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A giethod of deterrining "slant vi§ibiljty”€fy~lidar observations
from the ground during various degrees of fog and low clcud conditions
hagzg;:h investigated in an ékierimentgl program at a coastal site. The
emphasis- of the study was on the operational aspects of landing aircraft
in Categories I -and II conditioms, and the first concern was to ascertain

. whether a pilot might be expected to obtain visual reference from the
qriticgl'heights of 200 £t and 100 ft respéctively. This depends pri-
marily upon the tran§mittgpce along; the slant paths from. the cockpit to
‘the ground. The aim of the lidar observations ﬁag£%§%§~heen to .determine
the conditions of atmospheric transmittance aloft, with special reference
to whether ?he appropriate minimum valuegs are exgeeded.,t¥?thods of
éna;yzing‘the lidar returns- from the atmosphere have been|developed to
derive information on the slant~-path *transmittance to a éood accuracy
when conditions are relatively homogeneocus and when the visibility is

very patchy as in low cloud and fog.

Lidar observations were made in a mamer to simulate the operational
geometry of slant visibility experienced by the pilot of a landiné alr-
craft, For example, data on atmospheric backscatter versus range were
obtained by pointing the lidar beam upward at a 15° elevation angle,
thereby approximating the cockpit cutoff angle. Targets (wirermesh and
solid reflectors), mounted on top of towers, were aligned énd spaced so
as to interéept the 15° elevated lidar beam at heights of 209 ft and
100 ft, 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

iii




the tagg;t-reflected ;ignals, a small change in the azimuth of the lidar
vwas.ngdé to record a single~-ended profile of atmospheric backscatter
versus fenge along the 15° slant path immediately adjacemt to the -¢levated
tairgets., In this way, it was_possiﬁle 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,

Obsérvations carried out in u variety of fog and low-ceiling con-
ditions showed the great variability in transmittance over elébated‘paths
that characterizes such conditions., With the lidar in a spatially fixed
configuration pointing along the 15° elevated slant~path, 30 to 60 minute
series -of single-transmission measurements provided an adequate base for

describing the prevailing slant visibility,

Within the lim§ts of instrumental uncertainty, atmospheric
extinction coeféicients computed from single-ended observations made
along the 15° elevated path show good comparison with the extinction
coefficients derived from the measured transmittance--between the targets.
Values. of slant visual range, derived from sucbrsingle-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,
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I INTRODUCTION. AND BACKGROUND

Thé possibility of measuring atmospheric Visiﬁility by lidar haé
éénérgtg@rmuéﬁ intgrest primarily because of the~poféq%ia1 of using a
‘siﬁglévéndedn;aSér dévice in aircraft landing operations to measure

siant‘visibility, a quantity thatAha§\been most elusive to routine ob=
sgrvatjén; Although many techniques have beeén suggested, only a few

c¢oncepts have been tested in the real ntmosphere under critical low-
vigibility ednditions of Zog (e.g., Brown; 1967),*

In January 1968; Stanford Research Institute activated a pulsed.

ruby lidar at Hamilton AFB, California, under conditions of low ceiling
and visibiiity 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. conditions at locations along the approach path, -where, because of

the .marshes and open water, convsntionhal ceilometers could- not be. operated,
The possibiiity of processing the lidar observations to obtain quanﬁita-
tive-data on the atmospheric extinction coefficient--i.e., on the optical
parameter significant to "visibility" determindtion-was also explored,

with indications that operationally useful analyses were feasible.

"The ‘éxploratory work initiated at Hamilton AFB was followed by a

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

theoretical and practical aspects of determining atmospheric visibility
by lidar (Collis et al., 1€70).

An experimental pulsed neodymium. lidar
system was modified and calibrated to obtain sccurate data on atmospherié

* References are listed at the end of the report.,
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“optical properties ih.the strongly scattering conditions of dense  fog.

‘To- operate in such conditjons, the system!s dynamic range was extended

‘to :50 dB! by using a.two-sStage Féceiver system, in which the high-sensitivity
eIémént-was.operatedfihxsﬁch.a way as to avoid saturation from close-in
signalsy In addition, the transmitter-and receiver beams were made co-
axial to‘ﬁske possible close-range 6bse}vationsi Field trials were
csrriéd out dufiqg ssnditibns of fog at Half Moon Bay, California, and:

at Afcata, éalifornia, in May/June’aﬁa August 1970, respectively, At the
Arcata site, observations were made in' conjunction with measurements by
.an sfray.of up ‘to five conventional (AN/GMQ-10)- transmissometers at the
NBS test facility, ‘A pan@icular feature of the lidar nbservations was

the use of passive reflectors or targets set out along the surface to
provide information on atmcspheric -extinction, This was accomplished by
¢omparing the intensity of lidar return signals from near and far targets,
to provide 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 farthér targets were solid, diffuse reflectors, Atmospheric trans-
mittances obtained from the lidar/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 overall comparison was good
and supported the hope of obtaining objective measurements of slant

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




" This report extends- the previous work and presents lidar observations
of‘siant=path“viSibility made under various conditions of low clouds and
fog at -the coastal site of Pillar Point, California, in the summer and
 early fall of 1971, The objective of the experimint was to investigate,
'.analyze3 and verify 'the lidar technique of measuring runway slant-range ot

vi=ibility, -
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I1 SUMMARY AND CONCLUSIONS

In pursuing the contract objective, emphasis was placed on the op-
erational aspects of landing aircraft in Categeries 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 1C0 ft, respectively. Lidar ob-~
servations were made in a manner to approxima . closely the operational
geometry of slant bisibility 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 15° 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 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-patl observations under the various fog coun-
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.
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On the- 1- %o 2-minute time scale uséd in ihe observatiocnal program,
the Pidar data show large temporal fluctuations ii the slant-range atmo-
spheric extinction coefficiént. -These fluctuations, which are character-
istic of the coastal fog conditions encountered at Pillar Point, render

a2 single measurement of slant visibility cperationally useless,

With the liwzs in a spatially fixed configuration, pointing along
the 15° elevated $Jant path, realistic information on -the slant-visibility
conditicgs +unY pravailed .during the occurrence of low-clouds and fog is
derived o 20~ 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
15° 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 éf 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 1ntroducihg 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 system that can be readily
implemented in an automated, operational device for routine measurements
of slant vigibility. 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.
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II1 EQUIPMENT AND ‘INSTRUMENTATION

The lidar equipment and auxiliary instruwentation used in the Yidar/
slant-visibility 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 will Beidiscussed. 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 A
Spectral Line Width 90 &
Q~Switch Rotating Prism
Collimating Optics Refractive, 2-inch diameter
Beamwidth 0.4 Milliradian
Peak Power Output 50 Megawatts
Pulse Length 20 Nanoseconds
Pulse Repetition Rate 12 per minute
Receiver
Optics 6~-inch f/4 Newtonian Reflector
Field of View 1 Milliradian
Predetection Filter Wavelength Interval | 100A
Detectors (Two) RCA 7102 Photomultiplier
(S-1 Response)
Postdetection Bandwidth 10 MHz
Receiver Logarithmic




