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1.0 INTRODUCTION (U)

1.1 Background (U)

(S)‘ During the summer of 1972, a series of atmospheric nuclear detona-
tions were conducted in the South Pacific and were monitored as part of DNA
Operation Dial IFlower. Technology International Corporation was responsi-
ble for providing high resolution optical photographic and videographic meas-
urements of the forraation, development, and late-time history of the debris

clouds resulling from these tests.

(S) The Operation Dial Flower optical measurements performed by TIC
were designed to:

a) Provide optical image data of the spatial structure of the
debris cloud as a function of time for correlation with the
primary radar clutter experiments (0 io 2 minutes),

b) Provide data documenting air entrainment, debris-air contact,
torus formation, and turbulence in nuclear debris clouds for
correlation with current theoretical models (0 to 15 minutes).

c) Provide optical records of the events from which luminosity,
temperature, and spectral information may be obtained (0 to 20
seconds).

A variety of photographic and « lectro-optical instrumentation systems were

deployed to gather the requir: d information,

(S) Mururoa, a coral atoll in the Tuamotu Archipelago of the South
Pacific was the site of the nuclear weapons tests. There were three nuclear
events in this particular lest series plus a fourth non-nuclear event -- a high
explosive safety shot from a tower in the lagoon., The three nuclear detona-

tions were near-surface airbursts. in each case, the device was suspended
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(S)
from a tri-finned balloon. The test series was conducted from 25 June 1972 -

through 31 July 1972, Optical observations were made during all four events.
Table I summarizes the time, yield, nominal height of burst and related

information concerning each event.

(S) DNA employed both aircraft and ship platforms for the monitoring
and experimental programs. TIC's measurements, along with the primary
radar experiments, were conducted from the USNS Wheeling, a Pacific
Missile Range instrumentation ship. The ship's course was planned as a
constant radius arc around the test site area. The positions at zero time
are shown in Figure 1. Table 2 contains the exact location and range of the
ship at event time along with the look angle, which is clockwise azimuth
from north to the event as measured from the ship. The ship range varied

from 16. 3 nautical miles to 19. 8 nautical miles during the four events.

1.2 instrumentation Operation (U)

(S) In order to achieve the objectives of the Dial Flower Program, TIC
designed ar.d operated four types of camera systems. Large format, (5"
and 9 1/2" film size) long focal length cameras were used to obtain the high
resolution necessary for spatial structure. Shorter focal lengths coupled
with large formats gave good coverage of late time cloud morphology.
Radiometric measurements and fireball documentation necessitated the use
of faster framing rate cine systems (typically greater than 10 fps). These
systems employ smaller formats (16, 35, and 70mm) and a corresponding re-
duction of image size or field of view. Also employed were video systems
as pointing controls for the other systems and for real-time analysis of
pointing errors and general phenomenology. The complete instrument plan
is contained in Appendix Table A-1. These instrument systems were chosen

to fully cover the wide range of dimensions involved as the fireball expands :

4
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to a fully developed cloud, and to cover a large radiant dynamic range for -
possible detonation of large yield devices. (For detailed information per-

taining to the operation, refer to TIC Technical Report 743, DNA 3072F.)

LA LA )

(S) The field operation was successful with system operation greater

than 90% for Fr. 45 and Fr. 46 and 100% for Fr. 44 and the H, E. event.

B S

The major factor limiting data collection was natural cloud cover which

obscured some portions of each nuclear event, though the fireball was

: essentially visible for all events. Figure 2 shows the times of visibility.
The non-nuclear safety experiment on the other hand occured in conditions

4 of excellent visibility under a nearly cloudless sky. A summary of each

data record and its length may be found in Appendix B. (It should be noted

i that the final two digits of the record number correspond to the position

i number of each camera as presented on the instrument plan. )
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2.0 PHOTOGRAPHIC TIME HISTORY (U)

2.1 Event Fr 44 (S)

*

(S) The geometrical evolution of the first three seconds of Event Fr

| 44 are shown in Figure 3. The data frames shown were selected at 0. 50

second intervals beginning 0. 50 seconds zfter detonation from a black and

white 35mm negative film exposed at 99. 4 frames per second (record

61016). The apparent scattering of light in Figure 3 (a) and (b) is a

s photographic effect resulting from over exposure of the image and is not
F accurately representative of the source geometry at that time. Indications
:’_ of a structure in the fireball beyond that of a simple sphere can be seen in
Lg' } - (a), (b), and (¢). The protuberances at the lower edge of the fireball are

regions which are rendered visible by the excitation of the vaporized support

cables. The structure of the fireball and the vaporized support cables may
be viewed more clearly in Figure 4 (a) at .5 seconds. Traces of the support -
7 cables are still visible in 4 (b} and (¢) which correspond to 3 and 5. 5 seconds

respectively.

(U) The photographs of Figures 4 and 5, reproduced at the same magni-
fication, illustrate the rapid increase in diameter and altitude of the rising
debris cloud. Figure 5 shows the continuing rise of the heated gases

comprising the debris cloud from 44 to 55 seconds. Shortly after the (b)

4 frame, the debris cloud began to be obscured by natural cloud cover. The
1 entrainment of cold outside air into the turbulent cloud is suggested by the
faint dark wisps at the lower right edge of the cloud. The pictures shown

in Figures 4 and 5 were reproduced from a 9 1/2" color record.
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2.2 Bvent Fr 45 (S)

3 ; (S) Because of the larger yield (3. 5 kt) of Event Fr 45, the fireball

E and debris cloud were luminous for almost twice the length of time as

3 ' Event Fr 44, or for over six seconds. Figures 6 and 7 contain a sequence
éﬁ E of pictures illusirating the development of the debris cloud from 0. 48

”‘{\ : seconds to 5.80 seconds at 0. 48 second intervals. The condensation cloud
'f } can be seen building in Figure 6 (b) and (c) while its dispersion is evidenced

as an increase in brightness and clarity in Figure 6 (d), (e), and (f). Also

-

= present is the linear movement of a shock associated disturbance which is

visible as a small black feature on the horizon line to the right of center in

Figure 6 (c) through (f). An axial asymmetry in the developing del -3

cloud is noticeable as a larger, brighier luminous area in the photographs

( comprising Figure 7. The effects manifested by the existence of this region .

are still noticeable at four minutes in Figure 9, (upper left hand portion of

TR

: 1 photograph) as a more developed cloud appearing at a greater altitude than -
E the other portions. Figures 6 and 7 were selected from a 35mm black and
white record filmed at 103. 5 fps. The graininess of the pictures is due to

7
g , : the enlargement necessary for publication.

(S)  The rise of the debris cloud into the overlying natural cloud bank is

documented in Figure 8. These images were recorded with a long focal

FTT——

length lens on large format color film. FEach photograph was recorded at

2.7 second intervals beginning at Il + 3.6 seconds in this figure. Figure 8

WP T
. e
~

o

(a) corresponds temporally to pictures (a) and (b) of the sequence of Figure

il 4

7 but is of a much higher resolution, showing significant additional structure.

i aiod

Y
ey
Y

As in the prior event, Fr 44, the vaporized support cables are visible.
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a) H + 3.6 sec Scale:—_ 3= 100 m. b) H +6.3 sec
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c) H+9.0 sec d) H+11.7 sec
Figure 8 (S) Event Fr 45 - Debris Cloud Formation (S)
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(C) At about 100 seconds after detonation the debris cloud again becomes
visible from the Wheeling. Figure 9 shows the debris cloud from its emer-
gence into view above the natural cloud layer until H + 5m13 sec. Clearly
visible in the latter frame is a toroidal ring of debris. In the color original,

this ring is an intense purple with reds and browns fading off to the sides.

2.3 Event Fr 46 (S)

(S) For this event, the largest of the test series, the fireball and early
development of the debris cloud were partially shielded from view by rain
squalls in the area. Thus, the photographs of Figure 10 exhibit a lack of
detail typically present. The time interval 0.5 to 3.0 seconds is shown at
0.5 second intervals, Each image has been enlarged from the 35mm original
to the present size in which Imm corresponds to 30 meters at ground zero.
IFFrames (a) and (b) show the fireball rising into the layer of stratus and the
initial development of the Wilson cloud. Only scattered light from rain
droplets and Wilson cloud condensates is visible after 1.5 seconds, frames
(c) - (f). The superstructure of a small French ship between the USNS

Wheeling and the-event is visible in the lower left of each frame.

(U)  Undergoing expansion as it rises, the mushroom cloud again becomes
visible after 32 seconds and remains visible for eight seconds before dis-
appearing into another layer of clouds. The debris cloud appears to be reason-
ably symmetrical, and entrainment wisps can be seen at the lower edge of the

cloud in Figure 11 (c) and (d).
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a) H+32.5 sec Scale:i__ =250 m.

c) H +37.5 sec
Figure 11 (8)

b) H + 35.0 sec

d) H + 40.0 sec
Event Fr 46 - Debris Cloud Formation (S)
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(U)  The debris cloud again becomes partially visible at 3m 30 sec.,

although it never completely emerges from behind intervening clouds.

TR TP

This sequence of high resolution cloud morphology photographs shown in
; ‘ Figures 12 and 13 extends for three minutes until 6m 20 sec. and shows the
‘ top of the cloud at an altitude of 6500 meters. The toroidal circulation of

the debris cloud is clearly visible in Figures 12 /b) and 13 (c). Figures

»i {

E | 11, 12, and 13 are comprised of photographs obtained originally on color
,! film emulsion.

2 2.4 High Explosive Safety Experiment (U)

(S)  The weather on 21 July, 1972, was the clearest for any of the tests
during the summer and good optical data was obtained. Figure 14 contains
four photographs illustrating the rise and expansion of the non-nuclear
debris cloud. The cloud is visible due to reflected sunlight as the luminous

phase was short lived. An apparent drift of the cloud top to the left in this

o

figure indicates that winds may be present at the 500 meter level. The

By

Pitelis it wocas e b b 2 i

L

contrast difference between frames (a) and (b), and frames (c) and (d) is
attributable to the use of different types of film for making the internegative
necessary to produce black and white prints from a color positive film. A -

high contrast film was used for (c) and (d) in order to bring out the detail

Gan R A A s et

of the cloud but this also causes usually invisible imperfections and scratches

FE

f2t e

on the original to become apparent.
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c) H+53 sec d) H + 1m 30 sec
Figure 14 (S) High Explosive Safety Experiment Cloud Development (U)
Record 61324; Scale: t— = 10 meters.
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3.0 RESULTS - SPATIAL DEVELOPMENT (U)

3.1 Data Reduction Technique (U)

(S) The spatial structure of the fireball/debris cloud as a function of
time was derived from data acquired for all three nuclear events. Measure-
ments were made from photographic records and scaled according to the

relationship between focal length and range:
(Range to object)
(focal length of lens)

Object size = (Image size)

The above equation is assumed correct for horizontal object dimensions
but when vertical object measurements referenced to the horizon are to
be made, corrections for atmospheric refraction (subtractive) and the

earth's curvature (additive) must be included.

