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ABSTRACT

Light scattering measurements obtained with a polar nephelometer in the planes of polarization both
orthogonal and parallel to that of the linearly polarized laser source are used to investigate the angular
depolarizing properties of artificial ice, water and mixed-phase clouds in Part II of this report. Although
the generation of depolarized energy in water and ice clouds is shown to be accomplished by different
scattering mechanisms, angular depolarization patterns for both cloud types display the tendency for
linear depolarization ratios (8, the ratio of orthogonal to parallel polarized signals) to increase with
increasing scattering angle. For ice clouds, however, the & values are typically an order of magnitude
or more greater than the values for water clouds as a consequence of cloud particle shape effects. Angular
depolarization measurements of mixed-phase clouds are shown to possess the potential for determining
a measure of cloud ice-water balance by means of bistatic remote sensing observations. Moreover, the
backscattering characteristics of water and ice clouds have been examined with the aid of observations
performed at a scattering angle of 175° for application to monostatic lidar studies.

1. Introduction

As described in Part I (Sassen and Liou, 1979),
significant differences exist in the angular scattering
patterns obtained from water and ice clouds as a con-
sequence of the dissimilar cloud particle shapes. From
basic scattering theory, pronounced differences from
particle shape effects can also be expected at some
scattering angles when the depolarization of the inci-
dent polarized laser light is considered. These dif-
ferences in the angular depolarizing properties of water
and ice clouds are experimentally examined in Part II.
Such information clearly is pertinent to radiation
tranfer problems, since the total scattered intensity
could be significantly underestimated if the presence
of a strong depolarized component is not considered.
More importantly, studies of the angular depolarizing
behavior of artificial clouds are of fundamental con-
cern to the remote sensing of cloud composition in
two respects. First, knowledge of the angular distribu-
tion of depolarized energy can contribute to our
understanding of the basic single- and multiple-scat-
tering behavior of clouds probed with the backscatter
depolarization technique of monostatic lidar.” Second,
the potential information content of bistatic polariza-
tion lidar measurements for cloud composition sensing
can be assessed with the aid of such data which cannot
at present be adequately predicted through theoretical
approaches.
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Confining our discussion to particles much larger
than the incident wavelength, the depolarization of
light energy during scattering results from those
multiple internal reflections, or ray paths, which
involve the transformation of the scattered electric
vibration plane out of the incident plane. For scat-
terers with spherical symmetry such as cloud droplets,
most back- and side-scattering results from external
and internal reflections, and surface waves, which
produce no depolarization when the scattered light is
observed in the planes either parallel or perpendicular
to the incident electric vibration plane. Similarly,
spherical particle scattering into the forward direction
is governed by diffraction and grazing reflections
which do not involve any depolarization. However,
depolarization can be generated through multiple-
scattering activity among members of a concentrated
assembly of spheres. The amount of such depolariza-
tion measured in the backscatter may become very
large after a lidar pulse has penetrated a few hundred
meters into a dense water cloud (Pal and Carswell,
1973). As shown by Liou and Schotland (1971), the
ratio of primary to second and higher order scattering
may decrease rapidly with penetration depth under
some conditions of lidar design and cloud content to
account for the depolarization increases.

Scattering from nonspherical particles, such as ice
crystals, for example, may result in part from non-
depolarizing specular (i.e., external) reflections, but
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strong contributions may be made by multiple internal
reflections off the numerous crystal faces. Differences
between the angular depolarizing behavior of spherical
and nonspherical particles would be most pronounced
in the backward and side directions, since forward
scattering in both cases is dominated by diffraction.
This has been demonstrated through the angular
scattering experiments with irregular mineral particles
performed by Holland and Gagne (1970), the only
previous study to consider the change in polarization
properties of the scattered light.

The angular scattering experiments to be reported
here for artificial clouds of water and ice particles
shed new light on the processes responsible for the
depolarization of visible light energy by atmospheric
clouds. Special attention is also given to measure-
ments performed as close to the backward scattering
direction as possible (i.e., at 175°). The experimental
results are shown to have pertinence to both mono-
static and bistatic remote sensing techniques for

determining cloud composition. Note that the scat- |

tering apparatus design and operation have already
been described in Part I. Discussed briefly below are
the experimental factors of particular concern to the
measurement and analysis of the angular depolariza-
tion data.

