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ABSTRACT
The future development of contrails is investigated considering changes in air traffic and aircraft technology
as well as climate change by means of a contrail parameterization developed for the ECHAM general circulation
model. Time slice simulations show an increase in global annual mean contrail cover from 0.06% in 1992, to
0.14% in 2015, and to 0.22% in 2050. In the northern extratropics, the enhancement of contrail cover is mainly
determined by the growth of aviation. In the Tropics, contrail cover is, additionally, highly affected by climate
change. In order to quantify the effect of systematic errors in the model climate on contrail cover, offline
diagnostic studies are also performed. These studies suggest an underestimation of global contrail cover in the
ECHAM simulations by a factor of about 0.8–0.9. The effect of the bias in the model climate is strongest in
tropical latitudes. The temporal development of the simulated contrail radiative forcing is most closely related
to total contrail cover, although the mean optical depth is found to increase in a warmer climate. Our best
estimate is an increase of global annual mean radiative forcing from 3.5 mW m 22 in 1992, to 9.4 mW m 22 in
2015, and to 14.8 mW m 22 in 2050. Uncertainties in contrail radiative forcing mainly arise from uncertainties
in microphysical and optical properties such as particle shape, particle size, and optical depth.

1. Introduction
Anthropogenic changes in cirrus cloudiness such as
line-shaped contrails, contrail–cirrus, or indirectly induced cirrus from accumulating particle emissions may
have a significant influence on the earth’s climate system
(Schumann and Ström 2001). The Intergovernmental
Panel on Climate Change (IPCC) special report ‘‘Aviation and the Global Atmosphere’’ (Penner et al. 1999)
provided an estimate for the radiative forcing of linear
contrails in the range of 0.02 W m 22 for 1992, amounting to 40% of the total radiative forcing from aviation
impacts. Assuming IPCC aviation scenario Fa1, radiative forcing due to contrails will have increased to 0.1
W m 22 by 2050, which then would amount to about
50% of the total aircraft radiative forcing (Penner et al.
1999). A large uncertainty range of roughly a factor of
4 was associated with the radiative forcing of lineshaped contrails, based on sensitivity considerations discussed in Minnis et al. (1999).
Since the Penner et al. (1999) report, a variety of
studies on contrails have been published both from the
observational and from the model-based point of view.
An algorithm developed by Mannstein et al. (1999),

Corresponding author address: Dr. Susanne Marquart, Deutsches
Zentrum für Luft- und Raumfahrt, Institut für Physik der Atmosphäre,
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which allows for an operational detection of line-shaped
contrails from satellite data, was used to quantify contrail cover over different regions of the world (Minnis
et al. 2000; Meyer et al. 2002a,b). Beyond the radiative
transfer model calculations of Minnis et al. (1999), on
which the Penner et al. (1999) radiative forcing estimates mainly rely, alternative model approaches were
used to compute the radiative impact of contrails. In
general, the more recent results (Myhre and Stordal
2001; Marquart and Mayer 2002; Meyer et al. 2002b)
tend to be somewhat lower than the best estimate given
by the IPCC report. Nevertheless, line-shaped contrails
still have to be considered as an important factor of
aircraft-induced climate change.
The expected increase in air traffic will certainly contribute to an increase in contrail cover. More efficient
engines will lead to a colder exhaust gas and will, therefore, also facilitate contrail formation (Schumann 2000).
These effects have already been studied by means of a
diagnostic method based on the thermodynamic theory
of contrail formation (Sausen et al. 1998; Gierens et al.
1999). The global mean contrail cover was estimated to
increase from 0.09% in 1992, to about 0.2% in 2015,
and 0.5% in 2050, assuming a nonchanging atmospheric
environment. However, a warmer climate as expected
during the twenty-first century (Houghton et al. 2001)
would reduce the coverage of contrails, which form
preferably in a sufficiently cold environment (Sausen
2000).
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2. Methods
The characteristic features of both the GCM parameterization (hereafter denoted as the ‘‘online’’ method)
and the diagnostic approach (hereafter denoted as ‘‘offline’’ method), as well as the strategy in combining both
methods favorably, are described in this section.
The GCM contrail parameterization was developed
for the ECHAM4.L39 (DLR) model (Roeckner et al.
1996; Land et al. 1999, 2002), which we use in a horizontal spectral T30 resolution with a time step of 30
min. The model has 39 layers between the surface and
the top layer centered at 10 hPa, resulting in a vertical
resolution of about 700 m (or approximately 20 hPa) in
the tropopause region where air traffic mainly occurs.
The model was extended by a contrail parameterization
scheme that is based on the thermodynamic theory of
contrail formation (Ponater et al. 2002). Contrails may
form at any time step depending on ambient temperature, humidity, and natural cloudiness, also considering
actual air traffic movements. The simulated contrails are
characterized by a fractional grid box coverage, an individual ice water path and effective particle size, and
optical properties. For details, see Ponater et al. (2002).
The radiative forcing of contrails is determined as the
difference of radiative fluxes with and without contrails.
As a measure of climate impact we use the stratosphereadjusted radiative forcing at the tropopause, which is