(U) As is well known, the curvature of the earth limits the distance
at which near surface objects can be seen. Bowditch (Ref. 2) states that
the range of the visible horizon (R) is dependent upon the height of the
observer (h) through the following relation:

R = 1.144 (0 /2

for h in feet and R in nautical miles. Applying this equation twice, once
for the height of the observer and once for the height of the object above
its local sea level, it is found that 43 meters is the additive correction for
a nominal ground range of 20 nautical miles. Thus to find the object
altitude above sea level, one must add 43 meters to the horizon-object

vertical separation distance as optically measured.

(U) Light rays passing through the nominal altitude density regimes of
the atmosphere are nent by atmospheric refraction. This effect makes
objects appear to an observer near the earth's surface to have an increased

altitude. An analysis and computation of this refraction effect may be

26
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found in Appendix C. Table 3 summarizes the results of this calculation by
listing the correction that must be subtracted from the apparent altitude (as
corrected for curvature of the earth) to correctly calculate height above sea
level. The estimated error of the refractive correction is of the order of
one meter and is due to the combined influence of the approximations used in

the calculations and non-standard atinospheric conditions.

(U) ‘Taking into consideration the path corrections discussed in the
previous two paragraphs, the following equation results:

Actual height -
above sea level

Measured % (Range) + Earth's Curvature _  Refractive
Image Height (FFocal Length Correction Correction

The total error in height calculations is approximately + 10 meters and
results from limits on the accuracy of image measurements, the changing
height of the camera above sca level due to the roll or the ship, and

refractive correction errors.

3.2 Pre-Event Geometry (U)

(S) At the time of detonation, the nuclear device was supported by a
balloon which TIC photographed beforc each event. Some examples of these
photographs are shown in Figure 15. A drogue chute, which ensures a
wind stabilized balloon orientation, is visible as a small white image to the
right of the balloon in Figure 15 (b). The results of measurements on the
center of the tri-finned barrage balloons are shown in Figure 16. The
height of the hballoon and of the detonation for each event is given in Table 4.
Video color and infrared recordings complemented the photographic records
used for these observations. Also shown in this table is the estimated
height of burst as extrapolated from the rise rate graphs. The tabulated

heights are in good agreement for all events.
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TABLE 3. (U) REFRACTION CORRECTION (U)

Apparent Altitude, (Meters)

Refractive Correction for 20 Nautical
Mile Path, (Meters)

T

R4 AU

Cibee £

Cat s uakie b i oty
'

RN

R e

S

5. 5% at 500 meters due to approximations and actual atmospheric
conditions

This page is UNCLASSIFIED.

SECRET

500 18.1
1000 17.5
2000 16.9
3000 16,2
4000 15.7
5000 15.1
Note: Estimated crror in the correction is on the order of 1 meter or
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. . TABLE 4.(S)BALLOON AND DETONATION HEIGHTS (C)
4
Event  Record Balloon Detonation Balloon-device  Estimated
é Center Height, Separation, Error,
4 Height, (meters) (meters) {meters)
(meters)
¢
Fr 44 61016 270 214 56 + 10
61025 258 - - + 4
61042 260 227 36 +16
. 61043 - - - t18
5
1 Fr 45 61116 - 204 - + 10
3 61125 248 - - + 4
. 61142 256 219 37 + 16
61143 257 209 48 + 18
Fr 46 61216 - 211 - + 10
61225 255 - - t 4
! 61242 265 221 44 + 16
{ 61243 258 217 41 + 18
]
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(S) Another parameter of interest, the balloon-device separation, is

; tabulated in the last three columns of Table 4, The separation is calculated
( from the height of the balloon center and the height of the detonation, and

varies from 33 to 56 meters. There appears to be no correlation of the

balloon-device separation with yield.

3.3 Measured Rise and Expansion Rates (U)

3.3.1 Event Fr 44 (8S)

Ragki

(U) Good geometry data was obtained from zero to 76 seconds at which
; time the debris cloud became obscured by a natural cloud layer. Figure 17

presents the debris cloud height, width and vertical thickness measurements

as determined from record #61022 (5 inch format) utilizing timing informa-
tion from Record #61021 (70mm format). An expanded view of the early
time portion of these measurements is shown in Figure 18. This latter .
J‘ data is derived mainly from infrared video recordings. If one extrapolates

3 the line to zero time, a height of burst value of 225 meters results;

{(S) Rise rates may he derived from the slope of the position versus

time curve. The early rise rate of the fireball and torus is 20m/sec

Rt

(averaged between 2-18 seconds) and decreases to the longer term cloud

TN
P e

T T T AT T

rise rate of 12/m sec (between 30-75 seconds). The horizontal and vertical

expansion rates are 11 and 12 m/sec respectively at this time. These rates

appear o be linear for the first 75 seconds, after which data is no longer

)

available.
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3.3.2 Event Fr 45 (S)

(S) After initial early time coverage, natural clouds obscured the

et it

rising source from 10 through 75 seconds. Positional data is presented

iy

3 in Figure 19 with Figure 20 showing the cloud center height at early times.
The early time measurements were made mainly from color and infrared

4 video tapes while the five inch format color records provided the late

time data. From the height plot shown in Figure 20, the height of burst

1
;i was extrapolated to be 200 meters.
s

(S) There are three rise rate time regimes which may be defined:
the rise of the fireball and torus (1-10 seconds); the rapid rise of the cloud
21 (1-100 seconds); and the slow upward drift of the cloud to its stabilization

| height. The rise rates (in m/sec) are:

- 1-11 seconds 1-100 seconds 225-375 seconds
! Center 37 23 1
£ | - Top -- 25 3.3 ;
J‘ Stabilizaticn is reached at about four minutes at an altitude of 4.3 km. By |
gﬁ comparison of Figure 18 and Figure 20 it can be seen that Evens Fr 45 rises

more rapidly than Event Fr 44 as one might predict because of the larger
yield. The width and thickness could be measured for only 300 and 250
seconds with the expansion rates being 7.7 m/sec and 4.9 m/sec respec-

tively.

1 3.3.3 Event Fr 46 (S)

(S) Data was obtained for three separate veriods (0-1, 30-44, and 150-

RPN

350 seconds) during the Fr 46 event due to the heavy cloud cover and inter-

mittent rain squalls. Color and infrared video systems along with 35 and

R Ll

L. 70 mm film records provided the measurements for this event, The
¥ i 35
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resulting spatial data is presented in Figure 21 and shows heights for the
top and bottom of the cloud. The height of the fireball vs time is plotted in

Figure 22 for the first second before it disappeared into the natural clouds.

(S)  The rise rates calculafed for this event are likely to be less
accurate than those for the other events because of the scarcity of data
points. The initial rise rate of the fireball thus determined is 135 m/sec
(between .25 and 1.0 seconds) and decreases to 47 m/sec as the cloud
develops (0-33 seconds). The final measurements of the rise rate for the
top of the cloud give 12 m/sec (between 150-275 seconds). The horizontal
and vertical expansion rates are 14 and 11 m/sec respectively for the 1-37

second time period.

3.4 Shock-Induced Phenomenon (U)

(S) A not unpredictable effect of a moderate sized detonation was
observed during event Fr 45. An apparent shock-induced disturbance was
observed moving away from ground zero along the sea surface as can be
seen in Fig. 6. This effect would appear to be the physical motion of water
and dust as a result of the outward moving blast wave. The position of the
disturbance was measured for the 2.5 seconds it was visible and the result
is plotted in Fig. 23. The apparent velocity of the disturbance, calculated

from the slope of the curve, was found to be 290m/sec.

(S)  In order to check the physical validity of this measured velocity,
the theoretical shock wave velocity expected from a weapon of this yield

was calculated. The governing equation (ref. 3) is:

)
U = c(l +__6'17311:>ll_.

where U = shock wave velocity (m/sec)
¢ = speed of sound under ambient conditions (347 m/sec)
P = atmospheric pressure (14. 7 psi)
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E
1 (S) AP = overpressure due to blast wave (psi) )
; The value of the overpressure P can be calculated from the yield-nor-
r malized scaling laws,
] (_Vi’g) 1/ _ (_VY_Q_) 1/3
4 : 17T \Ww, Y1 W

1 where x = measured distance from ground zero
% X, = scaled distance for 1 kT yield
W = yield in kT
i ! W, = 1KkT yield
2 y = measured height of burst
;1‘ ¥y ¢ scaled height for a 1 kT detonation.
;,j Overpressure:is then determined as a function of the height of burst and

range from reference data (Ref. 3).

' (S) The scaled radius, overpressure, and the calculated shock prop-
agation velocity are presented in Table 5. The calculated shock wave
velocity U decreased from 575 to 420 m/sec as the distance from ground N

zero increases but remains greater than the optically measured apparent

:L velocity of 290 m/sec.

(U) The discrepancy between calculated and measured values may

; result from a combination of two factors. First, the photographed physical

disturbance may travel more slowly than the causal shock wave and secondly,

the geometry of the situation is probably such that the measured velocity is

a compressed projection of the true velocity onto the film plane.

(U) The former explanation depends upon the mechanism through which
9 ' the surface is disturbed, and the nature of the surface materials present.
E : ‘ However, for the following discussion in which a geometrical explanation

V is sought, the disturbance is assumed to have effectively the velocity of
the shock wave. As the shock wave expands spherically, it intersects the

sea surface plane.
42
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(U) The projected velocity along the sea surface plane is calculated
to be less than the shock propagation velocity as follows:
1x

v = U sin (tan B -——)
x calc y

As can be seen from Table 5, Vx cale remains greater than the measured

velocity Vx meas.

