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ABSTRACT

The SRI International four-wavelength (0.53.'1.06.23.8. IO.EIum)
lidar system was used during the SNOW-ONE-B and Smoke Week XI/SNOW-TWO |
field experiments to validate its capabilities in assessing obscurant
optical and physical properties. The lidar viewed along a horizontal
path terminétéd by a passive reflector. Data examples were analyzed in
terms of time-depeqdent transmission, wavelength dependence of optical’
depth; and range-resolved extinction coerficienﬁs. Three methods were
‘used to derive extinctlion data from the lidar signaturea. These were
the target method, Klett method and experimental data pethod.. The
results of the field and analysis programs are reported in the joubnal
and conference papers that are appended to this repor;, and include:

e "Comparison Study of Lidar Extinction Methods," subﬁlttéd to
Applied Optics

e "Error Analysis of Lidar Solution Techniques for Range-Resolved
Extinction Coefficients Based on Observational Data,”
Smoke/Otscurants Symposium IX ‘

® "Four-Wavelength Lidar Measurements from Smoke Week VI/SNOW-
TWO," Smoke/Obscurants Symposium VIII

® "SNOW-ONE-B Multiple-Wavelength Lidar Measureuents." Snow
Symposium III

e "Lidar Applications ror Obscurant Evaluations," Smoke/0bscurants
. Sympoaiun VII. :

.The report also provides a summary of background,work leading to this
project, and of project results.. ' ‘ : ’ :
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I BACKGROUND

Barlier studies conducted for ARO used single {0.69 um) and dual
'(0.69vand 10.6 um) wavelength lidar systems to observe obscurant
aerosols. Typically, the lidar viewed along a horizontal patn termi-
nated by a passive reflector with a uniform surface. The lidar target
returns were interpreted in terms of transmission of laser ene: Ly as a
function of event time. The transmission data was then corr>lated with
the backscattered signal received from the obscurant aerosols. Experi-
ments with the two-wavelength lidar during field tests DIRT-1 and Smoke’
Week II snhowed that the wavelength dependence of transmission (extine-
tion) and backscatter could be. used to identify the’obscuran; as smoke
or dust, baséd on a strong wavélength dependénce on particle size.
However, relatively large Qata scatter occurred in plots of optical
depth evaluated from the target returns plotted against path-integrated
backscatter. Assuming the data scatter was a result of changing
particle sizes, thevretical considerations indicated that a 3-to-4 um
wavelength lidar may provide higher correlation than a 0.69 or 10.6 um
wavelength system. In addition, a shorter wavelength would be useful to
determine the mean particle size of smoke aerosols.

A four wavelength lidar system was constructed and {nitially tested

at SRI under ARO Contract DAAG-20-80-C~0003. The lidar was designed to
provide information on pﬁopagation at waveléngths commonly used by DoD
1aaeb sys:ems; and to provide for multiple wavelength analysis in terms
of particle characteristics and aerosol densities. Pulses at 0.53,
1.06, 3.8, and i0.6 um can be transmitted along the same path within a
150 usAinterQalvto'overcome space and time separation probléms associ-
ated with the earlier dual wavelength system. Initial tests at SRI
indicated the lidar was feady for oneration during_scheduled‘Army Fleld
tests which could provide the suppleméntary data needed to validate the

lidar_porformanéo and data analysis procedures. This project pro?ided
that opportunity. ‘ n




II SUMMARY OF PROJECT' RESULTS

The results and findings obtained on this project are reported in
the journal and conrerence papers reproduced as Appendixes to this
report. A brief summary is presented below.

The four-wavelength lidar system was transported to Grayling,
.Michigan, to_participate in the SNOW-ONE-B field test conducted during
November and December 1983. Prior to this time, a new digital data
acquisition syatem was insﬁalled within the lidar to improve digitiza-
tion"accuracy and reliability. The lidar operated éd all SNOW-ONE-B
tests without fallure. Because of eye-safety considerations; only the
1.06, 3.8 and 10.6 um wavc.ength energy were transmitted. The lidar van
was positioned alongside transmissometer instrumentation vans operated
by the U. S. Navy (NRL) and the U. S. Army Atmospheric Sclence Labora-
tory. Thé lidar and transmissioﬁeters were aligned to observe parallel
paths extending over a 600'm'range. A passive reflector (target) was
placed aé the far end of the lidar'path to provide for a constant re-
flectivity surface. The primary objective of the SNOW-ONE-B tests were
fo characterize electromagnetic bropagatioﬂ through dense snow. Only
light snowfall occurred during the observational period.

lear target returns were interpreted in terms of transmission, and

results were compared to data provided by the NRL transmissiometers.
Excellent agreement was obtained as shown by the data example presented

" in Appendix D collected’durlng an IR screener smoke test. The lidar
results showed that the smoke attenuation’ (optical depth) was within 20%
‘of beiny equal at the 1.06.‘3.8 and 10.6 um wavelengths. Data,collected
in snowfall showed that optical depth at 10.6 um was 763 greater than at
1.06 um, and 59% greater than at 3.8 um. This enhanced attenuation at
longer whvelengths‘ls probally a resﬁlt of multiple scattering effects
from large scattering particles. Much of the large particle scattering
is in the forward direction and, therefore, more scattered energy is

_ directed back into the initial laser beam at longer uavalengths and
results in less attenustion.

Plots of optical depth (target returns) against inte-“ated back-




scatter (aerosol returns) show more data scatter than was anticipated--
especially at 3.8 um where theory had indicated that a better correla-
tion might be obtained. However, further inspection of the lidar back-
scatier signatures indicated that_the dynamic range of the log ampli-~-
fiers used in the lidar receiver was not sufficiently large to accomme-
date the strong éignals returned from dense aerosols, snow, and the
target. Subsequently the four decade armplifiers were replaced with six-
decade units. The SNOW-B-ONE data was 21so used to conduet a 'hole!
ﬁnd-'patch' énalysis of smoke distributions. These results are further
discussed in Appendices C and D. ‘ ‘

As a secord pnase of the prci.ct, the improved four~w;ve1ength
lidar system participated in the Smoke Week XI/SNOW-TWO field tests
conducted at Grayling, Michigan, during the 1983-84 winter. The lidar
procedures were neai'ly identical to those used during the SNOW-ONE-B
tests with the exception that permission was granted to transmit laser
energy at ali four wavelengths. The lidar operated without failure’on
25 obscﬁrant tests schéduled between 10 and 16 January. Unfortunately,
a guy wire that intersected the lidar/target path was instalied Just
prior to the test series, and reflections from the wire interfered with
aerosbl scattering on some tests. However, the lidar signatures showed
more variability with smoke'&enslty and greater range response resulting
from the eénhanced dynamic range receivars. Plots of optiéai depth
against'path-integrated backscatter had substant;ally leés'daqa scatter,
iqdicating that the lidar response to aerosol denaitylhad been improved.

‘The analysis program concentrated on methods to derive rénge-
re olved extinction coefficients from the lidar signatures. Three
methods were used. 'The target method uses the targetrdérlved trans-~-
‘miss.on and path-in;egrﬁted backscatter to evaluate a single calibratfon
conséant for each lidar observation. The calibration constant can then-
be used with integrated backscatter to evaluzte extinction along the
lidar-to-target path. This method is based on the single-scatter lidar
equation, and providas the best estimates of extinotion along the path
when multiple scattering is not important. The method does prévide some
correction for multiple scattering, as the constant ;s evaluated from

- the actual 1idarrsignacure. It was shown that the solution constant
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varies from observation-to-observation so that a universql.consbant
cannot be usea to evaluate single-ended lidar observations.

The second method (Klett method! ' : a modification of a formal
solution to the single-scatteriﬁg 11dar equation. The solution assumes
a known relationship between backscatter and extinction coefficients and
extinction near the far end of the lidar observation. Deviations (RMS
differences) between the Klett and target method were computed for
varicus solﬁtlon parametérs. The resulting extinction profile for solu-~

‘ tion parameters'that yielded minimum RMS difrerences agree& well with
. the profile derived from the target method. This was expected, as both.

methods are derived from the single-scattering lidar equation. Contour
plots of RMS values as a function of the two solution parameters were
constructed, as were contour plots of transmissioﬁ differences. These
plots show that the Klett method is relatively sensitive to expected
errors in assumed solution parameters.

The third method was the experimental data method which established
an experimenta} relationship between the optical depth and the path-
integrated backscatter evaluvat~d from the lidar signature. Therefore,
this methodlapcoﬁncs for multiple scattering efrects; Comparison of
extinction profiles with those derived from the target method showed
that the experimental data method provided for more attenuation in the
near side of an obscurant cloud and for less atténuation in the far
side, indicating the importance ot multiple scattering. Before any one
method is Juﬂged superior, an experfment shouid be‘condugted'to validate

" the lidér methods for both lowr and high-density'obscurant events.

Finally, the range-rrasolved extinction coetricients evaluated as a
function of obscurant event time were used Lo construct a contour plot
of the time and range variability of smoke distribution along the pro-

. pagation path. Such data arc useful in evaluating obscuraat effects on

electrooptical systems operating within the obacurant cloud.

A more detailed accounting of project results and data examples is
presented in the Appendices. o




III RECOMMENDATIONS

The lidar technique is the beet method available for evaluating
spatial and temporal distributions of obscurant aroperties and obscurant
effects on nilitary laser~based weapon sys;ems. However, unce*tainties

in relating backscatter data ts extinction and density remain.
Multiple-wavelength systems provide additional information to help
analyze lidar signatures in terms of needed obscurant parameters.
However, this approach i{s limited because of different !lidar
characteristics of mulciple laser and detector systems, and because
newer military obscurants do not follow availabie scattering theories.
Nevertheless, the usefulness of lidar for obscurant evaluations has been
demonstrated and further development is warranted.

The following recommendations are offered to further develop the
lidar technigue and enhance ‘its value to military programs.

e Coordinated in situ sensing of aerosol densities along lidar
propagation paths to provide data neesded for valldation and/or
development of lidar signature analysis methods.

e Development of methods to deconvolute lidar perrormance factors
from lidar signatures so that multiple wavelength data can be
analyzed effectively in terms of atmospher‘c optical and
physical proverties. )

® Addition of vertical scanning optics to the four-wavelength
lidar system to investigate obscurant distributions in the
vertical and their dependence on meteorological conditions and
terrain properties.

e Investigation of airborne lidar syetcms for measurement or wide—
area screening sxcke distributions,

¢ Continued participation in the Smoke Week series and reporting
of results at Smoke/Obscurants Symposia to promote
interrelationships between lidar developmeat, obscurant
evaluations and electroopt.cal weapons testing programs.
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COMPARISON STUDY OF LID{R EXTINCTION METHODS

E. E. Uthe and J. M. Livingston
' SRI International
Menlo Park, CA 94025, USA

ABSTRACT

The SRI four-wavelength (0.53, 1.06, 3.8 and 10.6 um) lidar system
was used during the sSamoke Week XI/SNOW-TWO field experiments to observe
range-resolved backscatter and target-raflected laser energy along a
horizontal path intersected by test nbscurant aerosols. v

Target-reflected laser energy provided an excellent measwre of
time-dependent path-integrated extinction (e.g., transmission). These
values allow the range-resolved bdbackscatter to bde analyzed in terms of
range-resolved extinction when single-scattering is assumed. This two-
ended (lidar and target) method provides extinction coefficients dlong

the optical path that are consistent with independent transmissometer

cbservations. Tne values are the most accurate that can be derived from
the lidar technique when multiple scattering is limited.

Extinction profiles evaluated froa the lidar/target method can be
utilized to investigute the limitations and accuracies ‘of algorithms
which are used to derive extinction data from 1lidar backscatter
signatures when no target return {s. available. Single-ended lidar
methods are needed for vertical and slant-path measurements, Two
single-ended techniques were investigated. The first is the well-known
Klett modification of the analytic. solution to the single-scattering
lidar equation. The Klett technique can reproduce the extinction
profile derived from the lidar/target method as expected since both are
derived from the single-scattering lidar equation. However, 'this
requires relatively accurate {information on & boundary value of
extinction and the backscatter-to-extinction reiationship. Contour
piots are presented which show deviation of the Klett extinction profile
from the lidar/target extinction profile as a function of the solution
parameters, .

A second method of deriving extinction profiles from single-ended

'lidar measurements {s based on an observed relationship of optical depth

to path~integrated iidar signal. Such a relationship derived from
lidar/target data {ncludes multiple scattering effects on the extinction
evaluation. The aethod does not reproduce the extinction profile

* derived from the single—ecattering '1idar/target and Klett methods --

indicating the isportance - of luluplc aeatt.ortng on the lidar
backscatter signature. .
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I  LIDAR DATA COLLECTION

The SRI four-wavelength (0.53, 1.06, 3.8 and 10.6 ym) lidar system
was used during the Smoke Week XI/SNOW~TWO field experiments to collect

~data for analysis of obscurant extinction distributions. Basically,’
laser pulses at the four wavelengths were transmitted aloag a horizontal
path terminated at a distance or 600 m from the lidar by a target of

uniform reflective properties.
The laser pulses at each wavelen,th were emitted sequentlally along the

same path within a 60 us interval to reduce effects of time— and space-

varying aerosol concentrations on each rour'-wavelengtn pulse set. Abou'_t:_"
60 pulse sets were transmitted for each minute of operation. 'Both
energy backscattered rron atmospheric aerosols and energy reflected fr‘om
the s.olld target was collected within a telescope and directed t‘._,o
appropriate detectors using dichroic filters.  After lagarithm'l;c
amplification, backscatter signatures were digitized by an 8-bit 100-MHz

transient recorder, and the resulting digital records were stored on

nine-track magnetic tape for subsequent analysis. Obscurant aerosols
were generated upwind of ﬁhe lidar/target path, and lidar observations
were initiated Just Defore the obscurants  intersected the viewing
path. Other details of the lidar system and its abpllcatlon to .the
Smoke Week VI/SNOW-TWO field test have been presented elsewhere (1).

II  DATA ANALYSIS METHODS AND RESULTS

A.  Target Method

Target returns‘obscrvod by a lidar syst".u can be interpreted tn

terms of transmission across the uw-to-urzot ,,-aeh. Pnﬂ.oua r'esults
have shown that lldar der{ ved tramaiutom agree w.tn mdopondenb data
records collected with ocnventional two-ended trannzssonotcrs (2).
Therefore, the row-wav'olong_th].‘.iqar target returns collected d1—=ing an

" obscurant event prov;dc thée time hlatory ot_v; tranamission a: er7h . ..




wavelength, and provide data to ‘evaluate optical depth (u==-1n T)
relationships between wavelengths, as shown by the example presented in

Figure 1.

Fernald et al. (3), among others, have shown that if the ratio of
the extinction coefficient. to the backscatter coefficlent, k=g{(r)/a(r),
remains constant over the range interval Ar being investigated, then the
two—-way trlansmittance, Tz(r). follows directly from differentiation of
the basic lidar equation, and is given by '

T2(R) = 1 - 3}:‘-? P(r)dr | (1)

-0 .

