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Abstract. Non-methane volatile organic compounds NMVOC/NOy emissions ratios simulated, which result in
(NMVOCs) influence air quality and global climate change less sensitivity to NMVOC emissions changes and smaller
through their effects on secondary air pollutants and climateglobal Q; burden responses, in addition to differences in the
forcers. Here we simulate the air quality and radiative forc-representation of NMVOCs and oxidation chemistry among
ing (RF) impacts of changes in ozone, methane, and sulfatenodels. Accounting for a fuller set of RF contributions may
from halving anthropogenic NMVOC emissions globally change the relative magnitude of each region’s impacts. The
and from 10 regions individually, using a global chemical large variability in the RF and GWP of NMVOCs among
transport model and a standalone radiative transfer modekegions suggest that regionally specific metrics may be
Halving global NMVOC emissions decreases global annualnecessary to include NMVOCs in multi-gas climate trading
average tropospheric methane and ozone by 36.6 ppbv ansthemes.

3.3Tg, respectively, and surface ozone by 0.67 ppbv. All
regional reductions slow the production of peroxyacetyl
nitrate (PAN), resulting in regional to intercontinental PAN
decreases and regional N@creases. These NOncreases 1 Introduction

drive tropospheric ozone increases nearby or downwind of

source regions in the Southern Hemisphere (South AmericdYon-methane volatile organic compounds (NMVOCs) are
Southeast Asia, Africa, and Australia). Some regions’ chemically reactive gases emitted worldwide from natural
NMVOC emissions contribute importantly to air pollution @nd anthropogenic sources. NMVOCs impact air quality
in other regions, such as East Asia, the Middle East, andtnd climate by contributing to tropospheric photochemistry
Europe, whose impact on US surface ozone is 43 %, 34 %(e.g., 0zone (@) production) and aerosol formation. Because
and 34% of North America’s impact. Global and regional of their influence on short-lived climate forcers (e.ggs, O
NMVOC reductions produce widespread negative net RFgNethane (Ch), aerosols), NMVOC reductions could help
(cooling) across both hemispheres from tropospheric ozonslow the near-term rate of climate change (Shindell et al.,
and methane decreases, and regional warming and coolirfplz)- Here we evaluate the net climate and air quality ef-
from changes in tropospheric ozone and sulfate (via severdgcts of anthropogenic NMVOC emission reductions, to in-
oxidation pathways). The 100yr and 20yr global warming form future policies that may address air quality and climate
potentials (GWRyo, GWP) are 2.36 and 5.83 for the global change.

reduction, and 0.079 to 6.05 ard..13 to 18.9 among the 10 Tropospheric Cij and QG are the largest greenhouse gas
regions. The NMVOC RF and GWP estimates are ger]era”ycontributors to global anthropogenic radiative climate forc-

lower than previously modeled estimates, due to the greatefd (RF) behind carbon dioxide (Gwith abundance-based
RFs of 0.48:0.05Wnt2 and 0.35 (0.1, +0.3) Wnt?,
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respectively (Forster et al., 2007). Tropospheric sulfateto 26.5+ 5.3, respectively, for anthropogenic NMVOCs from
(sof;) has produced a global net RF-6D.404 0.2 W 2 four regions (due to § CHg4, and S(ﬁ‘) using an ensemble
(direct effect only) (Forster et al., 2007). NMVOCs and car- of models. Collins et al. (2002) also presented Gygrsti-

bon monoxide (CO) emissions together have contributed amates of 1.8 to 5.5€50 to +100 % uncertainty) due to GH
estimated global mean RF of 0.210.10 W nT2 due to Q and G, but for individual anthropogenic NMVOCs globally.
and CH,; (1750 to 1998) (Shindell et al., 2005; Forster et al., Using global models of chemical transport and radiative
2007) and 0.2% 0.04 W n12 (1750 to 2000) when Sﬁ), transfer, we simulate the air quality and net RF impacts, via
nitrate (NG;), and CQ impacts are included (Shindell et changesin @ CHs, and SCﬁ‘, of halving all anthropogenic
al., 2009). More recently, the anthropogenic RF of NMVOC NMVOC emissions together, globally and from 10 regions,
emissions (for 1850-2000) was estimated as 0.090& m as was done for CO emissions by Fry et al. (2013). We eval-
(due to changes in £ CHs, and CQ) as part of the At-  uate the sensitivity of air quality and RF to NMVOC emis-
mospheric Chemistry and Climate Model Intercomparisonsion location, and the corresponding NMVOC GWPs, which

Project (ACCMIP) (Stevenson et al., 2013). may support the inclusion of NMVOCs in multi-gas emission
NMVOCs are oxidized by the hydroxyl radical (OH) in trading schemes for climate. We do not consider reductions
the troposphere, producing peroxyl radicals gR@nd hy-  in co-emitted species that would be affected by measures to

