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ABSTRACT

A new technique for collecting a large lidar data base appropriate
i for 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 IX mobile lidar syster,. 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 smoke 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 390 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-count ry release.

The techniques used for processing the lidar data collected during
this project were shown to 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 system 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 technt ,aes, 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 BACKGROUND

A. General

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

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. The
lidar technique can obtair. 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 (SF ) and smoke6
(oil fog) tracers was conducted at the Rancho Seco Generating Station
near Sacramento, California, by the Air Resources Laboratory of the
?Mtional 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 Power Research Institute (EPRI). The
measurements were made during the pe riod 27-30 October, using the SRI
Mark IX mobile lidar and its associa ted digital data processing and

display system. [A description of f.he 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
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distribution of the tracer gas was measured by means of an array of 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 SRI 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 plane. 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 cross 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 horizontal and vertical plume-density distributions with high temporal
and spatial resolution. It is particularly ef fective above the ground,
where it is difficult to make direct measurements using conventional
techniques.

Details of the results of this study may be four.d in Uthe and

Johnson (1976) or Uthe et al. (1979).
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II 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 methads for improving the use of the lidar
technique for describing atmospheric dispersion characteristics, especi-
ally in the vertical, around nuclear power plants. Basically, the ob-
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 toe
obtain appropriate data for deriving time-averaged

I diffusion parameters.

Efficient and cost-effective analysis of the largee

quantities of data that can be collected with the
lidar technique.

! Transfer of data and dif fusion parameters in a formate

appropriate for use by diffusion modelers.,

|

B. Technical Approe 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,e

and analysis of lidar data in terms of dif fusion
parameters.

Application of the new analysis and display techniquese

| to data previously obtained at Rancho Seco.

Application of the new recording and display techniquese
during a field study conductel at the Idaho National

| Engineering Laboratory (INEL). near Idaho Falls, Idaho,
in cooperation with the NOAA vir Resources Laboratory,
Examination of the feasibility of extending thee
application of mobile lidar systems to other aspects of
nuclear power plant ef fluent dif fusion.

3
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III DATA RECORDING AND ANALYSIS 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 are discussed.

A. Data Recording 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-
fore, after 564 observations, the lidar operations had to be suspended
for about a 10-minute period while the recording tape was changed and
the software reiritiated. On continuous runs, about one-third of the
time was used to change tapes, and this could seriously affect the use-
fulness of data to be analyzed f or dif fusion 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 dif fusion parameters, data recording must be accomplished
on 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
sof tware 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 SR1 CDC-6400 computer system.
This then provided a method for transferring the lidar data records to
the CDC-6400 computer for utilization of more ef ficient analysis methods.

5
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[The new data-recording method was successfully applied during a
[field program conducted at the INEL from 31 October through 11 November
|1977 in cooperation with the staff of the NOAA Air Resources Laboratory. ;

The data and results obtained from the field program are presented I

in Section IV.

I

>

B. Data Analysis Improvements |

lA method was developed to allow for the efficient processing, in |

terms of vertical and horizontal dif fusion parameters, of a large quantity (of lidar data recorded on nine-track magnetic tape. '

rThe first step was to streamline, refine, and document the
|computational procedures used to process lidar backscatter signatures
|in terms of an intensity-modulated TV-type display, as shown in Figure 1. i

Although the display technique was developed for use on the Rancho Seco
jdiffusion study (Uthe and Johnson, 1976), the computer program for auto-
:,

i matic profile analysis was not suitably refined and documented on this
) earlier project. Further, this procedure was available for use on
j DECTAPE data records only. f
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HORIZONTAL DISTANCE FROM LIDAR
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FIGURE 1 EXAMPLE OF COMPUTER-GENERATED VERTICAL PLUME DENSITY PROFILES |

Lidar is located at lower lef t corner. The height and distance scale is 75 rn/div. i

Plume vertical concentrations (relative to clear air with a scale of 10 dB/div) are
plotted at the lower left and the horizontal position associated with each profile
is plotted in the upper right.
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To process lidar data for display as plume cross sections, as shown
in Figure 1, an "overplotting" technique 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 calculatiens 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. Also, the display stor es 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 earlier, 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 polar 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 sof tware for driving it, and this lef t 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 to 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 magnetic tape
lidar records in terms of diffusion parameters is not feasible using the

current capabilities of the Mark IX lidar digital data system.