calculated online in ECHAM4 (Stuber et al. 2001b). In
contrast to Ponater et al. (2002), we do not rely on the
standard ECHAM4 longwave radiation scheme for our
radiative forcing calculations: Marquart and Mayer
(2002) found that the longwave radiative forcing of optically thin ice clouds (such as contrails) is severely
underestimated in the standard ECHAM4 radiation
scheme. Therefore, we make use of an upgraded version
of the longwave scheme (Marquart and Mayer 2002).
Note that, for this reason, the values for radiative forcing
given in the present paper are systematically higher than
those presented by Ponater et al. (2002).
We perform so-called time slice simulations with
fixed annual cycles of boundary conditions (sea surface
temperature, solar radiation, and fixed concentrations of
greenhouse gases) for each year considered. For the
future time slice simulations (2015, 2050), changes in
the background climate (with respect to 1992 conditions) are based on increasing greenhouse gas concentrations according to the scenario IS92a of the IPCC
report (Houghton et al. 1992), as well as on corresponding sea surface temperature changes taken from a transient climate simulation with the coupled atmosphere–
ocean model ECHAM4/OPYC (Roeckner et al. 1999).
In this simulation, the global mean surface temperature
rises by 2.6 K from 1992 to 2050. As we do not account
for the potential damping influence of increasing tropospheric aerosol abundance on global warming, our
climate change scenario is likely to represent an upper
limit of tropospheric temperature increase.
Our offline diagnostic approach closely follows the
lines described by Sausen et al. (1998). Contrail cover
is calculated at fixed pressure levels (with 50-hPa resolution in the main flight altitudes) in a similar manner
to the GCM’s contrail parameterization. Daily values of
temperature and relative humidity (with respect to ice)
at 1200 UTC are employed. Besides 10 years of European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis data (ERA 1983–92; Gibson et al.
1997), which were also used by Sausen et al. (1998)
and Gierens et al. (1999), we also apply climate model
data to diagnose contrail cover: temperature and relative
humidity values are extracted for three 10-yr periods
(1985–94, 2010–19, and 2045–54) from the transient
climate simulation with ECHAM4/OPYC mentioned
above.
For both types of calculations, we use 3D inventories
of fuel consumption as a measure of air traffic for the
time slices 1992, 2015 [Deutsches Zentrum für Luftund Raumfahrt (DLR) inventories; Schmitt and Brunner
1997], and 2050 [National Aeronantics and Space Administration (NASA) inventories, scenario FESGa;
Baughcum et al. 1998; Penner et al. 1999]. In all inventories, subsonic aviation is assumed. The annual cycle of air traffic is included. The daily cycle is neglected
in most calculations as it turned out to be only of minor
importance on a global and annual mean scale (see section 5b). Concerning propulsion efficiencies we rely on
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In the present paper, we investigate the future development of contrails in a changing background climate by means of a contrail parameterization developed
by Ponater et al. (2002) for the general circulation model
(GCM) ECHAM4. We consider changes in air traffic
and propulsion efficiency, as well as increasing greenhouse gas concentrations in the atmosphere for three
time slices: 1992, 2015, and 2050. In contrast to the
diagnostic approach of Sausen et al. (1998) the parameterization allows us to estimate online, within a self
consistent framework, both coverage and optical properties of the contrails as well as the resulting radiative
forcing.
However, the straightforward interpretation of the
GCM results is restricted by model systematic errors in
temperature and humidity distributions, which directly
affects the thermodynamic contrail formation frequency.
In order to quantify the effect of the bias in model
climate on the computed contrail cover, the above-mentioned diagnostic Sausen et al. (1998) method is used
for several sensitivity considerations.
The two approaches to determine contrail cover, that
is, the GCM parameterization as well as the offline diagnostics, are described in section 2. In sections 3–5,
results for future changes in contrail cover, optical
depth, and radiative forcing are presented and discussed,
with special emphasis given to the impact of systematic
errors in the model climate. Finally, conclusions are
presented in section 6.
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considerations provided by Gierens et al. (1999), who
anticipated a respective increase from 0.3 in 1992, to
0.4 in 2015, and to 0.5 in 2050.
In both cases, that is, the online GCM simulations
and the offline diagnostic calculations, the mean contrail
cover of the western Europe–east Atlantic region was
calibrated to satellite observations of Bakan et al.
(1994), in analogy to previous studies (Sausen et al.
1998; Gierens et al. 1999; Ponater et al. 2002). However,
while all these studies were calibrated to the daytime
mean coverage of 0.5% reported by Bakan et al. (1994)
for the respective area, we rather use the more appropriate 24-h mean of 0.375%. Values for contrail cover
presented in this paper are therefore expected to be about
25% lower than those provided by the above-mentioned
studies.
The main objectives of the present paper are 1) to
estimate future contrail cover, optical depth, and the
resulting radiative forcing in a changing background
climate; 2) to separate the effects resulting from future
changes in air traffic and aircraft technology from those
resulting from climate change; and 3) to quantify the
sensitivity of contrail cover arising from the bias in the
model climate. For these purposes, a variety of online
simulations and offline calculations were performed for
the three time slices and different combinations of air
traffic, propulsion efficiency, and atmospheric environment. The most important simulations are shown schematically in Fig. 1 and will be explained in detail in the
following sections.
Although the formal way of computing contrail coverage by means of the offline diagnostics is quite similar
to the GCM’s parameterization, the offline method contains some fundamental caveats. Information about ice
water is only available within the framework of the
GCM, allowing us to consider criteria like contrail persistence or visibility, in addition to the solely thermodynamical possibility of contrail formation. Following
the approach of Ponater et al. (2002), in the current

GCM simulations contrails are only retained in a grid
box if they contain sufficient ice water to persist during
a whole model time step. Furthermore, only those contrails are taken into account for calibration whose optical
depth exceeds a ‘‘visibility’’ threshold value of 0.02.
(Note, however, that ‘‘nonvisible’’ contrails still contribute—by 6%–7% in the global mean—to radiative
forcing.) In the offline studies, however, such additional
aspects cannot be considered; therefore, this approach
has to be regarded as conceptually inferior to the GCM
parameterization.
Nevertheless, the effect of the bias in model climate
in the simulated contrail cover can be quantified most
efficiently in offline studies, where meteorological data
can easily be provided from external data sources.
Therefore, while the GCM simulations allow for a comprehensive simulation of the coverage, optical properties, and radiative forcing of contrails, the offline method is a suitable additional tool to reduce uncertainties
regarding the GCM computed contrail cover.
3. Contrail cover
a. Recent conditions and future projections
Contrail cover is determined in the GCM as a fractional coverage within each model grid box. Unless
mentioned otherwise, we refer to the so-called ‘‘visible’’
contrail cover (Ponater et al. 2002), which comprises
only contrails that exceed a minimal optical depth of
0.02 and are not obscured by natural clouds. These restrictions are consistent as the modeled contrail coverage is calibrated and compared to observed contrails,
which are not detected below a certain threshold optical
depth or directly beneath or underneath natural cirrus
clouds.
Summing up vertically by using the principle of maximum-random overlap (e.g., Geleyn and Hollingsworth
1978), the total contrail cover is gained as a 2D distribution. As an example, Fig. 2 shows the annually averaged total contrail cover simulated for the time slice
1992. In this figure, regions are indicated for which
observational data exist that can be and have already
been compared with the model results (Ponater et al.
2002; Meyer et al. 2002a). The boundaries and the denotations of the regions are provided in the legend of
Fig. 2. These regions will be the focus of our interest
in the following sections. Marked in black is the region
analyzed by Bakan et al. (1994), which is used for model
calibration.
The top panels of Fig. 3 show how total contrail cover
is expected to change in the future relative to the 1992
conditions. Both changes in air traffic (flight density as
well as propulsion efficiency) and climate are considered. The calculated contrail cover is found to increase
nearly all over the world. Global mean contrail cover
more than doubles from 1992 to 2015 and increases
further until 2050 by a factor of about 1.6.
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FIG. 1. Performed calculations, characterized by the respective assumptions about air traffic and climate. The studies allow us 1) to
separate the effects of changes in air traffic and climate and 2) to
quantify how systematic errors in the model climate affect contrail
cover. The suffixes ‘‘-on’’ and ‘‘-off’’ denote online contrail simulations and offline calculations; ‘‘ECHAM’’ and ‘‘ERA’’ denote the
underlying meteorological data.
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FIG. 3. Ratios of the annual mean contrail cover for different scenarios separating the effects of changes in air
traffic (tr) and climate (cl). (top), (middle) Changes in contrail cover relative to the 1992 reference scenario, where
(top) shows the overall effect: combined changes in air traffic and climate between (left) 2015 and 1992 and (right)
2050 and 1992; and (middle) shows the traffic effect: changes in air traffic only between (left) 2015 and 1992 and
(right) 2050 and 1992. (bottom) Ratio of (top) and (middle) panels (climate effect). Please note that the overall effect
(tr·cl), therefore, is the product of the climate effect (cl) and the traffic effect (tr).

