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Wind-Driven Sea lLevel Change of a Shallow Sea
Over o Continental Shelth

- by
Koji Hidaka

ABSTRACT

A theory of wind-driven surface slope and level change in a shallow
sea close to the coast is given taking into mecount the earthls rolation
and both vertical and horizontal mixing. A wind zone of finite width
extanding from the coast is assumed and the surface slopes in a steady
state are computed al several distapcss from the coast. If these ars
pieced together, we can give the surface water level change as a funetion
of the distance from ¢the comst. This research represents a portion of a
voluminous work which ths author 1s carrying out ccncerning the threew
dimensional steady :iiun of water and the surface-contours as genasrated
by a steady wind.

I. Introduetion.
The concept of hordzontal mixing introduced by C,-G. Rossby (1936)

and subsequently developed by R. B. Montgomery and H, U. Sverdrup has

presented several important changes and advantages in the physical explan-

ation of various meteorological and oceanographical phenomena which bad
hitherto been very hard to explain. ‘Montgomery mentioned various evi-
dences which showed that gome oceanographical phenomens cannot be explained

without taking this concept into account. We can mention the successful

1 Gontribution from the Dapartment of Oceanography of the Agricultural
and lMechanical College of Texas, Oceanographic Series Ne. _000 3 besed in
part on investigations conducted througl the Texas A. & M, Rescarch Founda-
tion, under the cponsorship of the U. S, Navy Of “ice of Nawal Research, Con-
tract N7onr-48702.




explanation of the westward intensification of the Gulf Stream and the
Kuroshio by this idea demonstrated several years ago by Henry Stormmel
(1948), Walter H, Munk {(1950) and Koji Hidaka {1951). A theory of upwelle
ing recently worked out by Hidake (1953) 4s also based on this consider
atlon, The preaém: digscussion also congists of an application of this
concept and treats the surface form of the sea off a straight coast
devaloped by the ef "ect of steady winds blowing in o certaln direction

in a finite band within a certain distance from the comst.

The theory of piling-up of weler on the coast by the action of the
wind was first treated by V. W. Fkman. s explanation consisted of the
fact that very close.to the coast the gteady flow of waler driven by wind
toward or away from the coast just balances the flow due to the slope
éurrent produced by ths plling-up on or taking-auay of water from the
coast, Thig sesms to have, been sucesgsful Iin predicting the slope and
o' the water surface approximately. Bubt since his theory assumes that the
veloclty and surface slope are uniform in horizontal directions the Qiffi.
erity is that of how far from the coast the predictad slope is. Presgent
research shows that the slope and lesvel change of the waler surface occurs
mostly belcw the wind zone only, Further, Ekman's theory is unable to say
how the height of the sem surface waries @8 we are removed away from the
coast., This is mathematically imposgible because only the vertical
momentum trangfer is taken into aceount and the veloclty compononts and
alcpe of water surface are functions of vertiecal coordinates /2'3’ alone.

In order to discuss the hordzontal variation of these quantities, however,
it is necessary to consider horizontal mixing.

The Tollowing theory is nothing but a mcd‘ificatién of Exman'ag theory
of wind-driven currents mede by ﬂ.ntroducing tle effact of horizontal eddy
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viscosity. Still the result has some advantages over the classical theory
in explaining various fentures encountercd in the actual sea, especlally

in enabling us to know the horizontal warlation of the veloclty components

and surfoce slope. If the complete mumerieal conmputation could be worked

 ; out, thils problem would give a complete structure of water motion rroduced

| by the stress of the winds in both decp and shallow seas. However, this
would require & great amount of tedlous calewlation so the complete dis—

. cussion is left for the future and only the distribution of the surface

slope and the change of level in an offshore direction will be treated in

this paper. It glivee the. steody surface slope developed by wind in a sea

of finite depth and will be especially applicable to the problem of wind=-

produced piling~up or lowering of water in continental shelves such as
fourd in the Gulf of l'exico or the Nerth Siberian Shelf.
II. Theery

Congider a straight coast coincident with the axis of y, with the

g x-axis perpendicular to i1t in the offshore direction. (Figure 1) Suppose
a wind of constant force and direction is bl wing stsadily in a belt of
lindted width.| st a certain angle with the coast. Take the J-axts
vertically downward.

