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13.-ABSTRACT

A method of determining "slant visibility" by lidar observations from the ground during various degrees of fog and low cloud
conditions has been inves.igated in an experimental program at a coastal site. The emphasis of the study Wa8 on tie opera-
tional aspects of landirj aircraft in Categories I and I] conditions, and the first concern was to ascertain whether a
pilot might be expected to obtain visual reference from the critical heights of 200 ft arid 100 It respcctivety. This de-
pends primarily upon the transmittance along the slant paths from tLie cockpit to the ground. The aim of the idar olbserva-
tions has thus been to determirc the conditions of atmospheric transmittance aloft, with special reference to wiether tde
appropriate minimum values are exceeded. %lethods of analyzing the lidar returns from the atmosphere have been deie!oped
to derive information on the slant-path transmittance to a good accuracy when conditions are relatively homogeneous and
when the visibility is very patchy as in low cloud and fog.

Lidar oiservations were made in a manner to simulate thv operational geometry of slant visihility experienced by the pilot
of a landing aircraft. For example, data on atmospheric backscatter versus range were obtained by poirting the lidar beam
upward at a 150 elevation angle, thereby approximating the cockpit cutoff angle. Targets (wire-mesh and solid reflectors),
mounted on top of towers, were aligned and spaced so as to Intercept the 150 elevated lidar beam at heights of 200 ft and
100 ft, corresponding to the decision heights for the low-visibility landing Catngories I and II, respectively. After a
lidar pulse was transmitted through the array of elevated targets in order to record the target-reflected signals, a small
change in the azimuth of the lidar was made to record a single-ended profile of atmospheric backscatter versus range along
the 150 slant path immediately adjacent to the elevated targets. In this way, it was possible to compare determinations of
t-ansmittance derived from lidar observations of the atmosphere itself with path attenuation derived from measurtemnts of
the lidar signalr. from the reflecting targets.

Observations carried out in a variety of fog and low-ce;ling conditions showed the great variability in transmittance over
elevated paths that characterizes such conditions. With tie lidar in a spatially fixed configuration pointing ulorig the
150 elevated slant-path, 30 to 60 minute series of single-transmission measurements provided an adequate base for descrii-
Ing the prevailing slant visibilith .

Within tL.e limits of instrumental uncertainty, however, atmospheric extinction coefficients computed from siigle-ended
observations made along the 150 elevated path show good comparison with the extinction coefficients derived from the mea-
sured transmittance between the targets. Values of slant visual range, derivedt from Auch single-ended observations, cor-
respond well with the visual observations of the elevated targets made from the location of the lidar. It is concluded
that the approach could lead to operationally useful measurements of "slant visibility" pro%nded that the olUjective
analysis techniques can be applied automatically in the most appropriate manner.
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-" :ABSTRACT"

A method of deterrining "slant visibility, by, lidar observations

from, the ground during various degrees of fog and low clcid- conditions

has-been investigated in an experimental program at a coastal site. The

emphasiS-of the study was on the operational aspects of landing aircraft

in Categories I-and II conditions, and the first concern was to ascertain

whether a pilot might be e*pected to obtain visual reference from the

c'itical heights of 200 ft and 100 ft respectively. This depends pri-

marily upon the transmittance along the slant paths from.the cockpit to

the ground. The aim of the lidar observations hasthus-beexr to determine

the conditions of atmospheric transmi.ttance aloft, with special reference

to whether the appiopriate minimum values are exceeded., IMethods of

analyzing'the lidar returns from the atmosphere have beei/.developed to

derive information on the slant-path transmittance to a good accuracy

when conditions are relatively homogeneous and when the visibility is

very patchy as in low cloud and fog.

Lidar observations were made in a manier ,to simulate the operational

geometry of slant visibility experienced by the pilot of a landing air-

craft. For example, data on atmospheric backscatter versus range were

obtained by pointing the lidar beam upward at a 15ý elevation angle,

thereby approximating the cockpit cutoff angle. Targets (wire-mesh and

solid reflectors), mounted on top of towers, were aligned and spaced so

as to intercept the 150 elevated lidar beam at heights of 200 ft and

100 it, corresponding to the decision heights for the low-visibility

landing Categories I and II, respectively. After a lidar pulse was

transmitted through the array of elevated targets in order to record

i~i



7 IT
the target-reflected signals, a small change in the azimuth of the lidar

Swas.nade to record a single-ended profile of atmospheric backscatter

versus-range along the 150 slant path immediately adjacent to;theb-eleVated

"targets. In this way, -it wasopossible to compare determinations of-trans-

mittance derived from lidar observations of the atmosphere itself with

path .attenuation derived from measurements of the lidar signals from the

reflecting targets,

Observations carried out in a variety of fog and low-ceiling con-

ditions showed the great variability in transmittance over elevated paths

that characterizes such conditions. With the lidar in a spatially fixed

configuration Pointing along the 150 elevated slant-path, 30 to 60 minute

series -of single-transmission measurements provided an adequate base for

describing the prevailing slant visibility.

Within the limits of instrumental uncertainty, atmospheric

extinction coefficients computed from single-ended observations made-

along the 150 elevated path show good comparison with the extinction

coefficients derived from the measured transmtttance-between the targets-.

Values of slant visual range, derived from such single-ended observations,

correspond well with the visual observations of the elevated targets

made from the location of the lidar. It is concluded that the approach

could lead to operationally useful measurements of "slant visibility"

provided that the objective analysis techniques used can be applied

automatically in the most appropriate manner.

iv
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1 INTRODUCtION AND BACKGROUND

The ,p6ssibility of-measuring atmospheric visibility by lidai has

generat6d: much interest primarily because of the, poteitial of using a

siihgre-ended, laser device in aircraft landing operations to measure

slant visibility, a quantity that has',been most elusive to routine ob•-

Sservation. Although many techniques have been suggested, only a few

doncepts haVe been tested in the real ntiipsphere under critical low-

visibility c6nditions of log (e.g., Brown, 1967),*

Jn January 1968, Stanford Research Institute activated a pulsed.

,ruby lidar at HamiltonAFB, California, under conditions of low ceiling

and visibility in order to explore the operational utility of the lidar

in cloud ceiling and visibility determination (Viezee et al., 1969).

Results demonstrated that the lidar could obtain detailed information on

cloud conditiohs at locations along the approach path, -where, because of

themarshes and open water, convantiohal ceilometers could not be operated.

The possibility of processing the lJdar observations to obtain quantita-

tive',data on the atmospheric extinction coefficient--i.e., on the optical

parameter significant to "visibility" determination4-was also explored,

with indications that operationally useful analyses were feasible.

The ,exploratory work initiated at Hamilton AFB was followed 'by a

more-comprehensive effort, made in the summer of 1970, to investigate the

thebretical and practical aspects of determining atmospheric visibility

by lidar (Collis et al., 1P70). An experimental pulsed neodymiumlidar

systdm was modified and calibrated to obtain accurate data on atmospheric

* References are listed at the end of the report.
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optical properties in the strongly scattering conditions of dense-fog.

'To operate in such conditions, the system!s dynamic range was extended

'to -50 dB• bg using a.'two-stage receiver system, in which the high-sensitivity

el4ement -was operated in ;puch a way as tQ avoid saturation from close-in

qsignals.. In addition, the transmitter-and receiver-beams were made co-

axial to make possible close-range observations. Field trials were

carried out during conditions of fog at Half Mloon Bay, California, and-

at Arcata, California, in May/June- and August 1970, respectively. At the

Arcata site, observations were made inw conjunction with measurements by

.an array of up to five conventional (AN/!1Q-10)-transmissometers at the

NBS test facility. A particular feature of the lidar 6bservations was

the use of passive reflectors or targets set out along the surface to

provide information on atmospheric -extinction. This was accomplished by

comparing the intensity of lidar return signals from-near and far targets,

t6provide a measure of attenuation averaged over the path between them.

To make this possible, the near targets were in the form of wire-mesh

screens and were thus semitransparent (transmissions of 75.and 65 percent).

The farther targets were solid, diffuse reflectors. Atmospheric trans-

mittances obtained from the Uidar/target data showed high correlation

(correlation coefficient 0.92) with data from the conventional trans-

missometers for comparable horizontal paths under a variety of visibility

conditions. Single-ended lidar profiles of atmospheric backscatter versus

range were- obtained along horizontal paths adjacent to the passive tar-

gets and to a 500-ft base-line transmissometer. A total of 32 separate

values of atmospheric transmittance were computed from these lidar data

using the "slope" method. These values were compared with the transmit-

tance measured by the transmissometer. The ovetall comparison was good

and supported the hope of obtaining objective measurements of slant

visibility conditions in fog and low cloud remotely by lidar observations.

2



This report extends- the previous work and 'presents lidar observations

of- slant-path" visibility made under various conditions of low clouds and

fog at -the coastal site of Pillar Point, California, in the, summer and

"early fail of 1971. The objective of the experim~nt was to investigate,-,

analyze-, and verify the lidar technique of-measuring runway slaait-rangf

ix ~visibility."

