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Abstract. In this work we focus on the direct radiative forc- of this O3-RF attributable to SSA-SAD changes is, however,
ing (RF) of black carbon (BC) and sulphuric acid particles highly variable among the models, depending on thg KO
emitted by future supersonic aircraft, as well as on the ozonenoval efficiency from the aircraft emission regions by large
RF due to changes produced by emissions of both gas specissale transport.

(NOx, H20) and aerosol particles capable of affecting strato-
spheric ozone chemistry. Heterogeneous chemical reactions

on the surface of sulphuric acid stratospheric particles (SSA- ]

SAD) are the main link between ozone chemistry and su-1  Introduction

personic aircraft emissions of sulphur precursors (Sfnd

particles (HO-H,SOs). Photochemical @ changes are The growth of the world economy is leading to a rapid expan-
compared from four independent 3-D atmosphere—chemistrﬁion of aviation, due to the increasing demand for interconti-
models (ACMs), using as input the perturbation of SSA-SAD nental transportation: total aviation emissions have increased
calculated in the University of L'Aquila model, which in- @nd are projected to increase by 3% per year in the future
cludes on-line a microphysics code for aerosol formation and/PCC, 1999). Moreover, the desire for short travelling times
growth. The ACMs in this study use aircraft emission scenar-increases the possibility for a future development of second
ios for the year 2050 developed by AIRBUS as a part of thegeneration supersonic, high speed civil transport (HSCT) air-
EU project SCENIC, assessing options for fleet size, engin&raﬁy thereby introducing a considerable uncertainty about
technology (NQ emission index), Mach number, range and future aviation emissions. In this paper the effects of the pro-
cruising altitude. From our baseline modeling simulation, thejected subsonic aviation fleet for the year 2050 are compared
impact of supersonic aircraft on sulphuric acid aerosol and© those of a mixed fleet (subsonic and supersonic aircraft),
BC mass burdens is 53 and L§/n?, respectively, with a using (direct and indirect) radiative forcing calculations (RF)
direct RF of—11.4 and 4.6 mW/r(net RF=-6.8 mW/n). as a climate change index. As explained in Sect. 3 of the
This paper discusses the similarities and differences among&@aper, this modeling study is based on the supersonic air-
the participating models in terms of changes topBecursors craft configurations developed by Airbus for the years 2025
due to aircraft emissions (NOHO,,Cl,,Br,) and the strato-  and 2050 during the EU-funded project SCENIC (SCENIC,
spheric ozone sensitivity to them. In the baseline case, th€005; Grewe et al., 2007). A summary of the 2050 emission
calculated global ozone change-9.4 +0.3 DU, with a net scenarios is presented in Table 1, with “S6” being the super-

radiative forcing (IR+UV) of—2.5+ 2 mW/n®. The fraction  Sonic reference case (Mach 2.0) including aerosol emissions.
It should be noted that if not specified otherwise, for the re-

o mainder of the paper we refer to scenario S6 as the refer-
Correspondence tdG. Pitari ence case. Fuel consumption and,Nénission indices for
BY (gianni.pitari@aquila.infn.it) the future projected subsonic fleet in the SCENIC scenarios
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Table 1. Supersonic aircraft configuration and associated commercial traffic for each 2050 mixed fleet scenario. (Scenario S4 corresponds
to the pure subsonic case. MTOW = maximum take-off weight, N. M. = nautical mile, RPK = revenue passenger kilometer.)

EXP S6 P2 P3 P4 P5 P6
Supersonic configuration SAC1 SAC2 SAC1 SAC4 SAC3 SAC5
Number of supersonic aircraft 501 501 972 544 558 561
Supersonic cruise speed (Mach) 2.0 2.0 2.0 1.6 2.0 1.6
Supersonic max range (N.M.) 5500 5500 5500 6000 5950 5950
Supersonic cruise min 55000 55000 55000 49000 55000 45000
altitude (ft) max 65000 65000 65000 59000 65000 55000
Supersonic MTOW (tons) 340 340 340 340 408 340
Mean EI(NQ) in supersonic cruise 5 10 5 5 5 5
Number of routes subsonic 29336 29336 29336 29336 29336 29336
supersonic 292 292 323 249 338 249

Mean supersonic market penetration 23.41 23.41 43.88 24.12 22.66 24.12
on selected routes (%)
Number of commercial subsonic 110189 110189 109859 110257 110148 110257

passengers flights supersonic 608.6 608.6 1198.5 490.4 681.8 490.4
(*1e+03) total 110798 110798 111058 110747 110830 110747
Traffic evaluation subsonic 17.11 17.11 16.45 17.15 17.01 17.15
(*1e+12 RPK) supersonic 0.73 0.73 1.41 0.69 0.83 0.69
total 17.84 17.84 17.86 17.83 17.84 17.84

are 393 Tglyr, 12.97 g/Kg for the year 2025 and 677 Tg/yr, however have a stronger downward propagation of the mid-
10.85g/Kg for the year 2050 (i.e. scenario S4 in Table 1),stratosphere @decrease, without showing a clear crossover
to be compared with 2000 reference values of 169 Tg/yr,point. In this second case the HSCT jN®missions will
12.78 g/Kg (Grewe and Stenke, 2008). This means that thalways produce a negatives@F. The uncertainty range in
SCENIC projected average increase of fuel use is about 3.4%nodel predictions of the atmospheric impact of future super-
up to 2025 and 2.8% up to 2050, both consistent with the 3%sonic aircraft is due to several factors: altitude of emissions,
estimate in IPCC (1999), taking into account the projecteddependence on the selected HSCT scenario (Baughcum and
greater efficiency of future aircraft. Henderson, 1998; IPCC, 1999; Grewe et al., 2007), kinetics
rates of photochemical reactions that are relevant in the lower
Aircraft emit both gases and particles (§ONOyx, H2O,  stratosphere (JPL, 1997 and 2000; Wuebbles et al., 2003;
CO, hydrocarbons, black carbon and sulphate aerosols) dibessens et al., 2007), model dependent removal efficiency
rectly into the upper troposphere and lower stratospheref supersonic aircraft emitted species from the emission re-
(UT/LS region), where they have an impact on the atmo-gions and their transport on global atmospheric scales (IPCC,
spheric composition. In particular, supersonic aircraft are1999; NASA, 1999; Rogers et al., 2000 and 2002).
projected to cruise at an altitude of about 19 km, emitting

directly into the stratosphere. HSCT emissions can lead to For the aerosols we have calculated both the direct forcing
an ozone column decrease as a result of @d sulphate (i.e. scattering and absorption of incoming solar radiation and

aerosol emissions, depending on the altitude of the emissiong.bsoﬁt'on./ em|ssg)n o;lzngvx;}ave plar_1ettert]ry rar\]dlat}onl) and n-
(IPCC, 1999); moreover, emitted species have longer resic ' oct 10r¢ING produced by changes n the chemical SPecies

dence times in the stratosphere, giving a different climate re—("e' Qs) affected by heterogeneous chemical process on the

sponse compared to the subsonic case. Most of the additionz§fJrface of aerosol particles. Other indirect processes (for ex-

radiative forcing due to HSCTs results from accumulatedample the poten_tial aerosol feedback on the formation of cir-
water vapour in the stratosphere as a direct result of emisiUs IC€ part|c|_es in the upper troposphere) have not been taken
sions from aviation (IPCC, 1999; Grewe et al., 2007). TheInto account in the present work.

emissions of NQ into the UT/LS increases the efficiency of  In Sect. 2 of this paper we give a brief description of the
the catalytic NQ ozone destruction/production cycles, giv- four chemical-transport models which are included in this in-
ing a RF which may be either positive or negative dependingtercomparison. A description of the emission data set is given
on the ozone perturbation distribution. Some models prein Sect. 3. In Sect. 4 we present results for black carbon (BC)
dict a clear crossover point between the troposphere/loweand sulphate (S£) aerosols as simulated in the University of
stratosphere @increase (below about 20 km) and the mid- L'Aquila CTM (ULAQ-CTM), with appropriate model val-

stratosphere ©decrease (approx. 35km). Other models idation (Weisenstein et al., 2006; Kinne et al., 2006; Textor
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et al., 2006; Textor et al., 2007). The ULAQ-CTM is the sulphuric acid aerosols, which in turn largely dominates
only SCENIC model which includes an on-line aerosol mi- aerosol mass and extinction in the middle atmosphere. The
crophysics code together with chemistry: a specific use ofmain removal processes of aerosol particles located in the
the model has been to calculate the impact of supersonic aitroposphere (wet- dry depositions and gravitational surface
craft on the geometric surface area density which is then fededimentation) are included. Sulphate aerosol particles are
to the other ACMs for use in chemistry-transport calculationsdivided in 15 size bins (from 0.4nm up to 10.2t by
(Sect. 5). The atmospheric impact produced by future supereoubling the radius) and each one of these size categories
sonic aircraft is discussed in Sect. 5: there we first present thes transported separately. Sulphate and PSC aerosol surface
radiative forcing calculations with a discussion of the role area density fields needed for heterogeneous chemical
of different species (C@Q H,0O, Oz, BC, SQi), before dis- reactions are calculated on-line using the predicted aerosol
cussing the results of the chemical impact by intercomparingsize distributions.

the different models. In Sect. 6 we summarize the main con-

clusions. 2.2 SLIMCAT

SLIMCAT, from the University of Cambridge (UCAM), is

2 Model descriptions an off-line three-dimensional chemical transport model for
the stratosphere, formulated on isentropic surfaces. It can
2.1 ULAQ-CTM be run as a multi-level model, or with just a single layer.