droperoxy radicals (Hg) that then oxidize nitric oxide (NO) reduce NMVOCs. Future studies could evaluate the impacts
to yield Oz. Other reactants (e.g.,z0and NQ radicals)  of measures on multiple species, or combine the results pre-
also contribute to oxidation reactions. Because thousandsented here with those for co-emitted species to determine
of NMVOC species with varying lifetimes (from fractions the net effect of emission control measures (Shindell et al.,
of a day to months) and chemical reactivities have beer2012).
documented, global chemical transport models (CTMs) use
simplified representations of NMVOCs and reaction path-
ways (Ehhalt et al., 2001; Prather et al., 2001; Ito et al.,2 Methods
2007). Under high nitrogen oxide (N& NO +NQy) con-
centrations, NMVOCs contribute to the efficient cycling be- 2.1  Global chemical transport model
tween OH and H@ and hence, @production, while under
low-NOy conditions OH depletes, resulting in NMVOC and We evaluate the impacts on surface air quality and tro-
methane (ChH)) accumulation (Collins et al., 2002). GHs pospheric composition of halving anthropogenic NMVOC
alonger-lived @ precursor (perturbation lifetime of12yr) ~ emissions globally and from 10 regions (North America
(Forster et al., 2007) that decreases as tropospheric OH inNA), South America (SA), Europe (EU), the former Soviet
creases (from NMVOC reductions), resulting in long-term Union (FSU), Southern Africa (AF), India (IN), East Asia
O3 decreases, in addition to direct, short-termd@creases (EA), Southeast Asia (SE), Australia and New Zealand (AU),
(Prather et al., 1996; Wild et al., 2001; Fiore et al., 2002;and the Middle East and Northern Africa (ME)) (Fig. S1)
Naik et al., 2005). NMVOC emissions also affect & lo- (Fry etal., 2013). We use the global chemical transport model
cal to intercontinental scales, given that the lifetimes of tro-(CTM), Model for OZone And Related chemical Tracers ver-
pospheric Q (~22 days) (Stevenson et al., 2006) and somesion 4 (MOZART-4) (Emmons et al., 2010).
NMVOCs (e.g., ethane, benzene) can exceed typical inter- The base and Ctcontrol (where global Ckwas reduced
continental transport times (5 to 10 days) (Fiore et al., 2009,y 20 %) simulations are documented in a previous study in
West et al., 2009a). NMVOC reductions indirectly influence which the base simulation was shown to generally agree with
sulfate aerosol (ng) formation via gas-phase oxidation of surface and tropospheric observations (Fry etal., 2013). Here
sulfur dioxide (SQ) by OH, and aqueous-phase oxidation we simulate new perturbation experiments that reduce re-
of SO, by H,O, or O3 (Unger et al., 2006; Leibensperger gional and global anthropogenic NMVOC emissions by 50 %
et al., 2011). NMVOCs are also precursors to secondary orfor 1 July 2004 through 31 December 2005 using MOZART-
ganic aerosols (SOA), and influence N@erosol abundance 4 at a horizontal resolution of I9atitudex 2.5 longitude
via oxidant changes (Ehhalt et al., 2001; Bauer et al., 2007with 56 vertical levels. We use the Coupled Model Inter-
Hoyle et al., 2009). comparison Project phase 5 (CMIP5) Representative Con-
Previous studies have shown that the RF and global warmeentration Pathway 8.5 (RCP8.5) emissions inventory for the
ing potential (GWP) of NMVOCs, like other short-livecsO  year 2005 (Riahi et al., 2007, 2011) and global meteorol-
precursors, depend on emissions location given their shoregy from the Goddard Earth Observing System Model, ver-
lifetime in the troposphere (Naik et al., 2005; Berntsension 5 (GEOS-5) (2004 to 2006) (Rienecker et al., 2008).
et al., 2006; Forster et al., 2007; Fry et al., 2012), butAnthropogenic emissions include all anthropogenic sectors
few studies quantify the range among different source re-except biomass burning emissions (Fig. S2), which are ex-
gions. Fry et al. (2012) calculated 100yr and 20yr GWPscluded since actions to address biomass burning (i.e., reduc-
(GWPg0, GWPy) of 4.842.4 to 8.3 1.9 and 15.5-6.8 tions in burning) differ from the other anthropogenic sectors
(Naik et al., 2007), and would likely reduce the emissions of
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all co-emitted species by similar percentages. Actions to re- MOZART-4 accounts for the tropospheric aerosoliS,O
duce anthropogenic emissions from industrial sources, on thglack carbon (BC), primary and secondary organicsgINO
other hand, likely have differing effects on NMVOCs relative dust, and sea salt aerosols (Lamarque et al., 2005). Here we
to other co-emitted species. focus on changes in SO, NOj, and SOA, as these species
RCP8.5 NMVOC species are re-speciated to MOZART-are most directly influenced by anthropogenic NMVOCs,
4 NMVOC categories, and monthly temporal variation is where NMVOCs are precursors to SOA, and changes in oxi-
added to all anthropogenic species and source categories, edants affect all three aerosol species (Barth et al., 2000; Met-
cept for shipping, aircraft, and biomass burning, which al-zger et al., 2002; Chung and Seinfeld, 2002).
