Meteorologische Zeitschrift, Vol. 14, No. 4, 563-572 (August 2005)
(© by Gebriider Borntraeger 2005

Article

The impact of cruise altitude on contrails and related

radiative forcing

CHRISTINE FICHTER!3, SUSANNE MARQUART?, ROBERT SAUSEN*! and DAVID S. LEE?

nstitut fiir Physik der Atmosphire, DLR Oberpfaffenhofen, WeBling, Germany
Institut fir Umweltphysik, Universitit Heidelberg, Germany
3Dalton Research Institute, Manchester Metropolitan University, Manchester, UK

(Manuscript received October 10, 2004; in revised form May 27, 2004; accepted June 3, 2005)

Abstract

Within the framework of the European Fifth Framework Project TRADEOFF, the impact of changing cruise
altitudes on contrail coverage and corresponding radiative forcing was investigated. On the basis of the ref-
erence year 1992, a series of aircraft emissions inventories with changed flight altitudes was prepared. These
emission scenarios provide flown distances, fuel consumption and NO, emissions on a three-dimensional
grid. The vertical resolution of these inventories was significantly increased over that used in former invento-
ries. With a downshift of cruise altitude by 2000 ft (Throughout this paper we denote flight levels in ft. 2000
ft convert to approximately 610 m.), 4000 ft, and 6000 ft global annual mean contrail coverage is reduced
in an approximately linear manner, reaching a maximum decrease of almost 45 % for a 6000 ft lower cruise
altitude. Contrary to this, a slight increase by 6 % of global annual mean contrail coverage resulted for a 2000
ft higher maximum flight altitude. Relative changes of corresponding radiative forcing were shown to be very
similar to those of contrail coverage. For changes in contrail coverage and radiative forcing associated with
changes in flight altitudes, a strong seasonal and regional variability was found. This study only considers
contrail radiative forcing. Trade-offs from other aviation related radiative impacts, e.g., from CO; or O3, have
not been studied.

Zusammenfassung

Im Rahmen des Projektes TRADEOFF wurde der Einfluss gednderter Flugh6hen auf die Kondensstreifenbe-
deckung und den damit verbundenen Strahlungsantrieb untersucht. Fiir das Referenzjahr 1992 wurde eine
Reihe von Luftverkehrsemissionskatastern mit gednderten FlughShen entwickelt. Diese Emissionsszena-
rien stellen geflogene Distanzen, Treibstoffverbrauch und Stickoxidemissionen auf einem dreidimensionalen
Gitter bereit. Gegeniiber fritheren Luftverkehrsemissionskatastern wurde die Vertikalauflosung betrichtlich
erhoht. Die jahresgemittelte globale Kondensstreifenbedeckung nimmt ungeféhr linear mit der Flughdhe ab,
wenn letztere um 2000 FuB3, 4000 Fuf3 und 6000 Fuf} reduziert wird, und erreicht eine maximale Abnahme
von etwa 45 % fiir 6000 Ful} tiefere Flugniveaus. Im Gegensatz dazu fiihrt eine Erhohung der Flugniveaus
um 2000 Ful} zu einer geringen Zunahme der jahresgemittelten Kondensstreifenbedeckung um 6 %. Die
entsprechenden relativen Anderungen des Strahlungsantriebes sind denen der Kondensstreifenbedeckung sehr
dhnlich. Fiir die Anderungen der Kondensstreifenbedeckung und des Strahlungsantriebes ergibt sich eine hohe
saisonale und regionale Variabilitét. In der vorliegenden Arbeit wird nur der Strahlungsantrieb aufgrund von
Kondensstreifen betrachtet, andere Beitrige zum Strahlungsantrieb des Luftverkehrs z. B. aufgrund von CO,

oder O3 wurden nicht untersucht.

1 Introduction

Aviation has a number of impacts upon climate through
direct and indirect effects that were evaluated by the
Intergovernmental Panel on Climate Change (IPCC) in
terms of radiative forcing of climate (PENNER et al.,
1999). These include: direct emissions of carbon diox-
ide (CO;), emissions of nitrogen oxides (NO,) that af-
fect both tropospheric and stratospheric ozone (O;) and
ambient levels of methane (CHy), direct effects of water
vapour, sulphate and soot particles, condensation trails
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(contrails) and potential enhancement of cirrus cloud
coverage.