A. Receiver and Transmitter Calibration

In order to reduce some residual inaccuracies inherent in the dual
receiveér transfer functions, the calibration methods and lidar operating
techniques were upgraded, with considerable emphasis on accuracy, stability,
and repsatability 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 perfcrmed 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,
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B.. Dual Detectors

v

The cgncépt of a ieceiver with dual detectors was originélfy intended
- . { i
to accommodate a receiver ‘dynamic range twicé as great as ‘that ‘of one de-

tector alone. This could be accomplished by separately recording the data
from t};e high-seﬁs itivity and low-sensitivity ‘deteétors and =c<‘:om‘p ining these
two pieces of information during data processing. However, the gd?1 de-
tectors were not used as originally planned because éorrglation»Of,thé data

recorded simultaneously by the two detectors revealed inconsistencies in
. H 1 P
the bandwidth characteristics of the logarithmic amﬁlifiers. Fortunately,
1
)
it was found that the dynamic range of the returh signals receiged during

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

one detector, During large changes in fog density, neutral density filtqrs
L | ’
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.i

C. Logarithmic Amplifiers

The lidar target data on slant visibility collected and analyzed duy-
ing July and the beginning of August 1971 revealed cértain inconsistencies

in the data recorded simultaneously by the two detectors., The incbnsis-;

¥

tencies produced differences in the atmospheric ex%inction coefficients

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

were found to be caused by individual differenqes in the electrical charac-
. . :
teristics of the two logarithmic amplifiers, Specifically, variationg in

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

signal amplitude were detected. ' V ' b }

M 1

! 1]
The two log amplifiers used previously at Arcata, California (Collis$

et al,, 1970), and at the beginning of this prqject (hereinafter referred
) 1

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

)

l

” mm
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ago, At that t1me, log ampllflers of the requlred characterlstlcs were
no?vpommercially available, In the SRI deS1gn the bandw1dth of’the am-

LI pliiier~i§~a\drrect funcgiog of the input s;gnaI ampiitude (as. in all
previous deéigns of’wide-bandwidth log video amplifiers),!and the non-
1inear fﬁnetio& is accomplished by a forward-biased semiconductor diode,
Over a selécted opeﬁaéing;rahge the voltage:across the junction of the
diode is approximately proport1ona1‘tolthe logarithm of the current through
. thlS diode. The Papdw;d;h of the lpg ampliiier is:determined by the in-

stantaneous 'impedance (time—qarying)'of'the log diode and the shunt capac~

itance across the diode (which is fixed) acéing Es a simple RC filter.
} 3

7

. . 1 .
Thé diode iﬂpedance, in turn, is an inverse-function of the diode current.
H
'Thus,jat high input currents (corresponding to high signal levels), the
" 1 '

'l Al
low impegance of the diode;ﬁn_paralfel with the stray capacitance across

the ‘diode reqults in a high~frequency cutoff of approximately 10 MHz,

At low signal level_, the high impedance of the diode is paralleled with
the same value of stray capacitance, resultiné in a hf%h—frequencyfcutoff
] .

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

crea%ing:frequenc& is 20 dﬁV/decade! characteristic of a kimple RC filter. i
l . . . [}
The amplitude-bandwidth gharacteristjcs of log amplifiers described

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

quglity of lidat data is critically dependent upon the specif .c lidar f

i \ application under consideration, and musp be evaluated experimentally,

+ the ma joy criterion beiﬁg the required accuracy of -the data,

; ' Midﬁay thréugh the observaﬁional program, a log amplifier of new de- >
sign (hereinafter referred to as logger 3) became available for the first

%
. time, A prototype model of légger 3 was obtained and evaluated first in

1 ! '

]

[l i 1 )
* Logger 3 is a proérietary development of Scientific Technology, Inc.
! (STI), 1157 San Antonio Rd,, Mountain View, Califorhia 94040, :

.
H
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the laboratory and iatenuundér experimental conditions at ‘Pillar Point.
Thér@haracteristicS‘Were.ﬁot-précisely suited fbr*théAanlication to fog
monitoring, but the differences were relatively minor and did not affect
thé:resulting evaluation. Fgr example, the output. scale factor of the
prototype was 100 my/dB input compared to our usual value 6f 20 mV/dB

input.

The significant difference between logger 3 .and loggers 1 and 2 is
that the bandwidth is independent 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 outpr: from logger 1 and logger 3 is pre-
sented in Figure 1, The two lidar traces of ‘Figure 1(a) are 15° elevated-
target returns recorded simultaneously by the two detectors from one trans-
mitte? lidar pulse under clear .condi.ions. The upper trace was obtained
from logger 1 and the lower trace from logger 3. Ccmparisbn\of the two
traces shows the absence of the exponential decay ("tail”) at the base of

the three target retuins in the lower trace.

Single~ended lidar traces -taken under low-visibility conditions are
illustrated in Figure 1(b): The difference in slope of the two data sam-~

ples at the low-voltage output at ranges 20.09 km is noteworthy.

The performance of the prototype logger 3 was investigated in detail
within the limitations of the existing SRI calibratica instrumentation
and- technique, The main objective of the lahoratory 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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Thé initial vesults of the 1éborétqry-invést1gétipn were -promis ing
Vélﬁhdugh:ihgfqvements in calibration eguipment and calibration techniques

4re 'required to use the capabilities of the new amplifier fully.

-Once the géneral .charactéristics -of loggef 3 were determined 'in- theé
iabératbry,‘théiémpliiiét”Wés installed in thé Mk V lidar system located

at Pillaf Point oh 17 August 1971, and final calibration of the recéiver

tréhsfér finction was-performed there. ﬁxpgifﬁéntgiAdata Wwere taken under
‘both clear and® foggy conditions' using béth‘loggér 1 and logger' 3. ‘The
‘>16ggér 1 was connected to‘ﬁhe'upper %low—sensitivity)«detector (pmt 1),
énd tﬁé;hew légger 3 was connented to the lower (high=sensitivity) detec-
tor (pmt 2). Neutral demsity filters were introducéd into the optical
paths of both detectoré ito- compensate for their -differences in sensitivity
so that comparable data were obtained from both channels of the receiver.
The analysis and: interpretation .of simultaneous data obtained from the two

réceiver channeéls are presented in Section V,.

D. A Practical, Operational Slant-visibility Measuring System

The Mk V neodymium lidar used in this study was satisfactory for re-
‘Search purposes but cannot in its present configuration be expected to
serve -as ‘a practical, operational system. Also, the methods of recording h
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 (Cyllis et al., 1970),
dn. 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 componenis: (1) the optical sensor (lidar)
and (2) the associated data recording, processing, transmission, and dis-

play systen,

13
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. 1,. -The Optical Sensor - -

The potential eye-safety hazard generally associated with Q-
switghed«rqby or nebdymium iaserS‘restribts their use in any operational
application to. slant-range visibility monitoring.. The American National
Standards Institute (through its 2-136 committee) is currently forrwlating
a laser safety standard that will have the support of the armed services
as well as other govermment agencies and: private industry. The saiety
standard is expected to be published during 1972 and when accepted will

much more .clearly define the eye-damage hazard.

