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Abstract. The impact of a potential future fleet of super- 1 Introduction

sonic aircraft on contrail coverage and contrail radiative forc-

ing is investigated by means of simulations with the generalContrails are line-shaped ice clouds which form in the wake
circulation model ECHAMA4.L39(DLR) including a contrail of jet aircraft. Like natural cirrus clouds, they have an in-
parameterization. The model simulations consider air trafficfluence on the earth’s climate system. The Special Report
inventories of a subsonic fleet and of a combined fleet of subon “Aviation and the Global Atmosphere” by the Intergov-
and supersonic aircraft for the years 2025 and 2050, respe@rnmental Panel on Climate Chande@C, 1999 estimated
tively. In case of the combined fleet, part of the subsonic fleethe global radiative forcing (RF) of contrails in 1992 to be
is replaced by supersonic aircraft. The combined air traf-in the range of 0.02 W m? which amounts to 40% of the
fic scenario reveals a reduction in contrail cover at subsonigotal RF caused by aviationSausen et af2005 provided
cruise levels (10 to 12 km) in the northern extratropics, espean updated estimate of aviation RF for the year 2000, mainly
cially over the North Atlantic and North Pacific. At super- based on results of the EU project TRADEOFF. These results
sonic flight levels (18 to 20 km), contrail formation is mainly indicate a global RF of (line-shaped) contrails of 0.01 W2m
restricted to tropical regions. Only in winter is the north- which is approximately a factor of three to four smaller than
ern extratropical stratosphere above the 100 hPa level colthe IPCC-based estimate scaled to 2000 (0.034&)nFur-
enough for the formation of contrails. Total contrail cover- thermore,Stuber and Forstg2007) reported a RF value of
age is only marginally affected by the shift in flight altitude. 0.002 W n12 for 1992 which currently remarks a lower limit
The model simulations indicate a global annual mean contraifor contrail RF. Recently, thtPCC (2007 provided an esti-
cover of 0.372% for the subsonic and 0.366% for the com-mate of the global contrail RF in 2005 of 0.01 W fwith a
bined fleet in 2050. The simulated contrail radiative forcing range from 0.003 W m? to 0.03 W n12,

iS most Closely Correlated to the tOtal Contrail cover, although The above mentioned estimates Of Contra“ RF On'y con-
contrails in the tropical lower stratosphere are found to besjder line-shaped contrails. However, line-shaped contrails
optically thinner than contrails in the extratropical upper tro- haye been observed to grow to larger cirrus clouds, so called
posphere. The global annual mean contrail radiative forcingeontrail cirrus (e.gSchumann and Wendlind99q Minnis

in 2050 (2025) amounts to 24.7MW™H(9.4mWn1?) for et al. 1998. Inthe TRADEOFF project, two studies Bére-

the subsonic fleet and 24.2mWh(9.3mWn1?) for the  fos et al.(2003 andStordal et al(2005 showed a statistical

combined fleet. A reduction of the supersonic cruise speegorrelation between air traffic trends and observed changes
from Mach 2.0 to Mach 1.6 leads to a downward shift in in cirrus cloudiness. For Europe, e.g. both studies found an

contrail cover, but does not affect global mean total contrailincrease in cirrus cover of 1-2% per decade due to air traf-
cover and contrail radiative forcing. Hence the partial substi-fic. Based on the assumption that the radiative efficiency of
tution of subsonic air traffic leads to a shift of contrail occur- ¢jrrus equals that of contraiBtordal et al(2005 provided
rence from mid to low latitudes, but the resulting change ing “mean” aviation-induced cirrus RFE of 0.03 W#with a
contrail-induced climate impact is aimost negligible. large uncertainty range from 0.01 to 0.08 W#n This new
upper bound is significantly higher than former estimates of
0.04Wnt2 (IPCC, 1999 and 0.026 W m? (Minnis et al,

