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Summary

The global distribution of contrail formation potential and

contrail cloud coverage are estimated using meteorological

analyses of temperature and humidity (ECMWF re-

analyses) and an aircraft fuel inventory. A large potential

for contrail formation is found in the upper troposphere,

in particular in the tropics, but also at mid-latitudes.

The global potential contrail coverage is calculated to be

16%.

The actual contrail coverage is proportional to the

product of the potential coverage and the fuel consumption

of 1991/92 air traf®c. The actual global contrail coverage is

0.09%, however, the pattern of main air routes show up in

the geographical distribution of contrail coverage with

maximum values of more than 5%. Regionally, contrail

coverage shows a distinct annual cycle, with larger values

in winter than in summer, in the mid-latitudes. The result is

only weakly sensitive to the propulsion ef®ciency of

aircraft, but strongly sensitive to aircraft ¯ight altitude.

1. Introduction

Aircraft emissions can modify climate in several

ways: (1) aircraft emit substances which are
radiatively active (e.g., CO2, H2O), (2) they emit

substances which produce or destroy radiatively
active substances (e.g., NOx which modi®es
the O3 concentration), (3) the emissions (e.g.,

H2O, soot) trigger the generation of additional

clouds (contrails). Apart from noise, contrails are
the most noticeable environmental impact of

aircraft.
Studies of contrails go back as far as 1919.

The ®rst consistent theories for the conditions
necessary for contrail formation were given by

Schmidt (1941) and Appleman (1953). Recently,
Schumann (1996) reviewed the present knowl-

edge of contrail formation. According to the
Schmidt-Appleman criterion, contrails occur
when the ambient air temperature is cooler than

some threshold value, which depends on the
¯ight level, ambient humidity and aircraft

propulsion ef®ciency. A typical value is ÿ40 �C.
In addition to the criterion for contrail formation,

persistence of contrails requires that the ambient
air is frost-saturated, i.e. super-saturated with

respect to the ice phase and not saturated with
respect to the water phase. Such situations
typically occur ahead of warm fronts in a cyclone

or downstream of convective complexes. Persis-
tent contrails are not basically formed from the

water emitted by aircraft. Rather, the aircraft
emissions trigger the formation of additional

clouds from natural water vapour present in the
atmosphere.

The climatic impact of contrails was addressed
recently by several papers, and an overview is

Theor. Appl. Climatol. 61, 127±141 (1998)

*Dedicated to Prof. Dr. F. Wippermann on the occasion of his

75th birthday.



given by Brasseur et al. (1998). Strauss et al.

(1998) estimated the local climatic effect in
Southern Germany to be in the range of a few

hundredth of a K. Ponater et al. (1996a)
addressed the global climatic effect. With a

rather simpli®ed approach they demonstrated
that contrails have the potential to induce

signi®cant climate changes. The magnitude of
the effect strongly depends on the area fraction
covered by contrails, as well as on their thick-

ness.
Miake-Lye et al. (1993) determined the

regions where at least short-lived contrails may
form using climatological zonal mean ®elds of

temperature and humidity. Observational contrail
statistics on hemispheric scale for multi-year

periods are not available at present. Several
authors have estimated the observational fre-
quency of the occurrence of contrails and the

fraction of the sky covered by contrails, e.g.
Minnis et al. (1997) report observations being

made at 19 stations in the contiguous USA. The
visual inspection of satellite images of Central

Europe suggests that, on average, 0.4% of the
area is covered by contrails, i.e. high clouds that

are linear in shape (Schumann and Wendling,
1990). Similarly, Bakan et al. (1994) derived

from seven years (September 1979±December
1981 and September 1989±August 1992) of
NOAA/AVHRR infrared satellite images of the

Eastern Atlantic/Western Europe an annual
mean contrail coverage of about 0.5%, with

regional maxima in the North Atlantic ¯ight
corridor of more than 2%. Recently, Mannstein

et al. (1998) presented an objective routine for
automatic detection of contrails. An application

to NOAA/AVHRR data for Central Europe
revealed a contrail coverage of at least 0.5%.
All these studies did not account for older

contrails which have grown to such a large
size that they are no longer linear in shape, nor

for other `̀ natural'' clouds which have poten-
tially been produced by aerosols emitted by

aircraft earlier. Hence the numbers provided
above should be regarded as lower limits of

contrail coverage. In a ¯ight experiment, NASA
demonstrated that contrails can grow to a very

large cirrus cloud (Minnis et al., 1998). If the
history of this cirrus cloud was not known, it is
likely that no-one would have characterised this

cloud as aircraft generated.

In the present paper we diagnose the global

contrail coverage from assimilated meteorologi-
cal data. The method is based on a scheme used

to parametrise high cloud coverage from tem-
perature and humidity in a GCM. The Schmidt-

Appleman criterion is applied to determine
contrail existence if there is air traf®c. We use

ECMWF re-analysis data (Gibson et al., 1997) for
the meteorological information and the DLR-2
data set (Schmitt and Brunner, 1997) as a measure

for the air traf®c. In Section 2 we describe the
two data sets. The method for diagnosing the

contrails is presented in Section 3. Section 4
covers the results and their discussion. Finally,

the conclusions are presented in Section 5.