In this equation, P(r) is the signal whose amplitude is proportional to

the power received from a scattering volume at range r, and is corrected

for the geometric rango-squared' effect and transnitied energy
variations. C is a lidar calibration constant.

The constant k/C can be determined by combining the known two-way
transmittance between the laser and the target with the lidar return
signature integrated over the same.range. The value of the constant k/C
may then be substitute& back {nto _(1). ‘and combined with the integrals
of the received bdackscatter signals to 1atermediate ranges to yleld a
horizontal transmission: profile. Since transmission is diréccly
related to oatlcal depth trrouah T2(R) = o N(R), where ' optical
depth u(R) -.] o(r) dr, calculation of a transmission profile implies a
correspondingoextincuon profile. We cau this the “target™ method of -
deriving an extinction profile because it requiros the use of a sargec'
to derive the oonstant k/C value. !"lsure 2 presents an example of an
extinction coortlcionc protuo for a single udar observatica . during an
obaourant test for which the tnnallsslon hiatory is presented in Figure
1.  Pigure 3 proaonta ar contour plot of obscurant extiaetion (km™ ')_ '
'distributions along the oba'orvod path as & function of event time.

If the value of k/C rmtm constant for a sivon t.ypc of obscurant,
this value of k/C can be uaod to derive thlnctlon and transmission
~ valuves from single-ended 11dar observations and, therefore, vertical and

13




slant-path measurements would be possible. Values of k/C have been

calculated for =ach iidar shot for the test with data shown in Figure 1

by using the 1.06_um wavelength target-derived trinamissions. In
addition, linear and test-fit Gaussian means and standard deviations of
k/C have been calcuiated. These results are shown in Figures 4 and &
wherg it can be seen that the two methods of computing 'a mean x/C yield
similar resulta, Figure 4 shows that k/C can undergo both gradual and
rapidly fluctuatiag variability that may be the result of pulse-tb-pulse
changes in lidar system performance (transmitted energy, pul:a shape and
detector response) as well as changes in the optical properties of .the
scattering obscurant. The mean value of k/C was used to recompute the
transmission history shown in Figure 1. Many ndn—physical transmissions
(17 percent of the data record) resulted because equation 1 can easily
result in negative transmi{ssions when improver k/C values are used.’' We
conclude that the target method provides accurate lidar-to-target
cransmissions and consistent extinction coefficient proriles when
multiple scattering is not important, but that k/C must be e&aluaced
independently for each lidar observation. Thererore,.theﬂme:hod does not
appear suitable for slngle—eﬁded vert;cal and slant path observations.

B. Klett Method

The extraction of extinction coefficients from lidar'neasurembnts

- taken in an {nhomogeneous _qtuosphpr;e. such as through a smoke or dust

event, 1is a difficult task in the absence of a uniform reflective
target. Early solutions to the single-scattering lidar equation assumed

a backscatter-to~extinction POl&tldﬂShlp and a known :valuo of oxtinct!.on’

. at a small distance fros the lidar system (4, 5). However, as shown by

Klett (6), these forward integration solutions typically yield numeri-~

‘cally - unstable results unless unrealistic solution parameters are
assumed. This is related to the problem of evaluating equation 1 with
" small uncertainties {n k/C.
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Klett overcame the 3tability problem by assuming a power ‘law
relationship between backscatter and extinction and a known value of.
extinction near the end of the lidar signature, leading to a backward

integration solution. Ip particular, the Klett solution for extinction
is as follows:

exp [(S(R) =S )/k'] :
o(R) = ’ (2)
| o4 2 ?‘” exp {[S(r) - s 1/k'} dr
m k R m

where S(R) = .. F(R)], 'Sm(Rm); g, o(R ), and B = const o', ‘The Klett
solution requires an assumed power law exponent k', and knowledge of the
extinction coefricignt O at a reference range R, near the end of the
lidar backscatter signature. We have applied the Klett solution with
several different values of k' and o, o derive extinction profiles for
three different lidar shots made during the obscurant test for whicn
transaission data are shown in Figure |,

For each lidar signature, extinction profiles derived using the
Klett method can be compared with the extinction profile calculated
using the targec method; 'Eolloﬁing the analysis of Sasano and Nakane
(1), relative root mean square errors, defined as ‘ o

r . 1
n . -—

. 1 o 2,2

‘{3 rf . (o kit ™) ‘rarge;(")] I |
le = L rl , . ~ (3)
D o () '
- I 0. L
. n r"i Target x

where n is the number of range bins along the path, vere conput.ed for a
range of k' and 6n values. These errors are qhoun in Figure 6 as plots
of Se percentage as a Irmcuon of O and k' for laser shot 546 of the
teat data spovn in Figure 1. The Kistt extinoction profile yielding the
skallest ras difference from the extinotion profiie derived from the
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target method ls‘ shown in Figure 7. The a and k' parameter used to
derive this solution are indicated in Figure 6 by the central x. ' The
near—equal extinection pr'oriles of the Klett and target methods are
expected, as both soluticns are based. on the single-scattering lidar
equation. Figure 3 presents comparisons of the target method extinction
profile with Klett method profiles for 10 percent changes in k' and '
factor of 3 changes in On The values of k' and % for the four
solutions shown in Figure 8 are marked on the contour plot of Figure 6
by x's surrounding the central x. The changes in k' lead to rms errors
of about 30 percent: and the changes in c lead to r'ma errors of nearly
60 percent. Figure 9 presents a contour analysis of transmission
evaluated from the Klett extinction prcfile solutions as a function of
the solution parameters. The transmission vélues for the 10% change in
k' and tactoh of 3 change in % also are listed in Figures 7 and 8. A
10 percent uncertainty in k' results in about 3 percent error in
transmission. A factor of 3 uncertainty in.om'results in about 10
percent error in transmission. The transmission evaluated from the
target return was 19.9 percent, as indicated by the central x plotted in ,
Figure 9. ' _ .

Figure 10 presents a contour plot of rms differences between Klett
and target solutions for lidar shot number‘ 542, In this case, the '
transmission evaluated by uSing the target was 25.6 percent. Again, a
10 perconf. -change in k' causes ah rms error of about 60 percent,
Resulting extinction profiles and transmission errors are showvn ir'x'
Figure 11, with differences from target-derivod values about the same as

_for laser shot 546 presented above. .

Figure 12 presents a contour plot of rms differences between Klett
and target solutions for lidar shot number 550.  In this case, the
target derived transmission was 52.3 percent. The 10 percent change in ‘
k' and factor of 3 change {n O give higher rms errors (nearly 40 and 80 ' ?
percent, respec:iively) than for the lower transmission laser firings
presented above. Resulting extinotion profiles and transmission _errorﬁ
are shown in Figure 13. ‘l'r-anaﬁiaaion érrors are about 4 to 6 percent
. for 10 percent chango in k' and are about 17 to 21 fnroont for a ractor
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of 3 change in L From this result. ‘it appears that Klett solutions
for conditions of Thigher transmissions are more sensitive to

uncertainties in k' and O

C. Experimental Data Method

A number of researchers have forund a linear correlation_between
backscatter and - extinction coerrleients' tor typical particle size
distributions and visible or near-infrared radiation. This implies a

‘linear relationship between optical depth and path-integrated range-

corrected lidar signal for low’_-,'density aerosols. Because of
attenuation, the relationship becomes nonllhear for larger values of
optical depth (e.g., higher density ,va_eroso'la). Uthe (8) derived optical
depth-to-integrated iidar signal r'elations‘hips based on transmissions
evaluated from target returns add_corr&ponding lidar back-scatter
signatures ror'smoke and dust events, Using the 1.06 um wavelength

.transmissions shown in Figure 1 and corresponding lidar backscatter

signatures, a plot of optical depth to path-inﬁegrated lidar signal is

shown in Figure 14, Each 'data point is derived from a single lidar

observation during the smoke event. A non-linear least-squares curve-
fitting method (9) was used with the data presented in Figure 14 to
evaluate the best fit a; and a, parameters of the following expression:

: ey o '
u(y) = a,¥ (1 +e ) : €)

whére Y is the‘paih-integrated lidar“signalv and u is the optical depth
evaluated from the target return method. The best-fit relationship (ag,
az) and the upper and lower uncertainty limits as _detj.ned by Bevington
(9) (a; + 6a;, ap - 6ay) and (a; - $a;, a ¢ 6a,) are shown in

"Figure 14,

" For each lidar observation, an extinction profile can be avaluated
by first integrating the lidar signature between the lidar location and

range r; and then spplying the resulting ¥, alues with the u(Y)
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relationship (Equation 4) to determine an optical depth profilée uy.
pifferentiation yields the extinctlion prorllé o(r). An example of this
technique applied to lidar shots 550, 542, and 546 (used for analysis of
the Klett method in Section 2.2) is shown in Figure 15. Solutions of
extinction profiles derived by the target method (Section 2.1) and by
the experimental data method with optical depth-to-integrated lidar
signal expressions defined by (a;, ay), (ay + 6a1, a, - }

Gaé. and (a; - sa,, ay + 6a2) are shown in Figure 15. These results
show the experimental data method provides extinction profiles in
general agreement with the target method for high transmissions but with
greate}' discrepancy for lower transmissions. This ma} be expected since
the target method is based on the single-scattering,h lidar equation,
while the experimental data method includes4 affects of multiple

scattering. Because of multiple scattering; less attenuation correction

;s applied‘at greater depths within the smoke plume than with the single
scattering solution. For this reason, t’ﬁe experimental data method may
be .more appropriéte' for evaluating extinctlon profiles through
relatively dense smoke and dust events.

III CONCLUSIONS

In this paper, extinction profiles have been derived from lidar

data using three different methods. 'The target method requires a lidar-
target return for each observation Ibut prbv'ides ektinctioh pfctiles that
when range integrated give t'rammis,sion data consistent with independent
 transmissometer observations. The Klett niethod, also based on the
single scattering lidar equation, can repboduce the extinction profile
derived from the target method when appropriate solution parameters are
used. Howevei"; expected uncertainties in the .solution parameters cah
result 1in unacceptable errors in the extinction profile. ' .~ The
ekperimontal data method requires a known relationship between optical
depth and 'path-integrated lidar signal. This relationship can be
_derived i'rpn‘ lidar target and aerosol returns or 'ca'_n ‘be gunatod' from
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extinction—to-backscatter ratios. This method did not reproduce the
extinction profiles of the target or Klett methods--probably because
this method includes multiple scattering effects. Before any one method
is judged superior, we believe an experiment 13 needed that is decigned
to valilate lidar analysis meﬁhods. Such an experimént will require in
situ measurement 5f aerosol optical and/or physical densities along the
propagation path of lidar observations.
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Appendix B

"ERROR ANALYSIS OF LIDAR SOLUTION TECHNIQUES FOR .
RANGE-RESOLVED EXTINCTION COEFFICIENTS BASED ON OBSERVATIONAL DATA"

Presented at SMOKE/OBSCURANTS SYMPOSIUM IX.




ERROR ANALYSIS OF LIDAR SOLUTION TECHNIQUES FOR RANGE-RESOLVED EXTINCTION
COEFFICIENTS BASED ON OBSERVATIONAL DATA#

E. E. Uthe and J. M. Livingston
SRI International
Menlo Park, CA 94025, USA

ABSTRACT. -

The SRI four-wavelength (0.53, 1.06, 3.8 and 10.6 um) lidar system 23 used during the Smoke
Week XI/SNOW-TWO field experiments to observe range-resolved backscatiszr and target-reflected laser
snergy along a horizontal path intersected by test obscurant aernscis. o .

Target reflected laser energy provided an excellz«l measure of time-dependent path-integrated
extinction (e.g., transmission). These values allcw the range-resolved backscatter to be analyzed
in terms of range-resolved extinction when =iigle-scattering is assumed. This two-ended (lidazr and
target) method provides extinction scuificients along the optical path that are consiste:t with
independent transmissometer or-sivations. The values are the most accurate .that can be derivad from
the lidar teehnique wher zZultiple scattering is limited. .

Extinctior profuos evaluated from the udar/target method can be utilized to investigate the
limitations and accuracies of algorithms which are used to derive extinction data from lidar
backscatter signatures when no target return {s available., Single-ended lidar methods are needed
for vertical and slant-path measurements. Two single-ended tecrniques were investigated. 'The first
is the well-known Klett wmodification of the analytic solution to . the single-~scattering lidar
- equation. The Klett technique can reproduce the extinction profile derived from the lidar/target
method as expected since doth are derived from the single-scattering lidar-equation. However, this
requires relatively accurate information on a boundary value of oxtinction and the backscatter-to-
extinction relationship. Contour plots showing deviation of the Klett extinction profile from the
lidar/target extinction profile as a function of the solution parameters are presented.

A second method of deriving extinction profiles from single-ended lidar measurements is based
on an observed relationship of optical depth to path-integrated lidar signal. <Iuch a relationship
Zerived from lidar/target data includes sultiple scattering effects on the extinccion evaluation.
The method does not reproducs the sxtinction profile derived from the single-scattering lidar/target

and Klett methods -- inCicating the llporuneo of lulf.xple scattering on the lidar backscatter

signature.
1.  BACKGROUND
Description of the SRI van-sounted four-wavelength (0.53, 1.06, 3.8 and 10.6 m) lidar system
and its operation during the Smoke Week VI/SNOW-TWO field program was presented at the
Sacke/Obscurants Symposium VIII (DeLateur et. 4_'11.'.'_ 1988), Basfocally, ' laser pulses at the four
wavelengths were transaitted along a horizontal path terminatad at a distance of 600 m from the
lidar by a target of unifora reflective properties over the {lluminated area. The laser pulses at
sach wavelength were emitted uquontuny within a 60 ul interval to reduce effects of time- and
' space-varying aerosol oonccntrauona on_sach four-wavelength pulse set. About 60 pulse sets werc
transaitted for each minute of operation. Collected energy backucattered from atmospheric aerosols
und energy reflected froam the solid target was collected within a rolescopo" and directed to
dppropriate detectors using dichroic filters. ) A?tor logsrithaic amplification, backsci:ter
signatures were digitized by sn 8-bit 100-MHz transient recorder and resulting digital records vers
stired on nine-track magnetic tape for subsequent inuynta.

*This work was supported dy the U.S. Army. Ruurch f)fﬂ.co. Geosciences
Division, under Contract DAAG29~-82-K-0191,
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A- .8
2. DATA ANALYSIS HETHODS AND RESULTS

2.1 Target Method

Target returns observed by‘a lidar system can be interpreted {n terms of transmission across
the lidar-to-target path. Previous results have shown that l.dar derived transmisaions agree with
independent data records collected with conventional two-ended transaissometers (Uthe et al.,
1983). Therefore, the four-wavelength lidar target returns ocollected during an obscurant event
pro. .de the time histery of transmission at 2ach wavelength and provide data to evaluate opticai
depth us-1n T relationships between wavelengths, as shown by the example presented in Tigure 1.

