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Preface

The Air Force Space and Missile Systems Center’s Launch Programs Office (SMC/CL) is sponsoring
the Atmospheric Dispersion Model Validation Program (MVP). This program is collecting launch
cloud dispersion data that will be used to determine the accuracy of atmospheric dispersion models,
such as REEDM, in predicting toxic hazard corridors at the launch ranges. This report presents
launch cloud dispersion and meteorological measurements performed during the #B33 Titan IV
launch at Cape Canaveral Air Station on 15 October 1997.

An MVP Integrated Product Team (IPT) led by Lt. Bill Kempf (SMC/CLNER) is directing the MVP
effort. Dr. Bart Lundblad of The Aerospace Corporation’s Environmental Systems Directorate (ESD)
is the MVP technical manager. This report was prepared by Mr. Norm Keegan (ESD) and Dr.
Lundblad from materials contributed by personnel participating in the #B33 launch cloud dispersion
measurements.

Infrared imagery measurements were made of the launch cloud by Ms. Karen Foster, Mr. Gary
Harper, Mr. Brian Kasper, Dr. Don Stone, and Mr. Jess Valero of The Aerospace Corporation’s Envi-
ronmental Monitoring and Technology Department (EMTD). They were assisted by Mr. John Ligda
and Mr. Richard Reyes of Aerospace’s Eastern Range Directorate and Dr. Bart Lundblad. Mr. Doug
Schulthess of Aerospace’s Eastern Range Directorate coordinated camera site selection and logistical
support. Ms. Foster and Dr. Stone digitized the imagery data for analysis by Dr. Abernathy. The
description of the cloud imagery results was prepared by Dr. Abernathy.

The meteorological data displayed in this report were provided by Mr. Randy Evans of the NASA
Applied Meteorology Unit and by Mr. Doug Schulthess. The REEDM launch cloud dispersion pre-
diction was calculated by Dr. Robert Abernathy.

The #B33 mission was the eleventh Titan IV launch for which usable launch cloud dispersion data
was collected by MVP. The previous missions were #K7, #K23, #K19, #K21, #K15, #K16, #K22,
#K2, #K13, and B-24.
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Executive Summary

This report presents plume imagery documenting the development and dispersion of the Titan IV
#B33 launch ground cloud at Cape Canaveral Air Station (CCAS). The launch occurred on 15 Octo-
ber 1997 at 0443 EDT. The report also presents pertinent meteorological data taken from towers,
Doppler radars, and rawinsonde balloons.

The imaging team used infrared cameras at four locations around the launch site (LC-40) to track the
trajectory and time evolution of the vehicle’s exhaust ground cloud for 1.5-2.5 min following launch.
Subsequent imagery of the cloud was obscured by atmospheric clouds. Meteorological data were
collected to improve understanding of cloud dispersion and to use as input during model simulations
and evaluations. Rawinsonde balloon data from shortly before launch, 915 MHz Doppler radar data
from shortly before and after launch, and meteorological tower data from shortly before and after
launch were collected and archived. These data and similar data on other Titan IV launches (past and
future) will be used to determine the accuracy of atmospheric dispersion models such as the Rocket
Exhaust Effluent Diffusion Model (REEDM) in predicting toxic hazard corridors (THCs) at the
USAF Eastern and Western Ranges. These THCs assess the risk of exposing the public to HCI
exhaust from solid rocket motors or hypergolic propellant vapors accidentally released during launch
operations.

Reduction of available imagery data (from the first 1.5-2.5 min following launch) yielded limited
information on cloud rise and dispersion. The imagery showed that the bottom edge of the launch
cloud rose above the altitude of the bottom of the atmospheric clouds (514 m AGL) within 2.3 min
after launch. REEDM 7.08 predicted that the bottom edge of the launch cloud would stabilize at 480
m AGL. The bottom of the actual launch cloud therefore rose at least 7% higher than predicted by
REEDM 7.08. Analysis of the imagery also showed that the rising cloud had an air entrainment coef-
ficient (ratio of increase in diameter to increase in altitude) of 0.39. This is significantly smaller than
the default air entrainment coefficient of 0.64 that is used in REEDM 7.08.
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1. Introduction

Launch vehicles that employ solid propellant rocket motors release exhaust ground clouds containing
large quantities of hydrogen chloride (HCI) into the launch areas at Cape Canaveral Air Station
(CCAS) and Vandenberg Air Force Base (VAFB). Large quantities of hazardous liquid fuels and
oxidizers could also be released as a result of propellant transfer accidents or launch vehicle failures.
The Air Force uses atmospheric dispersion models to predict the downwind diffusion and concentra-
tion of toxic launch clouds. Collection of launch cloud data is required to test and validate the per-
formance of these dispersion models.