2. Data

2.1 ECWMF re-Analysis Data

Numerical meteorological analyses are based on

raw data, the density and quality of which varies
with time: some data sources deliver only

temporarily (e.g., due to political situations or
due to different spatial patterns of reporting

commercial ships), some ®nish (like weather
ships) and some are newly introduced (like new

satellite channels). Furthermore, the numerical
forecasting model inherent in the data assimila-
tion scheme is modi®ed from time to time in

order to include new concepts which enhance the
forecast skill, however, this causes inhomogene-

ities in the analysis system and time series.
In order to overcome the latter inhomogeneity,

two re-analysis projects have been launched: one
at ECMWF (Gibson et al., 1997); and one at

NCEP/NCAR (Kalnay et al., 1996). In each case
the raw data have been re-analysed using an
identical analysis scheme. We make use of the

ECMWF re-analysis data (initialised data) for the
present study. In the following, we consider the

11 years from 1983 to 1993.
Upper level humidity has been a rather un-

certain parameter in analyses for a long time. The
ECMWF scheme has signi®cantly improved

in this aspect. For instance, Ovarlez and van
Velthoven (1997) have shown a reasonable

quality of the ECMWF humidity data by
comparing it with in situ measurements in the
upper troposphere over the Atlantic, west of

Ireland. Also, comparison of DC-8 observations

128 R. Sausen et al.



and UARS microwave sounder measurements

with ECMWF re-analyses shows good agreement
and demonstrates the ECMWF model's ability

to reproduce the conditions necessary for cirrus
clouds (Newell et al., 1996). Nevertheless, the

humidity data are still not good enough for a
reliable contrail analysis. In nature, supersatura-

tion and cloud formation can be achieved locally
whereas the grid mean value, which is represen-
tative for a rather large region, may still be below

saturation. In the ECMWF scheme, like in many
GCMs, this problem is solved by allowing cloud

formation at humidities below saturation. In
addition, the ECMWF scheme allows no humid-

ity above ice saturation if the temperature is cold
enough. Hence the initialised re-analysis data

also suffer from the coarse resolution of grid
point data. However, the humidity data are good
enough to be used in a suitable cloud parame-

trisation scheme.
Temperature and speci®c humidity at 12 hUT

have been used here. Horizontally we have
reduced the resolution to a Gaussian grid

corresponding to a T42 spectral model, i.e.
�2.8��2.8�. This resolution appears to be

suf®cient in view of the spatial uncertainties of
the aircraft data (cf. Section 2.2). Vertically we

use data that have been interpolated to the 150,
200, 250, 300 and 400 hPa levels. This includes
the altitudes of the cruise ¯ight levels.

2.2 DLR-2 Air Traf®c Data

As there is no inventory of the present day air

traf®c density (number of ¯ights per grid volume
and time unit) currently available, we use an

inventory of aircraft fuel consumption as a
substitute. We use the DLR-2 aircraft emission

inventory (Schmitt and Brunner, 1997). The basis
of this data set is a combination of actually
reported movements by air traf®c control (ATC)

and time table sources. The traf®c data have been
collected for four months (January, April, July

and October) aggregated to a 1991/92 reference
year. Aircraft/engine combinations are repre-

sented by generic aircraft in order to calculate
the fuel consumption along the different ¯ight

routes. In this way Schmitt and Brunner (1997)
assumed that city pairs are connected by great
circle routes. The horizontal resolution of the

aircraft fuel consumption inventory is given by a
Gaussian grid corresponding to a T42 spectral

model, i.e. �2.8��2.8�. The vertical resolution is
1 km (pressure altitude).

The annual mean fuel consumption above
500 hPa is plotted in Fig. 1. The main ¯ight

routes such as the North Atlantic ¯ight corridor
or the route from Europe to South-East Asia are

evident. Less frequently used routes like those
from Europe to South America or from the
continental USA to Hawaii can also be seen.

Fig. 1. Vertically integrated an-

nual mean fuel consumption by

aircraft [g(fuel)/(m2 � a)] above

500 hPa according to the DLR-

2 data set (Schmitt and Brunner,

1997). Contour spacing varies

logarithmically
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Note that logarithmic spacing is used between

the plotted contours.

3. Method

Contrails can persist if the Schmidt-Appleman
criterion is ful®lled and the ambient air is super-

saturated with respect to ice but not with respect
to water (cf. Gierens et al., 1997). In order to
determine the regions of the globe where

persistent contrails can exist we should therefore
compute from the physical variables pressure p,

temperature T, and relative humidity U, an
indicator variable which has the value 1 when

the above conditions are ful®lled, otherwise it
would assigned the value zero. With such an

indicator value de®ned the statistical evaluation
of contrail frequency from the data sets would be
quite straightforward.

Unfortunately we cannot follow this strategy,
since the relative humidities in the re-analysis

data are mainly model results in the upper
troposphere (because of the lack of humidity

data with suf®cient quality in these altitudes) and
they only very seldom exceed ice-saturation.

This is an effect of the cloud scheme in the
ECMWF forecast model: Cirrus clouds appear at

humidities below ice-saturation and any vapour
in excess of saturation is transferred to the ice
phase.