L T

- ~—rany ..1...&‘-;«- - .
S % \.’M- "“-‘M ” y ot )
- Ix wl \}'\"\Jv‘“. ‘v
i P
| \4 M 2
z TRIAL 218 !
a : 3RP ZUNI ROCKETS __
s - = 5% level am— 108 um —_1
5 . - 38 um ’ =
! t ] T
2 4 [] 8
TIME — minutes
3'0 ¥ L 204 ¥ L 1 LS L] LB L} T ¥ 1] v T R L) Ll L L
b @ *o t - l -
- 4 o 4F ¢ 4
:" 28 3 =° .‘.I“ b > L =
I o L1 ¢ .. . 4 4L _
z 2.0 !::,_. »- . ]
S 18| N VYos3®22Usge 4+ Uyg =0.28U, g db . Uiog=028U; 08 .
‘- | 6n ' * s L ' .
o« (ﬂo * -l
Q 1.0 b,z 41 Sk et B
5 'é‘t ' 1 Ko . . e
05 bk ; 4 ot |3 N -
g' Usos nlFe Ui08 e Us o8
] . i A " I L i &‘ i & 2 b 1 A‘I“ 1 i i T—
0. 1 2 3 o . 1 2 3 0 1 2 3 4

OPTICAL DEPTH AT INDICATED WAVELENGTH (”. - Uy
FIGURE 1 TRANSMISSION HISTORY AND OPTICAL ODEPTH RELATIONSHiPS
FOR SMOKE GENERATED DURING TRML 218 (3RP ZUNI ROCKETS)

, H
i
f

Fernald et al. (1972), among others, ave shown that if the ratio of the extinction coefficient :
. - to the backscatter coefficient, k=o(r)/8(r), remains constant over the range {interval Ar being

investigated, then the two-way transmittance, T2(r), follows dtrectly from differentiatic1 of the g
basic lidar equation and is given by

rz(n) .1 -—?p(rm () o

h

T T T e




In tiis eauaticn, P(r) is the signal whose amplitude {3 proportional to the power received from a
scactering volume at range r and is corrected for the geometric range-squared effect and transamitted
snergy variations. C is a lidar calidration constant.

e constant &/C can be determined oy combining the known two-way transmittance between the
laser and the tarvet with the lidar return signature uitmnoc over the same range. The value of
ths consta*> ‘.S .8 ..¢n substituted back into (1) and combined with integrals of the received
backscatter slrrals to (ntermediate ranges to yfeld a horizontal transmission profile. Since
transaissis~ 43 Cirectly related to optical depth through T2(R) - 0'2"‘(“). where optical
depth u(R, = I o(r) dr, calculation of a transaission profile implies a corresponding extinction
profile. e :?tn this the "target™ method of deriving an extinction profile because it requires the
use of 1 :arget to derive a constant k/C value. [igure 2 )rout;ts an example of an extinction
coefficliens profile for a gtnzlc lid~r observation during an obscurant test for which a transmission

history is presented in Figure 1.

1t T I T T 7 T T T If the value of k/C resains constant for

0.0 e . 4
I TRIAL2IS _! a given type of odscurant. this value of k/C
0028 — m"’““‘"q can be used to derive extinction. and
002 t_ . J transsission values from single-ended lidar
' }— observations and, therefore, vertical and

slant-path mseasurements would be possible.
Values of k/C have bdeen calculated for each
lidar shot for the test with data showa in

1
L. 14 ol

g ¢
[ -] -
17771

target~derived transaissions. In addition,

VOLUME EXTINCTION COEFFICIENT, ¢ —m"*

i1 1 l S | l S | linear and Ddest-fit Gaussian mesans and

o 20 400 800 standard deviations of Kk/C have Deen

. RANGE — mewrs calculated. These results are showmn in

FIGURE 2. RANGE- RESOLVED YOLUME EXTINCTION Pigures 3 and ¥ where {t can be seen that the
COEFFICIENT (1.08 um) ALONG THE QOPTICAL . .

PATH AT Z + 63 SECONOS OF TRIAL 2.9 two .‘.tmdl of computing a mean k/C yleld

{TARGET METHOO) similar results. Figure 3 shows that k/C can

md‘or:c both gradusl and rapidly fluctusting variadility that msay de the resul: of pulse-to-pulse
changes in lidar system performance (transmitted energy, pulse shape and datector response) 4 well
.88 changes {n the opticsl propertier of the scattering obecurant. The iean value of k/C was used to

recospute the transsission history shown in Pi(ttt 1. Many non-physical transaissions (i‘l percent ‘

of the data record) resulted decause equation ! can essily result in negative transmissions when
improper k/C values are u.o5i. We oonclude that the target methud provides acourate ltcar-to-nrﬁ't.
t‘ruu-lutom and wonsistent sxtinction coefficient profiles when sultiple scattering is not impor-
tant, but that k/C must de evalusted independently for eacn lidsr obssrvation. Therefors, the method
does not sppesr suitsble. for single-ended veriicsl and slant path odservaticas. ‘

2.2 Xlett Method

The extraction of extinction ooeffioients from lidar sessurements taken in an inhomugeneocus
atsosphere, such as through a seoke or dust ~vent, is 8 difficult task {n the absence of a wnifors

__rcﬂoctxvo target. Garly solutions to the single-scattering lidar equation sasumed o Mekoq.ttor-'

Figure ! by using the 1 36 1= wavelength,
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to-extinction relationship and a known value of extinction at & small distance froa the 1idar system
(Viezes st al., 1969; Johnson and Uthe, 1971). However, as-shown by Klett (1981}, these forward
integration solutions typically yield numerically unstable results unless unrealistic ' solution-
perameters are assumed. T™is is similar to the prodlem of evaluating equation 1 with small
uncertainties in k/C. S

~

T 1 L N IR L
10 | - ! '

K/C = 4.67x10-10

Opc = 14ax10-10
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FIGUAE &, OISTRIBUTION OF K/C VALUES FOR
" SOKE TRIAL 218,

Klett overcame the stadility prodles dy assuming & power law nuuuﬁnlp -Dﬂ'mn dackscatter
and extinotion and a inown value of extination near the end of the lidar ,ounaurb. leading toc »
beckward integration solution. In perticular, the Klett solution for extinotion is as follows: ’
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oxp [(S(R) - s-)/k'] )
- ] (2

o(R) =

-1 .2 ?- .
St ! oxp {{s(r). S-]/k'} dr

*

where S(R) = 1n(P(R)], S, = S(R,), o - o(k-). and B8 = const ok . The Klett solution reqQuires an
assumed power law exponent k', and knowledge of the extinction coefficient a'. at the reference range
R, ¥e have appu.a'nn Klett solution with several different values of k' and L to derive
extinction profiles for three different lidar shots made during the obscurant test for which

t.rtn.lulon data is shown in Figure 1.

for each lidar signature, extinction profiles derived using the Klett method 2an be compared
with the extinction profile calculated using the urgot. ur.hoq. Following the analysis of Sasano
and Xakane (1384), relative root mean square errors, defined as

r 1
1 2,2
5 L (9 R1eet(™) = rarget (™Y’
so = L (3)
1 (€D ' i
n rer, Srarget i |

where n is the nuaber of range bins along the path, were computed for a ange of k' and L values.
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These errors are shown in Figure 5 as plots of Se percentage as & function of o, and k* for laser
The Klett extinction profile ylelding the smallest ras

shot 586 of the test data shown in Figure 1.

difference from the extinction profile derived from the target method is showm in Figure 6.

The

near-equal oxﬂnction profiles of the Klett and target msethods are expected as both solutions are

0.0¢ T T
..‘ Tr:_v T T v * | __:
| E ~ = = Target Solution . ShotSes
® gy D — Kt Soution 1
o , |
A il B
Q — -
£ ooz — K-088 - 4\ /' —
8 - Tcren * 198% !‘ ‘n j
o — Tegmeigem :“ i Z
§ oo — . —
- — -
g = _—J -
- - ) . -
s 0 e -

0 00

RANGE — moters

FIGURE 6§ TARGET METHOO AND SEST-FIT KLETT METHOO

EXTINCTION COEFFICIENT PROFILES
(LASER SHOT 546)

uncertainty in transaission. A factor of 3
uncertainty in o, results in about 10 percent
uncertainty of transaission. The trans-
atssion evalusted from the target return was
19.9 percent. '

Figure 8 presents a coatour plot of ras
dtrfchu between Klett and  target solu-
tions for 1lidar shot number 542. ' In this
_case, the transaission evaluated by using the
target wes 25.6 percent. Again, a 10. percent
ohange in k' causes an rms error of about 60
percent. Resulting extinetion profiles and
transeission uncertainties are showm In

Figure 9 and differences from target-derived

values are about the same a9 for laser shot
546 preeented abdove. '

rigure 1o‘p'nunn 8 oontour plot of res

differences between Klett and  target
" solutions for 1ider shot nusder. 550. -In this
case, the target derived transaission was
52.3 percent.
and factor of. 3 changs n e, give higher rme
errors (nearly 0 - amd 80 percent
respectively) than for the lower transeission

The 10 percent ochange in k'

42

EXTINCTION COEFFICIENT, » —m™?

based on the single-scattering lidar equa-
tion.
wiot method extinction profile with Klett
method profiles for 10 percent changes {n k'
and factor of 3 changes (n L The values of
k' and L for the four solutizns shown {(n
_Flgure 7 are marked on the contour plot of
Figure 5 by x's.' The changes in k' lead to
rms errors of about 30 percent and the
changes in o lead to m errors of nearly 60
percent. The resulting transamission errors
are shown in Figure T. A 10 percent uncer-

tainty in k' pesults in about 3 percent

Pigure 7 presents comparisons of the

0.0¢ E' 1 T 1 { ‘ 3 E T . v —_—
C Tem ' Shot 546 =
X I 3

003 | Curve1: 088 173%
L Cuwe2: 108 2%
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FIGURE 7. EXTINCTION COBFRICIENT mLmss rFOR
INCREMENTED VALUES OF K AND o'
(LASER SHOT 148).
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FIGURE 8 CONTOUR PLOT OF KLETT METHOD Rus ERRORS AS A FUNCTION Of THE
SOLUTION PARAMETERS K° AND o, (LASER SMOT $42)

laser firings presented above. Resulting extinction profiles and t.r_m-iuton uncertatnties are
shown in Figure 11. Transaission differences are adbout ¥ to 6 percent for 10 percent or'nnu in k'
and are sdout 1T to 21 percent for a factor of 3 change in 0" From this result, it appears that
Klett solutions for conditions of higher transmissions are more sensitive to unoertaliities in k*
and 0y ‘ :
2.3 .Experimental Data Method . : .

A W of - researchers have found a linear correlation between backscstter and extinction

coefficients for t.yplqai particle sise dlurlbu_uonl and visible or nesr-infrared radiation. ™his

1splies & linesr relationship between opticsl depth and path-integrated range-corrected lidar signal
for low density aerceols. Uthe (1981) derived optical depth-to~integrated lidar signal
relstionships based on trensmissions evaluated from target returns and corresponding 1idar
backscatter signatures for smoke and dust events. Using the 1.06 um wavelength transaissions shown
in. Figure ' and oorresponding lidar beokscatter signatures, s plot -of optical depth to pit.h
integrated lidar signal is showm in Figure 12. Each data point ia derived from a single lidar
observation. A nom-linesr least-squares ourve-fitting method (Bevington, 1969) was used with the

1
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- data presented in Figure 12 to evaluate the best fit 2y and a, parameters of the following
expression: '
-IZY
u(y) = ay (1 + 0 ) (8)

where ¥ is the path-integrated lidar signal and u i{s the optical depth evaluated from the target
return sethod. The best-fit relationship (l,.. :2) and the upper and lower uncertainty limits as
defined by Bsvington (a, + da,, 8, - 6!2') and (ay - Sa,, ay ¢ uz) are shown in Figure 2.

For o'ach lidar observation, an extinction profile can bde evalusted by first integrating the
lidar signature between the lidar location and range r; and then applying the r,tulting !1 values
witn the u(¥) relationship (Equation 4) to determine an optical depth profile u;. Differentiation
yields the extinction profile ao(r). An

o L o ," T Tﬁ o I L Yl example of this technique applied to lidar
0.08 #——M': o;n 22.—1'1 SHOT 542 —j shots 550, 582, and 586 (used for analysis of
003 ™ ouve2: 108 20.1% | Tgrsoiution =  the Klett method in Section 2.2) is shown in
-'E OMVE%MM’ — Kiett sohstions —3 Figure 13. Solutfons of extinction profiles
| os ‘_-'5"0“""' :3 derived by the target metnod (Section 2.1)
o 0018 — and by the experimental data methad with op~
E oo tical  depth-to-integrated  lidar  signal
§ 0.008 E 3 expressions defined by (a,, ay), (ay + &a,,
§ . a; - &), and (ay - 8a,, 8y * 6a;) are shown
5 ° E Lo j in Pigure 13. These results show the experi-
= . e mental data method provides extinction pro-
?—. 0.0¢ UL I I R I B | ] 1T ] files ‘m general agreement with the target
< oow — pHtom — wethod for nigh tramsatssions but with
2 og [FOned: 150w —=- Twgmsohtion —|  §reatsr disorepsncy for lower transais-
§'°_m CCurve2: 1472104 me! -~ Kisttsolvtios __|  sions. This may de expectad since the target
0.02 CK-0m _T] wetnod is besed on the single-scattering
6.013 :__ s 1idar equation while the cxwrlnn?al data
™ Curve 1: : ' ‘ - method includes effects of multiple scat-

o0 — N o
e Curve 2: 41.9% ‘ A tering. For this reason, the experimental
0.008 — —{  data method may' be more &ppropriate for
° ‘_— . evaluating extinetion  profiles through

B l S B J 1 S relatively dense smoke Or dust events.
! [} 200 . . 400 00 Y
— RANGE—M' :

FIGURE 9 EXTINCTION COEFFICIENT PROFILES FOR
. INCREMENTED VALUES OF K’ ANO o,
(LASER SHOT 842).
3. CONCLUSIONS

In this' paper, extinotion profiles have been derived from lidar deta using three different
methods. The target method requires a lidar target return for each observation but provides
oxt_lncuon profiles that when range integrated uvp transaission dats consistent with independent
transaissoseter obgervations. The Klett method, also based on the single scatltaring lidar equation,
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can reproduce the extinction profile derived from ﬁhc ta‘rgot‘ method when appropriate solution

parameters are used. However, expected uncertainties in the solution parametsrs can result in -

'uneecpubu errors in t.hc extinction prqfuc. . The oxpc'rlnontu- data method requires a krioun

relationship between optical depth derived from lidar target returns and path-intsgrated lidar

signal derived from aerosol scattering. Extinction-to-backscatter ratios can provide estimates of
the needed relationships. This method did not reproduce the extinction profiles of the target or
Klett methods--probably beceuse this method includes pulttpic scattering effects. Before any one
method is judged superior, ws believe an experiment is needed that 1s designed to validste lidar
analysis methods. Such an experiment will require in situ seasurement of aerosol optical and/or
physical densities along the propsgation path of lidar observations.
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UNCLASSIFIED Adefphi, MD - 17-19 Apnil 19.