ready have monthly temporal variation (Fig. S2, Table S1).
The Model of Emissions of Gases and Aerosols from Na-2.2 Radiative transfer model
ture (MEGAN) (Guenther et al., 2006) within MOZART-4 . . i
calculates the biogenic emissions of isoprene and monoterVe use the NOAA Geophysical Fluid Dynamics Lab-
penes (GoH16) (global annual totals of 738 Tg Cy+ and oratory (GFDL) standalone _rad|a_1t|ve transfer model
107 TgCyr?, respectively), while all other natural emis- (R'_I'M) to perform stratospheric-adjusted net RF calcu-
sions are from Emmons et al. (2010) (Table S2). The globafations (Schwarzkopf and Ramaswamy, 1999; GFDL
annual lightning NQ and soil NG emissions are also calcu- GAMDT, 2004; Naik et al,, 2005, 2007) as in Fry et
lated by MOZART-4 as 2.4 TgNy* and 8.0 Tg N yr? (Fry al. (2012), with t.he same updates to long-lived green-
etal., 2013). house gases (Meinshausen et al., 2011) and solar forcing
Because the perturbation simulations are only 1.5yr in(http://www.geo.fu-berlin.de/en/met/gg/st_rat/forschung/
length, we account for the influence of NMVOC emissions SOLARIS/Input_data/CMIPS_solar_irradiance.htmirom
on CHy (via OH), and thus long-term changes in 6n the Fry et al. (2013). Net RF is calculated as the difference
decadal timescale of the GHperturbation lifetime, using Petween the perturbed and base cases’ simulated monthly
methods from previous studies (Prather et al., 2001; Wesfn€an net radiation fluxes (net shortwave minus net long-
et al., 2007; Fiore et al., 2009; Fry et al., 2012). Global Wave), in each grid cell and month, at the tropopause after
CHy is set to a uniform mixing ratio of 1783 parts per bil- s_,tra_ltospher_m temperatures hqve readjusted to radiative equi-
lion by volume (ppbv) (WMO, 2006) in the base and per- librium (Naik et gl., 2007; Saikawa et al., 2099; Fry et al.:
turbation simulations. The CHcontrol simulation reduced 2012). We quantify the net RF from changes in tropospheric
global CHy to 1426.4 ppbv. The results from the base andStéady-state & CHs, and S(jf_ (direct effect only), as
CH, control simulations were used by Fry et al. (2013) to modeled by the MOZART-4 simulations. Meteorological
estimate CH lifetime against loss by tropospheric Okbf, fields from GFDL's atmosphere model (AMZ)_ and land
11.24yr), total CH lifetime based orron and CH loss to model (LM2), sampled one day.per month at mldmonth. for
soils and the stratosphergga, 9.66 yr), and methane’s feed- the year 2.005, are also used as input to the_ RTM simulations,
back factor (F, 1.29) by the methods of Prather et al. (2001y€Presenting monthly mean conditions (Naik et al., 2005).
and Stevenson et al. (2013). We use these parameters to es-1he€ RTM currently does not calculate the RF of SOA
timate the steady-state tropospheric{thange for each of a@nd NG aerosols. We also do not account for the RF of
the NMVOC perturbations. Long-termg®@esponses are then changes in stratosphericsOwater vapor, the carbon cycle
calculated offline by scaling £changes from the CHcon-  (via Os and nitrogen deposition, affecting plants), and,CO
trol simulation by the ratio of the global GHthange from (via NMVOC oxidation, WhICh has a minor influence on the
each perturbation to that of the Glgontrol. We add long- Net RF of NMVOCs) (Shindell et al., 2009). We do not es-
term O; changes to direct short-termz@hanges to estimate imate CQ forcing here, because this carbon is likely ac-
the net change at steady state (West et al., 2007, 2009b; FiofPunted for in CQ inventories (Daniel and Solomon, 1998).
etal., 2009; Fry et al., 2012). Our RTM simulations also.exclude th indirect effects of
Since MOZART-4 does not have complete stratosphericaerosmsf on clouds and the |r_1ternal mixing of aerosols, where
chemistry (Emmons et al., 2010), we merge each simula@érosol !ndlrect effects are highly uncgrtaln and may account
tion’s steady-state (short-term +long-term) tropospheric O for consuderqble RF beyond aerosol direct effects (Forster et
distributions (in three dimensions) with the monthly mean &l 2007; Shindell et al., 2013).
stratospheric @ concentrations from the AC&C/SPARC
(Stratospheric Processes And th_eir Role in CI_imat_@) O3 Tropospheric composition and surface air quality
database prepared for CMIP5 (Availabiétp://pcmdi-cmip.
lInl.gov/cmip5/forcing.htmj (Cionni et al., 2011). By omit- 3.1 Methane and ozone
ting lower stratospheric £changes between each perturba-
tion and the base simulation, our RF estimates likely under-Global annual average changes in steady-state tropospheric
estimate the full effect of NMVOC emissions (Sgvde et al., CHs abundance, calculated from the tropospheric, @$s
2011). flux diagnosed from the model (West et al., 2007; Fiore et
al., 2009; Fry et al., 2013), are largest for ME7X.37 ppbv)
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Table 1. Changes in global annual average short-term and steady-state troposphéticden (By,) and tropospheric Cidfor the global and regional reductions. Changes in O