() The above model assumes that the observed effect is in a plane
common to the fireball center and the perpendicular to the line of sight.
If the disturbance is moving toward the observer at an angle ¢ to the fire-
hall center plane, tihen the projected velocity would be reduced by a factor

of cosa (see Fig. 24 a). The angle « is not known independently but can be

estimated as the angle necessary to reduce V toV The
x calc X meas.
relationship: -
@ = cog |=2Tmeas
x calc

was used in this determination and the results are tabulated in Table 5
column 7. Plotting the intersection of the angle and-the horizontal dis-
placement at a given time, an approximate location for the disturbance
is then determined (Fig. 24 b). Although the projected range x was used

to calculate the overpressure rather than the actual range

osa the error

in these values remains less than + 20%. The position found for the dis-

turbance is not exact but does indicate a probable geographic location.
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2) Plan view of detonation geometry
Detonation plane through center of fireball

N

Y meas
X

USNS Wheeling Shock front

line of sight #

\T/,

b) Postulated disturbance location

USNS Wheeling
line of sight West site

West
Point
Scale
RO ettt 139°00' W

0 0.5 10115 2.0

Figure 24 (S). Event Fr 45 - Shock associated disturbance
geometry and posijtion (5).
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4,0 RADIOMETRY (U) -

poisal

4,1 Introduction (U)

3 (S) The most prominent feature of the debris clouds is the strongly

asymmetric nature of their radiative structure, i.e. the existence of

luminous patches rather than a relatively uniform fireball, There are two

possible explanations for this feature. The observed asymmetries could

be a manifestation of asymmetries in the fireball itself, or could be caused
1 by the fireball being covered with an intermittent layer of cooler debris,

such as soil or water, which have areas of varying opacity. Each of these

3
> possibilities incorporates different implications about what might be learned
E about the fireball from the data at hand, However, neither explanation can be

applied to the present observations without reference to a physically more

; ]L codes.

E ] comprehensive fireball model, such as is incorporated into large computer
;E_

2 (S) In this section the results of measurements made upon the luminous
1

patches are presented. These measurements were made without regard to a

particular physical model of the structure of the whole fireball and were

TR
PN

made primarily for the benefit of radar experimenters to aid in the inter-

! pretation of their experiments.

4,2 Luminous Area vs. Time (U)

(U) The areas of the most prominent luminous features were determined
' as a function of time by tracing the outlines of such features from photo-

graphic prints of records obtained with the Mitchell cine camera operated

g i

at 100 frames per second. Enlarged outlines of the selected luminous -
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(U)
features are shown in Figures 25 - 28, These outlines correspond to the

photographs shown previously in Figures 3, 6, 7, and 10. The horizon is

represented by a long line.

(S) The outlines were scanned with a planiméter in order to measure
The area at the source is presented as
It should

the total area for each time frare.
a function of time in Figures 29 - 31 for the three nuclear events.
be noted that these values represent projections of object areas upon the
film plane and not areas on the curved surface of the cloud itself. Note
that the vertical scale changes from Figure 29 to Figure 30. Event Fr. 45,
with much greater luminous area than event Fr. 44, reaches a maximum
later in time as would be expected from a larger yield, Poor weather
obscured event Fr. 46 before it could reach maximum luminous cross

section and the final four points are inaccurate since the debris cloud was

already partially obscured,
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4,3 Constant Density Contours (U)

(U) In addition to the measurements described above, frames of records
showing a high degree of image structure were selected for isodensitometric
analysis. The process reduces the photographic image to a set of constant
density contours. This density map of the original facilitates quantitative

analysis of the structure of the image.

(U) The first contour plot, Figure 32, was produced from TIC record no.
61023, a black and white infrared film exposed through a Wratten 88A filter.
The selected frame was exposed at H + 3 sec. and contains an image similar
to that of Figure 4b. The areas of highest intensity (maximum density) are
indicated by a continuous shading technique which makes denser areas

darker on the readout.

(S) Two contour plots of TIC record 61123 frame 3, taken at H+ 6.2
seconds of event Fr 45 are shown next in Figures 33 and 34, This was also
an infrared record exposed through a Wratten 88A filter. The first figure,
although smaller, shows the horizon while the second, 2t a larger scale,
shows the image structure more clearly. The protuberance associated
with the vaporized support cable is visible on the lower right of the cloud.
The dense flat area to the right of the cloud and the light line below the
horizon are defects in the film. By counting contour lines, the ratio of
densities can be found. For example, with a contour line interval of 0. 12
densitiy, from the least to the most dense areas there are approximately
12-13 contour lines which total to an overall density difference of about 1. 5.
This corresponds to a relative difference in illumination of about 1.5 orders

of magnitude.
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Event Fr 45 - Expanded view of figure 33.

Figure 34 (S).
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(S) The records of event Fr. 46 are degraded by rain and obscured by
haze. Thus less structural information is available from tne isodensity
contours of these records. Figure 35 is a contour plot of record 61216
frame 75 exposed at H + 0.75 seconds., Figure 36 was produced from
record 61223, frame 2 exposed at H + 2 seconds and shows the developing

Wilson cloud behind the outline of a small French ship.
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4,4 Temperature Determination (U)

4,4.1 Introduction (U)

(S} 1In this section an attempt is made to estimate the temperature of the
debris cloud at a single time during Event Fr 45. This is done by assuming
a black body mcdel and utilizing simultaneous color and infrared exposures
as a low spectral resolution, wide-band spectrometer. In particular, color
and brightness temperatures were calculated for the debris cloud at H + 6, 2

seconds.

(U) There are many difficulties in a calculation of this sort and the appli-
cation of its results, not the least of which are conceptual in nature. It
should be emphasized that the application of a black body model to the debris
cloud is an enormous simplification of a complex event, a simplification
guaranteed to ignore a large amount of useful information. The temperatures
thus obtained are approximations. They are intended as an aid in more

rigorous investigation of the cloud physics and not as a substitute for it.

(U) Radiation from . given source may be characterized as a combination
of two components, thermal emission and non-thermal emission., Non-ther-
mal radiation may consist of discrete lines or a continuum. Thermal emis-
sion is radiation due to the source internal kinetic energy, characterized by
the temperature of the source. Ideally, thermal emission approaches black
body radiation under conditions of thermodynamic equilibrium. Under these
equilibrium conditions, spectral radiance (N, ) due to thermal emission

from a source can be described by Planck's black body function as follows:

c c . -1
N, - —%3 <? 2/x1 -1) (1)
w

where N, is typically 1aeasured in units such as er‘gs/cmz-sec-ster—A.
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(U) Formula (1) can be inverted to define a brightness temperature, TB’

for given or measured values of N, and A.

o] c, AX
T, ; 2 1n<—1—;.)—-> (2)
wNaX‘

(U) Planck's formula can also be used to compare or predict the ratio of

radiances at different wavelengths:

Co/A,T
e -

Nyi 22 5
- &) \TomT 3
Nyo +l e 2 1

(U) This equation defines a color temperature, Tc’ the temperature at
which a black body would produce the sar.e distribution of energy between
the two wavelengths in question. An example of this principle is the use of
B-V magnitudes to classify stars on H-R diagrams in astronomy. Note that
color-temperatures have the advantage of requiring only relative rather than
absolute measurements of radiance, thus minimizing the effect of other un-

certainties in the measurement process.

(U) The third type of temperature associated with black bodies, the
effective temperature, Te‘ is defined by the total spectrally-integrated

radiance of the black body:

i 4
/L;Ide = ofr T (4)
(]
where ¢ is the Stefan-Boltzmann constant. This temperature is not consid-

ered here because of spectral limitations of the instrumentation used and

the uncertainties in the transmission properties of the atmosphere.
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(S) The usefulness and relevance of these definitions to actual fireballs
depends partly on how well the fireball can be modeled as a black body.

Although the debris cloud cannot be considered to be in thermodynamic
equilibrium, it is common to regard such structures as composed of small
volumes, each one of which is in local thermodynamic equilibrium. Making

this assumption, the radiation received from the surface of the cloud may be

a useful indicator of the thermal conditions there. In addition, other high-

resolution spectrographic observations have shown that the fireball radiation
is dominated by continuura rather than line emission, thus lending some

validity to the temperature concepts employed here.

4,4,2 Radiance Measurements (U)

(S) Suitable complementary records were first identified. The films
chosen for analysis were a 5-inch Ektachrome MS record (TIC #61122), and
a 5-inch Infrared Aerographic record (TIC #61123) made through a Wratten
88A filter. These films give a combined spectral coverage from 4000 to
9000 A. The films were recorded through identical 215mm focal length
lTenses. The two frames were exposec within 20ms of each other for 14ms
at H + 6.2 seconds during event Fr 45. This 1s the first time at which the
fireball images are not overexposed or degraded by Wilson cloud scattering.
At this time, the cloud has much visible structure, including a pronounced

darkening in the center and across the bottom half of the cloud (see Figures

33 and 34).

(U) Wavelengths for 4-color radiometry were selected to coincide with
the peaks of the Kodak sensitivity curves for the blue, green, and red layers
of EMS film, and the peak of the response function created by convolving the
sensitivity curve of the IR film with the transmission curve of the W88A
filter. The measured radiance in each layer was divided by the band width
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)
of the layer's response to obtain band-averaged spectral radiances needed

for temperature calculations. Bandwidths for the four color layers were
determined by using the width of the layer sensitivity curves at 1/10 peak
sensitivity., In the case of the IR film, the half-power point of the combined
film-filter curve was used because of the broader nature of that particular
curve. Table 6 lists the different layers, their band limnits, and peak wave-

lengths.

(U) The films were calibrated by means of density scales which were
placed on the film and processed with data records. A density scale is a
series of calibrated exposures made on the film by exposing it to a known
light source through an array of neutral density filters. The resultant density
steps are scanned with a microdensitometer to obtain a correlation between
density and relative exposure. The Infrared Aerographic record was pro-
cessed along with a density scale made on the IF film by a 2850° K lamp exposed
through a Wratten 88A filter fo simulate the data acquisition conditions. The
color film was processed without a scale initially but with accurately known
processing conditions. Density scales were later applied to film stock of the
same emulsion which was then processed under the same conditions used to

process the original record.

