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PRELIMINARY REPORT ON INTEANAL WAVES I LAKES

by Reid A, Bryson and

R. ... Ragotzkie

Introduction

& remote reading thermometer with little time lag suspended in Lake
liendota will rarely indicate a steady value. This fact, in itself, would
not be surprising if the fluctuations were nearly random and there were
some evidence of turbulent motion, but even with a completely smooth sur-
face and sufficient stratification to strongly inhibit turbulence, the
temperature unrest continues. The strongly periodic nature of the record
obtained on many occacions is clso very strilking. .Jhetlier near the sur-
face, within the epilimnion, at the thermocline or belov, these temperature
oscilletions of a few minutes duration and up to 29C, amplitude are more
chneracteristic than a state of cuietude.

That the temperature unrest is associated with motions of the water
is hardly to be cuestioned. No other ~ossible cause comes to mind,
Furthermore, periodic uotions of tlie saie general frecuency have been
observed: bhoth oscillation of the horizontal current cdirection and of
the relative vorticity.

The periodic na ure of u'ie phenomenon, its occurrence at all levels
in the lake, and its appagent Jack of relationship to the external sur-

face state suggest that internal waves were being observed,
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The Nature of Internal liaves

Internal waves are an inherent characteristic of any disturbed strati-
fied medium, i.e. a medium in which buoyant forces are present to restore
a disturbed parcel to its original position. They shoulcd be found, there-
fore, at tlie thermocline, in the hypolimnion, in the e ilimnion when it

(L)

is stratified, and in the atmosphere as well'™’. Indeed, surface tvaves are
a special case where the medium as well as tue density changes in the
vertical and the densitr of the upper nediw: is negligible compared to
that of the lower.

The theory of interna’ waves was first treated by Stokes(z). in

excellent discussion of the t!ecory is to be found in Sverdrup(B).

The essentia” featires of internal i1aves are diagramied in Figure 1.
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—= <~ directiop of prugress of internal wave at phase velocity c.

—> = horizontal and vertical components of orbital motion of water.
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a . . . . 1
surface of discontinuity betireen upper layer of density 0 and

lower layer of density o . Vertical displacement hmax

For this arrangement a cuadratic expression for the phase velocity

may be cderived with the roots

o 4k s gl - o (1)
= 1w G 2w P i kb F !

where gravity

g =
L = wavelength
k = =27

1

This expression applies approximately for siort waves. A further

approximation for the case where h is large compared to L gives

.: OL. é y’ 1‘:“"/\1’“
&, = 31; . £ :é3ﬂ = (2)

For long internal waves the corresponding roots are

“o. v QN .
O N S L >

In both cases 1 represents the phase velocity of ordinary short and long
surface waves. The phase velocity of the internal wave in (3) reduces

.

to that in (2) if h is -reat compared to h',
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The maximum amplitude is at the boundarv surface, At the free sur-
face tlie amplitude is reduced to
— (e ws M
5 = Hmmdr (£ -+,
e ~ - (1)

. s

the negative sign indicating a reversal of phase. There is then a level
between these t170 irith no vertical displacement, i.e. a nodal surface,

Long internal waves in a lake are represented prinarily by the
standing internal waves or 'temperature seiche! well known to limnologists(u).
The author is not aware of any literature dealin; with short internal vaves
in lakes. Indeed there is very little ouservational material on short
interval 1raves at sea,

It is important to note at this point t at the energy of an internal

vave is given by

while that of a surface wave is given by
= y' ' p R
E=Fp'zh
6 (6)
This reans Lhatl wvaves on a weak thermoc’ine ney be of very large ainlitucde
and still not represent as much energy as rater small surface uzves,

(See Table 1) -
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Table 1

Heights of internal waves at the thermocline with the
same energy as surface waves of given heights.

Approximate internal wave height

Surface Tpilimnion T°C. 6 10 15 20 25
wave height lypolimnion T°C. L 5 7 10 10
Cr.
1 18 m. 62 cm. 35 cm. 26 cm, 19 cm,
5 90 m., 3 m,£ 2 m 13 m. 95 cm.
10 180 m. 6 m., 3.5 m. 25 me 2 Me
20 : 12 me 7 m. 5 m. 4 m.

IIT

Further Theoretical Developments

In the previous paragraphs certain tieoretical conclusions with regerd
to a surface of discontinuity were described. Fjeldstad (5) discussed the
case for continuous variation in density. Ilis conclusion was that an
infinite number of internal waves conld be simultaneous’y nresent each
wHith a different nwier of nodes betieen surface and bottom, and each
with its oom “hase ang..e.

loost oceanic verification of the importance of internal waves has
been with relerence to long iraves, especielly oi tidal neriod (6, 7, &, 9,
10, 11). Considerable raterial. on internal waves at sea, especia’ly with
regarc to their stability, wes suwmearized oy Dejant(12>. (See appendix)

Cn the other hand observetions of short interval aves at sea are

rare (13, 1k, 15) and non-existent for lakes.
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In a lake, the thermocline sometiiies resembles a true surface of cdis-

continuity, sometimes the continuous density veriation of Fjeldstad (OU'Eizo)

but more often is a finite layer of density transition between rather

uniform erilimnion and liypolimnion. This case has been treated recently

/ \

Dy Groen 0), whose results are surniarized here:

nThe problem of internal waves is cealt with theoretically for certain
continuous density distributions of t.e general type showm in his fige The
relative variation of density is supposed to be small, The f nid is supposed
to be incoimpressivle and to be at rest in “lie non-perturbed state; the
internal 1rves are treated as small perturbations.

nIf we describe the simnle harnonic, basic iraves by neans of a stream-
function

2 (x,2.t) = g (2) sxpi (ax—vt)

!

. ) it e . . . s
it anhnears trat;ﬂ,aj may be found witly, in general, sufficient accuracy as
a solution of tlie ecuation

= / X "
J7 /gdSlds
c/zl(/ :éh-ljz'h_/b—' '—"z\} 7’_ =

S ,/ - ey /1/

-/ y
where O (<) = spe01flc volune in the ecuilibriu state, S;) = mean
specific volume, ¢ =v/y = velocity of nropag sation,

"Together with thie bouncary con 1tions, this ecuation gives an eige
value problem, solucion of which gives reletions betieen wave-length apd
Deriod,

"hen using, as an analytical representation of tle densi.y distribution,
t'e function

<

~ /. i
S(z)= 5, + T 05tk _@?—/&),
o /
where b is a ieasvre of the ilickness of the transition layer (see fiz. 1)
and A § is the total veriation of tie specific volume, ire 1y solve the
above Cifferential ecuation analytically Dy iweans of hypergeouetric series,

Jhen the {Tuvid is sufficiently deep on Hoth sides of tihe transition Tayer,
the relation detieen tie w ve lensth ) = 2w ) and the »eriod T =72 97
is ziven by



- ) s, 5 )
7 A_.:__ 'z-l ! ) ti) 7 )/.2._._5} l
"‘"—",-b_)o —-.;(r,+/;\ b/} -1 :‘J'ﬂ-r‘,{ b/ + )
-~ N /

where A is positive; n has one of t'e velues O, 1, 2, 3, etc, (any integer)
and ren-resents the order of tie mode of oscillation, which is ecual to the
nuiber of zeros of the corresnonding solution ¢ z',

v

"ihen L~31{) , the period epsroaches a minimum value, which is inde-
pencent of n, viz:

b e 2.
. = 29— m eI T
i - & A S s e
AR s 0G"d 5/d- )
“ / ™S x

"The existence of tlis lover limit of tlie period of internal waves
appears to be a general feature, not restricted to the special type of
density distribution assuned here,

"The tleory is extended so as to include tlie earth's rotation. In
ti1s case tlie sare relation as exists hetireent and A in the previous
(non-rotating) case, now exists botween* and A,/ ~ (2w t)2, w,
being tle vertical. coiponent of tie an-ular velocity of rotation.!

1o

Y

Groen's treatrent differs from thot of earlier authors in tliat he
considers shoort internal w.ves in a tliermocline-"ile density distribution.