Correspondence toA. Stenke 2004). Generally, the impact of aviation on cirrus clouds and
BY (andrea.stenke@dlr.de) the resulting RF is highly uncertain. As an upper estimate,
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aircraft-induced cirrus clouds might cause a radiative forcingsubsonic fleet. Compared i8CC (1999 the SCENIC emis-
of the same order of magnitude as all other aircraft effectssions datasets (Rogers et al., 2bj0Fonsider more realistic
together ausen et g120095. scenarios in terms of supersonic aircraft configuration, su-
The thermodynamic theoryS€hmidt 1941 Appleman personic routes and market penetration, and supersonic tech-
1953 Schumann 1996 describes contrail formation as a nology.
function of combustion parameters and ambient meteorolog- In the present paper, we focus on the impact of future su-
ical parameters. Therefore, changes in air traffic density, enpersonic aircraft on contrail cover and the radiative impact of
gine technology, global climate and cruise altitude may leadcontrails. Our study is based on multi-year simulations with
to changes in contrail formation. Subsonic cruise levels area comprehensive global general circulation model including
mainly located between 10 and 12 km altitude, while super-a thermodynamic parameterization of line-shaped contrails
sonic aircraft fly at stratospheric levels between 18 and 20 kn{Ponater et al.2009. The effect of supersonic aircraft on
altitude. This means a significant change in ambient atmo-contrails is evaluated by means of subsonic and combined
spheric conditions like temperature and humidity which can(sub- and supersonic) aircraft inventories for the years 2025
be expected to have a significant influence on contrail forma-and 2050, respectively. In view of quantifying the uncertain-
tion and persistence. THBCC (1999 provided an estimate ties and designing a “minimum impact scenario”, different
for the aviation RF of a combined fleet of sub- and supersonicsupersonic aircraft configurations for 2050 are considered in
aircraft (scenario FalH) for the year 2050. In the FalH sce-his study. A comprehensive discussion of the climate impact
nario 11% (in terms of emissions) of the subsonic fleet (sce-of potential future supersonic air traffic including the impact
nario Fla) have been replaced by supersonic aircraft. Howef NOy, CO, and water vapour emissions is givenGmewe
ever, inIPCC (1999 it was assumed that the occurrence of et al.(2007).
persistent contrails in the stratosphere is unlikely and that A description of the applied GCM configuration includ-
contrail RF from supersonic aircraft can be neglected. Coning the contrail parameterization and the different air traf-
sequently, the given global net contrail RF for the combinedfic inventories is given in the following section. In Se8t.
fleet (FalH, 0.089 W m?) was 11% smaller than the respec- we present and discuss the impact of a supersonic fleet on
tive value for the subsonic fleet (Fal, 0.1 W) contrail cover (Sect3.1) and radiative forcing (Sec8.2) in
Supersonic transport has the potential for a profitable ecoterms of differences between a subsonic and a mixed fleet.
nomic market, if the reduction in cruising time is large The impact of model deficiencies concerning the temperature
enough to compensate for additional costs. Current marand humidity distribution on the GCM results are discussed
ket forecasts for business jets see a 60% chance that a sin Sect.4. Finally, conclusions are presented in Séct.
personic business jet (SSBJ) program will be launched in
the next eight years, and a 85% chance by 2@dib(lafig
2007 Wiley, 2007. A demand of 400 SSBJs over the first 2 Methodology
20 years of production is predicted. A European consortium .
of 38 organisations aims to establish the technical feasibil-2-1 Model description
ity of an environmentally compliant supersonic small size
transport aircraft within the EU-project HISAC (“High speed
aircraft”, www.hisacproject.coin Apart from technological
challenges the two biggest problems that have to be solve
are sonic-boom related noise and the high fuel consumption
which raises environmental concerns. Currently U.S. federa
noise regglqtlons pI’O.thIt supersonic fl'|ght over land which vertical resolution of about 700 m in the tropopause region
certainly limits the gain of supersonic air traffic.

The EU-project SCENIC (“Scenario of aircraft emissions where air traffic mainly occurs. The spectral horizontal res-

and impact studies on chemistry and climate”) investi atedolution is T30 with a corresponding Gaussian transform grid
mp . y . g of approximately 3.75x3.75 and a time step of 30 min.
the impact of a potential future supersonic fleet on atmo-

Water vapour, cloud water, and trace species are advected

oSt RE contribuions cifer o those of subsonic arraft 2 18 SeMi-Lagrangian transport scheme wyliamson
and Rasch(1994. Since the advection scheme itself is

(IPCG, 1999 Grewe and Stenk@007). For example, N© not mass conserving, a mass fixer has to be applied which

e o Pl f o201 ands an mealpart of the acvecton scheme in ECHANA
spheric re iong Water \?a our emissic[))ns areg onlv a rninor(Rasch and Williamsari990. The model contains state-of-

pher glon. bour. ya the-art parameterizations of radiation, cumulus convection,
contributor to RF in the subsonic case, but play a major role

for supersonic transportPCC (1999 stated that the partial 1Rogers, H., Marizy, C., Pascuillo, E., Egelhofer, R., and Pyle,
replacement of a subsonic fleet by supersonic aircraft may.: Design options for future European supersonic transport, Atmos.
lead to a 50% higher aircraft-induced RF in 2050 than for aChem. Phys. Discuss., in preparation, 2007.

In this study we applied the spectral general circulation
model ECHAMA4.L39(DLR) (hereafter E39,and et al,
999 2002, which is a derivate of the climate model
CHAM4 (Roeckner et a).1996 with an enhanced verti-

