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ABSTRACT

After reviewing the indirect evidence for the regional climatic impact of contrail-generated cirrus clouds (contrailcirrus), the author presents a variety of new measurements indicating the nature and scope of the problem. The assessment concentrates on polarization lidar and radiometric observations of persisting contrails from Salt Lake City, Utah,
where an extended Project First ISCCP (International Satellite Cloud Climatology Program) Regional Experiment (FIRE)
cirrus cloud dataset from the Facility for Atmospheric Remote Sensing has captured new information in a geographical
area previously identified as being affected by relatively heavy air traffic. The following contrail properties are considered: hourly and monthly frequency of occurrence; height, temperature, and relative humidity statistics; visible and infrared radiative impacts; and microphysical content evaluated from in situ data and contrail optical phenomenon such as
halos and coronas. Also presented are high-resolution lidar images of contrails from the recent SUCCESS experiment,
and the results of an initial attempt to numerically simulate the radiative effects of an observed contrail. The evidence
indicates that the direct radiative effects of contrails display the potential for regional climate change at many midlatitude locations, even though the sign of the climatic impact may be uncertain. However, new information suggests that
the unusually small particles typical of many persisting contrails may favor the albedo cooling over the greenhouse
warming effect, depending on such factors as the geographic distribution and patterns in day versus night aircraft usage.

1. Introduction

Modern human activities inadvertently produce a
variety of potentially climate-altering products.
Among the most widely recognized are the increasing accumulations of greenhouse gases, the problem
of stratospheric ozone destruction, and the direct scattering and indirect (i.e., cloud-altering albedo) effects
of aerosols and land-use changes. The science of climate prediction on societal timescales has progressed
to the point that the various feedbacks among these
processes have become a crucial area of study. General
circulation model (GCM) predictions have clearly indicated the sensitivity of the simulated global climate to feedback mechanisms, particularly from
Corresponding author address: Prof. Kenneth Sassen, Department of Meteorology, University of Utah, 819 Wm. C. Browning
Building, Salt Lake City, UT 84112.
E-mail: ksassen@atmos.met.utah.edu
In final form 7 April 1997.
©1997 American Meteorological Society
Bulletin of the American

Meteorological

Society

clouds. The global component of cirrus clouds appears
to be an especially important modulator of climate,
even though their net effect on the radiation balance
of the earth-atmosphere system is difficult to evaluate because of the effects of poorly understood cloud
properties (Liou 1986). Due to their great heights in
the upper troposphere (UT), cirrus clouds are probably
not directly affected by most ground-based human
activities, but it is being recognized that the effects of
increasing high-altitude jet air traffic have the potential for altering the properties and extent of cirrus
clouds. Their effects can be both direct, in that aircraft
condensation trails (contrails) can persist to create new
or supplement existing cirrus, or indirect, wherein aircraft emissions can modify the chemistry, aerosols,
and water vapor budget of the comparatively clean and
dry UT.
Interest in the formation of contrails began with the
usage of propeller aircraft during both world wars (see
Sassen 1991a) followed by jet operations (Appleman
1953; Pilie and Jiusto 1958), for obvious military reasons, and later expanded to radar (Konrad and Howard
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1974) and pioneering in situ studies (Knollenberg
1972) of persisting contrails. The view from outer
space clearly offered new opportunities for identifying and assessing the frequency of occurrence of these
peculiarly linear cloud streaks produced by commercial or military aircraft under some conditions
(Carleton and Lamb 1986; Schumann and Wendling
1991). More recently, lidar systems have begun examining contrail properties at wavelengths more suitable
for the detection and characterization of small hydrometeors (Sassen et al. 1989a; 1989b; Freudenthaler
et al. 1995; Gayet et al. 1996). Certainly, the evidence
shows that a combination of active and passive remote
sensing techniques can be relied on to improve our understanding of contrail properties.
As reviewed here, the impact of contrail-produced
cirrus clouds on the planet's radiation balance has been
suggested by the apparently causative relationship
between the trends of increasing cirrus cloud cover at
certain locations and the total consumption of jet fuels. The probable linkage between aircraft, cirrus, and
climate readily follows from our understanding of the
nature of jet engine emissions and the atmospheric
conditions needed for cirrus cloud formation and
maintenance (Grassl 1991). Aircraft supply abundant
potential cloud-forming sulfate nuclei and water vapor emissions (Maike-Lye et al. 1993) into a UT that
is often lacking in these precursors to cirrus cloud formation. The consequences are easily visualized virtually anywhere in the United States by the creation and
persistence of aircraft contrails in otherwise cloudless,
or mostly clear, skies. Other effects are less noticeable,
however, such as the potential alteration of natural
cirrus through the enhancement of cloud-forming particles and water vapor, or the gradual buildup of reactive and greenhouse gases and soot particles in the UT.
In recognition of the potential for climate change
associated with increasing levels of jet aircraft traffic,
the Subsonic Assessment (SASS) research program
was recently established. Components of this program
include retrospective aerosol and contrail data analyses, modeling and laboratory simulations, extended
time remote sensing measurements, and the justcompleted Subsonic Aircraft: Contrail and Cloud Effects Special Study (SUCCESS) field campaign using
advanced aircraft and ground-based remote sensing
measurements. Research on contrails has also been
conducted in connection with the First ISCCP (International Satellite Cloud Climatology Program) Regional Experiment (FIRE) field campaigns (Cox et al.
1987), the Atmospheric Radiation Measurement
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(ARM) Program (Stokes and Schwartz 1994), and the
International Cirrus Experiment (Raschke et al. 1990).
In this paper we report on recent cirrus cloud research activities in support of the FIRE, SASS, and
ARM programs, which have generated new information on contrails with regard to their statistical, physical, and radiative properties. This research includes
extended time remote sensing observations of high
clouds from the University of Utah Facility for Atmospheric Remote Sensing (FARS), and field campaigns
using coordinated polarization lidar and aircraft studies of contrails. First, though, we review the indirect
evidence for the potential effects of contrail cirrus on
regional climate.
2. Historical view

