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ABSTRACT

A polarization (0.694-um wavelength) lidar dataset for subvisual and thin (bluish-colored) cirrus clouds is
drawn from Project FIRE (First ISCCP Regional Experiment) extended time observations. The clouds are
characterized by their day-night visual appearance; base, top, and optical midcloud heights and temperatures;
measured physical (AZ) and estimated optical (7.) cloud thicknesses; integrated linear depolarization ratios;
and derived k/27 ratios. A subset of the data supporting 30 NOAA polar-orbiting satellite overpasses is given
in tabular form to provide investigators with the means to test cloud retrieval algorithms and establish the limits
of cirrus detectability from satellite measurements under various conditions. Climatologically, subvisual-thin
cirrus appear to be higher, colder, and more strongly depolarizing than previously reported midlatitude cirrus,
although similar k/27n that decrease with height and temperature are found. A class of radiatively distinct
subvisual cirrus with k/27 < 0.005 sr™! and possible day-night differences in /27 are indicated. Optical midcloud
heights tend to occur somewhat below the actual cloud center in this sample. On average, subvisual to barely
visible cirrus display 7. < 0.03, 0.03 < 7, < 0.3 are indicated for thin cirrus, and an upper limit of 7, =~ 3.0 is

suggested for lidar attenuation-limited opaque cirrostratus (i.e., altostratus).

I. Introduction

There is little doubt that cirrus clouds play an im-
portant role in modulating the radiation balance of the
earth-atmosphere system, and thus are a significant
factor in attempts to understand climate and the pros-
pects for climatic change (for a recent review see Liou
1986). Nonetheless, cirrus remain a missing link in
our comprehension of the basic factors controlling at-
mospheric circulations and climate because, until re-
cently, they have largely escaped critical scientific ex-
amination. This situation is rapidly changing, however.
In recognition of the importance of characterizing the
average and seasonal state of the cloudy atmosphere,
including the high-cloud component, the ongoing In-
ternational Satellite Cloud Climatology Program
(ISCCP) is being directed toward accumulating an ex-
tensive, long-term satellite observational database
(Schiffer and Rossow 1983). Since it was generally ac-
cepted, however, that considerable uncertainties were
involved in detecting and characterizing clouds, and
cirrus in particular, spin-off research programs, such
as the First ISCCP Regional Experiment (FIRE) in the
United States, the European International Cirrus Ex-
periment (ICE), and the Experimental Cloud Lidar
Pilot Study (ECLIPS) with worldwide participation,
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are researching the means to address this problem. Po-
larization lidar, with its nearly ideal sensitivity to cirrus
cloud particles, is a key element in these endeavors.

In this paper we address a topic of fundamental con-
cern to both improving our knowledge of cirrus-cloud
properties and the approaches used for studying them
from satellites and ground-based lidars. Namely, we
present a polarization lidar dataset derived from Project
FIRE extended time observations (ETO) of subvisual
and optically thin cirrus clouds, which obviously rep-
resent a major challenge to satellite cloud retrieval
methods. By compiling appropriate data in support of
a number of local NOAA polar-orbiting satellite ov-
erpasses, we hope to provide researchers involved in
testing and developing improved cloud-detection al-
gorithms with the means to evaluate their approaches.
At the same time, the climatological properties derived
from these and additional cirrus add to our basic
knowledge of these common but poorly understood
varieties of cirrus clouds. Particular attention is given
to the examination of basic lidar scattering parameters
to improve the utility of lidar for cirrus cloud-climate
research.

2. The nature of the dataset

Our ongoing FIRE ETO cirrus research program,
based at the University of Utah Facility for Atmo-
spheric Remote Sensing (FARS) in Salt Lake City
(40°46'00”"N, 111°49'38”W), was initiated in De-
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cember 1986. Although the evolving cloud remote-
sensing capabilities have steadily improved since that
time, and currently include a variety of visible and in-
frared radiometers, K,-band microwave radar, and
video cloud imaging systems, the key apparatus relied
on in this study are a zenith-pointing, dual-polarization
ruby (0.694-um wavelength) lidar system (see Sassen
et al. 1989a for unit specifications), and color and
black-and-white fish-eye cameras. All-sky cloud images
(during daylight ) and field notes are recorded at regular
intervals and at the times of local pclar-orbiting and
Geostationary Operational Environmental Satellite
(GOES) imagery to characterize global and zenith
cloud conditions. On the basis of this information, as
described following, a characterization of the visual
cirrus cloud properties is determined. Note that FARS
is located at an elevation of 1.52 km above mean sea
level (MSL) in the western foothills of the Wasatch
Mountains, 12 km west of the local National Weather
Service radiosonde station.