Downloaded from http://journals.ametsoc.org/doi/pdf/10.1175/1520-0442(2003)016<2890:FDOCCO>2.0.CO;2 by guest on 28 November 2020

FIG. 2. Annually averaged total contrail cover (%) for the 1992 time slice simulated by ECHAM4. Regions for which satellite-based
contrail observations exist are marked: black, western Europe–east Atlantic (358–758N, 308W–308E; Bakan et al. 1994); dark blue, western
Europe (408–558N, 108W–208E; Meyer et al. 2002b); light blue, United States (258–558N, 1308–658W; Minnis et al. 2000); red, Japan region
(308–488N, 1268–1488E; Meyer et al. 2002a); green, Thailand region (08–258N, 908–1228E; Meyer et al. 2002a).
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The effects of air traffic increase and climate change
can be separated from each other by performing GCM
simulations for both future time slices with and without
changes in sea surface temperature and atmospheric
composition. Generally, the impact of changes in air
traffic (Fig. 3, middle panels) dominates over the effect
of climate change (Fig. 3, lower panels). (We use ratios
to display changes; thus, the results in the upper panels
are yielded as the product of those in the lower two
panels.) The relatively strong increase in contrail cover
over Southeast Asia and respective flight routes to Europe and the United States is due to especially high
future growth rates of aviation in these areas. Local
increases by one order of magnitude occur between 1992
and 2050.
Climate change tends to reduce contrail cover, because enhanced greenhouse gas concentrations increase
tropospheric temperatures. The most important impact
of climate change is found between 308S and 308N,
where temperature increases up to 5 K occur from 1992
to 2050 at the main flight altitudes [Fig. 4; see also Fig.
11a of Roeckner et al. (1999)]. This warming would
lead to local decreases in contrail cover of up to a factor
of 5 if air traffic did not increase in the respective time
period (Fig. 3, lower right panel). In the midlatitudes,
temperature change is more moderate and the effect of
climate change on contrail cover is nearly negligible.
Although it is not surprising that climate change affects
contrail cover preferably in regions where it is most
pronounced, it has to be recalled that the temperature
sensitivity of contrail formation depends on the absolute
temperature regime: the formation of contrails is more
sensitive to a given temperature change in the Tropics
than in the extratropics, because tropical temperatures
tend to be higher and are often close to the threshold

temperature for thermodynamic contrail formation at the
relevant altitude range (see also section 3b).
On the global scale, changes in air traffic lead to an
increase in contrail cover from 0.06% in 1992, to 0.15%
in 2015, and to 0.28% in 2050, if climate change is
neglected. Note that the values for all three time slices
are lower than the ones presented by Gierens et al.
(1999), who obtained 0.09% (1992), 0.2% (2015), and
0.5% (2050). This is partly due to a different calibration
as explained in section 2, and partly it is related to
systematic deviations between the model climate and
the observed climate, as will be discussed in section 3b.
If future climate change is considered in addition, global
mean contrail cover reduces in the model simulations
to 0.14% in 2015 and 0.22% in 2050. It can be concluded that the global contribution of climate change to
changes in contrail cover is small compared to the contribution of changes in air traffic. Note, however, that
the contribution of climate change would be larger if
air traffic density was higher in tropical latitudes, where
contrail cover is quite sensitive to climate change.
b. Sensitivity to the model bias
In order to quantify how the contrail cover simulated
within the framework of the ECHAM4 GCM is affected
by systematic errors in the model climate, a couple of
offline diagnostic calculations were performed. As described in section 2, basically two meteorological datasets were used: 1) data from ECMWF reanalysis
(ERA) and 2) temperature and humidity data from an
ECHAM4 climate simulation. Assuming the ERA data
to provide ‘‘true’’ 3D distributions of temperature and
relative humidity for the time slice 1992, the bias in the
GCM’s climate can be determined as the difference be-
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FIG. 4. Annual mean temperature difference (K) in the GCM simulations between (left) 2015 and 1992 and
(right) 2050 and 1992 at (top) 200 and (bottom) 250 hPa. Isoline spacing is 0.5 K. Negative values are shaded.
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tween climatological ECHAM4 and ERA datasets. Figure 5 shows the bias in atmospheric temperatures and
in relative humidities at the 200- and 250-hPa levels,
which happen to be not only the altitude range where
most aircraft fly, but also the altitude range where the
systematic errors in model climate are most pronounced.
As obvious from Fig. 5 (left), the ‘‘cold bias’’ of
atmospheric temperatures in its typical form (Boer et
al. 1992; Gates et al. 1999) is restricted to latitudes
poleward of about 408N and 408S and shows maximal
differences of up to 212 K over Greenland and the
Antarctic Sea at 200 hPa. The tropical regions between
308S and 308N, on the other hand, are characterized by
a ‘‘warm bias’’ of up to 5-K-too-high temperatures over
the equatorial Pacific Ocean. The bias in temperature is
accompanied by a bias in relative humidity (Fig. 5 right).
At polar latitudes the model simulates relative humidities higher than observed, because the cold bias leads
to a smaller static stability in the upper troposphere and
a lifted tropopause (Santer et al. 2003, their Fig. 1).
Hence, moist air is allowed to reach higher altitudes.
The relative humidity difference yields a maximum of
up to 30% over the Arctic at 250 hPa. Outside the polar
regions the differences to the observations are smaller
but the model keeps to show higher moisture except for
few regions in the inner Tropics.
Figure 6 shows how the total contrail coverage is
affected by systematic errors in 3D temperature and
humidity, while Table 1 gives the regional mean effect
for the key areas indicated in Fig. 2. In order to enable
a direct comparison between the calculations with ERA
and ECHAM4 data, the same calibration factor was used
for both diagnostics; that is, the calculations were not
calibrated independently. As we regard the ERA data

