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V I I I .  T id a l  F r ic tio n  S h a l lo w  S e a s .

B y  H a r o l d  J e f f r e y s , M .A . ,  D .S c . , F e llo w  o f  S t .  J o h n s  

C o m m u n ic a te d  b y  S i r  Na pie r  Sh a w , 

R eceived  A p ril 7 ,— R e a d  J u n e  24, 1920.

Th e  astronom ical im portance o f th e  d issipation  o f en e rg y  th a t  goes on in  shallow  seas 

has been show n by G. I. Ta y l o r ’s recen t es tim ate*  o f th e  am oun t in  th e  Irish  Sea, 

w hich is enough to  account for ab o u t one-fiftie th  o f th e  secular acceleration o f th e  

moon. I t  also produces a considerable effect on th e  tides them selves, and  th e re  are 

probably m any places w here i t  m u st be ta k e n  in to  account before an y  sa tisfac to ry  

th eo ry  o f th e  local tides, or even th e ir  em pirical predic tion, can be achieved. I t  is 

indeed very  well know n th a t  th e re  are bays and  s tra its  w here th e  h e ig h t o f th e  

tides, or th e  speed o f th e  cu rren ts , or bo th , are g re a te r  th a n  in  th e  Irish  Sea, and  a 

careful exam ination  o f such places, w ith  a view  to  finding th e  d issipation  in  them , is 

needed. T here are o th e r places w here th e  d issipation  for an  equal a rea  is less th a n  in 

th e  Irish  Sea, b u t w hich m ay ac tua lly  co n trib u te  m uch more a lto g e th e r  on account o f 

th e ir  g rea te r  size. The object o f th is  paper is to  discuss w h a t regions are capable o f 

producing notable  p a rts  o f th e  secular acceleration  ; to  es tim a te  as accu ra te ly  as 

possible from  th e  d a ta  available th e  dissipation  in  th e s e ; and  to  com pare th is  w ith  

th a t  calculated from  th e  secular acceleration, so as to  find o u t w h e th e r i t  is necessary 

to  assum e th e  existence o f any  o th er im p o rtan t cause to  account for th e  la tte r.

The horizontal force of th e  sk in  friction  o f w ater over th e  sea bo ttom  is 0 ’002/>V2 

dynes per square cen tim etre , w here p is m easured in  gr

and V  in  cen tim etres per second. The difficulty  of th e  problem  is in th e  estim ation  

of V. The available observations o f th e  velocities o f tid a l cu rren ts  are g iven in th e  

A dm iralty  Sailing D ire c tio n s ; h u t th ey  are never uniform ly  d istrib u ted , and  are 

usually  confined to  th e  neighbourhood of th e  coasts, and  th e y  m u st be supplem ented  

by theory  before th e  velocities rem ote  from  th e  coast can be found. A few 

theoretical considerations th a t  have been found useful in th is  process will now be 

m entioned.

Take first th e  case o f a bay  or s tra i t  long in com parison w ith  its  w id th , and 

consider a w ave en tering  it  whose period is m uch longer th a n  th e  tim e needed for a

* ‘ P h il. T ra n s .,’ A , vol. 220, pp . 1 -33 , 1919.
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w ave of tid a l type to  cross. This tim e is know n to  be independent of the  period o f 

th e  disturbance, depending only on th e  w id th  and depth . Such a wave is reflected 

from one side to  the o th er again  and again  before it  reaches th e  o ther end. I t  is also 

know n th a t  th e  transverse  velocity a t  th e  sides is zero, since w ater cannot cross a 

rig id  boundary. Thus if we compare tw o points on opposite sides of th e  channel, we 

know th a t  th e  tim es of arrival o f th e  w ave a t them  differ by a small fraction of a 

p e r io d ; and since th e  transverse  velocity  a t  both  is zero, i t  cannot be g rea t a t  any 

in term ediate  point, for th a t  would contrad ict th e  hypothesis th a t  th e  w ave-length  is 

m uch g rea te r  th a n  th e  w id th  of th e  channel. The transverse velocity  m ay accord­

ingly  be neglected in problem s of th is  class.

I f  th e  period of th e  en tering  w ave is of th e  same order o f m agnitude as the tim e 

needed to  cross th e  channel, we can no longer infer th a t  th e  transverse velocity is 

m uch less th a n  th e  long itud inal one. This case seldom or never arises. The velocity 

of a tid a l w ave is (pd))* w here g  is th e  in ten sity  of g rav ity  and D is th e  d e p th ; and if  

th e  w ate r w as only 20 fathom s deep a tid a l w ave w ould in 12 hours trave l 700 km., 

which is far g rea te r  th a n  th e  w id th  of alm ost any  channel whose leng th  is much 

g rea te r  th a n  its  w id th . W h ere  th e  w id th  is g reater, th e  dep th  also is always greater, 

so th a t  th e  above a rg u m en t alw ays holds in long channels o f w hatever size.

I f  now x  be th e  d istance of a poin t from th e  en trance to  th e  channel, y  th e  distance 

from th e  side, u  the  longitud inal velocity  of a partic le  there , and rj th e  h eigh t of 

th e  free surface above its  u nd istu rbed  position, th e  equations of m otion of th e  particle  

are
d u

d t
{.e r m  d u e  f r ictio n  

e x

2(»u =

where <o is th e  com ponent o f th e  e a rth ’s an gu lar velocity  of ro ta tio n  about th e  vertical 

a t th e  point. The equation  of co n tin u ity  is

From  th is  and th e  second equation  of m otion we deduce a t  once

3*7 _  3>7o  , 2 w  f l

d x  d x  g  JD  \0£

where t]0 is th e  value of *; a t  th e  side. In  th is  we see from th e  conditions th a t the 

channel is narrow  and th e  dep th  slowly vary ing  along it  th a t  th e  first term  is much

g rea ter th a n  th e  others. A ccordingly is th e  same for all particles in th e  same

cross-section of th e  channel, and th e  firs t equation of motion then  shows th a t the
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sam e is tru e  o f u if  th e  fric tion  is sm all. T hus in  such cases th e  velocity  is th e

a t  all poin ts in th e  sam e cross-section, so th a t  observations m ade a t  th e  side will be 

correct for po in ts in th e  m iddle. I f  fric tion  is g re a t th is  re su lt m u st be modified, 

since for th e  sam e velocity  th e  fric tio n a l force is in d ep en d en t o f th e  d ep th  o f th e  

w ater, w hereas th e  m ass affected is p roportional to  th e  d ep th . T hus fric tion  has 

more influence in reducing  th e  velocities in shallow  w a te r th a n  in  deep w ater. H ence 

w hen th e  channel is shallow  a t  th e  sides and  deep in th e  m iddle th e  velocity  w ill be 

least a t  th e  sides. The ra tio  o f th e  fric tional te rm  to  th e  first te rm  is 0*002 a /Z D 'Q ,  

w here D ' is th e  d ep th  a t  th e  shallow  p art. W h e n  th is  is 10 fa thom s an d  th e  

velocity  1 k n o t th e  fraction  is 0*25, so th a t  th is  effect is th e n  a p p rec iab le ; and  w hen 

th e  d ep th s  are less and  th e  velocities g rea te r , th e  influence o f friction m ay increase to  

such an  e x te n t as to  dom inate th e  whole ch a rac te r o f  th e  motion. W h en  th is  occurs, 

th e  velocity  will alw ays be in th e  d irection  o f decreasing  pressure, and  in e rtia  m ay 

be neglected.

The la s t re su lt m ay appear to  co n trad ic t th e  general principle th a t  “ still w aters  

ru n  deep .” T here is no real con trad iction , how ever, for th e  problem s referred  to  are 

different. The above a rg u m en t deals w ith  th e  differences betw een  th e  velocities a t  

places in th e  sam e cross-section o f th e  channel, w hereas th e  proverb  concerns rivers 

whose d ep th  varies a lo n g  them , and  in such cases th e  m otion is n a tu ra lly  slow est 

w here th e  d ep th  is g rea te s t, since th e  am oun t o f w ate r crossing an y  section in a given 

tim e m ust be th e  same. I t  also has an  im p o rtan t and  w ell-know n application in bays 

o f vary ing  d ep th  and  w id th , such as th e  B ay of F undy . If, for instance, th e  bay  is 

very  long, and  these q u an titie s  change only by  sm all fractions o f them selves per w ave • 

leng th , i t  can be show n* th a t  th e  h e ig h t o f th e  w ave a t  an y  po in t is proportional 

to  b~* D- *, and th e  velocity  o f th e  w a te r to  w here b is th e  w id th  a t  th e

surface. The ra te  of d issipation  o f energy  across an y  section is p roportional 

to  bu 3 or to  b~ ‘2D ~ \ I t  therefo re  increases slow ly as th e  channel becomes nar

and m uch more quickly  as it  becomes shallow er. W h en  th e  d ep th  and w id th  v ary  

m uch w ith in  a w ave-leng th  these resu lts  cease to  be usefu l approxim ations, b u t th e  

tendency  for th e  h e ig h t o f th e  tid e  and th e  velocity  o f th e  tid a l cu rren t to  increase as 

th e  channel becomes narrow er and shallow er rem ains. T hus in such places we often 

find very  h igh tides and strong  tid a l currents. A pparen tly , how ever, th e ir  lim ited 

area p reven ts th e  dissipation in them  from  being as g rea t as th a t  in la rger places w ith  

less v io lent cu rren ts  (a t least, if  th e  Bay o f F u n d y  m ay be regarded  as typ ical 

o f them ).

The w id ths of m ost ac tu a l bays are, how ever, com parable w ith  th e ir  leng ths, and  

in these it  is generally  a m a tte r  o f some difficulty to  se ttle  w h e th e r we can t r e a t  th e  

recorded cu rren ts  as a fair sam ple of th e  whole. The am plitude o f th e  tid e  in m id­

ocean is only abou t a foot, b u t in th e  shallow w a te r around  th e  coasts it is m agnified 

to  several feet, and  th e  tid a l cu rren ts  are increased correspondingly . W h ere  th e

* La mb , 4 H y d ro d y n a m ic s ,’ p . 2 5 8 .
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shore is fa irly  open and  regu lar in outline, like m ost of th e  coast of Africa, i t  is not 

possible to  find th e  dissipation along it, for th e re  are no d a ta  to  show how far out 

th e  cu rren ts  extend. In  p a r tly  enclosed regions, however, i t  is frequen tly  possible to  

in te rp o la te  betw een th e  records m ade on opposite sides. A serious difficulty m ay 

arise if  th e  dep th  of th e  sea is very  different a t  different points w ith in  it, for th is  

m ay destroy  th e  possibility of in terpo lation , and  therefore we m ust alw ays exam ine 

th e  soundings for an y  g re a t varia tion . O rd inarily  we should not expect much 

varia tion  in th e  velocities, for such places are in te rm ed ia te  in character betw een 

narrow  channels and  th e  open shore, and therefore th e  cu rren ts  in them  m ay be 

expected to  show some increase in shallow w ater, b u t no t so m uch as would be caused 

by a proportional decrease in d ep th  along a narrow  bay or in approaching th e  open 

shore. In  shallow w ate r also friction may, and often does, neu tra lize  th e  m agnifica­

tion  th a t  would occur in its  absence.

