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Abstract
abotror-

The solution for the temperature distribution between two constant
pressure surfaces o.f a Gerstner wave is used to calculate the local in-
stantaneous heat flux and surface temperature vaxjiation at a wavy water-
air interfaée. Radiation within the water is accounted for by the Rosse-
land diffusion approximation.l The hwea‘f flux is found'to be only weakly
dependent on wave steepness, wheréas th;e surface temperature vari_ation
is proportional to the third power of wave steepness and inversely pro-
portional to the first power of wave period. RMS values of the surface
temperature variations are far smaller than experimentally measured val-
ues. This seems to suggest that conduction in the thin thermal layer
near the ocean surface is not the mechanism that produces these surface

temperature fluctuations.
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Introduction
It is now generally recognized that there exists a thin thermal Loy
er near the surface of the ocean across which there is an appreciable

difference in fluctuating as well as in mean temperature. Ewing and Mc-

Alister [1960] found a mean difference between surface and subsurface of

-.6°C and a “;hermal layer thickness of less than oné millimeter, where-
as Schooley [1967] measured mean and RMS fluctuating differences of only
-.086°C and .025°C respéc‘tively over a thickness of 10 cm. Experimental
data collected by Hasse [1963] show that mean differences of 1.5°C and
-1.0°C are possible. These wide differences indicate the varied condi-
tions under which the data was taken. Saunders [1967] has proposed a
simple theory which relates the mean temperature difference to the total
he;l‘t flux and wind shear stress~a‘t the surface. A great deal of inter-
est in these surface phenomena has been generated in recent years as &
rest'ig_t of improved radiometric techniques for'measuring surface tempera-
ture;,

'I;Be processes taking place at an air-ocean interface are extremely
complicated and in order to fully describe the temperature distribution
in the océan one would have to account for absorbed solar and atmospheric

ke

. .. ) fer between air
radiation as well as emission from the water, heat transfer betwee
condud-

. o rective
and water,  evaporation and surface-shape as well as convective,

. IR -er. In this
tive and radiative heat transfer processes within the water

3 - hi sps can be
analysis some of these processes will be neglected while others can b

accounted for in special ways.

. o +e er unit
For example, the rate of energy absorption by the vater per un

. i n s
. caz pface is given b
time and volume at a distance y below +the ocean surfacs g Y
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where HX is the monochromatic radiation inéident on the surface, p_ and
K, are the monochromatic reflecténce and absorpticn "'coefficien“t vfo:ﬂ wa-
ter. However, since the mean free path of solar faciiation in water is

very long compa red to the thermal laye“ thic}f;ﬂess, the small amount of

energy absorbed gets absorbed.uniformly across the layer. Therefore the
main effect of solar radiation is to help determine the mean temperaturc
level of the thermal layer. The same role is also played by evaporation,

.

conductive heat transfer between air and ocean, and radiative emission

. ‘s o
from the water surface under quasi-steady conditions. Consequently the

above processes need not be explicitly considered if: the mean surrace
temperature as well as the mean: subsurface temperature are assumad known.
Absorption of radiation from the atmosphere and radiation initially e-

- .‘- ) . . . N -’ -":.i
mitted by the water but subsequently reflected back again by clouds will
also' be neglected.

v‘ i rant pressure
The thermal layer is considered to lie between two constant pressu
1 b, 19457 is a simple finite
surfaces of a Gerstner wave. This wave [Lamb, 1945J 18

> “ ‘ . ] P rlof;’)lw OXCU}%
amplitude progressive wave which probably descr ibes very closcly,

e . : it : s 3 arge slope gravi
for their drift velocity, the motion of particles in larg

ative transfer in

_waves. Wl'th the addl’clonal 51mpllflcatlon that radi

i & au Tt U 1 'fof
the ocean can be approx1mated by the Ros seland dif fu ion equ s
) na can be cal-
Juetuations cdi !
local surface heat flux and surface temperature fluctuation

culated from O'Brien [1967].



Radiative heat flux and energy eguation

Since water is optically thick-to infrared radiation, the radiative
heat flux o is given by the Rosseland approximation [Sparrow and Cess,

1966] as:

A= 4Ve,
3KR

where KR = Rosseland mean absorption céefflclent and eb—— ng Tq
under the assumption that the index of refraction N of water is indepéndent
of wave length. N is nk.at a constant however and varies. between 1.1 and
1.7 from .3p to S0 [Goody, 1964]; but for computational purposes a mean
n of 1.4 can be used. Note that qR is strictly the radiative flux within
the water and is not equal to the radiation emitted to the atmosphere
which is € o T|4

If 8T = T, - T, 1is the difference between the mean surface and

. subsurface temperatures, then- STT ol ) and qR can be linearized to

- give

q.- 16 T°on?8T Vg
3Kg
where @ = —-—l_{_-—:—fr—[-—_ . The energy equation therefore takes the form
T2 A
28 -p,ve (1)
, . Dt T .

where DI = ([_6__1_9:..&3_ D) . and D is the thermal diffusivity of
o 3KRPCP
watew. T

Since O'Brien's results are valid when_Z___D<<l(X and C are the wave

=l
O .
length and wave speed) which for water at S.T. P‘ is no greater than 10 3

32 77'T!30" n? << | . No information
3 KR P Cp )\C

could be found on K for water. However, KR is very u

it is also necessary that

nlikely to he less

hich at
than 3—0_1 Kp ,» Where KP is the Plank mean absorption coe*’flclcnt which
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S.T.P. is~0(.l mm). With these assumptions it can be shoym that .‘..6.;53