Ponater et al. (1996b) have shown a way out of
this dilemma. In developing a contrail parame-

trisation for the climate model ECHAM (Roeck-
ner et al., 1996), they were faced with a similar

problem: The model humidity is a mean value for
a rather large grid box. In nature, local super-

saturation and hence cloud formation is already
achieved whereas the corresponding grid box
mean humidity is far below saturation. There-

fore, in the ECHAM model cirrus clouds are
formed when the relative humidity U (with

respect to ice) exceeds a threshold value
(UCi� 0.6). The fractional coverage of cirrus,

bCi, increases from 0 at the threshold to 1 at ice-
saturation. This approach of parametrising clouds

leads to climatological cloud distributions that
are in reasonable agreement with observed

distributions (Chen and Roeckner, 1997).
Ponater et al. (1996b) developed a contrail

parametrisation that is consistent with the way

clouds are formed in the ECHAM model and that

allows contrails to form before cirrus clouds

appear, as can often be observed in reality.
Details of this scheme are found in Appendix A.

Here, we only present a short overview. The
threshold value for total high cloud formation

(i.e. contrail plus cirrus) is obtained by including
the Schmidt-Appleman theory in the parametri-

sation scheme. When pressure and temperature
are given, it is possible to compute a critical
relative humidity U�� p;T� (relative to liquid

water, therefore U��1), which must be exceeded
when contrails (both persistent and short-living)

form. Ponater et al. then de®ne a modi®ed
threshold humidity for contrails by multiplying

UCi with U�� p;T�. This yields a total fractional
coverage, btot, and the contrail coverage is

then obtained by subtracting the cirrus coverage
bCi from btot. This ansatz takes into account the
fact that the identi®cation levels of contrails

decrease with increasing natural cloudiness,
because as the humidity approaches saturation

the natural cloudiness approaches that of an
overcast sky leaving no room for additional

contrails. Note that the contrail coverage derived
in this way is a potential contrail coverage, i.e. it

is a measure of the ability of the air to carry
contrails. It is an upper bound for the actual

contrail coverage, i.e. the actual value cannot
exceed the potential value even if air traf®c grew
to in®nity. The potential contrail coverage alone

does not say anything about the actual contrail
cover as long as we have not yet included

information about the level of air traf®c.
When calculating U�� p; T� we usually assume

an overall propulsion ef®ciency � � 0.3, which
is representative for present day aircraft (see

Appendix B). The sensitivity to the choice of � is
studied in Section 4.4. Furthermore, a water
vapour emission index of EIH2O � 1:25 kg (H2O)/

kg fuel and a combustion heat of Q � 43MJ/kg
fuel was assumed (Schumann, 1996).

In order to determine a realistic value for the
fractional coverage of contrails (instead of

maximum or potential values) we have to take
into account the frequency of air traf®c at a given

location and time. As no inventory of such data
currently exists, we use the aircraft fuel con-

sumption per grid box and time unit as a
substitute (cf. Section 2.2).
If air traf®c density is low, one may assume

that every ¯ight adds linearly to the observed
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contrail coverage. On the other hand, higher

densities of air traf®c will cause saturation
effects, e.g. by contrail merging or consumption

of condensable water vapour. If the sky is already
heavily covered with contrails, an additional

¯ight will add less to the total cloudiness than
compared to the cloud-free case. We make two

extreme assumptions: (1) At given background
conditions the contrail coverage is proportional
to the fuel consumption (low density assump-

tion). (2) The contrail coverage is proportional to
the square root of fuel consumption (high density

assumption). Using a simple model of air traf®c
and contrail expansion, Gierens (1998) demon-

strated that in most situations it is a reasonable
choice to relate contrail fractional cover to the

are traf®c density in a linear fashion. Saturation
effects only show up for extreme situations, e.g.
very strong wind-shear or narrow air routes

without upper level winds. For both low and high
density assumptions, we have to calibrate the

output with a non-physical factor. This factor is
chosen such that our diagnosed average frac-

tional contrail coverage ®ts the Bakan et al.
(1994) results, i.e. the annual mean contrail

coverage should be 0.5% in the longitude/latitude
region from 30� W to 30� E and from 35�N to

75�N.
In order to obtain the total contrail coverage,

fractional coverages for individual levels are

summed up using the random overlap assumption
(Manabe and Strickler, 1964) for (actual) con-

trails:

bsum � 1ÿ
Y

k

�1ÿ bk�; �1�

where bk is the fractional coverage pertaining to
pressure level k. For clouds with larger vertical

extension than contrails, like cirrus, or for air
masses that are able to carry contrails (i.e.
potential contrails), we assume maximum over-

lap, if these objects extend through two or more
adjacent levels. If there is a gap (i.e. one or more

clear levels with bk � 0) then we assume random
overlap for the objects that are separated by the

gap (Geleyn and Hollingsworth, 1978). The
formulation is as follows:

bsum � 1ÿ �1ÿ b1�
Y

k>1

1ÿmax�bk; bkÿ1�

1ÿ min�bkÿ1; 1ÿ"�
;

�2�

where " is a very small positive number (intro-

duced for purely numerical reasons).
For the summation of the coverage of potential

contrails we ®rst add the total (cirrus plus
potential contrails) and the cirrus coverage using

the above method. The coverage of potential
contrails alone is then given by the difference

between these two quantities.