The impact of line-shaped contrail coverage on ra-
diative forcing was recently evaluated by several groups
(MYHRE and STORDAL, 2001; MEYER et al., 2002;
MARQUART et al., 2003) to be smaller than was reported
by the IPCC Report (PENNER et al., 1999). Nonethe-
less, the effect that contrail coverage has on radiative
forcing may still be substantial, since persistent contrails
can evolve into non-linear, cirrus-like clouds, which
could cause a strong warming (PENNER et al., 1999;
SAUSEN et al., 2005). Recent studies have provided evi-
dence that aviation may increase cirrus cloud formation,
particularly by the aging of contrails (ZEREFOS et al.,
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2003; MINNIS et al., 2004; MANNSTEIN and SCHU-
MANN, 2005; STORDAL et al., 2005). As an upper es-
timate, aircraft-induced cirrus clouds might cause a ra-
diative forcing from the same magnitude as all other
aircraft perturbations together (SAUSEN et al., 2005).
Even though the confidence level for radiative forcing of
aircraft-induced cirrus clouds is still poor and the range
of modelled results is considerable, this indirect effect
of contrails could be an important fraction of the total
radiative forcing from aircraft. It is therefore useful to
investigate potential strategies for the reduction of con-
trail coverage to prevent or at least reduce their direct
and indirect effects on radiative forcing.

Actual cruise altitudes of aircraft mainly result from
fuel and flight time efficiency with the constraints im-
posed by aircraft aerodynamics and air traffic manage-
ment. Potential climate impacts are not considered in
this process. As the climatic impact of air traffic is
not only dependent on fuel consumption and the cor-
responding emission of CO,, there exists a potential to
reduce the overall aircraft climate impact by changing
maximum flight altitudes and reducing aircraft climate
effects other than that from CO;,. In particular, the cover-
age by persistent contrails might be reduced, as their for-
mation is highly dependent on ambient atmospheric con-
ditions, which vary with altitude. Other aircraft emis-
sions like NO, and the subsequent production of Oz also
change for a change in flight altitudes (GREWE et al.,
2002; GAUSS et al., 2004). In the present study, only
effects on contrails and their radiative forcing were in-
vestigated.

According to the revised thermodynamic theory (e.g.
SCHUMANN, 1996), the formation of contrails mainly
depends upon ambient humidity, temperature, pressure,
the emission index of water vapour and the overall
propulsion efficiency of the aircraft. In addition, it is
necessary that the atmosphere is supersaturated with re-
spect to ice to allow for the persistence of a contrail.
Figure 1 shows the potential coverage of persistent con-
trails for January and July mean conditions for the year
1992 as calculated with the General Circulation Model
(GCM) ECHAM4.L39(DLR) (ROECKNER et al., 1996;
LAND et al., 1999, 2002). The potential contrail cover-
age is the maximum contrail coverage that could be ob-
tained for a given atmospheric state if aircraft were fly-
ing everywhere (details see SAUSEN et al., 1998). How
the potential contrail coverage was calculated within the
ECHAM model is explained in section 3 together with
a brief description of the contrail parameterisation. Re-
gions that are moist and cold enough to allow for the
formation of persistent contrails mainly occur in the
tropopause region. Figure 1 shows a strong seasonal cy-
cle of potential contrail coverage particularly at middle
and higher latitudes. The potential coverage with persis-
tent contrails is not confined to the tropopause region

C. Fichter et al.: The impact of cruise altitude on contrails

Meteorol. Z., 14, 2005

100

o3
(=3
(=1

Pressure [hPa]
=

S
(=3
(=}

W
(=3
(=]

100

=)
(W)
=, 200
2
2 300
g
A 400
>
500 S A A= :
60°S  30°S 0° 30°N  60°N
Latitude
5 10 15 20 25
[%]

Figure 1: Zonal mean potential coverage with persistent contrails
(shading in %), for January (upper panel) and July (lower panel)
mean conditions as calculated with the ECHAM4.L39(DLR) GCM
from a five year integration for 1992 conditions. The bold line indi-
cates the thermal tropopause, which is not well defined in the polar
winter atmosphere (dotted). The main aircraft cruise altitudes are in-
dicated by the finer dotted lines. The isolines display the zonal mean
temperature [K].

in the respective winter hemispheres, which reflects the
annual temperature and humidity variation in those re-
gions. This indicates that contrail formation is possible
much more frequently in winter than it is in summer. As
aircraft cruise altitudes are mainly located between 200
and 250 hPa, a particularly large part of the air traffic
flies in regions where contrails are very likely to form,
especially in the extra-tropics. Thus, contrail coverage
might be reduced by shifting cruise altitudes to higher
or lower flight levels, with ambient conditions that are
less likely to allow for the formation and persistence of
contrails.

