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INTRODUCTION

In recent years lidar (Light Detection and Ranging) has made significant
technical and theoretical advances. A lidar no longer need be the cumbersome
and fragile set of lenses and electronics that it was at its inception. Aj ~lidar may now be small, light, rugged, battery -operated, simple to use, and
completely self-contained. Tedious data processing and external inputs are no
longer needed to reduce a lidar return to visibility. Such a lidar has been
developed by Atmospheric Sciences Laboratory (ASL) to support aircraft land-
ings, optically dependent weapon firings, and operations where the atmospheric
extinction needs to be remotely measured. Since the lidar measures visibility
and cloud ceiling height, it has been dubbed a visioceilometer. This paper
describes the characteristics of the XE-2 visioceilometer shown in figure la
and compares Its measurements to more conventional visibility-measuring
devices.

"~ VISIBILITY DEFINITION

Visibility must be precisely defined before a measurement of visibility is
made. Furthermore, the definition must be constructed in such a way that what
a machine measures can be related to what the eye sees. Visibility observed
by the human eye is a very complex parameter depending on may factors besides
the obscuring medium. For example, a standard airport transmissometer is said
to measure visibility, but it actually measures transmission between two
points. Under the same conditions it will indicate the same visibility at day
or night, even though the human eye might define the visibility quite differ-
ently. Middleton' has defined the meteorological range or visual range Vr to
be

-ln(O.02) (1)Vr

where 0.02 is the minimum contrast threshold for standard target detection
with the human eye, and a is the volume extinction coefficient which may be
measured by machine.

One of the problems with using equation (1) is that the visibility may be very
different than that predicted by the equation. For example, suppose a trans-
missometer makes a measurement of extinction over a 3 km path with the
receiver immersed in 100 m of a fog bank. The average extinction measured
over the entire path may predict a lower visibility than the distance to the
fog bank. Equation (1) will generally be in error if the turbid medium has

'Middleton, W. E. K., 1963, Vision Through the Atmosphere, Toronto Press,
Toronto, Canada.
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significant variations in extinction along the path in which Vr is measured.
A better definition of visibility as measured by an instrument over a path
length having a variable o is given by2

r

3.912 a(r)dr (2)

where Vrm is the range at which the total extinction is 3.912, corresponding
to a contrast threshold of 0.02. If the extinction is so low that the mea-
surement cannot be made over the full visual range Vr, then the best extrapo-
lation of visibility would be given by equation (1).

Equations (1) and (2) can be related to observer-defined visibility if proper
consideration is made of the ambient lighting conditions. The lidar can
return the value of a measured over the length of the lidar return, so visi-
bility as measured by the lidar will be defined as in equation (1) or (2) as
appropriate for the rest of this discussion.

VISIOCEILOMETER DESCRIPTION

The visioceilometer is a lidar consisting of two interconnected units which
operate together to produce a measurement of visibility or cloud ceiling
height. The modified rangefinder, called the optical unit (OU), was built
under a oint development effort with Night Vision and Electro-Optics
Laboratoryl by RCA Corporation. A separate transient recorder and micro-
processor make up the signal processing unit (SPU), engineered and developed
through contract with Lawrence Livermore Laboratory. The laser source and
receiver are part of a modified AN/GVS-5 laser rangefinder currently in pro-
duction for the US Armed Forces.

The functional diagram of the visioceilometer is shown in figure lb. A laser
emits a single 1.06su pulse into a very narrow beam, and the atmosphere scat-
ters the light back into the receiver optics according to the turbidity. The
received flux is detected by a silicon photoavalanche detector, and the signal
is compressed by a logarithmic amplifier. The output of the laser is mon-
itored by a temperature-compensated PIN photodiode. Both the monitor pulse
and the lidar return signal are sent by coaxial cable to the SPU, where they
are digitized and analyzed. A CMOS microprocessor analyzes the return for
visibility or cloud ceiling height, according to the switch setting on the

7

2Hermann, H., et al, 1974, "Lidar Measurements of Atmospheric Visibility,"
Alta Frequenza, vol 9, p 732.

3Bonner, Robert S., and William J. Lentz, 1979, The Visioceilometer: A
Portable Cloud Height and Visibility Indicator, AS -TR-0042, US ArOW AtmO-
spheric sciences LaDoratory, White Sands Missile Range, NM.
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OU, and the result is displayed in the eyepiece of the OU under microprocessor
control. The microprocessor turns itself off after each calculation to con-
serve power until the next laser monitor pulse starts the digitization and
analysis process again. The detailed physical and optical characteristics of
the visioceilometer are listed in table 1.

