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I. 

DELINEATION OF PROBLEM 
AND SUMMARY OF ACTIVITIES 

Pur pose of Study 

The wave and surge study, Contract NOy-13116, 
had as its ultimate objective the evaluation of the 
acceptable upper limits of water motion for dif
ferent types of waterfront activities carried on in 
a mcx:lern harbor. Previous experience had made 
it clear that relc1lively little wori< hau been done 
in this field and that few satisfactory instruments 
or techniques were available for the carrying out 
of such a program. Therefore , in order to ob
tain the objective, it seemed necessary first to 
decide what field measurements were pertinent; 
next to develop methods and instruments for ob
ta in1ng the measurements , then to plan and carry 
out a measurement program, and finally, to 
analyze and evaluate the data obtained. Since 
the Los Angeles Harbor was a convenient loca
tion for the contractor, and since it is a major 
harbor with a wide scope of activities, it was 
chosen as the site for all of the field tests and 
measurements of the project. 

A secondary objective of this stu~y grew out 
of the fact that a mole had been cons t ructed re
cently to protect the area of the U. S. Naval Base 
within this harbor. This construction had been 
guided by a n extensive model study carried out 
at the California Institute of Technology. It was 
therefore fell desirable to ascertain, if possible, 
how nearly the protection afforded by this mole 
agreed with that predicted on the basis of the 
model study. 

Analysis of Problem and Plan of Attack 

Initial study of the problem quickly revealed 
that if satisfactory quantitative information were 
to be obtained, it would be necessary to develop 
a complete battery of instruments for this pur
pose. It was realized t hat thi s was a major un
dertaking which was certain to occupy the largest 
part of the time and effort available . This s itua
tion was discussed with the representatives of 
the Bureau of Yards and Docks and it was agr eed 
that the design, construction, and testing of such 
a battery of instruments would be the c hief r e
sult to be expected from the contract. It was 
understood that afte r the instruments were de
veloped a nd tested all remaining time within the 
contract period would be used in making pertinent 
field measurements. 

The problem can b e broken down as follows: 
The purpose of a harbor is to provide conditions 
under which a great variety o f activities can be 

carried on between floating ships and the land. 
The great majority of these activities require 
that there should be little relative motion between 
the ship and the land. The maximum amount of 
relative motion that can be tolerated depends 
upon the type of activity. Thus, passenger ships 
and light freight can be transferred between ship 
and s h ore with little difficulty in spite of quite 
high relative motion. The transferring of heavy 
articles of freight can tolerate much less rela
tive motion and the transferring and installation 
of major pieces of equipment or ship structure 
demands that if any motion exists it should be of 
quite small amplitude and long period. The 
general causes of ship motion a re winds, waves, 
and cur r ents . Steady cur rents of normal ve
locities cause little trouble if adequate mooring 
is provided. Direct wind forces on ships are 
seldom important. Thus, wave action is the im
portant factor in producing undesirable ship 
motion and the primary reason for constructing 
breakwaters and moles is to furnish protected 
a r eas in which the wave motion is reduced to 
tolerable amplitudes. The ship motion is the 
direct source of difficulty in waterfront opera
tions, but the u nderlying cause of such motion is 
the water motion itself. 

A little further study of the problem shows 
that in general the horizontal components of the 
ship motion are the most troublesome since their 
amplitudes are conside r ably greater than the 
vertical components. On the other hand, waves 
are generally described in terms of their period 
and vertical amplitude. However, the horizontal 
components of the ship motion are obviously 
linked with the horizontal components of the wave 
motion. Therefore, it was decided that instru
ments would be developed to measure these hori
zontal components of ship and water motion. 

Previous experience had demonstrated that 
these motions varied a great deal with time so 
that to be r epresentative , measurements would 
have to be made over a relatively long period of 
time, i.e., periods measured in weeks rather 
than in hours. To meet this requirement, it 
wa s decided that all of the instruments s h ould be 
of the recording type and that the r ecorder it
self should be capable of making a continuous 
rec o rd over a relatively long period of time. 
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Review of Instrument Development 

The Ship Motion Recorder was one of the first 
instruments developed. When attached to a 
berthed ship by means of a light cord, this ma
chine is capable of making a continuous record 
of the horizontal motion of the center of gravity 
of the ship. The periods and amplitudes of the 
motion of the ship can be determined directly 
from this record. Further developments have 
made it possible to incorporate additional units 
to measure roll and yaw. Thus, all of these 
motions may now be recorded simultaneously. 
It is felt that this instrument is a very important 
tool for the measurement of harbor performance 
as it makes it possible to obtain quantitative 
measurements to replace estimates and opinions. 

The vertical motion of the ship is not recorded 
directly by the Ship Motion Recorder. Instead, 
it was felt that it would be more satisfactory to 
obtain a direct measurement of the vertical 
motion of the water surface. The normal wave or 
tide recorder was not considered su1table for 
this purpose. In the first place, it was felt de
sirable to have all the information recorded 
simultaneously on the same chart. ln the second 
place, it was desired to eliminate the surface 
chop which does not produce sh1p motion. The 
Bottom Pressure Recorder was developed to 
meet this need. 

The companion instrument to the Ship Motion 
Recorder 1s the Current Meter. This instrument 
has as its objective the continuous measuring and 
recording of the magnitude and direction of the 
horizontal water motion. The first model was 
designed to operate when installed on a sub
marine structure, such as a pile. The reason 
for using such an installation for the first mode I 
was pnmarily that if the current meter is to re
cord the direction of the motion, the orientation 
of the meter itself must be known at all times. 
This is accomplished if the meter is fastened m 
a known position to a permanent fixed structure. 
However, preliminary tests of the operating con
ditions show that the use of the machine was 
hampered badly by the difficulty of making a 
satisfactory underwater installation on available 
marine structures. Hence, to make the Current 
Meter readily portable and easily installed, the 
Current Meter Levelling Tripod was designed 
and constructed. As the name indicates, this 
provides a three-point mounting for the Current 
Meter. After the Tripod and Meter are installed 
on the bottom, the meter can be levelled by rc
mote control from the surface. Furthermore, 
the tripod also contains a compass and indicating 
transmitter. This makes it possible to deter
mine the orientation of the Current Meter as 
soon as it is installed and this orientation can be 
checked at any time thereafter. 

In order to obtain a simultaneous record of 
all of the information furnished by the complete 
Ship Motion Meter, the Bottom Pressure Meter 
and the Current Meter, a special 35 rnrn Record
er was designed and constructed. This unit is 
fundamentally similar to a multi -channel oscil
lograph. ll differs chiefly in that the film speed 
is very slow. In fact, a standard 100-ft reel of 
35 mm rnicrofile film is sufficient for a continu
ous record over a period of three weeks. 

One other development program for making 
special meas•.1rements was undertaken. One of 
the secondary objectives of the study was the de
termination of whether or not the long period 
surges that were known to be present in the 
Los Angeles Harbor area exist at the same time 
in the open ocean outside of the harbor. This 
required the determination of the absolute values 
of very small water motions at distances of from 
one to several miles offshore, i.e., from the 
nearest fixed reference points. The vertical 
amplitudes of the surge motion in question range 
from . l or . 2 ft. up, but seldom reach a foot. 
This was considered so small as to be impossi
ble of measurement. However, the correspond
ing horizontal water motion was calculated to be 
of the order of tens of feet. It was found that a 
good radar had the required accuracy of measure
ment. Therefore, an SCR-584 set was obtained 
and modified for this purpose. Special floats 
were developed and constructed to carry the 
radar reflector. The underwatPr construction 
was designed to insure that the float would fol
low the water motion, with little error due to 
wind forces for any moderate wind intensity. 

With this equipment definite evidence of the 
existence of surge outside of the harbor was ob
tained. These measurements were not made at 
the maximum effective range of the radar, but 
the boat. circling tests, similar to those whose 
records are shown in Fig. 31, demonstrated that 
surges of moderate intensity would be detectable 
with this equipment at ranges up to between five 
and ten miles. 

Rout1ne Measurements 

In addition to the radar measurements and the 
record~ from lhe special instruments, routine 
records were obtained from the wave and tide 
recorders installed in various locations within 
the harbor. In addition, as part of this project, 
a me chanica! wave recorder was installed at 
Santa Catalina island which is about 30 miles 
west of Los Angeles Harbor. Continuous records 
were obtained for about two years at this Loca
tion. These records showed conclusively that 
,he long duration surges which had been observed 
in the Los Angeles Harbor area and detected by 
the radar in the open ocean also occurred during 



the same periods at Catalina Island. Reco r ds 
obtained subsequently from other stations up and 
down the coast in the Southern California area 
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all confirmed the fact tha t the long period surges 
are present in the entire area and do not or igi
nate in the harbor and are not confined to it . 



II. 

ABSTRACT OF 

RESULTS AND RECOMMENDATIONS 

Instrument Development 

A number of instruments have been developed 
for the special purpose of measuring the physical 
characteristics of harbor performance. The 
most important instruments in this development 
program and their respective uses are as follows: 

{a) Ship Motion Recorder 

This meter measures amplitude and period 
of various components of motion of berthed or 
anchored ships. 

{b) Bottom Pressure Recorder 

This meter measures amplitude and dura
tion of pressure variations on the bottom due 
to surface waves; hence, in shallow water it 
measures vertical amplitude and period of 
these waves. 

{c) Current Meter 

This meter measures direction and velocity 
of horizontal water movement at the bottom or 
at any desired depth of installation below the 
surface. This instrument is designed par
ticularly to record the oscillating horizontal 
water movement caused by shallow water 
waves. 

{d) 35 mm Recorder 

This instrument is basically a compact 
oscillograph or recording galvanometer and 
serves to give a continuous record of the 
measurements being made by meters {a), {b) 
and {c). It operates with a special slow motion 
drive which makes it possible to obtain a 
three-week continuous record on a 100-ft spool 
of microfilm. 

These four instruments have all been com
pleted, and they have had both shop and field 
tests . Reliable results can be obtained with them 
by competent, well-trained instrument tech
nicians. 

A technique was developed to measure oscil
lating current motions in the open ocean. This 
involved the use of a standard SCR-584 radar 
set., which was especially modified for the pur
pose, as well as the development of special 
floats. 

Results from Field Measurements 

Field measurements of harbor characteristics 
were made continuously during the life of the 
contract. The first measurements were made 
with existing standard commercial instruments. 
As each special instrument or technique was de
veloped and tested, it was incorporated and used 
in the field measurement program. Some of the 
most important results obtained are as follows: 

{a) Records of long period waves or surges 
have been obtained simultaneously at several 
coastal stations in Southern California. This 
indicates that the surge or seiche observed 
occasionally in the Los Angeles Harbor area 
is not a local phenomenon, but is merely a 
manifestation of a general disturbance. These 
long period waves enter the harbor through 
the gates, around the open end of the break
water, and at least in part, through the porous 
sections of the breakwater itself. 

{b) At certain times ships berthed at various 
locations in the harbor were found to have 
appreciable horizontal motion. The records 
show that the periods of these motions were 
from one to three minutes and the horizontal 
ship motion was always accompanied by ver
tical water movement of the same period. 

{c) The normal wind waves of 12-to 20-sec. 
period which enter the harbor through the 
breakwater gates produce no appreciable 
horizontal ship motion within the mole and 
other protected areas within the harbor. 

{d) During the rather extended duration of 
measurements, no high amplitude water or 
ship motions of any period were observed in 
the mole, although such motions were known 
to have occurred during this interval in the 
outer harbor. This indicates that the mole 
affords effective protection from the existing 
surge motion, as well as from the wind and 
storm waves. 