The cirrus clouds considered here are divided into
five categories. For daylight studies, the cirrus (in the
zenith direction where the lidar is pointed) are cate-
gorized as subvisual, threshold visible, and thin (i.e.,
bluish colored ). The distinction between subvisual and
threshold (i.e., barely visible or grayish appearing) cir-
rus often depends on the solar elevation angle, since
strong forward scattering in the vicinity of the solar
disk increases the visibility of the clouds overhead near
local noon. Other factors include lower-atmospheric
turbidity (e.g., boundary-layer haze) and spatial cloud
density variations, which enable visual cloud detection
through contrast considerations (particularly when
viewed through a polarizing filter). For nocturnal ETO
studies (included here to provide data free from solar
contamination of near-infrared channel radiances),
two cloud categories are employed. These represent
cases in which some stars are dimly visible through the
thin cirrus near the zenith, or when improved visibility
does not noticeably restrict the visualization of stars.
(These studies were normally done only if some cirrus
were observed visually or were expected on the basis
of satellite imagery.) Obviously, these categories are
subjective in nature, but on average a useful image of
the corresponding cloud optical properties should
emerge by treating a large sample.

The data quantities derived from the lidar measure-
ments include the cirrus cloud base, top, and effective
midcloud altitudes Z,, Z,, and Z,; the scattering ratio
R; the physical and optical cloud thicknesses AZ and
7.; and the linear depolarization ratio A integrated ver-
tically through the cloud, all determined from a single
dual-channel lidar return profile representing the av-
erage of a number a consecutive lidar shots. (Typically,
approximately 20 shots collected at the maximum pulse
repetition frequency (PRF) over a 10-min period
bracketing the overpass time are averaged, although
longer periods have been used for relatively weak sig-
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nals or reduced PRF observations.) The cirrus effective
(i.e., optical) midcloud height, defined as the height at
which equal cloud optical thicknesses are found below
and aloft (see Grund and Eloranta 1990), is converted
to temperature T, along with the cloud-base and cloud-
top temperatures T4, and 7, on the basis of local
sounding data. Note that the cloud-base and cloud-top
heights are defined with reference to a scattering ratio
R = 1.5, where

Bim(2) + Be(z)
m(Z)

and the volume backscattering coefficients 8'(z) in the
parallel (|| ) polarization plane are subscripted according
to the molecular m and cloud ¢ components. Similarly,
A is computed for R = 3 (to lessen the impact of mo-
lecular scattering on cloud depolarization) from

2 Bi(z),
Z Bi(z)y ’

where 1 identifies the perpendicular polarized channel
and the total backscatter coefficient 8(z) = B.(2)
+ Be(2).

The numerical procedure involves the calibration of
the lidar equation in each case based on the pure mo-
lecular scattering assumption below the cirrus cloud
base (see the Appendix). An atmospheric profile of

'+(2) is generated from the air density obtained from
local sounding data, and the minimum in the vertically
and temporally averaged lidar return (found by
searching the region below an input approximate Z,)
is matched to the §), at that altitude. Once the cloud
base is identified, 8.(z) is computed from Si(z)
— B..(z) after attempting to correct for the effects of
attenuation from air and cloud particles. The first cor-
rection is straightforward, but the second can be treated
only in an approximate manner.

Cirrus cloud extinction coefficients currently must
be assumed to be related linearly to 8, through the use
of an invariant-with-height backscatter-to-extinction
ratio k; another complication is caused by laser light
that is multiply scattered between cloud particles before
being returned to the receiver. A multiple-scattering
correction factor 5 can be employed in effect to decrease
the cloud extinction rate, thereby accounting for the
strong diffraction-dominated forward scattering that
would remain indefinitely within the laser pulse. An-
other approach (Platt 1979) treats n as part of the com-
bined term k/2n, and in essence is meant to include
all detected multiple backscattering regardless of the
process involved. We use analysis methods based on
both approaches in this study.

Method A specifies a range of k derived from ray-
tracing simulations of simple hexagonal ice crystal
shapes (see Sassen et al. 1989b), including thin-plate
(k = 0.026 sr "), thick-plate (0.086 sr™!'), and column
(0.038 st™') models. For comparison, recent high

R(z) = (1)