(") To calibrate the scales, the spectral output of the sensitometer
(lamp plus transmissions of all filters in the optical train) was integrated
over each of the four bandwidths mentioned above. For the purpose of these
calculations, the sensitivity curves were assumed to be square waves with

the wavelength limits indicated in Table 6.
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" EKTACHROME MS AND INFRARED AEROGRAPHIC FILMS (U)

Layer Band Peak Wavelength
Limits Wavelength Interval
(A) (a) Ax
(A)
Blue 4000 -~ 5000 4200 1000
Green 5100 - 5900 5500 800 -
Red 6000 - 7000 6500 1000
IR/W88A 7400 - 8800 8100 1400 -
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(U) Density measurements of the step scales and data frames were made
on a Jarrell-Ash microdensitometer which has a one-dimensional automatic
scanning capability. The scanning process was performed three uimes for
each scan-line on color film, once for each laver, with a Wratten 92, 93, or
94 filter and Kodak 301 glass infrared cut-off filter installed in the optical
train of the machine to isolate the three color layers. Procedures associat-
ed with calibrating the machine made it necessary to move the film each
time a different filter combination was installed, thus, although features on
the image, such as the horizon, were used for reference, registration un-
certainties were introduced into the process. Absolute H & D curves for
each bandwidth were derived from the step scale scans and are shown in
Figure 37. No attempt was made to separate integral and analytical den-

s*es,

(U) The data frames were scanned parallel to the horizon at distances of
2.0, 2.7, and 3.3 mm above the horizon. The initial visual inspection of
the IR record had placed the center of the cloud at 2.7 mm above the hori~
zon. However the middle scan, which is reduced and discussed in this
report, appears slightly above the center of the cloud in Figure 38 taken

from the IR record.

(U) The measured densities were converted to exposures using the H & D

curves. Exposures were ccnverted to radiance by the expression:
N=sem?l L L Loy (5)
Ta 1 "¢ Tt

which is accurate for images near the center of the optical axis. In this
expression, exposure, E, is expressed in ergslcm2, radiance, N, is the
integrated spectral radiance for each bandwidth, expressed in ergs/cmz-
sec-ster, t is the exposure time, (f/n) is the f-number of the lens, 'nd Ta,l, f,
are the transmittances of the atmosphere, lenses and fillers used to record

the data.
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' (U) The lens transmission was agsumed to be 0.8 for all cases. The '
Ff‘ : W88A filter transmission was obtained from Kodak published data. Atmos- !
E pheric transmissions were calculated for each nominal wavelength from
é AFCRL published data and Allen (References 4, 5, 6). The results of thece
§ calculations (as described in Appendix D) for a 20 mile horizontal path length |
Y over water were:
: x 2
i 8100 .69
6500 . 57
5500 . 47
| _ 4200 .15

f (S) After computing the radiance, in order to calculate the cloud's

temperature, it is necessary to correct for sunlight reflected from the

cloud's surface, since reflected sunlight will more nearly approximate the
sun's color temperature than the cloud's. It was decided to use the radiance

of background meteorological clouds as a measure of the amount of reflected

radiation from the fireball cloud. This method has several drawbacks:

first, the greater distance of the bacxground clouds which introduces an

D b et A S Y S A

error due to increased atmospheric attenuation; second, the necessary

R

assumption that the two clouds are of sufficiently similar material and re-

1

RN MRS A i * i it i L AL TR A M
. ; D R IR e L

flectance; third, fluctuation in the background which makes it difficult to

assign a background level.

(S) The last consideration is crucial with regard to fireball radiances
. derived from the blue layer. In this layer the radiance due to-natural light
constitutes 90% of the total signal. Thus a 5% deviation in background level
produces a 50% error in the calculated source radiance. Becaus« of this
potential error, radiances from the blue layer were not used in the temper-

ture calculations.
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(U) Radiance profiles through the center of the cloud were produced,
taking all of the above into consideration, for each color on different pieces
of paper and then overlaid by eye. The resulting profiles are shown in
Figure 39. The radiances shown are the integrated radiances over each
bandwidth, which is identified by its central wavelength. In registering the
radiance profiles, the best overall fit was attempted rather than lining up
any one feature precisely. The gross features of the curves seem consis-
tent, the differences in fine structure may be due to a 0.1 mm uncertiainty

in the horizontal position of the scan line from color to color.

4,4,3 Temperature Calculations (U)

(U) Color and brightness temperatures, from green, red, and IR radi-
ance values, were calculated using the black body approximation discussed

in section 4.4.1. The spectral radiance for a black body is given by:

w2
where T =+ Absolute temperature of the radiating body (OK)
A = Wavelength in centimeters
¢, - 2 c2h = 3.74 x 10-12 watt cm2
¢, = he/k=1.439 em K
c,

Z . .
For the situation (»-5\—,—1,-))1, equation (6) can be approximated as

¢ ¢, /AT
N = L ¢ 2
wA°

which is known as Wien's Displacement Law.

wattslcmzlcm (7)

Ta
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Figure 39 (S). Event Fr 45 - Measured luminous c¢loud
radiance profiles (8).
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s (U) In order to check this approximation, a sample calculation with a

temperature of 1500°K and a wavelength of 6000 A yieids:

Y

1.44 cm oK
5 3o - 16
6x10 "emx1.510 'K

2
AT
and e16>>1. Therefore equation (7) is a good approximation for the con-

! ditions expected in these calculations. The expressions for the brightness

and color temperatures then become:

2 Cq [ c;ax \] -1
: Tp = m( ) (8)
gf B A \ xN 25
3! 1 _ 1
i o \X~ X
[_1 () ]
) In N2 8xg \ A9
f;* (S) Figure 40 shows a temperature profile of the cloud based on the
J’ average of the IR/red, red/green, and IR/green color temperatures. It can
e be seen that the temperatures ranged from just under 1800°K to about ROOOK,

and within the cloud structure, relative differences of around 400°K are
evident. This profile bears a fair resemblance to the general shape of the

radiance profiles with a few important exceptions. Where the IR curve

TTRERETT P e

shows a deep trough, the temperature curve shows a.hump, and where the

e
AR

IR curve shows a hump -~ on the extreme right - the temperature curve

4 shows a rapid decrease.

(U) Physically, one would expect an increase in intensity to correspond

o
o elsy

! to an increase in temperature. However, with color temperatures, it is

the ratio of the intensities at different wavelengths which are important.

The left-hand peak appears to grow wider and broader as one goes to

longer wavelengths. Going from left to right across the radiance profiles,
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Figure 40 (S). Event Fr 45 - Calculated cloud color
temperature profile (S).
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(U)
it can be seen that the IR undergoes a larger increase from trough to peak

than does the red or green, thus reddening the light and making it appear
cooler even though it is brighter. The color temperatures are quite sensi-
tive to the relative placement of the profiles so that a small horizontal shift
of one curve can cause radical changes, particularly on the edges of the
cloud image. The uncertainty in horizontal placement is estimated to be
about + . Imm on the film (corresponding to about 15m at the source), rep-

resented by the horizontal error bracket in Figure 40.

(U) Within these limits it is difficult to establish the temperature struc-
ture of the cloud in detail with great confidence. However, the gross temp-
erature structure of the cloud seems more evident. The cloud appears to
have two hot spots with a cool region in between., A simplified model of the
cloud appears in an unscaled form in Figure 41, Using this model of the
cloud, a corresponding temperature distribution was computed using only
the radiance values of the two major peaks and the trough of each color pro-
file. Brightness temperatures for the three features, and color temperatures
for the three ratios were combined to give an average brightness tempera-
ture and an average color temperature for each section of the cloud as pre-
sented in Table 7. In general, the color temperatures are 100-150° hotter

than the brightness temperatures for this model.

(S) It should be mentioned that the inclusion of the blue layer into these
computations vould have the overall effect of raising temperatures by 200-
300 degrees. The blue-green color temperatures in particular are consis-
tently higher than the others. The blue-green color temperature corres-
ponding to the left-hand peak is 2800 degrees although the blue brightness
temperature of the left-hand peak is only 1882, The blue radiance values
were considered more suspect than the others for reasons mentioned
earlier and therefore were omitted from the calculatiéns. With blue

included, color temperatures for Tl’ TZ’ and T3 would be:
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! Horizontal dimension
‘ Figure 41 (S). Event Fr 45 - Simplified temperature model of cloud (S).
1 ?
4 i TABLE 7 (S}, TEMPERATURE ASSOCIATED WITH SIMPLIFIED MODEL ().
3
& ]
3 Brightness temperatures
E | A T1 7T2 1‘3
( | 8100 1581 1359 1436 .
i 6500 1560 1372 1434
- 4 | 5500 1614 1374 1443
3 T s
: , BB 1585 1368 1438
LT ;
L: }
.
’ ’ Color temperatures
r 2/ T, r, T,
3 8100/6500 1587 1237 1591
1 6500/5500 1920 1406 1662
: 5500/8100 1724 1302 1621
- —
2 fe 1744 1315 1626
i
3
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(S)
T, = 2092°K
T, = 1315°K
T, = 1966°K

4,4,4 Discussion (U)

(U) It is important to realize that the brightness temperature is a rela-
tively insensitive function of the radiance. Just how insensitive this de-
pendence is in the regions in which the preceding calculations have been per-
formed can be seen by performing a sample calculation. Consider two
sources, one at 1200°K and the second at 1800°K, and calculate the ratio of

their spectral radiances at 6000A. Using the Wien displacement law,

(TZ- Tl)
-¢./ xT e /x| m—=—
N(T2)=e2 2 =eZ Tlez
N (Tl) e--c2/>.T1

Using T, = 1800°K and T, = 1200°K

J
N (Ty) 57 400
N (T,) ~ -

(U) Thus, in these conditions, a temperature spread of 600°K changes
the radiance by about three orders of magnitude. The dynamic range of
color and infrared film combined appears to be about 500 , with a tempera-
ture change of 600°K straining the limits of the film. Conversely, the
presence of an exposed image in a given layer of the film would seem suffi-
cient to define the temperature of the source to within about two hundred
degrees. It should be noted, however, that as the temperature increases
the range in temperature which the film can record also increases. Like-

wise, at longer wavelengths, the ratio N (T2)/N (Tl) also decreases.
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(U) The largest uncertainty in the radiance measurements results from
the uncertainty in atmospheric transmission due to lack of hard data con-
cerning the number of aerosols present (see Appendix D). The effect of this
uncertainty can be gauged by re-constructing the transmission for an aerosol
content ten times the concentration assumed above, (about half, therefore,

of the 23 km visibility case), thus obtaining the following changes in trans-

mission:
A "a Ta for 10 Na
4200 .15 .008
5500 . 47 , » 038
6500 .97 . 050
8100 .69 . 081

