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1.0 INTRODUCTION

Current space shuttle program plans call for jettisoning two boosters (after
staging) prior to orbital insertion of the orbiter on each launch. These boosters will
make a controlled descent, possibly by parachute, and land in the ocean. The point of
landing will nominally be from 150 to 200 nautical miles downrange. The^boosters are
to be recovered, refurbished, and then reused to reduce operational costsi/This report
presents empirical data on the probable sea states that will be encountered by the booster
recovery force. Such data are required to establish the criteria for the recovery equipment
and procedures. | \ -

The information presented here is intended to augment the "Addendum to NASA
TM X-^64589, Terrestrial Environment (Climatic) Guidelines for Use in Space Vehicle
Development, 1971 Revision."

2.^0 SCOPE

•'•;^: ' This review covers the sea areas under the following launch azimuths:

a. Kennedy Space Center at 350°, 000°, 040°, 090°, and 140°.
b. AF Western Test Range for 180° and retrograde azimuths.

The downrange distances covered are from the launch site to over 200 nautical
miles, and therefore can accommodate a variety of staging velocities.

The above azimuths are corrected for latitude of the launch site, but not for the
rotation of the earth. The areas covered, however, are adequate to include the true
impact points.

3.0 DISCUSSION

A. Sea, Swell, and Waves

The statistical data on the sea conditions on the surface of the oceans
used herein were provided by the Marine Sciences Department of the U.S . Naval Oceano-
graphic Office and the U.S. Naval Weather Service Command. These organizations
include in their activities the collection of all available data on sea conditions for use
by the U.S. Government. The information can be used with a high degree of confidence
because there is a very large volume of data accumulated over a number of decades.

Three types of data were analyzed. These are sea, swell, and waves as
defined in Appendix A. Observations made prior to 1948 were of the sea and swell.
Subsequent to that date, the wave data were obtained without determination of whether
it was sea or swell that was measured.



Due to the methods of observation, the definition of wave conditions that
were encountered only covers the predominate wave. It must be understood that for a
given sea condition the movement of the water can be further confused by the presence of
one or more swells coming from various directions that were initiated outside the area
under observation. Relatively few accurate records have been made of such conditions
because it depends upon precise measurements and.cannot always be detected by an
observer. This is because the sea's surface can become very confused by these random
forcing functions (swell and the local wind conditions). Experience has shown that in
this case, an observer generally cannot identify more than the predominate wave that
results from such conditions.

The data most useful for the shuttle criteria include both wave height and
period, Figure 1A. Such information is required in order to establish the wave slope.
The angle of the wave slop compared to the angle of the longitudinal axis of the booster
(and wave height) establishes the degree and distribution of the loadings to which the
booster is subjected to due to the wave motions.

Thus, the response of the booster case in a given wave height will be
considerably different for short periods (such as 5 seconds) than for long periods (such
as 20 seconds). Therefore, the range of conditions in which the recovery will take p"!ace
have to be defined before equipment design can be initiated. .

A system of exact equations expressing a possible form of wave motion
when the depth of the water is infinite was given as long ago as 1802 by Gerstner, and
in 1862 independently by Rankine and by W. Froude. If the axis of x be horizontal, and
that of y be drawn vertically upwards, the formulae in question may be written

x = a -I- r e^b sin k(a + ct)

. . y = b - r e'<k cos k(a + ct)

Where a and b are two coordinates defining the original position of a
particle, and x and y are the coordinates of this particle at time t, Figure 1A. .

The constant k = 2VL, where L is the wave length, and c is the velocity
of propagation (the celerity) of the wave. It is obvious from the equations that the path
of any particle (a, b) is a circle of radius re™. Since b is negative, the radius of the
circle diminishes rapidly with the increase of the depth b of a particle. The surface
particle moves through the height ± r, i .e., the height H of the wave from trough to crest
is 2r. The velocities of the water particles resulting from the above circular motion are
referred to as "orbital velocities."
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The form of the wave resulting from the above motion of water particles
is represented by the curve known as "curtate cycloid" or "trochoid," the construction
of which is shown on Figure 1A. The curve is traced by a certain point located at the
radius r on a generating disk of radius R rolling along a straight track. The equations
of the curve referred to the track are: .

x = Re + r sin 6

y = R + r cos 6

The length of the wave is L= 27rR, and the height from the trough to the crest is H = 2r.
The slope of the wave surface is: ..

tan $ =tan B = dy/dx =. r sin e

R + r cos e

( H I
and is maximum for -y- IT radius.

The celerity (the velocity of the wave propagation) is:

and the period:

An experimental verification of the wave theory showed a very close agreement between
theoretical and experiment wave shapes.

The waves are usually described by their height H and the ratio of length
to height L/H. For the wave heights over 15 feet, the predominating frequency of occur-
rence of L/H is in the range of 20 to 30. L/H of 20 is adopted in the Naval Architecture
as the basis for the strength calculations of ship hulls. In the wave heights of 4 to 10
feet, in which booster recovery will often have to operate, the frequently encountered
waves are in the L/H range of 20 to 60.

The size of the waves is connected with the wind velocity by the empirical
formula:

H = 0 .65w

where wave height H is in feet, and the wind velocity w is in statute miles per hour.
This formula appears to give good results for the waves over 15 feet in height; but for
smaller waves (periods of less than 8 seconds), it gives the wave velocities in excess of
wind velocities, which does not seem reasonable for full developed waves and constant
wind velocity.



Such reactions of the booster due to wave induced loadings are:

(1) Response of the structure which could, under severe conditions,
result in yield or fracture of elements of that structure.

(2) Pitch, heave, and/or roll (Figure IB) of the booster which would
present handling problems either for towing or lifting out of the water.

Such factors are of concern because the recovery vessel and the booster
would generally not see the same wave at the same time. This generates a motion of the
items relative to each other that must be either eliminated or provided for by appropriate
equipment. If the recovery vessel rolls one way while the booster goes in the opposite
direction while they are connected by a line, it can readily be seen that a very high force
can be imposed on that line if it is under tension. The line either breaks or the forces
will, in turn, be imposed on the booster and the vessel. Similar relative motion problems
will be encountered while trying to attach lines, etc., to the booster. '

Wave characteristics vary due to the effect of the depth of the water. The
ocean bottom off KSC consists of shoal water adjacent to the launch pad. The depth does
not exceed 18 fathoms until about 30 nautical miles (MM) off shore. Farther out, there
exists very deep water, Appendix B. South of the WTR the water depth exceeds 300 feet
at less than 5 nautical miles. The depth increases rapidly and downrange it exceeds
2,000 fathoms.