FOUR-WAVELENGTH LIDAR MEASUREMENTS
FROM SMOKE WEZK VI/SNOW-TWO

8.4, Delateur, N.3. Nielsen,
E.E. Uthe and J.M. Livingston
SR1 Internstional
Menlo Park, CA 94025
ABSTRACT (V) .
" (U) SRI International's four-wavelength lidar system was used to mske backscatter and trans-
sission cbservatiors at laser wavelengths of 0.53, 1.06, 3.8, and 10.6 um during the ﬁuh Week VI/
SHOW~-TWO field pogram. Laser pulses ware trapsmitted along a horizontsl path tersminaced at s distance
of 600 @ from the lidar by a target vith uniform reflective properties over the illuminated area.
Target recurns are interpreted in terms of tine-dependent laser energy transaission over the path, and
provide the means to interpret lidar backscatter signstuzes in clcni of range-dependent extinction
coefficients. Although the data analysis program 1; in 1its esrly cm’, .m exsmple of the technique is
presented. Some rasults obtained from the SNOW-ONE-B tests are also included.
1. (U) INTRODUCTION
(U) The Smoke Week VI/SNOW-TWO program was conducted by the U.S. Army Smoke/Obscurants PM and
CRREL during the 1983-84 winter at Guyligg. Michigan. Various optical semsors were us¢<d to make propa~
gation messurements throvgh both natural nnd san-msde obscuraats. umi funding from the U.S. Army
Research 0ffice, SRI Internstional participated by meking lider messurements simulcanecusly at vave-
lengths of 0.53, 1.06, 3.8, and 10.6 um. '

: (U) The objectives of this program were to
e Evaluate transmissions for natural and generated obscurants at DoD laser vavelengths

.o  Bvaluate sultiple-scattering effects with sulti-vavelength lidsr observations

o Interpret multi-vavelength backscatter signstures in terms of aerosol optical and
physical 'dlmitiu. ud'p-tttélo'cw.’ct-ucticl. uong the propagation pachs

o. Darive statistical models d«‘cuuu the lpncu{. and temporal variability of obscurantcs
along propagation paths. . ‘ ‘

2. (U) MULTIMAVELENGTA LIDAR SYSTEX

(U) The sultivavelength lidar system is installed viéhin 2 S-weter lng_ van to facilitate opera-
tions at remote sites (Figure l). ' Laser pulsss are transmitted -cishir vartically or houmml'y at
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'UNCLASSIFIED .

@ WITERNAL VIBW SHOWINS LASER/OPTION TASLE AND SATA AECORDING SYSTERS

FIGURE 1 FOUR-WAVELENGTH LIDAR SYSTEM
IN 6-METER-LONG VAN

vavelengths of 0.53, ;.oé. 3.8 and 10.6 ym by using
. M4:YAG, DF, and 902 lu‘orn. The transaitter optics

direct the laser pulses to a common path éoaxhl

with a 12-in lhvtonim telescope, as shown in

Pigure 2. A series of laser pulses at each of the
four vmh'ng:ba' are t.unnittod sequentially with-
in a 60 us intervcl. Th'outor., ctjtocts of time-
and ‘ouce-nrymg sarosol distributions on the

msulti-vavelength lidar muasurements are minimized.

UNCLASSIFIED A

(U) Collected energy backscattered from atmo-
spheric targets, and energy reflected from solid
targets, is collected within :h; telescope and di-
rected to appropriate detectors using dichroic
filters. Detector outputs are logarithmically am-
plified and digitized by 8-bit 100-MH= and 12-bit
10-MHz transient r‘cordcr.l. Transient recorder out-
puts are displayed on an oscilloscope, and are
vritten on magnetic tape under control of an LSI-11

microcomputer system.

(V) The four-waﬁlngth system was first used
dt;ring the SNOW-ONE-B tests conducted at Grayling,
Michigan, during November and December 1983. Data
collected showed that greater receiver dynamic range

and shorter recovery time from large amplitude

FIGURE2 BLOCK DIAGRAM OF THE SRi FOUR-WAVELENGTH LIDAR T
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signals vnn- needed to evaluate denss obscurant distributions along the propagation path. A significant
pn"t of our brogn- wvas directed to improvement of the, lidar receivers for application to the Smoke Week
. VI/SNOW-TWO expiriments. New extended-range logarithmic samplifiers were i *~ailed on the 0.5) .a and
B 1>.0'6 um wvavelength chlnn.]_.s. The nev amplifisrs extended the dynamic range f::o» four to six ovders of
magnitude (i.e., from 40 to 60 dB). Because the detector for the 3.8 and 10.6 um uvclmlgth ¢hannels
was the limiting component, a time-gate circuit was added to the detector pre—amplifier so that dense
aerosol returns near the lidar could be electrically attenuated, while returns at grester distences

could bo fully amplifie’. ‘

(U) 1In addition to the ress'.ver modifications, the computer-controlled data digitization and coe-
ponents in the computer system vere updated. New 8-bir 100-MHz and 12-bit 10~MHz transfent recorders
vere installed wichin a CAMAC chassis along with the LSI-1l computer. Softvare was siored on 5~1/4 ianch
floppy disk units which vere also installed within the CAMAC chusﬁ. Mfotc, the syster vas ;nb-
stantially reduced in size vhile inctuug' capabilities and improving rejection of RFI noise from laser
firings. The Smoke Week VI/SNOW-TWO program vas thc‘ first test 'of these new lidar mndificacions.

3. @) 'DATA COLLECTION PROGRAM

(U)' The !cMmch lidar van vas transportad to Grayling, Michigsn, snd positicned alongside
transaissometer systems operated by the U.S. Ammy Auocphgrtc Science Laboratory (ASL) and the U.S.
‘Mavy (NRL).. A solid lidar target vas installed about 600 = distant from the lidar, and near the path=
termination hardware for the zransmissometer sansors. Th.gotorn. the Mrdnot path was nearly »

parsllel and sepsrated by only a few maters from the transmissometer pathe.

(U) Lidar observational periods were tutricn;i in duration becauss of lasar eya-saf.:y considera~
tiou‘. Operations were conductad only at times vhen approval vas grﬁtd by che field 'cootdmtor.
" Bacause, of these. rdtuegim. only limited 1idnr calibration data ware obtained. The lidar normally
mrliud' about uv._ unum before the snft of .each c‘mm: test until five-to-:en d.m:u. after the
o test start., Unukn lidar operations on the SROB-O!!‘ . tests, laser transmissicns at all four v;vdcng:hs

vers alloved. The lidar operational times nndlobtcuznu observed are givem iu Takle 'f. i

UNCLASSIF!ED
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TABLE I.  (U) LIDAR OPERATIONS
Smoke Week VI/SNOW-TWO

TRIAL DATE - ™DE ‘TAPE MATERIAL TYPE
101 1/10/84  10:42-10:50 6 Diesel Fuel Generator
102 1/11/8 ~ 11:07-11:16 10 Pog 011 Generator
202  1/11/8% . 11:42-11:55 10 fog 01l Generator
114  1/11/%  13:58-14:06 . 11  RP frow L8A3
216 1/11/8  14:38-14:46 11 RP from L8A3
203 1/712/84 3:58-9:12 12 IX2 Gensrator
118 1/12/84  11:35-11:4S 12 2P Zuni Rocker
" 210 1/12/86  12:00~12:26 13 PWP Zuni Rocket
218 1/12/8  lé:58-15:11 13 (3) RP Zunt Rockets
107 1/12/86 - 15:43~15:56 s Foreign HC Pots
105 1/12/86  16:56~17:02 15 Experimental "C" Generator
122 1/13/%4 8:58-19:16 15 Fog 01l Generator in Snow
. 222 1/13/84 9:28~9:36 16 Fog 011 GCenerator in Saow
104 1/13/8  13:03-13:11 17 IR2 + Fog 01l Gemerator
204 1/13/8%  13:21-13:.0 17 IRZ + Pog 041 Cenmerator
16 1/13/86  14:24-14:31 . 18 Sisulated 1SSem EE
10 1/13/84  15:03-15:22 18 (3) PP Zuni Rockets
418 1/13/84  18:53-16:06 .19 (3) &P Zuat Rockets
11 1/13/86  16:49-17:02 19 WP LUST
As - 1/14/84 $:04=9:10 20 Staulated 155w HE
213 1/1/8 9:52-10:01 20 m2 076
123 1/16/84 © ' 8139-9:14 21 Experiaental "C* Gemerator
128 1/16/8 12:30-12:47 22 Foreigm Pots
302 1/16/86  13:45-13:8 23 Yog 011 Cenaracor
s 1/16/84:  16:30-16:42 23 Sisulated 155mm HE

4. (U) DATA RECORDS

(U)' A four-vaveleagth Wtur uqxcu record u showa in Figure }. The transieat neordcr u »
iatctiaced jue prior to the first laser ﬂm. and u.uuu coutiouously st 10 as (1.%) htmd.o

for about 60 us. The time period between the 0.53 ant 1.06 va mlqch data is deteruined dy the .
unnt:.u tims bocn- two laser pulses derived lm tho same tlul lamp emcitation of the M:YAG laser.
A telatively lomg period vas used betveea the 3.0 um ul 10.6 u- uur firings as the sams detector s
used, and qlo time {s needed for «uc:cr -u,uuuuo. after obeerviang the uno amplitude 1.8 um _
target recurn. Figure 3 showe chat the 1.3 a (100-is) resoluciom of the $~dit digitiser provides valid

target amplitude signals at all muqﬂu. The 15~m resolucion (1o-nn) of the 12-bit digitizer did .
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FIGURE 3 DIGITAL BACKICATTER NGNATURE RECORDED USING THE FOUR-WAVELENGTH LIDAR

29t provide suitshle target smplitude dacs at 0.33 um ead 1.06 um. Accordingly, the 8-dic 100~Mis daca

recordings are being weed om the dacts amslysis pnu—.

(U) The four-weveleagth beckscatter sigmature stored vithis the trsasiemt recorder samory (Figure
J) can be used to gonerace individual wavelemgth bognatnt signaturss o the dupuy mtuoocm (see
Tigere 2). [Figure & presents cecilloecope displays for clesr air comditices os 13 .uury.' The m:m
sigaal rise {s & result of the m of the tt.-t:cd peloe vith the receiver field of vuv.
The clesr-atr reage=redelved sigaal falls off se Laverse w The target ‘raturn is 600 & from
the lidar pesition. The returs st .Nu J00 » results frem s guy nn ud te suppert the metecrological
tower. The m vire wae isstalled um xu‘r-mm poeitioniag, end just before the Smoke Veek VI
serise of :uu. Wire and target returams pmua isforustiocs o- pulss shape at each luor ml-.tb.
The shertest laser pulse durscions Lo e 0.33 um followed by the 1.06, 10._6 aad 3.8 un mdmtll pulses.
(V) Becawse the clesr-eir acatteriag decresses vith iseressisg weveleagth vhile the target recurns

Tensia relatively comstsnt with vevelength, the target-te-ciest oty ratie lscreases with vavelength s

shown oa the 0.5] amd 1.06 um vevelongth signatures. Clasry air esettering ot ).8 and 10.6 um is observed

only at shert reages. Therefere., obaerveties of clesr air sesttoving sed target retusns requires o

UNCLASSIFIED = |
55




" UNCLASSIFIED

CLEAR AIR ' 13 JANUARY 198&
8 n17 - 100 Wiz

8.9 va/piv
7.7 oa/oIv

5.1 oa/oiv
§.5 pa/D1v

100 w01V 3.8un 100 woiv 10.6 pm

FIGURE 4 LIDAR BACKICATTER SIGNATURES AT 0.53, 3.8 and 10.8 som FOHCI.!IAR AL
CONDITIONS o .

grester receiver dysemic reaye at leager vavelengthe. As discussed ia Seetios 2, the dynmmic range of
the 0.53 end 1.06 ym wevelongth receivers was iscressed by sdding arended dysamic rasge (60d8) loge~
rithmic amplifiers. A premmplifier gating circuit wae tastalled to improve the dymamic range of the
3.8 end 10.6 va vavalength receivers. The extended dynsmic ramge @urzm ac 0.33 .n 1.06 um per=
foraed ss @y cted. Eswever, the gatiag circuit for 3.8 sad 10.6 um vas designed for use vith a spe-
cifie datector. This decector fotled during the f1al4 progrem, sad ves replaced. Vhen used vith the
replaced “toém. ‘the goting intreduced a transiest motss that hc«fonl with the tacget retura.
Thevefore, the gating wee mot weed ou the Swoke Uesk VI/SHOW-TWO cests. Rather, optical filters wers
used on the 3.8 and 10.6 1m weavelength syetems to preveat tsrget asd demse servecl ueuutm,ol [ L
ceiver electronics. As & cMo. low=1g¢vel clear-eir mttmg noraally was sot obeerved.
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(U) Pigure 5 presents individual wavelength backscatter siguatures vecorded during a light
soowfall. A 3dB optical filter was added to the 0.53 ;@ and 1.06 m wavelength recsivers to prevent
receiver saturation by the hrny amplitude rcn_iru from the snow nasar the lidar van. Range-resolved

soow returns are obsarved almost to the target vith the 3.8 im and 10.6 um lidar wavelengths.

LIGHT SNOWFALL 16 JANUARY 1984
8 a1v - 100 Mz

(3 po FILTER)
7.7 oa/mav (3 DIVFILTGI)

8.9 pa/p1v

4.5 pa/otv

g.l 0a/Div

100 worv 3.8 m N 10wory - 10.6m

© FIGURES LIDAR SACKICATTER SIGNATURES AT 0.63, 1.08, uum— FOR L!GNT SNOWRALL
CONOITIONS )

. (U) Tigure 6 preseats oscilloscope-photographed lidar beckacstter sigmatures tﬁu were recorded
‘vesr the end of Trial 310 (249 =in). The swoke event wes gemersted by three vhite phosphorous rockets.
The lider returss from the relatively t'q;mn smoke are of greater amplitude than lh; target fotun.
Alse, the patchy emeks structure resyits iam O.SJ u- -nuqth smslie returns thet are searly uuuux
ia shape to the tsrget nc-no. As m luor nlu auun iacresses (as for the lm-r mlmcho).
the .h patches are opatislly sversged, sod the resuliting smeks Teturns ars sssily identifiadle from
target returse. (In sdditien, 1t cam be moted that the guy vire recerss ia Figure ¢ are sore’ difficult
‘te separste from the smeke returus for the louger pulse systems.) - |
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3 WP ROCKETS TRIAL 310 13 JANUARY 1984 ‘2 + 9 mINUTES
8 317 - 100 Mz

8.9 oa/DIv
7.7 oa/pIv

100 woiv 532 un

4.5 pa/piv

5.1 oa/otv

100 woiv " 3.8un _ 120 worv . 10.6 yn

FIGURE ¢ LIOM SACKSCATTER SIGNATURES AT 0.3, 1“. 3.8 and 10.8 ym FOR WHITE FHMOROUS
SMOKE AT 2 + 0 MINUTES OF TRIAL 310
"~ (U) . The four-wavelength backscatter signatures stored om aagnetic tape can be processed as in-
tensity widulated displays which {llustrate the time and space variadility of smoke and target lidar
returas occurring during a swoke z:ux Tigure 7 preseats such (4:»1., for data collected during -

"Trial 218 om 12 January i”‘. The smoke event wes gensrated by three red phosphorous Zuni rocket:. }

Figure 7 indicates that the ssoke completely obscured the target at all four lidsr—vaveleigtis. iovaver,
the urgoty wvas again observed vithin & half-ainute st the 1.06 1, 3.8 um, and 10.6 us vavelengthe:

The umt ves obscured for about 2 minuces st 0.53-us. Detailed structure of ‘the smoke disiersion is
obsarved at 0.53 and 1.06 um but not it 3. 8 and 10.6\-»«.-.“ longer pulse lengths and lover de-

tector bendwidthe of tlv ur infrared systems.