When monitoring runway slant-range visibility in its configara-
tion used in this research study, the lidar sensor would be located -along
the runway near the approach lights, with a fixed beam at approximately
15° -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 scan in éither azimuth or elevation,
the eye-saféty 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 decision 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 p), carbon monoxide .(approxi-
mateély .5:), and. the carbon dioxide "TEA" laser (10.6 u). If high pulse-
repretition rates- can be-achieved with the- above lasers, -then the possibil-
ity of signal averaging to increase. the overall semsitivity may overccme

in part thé lack of detector sensitivity at these wavgiengths.
ki

’

‘When working at wavelengths significantly different from the
visible, the question arises- as to how representative the atmospheric ex-
tinction measurements made at an infrared wavelength are of the .atmospheric
extinction that is related to the human eyé response, The present -lack
of 'suitable detéctors capable of operating at ambient temperatures may be

-somewhat .0f 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. Sighal in*egrating techniques can be used to improve the overall
sensitivity, and tnis. approach could he 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, Man& of the alternative infrared laser sources
are still in early developmental stages, and a detailed description of

¢onceptual 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 fuliy 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 techniyue 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 instrumentsl observations of extinction coef-
ficienit 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 such 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 sighals in each range-gate store. The relationship of such signals
as a function of range could be fairly simply established by ratio tech-
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




tne 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 cloud density is increasing or markéd inhomo-
geneity is apparent, a purposely high extinction coefficient could be
applied, with therobject of at least providing a worst-case assegsment

of path "visibility."

Another approach would be to accomplish the required signal
processing in real time using conventional wideband analog techniques under
digital cortrol and timing. This approach eliminates. the need and expense
of a fast analog-to~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 differentiated to obtain a voltage proportional to the slope of
the input waveform. This voltage, which is related to the atmospheric ex-
tinction coefficien’, could he 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-

ment,

17




v TEQH&IQUES OF OBSERVATION AND DATA ANALYSIS

A. Observation Tecbnique

‘Observations weire 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 15° 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 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. Figure 2 shows a schema of the experimental 1idar/%arget
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 fi abuve the ground).

A solid target® is mounted at the top of Tower C (240 ft above the ground).
Targets TB and Tb intercept the 15° elevated lidar beam at heights (above
the horizontal plane) of 100 ft and 200 ft, respectively. Targets are
also located at the 0° 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 15° 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. 108A10) over
two coats of flat white primer (for further details on the construction
of the passive reflectors, see Collis et al,, 1970).

19
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a lidar pulée was transmitted through the afray of targets in order to
record the target-reflected signals, a small chdnge in the azimuth of the
lidar was made to record a single-ended profile of atmospheric bdckscatter
versus range along the 15° slant path immediately adjacent to the targets.
By making observations .in this way, one can compare determinations of ex-
tinction derived from lidar observations of the atmogphere itself with
path attenuation derived f¥om measurements of the }idar/signals from the
reflecting targets. A l-minute time interval was:needed to manually change
the azimuth. of the lidar amd the neutral density filters din front of the
photomultipliers. (seé Section III, on Instrumentation and Egulpment).

The data were recorded simultaneously from the. two photomultipliers of

the dual receiver system, and the l-minute interval between single~pulse
transmissions gave an adequate data base without redundancy. Samples of
observations were also -collected by scanning the lidar from 15° to O°

at intervals of 3° in elevation angle,

Because of a hcavy reliance on visual observations for guidance and
verification of the lidar/slant-visibility experiment, all data were

collected during daytime hours,

B. Data Analysis Technique

The ratio of the target-reflected signals received from two succes-
sive targets is reluted to the atmospheric extihction 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 T, to T, (37 m) and the other averaged over the distance Ty to T,
(117 m). Figure 4 shows an example of target signals received from the

semitransparent mesh targets ('l‘A and TB) and from the solid target (TC)

during clear and foggy conditions,
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The slant-path single-ended profiles of atmospheric bagkscatter vexrsus

range are analyzed using the "slope” method described in an earlier 're-
port (Collis et al, 1970). In summary, the single-éndedslidar‘data.are
photographically recorded from the osc1lloscope 1n'terms of output voltage
versus rangﬂ and are digitized and then computer—processed in térms of

the so-called Safunction-yerSus range R, In the digitization of each
oscilloscope trace, the dutpuf letage is pdt on tape as-a %unc;ion‘of !
range at intervals of approximately 1.5 meters, ‘The taﬁé prov}des the
input to a computer program that corrects récorded lidar Qacks&atter
signals for the inverse range-squared (}/§Z)~attehd?tiqn'and converts:
voltage output to relative decibel (dB)*input by applying.the calibration
data of the photomult1p11er/iogar1thm1c-amplifler component of the re-
ceiver system, Thus, for the ith trace at the jth range, we have

1 !
" . x

. ] = 10¢ A + 20 lo R .
' i, b vy, 5] :%10 75 ‘
. H
where ' .
o P | )
Vi J Z recorded voltage of ith trace at jth range Rj
) i
¢c £ an operator, determined from'%he system caiibration, which

transforms output voltage to relative units of dB input,
]

For each ith trace, an evaluation of the atmosbheric ext{nction cor-
efficient averaged over the effective range of:receiéed b%ckscafter'signal
is derived from the slope (AS/AR) of the linear least-squares fit to the

\ : :

si 3 versus Rj data, Two cases occur: . g i
3y %

1)  AS/AR < 0 (negative slope). In this casé, a range-averaged value
of the atmospheric extinction coefficient (c) is obtained from the rela—

tionship .
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whiéh is bgsed~Qn;the'essumptien.qf atﬁpsphericlhomogénéity. This-
assumptidn'appeérs werkabie When operatiné~within a gog such that the
}é:féneﬁioﬁ sharply deéreasesfwith range éue to the dominéting effect of
signal attenuation. Ailso, AR must represent. the. entire. range‘interVal over

which the linear least-squares fit is applied Small 1ntervals -of AR
i

(<225n0 must be avoided since they would give increa51ng welght to the

- -

presence .of the smalI-scale 1nhomogene1t1es., - i

I 2)t AS/AR > 0 (positive slope). In this’case, the backscatter

-incregses‘w}th ranée—éiﬂg;, the lidar %eam{penetratéSrg*cfeug’br a fog of
lncreaslng‘density @ith range and ‘an assumptidn Qf-homogeheity is clearly
invalid. For positive slope, values o£~a§mos§herlc extinéiiqn coefficient
are, defiVed from the lidar data by ap analysis based on ;ﬁ assufiption of

a B/b relatlonshlp (B = k c ) and a measyred or estlmaﬁed value of g as

1
an initial boundary conditlon* (see Collis et al,, 1970)
H i 1 [ ]

