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SUMMARY

A cooperative effort was undertaken by the Office of Naval Research, the
Pacific Missile Range, and the Naval Air Systems Command to implement a pro-
posed Stanford Research Institute program to design and fabricate a small laser
radar to serve as a quasi-operational device for meteorological research. This
prototype device, called the Mark III LIDAR (Light Detection and Ranging) was
delivered to the Pacific Missile Range in February 1965 and is presently under-

going operational evaluation. A preliminary description of the data and results
obtained are given.

The LIDAR is a new and unique tool which promises to provide meteorolo-
gists and atmospheric physicists a means to accomplish tasks not possible using
‘present equipment. - The LIDAR may someday assist the meteorologist in mak-
ing short-range forecasts by providing slant-range visibility data and quantitative
measurements of stratus density and fog thickness..

The LIDAR is capable of determining precise ranges to clouds (together
with their bases and tops), measuring the height of temperature inversions, and
detecting atmospheric phenomena in apparently clear atmospheres. At the pre-
sent time, the LIDAR data are used in conjunction with observations from other
sources to supplement and improve existing weather information. With relative-
1y minor modifications, the LIDAR could significantly augment the present meth-
ods of gathering atmospheric data.




" INTRODUCTION

An indirect means of measuring atmospheric variables has been sought by
meteorologists and atmospheric physicists for many years. Radar has been used
extensively and with considerable success especiclly in tracking siorms and rain
clouds, and measuring precipitation processes. The indirect ‘method is an inex-
pensive and desirable way of obtaining on-site data whereby the instrumentation
remains on the ground and balloon or rocket vehicles and equipment are not ex-
pended.

Hulbert and Elterman, in their eariy attempts at measuring atmospheric
density by scarchlight techniques, pioneered in the use of the light beam as an
indirect measuring tool. Just after Maiman fabricated the first laser in 1960,
Goyer, * Ligda, * Shotland, Atlas, and others quickly recognized that the laser
could be a new tool tor the meteorologist rather than just a scientific curiosity.
Among the first to employ the laser in meteorological research were Ligda and
his associates at the Stanford Research Institute (SRI). Since 1963, the research
workers at SRI have demonstrated the feasibility of using pulsed ruby lasers for
cloud detection and ranging, measurements of inversion height, and detection of
discontinuities in clear air, to cite a few examples. SRIproposed to the Office
of Naval Research that they fabricate a much larger and more powerful laser
radar and carry out scientific research into its uses as a tool for making atmos-
pheric measurements. Because the Pacific Missile Range has continuing re-
quirements for atmospheric measurements, a cooperative effort was undertaken
by the Office of Naval Research, the Pacific Missile Range, and the Naval Air
Systems Command to implement the proposed SRI program.  This program
provided the design and fabrication of a small laser radar to serve as-a quasi-
operational device. This prototype device, called the Mark III LIDAR (Light
Detection and Ranging), was delivered to the Pacific Missile Range in February
1965, and it is presently undergoing operational evaluation. During this evalua- -
tion, significant data and operationally useful results have been obtained. A
description of the Mark III LIDAR and a brief account of the results obtained are
presented herein. ‘

*See G. G. Goyer and R. Watson. "The Laser and its Application to Meteor-
ology, " Bulletin of the American Meteorological Society. Vol. 44, No. 9, pp.
564-570. See also M.G. E. Ligda. '"Meteorological Observations With LIDAR, "
presented at Office of Naval Research First Conference on Laser Technology.
Boston, Mass., 12-14 Nov 1963. SECRET.
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DESCRIPTION OF MARK III LIDAR

Transmitter ahd Receiver

The transmitter of the Mark III 'LIDAR system, as shown in figure 1(a), con-
sists of a ruby laser and the optical components necessary for directing the laser
beam into an 8-inch Cassegranian telescope. Lasing action is accomplished by
energizing, with approximately 1,600 joules of energy, two linear flash tubes
fired in series. By means of a Q-switch, a single pulse, 20 to 30 nanoseconds
in duration and with 5 to 40 megawatts of power, is generated. The Q-switch is
an absorbing dye solution (vanadium phthalocyanine) that does not require a sep-
arate power supply or electronic triggering for activation. Proper manipulation
of the dye concentrations in the Q-switch will change the output power level re-
sulting in a shorter pulse but having a greater peak amplitude. ‘
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Figure 1. Mark Il LIDAR System.
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Calibration and monitoring of the laser output energy is accomplished by
recording the output pulse energy from a fast-response photodiode located in the
transmitter. The single pulse generated by the photodiode is also used for ini-
tiation of a sweep circuit in the output oscilloscope.

