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ABSTRACT

The effect of friction on the propagation of long internal
waves in a rotating ocean is investigated theoretically for the simple
éase of a two-layer system subjected to a constant eddy viscosity.
Waves of inertial period are excluded. Typical distances for a 50%

decrease in amplitude are found to be 1,000 to 2,000 km.
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LIST OF SYMBOLS

Symbol Meanin,
X, ¥, 3¢ Cartesian coordinates of position, with z = 0 at the
mean interface level,
te Time,
u, v, Wt Components of water velocity.
e Elevation of upper surface of layer.
j'oz Value of j’ at time t = 0 and position x = 0.
g Acceleration due to gravity.
Ve Eddy viscosity.
W Angular velocity of rotation of ocean area.
P Density of sea water.
A ;: Density difference between two layers.
he Mean layer depth.
G Frequency of the internal wave.
ke Wave number of the internal wave,
Y ¢ Damping coefficient of the internal wave.
By \/(o+2w)/2v .
B,
J (@-20)/2v .
€ j':J/ fo" .
Re g 52 (v ik)° (n!+h")
o2 - udf .
e, >
85p/0 .
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INTRODUCTION

Evaluation of oceanographic data is at best uncertain where the
influence of long internal waves cannot be determined, This is clearly
shown by the California current where an apparent eddy structure is
found which is caused by internal oscillations of diurnal period
(Defant, 1950a)., From the apparent wide distribution of such internal
waves it is reasonable to suppose that the possibility of error exists
in the interpretation of much similar data, A knowledge of the occurrence
and behavior of long internal waves in the ocean becomes then of prime
importance for the advance of oceanography,

Obtaining information on internal waves at sea is a difficult
process which requires long series of observations for statistically
valid results, It has been demonstrated that reported internal waves,
in many cases, may be only harmonic representations of short series of
random data (Haurwitz, 1952, 1953; Rudnick and Cochrane, 1951), 1In
addition, in order to adequately describe the behavior of the internal
waves it is necessary to take measurements simultaneously at three
stations (Haurwitz, 1953),

The essential reason for the difficulty in obtaining internal
wave data in the ocean is the lack of an adequate theory to guide the
investigations, Even the presence of tidal internal waves is not well
explained, The resonance theory (Haurwitz, 1950; Defant, 1950) is

inadequate because of the large frictional damping and narrow belt of



resonance for these waves. Since internal waves of tidal period have
not generally been found in the open ocean but mainly in offshore
regions, a mechanism of generation associated with the ocean boundaries
is suggested (Rudnick and Cochrane, 1951)., Model experiments have
shown the generation of internal waves by the passage of surface waves
over bottom irregularities (Zeilon, 193L). At that time it was felt
this did not offer an explanation for the observed tidal internal waves
since their amplitudes would be decreased rapidly by friction and
divergence, However, internal waves generated by the action of surface
tides over the continental shelves will not be subject to radial
divergence as from a point source, but will undergo convergence on
traveling seaward from a boundary source. It is proposed therefore to
derive expressions for the effect of friction on internal wave motion

for the case of a rotating earth.

MATHEMATICAL FORMULATION

For mathematical simplicity the problem considered is the
propagation of long internal waves through a two-layer fluid on a
rotating disk subject to constant eddy viscosity. A right-handed
cpordinate system is used with the origin at the mean level of the
iﬁterface, the z-axis vertical, positive upwards, and the x-axis
positive in the direction of wave travel. A primed quantity refers
to the upper layer and a double-primed quantity to the lower layer.
The following assumptions are made: the vertical accelerations are

npgligible permitting use of a hydrostatic pressure distribution;
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all quantities are independent of position in the y direction; the water
is incompressible; and u, v, w and variations in p and p are sufficiently
small that terms of higher order can be neglected,

The equations of motion then become, for the upper layer:

2
Au! dcut R4
- 20 V! = VY T e
dt v )22 € dx (1)
2
g‘: +20u! - vy gz;' =0 , (2)
and for the lower layer:
Jut zun t ) ]
-20VW - Vv = -g_hé_-g_ée_ k4 , (3)
ot )22 dx P 2x
vt 20 ut 2V“
FY R v )
The equation of continuity is
h'+ ¥
du! /XA T4
¢ d = -