A simplified parametric study of the impact of
cruise altitudes on contrail coverage was performed by
SAUSEN et al. (1998). In SAUSEN et al.’s (1998) study,
air traffic was artificially displaced up and down by 1 km
relative to a base case. They considered neither aero-
dynamic constraints nor the impacts on fuel consump-
tion. For the TRADEOFF aircraft emission scenarios,
which were used for the present study, the displacement
of air traffic was done in a more sophisticated way that
accounted for aerodynamic constraints as well as for
changes in fuel consumption. The procedure for the pro-
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duction of these scenarios is explained in the following
section.

2 Database

New aircraft inventories with greater vertical resolution
and the potential of shifts in flight altitude were pre-
pared and provided within the scope of the TRADEOFF
project!. Sixteen aircraft-engine-combinations were re-
garded as representative types for the global fleet
(GARDNER, 1998). Fuel-flow profiles for these 16 types
were modelled using the PIANO? aircraft performance
model, assuming a payload of 70 %. Previous air-
craft inventories (e.g. SCHMITT and BRUNNER, 1997;
GARDNER et al., 1997) specified cruise altitudes rather
crudely, being based upon limited data that were applied
globally, regardless of aircraft type and mission dis-
tance. For the TRADEOFF inventory, considerable ef-
fort was put into refining this aspect, given that changes
in cruise altitude were a major focus of the work. A sep-
arate analysis of real mission data from the EUROCON-
TROL and FAA air-space domains, using approximately
53000 flights, showed that cruise altitudes correlate with
mission distances for the representative aircraft types.
Based upon this analysis, cruise altitudes by mission
distance were prescribed for each of the representative
aircraft types for the calculation of fuel-flow profiles.
The fuel-flow profiles were modelled for a number of
mission distances for each of the representative aircraft
types.

The three-dimensional inventories of fuel consump-
tion, NO, emissions and distance travelled were calcu-
lated using the FAST® model. FAST comprises a move-
ment database and a library of programs, spreadsheets,
tables and database queries that assign a correspond-
ing fuel-flow profile to each of the movements from the
database. FAST then calculates the inventories of fuel
consumption, NO, emissions and distance travelled on a
global 1°x1° grid on a monthly mean basis.

In 1992, the base year of this study, the vertical
distance of flight levels (FL) was 2000 ft, e.g. FL290,
FL310, FL330 ..., FL410, these flight levels correspond
to altitudes of 29000 ft, 31000 ft, 33000 ft, ... 41000
ft, respectively*. In order to represent increased and de-
creased flight altitudes, increments of real flight lev-
els were chosen. Scenarios were developed for 2000 ft,

ITRADEOFF was a project in the European Fifth Framework Pro-
gramme, (www.iac.ethz.ch/tradeoff/).

2PIANO = Project Interactive Analysis
(www.lissys.demon.co.uk/)

3FAST = Future Civil Aviation Scenario Software Tool (King-
don R.D., 2000: FAST v1.0 User Manual, Propulsion Department,
DERA Pyestock, Farnborough, Hampshire, GU14 OLS, UK).

4These flight levels are defined by pressure values. The pressure lev-
els are assigned a height (in ft) according to the US standard atmo-
sphere.

and Optimisation.
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Figure 2: Annual mean flown distances horizontally integrated for
each ECHAM4.L39(DLR) model level for the TRADEOFF and
DLR base case inventories. The numbers in parentheses denote the
original vertical resolutions of the inventories. The right axis pro-
vides the mean altitudes of the ECHAM pressure levels.

4000 ft, 6000 ft and 8000 ft lower maximum flight alti-
tudes and for 2000 ft maximum higher flight altitudes.
The altitude changes were specified by aircraft type and
by mission distance. For the altitude increase scenario,
however, some aircraft types would not be able to per-
form the flight. This was the case for some long mission
distances with high flight altitudes. Thus, shifts in alti-
tude were made only when feasible, otherwise the flight
altitudes for those particular aircraft types and mission
distances were retained from the base case scenario. For
the downwards displacement by 8000 ft a number of
missions could not be performed because of insufficient
fuel. As this scenario was incomplete, it was not in-
cluded in the subsequent analysis. An overview of the
scenarios used in the present study is given in Table 1.