to represent the true climate, we chose the respective
calculation as the base case, which was calibrated to the
observations by Bakan et al. (1994) as described above.
The same calibration factor was also used for all calculations with ECHAM4 data, which are denoted as
‘‘not individually calibrated’’ (marked with the superscript ‘‘nc’’) in the following. This procedure of shifting
the calibration factor from ERA to ECHAM4 data allows us to quantify the effect of the model bias on
contrail cover in a most straightforward way. Note, however, that the contrail coverage from calculations that
were not individually calibrated should not be used for
a comparison with observations.
According to Fig. 6 (top) the contrail coverage diagnosed from GCM data is systematically too high in
cold bias regions, which are characterized by too low
temperatures and too high relative humidities, while too
few contrails form in the tropical warm bias areas. For
example, the contrail cover in the Bakan area or the
Japan region nearly doubles if ECHAM4 data instead
of ERA data are used for contrail diagnostics. In contrast, the coverage in the tropical Thailand region is
reduced by a factor of more than 2 (Table 1). Global
mean contrail cover increases from 0.07% to 0.10%.
In order to separate the effects of the bias in temperature and the bias in humidity on regional contrail
cover, further offline calculations were performed using
‘‘partly corrected’’ ECHAM4 climate data. The correction was done by adding the respective 10-yr mean difference between ERA and ECHAM4 gridbox data to
the ECHAM4 data. (Note that the simultaneous correction of both temperature and humidity would result in
a nearly perfect agreement with the ERA-off calculations.) If only the temperature field is corrected
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FIG. 5. The 10-yr mean differences of (left) temperature (K) and (right) relative humidity with respect to ice (%)
between data from the ECHAM4 transient climate change simulation and ECMWF reanalysis data (ECHAM4 minus
ERA) at (top) 200 and (bottom) 250 hPa. Isoline spacing is 2 K or 5%, respectively. Negative temperature and
positive humidity values are shaded.

2896

JOURNAL OF CLIMATE

VOLUME 16

TABLE 1. Annually averaged total contrail cover (%) in 1992 for
different regions. The regions are those marked in Fig. 2. The columns
refer to results from offline calculations using different meteorological data: ECMWF reanalysis data (ERA-off ), ECHAM4 climate
model data (ECHAMnc-off ), and ECHAM4 climate model data with
a corrected temperature (ECHAMnc-off-corrT) or humidity distribution (ECHAMnc-off-corrRH). The same calibration factor was used
for all calculations. Calculations not individually calibrated are
marked with the superscript ‘‘nc.’’ Calibration is shown in bold.

(ECHAMnc-off-corrT; Table 1; Fig. 6, middle), contrail
cover is reduced in the northern extratropics (Bakan,
western Europe, Japan) compared to the study with uncorrected ECHAM4 data (ECHAMnc-off ) but is still significantly higher compared to the ERA-off calulation.
For the United States, which is to the northern part
located in the cold bias region, to the southern part in
the warm bias region, the temperature correction alone
even leads to a worse agreement with the ERA-off calculation. In the tropical regions, the temperature correction alone causes a thorough improvement, with contrail coverage differing only slightly from the ERA-off
calculations.
The correction of the relative humidity fields only
(ECHAMnc-off-corrRH; Table 1; Fig. 6, bottom) has
quite different consequences for contrail cover than the
pure temperature correction. Interestingly, the correction of the humidity distribution leads to a nearly perfect
agreement with the results of the ERA-off calculation
in the northern extratropics (Bakan, western Europe,
Japan), although these regions suffer most from the