(U) Pigure § presents ss intensity modulated display for Trial 128 conducted on 16 January 1984.
Sucke from foreigm pots ves very effective ia oueuttnt the ufn'e at 0.33 and 1.06 um, but Anot at
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TRIAL 2% 3RP ZUN! ROCKETS 12 JANUARY 1884 8 BIT/100 MMz

€ ' 10.6 um
§ - vesone ,mwﬁw:novw “‘-_?‘:.. :-- ..-
: -

| ‘ - m

o s o Mw’mpnr“ ;~ A -y o

|ooom|‘|oooml

LN

L et .

- TIME —=

VFIGURE 7 RANGE/TIME INTENSITY MODULATED DISPLAY GENERATED FROM FOUR-WAVELENGTH
LIDAR BACKSCATTER SIGNATURES COLLECTED DURING TRIAL 218

3.8 ym and 10.6 un. Becsues of the large sttemuatios st 0.33 m and 1.06 ym, structure of the internal
plums 1is not observed.. For this case, plume structurs is best detemmined from the longer wavelength '

systems even though they are limited in spatisl resolutiom.
4, (U) EXPERIMENTAL RRSULTS

(U) The asalysis ptc;r- vse in its early stages at the time this paper vas writcen. Thgnton.
oaly preliminary dats will be presemted h.‘l.. and final results vill be published lhﬂhon. Also some
results obtsined from the SHON-ONE~B mcr-. are used to illustrate saalysis methods not yet applied to
the Smoke Week VI/SNOW-TWO dats base. o
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(U) The first task of the analysis program was to evaluste the response of the lider receiver

UNCLASSIFIED B

from calibration data collected during the Smoke Wesk VI/SNOW~TWO period. Receiver calibration con-

sisted 'of inserting optical fiiters of known attenustion in front of the detector, and of making lider

observations. The Jecrease in tsrget returne introduced by the optical filter providu 2 measurement of
the :upoﬁu of the lidar receiver in terms of the number of dlgiuzlcr counts per dB of attenuation. In
practice, three filters of different attenustion ware used to evaluate linearity snd response over the
dynamic range of the receiver. The response factors then are used to correct backsnttcx" sinatures in
iu-. of uhdu light input into the lidar receiver. Pulse-to-pulse transmit energy variations vere

" recorded and thase data were used to normalize the backscatter signatures to a constant transait level. *

THAL 18 FOREIGN POTS 16 JANUARY 1008 ) ¢ $IT/100 Mz

z2+s 2+10
. TIME— - -

" FIGURES' NANGE/TIME INTENSITY MOOULATED DISPLAY GENZRATED FROM FOUR-WAVELENGTH
LIDAR SACKSCATTER SIGNATURES COLLECTED DURING TRIAL 128 '

'

-

(0) Lidar date collected during the SHOW-ONE-B teste showed that the target returns zould be in-
terpreted in terms of transmission that agreed well with :na-tutonlo measured by Mnndd trans-
uissonster syetems (Utha ot al., l”l). For exampla, !lgﬁn 9 presents 1idar and AL tranemisscueter

records obtained at s wavelength of 1.06 um during an IR screener smoke ivunt conducted on 8 December

UNCLASSIFIED
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1982, Excellent agreement is obtained, although the two observationsal paths ware separated by about 3am
in the horizontal. Therefore, the lidar/target transmission valuas are considered valid, and can be
used to vslidate various msthods for interpreting aerosol backscatter signatures in terms of optical

density.

() Pisuu‘ 10 presents an -example of four-vavelength lidar-evalusted transmissions for the
Smoke Week VI Trial 218 (see Figure 7). The smoke event vas nu:iud by three red-phosphorous tockc:la.
The pre-event mgic returns are used to normalize the transmissios evaluations to 1002. Fluctuations:
in the 0.33 um vavelength say be the result of diuusc ervors for large quwdc (target) signals.
Bowever, the tluctu.aum are not a prodblem st lower cransmission values (e.g., small target returns).
Figure 10 shows that the attenuation at 0.53 ym is over two times grestar than at 1.06 um. Attenuacion
ac 1.8 um snd 10.6 um is only about one-four of that at 1.06 um. The relatively little data-point
scatter in the optical denth plots indicates that space ‘und time variations of the abscurant cloud did
Dot effect the sequentisl multiple-wavelength laser tranemissions. Also, the vavelengch dependence re-
mained relatively comstant durtn.lth- tast, indicating that particle sizes, shapes, and compositions also
remsin relatively constant. Lower attenuation than axpected at 1.06 um !or.htgc opticsl depths can be
explained by mluplé-:uucﬁn;. as discussed later in this paper.

(U) Analysis of lidar backscatter signaturas

in terms of aerosol op:iu‘l density along the
propagation path normslly begins by assuming the
voluse extinction coefficient ¢ is relstad to the

volume backscatter coefficient 8 by the expression

g = k4. Then, the t_n«-cmoctql single~

TRMADMDI0N ~-- parcent
8

scactering lidar equstion P(R) = CS(R) axp . '_ - .: ‘

(-2 f 7(R)4R). can be analycically solved for a(R) F == ) i

- J . \
uhukn;lnboudlryvuuoofau;molonu . -2 : + . . s

(-]

TME =oe e

imova (Klect, 1981; Viezeo ot al., 1969). However,

. . FIGURE D COMPARISON OF TRANSMISSION HISTORIES
the single scattering sssmumption is not valid for MEASURED SY THE 1.06 um SRI LIDAR AND THE

] TRANSMISSOMETER F REENER SMOKE
large optical depths; and, therefors, this tech- x:mm."am.:,:: R SCREE

aique may h of lictle use for iu].uutu dense
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FIGURE 10 TRANSMISSION HISTORY AND OPTICAL DEPTH RELATIONSHIPS FOR SMOKE GENERATED
DURING TRIAL 21l (3 RP ZUNI ROCKETS) '

obscurants. The 0 = ki relsationship can be investigated by relating target-evaluated optical depth
'U = ~1aT =/odR to path-integrated lidar signal fPdR. For small o; k ® g/8 can be evaluated from a
calidbrated lidu.‘ The relationship of bpttc_;l divth—to—inugntd 1idar return includes effects of ac-
tesustion and multiple scattering, and therefore, mey be Ju!n.l ‘for interpreting single~ended l,.idu-
o o&um:tm in terms of :rmm‘ot laser energy through d-ug obscurane eveats. ‘However, preévious
results (Uthe, 1981) have shown relatively large dats point scattar between U and JPdR. This may be
s tesult of experimental errors sssociated with lidar receivers of limited dynamic range and b-ndvideh.
and vas a major reason for axtending the dynamic range and rupmc of the tour-nvcla;th lidar
'n;otm. (see Section 2).

- _Figure 11 presents 1.66 um wavelength optical depths plotted uii.ut’: 1.08 um path-incegrated -
aidsr signals for d‘au colliciid during rrm 218. Although the guy vire iatroduces sdditionsal uncar-
tainey m.':ho integrated backscatter values, elyo data poine scatter {s less than that observed in
previous studies. This tndiuui that improving the dyu-icbnnu and response of the lidar receiver

- UNCLASSIFIED
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has uprond the relacionship of the lidar signal to [ S A SN R S SN BUNLES B

L 3
optical deasity terms. At low optical depth valuas, I ' ‘ PR ‘_
a near linesr relationship is obtained, indicating 35~ SMOKE WEEK VI/SNOW TWO m

L TRIAL 218 3 RP ROCKETS 4

that the 9 » k8 relatiouship is valid. At large 1.08 um WAVELENGTH

.
optical depths, less lidar signal is observed be-

cause of the aztenuation.

(U) Another method is being guvcluinted for z
providing profiles of extinction coefficients. Ve ' 3 |
assume that the maximum target return rasults from g -1
non-scattered and uyar-fomrd scattered light. R
Other qltiplroeht;t.rod 1ight iacideat om the .
target arrives later than the non-scattered and _
foruvard-scattered light. Therefore, the lidar g
target-derived extinction coefficient (e¢.g., trans~ -
mission) is reprasentative of. smsll-angle mltiplo- d
scattering (i.s., the un.l-cuctctiu coducint [
o, s raduced by the forward-scattering): %
9y = 9y = [8(8) dw FIGURE 11 ommua'm-'rolum.umenneo LIDAR SIGNAL
forwvard RELATIONSHIP DERIVED FROM 1.08 um WAVELENGTH
direction : LIDA R SIGNATURES RECORDED DURING TRIAL 218

If the scattering put.iclu are of small size, the iomrd-outtnug tern - {s small and G.M’. for nrggt
evalusted transmiseion, even for dense obscurants. When the scattering particles are large (10 um), the
forvard~scattering ters at shorter wavel=mgths is large and effectively iucreases lidsr~derived trans-
nissions. Tranewisscmeter valuds may .e ucnud even wore if r.cd.fut aperture sizes are larger thsan '
those used for the lidsr. Therefor-, larger lidar-observed :ml-i:uuu. are axpected at shorter vave- E
lengths for obscurants with lar;c particle sises. m- is illustrated ia Figure 12 for &u collected
dm a saowfall at the smu-m-n program. Attenuation at 10.6 um is shout 00: greater (e.g., smaller
tranenissions) than attenuscion at 1.06 um. Longer mumth systems designed to better yutttatlc swoke
obscurants msy be less effective in mtnuu snowtall. »

(U) The -mlm:nmg lidar equation can be solved ia terms cf the single cmune (afr.u-
Ternald et al., 1972): '

- AL rmal

vhere T {s the target-evalusted transmission, and R, is the renge to the targec. Then % can be used with

the ‘patheintegrated ramg--corrected lidar signal f ® 2(R)dR, and the selution equacion, to evaluats -
‘ _ ° . S
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ON 11 DECEM'ER 1982 . ,

optical depcth (or axtinection) to range R. Because the lidar target evaluated tu_miutoﬁl are used to i ‘
doc-nﬁu% , the solution prcvtdcln range-resolved optical paramsters that include approximats aultiple- ‘
scattering effects. An exasmple of range-resolved optical depth and _trnui:tuion at 1.06 ua is presented
in Figure 13 tof Z+63 ucouda of n—iu. 218. The resulting ut'inétton coefficient profile is presented

in '!'uuro 14. The lidar lolutm greatly qufid ‘the optical density of the far side of the obscuranc *

cloud. as viewed !m :ho lidar.

. *7¥'¢——-—‘ - ) ! . . - ‘ ' . ’
(U) Another objective of this study vas to investigate methods of.,dmubtn{wnd‘l and temporal
variability of obscurant densities along propagation paths. One method is illustrated in Figure 15.

The lidar transmission recoxd presented in Figure 9 (Il Scresner Smoke == 1.06 um wavelength) was used

‘to compute the aumber and duration of swoke 'hohiv.-' A hole oecuﬂ vhen the trausmission becomes greatsr '
then a specified (threshold) :rmuuion value, and then unr b.ec-u less than the lpceifiod value.
Vigure 13 shows that the m-bor of holes is grestasc at 50X cransmission. However, duration of the holes .-

is greates: for lower :nu-iuton values. Similar unlyun hu been conducted for transmission

‘‘patches.’ These results provide s messure of obscurant effectiveness at DoD laser vmloi;z!u. Ludvig .
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ot al. (1984 ~—~ in this proceedings) sre sxaminir;

lidar two~dimensional cross sections of seors events

2 LI R B S B LA B
to describe the spatial distribution of sm: ke and . SMOKE WEEK VI/SNOW TWO B
TRIAL 218 T AP ROCKETS
wo|— 2°83 stconos

1.08 prn WAVELENGTH

clear air parcels.

S. () CONCLUSIONS

£
(U) Lidar is rhe best method to remotely ob- g a -
serve the spatial and temporal distribution of ob- 8“ - _”i
scuraat clouds. Although lidar also provides a i a?
method to remotely evaluate serosol demsities and . i C g L ' T'"’;’"T"’:"'T I :
particle characteristics, the technigue is limtited 0 mm ....,..,,,m 80

by rsceiver dynsmic range and bandwidth, and by un- FIGONE 13 RANGE-RESOLVED OPTICAL DEPTH AND TRANS-
. . MISSION {1.08 um) ALONG THE OPTICAL PATH
certainties in various analysis tectniques. Yor AT Z +83 SECONDS OF TRIAL 218
dense obscurants, sultiple-scattering affects are
isportant, snd analytical solutions to the single scattsring lidar equation normally ars not appropriate

snd other msthods must be used. . ;
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(U) This paper presents two methods to provide useful information on tie demsity of obscurant
clouds. However, one of ths methods relies on the use of a target to evaluate the extinction-to- ..
backscatter ratio and _liduhcaubutiou constant. The other method requires a target to derive an 1nt¢-'
grated lidar signal-to-optical depch u.lluionlhip, and assumes this relationship is characteristic of
the same smoke type so that it can be applied to similar smoke events. Soth methods can be used to
evaluate optical demsity along the propnptioﬁ path. The urqt suthods would be particuiasrly useful in
the case of & dovnvtrd-viwing airborne lidar vhere the ground surface provides a target return, and the
system can -kc observations over large regional ar uc. or track smoks clouds to gruter downwind dis-
tances. This technique already has been used to maxe vertical transaission nn-urucn:s of forest fire |
mkc at 0.53 um and 1.06 um (Uthe et al., 1982). Of course, if -c- is dcutniud to be a constant, ' ‘ ' |
single-ended measuresents of optical density are h'utblo. . : ‘ ’ o
(U) The data snalysis progrzm is continuing with support fros the Army, Recearch Office, Geosciences
Division, and final results will be presented in the near futurs. Rasults already obtained luv; shown '
the importance of lidar receiver dynasdc range and response for making qmtiutivc density measurements

along propsgation paths. L ) .
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(U) SNOW-ONE-B3 MULTIPLE-WAVELENGTH
. LIDAR MEASUREMENTS

Edward Z. Uthe, SRI International

Stephen A. Delateur, SRI Intcmtiml

John Livingston, SRI Internaticnal
Norman B. Niselsen, SRI Iaterunational

(U) ABSTRACT )
+ (V) Lidar observations of natural
and generated obscurants were made during

the SNOW-ONE-B field program. Laser
pulses at infrared vavelengths of 1.06
wm, 3.8 mm, and 10.6 im were transmitted
along a common path terminated by a pas-
sive reflector located about 600 a from
the lidar. Each pulse set (30 sets/
ninute) was transmitted vithin & 150-us
time interval.: Laser energy back-
scattered by asrosols and reflected by
the target was collected within a 12-inch
telescope and optically directed to
appropriate detectors. Resulting range-
dependent lidar signels were logarith-
aically smplified, digitized at a 3-a
resolution, and stored om magnetic tape
for nubuqm: snalysis.