' If a conatant wind blows for a sufficiently long time, a steady state
will be attained in whish the moticn of water is independent of time. We

‘ "assune that the wind stress cannot vary in the y~direction, but maoy be a
function of X . This meana that the wind can vary in an offshore direction
only. In such a steady state all the vertical and horigontal components of
the currcnts can bo det-rmined as functions of x and g only. Of eoufse,. the
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surface of the sea will not be o plane, but have u slops in the offshore
direcvion; the amount of slope warying as o function of the distancs x from
the coast. In sucl a cuse ihe hydrodynamical equations of motlon are, after

severel reasonable simplifications,

/4(‘. jZ( "‘// 6)’ 4 S ’5[«5:.%:'
b b gy 5o,

o

i ’i + ’4”'7-%—-/-/: ww/c(),»g.e.% U
oo ,7 (@)

whers yw and v are the horizontael components of the current velotity in the

z= and y~- “irections, C the ~surface slevation depending on x only,

the density, Ay and Ay the coefficients of vertical and horizontel mixing

(sddy viscosity) of sea water, ¢ the angular velceity of the earth and
f—f" the peographic latitude, In addition to these, we have the equation

of continmulty in the form

2._.6.{. -AQ__@ =4
21 22

(2)
Pl

gince 2 ; =0 . Herelt " is the vertical component of currents,
Irt the components of wind stress be given by ?~ and /? « Because
the zone of wind is of finite width within a distance i from the coast,

the comditions to be satisfied on the surface of the sea are thercfore

96( & e
”92 7; ZCW ﬁ - 75 :::..Z:
— 0} 7[0.7 L LALOO
g _ ¢4 </,
- AV_;ZZH-.— 70,; fov OE A

=0 fw Zd<:~7(<~60 (3)
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where (Z; and /?} may be either constants or functions of X only. On

the bottom 7 = !\ ws mugl hove

::/4;&:: =
7 e w

becanse of the vertical friction. Along the coast which for the sake of

simplicity may be supposed to be vertical

1= 0 U = [ =0,
(5)
because of horizontel friction, In the reglon very far from sither coast

or the wind region, we hawe

;(:.:LDO: umeO
6}

Let us define 'pv_ and ’DA by

77“//}»///%%«/@ T—//Aﬁ/fa@S%ﬁ

Q 38 the "depth of frictional influence’ defined by Ekman (1905} in his

(7)

theory of wind-driven oecean currents, and DA is a quantity having a di-
mension of length and may be called "frictional distance”. Tis is s

meagure of the horizontal turbulencs.

If we put

8
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the equations in (1) now become

9&‘ 'D 7/ “V” v dl(:.:d

......—-—uw.-

YT seig X 7L
?:é:+ DVL%wWLC‘{ = O -« )
2 J (9)

In order to solve these equations (9), auppose with Takegand (1934)

U= /Z( /v,A)ZzA.,gA/\
" (-0)
U //} A)= /x/o! N 3 ) B Nolot }

I —':77'/7(5, )\))g(ﬁ/\<d)\) ;
V(30 = iy oAkl [
2% :v/b'/)‘)/ﬁu-)\?p()\ 2\ '

G / S et o | =

Next suppose for the wind stress

d

- AV2;3 S ,);/ .T /\}5&)\%‘{/\

{13)
= (7\) / ﬁu‘bl{/ ’4 9[7{/ f'?u, Aol
n b ‘
/‘7;( +¢ ;) A >\<’>\/67{O\./ .
c,m()\mf/{), (14)

e
o=t

5, uéd(?.;"v( (/)
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. 1 {y and ‘"7} are independent of 1 , Substituting (10), (11), and (12)
into (9) and writing

U+ v =W,

(15)
the two equations (9) cen be combined into
- AL [Avemia M) — 2 y(a
v d % C,) St ?3 ) ,
{18}
and the conditions to le satisfled along the boundariéa now become
B /"' C‘(’Fv(/\é/bk)(r \T
ﬂu‘ 6{} / - A l+( })
| (17)
" ond
L T / -
= (18)

The solution of equation (16) subject to conditions (17) and (18) is

—— coed ([Nt /B, ) |
(N )c.)Sc;.T otk (Vm » f/Du)'
TiT, Dy sl 5 B2L) o (Do )
(/Afm A el ( [y f/op) AW
4! e
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I we separate the real part [ of 2+2«ij from the imaginary
part 62\ g We have

P 4/JX*+W*+>\L 0 = \/\/m“ﬁ% A
- 0 =
Pk e

(20)
Thus the resl part of \/ )\ﬁ; 277 is always greater than 71" .
III. Reolabion betwesn the Wind Stress and the ”S_;L,QQ“@‘{{ of . Lhe Water Surface,