The Air Force range safety organizations at Patrick Air Force Base (45 SW/SE) and VAFB (30
SW/SE) are responsible for assuring that launches occur only when meteorological conditions will
not expose nearby public areas to hazardous levels of launch exhausts and propellant vapors. Predic-
tions of toxic hazard corridors that extend into public areas can lead to costly launch delays. The use
of non-validated models requires the use of conservative launch criteria. The development and vali-
dation of more accurate atmospheric dispersion models is expected to increase launch opportunities
and significantly reduce launch costs. The Space and Missile Systems Center’s Launch Programs
Office (SMC/CL) established the Atmospheric Dispersion Model Validation Program (MVP) to col-
lect launch cloud data and to use the data to test and validate current and future atmospheric disper-
sion models at the ranges.

The MVP effort involves the collection of data during Titan IV launches at CCAS and VAFB to char-
acterize HCI launch cloud rise, growth, and stabilization, as well as launch cloud transport and diffu-
sion. These data, along with data collected during tracer gas releases, will be used to determine the
capability of the Rocket Exhaust Effluent Diffusion Model (REEDM) for predicting toxic hazard cor-
ridors at the ranges. REEDM is used at CCAS and VAFB to predict the locations of toxic hazard cor-
ridors in support of launch operations. It is applied to large heated sources of toxic air emissions such
as nominal launches, catastrophic failure fireballs, and inadvertent ignitions of solid rocket motors. It
uses launch vehicle and meteorological data to generate ground-level concentration isopleths of HCI,
hydrazine fuels, nitrogen dioxide, and other toxic launch emissions. Launch holds may occur when
REEDM toxic concentration predictions exceed adopted exposure standards. REEDM is a unique
and complex model based on relatively simple modeling physics. It has a long development history
with the Air Force and NASA, but has never been fully validated. Validation of REEDM has been
identified as a range safety priority.

The MVP has been organized and is being directed by the MVP Integrated Product Team (IPT).
SMC/CL is serving as the IPT leader, while The Aerospace Corporation’s Environmental Systems
Directorate serves as the IPT technical manager. The IPT consists of personnel with expertise in
atmospheric dispersion modeling, meteorology, and atmospheric dispersion field studies. MVP par-
ticipants include personnel from SMC, 30 SW, 45 SW, Armstrong Laboratory, The Aerospace Corpo-
ration, NASA, NOAA, and contractors. Key functions include program planning, field data collec-
tion, data review and compilation, range coordination, and model validation.




This report presents the results of measurements performed at CCAS during the Titan IVB-33 launch
on 15 October 1997 at 0443 EDT. This was the second Titan IV launch to use the new and larger
Solid Rocket Motor Upgrade (SRMU) booster. Infrared measurements were made on the ground
cloud from four locations near the launch site (LC-40) to monitor cloud growth, stabilization, and
trajectory. The imagery results are presented in Section 2 and REEDM predictions of ground cloud
stabilization heights and surface concentrations are presented in Appendix A. Measurements of
meteorological data are tabulated in Appendix B.

Atmospheric clouds prevented the complete observation of cloud stabilization. Imagery analysis
yielded the cloud’s rise rate, expansion rate, speed, and bearing during the first 1.5 to 2.5 min after
launch. The top of the cloud rose into an atmospheric cloud cover after 1.5 min. The bottom of the
cloud was tracked until 2.5 min after launch. Analysis of the limited cloud imagery showed that the
bottom edge of the cloud rose to an altitude exceeding 514 m AGL (point at which it was obscured by
atmospheric clouds) while REEDM 7.08 predicted that the bottom edge of the cloud would stabilize
at 480 m AGL. The imagery results presented in this, as well as other MVP reports, will allow the
accuracy of REEDM and other launch range atmospheric dispersion models to be determined over
the range of possible meteorological conditions.




2. Imagery of the Titan IV #B33 Ground Cloud

[The material in this section was contributed by R. N. Abernathy and K. L. Foster of the Environ-
mental Monitoring and Technology Department of The Aerospace Corporation’s Space and Environ-
ment Technology Center.]

2.1 Background

On 15 October 1997, the Titan IV #B33 mission was successfully launched from Space Launch
Complex 40 (SLC-40) at Cape Canaveral Air Station (CCAS) at 04:43 EDT (08:43 GMT). This
section describes the quantitative exhaust cloud imagery data collected by each of three imagery
sites during the 2.5 min immediately following the launch from SLC-40. This chapter also
describes the data acquisition hardware and analysis software. The two-dimensional cloud images
obtained by the various imagery sites were combined to produce stereoscopic 3-D information.
This analysis yielded the cloud’s rise rate, expansion rate, speed, and bearing during the first 1.5
to 2.5 min after launch. The top of the cloud rose into a low-lying cloud cover after 1.5 min.
However, the bottom of the cloud was tracked until 2.5 min after launch.