(U) Analysis examples are presented
1llustrating the evaluation of the time
history of transmission based. on odserved
target returns. High correlations _
‘between optical depths at diflsrent wave-
lengths indicste that time and space ‘
variation of aeroeol concemtrations have
little effect on a pulse set. Linear
relationships i-“tween the optical depths
indicate that mltiple scattering effects
are sinimal. Slopes of the linear rels-
tionships provide estimates of the nu-
tive effectiveness of the obocatont at’
.each wavelength.

(U) Lidar transmission histories are
compared to transmissometer values, and
sre anslyzed in terms of the total time
for which transmission vas less thas any
sperified value. The dats is descrided
in terms of transmission holes and
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patches. In addition, preliminary back-

‘scatter analyses are presented.

(U) INTRODUCTION

(U) SNOW-ONE-B wvas part of a field
tast series conducted by the U.S. Army
Cold Regions Research and Engineering
Laboratory (CREEL) to determine the
effects of natural and san-made obscur-
ants on ultraviolet through millimetar-
vave propagation in wvinter environments.
The SNOW-ONE-B tests were conducted 4t

- Grayling, Michigan, during November and

Decamber 1983. The tests included elec-
tromagnetic propsgstion, serosol charac-
terization, and meteorologicsl daca

"collection.

(U) Under sponsorship of the U.S.
Army Resesrch Office (ARO), SRI Inter-
oational participated in the SNOW-ONE-B
field program by making multiple-
vavelength' 1idar measurements of back-
scatter and sctenuation of aerosol clouds
n: laser vavelengths of 1.06 um, 3.8 um, -

and 10.6 um. This paper presents firsc
results from analysis of the SNOW-ONE-B
lidar records. 7Tie analysis progras is

‘continuing.

(U) MULTINAVELENGTH LIDAR SYSTEM

(U) The SNOU-ONE-B experiment was
the first spplicacion of a nev sultiple-
vavelength van-mounted lidar system
especially designed for remote charscter~
fzation of serosol densities and particle
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characteristics. s shown in Figure 1,
the lidar can transwmit laser pulses at
four wavelengths: 0.53 um and 1.06 um
using a Nd:YAG laser that includes a
doubling crystal, 3.8 um using a DF
laser, and 10.6 um using a COy laser.

The lasers pulse at sach wavelength
sequentially and transmit into the atmos-
phere within a 150-us interval. This is

4
y

TRIGGEN

Qu RGY
woniTOR/ { )

achieved by double pulsing the Nd:YAG
laser during a single flash-lamp excita-
tion. The laser pulses are directed
along a path coaxial with a 12-in
Newtonian telescope. Collected back-
scattered energy is directed to an appro-
priate detector, and the detector outputs
are logarithmically aaplified. A muliti-
plexer circuit provides a single-channel

0532w
DETECTOR

’ 5 L8iem AND 10 8m

DETECTOR

Figure 1 Block Disgram of the an)lf-wm Lider System for ltn+'hmol Meesurement
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waveforn consisting of the output of four gach pulse set is transferred to a

energy monitors (pyroelectric detectors) Digital Equipment Corp. LSI-11 micro-

in addition to the four backscatter sig- computer, and written onto magnetic tape
aatures. Therefore, a single transient  (aine-track, 1600 BPI) along with date
recorder (Biomation 8100) can be used t¢  gnd time information. The lidar system
digitize the lidar records. A clock-gate is installed 1o a 7-a van (Figure 2) to
program unit provides for transient facilitate the experimental setup at
recorder interrupts. Data for each pulse remote field sites. .

sat is contained ir the 2048 8-bit Bioma- B

tion memory. A sample rate of 20 ns (3-m (U) EXPERIMENTAL PROGRAM

resolution) is typically used, and 30 ; : .

pulse sets can be transaitted esch sinute (U) The SNOW-ONE-B field program vas
of operation. The digital record for conducted over flat terrain near Grayling,

L mmmm CASER/OPTICE TASLE AND DATA ASCORDING SYSTEM

Figure 2 Four-Wavelength Lider System in 6-Meter-Long Ven'
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Michigan, during November and December
1982. The lidar van was positioned
alongside transmissometer instrumenta-
tion vans operated by the U.S. Navy and
the U.S. Army Atmospheric Science Labora-
tory. The lidar and transmissometers
were aligned to observe parsllel paths
extending over a 600-m range. A passive
(plywood) target of 64 square feet vas
erected at the far end of the lidar path,
and transmissometer energy sources were
located near the lidar target. The tar-
get provided a constant reflectivity

1.06 um, 3.8 um, and 10.6 um. The lidar
vas allowed to cperate the first 20 min-
utes of each hour during measurement
periods. Occasionally, vertical lidar
measurements were msde by placing a 45°
mirror outside the laser van.

(U) The primary objective of the
field program was to characterize elec~ -
tromagnetic propagation through dense
snowfall. Unfortunately, only light
snowfall occurred during the experimental
period. BEowéver, on several days a rela-
tively dense fog occurred, and measure-

surface such that variacion in lidar-
observed target rsturns can be inter-
preted in terms of atmospheric l:unup-

e Y42aw -

tion over the lidar-to-targsat y.uu
(U) Because of eye-safety require-
wents, the 0.53 um laser wvavelength vas
not transmitted during the experiment.
Therefore, lidar observations were smade
only at the infrared wvavelengths of

ments wvere made. (Observations also were
conducted for several generated-smoke
events.) Table 1 presents a smry of
the iidar operations.

" (U) EXPERIMENTAL RESULTS (Preliminary)

(U) In this section, we present some
- of the results obtained thus far by a

Table 1. Lidar Measuraments takan During SEOW-ONE-B Experiment
SNOW-ONE-B
' Dats Collection Rums
Grsyling, Michigan

Date Begin EZnd | Weather Deta Type | Tage
(2ST) | (2ST) Corditions No .
11/18/82 | 17:23 | 17:39 | clesr air eslth A
11/19/82 16:37 17:02 | high humidity calid 3
11/29/82 16:40 | 17:02 | high humidity calid 1

11/30/82 7:29 7:53 | clesr air ealld 2.

12/1/82 7:22 7:33 | fog bhorisz b
. 12/1/82 7:5% 8:01 | fog . vert 3
12/2/82 7:14 7:37 | light rain calid [ %

- 12/2/82 7:41 8:02 | light rain boris 5
-12/4/82 | 16:17 | 16:37 | clear atr calld 6
12/4/82 | 16:38 | 16:43 | clear air ealid 6
12/6/82 9:00 | 9119 | clear air ealld 4
12/8/82 10:00 |} 10:30 | light emowfsll calld 8
. 12/8/82 | 11:00 | 11:10 | clear sir horis 9
12/8/82 | 12:08 | 12:1? | o1l fog swoke horix ]
12/8/82 | 13:03 | 13:20 | IR scresner smoke horis .10
12/R/82 14:0S8 14:20 | fly ash smoke ‘heris 11
12/8/82 | 15106 | 13:20 | diesel smoke boriz 11
12/10/82 | 22:05 | 22:20 | 1i1ght soowfall horis 12
12/10/82 | 23:04 | 23:20 | enowfall , horis 13
12/10/82 | 24:00 | 00:20 | 1ight snowfall horis -1y
. 12/11/82 1:00 1:20 | light enowfall boris 13
12/11/82 2:01 2:20 | light enovfall horis 14
12/11/82 | 3:00 | 3:10 | 1light enowfall horss 14
12/11/82 3:11 3:20 | light enowfall vere - 14
12/12/82 9:00 9:20 | light enowfall horis 15
12/12/82 ]'10:06 | 10:20 | 11ght enowfall horis . 13
12/12/82 | 11100 § 11:20 | 1ight enowfall horis 13
12/12/82 | 12:00 | 12:20 | elrer air celld 15
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data analysis prograa. The analysis pro-
gram {s being directcd to the followi.ng
objectives: ’ . .

e Bvaluation of 1.06 um, 3.8 im,
and 10.6 um transmission histor-

les over the lidar-to-target path

for each obscuration avent

e Evaluation of the accuracy of the
lidar transmissions by estimiting
their correlation to other trans~
aission measuremants

@ Derivation of transmission dis~-
tribution models that may be more
useful to weapons analysts than
transmission histories

° !valuus.ou of the relationship of
. 1idar backscatter along the -
observed path to. transamission
Reasuremants

< 8 Evaluation of the Nomtm
coutent on particle character~
istics and multiple-scattering
effects, in order to form better
estimates of absolute aerosocl
concentrations from single~ended
lidar measurements. )

(U) Figure 3 presents a single
sulti-vavelength lidar backscatter wave~
form for an o4l fog aerosol cloud.

Returns from clear air, the aerosol cloud,

and ths solid target can be identified
for each infrared wavelength. The solid

TANISTY

_ TARGET

TARGEY

.batwveen wavelengths.

target returns were analyzed for time

histories of transmission by assuming the

target is of constant reflectivity during
each experiment. Target returns during
clear-air conditions were used to estab-
1ish the 100 percent transmission value,
and optical filters with known attenua-
tion at each lidar wavelength wvere used
to calibrate the lidar receiver response
to target returns in terms of atmospheric
transaission.

(U) Figure 4 presents an example of

. & transaission history result obtained

from lidar target returns recorded during
the IR screener avent on 8 December 1982.
The event observed by the lidar extended

over an S-minute interval, wizh rapid

changes in tracsaission sccurTing at all
three infrared wvavelengths. The high
correlation of transmission with time
between vavelengths results because
nearly equal paths are viewed at nearly
equal times. Previous sultiple-
vavelength lidar messurements indicated
that path separations~—sspecially in the
vertical-—resulted in uncorrelated
transmission hiscories so that multiple~
wvavelengih analysis could 20t be applied.
(U) Also presented in Pigure 4 are
plots of the optical depth (U = «in T)
Again, the rela-
tively good correlation ind.lcates
minimal time and space variability of
transmission between the multiple
wvavelength observations. Moreover, the
linear relationships between the optical

depths indicste that multiple-scattering

sAy not be am important factor for the
lidar transmission analysis. The plots
indicate that the IR screener is 17 per-
cent more effective at 10.6 um wavelength

~than at 1.06 um, and 20 percent more

effective at 3.8 um than at 1.06 yum.
(U) Figure S presents a comparison

- of lidar transmission history at 1.06 um .
~ and ths equivalent history recorded by

the Yavy traasaissometer system. Excel-
lent agresment is obtained, although the

' two observational paths were separated
by about 3 to 4 m in the horizontal.’

(U) Transaission histories such as
thoss presented in Figure & are "seful
for evaluating the effectiveness of asn
asrosol event against various slectro=

RANGE —o . optical systems. However, models pre-
_ ' Three-Wavelength - seuting transmission values as frequency
Figure 3 Scat . m:ﬁ distributions may be more rasdily useful

Signeture Pl'!h o9 to weapon system designers and evalua-

Release Along 600m tors. Several examples are presented

Setween Lider Ven snd Target belov to illustrate the type of trans-

Grayting, Mishigen, § Desamber nission wodels that can be derived from

o mwee ‘ transmission histories. Figure 6 pre-

- - seats histograms of the total time
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increment that transaission vas below any N JRM TRAAD M SN MM BRLRD SR REMANS!

specified value for the IR screener smoke _ ,

test. For exsaple, at a vavelength of ‘ Tes0%
10.6 um, the transaission was less than : -»

50 percent for about 4 minutes during the .
saoks event. - The transmission was less

than 20 percent for only about 1 aminute

during the smoke event. Therefore, if s
wveapon systen is rendered inoperative
ouly if transmission is less than 20 per-
cent at the 10.6 um wavelength, the IR
screener smoks event vill be effective
for about 1 minute of total time. How-
ever, the effective time may be extended
because of variable transmissions extend- .
ing over longer time periods. Figure 7 . ' TelOn
presents an analysis of the time duration I : L]
of transmission "holes" (i.e¢., time dura- . : '
tion vhen transmission is greater than or
equal to & specified valus). For .
example, only 10 holes occurred for : , X o x x , M
transeission of 10 percent, but these :
can be of relatively long duration. At . . . - : )
50 percent, more holes can occur (28 in NI N I I I I .t

. this example), but with shorter time 0 ©© 20 30 4 S 6 7 80 90
' durat(io;u. i1 Lysis b ‘ TME DURATION ~~= 98conaS
(U) As ar analysis can be per- : . P “ , )

tormed for transmission "patches” (i.e., Figure? mmmgﬂmrgmﬂ::“ L
time durations vhen transmission is less ‘ Equal to a Specified Value, T) for the IR : .

than s specified value). Figure 8 pre- : s
sents a transmnission "patch” analysis Screengr Smoke Event on 8 December

Ted0%
~28

NUMDER OF OCCURRENCES

for the 10.6 um vavelength transmission : 1982
| 76
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Figure 8 Number and Time Durstion of “Patches’
(When Transmission is Less Than a
Specified Value, T) for the IR Screener
Smoke Event on 8 December 1882

history data presented in Figure 4. For.

patches with less than 50 percent trans-
- mission, 50 events occurred with a maxi-
sum duration of 30 sec. Only 1l patches
with transmission legs than 10 percent
:ccurred with a naxinun duration of only
sec. .
(U) The examples prcccntcd above
wvere derived from target returns. How-
ever, the primary objective of the lidar
program is to derive quantitative infor-
sation using single-ended backscatter
dsta. Several methods hsve been used ¢o
relate lidar atmospheric backscatter
observations to extinctiom or concentra-
tion. PYor relatively dense acrosols,
single~scattering formulations may not
ba valid and, therefore, the typically-
used lidar equation and its various solu-
tion forms may not be sppropriate.
(U) One method for evaluating acten-
uation from backscatter data is to relate
- the path-integrated backscattar to the
optical depth evaluated from target
returns. For example, Figure 9 presents
a plot of thess two quantities for lidar
' data collected at a wavelength of 3.8 um
. during the IR screener test (c.f. Figure
4). The integrated backscatter ratio
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was calculated using a clear air return
obtained before the smoke release.