2. Angular depolarization measurements
a. Depolarization data analysis

With the availability of simultaneous records of
signals scattered in the planes of polarization orthogo-
nal and parallel to that of the incident vertically or
horizontally polarized light, the change in the state
of polarization of the scattered light as a function of
scattering angle 8 can be characterized by the linear
depolarization ratio :

P.(0),
PO

8(0)= M

where P, is the scattered power adjusted for photo-
multiplier tube gain and the subscripts 1 and || refer
to the planes of polarization orthogonal and parallel
to that of the source. Note that in terms of the phase
matrix elements, the linear depolarization ratios for
incident vertically and horizontally polarized light
are expressed as §y =Py;/Pyy and 8z =P21/Pyy, respec-
tively. The depolarization ratios are calculated from
the average signal intensities in each 5° scattering
angle interval of recorded data. The data presented
here are derived in most cases by averaging the §
values obtained from a number of consecutive scans
with the same incident polarization state over a period
for which the cloud samples show no significant
change in cloud composition. This procedure further
reduces the impact of cloud composition fluctuations
in the scattering volume. Typical standard deviations
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Fic, 1. The dependence of multiple-scattering-induced de-
polarization in a water cloud on the scattering angle. Data cor-
respond to the phase functions shown on the left side of Fig. 3
in Part I. Average linear depolarization ratios and standard
deviations (vertical bars) for incident vertically (3v) and hori-
zontally (3x) polarized light are shown.

illustrating the wvariability in § values are given in
the data to follow.

Possible sources of error in the & values may arise
from optical misalignment between the incident po-
larization plane and receiver prism orientation, and
from relative photodetector gain uncertainties. Optical
component misalignment of <0.5° is ensured by fre-
quent tests, resulting in a maximum error in § values
of <0.01 which may be subtracted from the calculated
6 values in an attempt to negate this bias. The relative
gains of the two detectors have been independently
checked with the use of an unpolarized light source,
indicating possible errors on the order of a few percent
of the § values through much of the range of returned
signal intensities encountered. It should be noted,
however, that § values derived from one channel dis-
playing the very high signal intensities typical of near-
forward scattering may be subject to some additional
error from possible photomultiplier tube gain non-
linearities in this region.

b. Water droplet clouds

As demonstrated through the theoretical analysis
in Part I, assemblies of spherical particles are pre-
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dicted to generate zero depolarization. This well-known
principle provides the basis for discriminating clouds
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F1c. 2. A comparison of the experimental angular scattering (solid line) and depolar- .

ization patterns from single scans of a water cloud with modal drop diameters of 1.5 um,
for incident vertically (left) and horizontally (right) polarized light. Phase functions are
normalized with respect to theoretical predictions for an equivalent distribution of spheres
at 6=10°.

of spherical water drops from nonspherical ice particles, degree of linear polarization.

but is rarely realized in scattering measurements of
water clouds due to the presence of multiple-scattering
activity and experimental errors. In the experimental
water cloud data described below, the amounts of
depolarization generated through multiple-scattering
activity in the optically dense laboratory clouds are
appreciably greater than the estimated measurement
errors, with the possible exception of the low 6 values
produced in the near-forward direction.

Shown in Fig. 1 are the averaged angular depolariza-
tion patterns for incident vertically (3v, solid line)
and horizontally (0, dashed line) polarized light
which correspond to the parallel-polarized phase func-

tions given on the left side of-Fig. 3 of Part 1. Typical particularly significant for > 165°.
standard deviations for the averages from the five '
consecutive water cloud scans are given as vertical ¢ rce crystal clouds

bars. In general, it can be seen that § values are on

the order of 0.19 in the near-forward direction, but
tend to gradually increase with increasing § and maxi-
mize to values of a few percent at §=175°. Differences
In 6y and &y patterns, however, are particularly
evident in the side-to-backscatter region. Interestingly,
it is in this same scattering angle interval that the
phase functions of Fig. 3 (Part I) alsc display the
greatest differences in values, whereas the values for
both the angular scattering and depolarization pattern
pairs are roughly equivalent for #5100° and at
6=155° A comparison of Fig. 1 with Fig. 4 of Part I
also demonstrates this feature of the depolarizing
behavior of water clouds, where it is evident that the
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differences in linear depolarization ratios with incident
polarization state are generally proportional to the