Now it may be shown that we can establish a definits relation betwesn
the wind stress and the slbpes of" the wgter surface. ¥n s steady sinte we

have no verticsl mobion of water on the surface of the éeau So we havs

; =00 W= 0
since the vertical velocity sluays vanishes on the bottom. Integrating

the equation of continuity (2) wlth respect to 5/ from the surface down
to the bottom, we have

4

Thig Mesns that the integral /Z( g ;’/ is independent of 7 , or there.
o
fore a constant. But as this integral must vanish along the coast or for

Y= ¢ s we mst have

Z
S
‘ / (21)
i
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r @ & (FOR Tl (Pho, ) col (R, ) 4 (3P0-2 5@ hp Jeol@ o) |
,/l w2 Oy (P el (2.0, ) +cn™(R B/, )/ !
(22)
1P we substitubte tids expreusion in (1) or
: ' to
4 ﬁmw Yy
o (23)

and ’U; by substituting }’ / /\) in (13}, Further substitublons of (¢ and z’,';‘

always. Integrating {19) with respect to } from 0 to { p and
equating the real part of the reasulting squation to zero, we have the
following expresgsion for )/ / )\)

T et (A F
)’()‘) ?/\ 5 e ;ﬁw‘}(

e p cogh (P %.,)cw(a b, ) % app  Ak(P Vo, e (- b,)
(Peo? Vil (P m e 20 7 P g0 e el W)
(:ﬁ"g;’ ,}&t Pz w‘: s 'r”)( };fll’ )gxﬂ'ﬁ(’(ﬁ i“/f).;)‘*(ff‘”;l'éj}»&\»&(ﬂ %)JW)(A /f),}
o v e 3 s g o~
‘t . (7;' f”(fﬂ’(?(,/\;m///;( i ?Si(P /D) “o /ml //}b’)j
T ) Dy X }( Lo
p« av Aruhl B q,: M (@ !“D, )+zPQ C/ COJR {P /,’9',)640(@ / §
P TP ) et Vo) (Pra): | o B Tt b

we have Yhe surface slope as induced by the wind stress whose components
are 67{, and 7:7, regpeetively,

Once the axpresplon for 7;/ /\ } ic determined, we can obtain Z,( y

0 expressions {10} and (11) will mive the horisontal components of veloeity.

Tue vertical voloevity can be obtained {rom

4
i
P / »
[{/ ——— “‘;,“""‘"" Z/(,‘ -
&P . 1/ {24}
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an equation derived by integrating the equation of continuity (2) from
the surface down to a depth 7

The praceding cnalysis eovers the principel pert of the theory of
upwelling discussed by the author rocently as a special case when the
depth of the ser is very large. In that case we had ) /}\} - % 80
only the sccord torm in the right-lland member of (19) was considered. A
complete nurarical computation involvingA three components of velocity and
the surface slope will be achlaved only after a tedious work of very leng
period., We shall give in tids report only the computations as to how the
slope ¢ the sea surface varies as we go away from the coast. The author
wants to express his desire fo extend the comﬁutations to all three com=
ponerts off the motion of water in the future because this promises a great
nuobar of practical applications. The comparison of computed motion teo
that 'ac“tua.]_ly observed will enable us to estimate the approximate intensity
of bo*n vertical and torizontal turbulence in the sea, thus making it
possible to pradict the wind currents in the sea more accurately.

IvV. Comontation of Sei Surfgce Slope and Hovisontzl Variation of Sea level.

It is & questica of practical calculations to carry the analysis to
numerical results, A rather slaborate computation has been carried out by
the authcer dur’lrg the summer of 1953 when he stayed in the Department of
Oceancersphy, Agricultursl and Mechanical College of Texas.

The grester part of the work consisted of mumerical evaluation of the
function )'/ )\\ ag given by (22). Because the components of wind stress are
given in advanco we have only to evaluate the two functions _K, (ﬁ- \) and

( L‘ ' N)  given by (26) and (27), They have been computed for

R
- ﬁ = 1/169 1/8, 1/49 1/29 1, 2 and 4

wlQms
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Tabie X

0ffshore Slope of the Sea Smiam 5 dnduead
By a Wiwd Perpendisular to ths Coast (’ % }p compubed
st Diflerent. martmwem VLl b"rom tigm Congt