(U) Although a relatively large
scatter of data points occur, a near-
linear relationship can be evaluated for
optical depths less than 1.5 (i.e.,
transzissions from 100 to 22 percent).
This linear relation can be used to infer
transmission from single-ended back-
scatter measurements. The near constant
path-integrated backscatter and the rela-
tively large scatter of data points above
optical depths of 1.5 have been assoc-
dated with dynamic range limitations of
the lidar receiver, and possibly with a
vide secondary pulse superimposed or .7e
primary narrow pulse of the gas la .23
(this introduces false scatteri~: .t

' ranges greater than the aseros. carzet).

(U) Figure 10 shows the rzansmission
of three laser wavelengths during light
snowfall (approximately .03 grams/m’)
starting at 0100 on 11 December. During
this snowstorm, transrission is gensrally
decreased with increasing vavelength.
Figure 10 also ccatains the relationshipa
of the optical 4dépths for this period.

In summary, Uip.6 > U3,8 > Ul.06-

(U) Figuare 11 presents the relation-
ship betveen optical depth and integrated
backscatter ratio for the 3.8 um data of
Figure i0. Because & clear air profile
was nct available during this period,
the backscatter catio is normalized to
the minimum profile obtained for the
data set. As with the stoke data pre-
sented in Figure 9, there is large
scatter in the data points. Because of
equipment limitatinns, identified by the
ssoke snd snow data at SNOW-ONE-B, back-
scatter analysis of relatively dunse
aerosol events (e.g., smoke tests) are
not being pursued. Rather, extended-
range log amplifiers and time-gaced
detectors are being incorporated to
expand the system dynamic’ range for use

on future tests.

(U) This research was sponsored by
the Geosciences Division of the U.S.
Ammy Research Office.
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LIDAR APPLICATIONS FOR JBSCURANT EVALUATIONS (U)

Edwar4 E. Uthe
SRI international
Menlo Park, California 94025 U.S.A.

ABSTRACT ()

(U) I1idar provides a unique nethod for observing temporal and spetial distributions of
obscurants alorg optical paths. However, attenuaticn and multiple scattering :ffects introduced by
very dense obscurant clouds can (1) severely limit obsarvationsl ranges, and (2) complicate {nterpreta-
tion of backscatter signatures in terms of absolute density and other properties. Nevertheless, lidar
properly used can provide needed informacion that 1is nearly impossible to obtain by other means. This
paper reviews applications for obscurant evaluations of several existing lidars, including a four-
wvavelength van-mounted and a cvo—vnvelcngth airborn® system. Examples sre presented that illustrate

the evaluation of:

Asrosol plume transport over complex terrain and water surfaces

Cross-plume diffusion during active convection _
Multiwavelength trarsmissior s over lidar-to-target horizontal paths : o
Vertical -path transm‘ssions unﬁa the earth's surface as s passive reflector

Particle-size distribution parametars derived from multiwavelength data

Backscatter properties of natural and generated obscurants

Optical and physical density inferences from single-ended obumtw.

1. (U) LIDAR 3YSTEMS
(U) Lidar app'liu short-vavelength laser sources ‘n radar fashion for remote observation of

scattering aerosols and reflcctivg surfaces. High-speed digitization and logarithwic pto;:u:mt,
coupled with computer-baced video displaye, provide for real-time generstion of pictorial views of
acﬁolphcric structure. This is derived from rinﬁc—dcpcndcnt backscatter signatures collected with high-~
puiu rate lasers. Van-mounted a‘nd airborne lidar systems have bean developed for cbserving atwospheric
aerosols over large vollunu with high u‘nthl and temporal resolutions. This paper presents examples
derived from several lidar systems operated by "SRI. Although these sxamples mostly have been derived on

environmental studies, they cleerly relate to applications for obscurant evaluations. System details

have been presented elsevhere.

; 2. .(U). AEROSOL PLUME TRANSPORT OVER COMPLEX TERRAIN AND WATER SURFACES

(U) Dowrmard-viewing airborne lidar systems arolpar.ticnhrly well mitd, for evaluating terrain
effocts on the trmport anc diffusion of uio-ol Plumes. For example, Figure 1 presents pluse cross .
sections couoctod v:lth the ALPHA-1 (Airborne Lidu Plume and Haze Anlyur) at dif!cunt dovuvind dis-
tances from a ccal-burning power pllnt. The plume was being chamhd‘by cowlu terrain to the west

of che plant, Other data collected shov mountain restrictions and barrisrs to plume transport ‘
: i
(Uthe, et 11., 1980). , ‘ .

Paper to be included in the P‘oc-cdinu of Smoke/Obscurant Symposium VII, Hsrry Diamond Laboutorin
Adelphi,’ Msrylsnd, 26-28 Apri 1983 . 1

_ 3 | NEIRE T nvn:ED : '
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(U) Alrdorne systems are also well suited
£5r making observations over water surfaces. For
example, Figure 2 presents an exaaple of air pol-

9 km DOWNWIND OF PLANT ,
- lution layers over Los Angeles, and extending
— T over the ocean area. The data show increasing

deasity and depth of the polluticn layer during

the =4y, and indications of elevated wind flow

reversa  .ear the San GCabriel! “ouatains. The

1 b DOWIAIND OF PLANT

ALPHA-l transmics energy simultanecusly at 0.53

and 1.06 i~. The ratio of surface returans at

these wavelengths providae a good indication of

lend or water surface, as shown by Figure 3,

ramia miven COLORADD MIVER MARBLE CANYON Therefore, the ALPHA-l can be used to sap ter-

' 137 e DOWNIIAND OF MLANT o, 1 o) evation and surfice type, to correlate

APGET— . ’ )
- ) vith observed atmospheric traasport and diffusfon

chnnciothtlco.

3. (V) CROSS-PLUME DIFFUSION DURING
ACTIVE CONVECTION

VERMLLION CLISPS  WAMILE CANYON : COLOAADO AivER

FIOURE 1. UV AIRBOANE LICAR OEBERVATIONS OF TE (N0SS-S LG !
. STRUCTURE OF A SUSVISIOLE FOWES PLANT SLumg (U) Pigure 6 shows examples of ALPHA-I
AT DIFFERENT DOWNWIND DISTANCES PROM T PLANT. '

: ‘ flights acrose & power plume at 10 ka dowavind
from a source located ia flat terrain. Early
Innug‘om"uhu shov & well-defined plume adove the developing aixing layer vhile subsequent passes
actoes the plume shov structure of clasr-efr convective cells snd sntraiament of the pluse part 1:91.(.0.
These data show thet highest pl.o'eou-tuno-o during active coavectiom sre ssescisted with compensa-
ting “uu metions. Darker aress st the tep of cmocuvo celle mhbly cemlt by h"rouopic
mtulo srowth as th relatively varn ond mumid oir ts lifced (ate cosler urro.ﬂq.o. These data

tilustrate the dremetic offest of daytine coeavectisa on oqonl em-tutm distridutions.

4. (V) MULTIVAVELINGTS TRANSNISSIONS OVER LIDAR-TO-TANCET PATRS

(U) A four-mvelength ves-asuated lﬂn syetem rocently has been developed to invest igate tech-

2iques for remste sessurenent of sereeel epcical and phyetcsl denetitions sad of particle charactoristics.

. UNCLASSIFIED
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LOS ANGELES, CALIFORNIA ~ 16 DECEMBER 1979

(sl 1120 — 1150 PST, 1.08um, 190° TRUE COURSE

-

N 1002 - 16 T, |.ﬂ.la. 190° TRUE COURSE

o-:ﬁv.‘d “ bt ’tQ«C_‘!;p
M 7'...1' T ‘.‘ '1‘7.

‘. B l{' cee !Lllil

FIGURE 2. (U1 LOS ANGELES SOUNGAAY LAYER STRUCTURE DERIVED FROM ALPMA -1 MAGNETIC TAPE RECORDS,
' . 16 Dsswatoer 1979 (300 miger oitinngel.

The system transaits energy at 0.5] .m and 1.06 um wavelengths using & neodymium-Yag laser, 3.8 im using
a DF laser and 10.6 :m using a 002 laset. Pulses from the three lasers are transmitted coaxifally with »
lZ-iach Newconian telescope. Four-wavelength beckscatter and transmiseion measvrements ace sade along

the same viewing path withia 150 us to reduce effects of time-varying serosol distriducions.

) A local znt:. of the four-wvavelength lidsr wes conducted to «valuste system performsnce in

f

environments similar to those experienced during previous lidar operatioss at Army range fecilities

(Uthe, 1981). The lidat van was located

about 600 a from an 8-ft square passive

8

reflector constructed om the Staaford Uni- : : marie { Lo -
versity field site. Both dusc aad ‘seoke '} '

urénh were ‘.muul tesr the u“pui : :

of the lidar-to-target path. Figure 5 : : '

shove aa oscilloscope presemcatios of ‘s : - ‘

'“‘-"' lidar sigmature showing au.n'"hnu 0

backecatter and target returae at each af
. OITANCE o=
tte four waveleagths. The larger ratio of .
: : PIGUNE 3. [N RATIO OF SUAPACE AETURNS AT 1 08 - sam ANO 0 83 iam

WAVELINGT™E CRNEAVEOD Y ALPYA - 1, DURING A

dust~to~clear-eir bechecatter for loager
) FLIONT OVER WATER - TO - XASD
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ﬁvclen;th. is expected, as the large-particle dust scattering is nearly wavelength independant. How-
sver the clear-air scattering is proportional to the inverse fourth power of wavelength (assuming Ray-

leigh scactering).

PIGUNE 4. (U PLUME CAOSE SECTIONS DURING CONVECTION. 10- trn DOWNWND OF IINCAID POWER PLANT, & Moy 1900,

(U) The target resturns provide a weans to evaluste obscurant transmission along the lidar-to-

‘ target path, quantitatively. TFigure 6 pressnts a time history of transmission derived from data collec-
ted d‘utu; 8 red-smoke test. T&“ data indicate thet the opthtul properties of smoke are asarly equal
at 0.53 and 1.06 1m, with substantially lses attenuatios at 3.8 um snd almost no unnu;ttnn st 10.6 .
Transmission values evaluated from target returns csn be used to dﬂllcp,l'l‘ validace travsmission vaiues
‘derived frow the range-resolved beckecatter data, so that sessurements can be -.J- along vertical and

slaac peths. B

(U) The four-waveleagth lidar was recently used to collect beckscatter aad transmission data during

the anu-on#n Tests conducted st Crayling, Nichigas; the dets are mow being saslyzed.

S " UNCLASSIFIED
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5. (U) VERTICAL-PATH TRANSMISSIONS USING

TARGET TARGET TARGET TARGET
0.53 ym 108 wm 3B um 108 wm THE EARTH'S

DUST DUST ousT
1.08 um Isum 108 am
] ] t

/

(U) During

the source, but

PACKSCATTER —- ing snplitlude ——p

altitudes.

SURFACE AS A PASSIVE REFLECTOR

a flight test of the ALPHA-1, obser-

vations vere msde downwind of a forest fire located
near the Californis coast (Uthe et al., 1982). Visu-
ally, the fire appeared to be conisined within a

ssall ares; the resulting smoks plume towered over

wvas transported downwind at lower

I 033 wm I 1 08 I 1 l 108 I (U)) Fiﬁurd'? shows plume cross-sections de-

W-—.l

FIGURES FOUR-WAVELENGTH LIDAR BACKSCATTER

' rived from infrared and visible bsckscatter signa-

tures recorded during the second pass of ALPHA-L

SIGNATURE FOR DUST GENERATED ALONG )
across the plume. For these data, recsiver gain was

800m PATH BETWEEN LIDAR AND TARGET

Stanford Field Site, 7 July 1982. :
teduced so that surface returns did not saturate

receiver cl'oc:routc-; as a result, clear air haze layers wer2 not

as well observed on this data.

Greater plume attenuation of the visible energy than of the infrared energy is evident by the absence of

plume visible backscatter following penetrstion by the laser pulse

of the denser plume elements. Plume

-Twl‘v]vl—fTv

w #W.ao--. - emse ax o -
My - l'.'/ (4
- VIR T A -y
v ! o
¢ H . :
. H N
» . b ! AEO SMONE TEST
3 ¢ . . -
) ‘ ' M H H
"
1w : g j i
3 H
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transaissions in the verticsl were evaluated by normalizing to 100 percent-observed surface returns in A
the absence of plume backscatter, and by assuming constant surface reflectivity and laser-transaitted

peak power for each laser firing made along the cross-plume path. Lidar response information required

for quantitative analysis of backscatter signatures was derived using standard calibration techniques

with neutral density filters of known attenuation. Vertical transmissions for one-way passage of the

lager energy chrough the smoke plume are plotted in Figure 7. The results show ainimum plume trans-

nissions of about 50 percent at 1.06 um and ~
R Sttt e —

‘sbout 6 perceat at 0.53 um. The strong

wavelength dependence of attenuation sug-

gests subaicron particle sizes, slthough

strong absorption in the visible, and weak

absorption in the infrared, by plume 'con-'

stituents could also explain the observa-~

. ALTITUDE — 000m/div

;ion-. A mean particle size is derived

from the observations in the following

section of this paper.
(Y-S ' '

6. (U) PARTICLE-SIZE DISTRIBUTION

PARAMETERS DERIVED FROM MULTIWAVELENGTH DATA

ALTITUDE — 800m/dw

(V) 7To tpvu:mnl the use of multi~-
vaveleangth data for characterizing particle
size distributions, an experiment was con- v
ducted using transmissometers opofa:ing at

.14 different wavelengths, and mounted across - -

8
-."oqoo-----..-.-:

8 10-a long uton'l g@ol facility located

DO

- st SRI Internaticosl, ss shown in Figure 8

o

haat 7 } 1

{Uthe, 1982). The tunnel wae designed vith

WS-

[

W
s, .
i

open ends for evaluating lidar techuiques.

—eoeesl

'l'Mtollﬂlc consited of parciculate ssterial

A 1

£

PU |

A

PP |

of different size !nct:gd. sud single-size

fracitons of six other materials. Particle

)
T AR
POUng 7. ummmmmmv

PLUME RACKSCATTER AND VERTICAL TRANSMISNONS

DEMVED PACK SURPACE AETURNG AT 148 0.83- t & 1 1
e — 083 !.‘eor.nlby_tgnnubueymnu‘

. ‘ . )
'UNCLASSIFIED

sise evalustions vere made by sulti-stage




) estimated usefully from aerosol extinction

 messuresents using a single-laser lidar system

of packed powder.

UNCLASSIFIED

Examples of aultiple-
wavelength extinction coefficient data is given

in Table 1.