The relation between the angular scattering and
depolarization patterns is further illustrated in Fig. 2,
where the patterns from single scans of a different
water cloud are given for wvertically (left) and hori-
zontally (right) polarized incident light. Although a
similar trend of increasing § values with increasing 6 is
in evidence, the 6 curves (dashed lines) display some
dissimilarities induced by the different droplet size
distribution in this case. Backscatter 6 values, for
example, reach 5-69, at §=175°. As both the scat-
tered intensities and the § values increase rather
strongly in approaching the backscatter, it can be
concluded that multiple-scattering activity becomes

Clouds of spherical and nonspherical particles share
the scattering mechanisms of diffraction and surface
reflection which involve no depolarization of the
incident energy. It is in the realm of internal reflec-
tions, however, that nonspherical particle scattering
becomes distinct, with the generation of depolarized
energy representing the signature of this process.
Thus, we may expect ice cloud depolarization to be
significant in those angular scattering regions where
internal reflections contribute importantly.

As illustrated in Fig. 3, the angular depolarizing
behavior of ice clouds does indeed depend strongly
on the scattering angle, with § values typically varying
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by about three orders of magnitude during the nephe-
lometer scan. Shown in the figure are the average
depolarization patterns from five ice clouds whose
compositions are given in the figure key in terms of
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Fi1c. 3. Angular depolarization patterns for five ice clouds whose compositions are given
in the key in terms of dominant ice crystal type, modal crystal maximum dimensions and
maximum observed size, and apparent extinction coefficient. Typical standard deviations
of the depolarization ratios averaged over several scans are given as vertical bars for two
of the experiments, for incident vertically (8v) and horizontally (8x) polarized light.
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Fic. 4. Experimental angular scattering and depolarization patterns for single scans with
incident horizontally polarized light from an ice cloud containing plate crystals (2.5 um
modal maximum dimension). Ice crystal concentrations gradually diminished, as reflected
in the change in the extinction coefficients (¢’), during the three scans.
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dominant ice crystal type, modal maximum dimension
and largest observed size, and apparent extinction
coefficient. The linear depolarization ratio patterns
are given for vertically (3y, left) and horizontally
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Fic. 5.°Angular depolarization patterns from pure water and ice and mixed phase clouds
corresponding to the phase functions of Fig. 12 of Part I. Curves labeled Mixed Phase Nos. 1
and 2 represent clouds dominated by ice and water particles, respectively.

(0w, right) polarized incident energy. In agreement
with our expectations, § values increase strongly with
increasing 8§ as the contributions from diffraction
diminish and those from internal scattering begin to
dominate. In the near-forward direction & values are
typically on the order of ~0.59 or less, with the vari-
ability in this region perhaps reflecting experimental
errors as discussed earlier. For both the 6y and &y
patterns the exponential rates of increase in depolari-
zation from about 30-140° are very similar, although the
oy values are in many cases slightly higher for a given
cloud composition in this region. Differences in the
generation of depolarization then become apparent as
the backscatter is approached. The 5y values in this
region tend to remain constant at a value of ~0.3,
while the 85 values reach a maximum value of ~0.5
at = 155° prior to decreasing to ~0.35 by 175°.

It is worthwhile to speculate on the effect of such
factors as ice crystal type and size, and ice cloud
optical thickness on depolarization. As particularly
evident on the left side of Fig. 3, we have often noted
the tendency for § values to increase somewhat in the
side-scatter region with increasing crystal thickness
and size. The influence of cloud optical thickness on
depolarization has also been investigated in an attempt
to assess the impact of multiple-scattering activity.
The data from single successive scans shown in Fig. 4
were obtained using horizontally polarized incident
light from an ice cloud containing simple plate crys-
tals whose concentrations gradually diminished while
the size distribution remained relatively constant.
Modal crystal dimensions were 2.5 um, with some

particles up to 15 um. The normalized phase functions

[left, from Eq. (14) of Part I] and linear depolariza-
tion ratio patterns (right) are given for three stages
of the dissipation of the cloud corresponding. to ex-
tinction coefficients ¢’ of 9.1, 4.2 and 1.0 m™. It is
evident that the phase functions generally show in-
creased values with increasing ¢’, particularly in the
side-scatter direction. With regard to the degree that
the depolarization has been enhanced by the presence
of this indicated multiple scattering activity in the
clouds, § values for the ¢'=9.1 m™ scan are larger
by a factor of 2 or more in the side-scatter region
than the other two scans which display only small
differences from one another. Such observations indi-
cate that there may be a threshold value of ice cloud
optical thickness above which depolarization enhance-
ment from multiple-scattering activity becomes sig-
nificant. The relation between cloud optical thickness
and depolarization in the backscatter is examined in
a later section with the aid of special observations
at §=175°.