(ne further result of interest at this point is Groen's craph (Fig. 2) of

¥ versus ¢ for various wave orders (essentia’ly the order gives the
1 S s s B! s N L - ’ 7”'1/'0
nunber of wave 1axima in a vertical sectlonj. iere T =42 t-/¢Af B

g = ZA/j., wvhere the veanin s of the symbols are as ~iven above and
/

4 =45 c . Only t e »hysical »roperties of the t!ermoc’ine are reeded to

use this graph.
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Fig. 2. Relations between wave-length (271) and period (277)
of internal waves.



Laboratory Studies

Observations .. irternal waves in lakes or in the sea are by neces-
sity of an indirect nature, However, it is possible to make direct
visual observations of internal waves artificially produced in a labora-
tory tank model, ILortimer (17) made extensive use of a model to study
the water movements in a stratified lake. He was primarily ccncernsd
with the horizontal currents associated with the temperature seiche.

Our use of a tank model has been chiefly to demonstrate and neasure
the period of an internal standing wave.

A glass aquarium 75 centimeters by 25 centimeters and 25 centimeters
deep was filled with water. The system was thermally stratified by heat-
ing from above with two 100-watt light bulbs and cooled by cold water
flowing through a copper tube running around the periphery 10 centimeters
below the surface, JImmediately above the coolin; tube maximum thermal
stability occurred, This layer will be termed the tliermocline.
liethylene blue dye was cerefully injected into the warm epilimnion so
that it "floated" on the cool hypolimnion, thereby sharply delineating
the thermocline, Stress was applied to the water surface by means of an
electric fan., A tilt of the tlermocline resulted representing the storage
of potential energy in the system. ‘hen the fan was suddenly stopped,
this potential energy expressed itself in the form of an internal wave at

the thermocline which was readily observable by means of the blue dye.
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I it is assum=d Lhat the oscillations of the thermocline are internal

standing waves, thea the expression developed by Defant (18) for the

period, i JE R
[ = ZAL //-, )/‘7/)/)

may be applied. Table II shows the periods of internal waves producel

under two sets of temperature conditions.

TABLE II
Temperature of Temperature of Observed Theoretical
upper layer, h! lover layer, h period (sec.) period (sec.)
18°c, 13°C 82 70
16°¢. 13°¢ P 95
h!' = 10 centimeters
h - 15 centimeters

The observed periods are in reasonable agreement with those calculated by

use of Defant!s formulas

Field Studies

fvidence for short internal waves in lalke lendota is of several
sorts. The first indications were obtained by serial observations at a

fixed depth and fixed location.
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Figure 3 shows this variation of temperature at 7,2 m depth on
July 12, 1949, ThL2 cbservutions were made just off Picnic Point,
In the space of five minutes the temperature varied more than 1,5°C,
A rough periodicity of about 3 minutes is rather clear, as is the
fact that the record is not a cingls siruscidal variation, Oniy
occasionally in the many such observations made during 1949-1551
have simple patterns been observed, An example is given in Figure L.
Complex patterns such as those in Figure 3 and Figure 5 are far more
Comuon.,

Late in 1952 and diring the summer of 1953 a tripartite method
for measuring internal waves was adopted (14), By this method the
temperature fluctuations at three fixed points in a lLorizontal plane
are recorded., [luctuations associated with progressive internal
waves will appear at each of the three points at different times.

Oy analyzing the phase differences of the fluctuations, it is possible
to determine not only the periods of tle waves but also their direction
of progress, their speed, and hence their length.

The rig used to obtain most of the measurements reported here is
shown diagrammatically in Figure 6, The teuperature elements were
10-junction thermopiles, One set of couples was exposed directly to
the water wiile the reference junctions were imbedded in beeswax to
increase tleir time constant beyond tie expected neriod of the waves.,

Thus the temperature anomaly due to the internal wave was measured as
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TRIPARTITE METHOD OF MEASUREMENT

\
\
10 junction ‘ \\
thermopile
\‘ \
‘ \
\ \
‘ \
\ \ WAVE
g \ CREST
steel " \ /
conduit . \
star— BT \
\ \ A
60- X /B’ \\
10 junction - - \
the rmopil(e g ‘
oy X \
07 : D A 10 junction
’ : \\'\thermopile
direction of e 528 cm | \
wave progress ‘\
\
A'C and B'C are phase differences \

expressed in terms of time.

’

AC . _cos &
B'C cos (60- X)

Figure 6. Layout of the thermopile rig used to determine the direction and velocity
of progressive internal waves. From the known orientation of the rig and
the computed angle of the direction of progress was derived. The velocity
could then be determined from Lhe time difference A'C,
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a departure from the mean tempercture at the denth of measurement,

11 tlermopiles uwes weire carafully checked to be sure the tire constant
was the same in each case., Thermopiles were mounted on the vertices

of a triangle with 528 cm. sides (See Figure 6), The entire rig was
suspended from submerged buoys sc that it could not tilt, rolste. o»
ricve up and down,

The thermocouple emf's were amplified by a portable choppcr-type

mplifier (desizned by Prof. V, &, Suomi and built oy lir, C. 2. Stearns)
and recorded on an fsterline-Angus O-1 ma portable recorder.,

The input was switched from one thermopile to the next each four
to five seconds, For purposes of analysis the records so obtained
were re-plotted on a much compressed time scale and an expanded tempera-
ture scale. A1l tlree thermopile records were plotted on the same time
scale (Figure 8)., The phase differences in terms of time anong the
three curves were deteruined by tracing one of the curves on a trans-—
parent overlay and shifting it along the time scale until it best matched
each of the other two curves, This was repeated by tracing all three
curves and comparing tlie results. Where poor agreement was found, the
record was discarded.

As the speed of the waves may be regarded as essentially constant,
the phase differences in terus of time may be used to calculate the
wave direction, spced and hence the wavelength. This is done geometrically

K}

s found by graphical

H-

by using thez diagram in Figure 6. The angle (



solution of the ecuation
¢ - cos X

Pt cost 60- ),
Then, since the oriontalion oi tle fraue is lnown, the wave direction can
be determined. The length of A'C divided by the time interval of A'C

sives the speed of the wave, 0, and the wavelenagth, L. is obteined by

3

m

the relationship CT = L, where T is Lue wave period.

lake lLendoba

Tn Juae 1953 a station for measuring progressive internal waves by
the tripartite msthod wee established 2400 feet north of the lLake Labora-~
tory in 55 feet o water, This will henceforth be referred to as the
n55 ft, station”, A total of eleven tripartite records and six single
thermopile records werc obtained at this station., Of these, seven of
the tripartite records co.ld be analyzed for period, direction of travel,
speed, and lensth, and six of the remeining records of both types were
analyzed for period only, Onc other tripartite measurcrent was made on
9 Cctober 1952 by use of three vhitney .slectric Therrometers which were
suspanded from two securely anchored boats., Temperatures were rcad and
recorded at five-second intervals., This measurement was wade at a point
about one-half mile south-southwest of Governor's lsland.

Typical tripartite records are shown in Figure 7 and 8, It wil
be noticed that the amplitudes are most conveniently expressed in terms
cf °C,; however, this has been approximately converted to linear units

from the vertical temperature distribution measured sometiue during the
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ccord interval. Tue results of all analyzed resords are shovm in
Tahle TII, kost or -i¢ .acastreuente are for the 10,7 moter level which
lay within the thcormocline during the period July 9-16, Nonz of tie
observed values for the period, T, are less than the theorctical minimum
pericd, Tniu.’ caiculated by ths 4ietivy of Groen.

