, M., Saito, F., Chikira, M., J.-F., Shindell, D. T., Previdi, M., Mascioli, N. R., Falu-
Watanabe, S., Mori, M., Hirota, N., Kawatani, Y., Mochizuki, vegi, G., Correa, G., and Horowitz, L. W.: Connecting re-
T., Yoshimura, K., Takata, K., O'ishi, R., Yamazaki, D., Suzuki, gional aerosol emissions reductions to local and remote pre-
T., Kurogi, M., Kataoka, T., Watanabe, M., and Kimoto, M.: cipitation responses, Atmos. Chem. Phys., 18, 12461-12475,
Description and basic evaluation of simulated mean state, in- https://doi.org/10.5194/acp-18-12461-2018, 2018.

Atmos. Chem. Phys., 20, 9641-9663, 2020 https://doi.org/10.5194/acp-20-9641-2020



R. J. Allen et al.: Climate and air quality impacts due to NTCF mitigation 9663

Westervelt, D. M., Mascioli, N. R., Fiore, A. M., Conley, A. Wu, T., Zhang, F.,, Zhang, J., Jie, W., Zhang, Y., Wu, F., Li, L., Yan,
J., Lamarque, J.-F., Shindell, D. T., Faluvegi, G., Previdi, J., Liu, X, Lu, X., Tan, H., Zhang, L., Wang, J., and Hu, A.:
M., Correa, G., and Horowitz, L. W.: Local and remote Beijing Climate Center Earth System Model version 1 (BCC-
mean and extreme temperature response to regional aerosol ESM1): model description and evaluation of aerosol simulations,
emissions reductions, Atmos. Chem. Phys., 20, 3009-3027, Geosci. Model Dev., 13, 977-1005, https://doi.org/10.5194/gmd-
https://doi.org/10.5194/acp-20-3009-2020, 2020. 13-977-2020, 2020.

WHO: Ambient air pollution: A global assessment of exposture Xie, X., Wang, H., Liu, X., Li, J.,, Wang, Z., and Liu, Y.
and burden of disease, Tech. rep., ISBN: 9789241511353, World Distinct effects of anthropogenic aerosols on the East Asian
Health Organization, 2016. summer monsoon between multidecadal strong and weak

Wilcox, L. J., Highwood, E. J., and Dunstone, N. J.: The in- monsoon stages, J. Geophys. Res.-Atmos., 121, 7026-7040,
uence of anthropogenic aerosol on multi-decadal variations https://doi.org/10.1002/2015JD024228, 2016.
of historical global climate, Environ. Res. Lett.,, 8, 024033, Yukimoto, S., Kawai, H., Koshiro, T., Oshima, N., Yoshida, K.,
https://doi.org/10.1088/1748-9326/8/2/024033, 2013. Urakawa, S., Tsujino, H., Deushi, M., Tanaka, T., Hosaka, M.,

WMO: Scientic Assessment of Ozone Depletion: 2018, Tech. Yabu, S., Yoshimura, H., Shindo, E., Mizuta, R., Obata, A,
rep., Global Ozone Research and Monitoring Project—Report No. Adachi, Y., and Ishii, M.: The Meteorological Research Insti-
58, Geneva, Switzerland, World Meteorological Organization, tute Earth System Model Version 2.0, MRI-ESM2.0: Description
588 pp., 2018. and Basic Evaluation of the Physical Component, J. Meteor. Soc.

World Climate Research Programme: WCRP Coupled Model Inter-  Jpn., 97, 931-965, https://doi.org/10.2151/jmsj.2019-051, 2019.
comparison Project (Phase 6), available at: https://esgf-node.lInlZanis, P., Akritidis, D., Georgoulias, A. K., Allen, R. J., Bauer,
gov/projects/cmip6/, last access: 15 June 2020a. S. E., Boucher, O., Cole, J., Johnson, B., Deushi, M., Mi-

World Climate Research Programme: WCRP Coupled Model Inter-  chou, M., Mulcahy, J., Nabat, P., Olivié, D., Oshima, N., Sima,
comparison Project (Phase 6), available at: https://esgf-node.linl. A., Schulz, M., Takemura, T., and Tsigaridis, K.: Fast re-
gov/search/input4dmips/, last access: 15 June 2020b. sponses on pre-industrial climate from present-day aerosols in a

Wu, P., Christidis, N., and Stott, P.: Anthropogenic impact CMIP6 multi-model study, Atmos. Chem. Phys., 20, 8381-8404,
on Earth's hydrological cycle, Nat. Clim. Change, 3, 807, https://doi.org/10.5194/acp-20-8381-2020, 2020.
https://doi.org/10.1038/nclimate1932, 2013. Zhang, L., Wu, P., and Zhou, T.: Aerosol forcing of extreme sum-

Wu, T, Lu, Y., Fang, Y., Xin, X., Li, L., Li, W., Jie, W., Zhang, mer drought over North China, Environ. Res. Lett., 12, 034020,
J., Liu, Y., Zhang, L., Zhang, F., Zhang, Y., Wu, F,, Li, J., Chu,  https://doi.org/10.1088/1748-9326/aa5fb3, 2017.

M., Wang, Z., Shi, X., Liu, X., Wei, M., Huang, A., Zhang, Y., Zhao, A. D., Stevenson, D. S., and Bollasina, M. A.: The role
and Liu, X.: The Beijing Climate Center Climate System Model  of anthropogenic aerosols in future precipitation extremes over
(BCC-CSM): the main progress from CMIP5 to CMIP6, Geosci.  the Asian Monsoon Region, Clim. Dynam., 52, 6257-6278,
Model Dev., 12, 1573-1600, https://doi.org/10.5194/gmd-12- https://doi.org/10.1007/s00382-018-4514-7, 2018.

1573-2019, 2019.

https://doi.org/10.5194/acp-20-9641-2020 Atmos. Chem. Phys., 20, 9641-9663, 2020



	Abstract
	Introduction