{e) Records of the water motion in the outer 
harbor confirmed the previous impression 
that long period surge motion of potentially 
damaging amplitude is fairly rare in the whole 
harbor area. 



Re commenda lions 

Under this contract major progress has been 
made toward the ultimate objectives of evaluat
mg permissible water motion in working areas 
of harbors and in determining the specific char 
acteristics of the Los Angeles Harbor area. The 
problem has been analyzed and broken down into 
ils component parts and a program formulated. 
Existing instruments have been evaluated and 
techniques have been developed for utilizing 
them for this special purpose within their field 
prescribed by their individual limitations. 
Special instruments have been designed, con
structed, and proven through field testing for 
making the necessary measurements that could 
not be made by the existing commercial instru
ments. However, there has not been sufficient 
time available within the contract period to carry 
on more than a short preliminary series of 
measurements using the entire synchronized bat
tery of instruments to evaluate the relationship 
between horizontal water oscillations of various 
amplitudes and periods and the corresponding 
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motion of ships of various sizes and types. 
Furthermore, it has not been possible to make 
any determination of the maximum amount of 
ship motion that is permissible during the carry
ing on of the different types of activities in the 
harbor. These are the next important steps 
which must be taken in the delineation of the in
formation necessary for the rational design of 
waterfront structures. An additional factor, 
which is a lso of great importance and is closely 
allied to these two, is the determination of the 
force exerted by a ship in oscillatory motion 
upon its moorings, either through tension in the 
cables or by direct contact between the ship and 
the structure. 

It is recommended that these three factors: 
(a) the relation between horizontal water motion 
due to waves and induced ship motion, (b) the 
maximum allowable ship motions for different 
classes of harbor operation, and (c) the forces 
exerted by ships in oscilla tory motion on their 
moorings, be made the subject of additional 
quantitative study at the earliest possible op
portunity. 
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III. 

INSTRUMENTS 
DEVELOPED FOR THIS STUDY 

Basic Principles, Methods of 
Construction, and Techniques 

of Operation 

A. Ship Motion Recorder 

Purpose. - The Ship Motion Recorder was de
signed for the special purpose of recording the 
motion of berthed or moored ships. The study 
of wave and surge in Los Angeles Harbor ne
cess ita ted the phys ica 1 measurement of the 
frequencies and amplitudes of moored ships so 
that their response to various wave excitations 
could be evaluated quantitatively. 

Development. -During the period 1943-45 at
tempts were made to obtain field mea surements 
of oscillatory motion of ships moored to the out
fitting piers at Terminal Island. These measure
were badly needed for the purpose of supplying 
information to guide the model study which was 
then under way in the Hydrodynamics Labora
tories of the California Institute of Technology. 
The objective of this study was the determina
tion of the best design of the mole for the pro
tection of the Naval Base. 

Two measuring techn1ques tor the determlna
tion of ship motion were tried . In the first 
measurement a numbered measuring grid was 
attached to the ship side. This was observed 
through a transit in a fixed position on the pier 
and a record was made of the motion of the grid 
as a function of time. The second method sub
stituted a motion picture camera for the transit. 
Pictures of the ship and grid were made from 
the fixed location on the pier. The camera was 
operated at a relatively low number of frames 
per second. Both methods proved to be very 
time-consuming. The transit method required 
two technicians constantly during the time the 
measurements were made. Even so it proved 
impossible to take points at short enough time 
intervals to give a smooth plot oi the ship motion 
versus time. The camera method required the 
constant presence of only one operator and pro
duced enough points to make a continuo us smooth 
plot, but it required an additional large amount 
of time in the office to measure each picture and 
plot the resulting data. 

Both systems showed the same critical de
feels . Periods of the wave and surge activity of 
htgh enough intensity to cause seri o us shtp 
motion occurred at relatively rare intervals and 
at lmpredictable times. This meant that oper-

ators had to be stationed at the ship 24 hours a 
day even though several days or even weeks 
might elapse without the occurrence of any sig
nificant ship motion. It proved infeasible to 
maintain such a watch even under the emergency 
conditions existing at the time the mole was be
ing designed and constructed. The result was 
that records were obtained only for a very few 
moderate surge periods and no measurements 
were secured of some of the most intense surges 
because they occurred during the night or over 
the week-end when no observers were available 
to make records. 

This experience showed conclusively that the 
only satisfactory method of obtaining the records 
of ship motion necessary for the carrying out 
of a systematic study of the type contemplated 
under this contract was through the use of an 
instrument which incorporated a continuous re
cording system. Since no such instrument was 
available or had yet been developed, it was de
cided to design and construct one for this spe
cific purpose . 

Design of Ship Motion Recording Unit. - Of the 
six components of motion of a ship, those of 
horizontal translation of the center of gravity 
and angular motion about the vertical centroidal 
axis (yawing) are considered of most immediate 
concern, since these motions cause the damage 
to piers and ships. Also, it had been observed 
that these motions were of the largest amplitude. 
Vertical translation of the center of gravity of 
the ship (heaving) had been established as being 
almost identical with the long period vertical 
motion of the sea surface and hence could be re
corded most conveniently with a simple wave 
recorder . 

Angular motions of the ship about the longi
tudinal and horizontal transverse axis (rolling 
and pitching) were worthy of notice, but were not 
of equal importance with the three motions men
tioned above. These three components which 
were to be concentrated upon will be called in 
this report "headway", "leeway", and "yaw", 
and by these terms are meant, respectively, 
horizontal longitudinal translation of the center 
of gravity, horizontal transverse translation of 
the center of gravity, and angular motion about 
the vertical centroidal axis. 



Since the recording device was to be in opera
tion 24 hours per day for a period of several 
weeks o r months, it was evident that, as a prac
tical matter, the device must not interfere with 
the working of the moored ship nor be suscepti
ble to accidental damage by the crew or equip
ment of the ship. Also the device would have to 
be simple and inoffensive -looking. and its use 
should not require any appreciable alteration or 
addition to the ship. It appeared that ideally the 
instrument should be located on the pier and have 
no physical connection to the ship. A study of 
possible optical or electronic devices to accom
plish this was made, but while some of these 
ideas appeared promising, they all seemed to 
have undesirable complexities. In the design 
finally adopte d, the recording instrument was 
located on the pier and was connected to the ship 
simply by a 1/16-in. diam. cord under 5-lb. ten
sion. 

The scheme of the instrument is shown in 
Fig. l. The cord from the instrument is at
tached to the ship at point "P", which is on or 
close to the waterline and on the midship sec
tion. The motion of point "P" is continuously 
transmitted to the instrument by the cord and 
is there resolved mechanically into its horizontal 
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Plan View 

Fig. l - Scheme of recording instrument 
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and vertical components. Point "P" is not the 
center of gravity of the ship. Therefore, the 
yawing of the ship causes "P" to move hori
zontally without reference to the leeway or head
way (translation in the horizontal plane). This 
spurious motion constitutes a source of error 
in the recordings. 

An investigation of the magnitude of the error 
due to the fact that point "P" is located on the 
skin of the ship instead of at the center of gravi
ty, indicated that such errors were relatively 
small as far as measurements of headway, lee
way, and yaw were concerned. 

The instrument records the headway and lee
way of the ship from the motion of point "P" by 
a simple cascading of four potentiometers in the 
following manner: 

x = r cosf3 sin Q (1) 

y = r cosf3 cos Q (2) 

where x = headway 
y = leeway 
r = cord le ngth from P to A 
6 vertical angle of r (elevation) 
Q = horizontal angle of r with 

y axis (azimuth) 

Eqs. (1) and (2) show that the headway and lee
wayare bothfunctions of th e variables r, (3, 
and Q. These are, in turn, determined by the 
cord connecting the ship to the instrument. As 
previously indicated, it is possible to resolve 
mechanically the motion of the cord in terms of 
these variables. The four potentiometers are 
so arranged in the instrument that the moving 
contact of each p otentiometer is positioned by 
one and only one of the variables to be measured. 
Thus, one potentiometer arm is actuated by r 
so that the output voltage is proportional to r, 
one potentiometer is actuated by B so that its 

Potentiometers 
r-------~----------A----------------------~ 

r Cos f3 Stn8 Cos 8 

I 
I 

X Galvanometer Y Galvanometer 

Fig. 2 - Potentiometer circuit diagram 
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output voltage is proportional to cos f3, and two 
potentiometers are actuated by Q so that one out
put is proportional to sin Q, and the other out
put is proportional to cos Q. These potentio
meters are then connected electrically, as shown 
in Fig. 2. It is seen from the consideration of 
elementary circuit theory that the output volt
age, V ~· will be proportional to the headway, x, 
and V 

4 
""to the leeway, y. U these output voltages 

are impressed on two elements of a recording 
galvanometer or oscillograph, records of head
way and leeway versus time will be obtained. 

meter used to measure the length of cord is a 
25 ohm Helipot with 0. 5 per cent accuracy. The 
potentiometers are oil -immersed to give cor
rosion protection, and the contacting metal is 
"Paliney No. 7", which is especially suitable 
for this purpose. !.I 

The operation of the instrument is as follows: 
the motion of the ship causes the counterweighted 
cord to move in and out and to deflect the follow
er arm up and down and back and forth. The 
motion of the cord in and out rotates the 6-in. 

0 

(a) Front view (b) Side view (c) Cover plates removed 

Fig. 3 - Ship motion meter 

A photograph of the Ship Motion Recording 
Unit is shown in Fig. 3 . The main frame and 
and potentiometer housings are of anodized cast 
aluminum, shafts are of stainless steel, bear
ings are grease-sealed, and shaft seals are 
neoprene 0-rings. The cord to the ship is 
counterweighted with five to ten pounds. This 
provides sufficient tension to give a satisfactory 
Helipot drive with a 300 deg. wrap. It also in
sures that there will be sufficient tension in the 
cord so that the forces due to the bearing con
tactor friction and the weight of the follower arm 
will not be large enough to deflect the cord ma
terially from its true position. It will be seen in 
Fig. 3 that the arms of the potentiometers used 
to measure a and Q move linearly with changes 
in these angl es . T h e sin and cos functions are 
introduced in the winding of the potentiometers 
themselves, i.e., they are wound on sin and cos 
cards rather than on rectangular ones. These 
cards were designed to give an output accurate 
to within l per cent over 70 deg. range when 
loaded with 1000 ohms. The sinusoidal potentio
meters used on fire control radar sets are accu
rate to within 0. 1 per cent , but none could be 
found suitable for our purpose, and manufacture 
of custom potentiometers to such accuracy is 
prohibitively expensive. The linear potentio-

s h eave which positions the contactor of the linear 
potentiometer (Helipot) . This potentiometer has 
an angular range of 15 turns which corresponds 
to 23 . 5 feet of cord. The voltage output of the 
Helipot is proportional to the length of cord be
tween the ship and the instrument. The motion 
of the follower arm positions the contactors of 
the elevation and azimuth potentiometers such 
that output voltages proportional to cosr>. , cosQ, 
and sinQ are provided. The cascading of these 
potentiometers results in final output voltages 
proportional to x andy as explained above. 
These output voltages are recorded on an oscil 
l ograph with a very slow time scale, which per
mits a three weeks 1 record to be taken on a 
100-ft roll of film. The complete circuit for the 
unit is shown in Fig. 4. The sensitivity of fhe 
system or ratio between displacement of the 
record and the displacement of the ship can be 
varied by changing the input voltage of the power 
supply. 