_ The receiver of the LIDAR system (see figure 1(b)) consists of a high-gain,
low-noise photomultiplier tube mounted at the focus of an 8-inch Cassegranian
telescope. The transmitter and receiver are mounted parallel with 3 inches
separation between the telescope assemblies. A parallax adjustment is used to
vary the region of intersection of the transmitted beam and receiver field of view
(see figure 2). A set of field stops can be used in the receiver to limit the field
of view and enhancc the signal-to-noise ratio. A 10-angstrom interference fil-
ter with pass band centered at 6943 angstroms, is used for daytime observations
to reduce the background level (noise) to an intensity significantly below that of
the backscattered signal. Near-field alinement of the receiver optics with the
backscattered return is easily accomplished by manually sighting through the
receiver telescope and performing the necessary adjustment. A summary of the
LIDAR transmitter and receiver characteristics appears in table 1.

The LIDAR and associated electronics are designed for portable installation
and require only nominal external power. Following equipment setup, the time
required to obtain and process one observation is under 5 minutes. Because of
the simplicity of the instrument and the operating procedure, only one technician
is needed to operate the LIDAR. Safety con31deratxons, however,. requlre twoper-
sonnel to be present.
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Figure 2. Path Geometry of LIDAR.




" Table 1. Characteristics of Mark 11l LIDAR

Trensmitter
Laser: One ruby crystal, approximately 3 inches long by }3-1nchi diameter, with Brewsrer
angles on each end. Output wavelength is 6943 angstroms.
Fower supply: 0 to 5 kilovolts, 150 milliamperes me* red.
Q-switch: Saturable-filter; vanadium phthalocyanine in solution with CHCfJ. '

Bedmwidth: Output from 8-inch Cassegranian telescope. Beam area 50.24 square
inches. ‘

Pulse Length: 20 to 30 nanoseconds.
Transmitted energy: 0.3 joule.

Transmitted power: Normal operatioﬁ of 5 megawatts per pulse. Peak power of 40
‘ megawatts.

Beam di\'ergence: 0.5 milliradian.
Flash tubes: Two xenon flash tubes energized by 2,500 to 2,700 volis.
Temperature control: Forced air or gas Eooling.

Pulse rate frequency: Once cvery 3 minutes.

Receiver
Beamwidth: Adjustable with iris in focal plane of an 8-inch Cassegranian telescope.
Nominal field of view is 0.8 milliradian.-

Detectors: International Telephone and Telegraph FW-130 photomultiplier tube with
S-20 response. Quantum efficiency approximately 3 per cent for wavelength
of interest. Counting rate when tube is in dark state is approximately 100
pulses per second.

Bandpass: Maximum 11 angstroms (adjustable).

Data output: Oscilloscope presentation from output of photomultiplier.

lethdd of Operation

The path geometry of the LIDAR and the technique of recording the scattered
ght pulses are shown in figuré 2. A pulse of light leaving the transmitter is
zattered from aerosols or cloud particles in the atmosphere. The fraction of
1e light energy backscattered from the atmcsphere and passing through the 8-
ich aperture of the receiver telescope constitutes the LIDAR signal. After
assing through the 10-angstrom filter, the signal is incidenton a high-gain,
w-noise, photomultiplier tube. The resulting analog voltage from the photo-
wiltiplier tube is then displayed on a wide-band oscilloscope where the instan-
tneous display is photographed by a Polaroid camera using a special high-speed
1m. : '




Method of Data Analysis

The technique of interpreting the recorded data is illustrated in figure 3.
This generalized example shows the LIDAR and the information returned from
a typical return. The display is similar to a prafile of the atmosphere with the
abscissa as time (or range) and the ordinate as the relative intensity of the back-
scatter from the aerosol or cloud target. The backscattered light from an at-
mospheric target appears as a vertical deflection of the trace similar to a radar
A-scope presentation. The time between transmission of the pulse and the ar-
»ival of the signal can be correlated to distance and used to compute altitude if
the elevation angle is known. When the elevation angle is accurately measured,
the LIDAR is capable of measuring distances and altitudes to targets with ac-
curacies of several feet.