One o ther fact m ay be noted. In  shallow bays th e  difficulties of navigation 

m ay be g rea t, and nav igato rs avoid them  if  possible by choosing a harbour 

near th e  entrance. Thus observations of cu rren ts are m ost numerous about th e  

entrances, and  often a t  the very  places w here th e  curren ts, and  consequently th e  

dissipation, are g re a te s t th e re  are insufficient observations to  give a satisfactory  

estim ate.

G rea t care m ust be tak en  in dealing w ith  observations am ong islands, s tra its , and 

shoals. W hen  th e  passage of a tid a l cu rren t is obstructed  by a shallow of small 

horizontal e.xtent, p a r t of i t  goes round th e  shoal and  p a r t over th e  top. The 

influence o f th is  on the m ain cu rren t is of course small, b u t on th e  top of the shoal and 

in its  im m ediate neighbourhood th e  velocities m ay be m uch increased, for m uch th e  

same reason as accounts for th e  g rea te r  speed of a river w here i t  is shallow. On th e  

o ther hand  th e  increase in th e  influence o f friction m ay g rea tly  reduce th e  currents, 

and shoals often afford in th is  w ay an im p o rtan t she lter from tid a l cu rren ts to  th e  

deeper w ate r behind them . This is particu larly  noticeable a t  some points on th e  K orean 

side o f th e  Yellow Sea. Thus observations of cu rren ts tak en  a t ligh tsh ips and buoys 

over shoals whose dimensions are all m uch sm aller th an  those of th e  main bay or channel 

m ust be regarded  as g iv ing  no reliable estim ate  of th e  m ain curren t. Sm all islands 

also require exam ination before th e  records obta ined are accepted. I f  one is surrounded 

by a shoal th e y  are of course u n tru s tw o r th y ; b u t if  deep soundings are found 

w ith in  a few miles of it, th ey  will probably give a very  good idea of th e  m ain current, 

w hich will, especially in a wide channel, be fu lly  as useful in our investigation  as th e  

resu lts of observations a t  th e  sides. S tra its  are in a different position. W hen the  

tides in tw o seas or even oceans are in w idely different phases, a large head m ay be 

produced betw een th e  tw o ends of a s tra it  connecting them , so th a t  a sw ift tida l 

cu rren t will flow along th e  s tra it. In  no circum stances, however, can th is give any 

indication of th e  cu rren ts in th e  seas, for it  is produced by th e  tide  heights, and no t 

d irectly  by th e  currents. Such curren ts m ay a tta in  very  g rea t velocities, as in th e
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M agellan S tra i t  an d  S m ith  Sound, an d  w hen th e  a rea  o f th e  s t r a i t  is n o t insignificant 

th e  dissipation  m ay be an  im p o rta n t p a r t  o f th a t  in th e  seas as a whole.

Eu r o pe a n  Se a s .

1 . T h e  I r i s h  S e a .

This sea has been discussed in d e ta il by  Ta y l o r . The ra te  o f  d issipation  is found 

to  be 1040 ergs per square  cen tim etre  per second, or 4'1 x 1017 ergs per second in 

all, on an  average a t  sp rin g  tides. T his re su lt is based on th e  law  th a t  th e  ra te  is 

p roportional to  th e  cube o f th e  velocity . The Irish  Sea is rem ark ab le  in th a t  th e  

m axim um  cu rren t occurs n early  a t  h igh  w ate r, w hereas in o rd in ary  places th e  w ate r 

is nearly  slack th e n  ; th o u g h  o th e r  exam ples w ill be g iven la te r  in th is  paper. This 

affords th e  m ost favourable  conditions for an  accu ra te  e s tim a te  of th e  ra te  a t  w hich 

energy  en te rs  th e  s e a ; to  th is  Ta y l o r  added  th e  ra te  a t  w hich th e  m oon’s a ttra c tio n  

does w ork on th e  sea, and  from  th e  fact th a t  all th is  en erg y  m u st be d iss ip a ted  in 

th e  course of a period (for i f  i t  w ere not, th e re  w ould be a con tinual increase of energy  

in th e  Irish  Sea) he found th a t  th e  m ean  ra te  o f d issipation  a t  sp rin g  tid es was 

6 'Ox 1017 ergs per second. This e s tim a te  is p robab ly  m ore accu ra te  th a n  th e  o ther, 

as th e  d a ta  involved are  ob ta ined  from  observations in  S t. G eorge’s C hannel, supp le­

m ented  by  an accu ra te  th eo ry  ; b u t th e  form er is based on an  average of th e  velocities 

in th e  Irish  Sea itself, w hich are  m ore difficult to  determ ine.

2. T h e  E n g l i s h  C h a n n e l.

O n an average th e  tid a l cu rren ts  in th e  E ng lish  C hannel a t  sp rings reach ab o u t 

2 ‘5 knots. The speed is g re a te s t tow ards th e  S tra its  o f D over and  least a t  th e  

en trance to  th e  C hannel, and  enough d a ta  are available  in th e  A d m ira lty  publication, 

‘ The Tides and  T idal S tream s of th e  B ritish  Isles ’ to  give a v e ry  accurate  es tim ate  

o f th e  to ta l d issipation if  th is  w ere requ ired  in  th e  p resen t p ro b lem ; b u t as th e  errors 

in troduced by  using only a rough  approxim ation  in  th is  case are  fa r less th a n  those 

involved in th e  best d a ta  re fe rrin g  to  regions w ith  far la rg e r dissipations, accuracy is 

not here required.

The ra te  of d issipation is 0 '002pV 2 3 ergs per square cen tim etre  per second. H ere /> 

is practically  1 ; and  one k n o t is 51'5 cm. per second. T hus th e  d issipation  per square 

cen tim etre for a velocity  o f one k n o t is 274 ergs per second, and  th a t  per square 

kilom etre is 2 '7 4 x  1012 ergs per second. The area o f th e  E nglish  Channel is about 

60,000 sq. km., so th a t  th e  dissipation w hen th e  cu rren ts  are flowing fastest is 

2*74 x 1012 x 6 x 104 x 2’53, or 2*5 x 1018 ergs per second. This is o f course a m axim um , 

while th e  value obta ined for th e  Irish  Sea is th e  m ean over a period ; th e  average 

ra tes of dissipation in th e  tw o places are perhaps n o t very  different.
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3. T h e  N o r th  S ea .

A satisfactory  estim ate  of the  d issipation in th e  N o rth  Sea is practically  impossible. 

V elocities up to  over 3 knots are recorded here and there , b u t all th e  observations are 

in th e  coastal region, which is very  m uch com plicated by shoals. The m axim um  in 

th e  ou term ost p a r t  of th e  M oray F irth  is about IT  knot, and th is  is probably fairly 

typ ical of th e  whole of th e  N o rth  Sea. T aking  th e  area to be 5 x l 0 5 sq. km. and 

adop ting  th e  above value of th e  velocity , we see th a t  th e  m axim um  dissipation is of 

th e  order of 1'8 x 1018 ergs per second.

4. O th e r  E u r o p e a n  W a te r s .

In th e  M editerranean  th ere  is probably lit tle  or no dissipation of tidal energy, for 

th e  A tlan tic  tid a l w ave can only en te r  th ro u g h  th e  very  narrow  S tra its  of G ibraltar, 

and p a rtly  for th is  reason and p a rtly  on account of th e  g re a t len g th  and considerable 

dep th  of th e  sea th e re  is very  lit tle  tid a l m ovem ent in it. The same argum en t applies 

to  th e  Baltic, for th e  en trance th ro u g h  th e  K a tte g a t  is largely  blocked up by the 

D anish islands, so th a t  l it tle  w a te r can en te r to  produce a tide. The Bay of Biscay 

is m ostly too deep to  have any  im p o rtan t cu rren t, while th e  W h ite  Sea is too small 

and landlocked to  give as m uch dissipation  as th e  Irish  Sea.

The average dissipation in a period is 4/37r o f th e  m aximum. I f  we find the  

m axim um  for th e  Irish  Sea on th is  basis, we obta in  for th e  to ta l dissipation in 

E uropean  w aters w hen th e  spring  tid e  cu rren ts  are flowing strongest about 6 'Ox 1018 

ergs per seco n d ; th e  average a t  spring  tides is 2 '4 x 1018 ergs per second.

As ia t ic  Se a s .

I t  has already been poin ted  ou t th a t  th e  tid a l cu rren ts  in mid-ocean are insufficient 

to  give any  im portan t dissipation.* A ccordingly  we need consider only those places 

w here th e  cu rren ts  are very  m uch m agnified by g rea t decreases in depth . On 

referring  to  a physical m ap of Asia it  is a t  once seen th a t  th e  places around th e  coast 

w here th e  d ep th  is less th a n  100 fathom s are th e  S tra its  of Malacca, th e  South China 

Sea (w ith  th e  Ja v a  Sea), th e  Gulfs o f Siam and Tongking, th e  Yellow Sea, the 

Persian  Gulf, and p a rts  of th e  Seas of Ja p an  and O khotsk and  the Bering Sea. 

These regions will be dea lt w ith  separately . The P ersian  G ulf m ay be om itted  a t 

once, as its  narrow  en trance prevents th e  tide  from being great.

1. T h e  S o u th  C h in a  S ea .

This sea is in th e  form of a le tte r  T. The m iddle stroke points north-east and lies 

betw een A nnam  and S outhern  China on th e  one side, and Borneo and th e  Philippines 

* ‘ P h ilo sophical M agazine,’ M ay , 1920, vol. 39, pp. 578-586 .
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2 4 6 D R .  H A R O L D  J E F F R E Y S  O N  T I D A L  F R I C T I O N  I N  S H A L L O W  S E A S .

ra th e r  wide stra its , C arim ata  S tra it  and  G aspar S tra it. In  bo th  of these th e  tide is 

m ainly d iu rn a l ; in th e  la tte r , in fact, i t  is en tire ly  so. A t P on tianak , near th e  n o rth ­

w esterly poin t of Borneo, th e  tide  is still d iu rn a l; th u s  th e  p a rt o f th e  China 

Sea south  of P o n tian ak  and S ingapore probably contribu tes little  to  th e  secular 

acceleration of th e  moon.

A pparen tly  th e  m ain tid a l stream  from th e  China Sea strikes th e  M alay Peninsu la 

som ewhere near Cape P a ta n i and  spreads ou t from th e r e ; for on th e  coast n o rth  o f 

th is  poin t th e  flood stream  sets to  th e  n o rth , while south  of i t  i t  sets to  th e  south. 

