AD-A086 143

UNCLASSIFIED

[

i

BATTELLE COLUMBUS LABS OH
MULTIWAVELENGTH LIDAR STUDY OF F06.{U)
MAY 80 B M HERMAN: R M SCHOTLAND

k78 872

DAAS29=76~0-0100
ERADCOM/ASL=CR=80-0100~1

~




. AD ]
Reports Control Symbol
OSD-1366

ASL-CR-80-0100-1

MULT I WAVELENGTH LIDAR STUDY OF FOG

Ly MAY 1980
‘:1: ___F" s;(:'fii
9: ( JUN 2 7 1980;
» ~ ¢
B. M. Herman
’ R. M. Schotiand
The University of Arizona
Tucson, Arizona 85721
Under Contract: DAAG29~76-D-0100

> Contract Monitor: Jagir Randhawa
i~
K
D

Ll

=

Approved for public release; distribution unlimited
|
[ e |
=
Command

US Army Electronics Research and Development
ATMOSPHERIC SCIENCES LABORATORY
White Sands Missile Range, NM 88002

50 O 19 V30

RS
phery

[ e fa e A R RS AT BT e N Y MR R0

Y T T e —— o
v " ——




NOTICES

Disclaimers
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1. Purpose of Study
| The main objectlve of this study, as origlinally set forth in work
statement 79-277, is to define quantitatlvely the range ard accuracy of
multispectral lidar techniques for remotely sensing the visiblility, size
distribution, concentration, and liquid water content of varicus types of
fogs. As outlined in the above work statement, the study was to Irclude
three llidar wavelerngths (0.53 um, |.06 um, and 10.6 pm). Radisticr ard
advection fogs with visibilities of 30 — |000meters were to be Investi-
gated tc accertain, first, from a single wavelength, how well the above
parameters could be determined, and second, using information frcm three
wavelengths, whether the errors in the determinations could be reducecd.
Finally, the maximum useful ranges for 1.06 um and 10.6 um wavelengths
were 1o be found for the given range of visibilities, and the impcrtarce
of multiple scattering was to be determined.

The coriginal work order was subsequently modified (personél communi -
cation with Dr. J. §. Randhawa), and the study was narrcwed cdowr to “*re
following cbjectives:

a. Four lidar wavelengths, representing currently availatble systems
within the wavelength region of interest, were to be studied. The wave-
lengths are 0.53 um, 1.06 um, 3.8 um, and 10.6 um.

b. Lidar performances and signal-to-noise (S/N) ratics are to be
ascertalned for representative systems at these wavelengths.

c. Maximum useful ranges at the 4 wavelengths were to be determincd.

d. Methods to obtain extinction, back-scatter and tota! liguid water
content were to be Investigated.

I+ was agreed that the question of obtaining size distributions and the
effects of multiple scattering would not be considered here, due *c the

complexity of these problems and the time restrictions on the present work.
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2. Discussion of Fog Models

In order to perform the required calculations for thls study, it is
necessary to mode! the distribution of droplet sizes composing *he fozs,
as the optical parameters (f{.e., extinction, backscatter, optical depth)
wi'l cepend upon the chosen distritutions. While many fog distritutiors
are described In the literature, It was declded that those agiven by
Pinnick et al. (!978) were most relevant and convenient fcr *ho rurneses
of this study. Pirnick et al. have conveniently fit obcurve? cize cisiri-
butions to a superposition of two log-normal distribution funciicrs (oo
Fig. 1) and have listed the values of the apprcpriafe parareters for - o h.
The wdvantage of the Pinnick distributions is that the analytic forr
rencers them easily arenable to computer celculations. Further~cre, by
varying the parameters of the log-normal functiors, variaticns of i'e
ini+ial distritutions may readily be generated with corcidercbly e

cemputer effort,

The log=normal cistribution function is given bty

i |
@ (2mZpg

exp [~(anr - n 2/202] (n

Here, n(r) is the number of particles per unit volume of radius r, r is the
mean radius, and o is the natural log of the standard deviation of r.

