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ABSTRACT

A new technique for collecting a large lidar data base appropriate
.or analyzing atmospheric diffusion parameters was developed, along with
a new method for processing lidar data records on a large computer system
(CDC-6400) .

To test these new techniques, a two-week cooperative field program
was conducted at the Idaho National Engineering Laboratory. Tracer gas
and smoke releases were made by the National Oceanic Atmospheric Admin-
istration Air Resources Laboratory (NOAA/ARL), and lidar backscatter
data were collected by SRI using the Mark 'X mobile lidar systen. All
lidar data were reduced to the form of vertical cross-sections depicting
the two-dimensional structure of tracer smoke at various distances
downwind of the source.

These measured distributions of tracer smokr resulting from re-
leases made simultaneously at sites near to and away from the Experi-
mental Organic Cooled Reactor (EOCR) building provided data that could
readily be used to determine building-wake effects. This analysis
indicates that the presence of the building clearly enhances horizontal
and vertical dispersion in the first 200 to 320 m of downwind travel.
However, at downwind distances in the range of 300 to 500 m there is
some evidence that vertical dispersion is suppressed in the building
wake relative to that of the open-country release.

The techniques used for processing the lidar data collected during
this project were shown te be feasible, but are not ideal for analysis
of large data bases because of the expense involved in converting tape
formats and generating an X-Y grid of backscatter values. The lack of
an appropriate display systemr was also a problem. Based on this experi-
ence and a review of the latest digital hardware available, an improved
data-handling approach has been devised, involving the addition of a
new display memory with readback capabilities to the lidar data system.
This method makes use of both small- and large-computer techni  ies, and
is recommended for optimal processing and analysis of the large lidar
data bases that are necessary in atmospheric dispersion studies.
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I INTRODUCTION AND BACFGROUND

A. General

In the event of an accidental release of radioactive effluent into
the atmosphere from a nuclear power generating plant, the dosages
received by persons downwind of the reiease depend on the transport,
diffusion, deposition, and buoyant rise of the effluent. The range of
dosages (or more specifically, the concentration distributions) that
could result from such accidents are readily studied by releasing tracer
material from a given location and measuring the tracer concentrations
downwind with relatively high spatial Yesolution.

The project described in this report was part of an ongoing
program of research in atmospheric dispersion conducted by the Office
of Research of the Nuclear Regulatory Commission (NRC). The objective
of this program is to verify dispersion models used to predict the
concentration and spread of airborne radioactive effluents. Abbey
(1975, 1976) described these NRC research activities in detail.

Lidar (laser radar) observations of tracer smoke plumes provide a
relatively inexpensive means of collecting the required data. T:e
lidar technique can obtain detailed measurements of tracer plume density
distributions in the vertical over extended distances from the tracer
source. For a general description of lidar principles and techniques,
reference can be made to Collis and Uthe (1972).

B. Initial Feasibility Study at Rancho Seco Generating Station

During October 1975, a diffusion study using gas (SFg) and smoke
(0oil fog) tracers was conducted at the Rancho Seco Generating Station
near Sacramento, California, by the Air Resources Laboratory of the
Mational Oceanic and Atmospheric Administration (NOAA). This field study
was funded by the NRC as part of the research program discussed above.

During a portion of the Rancho Seco study, concurrent lidar measure-
ments of the tracer smoke plume were conducted by SRI International
under contract with the Electric Powver Research Institute (EPRI). The
measurements were made during the period 27-30 October, using the SRI
Mark IX mobile lidar and its associcted digitel data processing and
display system. [A description of the Mark IX system is given in the
appendix; additional details are presented in Uthe and Allen (1975).]

The NOAA experiments involved periodically releasing tracer gas and
smoke from points on or near the reactor containment structure for
periods of approximately 30 minutes to 1 hour. The horizontal




distribution of the tracer gas was measured by means of an array oi air
samplers situated at ground level on several arcs around the release
point, out to a distance of 800 m. Five 46-m towers, spaced 30° apart

at a distance of 400 m, were also equipped with air samplers in an attempt
to measure the vertical distribution of tracer gas., In addition, one
tower was equipped with wind and air temperature sensors at five levels.
The tracer smoke was observed visually by NOAA personnel and was used as
a qualitative indicator of air motions.