The tide in th is  region is defin itely  sem i-diurnal, th o u g h  th e  heigh ts of th e  tw o daily 

h igh  w aters m ay be unequal. The dep ths in th e  w estern  p a r t of th e  sea and in the  

G u lf o f Siam are m ostly  about 30 fathom s, b u t th e re  are m any shoals around the 

„ coast w here th e  d ep th  is only a few fathom s, and  i t  is therefore necessary to  be very  

critical o f th e  sites of observations of currents. The best resu lts  seem to  be given a t 

small islands w ith  rap id ly  shelv ing sides, for th e  cu rren ts th e re  are modified little  by 

th e  form of th e  bo ttom  and can be regarded  as fairly  typ ical o f th e  general currents 

in th e  neighbourhood.

A t th e  A nam ba Islands (see map, fig. l )  th e  sem i-diurnal tide  appears to  be 

usually  m uch less th a n  th e  d iu rnal one. The ‘ C hina Sea P ilo t,’ vol. 3, s ta te s  th a t  for 

a few days in each m onth , w hen th e  moon is near th e  E quator, th e re  are tw o high 

tides in th e  day. I t  is easily seen th a t  for tw o tides to  occur in th e  day th e  

am plitude of th e  sem i-diurnal te rm  m ust be a t  least a q u a rte r  of th a t  o f th e  d iu rnal 

term . I t  would not, however, vary  m uch w ith  th e  moon’s declination, w hereas th a t  

of th e  d iu rnal te rm  vanishes w hen th e  moon is on th e  E q u a to r ; and  th e  above fact 

shows th a t  th e  sem i-diurnal tide  only a tta in s  th is  fraction  of th e  d iu rnal tide  w hen 

th e  la tte r  is a t  its  least. The tru e  sem i-diurnal tid e  a t  th e  A nam ba Islands m ust 

therefore be insignificant. The same is ev iden tly  tru e  of th e  curren ts, for th e  tid a l 

stream s ta k e  a day  to  run  backw ards and forw ards.

In  th e  G u lf of Siam  also th e  tides are  m ain ly  diurnal. The oscillation in th is  is a 

forced one due to  th a t  in th e  S outh  C hina Sea, and as th e  la tte r  is d iu rnal so is th a t  

in th e  G u lf of Siam. A ctua lly  th e  only place w here th e  sem i-diurnal tide  is 

considerable is B angkok H arbour, a t  th e  head of th e  gulf. This tide seems to 

increase in rela tive im portance tow ards B angkok, for a t  K am p u t on th e  eastern  side 

and places in about th e  same la titu d e  on th e  w estern  side th e  tides are said to be 

very  irregular, indicating  th e  presence of some com plicating influence. On th e  whole, 

therefore, it  seems th a t  th e  dissipation in th e  G u lf of Siam will no t be underestim ated  

if  we assume th a t  th e  sem i-diurnal cu rren t reaches a m axim um  of one knot, th is  being 

one-th ird  of the  d iurnal tid a l cu rren t observed off Cape P atan i, a t  all places north  of 

th e  parallel o f 11° N . The area of th is  region is about 70,000 sq. km., giving a 

m axim um  dissipation of 2x  1017 ergs per second.

A n ’estim ate  m ay be m ade of th e  dissipation of th e  energy of th e  d iu rnal tide in 

th e  same regions. A t P on tianak  there  is a d iurnal cu rren t of two knots when
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ru n n in g  s t r o n g e s t ; and  a sim ilar velocity  is recorded a t  th e  B urong  Islands some 

d istance to  th e  north . A s th e  d ep th  o f th e  passage betw een  Borneo and S u m a tra  is 

fairly  uniform , from  10 to  20 fathom s, th ese  m easures a re  probably  ty p ica l o f th e  

whole. Q u a n tita tiv e  es tim a tes  o f th e  cu rren ts  in th e  G u lf  o f S iam  are  few, and a 

reasonable guess a t  th em  w ould be difficult. The d ep th  is m ostly  ab o u t 30 fathom s, 

b u t th e re  are a deeper area  in th e  m iddle and  m any  shoals ab o u t th e  m argins. A s th e  

cu rren t a t  th e  m ou th  o f th e  g u lf  is across it, th e  tid e  in th e  g u lf  can arise only from

S O U T H

M A L A Y

p e n i n s u l a |
f e r a k  \K u p i p e i  •'

C H I N A

C.Sirii

S E A
K uch ing

Pontiana,]

ORNEO

O C E A N

J A V A  S E A

J A V A

th e  reflection o f th is  by  th e  M alay coast, so th a t  th e  general se t o f th e  cu rren t is 

across th e  gulf, and  considerable m agnification in th e  g u lf  is unlikely. O ur es tim ate  

o f th e  dissipation will probably  be o f th e  correct order o f m agnitude, i f  we suppose 

th a t  everyw here w est o f a line jo in ing  Cape D a tu  to  Cam bodia P o in t th e  m axim um  

cu rren t is tw o knots. The area o f th is  region is 8 x 105 sq. km. ; th u s  th e  m axim um  

dissipation is 1*7 x 10Ht ergs per second. The velocity  is proportional to  th e  sine of 

th e  hour angle of th e  moon increased by a c o n s ta n t ; and as th e  dissipation is 

proportional to  th e  cube o f th e  velocity, th e  average dissipation is obta ined by 

V O L .  C C X X I . ---- A .  2 M
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2 4 8 D R .  H A R O L D  J E F F R E Y S  O N  T I D A L  F R I C T I O N  I N  S H A L L O W  S E A S .

m ultip ly ing  th e  m axim um  by th e  average arithm etical value of sin3 6 taken  over a 

period, w hich is 4/37T. I t  is no t clear w h at declination o f th e  moon th e  recorded 

curren ts refer to  : if  th e y  refer to  th e  m axim um , th e  average for th e  m onth  will be 

found by m ultip ly ing  again  by 4/37r. Thus th e  average dissipation of energy in th e  

d iurnal tid e  in th e  w estern  p a r t o f th e  C hina Sea is o f th e  order o f 3 x 1018 ergs per 

second.

W e n ex t proceed to exam ine th e  dissipation in th e  m ain p a rt of th e  South  China 

Sea, betw een th e  north -w est coast o f Borneo and th e  m ainland. The cu rren ts are now 

sem i-diurnal. N ear Cape Sirik th e  flood runs for four hours and th e  ebb for e igh t 

hours, so th a t  a considerable d iu rnal com ponent exists, b u t no t sufficient to  prepon­

d erate  over th e  sem i-diurnal motion. The velocities here are from tw o to  th ree  knots. 

A t B runi th e  observations are very  m uch in terfered  w ith  by shoals and narrow s, b u t 

in th e  offing th e  cu rren ts  seem to be about tw o to  th ree  knots. A bout Tega, however, 

am ong shoals th e  velocities recorded are only 1‘3 and 0 ‘8 knots. The contours o f th e  

sea floor run  roughly  parallel to  th e  coast, so th a t  these cu rren ts  m ay persist for some 

distance o u t to  sea. Off th e  n o rth  end of Borneo th e  sea rap id ly  deepens, and in 

accordance w ith  th is  th e re  is scarcely any  tid a l cu rren t a t  U lugan  Bay, in Palaw an. 

On th e  A siatic side th e  tid e  is d iu rnal a t  C am ran and  Tourane, b u t th e  curren ts are 

weak.

A  few shoals and islands in th e  m iddle of th e  sea have been m ade th e  localities of 

observations. A t Biflem an B ank and  S p ra tly  Island  th ere  is only one tide in th e  day, 

and a t  th e  neighbouring  island o f A m boyna i t  is said th a t  near neaps th e  stream  

reaches 1'4 knots. I t  is therefore clear th a t  th e  sem i-diurnal cu rren t o f th e  Borneo 

coast does no t ex tend  h a lf  w ay across th e  sea, and its  tru e  ex te n t is very  doubtful. 

In  th e  G u lf of Tongking also th e  cu rren ts appear to  be diurnal. Thus in th e  whole 

of th e  S outh  China Sea and its  extensions th e re  seems to  be little  sem i-diurnal tide 

and little  contribu tion  to  th e  secular acceleration o f th e  moon, though  th ere  is a 

dissipation o f th e  energy  o f th e  d iu rnal tide  th a t  m ay have a notable secular effect on 

th e  obliquity  of th e  ecliptic.

2. T h e  Y e l lo w  S e a .

This is a g u lf  about th e  size o f Ire land , ly ing  betw een K orea and th e  coast of 

China, and ex tend ing  about as far south  as th e  m outh of th e  Y ang-tse-K iang. I t  

becomes very  narrow  w here th e  S han-tung  peninsula projects into it, and north  o f 

th is  i t  forms th e  Gulfs of Pe-Chili and L iau-tung. M ost of it is shallow, the dep ths 

in th e  main p a rt o f it  being m ostly about 30 fathom s, and those in th e  northern  p a rt 

about 15 fathoms. A round th e  shore th e  w ater is shallower, and in m any places 

there  are crowds of shoals. The d a ta  are obtained from th e  ‘ China Sea P ilo t/ vol. 5.

The tida l phenom ena are extrem ely  complex. A t th e  south end o f th e  peninsula 

of K orea high  w ate r (full and change) is a t  about l lh . ,  Greenwich time. As we 

advance up th e  K orean  coast it  occurs la te r  and la ter, being practically 12 hours
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la te r  a t  P o rt A rth u r. O n th e  opposite side o f th e  S tra i t  o f Pe-C hili i t  is s lig h tly  earlier 

th a n  a t  P o r t A rth u r  ; th e n  on th e  w ay round th e  S h an -tu n g  peninsu la and  o u t o f 

th e  sea again  th e  tide  aga in  becomes stead ily  la ter. I t  th e re fo re  looks as i f  th e  tide  

en te rs  up  th e  coast o f  K orea, g rad u a lly  passes up  th e  sea, losing energy  all th e  w ay, 

and  a reflected w ave from th e  Pe-C hili s tra i t  em erges dow n th e  Chinese coast. T he 

tides and  th e  cu rren ts  on th e  K orean  side are  no ticeab ly  s tro n g er th a n  th o se  on th e  

Chinese side, and it does n o t seem likely  th a t  th is  is due w holly, or even largely , to  

th e  shoals on th e  form er coast, for a t  islands in deep w ate r, such as th e  M ackau, 

M yangoru , and  B a te  groups, velocities o f 3 to  5 k n o ts  are recorded, w hile in

ii6° 120° 122° 124° 1 2 6 ° 1 2 8 ° 1 3 0 °

shallow er w ate r th e  velocities are no t usually  g re a te r  th a n  these, th o u g h  local strong  

stream s exist. A p p aren tly  th e  effects o f fric tion  are g re a t enough to  counterbalance 

those o f th e  d im inution  in dep th . They are also seen in an o th er respect. A m ong 

th e  islands of th e  K orean  archipelago th e  tid a l s tream  sets w est from four hours 

before till tw o hours a f te r  h igh  w ater, w hereas in m ost places elsew here th e re  is little  

o r no cu rren t a t  h igh  w ater. T hus w ork is continually  being done on th e  sea, and  

th e  energy  en terin g  is d issipated  in it. A n effect of th e  approxim ate  agreem ent in 

phase betw een th e  tide  and th e  velocity  m ay be u tilized  to  give an  estim a te  o f th e  

cu rren ts and  tid e  h e ig h t in th e  en trance to  th e  sea, far from th e  n earest land, and 

hence of th e  am ount of energy  en tering . In  any  m otion in a channel w here, on

2 M  2
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account o f its narrow ness or for some o th er reason, th e re  is little  transverse  motion, 

th e  velocity along th e  channel is re la ted  to  th e  pressure g rad ien t across it according 

to  th e  equation
2 oopu = — d p /d y , 

w here p  is th e  d en sity  o f th e  w ater,

<d is th e  com ponent o f th e  e a r th ’s an gu lar velocity  o f ro ta tio n  about th e  

vertical a t th e  po in t considered, 

p  is th e  pressure, and

y  is th e  distance m easured  across th e  channel.

