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On the radiative properties of contrail cirrus

K. N. Liou', P. Yang!, Y. Takano', K. Sassen?, T. Charlock®, and W. Arnott*

Abstract. Using the observed ice crystal size distribu-
tion in contrail cirrus from SUCCESS, we have carried
out the scattering and absorption calculations based on
a unified theory for light scattering by ice crystals cov-
ering all sizes and shapes. We illustrate the effects of
ice crystal size and surface roughness on the scatter-
ing phase function features for remote sensing applica-
tions. The extinction coefficient and single-scatterin
albedo exhibit a minimum feature at 2.85 ym, referre
to as the Christiansen effect, which is particularly pro-
nounced for clouds consisting of a significant number
of small ice crystals. Based on a line-by-line equivalent
solar model, we show from spectral curves that cloud
reflection increases as ice crystal sizes become smaller,
but the cloud absorption increase is only. evident for
wavelengths longer than about 2.7 pm. The ice crystal
shape has a substantial effect on the cloud reflection and
absorption for a given size; more complex ice particles
reflect more solar radiation. Finally, we propose a con-
trail cirrus cloud model consisting of a combination of
bullet rosettes (50%), hollow columns (30%), and plates
(20%), with sizes ranging from 1 to 90 pm in association
with radiation perturbation studies.

Introduction

One of the fundamental objectives of Subsonic Air-
craft: Contrail and Cloud Effects Special Study (SUC-
CESS) is to provide the necessary and sufficient data
to better determine the radiative properties of contrail
cirrus and their potential impact on climate. Contrails
tend to form in the vicinity of the tropopause in which
the ambient temperature allows supersaturated water
vapor emitted from jet engines to effectively convert
into ice phase. Resident times for particles may vary
from days below the tropopause and up to a year above
the tropopause in the lower stratosphere. Analysis of
air traffic patterns illustrates that, in general, cruising
altitudes are within contrail cirrus producing levels. A
number of statistical studies have indicated a significant
correlation between jet fuel consumption and high cloud
frequencies in urban airports [Liou et al., 1990; Frankel
et al., 1997]. In particular, the data from Salt Lake City
appear to support the connection between increasing
jet aircraft operations in the upper troposphere, cirrus
cloud cover, and regional climate when a sharp increase
in domestic air trag']c occurred in the mid-1960s.

Because of the lack of in situ microphysical observa-
tions in contrails, their radiative properties are largely
unknown. The unique SUCCESS field experiment car-

ried out over Kansas in April-May, 1996 provided mi-
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crophysical measurements on the size and shape char-
acteristics of ice crystals that were not available in the
past. Using the observed ice crystal size distributions
and shape factors for contrails, we have performed scat-
tering and absorption calculations based on a unified
theory for light scattering by ice crystals introduced in
the text. Pertinent results for the extinction coefficient,
single-scattering albedo, and phase function for contrail
cirrus are presented. Employing a line-by-line equiva-
lent solar model, we have also determined the spectral
and broadband radiative properties of contrail cirrus.

Ice Crystal Size Distributions

During SUCCESS on May 4, 1996, ice crystal size dis-
tributions for the contrails were measured by the repli-
cator system mounted on NASA’s DC-8 that tailed a
Boeing 757 by about 50 sec with aircraft separation
distance of 11.5 km over northeast Oklahoma. This
replicator system was developed by the scientists at the
Desert Research Institute (DRI), University of Nevada
[Arnott et al., 1994]. Two representative ice crystal size
distributions, associated with the ambient temperature
and dew point of —61.1°C and —62.9°C, respectively,
were selected for the present study. The growth of ice
crystals in the contrails took about 50 sec. The ice crys-
tal images collected by the DRI replicator system show
that they were predominately bullet rosettes, columns,
ggd plates with sizes ranging from about 1 pgm to about

pm.

In addition to the preceding data, we have also ob-
tained two ice crystal size distributions from an ex-
periment sponsored by the Department of Energy that
was carried out over the Cloud and Radiation Testbed
(CART) site located in Northern Oklahoma and South-
ern Kansas on April 18 and 19, 1994. On 18 April, a
contrail was studied above the CART site when the Uni-
versity of North Dakota Citation aircraft re-penetrated
its own contrail after 6 min of growth at a height of
13 km and a temperature of —65.9°C. As shown in
Sassen [1997], the DRI replicator indicated minute, sim-
ple plate and column crystals in the contrail. The data
for 19 April, on the other hand, came from near the top
(13.4 km and —69.4°C) of an optically thin cirrostratus
cloud with embedded contrails, which contained minute
solid ice particles. Since this cloud generated a lunar
corona display, as contrails frequently do, we consider
this cloud composition as a proxy of a persisting con-
trail. The size distribution data were derived from the
FSSP device, which has been shown to yield reliable
data when appreciable numbers of ice crystals larger
than 50-100 pm are not present [Gayet et al., 1996E

