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WOODS HOLE OCEANOGRAPHIC INSTITUTION 

WOODS HOLE, MASSACHUSETTS 

November 23, 1949 

Dear Walter, 

Many thanks for your letter. It was nice to 
know that you arrived safely. 

I have already sent 00 you under separate cover 
a very sketchy table of contents. Upon looking over 
Teddy's letter it occurs to me that Jarhaps it was much 
too sketchy to be ver:y useful. 

Tom Duke has recently read the Barber and Ursell 
papers and has begun to see the light. He ap pears to 
have a genuine in-terest in oceanogra phy and would like 
to .bave a chance to get started on a firm basis by going 
to · cr·i pps. He also wants· to get out from under ERS' 
yoke -- that's just my gue_ss. I find myself in the position 
of having to advise him as to what to do, and would therefore 
like to ask you: ~ 

it 
1. Could Tom possiblf -sta.rt study for a degree at 

Scripps in the Spring term? 
2. Could he obtain employment" he would need funds 

right from the start? 

My best wishes to all of you at • cripps •••• 

yours sincerely, 

Henry Stommel 
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}Ir. Henry Stomrnel 
Woods Hole Oceanographic Institution 
Woods Hole, Massachusetts 

Dear Han.le: 

,· 

Dec~"1ber 13, 1949 

This note is to tell you how~ delighted_ I am. 
about your engagement to Rose.m:J.rJ Holmes. I must 
confess that my enthusiasm is slightly tiriged with 

. jealousy. I saw her 011.ly for a pa.rt of one after-. 
noon but promptly fell in J..ove, and 01tly my age and 

- previous connnitment,s keep me frooi trying to beat 
your time. · -

· . With all best wishes. 

Yours sincerely~ 

Roger Revelle • 

• 
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STUDIES IN ANI!vfAL OTION 
. . 

VI. THE PROPULSIVE POWERS OF THE DOLPHIN 

.y J. GRAY 

(Sub-Department of Experimental Zoology, Cambridge) 

(Received Augwt 10, 1935) 

(With Three Text-figures) 
• 

IT is ,vell know~ that certain aquatic vertebrates (notably dolphins and some of 
the larger teleostean fishes) are-able to travel at surprisingly high-speeds .. The move
ments perf onned by such animals during rectilinear locomotion are all of th 
type, for the hind end of the body vibrates rhythmically in a plane at right
to the axis of locomotion_; the plane of vibration of the d~lphin ~s dorso-ventral, 
whereas that of a fish is transverse ,to the long axis of the bodv. In all cases th 
orientation of the hind end o1 the liody and of the caudal fin, in 
that during both phases of each vibration the leading sur6 
direction of the vibration) is inclined at an angle , to its own dir~ction of motion 
through the water and is directed obliquely backwards relative to the head of th 
animal (Gray, 1933). The anatomical arrangeme11:ts. of the propulsive muscles of_ 
dolphin appear to be simpler than those of a fish, since the locomotory movemen 
re produced by four bands of musculature connected to the base of the caudal fin 

. by ~trong tendons; on the ventral side of the vertebral column the ·two muscle 
extend forward to the region of the ~phragm, whereas the two dorsal bands extend 
over the whole back of the animal. The weight of the dorsal musculature is approxi
mately twice that of the ventral muscles. The tail is deflected upwards by th 
contraction of the dorsal muscles and downwards by contraction of the ven 
muscles. Reciprocity thus exists between the dorsal and ven~ muscle grou.,.,, 
whereas, in a fish, reciprocity of this type is restricted to the right a.nd left muscula
ture of individual segments. Apart from these anatomical differences the propulsiv,· 
mechanisms of a fish and of a dolphin appear t(? be of essentially the same type. 

It is commonly stated that the streamlined form characteristic of .rapidly swim
, ming vertebrates enables them to move through the water with a minimum resistance. 

I 

Attempts to measure this resistance (Houssay, 1912; Mangan, 1930} have been. 
de on the assumption th~t when a fish is swimming freely in water it is, over

coming a resistance which is equal to that encountered by an inert body of the same 
,ize and shape when towed through water at the same speed. The recent work of 

Richardson (1936) has shown that the towing resistance of an inert fish is not sub
stantially different from that of a model of similar form, but observations of this 
type do not enable us to decide how closely this value is-related to the resistance 
ctually overcome by a free-swimming fish. The problem is of considerable interest, 

·,' 

193 
.ince a reliable estimate of the u free-swimming,, resistance of a large fish or dolphin 
·ould indicate whether the mechanism of swimming is or ·is ·not substantially 
.ore efficient tba~ those, at present, available for the propulsion of a torpedo o 

airithip . . '-
Direct determination of the horse-power of a freely swimming fish or dolphin 

·ould involve very great technical difficulties. It is, however, possible to approaca 
the .problem from a theoretical point of view and from arguments based on the obser-

1tion of models. 
Tb 

n-r~,t accura~ 

·v1 
be main 

Iftb 
• sec.1 

• lptruy mo· ldom been determined with 
.o doubt· . 

exaggerated. The following obser-
E. F. Thom the· Indian Ocean is therefore 

i:rimately 30 ft. from the side of the ship 
bow in just u~d~r 7·0 sec. as timed by a 

I 36 it. and its speed was logged at 8½ knots. 
been travelling at 20.knots ( =33 ft. per sec.). On 

• .ngrestswq .. 