d. Mixed-phase clouds

The four depolarization patterns given in Fig. 5 for
vertically (left) and horizontally (right) polarized
incident light correspond to the phase functions for
pure water, ice and mixed-phase clouds shown in
Fig. 12 of Part I. When the pure water and ice cloud
data are compared, it can be seen that while both
patterns tend to increase with increasing 6 the § values
for ice are typically at least an order of magnitude
higher than those generated by multiple scattering
in the water cloud. With increasing water content of
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the mixed phase clouds (i.e., in going from Mixed
Phase No. 1 to No. 2), the transition in the form
of angular depolarization pattern from pure ice to
water occurs in the following fashion. Initially, 6 value
decreases are confined primarily to the cloudbow
angles due to the strong parallel-polarized contribu-
tions from cloud droplets in these regions (see Fig. 12,
Part I). These § value troughs then gradually broaden
in angular extent and combine with strong depolariza-
tion decreases in approaching true backscattering to
give the depolarization patterns a structure which
peaks in the side scatter. This characteristic of mixed-
phase clouds is due to the fact that the ice-particle-
induced depolarization is not greatly influenced by
mixed-phase conditions in the side-scatter region where
droplets are much less efficient scatterers. In fact,
¢ values initially increase somewhat in this region in
response to an increase in ice crystal size, and begin
to decrease only when the droplet population domi-
nates the cloud composition. These features clearly
are related to the differences in the relative angular
scattering efficiencies of the particles in the two phases.

3. Backscattering measurements and analysis

Scattering observations performed in the back-
scattering direction have the additional significance
of containing information for monostatic remote sensing
applications. Some current problem areas of partic-
ular concern to the field of lidar meteorology are
an inadequate understanding of the multiple-scat-
tering process in water clouds and the lack of knowledge
of some scattering parameters for ice crystal clouds.
Increased understanding of these factors would enable
the differences in water and ice particle scattering
behavior to be more fully utilized in the remote de-
termination of cloud composition. Although our back-
scattering measurements have been performed at a
scattering angle of 175°, we believe such data to be
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helpful in understanding these processes. It should be
recognized, however, that measurements performed
even 5° from 180° fail to include the effect of the
glory for water spheres, while depolarization from ice
clouds seems to be somewhat underestimated due to
the presence of an apparent trough in & values at
6=175°,

To examine the effect of cloud droplet multiple
scattering on linear depolarization ratios, a number
of backscattering measurements have been obtained
at §=175° as dense water clouds were alternately
permitted to form and dissipate by controlling the
input of steam into the chamber. Laser light trans-
mission through the clouds was concurrently monitored,
so that the apparent extinction coefficient ¢ (see
Part I) and cloud optical thickness ' (¢/ times the
total cloud path length R) could be derived for com-
parison to the § values. Fig. 6 shows the results from
a number of such experiments for § values collected
with incident vertically (circles) and horizontally
(crosses) polarized light. In agreement with our ex-
pectations concerning the causes of depolarization in
spherical particles: assemblies, § values can be seen
to increase with increasing cloud optical thickness.
The rate of depolarization increase with cloud thickness
appears to be approximately linear and rather similar
for both the 64 and 8y values when 7'>0.15, although
dv values are on the average ~0.01 higher. The scatter
in the data points for each incident polarization state
is believed to result primarily from changes in the
microstructure of the building and dissipating clouds,
as the droplet size spectrum has been indicated to
have an influence on multiple-scattering-induced de-
polarization (Liou, 1972). In addition to cloud optical
thickness and microstructure, it should be noted that
water cloud depolarization measurements are also
strongly influenced by the receiver field of view angle,
but it has not been possible to study this factor with
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F16. 6. The dependence of linear depolarization ratios for incident vertically (@)
and horizontally (X) polarized light on water cloud optical thickness and extinction
coefficient. Dashed lines depict a linear dependence with equivalent slope for the

two data sets.
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Fi16. 7. Variations in various scattering parameters induced by the dry ice
seeding of a supercooled water cloud at time ¢=0, as measured at the 175° scat-
tering angle for vertically polarized incident light. The phase transition is accom-
panied by a decrease in the laser power scattered in the parallel polarization
plane (Pgs), an increase in the linear depolarization ratio (§v) and in the back-
scattering cross section (8s), and by oscillations in the approximate backscatter-
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to-extinction ratio (8s/¢').

the present receiver design (which views a solid angle
of scattered light of 10~5 sr).