B. Operations From KSC, Florida

1. Sea States

The sea state data were reduced to establish the range of conditions
that can be expected in the booster splashdown areas. These data are presented on the
basis of observations made over all seasons, times, and weather conditions.

Appendix C orients the sea state data to the reference launch azimuths.
Figure 2 is a composite of all data contained in Appendix C which shows the highest and
lowest frequency of the listed wave heights. This shows a predominance of one to three
foot waves. It is to be noted that waves up to 8 feet can be expected 17 percent of the
time in year around operations. There are, of course, times that booster recovery will be
impractical due to high sea states, but this seems not to exceed 3 percent of the time.
However, it must be kept in mind that these data do not include the associated wind charac-
teristics and the presence of any secondary swell coTidltions.
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Figure 2. Envelope of Sea States in Atlantic Ocean off KSC Where Booster Recovery
is to Take Place
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2. Swell

The swell data were also examined to establish the range of such
conditions that can be expected in the booster splashdown area. These data are presented
on the basis of observations made over all seasons, times, and weather conditions.

Appendix D orients the swell data to the reference launch azimuths.
Figure 3 is a composite of all data contained in Appendix D which shows the highest and
lowest frequency of the swell conditions.

It must be kept in mind that these data do mat include the associated
wind characteristics and the presence of any sea condition. . . .. '

3. Waves

Data on waves are presented in Tables 1 through 5 and Figures 4
through 7. These include the same areas as were covered for the sea and swell data
(Paragraphs B.I and B.2). . . .

It must be understood that wave data only includes the predominate
wave without any distinction as to whether:

a. It is the sea or swell that was measured.
b. One or more swells systems existed at the same time.

• The period frequency shown in Figures4 through 7 do not include
all available data. Those plotted here were the predominate periods. These data indi-
cate that most of the waves in the operating area be less than 11 feet but have relatively
low values for the periods. The short periods means more waves at any one place for a
given period of time, which means high values for the wave slopes.

The figures and tables covering waves also present data on:.

a. Wind velocity vs. wave heights.
b. Associated weather that affects visibility.
c. Sea temperatures.
d. Annual distribution of wave heights (Figure 8).

C. Operations From WTR, California

Data on the sea, swell, and waves for the booster recovery area off the"
U.S. west coast are presented in Figures 9 through 13 and Tables 6 through 11.

There are considerably less data available for this area than for the east
coast.

8
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Figure 3. Envelope of Swell Conditions in Atlantic Ocean off KSC Where Booster
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Table 1. Average Distribution of Wind Velocity vs. Sea Height

Sea Height
(feet)

<1

1-2

3-4 •

5-6

7

8-9

10-11

12

13-16

17-19

20-22

23-25

26-32

33-40

Wind Velocity (knots)

0-3

3.3

0.84
0.275

0.33

0.01

4-10 11-21

6.65 S 0.59

te."^ 8.4

fej.!»8?i«
1.95

0.325

0.108

0.058

0.01

mm
4.5

1.6

0.425

0.15

0.058

0.01

22-23

0.01

0.217

1.14
1.95

2.2

1.49
0.69

0.225

0.21
0.01

34-47

0.01

0.016
0.1

0.125

0.116

0.14

0.116

0.116

0.041

0.01

0.01

0.01

.0.01

48+

0.01

0.01

0.01

Note: 1. Area bounded by 25-29 degrees N
78-81 degrees W

(Coast line from north keys area to New Smyrna Beach)

2. Based on 19,854 observations during years of 1963-1968

10
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Table IA. Average Dis t r ibut ion of Wind Velocity vs. Sea Height

Sea Height
(feet)

<1

1-2

3-4

5-6

7

8-9

10-11

12

13-16
17-19

20-22
23-25

26-32

Wind Velocity (knots)
0-3

2.2

.8

.2

.1

*

*
.0

.0

.0

.0

.0

.0

.0

4-10

4.4

W^M//•fiM «ilf • '''(I

9.9

2.3

.5

.1

*

*

*
*

.0

.0

.0

11-21

.5

7.9

P/WM
'{MM

6.2

2.4

.6

.2

.1

.0

*
.0

.0

22-33

*
.3

1.5

2.5

3.3

2.6

1.4

- .7

.5

*

*

*

*

34-47
.0

.0

.1

.1

.2

.3

.3

.2

.4

*

*
.0
* .

48+

*
.0

.0

.0

.0

.0

*

*

*

*

.0

*

.0

Note: 1. Area bounded by 29-32 degrees N
78 degrees W to coast

(Near KSC to Savannah, Ga.)

2. Based on 16,758 observations during years of 1963-1968
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Table IB. Cumulative Percent Frequency of Simultaneous Occurrence of Ceiling Height
(NH > 4/8) and Visibility (Nautical Miles)

Ceiling
(feet)
>, 6500

,i 5000

= 3500

i 2000
>, 1000

£ 600

i 300

i 150

LO

Visibility (nautical miles)
i 10
0.5

0.9

2.4

7.3
17.4

22.9

23.8

23.9

24.1

> 5
0.6

1.1

2.9

8.7
20.6

27.8

29.1

29.4

29.7

> 2
0.6

1.1

2.9

8.7
20.8

28.2

29.7

29.9

30.3

> 1
0.6

1.1

2.9

8.7
20.8

28.3

29.8

30.0

30.5

L = 1/2
0.6

1.1

2.9

8.8
20.8

28.3

29.8

30.1

30.6

i 1/4
0.6

1.1

2.9-

8.8
20.9

28.4

29.8

30.1

30.6

i 50 yd.
0.6

1.1 .
2.9

8.8
20.9

28.4

29.8

30.1

30.6

L o
0.6

1.1

2.9

8.8
.20.9

28.4

29.9

30.1

30.6

Total number of observations: 77494 Percent frequency NH < 5/8: 69.4

Note: 1. Area bounded by 29-32 degrees N
. -78 degrees W to coast

2. Period: Primary 1953-1968
Overall 1856-1968

3. NH = Percentage of sky obscured by cloud cover (in eighths)

Table 1C. Percent Frequency of Low Clouds (Eighths)

12.9 12.2 16.8 15.6 11.6

5 6_

7.9 8.6 5.7

Total
8 Obsc 'd Obsrv ' s

8.5 0.4 81387

12
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Table 2.