:n to keeo abreast of the ship's bows when the 

.. ~. 

R= 

could be determined this speed could 

y1 
-, -

speed of 33 ft. per 
and shape, then 

and the horse-power (H.P.)= apA~, 
·' . 55og 

'here d = drag cocfficieni, p = weight of I cu. ft .. of water, A= surface area in sq. ft., 
V = velocity in ft. per sec., g Cl 32. The value of the drag cqefficient varies with the 
velocity _a,:id length of the moving body, but for a 4-ft. p0rpoise travelling at 25 ft. 
per sec. the appropriate coefficient is about ·1•5 x 10'°', while for a 6-ft. dolphin 
trav:elling at_33 ft. ))Cr sec. the coefficient is approximately 1·3 x 10-a. 

rhe surface area of a"4-ft .. porpoise (Plwc~ _c~) was found by direct 
measurement to be· very nq1rly,7 sq. -ft., whilst that of a model of a dolphin (Del
phifflU. tklphus) was 15 sq. ft. Using the \equations given above, the towing resis-

1nce and requis~te horse-power can be calculated; they are recorded in T able I . 
1able I , 

SDeci 

Porpoise f 53 
Dolphin 200 

Wt. of I H.P. per tt:- · I -~ n. per IJrag eoeff. resiatance H.P. muscles lb. of 
aec. lb. .· ·Jb. muscle 

-,. 7 as 1•5 X 10-I 16 o·6 9 o·o67 
15 33 . r3 X 10-a 42·5 2·6 I (35) 0·07-4 

Reliable estimates ·of the horse-power of mammalian muscle have been o~tained 
in the case of inan and of the dog. l{enderson and Haggard.(1925) showed that the 
output of very highly trained oarsmen. was approximately 0 · 5 H.P. per man. If we 
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assume a conservative estimate· of the Weight of muscle employed, namely so lb., 
the available horse-power per lb. of inuscle is 0•01, a figure which is substan
tially the same as that obtained by Dill, Edwards and Talbot (1932) for the dog. 1£, 
therefore, the output of cetacean muscle is of the same order as that of other mam
mals the 4-ft. porpoise would require 6o lb. of muscle, and the 6-ft. dolphin would 
require 26o lb. Both of these figures are clearly fantastic; in fact, the total weight of 
the propulsive muscles of the. porpoise was found to be 9 lb. and that of the dolphin 
was estimated to be 30--40 lb.1 In order, therefore, to endow the cetaceans with their 
estimated horse-power we must assume that their muscles are approximately seven 
times more powerful than those of other mammals, iri which case the ability of th · 
animals to dissipate heat and to supply oxygen and nutritive substances to the active 

muscles must be very remarkable. 
Before accepting a:n abnormally high horse-power for cetacean · muscle, it is 

reasonable to reconsider the validity of the figure which has been accepted for the 
drag coefficient of the.actively moving animal. The resistance per .square foot. of 
surface area will vary with the nature of the flow of water over the surface of the 
animal, and this, in tum, depends upon the size and velocity of the organisni. So 
long as the product of the velocity and the length of a smooth rigid body does not 
exceed a critical value the flow past the surface may be expected to be of the laminar 
type and free from turbulence; if the critical value be exceeded the flow past the 
posterior end of the body becomes turbulent. The transition from laminar to 
turbulent flow sets in when the Reynolds' number' exCeeds a value of s x 10

5 

(see Ewald, Poschl and Prandtl, 1930, J>· 319). . . 
Until the transitional value for Reynolds' nUniber is exceeded, the value of the 

drag coefficient falls continuously for increasing speeds, but once the transitional 
point has been passed the additional resistance, introduced by the formation of 
eddies, leads to a marked rise in the value of the coefficient. Table II shows, for the 

Table II 

Drag coefficient 

Reynolds' No. 
Laminar flow Turbulent flow 

105 2'1 X 10-I -
2 X 105 

-
1•5 X - \ 

' 

3 X 105 1"2 X -
4x 105 1•0 X -
5 X 105 

, 0·9x 1•0 X 10-• 

10• 0·7 X rsx 
2 X 101 o·sx r6x 

. 4·x 10• 0•3x 1•56 X 

8x 10• 
. O•ZX 

. i•4 X 

I 107 o·ZX l"J X 

2 X 107 o·isx 1•25 X 

( 
I 

. 

1 The actual weight of the muscles of a dolphin (s ft. 8 in. long) has since been found to he 33 lb 
For this and other useful data I am indebted to Dr Frazer, British 1\-luseum (Nat. Hist.). 

1 Reynolds' No.= VI, where V= velocity, l = length and v = kinetic viscosity of water. 

" 
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:ake of convenience, the drag coefficient for ·~ fl.ow and for the transitio 
change to turbulent flow for various values of Reynolds' number. 