The SR1 lidar study was designed to take advantage of the
availability of this tracer smoke by using the lidar observational tech-
niques to map the smoke distribution in the vertical plare. In this way,
the tracer smoke could be used to obtain quantitative measurements of
plume diffusion. .

The SRI Mark IX lidar system, installed in a mobile van complete
with power-generating equipment, was used in this study to obtain detailed
vertical cruss sections of tracer smoke density. The system's real-time
digital data acquisition, processing, and display equipment was used to
generate pictorial displays of plume structure and to perform quantita-
tive vertical concentration analyses.

This modest study at Rancho Seco demonstrated that the SRI Mark IX
mobile lidar is useful for field studies of atmospheric diffusion.
Although the lidar technique is not without limitations, it provides data
on Lorizontal and vertical plume-density distributions with high temporal
and spatial resolution. It is particularly effective above the ground,
where it is difficult to make direct measurements using conventional
techniques.

Details of the results of this study may be found in Uthe and
Johnson (1976) or Uthe et al. (1979).



IT OBJECTIVES AND APPROACH

A, Project Objectives

Subsequent to the Rancho Seco feasibility study, SRI International
received a contract from the NRC Office of Nuclear Regulatory Research
to develop and demonstrate methods for improving the use of the lidar
technique for describing atmospheric dispersion characteristics, especi-
ally in the vertical, around nuclear power plants.
jectives of this program were to develop and demonstrate improved data

recording and analysis techniques that would provide for:

Uninterrupted recording over long time periods to
obtain appropriate dat. for deriving time-averaged
diffusion parameters.

Efficient and cost-effective analysis of the large
quantities of data that can be collected with the
lidar technique.

Transfer of data and diffusion parameters in a format
appropriate for use by diffusion modelers.

B. Technical Approc-h

To accomplish the objectives of this project as stated above, work

was undertaken in the four areas listed below:

Development of improved methods for recording, display,
and analysis of lidar data in terms of diffusion
parameters.

Application of the new analysis and display techniques
to data previously obtained at Rancho Seco.

Application of the new recording and display techniques
during a field study conducte! at the Idaho National
Engineering Laboratory (INEL) near Idaho Falls, Idaho,
in cooperation with the NOAA . .r Resources Laboratory.

Examination of the feasibility of extending the
application of mobile lidar systems to other aspects of
nuc lear power plant effluent diffusion.

Basically, the ob-



111 DATA RECORDING AND ANALYS1S IMPROVEMENTS

A general description of the lidar equipment, experimental procedures,
and data-analysis techniques is included in the appendix. In this sec-
tion the specific tasks accomplished in this project ~re discussed.

A. Data Recordiny Improvements

Lidar data collected at Rancho Seco were recorded on a dual-DECTAPE
unit manufactured by Digital Equipment Corporation (DEC). The original
Mark IX lidar digital system employed this unit because it provided for
high-reliability recording of lidar data on one DECTAPE, while a second
DECTAPE could be used for storage of a very flexible real-time operating
system (RT-11) designed to be run on the type of minicomputer (PDP-11)
used in the lidar van. Details of the lidar digital data recording,
processing, and display system and examples of its application have been
presented by Uthe and Allen (1975).

Two major deficiencies resulting from use of DECTAPE as a recording
medium were noted during the Rancho Seco tests (Uthe and Johnson, 1976).
A single DECTAPE could record data from only 564 lidar firings. There-
‘ore, after 564 observations, the lidar operatdons had to b~ suspended
for about a 10-minute period while the recording tape was changed and
the software reiritiated. On continuous rumns, about one-third of the
time was used to change tapes, and this could seriously affect the use-
fulness of data to be analyzed for diffusion parameters. In addition,
because of their non-standard size and format, the DECTAPES could not be
processed on off-line, large-computer systems to take advantage of the
increased memory, speed, and subroutines for curve fitting and
statistical analyses that are available with such systems.

