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ABSTRACT. An experiment is described, wherein cloud signals from a 
range-corrected ruby lidar and a rotating beam ceilometer showed 
excellent agreement in height at which peak signal occurred. How­
ever, pilot reports of ceiling when viewing at 3° below horizontal 
were at significantly lower altitude. To develop an understanding of 
the relationships between ceilometer signals and pilot visibility, 
the physical bases of these signals and of pilot’s perceptions are 
analyzed. A relationship is derived that connects pilot optical 
depth with an idealized lidarfs signal profile by applying reasonable 
approximations to the cloud structure (with or without precipita­
tion). The view angle of the pilot, the lidarfs pointing direction, 
and the vertical distribution of the obscuring particles control the 
relationship. This relationship is recommended as the foundation of 
a signal-processing algorithm for better ceiling measurements. 
Multiple scattering and a ceilometer’s range dependence and resolu­
tion are complicating factors. Accurate cloud base predictions 
should also account for horizontal inhomogeneities at the cloud’s 
bottom as shown by simple examples. All of these concepts are also 
pertinent to measurement of slant visual range. A monitoring program 
to study the variation of optical density near cloud bottom, espe­
cially during low ceiling or when accompanied by precipitation, is 
needed to improve ceilometer practice.

1. INTRODUCTION

Obscuration of a pilot’s view by clouds, fog, and precipitation is an 
important consideration in aviation operations and safety. Ground-based 
instruments such as cloud height sensors and transmissometers attempt to 
measure the type and severity of the obscuration in order to advise pilots and 
air traffic controllers. Improvements in the accuracy and completeness of 
these types of measurements would probably increase safety and reduce the cost 
of aviation operations. Research activities have made some progress in deve­
loping a method to measure slant visual range (e.g., Gaumet and Petitpa, 1982; 
Viezee et al., 1969).

As part of an effort to improve the cloud ceiling measurements, the 
National Weather Service (NWS) asked the Wave Propagation Laboratory (WPL) to 
compare signals from a rotating beam ceilometer (RBC) and a lidar operated as



a ceilometer, and to attempt to relate these signals to the optical depth 
experienced by a pilot. Eberhard et al. (1980) reported some preliminary 
results. A better understanding of these relationships, perhaps in com­
bination with the application of modern optical and signal processing tech­
nologies, may lead to a significant increase in value of the cloud reports for 
the aviation industry.

NWS has traditionally defined cloud base height (CBH) as the height at 
which the RBC signal reaches its maximum value. This definition is apparently 
founded on a simple model of a homogeneous cloud with clear air beneath. As 
the Rotating Beam Ceilometer System Instruction Manual (1967) explains, the 
signal is zero from all points below the cloud and is attenuated from points 
deep within the cloud, leading to a signal peak at the cloud's bottom edge.
At least some of the available evidence argues that this is a poor choice. In 
the first place, density at cloud bottom usually Increases continuously in the 
vertical, albeit sharply at times. For example, the careful measurements of 
Noonkester (1984) on marine stratus show a gradual increase. Such gradients 
make the physical significance of the peak signal uncertain. More direct evi­
dence against using the height for peak signal comes from Eggert (1960), who 
reported substantial differences between CBH from the RBC and pilot reports of 
altitude upon acquiring visual contact during normal 3° glide slope approaches 
to an airport when cloud bases were lower than about 240 m (800 feet). His 
linear regression analysis revealed that when the RBC ceiling changed by AH 
the pilot's reporting altitude increased on average by only 0.55 AH rather 
than the ideal 1.00 AH. An additional nonscientific but thought-provoking 
piece of evidence was offered by a tower controller. He considers the onset 
of the RBC signal below the peak to be a more dependable choice than the peak, 
and normally reports accordingly rather than using the official NWS defini­
tion. In response to these doubts about the wisdom of using the location of 
peak signal for defining cloud base, this paper proposes an improved method 
for interpreting ceilometer signals. Not all issues are resolved, but the 
important factors, some of which have been largely ignored in the past, are 
discussed.

Although this work is mainly concerned with measurement of clouds with 
relatively distinct bottom edges, part of the discussion applies to low-
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altitude obscuration, where a direct measure of slant visual range is 
desirable. The present development differs from related efforts on slant 
visual range by emphasizing a cloud sensor that points vertically (more or 
less) rather than at a low angle, such as up a glide slope of 3° or even oppo­
site a cockpit cut-off angle of nominally 13°.

Three phrases are used with similar but distinct meanings. "Cloud base 
height" refers to the distance above the surface as reported by a ceilometer 
according to an objective criterion placed on the signal, such as height for 
the RBCTs peak signal. "Cloud bottom" means the general vicinity of the lower 
portion of a cloud where obscuration is significant. "Cloud fringe" is the 
lowest extent of a cloud in a mathematical model.

2. EXPERIMENTAL COMPARISON OF LIDAR, ROTATING BEAM CEILOMETER,
AND PILOT REPORTS

A research lidar system and RBC were operated side-by-side in order to 
compare their signals from cloud. On two occasions during these measurements 
a pilot flew a sequence of alternating ascents and descents near the ceilome- 
ters and reported the altitude from the pressure altimeter upon losing or 
gaining visual contact with the surface. The first objective of the experi­
ment was to determine any difference between lidar and RBC measurements of the 
height to the base of the cloud. A second objective was to evaluate how the 
pilot’s report of ceiling height was related to the signal acquired by each 
ceilometer technique.

2.1 Experiment Design

The experiment included several precautions designed to minimize the 
effects of natural cloud variability. The official NWS interpretation of 
cloud base height for the RBC was applied, namely the height for maximum 
signal. Since this is a very simple feature to identify, the same definition 
was applied to the lidar data after correction for the geometrical range 
dependence. The lidar was positioned only 3 m from the RBC receiver in order 
to minimize differences due to horizontal variations in cloud cover. For the 
RBC-lidar comparison, data segments were selected during which the RBC
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revealed constant height to cloud base* Each segment also exhibited uniform 
signal width, which indicated constant depth of penetration of the RBC's 
radiation during the segment. The experiment did not take place at an air­
port, where the pilot's flight pattern would have been hampered by airport 
operations. Instead we operated in a rural area, where the pilot could per­
form many passes through the bottom of the cloud near the ceilometers within a 
short period of time. Unfortunately the two measurement periods with pilot 
reports contained variations in cloud base height as great as ~100 m. Except 
for this one complication, these procedures highlighted any inherent differen­
ces between the lidar, RBC, and pilot visual experience by eliminating as much 
as possible any discrepancies introduced by spatial and temporal variation in 
cloud properties.

2.2 Lidar Operation

WPL's lidar is a versatile research instrument that has participated in a 
variety of measurement programs, including cloud studies (Derr et al., 1976; 
Lopez, 1977; Platt et al., 1978), profiling of the stratospheric aerosol layer 
(De Luisi et al., 1982), and plume tracking in atmospheric dispersion studies 
(Eberhard, 1983; Gudiksen et al., 1984). The lidar's optical and electronic 
characteristics are well understood, and in this experiment its signal profi­
les were recorded with better resolution and precision than the RBC's signals. 
The lidar data therefore became the standard for comparison.

The zenith-pointing lidar measured the height to cloud base by determining 
the round trip time of flight of a short light pulse scattered by the cloud 
particles. The transmitter was a pulsed ruby laser emitting at 694.3 nm wave­
length with typically 0.8 J pulse energy. The-full width divergence angle to 
the e points was 1.0 mr (0.06°)• The measured range resolution, including 
pulse width and receiver electronic response time, was 7 m full width at half 
maximum from a single target. The Newtonian receiving telescope with 6 mr 
(0.34°) field of view had a primary mirror of 70 cm diameter, which was much 
larger than necessary for these strong cloud signals. Absorbing filters in 
the receiver's optical path attenuated the backseatter to the appropriate 
level for the photomultiplier detector and data acquisition electronics. A 
narrow-band filter with 1.0 nm bandwidth removed most of the background light.
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A fast analog-digital converter recorded the detector’s output at range inter­
vals of 1.5 m, except for the highest cloud reported here when the range 
interval was 3.0 m. A minicomputer recorded the profile of the received 
signal from each pulse on digital magnetic tape together with auxiliary infor­
mation such as time, pointing angle, and pulse energy.

Since height to the cloud was of central importance in the experiment, 
every effort was made to assure range accuracy. The lidar system pretriggered 
the analog-digital converter, which recorded a zero range mark created by 
illuminating the detector with a small fraction of energy from the outgoing 
pulse. A fiber optic cable carried this light from the laser’s output optics 
to the detector. Range was computed from the known speed of light by the time 
elapsed between the zero range mark and any desired point of the backscattered 
signal. A quartz-controlled oscillator in the analog-digital converter

lxassured time measurements accurate to better than 1 part in 10 . As a final 
step to ensure range accuracy, corrections for lidar height above the ground 
and optical path lengths within the lidar were applied during data reduction.

Cloud base height was later extracted from the lidar data by first 
correcting each pulse’s profile for the lidar’s geometrical range dependence. 
The height where peak signal occurred was determined for each pulse, and these 
heights were then averaged for all pulses included in the data segment.

2.3 RBC Operation

For this project the NWS lent an RBC with Gifft recorder to WPL that was 
like many others in use at airports throughout the United States. WPL person­
nel installed the RBC; an NWS technician checked it for proper operation once 
during the autumn of 1979 and again during the spring of 1980 and found no 
discrepancies. A pole leaning over the receiver and extending about 1 m above 
provided additional verification of RBC alignment by generating a signal near 
the correct height.

The RBC used optical triangulation to measure the height to cloud base 
(Fig. 1). The rotating transmitter swept a narrow beam of light in a vertical 
plane, which also included the vertically-viewing receiver. The strongest 
output signal was created during the transmitter sweep when the beam inter-
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Cloud

H = 4 tan Or

TransmitterReceiver

77777
Figure 1.--RBC geometry for deter­
mining cloud base height by tri­
angulation.

cepted the bottom of the cloud directly above the receiver. The height to 
this point was calculated from

H = Z tan0R , (1)

where i was the length of the baseline between transmitter and receiver, and 
0R was the transmitter's elevation angle for the strongest signal.