So long as a 6-ft. dolphin is travelling at speeds higher than I ft. per sec., the 
flow has been assumed ·to be turbulent, and the Reynolds' number for a 6-ft. dolphin 
travelling at 33 ft. per sec. is of the order of 1·6 x 107_; in calculating the resistance 
of the animal the drag COCflicient (1•3 x 10-1) characteristic of tur~ulent tto 
therefore been used.1 If, on the other hand, the flow past the boely wer1 
laminar and free from turbulence, the resistance would be very much smaller, for d 
would beco~e 0·15 x 10-1• Under such circumstances the resistance of the dolphin 
would fall to 4·9 lb. and the horse-power to 0·3. This output of work could.be main
tained by 30 lb. of typical mammalian muscle-a figure in good agreement with the 
actual weight of muscle present. Similarly the drag coefficient for laminar flow past a 
porpoise 4 ft. long and travelling at 25 ft. per sec. would be 2·3 x 10-'; the resistance 
would be 2·0 lb. and the calculated horse-power o·og. This is equivalent to 9 lb. of 
typical mammalian muscle and happens to be the exact weight•of the· muscles of th 
porpoise itself. In view of these results, it is of interest to· consider how far the flow 
over the surface of the body of an actively swimming fish or dolphin is determined 
by conditions which tend to eliminate the turbulence characteristic of the flow past 
a rigid body of similar form. 

The nature of the move~ents ex~uted by a fish or a dolphin are known with con
siderable accuracy, and their propulsive effect has \>een considered elsewhere (Gray, 
1933). F.or the purpose of the present discussion, however, it is necessary to know in 
detail the type of flow which these movements generate in the surrounding water .. 
Comparatively little information is available concerning the flow set up by vibrating 
systems immersed in .a fluid (see Richardson, 1936), and so far it has proved im-: 
practicable to record the flow of water past the body of a living fish swimmi~g. freely 
in water. The present series of observations have therefore been made on models, 
composed of flexible rubber, whose movements were made to conform with those of 
a variety of fish. This was d{ected by inserting into the dorsal surface of the model 
(12-15 in. in length) a series of rigid rods which were capable of performing simple 
harmonic movements in a plane at right-angles to the long axis of the model. The 
amplitude of movement of each rod and the phase difference between itself and its 
neighbours were adjusted to conform with cinematograph records of an actively 
swimming fish of the same length as the model. The rods actuating the model were 
driven by a single shaft, so that the frequency of movement could readily be adjusted 
to any value.~ mod~I was half submerged in a large tank pf water, and the move
ment of the water past the body of the model was detected by photographing the 
movement of particles lying at or near the surface ·of the water. By means of 
cinematograph pictures it was possible to obtain a tolerably 'complete picture of the 
Bow past the model. 

. 1 In calculating the oxygen requirements of a blue whale (27 m. it;i length) travelling at 10 knots, 
Krogh ( 1934) accepts an estimate of the horse-power of 46·8. This appears to be based on.a drag coeffi
dent characteristic of turbulent flow: if the flow were laminar the oxygen requirements would obviously 
:>e very much less than those calculated by Krogh. It is unlikely that the flow past the bo$:f y of a large 
whale is entirely free from turbulence, but it may well involve very much less than that past a rigid body. 
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normal fish the amplitude of tAe muscular waves increases as the waves pass 
ckwards (Gray, 1933), but, for the moment, it is convenient to consider the 

.ovement of particles in the neighbourhood of a wave whose velocity and form 
:main constant. It is possible to summarise the flow of particles lying in the neigh

bourhood of such a wave as follows : ( 1) The direction and velocity ( relative to 
t-he ground) of a particle depends upon its position relative to the crest (Fig. 1) of 
the wave and upon the velocity with which the wave is travelling relative to the 
ground. {2) A particle lying in the median plane of a wave trough (e.g. a particle 
situated on one of the lines gg1 , cc1 , jj1 in Fig. I) travels in the same direction 
as the wave but at a velocity which is always less than that of the wave itself and 
which decreases the farther the particle lies from the surface of the fish (Fig. I, 

cc1). (3) Particles lying in a transverse plane which cuts a leading surface of the body 
.vel obliquely outwards from the longitudinal axis of the body, as can be seen from 

the direction of the arrows along the regions jg, be, hj, de in Fig. 1, these regions 
:h being leading surfaces of waves. (4) Particles lying in planes which cut trailing 

.ces flow obliquely inwards as in Fig. 1, ab, gh, cd, jk. (5) Particles at 
positions near the outer crests of the waves flow in a direction opposite to that of the 

' waves as in Fig. 1, b, h, d_._ Since the posterior1 velocity of the particles relative 
to the ground is always less than that of the waves themselves, an individual particle 
· constantly changing its position relative to the crest of the wave ; it is, in fact, con
~"~"dy being overtaken by successive waves. · This is illustrated in Fig. 2. The 

·· .ole flow is determined by the fact that the leading surfaces of a wave are displacing 
. ..,,-ter, while the trailing surfaces are acting as centres towards which water flows (see 
Fie. 1 ) . In so far as water is prevented from flowing across the body bf the fish the 
water displaced at a leading surface flows towards a trailing surface, lying posteriorly 
to itself. The leading surfaces represent regions of high pressure and the trailing 
surf aces represent regions of low pressure. As these regions pass towards the hind end 
of the fish, water is constantly moved backwards relative to the ground (Fig. 2 ) , 

thereby giving a forward thrust to the body. These observatio1's have been checked 
against the movement of particles lying in the vicinity of a slowly moving eel, and 

1 The propulsive waves travel over the body of a fish from the anterior to the posterior end of the 
body. The term "posterior" as used in respect of the model is therefore employed to denote the end 
of the model towards which the waves ,are travelling. 