For the lidar technique to become a routine method for measurement
of vertical diffusion parameters, data recording must be accomplished
.m a magnetic tape system that allows for greater data storage and that
offers compatibility with large computer systems. Accordingly, a nine-
track magnetic tape recorder was installed in the lidar van and suitable
software for data recording was developed. The magnetic tape unit
allows for data storage of about 6000 lidar signatures as opposed to
the previous 564 for DECTAPE. Software was also developed to decode
the 16-bit words written by the PDP-11 lidar minicomputer in terms of
the 60-bit word structure read by the SRI CDC-6400 computer system.
This then provided a method for transferring the lidar data records to
the CDC-6400 computer for utilization of more efficient analysis methods.







To process lidar data for display as plume cross sections, as shown
in Figure 1, an "overplotting" te:hnique was developed to generate a
polar plot on the available X-Y grid of TV brightness elements without
using the relatively large computer times normally required to transform
data between coordinate systems. (This technique is described in more
detail in the appendix.)

After a plume cross-section has been generated, an X-Y grid of
values is retained within the display memory. It would be convenient
to perform calculaticns with these stored data, but unfortunately the
display memory does not have the capability to be accessed by the mini-
computer for readback of data. 2Zlso, the display stores only four=bit
information, whereas the lidar data recorded on tape provide eight-bit
information. Therefore, readdressing the data for the profile analysis
as shown in Figure 1 requires a second reading from the magnetic tape
unit and subsequent computer operations. Each of the vertical profiles
displayed in Figure 1 requires about 5 minutes to generate.

The method for generating polar-scan plume cross sections described
above was developed in a preliminary form for analysis of DECTAPE records
collected at Rancho Seco. As discussed earifer, a nine-track magnetic
tape unit was added to the lidar data system and was used during the
field study conducted under this project at Idaho Falls. Consequently,
the polar plotting programs had to be rewritten for analysis of nine-
track magnetic tape records. While the data collection using nine-track
magnetic tape recording was successful, the capabilities of the lidar
data system to process these tapes were found to be limited. Basically,
it was possible to plot the data in a poiar format in real time, but it
was not possible to perform the post-experiment profile analysis as
shown in Figure 1.

This limitation resulted from two factors. First, the operating
sof tware for DECTAPE operations (DECTAPE driver) had to be retained,
since the DECTAPE unit is still necessary to run the RT-11 operating
system. Use of the new magnetic tape unit required additional computer
memory to store the software for driving it, and this left insufficient
memory to run the data analysis programs previously used with the DECTAPE
records.

The second factor was even more serious. DECTAPE is a semi-random
data storage device that uses a prestructured (block) format. Therefore,
for the profile analysis, DECTAPE data can be effectively readdressed
without performing extensive rewind and tape-search operations. On the
other hand, the file-structured nine-track tape must be searched from
the beginning of the tape for the data record of interest. This operation
significantly adds tc the data processing time (especially for data
records near the end of the tape) and makes it too slow for processing
large data bases. Therefore, processing of nine-track - agnetic tape
lidar records in terms of diffusfon parameters is not feasible using the
current capabilities of the Mark !X lidar digital data system.









® Vertically integrate the time-integrated grid-point
values to determine a cross-plume horizontal profile,
and horizontally integrate the grid-point values to
determine a cross-plume vertical profile.

e C(ompute diffusion parameters, oy and o,, by finding
the nonlinear least-squares best fit of the CGaussian
function to the vertically integrated horizontal pro-
file and to the horizontally integrated vertical

ofile. (This procedure is described in more detail
in the appendix.)

Standard SRI/CDC computer programs are available on the CDC-6400
that can generate two-dimensional displays from an X-Y grid of data
points. One program generates a two-dimensional contour (isoline)
analysis, and the other generates a two-dimensional gray-scale (dot
pattern) picture. Figure 3 presents the output of the two approaches
as applied to Scan No. 38 of the Rancho Seco data. Although the cost of
producing these displays is considerablv more than the gray-scale display
generated by the lidar minicomputer system, a valuable by-product is the

X-Y data-point matrix, which can be used for more efficient diffusion
analysi:.