Overall comparisons were made with the DLR2 in-
ventory (SCHMITT and BRUNNER, 1997) that has been
used in former contrail studies. The DLR2 inventory
is based on the same air traffic movement database, as
the TRADEOFF inventory, but used a different aircraft-
engine-performance model for the calculation of the
fuel-flow data (SCHMITT and BRUNNER, 1997). How-
ever, both inventories are in close agreement with regard
to their total numbers of flown distances, fuel consump-
tion and NO, emissions. The vertical discretisation of
the TRADEOFF inventory was chosen to resemble real
flight level intervals of 2000 ft, whereas the DLR2 in-
ventory used a vertical discretisation of 1 knr. Figure
2 shows the vertical distributions of horizontally inte-
grated flown distances.

The TRADEOFF inventory shows a slightly broader
peak than does the DLR inventory, although the maxi-
mum is at very similar altitudes. The reason for the dif-
ferent traffic densities by altitude is that the TRADEOFF
inventory distributes flights according to an analysis of
air-traffic data, whereas the DLR2 inventory was based

5 Also the DLR-2 inventory uses pressure as vertical coordinate and
assigns altitudes (km) according the US standard atmosphere.
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Table 1: Global annual totals for flown distance and fuel consumption for the DLR2 (SCHMITT and BRUNNER, 1997) and the TRADEOFF
inventories for 1992 operations, resultant global mean contrail coverage and corresponding radiative forcing. The notes next to contrail cov-

erage indicate whether the measure used for contrail parameterisation was either flown distance or fuel consumption. Values in parentheses

behind RF values represent our best estimate for contrail radiative forcing (for explanation see text and for details see MARQUART and

MAYER, 2002).

Inventory Flown Fuel Global Mean Net RF by
Distance Consumption | Contrail Contrails
[*10°km/yr] | [Tg/yr] Coverage [%] [mW/m?]

DLR2 18.0 112.2 0.052 (distance) | 2.1(3.2)

0.057 (fuel) 2.3(3.5)

TRADEOFF | 17.1 111.5 0.047 (distance) | 1.9 (2.9)

base case 0.052 (fuel) 2.0@3.1)

TRADEOFF | 17.1 111.0 0.050 (distance) | 2.0 (3.1)

+2 kft

TRADEOFF | 17.1 114.5 0.041 (distance) | 1.6 (2.5)

-2 kft

TRADEOFF | 17.1 115.5 0.034 (distance) | 1.3 (2.0)

—4 kft

TRADEOFF | 17.1 118.0 0.026 (distance) | 1.0 (1.6)

—6 kft

upon more idealized assumptions. Given that the for-
mation of contrails is sensitively dependent on altitude
(Figure 1), a close representation of the vertical distribu-
tion of flight altitudes is essential to estimate the respec-
tive climate impact.

3 Method

For the present study a parameterisation for line-shaped
contrails (PONATER et al., 2002) was applied, which
was developed for the ECHAM4.L39 (DLR) model
(ROECKNER et al., 1996, LAND et al., 1999, 2002). It
is based on the thermodynamic theory of contrail for-
mation (Schmidt-Appleman theory) and takes into ac-
count that contrails only persist if the ambient air is su-
persaturated with respect to ice. The contrail parameter-
isation was formulated in a way that is consistent with
the ECHAM’s cloud parameterisation scheme. Within
the contrail parameterisation, the potential contrail cov-
erage is calculated by means of a critical humidity value,
which itself is dependent on the ambient temperature,
the emission index of water vapour and the overall
propulsion efficiency n of the aircraft. For the propul-
sion efficiency, an average value of 1 = 0.3 was assumed
(SCHUMANN, 1996). However, the sensitivity of the cal-
culations to realistic variations in 7 is small (SAUSEN et
al., 1998). In contrast to the study of PONATER et al.
(2002), the distance travelled was used as a weighting
factor to calculate the contrail coverage from the poten-
tial contrail coverage, rather than the fuel used. The air
traffic density is a more physically based measure for the
calculation of contrail coverage than the fuel consump-
tion within a grid box. Also the calibration procedure
was upgraded over that used in earlier studies. SAUSEN
et al. (1998) and PONATER et al. (2002) calibrated the

mean contrail coverage over the west Europe — east At-
lantic region to satellite observations of BAKAN et al.
(1994) and a daytime mean coverage of 0.5 %. In the
present study, the approach of MARQUART et al. (2003)
was adopted and the contrail coverage for the same re-
gion was calibrated to a 24-hour mean of 0.375 %. For
the calibration procedure only those contrails were in-
cluded whose optical depth exceeded a threshold value
of 0.02 (PONATER et al., 2002). Within the contrail pa-
rameterisation scheme, sufficient ice water needs to be
available within the grid box, which enables the con-
trails to persist during a whole model time step (i.e.
30 minutes); otherwise the contrails will evaporate and
not be included. For total contrail coverage all model
layers that contain a fractional coverage of contrails
were summed up using a random overlap assumption
(SAUSEN et al., 1998). Five or three year integrations
of constant 1992 conditions were run after the model
reached equilibrium conditions. The monthly or annual
means of the integration period were then analysed.