4]

4

for the upper layer, and



z"
/LA £ (6)
:')x bt

for the lower layer,
The boundary conditions are:

at the free surface there is no tangential stress, or

tz=h' oL v Lo
av 2 ’ s >z (7)

at the interface, the velocities and tangential stresses are continuous, or

at z = 0, ut =y, vt =y,
du' Ju" dv! v
s s = H (8)
0z 0% )z )z
at the bottom there is no slippage, or
at z = ~h"y, w* = y' = 0, (9)

Equations (1) through (9) are solved in a manner similar to that applied

to tidal waves on the Siberian shelf by Sverdrup (Sverdrup, 1926),



SOLUTION

A solution is found by assuming

g' = gpe T Xellotekx) | (10)

" u e-‘Yx ei(c‘b-klt)

g o= g, ’ (11)

where & é, 2;:.;, ¥, 0, and k are all constants characteristic of the
motion, The general solutions of equations (1) through (L) are then

ig Z:J (v + ik)e™r* i ot-kx) /

at = 5 - Ja+ A (1+i)p2
o ~bho (
+ Aé e~ (1+1)B2 _ Aé e(1+i)Boz _ Aﬂ e"(]'d"i)‘s?Z J ’ (12)
J
r oy Y% i( o t-kx)
S -gzo(Y + ik)e e j..gw.,.Ai e(l"'i)p‘lz
& - b o? L
by R L gt Q0B ! o(L+1)Bp | (23)

1g (%0 + 2 £o) (o + 1k)e™* ¢2(0 b-Ix) (

ut = ) o+ A;I'. e(l*'i)plz
!

0'2 ~hm2 K

. A'2' e-(1+i)plz - A; e(1+i)(322 _ Aﬁ e-(l+i)ﬁzz\2 , ()



g(Zg + =2 £ H(Y + w)e™™ o1l Tt-a0)

W = w20 + 4 e(1+1)By?

SR NS
-

Y
+ A2 o-(1+i)pyz A <l+i)522 * Aﬂ "(1*1)622 N (15)
— PR
By and B, are constants given by /ﬂ_‘?ﬂ_ and / g ;vzw y

respectively. Relations for the constant coefficients A, determined

fi'om the boundary conditions, after some rearranging are:

0= 20 1 -
e R I GRS ik Y B €19

8(0‘;20) -Aé-Aﬁ) = (e +%ﬂ.)(o;2w 'A"'Ah) , (17)
e(Ai -;Aé) = (e +_‘?)E)(A; -A;) y (18)
ey -A) = (e + %p)(A'B' -a) (19)

Al o(L#)BghT 1 -(1+1)8 b

’ (20)

ad e(+1Bah" o b o-(L+i)Boh' (21)



D220, g OB g (A 4 o @2)
T20 | gy om(Le)pah” . g o(HBA" 1 o (23)
z!
vhere € = .Ezg_ » a small quantity for internal waves, Solution of
| 0

thése equations yields the following expressions for the coefficients:

_2& , 2(l+i)ph" , 2(1+1)B,n' < 1 A ~2(1+i)B,h"
L (R0 20 g L L e RO

- (e + L2y

2(e§ P )
—?._zToe'— (e=2(1+1)Byh" , (2(1+i)Byh'y Al - _2_ _%9_ Q- e2(1+i)ﬁlh')

- (e + -—Ab‘-)—)e'(]'*i)ﬁlh" s (25)

(e"z(l"'i)ﬁ.l.h' . ez(l"'i)ﬁlhﬂ) A; - -;"_ép'e' 1+ 32(l+i)51hn)

- (e*%’eu”“"l“" s (26)



2(c + LP.) \ " . .
P (e-2 (l+i)(31h + 82 (l+i)ﬁlh ) Ag -« 1 _A_F_)_ (1- e~2(1+1)ﬂlh )
O =20 2 P

- (8 + _%e_)e(l-i-i)ﬁlh" s (27)

26 (g2(HIBh" | 2(s1Phty pt o L1 BB (3, R(1+E)Bp0"
o+ 20 2 P

+ (e + —Abe-)e'(l+i)§2h" s (28)