production (B,), Po, normalized per unit change in NMVOC emissions (E), agg Butside each reduction region are shown for each regional reduction. Changes mexgto:
(Xo,) from each reduction region, and the fractions ef;Eand Ry, changes above each reduction region are also estimated.

Reduction region ABp, (Tg O3) AB@, (TgO3) ABQ,/AE ACHg ACH4/AE APg, APo,/AE APg, AXo, Fraction of Fraction of

short-term steady-state (Te@TgCyr 1)1 (ppbv) (ppbv(TgCyrH—Y) (Tgyrl) (TgOz(TgCyr1)~1) outsideregion fromregion globalBo, global APg,
steady-state (Tgyr ' (Tgyr' above region  above region

NA -0.30 -0.41 0.082 —-4.05 0.80 —6.13 1.21 —-3.92 -0.84 0.19 0.36

SA 0.16 0.028 —0.008 -541 1.60 1.95 —0.58 0.67 0.72 0.13 0.66

EU -0.31 —0.38 0.101 —-2.30 061 —6.15 1.64 —4.17 -1.19 0.087 0.32

FSU —-0.21 —-0.25 0.101 —-1.61 0.64 —3.80 1.52 —2.83 —0.48 0.21 0.25

AF —0.081 -0.20 0.049 —4.20 1.03 —2.22 0.54 —2.34 0.41 —0.041 —0.052

IN -0.23 —0.30 0.081 —240 0.65 -5.09 1.38 -3.14 -0.67 0.071 0.38

EA —-0.90 —-1.02 0.099 —4.10 0.40 —18.6 1.82 —-11.2 —-3.79 0.10 0.40

SE 0.075 —0.066 0.016 -5.16 1.22 -0.18 0.04 —-1.40 0.80 0.21 —6.75

AU 0.013 0.00 0.000 -054 161 0.19 —-0.58 0.20 —0.014 0.040 —0.032

ME —-0.50 —0.69 0.091 -7.37 097 —9.48 1.24 —6.31 -1.79 0.10 0.33

Global —2.44 —3.33 0.073 —-36.6 0.81 —-52.1 1.15 — - - -
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Table 2. For the global and regional reduction simulations relative 0.00 - 0.00 -
to the base, global annual average changes in short-term and stead'
state surface & -0.04 1 020 |
Reduction ASurface Q ASurface Q é -0.08 1
region short term (pptv)  steady state (pptv) g« o 040 7
< ’ u Short term
NA —-81.0 —89.9 m Steady state |-0.60
SA -1.40 -13.3 -0.16
EU —87.5 —-92.6
FSU —-71.0 —74.5 -0.20 -0.80
AF _182 _275 NA SA EU FSU AF IN EA SE AU ME Global
IN —28.9 —34.2 Fig. 1. Global annual average surface; ©@oncentration changes
EA —167.1 —176.2 (ppbv) for the regional and global reduction simulations, in the short
SE —9.40 -20.8 term and at steady state.
AU 0.60 —0.60
ME —100.6 —116.8
Global —592.9 —673.5

pends on the regional chemical state. HereND«-VOC
sensitivity is analyzed using the photochemical indicator ra-
tios: P(HO2)/P(HNG;s), where P() refers to production rate,
and SA (-5.41 ppbv) reductions among the 10 regions (Ta- (H202/(HNOgz), and (F0O2)/(NO,) (Sillman et al., 1997;
ble 1). Normalized global Clichanges range from 0.40 to Liu et al., 2010). The modeled indicator ratios show that
1.61 ppbv CH (Tg Cyr-1~1 among the 10 regions, and are NOy-sensitive conditions prevail in the tropics and south-
most sensitive to reductions from AU, SA, SE, and AF. Theseern midlatitudes, supporting the finding of tropospheric O
are regions of low N@ as discussed below, where reduc- increases from SA, AF, SE, and AU reductions (Figs. S8,
ing NMVOCs lessens OH depletion, creating greater globalS9, and S10). The northern mid- to high latitudes more fre-
CHg4 changes per unit emission. Gldecreases are least sen- quently exhibit VOC sensitivity (weaker NQOsensitivity),
sitive to NMVOC reductions from high-NQregions (EA,  particularly from November to March, resulting ing@e-
EU, FSU). Naik et al. (2005) also found greater globals,CH creases.

sensitivities for NQ emissions from low-N@ regions (SE, The global distributions of steady-state surface and tropo-
SA, and AU), and lower sensitivities for high-NQegions  spheric Q show the greatest decreases within each reduction
(EU, FSU). region, and smaller decreases intercontinentally (Figs. 2, S4,

Global short-term and steady-state surface ddanges and Table S3). Although the largest changes in surfage O
for the 10 regional reductions are nearly proportional tooccur within the hemisphere of reduction, given that inter-
NMVOC emissions change®f=0.69 and 0.81) (Fig. S3), hemispheric transport takesl year (Jacob, 1999), more
but not as strongly correlated as for regional CO reductionswidespread decreases reflect global long-terd€creases
(Fry et al., 2013). NMVOC emissions produce long-tersn O (via CH4 decreases). NMVOC reductions in one region can
decreases that augment short-term decreases by 13 % for tlaso influence surface{Zoncentrations in other regions im-
global reduction, and by 5-18 % for the regional reductionsportantly (Tables S3 and S4). In fact, the EA, ME, and EU
(Fig. 1, Table 2), similar to Fiore et al. (2009) and West et NMVOC reductions have an impact on US surfacg t@at
al. (2007). SA, AF, and SE reductions provide more substanis 43 %, 34 %, and 34 %, respectively, of that from the NA
tial long-term global surface £changes, which account for reduction. Two of the low-N@Qregions (SA and SE) expe-
~34 to 89 % of steady-states@ecreases. rience greater decreases in surfacefiOm foreign regions’

Several of the regional reductions (SA, AF, SE, and AU) NMVOCs than domestic NMVOCs.
in the tropics and Southern Hemisphere (SH) produce re- The global annual average steady-state tropospheric
gional to intercontinental tropospherig@olumn increases Oz burden decreases by 0.073Tg QTgCyr 1)1 for
(Fig. 2), as the sensitivity of §to NMVOC emissions the global reduction and by-0.008 to 0.101Tg @
varies by world region. All of the regional reductions slow (TgCyr 1)~ for the 10 regions (Table 1). Changes ia O
the formation of peroxyacetyl nitrate (PAN), causing PAN production AP) and export A X) are also calculated to de-
to decrease regionally to hemispherically andyNO in- termine the importance of long-range transport gfadd its
crease regionally (Figs. S5, S6, and S7). For SA, AF, SEprecursors. For most regions, changes yp@duction out-
and AU, these NQ increases causesCcolumn increases side of each reduction region exceed changesgrexport
near or downwind of the region. For the other regions, de-from each region, suggesting that the influence of NMVOC
creases in NMVOCs decrease;,utweighing the influ-  emissions on the downwind production of @as a greater
ence of NQ increases via slowing PAN production. Whether impact on long-range §xthan the formation and export 00
NMVOC reductions cause £to increase or decrease de- from each region (Table 1). In contrast, for the SA, AF, and
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Fig. 2. Global distribution of annual average changes in tropospheric total colupan Qeady state (¢ 10-2 DU) for each of the regional
reduction simulations relative to the base.
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Fig. 3. Global distribution of annual average changes in tropospheric total colurﬁﬁ 8@ n2) for each of the regional reduction simu-
lations relative to the base.

