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The University of Wisconsin High Spectral Resolution Lidar (HSRL) and
Volume Imaging Lidar (VIL) provide unique, calibrated measurements of cirrus cloud
characteristics. This project combined data from these instruments with satellite
observations to measure optical propagation in cirrus clouds. This information is
required to design systems which must view targets through visible and subvisible
cirrus clouds.

The HSRL provides optical depth and scattering cross section measurements
which are absolutely calibrated by simultaneous measuring the lidar return from
atmospheric gases. Calibrated measurements are achieved without the poorly
supported assumptions required to quantify measurements from traditional lidars. The
VIL provides high spatial resolution (<60 m) measurements of cirrus structure over
spatial domains (>100 km) and with a temporal resolution (<1 min); these capabilities
are not available in other lidars.

HSRL measurements were employed to calibrate satellite algorithms used to
measure cirrus cloud probability of occurrence, IR emissivity and altitudes. The satellite
algorithms are being used in an ongoing program to provide continental and global
climatologies of cirrus clouds. Special emphasis was placed on the problem of defining
confidence levels for the optical properties measured by the HSRL. While considerable
effort had been devoted to the calibration of the HSRL and to the quantification of the
errors due to calibration uncertainty, application of the HSRL to cirrus studies raised the
potential for an additional error source in comparisons between HSRL and satellite
measured emissivities. The satellite measures IR radiances averaged over a footprint
several kilometers on a side while the HSRL measures optical depths in a beam
approximately 1 m wide and averaged over a time of several minutes. Because of wind
oriented structure, and the wide range of spatial scales evident in cirrus clouds, direct
comparison of HSRL and satellite measurements showed large sample errors.  VIL
observations were used to calculate spatial and temporal autocorrelation functions for
both visible and subvisible cirrus cloud fields. These observations show that correlation
lengths are strongly dependent on direction. Quantitative measurements of the
structure of cirrus clouds on spatial scales between 60 m and 100 km were obtained.
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Much of the data analyzed in this study was obtained in a pilot experiment which
employed a diverse set of remote sensing instruments. The High Spectral Resolution
Lidar, the Volume Imaging Lidar, two infrared Fourier transform radiometers, satellite
borne radiometers, radiosondes and an all sky imager were used in this campaign.

The results of these investigations are summarized in an attached Masters thesis by
Walter Wolf, titled: "Cirrus Cloud Optical and Morphological Variations within a
Mesoscale Volume". Additional results are reported in the attached scientific paper:
"University of Wisconsin Cirrus Remote Sensing Pilot Experiment" by Ackerman et. al.
published in the Bulletin of the American Meteorological Society.
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Abstract

During the period of 26 October 1989 through 6 December 1989
a unique complement of measurements was made at the University
of Wisconsin—Madison to study the radiative properties of cirrus
clouds. Simultaneous observations were obtained from a scanning
lidar, two interferometers, a high spectral resolution lidar, geosta-
tionary and polar orbiting satellites, radiosonde launches, and a
whole-sky imager. This paper describes the experiment, the instru-
ments deployed, and, as an example, the data collected during one
day of the experiment.

1. Introduction

Uncertainties in model predictions of the climate
response to increased greenhouse gas concentra-
tions are largely due to inadequate parameterization
of clouds and cloud—climate feedbacks (Cess et al.
1989). Clouds affect climate by exerting a strong
influence on radiative heating and cooling distribution
within the atmosphere and at the earth’s surface.
There is an urgent need for measurements that guide
and verify for the development of improved methods of
treating cloud radiative properties in climate models.
This paper describes the University of Wisconsin
Cirrus Remote Sensing Pilot Experiment, designed to
investigate visible and infrared (IR) optical properties
of cirrus clouds and the effects of cloud spatial distri-
bution on the scaling of point measurements to satel-
lite and general circulation model (GCM) grid-scale
averages.

Clouds affect the radiative balance of the earth/
atmosphere system by reflecting incoming solar radia-
tion and by trapping outgoing longwave radiation. The
difference between a clear-sky and a cloudy-sky ra-
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diative energy budget is termed cloud radiative forc-
ing. Observations from the Earth Radiation Budget
Experiment (ERBE) recently provided estimates of
shortwave and longwave cloud radiative forcing
(Ramanathan et al. 1989). Forthe global mean, short-
wave cloud radiative forcing is approximately —48 W
m-2, while the longwave cloud radiative forcing is
approximately 31 W m2. Thus, the present average
cloud cover produces a net radiative cooling of ap-
proximately 17 W m-2. In contrast, models suggest that
an instantaneous doubling of CO, would produce a
radiative heating of approximately 4 W m=. By
modificaion of radiative heating distribution, the in-
creased greenhouse gas concentrations in the atmo-
sphere are likely to change planetary circulation pat-
terns and result in a redistribution of moisture and
cloudiness. Thus, greenhouse warming trends could
produce substantial cloud feedbacks that may serve
to moderate or augment the actual global thermal
response. Understanding the radiative effects of clouds
is therefore crucial to the evaluation of greenhouse
gas impacts on climate. In addition to modifying the
radiative energy budget at the top of the atmosphere,
clouds also modify the radiative heating of the atmo-
sphere and surface.

Cirrus clouds are important modulators of earth’s
radiative balance because of their large areal extent,
seasonal persistence, and typically high-altitude loca-
tion. These clouds have only recently been subject to
detailed measurements (Mon. Wea. Rev., 118, 2259—
2248). Climate models suggest that cirrus may pro-
duce a positive or a negative feedback response to
global warming depending on cloud optical depth,
altitude, and particle size distribution (Roeckner et al.
1987; Stephens et al. 1990). In order to address some
specific issues concerning the remote sensing and
radiative parameterizations of cirrus clouds, simulta-
neous observations were made at the University of
Wisconsin—Madison during the Cirrus Remote Sens-
ing Pilot Experiment (CRSPE). CRSPE employed a
unique complement of instruments in conjunction with
satellite and National Weather Service meteorological
observations. Section 2 describes CRSPE science
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objectives and section 3 gives a brief description of
instruments deployed. Section 4 presents a qualitative
description of how the data support the scientific
objectives by presenting examples of data collected
on 1 December 1989.

2. Science objectives

Development of cirrus radiative parameterizations
for model applications is particularly challenging for
several reasons. Cirrus are composed largely of ice
crystals exhibiting a wide range of shapes, sizes, and
orientations. Cirrus are spatially inhomogeneous and
often exhibit coherent structures in all size regimes,
from tens of ‘meters to the synoptic scale. While

Ultimately, global measurement and monitoring of cirrus cloud cover
and radiative properties are necessary. Current satellite-borne g
instrumentation can provide the needed global coverage, bul
property retrieval techniques require verification and calig

accurate and detailed measurements of the radiative,
microphysical, and morphological properties of cirrus
are needed, cloud variability and high cloud altitudes
hamper in situ particle and radiation measurements.

Ultimately, global measurement and monitoring of
cirrus cloud cover and radiative properties are neces-
sary. Current satellite-borne passive instrumentation
can provide the needed global coverage, but cloud
property retrieval techniques require verification and
calibration.

Interpretation of satellite radiometric measurements
is often based on simplified model calculations or
ground-based point observations. Scaling point mea-
surements or theoretical calculations of cloud optical
properties to satellite pixel-sized areal averages, or to
GCM grid volumes, are not trivial due to spatial and
temporal inhomogeneity of cirrus. To improve the
radiation parameterization in global climate models
using information from a densely instrumented site, an
estimation of radiation fields averaged over GCM grid
boxes must be produced from the point measure-
ments. CRSPE was designed to provide a database
suitable for addressing the problems of extrapolating
point measurements to the GCM scales. Specific
science objectives are listed below.

1) Characterization of the effect of horizontal and
vertical cloud inhomogeneities on satellite- and ground-
based observations. The ground-based high spectral
resolution lidar and the interferometers (see next
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section) will provide “point” observations of the cirrus
cloud with a field of view (FOV) of less than 1 km. The
combination of scanning lidar and satellite data will be
used to describe the horizontal and vertical structure
of the cloud on the mesoscale, the portion of the cloud
that passed over the central site, and the changes in
the clouds during the period of the observations.

2) Parameterization of visible and infrared cirrus
optical properties. Cloud radiative parameterizations
will be developed from the measured visible proper-
ties and the infrared emissivities derived from the
ground- and satellite-based observations from a vari-
ety of cirrus cloud types. The effects of cloud
inhomogeneities on these relationships will be inves-
tigated.

3) Verification of satellite cloud retrieval methods.
Satellite- and ground-
based cloud detection
schemes will be com-
pared and verified with
lidar observations.
Cloud optical properties
derived from satellite
and ground-based ra-
diometric observations
will be cross validated.

4) Statistical description of cirrus spatial scales.
Autocorrelations of lidar backscatter will be used to
determine statistics of cirrus cloud spatial characteris-
tics.

5) Database for comparisons with radiative transfer
models. The interferometers provide accurate mea-
surements of downward infrared radiance spectra
under clear-sky conditions for comparison with radia-
tive transfer model calculations. Pristine skies are not
observed in nature and the lidars therefore play a vital
role in detecting and locating aerosol and subvisible
cirrus. Radiosonde observations provide in situ mea-
surements necessary to define the detailed atmo-
spheric temperature and moisture structure required
for radiative calculations.

3. The field experiment

The experiment was conducted over south-central
Wisconsin from 1 November to 6 December 1989.
This was also the location of the FIRE-Cirrus IFO in
October 1986 (Cox et al. 1987; Starr 1987). Ground-
and satellite-based observations of clear skies and
various cirrus cloud systems were made during this
one-month period. At the central site, located on the
University of Wisconsin—Madison campus, four pri-
mary instrument systems operated: two calibrated
interferometers with a spectral resolution of approxi-
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mately 1 cm™', the high spectral resolution lidar, a
Scripps Whole-Sky Imager (WSI), and an NCAR
CLASS radiosonde system. Located 24 km west of the
central site, the volume imaging lidar (VIL) was oper-
ated with a clear line of sight over the central site.
Satellite-based observations over the region were
captured in real time by the McIDAS system (Suomi et
al. 1983), located at the central site. These instru-
ments are discussed in detail below.

High Spectral Resolution Lidar (HSRL) provides
calibrated measurements of the vertical profile of the
cirrus backscatter cross section, optical depth, and
backscatter phase function at a wavelength of 0.532
m. Using atwo-channel multietalon receiver, the HSRL
spectrally separates molecular backscatter from cloud
particle and aerosol backscatter. The separation is
possible because the thermal motions of molecules
Doppler broadens the molecular backscatter spec-
trum, while the Brownian motions of particles produce
insignificant broadening of the particle backscatter
spectrum (Grund and Eloranta 1991). HSRL observa-
tions are also used for diagnosing cloud-base altitude,
geometric thickness (for optically thin cloud), and
vertical distribution.

High-Spectral Resolution Interferometer Sounder
(HIS). Two Michelson interferometers were located at
the ground site. The first was the aircraft version that
was flown onthe NASA ER-2 during FIRE | (Revercomb
1987). The second was based on a Bomem M-120
spectrometer that was being developed for use in the
Department of Energy’s Atmospheric Radiation Mea-
surement (ARM) Program. A motor-driven mirror di-
rects infrared energy into the M-120 from one of three
sources: an ambient blackbody cavity, a cold black-
body source, or the atmosphere. The blackbody views
are used to remove the effect of instrument emission
from sky radiance through the use of a standard linear
calibration. The demonstrated rms noise is approxi-
mately 0.1% of ambient temperature. The interferom-
eters provide high spectral resolution (on the order of
1 cm™') observations of cirrus clouds in the 3.5-20-um
spectral band. The observed spectra allow detailed
comparisons with line-by-line radiative transfer mod-
els such as FASCOD (Clough et al. 1988; Revercomb
et al. 1989). Observations also provide variability
estimates of the infrared spectral emissivity of clouds.
Atmospheric temperature and moisture profiles are
also retrieved from these observations.

Volume Imaging Lidar (VIL) produces 3D recon-
structions of cirrus cloud backscatter by assembling
successive 2D crosswind scans. The VIL scans 120-
km-wide segments of cirrus at a resolution of approxi-
mately 60 min 20 s. During the experiment, one scan
plane was oriented above the central site, while a
second scan plane was oriented perpendicular to the
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mean wind direction or perpendicular to the central
site scan plane. During CRSPE, the VIL scan over the
central site provided a 2D view of cirrus clouds with
100-m resolution. Time composites of the VIL cross-
wind scans provide the 3D structure of the cloud, thus
describing vertical and horizontal variations of the
cirrus cloud backscatter. The VIL observations pro-
vide a means for investigating effects of subpixel-
scale variability and cloud vertical distribution on the
retrieval of cloud height and optical properties from
current meteorological satellite sensors and ground-
based instruments.

Satellite observations include multispectral data
from the polar-orbiting NOAA AVHRR (both GAC and
HRPT), HIRS/2 and MSU, and GOES-7 VISSR and
VAS data captured in real time by the McIDAS system.
These radiometers produce multispectral images of
the earth’s upwelling radiance with resolutions of 1-8
km depending on wavelength and instrument. The
meteorological satellites observe clouds on the scale
of tens to thousands of kilometers, thus bridging the
gap between the scale of site observations and the
regional scales used in GCMs. Satellite visible and
infrared observations can be used for diagnos-
ing large-scale geometric and radiative cloud struc-
ture.

NCAR Cross-chain Loran Atmospheric Sounding
System (CLASS) produces accurate in situ radio-
sonde determination of atmospheric profiles of tem-

" perature, water vapor, and wind speed and direction.

A unique feature ofthe CLASS is that it uses the Loran-
C navigation system to determine accurate positions
from which to calculate wind speed and direction as a
function of altitude during the balloon ascents. The
CLASS soundings of temperature and moisture repre-
sent point measurements along the balloon flight path
but possess the vertical resolution and accuracy re-
quired for comparing infrared radiance observations
with theoretical calculations from atmospheric radia-
tion models. The temperature and moisture profiles
provide thermodynamic properties of the cloud and
the surrounding atmosphere as well as density pro-
files to calibrate HSRL optical depths. Wind speed and .
direction profiles from the CLASS are used to con-
struct the 3D images from VIL scans.

SCRIPPS Whole-Sky Imager (WSI) generates a
time record of sky conditions through a 170° FOV fish-
eye CCD camera. Regularly spaced digital “snap-
shots” through red, blue, and neutral density filters are
provided to facilitate cloud detection and accommo-
date varying light conditions (Johnson et al. 1989).

National Weather Service surface and radiosonde
observations. These routine observations are avail-
able through McIDAS and describe the synoptic con-
dition associated with the cirrus clouds.
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Fic. 1. HSRL-observed backscatter cross section as a function of altitude on 1 December 1989.

4. Case study (1 December 1989)

This section illustrates types of data collected dur-
ing CRSPE from examples collected on 1 December
1989. The two interferometers (results are shown only
for the Bomem M-120) collected data from approxi-
mately 1400 to 2400 UTC; the HSRL operated from
1345t00110 UTC and the VIL from 1800t0 2330 UTC.
Four CLASS sondes were launched and the WSI
imaged the sky throughout the day. The NOAA-11
satellite flew over Madison at approximately 1350
UTC. Examples of data products are first presented
separately for each instrument; an integrated example
of the data is presented at the end of the section.

Figure 1 depicts the HSRL-measured backscatter
cross section as a function of altitude for eight hours on
1 December 1989. Contour intervals are 2x107°
m-'str-'. The dashed line marks the optical midcloud
altitude (midpoint in optical depth). Between approx-
imately 1930 and 2015 UTC, the HSRL backscatter
measurements indicate that the upper troposphere is
essentially free of cirrus and aerosol. No clouds were
observed visually during this time. Prior to 1930 UTC,
the HSRL backscatter cross-section measurements
indicate the presence of acirrus cloud or aerosol layers
with backscatter cross sections ranging from approx-
imately 1x10-7 to 12x107° m~'str™", and optical
midcloud altitude ranging from 5.5 to 10 km. Visual
observations of sky conditions during this period indi-
cated the presence of thin cirrus fibratus. These visual
cirrus are associated with regions of high backscatter
cross section at approximately 1815 and 1910 UTC.