In this study, we measure climate change from con-
trails by radiative forcing, which is considered as one of
the most appropriate climate change metrics for aviation
impacts (PRATHER et al., 1999). Radiative forcing (e.g.
SHINE et al., 1990; HANSEN et al., 1997) is defined as
the change of the net radiative flux at some level in the
atmosphere that instantaneously results from a perturba-
tion, e.g. a change in radiatively active species or clouds.
In the present study radiative forcing of contrails was
calculated online in the GCM using the stratosphere-
adjusted radiative forcing at the tropopause (STUBER et
al., 2001). With regard to the calculation of the contrail
radiative forcing, all contrails were included, also those
with optical depth values below the visibility criterion.
In Table 1 only the annual mean values for net radiative
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Figure 3: Visible contrail coverage calculated by the ECHAM GCM
using the TRADEOFF inventory of flown distances for the year
1992.
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forcing are presented, which comprise the sum of the
long- and shortwave components. According to MAR-
QUART and MAYER (2002), the global mean longwave
forcing from contrails is systematically underestimated
within the ECHAM radiative transfer scheme because of
the exclusion of longwave scattering. Therefore, contrail
radiative forcing values are corrected by a 25 % offset
to the longwave radiative forcing. These corrected val-
ues are considered as best estimates for contrail radiative
forcing and are also given in Table 1.

4 Contrail coverage

4.1 Analysis of the TRADEOFF 1992 base
case — comparison with former results
from the ECHAM GCM

The annual mean global contrail coverage determined
with the ECHAM GCM using the TRADEOFF inven-
tory about flown distances for the year 1992 is shown in
Figure 3. In the following, this inventory and the respec-
tive simulation are referred to as the ‘base case’. The
global mean coverage of linear contrails for this base
case was calculated to be 0.047 %. MARQUART et al.
(2003) found the annual mean global contrail coverage
to be 0.06 % for 1992.

This difference arises from using two different air
traffic inventories and from using fuel consumption
rather than flown distances as a measure for the air traf-
fic density to calculate the contrail coverage. The differ-
ences arising from using flown distances rather than fuel
consumption were investigated by considering the ratio
of flown distances to fuel consumption, for the TRADE-
OFF 1992 inventories for altitudes above 5 km (Figure 4,
upper panel). The global mean ratio of flown distances to
fuel consumption above 5 km altitude is approximately
0.18 km/kg. Regions such as Europe and the United
States, where this ratio is higher than the mean value
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Figure 4: Upper panel: Annual mean ratio of flown distance to fuel
consumption for each grid box of the inventory above 5 km altitude,
the yellow box indicates the calibration area. Lower panel: Ratio of
contrail coverage calculated by using flown distance to that calcu-
lated by using fuel consumption.

are marked with red colours in Figure 4 (upper panel).
This higher mean value arises from the predominance
of short-haul flights over these regions performed with
smaller aircraft which generally consume less fuel per
flight km than larger-capacity aircraft (e.g. GARDNER,
1998). In contrast to this, the bluish areas are charac-
terized as regions dominated by long-range interconti-
nental flights with large and wide bodied aircraft which
consume comparatively more fuel per flight km.

Because of these systematic differences, the geo-
graphical distribution of contrail coverage is affected
accordingly (Figure 4, lower panel): if flown distances
instead of fuel consumption are used as a measure of
air traffic, contrail coverage increases in regions with
predominantly short-haul air traffic (e.g., Europe, USA,
reddish colours in Figure 4, lower panel), while contrail
coverage is reduced in regions with prevailing long dis-
tance flights (e.g. North Atlantic Flight Corridor, bluish
colours in Figure 4, lower panel). In total this results in
a relative decrease of global contrail coverage by almost
10 % (Table 1).
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Figure 5: Changes of annual mean contrail coverage from displaced flight altitudes by 2000 ft up (upper left), 2000 ft down (upper right),
4000 ft down (lower left), and 6000 ft down (lower right) relative to the base case [% of the total area].