al resolution of 39 levels up to the model top centred at
OhPa. This model version provides an exceptionally high
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cloud formation and precipitation, horizontal diffusion, sur- ation scheme. With the updated radiative transfer scheme,
face fluxes and vertical diffusion, orographic gravity wave ECHAM4 still shows a systematic deviation from the so-
drag, and land surface processes (@eeckner et al.1996 phisticated radiative transfer model LibRadtran of about 25%
and references therein). (Marquart and Mayer2002. This systematic deviation is
The model was extended by a contrail parameterizatiorcaused by the exclusion of longwave scattering. According
developed byPonater et al(2002. The parameterization to the results oMarquart and Maye(2002 (their Fig. 2c)
scheme is based on the thermodynamic theory of contraithe deviation in the LW forcing shows a linear behaviour
formation which depends on ambient temperatures, humidever a wide range of typical tropospheric and stratospheric
ity and natural cloudiness. Additionally, the parameterizationconditions. Therefore, we corrected the longwave RF values
considers actual air traffic density. The design of the aircrafta posteriori by the 25% offset (Tab8. These values rep-
inventory (see Sec.2) allows the use of flown distances as resent our best estimate for the contrail RF from the model
a metric of air traffic. This parameter is more appropriate tosimulations.
scale contrail coverage than fuel consumption and modifies The impact of supersonic aircraft on contrail formation is
the global contrail coverage and RF by about 10®elfter  investigated on the basis of multiyear model simulations us-
et al, 2009. The simulated contrails are represented by aing the above described model configuration and different air
fractional grid box coverage, an individual ice water path, traffic inventories for subsonic and mixed fleets for the time
effective particle size and optical propertié®ater et al.  slices 2025 and 2050, respectively. After a spin-up time the
2002. model has been integrated over 5 annual cycles in a quasi-
Results of contrail simulations with the ECHAM4 GCM equilibrium mode representing atmospheric conditions of the
(Marquart et al. 2003 have been compared with observa- years 2025 and 2050 (time slice simulations). The future
tions of contrail cover over different geographical regions atmospheric concentrations of greenhouse gases are based
based on NOAA/AVHRR satellite imageMénnstein et aJ.  on the SRES scenario A2pPCC, 2001). The sea surface
1999 Meyer et al, 2007). For Europe, the observed contrail temperatures are taken from a transient climate simulation
coverage as derived from AVHRR satellite dakdafinstein  with the coupled atmosphere-ocean-model ECHAM4/OPYC
et al, 1999 is approximately 50% lower than the GCM (Roeckner et al1999.
results. This discrepancy can be reasonably explained by
the underestimation of the observed contrail cover through2.2  Air traffic inventories
neglecting spreading contrail features. A comparison of
AVHRR-observations with the ECHAM4 model results for The different SCENIC air traffic datasets are discussed in
Asian regions over Thailand and JaparMgyer et al(2007) detail in Rogers et al. (2007) Here we give a short sum-
has shown that the derived patterns of the regional contraifmary of the main characteristics of the subsonic (S1 and S4)
cover agree well. Furthermore, the annual cycle of simulatedaind mixed fleet scenarios (S2 and S5) for the years 2025 and
contrails follows the observed seasonal variations, i.e. maxi2050 (Tablel). In the mixed fleet part of the commercial
mum contrail cover in spring and minimum values in autumn subsonic fleet is replaced by supersonic aircraft. It is as-
(Thailand) and winter (Japan), respectively. Quantitative dif-sumed that the first supersonic flight will be in 2015, i.e. by
ferences between model results and observations may largeRB025 only a few supersonic aircraft will be in operation. For
be explained by the increase in air traffic in these regions bethe mixed fleet only one supersonic aircraft type is designed.
tween 1992 (reference year for the air traffic inventory usedThe reference configuration of the supersonic aircraft is iden-
in the GCM simulation) and 1998 (satellite observations).tical for 2025 and 2050: 250 passengers, Mach 2.0 with a
Assuming a linear increase in contrail cover between the twaange of 5500 nm. Beside the base-case mixed fleet scenario
time slice model simulations for 1992 and 2015, the expectedive perturbation scenarios (P2 to P6) with different super-
value for 1998 from the model data closely matches the ob-sonic configurations have been designed for the year 2050. In
served values. this study, only the perturbation scenario P4 (reduced cruise
The radiative forcing of contrails is calculated as differ- speed) has been considered. The P4 configuration is 250 pas-
ence of the short- and longwave radiative fluxes with andsengers, Mach 1.6 with a range of 6000 nm.
without contrails. Consistent with previous contrail RF stud- A set of supersonic flight routes is defined for each con-
ies based on the method Bbnater et al(2002 we use the figuration depending on the characteristics of the selected
stratosphere-adjusted radiative forcing at the tropopause aaircraft and its flight performance. For the SCENIC dataset
a measure of climate impact from contrails. This is calcu-only supersonic routes with a cruising time reduction of at
lated online during a model simulatioBt{uber et al.2001). least 20% of an equivalent subsonic flight time and more than
Furthermore, we use an upgraded version of the longwavene hour have been considered. Additionally, for each route,
radiation scheme with modifications accordingRaisanen  the market penetration has been evaluated to determine the
(1998 sinceMarquart and Mayef2002 found thatthe long-  percentage of supersonic passengers and the number of su-
wave radiative forcing of optically thin clouds is strongly personic aircraft. The evaluation corresponds to a medium
underestimated (up to 70%) in the standard ECHAMA4 radi-demand where the supersonic market do not exceed 30% on
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Table 1. Main characteristics of the SCENIC emission dataset. S4 denotes the subsonic fleet for 2050, S5 the mixed fleet for 2050, and P4
a perturbation scenario for the mixed fleet optimised for a reduced speed (Mach 1.6). Abbreviations: nm = nautical mitd8BRr2m);
RPK = Revenue Passenger Kilometre; pax = passenger; Tot = Total Fleet; Super = Supersonic Fleet.

Scenario Aircraft Speed Maximum Cruise RPK Commercial Commercial
Range  Altitud Fuel Distance
[number] [Mach]  [nm] [kft] [[10Mpaxkm] [Tgyrl] [1010km]
Supersonic Characteristics \ Tot Super Tot Super Tot
S1-Sub 2025 - - - -7 - 3B - 5.63
S2-Mixed 2025 211 2.0 5500 55-65 75 43 370 25 5.70
S4-Sub 2050 - - - - 1782 - 656 - 11.67
S5-Mixed 2050 501 2.0 5500 55-65178.4 7.3 700 60 11.84
P4-Speed 2050 544 1.6 6000 47-5978.4 6.9 682 41 11.76
90° passenger kilometres (RPK) for each time slice, and not of
60" == S a ' . constant fuel consumption (Tablg. All inventories con-
sider commercial air traffic (scheduled passenger and cargo,
30° charter), general aviation (executive jet, turboprop, piston,
0° helicopter) and a military fleet (fighter, transport, bomber,
30° trainer, helicopter). The emission datasets are based on mar-
. ket forecasts for the 2025 and 2050 world air traffic demand
-60 giving the total number of passengers and the mass of freight
-90° +— et

transported on each commercial route. The air traffic inven-
tories provide information about the emissions of NGO,
hydrocarbons, soot, particles, the total and commercial fuel
005 01 05 1 5 10 20 50 100 200 consumption, and the commercial distance flown. Concern-
[Galyr] ing the propulsion efficiencies, which are needed as input for
the contrail parameterization, we use values of 0.4 in 2015
and 0.5in 2050 as proposed Byerens et al(1999. A value
of 0.43 in 2025 was determined by linear interpolation.

