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ABSTRACT

Characteristic features of (i) records of current and temperature 

at various stations and depths and (ii) temperature distributions in basin 

cross-sections, obtained during IFYGL 1972 on Lake Ontario, are compared 

with features predicted by linear models of long interfacial waves in two

layered, rotating, rectangular channels. The principal comparisons are 

between inertial motions, seen as clockwise rotations of the horizontal 

current vector and as oscillations in thermocline depth, and the structures 

and periods of the lowest five cross-channel modes of an internal Poincare 

wave model fitted to basin dimensions and observed stratification (predicted 

periods in Tables 2 and 3).  

Direct examination in Sections 5.3 and 6, of all the U. S. and a 

preliminary portion of the Canadian records reveals that intermittent bursts 

of inertial waves followed strong wind impulses at all stations, except those 

very near shore, after stratification had become established at the station 

concerned. The most common of the features listed in Section 6 is a periodic 

(near-17 hr) rotation of-the horizontal current vector, seen at all depths 

except very near the bottom. Speeds of 20 cm s - 1 or more were attained 

in the upper layer, with weaker currents below the thermocline approxi

mately in antiphase with those above. Estimates by eye of average periods 

for individual episodes of inertial motion disclose (a) 17. 3 hr periodicity 

(indistinguishable from exact inertial) at individual stations (Figs. 66, 69, 70) 

before stratification is fully established across the basin in July, and (b) 

average periodicities significantly shorter than exact inertial after July, 

most commonly 16. 9 ± 0. 2 hr for current rotation, and close groupings 

within ± 0. 5 hr of 15. 5, 14, 12, and 11 hr seen less frequently in thermocline 

oscillations. These period values fit, within the error range of the estimate, 
the periods predicted for the first five cross-channel modes of the internal 

Poincare wave model. Presence of relatively regular periodicity in a par

ticular episode suggests that one mode was dominant at that time. Other 

episodes, displaying no such regularity, may have been influenced by a 

mixture of modes, yet to be disentangled by statistical analysis.
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Observed features of the records, attributed to the presence of 

motions of frequency much lower than inertial and to non-linear effects not 

treated in the simple models, are described in Sections 5. 4 and 5. 5, respectively.  

The above examination of wind, current, and temperature records 

suggests (Section 6) that inertial motion is generated by two separate but inter

connected mechanisms: 

(i) direct and immediate action of wind stress upon the water surface, 

with downward propagation of energy (as in the ocean, Pollard 1970); and 

(ii) indirect and delayed action through wind-induced imposition of 

disequilibrium on the thermocline interface, leading to resonant excitation of 

one or more free baroclinic modes of the basin.  

Mechanism (ii) is therefore characteristic of closed basins and comes 

into play only when a whole-basin thermocline has developed. Mechanism (i) 

acts universally in oceans and large lakes at all seasons; but its effects first 

become conspicuous at a particular station soon after stratification appears 

there, even though whole-basin stratification may not then be complete (Figs.  

66, 69). Although they differ in the timing of their responses to wind, both 

mechanisms interact concurrently throughout the season of whole-basin 

stratification, tuning the motion to one or more Poincare frequencies. Some

times one mechanism, sometimes the other is favored by the timing of the 

wind force. Although this report discusses only one example (Fig. 71) in a 

preliminary fashion, de -tuning (frequency shift) probably occurs occasionally 

as a result of wave/current interactions, particularly near shore.  

Table of Julian Day Numbers (.last day of the month) 1972 

Date JD Date JD 

30 April 121 31 August 244 
31 May 152 30 September 274 
30 June 182 31 October 305 
31 July 213 30 November 335
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FOREWORD

This report forms part of a series which embodies original data 
sets, instrument development, and some interpretation relating to long 
internal waves in large lakes, principally Lake Michigan and Lake 
Ontario. The contents of the previous reports are briefly described 
below; and bibliographic details are to be found in the reference section 
of this report. With the exception of Nos. 1 and 4, these reports contri
buted to and were supported by the IFYGL Program.  

1. Repeated scans of temperature distribution in the Milwaukee
Muskegon Section of Lake Michigan, 87 transects, 14 July -V 30 August 
1963 obtained with bathythermographs deployed from railroad ferries 
(Mortimer 1968, supported by U. S. Office of Naval Research).  

2. Analysis, interpretation and linear modelling of large-scale 
internal oscillations in Lake Michigan and Lake Ontario, a preparatory 
analysis for IFYGL (Mortimer 1971).  

3. Development of a depth-undulating, towed transducer system 
for IFYGL (Mortimer 1972).  

4. Study of nearshore currents, during summer and fall of 1972 
and 1973, at eight stations ranging from 3 to 12 km from shore in Lake 
Michigan, permitting description of the transition between nearshore and 
offshore conditions (Sato and Mortimer 1975, supported by U. S. Atomic 
Energy Commission).  

5. Temperature distributions across three sections of Lake 
Ontario continuously traversed over four-day intervals in July, August, 
and October 1972; 192 transects in all (Boyce and Mortimer 1977, part of 
Canadian and U. S. participation in IFYGL).  
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Internal waves observed in Lake Ontario during the

International Field Year for the Great Lakes (IFYGL) 1972: 

I. Descriptive survey and preliminary interpretation of 
near-inertial oscillations in terms of linear channel-wave models.  

Report by C. H. Mortimer in fulfillment of 
Contract No. NOAA-3-35468 

1. Outline of the experimental procedure 

Based on the premise that, over sufficiently short time intervals 

and at depths removed from the immediate lake surface (i. e. below the 

upper 5 m or so) temperature is a relatively conservative property of a 

given water-mass, temperature records of various kinds -- coupled with 

measurements of current speed and direction - -have been used as the 

data base for investigation of internal wave responses to perturbing 

forces, principally wind action, in Lake Ontario during the season of 

thermal stratification. The temperature records were obtained from 

various sources: from sensors moored at various depths (positions 

shown in later figures, 10-min readings at Canadian and 6-min readings 

at U. S. moorings); from moored and towed thermistor chains (Canadian), 

from probes lowered from buoyed flag stations along five "coastal chain" 

lines normal to the shore (Csanady and Pade 1973, Scott et al. 1973); 

from bathythermographs; and from towed, depth.-undulating temperature 

and pressure (depth) sensors (Canadian and U. S.). The latter instruments 

were towed by research vessels shuttling to and fro across three selected 

cross-sections (Figure 1) continuously for blocks of five days or more as 

follows: Olcott to Oshawa (10-14 July, 9-12 August, 2-6 October); 
Braddock Point to Presqu 'ile, and Oswego to Prince Edward Island, (both 

24-28 July, 7-11 August, 2-6 October). No attempt was made to synchro

nize individual crossings on the three transects.
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On the Olcott-Oshawa section (C. S. S. LIMNOS, research vessel 

of the Canada Centre for Inland Waters) F. M. Boyce used two comple

mentary systems: an undulating towed body (the "Batfish") carrying an 

electronic bathythermograph (EBT) probe; and a towed thermistor chain.  

On the Braddock Point-Presque'ile section the NOAA vessel 0. S. S.  

RESEARCHER towed an undulating temperature/pressure sensor developed 

at the Center for Great Lakes Studies (Mortimer 1972). On the Oswego to 

Prince Edward Island section, temperature distribution was measured from 

S. S. ADVANCE II, Cape Fear Technical Institute vessel, using mechanical 

bathythermographs. Descriptions and illustrations of the various pieces of 

equipment and the methods employed are to be found in the working draft of 

the report by Boyce and Mortimer (1977 in press) -- see References.  

The plan to use research vessels in continuous shuttle operation, 

producing repeated scans (transects) of temperature distribution across the 

three stratified sections of the Lake, was prompted by the results of an 

earlier detailed study of Lake Michigan thermocline dynamics, also based 

on repeated temperature transects (Mortimer 1968). That study was designed 

(1) to explore the offshore extent of the wind-induced upwelling and downwelling 

motions, disclosed by temperature fluctuations at municipal water intakes, 

and (2) to test Mortimer's (1963) prediction that the free oscillatory responses 

to the upwelling/downwelling perturbations would be represented, in simplest 

terms, by channel wave models characterized by internal Kelvin wave domi

nance near shore and by internal Poincareowave dominance further offshore.  