The first distribution given by Plinnick et al., which we here refer 1o
as distribution A or dist. A, Is a superposition of two log-normal functicns
with parameters r = 0.3 um, o = |.87, and total liquid water content (LWC)
= 1.65%10% ug/m3, and 7 = 4.4 ym, o = 1.47, and LWC = 1.60x10> ug/m’. The
second distribution, distribution B or dist. é, has parameters r = 0.6 um,

o = 2.5, and LWC = 7.52x10" ug/m> and © = 5.0 um, ¢ = 1.65, and LWC =

4.37*!03 ug/ma. Plots of distributions A and B are shown In Fig. I.
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Figure 1. Size distributions (from Pinnick et al 1978) used for the
calculations presented in this report, (See text for a
discussion of the modifications to the above two distribu-
tions that were also employed.)
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Besides the standard dlstributions A and B as !isted above, new distri-
butions were cenerated as follows. The liquid water content of the twe
indlvidual log-normal functions making up distribution A are In the ratio
of about 97:1, while those making up distribution B are in the ratlo 5.6:1.
By keeping the sare the indlvidual normalized log-normal functions which
make up each distribution, but varylng the ratio of the LWC's, a wide rarge
of new size-distribution functions may be gererated. This method 'as 'he
adventage of not requiring repeated calculations for cach row disiributicr.

Once the optical prcparties, such as volume extinction or baokacui . ring

coefficient, have been determined for each individua! log-normal functicr
in each distribution, these properties need be simply multipliec by ihe
oroper constents Yo provide thne required ratics of the LWC's., Liguid weter
content ratios of the two log-norme! functions making up rfach distrituticn

were varied from 1000:1 to O.1:1. few of the resulting size dis'rirution

functions are shown in Figs. 2 through 7.

3. Computation of Optical Properties

Use of the lidar equation requires knowledge of the volume extinction
coefficient, QTV’ and the volume backscatter coefficient, B, in order to
perform calculations of the returned signal and the S/N ratios to be
expected, The calculations of QTV and B were performed as follows.

Calculations of the backscatter cross section, 8(»r), and extinction
cross section, QT(r), for a particle of radlus r were made, using the
standard Mie equations and the appropriate complex indices of refracticn.

These are related to the volume coefficients through the relationships

L]

_ dn(r) .
Gy = J QT(r) 7 (2a)
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Figure 2, Log-normal distribution function as calculated for various
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and
o

- dn(r)
g = J B(r) ~ar dr , {(2b}
)

where [dn(r)]/dr is one of the Plinnick dlstributions or lts modifications,
as discussed in section 2. in practice, the Integrations were carried out
numerically for each of the two fog~normal distributions in dist. A and
dist. B. Then the total LWC for each log-normal distritution was computed
from the equation -

LWC = I p 4/3 mr

o

3 dn(r)
dr

dr

where p is the density of lliquid water (=1.,0). Then the individual log-
noermal distributionsfor the two fog types (dist. A énd dist. B) were multi-~
plied by the proper constants fo bring the Individual LWC's into the
required ratios. These constants were then used to combine the values of

Q

v and B for the individual log-normals, fo give the required values for
dist. A and dist. B. Once the log-normals were combined, they were then
renormalized so that dist. A and dist. B each represented a total liquid
water content of | gm/m3 for the modified Pinnick distributions. The
liquid water content for the original Pinnick distributions was set as
given by Pinnick et al., 1.e., 0.16] gm/m3 for dist. A and 0.512 gm/m’ for
dist. B. Thus the modified Pinnick distributions represent approximately
2 - 5 times the LWC as originally measured by Pinnick. However, these
modified distributions can be used for any desired LWC by simply multiply-
ing the present results by the proper renormalizing constant. The calcu-
lations of S/N ratios presented In section 3 used the original LWC as
given by Pinnick et al.

3
Figures 8 and 9 show QTV for a fixed LWC = | gm/m , as a function of

the varfous modified Pinnick distfributions A and B for each of the four

15
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celected wevelengths, The abscissa in these flqures represents ' =~ :sc
ratios ¢t the two log-normal functions makling up cach distritutior.