Az) = (2)
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spectral resolution lidar studies of a cirrostratus cloud
(Grund and Eloranta 1990) measured backscatter
phase functions (equivalent to k in the absence of ab-
sorption) ranging from approximately 0.02 to
0.045 sr™*. A value of n = 0.75 is specified when these
k are used, which takes into consideration (according
to generic model predictions based on our lidar receiver
geometry and diffraction theory for typically sized cir-
rus ice crystals) forward scattering that would be ef-
fective in generating backscattering (see Appendix).
Method B is also based on the subcloud pure molecular
scattering assumption, but uses an iterative approach
to solving the lidar equation that varies the value of
k/2n to maximize the agreement of the derived and
sounding-based B), above cirrus cloud top. This
method attempts to derive an average R = 1.0 in the
data points extending 500 m above the cirrus cloud
top as a function of k/2%. However, molecular scat-
tering in the upper troposphere at the ruby laser wave-
length is quite weak even without the attenuation pro-
duced by cirrus, so in practice this method cannot be
applied under all conditions. [ Moreover, many of our
data records do not extend sufficiently far enough above
cirrus cloud top, while the effects of noise in extremely
weak signals can lead to 0.001 sr™' < k/29n > 0.1 st™!
that are rejected in our analysis, based on the bounds
in values reported by Sassen (1978) and Platt et al.
(1987).] In either case, the final goal is to derive the
cirrus cloud optical thickness

Zet
Te= % . B.(z)dz.
The values of 7. given here for subvisual and thin
cirrus clouds represent the average of all four numerical
results when method B proved reliable (in 70% of the
cases with recorded signals extending 0.5 km above
cirrus cloud top), and otherwise the average of the three
method A values are used. Note that to compute 7,
using method B a k = 0.05 sr™' (the numerical average
of the three theoretical values given earlier) is assumed.
Finally, we introduce the parameter £ to characterize
the relationship between the effective midcloud height
and the cloud-base and cloud-top altitudes. This pa-
rameter is defined by

(3)

Ze— L
AZ

and is used to describe where the relative position of
Z.is found in relation to a normalized cloud-thickness
profile (i.e., £ ~ 0 and 1.0 represent optical midcloud
positions near cloud base and cloud top, respectively).

£= (4)

3. The FARS satellite verification dataset

Table 1 summarizes our findings from 30 FARS-
supported satellite overpasses in terms of the variables
previously defined. Note that this sample is equally
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divided among observations collected during the pri-
mary Project FIRE periods (days 5-10 and 20-25 of
each month, marked by ** ), which involve extensive
satellite data archival at the FIRE project office,! and
at other times. Compiled in Table 1 are the date and
time of the NOAA-9, NOAA-10, or NOAA-11 satellite
local overpass, the cirrus-cloud-type category (see table
footnote), the indicated lidar data variables, and some
comments on atmospheric conditions.

The dataset in Table 1 represents a diverse range of
conditions, including a wide selection of satellite view-
ing angles and local lighting conditions (i.e., morning—
N10, afternoon—N9 and N11, and evening and
night—N10 and N11). Indicated in the comments
column are factors affecting cirrus cloud visibility (from
the ground or satellites), such as local ground snow-
cover and haze, and also some cirrus cloud properties.
These include cirrus containing numerous contrails
and displaying optical phenomena. It is significant that
corona-producing clouds are present in this sample,
since recent research (Sassen 1991a) indicates mean
particle sizes of approximately 20 um for such clouds.
Only single-layered clouds are treated.

In selecting this sample we have attempted to con-
centrate on cirrus clouds whose properties remained
reasonably uniform over the approximate 10-min pe-
riod bracketing the satellite overpass time. (Under typ-
ical conditions, this sample length corresponds to a 10-
to 20-km-long and approximately 10-m-wide lidar
footprint.) In view of possible inaccuracies in satellite
navigation and the predicted ephemeris, it is also ad-
visable to treat cirrus that are temporally homogeneous
over somewhat longer time scales. Although some cir-
rostratus would satisfy this criterion over 30-min pe-
riods or longer, cirrus often display mesoscale structural
variations that decorrelate cloud properties over similar
time scales. Given for illustration in Figs. 1 and 2 are
height-time displays of lidar backscattering profiles
representing both relatively consistent and variable
cirrus layers drawn from the satellite verification da-
taset.

4. Mean cirrus cloud scattering properties
2

In this section we employ an expanded subvisual-
thin cirrus cloud dataset to examine various cirrus
properties and the distinctions between the cloud cat-
egories. [ About one-half of the 92 data samples have
been derived from a recent comprehensive three-month
FARS program in support of DMSP (Defense Mete-
orological Satellite Program), FIRE, and ECLIPS sat-
ellite observations over March-May 1991.] Specifically,
we consider the dependence of r.on AZ, A on T,, the
relative relation between AZ and Z, using the param-

! For information regarding FIRE ETO satellite data access, contact
L. M. Olsen, Code 634, NASA Goddard Space Flight Center, Green-
belt, MD 20771.