~ After approximately 2020 UTC, the HSRL backscatter
cross-section measurements coincide with a visually
observed cirrus cloud layer. The HSRL-measured
cloud top is above 9 km with cloud base at approxi-
mately 6.5 km, which begins to descend around 2330

1044

UTC. As the cloud base descends, the cloud optical
depth increases so that at approximately 2340 UTC
the HSRL lidar beam cannot penetrate through the
cloud (optical depth greater than 2.7, indicated by
vertical hatching).

The temperature and moisture profiles measured
by the CLASS are depicted in Fig. 2, for launch times
of 1445, 1800, 2124, and 2356 UTC. Between 1445
and 2124 there is a general warming trend below 800
mb, while a cooling trend exists between 2124 and
2356 UTC. During the period 1445 to 1800 UTC, a
significant moistening of the atmospheric layer be-
tween 300 and 500 mb occurs. The existence of a

DECEMBER 1, 1889

1C0

!
0O 200 3 IR
~ ‘-\ !
300 B i
o e T
2 > R T,
400 sty S A
wn Wy To .\‘
g soo 33
o_‘ S .~~\ N
600
700
800 Al \ .
900 SR A i UBiRe 3 N VT
1000 |- % R VS \\*«i*; (e S 3
-90 -80 -70 —60 -50 —40 -30 -20 -10 0 10. 20 30 40

TEMPERATURE (o)

Fic. 2. Temperature and moisture profiles measured by the
CLASS at four time periods.
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cirrus cloud is suggested from an increase in the
dewpoint at approximately 5.6 km (497 mb) at 1800
UTC, 7.3 km (390 mb) at 2124 UTC, and 5.9 km (475
mb) at 2356 UTC. The radiosonde cloud-base alti-
tudes are higher than indicated by the lidar due in part
to the time response lag of the hygristor. Similarly, the
cloud-top altitude inferred from the radiosonde tem-
perature and moisture profile is higher than indicated
by the lidar backscatter signal. Some difference in
cloud-top height may also be due to the CLASS sonde
sampling a different portion of the atmosphere than
the lidar, as well as measurement errors associated
with the low humidities of the upper troposphere
(Finger and Schmidlin 1991; Elliott and Gaffen 1991).

An example of the observed infrared spectra is
depicted in Fig. 3 in terms of brightness temperature
as a function of wavenumber. These spectra were
collected over a 5-min sampling period at 2006, 2043,
2138, and 2337 UTC (these times are depicted on the
HSRL backscatter cross-section time series of Fig. 1).
Several gaseous absorption bands are denoted in Fig.
3. The 620-700-cm~' carbon dioxide band is a strong
absorption band that indicates changes is surface air
temperature. This band has been used to retrieve low-
level temperature inversions (Smith et al. 1990). The
1040-cm~"' (9.6-um) ozone band is clearly evident in
the clear-sky spectra, but as the cloud opacity in-
creases the signature weakens as the emission from
stratospheric ozone is attenuated by the cloud. Sev-
eral water vapor absorption bands are clearly evident
in the 800-1200-cm ™" (8—12-.m) window region. Fig-
ure 4 is an enlargement of Fig. 3 for the 800—1000-
cm~' region, a common spectral interval covered by
narrowband radiometers. Techniques for retrieving
cirrus cloud properties from narrowband radiometer
observations must remove the effects of these ab-
sorption lines by using coincident atmospheric tem-
perature and moisture profiles along with model calcu-
lations. An advantage of highspectral resolution ob-
servations is that analysis can be done between the
absorption lines; however, absorption due to the water
vapor continuum must still be accounted for.

The HSRL and CLASS observations are point
measurements of the atmospheric vertical structure.
While time series analyses give some indication of
atmospheric variability, scene variability within the
HSRL and the interferometer field of view is unknown.
The horizontal and vertical variability of the cirrus
cloud observed at 2153 UTC is depicted from the VIL
observations in Fig. 5. The top portion of the figure
depicts the scan perpendicular to the wind direction
and the bottom portion is for the scan in the direction
of the ground site. The location of the central site (24
km from the VIL) is depicted in the lower portion of the
figure. The VIL scans clearly indicate the heteroge-

Bulletin of the American Meteorological Society

DECEMBER 1,

1989
280 : .

i 254
5228 : II ll"\f
1 e
. e =
= ”M"l J ”'
2 'M i

15050018 700 900 1100 813'00 7‘”:500

WAVENUMBER (em-))

Fic. 3. Five BOMEM-120-observed infrared spectra, in terms of
brightness temperature, for the 500-1500 cm~' (wavelength in
microns is also shown). Cloud cover increases during this time
period.

DECEMBER 1, 1989
250 — . .

230

(48]
=
o

190

TEMPERATURE (K)

170

150800

850 900 950
WAVENUMBER (em™)
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1000

neous nature of cirrus cloud, which appears to consist
of several individual layers. The VIL data also indicate
that ice crystals are falling out of the cloud base at
approximately 6.5 km and evaporating. Images from
the VIL suggest that single point measurements (e.g.,
HSRL or M-120) of mean quantities may exhibit large
fluctuations due to the heterogeneous nature of the
cloud. Temporal averaging of the data may not reduce
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Fia. 5. VIL observations of the cloud field at 2153 UTC (1553 CST). The ordinate is altitude and the abscissa is distance from the VIL.
The top portion of the figure depicts the scan perpendicular to the wind direction and the bottom portion is for the scan in the direction of

the ground site, located 24 km from the VIL.

this variability due to the large spatial scales and
temporal evolution of the cloud.

This sampling problem is graphically illustrated in
Fig. 6, which shows a top-down reconstruction of a
portion of the cirrus cloud field observed by the VIL.
The field is analyzed in terms of observed cloud
fraction in two separate 1-h periods, as would be
observed by vertically oriented point sensors spaced
approximately 10 km apart. Thisimage presents north—
south distance on the vertical axis and observation
time along the sloping lines. The rectangular grid
squares represent 50 km each. In the north-south
direction, these are actual measured distances. The
distances onthe xaxis have been computed from wind
velocities measured by the CLASS radiosonde. The
lidar data used to generate this image consists of
approximately 120 north—south lidar scans, each com-
posed of approximately 900 profiles each containing
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1024 data points. A signal threshold is chosen and a
surface is drawn such that backscatter regions larger
than the cloud threshold are enclosed by the surface.
The cloud cover figures are shown for 12 different
observation points placed at 10-km intervals along a
north—south line. The cloud cover percentages on the
left of the figure are for times between 14:30 and 15:30
CST and the percentages on the right for the times
between 13:30 and 14:30 CST. Notice that even for 1-
h averages, cloud cover percentages are highly vari-
able between closely spaced observations points. For
the period 13:30 to 14:30, cloud cover varies between
36% and 87%, while in the next hour cloud cover
varies spatially between 0% and 73%. These varia-
tions make point measurements difficult to compare
with area averages over a satellite pixel. Coincident
HSRL, interferometer, and VIL data allow the capabil-
ity to characterize the effect of the cloud horizontal and
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vertical inhomogeneities on
single, time-averaged point
measurements.

Satellite observations depict
large-scale structure of the cir-
rus cloud system. Figure 7 is an
example of a GOES visible and
infrared image at approximately
2100 UTC. Also shown in Fig. 7
is the VIL scan pattern (cross)
as well as the central site loca-
tion (box). Time series analysis
of the GOES imagery, at half-
hourtimeintervals, indicates that
the cloud system in northern
Wisconsin moves to the south
and southeast and arrives over
Madison sometime between
2000 and 2100 UTC.

While itis not the intent of this
paper to present the type of
analysis required to achieve the
objectives outlined in section 2,
it is, however, useful to present
an integrated picture of the vari-
ous datasets. The first question
to address is the capability of
the VIL to simulate cloud struc-
ture withinthe field of view (FOV)
of the single-point measure-
ments. This is crucial to our first
science objective and is best

Fic. 6. Top-down view of cirrus clouds constructed from VIL observations. This image
presents north—south distance on the vertical axis and observation time along the sloping lines.
The rectangular grid squares represent 50 km each. Presented on this figure are the percentages
of the time an observer would see cirrus cloud cover at zenith during two separate 1-h time
intervals. Cloud cover figures are shown for 12 different observations points placed at 10-km
intervals along a north—south line. Cloud cover percentages on the left of the figure are for times
between 14:30 and 15:30 CST and the percentages on the right for the times between 13:30 and
14:30 CST.

demonstrated by comparing a time series of the ob- betweenthe VIL-simulated and HSRL time series. The
served HSRL backscatter with a simulated time series  capability of the VIL to simulate the HSRL signals
generated by the VIL observation over and within the = demonstrates that the VIL can be used to characterize
HSRL FOV. This comparison is depicted inthetoptwo temporal and spatial variations within the FOV of the
panels of Fig. 8. There is an excellent correlation point observations. It also lends confidence in using

Fic. 7. GOES imagery at 1900 UTC. Also shown is the VIL scan pattern as well as the central site location.
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site. As seen in the satellite ani-
mation, decrease in brightness
temperature beyond 2030 UTC
is due to development of a thick
cirrus deck over the central site.
The cloud system appeared to
be moving from the north-north-
west, and therefore its move-
ment was nearly perpendicular
to the VIL scan over the central
site. The satellite-observed
brightness temperature de-
creases as the observed energy
becomes more characteristic of
cloud emission rather than sur-
face emission. This can be mani-
fested by an increase in cloud
areal coverage within the 8-km
satellite footprint, an increase in
the cloud opacity, or a combina-
tion of both. Again, scanning
lidar observations will be used
to quantify spatial variability
within the satellite pixel FOV and

SateMte 11um Brightness Temperature

Brightness
Temperature (°K)

1 1
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Fic. 8. An integrated depiction of the various datasets. See text for details.

g tion lines for the 8—12-um re-

gion, correcting for the water
vapor continuum. The spectral

the VIL for statistical descriptions of cirrus spatial
scales (objective 4).

Analysis of GOES data is best visualized by animat-
ing the satellite imagery. Depicted in the third panel of
Fig. 8 is a time series of GOES VISSR 11-um bright-
ness temperature for the pixel nearest to the central
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variation of emissivity across this
band is denoted by the vertical
spacing of the two bars, while the length of the two bars
denotes the time period over which the measurements
were averaged. Comparison of these line widths with
the lidar images at the top of the figure gives some
indication of the temporal variability of the scene.
Spectral variability in emissivity is on the order of 10%—
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15% of the 8—12-um band mean emissivity. Differ-
ences between satellite-derived emissivity and spec-
tral emissivity are due to the different FOV of the two
observations.

In parameterizing radiative properties of clouds, itis
important to properly couple the shortwave and
longwave properties. One such method is a functional
relationship between visible optical thickness and
window infrared emissivity. A time series plot of the
HSRL-observed visible optical thickness is shown in
panel 5 of Fig. 8, for 2-min averages. This relationship
between the HSRL visible optical thickness and the
infrared emissivity will be the basis of the parameter-
ization discussed in objective 2.

The final panel of Fig. 8 depicts the time series of
HIS-observed equivalent blackbody temperatures in
the 620—-700-cm-' spectral band and is representative
of the air temperature in the vicinity of the instrument.
The “C” represents the corresponding CLASS mea-
surement. The satellite observed 11-um brightness
temperature is also plotted for reference. The agree-
ment between the CLASS and the 620-700-cm™
spectral channel temperatures indicates that this chan-
nel can be used to monitor low-level atmospheric
temperature changes between CLASS sonde
launches. This is important for determining the effects
of the lower atmosphere on deriving cloud radiative
properties. The coincident CLASS, lidar, and inter-
ferometer observations will also be used to improve
radiation calculations under clear- and cloudy-sky
conditions (objective 5).

5. Summary

An experiment to improve radiative para-
meterizations of clear and cloudy atmospheres was
carried out at the University of Wisconsin in November
and December 1989. This experiment consisted of
simultaneous observations from a unique compliment
of instruments, designed to address important issues
concerning the parameterization of radiation in global
climate models. This paper presented an example of
data collected during one day of the experiment. It is
clearthat a larger dataset needs to be obtained before
all science objectives can be fully met. In addition to
the observations from CRSPE, these instruments
participatedinthe cirrus FIRE Il experimentin Novem-
ber 1992 in Kansas.
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Abstract

Cirrus cloud optical and structural properties were measured above southern
Wisconsin in two time segments between 18:07 and 21:20 GMT on December 1,
1989. These clouds were measured using the University of Wisconsin—-Madison
Volume Imaging Lidar (VIL), the University of Wisconsin-Madison High Spectral
Resolution Lidar (HSRL), and the VISSR Atmospheric Sounder (VAS) situated
on GOES. The VIL imaged the cirrus cloud structure within a mesoscale volume
and detected cirrus cloud cover percentages of 81.5% and 76.8% for the two time
periods. A series of RTIs were created from the VIL cirrus scans to simulate many
vertically pointing lidars situated across the wind. The cloud cover percentages
for the individual RTIs ranged from 54.7% to 100%. The variation of the cirrus
cloud features across the wind indicate the sampling errors associated with point
measurements when they are used to describe the mesoscale cirrus cloud structure.
The average cloud length along the wind was 130 km while the average cloud
length across the wind was 14 km. The distance between clouds was 273 km
along the wind and 24 km across the wind.

A new technique was used to calculate the cirrus cloud visible aerosol backscat-
ter cross sections for a single channel elastic backscatter lidar. Cirrus clouds
were viewed simultaneously by the VIL and the HSRL. This allowed the HSRL
aerosol backscatter cross sections to be directly compared to the VIL single chan-
nel backscattered signal. This first attempt resulted in an adequate calibration.
The calibration was extended to all the cirrus clouds in the mesoscale volume
imaged by the VIL. This enabled the VIL backscattered signal to be converted
into aerosol backscatter cross sections at a resolution of 2 to 3 km along the
wind direction and a 60 m resolution both horizontally across the wind and in
the vertical. Usage of a constant aerosol backscatter phase function (0.0499 sr1)
enabled the calculation of extinction cross sections at each data point in the VIL
observed mesoscale volume. This allowed for the cirrus cloud visible scattering

optical depths to be calculated throughout the imaged volume. The VIL volume

i



was viewed from the position of the GOES to directly compare the VIL visible
scattering optical depths to the VAS infrared absorption optical depths. The re-
sulting ratio of the visible scattering optical depths to the infrared absorption

optical depths was approximately 2:1.
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1 Introduction

Cirrus clouds have a direct impact on the radiation balance of the Earth-
Atmosphere system. These clouds reflect a portion of the incoming solar radia-
tion and partially absorb the outgoing infrared radiation. The reflection of the
incoming solar radiation reduces the energy added to the system. The partial
absorption of the outgoing infrared radiation reduces the energy lost to space.
This occurs because the cirrus clouds absorb the upwelling infrared radiation and
radiate energy at longer wavelengths (associated with the lower temperatures at
the cirrus cloud heights) in all directions. The energy radiated downward by the
cloud is put back into the system, warming the levels beneath the cloud, while
a reduced amount of upwelling infrared radiation leaves the system. Since the
effective temperature of the planet is dependent upon the balance between the
incoming and outgoing radiation, the change in the radiation balance caused by
cirrus clouds has to be understood to predict future climate change.

The cirrus cloud morphological and optical properties alter the Earths radia-
tion balance. The cloud structural properties which affect the radiation balance
are: the cloud height, latitude, and the frequency of cloud occurrence. The height
of the cirrus cloud governs its radiative temperature. Since the cirrus cloud height,
the insolation, and the Earths surface temperature are functions of latitude, the
effect of cirrus clouds on the radiative balance also changes with latitude (Platt
(1981), p. 674-676). The frequency of occurrence of the cirrus clouds will control
the overall impact of these clouds on the radiative balance. The more often cirrus
clouds occur, the greater their effect will be on the global energy balance. The op-
tical properties of the cirrus clouds moderate both the incoming and the outgoing
radiation. The scattering properties of ice crystals at visible wavelengths control
the amount of downwelling solar radiation reaching the lower atmosphere while
the absorptive and scattering properties of the ice crystals at infrared wavelengths
governs the amount of infrared radiation escaping to space.

