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Abstract 

The s o l u t i o n  f o r  t h e  temperature d i s t r i b u t i o n  between ttro constant 

pressure s u r f a c e s  of a Gers tner  wave is used t o  ca lcu la te  the local  in- 

stantaneous h e a t  f l u x  and su r f ace  temperature va r i a t i on  a t  a wavy water- 

a i r  i n t e r f a c e .  Rad ia t ion  wi th in  t h e  water is .accounted f o r  by the Rosse- 

land d i f f u s i o n  approximation.  The hea t  f l ux  i s  found' to  be only weakly 

dependent on w w e  s t e e p n e s s ,  whereas t h e  surface temperature variation 

is p r o p o r t i o n a l  t o  t h e  t h i r d  power of wave steepness and inversely pro- 

po r t iona l  t o  t h e  f i r s t  power of wave period.  RMS values of the surface 

temperature v a r i a t i o n s  a r e  f a r  smaller than experimentally measure6 val- 

I - ues. Th i s  seems t o  suggest  t h a t  conduction i n  t he  th in  thernal layer 
1 

near t h e  ocean s u r f a c e  i s  n o t t h e  mechanism t h a t  produces these sul?ftlce 

temperature f l u c t u a t i o n s .  



~ ~ t r o d u c t i  03 - I - - ----- 

1 1-t i s  now g e n e r a l l y  recognized t h a t  there ex i s t s  a th in  thermal lay- 

e r  near  t h e  s u r f a c e  of t h e  ocean ac ros s  which there is an app~eciab l -~  

difference i n  f l u c t u a t i n g  a s  we l l  a s  i n  mean temierzture. E~ring and MC- 

A l i s t e r  l19603 found a mean d i f fe rence  between surface and subs~rface of ' 

- . 6 ' ~  and a t h e r n a l  l a y e r  th ickness  of l e s s  than one millimeter, where- 

I 

a s  Schooley C19671 measured mean and RMS f luc tua t ing  differences of only 

0 0 
-.086 C and .025 C r e s p e c t i v e l y  over  a thickness of 10 crn. Experimental 

data c o l l e c t e d  by Hasse 119631 show t h a t  mean differences of 1 . 5 ' ~  and 

I - 1 . 0 ' ~  a r e  p o s s i b l e .  These wide d i f fe rences  indicate  the varied condi- 

I t i ons  under which t h e  d a t a  was taken.  Saunders C19671 has proposed a 
I 

i simple t h e o r y  which r e l a t e s  t h e  mean temperature difference t o  the t o t a l  

heat  f l u x  and wind s h e a r  s t r e s s  a t  t h e  surface. A great deal of inter-  

e s t  i n  t h e s e  s u r f a c e  phenomena has been generated i n  recent years as a 

I pesA.lt of improved rad iometr ic  techniques for'xeasuring surface tempera- 

tu re s .  

I 
The p roces ses  ' t ak ing .p lace  a t  an air-ocean interface are  extrcncly 

1 
I - 

complicated and i n  o r d e r  t o  f u l l y  descr ibe the temperature distribution 

I in t h e  ocean one would have t o  account fop absorbed solar  and atmcsghcric 
.I 

i r a d i a t i o n  a s  w e l l  as emission from t h e  water, heat transfer. be-tween a i r  

/ - - - .- - and kate?, eyaporation and sur face .  shape as well is C C X V G C ~ ~ ~ ?  
conduc- 

and r a d i a t i v e  h e a t  t r a n s f e r  processes within the water. f n  t h i s  

ana lys i s  some of t h e s e  processes w i l l  be neglected while others call ho 

I accounted f o r  i n  s p e c i a l  ways. 

'i 
\ 

1 
For example, t h e  r a t e  of energy absorption by the r a t e r  pa r  u:i:t 

1 
time and ~ ~ l u i n e  a t  a dis tance  y below the  ocean surfzce is  pivln 37 



i -KX y 
{ H A ( l  - ph)KAe d?. 

I 
I where is t h e  monochromatic r a d i a t i o n  inbident  on the  surface,  p2 and 1 

I KX a r e  t h e  monocl~romat ic  r e f l e c t a n c e  and absorption coeff ic ient  f o r  wa- 

t e r .  However', s i n c e  t h e  mean f r e e  pa th  o f  s o l a r  r ad ia t ion  i n  water is 

very l o n g -  compai-ed t o  t h e  thermal  l a y e r .  th ickness ,  t h e  small amount of 

I energy absorbed  g e t s  absorbed uniformly ac ross  t h e  l ayer .  Therefore the  

main e f f e c t  o f  s o l a r  r a d i a t i o n  i s  t o  h e l p  determine t h e  mean temperatcrc 

I . * l e v e l  o f  t h e  t h e r m a l  l a y e r .  The same r o l e  is  a l s o  played by evaporation, 

conduct ive  h e a t  t r a n s f e r  between a i r  and ocean, and rad ia t ive  emission 

i from t h e  w a t e r  s u r f a c e  under quasi-steady condi t ions .  Consequently th"- 

1 above p r o c e s s e s  n e e d  n o t  be  e x p l i c i t l y  considered i f .  the mlsan surface 

t empera tu re  as we11 as t h e  mean subsupface temperaturle a r e  assu~lcd krio:::~. 