Somperison of tiie directions cf the wind and internal wo sz {Table IV
shiowrs that, in general, the internal waves in the region of the thermocline
nove to the right of the wind., There scems to be no pronouncad tendency
for the waves to move upwind. Therefore the origin of these waves is
not at tic dowrnwi.nd ené of the lake., This is surprising since the
concentration of kinctic energy in the form of surface waves and tur-
bulence is probeably nichest at i dovmwind end oi the Zlake. vhere and

liow progressive internal waves originate remains unknown at this time.,

Trout, Lake

Trout Lake,uvlich is in Vilas County, is composed of two basins
connccted by a channel., This channel is approximately 425 ft. wide and
=20 ft. long and Las maximum depth of slightly more than 15 meters,
Several measurcuents of internal. waves were made at the south ond cof
the channel. Becausc of the configuration of the channel, it scemed
rcasonable to assume huat if internal waves werc pres.it, they would
probably move through il channel parallel to it. Therefore a bipartite
systum with two theruopilcs one mcter apart norizontally and oriented

parallel to tihe channel was used. A typical rccord obtained is shown

in Figure 1l.
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Table IV.. Wind Conditions and Internal liave Directions and Amplitudes

TWind Internal ingle with
Waves wind posi-
AVeTra 3 tive to
Da%e Dir, Vel, Dir., + 180° Amplitude(cm) right
522009 L5° o7 200° 100 1550
520529 2020 4,5 2220 10 + 200
550709 315° 6,1 107° €1 + 1520
530710 3380 5,6 25° 7 + 470
530711 2h80 7.1 100 8 + 1220
53071 1129 5.3 123° 7 4+ 138
530715 680 6.2 299° 6 - 1290%%
145° 6 + 77°

#180° added to wave cdirection to conform to convention of describing
wind direction by direction from which it comes

“=tshort period waves
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On August 25, 1953 three separate wave records were obtained at
this station. A sviizey o the results is given belows

Theoretical
Direction of minimum period

Time Depth Period, Specd.c vavclength, progress of by Groen's
of record (m.) T, (see) (cm./sec) L, (em) waves theory (sec,)
1516-153"7 4 207 5400 LUSE 1,50 ok
1558-1619 4 L 3.35 Disly 450 35
¥1637-1651.  L.5) 143 L2
505)

#Thernopiles oriented vertically to measure "lean! of waves,.

The wind was From the south at about 15 miles per hour. In the recorais
where the wave dircction could be measured the waves were travelling dowmird.
In all three cases the observad periods werc less than the thceoretical
minimum periods calculated according to Groen's theory. These discrepancies

~

should not be taken as a refutation of the theory without first considering
all possible sources of obscrvational error.

In order to calculatc the theoretical minimum period, 1 s, , it is
necessary to know the vertical distribvtion of density, In freshwater
lakes this is obtained directly from the temperaturce distribution. ‘hen
the temperature gradicent is not stcep, a small crror in tcemperaturc measuro-

can result in fairly large errors in the theorctical T Similarly an

Hin.
error in the mcasurcaent of the depth at which the temperatures were talen
&

can leas to errors in tcuperature and hence 1nin The errors in tomperature
.

or denth measurcement which would cxplain the discrepancy between the

obscrved and theorctical Tpi,, were computed and are given below.
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Table V inalysis of JArrors

Time of Deptlis us>d rex drror
Record thooretical Tpgy, (1) Temperatvre (©C.) Depth (em.)
1516-~1536 3.0 -0.,0" -0

L0 0.07 20
1556=161" % -0.172 7

, P 0.35 e

1637-165L 4G -0,17 ~3.5

5.0 0.29 8.5

It is possible thut the discrepancizs werc due to a combination of errors.
As the scele of tio initrey Therumistor-type cleetric tuernoneter is
graduated in 0.1¢ C., an crror of +0.07°C. is not cxcessive. Nor is an
error of +10 cm. at the 4-meter level unreasonable when the temperature
sounding is being taken from a small boat in a 1l5-mile-per-hour wind.

Tt should be notced also that although the theorctical Tps,, is cal-
culatud from a singlc temperaturc sounding talken at about the midpoint
of the period of record of tl.e internal waves, the temperature distribu-
tion is constantly changing. By calculating Ti,, for all the soundings
and plotting T jin, as a function of time, the theorctical T i,y, can he
clearly compared with the observed byin, (Figure 12). The graph shows
that the theorctical values are fluctuvating over a renge of 172 to 259
coconds while the observed valucs varied from 141 to 207 scconds. How—
ever, the gencral trend of ticorctical anc ovserved valucs is similar
with the observed valucs boing consistently lower. It is not clear why

the errors saould hav. always been in the dircction of lower than
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values, Nevertheless the analysis of errors illustrates

theorctical tp;.
the carc reguire? -« cboain nreclse neasurchents of progressive intcrnal
waves .
VI.
Breskirg 7 inboraal Tiaves
Lo 4. oarmoclire represcnis the region of meximum stabiliny axd there-

fore the rugion where mixing turouch normal turbulence should be suppressci:

s P2

wWherever Jensitrr stratification exists, intornal waves may occurs Tndeecd .

2rce of inbternc’

our measu.roments save nover failed te domenstrate the pree
waves whenl such coratification was pruscnt. This suggests that the
intcrnal vaves mey provide the iiechanism for the transfer of heat and
other propecrties through the thermocline.

It is generalily assumed that once of the symptons of breaking in
waves is inereasing asymmetry. While we were not able to obsurve

increasing asym.ctry, cxauination of the cxamples prescnted in the pre-

o

vious paragraphs shows tliat truly symactrical waves are rarc. If there 1
a phase shift in the vertical, there must be cither asymetry of the
wave or of the associated stability ficld. One method for measuring

this phasc shift usus a bipartite thermepile rig in a vertical position,
The phasc difference between the two Lovels then appears dircetly as a
time phasc shift in thc~two records. An cxamplce from Lake lendota 1s
shown in Figure 9. The upper curve led the lower curve Ly about 12
scconds. As the approxiratc specd for waves of tihc seriod observed is 8.5

ci./sce., the waves were leaning forw.rd with a slope of 1:2. &snother

record from the channcl at Trout Lake showed a lean of 1:4.5. In this



Figure 9.

Variation of temperature with time at two

/0 kt\ 53
Lake Mendofa

/1-71.5 m depth
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case the phase differcnce of two temperature curves from depths of 3.5
and 45 metors wos angresimatoly 100 sceonds, and the spewd nf the waves
from messurcments at L ocbses was abolt L5 cm./scc,

A shert term tewperatur. inversion (at tonmperaturcs above %6, ) in

the prosons> of inheoroal waves danenstrates wlws bresking of tle wavThe
Two ‘ongtances cf thds Hoonolcnon wors orcer-ed  The first war coroween
by a scri.e of vathythcernograph casts at one lacation (Tigure 10).

The presence of internal waves is clearly indicated by the periodicn
flucbuations of the isotherms, cspecially the 62, 62,5, and 62° F.
iscthorms. One casc shewed that tie H3CF. isoLherm oscurred chree
times in the same water colwnn with colder water ahove warmer watcere

To be sure tle tomperabure gradicnt was swall where the inversion
occurred, but the wave was in the process of brealking and the tempera-
ture gradicnt was gradually being destroyed by mixing,

The sccond casc of a tumperaturc inversion in the prescnce of
internal waves was observed in tiic course of makin; dircct measurcments
of vertical tuuperaturc gradicnts. A five-couplc thiernopilc was con-
neobed to ueasure the tonperature gradicnt through a 10 cum. stratwic
The emf. developed was recorded by thc sauie systom deseribed for the
tripartite thermopilc rig. Below is a ~enord obtained at the 3.9% to

L.,05 meter level in the channcl at Troul lalke.
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lMcasurcments immediately before and after this record cloarly

deronstrated internal waves at 3.5 to 4.5 meters (Trout Lake section).
The temperatuie gradient per 10 cm, fluctuated around 0.19C. except

for a short period whoen the gradicnt dropped to zero and actually
reversed for an instant. The record was continuous so that there

could be no doubt of the gradient reversal, The lean of the waves

at this level was found to be 1:45 less than onc hour later., It is

very probable that the necative gradient roproscnted a breaking intcernal

wave with the associated mixing and destruction of thiermal gradicnt.