Forcing winds from a variety of sources can be used, in-
ULAQ-CTM, from the University of L'Aquila, is a low- cluding ECMWF and UKMO analyses as well as GCM out-
resolution three-dimensional aerosol-chemistry-transporput. The horizontal flow, along the isentropic surfaces, is
model that uses a XP2.5 resolution in latitude-longitude generally forced from meteorological analyses. However,
and 26 log-pressure levels, from the ground to aboutthe cross-isentropic transport is calculated using a radiative
0.04hPa, with an approximate resolution of 2.84km.transfer scheme, MIDRAD. The model has been used ex-
Dynamical fields are taken from the output of a spectraltensively for stratospheric studies (Chipperfield et al., 1995
general circulation climate model ULAQ-GCM (Pitari et al., and 1996; Chipperfield and Pyle, 1998; Pyle et al., 1995),
2002). The chemical module contains the most importantincluding investigations of the impact of supersonic aviation
photolytic, gas phase and heterogeneous reactions relevatiRogers et al., 2000). The spatial resolution of the model is
for stratospheric chemistry, including(OHOy, NOy, CIOx, flexible. A range of studies have been performed at a va-
BrOyx, CHOy and SQ families. It uses reaction rates from riety of resolution from T10 to T170 (0x0.7). The bot-
JPL-97 and JPL-2000, the latter for the N€&ycle. Sulphur  tom boundary is usually taken to be the 350K surface (a
precursors in the model are $O0CS, DMS, HS, and  surface within the troposphere). Because it is formulated
CS, with SO being the most important species for the on isentropic surfaces, SLIMCAT should have particular ad-
sulphur budget into the lower stratosphere, and OCS for thevantages in the tropopause region. The default model tracer
middle stratosphere. SQomes from both natural sources advection scheme is the second-order moments scheme of
(volcanoes, oceans, biomass burning) and anthropogeniBrather (1986) which has relatively low numerical diffusion.
activities (fossil fuel burning, in situ emissions from aircraft) In SCENIC the model has been used with a resolution of 18
and is efficiently transported from the boundary layer up tolevels, 24 latitudes and 48 longitudes.
the tropical tropopause layer via deep convection (Pitari et
al., 2002). The model also includes the major component2.3 E39/C
of tropospheric and stratospheric aerosols (sulphate, car-
bonaceous, dust, sea salt). The size distribution of sulphat&he interactively coupled chemistry-climate model E39/C
and PSC aerosols are calculated using an interactive anflom DLR, (Hein et al., 2001; Dameris et al., 2005) consists
mass conserving microphysical code for aerosol formationof the dynamics part ECHAM4.L39 (E39) and the chemistry
and growth. The aerosol microphysical code has beemmodule CHEM (C). E39/C is a spectral general circulation
described in Pitari et al. (1993); it includes evaporation, model with a vertical resolution of 39 levels from the surface
condensation, coagulation, gravitational sedimentationup to the top layer centered at 10 hPa (Land et al., 2002).
heterogeneous and bimolecular homogeneous nucleatiowith a particular high vertical resolution of 500-800m in
for H,O-H,SO, (Pitari et al., 2002). Sulphate aerosols the tropopause region, E39/C is suitable for modeling air-
are allowed in the model to interact with carbonaceouscraft effects (Grewe et al., 2002). Water vapour, cloud water
particles, via coagulation and heterogeneous nucleationand chemical species are advected by the Lagrangian trans-
On-line prediction of tropospheric aerosols should notport scheme ATTILA (Reithmeier and Sausen, 2002; Stenke
only allow us to calculate realistic extinction and optical et al., 2007). E39/C includes state of the art parameteriza-
depth fields into the troposphere, but also to have a realisti¢ions of small scale physical processes like convection, cloud
treatment of the lower boundary conditions for stratosphericformation or vertical turbulent diffusion. Within SCENIC the
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TOTAL EMISSION supeRsoNcEmSSON mass flux scheme (Tiedtke, 1989), while boundary layer mix-
- - ing is treated according to the Holtslag K-profile scheme
(Holtslag et al., 1990). The model is run with 40-layer me-
teorological data, extending from the surface to 2 hPa (mass
center at 10 hPa). Vertical resolution in the tropopause re-
, , gion varies between about 0.8 km in high latitudes and about
S P2 P P FS o P2 P3P PSP 1.2km in low latitudes. The horizontal resolution can be
varied between T21 (5:5.5°), T42 (2.8x2.8°) and T63
(1.9x1.9°). A horizontal resolution of T21 has been used for
this study. Calculation of the different schemes in the model
is done using operator splitting, with advective transport and
chemistry being treated separately during one hour. The
tropospheric chemistry scheme has been thoroughly tested
in OsloCTM1 (Berntsen and Isaksen, 1997) and the tropo-
o 0008 001 0015 002 0025 spheric version of OsloCTM2 (Sundet, 1997). Originally, the
[0BCkg-FUEL] stratospheric chemistry scheme was developed by Stordal et
al. (1985) and later updated to include heterogeneous chem-
Fig. 1. Left panel: total aviation fleet emission of fuel €ldy/yr, istry (Isaksen et al., 1990)' It was also later |.ncluded In
left axis) and NQ (107 kg/yr, right axis). Right panel: as above but OSI0SCTM1 (Rummukainen, 1996; Rummukainen et al.,
for supersonic fleet only. Mid-panel: black carbon emission index 1990). Photodissociation coefficients are calculated from the
at 4% N (zonal and annual average, scenario S6, g-BC/kg-FUEL). Fast-J2 method (Brian and Prather, 2002). The numerical
integration of chemical kinetics is done applying the Quasi
Steady State Approximation (QSSA) (Hesstvedt et al., 1978)
model is applied with a horizontal resolution of T30, i.e. dy- with a numerical time step of 5min. As an upper bound-
namic processes have a horizontally isotropic resolution ofary, Oslo2D is used. OsloCTM2 has been validated against
6°. Tracer transport, physical parameterizations and chemsatellite measurements, sondes and lidar in the Norwegian
ical reactions are calculated on the corresponding Gaussia@oordinated ozone and UV project (COZUV), and also dur-
transform grid (3.7%3.75). The chemistry module CHEM ing EU projects (see TRADEOFF, 2003) against satellite and
(Steil et al., 1998) includes stratospheric homogeneous andircraft measurements. The TRADEOFF validation effort is
heterogeneous ozone chemistry and tropospherig NO, described recently by Brunner et al. (2003, 2005). The model
CHj4, CO, O3 chemistry with 107 photochemical reactions, has also been evaluated to some extent in Gauss et al. (2003,
4 heterogeneous reactions on PSCs and sulphate aeroso®06). The OsloCTM2, although with an updated micro-
and 37 chemical species. The used model version considgehysics scheme, has recently been described and evaluated
ers updates of the reaction rate coefficients (JPL, 2000). Théy Sgvde et al. (2008).
coupled chemistry-climate model E39/C can be run in two
different modes: in the off-line mode prescribed climatolo-
gies of the radiatively active gases®, Oz, CH4, N2O, and 3 Aircraft emission scenarios
CFCs are used as input for the radiation scheme. Concen-
trations of chemical species as calculated by CHEM do noftThis paper is based on the work undertaken during the EU-
feedback to the dynamics component. In the on-line modeproject SCENIC, using the supersonic aircraft configurations
the concentrations of the radiatively active gases as calcu(SAC) developed by Airbus to quantify emissions produced
lated by CHEM are used in the radiative calculations. Forby commercial mixed fleets, for the year 2025 and 2050
this study the off-line mode has been chosen to reduce stati<SCENIC, 2005). For each date, one scenario for the pure
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tical noise in the differences of two simulations. subsonic case and a second for the mixed fleet case were pro-
vided. All scenarios include emissions of g,0, SQ,,
2.4 OsloCTM2 NOy, CO, HC, BC for impact evaluations. Some of these

supersonic characteristics could be modified in response to
OsloCTM2, from the University of Oslo (UiO), is a global pressures linked to air traffic demand, technology evolution,
three-dimensional chemical transport model, with compre-economical benefits or environmental preservation. Charac-
hensive tropospheric and stratospheric chemistry. It is driverteristics of the supersonic scenarios are summarised in Ta-
by meteorological data from the ECMWF Integrated Fore-ble 1. An important underlying assumption is the utilisa-
cast System model (IFS). The advective transport is done ugtion of an unique market analysis for all emissions scenar-
ing the highly accurate and low-diffusive second order mo-ios, which imply a constant number of 250 transported com-
mentum scheme (Prather, 1986). The parameterization afercial passengers per plane. Supersonic traffic is defined
transport through deep convection is based on the Tiedkdéy considering on each potential route its competitiveness
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Fig. 2. Zonally averaged vertical profiles of aerosol extinctioninthe Fig. 3. Zonally averaged vertical profiles of aerosol extinction
visible and near infrared spectrum=0.52um (top panels a,b,c) in the far infrared spectruma=3.46um (top panels a,b,c) and
and atA=1.02um (bottom panels d,e,f) for ULAQ-CTM calcula- at A=5.26pxm (bottom panels d,e,f) for ULAQ-CTM calculations
tions (solid lines) and SAGE-II derived values (asterisks). Left pan-(solid lines) and HALOE derived values (asterisks). Left panels
els(a, d) refer to wintertime averages (December, January, Febru{a, d) refer to wintertime averages (December, January, Febru-
ary) at 45 N; middle panelqb, e) refer to summertime averages ary) at 45 N; middle panelgb, e) refer to summertime averages
(June, July, August) at 25\; right panelqc, f) show averages over (June, July, August) at #9N; right paneldc, f) show averages over
March—April-May at the Equator. Units are 1bkm~1. Extinc-  March—Apri—May at the Equator. Units are 1#km~1. Extinction

tion values are averaged over years 2001-2002 (non-volcanic backrlues are averaged over years from 1999 to 2004 (non-volcanic
ground conditions). background conditions).