2. Channel wave theory as a first approach to 

interpreting observed internal waves 

Except for the short internal waves briefly examfned later, the 

internal waves treated in this report are those with wavelengths very long in 

comparison with water depth. When modelled in channels of uniform depth, 

linear theory can be applied with attendant advantages but also with limita

tions, discussed later. Application of linear channel wave theory to simple,



two-layered models of Lake Michigan and Lake Ontario was made by 

Mortimer (1971) in a report commissioned as a preparatory analysis to aid 

planning of the IFYGL experiment. As an introduction to present discussion, 

some of the findings of or developments from that report will now be 

summarized.

Figure 2. Lake Ontario 1958: daily temperature readings (°C) at municipal 
intakes at Toronto, Ontario (15m depth); Coburg, Ontario (6 m); 
and Rochester, New York (12 m); extracts redrawn from 
Mortimer (1971).
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In elongated, stratified basins of the size of Lake Ontario strong 

baroclinic responses-are seen both in temperature and current records after 

strong wind. The wind stress combines with Coriolis force to produce exten

sive coastal upwelling (thermocline elevation) along that shore wli ch lies to the 

left of the wind direction, producing at the same time downwelling (thermocline 

depression) along the opposite shore. Thus the edges of the thermocline 

exhibit a flip-flop behavior, up along one basin side and down along the other, 

associated with changes in wind speed and/or direction. The effect of this 

behavior on temperatures at a given depth in nearshore water -- for example 

at the intake of municipal water plants -- is illustrated in Figure 2. The 

summer temperatures at Coburg, Ontario and Rochester, New York, on oppo

site sides of the basin, show large fluctuations and a general opposition in phase, 

cold upwelling on one side being associated with warm downwelling on the other.  

The effect of upwelling on surface temperature for an upwelling on the southern 

shore following easterly wind, is illustrated in Figure 3. With the more common 

westerly storms, upwelling occurs along the northern shore, frequently near 

Toronto, Figure 4. Both figures are redrawn from Irbe and Mills (1976).  
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Figure 4. Lake Ontario, 24 July 1972; surface temperature (°C, for 
details see legend of Fig. 3) showing upwelling along the 
northern shore.  

Weaker upwelling/downwelling motions are also of frequent occur 

rence. An IFYGL example is presented for the Braddock Point to Presqu'ile 

section in Figure 5. This followed a strong westgoing wind pulse three days 

earlier (see later Fig. 50) which caused localized upwelling very near shore 

on the south side and moderate,more extensive downwelling on the north shore.  

Two days later, strong winds from the west produced persistent and extensive 

downwelling along the southern shore, with upwelling along the northern shore.  

Figure 6 shows the cross-Lake temperature distribution about twenty hours 

after the storm peak. Contemporary pictures of temperature distribution 

across the Olcott to Oshawa and Oswego to Prince Edward Island sections 

are presented in Figures 7 and 8, respectively. Some of the dynamic effects 

of that particular storm will be described later. Csan'ady (1977a) gives a 

general treatment of upwelling dynamics with Lake Ontario examples. The 

problem, beyond the scope of linearized theory, is treated as geostrophic 

adjustment to a wind stress acting impulsively upon a two-layer fluid.  

Text continues on p. 11.  
-5-



IFYGL (LAKE ONTARIO 1972) TEMPERATURE TRANSECT BRADDOCK PT (S) TO PRESOU'ILE (N) 
REA4" AS T .[ ]DIVES NUMBERED 

R.V'RESEARHER" TRANSENO. SEQUENTIALLY JULIAN DAY 

LAT4322-N 24 26' 28 30' 2' 34' 36 38' 40' 42' 44' 46' 48' LAT.N 

U27 U2 ROCHESTER U16 -M CIO-T CIO-C C9-T C9-C FIXED STATIONS A 

8460 2 PRESQU'ILE COASTAL CHAIN 

KM 0 80 20 30 40 50 0 

26 &207 2)8 207'204' 20.220.0S 19108 185' 180O 18r2e186' 19 5 I 0 I09 

. -2076"T- - 2019760- t 

IS 5.7-- 19.3 -0,9 4-0 

5 1 2.4 - - L .7- 9., ,.9 

I w\\.c , : 

,, , ,--I-- - .. 4--" - 0-...  

\IIS .. 7 1-601 

. . 2 3 

1o0_ is i.91'. .  
2O t -.. _.8 8.9- 0 . 1,,2•" 150 

Figure 5. Lake Ontario, 7 August 1972; distribution of temperature (°C) 
during Transect No. 1 across the Braddock Point to Presqut ile 
section and in the Presqu'ile coastal chain section (redrawn from 
Boyce and Mortimer 1977 and from Csanady and Pade 1973). Time

is shown in this and later figures as GMT.  

-6-



IFYGL (LAKE ONTARIO 1972) TEMPERATURE TRANSECT BRADDOCK PT(S) TO PRESQU'ILE (N) 
S-'4- a DIVES NUMBERED R.V. 'RESEARCHER" TRANSECT NO. 101 SEQUENTIALLY JULIAN DAY I j A FIXED STATIONS 

L.43
* 9. 2?4' 6 28' 0' 32' 3 ' ' 38' 40' 42' 44' 46' 48' 50' 52' 54'LAT. N.  

U27 U26 ROCHESTER CIO-M CIO- CIO-C C9-T C9-C C9-M C55-C FIXED. STATIONS A 

PRESQU ILE 
COASTAL CHAIN 

DISTANCE FROM NORTH 94ORE 

42i 2 5-25526 527 854 5 

KM.O0 10 20 30 40 50 W TIMEIGMT).1,35 I I!E, 1 15201 , 16,0 A 1'90 , I, IT15 in•I 

Lo-T 1 11

1980 17 19.2' 198 -.917.01 
I 3ISv I r l , ,53",15" 6 ,r,15 .90 15.9 * 159 ' ,15 l ' 5. 5 6.6 - 17-2e 177.3" 1 17 

-5" -------------- 17.30 

9r oC 0 
, 19 , __ _

6 

1 0 

4 

p A

- N

I', 

3.8' 3.6 2 
. 0

52' 

4%

4.6* 

0 
& 

370 039

.44' 
4.2"-

4,1.0 

4.3* 3.6' 

p 5.6' - - - - -
6 57 1 . 3 7 6 ,3 .9 0 

4' 

45. .7'. .°.- _ 

0I 
At6 'd 

6C4&6

75 

90 i 41I 4 ---I -,
A33

17' 

ie 

I 
--1 

k._ 

F: --

4
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and in the Presqu'ile Coastal Chain section -- further details as in 
the legend of Figure 5.  
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Figure 7. Lake Ontario, 10 August 1972; distribution of temperature (°C) 
during Transect No. 9 across the Olcott to Oshawa transect (from 
Boyce and Mortimer 1977) with additional data (dotted lines) from 
the Oshawa Coastal Chain section (Csanady and Pade 1973).  
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Lake Ontario, 10 August 1972; distribution of temperature during 
Transect No. 12, Oswego to Prince Edward Point (from Boyce and 
Mortimer 1977).  
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Although the mechanisms have yet to be fully explored, there is a 

clear causative link between the large perturbations, which the upwelling/down

welling events represent, and the generation of internal waves on whole-basin 

scales. The perturbation exhibits the following characteristics: (i) it is 

episodic, lasting only a few days; (ii) while it may extend several hundred 

kilometers alongshore, it is confined to nearshore regions generally no wider 

than 20 km; (iii) it is associated with quasi--geostrophic nearshore currents 

having the properties of coastal jets (Csanady and Scott 1974, Csanady 1977b); 

and (iv), depending on subsequent wind history, it excites a set of whole-basin 

baroclinic wave modes, which fall into two distinct classes: first a low-fre

quency. non-dispersive wave class almost entirely trapped to within 20 km of 

shore; second, a dispersive wave class which manifests itself as a set of 

whole-basin internal seiche modes.  