As can be seen, an order of magnitude change in Ty results. This in turn
leads to an order of magnitude change in radiance. This, however, will
only lead to a change in the brightness temperature of around 500, or less
than 5 percent. The ratios between the transmission coefficients for differ-
ent colors show a much smaller deviation than the transmission themselves,
thus altering the color temperatures to ar even smaller degree. Therefore,
uncertainty in atmospheric transmission data does not intrloduce an appreci-

able error into the temperature calculations.
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. APPENDIX A

INSTRUMENT PLAN (U) ]

(U) The camera systems employed for data collection during Operation
Dial Flower are presented in Appendix A, Parameters relevant to each
camera such as focal length, framing rate, field of view and nominal

running time are included. Only those filters are included which alter

the spectral range of the light incident on the film are listed whereas

neutral density filters are not listed as they change from one event to

>y

another. A list of the film t{ypes and their abbreviations found in both

the instrument plan and the data record summary follows:

TGN T O T P TR TCR ” TIIr ACTT

£
4 CODE DESCRIPTION TypENo,  NONTIAL
E ACN Aerocolor Negative 2445 230-320
Vﬂ AIR Aerochrome Infrared 2443 100
:+ CPS Ektacolor Professional 5056 100
L EMS Ektachrome Medium Speed 5256 64
£ HIR High Speed Infrared 2481 80
IRA Infrared Aerographic ’ 2424 80
! KR I Kodachrome II 7265 25

PXN Plus-X Negative 7231 80
i XRM Extended Range Modified SO-167 Wide Latitude
F. [
-
4
"7 - 81
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APPENDIX B

Data Record Summaries (U)

(U)  Appendix B contains a review and comment for each useful data
record obtained during Operation Dial Flower. These record commentaries
have been separated by event and are arranged in the same order as the
cameras appear in the relevant instrument plan (Appendix A). The final
two digits of the record number correspond to the position numbers of
cameras on the instrument plan and may be used to identify the camera
employed for a particular record. The (P) and (N) nomenclature listed
in the film type column denotes positive and negative type films respec-
tively, Within the summary comments, "duration' indicates the max-

imum time after time zero that data was recorded.

85
This poge is UNCLASSIFIED.

SECRET




ol
¥ ..\_2 ~ e = Semeebtny 37

PRI RS s i s o

o

1 Spuodas g - uoIlyeanp ‘ojoydaidy {aseyd uolysueay
pue [[EqaJ1} 9je] JOJ PpI0DAI UL uoyniosaa feryeds 1saydiy ‘sansodxs poon (d) 11 SWOIYOePO] LIOIS i

Jjnuiw 1 - uonreanp :oidue
WNPoW UOOT[RY 0I9Z-34d “UDWdOL249P [[BqIJ1] “UOI}DIS-SSOJID snourwng

2 smoys L0151y SSouYFIIq LOJ 3IYM[HOB[Q Ul PIODDI AUID .3.ans0dXa poon (N) ¥-snid 91019
2 T 5puUodas g1 - uoljednp ‘sldue wnIpaw HNOYINO.LY} PaULIdP UONIOIS T f
E -§S0JD Snoutwing pue L101SIY ([BGIZI] ‘PIoDa dUrd paads Y31y dansodxd pooni (N) (UX) »8uey popudixg SIQI9 E .
R sSMnuiw g - uotjeanp ‘»[Sue Ipla pauljap UoNUIS
~SS0aD [[B(OJ1] *2DUDJIDJDL YJNWIIZE YITA PIODIL JUID poJderul dansodxd poon| (N) paxeajur poadg ysiy PIOTY o R -
«©
w C *SpuUodds (g - uoneanp :o13ue C .
- E 3pIM fUOI}DIS-SSOID SNOUIWN] {{BQIIL] SBUAP PJL0OIIT JUID dansadxa poon| (N) (YX) 28uey poapudixy £1019 E
: S ajnuIw | - uoljeanp :ojoyda(d) wnipaw (proid 03 uorisuray pue s
W UOTIN[OAD [[EBGDIL] {DDUBIDJT LINWIZE YIIM PIODII SUID 10[0D {dansodxa poon (d) 11 SWwoayoepoy] 21019
sajnuIw g - uorjeanp
©1Sue apim 98eI3A00 LIBJUSWINDOP [eIdUdS IPI0DBJ SUID JOOD {2ansodxd pPoon (dy 11 dwoaysepoy 11019
1
. AHYWNANNS QH0D3Y 3dAL W3 ‘ON G¥O0O3Y
m 1ond@ :H33ANIONI TO¥d VIAUVIO -NOwLvOIOT ph 2o -LN3A3
m m ONITHIHM SNSN -NOUvLS 2L61 sunp ¢g  :3iva Jamo1d teld :NOHLVHE3dO

(1) AMYAWNS Q¥023Y¥ Vviva

NOILVHOdY0D TVNOILLVNYALNI XD0TONHOAL ;
(S) I~ ATAVL

o o i NN

R = T T YN Y T e G (AT T AT

3 N N o + B : o 2 . Ry >, 4
e e ot s T A s o, iant B S o i L o et T b0 i o L T LB b O e it ettt




SECRET

-$2019 40} Se uoiieanp pue
8183 ‘UOOI[EY 0J22-24d SMOUS (3PS 1J31) Jnd. prord SIXQIP pue Wd}s paAnt
-}20YS YHM Juswdo[oAdp PRood pue [[8QaJy JO UOlIN[osSa Yy faansodxs poon (d) SIN dwoaydey | cZ019
*@1Ep W} 318 JWOS YiiMm (dseyd snoutwmy) sy} L1awa

PUODIS [3WBI] | - D18 (ZZO9 U0 §8 tqeysinSulisip 23ps Jamo7] “sIInuUiw ,

G + H O} PNOLY SLIQED Pue 3JN1ONIIS [[eqadl} Jo 17e}ap pood ‘aansodxa yaeq, (d) S dwoayorm| ¥2019
*1Z019 J40] S® uUONlB.anp pue djet paJerjul| :

uy (aayedau uo) punoadyoeq uryy J93qdY sseadde pnod SIAGAp !aansodxa poon|{ (N) dydexdoaay paseajuj £2019.

*12019 40} Se uoljednp pue ajed |
18pNOID [Banjeu {q painosqo 81 doj Jajje SIINUIW [BIIAIS 10 alqeysinFursip

PROTo STAGRp JO 28po Joao] fustadolassp pnord s1493p [erauad taansodxa poon, (d) SN 2woaydety 22019
SINUIT QF ~ UOTIeLnp {SoWLL} B3] SPUOLDE ,
0€ /owRay [ 03 £ 183 GRONDIS g/oWiea) 1 e (J3A0D PNOIO [e13udd sMoys’ I d
“adUBJIBIAT T WILR 'EROT T PUE ZZO1H 107 #DUIIIFAX HOOO fPansodxd poon) (d) SIN WoAYDRING 12019
" AYVWNNS QuO23Y v 3dAL W4 “ON G¥OD3M
[anaq < HIINIONI TOUd VAHNVJO -NOWVIO01 v 43 CIN3IA3
ONTTAEHM SNSn -NOUVLS 2L61 aunp gz ‘3iva T Zemord (Fiq :NOUVH3dO

) AMYNANS GHOJ3Y viva

NOLLVYOJ¥0O TYNOLLVNYZLNI X90TONHOXL
(S) panunuod [-g ATAVL

87

SECRET



T TR T

&

oy

st
Y S i 2

SECRET

*S3jNUIW g - UOlIeInp PIOd3I 03PIA POOY) (,,2/1) adeg, 0dp1Ip ¥¥019
‘soulw OF
- uoljeanp :(dlqerdea) I3 GN ‘O13ue apIM “JOLOD 234y} {pIOD3I 0IPIA POOD) (,,1) odeJ, vopip £+019
‘sajnuiw gp - uoljeanp,
13[qrs1a uoQi(eq 019%-9.ad 0joydsid} ‘Id)[1f paJeayul {PJIoddX 03PIA POOD) (,,e 1) odeg, odp1 | 2¥019
‘SajnuIw g - donpeanp fd18ue pim I AISIA {PIODDI 0IPIA POOH) (,.1) adey oapiy 1019
*1£01910] Se uoljeJnp puUE 312 {I3A0D Puo(d 1etaudd faansodxa B |(N) swdeadoasy pageajuy £€019
‘1019
JOJ S®B UOI}BJanp pue 91Bd !Spnotd feanjeu £q uolleandsqo (eJauad Jajje sajnuiw
[BI3A3S 0] S[qQISIA pPROYD Jo 83pa JOaMO] {A840D PNOID [eIduad faansodxd poon|(dJd) SIY Qoo 28019
‘§ajUIW g - Uoljeanp (IW} je] SPUODIS g /oUreI) T O} dWI} L11ed SPUODDS g
dWeS] [ 18I (€019 PUE ZEOTH JOJ SOULISIAX YINWIZE PUEe HOO[O ‘aansodxa pooH|(J)  PIJBIJU[ BUIOIUDOID Y] 1€019
AHYNWNS QHOD3Y 3dAL W4 *ON Q03N
1ona¢r :HIANIONI 'rO¥d VAUVIO -NOILVIOT Pp I AN3IAI
DNITIAFEHM SNS[1 - NOWUVLS 2L61 aunp gg -34va “Iamoly (el :NOWwYH3dO

() AYVYWWNNS QH¥0J3N viva

NOLLVY0OdH0D TVNOILVNYILNI XDOTONHOAL

(S) penunuod 1-g HIHV.L

88

SECRET

prr——— LA N SR A e et Shoy ey e R e ngpery
FLP TN L L RPRT TR TSP )