Climatologies have been compiled to determine the cirrus cloud frequency



around the planet. Although there have been many cloud climatologies over the
years, few have dealt with cirrus cloud coverage. One of the first extensive cloud
climatologies to include cirrus clouds was compiled by London (1957). He assem-
bled a large number of surface cloud observations from the Northern Hemisphere
recorded in the 1930’s and the 1940’s and separated them according to cloud types,
one of which was cirrus clouds. Recent climatologies have been compiled by Barton
(1983), Woodbury and McCormick (1986), Prabhakara et al. (1988), Wylie and
Menzel (1989), and Warren (1985). While the instruments and techniques used
in these studies differ, each of these climatologies is limited by a lack of detailed
global coverage. One cirrus climatology which was not regionally limited was com-
piled by Wylie et al. (1993). This four year cloud climatology used the NOAA
polar orbiting HIRS (High resolution Infrared Radiation Sounder) multispectral
infrared data. The cirrus clouds, detected using the CO; slicing technique (Smith
and Platt (1978), p. 1797-1798), were present in 42% of the satellite observations
on the average.

Cirrus cloud climatologies have been compiled from ground based point mea-
surements and area averaged satellite data. The satellite and ground based instru-
ments measure different atmospheric scales. The satellite climatology compiled
by Wylie et al. (1993) averages 20 km by 20 km pixels containing cirrus clouds to
produce 2° latitude by 3° longitude grids. The ground based point measurements
observed only a small portion of the atmospheric structure (which may or may not
contain cirrus clouds) which is advected over the instrument position. The cirrus
cloud structure on a scale between the point measurements and the area averaged
satellite measurements, the mesoscale, is unknown. In some cases, the mesoscale
cirrus cloud structure has been inferred from point measurements. To ascertain
the variability of the cirrus clouds on this intermediate scale, and thereby the ac-
curacy of cirrus cloud point measurements in determining the overall cirrus cloud
.structure, cirrus clouds have to be measured throughout a mesoscale volume. One
instrument capable of making these measurements is a volume imaging lidar.

The cirrus cloud optical properties, which depend directly upon the particle



composition, shape, size, and number density, also affect the Earths radiation
budget. In situ measurements have been used to determine the cirrus cloud par-
ticle composition, size, shape, and number density. Cirrus clouds consist of ice
crystals with maximum lengths typically in the range of 20-2000 pm (Liou (1986),
p- 1172). These crystals are large compared to visible wavelength radiation and
are approximately equal to or greater than the wavelengths of infrared radiation.

A relationship has been used by climate modelers to parameterize the cirrus
cloud visible and infrared optical properties. From Mie theory, as a spherical parti-
cle becomes large compared to the wavelength of the incident light, the scattering
efficiency of the particle converges to two while the absorption efficiency of the
particle converges to one (Liou (1980), p. 139). Since the cirrus cloud ice crystals
are large compared to the wavelength of visible radiation and since the complex
part of the index of refraction (which is associated with absorption by the particlé)
at visible wavelengths is small, scattering will dominate the interaction of solar
radiation with the ice crystals. At infrared wavelengths, absorption will dominate
the interaction between the ice particles and the radiation since the cirrus cloud
ice crystals are highly absorbing at 10 um (Dorsey (1940), p. 491). Due to the
differing radiative properties of the ice crystals at the two wavelengths, the cirrus
cloud optical properties at visible and infrared wavelengths has be related through
Mie theory by a ratio of efficiencies, the scattering efficiency divided by the ab-
sorption efficiency. This ratio is approximately two when the particle absorption
equals the particle emission at infrared wavelengths. This efficiency ratio can also
be stated in terms of the cirrus cloud optical depth at the two different wave-
lengths: the visible scattering optical depth divided by the infrared absorption
optical depth multiplied by a ratio of visible extinction efficiency to the infrared
extinction efficiency. Both models and cirrus cloud measurements have been used
to test this optical depth relationship for nonspherical ice crystals. A model Min-
nis (1991) used three size distributions of hexagonal ice crystals and calculated a
ratio for the optical depths ranging from 2.06 to 2.22. For these calculations, it

was assumed that the extinction efficiencies at the two wavelengths were equal.



Measurements from a FIRE (First ISCCP Cloud Climatology Project) IFO (In-
tensive Field Operation) which used ground based and satellite based instruments
suggested a 2.13 ratio between the visible and infrared optical depths for the cir-
rus clouds (Minnis et al. (1990)). To calculate the visible optical depths for the
FIRE data from the measured visible radiances, the ground albedo and the cloud
cover within each pixel had to be known. Measurements by Platt et al. (1980)
from a ground based lidar and satellite radiometers suggested a ratio less than
2.0. A method is described in this thesis which allows for the calculation of the
visible optical depths for cirrus clouds in a mesoscale volume using a ground based
volume imaging lidar. Knowledge of the cirrus cloud visible optical depths over a
mesoscale region allows for a direct comparison with the cirrus cloud infrared op-
tical depths measured by satellite radiometers for the same region. This method
of comparing the cirrus clouds on the mesoscale can also be used to validate the
cirrus cloud detection techniques from satellite radiometers.

This thesis quantitatively describes the variability of the cirrus cloud optical
and morphological properties within a mesoscale volume measured by the Univer-
sity of Wisconsin Volume Imaging Lidar (VIL). The cirrus cloud cover within the
measured volume is calculated and compared to cirrus cloud point measurements
made with the University of Wisconsin High Spectral Resolution Lidar (HSRL).
The difference between the point and area cloud covers is used to illustrate the
importance of sampling errors in single point -measurements when they are used
to describe cirrus clouds throughout a mesoscale volume. This is accomplished by
estimating the change in solar flux at the surface of the Earth using the difference
in the average cloud cover detected by the two lidars and the measured cirrus
cloud visible optical depths. The visible scattering properties of the cirrus clouds
are also calculated throughout the mesoscale volume. This is achieved by directly
calibrating the VIL backscattered signal to the cirrus cloud aerosol backscatter
cross sections measured by the HSRL. This is possible since both instruments
were aligned to simultaneously view the same cirrus clouds. The variability of

the cirrus cloud aerosol backscatter cross sections will be determined using the



calibrated VIL signal within the mesoscale volume. The cirrus cloud visible scat-
tering properties can then be used to calculate the visible optical depth of the
cirrus clouds in the volume. These visible optical depths will then be directly
compared to the infrared optical depths for the cirrus clouds calculated from VAS
(VISSR Atmospheric Sounder) radiance measurements. The ratio of the visible
and infrared optical depths is compared to Mie theory and results from previous

experiments.

2 Instrumentation

The instruments used in this study are the University of Wisconsin High Spec-
tral Resolution Lidar (HSRL), the University of Wisconsin Volume Imaging Lidar
(VIL), and the VISSR (Visible and Infrared Spin Scan Radiometer) Atmospheric
Sounder (VAS) situated on the GOES satellite. These instruments were part of
CRSPE (University of Wisconsin-Madison Cirrus Remote Sensing Pilot Experi-
ment) (Ackerman et al. (1993)).

2.1 HSRL

The HSRL is a dual channel vertically pointing lidar with high spectral reso-
lution. This instrument makes point measurements (line measurements in time)
of the atmospheric structure advected over its position by the wind. The HSRL
transmits radiation at a wavelength of 532 nm and was used to determine the
visible aerosol backscatter cross sections per unit volume, optical depths, and if
the particulate and gaseous absorption are negligible, aerosol backscatter phase
functions. The HSRL has an advantage over single channel lidar systems because
it separates the backscattered radiation into a part due to aerosols and a part due
to molecules. This separation is possible because the signal backscattered from
the molecules is Doppler broadened while the larger, bulkier aerosols have little

effect on the wavelength of the scattered light. This two channel approach enables



a direct calculation of the atmospheric extinction and aerosol backscatter cross
sections per unit volume. The advantage of this system over a single channel lidar
system can be seen by first examining the single channel lidar equation and then

the dual channel lidar equation. The equation for a single channel lidar system is:

E,cA. Nr!
P(R) = 22" [8,(180, R) + §,,(180, B)] exp™ b ** L M(R) +5 (1)
where:
R = range (m)
P(R) = power incident on (and within the field of view
of) the receiver within the spectral bandpass of the
instrument (W)
E, = transmitted energy (J)
c = speed of light (m s™1)
A, = area of the receiver (m?)
(.(180,R) = aerosol backscatter cross section per unit
volume (m™! sr~!) where:
P,(180, R
8,180, B) = g, (R T @)
T
B.(R) = aerosol scattering cross section per unit volume (m™')
Bu(120.R) = aerosol backscatter phase function (sr™*
4
B (180,R) = molecular backscatter cross section per unit

volume (m~! sr™!) where:

3

8

B,.(180, R) = Bm(R)



Bm(R) = molecular scattering cross section per unit
volume (m™1)

= molecular backscatter phase function (sr™!)

8
B.(R) = extinction cross section per unit
volume (m™1)
M(R) = multiple scattering contribution incident on the receiver
within the field of view of the instrument (W)
b = background radiation incident on the receiver within the

bandpass and field of view of the receiver (W)

Equation 1 contains two unknowns, £.(180, R) and S.(R) (since S, (R) can
be calculated from a radiosonde profile). This equation can be solved by either
finding a relationship between (.(180, R) and B.(R) or by using a calibration
source to directly determine one of these two variables. In the former case, the

Klett method has been used to solve the lidar equation. This method assumes a

power law relationship between §.(180, R) and B.(R) (Klett (1981)):

B.(180, B) = const - B4(R) (4)

where k, which is generally in the interval 0.67 < k£ < 1.0 (Klett (1981), p.
212), depends on both the lidar wavelength and various aerosol properties which
include the aerosol shape, composition, and number distribution. The power law
relationship can be substituted into the differential form of the logarithmic lidar

equation:

dS(R) 1 dB.(180,R)

iR " Bs0.BE)  dr PR (5)

where:




to get the following nonlinear ordinary differential equation:

dS(R) _ k dB.(R)
dR ~ B.R) dR

~28(R). 7

This equation has the same form as the Bernoulli equation and is easily solved.

If k£ is assumed to be a constant, then the solution to Equation 7 is:

. exp[(S — S/ ]
{Bal = 2 [ exp[(S — Sm)/k]dr'}

(8)

where S, = S(rm) and Bne = Be(rm) (Klett (1981), p. 213). This solution
assumes that the backscatter by the atmospheric aerosols dominates the molecular
backscatter. At 1064 nm, the wavelength of the VIL, this assumption is valid and
Equation 8 can be used to solve the lidar equation. To maintain the stability
and accuracy of the solution, Equation 8 has to be integrated backwards from
far ranges. The dependence of this form of the solution on 3,,. decreases with
decreasing r.

Equation 1 can also be solved by using a calibration source. Previous studies
have used the lidar signal above or below cirrus clouds as the calibration source.
It has been assumed that the backscattered radiation at the chosen height was the
result of only molecular scattering (Sassen (1989)). This method used a constant
multiple scattering correction factor and made an additional assumption for a
constant backscatter to extinction ratio for the cirrus particles. Uncertainties in
this method are largely due to aerosols in the calibration layer which cause a
larger than expected signal for the molecular backscatter. This leads to smaller
than expected aerosol backscatter cross sections which cause underestimates in
the cirrus cloud visible optical depth calculations.

For the two channel approach used by the HSRL, Equation 1 was separated
into two equations: one for molecular backscatter and one for aerosol backscatter

(Shipley et al. (1983)):



N (R)R? = N"CATﬂm(R)—S—exp'2 [ Be(ryar (9)
2 8w
N.(R)R? = A;’cArﬂa(R)B’—(lzro’—mexp’zfoRﬁ‘(")d"' (10)
where:
Nn(R) = number of incident photons on the receiver per unit
time which were scattered by molecules from range R
N.(R) = number of incident photons on the receiver per unit
time which were scattered by aerosols from range R
N, = number of transmitted photons
B,,(180, R) = molecular backscattering cross section per unit
volume (m™! sr™!) which depends upon the
pressure and temperature of the air with height:
R)Coir
B. (180, R) = % (11)
where:
p(R) = air pressure at range R (Pa)
T(R) = air temperature at range R (°K)
Coir = 4.51944 - 107° °K Pa™! m~! sr™! (at 532 nm).

A rawinsonde profile gives the needed information to solve Equation 11. Using
the calculated §,,(R) at each range (using Equation 3 and Equation 11), B.(R)

can be determined by inverting Equation 9:

1 |d(In(Nm(R)R?))) _ d(In(Bn(R))

PlR) = =3 dR dR (12)

Equation 11 gives a calibrated target at every range. This calibration target

can be used to solve for the aerosol backscatter cross section per unit volume by
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taking the ratio of the two scattering equations (Equation 9 and Equation 10) and

rearranging terms:

3 Nu(R)
87 Nim(R)

B.(180, R) = Bm(R) (13)

If gaseous and particulate absorption are negligible (extinction is just a result

of scattering processes) then the aerosol scattering cross section is:

Ba(R) = Be(R) — Bm(R). (14)

The integration of B.(R) with range determines the aerosol visible optical depth

(72):

R
To =/0 Be(r')dr'. (15)

Knowledge of (8,(R) enables the calculation of the aerosol backscatter phase

function:

P,(180, R) 3 N.(R)

w P e B RN B -

This set of equations shows the advantage of the HSRL over a single channel
lidar system. The HSRL configuration allows for the direct calculation of the
cirrus cloud visible optical depth, aerosol backscatter cross sections, and aerosol

backscatter phase functions (if gaseous and particulate absorption are negligible).

2.2 VIL

The VIL is an elastic backscatter lidar which measures the three dimensional
atmospheric structure. This instrument scans the atmosphere in both azimuth

and elevation angles using a wavelength of 1064 nm. The VIL typically scans the
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atmospheric structure in two directions, parallel and perpendicular to the wind
direction at the cirrus cloud heights. A series of cross wind scans enables a three
dimensional reconstruction of the cirrus clouds. This three dimensional view,
using the advection of the clouds by the wind as the third dimension, reveals the
cirrus mesoscale cloud morphology.

For CRSPE, the VIL scanned the atmosphere at approximately 9° a second
with a time resolution of 85 seconds between consecutive scans. A typical VIL
cirrus scan can be seen in Figure 1. The top cloud picture is a cross wind scan
and the bottom picture is an along wind scan. The cross wind scan started at
357° (north), scanned overhead, and ended at 177°. This is called the cross wind
scan because it was almost perpendicular to the wind direction at the cirrus cloud
heights (the wind was approximately from the west-northwest at the cirrus cloud
heights). After the completion of the cross wind scan, the azimuth angle of the
system was rotated 90° to begin the along wind scan. This scan started at 267°,
scanned overhead, and completed at 87° (toward the east). This X scan was
performed almost continuously for a three hour time period (18:08 - 21:20 GMT).
For CRSPE, the VIL scanned 120 km of the atmosphere in the horizontal extent
with a maximum distance between data points of 60 m.

The two VIL scan directions allow for two different views of the cirrus clouds.
Precipitation from the cirrus clouds can be seen in the along wind scan due to the
wind shear at the cirrus cloud heights. This can be seen in the bottom picture in
Figure 1. The slope of the cirrus clouds with distance results from wind shear. The
along wind scan also shows the cirrus clouds which will be advected over the VIL
at later times. The cross wind scans show the cirrus cloud structure perpendicular
to the wind. The cirrus clouds seen in the cross wind scans during this experiment
usually had a higher degree of spatial variability than those observed in the along
wind scans. These variations across the wind would not be seen by a vertically

pointing ground based instrument.
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Figure 1: Typical cirrus clouds seen from 18:08 to 19:24 GMT. The x-axis is
the distance from the VIL and the y-axis is height. The top picture is a cross
wind scan; scanning from the North (357°) to the South (177°). The bottom
picture is an along wind scan, scanning from West (267°) to East (87°). The scan
times are given in local time (CST). Both scans show the cirrus cloud variability.
Precipitating cirrus clouds are seen in the along wind scan.
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2.3 VAS

The VAS, a radiometer on the GOES satellite, detects infrared radiation in 12
spectral bands that lie between 3.9 and 15 pm at 7 km or 14 km resolution (de-
pending on the detector used) while also measuring at visible wavelengths with a
1 km resolution. The infrared channels have a 7 km resolution at nadir above the
equator and a 10 km resolution viewing the atmosphere above Madison, Wiscon-
sin. The upwelling longwave radiation in the 11 pgm channel was used to determine
the cirrus cloud infrared emissivity and optical depth. The upwelling radiation
was converted into a temperature for each pixel using Planck’s Radiation Law.