7
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Because of the limitations discussed above for processing nine-track
magnetic tape records o., 9 lidar data system, and because we expected
that considerably more efficient computer processing could be performed
on a large off-line computer system, our next major effort was to develop
a methodology to analyze the lidar data records on the CDC-6400 computer
located at SRI. The overall approach that was taken is illustrated in
Figure 2.

9-TR ACK PDP 11
'

RECORDS PROCESSOR CONTROLLER TV SCREEN

R4 li OVERPLOT TECHNIQUE | PLUME
(COORDIN ATES) R4 TO X-Y CONVERSION CROSS SECTIONS

I I
L_____ OPERATOR e___-l

OVERPLOT INTER ACTIVE

9-TR AC K CDC 6400 R4 TO X-Y
GRID PLOT * EDITING

RECORDS PROCESSOR GRID TECHNtQUE
!

R4 PDP-CDC CONVERSION |

|
DISK |7

STORAGE
|

'

______________________________J

DISK CDC 6400 DIFFUSION
STORAGE PROCESSOR PARAMETERS

|X-Y

FIGURE 2 CURRENT PDP-11/CDC-6400 DATA-ANALYSIS APPROACH DEVELOPED
FOR DIFFUSION PARAMETER COMPUTATION USING MARK IX
LIDAR NINE-TRACK MAGNETIC TAPE RECORDS

First, a computer program was written to decode th'e 16-bit data I
words written by the PDP lidar minicomputer in terms of 60-bit words
read by the CDC computer. This operation was found to be relatively
expensive, and so a new tape was written that contained the decoded
data and that could be efficiently processed by the CDC computer as
many times as needed.

Unfortunately, a TV-type display system such as that used with the
lidar minicomputer is not available on the CDC-6400 computer (or most
other large-processor computer systems). However, both hardware and
software are available on the CDC-6400 for generating both gray-scale
and contour displays from an X-Y grid of data. Therefore, the next major
effort on this study was to derive a method to transform the lidar {

8
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elevation scan data (R-0 coordinates) into an appropriate X-Y data array.
Since each lidar scan may contain as many as 50,000 data points, an
efficient method must be employed to derive the X-Y grid-point array.

The basic steps that were used in deriving dif fusion parameters
-

from the lidar data are outlined below:

o Convert lidar backscatter signatures from digitizer
counts (C = -128 to +128) to relative dB units by the
expression S = 0.181 (C + 128), where the coefficient
is determined periodically through calibration of the
lidar receiver and log-amplifier circuits.

Define the position of an X-Y mesh of grid points thate

overlays the R-0 grid-point array.

Interpolate to determine S values at all grid points ofe

the X-Y mesh. Each grid-point value is computed by linear
interpolation using the two lidar signatures between
which the grid point lies.

Average the clear-air returns outside the plume toe

determine the background (clear-air) value, S , andc
subtract this value from all grid points to obtain
normalized plume backscatter (S ):p

S =S-S
'p c

.

= 10 log 10 ( p + O ) - 10 log O
c 10 c

- .

= 10 log (8 + 6 )/B ,

10 , p c- c,

where 8 is backscatter from the plume particulates
and S s backscatter from the clear air.c

e Generate isolines of S using the X-Y grid-pointp
array.

e Linearize the logarithmic Sp values to obtain values
of relative plume density, D, defined as a normalized
lidar backscatter ratio:

S /10
p

DE 6 /8 = 10 _t,
p c

Time-integrate the resulting linear grid-pointe

values obtained for a series of lidar elevation scans.

t

.
9
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e 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.

Compute diffusion parameters, oy and a , by findinge z
the nonlinear least-squares best fit of the Caussian
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 computar programs are available on the CDC-6400
that can generate two-dimensional displays f rom 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 considerably 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
analysic.