Various statistical studies (Machta and Carpenter
1971; Changnon 1981; Liou et al. 1991) have found a
significant correlation between jet fuel consumption
and routine National Weather Service (NWS) reports
of high-cloud frequencies. A related increase in average surface air temperatures has also been suggested,
even though the sign of the possible climate perturbation induced by increased cloud amounts in the UT is
ambiguous (depending on the assumed cloud composition model), and the effects of other possible causes
like greenhouse-gas warming or urbanization trends
must also be taken into consideration. Some of the
strongest correlations have come from Salt Lake City
(SLC) high-cloud data (Machta and Carpenter 1971;
Liou et al. 1991). Figure 1, for example, depicts an
analysis of SLC high-cloud frequency and average
surface temperature over the period from 1948 to 1982,
compared with the total domestic consumption of jet
fuels (top panel). The results for SLC appear to support the connection between increasing jet aircraft
operations in the UT and regional climate change,
particularly in the mid-1960s when a sharp increase
in domestic air traffic occurred.
Thus, it is fortuitous that our Project FIRE extended time observation program from FARS, currently in its 10th year, has been based in SLC. Figure
2 provides a national view of combined commercial
and military air traffic expressed in terms of total jet
fuel consumption above 7.0 km altitude for the month
of May in the reference study year of 1990 (Wuebbles
et al. 1993). It can be seen that northern Utah lies below an important air traffic corridor crossing the Great
Basin, although it is also clear that even more abunVol. 78, No. 9, September 7 997
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FIG. 1. Comparisons of (a) mean annual high cloud coverage
and (b) surface temperature for Salt Lake City, Utah, from 1948
to 1982, from Liou et al. (1991). The dashed and solid lines
represent statistical fits to the data for the entire period and for the
periods from 1948 to 1964 and 1965 to 1982, respectively. The
triangular points at top show the domestic consumption of jet fuel
beginning in 1957. (Courtesy of K. N. Liou.)

dant traffic exists in other regions, particularly in the
eastern United States corridors. Our region, however,
is located in a semiarid environment with a relatively
low amount of high-cloud obscuration due to lowerlevel clouds, so the local long-term FARS and NWS
data records may be especially appropriate for testing
the hypothesis that aircraft operations can affect clouds
and climate.

derived from contrail spreading, are visually present.
The specifications of the pertinent research instrumentation at FARS, a permanent cloud research installation jointly established in 1987 by the National Science
Foundation and the University of Utah, are given in
Table 1. Our Project FIRE ETO studies normally involve the ruby lidar and the suite of radiometers for
cirrus cloud data collection periods of 1-3-h bracketing the local overpass times of polar-orbiting satellites
(currently NOAA-IO, -12, and -14). A total of more
than 2100 h of data have so far been collected in support of the ETO program: this represents a unique cirrus cloud dataset for basic and satellite cloud retrieval
algorithm validation, as well as the kind of applied
cirrus cloud research considered here.
The current monthly (as of 10 April 1996) ETO
totals are shown in Fig. 3a, which reflects the seasonal
frequency of occurrence of cirrus clouds that are observable from the surface (i.e., without significant
lower-cloud interference) along the eastern edge of the
Great Basin. Figure 4 shows the frequency of daytime
(in UTC, where local time = UTC -6 or -7 h) 35-mm
all-sky photographs (solid curve) supporting the
lidar-radiometer observations, compared with the frequency of combined commercial and military jet aircraft flights between 5.5- and 13.0-km altitude within
an average radius of 200 km of SLC (derived from a
typical weekly average of FAA air traffic control
data). Clearly, the FARS data collection schedule,
which has traditionally concentrated on afternoonevening polar-orbiting satellite overpasses, should be

3. FARS data record

Given that the SLC region is an excellent area to observe and study contrails, our ground-based remote sensing
program of high-cloud studies, which
began in December 1986 in support of
the Project FIRE Extended Time Observations (ETO), holds particular promise
for understanding the contrail problem.
The continuing FARS observations are
being conducted from the edge of the
University of Utah campus at an elevation of 1.52 km above mean sea level
2. A national view of the commercial and military jet fuel burned (in pounds
(MSL), -12 km to the east of the SLC per FIG.
day) for May 1990 above altitudes of 7.0 km (courtesy of P. Minnis, with data
NWS office. Our observations are initi- provided by S. L. Baughcum). The FARS site is located at 40°46'00"N and
ated when cirrus clouds, including those 111°49'38"E, just below the southern tip of the Great Salt Lake.
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TABLE 1. University of Utah FARS

study.

instrumentation used in this

Passive remote sensors
a. Net flux pyradiometers
b. Narrow-beam (0.14°) 9.5-11.5-^im radiometer (coaligned
with lidar)
c. Precision infrared radiometer
d. Pyradiometer, 0.3-2.8-^m broadband visible
e. Rotating shadowband radiometer (0.63-2.5 /im)
f. Pyrheliometer (0.63-2.8 /^m) with solar tracker
g. All-sky 35-mm photography
h. All-sky video time-lapse imagery
Active remote sensors
a. Polarization cloud lidar (PCL)
— Two channels
— Vertical polarization transmitted
— Manually "tiltable" ±5° from zenith
— 0.1 -Hz PRF, 7.5-m maximum range resolution
— Maximum 2 K per channel data record length
— 1-3-mrad receiver beamwidths
— 25-cm diameter telescope
— 0.694-^m wavelength, 1.5-J maximum output
b. Two-color polarization diversity lidar (PDL)
— Four channels
— Vertical (0.532 ^m) + horizontal (1.06 /um)
polarizations
— Fully scannable, 5° s
— 10-Hz PRF, 1.5-m maximum range resolution
— 2-8 K per channel data record length
— 0.2-3.8-mrad variable receiver beamwidths
— 35-cm diameter telescopes (two)
— Simultaneous 0.532- and 1.06-^m wavelengths, 0.45-J
outputs

FIG. 3. (a) Bar graphs of average monthly hours of attempted

FARS high cloud observations collected in support of the Project
F I R E E T O program since December 1986, and (b) the

corresponding relative frequency of hourly, daytime all-sky
photographs that have clearly identifiable contrails.

_1

representative of the jet aircraft traffic over SLC, although the local morning traffic peak may be somewhat underrepresented in our sample. Note that we
have only used those fish-eye photographs obtained
at hourly intervals (at ~5 min after the hour) in supFIG. 4. Hourly averages over a typical week of combined
port of GOES imagery in order to compile an unbi- commercial
and military jet aircraft flights within -200 km of SLC
ased sample: lidar-sampled contrails are routinely (bars), compared
with the entire F A R S all-sky fish-eye
photographed.
photographic data record (solid curve). Morning and evening
peaks are due mainly to east-west corridor "red-eye" flights.