' 

Fig. 1. Figure showing the direction of flow (relative to fixed axes) of particles in the neighbour
hood of a series of waves of constant form passing over the body of a model fish in the direction 
of the large arrow. Leading surfaces are shown at Jg, be, hj, de. Trailing surfaces are ~hown at 
ab, gh, cd, jk. The relativ~ velocities of particles lying in the plane of a wave crest are shown 
at the level hcc1 : the length and direction of the arrows at this level indicate the velocity and 
direction of movement of the particles. · 
Fig. 2. Figure showing the movement of a partic1e relative to a wave and to fixed axes respectively as 

wave of constant form advances in the direction of the large arrow from At to Atu. The particle 
( originally situated at position I near the leading edge of the wave) travels backwards relative to the 
wave along the line - . When the crest of the wave has reat:hed Aut the particle is situated 
(relative to the wave) at the posterior edge of the wave (position 9). The motion of the particle 
relative to fixed axes ia shown by the dotted line; the points marked on this line correspond with 
those showing the movement of the particle relative to the wave. The dotted wave indicates the 
position of me wave when the particle has reached position 5. The figures along the line A1-A111 
indicate the position of the wave crest for each of the positions marked on the track of the particle. 
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1ney can be applied, also, to the undulatory type of movement seen in active flagella. 
For present purposes they indicate that undulatory movements of the type seen in 
actively swimming fish may be expected to set up a type of flow quite distinct from 
that past a rigid bocly or past a dead fish towed through water. 

When the form and movements of the model are made to approximate in f onn to 
those of a whiting or a mackerel the conditions are somewhat different, and it is 
.iore ctifficult to plot the flow with accuracy. It can, however, be seen that particle 
~itu2ted near the sudace of the posterior regions of the body are accelerated bac1e
v.rards towards the trailing sudace of the caudal fin (Fig. 3). This movement is 
particularly noticeable in the case of particles lying in the vicinity of the leadin 
surf ace of the body, for when such particles reach the peduncle of the tail they pass 
rapidly over the dorsal or ventral sudace of the body and are drawn in at the trailing 
surface of the fin (Fig. 3). It seems clear that the latter surface acts as a centr, 

· of low pressure which induces a backward acceleration of all the water lying in the 
vicinity of the whole of the posterior part of the body. 

Probably the only safe conclusion to be drawn from these 
observations is that the flow of water in the vicinity of a body 
which is exhibiting undulatory movements of the type performed 
by a fish or a dolphin when in locomotion, differs substantially 

om that past a rigid body when being towed through the 
ater, and consequently it is illegitimate to assume that the re-

sistance to movement is the same in both cases. It is, however, 
tempting to go somewhat farther. 

In the case of a rigid body anchored in a stream, the resistance 
due to turbulent flow is caused by frictional retardation of the , 
flow in the vicinity of the boundary of the body. " If any ac- ; : : 
celerating or retarding pressure differences exist in the layers of : ; : 
water which adjoin the boundary layer these differences of 1 ! ! 
pressure affect the fluid in the boundary layer also. If the ex- : • 

I 

temal flow is accelerated by a fall of pressure in the direction of \ , : 
motion the fluid particles which are travelling more slowly in the \ \ : 
boundary layer also receive an impulse in the direction of motion, ~~,\ ', , , 
.ence all particles continue on their way past the surface of the ~:;i,,: .... " 

body" (Ewald, Poschl and Prandtl, 1930, p. 283). So long as ,~•;,,//, :'_, .... . 
such conditions persist the flow remains laminar and free from , , ~ 
turbulence. Owing to the small dimensions of the models de- Fig.3. Dia~rammatic 

. . . representation of the 
scribed 1n this paper, it has not been possible to determine by flow of water induced 

direct observation whether a turbulent flow past the model at by the _caudal fin of 
· I d b 1 · fl h th d l . . . . a dolphin or fish . rest 1s rep ace ya am1nar ow w en e mo e 1s exhib1t1ng 

typically propulsive movements, but the evidence suggests that the water in the 
vicinity of the hind end of the body of a fish or a dolphin is being influenced by 
such conditions in the external flow as are likely to represent a region or regions of 
low pressure acting in the direction of motion, and to this extent it seems conceivable 
that the flow past the surface of an actively moving dolphin is very much less 

Studies in Ani Locornotion .I 

turbulent than is the case when the inert organism is towed through water at th 
same speed. In order to test the validity of this conclusion it would be necessary 
observe the flow past the body of a much larger model than has so far been available: 
it would also be necessary to make the observations in an external flow of W ; 

whose velocity was approximately that of a free-swimming dolphin. 
All fast-swimming fish and dolphins appear to possess a narrow but stron 

peduncle to the caudal fin, and the latter is expanded to a width approximately eq 
to the tm.'?!Sverse diameter of the widest region of the body. If the suggestions mad 

.. re valid, the narrow peduncle and expanded fin seem well adapted for 
:ter from all the posterior regions of the body surface to the tmlin()' 

~.tr-P of the fin. 

SUMMARY 

1. If the resistance of an actively swimming dolphin is equal to that of a rigid 
model towed at the same speed, the muscles must be capable of generating energy at 

rate at least seven times greater than that of other types of mammalian muscle. 
2. Observation of the flow of particles past the surface of models similar in form 

to a fish or dolphin shows that rhythmical movements, such as are characteristic of 
the body and caudal fin of the living animals, exert an accelerating effect on t11e 

surrounding water in the direction of the posterior end of the model. An effect , 
this type may be expected to prevent turbulence in the flow of water past the body. 