The quantitative imagery-derived ground cloud data are reported here in several graphical for-
mats to facilitate comparison with REEDM predictions (Appendix A) and rawinsonde sounding
data (Appendix B). For clarity, this section includes some data from the appendices. It is appar-
ent from review of this section, that these data are useful for validating current and future disper-
sion models.

The purpose of this report was to document the quality and quantity of the #B33 exhaust cloud
imagery data available for validating dispersion models. To facilitate the comparison of these
data to individual dispersion model runs, the imagery-derived #B33 exhaust cloud imagery data
are available as comma-separated-variable files providing time and position for various ground
cloud features. When collected, the raw visible imagery data are archived on VCR tapes. The
raw infrared imagery is archived on DAT. The selected infrared images analyzed for this report
are also archived on magneto-optical disks as digital image files.

2.2 Introduction

This section summarizes the results of quantitative infrared (IR) imagery of the exhaust cloud
from the Titan IV #B33 launch from SLC-40 at CCAS on 15 October 1997 at 04:43 EDT (08:43
GMT). Personnel from The Aerospace Corporation’s Environmental Monitoring and Technol-
ogy Department (EMTD) supported this launch with the deployment of four complete platforms
of the Titan IV dedicated Visible and IR Imaging System (VIRIS). For the #B33 early morning
launch, the IR imagery permitted the post-launch quantitative analysis of the ground cloud’s
movement and growth as a function of time.



The imagery sites chosen for the #B33 launch were

« on the railroad tracks across from UCS-4 (north-northwest of SLC-40),

at the third bollard along the northeast edge of the pond at Press Site (northwest of
SLC-40),

at UCS-2 (southwest of SLC-40), and

« on top of Tower 60691 along Hangar Road near Skid Strip (south-southwest of
SLC-40).

UCS stands for Universal Camera Site. Each site recorded only IR imagery of the exhaust cloud
since it was too dark for visible imagery. Technical difficulties prevented the quantitative analysis
of the UCS-2 imagery. Low-lying atmospheric clouds prevented imagery of the rise of the top of
the cloud to its stabilization height. Therefore, the top and middle of the cloud were only tracked
until 1.5 min after launch. The bottom was tracked for 2.50 min.

The IR imagery was digitized by the AGEMA scanner at 13 bits by an internal A/D converter.
Due to a bug in the acquisition program, only the least significant six bits (i.e., the intensity was
“folded” to six bits of intensity) were stored to hard disk. As a result of this error, the analyst
had to subtract previous or subsequent images to reveal cloud details. Luckily, the dominant arti-
facts in the “folded” imagery were a result of internal reflections that remained constant and
were completely eliminated by image subtraction. In addition, the image subtraction removed
some of the elevation-dependent atmospheric radiance gradient. Interestingly, the “folded” and
background-subtracted imagery revealed all of the ground cloud with a single intensity span.
Normally, one can only view a portion of the 13 bits of intensity spanned by the ground cloud
and the elevation-dependent atmospheric radiance. A downside to the image subtraction was that
the exhaust cloud was in all imagery subsequent to launch. Therefore, the processed images can
contain both positive and negative images of the ground cloud when subsequent imagery serves
as background. By wise selection of the images, the positive and negative exhaust cloud images
had minimal overlap and posed little difficulty for image interpretation.

Quantitative analysis of the IR imagery for the first 2.5 min after launch documented the cloud’s
rise rate, expansion rate, bearing, and speed, without recourse to other data. The “ground cloud”
is defined as the lower and more concentrated portion of the rocket’s exhaust cloud that can dif-
fuse to the ground. The “launch column” or contrail is defined as the trail of the rapidly mov-
ing rocket that extends above the more spherical “ground cloud.”

The T-0.70 h rawinsonde pre-launch meteorology data are documented in Appendix B and ref-
erenced in this section. Those rawinsonde wind data were used to run the “normal launch”
REEDM predictions. The complete output for the T-0.70 h REEDM predictions is documented

in Appendix A and referenced in this section.