IR dm—
i e it ot M, o i bt " VPR WP evef . SRR IS 5




g ahoogsy

R
N

o

SECRET

R

*SpU0v3S Q¢

- uorjeanp :0j0ydaial Judwdo(aAap {1BGIITJ 3B JO PJIOIII JUID {Bansodxd poon (d) [ dweayoseposy] LIT19
*ajnuIwt 1 - Uoljednp !ardue wnipaw (£103S1y ssauySiaq pue UCIIBSUIPIOD
aaem 3o0ys pasunoucdd ‘UCIINIOAD [[BQOJI] SMOUS (PIODIX BUID {2ansodxd poodn (N) X-stldg 91119
*sajuiwt g - uoljeanp :a(due
BPIM !PaULIAP UOIIDBS-SS04D SnourvUng {JBGeII} PIodad AU 2.ansodxs poon (N) paJeajui paadg udiyg PITI9
“Spundas g - uorjeanp
fo18ue apim (Futaaniq s8ewi-1{nuw {35UdIDJaI Ynwize (aansodxs poon (N)(UX) @8uey papusixyg gI119
*ojnuIw
1 - uoneanp ojoydaya) WNIPIW P>LIJSP IOUBGINISIP 2dEJANS JEAU PUE UOT}
~BSU3PUOD DABM 3O0YS ‘judwdo]dAdp [[BQaJIT] SB[ PJLODDI JUID 3ansodxa yIeq (d) 11 aWoaYyoepos] 484 €]
*s9jnuIw g - uorjeaap
‘a18ue apIM 28815400 £ILIUSTUNDOP [ELBUIT PI0DaL BUID (dansodxa poon (d) 11 dwoaydeposy 11119
ABYWNNS QHO0I3Yd 3dAL W3 *ON QH¥OJ3Y
13na@ - U33NION3 TO¥d VIHYJO -NOILvOO? Sb 19 SAN3IAI
ONITHAIHM SNSN  :NOLvLS ZL6Y aung pg  :3iva Jamolgd 18l -NOLLYH3dO

(1) AYYWANNS Q¥093Y viva

NOILVHO4dY0D TVNOILVNYILNI XD0OTONHOIL

(S) panunuod -4 ITAV.L

Y

g ” - 3 o

P
s ak i cmse i i sl o, i I e s T - R L ST S S ;

htantoty wrle Lod i e

e, et o Baoastr S Sl S,

R R I

89

SECRET




N ey
g 2
R . i

*$Z 119 X0J ST UOIIRINP pPUER 9)Bd (WIS PUE ‘UMIN(OD J3jem ‘dodea djqea jtoddns)
bUsqIN}SIP 90BJINS PIIRIVOSSE HOOYS ‘[[BqaJly Jo uolin(osad YS1y aunsodxa poonH () SV AWOAYI RN e3119 <

F

& C]

] *elEp W} 9)B] JWOS YIM (aseyd
snoutwny) s} A[I€d PUODIS|euedy | ~ 318l (UOHBSUTPUOD JO uoHedissIp
PUE PlOJO}. S14gOp *S40IONIIS [[BGIAT] JO UOIIN[OSII WNIpawW dan3odxa yieq (1) S\ QWOoIYILINI] PZ119

‘12119 -10] SE UO[IE NP PUR 1B ~ISA0D PUOLD [BJIN{EU SMOYS fauansodad poun [(N) NYAeABOAOY pIRIIU] ¢TIty

90

SECRET

“12119 J0) Se uoljesnp
pue 2jel {M31A-JO-PISY} JO apIs IYTJ1a 03 21qQISTA pNOO posaadsip sawly d1e]
+3jud a8pa 1391 pue uoljedissip Jodea xajem Surpniout judwdo(dA3p ploIo} STIGIP
JO £I03S1y.2WI} ‘UOIIBSUSPUOD PIONPUT YOOUS ‘[[BUIIEF SMOYS dansodxsd poosn (D SIN SWOAYDLINT 22119

SECRET

_ *SaINUIW GF - UOTIBJINp fDWI{} D)B] SPUODDS (g /dwWed] | 0) W} L|Jed Spuodas 3
3 awesy [ - oyed 3uswdo]aadp PIOJ0} SIIGIP ‘UCTIBSUIPUOD dABM HOOUS pue ‘|leq
-3J1] SMOYS ‘gZT19 PUB ZZIT9 J0] 9OUIIIIAI Ynuwilze pue }20[0 !sansodxa poon (d) SIAL DWOIYOBRING 12119

AHVNWNS G¥023d 3dAl W4 *ON GHOJ3Y

Lok o

tIN3A3

] o ¥IINIONT “rONd VauUvdo :NOILYIOT St 24

’ ONITITHM SNSN :NOILVLS ZL61 aung o¢ ‘3iva Jamord 181 :NOILV¥3dO

(1) AYVYINAWNNS QH023Y viva

NOILVHOdH00D ‘TVNOILVNYZLNI XDOTONHOIL
i (S) Pponunuod I-g ATAVL

TR TSI T

ik i)

NY o S wds n

S —————r————

e T e e

Tr—

TN I T R SRIN T PO DT S P Y.

- w

M i ot § s ¢ 4 o g
fig 25 G . - . o . R . T P —
el ol o ot ™ § o 2 i e T NI N Y R I O A Y N N SR M et N TP A e S P




. -SajnuUIW G - UOIIBIND {PIODAJI 03PIA POOD (,.2/1) ade], oapip PRI
*S9INUTWE GF - UOTIBIND :3PTIS IYSII U0 20UBGINISIP Pasup

-u1 }ooys ‘saodea 21qed umop uoissaafoad yooys smoys fnoydnoayl pauryap
oM [[BQaJaT) {(d1qetaeA) JO{1] AN ‘010ydaial {I0100 3243 PIODAIX 0IPIA FOOD (,.1) odeL 09piA £V119

*SajNUIW G - uolieanp fojoydaradl (I palejul {paodad 0apla poon (.¢/1) adeJ, 0dpIA (429 8] .

‘S IUUU G - uoljeanp (a[3ue IpIM {PIODAI 0IPIA POOD (,.1) adel 0apia Ivit9

*1€T19 J03 S€ UOTJRUND PUE B (SDWRIY XI& Ul [[eqRaY) dansodxa 31| [(N)  dwyderdoasy podeajul €119

*1£119 J0J SE UOIjRINP PUE I}BJI (IIA0D pPnod

SECRET
91
SECRET

1eqauad snid UOTIESU2PUOD PIDNPUT YOOYS pue [[B(a.QI} Smoys !dansodxd duaed [(d) SN dwoayodeIysy 2E119 -

3
*samuitu

. Gb - uoljeanp {SWII} d3e] SPUODIS (F /IWRI] | 0} dW} L|4BD SPUOLIS g [awred] , '
3 . 1 - 93BJ ‘gETT9 PUB ZLII9 JOJ 20UI9JaI YINWIIZE PUR HIO[O {aansodxd pood [J) paJeljuj SWOLYDOJIDY 1€119 '
P
. AHVWNNS QHOD3Y 3dAL W3 ‘ON Q¥0J3Y ’
: oneq  :H3INIONS, ro¥d VEAVIo -NOWVIO1 S% a4 -AN3A3

ONITEFHM SNSn  -NOUvLS 2L61 adunp 0g ‘31va Jamolg tel@  ‘NOLVH3dO

(1) AMVANNS QHO023¥ viva

NOILVYO0dHO0D TVYNOILLYNYALNI XDOTONHOHAL ) A
(S) ponunuod 1-g A IAVIL

DR S 2 ke e~ o Al B |
3

S PRI TG T s
.

TR

Ll e L . 2 S e P ORETTTT WO SO T T T TP RPN -~ M PPN Jeb T T




*anuUIW [ ~ uotjeanp d(fue wnipawr LISy

T ssauydraq pue UOWdOIaAIp [[BGIIT) SOULIDD (PIODII BUID “dunsodxd poon (N) X-snid 91219 T
E LPRY . . E h 4
SpHOY9S (] - uoljexup ‘ardue wnipaw , R
R fSouIr) A[JBS JB PaULjop OZIS [[BGD.1J -PIOI3L 3uld paads 15ayRrY ouaiisodxs poon) (N) (YX) o8uey popudixy G1319 N C ,
& *SPUOdas (g - uorBIND w
to18ue apIM {UOT}O3S~5S010 snourwn] SuUIpN{OUT UOIIBSUIPUOD PIDNPUT HOOYS , .
s asuap ydnoay} {jeqaaiy Jo [IBjop aUWOS SMOYS (PaIIIL) aansodxa saep LIsA () 11 2woaydepoy] 1219 S
*ajnuiwt [ - uolyeanp fojoydsalat winipaw mora-jo-praly ur diys 340083
fUOTJESU3PUOD PIDNPUT 3{O0Ys £ABdY pue [[eqaI1} S3USP (PoIai(l}) aansodxa yaed (d) II dwoaydepo 21219
ANYWNNS QHO0D3Y AdAL W4 ‘ON QHOO3Y
JELEY e :HIIANIONI rOUd VAYVYJO INOLVYIOT 9p 49 -1N3IA3 _
ONITIZHM SNSn  -NOWV1S 2L61 LIng L2 ‘3lva Jamol g 1erd :NOLLYH3dO :
() AHYWWNNS GHOJ3Y Viva m