Since the- data-process1ng technlque uses the slope of a linear least-

i
squares flt to the data po1nts in the computation of a range—averaged ex-

tinction coefflcient the techn1que is referred, to. as the slope method,
I l ' .
Figures 5 and 6 show two samples of single-ended lidar data obtained during

two dlfferent 51tuat1ons of low clouds and fog. along the 15° slant patn
immediately adjacent to the elevated targets. ‘The data were recorded by
« Low-sensitivity photomultiplier. Each sgmple includes the "raw" data
in the fdrm of Polereid photog;aphs of recorded oscilloscope traces of
output voltage versus range and the computer—processed data in the form
of printouts of relative variations %n the S-functlon versus range., The
linear 1egst-squa;cs fit to ‘the data Qoints Ls 1nd1cated by a dashed line.
On 2 Augusit 1971 (Figure 5) a 1i%ht fog was preseni, redﬁcing the horizon-

tal visibility to'1-2 km., A low-stratus ceiling exténded downward almost

. i |

P [ i
* In the present experiment, initial vblues af ¢ were obtained from

Koschmieder's law and an estimate of visibility at the location of
the lidar., , !

i [ i
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represants linear least-squares fit to the data
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FIGURE 5§ SAMPLE OF SINGLE-ENDED LIDAR DATA OBTAINED ALONG 15° SLANT PATH

DURING LOW CLOUDS AND FOG AT PILLAR POINT, CALIFORNIA, ON
2 AUGUST 1971
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FIGURE 6 SAMPLE OF SINGLE-ENDED LIDAR DATA OBTAINED ALONG ]5° SLANT PATH
DURING LOW-CEILING CONDITICNS AT PILLAR POINT, CALIFORNIA, ON:
23 JULY 1971
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to théugrpﬁﬁd; The first two ‘targets (T and T, ) w«re clearly visible,
‘but therhighest (200-ft decision height) target, TC” was only dimly visible
Que;tp obscuration Hy'the,ldwrstretué and fog. The linear fit to the
Compiiter-proceéssed data [Figure 5(b).): sths~that»eyedithoggh‘the fog is
faf frbm homogeneous, étmospheric extinction. doﬁindtes'the‘behavior of

the lidar backscatter 51gna1 over the slant range of effectlve 51gna1
return (AS/AR < 0). On 23 Jjuly 1971 (Figure: 6) all threeé elevated targets
were c¢learly viéible and below a wel;—defined but raggeg ceil;ng of
stratus clouds. The linear least-squares.fits o %the compiuter-processed
lidar data of Figure 6(b) show an ihcrease'6f~tﬁe‘Svfuncﬁibnowith range
(ASZZBA>“65jEcwing to sharp increases in the atmosgheric backscatter as
‘the Iidar beam points toward the cloud ceilihg-~i.e., into a SCettering

medium of increasing density with height.

C. Data Verification. )
7 Pepe-iane P .
K ‘:;; ‘JI »

No transmissometers or other visibility-measuring devices :were

-

.aVéiiable during the lidar/slantévisibility experiment at Pillar Peint.
Consequently, no -evaluation of the validity and accuracy of .the "slope"

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

search (Collis et al,, 1970) demonstrated that atmospheric transmlttance

obtainec fromzlidér/%afget data is highly correlated with the transmiﬁtancevr

data from standard (type AN/bMQ 10) transmissometers. Therefore, extdnc-
tion coefflcients derived from the single-ended 11dar'data by the '910pe !
method are evaluated on the basis of a comparison witn the extinctlon
coefficients :derived from the target-reflected signals., No point-to+point
correlation between the sihgle—ehded data and the target data is possiple
because these data are not simultaneous but involve two lidar-pulse trahs-
missions separated in time by 1 to 2 minutes. Because of the large ratural

fluctuations in visibility that occur in the very patchy coastal-fog con-
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ditions. encountered thls‘tlme dlffereﬂee is assoc1ated with large dif-

ferences in the 11darﬂdata.
Values. of rénge-“"eraged extinctlon coeff1c1ent obtalned from. the
lidar data are also- usedto obtain slant v1aua1 range from the law of
- ‘Koachmleder. The- slant-v151bilrty estlmates thus obtained are -compared
with subjective v1sua1 observat1ons:of ‘the three elevated targets made

from the location of the 11dar by the: personnel operating the lidar,

D Limitations of bata Analysis Technlque-

The linéar leaStrsquares,pfecedufe by means of which values of
atmospheric ‘extinction are -derived from 'the lidqr data can be applied to
all lidar.tracesl Howevér; the deriyed atmoSpheric extinction coefficients
cannot be expected to be of equal-;alidity; In other words, the present
technique of deriving slant-~range vieibility from single-endad lidar data
does not give operqtioﬁally~uséfui‘iﬁformatiqn:gﬁder all conditio;s of

fog and/or low clouds.. Three situatibns'were found to present difficulties,

Condition 1-~During the onset of the edvection—type fog that was
snicountered, 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;atmospherie‘backscatter signal versus range
typical of these extremely inhomoéeheousJconditions. The traces, obtained
at l-minute intervals, ghow large variddility in space and time. Although
‘each individual trace can bé processed by the. "slope" method in order to
obtain a4 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 bhoundary above which conditions were clear,
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In this ¢ase, the sharp -decréase of signal intensity with range obsexrved
in.the lidar data above the upper boundary of the fog cannot be included
in the Ieast-squaréS‘procedure since ‘it does zot relate ‘to atmospheric
extinction ‘but to a sudden decrease in atmospheric‘hackscatter with range
as the 11dar ‘pulse exits from the fog into relatively clear air conditions,
Figure 8 shows an: example oﬁ these data recorded by. the gated photomulti-

plier pmt 2 (gating distance 50 m) connected ‘to the 'new" logarithmic

amplifier (logger 3). The upper foghboundary can be clearly distinguished

S ¢

in the slant-range lidar-traces. - ¥

N
LI

[,

Condition u--When'a well—defined cloud ceiling is present at a
height thatﬁintergepts the elevated 11dar beam, the observed backscatter
profile shows a sharp increase in atmospheric backscatter at the range
corresponding to the cloud-base height. When the “slope" metliod is
applied to this type .0f lidar trace, the 11near least—squares procedure
includes the data of the\lower cloud boundary 1n:averag1ng the signal
variation with range,wwhich significantly affects the slope of the linear
fit, It has become evident from the collected lidar data that the back~
scatter signals from a cloud boundary should not-be included when deriving
values of range—averaged extinction coeff1c1ent and that the lidar trace
should be processed in two parts, one part bélow the cloud base and the
other part above the cloud base inside the cloud, Figure $ illustrates
the computer-processed data of relative variations in thée S-~function
versus range representing four consecutive traces recorded 2 minutes apart
along a slant path of 15° elevation., The daia were obtained when rapid
variations in the heightrof a low-stratus ceiling were observed and when
the highest (200-ft decision height) target, Té, was not visible. 1In
Trace 3, the cloud ceiling was below the transmitted lidar beam and

practically at ground level, In Traces 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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OSCILLOSCOPE TRACES OF LIDAR BACKSCATTER
SIGNAL VERSUS RANGE RECORDED ALONG 15°
SLANT PATH DURING SHALLOW FOG AT PILLAR
POINT, CALIFORNIA, ON 5 OCTOBER 1971.
Photomultiplier “gated off’’ for 0.3-us duration,
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that when the cloud ceiling is present in the lidar backscatter data, the
linear least-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
the 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 proviéing input in-
formation related to cloud-base height. The results are discussed later

in this report.
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YV RESULTS OF OBSERVATIONAL PROGRAM