4 . FARS contrail frequencies

As shown in Fig. 3b, the relative frequency of fisheye photographs that display clearly identifiable contrails is generally well correlated with the monthly
distribution of the overall FARS high-cloud data
1888

record. In other words, contrails are more prevalent
when the frequency of natural cirrus is high. Table 2
reveals that contrails are identified on average about
20% of the time in the photographs, and that most of
these are persisting contrails associated with, or apVol. 78, No. 9, September 7 997
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5. FARS contrail physical properties

contrail statistics derived from over 1000
hourly fish-eye photographs dating back to December 1986: the
The heights and ages (from visual tracking) of contotal frequency of occurrence of identifiable contrails is 19.7% of
the sample. Percentages below refer to those images containing trails that are interrogated by the vertically pointing
ruby lidar, as indicated by a coaligned video camera
contrails.
TABLE 2. F A R S

Condition
Contrail number

Observation

With contrails

1
2-3
>3

56.4%
34.1%
9.5%

Contrail spreading

Not persisting
Persisting
Significant spreading

4.6%
69.0%
28.3%

Relation to cirrus

"Embedded" contrail
Extending from cirrus
Isolated from cirrus

57.9%
24.6%
17.5%

parently "embedded" in, natural cirrus. However, a
significant proportion of the contrails are observed either isolated from natural cirrus (-18%) or extending
from the boundaries of advecting cirrus clouds
(-25%). That contrails tend to be seen in advance of
naturally occurring cirrus has been widely recognized.
This linkage between natural and contrail-generated
cirrus often makes it difficult, if not impossible, to
distinguish aged, spread contrail veils from widespread cirrus.
It can also be seen from Table 2 that relatively few
dissipating contrail segments have been identified in
the fish-eye photographs. Even though these short
contrails may not have direct radiative effects, the
occurrence of the condensation process may have significant chemical effects on aerosol production that
could later impact on cirrus cloud formation after environmental moistening (Miake-Lye et al. 1993). The
limitations of dealing with this data sample must also
be realized—the 180° fish-eye lens compresses the
dome of the sky according to a sine function (Blennow
1995), such that only objects in the vicinity of the zenith are relatively undistorted and easily identified,
leading to an underestimation of the actual contrail
frequency at other locations (according to a comparison with field notes). This is particularly true in identifying short contrail segments or aged contrails that
have lost their sharp edges, even to the point of resembling cirrostratus. Thus, the identification of relatively
young persisting contrails near the zenith are favored
in the hourly fish-eye image set.
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and an A-scope returned signal display, are recorded
in field notes to facilitate later analysis. Our primary
data product is the maximum height attained by the
contrail as it drifted overhead, which is recorded to the
nearest 0.5 /LIS (75 m), and then converted to temperature and relative humidity using the closest SLC
sounding profile. If multiple contrails are probed during a single observation period, only those that are
separated by more than 1.0 ^s (150 m) are included in
this sample. As of this time, we have accumulated a
total of 178 contrails meeting these criteria. The results of this observational program, which are shown
in Figs. 5a,b, have important implications for better
understanding the creation and persistence of contrails.
Figure 5a depicts the dependency of contrail height
on temperature. (Note that this sample contains few
rapidly dissipating contrails and so generally represents contrails that were successful in persisting for
periods of minutes to hours.) Although the contrail
heights are constrained by the seasonal selection of
favorable jet-cruising altitudes and, of course, by the
availability of sufficient ambient moisture, the temperature data strongly suggests that the homogeneous
drop freezing mechanism is required for contrail formation. The warmest temperature is -34°C, and only
one other point occurs at temperatures > -40°C, the
level generally associated with the instantaneous
freezing of pure water drops. Various theoretical and
experimental studies (Sassen and Dodd 1989;
Heymsfield and Sabin 1989; DeMott and Rogers
1990; Heymsfield and Miloshevich 1995) have shown
that the homogeneous freezing process becomes active in growing cloud droplets at about -35°C and,
considering the cooling that accompanies the adiabatic
expansion of aircraft exhaust (Miake-Lye et al. 1993),
the observed contrail environmental temperatures are
consistent with the homogeneous freezing of the rapidly growing haze particles or droplets in the aircraft
wake.
Figure 5b shows the relationship between the
lidar-measured contrail top height and the corresponding sounding relative humidity (RH , with respect to
water). The UT radiosonde humidity data only became
available after November 1993, so this data sample is
smaller, at 106 data points: it should also be noted that
these measurements may suffer from errors in the cold
w
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FIG. 5. Scatterplots showing the relations between (a) FARS ruby lidar-derived contrail height and local sounding temperature
(178 contrails) and (b) contrail-level temperature and relative humidity with respect to water (106 contrails). The dashed line in (b)
indicates the ice saturation level, and the solid line shows the Sassen and Dodd (1989) threshold relationship for natural cirrus cloud
formation. The size of the data points reflects the time from the nearest 12-h SLC NWS radiosonde launch, such that the larger the
symbol, the more reliable the data (see inserted key).

and relatively dry UT, depending on the type of humidity sensor deployed. The span of time from the
nearest (0000 or 1200 UTC) SLC sounding is indicated by the size of the symbol, such that the largest
data point represents a concurrence between the lidar
and sounding observations of less than 1 h, and so on
(see key). Thus, the most reliable data, in view of relatively rapid (i.e., with respect to the 12-h sounding
interval), synoptically driven UT moisture variations,
dominate the display. These data points are compared
with lines representing ice saturation (dashed), and the
temperature-humidity relationship for the threshold of
cirrus cloud formation (solid) derived by Sassen and
Dodd (1989) on the basis of the homogeneous freezing behavior of ammonium sulfate solution droplets,
which should be appropriate for contrail formation
(Karcher et al. 1995). The results from the most reliable data reveal that the domain of contrail formation,
and at least limited persistence, generally lies between
the dashed line and near-ice-saturated conditions. In
other words, contrails fill a niche forbidden to cirrus
clouds formed under the usual adiabatic process. The
reason that contrail humidities would not be expected
to exceed the Sassen-Dodd relation is that, once
formed along the solid line, cirrus cloud growth tends
to deplete the excess water vapor.
1890