Scan Nos. 36, 40, and 43 of the Rancho Seco data were chosen as a
sample data set for use in developing software to compute time-integrated
diffusion coefficients., The contour analyses for these scans, which were
made at the same lidar viewing directions but at different times, are
shown in Figure 4. For each cross section, the logarithmic backscatter
values were converted to linear form and integrated in the horizontal
for a cross-plume vertical profile and in the vertical for a cross-plume
horizontal profile. A nonlinear least-squares routine is then applied
to determine the best-fit Gaussian curve in a manner similar to that
discussed in the appendix. The results of this analysis applied to the
sample Rancho Seco cross sections are presented in Figure 5.

As illustrated by the data examples presented, using both the PDP
and CDC compu:zers in a coordinated manner provides for improved lidar
data collection and analysis for determining values of atmospheric dis-
persion parameters. An alternative method of generating an X-Y grid of
backscatter data by the lidar PDP-11 computer is recommended in Section
V of this report. This proposed new method would greatly facilitate
diffusion analyses of large lidar data bases by large computer systems.

This coordinated PDP/CDC computer analysis of lidar backscatter
data in terms of time-integrated cross-plume diffusion has been applied
to a portion (about 15 percent) of a large quantity of data collected
on a project sponsored by the Electric Power Research Institute (EPRI)
involving weasurements of dispersion of tracer materi:ls released near
the Duane Arnold Energy Center. Examples are presented in Figures 6, 7,
and 8. There are four parts to each of these figures:

10
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points (see Figure 12)
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A value of F = 0, 1, or, 2 was determined tor each cross section by
inspection. The resulting values of F are listed in Table 2 as a func-
tion of downwind distance, and the average values of F at each downwind
distance are plotted in Figure 17. This figure shows that vertical

dispersion is enhanced in the building wake for approximately 200 to

JOO m downwind, which corresponds to 10 to 15 building heights. Such
building effects on downwind dispersion are well known, and have been
studied extensively; e.g., Halitsky (1966), Hatcher et al. (1978),

Huber (1979), Johnson et al. (1975), Sagendorf et al. (1979), Start et al.
(i977), Thompson and Lombardi (1977). Abbey (1976) reviewed many of these
studies and described the NRC research program in this technical area.
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VERTICAL DISPERSION COMPARISON FACTOR

FOR OPEN-COUNTRY (A ) VERSUS

NEAR-BUILDING (B} TRACER RELEASES

(=]

- ! 1 1 N
o AN 8o 200 300 400 500

APPROXIMATE AVERAGE DOWNWIND DISTANCE — m

FIGURE 17 VERTICAL DISPERSION COMPARISON FACTOR AS A FUNCTION
OF DOWNWIND DISTANCE

However, an unexpected r :sult is the indication that beyond this 300-m
| distance, the vertical dispersion of the "open country" plume is greater
| than that of the building-influenced plume. Some of this effect is due
to the geometrical distortion of the lidar viewing angles at progressively
longer downwind distance, but overall it appears that the effect is
real.

Possible explanations for this phenomenon could include persistent
| downward vertical motion in the building wake, and/or breakup of large
ambient convective eddies by aerodynamically generated mechanical turbu-
lence in the building wake. However, the qualitative results presented
here are not definitive, and must be confirmed by other measurements
before this finding can be considered to be established.
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TABLE 2