To measure roll a pendulum-operated device 
has been developed. Its appearance may be seen 

1 
Review of Scientific Instruments. 

October 1946. p. 360 . 
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Fig. 4 - Circuit diagram of ship motion meter 

in Fig. 5 and the scheme of operation in Fig. 6(a). 
This device is attached to the shipside. When 
the s hip rolls the position of a weighted pendu
lum changes the resistance of a potentiometer 
and the change in resistance vs. time is recorded 
by another g'l.lvanometer element of the oscil
lograph. 

Yaw measurement is accomplished by means 
of the instruments illustrated in Fig. 5 and 6(b). 
Two potentiometers are provided, one attache d 

(a) Roll indicator 

Variable 
Resistance 

9 

Fig. 5 - Roll a nd yaw indicator 

to the shin and the second mounted on the verti
ca l spindle of the Ship Motion Meter . The re
sistance of the potentiometer on the ship is de
te rmined by the h o rizontal angle between the 
cable and the ship. The resistance of the po
tentiometer mounted on the vertical spindle is 
determined by the horizontal angle between the 
cable and the dock. A simple e lectrica l circuit 
gives an o utput voltage proportional to the dif
ference between the two angles. It can b e shown 

This unit attached to s hip 

Ship motion meter 
on dock 

Yaw indicator 

(b) Yaw indicator 

Fig. 6 - Schematic diagrams of roll and yaw indicator 
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that this difference is proportional to the yaw of 
the ship. Therefore, when this voltage is im
pressed on a fourth galvanometer of the oscil
lograph, a record of yaw vs. time will be ob
tained simultaneously with the other three com
ponents of motion. Headway and leeway, un
accompanied by yaw, will give no reading, since 
the difference between the two angles measured 
by the yaw potentiometers will remain constant. 

Installation and Operation 

Two typical installations of the Ship Motion 
Meter are shown in Fig. 7. The first installa
tion was made on top of the dock as shown in (a). 
Subsequently, to protect the equipment and e
liminate interference with loading and unloading, 
the instrument and oscillograph were mounted 
under the dock, as seen in (b ). In r ecent in-

(a) Topside installation 

Development 

The Ship Motion Recorder measures the modes 
of motion of the ship that are most important for 
the study of harbor characteristics. However, 
it does not measure the vertical motion of the 
ship. It could be made to do so, although it is 
somewhat difficult. This difficulty is caused by 
the fact that the actuating cord is attached to the 
ship on the outs ide of the hull instead of at the 
center of gravity. Thus, most of the vertical 
motion at the point of attachment is due to roll 
rather than to actual vertical motion of the en
tire ship. It would be necessary to remove this 
large roll component before the true vertical 
motion could be obtained. However, it is to be 
expected that the vertical motion of the ship will 
corres pond very closely with the long period 
vertical motion of the water. This was con-

(b) Installation under dock 

Fig. 7 - Ship Motion Meter Installation 

stallations the cable has been attached to the 
ship by using an Alnico permanent magnet. 
Power requirements are 110 AC for the oscil
lograph and l l/2 volts DC for the Ship Motion 
Meter. After the device is connected to the ship 
the only services required are changing the film 
at three -week intervals and renewing the 1 1/2 
volt battery. 

B. Bottom Pressure Recorder 

Purpose 

The Bottom Pressure Recorder was designed 
with two purposes in mind. The first was to 
give an indication of the vertical motion of a 
ship. T h e second was to measure wave height 
and period at any desired location. 

firmed by field observation. Therefore, it was 
decided that instead of trying to measure the 
vertical motion of the ship directly, it would 
be quite satisfactory to measure and record the 
bottom pressure variations due to the passage of 
the long waves. Such a recorder would not be 
sensitive to the surface chop which in turn 
does not affect the vertical motion of the ship: 
It was also recognized that such an instrument 
would be equally valuable for use in locations 
in which the primary objective was simply to 
measure wave height and period at a given loca
tion. 

The fact that the Bottom Pressure Recorder 
was intended to be used as an element of a battery 
of instruments imposed additional requirements. 
Thus, it was necessary for the device to be readi
ly portable. It was also necessary for it to pro
duce an e lectrical signal suitable for recording 
by the same oscillograph that recorded the com
ponents of the ship motion. For simplicity, it 



was also desirable that the electrical require
ments of such an instrument should be compatible 
with those of the othe r members of the instru
ment battery. 

The first devices considered were those using 
portable pressure tubes and float wells, but 
these were discarded because of the relatively 
cumbersome installation required. It was de
cided to design a portable bottom pressure 
chamber which would measure fluctuations due 
to the changes in the vertical water height and 
would transmit the results to the surface through 
a waterproof cable. As an additional design 
criterion, it was decided that the instrument 
must be able to record the tide cycle to insure 
the accurate measurement of all long period 
waves. The design studies soon showed that a 
pressure element which was sensitive enough to 
meet the requirements of the study would be 
damaged if it were subjected to the pressure 
change caused by lowering it from the surface 
to the bottom. Therefore, the instrument was 
designed with a pressure-equalizing chamber 
which eliminated the pressure difference on the 
measuring elements while the equalizing cham
ber was open during the time the instrument was 
being raised or lowered. When the instrument 
was installed on t h e bottom, communication 
with the equalizing chamber was cut off by clos
ing the pressure-equalizing valve. This main
tained a constant pressure in t h e reference 
chamber equal to the average bottom pressure 
and a llowed the pressure element to operate on 
the difference in pressure between that of the 
reference chamber and the fluctuating water 
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pressure caused by the passage of waves or 
c hange of tide. Considerable difficulty was en
countered in the construction of the original in
strument due to porous castings. This was ob
viated in the later instruments by resorting to 
the use o f rolled and spun material which was 
fabricated by brazing. A photograph of the final 
model is shown in Fig. 8. A schematic diagram 
is shown in Fig. 9. 

The housing is fabricated out of copper to in
hibit the growth of marine organisms. It con
sists of tw o separate chambers. The reference 
pressure chamber is formed of a copper cylin
der with an 0-ring sealed copper cover plate. 
The lower chamber, or bellows cage, is fabri
cated from spun copper surfaces of revolution, 
and includes a molded neoprene rubber equaliz 
ing diaphragm. An external pressure-sensitive 
bellows is connected to a Statham electrical 
strain gage located in the reference -pressure 
chamber. The pressure-equalizing valve is 
located in the reference -pressure chamber. It 
seals the reference -chamber from the bellows 
cage air - chamber except when its operating 
solenoid is energized. A hermetically-sealed 
cab le terminus enters the reference chamber 
and connects the equipment to the control box 
through 100 feet of waterproof neoprene cable . 
A control box is provided which controls the 
opening and closing of the solenoid equalizer 
valve from the surface . Fig. 10 shows the wir
ing diagram of the Bottom Pressure Recorder 
and the control box. It will be seen from this 
figure and the above description that the passage 
of a wave will change the pressure on the pres-

(a) Recorder Assembled (b) Recorder Disassembled 

Fig. 8 - Bottom pressure recorder 
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Fig. 9 - Schematic diagram of 
Bottom Pressure Recorder 

sure-sensitive bellows. The bellows, in turn, 
produce a corresponding change in the force act
ing on the Statham strain gage. Since the elec
trical output of this gage is directly proportional 
to the force acting on it, the signal that goes 
from the gage to the surface will vary linearly 
with the height of the wave. 

Operation 

The instrument is prepared for operation by 
first pressurizing it with air to 5 lbs/sq. in. and 
submerging it in water to test for any possible 
leaks. After satisfactory tests, the pressure 
is remove.d and the instrument is ready for 
operation. To place it in operation, the instru
ment is connected to the control box, the strain 
gage switch turned off, and 24 volts DC is ap
plied to the pressure-equalizing valve-actuating 
solenoid. The instrument is now lowered to the 
bottom. As it is lowered, the open equalizing 
valve and diaphragm will maintain the internal 
pressure equalized with the outside pressure. 
When the instrument is in place on the bottom, 
the solenoid equalizing valve is closed. The 
24-volt power supply is replaced by a 12-volt 
power supply. The strain gage terminals are 
connected to the recording oscillograph and the 
switch is turned on. The pressure element will 
then record any changes in bottom pressure due 
to waves or tide. 

It will be noted that there is no basic limita
tion as to the depth of water in which the instru
ment will operate successfully, since the instru
ment case is required to stand only the differ
ential pressure equivalent to the maximum wave 
height at the surface. For a given design of in
strument, however, the maximum depth of opera
tion is determined by the ratio of the volume of 
the equalizing air chamber to that of the refer-

Solenoid 
Valve 

L------------ _.J 
CONTROL 

BOX 

Fig. 10 Wiring diagram of 
Bottom Pressure Recorder 

ence pressure chamber. The maximum depth of 
installation in feet is roughly equal to 33 times 
the ratio of these two volumes. In the present 
instrument this volume ratio is approximately 
3 1/ 2. Therefore, the maximum working depth 
is about 115. To modify the instrument to oper
ate at greater depth, it would be necessary only 
to increase this ratio by increasing the volume 
of the equalizing air chamber. Of course, it 
would be possible to increase the ratio by de
creasing the volume of the reference pressure 
chamber, but this is not desirable since this 
volume should be very large compared to the 
volume change produced by the deflection of the 
pressure-measuring element over its full range. 

It will be noted that the service required of the 
pressure equalizing valve is not very severe. 
When it is closed the maximum preference differ
ential across it is only that due to the maximum 
wave height. Small leaks should not produce a 
cumulative effect since the pressure cycle is 
oscillating. For satisfactory operation it is 
necessary only that the leakage volume during 
one wave cycle be small compared to the volume 
change required to change the pressure in the 
reference chamber by an appreciable fraction of 
the pressure change caused by the passage of a 
wave. 



C. Current Meter 

The Current Meter is a device de signed prima
rily for measuring the magnitude, period, and 
direction of horizontal water motion. Two types 
of horizontal water motion are known to exist: 
(1) steady currents, and ( 2) oscillatory motion 
due to the passage of waves and tides. For the 
general purposes of this project, it was neces
sary that the meter be able to measure and re
cord both types of motion. 

His tory and Development 

Many ideas were considered for obtaining 
measurements of these three characteristics 
of the motion. Some of these were discarded 
for purely analytica l reasons, and some of the 
more promising ones only after preliminary 
experiments showed them to be unsuitable. Most 
of the obvious methods required rotating parts 
outside of the current meter case. For example 
a rotating propeller was considered for measur
ing the current velocity. Also, a wind vane type 
direction indicator was proposed. Both of these 
elements required a rotating s haft. Any sort of 
rotating part outside the meter was deemed in
advisable because the nature of the measure
ments required that the instrument be capable 
of operating unattended while submerged in salt 
water for weeks at a time. Due to the very low 
velocitv currents which it was proposed to 
measure, the bearings involved in such a ma
chine would have to have extremely low friction, 
and this was difficult to achieve in a bearing im
mersed in salt water. Furthermore, this instru
ment was to be used in a battery of oth er instru
ments which required that the measurements be 
t r ansmitted to a central recorder by electrical 
means. This meant that the instrument case had 
to be absolutely watertight since salt water leaks 
obviously would damage any e lectrically operated 
measuring and transmitting elements . A rpta ting 
shaft would therefore l'equire an absolutely tight 
water seal. This, added to the r equirement of 
little or no friction on the s haft, was considered 
an insurmountable problem. It was finally de
cided to attempt to measure the current velocity 
by measuring the force produced by that velocity 
acting on a drag element attached to the instru
ment. Such a drag element could be made to in
dicate both the force and the direction or azimuth 
of the force. It was decided to use a restrained 
pendulum for the drag element. The ball of this 
pendulum could be mounted on a shaft that would 
pass into the case through a thin rubber seal. 
This seal could be made leak-proof b y securing 
it solidly both to the s haft and to the case, s ince 
no shaft rotation would be required. For such 
an instrument two separate systems of mea sur
ing elements would be required to be mounted in 
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the case: one which would measure the magni
tude of the force regardless of the direction from 
which it came, and the other which would meas
ure the direction of the force unaffected by its 
magnitude. A further requirement was that the 
meter should be able to operate at any desired 
depth and that its electrical requirements and 
signal outputs should be compatible with the 
power supply and recording system n ecessary 
for the operation of the other instruments in the 
battery. 