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
dif fusion coef ficients. 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 theh 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 computers in a coordinated manner provides for improved lidar
data collection and analysis for determining valuen of atmospheric dis-
persion parameters. An alternative method of generating an X-Y grid of
backscatter data by the lidar PDP-ll computer is recommended in Section
V of this report. This proposed new method would greatly f acilitate
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 dif fusion 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 measurements of dispersion of tracer materinis 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:

,
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(a) A contour analysi:5 (horizontal cross section) of near-
,

ground SF6 tracer gas concentrations as measured using
an array of air samplers located as indicated in the
figure.

(b) A contour analysis (vertical cross section) of relative
plume density (D) in the vertical plane as measured
with the lidar.

(c) A horizontal profile of the vertically averaged
relative plume density (D).

(d) A vertical profile of the horizontally averaged relative
plume density (D) .

It should be noted that all of these data represent 1-hour averages.
To obtain this time integration, at least eight lidar elevation scans
were averaged for each case, as indicated in the (b) portions of the
figures. Where appropriate, a nonlinear least-squares Gaussian fit to
the density distribution was made and is indicated by a dashed line in
the (c) and (d) portions of the figures, and the standard deviation (c)
with respect to distance is provided.

Also, to clarify the relationship between the plan-view gas-tracer
contour pattern and the lidar contour pattern in the vertical plane,
the direction of lidar scanning is indicated by an arrow which contains
tick marks indicating the lateral extent of the lidar contour pattern.
The ticked arrow indicator appears on both the gas tracer and lidar
patterns for cross-referencing. Zero height on the ordinate of the
lidar contour pattern refers to the actual el'evation of the lowest lidar
pulse at the individual site of scanning. Lidar zero elevation may
differ slightly from ground elevation at some points by virtue of the
slightly undulating terrain. In some cases it will be noted that lidar
information begins above the lidar zero elevation. This data loss is
due to occasional, unavoidable attenuation of the lowest lidar pulses
by objects such as trees and bushes.

It is clear from these data examples, as well as from those presented
earlier, that lidar data are of value in dispersion studies of this sort.
Several of the features shown by the lidar data could not have been
observed by any other technique. For example, Figure 6 shows that an
assumption of Gaussian-type vertical diffusion would not be valid in
this case. Figure 7 indicates that the plume maximum concentration
occurs 20 to 30 m above the ground. Figure 8 shows that the plume is
fully elevated. None of these ir portant plume features were revealed by
the ground-based tracer-sampling network.

17
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IV FIELD PROGRAM

A. Description of the Experiment

A two-week field study was conducted at the Idaho National
Engineering Laboratory during the period 31 October - 11 November 1977.
Measurements were made with the SRI Mark'IX mobile lidar system in
cooperation with the Idaho Falls Field Office of the NOAA Air Resources
Laboratory (ARL-ID). The ARL-ID personnel coordinated the measurement
program and generated smoke tracers, in addition to making gas tracer
releases and measurements at surface level for some of the tests. The
NOAA Wave Propagation Laboratory also participated in the field study
by measuring winds and turbulence with their CO2 Doppler lidar system.

The experiments were designed to investigate the feasibility of
using lidar technology to obtain diffusion measurements in the vertical
plane. The experiments were conducted at two field sites. One site was
characterized by an abandoned reactor building (EOCR), and the other by
an array of surface and tower-mounted tracer samplers (GRID III)
operated by ARL-ID.

At the EOCR site, experiments were designed and conducted in a
manner to:

Ascertain the effects of a building structure on thee
diffusion of tracers released near ground level, and
quantify to the extent possible.

Determine the sensitivity of the building-wake ef fectse
to release height by making both vent (building-top)
and stack (above-building-top) releases.

The experiments at the GRID III site were designed and conducted
in a manner to:

'
e Validate lidar-derived dif fusion parameters by

comparison with results obtained from tracer-gas
measurements.

e Extend the results to downwind distances for which
tracer gases were not being sampled.

.

