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T h e  ph ys ica l  p r o c e s s e s  w h ich  contro l  the  transfer  o f  g a se s  
b e t w e e n  th e  a tm o s p h e r e  and o c e a n s  or lakes  are  p o o r ly  u n d e r ­
s t o o d .  C lo u d s  o f  m ic r o -b u b b le s  h a v e  b een  d e te c t e d  b e lo w  the  
su r fa ce  of  L o c h  N e s s  w h e n  th e  w in d  is s trong  e n o u g h  to  ca u se  
the  w a v e s  to  b rea k .  T h e  rate  o f  transfer o f  gas in to  so lu t io n  from  
th e se  b u b b les  is e s t im a te d  to be  s ignif icant if r e p e a te d  o n  a 
globa l  sc a le .  W e  p r e s e n t  h e r e  further e v id e n c e  that the  b u b b les  
are c a u se d  by  b re a k in g  w a v e s ,  and  discuss the  re la t ionsh ip  
b e tw e e n  the  m e a n  fr e q u e n c y  o f  w a v e  b reak ing  at a f ixed  po in t  
and th e  a v e r a g e  d is tan ce  b e t w e e n  b reak ing  w a v e s ,  as m ig h t  be  
e s t im a te d  from  an aeria l  p h o to g ra p h .

It has b e en  su g g e s t e d 1 that there  m ay  be a causal re la t io n sh ip  
be tw ee n  w h itecap s ,  o r  b re ak in g  waves ,  on  th e  surface  o f  a 
f resh w a te r  lake  a n d  th e  indiv idual c louds  o r  bub b les  which  have  
be en  d e te c te d  acoustica l ly  be low  the  surface.  T h e  c louds  a p p e a r  
with a typical f req u e n c y  o f  a b o u t  1 p e r  m in in wind sp e e d s  of 
10 m s ’ 1 a n d  p e n e t r a t e  to d e p th s  of at least 5 - 1 0  m. T o  inves ti ­
gate  the  re la t io n sh ip ,  a n d  o th e r  p h e n o m e n a ,  we m e a s u r e d  
b re ak in g  w av es  in Loch N ess  using a capac i tance  wire p r o b e - 
an d  t im e- lap se  p h o to g rap h y .

T h e  cap ac i tan ce  w ire  p ro b e  was p laced  on  a m o o r in g  c o n n e c ­
ted  to s h o r e 3 in a w a te r  d e p th  of ~  160 m a n d  2 5 0  m f ro m  the  
shore ,  w h e re  th e  fe tch  for n o r th -ea s t  o r  so u th -w e s t  w inds is 
so m e  10 km. T h e  w ind  sp eed  was m e a su re d  by an a n e m o m e t e r  
on a t r ip o d  in th e  loch. A s  the  s lope  of the  w a te r  su r face  in a 
b reak in g  w ave  is large ,  the  e lec tron ic  circuit  used with th e  p ro b e  
was des ig n ed  to  d e te c t  large  g rad ien ts  in surface  he ight .  T h e  
signal vo l tage  f ro m  the  p ro b e ,  p ro p o r t io n a l  to th e  wave he igh t ,  
was passed  th ro u g h  a d i f fe re n t ia to r  an d  the o u tp u t  c o m p a re d  
with a r e fe re n ce  level wh ich  could  be  set a cco rd ing  to th e  wave 
condit ions.  W h e n  th e  d i f fe ren tia ted  signal ex ce ed e d  the  
re fe ren ce ,  a sp ike  g e n e r a to r  was t r iggered  which  m a rk e d  the  
record .

T h e  s lope ,  b h/ bx ,  o f  the  w a te r  surface  is re la te d  to the  t im e 
der iva tive ,  bh/bt ,  of th e  wave he igh t  m e a su re d  at a po in t,  by
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w h e re  c  is th e  p h a se  sp e e d  o f  th e  waves .  Fo r  small  d e e p -w a te r  
waves c  =  c» =  g T / 2 v ,  w h e re  T  is th e  wave p e r io d  a n d  g the  
acce le ra t ion  d u e  to  g rav ity4. F o r  large am p l i tu d e  w aves  the  
p h ase  sp e e d  is a fu n c tio n  of the  w ave  slope .  T h e  m ax im u m  slope 
of a regu la r  p rog ress ive  w ave  t ra in  in d e e p  w a te r '  is close to 30° 
w h en  the  p h a se  speed" ,  c =  1.0923c„ ,  and  hence  th e  m ax im u m  
value of th e  t im e de r iv a t iv e  is ap p ro x im a te ly
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(T he  g rea tes t  w ave  sp e e d  is e s t im a te d "  a t  c =  1 .0 9 2 9 5 co a n d  
hence  e q u a t io n  (1), with c =  c'(), m ay  be used with an  e r r o r  of 
< 10%).

