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Abstract
Lidar, using pulsed lasers as energy sources, applies the
radar principle at wavelengths in and near the visual
spectrum to probe the atmosphere. It can detect particulate matter of much smaller dimensions and sparser
concentration than is possible with meteorological radar.
Lidar may be used to measure cloud base heights although difficulties arise with diffuse clouds, especially in
foggy conditions. Inhomogeneities in turbidity that occur at the heights of temperature inversions in the relatively clear atmosphere are also revealed by lidar. Examples of work in progress that show promise of providing
a measurement of visibility are presented.
It is concluded that lidar can already contribute usefully in routine meteorological service, but that its full
potential in ceilometry and visibility measurement awaits
further developments. For routine unattended use, high
pulse-rate low peak-power lidars are advocated on
grounds of safety.
1. Introduction
Optical techniques have long been used for probing the
atmosphere, both in research applications and in making
routine observations. T h e advent of the laser as an
energy source offers much promise for extending and
improving such techniques (Goyer and Watson, 1963).
One development has progressed to the point where it
is making routine contributions in research studies and
is on the verge of being used in day-to-day meteorological service. This is the lidar, or laser "radar," technique of observing the scattering properties of the
atmosphere, using pulsed laser energy in radar fashion
(Collis, 1969). In some respects this technique is analogous to meteorological radar operating at microwave
frequencies. At laser wavelengths however it is possible,
even with quite modest equipment, to detect "echoes"
from very tenuous concentrations of particulate matter
and even from the gaseous atmosphere itself, in addition
to those from the more substantial hydrometeors of cloud
and precipitation.
This capability makes it readily possible to monitor
and track clouds or layers of particulate material, even
when these are invisible to the eye, and to observe the
optical properties of more homogenous atmospheres.
Lidar is being used in a wide range of research applica-
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tions, especially in connection with the dispersal of
atmospheric contaminants. This paper, however, is
concerned with the use of lidar for the collection of
meteorological data of an operational type. In particular, the ways in which lidar can be used to measure
cloud height and determine visibility, especially from
the ground end of an elevated, slant path are discussed.
The use of lidar for delineating thermal stratification is
also described, and its use for evaluating the gaseous
density of the upper atmosphere is noted.
2. The basic lidar technique
Energy generated by giant-pulse (Q-switched) lasers is
highly monochromatic, essentially coherent, and is concentrated in very short, high-power pulses. This energy
is directed by refracting or reflecting optical systems in
a beam. Energy backscattered by the atmosphere within
the beam is detected by an energy-sensitive transducer
(normally a photomultiplier tube) after being collected
by an optical receiver system. The monochromaticity of
the energy makes it possible, by the use of narrow-band
filters, to limit "noise" due to energy of solar origin, to
a minimum. The coherence of the energy makes it possible to achieve very narrow transmitter beams. A typical

FIG. la. SRI Mk V experimental lidar 1968.
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FIG. 2. Oscillogram of typical lidar observation of cloud
(single pulse). (Note how the signal from the clear air
beneath the cloud decreases as an inverse function of range
squared, and note also the attenuation of the signal within
the cloud.)

FIG. lb. SRI Mk V lidar—optical diagram.

lidar system is shown in Fig. 1. This lidar has interchangeable units so that it can be operated with either
a ruby laser (wavelength 0.6943 fi) or a neodymium laser
(wavelength 1.06 fi). Its characteristics are given in the
Appendix. (See also Northend et al., 1966.)
The essential features of lidar detection of atmospheric
targets are described in the following equation:
Pr = Pt(cr/2)

f3Ar~2 exp[ — 2jlra(r)dr'}

(1)

where
Pr
Pt
c
r
r
0

A
a

is received power
is transmitted power
is the velocity of light
is pulse duration
is range
is the volume backscattering coefficient of the
atmosphere at range r (having dimensions of
area/unit volume/steradian)
is the effective receiver aperture
is the volume attenuation coefficient.