A, General

-t

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")
photémultiplier (pmt 2) connected to a logarithmic amplifier (logger 2)
of similar design as logger 1 (see Section III, on Instrumentatica 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 es 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 1) 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 measuremént program (see
.Collis et al., 1970), logger 2 was discarded and a prototype logarithmic

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

Because of the poor performance of logger 2 to which pmt 2 was
origirally connected, only the data from this receiver component collected
on 19 July 1971 are presented in order to illustrate the discrepancy found
in the extinction coefficients derived from the ‘target data. All other
datg samples presented for July and August are those recorded from the re-
ceiver component pmt 1/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 Ty (100-ft decision height)

occasionally disappeared from sight. The highest (200-ft decision
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heéight) target, To, WS néver visible. Because of & failure in the power
sdppiy«qf the .upper photomultiplier (pmt 1) 6f the dual receiver system,

only data from ‘the lower "gated" photomultiplier (pmt 2) were available.

Figure 10 sﬁoWs an exanmple of recorded data. The oscilloscope

" traces of signal ihtensity versus range are gated on at arange of 50-

60 meters in order to .avoid receiver saturation by the high-intensity
backscattér S%ghélS from close range. The target data [Figure 10(a)]
show no retﬁfﬁ-from Te and the near-disappearance of the‘reflected signal
from Tg. 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, atmosSpheric extinction coefficients usbtained from

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

data (crossés connected by dashed lires) 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 l-minute time
interval was requirec 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 cbservations 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 (o), corresponding values of slant visual range (V) are obtained
from Koschmieder's law e, = exp (-oV) using two different values for the
contrast threshold & (see Hering et al., 1971). The locations of the
elevated targets are indicated at their appropriate slant-vange distances

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

- et

“w

=

*
SUMMARY OF SLANT-RANGE- VISIBILITY HEASURE!!EM‘S'MADE
BY LIDAR AT PILLAR POINT, CALIFORNIA

i

at
ave

Number Observed Visibility
Time‘ Period.| of Observations in Direction of Targét;s
Date of Description >
(1971) Observation |Target -Single- of Observations } .Horizontal : i
(poT) Data ennded (n;) Slant Range
L N . Data
Dual Receiver System with pmt 1/logger 1 and pmt 2/logger 2 . '
19 July 15:30-16:30 } ., 25 27 On and off 15° ele- :  600-1200 Tp = Visible.
vated targets - 1 TB - Occasionalsly
. obscured”
. Te - Not lvisible
23 July 08:17-10:19 19 20 Angular scanning 4000-6000
. from 15° targets to - s N
horizontal targets |* All clevated
11:15-11:50 | 17 17 [on-and off 15° ele- | 4000-8000 { | targets below
vated targets cloud base
12:05-12:37 16 15 Ori.?nd;off hori- §000-8000 ! !
zontal targets ) )
2 August 09:35-10:35 31 31 On and off 15° eie~ 1000-2000 T, = Visible
vated targets 1| Ty = Visible °
T, - Obscured
(o]
. 1 most of
i time
11:08-11:54 22 24 On and off 15° ecle~ 1000-2000 T& - Visible
vated targets Tp - Vvisible
. i| T, = In and out
of cloud
H base
i . !
4 August 08:50-09: 25 13 22 Angulayr scanning 600-800 . Passage of rog
from 15° targets to ; bank
horizontal targets !
l10:00-11:30 | 45 <= |15° target calibrat 10-15 kmy |!
tion “ All targets
12:00-12:30 | 30 --  |Horizontal target |. 10-15 km) | ViSiPlC i
calibration
13:40-14:25 19 19 On and off 15° ele- 21000 Tp = Visible
vated targets Tp = Visible
Tc - Not visible
most of
time i

38

..

-

-

e

o




; o)

held

ey

e

.-‘

-

e

2, and 3.

! |
Dual ‘Receiver Systep with pmt 1/lpgger 1 and pmt 2/logger:3

-

! ; - y i, -
1 " = ’ ) . s =
1 . 7 - . s o - B . - »
. . *rable 2' (Concluded) :
S5 - i3 P S - * # . P IR ,’:'. I S -
1 " Number - " " Observed. \"Aigib:&iit;y )
+ | Tie . Peridd-|of" Observitaons.| - in Direction.of Targets
Date of — ;' 51 Tom © " Description S e -
1971) Cbservation ‘| Tafget |~ ng 9' | “of Observations  Horizontal’ N
. . (Pf)‘r) | Data . ended d () L Slant:Range
! . FON .Data . ’
) A ! 1} " Testing of Prototype logger 3 ' i -
17 August  |13:00-14:00 § 20 -~ |On 15° ;glevatéd‘ 4000-8000
T o S L |
14:00-15:30 | "12 .| 10 |Oh horizontal tary | 4000-8000\ | .. -
: * . y ¢ i : s N AlTl targets be-
. gots: . . low cloud base
. .. |15:30-16:30. - -+~ '|Clpud-ceiling mea= | .4000-8000) [
} ! ) LI "~ | surements .with . N
) ' 3 ., |mirror :
18 August Recalibra‘tiohlof‘ All Logarithmic Amplifiers in the Laboratory ‘
3 September ‘11:00-;2:00 20 fam 15° tarqet calibra- 4000-8000 ‘Clear
x i 3 tion .
} i |
: 12:00-13: 00 23 - Horizontal target ¢ 4000-8000 Clear
. : * | calibration i
N v P
14 Seiggember Fié;d‘ExperimenL -to Collect Dait:a on Bandwidth Characteristics of Loggers 1,

—

! i . )
5 October 15:00-18:00 201 15 On t}ndr off 15° ele~ {. ¥ 70-100 . - Visible
L. !  vated. targets ' p = Occasionally
! - M . visible
'l‘
15° 10 [On dnd off horizoi- - Not visible
1 tal ,tnrgeté
. v I T .
13 Ogtober °[10:22%14:07 51 47 On and off 15° ele- 500-800 -~ Vigible
’ P - vated targets and ~-Occasionally
| eloud celling mea- vigible
1 suréments with ~ Occasionally
' mirror . visible
15 November {12:00-13;:00 33 - 15° tnrget'callbrn-— 10,000-20,000 { All targets
y R t.ion' visible
T R 7 T
H
! ¢
: ) i
! . '
E 1 ' § 3 ‘
v
! !
1
H
. 3 " l
¥ ) 1 Y.
’ | * . ¢
! ; | \ ' 3
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of %ﬁé tgfgets-was assessed. Both the tafgét‘dgta»gndvthe single-ended
data correspond. to:slant visibilities that are less. than the slant-range
‘distance of 235 metérs required to see thé‘zogcft decision height target,
T from the docation.of the lidar. Thus, boiﬁxthe target data and the:
single-epded'lidaf data ¢orrec?1y~predict the obscuration of %C’ Hovever,
exvinction coefficients derived from the target Qatasgorrespond to slant
visibilities that (1) are less.than the slant rﬁhge'of 117 meters required
to. observe visually the 100-ft decision-height target, "'y, and (2) approach
thexsléht rangé‘o£780 meters; required to obServe target Tp. Except for

an occasional obscuration of Ty, both T, ‘and Tg remained visible through-

B!
out the: observation period: As mentioned'above, this discrepancy in the
target.data was traced to a bias in thée bandwidth: characteristics 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 €y = 0.02. Slant visibilities deduced from the
'sing1e~ended'lidar data using a contrast threshold eo = 0.055 are too low
compared to what was actually observed. For example, not only would
%a;get\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 remaiued visible from the location of

the lidar.