To characterize the effect of ice crystal size distribu-
tions on the radiative transfer results and to account for
various shapes and sizes, we define the mean effective
ice crystal size in terms of the maximum dimension, D,
in the form

IWC/Pi

At ) (1)

D, = /Vn(D)dD//An(D)dD =

where V and A are the volume and projection area of an
ice crystal, respectively, IWC' is the ice water content,
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Figure 1. Discretized ice crystal size distributions for
contrail cirrus (~ 50 sec duration) measured by the
replicator system mounted on NASA’s DC-8 that tailed
a Boeing 757 during SUCCESS on May 4, 1996, and for
a contrail and a cold cirrus (~ 6 min duration) measured
by FSSP on board the University of North Dakota Ci-
tation on April 18 and 19, 1994 (upper panel).

pi 1s the bulk ice density, and A; is the projected area
per unit volume. The mean effective ice crystal size so
defined is now directly related to IWC', a prognostic
parameter in GCMs. Also, by using the volume and
projection area, the irregular ice crystal shape can be
accounted for. Finally, A; can be determined directly
from the ice crystal images.

For single-scattering calculations, the observed ice
crystal size distributions are discretized in eight bins:
1-5 pm with bin-center at 3 pm; 5-10 ym with bin-
center at 7.5 um; 10-20 pm with bin-center at 15 um;
20-30 pym witﬁ bin-center at 25 pm; 30-40 pm with bin-
center at 35 um; 50-70 pym with bin-center at 60 pum:;
70-90 pm with bin-center at 80 ym. Shown in Figure 1
are the discretized ice crystal size distributions. A sub-
stantial number of small ice crystals on the order of 10
”S?; 1s seen for the contrail that occurred on April 18,
1994.

Based on the SUCCESS replicator data, we esti-
mate that contrails consist approximately of 50% bullet
rosettes, 30% hollow columns, and 20% plates. Using
these combinations, the mean effective sizes for the four
ice crystal size distributions are 4.9, 9.8, 15.9, and 13.3
pm. The contrails observed on April 18 and 19 contain
smaller ice particles than those observed on May 4.

Phase Function and Single-Scattering
Properties

We have used the Monte-Carlo/geometric-ray-tracing
approach to determine the scattering, absorption, and
polarization properties of plates, solid and hollow column:
dendrites, bullet rosettes, aggregates, and ice crystals
with irregular surfaces whose sizes are much larger than
the incident wavelength [Takano and Liou, 1995]. For
light scattering by small ice crystals, we have inno-
vated an improved geometric-ray-tracing method and
a finite-difference time domain (FDTD) method [ Yang
and Liou, 1996a,b]. The improved model is applicable
to size parameters as small as about 15. The FDTD
method i1s a numerical technique for the solution of the
Maxwell equations in time and space using appropriate
absorbing boundary conditions. It is considered to be
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Figure 2. Phase functions for 0.7 and 3.7 pm wave-
lengths using a contrail cirrus model consisting of 50%
bullet rosettes, 30% hollow columns, and 20% plates
(left panel). The effect of ice crystal surface roughness
on phase function is shown in the right panel using bul-
let rosette as an example.

the exact numerical solution for light scattering by par-
ticles, as verified by the exact theoretical solutions for
long circular cylinders and spheres. Because of numer-
ical round-off errors and required computer CPU time,
the FDTD method can only be applied to ice crystal
size parameters smaller than about 10-15. By unify-
ing the modified geometric optics and FDTD methods
for large and small size parameters, respectively, we are
now in a position to determine the basic scattering, ab-
sorption, and polarization properties of ice crystals of
any sizes and shapes that can be defined numerically.
The single-scattering parameters in terms of phase
function, single-scattering albedo, and extinction cross
section are computed for the solar spectrum covering
0.2 to 5 um for about 200 wavelengths. The diagrams
in the left panel in Figure 2 show the phase functions for
the wavelengths of 0.7 and 3.7 pm. Substantial differ-
ences in the phase function for the four cases are noted
at 3.7 um at which ice is strongly absorptive and the
ice crystal size has a significant impact on the single-
scattering feature. For the case of 4/18/94, the halo

peaks and backscattering for the 0.7 um reduce sub-
stantially because of small ice crystal sizes.
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Figure 3. Asymmetry factor, single-scattering albedo,
and extinction coefficient as functions of wavelength
from 0.2 to 5 pm. The minima located at 2.85 pum