The cirrus infrared emissivity was then calculated using the following equation:

Té —T4
sfc sat
€ir = ————— (17)
' T:fc = :ld
where:
Ts;c = brightness temperature for a clear pixel
T,.: = brightness temperature detected by the radiometer
Taqy = temperature at the mid-cloud height.

T,s. used in Equation 17 was determined from a satellite pixel where it was
assumed that no clouds were present (a clear pixel). Clear pixels were determined
with help from the VIL since subvisible cirrus clouds were present during the
experiment. The cirrus mid-cloud heights were calculated from the VIL cross
wind scans. The cloud temperatures associated with the cirrus mid-cloud height
were determined from coincident rawinsonde measurements. The rawinsondes

were launched from the HSRL site during this experiment.

2.4 Instrumentation Locations

For CRSPE, the VIL was located near Pine Bluff, Wisconsin (43.06° N Lati-
tude and 270.30° E Longitude) while the HSRL was located to the east in Madison,
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Wisconsin (43.08° N Latitude and 270.58° E Longitude). The HSRL was located
a distance of 24 km from the VIL at an azimuth of 87° (1.26 km North and 23.97
km East of the VIL). One of the VIL scan planes was aligned over the position of
the HSRL viewing the same cirrus clouds as the HSRL. In relation to Pine Bluff,
Wisconsin, the VAS was situated at a zenith angle of 52.90°, an azimuth angle
of 244.58°, and a distance of 38017.73 km. The time periods of the experiment
under investigation are from 18:07 to 19:24 GMT and from 19:29 to 21:20 GMT
on December 1, 1989. The separation of the time periods was a result of a break
in the VIL data set. The wind speed, wind direction, temperature, and pressure
at the cirrus cloud heights were determined from coinciding rawinsonde profiles.
There were four rawinsondes launched from Madison, Wisconsin on December 1,
1989, two of which were used: 18:00 GMT and 21:24 GMT. To create individ-
ual profiles between these times, the rawinsonde data was linearly interpola,t'ed
between the 18:00 and 21:24 profiles.

Three remote sensing instruments were used to determine the cirrus cloud op-
tical and structural properties. The VIL was used to determine the cirrus cloud
structural properties since it viewed the three dimensional cirrus cloud structure.
Cirrus cloud cover percentages and horizontal structure functions were calculated
from the three dimensional data. The VIL area averaged cirrus cloud structure
was compared to the cirrus cloud structure measured by the HSRL. This allowed
for the determination of the sampling errors associated with cirrus cloud point
measurements. To calculate the cirrus cloud optical properties, all three remote
sensing instruments were used. The HSRL was used to calibrate the VIL to de-
termine the visible cirrus cloud ol;tical properties throughout a mesoscale volume.
The VAS was used to determine the infrared cirrus cloud opti<':a,l properties for

the same volume.
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3 Cirrus Cloud Mesoscale Structure

Many previous measurements of the cirrus cloud morphology have been made
using ground based vertically pointing instruments. These cloud measurements
were aligned along the wind due to the advection of atmospheric structure over the
instrument. Attempts by these point measurements to represent the general cirrus
cloud structure relied on the uniformity of the clouds throughout the area under
consideration. If the cirrus clouds varied significantly across the wind, then point
measurements along the wind could not be used to represent the large scale cirrus
cloud structure. The VIL cirrus cloud scans were used to observe the cirrus cloud
structure in an atmospheric mesoscale volume. Cirrus cloud structural variations
within this volume were used to determine the cirrus cloud variability and the
sampling errors associated with cirrus cloud point measurements.

During CRSPE, the VIL scanned a volume of the atmosphere containing cir-
rus clouds. Each cross wind scan showed a two dimensional picture of the cirrus
clouds. A time series of cross wind scans revealed the three dimensional cloud
structure where it was assumed that there was no time variation during the ad-
vection of the cirrus clouds by the wind. Once a cirrus cloud threshold value
was chosen for the VIL data within the volume, the cloud cover percentage and
horizontal structure within the mesoscale volume could be calculated from consec-
utive cross wind scans. A cirrus cloud threshold denotes the smallest backscattered
signal considered to be from a cirrus cloud. A threshold value was determined
by examining a histogram of the VIL backscattered signal from the cirrus cloud
heights, 6 to 11 km, for the time periods under consideration (Figure 2). A clear
distinction between cirrus cloud backscatter and the background aerosol backscat-
ter was seen. The range squared, energy normalized VIL data greater than the
chosen threshold value (3.48 in Figure 2) was assumed to have been backscattered
from the cirrus cloud ice crystals. Backscatter values smaller than the thresh-
old were considered to be the result of non-cirrus aerosols and molecules. Since

the threshold was chosen from a series of VIL cross wind scans, the cirrus cloud
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threshold value was constant for the whole data set. Only data within a horizontal
distance of 30 km from the VIL was used in the cirrus cloud determination. The
30 km distance was chosen to retain a consistent threshold value throughout the
data set. When the distance to the scatterers becomes large, the VIL signal be-
comes instrument limited causing the thinner cirrus clouds to go undetected. The

calculations of the cirrus cloud structure are done in the following subsections.

3.1 Horizontal Cirrus Cloud Structure

The cirrus cloud threshold determined in the previous section allows the cirrus
cloud structure to be examined. To calculate the cirrus cloud cover percentage
within the mesoscale volume, RTI (Range Time Indicator) profiles were created
at 100 m intervals along the VIL cross wind scan up to a distance of 30 km from
the VIL. A RTI is a plot of the backscattered signal where time is the x-axis and
altitude is the y-axis. A total of 601 RTIs were created for each time period.
Consecutive points in each RTI were separated by 85.5 seconds, the time between
consecutive cross wind scans. The cross wind scan time separation was converted
into a distance by using the average wind speed measured by the rawinsonde

1 resulted in a

at the cirrus cloud heights. An average wind speed of 35 ms~
distance between scans of approximately 3 km. The RTIs simulated 601 vertically
pointing lidar systems situated across the wind at 100 m intervals. The cloud
cover percentage from each RTI shows the cloud cover that would be observed by
a vertically pointing lidar system at that position. To determine the presence of
cirrus clouds, the VIL backscattered signal between the heights of 6 and 11 km in
each simulated vertical profile was compared to the cirrus cloud threshold value.
If any of the data points between the given heights for each vertical profile (for
each simulated RTI) had a value greater than the cirrus cloud threshold value,
fhen that RTI point contained cirrus clouds. Otherwise the point was labeled

clear.
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Figure 2: 50 point histogram of the VIL signal from the cirrus cloud heights, 6
km to 11 km. The x-axis is the logarithm of the VIL range square corrected,
energy normalized signal. The y-axis is the percentage of points in each interval.
Notice the local minimum near 3.5. This shows a clear separation between the
cirrus cloud ice crystal backscatter and the background aerosol and molecular
backscatter at 1064 nm.



18

The cloud cover percentage calculated from the simulated RTTs was used to de-
termine the spatial variability of cirrus clouds within a mesoscale volume. A direct
comparison of average cloud cover seen by the VIL and the cloud cover detected by
individual VIL RTIs shows the difference between point and area measurements
of the cirrus cloud structure. Cirrus cloud-nocloud structure functions was calcu-
lated to determine the horizontal dimensions of the cirrus clouds and the distance
separating the individual cloud structures. A cross wind structure function was
used to determine the separation between and length of the cirrus clouds across
the wind. An along wind structure function was used to determine the length of
the cirrus clouds and the distances separating these clouds along the wind.

A three hour time period on December 1, 1989 was investigated. As described
earlier, this three hour data set was split into two sections which were chosen
as a result of the continuity of the VIL data. The first time period extended
from 18:08 to 19:24 GMT and the second from 19:29 to 20:21 GMT on December
1, 1989. The earlier period contained a large amount of scattered cirrus clouds
while the later period had some scattered cirrus clouds early but at 20:30 GMT a

widespread precipitating cirrus cloud deck was advected into the region.
3.1.1 Cirrus Cloud Cover Percentage

Cirrus cloud cover percentages were calculated for the VIL simulated RTIs and
the HSRL RTI for the two time periods. To compare the VIL and HSRL cloud
cover percentage values, the HSRL data had to be shifted upwind to the position
where the same cirrus clouds occurred in the VIL scans. This time shift (~10
minutes) was used to match the two data sets. The shift was determined from the
distance between the two systems and the average wind speed at the cirrus cloud
heights. The average wind direction at the cirrus cloud heights, determined by the
rawinsonde, was used to calculate the direction to shift the HSRL data upwind.
The HSRL shifted RTI and VIL simulated RTI cirrus cloud cover percentages

were then compared for the two data periods.
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For the first time period (18:08-19:24 GMT), broken cirrus clouds were ad-
vected into the region from 278° to 297° at wind speeds ranging from 26 ms™! to
40 ms™'. Cirrus cloud cover percentages were calculated for the 60 km of VIL
vertical profiles spaced every 100 m (Figure 3). The individual RTIs show cirrus
cloud cover percentages ranging from 54.7% 17.2 km south of the VIL to 100%
both directly above the VIL and 30 km to the north of the VIL. The mean cloud
cover was 81.5% for the mesoscale volume. The maximum difference in cloud
cover between two RTIs in the 60 km spread was 45.3%. The maximum cloud
cover difference between two RTIs 10 km apart was 27.8%. For the same time
period, the time shifted HSRL data had a cloud cover percentage of 100%. Since
the VIL along wind scan was not perpendicular to the wind axis, the cirrus clouds
seen by the HSRL passed 5.54 km to the north of the VIL.

There are a couple of interesting features to note in Figure 3. A cloud cover
percentage of 100% was seen directly above the VIL. This maximum was the result
of a very thin cirrus cloud layer located at a height of 10 km, the tropopause. This
high cloud cover percentage was the result of specular reflection from ice crystals.
Specular reflection occurs when higher than normal signal is backscattered to
the receiver due to specific ice crystal orientations. When the cirrus cloud ice
crystals are in the form of plates they can become positioned such that their flat
surfaces are parallel to the ground. This plate orientation causes enhanced laser
backscatter when the lidar at the ground is viewing vertically. Directly above the
VIL specular reflection occurred but the backscattered signal off the vertical did
not show this enhanced backscatter. This reveals the importance of tilting the
receiver of a vertically pointing lidar system slightly off of the vertical. For this
early time period, the HSRL saw 100% cirrus cloud cover due to the oriented ice
crystals. The VIL also detected signal from this height but the backscatter signal
was smaller than the threshold value, causing the VIL to miss these clouds (except
for the cases where specular reflection occurred). During this experiment, the
HSRL was tilted off of the vertical to remove the occurance of specular reflection.

The 100% cirrus cloud cover percentage seen by the HSRL shows that specular
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reflection was a problem and that the HSRL receiver was not tilted as far off of
the vertical as was originally thought.

A second interesting feature in Figure 3 was the variation of the cirrus clouds
within the volume. By comparing the cirrus cloud cover at 17.2 km and 24.7 km
to the south of the VIL, a cloud cover difference of 27.8% was seen. This difference
shows the variability of cirrus clouds across a short distance (7.5 km) even when
the cloud cover is averaged in time. This cirrus cloud variability shows possible
sampling errors when point measurements are used to represent the cirrus cloud
cover over an area. A point measurement made at either 17.2 km or 24.7 km
south of the VIL could not accurately describe the general cirrus clouds structure
within a mesoscale volume. This reveals the difficulties encountered when using
a single vertically pointing system to describe the cirrus cloud spatial structure
over a large area. The variation of cirrus clouds within a small region suggests a

need to view cirrus clouds throughout the mesoscale volume.

Since cirrus clouds affect the incoming solar radiation, an error in the cirrus
cloud cover percentage will result in changes in the calculated visible radiative flux
reaching the surface of the Earth. The magnitude of the change in the calculated
visible radiative flux will determine whether the cirrus cloud cover needs to be
considered when discussing climate warming. To estimate the magnitudeé of this
change in the incoming solar flux, consider a simple calculation for the change in

the direct solar flux due to an incorrect cirrus cloud cover percentage:

2

AF = ,uo:—; | SconAPclr + SconAPcldT | (18)

where:
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Figure 3: Cloud cover percentages calculated for 601 simulated RTIs for the time
period 18:08 to 19:24 GMT on December 1, 1989. The x-axis is the distance from
the VIL (north is positive). The y-axis is the cloud cover percentage. The solid
line is cloud cover percentages for each VIL simulated RTI (consecutive RTIs are
separated by 100 meters). These cloud cover percentages are aligned along the
wind resulting in a time average of the cirrus clouds for each RTI. The solid circle
is the time shifted HSRL cloud cover percentage. The dashed line is the average
VIL cloud cover percentage for this time period. Note the specular reflection
directly above the VIL.
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. = mean annual solar constant (1380 W m™2)

AP,. = -change in percentage of sky which is clear (—AP,q)
AP,; = -change in percentage of sky which is cloudy

T = transmission through the cloud (exp(—Tu:,))

Tvis = visible scattering optical depth

Ko = cosine of the solar zenith angle

T = mean Earth-Sun distance

r = actual Earth-Sun distance

On the right hand side of Equation 18, the first term is the change in radiance
produced from the transmission of the solar radiation through the cloudless at-
mosphere while the second term is the change in radiance error produced from
the transmission of solar radiation through the cirrus clouds. The absolute value
was taken because we are only interested in an estimate of the magnitude of the
change of the incoming solar radiation, not whether warming or cooling would

occur. For the Earth, y, is described as the following:

Ko = sin §sin ¢ + cos é cos ¢ cosw (19)

where ¢ is the latitude and ¢ is the solar declination angle which is defined as:

360°
365

§ = 23.45 sin(=e—(d, + 284)) (20)

with d, as the day of the year. The hour angle, w, is defined as:

w=—15"H (21)

2 . .
where H is number the of hours from local noon. :—% can be rewritten in the

following form:
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r2 360°d,,
== 1 4+ 0.033 cos( —r ) (22)

Equations 18 to 22 were used to estimate a change in the direct visible radiative
flux seen at the surface of the earth due to an incorrect cirrus cloud cover. The
cloud cover percentage error used for the first time period was the difference be-
tween the minimum and maximum VIL RTI cloud cover percentages. The HSRL
cloud cover percentage for the same cirrus cloud deck was not used because of pos-
sible contamination by specular reflection. The absorption of solar radiation by
the atmospheric constituents was neglected in these calculations. For the first time
period, the transmissivity of the cirrus clouds at solar wavelengths was defined by
the cirrus cloud visible optical depth measured by the HSRL, 7,;s = 0.257.

An estimate of the change in solar flux at the surface of the earth for Madison,
Wisconsin at 13:00 GMT on December 1, 1989 was calculated using Equation 18.
For this time period, a 45.3% difference in cirrus cloud cover resulted in a change
of 58.18 Wm™2 seen at the surface of the Earth. The magnitude of this error
was approximately 14 times greater than the effects due to the doubling of CO,,
4 Wm~2. Obviously an incorrect cloud cover will have an important effect on both
the radiative balances occurring in the atmosphere and the models simulating
the radiative and dynamical structure of the Earth’s atmosphere. Even though
Equation 18 does not incorporate the Earth’s surface albedo or absorption by
atmospheric gases, it does show the need for the accurate simulation of cirrus
clouds and their global coverage.

For the later time period (19:29 to 21:20 GMT), scattered cirrus clouds were
present until 20:30 when a widespread, three kilometer thick, cirrus cloud deck
was advected into the region from approximately 277°. The area averaged cloud
cover for the VIL was 76.3%, 4.7% smaller than the previous time period. The
HSRL cloud cover was 67.9% (Figure 4), resulting in a cloud cover difference
between the two systems of 8.9%. The minimum cloud cover detected by a VIL
RTI was 59.0%, from 0.7 to 1.0 km north of the system. The maximum detected

cloud cover was 100%, 29.8 km to the north. A maximum cloud cover difference of
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41.0% was seen between the VIL RTIs. The maximum cirrus cloud cover difference
detected between RTIs separated by 10 km was 30.8%. Again large variations in
the cloud cover were noticed depending on the location of a vertically pointing
lidar. Specular reflection does not have as large of an effect on the cloud cover
percentages because most of the cirrus clouds were lower and optically thicker
than the previous time period. Also, the thin cirrus layer at the tropopause was
not detected after 20:00 GMT.