Visibility or cloud ceiling height is calculated automatically, and the result
is displayed in the eyepiece in a 5-digit numerical display. The function is
indicated by an LED with a C-shaped mask for ceiling or V-shaped mask for
visibility. The visibility or ceiling result is displayed in the eyepiece for
5 s before the display is automatically turned off to conserve power. A
refresh button may be pushed to redisplay the last ceiling or visibility value
in the eyepiece at any time until the system power is turned off or the laser
is fired again.

The OU has a two-position laser fire switch, a standard feature of the
AN/GVS-5 laser rangefinder. When the switch is depressed halfway, the laser
flash lamp capacitor charges to prepare for laser firing. The laser then
fires instantly when the fire button is depressed completely. This feature is
used to conserve power in the SPU by turning on the microprocessor only when
the fire button is depressed at least halfway. When the fire button is com-
pletely depressed, the transient recorder starts clocking to get ready to
digitize when a laser monitor pulse is received. Analysis of the lidar return
only occurs when a laser monitor signal within the range 0.75 V ± 0.25 V is
received. This limit precludes the possibility of trying to analyze lidar
returns produced by a laser operating outside of normal tolerance limits.

The OU and SPU run on separate BB-516 batteries housed in the SPU. These
AN/GVS-5 24-V rechargeable NiCd cells (about the size of a C cell) will pro-
vide at least 100 visibility calculations between chargings. The LED display
will indicate a low battery state in the OU eyepiece. Since it contains both
batteries, the SPU weighs about 8 lb whereas the OU weighs only 5 lb.

TRANSIENT RECORDER

The innovation that allows an inexpensive, low power visioceilometer to be
built is in the transient recorder. A charge-coupled device (CCD) was chosen
to slow down the wide bandwidth lidar return so that a relatively high accu-
racy, low power, analog to digital converter (ADC) could digitize the
return. The CCD-based transient recorder allows the 23us lidar return to be
converted to a 46 ms pulse, which is easier to digitize. The CCD samples the
lidar return at a 20-MHz rate, which corresponds to a sample every 7.5 m along
the lidar beam path. A total of 455 samples thus corresponds to a total
sampled return of 3.3 km.EI

The digitized lidar return is processed into cloud ceiling height or visi-
bility by an RCA 1802 CMOS microprocessor and an arithmetic processing unit
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(AMD 9511) using the Klett4 method of analysis. The microprocessor prepro-
cesses data by removing baseline shift, nonlinearities, CCD errors, and laser
output variations. The arithmetic processing unit does 32-bit floating point
arithmetic and computes functions, such as the logarithm, in a mere fraction
of the time that the CMOS microprocessor alone would take.

The laser energy monitor pulse is used to correct the lidar return or ampli-
tude variations in the laser output and to start the digitization process.
Since it is difficult to start a 20-MHz clock synchronously with the start
pulse, a delay line is used to measure the fixed phase shift between the start
pulse and the clock at each laser shot. The stored time delay is used in the
algorithm to more accurately remove the attenuation due to range. An accept-
able error of 0.75 m or 5 ns is produced in this manner in the first analyzed
point at 100 m, but the error of 7.5 m or 50 ns produced without the storedI delay would have been unacceptable.

In the SPU, an internally generated ramp pulse is fed to the CCD and digitized
-* as soon as the laser charge button is pressed. The resultant digitized values

allow one to correct the CCD nonlinearities and to check the transient
recorder for proper operation. When the laser return has been digitized, thetransient recorder is shut off to save power while the microprocessor calcu-
lates visibility or cloud ceiling height.
The SPU also has a programmable serial data output capability so that the raw

digitized lidar return may be more extensively analyzed by a larger computer
if more than the visibility is desired as output. When an external plug is
connected to the serial output, RS232 standard format serial data are gener-
ated at 9600 Bd, so that they may be stored and analyzed for such information
as extinction vs range. When the external plug is not connected, no serial
output data are generated. The capability of providing serial data in a stan-
dard format allows a variety of types of information to be communicated to
external devices, improving the versatility of the visioceilometer.

LIDAR ANALYSIS

A significant advance recently has been made which allows the conversion of
lidar returns to extinction as a function of range. The Klett method is a new
analytical solution to the lidar equation which lacks the instability that has
plagued approximate methods. Klett's method allows the calculation of the
extinction efficiency with distance no matter what the degree of inhomoge-
neity, as long as Klett's assumptions are valid. All that is required is an
estimate of the extinction at the furthest point of the lidar return, and this
can be determined from the lidar calibration or an independent device.