SE reductionsAX is positive due to regional increases. 3.2 Aerosols

O3 production outside the reduction region decreases for AF

and SE, yet increases for SA, as SA causes widespread ilNMVOC reductions affect the oxidation of SONO,

creases in tropospherics@Fig. 2). For AU, regional tropo-  monoterpenes, and toluene, influencing tropospherigSO

spheric Q export decreases, while tropospherig @oduc-  NOj, and SOA concentrations. Reductions from regions

tion increases outside AU (Table 1, Fig. 2). near the Equator and in drier areas (SA, AF, IN, SE, and ME)
produce widespread ﬁo increases (Fig. 3), related to in-
creased gas-phase S6xidation by OH. In fact, most of the
regional reductions, except EA and AU, produce localized
increases in S§7 over drier areas (e.g., the Middle East and

Atmos. Chem. Phys., 14, 523%35 2014 www.atmos-chem-phys.net/14/523/2014/
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Table 3. For the global and regional reduction simulations rela- estimated as a sum not including dust and sea salt) occur
tive to the base, global annual average tropospheric burden changegithin the reduction region, and extend intercontinentally in
in SOﬁ‘, NO; (expressed as NHNOgz), and SOA. The global some cases (Fig. S16). Halving global NMVOC emissions
annual average tropospheric 50 NH4NOs, and SOA burdens  slightly decreases global and regional annual average surface
in the base simulation are 1785 Gg?O 416 GgNH,NO3, and PMz 5 concentrations (Table S7). Regional NMVOC reduc-

227 Gg SOA.

tions also have a small influence on surfacesRMoncentra-
tions in other regions (Table S8, S9), but halving NMVOCs
generally does not have a strong influence onpBlsir qual-

Reduction ASC;~ ANH4NO3 ASOA

region (Gg) (Gg) (Gg) ity, with changes smaller than the accuracy of the model and
measurements.

NA —-1.63 0.61 —-2.91

SA 0.05 0.17 —4.57

EU —2.26 1.47 -1.30 o _ _ )

FSU _1.45 0.88 _0.74 4 Radiative forcing and global warming potential

AF 0.06 0.21 —2.84

IN —0.03 0.05 _1.66 The global annual average net RF is estimated as

EA -10.3 3.21 —3.69 —9.73mW 12 for the global 50 % NMVOC reduction or

SE —0.06 0.38 —5.00 0.21mWn12 (TgCyr1)~1 (Table 4). This estimate for the

AU -0.01 0.01 -0.25 global NMVOC reduction differs somewhat from the sum

ME 1.63 0.09 -1.89 of the 10 regions’ global net RF estimates (12.5 m2n

Global —-14.8 7.27 —-24.9

(Table 4), suggesting some level of error in adding the ten
regions’ net RF impacts to get a global total net RF. How-
ever, in order to compare with other estimates of anthro-
pogenic forcing, we estimate the global net RF by multiply-
India). Tropospheric @increases from the SA, AF, and SE ing each region’s global net RF per unit emissions (Table 4)
reductions also contribute to 30 increases via enhanced by total anthropogenic emissions including biomass burning,
aqueous-phase $S@xidation by @, where aqueous-phase which were excluded in the 50 % reductions (Table S2). We
SO, oxidation is more efficient than gas-phase oxidationthen sum the ten regions’ global net RF estimates to yield
(Unger et al., 2006). Regional reductions in the northern mid-0.0374 W n12 as the net RF of anthropogenic NMVOCs.
latitudes (NA, EU, FSU, and EA) result in widespread de-  This approach accounts for the geographic variability of
creases in SP, due to the prevalence of clouds and de- hiomass burning emissions, yet assumes the same mixture
creased aqueous-phase oxidation (in clouds) of BY0O3  of NMVOC species as anthropogenic emissions. The influ-
and HO; (Figures 3, S11, and S12). NGchanges include  ence of climate change from the preindustrial to the present
both regional increases and decreases. As witE‘u‘SNOg day is also omitted, as all simulations use 2005 meteorol-
increases are expected due to OH increases that are globafly. While this estimate of total net RF is derived using
in scale, yet largest over the source region (Figures S13 anthethods that differ from the ACCMIP and IPCC AR5 stan-
S14). SOA decreases globally, influenced not only by oxi-dard RF definitions, which are present day relative to the
dant changes, but also by NMVOCs directly, as NMVOCs year 1850 and 1750, respectively, it provides an opportu-
are precursors to SOA. The largest SOA decreases occunity to compare with other studies. This RF 466 % of
over the reduction region (Fig. S15). While MOZART-4 ac- the ACCMIP multimodel mean global net RF of NMVOC
counts for SOA formation through the oxidation of monoter- emissions for 1850-2000 due tg @nd CH, changes alone
penes and toluene, more research is needed to more fullgd.057 W n2) (Stevenson et al., 2013), and 15 to 18 % of
model SOA. Current models greatly simplify the physical previous CO+NMVOC RF estimates: 0.250.04 W n12
and chemical processes contributing to SOA burden, and uniShindell et al., 2009) and 0.240.1 W ni2 (Shindell et
derpredict SOA formation compared to observations (Carl-al., 2005; Forster et al., 2007). The RF of anthropogenic
ton et al., 2009). NMVOCs is~2.4 % of global net RF of C©(1.56 W n12),
Global annual average éo burden decreases for most and among the positive short-lived forcing agents (CO4CH
regional reductions, yet increases for SA, AF, and ME (Ta-NMVOCs, and BC)~2.4 % of their total RF (1.57 W ¥)
ble 3). For all 10 regional reductions, global fiurden  (Forster et al., 2007).
increases and global SOA burden decreases. The sums of Across the 10 regions, the global annual average net
global burden changes for all 10 regional reductions, forRF, normalized per unit change in NMVOC emissions, is
SOAZ(, NOj3, and SOA, are 95 to 99 % of the burden changes0.30+ 0.15 mW m2 (TgCyr 1~ (meant 1 standard de-
for the global NMVOC reduction, suggesting some depen-viation), suggesting variability in the forcings due to different
dence on regional conditions and chemistry. regions’ emissions. The normalized RF is most sensitive to
Summing the effects of individual aerosol species showsNMVOC emissions from regions in the tropics and SH (ME,
that the greatest changes in fine particulate mattero,@?M AU, AF, and IN). Monthly global net RF estimates vary from
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Table 4. Annual net RF globally and by latitude band (mW &) and GWBRg and GWRgg estimates for the global and regional reduction
simulations relative to the base, due to changes in tropospheric steady-st&telf)and S(ﬁ_ concentrations. Global annual net RF per