3



I I SUMMARY AND CONCLUS IONS

In pursuing the contract objective, emphasis was placed on the op-

erational aspects of landing aircraft in Categories I and II conditions,

and the first concern was to ascertain whether or not, on the basis of

lidar measurements, a pilot might be expected to obtain visual reference

from the critical heights of 200 ft and I00 ft, respectively. Lidar ob-

servations were made in a manner to approxima . closely the operational

geometry of slant visibility experienced by the pilot of a landing air-

craft. For example, data on atmospheric backscatter versus range were

obtained by pointing the lidar beam upward at a 150 elevation angle,

thereby approximating the cockpit cutoff angle. Targets (wir'-mesh and

solid reflectors), mounted on top of towers, were aligned and spaced so

as to intercept the 15' elevated lidar beam at heights of 200 ft and

100 ft, corresponding to the decision heights for the low-visibility

landing Categories I and II, respectively. Lidar observations of slant

visibility were obtained from single-pulse transmissions, made at inter-

vals of approximately 1 minute. With these experimental conditions and

also with the physical conditions encountered, an observation period of

30 to 60 minutes was needed fully to characterize a prevailing fog con-

dition. Data were collected during daytime hours because of a heavy re-

liance on visual observations for guidance and verification of the lidar/

slant-visibility experiment. The lidar equipment that was needed to make

the required series of slant-path observations under the various fog con-

ditions is discussed in Section III. Details on the techniques of ob-

servation and data analysis are given in Section IV. Results of the

observational program are presented in Sections V and VI.

5



On the- l- to 2-minute time scale used in the observational program,

the lidar data show large tempotal fluctuations ±fi the slant-range atmo-

spheric extinction coefficient. -These fluctuations, which are character-

istic of the coastal fog conditions encountered at Pillar Point, render

a single measurement of slant visibility operationally useless.

With the li•as in a spatially fixed configuration, pointing along

the 150 elevated SIant path, realistic information on the slant-visibility

conditiim *t=iv-'., prtvailed .during the occurrence of low -clouds and fog is.

derived fioni ;o0- to 60-mirute series of single-transmission measurements.

Within the limits of instrumental uncertainty, the atmospheric extinction

coefficients computed from single-ended data obtained along the fixed

150 slant path show good comparison with those obtained along a comparable

path from the elevated-target data. Values of slant visual range obtained

from the single-ended data using Koschmieder's law are in good agreement

with visual observations of the elevated targets made from the location

of the lidar. A contrast threshold-of 0.02 gives superior results to the

more conservative value of 0.055.

When the lidar is operated in a scanning configuration, both the time

and space variabilities enter into the data, thus introducing additional

complexity to the data analysis and interpretation.

The lidar equipment and the data analysis ,echnique used in the study

are considered a .esearch tool rather than a systen, that can be readily

implemented in an automated, operational device for routine measurements

of slant visibility. Although results appear to be realistic, the true

validity, accuracy, and operational feasibility of the technique as applied

to the aircraft landing problem remain to be verified.

6
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IIUI EUIPMENT AND INSTRUMENTATION

The lidar equipment and auxiliary instrumiefntation used in the lidar/

slant-1?isibility project were basically the same as that described pre-

viously (Collis. et al., 1970). Accordingly, a detailed description will

not be repeated here. Only the significant differences in the equipment

used wtli be discussed. The basic characteristics of the lidar system

are listed in Table 1.

Table 1

SRI MARK V LIDAR CHARACTERISTICS

Transmitter

Laser Material Neodymium Glass

Wavelength 10,600
Spectral Line Width 90
Q-Switch Rotating Prism
Collimating Optics Refractive, 2-inch diameter
Bpamwidth 0.4 Milliradian

Peak Power Output 50 Mlegawatts

Pulse Length 20 Nanoseconds

Pulse Repetition Rate 12 per minute

Receiver

Optics 6-inch f/4 Newtonian Reflector

Field of View 1Milliradian

Predetection Filter Wavelength Interval 100A
Detectors (Two) RCA 7102 Photomultiplier

(S-i Response)
Postdetection Bandwidth 10 MHz

Receiver Logarithmic

7



A. Receiver and Transmitter Calibration

In order to reduce some residual inaccuracies inherent in the dual

receiver transfer functions, the caJibration methods and lidar operating

techniques were upgraded, with considerable emphasis on accuracy, stability,

and repeatability of the lidar data. Because extensive modification of

the existing equipment was beyond the scope of the current work, the ef-

fort was concentrated on reducing to an absolute minimum any remaining

effects that would cause variability in the lidar data. Several specific

examples of this effort are outlined below:

(1) Because variations in the amplitude of the 260-volt gating pulse

applied to the first dynode of the gated photomultiplier have

considerable influence on the photomultiplier gain, a digital

.voltmeter was added to monitor continuously the gating pulse

amplitude.

(2) The interaction of the photomultiplier operating voltage and

gating pulse amplitude was investigated and refined to produce

optimum gain of the first dynode stage of the photomultiplier.

(3) The calibration instrumentation was modified to eliminate the

effect of power supply ripple on the accuracy of the receiver

calibration.

(4) Receiver transfer function calibrations were performed a number

of times both in the laboratory and in the field. The resulting

data were analyzed to assess short-term and long-term repeat-

ability of the lidar measurements.

(5) During the data collection phase, extensive use was made of

neutral density filters on both detectors to eliminate any

problems related to detector saturation.

The net result of the effort was to minimize errors in lidar data as-

sociated with the calibration procedures. Further improvements in data

accuracy can bu accomplished by improvements in the optical calibration

equipment.

8
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B.. Dual Detectors.

The concept of a receiver with dual detectors was

to accommodate a receiver dynamic range twice as great as that of one de-

tector alone. This could be accomplished by separately recording the data

from the high-sensitivity and low-sensi-tivity'detectors and combining these

two pieces of information during data processing. However, the dual de-

tectors were not used as origifially planned because correlation.,of th data

recorded simultaneously by the two detectors revealed inconsistenc.ies in

the bandwidth characteristics of the logarithmic amplifiers. Fortunately,

it was found that the dynamic range of the returA signals received during

dense fog was lower than anticipated and could, therefore, be recorded by

one detector. During large changes in fog density, neufral density filters

were used to keep the lidar signals within the dynamic range'of a single

detector. The dual detector arrangement within the lidar receiver found

its greatest use in evaluating the logarithmic amplifiers.!

C. Logarithmic Amplifiers

The lidar target data on slant visibility collected and analyzed dui?-

4ing July and the beginning of August 1971 revealed certajin inconsistencies

in the data recorded simultaneously by the two -detectors. The inconsis- 1

tencies produced differences in the atmospheric extinction coefficiqnts

obtained from the two sets of data. The differences. in the recorded datý

were found to be caused by individual differences in the electrical charac-

teristics of the two logarithmic amplifiers. Specýfically, v~ariationp in

the instantaneous bandwidth of the two amplifiers as a functign of input

signal amplitude were detected.

The two log amplifiers used previously at Arcata, California ZCollig

et al., 1970), and at the beginning of this prqjecqt (hereinafter referred

to as loggers 1 and 2) were designed and constructed at SRI several years

9i
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ago,, At that time, log amp1.ifiers of the required char~cteristic! were

not ,commercially ayailable'. In the SRI .design the bandwidth of' the a

pl-if ier is, a, direct function of th' i'iput s~gnal ampiitude (as in all

previous designs of wide-bandwidth log Video amplifiers), 'and the non-

linear function is accomplished by a foxrvard-biased semiconductor diode.

Ovr a selbeted opejrating, rahge, the voltage ;across the junction of the

diode iý approximately proportional to the logarithm of the current through

this diode. The bandwidth of the lpg amplifier is.determined by the in-

stantaneous limpedance (time-varying)-of the log diode and the shunt capac-

itance across the diode (which is'fi-xed) acting as a simple RC filter.

Thd diode impedance, in turn, is an inverse-function of the diode current.
i Thus,lat high inpit .currents (corresponding to high signal levels), the

low impedance of the diode. Jin parallel with'the stray capacitance across

"the giode results in a high-frequency cutoff of approximately 10 MHz,

At low signal levels, the Aigh Impedance of thediode is paralleled with

ihe same value of stray capacitance, resulting in a high-frequency -cutoff

as low as 200 kHz. In all cases, the high--frequency roll-off with in-

creasing frequency is 20 dBV/decade. characteristic of a timple RC filter.
a a

The amplitude-bandwidth characteristics of log amplifiers described

above is well known; however, the impact of this characteristic upon the

quplity of lidar data ig critically dependent upon the specifl.c lidar

application under consideration, and must be evaluated experimentally,

the majoT criteion being the required accuracy of -the data.
j I

, Midway thr6ugh the observational program, a log amplifier of new de-

sign (hereinafter referred to as logger 3) became available for the first

time. A prototype model of l6gger 3 was obtained and evaluated first in
SI I

Logger 3 is a proprietary development of Scientific Technology, Inc.
a (STI), 1157 San Antonio Rd., Mountain View, Califorhia 94040.

10



the lboratory and later. under ekpoerimental conditions at ,Pillar Point.

The characteristics were not-precisely suited for -the application to fog

* monitoring, but the differences were relatively minor and' did not affect

the resulting evaluation. For example, the output scale factor of the

prototype was 100 mV/dB input compared to our usual value 6f 20 mV/dB

input.

The significant difference between logger 3 and loggers 1i and 2 is

that the bandwidth is indepenident of input signal amplitude. This charac-

teristic allows more accurate measurement of path attenuation from the

reflecting-target returns, and also results in improved estimates of at-

mospheric extinction from single-ended lidar traces.

A comparison of the data outptrt from logger I and logger 3 is pre-

sented in Figure 1. The two Uidar traces of Figure l(a) are 15° elevated-

target returns recorded simultaneously by the two detectors from one trans-

mitted lidar pulse under clear condiLiohs. The upper trace was obtained

from logger 1 and the lower trace 'from logger 3. Comparison of the two

traces shows the absence of the exponent--al decay ("tail"7) at the-base of

the three target returns in the lower trace.

Single-ended-lidar traces taken 'under low-visibility conditions are

illustrated in Figure l(b); The difference in slope' of the two data sam-

ples at the low-voltage output at ranges Ž0.09 km is noteworthy.