Description and Operation 

A diagrammatic sketch of the component parts 
of the current meter embodying these principles 
is shown in Fig. ll. The case and force pendu
lum is constructed of copper to inhibit corrosion 
and marine growth. The entire case is com
pletely filled with a high grade, light, insulating 
oil. A small rubber bellows is installed as part 
of the case to equalize the pressure between the 
oil and the surrounding water. Since the entire 
case is completely filled with oil, this rubber 
bellows is required only to be flexible enough to 
permit the small volume change due to temper
ature changes and to the compression of the oil 
as the instrument is lowered from the surface 
to the bottom. It will be seen that the instru
ment is similar to the Bottom Pressure Re
corder in that its operation is unaffected by 
depth. In fact, since the Current Meter has no 
air chamber, one design is· suit"abl e for all 
possible depths of installation. T h e pressure is 
equalized at all times so that the case is not even 
required to withstand the small differential 
pressures due to the passage of wave trains on 
the surface . During many weeks of operation in 
salt water the internal elements of this meter 
have remained in excellent condition. 

--------- ', 

\ 

Drag Element 

C5 

Force Sensitive 
Elements 

Fig. 11 - Diagrammatic sketch of component 
parts of cur r ent meter 
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The force of the current on the drag element 
is measured by the use of Statham strain gages. 
The Statham strain gage is unlike the bonded 
wire strain gage in that the wire undergoing 
strain is not attached to the deflecting element 
by means of bonding plastics or glue. The force 
is transmitted directly to the gage and to the 
sensitive wires through a small threaded shaft. 
This results in an element which give,s trouble
free readings. With a given constant feed voltage 
this gage wiU deliver an output voltage which is 
directly proportional to the applied force. As 
will be seen in Fig. ll, the drag pendulum is 
pivoted about a point inside of the case. It is 
constrained from rotating about the shaft axis, 
but is free to rotate about either of the two axes 
which pass through the pivot point perpendicular 
to the shaft. A three -armed yoke or spider 
which lies in a plane perpendicular to the pendu
lum shaft, is attached to that shaft through the 
direction-measuring device which will be de
scribed later. Essentially, however, the spider 
and direction-measuring device are a rigid part 
of the shaft and are free to rotate with it. This 
entire assembly is attached to the case by three 
of the Statham strain gages previously described, 
one being fastened to each of the equally spaced 
(120°) arms of the spider. Thus it is seen that 
the strain gages supply the only constraint to the 
rotation of the pendulum and attached yoke. Thus 
the force of the current on the drag pendulum 
acts directly on the strain gage. The electrical 
outputs of the three strain gages are connected 
in series so that the total output will be the sum 
of the three individual outputs. This total output, 
therefore, is directly proportional to the force 
of the ocean current on the drag element. Since 
it is necessary to measure very low velocity 
currents, and hence very small forces, it is also 
necessary to employ· very sensitive, and hence 
delicate, strain gages. Therefore, it was found 
essential to develop a means of locking the drag 
pendulum and the measuring elements in a fixed 
position while the meter is being transported or 
installed in order to prevent damage to the meas
uring elements. A simple, hand-operated, 
mechanical lock was first used, but this was 
later replaced by an electrically operated me
chanical lock which proved to be far more ef
fective and much easier to use. 

The direction-measuring element, which 
forms the connection between the yoke and the 
shaft of the drag pendulum, is constructed as 
follows: A precision cylindrical wire -wound 
potentiometer is attached directly to the yoke 
with its axis concentric with the pendulum shaft. 
A special wind is so arranged that it gives a 
linear change in voltage from 0 to 360 deg. A 
sharp-edged frustrurn of a metal cone is attached 
rigidly to the pendulum shaft and adjusted so that 
there is a very small positive clearance between 
the sharp edge and the bare windings on the edge 
of the potentiometer cylinder. This arrange-

mentis also shown schematically in Fig. 10 and 
it will be observed that the diameter of the edge 
of the cone is the same as the mean diameter of 
the potentiometer cylinder. 

To visualize the operation of the measuring 
elements, suppose that the current meter is in
stalled on the bottom and that a water current 
exists which exerts a force on the sphere of the 
drag element. This pendulum will swing freely 
on its cardon- hinge pivot through a very small 
arc until the sharp edge of the cone on the pendu
lum shaft makes contact with the active edge of 
the wire -wound cylindrical potentiometer (the 
direction indicator}. The potentiometer voltage 
at this point of contact will give a unique indica
tion of the direction of the ocean current. The 
force caused by the current is transmitted from 
the pendulum shaft through this contact to the 
potentiometer cylinder, and thence directly to 
the spider. Further rotation of the assembly is 
prevented by the constraint offered by the strain 
gages. It will be seen, as previously stated, 
that the strain gages transmit to the case the 
entire moment applied to the pendulum by the 
water current. Consequently, the sum of their 
electrical outputs is directly proportional to the 
square of the current velocity. This electrical 
measure of the current ve l ocity is transmitted 
to the surface through the electrical cable to the 
recording oscillograph. The direction indicator 
likewise transmits its output (the voltage at the 
point of contact of the cone and the potentiometer) 
to the surface through the same cable to the 
same recorder. Since the potentiometer is a 
linearly-wound resistor, this voltage output is 
directly proportional to the angle between the 
point of contact and the end of the winding, and 
hence gives a linear indication of the relative 
direction of the ocean currents. To obtain the 
absolute direction of the current, it is obvious
ly necessary to know the orientation of the meter 
as it is installed on the harbor bottom. 

Fig. 12 shows the appearance of the meter as 
it was installed in the calibrating flume. Fig. 13 
is a photograph of the internal mechanism of the 
meter showing the direction indicator, the spider, 
and the three Statham strain gages. Fig. 14 is a 
wiring diagram of the current meter, its control 
box, and the connections to the recording galva
nometer. The lock mechanism used during 
transportation and installation consists of an 
electrical solenoid and plunger, together with a 
mechanical follow-up screw. The plunger, or 
armature, of the solenoid has a cone-shaped re
cess which fits over the upper end of the drag 
element rod and holds it firmly in place. Then 
the mechanical follow-up screw is turned down 
by hand to hold the plunger in its down position. 
The electrical circuit may then be disconnected 
without disengaging the lock, and the instrument 
can be transported freely without danger of 
dam age. 



Fig. 12 - Current meter installed in cali
brating flume 

Fig. 13 - Internal mechanism of current 
meter 

Conversely, by using the electrical lock alone, 
it is possible to lower the whole current meter to 
the bottom with the drag element and rod se 
curely locked. Then when it is in the desired 
position, the lock circuit can be opened, thus 
freeing the pendulum and putting the instrument 
in operation. The reverse procedure can be 
used for bringing the current meter to the sur 
face. The mechanical follow-up screw is, of 
course, used only to conserve the electrical 
supply as when it is necessary to transport the 
current meter any great distance, at which time 
it might be impractical to keep batteries in the 
circuit. Fig. 15 is a view of the current meter 
from above. The electro-mechanical lock is in 
the cylinder projecting from the top. Fig. 16 
shows the current meter control box with the 
cover removed. Fig. 17 shows a diagram of the 
method used for installing the current meter 
from a platform just above the water surface and 
a photograph of the actual installation. Fig. 18 
gives a sample record obtained at this installa
tion. 
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D. Current Meter Leveling Tripod 

The Current Meter Leveling Tripo d is an 
auxiliary device for the Current Meter to per
mit it to be supported on the bottom of the har
bor or ocean in any desired location without 
the necessity of having any submarine structure 
upon which to fasten it. It also furnishes a di
rectional reference, thus m a king it possible to 
measure absolute current directions. 

History and Development 

Fig. 16 - Current meter control box 

In order to understand the requirements for 
a supporting tripod for the Current Meter , it is 
necessary to consider the purpose and mecha
nism of operation of the Current Meter itself. 
The Current Meter is capable of me a suring the 
magnitude, perio d, and direction of the hori-

Fig. 17 - C urrent m e ter ins t a lla tion 
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zontal water motion. The magnitude is deter
mined by one set of force measurements. The 
direction is determined by recording the di
rection from which the force acts on the instru
ment. The period is a derived measurement 
from the time record of the force. In principle, 
the force is measured by a very stiff spring 
balance. Therefore , it is necessary that the 
instrument be held rigidly in space and kept 
relatively level. Since one of the primary re
quirements of the instrument was that it should 
be able to measure oscillatory currents , it was 
imperative that the instrument remained fixed 
in space . This eliminated the possibility of sus
pending the instrument from a cable attached to 
a float or to a fixed structure since in either 
case the cable would permit the entire instru
ment to swing as a pendulum with the oscillating 
water current. The need for measuring the di
rection of the current imposed an eve n more 
rigorous limitation on the supporting system 
as, in order to give the direction reading any 
significance , it was necessary that the orien
tation of the current meter case be fixed and 
known. The simplest type of mounting that met 
all of these requirements was a bracket by 
means of which the Current Meter could be at
tached at any desired depth to a system of piling. 

Current Meter Leveling Tripod 

The first tests of the Current Meter were 
made in this manner with the Current Meter 
attached to the supporting piles of a pier im
mediately adjacent to a ship mooring. This was 
a convenient arrangement for the purpose of 
making a study of the correlation between the 
water motion and the ship motion since the Ship 
Motion Meter and the Bottom Pressure Recorder 
could also be installed in the immediate neighbor
hood and the entire battery of measurements 
could be recorded on the same instrument. 
However, the actual underwater installation of 
the Current Meter was found to be rather un
satisfactory. A supporting platform had to be 
fabricated and installed. Furthermore, t h e pil
ing obstructed the flow of the current which it 
was desired to measure. Finally, the next ob
jective of the program was to be able to measure 
oscillating currents in various locations in the 
harbor at which there were no permanent struc
tures that could be used for the mounting of the 
Current Meter. T herefore, to increase the use
fulness and versatility of this instrument, it was 
decided to construct a supporting tripod which 
could be placed at any desired location on the 
harbor bottom. This would simplify the instal
lation problem since the gear could be handled 
directly from a boat. The Recorder could then 
be installed eith e r on a boat anchored at the 
Current Meter or on any suitable marine struc
ture within the i mme dia te vicinity. 
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The requirements for such a tripod are: 

1. It must be light enough and small enough 
to be handled from a relatively small boat. 

2. It must be large enough to support the 
Current Meter far enough off the bottom to keep 
it out of the mud and miscellaneous debris. 

3. It must be rigid and heavy enough to main
tain its position without movement in the fastest 
current that it is desired to measure. 

4. After the tripod is set firmly on the bottom, 
it must be possible to level the Current Meter 
itself. This leveling must be done to a relative
ly high degree of accuracy. 

5. When the meter is installed, leveled, and 
ready to be put into operation , it must be possi
ble to determine its orientation with respect to 
the compass bearing, and it must also be pos
sible to check this orientation at any desired 
time without disturbing the operation of the 
meter. I t will be seen from these specifica
tions that the tripod cannot be a simple struc
tural support. Instead, it must be a relatively 
complicated ope rating machine. 