unit change in NMVOC emissions (MW TR (Tg Cyr—1)~1) is also shown. The 10 regions estimate represents the sum of the net RFs from
all 10 regional reductions; this estimate is not directly estimated by the RTM.

Reduction Global annual  Global annual Annual net RF  Annual net RF  Annual net RF  Annual netRF  GWP,g GWPoo

region net RF net RF per 90° S-28 S 28°S-28 N 28°N-60° N 60° N-9C° N

Tg NMVOC
NA —1.50 0.30 -1.19 —2.13 —0.46 —2.09 9.20 3.27
SA -1.17 0.35 —0.63 —1.20 —1.98 —1.38 8.56 3.86
EU —-0.70 0.19 —0.69 —1.46 1.05 -1.16 5.36 2.05
FSU —0.51 0.20 —0.48 —1.05 0.58 -0.71 5.96 2.24
AF —1.56 0.38 -1.24 —1.99 -1.79 -1.17 11.8 4.19
IN -1.38 0.37 —-0.83 —212 —1.54 —0.96 12.7 4.08
EA —0.05 0.0045 -1.41 -0.24 5.98 —3.30 -1.13  0.079
SE -1.23 0.29 -1.24 -0.79 -1.85 -1.39 7.58 3.23
AU -0.13 0.40 0.016 -0.25 -0.21 -0.14 10.5 441
ME —4.22 0.55 —2.29 —6.80 —4.56 —3.06 18.9 6.05
Global -9.73 0.21 —8.36 —13.8 -1.21 —14.0 5.83 2.36
10 regions -125 0.28 —9.98 —-18.0 —4.77 -15.3 - -

0.03 to 3.5 times the annual mean (excluding EA, which haghe RF integrated to 20 and 100 yr, normalized by the emis-
even greater variability), with the greatest negative RFs fromsions change, and divided by the equivalent for,QQa-
June to August (Fig. S17). ble 4). These GWPs represent short-term contributions from
Regional reductions in NMVOC emissions cause SOfl_ and @ (assumed constant over one year and zero
widespread negative net RFs (cooling) across both hemithereafter), and long-term contributions of £bind G (re-
spheres from decreases in global £hlind long-term @ sponding and decaying with the GIderturbation lifetime of
(Fig. 4). Negative RFs over several source regions (e.g., IN,12.48 yr) (Fry et al., 2013). The long-termy &F component
ME) result from short-term @decreases and regional $O is calculated by scaling thesORF from the CH control sim-
increases (Fig. 3). Regional positive RFs (warming) ariseulation by the ratio of the long-termgburden change from
from regional S@‘ decreases (e.g., NA, EU, FSU, EA, each perturbation to that of the Gldontrol. Short-term @
and SE reductions) (Fig. 3), which can oppose the negativdRF is the difference between steady-stateRP (simulated
RFs of G decreases, and tropospherig fDcreases (e.g., by the RTM) and long-term ©RF.
SA, AF, SE, and AU reductions) (Fig. 2). These influences GWP,g and GWRqp are estimated as 5.83 and 2.36, re-
are supported by the distributions of changes in longwavespectively, for the global reduction, and -1.13 to 18.9 and
radiation (Fig. S18), dominated bysGand CH, changes, 0.079 to 6.05 among the 10 regions, suggesting strong de-
and shortwave radiation (Fig. S19), dominated byﬁso pendence on emission location, consistent with the normal-
Since the RTM does not calculate the RF of SOA and;NO ized net RFs (Fig. 5). GWi3 and GWRqo are greatest
aerosols presently, our simulated net RFs omit these forcingor ME, which also had the largest net RF sensitivity, and
contributions. If changes in SOA and iJQvere accounted smallest for EA, because of the nearly equivalent (oppos-
for by the RTM, tropospheric SOA decreases (greater tharing) short- and long-term effects. SA, SE, and AU reduc-
SOf[ changes in some regions) would likely add small tions yield the largest (negative) short-term components for
regional warming, while tropospheric NOincreases and GWP20and GWRqodue to the combined effect of ﬁo_and.
decreases (mostly lesser than %O:hanges) would add tropospheric @increases, which actmlthe.opposne direction
slight regional cooling and warming effects. Globally, NO to the long-term component. Uncertainty in NMVOC GWPs

and SOA would contribute small negative and positive RFs is based on the spread across an ensemble of global CTMs

respectively, to global net RF. Previous modeling studiesfrom Fry etal. (2012)£ 1 standard deviation, GWf. + 6.0

