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Abstract. To explore the relationship between tropospheric forcings resulting from these two emission scenarios. Both
ozone and radiative forcing with changing emissions, wemodels reproduce broadly the observed trends in CO, and
compiled two sets of global scenarios for the emissions of theCH; concentrations from 1990 to 2002.

ozone precursors methane (PHcarbon monoxide (CO), For the “current legislation” case, both models indicate an
non-methane volatile organic compounds (NMVOC) and ni-increase of the annual average ozone levels in the North-
trogen oxides (NG) up to the year 2030 and implemented ern Hemisphere by 5ppbv, and up to 15 ppbv over the In-
them in two global Chemistry Transport Models. The “Cur- dian sub-continent, comparing the 2020s (2020-2030) with
rent Legislation” (CLE) scenario reflects the current perspecthe 1990s (1990 2000). The corresponding higher ozone and
tives of individual countries on future economic developmentmethane burdens in the atmosphere increase radiative forc-
and takes the anticipated effects of presently decided emising by approximately 0.2 Wrr?. Full application of today’s
sion control legislation in the individual countries into ac- emissions control technologies, however, would bring down
count. In addition, we developed a “Maximum technically ozone below the levels experienced in the 1990s and would
Feasible Reduction” (MFR) scenario that outlines the scopeaeduce the radiative forcing of ozone and methane to approx-
for emission reductions offered by full implementation of imately —0.1Wn12. This can be compared to the 0.14—
the presently available emission control technologies, while0.47 Wnt2 increase of methane and ozone radiative forc-
maintaining the projected levels of anthropogenic activities.ings associated with the SRES scenarios. While methane
Whereas the resulting projections of methane emissions ligeductions lead to lower ozone burdens and to less radia-
within the range suggested by other greenhouse gas projetive forcing, further reductions of the air pollutants Nénd
tions, the recent pollution control legislation of many Asian NMVOC result in lower ozone, but at the same time increase
countries, requiring introduction of catalytic converters for the lifetime of methane. Control of methane emissions ap-
vehicles, leads to significantly lower growth in emissions of pears an efficient option to reduce tropospheric ozone as well
the air pollutants N, NMVOC and CO than was suggested as radiative forcing.

by the widely used and more pessimistic IPCC (Intergov-
ernmental Panel on Climate Change) SRES (Special Report
on Emission Scenarios) scenarios (Nakicenovic et al., 2000) .
which made Business-as-Usual assumptions regarding emig‘- Introduction

models we perfomed several long term megratons (190 eane (CH) and ozone (@ are both key compo-
2030) to asgess global, hemisphegric and reg?onal changes nents driving climate change and atmospheric chemistry.

. . . ethane concentrations have more than doubled since the
CHa, CO, hydroxyl radicals, ozone and the radiative Cllmatepre-industrial era, leading to a radiative forcing of about

Correspondence td=.Dentener 0.5Wn1 2 (Prather et al., 2001). This growth makes methane
(frank.dentener@jrc.it) therefore, after CQ the second most important increasing
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greenhouse gas in the atmosphere. In large parts of thtaken to approach the problem (e.g., the Asian Clean Air
Northern Hemisphere (NH) photo-oxidation of geind CO Initiative of the World Bank, http://www.cleanairnet.org/
lead to net photochemical production of (Crutzen, 1974), caiasia). As a consequence, after the year 2000 and after
whereas ozone destruction prevails in N@eficient air in  publication of the SRES emission projections report, many
parts of the tropics and the Southern Hemisphere (SH). Overef the major developing countries in Asia and Latin Amer-
all, the combined effect of increasing GHCO, NMVOC and  ica have issued legal regulations requesting advanced emis-
NOy emissions has resulted in elevated troposphesite@ sion control techniques for mobile sources. Once fully im-
els since pre-industrial times, associated with a net radiativplemented, these regulations will significantly reduce the
forcing of about 0.35 Wm? (Ramaswamy et al., 2001). growth of air pollution emissions at the regional and global

Besides being a potent greenhouse gasjsalso toxic  scale, most notably of NQ NMVOC and CO, compared to
to humans, animals and plants (Buse et al., 2003; WHOgarlier projections.

2003). Ozone levels at a given site are influenced by sev- Climate Change policies, on the other hand, focus mostly
eral factors: (i) background concentrations of ozone and preen CQ, emission reductions, although within the Kyoto pro-
cursor gases, which are determined by large-scale processascol (http://unfccc.int/resource/convkp.hthCH,, as well

such as stratosphere-troposphere exchange, and global & some other greenhouse gases, are considered. Ozone,
hemispheric-scale precursor emissions; (i) regional and lohowever, is not part of the Kyoto protocol. The addi-
cal emissions; and (iii) synoptic meteorology, which can fa- tional global radiative forcing by ozone and methane be-
vor Oz production, e.g. during a stable high pressure periodtween 2100-2000 in the aforementioned SRES A2p scenario
in summer. Combined, these factors can lead to frequent viwas 0.87 Wm?2 and 0.59 Wm?, respectively. For com-
olations of the contemporary air quality standards for ozoneparison: this adds 32% to the forcing of g@lone in the

Traditionally, the focus of ozone air quality control has same time period, illustrating the importance of ozone and
been put on the abatement of its local and regional precurmethane as greenhouse gases.
sor emissions in order to ameliorate short-term episodes of There is an increased awareness (Hansen et al., 2000) that
peak ozone concentrations that were considered harmful tehe most feasible emission reduction strategies are those that
human health and vegetation. Recent epidemiological studtake the synergies between air pollution and climate issues
ies reveal damage to human health from ozone not only durinto account. For example, Fiore et al. (2002) discuss the
ing such episodes, but also detect significant negative healtbtrong coupling between methane increases and ozone levels;
impacts at much lower concentrations, even at present NHnethane emission reductions could both reduce harmgul O
background levels (WHO, 2003). Based on this finding, theconcentrations and reduce radiative forcing.
increasing contributions from the intercontinental transport  |n this work we systematically focus on the interaction be-
of ozone and ozone precursor gases (Akimoto, 2003), anéween CH, and ozone precursor gases emission controls and
possibly also increasing measured ozone background cortheir impact on air pollution and climate forcing. Our anal-
centrations (Vingarzan, 2004), become of immediate concerysis focuses on the next decades up to 2030, which is of im-
to air quality managers throughout the world. mediate relevance for today’s policy decisions.

A comprehensive model intercomparison exercise involv- |n Sect. 2 we present a set of global emission projections
ing ten global chemistry-transport models and using projec+or the four ozone precursor gases that take into account the
tions of the emissions of ozone precursor gases published ifecent changes in air quality legislation (CLE). A second set
the Intergovernmental Panel on Climate Change (IPCC) Speof scenarios describes the maximum feasible emission re-
cial Report on Emission Scenarios (SRES) (Nakicenovic efquctions (MFR) if the full scope of today’s emission con-
al., 2000) predicted near-surface ozone to increase by 203f0| technologies would be implemented in the next decades.
on average by about five ppbv in much of the NH (Prather etwe compare these scenarios with earlier studies and describe
al., 2003) compared to the present modeled background levhow they were used in the model calculations. Section 3 pro-
els of 30-35ppbv. In the “worst case” (A2p) emission sce-yjdes a brief description of the TM3 and STOCHEM mod-
nario of SRES, background ozone may grow by more thare|s that we used for the simulations. Section 4 compares
20 ppbv up to the year 2100 relative to 2000. Obviously, suchmodel results with observations from the period 1990—2002.
increases in background ozone would seriously degrade locah Sect. 5, we explore the resulting impacts on global back-
air quality throughout the globe and counteract the impactsground ozone concentrations, methane lifetime and in Sect. 6

of costly local and regional emission controls. we focus on radiative forcing. In Sect. 7 we discuss the re-
However, in the last few years the threat to human healthsyits, and we present the conclusions in Sect. 8.

posed by ground-level ozone and particles (“air pollution™)

has become a universal public concern (Cifuentes et al.,

2001; He et al., 2002; Murray et al., 2001), notably also in2 Emissions

many cities in developing countries which face rapidly in-

creasing car fleets (Shah et al., 1997; World-Bank, 1997)In this work we use a set of emissions scenarios developed
A number of national and international initiatives have beenat the Institute for Applied Systems Analysis (IIASA) using
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the global version of the Regional Air Pollution Informa- =ec°
tion and Simulation (RAINS) model (Amann et al., 1999). _ |
The RAINS Current Legislation Scenario (CLE) is based -
on national expectations of economic growth and present=° ==
emissions control legislation. While the assumed economic,,,
growth (in particular for transport demand) is largely consis-
tent with the assumptions of other global assessments, thi§°°—
study took into account new national legislation on espe- .,

cially mobile sources that has been adopted after the year
2000 in many developing countries in Asia and Latin Amer-

ica. There is some uncertainty about the actual implemenaeeo
tation of new legislation in developing countries, especially
in the near future, and there maybe a significant lag between
increased emissions and actual control measures. However;"* -

given the pressure from the strong public concern on local ... t
e

air quality in many developing countries (Cifuentes et al., | T

2001; He et al., 2002; Murray et al., 2001) and the demon- " | _
strated progress in economical and institutional development, .. —
it does not seem unreasonable to assume wide-spread com-
pliance with the new regulations by the year 2030.