4. Results and Discussion

4.1 Potential Contrail Formation

As noted above, the potential contrail coverage is

a measure of the ability of the air to allow
contrail formation. This quantity, in particular

when it is averaged over a long time, can be
plausibly interpreted as the fraction of aircraft
that give rise to contrails at any respective

location. Figure 2 shows the mean potential
contrail coverage, as obtained from 11 years

(1983±1993) of re-analysis data in 2.8��2.8�

resolution. The results are shown separately for

the 5 pressure levels (150, 200, 250, 300 and
400 hPa) and summarised over all 7 (i.e. incl. 100

and 500 hPa) levels considered, according to the
maximum/random overlap assumption as de-

scribed at the end of Section 3.
Contrail formation usually occurs in a layer

below the tropopause, where it is cold and moist

enough to ful®l the Schmidt-Appleman criterion.
At lower altitudes, it is too warm, such that even

short-lived contrails would not appear. At higher
levels, in particular in the stratosphere, it is

usually too dry for contrails to form. This
suggests that the regions of potential contrail

formation actually follow the mean location of
the tropopause, and this is indeed shown in
Fig. 2. Potential contrail formation is strongest

at high altitudes (150±200 hPa) over the tropics,
where it is very cold and where suf®cient

moisture is available because of tropical convec-
tion. At lower altitudes, the regions that are

susceptible to the formation of contrails are
located more in the extra-tropics. In the tropics it

is too warm at these levels, hence contrails
cannot form. The average and maximum values

of potential contrail formation are much higher
(almost reaching 30%) in the tropics than in the
mid and high latitudes. The overall mean value

(for the total layer between 100 and 500 hPa)
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is 16% (Table 1). This number is similar to the
global mean coverage of cirrus clouds (23%
over land, 13% over the oceans, see Warren et

al., 1986, 1988). This means that the amount of

high cloud cover (contrails, contrail induced
cirrus and natural cirrus) could almost double if
aircraft ¯ew everywhere. The mean value over

Europe is 12%, which compares well with the

Fig. 2. Annual mean potential

contrail coverage [%] at various

altitudes and as a total coverage

for the layer from 100 to 500 hPa

Fig. 3. Annual mean contrail coverage [%] (mean of the years 1983±1993) as obtained for linear (left panel) and square root

weighting (right panel) of the fuel consumption. The calibration produces a mean value of 0.5% for the region extending from

30� W to 30� E and from 35� N to 75� N
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Fig. 4. Seasonal variation of the

present day contrail coverage

[%] (linear weighting of fuel

consumtion)

Fig. 5. Change in contrail cover-

age when the current air traf®c is

shifted 1 km upward (left panel)

or downward (right panel)

Table 1. Contrail Converage and Potential Contrail Coverage [%] for Various Regions of the World as Derived from our Model

Calculations. Averages over the Period 1983±1993 are Listed. If not Speci®ed Otherwise. Linear Weighting, Actual Cruise

Altitude and �� 0.3 are Assumed

Reference

regiona Europe NAFCb USA SE-Asiac World

Potential contrail cover 12.0 12.1 12.3 14.1 21.1 16.0

Contrail cover (linear) 0.50d 1.07 0.43 1.44 0.12 0.09

Contrail cover (square root) 0.50d 0.84 0.42 0.89 0.23 0.13

Contrail cover (Jan.) 0.54 1.16 0.46 1.63 0.13 0.09

Contrail cover (Apr.) 0.51 1.10 0.49 2.04 0.13 0.11

Contrail cover (July) 0.32 0.63 0.30 0.50 0.10 0.06

Contrail cover (Oct.) 0.63 1.38 0.48 1.60 0.13 0.10

Cruise altitude 1 km higher 0.33 0.74 0.38 1.36 0.23 0.10

Cruise altitude 1 km lower 0.53 1.04 0.40 1.04 0.00 0.07

Propulsion ef®ciency �� 0.25 0.47 1.00 0.41 1.35 0.10 0.08

Propulsion ef®ciency �� 0.35 0.53 1.13 0.46 1.53 0.13 0.09

a 30� W ± 30� E, 35� N ± 75� N as in Bakan et al. (1994)
b North-Atlantic Flight Corridor, 82� W ± 14� E, 28� E, 28� N ± 72� N
c 90� E ± 130� E, 10� S ± 25� N
dper de®nitionem (gauge value)
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estimate given by Mannstein et al. (1998).

South-East Asia shows a mean value as high as
21%.

The potential for the formation of contrails
also varies seasonally (not shown). The moist

areas where contrails can form occur most
frequency in the winter hemispheres. This

behaviour re¯ects the annual temperature varia-
tion, which is negatively correlated to the
variation of relative humidity above 850 hPa at

mid-latitudes (Peixoto and Oort, 1996). Hence,
contrail appearance is much more probable in

winter than in summer. Since the annual
variability of air traf®c density is weak (Gardener

et al., 1997), the actual contrail statistics should
re¯ect the seasonal variability of the appearance

of these moist areas.