T h e  c ap a c i tan c e  w ire  p ro b e  was used  to  m ea su re  the  m ean  
w av e  p e r io d ,  T, e s t im a te d  from  the  zero -c ross ing  in terval ,  a n d  
e q u a t io n  (2) used  to  e s t im a te  b h / b t  fo r  a l im iting wave. In 
pract ice  th e  r e fe re n c e  level se t t in g  was se t empirically  to t r igger  
'sp ikes '  on an  in k -p lo t t in g  p en  w h en  a b re ak in g  w av e  could  be 
seen  at th e  p ro b e ,  a n d  c o n s id e ra b ly  sm a lle r  values th an  the 
theo re t ica l  e q u a t io n  (2) w e re  fo u n d  to  be  su itable .  T ro u b le  was 
e n c o u n te r e d  by sp ikes  b e in g  t r iggered  n e a r  wave n o d e s  w h e re  
th e  wave s lope  is large  b u t  w h e re  no b re ak in g  o r  b u b b le  
e n t r a in m e n t  occurs .  W av e s  t e n d  to b re a k  n e a r  their  c rests  and  
th ese  sp u r io u s  sp ikes  w ere  a v o id e d  by in co rp o ra t in g  a circuit  
wh ich  pa sse d  th e  s ignal sp ike  on ly  if th e  w ave  he ight  e x c e e d e d  a
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Fig. 1 Windspeed, VU,,, (corrected to 10 m ) \e r s u s frequency/ , of 
bubble clouds seen on a sonar record1 (■), or frequency of break­
ing waves (A), oni) one  wave being counted when neighbouring 
waves break as the sonar record cannot resolve a time scale 
corresponding to individual waves, the bubble clouds from neigh­
bouring waves are expected to merge. Observation periods of at 
least 20 min were used. The mean standard deviation of the 
number of waves in a five minute period is —2.6. The arrow marks 
the approximate wind speed at which whitecaps and bubbles are 

first observed.

ce r ta in  level,  wh ich  w a s  set in re la t ion  to the  o b se rv ed  height of 
th e  exis ting  w ave  field.

T h e  success o f  the  sy s tem  in iden tify ing  b re a k in g  waves w as  
te s ted  by tak in g  cine film of th e  p ro b e  an d  w a te r  surface  f ro m  
s h o re  an d  by c o m p a r in g  the  reco rd  o f  w av e  he igh t  and  spikes 
with th e  p h o to g rap h ic  reco rd .  In calm w e a th e r  tes ts  w ere  also 
m a d e  by artificially c re a t in g  b re ak in g  w aves  in th e  w ake  of a 
b o a t  which  passed  c lose  by the  p ro b e .  T h e  d e te c t io n  system was 
insensi tive  to brief  sp ikes  of the  o r d e r  of 25 ms o r  less in which 
bh / b t  ju s t  exceeds  the  th resho ld .  W av es  less than  the  p ro b e  
d im en s io n s ,  — 10 cm, w e re  not  reso lved  e i th e r  by th e  p ro b e  o r  by 
the  cam era ,  b u t  larger w av es  with crest  len g th s  ex ceed in g  this  
d im e n s io n  w ere  d e te c te d .