Period

(seconds)

<6

6-7

8-9

10-11

12-13

>13

Indeter.

<1

5.18

0.116

0.025

0.025

3. .81

1-2

y/tfifw////
1.59

0.7

0..133

0.05

0.066

0.675

3-4

'//,"$>'.&////.
5.56

0.86

0.39

0.18

0.083

0.75

5-6

8.44

7.52

1.5

0.325

0.159

0.075

0.233

T""1

2.06

~ 4 -04

1.77

0.5
0.11

0.075

0.15 i

Note: 1. Area bounded by 25-29 degrees N
78-81 degrees W

(Coast line from north keys area to New S.-nyrn;

2. Based on 20,347 observations during years of

Table 2A.

Period

( seconds)

<6

6-7

8-9

10-11

12-13

>13

Indeter.

<1

2 .7

0.1

*

*

*

*
1.9

1-2 3-4
?/)' ' f ̂ y ̂  /)}/! /// Tfrfffl///fl

%16,6M^20.9/^

1.3

0.3

0.2

*

*
0.6

6.4

1.1

0.5

0.2

0.1

0.4

5-6

8.9

9.3

2.4

0.6

0.2

0.1

0.3

7

2.8

5.7 i

2.6

0.7

0.1

0.1

0.2 |

Note: 1. Area bounded by 29-32 degrees N
78 degrees W to coast

(Near KSC to Savannah, Ga.)

2. Based on 18,802 observations during years of

JEO.LPOUT FRAME



Average Distribution of Wave Height vs. Period

J^ Have Height (feet)

%:&<)

0.59

1.6

1.3

0.34
0.084
0.092

0.067

10-11

0.24

0.57

0.62

0.26

0.091

0.067

0.041

12

0.058
0.23

0.275

0.175

0.067
0.041

0.025

13-16

0.058
0.075

0.183

0.15

0.083
0.083

0.016

17-19

0.025
0.01

0.042

0.025
0.017

20-22

0.017

0.033

0.033
0.025
0.01

23-25

0.01

0.01

0.016

26-32

0.01

0.025

0.01

0.01

33-40

0.01

Mean
Height •
(feet)

3

5

6

6

6

8

2

/rna Beach)

jf. 1963-1968

ge Distribution of Wave Height vs. Period

Wave Height (feet)

8-9

0.9

2.4

2.2

0.7

0.1

0.1

0.2

10-11

0.3

0.8

1.0

0.5

0.2

0.1

0.1

12

0.1

0.4

0.5

0.3

0.1

0.1
*

13-16

0.1

0.3

0.3

0.3

0.2

0.1

0.1

17-19
*

*

*

*

*

*

*

20-22

0.0
*

*

*

*

*

*

23-25

0.0

0.0
*

*

*

*

0.0

26-32

0.0

0.0

0.0

0.0
*

*

*

33-40

0.0

0.0

0.0
*

0.0

0.0

0.0

Mean
Height
(feet)
3

5

6

7

8

9

2

FRAM0
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Table 2B. Cumulative Percent Frequency of Simultaneous Occurrence of Ceiling.Height
(NH > 4/8) and Visibility (Nautical Miles)

Ceiling
(feet)

>, 6500

>, 5000

i 3500
>, 2000

>, 1000

i 600

L 300

>, 150
i o

Visibility (nautical miles)
iio
0.4
0.9

2.3
6.3

14.2
18.8

19.6

19.8
20.0

i 5
0.5

1.0

2.6

7.1

16.3

22.1

23.2

23.4
23.7

i 2

0.5
1.0

2.7
7.2

16.5
22.4
23.6

23.8
24.2

i 1

0.5

1.0

2.7
7.2

16.5

22.4
23.6

23.9
24.3

i 1/2
0.5
1.0

2.7
7.2

16.5
22.5

23.7

23.9
24.3

i 1/4
0.5

1.0

2.7
7.2

16.5
22.5
23.7

23.9
24.3

>, 50 yd.
0.5

1.0

2.7
7-2

16.5
22.5

23.7

23.9
24.4

L 0
0.5
1.0

2.7
7.2

• 16.5
22.5

23.7

23.9
24.4

Total number of observations: 99822 . Percent frequency NH < 5/8: 75.6

Note: 1. Area bounded by 25-29 degrees N
78-81 degrees W

2. Period: Primary 1952-1968
Overall 1857-1968

3. NH = Percentage of sky obscured by cloud cover (in eighths)

Table 2C. Percent Frequency of Low Clouds (Eighths)

12.0 14.3 20.4 17.2 11.6 7.1 7.2 ' 4.4

Total
JL Obsc 'd Obsrv 's

5.5 0.3 105708
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Table 3. Number of Observations of Waves for Area Wilhf:

Period
Seconds

>21
20-21

18-19

16-17
14-15

12-13

10-11
8-9
6-7

< 5

Calm

Wave Height (fe
Ca 1 in

6
225

1

4

1
12

24

116

1212

<1

107

165

4

12
5
7

25

41

159

3058

775

1-1/2

631

19
12

16

32

19

no
239

1032

7935

418

3

108
14
19

13

31

59

173

606

3333

7403

248

5

19

5

13

10

20

58

245

975

3160

2410

141

6-1/2

4

2

3

15.

65

214

759

1295

468

65

8

2

4

9

16

67

263

484
584

152

26

9-1/2

1

3

1°
56

144
222
180

43
13

11

1

4
25
39

85
114
108

32

8

13

1

4

10

30

39

43
39

14
3

14

1

3

1

18

30

26

29

23

5J
2

1C

1

1

4

4
4
4

2

17-1/2 |

1 !

\
s

2

5

2

1

Note: 1. Direction indeterminate, height ̂  15 feet

2. Direction indeterminate, height > 15 feet

3.

