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Abstract. A persistent contrail in the shape of a racetrack was
generated by the NASA DC-8 research aircraft during the SUC-
CESS project. The contrail was visible on GOES imagery for six
hours. Microphysical measurements collected by the DC-8 show
that after 40 min the core of the contrail contained mostly small
(1 to 20 um) ice particles in concentrations >1000 L*, with larger
(>300 pm) ice crystals in concentrations < 10¢L*. In contrast to
the core, the contrail periphery contained about an order of mag-
nitude less ice particles in the 1 — 20 pm range and about three
orders of magnitude more ice particles >300 pm. The larger ice
crystals in the periphery were mostly columns and bullet rosettes,
similar to habits of larger ice crystals found in ambient cirrus in
the area. Measurements suggest that the shape of phase functions
of randomly-oriented columns and rosettes are mostly featureless.
The measured phase functions are closest in shape to those pre-
dicted by ray-tracing theory for random-fractal and spatial-
dendrite ice crystals.

1. Introduction

A persistent contrail was formed by the NASA DC-8 research
aircraft at about 11 km (-55°C) offshore of San Francisco on 12
May 1996 during the Subsonic Aircraft: Contrail and Cloud Ef-
fects Special Study (SUCCESS) project. Heymsfield et al. (1997)
(in this issue) show the racetrack-shaped flight track of the DC-8
and the resulting contrail, along with measurements of lidar back-
scatter, relative humidity, particle concentration and size. The
persistent contrail, with its distinctive racetrack pattern, was visi-
ble on GOES satellite imagery for about six hours while it moved
eastward over the California mainland and dissipated in the lee of
the Sierra Nevada mountains.  Precipitation streamers, visible
from the bottom of the contrail, were occasionally noted by the
pilots on the DC-8.

In situ measurements from Heymsfield et al. (1997) show that,
in the ambient environment and at the periphery of the contrail,
the vapor content of the air was typically 20 - 40% supersaturated
with respect to ice. On the other hand, the core of the contrail
was at vapor saturation, the excess vapor being depleted by small
(< ~20 pm) particles in concentrations of about 1 to10 cm®. The
measurements suggest that a turbulent process results in a small
percentage of the particles being mixed from the core into the va-

por-rich environment at the periphery of the contrail, where they
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grow to sizes > 300 pm and may form virga (i.e., precipitation
streamers). The in situ measurements are in general agreement
with earlier work by Knollenberg (1972) and Heymsfield (1973).

Persistent contrails have been observed to coalesce into clouds
which take on the appearance of cirrus and can act to measurably
reduce the incoming solar radiation in heavily trafficked flight
corridors of Europe and elsewhere (Bakan et al. 1994). The light-
scattering properties of ice crystals and radiative characteristics of
cirrus clouds are strongly dependent on particle shape (Mish-
chenko et al. 1996a). A new in situ sensor, which was installed
for the first time on the DC-8, provided high-resolution (5 pm)
digital images of the ice particles. The instrument, called a parti-
cle imaging nephelometer, or [I-Nephelometer, simultaneously
records the particle image and measures the scattering phase
function of the imaged particle. The shapes of ice particles with
images >~50 pm are readily discernible and provide information
of typical particle shapes in the periphery of the contrail and in
cirrus which occurred naturally in the vicinity of the contrail.
Measurements collected in the Colorado State University (CSU)
dynamic cloud chamber (DeMott et al. 1990) after the SUCCESS
project were used to correlate the imaged particles with the scat-
tering phase function.

The measurements on 12 May 1996 show that the size distri-
butions of particles within the core of the contrail differ from
those on the periphery, in the precipitation streamers and in the
ambient cirrus. Consequently, the light-scattering properties of
these regions can be expected to differ, which in turn influences
their optical and radiative characteristics.

2. Instrumentation

The NASA DC-8 was extensively instrumented for micro-
physical research. In addition to the IT-Nephelometer, micro-
physical measurements from instruments discussed in this paper
include:

(1) A multi-angle aerosol spectrometer probe (MASP), de-
scribed by Baumgardner et al. (1996), measures particle size dis-
tribution in the range from 0.3 - 40 pum;

(2) a video ice particle sampler (VIPS), as described by
Heymsfield and McFarquhar (1996), uses 30 Hz video images to
estimate the particle size spectra for particles of at least 5 pm di-
ameter. During this flight, there was a focusing problem which
limited the minimum detectable size to 30 um; and

(3) a PMS 2D-C probe (Knollenberg 1981) with a lower de-
tection threshold of between 50 and 100 pm.