For each experiment, a smoke tracer plume was generated and the Mark IX
lidar van was located at an appropriate site for making vertical cross
sections through the smoke plume. Cross sections at several downwind
distances were made by changing the azimuth viewing direction of the
lidar system. Table 1 presents a summary of the Mark IX data collection

19
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Table 1

SLMtARY OF LIDAR OBSERVATIONS OBTAINED.DURING INEL FIELD STUDY
(31 October - 11 November 1977)

Date Run No. Site No.* No. of Cross Sections Test Description

11-1-77 1 1-1 6 Smoke Pot--Stack Release

11-2-77 2 1-2 47 011 Fog--Cround Level

11-2-77 3 1-3 14 Oil Fog--Cround Level

11-2-77 4 1-2 29 011 Fog--Csound Level
.

11-2-77 5 1-3 37 cil Fog--Cround Level

11-3-77 6 1-4-5 6 Smoke Pot Out of Stack |

11-3-77 7+ 1-4/5 10 Smoke Pot Out of Stack |g.
|- 11-3-77 8+ 1-4/5 22 Smoke Release--Top of Building

11-3-77 9+ l-4/5 25 011 Fog Behini Building i

11-3-77 to -1-5 23 011 Fog at Distance--Smoke Pot at Building
11-3-77 11 1-5 9 Oil Fog at Distance--Smoke Pot at Building
11-4-77 12 2-6 63 Crid Test--011 Fog

11-8-77 13 2-7 24 Crid Test--Oil Fog

11-9-77 14 2-7 61 Crid Test--Oil Fog

11-10 77 15 2-7 43 Crid Test--011 Fog7

11-11-77 16 1-8 45 011 Fog at Distance--Smoke Pot at Building

11-11-77 17 1-8 38 011 Fog at Distance--Smoke Pot at Building

. . Site number is given by prefix denoting reacter (1) or sampling grid (2) site and a suffix denoting*

the lidar site as keyed to a map of the area

kune 7, 8, and 9 were between Sites 4 and 5.+
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operations. The lidar site numbers identified in Table 1 are indicated
on the E0CR and GRID III maps shown in Figures 9 through 11.

B. Data Reduction and Presentation

As shown in Table 1, a total of 502 lidar cross-sectional scans
were collected during the experiments at INEL. All of these lidar scans
were processed into electronics and photographic images (" gray-scale
displays") depicting vertical plume structure in the format shown in
Figure 1. However, as discussed earlier, because of limitations in the
Mark IX digital data system when using nine-track magnetic tape records,
it was not f easible to derive plume density profiles as shown in
Figure 1. The lidar cross sections were analyzed in terms of horizontal
plume dimensions relative to the lidar position and these data were
plotted on maps of the EOCR and GRID III sites to illustrate horizontal
plume structure downwind of the smoke source. For example, Figure 12
presents plume positions observed during a relatively short run (Run ll)
that consisted of two simultaneous smoke releases, one at ground level
near the reactor building, and another at ground level in open country,
approximately 200 m away in the crosswind direction from the building.
Figure 13 presents the lidar cross sections collected during Run 11. In

addition to Run 11, the dual-release approach also was used in Runs 10,
16, and 17 (see Table 1). Lidar cross sections for these runs are
presented in Figures 14, 15, and 16.

In these figures, the cross sections at the larger azimuth angles
are nearer to the smoke sources. These close-in cross sections, such
as No. 11-1 (Figure 13), clearly indicate that the initial horizontal
and vertical dispersion is considerably greater for the smoke released
in the building wake (plume on lef t) than for that released away f rom the
building (plume on right). However, at longer downwind distances, this
does not always appear to be the case, at least not for vertical
dispersion.

The influence of the building on vertical dispersion was investigated
qualitatively by carrying out a picture-by-picture comparison of the
heights of the two smoke plumes in each cross section. Values of a
vertical dispersion comparison factor (F) were defined as follows:

If A > B FE 2,v v

B FE 1A =
,v v

A < B FE O,

v v

vertical extent of plume released away from the buildingwhere A =
y

vertical extent of plume released near the building.B =

21
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A value of F e 0,1, or,2 was determined for 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
300 m downwind, which corresponds to 10 to 15 building heights. Such
building ef f ects on downwind dispersion are well known, and have been
studied extensively; e.g., llalitsky (1966), llatcher et al. (1978),
iluber (1979), Johnson et al. (1975), Sagendorf et al. (1979), Start et al.
(1977), Thompson and Lombardi (1977). Abbey (1976) reviewed many of these
studies and described the NRC research program in tnis technical area.
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| FIGURE 17 VERTICAL DISPERSION COMPARISON FACTOR AS A FUNCTION
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|