versus a subsonic flight. This includes time saving, mini-p4 scenario is representative of emissions produced by the

mum market penetration on the route, ticket price, and di-yjye fleet including a Mach 1.6 supersonic fleet in response
verted distance with associated fuel consumption (over-land, gther industrial objectives: the P5 scenario is representa-
flights in supersonic mode have been removed for sonic bang,e of emissions produced by the mixed fleet including a

nuisances). For this paper we consider the 2050 scenafyach 2.0 supersonic aircraft, for which the range has been
ios only. The S4 scenario provides a 3-D emissions disyncreased in response to traffic demand for longer distances;
tribution from a purely subsonic fleet; the S6 scenario pro-ihe pg scenario is representative of emissions produced by
vides a 3-D emissions distribution from a mixed fleet where e mixed fleet including a Mach 1.6 supersonic fleet where
part of commercial subsonic traffic is replaced by supersoniG,y,ise altitude has been reduced for environmental consider-
traff|c. Aircraft-emitted partlclgs are included in both sce- ations. The assumptions for the commercial passenger fleet
narios S6 and S4, as well as in the perturbation cases (S&fixed market penetration for a given year) imply that the se-
below). The supersonic fleet in this mixed scenario fly atjection of a given supersonic configuration may change other
Mach 2.0, which implies cruise altitudes between 55 andgyciors, j.e. the utilisation of a Mach 1.6 configuration instead
65kft (16.8km to 19.5km) and cruising speed varying be-\j5ch 2.0 impacts the route distribution made by this super-
tween 2000 and 2100 km/h. sonic fleet (some routes are removed other ones are added),

The P2, P3, P4, P5, P6 scenarios are considered as pertithe market penetration and the number of aircraft needed to
bation scenarios with respect to the base case S6, in whictransport these passengers on these routes, the flight cruise
supersonic aircraft parameters are modified to evaluate thaltitude, the distance flown, etc., so that the geographical
potential environmental impact of alternative supersonic de-emissions distribution is completely different. The percent-
signs. The P2 scenario is representative of emissions proage of the fleet passenger miles shifted from subsonic to su-
duced by the mixed fleet including the reference HSCT air-personic changes with the scenario (market penetration and
craft, for which the mean El (N has beenincreased to cor- routes). As supersonic aircraft cannot be used on all routes,
respond to a lower technological-level maturity; the P3 sce-an evaluation has been made only on selected supersonic
nario is representative of emissions produced by the mixedoutes. The evaluation in terms of Revenue Passenger Kilo-
fleet including the reference HSCT aircraft, where the de-meters (RPKSs) for the total fleet gives: 4.1% for S6 and P2,
mand for high-speed means of transport is increased; th&.9% for P3, 3.9% for P4 and P6, 4.7% for P5.
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Fig. 4. Annually and zonally averaged fields of sulphuric acid
aerosol surface area density: ULAQ-CTM calculations (solid lines)
and SAGE-II derived values (asterisks). The three panels show
averages over the following latitudinal bands:°’6-30° N (left
panela); 30° N—30° S (mid paneb); 30° S—75° S (right panek). "
Units are 108 cm~1. Surface area density values are averaged over LATITUDE
the following volcanically quiet years: December 1988—November

1989 and June 1996—May 1998. ULAQ-CTM values are calculated

for particles with radius larger than 0.08n (see text). Fig. 5. Top panel: zonally_and annually average(_:i sulphuric acid
aerosol surface area density changes between simulations S6 and

S4 (i.e. base case and mixed fleet minus pure subsonic case)

(um2/cm3). Mid panel: as above, but for mass density changes

The emission inventories are given on a resolution Of(ng/m3) Bottom panel: as above, but for black carbon soot mass
1° x 1° in the horizontal and 1000 ft, corresponding to 305 m, density changes (ngfn

in the vertical. Fuel consumption and distance flown per year
per grid cell are also included. Supersonic and total emission
of fuel and NQ and EI-BC emission are shown in Fig. 1.

From this figure, we see that an average emission index ogo m|_?|rrfl_|s|e(zj mteran?hual ya}[”ab'll't% thhe 3-tD sdurfgce _gread
0.005 g/Kg-fuel is adopted for black carbon particles in the endS| y Ie‘l slwfrfh etnhln erpgallle 'ot?] SSagEalilrIan an
main emission region of supersonic aircraft (17 to 20 km altj- made availabie to the other modetiers in the consor-

tude), with a log-normal size distribution peakeda20nm. tium. Table 2 summarizes the stratosphencﬁS@sponses

Sulphur emissions are divided in two parts: 90% of gas phas&/hen the anthropogenic flux is 69 Tg-Syrfor 2000 and is

l .
SO, (which is then oxidized to bSOy by stratospheric OH) 112Tg-S yr for 2030. Aft_er 2030_, the anthropogenic sul-
and 10% of HO-H,SO, ultrafine particles(=5 nm). phur flux is year-by-year linearly interpolated between the
IPCC-A2 projected scenarios for 2030 and 2100, the latter

being 60 Tg-S/yr (IPCC, 2001). This results in a 2050 an-
4 Particle perturbations thropogenic sulphur flux of 97 Tg-S/yr. The natural flux is

41Tg-Syr?! (26 from DMS, 9.6 from non-explosive volca-
4.1 Validation with stratospheric aerosol observations ~ noes, 5.4 from soils and biomass burning). The SAGE II

derived mass, integrated above the tropopause, is 0.156 Tg-
ULAQ-CTM calculations of aircraft induced changes of the S with an optical depth of 16104 at 1.02um and a total
stratospheric surface area density of sulphate aerosols wetd>;SOy-H>0 mass of 0.72 Tg (the 1979 volcanically quiet es-
used as input for other ACMs, in order to assess the sentimates reported in Kent and McCormick (1984) have been
sitivity between models. The SCENIC emission data wereused, including a 20% correction factor necessary to take into
interpolated onto the ULAQ-CTM grid and the model was account the 2-km layer immediately above the tropopause, as
run from 2036 to 2055 with online aerosol microphysics, for suggested by the authors). ULAQ-CTM predicts 0.151 Tg-
two simulations: a) the pure subsonic and b) the mixed-fleetS for 2000 (0.196 Tg-S for 2030), including subsonic air-
case. Results for a) and b) were averaged from 2046 to 205%raft emissions of sulphur dioxide, which agrees well with
The initial ten years were used to provide a spin-up period0.156 Tg-S, derived from observational data (see above). The
for the model and the following ten years were averagedradiative forcing reported in the last column of Table 2 is

PRESSURE ALTITUDE (km)
n
a

L=
=)
=]
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Table 2. Stratospheric sulphate aerosol budget: mass, optical depth and tropopause shortwave Radiative Forcing.

DATA Natural flux  Anthrp. flux  SQ 80‘21_ H,SO4 — HO  t—1.02um  Rad. Forcing
(Tg-Syr'ly (Tg-Syr'l) (Tg-S) (Tg-S) Aerosols (Tg) X104 (W/m?)
SAGE-II - - - 0.156 0.720 15.0 -
ULAQ-CTM 2000 41 69 25.7 0.151 0.697 14.8 —0.126
ULAQ-CTM 2030 41 112 37.0 0.196 0.946 21.0 -0.179
calculated using a well-testédEddington code for solar ra- . 45N ANNUAL
diation scattering (Pitari et al., 2002). 0 ‘ ‘ e
Validation of ULAQ-CTM results for a variety of aerosol 10° ’ o = mix. P3 ||

properties was made using satellite data (SAGE Il, HALOE),
averaged over volcanically quiet years. A comparison of 10"
aerosol optical depths calculated by ULAQ-CTM and those
obtained from SAGE Il measurements is shown in Table 3: at
the tropopause layer (10—15 km) the optical depth has a min-
imum in the tropics and increases toward the polar regions;
the model shows an overestimation of optical depth in the
Northern Hemisphere subtropical region, probably due to an
unrealistic abundance of dust aerosols coming from the Sa- 109k
hara region. A validation of the ULAQ model calculations
of tropospheric aerosol optical depth has been made in the " o T e -
framework of the AeroCom project (Kinne et al., 2006). A RADIUS (um)

flatter latitudinal gradient is found in the model results with
respect to observations in the region above 25 km.

dN/dlog r

Fig. 6. Zonally and annually averaged sulphuric acid aerosol size
Extinction profiles calculated in the model for several distribution at 48 N and 20 km altitude. Solid line is for S4 (pure
wavelengths are compared in Figs. 2 and 3 to SAGE llsubsonic), dashed line for S6 (base case mixed fleet), dashed-dotted

and HALOE data, respectively (see also Weisenstein et al.line for P3 (doubled supersonic fleet size).

2006). In the stratosphere the model shows good agree-

ment at wavelengths in the visible and near infrared, whereas

an underestimation, of about a factor of 3, is present atstratospheric underestimation of the far infrared extinction
A=5.26um above 30km. The good model performance is with respect to HALOE observation may be an indication of
confirmed by the comparison of annually and zonally aver-some inconsistencies in the patrticle size distribution, or of
aged fields of sulphate aerosol surface area density (SADan inconsistency of the imaginary part of the refraction index
calculated by the model with the SAGE Il derived values chosen for the calculation of the Mie scattering efficiency
(Fig. 4). Model values are obtained from the calculated (Weisenstein et al., 2006).

sulphate aerosol size distribution for particles larger then

0.05um, in order to include only the contribution of op- 4.2 Mass and surface area density

tically active aerosols with geometric surface area density.