The performance of the prototype logger 3 was investigated in detail

within the limitations of the existing SRI calibration instrumentation

and technique. The main objective of the laboratory calibration was to

determine whether the bandwidth was sufficient to provide high-resolution

lidar data, to verify the linearity and accuracy of the logarithmic func-

tion, to determine whether the log amplifier bandwidth was truly indepen-

dent of the signal amplitude.

11
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The initial ,results' of the laboratory- iiVdst~igatbn wkere -promising

althoughý. imp rements-in calibration, equipmenit and. calbration, techfiiques

aire ýrequired' to use the caoP.bai-ties of the new. amplifier fully.

ýfi•ie the gdiera-l- chdfirateir,£cs -of" loggei 3" were determined in- the

-fab6ratdry,' the, Amplifier-was installed in the- k• V lidar system located

-. t Pillhr-•P6•ont oh- -17 August 1971, and final calibration- of the receiver,

trihsfer function Was- performeidd there. Experimental data were taken under

both clear afidCfoggy-coifditions'using both logger 1 and legger, 3. The

logger I was cofnnected toý the,' pper ý(low-sensi-tivity) detector (pmt 1),

and the iiew idgger 3 was donne',ted. to the lower (high-sensitivity) detec-

,tor (pmt 2). Neutral density filters were intr9duccd into the optical

p.aths of both detectors ito compensate for their -differences in- sensitiv-ity

so that comparable data were obtained from both channels of the receiver.

The analysis andý interpretation-of simultaneous, data obtained from the two

receiver channels are presented in Section V..

D. A Practical,, Operational Slant-visibility Measuring F'stem

The Mk V neodymium lidar used in this study was satisfactory for re-

-'earch purposes but cannot in its present conf-Iguration be expected to

serve as a practical, operational system. Also, the methods of recording

and processing the data, and of extracting information on slant-range

visibility, were specifically designed for the research task at hand, and

* not, for an operational system. However, as a direct result of the research

carried out under this and the previous program (C9L-lis et al., 1970),

a initial evaluation of the technical feasibility of an operational sys-

tem, along with several concepts of how such a system might be realized,

can be made. For purposes of discussion, the practical, operational sys-

tem is divided into two major components: (1) the optical sensor (lidar)

and (2) the associated data recording, processing, transmission, and dis-

play system.

13



i.- -The Optical Sensor

The potential eye-safety hazaid generally cassociated with Q-

switghed ruby or neodymium lasers restricts their use in any operational

application to. slant-range visibility monitoring.. The American National

Standards Institute (through its Z-136 committee), is currently forjr,1wJ ýllg

a laser safety standard that will have the support of the armed services

as well as other governnent agencies and private industry. The safety

standard is expected to be published during 1972 and -when accepted will

much moreclearly define the eye-damage hazard.

When monitoring runway slant-range visibility in its configura-

tion- used in this research study, the lidar sensor would be located along

therunway near the approach lights, with a fixed beam at approximately

150 -18 elevation angle. This beam geometry will monitor the visibility

conditions along the pilot's line of sight as he looks from the cockpit

at the approach lights from an altitude of approximately 200 ft. When

the lidar beam is fixed and does not scaft in either azimuth or elevation,

the eye-safety hazard exists only at the instant when an aircraft, on its

final approach, passes through the 200-ft decision height. Although the

eye-safety hazard could be minimized by simply disabling the lidar sensor

during the time that a landing aircraft passes the 200-ft drzision height,

this solution is not satisfactory since other aircraft flying at higher

altitudes could intercept the transmitted beam.

Two alternatives to minimize (or possibly eliminate) the potential

eye-damage hazard appear possible. The first is to select laser wavelengths

that are not transmitted by the ocular fluids within the human eye. The

eye-damage effects are then confined to the cornea and ocular fluids, and

not the sensitive retina of the eye. The net result is that the damage

threshold would be increased substantially over lasers operating in the

visible region of the spectrum. Lasers that fall in this category include

14



erbium (1.54 1), holmium- (approximately 2.1 11), carbon monoxide .(approxi-

mately 510, and. the carbon dioxide "TEA" laser (10.6 LO. If high pulse-

repretitibn rates- can be-achieved with the-above lasers, then the possibil-

ity of signal averaging to increase the overall sernsitivity may overcome

in part the lack of-detector sensitivity at these wavelengths.

'When working at wavelengths signiifibantly different from the.

kisible, the question arises as to how representative the atmospheric ex-

tinction measurements made at an infrared wavelength are of the atmospherid

extinction that is related to the human eye response. The present -lack

of -suiFtble detectors.capable of operating at ambient temperatures may be

-somewhat-6f a drawback to operational sensor systems using infrared lasers.

A second alternative that may minimize the eye-damage hazard

is to operate at considerably lower peak powers but at high repetition

rates. Signal integrating techniques can be used to improve the overall

sensitivity, and this, approach could be beneficial in averaging out small-

scale fluctuations in the scattering characteristics of the atmosphere.

Because of the present uncertainties in eye safety, a detailed

design of lidar sensors for slant-visibility measurements is considered

premature at this time. Many of the alternative infrared laser sources

are still in early developmental stages, and a detailed description of

conceptual IR lidar systems would be rapidly obsolete.

2. The Data-processing System

Although the analysis and interpretation techniques described

in this report can produce good results if applied in optimum fashion, de-

pending upon the degree of homogeneity of conditions along the path of

observation, such application requires the intervention of human intel-

ligence, even though objective and computerized methods were used to make

the necessary calculations. For an ultimate, operationally useful system,

15



the analysis technique must be made fully automatic. This poses problems

since distinctions that can be readily made with the aid of human judgment

are. cumbersome to accomplish by automatic techniques--particularly when-

the possibility of error is highly undesirable.

The analysis technique essentially involves two steps: firstly,

the selection of the appropriate technique to apply to each segment of

the slant.path, and secondly, the derivation of the extinction coefficient

by the chosen technique. For an operational system, further steps need

to be taken to relate the instrumental observations of extinction coef-

ficiefit or slant-path transmittance to "visibility" conditions in terms

of the- pilot's visual acuity, ambient lighting conditions, and the con-

trast of the ground reference (which, in most cases, would be the guidance

lights of the approach zone).

Although it is possible to consider a completely "software"

solution to the analysis and interpretation problem--in which each lidar

observation is fully digitized and subjected to a complex computer

analysis--such an approach is unattractive for many reasons. It would

require fast analog-to-digital conversion of the lidar signals and the

application of at least a dedicated minicomputer to derive solutions.

Although the costs of such converters and computer facilities are de-

clining steadily, the cost of auch a system would still be considerable

and the computational requirements would be complex and cumbersome. A

short-cut might be provided by sampling at a series of range gates, using

the integration of the returns from a number of pulses to develop measur-

able signals in each range-gate store. The relationship of such signals

as a function of range could be fairly simply established by ratio tech-

I niques' or, in digital form, coincidence circuitry. Where a series of

signals over consecutive range increments exhibited a consistency within

prescribed limits that indicated returns from a homogeneous atmosphere,

the "slope" method could be used to derive the extinction coefficient for

16



the segment in question. For transitional segments, a, simple logical pro-

-gram could, determine major features, such as cloud-base height;, alterna-

tively, -for areas in which clbud-density is increasing or marked inhomo-

geneifty is apparent, a purposely high extinction coefficient could be

applied, ývith thejobject. of at least providing a worst-case assessment

of path "visibility."

Another approach would be to accomplish the required signal

processing in real time using conventional wideband analog techniques under

digital control and timing. This approach eliminates the need and expense

of a fast analog7to-digital converter required in the purely digital ap-

proach. The output of the photomultiplier detector after passing through

an accurately calibrated logarithmic amplifier is applied to a real-time

analog processor that eliminates the inverse range-squared attenuation ef-

fects in the raw data. This could be accomplished by generating the func-

tion 2 log R and adding it to the lidar signal. The resulting signal would

then be differenti.ated to obtain a voltage proportional to the slope of

the input waveform. This voltage, which is related to the atmospheric ex-

tinction coefficient., could be digitized and transmitted to the display

in recording electronics, or it could be accumulated in a register and

averaged using conventional digital computational techniques.

The choice of appropriate data-processing techniques is obviously

much dependent upon the nature of the data acquisition system used. The

above discussion is intended only to draw attention to the nature of the

problem, and the difficulties that would have to be overcome. The concepts

discussed, however, are illustrative of the approaches open, and in the

light of current progress in low-cost computational and data-processing de-

vices, suitable solutions are likely to be attainable within reasonable

constraints as to cost and complexity with appropriate research and develop-

meat.

17



IV TECHNIQUES OF OBSERVATION AND DATA ANALYSIS

A. Observation Technique

'Observations were made in a manner to simulate the operational

geometry of slant visibility experienced by a landing aircraft. For ex-

ample, data on atmospheric backscatter versus range were obtained by

pointing the lidar beam upward at a 150 elevation angle, thereby approxi-

mating the cockpit cutoff angle. Targets (passive reflectors) mounted

on temporary towers were aligned and spaced- so as to intercept the 150

elevated lidar beam at ýheights of 200 ft and 100 ft, corresponding to the

decision heights for the low-visibility landing Categories I and II,

respectively. Figure 2 shows a schema of the experimental lidar/target

geometry. Figure 3(a) shows a panoramic view of che experimental site;

Figure 3(b) presents a close-up of the targets as they are aligned on top

of the towers. Semitransparent wire-mesh targets are mounted at the top

of Towers A (90 ft above the ground) and B (130 ft above the ground).

A solid target* is mounted at the top of Tower C (240 ft above the ground).

Targets T and T intercept the 150 elevated lidar beam at heights (above

the horizontal plane) of 100 ft and 200 ft, respectively. Targets are

also located at the 00 elevation angle of the towers to enable reference

measurements related to horizontal visibility.