By using Equation 18 for Madison, Wisconsin at 14:30 GMT on December
1, 1989, with an average 7,; = 0.428 for the cirrus clouds (measured by the
HSRL), a change of 12.36 Wm™ was seen at the surface of the Earth. This
value was approximately five times smaller than the previous time period. The
early time period had a large cloud cover difference and small optical depth. The
latter had a smaller cloud cover difference and a larger optical depth. It also had
less incident solar radiation due to the time of day. There were compensating
effects during the second time period due to the larger optical depth and the
smaller cloud cover difference. The larger cirrus cloud optical depth reduced the
incoming solar radiation more than the earlier time period but the smaller cirrus
cloud cover percentage difference decreased the effect of the cirrus clouds on the
radiation balance. The change in the radiative flux caused by cirrus clouds for
either time period would dominate the atmospheric temperature increases’ caused
by the doubling of CO,. This implies that knowledge of the spatial structure
is very important in understanding the radiative effects of cirrus clouds on the
climate.

As was previously shown, cirrus clouds can vary significantly over a mesoscale
area. Very precise point measurements of cirrus clouds will not give reliable statis-
tics of the cirrus clouds due to the cloud sampling errors. Better instruments which
only measure a vertical profile through the atmosphere would not be able to ac-
éurately describe the influence of the cirrus cloud spatial structure on the climate
because of the sampling errors. Even a very long time average would not give an

accurate description of the cirrus clouds. The long time average would be biased
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because the clouds have to be advected over the instrument. The cross wind cir-
rus cloud variation would not be detected, and, as shown previously, this can be
significant (especially if the cirrus clouds tend to align along the wind direction).
Although the VIL has been used to determine the cirrus cloud spatial structure
throughout a mesoscale volume, the effects of this cirrus cloud variation on the
Earth’s radiation balance has yet to be determined.

In some models which simulate the effects of cirrus clouds on the Earth’s radi-
ation balance, the three dimensional cirrus clouds have been averaged to produce
a cirrus cloud layer with the equivalent radiative properties, an ‘equivalent uni-
form layer’. This reduction in complexity of the cirrus cloud radiative properties
can be achieved for the radiative effects of the cirrus clouds at one wavelength of
radiation according to the mean value theorem. Complexities arise in this process
when the radiative effects of the cirrus clouds has to be described at two differ-
ent wavelengths, say at both visible and infrared wavelengths. In this case, the
radiative effects at both wavelengths have to be matched within the equivalent
uniform layer of cirrus clouds, which may not be possible. Even if an equivalent
uniform layer was used, the radiative properties of the cirrus clouds may be repro-
duced but the dynamical structure of the atmosphere would not be reproduced.
Since clouds are an integral part of the atmosphere they affect both the radiative
balance and the dynamical structure. An equivalent uniform cloud field will not
have the same dynamical effect as multi-layered scattered cirrus cloud field. As an
example, if a previously uniform cirrus cloud field was evaporating and breaking
up, then there would be regions of subsidence within the cloud field. This will not
be simulated in a model using an equivalent uniform layer as a parameterization

for cirrus clouds.
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Figure 4: Same as Figure 3 except for the time period from 19:29 to 21:20 GMT
on December 1, 1989.
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3.1.2 Structure Functions

A cirrus cloud-nocloud horizontal structure function was calculated for the
three hour time period, 18:08 - 21:20 GMT (Figure 5), using the following equa-

tion:

1 N-I-1
SFaa(l) = —— > [Ar— Apyi]? (23)
N = ! k=0
where:
Ay = the cloud-nocloud value (either 1 or 0) at point k
Aryr = the cloud-nocloud value (either 1 or 0) value at the
point k + I
1 = lag
N = number of points

A maximum in the structure function shows a negative correlation between points
separated by the lag, i.e. length of the cloud; a relative minimum indicates a
positive correlation between points separated by the lag, i.e. the distance between
clouds (except at zero separation which is defined to be zero). For the structure
function, the width (or length) of the cloud occurs at a local maximum. This
was not the half-width of the cloud because if the lag was equal to half the cloud
length, an increase in the lag would cause an increase in the structure function.
Structure functions were determined both along and across the wind. For the
structure functions aligned with the wind, the lag was a function of time. This
lag was converted into a distance using the average rawinsonde measured wind
speed at the cirrus cloud heights. The along wind structure function was used
to determine the length of the cirrus clouds and distance between cirrus clouds.
For the cross wind structure functions, the lag was a function of distance. The
cross wind structure functions shows the the length of the cirrus clouds and the

distance between clouds across the wind.
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A series of along wind structure functions were calculated for the 60 km of
VIL data for the combined 3 hour time period (Figure 5). The plotted structure
functions consist of individual structure functions 25 km north and south of the
VIL, a structure function for the cirrus clouds occurring directly above the VIL,
and an area averaged structure function. A large amount of variation between
the individual structure functions was seen in Figure 5. The along wind structure
function 25 km to the north revealed approximately a 6 km (3 minute) length for
the cirrus clouds. This structure function had very little variation because 25 km
to the north of the VIL the sky had over 95% cloud cover as seen in Figures 3
and 4. The structure function 25 km to the south of the VIL showed a separation
between clouds of approximately 262 km (125 minutes) with a cirrus cloud length
of 147 km (70 minutes). The cirrus clouds directly overhead had a separation
of 262 km (125 minutes) with a 141 km (67 minutes) cloud length. The average
structure function for the mesoscale region imaged by the VIL revealed a 273 km
(130 minutes) separation between clouds and an average cloud length of 130 km
(62 minutes). Smaller scale oscillations were embedded on the individual structure
functions. These oscillations show small scale variations in the cirrus features. The
effects of the area averaging can be seen in the average structure function where
the small scale oscillations have been smoothed out. The half width of the cirrus
cloud, 65 km, shows the average distance that a satellite has to move its field of
view along the wind direction to view the ground. If a vertically pointing system
were used to determine the cirrus cloud structure, the result would be a single
structure function defining the whole region. As was seen here, this would not be

representative of the volume.

The average cross wind structure function is shown in Figure 6. This structure
function increases slowly with the lag because a greater percentage of the cirrus
clouds occurred to the north of the VIL. The movement of a widespread cirrus
cloud deck from the northwest into a region which previously contained scattered

cirrus clouds biased the structure function to larger lag distances. The average
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3.1.2 Structure Functions

A cirrus cloud-nocloud horizontal structure function was calculated for the

three hour time period, 18:08 - 21:20 GMT (Figure 5), using the following equa-

tion:
1 N-l-1
SFsa(l) = N1 > [Ak — Aryl)? (23)
T k=0
where
Ay = the cloud-nocloud value (either 1 or 0) at point k
Agtr = the cloud-nocloud value (either 1 or 0) value at the
point k + |
1 = lag
N = number of points

A maximum in the structure function shows a negative correlation between points
separated by the lag, i.e. length of the cloud; a relative minimum indicates a
positive correlation between points separated by the lag, i.e. the distance between
clouds (except at zero separation which is defined to be zero). For the structure
function, the width (or length) of the cloud occurs at a local maximum. This
was not the half-width of the cloud because if the lag was equal to half the cloud
length, an increase in the lag would cause an increase in the structure function.
Structure functions were determined both along and across the wind. For the
structure functions aligned with the wind, the lag was a function of time. This
lag was converted into a distance using the average rawinsonde measured wind
speed at the cirrus cloud heights. The along wind structure function was used
to determine the length of the cirrus clouds and distance between cirrus clouds.
For the cross wind structure functions, the lag was a function of distance. The
cross wind structure functions shows the the length of the cirrus clouds and the

distance between clouds across the wind.
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A series of along wind structure functions were calculated for the 60 km of
VIL data for the combined 3 hour time period (Figure 5). The plotted structure
functions consist of individual structure functions 25 km north and south of the
VIL, a structure function for the cirrus clouds occurring. directly above the VIL,
and an area averaged structure function. A large amount of variation between
the individual structure functions was seen in Figure 5. The along wind structure
function 25 km to the north revealed approximately a 6 km (3 minute) length for
the cirrus clouds. This structure function had very little variation because 25 km
to the north of the VIL the sky had over 95% cloud cover as seen in Figures 3
and 4. The structure function 25 km to the south of the VIL showed a separation
between clouds of approximately 262 km (125 minutes) with a cirrus cloud length
of 147 km (70 minutes). The cirrus clouds directly overhead had a separation
of 262 km (125 minutes) with a 141 km (67 minutes) cloud length. The average
structure function for the mesoscale region imaged by the VIL revealed a 273 km
(130 minutes) separation between clouds and an average cloud length of 130 km
(62 minutes). Smaller scale oscillations were embedded on the individual structure
functions. These oscillations show small scale variations in the cirrus features. The
effects of the area averaging can be seen in the average structure function where
the small scale oscillations have been smoothed out. The half width of the cirrus
cloud, 65 km, shows the average distance that a satellite has to move its field of
view along the wind direction to view the ground. If a vertically pointing system
were used to determine the cirrus cloud structure, the result would be a single
structure function defining the whole region. As was seen here, this would not be

representative of the volume.

The average cross wind structure function is shown in F igure 6. This structure
function increases slowly with the lag because a greater percentage of the cirrus
clouds occurred to the north of the VIL. The movement of a widespread cirrus
cloud deck from the northwest into a region which previously contained scattered

cirrus clouds biased the structure function to larger lag distances. The average
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Figure 5: Along wind structure functions for December 1, 1989, from 18:08 to
21:20 GMT, calculated from the VIL simulated RTIs. The x-axis is the lag in
the structure function in minutes (1 minute is approximately 2100 meters). The
y-axis is the cloud-nocloud structure function. Plotted are: the average along
wind structure function for the 60 km spread (thick solid line), structure function
for a RTT 25 km south of the VIL (circles), structure function for an RTI 25 km
north of the VIL (squares), VIL structure function for a RTI directly overhead
(diamonds). More detailed explanations are in the text.
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cross wind structure function shows cirrus clouds with lengths of 14 km and 43
km. The distance between cirrus clouds was 24 km. As expected, the cross
wind structure function was very different than the along wind structure function
during this time period. The length of the cirrus clouds along the wind was about
9 times larger than the cirrus cloud length across the wind. The difference in the
average structure functions for the two scan directions results in an aspect ratio
(length/width) of 9:1 for the cirrus clouds. This aspect ratio suggests that, for
this experiment, the cirrus clouds tended to be aligned along the wind. A longer
time period has to be analyzed to get a better understanding of the average cirrus

cloud horizontal structure.

To get a statistically accurate measurement of the distance between clouds
the structure function has to become either independent of the lag or a constant
which is periodic with the lag. This was only seen for the individual cirrus cloud
structure function 25 km to the north of the VIL. The other structure functions
gave local measurements of the cirrus cloud structure since the structure function
varied with the lag. A longer time period is needed to get better cloud cover

statistics for the structure function calculations. This process can be performed

on the FIRE II VIL data set.

3.2 Vertical Cirrus Cloud Structure

The vertical cirrus cloud structure during the two time periods was very com-
plex. From 18:08-19:24 GMT, there was mostly scattered optically thin cirrus
clouds which occurred both individually and in layers as seen in Figure 1. The
lowest level clouds occurred at a height of 6 km while the highest cirrus clouds
were seen at 10 km. The uppermost clouds occurred at the tropopause and con-
sisted of ice crystals as seen by the specular reflection from the layer (as described
in Section 3.1.1). The majority of the cirrus clouds occurred between the heights

of 6 and 9 km, often overlapping at different levels. Occasionally, a precipitating
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Figure 6: Cross wind structure function for December 1, 1989, from 18:08 to 21:20
GMT, for the 60 km of VIL data. The x-axis is the lag in the structure function
in distance (km). The y-axis is the cloud-nocloud structure function. This plot
shows the average cross wind structure function for the 3 hour time period. The
minimum around 24 km shows the average distance between the cirrus clouds.
The peak determines an average cirrus cloud cross wind length of 14 km.
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cirrus cloud advected into the region at a height of 8 km between 25 km north and
25 km south of the VIL. These precipitating cirrus clouds are seen in the bottom
half of Figure 1, the along wind scan. Virga fell approximately 2 km from these
clouds before evaporating. Most of the cirrus clouds during this time period were
seen north of the VIL.

For the second time period, 19:29 to 21:20 GMT, the cirrus clouds were more
widespread. At 19:30 GMT, the cirrus clouds were similar to the earlier period
with scattered thin cirrus clouds throughout most of the region. Again, these
clouds often occurred in multiple layers. At 19:40 a precipitating cirrus cloud
layer at a height of 8 km between 20 and 40 km to the south of the VIL moved
into the region (Figure 7). This layer lasted for about one hour with virga falling
1 to 2 km below the precipitating layer. At 20:30 GMT, an extensive precipitating
cirrus cloud deck advected into the region between 20 km south and 30 km north
of the VIL (Figure 8). The precipitating layer occurred between heights 8.5 and
9.5 km with ice crystals falling to a height of 6 km. As the time period progressed,
the cirrus cloud deck increased in optical thickness. Both to the north and south
of the cirrus cloud deck multiple layers of thin cirrus clouds were seen. Also in
Figure 8, the attenuation of the VIL signal can be seen. This loss of signal occurs
between 7 km and 9 km further than 40 km north of the VIL and further than 30
km south of the VIL. The cirrus cloud layer at the tropopause was visible until
20:00 GMT.

3.3 Cloud Structure Summary

It has been shown that cirrus clouds are very complex in both the horizontal
and vertical directions. These clouds are not homogeneous in either direction and
can not be assumed so. Their complex structure needs to be viewed throughout a
mesoscale sized volume to accurately describe the cirrus cloud spatial structure.
These clouds have to be accurately described to understand the radiation balance

in the Earth’s atmosphere. The data set studied was only for a three hour time
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Figure 7: Typical cirrus clouds seen from 19:29 to 20:15 GMT. The x-axis is the
distance from the VIL and the y-axis is altitude. The top picture is a cross wind
scan, scanning from the North (357°) to the South (177°). The bottom picture is
an along wind scan, scanning West (267°) to East (87°). The scan times are given
in local time (CST). Both scans show the cirrus cloud variability.



34

ST L2i3:

SRRONYIL Y

XYY

L
bl
o
e
o
ot
fen
%

Figure 8: Same as Figure 7 but for the time period of 20:30 to 21:20 GMT. The
precipitation from the cirrus clouds is easily seen in the along wind scan. Note
the effects of attenuation at the longer slant paths in the bottom scan between
20 and 60 km West of the VIL near a height of 8km (also between 40 and 60 km
East of the VIL at the same heights).
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period. To better understand the general properties of the cirrus cloud spatial

structure, a larger set of cirrus cloud data needs to be analyzed.

4 Cirrus Cloud Visible Optical Properties

Examination of the cirrus cloud structure has shown the advantages of a vol-
ume scanning system and the difficulties encountered by a vertically pointing
instrument when attempting to describe the cirrus cloud spatial structure across
a mesoscale volume. As shown by the simple radiative transfer calculations, the
cirrus cloud optical properties play an important role in the radiation balance
within the Earth-Atmosphere system. Like the cirrus cloud spatial structure, the
cirrus cloud optical properties at visible and infrared wavelengths may vary sig-
nificantly across a mesoscale volume. The visible optical depth influences the
amount of solar radiation which passes through the cirrus clouds and reaches the
lower levels of the Earth’s atmosphere. The infrared optical depth moderates the
amount of infrared radiation lost to space through these clouds. To understand
the effects of cirrus clouds on the Earth’s radiative budget, the cirrus cloud optical
properties have to be known.