6. FARS contrail radiative properties

In this section, representative FARS lidar and radiometric measurements are given to illuminate the
extent to which persisting contrails can impact on the
transfer of radiation through the atmosphere. We provide in Fig. 6 three FARS case studies to illustrate the
range of contrail radiative effects as manifested in both
the visible and infrared spectral regions.
Figure 6 presents height versus time displays of
0.1-Hz ruby lidar cloud backscattering and, in the top
panels, plots of the atmospheric column infrared
brightness temperature derived from the midinfrared
9.5-11.5-/im radiometer, which includes downwelling
components from water vapor and ozone, as well as
from clouds. These three case studies depict the extremes in the evolution of contrail optical properties
with age, where, from top to bottom, are shown (a) a
series of a few-minute-old, strongly scattering contrails at -11.3 km embedded in an optically thin cirrostratus layer (note the "cloudless" streaks above the
contrails caused by strong optical extinction); (b) 1015-min-old contrails embedded within the upper part
of a cirrostratus cloud that have developed in the vertical through convective towers and fallstreaks; and (c)
a sloping elevated cirrus layer created by spreading
Vol. 78, No. 9, September 7 997
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FIG. 6. Ruby lidar height vs time displays of range-corrected,
attenuated backscattering (in relative units based on a logarithmic
grayscale) for three FIRE ETO case studies from April 1993 over
the indicted times, illustrating contrail effects ranging from
(a) newly formed dense contrails, (b) convective-appearing
persisting contrails, and (c) a mixture of new and extensively
spread contrail sheets. At the top of each lidar display is a plot of
the atmospheric midinfrared brightness temperature (°C) from a
coaligned (PRT-5 type) radiometer.

contrails, along with a series of younger contrails at
-10.5 km from more local traffic along with the leading edge of cirrus fibratus invading the sky. Analysis
of the three contrails in the center of (b) for cloud optical thickness using the subcloud pure molecular scattering assumption (Sassen and Cho 1992) yielded
increases of 0.07, 0.42, and 0.24 due to the contrails,
respectively, in comparison to the background cirrostratus values that decreased from 0.2 to 0.1. These
relatively dense contrails also produced noticeable
Bulletin of the American
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FIG. 7. The passage of spreading contrails (see arrows) studied
on 2 February 1995 at FARS, as revealed by (a) a height-time
ruby lidar display (with a 15-min gap in the data at -2250 UTC)
and (b) changes in the surface radiation budget measured by the
precision hemispherical infrared (PIR) and visible (PSP), solartracking (NIP), and rotating shadowband direct (RSR DIR) and
diffuse (RSR DIF) radiometers. Differences in the visible
irradiances are attributable to instrument design and optical filter
configurations (see Table 1).

increases in the infrared radiometer temperature because of their vertical depth and the strength of ice production. Such examples illustrate that new contrails
can be strongly scattering strands, persisting contrails
with vertical development can be active in both the
visible and infrared, and spreading contrails can produce extensive sheets of cirrostratus in advance of
advecting cirrus clouds in air otherwise unsuitable to
produce cirrus.
The additional example in Figs. 7a,b shows the
effects of persisting contrails on the surface radiation
budget. The lidar height-time signal display at top
188 5
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shows the passage of the three 30-60-min-old contrails
above the (apparently) natural cirrus clouds invading
the sky (the diffuse cloud at right). Provided below this
display is a record of the complete set of FARS radiometric measurements (see Table 1 and figure caption).
Although the infrared data do not reveal noticeable
effects due to the passage of the contrails, the broadband visible data indicate strong solar scattering interactions that have caused significant reductions in the
radiation received at the surface, pointing to the apparent disparity between the perturbations in the solar and infrared radiation fields produced by many
contrails. Note that the troughs in the irradiance curves
do not quite coincide with the zenith lidar data because
of the additional times needed for the contrails to advect beneath the sun.
Finally, additional information on contrail content
can be inferred from the linear depolarization ratio (d,
defined as the ratio of the orthogonal to parallel polarized returns) measured by the lidar. Although the
amount of laser depolarization generated by ice crystals depends on such factors as particle habit, aspect
ratio, and orientation, most cirrus clouds we have studied generate d values in the 0.35-0.50 range (see
Sassen et al. 1989a). Significant differences in contrail lvalues would imply a dissimilar cloud content,
which would have implications with respect to the
manner in which solar and infrared light scattering
takes place. In the examples presented above, the d are
generally consistent with natural cirrus, although portions of two of the contrails in Fig. 6b were low
enough (< 0.25) to suggest the presence of horizontally oriented plate ice crystals (when probed in the
zenith direction) and portions of the aged contrail in
Fig. 6c were unusually high.
7. Optical displays in contrails

A potentially significant passive remote sensing
tool involves the analysis of photographs of atmospheric optical displays, such as halos, arcs, coronas,
etc. During our FARS ETO program we have kept a
wary eye for optical phenomena generated by contrails
and cirrus and have recorded such occurrences with a
variety of camera lenses, as we illustrate with the color
photographs in Figs. 8a-d.
Figure 8a, which predates our FARS program, provides a uniquely vivid image of an iridescent contrail
photographed from Laramie, Wyoming, against the
backdrop of an older spreading contrail producing an
1892

upper tangent arc to the 22° halo. Iridescence is a diffraction phenomenon that produces a color spectrum
with separations depending both on the gradient in
growing/evaporating particle sizes and the angular
distance from the sun: according to the analysis of a
sequence of these photographs, a contrail particle
growth rate of 1-3 jim s" was derived in Sassen
(1979). (Although FARS observations have indicated
that cirrus clouds can produce weak iridescence, the
rarity of such vivid colors in ice clouds suggests that
cloud-droplet growth at near-water-saturated conditions may have been required for this unique display.)
The related diffraction phenomena of aureoles and
coronas in contrails, which in this case encircle the sun
(or moon) and are produced by ice particles in the 1030-jUm diameter range (Sassen et al. 1989b; Sassen
1991b), are illustrated in Figs. 8b,c. We have frequently noted coronas occurring in contrails that are
tens of minutes to hours old, revealing that contrail
particle growth under many conditions can be negligibly small.
On the other hand, as shown in Figs. 8a and 8d,
persisting contrails can also generate vividly colored
halo/arc complexes that are indicative of large, pristine hexagonal ice crystals. In addition to the 22° tangent arc shown in Fig. 8a, which results from
horizontally oriented columns (e.g., Tape 1994), 22°
halos in apparent contrail veils (Fig. 8d) composed
of randomly oriented particles, along with 22°
perihelia from horizontally oriented planar crystals,
are also not uncommon. In arcs and perihelia the crystals must be large enough (> -200 jim) to maintain
horizontal orientations, and on many occasions we
have detected in contrails the specular reflections such
crystals produce with zenith lidar probing. Thus, the
evidence from contrail optical displays indicates that
they may be composed (rarely) of short-lived supercooled cloud droplets, persisting minute ice particle
clouds, and large pristine, uniformly oriented ice crystals in older contrails. This diversity of cloud content
demonstrates that ice-phase contrail growth processes
can both resemble "natural" cirrus clouds and at the
same time produce long-lived clouds of relatively
minute ice particles, with quite different radiative
consequences.
The final examples in this color plate come from
the recent SUCCESS field project (see section 10).
Figure 8e depicts the twin contrails from the NASA
757 and the T-39 aircraft (below) in pursuit to study
the contrail, taken with a telephoto lens from the
Cloud and Radiation Testbed (CART) site. Remark1
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FIG. 8. Atmospheric optical displays generated by contrails, from which cloud microphysical contents can be passively inferred,
including those produced by relatively minute particles such as (a) a rare iridescent contrail, against the backdrop of an upper 22°
halo tangent arc in an older contrail; (b) a contrail corona display in a persisting contrail; and (c) a reddish contrail aureole, which also
shows a fresh bluish-hued contrail above, (d) An all-sky fish-eye view of a 22° halo in an apparent contrail-induced cirrostratus cloud,
in which numerous young contrails are also present. The final images come from the recent SUCCESS campaign, showing a telephoto view of new contrails from a pair of NASA aircraft on 4 May at 1958 UTC in (e), and a series of circular DC-8 contrails at 2000
UTC on 21 April 1996 in the fish-eye of (f).