F o r  w in d -w a v es  Loch Ness is effectively  an  enc losed  basin,  
a n d  swell f ro m  d is tan t  s to rm s  which might,  a t  sea ,  induce  wave 
b r e a k in g 7, is absen t.  A  re la t io n sh ip  m igh t  th e re fo re  be  expec ted  
b e tw ee n  th e  f req u en cy  o f  wave b re ak in g  a n d  the  local w ind  
speed .  F igu re  1 shows th e  averag e  f req u e n c y  o f  w a v e -b re a k in g
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Fig. 2 Wind speed, VVH) (corrected to 10 m ) versus O, T/ i  or □ ,  
A / a", the number of breaking waves per wave, groups counting once 
only (see text). A / a  was calculated over an effective horizontal 

length of at least 2,280 m.
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even ts  a n d  individual  b u b b le  c luuds  seen  in the  so n a r  r e c o rd s ' ,  
p lo t ted  against  w ind  speed .  T h e re  is cons ide rab le  sca tter ,  aris ing 
p a r tly  f ro m  th e  uncer ta in ty  in identify ing individual b u b b le  
c louds in th e  so n a r  reco rd s  a n d  pa r t ly  f rom  the  u n s tead in ess  of 
th e  wind. T h e r e  is an u p w a rd  t re n d  in bo th  sets o f  points ,  
c o m m e n su ra te  with a ze ro  va lue  a t  a w ind  sp eed  of ~ 2 . 5  m s ' 
w h en  w h i tecap s  an d  b u b b le  c louds  are  first obse rved .  W hilst  the 
f req u en c ie s  a re  similar,  the  n u m b e r  o f  w av e -b re a k in g  even ts  
exceeds  th a t  of th e  b u b b le  clouds .  A  c o n tr ib u t in g  fac tor  m ay  be 
tha t  so m e  waves ,  b re ak in g  "gently’, do  n o t  p ro d u ce  bu b b les  
which p e n e t r a te  b e lo w  th e  d e p th  of th e  p re -ex is t ing  cloud.

T h e  average  p e r io d  b e tw ee n  th e  occu rren ce  o f  b re ak in g  
w aves  a t  th e  p ro b e  was c o m p a re d  with the m e a n  d is tance  
b e tw ee n  b re a k in g  w aves  a p p ro ac h in g  th e  p robe .  T h e  la t te r  was 
der ived  f ro m  t im e- lap se  p h o to g ra p h s  of th e  w a te r  surface  tak e n  
from  the  hi llside a b o v e  th e  loch. T h e  w id th  of the c am era  f ram e  
was e s tab l ish ed  by tak in g  p h o to g rap h s  of a ru b b e r  b o a t  of 
k no w n  d im ens ions .  T h e  t im e  in terval  b e tw ee n  fram es was such 
th a t  g ro u p s  of w aves  w o u ld  trave l  a d is tance  well ex ceed in g  the  
f ram e  w id th  d u r in g  the  t im e in te rval ,  an d  thus  be  fi lmed only 
once .  W ith  th e  a ssu m p t io n  tha t  th e i r  statistics w ere  un ifo rm ,  the 
m e a n  d is tance  b e tw ee n  w h itecap s ,  x, was found  by d iv id ing  the 
n u m b e r  of b re a k in g  w aves  o b se rv ed  to in te rsect  a line a lo n g  the 
loch axis (a p p ro x im ate ly  th e  m ea n  d irec tion  of w ave  advance)  
in to  the  to ta l  effective f ram e  length.

T h e  large  and  s teep  w av es  which b re ak ,  fo rm ing  w hitecaps ,  
occu r  in g roups .  It was ve ry  r a re  to  see  two ne ig h b o u r in g  waves 
b reak  s im u ltan eo u s ly  a n d  w h en  this h a p p en e d  on ly  o n e  wave 
was inc luded  in the  count.  F igu re  2 shows es t im a te s  o f  A/x, 
w h e re  A is th e  m e a n  w a v e len g th  e s t im a ted  from using the 
re la t io n 4 A =  g T 2/ 2 n .  A lso  sh o w n  are  es t im a tes  of 1 / T ,  w h e re  1 
is th e  average  t im e  in terval ,  m e a su re d  by the  capac i tance  wire 
p ro b e ,  b e tw ee n  successive  g ro u p s  which  co n ta in ed  b re ak in g  
waves. A b o u t  5 8 %  of  th e  g roups  which  passed  the p ro b e  with 
b reak in g  w aves  c o n ta in ed  m o re  th an  o n e  (none  m o re  than  
th ree ) .  T h e r e  is again  m uch  sca t te r  in th e  o b se rv a t io n s  (again 
varia tion  in w ind  co n d it io n s  m ay  have  c o n tr ib u ted )  b u t  ev idence  
of an increase  in b o th  A /x  a n d  T / l  with wind speed .  T h is  is partly  
due  to a n  increase  in T  (and  hence  A) w ith  wind sp e e d  from  an 
average  o f  2 .58  s a t  w ind  sp e e d s  of 6 .17  m  s _1 to 3 .05  s a t  winds 
of 12.4 m s -1 . O n  averag e  th e  va lues  of A/.v a re  significantly 
g re a te r  th an  th o se  of T / l  a t  th e  sa m e  w ind  speeds.  (M e an  va lues 
a re  0 .0 7 6  and  0 .0 5 6  respec t ive ly  a t  a m ean  wind sp e e d  of 
9 .9 m s _1).