Lidar data were collected by alternatively firing the lidar at and

slightly off the 150 elevated targets at intervals of 1 minute. After

The solid target is constructed of plastic-coated plywood. The
reflecting surface is composed of one coat of "White Velvet" enamel
paint (Minnesota Mining and Manufacturing Co., Stock No. 108AlO) over
two coats of flat white primer (for further details on the construction
of the passive reflectors, see Collis et al., 1970).
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a lidar pulse wa; transmitted through the akrayof' taigets in order to

record the target-reflected signals, a small change in the azimuth of the

lidar was made to record a s ingle-ended profile df atmospheric backscatter

versus range along the 150 slant path immediately adjacent to the targets.

By making observations in this way, one can comparp determinations of ex-

tinction derived from lidar observations of the atmosphere itself with

path attenuation derived fiom measurements 6f the liday signals from the

reflecting targets. A 1-minute time interval was ,needed to Manually change

the azimuth• of the lidar and the neutral density filters :in front of the

photomultipliers. ('sed Section III, on Instrumentation and Equ2pment).

The data were recorded simultanebusly from the, two photomultipliers of

the dual receiver system, and the 1-minute interval between single-pulse

transmissions -gave an adequate data base without redundancy. Samples of

observations were also collected by scanning the lidar from 150 to 00

at intervals of 30 in elevation angle.

Because of a heavy reliance on visual observations for guidance and

verification of the lidar/slant-visibility experiment, all data were

collected during daytime hours.

SB. Data Analysis Technique

Theratio -of the target-reflected signal]s received from two succes-

sive targets is related to the atmospheric extinction coefficient averaged

over the distance between the two targets (Collis et al., 1970). Thus,

at each lidar-pulse transmission through the elevated target array, two

values of atmospheric extinction are obtained, one averaged over the dis-

tance TA to TB (37 m) and the other averaged over the distatnce TB to TC

(117 m). Figure 4 shows an example of target signals receivod from the

semitransparent mesh targets (TA and T ) and from the solid target (T )

during clear and foggy conditions.
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the slant-path single-ended profiles of atmospherib bapkscatter versus

range are analyzed using the "slope" method described in an earlier !re-

port (Collis et al, 1970). In summary, the single-ended; lidar data;are

photographically recorded from the oscill6scope ini erms of output voltage

versus range and are digitized ,and then computer-processed .in terms of

the so-called S-function -versus range R. -In the7 digrtization of each

oscilloscope trace, the output voltage is pdt on tape as-,a function of

range at. intervals of approximately 1.5 meters. 'T'ie tap' provides the

input to a computer program that corrects rdcorded' lidar backscatter

signals for the inverse, range-squared (1/R) attenhatiqn'and converts'

voltage output! to relative decibel (dB)input by applying~the calibration I

data of the photomultiplier/logarithmic-amplifier component of 'the re-

ceiver system. Thus, for the ith trace at thb jth range, we have

S SO. 1c0 (V + 20 log R '
J c i10

where

V recorded voltage of ith trace at jth range R.

* I

an operator, determined from the system calibration, which
transforms output voltage to relative units of dB input.

For each ith trace, an evaluation of the atmospheric extinction co-

efficient averaged over the effective range of.recei4ed backscatter signal

is derived from the slope (AS/AR) of the linear least-squares, fit -to the

S Si versus R data. Two cases occur: i-i jj

1) AS/AR < 0 (negative slope). In this case, a range averaged value

of the atmospheric extinction coefficient ,(a) is obtained from the rela-

t ionship

1 AS
-8.7 AR
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-tib is baedoIteasmto~fAtnshrcooni hs
I 3

which is based, on the lassumPtion. of atmjispheric homogeneity. This.

assumpti6n "appears workable Ahen operatingwithin a -fog such that the
3 .. ..j -I

! .S~function sharply decreases with range due to the domin~ating effect of

signal attenuatiba. Also, AR musV represent the, entire. range iuterval over

which the linear least-squares fit is applied. Smail intervaisbf AR

(<-(25m) must be avoided since they would givLe i.ncr'easing_ weigh to the
! - a

presenceof the small-scale inhomogeneities.,.

2), AS/AR > 0 (positive slope). in this• case, the backscatter

":increaseswith range--i•e'., the lidar beam,-penetrat~s, a c1oud or a fog of

increasing density with range ai'd-an assumption of. homogeheity is clearly

invalid. For positive slope, values of atmospheric extinction coefficient

are, der'ived ;irom the lidar data by aý analysis based on an asgumption of

a 8ýla relationship ( k = k2) and a measured or 6timaled value of a as

an initial boundary condition* (seb Collis et al., 1970).

Since the-data-processing technique udes. the slope 6i a lItear least-
, . -. 3

squares fit to the data points- in the computation of a range-averaged ex-

tinction coefficient, the technique is referred, to As the "siope" :method.
I I U

Figurei 5 and 6 show two samples of single-ended lidar .data obtained during

two diffdrent situations of low clouds and fog, along the 150 slant path

immediately adjacent to the elevated targets. The data were r,9corded by

Sfow-sensitivity photomultiplier. Each spmple includes the "raw" data

in the f6rm of Polaroid photographs bf recorded oscilloscope traces of

output'voltage versus range, and the computer-processed data in the form

of xprintouts of relative variations in the S-function versus range. The

linear least-squares fit to 'the dv~ta points 'is indicated by a dashed line.

On 2 August 1971 (Figure 5) a light fog was present, reducing the horizon-

ta] visibility to'1-2 km. A low-stratus ceiling extenddd downward almost

a U

! I

In the present experiment, initial vblues of a were obtained from

Koschmieder's law and an estimate of visibility at the location of
the lidar.
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'to the .grotintd. The 'first twb 'targets AT and' TB) x-iee clearly -visible,

but the' highest (200nft d~cision--height) target, T ,,)was only dimly visible

dub-to obscura:tion by' the, l6i-stratus and-fog, The linea.r fit to the

.dbmpdter-pro&essed data [Figure :ý(b)j] shows, that even-though' the fog is

fai from homogeneofis, atmospheric extinctioni.,doiniates the behavior of

the lidar backscatter 'signal over the slant range of eff•ctive' signal

return (AS/AR < 0). On 23 July '197i (Figur'e 6) ali'thred elevated targets

were clearly visible and below a well-defined but ragged ceiling of

stratus clouds. The linear least-squares. fits io'.the 'comphter-processed

lidar data ,of Fýiure 6(b) show 'an increase of> the S7funct.ion with range

(AS >s), -owing to sharp increases in the atmospheric backsqatter as

the lidar beam points toward the cloud ceiling--i.e., into a scattering

medium of increasing density with height.

C. Data Verification.

No transmissometers or other visibility-measuring devices were

Savijiable during the lidar/slant-visibility experiment at Pil'•ar Point.

Consequently, no'evaluation of the validity and accuracy of.the "sfope"

method is presented in terms of such measurements. However, previous re-

search (Collis et al., 1970) demonstrated that atmospheric transmittance

obtained fromlibr/taiget data is highly correlated with the transmittance"

data from standard (,type AN/GMQ 10) transmissometers. Therefpre, ext-inc-

tion coefficients' derived from the single-ended lidar data by the "slope",

method are evaluated on ,the basis of a comparison with the extinction

coefficients,;derived from the target-reflected signals. No point-to;point

correlation between the single-ended data and the target data is possible

because these data are not simultaneous but involve two lid'ar-pulse trans-

missions separated in time by I to 2 minutes. Because of the large natural

fluctuations in visibility that occur in the very patchy coastal-fog con-
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ditions§ encount4red'-,, this -time difif~encde. is associated with large dif-

frefeices in the lidý&rdata.

Values of range;vý-raged extinction coefficient obtained from the

lidar data- are also-usedt6 obtain slant visual range from the law of

koochmieder. The slant=visibility estimates thus obtained are-compared

with subjective visual-bbservations, of the three elevated targets made

from the location of the lidar, by thdetpersorinel- operating the lidar.

'D. Limitations of Data"Analysis Techniqub-

"The linear lea~trsquares.pirocduie by meansof which values of

atmospheric-extihctiori. rare-derived from'the lidar data can 'be applied to

all lidar traces. However, the deriyed atmospheric extinction coefficients

cannot be expected to be of equal validity. In other words, the present

technique of deriving slant-range visibility Trom single-ended lidar data

does not give operationally-useful information 'under all conditions of

fog and/or low clouds- Three situations'were found to present difficulties.

Condition 1--During the onset of the advection-type fog that was

Sencountered, fog patches could be observed to drift through the lidar's

field of view at rapid speed. Figure 7 shows a series of four 'consecutive

slant-path iidar traces of'atmospheric backscatter signal versus range

typical of these extremely inhomogeneous-conditions. The traces, obtained

at 1-minute-intervals, qhow large variability in space and time. Although

• each individual trace can be Processed by the."slope" method in order to

obtain a value of- atmospheric extinction, the validity of such a value

cannot be assessed. Exactly how operationally useful information on

slant visibility should be reported under these conditions has not been

specified.

Condition 2--On 5 October 1971, a-shallow layer of fog was observed

with a well-defined upper boundary above which conditions were clear.
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In this case, the sharp -decreae of signal ntjensity with range observed

intthe lidar data above the upper boundary of the -fog cannot be included

in the least-squares-procedure since -it does ;1ot relate to atmospheric

extinction but to a sudden decrease in atmospheric 'backscatter with range
as the lidar pulse exits from the fog int6 reatively clear air conditions.