The RAINS Maximum Feasible Reduction (MFR) sce- o / —
nario explores the scope for reduced global emissions of-__ W
fered by full application of today’s most advanced emission
control techniques. Obviously, some of these technical mea-""
sures are costly, and full application of these measures might
have repercussions on economic development. However, in .

990 2000 2010 2020 2030

our analysis we focus on the theoretical potential to reduce urope + Russia
air pollution and global warming that is offered by today’s EERS;}MWW, 77 Maximum Feasible Reducton (MFR)
technological means. At the same time we ignored in our

analysis non-technical structural measures that modify enfig. 1. Projected development of IIASA anthropogenic emissions
ergy demand or influence human behavior. Other studiedy SRES world regions upper NO(Tg NO,yr~1) middle (CO
have shown that such measures, if successfully implementedTgyr—) lower CH, Tgyr—1). Red lines indicate IPCC SRES sce-
could lead to significant emission reductions, often at rathearios; black dashed line MFR.

low costs (Van Vuuren et al., 2005).

The RAINS scenarios consider agricultural, fossil fuel and decline in Europe and an approximate stabilization in North
biofuel related emissions from CO, NQand CH, for the America of NQ, emissions, due to present emission control
base years 1990, 1995, 2000, 2010, 2020 and 2030. A moriggislation, despite the assumed underlying economic growth
extensive description of assumptions made, activity data andby 2.3 and 1.7%yr", respectively) and the corresponding
emission factors is given in the Appendix. Since RAINS con- increase in energy use and transport volumes. For Asia, cur-
centrates on the assessment of national emissions, emissiof@nt national expectations anticipate a growth in transport de-
from international shipping and air traffic were not included. mand by a factor of 4-5. However, under the assumption
Likewise, emissions from large scale biomass burning (de-Of full implementation of the recently decided vehicle pol-
forestation, savannah, agricultural waste burning, and foregution control legislation, the growth of NOemissions in
fires) and natural emissions are not included in RAINS. ForAsia will be limited to 35% in 2030 compared to present.
atmospheric calculations these emissions were taken frorkatin American NQ emissions are expected to stabilize due
other studies and added to the national emissions calculate@ recently imposed control requirements in the majority of

by RAINS, as described in Sect. 2.2. countries in this region. At the global level, this moderate
increase in N@ emissions from developing countries would
2.1 RAINS projections of anthropogenic emissions be partly offset by the decline in European emissions, result-
ing in a global anthropogenic NGemissions growth of not
2.1.1 Nitrogen oxides more than 13% in the year 2030.

Despite the control measures imposed by recent legisla-
Figure 1a gives an overview of the temporal and regional detion, full application of present best available technology
velopment of the RAINS CLE and MFR calculated anthro- could lead to significant further reductions in the global
pogenic NQ emissions. Our calculations indicate a strong NOy emissions, by approximately 70% in 2030 for the MFR
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Fig. 2. Regional emissions separated for sources categories in 1990, 2000, 2030-CLE and 2030-MFR [fbg NO> yr_l]. Groups of
four bars correspond to 1990, 2000, 2030 CLE, and 2030 MFR, respectively.
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Fig. 3. Regional emissions separated for sources categories in 1990, 2000, 2030-CLE and 2030-MFR for CO [T{.COyr

scenario compared to CLE. We assume global emission corfor further reductions in Europe and North America, there re-
trols for vehicles and off-road sources up to the EURO-mains significant scope in many developing countries. Sec-
IV/EURO-V standard, for large stationary sources the appli-toral emissions for the two scenarios as well as details by
cation of selective catalytic reduction and for small station- country/region are available from Cofala et al. (2005).

ary boilers the use of low-Ngburners. Obviously, the scope

for further emission reductions strongly depends on the strin2.1.2 Carbon monoxide

gency of
In Fig. 1b we give an overview of the RAINS CO emissions.

the already implemented measures and thus differs greatlBiomass burning (not included in Fig. 1b) is a very impor-
between countries. While there will be a limited potential tant source for CO, as further discussed in Sect. 2.2. Our
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CH4 emissions
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Fig. 4. Regional emissions separated for sources categories in 1990, 2000, 2030-CLE and 2030-MFR[Tay CHy yr—1].

analysis suggests, despite increasing economic activities, greenhouse gases N@nd CO, the calculated growth in GH
global reduction of anthropogenic CO emissions in the com-emissions is well within the range spanned by the SRES
ing three decades in both the CLE15%) and MFR £53%) greenhouse gas scenarios.
scenario. The highest decline$5%) occurs in Latin Amer- A wide range of technical measures is presently available
ica, which is mainly due to a switch from fuel wood to other to reduce methane emissions. Such measures include the
energy carriers in the residential sector. The only region withtreatment of manure to generate biogas, different feedstock
increasing emissions is Africa (+10%). The decoupling be-to prevent methane losses from enteric fermentation, preven-
tween economic growth and emissions is caused by the detion of waste disposal, controlling waste disposal sites, re-
clining combustion of coal and fuel wood in households in duction in distribution losses of natural gas, gas recovery in
small stoves and the penetration of three-way catalysts thatoal mines as well as during oil and gas extraction, alter-
reduce CO emissions from vehicles by typically betweennative rice strains, etc. (EPA, 1999; Hendriks et al., 1998).
80% and 90%. If all these “maximum technically feasible reductions” were
The maximum technically feasible reduction (MFR) sce- applied to the full extent, global C+emissions would be re-
nario assumes full EURO-IV/EURO-V emission control duced by 110 Tgyr! by 2030. Country and sectoral details
standards for mobile sources, as well as good housekeepingre to be found in Cofala et al. (2005).
measures on stationary combustion sources. However, this
scenario does not consider possible reductions in energy de2-1.4 NMVOC

mand (e.g., through energy efficiency measures) nor the po- . ,
tential offered by substitution of solid fuels by less polluting RAINS did not include a separate assessment for NMVOC

forms of energy. Based on these assumptions, the anaWS%m@ss?ons. We assumed that the anthropogenic NMVQC
suggests for 2030 a maximum reduction of CO emissions of MiSSIONS trends closely follow the development of CO emis-

53% compared to the year 2000. Similarly to iN®ectoral
and country details can be found in Cofala et al. (2005).

2.1.3 Methane

In Fig. 1c we give an overview of the RAINS GHemis-

sions. This assumption is justified for mobile sources since
three-way catalysts applied to mobile sources simultaneously
reduce CO and NMVOC emissions with similar efficiency,
but it may be less justified in other sectors, e.g., industrial
emissions. Global emissions amount to ca. 250 Tg yn

the year 2000 (including biomass burning), and 293 and

sions. Our analysis suggests for the CLE case a continued26 Tgyr in the year 2030 for the CLE and MFR scenario,
increase of global anthropogenic gEmissions, leading to  respectively (see also Sect. 7).

35% higher emissions in 2030 than in 2000. Overall, emis-

sions from all sectors are expected to grow due to increased

economic activities and in the absence of wide-spread emis-

sion control measures. In contrast to the emissions of non-

www.atmos-chem-phys.org/acp/5/1731/ Atmos. Chem. Phys., 5, 178352005
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2.2 Other emissions In S. America, and large parts of Africa, NCemis-

sions are dominated by biomass burning, whereas indus-
For use in the TM3 and the STOCHEM CTM models, grid- trial and traffic emissions dominate in the US, Europe and
ded emission data need to be provided. Thus, we allocatedsia (Fig. 2). Figure 3 shows the important role of biomass
the national estimates for each sector according to the 199burning related CO emissions in Africa, Oceania, and South
gridded sectoral distribution of emissions of the EDGAR3.2 America. It should be noted that the biomass burning emis-
global emission inventory (Olivier et al., 1999). We fur- sions are very uncertain and that the use of EDGAR3.2 emis-
ther linearly interpolated the data between the base yearssions results in quite high CO emissions at Northern Lati-
Furthermore, the previously discussed IIASA emission dataudes, compared to e.g. more recent emission databases (Van
had to be supplemented with estimates for international seader Werf et al., 2003). Biofuel is an important source for CO
traffic, aircraft emissions, biomass burning and natural emisin Asia, whereas industrial and traffic emissions dominate in
sions. The resulting emissions are provided in Figs. 2, 3Europe, USA and Japan. Fig. 4 displays the variable impor-
and 4, giving a regional and a lumped sectoral break-downtance of different Clj sources in the world regions: Rice
of the gridded anthropogenic NOCO and CH emissions  production and waste dominate in Asia, gas-oil and mining
for the years 1990, 2000 and 2030 (the last for both CLEin Russia and the Middle East, whereas waste and animal
and MFR) using the IMAGEZ2.2h{tp://arch.rivm.nl/image/  production systems dominate methane emissions in the US,
regional classification. S. America, and Europe.