LIDAR OPERATION TOP OF CLOUD

BACKSCATTER FROM CLOUD DECK

BACKSCATTER FROM AEROSOLS
AT CLOSE RANGE

LIDAR ‘

TRANSMITTER
AND RECEIVER

OSCTLLOSCOPE TRACE OF LIDAR RETURN SHOWS
INTENSITY AND RANGE OF BACKSCATTER
FROM ATMOSPHERIC AEZROSOLS

Figunl 3. Method of Data Analysis.

When the target is a stratus of cirrus cloud for example, the echo is similar
to the second spika in figure 3. The base and top of the cloud are represeﬁted :
by the front and back portions of the spike. The signal intensity is proportional
to the size and composition of the scattering particles, their relative density or
population within the cloud, and their distance from the receiver. Intensity var-
iations within the ec...es from cloud targets indicate inner structure or density
variations, Signal intensity from the target is recorded elong with the normal
background intensity of the sky light (sky brightness). Should the laser pulse
penetrate through a cloud, the signal then returned to the photomuitiplier tube
approaches the background intensity due to attenuation of the backscatter by the
intervening cloud layer. |

{

i

In figure 3, the large spike at close range, or in the foreground, represents
backscatter from the aerosols in the lower atmosphare immediately in front of
the LIDAR. This "near-field" scattering extends to approximately 5,000 yards
distance from the transmitter. Scattering of the laser pulse from atmospheric
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particles of dimension equal to or greater than 0.7 micron, or Mie scattering,
predominates over molecular or Rayleigh scattering. The data accumulated in-
dicates that the magnitude of this near-field return depends largely upon the con-
centration and size distribution of aerosols, the divergence of the transmitter
and receiver optical axes, and the particular elevation angle of the LIDAR. On
many occasions, observations have shown that the peak intensity of this near-

" field return fluctuates over several hours. These fluctuations appear to corre-
spond to changes in visibility, although actual correlations have not been tested.

Although most of the LIDAR measurements have been made between eleva-
tion angles of 20 to 60 degrees, returns at 90 degrees can be obtained. However,
when the instrument is pointing vertically the data from the lower atmosphere
'displayed on the oscilloscope and recorded on Polaroid film, is too compressed
for good altitude resolution.

Interpreting the signal information directly from the Polaroid prints can
sometimes be misleading because of the normal inverse square law decrease of
the backscattered light with range. A method for reducing the Polaroid data has
been devised which involves plotting the logarithm of the intensity against the
logarithm of the slant range. This is illustrated in figure 4. When plotted, the
normal intensity falloff will appear as a straight line. Any signal variations

resulting from discontinuities in the atmosphere will appear as variations in line
slope. ' ' :

This data-reduction method has now been accomplished by machine methods

- whereby each Polaroid data trace is divided into increments of time and inten-

sity, manually digitized on cards, and tabulated for either automatic or manual
-plotting . '

OBSERVATIONS AND DATA OBTAINED BY LIDAR

Clear Air Return

The scattering of light radiation is an inherent property in any particulate
atmosphere. In the Point Mugu area, situated on the Pacific coast, light scat-
tering will result primarily from particles larger than the wavelength of light. -
This is usually termed Mie scattering. These large particles, approximately
0.1 to 5.0 microns in diameter, are composed of water droplets, salt spray,
and sand or dust, and are invisible to the eye. LIDAR returns from an other-
wise clear atmosphere sometimes reveal a fine aerosol structure arrayed in
layers which extend to altitudes of several thousand feet. This layered struc-
ture has also been found to exist during mild winds when a thorough mixing of
the lower atmosphere is assumed. An example of a clear air return exhibiting
a complicated aerosol structure is shown in figure 5 together with an interpre- -
tation of the aerosol density distribution. Although a 2.0- to 5.0-knot wind
existed at ground level, this particular aerosol structure persisted for several
hours. The temperature profile for that day, also plotted, shows a significant




temperature inversion. Aerosol density variations of this type, in which the
number, optical density, and sizes of the particles vary, are difficult to inter-
pret in terms of total scattering and scattering cross section.
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cemperature Discontinuities