The transmitter consisted of a bright incandescent lamp at the focal point 
of a parabolic mirror of 61 cm diameter. Based on the dimensions of the 
double-coiled lamp filament, ray tracing showed that the transmitted beam was 
roughly trapezoidal in shape with 3.8° full divergence angle in the horizontal 
and 1.0° in the vertical plane. The transmitter unit rotated the lamp and 
mirror at constant angular velocity in the vertical plane.

The receiver was lpcated at a baseline distance of 457 m (1500 feet), 
which was expected to produce the best resolution for typical cloud heights at 
the site north of Denver, Colorado. The receiver viewed vertically in the 
plane swept out by the transmitted beam with a lead sulfide detector at the 
focal point of a mirror that was identical to the transmitter mirror.
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Unlike the laser, which emitted virtually monochromatic light, the RBC 
operated over a broad spectrum in the near infrared. The effects of 
background light were reduced in three ways. First, the transmitter and 
receiver each possessed a cover glass that transmitted infrared but absorbed 
visible wavelengths. The filtering on the transmitter prevented the bright 
light from annoying pilots or other persons in the vicinity. A band-pass 
filter next to the detector also restricted sensitivity to the infrared wave­
lengths. Second, the transmitted beam was modulated by a rotating shutter, 
and the detector output was passed through an electronic narrow-pass filter 
centered on the same frequency. The third feature was a metal honeycomb in 
the receiver for the purpose of reducing stray light. The system sensitivity 
as a function of wavelength was calculated from the spectral efficiencies of 
the various components. The source was assumed to be a black body at 3000 K, 
the manufacturers’ specifications for the IR-transmitting cover glass and 
detector filter were applied, and a standard sensitivity curve for the lead 
sulfide detector was used. The resulting spectral response (Fig. 2) does not 
include losses due to molecular absorption, which can be significant in some 
bands in this wavelength region.

Without the honeycomb, ray tracing from the rectangular detector showed a 
trapezoidal-shaped receiver field with 5.6° divergence angle perpendicular 
to the swept plane and 0.9° in the direction parallel to the baseline. Ray 
tracing based on the dimensions of the honeycomb cells showed that the 0.9°

co .4

DC .2

Wavelength (micrometer)

Figure 2.—Calculated spectral response of RBC.
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angular dimension was unaffected, but the perpendicular dimension was reduced 
to roughly 3.7°.

After electronic amplification and filtering of the RBC signal, the Gifft 
recorder rectified it with a synchronous detector in phase with the modulating 
shutter. The facsimile recorder created a permanent graph of the signal pro­
file, the strongest signal appearing darkest on the paper. The recorder also 
added angle and time marks to the record.

The RBC's version of cloud base height for each selected time segment was 
obtained by inspecting the facsimile record to find the RBC angle at maximum 
darkness or signal magnitude. When the dark region had a broad peak, the mid­
point of the angles where the signal commenced its decrease was used. The 
angle was adjusted by the deviation of the pole's signal from its proper loca­
tion a few feet above the receiver.

2.4 Pilot Reports

Two separate flights of a Cessna 205 supplied pilot reports of cloud base. 
The pilot flew back and forth above the ceilometers, using a nearby road to 
assist in orientation. Ascents and descents through cloud base were timed to 
occur as near the ceilometers as possible. A scientist, who was also an 
experienced amateur pilot, assisted with observations and recorded the alti­
tudes at visual contact for each vertical transition. The pilot used an alti­
meter setting that was valid at takeoff from an airport within 20 km distance 
and at elevation similar to that of the test site. The crew reported cloud 
base heights to the nearest 15 m (50 feet) MSL.

The pilots used two criteria to define the height of cloud base. One cri­
terion invoked during both flights was the height at which the co-pilot could 
barely achieve visual contact with the ground while looking downward near the 
nadir. The second criterion, incorporated only during the second flight, was 
the height at which terrain could barely be perceived by the pilot at a view 
angle of 3° below horizontal.

These test conditions were unable to duplicate one important factor nor­
mally encountered at an airport under similar low overcast. An airport's
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bright approach lights would normally enable the pilot to attain visual con­
tact at a higher altitude than if only the naturally lighted surface were 
available for visual orientation. In spite of this difference, the pilot’s 
data demonstrate some important aspects of the ceiling measurement problem.

2.5 Results

The heights for maximum signal from the lidar and RBC were in close 
agreement. Eight data segments were selected according to the criteria of 
stable cloud signal recorded by the RBC and availability of concurrent lidar 
data. These events occurred on several different days with a variety of cloud 
heights. Lidar data were reduced after the selection was completed. Table 1 
lists the results, ordered according to cloud height, and includes the dif­
ferences between the two methods. The peak signals by the two methods 
occurred at virtually identical heights during some of the segments but 
deviated somewhat during others. The larger differences were approximately at 
the limits of experimental accuracy. Most of the potential for error lay with 
the RBC. The mercury switch that marks the 0° angle of the transmitter was 
difficult to position precisely; errors were estimated within the range of 
±0.5°. The breadth of the cloud signal on the RBC record (Table 1) also lent 
some inaccuracy. Errors as large as 25% of this breadth are reasonable. In

Table 1. Cloud base measurements from lidar and RBC for
selected stable periods

/
Lidar RBC Breadth(°) 

Date Local begin Duration Height Angle Difference of maximum 
(mon/day/year) time (minutes) (m) (°) (m) (°) RBC signal

4/23/80 1140 1.0 167 20.0 0.3 0.0 2
4/23/80 1221 3.0 249 28.6 -0.3 0.0 2
4/23/80 1453 2.0 367 39.0 -3.4 -0.2 1

11/ 5/79 1816 3.3 685 57.7 -38 -1.4 2
3/26/80 1357 2.0 1032 67.0 -45 -0.9 11/4
3/25/80 1508 1.5 1659 74.4 21 0.2 1

11/ 8/79 2151 3.0 1835 75.7 41 0.3 U/2
11/ 7/79 1211 3.0 3189 82.2 -148 -0.4 3/4
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spite of the overlapping volumes viewed by the two devices, it is possible 
that spatial variations in the cloud contributed some minor differences due to 
the larger volume intercepted by the RBC. The data showed no bias between 
lidar and RBC heights for peak signal.

The aircraft encountered periods characterized by moderate variations in 
the height of cloud base, which required a different method for comparison.
For each of the two periods when lidar, RBC, and pilot data were all avail­
able, time was partitioned into short segments 1/2 to 61/2 minutes long. The 
average RBC angle of maximum signal could be accurately determined for each 
segment, which was selected to exhibit little change in cloud height or else 
approximately linear change with time. Comparisons with lidar data were first 
performed for each partition, and then statistics were formed on the differen­
ces for the entire period. Statistics were also computed for the pilot 
reports. Table 2 lists the results for two flights on April 23, 1980.

In spite of the fluctuating cloud bottom, the two ceilometers showed 
almost identical heights for cloud base when averaged over each period. 
However, the rras difference of CBH between the lidar and RBC were considerably 
larger than the average difference. It is noteworthy that the real changes in 
cloud base, as indicated by the rms change in CBH by either sensor, were 
larger than the discrepancies between the two methods, which are indicated by

Table 2. Statistics of cloud base height (m) 
from lidar, RBC, and pilot reports

Parameter Case 1 Case 2

Time (MST)
# Pilot reports

1130-1202
11

14581/2-1517
10

Cloud base heights:
Average (lidar)
Average (RBC)
Average (pilot, downward)
Average (pilot, 3° depression)
rms difference (lidar', RBC)
rms change (lidar)
rms change (RBC)
rms change (pilot, downward)
rms change (pilot, 3° depression)

225.3
221.9
229.2

11.9
27.7
31.1
18.6

306.0
309.7
312.4
228.6
24.7 
32.0 
47.9
28.7
20.7
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the rms difference. The agreement of the long-term average in the presence of 
significant differences for shorter segments suggests that proper interpreta­
tion of ceilometer signals from a nonuniform cloud bottom can be a greater 
problem than minor differences between sensing techniques.

Reports of cloud base from the pilot peering downward corresponded closely 
with the height for maximum signal from both the RBC and lidar. However, when 
looking forward at a 3° depression angle, the pilot on average reported visual 
contact at about 79 m (260 feet) below the height for maximum signal. During 
this test simulating a pilot viewing along his glide path, he therefore had to 
descend significantly lower than the average RBC or lidar CBH before acquiring 
visual contact. Further insight can be gained by examining the height of 
lowest observable RBC signal on the facsimile record. Although this parameter 
is a function of gain setting on the instrument, it does provide an upper 
limit on the location of the lowest part of the cloud. For Case 2 the lowest 
observable signal appeared at an average height of 273 m with an rms variation 
of 37 m. The pilot, viewing at 3° below horizontal, gave reports of visual 
contact that on average were even lower (at 229 m) than the average onset of 
RBC signal.

2.6 Discussion

The lidar and RBC measurements of cloud base heights of well-defined 
clouds with vertically stationary bottoms agreed within the experimental 
error. The criterion used was the height at which maximum signal was 
received. This result for ideal conditions provides encouragement that the 
range-corrected signal from a pulsed lidar ceilometer will produce results 
nearly identical to those of an RBC when the location of peak signal is the 
criterion for cloud base height.

The altitudes at which the pilot reported visual contact with the ground 
while looking downward agreed closely on average with the cloud base height 
measured by either the lidar or RBC. However, a disturbing result of the 
experiment was that the pilot looking forward, along a simulated glide slope 
as if searching for an airfield during instrument approach, had to descend an 
additional 84 m to 229 m altitude before achieving visual contact. This
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finding casts doubt on the wisdom of using the height for peak signal as the 
criterion appropriate for aviation safety. Horizontal variations certainly 
must have contributed to this phenomenon, because any protrusions of cloud 
into the pilot's line of sight would have blocked his view of the surface.

