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Abstract

Aerodynamic contrails are known since a long time although they appear spo-

radically. Usually one observes them under humid conditions near the ground

where they are short–lived phenomena. Aerodynamic contrails appear also in cruise

levels where they may persist when the ambient atmosphere is ice–supersaturated.

In the present paper we present a theoretical investigation of aerodynamic contrails

in the upper troposphere. We explain the required flow physics and apply it to a

case study. Results show that the flow over aircraft wings leads to large variations

of pressure and temperature. Average pressure differences between the upper and

lower sides of a wing are of the order 50 hPa which is quite substantial a fraction

of cruise level atmospheric pressures. Adiabatic cooling exceeds 20 K about 2 m

above the wing in a case study that we show. Accordingly, extremely high su-

persaturations (exceeding 1000%) occur for a fraction of a second. The potential

consequences for the ice microphysics are discussed. As aerodynamic contrails are

independent of the formation conditions of jet contrails, they form an additional

class of contrails which might be complementary because they form in predomi-

nantly in layers that are too warm for jet contrail formation.
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1. Introduction

The most obvious effect of aviation in the atmosphere is the production of condensation

trails (contrails). The contrails that one often observes in the upper troposphere (cruise altitudes

of international flights, 8-13 km) are produced from the water vapour in the exhaust gas, and

from the exhaust particles that serve as condensation nuclei, when the mixing of the hot and

moist exhaust gases with the cold and dry ambient air leads temporarily to a state of water

saturation in the mixture. Liquid droplets form and quickly freeze due to the low temperatures

in the upper troposphere. The condition that water saturation must be reached (instead of ice

saturation) for contrail formation is known as the Schmidt–Appleman criterion (Schmidt 1941;

Appleman 1953). A complete derivation of that criterion has been given by Schumann (1996).

Since contrails, when they are produced in ice supersaturated air, persist and spread in a sheared

windfield, they sometimes lead to extended decks of ice clouds (Kuhn 1970; Schumann 1994;

Minnis et al. 1998), called contrail cirrus. There is concern that contrail cirrus contributes to

climatic warming, hence contrails and contrail cirrus are a matter of intense research (Boucher

1999; Penner et al. 1999; Zerefos et al. 2003; Mannstein and Schumann 2005; Stordal et al.

2005; Stubenrauch and Schumann 2005).

Exhaust contrails are not the only form of condensation that aircraft are able to trigger. Con-

densation can generally occur in accelerated air flows when the temperature drops locally due

to conservation of energy in (nearly) adiabatic conditions (Bernoulli law). Near the ground and

under relatively humid (but subsaturated) conditions one can often observe the formation of

short–lived clouds originating from vortices, lift, and transsonic flows. Vortex and lift gener-

ated condensation is supported by high–g maneuvres of the aircraft (i.e. strong acceleration)

in order to accelerate the flow sufficiently for a strong cooling effect. Strong vortical flow ac-
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celeration occurs at wingtips and flaps and other sharp corners and edges, and at the tips of

propeller blades of both airplanes and helicopters. These bodies exert forces on the moving air,

which implies vortex generation via the Kutta–Joukowski law (e.g. Landau and Lifshitz 1987,

or any other textbook on fluid dynamics). The pressure (and temperature) drop within the vortex

tubes can lead to condensation. Such phenomena also occur when flying through supercooled

clouds; here the aerodynamic effects cause the so–called APIP (aircraft-produced ice crystals)

mechanism (Rangno and Hobbs 1983, 1984; Vonnegut 1986; Sassen 1991). Condensation in

transsonic flows (i.e. subsonic flow gets supersonic over the wing and other upward curved

surfaces, e.g. the pilot canopy) is called Prandtl–Glauert condensation; this yields the famous

cone shaped clouds that have a sharp rear surface due to the shock front that reverses the super-

sonic into a subsonic flow. Aerodynamic contrails of these kinds have been discussed amongst

the military since a long time (e.g. mentioned in Rhode and Pearson 1942). Although many

photographs can be found in the internet (search key words “aircraft, condensation”, examples

on www.airliners.net) they seem to occur sporadically because they require humid conditions

combined with high speed and wing loading.