This splitting of the long-wave baroclinic response into two combined 

but generally distinct wave classes is a consequence of Earth's rotation. Two 

approaches have been taken to model the combined response. Both are based 

on linearized equations including rotation, and both provide an equivalent end 

result. The first approach is the calculation of the normal modes of a two

layered rectangular basin (Rao 1977) or of a two-layered basin of uniform 

depth but irregular plan (Schwab 1977) with dimensions and rotation rates 

approximated to real stratified basins. The second, less direct approach 
(Mortimer 1963, 1971) constructs the model from simple components, namely 

the classical linear solutions for long Kelvin and Poincare waves in rotating 

channels of rectangular cross-section. In spite of the limitations shared 

Legend for Figure 9, opposite.  

Combination of (a) two oppositely propagating but otherwise identical Kelvin 
waves of cros8-channel amplitude ratio 100/3 to produce (b) an amphidromic 
"double Kelvin"t wave, shown at 1/8 cycle intervals in a straight, rotating channel 
of rectangular cross-section. The amphidromic point is shown at P. A similar 
figure is presented, for a cross-channel amplitude ratio of 100/13, in Mortimer 
(1975).  

Half-wavelength portions are shown, and the wave topography can be viewed 
either as that of the water surface or as that of a "thermocline" in a two-layered

model, in which case horizontal components of the wave currents in the lower 
layer are projected onto the plane below the channel.

- 11 -
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Figure 10, legend opposite.
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with other linear models and discussed later, this approach has successfully 

aided physical interpretation of many features of internal motions observed 

in elongated, stratified lakes including the examples presented here.  

When two equivalent but oppositely propagating long channel waves 

of wavelength X are combined in a non-rotating channel, a true standing wave 

pattern is produced. At the nodes, which occur at X/2 intervals along the 

channel, wave elevation is always zero and the wave-induced currents are 

entirely horizontally directed. Alternating with the nodal lines are antinodes 

at-which wave amplitude is maximal and wave-induced currents are entirely 

vertically directed. Only at the antinodes, at which the along-channel 

current component is always zero, is it possible to place cross-channel 

barriers without violating the solid boundary conditions.  

This condition cannot be met in a rotating channel by any single 

wave solution. For example, the combination in Figure 9 of a pair of equiva

lent but oppositely propagating progressive Kelvin waves in a narrow (later 

defined) channel and the comparable combination for Poincare'waves in Figure 10 

both yield quasi-standing wave cells in which the true nodes and anitnodes of 

the non-rotating case are respectively replaced by (i. e. have respectively 

shrunk to) mid-channel nodal points (amphidromic points P) of zero elevation 

change, alternating with antinodal points occupying the mid-channel position 

Legend for Figure 10, opposite.  

Combination of (a) two oppositely but otherwise identical progressive Poincare* 
waves to produce (b) an amphidromic "double Poincard wave'? shown at 1/8 cycle 
intervals in a straight, rotating channel of rectangular cross-section. The amphi
dromic point is at P. (The last sentence of the legend of Figure 9 applies.) 
In order to demonstrate some of the properties of the progressive Poincar6'wave 
in (a), a frequency of 1. 5 f was chosen, i. e. equivalent to a wave of 12 hr period 
at a latitude at which the inertial period is 18 hr. The first mode is shown cor
responding to a cross-channel wavelength twice the channel width, b, and with 
one nodal line, NL. The along-channel wavelength was set at 4b. The cross
channel assymetry of the progressive Poincare~wave is illustrated in (a) by the 
shift, relative to the channel center line (CCL), of the nodal line (NL) and the 
maximum current line (MCL). In the standing wave combination (b) that assymetry 
cancels out. The properties of Poincare~waves in wider and narrower channels,

and their equivalence to combinations of Sverdrup waves are discussed by 
Mortimer (1971).  
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in the end walls of the wave cell. Beneath the nodal amphidromic points, P, 

wave-induced current speed attains a maximum. Beneath the antinodal points 

the current is always zero. But elsewhere along the cell end-walls the along

channel current component does not fall to zero and therefore the solid 

boundary condition would be violated by any cross-channel channel boundary, 

including one placed along the cell end-wall. But, as Taylor (1920) showed, 

a particular combination of Kelvin and Poincare waves can be found which 

satisfies the solid boundary conditions at a cross-channel barrier in a 

rotating channel.  

Some of the above comparisons between non-rotating and rotating 

models were illustrated in Mortimer (1975). Here Figures 9 and 10 may be 

taken to illustrate, either a long surface wave, or an internal wave on the 

interface of two homogeneous layers of equilibrium thickness h1 (upper) and 

h2 (lower layer) and respective densities p1 and P2" The horizontal compo

nent of wave-induced current is projected (with arrow length proportional 

to speed) onto a plane below the wave cells. In the two-layered internal 

wave cases the current patterns shown are those for the lower layer. The 

upper layer patterns can be derived by reversing the direction and multiplying 

the lower layer speeds by h2 /h 1 .  

The properties of Kelvin and Poincare wave models are too well

known to merit detailed treatment here. The significant features of the 

Kelvin wave are: (1) celerity is not influenced by rotation and is independent 

of wavelength (non--dispersive); (2) the horizontal component of wave-induced 

current is constrained to be always and everywhere parallel to the channel 

sides, a condition dependent on the exact balance (geostrophic equilibrium) 
between the Coriolis force and the cross-channel pressure gradient (gravita

tional force acting along the cross--channel wave slope). The corresponding 

wave form is illustrated (progressive Kelvin wave, N. hemisphere case) for 

a narrow channel in Figure 9(a) and for a much wider channel in Figure 11.  

Wave amplitude is highest along the channel side lying to the right of the 

direction of wave progress. At cross--channel distance x from that side, wave

amplitude is reduced by factor exp (-fx/c) in which f is the Coriolis parameter 
0 

(2 Q sin $, . angular speed of Earth's rotation, $ latitude) and c is defined 
0

- 14 -



below in equation (1). The trapped nature of the Kelvin wave is more evident 

in the wider channel (Fig. 11).  

In a two-layered channel model with terms as defined above, the 

internal Kelvin wave celerity is given by 

2 
c g ( - h1 h2 /P 2 (h1+h2)-(1) 

iAn which g is the acceleration of gravity.  

~I 

N ---------

- i- • 

JK .0 

., ... .. of 

\\ j.- . - 11.  

Figure 11. Two oppositely propagating Kelvin waves (cf. Fig. 9a) shown 
separated on either side of a channel which is wide-compared 
with that in Figure 9." 

SThe reduction in Kelvin wave amplitude with increasing distance 

from shore is tabulated for two values of e 0 representative of summer 

and fall conditions ina Lake-Ontario, in Table 1. Also tabulated are cor

responding values for two other basins, Lake Baikal and the Baltic Sea,

introduced for later comparison with Lake Ontario.
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Table 1. Offshore amplitude dependence of internal Kelvin wave models 
appropriate to latitude (which determines the local inertial period, 
P.) and representative stratifications in (i) Lake Baikal (530 N) 
(Jeretschagin 1936); (ii) the central region of the Baltic Sea 
(56. 6N)(Kullenberg and Hela 1942); and (iii) Lake Ontario (43. 5N) 
(Mortimer 1971). In the last three columns are the offshore dis
tances (x) at which wave amplitude is reduced to 17, 3, and 1 per
cent of the maximum amplitude at x = 0.  

Amplitude decreased to: 17% 3% 1% 

Basin f P. c x x x 
1 0 

-1 
s hr cm s km km km 

-4 Baikal 1.16 Xl10 15.0 20 3.1 6.0 7.9 

Central 1.22 x10 4  14.4 40 5.8 11.5 15.0 
Baltic 

1.004x1C 4  17.39 40 7.1 14.0 18.3 
Ontario 50 8.8 17.5 22.9 

The oppositely-propagating Kelvin wave pair illustrated in Figures 

9(a) and 11 meet the boundary conditions at channel sides because the current 

is constrained to be everywhere parallel to the channel sides. Therefore the 

quasi-standing cellular wave pattern,formed in Figure 9(b) by combining the 

two progressive waves,also satisfies the side boundary conditions. The wave 

pattern, it will be noted, rotates cyclonically around the central amphidromic 

nodal point at P.  