4.

Table 4. Number of Observations of Waves for Area Within

Period
Seconds

>21
20-21

18-19

16-17

14-15
12-13

10-11

8-9

6-7

< 5

Calm

Wave Height (fe
Calm

6

124

4
3

13
24

18
124

915

<1

68

122
5

7
3
3

17

38
141
2483

548

1-1/2

540

24

12

25

27
31

101

222

1275
7621

435

3

109

4
15

20

43

89

271

837

4777

9201

391

5

34

6

6

16

38

125

430

1833

5814

3884

278

6-1/2

5

3

5

36

102

437
1726

2719
913

130

8

8

1

11

14

591

146

600

1203

1383

380

92

9-1/2

1

2

2

14

43

115

316

560

487

93

49

11

4
2

3

7

41

123

257

342

245
76

23

13

3

23
42
95

145
157

104
20

6

14

1

2
12

20

60

52

80

123

77

25

16

16

1

5

7

16

13

4

3

3

17-1/2

1 :

1 i
2

1 J

2
i ;
4 I

3

6 !
3 ;

L

Note: 1. Direction indeterminate, height ^ 15 feet

2. Direction indeterminate, height > 15 feet
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ives for Area Within 25-30 Degrees N and 75-80 Degrees W

Height (feet)

r~
3

\

3
3

5
9
3

5
2

•-•

1
1
4

4
4
4

2

17-1/2

1

2

5

2

1

19

2
2

' 3
6
2

2

21

1

1
4'

2

1

3

4

22-1/2

1
1

2

^

2

3
3

1

25-1/2

4

2

3

27

1
4

4

2

29

1

1

30-1/2

2

3

1

Note 1

5
6

3
3

16
- 36
268

168
199

Note 2

2

1
2

Note 3
2

2
4
8

4
10
48
773

5 feet

5 feet

3. Height impossible to determine

4. Includes 140- and 090-degree azimuths from KSC and is based
on 43,105 observations

rea Within 30-35 Degrees N and 75-80 Degrees W

Height (feet)

1

2

2

0

0

2

0

3

7

5

6

16

1

5

7

16

13

4

3

3

17-1/2

1

1

2

1

2

1

4

3

6

3

19

1

1

2

9

7

7

11

18

11

11

1

21

2

1

9

4

13

16

15

8

3

22-1/2

1

2

3

2

5

3

1

24

3

2

6

6

3

2

3

25-1/2

1

1

1

3

2

4

1

27

1

2

1

5

3

1

1

29

2

2

1

1

1

30-1/2

3

2

4

1

1

2

Note 1

3

6

1

10

10

23

80

139

270

375

Note 2

1

4

8

4

7

Mote 3

7

6

2

14

15

16

19

18

34

831

5 feet 3. Height impossible to determine

4. Includes 040-degree azimuth from KSC and is based
on 59,245 observations
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Table 5. Number of Observations of Waves for Area Within 2 i"

. . b
Period

Seconds

>21

20- 2 J
18-19

16-17

14-15

12-13

10-11

8-9

6-7

< 5

Calm

Wave Height (feet;

Calm

3

118

1

3

6

67

653

< 1

86

90

2

6

4

4

7

30

100

1964

385

1-1/2

360

9

8

31

14

10

47

88

541

4023

232

3

67

4

3

4

18

23

49

213

1326

3271

122

5

7

3

3

16

15

59

276

1114

895

58

6-1/2

1

1

1

5

12

53

219

374

164

21

8

2

1

5

16

. 64

109

147

37

3

9-1/2

1

6

12

. 3.1

43

60

18

2

11

1

'3

5 .

21

25

20

5

1

13

7

2

5

10

17

7

7

1

14

4

7

11

4

5

3

16

1

1

2

1

17-1/2

. *

1

1

2

Note: 1. Direction indeterminate, height 15 feet
2. Direction indeterminate, height 15 feet

Table 6. Cumulative Percent Frequency of Simultaneous Occurrence of Ceiling Height
(NH > 4/8) and Visibility (Nautical Miles)

Ceiling
(feet.)

>, 6500

i 5000

^ 3500

i 2000

i 1000

i 600

L 300

i 150

io

Visibility (nautical miles)
i 10

0.7

1.0

1.9

5.5

12.1

14.6

15.1

15.2

15.3

i 5
1.2

1.7

3.5

9.8

21.2

26.0

27.4

27.6

28.0

1 2

1.3

1.9

3.9

11.0

24.9

31.2

33.4

33.7

34.3

i 1

1.4

1.9

3.9

11.2

25.9

33.2

35.9

36.2

37.3

i 1/2

1.4

2.0

4.0

11.2

26.1

33.7

36.7

37.1

39.0

i 1/4

1.4

2.0

4.0

11.3

26.2

33.7

36.8

37.3

39.8

i 50 yd.

1.4

2.0

4.0

11.3

26.2

33.8

36.9

37.4

41.1

i P
1.4

2.0

4.0

11.3

26.2

33.8

36.9

37.4

41.3

Total number of observations: 27014 Percent frequency NH < 5/8: 58.7

Note: 1. Area bounded by 34-36 degrees N
coast to 125 degrees W

2. Period: Primary 1935-1966
. Overall 1854-1968

3. NH = Percentage of sky obscured by cloud cover (in eighths)



,ft Within 25-30 Degrees N and 80 Degrees W to Florida Coast

-eightni-~*

i

i
2

1

(feet)

|M/2
r

i

i
2

19

1

1

3

2

21

2

3

1

22-1/2

2

1

24

ra

TO
O

O
Z

25-1/2

1

27

•

(0
4->
tO
0

O
•z.

29

1

1

30-1/2

(O

«
a
o
•z.

Note 1

1

1

1

3

7

21

44

53

Note 2

1

Note 3

3

6

2

3

96

299

3. Height impo-sible to determine
4. Includes north and south azimuths from KSC and

is based on 18,515 observations

Table 6A. Percent Frequency of Low Clouds (Eighths)

0
Total

'8 Obsc'd Obsrv's

41.2 8.9 8.0 3.7 2.8 2.7 5.2 4.8 19.5 3.3 34853
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Table 7. Percent Frequency of Ceilir.r

Hour
(GMT)

0000&0300

0600&0900

1200&1500

1800&2100

Percent

«

000-
149

0.6

0.7

1.1

0.8

3.2

150-
299

0.1

0.1

0.1

0.1

0.4

300-
599

0.6

0.4

0.7

0,8

2.5

600-
999

1.6

1.0

1.4

2.0

6.1

10Cf.:

19S:

2.!