Figure 8 shows an example of these data recorded by. the "gated" photomulti-

plier-pmt 2 (.gating disthnde 50Q-) connected to the "new" logarithmic

aemplifier , The tipper f6g-bou dh.rj can be clearly distinguished

in the slant-range •idar-traces. -

Condition- 3;-When Iwll*defindd cibud peilin" is jiresent at a

height that-intexqept; the elevated lidar beam, the observed backscatter

profile shows a sharp increase in atmospheric backscatter at the range

corresponding to the cloud-base height. When the "slope" method is

applied to this type.6f lidar trace, the linear least-squares procedure

includes the data of thý. lower cloud boundary in, averaging the signal

variation with range, ,which significantly dffeqcts thb slope of the linear

fit. It hir become evident from fhe .collectei1 ildar data that the back-

scatter signals from a cloud boundary should not be included when deriving

values of range-avdraged extinCt-ion -coefffcient and that the lidar trace

should be processed in twb parts;'one part bekow the cloud base and the

other part above the cloud base inside the cloud. Figure 9 illustrates

the computer-processed data of relative Variations in the S-function

versus range representing four consecutive traces recorded 2 minutes apart

along a slant path of 150 elevation. The data were obtained when rapid

variations in the height of a low-stratus ceiling were observed and when

the highest (200-ft decision height) target, Tc, was not visible. In

Trace 3, the cloud ceiling was below the transmitted lidar beam and

practically at ground level. In Txaces 1, 2, and 4 the ceiling had sud-

denly risen and is intercepted by the elevated lidar beam. It is evident
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that when the cloud ceiling is present in the lidar backscatter data, the

linear ieast-squares fit to the data points gives a value of atmospheric

extinction that is obviously invalid.

Although, in principle, the "slope" method can be applied to any

lidar profile of atmospheric backscatter versus range observed during fog

and low clouds, in practice, subjective judgment (human intelligence) is

required to guide the analysis of the data and to assess the validity of

tha derived extinction coefficients. In the present study, both visual

observations of the prevailing atmospheric conditions and inspection of

the recorded Polaroid data were used to recognize and account for the

three conditions described above. To what extent various subjective

judgments can be expressed objectively and incorporated in a computer

program remains to be determined. Under an additional task to the con-

tract, an effort was made to identify Condition 3 by providing input in-

formation related to cloud-base height. The results are discussed later

in this report.
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V RESULTS OF OBSERVATIONAL PROGRAM

A. General

The field observation program can be divided into three separate

periods on the basis of changes that were made in the logarithmic ampli-

fiers of the dual receiver system with which the Mk V neodymium lidar

was equipped. At the start of the program, the dual receiver system

consisted of an upper (low-sensitivity) photomultiplier (pmt 1) connected

to a logarithmic amplifier (logger 1) of known design and a lower ("gated")

photomultiplier (pmt 2) connected to a logarithmic amplifier (logger 2)

of similar design as logger I (see Section III, on Instrumentation and

Equipment). The lidar/target data on slant visibility collected and

analyzed during July and the beginning of August 1971 showed a consistent

discrepancy in the output from these two pmt/logger components. Atmo-

spheric extinction coefficients derived from the target data of pmt

2/logger 2 were too high as compared with those derived from the target

data of pmt 1/logger 1 and also as compared to visual observations of the

elevated targets. After various probable causes for the discrepancy were

considered, a brief experiment revealed a large difference in the signal

amplitude-bandwidth characteristics of the two log amplifiers. In fact,

logger 2 appeared to pass low-intensity signals received from the passive

reflectors with a considerable loss in signal intensity, which--under fog

conditions--resulted in values of the atmospheric extinction coefficient

that were too high. The log amplifier connected to the upper pmt (log-

ger i) displayed somewhat similar characteristics but much less severe,

and derived values of atmospheric extinction appeared reasonable.
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Since some uncertainty in -the performance characteristics of logger 2

had been experienced during a previous field -measurement program (see

.Collis et al., 1970), loggei 2 was discarded and a prototype logarithmic

amplifier of different design (logger 3) was installed on 17 August.

Because of the poor performance of logger 2 to which pmt 2 was

originally connected, only the data from this receiver component collected

on 19 July 1971 ire presented in order to illustrate the discrepancy found

in the extinction coefficients derived from the :target data. All other

data samples presented for July and August are those recorded from the re-

ceiver component pmt l/logger 1. The characteristics of logger 3 were

tested under various fog conditions from 17 August to 14 September. Ob-

servations of slant visibility using a dual receiver system consisting

of pmt 1 connected to logger 1 and pmt 2 connected to logger 3 were re-

sumed on 5 October. An extensive record of data collected simultaneously

with two photomultipliers is presented for 13 October.

Table 2 lists the slant-path lidar observations that were made

during the three separate periods. A total of 22-1/2 hours of lidar-

transmission time was used to collect the data. Various data samples

were collected for the purpose of testing equipment components and opera-

tional procedures. The data from six separate observation periods covering

various degrees of fog and low cloud conditions are presented in detail.

B. Presentation of Data Samples

1. 19 July 1971 (Horizontal Visibility 600-1200 m)

The first series of slant-path lidar observations was made on

19 July 1971 when a dense fog enveloped the Pillar Point field site. The

fog was associated with low-level stratus clouds. The lowest target, TA,

remained visible at all times, but target TB (100-ft decision height)

occasionally disappeared from sight. The highest (200-ft decision
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Mhight) target, T-., w-as never visible. Bedause of 6 failure in the power

supply of the-upper photomultiplier (pmt 1)-Of the dual receiver system,

-only data from 'the lower "gated" phot6multiplier (pmt 2) were available.

Figure 10 shoWs an exahple of recorded data. The oscilloscope

traces of signal intensity versus range are gated on at a'range of 50-

60 meters in order to avoid receiver saturation by the high-intensity

backscatter sigals from close range. The target data. [Figure 10(a)]

show no return from TC and the near-disappearance of the reflected signal

from TB. The single-ended data [Figure 10(b)] show the effects of strong

attenuation with range in'the'baCkscatter signal from the atmosphere

itself:.

In Figure 11, atmospheric extinction coefficients jbtained from

"l• Ithe target data (dots connected' by solid lines) and from the single-ended

data (crosses connected by dashed lines) are. compared for a 50-minute

period of observation. The data were collected by firing the lidar "on

and off" the elevated targets at intervals of 1 minute. A 1-minute time

interval was required to change the azimuth of the lidar and the neutral

density filters in front of the photomultiplier. Measured values of the

extinction coefficient are connected by straight lines in order to show

the large temporal fluctuations in atmospheric extinction that are charac-

teristic of coastal fog conditions.

To compare the lidar measurements with visual observations made

of the elevated targets, a special visual-range scale is drawn alongside

the lidar data of Figure 11. Using the lidar-observed extinction coef-

ficients (a), corresponding values of slant visual range (V) are obtained

from Koschmieder's law G = exp (-av) using two different values for the0

contrast threshold a (see Hering et al., 1971). The locations of the
0

elevated targets aro indicated at their appropriate slant-range distances

from the location of the lidar--i.e., from the point where the visibility
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Table 2

SUMMARY OF SLANT-RANGE. lISIBILITY MEASUREMEN1S- MADE

BY LIDAR AT PILLAR POINT, CALIFORNIA

Number Observdd Visibility

Time Period, of Observations in Direction of Targets

Date of DSngle- escription

(1971) Observation Target Sngded of Observations I Horizontal Slant ýRange
(PT) Data n ()
_ _ _ _ a Data _

Dual Receiver System with pmt l/logger 1 and pmt 2/loggqr 2

19 July 15:30-16:30 25 27 On and off 150 ele- 600-1200 TA - Visible.
vated targets i TB - Occasionally

obscured'

Tc - Notivisible

23 July 08:17-10:19 19 20 Angular scanning 4000-6000

from 150 targets to ,

horizontal targets All clevated

11:15-11:50 17 17 Onand off 150 ele- 4000-8000 targets below %

1 3vated targets cloud base

12:05-12:37 16 15 'Otiand-off hori- 9000-8000
zontal targets

2 August 09:35-10:35 31 31 On and off 150 ele- 1000-2000 TA - Vit~ble

vated targets T - Visible
TC - Obscured

most of

time

11:08-11:54 22 24 On and off 150 ole- 1000-2000 T - Visible

oated targets TB- Visibile

TC - In and out

of cloud

! - base1

4 August 08:50-09:25 13 22 Angular scanning 600-800 .Passage of fog

from 150 targets to bank

horizontal targets

"10:00-11:30 45 150 target calibra- 10-15 km
tion 0 m All targets

•+ visible
-12:30 30-15kmJ

12:00-12:30 30 Horizontal target v10sibl

"calibration
13:40-14-25 19 19 On and off 150 elo- 21000 TA - Visible

vated targets TB - Yisible

TC - kot visible
most of

time
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"- 'Iz;

-4i14 , ab 2' (Concluded~

'Number Observed. VisibJity
Time-Peri6d" of'Observations, id •irecitw, of`-T"rgets

Date of "n" . Description [ .