An analogous cellular wave pattern, which also meets the boundary 

conditions at the channel sides, is produced by combining two equivalent 
but oppositely propagating Poincare waves (Figure 10). The progressive 

wave pattern (l0a) is not trapped to the channel side and may be built up of any 

number, one to infinity, of cross-channel modes, defined by a nodality number 

n . In the combined, quasi-standing cellular wave pattern (Figure l0b), n~ 
defines the number of wave cells occupying the cross-section. One such cell 

(the first cross-channel mode, n~ = 1) is shown in the figure. An example of 

the third mode (n = 3, with three cells occupying the width of the channel) is 
X

illustrated in Figure 12. In contrast to the unvarying, side-parallel current
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direction found in the Kelvin model, the horizontal components of the Poincare 

wave-induced currents are only constrained to be side-parallel at the sides; 

elsewhere in the cell they rotate anticyclonically once each wave cycle. Again 

in contrast to the Kelvin model, the Poincare standing wave pattern shows 

anticyclonic phase progression around a central amphidromic point. There is 

also a nodal point at each cell corner.

..--- ."I -- - % .  

-- 0. . . '" /-.0" 
""0 

jrN Hd OIN 0- '0" "1- AI OF" 'w "' " 0' T40DS/ 

02 NOip- 40L a 
/.od/ 4 47- 0 4 

-.0K-, . 6-0-Y 0 90z-
-MON. 06- 4L --O 

do ~ (L 

4ON/ZNTAL PROJCT/O O4b CRREp VECORS ORErs R cOM PLETE C rCL ( ec)

IC oC9j&Y-

POINTS ~/ 

.64 0d 

ROP IZONT,. PROJE0CT/ON OF CURRENT VECTORS

Figure 12. A standing Poincar6 wave, of cross-channel nodality three, in a 
wide, rotating channel of rectangular cross-section (from Mortimer 
1974). For further details see the legend of Figure 10.
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3. Comparison of channel and basin models

The heuristic advantages of the above-described approach to modelling 

of baroclinic responses, i.e. the assembly of Kelvin and Poincare channel 

wave components, are offset by the limited ability of linear solutions to 

describe non-linear processes and by the fact that neither of those components 

can alone provide exact solutions for closed basin cases. This is because 

the along-channel current component in-the Kelvin (Fig. 9) or Poincare"(Fig.  

10) wave cells does not fall to zero at the cell end-walls, although that com

ponent is very small for Poincare waves fitted to the large stratified basin 

considered here (Mortimer 1971). To meet solid end-wall (i. e. closed basin) 

boundary conditions exactly, classical theory (Taylor 1920, Dantzig and 

Lauwerier 1960) requires particular combinations of Kelvin wave and an 

infinite set (n 1 to infinity) of Poincare wave components.  
X 

An identical result is obtained by direct calculation of the structure 

and freq4tefcieS of the normal modes of basins, as pioneered for barotropic 

cases by Rao and Schwab (1976). Extension to baroclinic cases is at present 

restricted to two-layered model basins of uniform depth. With rotation 

rates and dimensions fitted to Great Lakes examples, the frequencies and 

structures of the free baroclinic (two-layered) modes have been computed 

for rectangular basins by Rao (1977) and for a Lake Ontario model of irregular 

plan but uniform depth by Schwab (1977). The modes fall into two distinct 

sets, analogous to the two components of the earlier treatment, namely a set 

of Kelvin-like modes of frequencies much lower than the inertial frequency f, 

and a set of Poincare -like modes of frequencies near to but greater than f.  

Schwab (1977) compares the Kelvin-like and Poincar6'-like basin modes with 

their respective channel counterparts. The Kelvin-like basin mode exhibits 

a cyclonic phase progression as in Figure 9(b), but the distribution of wave 
amplitude differs, particularly near the basin ends. The lowest near-inertial 

Poincarebasin mode, on the other hand, is remarkably similar in amplitude 

distribution and anticyclonic phase progression to the channel model, Figure 

10(b). The structure of the lowest Poincare'-like mode in Schwab's Lake 

Ontario model is included as an insert in later Figure 15. That insert may 

be compared with the corresponding channel solution illustrated in Figure 10(b).
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4. Poincare wave dispersion and its consequences

As noted above, the Kelvin wave is non-dispersive; in a two-layered 

channel it travels at speed c defined by equation (1), independent of wave
0 

length and not influenced by rotation. The Poincare wave, on the other hand, 

is dispersive. In a two-layered channel it travels at a speed cp, which depends 

on wavelength on the ratio R of the cross-channel to along-channel wavelength 

(R equals 2 in the Fig. 10 example) and on rotation rate, i. e. on local inertial 

period, P.. Wave speed (derived from eqn. 29 in Mortimer 1971) is given by: 

12 2 2 2 
c =c 2.(1 + R)+ (2b/nPi) -- - - - - - - - - - - - - - -  (2) 
p 0oX 

in which c is. the wave speed in the absence of rotation (defined for the two

layered model by equation (1) and equal to the Kelvin wave speed), b is channel 

width, and n is the cross-channel nodality defining the number of standing 

wave cells occupying the cross-channel section and also defining a cross

channel wavelength 2b/n x . In elongated basins R appears to be small 

(Mortimer 1971); the first bracketed term may therefore be neglected, and 

c is then determined by c and the second term (2b/nXP.) which becomes 

dominant as channel width increases. The resulting relationships between 

cross-channel wavelength and Poincare wave period, Pp, are illustrated in 

Figure 13 for Lake Ontario, Lake Michigan and two basins (Lake Baikal and 

Baltic Sea) introduced for comparative purposes in Tables 1 and 2. The latter 

Table gives the representative particulars used in preparation of Figure 13 

and lists the corresponding periods of the odd-numbered cross-channel modes.  

It should be noted that Table 2 refers only to cross-channel modes, 

citing examples with 1, 3, or 5 wave cells occupying the channel width and 

with Ontario periods of 16.9, 14.2 and 1. 3 hours. The question of the 

along-channel modal structure is not considered here -- a consequence of 

setting R to zero in equation (2) -- but it should be noted that Schwabs (1977) 

calculations for an idealized Lake Ontario basin predict that the first six 

The text continues on p. 22.
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Table 2. Properties of internal Poincare waves in rotating, two-layered 
channelmodels fitted to representative dimensions and stratifications 
in four basins (particulars given in the heading of Table 1). Periods 
corresponding to odd-numbered cross-channel modes are listed for 
each model and compared, as percentage reductions, with the corres
ponding inertial period.  

Central Lake Lake Lake 

Basin: Baltic Michigan Baikal Ontario 

Representative channel 
width, b km 240 120 50 60 

Representative celerity*: 
without rotation, c cm s 40 50 25 45 O0 -1 
with rotation, c cm s 926 384 187 197 

p 
Local inertial period, P. hr 14.40 17.50 15.00 17.39 

1 

Poincare wave period, P 
p 

mode no. (n=) 1 hr 14.39 17.35 14.87 16.93 
or nodality 3 hr 14.28 16.28 13.90 14.22t 

5 hr 14.08 14.63 12.43 11.28t 

7 hr 13.78 

(Pp/P) 100 - % reduction 

mode no. (n =)1 % 0.1 0.9 0.9 2.6 
or nodalityX 

3 % 0.8 7.0 7.3 17.1 
5 % 2.3 16. 4 17.1 35.6 

7 % 4.8 

*defined by equations 1 and 2, respectively: cp is calculated for the first mode.  

t calculated periods of 2nd and 4th modes are 15. 74 and 12. 68 hr, respectively.  

Legend for Figure 13, opposite.  