For sea traffic, we used the 1995 estimates provided in the For natural emissions we consider N®missions from
EDGARS3.2 database and augmented them with a moderatgoils and lightning (ca. 38 Tg NOyr—1, CO emissions from
growth rate of 1.5% yr! over the time horizon of our study, soils and oceans (ca. 150 Tg CO ¥y, and CH, emissions
without distinguishing between the CLE and MFR cases.from wetlands and termites (ca. 240 Tg £¥~1), and mi-

The resulting emissions are consistent with the lower caséor sources€10 Tg C CH, yr—1) from permafrost melting,
projection developed by (Martinek, 2000). As we show in volcanoes and oceans. The natural NMVOC emissions are
Fig. 2 sea-traffic already plays an important role for global predominantly isoprene emissions from vegetation (507 Tg
NOx emissions, and may in future be larger than the emis-C yr—1). For both scenarios, we kept these emissions con-
sions from any single region. Emissions from aircraft were stant over time. Some of the emissions are dependent on the
only considered for NQand were taken from the IPCC Spe- model’'s meteorology and differ slightly among the models
cial Report on Aviation and the Global Atmosphere (Isaksenand years (see Sect. 3).

etal., 1999). To address the stronger increase after 2015, we

calculated a polynomial fit to the global emission numbers of

2.6 Tg NQ yr~' in the year 2000, and 5.7 Tg NQr~tin 3 The Atmospheric Chemistry Transport models

2030 and applied them for both scenarios.

For emissions from biomass burning we used theln this study we used the Lagrangian model STOCHEM and
EDGAR3.2 1990 and 1995 amounts and spatial distribu-the Eulerian model TM3, which have been used extensively
tions for savannah burning, deforestation fires, agriculturalto assess aspects of the tropospheric methane and ozone cy-
waste burning and temperate forest fires. To account fokles, and also participated in the IPCC Third Assessment
more recent insights regarding emission factors and activ{IPCC, 2001).
ity data (Arellano et al., 2004; Bergamaschi et al., 2000b;

Van der Werf et al., 2003) we doubled these amounts lead3.1 The TM3 model

ing in the year 2000 to global biomass burning emissions

of 27TgNQ yr1, 575Tg CO yrt, 65Tg CHy yr~1, and  The Eulerian global chemistry-transport model TM3 (Den-
80Tg NMVOCyr1. These numbers are on the high side tener et al, 2003a, and references therein) has been used in
of the estimates given by e.g. (Andreae and Merlot, 2001)this study at a spatial resolution of Lbngitude and 7.5

but it should be noted that exact amounts of biomass burniatitude with 19 vertical layers, with approximately 14 layers
ing are not well established and subject to large inter-annuain the troposphere. In this study the model used annually re-
fluctuations. The biomass burning source is most criti- peated 1990 meteorological fields from the ECMWF ERA15
cal for the CO budgetitp://www.sdearthtimes.com/et0701/ re-analysis (Gibson et al., 1997). These fields include global
et0701s12.htmIWild et al., 2001). Also note that in IPCC distributions for horizontal wind, surface pressure, temper-
TAR (Prather et al., 2001) an amount of 700 Tg COywas ature, humidity, cloud liquid water content, cloud ice water
recommended, 25% higher than in this study. In accordanceontent, cloud cover, large-scale and convective precipitation
with the assumptions made in the IASA MESSAGE imple- provided in 3—6 h time steps. In a pre-processing chain these
mentation of the B2 scenario the emissions from deforestafields were used to calculate turbulent diffusion coefficients
tion are gradually declining to zero in the year 2020 (for both according to (Louis, 1979) and convective mass fluxes using
CLE and MFR). In contrast, the by far larger emissions from a modified Tiedtke scheme (Tiedtke, 1989) that accounts for
savannahs and high latitude fires remained almost constantshallow, mid-level and deep convection. Tracer advection

Atmos. Chem. Phys., 5, 1731755 2005 www.atmos-chem-phys.org/acp/5/1731/
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Table 1. List of Simulations by TM3 and STOCHEM.

Emission scenario Model Meteorology
CLE T™3 ECMWF 1990
CLE STOCHEM HadAM3 fixed SST
MFR T™M3 ECMWEF 1990
MFR STOCHEM HadAM3 fixed SST
MFR-CHjy: for CHg, here CO-NMVOC-NQ: CLE  TM3 ECMWF 1990
MFR-pol: CO-NMVOC-NQ,, whereas Cl:CLE T™M3 ECMWEF 1990

is described with the slopes scheme of Russell and LerneHadAM3 was forced with monthly mean sea surface tem-
(1981). The chemical scheme is a modified Carbon Bondperature (SST) climatology for the period 1978-1996 (Tay-
Mechanism4 (Gery et al., 1989) mechanism that describesor et al., 2000); these fields have a seasonal structure, but
CH4-CO-NMVOC-NC,-SOx chemistry (Houweling et al., are annually invariant. Land surface temperatures, and con-
1998) and considers 47 species, and 91 reactions. Photolwequently also the windfields, are calculated by the GCM
sis rates are parameterized following Krol and Weele (1997);and show some inter-annual variability. Turbulent mixing

it accounts for the influence of clouds, but does not includein the boundary layer is achieved by randomly re-assigning
interactions with aerosol. The chemical equations are solvedhe vertical co-ordinates of air parcels over the depth of the
with an Backward Euler Iterative Solver (Hertel et al., 1993), planetary boundary layer height, which is provided by the
using a time step of 40 min. The removal of soluble traceHadAM3 model. Convective mixing uses updraft and de-
gases and aerosol by wet deposition is based on the work dfainment fluxes from HadAM3 as described by Collins et
Guelle et al. (1998) and Jeuken et al. (2001) and accountal. (2002). Air parcel advection is performed using a fourth
for wet removal in and below cloud in stratiform and convec- order Runge-Kutta method; at each 1 h advection time step
tive rain. Dry deposition follows a resistance approach and ishe winds are linearly interpolated to the parcel’s location in
described by Ganzeveld et al. (1998). Stratospheric boundthe horizontal and using cubic interpolation in the vertical.
ary conditions for ozone and HNQwere relaxed to satel- The chemical scheme, as described by Collins et al. (1999)
lite observations above 50 hPa as described in Lelieveld anéhcludes 70 species that take part in 174 photochemical gas
Dentener (2000). Effectively, about 520 T @ ! enters  and aqueous phase reactions. The chemical scheme uses a
the troposphere through the 100 hPa level 4Gtatospheric  Backward Euler solver (Hertel et al., 1993) using a time step
loss rates were prescribed at a fixed rate of 40 Tg @1, of 5min. Wet deposition operates on all soluble species, with
and the CH soil sink kept constant at 30 Tg GHr—1. We scavenging coefficients taken from (Penner et al., 1994). The
showed before that the model realistically simulates Radonscheme is described in more detail in Stevenson et al. (2003).
222 (Dentener et al., 1999), tropospheric ozone (Houwel-Dry deposition follows a resistance approach as described
ing et al., 1998; Lelieveld and Dentener, 2000; Peters et al.by Sanderson et al. (2003) including explicit description of
2001) and methane (Dentener et al., 2003b; Houweling ethe CH, soil sink. Ozone and NPupper boundary condi-

al., 2000a). A recent study was devoted to study OH trendgions are imposed by prescribing fluxes into the top layer of
(Dentener et al., 2003a) and is in particular relevant for thisthe model at 100 hPa. For this vertical winds derived from
study, since that model set-up was used almost unchanged iHadAM3 at 100 hPa were used together with the ozone cli-

the present study. matology of Li and Shine (1995). The resulting ozone flux
into the model domain amounts to 420 Tg @1 (Steven-
3.2 The STOCHEM model son et al., 2004). N@influxes were fixed to those of O

by assuming a fixed mass ratio of Nj@f 1:1000. CH

STOCHEM is Lagrangian tropospheric chemistry-transportsira;%sopfenc loss rates were prescribed following Prather et
model, originally described by Collins et al. (1997). In this al.( )

study the atmosphere is divided in 50000 air parcels that are

mapped after each advective time-step to a 5 by 5 degree As described above STOCHEM and TM3 represent dif-
resolution grid with 9 vertical layers of 100 hPa thickness. ferent types of models using very different parameterizations
Input meteorology is provided by the atmosphere-only cli- and meteorological input datasets. In the next section we
mate model HadAM3 (Pope et al., 2000) at a standard resowill document some salient features of model performance
lution of 3.75 longitude and 2.5 latitude with 19 vertical lev- to show that the combination of the models set-up and emis-
els extending to 10 hPa. The HadAMS3 time-step is 30 min,sions is realistically describing global scale measurements of
with meteorological fields passed to STOCHEM every 3 h.ozone, methane and carbon monoxide.
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Fig. 5. Surface ozone [ppbv] measured at 6 background stations and modelled by TM3 and STOCHEM. Model results were interpolated to
location and altitude of station.