4Klett, James D., 1980, On the AnalXtical Inversion of Lidar Returns from an
Inhonogeneous Atmosphere, ASL-CR-80-0008-3, US Army Atmospheric Sciences
Laboratory, White Sands Missile Range, NM.
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The lidar equation representing the returned flux produced by a pulsed laser

is given by:
r

Ao(r)F(r) i
P(r) 0 c  r) expI_2f0(r,)dr (3)0 2r2 ""

where P(r) is the flux received by the lidar as a function of time or range r,
Po is the transmitted power in a pulse of width T, A is the effective receiver
area, 8(r) is the volume backscatter coefficient at r, F includes the system
sensitivity and geometric crossover efficiency, and a(r) is the volume extinc-
tion coefficient. The pulse of energy from the laser transmitter is atten-

uated by the extinction, which varies with range until it reaches a point r.
,3, IThe volume backscatter coefficient then determines the fraction of energy

which is scattered back into the receiver from the point r. The Klett4 solu-
tion is derived in the following manner.

Since there is no real information in the r2 term, and since the exponent is
an inconvenient complication, the term S(r) will be defined:

S(r) = ln[r2p(r)] (4)

It has been shown that there is often a relationship between B(r) and 0(r) of
the form:4

C(r) = cak(r) (5)

By taking the derivative of S(r) and using the lidar equation and equation (5),
one has:

dS k do _ 2a (6)

The solution to an equation of this form is well-known, and a new stable form-
ulation has been derived by Klett:

1 (7)
am-i + 2/f epI S )/k Idr'

4Klett, James D., 1980, On the Analytical Inversion of Lidar Returns from an
Inhomogeneous Atmosphere, A5L-UR-8U-UUUU-J, US Army Atmosplherlc 5clences
Laboratory, White Sands Missile Range, NM.
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Where rm > r is the new calibration point, Sm = S(rm), and am = o(rm). This
solution is easily computed from the known values of P(r), with k deduced from
theoretical calculations or experimental measurements and om derived by other
means.

LOW VISIBILITY CASE

One unexpected feature of the Klett solution is that for moderately low visi-fl bility the solution is not dependent on the estimate for om.4 In fact it
converges to the correct value in just a short distance from rm. Previous
solutions were either unstable or so approximate as to be unstable in many

* A interesting cases. The convergence can be seen in figure 2, which shows the
same lidar return analyzed by the Klett solution using different estimates of
am . In a relatively short distance, beginning at rm and working back to rot
the true solution is deduced from nothing more than the shape of the lidar
return. In the particular example chosen in figure 2, the extinction was
constant with range, but the convergence to the correct answer occurs regard-
less of the shape of the true extinction as a function of range. This behav-
ior is explained by the fact that as the difference between r and rm grows,
the integral in the denominator of equation (7) grows. The integral will
eventually grow to the point that the value of am is relatively unimportant
and nearly any reasonable value can be used as a boundary value.

HIGH VISIBILITY CASE

The convergence of the Klett solution is very slow for high visibilities, so a
new method of estimating the boundary value must be used. The simplest method
is to relate the magnitude of S(r) as well as its shape to the solution
0(r). Let us consider the measured lidar return:

ln[P(r)] = ln(K) + ln(C) + ln[o(r)] - 2 ln(r) - 2a r (8)

where 0(r) = Ca(r) and k = 1. K is, for simplicity, an aggregate of all of
the system constants which can be measured or calculated. The last term is:

r
ar =fu(r')dr' (9)

4 Klett, James D., 1980, On the Analytical Inversion of Lidar Returns from an
Inhomogeneous Atmosphere, ASL-CR-80-OUN-3, US Army Atmospheric Sciences
aboratory, White Sands Missile Range, NM.
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Neglecting the constants in equation (8), one has a new equation:

Z(r) = ln[a(r)] - 2 In(r) - 2a r (10)

For ranges beyond the crossover range of the receiver and transmitter fields
of view, the system constant K is unchanging. The ratio a/a may change as the
atmosphere changes, producing a varying C. This variation does not produce a
serious error, since a change in C is reduced in magnitude by the In func-
tion. For example a factor change of 5 in C produces a factor change of only
1.61 in In(C). Moreover, the In(K) is usually larger than ln(C), further
reducing the resultant error. In lieu of theoretical calculations, it will be
assumed that C is constant for fogs. It should be remembered that the con-
stant C is only used for high visibilities when the self-convergence of the
Klett4 solution is not adequate.

The correct boundary value may be chosen to produce an accurate extinction
curve by measuring the simultaneous lidar return and transmission at 1.061im
and applying the Klett method. The difference between equations (8) and (10)
gives the unknown constants which allow measurements to be made independent of
the transmissometer. Once the constants are known, all experimental returns
may be reduced to equation (10) and compared to the form produced by the Klett
solution. When the experimental curve matches the solution curve, the correct
boundary value has been identified.