4.2 Contrail Coverage due to Present Day Levels

of Air Traf®c

Contrail coverage is assumed to be determined
by meteorological parameters, i.e. thermody-

namic state of the atmosphere (cf. Section 4.1),
and by the frequency of air traf®c. As mentioned

in Section 2.2 we use the fuel consumption
according to the DLR-2 inventory (Schmitt and

Brunner, 1997) as a substitute for the frequency
of air traf®c. We ignore the fact that air traf®c
increased during the period of the meteorological

data (1983±1993) and so we take the 1991/92
value for the whole period.

Figure 3 shows the annual mean contrail
coverage (mean over 1983±1993), as obtained

with linear and square root weightings of fuel
consumption and after calibration (see Section

3). The global mean contrail coverage is 0.09 and
0.13% for linear and square root weightings,
respectively (Table 1). The air routes can clearly

be seen as regions of enhanced contrail cloudi-
ness in both panels of Fig. 3. With the linear

weighting the maxima are higher (more than 5%
over certain regions in USA), and the regions

with a high contrail coverage are con®ned to
narrower regions than with the square root

weighting. Interestingly, the latter case leads to
higher contrail coverage in regions of sparse air

traf®c and, in effect, to a smoother picture than
with linear weighting. In both cases, the most
outstanding regions are the USA, Europe, and

South-East Asia with mean fractional contrail

coverages (linear weighting) of 1.44%, 1.07%

and 0.12%, respectively (Table 1). The potential
for additional contrail formation due to growing

air traf®c is therefore still far from being
exhausted, as a comparison of Figs. 2 and 3

reveals.
The seasonal variation of contrail coverage

(Fig. 4) follows the seasonal variation of the
appearance of the cold moist areas as discussed
above, i.e. a minimum in July and a maximum in

October for the reference region extending from
30�W to 30� E and from 35�N to 75�N (western

Europe and the adjacent North Atlantic). This
result contradicts the observational results of

Bakan et al. (1994), who found a maximum in
summer. However, our result is consistent with

the seasonal variation of temperature in the upper
troposphere. Temperature and relative humidity
are negatively correlated in the mid-latitudes

above 850 hPa (Peixoto and Oort, 1996), which
implies a greater probability of contrail forma-

tion in winter and a smaller one in summer.
Objective observations of contrails are obtained

from automatically analysed satellite images
(Mannstein et al., 1998). A ®rst evaluation of

one annual cycle (1996) of contrail coverage
over Germany shows a minimum in July, and a

maximum in October (Mannstein et al., 1998),
which is consistent with the present results.

As a maximum in cirrus cloud coverage is

found in winter over the USA (Warren et al.,
1986), it is not surprising that the maximum

contrail cloudiness is also found in winter and
spring, and a distinct minimum (0.5%) occurs in

July. This is consistent with results obtained
from direct observations by US Air Force

crews from May 1990 to April 1991 (Peters,
1993) and surface based observations from
April 1993 to April 1994 (Minnis et al., 1997).

Ponater et al. (1996b) found the same seasonal
variation of contrail coverage over USA in the

ECHAM general circulation model which was
supplied with the new contrail parametrisation

scheme. Our results for the USA strongly depend
on the current choice of ¯ight altitudes (cf.

Section 4.3).
It would be interesting to identify a trend in

contrail coverage, which may exist due to
changes in air traf®c density or climate. How-
ever, as there is only eleven years in the current

data base, and only one year data base of fuel
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consumption available, we regard such an

analysis as inappropriate.

4.3 The Impact of Flight Altitude

Here we investigate how contrail cloudiness
would change if the ¯ight cruise altitudes were

shifted up or down by 1 km. The result is
displayed in Fig. 5 for linear weighting. There
is a distinct dichotomy between tropical and

extra-tropical zones. Shifting the cruise altitudes
upward diminishes contrail cloudiness at mid-

latitudes, because a lot of air traf®c then occurs
in the (dry) stratosphere. At present, already

about 40% of the air traf®c in the North Atlantic
¯ight corridor is above the tropopause (Hoinka et

al., 1993). On the other hand, shifting the cruise
altitudes 1 km downward brings much of strato-
spheric ¯ights into the (moist) troposphere. This

results in more contrails in the extra-tropics.
Notable exceptions are over the USA and Europe,

where a lot of air traf®c is short-range and
therefore occurs at low cruise levels. Shifting this

traf®c even further down brings it into zones too
warm for contrail formation.