Because of the tendency of aerosols to concentrate in layers in the stable
ir just above the temperature inversion base, a backscatter is obtained from
his region and it appears as an echo in the LIDAR return. Even in clear air
‘onditions, the height and short-term variability of height of coastal temperature
nversions can be measured. At this time the LIDAR is capable of detecting
mly the presence of these inversions and not their magnitude, i.e., the tem-
erature gradient. '

A good example of inversion occurrence detected by the LIDAR in a clear
tmosphere is shown in figure 6, together with the radiosonde record for the
ame day. The LIDAR trace shows a definite echo at 1,000 feet altitude, re-
aulting from a thin aerosol layer at the inversion base. The slope of backscat-
ered intensity appears normal up to 2,100 feet where the slope changes apart
rom the usual intensity falloff. This corresponds to the light pulse leaving
he region of stratified air and entering cleaner air above the inversion top.

_\n example of inversion data reduced by machine methods appears in figure 4.

. RADIOSONDE. TEMPERATURE DATA
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Figure 6. LIDAR Deteciion of Inversion Lavyer.

{ear-Fiecld Intensity Variations

It has been determined, from a large number of atmospheric returns, that
he amplitude of the near-field portion of the trace for a given elevation angle
s a function of atmospheric conditions close to the LIDAR (from 100 to 500
-ards range). The characteristics of the scattering medium in this range can
‘hange throughout the day, from inclusions of fog, haze, dust, or pollutants.
\ series of LIDAR oYservations obtained over a period of minutes to several
lours may show variations in signal intensity arising from changes in the "near-
jeld" region of the atmosphere. These changes in backscatter return are pro-
jortional to the visibility changes that also occur.
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A similar change in near-field backscatter intensity is apparent.-when com-
paring laser returns taken before and after sunrise or sunset. As shown in fig-
ure 7, different characteristics and stronger signal amplitudes are evident.in
‘the near-field return after sunset. This effect may be partially attributed to
an increase in size of hygroscopic nuclei by collecting water molecules. An
increase in the near-field scattering could also result from precipitation of
larger nuclei (0.1 micron to 1.0 micron) from the higher altitudes in the ab-
sence of thermal turbulence and eddies after sunset.

-

LIDAR RETURNS 22 MAY 1968
SUNRISE TE 0600

0858 PACIFIC STANDARD TIME 0630 PACTFIC STANDARD TINE
10 DEGREES FLEVATION

10 DEGREES ELEVATION

40 40

[
-4
-
<

~
-1

ALTITUDE (THOUSANDS CF FEET)
- ~
o °

ALTITUDE ( THOUSANDS OF FLET)

00 0o

RELATIVE INTENSITY RELATIVE INTENSITY
(s} Belore suarise (8). Abwer suarise.

Figure 7. Troces From Before and After Sunrise Showing
Chonge in Near-Field Backscatter Intensity.

Fog and Low Stratus

One of the primary applications of the LIDAR is to measure the height and
thickness of coastal stratus. A typical LIDAR echo from stratus contains in-
formation on heights. of the top and base and the relative density of the stratus.
To measure the depth of a fog or stratus layer, it was necessary to determine

if the laser pulse was penetrating through the top of the layer. Observations
were made at several elevation angles to obtain criteria for discrimination be-
tween gradual extinction of the laser pulse by the fog and the penetration of the
‘top of the stratus layer. Figure 8 shows LIDAR returns obtained for a typical
stratus or fog condition. The gradual decrease in signal intensity in figure 8(a)
is due to extinction of the laser pulse in contrast to the sharp cutoff shown in
figure 8(b) and figure 8(c).