R

St

e - gl M

(unihs T',Q L T

t ‘

9 T = 1/46 1/ 1/, /2 1 Offuhore
Wt Wind Streas
N o
0 O 0 0 0 o
Oa}. 1:;5071 1 01}383 104012 ""103?.‘74 '{'106308 R
002 1.5226 1.0505 14720 41,3203 40,9259
0 03‘ 1 @ 5239 } o 1&984 3., w A’?“)ﬁ. 'g’}. o 30'76 *5'0 068?1 114
Osd 14999 L4570 14457 +1 3270 AL, 2606
005 0.750% 40,7413 TG 40,665) 40,3380 /2
0.6 00046 40,0091 H0.0362 00511 o), 8992 0
007 QOQO%? ‘*’000088 "}’000064 "“O 0032[;. "’004360 O
0,8 00096 w0 0065 ~0,0001 40,0027 40,0015 0
0,9 40,0030 00,0002 00000 «0.0163 ~0,3723 0
1.0 060040 40,0054 40,0005  «0,0318 2779 0
1.1 «060007 w0 o 0044 +0,0007 10,0354 40,2424, 0
162 w0,001.6 000049 =0,0012 40,0088 40,0812 )
1.3 40,0007 30,0046 <0,0004  «D,0217 «0,1910 0
1.4 +0.0000 «0,0042 40,0000  «O DO 00483 0
1 o 5 "“O ] 00!76 % ) 000?7 "'O % 0022 40 Q Ol 5'7 "rO o 1036 O
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Table IY ;
Offshore-Slope of the Sea Surface, <L induced
by & Wind Parallel to the Coast { T ), Computed
at Diff&r?n*iz Distances X /Dy, from the coast,
' Aundte T, —
g, g i/Pgh o L= ko
= .  1/16 /8 4 1/2 1 Longshore
f X / Dy Wind Stress
: D ' -
| 0 0 0o . 0 0 . Ty
! 0.1 0.0441 0,1347 12577 ~0.2173 =7 8402 Ty
0o2 0.0477 0a1745 1.5085 +2,1535 +1,9789 Ty
0.3 0.0481 0.1813 1.5815 +1,6083 +3.2510 o
- 0.4, 0.0460 001622 104518 40,6742 40 3067 43 i
0.5 0.0241 0.0958 0.8431 40,9606 1,8433 1/2 G ;
! 0.7 0.0004 0,0089 0.1163 0.7947 2,2709 0
| 0.8 0 ,0001 0,0011 0,0179 0,0527 0.0622 0
1 Oog 0. 0001 0 00013 0.0 512 0. 5501 1.7700 0
,A 1.0 «0,0001 0,0004 0.0335 0,3901 1.2799 0 :
] 1.1 0,0000 <0,0007 ~0.0326 ~003542" =1,1416 0
: 1.2 «0,0002 =0,0012 ~0.0104 ~0,1181 ~0,3825 0 :4
1.3 0.0000 40,0005 40,0248 4002778 40,9025 0
Lok 0.0000 «0,0002 ' =0.0067 ~0.0714 002291 0 ;
1.5 0.0002 ~0,0008 ~0,0130 ~0,1493 ~004765 0 "
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and for a number of’ nécessary values of £

V. Discuspion of ihe Earth's Rotation ag g Fuctor Influencing the Slops.

Expression (23) can be written

A/f ng
T L8 [—eolhs
ML f”('f?‘v'” B ec)g A
where
- {2 _z ("”Fr)ff -+ Cr ? :éi
FE’(TD‘:”M“TF—L\—'-F-M»')H-NM D, /
£\ _2 (FR)j-G1 ¢ |
L(’Du'/) i %{.—Ni-}”-/\/y\ ,
and

| £
F/A,A) cort (P, )ew (8- /p;)
© T R (P o)+ R )

G(E )= Lt (P, Jae (2%,
T Dv M?/ﬂ{?/pu)*mz;(@v f/%)‘

w1l

) I~ Co //\/-//)A
fﬁ( M X ﬂ*‘hk% o

2

(25)

(26}

(z7)

(28)

(29)
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being real and imzginary pax*&as of )\ 1*@}(" '
. he
Thus P {3 k ) ' >x) am} («w ‘\) dapend upon "':;'5' and n only, while

Foxt we have

—eod(\erp )
- ) SN

V,, D) L iA=L/, )
A < by
1AL/
Jed - N

respectively.