ERA-off

ECHAM ncoff

ECHAM ncoff-corrT

ECHAM ncoff-corrRH

World
Bakan
Western Europe
United States
Japan
Thailand

0.07
0.37
0.88
0.75
0.18
0.12

0.10
0.71
1.53
0.92
0.34
0.05

0.10
0.62
1.39
0.96
0.27
0.13

0.05
0.37
0.87
0.61
0.17
0.04

GCM’s temperature bias. Obviously, the correct capture
of the observed temperature is much less crucial for
contrail formation in these regions than relative humidity, implying that most of the time the ambient air is
cold enough for contrail formation anyway. In the tropical regions, the humidity correction alone tends to
worsen the agreement with the ERA-off calculations,
especially in regions that are characterized by a ‘‘moist
bias’’ in the GCM.
To sum up the general results of the sensitivity studies, the impact of systematic errors in the model climate
must be regarded as qualitatively and quantitatively distinctive for different regions. While the contrail cover
in the northern extratropics is only slightly affected by
the literal cold bias, it reacts very sensitively to the
associated bias in relative humidity. The opposite is true
for the contrail cover between 308S and 308N, where
the correction of the temperature fields is of much greater importance than the humidity correction. Interestingly, the tropical warm bias has a much greater direct
importance for contrail cover calculations than the much
more pronounced extratropical cold bias. For regions
like the United States, which include both cold bias and
warm bias contributions, the correction of only one parameter is completely unsuitable to achieve better agreement with ERA-based calculations. Therefore, a selective online temperature correction by a relaxation or
nudging technique (e.g., Feichter and Lohmann 1999)
will not necessarily lead to a substantial improvement
of the GCM simulated contrail coverage.
c. Effect of the model bias on the GCM results
In Table 2 results of the GCM simulations and offline
calculations are compared for all regions and time slices
considered. The results for the time slices 2015 and 2050
include both changes in air traffic and changes of climate
in all studies. In contrast to the sensitivity tests described
in the last section (Fig. 6 and Table 1), the GCM simulations and the offline diagnostics for 1992 had to be
calibrated individually to achieve a fair comparison of
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FIG. 6. Ratios of total contrail cover between different offline scenarios for the time slice 1992: (top) ECHAMnc-off/ERA-off; (middle)
ECHAMnc-off-corrT/ERA-off; (bottom) ECHAMnc-off-corrRH/ERAoff. Yellow and red signifies a locally higher, blue a locally lower
contrail cover compared to ERA data. The same calibration factor
was used for all calculations. Calculations not individually calibrated
are marked with the superscript ‘‘nc’’ (see text).
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TABLE 2. Annually averaged total contrail cover (%) for different
time slices and different regions. The regions are those marked in
Fig. 2. The columns refer to results from online simulations (-on)
and offline calculations (-off ) using different meteorological data:
ECHAM4 climate model data (ECHAM), ECMWF reanalysis data
(ERA), and ECHAM4 climate model data that were ‘‘corrected’’ by
the mean difference of both temperature and humidity fields between
ECHAM and ERA data in 1992 (ECHAM-corr). Each model is calibrated individually to contrail observations by Bakan et al. (1994).
The values in parentheses are obtained by neglecting the visibility
threshold for the model calibration. Calibration is shown in bold.
ERA-off
Year

World
Bakan
Western Europe
United States
Japan
Thailand

ECHAMoff

ECHAM-on

0.07
0.37
0.88
0.75
0.18
0.12

0.05
0.37
0.80
0.48
0.18
0.02

0.06
0.37
0.83
0.61
0.17
0.06

(0.05)
(0.37)
(0.82)
(0.46)
(0.12)
(0.04)

ECHAMoff-corr

ECHAMoff

ECHAM-on

2015

World
Bakan
Western Europe
United States
Japan
Thailand

0.15
0.79
1.75
1.50
0.68
0.39

0.12
0.81
1.72
0.96
0.57
0.08

0.14
0.88
1.97
1.17
0.58
0.24

2050

World
Bakan
Western Europe
United States
Japan
Thailand

0.28
1.49
3.01
1.79
1.19
0.72

0.22
1.44
2.90
1.25
0.94
0.13

0.22
1.52
3.12
1.28
0.92
0.27

the different methods. Hence, in all calculations discussed for the rest of this section contrail coverage was
calibrated to 0.37% in the Bakan area for the time slice
1992.
The investigation of the effect of the bias in the
ECHAM4 model climate is less straightforward for future scenarios than it is for the recent 1992 scenario,
because observations are lacking for future time slices.
Hence, we assume that the bias in the GCM’s climate
is sufficiently constant throughout the years and perform
offline calculations with ‘‘corrected’’ ECHAM data:
ECHAM4 temperature and humidity fields for the time
slices 2015 and 2050 are corrected by 10-yr mean differences between ECHAM4 and ERA data in 1992
(ECHAM-off-corr). This should be sufficient for an impression of how the impact of model errors may influence results for future climates.
If one compares the calculations ERA-off and
ECHAM-off (or ECHAMnc-off, respectively) for the
time slice 1992 in Tables 1 and 2, the effect of the
individual calibration of the calculation using ECHAM4
data becomes obvious. As the contrail coverage is now
forced to a value of 0.37% in the Bakan area, the error
in contrail cover resulting from too high relative humidity there is shifted to regions outside the calibration
area. Therefore, the new calibration improves the results

for contrail cover in the northern extratropics, where
contrail cover had been too high, but at the same time
worsens them in tropical regions, where contrail cover
had been too low anyway. In these regions, for example,
over the Thailand region, the contrail cover gets severely
underestimated, partly because of the local temperature
bias, partly because of the artificial ‘‘error transfer’’
from the calibration area.
The 1992 contrail coverage computed within the
GCM framework (ECHAM-on) is somewhere in between the results of the two offline calculations (Table
2) for most regions; that is, the agreement with the true
ERA-off coverage is better in most cases than in the
ECHAM-off study. Note especially the three-timeshigher contrail cover over the Thailand region. Differences between the ECHAM-off and ECHAM-on estimations arise, as mentioned before, mainly from a more
sophisticated model setup regarding criteria of contrail
persistence, a higher vertical resolution, and the calibration threshold in the online model. If the threshold
optical depth for calibration is neglected, that is, set to
zero (instead of 0.02), contrail coverage decreases within regions whose mean optical depth is higher than in
the calibration area (as less contrails fall below a optical
depth of 0.02 in those regions). The results from a thus
modified GCM parameterization come quite close to the
results of the ECHAM-off calculation (Table 2, values
in parentheses).
Considering the future scenarios, the comparison of
the results from different calculation methods gives similar conclusions as for the 1992 time slice. The agreement with the ‘‘true’’ ECHAM-off-corr calculation remains quite good in or near the calibration area (Bakan,
western Europe), implying that the relative change in
contrail cover due to climate change can be regarded to
be quite independent from the bias in model climate.
Relative to the ERA-off or the ECHAM-off-corr calculations, respectively, the online simulations tend to
underestimate contrail coverage over Japan (factor of
0.8–0.9), the United States (factor of 0.7–0.8), Thailand
(factor of 0.4–0.6), and in the global mean (factor of
0.8–0.9). There is no obvious trend in these numbers
from 1992 to 2050, meaning that the systematic errors
in the model climate seem to induce a similar relative
change in contrail cover throughout the different time
slices and underlying climates. Apparently, the temperature change between 1992 and 2050 is too small to
induce significant nonlinear effects. This is, of course,
very convenient for interpreting the result of the online
contrail simulations.
The quantitative results presented here, that is, the
underestimation of contrail cover by the GCM simulations in most regions of the world, crucially depend
on the choice of the calibration area. If the model calibration was done, for example, in the Thailand region
instead of the Bakan region, this would lead to an excellent agreement of contrail cover in tropical regions,
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whereas coverage in the midlatitudes would be substantially overestimated.
In general, the results of this section should primarily
be understood as indicative. Quantitative conclusions
would imply the ‘‘truth’’ of the ERA climate mean data
and the related ERA-off calculation, which may well
contain its own deficiencies, too. First, as pointed out
before, the offline diagnostic tool has to be regarded as
conceptually inferior to the online model mainly because contrail persistence cannot be accounted for. Second, the meteorological ERA data may contain systematic errors especially regarding the relative humidity distribution in the upper troposphere and lower stratosphere, as the water vapor content in this altitude range
is still considerably uncertain from the point of view of
observation quality (Peixoto and Oort 1996; Ovarlez et
al. 2000).
4. Optical depth
As the radiative impact of contrails does not only
depend on coverage, but also on their optical properties,