The discrepancy prompted the thorough analytical evaluation of the rela­
tionship between ceilometer signals and pilot visibility that constitutes the 
remainder of this paper. It became apparent that measurements, oversimplified 
models of cloud structure, or even a combination thereof would be insufficient 
for determining this relationship.

3. ANALYTICAL EVALUATION OF CEILOMETER SIGNALS AND PILOT VISIBILITY

3.1 Idealized Equations of Radiative Transfer for 
Horizontally Homogeneous Clouds

In order to relate ceilometer signals to pilot visibility, idealized 
equations of radiative transfer are first written separately for the lidar, 
RBC, and pilot's view along his line of sight. Some nonideal factors that 
require consideration in a practical instrument are discussed in Section 3.3.

3.1.1 Lidar

The equation for signal strength from an ideal detector in a pulsed 
monostatic lidar can be expressed as

R
Pl(R) = KlFl(R)3l(R) exp[-2 / aL(R')dR’] , (2)

where R is range along the pulse path, ft is the backscatter coefficient, and
a, is the extinction coefficient due to scattering and absorption. The time t 

L
for the round trip flight of the pulse to a target yields the range to that 
target according to R = ct/2, where c is the speed of light. The range reso­
lution AR = ct/2 is determined by the duration t of signal from a point 
target. The equation for PL(R) assumes that AR « R. The factor includes
system parameters (e.g., Viezee, et al., 1969), such as laser pulse energy, 
optical gathering power of the telescope, detector responsivity, and electro-
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nic gain. The factor F (R) describes the change in signal with range due to
Li

optical geometry. In the far field where the receiver field of view comple-
tely overlaps the outgoing pulse, F (R) = R • Close to the lidar F (R) be-

— 2 ^comes smaller than R because of partial overlap of the outgoing pulse with
the field of view and poor focus of the receiver. The expression for P (R)

Li
assumes single scattering (see Section 3.3.5).

The most obvious pointing direction for a lidar ceilometer is toward the
zenith, where R = z. However, some advantage might be gained by aiming the
lidar at another elevation angle 9 , such as up the approach path of the

Li
active runway. In this case the height where backseatter occurs is

z = R sin0^ • (3)

By assuming that the clouds are horizontally homogeneous and correcting the 
signal for the system parameters, we can define a range-corrected signal shape 
function

P (z/sin0 )
bL(z) = K^Tjz/sin0L) (4)

or
bL(z) = 0L(z) exp[--fie-/ aL(z')dz*] .

Li 0
(5)

If the lidar is calibrated, b gives the profile of the backscatter coef-L
ficient as modified by extinction in the intervening medium. Even in the 
absence of a calibration, this relation for the range-corrected shape of the 
profile is compared below with similar expressions for the RBC and the pilot’s 
optical depth.

3.1.2 Rotating beam ceilometer

The equation for RBC signal strength PD(z) is like that for the lidar, 
except that the light takes a different path, the scattering is at an angle 
between 90° and 180°, and the optical geometry factor has a different form.
For the horizontally homogeneous cloud and single scattering we have

-13-



1 z zVV ■ Vr'VV’V “pi- sin0,— / a(z’)dz'] x exp[ - / oR(z')dz'],(6)
R 0 0

where is the system constant. The Appendix discusses the form of the opti­
cal geometry factor F„(9D)» The first exponential in (6) describes the 
extinction of the radiation between the transmitter and the scattering point, 
which lies within the volume intersected by transmitter and receiver. The 
second exponential accounts for extinction between the scattering point and 
the receiver. Identical values of the extinction coefficient aD(z) in the 
exponents imply attenuation that is independent of direction. The single­
scattering cross-section 0^ is a function of the height and also the scat­
tering angle, the latter in turn depending on the RBC angle 0,,. Since the 
cloud return for each sweep Is usually limited to a small range of values for 
9_, namely A0„ < 20°, we can substitute the characteristic value 9 in the
equation for P .R

The RBC equation can then be formulated as

PD(0„)

kr VV
“ eR (z»v exp[" U +——) / aR(z')dz' (7)

sin0 0sin 0,

which is very similar to the analogous expression for the lidar. Normaliza­
tion of the lidar data by F^(R) *s a common procedure, but the RBC signal 
is displayed without such normalization. However, it is shown in the Appendix 
that Kr F^(0r) can 0ften ^ assumed constant over the interval of significant 
cloud return, allowing us to use

bR(z) = constant x PR(z)

for the profile shape
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3.1.3 Pilot optical depth

Since predicting the ability of pilots to acquire visual contact with the 
surface or other aircraft is the motivation for precision in ceiling reports, 
it is appropriate to define cloud base height in terras of cloud optical pro­
perties that affect vision. Middleton (1952) describes the factors involved 
in visual discernment of objects. The first factor is the contrast of an 
object (e.g., runway markings) against the surrounding background. If Lvo is 
the luminance of an object and L ' that of the background, then the contrast C 
is defined as

L - L '
C = ■, V . (8)

v

An ideal black object has C = -1; lights at night can have large positive 
values of contrast.

The second factor is the alteration of apparent contrast of the object by 
the optical properties of the atmosphere between the object and the pilot. An 
important but restrictive special case is horizontal vision when atmospheric 
optical properties and illumination are homogeneous in the horizontal. These 
are the conditions for which the familiar Koschmieder relation is valid, and 
(Middleton, 1952)

CD = Co exP(-oD)» (9)

where CD is the apparent contrast of the object viewed from a distance D,
CQ is the contrast at D = 0, and a is the extinction coefficient appropriate 
to the continuum of wavelengths to which the eye is sensitive. The argument 
of the exponential is the optical depth for the eye, namely te = aD. In the 
case of a pilot looking downward at a slant angle from near the bottom of a 
cloud, the analysis is more complicated, and (9) is not strictly valid. 
Nevertheless, the optical depth is the yardstick by which the effects of 
the cloud on the pilot’s vision can best be measured. This can be illustrated 
by examining the two mechanisms by which the apparent contrast is altered 
(Middleton, 1952). One mechanism is the reduction of the object's apparent 
luminance by extinction according to
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(10)
D

exp [- / a(s)ds] • 
0

Here L is the luminance of the object located at D = 0, and L is the lumi- vo * VD
nance at the pilot. A similar expression holds for reduction in luminance of 
the background. The second mechanism is scattering of light into the pilot’s 
line of sight. An expression for this additional luminance L that allowsvs
for inhomogeneity along the path is

D
- / a(s’)ds’D 4tt sL - / [ / L (0, s) P(0,s)du>]e 

0 0
ds do

Lv(0,s) is the luminance as a function of position and scattering angle 0. 
P(0,s) is the scattering function, where

4ir
/ P(0,s)dw = a(s) (12)
0

is the scattering coefficient and absorption has been assumed negligible. The 
integration is over solid angle whose differential is da). Note that the expo­
nential term in (11) describes the extinction between the scattering point 
and the pilot. The importance of the optical depth becomes more obvious if we 
assume that the amount of light scattered into the line of sight per unit path 
length is proportional to the extinction coefficient according to

/ Lv(0,s)P(0,s)d (13)

yielding

D
Lvs = ^ct1 - exp(“ / o(s)ds)] (14)

The optical depth
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(15)
D

t — f a(s)ds 
e 0

is therefore prominent in describing the reduction in apparent contrast due to 
cloud particles.

The remaining factor in visual discernment is the physiological response 
of the pilot to the illuminant stimuli. Experiments (Middleton, 1952) have 
shown that the threshold for contrast detection by humans depends on viewing 
conditions and the probability level of accuracy that is required. A com­
monly accepted criterion for practical use is |c| = 0.05. As Middleton 
pointed out, even more conservative criteria are appropriate for aviation 
safety.

If the luminant source is so small and distant as to appear to be a point 
rather than an extended source, then Allard's law describes the distance at 
which the pilot can observe it. Thus

oED = I exp[- / a(s)ds] , 
0

(16)

where E is the illuminance threshold of the eye and I is the source intensity. 
The optical depth is also prominent in this situation.

A specific definition of cloud base can therefore be formulated by 
assigning a particular value to pilot optical depth according to conditions 
of surface contrast, ambient lighting, and pilot visual ability. The value of 
Te for a pilot at height z^ looking toward the surface at an angle <j> below the 
horizontal is

/ a(z')d (17)

where we assume, as with the RBC, that the extinction coefficient is indepen­
dent of direction. It should be noted that is a strong function of <j> as 
this angle approaches 0°. An operational definition of ceiling according to 
the optical depth must therefore incorporate an appropriate choice for <J>.
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3.2  Relationship Between Ceilometer Signals and Pilot Optical Depth

Approximate relationships are derived between optical depth and the 
signals from a lidar or RBC. This relationship is used to illustrate how 
ceilometer signal profiles depend on the pilot optical depth, view angle, and 
vertical structure of a horizontally homogeneous cloud.