In  th6  Yellow Sea th e  en tran ce  is n o t narrow , b u t th e re  seems reason to  believe 

th a t  th e  velocity  across it  is small, which is all th a t  is requ ired  for th e  t r u th  of th e  

above equation. I f  now g  denote th e  in ten sity  o f g rav ity , and th e  elevation of the  

surface of th e  w ate r above its  m ean position, th e n  a t  any  fixed point, a t  w hatever 

dep th , th e  varia tion  o f p  is equal to  th a t  of gprj. A gain, if  Q he th e  e a rth ’s angu lar 

velocity, and A th e  la titu d e  of th e  place,

co — 12 sin A,

and we have on p u ttin g  A =  35°; Q =  7 '3 x l 0 -5/ l  sec.; =  981 cm./sec.2;

u  = - r i 7 x  107 ^  
dy

w here C.G.S. u n its  m ust now be used.

On th e  coast o f K orea th e  tide  has an  am plitude of abou t 10 feet, or 300 cm. 

The velocity  o f th e  inw ard  cu rren t is abou t 4 knots, or 200 cm./sec. Now suppose if  

possible th a t  th e  cu rren t rem ained con stan t r ig h t in to  th e  m iddle of th e  e n tra n c e ; 

th en  th e  above form ula shows th a t  a t  a d istance of 176 km. from th e  side there  

would be lit tle  vertical m ovem ent o f th e  surface, and fu rth e r aw ay still a huge tide 

w ith  an am plitude of some 30 feet would exist. I t  is n o t reasonable th a t  th e  tide  in 

th e  m iddle should be g rea te r  th a n  th a t  a t  th e  side, though  it  m ay easily be smaller. 

The a lte rn a tiv e  hypothesis is therefore th a t  th e  cu rren t decreases as we approach 

th e  middle, and is very  small over m ost o f th e  sea. This will be adopted  in the  

forthcom ing discussion. W e shall suppose th a t  th e  cu rren t a t d istance y  from the 

coast is in th e  same phase as th a t  a t  th e  coast, and is a linear function of y. Then p u t

u  — (200 —k y ) c o s

A t th e  shore rj is equal to  300 cos ( y t  — w here a

betw een th e  tide  h e ig h t and th e  cu rren t s tren g th . For th e  sem i-durnal tide i t  is 

tw ice th e  angle moved th rough  by th e  moon rela tively  to  th e  ea rth  in one hour, 

or 29 degrees. In  general

>1 =  300 cos (y£ — a )  — 8'6 x 10-8 cos y t  (ZOOy—jrky*).

 D
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The am plitude o f rj reaches a m in im um  w here th e  coefficient o f cosy£ vanishes. W e  

shall have th e  least possible tid e  in th e  m iddle, th u s  sa tisfy in g  our earlier assum ptions, 

if  we assum e th a t  th is  m inim um  is reached  a t  th e  p o in t w here th e  velocity  vanishes. 

In  th is  w ay we shall u n d eres tim a te  th e  d issipation , b u t  n o t by  an y  g re a t am ount. 

The value o f k  th a t  m akes th is  coincidence possible is 6 ‘6 x  10-6/ l  cm., so th a t  t

cu rren t becomes zero 3 0 0  km. from  th e  shore, p rac tica lly  in  th e  m iddle o f th e  

en trance.

T a y l o r  show s ( loc . c it. , equ a tio n  1 5 )  th a t  th e  av erag e  am o u n t o f 

crossing  an y  line is th e  average over a  period o f d y  in m y n o ta tio n , w here D is

th e  d ep th  o f th e  w ate r, in th is  case ab o u t 30 fa th o m s over m ost o f  th e  region in 

w hich th e  velocity  is g re a te s t, w ith  a ran g e  in all o f from  20 to  45 fathom s. W e  

find easily
t] — 147 sin yt—4*3 x 1 0 - 8  k  cos y

an d  th e  average flux o f en e rg y  across a para lle l o f la ti tu d e  is found to  be 

1*06 x 1018 ergs/sec.

The n o rth w ard  flux on th e  Chinese side is m ore difficult to  determ ine, as th e  

d irection  of th e  cu rren ts  is variable . Two phenom ena are in te rm in g led  here. The 

issu ing  tid e  from  th e  Yellow Sea comes dow n th is  coast, b u t th e re  is also a defin ite 

tid a l w ave th a t  trav e ls  in to  and  o u t o f th e  la rg e  bend in th e  coast whose ex trem ities  

are S h an -tu n g  p rom on to ry  an d  Shanghai. This is show n by th e  fac t th a t  along th e  

n o rth ern  p a r t  o f th is  bend, on w hich T sing -tao  stan d s, th e  cu rre n t flows n o rth w ard s 

w hile th e  tid e  is ebbing b o th  along  th is  coast and  in th e  n o rth e rn  p a r t  o f th e  

Yellow Sea. T hus in  th is  bay  th e  m ain tid e  is th e  local tid e  o f th e  bay  itse lf  and  

n o t th e  general tid e  o f th e  Y ellow  Sea. The cu rren ts  produced by these tides are  

ro ta ry , probably  an  effect o f th e  e a r th ’s ro ta tio n  ; an d  i t  seems th a t  th e  n o rth w ard  

com ponent of th e  velocity  is small. F u r th e r , i t  is p robably  n early  in  a phase a t  

r ig h t angles to  th e  tide , as g re a t divergences from  th is  re la tion  can be produced only 

by g re a t d issipations and  accordingly  by g re a t velocities in th e  v ic in ity . H ence for 

bo th  reasons we infer th a t  th e  n o rth w ard  flux of en erg y  along th e  Chinese coast is 

sm all in com parison w ith  th a t  on th e  K orean  side.

W e also need to  know  th e  w ork  done on th e  w a te r by th e  moon. I f  is th e  

h e ig h t o f th e  equilibrium  tide, th e  w ork  done by  th e  moon in a period is

d t  c?S, w here d S  is th e  elem ent of horizonta l surface and  th e  in teg ra ls  are to

be tak en , in th e  one case over a period, and  in th e  o th e r over th e  area considered. 

I f  th e  phase of t] is ,8 in advance of th a t  of >/, an d  th e  am plitudes be h  and  h!, the  

average ra te  of doing w ork is — y sin /3 d $ .  In  th e  p resen t 

varies lit tle  ; h  decreases fa irly  stead ily  as we trav e l from th e  en tran ce  to  P o rt A rth u r, 

w here it  has about h a lf  of its  value a t  the  entrance. On th e  o th er hand  (3 varies a 

g rea t deal. The longitude being abou t 120° E ., th e  moon crosses th e  m eridian a t  

full and change a t  3h. 43m. I t  is h igh  w ate r in Shoan harbour, a t  th e  southern
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end of K orea, a t  lOh. 33in., so th a t  ft is here —199°, or more conveniently +161°. 

The tid e  lags more and more on th e  w ay up th e  sea, and a t P o rt A rth u r it has lost 

p ractically  a whole period, th e  h igh w ate r a t  fu ll and change occurring th ere  

a t  l l h .  7m., m aking f t  =  —216°. Positive elem ents will be added to

by th e  places w here ft is from 161° to  0°, negative  elem ents w here f t  is from 0° to  —180°, 

and positive again  w here it  is from —180° to  —216°. These values are however- 

w eighted  according to  th e  values o f In and  according to

w hich th e y  are correct. N ow  f t  is zero near th e  Conference Islands, on

th e  w ay to  th e  narrow est p a rt, so th a t  on th is  account th e  area for which it  is 

positive would appear to  be less th a n  th a t  for which it  is negative. The sea becomes 

m uch narrow er fa r th e r  n o rth , how ever, w hich m ust reduce th e  ra tio  of th e  w eights 

som ew hat, and  th e  tides are only abou t tw o -th ird s of th e  height. Thus it  seems th a t  

th e  w eights to  be a tta c h ed  to  th e  positive and negative  values of sin ft  are nearly  

equal, and its  average over th e  sea is un likely  to  be more th a n  0 ‘2. The area of the  

sea as far as P o rt A rth u r  is abou t 300,000 sq. km. ; ta k in g  th e  average of h  as 240 cm., 

and th a t  o f h f as 20 cm., we find th e  energy  im parted  by th e  moon to  be not g rea ter 

in absolu te  m agn itude th a n  2 x 1 017 ergs per second on an  average. T h a t en tering  up 

th e  K orean coast is far g reater.

In  th e  discussion of th e  w ork done by th e  moon th e  G ulfs of Pe-Chili and  L iau -tung  

have been ignored. There are tw o reasons for th is  : th e ir  un ited  area is about a 

th ird  of th a t  o f th e  m ain p a r t of th e  sea, and th e  tides recorded a t th e  sides are also 

about a th ird  o f those on th e  K orean coast. I t  seems to  me, however, th a t  these two 

gulfs afford an exam ple of a special ty p e  of tid a l problem different from any previously 

discussed. For, le t us suppose if  possible th a t  th e  recorded am plitudes, o f th e  order 

of 90 cm., w ere typ ical o f th e  whole area. The average dep th  is about 2000 cm., and 

a tid a l w ave in w ate r of such a dep th  w ould give rise to  a cu rren t of maximum  

velocity  about h  (g/D)®, w hich in th is  case is 65 cm./sec. The correspond

dissipation would be 550 ergs per square cen tim etre  per second. On th e  o ther hand 

th e  average energy p resen t is about \g p } ft, or 4 x 106 ergs per

if  th e  above assum ption w ere correct th e  whole energy  of th e  tide would be dissipated  

in about 7000 seconds, or tw o hours. This is absurd, and we m ust suppose, in order 

to  avoid th e  resu lt th a t  energy  is d issipated  faste r th a n  it en ters th e  region, th a t  

th e  tides in th e  g rea te r  p a rt of th e  gulfs are much less th a n  th e  recorded ones. 