3. If the flow of water past the body of a dolphin is free from turbulence, 
horse-power developed per pound of muscle agrees closely with that of other types o 
mammalian muscle. 
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The Swimming of Dolphins 
DoLPHI~S in the c;ulf uf Pana1na haYe been seen 

n10Ying through tl1e sea at a speed of ten knot~, their 
entire bodies ::;h o,,·in g n o apparent s\\·inuning n H>tion. 
This perfor1nance \\·a:-s confined, in 1ny ob ·er\·a t ion~, 
to the area irruned iately f or,\·ard of tJ1e --=· t en1 (1n·u ,,·) 
of a ea-go ing tug and t o an est i1nated dept h of one 
m et re or les::;. El::;ev;here n ear the Lo,\·, \ ·ert ical 
oscillation. of dolphins' tails \V re readily tin1ed v,ith 
a stop ·-v.:a tch. 

,,Then this ·m otionles. ' :,\·inu11.ing ,\-a .._· fir~t n o ti ecd, 
the anirnals '"·er e in the n orrnal s,-vinuning p osit ion. 
In this po~ition it \\-a. difficult t o be ·ure that\. rtical 
n1oti n )f their tail surfaces \\~0re not occ urring, ' ince 
the direction of. u ch n1otion s \\·ould be n early parallel 
v{ith the line of .· ight of the o b. er,·er. H o,ve,·er, un 
seYeral oeeasion. d olphin ,vere ~een t o turn on their 
. ides during the ·1no tionlesc.' sv;inuning in such a 
po --- ition that their u . ual '\\·inm1ing m oti on::s ,vould 
ha,·e been n or1nal t o the line of sight. X o m ot ion 
\,·as visible in the~ anin1aL. ,,~h ich \.\·er e clearl,· ,'een .. 
ju "t belo,v the surface of the water. One anin1al 
rernained on it::, :-,ide in thi . n1anner for 59 ~ec., \\·hi ch 
r presented a di. t an ce, at 5 · 15 n1 .. 'sec . ( lU knot ), 
of 304 rnet res. ....\.t this tin1e d olph in:-, S\\·imming 
near by u sed l ·9 t a il osc illa tions per .·econd in keep 
ing pace ,vith the Yes~el. 
- "These '1notiunle.--. ~ · d o11 hins s en1ed to be riding 

the b ov." ,,·aye (that is, falling d o\.\n the inclined 
.. -- urface) . Ho\\-e \·er , if d olphins a r e equa l in ,ve ight 
to the ,,-eight of the ,,·ater they <li --place, \\·ave riding 
i~ not possible. Xo data haYe been found concerning 
their den~ity. l{ellogg1 "ay s, ho,ve,·er, that dolphin .. -, 
u 'Ually sink ,,·h en h ot. I -- it p os '"' ible that the~y a re 
d en:e en ough to fall down the a dvancin g ·lope of the 
bo,,· \\Ta Ye, having achieYed terminal Yelocit}· initia lly 
by : ,\·i1nn1in g ? ... .\. lo,v oYer-all r e. ist anee to 1notion 
through t h e ,vater ,v·otdd seen1 to be required. Gray2 

ha indicated that the ,vork d on e by d olphin n1usc1e 
in producing a ·peed of 10 rn ./ ec . i comparable to 
the '"- rk of ot h er 1narrunalian n1uscle ti u e , if lamina r 
flo"\"\.r i a:~umed a round the dolphin. lVith turbul nt 
flo"1·, Gray found that the ,vork done by d olphin 
mu cle at 10 m. / ec. \\·ould b e about eYen time .. the 
w ork o f o ther marmnalian muscle. If a laminar regime 
exi "t at a speed of 5 m. 'sec ., perhap the oYer-a ll 
r "i tance to the motion of a dolphin is lo"'· enough 
to a llow an animal, of ufficient negatiYe buoyancy, 
to fall do,vn the inclined water surface of a bo\\· \'\rave 
or other \\"a \·e . 

I t n1ay be thought that th dolphin. "'. r.e gaining 
a fon\~arcl thrust by placincr their tails again.'t th 
. hip's .' ten1. D olphin. haYe b n " en v;ith their tai ls 
in n101nentary contact \\·ith th hull, but in th aboY 
ob: r,·atiun · C>f ·rnotionle s· ,' \\·irruning the animaL 
,vere clearly fun,·ard of the Ye:sel. 

'houlejkin3 :ugge t · that th .·p eel of motion of 
the dolphin· t a i1 n1ay be very rapid . Dolphins :·een 

1 
'mot ion.I es · in the bo,\- \\-a \·e may ha v been using 
r apid tail oseillatiun: of Yer~r ·mall amplitude, 
cau ·in g then1 to appear t o b motionless. If . vch 
S\\·i1ru11ing n1ot ion .· \\·ere in fact occurring, it is cu r ious 
that th use of thi.· propul~i\·e technique .-h()uld b 
con fin ed t o the irnn1 cliat . \ ·ie initY of t11e bo\\· '\"hile .. ' 
oth r <lo lp~1in: a fe,v m tre. · a ,\·ay ah\·ay;-; u.--.ed a 
large an1phtucle Yertir·al tail rnot ion \\·ith a p riod 
of ahont half a second (at Jt) knot: ). 

I \\·otdd like to kno,\· ,vheth r o th r ob.-er\·er. haYe 
s? n this ·1not ionle:: · s,vimming, and ,vhat explana
t 1un~ 1nay h a Ye been gi\· n . 