4.2 Impact of flight altitude

Within the TRADEOFTF project scenarios with displace-
ments of the maximum flight altitude by —2000 ft,
—4000 ft, —6000 ft and 42000 ft were created. An
overview of these scenarios is given in Table 1, which
reveals that a penalty in fuel consumption results for
lower cruise altitudes because of suboptimal aerody-
namics of the airframe and engine combination. Global
annual mean values of contrail coverage for each of the
investigated scenarios are also given in Table 1. Com-
pared with the base case with standard flight altitudes,
a decrease in global contrail coverage resulted for all
lower flight altitudes, reaching a maximum decrease of
almost 45 % for the most extreme scenario of —6000 ft,
whereas flying at higher altitudes (42000 ft) resulted in
a relative increase of global annual mean contrail cover-
age by about 6 %. These global mean values result from
integrals over regionally very different, sometimes even
opposite changes in contrail cover. The geographic dis-
tributions of absolute changes in contrail coverage for
each scenario are shown in Figure 5.

For the three scenarios with lower cruise altitudes,
the general pattern of changes in contrail coverage
shows some characteristic features: an increase in con-
trail coverage in the northern extra-tropics and a de-
crease in the tropics (relative to the base case scenario).
In tropical regions cruise altitudes are usually located
well below the tropopause (Figure 1). If air traffic is
displaced downwards, temperature and humidity con-

ditions are no longer suitable for the formation of per-
sistent contrails. Tropical contrail coverage is thus re-
duced with a downwards displacement of cruise alti-
tudes. For the —6000 ft case nearly no contrails will form
equatorwards of 30°N. In mid-latitudes it is useful to
distinguish between intercontinental/long-haul flight re-
gions (e.g. the North Atlantic Flight Corridor) that are
dominated by higher cruising altitudes, and domestic or
intra-continental flight regions which have a widespread
vertical distribution of air traffic including both high
and low cruise altitudes. The vertical distribution for
domestic/intra-continental flights arises from both air
traffic management constraints and the different mix of
aircraft types used. For flights over the North Ameri-
can and the European continents, contrail coverage is
reduced with decreasing flight altitudes as the main part
of the air traffic, which already occurs at relatively low
altitudes, is displaced into even lower tropospheric re-
gions where threshold conditions of temperature and hu-
midity are less likely to be exceeded. Contrary to this,
the long distance air traffic in the northern mid-latitudes
occurs to some extent in the cold and dry lowermost
stratosphere in the base case. A small decrease in flight
altitudes by 2000 ft would therefore shift these long-
distance flights from the lowermost stratosphere into the
upper troposphere where ambient conditions are most
suitable for the formation of persistent contrails. For a
further downward displacement by 4000 ft or 6000 ft,
the high altitude air traffic southwards of about 45 to
50°N is shifted further down into tropospheric regions
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with ambient conditions that are no longer suitable for
the formation of persistent contrails (Figure 5).

Displacing air traffic upwards revealed a qualitatively
inverted pattern from the equivalent downward displace-
ment (Figure 5). Flying 2000 ft higher leads to an in-
crease in contrail coverage over the tropics and those
parts of northern mid-latitudes where air traffic at lower
flight altitudes is prevalent. By displacing cruise alti-
tudes upwards by 2000 ft, air traffic enters colder lev-
els of the upper troposphere where persistent contrails
are more likely to form. In contrast to this, a decrease in
contrail coverage occurs in northern mid-latitudes where
high altitude flights prevail. Over these regions, the dis-
placement of air traffic upwards by 2000 ft has the con-
sequence that a sufficiently large part of air traffic enters
the stratosphere, where threshold conditions for thermo-
dynamic contrail formation and persistence can rarely
be fulfilled.

In general, the results of cruise altitude changes
on contrail coverage can be summarized as follows: a
downward displacement of air traffic resulted in a de-
crease of contrail coverage in the tropics, subtropics and
the low-level air traffic in mid-latitudes, and an increase
of contrail coverage in regions with prevailing high alti-
tude air traffic in the mid-latitudes. For an upward dis-
placement of air traffic the opposite was true, contrail
coverage increased in the tropics, subtropics, and re-
gions with predominantly low-level flights, while it de-
creased in regions in which long distance air traffic at
high altitudes prevails.

4.3 Impact of seasonal cycle

From previous studies, it is known that contrail cover-
age is subject to a pronounced seasonal cycle from its
dependency on ambient meteorological conditions (e.g.
SAUSEN et al., 1998; MINNIS et al., 1999; PONATER et
al., 2002). The factors that affect the seasonal changes in
contrail coverage are variations in the flight movement
data and varying meteorological conditions. The inven-
tories of flown distances show a small seasonal cycle,
which on a global scale, deviates from the monthly to
the annual mean by less than 3 %. By contrast, monthly
values of global contrail coverage deviate from the an-
nual mean by up to 40 %. Hence the main reason for the
seasonal variation of the contrail coverage is the vari-
ability of the meteorological conditions rather than the
variability of aircraft movements.