Unauthenticated | Downloaded 10/06/22 03:16 AM UTC



1278 JOURNAL OF APPLIED METEOROLOGY VOLUME 31
TABLE 1. Historical set of NOAA-9, NOAA-10, and NOAA-11 overpasses supported by FARS lidar
and sounding data for subvisual-thin cirrus clouds.
Time Ze, Zy Ten To Z, T.
Date (UTC) Satellite  Category* (km) (°C) km) (°C) Te Comments
**25 April 1987 0229 NI10 NSV 1.6 119 —-62 -63 11.7 —62 0.004
** 20 November 1987 2145 N9 SV 120 123 -52 =52 121 =52 0.009
*¥ 23 January 1988 2157 N9 TC 10.1  11.8 =51 =65 11.1 =59 0.106 Snowcover
** 21 February 1988 0303 N9 TV 10.1 119 -5 —66 114 —62 0.022 Contrails
** 23 May 1989 1525 N10 TC 9.7 115 -41 -53 108 —47 0.286
** 7 June 1989 0015 N9 TV 98 106 —46 —48 100 —47 0.023
** 24 October 1989 2135 NI11 TC 10.1 11.8 —46 —57 11.1 53 0.117
14 November 1989 0306 N10 NSV 107 113 -5 -58 110 -5 0010
** 25 February 1990 2125 N1l TV 87 11.7 -41 -6l 1.1 =58  0.067 Hazy
** 8 March 1990 0332 N10 NTC 92 122 -46 —5i 10.1  —53  0.505
16 March 1990 2125 Nl TV 109 113 -5 -5 110 -5 0015 Contrails
4 April 1990 0324 N10 NTC 10.4 12.7 —-55 -56 11.2 —60 0.196 Corona
** 6 April 1990 2102 NIl sV 107 114 -60 -39 11.0 —61 0.005  Corona
17 May 1990 0904 NIl NTC 84 117 —41 -6l 10.1 =50 0.103
3 June 1990 2051 NI11 TV 1.3 135 -51 -60 120 =55 0.031 Corona
13 August 1990 1539 NI10 TC 7.7 9.7 =22 =37 87 30 0.079
28 August 1990 0240 N10 TC 104 125 -40 -56 11.0 —-43 0.128
12 October 1990 2145 N1t TC 9.5 122 -39 -5 107 —47 0.158  22° Halo
** 9 November 1990 2130 NI11 TV 11.8 141 -58 -70 130 -70 0.061 Corona
** 10 November 1990 0248 N10 NSV 131 140 =71 =71 13.5 =71 0.011
** 7 February 1991 0155 N10 NSV 100 110 -54 -59 10.5 —58 0.033 Hazy, snowcover
28 February 1991 0211 N10 NSV 104 122 -56 —-58 11.2 —60 0.063
** 9 March 1991 2107 NIl TC 9.8 11.2 =52 =57 105 -56 0.052
15 March 1991 0307 N10 NSV 8.3 9.3 -—-51 57 89 -55 0.0l
17 March 1991 2118 N1l Sv 6.9 7.5 —40 —44 7.2 -42 0.005 Corona
2 April 1991 2142 NIl SV 86 113 —40 —59 9.9 -5l 0.035
*>* 6 April 1991 0300 NI10 TV 1.9 134 -60 —-69 124 —-63 0.095
19 April 1991 0121 N10 Sv 9.5 9.8 -50 -52 9.6 51 0.002
19 April 1991 1518 N10 SV 6.0 9.8 27 -52 7.7 -39  0.072
19 April 1991 2155 Ni11 Sv 8.3 86 —44 —46 84 —44  0.003

* SV = subvisual; NSV = nocturnal subvisual; TV = threshold visible; TC = thin cirrus; NTC = nocturnal thin cirrus

** = Project FIRE extended time observation

eter £, and the factors affecting k/27. These variables
not only impact on satellite cirrus retrieval approaches,
but also have basic implications for lidar cirrus studies
and climate research in general. Importantly, we offer
an appraisal of 7. in terms of the visual appearance of
cirrus clouds.

Figure 3 shows the relationship between the optical
(at the approximate 0.7-um wavelength) and physical
cloud thicknesses, where the five symbols correspond
to our cirrus cloud categories (see figure insert). The
expected increases in 7. with increasing AZ and cloud
visibility are clearly in evidence despite the considerable
scatter present in the data points, which probably re-
flects both the complexity of cirrus development pro-
cesses and the presence of random errors in our analysis
approach. It should be noted that the indicated increase
in 7. with AZ is artificially limited to the values found
appropriate for thin cirrus clouds.