De;;cription 

The unit as it was finally constructed t o meet 
these five requirements is seen in the photo
graph of Fig. 19 and the diagrammatic sketch 
of Fig. 20. It consists of a structural support
ing tripod, a leveling mechanism, and a trans
mitting compass . Two hundred feet of water
proof multiconductor cable connects the instru
ment to a remote control box and the necessary 
auxiliary equipment. 

The entire tripod unit is, as far as possible, 
fabricated from brass. This minimizes corro
sion on the external surfaces, and also largely 
eliminates disturbances to the transmitting com
pass. The tripod itself is of brass tubing. 
Hanging inside of this tripod is a brass frame, 
which is designed as a mounting for the Current 
Meter itself. It is arranged so that the meter 
is fastened rigidly below the frame. On top of 
the frame and fastened rigidly to it are three 
cylindrical brass containers. Their axes are 
vertical when the frame is leveled and they are 
so located that they form an equilateral triangle. 
T h e ends are closed and have watertight 0-ring 
seals. The third cylinder houses a transmitting 
compass and a level indicator. This entire as
sembly is hung from the main tripod by a three
point suspension which consists of one fixed 
pivot point (universal joint type). and the two 
screw rods of the screw jacks. This mounting 
system permits only two degrees of freedom: 



18 

motion in rotation about two axes each of which 
passes through the universal joint and one of the 
screws of the jacks. The universal joint is so 
located with respect to the two screw jacks that 
these axes are at right angles. This permits 
the jacks to be used very conveniently to level 
the frame since the leveling action of the jacks 
are independent of each other, ie, they produce 
motions at horizontal angles which are at right 
angles to each other. The motion of the screws 
is sufficient to pe-rmit compensating for a 15 deg. 
slope of the ocean bottom. 

All three cylinders on the leveling frame are 
interconnected with tubing which serves the dual 
purpose of carrying all of the electrical wiring 
and of maintaining pressure equalization. A 
rubber pressure equalizing diaphragm is pro
vided in the compass housing cylinder. After 
all of the equipment is installed , the entire unit 
is filled with oil. With this arrangement, in
ternal pressure in the unit alw-ays equals the ex-

Fig. 19 - Current meter leveling tripod lerna! water pressure, and therefore no pres-
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sure exists at any time. Since there is no air 
chamber either in this system or in the Current 
Meter, there is no limit to the depth at which 
this combined instrument can be operated. The 
transmitting compass is a standard aircraft type 
instrument (completely filled with liquid). The 
level indicator, which is installed in the same 
housing, is essentially a simple pendulum which 
is restrained from movement in the horizontal 
directions by four screws at right angles, each 
of which carries an electrical contact. Small 
clearances are provided between the pendulum 
and the contacts. These clearances can be ad
justed to obtain any desired degree of level 
sensitivity. Each of these four contacts con
trol an indicating light located in the remote 
control box at the surface. The remote control 
box also includes controlling switches for the 
leveling jacks, the compass repeater, and the 
power supplies. 

Operation 

The tripod unit with the Current Meter mounted 
in place, is wired and tested for satisfactory 
operation in the Laboratory. The current meter 
action is then locked, as described in the chap
ter on that instrument. It is, of course, under
stood that the meter itself will be maintained in 
a locked condition until the tripod has been in
stalled on the bottom and leveled. The tripod 
unit is handled from a boat by means of an A
frame and lowered to the bottom at the point at 
which measurements are desired. Next a 36-
volt, direct current power source is connected 
to the remote control box and the unit is ready 
function. In general, two of the leveling indi
cator lights will be on. By proper manipula
tion of the scr'!w jack control switches, as 
guided by the indicating lights, the frame may 
be leveled. The screws are self-locking, and 
once leveled, the unit needs no further attention. 
Next the compass transmitter is energized and 
the orientation of the entire unit is determined 
and recorded. All is then ready for putting the 
Current Meter into operation. Both the level 
and the orientation may be checked in any sub
s~quent time by simply energizing the level in
dlcator and the compass transmitter. When it 
becomes desirable to move the unit to a new lo
cation it is necessary only to lock the Current 
Meter before the tripod is hoisted from the bot
tom. The tripod mechanism itself requires no 
preparation for hoisting. Fig. 21 shows the re
mote control box. Fig. 22 contains some views 
o.f the tripod and Current Meter during installa
tion at a measuring station in the harbor. Fig
ure 23 is a wiring diagram of the tripod mecha
nism. 

E. 35 mm. Recording Galvanometer 

Purpose 
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The instruments developed under Contract 
NOy-13116 to measure ship and water action, 
produce electrical signals proportional to the 
phenomena measured. The 35 mm. Recording 
Galvanometer was developed to record simul
taneously the signals from the various indicat
ing instruments in a convenient form for data 
analysis . 

Development 

The first step in the entire development pro
gram was the design and construction of instru
ments for measuring ship motion and bottom 
pressure. The indications from these i nstru
ments were first recorded on a standard multi
ple -galvanometer oscillograph, slightly modified 
to meet the needs of this program. This instru
ment had nine galvanometer elements which pro
duced simultaneous traces on a roll of 6-in. wide 
photographic paper. The modification consisted 
primarily in reducing drastically the speed of 
the drive for the recording paper and of reducing 
the intensity of the illumination for the galva
nometer mirrors in the correct proportion to get 
a satisfactory exposure for the individual traces. 
Although this instrument served satisfactorily 
during the initial stages, it was not felt to be 
useful for continuous service in the field. In 
the first place, it was bulky and produced bulky 
records. In the second place, it was not de
signed for continuous output over long periods 
of time without attendance . In the third place, 
the instrument was a laboratory instrument, and 

Fig. 21 - Leveling tripod remote control box 
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Junction Boxes ::tnd Oscillograph Current Meter on Barge Hoist 

General View - Test. Barge Current Meter being lowered 

Fig. 22 - Current meter and leveling tripod field tests 

hence, did not have adequate protection for oper
ation out-of-doors a few feet above the sea. 

The experience gained during the operation 
of this instrument was used to formulate the de
sign criteria for a recording unit more suitable 
for the particular purpose at hand. This new 
instrument will be referred to as a Recording 
Galvanometer rather than as an oscillograph be
cause the latter name implies an instrument for 
the recording of high speed transient phenomena; 
whereas, the measurements to be made under 
this program were of very low frequency . It 
was decided to design the new galvanometer to 
use 35 mm microfile film as the recording medi
um to reduce substantially the bulk of both the 
records and the instrument itself. Other ad
vantages of using film instead of paper are ease 
in analysis and in reproduction of duplicate 
records . The extensive use of the microfile 
system within the Navy means that records on 

this film can be processed and studied at most 
Naval establishments. All types of microfile 
film are normally used and studied with the help 
of some type of optical projector which enlarges 
or magnifies the image. Because of this magni
fication, it was found possible lo operate the film 
drive at such a speed that a 100-ft spool would be 
sufficient for a continuous record of three weeks, 
thus reducing to a mini mum the servicing time. 
One additional criterion was introduced to in
crease the ease of analysis, i . e., timing marks 
should be provided on the record. 

Description of Instrument 

The 35 mrn Recording Galvanometer is shown 
in Fig. 24. Figure 25 is a diagram which will 
be helpful in identifying the individual elements 
that can be seen in Fig. 24(b). The salvanome
ter is 13 in. l ong, 5 in . wide, 8 5/8 in. high, 
and weighs 21 pounds. The frame and housing 
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Fig. 23 - Leveling tripod wiring diagram 

are fabricated fr om 24ST dural whic h is a n odiz
ed, zinc -chroma ted and painted to prevent cor
rosion. All control switches are mounted on 
the top face of the instrument and a voltmeter 
is provided to indicate the voltage applied to the 
galvanometer lamp. The b asic units of t h e 
galvanometer are t he galvanometer block, tim 
ing unit, optical system, and film drive. 

The galvanometer block is a Hathaway model 
OD-9 and is equipped with nine sensitive galva
nometer elements with a natural frequency of 
25 cycles per second. The sensitivity of the 
e lements is rated at 7000 mm per milliamp at 
one meter. The outputs o f the indicating ins tru 
ments are fed into the Recorder through a Cannon 
plug a nd are wired to the individua l galvanome
ters t hrough protective fuses. Variations in 
electrical signals will cause the galvanometers 
to deflect in proportion to the strength of the im
pressed e lectrica l cur rents . 

The timing unit causes time marks to be photo 
graphed on the film at two-minute interva ls. A 
diagram of this unit is shown in Fig. 25(b). A 
light source is surrounded by a rotating con 
centric cylindrical s leeve with six longitudinal 
light slits at 60 deg . intervals around the pe
riphery. Surrounding the s hutter cylinder i s a 
light-tight cylindrica l housing with a s ingle 
longitudina l narrow s lit. A lignment of the s l its 
on the stationary and movable sleeves allows 
light to pass through . The narrow slit of l ight 
thus obtained is superimposed on the film b y the 

optical system. One of the slits in t h e rotary 
s leeve is 0. 008 in. wide and is used to represent 
hours, a n d th e other s lits are 0. 005 in. wide and 
indicate len-minute periods. 

The optical system of the Recorder performs 
three functions. The galvanometer traces are 
projected on the film to be photographed. At the 
same time, a system of mirrors and lens es 
intercept portions of the light beams from the 
mirror galvanometers and projects them on a 
viewing screen. This enabl es th e operator t o 
o bserve the action of the ga lvanometer with out 
opening the case and exposing the film . A third 
opti ca l system projects the timing s l it image on 
t h e film. 

The galvanometer-to-film optical system is 
as follows: light fr om a line-s our ce lam p is 
passed through a lens in front of the galvano
meter and strikes the galvanomete r mirror. It 
is then reflected back through the same lens and 
1s deflected b y a second mirror through a cy
lindrica l lens and to the film. T h e foca l length 
of the first lens is s u c h to cause a n image of the 
fila m e nt to be formed at the film. The cylindri
ca l condensing lens reduces the line image to a 
p oint a t the film. 

The viewing system has a n optical path o f the 
same length and uses the same light source . A 
mirror intercepts a portion of the light beams 
from the ga lvanometers and reflects them to an
oth e r mirror and cylindrica l lens to a ground 
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glass viewing screen. A cloth hood shields the 
screen from extraneous light for convenience in 
observation when the access door is opened. 

The Recorder is powered by a Bodine KYC 23 
synchronous geared motor of 1 rpm output speed. 
A shaft carrying two worms is coupled to the 
motor with a rubber coupling. One worm drives 
the timing unit at 1 rph, and the other the rubber
covered film drive spool. A friction film drive 
is utilized and a pressure roller idler helps 
prevent film slippage. Film is supplied bv a 
spool with a constant friction drag, and a gear
ed take -up spool with a slip clutch winds up the 
exposed film. 

The film used is the standard unperforated 
microfile film and is dye-backed. This allows 
daylight loading or unloading of the instrument. 
~n o verrunning clutch mechanism in the drive 

spool and an external manual film drive crank 
allow lhe film to be advanced by hand. 

Operation 

To prepare the Recorder for operation, it is 
connected to a llO volt, 60 cycle AC power source 
and the galvanometers are connected to the sig
nals to be recorded. With the recording lamp 
on the high intensity position and the viewing 
screen exposed, the galvanometer elements are 
adjusted until the traces are in convenient posi
tions for recording. Then the recording lamp is 
shut off, the viewing screen closed, and the film 
spool access door is opened. 

Film is loaded on the supply spool shaft, 
threaded through the drive spool and to the take
up spool in daylight. Then the access door is 
closed and the manual film drive crank is rotated 
five turns. This places the exposed film on the 
take -up spool and leaves nonexposed film on the 
drive roller. The machine is now ready for 
operation. The recording lamp is set to low 
brilliance and turned on. The drive motor and 
timing unit are turned on and the instrument is 
in operation. 