) C;}, ol /L aye of gourse given gquantities.

s.__—

_— g .
wm‘.‘m}w K’ﬁi \ R
C e s ’ {136)
where
Le Hp, , po= (=LY, / (vl
, (4N

?!m/’; ‘ ?;z,m

— }\
Figures 2 aw 3 give ths greapks ¢! vhe funstions “_fi ( ’ﬁ‘}; r :}\ ) ring

Trese ¥ o functirns heve boen o20lissded Moo

valuze of
£
:i e
i

l)‘uja- L/jél’ 3\/;‘ H ”{ll‘!m ﬁ/‘m’ 3-5: Ry and 4

- and some values of - /5\ aeeessary fo.r forthiring the computations. Only the

curves for K‘/ {7&’, = 1/16, 1/8, Lie 3/ and 1 are given in these :igures.

From these diagrams we recognise thad the value of the Tumed: in




Table IXX
Sen level Difference between the Coast and a

i Point Distant .”. from the Coast, induced by an
i ; Offshore Wind Stress 77 . (Units 7 1/ ;;9/4 )
=), P e {/r -
""/;),‘ = 1/16 1/8 1/4 1/2 1 Offshore
e try Wind Stress
,v L/'\
0 ) 0 0 0 0 [
0.1 0.075 0,074 0,071 0,066 0,082 Y
002 0,227 0.223 0.215 0.199 0,209 %
0.3 0.379 0,373 0,362 0,330 0.290 -
) A 0530 0,523 0,509 0,462 0,387 ~
0.5 0,643 0.635 0.618 0,512 00467 12
0.6 0,680 0,672 0,657 0,592 0.439 0
> Oo” 00680‘ 00673 0u659 Ou588 00373 4]
0.8 0,679 0.673 0,659 0,587 0,351 0
0.9 0.678 0,673 0,659 0,586 0,332 0
1.0 0.678 ©0.673 0,659 0.583 0,300 0
] 1.1 0,678 0,673 0,659 0,584 0,299 0
9 1.2 0,678 0.673 0.659 0,586 0.315 0
; 1.3 0,678 0,673 0.659 0.582 0,309 0
| 1.4 0,678 0,673 0.659 00584 0,302 0
|
| 1.5 0.678 0,673 0.659 0.584 0,310 0
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Teble IV

Sea level Difference between the Coast and a
Point Distant X from the Coast, induced by
Longshore Wind Stress 'T? (Units 'Z;DA /pg;‘ )

e . .
Dv = 116 /8 1/4 1/2 1 Longshore
Wind Stress
A

0 0 0 0 0 0 Ty

001 0,002 0«00‘7 00063 —O.;Oll 0. 092 ’T‘f

‘, ) 002 00m7 00022 0.201 “'00036 -0.»085 T"

oo 0.3 0,012 0.040 0.356 40,174 40,176 T

| 0.4 0,016 0,057 04507 40,288 40,358 ,,—",

I . .

i 0.5 0.020 0,070 0,622 40,370 40.470 vz Ty
' 006 00021 00076 ‘09678 "‘00501 "‘00799 o
‘ 0.7 0,022 0.078 0,697 40.625 41,150 0
098 O 0022 0 0079 0 v 703 ‘.’0 0667 10266 0
0.9 0.022 0.079 0.707 40,697 1.358 )
; 1.0 0,022 0.079 0.711 0.744 1,510 )
3 1.1 0.022 0,079 0.711 0.746 1.517 0
# 1.2 0,022 0.079 0.709 0.722 10441 0
| 1.3 0,022 0,079 0.70 0.730 1.462 0
§? 1.4 . 0.022 0.079 0.711 0,741 1.496 0
| 1.5 0.022 0.07 0.710 0,730 1.46 0
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. height of this peak increages proportionally to the square of %/ pv vhen
%‘— is small and is directly proportional to Q/D\, wren it is large. At
v .
* any rate this shows a rapid increase of the function L / .-,’g} y >\) around

related to 7}_ or the of'fshore component of wind stress does not show any

marked wariation for either ;’5_\/* or /\ except that 1ts wvalue suddenly falls

to zero at ,f\ = for larger values of i?//) 9 vhile the function Z,/ 7@} p )\)
related to T7 or the longshore component of wind stress has a very large
variation. For a smaller value of ﬁ’/ /)ér this function varies slightly

and smoothly. When ﬁ/ D,/- increases, however, its value at A =0 increases
very rapidly. This function thus has always a peak at /\ = ¢ and the

A ==() when /L/ [y increases from a small value to a larger value,
Now since the function of the type

/Su;/v;/\/)(

alvays has a largest value / = /3¢’ ) at ) = ¢ 8and falls rapidly as
increases, it can be anticipated that the contributions of the functions

K(/‘/p‘,; A) and[, (/}/pu_ ) to the integrals

-

- 00 ‘
‘ | /K(%V/ >\)/g\_._/{-/\ d/\
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2 o 58 0

will be largest at )\ =(> . This fact clearly shows that the value of

™ . ""14*“




the integral

does not vary much with \/ DV ¢ while the integral

ineresses greatly as / DV" lacreases, In other words; the influencs
of the earth's rotation is more conspicuous in producing the slope of water |

surface whn it is induced by #« wind parallel to the coast than by & wind
perpenditular to the coast.