As far as the delineation of 7. with the various cirrus
cloud categories is concerned, the results from Fig. 3
appear to confirm earlier lidar findings showing a 7,
=~ 0.03 threshold for the visible detection of cirrus in

-the zenith (Sassen et al. 1989b; Sassen 1991a). Al-
though threshold-visible cirrus data points are present

to as low as 7. =~ 0.01, these cases are mainly associated
with early afternoon observations in which high solar
elevation angles increased the visibility of cirrus near
the zenith (i.e., the cirrus tended to be invisible in other
viewing directions, such that their total sky coverage
would be underestimated by a surface observer). All
thin cirrus occurrences fall within a 0.03-0.3 range of
7., indicating that cirrus with 7.2 0.3 no longer appear
bluish colored. The nocturnal measurements show re-
sults that are similar to the daytime threshold-visible
versus thin cirrus data, which is not surprising in view
of the reduced abilities to judge sky cloud cover at night
using only stars as a guide. It can also be noted that
subvisual and threshold-visible cirrus often display
considerable geometrical thicknesses (up to nearly 4
km in this sample). Additional scatterplots (not shown)
indicate no clear relationships between 7. and £, A,
or T,.

The relative frequency of the parameter £ is shown
in Fig. 4 in the form of a histogram with £ = 0.1 in-
tervals. This cirrus sample clearly displays optical mid-
cloud heights near the geometrical (£ = 0.5) cloud cen-
ter, although as the modal value of ¢ = 0.43 indicates,
the bottom half of the cloud (which contains 70% of
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FiG. 1. Three-dimensional display of range-normalized laser signals (increasing upward in relative units)
versus altitude and time for the threshold-visible cirrostratus sampled at the indicated date and times. The
local overpass time of the N 10 satellite was at 0300 UTC.

the points) tends to be more important radiatively. This
finding would appear to reflect the strength of the ice
precipitation process during cirrus cloud development
(see Starr and Cox 1985), under the assumption that
the accumulation of ice mass due to precipitation above
the cloud-base region (where evaporation occurs) cor-
respondingly dominates radiative effects. Also of likely
importance, particularly for relatively deep cirrus lay-
ers, is the action of basic adiabatic cloud processes that
increase ice-mass production with increasing temper-
ature (see Heymsfield and Sabin 1989; Sassen and
Dodd 1989). Our findings appear to be comparable
with the mean backscatter profiles for cirrus clouds
with geometric midcloud temperatures of less than
—30°C (constituting nearly our entire sample), but
differ significantly from those of the warmer cirrus re-
ported by Platt et al. (1987). Perhaps the tendency for
the warmer cirrus to display near-cloud-top scattering
peaks in Platt et al. (1987) is due to relatively more
active cloud-top particle-generating mechanisms, in-
cluding the effects of supercooled liquid water layers
at these temperatures.

The two derived lidar scattering parameters A and
k/2n are of considerable interest in terms of both as-
sessing cirrus cloud content and improving the treat-

ment of the lidar signal (see Platt et al. 1987). Both
parameters contain information on the shapes, sizes,
and orientations of cirrus particles. A long history of
laboratory and field measurements has shown that
backscatter linear depolarization data are inherently
sensitive to the exact shape and orientation of hydrom-
eters (for a recent review see Sassen 1991b), and simple
crystal habit (i.e., axial ratio) discrimination is also
supported by theoretical ray-tracing simulations using
several hexagonal crystal models (Takano and Jay-
aweera 1985; Takano 1987). Similarly, the variable k/
27 is influenced by crystal type through shape-related
variations in the backscatter-to-extinction ratio ( Tak-
ano 1987, personal communication ), although in this
case k is modified by such factors as lidar design and
crystal size and concentration, which affect multiple
scattering. Since, however, our understanding of the
effects of realistic cloud microphysics on A and k/27
is far from comprehensive, empirical findings are thus
currently of importance, and we present in Figs. 5-9
a thorough evaluation of the lidar scattering properties
(derived from method B) of the cirrus studied.
Shown in Fig. 5 is the dependence of integrated de-
polarization ratios on effective midcloud temperature,
using the same five symbols for the cirrus cloud cate-
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FIG. 4. Histogram of the frequency of occurrence of the variable
£, showing that most optical midcloud heights occur within the lower
half of subvisual-thin cirrus clouds.

counted for by various mixtures of simple ice-crystal
types, which indeed appear to be appropriate for cirrus
at these relatively low temperatures (Heymsfield and
Platt 1984; Sassen et al. 1989a).
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the midlatitude cirrus findings of Platt et al. (1987) shown by the
dashed line and “+” symbols. Arrows at left identify linear depolar-
ization ratios derived theoretically for the indicated ice-crystal habits
(from Takano 1987).
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With the importance of the parameter k/2y to lidar
remote-sensing analysis (i.e., knowledge of this term
eliminates two of the three unknowns in the standard
lidar equation ), we provide in Figs. 7 and 8 scatterplots
of k/2n versus effective cirrus cloud height and tem-
perature, along with comparisons to the average find-
ings of Platt et al. ( 1987 ) (dashed lines). Although our
dataset of derived k/ 2y is relatively small and displays
scatter, the tendency for k/ 27 to decrease with increas-
ing altitude and decreasing temperature is clear and in
apparent agreement with previous results. Note that
Platt et al. (1987 ) reported different trends for summer
and winter cirrus (the two dashed lines in Fig. 7), but
because of our relatively low cirrus temperatures, it is
appropriate only to point out that k/27 seems to ap-
proach approximately 0.02 sr™! at the colder temper-
atures and greater altitudes in both the Southern and
Northern Hemisphere midlatitude cirrus samples.