Previous attempts to determine the cirrus cloud visible optical depth, to com-
pare to the cirrus cloud infrared optical depth, have been made using satellite
based radiometers and ground based lidars. The calculations using satellite data
could not independently determine the cirrus cloud visible optical properties since
additional measurements of the cloud coverage and cloud types within each pixel
were needed. These calculations also needed measurements of the reflectivity of
the Earth’s surface at the visible wavelengths for each pixel. Errors also occurred
in the visible optical depth calculations due to poor calibrations of the visible
channels. The visible channels were calibrated at the ground and the calibration
has degraded over time. Ground based lidars have also been used to determine the

cirrus cloud visible optical properties. The measurements by a vertically pointing
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lidar are limited by the instrument viewing capability. These lidars only observe
the cirrus clouds advected over their position producing biased results due to the
cirrus cloud spatial variability and the possible preferential alignment of the cir-
rus clouds. A volume scanning ground based lidar needs to view a large enough
volume of the atmosphere to remove pixel alignment errors associated with the di-
rect comparison of the cirrus clouds viewed by the scanning lidar and the satellite
radiometer (described in Section 5).

A new technique to calculate the cirrus cloud visible optical properties through-
out a mesoscale volume is described in the following section. This method uses
coincident cirrus cloud measurements from two ground based lidar systems, the
VIL and the HSRL. The cirrus cloud visible aerosol backscatter cross sections
calculated from the HSRL data are used to calibrate the VIL backscattered sig-
nal. The VIL cirrus cloud scans will then be used to extend the calibration to a
mesoscale volume. This new calibration method, which uses data from two lidar
systems, was attempted without previous knowledge of the errors associated with

this calibration process.

4.1 Calibration Technique

The VIL and HSRL were aligned to view the same cirrus clouds during CRSPE.
This alignment allowed the cirrus clouds to be used as a calibration target for the
single channel VIL data. This calibration scheme was possible because the HSRL
unambiguously determined the aerosol backscatter cross sections throughout the
depth of the cirrus cloud as described in Section 2.1. The HSRL 3/(180, R) were
directly correlated to the VIL backscattered signal for the simultaneously mea-
sured cirrus clouds. This was achieved using a cirrus cloud point comparison
applied between the VIL backscattered signal and the HSRL £.(180, R).

Before the VIL backscattered signal could be calibrated, corrections had to
be made to the VIL data. The VIL backscattered signal which was at the limit
of detectability of the receiver had to be removed from the data set. If these
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system limited points were included in the VIL-HSRL comparison, an erroneous
VIL signal calibration would result. The technique to remove the instrument
limited data points is described in Appendix A. After the system limited points
were removed from the data set, the VIL signal had to be corrected for angular
dependencies in the data and/or possible temporal variations in the receiver (field
of view changes or a change in gain of the avalanche photo-diode). This was
accomplished by normalizing the VIL backscattered signal to a low level aerosol
layer. This normalization technique, which required a spatially and temporally
uniform aerosol layer to relate the VIL backscattered signal throughout time and
space, is described in Appendix B.

After the corrections were made to the VIL data, a cirrus cloud point compari-
son between the VIL corrected raw signal and the HSRL £3,(180, R) was achieved.
The VIL data which viewed the clouds over the HSRL were converted into an alti-
tude verses time profile (RTI) simulating the HSRL data set. The HSRL RTI and
VIL simulated RTT are shown in Figure 9. To create the VIL RTI, the backscat-
tered signal was converted from spherical coordinates into cartesian coordinates.
The VIL data was then averaged in distance around the HSRL site (24 km to
the East of the VIL) to match the one minute averaging of the HSRL profiles.
The average wind speed at the cirrus cloud heights was used with the averaging
time of the HSRL data to determine the VIL averaging distance (~ 2 km). Errors
between the positioning of the VIL and HSRL vertical profiles were caused by mis-
alignments between the VIL along wind scan plane and the HSRL position (due
to VIL scan angle errors). A cross correlation between the HSRL RTI and VIL
RTI cloud points was calculated to find the best fit between the two profiles. The
position of the peak in the cross correlation was compared to the position of the
peak of an autocorrelation of the HSRL RTI data points. The difference between
the peak positions for the two correlations revealed shifts between the two RTIs.
For the 19:29-21:20 GMT time period, the VIL data was shifted one point (60

m) in the vertical and one point (one scan, 85 seconds or approximately 3 km) in
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the horizontal compared to the HSRL data. The horizontal and vertical shifts be-
tween the data sets can result from: misalignment between the VIL scan direction
and the wind direction, scan angle errors, and/or inconsistent time measurements
between the two systems. The misalignment of the VIL scan direction in relation
to the wind direction can lead to significant errors if there are large spatial varia-
tions in the cirrus cloud optical and structural properties. The associated errors
result from the differences in the spatial averaging used to produce the HSRL and
the VIL simulated vertical profiles. The HSRL data were averaged along the wind
axis while the VIL data were averaged along the cirrus cloud scan axis; the two
profiles were produced from different sections of the atmosphere. (The variations
of the cirrus cloud particles and the associated errors are discussed at the end of
this section.) Another problem can be the misalignment of the VIL along wind
scan. Slight scan angle miscalculations will lead to relatively small distance er-
rors. A 0.5° error in the scan angles (azimuth and/or elevation) will lead to a
200 m error in scan position with regards to the HSRL profile. This can easily
account for the vertical shift between the two data sets. A third problem resulted
from differing time records between the two systems. The HSRL clock times were
taken from the telephone. The times were given to the minute so they were £ 30
seconds. The telephone time was then stored in a Whole Sky Imager computer.
Over a two week period, this clock drifted tens of seconds. Therefore the HSRL
times are believed to be &+ 1 minute. The VIL times were set from the radio every
day resulting in less than 5 seconds of error. A 1 minute error between the two
data sets is approximately a 2 km error in the cirrus cloud comparison. The shift
of the VIL simulated RTI in relation to the HSRL RTI can be accounted for by

these errors.

The resulting profiles, HSRL RTI and the shifted VIL simulated RTI, were
compared on a point by point basis. The result of this comparison can be seen in

Figure 10. A straight line of slope one which best fits the cirrus cloud backscatter -
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Figure 9: Comparison of cirrus clouds over Madison, Wisconsin from 18:08 to
23:20 GMT. The x-axis is time and the y-axis is altitude. The top picture is the
HSRL RTI. The bottom picture is a VIL RTI 24 km East of the VIL over the
HSRL. The VIL RTI is a synthetic RTI created from the VIL cirrus cloud scans
to simulate the HSRL RTI. These two RTIs were used for the cirrus cloud point
comparison between the two lidar systems.
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Figure 10: VIL-HSRL cirrus cloud data point comparison on December 1, 1989
from 19:29 to 21:20 GMT. The x-axis is the logarithm of the VIL range squared
corrected, energy normalized signal. The y-axis is the logarithm of the HSRL
aerosol backscatter cross sections. Since the VIL signal was not corrected for
losses due to attenuation, only the bottom 1.5 km of the cirrus clouds was used
in this comparison. The cirrus cloud threshold value used in Section 3 is located
at 3.48. A straight line best fit to the cirrus cloud particles is also plotted.
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data was also plotted. This best fit straight line was used to calibrate the VIL
data; it related the VIL backscattered signal directly to the cirrus cloud aerosol
backscatter cross sections per unit volume calculated from the HSRL data. A one-
to-one relationship was expected because of the assumption that the scattering
by the ice particles was independent of the wavelength of the incident visible
radiation. In Figure 10, the VIL signal contains backscatter from both aerosols
and molecules. For this comparison, the molecular backscatter at 1064 nm was
small compared to backscatter from the cirrus cloud ice crystals and was neglected.
(The molecular signal was about twenty times smaller than the background aerosol
signal at the cirrus cloud heights for the 1064 nm wavelength radiation (see Section
4.2).) The signal from non-cirrus aerosols can be seen at the lower end of the plot
in Figure 10. No VIL data had values less than 10®> m? sr~!. This was a result
of the dynamic range of the VIL; data with values smaller than 10® m? sr™! from
a horizontal distance of 24 km could not be separated from the noise in the data
system.

The VIL raw data in Figure 10 was not corrected for attenuation. To avoid
attenuation problems in the initial calibration, the point comparison was only per-
formed on the bottom 1.5 km of the cirrus clouds where attenuation was assumed
negligible. This assumption would not be valid if the cirrus cloud was 1.5 km
thick (with a cloud base at 6 km), had an average 3,(180, R) of 1 - 10~* m~! sr™!,
and was viewed at an elevation angle of 4° out to 60 km. The optical depth would
be 2 through the bottom 1.5 km of the cirrus clouds for this situation. For the
cirrus clouds in this study, the average cirrus £.(180, R) (from Figure 13) was
1 -107® m™! sr™!. This would give an optical depth of 0.2 only at far ranges
(greater than 50 km) and low elevation angles. So for a distance of 24 km the as-
sumption of negligible attenuation through the bottom 1.5 km of the cirrus clouds
(in the vertical) was valid.

The bottom 1.5 km of the cirrus cloud seen by the VIL was calibrated using
the HSRL £!(180, R). The result of the calibration can be seen in Figure 11. Here
the VIL signal at each point was transformed into a ,(180). To calibrate the V



42

VIL data throughout the depth of the cirrus clouds, corrections had to be made

for signal loss due to attenuation. The technique to correct for the attenuation in
the VIL data is described in Appendix C.

4.2 Calibration Results

The results of the calibrated, attenuation corrected VIL data between the
heights of 6 to 9 km above the HSRL are seen in Figure 12. The point comparison
between the HSRL (3,(180) and the calibrated VIL £(180) shows more scatter
than the comparison for the data between the heights of 6 and 7.5 km. This was
a result of the misalignment errors between the two profiles described earlier and
the usage of a bulk aerosol backscatter phase function for the correction of the
attenuation in the VIL signal.

The lowest 3.(180) detected by the VIL at a horizontal distance of 24 km
was approximately 3 - 1077 m~! sr~! (-6.5 in Figure 12). The VIL data centered
around a value of 5.0 - 1077 m™! sr~! (-6.3) corresponded to non-cirrus aerosol
backscatter. Little correlation was expected in this range because of the wave-
length dependence of the scattering at the two lidar wavelengths by the non-cirrus
aerosols. The 3.(180) centered around 1.0 - 107° m~!sr™* (-5.0) correspond to the
backscatter by cirrus cloud ice particles. In Figure 12, the VIL calibrated 5! (180)
are approximately 1.5 times greater than the HSRL 3/ (180). This was a result of
the VIL signal being corrected for multiple scattering while the HSRL signal was
not. If a multiple scattering correction factor of 0.5 was included in the calculation
of the HSRL g!(180, R) (similar to the VIL multiple scattering correction), then

N.(R) in Equation 10 would increase resulting in an increase in 8.(180, R).

The calibration of the VIL data was extended to the cross wind scans for the
two time periods. This extension produced aerosol backscatter cross sections for

the mesoscale volume at a resolution of 2-3 km parallel to the wind (a function of
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Figure 11: Same as Figure 10 except the calibrated VIL 3.(180, R) is compared
to the HSRL (.(180, R). A one to one line is plotted for reference.
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Figure 12: VIL-HSRL cirrus cloud data point comparison on December 1, 1989
from 19:29 to 21:20 GMT. The x-axis is the logarithm of the calibrated VIL
aerosol backscatter cross sections. The y-axis is the logarithm of the HSRL aerosol
backscatter cross sections. The point comparison is for data between 6 km and 9
km in height, the depth of the cirrus cloud layer. A one to one line is plotted for
reference.
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the wind speed and the scanning rate of the VIL) and a resolution of 60 m in both
the cross wind scan direction and the vertical. To determine whether the VIL
calibrated 3;(180) for the mesoscale volume had a similar distribution to the VIL
simulated RTI and HSRL RTI 3.(180) distributions, 50 point histograms of the
data between the heights of 6 km and 11 km were computed. To create the VIL
histograms, the molecular 3,,(180, R) was calculated using Equation 11 (for 1064
nm) and subtracted from the VIL calibrated backscattered signal. This allowed
for the VIL and HSRL £.(180) distributions for the atmospheric aerosols to be

compared.

The resulting histograms are seen in Figure 13. A peak occurs in all three his-
tograms near 8 - 107® m~'sr~! (-5.2). This peak was associated with the cirrus ice
particle 3;(180). In all three histograms, the range of 3.(180) for the ice crystals
spanned from 1 -107% to 1 - 107* m~!sr™!. The peak at the smaller 8 (180), which
represents the non-cirrus aerosols, occurred near 1.5 - 10~7 m~! sr~! for the HSRL
RTI and the VIL data from the mesoscale volume. The non-cirrus aerosol peak
for the VIL RTI, which occurred at 5.0 - 1077 m~sr~!, shows the loss of signal at
far ranges for the VIL. For 3,(180) below 3.8 - 10~7 m~!sr~! (neglecting attenu-
ation affects), the VIL receiver was not sensitive enough to detect the radiation
backscattered from a horizontal distance of 24 km. The 3(180) limit of detectabil-
ity for a distance of 6 km can be seen in the histogram of the VIL data for the
mesoscale volume. The smallest detectable 3.(180) was 1.25 - 10~7 m~'sr~! (-6.8)
as seen in Figure 13. Some HSRL (/(180) were smaller than 1.0 - 1077 m~sr™!.
This was a result of incomplete separation between the aerosol and molecular
channels for regions with small aerosol backscatter. This incomplete separation
even led to some negative HSRL (3/(180) beneath the cirrus cloud layer. This
problem has been removed in a new configuration of the HSRL (Piironen and
Eloranta (1993)). Figure 13 also shows a relative minimum value for the 3/(180)
near 1.0 - 107® m~!sr~! for all three histograms. This relative minimum shows a

clear separation between the background aerosol backscatter and the ice particle
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Figure 13: 50 point histograms of (.(180) between heights of 6 km and 11 km
from 19:29 to 21:20 GMT on December 1, 1989. The x-axis is the logarithm of
B.(180) and the y-axis is the percentage of points falling within each interval.
Histograms of the HSRL £,(180) (short dash), vertical profile of VIL 3(180) over
the HSRL position (24 km to the East of the VIL (solid line)), and the VIL .(180)
throughout a mesoscale volume produced from consecutive VIL cross wind scans
(long dash) are shown. The cirrus cloud threshold value used in Section 3 coincides
with a value of 1.0 - 107® m~1 sr~1.
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“backscatter. This minimum value coincides with the threshold value used for the
cirrus cloud determination in Section 3. At 1064 nm, the molecular backscat-
ter cross section at a height of 6 km (calculated from the coincident rawinsonde
density profile) was 6.44 - 107° m~sr~!. A typical aerosol backscatter cross sec-
tion taken from the cirrus volume was 1.58 - 10=7 m~!sr~!. By comparing these
two values, it was determined that the signal backscattered by the background
aerosols at a wavelength of 1064 um was at least a factor of twenty greater than
the molecular backscatter at the cirrus cloud heights during this experiment.

Although the peak at the ice crystal backscatter cross sections coincides for
the three histograms, large variations are seen in the calibration plot between the
VIL and the HSRL (Figure 12). The scatter seen in Figure 12 can result from
variations in the &(ﬁﬁl throughout the cirrus mesoscale volume, misalignments

between the two lidar systems, and/or signal noise. The Pa(180.F) ore dependent

4m
on the shape (or type) of the ice crystals scattering the laser light. The ﬂ‘liﬂ)

for different types of ice crystals can change by 0.048 sr~! as calculated by Takano
and Liou (1989) (the values for the ice crystal &‘—(—f;ﬁl varied between 0.037 and
0.085 sr~!). If the cirrus Hﬁﬁl changed significantly over the volume, then the
actual 3, (180) will change along with the Mﬁﬁl causing errors in the attenuation
correction technique. A second cause for the errors in the calibration may be a
result of the variations of the ice crystal 8.(180) across the cirrus clouds.

The variation of the 3!(180) for visible wavelengths within the cirrus clouds
will give an estimate on the allowable error between the VIL scan plane and the
HSRL position. If the cirrus particles vary significantly from point to point then
the alignment of the VIL has to be precise. If, on the other hand, the 3/(180) for
the cirrus particles vary slowly within the cloud, then small alignment errors will
be acceptable. To determine the variation of the ice crystal 3(180) between the
cirrus cloud data points in the scanned mesoscale volume, autocorrelations of the

along wind and cross wind cirrus scans were calculated.