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. Ilowever , 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 200-25J m 300-400m 400-500 m
(First/Last) (Avg. 75m) (Avg. 225m) (Avg. 350m)' (Avg. 450)

11- 1/11- 4 0 2,2 2

11- 5/11-8 0 0,2 1

11- 9 0

10- 1/10- 3 0 0 0
, ,

10- 8/10-10 0 - ** j
--

10-11/10-13 0 0 -- t

10-14/10-16 0 -- -- 1

I

10-17/10-21 2 0 2 |

( 16- 1/16- 4 0 2 2 2

16- 6/16- 9 0 0 2 2

16-11/16-14 0 1 i 2 I 2

16-16/16-19 0 0 0 0

16-21/16-24 0 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 --

f 1 016-41/16-44 0 1

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 2 2

17-21/17-24 0 0 2 --

17-26/17-29 0 2 -- --

17-31/17-34 0 0 2 --

17-36/17-38 0 0 0

Average Factor: 0.08 0.71 1.40 1.50

*The downwind distances listed correst,ind to the following lidar pointing
(azimuth) angles for the various scans:

50 - 100m: 350-345 300-400m: 315-305
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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V RECOMMENDATIONS FOR FURT11ER WORK

The capability of the lidar technique to collect the large amount
of data needed f or quantitative dif fusion analysis was experimentally
demonstrated in the current study. However, digital processing of this
data base was necessarily limited because of restrictions inherent in
the two data processing methods currently available. Accordingly, an
appropriate technique for processing of large data bases was developed
and should be implemented so that the lidar can be used more effectively
in further diffusion studies.

The proposed new data analysis method is diagrammed in Figure 18.
It is designed to use, to the extent possible, existing hardware and
software components of the Mark IX lidar data system. In the current

method (see Figure 2), the lidar signatures are processed by the lidar
PDP-11 computer using an overplot technique to convert the polar-scan
data to an X-Y grid array, which is stored in a display memory. How-
ever, the current display memory does not permit accessing of these
stored data by the PDP-11 computer.

0'
9-TRACK POP 11
RECORDS PROCESSOR

' 'I'
" CONTROLLER * TV SCREEN

WITH READBACK
PLUME

OVERPLOT TECHNIQUE CROSS SECTIONS
R-e TO X-Y CONVERSION

1 1
9-TR ACK g g
RECORDS g___ OPERATOR ,___J

EDITING
X-Y

READBACK INTER ACTIVE

9-TRACK CDC 6400 DIFFUSION
RECORDS PROCESSOR PARAMETERS

X-Y PDP-CDC CONVERSION

FIGURE 18 PROPOSED DATA ANALYSIS APPROACH RECOMMENDED
FOR DIFFUSION PARAMETER COMPUTATION
USING A LARGE LIDAR DATA BASE
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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 , 'sid 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-i it 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.

I

,

l
!

|

!
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VI CONCLUSIONS-

A technique for collecting a large lidar data base appropriate for
analyzing dif fusion parameters was developed and demonstrated. Although
the data collection technique was successful, serious problems were
encountered in developing a method for effectively analyzing these data.
Use of the nine-track tape data recording medium reduced the amount of
computer memory available for running analysis programs on the lidar
minicomputer, and readdressing-the file-structured nine-track magnetic
tape was found to be significantly more time-consuming than readdressing
the block-structured DECTAPE used previously.

As a result of these problems, an alternative methodology was
developed for processing the data records on a larger computer system
(CDC-6400). This approach has been shown to be feasible, but it is not
suitable for analysis of large data bases for two reasons: (1) the large
expense involved in converting tape formats and generating an X-Y grid
of backscatter values, and (2) the lack of an appropriate display system
driven by the large computer. After evaluating various computational
techniques, defining data archiving requirements, and reviewing the
latest available hardware technology, an improved method has now been

,

formulated for processing and analyzing large lidar data bases for
effective use in atmospheric diffusion studies. This method makes opti-
mum use of both small- and large-computer techniques, and is described
in detail in Section V of this report.