Absorpt ion of r a d i a t i o n  from t h e  atmosphere and radi.ation i n i t i a l l y  e- 

m i t t e d  by t h e  w a t e r  b u t  subsequently r e f l e c t e d  back again by clouds w i l l  

a l s o  be  n e g l e c t e d .  

The t h e r m a l  l a y e p  is considered t o  l i e  between two constant pras-a?> 

SuT'faCes of a Gers tne r  wave. This wave [ L a d ,  19451 is  a sin!ple f j n j t p  

ampl i tude  p r o g r e s s i v e  wave which probably describes very CloazlJ', c r c c ~ t  

f o r  t h e i r  d r i f t  v e l o c i t y ,  t h e  motion 05 p a r t i c l e s  i n  large  slo?a S~~.'J;CS 

waves. With t h e  a d d i t i o n a l  s impl i f i ca t ion  t h a t  r ad ia t ive  t r a ~ s f c ~  i n  
._ .  - . - . - -  - . . .  . , . . t . _ - . _  

t h e  ocean  can  be apimximated by t h e  Rosscland d i f f u s i o i ~  er;l!dtio:l, tiip 

l o c a l  supface hea t  flux and surface tempewture flLIctultio;rs c a '  I"? c;;l- 

c u l a t e d  from O.'Brien [1967]. 
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I ~ ~ d i a t i v e  h e a t  fl-ux and energy equation 

Since water is o p t i c a l l y  t h i c k  . t o  infrared radiat ion,  the pad j.aj-ive 

I heat  f l u x  
q~ 

i s  g iven  by t h e  Rosseland approxima-tion [Sparrosr and Cess, 

I 19661 as: 

where K = Rosseland mean absorpt ion coef f ic ien t  and eb=  - n2, T 4 

I under t h e  a s s u s p t i o n  t h a t  t h e  'index of re f rac t ion  tl of water is indepbndent 

of wave l e n g t h .  tl i s  n o t  a cons tan t  however and varies between 1 .I and -. 

1 . 7  from .3p t o  5 0 p  C ~ o o d ~  ,' 19641 ; bu t  f o r  computational purposes a mean 

I n of 1 . 4  can b e  used .  Note t h a t  q is s t r i c t l y  the radiative flux within 
R 

t h e  water  and i s  n o t  e q u a l  t o  t h e  r ad i a t ion  emitted t o  the atmosphcrc 

4 
which i s  E cr T, . 

1 If 6T = T, - T2 is t h e  difference between the mean surface and 
I 

I 6T . ~ u b s u ~ f a c e  t empera tu re s ,  then  . - = 0 (/c3) and dq can be linearized t o  

give 
-h 

where 8 = "T; - T . The energy equation therefore takes the form 
1, - T2 

- -  O e  -DIV8 
, D t  .t 

(1) 

- ( I 67 i 3c rn~  + where Dl - and D i s  the thermal diffusivity of 
3 K, P CP 

- -  _. -- . - -.-. -.:-. - . -  - - - . - . - - - - : - - .* - 
Wate2.- - 

Since  0 ' B p i e n f s  r e s u l t s  a r e  v a l i d  when << 1 ( and C arc t h e  
X C  -11 

length and wave speed) which f o r  water a t  S.T.P. i s  no greater than  lo a 

it is a l s o  neces sa ry  t h a t  32al i3on2 << ( 
. No inforrn;~tion 

3KRP Cp AC 
could be  found on KR fop  w a t e r  However, KR is Very u n l i k c l ~  

he la' ' 

10-I Kp , where Kp is -the Plank mean absorption ~ 0 e f f i c j e n t  whicil a t  



I ~ $ ~ K V I I ~  s.T.P. is 0 ( . 1  mm)- With t h e s e  as sump ti oil^^ it c;;! he: ~ : - ~ ~ ; ; z ~  tha t  --.I 
-- 3 K R C ~  P C  

i has en upper bound no g r e a t e r  than mere K =  2T . 

I ' A  

I 
Heat f l u x  a t  t h e  s u r f a c e  

I 
i The average tempera ture  of  a f l u i d  p a r t i c l e  is obtained from (1) . 

where p = K b and b i s  t h e  mean v e r t i c a l  posi t ion of the particle. 