2.3 Field Deployment

2.3.1 Planning

The Aerospace Corporation’s participants are listed in various teams below (members of the
imaging teams for #B33 are indicated with asterisks):

Technology Operations
Space and Environment Technology Center
Surveillance Technology Department (STD)
J. T. Knudtson, Director of STD
B. P. Kasper* (Field Crew Team Leader)(Tower Site)

G. N. Harper * (UCS-4 Site)
D. K. Stone* and J. T. Valero* (UCS-2 Site)
L. Foster* (Press Site)

R. S. Precious, Secretary of STD
Space Launch Operations
Systems Engineering Directorate
Environmental Systems
N. F. Dowling, Systems Director
H. L. Lundblad* (Tower Site)
Eastern Range
Systems Engineering Directorate
D. R. Schulthess
J. R. Ligda* (Press Site)
R. E. Reyes* (UCS-4 Site)
A. (Toni) Krell, Security

2.3.2 Equipment

The equipment at each site included all the hardware and software necessary to record and docu-
ment the launch, to communicate between sites, and to supply backup power in case of an outage
at the fixed power distribution points. The VIRIS consists of an array of three full and one back-
up (excluding the IR imager) cloud tracking systems and was designed and fabricated at the
request of Space Launch Operations, Systems Engineering Directorate, at The Aerospace Corpo-
ration. Each full tracking system consists of coaligned visible and infrared (IR = 8-12 pm)
imagers, mounted on an azimuth- and elevation-encoding tripod, with an associated data acquisi-
tion and display console. The combination of visible and IR imagers permits cloud tracking in
both daylight and darkness. The unique capabilities built into the VCR hardware include digital
insertion of imager azimuth (AZ), elevation (EL), time, and GPS location. The system electronics



is integrated in a single package, which has been ruggedized for field use. Pre-wiring of this
package makes deployment of these imager systems straightforward, usually requiring less than
45 min for instrumentation at a site to become fully operational.

For the Titan IVB #B33 mission, the operators at each site set the FOV of the visible imager using
the adjustable 10 to 110 mm electronic zoom lens. They also selected the best lens for the IR
imager. All operators rotated the tripod head to keep the ground cloud within the FOV as it

moved from the launch pad.

Table 1. Field of View (FOV) for Imagery Sites during #B33 Mission

Imagery Site Imager Type (Visible or IR) FOV(horizontal) (deg) FOV(vertical) (deg)
(1) East of UCS-4 AGEMA infrared 4064 20.26
(2) Pond at Press Site AGEMA Infrared 4167 19.67
(3) UCS-2 AGEMA Infrared technical difficulties technical difficulties
(4) Tower 60691 AGEMA Infrared 40.85 20.86

All four imaging systems deployed for the Titan IVB #B33 mission were capable of total auto-
nomy. Each VIRIS has an on-board differential-ready Xybion GPS receiver that can be used to
document each imager’s position with moderate spatial resolution. Typically, 35 m is the preci-
sion in the horizontal plane, and 100 m is the precision in the vertical plane. For the #B33
imagery sites, a Trimble differential GPS provided more accurate GPS data (2 m resolution) for
each of the surveyed camera sites. Gasoline-powered AC generators (Honda Ex1000) are insur-
ance against loss or absence of facility power. The Stirling cooler option for the AGEMA 900
series IR imager was chosen so that liquid nitrogen would not be required at the sites. Each unit
is transportable in a standard utility wagon (e.g., Ford Explorer).

The AZ/EL angle encoder for all imager systems was calibrated using reference objects (e.g.,
SLC-40) within the field of view (FOV) of the imager. When reference objects are not part of the
geodetic survey database, the GPS location uncertainty is the dominant term in the positional
accuracy. Imager pixelation and operator error in edge detection contribute as well to the error
in defining the cloud boundary. The 0.07° step-size in the tripod angle encoders is a third source
of error. The analysis accuracy is determined either by the availability of optimal references for
AZ/EL calibration or by the step size for the tripod angle encoder. Typically the VIRIS system
provides 0.1° accuracy in both elevation and azimuth.

24 Processing of Imagery Data
The processing of the imagery data requires several transformations that are performed upon
return to The Aerospace Corporation:

1. Digitizing frames of the visible imagery (i.e., daylight launches).

2. Measuring the pixel locations of the reference sites within each image (i.e.,
FOV and angular calibration).

3. Measuring the pixel locations of cloud features in digitized images.




4. Converting pixel locations to azimuth and elevation readings.

5. Calculating cloud characteristics (i.e., position in Cartesian coordinates relative
to the launch pad).

The processing requires the use of specialized hardware and software. When used, visible images
of the cloud are digitized at precise times, beginning with time intervals of 15 s, then 30 s, then 1
min as the cloud evolves. The AGEMA 900 IR imagers produce digital images every 15 s in the
field. A set of digitized images is selected for specific times following the launch and from each
of the available imagery sites. Time, AZ, and EL are tabulated for each set. A setup file is cre-
ated for each of these sets, containing all relevant information necessary to compute the cloud
geometry using the imagery. The Aerospace program’s PLMTRACK and PLMVOL are run to
digitize the x, y, and z coordinates of cloud features and to estimate the volume of the exhaust
cloud, respectively. These programs report the x and y coordinates relative to the launch pad and
the z coordinate as height above MSL. We converted the height MSL to height above ground
level (AGL) by subtracting the 7 m MSL for the height of SLC-40. This allows direct compari-
son of the imagery-derived data to REEDM’s output.