A two-week cooperative field program with NOAA/ARL-ID was conducted
at the Idaho National Engineering Laboratory. Experiments were designed
and conducted with the_ objective of utilizing the capabilities of- lidar
sensors to quantify dif fusion parameters, especially in the vertical.
Tracer smoke releases were made by the personnel of ARL-ID, and lidar
backscatter data were collected by SRI using the Mark IX mobile lidar
system. All data were successfully recorded on nine-track magnetic
tape using a technique that provides for recording of 6000 lidar signa-
tures without interruption. However, because of the problems discussed
above, these data could only be processed to a limited extent by the
lidar data system. All data were reduced to the form of lidar vertical
cross sections depicting the two-dimensional structure of ~ tracer smoke
at various distances downwind of the source.

Because of the reasons just discussed, it was not feasible to
analyze' the lidar data in a detailed, quantitative manner. However, the.
distribution of tracer smoke observed for ~ releases made simultaneously
at sites near to and away from~the EOCR reactor building provided data
that could readily be analyzed qualitatively in~ terms of building wake-
effects. This qualitative analysis indicates that the presence of the

s
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building clearly enhances horizontal and vertical dispersion in the first
200 to 300 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. Possible explanations for this include persistent downdrafts
in the building wake, and/or the breakup of ambient convective eddies
by mechanical turbulence in the building wake.

)
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1. Lidar Equipment,

The SRI Mark IX mobile 1idar system was designed for use on
environmental programs that require observations at relatively short
ranges (0 to 10 km) with a high data rate and suf ficient transmitter
energy for single-pulse signature analysis. The configuration of the
lidar van and it s equipment is pictured in Figure A-1. Add it iona l
specif ications are provided in Table A-1.

The laser transmitter and receiver optics and detector are mounted
on a pointable pedestal with elevation and azimuth drive motors for
automatic scanning capabilities. The detector may be gated in a time-
squared fashion to correct for the inverse-range squared dependence and
may be logarit hmically amplified to ef f ectively observe backscatter
signals over f our orders of magnitude. The system is equipped with two
complete and independent real-time data recording, processing, and dis-
play subsystems. The analog video-disk subsystem was introduced in 1970
and has been used by Johnson et al. (1973) to obtain electronically-
generated pictorial displays of plume structure from a time series of
lidar signatures. Ilowever, because of the relatively low bandpass
capabilities of the disk recorder and nonlinear transfer functions of
the supporting electronics, the disk records are not satistactory for
quantitative density analysis. A computer-based digital system that
solves the problems associated with the analog system was developed in
1973 and has been discussed in a journal publication by Uthe and Allen

(1975). pictorial displays with 16 gray levels can be generated, with
picture brightness linearly related to backscatter intensity. In

addition, digital records are available for computer procescing in terms
of quantitative optical or physical densities and for profile analysis
as applied in this study.

2. Sampling Configuration

For the application described in this report, the lidar van was
positioned to enable the Mark IX lidar to fire through the plume to be
sampled and the intervening clear-air region between the van position
and the plume, as illustrated schematically in Figure A-2(a) . A pulse
of energy is fired along a sampling path and the quasi-continuous back-
scattered energy is sampled at a time interval, At, that, given the
speed of light, translates to a range interval AR along the sampling
path. The location of any backscatter sample is thus known as a function
of range along the sampling path and the known elevation angle of that
path. A vertical cross-sectional sampling of the plume is obtained by
incrementing the elevation angles of the individual sampling paths by a
known amount, A0, thus providing a two-dimensional array of samples in
polar format as indicated by the dots in Figure A-2(a).
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Table A-1

LiARK IX LIDAR SPECIFICATIONS

Item Desc ri pt io n

Transmitter

taser rod Ruby (3/8 3 inches)
Wsvelength ( s) 6743.0 0.4

Beammtdth (mrad) 1

Optics 4-to-1 Galilean beam espander and 2-inch mirror coastal
with receiver telescope

Pulse energy (joules) 1.0

fPulse lengtn (ns) 30
'