4  Simulations 4.2.1 Surface ozone

4.1 Description of simulations )
In Fig. 5 we present surface ozone calculated by TM3 and

. dSTOCHEM at 6 stations, mostly located in the NH. Data
In order to simulate the future developments of ozone an .
were retrieved from the world data center for surface ozone

methane we performed a set of 4 scenario calculations, sum; ) . ) ;
marized in Table 1. The scenarios were integrated fronr?(WDSO) hitp://gaw.kishou.go jp/wdcgg.htjnhwith the ad-

: . ditional data for Cape Point kindly provided by Dr. E.
1990-2030, using a spin-up of 13 months for STOCHEM :
and 24 months for TM3, respectively. Both TM3 and Brunke. The WDCO data sets appear quite heterogeneous,

STOCHEN used CLE ani MER scenaros, he sty 3,705 UL Sove (e etre 19905 re scrce b sl
studies MFR-CH (which considers MFR for Cij but CLE 9 Y

for the other gases) and MFR-pol (MFR for CO, N@nd be able to represent.' Thus stations that may be strongly in-
. fluenced by local emissions were not considered. No selec-
NMVOC) were computed using TM3 only.

tion of data was applied. Generally the TM3 and STOCHEM
) ) models represent relatively well the set of background sta-
4.2 Comparison with measurements tions given in Fig. 5, with correlation coefficients based on
monthly ozone ranging between 0.6 and 0.85. Of course
Although in previous applications of the TM3 and there are also some discrepancies: especially at continental
STOCHEM models extensive comparison to measurementstations the difference of models with measurements can be
has been made, in this work we use a completely new set obf the order of 10 ppbv; this can be explained from uncertain-
emissions. In this section we show a selection of measureties in emissions, chemistry and especially the coarse model
ments to demonstrate that the 1990—2003 part of our simularesolution chosen for the scenario simulations. No strong
tions are consistent with current observations and can be usedends are visible in either the models or the measurements
to extrapolate to future conditions. For analysis, we divideover the time period considered. Note that the difference of
the globe into four latitude bands, stretching fron? 98- the ozone signal in summer between these two scenarios is
45° S, 45 S-Equator, Equator-49N, and 45 N-90C° N. about 10 ppbv by the year 2010 (not shown).
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4.2.2 Tropospheric ozone in the middle and upper tropo-(10-20 ppbv) in the NH, and up to 50 ppbv in the high lati-
sphere tude zones.

We also present the standard deviations of the annual

In order to evaluate model performance in the middle and upmodel concentrations and measurements, representing the
per troposphere, we use the ozone climatology compiled bypatial variability among stations in a particular year. Both
Logan (1999) based on an analysis of ozone soundings olin the NH and SH the measured and modelled error bars are
tained predominantly during the period 1985-1995. Aboutsimilar, meaning that the gradients of CO close to the con-
55 stations were selected; 3 stations were located in the reinents and on the ocean are well captured. In the NH in
gion 90S-45S, 20 in the region 45 S-Equator, 19 stations|998 measurements on average were elevated by 10-20 ppbv
from the Equator-45N, and 13 stations from 45N to 90 N. compared to other years. This increase is related to large
Monthly average model results for the period 1990-2000scale biomass burning in Indonesia (Duncan et al., 2003) fol-
were interpolated to the geographical station location andowing the intensive EI Nio of 1997/1998, and large forest
pressures. In Figs. 6a and b we display results obtained &ires in Canada and Siberia (Simmonds et al., 2004; Wotawa
800 hPa and 400 hPa, respectively. The error bars represest al., 2001; Yurganov et al., 2004]. This signal is not
the standard deviations of the set of individual soundingsseen in STOCHEM and TM3 since we did not account for
contributing to the regional average, rather than the interinter-annual variations in biomass burning. As indicated in
annual variability within the individual measurements con- Sect. 2.4 the uncertainties in the biomass burning emissions
tributing to the monthly averages. We present our resultsare large. Since the inter-annual variability in the CO mea-
in this way, since we compare model results obtained usingurements is high, it is at this moment not possible to con-
meteorology for a specific year, 1990 in the case of TM3, orfirm whether the decreasing NH model trend in the period
a decade of climate model calculated years for STOCHEM,1995-2002 is realistic. The decreasing model trend, how-
and compare them to measurements representative for otheger, seems to be found by measurements at e.g. Mace Head,
years. that indicate a decreasing trend of 1.13 ppbv/yr in baseline air

At 800 hPa in the SH both TM3 and STOCHEM underes- masses (Simmonds et al., 2004). Models and measurements
timate ozone by 5-10 ppbv. In the other latitude bands bothagree on the absence of a CO trend in the SH.
TM3 and STOCHEM reproduce the seasonal cycle gf O
well within the standard deviation of the measurements. At
400 hPa in the middle/upper troposphere TM3 generally real-4'2'4 Methane
istically reproduces the measurements, whereas STOCHEM
under predicts @ by 10-15ppbv. However, especially \We present annual average methane concentrations for the
in the 45S-90S region in summer TM3 also underesti-four world latitude bands in Fig. 8. As for CO, GHnea-
mates ozone. The problem seems related to the amount @urements were obtained from the NOAA CMDL network;
stratosphere-troposphere exchange, and the exact height gince more measurements were available we could use the
the tropopause, since the observed concentrations and vafill record for 1990-1998. Both models were independently
ability indicated the influence of stratospheric air, whereasinitialized with previously calculated CHields for the year
TM3 rather calculates tropospheric ozone values and vari41987. Due to unforeseen inaccuracies in the initialization,
ability. Nevertheless, all in all both models give a realistic TM3 CH, is about 30-40 ppbv lower than the measurements,

picture of ozone above the boundary layer. whereas STOCHEM is about 30 ppbv higher. We estimate
that the influence of this inaccuracy of the initial £Eon-
4.2.3 Carbon monoxide centrations on global OH is of the order of 1% (using the

feedback factor of/In[OH]/dIN[CH4]=—0.32 (Prather et al.,

Figure 7 displays the annual averaged CO measuremen%om)' This is small in comparison to overall uncertainties of
and model results for the four world latitude bands. We 9lobal OH. In the 1990s the measured methane growth rates

use the monthly mean NOAA CMDL measuremertsy; were highly variable, ranging from 0 to 15 ppbvyr(Butler
Jiwww.cmdl.noaa.goy/ as reported by, e.g., (Dlugokencky etal., 2004; Dentener et al., 2003b; Dlugokencky et al., 2003;

et al., 1996; Dlugokencky et al., 2003). We used only thoseF>rather etal., 2001) with an average trend of 8 ppbyyr
stations with a complete dataset for the period 1994-2002, Although this variability of growth rates is not represented
and averaged them in 4 latitude bands and annual averagelsy our models, the average methane increases in the period
The TM3 and STOCHEM model results interpolated to the 1990-2002 are well represented by the model, despite the
geographical location and altitude of the stations were aversomewhat lower trend of TM3 at the beginning of the 1990s.
aged in the same way. In the SH TM3 overestimates COAfter the year 1998 both TM3 and STOCHEM predict a too
by about 5-15ppbv. In the NH TM3 calculated CO lev- high trend. Interestingly, after the year 2000 the use of the
els correspond accurately to the measurements, whereas thdFR emission scenario seems to agree better with the mea-
STOCHEM CO levels were underestimated by up to 15-30%sured trend than CLE, although shifted by two or three years.
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Fig. 7. Comparison of annual average CO calculated with TM3 and STOCHEM at station locations to NOAA CMDL measurements averaged
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5 Scenario calculations The global CH burdens for the CLE case increase from
4300 Tg in the year 2000 to 5300 Tg in 2030 for TM3, and
5.1 Atmospheric burdens of GHCO, OH and @ to 5000 Tg for STOCHEM. The increases of methane bur-
dens correspond to roughly 1750 ppbv in the year 2000 and
5.1.1 Burdens for 2000 2200 ppbv (TM3) and 2090 ppbv (STOCHEM) for CLE.