Relation between wave period, _py, and cross-channel wavelength, 2b/nx, of 
internal Poincar6" waves in two-laered rotating channels of rectangular cross
section, with channel dimensions, layer thicknesses and densities (which determine 
the indicated values of c_, the phase speed without rotation) fitted to representative 
conditions in Lakes Ontario, Michigan, and Baikal, and in the Central Baltic Sea.  
Relevant parameters and references are listed in Tables 1 and 2; and 1R in eqn. 2 is 
set at zero. Numbered vertical lines indicate those wavelengths which correspond

to cross-chmanel nodalities, nx = 1, 2, 3, . . . , representative of each basin.
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Poincar 6 modes, in order of increasing frequency above inertial, will 

exhibit a cross-basin nodality of n x = 1 and along-basin nodalities of 

n = 1 to 6. Schwab illustrates the structures of the first three of these 
y 

modes, and the first is shown as an inset in later Figure 15. The calcu

lated periods, 16. 8, 16. 7, and 16. 6 hr respectively, show little separation.  

Because of this, and as their cross-basin nodality is one and as their fre

quency separation is small, detailed knowledge of the along-basin structure 

will be needed to determine whether any of the first six modes, other than 

the first, are excited in the real lake. The 7th mode in Schwab's calcu

lated series is the first to show multinodal cross-basin structure (n 2, x 
n = 1). As a first look at the IFYGL data in Section 5.3 discloses, y 
periodicities falling into distinct groups or combinations corresponding 

fairly closely to calculations for cross-basin modes 1 to 3 and perhaps 

higher; therefore the main emphasis in this report will be placed on the 

cross-basin structure.  

The cross-channel modes in the model described earlier corres

pond to a set of cross-channel wavelengths defined by 2b/nx; and a conse

quence of the Poincare wave dispersion (equation 2) revealed in Figure 13 

and Table 2 is that, as channel width increases, the wave period, P 

closely approaches but never exceeds the local inertial period, P.. Taking 1 

the channel widths listed in Table 2, the wavelengths of the lowest five 
modes (n 1 to 5) are entered for each basin as vertical lines in Figure 13.  

.x 
The figure and the table demonstrate that increase in channel width and/or 

decrease in c reduce the separation between the periods of the cross
0 

channel modes and between them and P.. In the central Baltic, for example, 

spectral analysis of observations is unlikely to distinguish the frequencies 
of the lowest five Poincarei modes from each other or from the inertial fre

quency, f, whereas frequency separation is much greater in Lake Ontario, 

a narrower basin. The question of inertial motion -- directly wind-induced 
as in Pollard and Millard's (1970) Verified model of ocean conditions - - and 

the resonant connection of that motion to internal Poincare waves is dis

cussed in the concluding section of this report.
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5. Observed Baroclinic Responses of Lake Ontario 

compared with Model Predictions 

5.1 Kelvin and other low-frequency wave responses 

In "small" basins, so defined because the effects of the earth's 

rotation are not conspicuous, the upwelling and downwelling deflections of 

the thermocline and the ensuing seiche motions are generally aligned with 

the wind direction and subject to the constraints of basin topography. In 

elongated basins, defined as "large" if basin width is at least ten times the 

diameter of a representative inertial circle, winds with a substantial along

basin component produce upwelling/downwelling deflections which are aligned 

across the basin and across the wind (Lake Ontario examples in Figs. 5 and 6) 

as are also the resultant internal (Poincare wave) seiche responses. The low

frequency Kelvin-like responses to upwelling/downwelling deflections are, on 

the other hand, confined to the nearshore region (see Table 1) and are modelled 

by a shore-trapped internal wave progressing cyclonically (Fig. 9). The first 

evidence of such responses in a Great Lake appeared as progressions, des

cribed by Mortimer (1963), of thermocline fronts moving cyclonically past 

municipal water intakes in Lake Michigan. These fronts developed after 

upwelling events and travelled at speeds close to local values of c0 . Qualitative 0 
verification in more detail has been provided by Csanady and Scott (1974) for 

two episodes during the International Field Year (IFYGL) on Lake Ontario.  

They describe wavelike longshore current reversals and isotherm deflections 
-1 

associated with wavecrest propagation speeds averaging about 45 cm s 
eastward along the southern shore. The lowest Kelvin-type oscillation computed -1 
by Schwab (1977) has a propagation speed less than 45 cm s near the middle 
of the basin, but higher at the ends, with an average close to that observed.  

Other evidence consistent with internal Kelvin wave behavior in Lake Ontario 

comes from Blanton's (1974) analysis of the longshore current component at a 

fixed station near the north shore. He detected a 14-day periodicity consistent 

with one cyclonic circuit of the basin.
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Another interpretation, tentatively advanced by Csanady (1976), of 

a 12 to 16-day periodicity observed in coastal longshore flow during IFYGL in 

Lake Ontario is based on a combination of the baroclinic Kelvin wave model, 

described above, and a barotropic wave associated with vorticity changes pro-

duced by nearshore variation in real depth. Late in the stratified season, when 

vertical density differences in the water column and therefore Kelvin wave 

phase speed c were much less than typical summer values, the observations 0 
could be interpreted in terms of a phase separation between the baroclinic 

Kelvin wave and the topographic barotropic wave.  

The models invoked in the foregoing paragraphs represent free 

wave responses. In a recent analysis of a wide range of numerical and obser

vational results relating to wind-forced coastally-trapped long waves, including 

the observations of Mortimer (1963) and Csanady and Scott (1974) in the Great 

Lakes, Clarke (1977) has developed an alternative interpretation based on first

order equations for forced waves. Clarke devotes particular attention to the 

Lake Ontario (IFYGL) example, and his theory provides a qualitative explanation 

of thermocline motions observed at the five coastal chains during the last week 

of July.  

In general the low-frequency, coastally-trapped, free or forced 

internal waves will rarely have an opportunity to complete more than a fraction 

of an oscillation cycle in a large basin, before their progress is interrupted by 

a subsequent storm. Observations in Lac Leman (Mortimer 1963, 1974) and in 

Lake Biwa (Kanari 1975) suggest that the internal Kelvin-type response, modelled 

in Figure 9(b), is more consistently developed in smaller basins, because in 

those cases there is a closer frequency match between that response and the 
meteorological driving force.  

Legend for Figure 14, opposite.  

Episodes of temperature fluctuations at near-inertial periods (approximate 
mean values estimated by eye) at two municipal Lake Ontario water intakes: 
hourly readings or hourly means (°C) at Toronto, Ont. and Rochester, N. Y., 
1949 and 1951--53 (from Mortimer 19 71).
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5.2 Poincare wave responses at near-inertial frequencies

In contrast to the Kelvin-like responses, which in large basins 

assume the form of progressive, shore-hugging, internal waves, the Poincare

like responses appear as a set of transverse standing waves involving the whole 

thermocline interface. This set of internal seiche modes represents the 

resonant response of the stratified large lake to wind impulses, acting directly 

to generate near-inertial motion principally seen as rotating currents, and 

indirectly through seiche-producing displacements of the thermocline (see 

Section 6, conclusions). The odd-numbered modes (nx  1, 3, 5...) may be x 
expected to be preferentially excited because of the assymetric topography of 

the initial upw elling/downwelling disturbance.  

The first signals from Poincare responses were seen in tempera

ture records at Lake Michigan and Lake Ontario water intakes (Mortimer 1963, 

1971); and although separate modes and their frequencies were not then pre

cisely identified, different episodes displayed intermittent bursts of relatively 

regular oscillation with average periods recognizably different, within the sub

inertial period range 15 to 17 hr. Lake Ontario examples, illustrated in 

Figure 14, represent groups of temperature waves, for which a mean period can 

only be roughly estimated. But the individual estimates, within the range 14-17 

hr, differ by amounts greater than the error in the estimate. Subsequent explor

ation within the interior of the Michigan and Ontario basins, including the IFYGL 

measurements with towed transducers and moored current and temperature 

meters, disclosed other features predicted by the Poincare wave model in a two

layered channel, some of which are illustrated by later examples in this report.  