(U) The data base indicates that mesn par-

ticle size smaller than l-um diameter could be

operating at 1.06~ and 0.53~um wavelengths

(Figure 9). For larger mean particle sizes the

FIGURE 8. (U} DIAGRAM OF EXPERIMENTAL FALILITY

extinction ratio is near unity, and longer :

wavelength systems are required. The data indicate that a two-laser lidar operacing at 10.6 and 0.53 um

could provide estimates of mean particle size to diamecers of at least 6 um.

¢

'
'

(U.) The m—vavolm;:h lidar data collected with ALPHA-1 (F{gure 7) can be used with the labora-
tory results p}“lcutod in Figure 9 to estimate mesn particle size of the smoke plume. Assuming the ,
vav;lcngch difference results entirely from particle size effects, bth. laboratory data indicate pnr:icic
diameters of about 0.1 .=, which is consistent with in<situ messurements reported by various investiga-
tors in the literature. intcrmo of particle size is important to evsluste lidar backscatter

quantitatively in terms of aerosol extinction and concentration.

TASLE 1. R} EXAMPLES OF MULTT - WAVELENGTH EXTINCTION u-.‘:.-‘-uun'

Extinction Contficionc (k8 ) ac Indicaced Vavelosgth (,9):
Asresel Type Phetopic | 0,390 | 0,430 | 0,514 | 0.61) | 0,670 | 0,870 | 0.930 | 1.043 | 1.24 1.43 3.39 3.90 | 10.6
0=10 wa fly eeh 3.) 78.2 7.2 10,7 19.4 0.1 3.1 .7 .7 0.8 0.6 | 74,1 71.3 | 9.2 \
=10 un fly ash (198 ] 4.9 54.7 8.3 9.7 0.1 6.6 .8 2.4 3.3 3.6 .} 67,2 70.3 | 7
2.5% ua fly esh %6 1.0 n. 82,7 o.5 3.7 "8 8. ”.4 7.8 | 100.2 | %4.9 83,6 | 47,4
0=1.3 u» {1y seh 3.3 0.8 0.3 1 ¢0.3 4.3 2.8 4.6 n.o 7%.0 19,7 .76.3 %.8 23;! 13.6 ¢
Suparfins fly seh. 9,9 : 9.1 9.4 .0 7.8 %.3 ".7 7.3 ’.7 73. 6.7 | A4 13,9 | 10,8
3 v otlice 9.3 9.7 9%.3 2.5 %9 | 2.4 78.6 76.1 1.3 5.4 32,3 | 14,7 .l 8.3
10 un stiies 71.0 7.7 18,7 71.1 |, 668 .8 .8 87,2 4.4 30.9 | 43.0 | 22.4 0.0 | 14.8
15 e eiltes 93,3 7.8 i 7.8 7.2 ”.0 I 9.6 6.8 05,7} 83,4 st.é 72.3 | 3%.5 39.4 | .1
iren extds 17,7 102,27 | 107,72 | 113.6 { Li2.7 | 11e.) | 1022 7.6} 8.8 n.: 3.2 | 19,3 17,0 { ' 8.2
Amanelva chloride 7.4 154.6 | 14,9 | 113.) 0.1 79.0 L1 7% ] 3.6 .2 2.0 1.2 9.3 3.1 0.7
Iine chlertde 16.8 7%.3 7.) ng 74.8 7.3 8.0 Nl | .0 u.. 2.0 bob 3.9 .2
Titsaien dexide 340.4 08,1 | M3.3 | 320.4 | W0 i".) 06,5 | 23,3 | 2a2.3 | 1754 {100, | 100 6.2 [}
Alund aee .4 .0 39.7 1.4 63.4 2.6 .0 0. .3 | .8 3.0 | 3.1 1.3 | S6.¢
Aesie .o 7.2 19.7 14,3 9.9 [ 1% ] 9] a3 s 1.3 1.6 -— 0.1 -
- e ) UIED FOR GANR ASREIDL. SRASURBIINTY. ) ’
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7. (U) BACKSCATTER PROPERTIES OF

HATURAL AND GENERATED OBSCURANTS - B A A AL L '
' ’ o b §o Py ame o
- I, 7
. - » « on 907 re 7'
(U) As shown above, single-wavelength lidar ) R Pran //.0 n .
- (R Omes '
‘ 7
systems can be used to observe aerosol distribu- e O }"
. = P .
tions with high spatial and temporal resolution. : 77 e '
. iu . o/ ~
However, quantitative evaluation of optical $ ,/
. ful
(extinction) or physical (concentration) densi- F “ 1y :', _1
) 7
L]
ties from backscatter records normally require g Lol o -, /':, -
: 7
information or assumptions on the size, shape, . 7/ d
and composition of the scattering particles. :“
. (¥ .
Multiple~wavelength systems may provide suffic- '
at -
{ent information on particle characteristics
for evaluation of aerosol densities from back- e .‘- c‘a .I. .l. i J.. .l, Py

PARTICLS ONETIR, By mee o0
scatter data. The les presented below .
examples p ) MIURE 5. (U) RATIO OF EXTINCTION AT 1.046- snd 0.814 -tam WAVE -
LE
vnluatntc the sensicivicy of lidar signatures (|ﬂ~°mm”“A"ﬂm;m:m(mo: :o?" ot Mmmmm 3:.:-.‘:::;
: OF DIFFERENT COMPOSITIONS. :

to particle characteristics, and suggest asnalysis

techniques for density evaluation.

e T T 14 T T T T T -
(U) Figure 10 presents dats derived from 32| GENERATEO SmOKE PLumes o £ e
°
lidar observations of both black sod white swoke L] o 593 o
generated by using the same technique, but using 'Ll - ° °a‘:é;:8 4
. . . . ’ ) o o -]
msterials of different chemical cowposition. As - | ol - ogo: 3o -
the density of th-.ph-. ves increased, its opa-: ) %, 5 o &8 . 1
' city vas measured by anslysing ’fh. clear-sir 5 . % ' 0“:' J
. : . ]
lidar returns observed before and after the plume 3 » 9; . .u..
d B . '] tj
return; this type of snalysis yields s measure of e » Y ".:: % © '
. ‘ . , o . e L] ™ -
plume opscity that 1s not affected by uncertain- 3' . oot % °
. ‘ ‘ L . i
" ties in plume particle sise, shape, and composi- . o :
. . = LI 3 =
. p O wnTe smoxe
ti.q Ia I;;.ur- 10, oufity valuss doftvgd in nk .': . ® Suack moxs |
this msaner are.plotted versus simultanecusly .
) a 1 4 4 L e - i 1
wessured maxisum plume backscatter. These dats B I I AN L )
B . , i PLUME OPACTTY
shov that for visible-veveleagch lider sYSTOS,  mgung 10 (U4 PLLSGE AETURNS PLOTTEO AGAKET OPACITIES DERIVED

PROM NEAR - - SI08 CLEAR AN RETURGS
spyroximately 3 48 (factor of 3) wariscion ia ANO PAR-t0e am : ST

UNCLASSIFIED
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bu':k.lcatt.cr can occur for a given plume opacity, because of variations in pluse micro-characteristics.
'Cluzly. evaluation of extinction coefficients assuming backscatter-to-extinction ratios zust consider

particle composition (refraction index).

(U) Figure 11 presents lidar backscatter data related to transmissometer derived exrinction data
for generated aerosols of the same composition (fly ash), but different size distribuctions. These

results showv that for & 0.7-um wavelength lidar system, the backscatter-to-extinction. ratio is nearly

independent of the particle size. It was also

v A 1‘ shown, however, that at this wavelength -the
’.! w:» ‘ m:::::u s ’;“ backsctttcr-to—uﬁc concentration ratio is greatly
3 ”;_ ' 2o "3‘:" dependent ou particle size. Results using a
;_ : o o .“:'1‘ A ] 1.06-ym vaveleogth lidar indicated that the
§ 1} , -.1' A: -4 backscatter-to-extinction ratio is more dependent
3 ..fik?' 4 on particle size, but the b;ch'lcatter-‘to-mu ratio
E ‘ E— :" 1 is In.| dependent on particle size than at the
gu'_" ." ) - uu(“‘ 000e0 ‘1 0.7-um wavelength. 'Later experimants have shown
; ¥ o v/f ) even less dependence on p'at:;c;le size for

§”b :,0" - B backscatter-to-mass ratios at 3 to 10 um wave-

0 "/ ?L T J:*“*‘t 4‘ e ; . ‘:‘. - lengths. Of course, derivation of mass concentra-

EXTINCTION COSSFICIENT MRITE-LIGHT TRANSMSSOMETER), ¢ — e  Cion from backscatter dats requires \mogledge of

; . the particulate speific gravity, and :hua‘. volume
FIGUAE 11. (U) VOLUME BACKSCATTER COEFFICIENTS () OBSEAVED '
g‘“‘mm:tt:“ lx‘r?::r:o:' ;:L,:T:,%;% . concentrations may be more appropriate for lidar

The dashed line represents the best fit 10 the dets of the

nu-urﬁcn:. o
8. (U) OPTICAL AND PHYSICAL DENSITY mzmczs
FROM SINGLE~ENDED OBSERVATIONS.
(0) The data preseated in ngro 10 uluntntod s ain;lc-cndul -thod for evaluating the optictl

dauity (opaci:y) of an aerosol ph-. This sethod has been for-uy sccepted by the U.S. Environmental

Protection Agency (Alternate Method 1 to Reference Mathod 9) for objective msssurement of visible emis-

sions from 'tutimuty sources. Ixperiuents have been conducted to evaluate the application of back-

scatter to evaluate optical density ({.e., ﬁunction) as shown by the daﬁ ‘presented in Figure 11
Other dats relating optical depth to puh—intq'nud backscatter (Figure 12) shows that -ou informa-

tion can be obtained, but that dense ssrosol cloudi can introduce won-linear relationships between

" UNCLASSIFIED
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backscatter and extinction; and that wide scatter batwveen these quantities can occur which is probably

UNCLASSIFIED

a result of changing particle characteristics within obscurant clouds. Nevertheless, several

experiments have been conducted to evaluate aerosol conceatrations.
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" FIGURE 12. (U} LIDAR -UGERIVED RELATIONSHIP BETWEEN OPTICAL
OEPTH AND PATH INTEGRATED GACKSCATTIR FOR
A CLOUD OF VEMICULAR DUST,

. (U) To invu:iun :h.c use of lidar for quantitatively evaluating the emissicn rate cf fugitive
particulate sources, an experiment was conducted with a controllable particle emission source. A
ground-based lidar made crou’—pl@ obdservations by ncimiing in elevation at 500 m downwind of the '
swoke source. In addition to the lidar ‘obui’vnt!.ona. vind'-pood and direction were recorded at the
lidar site. Croo-;plm backscatter values were i'nngnud snd adjuu_nd'by wind speed and direction to
.provluc an estimate of smoke emission rate. The ‘-;h ;mr.tox; vas usad ‘at :hnc emission rates, and '
for esch rate 10-20 pluee cross sactions wers Tecorded. Figure 13 shows that thc rasulting time-
sversged cross-plime backscatter values mc linearly related to the scurce emission rate for the
relatively low density piumsss. These ruult; indicats the potential of lidar for mttorin; ‘smoke

plume particle concentratioans.

(U) Analytical solutions to ths single-scattering lidsr equation have been proposed by several
investigators as s meaas to detarmine range-dependent extinction coefficients from lidar signatures and

to correct for attenuation effects in equ-trgt!m' evaluscions. For exsmple, Figura 14 presents a
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LiDAR PLOTTED AS A FUNCTION OF EMISSION RATE -
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Dashed line is the best-tit linesr nlmon

cross-plume mass concentration analysis derived from a ground-bused elevation scamning lidar system

operating at a wavelength of .6943 um. The macs concentrations were evaluated from the solution form:

R -1
-1
M(R) = exp [cl s(n)] "t - 2, f exp [c1 5(1)] a
. Ro
where € " 1/4.34 )
' £, " o/¥

o = extinction coefficient

M, = clear air concentration n . : ) _ . ‘ R ¢
and S = range corrected logrithmic lidar signature as a function of range R.

The paraamsters Ho and E. "“v cvil‘ul.tod from independently -iuuod_ particle size distriducions snd the
' Mis scattering theory. The result shows that in Ithu case, attenustiom introduced sbout one order of
magnitude (10 d8) decrease in the backscatter from the far side of the ﬁh—. Por such deunse plumes,
sultiple scattering probably should also be couiflirod in the analytical solutiun. BHowever, the cross-
plume veoncu‘:tntion evaluated in the cxample of Figure 14 agreed well with stack emission data vhoq

corrected fcr observed wind speed st plume heighe. : ) :
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9. (U) CONCLUSIONS . bt )
[ ) Weeut swauitios carrestion
|
«
. 0 }
(U) The examples presented in this paper §
prisarily were taken from environmentzl investi- §
00 -
gations of lidar for quantitative evaluation of ; ——
' e
pollutant distributions and densities. However, .
the results illustrate lidar applications for . 2 14 . 18 9 22
[
observation and evalustion of obscurant clouds. . L
Ground-based scanning systems can msp cloud 3’
e
structure to downwind distances of 1 to 2 lu and -
backscatter data can provide information on §
v a b
cloud optical and physical density. Longer §
wavelength (10.6 um) systems are better suited . o
for zapping d clouds b of less attenua- - 2 “ b o i 22 '
tion and multiple scattering effects (depending . () Citforonce: (M=)
B I '
on particle size distributions). Multiple~ - L p— o
vavelength lidar systems can provide information - C——-—\__
on particle charscteristics and thus improve 5 2 | .
density avaluations. § CROSS SECTION NO. 8¢
090.35-4842.00 22 OCT @
. ADMUTH 200 08G MAG :
: - 12 14 18 (¥ ] 10 22
4 (U)  Airborne systems such as ALPHA-1 ave NORLZONTAL RANGE FROM LIDAR — km w
particularly well suited for obscurant evalua- FIGURE 14. (U) EFRECT OF ATTENUATION CORRECTION AND RESULTANT
- o ' MASS CONCENTRATION DISTRIBUTION (CENTER). THE
tions especially at distances greater than 1 im CONTOURS REPRESENT VALUES OF 10 LOG10 (M/Mo),
, . ' WHERE M 1§ THE PLUME MASS CONCENTRATION AND Mo
dowvtwind of the source. The system can map :'7::::':‘_';_‘"' REFERENCE MASS CONCENTRATION

terrain elevations and surface type and show

their effect on cloud tnmpo& and diffusion. I The terrain Ial.o pmﬁu‘ a reflective passive urjot.
mM for evaluating verticsl transmissions of very dense aerosol clouds. The two-wavelength
observations provide lnfomttoa‘ cn mean part.cle sisze t.o holﬁ correct for utcn'uu.ton and nl:iph '
scattering effects, and thus improve density estimates. A new 10.6 um vavelength sirborne lidar

mi-‘ is being cons®~ucted ..at may be the optimum apporsch for avaluation of very dense obscuraac '

clouds.
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