These figurcs are Interesting In that they show clearly the ir:ortance
of the drop~size spectrum In determining the resulting cptical prorerties
cf the fog, particularly for the modlflcaticns of distribution A, lhwre, .t
the two shorter wavelengths (A = 0.55 um and XA = |,06 1m), the extircticr
changes by about ore order of magnitude over *he range of recified diotri-
butions corsidered. 1t Is imnortant to rererber tha* all diztritctions in
these figures have been normalized to the come LWC, so the =ffncts are
solely to the different drop-size spectra. For distribution B, the (horaes
are less dramztic, being aporoxirstely a factor cof 2 cover the cornlote sof
of size distributicns at the fThree shorter wavelengths. Of perbars rore sic-
nificance is the fact that, at 10.6 um, and to scre cxitent at 4.0 p~, for all
modifications of both dist. A and dist. B, the voiume extinctlon is nearly
constant. This suggests the possibility of using the defermination of QTY es

-

a direct measure of the LWC of the fog. This is dizcunsed in secticn 5.

4. Lidar Techniques
a. Lidar Equation

The lidar equation for a pulsed coaxial! sys*em can be wriiten as

CJA
= 4 —2 - 2)
Pr A 2Rz B exp 2 QTV dz (3
0
where Pr = the radiation backscattered to the |idar receiver,
A = the area of the recelver,
JA = the energy In the transmitted laser pulse,
R = the range fo the scattering pulse,
B8 = the differential backscattering cross section per unit
volume of scattering medium,
and QTV = the medium extinction cross section per unit scattering volume.
18
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Three assumptions have been made In the cdevelcpment of thls equaticn.
The first of these is that the scatterling process Is the result of single
scattering; %ulflple scattering 1s Ignored. The second assumptlon Is
that molecular scatterling can be Ignored when ccrpared to the fog droplet
scatter. This follows, slnce the differential molecular volume tackscatter

-8 -1
m /sr compared to

cross sectlon at sea level Is apprcoximately |0
IO_3 m_l/sr for fog. These values are for a wavelength of 0.55 1, which
would magni'y the rclecular scattering contribution when compared with
values at longer wavelengths.

The third essurmption Is that the attenuation of the laser pulse is
brought about solely through fog droplet scattering and absorp+i06 losses.
The laser wavelengths have been chosen such that molecular absorption can

be ignored. Molecular scattering can be neglected using arguments similar

to those used in discussing the volume scattering cross sections.

b. Lidar Parameters

Four lidar systems have been chosen for analysis; these lidars creratc
in spectral regions of interest to the sponsoring agency. The parcmeters
|isted below for the lidars represent available components near the state

of the art. Wavelengths are listed in microns, and energy is measured in

Joules.
TABLE 1
Energy System Filter Width
Aly) Detector
(J) Transmittance (u)
’ -3
.53 .2 .6 10 $-20
1.06 1 .4 IO—3 Avalanche Diode
3.8 I K3 2x1072 InSb
10.6 10 .8 210”2 HgCdTe
19 }
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In each case, the recelver aperture was taken fo be 0.5 m In ¢lareter,
. -5 .
the recelver fleld of view to be IC ~ sr, and the signal processing tang-

width o be 107 Hz.

e. Lidar Performance

Signal-to-noise (S/N) calculatlons have been performed for the lidar
system coscribed above. 1+ was assumed In these calcula*ions that +--
lidars were Immersed in a2 ground fog of *he type descrited in Fig, 1,
taken from the paper by Pinnick et al. ('978). In order tc .. sidur 2
wider range of fog conditions, the ana’ysis was also perfir~cd ‘or five
fogs having the seme size.disfrfbufion but with 1Tauid water contonts
ranging from a factor of two larger than the original distribution ‘o
a factor of 1/8 the original fog.

The differential volume backscattering cross sections, B (m—lsrnl),
and the extinction coefficients, QTV (m™ )" for the basic distributions
are as follows.