The influence of optical thickness on ice cloud de-
polarization at #=175° has been studied with the aid
of observations performed during massive dry ice
seeding which briefly generated extremely dense ice
clouds. Shown in' Fig. 7 as a function of time from
seeding are the variations in Pg(175°) and Bs(175°)
[top graph, from Egs. (11) and (13) in Part I] and &
and Bs(175°) /¢’ (bottom graph) which have been
induced by the water-to-ice-cloud phase transition.
Vertically polarized incident light was used in this
experiment. Extinction coefficients increased from
1.95 m™! in the pure water phase to a peak value of
9.6 m™! ('=3.0) at 1 s after seeding, and then gradu-
ally decayed until a value of 1.5 m™ was approached
roughly 1.5 min after seeding. A cloud sample initiated
with seeding revealed high concentrations of minute
plate crystals with a modal diameter of 1.5 um, and
maximum diameters of 6-8 um. Particle concentra-
tions decreased with time after seeding and the size
spectra broadened slightly. In view of the large de-
crease in o' values during this period, however, it is
likely that the very high extinction coefficients com-
mensurate with the seeding event were caused by the
presence of numerous submicron particles which were
not collected by the sampling device.

With reference to Fig. 7 it can be seen that the
dry ice seeding at time =0 s caused a large drop in
Ps values (solid curve, upper graph) but an increase
in Bg values (dashed curve) in response to the much
higher attenuation. Values of 8g then gradually de-
crease to below the initial water cloud values with

the attainment of stable cloud conditions. Concerning
the amount of linear depolarization generated during
the phase change, 6 values increase rapidly from the
0.04 water cloud value up to 0.33 at 3 s after seeding,
clearly illustrating the effect of particle shape on de-
polarizing properties. Depolarization ratios then fluc-
tuate with time, but can be seen to reach ~0.30 on
several occasions despite the changes in the amount
of multiple scattering activity associated with varia-
tions in 7' through the range of nearly 3.0 to 0.5.
‘The undulations in & values after seeding can be
interpreted in terms of changes in cloud water-ice
content if the value of 6=0.3 is assumed to represent
pure ice phase conditions, as indicated from the pre-
viously described angular ice data for 8=175°. That
mixed-phase cloud conditions appear to have been
present at times following the seeding is also sup-
ported by an interpretation of the variations in the
Bs(175°) /¢’ parameter discussed below.

Shown as the dashed line in the bottom graph of
Fig. 7, the temporal variations in the approximate
backscatter-to-extinction ratio, Bs(175°)/¢’, contain
additional information regarding the cloud composi-
tion. This scattering parameter, which has important
remote sensing applications with lidar (see Platt and
Bartusek, 1974), is particularly demonstrative of cloud
backscattering properties. The effects of scatterer size
and concentration on the backscattering coefficient
tend to be normalized with the use of this parameter,
such that differences in backscattering efficiencies due
to particle shape effects become apparent (Sassen,
1978a). Tt is known from these previous studies that
water droplets are more efficient backscatterers than
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ice particles and therefore have higher backscatter-
to-extinction ratios. This can be readily appreciated
from a comparison of the 85(175°)/¢’ values in Fig. 7
for the water cloud with those obtained after seeding.
Interestingly, the experimental values initially de-
crease sharply after seeding but then reach a peak
and undergo further oscillations. This behavior has
possibly resulted from the effects of the initial increase
in mean ice crystal size for particles which are only
slightly larger than the incident wavelength, as illus-
trated by Platt and Bartusek (1974) for spherical
particles. A comparison of the § and B85(175°)/¢’
fluctuations after this transitional period in the forma-
tion of the ice cloud reveals that the peaks and troughs
in the two records are out of phase with respect to
one another. This finding supports the conclusion that
the depolarization troughs were caused by periods
when the more efficient scattering cloud droplets co-
existed with the ice crystals.