The mgdel 'S able to reproduce the SAD maximum (abouty; AQ-CTM calculated changes in sulphuric acid aerosol
2x107°cm™) in the layer between 10 and 13km pole- g tace area and mass densities are shown in Fig. 5, as
ward of 40 of both hemispheres, resulting from large-scale ihe result of including also supersonic aircraft emissions
transport accumulation (Brewer-Dobson stratospheric circu sulphur; the surface area density maximum values reach
lation). Differences in the polar stratosphere may be dueo.sumzlcn? in 2050 at about 20km altitude in the NH

to polar subsidence and/or to local net production processegiq-|atitudes (approximately 25% of the stratospheric back-
(homogeneous nucleation in the polar vortex, nitric acid NU-ground values). At the same location, the sulphuric acid

cleation, etc.). aerosol mass density increases by 15rg(t6% of the

In conclusion, the model is successful in simulating both background values). Aircraft emissions of carbon soot par-
vertical profiles and horizontal distributions of the sulphate ticles may significantly affect the mass density of carbona-
aerosols except for some overestimation of aerosol extinctiorreous particles above the tropopause, becoming potentially
in the upper troposphere in the subtropical regions and for amportant for heterogeneous nucleation of sulphuric acid
too flat high-latitude horizontal gradient above 25 km. The aerosols. The mass density changes of black carbon are
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Table 3. Annual mean stratospheric aerosol depthQ.12um).

Latitude Optical depthx10~4)
band
SAGE-II ULAQ-CTM
10-15km 15-20km 20-25km 25-30km 10-15km 15-20km 20-25km 25-30km
80° N—6C° N 18.2 9.5 1.2 0.18 16.5 8.6 2.2 0.55
60° N—40° N 16.0 10.0 3.0 0.46 18.8 10.0 3.9 0.75
40° N—-20° N 10.1 9.3 4.9 1.00 20.7 11.3 5.2 1.00
20° N—EQT 8.7 9.5 8.6 2.40 16.0 11.8 6.8 1.93
EQT-20° S 84 10.5 9.6 2.70 8.1 8.6 6.6 2.64
20° S-40° S 10.6 12.2 6.0 1.20 8.8 9.5 5.2 1.23
40° S-60° S 17.0 13.2 3.6 0.60 14.7 8.9 3.9 0.85
60°S-80° S 18.9 9.5 1.0 0.20 16.2 8.0 2.3 0.76
TOTAL-NET o, ABC load {ug/m?} RF-BC (mWim?)
70 12
eo = o
g T
S X
= = 2
E% Eo
& 20 &2
-4
®"ss P2 P3 P4 P5 PG s P2 Ps Ps P5 PG A = 9 1 2 ¥ S AEE g L S
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Fig. 8. Geographical distribution of annually averaged BC (top

panels) and sulphuric acid aerosol (bottom panels) mass accumu-

Fig. 7. Globally and annually averaged radiative forcing in year |5te4 hurden expressed jng/m? (left side) and radiative forcing
2050 calculated with ULAQ-GCM radiative code using the ULAQ- jn mw/n? (right side). Results are for the base scenario S6 with
CTM calculated distributions of chemical species and aerosol Parespect to the pure subsonic case simulation S4. ULAQ-GCM ra-
ticles. All forcings are relative to the pure subsonic scenario S4:yiative and ULAQ-CTM aerosol-transport codes.

white filled bars refer to simulations without sulphur and BC emis-
sions. Top left panel: net total RF. Top right panel: net ozone RF.
Bottom left panel: black carbon direct RF. Bottom right: sulphuric

. . - reasons: (1) the total fuel emission here is much smaller
acid aerosol direct RF. Units are mWm (1)

than in the NASA-1992 emission scenarios for HSCT; (2)
the assumed fraction of ultrafine particles formed in aircraft
o o plumes is also much smaller here (10% instead of 50%); (3)
shown in Fig. 5, bottom panel: the stratospheric increasgne emission height is lower, which reduces the residence
is the direct impact of supersonic aircraft emissions (back+jme of the perturbation. The low soot emission index in
ground values in the stratosphere are negligible). the stratosphere (about 0.005 g/kg-fuel) makes the soot mass
Comparing these plots with those from other simulationschanges about 100 times smaller than the sulphuric acid mass
(i.e. IPCC, 1999), it is clear that the distribution of the con- increase.
tours is primarily produced by large scale transport of the
ultrafine particles. The absolute magnitude of the change is
much less than assumed in the IPCC report for mainly three
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Fig. 9. Direct (left) and indirect (right) radiative forcing due to the Fig. 10. Summary of (S6-S4) RF in year 2050, per compo-

introduction of aircraft particle emission (S6-S4). For ozone, both nent (mW/n?), calculated with the ULAQ-GCM radiative code.

UV and IR contributions are shown. Units are mV¥/mULAQ- The uncertainty bar on and HO forcings is obtained using

GCM radiative and ULAQ-CTM chemical-transport codes. the ULAQ-GCM radiative code with the and HO distribu-
tions from the four independent models (SLIMCAT, ULAQ-CTM,
E39/C, OsloCTM2). The single RF values obtained with &d

4.3 Size distribution H>0O changes from these models, in the order above, a3,
—3.2,-2.0,—0.3mW/n? (O3) and: 63.6, 28.0, 40.7, 31.4 mWm

Supersonic aircraft emissions could perturb the global(H20).

amount and the size distribution of sulphate aerosols mainly

via direct plume emission of ultrafine particles<g nm).

Figure 6 shows the aerosol size distribution at M&alcu-  |ayer atmosphere; for the longwave spectrum, pre-calculated
lated with ULAQ-CTM for the subsonic fleet (S4) and the |R fluxes based on particle emissivity are used. A validation
mixed fleet (SubsoniC+SupeI’80niC). The latter is for the baseof the ULAQ model calculations of aerosol radiative forc-
line case (S6) and the doubled number of supersonic flightsng has been made in the framework of the AeroCom project
(P3). The effect of supersonic aircraft sulphur emissions is tqSchulz et al., 2006). § H20, BC and SQ fields are taken
greatly increase the number of ultrafine particles at the 5 nnfrom ULAQ-CTM simulations. A more detailed study of the
peak due to direct partiC|e emission in aircraft p|umeS. In ad'climate impact of Supersonic air trafﬁC, |00king at the dif-
dition, an enhanced accumulation mode is produced by thgerent GHGs and at the sensitivity to emission scenarios, is
additional sulphur dioxide released on the large atmospheriq;eported in Grewe at al. (2007).

scales. This additional sulphur dioxide enables sulphuric Supersonic aircraft emit water vapour directly into the

?hce'duﬁiggzgtlOgrtfig:fvrﬂggeoﬁd:fo;&ezh% I?;%Z I:Zrieiiiec;nn tstratosphere with a time scale for removal of months to years.
. . P . P . 9 Additional water vapour can therefore accumulate producing
impact in the total particle surface area density available for o . . .

. ) two effects: a direct radiative effect with a consequent influ-
heterogeneous chemical reactions.

ence on climate; and a chemical perturbation of stratospheric
ozone via HQ radicals and polar stratospheric clouds at

5 Atmospheric impact high latitudes. Results from baseline and perturbed experi-
ments suggest that increasing stratospheric water vapour is
5.1 Radiative forcing the dominant HSCT climatic impact, leading to a radiative

forcing which ranges from approx. 7 to 55mW/mThe

The University of L'Aquila general-circulation model atmospheric residence time of @@ of the order of many
(ULAQ-GCM) has been used to calculate the different com-decades, and as such g@mitted by the aircraft (propor-
ponents of the radiative forcing produced by future super-tional to the amount of fuel burnt) is well mixed in the atmo-
sonic aircraft, with the 2050 SCENIC emission scenariossphere. The stratospheric excess of,@&mitted by super-
(base and sensitivity, with and without aircraft generateg SO sonic aircraft gives a RF ranging from about 2 to 6 m\&/m
and BC particles). A-Eddington approximation is used for in the year 2050, with a date of HSCT in-service defined
evaluating solar radiation scattering/absorption in a multi-to 2015 (hypothesis used in SCENIC project). The net
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50

Table 4a. Summary of @ radiative forcing in year 2050 (global-
annual average) for base and sensitivity experiments (RF is ex-
pressed inmW/f). Results from ULAQ-GCM radiative code us-
ing ULAQ-CTM species perturbations.

— T

—— SLIMCAT

- - ULAQ-CTM

40 [ —o- E39/C

== OsloCTM2
—o— Observ.