The burdens for TM3 and STOCHEM for the four latitude  For the MFR case, both models calculate methane burdens
bands in the year 2000 are presented in Table 2. As was alsstabilizing at 4300 Tg. Considering MFR-Ghivhere only
visible in the surface Cldconcentrations (Fig. 8), the TM3 methane emissions are reduced butyNOO and NMVOC
CHg burdens are somewhat lower than those of STOCHEM emissions develop according to CLE, the global methane
mainly resulting from the initialization. Both models pro- burden would decrease by 1000 Tg below the CLE level cal-
duce similar levels and trends in CO burdens for the 1990sculated for 2030. Alternatively, assuming maximum feasible
exceptin the 45N-90N compartment, were we showed beforegeductions for NQ, NMVOC and CO but leaving CiHat

that STOCHEM underestimated CO by ca. 15-30%, possiblythe CLE development (simulation MFR-pol) would in 2030
related to larger OH burdens. The global Burdens cal- increase the global methane burden by 400 Tg above the
culated by TM3 are 15% higher than those of STOCHEM; CLE case. This increased GHburden resulting from the
the difference mainly occurs in the tropics and SH. Theresame CH emissions is caused by the prolonged lifetime of
are many processes that can explain the model differencesnethane due to lower availability of OH radicals that serve
but one important one is the difference in our parameter-as CH; sinks. OH is reduced as a consequence of the lower
izations of convection, strongly influencing the lifetime of NOy, CO and NMVOC emissions. Despite the differences in
ozone in the tropics. The STOCHEM results clearly showmethane burden in STOCHEM and TM3 (Table 2), and pos-
inter-annual variability, mainly resulting from variability in sible consequences for OH, the temporal changes of methane
the stratosphere-troposphere exchange processes, which difetime and burden are very similarin TM3 and STOCHEM.
partly driven by HadAM3 vertical winds at 100 hPa. As ex- In both models, the calculated GHifetime trends (Fig. 9)
plained before, in HadAM3 only SSTs were kept constant,indicate a rather stable GHifetime in the next decades for
whereas land surface temperatures were not constrainethoth the CLE and MFR scenario. However, the TM3 cal-
leading to inter-annual variability of meteorology. In contrast culations show that preferential air pollution controls MFR-
TM3 always used the meteorology representative for the yeapol tend to lengthen the methane lifetime, whereas the MFR-
1990. There is disagreement between the models on globalH, case has an opposite effect. The latter effect is a man-
OH burdens. Globally, STOCHEM calculates about 25% ifestation of the methane self-feedback (Isaksen and Hov,
more OH burden than TM3, because of differences in waterl987) where increases in methane reduce tropospheric OH,
vapor, photo-dissociation rates, and OH production and lossvhich in turn increases methane.

in the free troposphere. Despite the differences in OH bur-

den, global CH lifetimes are similar in the year 2000. This ~ Both models suggest for the CLE case stable global CO
can be explained by the fact that the destruction off@H  burdens at approximatety380 Tg (CLE), and a gradual de-
mostly sensitive to the high OH concentrations in the humidcrease to 320 Tg CO in 2030 for the MFR case.

and warm tropical regions, and is not particularly sensitive to

middle and upper tropospheric and extra-tropical OH (Den- The global @ burdens from TM3 and STOCHEM show

tener et al., 2003a). very similar increases from 450 Tg in 1990 to 470-485Tg in
2030 in the current legislation (CLE) case, and decreases to

5.1.2 Burden and lifetime trends 430 Tg forthe MFR case. Further note the burdens calculated
in this work are up to 100 hPa. The troposphericldrdens

In Fig. 9 we present the calculated global £Hetime with in the year 2000, when the extra-tropical lower stratosphere

regard to oxidation by OH, and the atmospheric burdens ofare excluded, are lower by ca. 120-130 Tg (Houweling et al.,
CHg4, CO, O3 and OH integrated up to 100 hPa. Results 1998; Stevenson et al., 2004, Table 2).

are presented for simulations the CLE and MFR scenarios

for TM3 and STOCHEM, and MFR-CHand MFR-pol for Despite the large discrepancies in the 2000 OH burdens,
TM3. 100 hPa corresponds to the tropical tropopause, andoth models agree on stable OH burdens for both the CLE
hence the burdens contain some stratospheric air at middland MFR scenarios. It is interesting to note here that the
and high latitudes. Note that for the period 1990-2000 theMFR-CH; and MFR-pol simulations, calculated with TM3,
simulated results for all scenarios are identical. To visuallyaffect the OH burdens more strongly than the “balanced”
highlight the model trends, rather than model differences, weCLE and MFR simulations. Similar compensating effects
normalized in Fig. 9 the STOCHEM results to match the have found when assessing the change of OH from the pre-
TM3 results of the year 2000. In the following discussion industrial to the present time (Lelieveld and Dentener, 2000;
we will use these normalized numbers. Wang and Jacob, 1998).
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Table 2. Burdens of CH, CO, Oz [Tg] and OH [Mg] determined from surface to 100 hPa in the year 2000. We show data for four latitude
bands and globally for TM3 and STOCHEM. Also given the lifetime with respect to OH of [@éfrs].

Region CH lifetime ~ CHy burden CO burden ©burden OH burden
T™M3 STO TM3 STO TM3 STO TM3 STO TM3 STO

90N-45N 287 204 645 697 75 59 111 121 10 19
45N-EQ 6.7 6.3 1533 1652 152 146 147 120 79 108
EQ-45S 7.6 8.2 1510 1648 120 121 127 90 76 86
45S5-90S 50.8 66.8 583 645 39 37 77 60 8.1 8.2

Global 9.2 9.2 4272 4639 386 362 462 392 173 222

CHdlifetime global CH4burden global
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Fig. 9. Global trends for the period 1990-2030 calculated with TM3 (solid) for the four scenarios, and STOCHEM (dashed) for CLE and
MFR for CHy lifetime [years], CH burden [Tg CH], CO burden [Tg CO], @ burden [Tg Q], and OH burden [Mg OH]. Results are
normalized for the year 2000.

5.2 Surface Ozone in the 1990s and 2020s calculates 5 to 10 ppbv higher ozone levels over the conti-
nents and lower values over the oceans. Average volume

In this section we explore the regional changes in surfacemixing ratios range from 30 to 60 ppbv. The high concentra-
ozone for the various scenarios, which are of importance fottions calculated over the Himalayas are due to high altitude
air pollution issues. We focus on annual average ozone avemf this region, and strong mixing with stratospheric air con-
aged for the 1990-2000 decade, and the 2020-2030 decad#ibuting 25% to the surface ozone levels. The biomass burn-
Results of the NH summer season (JJA) are presented in th@g signal in tropical Africa is much stronger in STOCHEM
ACPD version of this paper (Dentener et al., 2004). than in TM3, probably due to differences in the mixing

In Fig. 10 we present the annual average computed ozon&chemes of the two models, or in the different geographi-
concentrations at the surface averaged for the 1990s, whilgal and temporal distributions of biomass burning emissions
Fig. 11a—c focuses on the difference between the 2020s and our models. Itis likely that biomass burning emissions are
1990s. For the 1990s, with few exceptions, the models showpartly released at higher altitudes, leading to more effective
broad agreement on the regional patterns of surface ozon@zone production, as implicitly included in STOCHEM, but
concentrations, although the STOCHEM model consistentlynot in TM3.

www.atmos-chem-phys.org/acp/5/1731/ Atmos. Chem. Phys., 5, 178352005



1744 F. Dentener et al.: The impact of air pollutant and methane emission controls

B
=%
n
-
£
B ppby
B0
7000
180 1BOW 120W 90w  &O0wW  20W  OE  30E  G0E  9CE  1Z0E 1BOE 180 ea.an
lengitude (deg) 50.00
45,00
40,00
EON 35.00
30.00
‘T 30M
ii 25,00
» EQ 20,00
=2
£ 15.00
o 363
10,00
BOS a.00

1BOW 150W 120 90w @0W  30W OE  J0E GOE 90E 120E 150E 1BOE
lengitude (deg)

Fig. 10. Calculated decadal averagg @lume mixing ratios [ppbv] at the earth surface for TM3 1990s CLE (upper) and STOCHEM 1990s
CLE (lower).