With the importance of the backscatter-to-extinc-
tion ratio for remote sensing applications, the experi-
mentally derived values are given in a different form
in Fig. 8 for vertically and horizontally polarized
incident light (circles and crosses, respectively). In
this figure, the relation between ¢’ and estimated true
backscatter-to-extinction ratio is depicted for water
and ice cloud data. The water cloud data, from Fig. 6,
have been adjusted for 180° backscattering by multi-
plying the B8s5(175°) /¢’ ratios by factors derived from
Mie theory simulations for a number of representative
droplet size distributions. These numerical factors,
which represent the average theoretical P(180°)/
P(175°) ratios, are 1.7 and 1.5 for incident vertical
and horizontal light, respectively. Since the relation
between cloud backscattering and extinction can be
altered by multiple-scattering activity, the backscat-
ter-to-extinction ratio can be expected to increase
with optical thickness, as seems to be the case in our
data for ¢'21.0 m™! (T>0 3). For ¢'<1.0 m™, how-
ever, the estimated backscatter-to-extinction ratlos do
not appear to be greatly sensitive to o/, suggesting
that a threshold value of optical thickness may be
required in order to induce significant increases in
the coefficient ratio. It is also noteworthy that although
the average ratio of 0.038 for 7'<0.3 is smaller than
the 0.05 value (divided by 4w) theoretically derived
for single scattering by Platt and Bartusek (1974) for
cloud droplet size distributions containing somewhat
larger drops, the experimental ratio does correspond
to the theoretical value for a narrow size distribution
with ~2 um modal diameter as supported by the
artificial cloud composition data.

As for the data from ice clouds, a similar depen-
dence of the backscatter-to-extinction ratio on ¢’ can
be inferred from Fig. 8. Note that the solid circles
represent the data from the seeded cloud of Fig. 7
for points showing §>0.25, corresponding to periods
when only small amounts of droplets were likely
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F1c. 8. The variations induced by multiple-scattering activity
in the estimated true backscatter-to-extinction ratio as functions
of measured extinction and optical thickness. Data are shown
for water clouds (from Fig. 6, adjusted for §=180° scattering)
and ice clouds (solid circles from Fig. 7), for incident vertlcally
(circles) and horizontally (crosses) polarized light.

present. The remaining data points were gathered
from a number of nephelometer scans at §=175° for
both incident polarization states and comprise a range
of ice crystal types and sizes which have likely con-
tributed to the scatter in the data. Since clouds of
nonspherical particles would lack the glory intensity
maxima, it has been assumed that 85(175°)=85(180°)
for the experimental ice cloud data. In comparison to
the characteristic backscatter-to-extinction ratio of
0.05 for “large” water spheres, the ice cloud values
for ¢'<1.0 m™ can be seen to range between factors
of 5 and 10 smaller.

4. Summary and conclusions

Light scattering by assemblies of cloud particles
can generate depolarization of the incident energy
through two scattering processes. The first, which
may be regarded as a source of noise in some remote
sensing applications, is the multiple-scattering process
in which the depolarization is generated by virtue of
inter-particle scattering involving two or more cloud
particles, the last of which resides in the detector’s
field of view. The second process, which provides the
foundation for the discrimination of cloud particle
thermodynamic phase, involves the rotation of the
incident vibration plane through internal reflection
within a single element. Our polarization measure-
ments demonstrate that the dominant depolarizing
process is a function of cloud particle shape. Whereas
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depolarization in water clouds is a function of cloud
optical thickness, an indication of the amount of
multiple-scattering activity present, ice cloud de-
polarization is appreciably more intense and less
sensitive to cloud optical thickness.

Angular depolarization patterns from water clouds
show that the generation of multiple-scattering-induced
depolarization is basically a backscattering phenome-
non, as has also been inferred from the behavior of
lidar pulses in cumulus clouds (Houston and Carswell,
1978). Only small amounts of depolarization on the
order of our experimental uncertainties have been
measured in the forward scattering direction, but the
& values then increase significantly with increasing
scattering angle. However, irregularities in the § value
patterns appear to indicate that the generation of the
depolarized component is not a simple function of
the scattering angle. In addition, differences in the
generation of depolarization with the incident polar-