VI. Cooputation of the Sea Sirfacs Slope.

flow expression (25) beconsa

A _ 7 O (0, T O/l
A7 e (3 “97/87;*)

(38)
/here bo
S‘{p » /"“”’;/ AD )%, )
(39)
and
Z
,?x/ /Z(Z'; /.—m(h ) Y 0(’\
(40}




are compubed and eompiled. Tables V and VI give varts of such compllations.
For example, when we want Yo compute the integrsl (39) for A ’/D i = 0. 3
pssuming L/p o » w3 have simply by (36) and (37) to make a

4

/X(’/f;, 0 3’)5?‘ o X( 75)'3"0‘6) ""/X(m" 030 g)
X/0'3)-+«><(ma.)m X(0.8)

2
amei

for a given value of / sz . Docsuse )([ ‘é’ 1) is an ewen i‘um.tion
D ?
) s 2 9

of ¥ o The eame applies for tha function Y( % /’/D ,1) representod by
the sums of integrals of the form (42), Tables V and VI will epabie us o
make computations for other waiues of the rahie Z:’// ”’Dﬂ,

By this process, wo can compute very sasily the slope of water swiuce
induced by toth offshore and longshors wind stress components,

The followling computatiion way made whun the width ]J of the wiod zone

cAfon

. It is quite easy to compute these integrala 4if the fumetions
) e AN
)( ’Du /z- / / /\)/Séz A“;ﬁ/z 0(/N
(41)
and
" £
| P 4 > SR
| \/{M )= [L(% WA S, 4)
]
. (42)
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Table V

Function X( D! X ) for Computing the Ses Surface
Slops for Uniform Wind Stress

ff/ = 6 8 . 4 1/2
T Y

ol 0 0 0 0
0.1 1.5104 1.4856 1.4099 1.2737
0.2 1.5047 1.4948 14705 1.2912
0.3 1,5156 14972 1.4853 . 1.2990
0od 1.4939 15043 1.4833 1.3276
0.5 1.5002 1.4937 1.4838 1.2848
0.6 1.5004 1.4989 1.4826 1.2200
0.7 1.,4998 1.5039 1.4824 1.2408
O a8 1 v 14-980 1 04926 1 o ABBO 10 2739
0.9 1.5000 1.5001 1.4830 1.2748
1.0 1.4997 1.5025 1.4825 1.239/4
1.1 1.4995 104940 1.4830 1.2687
102 1.4986 1.4955 1,484 1.2551
1.3 1.4996 1.5009 1.4826 12434
1.4 1,5001 1.4955 1.4829 1.2547
1.5 1.5074 1.5006 1.4848 1.2577
1.6 1.8999 1.4980 1.4819 1.2464
1.7 1.5005 1.4969 1.4829 1.2518
1.8 1.4998 1. 5000 1.4830 1.2563
109 laf)ool 104993 194'829 102500
2.0