1 NOILVHO4dHOD TVNOILLVNYALNI XDOTONHOAL :
(S) PaNUUOD [-g FIAV.L ,

2 4

i D)
P e

T et ek A B, ey

ot Ao > vt




et o
>

SECRET

52219 103 Se uoIjeanp pue 3jea ((eSISdSIp SUIPNIOUr SNIO} SIIGAP 31e[
pue ‘spnord ur yeaaq ydnoayjy SulSII prold SIIGIP ‘90BJINS JEedU WIS ‘[leqdary

uonnjosea ysSiy ‘(asseanaq Suipniour) £3UIora ur sdiys smoys !aansodxs poon (d) SN dwoaydes| GZ219
‘(dseyd snouiwng) dwi} AL1ed pUODIS /oweay [ - djed SlIqIp swl}
2}e] 2WOS SPNoId (Banjeu £q paanosqo Ljreyaed y3noyi[e pnoio UoieSUspUod
Jo uoredissip pue SNI0} SIIGOHP 31EL JO UOINOSaL pood :ded J340 (194 pasInp
-Ul SLIGOP PUE ‘WIDIS 9DBJINS ‘UOTFESUIPUOD DABM II0YUS 2SUDP SAaOYS :Ljranoe
JDMOYS JO DOUDPIAD $oAL3 dSeYd Snourmny {9dUIABIDJ YInuze dansodxd poon (d) SN QWOAYOBINY [ ¥AA T
“1ZZ19 10} S' uonednp pue 9jed feade JOo 23810400 [RI0UIE faansodxa poon| (N) onydeudoday podedajuy £2319
*12219 JOJ §2 wonyeanp
pue ajea :paambaa se sjutad santsod Jo uotjexsuasd PP JOJ fpansodxd poon| (N) 9al1eIoN JOIOD-NIV 2323219
*S9INUIW (3G - uoljednp W} 9)B[ SPUODIS Qg [owedy
1 0} awr} L{Ied SPuooas gfawedy | - atel {(f }Seay 3e) vade ut sdiys ‘aa400
pnoio (BI2uad smoys “‘gz2I9 PUE ZZZ1g IO0) dDUDIDIAX HOOID f{aansodxa poon (d) SN dwoaydoeNd 13219
AHVANANS QY023 3dAL WA ‘ON Q¥00O3Y
2naqQ :Y33NION3 TOud VAHVJO  -NOWLVIO1 9% I SIN3A3

ONITHIHM SNSN :NOILVYLS 2L61 A1ar 12 131vQ

(1) AHVANNS QH0I3Y4 Yiva

Jamold 1elda INOILVH340

NOLLVY0dH0) TVNOLLVNYALNI XDGTONHOAL

(S) pIunuod 1-g HIdv.L

SECRET

ey

4 P v




k
n
m.
i
4

§
W ‘

Jorn T

Y

m. -

i
H
1
*S3jUIUW 9F - UOTJRIND {PAODII 03P1A POOY) (,,2/1) adeg, oap1p 2 7A%)
i *S3INUIW G -
uoljeunp ((aiqelaea) J9IF AN ‘ordue ojoudaiol (I0T00 I3JY} {PIODAA OIPIA POOD (1) 2deg, oopip £9219
" .ww?ﬁ& 0§ - ualjeanp :0J9z 2.10Jaqy Ll9reIpdowIwl jou g saw iv
| dldISTA uoojjeq 0322z-2ad {313ue 0j0ydala {Jl[1} PAIBIIUL (PIODIX GIPIA POOD (,,2/1) 2deg, oapip 2V2I9
T ’ *S9INUIW oG - USIjBIND J[ZUB IPIM (PIODIJ O3PIA POOD) ( (,,1) ade, oapip 1$#219 T
L w
m “I€219 JO§ SE Uolie uip pue ajed a3eaaa0d ﬂ.whocww foansodxd uxwm.— AZV 0~£QG.~MCLG< paJdeaju] INNA L] % C
(78] *1€219 J0} Se uoljeanp pug ajea feage ug 11}
s J3A00 PROID PUE UOTINI0A3 1eIBU3E ‘Jududo}aAap [IBQaJ1) SMOYS :94ansodxd Naed [(dJ) SIN dwWoaydeIyst 2¢219 S
*S9INUIW (G - UOIjRInp W} d)B] SPUODIS OF /oweI) [ 0} dwi} L[1ed
FPUOD3S g /auredy T - 212a (€CTTQ PUR E2T9 I0) 2oUad93d1 30010 !sansodxd 31T [(d) paJeyjuf dwWoIYd0I3y 1€219
AHVWANS QHO023Y 3dAL Wlid *ON 0WO023Y ‘
lenaqg - H3IINIONI TONd VANVdO -NOWvIOol 9% 44 (IN3A3
DONI'TIZHM SNSn -NOlivls 2L61 Ainp 12 :31va Xomolg 181 - NOWwy3d0
(0 AYVYANNS Q30934 viva .
NOLLVYOdY0D TVNOILVNYELNI XDOTONHOHL
(S) panunuod J-¢f ATLV.L
{
!
L

ettt vy




T —

R T T T T o, SO, T s

-7

TSTAT

=

. T *Spuonas
L 0¢ - uonjeanp ‘ojoida(a} HUswWdor9AdpP PROID JO P-10DDL DUID (2INS0dXd Poon (N) (dFued papusixa) yx LIG19
” m *SPUOD3S (0T - UoLBINP ‘DISUR WNIPIUWL {PI0d2JL dUId pPaads Y3y faansodxd puon) (N) (98ued papuaIxd) yx SIgI9
: {
: 1l *SpuU0d3s g - uoryeanp !vidue apim {paodaa auld faansodxa poosn () 11 dSwoaysepoy STIET9
s .
m S ‘DU [ - uorjeanp ‘ojoydoaia) wnipaw :pnolod Jo judwdofasdp pue
N UOZIXOY MO19q YSEB[J SMOYS PJOD3T JUID {90UdIdJad YnwIzZe (2ansodxa poon () 1] QWOJYOBPO] ZIE19
, *S9uIWL g - Uoljeanp :d13ue IpIM ({pPIOSAJI aurd faansodxs Y311 () 1 dWOoJYdepoy] TIST9
AHYNWNNS GHO0D3Y 3dAl wlid *ON QHOO3Y
3neg :Y33INION3 rOYd VIUVIO  -NOWVION juswnaadxsy Alajes aarsordxm ysig:iNIA3
ONITAGH M SNSn:NOIYLS ZL6T AInr 18 :3lva Tomold (8lq s NOILYH3dO

: (n)  AYYWWNS QH003Y VYLva

: NOILVY0dY0) TVNOILVNYALNI ADOTONHOZL
(S) penunuod I-¢ ATV

9
SECRET




. |

RChc A

AR TR

R

-
3

A . Lokl

SECRET

‘$2E 19 JOJ € 38l UOZIIOY MOTaq YSey 013z

JO uornjosada ysiy (0J9z 21032 9sseaNI(T Jo yoreoadde asord aansodxa poon|(d) SIN dwoayde Tl G219
‘glEp aWI} 9)8] SWOS YIM
awi} £[1€5 PuodIS fawed] T - 2jed {90UAIIIX Ynwize ‘uoissadsip pue juswdo

L19A0D PNOID ‘UOZIIOY MO[DQ YSeyJ 0J22Z SapNniour uoniosasx ydiy dansodxa poon|( ) SIN DWOIYIBINGY v2eI9
*12€19

J0J SEB UOI}BJINp puB 938 {JJIIP pue pnood jo juswdo[aadp SmoYs f2ansodxd poonl(N)  siydeafoasy padeduj €219
*1%€19 J03

se uoljeanp pue ajex ¢sjurad aarjisod jo uorjeraussd 30aJIp J0J dansodxd poon|(Al) 2ATIESON JO10D-NDV] 22819
*sojnuUIW
02 - UOIjeInp foWI} 9] SPUODIS Qg /owiedj [ 0} 3w} L[Ied SPUODIIS g /owed}

1 - @3el ‘g2819 pue ZZ£T19 JOJ 9OUIIISI YINWIZE pue }O010 {3ansodxs poodi(d) SIN 2woayoep gl 12619

AHYANNNS QHOO3Y 3dAlL N4 ‘ON Q¥023d

1ona@ :H3IIANIONI ‘royd

VEOVJO -NOWVION judwitaadxy Ajajes 2A1SO1dXH YJIIH-ANIA3

ONI'TATHM SNSN NOILVYLS ZLG6T Af 1ge -34va

() AMYAWNNS Q¥023Yd vivad

NOILLVHOdY0D TVNOLLVNYJILNI XDOTONHOJL

(§) panunuod I-¢g JIdV.L

JI9MOT g Terd

:NOILYY¥3d0

96

SECRET

P e i S RS S

o

2 ot L et




[
1
!
i !
j
*SajnUIW (g - UOIJBINp {PJ0DdX 03PIA POON) (,2/1) adeg, oapi1a| FPET9 ‘
*sauIl 93 :
- uoljeanp (d[qelaea) I31IJ AN ‘9[8ue MOJJdeU {I0[0D 39uY} {PIODII 03PIA POOY) (,.1) odeJ, oopi] CPETD
‘ssjnuluw g - uoljeanp :ojoydai(d} ‘U311 pa.tedjul pJoddX 03PIA POOK) (,,2/ 1) 2de], 0dpIp FA2AY:) :
;
T *S9InUIW g - uorjeanp Of3ue HHPIM PIODIL 0IPLA POOL) (1) sdey oopral 19819 T.. !
w i N
R = R
C *1€€19 J0] Se uojexnp pue ajel fsansodxa WIIT|(N) Jdex30.00Yy padeajuy; ceel9 < C
1 18] *I€LTQ JI0] SB Uoljeanp pue ajed puegd jo Jlap pue juswr w
S ~dojaaap ‘UOZIIOY MO[a( YSe[J 0adZ ‘IDUIJIBIIJL YInwiize SMmoys (aansodxa poon (d) S dwoaydeINg 2EE19 s .
3 *S9NUIW g ~ uoljedanp !dwl} 8jef SPUod3S g /aweay i m.
m,, 0} swi} L[Jed SPUODSS g /oweda] 1 - 9jed {9JNIONIJS PUBR UOJIOW Pnord [etsuss !
3 sSmoys ‘gggl9 Pue Zgglg JOJ adUDJIDIDI Ynwuize pue JO01d (dansodxa poodi(J) paIBIJU] SWOIYD0I3 V] 1€£19 :
3 .
3 AHVWANS Q¥O023Y 3dAL W4 ‘ON QH023Y :
} .
g 19na@ :Y33NION3 'rOdd VIYYJO -NOWVIOT juouwixadxs L3ajeg aarsordxgs ysigy -ANIA3 _
A ' 5
3 DNITHAHM SNS1 :NOWVLS ZL6Y Alnr 18 :3lva IaMOLd telq -NOlLvY3do | |
: (M) AMVWWNS Q¥093Yd viva w
; NOLLVHOJYO0D TVNOLLVNYALNI XHO0OTONHOAL :
] (S) panunuod 1-¢ ATAVL )
3 .
- » . - - . !
!

i ke s 8 A N ot e e e, S b o o ——




tEal i M

i

T g

- R

g

e

TR T TR T RN e T

PR e

‘—-»«-44.““

C o
e ey Rt

N

claig. e N n .
— s DK Ry

UNCLASSIFIED

APPENDIX C

REFRACTIVE CORRECTION (U)

(0) When considering sources of discrepancies in optical measure-
ments dealing with the geometry of varied atmospheric phenomenon, an
investigation must be made of the effccts of refraction. Many tables have
been compiled for use in astronomy and navigation which list refractive
corrections for zenith angle measurements on stars viewed through all of
the atmosphere. Apparently litile information, hcwever, is published
concerning the magnitude of the refraciive correction necessary for accu-
rate altitude measurements within the atmosphere. It is this type of correc-
tion which must be applied to target altitude for the particular case in which

we are interested.