VII

Standing Inturnal wWaves

Commonly rcferred to as the temperaturce sciche, standing internal
waves ore frequently prescnt in Loke liendoto.  Measurcments of these
waves were ebtained by two methods: (1) repeated temperaturc soundings
at onc location over a period of scveral days, and (2) measurement of the
surface reflcection of internol oscillations by the water luvel recorder

used to study the surfacce seiche,
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In onc attempt to measurc the standing internal waves in Lake lMendota
temperature soundings werce obtained at 1-1/2-hour intcrvals for necarly
four days with the exception of the hours fron midnight to 8 a.m,

Bven with thesc lapses in the record it was possible to plot the fluc-—
tuations of the isotherms and to detect sone periodicity in their move-
ments. The thicrmocline did not risc and fall as a unit; rather, cach
isotherm behaved sligntly different from all thc rest indicating the
complexity of the tumperaturc sciche. The nost pronounced fluctuations
occurred in the isothorms nearcst tlic bottom and the surfaccs. There

wes on indication of a nodal surface ncar the wmiddle of the water column.
It has been shown by Proudman (19) that in a stratificd medium which
also pesscsscs velocity shicar tiere should be both a vertical and hori-
zontal wavelength, isc. nodes such as the onc dcscribed above,

A standing intcernal wave will be reflected by a small oscillation
of the surface of the lake. These surface reflcctions arc discernible
on the sciche records obtained with the water level recorder. (Lakes
Investigations Report No. 5, Department of Mcteorology, University of
Jisconsin) Tie complexity of the internal sciche is masked by this
method since only the net changes in density distribution appear as a
surface roflection. From these records can be obtainod tlic period (T)

1

and the amplitude of the surface reflcection (70). Defant (18) has shown

that the period of a standing internal wave is as follows:

7. a2l v"/—(;;j; ﬂm )



=30

Calculation of the period (T) is somewhat unproeisce becausc tlic valucs

o€79 and/o ’for the layers h and h! must be approximated from onc or two
temperature soundings, which arc subject to changes due to the standing
internal wave. However, typical sumacr concitions in Lake liendota give
valucs for T which vary between 10 and 12 hours. The obscrved valucs

for tiw period of the standing intcrnal wave are given in Table VI,

The amplitude of the surface reflcction was shown by Sverdrup (3) to

be as follows: _ - Z (ﬁ:f’?

)7 -

0 /a

where 5% is th. amplitude of the surface reflection and ~2Z is the
awplitude of the standing internal wave. Table Vialso shows the

observed valucs of @ and the cnlculated values of ~Z
/

Table VI

Summary of Standing Internal ‘Jave Data Obtained by the Surface
Ileflcetion Kccords

Date Obscrved T (hours)  Obscrved #y  (em.) Calculated Z (em.)
S
510720 1a5 1000
510720 10.8 kD 160
530628 10.8 +05 L5
530629 10,0 .15 135
530630 10.5 .10 90
530703 10,2 .15 83
530704 10.5 +15 83

Under the influcnce of a prolonged strong wind tiac loke surface and
the thermocline are foreibly displaced. The first cose in Table VI

occurrcd under these conditions. ALl thic othuer amplitudes were observed



" L

when the lake surface and tlermocline were oscillating freely.
The ordinary amplitude appears to be about onc meter with occasional

very large forced fluctuations.

VIII

The Role of Internal Waves

Planktonic debris in its slow settling from the upper epilimnion
to the bottom of the lake slows up at the thermocline, Oxygen
conswaption should, therefore, incrcase at the thermocline,
cspecially in the warmer period. By analosy with the sca there
should be an oxygen minimum at that depth. The foct that there
is not suggests that tie ratc of rcplenishment from above is
sufficient to prevent the formation of such a minimum, Is this
downward diffusion due to turbulence in the ordinary scnse or
is it due to breaking internal waves? Our evidcnce suggests that
it is the latter.

Similarly, as the sumer progresses the portion of the lake
occupied by the epilimnion increases at the expense of the hypolimnion,

This mcans a downward flux of heat throush the tierumociine, This could be
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accomplished cither by the breaking of internal waves or by e¢xchange
with tuc portion of the bottom which is altcrnately in contact with
the cpilimnion and the hypolimnion as a rusult of the intcernal sciche.,
This question dcscrves further study.

The sale alturnating cxposurc of the bottom allows replenishment
of oxygen for the bottom organisms such as the chironomid larvac. This
altcrnation afivets about 10 per cent of the totel Lake licndota
bottom in mid-sumucr and may be important in the prevention of nutrient
release from bottom muds by maintaining higher oxidation reducticn

otentials than would occur.in the complcete’y anacrobic bottom (20).

g

The solubility of iron is cspecially sensitive to the redox potential,
Associated with both the surface ancd inturnal seiche, and the pro-
gressive internal waves there are alternating or periodic currents.
These must play a role in the winnowing of sediment and production of
microturbulence about tihe fixed aguatic plants, and othor benthos,

whoeh in turn is neccssary to free access to a larger supply of carbon

dioxide, oxygen, cte. than could be reached by molecular diffusion,

X
Conclusions
1. Both standing and progressive internal waves oxist in the lakes
wiich were studicd, )

2., In general, progressive intornal waves have periods excceeding

Groen's calculated minirmume.
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3. Both progressive and standing internal woves are generally
complex, variable in amplitudc, dircction, and period, and freguently
polynodal both vertically and horizontally.

L. Internal waves occur with sufficicnt frecucncy and amplitude

that the ccolojical implications should not be ignored,
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APPENDIX
CONCERNING INTERNAL TIDAL WiVES AND THEIR STABILITY CRITERIA by A. Defant
translated by Norman F. Islitzer

from: Archiv f&r lieteorologie, CGeophysik und Bioklimatologie, Series i,
Volume 1, pp. 39-61, 19.48.

That internal boundary waves with periods of the most varied lengths are
present in the open oceans is well established. They were first determined by
Fridt jof Nansen (1) on the North Pole expedition, Similar observations were
nade later by him and Helland Hansen (2) in the Norwegian Sea, and were thoroughly
discussed in the well-lmown work "The Norwegian Sea", Otto Petterssen (3) had
shown, especially in the Danish and Swedish fiords, large vertical displacements
of the internal boundary surfaces, and first called attention to the fact that
the tidal force stands in close connection with its effects; that is, that they
are of the tidal period nature., Observations were also rnade on the lichael-Sars
Ixpedition in the North Atlantic Ocean, and on the occasion of the long series of
simultaneous observations in the Faroer-Shetland-Ridge, internal waves with
tidal characteristics could be observed for a long period (4).

The most conprehensive and thorough observations concerning internal waves
on layers of density in the free ocean has probably been collected on the anchor
stations of the "heteor" ixpedition of 1925-27 (5). Further ieasurenments were
collected on tiie "Snellius" ixpedition (6), and by L. Lek (6). A partial examina-
tion was also carried out with the exhaustive observations which W. Ekman and
B, Helland Hansen (7) obtained with their current neasurerents in the North Atlantir
Ocean., Finally, with the longest previous anchor station, that of the investigatior
ship "hltair" in the current of the Gulf Jtream north of the Azores on the occasior
of the international Gulf Strean Investiration, 1938 (9), it has become clear witl::

out doubt that internal tidal waves are always coupled with the course of the tidal
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phenonicne. ¢f froc oceans, ond ISt be regorded as continuously occurring phenomcna
acconpanying periodic woter uovenents procduced by the flcod corscs,
In the following scctions, aftor sihort discussions concerning the character of

internal woves (particularly those with tidal character), the points which concern

the stability of such internel tidal woves will be investigated, ond with several

sclectod cxarples it will be shown how internal tical surf is possiblc wnder cortal

~

conditions of occanic structurc and currcent characteristics. This internal. surf

phononienon is of interest in the question of tiwe mixing of water masses, especi2lly
upon t:c contincntal suclf or coastlines, and duscurves Lo be followed closer,