2.:

L 2-'
3.'.

12.!

Note: 1. Are.

2. Per

3. NH --

Table 7A. Percent Frequency Visibility (Nautical Miles) by

Hour
('GMT)

0000&0300

0600&0900

1200&1500

1800&2100

Percent

Visibility (nautical miles)

< 1/2

0.5

0.7

1.0

0.5

2.6

1/2
< 1

0.4

0.3

0.7

0.5

1.9

1
< 2

0.7

0.6

0.9

1.4

3.6

2
< 5

2.5'

2.0

2.2

3.3

10.0

5
< 10

9.4

7.1

6.7

9.0

32.1

10-

14.-

10.:

10.*

13.'

49.;

E I



• !
Ceiling Heights (Feet, NH > 4/8), and occurrence of NH < 5/8 by hour

Ceiling Height '(feet)

•
2.9
2.3

2.9
3.9

12.0

2000-
3499

1.5
1.1

1.5
1.7

5.8

3500-
4999

0.5
0.3

0.3
0.5

1.6

5000-
6499

0.2
*

0.1
0.1

0.5

6500-
7999

0.1
0.1

0.1
0.1

0.3

8000+

0.2
0.1

0.2
0.3

0.8

Total

2802
2121

2816
3504

33.3

NH <5/8
Any Hgt.

31.5
11.6

9.9
13.7

66.7

Total
Obsrv's

13425
6047

6148
8140

100.0

I. Area bounded by 34-36 degrees N
coast to 125 degrees W

?. Period: Primary 1935-1968
Overall 1854-1968

3. NH = Percentage of sky obscured by cloud cover (in eighths)

s)

10+

14.4

10.9
10.6

13.9
49.8

Total
Obsrv's
7543

5851
5968

7744
100.0

Table 7B. Cumulative Percent Frequency of Ranges of Visibility
(Nautical Miles) and/or Ceiling Height (Feet, NH >4/8),
and NH < 5/8 by Hour

Hour
(GMT)

0000&0300

0600&0900
1200&1500

1800&2100
Percent

Ceiling Height (feet)-Visibility (nautical miles)

* <150
** <50yd

0.6 '

0.8
1.3

0.8
3.6

<600
<1

, 1.1
1.3
1.9

1.6
5.9

<1000
<5

1.7

1.6
2.5

2.6
8.3

1000+
>5
=

8.7

6.2
7.8

10.3
33.0

NH <5/8
Any Vsby

17.5

13.8

11.7

15.7
58.7

Total
Obsrv's
7543

5851
5968

7744
100.0

* = Ceiling height in feet
** = Visibility in yards and nautical miles

23/24 r u.vj;<t 0*AMfi
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Table 9. Average Distribution of Wind Velocity vs. Sea Height

Sea Height

(feet)

< 1

1-2

3-4

5-6

7

8-9

10-11
12

13-16

17-19

20-22

Wind Velocity (knots)

0-3

3.5

1.4

0.6

*

0.1

*

4-10

5.3

ri3j.y^
8.3

2.4

0.9

0.2

0.2

*

11-21

0.7

9.9

fie'rcp
'̂  ̂  ^ .̂

?;%
5.8

2.4

1.1

0.4

0.2

0.1

*

22-33

0.1

0.8

3.4

2.9

3.2

2.0

1.3

0.6

0.5

*

34-37

*
0.1

0.3

0.1

0.2

0.1

0.1

*

Note:.

* -= < 0.1

Table 10. Number of Observations of Waves for Area Within 30-3:

Period

Seconds

> 21

20-21

18-19

.16-17

14-15

12-13

10-11

8-9

6-7

4 5

Calm

Wave Height {f

Calm

17

. 1

4

4

11

236

<1

2

11

1

2

7

9

24

204

51

1-1/2

54

2

2

2

18

22

92

228

'^ ^ ^
35

3

19

3

7

29

113

372

;1056 ^
X , , ^

51

5

2

1

3

4

12

39

129

542

;ri59^

690

38

6-1/2

2

1

4

9

38

178

510

722

248

21

8

1

1

1

5 '

7

51

190

391

456

112

12

9-1/2

1

1

13

12

63

122

196

173

48

7

11

1

1

23

27

74

122

97

10

1

13

10

12

33

35

24

9

1

14

3

4

4

14

52

35

32

1

2

16 17

!

j
i
4

2

2

5

2

1

Note: 1. Direction indeterminate, height 4 15 feet

2. Direction indeterminate, height > 15 feet

#505.0131



sight

Note: 1. Area bounded by 34-36 degrees N and California coast
to 125 degrees W (Port Hueneme to Point Lopez)

2. Based on 4,284 observations during years of 1963-1968

-35 Degrees N and 120-125 Degrees W (West and South of WTR)

Height (feet)

16

1

4
2
2

5
2
1

17-1/2

1
1
8

2

19

1
6

2

1

21

2

2

4

1
1
2

22-1/2

1

1

1

24 25-1/2

1

1

27

1

1

1

29 30-1/2

'

Note 1

1

1

14.

3
16
167

Note 2

1
1

Note 3

2

2

2

7

10
3

436

> feet

i f

3. Height impossible to determine

4. Based on 13,163 observations

27/28
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100.0

70.0

50.0

30.0

10.0

- 7.0

n
flj r n
<J D.U

<U
i.
3
O
o
0 3.0

cr.