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-eaded data, Figure 12 shows the
‘percentage frequency with which values of slant-range visibil. tv were

measured by the lidar, using the contrast threshold eo = 0,02, Ii the
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27 measurements can be considered as a sample from an infinitely large

"population  of measurements representing the prevailing fog -condition,

it is éondlﬁ&ed-that the. lilar data predict that (1) 100 percent of the

g

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

sée ‘Ehe ground (the location of the lidar) along the 15° line of sight

from the cdckpit at the 200~ft decision height (Tg not visible from the

1ocation of the lidar) and (2) 80 percent of the time, the slant visual

range was adequate to see tke ground along the 15° line- of sight from the

cockpit at the 100-ft decision height (TB visible from the location of

the lidgr). 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 4000-8000 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
Ty, were clearly visible, but the highest (200-ft decision height) target,
$C’ 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 pﬁt 2/logger 2
and pmt 1/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 wversus range obtained at intervals of 2 minutes along
the 15° 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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&atanpoints-are indicated next to each-trace. The large increase in
atmospheric “backscattér witﬁ(range'spowh in Traces 1 and 2 .at & range
-0f 200 m suggests the presence -of a cloud céiling at that point. This
cléud ceiling may have dropped to a. lower height in Traces 3 and 4.
Exdctly .at what height the cloud base would: have been méasured is not
known since no vertically pointing ceiling-measuring device was avail-

able.*

It is obvious that, especially in the case of Trace 3, thé
linear fit to the data points does not accurate1y~gescfibe the slope of
the trace. in fact, whenever a boundary of large inhomogeheity such as
a lower cloud boundary is present in the data, the least-squares averag-
ing procéss should not be carried: across this boundary. Instead, the
lidar trace should be divided into two parts at the point where on the
basis O0f 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 entiré 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 tne 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 thé van and its fixed configuration for 15°
slant-range observatione, at this time the lidar could not be pointed
vertically for accurate measurements of cloud~base helght.
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relative units

S-FUNCTION

Ly
L

B0 - gy

b b

0 0.05 0.10 0.15 0.20 0.25
SLANT RANGE — km

FIGURE 13 LIDAR TRACES OF RELATIVE S-FUNCTION VERSUS RANGE
OBTAINED AT 2-MINUTE INTERVALS ALONG 15° SLANT PATH
DURING THE PRESENCE OF LOW STRATUS CLOUDS ON
23 JULY 1971
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alongsfde the traces of Figure 13. A large positive improvement results
for Trace 3. At the time this tréce was recorded, target chwas obscured.
The recomputed extinction coefficient (13.9 km-l) éorresponds to a visual
slant range of 280 m (eo-; 0.02), which is just beyond the slant-range.

distance of T, (235 m),

Figure 15 shows the variation with time ox the atmospheric ex-
tinction coefficients derived from the reflected‘siggals-of the three
elevated targets: Solid lines connect the extinction coefficients mea-

sured over the siangjpath distaiice from Ty to TB-~i.e.,

Dashed lines connect the extinction coefficients measured over the slant-

path distance from TB to TC--i.e.,

The position of the dashed line relative to the solid line reflects the
increase in g 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
¢loud 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 from ‘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 distancé from T, to Tc (154 m);

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

R R . )
B e

5 = —X dR + dR

o g Y o ~ o
~A'c N J

A B )
= R -1-3" o o Ry =B +5, o (B, - Ry) .
c A A’'B B’C -

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,
i

The data analysis of 23 July demonstr:tes that the "slope”
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 (Horizortal Visibility 1000-2000 m)
: - 0 - )
‘On 2 August, a light fog was present that reduced the horizqntal

')

visibility to 1-2 km., A low ctratus ceiling extended downward almost to :
= i AS H

the ‘ground. Slant-range target data and singleiénded 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 obscusgd to the extent

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

second period, the stratus had lifted somewhat and Tc was visually ’ '

observed "in and out" of tiie cloud base. Targets TA and TB‘Weré always

H

visible, : ) -

Figure 17(a)‘shows an- exaripie of computér~processed s}ng1e~ . I
ended lidar data obtained along a 15° slant path at intervals of about

i

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

squareg fit to the data points of each trace sugggsts that, on the aver~

age, atmospheric extinction controls the behavior of the lidar backscatt;r
signal with range (AS/AR < 0). Because of the réﬁid extinction of the
lidar-pulse energy in the dense stratus clouds, the datg do not extend

much more than 10-20 m beyond the slant range of target Ty Figure 17(b)
compares the atmospheric extinction coefficients obtained gnom the target '
data (dots connected by solid lines) and from :the single-snded data !
(crosses connected by dashed lines). Because of the fresuent obscura-

tion of TC’ the target data only provide extinction’ coefficients ‘averaged

over the slant-path distance from TA

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

!
to Tp (37-m slant-rans: distance).

manner illustrated in Figure 17(a). It is seen :frum the slant visual-
range scale that the target dasa correctly predict frequent obscuration !
of T, (boi “or e, = 0.055 and for e, = 0.02)--i.e., slant vgsibilities
correspondinig to many of the target-derived extinction qoefficienfs'are
less than those required t. observe Tc (235-m slant-range distance from- 1

the lidar). However, only for eo = 0,02 do the'target d%ta reproduce
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- the observed visibility cdh&itiogAOf'TB (Tgéaiwa§5‘viSibie). The ex~

tinction coefficients detiﬁéd from the Singlé-ended-data are lower ﬁpaq

-

- those derived from the targét data. A possible reason may be that the

single-ended data iﬁéiudé atmospheric backscatter returis from below the
level 6f thé targets,.és illustrated in Figure 17(a). Since the demsity
of the fog increaseéd rapidly with height into- the stratus clouds, it is

not surpriding to find thé extinction coeffigients derived from the ele-

vated targets higher. ) ‘

To cqmpenééte for the effects of a large increase in fog density -
with ‘height, the single-ended data were reanalyzed by -eliminating all data

poinEs 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 slant-range distance i’rom.TA to TB' The recomputed
values of atmospheri¢ sktinction Soefficient are compared with the: target-
derived gbeffiqients in Figure 18. Trﬁncaiion of the single-ended data
to the distance of target TA increasgs the values of éhe derived extinc-

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

values.