The I-Nephelometer casts an image of a particle on a 400,000
pixel solid-state camera by freezing the motion of the particle
using a 25 ns pulsed, high-power (60 W) laser diode. Unique op-
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tical imaging and particle detection systems (PDS) precisely de-
tect particles and define the depth-of-field (DOF) so that at least
one particle in the image is almost always in focus. This elimi-
nates out-of-focus sizing errors that have plagued the conven-
tional 2D imaging probes (Korolev et al. 1991, 1998).

The I'T-Nephelometer was designed to record up to 25 frames
s?, although a software bug prevented the instrument from re-
cording more than 5 frames s™.
ing sample volume.! However, the particle detection system was
always active and recorded the number of particles > ~ 20 pm
which traversed the 3 mm by 4 mm particle detection area. At
225 m s*, the sample volume of the PDS is 2.8 L s*. Particle size
distributions were computed by averaging several seconds of im-
age data and scaling the concentration using measurements from
the PDS.

The scattered light system (SLS) consists of twenty-eight 1-
mm optical fibers connected to microlenses bonded on the surface
of avalanche photo diodes (APDs). The fibers are placed at dis-
crete angles of 11, 20, 28, 37, 45, 53, 61, 70, 110, 118, 127, 135,
143, 152 and 160°. The field of view of each fiber is about + 2°,
except for the 11° fiber which integrates forward scattered light
from about 3.5 — 18°.

3. Size distributions and shapes of ice crystals

Heymsfield et al. (1998) show five DC-8 racetrack-shaped
flight patterns on 12 May 1996 which often overlap and some-
times intersect ambient cirrus clouds which were scattered over
the area. The ambient cirrus and overlapping contrails con-
founded unique determination of the origin of the ice particles.
The central cores of the contrails were often detectable from dis-
tinctly elevated NO, concentrations (Weinheimer et al. 1997).
The peripheries of the contrails were delineated on either side of
the central core. The contrails and precipitation streamers were
occasionally visible from the cockpit of the DC-8, and intercom
voice notes were used to determine the position of the aircraft
relative to the visible contrail. Lidar observations, shown in
Heymsfield et al. (1998), were also used to identify cirrus that
was above or below the aircraft. These composite observations
were used to select representative regions of the contrail core, pe-
riphery and ambient cirrus.

Ambient cirrus. The cirrus clouds in the area near the con-
trail were mostly thin, patchy and contained occasional particles
up to 1 mm in maximum dimension. Fig. 1 shows a combined

.particle size distribution using the MASP, VIPS, I'T-Nephelometer
and 2D-C probes along with examples of images of particles ob-
served by the I'T-Nephelometer from 225230 - 225630 GMT.
There is good general agreement in the shapes of the particle size
distributions measured by the VIPS, II-Nephelometer and 2D-C
probes for particles from about 75 — 500 pm. In Fig. 1, the col-
umns extend to about 200 pm in length and the maximum dimen-
sions of bullet rosettes are up to 600 um. The shape of the small-
est (< 50 um) particles often cannot be determined. They usually
appear to be mostly spheroidal in shape, however, this may be
due to the TT-Nephelometer 5 pm pixel resolution, which is not
always adequate to resolve the edges of plates < 50 pm. As are-
sult, in this paper we have elected to classify small particles that
appear spherical in shape as “unresolved spherical”. The shape
of particles from 50 to 200 pm are mostly columnar and/or ro-
settes, and particles >~200 pm are usually bullet rosettes.

! Upgrades after completion of the SUCCESS project included a 1 mil-
lion pixel CCD camera, 2.3 pm pixel resolution, increased optical contrast
and 40 frames s’ data recording rate (see Lawson et al. 1998).

This severely limited the imag-.
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Figure 1. Particle size distributions from the MASP, VIPS,
TT-Nephelometer (Pi), 2D-C measurements and composite distri-
bution in (a) ambient cirrus, (b) contrail core and (c) contrail pe-
riphery. Examples of images from the IT-Nephelometer are
shown next to each case.