F. Radar Current Meter 

Purpose 

The purpose of this phase of the investigation 
was the development of the necessary equipment 
and technique for the measurement by means of 
radar of both steady and continuous surface 
currents in the open ocean at ranges up to 10 
or 15 miles offshore from the point of measure
ment. 

Development 

One of the important questions raised during 
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the model study of the mole for the Naval Base 
in the Los Angeles Harbor was the cause of the 
long period surge that occurred from time to 
time within the harbor area . There was some 
question as to whether this surge motion was 
confined within the harbor or whether it was also 
present in the adjacent open ocean. One of the 
most well-established and straightforward meth
ods of measuring horizontal water motion of 
surface currents is the observation of the move
ment of floats. For such observations to be of 
value, two requirements must be fulfilled. The 
motion of the float must be the same as t hat of 
the water, and the measurement of the motion 
of the float must be accurate enough to permit 
the required degree. of sensitivity in determining 
magnitude and direction of the motion. Prac
tically all of the measurements made in the past 
have been of steady currents or of very long 
period oscillatory motion. In fact, about the 
only oscillatory motion that has been of interest 
up to the present is that due to tides. For such 
conditions the required accuracy can be obtained 
by making observations separated by periods of 
time measured in hours, or at least in large 
fractions of hours. Under such conditions, the 
required accuracy of the measurement of the 
position of floats is not very great. The most 
satisfactory measurements have been made by 
simultaneously tracking the float with two trans
its, or theodolites, or by determining its posi
tion with a relatively long base range-finder. 
Such methods are usable over ranges of several 
miles in clear weather during the daytime. An 
equivalent method is to use a sextant in a boat 
standing by the float and sighting known objects 
at the shore. 

All of these methods require reasonably large 
crews and are not well suited to the tracking of 
several floats spread out over an extended area. 
None of them is adaptable to automatic tracking 
and continuous recording of the position. For 
the purpose at hand, the relatively short period 
of the surge motion introduced very great dif
ficulties in the use of any of the existing methods . 
The range of periods of interest was considered 
to be from one or two minutes to 30 minutes. 
For low amplitude s•1rges with periods lying at 
the low end of this range, the total amplitude of 
the horizontal water motion will be of the order 
of magnitude of 50 ft. This means that if sig
nificant measurements are to be made, consecu
tive positions of the float must be determined 
with an accuracy of better than ! 10 ft. and con
secutive readings must be made at intervals of 
as short as 5 or 10 seconds. None of the exist
ing methods of measurement offered the possi
bility of meeting these requirements. 

The development of radar during the war and 
its use in the tracking of moving bodies, such as 
ships, aircraft, and meteorological sounding 
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Fig. 26 - SCR-584 Radar Set 

balloons, suggested that s1milar equipment could 
be used to good advantage in the tracking of 
these current floats. The radar method is suit
able for day or night work, in thick or clear 
weather, over distances greatly in excess of 
that possible by visual methods . It gives both 
range and azimuth data of sufficient accuracy 
for most purposes, and it has the great ad
vantage that this data can be constantly and auto
matically recorded. It was therefore decided to 
attempt to develop the necessary technique for 
radar operation, including necessary modifica
tion to existing equipment to adapt it for this 
particular purpose. 

The radar set used tor this purpose was a 
mobile army anti-aircraft fire control unit desig
nated as the SCR -584. The unit is housed in a 
semi-trailer, as shown in Fig. 26. Power for 
the set is supplied by a gasoline-driven, 15 kw, 
3-phase, 110-volt generator mounted on the bed 
of the truck used to tow the radar trailer. (See 
Fig. 27). The range of the set is 32,000 yds. 
on automatic tracking, and it has been used up 
to 25,000 yds. for the current float tracking. 
The set operates with a wavelength of 10 em·, 
which gives the required good resolving power 
for the use of small reflectors on the floats. 
The set is designed to have an angular precision 
of 1 mil and the range can be estimated to about 
2 yds. This short wavelength limits the set to 
uses in which there is a direct line of sight be
tween the transmitter and the target. 

The echo of a target appears as a hump or 
"pip" on the circular sweep of the range oscillo
scope. Two range scopes are used, one showing 
targets from 0 to 32,000 yds., and the other 
showing targets within a 2, 000-yd. band at any 
selected spot within the 32, 000-yd. scale of the 
other, i.e., the 2, 000-yd. scope acts as a verni
er for the 32, 000-yd. scope. The location of the 

Fig. 27 - Power for 1·adar set supplied by 
generator mounted on truck 

two range scopes on the operating panel is shown 
in Fig. 28. A close -up time exposure of the 
range scopes is shown in Fig. 29. The pips are 
not actually blurred, as shown in the photograph. 
The blurring results from the vibration of the 
trailer during operation. The azimuth of a tar
get, or horizontal angular position of the radar 
antenna when tracking the target, is read off the 
dial shown in Fig. 28. The elevation of a target 
is read off the dial to the left of the azimuth dial, 
but this can be neglected in current studies. This 
radar is equipped with a data potentiometer, 
which gives a v o ltage proportional to the sine of 
the azimuth angle. By measuring this voltage, 
the azimuth angle can be obtained more accu
rately than with the above-mentioned dial. 

A bird's-eye view or plan view of the area 
commanded by the radar set can be obtained from 
the PPI, or Plan Position Indicator Oscilloscope. 
The antenna revolves continuously about aver-

Fig. 28 - Radar control panel showing two 
range scopes 



Fig. 29 - Time exposure of range scopes -
32, 000 yd and 2, 000 yd 

Fig. 30 - PPI Scope - radius 70, 000 yds 
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Fig. 31 - Azimuth Test Record - Boat Turning Circle 

tical axis, and the resulting image on the PPI 
Scope shows all targets within range in their 
proper position with respect to the radar set in 
the center . Fig. 30 is a photograph of the PPI 
Scope in which the range from the center (posi
tion of radar set) to the outer perimeter is 
70, 000 yds. The PPI Scope cannot be used for 
accurate determination of the position of objects, 
but it is used in searching for objects and deter
mining their approximate position. 

The SCR-584 radar is equipped for automatic 
tracking of azimuth, but not for automatic track
ing of range. Considerable study showed that it 
would be rather difficult to adapt this set to make 
it automatic tracking of range. Therefore, it 
was decided to develop a recorder system based 
on the automatic tracking in azimuth and manual 
tracking in range, but with automatic recording 
of both azimuth and range. This was done as 
follows: two se l syns were connected electrically 
to the radar in such a manner that one of them 
rotated in synchronism with the azimuth radar, 
and the other in proportion to the range. These 
selsyns were used to drive linear instrument 
potentiometers, which gave a direct current out
put voltage corresponding to the selsyn position. 
These signals were fed into a pair of Esterline 
Angus Recorders, which produced the required 
records of position vs. time. The instrument 
type potentiometers had extremely low mechani
cal friction, which made it possible to maintain 

a high order of accuracy of recorded measure
ment. To check the over -all operation of this 
method, the 38-ft. picket boat used as a service 
boat in this program was equipped with radar 
reflector and operated in a tight turning circle. 
T his gave an oscillatory motion quite compa
rable in magnitude and period to a mild surge 
having about a 2-minute period. An attempt was 
made to measure and re cord this motion with 
the radar. Figure 31 shows one of these test 
records, and Fig. 32 the selsyns, potentiome
ters, and recording instrument panel which were 
added to the radar to make this automatic record
ing possible. The test record indicates a very 
satisfactory performance. 

The floats used on the project were designed 
to be very light and portable so that a launch 
could be used as a tender and no special handling 
gear, such as cranes or winches, would be re
quired. The underwater projected area is about 
25 times greater than the abovewater area. This 
resulted from the design requirement that with 
a wind of 15 knots and a current of 1/ 4 knot, the 
water forces would be five times greater than 
the wind forces, and hence, the wind would not 
introduce any serious error in the float trajecto
ry. An outline drawing of the float is shown in 
Fig. 33 in which the main parts are labelled. 
T h e float itself is a welded aluminum cylinder 
18 in. in diameter and 6 in. high. A two-piece 
aluminum spar extends below the float. The 
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(a) Selsyns and Potentiometers 

(b) Recording Instrument Panel 

Fig. 32 - Equipment added to radar to make 
automatic recording possible 

lower spar telescopes into the upper spar. At 
the lower end of the upper spar there are at
tached by hinges three folding aluminum struts 
spaced equally around the spar; the outer ends 
of the three struts are stayed to each other with 
flexible cable. At the bottom of the lower spar 

is a ballast weight of 25 lbs . Three canvas sails 
are spread between the extended spar and the 
system of stayed struts . A mast projects into 
the air above the float. The radar reflector is 
mounted at its top. The mast can be made 6ft., 
12 ft., or 18ft. high. The radar reflector is a 
so-called "corner reflector" manufactured for 
use in rubber life rafts. It is constructed of 
light alloy tubing ribs and a wide mesh screen. 
The complete float assembly weighs about 50 
pounds, of which 25 lbs. is ballast. Fig. 34 is a 
photograph of the float extended in air to simu
late its appearance under water. The horizontal 
line through the cylindrical float .represents the 
water line. Fig. 35 is an oblique photograph from 
above in which the three sails and the strut stays 
can be seen. When the lower spar is telescoped 
into the upper spar and the struts are folded up
ward, the sails can be furled and the whole as
sembly appears as in Fig. 36. This photograph 
shows the collapsed float ready to be slipped 
over the side of the launch. 

Operation 

The floats are launched in a very simple man
ner. They are collapsed, and a radar "corner" 
is assembled and mounted on each float. The 
unit is then s1ipped over the side at the desired 
location. When the collapsed float is free in the 
water, the weight of the ballast pulls the lower 
spar down out of the upper spar, spreads the 
struts and the sails and holds the assembly in 
the position shown previously in Figs. 33 and 
34. Figure 37 is a photograph of the float free 
in the water as seen from the launch. Retriev
ing of the float is accomplished as follows: the 
cork float on the pick-up line is seized with a 
boat hook and brought aboard the launch. The 
pick-up line is then hauled in, which action turns 
the float on its side. When the pick-up line has 
been hauled in until the ballast weights are on 
the deck rail of the launch, the collapsing line 
is hauled. This action telescopes the lower spar 
into the upper spar, the struts fold up, and the 
sails furl themselves so that the collapsed as
sembly can be lifted aboard the launch. The 
pick-up line with its cork float and the collaps
ing line can be seen clearly in Figs. 33 and 34. 
Fig. 38 is a photograph of the retrieving opera
tion at the stage where the lower end of the lower 
spar is on the deck and the operator is hauling 
in the collapsing line. 

The boat used is the 38-ft. picket boat shown 
in Fig. 39. A boat such as a purse seiner with 
a broad, low, fantail stern, would be easier to 
work from and would present less danger of foul
ing the float in the propeller than the type of boat 
pictured here. However, six floats have been 
handled successfully by a crew of two men dur
ing average wind and sea conditions. There is 
a corner reflector mounted on a mast just aft of 
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Fig. 34 - R a dar reflector flo2t 

Fig. 36 - L a unching t he collaps ed float 
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Fig. 37 - Free-drifting reflector float 

the pilot house so that the boat is picked up more 
readily by the radar set. The radio antenna is 
seen aft. The boat crew is always in contact 
with the radar crew by means of 25 -watt marine 
radiophones. 