Using the data of Figure 18, Figure 19 shows the cumulative
percentdge frequency with which values of slant visual range were mggfﬁfed

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

Assuming that these data samples- characterize the prevailiqg
fog condition and i.ing the contrast threshold, €, = 0,02, it is seeﬂ
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 less than
the 235-m slant-range distance required to see the 200-ft decision-height
target, Tc,‘from the‘location of the lidar. Furthermore, the data predict

that the 100-ft decis;onrheight target, Té, was visible close to

g
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100 percent -of the time. For- €5 = 0.055, thesepercentages were different

‘éﬁd did not as closely reldte to what was obsérved. ‘

During the second .period of pbsgrvafiéh.(¥1168§;i:§4“?pﬁ)5iihe ,
200-£1 decisibh—héight ¢a£get,.Tc, was "ih‘ahd'quf"ubﬁ)ihéu?gggéd,plpudi
base, ‘but lidar signals refleéted from this target weré .recorded continu-
ously. Thgs, in this case, the target data ppovidefyalyégqofﬂyhe atﬁOr
Spheric extinction coefficient averaged over Ehé-slaﬁt;ﬁath distances
from T, to T, and ermVTB'to Ty 'ThesethO vaiues'wgfe ¢ombined into. one
value averaged over the distance from $A<td Té‘(154-m). Figure 20 -shows:
the comparison béfveen the ektinct;on:céeffiéients derived from the (TA
tc TC)'térgetvdﬁta and from ﬁhgvsingléeenaed data during the period of
observation., Befare thelﬁslope""méthod was applied, the single-ended
traces: of .atmospheric backscatter'signal versits range were truncdted up
to the range of target TA\in order to account for the increase of fog
density with height. The scdle of corresponding values :of visuai range
shows that both the target data and the single-ended data predict clear
visibility of TB and occasional obscuration of TC' Slant visibilities
coimputed from the lidar-me;sured extinction coefficients on the basis of
a contrast threshold €, = 0,02 reflect the actual observed visibility
conditions better than those computed using the more conservative value

e = 0.055.
Q

The liday data of Figure 20 once again show the large temporal
fiuctuations 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
terget data (22 measuremeats) and by the single-ended data (24 measure-

ments). Using eo = 0.02, 45 percent of the target observations but
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75 péréént~o£ the single~ended observations predict the 200-ft decision-

Height target, TC’ to be visible from the location of the lidar (slant

visual range of .235 m). Visual observations of Tb suggest that the target
data give the moré;realistic value. The difference in the percentage
frequéency is caused by the. lower' values of atmospheric extinction coef-
ficient derived from the single-ended data during the first 20 minutes

of ‘obsérvation (see Figure 20). The lidar data recorded during that time

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

fot 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 TC. Subsequently, TC became obscured to the extent that its re-
flected signal was recorded only intermittently because of rapid lidar-
pulse attenuation, Thus, the target data that were collected provide a
consistent series of atmospheric extinction coefficients averaged over the
slant-path distance TA 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 TB with those derived from the single-ended data for the same obser-
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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lidar data. more._accurately represent the atmospheric conditions in which
the density of the stratus increases with height into the cloud base.
Figure 24 shows thé decrease in the ektinction coefficients that results
when the last 20 data poinfs 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 TA to TB.

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 TB predict
that TC was visible (slant visual range = 235 m) for 75 to 80 peréent of
the measurements. Actually, ?C was visible less than half of the time.
However, since the target data provide extinction coefficients averaged
over the slant-path distance from TA to TB, they refer to an atmospheric
layer in which visibility conditions were obviouslybetter than near the
level of TC. The single-ended traces give a more realistic prediction

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

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 chacrac-~
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 1) connected to logger 1 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 ‘Point site, which occasionally reduced horizontal visibility
]

. .t 1
to less than 100 m. The 200-ft decision-height target, Tc, was never

viéible. The 100-ft decision-height target, TB’ could’only'occasionally
be seen from the location of the iidar, and reflected lidar signals from
this target were received only sporadicaliy.- TA remained visible. Thus,

atmospheric extinction coefficients from the target.data éould not be

¥

e

obtained on a continuous basis. Single-ended data of‘atmospheric back-

scatter versus range were collected along the'15° slant path adjacent

to the elevated targets. Figure 26 shows phot?graphs of osbilloscope.
traces recorded from the dual-photomultiplier receiver system at. two éif—
ferent times. At 15:00 PDT, the recorded daEa from thé low sensitivity
photomultiplier (pmt 1) represent what would normally be expecéed from
the coaxial lidar during dense fog: Irom 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
1

that target TA hecame somewhat obscured, backscatter signals .are received

. ! .
frem the area between the lidar and the minimum range where the receiver

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

atmospheric backscatter returns are attributed to secondary and ?ighar

order (multiple) scatter. It was found thdt the!denser the fog, the more

the multiple-scatter effects became noticeable in the récoiQed data. The
. i
"slope" method is applied to the data points beyond the minimum range

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

data analysis has not been determined. The:"gated" returns fiom pmt

Z/iogger 3, shown in Figure 26, give the slope on which Fhe computations

of atmospheric extincti.n coefficient are based., Figure 27 shows valles

of atmospheric extinction coefficient obtained from the single-ended lidax’

] Y i
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

' . :
1]
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vcomcari$bn: Thc,Single-endcd‘1id;i'data'give a réalistic descriptioii of -
';tﬁe piévailiég'slanffvisibility conditions. Although there is no- perfect
:ﬁoipt;by—pdiht agreement, the variations in the data from pmt l/icggér ¥

are quite similar to those from pmt Z/ioggerlsh The absolute values .of
extincgioﬁvqgefficiént (36 to 5p'km"1) are the largest measured during the
observational program, which is compatible with the observation that the
vféibilify was the lowest. The difference in absolute values between the

data from the two ioggérs i's most likely due to différeﬂces in the elec-

trical characteristics of the loggers,

6. 13 October 1971 (Horizontal Visibility 500-800 m)

On 13 October 1971, observations of the elevated targets and

of the atmospheric backscatter along the 15° 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
lcwest target, TA’ was clearly visible whereas the 100-ft decision-height
target, TB, was only dimly visibie. The 200-ft decision~height target,
TC’ wac visible only during brier 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
pnat 1/logger 1 and pmt 2/logger 3. Measurements of the extinction coef-
ficient were obtained from the reflected signals of targets T, and T_ and

A B
therefore represent values averaged over the slant-path distance from

69




—

JONVYH TVASIA LNVIS.

sigjau

- e e e

1Qd 20:¥1-22:01 ‘LL6L Y3IBOLJ0 €1
, NG W3LSAS HIAIIOIH TVNA A8 ATISNOINVLINWIS A3JH0O3H ViIva
139YV.L-031VAITI WOHS G3IAIHIQ 3INVYH TVASIA LNVIS DNIONOLS2UHOD

GNV LNFIDI44300 NOILONILXI DIY3HISOWLY HLV-iNVIS 3O S3IH3S 3WIL 87 3un

SoOUIL —— JNIL

Q9
i

0s (o}
Cmm— * T 0
—: 008
008 —
—00%
00y — 5
— G2 1)
5 - 002
("lygee —
002 —
211481
— 00l
Fmtt_.l
08 ("1)
00t =
- '
: . \
V1108 — ‘ ¢ 136601 /2 Juig X~ —=
[~ | 18660) /) jWd e——e
i . | i , | 1 A 1 1 1 |