Figurel presents the geographical distribution of the com-
mercial fuel consumption for the subsonic fleet in 2050 (S4)
showing the main flight routes over the North Atlantic, USA,
Europe, Asia and the North Pacific. The difference in fuel
consumption between the combined and the subsonic fleet
(S5-S4) is displayed in the lower panel of Fig.The com-
bined scenario S5 shows an increased fuel consumption over
tropical flight routes, but also over the North Atlantic and

—T T T — T T
180° -135° -90° -45° 0° 45° 90° 135" 180°

— T T T —T T
180° -135° -90° -45° 0° 45° 90° 135° 180°

R m— 1 1 1 1 5 Ty North Pacific. In the tropics (2N-20° S) the fuel con-
-100 -50 -30 -10 -5 -1 1 5 10 30 50 100 sumption in S5 is 6.3 Tgyr (7.4%) higher than in S4. Over
[Galyr] the North Atlantic and North Pacific the increase in fuel

consumption amounts to 20 Ty (10.8%) and 11.5 Tgyr

(8.1%), respectively. Over the North Atlantic the increase
Fig. 1. Upper panel: Horizontal distribution of the vertically in fuel consumption is accompanied by a reduction in fuel
integrated fuel consumption of commercial aircraft consideredconsumption to the north of this region. A similar pattern is
in the SCENIC subsonic fleet for 2050 (3&g yr 1. Lower  found over the North Pacific. These geographical differences
panel: Difference between the 2050 mixed and subsonic fleet SS;ye related to the fact that an individual set of flight routes
S4Ggyrl. was defined for each supersonic configuration.

Figure2 shows the horizontally integrated fuel consump-

tion of the subsonic fleet in 2050 (a, scenario S4). The max-
each route. It should be mentioned that the air traffic inven-imum fuel consumption occurs in the northern mid-latitudes
tories have been created on the condition of constant revenueetween 10 and 12 km altitude. In order to illustrate the
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Fig. 2. Horizontally integrated fuel consumptiQﬂuO*9 kgs1 m~2] of commercial aircraft considered in the SCENIC subsonic fleet for
2050(a). Difference between the 2050 mixed and subsonic fleet S&)5and between the mixed fleet scenarios P4€35The black line
indicates a zonal and annual mean tropopause height.

replacement of parts of the subsonic fleet by supersonic air3 Results
craft, the difference between the 2050 mixed and subsonic

fleet (S5-S4) is displayed in Figb. The main flight levels  |n order to estimate the impact of a future fleet of super-
of the supersonic fleet are between 18 and 20km, i.e. aboveonic aircraft we analyse the differences in contrail cover
the tropopause. Additionally, the replacement of subsonic by(Sect.3.1) and radiative forcing (Sec8.2) between the sub-
supersonic aircraft leads to a slight increase in fuel consumpsonic and the combined fleet. The pattern of differences is
tion at subsonic flight levels (around 9 km and 12 km, respecsimilar for both years 2025 and 2050, but more pronounced
tively; Fig. 2b) which is caused by supersonics flying in sub- for 2050 since more supersonic aircraft will be in-service.

sonic mode over land in order to avoid sonic boom. Theunless mentioned otherwise, the results shown refer to the
increase in fuel consumption below 8km, i.e. during climb, year 2050.

is related to a higher MTOW (maximum take-off weight)
of the supersonic aircraft compared to the subsonic aircraftg 1 contrail cover
The lower supersonic cruise speed of 1.6 Mach instead of

2.0 Mach in the perturbation scenario P4 results in a re- . . . . .
. X . . : The contrail cover in the GCM is determined as fractional
duction of the main cruise altitude of approximately 2 km . L .
) : area covered with contrails within each model grid box. Un-
compared to the base-case mixed scenario S5 Zeig. It

. L | mention herwi he shown contrail cover n-
should be mentioned that the emission datasets are based Oenss entioned otherwise, the shown contrail coverage co

. X o Siders both visible and subvisible contrails. Contrails are re-
detailed market forecasts and technical realizations. Further- w N . . -
. e . : - garded as “subvisible” if their optical depth is smaller than
more, all scenarios are optimised in terms of economical vi- . S .
0.02 or if they are disguised by natural cirrus cloudsrfater

ability, i.e. supersonic routes differ between S5 and P4, et al, 2002. The total contrail cover is calculated by vertical
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Fig. 3. Annually averaged total contrail cover [%] for the subsonic fleet S4 as simulated by ECHAM4 (left), and differences in total contrail
cover [%] between S5 and S4 (right). The displayed differences are significant at the 95% level (t-test).

summation using the principle of maximum-random overlap The zonal mean contrail coverage is presented in #ig.
(e.g.Geleyn and Hollingswortt1978. for January and July. For the subsonic scenario S4 the zonal
The left panel of Fig.3 presents the annual mean geo- mean contrail cover peaks in northern mid-latitudes at typ-
graphical distribution of the total contrail cover simulated ical flight levels around 200 hPa, i.e. near the zonal mean
for the subsonic scenario S4. The total contrail cover showgropopause. The contrail cover in northern mid-latitudes ex-
distinct maxima over the North Atlantic, the North Pacific, hibits a distinct annual cyclePpnater et al.2002 Meyer
the eastern USA, Europe and Japan/East Asia. This strucet al, 2002 Palikonda et a).2009: In summer the middle
ture directly reflects the main flight routes (FIy. Typical troposphere is often too warm for the formation of contrails,
mean values within the region of high air traffic density are whereas in winter contrails can also form below 300 hPa. The
in the range from 0.5% up to more than 5% (over the USAmodel results for the mixed fleet scenario S5 indicate a sim-
and Europe). The total contrail cover exhibits some seasondlar pattern at subsonic cruise levels as S4, but additionally a
variations (not shown) which are directly related to seasonapmall amount of contrails in the tropics at supersonic cruise
variations of atmospheric conditions, since the air traffic in-levels around 70hPa. In the northern extratropical strato-
ventories do not consider any seasonal cycle. Over the USAsphere above approximately 100 hPa atmospheric conditions
Europe and in tropical regions the total contrail coverage isare favourable for contrail formation only in winter.
higher in winter than in summer. In contrast, the contrail For a detailed inspection the differences in contrail cover
cover over the North Atlantic and North Pacific shows a max-between S5 and S4 are displayed in Fg. The depicted