Finally, a particularly illustrative display of cirrus
cloud lidar scattering properties is given in Fig. 9, com-
paring 7. with k/2%. Two interesting relationships are
suggested but by no means conclusively demonstrated
by the limited data. First, the nocturnal (i.e., filled-in)
data points indicate that /27 values tend to be smaller
at night than during daylight observations. This finding
is also apparent in Figs. 7 and 8, which at the same
time suggests that the nocturnal data points tend to be
somewhat colder and higher. From Figs. 5 and 6, we
also see that A tends to be higher for the lower tem-
peratures and k/27 values sampled in this study. Al-
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though these interdependencies could help account for
the day-night differences in k/2% of Fig. 9, k/ 2% and
A are both parameters that should respond to cirrus
cloud microphysical variations induced by diurnal ef-
fects by virtue of their sensitivities to particle shape
and size.
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FIG. 8. Similar to Fig. 7, comparing our data points with the findings
of Platt et al. (1987) (dashed line), but with respect to the dependence
of k/27 on cirrus midcloud height.
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The fact that values of k/27 for many subvisual cir-
rus clouds are quite small (<0.005 sr™!) is also inter-
esting, but apparently not inconsistent with previous
empirical results. This class of weakly scattering cirrus
generally yielded A =~ 0.3-0.4 and tended to occur at
temperatures between approximately —40° and
—55°C. (In other words, they are dissimilar from the
subset of cirrus that produce corona displays, which
according to Fig. 9 yielded much higher k/24.) It is
possible that they are composed of particles even
smaller than those associated with the corona-produc-
ing cirrus (i.e., ~20-um mean diameter), such that
geometric optics scattering assumptions are violated
and unexpectedly low k are generated. This view is
supported by laboratory evidence for reduced k values
for relatively minute ice-crystal populations (Sassen
1978; Sassen and Liou 1979), as shown in Fig. 9.

5. Conclusions

Although we acknowledge that the subvisual-thin
cirrus cloud dataset described here is limited in extent,
compared to the extensive observations we are com-
piling in support of the ongoing Project FIRE, it is not
premature to present preliminary findings that address
an important and timely topic—the basic character-
istics of cirrus clouds that can often escape detection
by ground observers or from satellites. Current climate
models require improved cloud characterization inputs
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based on traditional surface data, and, awaiting long-
term advanced surface or earth-orbiting remote-sensing
cloud climatologies, the means to improve basic cirrus
cloud parameterizations (e.g., in terms of 7.) are crucial
to modeling efforts directed toward predicting climate
change.

The chief purposes of this report are twofold. The
first is to provide researchers with a critically described
set of remote-sensing data coincident with local NOAA
polar-orbiting satellite overpasses to help test cirrus
cloud retrieval algorithms and establish the limits of
cirrus detectability from available satellite radiance
measurement methods. Pertinent data for 30 over-
passes, which span the (day and night) subvisual-thin
cirrus cloud categories under various atmospheric
conditions, are provided in Table 1. Second, it is hoped
that our characterizations of the mean properties of
this neglected group of cirrus clouds will advance our
ability to treat their effects in lidar and basic climate
research.

Based on our findings, we offer the following char-
acterizations for cirrus clouds in terms of 7.: for sub-
visual cirrus 7, < 0.03, for threshold-visible cirrus (a
category depending mostly on lighting conditions and
spatial cloud uniformity) 0.01 < 7. < 0.1, and for thin
(bluish-colored) cirrus 0.03 <€ 7, < 0.3. During noc-
turnal observations, 7. =~ 0.05 can be considered to
separate cirrus causing noticeable reductions in the
numbers of visible stars from lesser interference, which
could be, for example, attributable to lower-atmo-
spheric turbidity and light pollution effects. We may
also extend our results to optically thicker cirrus clouds
on the basis of knowledge gained during the 1986 Pro-
ject FIRE intensive field observations (Kinne et al.
1992). It was found that lidar-derived 7. tended to sat-
urate at approximately 2.0-3.0 in dense cirrostratus,
which visually appeared dark, lacked halos, and also
caused the solar disk to appear dim and irregular.
Clearly, these characteristics define an altostratus cloud,
so we can finally group all remaining (i.e., opaque)
cirrus into a 0.3 < 7. € 3.0 category. An empirically
based definition for altostratus of 7. = 3 then follows.