PLMTRACK is a software program developed and maintained by Brian P. Kasper in the Envi-
ronmental Monitoring and Technology Department (EMTD) of The Aerospace Corporation. It
is designed to analyze pairs of cloud images synchronized in time. In various versions,'
PLMTRACK has used the linear and rigorous (i.e., trigonometric) methods of interpreting pixels
as AZ and EL and vice versa. PLMTRACK provides an absolute method of triangulating the
position of the abort cloud without making any assumptions regarding the position of the abort
cloud. This report presents the rigorous trigonometric PLMTRACK results.

When using the PLMTRACK Line Method, the operator selects the location of a particular cloud
feature in the images from the two imager sites by moving a screen pointer to the desired feature
in each image and clicking a mouse button. PLMTRACK then calculates the point of nearest
approach to the two rays defined by the selected points. The three-dimensional location of this
feature is then written to a data file.

Another implementation of PLMTRACK is illustrated in Figure 1. When using the
PLMTRACK Box Method, the operator draws a rectangle about a cloud feature in the images
from the two imager sites by moving a screen pointer to the extreme corners of the rectangles and
clicking a mouse button. PLMTRACK then calculates the closest approach for various rays, as
illustrated in Figure 1 and described below. The top of the cloud is defined by rays determining
T1 and T2 (i.e., T1 X T2); the bottom is determined by rays defining Bl and B2 (i.e., Bl X B2);
and the middle is defined by the geometric mean of top and bottom (i.e., M1 X M2). To define
the “faces” of the “box,” the points of closest approach for ray M1 with L2 and R2 (the left
and right tangents to the cloud from Imager 2) are defined (i.e., M1 X L2 and M1 X R2). A
similar procedure is used to define the points of closest approach for M2 with L1 and R1, yield-
ing M2 X R1 and M2 x LI. In addition to the centers of the faces of the “box,” the intersects of
the left and right rays document the four vertices for the XY polygon. Thus, eleven points are
defined for the six-faced “box” surrounding the cloud (a point in the center of each of the six



B1 M2
Image #1 Site #1

L1

PLMTRACK Calculations
* Top of Plume = T1 X T2
* Bot of Plume = B1 X B2

* Mid of Plume = M1 X M2

X Faces of Polygon
O Vertices of Polygon

Site #1 Ri

Figure 1. Implementation of the PLMTRACK “box” method with two imagers.

faces, four vertices for the XY polygon, plus a middle point for the “box”). These eleven sets of
X, y, and z coordinates are written to a file.

When three imagers are viewing the cloud simultaneously, a six-sided polygon method
(documented in Figure 2) has been employed as a way to document the maximum extent of the
cloud (i.e., a ground-plane projection) for each set of images. With three imagers, there is a triply
redundant determination of the top, middle, and bottom of the cloud by PLMTRACK. The
horizontal extent of the cloud is determined by defining the rays from each imager that are tan-
gential to the widest part of the cloud as seen from that site. Projection of these extreme rays for
each imager on the x-y ground plane forms a polygon that bounds all material in the cloud at all

altitudes, as shown in Figure 2. Thus, when an aircraft is flown against the ground cloud (i.e.,

#K 15, #K16, #K22, and #K23 missions), one expects to see aircraft HCl sampling “hits” fall
within this polygon, regardless of the sampling altitude. When the polygon area is combined with
the mean cloud height (i.e., the difference between the top and the bottom of the cloud), one can
obtain an upper bound for cloud volume. As illustrated in Figure 2 (a ground projection of the
cloud’s extent), the shaded area within the polygon documents the extent of the cloud derived
from PLMVOL analysis. There is excellent agreement between PLMTRACK and PLMVOL
results.

The utility of the polygon method has been documented in a previous report2 for the #K23 mis-
sion. In that report, the polygons from imagery were correlated with aircraft’s HCl measurements
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Figure 2. Comparison of the #B33 cloud extent derived from the PLMTRACK polygon
analysis and from the PLMVOL analysis (i.e., shaded area within PLMTRACK
polygon). The imager positions and rays are actual #B33 data for T+01:30 (mm:ss)
after launch.

of cloud dimensions and average HCI concentrations for the Titan IVA #K23 launch cloud.
After correcting for Geomet time response, the #K23 dataset established that HCI concentrations
detectable by an aircraft-based Geomet total HCI detector were mostly contained by the six-sided
polygon areas for the first 20 min after launch. The #K23 data established that the imagery-
derived position of the visible cloud correlates with the measurable HCI concentrations. A similar
treatment is possible with the #B33 imagery (without aircraft data) and allows a mapping of the
growth and position of the cloud over time.