Cn t:¢c boundary surfacc betweon a honogencous lover la
a louwogencous upper leyer of less densc weter, inbernel woves ore nossible, The

currert patls and orbits of weter particles in the case of st.ch progrcssive waves

arc -iven in illustretion 1, The propogotion velocity, ¢, for waves of definite

wave length along the bHoundors surface, is decreasced by the prescence of the
& 5 > y £

upper to the speed on the frec surface, os in the relaticnship

/ ', P T —— ey
\. AN that is;, € & Ly x ;le;f:' in which case /?I .
i - -j' /" 4, I} ', l _,_ i ’

" iy ") . :
the density of tlic lower layer and ,ﬁg , 18 the density of the upper layer. The
i L

decreose is considerable. For cxample, for the cascs which oceur in the occan,

: ,",/" - Tarts ) - 5 % 15 . ~ .
it is for density of ~ e = 027 A4 2 1,028 (Gousity difference ic
- ) . o ' : .
10 3 ond ¢ is coual to tzi. 3 thet is, the wave velocity of the internal waves
‘!'f' ¢ ;J :)

is approxiumtely 45 tiues sualler than the waves of the soauc rave length on the
free surfacc. ..ith thesc intor:al waves the vertical displocenant of tie woter
sses at tic bowdory surfoce is moximum. Upwards and tovard thc botton the
aiplitucde of this displecenent rapidly ceercascs.
tlrclmess of the upoer laver the arnlitude of the internal waves on the free

surface is so small tlat wove rotion is not scen. The effect of the intcrnal

waves is linited, to the extert that it is a cuvestion of purc wvaves on a surfacc
) 2 &
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of discentinuity,
is very irportant to
ile con also o

1L.a85CSe.

diiferent densitics,

tre dircct cnviromnent of thic boundary surfacc fact vhich
the thermal and laline stratification in the boundary water

obscrve interncl woves in a trough filled with liguids of

a

By mcans of z slow displacenent of a scetor shaped body

on thc botton of the trourh, we can produce internal waves, and we can sce that
althoush the uvpper layer is not very thick relative to the lover lajer, the freo

svrface of thc uprer

L

sirface of tic
1.

of
II. 1"‘;-

1913.

viro licvids a

Je find photosraphs of such cxperinments in i. deFant:
Considoerations
h Crclones

Ticuid has sl woves cven if Ge wave motion on the boundory

1,
assunes considerablce size.™

mi

Tl.eoretica
Investigations of the Structure

Ber. d. Akad, d. “Jisse i

and wxperinental

d Anticyclones. fien

-
s

In the ocecn and in the lakes with internal boundary surfeces, internal vewves

can be foried which travel along the borndary surface with cds which depenc
uoon tl¢ differance in density of the two types of water and upon their vervical
thiclmess, which, however, core oftern smaller then the wave specds of waeves of
sirdlor wave lengths on the free surface. In actuelity, sharp physicel discon-

L

tinuity surfoces very seldow ccevr in natvre. On the other hond in the perturbated
layers ticre is a larger or sunller change of density with depth., J. E. Fjeldsand
(10) has developed o theory of inbornnl waves for such vertieal density structurc.
e finds tlhot in this cose ~t each depth sinll waves of infinitely nieny periods

arc pessiblu, oll of vhich Iave different spoecds. Hovever, the welocitics ~re wolof
to ore ~nobther in on Crrmonie fasiion. The longest wove is most of 2ll not 2lwn s
the uost important, Ficldstod hos also indicated o acthod wiick -ermits the cal-
culotion of ti.G varicus possible internal woves of tidal periods from the given
vertical donsity structure, ~nd also tic¢ caleration of thoeir respective ~uriodicol
crrrent velocitivs. Couscrison can tlen be coarried out with thwe results of currcrnt

LICO8UTrAlIciIU Se
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The recason why rclatively few fully satisfactery observations of in ternal

L ¥ s a0 7l

waves in the froc occans cxist lics in thie oxtornal ccenditions under which such

obsorvations can be obtained. From iicasurcients at one station alone no dota con-
ceraing the dircection of Drcpagation of ! esc waves, with svch sbscervations at a
stotion, nothing can be scid. Only fron the theoretical speed of propagation which
o con Geteridine approximetely from thwe verticnl deercase of density at thie obszie

5

wove 1s siven, do we cbtain a picture of the

cF
Q

vation peirnt, since the period of t

' 1 ) ~ ) n

length of tle internal waves. Sueh caleulotions hove preduced, for the casc of o

tidal neriod of about 12 hours, thot such internal whwes nave long trave charactaonr,
that is, waves wacse wave length often is larcer than tiie depth »f the water which

occurs in the cceans. They have therefore the character of flood waeves, which is
inportant for thic meaning of many abservational facts. The daily series of uicoviiw
Lents at the anchor stations in tlie free oceans nnd simuitancous current lieasur2iend
confirn this conclusion. The internal displaccrent of woter iwsses has tidal
characteristics. It aodpears that tiey arc nericdicslly coupled with the neriods of
the upper surface and with the tidal currvents of t.ose fluctuations, Apporertly

his coupling is not always the soue and differs fron place te placc.

A visnal cxanple of irbernal waves uight eiplain their

avior, In the
straits of Cibraltar e aluays find two diffeent types of water lying over one
e/ D

arer thie lightor Atlant® water flous castward, while under

T St

anobiicr;
nooth t ¢ heovier lediterraicean water flo - westiword, The transition from one vo
the oblor furaisnes o well developed laye of density comtrast, cspecially ir the

middlie pert of the Straits ()
n. Sec lere nerticulorly G, oeh-t Dic .osscrbewegungen in Cebiete der
Gibr-ltorstraszes dourn. drConseil, ITI/2, Kopenhagen 1928,

which in t 2 Straits thorselves risd from west to cast. Illustration 2 gives a

cross scetion of the cdensity " pesh the entive straits (to e sure, ~veraze con-

ﬁ

ditions which arc orescnt in 4 transition fron spring to suriier). ot this tinoc
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the Atlantic Currcnt achieves greatest intensity in the upper layer, the ledi--
terrancon Current in decp water beccies on the otler hand wealer, The layer of
density contrast as scen in the vertical distribution of iscpykes is in the mean
deptl of 200 to 250 meters, while the deep water in the main charnnel of the

streits fluetvates between 300 and 600 meters, This layer of density contrast twcve.
with great regulerity up ond down in the tempo of the tides so that this internal
Lidal wove is connected alternately with an increase and decrease of the transport
Lediterrancan water in to the Atlantic Ucean,

The Danish rescarch ship "Dana! in the period of Cetober &-10, 1921 in tix

degrees 29 ©

un

stabicn 1138 in 35 degrecs 59 irinubtes rorth

cerried out oceancsraphic scries wwcastvrenents ot 3-hour intervels (11), which in

a very oxcellent Lanner shows tlc rescrce of inportent internel waves, Illustootl
o & £
3 gives for the period frou about Octobor 8 2200 until Gctozer ¢ 2000 the coursc

the lines «f coual density fron thoe svrince to the depth of 300 meters. Under tiab
well developed irtornal woves exist, floving in regulor fori, coiprising tie cntirs
wator ninss of the lLediterroncan Stroits, cspecially in the region of tie density
centrast lavers, For tl.is time the tidal coursec (vatcr starnd curve) at Cadiz (o
degrees 12 ninutcs west ) is shown as well as the direction ancd the strensth of wnio
total currcent (arrows in the upper layers in tlic 1dddle of the stra yits)e &b
tine of the ohservations a neap-tide prevailed. ile sce ot first glance the rcl
tion between the tide of thic upper surfaoce, the tidal current and the verticol dis-
nlacenent in the region of tie density contrast, The tidal process on tlie upno:

surface of tl.c Straits gocs csserntially parallel with the internal waves. in

cxact analysis of tlis phcnomenon has been undertaken by J. P. Jacobsen and lielge

1

asis of tie Pluctuations of the isolialincs and coumparison

D

Thonson (12) on the 1
Wit the sirmltancous tidal curves of Gibraltap. This showed that while in

Givroltar the water stend on Cetcbor 10 fluctuated around 4€.6 crmi., the distance
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of oscillation of the layer (the differernce of the highest and lowest position

of the 37 0/00 ischalire e) amounted to 43 rneters and the hizhest stand occurred

.7 moon hours later than at Gibraltar. The coupling of thie interior tidal waves
with tic surface tide 1ay be casily understood in this case, for it is a question
o a narrev long stretch of water. he increase of tlie current in the upper
Tayoers, which goes uith a decrsase of the lower current, causes a sinking of th>
Sp;gggggﬁigﬁpf, a decrcase of thc upper current agnd an incrcase of the lower ~ur:al

The normel tidal flow ceauses, in thils case, periodic displiacemznt cf

4

Cb‘

orungschicht with the saize period; an internal tidal wave., In such ¢

.L:.