The basic lidar observation consists of an evaluation
of received signal power Pr in terms of range and direction. The minimum detectable signal level is determined
by the system noise, noise due to solar energy entering
the receiver, and the sensitivity of the detector system.
The signal from the photomultiplier may be displayed
on an oscilloscope as a function of range—the familiar
A-scope presentation of radar practice (Fig. 2). The
single transient signal from a single pulse may be photographed or magnetically recorded. Polaroid photography
allows early inspection of the data in the former case,
but the use of magnetic video disc memory makes a
continuously viewable oscilloscope display available immediately, as well as providing an input for more
sophisticated analysis procedures and displays. In the
case of the very weak signals from high altitudes, where
the signal is a function of the rate of generation of
single photoelectrons in the detector, piilse-counting
data processing techniques have been employed. In other

applications range-finder techniques may be applied to
provide numerical or chart presentation of range data
(Bird and Rider, 1968).
There are two unknowns in Eq. (1), the volume backscatter coefficient (p) and the volume attenuation coefficient (a). The exponential term containing <r represents
the two-way transmittancy to the target, and it may be
seen that p and <r act in opposite directions upon Pr.
Both the backscatter coefficient and the attenuation coefficient are functions of the number concentration, size
distribution and dielectric properties of atmospheric
particles. However, since p enters into Eq. (1) as a direct
factor rather than in an integral expression as does <r,
it is apparent that rapid changes in the received signal
may be ascribed primarily to changes in p. The lidar
observation is thus unequivocal and of direct value
where the lidar beam encounters strongly scattering
targets after passing through relatively clear air, as occurs in observing discrete, dense clouds of drops or particles. Again, minor variations of signal intensity with
range are immediately obvious and reveal layers and inhomogeneities in a continuously scattering atmosphere
of low turbidity. In strongly scattering, turbid, atmospheres, however, the interrelation between backscattering and attenuation complicates the interpretation of
lidar observations. In all cases it is only possible to
evaluate the optical parameters if certain assumptions
are made or if additional information is provided.
For practical meteorological purposes a further step
is necessary if lidar is to be used quantitatively (that
is, apart from mere spatial measurement). The optical
parameters p and a must be related to such meteorologically significant factors as mass concentration or
visibility. These problems are discussed further below.
(See also Barrett and Ben-Dov, 1967; and Viezee et al.,
1969.)
The general significance (and relative magnitude) of
the optical parameters are indicated in Fig. 3 which is
based on calculations for a wavelength of 0.7 ^ (i.e., for
ruby lidars).
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role, certain problems of data processing and presentation remain to be solved. For example, the difficulties of
applying a simple range-finding technique to assess the
height of "cloud base" will be readily apparent from the
cases illustrated in Fig. 4. In Fig. 4a the very strong
backscattering from the surface fog, with its concomitant
severe attenuation all but masks the indication of a
cloud "base" at approximately 150 m, which is mainly
manifest by the subsequent increased attenuation. In
Fig. 4b a combination of light rain and a cloud that
had an indeterminate base presents a most confusing
lidar signal.
Although the lidar technique has obvious capabilities
in its simplest form for cloud measurement it is considered that, in conditions of low cloud and poor visibility, the problem of measuring ceiling can most effectively
be addressed in conjunction with the measurement of
"visibility" between the surface and the cloud. It is in
these conditions, after all, that effective observations
have the greatest operational significance.

FIG. 3. Backscattering and attenuation coefficients calculated
for ruby lidar wavelengths (X = 0.7/*).

3. Specific applications
a. Cloud observations. Clouds can readily be observed
by lidar, by night or day, at all heights even if they are
not immediately overhead (Collis, 1965; Viezee et al.,
1969). Where clouds are scattered or broken the height
of cloud tops may be measured obliquely and upper
cloud layers observed through gaps. Where layered
clouds are not too dense, the depth of layers may be
measured and multiple decks observed. Even very thin
cirrus cloud is detectable and lidar observations may be
used to reveal and measure wave structure therein
(Collis et al., 1968). In observing ceiling conditions the
sensitivity and range discrimination of the lidar technique make it possible to ascertain the nature of the
cloud base in some detail particularly when it is diffuse
or ragged with underlying patches.
Vertically looking lidars for measuring ceiling heights
on a continuous, automatic basis have already been constructed (Andermo et al., 1965; Bird and Rider, 1968).
These systems encounter much the same problems as
conventional ceilometers (Perlat and Petit, 1961) particularly in recognizing the ceiling level when the cloud
base is diffuse and merges with underlying poor visibility
conditions. Although the higher performance of lidar
systems, especially in terms of range discrimination, offers considerable potential for the technique in this