_ization direction are indicated to be proportional to
the degree of linear polarization. Thus, it seems that
the magnitude of the depolarized component may be
independent of the incident polarization state. In ap-
proaching true backscattering, both the scattered
intensities and & values increase strongly so that the
impact of the depolarized component becomes sig-
nificant. Measurements performed at 6=175° the
closest angle to the backscatter as permitted with
the present system design, reveal a linear dependence
of & with cloud optical thickness through the range
of about 0.15<+'<0.9. Thus, a linear increase in &
with lidar pulse penetration depth into some regions
of relatively homogeneous water clouds may be ex-
pected, an occurrence often noted in lidar studies (see,
e.g., Houston and Carswell, 1978). - ‘

Clouds composed entirely of ice crystals exhibit a
similar trend of increasing & values with increasing
scattering angle, in accordance with- the belief that
the contributions from multiple internal reflections
should become significant in scanning away.from the
forward-scatter diffraction regime. Scattered energy
contributions from specular reflections are apparently
not very significant, as ‘evidenced by the fact that
values of 8y and &y fail to display the dependence to
be expected from the variations in Fresnel reflection
coefficients with scattering angle and incident polar-
ization direction. If this were to be the case, 64 values
would be considerably higher in the side scatter,
particularly in the vicinity of the Brewster angle of
9~80° with reference to the nephelometer scattering
geometry. However, measurements show that de-
polarization ratios for either incident polarization

direction are usually rather similar in the region of.

rapidly increasing & values for .5140°. In approaching
the backscatter, dv and 8y values display dissimilar
patterns, although it can be assumed that the & values
increase to ~0.50 regardless of the incident polariza-

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoLuME 36

tion direction due to the presence of axial symmetry
at 6=180° (Sassen, 1974).

Concerning the influence of ice cloud composition
on depolarization, we have noted a tendency for par-
ticularly the oy values to increase somewhat in the
side-scatter region with increasing crystal thickness
or size over the limited size range of particles gen-
erated in our chamber. The impact of ice cloud optical
thickness on depolarization appears also to cause an
increase in side-scattering intensity and depolarization
when very dense ice clouds are examined. On the
other hand, measurements performed at §=175° have
not indicated significant multiple-scattering-induced
depolarization increases in the backscattering region.
This can also be inferred from most lidar measurement
of ice clouds (see, e.g., Sassen, 1976, 1978b; Pal and
Carswell, 1977).

In accordance with the differences in ice and water
cloud angular scattering efficiencies discussed in Part I,
depolarization in clouds of mixed-phase composition
displays a dependence on cloud ice-water balance
which would appear to hold significant potential for
the inference of cloud composition through bistatic
remote sensing techniques. Mixed-phase clouds con-
taining relatively small amounts of water droplets
can be identified through polarization measurements
performed in the cloudbow region where & value
troughs are produced as a result of the strong and
highly linearly polarized scattering contributions from
the spherical particles. Conversely, due to the greater
side-scattering efficiency of ice crystals, small amounts
of ice in a water cloud can be identified by depolariza-
tion measurements in the side-scattering region. Thus,
it appears that the great differences in water-ice
particle scattering efficiency, as illustrated in Part I,
and depolarization in the cloudbow and side-scattering
regions can be utilized in the design of bistatic remote
sensing experiments for the assessment of cloud ice-
water balance. In the backscattering region, estimates
of the backscatter-to-extinction ratios for water and
ice- clouds reveal that atmospheric cloud droplet as-
semblies are on the order of 5-10 times more efficient
at backscattering than clouds of similarly sized ice
crystals. These various effects combine to produce
a characteristic angular depolarization pattern for
clouds containing significant amounts of both water
and ice particles which displays a peak in the side-
scatter region. )

In addition to contributing to our basic under-
standing of the scattering behavior of nonspherical
particles and the multiple-scattering process, the
angular depolarizing experiments described here clearly
have application in the fields of passive and active
remote sensing of clouds and planetary atmospheres.
Bistatic remote sensing observations performed at
scattering angles where differences in water-ice particle
scattering behavior are most pronounced appear to
be particularly promising for the inference of mixed-
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phase cloud composition. For future studies to further
evaluate the information content of scattered laser
signals and improve our physical understanding of
the scattering by nonspherical particles, similar labo-
ratory investigations should be performed in a manner
which would allow the polarization characteristics of
the scattered light to be completely parameterized for
various incident polarization states, with special at-
tention given to the backscattering region.
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