Their h e ig h t m ay be only a few inches ; while th e  recorded heigh ts are th e  resu lt of 

g rea t m agnification in th e  very  shallow  w ate r around th e  edge. A ccordingly the  

w ork done by th e  moon on th is region m ay be neglected. The whole w ork done on 

th e  Yellow Sea by  th e  moon is therefore small in comparison w ith  th e  energy en tering  

w ith  th e  tide , and  even its sign is uncertain . Thus th e  average dissipation in the  

whole of th e  sea is no t very  different from l ' l  x 1018 ergs per second.

A n alternative  estim ate  m ay be deduced d irectly  from the formula for the  

dissipation, w ith  a suitable hypothesis on th e  d istribu tion  of velocity. A t the
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en trance, w hen  th e  cu rren t is flowing s tro n g est, th e  d issipation  in  a s tr ip  a cen tim etre  

w ide across i t  is 0'002/oJ u*dy,an d  if  th e  above d is trib u tio n  o f velocity  is correct th

is 1*2x 1011 ergs per second. F a r th e r  n o rth  th e  velocity  is n o t so g r e a t ;  in fact, 

around  th e  S h an -tu n g  prom ontory  i t  does n o t exceed one knot, an d  a t  th e  islands in 

K orea B ay opposite i t  is usually  ab o u t tw o knots. F u rth e r , th e  w id th  is here  less 

th a n  300 km ., so th a t  on th is  account also th e  d issipation  for a g iven velocity  m u st be 

le s s ; th e  am oun t in a s tr ip  a cen tim etre  w ide ru n n in g  east and  w est is the re fo re  

probably  n o t more th a n  o n e-six teen th  o f th a t  in a sim ilar s tr ip  n ear th e  en trance. 

E ven  sou th  o f th e  narrow  p a r t  off S h an -tu n g  th e  cu rren ts  appear to  be slow er th a n  

near th e  en tran ce  ; for ab o u t h a lf  th e  d istance th e  velocity  is ab o u t tw o kno ts, rising  

aga in  to  3 f  k n o ts  a t  th e  S ir Jam es H a ll group, in  th e  narrow  region. I f  a p roportional 

reduction  ta k es  place a t  all o th e r d istances from  land , we m u st suppose th a t  th e  above 

estim ate  o f th e  d issipation  per u n it le n g th  is correct for th e  firs t 200 km ., th a t  th e  

am ount for th e  n e x t 230 km. is an  e ig h th  of th is , and  th a t  for th e  rem ain ing  220 km ., 

corresponding to  K orea Bay, is a s ix teen th . The G ulfs o f Pe-C hili an d  L ia u -tu n g  m ay 

be ignored. The to ta l d issipation , if  th e  m axim um  velocity  a t  every  place occurred 

a t  th e  sam e tim e, w ould therefo re  be (2 x 107 +  J x  2*3 x 107 +^g-x  2*2 x 107) l ’2 x lO n 

ergs per second, or 2*8 x 1018 ergs per second. The averag e  for each place is 

4 / 37T of th e  m axim um  there , so th a t  th e  average for th e  w hole sea is 4/37r of th is  

m axim um , or l ‘2 x l 0 18 erg s per second, w hich agrees w ith  th e  previous es tim a te  

m uch more closely th a n  th e  d a ta  w ould have led us to  expect.

3. T h e  S e a  o f  J a p a n .

The Sea o f Ja p a n  is an  oval basin  bounded on th e  easte rn  side by  Ja p a n  and  

Sakhalin . I t  seems clear th a t  th e  d issipation  is sm all, for bo th  th e  tid e  h e ig h t and  

th e  cu rren t are small. E ven  in th e  com paratively  narrow  and  shallow  K orea S tra it, 

th ro u g h  w hich th e  tid e  en te rs  a t  th e  sou th  end, th e  c u rren t only a t ta in s  a speed o f 

1 or 2 k n o ts ; and  w hen th is  opens in to  th e  sea th e  w id th  sudden ly  increases to  

900 km. and  th e  d ep th  to  400 fathom s. The cu rren ts  in m ost of th e  sea m u st th e re ­

fore be insignificant. T hey are  appreciable a t  th e  gaps betw een th e  Japanese  islands 

and  in p a r t  of th e  narrow  G u lf  o f T a rta ry , b u t th e  a rea  affected is sm all and  th e  

cu rren ts  only m oderate  ( l  to  3 kno ts  a t  m ost) so th a t  th e  d issipation  is small.

4. T h e  S e a  o f  O k h o tsk .

In  its  essential fea tu res th is  resembles th e  Sea of Jap an . The only shallow  p a rts  

of i t  are narrow  strips around  th e  coast, while th e  tid e  en ters  th ro u g h  th e  shallow 

w ate r of th e  s tra its  betw een th e  K urile  Islands. A s th e  tide  in th e  sea depends on 

the supply of w ater to  m ain ta in  it, th e  restric tion  on i t  imposed by th e  shallow ness of 

the en trances causes the cu rren ts  to  be small. In  th e  G ulfs of G hijinsk  and  Pen jinsk , 

in th e  no rth -east corner, th e  dep th  dim inishes considerably, and th e  cu rren ts  increase
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to  1 to  2 knots. D a ta  are very  scan ty , b u t th e  area affected appears to  be about 

70,000 sq. km., leading to  a d issipation w hen th e  cu rren ts  are s tro n g est of from 

6 x 1057 to  1*4 x 1018 ergs per second. I f  we adopt th e  mean of these as giv ing roughly  

th e  actual dissipation, and apply  th e  factor 4/37r, we find th e  average dissipation in 

these gulfs to  be abou t 4 x l 0 17 ergs per second. There is probably  no im portan t 

d issipation elsew here in th e  Sea of O khotsk.

5. T h e  B e r in g  S e a .

In  th e  ex trem e n o rth  of th e  Pacific, betw een Siberia and A laska, a chain of small 

islands, th e  A leu tian  Islands, ex tends all th e  w ay across. The region n o rth  of these

160 ° 1 2 0 ° 10 0 ° 170 ° 160 °

has th e  shape of a q u ad ran t and  forms th e  B ering Sea. Betw een th e  islands the 

dep th  is g rea t, and th e  tide  of th e  Pacific seems to  en te r alm ost unhindered . Since 

th e  dep th  of more th a n  h a lf  of th e  sea, m ostly  on th e  A laskan  side, is less th an  

40 fathom s, la rge cu rren ts  are produced, especially in th e  th ree  chief bays— th e  G ulf 

of A nadir, N orton  Sound, and Bristol Bay. The dissipation m ust therefore be \e iy

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

9
 A

u
g
u
st

 2
0
2
2
 



D R .  H A R O L D  J E F F R E Y S  O N  T I D A L  F R I C T I O N  I N  S H A L L O W  S E A S . 2 5 5

g rea t, b u t a reasonably  accu ra te  e s tim a te  of i t  is difficult to  m ake on account o f th e  

form  of th e  shallow  portion, w hich has no narrow  place th a t  can be called an entrance. 

I t  is best to  t r e a t  th e  m ain p a r t  o f th e  sea an d  th e  bays separa te ly .

In  th e  soutli o f th e  sea i t  is s ta te d  th a t  th e  m axim um  ra te  o f th e  w ate r, w hen clear 

of th e  passes betw een th e  A leu tian  Islands, is u su a lly  ab o u t k n o ts  w hen th e  d ep th  

is less th a n  100 fathom s. In  th e  region sa tisfy in g  these  conditions th e  d ep th  is in 

m ost places ab o u t 80 fathom s, so th a t  th e  cu rre n t fa r th e r  n o rth , w here th e  d ep th  is 

often  only 20 or 30 fathom s, m ay  exceed th is. O n th e  o th e r  h an d  th e re  seems to  be 

lit t le  sem i-d iurnal tid e  in  th e  ex trem e no rth . In  N orton  Sound th e  tid e  is d iu rnal, 

p resum ably  because th e  w aves from  th e  sou th  an d  from  B ering  S tra i t  n eu tra lize  each 

o ther. A t S t. L aw rence Islands, near th e  en tran ce  to  th e  s tra i t ,  th e  tid e  is only 

abou t a foot in h e ig h t, confirm ing th is  suggestion . F a r th e r  sou th , how ever, th e  

tid a l w ave from  th e  A rc tic  m u st sp read  o u t an d  become inappreciable. A t P rib ilo f 

Islands, 500 km. from  th e  n ea rest land  and  su rro u n d ed  by  w a te r  50 fa thom s deep, 

th e  cu rren t reaches knots. A t S t. M a tth ew  Island , ab o u t m idw ay betw een these 

and S t. L aw rence Islands, in w a te r  30 to  40 fa thom s deep, and  n early  as far from  

land, th e  c u rren t s till reaches 2j- knots. T here are  no o th e r d a ta  given for islands 

far from shore, and  i t  seem s th a t  we shall n o t be o v e res tim a tin g  th e  d issipation  if  we 

ta k e  th e  m axim um  cu rren t to  be 2 j  k n o ts  all over th e  shallow  reg ion  bounded on th e  

south  by th e  F ox  Islands and  ex ten d in g  n o rth  till half-w ay  betw een  St. M atth ew  and  

St. L aw rence Islands. The size of th is  is 1,000 by  700 km ., or 7 x 105 sq. km. The 

m axim um  d issipation  is th e re fo re  2 '74 x 1012x 7 x 105x (2 '5 )3, or 3 x l 0 19 ergs per 

second, and  th e  m ean d issipation  l ’2 x  1019*ergs per second.

In  B risto l B ay th e  average velocity  seems to  be ab o u t 3 knots, th o u g h  th e  observa­

tions are few. The corresponding d issipation  is ab o u t 1‘5 x 1018 ergs per second. In  

N orton  Sound th e  d issipation  is probably  small, for i t  is m ostly  no rth  of S t. L aw rence 

Island, and th e  tid e  is d iu rnal. The G u lf o f A nad ir p robably  con tribu tes abou t as 

m uch as B risto l B a y ; for th o u g h  its  a rea  is tw ice as g rea t, its  m ore n o rth e rly  

situation  m u st reduce th e  c u rren t som ew hat. In  all, th en , th e  average ra te  o f 

d issipation in B ering  Sea is abou t l ‘5 x l 0 19 ergs per second. This e s tim a te  is o f 

course sub ject to  considerable error, for i t  depends w holly on a few observations, 

w hich m ay not give q u ite  a fa ir sam ple of th e  w hole of th e  sea. The d ep th s  around  

th e  localities considered are fairly  typ ica l o f th e  sea as a whole, so th a t  g re a t error on 

th is  ground is no t to  be an tic ip a ted  ; b u t errors in observ ing th e  velocities m ay be 

g rea te r, and  bo th  k inds of e rro r are m agnified in im portance by th e  fact th a t  th e  

velocity m ust be cubed w hen th e  dissipation is calculated, so th a t  if  th e  tru e  m ean 

velocity  were only 2 kno ts in stead  of 2 \knots th e  dissipati

I t  does no t appear th a t  th e  velocity increases m uch tow ards th e  c o a s t; in fact th e  

velocities near th e  A laskan  coast seem to  be ra th e r  sm aller th an  those near th e  

islands. Thus an underestim ate  on th is  ground is no t probable.