Let us consider the set of curves in figure 3. The three curves correspond to
equation (4) for three boundary values used in the Klett solution. If the
boundary value is too large, the curve will lie above the measured curve at
every point, and if am is too small, the theoretical curve produced by the
Klett formula will lie below the measured curve at every point. Inasmuch as
these values may be positive or negative, corresponding to the magnitude of
In[P(r)], it is convenient to normalize the curves to a common point, as in
figures 4 and 5, to reduce the magnitude of the variation due to different
boundary values. A simpie Newton's method iteration may then be applied to
allow rapid convergence to the correct boundary value.

A comparison between the curves at only one point would not be desirable
because the lidar return contains noise as well as valid signals, and there is
no easy way to know just how large the error is at only one point. A better
approach is to sum the S(r) values and the Z(r) values over the same inter-
val. The average thus produced is much more stable than just one point, and
the average may be used in a Newton's method iteration to produce a very
accurate boundary value estimate. The resulting a(r) produced by the Klett

4Klett, James D., 1980, On the Analytical Inversion of Lidar Returns from an
Inhomogeneous Atmosphere, ASL-CR-80-O008-3, US Army Atmospheric Sciences
Laboratory, White Sands Missile Range, NM.
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method may vary several orders of magnitude along r and still be accurate at
every point. Specifically, the next boundary value iteration is given by:

02 - 01 - f(o)/f'(o1 )

. where

f(o1 ) (S - S

and

V(" I ESt(ai) E ESt(0o)
f'(oi) =-

and St is the theoretical S(r),

* and Sm is the measured S(r).

For high visibilities, the magnitude of o is much smaller than the magnitude
of ln[o(r)]. Therefore, the boundary value estimates and the a curves agree
to a high degree of accuracy. For the case of low visibilities in which the
last term in equation (8) cannot be neglected, the self-convergence of the
Klett4 solution eliminates the need for the Newton's boundary value estimate.

Most real lidars do not see returns from the exit of the laser to the limit of
detectable signal. There is a short region of optical crossover or defocus
which prevents data from being used for about 100 m. If the neglected data
cause significant error, the method will not be reliable for large changes in
a. Consider the two a curves in figure 6, produced from measured lidar data
using the previously described Klett solution and area method for a boundary
value. The two curves are extinction vs range produced from two analyses of
the same lidar return. Although one curve begins at point 15 and the other at
point 20, the curves match, indicating a lack of sensitivity to the neglected
points. This is both a necessary and fortunate result, because it is
extremely difficult to design a lidar that is weatherproof and receives all of
the light scattered in the near field without losing light in the far field.

It would not have been possible to calculate identical curves in figure 6
without the Klett method, because a large haze peak was virtually centered on
the lidar. The air became clearer as the pulse moved away from the lidar.
The slope method would have produced an effective visibility of much less than
1 kin, but no visible obscurant could be seen. The average visibility during
this period was about 26 km, as measured by a long-path transmissometer.

4Klett, James D., 1980, On the Analtical Inversion of Lidar Returns from an
Inhomogeneous Atmosphere, ASL-CR-O-UUUB-3, US Army Atmospheric Sciences
Laboratory, White Sands Missile Range, NM.
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We now have a general method of determining a(r) over the range of the lidar
return in high and low visibilities. It makes use of the absolute value of
the signal, which is not normally used in Klett's equation (7). By comparing
the measured ln[P(r)] to the Z(r) calculated from the a(r) produced by the
Klett solution, the Klett method may be reapplied several times to produce
a(r) as accurately as the system constants and lidar returns are known. C and
k values may be measured independently or obtained from theoretical studies.

*EXPERIMENTAL RESULTS

ASL recently conducted a field test in Meppen, Germany, where opportunities
existed to test the lidar theory against extinction measurements made by
balloon-borne particle counters. Figures 7 and 8 show the extinction obtained
by firing the visioceilometer vertically into fogs or low clouds at the Meppenexperiment, which ASL conducted from October to December of 1980. Balloon-
borne particle counters were used to calculate the extinction at 1.060m, as a
function of altitude. These values generally agreed to within a factor of two
with the values produced by the visioceilometer. Furthermore, the visioceilo-
meter extinction curves show much more structure than the balloon counters,
because the lidar is virtually instantaneous. The agreement is rather good,
especially when one considers that the lidar was not pointing exactly at the
balloon because the balloon could not be seen.