( Q-se t tc h Poc kets cell

| Manimum PRF (pulses / min) 60

Cavity cooling Refrigerated water

Dec ei v er

Optics Newtonian reflector (6 inches)

Field-of-view (mrad) 1.0 to 5.5
Predetection filter passband 3 to 5 (thermally controlled)
aijth (t)

Detector RCA 7265 PMT (5-20 photor.athode)

Video a plifiers Log (4 def.ades , 35 Mdt) a d/or wideband linearn

PMT even-eumbered dynode modulation

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

PMT 'on' period I us (150 m),10 us (1.5 km),100 ,s (15 km),
200 as (30 km), or variable

Prefall *on' control:
(a) Step gain (dB down) 0 dB , -10 dB, -20 dB , -30 dB or 40 dB

(b) Delay from lase 0, 5 s (750 m),10 rs (1.5 km), 20 us (3 km),
30 os (4.5 km), or variable

Scanning and firing
Azimuth and elevation (degree / 0.1, 0.2, 0.5,1.0, 2.0, 5.0, or 10, or by es ternal

,

| shot) programmer

f Firing rate (PPM) 1, 2, 3, 4, 5,10, 20, 30, or 60 plus variable (120 PPM
available for playtack)l

Di g i t a l pro c es s i n g / r ec o rd i ng / d i s p1_ay
02:"! 11s_t_@

A/D conversion Resolution: B bits
Bit rate: 500 Mb/s (mas)

Sample intervals 0.01 as (1.5 m), 0.02 as (3 m), 0.05 us (7.5 m),
(rarge resolution) 0.1 us (15 m), 0.2 as (30 m), 0.5 as (75 m),1 s (150 m),

and so on to 10 s
(Mised time base allows increased resolution at range of
aerosol of interest.)
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Table A-1

MARK IX LIDAR SPECIFICATIONS
(Concluded)

Item Description

Total number of samples per lldar
shot:
e Recorded Selectable 2048,1024, 517. or 256
e Displayed 512 (Sequential, every 2nd or every 4th sample)
Programmable delay (from lase) In 10 sample increments
Displays:

Scope (from refresh mmary) Amplitude versus range, continuously refreshed betweene

11dar shots !

e TV (90 rotated) e Height or range versus time
-- V-asis (elements): 512 samples '

-- X-axis (Itnes): 256 Ildar shots I
-- Z-asts (intensity modulated): 16-level grey scale

;
e Amplitude versus range

)Computer memory size 16K-words (16 bits / word)
Programs RT-11/BA5!C; RT 11/ FORTRAN IV; various Ildar programs i

(log-ampli'ude. inverse-range-swared correction, cloud
-

and aerosol density inferences, and so on).
Peripherals Magnetic tape storage; teletype terminal with paper tape

punch / reader

Analog processing / recording / display
[4.5-MMr sys tem)

Data storage Video disk with R[AD BETWEEN WRITE capabilities (??,000
Ildar shots per disc)

Data recording Polaroid or 35-m film,
'

Scope displays

e Intensity modulated e READ BETWEEN WRIT ( -progressive buildup of time or
(2-scope) distance traveled as a function of height or range1

e Playback:
,

-- Cartesian coordinates:
X-axis--time or distance traveled
Y axis--height or range
Z-asis--intensity (function of signal strength)

-- Polar coordinates:,

i r--range
j e--degrees stepped between shots

o Standard (A-scope) e Single shot:
-- Log amplitude versus range (time)

,

-- Linear amplitude versus range,

i e Compostte of up to 360 shots (both log and Itnear as
) above)
| Frequency response e Using video disc storage: 4.5 MHz

Direct on film through log aspitfier: 35 MHze

e Direct on flim without log amplifier: 100 MHz
,

,!

f
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3. Data Forratting

In order to analyze the lidar data conputati;nally, a rectangular
rather than a polar array was desired. Such an array can be provided by

I specifying an analysis grid of rectangular point locatiens as illustrated
in Figure A-2(b) and interpolating the polar array to obtain values at
the grid points. The interpolation schene employed consisted of the
following process:

e Grid points lying between two sanpling patt.s are identified.