2,

1.0

0.7

0.5

0.3

0.1

Wave Height vs. %

Period < 6 seconds

Period 6-7 seconds

I I I I

Period 10-11

< 1 1-2 3-4 5-6 7 8-9 10-11 12 13-16 17-19 20-40

Wave He;

Figure 4. Distribution of Predominate Wav
(Coast line fro
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Note: 1. Values less than 0.1% not shown

2. Based on 20,347 observations during
years 1963 - 1968

Period indeterminent

Period 10-11 seconds

Period 8-9 seconds

Period 12-13 seconds

40 < 1 1-2 3-4 5-6 7 8-9 10-11 12 13-16 17-19

Wave Height (feet)

31/32
Wave Heights and Periods for Area Bounded by 25-29° N and 78-81° W

Crc line from north keys area to New Smyrna Beach)

TGIDQUT. 8



\

Period indeterminate

< 1 1-2 3-4 5-6 7 8-9 10-11 12 13-16 17-19 20-22 < i

Wave

Figure 4A. Distribution of Predominate

J



Note: 1. Values less than 0.1$ not shown

2. Based on 18,802 observations during
years 1963 - 1968

Period 6-7 seconds

Period 8-9 seconds

< 1 .1-2 3-4 5-6 7 8-9 10-11 12 13-16 17-19

Wave Height (feet)

• Wave Heights and Periods for Area Bounded by 29-32° IM and 78° W to Coast
33/34



100.0

70.0

50.0

30.0

10.0
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g 5.0
c
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0 3.0
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<U
3
cr

1.0

0.7

0.5

0.3

0.1

Period 20-21 seconds

Wave Height vs. %
(Notes 2, 3, and 4)

Period > 21 seconds

I I I L
Calm < 1 1-1/2 3 5 6-1/2 8 9-1/2 Cal

Wavt

Waves for



Note: 1. Values less than 0.1% not shown

2. 0.2% for wave heights ̂  15 feet

3. Less than 0.1% for wave heights > 15 feet

4. 0.2%, heights impossible to determine

Period 8-9 seconds

Period 6-7 seconds

-Period < 5 seconds

Calm < 1 1-1/2 3 5 6-1/2 8 9-1/2 11 13 14 16

Wave Height (feet)

or Area Within 25-30° N and 75-80° W (Data from Table 3)

35/36



0.1

Calm < 1 1-1/2 5 6-1/2 8 9-1/2 11 13 14 16

Figure 6. Wave

-JLDOUI EBAMf
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H*n»j&&&&b$i&̂

Period 10-11 seconds
/ ' ,• , •* -\ \,-/., . - . . - . / - V' \\,,- . ... -,.- s~™~-« \\

Calm < 1 1-1/2 3 5 6_1/2 8 9-1/2 11 13 14 16 17-1/2 19 21

Wave Height (feet)

Area Within 25-30° N and 75-80° W (Data from Table 4)
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Calm <1 1-1/2 3 5 6-1/2 8 9-1/2 11 13 14 16

Figure 7. Waves for Area



•£' seconds Period 6-7 seconds

Period 8-9 seconds

13 14 16Calm < 1 1-1/2 3 5 6-1/2 8 9-1/2

Have Height (feet)

Within 25-30° N and 80° W to Florida Coast (Data from Table 5)

Period calm

E f̂iPJJT
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< 1 1-2 3-4 5-6 7 8-9 10-11 12 13-16 17-19 20-22 23-25 26-32 3:

Figure 8. Annual Distribution
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25 26-32 33-40 < 1 1-2 3-4 5-6 7 8-9 10-11 12 13-16 17-19 20-22 23-25 26-32

Wave Height (feet)
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4. Summation

a. Operations From KSC, Florida

The envelope of sea states for this area is shown in Figure 2.
Figure 3 shows the swell and Figures 14 and 14A the wave conditions. The differences
between the sea and swell data as compared to the wave data are probably due to the observa-
tion methods. These differences are not considered significant,since the wave data includes
sea and swell where both couid occur at the same time. Figures 14 and 14A are the recom-
mended basis for the recovery criteria, since they include the needed period information.

This only differs from the Addendum to NASA TM X-64589
"Paragraph 18.5 Water Entry and Recovery Conditions" in that a spectrum of wave periods
should be considered. The variation in periods of 5 to 721 seconds can prove critical in
the design of means to attach handling equipment to the booster, and also for equipment to
handle an immediate recovery or use a tow-back mode of operations, Appendix Ei

The frequency of rough sea states that would preclude operations
can be selected on the basis shown in Table 12. The 16-foot height recommended by
MSFC for recovery is therefore reasonable except as noted herein, from an operational point
of view. The returns for more stringent (higher) requirements may be too limited to be cost
effective. . .

b. -. Operations From WTR, California

The envelope of the wave heights and the high/low periods are
shown in Figure 15. The conditions at KSC and WTR appear to be very similar. The
slight difference in values for a given wave weight could well be within the accuracy of the
measurements. It is thus concluded that the criteria recommended in Section 4,A. of this
report are valid for both operational sites.

Table 12. Frequency of Rough Sea States

Design Limit Approximate Number of Days
Wave Heights* Per Year That Recovery Would

(feet) Not Be Practical

7 46
9 24

11 9
12 6
16 5
19 1 "(1.3%)**

^Assumes that the full spectrum of wave periods can
be accommodated for the wave heights shown.

**Height recommended in Addendum to NASA TM X-64589
"Paragraph 18.5 Water Entry and Recovery Conditions."
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APPENDIX A

GLOSSARY OF TERMS



1. Sea

Waves generated by local winds blowing over the water (stil! developing).

2. Swell

Waves that have progressed beyond the influence of the generating winds
(undergoing decay).

3. Wave

Combination of sea and swell -

4. Beaufort Scale with Corresponding Sea State Codes - See Table Al.

5. Douglas Sea Scale - See Table A2.

6. Douglas Swell Scale - See Table A3.

7. Marsden Squares

Area locators as shown in Figure Al. . ;

8. One degree divisions of Marsden Squares are shown in Figure A2.

9. Current practice is to describe the sea surface by its energy spectrum, i.e., the
distribution of energy in the various frequency components making up the sea surface.
Figure A3 shows theoretical spectra of wave heights, which are proportional to energy,
and wave periods for fully arisen seas with wind speeds of 20, 30, and 40 knots. Wave
spectra for various wind speeds, wind durations, and fetch distances have not been fully
established. Research is underway to define these spectra more precisely and to develop
a better understanding of how energy of waves is distributed in regard to the direction of
propagation. Instrumental observations are required to provide the information from which
wave spectra can be determined.