In the tropics aircraft always ¯y a few
kilometres below the tropopause, in contrary to

the mid-latitudes. Thus, the cruise levels can be
shifted 1 km up without entering the stratosphere.
Figure 2 shows that the potential for contrail

formation is largest in the tropics at the highest
altitudes, just below the tropopause. Hence, by

shifting the cruise levels upward in the tropics,
the contrail coverage is likely to increase. Over

South-East Asia this would mean a near doubling
of the contrail cloudiness relative to the actual

traf®c (Table 1). On the other hand, the number
of contrails would be diminished if the air traf®c
in tropical zones was shifted to lower altitudes

where it is too warm for contrail formation. In
this case the fractional contrail coverage would

be less than 0.1% at any location in the tropics,
i.e. the contrails would disappear almost com-

pletely from the tropical zone.
If the air traf®c occurred 1 km higher than

today, the seasonal variation of contrail cloudi-
ness over the USA would be reversed. In this

case, a strong maximum in the summer months
would arise, while in the winter a minimum
would occur. In this respect, North America is

exceptional, probably because of strong north-

ward transport of water vapour from the Gulf of

Mexico during summer (see Peixoto and Oort,
1996). The temperature in the upper troposphere

does not increase much in summer, hence the
potential for contrail formation increases because

of vapour advection. In turn, at the usual ¯ight
altitudes, the summer temperature increase out-

weighs the moisture increase, leading to the
observed summer contrail minimum. On the
other hand, a downward shift of the ¯ight levels

would not change the seasonal variation of
contrail occurrence over the USA. Over Europe,

the seasonal variation of contrail cloudiness is
not affected by a vertical shift in the air traf®c.

4.4 Impact of Propulsion Ef®ciency

Besides ambient conditions, the Schmidt-Apple-
man criterion depends on fuel characteristics and

on the propulsion ef®ciency � of an aircraft (see
Appendices, and Schumann, 1996). The more the

fuel's chemical energy is used to propel the
aircraft, the less warm the exhaust gas is, and a

larger relative humidity is reached during the
mixing of the exhaust with the ambient air.

Schumann (1996) shows that the threshold
temperature for contrail onset increases by about

1.4K per 0.1 increase in propulsion ef®ciency
implying that contrails form at about 370m
lower altitude. Thus, better engines are expected

to yield more contrails. The mean propulsion
ef®ciency of the present ¯eet is 0.30�0.05

(Doepelheuer, DLR, personal communication,
1997). In order to test the impact of propulsion

ef®ciency on the fractional contrail coverage,
we repeated the diagnosis with � � 0.25 and

� � 0.35, where the smaller value is representa-
tive of low-bypass turbofans.

The relative change of the computed contrail

coverage due to variations in the propulsion
ef®ciency is of the order of 10% for all regions

listed in Table 1. However, the absolute impact of
these variations of the propulsion ef®ciency on

the contrail coverage is small, less than �0.1% of
the area at most locations over the globe. The

probable reason for this very weak impact is that
most air traf®c occurs under conditions, where

the background temperature is not close to the
threshold temperature, i.e. outside a range of
�0.7K around the critical temperature for

contrail onset for � � 0.30.
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There are a few locations where the absolute

effect of a change of � is larger (with maxima
exceeding �0.2% of the area), e.g. southern

Japan, middle Europe and ± most prominently ±
the eastern part of USA. Most probably, there is a

lot of short-range traf®c, that does not reach high
cruise altitudes with temperatures much less than

ÿ40 �C. The background atmosphere is then
more often close to threshold conditions than in
the higher and colder levels, and this results in a

higher sensitivity of contrail coverage to the
mean propulsion ef®ciency.

4.5 Comparison with high Cloud Statistics

Persistent contrails may be considered a special

kind of cirrus, and the formation conditions of
these cloud types are related. Both require ice
saturation and, according to a number of studies

(e.g., Sassen and Dodd, 1989; Heyms®eld and
Miloshevich, 1993; StroÈm et al., 1997), the most

important nucleation pathway of cirrus ice
crystals is the freezing of haze droplets and this

requires humidities near water saturation. Thus it
seems worthwhile to compare cirrus cloud

statistics obtained from satellite measurements
(Wylie et al., 1994; Wang et al., 1996) with the

corresponding statistics obtained from the re-
analysis data. Such a comparison is also a quality
control test for these data and for our method.

Applying the ECHAM cirrus parametrisation

(Appendix A) to the re-analysis data, we deter-
mined an annual mean coverage of natural cirrus

clouds. As before, maximum and random over-
laps, respectively, were used to calculate the total

coverage of the layer from 100 to 500 hPa.
Figure 6 shows the annual mean coverage for the

11 years period from 1983 to 1993. The resulting
mean cover is 16%, which is some percent less
than observational values given in the maps by

Warren et al. (1986, 1988). This re¯ects the fact
that the ECMWF model already builds clouds,

and we are dealing here with the humidity that
remains after the clouds have been formed.

However, we are merely comparing structures
here, not absolute values, so this underestimate

does not hamper our comparison.
Pronounced maxima are found over the

Amazon basin, over central Africa and over a

broad band centred around the Indonesian
archipelago, i.e. along the Inner Tropical Con-

vergence Zone (ITCZ). These maxima are
congruent with the maxima in sub-visible cloud

occurrence found by Wang et al. (1996) in SAGE
II data (their Plate 1). It is not surprising that also

the upper-tropospheric humidity has maximum
values over the regions considered (Soden and

Lanzante, 1996, their Fig. 2). Obviously, the
occurrence of sub-visual cirrus in the equatorial
zone is triggered by deep convection, which

Fig. 6. Annual mean coverage [%] by natural cirrus clouds as determined with application of the ECHAM cloud scheme to the

ECMWF re-analysis data. Plotted is the total coverage of the layer from between 100 and 500 hPa for the eleven years period

1983±1993. Contour lines start with the 10% contour and the increment between them is 10%. The stippling begins at 20%

and its density increases at each higher contour
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transports humidity from the boundary layer to

the tropopause and even beyond (Soden and Fu,
1995).