. A.LFHED H. ,,·oonco 'K 

\\-()od.- H oJ~ Oc ;)anngraphic ln.,titutj (1n. 
.:\[a:--.·. ,Jan. 30. 

1 K ·llogg, Hcrnir 1L!to11 (pf' rso11al comm1111i<' .1t i,J11) . t·.:·. . ~a ti u11a l 
-'l useurn. \\·a::;hi11gto 11. JJ.C .. 10-l . 

2 (;rn,· .. T.. " :-,.. t11dif•.~ i11 . .\ nirnal Lncumntir,r1. YT. The Propul. ive 
Power · of th P J)() lphin " . ./. 1-;.rp . n ;r,1 .. 13. 19:2 (lr:3 i). 

3 
• h o11h•ikin . \\" . \\· .. "PhY.:.i.ir of tlw ~ •a". P11hlir .ttii,r1 ...\ cad. ~ci 

l· .. ·.~. H .. -'l o.· cc,\,-Lc- 11i1H . .'Tad. ·pe pp. 715- i:2-! (19-!l). 
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WOODS HOLE OCEANOGRAPHIC INSTITUTION 

Dr _ ~alter H. Munk 
LiILlO~ 

La Jolla , Cal i fornia 

Dear Walter_ 

WOODS HOLE, MASSACHUSETTS 

December 22 , 1949 

Thank you very much for your letter with all the news. 
I have passed on to Tom your advice about his looking into t he 
possibility of studying with Montgome.ry. 

You have probably received by now a copy of my letter to 
Defant I will assume the responsibilityfor arrangements for his 
visit here. 

The Colloquium at Brown seems to be working out swell. I 
{!Jive the first one, and drew a bit of fire from Lettau. His aim 
was wild so I am still alive.,. In. January tetson will talk, in 
February, Riley, and possibly Defant in March. 

I have carried out several days' runs on small laboratvry 
scale thermoclines. I got hold or an old Atlantis garbage can; 
filled it with water and on top of that a layer of kerosene. 
I stir the layer of kerosene with a gentle 1 rpm rotary motion, 
and can heat it . The rotary motion is communicated downward, 
and so is the heat, and all the time I have a little reecrding 
thermocouple travelling up and down . I get a very definite 
thermocline after several hours of this treatment; dividing the 
garbage can liquid into ti layers, the epican and the hypocan . 
There are what appear to be turbulent fluctuations in the 
temperature of the epican; but the hypocan remains fairly limpid 
and shows no turbulent fluctuations . I have round that the eddy 
thermometric conductivity in the hypocan is nearly molecular in 
magnitude; but in the epican it appears to be nearly 100 times 
as large. I have not mea sured the shear very carefully yet, but 
I naturally hope to do so: To get some empirical information about 
the relation of eddy coefficients; stability; and shear. 

Have you seen K legan's remarkable paper in the N' BoS. 
Journal of esearch - just out~ on the instability of shea ring 
motions in stratified liquids - some interesting empirical data . 

~..y best wishes to you alter, for a Happy Christ.mas, and to 
Bob Arhhur, and the others ••...•.•• I think of you all with 
nostalgia •••••••• 

Yours sincerely, 
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• Henry Staam1el 
cod Bol an9gra hie institution 

Wood Hole, sachusett 

Dear Hank: 

' 
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WOODS HOLE OCEANOGRAPHIC INSTITUTION 

WOODS HOLE, MASSACHUSETTS 

of the ocean circulation. You remember the ozalid ompies I 
distributed and which came out with such terribly long timeso 
By this time you probably have your own thoughts about this 
topic all written out, and I wonder if I might not have a 
oopy I promise to read them carefully as I really am interested 
and a little distraught as to understand why we cannot saueeze 
a little better agreement between our two approacheso 

· Has Eckart done anything on the transient current problem 
yet? 

I wonder if we should publish some kind of collection 
of papers or symposium on transient ocean currents, or whether 
we should just save the whole thing for our book and then 
thrash it out as best as we can. 

I was out to t.tie University of Vvisconsin to talk with 
Hasler and the limnologi cal people about lakes in gen11ral and 
the circulation of water in lakes in p:1rticular. 1'Iendota is 
a good l ake to work on, I think, because they .bave all the 
streams gaged , and are going to comrrence an intensive bathy-
thermograph survey. James Verber ~ a very nice young geographer 
.. is doing the field work. He has been trying to measure 
curr~ents at various depths , and bas come out with some interesting 
results, among which are fast currents int.he hypolimnion: 13 
m seo--1 ! 

I met old E •• Birge too. I was sure he was dead long 
ago. He retired from the presidency of the Univeris yt in 
1927 , and is now going on 99. 

saw Phleger there too ••• he was giving a lecture on his 
tour. 

Please give my best regards to all my friends, and my 
best to you too.o. 

Yours sincerely 

Henry , tommel 



• I- WOODS HOLE OCEANOGRAPHIC INSTITUTION 

WOODS HOLE, MASSACHUSETTS 

February 9, 1950 

Dr. alter H~ Munk 
Scripps Institution of Oceanography 
La Jolla, California 

Dear Vval ter , 

Cmdr. ~oule showed me a manuscript by arry Carter entitled 
"On the circulation maintained by the lateral shearing stresses 
with application to the .currents off the Grand Banks of Newfound
land". I assume that you have already got a copy from Harry, or 
will have one soon. I should like to outline my opinion of the 
paper to see if you concur, or whehher I am sadly mistaken. 