These features include: episodes of relatively regular internal wave motion often 

showing large amplitudes and with periods close to those predicted for one or 

other of the lowest cross -channel modes (an example for nx = 1 is illustrated in 
Fig. 15); episodes of relatively regular clockwise rotation of current direction 

(numerous examples in later figures) and phase opposition between upper and 

lower layer flow; predicted phase relationships between current direction and 

oscillation of thermocline depth; and increase in near-inertial wave amplitude 

following those storms which produced extensive upwelling/downwelling along the 

margins of the basins (Lake Ontario example in Fig. 16 with the corresponding

upwelling/downwelling picture in Fig. 6).  
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Figure 16. IFYGL Station 9, Lake Ontario, August 7 to 12, 1972: (a) wind stress 
(computed from 10-min readings of wind speed 4 m above the water surface by 
Hamblin and Elder 1973); and (b) isotherm (°C) depth variation interpolated from 
temperature at 17 fixed depths (moored thermistor chain, Boyce and Mortimer 
1977). Transect intercepts indicate times at which the undulator-towing vessel 
passed Station 9. Arrowheads are set at intervals of 16. 9 hr (see later discussion 
and see also Fig. 67).  
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In many but not all episodes of near -inertial motion, the first 

cross-channel mode became the dominant response after the storm per

turbation had passed. This is the case in Figure 16 and in some of the 

IFYGL examples to be described later. For a typical value of c (eqn. 1) -1 0 

of 45 cm s , Table 2 predicts a first mode period of 16.9 hr, and this is 

a good fit to the temperature waves in Figure 16, which were in progress 

as an oscillation before the storm and continued after the storm with little 

change of phase. The storm impulse was apparently nearly in phase with 

the pre-existing oscillation and served to increase rather than diminish its 

amplitude. Cases in which the storm impulse diminishes or destroys a 

pre-existing oscillation, to replace it by a new one, are identified by sudden 

and large changes in phase of the near -17 hr rotation of current vectors in 

later examples (Figs. 25, 26 and 30, and JD 247, Fig. 68).  

The structure of the first mode model, illustrated in Figure 10(b), 

also allows certain predictions to be made. For example, thermocline 

elevations at stations on opposite sides of the basin center-line should show 

opposition of phase. An example of such phase opposition is illustrated for 

two stations near the N and S ends of the Braddock Point to Presqu-ile section 

in Figure 17. The phase opposition is not exact; the Station 16 wave troughs 

lead the Station 9 wave crests by about 2 hr, equivalent to a 45' phase angle.  

The records in Figure 17 cover an interval (2-6 October) during which 

U. S. S. RESEARCHER was repeatedly towing the CGLS Undulator to scan 

the temperature distribution across that section. The intercepts of each 

transect with Stations 9 and 16 are indicated in the figure, which shows that 

transects 3, 7, and 11 coincided approximately with wave crests, while 

transects 5, 9, and 13 coincided approximately with wave troughs at Station 9.  

The mid-thermocline (10°C) isotherms plotted for those transects 

in Figure 18 show that the mid-basin node for the first mode, n : 1, lay at 

30-35 km from thle south shore. The uninodal response at Station 10, just to 

the north of the node, would therefore be expected to be in phase with that at 

Station 9, but of smaller amplitude. Apparently such was the case on that 

occasion (Fig. 19).
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During the same October interval, there was also a similar 

dominance of uninodal response across another transect (Olcott to Oshawa, 

Fig. 20) but with less well-defined evidence of a mid-lake node (Fig. 21) 

at about 25 km from the south shore. However, as will be shown later, 

the dominant response is not always uninodal. This will be illustrated in 

Section 5. 3 by results from an initial general inspection of the temperature 

and current records from IFYGL moored buoy stations, obtained during 

the months of July to October 1972.  

As illustrated in Section 5.4, thermocline topography responds, 

not only to wave motions often in complex combination, but also to relatively 

steady current patterns. Therefore the Poincare wave response is fre

quently masked by other motions -- an example of its unmasking is presented 

in later Figure 47 -- so that recourse must be had to spectral analysis to 

disclose inherent periodicities. However, because a mixture of modes is 

often present and because the frequencies observed at fixed stations are 

shifted by wave/current interactions (Perkins 1976), the conspicuous spectral 

peak, which appears near the inertial frequency in current and temperature 

spectra derived from measurements during the stratified season, is too 

broad to enable individual modes to be recognized. Examples are presented 
in Figure 22; and similar examples are provided by the rotary spectra of Rao et al.  

(1977). The "inertial" peak is spread over the period range 14 to 18 hr.  

The smaller peaks at double-inertial frequency are discussed in Section 5. 5.  

The two current spectra in Figure 22(a), plotted on the same energy density 

and frequency scales, illustrate the fact that currents corresponding to 

periods of > 3 days are much stronger at 6 km than at 11 km from shore, 

whereas the opposite is the case for near-inertial currents. Most of the 
Lake's kinetic energy is to be found nearshore, principally in the form of 

shore-parallel currents.  

Text continues on p. 37.
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Figure 18. Lake Ontario, 3-6 October 1972: depths at 100C (mid-thermocline) 
isotherms during selected transects across the Braddock Point to 
Presqu-ile section. The transect pairs were selected to coincide 
as closely as possible with maxima and minima in thermocline 
elevation at Stations 16 and 9 in Figure 17.  
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100C ISOTHERMS

Figure 19. Lake Ontario, 2-6 October 1972: depths of 10°C (mid-thermocline) isotherms compared at Station 
pairs 9 and 16, 9 and 10, 14-and 16 (positions shown on map). Arrowheads indicate an approximate 
mean periodicity of 16.9 hr.
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Figure 20. Lake Ontario, 2-6 October 1972, isotherm ('C) depth variation at Stations 6 and 13. With 
station numbers transposed, further details are the same as those in the legend of Figure 17.
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15 STATION

Figure 21. Lake Ontario, 3-4 October 1972: depths of 10'C (mid-thermocline) 
isotherms during selected transects across the Olcott to Oshawa 
section. Transect pairs were selected to coincide as closely as 
possible with maxima and minima in thermocline elevation at 
Stations 13 and 6 in Figure 20.
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(re-arranged from Boyce 1974); (b) spectra of temperature and N-S and E-W 
current components at 10 m depth for July, based on averages from several 
stations (Pickett and Richards 1975) as redrawn by Schwab (1977).  
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5. 3 An initial descriptive survey of temperature and current records 

obtained from IFYGL moored buoy stations 

The comparisons in Table 2 and Figure 13 were designed to show 

that, while spectral separation of Poincare wave modes may not be practicable 

in very wide basins, it appears possible that such separation can be achieved 

in Lake Ontario. This cannot be done using the standard Blackman and Tukey 

(1958) method of spectral analysis because, in that case, energy from several 

lower modes may contribute to one broad undifferentiated near-inertial peak, 

as illustrated by Lake Ontario examples in Figure 22. Attempts to apply 

particular techniques of high resolution spectral analysis will be described 

in another report. Here are examined those clues which are visible in the 

untreated records themselves. The questions of interest are: how is 

inertial motion generated; are individual Poincare modes independently recog

nizable; what are their relative contributions to the internal wave field; are 

there circumstances under which one particular mode can become preferen

tially excited; what information can the IFYGL buoy and tower stations provide 

on the spatial structure of individual modes; and how do they interact with 

non-wave currents? This report contributes partial answers to the first four 

questions only.  