imum in summer. differences are statistically significant at the 95% level (t-
The mixed fleet scenario S5 reveals an increase in totalest). The combined scenario S5 shows a reduced contrail
contrail cover over tropical regions (right panel of Fg). coverage at subsonic cruise levels (200 hPa), especially in

The strongest increase is found over Southeast Asia witthorthern mid-latitudes with values up to 0.03%. A slight
values up to 0.8%. This pattern of difference directly re- reduction at subsonic cruise levels is also found in tropical
flects the different flight patterns (Fig) of the subsonic and regions. Furthermore, the model results for S5 reveal ad-
the combined fleet. Except for central Europe and the USAditional formation of contrails in the lower stratosphere at
the model results indicate a strong reduction in total contrailsupersonic cruise levels, with a maximum contrail cover of
cover over the northern extratropics, most pronounced oveP-03% in tropical regions in winter. In summer there is no
the North Atlantic. The increase over USA and Europe iscontrail formation recognisable at supersonic cruise levels in
caused by supersonic aircraft flying in subsonic mode ovethe northern extratropics. Additionally, S5 shows slightly en-
land to avoid sonic boom. As the cruise altitude of a su-hanced contrail cover in northern mid-latitudes at subsonic
personic aircraft flying in subsonic mode is about 9—10 km, flight levels which is caused by supersonic aircraft flying in
which is below that of a subsonic aircraft (FR), slight dif- subsonic mode over land. The replacement of subsonic air-
ferences in contrail occurrence result over land. In contrastcraft by supersonic aircraft leads to a vertical and geograph-
the model results indicate a reduced total contrail cover ovefcal displacement in contrail coverage.

the North Atlantic and North Pacific despite an enhanced fuel The reduced cruise speed of Mach 1.6 in the perturba-
consumption, because the meteorological conditions at sution scenario P4 results in lower supersonic cruise levels
personic flight levels are less favourable for contrail forma- (Fig. 2) which directly affects the vertical distribution of sim-
tion than at subsonic flight levels. The changes in total con-ulated contrails. In P4 contrails in the tropical lower strato-
trail coverage between the two mixed scenarios S5 and P4phere form at lower altitudes than in S5, around the trop-
are only marginal and therefore not shown. ical tropopause. At subsonic cruise levels P4 shows small
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Fig. 4. Zonally averaged contrail cover [%] for the subsonic fleet S4 and the mixed fleet S5 as simulated by ECHAM4 for January (left) and
July (right), respectively. The bold line indicates a zonal mean tropopause as simulated by ECHAM4 for each respective month.
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Fig. 5. Changes in the zonal mean contrail cover [0.1%] between S5 and S4 and between P4 and S5 for January (left) and July (right),
respectively. The displayed differences are significant at the 95% level (t-test). The bold line indicates a zonal mean tropopause as simulatec
by ECHAMA4 for each respective month.

modifications compared to S5 which are caused by slightlyerage between the subsonic and the mixed fleets directly re-
different flight routes. Generally, the changes in contrail cov-flect the altered flight routes, taking into account the ambient
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Fig. 7. Global mean contrail coverage (squaresP]@s6]) and net

radiative forcing (crosses, [mMWN¥]) as a function of fuel con-
Fig. 6. Frequency distribution of the contrail optical depth as sim- sumption [Tgyr1] for different air traffic inventories. The blue
ulated by ECHAM4 for the 2050 mixed fleet scenario S5 and for symbols indicate the results froMarquart et al.(2003 for the
different geographical regions. Red: tropical lower stratosphereyears 1992, 2015 and 2050. The red symbols mark the results for
(20° N-20° S, 70hPa), black: northern extratropical upper tropo- the SCENIC datasets for the years 2025 and 2050, both for the sub-
sphere (7ON-4C N, 200 hPa). The threshold optical depth of 0.02 sonic scenarios (S1 and S4) and the mixed scenarios (S2 and S5,
is indicated by the vertical dashed line. black framed). The black lines show the linear regressions for RF

(solid) and contrail cover (dashed), respectively.