1:1971.) Observation 'Target d• - of Observations Horizontal
.(PD) nData-. ned' SlantýRange

-PT Data (m

- Testingý ofio'fp logger-3! " ~ ~- °Tsigo 'Prototype }gg'3

17 Augudt 13:00-14:00 20, -- On 150 jelevated' 40008000

14:00-15:30 -12 1Q0, Oh horizontal tar- 4000-8000 A t
gotl tagt e

- , ts. low cloud'base

15:30-16:30. - --. Cibudceiling eene .4000-86"0b
] ! " I •. " surements with

- . , mirror

18 August Recalibrationof All Logarithmic Amplifiers in the Laboratory

3 September 11:00-12:00 20 - 150 tarqet calibra- 4000-8000 -Clear
-: tion

12:00-A3:00 23 Horizontal targst 4000-8000 Clear
calibration- I

14 Setedber FiJ~ddExperiment-to Collect Data on Bandwidth Characteristics of Loggers 1,
2, and 3.

- Dual'Receiver Systei with pmt I/lggor 1 and pmt 2/logger'3I 

1

5 October 15:00-18:00 20 15 On qnd,'off 150 ele- i 70-100, TA - Visible
vatod. targets TB - POcasionally[ I visible

15, 10 On find off horizofi- Tc -Not visible
S• ,~tal itarge6s

13 Oqtob~r 16:22a14:O7 51 47 On and off 150 ole- 500-800 TA - Visible
vated targets and T B -. Occasionally

cloud coiling men- visible
sdromonts with - Tc - Occasionally

mirror vislblo

15 Novegimber 12:00-13?:00 33 -- 150 targetocalibra- 10,000-20,OqO All targets
tion visible
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-qf th&, targets was assessed. Both the target data and, the single-ended

Sdata correspond. to slant visibilities that are less than the-s!ant-rang,

'distance of 235 meters required to see the 2006ft decision height target,

ETc, from the location ,of. the lidar. Thus, both the target data and thei

single-ended idar data Correctly' predict the obscuration of T However,

exkxnctiofi coefficients derived'from the target datacorrespond to slant

visibilities that (1i) are less than the slant rafige ,of 117 meters required

7 to-observe visually the, 100-ft decision~height target, CBI and (2) approach

the sldnt range of 80 metefs;required to, observe target TA. Except for

an occasional obscuration of TB, both TA and T remained visible through-
B) B

out the observation period; As mentioned above, this discrepancy in the

targetkdata was traced to a bias in the bandwidthtcharacteristics of

logger,2.

The actual conditions as they were observed are well repre-

sented. by the single-ended lidar data, especially when corresponding slant

visibilities are based on Co = 0.02. Slant visibilities deduced from the

single-ended lidar data using a contrast threshold e 0.055 are too low
0

compared to what was actually observed. For example, not only wouid

target TB have been totally obscured but the lowest target, TA, would

have disappeared from sight two or three times during the 50-minute ob-

servation period. Both TA and-TB remained visible from the location of

the .Adar.

Figure 11 demonstrates that a single measurement of slant visual

range has little or no significance because of the large temporal fluctu-

ations. However, useful information on slant-%isibility conditions can

be obtained from the 50-minute time-series of single-transmission mea-

surements. Using the total sample (27 measurements) of extinction coef-

ficients derived from the single-ended data, Figure 12 shows the

percentage frequency with which values of slant-range visibil.ty wa2e

measured by the lidar, using the contrast threshold e = 0.02. 11 the
0
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Ii
27 measurements can be considered as a sample from an infinitely large

popuifdin of measurements representing the prevailing, Jvog -condition,

it is concluded that the liýlar data predict that (1) i00 percent of the

time, the slant. visual range was less than the 235 meters required to

sde-thxe ground' (the location of the lidar) along the 159 line of sight

-from the c6ckpit at the-200-ft decision height (Tc not visible from the

location of the lidar) and (2) 80 percent of the time, the slant visual

'range was adequate to see the ground along the 150 line- of sight from the

cockpit at the100-ft decision height (TB visible from the location of

the lidar). These predicted conditions closely resemble the actual con-

ditions as thay-were evaluated from the ground on the basis of target

-visibility.

2. 23 July 1971 (Horizontal Visibility 400d-F)00 m)

On 23 July, a low, ragged ceiling of stratus clouds was observed

with horizontal visibility of 4 to 8 km. The two lowest targets, TA and

TB, were clearly visible, but the highest (200-ft decision height) target,

TC, was just below the stratus clouds and became occasionally obscured by

the -ragged cloud base.

Slant-path lidar observations of the elevated targets and of

the atmospheric backscatter were made for a period of 35 minutes (11:15-

11:50'PDT), using the dual receiver system consisting of pmt 2/logger 2

and pmt I/logger 1. Because of the bias discovered in logger 2, only

the data from the low-sensitivity photomultiplier (pmt 1) are presented.

Figure 13 shows an example of four single-ended traces of atmospheric

backscatter signal versus range obtained at intervals of 2 minutes along

the 150 slant path adjacent to the elevated targets. The traces, which

present the relative variations of the S-function versus slant range, are

printed along the ordinate with a 10-dB offset. Values of atmospheric

extinction coefficient computed from the linear least-squares fit to the
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data.,points are indicated next to each--trace. The large- increase in

atm6spheri: "backsdattdr with, range shown in, Traces I and 2 ýat a range

of 200 m suggests the presence of a cloud ceiling at that point, This

cloud ceiling may have dropped to a.lower height in Traces 3 and 4.

Exdctly- at what height the- cloud base wwuld;have been md6'sured is not

kno;wn since no vertically pointing ceiling-measuring device *as avail-

abie.*

It is obvious that, especially in the case of Trace 3, the

linear fit to the data points does not accurately-describe the slope of

the-trace. in. fact, whenever a boundary of large inhomogeneity such as

a lower cloud boundary is present in the data, the least-squares averag-

ing process should not be carried across this-boundary. Instead, the

lidar trace should be divided into, two parts at the point where on the

basis 6f the maximum increase of atmospheric backscatter with range the

cloud base could be located.

The 17 traces of atmospheric backscatter versus range that

were collected were analyzed in 'two ways. Firstly, the linear least-

squares fit was drawn to the data points of the entire trace, as shown

in Figure 13, regardless of the presence. of cloud boundaries. Secondly,

the traces were reanalyzed by dividing every trace that indicated the

-presence of a cloud boundary into two parts on a subjective basis, and

applying the least-squares procedure separately to each part. Figure 14

illustrates how the lidar traces of Figure 13 were reanalyzed. Recom-

bination of the extinction, coefficients computed for the part. below the

estimated cloud base [Figure 14(a)] and above the estimated cloud base

[Figure 14(b)] of each trace gives the values shown in parentheses

Because of its location in the van and its fixed configuration for 150

slant-range observations, at this time the lidar could not be pointed
vertically for accurate measurements of cloud-basE. height.
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alongside the traces of Figure 13. A large positive improvement results

for Trace 3. At the time this trace was recorded, target TC was obscured.
l6-1

The recomputed extifction coefficient (13.9 km ) corresponds to a visual

slant iange of 280 m (e 0.02), which is just beyond the slant-range,

distance of TO (235 mi).

Figure 15 shows the variation with time of the atmospheric ex-

tinction coefficients derived from the reflected signals of the three

elevated targets. Solid-lines connect the extinction coefficients mea-

sured over the siant-path distanice from TA to TB--i.e.,

RJB
- 1

aTAT B R - R f dR

RA

Dashed lines connect the extinction coefficients measured over the slant-

path distance from T to T -- i.e.,
B C

RC

ITT T' =R -R rd
BC c fRR

B

The position of the dashed line relative to the solid line reflects the

increase in a with slant range toward the base of the stratus clouds and

also shows the tendency toward large variations in atmospheric extinction

immediately under the cloud base near the 200-ft decision height. These

variations are most likely associated with the ragged appearance of the

cloud base. The occasional tendency for the obscuration of TC from sight

as well as the good visibility conditions below the 200-ft decision height

are reflected by the lidar/target data.
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Figure 16 compares target-derived extinction coefficients with

those computed fr6m-the single-ended data by the "slope" method. The

target data (dots connected by solid lines) represent the extinction co-

efficients averaged over the slant-path distance from T to T (154 mi);
A C

these can be bbtained from the data of Figure 15 as follows:

R 1

aTT - -a t f a dR1

A C A RB

- A B- -

{U,(RB R (R R)+ BTCC~

In Figure 16(a), the atmospheric extinction coefficients derived from

the single-ended lidar data (crosses joined by dashed lines) were obtained

by applying the linear least-squares procedure to the data points of the

entire. trace in the manner illustrated in Figure 13. In Figure 16(b),

the extinction coefficients were computed from the single-ended data

by applying the linear least-squares procedure separately to the traces

above and below the apparent cloud ceiling in the manner illustrated in

Figure 14. It is seen that agreement with the target data is greatly

improved when cloud-base height is considered in the analysis of the

single-ended data. The numbered points in Figure* 16 are those related

to the traces of Figures 13 and 14.

The data analysis of 23 July demonstrttes that tlh "Osope"

technique should not be applied indiscriminately to the single-ended lidar

data but that results can be greatly improved by identifying and account-

ing for the presence of a lower cloud boundary. Thus, information on

cloud-base height appears to be desirable input to our present technique

of deriving slant visibility from single-ended lidar observations.
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3. 2 August 1971 (Horizontal Visibility 1000-2006 m)

On 2 August, a light fog was present that reduced the horizontal

visibility to 1-2 km. A low stratus ceiling extended d6wnward almost to

the-ground. Slant-range target data and single-ended data-were collected

from 09:35-10:35 PDT and from 11:08-11:54 PDT. Durirg the first time

period, the 200-ft-decision height target, TC, was obscured to the extent

that a record of its reflected signal could not be obtained. During the

second period, the stratus had lifted somewhat and T %yas visually s

C
observed "in and out" of tfie cloud base. Targets T and T wer6 always

A B-
visible. -

Figure 17() shows an- ekaniple of domputdr-prdcessed single-

ended lidar data obtained along a 150 slant path at intervals of abbut

2 minutes-during the first period of observation. The linear least-

squares fit to the data points of each trace suggests that, on the aver-

age, atmospheric extinction controls the behavior of the lidar backscatter

signal with range (AS/AR < 0). Because of the rapid extinction of the

lidar-pulse energy in the dense stratus clouds, the data do not extend

much more than 10-20 m beyond the slant range of target TB. Figure 17(b)

compares the atmospheric extinction coefficients obtained from the target

data (dots connected by solid lines) and from:the single-ended data

(crosses connected by dashed lines). Because of the frequent obscura-

tion of TC, the target data only provide extinction'coefficients averaged

over the slant-path distance from T to T (37-m slant-range distance).
A B

The single-ended data are analyzed by the least-squares procedure in the

manner illustrated in Figure 17(a). It is seen 2frbm the slant visual-

range scale that the target data correctly predict frequent obscuratipn

of T (bot 'or c = 0.055 and for e = 0.02)--i.e., slant visibilities
C 0 0

corresponding to many of the target-derived extinction qoefficients are

less than those required t% observe T (235-m slant-range distance from!
C

the lidar). However, only for c = 0.02 do the'target data reproduce
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the obserfred visibiiity c6ndition- of TB (TB.aiways visibie). The ex-

tinction coefficients derived from the-single-ended-odata are lower than.