GOM
= 30M
[ i)
=
=z EQ
£
5 3os
1 20,00
BLS 15400
. : ; ; : ; ; ; : ; ; 12.00
180W 150W 120W 90w EOW 30W OE 30E  GCE  OCE 120E 150E 180 1m0
lengitude (deq) a.00
B.00
+.00
BN 200
1.00
T 30N I
5 . _ e : =08
» Ef—eeee Jooooono . e 9§o0006B - : —3.00
El ; ' - ] —4.00
T 30s —6.00
’ B : —8.00
RO et Lt g —1g.00
A

TROW 1EOW 120 90w BOW  I0W OE  30E  GBCE OCE 1Z0E 1BOE 180E
longitude (deg)

Fig. 11a. Decadal averaged ozone volume mixing ratio differences [ppbv] comparing the 2020s and 1990s for TM3 CLE (upper) and
STOCHEM CLE (lower).

Atmos. Chem. Phys., 5, 1731#55 2005 www.atmos-chem-phys.org/acp/5/1731/



F. Dentener et al.: The impact of air pollutant and methane emission controls 1745

oo o
— L]
= =

latitude (deg)
m
fa]

2800
15400
1240
TBOW 150W 120w J0W  e0w 30w OE  30E  BCE BCE 1Z0E 1E0E 180 1G.00

longitude (deg) .00
8.00
4.00
2.00

EON
1.00

a.00
—1.00
—2.00
=400
=00
—8.00

=100

o
[y
=

latitude (deg)
m
=

180W 150W 120W 90w  &0W I0W OE  3J0E  60E  ©OE  1EZ0E 1B0E 1BOE
lengitude (deq)

Fig. 11b. Decadal averaged ozone volume mixing ratio differences [ppbv] comparing the 2020s and 1990s for TM3 MFR (upper) and
STOCHEM MFR (lower).

The differences of calculated ozone concentrations unscenario) whilst Clj emissions follow the CLE scenario. It
der the various scenario assumptions during the 2020—2038hows that, as expected, the largest effect on ozone of emis-
and the baseline period 1990-2000 of TM3 and STOCHEMSsion reductions stems from air pollutant controls.

(Fig. 11d) are quite consistent, showing maximum increases We also isolate in Fig. 11c (lower panel) the effect ofCH
of ozone levels between 8-12 ppbv in India, Pakistan andabatement, by comparing MFR-GHkith CLE in the 2020s,
Bangladesh, China and South East Asia. Over the North Pashowing a uniform ozone reduction by 1-2 ppbv throughout
cific and Atlantic Ocean ozone increases by 4—6 ppbv, relateagnost of the NH and SH.

to increased background ozone and increases in ship emis- It is interesting to observe that the effect of emission re-
sions contributing ca. 1 to 1.5 ppbv, whereas over the otheductions is quite linear, e.g. the results of simulation MFR
world latitude bands ozone remains largely unchanged. Incan be largely explained by the combination of MFRACH
terestingly, despite emissions reductions in North Americaand MFR-pol. Thus about one third of thes @eductions
and Europe in the CLE scenario (Fig. 1a and 2), the com-associated with the MFR scenario can be obtained by CH
puted ozone levels in the 2020s do not decrease, but eveemission reductions!

somewhat increase, clearly illustrating the need for global

ozone control strategies. For MFR (Fig. 11b), TM3 calcu- o _

lates 0zone decreases of about 5 ppbv over much of the NH9  Radiative forcing

and up to 10 ppbv in the USA, Middle East and South East » )

Asia, comparing the 2020s with the 1990s. A slight increase! € traditional air pollutants NO CO, and NMVOC as

in ozone is predicted over North and Central Europe, anwell as the grgenhouse gas methane d'o not .only contribute
ozone-NQ titration effect, which may be dependent on the © tropospheric ozone but also have direct (in the case of
coarse model resolution. The STOCHEM model (Fig. 11p)Methane) and indirect (via ozone formation) impacts on ra-
displays a stronger response of surface ozone to emission rdiative forcing. In the CLE scenario methane concentra-
ductions, with reduced concentrations in large parts of EastlioNs continue to increase from 1750 ppbv to about 2090~
ern Europe and Russia. The difference of MFR-pol in the2200 PPbv in 2030, whereas in the MFR scenario, methane
2020s with CLE in the 2020s (Fig. 11c) shows the effect concentrations in the atmosphere would approximately sta-

of NOy, CO and NMVOC reductions (following the MFR bilize in 2030 at 1750 ppbv, which corresponds to methane
* levels in the year 2000. We calculated the radiative forcing of
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Fig. 11c. Decadal averaged ozone volume mixing ratio differences [ppbv] comparing the 2020s and 1990s for TM3 MFR-pol (upper) and
the difference of MFR-Cl and CLE, comparing the 2020s (lower). This highlights the effects of &Hission reductions in the 2020s.

the four emission scenarios, following the method describeccantly the STOCHEM results. In this respect, TM3 results
in Stevenson et al. (1998), using the radiative transfer modeteflect more accurately the changes arising solely from the
of Edwards and Slingo (1996). emissions changes, as these model runs include no climate
These forcings account for stratospheric adjustment, asvariability.
suming the fixed dynamical heating approximation, which Methane radiative forcing was calculated using the equa-
reduces instantaneous forcings$b22%. tion presented in Chapter 6 of the IPCC Third Assess-
In the CLE scenario (Fig. 12), ozone forcing maximizes ment Report (Ramaswamy et al., 2001). Again we com-
in the subtropics, and over bright, high albedo surfacespare the forcings for the 2020s relative to those in the
Peak values of 0.3Wn? are found over India and the 1990s. The CH forcings for TM3 results are between
Arabian Peninsula, coinciding with elevated surface and0.17Wn1?2 for the CLE case and 0.00 WrA for MFR,
free tropospheric concentrations. In contrast, the radiaand 0.13 and 0.00Wn# for the STOCHEM results. The
tive forcings associated with MFR are similar in magnitude lower STOCHEM forcings are caused by somewhat higher
(0 to —0.2Wn12) and distribution, but opposite in sign STOCHEM OH trends and correspondingly lower Cibtr-
(Fig. 12b). The global and yearly average forcing of O dens.
ranges between 0.075 ard.072 Wn1 2 for CLE and MFR, As discussed above, in the CLE scenario anthropogenic
respectively (Table 3). CHj, emissions increase from 340 Tg ghir—1 in the year
Radiative forcing between the 2030s and 1990s, cal-2000 to 450 Tg Chl yr— in 2030. A similar emission
culated for the ozone fields of the STOCHEM model 9 increase is given in IPCC TAR for the B2 emission scenario.
(0.041 WnT1?) is only 55% of the forcing computed for the The corresponding IPCC TAR increase in radiative forcing
TM3 ozone results (0.075Wnd). The difference can be by 0.06-0.16 Wm? by the year 2030 relative to the year
explained partly by the fact that TM3 is somewhat more effi- 2000 (approximately 0.60 Wr# in 2030, and 0.49 WP
ciently producing free troposphericz@han STOCHEM. We  in 2000, relative to pre-industrial levels) compares well with
also note that STOCHEM results display some inter-annuapur calculations.
variability in tropopause height, which cannot be completely Taking O; and CH, radiative forcing together, our mod-
masked out when comparing the decadal forcings calculateéls suggest an increase of the global mean radiative forc-
for the 1990s and the 2020s, and which influence signifi-ing between 0.17 and 0.24 Wriibetween the 1990s and the
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Table 3. Radiative Forcings calculated by TM3 and STOCHEM comparing the 2020s with the 1990s.

O3 CHyg CHy+0O3 Relative to TM3 CLE
CLE TM3 0.075 0.167 0.242 0.
CLE STOCHEM 0.041 0.125 0.166 —0.076
MFR TM3 —0.073 0.004 —0.069 -0.311
MFR STOCHEM —0.072 0.003 —0.069 -0.311
MFR-CHy 0.029 —0.039 —0.010 —0.252
MFR-pol —0.030 0.221 0.191 —0.051

IPCC-TAR B1-A1FI 2000-2030 0.08t00.31 0.06t00.16 0.14t00.47 Nd

latitude (deg)

180W 1E0W 120W 90w 6&0W Z20W OE 3CE  GCE 9CE  1Z0E 1E0E 180 od
lengitude (deg)

latitude (deg)

180W 1B0W 120W 390w 6&0W Z0W OE 3JC0E  GCE  9GE  1Z0E 1EOE 180E
lengitude (deg)

Fig. 12. Annual average radiative forcing [Wn4] of O3 calculated by TM3 comparing the 1990s with the 2020s CLE (upper) and MFR
(lower).

2020s, which corresponds to the lower end of the range fosions alone corresponding to the SRES scenarios is estimated
the sum of ozone and methane forcing (0.14-0.47¥&m for the period 2000-2030 at 0.8—1.1 W/ (IPCC, 2001).
presented by IPCC-TAR for the 2000—-2030 period (Table 3).