TABLE II

(See Figure | for description of distributions A and B)

Wavelength QTV °
' (Dist. A) (Dist. B) (Dist. A) (Dist. B)
.53 .443E-01 .104E+00 .206E~02 .526E-02
1.06 .429E-0) . 108E+00 .200E~02 L499E-02
3.8 .519E-01 . 118E+00 .878E~03 \204E-02
10.60 .237€-01 .695E-0} .219E-04 .497E-04

In order to determine the S/N ratlo, it was necessary to make an assump-
tlon as to the levels of the background radiation. These values were deter-

mined, in the case of those !idars working at wavelengths 4 microns and less,

20
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by scattering the approprliate solar Irradiance lsctrcpically. These values
agree within a factor of 2 of those suggested in Wolfe and Zissis (1078),
It was assumed for the 10.6 micron system that the background level
originated from the fog acting as a black body.

The signal level as a function of range was computed using Eq. (3) and
the system parameters listed in Tabltes 1 and Il for each of the two basic
size distritutions. The system nolse was determined, according to the tyre
detector used in each system, from typlcal manufacturer specifications.

The system noise is somewhat range-dependent, since it depends upon both
the constant intrinsic detector noise and background noise, as well as the
time-varying signal shot noise. The detection process was considered to
be incoherent, and all the results are valid for single pulses ({.e., no
S/N enhancement through averaging).

The results of these calculations are presented in Figs. 10 through 17.

5. Data Evaluation
a. Determination of Optical Properties of Fog

Reference to the curves of signal-to-noise ratio as a functicn of fog
penetration indicates that useful lidar signals can be measured only over
distances of the order of a few hundred meters. [t should alsc be recog-
nized that the fog droplet concentration as well as size distribution
will fluctuate, bofh'wifh time and with position within the fog. Con-
sequently, 1t seems reasonable that effective values of both B and QTV
be derived from the |idar measurements which represent both temporal and
spatial averages of these cross sections.

Equation (3) can be written explicitly In terms of the spatial and

temporal fluctuations in B and QTV as follows.

21
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0

The time average Pr(Rl,t) wlill reduce the term contairing S'(Hl,t) to @
neallaible value under the assumption that the spatial average of the random
variable Q'(R,¢) performed In the exponentlal integral is suitably small.

“quation (4) then takes the form

P CJX P -2 RH —_—
FI'(RN) =~ A —2;—2‘ [B([‘N) e J (,TV(.'T) ar . (S
N
Writing it logarithmically yields
T T . . . N —_ , (; = =7
o ~TM\ =2 4 V ,,_:,\—‘T A
| J
where C = ACU&/Z, and the averages are time averages of the returns, all from
range /i . We will drop the bars in the subsequent discussion. Now, if the

value of WW:(F) can be considered to be a mean over the distance from 0 to
Yo it can be taken out of the integral, making the last term 2 QTT(F“) #»,
where QTV(Hn) is the effective average volume extinction over the path from
0 to H”.

Now, we assume we have returns from a large number of distances ﬂn’ no=
1, 2, ..., ¥. We can then compute the effective averages for 3 and QTV from

the entire set of returns in a least-squares sense in the following manner.

We take the sum of all the returns for all'Rn, n=1,2, ..., N. Thus

]
Y |in PR(Rn) =lnC-21In R +1n B(Hn) -2 QTV(A’”) 1‘*]

nl*
n=1
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t We now ask the question as to what is the best single value for & and <., to

fit all the measurements in a least-squares sense. Thus,

— -
ticil(*‘) -m ¥ 2 ink - Ing+2 0.0 =,

I s n i

_ ' "]

where we want to minimize A. Therefore, take 34A/338 and 3A/3..., and set each

- ¥

to zero, then solve the pair of equations for £ and QTV to yield the best fit.