40 |

30 |

Altitude (km)
<]

20 | 20 |

EXP  AO3[DU] RF-IR RF-UV RF-NET

02 05 1 2 5 10 . . 0.1 1 10 100 1000
O, (ppmv) NO,_ (ppbv) CIO (pptv)

S6-S4 —0.53 —6.8 3.6 -3.2

50 50 P2-S4 -0.25 -05 3.2 2.7
ol ol P3-S4 —-1.07 —14.4 7.3 -7.1
3 P4-S4 —0.09 —0.6 0.9 0.3
g0 30 P5-S4 —0.60 —-4.9 5.0 0.1
£ P6-S4 —0.04 0.1 0.7 0.8

20 | 20 |

01 03 1 3 10 005 05 5 50 500 0.2 2 20 200
BrO (pptv) OH (pptv) HO, (pptv)

a loss of ozone in the UT/LS region will lead to a negative
radiative forcing, and an increase to a positive forcing that
would tend to warm the surface-troposphere system. The

(bpbv), CIO (pptv), BrO (pptv). OH (pptv), HO(pptv).  Solid precise value is a function of the assumed shape of the ozone

dashed, dotted and dashed-dotted lines are for SLIMCAT, ULAQ-CT&,:ngedWItfh altgudetanci ?f]: the mtteractlo: ert]h the. UI't:rthl_
CTM, E39/C and OsloCTM2, respectively. Solid dots are far O ole an, inirared parts of the spectrum. AS ,S own in Foster
and NG observations (see text). and Shine (1997) and Hansen et al. (19973 ,iothe tropo-

sphere and in the UT/LS acts mainly as a greenhouse gas, so

that its interaction with longwave radiation dominates over
longwave flux of CQ is computed using the method given solar UV absorption. At higher altitudes in the stratosphere
by Ramanathan (1976). The longwave flux and absorptancée 0zone interaction with incoming solar radiation becomes
for H,O are evaluated following Ramanathan et al. (1983).more important and dominates above about 30 km altitude.
A validation of the RF results coming from this code is made The radiative picture is even more complex since the long-
using the IPCC (1999) results of Forster-Haywood on onewave impact of some changes is rather different in the tro-
side and Ponater-Sausen on the other, after stratospheric ter@osphere and in the stratosphere. In the first case the RF is
perature adjustment. The nep®RF in the SCENIC base- directly due to @ changes in the 9.,6m band (direct ef-
line case is 28 mW/fwith the ULAQ model, for a total of ~ fect), whereas in the stratospherg ferturbations trigger
44 Tglyr of fuel consumption from 2050 supersonic aircraft temperature changes which then magnify the instantaneous
in scenario S6. The IPCC (1999) calculation were made withOs change and the longwave emissions by other greenhouse
the HSCT NASA scenario (fuel consumption: 70 Tg/yr). gases (indirect effect via stratospheric temperature adjust-
Scaling the ULAQ results to 70/44 we get 44.5m\¥/m ment).
which is well within the range of the IPCC (1999) refer- Changes in upper troposphere and lower stratosphere
ence numbers of 68 mW/Arand 34 mW/m, from the cal-  (UT/LS) ozone concentrations due to aircraft emissions are
culations of Forster-Haywood and Ponater-Sausen, respedighly spatially variable, both regionally and vertically, mak-
tively. The calculation of the small amount of stratospheric ing assessment of global long-term trends extremely difficult.
heating produced by absorption of solar radiation BOH We consider the ozone radiative forcing calculations in the
and CQ is performed following the parameterizations used UV and IR regions of the spectrum separately, and summa-
by Lacis and Hansen (1974) and Vardavas and Carver (1984jze these results in Table 4a. The infrared contribution to the
for the most important 5O and CQ bands in the visible and  cooling rate in the @-9.6..m band has been evaluated fol-
near-IR range. lowing the assumption of cooling to space (Andrews et al.,

The ozone concentration is highly variable with altitude 1987); stratospheric temperatures are adjusted to $hEe®

and is controlled by atmospheric chemistry and dynamicsturbation. Q absorption in the UV and visible wavelengths
NOy emissions by the aircraft accelerate local photochemi-is calculated from tabulated solar fluxes and cross sections
cal production or destruction ofOThe presence of aerosols (WMO, 1985). Subsonic aircraft ozone perturbations lead to
also affect the chemical balance by providing surfaces oran increase in the global mean column, due to the increas-
which chemical reactions involving chlorine and bromine ing tropospheric ozone photochemical production byyNO
compounds can proceed, an effect which is enhanced dntroduction of HSCT aircraft causes a stratospheric deple-
lower temperatures. The radiative forcing due to ozone istion in O, leading to a net contribution to global RF which
greatest when the ozone changes occur near the tropopausanges from about-7 to 3mWi/nf. The G-RF (resulting
in the upper troposphere and lower stratosphere. In generdtom often partly compensating IR and UV contributions) is

Fig. 11. Zonally and annually averaged profiles at#6for the
background subsonic case S4. From top lefg @pmv), NG
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Fig. 12. Zonally and annually averaged profile changes &N~ Fig. 13. As in Fig. 9, but for species profile changes calculated
percent for NQ (top left), HO, (top right), CIO (bottom left) and ~ @s S6-S4, i.e. including sulphur and BC emissions from supersonic
BrO (bottom right). Changes are calculated as S6 without sulphuircraft.

and BC emission from supersonic aircraft with respect to the pure
subsonic case S4. Solid, dashed, dotted and dashed-dotted are from
SLIMCAT, ULAQ-CTM, E39/C and OsloCTM2, respectively. 50

O3 Changes (45N, %) O3 Column Changes
0.2 0.2

—— SLIMCAT
== ULAQ-CTM

\ |- EsaC E SLIMCAT M E39/C
- - OsloCTM2 1 ULAQ-CTM [ OsloCTM2

45,

highly variable between scenarios, due to different changes

in the profile. In addition, this RF component can be greatly
model-dependent, because of different calculateg©file 2%
changes (see Sect. 5.2). ULAQ-CTM tends to keep the emis-<
sions more confined than other models and this favours az® b

small positive @ perturbation below about 20 km altitude <25 ? o ol
(the so-called turnover point), without aircraft aerosols. Is- "

sues related to model-dependent uncertainties in the ozon .
perturbation are discussed in the next section.

The directimpact of aircraft sulphate aerosols on the radia-
tive forcing is negative and produced by solar radiation scat-
tering; in comparison direct RF in the longwave spectrum is
negligible due to the small size of these particles (see Fig. 6).
The parameterization adopted is that described in Lacis eFig. 14. Left panel: zonally and annually averaged @rofile
al. (1992): to a good approximation the climate forcing size changes in percent at 48l calculated as in Fig. 10. (i.e. S6-
dependence can be described by a single parameter, the arezt). Solid, dashed, dotted and dashed-dotted are from SLIMCAT,
weighted mean radius. The calculated global mean radiativé/-AQ-CTM, E39/C and OsloCTM2. Mid panel: globally and an-
forcing from sulphate aerosol emissions caused by a partia’lwa"y averaged @column changes, calculated as before (i.e. S6-

substitution of subsonic by supersonic aircraft, ranges from>>- Black and white filled bars are for SLIMCAT and ULAQ-

CT™M del tively. Right I: before but for E39/C
about—23 to —4 mW/n?. Black carbon aerosols normally and Or:gceT?v,lzrespeC Vely. Right panet: as betore bt for
result in a positive RF since they effectively also absorb in- '
cident solar radiation (the single scattering albedo is close to

0.7, whereas it is unity for Sfparticles). Asinthe case of g e 7 summarizes the radiative forcing components
SOy, the small size of aircraft particles produces a negligiblej, the nase and perturbed experiments as calculated with

RF in the longwave spectrum. The calculated global mean | A9.GcM. The calculated net climate forcing ranges from

radiative forcing frorrI;naircraft emissions_ of_ BC ranges from approximately 6 to 70mW/A The smallest forcings are
about 0.4 to 11 mW/rn All results for radiative calculations <6 associated with the reduction in Mach number (P4)

of BC and SQ aerosols for base and perturbed scenarios A'Qnd lower cruise altitude (P6). For ozone and total net RF

summarized in Table 4. the change due to the introduction of aircraft particle emis-
sions is shown, with respect to the case without particles.

|
o
N
|
o
N

Dobson Units

S6 -S4
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ANNUAL

30 T
Table 4b. As in Table 4a, but for BC and SO [ JuLAQ—CTM
I SLIMCAT 45N

EXP  ABC[ug/m?] RF-vis ASO[ug/m?] RF-vis

S6-S4 1.5 4.6 53 —11.4 7, 20}

P2-S4 1.5 4.6 54 -11.6 c'”g

P3-S4 3.7 11.0 108 —23.3 g

P4-S4 0.6 1.7 26 -5.6 «

P5-S4 2.3 7.0 79 -16.9 g

P6-S4 0.1 0.4 18 -39 o™
The effect of increasing the surface area density of sulphuric m m m -
acid aerosols is to enhance the ozone depletion, producinga ° Hox NOX Cix Brx Ox Total

additional negative forcing, we refer to this as the aerosol in-
direct RF via heterogeneous chemistry. Itisimportant to note_ 9.1

that this conclusion is reached using ULAQ-GCM radiative F19- 15- Calculated annually averageg @ss rates (10° s™7) at
code coupled to the ozone profile changes (S6-S4) predicteés N for several chemical cycles in case S4, between 15 and 25 km.
by ULAQ-CTM alone, since ULAQ-CTM is the only one

among these models where the surface area density of sul-

phuric acid particles is predicted on-line together witg O
NOy, HOy, Clx and By. This allows the transport controlled
accumulation of aircraft aerosols to remain consistent with

The total radiative forcing of Spand BC is of oppos-
ing sign due to prevailing radiation absorption from BC and
scattering from sulphuric acid aerosols (here the single scat-

the large-scale changes of the chemical species, which a °1ing aIbed.o Is close to unity). The RF reflects the .86'54
a function of coupled emission-chemistry-transport mecha- ifferences in mass burden and peak values, approximately
nisms. The ozone sensitivity to the UT/LS aerosol perturba-_35, mW/n for SOy and.+9 mW/nﬁ fo.r BC. ,
tions, however, are different in other models, since the O  Figure 9 shows the direct and indirect effect of the intro-
response is not as spatially localized as the SSA-SAD reduction of gwcraft particle emissions. _The g_loballymtegrated
sponse, but is related to that of NOThe NG perturbation, RF values in the left panel are thoselllstgd in Table 4b for S6-
in turn, results from a coupling of the direct aircraft emis- S4: the calculated net particle forcing 6.8 mW/nt and
sions, large scale transport and chemical processing in th§n be compared W'thﬁ'GmW/,"? obtained by subtract-
atmosphere. The latter is greatly affected by additional sul{" the net ozone radiative forcing of S6* (without aircraft
phuric acid particles. The final4zhange is connected to the Particles, BC+SQ) from the standard S6 simulation (which
net NQ, perturbation and may also have a different magni_lncludes aircraft particle emissions). As discussed above for

tude in independent models, depending on the strength of thE!9- 7, these globally integrated RiOs values are obtained
Brewer-Dobson circulation. using ULAQ-CTM results alone which will be subtly dif-