3.2.1 Derivation of fraction of total signal

The pilot's optical depth can be coupled with the equations for the 
shape of the lidar and RBC signals with three more approximations. The atte­
nuation coefficients cf^, and a change with wavelength over the region from 
2.75 pm through the visible, which is the wavelength domain of the RBC and 
anticipated lidar ceilometers. However, when cloud particles are pre­
dominantly larger than the wavelength, the change is small because the extinc­
tion coefficient is proportional to the geometrical cross-section of the 
particles. The extinction profile will depend much more on changes in cloud 
density than the spectral responsivity of the ceilometer. Much of the 
spectral dependence that may occur can be accounted for by defining the 
average ratios

rL = °L/a 

rR = °R/a *
(18)

Another approximation valid in the visible and to at least 1.06 pm wave­
length in the infrared is that the ratio of extinction to backscatter is 
approximately the same for a wide variety of cloud size distributions and 
wavelengths (Derr, 1980; Pinnick et al.t 1983). As suggested by Kohl (1978), 
the lidar backscatter profile can therefore be replaced by

3l(0 = oL(z)/SL , (19)

where the extinction to backscatter ratio is approximately constant. For 
the sake of comparison also assume
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(20)6a<z,eR> - °RU>/VV •

where S^CQ^) can vary with major changes in scattering angle, but can be con- R R
sidered constant for the signal created by each RBC sweep* The equations for 
the ceilometer's signal profile can then be written

bL(z)

Vz>

rT Z— a(z) exp[-g / o(z')dz']
SL L 0

a(z) exp[-g / a(z')dz'] , 
bR 0

(21)

where

gL = 2rL/sin0L
(22)

( gR 1 +
Sin0R

Our definition for cloud base is the height z^ at which the optical depth
along the pilot’s line of sight equals as given in (17)* In order to
obtain z^ from the ceilometer signal we integrate the profile shape equation
b in z to obtain 

Li

ze
Bt(z ) = / bT(z')dz' . L e 0

(23)

This is accomplished analytically through the change of variables

z
T = exp[-gL / a(z')dz']

dT/T = -gL a(z)dz ,
(24)

where T is the vertical transmission. Thus (23) becomes

W - Fi
LL

[1 - T(z )] e (25)

or
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(26)W = [1 " exp(_gL Sin* Te)] *

The RBC’s expression is

)BR(ze) = J-J- [1 - exp(-gR sin<t> xe>] . (27
R R

As a simple example of how (26) might be used, assume that the lidar
points vertically so sin9 =1. Assume also that S , r , and the calibrationL L L
factors and in (2) are also known, A choice of <j> and x define the 
pilot altitude z^, which must be found from the lidar profile. Then

Ze PL(z’)
J f"7z77 dz' = J~g~ t1 - exP(“SL sin(t> Te^ (28)
0 Xj Li Li

relates the lidar signal to the cloud base height z • Since all the fac-e
tors on the right hand side are determined, z^ is found by integrating the 
range-corrected lidar signal from z = 0. In practice, the lidar and cloud 
optical factors are not known exactly, the lidar signal will be contaminated 
by noise to some degree, and the real-world values of (J> and xe will vary from 
case to case. The interpretation of the lidar signal thus can provide only an 
estimate of the height where a pilot will attain visual contact. This for­
mulation is particularly weak for practical use because of the uncertainties 
associated with and K^.

With one additional assumption, which is satisfied most of the time, the 
need for explicit knowledge of and is eliminated. As recognized by 
Platt (1973) and Kohl (1977), if the cloud is optically dense such that the 
round-trip transmission of the ceilometer radiation approaches zero before the 
measurement reaches cloud top, then the total cloud signal is

rl/SLgL

= Bl (z «) .
(29)
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In practice the cloud need not extend vertically without limit; it is only 
necessary that the return from near cloud top be strongly attenuated. The 
fraction of total signal (FOTS) is defined as

Bt (z )L eFOTS (30)1 - exp(-gL sin<j> t0) .

The FOTS expression for the RBC is identical except that g replaces g •K L

FOTS provides an objective relationship between the ceilometer signal and 
the defined optical depth between the pilot and the surface. The lidar 
calibrates itself for the optical depth measurement by assuming that the atte­
nuation at large range is so great as to drive the round-trip transmission to 
zero, and by assuming the extinction to backseatter ratio is constant. Figure 
3 illustrates how the numerical operations are performed. The geometrical 
factors (and any minor wavelength dependence) determine g^> and the parameters 
(J) and xe describe the point at which the pilot is considered to be at cloud 
base. Two integrations are then performed on the range-corrected signal. The 
first is over the complete profile to establish the calibration. The second 
is from z = 0 until the FOTS value is reached, which yields z^. Aside from 
any promise the FOTS method may have as an operational signal-processing tech­
nique for a ceilometer, it is used in this paper as an analytical tool to eva­
luate the relationships between ceilometer signal profiles and the optical 
depth encountered by a pilot.

A

CD Co>
FOTS(z) = BL(z)/Bj

O CD
T

Figure 3.—Signa^ integrations in 
FOTS method. B^ is the total area, 
and FOTS is the fraction up to height
FOTS method

0
Height z
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3.2.2 Examples with FOTS method

Some examples of cloud profiles, the associated ceilometer signal pro­
files, and FOTS values are next considered using a few simple cloud models. 
The vertical profiles of cloud density (Fig.4) were designed to show some 
general characteristics of ceilometer signals and do not purport to exactly 
duplicate any cloud profiles commonly found in nature. The abscissa is the 
height z* from the lower fringe of the cloud as normalized by the charac­
teristic extinction coefficient oq. For instance, if the homogeneous cloud 
has aQ = 10 km 1, then the graph shows the cloud for 0 < z* < 0.4 km. The 
ordinate shows the relative magnitude of backscatter coefficient. The three 
profiles with gradual increases all have the same slope at z* = 0. Figure 5 
gives the b^(z) profile in relative units for a vertically-pointing lidar, 
assuming constant S^. The normalizing factor bQ is the range-corrected lidar 
signal from the bottom fringe of a homogeneous cloud of density gQ. The peak 
signal is at the lower boundary for the homogeneous profile, but is smoother 
and displaced upward in the clouds with gradual vertical increases in cloud 
density. The nearly identical positions of the peaks in bT for the three gra- 
dually increasing distributions is somewhat fortuitously caused by the com­
peting factors of increasing local density versus greater attenuation up to 
peak. These gradually increasing distributions are not radically different up 
to the peak, where attenuation becomes large and b^ starts to diminish. Above 
the peak, however, the b^ profiles rapidly diverge.

 

Homogeneous

(Normalized Height Above Cloud Boundary)

Figure 4.—Cloud density profiles for
illustrating the effect of vertical 
gradients on ceilometer signals* 
Constant extinction-to-backscatter 
ratio has been assumed.
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Figure 5.—Range-corrected ceilometer 
signals for the cloud density profiles of 
Fig. 4. The lidar points vertically. The 
arrows show pilot altitude where = 3.0 
with pilot view angle <j> as indicated.

cr0z*
(Normalized Height Above Cloud Boundary)

Homogeneous

Exponential increase/?//?0=lexp(o0zVl]

Linear increase

Asymptotic increase

In order to show some examples of pilot altitudes for visual contact, we 
have selected an optical depth = 3.0, corresponding to contrast trans­
mission of .05, and four viewing angles <j>: 90°, 15°, 3°, and 1°. These angles 
respectively correspond to the pilot looking straight down, at a nominal cock­
pit cut-off angle, along the flight path during an instrument approach and at 
the surface at a large distance. The corresponding FOTS values, assuming r =I-i
1, are .99752, .7884, .2695, and .0994. The arrows in Fig. 5 indicate the 
pilot’s altitude upon attaining the cloud base height by the FOTS definition. 
For the homogeneous cloud the FOTS values all occur at elevations higher than 
the peak in b • For the three gradual profiles the peak occurs at FOTS valuesIj
corresponding to xe = 3.0 and $ « 5°. The FOTS points for the nadir-viewing 
pilot vary considerably in z*.

Figure 6 demonstrates the effect of the rate of approach of cloud density 
in the vertical to a homogeneous value. The cloud density profile is

-f~ - 1 “ exp(-a o z ) . (31)
p °

-23-



4> = 15*

c 0.02-

0.5 1 2 5 10 20
Cloud's asymptotic profile factor a

50 1000.1 0.2

Figure 6.—Effect on cloud base 
height of shape of density gradient* 
As a increases, the transition to the 
interior density is more rapid. The 
dashed line marks CBH at peak of 
range-corrected signal. Solid lines 
show the FOTS result for four values 
of pilot view angle and a vertically- 
pointing lidar.

The range-corrected lidar signal profile is

b -a a z*
jj— ■ [1 - exp (-a aQz*)] exp(-2aQz*) exp[-2(l - e ° )/a] . (32)
o

The ceilometer signal in Fig. 5d is for a = 1• As a > the homogeneous 
distribution in Fig. 5a is approached, while for small a the cloud density 
increases very slowly. Figure 6 plots the nondimensional height for the four 
selected values of FOTS as a function of the parameter a. Note that the posi­
tion of the peak ceilometer signal is higher than the FOTS point for <(> = 1° 
and 3°, except when a is large (homogeneity approached rapidly). This 
demonstrates that the position of the peak ceilometer signal is a conservative 
choice for cloud base when the cloud has a sharp transition from clear air to 
interior density. The position of peak signal from a vertically pointing 
lidar for clouds with a gradual increase in density is adequate for <J> = 3° and
xe = 3.0, but may be too high if smaller xe or <|) is appropriate.

Figure 7 displays the dependence of FOTS on the ceilometer pointing 
direction. The abscissa is the average RBC angle or the elevation angle of a
lidar ceilometer. The ordinate is the FOTS value. The curves are for
discrete values of combined pilot optical depth and view angle, r^ and 
r^ have been assumed equal to unity. As the lidar elevation angle decreases
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Figure 7.—Dependence of F0TS value on ceilo- 
meter pointing angle.

from 90° the F0TS value increases for any constant xe sin<|>. For the RBC the 
F0TS value increases with decreasing cloud height and 0 . it must be kept in 
mind that Fig. 7 plots the idealized FOTS equations with no allowance for 
possible departure from the assumptions applied during their development.

3.3 Effect of Nonideal Factors on Ceilometer Signals 

3.3.1 Nonuniform extinction to backscatter ratio

The FOTS method includes the critical assumption of constant extinction to
backscatter ratio S for the obscuration. Circumstances where ST can be con-

l L
sidered constant with high reliability will first be documented. Conditions 
where the assumption is problematic will then be covered, including an analy­
sis of errors.