b. Visibility. The measurement of "visibility" by instrumental means is a problem of long standing (Middleton, 1958). Lidar is considered to have promise in this
area particularly in being able to evaluate the attenuation coefficient, which Middleton (op. cit.) considers the
only sensible basis for visibility determination. In particular it is hoped that lidar can evaluate the attenuation coefficient distribution along an elevated slant path,
for example at an airfield, from a single location on the
ground. Two problems are involved: first the measurement of the attenuation coefficient at the lidar wavelength; second the relation of this to vision in other,
broader segments of the spectrum. Noting only the
existence of the second problem,* we consider that of
determining the attenuation coefficient from a lidar
observation.
The crux of the problem lies in relating the attenuation coefficient a to the backscattering coefficient
for,
as noted above (Section 2), unless this relationship is
known, or can be derived from additional measurements,
solution of the lidar equation is not possible, except
in a homogenous atmosphere, where
d In P~r2 = — 2(j.

(2)

For other atmospheres, measurements of reference targets
at ground level compared with observations of atmospheric conditions along the intervening path may be
used to assess the <r, j3 relationship, or representative
values may be assumed, in the form p = kia*2. For example, Fenn (1966) has shown that
d \n (3
= constant = k2
d In a

(3)

* At Stanford Research Institute we have found, for example, that the attenuation coefficient at 1.06 /x (the wavelength
of neodymium lidars), is closely related to meteorological
range, V, (between 1 and 4 km) as follows:
^.oe (km-1) = 2.4 exp[—0.47F (km)].
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FIG. 4. Ruby lidar observations of low ceiling conditions.

is valid within 20-30% for attenuation coefficients between 0.01 km-1 and 1.0 km -1 when employing a broad
spectral source. Viezee et al. (1969) have explored techniques of evaluating the lidar equation on this basis.
Fig. 5 shows the field of attenuation coefficient values
[a) in a vertical plane based on a series of lidar observations with a ruby lidar. The value of 1.4 assigned to
k2 in this particular case underestimates the attenuation,
and the result is only presented by way of illustration
of work in progress. The presence of the main cloud
layer above the surface fog is readily apparent, however.
While as yet unproved, the use of lidar in this manner
is considered promising, particularly if a neodymiumglass lidar is used. Such lidars have broader spectral
characteristics (0.01 to 0.015 /m) that should give greater
validity to assumptions of the <r, /3 relationship (Twomey
and Howell, 1965). The particular merit in developing
a field of attenuation coefficient values, lies in the fact
that transmission along any selected point-to-point path

may be derived—a matter of particular importance in
determining "visibility" for pilots while landing aircraft.
c. Observations of the "clear" air
1) Low level inversions
The particulate matter present even in the clearest
conditions in the lower atmosphere is readily detected
by lidar. Any stratification is made evident by series of
lidar observations—either as a scan of a vertical plane or
as a time sequence of observations at a fixed high angle.
Stratification may be revealed by increases or decreases
in backscattering—representing haze layers or transitions
to clearer air. Profiles such as shown in Fig. 6 have been
related to temperature data, with the variations in turbidity corresponding to thermal inversions. As shown in
the illustration (Fig. 6) the height of these layers may
be monitored at intervals by lidar observations which
thus enable extrapolations to be made of earlier temperature data. An example of the nocturnal progress of
such layers is given in Fig. 7 which shows the changes

691
Unauthenticated | Downloaded 01/09/23 01:36 AM UTC

Jrol. 50, Xo. 9, September

1969

vertical discontinuities in the lidar observations, while
the increase in the turbidity of the lower level air in
the early morning hours, associated with increased relative humidity, is also evident. (It should be noted that
with the exception of a few vestiges of stratocumulus
cloud seen to form (at a height of 250 m) at about 0800
P S T these lidar observations were made in what appeared to the eye to be quite clear air.) A full understanding of the effects of changes in relative humidity
on the backscattering properties of the natural aerosol
as observed by lidar awaits further investigation.
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2) Other "clear" air observations
Changes in backscattering intensity have also been
noted at higher levels in the troposphere that have coincided with known windshear layers, or with the transition from one air mass to another at cloudless frontal
surfaces aloft.
At very high levels (above say 30 km) molecular
density of the atmosphere has been measured with some
success and used to deduce the temperature profile
(Kent et al., 1967; Sanford, 1967; Orszag et al, 1968).
The presence of particulate material makes this technique unsuitable for thermal profile determinations at
lower levels however.
The possibility of directly detecting atmospheric
turbulence by lidar as a function of backscattering by
dielectric inhomogeneities has attracted some attention.
Among others, Munick (1965) has shown that this mechanism is far too feeble to encourage any hopes in this
direction. For temperature and molecular number density values typical of altitudes of 10 km and a large temperature structure coefficient (representative of turbulent
conditions near the ground), he shows that the backscattering due to turbulence at ruby wavelengths would
be some 7 orders of magnitude less than that caused by
molecular backscattering!
4. Safety