An analysis of the annual cycle of the derived
cirrus distribution makes the shift of the ITCZ

obvious by a moving maximum (not shown).
Low values are found in the sub-tropical

subsidence zones. The same structures are
essentially found by Wylie et al. (1994) in the
frequency distribution of transmissive clouds (i.e.

sub-visible cirrus), as obtained from evaluation
of HIRS data.

Figure 6 shows frequencies more than 20% of
ice clouds over much of the polar zones, which is

not consistent with the distribution of (sub-
visible) cirrus. The appearance of ice clouds in

polar regions might be an artefact of the cirrus
parametrisation employed, because in nature the
mere fact of high humidity does not necessarily

imply formation of clouds. An interpretation of
the polar maximum in Fig. 6 as an indication of

high relative humidity is consistent with the
distribution of upper-tropospheric (relative)

humidity presented by Soden and Lanzante
(1996). Interestingly, if the upper-tropospheric

humidity is plotted in terms of mixing ratio
(Read et al., 1995), the polar maximum is absent.

This might explain the absence of sub-visible
cirrus: there is too little water to form clouds,
although it is suf®cient to be above ice saturation

due to the low temperatures in the polar zones.

4.6 Limitations of the Present Analysis

Our results may suffer from several limitations.
The results depend on the accuracy of the tem-

perature and humidity data given by ECMWF.
The extent of the potential contrail formation
regions may depend on spatial resolution. The

actual cloud cover and the climatic properties of
the persistent contrails will depend not only on

the thermodynamic conditions and the fuel
consumption but also on rising or sinking air

motions, wind shear and turbulence (Freudentha-
ler et al., 1995), the amount of water available for

ice formation, and the micro-physical processes
of contrail and cirrus formation (KaÈrcher et al.,

1996). A full investigation of all these processes
and parameters is beyond the scope of this study.
Rather, this study is supposed to provide a ®rst

plausible estimate of the global potential for

contrail formation and the actual global contrail

cloud coverage.
The most serious limitation is probably the

use of initialised data from the NWP model
instead of measured data for the upper tropo-

spheric humidity. The cloud scheme already
produces clouds below ice-saturation which uses

up a certain fraction of the water vapour, so that
we are dealing with the humidity that remains
after cloud formation and that never exceeds ice-

saturation. The effect of this on the computed
global mean cirrus cover might be considerable.

However, we may be con®dent that the effect on
the potential contrail cover is small, since

maxima of the latter quantity occur at relatively
low or even vanishing natural cloudiness values.

The effect on the actual contrail coverage is
probably small because the use of a gauge factor
guarantees that the results are close to observed

values. Also, the different amounts of cirrus
cloudiness for different regions can lead to

varying degrees of underestimation of potential
contrail cloudiness which may impact the

computed spatial contrail distribution. For vali-
dation, it would be highly desirable to have

comparable satellite observations of contrails in
various regions of the world.

5. Conclusions and Outlooks

Using ECMWF re-analyses we diagnosed the
potential global contrail coverage by detecting

those regions of the atmosphere where the
recently developed contrail parametrisation for

the climate model ECHAM indicates the poten-
tial for contrail formation (Ponater et al., 1996b).

The global and annual mean potential contrail
coverage is 16% for the layer between 100 and
500 hPa. The ITCZ is most favourable for

contrail formation, in particular at altitudes
above 200 hPa. Between 250 and 300 hPa, the

mid-latitudes show a secondary maximum of
potential contrail coverage.

The actual present day contrail coverage was
obtained by multiplying the potential contrail

coverage with the fuel use according to the DLR-
2 aircraft emissions inventory after normalisa-

tion. As expected the main ¯ight routes are high-
lighted. The maximum cover is about 5% over
Eastern USA. The annual global mean value is

0.09%.
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A serious limitation of the present study is the

need to use initialised analyses of humidity,
which are means representing rather large areas.

This implies that the given humidities are
in¯uenced by the cloud scheme of the ECMWF

forecast model, wherein cirrus formation gen-
erally limits the humidity to ice-saturation. This

made it necessary to use a contrail parametrisa-
tion for a climate model instead of directly
evaluating indicator variables (as e.g., in Gierens

et al., 1997).
Despite the fact that air traf®c densities are

quite homogeneous throughout the year, the
computed contrail coverage exhibits a pro-

nounced annual cycle. At mid-latitudes, higher
values are found during winter than during

summer, which is consistent with most satellite
retrievals and in situ observations. The contrail
coverage is locally rather sensitive to ¯ight

altitude. However, the computed global mean
value is rather insensitive to variations in ¯ight

level. If all aircraft were ¯ying 1 km higher
(lower) the global mean contrail coverage would

stay nearly unchanged (decrease 0.02% of the
area). This rather small change is due to com-

pensating effects. If aircraft ¯y higher (lower),
the contrail coverage increases (decreases) in low

latitudes, whereas less (more) contrails are
observed in mid-latitudes.
The mean contrail coverage in this analysis