The simplest realization of constant S occurs when the particles do notLi
vary in optical properties (i.e., size distribution, shape, and composition) 
in the region of interest at the bottom of the cloud, although variation in 
number density is permitted. Unfortunately, it is unreasonable to expect the 
size distribution always to be constant in the transition zone from clear to 
cloudy air (e.g., Noonkester, 1984). However, during periods of poor visibi­
lity near the surface due to fog or precipitation, the size distribution may 
often be uniform.
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Derr (1980) and Pinnlck et al. (1983) have shown that S is approximately
Li

the same for a wide variety of typical liquid cloud drop size distributions.
They reached this conclusion for each of several wavelengths ranging from 275
to 1064 nm. Derr reported a standard deviation of about 15% in S for each ofJLi
the seven wavelengths in his calculations, and Pinnick et al. reported extreme
differences of 50% at 1064 nm. Derr demonstrated that the wavelength domain
of constant S is limited by obtaining a standard deviation of 64% at 3750 nm. 

Li
The approximation of constant S is therefore valid in water clouds at wave-L
lengths within or near the visible portion of the spectrum.

Shipley and Weinman (1978) investigated the scattering properties of water 
spheres possessing sizes typical of raindrops. Their Mie scattering calcula­
tions showed that the extinction efficiency was very nearly 2.0 except for 
slight variations with fine changes in wavelength or drop size. Their results 
for backscatter efficiency, averaged over a narrow band of drop sizes, do 
vary somewhat with the size parameter. Using = 4tt/P( 180°), where P(9) is 
the normalized scatter phase function, and assuming 1064 nm wavelength, one 
calculates from their results an equal to 17.5 sr for 34 pm drop radius, 
decreasing gradually to 13.3 sr for 144 pm radius, and then increasing again 
to 19.8 sr at 765 pm radius. For a spectrum of drop sizes the average can 
be expected to lie somewhere between the two extreme values. The raindrop 
values are close to the ST - 18 sr found by Derr and Pinnick et al. for 
clouds. The assumption of constant is therefore reasonable for liquid pre­
cipitation, both below and within clouds.

Characterization of S for ice particles is more difficult, because Mie
Li

scattering does not apply to the irregular crystalline shapes they usually
possess. The available information indicates that SL is usually larger for
ice than for spherical water drops, and possibly more variable. Platt (1981)
summarized lidar measurements for cirrus by several researchers, who obtained
26 < S < 84 sr. Platt and Dilley (1984, Table I) report more recent mea- ~ L ~
surements of 23 < S < 63 sr, including a systematic variation with tempera- 
ture. From their Figures 4 and 5 one obtains 14.5 < SL < 36 sr. Platt et al. 
(1978) showed that backscatter for a lidar pointed precisely at the vertical 
can be strongly enhanced by specular reflection from oriented plate crystals, 
which would result in unusually small values of S^. The ray optics calcula­
tions of Wendling et al. (1979) for hexagonal plates and columns produced
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10 < S < 50 sr. The laboratory studies of Sassen and Liou (1979) at warmer
temperatures than is common for cirrus produced S values for artificial ice

Li
clouds that were typically five times larger than for water clouds in the same
equipment. 411 these results are restricted to the visible portion of the
spectrum. The author is not aware of any studies of S in snow. These data

Li
on ice particles warn that the assumption of constant S in the presence of

Li
frozen or mixed-phase clouds or precipitation is subject to question.

Errors will occur in predicting the height z by the FOTS method if S ise L
not constant. The severity of the error will depend on the location as well
as the magnitude of the variations in S^. A simple analytical profile assumed
for will provide some idea of the nature and magnitude of these errors.
With transmission T for the ceilometer defined by (24), denote ST at the bot-L
tom fringe of the cloud where T = 1 as S, • Let ST at T = 0 deep within theLo L
cloud be S^* Letting S^ vary linearly with the transmission gives

S^T) - SL. + (SLo - SlJT . (33)

From (24) it can be seen that T and, hence are most sensitive to changes
in optical depth at the fringe rather than deep within the cloud. The correct
FOTS value for this model of nonuniform S isLi

FOTS
£n[l + (SLQ/SLoo - l)T(ze)]

(34)

Figure 8 gives the pilot optical depth that occurs as a result of erroneously
assuming ST is constant. t (assumed) is the optical depth that the ceilo-
meter is asked to predict. (actual) is the true optical depth for the
pilot at the height z produced by the FOTS method when S is incorrectlye L
assumed constant. If S decreases (increases) with height, the predictedLi
Te and also z^ are too high (low). The error is worse for small values of 
FOTS because the pilot views only through a region where S^ * S^o, w^ereas the 
whole range of ST(T) influences the predicted height. If St(T) fluctuates 
about some mean value, the error in zg is likely to be less because of the 
integrating nature of the FOTS method. Large monotonic gradients in of
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2.0 -

0, .8 - .95

Figure 8.—Example of bias in optical 
depth when extinction to backscatter 
ratio is not uniform*

a factor of 2 or more can produce substantial errors in x . If S changes bye JL
less than 30% the errors in x are no more than 25%.e

3.3.2 FOTS for thin clouds

The FOTS method assumes that the cloud along the optical path of the
ceilometer is so dense that extinction reduces the signal from far within the
cloud to effectively zero. Optically thin clouds introduce a biased error
into the estimate of pilot altitude for visual contact because the denominator
of (30) is smaller than for thick clouds. If the "FOTS value appropriate to a
thick cloud is used, then the resulting value z (thin) is different from z ,e e
and the optical depth xe(thin) along the pilot's line of sight from zg(thin)
also differs from x • The amount of bias for a lidar ceilometer is given bye

xe(thin) ln[l _ (1 _ egL c)F0TSj ,oc%
x ln[l - FOTS] ’

where

x = / o(z)dz (36)
C 0
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FOTS = .1

glTc
Figure 9.—Bias in predicted optical depth when a cloud is not 
optically thick. xc is the vertical optical depth of the cloud.

is the one-way optical depth vertically through the cloud. For the RBC, 
gR replaces gL* Figure 9 plots (35) for several values of FOTS. Since the 
ratio does not exceed unity, the error is conservative; i.e., the FOTS method 
estimates a lower altitude for visual contact when the cloud is thin.

In order to illustrate that the ratio in (35) rarely deviates far from 
unity, assume a cloud, viewed vertically, through which blue sky can still be 
perceived; estimate roughly that tc = 2. Consider a vertically-pointing 
lidar, xg = 3.0, and <j> = 15°. The ratio from (35) is then .9575, which is a 
trivial deviation for practical purposes. For very thin layers (x < 1) the 
ratio deviates substantially from unity. In such cases, however, the use of 
the FOTS technique seems just as efficacious as height for peak signal in 
characterizing the presence and position of the cloud.

As the optical density of a layer becomes extremely thin (x « 1), some 
procedure is desirable in any ceiloraeter for choosing a report of no cloud in 
order to avoid false alarms. For a peak detector, the range-corrected signal 
might be required to exceed a certain threshold. In the FOTS method, a 
threshold might be applied to the integral of the range-corrected signal.
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3.3.3  Effects of optical geometry on raw signal

The lidar’s range dependence F (R) can be expressed as two multiplicative
Li

components* At large range where the receiver field of view completely
overlaps the transmitted pulse and the receiver focuses well, the sensitivity 

-2decreases as R • This is a strong function, changing by four orders of 
magnitude between 10 m and 1000 m range* At small range where the overlap is 
incomplete or the receiver is out of focus, the sensitivity also diminishes.
As R 0, and in the absence of multiple scattering that can occur during con­
ditions of low visibility near the lidar, the overlap function typically domi- 

— 2nates the R dependence, and the net raw signal decreases.

If a lidar need only measure the height of dense, sharp-bottomed clouds,
— 2then correction for the R factor could be avoided because F (R) would change

Li
little over the domain of significant signal. In less perfect conditions a 
range correction is essential to avoid masking the true cloud signal by strong 
raw signal from less obscuring particles at lower elevations. The signal 
Pj(R) from moderate precipitation, dense haze, or blowing dust could easily 
exceed the raw signal from higher clouds. One straightforward method to avoid 
this error is to digitize the raw signal and compute the correction. Analog 
compensation in the detector or receiver electronics might also prove effica­
cious. The diminishing factor in the near field is very sensitive to the

~2optical design and alignment and is considerably more complex than the R 
dependence.

The range sensitivity of the RBC has not been studied as carefully as the 
lidarfs, presumably because the RBC has a narrower application and greater 
degree of complexity. Experience has shown that RBC signals from high clouds 
are generally weaker than from low clouds. Early models of the RBC were 
fitted with operator controls to adjust sensitivity, while later models 
possess automatic gain control circuits. These controls adjust the overall 
gain, effective for the entire sweep, but do not compensate for FR(0R) during 
the sweep. The analysis in the Appendix shows that FR is approximately 
independent of 0R if the optical thickness is not large across the volume of 
intersection of the transmitter and receiver, and if 0R < 85°. The RBC shows
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no deterioration in sensitivity as the scatterers lower to 9 >0°. WithinR
these limits the raw signal S (0 ) can substitute for b without range correc-
tioru This is no longer true when the optical depth of the beam path between
entry and departure of the intersecting volume becomes significant. In this
case F decreases as 0 increases. In the limit as 0 -»• 90°, the detectorR _2 K Routput depends on H . However, the mild 9_ dependence of the RBC's sen-R
sitivity over a large portion of its operating range has enabled its effective 
use even in the absence of electronic conditioning of the signal.

Unlike the lidar, where the scattering angle is always the same, the scat­
tering coefficient 0(0R) will vary somewhat as 0R changes between 0° and 90° 
(or scattering angle changes between 90° and 180°). This can be interpreted 
as a change in system sensitivity. For most cloud size distributions $(9 ) 
increases gradually as 0R increases, with peaks at the rainbow angle and near 
backscatter (e.g., Deirmendjian, 1969). This increase in 0(0_) partly compen- 
sates for declining RBC sensitivity at high RBC angles.

Overall, the RBC's raw signal depends much less on cloud height than the 
Ildar's signal.