Geographical distributions of aircraft BC and $&ccu- ferent from those calculated from other independent models.

mulated mass burden and radiative forcing are shown irf 19ure 10 shows the (S6-S4) net global RF per component.
Fig. 8 as the S6-S4 difference. As expected, the mass accy-he bar |nd|cate_s the range of model variability, since here
mulation shows a pronounced interhemispheric asymmetry©3 @nd O profile changes have been taken from all four
since the majority of emissions are localized in the NorthernM©dels participating in this work (see next section)sCH
Hemisphere lower stratosphere (see also Fig. 5). The distri@d sulphate give the largest contributions to RF (23 and
bution of flight routes is not evident due to the long particle ~12 mW/n, respectively) (Grewe et al., 2007).

lifetime in the UT/LS (more than 1 yr) which allows efficient )

horizontal dynamical mixing of the tracers. Table 4b indi- 5-2 Chemistry

cates that there is approximately a factor of 35 difference in

SO, and BC burden. Peak values of local concentrations! Ne previous section introduced the climate forcing due to
(Fig. 5) show that the SEBC ratio is larger and reflects ©zone changes produced by aircraft emissions of NQO
the emission index ratio: 0.4 g-S@®g-fuel versus 0.005 g- and sulphate. As discussed, the magnitude and spatial distri-
BC/kg-fuel (see Fig. 1). The smaller $BC ratio in the bution of ozone qhanges i; sFroneg model—dependen_t singe
vertically integrated column is due to the longer BC lifetime the transport of aircraft emissions from the. source regions Is
into the stratosphere, as the mass weighted mean radius §ependent upon model configuration. This in turn impacts
carbonaceous particles is much smaller than for sulphuri¢h® chemically associated ozone perturbations from,NO

acid aerosols (about 20 nm for BC versus about 200 nm fof{Ox and CL/Bry. In addition, even a similar ozone response
SQu). in a defined atmospheric region (for example the lower-

stratospheric NH mid latitudes where the HSCT emissions
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are a maximum) can result in a different global signature dueSLIMCAT. In ULAQ-CTM the net NQ perturbation is al-
to variations in the model Brewer-Dobson circulation. As ways positive, although smaller than in Fig. 12. The E39/C
such, itis important to fully consider the stratospheric behav-model shows a smaller sensitivity to the additional sulphuric
ior of ozone and related chemical species in different ACMs,acid particles, with respect to the other models.
in order to better understand the degree of variability. The resulting ozone perturbation is presented in Fig. 14.
Figure 11 shows the model annually-averaged backgroundt is important to note that for ozone the effects related to
(S4) profiles from the four participating ACMs forsONOx, the transport of N@ and HO throughout the stratosphere
ClO, BrO, OH and HO. A comparison is made with climato- are important, together with the transport of ozone itself
logical Oz values and N@from 1993 HALOE data (NASA, (Rogers et al., 2002). With this in mind, it can be seen
1999). All models show consistent agreement with the ob-that the NH mid-latitude ozone profile changes (S6-S4) are
servations although SLIMCAT and OsloCTM2 models pre- consistent between the four models. The two models with
dict higher NQ values below 23km. Some caution should a good vertical resolution of the whole stratosphere (SLIM-
however be used for the N@bservations at these altitudes, CAT, ULAQ-CTM) predict a mid-upper stratospherig Qe-
since NQ values in 1993 were still influenced by Pinatubo pletion of the order of 0.2—0.5%. This mainly results from
aerosols, which effectively converted N@to HNOs. In the HQ, increase discussed in Fig. 12 and the upward trans-
addition, it should be taken into account that models are rurport of NO; emissions, the latter being more efficient in
for year 2050 chemical conditions, with increasegONand ~ SLIMCAT (Rogers et al., 2002).
hence NQ. A more detailed model validation using satellite  The calculated globally averageds;Qolumn change
observations is discussed in SCENIC (2005). ranges betweer0.08 and—0.75 Dobson Units. The vari-
Perturbations of the chemical families directly affected by ability of the modeled ozone perturbation (S6-S4) is the rea-
supersonic aircraft emissions are presented in Figs. 12-18on for the associated calculated range of RF reported in
(Fig. 12 does not include the effect of aircraft emitted sul- Fig. 10 (0.3 to—4.3 mWi/n?).
phuric acid aerosols and black carbon). All models consis- A comparison of the inter-model consistency with regard
tently show a NQ peak (NO+NQ) at 18 km with a mag-  to the chemical @ destruction in the HSCT emission re-
nitude ranging between 12 and 16%, together with a congion is made in Fig. 15. Here the annually averaged ver-
tinual decrease of the perturbation towards zero at altitudesgical profiles of G loss rates at 43 are compared in the
of approximately 12 and 30km. As expected, the HO pure subsonic case S4 for SLIMCAT and ULAQ-CTM. The
change (OH+HQ) is anti-correlated with NQ(—81t0—4%  comparison is made between 15 and 25 km, the region of the
at 18km), since the OH sink from the OH+N€M reac-  majority of HSCT emissions. The two models show a high
tion forming HNG; dominates over the additional OH source |evel of consistency (except for a higher lss in ULAQ-
from direct water vapour emissions by aviation. It should beCTM). This confirms that baselines@recursors and chem-
noted that for the two models with a good vertical resolution jcal rates adopted in these models are very similar. The rea-
of the whole stratosphere (SLIMCAT, ULAQ-CTM) a clear son for different responses of globally integratedt@HSCT
HOx increase is predicted above 22 km+1.5% at 30km  emissions is therefore due to inter-model differences in large-
altitude). Here the additional 20 source becomes more im- scale transport. This will produce significant changes in the
portant than the NQinduced sink of HQ. As with HQ, efficiency of NQ, removal from the main emission region
ClO and BrO are also anticorrelated with NOThe CIO,  (i.e. NH mid-latitude in the lower stratosphere) into the mid-

BrO sinks are due to formation of chlorine and bromine ni- upper tropica| Stratosphere' where the |argest absolgte O
trates respectively (CIO+NSM and BrO+NQ+M, form- perturbation occurs.

ing CIONG;, and BrONQ).

Inclusion of aerosol perturbations due to sulphur emis-
sions by aviation has a significant impact on the results dis6 Conclusions
cussed above. Under these conditions thg ld€rturbation
is the net result of two opposing effects: a) a direct increasdn this study we have shown results for four independent
due to aircraft emissions; and b) a decrease due to enhancethemical-transport models used to assess the impact of a fu-
chemical conversion into HNfia heterogeneous chemical ture supersonic aircraft fleet on the chemical composition
reactions of NOs and BrONQ on sulphuric acid particles of the stratosphere. The aim of the work presented was to
(other heterogeneous chemical reactions are less importaspecifically examine the potential climatic impact of aerosol
at mid-latitudes). Figure 13 suggests that this balance mayatrticles, directly injected by the aircraft or formed after oxi-
change with altitude, being a function of aircraft N&mis-  dation of gaseous precursors (namely,$Ohe climate im-
sions, aerosol lifetimes and accumulation, and,d@rtition- pact is quantified in terms of the radiative forcing metric. For
ing (N2Os increases with altitude). The peak in the Ni@- the aerosols we have calculated both the direct forcing (i.e.
crease discussed in Fig. 12 is reduced by a factor of 3 (evescattering and absorption of incoming solar radiation) and
more in OsloCTM2) due to the inclusion of aerosols, andindirect forcing produced by changes in chemical species
above 20 km the NQdecrease prevails in OsloCTM2 and (i.e. O3) affected by heterogeneous chemical processes on
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the surfaceof aerosol particles. Other indirect processes (foBrian, H. S. and Prather, M. J.: Fast-J2: Accurate simulation of
example potential aerosol feedback on the formation of cir- stratospheric photolysis in global chemical models, J. Atmos.
rus ice particles in the upper troposphere) have not been taken Chem., 41, 3, 281-296, doi:10.1023/A:1014980619462, 2002.
into account in this study. Brunner, D., Staehelin, J., Rogers, Hgler, M., Pyle, J., Hauglus-

The direct aerosol RF is calculated using the radiative code fa'é‘e’ D.,\ioll:r:dam, LF;' E‘?thsz”’ |-\r/| K., QaESSéM" Ms/”er' lj'
of ULAQ-GCM and the aerosol formation/growth modeling . Yan vetnoven, 7, 7ar, 5., ancini, &, irewe, Vi, an

d f ULAO-CTM. The chemical feedback of sulphuri Sausen, R.: An evaluation of the performance of chemistry trans-
;(; dezeorosols (igs-rathelr Coagleirqgcgsseeess 2?:”(:2 aSI;JhFc))u;;:Cthe port models by comparison with research aircraft observations.