(0%

0
0
0]
D

entire nrocess iteles place resulerly and irithout essential disturbances.
i further estamnle of an interncl tidel wave for the frece oceon is as follows!

-

-

Tlie research ship "leteor" alon~ te coast oi South Awerica north of Cape San

tocue, (2 degrees 27 min, South, 34 degrees 57 nin., Jest, Jen. 31 - Feb. 2, 1900
w \ 3 ). . . o . v .

wean depth of water 3910 m, observed al anchor station 254 the meon distribution

of temperature, salt content, and densitr, found in Iil. 4, To 70 meters an

alrost omogeiieous layer was present beloir wiich for 4O meters there was a ;feneral

rapid decrease oi temperature of about 13 degsrees and a sall content cecrease of
.8 0/00., The density varied from 23.56 at 60 meters and to 26,52 at 130 1uct

so thiat tlhie density increase in this ideal Houndary . surface enounted to about

-3 . .5 | . n? w I
3 = 10 7. (See Illustration 5)., The cdefinite inrternal. wave of lalfémoon day

period was connected with a mean vertical displacement of water of about 7~ rete

e see clecrly from I1llus. 5 how not only in the top laretr (temperature curve =
0 and 50 neters) but also in the lower layer (Lelbergture cvrves at 150 and 20C

metors) the teuperature rerains essentially constant, (0 ueters 'ws a siall daily

*While we have used the German here, a good translation misht be pycnocline, or

layer of density transition,
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temperature variation), while at 200 umeters depth in the middle of the Sprung-
schicht it varies more than two degrees with the waves, The curves in 111, 5

at 100 and 125 meters give tle lLarmonic enalysis of the observation curve and
show how these curves may_be well reproduced by means of a single wave cf a
veriod of 12.3 moon hours

In addition to these pronounced interncl tidal waves the observetione corbain

still a large disturbance, which appears around midni It of che Jemary 21 to

February 1 period, .Mile in the top lLaver no trace of tiis wrhance is toe e
sean, it embraces the entire Sprungschicht with parviculer serenctn in its wore:
-art; at 200 reters depth we notice still a smcll incrsase of temperativre and &

)

snall decrease in sa't content, so that the disturbance svill hos somewhath sur-

r

sassed the 200-neter "evel. From thie mean vertical structvrs of the water at

the station (see 11l. 4), with nlauvsible assumptions, it uey he ca’cvlated Ir
what deptl.s the water iasses mst rise in order to prodice at each "evel the

ohserved disturbences. These velues enable u1s to conchruct a nicture of the

current nrogression tirough which the disturbance in the thermohaline structure ia

nrocuced. In so doing ve st think not of successive tides but of simultanecus

tides. I1l. 6 gives the flov lines of tl'is disturbance and a clear picture of s
+ticdal at o IR ) 11T M+ ~he Vassar £ +he Adiaetnrhance s R ala] £ + -
tidal water displacement rivh the nassage of the disvnrbance., Tie course or t.ns

Gisturbauce las a striking similarity with the form of those disturbances which

Sandstron (23) experinentally produsced iun stratified water in wvhich he had

wind stress teke elfect upon the water s rface Ly sHrts (I1%. 7). It is not to
be doubted that at thie anchor station 254 buoyence such an underrater wave was

produced soneiere in the surroundin-s of tle stabion by some sort of cxternal

o

disturbance. This ticn proceeded further alon e Jprun-schicht and accicentally

was includced in thie scries 1easurements, rom vaere the disturbance came and in
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what direction it proceeded, cannot e determined from the cohservations at one

staticon alone; however, a long period of time may pass before such a phenomenon

-

will come accidentally into the cbservations ancw,

he following case Teads to = striking phenomenon which will be investigased

m ~

comewhat closer., The anchor station 369 of the first part of

o . ) P L} NG |, X £ Ya.- 9 ke ’. 7 =y . . ~ -
nonierice mxpedition of the lLicteor (19 degrees 40 min. novth, 18 desrces Lo

ments showing strong internsl waves of i

bicularly well in the up and dovm curves of the isothermss Tl1l. € gives an isc-

taermal renresentation for tlie eumtire pericd of time., e rocognize clearl

1 s = 11

periodicel displacemerts of the isotlor:

o]
ta
i
&
Q
Q
=]
8
)
Q

larer to a dentlh of 25C
rieters in the tempo of a half-moon day videl wave., In orcder to demonstrete thosc
renetitions better, t'e top position of the isothieriis are comncctad in cach case
by means of a hieavy line and the Tou positions of the isotlerms by neans of

.

corresroncing dotted lincs., In addition to the lialf-moon day iaves in the sccona

part, of the period, particrlarly in the rogion of tle maximal Sprunsschict, arotior

swaller nerioed apnears Lo e guneriiposed, ith this we 1will not concern ours: v
fu.ther here, I would ratiher coll attention to en asymuetrical developnent of

the isotheria pattern tluich is .comeccted with the passage of the Tarpse internal

waves. 1In zcnercl tioe decline of the isotlicriis is slower tlien the rise. This
L s . . e . .

appears prriicularly clesr if mean layers arc toalken (I10. 9)e The rise of t.cipera~

turce froum the mdnimun to the exirwm results in 7.2 or about 8 lours, tiic decline

in 4.8 or about 4 hours., In so doirg the idinina arc flat and broad, the naxima
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developmnent of the Sprungschicht (LO to 60 meters) the assymetry is more strongly
developed than in tho lower layers. If we will investigate the tidal displace-
J (%]

nent of water from iLhe pattern of the temperaturc at a fixed point, it is observed

thet to a rise of temperature corresponds a lowering of the Sprungschicht arnd %2

a fall of temper:zture corresronds an upward motion of the latter. The nattern

of the Sprunsschicht is accordingly as in T11. 10%4. Witk treve motinns !

34
L

in general possible to connecht the phencicna at a o

T

Je obtain “hen an approximete representaticn of the rform of the wave nrofilc
thie passage of the internal wavoes at the place of meastreneatc
the waves is vhen that which is given in Ii1. 10-8: A gentlc incresse from i

wave trough to the wave ridge, a steep fall from the wave ridge from the wave

3

crovgh. © This asymmetrical wave profilc points to a degeneration of the internt!
waves, which we sce with ordinary surface waves of the ocean hafore they overtui i
in the surf. 'le must vlcrefore nerhaps assunc that internal wavces can degencrai.
and finally lced to internel surf. ‘e rwst not, however, presume that this interic
surf lLas the vehenence and rapidity of the surf phenomena of upper surface wovees.
This internal surf talies place at the srall nropagation velocity of the internal
wave.¥ Tt is very inportant to sec how in spite of the very turbulent surf
processes at the borndary surface the uprer surface can romain completely at rest;

. o

as if within thc water nass nothing werc talking place. Similarly the »rocessers
of an internal ticdal wave turning into surf at dertlis 1wst be investirated.