This technique has proved to be very suitable 
for the measurement of steady currents as well 
as for oscillating ones . For steady currents it 
is often desirable to use more than one float. A 
procedure for the tracking of from one to six 
floats has been developed which requires two 
radar operators and a crew of two in the attend
ing boat. The boat is directed to the location of 
the laWlching of the first float by the radar crew, 
which is in radiophone communication with the 
boat, and in addition, can see the boat in the 
radar scopes. The boat crew launches the float 
upon receiving word from the radar; and the boat 
crew then slowly moves away from the float 
towards the radar about 60 ft. and stands by. 
The radar crew thus observes that the original 
pip on the range scope slowly evolves into two 
pips, separated on the range scale by about 20 
yards. This definitely fixes the identity of the 
float pip; the range, azimuth, and time are re
corded, and the position is plotted on the chart. 
The first float is then temporarily abandoned, 
and the boat is directed to the location for the 
launching of Float No. 2, where the same twin
ning procedure for boat and float pips is ac
complished. In this manner all the floats are 
launched and the initial positions and times are 

Fig. 38 - Retrieving the float 

recorded. The attending boat proceeds to its 
base to await notification that the floats are to be 
retrieved. The radar crew tracks each float in 
succession at frequent intervals, and records 
and plots the position and time. Since the floats 
will not move far during two observations, it is 
generally easy to find the new position by scan
ning in the region of the old position. Also, as 
the number of observations increases and the 
trajectory of the float becomes clear, the ap
proximate position at the next observation can 
be predicted from knowledge of the average speed 
and course of the float. When the period of the 
test is over, the boat is directed to the floats so 
that they may be retrieved. The radar set is 
essential in guiding the boat to the float, since 
the abovewater part of the float has very little 
projected area and therefore is difficult to see 
from the boat. 

Fig. 39 - The Float Tender -
38-ft picket boat 



The maximum working range is governed by 
the power of the radar and the reflectivity of the 
radar reflector , assuming that the line-of-sight 
requirement ha s been met with respect to the 
height of the radar location and that the float 
mast is high compared to the ocean swells. The 
maximum range for good results has been about 
14 mi. on this project, the limiting factor being 
the reflectivity of the lifeboat-type corner re
Hectors used. Darkness, fog, and rain have not 
affected the performance of the radar percepti
bly. In such conditions the navigation of the at
tending boat has been possible by the use of the 
radar set and the radiotelephones. 

The results of a typical current tracking test 
are shown in Fig. 40. In this test the five floats 
were released on a line bearing approximate ly 
SW from Point Fermin (the location of the radar). 
The trajectories for the ensuing seven hours are 
shown on the chart. It must be remembered that 
the paths shown are not streamlines but are 
simply trajectories. The currents in this region 
are composed principally of tidal flows super
imposed upon a slow coasta l drift, that is, the 
flow is unsteady and the streamlines are con-
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stantly c hanging. However, the trajectory ele
ment between any two observation points can be 
considered a streamline, since the correspond
ing time element is very sma ll compared to the 
period of the current fluctuation. If the stream
lines in a selected district are required, the 
floats are permitted only a s h o rt period of free 
drift, whereupon they are returned to their ori
ginal sta rting positions and again released. The 
resulting trajectory elements can be considered 
streamline elements; thus, information is se
cured on the history of the flow streamlines in a 
small a rea. In an offshore location, this pro
cedure would result in the usua 1 polar diagram 
of the rotary tidal currents for the given locali
ty, and in an inshore location the procedure could 
be used to give an insight into the flow conditions 
near hydraulic structures of interest. 

If the equipment is used for the measurement 
of short period surge oscillations, only one float 
is employed, since the radar is called upon to 
make a continuous record of both azimuth and 
range. The operation under these conditions is 
obvious from the previous description. 
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IV. 

MEASUREMENTS AND RESULTS 

Origin of Los Angeles Harbor Surge 

In December 1943 the Hydrodynamics Labora
tor y of the California Institute of Technology was 
asked to make a study of the operating charac
teristics of the proposed mole at Terminal Island 
Considerable question arose as to the cause of 
the troublesome surge that occurred from time 
in the area. A wide range of opinion was ad
vanced by various authorities. At the time , 
many of them held that the surge was a local 
phenomenon which was confined to the Los Ange
les Harbor area inside of the outer breakwater. 
The Hydrodynamics La bora tory was of the o
pinion that the surge was not a local phenome
non, but was present over much of the Southern 
California coast line. One of the secondary ob
jectives of this present study was to collect ad
ditional information concerning this point. The 
measurements made and information obtained 
under this contract have shed further light on 
this subject. 

Tide Recorder Data 

A Stevens tide recorder was insta lled at Cata
lina Island for the basic purpose of obtaining in
formation on the presence of surge outside of 
the Harbor. The chart ranges, speed, and still
ing well were so selected that good records could 
be obtained of wave motion in which the periods 
were one minute or longer. This instrument 
was installed in February 194 7 , and maintained 
for the remainder of the three-year duration of 
the contract. The surge in question, i.e., wa~es 
of fro~ one to fifteen minute periods, is a very 
errahc phenomenon which occurs at very in
frequent and unpredictable intervals. Hence, 
most of the records were quite uninformative. 
However, in November 1948 a very fortunate co
incidence took place. During one of the routine 
trips in Los Angeles Harbor to Catalina , it was 
observed that there was a strong lateral water 
motion, or surge, acting parallel to the pier. 
The examination of the Stevens wave recorder 
chart showed that vertical wave motion of an 
unusual amplitude was being recorded. The 
period corresponded to that of the lateral water 
motion, which was observed visually, and was 
from two to three minutes in length. Records 
for the same period of time for the tide record
ers in Los Angeles Harbor were examined and 
were found also to indicate the existence of the 
same type of surge. Tide gage r ecords for this 
same period were then obtained from the Coast 
and Geodetic Survey for Port Hueneme, Santa 
Monica, and San Diego. A tw o -to-three-minute 
wave motion of relatively high amplitude was 

found on these offshore stations during this same 
time. This furnishes conclusive evidence that 
a surge phenomenon is not confined to the area 
inside the breakwater of the Los Angeles Harbor, 
but it is a general phenomenon of the Southern 
California Coast. It is interesting to note that 
during this period of high surge activity, the 
normal wind waves of approximately 20 second 
duration, which were observed on the Catalina 
recorder, were of very small amplitude. Fig . 41 
shows two series of records for the Cat alina 
Island, Los Angeles Harbor, San Diego, and 
Port Hueneme recorders. The first series is 
for November ZZ, 1948. This shows a normal 
condition, with little or no surge . The second 
series is for November 24 and shows the exist
ence of a greatly increased surge motion for all 
the stations . This November period of surge 
was not the only one t hat was observed during 
the period of the contract, but it was one of the 
most pronounced. However, similar correla
tion between the surges at Catalina and in the 
Los Angeles Harbor area were observed at 
other times during the study period. 

Radar Float Data 

Additional independent evidence of the exist
ence of surge outside of the Los Angeles Harbor 
area was by means of the radar and the float
tracking technique developed under this contract. 
Although the radar equipment proved to be readi 
ly adaptable to the determination of steady cur
rents or of oscilla t ing currents due to changes 
in tide, it was necessary to push the equipment 
':..lp towards its maximum sensitivity in order to 
obtain performance suitable for detecting the 
existence of horizontal currents oscilla ting at 
the relatively short periods of two to three 
minutes. This was finally accomplished, how
ever, in such a way that the movements of the 
radar float were recorded automatically, both 
in azimuth and range. However, the tracking 
itself was automatic only in azimuth. The range 
had to be tracked manually. Furthermore, the 
radar unit r equired continuous skilled attendance 
for satisfactory operation. This radar set and 
float were kept in operation for a period of a few 
weeks in an attempt to detect surge in the open 
ocean offshore from the Los Angeles Harbor 
area. 

By another fortunate coincidence, a moderate 
surge set in for a short period during this inter
val and a measurement of it was obtained from 
the radar. This second occurrence proved con
clusively that the surge is not confined inside 
the breakwater, but occurs in the open ocean. 
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Series 1 
Nov. 22 , 1948 

Isthmus, Catalina Island 

Los Angeles Harbor 

San Diego 

Port Hueneme 

Fig. 41 - Tide Gage Records 

Series 2 
Nov . 24, 1948 



There are one or two additional interesting 
points with regard to the radar measurements. 
All of the tide recorders were installed on a pier 
adjacent to a breakwater, or, in other words, 
very near to the shore. Furthermore, they gave 
a record only of vertical water motion. In con
trast to this, the radar measurements indicated 
horizontal water motion only and the observa
tions were for an area several miles from the 
nearest shore. 

The over-all conclusions that can be drawn 
from a consideration of all the measurements on 
the surge motion obtained under this contract in
dicate that the surge that is observed in the 
Los Angeles Harbor is, in effect, a train of long 
period waves which travel in from the open 
ocean and strike the shore . There is nothing to 
indicate that this surge can be thought of as a 
seiche, i.e., the swinging of the basin which 
forms the harbor area at its own natural period. 
The period of the surge in the harbor area is 
that of the approaching wave train. Differences 
in amplitude of motion in different localities in 
the harbor during this same surge are explain
able on the basis of resonance between the wave 
period and the natural period of the local area, 
i.e., slip or channel or other isolated area, 
with rather definite boundaries. 

Protection Afforded Los Angeles Naval Base 
by Mole 

Another secondary objective of the study made 
under this contract was to get an additional e
valuation of the effectiveness of the mole in pro
tecting the Los Angeles Naval Base. 

l. Measurements that are pertinent to this 
objective are the simultaneous records 
of the tide recorders inside the mole and 
in the Los Angeles Harbor area but out
side the mole. 

2. Other measurements of water motion in
side and outside of the mole obtained by 
the instruments developed under this 
contract. 

3. Measurements of ship motion inside and 
outside of the mole obtained by the Ship 
Motion Meter developed under this con
tract. 

Tide Recorder Data 

The discussion of the protection afforded by 
the mole can be considered with reference to 
three different wave periods: 

a. The normal wind wave of from 12 to 
20 sec. periods; 
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b. Surges with periods of from 1 to 3 
minutes; 

c. Surges of approximately 6 minutes. 

The reason for singling out the 6-minute period 
for individual consideration is that the model 
study made previously by the California Insti
tute of Technology Hydrodynamics Laboratory 
of the mole and harbor area, showed that the 
area inside the mole resonated with an imposed 
wave train of a 6-minute period. It was con
cluded from this that high amplitude motion with
in the mole should be anticipated whenever surge 
occurred due to wave trains of 6-minute periods. 
The saving feature of the situation was that pre
vious history had indicated that a surge of 6-min. 
period had never been known to oc rur with appre
ciable amplitude in the Los Angeles Harbor area. 

During the entire period of study, the records 
of the tide recorders within the mole showed 
only low amplitude wave motion for the normal 
wind waves in the 12-to-20-sec. period band. 
During this time several storms occurred dur
ing which the amplitude of the waves outside the 
breakwater, and even within the individual har
bor, were relatively high. Thus it can be con
cluded that the mole furnishes very satisfactory 
protection against wind waves. 

In the case of wave trains with one -to-three
minute periods (surges), the information is much 
more limited, since such conditions occurred 
only very rarely. The results are not com
pletely conclusive, particularly because most of 
the surges that did occur were of relatively low 
amplitude. However, the indications appear to 
be that the attenuation of this wave band was at 
least as great, if not greater than that predicted 
by the model studies. 

Waves Due to Alaskan Earthquake 

With reference to the effect of 6-minute surges 
on the area within the mole, a particularly in
teresting and puzzling occurrence took place for 
a few days beginning about April 1, 1946. This 
corresponds to the time of the Aleutian earth
quake which caused the high waves that produced 
such serious damage at Hawaii. High amplitude 
wave trains from this same source were re
corded along the coast of California and are the 
subject of this section of the discussion. 