N , —l :
has an upper Dbound no greater than 10 . Where

Heat flux at the surface

The average temperature of a fluid particle is obtained from (1)

[0'Brien, 1967] to be

T = T; - 9T In [Co‘s\n(\s,/ws%(‘?j
. [COSL) @1 /Cosh@e ](2)

where [S= kb and b is the mean vertical position of the particle.
ﬁl and [, identify the surface and subsurface. The mean thickness of

the thermal layer is
B/“'Bz%’ = 5,6’/,{/ = &,

N&Fe also that /92 </5/ < O and that ,6’, = O is not allowed.
The normal heat flux at any location on the surface due to the mean
tesz‘e‘I‘ai‘ture field (2) can be calculated to be
R A 2
ﬁ? = 27/—/DCF D [/+ e’ Cos /f(cb""G{)j["LS] Cd)
el . K

where @ is the mean horizontal position of a fluid particle, and § the

g . t
local slope of the wave. S is given by

T
S'= ‘€7 S/ #la +ct)
/ + e,é’ cos A(a+ct)

26
dr . sr(-c¢ “) 2 4,
dﬁ? ] /n[wshﬁ}/(,osh/ﬁzj(f + e )

After some algebra (3) becomes ‘

and

4
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where the wave steepﬁess 3 is , L -
§ = WG"/E"L‘;?\L"& o= .C’/g/ <
,Wa,v’c! levzght‘: /2 b
and . . : .
b = [%(1— tan (In7s 2
b = [V (= tant Un7E)) §87 = 58 tanklly 7]
also '

/l‘m??t ¢—"‘” Sﬁ

S—+0

. . 1 2
177
liatf Q= 28p

S
Furthermore, in (? it has been assumed that gﬂ = ,Ziz: %o <<

The RMS of (4) over one wave period is

!
7)/£= 277:,0(:/9 D, ‘%Tl
X Lr+ 72321729

(5)
A comparison of (4) and (5) shows that st ig more sensitive to wave

: - ]
steepness S. than (Cf,z i

Temperature fluctuation at surface
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The first order temperature variation in 2)‘71;: ! at the surface 1s
—

given by O'Brien as

T = - 27D L‘Q T(#) Siv #lo+ ct)
1 C

where
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T = —ef =) z [CZ‘—;/E;,_ #2071 ¢ /‘?07/9;;17‘43)

3
-.--—-ZG/? 57

(/- e I+ 62/?/2 In[(/o.sh,ﬁ//cagﬁ/@j

= zr>3’ sT -
VRS
and » ‘ ' . ._ - V
T = —47"S°D, 6T Sin e ) o
NC (- 725 i+m?5* )@ |
From (5) L 3
— 2 _.2 2
stl = (1) [em”5
and substituting into (6) we have
A
T = 2 21’ Ea(qf)z Sin a(a +ct) (7)
P Cp L7 — FRERIC ) + 723%]% C
Where+.is for 9T <0 i.e. upward heat Flux and - is for ST >0

i.e. downward heat -flux.

From the relationships for deep water gravity waves

2 2
C = jég 5 1= g: P
s ' v

T
where P is the wave period, (7) ‘becomes
T = = 47 §3(§§)I/‘Z Stn (e +ct) o
' _Pg,__pvcf'[;/y—vz.#]yzf/-7f‘25""_] | o

P e Lo T p B LT '-t-ten
Alternatively as 5% O (‘)«—-' Sﬂ and (6). can be wrl

in terms of the mean layer thickness So as

T': —47'5° D 8T St sofa +ct)
CPg L1- 72 82][1 + m2 5°1° G (9)

It can

A plot of Sin #la+ct)and the wave shape is given in figure 1.

be seen that T' is 72° out of phase with wave shape. This phase lag 18

not dependent on the details of the Gerstner wave kinematics but 18




so}ely,a gqnsequence'of the relatively slow_diffusion brocess and it
should therefore be a general property of traveiing wéyeg on.a water sur-
face. Furthermore, from (9) we see that 1*' o:'gi/p. rNeither of these
results is in agreement with Wateping [l96é] whe found _T-'and wave shape
in phase and T o 3 '. PU?" . However, it'musf be rememb§red that
the Gerstner solution is for %i?’OOWhere L is the water depth, whereas
the linear re;ationship that Watering finds from his.experiment holds
only for wave periods greater fhan one second. Most 6f the waves he con-
siders (those with wave period between 1.5 and 3.5 second) are somewhere
between shallow gravity waves and deep water waves. For periods less
than one second (these are definitely deep water waves) he finds a smaller
°rl than predicted by a linear dependence.on S indicating a stronger de-
pendence on S. An evaluation of‘(9) with l:@ = ,]'/ D =14 e/ sec

8 T=/°C | and 8°=/mmgives [ -(—“T'SEJE = /O—S °c . This
iszfar smaller than 2.5 x lO'QOCrecorded by Schooley, and laboratory
mea;grements made by Watering. This suggests-that conduction and radia-
tionﬁin the thin thermal layer near the ocean surface is not responsible
for the observed temperature fluctuations.
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