) ) ) ° - part 1: Concepts and overall model performance, Atmos. Chem.
direct impact is on the N@HNO3 ratio, they also indirectly Phys., 3, 16091631, 2003,

affect the concentrations of HOQCI,, Br, and G, the latter http://www.atmos-chem-phys.net/3/1609/2003/

being a key species for the atmospheric climate system. Therunner, D., Staehelin, J., Rogers, Hitier, M., Pyle, J., Hauglus-

four ACMs appear consistent in predicting the ozone pertur- taine, D., Jourdain, L., Berntsen, T. K., Gauss, M., Meijer, I.

bation due to a HSCT fleet in 2050, with a globally averaged I. E., van Velthoven, P., Pitari, G., Mancini, E., Grewe, V., and

column change, ranging betweei®.08 and—0.75 DU. All Sausen, R.: An evaluation of the performance of chemistry trans-

models, except E39/C, predict an ozone decrease not only port mpdels — Part 2: Detailed comparison with two selected

above 20 km altitude, but also in the lower stratosphere (rang- ﬁ?tmza'gns' ,to\tmos.h(:hemh Phys'{/:/’l%)gjz_ol(‘)zg/' 2005,

ing between—0.2% and—1%). The calculated radiative TR-AWWW.aImos-chem-pnys.ne )

forcing is f dt betweer0.3 and—4.3 mwWi/n? Chipperfield, M., Blom, C., Glatthor, N., &pfner, M., Gulde, T.,

orcing Is 9”” 0 r.ange etwe _‘ ana—4.om . Piesch, C., and Simon, P.: Variability of clono 2 in the arctic
From this modeling study, the impact of supersonic air-

A ) - polar vortex: Comparison of transall mipas measurements and
craft on sulphuric acid aerosol and BC mass burdens is cal- 34 model results, J. Geophys. Res., 100, 9115-9129, 1995.

culated at 53 and 1,59/, respectively, with a direct radia- Chipperfield, M., Santee, M., Froidevaux, L., Manney, G., Read,
tive forcing of —11.4 and 4.6 mW/ﬁ‘lreSpeCtively. The indi- W., Waters, J., Roche, A., and Russell, J.: Analysis of uars data
rect aerosol RF due to ozone changes via perturbations in the in the southern polar vortex in September 1992 using a chemical
heterogeneous chemistry is highly variable among the mod- transport model, J. Geophys. Res., 101, 18 861-18 881, 1996.
els, and depends on the N@&moval efficiency from the air-  Chipperfield, M. and J. Pyle: Model sensitivity studies of arctic
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of stratospheric water vapour. Dessens O., Rogers, H. L., and Pyle, J. A.: A change in the calcu-

lated impact of supersonic aircraft NOx emissions on the atmo-

AcknowledgementsiVe acknowledge the EC for providing funds sphere, Aeronaut. J., 111, 311-314, 2007.
for this work, under contract EVK2-CT2001-00103 (SCENIC). ECMWF: IFS documentation CY28R1, The ECMWF Integrated
More information on SCENIC related work can be found on  Forecast System (IFS), 2004.
http://www-scenic.ch.cam.ac.ukhd in the SCENIC (2005) final  Foster, P. M. F. and Shine, K. P.: Radiative forcing and temperature
report. We also acknowledge use of SAGE-Il and HALOE data for  trends from stratospheric ozone changes, J. Geophys. Res., 102,

model validation of aerosol products. 10841-10857, 1997.
Gauss, M., Isaksen, I. S. A, Wong, S., and Wang, W.: Im-
Edited by: B. Karcher pact of HO emissions from cryoplanes and kerosene air-

craft on the atmosphere, J. Geophys. Res., 108, 4304,
doi:10.1029/2002JD002623, 2003.
Gauss, M., Isaksen, |. S. A., Lee, D. S., and Sgvde, O. A.: Impact of
References aircraft NOx emissions on the atmosphere — tradeoffs to reduce
the impact, Atmos. Chem. Phys., 6, 1529-1548, 2006,
Andrews, D. G., Holton, J. R., and Leovy, C. B.: Middle atmo-  http://www.atmos-chem-phys.net/6/1529/2006/
sphere Dynamics, Academic Press, 490 pp., 1987. Grewe, V., Dameris, M., Fichter, C., and Sausen, R.: Part 1: Inter-
Baughcum, S. L. and Henderson, S. C.: Aircraft Emission Sce- actively coupled climate-chemistry simulations and sensitivities
narios Projected in Year 2015 for the NASA Technology Con-  to climate-chemistry feedback, lightning and model resolution,
cept Aircraft (TCA) High Speed Civil Transport Universal Air- Meteorol. Z., 3, 177-186, 2002.
line Network. NASA-CR-1998-207635, National Aeronautics Grewe, V., Stenke, A., Ponater, M., Sausen, R., Pitari, G., lachetti,
and Space Administration, Langley Research Center, Hampton, D., Rogers, H., Dessens, O., Pyle, J., Isaksen, I. S. A., Gulstad,
VA, USA, 42 pp., 1998. L., Sgvde, O. A., Marizy, C., and Pascullo, E.: Climate impact
Berntsen, T. and Isaksen, I. S. A.: A global 3-D chemical transport  of supersonic air traffic: an approach to optimize a potential fu-
model for the troposphere, 1, model description and co and ozone ture supersonic fleet, Results from EU-project SCENIC, Atmos.
results, J. Geophys. Res., 102, 21 239-21 280, 1997.

Atmos. Chem. Phys., 8, 4069684 2008 www.atmos-chem-phys.net/8/4069/2008/


http://www-scenic.ch.cam.ac.uk/
http://www.atmos-chem-phys.net/3/1609/2003/
http://www.atmos-chem-phys.net/5/107/2005/
http://www.atmos-chem-phys.net/5/2121/2005/
http://www.atmos-chem-phys.net/6/1529/2006/

G. Pitari et al.: Radiative forcing from particle emissions by future supersonic aircraft 4083

Chem. Phys., 7, 5129-5145, 2007, pp., 1999.
http://www.atmos-chem-phys.net/7/5129/2007/ Penner, J. E., Lister, D. H., Griggs, D. J. et al.:.IPCC, Special report

Grewe, V. and Stenke, A.: A strategy for climate evaluation of air- on aviation and the global atmosphere, Cambridge Univ. Press,
craft technology: an efficient climate impact assessment tool - Cambridge, 373 pp., 1999.

AirClim, Atmos. Chem. Phys. Discuss., 7, 12 185-12 229, 2007.Pitari, G., Rizi, V., Ricciardulli, L., and Visconti, G.,: High speed

Hansen, J., Sato, M., and Ruedy, R.: Radiative forcing and climate civil transport impact: role of sulphate, nitric and trihydrate,
response, J. Geophys. Res., 102, 6831-6864, 1997. and ice aerosol studied with a two-dimensional model including

Hein, R., Dameris, M., Schnadt, C., Land, C., Grewe, \bhi€r, aerosol physics, J. Geophys. Res., 98, 23123164, 1993.

M., Ponater, I. M., Sausen, R., Steil, B., Landgraf, J., atithB Pitari, G., and Mancini, E.: Climatic impact of future supersonic
C.: Results of an interactively coupled atmospheric chemistry — aircraft: role of water vapour and ozone feedback on circulation,
general circulation model: Comparison with observations, Ann.  Phys. Chem. of Earth PT C, 26/8, 57476, 2001.

Geophys., 19, 435-457, 2001, Pitari, G., Mancini, E., Bregman, A., Rogers, H. L., Sundet, J. K.,
http://www.ann-geophys.net/19/435/2001/ Grewe, V., and Dessens, O.: Sulphate particles from subsonic

Hesstvedt, E., Hov, O., and Isaksen, |. S. A.: Quasi steady-state aviation: Impact on upper tropospheric and lower stratospheric
approximation in air pollution modelling: Comparison of two ozone, Phys. Chem. Earth PT C, 26/8, 563-569, 2001.
numerical schemes for oxidant prediction, Int. J. Chem. Kinet., Pitari, G., Mancini, E., Rizi, V., and Shindell, D. T.: Impact of fu-
10, 971-994, 1978. ture climate and emission changes on stratospheric aerosols and

Holtslag, A. A. M., DrBruijn, E. I. F., and Pan, H.-L.: A high res- ozone. J. Atmos. Sci., 59, 414140, 2002.
olution air mass transformation model for short-range weatherPitari, G., Mancini, E., Rogers, H. L., Dessens, O., Isaksen, I. S.
forecasting, Mon. Weather Rev., 118, 1561-1575, 1990. A., and Rognerud, B.: A 3-D model intercomparison of the ef-

Houghton, J. T., Ding, Y., Griggs, D. J., et al.: IPCC, Climate fects of future Supersonic aircraft on the chemical composition
Change: The Scientific Basis, Contribution of Working Group  of the stratosphere, Proceedings of the 2003 AAC-Conference,
| to the Third Assessment Report of the Intergovernmental Panel Friedrichshafen, Germany, 16672, 2004.
of Climate Change, Cambridge University Press, 881 pp., 2001.Prather, M. J., Wesoky, H. L., Miake-Lye, R.C., et al. Eds.: The

Isaksen, I. S. A., Rognerud, B., Stordal, F., Coffey, M. T., and atmospheric effects of stratospheric aircraft: A first program re-
Mankin, W. G.: Studies of arctic stratospheric ozone in a 2-D  port, NASA Ref. Publ. 1272, 1992.
model including some effects of zonal asymmetries, GeophysPrather, M.: Numerical advection by conservation of second-order
Res. Lett., 17, 557-560, 1990. moments. J. Geophys. Res., 91, 6671-6681, 1986.