ably, the colorization of the two contrails from solar the pink hue of the 757 contrail might be due to the
forward-scattering effects differs—the lower contrail much lower sulfur content fuel being burned at this
has the typical bluish tint of new contrails, whereas time as part of the experiment. The fish-eye photoBulletin of the American
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graph in Fig. 8f shows the unusual pattern of a series spectrometer probe (FSSP)-detected ice particle conof circular contrails produced by the NASA DC-8 on centrations, the mean FSSP particle diameter, and the
ice crystal concentration from the 2D-C probe.
21 April 1996.
Whereas there is little evidence for contrail-generated
ice crystals in the 2D-C probe data (with -50-^im
8. Aircraft-supported contrail studies
minimum resolution) as the aircraft flew into increasingly cirrus-free air with time, it is clear that the FSSP
In contrast to our regular FARS lidar measure- probe was successful at detecting the contrail particles
ments, the mobile Polarization Diversity Lidar (PDL, at concentrations of up to 10 cm . Mean particle sizes
see Table 1) is a considerably higher resolution scan- of - 9 jim were measured, which obviously lie well
ning device that is exceptionally well suited for study- below the 2D-C probe detection threshold. (Note that
ing the fine structure of contrails. Its capabilities were the sparse background of cirrus cloud particles created
exploited with good results during the April 1994 anomalous spikes in the mean diameter FSSP data, exRemote Cloud Sensing Intensive Observation Period cept when the numerous contrail particles were
(RCS IOP) conducted at the Southern Great Plains present.) Importantly, the exhaust aerosol plume in(SGP) CART site of the ARM program (Stokes and terceptions are easily identified by the greatly elevated
Schwartz 1994). During this experiment the Univer- CN counts, showing that the relatively simple measity of North Dakota Citation aircraft provided air- surements from the CN counter and FSSP are well
truth data for remote sensor cloud retrieval algorithm suited for identifying exhaust plumes and the young
testing, and special flight patterns were developed to contrails nucleated from them.
permit the coordinated study of contrails created by
Finally, given in Fig. 9e is a unique representation
the Citation. The intent was to perform cross-wind of the content of the then ~5-min-old contrail obtained
flight legs at increasingly upwind positions, such that by the Desert Research Institute ice crystal replicator
a series of contrails of increasing age would advect device (Arnott et al. 1994) aboard the Citation. Shown
over the ground site with time. Subsequent in situ sam- is the contrail particle size distribution derived from
pling of the contrails would take place across, or axi- a large number of plastic particle casts, as well as a
ally along, selected contrail segments.
sample of preserved particle images at bottom. The
Figures 9a,b provide PDL height-time displays of shapes of these minute crystals appear to be primarelative (0.532 jum) backscattering and d values brack- rily platelike, although solid short columns are also
eting the contrail flight pattern performed on 18 April represented. The results of their analysis provide a
1994. Initially, a deep precipitating subtropical cirrus total concentration of 22 200 l" , a mean diameter of
cloud mass advected overhead, but the Citation failed 7.2 jim, and an ice water content of 2.12 mg m~ . We
to effectively sample it before reaching altitude. As a should point out that such hardly believable numbers
result, the special contrail flight pattern was conducted are not unusual for contrails sampled with this deat a flight level of 13.0 km (where ground observers vice—similar analyses of Project FIRE IFO II connoted contrail formation), at a temperature of-65.9°C. trails yielded corresponding values ranging from
The Citation contrails that subsequently drifted over 22 000 to 52 000 l" , 4.5 to 5.2 nm, and 0.70 to
the CART site stand out in the lidar displays as 1.37 mg m~ , respectively (J. Hallett 1996, personal
strongly scattering and atypically highly (8~ 0.5-0.6) communication). In our case the crystal concentrations
depolarizing cloud features. Figure 9c provides 1-Hz are comparable to those derived from the FSSP, lendby 6-m views of the contrail "train," revealing a com- ing credence to this data.
plex, serrated image of the young contrails ranging
from 2 to 7 min old. Although the horizontal extent
of the contrails varied from 0.4 to 2.0 km, their verti- 9. Contrail simulation comparison: A
cal extent is confined to only a few hundred meters.
first attempt
The somewhat elevated depolarization, limited vertical extent, and serrated appearance are all typical of
It is clear that the information provided by in situ
young contrails probed at high resolution.
and remote sensing measurements, as useful as they
The corresponding in situ data sampled along the are, has its drawbacks, which leave gaps in our abilaxis of the initial contrail are shown in Fig. 9d in terms ity to delineate the details of the temporal and spatial
of the condensation nuclei (CN) and forward-scattering evolutions of contrails from start to finish. An alter-3
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FIG. 9. From the 18 April 1994 RCS IOP case study, PDL height-time displays of (a) 0.532-^m channel relative backscattering
and (b) linear depolarization ratios (see key at top) over the period that the University of North Dakota Citation aircraft conducted a
special contrail flight pattern, and (c) a more detailed lidar view of the serrated appearance of the "train" of young (1-7 min old)
contrails. In situ data during a slantwise sampling of the contrail generated 5.0-6.5 min earlier by the Citation are given in terms of the
(d) concentrations of condensation nuclei CN and ice particles detected by the FSSP N(FSSP); the mean FSSP particle diameter; and
the ice crystal concentration from the 2D-C probe N (2D-C) beginning at 0158:00 UTC (except for the CN curve, which is shifted by
6 s to compensate for an air sample delivery delay). In (e) are the results of an analysis of an ice crystal replicator sample obtained at
0158:48 UTC including representative particle images (courtesy of P. Arnott and J. Hallett).
Bulletin of the American