The data shown in figures 7 and 8 were recorded with the lidar pointing ver-
tically into fog or clouds of increasing density. In some cases the lidar
penetrated one layer of obscurant and returned information about a second
layer. Since the extinction values were extremely high, it was not possible
to tell whether the lidar penetrated the second layer into clear air. It is
more likely, however, that the lidar simply ran out of energy, and the last
four sample points should therefore not be regarded very seriously.

APPLICATIONS OF THE VISIOCEILOMETER

The visioceilometer has immediate tactical use as a slant path visual range
indicator at remote airfields where visibility and cloud ceiling height are
required but where conventional instruments are too inconvenient. Indeed, the
visioceilometer may be the only portable instrument which can directly measure
slant visual range along the glide path of the aircraft. Since the visio-
ceilometer is completely automatic and records visibility even when there are
no reference objects in sight, a reliable, repeatable measurement may be made
by an untrained observer. These measurements could be made at Army Division
Artillery meteorological sections in lieu of visual observations and ceiling
balloons, particularly at night when such measurments are difficult.

Naval shipboard uses include visibility, which is especially difficult to
measure at sea because of the lack of reference visibility objects. The
visioceilometer can be programmed to neglect the ship-generated effluent plume
which makes shipboard transmissometers difficult to use. A vertical measure-
ment of visibility may be made to determine whether the ship is visible from
above by aircraft. Regular use of the visioceilometer would provide a general
marine-visibility data base, which would be of tactical use in planning ship
deployment.

15



Guided munitions such as Copperhead rely on optical sensors to locate and
destroy a target. The visioceilometer could be used to measure the visibility
in the target area so that rounds would not be expended uselessly. A related
nontactical use would be to characterize the atmosphere when test firings are
made of optically guided rounds, so that better performance assessments could
be made.

The visioceilometer could also be used as a general research tool in lieu of
more difficult and far more expensive balloon-borne particle counter measure-
ments. With external RS232 devices, data for computation of extinction vs
range can be stored and analyzed later for detailed characterization of the
atmosphere.

The visioceilometer would allow measurement of smokestack plume opacity even
though the laser might not penetrate the plume with sufficient energy to
produce a return from the clear air on the distant side. The Klett 4 method
works especially well in high opacity cases because the boundary value selec-
tion is self-converging. It offers the advantage of measuring opacity at
night, when there is a temptation to produce dense plumes because of the
difficulty of making nighttime observations. Although the visioceilometer
might not measure the transmission completely through the plume, it would set
a lower bound on the opacity, which would encompass several decades of atten-
uation.

The visioceilometer could also be integrated into the meteorological sensor
system of the Remote Automatic Weather Set (RAWS) or AN/TMQ-30 to provide
visibility and cloud ceiling height information. In this application, sensors
would be placed in forward areas of the battlefield by a ground sensor pla-
toon. These unattended weather stations would transmit data automatically by
a radio link to a master station, which would collect data from a number of
RAWS units. The self-contained feature of the visioceilometer data analysis
would lend itself readily to the incorporation of the visioceilometer in a
variety of devices such as the RAWS.

4Klett, James D., 1980, On the Analytical Inversion of Lidar Returns from an
Inhomogeneous Atmosphere, ASL-CR-80-0008-3, US Army Atmospheric Sciences
Laboratory, White Sands Missile Range, NM.
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TABLE 1. VISIOCEILOIETER CHARACTERISTICS

Beam divergence 1.0 mrad

Receiver field of view 3.0 mrad

Laser energy 13 mJ average at 1.06 m

Pulse half-width 6 ns

Receiver aperture 50 on

Laser exit diameter 16 mm

Optics axis separation 50 mm

Full crossover range 80 m

Log A slope 10 mVfdBI

Log A zero 801V

Detector noise level 2 x 10-loW

Laser monitor output 0.75 V ± 0.25 V

Sample rate 20 MHz

A/D converter 10 bits in 2us

Sample device 455 sample Dual Channel CCD
Fairchild #CCD 321

Weight 5 lb OU
8 lb SPU

Size 6 x 2 x 6 in. OU
6 x 4 x 6 in. SPU

Power Two 24-V NiCd batteries

Number of shots 100 minimum

Operating temperature -50 to 60C (prototype)

Sample range 3.3 km

17



VISIOCELOMETER (XE2) OPTrICAL

1 10 TO 99000

6LASER

6 n LASER MONITOR

23W USLOARITHMIC

455 POINT TRANSIENT RECORDER PROCESSING

CONBATTERY- 2

Figure lb. Visioceilometer block diagram.
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Extinction vs Range
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Figure 2. Extinction vs range for various boundary value estimates.
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Figure 3. Theoretical lidar returns for various boundary value estimates.
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Lo)g Return vs Range
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