meteorological conditions of the respective atmospheric re-
gion. global mean contrail coverage in S5 decreases by a factor
Table 2 summarises the annual mean total contrail coverof 0.984 in terms of visible contrails, but only by a factor
for different geographical regions and the three scenarof 0.997 in terms of all contrails (visible+subvisible). Over
ios S4, S5 and P4. The global mean value for visible USA supersonic aircraft have to fly in subsonic mode. How-
contrails amounts to 0.372% for the subsonic scenario S4ver, the shift in flight routes over USA between the sub-
which is significantly higher than the respective value of sonic and the mixed fleet (Fid) does not affect the mean
0.22% for the 2050 NASA subsonic air traffic inventory total contrail cover. In tropical regions the mixed fleet sce-
(National Aeronautics and Space Administration (NASA) narios show a different effect, i.e. an increase in terms of all
inventories, scenario FESGAPCC, 1999 as calculated contrails with an almost constant amount of visible contrails.
by Marquart et al.(2003. This difference is related to Generally the model results indicate that the decrease in con-
the different design of the air traffic inventories: For the trail coverage in northern extratropics caused by the replace-
SCENIC inventory a 30% higher traffic demand has beenment of subsonic aircraft by supersonic aircraft is mainly re-
assumed. Differences in the underlying aircraft technol-lated to a decrease of visible contrails, whereas the increase
ogy are highlighted by the mean N@mission index which  in contrail coverage in the tropical stratosphere is associated
amounts to 10.85@Oy) /kg(fuel) in the SCENIC scenario  with an increase in subvisible contrails.
and 15.2 gNOy)/kg(fuel) in the NASA inventory. The cor-
responding fuel consumption in the SCENIC dataset is ap-3.2 Radiative forcing
proximately a factor of 1.4 larger than in the NASA inven-
tory (see Tabl& and Fig.7). Furthermore, the geographical In this section we present the contrail radiative forcing (RF)
distribution of the flight routes differs between both datasets:for the different air traffic inventories. For the RF calcula-
In the SCENIC dataset the maximum fuel consumption oc-tions all contrails (nhot only the visible contrails) are con-
curs between 11 and 12 km altitude (F2s), in the NASA  sidered. However, contrails with an optical depth of less
inventory between 10 and 11 km. As showrFichter et al.  than 0.02 are expected to have a negligible impact on radi-
(2009 the global mean contrail coverage decreases with ation (less than 8%Marquart et al.2003. The following
downshift in cruise altitude. RF values refer to the stratosphere-adjusted radiative forc-
On global average and in extratropical regions (Europe,ng at the tropopause, which is regarded to be a better met-
NAFC) except USA the combined scenarios S5 and P4 refic of climate impact than the instantaneous RF at the top
veal a slight reduction in contrail coverage with a more pro- of the atmosphere, as used in, évinnis et al.(1999. We
nounced decrease of visible contrails. For example, thenote that determining the contrail RF at the tropopause has
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Table 2. Annually averaged total contrail cover (%) for different scenarios and different regions. Values in parentheses refer to “visible

contrails. Western Europe: 4655’ N, 10° W20 E; USA: 28-54 N, 128-67 W, North Atlantic Flight Corridor (NAFC): 28-72 N,
83° W-175 E; North Pacific Flight Corridor (NPFC): 2672 N, 12 E-120 W; Thailand: 0-25° N, 90°-122 E.

Scenario World Western Europe USA NAFC NPFC Thailand

S4-Sub  0.610(0.372)  11.84(6.25) 3.62(2.66) 3.10(1.87) 0.83(0.49) 1.22(0.84)
S5-Mixed 0.608 (0.366)  11.80 (6.22)  3.62(2.66) 3.01(1.82) 0.82(0.48) 1.31(0.83)
P4-Speed  0.606 (0.365)  11.80(6.22)  3.61(2.65) 3.02(1.82) 0.81(0.48) 1.27 (0.84)

”

Table 3. Annually and globally averaged total contrail coverage (visible) and contrail radiative forcing components for the different air traffic

inventories. The contrail RF applies to line-shaped contrails only. The respective values for 2050 from a Btadyuaiit et al(2003 are
listed for comparison.

Coverage Contrail Radiative Forcing [mW |

Scenario [%] Longwave Shortwave Net
S1-Sub 2025 0.162 13.7 —4.3 9.4
S2-Mixed 2025 0.159 13.6 —4.2 9.3
S4-Sub 2050 0.372 35.8 -11.1 24.7
S5-Mixed 2050 0.366 35.1 —10.9 24.2
P4-Speed 2050 0.365 35.3 -11.0 24.3
Marquart et al(2003 0.22 20.7 -5.9 14.8

conceptual consequences for the shortwave part of the forc- The radiative impact of contrails does not only depend
ing: Shortwave absorption contributes positively in case ofon coverage, but also on their optical propertiddonater
tropospheric contrails, but negatively in case of stratospheriet al. (2002 and Marquart et al.(2003 found that the op-
contrails, because in the former case the absorbed radiation t&cal depth of contrails increases with decreasing altitude,
gained by the troposphere-surface-system. Scattering of corfrom the poles towards the equator, and from winter to sum-
trails contributes negatively in either case, however. As wemer. However, they analysed upper tropospheric contrails
shall see, this feature is not relevant for our results as shortexclusively, whose properties are not necessarily valid for the
wave absorption by contrails is negligible in comparison tolower stratosphere. Figu&extends the analysis presented
shortwave scattering. in Marquart et al(2003 their Fig. 7) by showing the accu-
o ) mulated frequency distributions of the optical depth for con-
In Table3 the global annual mean radiative forcing COM- yqijs in the tropical lower stratosphere (red line) and in the
ponent_s from contr_auls are listed for t_he different air traffic orthern extratropical upper troposphere (black line). The
scenarios, along with the total contrail cover. Furthermore,qqency distributions are based on semi-daily values of the
the respective RF values for a 2050 NASA air traffic scenariomadel simulation S5 including all years of the simulation.
taken fromMarquart et al(2003 are added for comparison. g gistribution functions for both regions show remarkable
Considering the changes in air traffic density and climate (in-gjtferences: Contrails in the tropical lower stratosphere are
crease in greenhouse gas concentrations, change in sea syfyically thinner than contrails in the upper troposphere in
face temperatures) between 2025 and 2050, the contrail nef,therm extratropics. The main fraction of these optically
RF for a subsonic ;I_eet increases from 9.4 mWrin 2025 thin contrails in the tropical lower stratosphere are below the
(S1)to24.7mWm=in 2050 (S4). The mixed fleet scenarios i, eshold optical depth of 0.02, i.e. they are regarded as sub-
indicate a slightly smaller contrail net RF of 9.3 '_“WF”” _visible in the model simulations. Atmospheric conditions
2025 (S2) and 24.2 r_nWrr? in 2050 (S5), respectively. This i, the tropical lower stratosphere are significantly drier than
means a reduction in net RF for the mixed fleet comparedy, the ypper troposphere, i.e. less atmospheric water vapour
to the subsonic fleet by approximately 2% in 2050, based ong qyaijlaple for condensation, which leads to a reduced ice