Brian P. Kasper also created and maintains the PLMVOL program at The Aerospace Corpora-
tion. PLMVOL provides a convenient way of triangulating all of the volume elements that could
be occupied by an object using imagery from two (or more) sites. Like PLMTRACK,
PLMVOL has used the linear and rigorous (i.e., trigonometric) methods' of interpreting pixels as
AZ and EL and vice versa. For the #B33 mission, the rigorous trigonometric PLMVOL algo-
rithm provided an absolute method of triangulating the position and volume of the abort cloud.
The analyst outlined the edge of the abort cloud in images acquired simultaneously from the
three sites. PLMVOL determined all of the pixels that were within the outlines in each image and
projected the rays for all of those pixels into space. PLMVOL defined volume elements in space
and determined which volume elements were intercepted by the projected rays from all imagery



sites. These intersected volume elements could be occupied by the abort cloud. PLMVOL
reports the X,y,z coordinates for all “occupied” volume elements. The coordinates are relative to
a reference (i.e., SLC-40 for x and y and mean sea level for z). PLMVOL calculates the total
volume (i.e., sum of all occupied volume elements), the sphere-equivalent radius, and the mean
altitude for the abort cloud (i.e., mean position of all occupied volume elements). For facile
comparison to REEDM, this report uses altitude relative to SLC-40 pad (i.e., AGL) rather than
MSL in all plots.

The PLMVOL approach is illustrated by Figure 3 for simultaneous images of the Titan IV #K23
normal launch cloud from three sites. We used the #K23 images to illustrate PLMVOL since that
cloud had a more complicated shape. The PLMVOL-derived reconstructed cloud is shown from
a perspective similar to the middle image in Figure 3, but can be viewed from any perspective.

PLMVOL analysis of the #B33 imagery was possible between 0.25 and 2.5 min after the launch.
There is excellent agreement between the PLMVOL and PLMTRACK results. Both
PLMTRACK and PLMVOL provide ground track, rise rate, and extent data; PLMVOL, in
addition, provides volumetric data and extent as a function of altitude. Even though low-lying
atmospheric clouds blocked the view of the top of the cloud by 1.5 min after launch, PLMVOL
analysis tracked the bottom of the cloud until 2.5 min after launch.

Buoyancy
A

Air Entrainment
Coefficient

A
Toxic
Concentration

Reconstructed Equivalent
Cloud Volume Sphere

Measured Imagery

Figure 3. PLMVOL approach illustrated by Titan IV #K23 ground cloud images.
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25 Results and Discussion

25.1 Correlation of Ground Cloud Bearing with Wind Direction

Figure 4 presents the imagery-derived cloud bearing and the T-0.70 h REEDM-predicted ground
cloud bearing as arrows originating from the launch pad and as text. The darkly bordered text
box and wide dark arrow are imagery data while the lightly bordered text box and the medium-
wide arrow are the REEDM prediction. Figure 4 also documents the rawinsonde wind directions
at the REEDM-predicted height for the top, middle, and bottom of the stabilized ground cloud.
The rawinsonde wind bearings are illustrated with narrow arrows originating from the rawinsonde
release site and in a narrowly bordered text box. Lastly, Figure 4 documents the locations of
SLC-40 launch pad, the rawinsonde release site, and the four imager sites (UCS-4, Press, UCS-2,
and Tower) that were operated by The Aerospace Corporation for the #B33 mission. All direc-
tions are reported in rawinsonde convention [defined fully in Subsection 2.5.4]. Briefly, the
arrows indicate the direction the cloud would move for a wind coming from the reported angle
(clockwise from north).

As illustrated in Figure 4, there is agreement between the imagery-derived cloud bearing, the
REEDM-predicted cloud bearing, and the rawinsonde wind directions at the equivalent heights.

A o T : PLMTRACK-Derived:
® Imagery Sites: " \\&\==2) A 60° @ 6.8 mis
(North to South) | N - | PLMVOL-Derived

63° @6.3 m/s

1- UCS-4 N
2- Press
£l : / T-0.70h REEDM:
3- UCS-2 i His— W i o 2., 70.5° to Max at 1459m AGL
4- Tower - e ; 68.4° to Max at 000m AGL

© Rawinsonde
Launch Site

N Rawinsonde Winds:

1069°@ 7.4m/s( 480m AGL)
N 067° @ 6.7 m/s (1473m AGL)
057° @ 12.3 m/s (2433m AGL)