A The signal amplitude in figure 8(b) is shown to increase to a maximum limit
‘and then sharply decrease to an extremely low noise level for the continuation
of the trace. These changes in scattering intensity are a result of the laser
pulse penetrating the dense region of fog particles and entering the clear air
above the relative flat stratus top. Scattering of the laser pulse from this re-
gion is not detected because of the stratus attenuation of these weaker signals
from the clear air.
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Figure 8. Example of LIDAR Penetration of Stratus Layer.

With a knowledge of the elevation angle, these observations place the top
of the stratus at approximately 1,000 feet. Correlation with actual meteoro-
logical conditions was accomplished by using radiosondes, ceilometers, ground
observers, and aircraft reports. LIDAR returns, obtained later that morning,
figure 8(c), indicated the stratus base had lifted slightly and was in the process
- of dissipation. Complete dissipation did not occur until midday.

The LIDAR capability to penetrate through a stratus overcast and to detect
and measure the thickness of higher clouds has been demonstrated at Point Mugu.
During operations on 5 April 1965, a high cloud layer was detected above a lower
stratus overcast, as shown in figure 9. The echo from the stratus layer in fig-
ure 9(a) was at approximately 6,000 feet altitude during the morning but the
overcast did not dissipate until late afternoon. The stratus overcast was 300
feet thick. LIDAR echoes received through the overcast indicated the presence
of low cirrus in one layer extending from 21,000 to 26, 000 feet altitude. In
figure 9(b), the return from 70 degrees elevation shows the existence of the
stratus and the cirrus layers obtained with one measurement. Although this
higher cloud layer was detected by the LIDAR at 1020 hours, it was not reported
by the meteorological observer until iater in the afternoon due to low stratus
overcast. Observation during any overcast condition necessitates the use of
neutral density filters to reduce the level of backscatter intensity to the photo-
multiplier tube. The over-all signal magnitude of returns shown in figure 9
have been reduced by 50 per cent to prevent photomultiplier saturation.

Multiple Cirrus Cloud Detection

An example of multiple cirrus cloud detection together with a water vapor
profile for correlation is shown in figure 10. The echoes in the LIDAR return
in figure 10(b) were obtained from cumulus at 3, 300 feet, altostratus at 14, 300
feet, and multiple cirrus cloud layers at 22,200 feet and 24, 700 feet altitude.
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Figure 10. Example of Multiple Cirrus Cloud Detection.

10(a) is the LIDAR return from the lower atrﬁosph'ere showing in detail

the cumulus and altostratus cloud layers. The cirrus was visible from the

ground

above scattered to broken cumulus but it could not be discerned if multi-

ple layers existed. A humidity profile obtained from a radiosonde will show
relative maximum values in the vicinity of clouds or areas of high water vapor

content.

The humidity profile for that day, figure 10(c), agrees with the cloud

altitudes provided by the LIDAR. Tuis method gives information on the exact
height of cirrus, the thickness of cirrus layers, and the distribution of multiple
cloud layers which are not available from observatiors by ground observers,
and are often difficult to interpret from radlosonde data.
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Vind Shears

Observations over a period of time indicated that LIDAR echoes may be
sbtained from phenomena associated with wind shears in the upper atmosphere.
)n one occasion, unusual echoes were received by the LIDAR from an altitude
- +f 66,000 feet in an otherwise clear atmosphere. These echoes persisted for
:bout 30 minutes. An effort was made to correlate these returns with available
neteorological information. Results from an observation on 15 April, together
vith local wind data taken from a radiosonde are shown in figure 11. As indi-
:ated by the hodograph, figure 11(b), a moderate wind shear existed in the
‘egion where the LIDAR echo originated. It is believed that a signal of this
nagnitude could not have originated by reflection from the boundary layer sepa-
-ating the turbulent region. These signals were probably generated by scat-
ering from stratospheric dust or ice crystals trapped in the discontinuity of
he turbulent layers. '
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Figure 11. Example of Possible Wind Shear Detection.