This is straightforward and yields

IV A.! ’”
7 i + ! 1
‘F ' 1(1n) 2 10 Byt 2 ! " BN
l;L b - =1 =1 ro=1 _ —‘v;‘ L
N 2
N f‘{ N V o -7
E i 2 in ['I( Y - W 2 In z,,,(hn) + 2 Z '1‘}_ Z [ ;f)y - 2 B
TES! H=1 ' n =1 ! 7 n=1 =l ) IO _’
N ) N I
2yl k-2 ] kR T K
n=1 n=1 =1
These two expressions should yield values of In B and QTV which fit the mea-
surements of P, at various ranges Rn’ best in a least-squares sense. Note
that they fit the logarithmic form of the lidar equation best.
Now, one could get 'best-fit' values of B and va over different segments
of the entire path. Thus, the entire path could be broken up into segments
RNI’ RNZ’ RN3’ ..., etc. Over each segment, say RN!, a best fit for QTV and
31
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7.5 could be obtained. The value for JTV could then be used to get the
incident beam strength on the next segment, PNZ’ and a similtar procedure could
be used to compute best-fit values over the next segment. This could be

repeated as required.

b. leterminaticn of Liquid water Content
“iaure 18 demonstrates more clearly the relaticnship of licuid acter

7 of the foa. In this fiaure, the values of Q.. for at!l of

content to @
the modifications of distributlons A and B are plotted fer euch of *he four
wavelengths. tloting that all of the calculations of QTV were for a fixed

LWC of | gm/ma, it is clear that, In order for a determination of Qo to be
Interpreted ac o measure of the LWC of the fog, there must be a unique, or
nearly unique, relotlonship of QTV to LWC.V>Thfs relationship must he Inde~
pendent of the unknown size distribution. This figure shows thet, at ihe

two longer wavelengths, and particularly at the longest wavelength (10.6 um),
the relotionship is indeed rearly unique. Thus, for the present set of cal-
culations, all size distributions employed yielded a value of QTV > .10 m?
for an LWC = 1.0 g/ms. 1¥ the LWC were doubled, the resulting Qpy would also
be doubled. |t is, of course, possible that real fogs may, in fact, have
size distributions so grossly different from the wide range of possibilities
considered here that this apparent relationship would break down. However,
from the broad range of possibiiities considered here, it does appear that

a measure of QTV at 10.6 um will provide 2 reasonable estimate of the LWC

in the fog. These results are consistent with those of Pinnick et al.

(1978b) and with the theoretical study of Chylek (1978).
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6. Conclusions
The results of ithis study can be surmarized by the following - tutcemrente:

a. The penetration of the tider pulse into the fog is limitec to a
few hundred moters due to the cevere attenuation of the pulse by tho foo.
The penefration depth increases with increasing wavelength, s shown in
Ficures 10 thrcugh 17, in which the usefulness of the returned cioanal To
rvasured by its signa|—fo—ﬁcise ratio,

b. Methocs are suggested to cobtain fge everaces ¢f £ anc QTV whiioh
utilize both multiplo-pulse temporal and least-squares sralial averaging
procedures.

¢c. 1t has been shown, conslstent with the literature, that llauia
water content can bte effectively measured from a knowledae of <§;;5 uving
a 10.6 u tidar. Further, these studies indicate that lidar cneroting at

a wavelength of 4 U would also be useful for thls purpose.

7. Recommendations for Future Work

a. 1t is recommended that experimental verification of the techniques
for obtalning QTV’ B, and LWC, as outlined in this report, be undertaken to
determine the practical feasiblll+y of our results. The reguired laser
systems and components assumed in this study are currently available, and
therefore such a program fs now possible.

b. At optical depths exceeding a few tenths, which in most foas is
reached within tens of meters or less, multiple scatter effects may become
important. |+ is recommended that theoretical and experimental studies of

these effects be undertaken. The theoretical treatment of multiple scatter
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of laser beams is quite complex, although some models have been develcped.
Nevertheless, this problem cannot be adequately studied in a short time period
such as was available for the current work, and it is roecaorrenced that 1de juate
tinancing and time be made available for a proper treatment of this problem,

c. The values of QTV and B at the four wavelcngths used in this study
contain some information as to the size distribution of the droplets corrosing
the fog. A complete set of these parameters would represent 8 pieces of infor-
mation, in the absence of errors of any type. The presence of errors (e.g.,
measurement errors, numerical quadrature errors, etc.) will undouttedly reduce
the amount of independent data below the original 8 pieces. Novertheless, it
would appear that at least an estimate of the size distribution could be
obtained through appropriate inversion techniques. |1 is recommended that
this problem be studied to gain an insight as to how well the size distribtuticr

functions may be determined.
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