it is worthwhile to look at the temporal development of
the contrail optical depth in a changing climate. Ponater
et al. (2002) have already discussed the general features
of contrail optical depth for the 1992 climate conditions,
simulated within the framework of the ECHAM4 GCM.
They found increasing optical depth from higher to lower altitudes, from the poles toward the equator, and from
winter to summer. Mean values for ice water content
and optical depth were found to be consistent with, but
rather on the lower end of, measurements in contrails
(e.g., Gayet et al. 1996; Betancor Gothe et al. 1999;
Schröder et al. 2000).
Figure 7 shows distribution functions of the optical
depth over western Europe and the United States for
different altitudes (200 and 250 hPa), seasons (January,
July, annual mean), and time slices (1992, 2050). The
individual optical depth values prove to be highly variable not only between different locations, but also from
time step to time step in a given region, covering the
wide range of local observations (Gayet et al. 1996;
Sassen 1997; Jäger et al. 1998; Betancor Gothe et al.
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FIG. 7. Distribution functions of the contrail optical depth simulated by ECHAM4 for the time slices (top) 1992
and (bottom) 2050 over (left) western Europe and (right) the United States, for different seasons (annual mean, Jan,
Jul) and altitudes (200 and 250 hPa). See Fig. 2 for the definition of the regions. The threshold optical depth of 0.02
is marked by the vertical dotted line.
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TABLE 3. Annually and globally averaged total contrail cover and radiative forcing components, as well as global annual fuel consumption
in 1992, 2015, and 2050. Values in parentheses are adjusted by a 25% offset to the longwave contrail radiative forcing (see text). Changes
in air traffic, propulsion efficiency (h), and climate are taken into account. Bold entries indicate the most likely scenario for the respective
time slice.

Year

Fuel
(Tg yr21 )

h

1992

112

0.3

2015

271

2050

471

Radiative forcing (mW m22 )
Longwave

Shortwave

Net

—

0.06

3.7 (4.9)

21.4

2.3 (3.5)

0.3
0.4
0.4

No
No
Yes

0.13
0.15
0.14

8.6 (11.5)
10.1 (13.5)
9.8 (13.1)

23.1
23.7
23.7

5.5 (8.4)
6.4 (9.8)
6.1 (9.4)

0.3
0.5
0.5

No
No
Yes

0.23
0.28
0.22

14.7 (19.6)
20.2 (26.9)
15.5 (20.7)

25.3
27.4
25.9

9.4 (14.3)
12.8 (19.5)
9.6 (14.8)

Climate change

1999; Minnis et al. 1999; Meyer et al. 2002b). Consistent with apparent differences in observed contrail optical depth over Europe and the United States (Minnis
et al. 1999; Meyer et al. 2002b), optically thicker contrails are simulated over the United States than over
western Europe. The distribution functions for both regions show considerable differences with respect to altitude and season. For example, over western Europe
the fraction of contrails with optical depth values ranging below the visibility threshold of 0.02 amounts to
nearly 0.8 in the 200-hPa level for 1992 January conditions, but only to about 0.15 in the 250-hPa level for
July conditions (Fig. 7 top left).
Comparing the distribution functions for the time slices 1992 and 2050 reveals that the optical depth tends
to increase in a warming climate. Rising temperatures
will generally increase the atmospheric water vapor
amount available for condensation, leading to a potentially higher ice water content within contrails and therefore a higher mean optical depth. For instance, the annual mean fraction of nonvisible contrails decreases in
250 hPa in western Europe from about 0.3 in 1992 to
0.2 in 2050 (Fig. 7, left). Note that in this region, the
distribution function for January 2050 and the annual
mean 2050 come quite close (Fig. 7, bottom left), while
the distribution function tends to shift toward lower optical depth in early spring (not shown). On the global
scale, optical depth increases by a factor of about 1.2
from 1992 to 2050 (not shown).
As optical depth depends on temperature it is obvious
that it may also be affected by systematic errors in the
modeled temperature distribution. The structure of the
temperature bias in ECHAM4 (Fig. 5) suggests a slight
overestimation of optical depth values in the tropical
warm bias regions, but especially a much more severe
underestimation in the cold bias regions north of about
458N. Therefore, the cold bias may be a possible explanation for the relatively high fraction of low optical
depth values simulated in the northern extratropics, for
example, for western Europe.