the assumption of constant RPK (Taldle The displayed  ater content within contrails and therefore a reduced opti-
chances in net RF between the subsonic and mixed fleet S depth. The change in optical properties of contrails in

narios are statistically significant at the 90% level.
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combination with the change in total contrail cover explainsings of the present study. The replacement of approximately
the reduced net RF in the mixed fleet scenario S5 compared% of the subsonic fleet by supersonic aircraft (scenario S5)
to the subsonic scenario S4. in terms of the number of transported passengers (RPK) re-
A direct comparison of the present results with previoussults in a reduction in global mean contrail cover (visible
studies is difficult since the simulated contrails strongly de-contrails) from 0.372% to 0.366% (Tab8 and a reduced
pend on the air traffic distributioMarquart et al(2003 as-  net contrail RF of approximately 2%, respectively. Our study
sessed the future development of contrails for a subsonic fleehdicates that supersonic aircraft do not completely avoid
with the GCM ECHAMA4. Their results for 2050 are listed in contrails and contrail radiative forcing.
Table3. The fuel consumption for the S4 scenario is approx-
imately a factor of 1.4 higher than Marquart et al(2003.
In contrast toMarquart et al(2003 who used the fuel con- 4 Discussion
sumption as a weighting factor to calculate the contrail cov-
erage, the flown distance was used in the present study whichen assessing the impact of supersonic aircraft on con-
reduces global contrail cover and RF by about 1G4skter  trails by means of GCM simulations the question arises how
et al, 2009. This would imply a reduced contrail cover and suitable the applied model tool is for this kind of study. In
RF for S4 compared tMarquart et al.(2003. However, particular, systematic model biases in the simulated temper-
the simulated contrail cover and contrail net RF for S4 areature and humidity distribution may affect simulated con-
a factor of~1.7 higher, i.e. the S4 scenario shows a highertrails. The ECHAM4 GCM like many other GCMs (e.g.
contrail coverage per fuel consumption. Part of this devia-Gates et a).1999 exhibits a serious “cold bias” in the ex-
tion can be explained by differences in the vertical distribu- tratropical lowermost stratosphere with a maximum temper-
tion of air traffic density with the NASA inventory showing ature deviation of about 10K at the 200 hPa levbéckner
the maximum fuel consumption at lower altitudes comparedet al, 1996 Land et al, 1999, i.e. the altitude range where
to S4. Fichter et al.(2005 have shown that a downshift in contrails generally form. Furthermore, the model shows a
flight altitude by 2000 ft (610 m) results in a decrease in thesevere “wet bias” in the extratropical lowermost stratosphere
global mean contrail coverage of 13%. Nevertheless, boti{Stenke et aJ2007). Above 100 hPa water vapour concentra-
studies show a close correlation between global mean cortions are still overestimated by a factor of approximately 1.5
trail cover and net RF. Taking into account all available re- compared to observationStenke and Grew&005. Mar-
sults for different years and air traffic scenarios (subsonic andjuart et al (2003 quantified the impact of model biases on
combined fleets) from the present study and figiarquart  the simulation of contrails by offline diagnostic calculations
et al. (2003 the mean contrail net RF per contrail coverage using ECMWF reanalysis (ERA) and ECHAM4 temperature
amounts to 6385.7 mW n2/1%. This value is calculated and humidity data as meteorological input. They found that
from the global mean contrail net RF divided by the global the contrail cover in the northern extratropics is only slightly
mean total contrail coverage, averaged over all air traffic sceaffected by the cold bias, but is very sensitive to the bias in
narios depicted in Figr. relative humidity. In contrast, in tropical regions the temper-
In addition to the contrail net RF of a subsonic fldeEC ature bias is more important for contrail formation than the
(1999 provided an estimate of 67 mWTA and 89 mW nm2 model errors in the humidity distribution.
for the net contrail RF of the combined fleet scenario FalH In a recent studgtenke et al(2007) showed that the sim-
in 2025 and 2050, respectively. The FalH scenario assumadated wet bias in the extratropical lowermost stratosphere is
that supersonic aircraft come into service in 2015 with a fi- caused by the exceptionally high numerical diffusion of the
nal capacity of 1000 aircraft in 2040, continuing operation to operational semi-Lagrangian advection scheme. Replacing
2050 (11% of the subsonic fleet Fal in 2050). This superthe semi-Lagrangian scheme by the pure Lagrangian trans-
sonic aircraft cruises with Mach 2.4 at 18-20km altitude. port scheme ATTILA Reithmeier and Sausg?002 results
The combined fleet FalH has a total fuel consumption ofin a significant reduction of the simulated wet bias and, as a
557.4Tgyr!in 2050 (supersonic part 140 Tgy%). How- consequence, of the simulated cold bias, too. In the follow-
ever, inIPCC (1999 it was assumed that persistent contrails ing, the updated model version using the Lagrangian trans-
in the stratosphere are unlikely because of the low humidityport scheme ATTILA is referred to as E39/ATTILA. In or-
values, and, therefore, radiative forcing from contrails from der to study the influence of the above mentioned model bi-
a future fleet of supersonic aircraft can be neglected. Thereases on the formation of contrails in a self-consistent model
fore, the reduction in net contrail RF for the FalH scenarioframework, we additionally performed the model simula-
compared to the subsonic scenario Fal directly reflects théons S4 (subsonic) and S5 (mixed) with the “unbiased”
percentage of subsonic aircraft replaced by supersonic airmodel version E39/ATTILA. Preliminary results of sensitiv-
craft, i.e. 11% less subsonic aircraft results in 11% less conity simulations show some remarkable differences between
trail RF in 2050. the standard model and E39/ATTILA in terms of contrail
The assumption made IRPCC (1999 that contrails from  coverage and optical properties of contrails. In the present
supersonic aircraft may be neglected disagrees with the findstudy, the main focus is on the effect of the replacement of
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subsonic aircraft by supersonic aircraft. A detailed analysis
of the properties of tropospheric contrails in the model ver-
sion E39/ATTILA compared to the standard model will not 30
be presented here. ©