1.4997 1.4980 1.4828 1.2505

o
1.1531
0,6486
064594
0,6716

0,2828
=0, 2838
000953

0.1933
~0.0248

-0.1104
0.0775
0,0328

~0,0758

40,0234

40,0422
~0,0460
=0.0014
40,0372
~0,0249

«0,0125




] Table VI

Fonetion ‘7{(%5w'){)fbr Compnting the Sen Surface
Slope for Uniform Wind Stress

{
=D
'\:\

- D, = 16 1/8 4 1/2 1
“A
/D,
0 0 0 0 0 0
0.1 0.0442 (0.1363 1.3230 0, 4856 U, 4272
& 0.2 0.0475 0. 1762 11,5620 1.6058 4., 3560
003 0.0484 00,1893 16717 2.1035 4o BLYT
0o, 0,048 0.,1904 106760 1.8909 3.6600
) 0.5 0.0482 0.1923  1.7339 2.4812 5, 5289
0.6 0.0482 0.1936 1.8064 3.2966 8,199
0.7 0.0483 0,1928 1.7787 3.0161 72959
0.8 0.0482 0,1922 L7425 2,6002 5.9374
| 0.9 00482 0.1928 17724 2.9189 6.,9699
: 1.0 0.0482 001930 1.7817 3.0411 7.3733
1 01 O © 01;-82 O c~1925 1 07573 2 07683 60 11»8[&0
1 L 2 O [ 0482 0‘0 1916 . 1 o 7628 2«' 8330 6 o 694.1
1.3 0,0482 0,1929 LT 2.9915 72088
FYA 0.0482 0.1926 Wy YA 28469 6.7397 .
| 1.5 0,0482 0.1928 17624 2.8209 6.6538 7|
1.6 0.0482 0,1928 1.7735 2,9479 70563
1.7 0,082 0.1927 1.7677 2,886, 6.8573 |
1.8 0,0482 0.1926 1,7628 2.8273 6.6751
1.9 0,082 0,1928 1,709 2.9177 6.9676 :
b
2.0 0,0482 0.1942 1.7691 2.8993 6.9094 '
‘.
o




and the slope of the water surface was computed at several. d:’i.staﬁces from
the coast, Both the surface slopes induced by the offshore and longshors
wind stresg componentsg are piven In Tables I and IX.

From these results it can be coneluded that the slope of Lhe water
surface is chiefly found in Vhe wind zone and 1% is mostly wery small
outside the latter. However, the manner of increage of the slops of the
vater surface with increasing ratio %/ P‘, is much different betuween the
offshore and longshors winds, In case of the offshore wind 7,  the

" glope induced by it does not wary much with the ratio % / sz' o Their

velues within the wind zone lle mostly between

/35’9% /3

On the contrary, the slope caused by a longshore wind strass is very
small when b/Dy  is small and increases very rapidly as this ratio
increases. Thus the slope in the wind zone is a little Jess then 0,05 for
WD, = 1/16, Bub it increases to elmost 25 times when the ratio /Dy in~
creases to 1/4. At b/D, =1, the slops varies rather irregulariy. This
nmay be because-of the incompleteness of the numerical integration and it
would be dangerous to belleve this result to be very accurate. At any rate
the slope increases very rapidly with the ratic h/D, provided there is a

stationary stage around /D =&

From this result it can be concluded that the slope of the sea surface

inducesd by wind stresses 1s proportional to the wind streass '72 and /(; o

fnversely to the depth j of the sea provided the ratio % /P, 18 given.

They are nearly indspendent of the magnitude Dy or the horlzontal turbulence.

1T




If we take 7‘/:( =1 “f = 50 meters, then we shall have

AL =7 -
/0 3. 0X/0
M = 2 4*

This is a slope about 3 am per 100 km, or about 2 inchea per 1C0 mautical

miles. The stress /Z;L = 1 corresponds to a wind of speed about 6 or 7 m/sec.

When h = 100 m the slope is half as large.

. The fact that the slope is very small when h/Dy 1s small, means that
the influence of the earth!s rotation is largely pressed down by the bottom
friction, As the depth of the water approaches B.‘.’. gradually, the earth's
rotation becomes a more and more important factor.

Although these results are all purely theoretical ones, tlere is no

1 reason why they are of no practical application. Comparison with great
numbers of observationg will give some idea about the magnitudes of both

3 ’ horizontal and vertical mixing coefficients.

VII. Change of Sea Level in an Offshore Direction.

Determination of the slope of the sea surface enables us to know how

.  the surface of the sea rises or falls as we are removed from the coast.
Because the water surfa.oe is assumed to ncither rise nor fall in a direction
parallel to the coast, we have only to check the chahge of sea lewel in an
offshore direction,

An approximate formula to compute a curve Y= F_(;l from the walues of

gﬁéﬂ’ at two points seperated by AX is
. _ J_ _S"(
- 7”‘“_/'77-—/4—*),4{1) +/”°7‘/% ;'a

4~/

y uhere &(/Z) /'(l) are the walues o:t‘yat 2’  and j(z,‘
i dﬂ Dy [ 1=

Q as
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separated by‘di)( o Assuring we have a water height jf: on the coast,
we have for the change of level produced by an offshore stress