I will give still further cxammles of this very intcresting phenonenon;
theyshow that thie surf »rocess in the case of internal tidal waves apparently is

not something cxtraordinary. Cne casc concerns the internal waves of the "lletcor"

anchor station 366 (10 deg. 16rin. W., 16 de-. 38 mir. ., v. Greemrich, Anril 13-2

% Photo of such internal wove as surf is to e found in the orl in Footnote 1,

L3
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1937, 60 repeated series at one-~hour intervals). Observations were carried oul

socrmewhat southwest cf the Bissapos Is. upon tiie broad West African shelf rather

to Jand, I1l. 11 sives tle isothermal representatior rron degree 1o degree
for the entirc period of § full periods of hLalf moon-day tides. Here wo sce ag~in
ohe strong fluctvations in the height of the isotherms, which are most stirongiy

sreared in apovt 30 meters of depth, since the Sprungsshizht of density on toe

U S - e =95 \ s e g G i Des  mmnns e ety ey T AS Akl . 5
sverage lics at this depth. Again in spite of the muwercut small distirbanca:
s7hi 1 ala thce 1 & 't" A S PrPooy o n T anr SYUTL GV 1 oty Tane R £ e @ B
which malse tiic curves ratier irrcgu.ar,; & C.ear aSyriuCuLIy i FRRICINS [CERTDNTE

Tris is clearcr in I1l. 12. In thc latter all five weve veriods are avorasod,

~liminating the small disturkances., In eddi%ion to tre asyruenrr, wirich here

b

aopears to be more strongly developed than in the former cnse of anchor ¢tation
&L (&} iy
369 , we note that a clear displacement of the extremes with depth is nresent.

1

“he oxtremes of the internal waves lLave o tine lag which is

-

arger and larger wii
denth, perticularly in the maximun (thic top position of the Sprunsschicht..).

The lag anounts to several hours, ZIven this striking phase displaccment of the
waves with depth is a phenonienon nccessarily connected with the phenomenon of
internal surf,

L still further incrcase of asymmetry of the internal tidal wave is showm
by the following case, a-ain in the Straits of Cibraltar. The measurements are
approximately in the same place as in tiie casc discussed earlier (Scc Page L6),
this tine at the tine of the spring high watcer. They were partly made by
J. P. Jacobsen anc Helge Thomgon (12): Dana anchor Station 35 dege 47.5 min. I
5 dere 21 nin. e April 1L, 5:05 fo April 15 5:12, 1928, 23 rcpeated series at

™I i

approxinstely onc-hour intervels. Il1l. 13 is the saue type as Ill. 3. It gives

o

for the period of obscrvation the pattern of density (K.G./ Com) to 300 neters
3 4+ 1

depth. Delow that is shown tle simvlteneous water stand curve of Cadiz znd the

total current (tlic hasic currcit plus vhe tidal cvrrent ) for tlic :1dddle of the
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Straits. The internal waves connected with the tides of the sca surface have herce

1

legenerated coupletely and one vave branch stands approximately vertical, In

~

<

a- e L

et o 130 meters, cluiost Yo & turning over of

- RN 3 T ey -y e 7
anounts. cveal in the Zaver betreen 70

Lo aves. To be surc the Lower layers are in general still denser then the

clearly show unszt.eble stratiiication. The internal vidal wave is in this case
almost at the point of turning overy an mnstadle cenditicn. Hithoat doubt tie

- iy e ] -y - YA T~ - h = S S & o < s S P OV, SN, e wass W
tidal currents, with spring hich woter, plus the basic ~vrrenhe, whieh are vrass

)
“

'
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in the Straits are the external cause, &t this time the Liner tio
otlerwise procress calmly and regularly, incline teo sirorg degenorzvioar bhids
leads naturally to inner surf, The form of this surf »rocess wwst, as we can
serceive from Ill., 13, be like an intermal bore, This internal Lore aroceeds
probably tic entire length of the Straits and leses itself then in the bhoundar;
oceans at Jarce depths, where the Sprungschicht, which is well developed in the
Straits, also dissolves into a morc constant density increasg with depth.

The Straits of liessina provide anotler interesting case., The smallest cros.
scction of the Straits lies in the northern part, in the Frofile Punta Pezzo-
Ganzirri; it s a width of Zess than 4 km and an almost rectangular cross sectinu
of only one-third square k., with a miean depth of 80 meters. From this threshols
the sca bottow sinks towards the south and the northeast rather gradvually, but
faster towards the south than tovards the Northeast, so that in the north par: cf
the Strait has a cross section of about 7 lm lencth, which always rcmains belor
onc-half square km. This part of the Strait is thie site of the turbulent tidal
nrocesscs 'mown by the names Scylla and Charybdis (14) Tlorrally the lower layers
in the Straits (below about 30 meters depth) arc of the_heavier Tonian Sea water;

a

above that lies the lighter water of the Tyrrhenian Sca. The latter moves to the

south, the forrer tovard the north, This main current distribution corresponds %G
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+he density differences of the wetor wasses of the boundary scas. The surface

nside the Straite Pos large fluctuvations in the rryskm of the half roon tidal

period. The resulbt of o consivistion of these Strarts anc “loe zw
fference of ihe witer laoe _oring over one anothier is that these internal Lidas
T Q1 Liie wWaces AR ng < T Nne ANoOLNET e T.AaT uill INWerna.. SH170A

Woves assume a onroulent forn 2= in tlie Straits of Gitsraltar. The discnrosrco

lisre reach tho s2a murfac: ang orodrece large 3 vhich "ead tu
Lbernal surf shonconena
A Teodawr ancher sLotiom + 1A rr\e"\r(‘.‘ 6 i Tinam s ma® e 1o W A7 s o 0y
1y o JLoTln cdled En Sudl U L7 ©lie ceECArcil oe "L‘)j cicn Sl RAGR J -8 LT i A R
sarried out, a survey of carrani tehavior ernd shrueiilre of The uaTal aweso3 oI
Shraists, in aldition to carrent measurcmonts aid benodcrature snd rolieity Ost

ninations ab vorious depths at approximecoly ocae-hour intorvals. This proviqded

inTorration concerning the extracrdinarily® lerge teomperature and salinivy char

which appear at the narsrowest points of tle straivs with the flow of the tider.
Thoy point:to mighty internal waves throush the passage. The thermal and halire
structure of the wabcr colimns chanses fron. Jour to our, often so rmuch that we
doubt whether the obscrvations in each case pelons to one and the sane vertica’.
ibsolutely siimltancous scries ucasuren 10 would be necessary here., Instabil:iv’
often occur which certainly are duc *o interaal surf phenomena, I rave in IN21.0 .
suarized three caseé of such st-ong toimperabire changes which show the internal
bore. Detwcen 2 and 3 o'clockioontine heavy watcer advences from the sonth to
bLlie 0orth in the forir of a r:adwavc. Howeves warm weter flows throush the stra’.
The flow often is so rapid that on the head ¢ tiie advancing wator mass the str
turc becones vnstable, as in the first -nd scgond cases of I'l, 14, It is very
characteristic that only in this phasc of intcrna) tide does instability toke
place; ncever at the prasc 180 degrecs diffcrent (8 to 9 o'elock noontine), This

behavior is schematitally showm in I11, 15 in 2 cross scction through the Straite.