It should be noted that the radiative forcing from ozone is not .

uniformly distributed over the globe, and, as for aerosols, we _ JUSt controlling methane (MFR-Ghi would reduce the
expect regional climate impacts resulting from regional forc- diréct forcing from methane by 0.206 Wrh and through
ings. Compared to the current legislation (CLE) situationthe associated reductions in tropospheric ozone by an addi-

in the 2020s and based on TM3 calculations, maximum re fional 0.046 W, Conve_rsgly, if the z_air pollutants were .
duction of all four emissions (MFR) would reduce the addi- rec_luced but methane emissions remained at current Iggls—
tional radiative forcing from ozone by 0.148 Wihand from lation level, tge reduced forcing from the ozone reducyon
methane by 0.163 W', i.e., in total by 0.311 Wm2, or by (—0.105 Wn1 <) would be counteracted by the increased life-

0.069 (=0.311-0.242) Wi if compared to the 1990s. For time of methane (forcing from methane would increase by

2 . .
comparison, the radiative forcing from increased@&mis- 832‘11' wgz)' so that overall forcing would only decline by
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7 Discussion models, which was necessary to perform several transient 30
year simulations, and the very different model set-ups, we
7.1 Changes in natural and biomass burning emissions ando not think that these model-measurement differences are
climate problematic. An especially encouraging feature of our set of
model simulations was the rather similar response of the two
Our study focused on changes in anthropogenic emissionfmodels to changed emissions.
based on two scenarios prepared by IIASA (see Sect. 2 and Our two models agree with each other that for the CLE
Appendix). A particularly important improvement of this emission projections tropospheric ozone will further in-
study would be a further assessment of the role of biomasgrease. Comparing the decadal average ozone values in the
burning emissions in atmospheric chemistry, both at presen2020s with those of the 1990s, annual average ozone in-
as well as in the future. Further it would be valuable to creases over the Indian sub-continent, Southern China and
include in future scenario studies a consistent estimate o§outh East Asia are of the order 8—12 ppbv. The outstanding
NMVOC emissions, although an additional sensitivity study ozone increases over India are related to the expected strong
did not show large impacts our the coarse resolution TM3jncreases in energy and transport demand, together with the
model: running the 2030 CLE case with 2000 NMVOC implementation of the EURO-1 standard for vehicles. Over
emissions decreased 2030 surfacel€vels with globally  |arge parts of the NH surface ozone is calculated to increase
with 0.23 ppbv, and in India and China with 1.0 to 1.5 ppbv. by 3-5 pphbv, in large parts of the USA and Europe offsetting
However, larger effects are likely when model resolutions arefor the effects of local N@Q, VOC, and CO emissions reduc-
increased. In our experiments we kept natural emissions likgjons. We show in our ACPD paper that NH summer concen-
soil and lightning NQ, and wetland emissions of GHcon-  trations, roughly corresponding to the growing season, can
stant. However, they may strongly change under changege 5-10 ppbv higher than the annual average concentrations,
climatic conditions. In fact one can easily imagine a scenariopoth at present and in the future. Without any doubt this will
where the increase of natural gEmissions more than com- cause further damage to vegetation and human health, for
pensates for the reduction in anthropogenic emissions (Gedyhich recent insights indicate that ozone is already harmful
ney et al., 2004; Houweling et al., 2000b; Shindell et al., at concentrations smaller than 40 ppbv (WHO, 2003).
2004). With our models we also find that full application of all
In the computations presented in this paper the role ofpresently available emission control measures (the MFR sce-
climate change has not been accounted for. We mentioneflario) could reduce annual mean ozone surface concentra-
before that natural emissions may change in a different clitions in most parts of the NH below the presently experienced
mate. Likewise, the role of changing climate on calculatedconcentrations, which according to current scientific under-
concentrations needs further attention, as climate change caftanding should not give rise to significant adverse effects on
strongly influence atmospheric chemistry and transport. Inhuman health and ecosystems. Also NH summer concentra-
general, the main large-scale effect of changing climatic con+tions do not exceed 50 ppbv in both models.
ditions is through emissions (see Sect. 7.1), temperature and 1o further explore this issue, we are currently perform-
humidity, reducing large scale ozone and £kbundances. jng, in the context of the IPCC Fourth Assessment Report,
The resulting feed-back effects on GOz and OH may be 3 wider multi-model experiment, further exploring the ex-
of similar order of magnitude as those resulting from a pected range of surface ozone concentrations, assuming sce-

reduction of CH emissions alone (Stevenson et al., 2005). narios as described in this paper (Dentener et al., Y005
On regional scales, however, changes in circulation patterns

and the frequency of synoptic disturbances, may lead to in7.3 Need for measurements

creases of ozone episodes (Granier et al., 2003; Murazaki and

Hess, 2005). More work is needed, to assess the impacts affe showed in our study that GHemission abatements are
the scenario assumptions when taking into account changeg powerful method to decrease the impact on climate and
in climate and natural emissions when seeking to avoid danreduce air pollution. However, how are we going to verify

gerous levels of climate change and air pollution. if investments in emission reductions are effective? Using
the current set of world-wide observations maintained by the
7.2 Model results NOAA CMDL group partially constrains the emissions from

) o o relatively large regions (Bergamaschi et al., 2000a; Den-
With these emission projections we have explored a ranggener et al., 2003b; Houweling et al., 1999). In a very re-
of future developments of global surface ozone concentrazent inverse model study, Bergamaschi et al. (2004) showed

tions and radiative forcings. While we were not able 10 that emission estimates of individual European countries can
fully address all relevant uncertainties, we have used two

distinctively different chemical transport models to span a  lpentener F., Stevenson, D., Ellingsen, K., Noije T., et al.:

range of model responses and distil conclusions shared bglobal Atmospheric Environment for the next Generation, Geo-
both models. Given the very coarse resolution of our globalphys. Res. Lett., submitted, 2005.
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be determined, using a larger dataset ofs@hkasurements agricultural losses and human health. To reduce the green-
including high frequency observations at several Europearhouse effect, methane emissions reductions for many source
and global stations. It is highly desirable to have addi- categories are likely to be economically more attractive than
tional high quality measurements of methane in especiallyequivalent amounts of GQemission reductions.
the high emission regions Russia, India and China in the Secondly, tropospheric ozone, in addition to its health and
next 2 decades. In the future, satellite measurements, e.gegetation effects, is a potent greenhouse gas. Thus, ozone
from SCIAMACHY (Buchwitz et al., 2004), maybe provide reductions will not only have benefits for local air quality,
further constraints on emissions or emission trends. Like-but also reduce radiative forcing. In the CLE case, the an-
wise, few measurement stations for background ozone aréicipated changes in emissions will contribute an additional
available, and datasets are sometimes of heterogeneous quél041 to 0.075 Wm? to the radiative forcing of the conven-
ity. Changes in ozone will have an intercontinental signature tional greenhouse gases that are considered in the Kyoto pro-
and it is imperative that current high accuracy measurementocol. In the most optimistic MFR case, this could be turned
facilities remain in place to determine these signals. We thinkinto a reduction of 0.073 Wr?. This can be compared to
that these are good investments considering the high costs dhe 0.14-0.47 Wm? increase of methane and ozone radia-
emission controls involved. tive forcings associated with the SRES scenarios. However,
isolated reductions of the regional air pollutants N@O
and VOC that lead to lower ozone will increase, via the OH
8 Conclusions chemistry, the lifetime of methane and thus counteract green-
house gas mitigation efforts. While this might sound like
We have performed a series of transient atmospheric chema strategic dilemma, it underlines the urgency — and effec-
istry transport model calculations for the period 1990—2030tiveness — of methane controls. Measures to reduce methane
to assess the synergies and trade-offs of @rd NQ,, CO, emissions, while having direct beneficial impact on radiative
NMVOC air pollution control strategies. The two scenarios, forcing, will in addition balance out negative effects from air
the current legislation (CLE) implementing technical mea- pollution control that have negative impacts on the lifetime
sures to prevent air pollution and the MFR (Maximum Tech- of methane in the atmosphere.
nically Feasible Reduction), go beyond the business-as-usual
assumptions on emission factors that were made in the IPCC .
SRES scenarios. We show here the importance of attaining APpendix
at least the CLE scenario, although we realize that there ma§ 1 Al Rains
a significant lag between legislation and implementation of ™"

emission contrpls n qlevglopw_lg countries. ) ] RAINS combines national perspectives on sectoral economic
Our calculations highlight important and multiple inter- e e10pments and emission generating activities with emis-

actions between the “traditional” air pollutants NO/OC g5 factors that describe the technical features of the emis-
and CO, together with methane, which is mainly consid-gjon sources, considering their change over time resulting

ered in the context of greenhouse gas reductions. Firstlygom country- and sector-specific emission control legisla-
methane makes an important contribution to global back+,54  For this study we used the European (Amann et al.