Contrail cores. The central cores of contrails typically con-
tain high concentrations of small ice particles (Knollenberg 1972,
Heymsfield et al. 1998). A contrail core, identified by NO, > 100
ppt was sampled from 233938 to 233952 (Heymsfield et al
1998). The composite size distribution shown in Fig. 1 is domi-
nated by the small particles seen by the MASP. Images of the
small particles recorded by the IT-Nephelometer were classified
as “unresolved spherical”. High-resolution replicas seen on the
Desert Research Institute (DRI) home page (http://www.dri.edu)
suggest that particles < 20 um in contrails are often plates and
columns, combined with irregular and spheroidal shapes. How-
ever, the crystals seen on the DRI home page were all observed in
an environment with low (< ice saturation) relative humidity and
may not be representative of the 12 May contrail, which was typi-
fied by very high relative humidity. More than 99% of the ice
particles in the core of the 12 May contrail were <20 pm and the
low concentration of 100 to 250 pm rosettes may have mixed in
from the contrail periphery (Heymsfield et al. 1998).

Contrail periphery and precipitation streamers.

Heymsfield et al. (1998) show data from a penetration of a
contrail that was about 40 min old. The DC-8 penetrated the
contrail downward from above. Data from the lidar suggested
that the contrail itself was not contaminated from cirrus aloft and
that there were some regions that contained precipitation stream-
ers. Heymsfield et al. (1998) show MASP measurements of total
concentration of particles from about 1 to 10 pm in the contrail



LAWSONET AL.: SHAPES, SIZES AND LIGHT SCATTERING PROPERTIES OF ICE CRYSTALS

periphery that are 1 to 2 orders of magnitude lower than in the
core. The composite particle size distribution and II-
Nephelometer images shown in Fig. 1 suggest that the contrail
penphmy contains partlcle types that are very sumlar to amb1ent
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and fewer particles in the 300 — 600 pm range. Heymsfield et al.
(1998) suggest that a turbulent process occurs wnereby some par-
ticles in the core are mixed into the vapor-rich region of the pe-
nphery and grow to larger sizes.

As the DC-8 continued its descent, it may have aiso penetrated
precipitation streamers below the contrail; however, some of the
regions also contained ambient cirrus and separating the two was
unambiguous. Basically, the data suggest that the particles con-

tinned to grow in the vanor-rich environment as thev nrecinitated

ued to in the vapor-rich environment as they precipitated
from the contrail, sometimes reaching sizes up to about 1 mm.
The habits of particles in the precipitation streamers appeared to
be dominated by bullet rosettes.

4. Light scattering properties of the ice crystals

Calculations shown in Mishchenko et al. (1996a) suggest that
using the wrong scattering phase function in retrieving cloud op-
tical thickness can result in an overestimation or underestimation
of optical thickness by more than a factor of three. The II-
Nephelometer was used to measure the phase functions of ice
crystals in the CSU cloud chamber. Before the data collection,
extensive laboratory tests were conducted with water drops and
glass beads. Comparisons with Mie scattering theory for 20 to
200 pm water drops and I1I-Nephelometer measurements were in
good relative agreement. However, measurements of SO and 100
um glass beads scattered nearly an order of magnitude more light
in the region from 80° to 120° than predicted by Mie theory for a
spherical glass bead. Gayet (1997 - personal communication) ob-
served a nearly identical departure from Mie theory in the 80° to
120° region when measuring phase functions from glass beads
with a polar nephelometer (Gayet et al. 1997). Mishchenko et al.
(1996b) found very similar results when comparing micron-size
spheres with equivalent area spheroids and soil particles. This
suggests that even minute degrees of non-sphericity can lead to
large differences in phase functions.

Fig. 2 shows phase functions for 20 um water drops generated
in the laboratory and ice particles observed in the CSU cloud
chamber along with examples of II-Nephelometer images. All of
the phase functions shown in Fig. 2 are normalized to the light
intensity measured at the 20° scattering angle for a 20 um water
drop. The dynamic chamber was operated in a way such that a
cloud was formed by an adiabatic expansion at about -20°C (540
mb), seeded at -28°C and ice crystals grew as the expansion con-
tinued to about 42°C (380 mb). The IT-Nephelometer images
were sorted by size and the particle shapes observed in the 12
May contrail and ambient cirrus. Figure 2 shows that the relative
intensities of the phase functions for small (20 to 50 um) particles
are strongly a function of particle shape. The data show that in
the 20 to 50 pm (Sm.) size range, progressively more light is
scattered (from about 40° — 160°) as the particle shape becomes
more complex, from water drops — unresolved spheroids — ir-
regulars — columns and rosettes. In Fig. 2, for the 50 to 90 pum
(Med.) and 90 to 210 pm (Lg.) size ranges, it appears that the in-
fluence of particle shape on phase function decreases. For parti-
cles > 50 um, the data suggest that size is the significant factor in-
fluencing the amount of light scattered.