T h e  reg ions  of large waves ,  an d  hence  whitecaps ,  adv an ce  at 
the  g ro u p  ve loc i ty8, w hich ,  in d e e p  w a te r ,  is half the  ph ase  speed  
of the  waves .  F igu re  3 a , b,c show s th e  waves in sp a c e - t im e  
co o rd in a te s .  T h e  indiv idual b re a k in g  waves, advanc ing  a t  the  
phase  sp e e d ,  a re  sh o w n  as solid lines of slope c = \ / T .  T h e  
groups  c o n ta in in g  b re a k in g  w aves  adv an ce  a t  the g ro u p  velocity  
a n d  are  in d ica ted  by a success ion  of th ese  lines, fo rm in g  a pa tch  
o u t l ined  by d o t te d  l ines with  s lope  c /2 .  If the d u ra t io n  of 
p e rs is tance  of a w h i tecap ,  D ,  is m o re  th an  doub le  the  wave 
p e r io d  (Fig. 3 a )  each g ro u p  w ith  b re ak in g  waves will con ta in  at 
least o n e  b re a k in g  wave w h en  it is o b se rv ed  at constan t  t im e (by 
a p h o to g rap h )  o r  as it passes a c o n s tan t  position ( the  wave 
probe).  If on ly  o n e  b re ak in g  w ave  in each  g roup  is co u n te d ,  the 
ra tio  r of the  m ea n  d is tance  b e tw ee n  such successive o b s e r ­
va tions a t  c o n s tan t  t im e a n d  th e i r  m e a n  p e r io d  will b e  th e  g ro u p  
velocity, c /2 .  H e n c e  th e  ra tio

X =  (A /.v)/(T /7) =  -  =  2 
r

(3)

If, how ever ,  2 T >  D > T  (Fig. 3b) ,  whilst  each g ro u p  c o n ta in ing  
b re a k e r s  will be  r e c o r d e d  by a t  least  o n e  b reak ing  w ave  at the 
p ro b e  (constan t  x ) ,  th e re  are t im es  w h e n  no waves at  all will be 
b reak in g  in a p a r t icu la r  g ro u p ,  an d  hence  * < 2 .  M o re o v e r  at 
m ost o n e  w ave  a t  a t im e will be  b re ak in g  in a group. If, as is often  
o bse rved ,  D  < T ,  t h en  g ro u p s  c o n ta in in g  b reak in g  w aves  m ay 
pass th e  p ro b e  with no  b re ak in g  ev en t  registering.  G ro u p s  
con ta in ing  m ult ip le  b re ak in g  w aves  a re  m o re  likely to b e  r e c o r ­
d ed  at a fixed loca t ion  th an  to be  seen  in a p h o to g ra p h ,  as is 
indeed  o bse rved .  T h e  o c cu r re n ce  of m ult ip le  b reak in g  w aves  at 
the  p ro b e  suggests  tha t  D  f r eq u e n t ly  exceeds  T,  whilst  th e i r
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Fig. 3 Space (x)-lime (/) diagram of the movement of breaking 
waves and groups. The heavy lines are breaking waves and the 
dotted lines are groups. Idealised diagrams when: a, D > 2 T \  b,
2 T  > D  > T;  c, T >  D  \ d  is a sketch of a more realistic situation in 
which the groups break intermittently. The groups of breaking 
waves have been drawn closer together than they are in reality. The 
dashed lines x, constant; and I, constant indicate the way in which 
the breaking waves are sampled by the probe and by photographs 
respectively. In a these lines cut at ieast one breaking wave in each 
group. In b, t, constant misses, but x, constant always intersects, one 
or two of the breaking wave tracks, whilst in c both lines occasion­
ally miss and more than one breaking wave in the same group is 

never sampled.