2 NV O L .  C C X X 1 . ---- A .
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6. M a la c c a  S t r a i t .

This is a narrow  tr ian g u la r  area, about 800 km. in leng th , separating  S um atra  from 

the M alay Peninsula. The tide of th e  Bay o f B engal en ters a t  th e  north-w est end, 

and g radually  increases in h e ig h t as it  advances along th e  s tra it  tow ards Singapore. 

A t th e  south  end, how ever, th e  p a r t o f th e  tid e  th a t  has not been reflected or 

dissipated on th e  w ay th ro u g h  th e  s tra i t  is overw helm ed by th e  d iurnal tide  of th e  

South  China Sea. Ample observations o f th e  tides and tid a l cu rren ts on both  sides 

are available. The cu rren ts as far south  as Cape M edang (nearly  due w est of 

M alacca) seem to reach m axim a o f to  3 knots, th e  average am plitude a t springs 

being practically  2 knots. The area of th is  region is 100,000 sq. km., and the  

dissipation is accordingly found to  be abou t 9 x 1017 ergs per second on an average.

A n a lte rn a tiv e  determ ination  can be m ade by finding th e  ra te  o f inflow of energy. 

A t K um pei, on th e  S um atran  side and  near th e  n o rth  end of th e  s tra it, it is high 

w ater, full and  change, a t  noon, and th e  am plitude a t  springs is 120 cm. The flood 

tide outside th e  bar, in w ate r about 20 fathom s deep, sets sou th -east from th ree  hours 

before h igh  w ate r till th ree  hours a fte r it, so th a t  i t  reaches its m axim um  speed of 

l |-  kno ts a t  h igh  w ater. A t P enang , near th e  opposite shore, it  is h igh  w ater a t 

Oh. 21m. and th e  cu rren t reaches its  m axim um  velocity  of 2|- knots an hour before 

h igh  w ater. As th e  s tra it  is everyw here narrow  in comparison to  its length , and as 

these observations do no t seem to have been tak en  on shoals, th e y  are probably 

represen ta tive  of th a t  p a r t of th e  s tra it. The am plitude o f the tide a t  P enang  is 

100 cm. W e can therefore tak e  th e  average heigh t o f th e  tide  along th e  section from 

K um pei to  P en an g  to  be 110 cm., and th e  average cu rren t w hen flowing strongest to 

be 2 knots, reaching its  m axim um  h a lf  an hour before h igh  w ater. The average 

dep th  is about 30 fathoms. A  modification m ust be m ade in th e  previous procedure 

to  allow for th e  fact th a t  th e  curren t flows along th e  s tra it, which is not quite  a t  

r ig h t angles to  th e  line of th e  section ; therefore, in finding the energy crossing the  

section, we m ust tak e  for th e  len g th  o f th e  section, no t th e  d istance from K um pei to 

Penang, b u t th e  projection of th is  on a line perpendicular to  th e  s tra it, which is 

230 km. The flux o f energy  is hence found to  be, on an average, 7 x 1017 ergs per 

second. W e also require th e  am ount of th is  energy th a t  em erges th rough  th e  narrow  

p a rt o f th e  s tra it. Off Cape M edang, which m arks th e  narrow est poin t o f th e  s tra it  

aw ay from th e  im m ediate neighbourhood o f Singapore, th e  am plitude of th e  tide is 

120 cm., h igh w ater occurring a t  6h. 30m. The tida l curren t flows a t  an average 

speed o f about 2^ knots. There is no record of th e  tida l phenom ena ju s t  opposite, 

b u t in M alacca B oad it  is h igh w ater a t  7h. 30m., w ith  an am plitude of 165 cm. ; the  

cu rren t th e re  reaches its  m axim um  of 2 knots an hour before high w ater. A t the  

eastern  end of South  Sands, which lies near th e  M alay side, north -w est o f Cape 

M edang, it is h igh  w ater about 6h. 0m., and th e  tida l stream  has a maximum speed 

of 1^ knots an hour before h igh w ater. The w id th  o f th e  channel a t Cape M edang is
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36 km ., and th e  d ep th  20 fathom s. The average flux o f en erg y  eastw ard  p as t i t  is 

found to  be 1 'O x lO 17 ergs per second. T hus th e  average  excess o f  th e  inflow ing 

energy  over th e  issuing  en erg y  is 6 x l 0 17 ergs per second. The w ork  done by  th e  

moon is insignificant, for i t  crosses th e  m erid ian  a t  full and  change a t  2h. 30m., w hich 

is nearly  th e  average  tim e o f h ig h  w ater. T hus all th e  excess o f  en erg y  ju s t  found is 

d issipated  in th e  s tra it.

The area  o f th e  s tr a i t  betw een  th e  K u m p ei-P en an g  section and  th e  M edang section 

is 56,000 sq. km. I f  th e  average c u rren t in th is  had  an  am plitude o f  2 k n o ts  th e  

dissipation w ould be 5 x l 0 17 ergs per second on an  average, in s tr ik in g  ag reem en t 

w ith  th e  es tim ate  from  th e  flux  o f energy , th o u g h  th e  la t te r  is more reliable. I f  in 

th e  final es tim a te  th e  reg ion  n o rth  o f th e  K um pei-P enang  section is to  be included, 

we m u st add  a fraction  to  th e  to ta l to  allow for it, m ak ing  probably  betw een  8 x 1017 

and 12 x 1017 ergs per second in all.

In  th e  p a r t  o f  th e  s tr a i t  east o f  M edang th e re  are few records o f th e  curren ts, b u t 

th e  d issipation  is probably  small. In  an y  case i t  could n o t exceed th e  1017 ergs per 

second th a t  pass M edang, and  is probably  less th a n  th is. The to ta l d issipation  in th e  

S tra it  o f M alacca is the re fo re  IT  x 1018 ergs per second, sub ject to  an  u n c e rta in ty  o f a 

fifth  o f its  am ount.

Au s t r a l ia n  W a t e r s .

A u stra lia  is su rrounded  by a b e lt o f w a te r  less th a n  100 fathom s in d ep th  ; th e  

w id th  o f th is  ranges from  10 to  200 miles, excep t a t  th e  G u lf  o f C arpen taria , w here it  

ex tends r ig h t across to  N ew  G uinea. The tid e  in th is  neighbourhood is d iu rnal, like 

th a t  in th e  S ou th  C hina Sea to  th e  n o rth  o f it. The con tribu tion  to  th e  secular 

acceleration of th e  moon is accordingly v ery  small. .T h e  tid a l stream s do n o t exceed 

1 knot, and  as th e  area is m uch less th a n  th a t  o f th e  S ou th  C hina Sea th e  d issipation  

in th e  d iu rnal tid e  cannot he com parable w ith  th a t  a lready  found for th e  la rg e r sea.

Af r ic a n  W a t e r s .

T h e  M o z a m b iq u e  C h a n n e l.

The channel betw een M adagascar and th e  m ain land is m ostly  about 500 fathom s 

deep or more. There are few records o f tid a l cu rren ts  in i t ; in fact th e  only record 

given in th e  ‘ A frican P ilo t/  p a r t 3, appears to  be based on th e  s ta tem en t o f a single 

observer, th a t  th e  tid a l stream s in th e  channel are com parable w ith  th e  perm anen t 

cu rren t driven  by th e  trad e  winds, w hich flows a t  abou t 2 knots. This cannot 

however be uniform  all over th e  channel, for th e  following reason. The h e ig h t o f th e  

tide  along th e  A frican coast is about 12 feet, w hich is as usual m easured rela tive to  

low w ater a t  ord inary  springs, so th a t  th e  vertical am plitude o f th e  tid e  is 180 cm. 

Now th e  ordinary theory  o f tides in channels shows th a t  th e  m axim um  velocity  is o f
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order h  (g/D )"; in a simple w ave in a uniform  channel it is exactly  this. Taking the 

dep th  to  be 90,000 cm., th is  m akes th e  m axim um  velocity 19 cm./sec., or ra th e r  more 

th a n  a th ird  o f a  knot. A ccordingly th e  cu rren ts w ith  velocities of a knot or more 

m ust be confined to  narrow  coastal strips, and th e  dissipation is therefore small.

The only o ther partia lly  enclosed regions around A frica are th e  G ulf o f A den and 

th e  B ed Sea. The form er is deep in th e  m iddle w ith  narrow  strips o f shallow w ater 

on th e  m argins, like th e  M ozambique Channel, and therefore th e  dissipation is small. 

The Red Sea is shallower, b u t can have no im portan t currents, since th e  in le t a t  A den 

is so narrow. The M editerranean  has a lready  been dealt w ith. Thus the dissipation 

around th e  coasts o f A frica is negligible.

No r t h  Ame r ic a n  W a t e r s .

There are m any partia lly  enclosed bodies o f w ate r around N o rth  America, th e  chief 

o f which are th e  G ulfs o f Mexico and California, th e  Bay o f Fundy, th e  G u lf o f 

St. Lawrence, and th e  num erous s tra its  and bays of th e  N orth -w est Passage. O f 

these th e  G u lf of Mexico m ay be ru led  ou t a t once, for i t  is very  deep and a large 

fraction of its  en trance is blocked by Cuba. The G u lf o f California is still deeper ; and 

therefore th e  cu rren ts in these cannot be notable  except in restric ted  localities.

1. T h e  B a y  o f  F u n d y .

This bay requires to  be considered separate ly  in spite o f its small size, for it is 

famous for possessing th e  la rgest tides in th e  world. Tt is fairly  shallow, and the  

tides are m uch magnified in h e ig h t by th e  dim inution in bo th  dep th  and w id th  

tow ards th e  head of th e  Bay. The cu rren ts  are ap paren tly  no t so g rea t as would be 

expected from th e  h e ig h t of th e  tides. The en trance is th ro u g h  th e  G rand M anan 

Channel, nam ed a fte r  an island in it. The average cu rren t in th e  channel reaches 

about 1*8 knots, and th a t  near St. John , half-w ay up th e  bay, reaches 1*7 knots. The 

area of th e  bay is 12,000 sq. km., so th a t  th e  average dissipation for a m aximum 

velocity of 1*8 kno ts all over would be 7*7 x 1016 ergs per second. I t  is likely th a t  th e  

cu rren ts fa rth er up th e  bay are stronger, so th a t  th is  m ust be regarded  as a lower 

lim it.

A n a lte rn a tiv e  estim ate  m ay be obta ined from th e  inflow of energy. The rise of 

th e  tide in G rand  M anan Channel is a t m ost places about 20 or 22 feet a t  sp rings5 

above low w ater ord inary  springs. The am plitude is therefore about 320 cm. The 

cu rren t has an am plitude of 1*8 knots, and th e  dep th  of the channel is about 9000 cm. 