5. Radiative forcing
a. Recent conditions and future projections
Future changes in radiative forcing of contrails result,
on the one hand, directly from changes in the atmospheric environment, on the other hand, indirectly from
changes in contrail cover and optical depth. In Table 3,
the global annual mean radiative forcing is listed for all
GCM simulations considered, along with the respective
annually averaged contrail cover and the total annual
fuel consumption. For these radiative forcing calculations, which follow the lines described in Ponater et al.
(2002) and the amendments of Marquart and Mayer
(2002), nonspherical ice particles with an ice water–
dependent effective radius (ranging mostly between 12
and 13 mm) are assumed. Marquart and Mayer (2002)
report that the global mean longwave forcing from contrails is still systematically underestimated by the upgraded ECHAM4 radiative transfer scheme due to the
exclusion of longwave scattering. Therefore, we also
present radiative forcing values, which were corrected
a posteriori for the respective 25% offset (Table 3, numbers in parentheses). These ‘‘adjusted’’ values should
be regarded as our best estimate for the contrail radiative
forcing from the GCM simulations.
Considering changes in air traffic, propulsion efficiency, and climate, contrail net radiative forcing increases from 2.3 (3.5) mW m 22 in 1992 to 6.1 (9.4)
mW m 22 in 2015, and to 9.6 (14.8) mW m 22 in 2050;
that is, the radiative impact of contrails increases by
more than a factor of 4 from 1992 to 2050 (Table 3).
If only changes in air traffic density are considered, the
net radiative forcing depends quite linearly on the aviation fuel consumption (Fig. 8, right). In contrast, a
slight saturation effect appears for total contrail cover
(Fig. 8, left), which is due to the maximum-overlap
assumption for the vertical integration of 3D contrail
cover. Growing propulsion efficiency leads to increases
in contrail cover and radiative forcing, while climate
change tends to reduce them. If climate change is taken
into account, the net radiative forcing is reduced by
about 25% in 2050 with respect to the scenario where
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climate change is neglected (Table 3). By coincidence,
the increases due to a greater propulsion efficiency are
nearly cancelled by the effects of climate change in 2050
(Fig. 8 and Table 3). Note that the damping influence
of climate change is less apparent for radiative forcing
than it is for contrail coverage. Here, the influence of
an increasing contrail optical depth in the future scenarios becomes obvious.
Eventually, for further increases in air traffic, radiative forcing will begin to show saturation effects. However, a model study assuming 10 times the fuel consumption of 2050 does not yet result in a significant
deviation from linearity (not shown). Therefore, the radiative impact of contrails is not likely to come close
to saturation during the forthcoming decades.
The 1992 estimate for net radiative forcing that we
deduce from the GCM simulations of 3.5 mW m 22 is
lower by a factor of 5 than the 17 mW m 22 provided
as a best estimate by Penner et al. (1999). This discrepancy can be attributed mainly to differences in contrail cover (due to different calibration) and especially
optical depth, as the IPCC estimate relies on contrail
coverage provided by Sausen et al. (1998) and a fixed
optical depth of 0.3. The same factor of 5 occurs for
the time slice 2050 between the IPCC’s best estimate
of 100 mW m 22 and our GCM simulation if climate
change is neglected, as was done by IPCC.
b. Sensitivity considerations
Besides coverage and ice water content, model estimates for global mean radiative forcing depend on several more factors such as assumptions about microphysical particle properties, or the treatment of the interference of contrails with natural cirrus. For example,
in the extreme scenario of a ‘‘clear-sky’’ atmospheric
environment, where apart from contrails no clouds are
allowed, both a larger longwave and shortwave contrail

radiative impact is induced because both the greenhouse
and the albedo effect of contrails increase. In a clearsky GCM simulation, the increase of shortwave radiative forcing (by about 60%) is stronger than the increase
of longwave radiative forcing (by about 25%), resulting
in a global annual mean net radiative forcing that is
enhanced by only 10%. Less extreme assumptions, such
as an idealized overlap of the modeled contrails with
natural clouds, should affect contrail radiative forcing
even less.
Spherical particles induce a weaker shortwave radiative forcing and therefore a stronger net radiative forcing than nonspherical particles (Meerkötter et al. 1999;
Zhang et al. 1999). If we assume contrail particles to
be of spherical shape in our simulations, the annually
averaged global net radiative forcing is 2.8 (4.0) W m 22
for 1992, that is, 15%–20% higher than in our reference
simulation (Table 3).
However, not only the shape, but also the size of
contrail particles, is presently a matter of uncertainty.
In order to quantify this, a number of GCM simulations
were performed for different effective radii of contrail
particles. As expected from previous studies (Fu and
Liou 1993; Meerkötter et al. 1999; Zhang et al. 1999),
a decrease in both longwave and shortwave radiative
forcing with increasing particle size is found (Fig. 9).
However, the net radiative forcing shows a maximum
around 9–12 mm because the shortwave albedo effect
increases more strongly than its longwave counterpart
toward small effective radii beyond 9 mm. This nonlinear relationship between net radiative forcing and the
effective ice crystal radius was mentioned before by,
for example, Fu and Liou (1993), Fortuin et al. (1995),
Meerkötter et al. (1999), and Zhang et al. (1999). These
studies pointed out the possibility of a negative net forcing of cirrus clouds if they contain small particles. However, this would also require ice water contents that are
much higher as those generally found in persistent con-
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FIG. 8. (left) Anually and globally averaged total contrail cover and (right) net radiative forcing in 1992, 2015,
and 2050, displayed as a function of global annual fuel consumption. Changes in air traffic, propulsion efficiency
(h), and climate are taken into account.
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trails. For a higher mean ice water path the maximum
in contrail net forcing (Fig. 9) shifts toward larger effective radii (not shown).
In our reference simulations the parameterized effective radii of contrail particles mostly range in a quite
narrow band around 12–13 mm. Taken as a mean value
this compares reasonably well to observed particle sizes
(see Schumann 2002, and references therein). As this
value is close to that for which the net radiative impact
is at its maximum, substantial decreases and increases
of the particle size both would tend to decrease radiative
forcing. For example, either half or double mean effective radii lead to a 15% or 25% lower net contrail forcing, respectively. This finding involves a further, somewhat hidden, sensitivity of the radiative forcing, which
we estimate: even if a quantity such as a ‘‘typical’’ or
‘‘mean’’ particle size was exactly known, using this value instead of the underlying particle size distribution
for radiative transfer calculations would induce a systematically too large contrail radiative forcing in cases
where the size distribution around the mean covers a
wide range.
According to previous studies, the occurrence of lineshaped contrails closely follows the daily variations of
aviation in the respective region (Meyer et al. 2002a,b).
The corresponding diurnal cycle of contrail radiative
forcing is not so straightforward, because shortwave
radiative forcing additionally depends on the solar zenith angle. For a given contrail coverage, the strongest
shortwave radiative impact (and therefore the weakest
net radiative forcing) occurs at high zenith angles near
sunrise or sunset, while it is zero during nighttime and
shows a minimum during day at noon (Meerkötter et
al. 1999). While the diurnal variation of local contrail
radiative forcing strongly depends on the daily cycle of