Changes in the zonal mean contrail cover between S5 and =
S4 for January as simulated with E39/ATTILA are displayed
in Fig. 8 for comparison with the standard model E39 (see
Fig. 5). E39/ATTILA shows a similar pattern as E39: The E
mixed scenario S5 indicates a reduced contrail cover at sub- 75 3
sonic cruise levels which is most pronounced in the northern 1000 F¥——————
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around 40N to 5¢° N. Compared to E39, E39/ATTILA does
not show contrail occurrence in northern mid-latitudes at su-
personic flight levels£70hPa) and the increase in tropi-
cal lower stratospheric cpntrail cover is less pronou_nced. In,:ig_ 8. Changes in the zonally averaged contrail cover [0.1%)] be-
E39/ATTILA stratospheric water vapour concentrations areyeen S5 and S4 as simulated by E39/ATTILA for January. The
significantly lower than in E39Stenke et a).2007) which  pold line indicates a zonal mean tropopause. The displayed differ-
results in lower relative humidity. Therefore, meteorological ences are significant at the 95% level (t-test).
conditions in the tropical lower stratosphere are less suitable
for contrail formation in E39/ATTILA. For July, the model passenger kilometres (RPK) is constant in all scenarios for a
version E39/ATTILA again shows a similar difference pat- given year. This assumption was made in order to provide
tern as the standard model E39, but with a slightly weakercomparability of the different scenarios. Supersonic air traf-
maximum in the tropical lower stratosphere (not shown).fic and travel demand will depend strongly on the benefits
Compared to the basecase scenario S4 the annual globtiat passengers and industry could obtain. This includes pa-
mean contrail coverage in S5 is reduced by a factor of 0.984ameters like time saved, ticket price, direct operating costs
in terms of visible contrails and by a factor of 0.992 in terms or aircraft viability. For the SCENIC scenarios a medium
of all contrails. These values are in very good agreementiemand was assumed where the supersonic market cannot
with the results of the standard model E39 (S&ct). This  exceed 30% on each route.
indicates that model biases in the simulated temperature and The replacement of subsonic aircraft by supersonic aircraft
humidity distribution of the standard model E39 do not affect does not avoid contrails in terms of global mean total contrail
the main result of this study that the replacement of subsonicover, but it leads to a shift in the geographical distribution
aircraft by supersonic aircraft leads to a geographical shift inof contrails: Fewer contrails in the northern extratropics at
contrail cover from the northern extratropical subsonic flight subsonic flight levels which is a direct effect of the replace-
levels into the tropical lower stratosphere. ment of subsonic aircraft, and increasing contrail coverage in
the tropical lower stratosphere, i.e. at supersonic cruise lev-
els. This geographical and vertical shift leads to a reduced
5 Conclusions total contrail cover over Europe, the North Atlantic as well
as the North Pacific, and to an increased total contrail cover
The impact of future supersonic aircraft on contrail cover andover Thailand.
radiative forcing was investigated by means of model simu- Contrails in the tropical lower stratosphere are optically
lations with the ECHAM4 GCM including the contrail pa- thinner than those in the extratropical upper troposphere.
rameterization byPonater et al2002 with modifications by  This forms an extension to previous resultderquart et al.
Marquart and Maye(2002. This model approach allowed (2003 that the optical depth of subsonic contrails decreases
us to simulate contrail coverage, optical properties and rawith height. Optically thinner contrails have a reduced net
diative forcing of contrails in a consistent way with a com- radiative forcing. The contrail net RF in the mixed fleet
prehensive climate model. The effect of supersonic aircraftscenario S5 is approximately 2% (1.6%) lower than in the
was evaluated using SCENIC air traffic inventories for sub-subsonic fleet scenario S4, relating to a constant number of
sonic and mixed (sub- and supersonic) fleets for the yearpassenger kilometres (RPK) and a replacement of 4% of the
2025 and 2050, respectively (Rogers et al., 2007n the RPK by supersonic aircraft. Reducing the supersonic cruise
case of a mixed fleet, subsonic aircraft are replaced by suspeed from Mach 2.0 to Mach 1.6 leads to a lower supersonic
personic aircraft. For the SCENIC studies it was considerectruise altitude and therefore a vertical shift in contrail forma-
that the introduction of supersonic aircraft would not increasetion. However, the global mean total contrail cover and the
the global air traffic demand, i.e. that the number of revenueradiative impact of supersonic contrails are not affected.

[0.1%)]
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