e recognize that lpre the internal tidal waves et the time of the spring tide
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have alrost lost the character of a wave and assuned the form of a bore. At
2 to 3 o'clock moontime the »roccess, neteorolosically speaking, has the character
of a cold front; between 8 and 9 o'clock noontine it has the form of a warnm front,
Tt no doubt exists that internal tidal waves once produced degenerate under
curtain conditions and underso profile changes. How do internal vaves cet to the
srhulent surf stage so easily? I would like to point out that we arec very
pocrly inforiuied as to the origin of interral waves and their relation to the
goncral vhenorienon of ocean tides. Since its speced of propagation often is less
thon that of tie surface tidal waves important nhasc displaccnent of these two
tvues of tidal waves will occur, In general the rclation betireen thern rust soon
ba lost. The relationships will be proved only in the general proxinmity of the
nlace of the origin of the waves; we, howrever, con't lmou whiere these places arc,
Only this much appears to be cstalished; that the internal waves are of tidal
dinensions, arc subjcct to a very strong dairving, and the amplitudes therefore
mist rapidly decrcase in all dircciions (Foot:ote 3. See V. “J. Slgan in the
ciscussion of tlec annual lLecting of the International Council for the sxploration
of tlic Sea, Coodenhagen 1931) From nuuerous cxperinents which N. Zeilon (16) carried
out in tie laboratory, it nay be assumed that internal waves on the continental
helf are oroduced by the decrease of the water depth talking placc on the shore
which riove alon; the Sprungschicht onto the shelf tovard the continent, Is
the resulting degeneration of wave profile of such internal waves a similar process

to that for tic customary short surfacc waves of thc ocean? If the arplitude of
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lerger and not small compared to the rean

dopth of the water, then the ropagation is not without form chanre. As the

observations show, the wave profile on the front side hbecorie steener and steeper,
1

the back side mentler, %l.e wave »rofile becores asyrrietrical, This nrocess nay

be examined theoretically. Up to a short tire ago we could calculate the



i .9

corresponding successive irave profiles only by stepwise approximations.
Jd. B. Fjedstad succeeded in giving a complete rathematical solution for this
profile crange. The only simplification w .ich was here nccessary was the neglect

of the vertical acceleration of the water partic’es in their orbits, so that

irstead of tie d;mamic pressure tiie static ressure 1ras used, On the other hand,

inearity of the differential cquaticns was completely considered. The

1

colution was obtained not only from the culerian Lut also the Tagrangian ecuations

of motion (17). The wave profiles obtained shoir elearly thet in the progress of

tie waves the asyumetry of the profile alwar s incrcases until a condition is

1o in which the suppositions of tlhe theory are 1o longer fulfilled. The

reac)

observetions show then what happens. The waves brealk,

The internc® tidal waves will under siniler conditions change their nrofiles,

with increasc of aiplitude and decr:ase of contrast of the water layers lying

Ae

over one another. Several cascs in which thesc asmmetrical profiles were observed

show larce aiplitudes. To De sure with internal waves the case is usually otlior-

R ¢ e |

ulsc, oand thie observition place wos not uvoon tihe sle’f. ithout douvbt both circup-
2 & &
stances contributed to asvirictry of the wave »rofile,

Hovrever, therce arce also coses in which tlicze conditions obviousl:” do not

1

svifice to malle the internal surf understendable. It is likely that the seiche

35

waves, evon with relatively smnll water denihs, siow nermanent wave -rofiles, thich
cvel: with decreasing water depth do not derenerate excent if the water det™s arc

very sial’ ard the waves Ilow dircetly along ¢oc hank. It could e

e«

). 4 1

incerral tidel waves arc of tie character of such scichc water waves., Then the
instaoility rust ve Lased unon oblier causcs,

3

The condi%ions under liich internal waves occur permit dynamic instanility

<

ritheut further sdo. For tihc czplonation of this belavior, a siri"le case here

follows: Two water layers of Tar e thiclkness lic over one anotler,

m.- 3
The upper
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water mass has the density 7% and moves with a velocity é(z.' The lower

weter niess has the density /43 and noves at the velocity é{, . The theory

(18) reveals that tlie speed of internnl vaves on the surface of discontinuity is
) / /) /
¢ Tl I 2
2 e o 4
N =7 o 5 o) /
/é;+/at / }t Tt /%470L

-iven by

it Pt |

T..c first cxpression represents the advective velocity and 1s a tvpe of mean

J

v~lue of the two velceities of the tro water masses., DBeside this mean veloclty

L

is the velocity of waves with the wavelength
. . B
)\ B

wich the roots of the expression rive. The first neuber under the root sives the

.l

saced of 4 C I . N e el @Euy € © ' P 3 L
S,2CC of +..¢ interrnal waves 1n a scuavlonary s7sh Ol (oce age 14,2), t.erefore the

sneed of purc ;raviiy waves, The sccond uiciiber iriuh a nerative sirn is tlic speed
of oire inertia veves. The gravity” wave tern is a’iems positive if /f ; is

srosber than /4), , that is if the heavy water is under the Lirhiter water, In

noture this is aliays the case., rure  ravity "nves arc therclfore allays stablCe

The inertia wave term is, on tlie clier hand, aliers negative; 1t tlhiercifore acts

cxs i o 1amier to weaken thie stotic stability of the ‘ravity waves. This

instaiility. This occurs if:
7 P o 7 L A"

. S— P & 2
{ (/ o = /,’./ / / g SRS
\
.~

weolenin, con nroduce dynnuid

/
that is, for a cert-in wave length ond the density contrast on th: discontinvity,

with sufficicutly lar e velocity shiecr on the “Youndarr srface hehicen the two

In She cases considered “' 2 %o iclmess of the two water nas:scs was small, ard

< i3]

~

t.is icans a furthcr cvaluation of le cxpression o the richthand side of whe

. n S e 39 Tn 5yt Aok F s ,\ - 1 oy
coual sizn in tiie above reotion as o restvli. If h; and hy are the thicknesscs of
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the loer and upper water layers, we obtain the inecuality in the form:

e Y S e | / ,
(b0 > (PN Frerrsen, ™ et |

If we also sinplify so that hl equals hp ecua’s h is assuned, and we consider

f is a ver- small cuantity, then we can with satisfactory exactness sct
N 4 :
— = 7L7‘ AA(" Mk and obtair ile inecuality ¢ s / /0 ,\71
St T in bhs dneuality U (> |gh £ la
s
‘.

), -
Wlt th 1nequa;1t3 the following table may »e sct up for the verious Vl*Uﬁ"

5]

cf the density differences 7, mninus /Aﬂl aixd of the layer thickness to

indicote the veloeity differcnce which rust be s0rpass sed for the dynanic instability

of tlic iitermal tidal weves to occur,

The velocity difference (em/scc.) rust e larger thand

/=2 10 5 x 1078 1072

n= 1501 | 52 117 166
100 n L7 96 135
50 n 30 68 96
25 n 20 L8 68
Fron these values we sce that relatively smell velocity sheer in the two

1

catcr lavers lying over onc anovier is stu{iicicnt to »roduce instability of the
intcrnal tidal waves, wihich must necessari’y thon Zecad to internal surf, Since

the r~in currents in the streits always are opnosed in the water nasscs lying

over one anotler, the inclinction of internal waves to de-cnerate and turn into

snternal surf nust be particularly large, That is +tlic casc in thie stroits of
& % (&)

Cibraltar and in tle Streics of kessina as we hove scen. V. 3jerimes las calculated

Lo wave Torn and stres:line i sveh installe internal waves for cther »urncscs
and in I, 16 two such cases are renrotuced. In tho upper diagram
lasses have a sirilerly dirceted bransiation velocitys; Ly th2 lower diarrom, the

nain currents are directed opmosively; in both the velocity of the upper watcr is

larger, as is alwars tlie case in naturc. ‘¢ see ab once that cascs of asymetry
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predominate, as found with internal tidal woies, e rust actually assune in the
cases of ti:e Current stratification which almost always tale place in the ocecan,

what asymmetrical wave forms are due to dynanic instability. Haturally the

instability cemmot waintain itself for a long time., In further progsress
the waves develop into nighty internal turbulences, With dymamic instapility

finally the boundery layer rol’s up inlo a vortex of the sanc sign as the shear
between the tiro unecuvally moving layers. Ili. 2.7 sives the »rogressive changes
whicli an unstable wave Dasses tirourh (Footnote 3, See L. Rosenhead: The Forma-

tion of Vortices from a Sarface cf Discontinuivy. Froceedince of the loayl

Society 4 134, 270.) The {inal result is certa’'n that a nixed Jayer is formed bj-
tlie vortex in which a nore or lese constant transition of density and of velocity
her laycer occurs, That the Sprungschicht of teumperature

fron the lower to the up

A 3 1
i

and salinity orn thc shelves rapidly decrceases in intensity totrards tiie coast,

and is rissing in a troad strip nenr tlic coast, is probably because thie internal
tidal waves rearing the coast witli smaller ~nd smaller water denths become so
dynamically unstable tiet the Spruncsci:icht is fdestroyed. This Hrocess is the

basic condition for tle production of cold wobci rising near the coast,