The average tim e of th e  tu rn  of th e  cu rren t a t  th ree  places near th e  south  side 

of th e  channel (those num bered 14, 16 and 17, in th e  ‘ N ova Scotia and Bay o f F undy 

P ilo t,’ page 22) is 35 m inutes a fte r high w ater a t St. John. This high w ater a t  full 

and change occurs a t  l l h .  21m., while a t  l’E tan g , on th e  north  side of th e  channel,
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i t  is a t  l l h .  18m., an d  th e  m ean o f th e  tim es a t  W e s tp o rt, P e t i t  P assage, an d  D igby  

G u t, w hich are n early  opposite, is lOh. 48m. T hus th e  m ean  tim e of h igh w a te r  in 

th e  channel m u st be ab o u t l l h .  3m., so th a t  th e  c u rre n t tu rn s  53 m in u tes  a f te r  th e  

tide. The phase difference is therefo re  25 degrees. The w id th  o f th e  channel is 

83 km. A pp ly in g  equation  15 o f Ta y l o r ’s paper, we find th a t  th e  average r a te  a t  

which energy  en te rs  is 4 '7 x 1017 ergs per second.

The average ra te  a t  w hich th e  moon does w ork  on th e  bay  is — J y sin /3c£S,

as w as found for th e  Yellow Sea. In  th is  case th e  la titu d e  is 45° n o rth , so th a t  is 

18 cm. In  th e  low er h a lf  o f th e  b ay  th e  am p litu d e  o f th e  tid e  is n o t g re a te r  th a n  

12 feet, b u t in th e  upper h a lf  i t  rap id ly  increases, till in M inas Basin it  reaches 25 feet 

and  in C hignecto  B ay 23 feet. The tim e o f h ig h  w a te r  in th e  bay  ranges from 

l l h .  3m. to  l l h .  50m. The la te r  value Corresponds to  th e  upper p a rt, w here th e  

am plitude is g r e a t e s t ; b u t as th is  p a r t is also th e  narrow est, th e  tw o tim es m u st 

receive ab o u t equal w eig h ts  in finding th e  average. W e  th ere fo re  ta k e  th e  average 

tim e o f h igh  w a te r  to  be l l h .  30m. The average  am p litu d e  o f th e  tid e  is abou t 

18 feet, or 540 cm. The lo n g itu d e  of th e  bay  is 66° w est, so th a t  th e  moon crosses 

th e  m erid ian  a t  full and  change a t  4h. 33m. The tim e of h igh  w a te r  is m ore th a n  

6h. 12m. la te r  th a n  th is , so th a t  th e  tid e  is falling  w hen th e  moon is ex e rtin g  its  

g re a te s t upw ard  pull, and  th e  w ork  done by th e  moon is therefo re  negative . The 

in te rv a l betw een  tr a n s i t  and  low w a te r  is 45 m inutes, so th a t  (3 =  22°. The a rea  o f 

th e  bay  is 1'2 x 1014 sq. cm. The w ork  done by  th e  moon is therefo re  — 3 x 1016 ergs 

per second. T he to ta l d issipation  in th e  b ay  is 4 ‘4 x 4017 ergs per second.

This es tim a te  is six tim es as g rea t as th e  earlier one based on th e  cu rren ts  alone. 

I t  is m uch th e  more reliable, for th e  first depended  on th e  assum ption  th a t  th e  

cu rren ts  w ere equally  g re a t all th e  w ay up th e  bay , w hereas ac tu a lly  th e y  increase 

very  m uch tow ards th e  head. V elocities up  to  9 kno ts are  recorded in  M inas Basin, 

th o u g h  th e  area in w hich these occur m u st be v ery  re stric ted . The m ost serious 

source o f erro r in th e  second estim a te  is th e  phase difference, for th is  is only an  hour 

and  would be affected to  a considerable e x te n t by  an erro r in th e  d e term in atio n  of 

th e  tim e w hen th e  c u rren t tu rns. The observed tim e of tu rn  does no t v ary  m uch 

from place to  place, how ever, and  i t  does n o t seem likely  th a t  th e  es tim ate  is w rong 

by more th a n  a q u a rte r  of its  am ount. The second es tim ate  will therefore  be 

adopted. I t  will be noticed th a t  i t  is ra th e r  less th a n  th e  dissipation  in th e  Irish  

Sea.

The G u lf of St. Law rence gives very  little  dissipation. The narrow  en trance 

th ro u g h  C abot S tra i t  p rev en ts  th e  tides from  being considerable except in the 

es tu ary  of th e  river itse lf  and in Belle Island  S tra it ,  w hich separates N ew foundland 

from Labrador.

«
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2. T h e  N o r th -w e s t  P a s s a g e .

The channel from th e  A tlan tic  to  th e  A rctic betw een C anada and G reenland is 

blocked by a large num ber o f islands o f vary ing  sizes, betw een which are narrow  and 

shallow stra its . The dissipation in several o f these can be estim ated  from d a ta  in the  

‘ A rctic P ilo t,’ vol. 3.

The ch ief o f these channels is D avis S tra it, w ith  Baffin Bay to th e  no rth  o f it, 

which lies betw een Baffin L and and G reenland. I t  is about 1600 km. in length . 

The only tid a l velocities recorded in it, except in fjords, are near H olstenborg , in 

G reenland, w here th e  cu rren ts  in th e  offing are said to  reach a speed o f tw o knots. 

This cannot, how ever, be general, for th e re  is a shallow region off H olstenborg, some 

150 km. long and 60 km. wide, w ith  a d ep th  o f about 23 fathom s. M ost o f th e  

s tra it  is about 100 fathom s deep. This region is therefore a place w here th e  main 

cu rren t o f th e  s tra it  is magnified by th e  form o f th e  bottom , and there  is no reason to  

believe th a t  th e  cu rren t in th e  deep w ate r is g rea te r  th a n  h a lf  a knot, which is th e  

observed velocity  off th e  coast o f Labrador. The dissipation in D avis S tra it  is 

therefore no t g rea t.

A t th e  n o rth ern  ex trem ity  o f th e  s tra i t  th e re  are several narrow  passages into th e  

A rctic. The dissipation in these m ust be im portan t. In  Sm ith  Sound and K ennedy 

Channel, for instance, which separate  th e  north -w est coast o f G reenland from 

Ellesm ere Land, th e  cu rren t is said to  be “ nearer tw o figures th an  one.” These 

s tra its  are small in area, b u t if  such cu rren ts ex ist over m uch of th e ir  e x ten t we m ust 

tak e  them  in to  account. The d a ta  available a t  p resen t are un fo rtunate ly  too m eagre.

The south  end o f D avis S tra it  is connected to H udson Bay by H udson S tra it. 

The cu rren ts in  th is  are described as “ g re a t enough to  be dangerous,” especially a t 

th e  east end; b u t th e  recorded curren ts, even in th e  m iddle of th e  s tra it, are only 

about th ree-q u arte rs  o f a knot. This m akes th e  average dissipation about 

5 x 1016 ergs per second. The danger arises m ostly  from d riftin g  ice.

In  th e  en trance to  H udson B ay th e  velocity  increases to  one and a h a lf  knots. 

The area over which th is  is tru e  is abou t 3'8 x 10u sq. cm., m aking th e  average 

dissipation 1*5 x 1017 ergs per second.

In  H udson Bay itse lf  th e  cu rren ts  are probably very small. Considerable 

velocities are recorded a t  P o rt Churchill, b u t th e re  are no records in  th e  middle o f 

th e  bay. The d ep th  in th e  m iddle is about 50 fathom s, which is about th e  same as 

a t  th e  entrance. The en tering  cu rren t m ust therefore spread out in th e  bay and 

undergo g rea t dim inution in s tren g th . N ear P o rt Churchill th e  dep th  is only 19 

fathom s or less, so th a t  th e  cu rren t th e re  m ust be a local cu rren t magnified. The 

dissipation in H udson Bay m ust therefore be small.

In  Fox S tra it, which runs northw ards from th e  entrance to  H udson Bay, the  

dep th  is less, about 20 fathom s, and th e  cu rren t reaches one and a h a lf  knots. The 

area of th is  channel is 2 x l 0 15sq. cm., and th e  appropriate  average dissipation is
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abou t 1 '4 x 1018 ergs per second. The rem ain in g  s tra i ts  o f  th e  N o rth -w es t Passage 

probably  do n o t co n trib u te  n ea rly  so m uch to  th e  d issipation , for th e  en erg y  of th e  

en te rin g  w ave m ust be m ostly  d issipated  in th e  channels a lread y  d ea lt w ith , and  

p a r tly  th ro u g h  th is  and  p a r tly  on account o f th e  o b stru c tiv e  effect o f th e  islands 

i t  is n o t likely  th a t  th e  s tra i ts  fa r th e r  n o rth -w est are very  im p o rtan t, th o u g h  th is  

canno t be reg ard ed  as certa in . The d issipation  in th e  whole of th e  N o rth -w es t 

P assage is th u s  ab o u t 1'6 x 1018 ergs per second on an  average. A d d in g  th is  to  th e  

am ount found for th e  B ay o f F u n d y , we have for th e  w hole o f  N o rth  A m erica a 

to ta l  o f 2 x 1018 ergs per second on an  average.

Su mma r y .

The m ean ra te s  o f d issipation  in th e  lu n a r sem i-d iurnal tid e  found in th e  foregoing 

in v estig a tio n  are  as follows :—

E rg s  p e r  Second .

E uropean  w a t e r s .............................................. 2 * 4 x 1 0 18

A siatic  w a te r s :

S o u th  C hina S e a ...................................  Small.

Yellow S e a ..............................................  1*1 x 1018

Sea o f O k h o t s k ............................................... 0*4 x 1018

B ering  S e a .................................................. 15*0 x lO 18

M alacca S t r a i t ............................................... 1*1 x 1018

N o rth  A m erican  W a te r s :

B ay o f F u n d y ...................................  0*4 x lO 18

N o rth -w est P a s s a g e ............................... 1*6 x 1018

The to ta l th u s  accounted for is 2*2 x 1019 ergs per second. I  have show n in a previous 

paper th a t  th e  d issipation  requ ired  to  account for th e  secular acceleration of th e  moon 

(which am ounts to  9" per cen tu ry  per cen tu ry ) is abou t l*4x 1019 ergs per second, so 

th a t  i t  seems as if  th e re  is more d issipation  th a n  is required . I f  th is  w as so i t  w ould 

be necessary to  seek for a cause th a t  could produce an appreciable secular re ta rd a tio n  

of th e  moon, and  none such is known. A  sc ru tin y  o f th e  resu lts  so fa r ob tained  is 

therefore desirable, w ith  a view to  finding o u t w h e th e r any  of th em  have been over­

estim ated. O ne cause of such an over-estim ate  is easily seen. The d a ta  used for th e  

Irish  Sea, th e  E nglish  Channel, M alacca S tra it  and  th e  B ay of F u n d y  refer definitely 

to spring  tides alone w hen th e  cu rren ts  are a t  a m axim um . The h e ig h t o f th e  tide  

adopted in th e  calculation for th e  Yellow Sea w as also th a t  o f th e  sp ring  tide. In  

th e  o th er cases it  is no t s ta te d  w h eth er th e  cu rren ts  have average or sp ring  values, 

bu t if  th ey  w ere determ ined  a t  springs th e  requisite  reduction  is a t  once obtained. 