Figure 2 also shows phase functions derived from ray-tracing
for a dendrite (Takano and Liou 1995), a column and a fractal
(Mishchenko et al. 1996a). The prominent 22° halo seen for the
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Figure 2. Normalized phase functions derived from meas-
urements of ice crystals in the CSU cloud chamber compared
with theory. Lighter lines offset by one decade toward the top of
the figure are phase functions derived from ray-tracing for ran-
dom-fractal and columnar crystals (Mishchenko et al. 1996) and a
spatial dendrite (Takano and Liou 1995). Shown in lower part of
figure (top to bottom) measurements from columns (Col), bullet
rosettes (Ros), irregular shaped crystals (Irr), and unresolved
spherical (Unr), 20 pm drops, and Mie Theory (Thry) for 20 um
drop, Size bins indicated in legend for measured crystals include
20-50 pm (Sm.), 50-90 pm (Med.), and 90-210 pm (Lg.). Num-
ber (N) of measurements for each crystal type is included in leg-
end. Also, examples of Pi-Nephelometer images of bullet ro-
settes (top row), columns and irregular shapes (middle row), and
unresolved spherical crystals (bottom row) are shown in the mid-
dle right of the figure.

column is not observed in the measurements. Mostly, the meas-
ured phase functions are featureless with some suggestion of a
peak near 145°. The best agreement between the measurements
and ray-tracing theory appears to be with the fractal and dendritic
crystals. Nikiforova et al. ( 1978) and Volkovitskiy et al. (1980)
also made measurements in a cloud chamber. They used a
“Rassvet” device (Nikiforova et al. 1978), which averaged meas-
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s. The phase functions shown by Nikiforova et al. (1978) do not
display the 22° halo for the small ice crystals and the authors
comment that the 22° halo was only observed in clouds with low
optical density. Interestingly, Nikiforova et al. (1978) do show a
slight bump at 145° for both ice and water clouds. Volkovitskiy et
al. (1980) show a 22° halo in their measurements, although they
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tracing. The principal difference between the measurements us-
ing the Rassvet device and the H-Nephelometer is that crystals
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in the I1-Nephelometer, and they are allowed to fall undisturbed
through the Rassvet device. Apparently, under conditions where
the optical density is low and hexagonal crystals are allowed to
fall naturally with the c-axis oriented vertically, the 22° halo is
observed in the cloud chamber with the Rassvet device.

5. Discussion and summary

Measurements in the 12 May SUCCESS contrail show that the
ice particles observed in the core were small, mostly 1 — 20 pm,
and while they appeared spheroidal in shape, instrument resolu-
tion prevented determination of plates and similar shapes that
may appear to be nearly spherical. On the contrail periphery,
where the relative humidity exceeded ice saturation by 20-40%,
ice particles as large as 300-500 pum were observed. Particle
shapes in the periphery included unresolved spherical, irregular,
columnar and bullet rosette. Ice crystals larger than about 200
pum were typically bullet rosettes. It is postulated (Heymsfield et
al. 1998) that the larger crystals fall out of the contrail periphery
and become precipitation streamers. The shapes of ice particles
in the contrail periphery were typical of those sampled in patches
of cirrus observed in the area; however, the cirrus contained
fewer small particles and more larger ice crystals, extending to
sizes of 600 pm and occasionally 1 mm.

The shapes and sizes of ice particles generated in the CSU
cloud chamber were remarkably similar to those observed in the
contrail and ambient cirrus. Measurements of phase functions in
the cloud chamber suggest that for small randomly-oriented (< 50
pm) ice particles, as the crystal departs more from a spherical
shape, relatively more light is scattered in the 40° — 160° region.
Volkovitskiy et al. (1980) also found that more light is scattered
from ice particles than cloud drops in this range of angles, and
they suggest that this is due to relatively weaker scattering for ice
particles in the 2 — 40° range. Our measurements suggest that
light scattered in the 40° — 160° range from randomly-oriented
ice crystals > 50 um has a weaker dependence on crystal type and
that crystal size is the dominant factor. Of course, these conclu-
sions are based on a limited data set, about 12,000 individual ice
crystals generated in a cloud chamber, and more data are needed
for additional verification.
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