ab sen ce  in p h o to g ra p h s  implies th a t  D  is usually  less than  2 T.
T h e  o b se rv ed  m ea n  value,  ^  =  1.65, is consis ten t  with this 

a rg u m e n t .  B e ca u se  the  b reak ing  w aves  a re  unlike  the idealised 
m o d e l  (but  re sem ble  Fig. 3d)  t h e re  seem s at p re sen t  no o bv ious  
w ay  in which  *  m a y  be re la ted  to th e  s im ple  statist ics o f  the wave 
field. A  w o rk in g  va lue  of x  w ould ,  h o w e v e r ,  be  useful as it w ould  
th e n  be poss ib le ,  by finding x  a n d  T  (or A)8 from  aerial  
p h o to g ra p h s ,  to e s t im a te  1 a n d  h e n ce  to d e te rm in e  how o f ten  a 
s ta t io n a ry  s t ru c tu re ,  for ex am p le ,  an  oil rig o r  wave p o w e r  
dev ice ,  w o u ld  be  su b jec t  to g ro u p s  o f  b reak in g  waves.

W hils t  there  is at least c ircum stan t ia l  ev id en ce  for a causal 
re la t io n sh ip  b e tw ee n  b reak in g  w aves  a n d  bubbles ,  m o re  
re sea rc h  is n eed ed .  Progress  m igh t  be  m ad e  by using n a r ro w -  
b e a m  u p w a rd -p o in t in g  sonar  which  cou ld  resolve  deta ils  o f  the 
w ave  surface  d u r in g  wave break ing .

T h e  b reak in g -w a v e  de tec t ion  circuit  was c rea te d  by Professor  
M .  S. L o n g u e t -H ig g in s  and  D r  B. S. M c C a r tn e y .  T h e i r  idea, a n d  
th e  g e n e ro u s  assis tance of o th e r  m e m b e rs  of I .O.S. staff, a re  
g ra te fu l ly  acknow ledged .

R e c e i v e d  1 7  O e l o b e r :  a c c e p t e d  2 9  N o v e m b e r  1 9 7 9 .

1. T h o r p e ,  S . A .  &  S t u b b s ,  A .  R .  S a i l i n ’ 2 7 9 ,  4 0 3  11 9 7 9 1.

2 .  T u c k e r ,  M .  J .  &  C h a r n o c k ,  H .  P r o c . 5 i h  C o n f .  C u t n u i l  E n t f .  ( 1 9 5 4 ) .

3 .  T h o r p e ,  S .  A .  P h i l .  T r im s .  K .  S o c .  2 8 6 ,  1 2 5  1 1 9 7 7 ) .
4 .  L a m b ,  H .  H y d r o d y n a m i c s  6 t h  e d n  ( C a m b r id g e  U n i v e r s i t y  P r e s s .  1 9 2 2 ) .

5 .  L o n g u e t - H i g g i n s ,  M .  S .  &  F o x ,  M .  J . H .  J . F l u i d  M a l i .  8 0 ,  7 2 1  ( 1 9 7 7 ) .
6 .  L o n g u e t - H i g g i n s ,  M .  S .  P r o c .  R .  S o c .  A 3 4 2 ,  1 5 7  ( 1 9 7 5 ) .

7 .  P h i l l ip s ,  O .  M .  &  B a n n e r ,  M .  L . J . F l u id  M c c h .  6 6 ,  6 2 5  1 1 9 7 4 ) .
8 .  D o n e l a n ,  M . ,  L o n g u e t - H i g g i n s .  M .  S . i ;  T u r n e r ,  J .  S .  N a t u r e  2 3 9 ,  4 9 9  11 9 7 4 1.

P r in t e d  in  G r e a t  B r it a in  b y  M a c m i l la n  P r o d u c t io n  L t d . .  B a s i n g s t o k e .  H a m p s h ir e