(A <= INTIJISA300 NOILONIIXI (3AYIS8O-¥van

70




‘if’tb‘?ﬁf Refi&pté& lidar signals from*?é were -O0hly recéived intermit-
tently ﬁétkeén112}Q0~éﬁdli3fGQanT. There is no peffect\ggiegmentfbetween
the détagffqm,thg twg rfecéiver couponents. gxtinctiohnéoéfficiegt§ de-
duced from the datz. & pmt éiiggger 3 are consistently lower and do not
représent acceﬁ;able,%a;ues:bstéééh 12:00 and 13:00 PDT when horizontal
wvisibility improved from-500 16 800 m. It iis seen that during this brief
period of partial clearing, the extinction coefficients decteased to
values rapresentativé of visually clear-sky conditions (g = O.I'km-l).
This ‘obvious discrepancy in the data recorded from pmt 2/logger 3 was
found' to result from- insufficient information on the saturation .charac~
teristizs of the new logarithmic amplifier. The data from pmt 1/logger 1
are reasonable but still show some 'values of atmospheric extinction near
13:00° PDT that corréspond to rather high values of visual range. Slant
visual range computed on the basis of €, = 0,02 gives the best comparison
between the target data and visual obsefvapions of the elevated: targets
made at the location of the lidar. For eo = 0,055, the target data corre=
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 TA' This is not in accordance with what actually was observed.

Figure 29 shéws the comparison between the atmospheric extinction
coefficients derived from singlewended data recorded simultaneously by
the two pmt/logger comﬁonents; There is excellent agreement -beiween 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 thg new logarithmic amplifier. The atmospheric ex-
tlnétioh:coefficients obtained ifrom the single-ended data correspond to
values of slant visual range that are in complete agreement with what
was observed using the threshold constant <5 = 0,02, Table 3 summarizes
pertinent information obtained from the data of the two amt,/logger com-

ponents of the dual receiver system. If it is assumed that the sample
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Table 3

- SUMMARY OF INFORMATION ON SLANT VISIBILITY CONDITIONS OBTAINED
FROM LIDAR DATA' RECORDED BY ng DUAL RECEIVER SYSTEM
OF Mk V LIDAR ON 13 ‘OCTOBER 1971

Ground Visible Ground Visible
Numb from from
umbex 200-ft Height 100-ft Height
X - of Measurements p
Receiver {percent (percent
Compbnent . frequency) frequency)
Single- Single- Single-
Target & Target & Target &
ended ended ended
Data Data Data
Data Data Data
pmt 1/logger 1 49 47 30 32 74 97
pnt 2/logger 3 51 47 58 26 20 97

of -lidaxr measurements represents the ﬁrevailing fog conditions, the
single-ended data predict that the ground would have been visible 97 per-
éent of the time froh 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 decision height target TC made from the location
of the lidar. The iesults 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 nét 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 15° eleva-
tion angle are similar to the slant-path extinction coefficients derived
from the target-return signals, The cloud -ceiling, however, represents
a boundary of extremé 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 Llidar 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 to: the slant-
range lidar backscatter profiles., Because of the fixed configuration of
the lidar for slant-range measurements below 30° 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 45° angle
to the lidar's horizontal line of sight, deflects the lidar ‘beam verti-
cally upward for a measurement of cloud base height, While making lidar
observations on and off the elevated targets, the setup enables ceiling
mrasurements by simply changing clevation angle within the existing range

of operation, Figure 30 shows photographs of the mirror inside its
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protec¢tive wooden box mounted on the tower nearest to the lidar, An ex-
ample of a cloud-base measurement obtained by pointing thé lidar beam at
thé inglined mirror is shown in Figure 31.

. Measurements of slant visibility and concurrent measurements of cloud-
‘bage ‘heéight were made by alternatély aiming the lidar at the mirrov ©°
elevation angle), at the elevated taréets (15° elevation angle), and along
the 15°slant path immediately .adjacént to the targets. Approximately 5
minutes were needed to make these three separate observations, during which
time period significant chahges occurred in the highly inhomogeneous fog

conditions encountered. at ‘the Pillar Point site.

Figure 32 shows the wariability in cloud-ceiling height measured with
the mirror on. a S5-minute time scale during conditions of fog (Forizontal
visibility 500-800 m) on 13 October 1971, These.measuréments are related
to the lidar-observed extinction coefficients showin in Figures 28 and 29,
Also shown are twn examples of reécorded, oscilloscope traces, one with a
well-defined cloud ceiling at a héight 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 of 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 meésurements. 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 kase is clearly defined-~the lower cloud houndary can
in the most important cases bhe 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 15° slant path
77
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FIGURE 31  OSCILLOSCOPE DISPLAY SHOWING CLOUD CEILING QBTAINED
BY POINTING LIDAR BEAM AT 45° INCLINED MIRROR
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FIGURE 33 LIDAR TRACES OF ATMOSPHERIC BACKSCATTER SIGNAL

' VERSUS RANGE OBTAINED ALONG 15° SLANT PATH AT
4- TO 5-MINUTE INTERVALS DURING CONDITIONS OF LOW
CLOUDS AND FOG ON 13 OCTOBER 1971
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adjacent to the elevated targets. The rapid changes in the gharacteristics
-of fog are evident. Table 4 lists the improvemegts in the agmospherié i
eXtinction’qpefficient that are obtained by dividiﬁg thé tra;es of. Figure 33
into two parts on ‘the basis of a cloud-base height deternined from, the
traces themselves anq applying the least-squares procedure sepg:;?ely to
each part. Large improvements are evident on Traces~i and 4., No in-
dependent measurements of cloud ceiling are needed to decide how Qhese:
traces should be broken up. In Traces 2 and .3, the presence of a cloyd
ceiling is not as apparent; and an independent cloud—ceilipg measurement
could be helpful, However, in this case, the improvement in the extinc?ion ]
coefficient is relatively small when the cloud-ceiling is accounteé for,

and therefore the value of a separate cloud-ceiling measurement is not as
imporéant. Because of the large spatial and temporal flucth;tionf inlfog

i - ;
density, none of the information from the mirror dat5 recorded during the

same period was applicable to any of the traces of Figure 33,

Table 4 1 , i

ATMOSPHERIC EXTINCTION COEFFICIENTS COMPUTED FROM THE :SINGLE-ENDED

LIDAR TRACES OF FIGURE 33 BY APPLYING THE "SLOPE" METHOD WI'TH AND
WITHOUT CONSIDERATION OF CLOUD CEILING

Atmospheric Extinction
Range of Coefficicent (I l'1)
Trace | Estimated Cloud ° elon o -
Ceiling (km) Without Cloud Ceiling With Cloud Ceiling
No. 1| ! 0.175 6.1 15.9
No. 2 0.110 19.9 0.8
No. 3 0,149 15,4 14,8
No., 4 0,155 10,0 ' 14,2
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