Casual inspection of the records discloses a degree of intermittent 

regularity associated principally with rotation of current direction and with 

temperature "waves", both displaying near-inertial periodicity. With the 

knowledge that several modes may be in simultaneous oscillation, that forced 

waves are generated near shore during storms and upwelling/downwelling epi

sodes (Clarke 1977) and that non-wave currents can cause local shifts in fre

quency (White 1972, Perkins 1976), it appears unlikely that individual modes 

can be recognized by inspection of untreated data, except under particularly 

favorable circumstances. Nevertheless, in the large data set provided by 

IFYGL, it is remarkable that the observed periodicities fit those predicted 

by thle mlodel ii 'F;able 2 (a iily closely th~roughlout the intiervall Jluly to October, 

in spite of seasonal change in thermocline depth (i. e. in layer thicknesses) 

and inter-layer density difference. Autumnal increase in the former may comn-

pensate for decrease in the latter, thereby keeping the value of c nearly con0 

stant during a large part of the stratified season.  
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5. 3(i) Method of data assemblage and scanning

The complete set of IFYGL Archive microfilms of 6-minute edited 

data from U. S. stations was used in the search episodes exhibiting relatively 

regular periodicities over the period range 10 to 18 hr, i. e. including the 

inertial period and the model predictions for the first five Poincare modes in 

Table 2. Taking 43 0 30'N as a representative latitude for the U. S. IFYGL 

stations, the corresponding inertial period is 17.39 hr. The IFYGL Archive 

microfilm incorporates all available data from the IFYGL buoys, towers, and 

shore stations and displays them in 8-day frames, one for each of the sensors.  

(Users of that microfilm should note that the Julian Day numbers must be 

increased by one, as confirmed by the IFYGL Archive office.) Extracts from 

typical frames are illustrated in Figure 23.  

The following information was combined in composite diagrams 

(Figs. 24 to 41) prepared by smoothed hand-tracing from projected film 

frames: current speed and direction, usually at 5 m depth; temperature at 

four near-thermocline depths, i. e. those temperature traces which showed 
the largest fluctuations. Comparison of the original frames in Figure 23 with 

the corresponding hand-tracings in Figure 24 provides an estimate of the 

accuracy of the method, and the degree of smoothing introduced. Current 

direction was only traced, as short-dashed lines, when relatively well-defined 

lines of dots were present. Clouds of current direction dots, representing 

rapidly varying directions, were ignored; and this explains some of the gaps 

in the direction traces in following figures. When current directions were 

not available from 5 m depth, or from an equivalent upper-layer depth at a 

tower station, a tracing was included from another depth, above or below the 

thermocline where possible. When the 5 m speed record was absent, which 

was often the case, speed from another depth was traced but the 5 m direction 
record was retained when available. The general objective of the composite 

tracings was to display (i) flow in the layer above (or below) the thermocline, 

and (ii) temperature oscillations in and near the thermocline.
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Using the model periods listed in Table 2 as a guide, a series of 

transparent vertically-ruled gratings were prepared and used as overlays 

to scan all the composite tracings, of which Figures 24 to 41 have been 

selected as examples. The most commonly observed average periodicity 

was a near-inertial 17 hr. Careful scrutiny of all the records yielded a best 

fit of 16. 9 hr for this oscillation, as entered on the following figures and 

most often seen as the period of clockwise rotation of current direction. But 

it must be emphasized that the period estimate cannot claim a closer preci

sion than ± 0. 2 hr, and therefore it is better to speak of a 17 hr oscillation.  

Less frequently a 15 1/2 hr oscillation was seen, and rare episodes of 14, 12 

and 11 hr oscillation are presented in later figures.  

To illustrate the general characteristics of the records and to empha

size the fact that not all records show the regularity of oscillation displayed 

in later figures, a set of records typical of many is illustrated in Figure 24.  

Temperature oscillations, maximal at thermocline depth, occurred over a 

range of periodicities with no particular period dominant. Often, but not 

invariably, the temperature rose or fell in phase at all levels in the thermo

cline. There is no obvious connection between current speed (3m from the 

bottom in this case) and the thermocline oscillation; and although the current 

at 5 m did execute one or two clockwise rotations with a near-inertial perio

dicity, that rotation was neither persistent nor regular. In Figure 25, on the 

other hand, current direction shows a very regular clockwise rotation for 

Legend for Figure 24, opposite, and Figures 25 to 41 which follow.  
Lake Ontario 1972: Composite smoothed tracings of:(i) current speed (dashed 
line); (ii) current direction (short-dashed line indicating "direction towards"), 

at depths entered in the right-hand margin; and (iii) temperatures at selected 
depths (unbroken lines). The tracings are from the IFYGL Archive microfilm 
of edited 6-minute data, with Julian Day No. corrected by addition of one.  

Where present, arrowheads regularly spaced in time indicate a fit to a mean 
periodicity determined as a best fit to all similar episodes found in the records.  
To enable comparisons to be made with exact inertial period (17. 4 hr), dots 

are placed in some figures at the beginning and end of sets of 16. 9 hr spaced

arrowheads. The dots mark the length of a corresponding set at 17. 4 hr spacing.  
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seven cycles at near 16.9 hr period, also linked with the fluctuations in cur

rent speed, northward current generally coinciding with speed minima. But 

the large temperature oscillation at thermocline depth (15 m) shows no such 

regularity of period; although the internal waves are more clearly defined 

than in Figure 24. While the current pattern shows a relatively regular 17 hr 

oscillation, the thermocline elevation pattern contains components of shorter 

period, to disentangle which requires further analysis. This reflects a sig

nificant general finding derived from the present review of IFYGL records 

and from earlier Lake Michigan observations (Mortimer 1971), namely that 

oscillations with the longest near-inertial periods are more conspicuous in 

current records than in temperature (elevation) records. Signals from pre

sumed higher Poincare modes are more generally found in temperatures than 

in currents and, as later examples will show, oscillations of shorter period 

can dominate thermocline elevation patterns, while at the same time an oscil

lation of longer period dominates the current pattern. Interpreted in terms of 

the Poincare wave model, this behavior reflects the fact that the ratio of 

kinetic to potential energy decreases with increasing mode number. The 

lowest mode, containing the most kinetic energy, therefore tends to be more 

evident in currents than in thermocline waves, for reasons given on p. 98.  

5. 3 (ii) Episodes of waves with mean periodicities near 16. 9 hr 

The records in Figure 25 are typical of many in showing the inter

mittency of the 17 hr clockwise rotation in current direction. The direction 

records on days 253-4 show the last part of a previous episode, followed by a 

short interruption including a few hours of reversed (counter-clockwise) 

rotation in the afternoon of 254, in turn followed in a different phase sequence 
by another episode of 17 hr oscillation persisting in this case for eight cycles.  

(The presumed role of wind disturbances in starting and stopping such epi

sodes will be examined in a later report. ) The important question -- whether 

this behavior is to be interpreted as a first-mode Poincare wave response or 

as true inertial motion - - is addressed in Section 6. Htere it may be stated 

that the observed periodicities show a distinctly better fit with 16. 9 hr than

with 17. 4 hr, the local inertial period. This is illustrated in Figure 25 and
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later figures by large black dots placed near the first and last 16. 9 hr 

arrowhead in each episode. The dots mark the beginning and end of a 

corresponding set of marks, but spaced at 17.4 hr intervals. Rare excep

tions to the 16.9 hr fit are episodes illustrated in later Figures 66 and 71.  

In these cases the period was clearly greater than 16. 9 hr and was in fact 

indistinguishable from the inertial period. Possible explanations of this 

behavior are given in Section 6.  

In addition to the common occurrence of near-inertial 17 hr perio

dicity in current rotation, a search concentrating principally on the records 

from six U. S. IFYGL buoy stations and covering the four-month interval 

July to October also disclosed about twenty episodes in which an average 

periodicity of 16. 9 hr was conspicuous in temperature records at near

thermocline depths. A representative example, Figures 26 and 67, shows 

a forcing phase (days 214-216) in which waves of increasing amplitude but 

irregular period are associated with irregular fluctuations in current 

direction and are followed by an interval of more regular oscillation, in 

this case approximating to a 16. 9 hr fit with both temperature and current 

patterns. Often -- and typically illustrated in Figure 26 by hiatuses at (a) 

and (b) in the regular rotation of current direction -- small changes of phase 

are interposed between blocks of waves oscillating with relatively constant 

period. The perturbations which bring about such phase changes require 

further analysis. Such regularity of the wave period does not usually extend 

to the temperature waves but it must be remembered that temperature ampli

tude will be determined by both elevation amplitude and the temperature 

gradient in the thermocline -- a fact which must be borne in mind when 

interpreting spectra of temperature fluctuations. A very steep thermocline, 
for example, imposes the characteristics, including the spectral character

istics, of a square wave on the record.
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Another regular near-16. 9 hr signal is seen in the temperature 

records of Figure 27 with the interesting difference that, while the tem

perature waves are in phase between 10 and 20 m for the first six days of 

this figure, an out-of-phase wave develops at 10 m (and 5 m)during the last 

two days. In most episodes, near-equality of phase is found at all levels of 

the thermocline, although exceptions occur -- for example the slight lead in 

phase at 20 and 25 m over that at 15 m in Figure 28, perhaps associated 

with downward transmission of energy. That figure again illustrates a 

common pattern in which episodes showing relatively regular 16.9 hr signals 

are preceded by a few large-amplitude waves of irregular and usually shorter 

period, probably forced waves, the details of which await exploration and 

interpretation.  