Meteorological

Society

188 5
Unauthenticated | Downloaded 01/09/23 07:50 AM UTC

nate perspective, however, can be gained from the predictions of sufficiently detailed cloud microphysical
and radiative simulations of the time evolution of contrails. To explore this avenue of research we have
joined forces with an established 2D/3D mesoscale
modeling group at the Central Aerological Observatory (CAO) with some previous experience with contrail simulations (Khvorostyanov et al. 1995).
The model treats the processes of mesoscale cloud
formation and cloud-radiation interaction using explicit cloud microphysics (Khvorostyanov 1995) and
so is well suited for the thorough simulation of evolving contrails. For the initial numerical experiment
based on a FARS data record, a model run was initiated with local sounding, time of day, and lidar contrail height data from the case study shown in Fig. 7,
which contained adequate information to make it a
suitable candidate. In particular, note in Fig. 7 the measured -40 W m~ decreases in global solar irradiances
[the precision hemispherical visible radiometer (PSP)
curve] centered at 2230 and 2235 UTC, which resulted
when the first two contrails drifted under the sun.
According to an analysis of the ruby lidar data, estimates of their optical thicknesses ranged from 0.2 to
0.25. Because of the large number of contrails present
on this occasion, it was difficult to keep track of the
ages of individual contrails, but these appeared to be
at least 30 min old.
The results of the matching CAO 2D model simulation are found in Figs. 10 and 11. The closest SLC
sounding indicated a relatively narrow humid layer
centered at 11.2 km and a temperature of -62°C at the
contrail height, while a region of strong vertical wind
sheer, decreasing from 27 m s at 11 km to 7 m s at
2

_1

_1

12.5 km, encompassed the contrail. Under these conditions, the model run was initiated with a contrail
inserted from 10.8 to 11.4 km MSL, containing, as a
first estimate, 10 1" crystals of average l-fim radius.
The humidity perturbation created by the aircraft was
assumed to correspond to a maximum ice supersaturation of 15% at the contrail center. Model results after a 1-h simulation are shown in Fig. 10 in terms of
2D contrail cross sections of ice crystal concentration
and mean radius. Clearly, in relation to natural cirrus
(e.g., Starr and Cox 1985), contrail-cirrus clouds are
predicted to contain very high concentrations of
minute ice crystals, which are inhibited from developing in the vertical because of their low particle fall
speeds.
Figure 11 depicts the radiative consequences of
these microphysical conditions in terms of the horizontal distributions of downward solar and longwave
fluxes computed just below the cloud base (10.5 km)
at both 30- and 60-min simulation times. Since the
contrail was slowly evaporating in the modeled environment, the peak reductions in downwelling solar
fluxes decrease from -40 to 15 W m~ over this period, corresponding to a decrease in visible optical
thickness from -0.3 to 0.15. In comparison to the
FARS-measured radiometric data, the simulated visible optical thicknesses and reductions in downward
solar flux after 30 min agree rather well. However, the
most significant model prediction is that, even after
1 h, the maximum increase in the downward longwave
flux is 7 W nr , or only half of the decrease in solar
flux below the cloud. Thus, the net radiative effect of
the simulated contrail is a cooling of -7 W m~ (i.e.,
the albedo effect dominates).
5
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2

2
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FIG. 10. Horizontal cross sections of the microphysical properties of a model-generated contrail after 1-h simulation time, based on
experimental inputs from the FARS contrail case study shown in Fig. 7. The contour interval for ice crystal concentration (a) is 1 cm ,
except for the dashed outer line representing 0.01 cm ; that for crystal mean radius (b) is 1 /im, starting at 2 /jm. The maximum ice
water content of 1.4 mg m~ is located where the peak concentration of 5.1 cm is found in (a). (Courtesy of V. I. Khvorostyanov.)
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FIG. 11. Model predictions of downward (a) solar and (b) longwave fluxes beneath the simulated contrail after 30 (dashed) and
60 min (see Fig. 10).
10. A SUCCESS update

The SUCCESS field campaign was conducted recently from a hub at Salina, Kansas, where a variety
of National Aeronautics and Space Administration research aircraft were stationed. Supporting the airborne
contrail research, and providing a focus for the missions,
were intensive ground-based remote sensing studies
from the SGP CART site from 10 April to 10 May
1996. Although data analysis is still under way, a preliminary inspection of our PDL dataset reveals that we
were successful at capturing a number of contrails at
unmatched spatial resolutions. The example in Fig. 12
shows a complex contrail structure produced by commercial air traffic -45 min earlier (according to visual

inspection, two overlapping contrails were present). The
1.06-jUm backscattering data were collected and are
portrayed preserving the maximum 1.5-m spatial and
0.1-s time resolutions of the PDL device. Clearly, contrails viewed at this scale contain a wealth of information regarding their fine structures, which help illuminate
fundamental properties related to their radiative impact.
Their cellular appearance may represent convection or,
perhaps, the "frozen" remnants of the original vortex circulations in the aircraft wake. Despite their ages, the vertical extents of these contrails are limited to a few
hundred meters, indicating that the particle sizes remained relatively uniform and minute over this extended
period. This contrail produced 8= 0.4, which were representative of the natural cirrus on this occasion.

FIG. 12. High-resolution (1.5 m by 0.1 s) PDL height-time display of relative returned 1.06-JUM laser power from apparently
overlapping ~45-min-old contrails produced by commercial jet air traffic in a corridor to the north of the SGP CART site near Lamont,
Oklahoma, collected on 2 May 1996 at the indicated times during the recent SUCCESS field experiment.
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Provided in Figs. 13 and 14 are additional PDL
displays of the diverse contrail phenomena sampled
during the SUCCESS campaign. Figure 13 depicts a
rare, visually verified example of the creation of an
extensive cirrostratus sheet from a series of spreading
contrails, which were generated well to the north of
the CART site by commercial air traffic and then
tracked visually until they advected overhead more
than 1 h later. The contrails gradually spread and
thinned until becoming subvisual in the zenith viewing direction (although the more abrupt contrail leading edges could sometimes be resolved visually). The
0.4-km-thick cirrostratus sheet at times generated tworinged solar corona displays, indicating particle diameters on the order of the 10-30 jum (Sassen 1991b). The
contrast between these ethereal contrails and the much
denser, lower cirrus fibratus fall streaks that followed
them (and which eventually blocked the lidar) is easily visible in the displays. The 8 = 0.55-0.65 in portions of the subvisual contrail is unusually high for most
cirrus clouds (compare with the cirrus fibratus values).
In contrast, Fig. 14a shows a PDL display from a
new contrail generated by the NASA DC-8 aircraft,
which flew above cirrus fibratus cloud elements along
a heading very close to the prevailing wind direction.
The contrail drifted over the PDL within 10 s of forming (see the first contrail segment at 11.3 km and
1948:00) and then, while gradually expanding, was
observed for the next 8 min until it was blocked from
view by the dense cirrus fibratus fall streak below. The