ground ozone. When methane emissions are controlied 1904 Kjaassen et al., 2004) and Asian (Cofala et al., 2004;
the maximum feasible extent (MFR) and the other pollu- kjimant et al., 2001: RAINS-Asia, 2001) implementations

tants emissions are maintained at their CLE levels, 0ZON§)f the RAINS model and complemented them with country-
levels would be world-wide reduced by 1 to 2ppbv, partly gpecific data for North America, the countries of the for-

compensating the increase of typically 5 ppbv that is calcu-yer soyiet Union, Latin America, Africa and Australia. An

lated for the CLE projection. Thus, the cost-effectiveness,ariew report is available on the internet (Cofala et al.,
of hemispheric or global methane controls (as well as the|r2005)_

side-benefits on greenhouse gas controls) is worthwhile to

analyze when considering the scope of additionakM@d 9.2 A2 Projections of activity levels

VOC controls for further ozone reductions. For example, a

recent study (Amann et al., 1999) indicated that in order toThe basis of the activity levels in our two scenarios are the
comply with anticipated air quality standards for ozone in the present day national perspectives on future sectoral economic
year 2010 in Europe alone additional investments in the ordedevelopments up to the year 2030. These projections reflect
of 5 billion Euro per year are needed. Obviously, worldwide national governmental expectations and ambitions, and un-
these numbers are much higher, showing the economic scopgerlying assumptions on the development of oil prices. We
for methane emission reductions to reduce air pollution. Adistinguish fuel consumption for 6 economic sectors and 22
first study on the economic potential of Glemission re-  fuel types, 10 vehicle categories, production levels of 20
ductions for @ management (West and Fiore, 2005), indeedindustrial sectors and livestock numbers for 7 animal cat-
shows large — but uncertain — economic benefits related t@gories. We use baseline projections for the 25 European

www.atmos-chem-phys.org/acp/5/1731/ Atmos. Chem. Phys., 5, 178352005



1750 F. Dentener et al.: The impact of air pollutant and methane emission controls

Union (EU) countries (EC, 2003), and for the non-EU Eu- RAINS database. Using this information, we consider for the
ropean countries national projections presented by the EUCLE scenario the country-, sector- and technology-specific
ropean Environment Agency (EEA, 2002). For Russia, theimpacts of emission control measures that are imposed by
national energy strategy developed by the Russian Ministrypresent (2002) legislation in Europe and N. America. In addi-
of Industry and Energy (MTE, 2003), been introduced into tion, we assume for European countries compliance with the
RAINS and extended until 2030 by Popov (2003). Projec-2010 emission ceilings established in the Emission Ceilings
tions for Asia have been extracted from the recent RAINS-Directive of the EU and the Gothenburg Protocol of the Con-
Asia database (Boudri et al., 2002; Cofala et al., 2004), in-vention on Long-range Trans-boundary Air Pollution (O
cluding information on countries, regions and mega-cities.VOC, SG, NHg).

Especially in India large increases in transport and energy While there is well-documented information for most in-
demand are predicted. To derive projections for the otherdustrialized countries available, information for many de-
world regions, we adjusted the national energy consumptiorveloping countries is sparse. However, a wealth of rele-
and industrial production levels as reported by the Internavant information on new legislation became recently avail-
tional Energy Agency (IEA, 2002) and the UN commodity able, especially on legislation for the transport sector in Asia
statistics (UN, 2000) for the year 2000 following the trends and Latin America (Bertelsen and Walsh, 2000; Weaver and
of future economic and energy development from the IPCCWalsh, 1996), see alduttp://www.cleanairnet.org/cai/1403/
SRES B2 scenario, as calculated with the MESSAGE modethannel.html Country-specific information for South-east
(Nakicenovic et al., 2000; Riahi and Roehrl, 2000). Since theAsia was collected in the context of the RAINS-Asia Il
official energy statistics of many developing countries do notproject (Boudri et al., 2002; RAINS-Asia, 2001) and updated
include total biomass fuel consumption, biomass use data fowith recent information on mobile sources from the clean
Latin America and Africa was taken from Riahi and Roehrl Air initiative from the World Bank. For other countries and

(2000). world regions, information for stationary sources was taken
The activity levels are the same in the MFR and CLE from the emission standards handbook (McConville, 1997).
scenarios, and correspond to global £®missions of In addition to the CLE scenario, we estimated the the-

6.4 PgClyr in 2000, and 10.8 Pg C/yr in 2030. The increaseoretical scope for emission controls offered by full appli-
between 2000-2030 is consistent with other SRES-B2 sceeation of all presently available technical emission control

nario models. measures: the “maximum technically feasible reduction” or
o MFR scenario. We did not take account for practical limi-
9.3 A3 Present and future emission factors tations on the penetration of these most advanced emission

control measures imposed by the gradual turnover of exist-

Present day NQ emission factors, distinguishing the re- jng capital stock, and we did not estimate the obviously high
moval efficiencies of individual control technologies, have cgsts of such a theoretical emission control strategy. On the
been taken from the RAINS database (Cofala et al., 2000pther hand, we did not consider in this scenario the potential
Cofala and Syri, 1998). For Europe, North America, Russiafor emission reductions offered by structural changes, such
and Southeast Asia, we used country-specific emission facas increased energy efficiency measures, fuel substitution,
tors that reflect the national characteristics of the emissionygre efficient production technologies or reduced transport
sources (e.g., fuel quality, fleet composition, maintenancejemand. Earlier studies have shown that the emission reduc-
levels), and we applied default factors for the other countriestion potential of such measures is considerable and that some

CO emission factors were derived from the IPCC guide-of the measures could be implemented in a cost-effective
lines (IPCC, 1997). In addition, some factors (e.g. wood manner (Rentz et al., 1994; Van Vuuren et al., 2005).
burning in the domestic sector, US-specific factors for mo-
bile sources) were taken from the USA emission trends re9.4 A4 Comparison of emissions with other studies
port (EPA, 2001). Important parameters determining emis-
sions from coal burning (e.g., calorific value, existing emis- For NQ,, resulting emission estimates for the year 2000 for
sion control equipment, etc.) are provided in the IEA Coal most industrialized countries do not differ by more than 5—
Research directory of world coal fired power plants (IEA, 10% from national inventories, although there are somewhat
1997). larger differences to inventories for some developing coun-

CH,4 emission factors have been compiled from the lit- tries published by different sources, e.g. the EDGAR3.2
erature using IPCC recommended emission factors (IPCCemissions reference database (Olivier and Berdowski, 2001).
1997) as a starting point, and adapted to country-specific cirOur estimates are also consistent with the SRES estimates for
cumstances (bglund-Isaksson and Mechler, 2004; Mechler, the year 2000 which were 6% higher than our assessment.
2003). However, global N® emissions are calculated to increase

For the future evolution of emission factors, we consideruntil 2030 by only 13% in the CLE scenario. This estimated
the technical features of the most important emission controincrease is significantly lower than projections from earlier
technologies that are presently available and contained in thetudies, including the global emission scenarios published in
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the IPCC SRES report (Nakicenovic et al., 2000). In contrastences between our present day {#hnission estimates and
for 2030 the SRES scenarios suggest global anthropogenicountry data reported to UNFCCGEt{p://unfccc.in} are typ-
NOx to increase between 65% (SRES-B2) and 90% (SRESically in the range of=10% to 30%. Note, however, that for
A2). With comparable rates of growth in the vehicle stock, many countries the UNFCCC estimates are missing, inac-
the difference can be explained by the fact that the SRES scesurate or incomplete, making a direct comparison difficult.
narios did not include recently introduced air pollution con- Methane emissions under MFR decrease by 5% compared to
trol legislation in developing countries. This refers first of all 2000; and by 25% compared to CLE 2030.
to legislation on mobile sources (catalytic converters, engine Allin all, the range of CH emissions increases under CLE
modifications), which became mandatory in many countriesand MFR is quite consistent with the IPCC SRES scenarios.
in Asia, Latin America, Eastern Europe and Russia. Further]nterestingly, analysis of our model calculations showed that
the SRES simulations for the OECD countries include air  in case of methane, the results obtained with the MFR sce-

pollution control measures as in force in mid-1990's, with- nario better explain the recently observed stabilization of at-
out assuming further changes. In our scenarios we includethospheric Cl concentrations.
recently decided stricter legislation in Europe (e.g., EURO The global NQ, CO, and NMVOC emissions, however,
IV/IV standards on cars and trucks, Large Combustion Plantre distinctly dissimilar from the SRES scenarios.
Directive, IPPC Directive for industrial sources), as well as
current reduction plans in North America. Without inclusion Acknowledgementsie thank NOAA CMDL for making their data
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