2(e + Aé))

G+20

(e-2(1+1)Boh" | G2(1+1)B,h'y 2 = - _E_ _épg_ Q- e2(l+i)£32h')

o (e v L2 1B ()

28 (2B | 2(1e1)Bh"y 1 o L L B0 o, 2(1+1)Boh"
o+20 2 P

o (e + AR)ADRR (3
2(e + 22)

P (e-2(1+1)Bsht |, 2(1+1)Boh") A= - 1 8p (3 . ¢m2(1+i)Bpn'y
g+ 2w 2 P

. (e + _A.p&)e’(l*i)ﬁeh" . (31)

The equations of continuity can now be written



ht
/z(')('r? s 240 = K2)E'(z)as = 1o (L5 - Zg) , (32)

0
and

0

(Zg+=22 go)(r2e2ikr -1 ®)"(2)az = ~d0y, , (33)
_hﬂ

where
£'(z) = > 8 (s Al (BHIBE 3 (1411812 L ! o (143)p

0 = hw2 3

-] o~ (1+1)B,3)

and

£'(z) = > ig 5 (o+ A; e(1+i)Biz Ag o~ (1+1)By% A.3. o (1+1)B,z
| o =-bhko

- e-(1+i)[322)

L

Integration of the equations of continuity and substitution of the
values for the constants A, yields the following two expressions in
(Y + ik) and € ¢



2(02 - L mz)o(l-e) = (g=20) -ABQ— sinh [(l+i)[31h'] {cosh [(1+i)(31h"] + J}

g(y + i) (1+1)By cosh [(1+1)B; (n'+ H")]

(o+ 2w ) -%9— sinh [(1+i)[32h'] {cosh [(l+i)62h"] + 1}

+ 2
(1+1)By cosh [(1+1)B, (n'+ b")]

(6 =20 )sinh [(1+i)B,h'] (o+2w)sinh [ (1+i)p,h'
+ed2gh' + 1 - P2 ),(3’4)
(1+i)[31 cosh [(1+i)(31(h'+ h")) (1+i)(32 cosh [(1+i)(32(h'+ h")]}

2(02 - hwz)oe

g(‘r+ik)2

a -2oh" _%p..

(0= 20) -A“)i {sinh [(1+1)Bh'] + sinh [(1+1)B; (h'+ h")]}

(1+1)B; cosh [(1+1)B; (h'+ n")]

(o+2w) —65‘?- (sinh [(1+1)Boh'] - sinh [(1+i)B, (n'+ h")]}

(1+41)B, cosh [(1+i)By (h'+ b")]

(o + 20) sinh [(1+i)B, (h'+ n")]
+€
(1+41)3, cosh [(1+i)g, (h'+ b")]

(0~ 20) sinh [(1+1)p; (n'+ h")]

- — - 20 (h'+ n") . (35)
(l+i)[31 cosh [(1+i)ﬁ»1 (h'+ h')]
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These equations in their present form are somewhat intractable. In order
to determine the relative importance of the various terms, the dimension-

less quantities

g2 s (e e 6

R = P 5 5 3 O = m 3 (3 )
g = lw

By = Bq(r! +n") , B, =P,(ht +n"), (37)

p=3=-9/9 , a =L +op, (38)

are introduced. Equations 3l and 35 can now be written in the form

p
R (1+1)3 cosh [(1+1), (n'+h")]

(1- -—A-E'G'J) . P sinh {(1+i)ﬁlh'] (cosh [(1+i)f31h" + l}

, 9 sioh[ (1+1)85h] {cosh[ (1+1)Bh"] + 1}
(1+1)B, cosh [(1+i)(32(h' +hm)]

ht p sinh [(1+1)8;h'] q sirh [(1+1)Bsh!]