I p, and & i d e n t i f y  t h e  su r f ace  and subsurface. The mean thickness of 

1 the thermal  l a y e r  i s  
I 

0.. ,' 
~ o t e  a l s o  t h a t  pz < P, C 0 and t h a t  = 0 i s  not allowed. 

,' 
The normal h e a t  f l u x  a t  any loca t ion  on the  surface due t o  the mean 

\ 
1 

temperature f i e l d  ( 2 )  can be ca lcu la ted  t o  be 

where a i s  t h e  mean h o r i z o n t a l  pos i t ion  of a f l u id  p a ~ t i c l e ,  and S the 
.C 

l o c a l  s l o p e  of t h e  wave. S is  given 6y 

I and 

After  some a lgeb ra  ( 3 )  becomes 



where t h e  wave s t eepness  3 is 

and 

also 

l;m: + 
3- + 

Furthermore, i n  it has been assumed tha t  

The RMS of  (4) ove r  one wave period is 

A comparison of ( 4 )  and ( 5 )  shows t h a t  is more Sensitive t o  Wave 

- 4s 
steepness S t han  . > 

i 

I Temperature f l u c t u a t i o n  a t  surface ': 

- - .  - - -  . . - -  - - . -  - - : .  _ . -  - -  - . - -  . 1 - . I 
277- D, 

The f irst  o rde r  temperature var ia t ion  d 
i n  - a t  the surface is  

X C  

given by O'Brien a s  



and 

From 

- - - z c  3P ST. 
v /  + CZqZ n [ L O S ~ P / / L O J A ~ ~ ~  0 - e  x 

1 - and s u b s t i t u t i n g  i n t o  (6 )  we have 

where + is for 6 T ( 0 i , e  heat  f lux  and - is f o r  S T 7 0 

5 .e .  downward hea t  f lux .  

From t h e   relationship^ f o r  deep Water gravi ty  

2 T  

where P is t h e  wave ~ e r i o d ,  (7 )  becomes 

T f =  3~ + I T  ( 8 )  

. . . - . . .  . . -. -. _. _ _ - - - _  . -_  - - -..I-. - : -.: - .: - - - 
4 

Al te rna t ive ly  as 5-9 0 6- S p  and ( 6 )  can be w r i t t e n  

i n  terms of the  mean l aye r  thickness bo as 

T '  = - yTTy s3 D( ST S:V ~ ( a - + c + )  
- r2 Jz3Ci + r 2  ~ ' 7 ~  (9) 

A p l o t  of Sin  rand t h e  wave shape is given i n  f i g u r e  1. 13 can 

be seen t h a t  T 1  is 720 0" of phase with wave silzpr. This  phase l a g  is 

n o t  dependent on t h e  deta i l s  of the  Gerstner Wave kinenat ifs b u t  



P 

8 

I- solely a ~~~~~~~~~~~~of t h e  r e l a t i v e l y  s101.r cliffusior: pr.o-i?c,s an? it 
-- -- - 

I th i ' re fore  he  a g e n e r a l  property of t r a w l i n g  ~ 3 1 . 2 ~  on a prater sup- 

face. ~ u r t h e r m o r e  , from (9 )  we s e e  t h a t  T' a3 s ; / ~  ' lieither of these 
I 

r e s u l t s  is i n  agreement wi th  Watering L19681 who found 7 and wave shape 

i n  phase and T' CC. 3 . . However, it .must be remembered that  

L 
the Gers tner  s o l u t i o n  is  f o r  h + % h e r e  L is  the water depth, whereas . 

the l i n e a r  r e l a t i o n s h i p  t h a t  Watering f i n d s  from h i s  experiment holds 

i only f o r  wave p e r i o d s  g r e a t e r  than one second. Most of the waves he con- 

s ide r s  ( t h o s e  w i t h  wave per iod  between 1 .5  and 3.5 second) are somewhere 

between sha l low g r a v i t y  waves and deep water waves. For periods l e s s  

i than one second ( t h e s e  a r e  d e f i n i t e l y  deep water waves) he finds a smaller 

1 
I 

- T I t han  p r e d i c t e d  by a l i n e a r  dependence. on 3 indicat ing a stronger de- 
1 - 
I pendence on 5 . An evalua t ion  of (9) with  , 3 .I D, = 1. 5' C ~ ~ / S C C  

- L .  

, $ T / OC and & =/rnmgives [ ( y ) q 2  = OC . This 

1 0 
I 

I 
i s  k a r  s m a l l e r  t h a n  2 .5  x l o m 2  Crecorded by Schooley, and laboratory 

I 

I 

measurements made by Watering. This suggests  . that  conduction and radia- 

t i o n  i n  t h e  t h i n  the rma l  l aye r  near t h e  ocean surface i s  not responsible 

f o r  t h e  observed t e n p e r a t w e  f luc tua t ions .  

. I i 
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