Figure 4. Map documenting the imagery sites, the rawinsonde release site, the #B33 ground cloud’s bearing
(derived from IR imagery), the T-0.70 h REEDM prediction for the ground cloud’s bearing ( at
stabilization height), and the 08:03 GMT (T-0.70 h) rawinsonde wind directions at the predicted
cloud stabilization heights (bottom, middle and top).
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The quantitative imagery documented a cloud bearing of 63° by PLMVOL analysis (i.e., wide
arrow in Figure 4) and 60° by PLMTRACK analysis during the first 1.5 min after launch.
REEDM predicted a shift in cloud bearing during rise: 42° at 13.4 m altitude to 68° at 785 m
altitude. REEDM version 7.08 predicted the cloud’s bearing as 70.5° (i.e., medium arrow in Fig-
ure 4) to the maximum cloud concentration at the predicted stabilization height (i.e., 1459 m
AGL). This is almost identical to the predicted cloud bearing of 68.4° to the maximum cloud
concentration at ground level. After stabilization, REEDM predicts a 68.5° cloud bearing at 1459
m AGL (based upon the average wind in the first mixing layer). At ground level, the cloud’s
predicted bearing was 68.13° after stabilization. There are negligible differences in the predicted
bearings at the stabilization height and at ground level due to almost negligible wind shear
between the stabilization height and the ground. This is consistent with the imagery and with the
T-0.7 h rawinsonde data. Figure 4 also presents the rawinsonde-derived wind directions (69°, 67°,
and 57°) associated with the rawinsonde sounding heights (480, 1473, and 2433 m AGL) nearest
the bottom, middle, and top of the stabilized ground cloud, respectively. These wind directions
are from the T-0.7 h rawinsonde data and at the indicated sounding heights closest to the
REEDM-predicted stabilization heights of 480, 1459, and 2433 m AGL for the bottom, middle,
and top of the ground cloud, respectively. Since the view of the cloud was obstructed by low-
lying atmospheric clouds, the imagery could not measure the stabilization height for the cloud.
However, the imagery documented a linear increase in height with time for the bottom of the
cloud until 2.5 min after launch and through 514 m AGL. The linear increase suggests a stabili-
zation height greater than 514 m AGL.

Figure 5 includes raw IR images for T+0 s and T+45 s as recorded from UCS-4 site. These raw
images have the intensity “folded” to only 6 bits and reveal artifacts due to internal reflections
within the lens and imager. In spite of this complication, it is possible to see the ground cloud
and launch column in the lower image (i.e., T = 45 s). We were able to eliminate the artifacts by
subtracting the T+0 s image from the T+45 s image. This background-subtracted image is
included as the upper left image in Figure 6. The other two images in Figure 6 are the back-
ground-subtracted T+45 s imagery from Tower Site (i.e., upper right image) and from Press Site
(i.e., lower image). In all three of the images in Figure 6, the ground cloud is the broader low-
altitude portion of the exhaust and is easily distinguishable from the thinner contrail. The north-
ern (USC-4) and southern (Tower) perspectives document asymmetry in the cloud’s shape with a
jobe to the east (i.e., left from UCS-4 and right from Tower perspectives). This outcropping of
exhaust resulted from ejection of exhaust to the east from the exhaust duct on SLC-40 pad. The
upper portion of each image documents the low-lying atmospheric clouds while the lower portion
of each image documents the terrain between the camera site and the launch pad. For Press Site,
there is a reflection of the ground cloud observable in the pond between the Press Site and SLC-
40. The wide intensity bands apparent in the processed imagery from Press Site resulted from
differences in camera pointing elevation between the cloud image and the background image. A
narrower band due to folding of the intensity at a single elevation is evident in the UCS-4 proc-

essed imagery.
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Real and Reflected Images
of Beach Road, the Rail
Road Tracks, and the Sky
at T=45s

(With Launch Cloud)

Figure 6. Processed imagery (T = +45 s) from UCS-4, Tower, and Press Sites (clockwise).
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Figures 7 through 9 are exactly the same background-subtracted images shown in Figure 6 with
the addition of an outline about the ground cloud (i.e., in Figure 7), PLMVOL'’s filling of the
outline (i.e., in Figure 8), and PLMVOL’s reflection from the intersected volume elements (i.e.,
in Figure 9). It is apparent from review of Figures 6 through 9 that PLMVOL correctly identi-
fied the rays within the outline (i.e., filled the outline) and that PLMVOL correctly identified
intersected volume elements (i.e., the reflected rays filled the cloud outline). Therefore, these
images document a good calibration of the imagery. If the calibration were bad, PLMVOL’s
“reflected” rays would not fill the cloud outline.

Figure 7. “Outlined” cloud (T = +45 s) from UCS-4, Tower, and Press Sites (clockwise).

Figure 8. “Filled” cloud (T = +45 s) from UCS-4, Tower, and Press Sites (clockwise).
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Figure 9. “Reflected” cloud (T = +45 s) from UCS-4, Tower, and Press Sites (clockwise).