At higher altitudes under sufficiently cold conditions, the droplets that form in the condensa-

tion event may survive after the passage of the aircraft when the ambient air is (super)–saturated

with respect to ice. Droplets, once frozen, will then be stable in ice saturated air, or even grow

in supersaturated air. In this work and the companion paper (Kärcher et al. 2008, this issue,

henceforth Part II), we investigate aerodynamic condensation and freezing generated by the

lifting surface of aircraft under cold and ice–saturated conditions typical for the upper tropo-

sphere. Under favourable conditions for ice crystal growth and with appropriate illumination

of the scene from the sun, beautiful irisdescence effects can appear, as shown in Fig. 1. The
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figure shows clearly that the condensation starts right over the wing and is decoupled from the

engine exhaust. The aerodynamic condensation does not originate over the full wing span but is

confined to the inner part where wing depth and thickness are largest. The ice crystals survive

at least throughout the period seen in the photograph and the iridescence implies that their size

was comparable to the wavelength of visible light, which requires at least ice–saturated condi-

tions. However, the clear sky indicates that the humidity was not sufficient for ice crystals to

form naturally. An exhaust contrail, if it had been formed in the shown scene, would be visible

from about the tail plane onwards. Its absence proves that the Schmidt–Appleman criterion was

not fulfilled. In this case it was too warm (241 K).

The present paper provides the aerodynamic details of the flow perturbation by the wing,

including the effect on pressures, temperatures, and relative humidity, while in Part II we use

these results to simulate the formation process and the microphysical and optical evolution of

the formed particles. The outline of Part I is as follows: In section 2 we give a simple argument

why this kind of condensation should be expected, and we present our method of calculation

of an idealised compressible flow field around a generic wing profile. This method is applied

to a case study in section 3. In section 4 we discuss visibility issues and the importance of the

phenomenon. The final section 5 gives a summary of the results and states our conclusions.

2. Aerodynamics

a. Simple calculation

Let us begin with a very simple “back of the envelope” reckoning. The average pressure

difference above minus below the wings generates the force that carries the aircraft. Let the
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aircraft weight be W , its wing area A, then the pressure difference is ∆p = −W/A. For wide

body aircraft (e.g. A340, B747) this amounts to a value of typically −50 hPa, a large value in

meteorological terms. Now assume that this pressure difference arises adiabatically in the flow.

Then the corresponding temperature difference is given by ∆T/T = [(γ − 1)/γ](∆p/p) with

γ = cp/cV = 1.4 being the ratio of the specific heats of air. For near–ground conditions we

get approximately ∆T = −5 K, but for typical conditions at cruise altitudes (e.g. T = 220 K,

p = 220 hPa) we get ∆T = −14 K, i.e. a sudden cooling above the wing that suffices to turn

even relatively dry air of, say, RHi = 20%, transiently into a supersaturated state, enabling

condensation. From this rough calculation we see that aerodynamically induced condensation

should be a usual phenomenon under upper tropospheric conditions and the question arises why

one is rarely able to observe it. In order to answer this and other questions we have to perform

more detailed flow calculations.

b. Generic wing profile

In the following we assume that the flow is adiabatic and circulation–free, furthermore that

the flow is strictly two–dimensional and stationary as well as inviscid. First we need to define the

shape of the airfoil, i.e. the cross section of the wing. For our goal to provide a first analysis of

aerodynamic contrails in the context of aviation effects on the atmosphere it is sufficient to use

a simple but realistic shape and to neglect technical details. For further detailed investigations,

in particular when boundary layer effects will be considered, one has to turn to more advanced

computational fluid dynamics codes which then allows also to treat actually used wing profiles.

We have chosen a simple analytical yet realistic shape, a so–called Joukowski wing. This

shape results from a conformal mapping of a unit circle, which is very convenient. Let z = x+iy
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