increases by about �10% (relatively) for an
increase of the propulsion ef®ciency from 0.25

to 0.35. However, the absolute change of the
computed contrail coverage due to variations of

the propulsion ef®ciency is small at present, as in
most cases the thermodynamic state of the

atmosphere is far from the critical threshold
value according to the Schmidt-Appleman
criterion, or much of the air traf®c occurs at

high altitude where the Schmidt-Appleman
criterion is met anyway. Our diagnosis of regions

which are conditioned to form cirrus clouds is
supported by SAGE and HIRS satellite observa-

tions of (sub-visible) cirrus clouds. Our diagnosis
reveals that the present contrail coverage is far

from saturation. All forecasts of air traf®c predict
a rather rapid growth until 2015. Hence, we

expect a further increase in the global contrail
coverage. By means of a general circulation
model both the future contrail coverage and its

climate impact can be estimated.

In future studies, we plan to determine the

contrail cover for a future air traf®c scenario. In
addition one might investigate the overlap with

cirrus formation, e.g., by applying the cirrus
analysis scheme as used by the ECMWF forecast

model. The radiative impact of various air traf®c
modes may be assessed using the results from the

present study when augmented with estimates of
the optical properties of contrails in various
regions. Finally, we plan to explore the correla-

tion between thermodynamic conditions and
regions where the SAGE data detected sub-

visible cirrus which are apparent when compar-
ing our results with those of Wang et al. (1996).

A strong correlation would imply that such cirrus
clouds are mainly determined by the thermo-

dynamic state of the atmosphere and only partly
by micro-physics.

Appendix A: Contrail Parametrisation

The fractional cloud cover of cirrus clouds is parametrised

as a function of relative humidity over ice, Ui, viz.

bCi � 1ÿ
1ÿ max�Ui;UCi�

1ÿ UCi

� �1=2

; �3�

where UCi� 0.6 is a threshold value which must be

exceeded for cirrus clouds to form in the model. The

parametrisation for contrails plus cirrus is identical to that

for cirrus alone but for the choice of the threshold humidity,

which is given by the product of UCi with a critical

humidity U�, that is obtained from a reformulation of the

Schmidt±Appleman criterion:

U� � �G�T ÿ TLM� � esat�TLM��=esat�T�; �4�

where esat is the saturation vapour pressure with respect to a

plane of liquid water, and G is the ratio of the rates of

change of vapour pressure and temperature in an expanding

aircraft exhaust plume, which is given by (Schumann, 1996;

his Eq. 8):

G � �EIH2O cpp�=�"Q�1ÿ ���: �5�

Here, p and cp are the pressure and the speci®c heat at

constant pressure, EIH2O is the emission index of water

vapour (which is 1.25 kg per kg fuel burnt), "� 0.622 is the

ratio of molecular masses of water and air, Q� 43MJ/kg

fuel is the speci®c combustion heat of kerosene, and � is the
propulsion ef®ciency of a jet engine (see Appendix B).

TLM is (for given G) the maximum temperature at which

contrails can form. A good approximation has been

provided by Schumann (1996; his Appendix 2):

TLM � ÿ46:46� 9:08 ln�Gÿ 0:053�

� 0:720 �ln�Gÿ 0:053��2; �6�

where the temperature is in �C and G is in Pa/K.
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The result of the contrail parametrisation for a critical

humidity of U� � 0:7 is shown in Fig. 7. The fractional

coverage of potential contrails has a maximum at the

threshold for cirrus formation when contrails are still the

only form of ice clouds. For the presented situation the

maximum potential contrail cover is about 16%.

Appendix B: Propulsion Ef®ciency

The mean overall propulsion ef®ciency � measures the

amount of propulsion work per chemical energy provided

by the fuel. The higher �, the cooler is the exhaust for given
water vapour content, and the earlier the aircraft may

trigger contrail formation. The value � is determined by the

speci®c fuel consumption SFC, i.e. the fuel ¯ow rate _mf per

thrust F of the engine �SFC � _mf =F�, the aircraft speed V,

and the combustion heat Q, ��V/(Q �SFC). The value of Q
is close to 43MJ/kg within narrow error bands. Estimates

for the values of SFC and V were provided by engine

experts at the Working Group meeting CAEP-4, WG 3, of

ICAO (International Civil Aviation Organization, Mon-

treal), May 20±23, 1997, Savannah, Georgia (unpublished).

From this information we determined that the �-value of

sub-sonic aircraft at cruise was close to 0.22 for engines

certi®cated in the 1950s, near 0.37 for modern engines in

the early 1990s, is expected to exceed 0.4 for new engines

to be built by 2010, and may reach 0.5 by 2050. Data on

speci®c fuel consumption and aircraft speed for the present

¯eet of sub-sonic aircraft (Dipl.-Ing. Doepelheuer, DLR,

personal communication, 1997) imply an � of 0.30�0.05

for this ¯eet. The standard deviation is computed in order to

account for the fuel consumption rates of various aircraft/

engine types. An increase of � from 0.3 to 0.5 in a standard

atmosphere causes formation of contrails in ambient air

about 2.8K warmer or at 770m lower altitude (Schumann,

1996).
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