JPL: Chemical kinetics and photochemical data for use in strato-Pyle, J., Chipperfield, M., Kilbane-Dawe, |., Lee, A, Stimpe, R.,
spheric modelling, JPL publ., 97-4, 266 pp., Pasadena, Califor- Kohn, D., Renger, W., and Waters, J.: Early modelling results
nia, USA, 1997. from the sesame and ASHOE campaigns, Faraday Discuss, 100,

JPL: Chemical kinetics and photochemical data for use in strato- 371-387, 1995.
spheric modeling, Eval. 13, JPL Publ. 00-3, 74 pp., Jet Propul.Ramanathan, V.: Radiative transfer within the Earths troposphere
Lab., Pasadena, California, USA, 2000. and stratosphere: A simplified radiative convective model, J. At-

Kent, G. S. and McCormick, M. P.: SAGE and SAM |l measure-  mos. Sci., 33, 1330-1346, 1976.
ments of global stratospheric aerosol optical depth and mas&famanathan, V., Pitcher, E. J., Malone, R. C., and Blackmon, M.
loading, J. Geophys. Res., 89, 5303-5314, 1984. L.: The response of a spectral general circulation model to re-

Kinne, S., Schulz, M., Textor, C., Guibert, S., Balkanski, Y., Bauer, finements in radiative processes, J. Atmos. Sci., 40, 605-630,
S. E., Berntsen, T., Berglen, T. F., Boucher, O., Chin, M., Collins,  1983.

W., Dentener, F., Diehl, T., Easter, R., Feichter, J., Fillmore D., Reithmeier, C. and Sausen, R.: ATTILA — Atmospheric Tracer
Ghan, S., Ginoux, P., Gong, S., Grini, A., Hendricks, J., Herzog, transportin a Lagrangian Model, TellusB, 54(3), 278—-299, 2002.
M., Horowitz, L., Isaksen, I., Iversen, T., Kirkag, A., Kloster, Rogers, H. L., Chipperfield, M., Bekki, S., and Pyle, J.: The effects
S., Koch, D., Kristjansson, J. E., Krol, M., Lauer, A., Lamarque,  of future supersonic aircraft on stratospheric chemistry modelled
J. F, Lesins, G., Liu, X., Lohmann, U., Montanaro, V., Myhre,  with varying meteorology. J. Geophys. Res., 105, 29-359

G., Penner, J., Pitari, G., Reddy, S., Seland, O., Stier, P., Take- 369, 2000.

mura, T., and Tie, X.: An AeroCom initial assessment optical Rogers, H. L., Teyssedre, H., Pitari, G., Grewe, V., van Velthoven,
properties in aerosol component modules of global models, At- P., and Sundet, J.: Model intercomparison of the transport of
mos. Chem. Phys., 6, 1815-1834, 2006, aircraft-like emissions from sub- and supersonic aircraft, Meteo-
http://www.atmos-chem-phys.net/6/1815/2006/ rol. Z., 11, 151-159, 2002.

Lacis, A. and Hansen, J. E.: A parameterization for the absorptiorRummukainen, M., Isaksen, I. S. A., Rognerud, B., and Stordal,
of solar radiation in the Hearths atmosphere, J. Atmos. Sci., 31, F.: A global model tool for three-dimensional multiyear strato-
118-133, 1974. spheric chemistry simulations: Model description and first re-

Lacis, A., Hansen, J., and Sato, M.: Climate forcing by strato- sults, J. Geophys. Res., 104, 26 437-26 456, 1990.
spheric aerosols, Geophys. Res. Lett., 19, 1607-1610, 1992. Rummukainen, M.: Modeling stratospheric chemistry in a global

Land, C., Feichter, J., and Sausen, R.: Impact of the vertical res- three-dimensional chemical transport model, sctm-1, Model de-
olution on the transport of passive tracers in the echam4 model, velopment, Finnish Meteorological Institute Contributions, 19,
Tellus B, 54, 344-360, 2002. p. 206, 1996.

Park, J. H., Ko, M. K. W., Jackman, C. H., et al. : Model and Mea- SCENIC: Scenario of aircraft emissions and impact studies on
surements intercomparison 1l, NASA/TM-1999-209554, 494  chemistry and climate, EU contract EVK2-2001-00103 (2002—

www.atmos-chem-phys.net/8/4069/2008/ Atmos. Chem. Phys., 8, 40882008


http://www.atmos-chem-phys.net/7/5129/2007/
http://www.ann-geophys.net/19/435/2001/
http://www.atmos-chem-phys.net/6/1815/2006/

4084 G. Pitari et al.: Radiative forcing from particle emissions by future supersonic aircraft

2005), final report, 2005. Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer,
Schulz, M., Textor, C., Kinne, S., Balkanski, Y., Bauer, S., S., Berntsen, T., Berglen, T., Boucher, O., Chin, M., Dentener,
Berntsen, T., Berglen, T., Boucher, O., Dentener, F., Guibert, F., Diehl, T., Feichter, J., Fillmore, D., Ginoux, P., Gong, S.,
S., Isaksen, I. S. A, Iversen, T., Koch, D., Kirley A., Liu, Grini, A., Hendricks, J., Horowitz, H., Huang, P., Isaksen, I. S.
X., Montanaro, V., Myhre, G., Penner, J. E., Pitari, G., Reddy, A., Iversen, T., Kloster, S., Koch, D., Kirkag, A., Kristjansson,
S., Seland, @., Stier, P., and Takemura, T.: Radiative forc- J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu, X., Montanaro,
ing by aerosols as derived from the AeroCom present-day and V., Myhre, G., Penner, J. E., Pitari, G., Reddy, M. S., Seland, @.,
pre-industrial simulations, Atmos. Chem. Phys., 6, 5225-5246, Stier, P., Takemura, T., and Tie, X.: The effect of harmonized
2006, emissions on aerosol properties in global models an AeroCom
http://www.atmos-chem-phys.net/6/5225/2006/ experiment, Atmos. Chem. Phys., 7, 4489-4501, 2007,

Sgvde, O. A, Gauss, M., Smyshlyaev, S. P., and Isaksen, I. S. A.: http://www.atmos-chem-phys.net/7/4489/2007/

Evaluation of the chemical transport model Oslo CTM2 with Tiedtke, M. A.: Comprehensive mass UX scheme for cumulus pa-
focus on arctic winter ozone depletion, J. Geophys. Res., 113, rameterization on large scale models, Mon. Weather Rev., 117,
D09304, doi:10.1029/2007JD009240, 2008. 1779-1800, 1989.

Steil, B., Dameris, M., Hihl, C., Crutzen, P., Grewe, V., Ponater, TRADEOFF: Tradeoff aircraft emissions: Contributions of various
M., and Sausen, R.: Development of a chemistry module for climate compounds to changes in composition and radiative forc-
GCMs: first results of a multiannual integration, Ann. Geophys., ing — tradeoff to reduce atmospheric impact, EU-contract EVK2-
16, 205228, 1998, CT-1999-0030 (2000-2003), final report, 2003.
http://www.ann-geophys.net/16/205/1998/ Vardavas, I. M. and Carver, J. H.: Solar and terrestrial parameter-

Stenke, A., Grewe, V., and Ponater, M.: Lagrangian transport of izations for radiative-convective models, Planet. Space Sci., 32,
water vapor and cloud water in the ECHAM GCM and its impact ~ 1307-1325, 1984.
on the cold bias, Clim. Dynam., doi:10.1007/S00382-007-0347-Weisenstein, D., Bekki, S., Pitari, G., Timreck, C., and Mills,

5, 2007. M.: WCRP/SPARC scientific assessment of stratospheric aerosol
Stenke, A., Grewe, V., and Pechtl, S.: Do supersonic aircraft avoid properties, in: Modeling of stratospheric aerosols, Chapter 6:

contrails?, Atmos. Chem. Phys., 8, 955-967, 2008, edited by: Thomason, L. and Peter, T., WCRP-124, WMO/TD-

http://www.atmos-chem-phys.net/8/955/2Q08/ 1295, SPARC report no. 4, 2006.

Stordal, F., Isaksen, I., and Horntvedt, K.: Adiabatic circulation Williamson, D. L. and Rasch, P. J.: Water vapour transport in the
two-dimensional model with photochemistry: Simulations of NCAR CCM2, Tellus, 46A, 34-51, 1993.
ozone and long-lived tracers with surface sources, J. GeophysWMO: Atmospheric Ozone-1985, WMO-Global Ozone Res.

Res., 90, 5757-5776, 1985. Monit. Proj. Rep. 16, Vol.1, World Meteorological Organization,
Sundet, J. K.: Model studies with a 3-D global CTM using ECMWF  Geneva, Switzerland, 1985.
data, Ph.D. thesis, University of Oslo Norway, 1997. Wuebbles, D. J., Dutta, M., Patten, K. O., and Baughcum, S.

Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer, L.: Parametric Study of Potential Effects of Aircraft Emis-
S., Berntsen, T., Berglen, T., Boucher, O., Chin, M., Dentener, sions on Stratospheric O3, Proceedings of the AAC-Conference,
F., Diehl, T., Easter, R., Feichter, H., Fillmore, D., Ghan, S., Gi-  140-144, Friedrichshafen, Germany, 2003.
noux, P., Gong, S., Grini, A., Hendricks, J., Horowitz, L., Huang,

P., Isaksen, I., Iversen, I., Kloster, S., Koch, D., Kiragy A.,
Kristjansson, J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu,
X., Montanaro, V., Myhre, G., Penner, J., Pitari, G., Reddy, S.,
Seland, @., Stier, P., Takemura, T., and Tie, X.: Analysis and
quantification of the diversities of aerosol life cycles within Ae-
roCom, Atmos. Chem. Phys., 6, 1777-1813, 2006,
http://www.atmos-chem-phys.net/6/1777/2006/

Atmos. Chem. Phys., 8, 4069684 2008 www.atmos-chem-phys.net/8/4069/2008/


http://www.atmos-chem-phys.net/6/5225/2006/
http://www.ann-geophys.net/16/205/1998/
http://www.atmos-chem-phys.net/8/955/2008/
http://www.atmos-chem-phys.net/6/1777/2006/
http://www.atmos-chem-phys.net/7/4489/2007/