air traffic in the respective region, this is much less
obvious for the global and annual mean scale. In order
to quantify this effect, we included the diurnal cycle in
a GCM simulation for the 1992 air traffic (Schmitt and
Brunner 1997). The result was a decrease of global annual mean net radiative forcing by less than 10% compared to our reference 1992 simulation, where the daily
cycle of air traffic is neglected. Hence, it appears that
the impact of the daily cycle of air traffic on the globally
and long-term averaged contrail radiative forcing is
small compared to other uncertainties regarding contrail
radiative forcing. This is in some disagreement with
previous studies, which regarded the daily cycle of air
traffic as a quite important sensitivity parameter for
global mean radiative forcing (Mannstein et al. 1999;
Myhre and Stordal 2001). However, these studies were
based on regional findings, where radiative forcing may
indeed strongly depend on air traffic characteristics. For
example, for western Europe or Japan, global annual
mean net radiative forcing is overestimated by nearly
30% in our simulations if the diurnal variation of air
traffic is neglected.
6. Conclusions and outlook
The future development of line-shaped contrails was
investigated considering changes in air traffic, aircraft
technology, as well as climate change. We made use of
the contrail parameterization for the ECHAM4 GCM
following Ponater et al. (2002) and including the amendments by Marquart and Mayer (2002), which allows us
to simulate contrail coverage, optical depth, and radiative forcing self-consistently within a unified model
framework. Furthermore, we performed offline diagnostic studies in order to quantify the impact of the
GCM’s systematic temperature and humidity errors on
which contrail formation and coverage crucially depend.
Time slice GCM simulations for 1992, 2015, and
2050 show an increase in global annual mean contrail
cover from 0.06% in 1992, to 0.14% in 2015, and to
0.22% in 2050 (Fig. 10, ECHAM-on, diagonal axis). If
climate change is neglected, contrail cover increases
more strongly to 0.15% in 2015 and to 0.28% in 2050
(Fig. 10, ECHAM-on, first row). Nevertheless, the
damping effect of climate change on global contrail cover is dominated by the effect of the proposed increase
in air traffic.
In the northern extratropics, where most air traffic
occurs, future temperature change predicted in climate
model simulations is moderate in the upper troposphere
and the lower stratosphere. Therefore, the future enhancement of contrail cover is mainly determined by
the growth of aviation in these regions. In the Tropics,
however, the future development of contrail cover does
not only depend on the (considerable) increase of air
traffic, but is also highly affected by climate change,
which is expected to be most pronounced in these latitudes. Moreover, contrail formation is more sensitive
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to temperature fluctuations in the tropical regions than
in the midlatitudes. In some equatorial regions, the climate change between 2050 and 1992 would lead to a
reduction in local contrail cover by up to a factor of 5,
if air traffic did not increase in the respective time period.
Offline contrail diagnostics with ECMWF reanalysis
(ERA-off ) and ‘‘bias-corrected’’ ECHAM meteorological data (ECHAM-off-corr) suggest a systematic underestimation of global mean total contrail cover in the
GCM simulations by a factor of about 0.8–0.9, the relative error being quite independent of the time slice
considered. By coincidence, the uncertainty in global
contrail cover due to systematic errors in the ECHAM4
model climate is of similar magnitude as the effect due
to the proposed temporal change in climate.
In the northern extratropics, the effect of the bias in
model climate is small, as contrail cover is calibrated
to observations in northern latitudes. However, potential
errors in extratropical contrail cover (mainly induced by
errors in the relative humidity), which are avoided due
to the calibration procedure, are shifted toward tropical
regions. This ‘‘error transfer’’ adds to the bias due to
systematic local temperature errors, which have a comparatively high potential to affect contrail cover in the
Tropics. Altogether, tropical contrail cover is underestimated by roughly a factor of 2 in the GCM simulations.
The future development of the contrail radiative forcing is mainly determined by the total contrail cover,
although the mean optical depth is found to increase in
a warmer climate, too. Our best estimate from the GCM
simulations is an increase of global annual mean radiative forcing from 3.5 mW m 22 in 1992, to 9.4 mW
m 22 in 2015, and to 14.8 mW m 22 in 2050, if both
changes in air traffic and climate are considered (Fig.
10, ECHAM-on, diagonal axis). The values for 2015
and 2050 change to 9.8 and 19.5 mW m 22 , respectively,
if climate change is neglected (Fig. 10, ECHAM-on,

first row). If only changes in air traffic density are considered, global mean radiative forcing is found to grow
approximately linearly with fuel consumption far beyond 2050.
The deviation from the best estimate for global contrail radiative forcing provided by Penner et al. (1999),
which is about a factor of 5 higher than our results, is
mainly due to their simpler assumptions regarding contrail cover and, especially, optical depth. Further uncertainties arise from insufficient knowledge about particle shapes and sizes. Altogether, uncertainties in contrail radiative forcing due to insufficient knowledge
about contrail microphysics seem to exceed uncertainties arising from inherent model simplifications, such as
an idealized treatment of natural clouds or the negligence of the daily cycle of air traffic.
Finally, we would like to recall that the present study
deals with the climate impact of line-shaped contrails,
while the overall effect of aviation-induced changes in
cirrus cloudiness may be much larger (Boucher 1999).
In this context we note that in the present study radiative
or other feedbacks of the contrails themselves on the
global climate have not been included. As contrails produce a positive radiative forcing, they are expected to
contribute to global warming. Increasing temperatures
tend to induce decreasing contrail cover, leading consequently to a reduced global warming due to contrails.
The existence of such a negative feedback loop could
and should be investigated by means of GCM studies
that allow not only for the climate to affect contrail
formation, as was done in the present studies, but also
for contrails to affect climate. Apart from the direct
radiative feedback between contrails and climate, there
is another possible feedback due to the transition of
linear contrails to nonlinear cirruslike clouds. Our model
framework offers the possibility to include such a contrail-to-cirrus transition by adding the ice water formed
within contrails to the total cloud ice when contrails

Downloaded from http://journals.ametsoc.org/doi/pdf/10.1175/1520-0442(2003)016<2890:FDOCCO>2.0.CO;2 by guest on 28 November 2020

FIG. 10. As in Fig. 1, but including results for global annual mean contrail cover and radiative
forcing. Values in the first row (ERA-off, climate 1992) are the same as in Gierens et al. (1999)
scaled with a factor of 0.75 due to the different calibration method used in the present paper.

1 SEPTEMBER 2003

MARQUART ET AL.

lose their linear shape. Adding this feedback to the direct
radiative feedback would probably enhance the climate
impact of contrails substantially (Minnis et al. 1998;
Schumann 2002). Climate simulations that include feedbacks between contrails and climate would also allow
us to determine a special climate sensitivity parameter
(i.e., the ratio between global mean surface temperature
change and radiative forcing) for line-shaped contrails,
similar to the special climate sensitivity parameter deduced by Stuber et al. (2001a) for localized ozone perturbations.
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