Carter starts by rederiving your equation which in the 
steady state must represent a prevailing balance between the 
planetary vorticity, the shear vorticity, and the wind stress 
curl. He then draws up a chart of the wind stress distribution 
over a small area off the Grand Banks for a two week period. 
I am not quite clear how this avergg~ wind stress was obtained, 
or why the period two weeks was chosen, or how changes in- the 
winds during that time were taken into account. By this time 
I was fairly certain that the next step was going to be to 
drop the shear vorticity as too small and then use ~verdrup's 
1947 relation between planetary vorticity and wind curlo To 
my surprise, hm ever, he did just the opposite. He dropped the 
planetary vorticity and wind curl, and simply sets the stress 
vorticity eaual to zero. This cQmes about becaase he assumes 
a large value ( greater than 107 cm2sec-l) for the lateral eddy 
viscosityo Because the phenomenon under discussion covers an 
area of only ~/f~j/¥~i~ri~/itti¢/tiitt~/( 16 square degreesJ/ I 
think that the value of the lateral vmscosity assumed is too 

rge by a f r ctor of, say, 100. In othe~ ords, I rather suspect 
that the thing has been done just backwards, and that it would 
have been better to use verd.r·up's 1947 equation. 1 hat he bas 
really done is to solve a problem in viscou flow, ouite independ
ently of the vvind distriubution - which in the end he does not use 
at all. 

I should appreciate your comments on my comments, because 
I admit that I ·rrecuently miss the point in scientific papers in 
.my hurry to scan them t.hrough, and I don't want to do Harry an 
injustice. 

-------------------~~~ 
I have been struggling with .my conscience t.D decide whether 

or not there is anything worth while in my work on time constants 
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WOODS HOLE OCEANOGRAPHIC INSTITUTION 

WOODS HOLE, MASSACHUSETTS 

ctober 26, 1950 . 
J 

r • alter H. iu11lr 
cripps Institution of ceanoc;raph 

Joll , alif . 

ear· ,alter : 

s result of t_e interest shom by a numbe_ 
o· ocea~o8I'aphers in this country on the treatise on 
' hysics of the 8ea' :._izika •""oria by r. . hu~~eikin, 

pub1.ished in Rt1ssian, 1~osc oi:1, 1941, vYe re u_ndertalcing 
to tr nsla·te ~portions of it here t .loods Hqle , under 
the sponsorship of the Office of iav 1 Pee rch . 

Bee use large sections, especially those on 
filves · nd tides, for ex rple , are believed to be dup i-

c tea in n.glish texts on oce r1ogra_phy ~ nc1 hydrodyn ics, 
a co.1plete tr'n.s~ tion of the bool( is not contemnlated 
at this tirne. 

It vroula. be a .J eat help to us if you could 
in·orm us -;hich sections of this tretitise ou v~uld par
ticul rly c re to have tr~nslated . e can set up some 
kind of priority rrangement , have fe du.lic~ted conies 
of the transl tion run off as it is ri1 de, nd send tl1em 
to you iecemeal . 

Frorn a cu_rsory e ~~ ... in' t ion 1· the r,a ble of on-
tents believe the mt teri 1 in e ch chapter is roughJ_y 
as fo lovs, but bec-u_se I d..!l un~1.b_e to re· d ussi n, 

• y be missing sonie important pair.ts in tl1is sum .1 ry: 

haoter 1 . 

Cha-oter 2 . 
,.4. 

Ch pter 3 . 

yna1nic s 011 the Oce n . e'"' ls 1vvi th the classi-
c·_ Bjerknes theory, ik:man 1 s spiral , ~kLi· n's 
theor~r of c1.1rrents in sh .1..J..OVv vva te1 · nd near 
the coasts, discusses -ossby 's ~ake strerm 
theory of the Gulf tre·m, etc . ) 

ynamics of ides . ( esides ·a theoretic 1 
:study there is discussion of some special 
deep sea tide gauges.) 

u1~f ce 10 ves. ( bnt£.ins v.ha t .~ ppe-- rs to be 
refractio _ di grE· s -a.nd n instru1.1ent for 
determining certain c rr cteri tics 9f 
,~ves fro1 the ttern of reflected sun 
and r:1oon J_ight. ) 
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i 
Ch pter 4 . Te l)er tu.re of tl1e ce n . ontai .:. · de L/-L1led 

_ apter h . 

• 

h pter 7 . 

discu_ssion of radi~ tio_1 Jenet1 ... a..-tior1 into 
the se· , methods of 1e s ring tea._ er~ tu .. r 

nd ,i oro iles ove these , d·scus ion 
of ix·n rocesses n ' n · pp ic tio of the 
:r _ethod of ernschicl1te to he .L orth c • ber· .:"" n 

he f . 

·hy ic - 1 1 in1a tolof • ( 1her e · l) e ''"'r to be dis -
c ssions of the clim· te o-t the ussi n ·_retie 
'-1. d its connect· o ~vi th retie oce·- nogr' .!: hy . 

otics of the ~ea . .... 