. d GWRgg: +2.1), but do not account for the full uncer-
have estimated ND RF as —0.06 WnT2 (Bauer et al., an " .
2007) and SOA RF as0.06 to—0.09W T2 (Hoyle et al., tainty, as additional forcings could change net RF and GWP

2009), for the present day relative to the preindustrial, bothestlmates. The signs of the total global net RF and GWPs

of which are small compared to greenhouse gas forcings "keare mostly positive, as they represent the overall warming

tropospheric @ (0.41 W nT2) (Stevenson et al., 2013). effect of present-day anthropogenic NMVOCs compared to

; . the preindustrial, in contrast to the negative global annual
Using the methods of Collins et al. (2013) and Fry et average net RFs (Table 4) due to reductions in NMVOC

al. (2012, 2013), we calculate GWPs for each reduction as___. ">
emissions.
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Fig. 4. Annual average net RF distributions (MW #) due to changes in tropospheric steady-staje@,, and S(ﬁ_ for the regional and
global NMVOC reduction simulations minus the base simulation.

Our GWPs (and RFs) do not include the forcing from lizes an emissions inventory representative of the year 2001.
CO, as NMVOCs oxidize, since carbon emissions are of-In EU, EA, and IN, the total NMVOC/NQ emissions are
ten accounted for in C®inventories (Fuglestvedt et al., closer to the multimodel mean ratios: 4% and 9% (EU and
1996; Daniel and Solomon, 1998; Collins et al., 2002). In- EA, respectively) less and 8 % (IN) greater than those of the
cluding CQ forcing, however, may provide a more com- multimodel mean (Table S11). Globak®urden responses
plete accounting of the effects of NMVOCs, increasing (inTg Os (TgCyr1)~1) are 27 % to 51 % less than those
each GWB, and GWRqg estimate by 3.67 (44 g GOnol~! in Fry et al. (2012), likely due to the greater NMVOC/NO
(56.6 gCmot1)~1.4.7 C per NMVOC molecule), based on emission ratios in this study, which would suggest less sensi-
the global annual average molecular weight and numbetivity to NMVOC emissions, but differences in the represen-
of carbons per molecule for anthropogenic NMVOC emis- tations of NMVOCs and oxidation chemistry among models
sions. This increases the global G¥¢Rnd GWRggby 63 % may also contribute to these differences. GIobaﬁS(r)e-
and 155 %, respectively, and makes all regional GYWhd  sponses (in Gg SP (Tg Cyr1)~1) also highly vary, more
GWPiqp estimates positive. commonly causing increases in $Ocompared to the de-

The GWRy and GWRqp estimates for NA, EU, and IN  ¢reases in Fry et al. (2012) (Table S12). Collins et al. (2002)
(South Asia) reductions are approximately 32 to 41 %, 61cy|cylated GWiny estimates for individual NMVOC species
to 69%, and 50 to 52 % lower than the multimodel mean (due to CH and G; only) ranging from 1.9 to 5.5450 % to
estimates of Fry et al. (2012) (Table S10). EA GWBnd 10094 uncertainty), which are more similar to the G\
GWPygo estimates, being near zero, also greatly contrast withy agnitudes estimated here. While our NMVOC GWP esti-
Fry et al. (2012). Here total NMVOC/NQOemissions ratios  mates consider all anthropogenic NMVOCs together and are
are 57 % greater globally and in NA than the multimodel yerived from only one CTM and RTM, they represent emis-

mean ratios, partly due to greater biogenic NMVOC emis-gjqns from a greater number of regions, including the tropics
sions (calculated online in MOZART-4) for the year 2005. 5,4 extra-tropics.

The multimodel ensemble evaluated by Fry et al. (2012) uti-
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30 ings beyond CH, O3, and S(ﬁ‘ would likely change RF and
20 - ’ GWP estimates.
10 ? i Variability in global annual average tropospheric £H
& T%i* I 0ER 0s and SG ib he RF and
S0 B0 N % | N | 3, an Cﬁ responses contributes to the an

GWP differences seen among regions: 0.81ppbv,4 CH
(TgCyrH~1 0.073Tg Q@ (TgCyrH~1, and 0.33 Gg

2 NA SA EU FSU AF IN EA SE AU ME Global 50421_ (Tg Cyr‘l)—l for the global reduction, and 0.40
9 - to 1.61ppbv CH (TgCyr1)~1, —0.008 to 0.101Tg @
6 ? (TgCyr™")~%, and -0.21 to 1.01 Gg so (TgCyr
o T + T T + + < Longemm among the 10 regions. Several regions with high GWPs are
o 1 T || + Short-term low-NOy regions (AF and AU), which have stronger ¢H
g0 ol ¥ | B | [ eTowGwe sensitivities to NMVOC reductions, and weak increases or
3 decreases in SP.
6 Anthropogenic NMVOC emissions overall contribute

NA - SAEULFSUCAF NG EALSE AU ME Global ~5.1% (1.9 ppbv) to global annual average steady-state sur-