- those derived- from the tArget data. A possible reason may be t#at the

singie-ended data inilud6 amdospheric backscatter, retuins from below the

level of the targets,. As illustrated inFigure 17(a)., Since the density-
of the-fog increased, rapidly with height into-the stratus clouds, it is,

not surprisiIng to find the extinction c6effidients derived from the ele-

vated targets higner.

To compensate for the effects of a large increase in fog density - -°

with height, thp single-enided data were reanalyzed by-eliminating all data

points from. the lidar traces up to the distance of target T so that the
A

range over which the atmospheric backscatter signal is processed corre-

sponds.,better to the sl'ant-range distance from T to T . The recomputed
'A B

values of atmospheric '%ktinctini koefficient are compared with the: target--

derived coefficients in Figure 18. Truncation of the single-ended data

to the distance of target T Aincreases the values of the derived extinc-

tion coefficient and gives improved. agreement with the target-derived

values.

Using the data of Figure 18, Figure 19 shows the cumulative

percentage frequency with which values of slant visual range .were metagiiied

by the' samples (31 measurements) of target data and single-ended data.

Assuming that these data samples characterize the prevailing

fog condition and "Ing the contrast threshold, eo = .2, it is seen

that 60 percent, of the time the slant visual range predicted on the

basis of the lidar data. (both target and single-ended data) is iess than

the 235-m slant-range distance required to see the 200-ft decision-height

target, T, ,from the location of the lidar. Furthermore, the data predict

-that the 100-ft decision-height target, TB, was visible close to
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percent -of the time. For 0.055, these,ýpeerfitages were different

and did- not as cioseiy relate -to what was obse•d•,d

During. the second period of obserVatinOn .08-4:54•Df),,-te the

_n-4hAgiht ;target,_ T- was i-adou"oft -
C

base, 'but lidar signals reflected.from this target wer.-recorded continu-'

Ously. Thus, in this case, the target data Provide vaues -of',the atmoT

spheric extinction coefficient averaged 6ver the-slant-path distances

from T to T and fr6mu'T, to T . These two values were 6ombined into one
A B B. C

Vi' alue averaged over the distance-from TA to T (154 -m). Figure 20 Shows;
'A _C_I the comparison between the ektinctionc coeffiiients derived from the '(TA

to T )' target-d~ta and from the singlb-ended data during the period of

observation. Before the "slope"-m6thod was applied, -the single-ended

-tfaces- ofatmospheric backscatter signal versus -range were truncated up

to the range of target TA, in order to account for the increase of fog

- density with height. The scgle of corresponding values of visual range

shows that both the target data and the single-ended data predict clear

vis~ibility of TB and occasional obscuration of T c. Slant visibilities

cofoputed from the lidar-measured extinction coefficients on the basis of

a contrast threshold e = 0.02 reflect the actual observed visibility

conditions better than those computed using the more conservative value

£ = 0.055.
0

The lidar data of Figure- 20 once again show the large temporal

fupctuations in slant visibility that are characteristic of the advection-

type, coastal fog conditions encountered at Pillar Point. Operationally

useful information on slant visibility can only be deduced from time series

of individual measurements. Figure 21 shows the cumulative percentage

frequency with which values of slant visual range were measured by the

target data (22 measurements) and by the single-ended data (24 measure-

ments). Using e = 0.02, 45 percent of the target observations but
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75 percnt of the single-ended observations predict the 200-ft decision-

-feight target, TC, to be visible from the location of the lidar (slant

visual range of.235 m). Visual observations of T suggest that the target
C

data give the more realistic value. The difference in the percentage

frequency is caused by the. lower values of atmospheric extinction coef-

ficient derived from the single-ended data during the first 20 minutes

of'observation (see Figure 20). The lidar data recorded during that time

showed the occasional presence of a cloud ceiling that was not accounted

fo-i-in. the-application of the "slope" method and led to an underestimate

of the extinction coefficient.

4. 4 August 1971 (Horizontal Visibility 1000-2000 m)

During a relatively brief period (13:00-15:00 PDT) in the early

afternoon of 4 August 1971, low stratus clouds moved in on the field site

with the cloud base just below the highest (200-ft decision-height)

target T C. Subsequently, TC became obscured to the extent that its rer

flected signal was recorded only intermittently because of rapid lidar-

pulse attenuation. Thus, the target data that were collected provide a

-I consistent series of atmospheric extinction coefficients averaged over the

slant-path distance T to TB only. Figure 22 shows a sample of computer-

processed single-ended data collected between 13:40 PDT and 14:25 PDT.

Figure 23 compares the extinction coefficients derived from targets TA

and T with those derived from the single-ended data for the same obser-B

vation period. The extinction coefficients derived from the target data

are generally lower than those derived from the single-ended data. This

is to be expected since the target data relate only to the lower, "clearer"

atmospheric layer. The single-ended data, however, as seen in Figure 22,

incorporate the layer above target TB from which signal returns are ob-

tained over an additional slant-path distance of nearly 80 m. Thus, the

higher values of atmospheric extinction obtained from the single-ended
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1-idar data.moria-accurately represent the atmospheric conditions in which

the density of the stratus increases with height into the cloud base.

Figure 24 shows the decrease in the extinction coefficients that results

When the last 20 data points of each single-ended trace are eliminated

from the data analysis--i.e., when the range interval over which the

single-ended data of Figure 23 are processed is brought in closer agree-

ment with the distance from T' to T
'A B

Although the total data sample is •relatively small (19 single-

pulse transmissions), the slant-visibility conditions observed' by the lidar

data of Figure 23 are summarized in Figure 25. It is seen that the atmo-

spheric extinction coefficients derived from the targets TA and T predict

that T was visible (slant visual range Z 235 m) for 75 to 80 percent of
C

the measurements. Actually, Tc was visible less than half of the ti'me.

However, since the target data provide extinction coefficients averaged

over' the slant-path distance from TA to T B, they refer to an atmospheric

layer in which visibility conditions were obviously better than near the

level of T C. The single-ended traces give a more realistic prediction

(T only visible for 30 percent of the measurements), because their data
C

apply to a slant-range that extends farther into the low stratus clouds.

5. 5 October 1971 (Horizontal Visibility 70-100 m)

On 1 October 1971, the various problems that arose during the

early part of the experimental program due to uncertainties in the cha:ac-

teristics of the logarithmic amplifiers had been resolved to the extent

that lidar observations using a dual receiver system could be resumed.

The dual receiver system consisted of the upper (low-sensitivity) photo-

multiplier (pmt i) connected to logger I and the lower (gated) photo-

multiplier (pmt 2) connected to logger 3.
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During the afternoon of 5 October 1971,, a "dense fog developed

at "the. Pillar Poift site, which occasionally reduced horizontal visibility

to less than 100 m. The 200-ft decision;-heiglit target, TC, Was never

visible. The 100-ft decision-height target, TB, could only occasionally

be seen from the location of the lidar, and reflec-ted lidar signals fr.om

this target were received only sporadically.- T remained visible. Thus,
-A

atmospheric extinction coefficients from the target,data 6ould not be

obtained on a continuous basis. Si;ngle-ended data of atmospheric back-

scatter versus range were collected along the;150 slant path adjacent

to the elevated targets. Figure 26 shows photographs pf oscilloscope

traces recorded from the dual-photomultiplier receiyer system at-two dif-

ferent times. At 15:00 PDT, the recorded data from the low sensitivity

photomultiplier (pmt i) represent what would normally be expected from

the coaxial lidar during dense fog: from the minimum useful range (50 m

from the location of the lidar), the decrease in atmospheric backscatter

signal with range reflects the large atmospheric extinctibn. At 15:53

PDT, however, when the density of the fog had increased to the extent

that target TA became somewhat obscured, backscatter signals ,are received

from the area between the lidar and the minimum range where the receiver

is not supposed to "see" the transmitted lidar beam. Tentatively, tfese

atmospheric backscatter returns are attributed to secondary and highar

order (multiple) scatter. it was found thdt theldenser the fog, the more

the multiple-scatter effects became noticeable in the recoied dhta. The
Im "slope" method is applied to the data poiints beyond the minimum range4.

To what extent signal returns from multiple scatter aie included in our

data analysis has not been determined. The '"gated" returns fiom pint

2/logger 3, shown in Figure 26, give the slope on which the computations

of atmospheric extinction coefficient are based. Figure 27 shows valhes

of atmospheric extinction coefficient obtained from the single-ended lidar;

data by the "slope" method during a 30-minute period: Because'of the den-

sity of the fog, no consistent series of target data is available for
6 6
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)J

comparison. the single-ended lidak-data give a realistic description of

the pievailing slant-visibil-ity conditions. Although there is no-perfect

jpoiut-bye-point agreement, the variations in the data from pint 1/logger 1,

are quite simildr to those frbmipmt 2/logger 3.. The absolute values of

extinction coefficient (30 to 50 kin ) are the largest measuied during the

observational program, Which is compatible With the observation that the

vi-sibility was the lowest. The difference in absolute Values between the

data from the two loggers is most likely due to differences in the- elec-

trical characteristics of the loggers.