expanded contrail image in (Fig. 14b) again reveals
the serrated structure typical of young contrails.
Subsequently, the PDL performed a series of ±10° elevation angle scans about the zenith. The results from
four consecutive scans in terms of returned power and
S values over the 1959:00-2000:20 UTC period are
given in Fig. 14c, revealing a gradual evolution in the
cross-sectional structure of the inclined contrail. The
8 values are rather typical of cirrus, except for the unusually low and puzzling 8 < 0.1 along portions of the
contrail margins. (Could this be evidence for unusual
contrail particle types or compositions formed in the
chemical-rich exhaust, or an indication of new particle
growth?) Finally, recall that Fig. 8f provides an image of the circular DC-8 contrails generated earlier during this mission.
11. Implications for radiative/climatic
effects

The results of the numerical and field experiments
presented here have important implications for aiding
in the assessment of the climatic impact of contrails.
As recent theoretical studies have indicated (e.g.,
Stephens et al. 1990; Takano et al. 1992; Ou and Liou
1995), the influence of upper-tropospheric ice clouds
on the planet's radiation balance depends sensitively
on their heights and microphysical compositions. The
imbalance between the albedo and greenhouse effects,

FIG. 13. Time-height PDL displays (at 6 m by 1 s resolution) of backscattering and lvalues of an extensive, zenith subvisual
cirrostratus sheet created by a series of spreading commercial jet contrails on 23 April 1996 during SUCCESS. Note the contrasts
between the thin striated contrail layer above 12 km and the narrowly separated denser cirrus fibratus, which by the end of the period
blocked the contrail from view.
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FIG. 14. PDL displays of (a) backscattering from a contrail generated by the NASA DC-8 aircraft while "conning" (as coined by
pilots) on 21 April 1996 over the CART site during SUCCESS. The contrail is located at 11.3 km above cirrus fibratus cloud elements.
The expanded image (b) depicts its serrated structure. The results from four subsequent high-resolution PDL 10° elevation angle scans
across the contrail in terms of returned power (bottom row) and lvalues are given in (c); the height to distance ratio for these images
is 6:1, showing that the contrails averaged -800 m across after 12 min of growth.
Bulletin of the American

Meteorological

Society

188 5
Unauthenticated | Downloaded 01/09/23 07:50 AM UTC

which determines the sign of the climatic impact, is
chiefly a function of cloud particle size; generally,
clouds containing relatively small particles tend toward increased solar reflectances versus the more active trapping of terrestrial infrared radiation when
larger particles dominate. Mie theory tells us that ice
(sphere) diameters larger than -20-30 jum are needed
for the particles to attain a unity absorption efficiency
in the infrared atmospheric window region, although
other factors such as sun angle, multiple scattering,
contrail height, and even the patterns in air traffic
scheduling have an impact on the effectiveness of contrails in perturbing the radiation balance. (As can be
appreciated from Fig. 4, since our local air traffic is
concentrated into daylight hours to accommodate our
lifestyles, the impact of contrail solar scattering is
enhanced by the relative disparity in nighttime flights.)
To summarize our findings, there is abundant evidence from lidar and radiometer measurements, model
contrail simulations, and available in situ data that
contrails persisting from moments to hours are often
composed of relatively minute ice crystals. Lidar measurements and model predictions suggest that the
amount of contrail spreading in the vertical direction
can be almost negligible, because the rapid expansion
and mixing of the exhaust plume in the aircraft wake
creates an exceptionally high number of minute ice
crystals, which tend to remain small as a result of the
strong competition for the available water vapor supply, with correspondingly small particle sedimentation
rates. Brilliant corona displays are often noted as persisting contrails drift under the sun, indicating particles
in the 10-30-^m diameter range. Measured and modelpredicted radiative fluxes suggest that the effects of
contrails on the radiation balance may be more pronounced in the visible than the infrared spectral region.
Together, these findings suggest that contrail-cirrus
clouds could have a solar albedo effect that dominates
over their infrared greenhouse effects in the midlatitude UT, thereby leading to regional cooling if contrailcirrus clouds are primarily a daytime phenomenon.
Of course, there are numerous exceptions to this
rule. Under the proper conditions contrails are capable
of considerable vertical development (Konrad and
Howard 1974). (In one extreme case, we observed a
series of deep contrail-induced cloud bands that produced virga reaching the neighboring peaks of the
Wasatch Mountains, leading to the rare opportunity of
skiing in contrails.) Halos, and arcs, which require the
presence of uniformly oriented ice crystals of at least
a few hundred microns dimension, are not uncom1900

monly seen in spreading contrails (Sussman 1997).
And, as in the case of Fig. 6 (middle), dense contrails
producing precipitating particles and noticeable
downwelling infrared signatures have been studied
embedded in natural cirrus layers.
Although to help settle the issue of the climatic
impact of contrails, better knowledge of the relative
frequencies of the thin small-particle versus the vertically developed contrail is needed, it is important to
recognize that the compositions of contrails are likely
to be distinct from those of natural cirrus clouds because
of their vastly dissimilar cloud formation mechanisms.
Initial contrail content does not conform with the usual
adiabatic process and can occur in air unsuitable for
cirrus formation because of the injection of water vapor. The contents of those persisting contrails dominated
by the presence of small particles are fundamentally different from those of nearly all cirrus clouds reported in
the literature, whereas even the contents of developed
contrails must remain affected for some time by the
rapid nucleation and aerosol formation processes
unique to contrails. Moreover, lidar depolarization data
show that although a great range of 8 values may be
found in contrails, most appear to generate comparatively strong depolarization, indicating the presence of
ice particles of unusual character. Finally, contrails are
distinguished by their linear structural morphology,
which begins to fade only after considerable horizontal spreading and/or merging has taken place, and by
their strong temporal and regional variations.
These factors are formidable obstacles to be overcome in order to adequately treat the effects of contrails in large-scale models, and only approaches
involving a simple increase in total cirrus cloud cover
due to contrails have so far been attempted. Such studies find roughly a 1-K increase in surface temperature
for a specified 5% increase in cirrus cloud cover (Liou
et al. 1991; Schumann 1994); in other words, the additional contrail "cirrus" must enhance the basic greenhouse warming effect of natural large-particle cirrus,
as is currently modeled. Obviously, the information provided here indicates that contrail-cirrus should not generally be treated as natural cirrus, particularly with regard
to the dissimilar radiative effects produced by the numerous small ice particles inhabiting many contrails.
12. Conclusions