Figure 6 shows monthly mean January and July val-
ues of changes in contrail coverage from a downward
displacement of air traffic by 6000 ft. This figure reveals
considerable differences in the effects a displacement in
flight altitudes may have in different seasons. For Jan-
uary, the pattern is similar to the annual mean; i.e. reduc-
tions in contrail coverage in the tropics and subtropics,
but an increase in regions with prevailing high-altitude
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Figure 6: Absolute changes in contrail coverage due to a downward
displacement of air traffic by 6000 ft for January (upper panel) and
July mean values (lower panel).

air traffic at northern mid latitudes. Contrary to this, con-
trail coverage decreases in nearly all regions in July. This
is attributable to higher tropospheric temperatures in the
northern hemisphere summer, restricting the formation
of persistent contrails (Figure 1, lower panel). A similar
but less pronounced pattern is also found for a smaller
downward shift of air traffic by 2000 or 4000 ft (not
shown).

In the +2000 ft scenario (not shown) in January, an
increase of contrail coverage is only found in the trop-
ics and over Central Europe, whereas at northern mid-
latitudes contrail coverage is reduced similarly to the an-
nual mean (Figure 5, upper left). In July, an upward dis-
placement of air traffic results in an overall increase in
contrail coverage except for very small regions over the
northern mid-latitudes. This increase is mainly caused
by a higher tropopause in northern mid-latitudes in July.

5 Radiative forcing

Radiative forcing from contrails does not only depend
upon total contrail coverage and its regional distri-
bution but also on the optical properties of the con-
trails. PONATER et al. (2002) found the optical prop-
erties of contrails to be dependent on altitude, latitude
and season. The optical depth of contrails resulted to
be higher for lower flight altitudes, for lower latitudes
and for warmer seasons. In general, optically thicker
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Figure 7: Relative changes in global mean contrail coverage (upper
panel) and radiative forcing by contrails (lower panel) as functions
of changes in mean cruise altitude. The results for the annual mean
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contrails are expected to be radiatively more important
(MEERKOTTER et al., 1999).

Figure 7 shows the relative changes in global con-
trail coverage (upper panel) and radiative forcing (lower
panel) as a function of changes in flight altitudes. Per-
centage changes are given relative to the base case for
the annual mean and for January and July mean values
for all scenarios. Both diagrams show very similar char-
acteristics. The maximum reduction of radiative forc-
ing by contrails is found for the —6000 ft scenario. The
global annual mean radiative forcing is reduced by al-
most 45 % compared with the base case, which is simi-
lar to the relative changes of contrail coverage. The sea-
sonal variation for radiative forcing with associated alti-
tude changes resembles the seasonal variation of contrail
coverage. Annual mean values for radiative forcing for
all scenarios are given in Table 1. The variation of opti-
cal properties associated with changes in flight altitude
is very small compared with the changes in contrail cov-
erage. Therefore, seasonal variations in contrail radiative
forcing are dominated by the large variations in contrail
coverage arising from changes in cruise altitudes rather
than by variations in optical depth.

6 Caveat

We note that the ECHAMA4.L.39(DLR) model, like most
other presently existing GCMs, suffers from a distinct
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temperature error in the extratropical tropopause region
— the so-called ‘cold bias®. The difference between
observed and modelled temperatures reaches about 10
K for the annual mean at an altitude of 200 hPa
(ROECKNER et al., 1996, MARQUART et al., 2003) but
is restricted to regions polewards from 40°N and 40°S.
This bias impacts the parameterisation of contrail cover-
age in so far as the calibration area is also affected by the
temperature bias, which leads to an artificial reduction of
tropical contrail coverage (PONATER et al., 2002, MAR-
QUART et al., 2003). In order to investigate to which ex-
tent the results and conclusions of the present study are
affected by the ‘cold bias’, sensitivity experiments for
6000 ft lower and for 2000 ft higher flight altitudes were
performed with an experimental model version of the
ECHAM GCM in which the temperature bias was re-
duced to half of the amount compared with the standard
model version (PONATER et al., 2003). For the purpose
of comparison the same factor for the calibration of con-
trail coverage was used for the reduced cold bias model
as for the standard model.

Naturally, the absolute values of global contrail cov-
erage are slightly different for the reduced cold bias
model compared with the standard model, as the differ-
ent values for temperature and humidity affect the distri-
bution of potential contrail coverage. However, the main
purpose for this sensitivity test is to check, if relative
changes of contrail coverage and net radiative forcing
for different flight altitudes (relative to the correspond-
ing base case with standard flight altitudes) are substan-
tially different for the model version with reduced cold
bias.