48

During the first time period (18:07-19:24 GMT) scattered cirrus clouds oc-
curred throughout the mesoscale volume. Along the wind, there was 95.6% corre-
lation between cirrus cloud 3 (180) for data points separated by 100 meters in the
horizontal. For a 200 meter horizontal separation, there was an 89.5% correlation
between cirrus cloud points. At 500 meters, there was a 73.9% correlation and at
a distance of 1000 meters, the correlation dropped to 55.9%. In the vertical, for
data points separated by 60, 120 and 240 meters, there was an 82.9%, 58.9%, and
a 31.4% correlation between the ice crystal #,(180), respectively. The cirrus cloud
,(180) correlations were also calculated for the VIL cross wind scans. For a 100
meter horizontal separation along the scan plane, there was a 94.6% correlation.
At 200 meters, an 88.2%, at 500 meters, a 73.2% correlation, and at 1000 meters,
a 54.6% correlation between the cirrus cloud ((180). In the vertical, at a 60
meter interval, there was a 79.0% correlation, 120 meters, a 49.1% correlation,
and at 240 meter separation, a 3.(180) correlation of 29.3% was seen.

For this time period, the horizontal and vertical correlations were similar for
the along and cross wind VIL scans. Good correlation existed for points separated
by 100 to 200 meters. When the length of the correlation was extended to 500
‘and 1000 meters, the variation between data points became significant. The high
correlation at 100 and 200 meter separations in the horizontal suggest that small
azimuth angle alignment errors between the two systems can be tolerated. If
the misalignments between the two profiles was as large as 1000 meters, then
the resulting calibration would be very poor. In the vertical, only a maximum
error of 60 m could be tolerated when generating a calibration for the VIL. The
vertical cirrus cloud 3;(180) correlations changed more rapidly than the horizontal
correlations. This was due to the vertical wind shear within the cirrus cloud. For
the first time period, the larger separation lengths had correlations less than 50%
for the cirrus ice crystal 3/(180). A calibration for the VIL could not be produced
for larger separation lengths in the horizontal and the vertical due to the cirrus
cloud 3(180) variations.

For the second time period (19:29-21:20 GMT), the cirrus clouds were more
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spatially uniform due to the presence of a cirrus cloud deck. For the along wind
scan, at 100, 200, 500, and 1000 meter separations, correlations of 94.8%, 89.3%,
78.6%, and 67.9% were seen, respectively. In the vertical, at 60, 120, and 240
meter data point separations, correlations of 84.2%, 64.4%, and 45.3% were seen,
respectively. For the cross wind scan, at 100, 200, 500, and 1000 meter separation
between points, correlations of 95.2%, 89.3%, 75.6%, and 59.4% between the cloud
data points existed. In the vertical, for 60 meter data point separation, an 82.1%
correlation was seen while at 120 meters a 59.0% correlation occurred. At a 240
meter separation in the vertical, a correlation of 36.1% was detected. During this
time period, the correlation values along the wind were higher than those in the
cross wind scans for the larger distances between data points. This was a result of
the widespread cirrus cloud deck over most of the region at this time which had
an aspect ratio of 9:1. '

For the VIL RTI simulating the HSRL RTI during the first time period, the
correlation between cloud points was calculated. The correlation was computed
along the wind direction with a separation between points (scans) in the horizontal
of approximately 3 km and with a 60 meter data point separation in the vertical.
In the horizontal, correlations of 76.3%, 48.2%, 18.1%, and 15.5% were seen at 1, 2,
5, and 10 scan separations (points). In the vertical, correlations of 89.2%, 71.0%,
and 52.7% were seen at 60, 120, and 240 meter separations, respectively. For the
second time period, correlations of 83.3%, 65.6%, 46.9%, and 36.1% were seen for
1, 2, 5, and 10 scan separations respectively. In the vertical, separations of 60,
120, and 240 meters resulted in 88.9%, 73.3%, and 55.1% correlations between the
cirrus cloud aerosol backscatter cross sections, respectively. Higher correlations
were seen in the vertical because these points were taken from a single cirrus cloud
scan while the horizontal data points were taken from consecutive scans. The
vertical correlations were similar to the previously calculated values as would be
expected. There was very little correlation between the cirrus cloud particulate
B.(180) in the horizontal because of the large distances separating consecutive

data points and the 2 km averaging along the scans to produce each profile.
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The second time period had higher correlations in the horizontal than the first
time period. This was a result of a widespread cirrus cloud deck which occurred
during the second time period while the earlier period had scattered cirrus clouds
throughout the region. The scattered cirrus clouds created a situation which made
it difficult to produce a VIL RTI to match the HSRL RTI. The cirrus cloud deck
on the other hand had more uniformity which allowed for greater scan angle errors
between the two systems. Also, the VIL scan plane was more closely aligned with
the wind direction at the cirrus cloud heights during the later period.

The cirrus cloud 3,(180) correlations revealed the types of error which would
occur due to misalignments between the viewing positions of the two lidars. If
large scan angle errors were present (greater than 1°), then the cirrus cloud point
comparison between the HSRL RTI and the VIL simulated RTI would be poor due
to the variation of the /(180) within the cirrus clouds. For acceptable calibration
results, the VIL azimuth angle errors have to be less than 0.5° and the elevation
angle errors have to be less than 0.25°.

For the two time periods, the cirrus cloud 3,(180) correlation values were
similar but the calibration plots were not. The attempted calibration plot for
the first time period (18:08 to 19:24 GMT) was very poor and as a result was
not shown. The difference between the two time periods was the direction of the
cirrus cloud advection and the widespread cirrus cloud deck throughout the later
period. The clouds during the first time period were advected into the region
from 283° while the clouds during the second time period came from 277° (on
average). This difference of 6° between the wind direction and the VIL along
wind scan direction result in point comparison errors in the calibration plot. The
errors occurred when the VIL data was averaged along the scan plane to simulate
the HSRL data (which was averaged along the wind direction). Since the VIL was
averaged over the same distance as the HSRL profile (2 km), the offset between
the VIL and HSRL data points at the end of the averaging length (1 km from
each system) was 200 meters for the later time period and 300 meters for the

early time period. The aerosol backscatter cross section correlation values across
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the wind dropped approximately 14% at the end of the averaging distances for
the given time periods. This reduction in correlation, along with the scattered
cirrus clouds, made the production of a VIL calibration plot from the first time
period data impossible. This shows the importance of either aligning the VIL
along the wind or using smaller averaging times in determining the cirrus cloud

visible optical properties from the HSRL.

5 Visible vs. Infrared Optical Depths

From Mie theory, in the limit of completely absorbing particles at 10.6 um
which are also large compared to visible wavelengths, the ratio of the visible
scattering efficiency to the infrared absorption efficiency is expected to be 2:1I.
This ratio (Quscat/Qirabs) has been used to describe the radiative properties of
cirrus cloud ice crystals (Minnis (1991), p. 83). This efficiency ratio can also
be written as the ratio of the visible scattering optical depth to the infrared
absorption optical depth times an extinction efficiency ratio (%) Since
the ice crystals were assumed to be large compared to both visible and infrared
wavelengths, the extinction efficiency ratio was one and the optical depth of cirrus
clouds at the two wavelengths are directly related. A relationship of this type
allows for a simple parameterization for the cirrus cloud optical properties at the

two wavelengths. Measurements of the optical depth at one wavelength allows

for the optical properties of the cirrus clouds at the second wavelength to be
stcat

irabs

calculated. Previous modeled ratios for cirrus cloud range from 1.8:1 to 4:1
(Minnis et al. (1993), p. 1281).

Few coincident measurements of the cirrus clouds optical depth at both in-
frared and visible wavelengths have been made to test the optical depth ratio
determined from theory. Platt et al. (1980) made simultaneous measurements of
cirrus clouds using a ground based lidar and a satellite based infrared radiometer.

The ratio of the optical depths at the two wavelengths measured by Platt was less
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than 2. The cirrus clouds were observed within a 10 km by 10 km volume using a
single channel lidar. The visible optical depths were determined with the aid of a
calculated backscatter to extinction ratio for the cirrus clouds. Measurements of
cirrus cloud optical properties were also made during a FIRE IFO using ground
based and satellite measurements. The mean ratio of the visible scattering optical
depth to infrared absorption optical depth for the cirrus clouds observed during
the IFO was 2.13 (Minnis et al. (1990)). The cirrus clouds were observed using a
satellite based visible radiometer. The visible optical depths were calculated from
these visible radiances using an iteration technique where the cloud albedo was
linearly related to the cosine of the solar zenith angle. The cloud cover percent
and cloud type within each pixel had to be known.

A method is described in this section to calculate the area averaged ratio of the
Tucat for cirrus clouds. This method used VIL data calibrated using the method
described in Section 4 and the VAS 11 um radiance measurements. The visible
scattering optical depths were determined by integrating the VIL calibrated visible
extinction cross sections (calculated using Equations 12 and 14) in distance along
a ray from the GOES point of view. The infrared absorption optical depth was
calculated from the VAS infrared emissivities which were determined using Equa-
tion 17. The mid-cloud height used in Equation 17 was determined by the VIL
and the temperature at the mid-cloud height was measured with the rawinsonde.

The VAS on GOES imaged the atmosphere over Wisconsin once every half
hour. To compare the visible and infrared optical depths, the VIL mesoscale
volume was viewed from the position of the GOES satellite. This was possible
because the VIL imaged the cirrus clouds throughout the mesoscale volume. The
resulting VIL volume can be viewed from any direction because the B.(R') are
known at each data point within the volume (calculated from the 3,(180, R') using
the bulk backscatter phase function as described earlier). For an accurate lidar
and satellite cirrus cloud comparison, the VIL cirrus cloud volume was broken
into one hour time periods around each VAS picture. To match the cirrus clouds

in the GOES infrared image to the picture created from the VIL data, the clouds
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viewed by the VIL were shifted in position to the point where they would have
occurred at the time of the VAS picture. The translation of the cirrus clouds was
made under the assumptions that the cirrus clouds were advected at the speed of
the wind at their heights and that the cirrus clouds did not change over a half
hour period. The magnitude and direction of the shift was a result of the wind
speed and direction at each cirrus cloud level and the time difference between the
scan where the cirrus clouds occurred and the VIL scan at the time of the VAS
snapshot.

To convert the VIL data within the volume into visible scattering optical
depths, a ray tracing technique was used to integrate the VIL extinction cross
sections between the satellite position and the ground. Rays were traced to the
ground for each VIL area which had a resolution of 1.0 km by 1.0 km. The VIL
extinction cross sections were integrated along each ray to determine the optical
depth of the cirrus clouds for each visible pixel. The pixels were then averaged
to create grids the size of the VAS infrared radiometer pixels, approximately a 10
km resolution above Madison, Wisconsin. The resulting averaged visible scatter-
ing optical depths were directly compared to the VAS infrared absorption optical
depths calculated using the following equation (where ¢, is calculated in Equa-
tion 17):

Tir = —111(1 o Cir)- (24)

The VAS infrared radiance satellite image was directly compared to the VIL
visible optical depth simulated satellite image. The VIL visible optical depth
image was position shifted to achieve the best cloud correlation between the two
pictures to correct for cloud position errors in the VAS image due to satellite
registration errors (this correlation was done by eye). A visible to infrared optical
depth comparison was calculated for the pixels with high cloud cover percentages.
The resulting comparison is shown in Figure 14. A line with a slope 2:1 is shown
for reference. It should be noted that this optical depth comparison was achieved

using an upper limit on £/(180), not a limit on the attenuation correction factor.
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This upper limit of 3(180) did not remove a significant number of overcorrected
data points which resulted from the attenuation correction. This leads to some

overestimations of the visible optical depths especially at larger optical depths.

In Figure 14, the optical depth ratio from different cirrus cloud types is repre-
sented by different symbols. The clouds labeled as ’1935 A’ were thin nonprecip-
itating cirrus clouds which often occurred in overlapping layers. The ratio for
these clouds was close to 2:1 with a slight tendency for the ratio to be less than
2:1. An example of these clouds is seen in Figure 7 between 20 and 50 km to the
north. The second cloud type, ’1935 B’, was a band of precipitating cirrus clouds
occurring between 30 and 40 km south of the VIL in Figure 7. These clouds also
show an optical depth ratio close to 2:1. Both of these cloud types had visible
optical depths less than 0.5. The remaining sets of clouds were thick precipitating
cirrus clouds where the optical depths often became large. Extensive virga fell
from these optically thick cirrus clouds to a height of 6 km. The cirrus clouds
described as '2035 A’ were precipitating bands occurring ahead of a large cirrus
cloud deck. The optical depth ratio for these clouds tended to be less than 2:1. A
fourth type of ice cloud was labeled '2035 D2’. These were clouds in the center of
a large precipitating cirrus cloud deck. The optical depth ratios for these clouds
also tended to be less than 2:1. Some of the cirrus clouds were too optically thick
for the VIL signal to penetrate at longer slant paths. This led to smaller than
expected visible optical depths which resulted in a ratio of less than 2:1. The last
group of cirrus were labeled 2035 D1’. This group consisted of three cirrus cloud
cross wind scans within the large precipitating cloud deck which had vertically
thin layers of high backscatter. The optical depth ratios for these clouds ranged
from 2:1 to 3:1. Optical depth ratios greater than 2:1 can result from: specular
reflection in the VIL data, pixel misalignments between the two images, incorrect
averaging of the VIL data, instability in the VIL attenuation correction procedure,
and smaller than expected scattering particles.

Specular reflection in the three cross wind scans could not have caused the
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cember 1, 1989. The x-axis is the VIL visible scattering optical depths. The y-axis
is the VAS infrared absorption optical depths. The different symbols represent
different cirrus cloud types described in the text.
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thin regions of high backscatter. The increased backscatter layer extended over a
horizontal range of 40 km. The ice crystal orientation would have had to change
with the VIL scan angle to cause specular reflection for the whole range (which was
highly unlikely). A second possible error was the allocation of the cirrus clouds
into the different cirrus cloud pixels. This can result in an increase or a decrease
in the optical depth ratio depending on which satellite pixel the cirrus clouds
fell. The magnitude of these allocation errors are currently under investigation.
Another cause for an optical depth ratio greater than 2:1 could be the result
of the averaging technique to produce the visible optical depths at the 10 km
scale. For each satellite pixel, the average infrared radiance was measured. This
was converted into an effective temperature which was then used to calculate
the infrared optical depth. The visible optical depths were produced at a 1 km
scale by averaging the extinction cross sections at each level and then integrating
them with height. The 1 km visible optical depth pixels were then averaged
together to produce a 10 km scale image. Since the effect of the optical depth on
the transmitted radiation was nonlinear, the VIL extinction cross sections should
have been averaged over the 10 km infrared image. A probable error in the optical
depth comparison was the instability in the VIL attenuation correction technique.
This effect only becomes important for the clouds with large optical depths since
the corrections at the smaller optical depths were minimal. One last error could
result if the scatterers were not large compare to both the 11 ym and 0.5 ym
radiation. If the particles were spherical and consisted of ice, then the scatterers
with radii between 0.1 um and 4 ym would cause an optical depth ratio greater
than 2:1.

Some other errors associated with this visible to infrared optical depth com-
parison are scattering of the infrared wavelength radiation by the cirrus cloud ice
particles (especially at larger infrared optical depths), the assumption that the
upwelling infrared radiation has a T dependence, and the attenuation of the VIL
signal through thick cirrus such that the VIL signal does not penetrate through the

clouds. If infrared radiation was scattered by the cirrus cloud or reflected from the
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cloud base, less infrared radiation from beneath the cloud would reach the satel-
lite radiometer. This would reduce the radiance detected by the radiometer which
would result in a calculated cirrus cloud emissivity which would be larger than the
actual cirrus cloud infrared emissivity. The higher cloud emissivity would result
in a larger optical depth which would result in an optical depth ratio smaller than
2:1. The assumption that the upwelling infrared radiation has a T* dependence
will result in an error in the calculated emissivities of approximately 3%. Another
problem was the incomplete penetration of the cirrus cloud by the VIL. For the
VIL, total penetration of the cirrus clouds is needed to make accurate calculations
of the visible scattering optical depths across the mesoscale volume. Incomplete
penetration would cause an underestimation in the thickness of the cirrus clouds
which would result in underestimations of the visible scattering optical depths.
This underestimation of the cloud depth would also lower the optical depth ratio.