3.3.4 Finite spatial resolution

Compared with profiles from a theoretically ideal instrument, profiles 
from a lidar or RBC are smeared. The finite volume occupied by the probing 
radiation and the limited electronic response time of the receiver cause this 
smearing.

The pulse length and response time of the WPL lidar produced a signal from 
a single target corresponding to range resolution of approximately 7 m full 
width at half maximum. The signal was mildly asymmetric with a faster rise 
than fall. A lidar ceilometer might endure coarser resolution in trade for 
lower engineering costs. The divergence angle of a lidar ceilometer would 
probably be very narrow, giving better transverse than longitudinal resolu­
tion. It should be noted that a narrow divergence angle is also an asset in 
achieving good signal-to-noise ratio and limiting the effects of multiple 
scattering. On the other hand, a wider angle can smooth out sharp signal 
fluctuations that are caused by small-scale variation in cloud density or pre­
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cipitation. Eye safety may also require a wider divergence angle* Various 
design considerations therefore influence the choice of lidar divergence 
angle*

The angular dimensions of the RBC’s beam and the receiver’s field of view 
in the vertical plane (ip and in Fig. Al) affect the finite resolution of
the RBC as the pulse length affects the lidar’s range resolution. The RBC 
signal width can be easily illustrated by assuming that the transmitted beam 
is uniform in intensity with ip = 1.0° width. Similarly, the receiver field 
is considered uniform with \p = 0.9°• An examination of the RBC geometry 
shows that the overall width of the RBC response is given by

\p = \p + \p sin2 0 • (37)
r rtp yrp R

For 0 — 0°, only the transmitted beam width is important, whereas at 0 - 90°
the spread in the receiver field of view attains its greatest additional 
effect. The total response time of the RBC signal, including electronic 
spread, was measured by holding a short board above the receiver to create a 
point target. The signal pulse, after demodulation and amplification but 
before recording, was 1.5° full width at half maximum and 2.7° entire width. 
This was considerably larger than the expected 1.0° entire width, indicating 
substantial spreading due to receiver electronic response or inaccuracy in the 
calculation of the beamwidth. The shape of this test signal was almost sym­
metrical.

A ceilometer's finite resolution affects the shape of the ceilometer 
signal in several respects as illustrated by the RBC. The most obvious effect 
is that sharp features are smeared, which can introduce uncertainty into the 
designation of the location of peak signal or other criteria for interpreta­
tion. This problem is particularly troublesome at large RBC angles, where the 
instrument response alone can be wider than the signal a cloud would otherwise 
produce. The location vof identifying features can also shift. Figure 10 pro­
vides an example of the ideal RBC signal from a homogeneous cloud before and 
after the instrumental broadening. The example assumes uniform optical sen­
sitivity within ib and ip , RBC baseline of 244 m (800 ft), cloud fringe tp rp
likewise at 244 m or 0 = 45°, and a = 20 km inside the cloud. The finite-R
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Figure 10.—Smearing and shift of peak 
signal due to theoretical RBC finite reso­
lution. The finite response is the con­
volution of the response function with the 
idealized response.

44° 45° 46° 47° 48° 49° 50°

RBC Angle

Response Function
■Idealized

With finite
responseAc .4

cr .2

response curve peaks 0.58° or 5.0 m higher than the peak in the idealized 
signal. If the cloud fringe is raised to 1384 m where 0R = 80°, the idealized 
signal is much narrower and the smearing more pronounced. The finite response 
then shifts the peak 0.12° or 17 m higher. With cloud fringe at 65 m or 0 =
15° the shift is 0.50° or only 2.3 m. Since the measured single—target signal 
from the RBC was wider than calculated from iji = 1.0°, the actual amount of 
smearing and shift is expected to be greater than calculated in these 
examples.

If a ceilometer's spatial resolution is finer than the required reporting 
accuracy, it is reasonable to assume that spreading effects can be ignored.
If the spatial resolution is larger, performance may still be adequate, but 
the effects of smearing and shifting should be evaluated.

3.3.5 Multiple scattering

Single scattering has been assumed thus far, which means that every 
transmitted photon that reaches the detector has traveled an uninterrupted 
path through the air except for one scattering event. The scattering particle 
must necessarily be in the path of the transmitted radiation as well as the 
receiver's field of view. All other photons are considered lost from the 
system. In dense scattering media such as clouds, a substantial fraction of 
the photons reaching the receiver may undergo more than one scattering event.
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For instance, a photon might first be scattered in the forward direction and 
then be scattered a second time toward the receiver from another particle in 
the receiver’s field of view* If a photon undergoes three or more scattering 
events, some of these could occur in locations that are contained within 
neither the original transmitter beam nor the receiver’s field of view. The 
path of a multiply scattered photon can be longer than the path of a singly 
scattered photon that reaches the same maximum height above the ceilometer* 
Multiple scattering is a challenging problem for both experimental and theore­
tical approaches*

Multiple scattering for lidar has been actively studied because of the 
interest in quantitative interpretation of signals from clouds (Carswell,
1981) and other dense media* Theoretical treatments have been successful in 
revealing the important characteristics of multiple scattering. The cloud's 
optical properties and the optical geometry of the lidar both determine the 
amount of multiple scattering. The main factors are (Zuev, 1982) the optical 
density of the cloud as given by the scattering coefficient and the diameter 
of the receiver’s field of view in the cloud. The amount of multiple scat­
tering increases with these factors. The degree of multiple scattering also 
depends on the asymmetry in the scattering phase function. A size distribu­
tion with large drops, which has a strong, narrow peak in the forward direc­
tion of the phase function, causes more multiple scattering in the lidar 
signal than a size distribution with identical scattering coefficient but more 
isotropic phase function (Weinman, 1976). Lidar design can reduce the amount 
of multiple scattering by shrinking the divergence angle of the receiver’s 
field of view.

Multiple scattering can alter the signal profile of a lidar ceilometer. 
Multiple scattering produces a larger signal in the receiver than single scat­
tering. The relative importance of multiple scattering increases from a 
negligible amount at the bottom fringe of a cloud until it dominates the 
return from large optical depth within the cloud. Figure 11 is based on two 
calculated examples frota Plass and Kattawar (1971) of the range-corrected 
signal for all orders of scattering compared with single scatter. For the 
homogeneous cloud, the multiply scattered signal decays in approximately expo­
nential fashion but at a slower rate than the single-scatter component.
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Figure 11.—Multiple scattering in model 
clouds. The degree of multiple scatter 
increases with optical depth. (From Plass
and Kattawar, 1971.)

Multiple scattering enhances the tail of the ceilometer signal from deep 
within the cloud more than the leading part from the cloud fringe. For the 
other cloud in Fig. 11, where density increases linearly with height, the 
stronger enhancement from the deeper part of the cloud leads to an upward 
shift of the position of the peak. This shift could be compounded if the 
lidar also had poor spatial resolution. If the location of peak signal is 
used as the criteria for cloud base, multiple scattering will bias the result 
to a greater height.

The author is unaware of any investigation of multiple scattering that 
applies to the geometry of the RBC. However, similarities exist between the 
two types of systems. The transmitters in both types project radiation in a 
collimated beam of narrow dimensions, but the lidar's can be considerably 
narrower. Each receiver also has a field of view with narrow angular dimen­
sions, but again the lidar's typically is smaller. The RBC operates in the 
near IR where the phase function for most clouds will have a strong peak in 
the forward direction, but usually not as sharp as in the visible. The lidar 
relies on backscatter to divert the path of the radiation from the transmitter 
toward the receiver, while the RBC functions at scattering angles between 90° 
and 180°, depending on 0^. One other difference is that multiple scattering 
in the lidar can slightly increase the time of flight of a photon compared 
with a singly scattered photon reaching the same maximum range, whereas time 
of flight is of no consequence in the RBC. The general features of multiple 
scattering in the RBC can be extrapolated from the results for lidar.
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Multiple scattering in the RBC is expected to have several effects. As 
with lidar, multiple scattering will increase the strength of the signal. This 
enhancement will be minor when the intersecting volume is restricted to the 
bottom fringe of the cloud, but will grow as the intersection moves deeper 
into the cloud. The ratio of multiple to single scattering in the RBC should 
be comparable with that of a lidar having a field of view akin to the RBC's 
1-4° angular dimensions. The RBC might have a larger wavelength than a lidar, 
which could lead to a wider forward-scattering peak that hence could somewhat 
moderate the multiply scattered contribution. For a homogeneous cloud the 
RBC's multiply scattered return should peak near the same height as single 
scatter (spatial resolution effects aside), but decay more gradually. If the 
cloud density increases with height, the peak should shift upward. Multiple 
scattering in the RBC can create additional signal corresponding to lower 
heights because, unlike the lidar, time-of-flight is not a consideration.
This can occur when the beam intercepts the cloud beyond the receiver field of 
view, and light is scattered back to the field of view and then again toward 
the receiver. As the RBC angle nears 90° the multiple scattering approaches 
behavior that is symmetric about the nominal angle at peak signal. Overall, 
multiple scattering is expected to be more dominant in the RBC signal than in 
the lidar signal because the divergence angles of the RBC transmitter and 
receiver are larger than those of a practical lidar ceilometer.

3.4 Slant Visual Range

The FOTS method can determine the slant visual range when the assumptions 
in its derivation are adequately met. Its prospects for augmenting or 
replacing other signal analysis techniques are worth noting. The concept for 
measurement of slant visual range usually involves a lidar pointing at a low 
angle up the aircraft approach path. The well-known slope and ratio methods 
are two related approaches that can produce good results when the obscuration 
along the lidar path is relatively uniform, but Kohl (1978) and Gaumet and 
Petitpa (1982) are among those who have emphasized how these methods can fail 
when conditions depart from homogeneity. Gaumet and Petitpa illustrate how a 
scanning lidar can detect the existence of such inhomogeneties, but the slope 
and ratio methods are then unable to predict the slant visual range. Gaumet 
and Petitpa also reiterate the problems of the signal's large dynamic range 
and multiple scattering that arise in this concept.
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The FOTS method can overcome the limitations of nonuniforra obscuration. 
Since FOTS requires only a uniform extinction to backscatter ratio, it might 
usually be successful even when the obscuration itself is not uniform. A 
scheme that checks for very large optical depth along the beam should be 
included, if possible, before invoking FOTS. A system for measuring slant 
visual range should be able to select either the slope or the FOTS method as 
appropriate.