10. Significant Heights (wave)

Generally, sea and swell are present in an area at the same time, though on
occasion one may obscure the other. Even though the sea surface in reality consists

A-l



in
cu
-a
o
O
a>

OJ
CO

en

•a
c:
o
a.
01
aj
.̂

o
O

ro
o
to

ro
O)

CD

ra

o

£

•a
(U
o
a.
in
•o

c*
S

E
in
tu

o
o

"c *o*^
ro __, —

.5* "»

E
ff

ec
ts

 o
bs

er
ve

d 
on

 l
an

d
E

ff
ec

ts
 o

bs
er

ve
d 

at
 s

ea

. <5 3

</>•£ g g
• 2 :5 fj

= §• co "

uV

" P

QJ *J

to

13

a*

c
>

»_

11
s >-
O> CL m
E w

JC

"o

B -e -o
Sj E
05 i

0

o
••

in

re01

.§

"ro
0

o

in

in

o

in

E

3

"i

roo
CO

c
O

CJ

-6
13
C

in

~o
.5 o

~ o
•6"°
,3
i 2
to

O
C

ip
pl

es
 w

ith
 a

pp
ea

ra
nc

e 
of

 s
ea

l
roa

m
 c

re
st

s 
.

C£

rH

rH

O
K

-o
QJ

O.

o:

in
O

tn
e
in

re

o

3 si
si

.»-. O

C CJ

m
al

l 
w

av
el

et
s;

 c
re

st
s 

of
 g

la
ss

)
ap

pe
ar

an
ce

 n
ot

 b
re

ak
in

g.

to

Ol

_t

rH

CJ

3

O

0

o

<U

rH

<LJ
~*2

13

O

^_

'ro

en
lj

ini
rH

rH

CO

o

TO
1

rH

CO
1

rH

cj
__ M

fj

rH
rH

1

CO
1

•O

rH

1

^-

•O

•y

CM

CM

CM

.c
3
o

CO

Le
av

es
, 

sm
al

t 
tw

ig
s 

in
 c

on
st

an
t

m
ot

io
n;

 l
ig

ht
 f

la
gs

 e
xt

en
de

d.

ro
o
-0

ar
ge

 w
av

el
et

s;
 c

re
st

s 
be

gi
n 

to
sc

at
te

re
d 

w
hi

te
ca

ps
.

-1

c

o

_OJ N

"c o

<S-

QN

rH
1

CNJ
rH

<3-

m
1

CO

CM
rH

1
CO

0
rH

r*-

CO

CO

T
CM

<2

?

to

o
in
ro

o
Q.
ro
a. a,

— in

ro c

11
<A O.

O

m
al

l 
w

av
es

, 
be

co
m

in
g 

lo
ng

er
;

nu
m

er
ou

s 
w

hi
te

ca
ps

 .

to

OJ

o
"O

CJ

ji
CO
CM

o
CM

1
in
in

CO
rH

1
CO
1-1

0
rH

rH
rH

^

r̂

CO

'^
<U

2

o
*z

i
tn
o

c

o

ro
o
c

GJ

to

£
o

od
er

at
e 

w
av

es
, 

ta
ki

ng
 l

on
ge

r
m

an
y 

w
hi

te
ca

ps
; 

so
m

e 
sp

ra
y.

s

-C
in
CJ

u_

•s a
"K

co

CM

r--.
o
rH

1
O

co

^5-
i

O\

rH .

rH
CM

1

rH

in

. 1

1

cO
i

CO

•€
S
o:

c

La
rg

er
 b

ra
nc

he
s 

of
 t

re
es

 i
n 

m
ot

io
w

hi
st

lin
g 

he
ar

d 
in

 w
ir

e
s.

ar
ge

r 
w

av
es

 f
or

m
in

g;
 w

hi
te

ca
p

ev
er

yw
he

re
; 

m
or

e 
sp

ra
y 

.

-1

JZ

g-o
0 CM

QJ •""*

>

O

3 -oin c

"o re

1|
SI
"̂  .E

I-2

nj in

1-^ «
^ (n -•«:

-^ > S
c- ro ̂
^ > in

If f
_c ro 5

(U -O -O
to

o

to

at
Ul fxj

1 «
oo -0

o

ct

co
CO
rH

CO

0
rH

rH

1
in
CM

<̂M

CM
CM

•£>

41

ro

-g «!
o ro
5 01

rH

1
0
in

rH

„

«--

*"* GJ

It
tr» _>v

-c "ro

w. 0>
}̂ en

"ro ^J

in o^

ro .^

'i S
H-

.̂
ro
S?

*- o
ro _c; ™

s|~ «
ro o E "ro

CT> in ^
— Q » ̂  TO

•C O> **- (U
>, "O "O -̂

OJ E1 o "~

-£

S
lig

ht
 s

tr
uc

tu
ra

l 
da

m
ag

e 
oc

cu
rs

;
sl

at
e 

bl
ow

n 
fro

m
 r

oo
fs

.

<ui/i
c 0»

TJ 3

^ 0>

0 ^

sl
01 ><
c: ro
O> Q.
CJ in

ro E
QJ ro
t/> O

I "roS
oj —

X

<1J

o

5! "ra

^>
i

rvj

r^
r- ' o
rH CM

0s CM

co i r-'
rH rH

1

co <O
<? t
CM

^

CO

co
CNJ

(S.

O
co

0

t
CO

CO

i: ra

CO
CO

1
in

,3-

ĈM
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Table A2. Douglas Sea Scale

Sea Height
State (feet) .

0 0
1 1
2 1-3
3 3-5
4 5-8

5 8-12
6 12-20
7 2 0 - 4 0
8 -
9

Description

Calm
Smooth
Slight
Moderate
Rough

Very rough
High
Very high
Mountainous

• Confused

9* Unknown Confused
(This category from U . S . Decks
Hl-9, 115, and 195 only)

Wave Height Characteristics:

Olyl'' ' I CM ill •

Highest 1/10%
Hinhocf

1.0
0.64
1.29
n R

Table A3. Douglas Swell Scale

Sea
State

0

1
2

3
4
5

6
7
8

Height
(feet)

0

1-6

6-12

12

No swell

Low

Moderate

High

n

Description

•

Short or average
Long

Short
Average
Long

. -Short
Average
Long

Wave Length
(feet)

0

0 - 6 0 0
Above 600

0 - 300
300 - 600
Above 600

0 - 3 0 0
300 -600
Above 600

Confused . .