*e h! +h" » (1+1) B cosh [ﬁ+i)(31(h'+ h") ] i (14+1) Py cosh [(1+iBoiht+h") I, (39)



-A%@ =- nn _p {sinh [(1+1)B;h? ] + sinh [(1+iB(h'+ h")]}

+ @

R ht+ h" (1+i)Bl.cosh [ (1+i)(31(h'+ h")]

_q fotnn [Qei)pant] - stoh [(14)8y(n'+ a0}
(1+i)B2 cosh [(1+i)[32(h'+h")]

q sinh [(1+1)B5(h'+h")] _ p sinh [(1+1)B, (nt+h")]

- 18 . (ko
(1+1)B, cosh [(1+ip,(nt+n")]  (1+1)B; cosh [(1+i),(h'+ h")] (ko)

These equations can be solved for any given values of 0, W, V, hf,
h, and Ap /p « However, a pa;‘ticular numerical solution will not indicate
the dependence of k, ¥, & O. » and §3 on the above independent variables.
For the most important range of variables it is possible to approximate
the relations to give functional relationships between the above quantities.
The following ranges of variables will be considered, using
CoBeSe unitse
h'y 5x 10° R
5x10°y, nry, 100 ,
1 v < 10°
—g.p. < 1073,
0K o725 x 107k,
0.7 x 1o"l< o £ 3x10°k,
with the additional restriction that

g - 20
2y

h! >/ 1.2 , (Loa)

]2



The derived constants then have the following ranges:
thn [32hu>/ gh s
Bl ’ B2 } 25 3

i) 1ol €1 .

Under these conditions the following approximations are valid (to within

10 per cent):

B;ht
sinh [(1+i)61h'] = cosh [(1+i)(31h'] = % e:L (cos ﬁlh' + 1 sin.Blh'), etc,
:61}1" pzh" ‘
and e , e ) 1,

and equations (39) and (LO) can be approximated by:

Ap
(1-—09) qQ P
D - p . -4 . q
R 2By 2B, 2B, 2B,
h! ' noo n
o , P (cos ﬁlh ' sin Blh ) (1)
+ [nt +n" 2B ER Y

cos Boh" - gin B h" cos B-h" + gi hv

(

232

————

oos B h"+sindh!

. —
ep 2ht 2B, ep R 28, eB"E'n2
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faad @ h"
L = - sil? -2 P
R h! + h" 2By 2B 2B 2B,
-1 .2 q i P ._9a
¥ ®{ 1 28, ~ 2B, = 2B 2B, . (L2)

The unknown quantities are now split into real and imaginary parts:

R=S+1iT = S5 (1+5 +iT) , (13)
® = &+ iV =§>0(l+t§1 +i‘1’1) s (Lk)

2
where S = - ' +h")" g 8 0 = - h" , the limiting values for
nth" R' + 0"

the unknowns when v -30. Upon substitution of these expressions into

equations (L1) and (L42) and replacement of EPI;_ by P, 5%2- by Q, the
1

result is:

4o i 1+ i¥ h
1+ o0 (1 + n
+5ph'+£" +* 4 1)=P+Q-i(P+Q)-"""'—(l+@ +i¥% )
- (h' + h")2 ( . ht! + ht 1l 1
S 1+ S1 + i Tl)
h!t . P cos Byh" - sin " cos Boh" - sin Boh"
h! + h" eﬁlhw T - eﬁth'
cos Byh" + sin B;h" cos Boh" + sin B h"
- iP 1 U + iQ ht 2 ’ (L5)
| P BPe
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ed

“b

_A_E h?

- TN (1 “'{) + i&” ) n h
D e 5= Q) - (P Q)+ (148 +1¥))
1 "
—-———-(hh‘:‘;") @+, +1T)) hish

%HP-Q-i(P-Q)} . (L6)

These equations can be solved by approximation in a straightforward manner
if 8y, T7, ®7, and ¥y are all sufficiently small so that powers higher

than the first can be neglected, to give

: . op b ht+h! ,(h' h! 2 pt
(Sl + iTl) = —p- ntenn a- h'-!-h" ﬁ.:TI—L P+ liﬁl?L + o Q
" )2
-1 Fh:;ﬁ ) h‘} {h}:.:tn) E:' Q , (47)
sp_hm® Al bt Lo, 520 (p+ ).
@ity - P Do) - i (P-Q) - (prq) e e (18)

Now the following expressions can be written for the unknowns:

g 'g—p (h'+ h") 0 (ht+ h")2
R (y + ik)¢ = - —;Tr(1+sl+ﬂ1) s . (L9)
and.
€ h" .
a/p T A+, +iv,) . (50)