Fig. 5. Global warming potentials for NMVOCs at time horizons face @, by doubling the change from the 50% global
of 20 and 100 yr (GWR, GWPyqg) for the regional and global re-  NMVOC reduction ¢0.67 ppbv) and scaling for biomass
ductions, with contributions from short-term §@nd s(i—) and burning emissions. Some regional reductions contribute im-
long-term (@ and CHy) components, where total GWP is short- portantly to surface @in other regions, such as EA, ME, and
term +long-term. Uncertainty bars represent the average uncerEU, which impact US surface by 43 %, 34 %, and 34 %,
tainty found by Fry et al. (2012) based on the spread of atmospherigespectively, of that from NA emissions. NMVOC emission
chemical models 1 standard deviation). reductions mostly have a greater impact on downwind O
production than the formation and export of ®om each
source region. Long-term surface ©hanges (via Ch) im-
5 Summary pact air quality globally, and for most regions add 5-18 % to
short-term changes.
Reducing NMVOC emissions provides regional to global In this study, the air quality and RF impacts are derived
benefits to air quality and climate. Halving anthropogenic from one CTM and RTM, which limits our ability to cap-
NMVOCs from each region creates widespread small negture a more complete range of GHDs, aerosols, and RF re-
ative net RFs across both hemispheres from global @l  sponses, as a model ensemble would. Previous studies have
long-term Q decreases. RF is also negative near severashown a large model spread in GHDs, and S(j‘ responses
source regions (e.g., IN, ME) due to regionalﬁS(mcreases to regional NMVOC emissions (Collins et al., 2002; Fiore et
and short-term @ decreases. Regional small positive RFs al., 2009; Fry et al., 2012). Future work could examine the
correspond to regional ﬁO decreases (e.g., NA, EU, FSU, emissions inventories of NMVOCs and other species, as they
EA, and SE) and troposphericsGncreases (e.g., SA, AF, are fairly uncertain among models (Berntsen et al., 2005).
SE, and AU). Other limitations include only accounting for GHOs,

The global annual average net RF for the global 50 %and s(j— (direct effect only) in our net RF and GWP es-
NMVOC reduction is estimated as-9.73mWnT2 or timates, which may affect the magnitude of our estimates
0.21mWn1? (TgCyr1)~L. Our RF, GWBo, and GWRgo  and variability among regions. Forcing mechanisms not ac-
estimates for the NA, EA, EU, and IN reductions are lower counted for include NQ, SOA, stratospheric §) water
than the multimodel mean estimates of Fry et al. (2012),vapor, the carbon cycle (viagland nitrogen deposition),
due to differences in NO,-VOC sensitivities and SP  the indirect effects of aerosols, and the internal mixing of
responses, and in particular, because of regionali®  aerosols. Future research could include these additional forc-
creases and Sfp decreases for some regions that op- ings and their uncertainty. The contribution of anthropogenic
pose the long-term cooling. Considerable variability in the NMVOCSs to SOA, in particular, is fairly uncertain, and often
global net RF, GWR), and GWRqo estimates among re- underpredicted by models (Volkamer et al., 2006). The influ-
gions suggests a strong dependence on emission locatiognce of climate feedbacks on chemistry and future changes
0.21mwWn12 (TgCyr1)~1, 583, and 2.36 for the global in emissions also may alter the air quality and RF sensi-
reduction, and 0.3@0.15mWn12 (TgCyr1)~1, —1.13 tivities estimated here for present-day emissions. In addi-
to 18.9, and 0.079 to 6.05 for the 10 regions. G@Bnd  tion, while we focus on the sensitivity of air quality and
GWPqp are greatest for regions in the tropics and SH (i.e.,RF to NMVOC emissions, which is useful in determining
ME, IN, and AF) and less for regions in the northern midlati- the GWP of NMVOCs, emission control measures would
tudes (i.e., EU and FSU). The lowest G¥gfand GWRoo  likely affect co-emitted species. Our results can be com-
estimates are for EA, given the nearly equivalent (oppos-bined with those for co-emitted pollutants to evaluate the net
ing) short- and long-term effects. Including additional forc-
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effect of measures affecting multiple pollutants. Full climate Climatic Change, 74, 377-411, db.1007/s10584-006-0433-
responses also could be evaluated, as in Shindell and Falu- 4, 2006.
vegi (2009). Carlton, A. G., Wiedinmyer, C., and Kroll, J. H.: A review of Sec-
These findings of high variability in GWPs among regions ~ ©ondary Organic Aerosol (SOA) formation from isoprene, At-
for NMVOCs contrast with our earlier findings for CO, with ’Znooosé Chem. Phys., 9, 4987-5005, 40i5194/acp-9-4987-2009
gtét)lfs\;a\r/?hl:;;gti); \I/COSI\(;vbPeS p?orzgirg)?est(c))l‘il;?u'(’jegggsirff‘r%l?ifgﬂg Chung, S. and Seinfeld, J.: Global distribution and climate forc-
. . . . LS ing of carbonaceous aerosols, J. Geophys. Res., 107, 4407,
emissions trad!ng schemes using a single GWP, Wlth Ilt.tle doi:10.1029/2001JD001392002.
error, using a single GWP for NMVOCs would cause signif- cijonni, |., Eyring, V., Lamarque, J.-F., Randel, W. J., Stevenson, D.
icant error. Instead, international climate agreements could s, \wu, F., Bodeker, G. E., Shepherd, T. G., Shindell, D. T., and
consider including NMVOCs in multi-gas emissions trad-  Waugh, D. W.: Ozone database in support of CMIP5 simulations:
ing schemes using GWPs that are specific to each region. results and corresponding radiative forcing, Atmos. Chem. Phys.,
Although NMVOCs are a small climate forcing agent, this 11, 11267-11292, ddi0.5194/acp-11-11267-2012011.
study motivates reductions in NMVOC emissions as part ofCollins, W. J., Derwent, R. G., Johnson, C. E., and Stevenson, D.
future coordinated policies addressing air quality and climate S- The oxidation of organic compounds in the troposphere and
change (Rypdal et al., 2005, 2009; Jackson et al., 2009; Shin- their global warming potentials, Climatic Change, 52, 453-479,

dell etal., 2012; Fry et al., 2013).
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