The elevation angle of the lidar influences the extent of the signal's
dynamic range and the degree of multiple scattering. If the lidar is aligned
parallel to the pilot's view the round-trip attenuation is exp(-2x ), which is

— 2.0025 for xe = 3.0. This dynamic range is multiplied by the R decrease in
received signal strength. Although a measurement coincident with the pilot's
line of sight is obviously desirable, the resulting hardware specifications
are demanding. If the sensor aims at a higher angle 0^ the attenuation to the
pilot height z is reduced to exp(-2x sin«j>/sin9 )• The degree of multiple e e L
scattering also increases in an accelerating fashion with the depth of 
penetration. The amount of multiple scattering between the surface and

becomes less severe at higher lidar elevation angles. The optimum device 
for measuring slant visual range might therefore operate at a higher elevation 
angle than the pilot's view, trading exact spatial coincidence for less 
demanding hardware specifications and simpler corrections for multiple scat­
tering.

4. EFFECTS OF HORIZONTALLY INHOMOGENEOUS CLOUDS

Clouds frequently display a variation in the height of the bottom in time 
and space. Khrgian (1963) summarized the reports of several researchers 
regarding the variability of height to cloud bottom of stratiform clouds.
These variations are commonly observable by eye from the surface as texture in 
the appearance of cloud bottom. From an aircraft flying near cloud bottom the 
variation exhibits itself as obvious changes in cloud density. The undula­
tions may exhibit a rather periodic structure, or at other times they may be 
uneven and chaotic in appearance. Episodes of variable cloud bottom were com­
mon during the course of WPL's ceilometer comparison. Davis (1969) performed 
statistical analysis on CBH variations measured by a British cloud-base 
recorder and found during four low-cloud events totaling 6 hours that
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1/2 1/6 (38)

where p is the standard deviation of differences in CBH at times t minutes 
apart, and h is the mean height of cloud base in feet. Such horizontal 
variability violates the simple assumption of a homogeneous cloud upon which 
ceilometry seems to be based. The effect of this variability on ceilometer 
signals and pilot visibility should be considered.

The primary effect on a typical ceilometerfs output will be a temporal 
variation of CBH. The pilot at cloud bottom will experience some intermit- 
tency in holding contact with the visual cues at the surface. Since a pilot 
usually views along a shallow angle while the ceilometer might probe more ver­
tically, it is not clear how the statistics of the ceilometer reading can be 
used to predict the pilot's visual experience. For instance, if the lowest 
protrusions are optically dense, the pilot might be able to sustain visual 
contact only when considerably below the average CBH from the ceilometer.

To examine such circumstances in a quantitative manner, a simple cloud 
model with undulating bottom can be used. The model is intended only to 
reveal some general characteristics of ceilometer and pilot performance and 
should not be considered a complete or exact description of cloud base undula­
tions. The model sinusoidally varies the height of the cloud's bottom fringe 
but is otherwise uniform in its density and optical properties. Mathematic­
ally the scattering coefficient is expressed as

z* < — [1 + cos(2tt x/Ax)]
(39)

a otherwiseo

where Az is the peak-to-peak variation in height of cloud fringe, and Ax is 
the horizontal distance between neighboring cycles. The cloud is assumed 
optically dense in the vertical and hence mathematically extends to infinity 
for the current purpose.

Figure 12 shows the visual contact maintenance height (VCMH), which is 
defined as the height at which a pilot can sustain visual contact with the
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Non-Dimensional Vertical Extent 
of Undulations \

Non-Dimensional Width of Undulations (o0 Ax)

Figure 12.—Pilot’s visual contact 
maintenance height for undulating 
cloud bottom. The cloud interior is 
homogeneous in density. View param­
eters t = 3.0 and d> = 3° were as- e rsumed.

ground no matter what his horizontal position. The calculation assumed <J> = 3° 
and a threshold optical depth for the pilot of = 3.0. The optical depth at 
this view angle varies somewhat according to the pilot’s position relative 
to the protrusion. The VCMH was the smallest height at which the pilot’s 
optical depth did not exceed 3.0. The figure plots the results in optical 
depth rather than spatial coordinates. The ordinate gives VCMH, the abscissa 
gives the horizontal size of the undulations, and the curves are for a series 
of protrusion vertical sizes aQAz.

One interesting characteristic is the collapse of all curves to a z* =o m
.157 (the flat cloud value) when aQ Ax is large. This occurs when a single, 
very broad protrusion limits the pilot’s view, and the VCMH is the same as if 
the cloud were flat with bottom positioned at the level of the lowest protru­
sion. Another characteristic is the approach of VCMH to a constant value, 
dependent on aQ Az, when oq Ax becomes small. This situation occurs when a 
pilot’s vision can penetrate many protrusions, encountering limited optical 
thickness in each. The curve oscillates slightly as conditions change to 
allow the pilot to peer through each additional protrusion. A third important 
characteristic, which occurs in this region where a pilot can penetrate 
multiple protrusions, is that a large increase in oQ Az yields only a minor 
increase in VCMH. For large oq Az this corresponds to a pilot’s vision 
penetrating more than one protrusion when the line of sight intercepts only 
their bottom tips. The fourth characteristic is the area of steep rise bet­
ween the flat cloud value at large Az and the regions where the oscilla­
tions occur. In this area the pilot’s view can penetrate only one, or part of
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h? 10.

Non-Dimensional Pilot Height (C70z*m)

Figure 13.—Average cloud base height from a 
ceilometer versus pilot visual contact mainte­
nance height for undulating cloud bottom. A 
variety of protrusion shapes, sizes, and densi­
ties are included. Solid symbols denote clouds 
with homogeneous interior; open symbols denote 
asymptotical increases of density in the verti­
cal. Squares, triangles, and circles refer to 
averaging methods 1, 2, and 3, respectively.

one, protrusion. One other important aspect of Fig. 12 is that the VCMH is 
smaller than aQ Az for all conditions except those in the lower left corner. 
Therefore, except when the protrusions are small, an airplane is likely to be 
in clear air part of the time, but the pilot cannot be guaranteed visual con­
tact because of intervening protrusions. The optical density of the protru­
sions, and their horizontal and vertical dimensions, all effect the height at 
which a pilot can maintain visual contact.

Since the structure of a nonuniform cloud bottom affects the pilot's abi­
lity to hold visual contact, the relationship between a ceilometer signal and 
the VCMH is important. Figure 13 shows the ratio between VCMH and CBH 
according to three simple interpretation schemes applied to a variety of cloud 
conditions. The open symbols represent the cloud model described in (39), 
which undulates but has a homogeneous interior. The closed symbols represent 
a cloud whose fringe also undulates sinusoidally, but whose density increases 
asymptotically above the local fringe.

The scattering coefficient of this second model is expressed mathemati­
cally as
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z* < — [1 + cos(2tt x/Ax)]
(40)

0
a X

o [1 - eo
-a a z*o ] otherwise

The parameters a and a of this latter model were selected such that the opti­
cal thickness of a protrusion between z* = 0 and z* = Az was approximately 
the same as the undulating homogeneous model. Thus, the asymptotic cloud used
a 0.01 m and the homogeneous cloud used a = 0.005 m The parameter ao
was selected such that the optical depth approached the asymptotic value more
quickly as Az decreased. The relationship used was a = 1.6/a Az.o

The criteria for visual contact were again <j> = 3° and = 3.0. For each 
of these two cloud types nine combinations of Ax and Az were selected, which 
filled a 3 x 3 matrix of conditions. The condition for one side of the matrix 
was the number of undulations intersected by the pilot’s line of sight i.e.; 
n = Ax tan<|>/Az,where n = 1/4, 1, and 4. The condition for the orthogonal side 
of the matrix was governed by the approximate optical depth (3/4, 3, and 12) 
along the line of sight through one protrusion. The idealized ceilometer in 
this comparison was a vertically pointing lidar with negligible multiple scat­
tering and infinitely fine spatial resolution. The extinction to backscatter
ratio ST was assumed constant, and r_ = 1. t» L

The three methods to interpret the range-corrected ceilometer signals to 
predict cloud height are:

(1) <H > - Determine the height for maximum signal for each profile, thenmax
average these heights

(2) <b (z)> - Average the range-corrected signal profiles, then determineLj max
the location of the peak

(3) <F0TS> - Determine the height for the FOTS value for each profile, then 
average these heights. (This gives the same result as averaging the pro­
files and then finding the height for FOTS).

Averages were taken over one cycle of the undulation.
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Figure 13 shows the results, demonstrating poor correlation over the range
of conditions examined. All predictors frequently overestimated VCMH, some
very seriously. The <H > and <bT(z)> predictors underestimated VCMH whenmax L max
the optical thickness of each protrusion was small, i.e., less than x • Note
only did all three predicters undependably estimate VCMH, but in some of the 
conditions they were above the height where the pilot could even glimpse the 
surface at view angle <j> no matter what his horizontal position. Nature might 
not frequently generate such a wide range of cloud configurations, so the 
errors might not be as serious in practice as Fig. 13 indicates. However, 
these results do show that structure at cloud base can invalidate a criterion 
for estimating cloud base, even if the criterion is successful for horizon­
tally homogeneous clouds.

