








from other sources and
mineral dust. A prioritized
list of uncertainties asso-
ciated with this problem
has been provided and
discussed by Kércher et al.
(2007).

Ice formation by black
carbon particles, in gen-
eral, remains poorly
understood. It is apparent
that some black carbon
particles act as IN, because
carbonaceous particles
have been found to be one

Fic. 1. Contrail ice water content as a function of temperature fitted to
observations by Schumann (2002), from the model of Meerkétter et al. (1999)
and as given by Eq. (1).

TWC (gm~) = p [X(RH/100- 1],  (2)

where p_is the density of air, X is the saturation mix-
ing ratio with respect to ice at the ambient tempera-
ture, and RH. is in percent. For a standard atmosphere
this result is well described by the relationship

IWC = (RH/100 — 1)*exp(a +a,T+a,T?), (3)

where a = —3.4889, a = 0.05588, and a, = 6.268 x
10, and T is in degrees Celcius. Equations (1) and
(3) are obvious approximations because contrails are
expected to show substantial variability.

Favorable conditions for contrails to develop cir-
rus-like properties (Fig. 2) include a largely cirrus-free
environment, a sustained growth period for crystals
in high supersaturated conditions (see Gierens et al.
1999), and sustained upward vertical motions leading
to a deep layer of high ice supersaturation. The devel-
opment of virga falling from contrails is a manifesta-
tion of a favorable environment for growth and the
development of contrail cirrus (T1, T4, and T10). With
a sustained ice-supersaturated environment, some
contrail microphysical properties become similar to
those of natural cirrus, for example, concentrations
of ice crystals larger than 100 ym in diameter are
of the order of 10-100 1", and the habits are bullet
rosettes (T5).

Soot almost certainly triggers contrail formation
given the current soot emission indices. In contrast,
the role of soot in forming cirrus ice crystals down-
stream, without contrail formation or after dissolu-
tion of short-lived contrails, is highly uncertain. The
main problem is to demonstrate unambiguously that
ice nucleates on soot particles from aircraft and not
on other atmospheric ice nuclei (IN), including soot
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of the major types of ap-

parent nuclei of ice crystals
formed on aerosols sampled from the background
upper troposphere and cold regions of the lower
troposphere (Chen et al. 1998; Rogers et al. 2001).
The efficiency of black carbon particles acting as
IN depends very sensitively, but in unclear ways, on
temperature and supersaturation, soot size and sur-
face oxidation characteristics, and the mechanism
of ice formation (DeMott 1990; Gorbunov et al.
2001; Diehl and Mitra, 1998; Mohler et al. 2005a,b;
Dymarska et al. 2006). Most studies have focused on
temperatures warmer than 235 K; some laboratory
studies have addressed the ice nucleation properties
of soot particles at lower temperatures (DeMott et al.
1999; Mahler et al. 2005a,b), and only a few have
carefully quantified the freezing fraction of soot
particles on a single particle basis. Unfortunately,
the studies most relevant to cirrus formation have
used idealized soot particles of unknown relevance
to aircraft exhaust soot.

MOVING FORWARD. Contrail formation. Current
knowledge of contrail formation conditions is suf-
ficient for forecasting contrail occurrence. Crucial
parameters that must be known with high accuracy
include the ambient relative humidity, the overall
aircraft propulsion efficiency, and the number emis-
sion index of aircraft soot particles.

Several contrail microphysical properties and pro-
cesses warrant new measurements and a more com-
plete understanding, in part because of their potential
implications for persistent contrail development and
subsequent influence on contrail cirrus formation.
Most crucial unknowns stem from the extreme dif-
ficulty in making the necessary measurements.

Measuring the ice concentration at the onset of con-
trail formation is one such measurement problem, yet



it is important for assessing how well the models rep-
resent the physics of the initial formation of contrails.
The fraction of ice number and ice mass that survives
the vortex phase and the aircraft-specific effects on the
vortex dynamics influence subsequent growth of con-
trail crystals and contrail spread, but these processes
are extremely difficult to measure in situ.

Microphysical measurement issues. Recent studies
(McFarquhar et al. 2007; Heymsfield 2007) have
shown that measurements of small ice crystals
can be artificially enhanced as a result of several
hundred micron or larger particles either shatter-
ing on the inlets or arms
of optical spectrometers
or bouncing or shattering
on upstream surfaces of
the measurement aircraft.
Because of shattering, pre-
vious measurements of the
concentrations and sizes of
particles in contrails and
contrail cirrus are likely
unreliable, as are measure-
ments for the natural cirrus
itself. Measurement con-
tamination from shattered
ice fragments confounds
our ability to differentiate
contrail cirrus from natural
cirrus. New measurements
using probes that have been
designed to either reduce
or eliminate shattering are
vital if we are to adequately
model contrail crystal for-
mation and growth and the
microphysical processes for
those contrails that evolve
into contrail cirrus.