For a downwards displacement of air traffic by 6000
ft, both the relative changes in global contrail coverage
and radiative forcing are very similar: The respective
values from the reduced cold bias model deviate from
those from the standard model by less than 10 %. For
the 2000 ft higher flight altitudes however, results are not
as resembling. Although the sign of relative changes in
contrail coverage and radiative forcing associated with
the altitude change remains the same, the results of the
reduced cold bias model deviate by around 30 % for
contrail coverage and roughly 50 % for radiative forc-
ing from the results from the standard model. This larger
deviation for the higher flight altitude scenario is not un-
expected, as meteorological conditions (temperature and
humidity) change most in altitudes above 250 hPa in the
reduced cold bias model, which naturally affects higher
flight altitudes more intensively. This larger deviation of
global contrail coverage and radiative forcing values for
higher flight altitudes may be ascribed to a variety of
reasons, such as differing optical properties, a different

The German research project (COBI) investigates potential reasons
for the ‘cold bias’ and develops possible solution strategies (see
www.pa.op.dlr.de/cobi).
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tropopause height and a modified geographical distri-
bution of potential contrail coverage. A more detailed
analysis is required to investigate the effect of a reduced
cold bias on all these effects. This will be done with a
more sophisticated and physically consistent model ver-
sion with reduced cold bias, which will be available in
the near future.

7 Conclusions and outlook

The effects of changes in cruise altitudes on contrail for-
mation and contrail radiative forcing were investigated
by means of the ECHAM GCM and its contrail parame-
terisation scheme. For this purpose, a series of air traffic
scenarios with increased (+ 2000 ft) or decreased (—2000
ft, —4000 ft, —6000 ft) flight altitudes was used. For all
scenarios assuming decreased flight altitudes a reduction
of contrail coverage is found. The strongest reduction of
global annual mean contrail coverage was achieved by
displacing air traffic down by 6000 ft and yielded a 45
% decrease of global contrail coverage in comparison
with a base case scenario with standard cruise altitudes.
In contrast to this, an upward displacement of air traffic
by 2000 ft resulted in a 6 % increase of global annual
mean contrail coverage over the base case. Changes in
contrail radiative forcing that are associated with altitude
changes were found to be very similar to those of con-
trail coverage. For both contrail coverage and contrail
radiative forcing, strong seasonal sensitivity and consid-
erable regional differences were found for all investi-
gated air traffic scenarios.

This study shows a potential for reducing contrail
coverage and radiative forcing from contrails by chang-
ing aircraft cruise altitudes. The way this has been done
is rather simplistic as flight altitudes were changed uni-
formly in space an time. Particularly, considering the
strong seasonal and geographical differences that were
found, a more sophisticated approach is certainly desir-
able. An adaptation to latitudinal, seasonal, and ideally
to short-term changes in ambient parameters would po-
tentially avoid contrail formation more effectively than
a global increase or decrease of flight altitudes.

Contrail radiative forcing is only one of several fac-
tors which play a major role in aviation’s climate im-
pact. The effects of changes in flight altitude on the con-
centration and distribution of other aircraft emissions,
such as NO, (and its impact on O3 and CHy4) and CO»
were also investigated within the TRADEOFF project
(SAUSEN and SCHUMANN, 2000; GREWE et al., 2002;
GAUSS et al., 2004). In general, fuel burn and hence
CO; emissions will increase for decreasing flight alti-
tudes but will decrease for a small increase in flight al-
titudes, assuming that current aircraft are used, as for
the present study (see Table 1). For lower flight altitudes
aircraft NO, emissions increased, but net Oz and CHy
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concentrations decreased compared with the base case
scenario (GREWE et al., 2002).

For the development of strategies considering the
mitigation of the overall climate impact of aircraft emis-
sions all these different effects need to be quantified with
respect to their radiative forcing and the corresponding
atmospheric temperature response. Regarding the latter,
the atmospheric residence time of the different radia-
tively active agents must be considered, which is, for
example some hours for contrails but about a century
for CO;. This study has only explored the contrail ra-
diative forcing response from changed cruise altitudes,
and not the overall radiative forcing response from all
aircraft-induced contributions. Determining the latter re-
quires further numerical simulations that were beyond
the scope of the present study. Finding the environmen-
tally and economically optimal flight altitudes still re-
mains a challenge. Much more refined analyses are re-
quired before recommendations could be made regard-
ing the implementation of altitude changes in air traffic
regimes.
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