In most cases of interest the terms in equations (h7) and (48) containing

¢ nlsnt)” (s hm)° . Equations (L7)

_9 will be negligibly small and 2. h! TR

hll

and (L8) then can be written:

n 2
8+ 11 = LEBX iy a.n , G
@ +W) = & (P-0a-1) . (52)

Approximate solutions of these equations for the wave number, K, and the

dami)ing coefficient, ¥, of the internal waves are:

: N LT O B TSV IR (OIS AR ROk
, gh' h" Ap/p LVZ hthr o(o? - 1w?)? A
., | (53)

| 3
_ \ /2 h'+ ht 3/2 (o0- 2w )3/2 + (0 + 20 )/ 2 (51)
T "eete/p h'ho Lo ‘

The solution for € is then:

2 2
o |y w g @2 e ™ g - 20

P nht+ 7 Lho@mt+ h") (02 - LuP)L/2

e"-'-‘-

(55)
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DISCUSSION OF RESULTS

The wave number, k, is increased, thus wave length and velocity
are decreased by the effect of eddy viscosity. The correction term in
the expression for the wave number varies as the square root of the eddy
viscosity and inversely as the depth of the shallower layer. Its mag-
nitude is small unless the restriction of equation (Li0a) is violated
b? approach to the inertial period.

% The damping coefficient, ¥ , varies directly as the square root
o? the eddy viscosity, and inversely as both the square root of the
dénsity difference and the three-halves power of the depth of the
shallower layer. It increases approximately as the square root of the
frequency but has only small dependence on latitude in the range under
consideration.

| The ratio of free surface to interface displacement is decreased
in magnitude by friction with a decrease in time lag for the free surface
métion. Again the correction terms vary directly as the square root
of the eddy viscosity and are small unless the inertial period is
aﬁproached.

Representative values for k and ¥ under various typical con-
diﬁions are given in Table 1,

| The distribution of internal waves will depend very strongly
onithe value of the damping coefficient y. This quantity varies from
a gaximum of 6.0 x 10> to a minimum of 0.045 x 10™3 for the conditions
considered. That is, wave amplitudes would be decreased by 50% in a

distance of 120 km. and 15,000 km., respectively., The actual distance

-17-



of wave travel will depend strongly on the prevailing oceanographic
conditions and the wave period but not on the latitude within the restric-
tions of equation (LOa). |

Let us consider a typical example, Since the depth of maximum
stability is that of maximum velocity shear, the effective eddy viscosity
is taken to be 1 cm.zsec'l. An average value of 100 m. is used for the
upper layer depth and 10"3 gmsqénh3 for the density difference across
t#e interface. Then at latitude 15° N, k and 4 will be, respectively,
.25 koL, and 0,50 x 107 kL, for a 12 hr. period and 055 kn~l, and
0.32 x 10~3 km™L. for a 2 hr. period. The 12 hr. and 2l hr. waves
hgve, respectively, wave lengths of 12 km. and 110 km. and distances
fér a 50% amplitude decrease of 1,400 km. and 2,100 km. Figure 1
shows the variation of 4 with the depths of the upper and lower layers.
These results are the right order of magnitude to give regions of
strong internal waves surrounding bottom irregularities and yet not

1érge enough to give standing waves over the entire ocean.

-18-
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TABLE 1

Values of wave number and damping coefficient under varying conditions.

(deg?ees) (mT~s) (}nlx; (ﬁ)' (cm2:ec'1) (gmsA?cm'B) (mlf.-l) (mtl)
i
50 12 100 1000 100 1073 .10 6.0 x 107
30 12 100 1000 100 1073 L 5.l x 1073
15% 12 100 1000 100 107 .15 5.0 x 1073
15 2 100 1000 100 10-3 058 3.2 x 1073
15 2, 100 1000 10 107 056 1.0 x 1073
15 2, 100 1000 1 1073 .055  0.32 x 107
15 2 500 1000 1 10-3 .027  0.0L5 x 207
15 2, 100 1000 1 2 x 1073 .039  0.23 x 10-3
0 12 100 1000 1 10-3 .15 0.49 x 1073
0 2, 100 1000 1 10~3 .076  0.35 x 1073

«]9=
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