VERTICAL DISPERSION COMPARISON FACTOR AS A FUNCTION
OF DOWNWIND DISTANCE FOR THE VARIOUS LIDAR SCANS

Vertical Dispersion Comparison Factor
at Indicated Downwind Distances®
Scan Nos. 50-100 m |  200-250 m |  300-400m | 400-500 m
(First/Last) (Avg. 75-)1 (Avg. 225m) ‘L(Av" 350m) iL(Av;. 450)
11- 1/11- & o | 22 | 2 |
11- 5/11-8 0 ' 0,2 ! 1 |
11- 9 0 '
10- 1/10- 3 o | o ' o !
10- 8/10-10 0 | e -
10-11/10-13 0 | 0 -
10-14/10-16 0 ‘ - -
10-17/10-21 2 l 0 2
16- 1/16~ & 0 , 2 2 2
16- 6/16~ 9 0 i 0 2 2
16-11/16-14 0 | 1 2 2
16-16/16-19 0 1 0 0 0
16-21/16-24 0 1 0 1 1
16-26/16-29 0 ‘ 0 1 2
16-31/16-34 0 1 | 2 2
16-36/16-39 0 0 | 2 -
16-41/16-44 0 1 1 ! 0
17+ 1/17=- 5 0 2 2 | 2
17- 6/17-10 0 2 | 2 . -
17-11/17-15 0 0 ; 0 | -
17-16/17-19 0 0 | z | 2
17-21/17-26 0 0 ‘ 2| -
17-26/17-29 0 2 | - | -
17-31/17-34 0 0 2 , -
17-36/17-38 0 0 i 0 |
1
Average Factor: 0.08 0.71 1.40 1.50

.‘rhe downwind distances listed corresp nd to the following lidar pointing
(azimuth) angles for the various scans:

50 - 100m: Jso-:us: 300-400m: 315-395°
200 - 250m: 335-325 400-500m: 290

#*#*The dashes indicate that the comparison factor cannot be determined, either
because of missing data or because of merging of the two plumes.
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FIGURE 18 PROPOSED DATA ANALYSIS APPROACH RECOMMENDET

FOR DIFFUSION PARAMETER COMPUTATION

ISING A LARGE LIDAR DATA BASE




In the proposed method, a new display memory with readback
capabilities would be added so that the generated X-Y grid of numbers
could be addressed by the computer. Therefore, the data as viewed on
the TV display screen 1ld be edited, and valid data in X-Y format
could be written on a second tape drive controlled by the PDP-~11 mini-
computer. In addition, the data would be stored in their 8-bit form
rather than the present 4-iit storage. Therefore, the full amplitude
resolution provided by the 8-bit analog-to-digital converter used in
the Mark IX lidar data system would be preserved in display memory.

The data tapes and gray-scale plume pictures processed with the
new system would then be appropriate for transfer to other groups, if
desired, for detailed diffusion analyses.
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LIDAR VAN

SRI MARK IX MOBILE LIDAR SYSTEM
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Table A-1

«ARK IX LIDAR SPECIFICATIONS

Lo

Description

Transmitter
Laser rod
Wavelength (A)
Beamwidth (mraa)
Optics

Pulse length (ns)
Q-switch

Cavity cooling

Receiver
Optics

width (A)
Detector
video amplifiers

Pulse energy (joules)

Maximum PRF (pulses/min)

Field-of-view [mrad)
Prodetection filter passband

PMT even-numbered dynode modulation

Gain compensation
PMT ‘on’ period

Prefull

Sconning and firfeg

shot )
Firing rate (PPM)

-MHZ s ystem)
A/D conaversion

Sample intervals
[rarse resolution)

‘on' control:
{a) Step gain (48 down)
(b} Delay from lase

Azimuth and elevation (degree/

‘.ne"ol grocessi.llre(nrd' ng/display

Ruby (3/8 « 3 inches)
69343.0 «+ 0.9
- |

4.to-) Galilean beam expander and 2-inch mirror coaxial
with receiver telescope

1.0

30

Pockets cell

60

Refriqerated water

Newtonian reflector (6 inches)
1.0 to 5.5
3 to 5 (thermally cantrolled)

RCA 7265 PMT (5-20 photocathode)
Log (4 decades, 35 MHz) and/or wideband !{inear

Inverse range squared correction or flat (selectable
by front-panel control)

1 us {150 m), 10 us (1.5 km), 100 .s (15 Wm),
200 us (30 km), or variable

0 a8, -10 d8, -20 48, -30 4B or -40 4B

0, 5.5 (750 m), 10 s (1.5 km), 20 45 (3 wm),
30 45 (4.5 km), or variable

0.1, 0.2,0.5, 1.0, 2.0, 5.0, or 10, or by external
programmer
1,2, 3,8,%,10, 20, 30, or 60 plus variable (120 PPM

avatlable for playhack)

B bits
S00 Mb/s (max)

0.02 ys (3 m), 0.05 .5 (7.5 m),
] 43 (‘50 ').