>
w
£o

in the lower atmosphere, in which there is a temperature
inversion, throughout a 14 hour period. T h e relative
turbidity is indicated numerically (in this case, increasingly negative numbers represent decreasing turbidity)
and sharp discontinuities in the scattering profile are
represented by continuous heavy lines, which correspond
to the upper and lower limits of the transition. T h e
height of the inversion layer may be inferred from these

Although often exaggerated, the question of potential
hazard from laser energy should not be neglected in
any consideration of lidar applications in meteorology.
The power density of laser energy produced by typical
experimental high-power pulsed ruby lidars is such that
eye-damage could result from direct viewing at ranges
up to tens of kilometers. Because energy at neodymium
wavelength (i.e., 1.06 fi) is not focused on the retina by
an eye looking at distance, and because the intervening
tissue absorbs such energy more readily, neodymium
lidars are somewhat safer. In either case the risk of
serious eye damage is greatest at close ranges, i.e., within
a kilometer or so. Although probalistic considerations
apply (for the energy is transmitted in very narrow
beams in extremely brief pulses), it is considered unwise
to operate a high-powered pulsed lidar unattended—
(an additional factor near airports is the chance that
energy could be reflected back to the ground by low
flying aircraft).
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FIG. 6. Oscillograms of lidar observations (received signal power versus height) made with SRI Mk V ruby in
"clear" conditions, Menlo Park, Calif., 26 August 1968. (Viezee and Oblanas, 1969)

FIG. 7. Time/height section showing relative turbidity (increasingly negative numbers indicate decreasing turbidity)
from a series of Mk V neodymium lidar observations, Menlo Park, Calif., 13/14 July 1967.

Fortunately these objections do not apply to lidars
employing high pulse rate, low peak power, laser systems, that have additional recommendations, in any
case, for applications such as ceilometry and visibility
measurements on a routine, automatic basis.
5. Prospects for lidar in meteorological applications
T h e foregoing discussion tends perhaps to overemphasize the difficulties and problems that are involved in
applying the lidar technique in operational meteorology.
Even at the present time, however, lidars of the type

developed for research or the early cloud-measuring systems, can provide valuable assistance to meteorologists
concerned with immediate local conditions—for example
in connection with aviation and air pollution. Further,
there is no doubt that apart from the already demonstrated capability of lidar, considerable progress can be
expected. The development of high pulse rate laser systems of higher average power but lower peak power is
already at a stage where experimental ceilometer systems
are being built, using solid state lasers of the gallium
arsenide type (generating energy at a wavelength of
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0.9 /J). Such higher pulse rate systems, apart from having
advantages from the point of view of safety, also facilitate
data processing and display. In the latter area, further
development is necessary in the detection and handling
of the raw lidar signal and its input to suitable computer devices. Development of this type is not expected
to present undue difficulty in the light of current data
processing technology.
Finally, and possibly most critically, there remain to
be solved the fundamental problems of evaluation and
interpretation of lidar observations in terms of meteorologically significant factors. As described above, a good
start has been made in this direction, but much remains
to be accomplished before lidar observations can routinely be used for the determination of, say, slant
visibility or mass concentration of pollutants in the mixing layer. In the meantime, lidar could be very usefully
employed in the measurement of cloud heights, and the
height of inversion layers, and could provide a new
capability for observing the "structure" of the atmosphere on a qualitative basis.
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Neodymium-glass

Wavelength n

.6943
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Beamwidth (mrad)

0.35

0.2

Optics

6-inch Newtonian reflector

Peak power output (MW)

18

50

Pulse length (ns)

15

12

Q switch

Rotating
prism

Rotating
prism

Max. PRR (pulses/min)

6

12

Receiver

Optics

6-inch Newtonian reflector

Field of view (mrad)

1.5

3.0

Pre-detection filter wavelength interval (A)

13

100
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(S-20 Cathode)

RCA 7102
(S-l Cathode)

Post-detection filter
bandwidth (MHz)

30

30
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