It is demonstrated from the 10-yr Project FIRE
ETO high-cloud FARS dataset that contrails are a
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common feature above SLC when cirrus clouds are
present, or immanent. Contrails are identified in ~20%
of our hourly fish-eye photographs, but this undoubtedly represents an underestimation of the actual contrail frequency. Similar studies tend to show a ~30%
frequency of contrail occurrence when skies are not
obscured by lower clouds (see Detwiler and Pratt
1984), a figure that could well be consistent with that
from our locale. Of the contrails identified in our photographs, 58% occur in association with apparently
natural cirrus, while the rest extend from the borders
of cirrus or are isolated from cirrus. In other words,
contrails pioneer new cirrus regions in ~42% of the
time they are present in our sample. The seasonal frequency of contrails is much the same as that of all cirrus, in that the spring and fall months are the most
conducive to contrail formation.
Particularly insightful information has come from
the environmental temperatures and relative humidities of the contrail top (i.e., generation) altitude derived
from lidar heights and local radiosonde data. The great
majority of SLC contrails occur between -50° and
-65°C, or from 9.0 to 13.0 km above sea level. This
may reflect preferences in local jet-cruising altitudes,
but the almost complete lack of contrail temperatures
warmer than -40°C (2 out of 178) strongly suggests
that the homogeneous droplet freezing mechanism is
required for contrail formation. In other words, jet
engine emissions do not appear to be efficient generators of ice nuclei. There is no polarization lidar evidence for liquid phase contrails, even in those few
cases when contrails immediately behind the aircraft
were fortuitously sampled, although indirect evidence
in the form of the rare iridescent contrail sighting implies that this may be possible for short periods. Since
the UT is always subsaturated with respect to water
as a consequence of the barrier imposed by cirrus cloud
formation processes, and so all liquid droplets formed
in a contrail will soon evaporate (or freeze), it is the
transience of the liquid phase coupled with mixed air
temperatures colder than about -35°C that allow contrails to form.
Surprisingly, the available UT humidity sounding
data indicate that contrails may persist in subicesaturated air. Although the radiosonde humidity data
are not always reliable, the highest humidity levels are
consistent with the effects of the cirrus cloud nucleation threshold relation developed by Sassen and Dodd
(1989) for sulfate aerosols. It could be that factors such
as limited rates of contrail mixing and particle fallout,
radiative or evaporative cooling, and convection may
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allow contrails to exist for periods somewhat below
ice saturation. In addition, it may prove that exotic
particle species, like nitric acid trihydrate (NAT)coated water ice particles (Karcher 1996), could be important under some conditions in extending the
lifetime of contrails below ice saturation (Middlebrook
et al. 1996). These considerations obviously have implications for improving the criteria for predicting contrails (Appleman 1953; Hanson and Hanson 1995;
Coleman 1996; Shumann 1996).
Contrails have been shown to produce a variety of
radiative transfer impacts. Before substantial spreading has taken place, optically dense young contrails are
strongly scattering strands that redirect the incoming
solar radiation and effectively shadow the underlying
surface. As persistence continues with time, contrails
can either remain shallow, or, apparently more rarely,
develop in the vertical from convection and precipitation. In the first case minute corona-producing ice
crystals dominate, while in the latter sufficiently large
ice particles to have noticeable effects from the ground
in the infrared, and in the visible with regard to the
generation of optical phenomena like halos and arcs,
can occur. The significantly different radiative properties that result are likely a function of the environmental stability and humidity (as often indicated by
the presence of natural cirrus). After still more time,
horizontally spreading sheets, or veils, of contrails can
be formed that closely resemble cirrostratus layers, but
it must be recognized that this "extra" cirrus often pioneers an environment not yet suitable for natural cirrus formation. Casual observations show that there is
little question that contrails can extend the boundaries
of cirrus cloud fields, even, perhaps, up to synoptic
scales.
In view of the competing effects caused by a number of potential human-induced and natural climate
change mechanisms, and their feedbacks, it is unwise
to ascribe a perceived climate trend to a particular process, as has historically been done in the contrail research arena. Nonetheless, it is generally recognized
that an artificial increase and/or alteration in the properties of cirrus clouds is occurring owing to the introduction of jet engine emissions and persistent contrails
by heavy aircraft traffic in some regions. Thus the
potential for regional climate change appears to exist,
even though the resulting net climatic effect caused by
jet aircraft remains unclear. On the other hand, the
consensus of the experimental and model findings
given here suggests that the climatic effects of contrails, persisting on the order of minutes to hours, may
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more likely lead to a cooling of the surface of the earth
rather than to greenhouse warming, as would follow,
for example, from simply modeling an increase in cirrus cloud cover under the assumption that contrailcirrus have the same compositions (and radiative
effects) as natural cirrus. Our information leads us to
the conclusion that the compositions of many if not
most contrails differ markedly from those of typical
cirrus clouds, which are generated under quite different microphysical conditions. Clearly, more realistic
treatments in GCMs of contrail content, and their temporal and geographic distributions, are required to
properly assess their climatic impact.
Of course, there are many additional questions that
need to be addressed. Most importantly, we need to
better understand the current and projected areal and
diurnal coverage of contrail-cirrus, the extent of the
indirect cloud alterations caused by aircraft emissions
of aerosols and water vapor in the UT, and whether
aircraft operations are responsible for the moistening
or dehydration (through ice crystal growth and sedimentation) of the UT. Issues that could affect future
aviation policies are whether greatly enhanced air traffic in the Southern Hemisphere could cause a regional
contrail problem to become a global one and whether
lower-stratospheric sub- or supersonic aircraft operations pose special problems, particularly with regard
to disturbing the ozone budget. Hopefully, the results
from focused field experiments, like the recent SUCCESS campaign, and improved 2D/3D contrail model
simulations will begin to provide the answers.
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