C= G, +4 i (0)+ S Gerf,
= O 25 G (a0 #o e

-
haad — -

and so on. The same applies to the slope induced by longshore stress Q}y o
By this process it will be posgible for us to derive the sea surface profiles
produced by both offshore and longshore wind stresses. Actual sea level
conaists of the sum of these two. Tables V and VI give the results for both
of these stress components respsctively, These are also 1llustrated by
Pigures 4 and 50

Looking at Tables IIY and IV and the two diagrams (Figures 4 and 5) we
at once notice that there is practically no change in sea lsvel outside the
wind zone within a width.j[; from the coast. b

For a longshore wind blowing in such avmann@r that for an observer
looking in the direction of the wind with the sea on his right hand side,
the sea level rises nearly linearly as we are removed away from the coast
until we arrive at the and of the wind zome. This tendency 1s common to the
cases E{E? = 1/16, 1/8, 1// but some irregularities occur when E{P! = 1/2,
It will be hard to know if those irregularities really exist or if they are
actunlly due to some lincompleteness of the procedurs of numerical integration.
Perhaps the latter explanation holds better, In any event, the general
tendency is that the sea aurfnco'outside the wind zone suffers no appreciable
level change. Now sgince the seca is supposed to extend infinitely, the change

of the sea level in a finite area will not mffect the level in an infinitely
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wide area outside the wind zone. This means that when the wind blows in the
above manner, we can expect a depression of sea level beneath the wind-swept
axrea aaeponing 1lineerly toward the coast. The maximm level fall occurs

of course along the beach. If the wind blows in the opposite direction, there
will occur an elevation of the gea surface toward the comst. The magnitude

of these depressions and elevations of course depends upon the ratio h/D' and

IJ‘_, the width of the wind zone,

For an offshore wind blowing in such a manner that the observer looking
towards the sea has the wind on his back, the same sort of depression taokes
placs, of course; the manner of its dependence upon %{?E_differing from the
case of longshore wind, If the wind blows from the sea to land there will
occur an elevation beneath the area aswept by the wind.

These details are 1llustrated by the diagrams in Figure 6,

VIII. Relation Between the Wind Direction and the Sea Levsl Change.

The diégrams in Tigure 6 give us an approximate idea of the relation-
ship between the direction of the wind stress and the sea level change in
a steady state. The sea level rises approxinately linearly as ve are rcmoved
awvay from the coast. No slope of the sea surface is seen outside the wind
zone. fhe sea 1é;el responds to the offshore and longshore wind in different
ways. For example; In the area of” California, a north wind lowers the sean
level below the wind zone and a south wind raises it. On the other hand an
east wind raises the level and a west wind lowers it. Thuas is can bs con-
cluded that for some dircction of wind and for some ratio Qfg! there will
occur neither rise nor fall of the sea level however strong the wind may bloﬁn
Such directions will be found in the sectors between north and west and south
and east.

On the contrary there will be a wind direction which gives a maximum

.rigse or fall of the sea lovel. Thia directlon must of course depend upon
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the ratio h/Dv, that is to say; on the square root of the mixing coefficient,
providing t;;méepth‘to the bottom is given, Off Texas and Louisiana ecasts,
the wind from east to southsast and from opposite directions will not be
effective in ralaing or lowering the sea level on the continental shelf. On
the contrary north or south winds are expected to produce strong falls or

rises in the sea level on the shelf,

Summary. The theory of the wind-driven currents in a shallow sea is considered
taking into account the effect of horizontal momentum transfer. Other agssump-
tions and conditions are nearly sirdlar to Ekman's work except that we assume
an infinite straight vertical barricr ﬁbr the coast. The complete solution
involving the expressions for the three componenis of velocity and the varia-
tion of the surface slops at different distances from the comst appears to

take a very long time and require tediocus computations. For this resson only
the result for the slopes of the ses surface is given in this paper, Ths
following conclusions have teen dr£unu

(1) Due to the stress of wind there occurs a rise or fall of the sea
surface, When the wind blows within a finite zone fronm the coast, this sur=
face slopa.occufé only in this zons amd no slope is seen outside it.

(2) When the wind is uniform, the sea surface within the wind zone rises
or falls linearly toward the coast,

(3) For a certain wind direction ard for certain values of the ratio .
f%/ﬁir p no rise or fall of the sea level will occur. On the contrary, theras
wlll be directions of winds for which we have a maximum rise or fall of the
sca level, These features will depemnt upon the direction of wind; depth teo the
bottom latitude and the vertical mixing coefficlent.

(4) Complete numerical solution of this problen for the three dimensional

vater movement is intended by the author for a future opportunity.
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