Exhaust soot particles as
cirrus nuclei. Aircraft soot
emissions provide a source
of enhanced aerosol num-
ber concentration in cirrus-
forming regions and may
perturb cirrus properties
and alter cirrus coverage
(Hendricks et al. 2005);

limited. Fundamental laboratory studies are required
to ascertain what makes certain soot particles more
active than others, and what role (short lived) contrail
and atmospheric processing might play in making
exhaust soot more or less active as cirrus IN. New
studies of the ice-nucleating properties of aircraft
exhaust and other ambient IN measured in situ for
conditions in the cirrus temperature and water vapor
regimes are needed. Such investigation could be done
independently, but it would be most useful within
the context of a measurement effort to convincingly
relate the ice activation properties of aerosols to the
microphysical composition of cirrus clouds that

Fic. 2. Photographs of contrail spreading into cirrus taken from Athens,
Greece, on 14 Apr 2007 at 1900, 1909, 1913, and 1920 local time (from top
left to bottom right). Courtesy of Kostas Eleftheratos, University of Athens,
Greece.

however, our knowledge
of the properties of soot
as ice nuclei is extremely
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form on them. New instrumentation continues to be
developed with ongoing improvement applicable to
these challenges.

Field campaigns. Reliable models of contrail crystal
formation and subsequent growth demand field cam-
paigns that employ new instruments and technologies
to measure the detailed microphysical and chemical
structure of aircraft exhaust plumes and contrails
during their initial development and subsequent evolu-
tion into mature systems that disperse and age. With-
out such improved measurements, it will be impossible

to realistically model the development of contrail
cirrus. “Closure” experiments are needed to evaluate
the sensitivity of cirrus cloud formation and evolution
resulting from soot particles emitted by aircraft.
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CLOUD TYPE AND CONTRAIL DEFINITION

n definitions of clouds according to

morphology, cirrus denotes detached
clouds in the form of white, delicate
filaments, or white or mostly white
patches or narrow bands. These clouds
have a fibrous (hair-like) appearance,
a silky sheen, or both (WMO 1975).
Cirrus forms primarily in the upper
troposphere, above ~8 km (25,000 ft),
when temperatures are mostly below
—35°C, and is entirely composed of ice
crystals. Two further genera include
cirrostratus, which totally or partly
cover the sky, and cirrocumulus, which
are small cloud elements in the form of
separate or merged grains, ripples, etc.
Cirrus clouds forming in situ develop in
air that is supersaturated with respect
to the ice phase. A wispy, layered cloud
that forms at the top of a thunder-
storm, termed an anvil because of its
shape, is cirrus that consists initially of
ice debris that spreads outward from
the convective parts of the storm.
Cirrus can have long lifetimes that are
limited by sublimation resulting from
subsidence or sedimentation of larger
ice crystals.

A condensation trail, or contrail,

is an artificial, linear cloud created by
an aircraft. Jet aircraft cruising in the

upper troposphere produce contrails,
entirely composed of ice crystals, be-
low about —40°C. Contrails are caused
either by water condensation on and
subsequent freezing of water-activated
soot particles in engine exhaust plumes
mixing with drier and cooler ambi-

ent air (exhaust contrail), or by water
condensation and freezing of ambient
particles resulting from the reduction
in air pressure above the wing surface
(aerodynamic contrail). The majority
of the studies deals with exhaust con-
trails, because the formation processes
of aerodynamic contrails have been
investigated only recently.

Line-shaped persistent contrails
transform into irregularly shaped ice
clouds, or contrail cirrus, under the
action of wind shear and turbulence
in ice-supersaturated air. By defini-
tion, contrail cirrus is difficult, if at all
possible, to distinguish visually from
most natural cirrus. The time of transi-
tion of contrails into contrail cirrus,
controlled by the latter factors, is not
well defined. Neither are differences in
microphysical and optical properties,
hence, the radiative effects between
contrail cirrus and natural cirrus. In
heavily traveled areas, contrail cirrus

merge and form long-lived, cirrus-like
cloud decks occasionally covering large
horizontal regions. Contrail cirrus may
replace natural cirrus or alter natural
cirrus properties by competition for
the available water vapor.

In cases where no contrails form,
soot particles produced by the com-
bustion of kerosene in jet engines age
in the decaying aircraft wakes that
mix with ambient air and particles.
The aging processes may transform
exhaust soot particles into heteroge-
neous ice nuclei capable of nucleating
ice crystals at lower supersaturations
than the ambient aerosol particles.
These soot particles may subsequently
form cirrus or modify existing natural
cirrus, soot cirrus, depending on the
dynamic processes setting the stage
for the nucleation of ice in supersatu-
rated areas. The ice-nucleating ability
of aging exhaust soot particles is not
known, and experimental evidence for
soot cirrus is lacking; however, soot
cirrus may be potentially important.
Changes of cirrus cloudiness caused
by contrails, contrail cirrus, and
soot cirrus together are denoted as
aircraft-induced cloudiness (Solomon
et al. 2007).

Cloud definitions

Cirrus

Naturally occurring high cloud formed of ice crystals

Contrails

Line-shaped ice cloud created by aircraft

Contrail cirrus

Irregularly-shaped cirrus-like cloud developing from contrails

Soot cirrus

Artificial cirrus cloud forming from aircraft soot emissions in the absence of contrails

Aircraft-induced cloudiness

Changes of cirrus cloudiness caused by contrails, contrail cirrus, and soot cirrus
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