In order to interpret ceilometer signals to predict the effect of irregu­
lar cloud bottoms, the characteristic horizontal and vertical sizes of the 
protrusions and their optical density would have to be estimated. An 
algorithm that handles horizontal inhomogeneity should be based on an empiri­
cally confirmed model of protrusion size, shape, and local vertical profiles. 
However, a successful algorithm would probably utilize a scanning lidar or the 
short-term history of cloud height from a fixed ceilometer to obtain Az. The 
ceilometer could similarly determine Ax by scanning or else by temporal corre­
lation of cloud height and a measurement of wind speed. The FOTS technique, 
or some simplified derivative thereof, could produce the local vertical pro­
file of optical density. Assuming that the ceilometer signal provides a 
reasonably faithful representation of cloud presence, progress in signal ana­
lysis will probably yield greater improvements in predicting the pilot 
experience when cloud bottom is variable than will advancements in the sensor 
alone. *

5. SUMMARY

NWS has historically defined cloud base as the height corresponding to the 
location of maximum RBC signal. This interpretation apparently is based on a 
simple conceptual model of a homogeneous cloud, which would generate the maxi­
mum signal very near the bottom fringe of the cloud. The operational success 
of the RBC during three decades of service demonstrates that this simple defi­
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nition does provide useful information to the aviation industry. The same 
simple criterion might be applied to signals from lidar ceilometers, to which 
the NWS may turn for the next generation of instrumentation. An experiment by 
WPL showed that height for peak RBC signal from non-precipitating clouds 
agreed within measurement error with the height for peak range-corrected 
signal from a vertically pointing lidar operating at 694.3 nm wavelength. The 
peak signal criterion for the RBC, however, has never been proved dependable 
as an accurate and unbiased predictor of height where a pilot can acquire 
visual contact with the airport during approach.

The literature provides evidence that the height for peak signal can 
agree poorly with the visual experience of pilots. During WPL's experiment, 
the nadir-viewing pilot obtained visual contact with the surface when at the 
altitude where peak RBC and lidar signal were generated, but had to descend an 
additional 84 m (275 feet) on average before acquiring visual contact when 
viewing at 3° depression angle below horizontal without benefit of approach 
lights. A rather loose physical connection between the factors governing the 
shape of the ceilometer profile and the pilot's ability to see through 
obscuring hydrometeors apparently causes the discrepancies. The integrated 
effect of light scattering along the line of sight degrades the pilot's abi­
lity to discern visual cues, while the distribution of scatterers as well as 
the integrated scatter over a usually different measurement path determine the 
location of peak ceilometer signal. The research activity on methods for 
lidar measurement of slant visual range arises from the ceilometer's deficien­
cies under conditions of very low clouds, fog, or precipitation.
Technological advances hold promise for better predictions of the pilot's 
visual experience.

Improvements in ceilometer measurements can be expected through incor­
poration of modern optical technology, but more importantly through incor­
poration of computer technology. Future "smart” ceilometers could acquire 
more complete and accurate information on the obscurating clouds and precipi­
tation and then properly interpret the available data with more sophisticated 
algorithms than those currently used. The ceiling measurement function may 
well merge with efforts to monitor slant visual range. However, any signifi­
cant improvements in the usefulness of ceilometer outputs must depend on a
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correct and adequately detailed understanding of the relationship between the 
signal profile and the pilot's visual experience.

This relationship between ceilometer and pilot depends on several fac­
tors, some of which are as yet unclear. The pilot's ability to see an object 
depends on its contrast or brightness, the optical depth of the intervening 
atmosphere, the ambient illumination, and the pilot's physiological response. 
The ceilometer signal depends on pointing direction, range effects due to 
optical geometry, spatial resolution, and deviation of wavelength from the 
visible portion of the spectrum. The vertical distribution of cloud density 
and the size distribution and thermodynamic phase of the hydrometeors also 
affect the ceilometer signal. The complex mechanism of multiple scattering 
can alter the signal, so that it apparently suffers substantially less extinc­
tion than for the ideal case of single scattering. A large source of error in 
current ceilometer practice is probably caused by horizontal inhomogeneity of 
the cloud bottom. The pilot's ability to see through cloud protrusions 
depends on their size, shape, and density, for which present operational pro­
cedures do not adequately account. More information is needed on vertical and 
horizontal inhomogeneities at cloud bottom before algorithms can be developed 
that closely relate the ceilometer signal to the pilot's experience.

The FOTS method for comparing ceilometer signals with the pilot's optical 
depth solves the equation for the lidar or RBC signal, each of which has two 
unknowns but only one measurement, by invoking two major but reasonable 
assumptions. One of these is a large optical depth due to obscuration by 
hydrometeors along the measurement path. The second assumption is a constant 
extinction-to-backscatter ratio. Evidence shows that water clouds and preci­
pitation adequately fulfill these assumptions much of the time if the ceilo­
meter wavelength does not deviate too far from the visible. The FOTS 
technique is a candidate for use as the foundation algorithm in a "smart" 
ceilometer, and therefore invites further investigation.
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6. RECOMMENDATIONS

1) Define optical depth criteria (including accuracy limits) for the 
pilot, based on aviation operational needs and safety. More than one cri­
terion might be applied, depending on the class of airport operations. During 
events of low clouds or poor visibility, predicting visual contact with 
approach lights on instrument approach should assume that the pilot views at 
some particular angle below horizontal. When cloud bottoms are sufficiently 
high, recognition of other aircraft by the horizontally viewing pilot while 
circling might be predicted.

2) Monitor vertical profiles of clouds and their horizontal variability 
to ascertain the statistical behavior of cloud bottom. Use this information 
to develop advanced algorithms that relate ceilometer signals to the optical 
depth criteria, including the important aspects of cloud inhomogeneity.

3) Choose existing or improved optical sensors for the front end of the 
"smart" ceilometer.

4) Develop algorithms, if needed, to compensate for instrumental limita­
tions, multiple scattering, and differences between the sensor wavelength and 
the visible.

5) Field test a prototype "smart” ceilometer, which would incorporate a 
microprocessor to apply the algorithms to the ceilometer signal. Comparison 
of ceilometer predictions with pilot reports during normal airport operations 
would be an essential component of the test.

Consumers of outputs from any ceilometer or slant range instrument should 
be aware of the inherent limitations in accuracy of these devices. No matter 
how perfect the ceilometer methodology, two important aspects can introduce 
uncertainty. First are differences among pilots (including the influence of 
their cockpit environments) in ability to observe their visual cues. Second 
are the variations in time and space of the density of the cloud bottom, fog, 
or precipitation. Thus separation in time or space between the aircraft posi­
tion and the ceilometer’s measurement location can introduce uncertainty.
Other factors that a practical system may be forced to neglect include the 
level of ambient ilLumination and the brightness of the approach lights. The
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accuracy of the association between ceilometer and pilot must therefore be 
described in statistical terras. A ceilometer therefore fulfills a predictive 
and advisory role, and its measurements should not be considered absolute. It 
is obvious, however, that devices that better predict the pilot's visual 
experience can enhance aviation safety and reduce operating costs.
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APPENDIX

An approximate, analytical form of F (9 ) for 9 < 85° is developed here
by assuming that the RBC operates in a diffuse, homogeneous field of scat- 
terers. The volume filled by the RBC beam is approximately a trapezoidal 
pyramid with the vertex at the transmitter. The flux density of the light is 
considered uniform over the rectangular area formed by a plane that intersects 
the pyramid normal to the center line of propagation. The flux density E at a 
distance x from the transmitter is

pE ~ (x p > C X tth) ’ (A1)

where P is the beam power, i|i is the full angle of the trapezoidal pyramid in
the vertical plane, and i|>th is the full angle in the horizontal (see Fig. Al).
The small angle approximation tane = e was used. The receiver's field of view
is considered an inverted trapezoidal pyramid with vertex at the receiver.
The sensitivity over this field at any particular height H is assumed uniform.
The angles (in the plane containing the transmitter) and il» , characterize rP Trh
the full angles that define the field of view.

to transmitter

receiver

Top View

da-
receiver
beneath

I
I
\

to transmitter

Figure Al.—Geometry of the RBCfs volume 
of intersection between transmitter and 
receiver.
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The energy reaching the detector is

PR = E Br(9r) V ft , (A2)

where g (9 ) is the scattering coefficient for RBC angle 9 , V is the volume k. k R
of intersection of the two pyramids, and ft = A/H^ is the solid angle subtended 
by the receiver aperture of area A as measured from the center of the volume 
at height H above. The intersection volume has approximate dimensions

= H ^rp/cos9R (A3)

= £ 'l'tp/cos9R . (A4)

The third dimension separates into two regions. The width of the transmitted 
beam is

d3t = 1 WcosV (A5)

and the width of the receiver's field of view is

d3r = z trh/tan9r • (A6)

Thus

H *rh 1E V < V
1 *th/C°S6R “ \ » 9r’ >

(A7)

where

V ‘ sln"1 (A8)
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If the honeycomb were removed, 0 1 would be about 43°; with it installed 0 f» R
is roughly 90°. Since V = d^ x d^ * d^, the RBC sensitivity reduces to

PAg_(fl) * *
P„(9„ < 9 ') = R R R

R R rp yrh
Kth

(A9)

VV < 9r < 85”>
PA6r(0r) *I2sin0r (A10)

The simple geometrical description in this analysis breaks down as 9 -*■ 90°
K

(as does the accuracy of the RBC), hence the restriction of 0 < 85°•R

The noteworthy aspect of this result is the weak [in Eq. (A9)] or missing 
[in Eq. (A10)] dependence of received power on RBC angle 0R. Although the 
intersecting volume becomes more distant from the receiver as 9D Increases, 
which tends to reduce the sensitivity, the size of the volume grows at a com­
pensating rate when 0_ < 0' . When 9 > 9 ' the decrease in sensitivity withK K K R
larger 0R is very gradual.

If the optical depth that is traversed by RBC radiation between entry and
exit from the intersecting volume becomes significant, the assumption of a
diffuse scattering medium is no longer valid. The increasing size of the
scattering volume can no longer fully compensate for the increasing distance
to the receiver. In the limit of large optical depth through the intersecting

—2volume, the RBC sensitivity approaches an H dependence.
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