are the well-known Christiansen effect.
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From the replicator data, it appears that some ice
crystals may not be exactly hexagonal in shape and that
some may have rough surfaces. Following Takano and
Liou [1995], we have used a Monte-Carlo %eometric-
ray-tracing approach to account for the Fresnelian inter-
actions between rays and rough surfaces of an ice crystal
defined by the first-order Gram Charlier Series distribu-
tion {Cox and Munk, 1954]. The diagrams in the right
panel of Fig. 2 illustrate the phase function differences
between smooth and rough surfaces using bullet rosettes
as an example. The smooth-surface bullet rosettes pro-
duce halo peaks at 22°, 46°, and 10°, as well as the
backscattering peak and a maximum feature at about
150° at 0.7 pm. All of these peak features are smoothed
out when the roughness on the surface is incorporated
in the light scattering calculations. For strongly absorp-
tive cases, the effect of surface roughness on the phase
function for randomly oriented ice crystals is small be-
cause the scattering features are generated primarily by
external reflections.

Figure 3 shows the asymmetry factor, single-scattering
albedo, and extinction coefficient based on the shape
model of 50% bullet rosettes, 30% hollow columns, and
20% plates. The extinction coefficients show little vari-
ation, except for a minimum in the 2.85 pm region,
the so-called Christiansen effect. This effect occurs
when the real part of the refractive index approaches
1 while the corresponding imaginary part is substan-
tially larger, leading to the domination of absorption in
light attenuation. It is particularly pronounced when
ice particles are small, such as the 4/18/94 case. The
single-scattering albedo also displays a strong minimum
in the 2.85 pum region with values much less than 0.5.
When absorption is substantial, the scattered energy
is primarily contributed by diffraction in the forward
directions. For this reason, maximum values of the
asymmetry factor are noted around 3 pm. Introduc-
ing the roughness of ice crystal surfaces does not sig-
nificantly affect the extinction coefficient and single-
scattering albedo patterns. It should also be noted that
soot particles can be activated as ice nuclel in contrail
formation and the effect on the scattering and absorp-
tion of ice particles is dependent on their relative sizes.

Spectral and Broadband Solar Albedos

We have developed a new solar radiation model with
a high spectral resolution similar to line-by-line calcu-
lations in the thermal IR, hereafter referred to as the
line-by-line equivalent (LBLE) solar model. The spec-
tral resolution has two options: 1 em~™! with 10 g’s
and 50 cm~! with 30 g’s, where g denotes the cumula-
tive probability function in the correlated k-distribution
method. The correlated k-coefficients for these spectral
intervals for H,O from 2,000 to 21,000 cm™1! (0.5-5 um)
are determined from the updated 1996 HITRAN data
based on the method developed by Fu and Liou [1993].
The correlated k-coefficients for the 2.0 and 2.7 pm CO,
bands are also derived, in which overlaps between H,O
and CO» lines are accounted for by means of the mul-
tiplication rule. Absorption due to O3 and O bands
and Rayleigh scattering contributions are accounted for
based on the conventional method. In addition to cloud
particles, we have also compiled the single-scattering
properties of six typical aerosol in connection with the
LBLE solar model.

The “exact” adding/doubling radiative transfer pro-
gram including full Stokes parameters developed by
Takano and Liou [1989)] is used to calculate the transfer
of monochromatic solar radiation in a vertically inho-
mogeneous atmosphere which is divided into 51 layers.
For wavelengths between 3.7 to 5 pm, thermal emission
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Figure 4. Spectral reflection and absorption for con-
trail cirrus as a function of the mean effective ice crystal
size for two solar zenith angles. The contrail cirrus were
located at 12 km over a land surface with a Lambertian
albedo of 0.2 and with an IWP of 1 gm™3.

contributions to the solar flux transfer are accounted for
by adding the thermal emission part, (1 — @)7By(T),
to the adding/doubling method, where & is the single-
scattering albedo and wB)(7') is the Planck flux for a
given temperature. The thermal part, although small,
has not been accounted for in broadband solar flux cal-
culations and could be a noticeable energy source in
the upper part of the atmosphere; a subject for future
exploration. The spectral solar radiative transfer pro-
gram also includes the options of using the detailed so-
lar irradiance data averaged over appropriate spectral
resolutions. v