.. ·1.coustics of the e--· • 
f .. i1~1y · nti cua ted · nd 
tain e en such thi1~s 

hi ch ~ter seens to be 
oes not ,, ~ pe r to con
s re r c1.ction d~iagran1s. 

hapter 8 . l~olecul' r 'hysic a of the e . ( I m not quite 
cert in o ·v to ev lu te this ch ter, :vhich 

eems Jco cont::.:1 i ... a lot of information u_su lly 
not present in orainarJ oce -no6 r'phic texts . J 

1a ter 9 Biologic 1 h sic of the cea ont~ins ~ on& 
oLher t in °·s Shtllei, ... in's e te11sive stud~ on 
the s im1in of par oises . J 

Ch' pter 10 . ec ical ~h sics o the e • ( h is appe - s to be 
an interestin6 ch pter on 11e t.hods of control l
ing the roll of ships , hu 1 designs , nd a 
ntunber of other things rvhic _ I a .1 un- b-.e to 
Bke out f om the Russin tert . 

ery sincere,y yours, 

,~ 
l 

Henr r ton e 
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WOODS HOLE OCEANOGRAPHIC INSTITUTION 

WOODS HOLE. MASSACHUSETTS 

J November 8 , 1950 

Dr. Walter H. Munk 
Scripps Institution or Oceanography 
La Jolla , California. 

Dear Walter: 

This coming week-end Rossby is going to be at 
Woods Hole to reexamine some of the CABOT cruise data in 
the light of some new ideas which he has been developing 
at the University of Chicago during the last month or so~ 
I don't know right now just what he has in mind, but I 
understand that following his visit here he is going to 
spend some time out at Scripps, so we will probably hear 
many of the ideas in embryo form which you will hear in a 
few weeks . 

You may be interested and happy to know that 
Bill von Arx is planning to construct a large rotating 
model for experiments on flow with Coriolis forces . I em- ___ , .;c~ 
phasized to him the extra value ot such experimental~ t'o-,.r 
studies it he could include a variable Cor iolis ~and -
so the model that he has in mind now 1s a 10 foot diameter 
parabaloid of revolution which would rotate at about 23 
RPM and would vary in s l ope from zero at the center of ro
tation to a slope of about 45 degrees at the extreme radius . 
The vertical (refer the normal to the plane tangent to the 
parabaloid a t any point taken as a level surface) component 
of the Coriolis parameter would therefore vary from a maxi-
mum at the center of rotation to about 71% of the maximum 
at the rim of the parabaloid. This seems to be as much of 
a variation or the Coriolis parameter as is practically ob
tainable. 

Bill then plans to fill the rotating parabaloid 
with water, say 2 or 3 centimeters deep, and to construct 
a system of fans for producing artificial winds, and to 
build in movable meridional barriers. He has many ingenious 
ideas about measuring the level of the tree surface, about 
introducing two layer systems , etc. At present he is think
ing in terms of Raynolds scaling. I wonder if it would not 
be more appropriate to use scaling according to the wave 
number 7' 4.:. 3,( ra_ I A which after all determines the 
extent of western intensification rather than the Reynolds 
number. 
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Dr. alter H. Munk - Page 2 

A difficulty enters here, however, namely that 
bottom friction may conceivably be more important in such 
a model than lateral friction. As a matter of fact, do 
you think that there is a possibility that the bottom fric
tion in such a model would be so large, as compared to the 
ooean that the ..g.e.~~between wind stress curl and planetary 
vorticity w ich oecurs in the real ocean would be disturbed 
by the magnitude of the frictional terms? It is my opinion 
that every effort should be made in the model to reduoe 
b_ottom friction as much as possible. 

The prospect of having a rotating model at · oods 
Hole to play with is a very exciting one, and I am only 
bringing these questions up at this time, not to be dis
couraging but to be sure that maybe some very fundamental 
change in the design of the model might be necessary---for 
example, should the model ocean be made very deep rather 
than just a few centimeters. In other words, may not this 
rotating model be one of the few oases in which dynamic 
similarity is best achieved through an extreme exaggeration 
of the vertical scale (in contradistinction to what holds 
in most dynamic models). 

Upon looking over the results of the CABOT cruise 
I am more and more impressed by the difficulty of rational
izing the existence of the warm core with the equation of 
heat transfer and the vertical current sections. There seems 
to be some kind of fundamental difficulty in moving a narrow 
stream or warm water rrom low to higher latitudes. No matter 
what one does he always seems forced to make the right hand 
side of the warm oore (Northern hemisphere) move more slowly 
than the left hand side, and this seems to contradict the 
notion ot the current as determined by a warm tongue in 
which one would expect the strongest current to be in the 
middle of the core. I have tried. setting up some theoretioal 
models in whioh the heat transfer equation is combined with 
the ordinary geostrophic current equation, and I always come 
to an impasse. 

Rossby says that a steady warm tongue flowing in 
a northward direction is impossible and that it has to be 
an intermittent phenomen~ As a matter of tact, Val Worth
ington has noticed, on plotting up the top 200 meter mean 
temperatures from the CABOT cruise, that the most central 
portion of the warm oore occurs in blobs rather than extend
ing continuously along the current. This seems to fit with 
Rossby's contention, but everywhere with the exoeptions of 
these warm blobs, there is some indication of a warm core. 
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One would like to see some combination of the 
method ot Kernsohiohte with the geostrophic current 
equation. 

My best to you and Martha, and I hope you re
ceive the 16 mm. movie fil.m okay. 

Sincerely yours, 

Henry Stommel 

HS:ds 