When comparing the VIL optical depth image to the VAS infrared radiance
image, large variations were seen in the visible image while very little variation
between pixels was seen in the infrared satellite image. This relative uniformity
in the satellite infrared image was a result of the large area covered by each pixel
and the smearing that occurred between pixels. This pixel smearing was due
to the response rate of the infrared detector and the sampling rate of the VAS.
Also, the calculation of the emissivity was strongly dependent on the choice of
surface temperature and mid-cloud temperature as seen in Equation 17. A lower
haze layer or subvisible cirrus clouds which were undetected in the satellite image
would cause lower than expected surface temperatures which would decrease the
cirrus cloud emissivity.

The technique described here to compare the visible scattering optical depth
to the infrared absorption optical depth removes ambiguities associated with the
previous visible to infrared optical depth comparison. The cirrus clouds were
compared on the same scale removing horizontal homogeneity assumptions. The
cirrus clouds were viewed from the same direction at the same resolution remov-

ing angular viewing effects. Since both systems viewed the cirrus cloud horizontal



58

structure, the pixel alignment between the two images could be done. The cirrus
cloud base, top, and mid-cloud height were determined for each cloud pixel from
the VIL data. This removed the uncertainty of the mid-cloud height in determin-
ing the mid-cloud temperature used to calculate the cirrus infrared emissivities.
For the time periods studied here, the VIL was able to detect subvisible cirrus
clouds. These clouds, not seen in the infrared channels, would have been ignored
in the determination of a surface temperature from a clear pixel which was used
in the calculation of the cirrus cloud infrared emissivities. This removed some of
the surface temperature uncertainties. At visible wavelengths, the ground albedo
was needed for cirrus cloud albedo calculations from satellite based visible ra-
diometers. The calculation of the visible optical depth from the VIL did not need
ground albedo values because the visible optical depth of the cirrus was directly
determined from the integration of the cirrus visible extinction cross sections along
the line of sight of GOES. The bulk cirrus cloud backscatter phase function used
by the VIL was determined from the HSRL enabling the technique to be self
contained.

Although it was not done in this study, the level of the cloud where maximum
scattering occurs can be determined by integrating the VIL extinction cross section
along a viewing angle using the ray tracing technique. The height can be compared
to the mid-cloud height to calculate the errors associated with the usage of the
mid-cloud temperature in determining the cirrus infrared emissivity and optical

depth.

6 Conclusion

Cirrus clouds were viewed using the University of Wisconsin Volume Imaging
Lidar, University of Wisconsin High Spectral Resolution Lidar, and the VAS ra-
diometer situated on GOES. The VIL imaged the cirrus clouds within a mesoscale

volume. The HSRL measured the visible scattering properties of the cirrus clouds.
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The VAS radiance measurements were used to calculate the infrared absorption
properties for the cirrus clouds.

The backscattered radiation detected by the VIL was used to determine the
horizontal and vertical structure of the cirrus clouds. The presence of cirrus
clouds was determined by choosing a threshold value from a histogram of the
VIL backscattered signal between heights of 6 and 11 km. The backscattered
radiation in each VIL profile was compared to the threshold value to determine
cirrus cloud cover percentages and structure functions. The cirrus cloud cover
percentages ranged from 54.7% to 100% for simulated vertical profiles across the
wind created from the VIL cross wind scans. For the two time periods studied, the
area averaged cirrus cloud cover percentages were 81.5% and 76.8%. Differences
in the average cloud cover were seen between the VIL area measurements and
HSRL vertical profiles. The maximum cloud cover difference of 45.3% between
two VIL RTIs during the first time period was used as a cirrus cloud cover error to
estimate a resulting change in the incoming solar radiation. This cloud cover error,
along with an average cirrus cloud optical depth of 0.257, resulted in an estimated
change in the direct solar flux of 58.18 W m™2 seen at the surface of the Earth.
For the second time period, a cloud cover difference of 8.9% between the VIL and
HSRL, associated with a cloud optical depth of 0.428, resulted in a 12.36 W m™2
difference in direct solar flux seen at the surface of the Earth. The errors due to the
incorrect cirrus cloud cover would dominate the increase in the planetary effective
temperature resulting from the doubling of CO,, especially in the case of spatially
scattered, optically thin cirrus clouds. This implies that the variability of the
cirrus clouds throughout a mesoscale volume has to be measured to understand
the effects of these clouds on the Earth’s radiation balance. Sampling errors
associated with point measurements make them poor indicators of the cirrus cloud
area averaged values.

The cirrus cloud horizontal and vertical structure was also examined. Structure
functions were used to determine the cirrus cloud length, width, and the separation

between clouds. The cirrus cloud average length along the wind was 130 km and its
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length across the wind averaged 14 km. The average distance between clouds along
the wind was 273 km while across the wind it was 24 km. In this experiment, the
cirrus clouds were typically aligned along the wind direction with an aspect ratio
of approximately 9:1. Preferential alignment of cirrus clouds implies that point
measurements which rely on cloud advection may not even detect cirrus clouds if
large variations exist across the wind. Examination of the vertical cloud structure
showed many instances of multi-layered and/or precipitating cirrus clouds. The
complexity of the vertical structure shows the dependence of cloud formation on
the dynamical situation in the atmosphere.

A method was described to calculate the cirrus cloud visible optical properties
across a mesoscale volume. This was possible because an experiment was run
where the VIL along wind scan plane crossed over the HSRL position resulting in
coincident cirrus clouds measurements. The HSRL cirrus cloud aerosol backscat-
ter cross sections were used to directly calibrate the VIL backscattered signal. A
point comparison was made for the HSRL aerosol backscatter cross sections and
the VIL data (which was normalized to a low level aerosol layer to remove angular
dependencies). This initial comparison was computed for the signal backscattered
from the bottom 1.5 km of the cirrus clouds where it was assumed that the at-
tenuation in the VIL signal was negligible. A best fit straight line was used to
calibrate the VIL backscattered signal into aerosol backscatter cross sections per
unit volume. The calibrated VIL signal was then attenuation corrected using a
forward integration of the single channel lidar equation. To forward integrate the
lidar equation, extinction cross sections at each data point and a multiple scatter-
ing correction factor were needed for the VIL data. Extinction cross sections were
created from the VIL calibrated aerosol backscatter cross sections using a single
aerosol backscatter phase function for the whole volume calculated from the HSRL
data (assuming negligible molecular extinction within the cirrus cloud compared
to the aerosol extinction at 1064 nm). A multiple scattering correction factor of
0.5 was used to correct the backscattered signal to account for one half of the

original scattered light being diffracted by the ice particles and staying within the
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receiver field of view. After the VIL signal was attenuation corrected, the result-
ing calibrated VIL cirrus cloud aerosol backscatter cross sections were compared
to the original HSRL aerosol backscatter cross sections. An adequate correlation
resulted between the two sets of aerosol backscatter cross sections. The largest
errors in the calibration technique resulted from VIL scan angle errors leading to
misalignments between the two vertical profiles, misalignments between the VIL
scan direction and the wind direction, and the usage of a bulk aerosol backscatter
phase function in the VIL attenuation correction technique. The alignment of the
VIL scan and the HSRL vertical profile was critical since the calibration technique
was dependent upon both system viewing the same cirrus cloud.

The calibration technique was used to convert the VIL signal in both scan
directions into aerosol backscatter cross sections per unit volume. The calibrated
cross wind VIL data was used to calculate the visible scattering optical depth of
the cirrus clouds within the mesoscale volume assuming no changes in the cirrus
clouds as they were advected by the wind (over a half hour period). The visible
optical depths were calculated by integrating the VIL cirrus cloud extinction cross
sections along a path through the VIL observed volume traced by a ray from the
position of the GOES satellite. This allowed for a direct comparison of the VIL
visible scattering optical depths and VAS infrared absorption optical depths. The
ratio of the VIL visible scattering optical depth to the VAS infrared absorption
optical depth was approximately 2:1 (especially for thin cirrus clouds) although
variations did occur. The 2:1 ratio value agrees with previous measurements
by Minnis (1990). When making this optical depth comparison, the cirrus clouds
detected by the VIL had to be correctly allocated into the different pixels to enable
an accurate comparison with the infrared image. This process was hampered by
the lack of variation in the infrared image compared to the visible cirrus cloud
image.

The technique to compare the visible scattering to infrared absorption optical
depths can also be used to compare the cloud cover determined from the VIL to

the cloud cover calculated from the satellite infrared radiometer data using the



62

COg slicing technique. This comparison would be used to test the accuracy of
the satellite based cirrus cloud climatologies. The cirrus cloud albedo and mid-
cloud height calculations from satellite based radiometers can also be tested. The
level of maximum scattering within a cirrus cloud can also be determined and
compared with the cirrus mid-cloud heights throughout the mesoscale volume.
Although these comparisons are not encompassed in this thesis they can easily be
accomplished with the tools available.

This first attempt at a calibration of the VIL backscattered signal by the HSRL
aerosol backscatter cross sections shows promise. Some of the inherent problems
in this technique were revealed. Improvements are being made to both the VIL
and the HSRL. This will result in more accurate measurements which will lead
to a better understanding of the cirrus cloud optical and structural properties.
The cirrus cloud detection technique and the VIL calibration technique should be
attempted on a large cirrus cloud data set to achieve a statistical representation

of the cirrus cloud optical and structural properties.
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A Removal of System Limited Data Points

To correctly calibrate the VIL data, the system limited data points had to
be removed from the data set. At far ranges the backscattered radiation can
not be separated from the system noise because the VIL signal decreases due
to the range squared dependence and attenuation. When the VIL raw data is
corrected for the range squared dependence, the places where the VIL signal
increases monotonically as a function of the range is where the signal could not
be separated from the noise as seen in Figure 15. This limit of detectability
occurs where the VIL signal starts to increase with range around bin 250. The
large increase in the signal around the range bin 500 was the result of radiation
backscattered from a cirrus cloud.

To remove the noise dominated points, the points where the raw signal was
within the noise regime had to be determined. At far ranges, the raw backscattered
signal becomes linear with range when the backscattered power is plotted on a
natural log scale. This was a result of both the attenuation of the transmitted
pulse in the atmosphere and the range squared decrease of the signal. Shot noise
occurs along with the raw signal. If the shot noise was random, as expected, then
the noise should occur as a Gaussian distribution about the raw data. This would
not affect the slope of the VIL data with range in Figure 15. So, if the VIL raw
data was sorted according to their magnitudes and replotted on a log-linear plot,
then the signal which was small and could not be separated from the noise would
appear as a straight line at the lower signal magnitudes (Figure 16).

This process was applied to each VIL raw profile where the VIL backscatter
signal was sorted according to their magnitudes. The sorted values were approx-
imated using a straight line median fit. The straight line median fit was first
applied to the whole sorted profile. The points occurring above the fit had large
signal backscatter and were remove from the sorted set. The remaining sorted
points were then refitted using a straight line median fit. After a number of suc-

cessive fits, where a chosen threshold was met, the remaining points consisted
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only of the small signal values which could not be separated from the noise (they
appear as a straight line in Figure 16). These noise points were discarded from
the original data set. For the shot used in Figure 15 and Figure 16, over one half
of the data points had to be discarded. The remaining data points are the signal

backscattered by aerosols and molecules in the atmosphere.
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Figure 15: Removal of the noise points from the VIL raw data. The x-axis is
the range bin number and the y-axis is 128 - In (P / E) for the raw data and
128 - In (P * R * R / E) for the range squared corrected raw data. The solid line
is the range squared corrected VIL profile. The long dashed line is the VIL raw
data profile.
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B Data Normalization

Since the VIL mechanical axis was not aligned with its optical axis during this
experiment, alignment errors were a problem for the VIL. The VIL signal varied
when the system mirrors were scanned in angle as a result of partial blocking of
the transmitted beam (an example is baffle blocking of the transmitted pulse).
Other signal variations can also result from changes in the gain of the avalanche
photo-diode over time and/or field of view changes in the receiver. To remove
these dependence, each VIL scan was normalized to a low level aerosol layer situ-
ated between 1 km and 2 km above the ground. Only backscattered signal falling
within a bounded aerosol region were used in the data normalization. The re-
gion was bounded by a minimum and maximum height along with a minimum
and maximum distance from the VIL. The minimum and maximum heights were
determined by the size of the aerosol layer. The minimum range from the VIL
was determined by the extent of the system overlap regime. A maximum range
of 10 km was chosen to stay well above the minimum detectable signal for the
VIL. The median backscattered signal from the bounded aerosol layer for each
lidar profile was set equal to the median backscattered signal in the normaliza-
tion regime. This normalization technique removed both the time and angular
dependence of the cirrus clouds scans with the assumption that the aerosol layer
did not change in time. If the aerosol layer did not have temporal and spatial
uniformity, errors would result from the normalization process. Nonuniformities
would cause variations in the cirrus cloud backscatter which are the result of data
processing and not cirrus cloud variability. The aerosol layer used for the VIL
data normalization was detected by the HSRL and appeared uniform in time.
Additional errors can also result if too much outgoing signal was blocked before
it left the transmitter. When this occurred, the radiation backscattered from the
atmosphere was too small to be separated from the noise. These system limited

data points were removed from the data set as described in Appendix A.
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C Attenuation Correction

To correct for the attenuation in the VIL signal, the optical depth between the
VIL and each point in the profile has to be known (Equation 1). To determine the
optical depth between the VIL and each data point, the extinction cross section
at each point has to be determined. Since the VIL data was converted into aerosol
backscatter cross sections, these values were used to calculate the extinction cross
sections. The aerosol backscatter cross sections were first converted into aerosol
scattering cross sections using Equation 2 assuming no absorption and additional
knowledge of a bulk P—“(%& for the mesoscale volume. The average bulk P—“(ﬁﬂl
calculated with the HSRL was used as the bulk —Pi(ﬁﬁl for the mesoscale volume.
Since no absorption at visible wavelengths by the cirrus ice crystals was assumed,
Equation 14 relates the aerosol scattering cross sections to the extinction cross
sections. A forward integration was performed on the resulting extinction cross
sections to determine the attenuation between the VIL and each data point. The
attenuation to each point was used to correct the existing VIL (.(180, R) for
signal loss. In this analysis, a multiple scattering correction was included. The
attenuation along each profile was corrected by a multiple scattering factor of 0.5
which decreased the attenuation by a factor of 2 (Eloranta and Shipley (1982)).
This correction factor was a result of half of the light attenuated by the cirrus cloud
ice particles being diffracted in the forward direction. This diffraction peak stayed
close to the initial beam and further scattering of this light by other particles
resulted in greater backscatter at the receiver.

The bulk ﬂ‘iﬁﬂl for cirrus cloud particles was calculated by the HSRL for
each cirrus profile. These bulk ﬂﬁﬁl were averaged over the 3 hour time period
resulting in a f"—(ﬁﬂl of 0.0499 sr~!. This value fell within the expected range
of &iﬁﬂl as described by Takano and Liou (1989). Their results give values of
P—"(ﬁﬂl for thin plates (0.025 sr™!), ice columns (0.038 sr~'), and thick plates
(0.087 sr~!). (Plates were detected at the tropopause as noted by the specular

reflection described previously.) This average P—“%i—oﬁl was used to correct all of
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the VIL data for attenuation.

The method of a forward integration of the backscattered signal was first used
to correct radar backscatter for attenuation. Hitschfeld and Bordan (1954) were
one of the first to test the forward integration method. Klett (1981) showed
the instability of this forward integration for large optical depths. In this study,
if the one way optical depth of the cirrus cloud along each VIL profile became
greater than 0.7, then the attenuation correction at further ranges (or larger op-
tical depths) was considered to be unstable. This choice in the one way visible
optical depth was chosen on the assumption of a 10% error in the VIL aerosol
backscatter cross sections. The attenuation correction (using an optical depth of
0.7) of the data with a 10% error would result in a 40% error in the attenuation

corrected signal.
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