The previously determined visible versus subvisual
threshold of 7. ~ 0.03 (Sassen et al. 1989b; Sassen
1991a) and the 0.06 value for a threshold-visible cirrus
(Platt et al. 1987) are thus supported by this larger data
sample. Our current approaches involve the application
of an apparently new analysis method using k/27n as a
variable and also employ the full range of theoretically
predicted k values, but it should be acknowledged that
the same basic assumptions and equations have been
relied on in all our studies. It is also apparent that the
selection of this threshold 7. from Fig. 3 represents
only an approximation in view of the scatter in the
data points and the various factors affecting cirrus cloud
visibility. Nonetheless, we believe that we have adopted
the soundest approach possible using our conventional
lidar measurement capabilities and are encouraged by
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the general similarity between our k/ 21 for typical cir-
rus and the mean values derived from a larger cirrus
sample (and using a different approach) by Platt et al.
(1987), as functions of altitude and temperature (see
Figs. 7 and 8). On the other hand, we have identified
the presence of a class of radiatively distinct subvisual
cirrus that display atypically low (<€0.005 sr™') k/29
ratios and do not feel as confident in the 7. derived on
the basis of theoretical ray-tracing k values. The low
values of k/2n, however, are in compliance with the
scattering behavior of laboratory-grown populations of
minute simple ice crystals.

The significance of the apparent day-versus-night
differences in k/27n (Fig. 9) may be questionable in
view of the small sample size, but we believe that this
parameter is a particularly good candidate to reflect
the kinds of diurnal cloud microphysical alterations
that numerical simulations treating cloud-radiative
feedbacks have predicted (Starr 1987). Cloud model
results have revealed significant day-night differences
in the ice water budget and convective structure of thin
cirrus clouds that are regulated by radiative processes.
A considerably more rigorous examination of the en-
suing effects on lidar scattering than can be evaluated
here is needed, but it is likely that the corresponding
changes in the concentrations, shapes, and sizes of ice
crystals (with or without convective—-cloud feedbacks)
will be manifested by changes in k/27. Similarly, linear
depolarization is quite sensitive to ice crystal shape,
and it is possible that the tendency for higher A values
to occur at night (Fig. 5) is also in some way a result
of radiative effects on ice-crystal nucleation and growth.
Future studies based on our entire and enlarging cirrus
cloud ETO sample will allow for a more comprehensive
statistical analysis of such factors.

Finally, it seems appropriate at this point in the de-
velopment of various ground-based cirrus cloud cli-
matologies (see also the recent results of Imasu and
Iwasaka 1991) to consider the broader issue of the rep-
resentativeness, in terms of global climate concerns, of
these relatively few datasets. Certainly, the synoptic
conditions responsible for the generation of cirrus differ
widely according to season, latitude, and landmass in-
fluences. Platt et al. (1987) have described significant
differences not only in midlatitude and tropical cirrus
properties, but also between winter and summer mid-
latitude cirrus. Although our subvisual-thin cirrus
cloud sample is probably biased somewhat toward
higher and colder cirrus than is typical of our region
(i.e., they could often represent the tops of deeper cirrus
systems), the temperatures, heights, and depolarizing
properties of the two midlatitude cirrus samples appear
sufficiently dissimilar to suggest the presence of basic
differences in the high cloud components sampled. It
is important to recognize that the results of extended-
time surface-based observations of cloud properties will
likely tend to be site specific before applying the findings
to regional or zonal scales.
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APPENDIX
Data Analysis Uncertainties

The findings reported here are subject to well-known
uncertainties associated with the basic assumptions re-
quired to solve the lidar equation using conventional
lidar data. Fortunately, the resultant errors in derived
data quantities tend to be minimized when optically
thin ice clouds are treated, primarily because the effects
of laser pulse attenuation and multiple scattering are
considerably less important than those in the denser
clouds of the lower atmosphere. ( Thus, the thin cirrus
situation approaches the relative simplicity of micro-
wave radar studies of weakly attenuating targets.)

Both methods A and B for solving the lidar equation
in terms of B.(z) are founded on the “clean-air” scat-
tering assumption, in which the boundary condition
is provided by Rayleigh-scattering predictions for the
pure molecular atmosphere (as in Fernald et al. 1972)
at some height z, below cloud base corresponding to
the range-normalized lidar signal minima S(z,)z3.