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

e The path values thus obtained are then interpolated to t 'f
grid squares in question by an angular interpolation along
the arc representing range R.

l

|

4. Data Normalization

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

S = 10 log 10 (b +6)p c,,

where E and e are the backscatter components f rom the s=oke pluze andp c
the clear air, respectively. The values of S can also be converted to
a linear ratio of E to E by the following process:p c

e Designate the backscatter fro: clear air alone in the form

S = 10 log 5 .

c 10 e

e Determine the value S. fro: backscatter sa:ples in the
clear air region (see' Figure A-2(a)) and use this value to

| vrite an expression for the ratio of total to clear air
backscatter in decibel for= as

S = 10 log 10 (s + s ) - 10 log 10(S ) .

p p c c
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e Rewrite above equation in the form

/6 )
S = 10 log I l+1 },

p 10 ( S j

which in turn may be written as

8 0.1S
E = 10 p _ 1,

Oc

In this way a rectangular array of values for the linear backscatter
ratio, D, can be obtained for analysis, where

6
D = 31

c

5. Contour Analysis

*
Using the retangular array of decibel (S ) values described above,p

a contour analysis can be performed on each array by means of an objec-
tive, computerized contouring routine available on the SRI computer
system. Suitable contour intervals can be chosen so that the resulting
map illustrates the two-dimensional distribution of density in the
vertical cross section through the smoke tracer plume.

6. Distributional Analysis

For comparison with the Gaussian model currently in use, it is
generally of interest to investigate the horizontal and vertical density
distributions and their statistics. The lidar data consist of two-

Edimensional arrays of backscatter-ratio (plume-density) values; we
normally average over one dimension in order to compute the density dis-
tribution with respect to the second dimension. Thus, our analysis pro-
vides vertically averaged plume density as a function of horizontal
distance along the lidar sampling path, and horizontally averaged plume
density as a function of height above the lidar path. The density dis-
tributions thus computed can be fitted with Gaussian curves using mean, ,

"maxima, and standard deviations (c) computed f rom the data in the dis-
tributions themselves. The approach to fitting field data with a
Gaussian function is not straightforward since the data exhibit varying
distributions and the method of producing the most representative
Gaussian fit is thus somewhat arbitrary. Four methods are available as

*
Use of logarithmic values avoids crowding of contours.
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possible choices in current practice. The first of these involves _f itting
by a Gaussian distribution in which *.he backscatter ratio average D is
calculated as

(x - x)D=D exp - ,

max 2
,20

|x - x| is the distance between the location of specific I5 valueswhere
and their mean location. In applying the procedure, a best estimate is
made of the parameters x and o, and the best fit values are then deter-
mined by a nonlinear least-squares process developed by Marquart (1963). }

! The three other methods are given by Pooler (1979) and consist of

A direct method in which standard deviation is computede

from the data in the conventional statistical manner

l (x-x)o= .

An equal area method in which a values are determined ase
those which divide the area under the given density dis-
tribution curve into the percentage of total area specified

by the Gaussian func, tion; that is

*
1

15 dx
~ ~ ~

= 0.1587 ,
+.=

_.D dx
< -

and yc2 ]
__D dx

~ - "
= 0.8413 ,

+=
e

li dx
*~

where x is distance.
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A maximum value method in which o's are calculated byl e
assuming that the Gaussian distribution fitting the
data has the same maximum value and total area under
the density curve as do the sample data. Since the

maximum value of D in a Gaussian distribution would
be given by

+,=

-D dx
- - -
D = ,

""* y 2n a

the value of a can be computed as

+=
"

--D dx

s _m
'o=

D
max

Vertical and horizontal density distributions of D f rom the Duane
Arnold project (Thuillier and Mancuso, 1980) were fit by each of the four
methods described above and the results compared. The nonlinear least-
squares (NLLS) fit appeared to be consistently superior to the others
from the visual appearance of the fits and also had the lowest root-
mean-square error (RMSE). The equal-area method (EAM) was nearly as
satisfactory as the NLLS method. Neither of the remaining two methods
was at all satisfactory.

In view of this comparative test, the Duane Arnold data were fit
with Gaussian parameters estimated on the basis of NLLS.
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