The tide recorders in the outer harbor showed 
one important component that these waves had of 
a period of approximately six minutes. The 
waves recorded within the mole showed the same 
six- minute wave motion, with amplitudes as high 
or higher than those observed in the outer har
bor. This was in direct accordance with the 
model study; however, no ship damage was re-
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corded during this very active period, and it was 
difficult to find any ship officers or men who had 
observed any undue activity of their vessels. 
This is rather difficult to explain, since the 
model results had indicated that severe damage 
was to be expected for these conditions. There 
are several possible ways of explaining this lack 
of damage, each of which may be responsible, 
at least in part, for the low amount of ship mo
tion observed: 

a. The occurrence of these high amplitude 
waves had been predicted, and a ll vessels had 
been notified and warned to take adequate pre
cautions. Thus, it is possible that all the 
ships in the harbor had been secured so ade
quately that a damaging amount of horizontal 
motion was impossible. 

b. It is difficult to estimate the relationship 
between period and the potential for causing 
damage for waves of a given amplitude. For 
example, when the wave periods are so short 
that the corresponding wavelength is on ly a 
fraction of t he ship ' s length, the waves will 
cause relatively little motion of the ship. 
Likewise, if the period is very long, the ship 
motion will be so gradual that no damage due 
to the dynamic forces is possible. It was 
known from experience that two-to-three min. 
surge could induce damaging ship motion. It 
was very possible , however, that the six-min. 
period may be so l ong as to decrease the dam
age possibilities. 

c . Although the effec t of the mole on 6 -min. 
waves may be to produce very little attenua
tion, or even to increase the amplitude, it will 
undoubtedly affect the direction of travel of the 
wave within the mole area. Before the mole 
was in existence, surges appeared to cause 
the ships to move in some sort of an elliptical 
orbit , i.e., the motion, both along the pier 
and perpendicular to it, was relatively large . 
The model study indicated that, with the mole 
in place, the motion due to 6-minute surges 
would probably be mostly perpendicular to the 
length of the pier. Such a motion may be 
easier to control by adequate moorings than 
the e lliptical type of motion. Furthermore, 
on the basis of calculations of typical cases, it 
seems probable that the six-minute period is 
too long to have any appreciable resonant 
coupling with the natural periods of the ship 
and mooring line system. 

The over-all conclusions that can be drawn 
from all of the tide records for the various wave 
bands is that the mole gives as much, if not 
more, protection to the U. S. Naval Base than 
was predicted by the model studies. At a ll times 
the wave disturbance within the mole area is 
within the limits of tolerance for the normal use 

of the area. In other words, the mole has suc
cessfully accomplished the purpose for which it 
was constructed. 

Ship Motion Meter Data 

Further evidence concerning the amount o f 
protection afforded the area of the Naval Base bv 
the pre s ence o f the mole was obtained from the 
rec o rd s o f the Ship M o tio n Meter. As s o o n as 
the tests on the firs t unit of the Ship M o tion Meter 
showed that it was capable o f giving sati s factory 
results, it was installed in a semi-permanent 
fashion on Pier D, which is on the outer leg of 
the mole. This was a destroyer mooring. An 
attempt was made to sele c t a destroyer which 
had been observed to show a more than a verage 
motion for this a rea. The meter was installed 
under the pier with the a c tuating line fastened 
to Destroyer D-558. It was placed in operation 
on April 13, 1948, and remained until N ovember. 
During this 6 1/ 2 month period the maximum 
amplitude of hor izonta 1 motion observed was 
about 2ft. The average amplitude was approxi
mately 1 H. The period of motion varied from 
1 1/2 to 5 minutes . At the end of this time the 
meter was moved be cause it was felt desirable 
to install it in some location in which the motion 
would be greater so as to have a better oppor
tunity to evaluate the over-all perfo rmance of 
the meter. Although the motion of the des t royers 
in this location was dis c ouragingly low fr om the 
standpoint of testing the meter over a wide range 
of operation, the greatest value of the records 
is the evidence they present that the motion in 
thi s area is consistently very low. This is a 
quantitative confirmation of the model study. It 
was predicted on the basis of the model study 
that the ship motion within the harbor would be 
greatly reduced, and that the motion in the area 
adjoining the 30 deg. leg and the Eas t -West leg 
of the mole would be slightly below the general 
harbor average. 

Ever since the mole was completed, the con
sensus of those familiar with the c ondition in the 
area has been that the mole has afforded ver y 
satisfactory protection. The field measurements 
made at the time of the model study indicated 
that without the mole, moored ships in this gen
eral area could be expected to undergo motions 
with horizontal amplitudes up to six or eight ft. 
several times a ye<\r, and amplitudes of three 
or four ft. are relatively common. The present 
records, therefore, indicate a reduction in 
amplitude of two-thirds to three-fourths due to 
the presence of the mole. This measurement 
can be considered only quantitative in a very 
rough sense, since there is no way of knowing 
the relative amplitudes of the imposed waves 
which caused the ship motions in the two cases. 

The Ship Motion Meter was installed next to 



measure the motion of some floating drydock 
units. These units were selected because they 
were believed to have greater amplitudes of 
motion than those of the destroyers. The float
ing drydocks were located on Moori::lg Platform 
No. 5, which is on the 30 deg. leg of the mole. 
The meter records showed motions whose ampli
tudes and periods were very similar to those ob
tained with Destroyer D-558. The situation a
gain was discouraging from the point of view of 
testing the range of the meter, but it again con
firmed the results of the model studv, w.hich had 
indicated that the two areas should show about 
the same amount of motion. 

The meter was next moved to Berth 58 in the 
outer harbor. In the two previous l ocations in
side the mole, the vessels, whose motions were 
being measured, were moored permanently so 
that continuous records could be taken over long 
periods of time. Berth 58 is an oil-loading dock. 
The ships are transient, rarely being moored 
there for more than a day or two. The motion 
of three ships was measured in this locatio"l: 

l. KA-61 (Transport) 
2. French Landing Craft (LCT) 
3. ARD-19 (Floating Dry Dock) 

One of these, the KA-61 Transport, showed a 
maximum horizontal amplitude of 15 ft. During 
the interval for which records were taken, the 
motions of appreciable amplitude had periods 
which varied from l to 3 minutes. The very 
high amplitudes of motion measured at Berth 58 
are particularly impressive because it is quite 
improbable that they represent the maximum 
motion which occurs at this location. No attempt 
was made to select times of maximum activity 
for the measurements. The meter was simply 
put into operation whenever any ship was moored 
adjacent to it. Although Berth 58 a lways has 
been known as an area of high activity, the ratio 
between maximum movements observed here and 
in the Naval Base area before the mole was in
stalled, was approximate l y 2:1. ·.vhen this ratio 
is compared to the ratio of 7 1/2 , or more, to l 
of the Ship Motion Meter measurements, an in
dependent corroboration is obtained of the fact 
that the mole is giving very satisfactory protec
tion to the area it encloses. 

Correlation of Ship Motion and 
Horizontal Water Motion 

Two of the ultimate objectives of the study 
were the corre l ation of ship motion with the 
horizontal water motion, and the evaluation of 
the permissible amount of ship motion which can 
occur without interfering with various specific 
harbor operations , such as loading and unload
ing, minor repairs, major repairs, etc. No 
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definitive results have been obtained for either 
of these within the time limits of the project. It 
must be remembered that such an outcome was 
partially anticipated at the time that the project 
was originated, since it was realized that the 
first step that had to be taken was the develop
ment of instruments capable of making the neces 
sary measurements. Indeed, at the time that 
the study was started, there was no certainty 
that such instruments could be developed and 
made to operate successfully within the time 
available. The situation at the close of the con
tract period was that instruments, which were 
capable of making all of the measurements neces
sary for the obtaining of these ultimate ob
jectives, had been developed, tested, and proved 
satisfactory. The last stage of the development 
of t he horizontal current meter had just been 
completed, i.e., the leveling tripod, which made 
it possible to install the meter at any desired 
place along the bottom away from loca l inter
ference due to pier piling, etc. 

Additional work was car ried on for about a 
month after the expiration date of the contract, 
at the contractor's own expense. The objective 
of this additional work was to get a field test of 
the meter with its new mounting, and to deter
mine, if possible, the c hara cteristics of the 
horizontal water motion in one or two arbitrary 
points in the outer harbor. It was felt that such 
information would be of considerable interest 
because there is a complete lack of knowledge 
concerning the hori zonta l oscillatory motion of 
the water except at points immediately adja
cent to s horeline structures. The points se
le cted were approximately a mile from shore. 
Nearly all of the available time was expended 
in developing a technique for placing and re
trieving the meter and tripod from the desired 
position on the bottom, in ferreting out and e
liminating the minor difficulties that always a
rise when a completely new instrument is put 
in service, and in developing a satisfactory tech
nique of operation. The final result was that 
when the end of the additional month arrived, 
the meter was operating in what was considered 
to be a quite satisfactory manner, but accept
able records had been obtained for only a rela
tively few minutes at this given location. This 
record was much too short to be considered use
ful in establishing the c haracteristics of the 
water motion at that point. 

Activities were terminated at this time not 
only because the contractor did not feel justi
fied in continuing it at his own expense, but also 
because the technical personnel that had been 
employed on the project had secured other per
manent employment and had to leave to fulfill 
these obligations. 

It is very unfortunate that the work had to be 
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terminated at this time, since all of the major 
obstacles had apparently been overcome and the 
way was clear to begin the final step, i.e., the 
correlation of the ship motion with the w ater 
motion that produces it, and the evaluation of 
permissible motion for various types of activi
ties. It is the writer's opinion that as soon as 
a reasonable amount of such field data has been 
collected and evaluated, the harbor designer will 
be enabled to make two very large steps forward. 
The first one will be that he can specify in ad
vance the degree of protection which will be re
quired if the harbor is to be used for a given set 
of purposes. Furthermore, if he has informa
tion from the model study of the hydrodynamic 
characteristics of the harbor, he can design his 
various developments, taking the best advantage 
of the varying intensity of the horizontal water 
motion of the different areas of the harbor. If 
the harbor is in existence, h e can request that 
measurements be made of the horizontal water 
motion characteristics in different localities, 
and on the basis of these measurements, he can 
predict with surety what the behavior of various 
types of ships will be in these different loca
tions. 

The second step will be made possible by the 
fact that he will be able to predict the magnitude 
and type of ship motion at any given location. 
On the basis of this knowledge, he will be in 
position to design piers, dolphins, fender pile 

structures, mooring bitts, etc., to resist with
out damage the known forces that will act on 
them. This means that in general he will be 
able to get some more economical structure with 
better performance. 

It should be emphasized that the type of field 
studies envisaged to achieve this result will be 
general, and not local, in character . By this 
it is meant t ha t the results of measurements 
made in any one location will be applicable to 
other locations, i.e., a given amount of hori
zontal water motion will produce a given amount 
of ship motion of a specific size and type of ship, 
independent of the harbor in which it is moored; 
hence, there is no need to make a series of these 
measurements in every major harbor. On the 
other hand, although a comparatively small pro
gram of measurements can be expected to yield 
results for wide application , it must be re
membered that there are many variables wait
ing to be explored. For example , different 
systems of mooring will apply different con
straints to a given ship so that, for the same a
mount and type of horizontal water motion, the 
ship may be expected to show quite different ex
cursions in the different directions, depending 
on the mooring system used. However, many 
of these questions are of secondary importance 
as compared to the primary correlation between 
water and ship motion under simple defined 
standard conditions. 