.dditional Observations

During certain early morning observations, differences in the over-all
mplitude of returns or intensity of backscatter were noted which could not be
ttributed to changes in the density of scatterers present but was connected
-ith solar radiation or solar elevation angle. Occurrences of this particular
henomenon were restricted to the hours of sunrise and sunset. Typical LIDAR
eturns of this phenomena are shown in figure 12, During the time when the
olar elevation angle was between 10 and 20 degress above the horizon, a con-
iderable decrease in signal amplitude was noted for obscrvations at particular
zimuth angles. A minimum signal amplitude occurs when the LIDAR is per-
endicular to the sun's plane of motion upon comparing observations in the
olar or antisolar direction.
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LIDAR results obtained on 4 May and 22 May, which are shown reduced
and plotted in figures 13 and 14, respectively, are typical. In figure 13, the -
returns from before and after sunset from three different azimuth angles are
plotted simultaneously. There is an over-all decrease in magnitude occurring
after sunset at which time the returns from any azimuth direction are usually
identical. This condition as represented in figure 13 by trace numbers 1, 2,
and 3 is typical of homogeneously scattering atmosphere. However, trace
number 4 shows a distinct intensity shift before sunset for one direction (south) .
at approximately 90 degrees from the setting sun. This shift is also present
for north azimuth angles. When the same procedure was applied to LIDAR re-
turns before and after sunrise, simila:r results appeared. The after-sunrise
results of 22 May show a pronounced shift in signal intensity for the north-
south direction indicating almost no signal return.

Although background intensity (sky illuminance) and sky polarization effects
were analyzed, no evidence would be found to permit the results to be interpret-
ed in terms of known atmospheric anomalies. It is possible that the effect of
beam polarization on the atmos{)heric scatterers is responsible for the effects
observed. One interpretation of this situation is that the capabilities of the
LIDAR are not being fully exploited.

FUTURE PLANS '

The findings presented at this time represent only a small fraction of the
capability of the laser radar for meteorological observations. When this capa-
bility is rcalized, perhaps more investigators will enter the field to verify and
add their findings to the results already obtained. Observations of the solar
dependence on laser backscatter and the near-field variations before and after
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irise and sunset will continue, but effort will also be directed toward other
aningful returns from the "clear atmosphere.'" The results should yield valu-
e information to workers in the fields of laser communication, weapons de-
n, and meteorology.

Preliminary results of analyzing LIDAR echoes from various targets such
buildings, ground cover, and clouds, indicate more analysis is required.
nature analysis and possibly phase and polarization measurements may yield
re information on the identity and characteristics of targets. The polarized
ure of backscattered light will be investigated as a means of idermfying cloud
npositions (i.e., ice crystals or water vapor.)

The LIDAR is in a favorable position at Point Mugu to study the effects that
arge body of water has on transmission. The results can be exaisined for
nificance using presently available capabilities.
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Aircraft operations have a continuing requirement for slant visibility data
for informing aircraft approaching for a landing. The present method used by
the meteorologist for visibility reports is sometimes inaccurate and may only
pertain to a certain quadrant or horizontal direction. The data ncw obtained
with the LIDAR should contain information to compute slant visibility informa-
tion. The difficulty is to reduce these data and to correlate the results., Using
this visibility determination, there may result an approximation of the aerosol
density which is the primary scattering agent in the LIDAR returns.

Continuing emphasis will be placed on stratus observation using the LIDAR
for identifying those variables needed in predicting stratus formation and dis-

sipation.
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‘ONCLUSIONS

The LIDAR has demonstrated a great potential as a research and operational
1eteorological tool. When used in conjunction with meteorological infurmation
com other sources, the LIDAR data improves existing weather information. It
3 probable that the LIDAR will be capable of detecting and accurately measuring
wide variety of meteorological variables after engineering adaptations and
. mprovements in techniques are accomplished. Some of these variables include
1easurements ¢f wind speeds, temperature, water vapor, and atmospheric den-
ity. The LIDAR has been found useful for measuring the range to cloud bases
nd tops as well as stratus thickness. The existence and height of temperature
wersions can be determined and concentrations of aerosols in apparently clear
tmospheres can be detected. Immediate applications would include its use as
ceilomcter aboard aircraft carriers as well as at air stations.
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