25.2 Cloud Rise Times and Stabilization Heights

Figures 10 through 12 present the imagery-derived time-dependent altitude for the “bottom,”
“middle,” and “top” of the ground cloud based upon PLMTRACK analysis (upper plots) and
PLMVOL analysis (lower plots). In these plots, all data are plotted as height in meters above
SLC-40 (i.e., m Above Ground Level). The analyst used the PLMTRACK Box Method sepa-
rately for each of three image pairs from the three sites. Symbols identify the image-pairs used
to track the cloud as defined in Table 2. For clarity, these plots include a linear least-squares fit
to the combined data (i.e., all data independent of the image pairing). PLMTRACK analysis
ended for the top and middle of the cloud when the top of the cloud was lost into the low-lying
atmospheric clouds at times after 1.5 min. It is apparent from the linear increase in altitude with
time that the cloud had not stabilized by 1.5 min after launch. The bottom was tracked by
PLMTRACK until 1.75 min. The analyst used PLMVOL to process imagery from all three sites
simultaneously. Therefore, the lower plots in Figures 10 through 12 report only one result for
each set of images. PLMVOL analysis followed the bottom of the cloud (i.e., lower plot in
Figure 10) until 2.50 min after launch and documented a linear increase in height with time from
0.75 min through 2.5 min (i.e., through 514 m AGL). These data document that the stabilization
height is above REEDM’s prediction of 480 m AGL for the bottom of the cloud. Comparison of
the upper to lower plots in Figures 10 through 12 reveals excellent agreement between the
PLMTRACK and PLMVOL results.

Table 2. Labels Used to Identify Imagery-Pairs used by PLMTRACK

Label Imagery Site 1 Imagery Site 2

4ipi UCS-4 INFRARED PRESS INFRARED
4iti UCS-4 INFRARED TOWER INFRARED
piti PRESS INFRARED TOWER INFRARED
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Figure 10. Cloud rise for the bottom of the #B33 cloud (PLMTRACK upper and PLMVOL lower).
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The variances (Rz) of the fits to the data indicate the quality of the fits. A polynomial fit is used
when the cloud is tracked through stabilization. A polynomial fit is a convenient method to per-
mit the representation of cloud overshoot and subsequent damped oscillation around the stabili-
zation height. To be consistent with REEDM, stabilization time and height refer to the first
maximum in polynomial fits. REEDM predicts that the cloud goes through damped oscillatory
motion with a period of 2%/8”2, where S is the static stability parameter [Ref. 1, Eq. (7)].” Sensi-
tivity of REEDM predictions to input parameters has been examined by Womack.” Unfortu-
nately, the imagery could not document the stabilization of the #B33 cloud due to low-lying
atmospheric clouds.

253 Comparison of REEDM Prediction to Imagery Data—Rise Rate

Figure 13 presents the PLMTRACK-derived (i.e., upper plot) and the PLMVOL-derived (i.e.,
lower plot) heights for the ground cloud’s top, middle, and bottom plotted as a function of time
following the launch. For comparison, Figure 13 includes the predicted curve for the middle of
the cloud based upon the T-0.7 h REEDM modeling run (Appendix A). There is excellent
agreement between the PLMTRACK and the PLMVOL results. It is apparent that the imagery-
derived altitudes for the bottom, middle, and top of the cloud follow a linear increase with time up
to 1.5 min when the view of the top of the ground cloud is obstructed by the low-lying atmo-
spheric clouds. In contrast, the REEDM prediction has significant curvature (i.e., at least a sec-
ond-order function) between 0.5 and 1.5 min. The imagery data documents a 37-m extrapolated
initial height for the middle (i.e., center) of the cloud at zero time while REEDM uses zero as the
initial height of the cloud center.

254 Comparison of REEDM Prediction to Imagery Data—Bearing and Speed

Figures 14 and 15 document the imagery-derived cloud bearing and speed, respectively. In each
figure, the upper plot is derived from PLMTRACK analysis while the lower plot is derived from
PLMVOL analysis. The PLMTRACK analysis documents the movement of the middle of the
cloud while the PLMVOL analysis documents the movement of the bottom and the center of the
cloud. The middle is the average between the top and bottom and between the left and right sides
of the PLMTRACK box. The PLMVOL “center” is a weighted average based upon the loca-
tions of all intersected (i.e., “occupied”) volume elements reported by PLMVOL. In spite of the
differences between the two methods, there is excellent agreement between the upper and lower
plots.

In this report, the angles conform to the convention of rawinsonde wind vectors (the angle from

which the wind originates that would push the cloud into its imaged position). Thus, the angles
are related by

0=180+7, (1N

where ¥ is the equivalent rawinsonde wind angle, and @ is the measured polar angle of the cloud
relative to SLC-40 and clockwise of true north. For example, when the cloud is due east of SLC-
40, @ is 90°, and ¥ is 270°.
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