6. f3 October 19-1 (Horizontal Visibility 500-800.m)

On 13 October 1971, observations of the elevated targets and

of the atmospheric backscatter along the 150 slant -path adjacent to the-

targets were made with the dual receiver system consisting of Pmt 1 con-

nected to logger 1 and pmt 2 connected to logger 3. Thus, upon each

lidar/pulse transmission, data from two photomultiplier/logarithmic-

amplifier components could be recorded simultaneously. Jbservations

were made-from 10:22 PDT"to 14:07 PDT when~dense fog was present. The

lowest target, TA, was clearly visible whereas the 100-ft decision-height

target, TB, was only dimly visibie. The 200-ft decision-height target,

TC, was visible only during brief periods from approximately 12:00 to

13:00 PDT and toward the very end of the observation period. The hori-

zontal visibility in the direction of the targets was estimated at 500,m,

with a slight improvement to 800 m between 12:00 and 13:00 PDT.

Figure 28 shows a comparison between the atmospheric extinction

coefficients derived from the target data recorded simultaneously by

p'it 1/logger I and pmt 2/logger 3. Measurements of the extinction coef-

ficient were obtained from the reflected signals of targets TA and TB and

therefore represent values averaged over the slant-path distance from
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Bo Ref-leutg lidar Ognals from' T' Were-6hiy received' intermit-

ltenty 6tbteen 'iLi•O and. 13:00 ;PPiT. There is no perfect agieement. between

'the data' ti•om. the twe recever cciponientS. Extinction:,doeffic entg de.

duced from , dat/ -pmt 2/logger 3 are consistently lower and do not

represent acceptable •ia~lueS betwb8h 12:00 and 13:00 PDT when horizontal

""visibility. improved frbm '500 L6 800 m.. It is seen that during this brief

period of partial clearing, the extinction coefficients decreased' to

values -representative of visually clear-sky conditions (a C 0.1 km-).

This 'obvious discrepancy in the data recorded from pmt 2/logger 3 wag

found' to result from-insufficient information on the saturation charac-

ter'stics of the new logarithmic amplifier. The data from pmt I/logger 1

ere reasonable but still show some values of atmospheric extinction near

13:00 PDT that correspond to rather high values of visual range. Slant

visual range computed on the basis of e = 0.02 gives the best comparison
0

between the target data and visual observations of the elevated'targets

made at the location of the lidar. For c = 0.055, the target data corre•
0

spond to values of slant visual range that many times are lower than those

required to observe target TB and sometimes lower than those required to

observe T_. This is not in accordance with what'actually was observed.
A

Figure 29 shows the comparison between the atmospheric extinction

coefficients derived from single-ended data recorded simultaneously by

the two pmt/logger components6 There is excellent agreement between the

two sets of data, which may indicate that the differences between the

target data result from a discrepancy in the signal amplitude-bandwidth

characteristic of the new logarithmic amplifier. The atmospheric ex-

tinatiohicoefficients obtaijed from the single-ended data correspond to

values of slant visual range that are in complete agreement with what

was observed using the threshold constant s = 0.02. Table 3 summarizes0

pertinent information obtained from the data of the two *mt/logger com-

ponents of the dual receiver system. If it is assumed that the sample
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Table 3

SUM•ARY OF INFORMATION ON SLANT VISIBILITY CONDITIONS OBTAINED

FROM LIDAR DATA RECORDED BY THE DUAL RECEIVER SYSTEM
OF Mk V LIDAR ON 13 'OCTOBER 1971

-2-

Ground Visible Ground Visible

from from
Mumer t 200-ft Height 100-ft Height

Receiver (percent (percent
Component frequency) frequency)

Single- Single- Single-Target Target Target
Data ended Data dData

Data Data Data

ppmt 1/logger 1 49 47 30 32 74 97

pint 2/logger 3 51 47 58 26 90 97

of'lidar measurements represents the prevailing fog conditions, the

,single-ended data predict that the ground would have been visible 97 per-

cent of the time from the 100-ft decision height, but only 26-32 percent

of the time from the 200-ft decision height. These percentages are in

very good agreement with visual observations of the 100-ft decision height

target TB and the 200-ft decisioi height target TC made from the location

of the lidar. The results from the target data are not as consistent as

those from the single-ended data and reflect the effects of differences

in the electrical characteristics of the logarithmic amplifiers.
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VI LIDAR MEASUREMENTS OF SLANT VISIBILITY IN

THE PRESENCE OF A LOW-CLOUD CEILING

As long as the observed lidar backscatter profiles do not show the

sharp increase of received signal, versus range associated with a cloud

ceiling, the atmospheric extinction coefficients computed by the "slope"

method from single-ended lidar backscatter profiles obtained at 150 eleva-

tion angle are similar to the slant-path extinction coefficients derived

from the target-return signals. The cloud -ce'iling, however, represents

a boundary of extreme inhomogeneity that adversely affects the applica-

tion of the "slope" method.

Analysis of the lidar data for 23 July 1971 demonstrated that speci-

fication of cloud ceiling height enables our computer program to avoid

the cloud base and to apply the "slope" method with very good results to

the ridar trace above, below, or on either side of the lower cloud boundary.

As an additional task to the contract, a limited sample of lidar data

was collected to evaluate to what extent concurrent measurements of cloud

ceiling could improve the application of the "slope" method toQthe slant-

range lidar backscatter profiles. Because of the fixed configuration of

the lidar for slant-range measurements below 300 elevation, no vertically

pointing observations could be made to obtain comparable cloud-ceiling

measurements. Instead, a mirror was installed on the nearest tower 75 m

from the location of the lidar. This mirror, when inclined at a 450 angle

to the lidar's horizontal line of sight, deflects the lidarýbeam verti-

cally upward for a measurement of cloud base height. While making lidar

observations on and off the elevated targets, the setup enables ceiling

miasurements by simply changing elevation angle within the existing range

of operation. Figure 30 shows photographs of the mirror inside its
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protective wooden box mounted on the tower nearest to the lidar. An ex-

ample of a cl6ud-base measurement obtained by pointing the lidar beam at

the inclined mirror is shown in Figure 31.

Measurements of slant visibility and concurrent measurements of cloud-

-ba~e 'height were made by alternately aiming the lidar at the mirro, (00

elevation angle), at the elevated targets (150 elevation angle), and along

the l5°slant path immediatelyadjacint to the targets. Approximately 5

minutes were needed to make these three separate observations, during which

time period significant changes occurred in the highly inhomogeneous fog

conditions encountered. at :the Pillar Point site.

Figure 32 shows the variability .in cloud-ceiling height measured with

the mirror on. a S-minute time scale during conditions of fog (horizontal

visibility 500-800 m) on 13 ,October 1971. Theseineasurements'are related

to' the lidar-observed extifiction coefficients shown in Figures 28 and 29.

Also shown are two examples bf recorded oscilloscope traces, one with a

well-defined cloud ceiling at a height of 39. m above the mirror, the

other with the cloud ceiling either at or below the location of the mirror.

It was found that the "mirror" measurements of cloud-base height could

not be applied to the analysis o*Z the slant-path, single-ended lidar data

because of the rapid time variations in the characteristics of the fog.

If cloud-base height has to be considered in the data analysis, measure-

ments must be made simultaneously in time and space with the slant-

visibility measurements. Since the effect of a lower cloud boundary on

the application of the "slope" method Is largest when the increase of

atmospheric backscatter with range associated with the cloud base is large--

i.e., when the cloud base is clearly defined--the lower cloud boundary can

In the most important cases be identified from the slant-path lidar trace

itself, and no independent measurement of cloud-base height is needed.

Figure 33 shows four consecutive lidar traces of atmospheric backscatter

versus range obtained at intervals of 4-5 minutes along the 150 slant path
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adjacent 'to the elevated targets. The rapid changes in the characteristics

-of ,fOg are evident., Table 4 lists the improvements in the atmosphorid

extinction coefficient that are obtained by dividing the traces of Figure 33

into two parts on-the basis of a cloud-base height deteriined from the

traces themselves and applying the least-squares procedure sepl:_tely to ,'

each part. Large improvements are evident on Traces, 1 and 4.. No in--

dependent measurements of cloud ceiling are needed to decide how lhese

traces should be broken up. In Traces 2 and.3, the presence of a cb.•ud

ceiling is not as apparent, and an independent cloud-ceiling measurement

could be helpful. However, in this case, the improvement in the extinction

coefficient is relatively small when the cloud-ceilifig is accounted for,

and therefore the value of a separate cloud-ceiling measurement is not as

important. Because of the large spatial and temporal fluctuations in fog

density, none of the information from the mirror data recorded during the

same period was applicable to any of the traces of Figure 33.

Table 4

ATMOSPHERIC EXTINCTION COEFFICIENTS COMPUTED FROM THE SINGLE-ENDED
I

LIDAR TRACES OF FIGURE 33 BY APPLYING TIE "SLOPE" METHOD WITH AND
WITHOUT CONSIDERATION OF CLOUD CEILING

Atmospheric ExtinctionRange of Coefficient (kmul
Trace Estimated Cloud

Ceiling (km) Without Cloud Ceiling With Cloud Ceiling

No. 1 0.175 6.1 15.9

No. 2 0.110 19.9 20.8

No. 3 0.149 15.4 14.8

No. 4 0.155 10.0 ' 14.2
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