The theoretical ra tio  of th e  h e ig h ts  of th e  lunar and  solar tides is 2*3 w hen inertia l 

and frictional effects are neglected . This ra tio  is probably nearly  correct in mid-ocean,
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for th e  periods o f th e  tw o tides are no t very  different, so th a t  inertia  will affect th e ir  

am plitudes in th e  same ratio . In  shallow  areas, however, th e  fric tional force is not 

proportional to  th e  velocity b u t to  its  square, and accordingly friction has more 

re la tive effect in reducing th e  tides when th ey  are g re a t th a n  w hen th ey  are smaller. 

The ratio  o f th e  solar to  th e  lu n ar tide , as found from observations, is accordingly less 

th a n  th e  theoretica l value, since th e  ra tio  of th e  ranges a t springs and neaps is 

reduced. This ra tio  is s ta te d  in th e  ‘A dm iralty  Tide Tables for 1920 ’ to be 1 : 2 7 3  on 

an average. I f  now 0 be th e  phase of th e  lu n a r tide, le t ( l — 0 be th e  phase of the

solar tide, so th a t  r is l/29 . L e t A be th e  am plitude of th e  lunar tida l cu r

A v  th a t  o f th e  solar tid a l current. The to ta l cu rren t is
*

 cos ( l  — 7')0} =  A ( l  + 2v cos 6 + / f -  cos ( ta n
\  1 + cos 0

which is now expressed as a simple harm onic motion w ith  a slowly vary ing  am plitude 

and  period. The am plitude a t  springs is A ( l  + y). The dissipation is proportional to 

th e  cube of th e  cu rren t, and  therefore to  th e  cube of th e  am plitude. The ratio  of 

th e  m ean dissipation to  th e  dissipation a t  springs is therefore th e  average of 

(1 + 2V cos rd q V )!/ ( l  + 1/)3. I f  v9 be neglected, th e  num era to r o f th is  is 1 + f  v2 + 6A A 

A ssum ing th a t  th e  ra tio  of th e  velocities is th e  same as th a t  o f th e  vertical ranges, 

we find th a t  th is  fraction  is equal to 0'51. A pply ing th is correction to the spring 

tide  dissipation , we find th a t  th e  average dissipation is IT  x 1019 ergs per second, 80 

per cent, o f w h at is required . I t  would give a secular acceleration o f the moon 

o f 7 "  per cen tu ry  per cen tury .

The agreem ent betw een th e  dissipation in shallow  seas and th a t  necessary to 

account for th e  lunar secular acceleration is m uch closer th a n  the d a ta  would en title  

us to  expect. T w o-th irds of th a t  found tak es place in th e  Bering Sea, th e  estim ate  

for which m ay be incorrect by h a lf  its  am ount. W h a t we are en titled  to assert, how­

ever, is th a t  th is  dissipation is certa in ly  enough to  account for a la rge fraction of the 

secular acceleration, and th a t  th e re  is no th ing  to  prove th a t  it  is incapable of 

accounting  for th e  whole of it.

I t  is uncerta in  w hether th e  dissipation in any o th er coastal regions is notable in 

comparison w ith  those already  considered. The only p a rtly  enclosed areas not trea ted  

here th a t  are of considerable size are some of those in th e  N orth-w est Passage. There 

is an extensive shallow region off th e  coast o f P atagon ia , b u t it is in no w ay enclosed, 

being perfectly  open to  th e  A tlantic . Thus it is difficult to  m ake any reliable inference 

about th e  cu rren ts in it. M any records of tida l curren ts along th e  coast are given, 

some reaching several knots, b u t all of them  seem to refer to  cu rren ts up rivers or near 

th e ir m ouths, w here th e  general cu rren ts m ust be magnified, or to  cu rren ts over bars 

and sh o a ls ; there  seem to  be no d a ta  about th e  cu rren ts  more th an  a few miles ou t to 

sea.

The dissipation over local shallows like shoals and bars and in narrow  bays and
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s tra its  has been system atically  ignored  in th is  paper, excep t w here i t  has been a u to ­

m atically  tak en  in to  account in th e  d e te rm in a tio n  o f th e  excess o f  th e  en te rin g  over 

th e  issuing energy. The ch ief reason for th is  is th e  u t te r  im possib ility  o f finding 

it. The fjords on th e  w est coasts o f N orw ay, G reenland , an d  N o rth  an d  Sou th  

A m erica are innum erable , and  in  m any o f them , perhaps in all, th e re  is a  s tro n g  tid a l 

cu rren t, so th a t  th e  d issipation  per u n it a rea  in  th ese  places m u st very  m uch exceed 

th a t  in an y  o f th e  areas here  trea ted . O n th e  o th e r hand , th e  to ta l a rea  m u st be less, 

and  i t  is u n ce rta in  w h e th e r th e  increase in velocity  is enough to  counterbalance th e  

decrease in a rea  and  m ake th e  to ta l d issipation  in these  places com parable w ith  th a t  

here found for th e  la rg e r shallow  seas. The sam e is tru e  o f shoals ; th o u g h  th e  

ag reem en t betw een  th e  resu lts  g iven  by th e  tw o m ethods o f finding th e  d issipation  

in shoaly w aters , as in th e  Y ellow  Sea and  th e  S tra i t  o f  M alacca, indicates th a t  th e  

shoals a t  any  ra te  do n o t co n trib u te  to  th e  d issipation  an  am oun t overw helm ingly  

g re a te r  th a n  th e  norm al places, for one m ethod  necessarily  includes th e  effect o f  th e  

shoals and  th e  o th e r system atically  om its it. A long th e  open shore again  th e re  

m ust be some dissipation  ; th e  cu rren ts  th e re  do n o t usually  ex ten d  m any miles o u t to  

sea, b u t th e y  ex ist along a  v ery  long s tre tc h  o f  coast, and  th e  ag g reg a te  dissipation 

in th em  m ay be appreciable.

The hypothesis th a t  th e  secular acceleration o f  th e  moon is due to  dissipation o f 

energy  in th e  tides in  shallow  coasta l regions therefo re  seems capable o f  sa tisfy ing  all 

th e  q u an tita tiv e  dem ands, on it, an d  it  is also free from  objections th a t  have been 

u rged  ag a in st o th e r a tte m p te d  explanations.*  I t  therefo re  occupies a s tro n g  position.

A p p e n d i x .

T h e  S e c u la r  C h a n g e  in  th e  O b liq u it y  o f  th e  E c l ip t ic .

In  consequence o f th e  dissipation o f energy  in th e  d iu rnal tides th e re  m ust be a 

couple alw ays ac ting  on th e  ea rth  so as to  te n d  to  resis t its  an g u lar m otion abou t an  

axis in th e  plane o f th e  o rb it o f th e  moon or th e  sun, as th e  case m ay be. I f  J be th e  

declination o f th e  moon, th e  an g u lar velocity  o f th e  ea rth  abou t th e  d iam eter th a t  

points to  th e  moon is H sin S, and  th e  an g u la r m om entum  abou t it  is CD sin S, w here C 

is th e  e a r th ’s m om ent o f inertia . L e t L  be th e  couple ab o u t th is  d iam eter. Then th e  

ra te  o f dissipation o f energy  in th e  d iu rnal tide  is LH sin J. Also th e  ra te  o f change 

in th e  inclination is given by

A (C H s in  S) =  L.

N ow  L m ust contain  fi sin S as a factor, since i t  depends f

existence of th e  d iu rnal tide , whose coefficient is proportional to  sin J, and  whose speed

*  C f. ‘ M o n th ly  N otices o f R .A .S . ,’ v o l.  lx x x ., 1920, pp. 309 -3 1 7 .

V O L .  C C X X I . ---- A .  2  O
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is equal to  Cl—n , which is sufficiently near to  H for our presen t purpose. H ence th e  

friction o f th e  tid e  will have a dam ping effect on th is  com ponent o f th e  ea rth ’s 

ro ta tion , which is not a ltered  by th e  o ther couples acting, since none of these have a 

no table effect in d im inishing th e  am plitude o f th e  motion. I f  th e  average value of 

th e  dissipation is tak en  to  be 5 x 1018 ergs per second, th is  being ra th e r  more th an  was 

found in th e  South  China Sea, and  we rem em ber th a t  th e  average o f sinI 2 is sin2 , 

w here i  is th e  obliquity  o f th e  ecliptic, we find th a t  th e  am plitude of H sin $ would be 

reduced to  l /e  o f its  value in 2 x 109 years. This is o f th e  same order as th e  probable 

age o f th e  earth . I f  H rem ained constan t th is  would show th a t  th e  inclination ot 

th e  E q u a to r to  th e  ecliptic would be reduced by 1" in about 2 x 104 years. A ctually  

H is decreasing, so th a t  if  th e  ra te  w ere m ain ta ined  it  w ould be reduced to  l / e  o f its  

value in abou t 10lty years, a longer tim e th a n  was found, on th e  assum ption sta ted , to  

be enough for a sim ilar reduction  in th e  obliquity. Thus we can infer th a t  the  

ob liquity  is a t  p resen t dim inishing, th ough  th e re  is no reason to  believe th a t  there  

has been any  observable change in i t  in historic times. E ven  if  th e re  were as much 

dissipation in th e  d iu rnal tides as in th e  sem i-diurnal ones th is  would h ard ly  be 

possible.

[ N o te  a d d e d  S e p te m b e r  1 6 .— M r. Ta y l o r  asks me to  po in t o u t certa in  e rra ta  in

his paper “ T idal F ric tion  in th e  Irish  Sea.” On p. 2, 1 ----X -  is tw ice w ritten  for
y / r

1 + - ^ - ;  th e  correct form is used in equations (4) and  (5). On p. 9, line 9, Ti is
y / r

G reenw ich m ean  tim e of h igh  w ate r a t  fu ll and  change of th e  moon a t  th e  place 

considered, w hereas th e  “ estab lishm ent ” is th e  lo c a l m ean tim e o f th is  event. In  

equation  (16), £ + T x should be t — Tx, and in equation  (18), £ + T0 should 

pp. 19 and  20, sin3 >̂0 is consisten tly  w ritte n  for sin 2<p0; equation  (33) is correct.

In  th is  paper, as in Ta y l o r ’s , in teg ra ls  over a period are alw ays determ ined as if  

th e  cu rren t velocity and  th e  tide  h e ig h t varied harm onically. This could be s tric tly  

correct only if  th e  frictional force was proportional to  th e  velocity, which is no t the  

case. I t  appears, however, th a t  th e  d ep a rtu re  from th e  harm onic varia tion  is not 

enough to  produce any  g re a t a lte ra tio n  in these in tegrals.

I  wish to  express m y th an k s  to  Mr. H . W. Br a b y  for d raw ing  th e  maps in th is

paper.]
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