(U) The effect of refraction is to bend the light rays downwards
causing the observer to perceive a target altitude higher than its true geo-
metrical position. Thus reference to Figure C-1 will show that though the
actual altitude of the target 13 T, it appears to be at A along a line tangent
to the curving ray at the location of the observer. Therefore, the correc-

tion AT must be calculated 1o determine actual target altitude.

() Information is available concerning the radius of curvature, R,
of a light ray within the atmosphere (Ref. 7). This radius as a function of

temperature, pressure, and lapse rate, is given by:

9
. . 1266 x 10% 7
P(@B34-T) (C-1)
where P is atmospheric pressure in millibars

ree . 0O,,
I is temperature in 'K
I' is the negative of temp change with height

n °K/km (lapse rate)
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altitude
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ground zero
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Figure C-1 (17). Geometrical model for terrestrial

refraction calculation (U).
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(V) In order to calculate the vertical distance at the target between
the curving light path and the tangent, simple geometry configurations are
used. Figure C-2 shows the configuration with the separation between the

curve and the tangent being given by:

s = R(seca-1) (C-2)
the value of a in radians is:
a = 91-
R
(v In the case being considered the distance OT can be approximated

by the known distance from the observer to ground zero, Ol. The error in
the calculation of a introduced by this approximation is less than . 01%.

Equation (C-2) then becomes
Ol
s = R[secg -1] (C-3)

(v As the atmospheric conditions change with altitude so must the
radius of curvature. Using atmospheric temperature and pressure infor-
mation from reference 4 to solve for the radius of curvature, the resulting
separation can be determined from equation (C-3), Table C-1 gives the
separations for various altitudes assuming the light is subject to the con-
ditions of one altitude for its enti.e path. Over 20 nm the separation would
be 18.15 meters for a path at sea level conditions and 12. 29 meters for a
path at 5000 meters. Therefore, 2 , ath extending from sea level to an
altitude of 5000 meters would have a refractive correction between 18 and

12 meters.

(U) In order to get a hetter approximation, the atmosphere can be
divided into 500 meter thick layers in which the amount of refraction
occurring in each layer is calculated. Summing each layer, the total
amount of refraction is found. Flat layers of air density can b» assumed

since over 20nm the earth's curvature is relatively flat. Thus the amount
101
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curvature of _\
light ray

R cos e

s R(sec «-1)

Figure C-2 (U). Geometry used for refractive correction calculations (U),
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of refraction occurring in a layer is proportional to the amount of total
path which is situated in that layer. Table C-2 illustrates the resulting

calculation of refractive correction for a path extending from sea level to a

5000 meter aliitude.

(U Thus the refractive correction for the 0 - 5000 m path is 15.1
meters or 3% of the original height. For a target altitude of 500 meters,
the correction is 18.1 meters or 4% of the observed height. Though many
approximations are used to calculate the refractive correction, the error

bar on these calculations is estimated to be no more than 5% ( ~ 1 meter),
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TABLE C-1 (U) '
LIGHT PATH RADIUS OF CURVATURE AS A FUNCTION OF ALTITUDE (U)
Altitude, Radius of Curvature, Separation,*
(meters) (km) (meters)
f
K K 0 37,719 18,15
; g 1,000 40, 6217 16. 85
- 1 ‘ 2,000 43, 834 15.62
r 3,000 47,380 14, 45
” 4,000 51, 308 13.34
: 5, 000 55, 672 12, 29 .
1 6,000 60,532 11,31
| 7,000 65, 960 10, 38 .
% 8,000 72,040 9. 50
! 9,000 78,873 8,68
| 10, 000 86, 574 7.90
' 12,000 111, 370 6.15
| 14, 000 152, 467 4, 49
16,000 208,689 3.28
1 18, 000 285,585 2,40
&; 20, 000 390, 739 1.175
o
E} ; *Difference between actual and tangent to light path (ref. Fig. C-1) for
* { given altitude conditions.
: ‘f
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APPENDIX D

ATMOSPHERIC TRANSMISSION (U)

(U) The method of determining the transmittance of the atmosphere
between the platform and the event in the four colorbands used in the radio-
metric analysis section is complicated by a lack of knowledge of the precise
composition of the atmosphere on that day. Transmittance is reduced by
the processes of scattering and absorption along the path of the light ray
from source to detector. The amount of scattering and absorption is depend-

ent on the amount and type of material composing the transmitting medium.

(V) The transmittance through a given thickness of a homogeneous
substance of uniform density can be expressed as a simple exponential. In
terms of the notation used in section 5. 4. 2,

TOY = e fa(r, A)dr (D-1)
where T is the transmittance; r is the distance through the medium which
the light must travel, and a(x) is the combined scattering and absorption

cross section per unit volume of material including all the constituents of
the atmosphere in question.

(U) The integral fa(A) dr, referred to as the optical depth, is in
this discussion designated by o (A). The optical depth, a dimensionless
guantity, is a measure of the attenuation experienced by a certain wavelength

of light over a given path in a medium of & given composition, distribution,
and physical state.

(U) For a sea-level path over the ocean, this integral can be simpli-

fied and reduced to:

p(X) = ry; ni[ o;t K J (D-2)
T i
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where n, is the concentration of the i th component of the stmosphere, 75 -

TR W

is the scattering cross section of the i th component, and K is the absorp-

A tion cross section of the i th component.

(U) Tn this particular case, three atmospheric components need to be

considered: molecular gases, water vapor, and aerosols. These components
| contribute in several ways to the attenuation of visible light via molecular

scattering, g water vapor absorption, « , aerosol scattering, N i

H. O
and aerosol absorption, Ko The contributioni of each of these is discussed

] and the optical depth and transmissions are then calculated according to

é equation (D-1) and (D-2) above. For these calculations, a range of 35.7

, kilometers (20 nautical miles) was assumed. On the day of the event, the
o | temperature at the ship was measured at 25°C and the humidity at 74%.
Although there was a 19-knot wind, the sea was relatively calm and the sky

appeared clear between the ship and the event. N

i Aerosols (U)

T T T
N iz

(U) In the IR region, aerosol scattering is the dominant source of atmos-
pheric attenuation. Aerosols range from roughly 102/.¢ to 10-3;; in diameter.
They are grouped in three size categories: giant particles from 100 to 1 p
{ in diameter, large particles from 1 to.1pg, and Aitken particles from .1

to . 001 u. The large particles are primarily responsible for optical haze.

Reference 5 gives scattering and absorption cross sections for two models

of aerosol concentrations corresponding to "clear' and "hazy' conditions.

Clear conditions are considered to be a visibility of 23km, and hazy con-

i ey

ditions a visibility of 5km. Since the event was 36km distant and plainly

TS

visible, one might expect the actual aerosol concentration to be less than

B : the minimum necessary for 23km visibility. The main aerosol contribution
1 is assumed to be dust and the data supplied refers to continental air. As the L
1 ! 108
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(U)
event took place over the ocean, questions about the nature and quantity of

the aerosol content must be considered.

(U) In Figures 5 - 25 and 5 - 26 of reference 4, the size distribution
functions of aerosols in continental and maritime air are given along with
techniques for integration to determine the number of particles in a given
size regime. On the assumption that the optical thickness in the visible and
near-infrared regions is proportional to the number of large particles, the
distribution curves were integrated to find the total number of large particles
in continental and maritime air. The ratios of the absorption and scattering
cross sections of aerosols in maritime air to continental air were assumed
to be equal to the ratio of the number of large particles in these respective
environments., This particle ratio, determined to be . 055 with an uncer-
tainty factor of two, was then used to calculate aerosol cross-sections for
maritime air from the corss—seétions for clear continental air. The cross

sections were derived for a unit horizontal path length of one kilometer.

Water Vapor (U)

(U) For the event day conditions of 25° ¢ temperature and 74% humidity,
Figure 10-3 of reference 4 gives the number of precipitable centimeters of
water vapor in a horizontal path length as 1. 7Tem /km. Allen (reference 6)
gives the water vapor absorption cross section as a function of wavelength
in terms of precipitable centimeters per unit path length. For example at
A = 800nm, the water vapor absorptica cross section is given as . 001/pre-

cipitable em. Then for event day conditions:

K =,001/cm x 1. Tem/km = . 0017 /km

H20
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Molecular (U)

(U) Molecular scattering coefficients per kilometer horizontal path

length were taken from graphs found in reference 5.

Results (U)

(U) The cross sections obtained at each wave length were added to~
gether and multiplied by the range (35.7 km) to determine the optical depth.
The transmittance for each wavelength was then determined by equation (D-1),

The results of these calculations are summarized in Table D-1.
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TABLE D-1. (U) ATMOSPHERIC PROPERTIES (U)
Temperature = 25° C; Humidity 74%; Wind = 19 knots
I Aerosols:
q Py Og% Kaok .055 % ,055%a
T 4200  ,157 O .0086 0
‘ 5500 . 134 G . 0074 0
6500  .117  .014 .0064  .0008
i 8100 . 105 . 0105 . 0058 . 0006
i’
{ Water Vapor:
Y X per cm
4200 . 0036
5500 . 002
6500 . 002
8100 . 001
Total Cross Sections:
Range = 35.7 km
A
Py T3 Xa “m HZO Total P Tl
4200 . 0086 - . 038 . 006 . 0526 1.88 .15
5500 . 0074 - . 011 . 003 . 0214 .76 .47
1. 6500 . 0064 . 0008 . 0055 .003 . 01517 . 56 .57
|
oo 8100 . 0058 . 00086 . 002 . 002 .0100 .37 .69
%23 ki visibility model from reference 5.
P 1i1
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