A-3
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of a spectral range of differing wave heights (Figure A4), by visually observation one
usually is capable of estimating only a single wave height to describe sea, swell, or
waves. Originally wave heights were observed as the heights of the larger waves. Later
the concept of "significant" height was introduced, i.e., the average height of the high-
est one-third of all waves present at a given time and place. It has been found that an
observer's judgment is biased toward the higher waves which tend to have about the same
height as significant waves. Similarly, visual observation is capable only of estimating
a predominant wave period and direction.
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APPENDIX B

DEPTH OF THE WATER UNDER SELECTED LAUNCH AZIMUTHS
FROM KSC AND WTR



Figures Bl through B5 show the general profile of the ocean floor under four
different launch azimuths from KSC, Florida. Such data cannot be taken too literally
because of the appreciable distances between the soundings (measurement of the depth).
Generally, the shallow water depth data are more accurate than the very deep measure-
ments in that they are taken closer together.

The following data were obtained from "Environmental and Demographic Data
. Summary for the Cape Kennedy Florida Vicinity." Report #IMUS-793 for AEC under

Contract AT (29-2)-2711 June 1971.

The Blake Plateau extends out to approximately 200 nautical miles to the Blake
Escarpment which is the name given to the Continental Slope in these waters. Figure B5
depicts the Biake Bahama Basin at a downrange distance of approximately 220 nautical
miles. Figure B6 shows the water depths off the WTR.

Water movements in the area have been investigated by oceanographers of the
Wood Hole Oceanographic Institute (WHOI) and the Chesapeake Bay Institute (CB) of the
John Hopkins University working in support of SMS.

The results of a study carried out during March and April 1962 by WHOI indi-
cate a shoreward direction of the current for the entire depth, surface to bottom, in the
region out to depths of 60 feet (16 nautical miles) at speeds of several miles per day.
Wind-driven currents generally determine the current flow at the surface. In the region
out to the sloping bank, the flow is slightly to the north with an east reversal when the
winds blow to the south. Water over the Blake Plateau flows to the north most of the
time and is known as the Florida Current of the Gulf Stream with its axis over the west-
ern edge of the Blake Plateau. This section of the Gulf Stream begins at the Straits of
Florida and runs northward to Cape Hatteras at a mean speed of 3.5 knots, transporting
approximately 38 x 10"m-Vsec on the average.
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APPENDIX C

ENVELOPES OF THE SEA STATES IN THE ATLANTIC OCEAN
OFF KSC SEPARATED INTO VARIOUS AREAS TO SHOW THE

REFERENCE LAUNCH AZIMUTHS



Figures Cl, C3, C5, C7, C9, and Cll present the breakdown by areas that
were studied to obtain the overall sea state data. Figures C2, C4, C6, C8, CIO, and
C12 show the distribution of the observed sea conditions.
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APPENDIX D

ENVELOPES OF THE SWELL CONDITIONS IN THE ATLANTIC
OCEAN OFF KSC SEPARATED INTO VARIOUS AREAS TO SHOW

THE REFERENCE LAUNCH AZIMUTHS



Figures Dl through D6 present the data breakdown by areas that were studies to
obtain the overall swell data.

The areas are defined in Figures Cl, C3, C5, C7, C9, and Cll in Appendix C
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Figure D2. Envelope of Swell Conditions in Atlantic Ocean Adjacent to KSC for
Area Shown in Figure C3
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Note: 1. Based on 1,841 observations
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Note: 1. Based on 5,460 observations
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APPENDIX E

RATIONALE FOR IMPORTANCE OF WAVE PERIODS
IN RECOVERY OF BOOSTERS



An object floating in calm water will reach a state of vertical equilibrium,
Figure El, where the center of gravity and the center of buoyancy forces are equal. For -
this condition, these forces lie in a vertical straight line. As long as there are no out-
side disturbances, the object will be static with no motion in the heave, roll, or pitch
planes, Figure IB.

Waves are, in effect, a distortion of the surface of the water due to tides,
currents, ship's wakes, winds, etc., which assume a profile similar to that shown in
Figures Al and A3. When a wave passes a floating object, its shape will create a
disturbance because the waterline shape changes, and this results in a shift of the cen-
ter of buoyancy, position (CB) to (CB) in Figure El. For the example shown, the shift
in the center of buoyancy will result in a moment (stable) that will try to bring the object
back to the equilibrium position.

When the wave crest, Figure El, passes the center of gravity (CG), the object
will move vertically (heave) because the total buoyant forces will exceed the weight of
the object. (The opposite effect will be noted when the trough of the wave passes the
CG.). As the crest continues to move in the indicated direction, the induced disturbances
will be alternately positive and negative.

As shown in Table El, the wave period has a major effect on the frequency of
induced disturbances, even in the two dimensional case. The results of these distur-
bances are a considerable amount of movement of the object. This movement will be a
major factor in any attempt to attach handling equipment to the object, and must there-
fore be included in the design criteria. Changes in wave length are of similar importance.

Table El. Effect of Change of Wave Period (Figure El)

' ' '
Wave Period Number of Disturbances Per Minute

(seconds) Pitch Heave

60 4 3
. . . 3 0 8 . 6

15 16. . 12

E-l/E-2



•1

Center of Gravity (CG)

O Center of Buoyancy (CB)
Hate

VERTICAL EQUILIBRIUM

.. Metacenter (M)

6°
Crest

Trough

Wave Direction

Distance (M) to (CG) = Metacentric Height
Must Have Distance (CB}' to (M) > Distance (CB) to (CG) for StabiT
Distance (CB) to (M) < Distance (CB) to (CG) is Unstable Situatic

Stability Moment Arm = Distance (M) to (CG) X Sin 0
Stability Moment = Displacement X Moment Arm

Figure El. Simplified Example



ter Line (WL)

Assumption: Hollow Right Circular Cylinder
Wave Length = (2-1/2) X (Object Length)
Wave Shape is Sine Wave

(WL)

Wave Shape

DISTURBANCE IN PITCH DUE TO WAVE FORM

pie of Effect of Waves on a Floating Body
FRAS
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