Resolution;
Bit rate:
0.01 us (1.5 m),
01 us (15m), 0.2 us (30m), 0.5 .s (75 m),
and 50 on to 10 s

(Mixed time base allows increased resolution at range of
aeraso) of interest.)

e T P ——
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Table A-1

MARK 1X LIDAR SPECIFICATIONS
(Conc luded)

Item

Description

Total number of samples per |idar
shot:

® Recorded

o Displayed

Programmable delay (from lase)
Displays:

® Scope (from refresh memory)

o TV (90 rotated)

Computer memory size
Programs

Peripherals

Analog processing/recording/display
‘!!‘&‘ system)

Data storage

Data recording
Scope displays

o Intensity modulated
(z-scope)

¢ Standard (A-scope)

Frequency response

Selectable 2048, 1024, 817, or 2%
512 (Sequential, every 2nd or every 4th sample)
In 10-sample increments

Ampl 1tude versus range, continuously refreshed between
1idar shots

0 Height or range versus time

«« Yoaxis (elements): 512 samples
«« X-axis (lines): 256 1idar shots
<= T-axts (intensity modulated): 16-leve! grey scale

o Amplitude versus range
16k-words (16-bits/word)

RT-VI/BASIC; RT-11/FORTRAN IV, various lidar programs
(Tog-amplitude, inverse-range-squared correction, ¢loud
and aerosol density inferences, and so on).

Magnetic tape storage, teletype terminal with paper tape
punch/reader

Video disk with READ BETWEEN WRITE capabilities (77 000
lidar shots per disc)

Polaroid or 35.mm film

@ READ BETWEEN WRITE--progressive buildup of time or
distance traveled as a function of height or range

o Playback
== Cartesian coordinates

X-axts--time or distance traveled
Y-axis--height or range
l-anis--intensity (function of signal strength)

-~ Polar coordinates:

r--range
¢--degrees stepped between shots

e Single shot:
== Log amplitude versus range (time)
-- Linear amplitude versus range

o Composite of up to 360 shots (both Tog and Vinear as
above)

o Using video disc storage. 4.5 MW
Direct on film through log amplifier 35 M2
@ Direct on film without log amplifier. 100 Muz
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3. Data Formatting

In order to analyze the lidar data computationally, a rectangular
rather than a polar array was desired. Such an array can be provided by
specifying an analysis grid of rectangular point locations as illustrated
in Figure A-2(b) and interpolating the polar array to cbtain values at
the grid points. The interpolation scheme emploved consisted of the
following process:

@ OCrid points lving between two sampling pattis are identified.

@ For each such grid point, a backscatter value is obtained
on ea ) bracketing path, at the same range (R) as the grid
point, by linearly interpolating the sample values along
the path.

® The path values thus obtained are then interpolated to i 's
grid squares in question by an angular interpolation along
the arc representing range R. '

&. Data Normalfization

In its initial form, the analysis array consists of backscatter
ratic quantities, S, in decibel form:

$ =10 10310 (Bp + Sc) s

where Bp and £, are the backscatter components from the smoke plume and
the clear air, respectively. The values of S can also be converted to
a linear ratio of Sp to . by the following process:

® Designate the backscatter from clear air alone in the form
S, = 10 log,, 8_ - ‘

® Determine the value S. from backscatter samples in the |
clear air region [iee Figure A-Z(a)] and use this value to |
write an expression for the ratio of total to clear air
backscatter in decibel form as

Sp = 10 log,, (BP +8)-10 log, (8 .

as
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