Figure 4 illustrates the spectral reflection and absorp-
tion for the contrail layer as a function of the mean
effective ice crystal size for two solar zenith angles of
30° and 75°. To economize the computations, we have
used the spectral version of 50 em™! containing 30 g¢’s.
From observations, the contrails were located at about
12 km over a land surface which is assumed to have a
Lambertian albedo of 0.2. In the calculations, we have
employed an ice water path (IWP) of 1 gm~%. The
visible optical depth for an ice crystal cloud can be ex-
pressed in terms of both /W P and ice crystal size in
the form [Fu and Liou, 1993]

rn = IWP(a+b/D.), (2)
where a and b are certain coefficients. Thus, for a given
IW P, the cloud reflection is inversely proportional to
the mean effective ice crystal size D., as illustrated in
Fig. 4. The water vapor absorption bands located at
3.2, 2.7, 1.87, 1.38, 1.1, 0.94, 0.82, and 0.72 um are
clearly shown, as is the 4.3 ym carbon dioxide band.
The large reflection in the UV region is primarily pro-
duced by Rayleigh scattering. For the solar zenith angle
of 75°, substantial reflection is evident for wavelengths
shorter than about 2.5 pm, particularly for smaller D,.
The effect of ice crystal size on cloud absorption appears
only for wavelengths greater than 2.8 um, at which ab-
sorption due to ice particles becomes more significant
than absorption due to water vapor and carbon dioxide.

The broadband reflection and absorption for contrail
layers as a function of /W P are shown in Figure 5. The
left and right panels illustrate the effects of ice crystal
size and shape on the cloud radiative properties, respec-
tively. In the calculations, we have used a solar zenith
angle of 30° and a surface albedo of 0.2. Other input
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Figure 5. Broadband reflection and absorption for
contrail cirrus as a function of /WP to illustrate the
effects of ice crystal size (left panel) and shape (right
panel). The solar zenith angle used is 30°.

parameters are the same. Cloud reflection for a given
IW P is clearly dependent on ice crystal size: smaller
ice crystals reflect more solar radiation than larger ice
crystals. When /WP is smaller than about 20 gm~2,
cloud absorption also reduces when the ice crystal size
increases. For IW P larger than about 20 gm~2, cloud
absorption for the case of 4.9 pm becomes the smallest

because it is now determined by the single-scattering
albedo rather than the optical depth. To investigate
the shape effect, we have used a D, of 15.9 pm. The
effect of roughness of bullet rosette surfaces on cloud re-
flection and absorption is insignificant. Cloud reflection
values become progressively smaller for hollow columns,
plates, and equal-area spheres because their asymme-
try factors become increasingly larger to allow stronger
forward scattering to occur. Cloud absorption values
for plates, hollow columns, and equal-area spheres be-
come larger because of the progressively smaller single-
scattering albedo values.

Summary

We have analyzed two ice crystal size distributions
for contrail cirrus collected during SUCCESS and ob-
tained two additional distributions from an experiment
that was carried out earlier over the DOE CART site.
Using these four observed ice crystal size distributions,
we have performed the scattering and absorption cal-
culations to determine the single-scattering and phase
function properties of ice particles that were present in
contrails for wavelengths from 0.2 to 5 pum. Based on
the SUCCESS in situ observed data, we propose an ice
crystal shape model for contrails consisting of 50% bul-
let rosettes, 30% hollow columns, and 20% plates in
conjunction with radiation calculations.

For strongly absorptive cases, the ice crystal sur-
face roughness is not a significant factor in determin-
ing the phase function pattern. The extinction coef-
ficient shows a minimum feature at 2.85 pm referred
to as the Christiansen effect, particularly pronounced
when small ice crystals are present. The correspond-
ing single-scattering albedo in this spectral region shows
values much less than 0.5. Increasing the ice crystal size
increases the asymmetry factor, whereas the reverse is
true for the single-scattering albedo.

Based on a LBLE solar model, the dependence of
cloud reflection on the mean effective ice crystal size for
a given IWP is clearly illustrated in the entire solar
spectrum. For a given IW P, smaller ice crystals re-
flect more solar radiation than larger ice crystals. The

ice crystal shape has a substantial effect on the reflec-
tion and absorption calculations. For a given ice crystal
size, cloud reflection values decrease progressively when
bullet rosettes, hollow columns, plates, and equal-area
spheres are employed in the calculations.

In order to investigate reliably the radiative and cli-
matic effects of contrail cirrus, an appropriate ice crys-
tal model in terms of size and shape is required. We
have proposed a combination of bullet rosettes, hollow
columns, and plates with sizes ranging from 1 to 90
pm for contrail cirrus in association with radiation per-
turbation studies. Finally, the subject of the finite and
inhomogeneous nature of contrail cirrus on the radiative
effects is one that requires further investigation.
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