LR DAL SR B
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.................. 0.025(0.0041)
........ 0.057(0.0039) -

12.0

-

-

o
T

Height — MSL (km)

105 -

10.0
0.000

ISR SR VS (NN SN Y G EUUY SN SUC SO SIS U ST SR U T VA S S SR

0.002 0.004 0.006 0.008 0.010 0.012
Cloud Backscatter Coefficient (km sr)™

F1G. Al. Effects on derived backscatter coefficient profiles {and
vertically integrated 3. (sr™!) in parentheses] induced by varying k/
27 (sr™!) over the indicated range for a thin cirrus cloud studied on
23 January 1988 (see Table 1). This cirrus displays an unusually
strongly scattering cloud-top layer, but only minor differences in the
results are evident over this range of k/2x.
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FiG. A2. Effects on 8..( z) profiles and integrated 8, (asin Fig. Al,
but using only the intermediate k/2n = 0.025 sr™') produced by
violating the “clear-air” scattering assumption. In these simulations
the aerosol-enhanced subcloud boundary is expressed in terms of the
indicated initial scattering ratios Ry.

The governing equation (from Sassen et al. 1989b) is
given by

G(zo,
BL(z) = (20, 2) —B(2), (Al
1-2 1 G(z, 2')dz’
k F4i)
where
o S(z)z?
G20, 2) = Binl0) 55

8 7\ [ ., }
Xexp[Z(—:;-—E) L) ﬁm(f)df}-

There are several sources of uncertainty with this
inversion method, but Fig. A1 illustrates that the basic
uncertainties in the 8., profiles derived from a typical
thin cirrus cloud (average 7. = 0.11) are not significant.
Since the optical attenuation suffered by the laser pulse
in traversing the diffuse scattering medium has a rel-
atively small effect on the inversion, uncertainties in
specifying n and k within likely ranges (see the follow-
ing) do not contribute to large variations in 8.(z). The
8. profiles in Fig. A1 were generated from method A
computations with k/2»n varying over the standard
range of 0.017-0.057 sr™'. The resultant changes in
the integrated backscatter coeflicients are shown in pa-
rentheses.

The validity of the clear-air-scattering boundary
condition itself, however, should be questioned and
the possible errors examined. Strictly speaking, scat-
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tering ratios of R = 1.0 should not be presumed to exist
anywhere in the troposphere, so that the question be-
comes to what extent this basic assumption can be vi-
olated without generating significant errors from Eq.
(A1). Figure A2 provides such an assessment (as in
Fig. Al, except that a single k/2n = 0.025sr™! is
treated) as R at z is increased from 1.0 to 1.5. Errors
produced by uncertainties in the boundary condition
are tolerable at this wavelength as long as the aerosol
scattering component remains, say, less than one-
quarter of the molecular scatter (i.e., Ry < 1.25) at the
minimum lidar signal, which is probably a valid as-
sumption in the upper half of the troposphere (in the
absence of episodic volcanic aerosol fallout). However,
the regular use of Ry = 1.0 would tend to systematically
overestimate 7. somewhat. The related source of un-
certainty attributable to the treatment of signals to de-
rive a representative S(Zo)z3 has been minimized
through the results of simulations aimed at optimizing
the spatial and temporal averaging schemes in real sig-
nals, so that only minor random errors are expected
from our high-power lidar returns.

On the other hand, Eq. (3) illustrates that the ac-
curacy of the derived 7. is linearly dependent on the
choice of the value of k used (in addition to the minor
effects on integrated backscatter). We believe, however,
that our approach to represent 7. as the average of
bracketing solutions using currently available k (based
on theoretical and experimental findings) will on av-
erage provide meaningful results in our cirrus cloud
sample.

Finally, implicit in these formulations is the as-
sumption that multiple-scattering effects on the lidar
equation inversion are adequately compensated for by
reducing the impact of laser pulse attenuation through
the specification of a n = 0.75. According to recent
lidar-return simulations (Sassen et al. 1992), this is
only a partial solution to the multiple-scattering prob-
lem, since in addition to the “captive-diffraction” ef-
fects specified by 7, an extra backscatter coefficient
dominated by double scattering into the near-backward
direction should also be considered. At present, in con-
sideration of the dominant forward scattering in the
cirrus particle phase function, and awaiting cirrus cloud
scattering simulations tailored to our lidar system, we
have assumed that the latter scattering component is
relatively unimportant in the diffuse subvisual and thin
cirrus cloud environment. Note that the arbitrary 5
= (.75 value used here is based on the proportion of
diffracted energy, from an ice particle with an assumed
100-um radius, that would remain indefinitely within
the 3-mrad lidar receiver field of view normally used
in our FIRE ETO cirrus studies. This equivalent par-
ticle size represents our best judgment in cirrus that
lack the more active precipitation development in
denser, and generally warmer, cirrus cloud systems (see
Heymsfield and Platt 1984; Sassen et al. 1989a).
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