5.3 (iii) Episodes of waves with mean periodicities near 16. 9 hr 

Occasionally the oscillations of shorter period, which typically pre

cede episodes of relatively regular 17 hr signals, appear as short bursts of 

near 15. 5, 14, or 11 hr signals, illustrated in Figures 29, 30-33. In Figure 

33 (see also 67) the 15. 5 hr presumed binodal oscillation applies not only to 

the thermocline oscillation but exceptionally also to current rotation.  

These signals may be evidence of initial forced generation of a mix

ture of Poincare internal wave modes, with one or more of the modes above 

one being strongly represented, followed by free oscillations subject to a 

frictional damping process which favors the persistence of the lowest mode, 

corresponding to the 16.9 hr signal in the examples presented here. The 

transition from a forced-wave regime to a free-wave regime requires further 

study, but in general the presumed higher modes are more visible during 
the initial forced response in a particular episode, while the ensuing free 

response becomes dominated by lower or the lowest mode. The transition 

will presumnably be more gradual than that shown by the direct grouping of 

periodicities applied for illustrative purposes in the figures. Further 

analysis with high resolution spectroscopy should assist in clarification of 

the mec han is ms involved.

Text continues on p. 53
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More rarely there is more tenuous evidence of the existence of 

independent signals from two individual modes at different levels of the 

thermocline. Figure 32 shows an approximate fit to a 16.9 hr periodicity 

of current rotation and of temperature at 30 and 35 m co-existing with a 
15. 5 hr signal in temperature at the 20-25 m level. Both oscillations are 

relatively regular and persistent. The explanation must await further 

analysis taking the effects of steady currents and cross -thermocline shears 

into account.  

Identification of observed periodicities with those predicted by the / 

Poincare wave model will depend on the chosen values of P. and c and 
1 0 

this dependence increases with mode number (Table 3).  

Table 3. Periods (Pp) of the first five internal Poincare wave modes, 
calculated as in Table 2 for Lot. 43030? N, P- 17.39 hr, but 
with additional values of co (40 and 50cm s4 ) covering a 
seasonal range in stratified Lake Ontario.  

c cm s - 1  40 45 50 

hr hr hr 
1 17.0 16.9 16.8 
2 16.1 15.7 15.4 
3 14.7 14.2 13.7.  
4 13.4 12.7 12.0 
5 12.0 11.3 10.6 

The choice of c affects the first mode period little, but a 12 hr oscillation 0 
could be interpreted either as a signal from the 4th mode (c 50 cm s ) or -1 0 
the fifth mode (c 40 cm s ). The periodicities observed in the U. S. IFYGL 

0 
records (16.9, 15.5, 14, 12, and 11 hr) fit a value of c at the higher end of 0 
the range in Table 3, whereas the temperature distributions seen in the tran

sects (Boyce and Mortimer 1977) correspond to a value in the lower part of 

th~e r'ange. Th1is apparent discrepancy awaits expilanation.  
Tlhe 1 5. 5 hr o scillation may provisionally be identified with the 2nd 

muode signal in Table 3. Significantly, episodes withl this per'iodicity appear 

most commonly at stations which lie near the E-W midline of the basin, for

text continues on p. 59 
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example Station 12 (Fig. 34, but with current direction showing a better 

fit to 16.9 hr), Station 17 (Fig. 35, with current directions showing no 

clear pattern but 15.5 hr periodicity in speed), Station 19 (Fig. 32, upper 

thermocline) Station 10 (Fig. 67, JD 210-213) and Station 14 (Fig. 36).  

The latter figure provides another good example in which the period of 

current rotation is close to 16.9 (with a small phase change as shown) 

while the temperature waves show a periodicity closer to 15. 5 hr. The 

upper thermocline temperatures lead the lower thermocline temperatures 

by several hours, the reverse of the situation illustrated in Figure 28.  

The mid-Lake Stations 12, 14, 17 and 19 may be expected to 

provide the best opportunities for observing signals from even-numbered 

Poincare cross-basin modes, because those stations lie near the nodes of 

the odd-numbered modes, particularly the first which appears to dominate 

elsewhere.  

Somewhat rarer are examples which show a relatively unadulterated 

oscillation of period near 14 hr. A persistent example of this presumed 

trinodal oscillation is illustrated in the temperature records of Figure 37, 

and a transition from a 14 to a 15. 5 hr signal is seen in Figure 38. Only 

one brief episode fitting 12 hr (presumed quadrinodal) oscillation was found 

(Fig. 39). That short episode was followed by one which approximately 

fitted a 15. 5 hr signal. But in this as in other examples the current pattern 

again showed a better fit with 16.9 hr period. Figure 39 also provides an 

example, at (a), of another characteristic of these temperature records -

the occasional appearance of an isolated peak inserted between two peaks 

of a relatively regular wave train. Such events should be examined in rela

tion to the perturbing forces and to non-linear characteristics of internal 
Poincare waves briefly discussed in Section 5. 5.  

Text continues on p. 03.
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Finally, a rare example of an 11 hr (presumably quintinodal) 
signal appeared as the prelude to Figure 31. That episode lasted for six 
wave cycles and was preceded (Fig. 40) by about four days of irregular 
temperature waves containing components of relatively short period, 4 to 8 hr.  
These belong to a category of internal waves shorter than the near-inertial 
class considered in this report and longer than the very short waves, near 
the Brunt-VsLlti frequency, briefly noted in Section 5.6.  

There are two significant conclusions to be drawn from the fore
going initial inspection of the records from U. S. IFYGL Buoy Stations. The 
first is that identifiable episodes of relatively regular near-inertial motion 
fit a set of periods, 17, 15. 5, 14, 12, and 11 hr, conforming fairly closely to 
cross-channel modes of the simple internal Poincare wave model. The 
second conclusion, perhaps not immediately obvious in foregoing figures, is 
the comparative rarity or virtual absence of episodes showing distinct 
periodicities not included in the above set. Exceptions are the periodicities 
indistinguishable from inertial seen in later Figures 66 and 71. Reasons for 
regarding these as special cases are given in Section 6.  

Periodicities recognizable by eye presumably indicate dominance 
of one particular mode above others which may be present. Spectral analysis 
may disclose that episodes showing no such regularity also display a mixture 

of separate mode responses.
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5.3 (iv) Complex interactions expected near shore

One outcome of the IFYGL investigation of lake currents was con

firmation that energy associated with currents of very low, sub-inertial 

frequencies is concentrated near the shore (compare the two spectra in 

Fig. 22a) and particularly near the south shore (see later Figs. 47 and 47) 
where quasi-geostrophic currents, associated with wind-forcing or with sub

sequent shore-trapped low--frequency wave motions, are strongly developed.  

The possibility of Doppler shifts in wave frequency (White 1972) must there

fore be borne in mind and also shifts produced by horizontal current shear 

(Perkins 1976). Examples of near-inertial motions at periods unmistakably 

above inertial were not found among Figures 24-41 (but see Rao et al. 1977).  

This suggests that the above-described frequency-shift effects may be small 
at offshore stations. It is near shore, at the southern tower stations for 

example (Fig. 41), that evidence of wave/current interactions should be 

sought. Except for a brief discussion in Section 6 of possible reasons for 

apparent period lengthening in an isolated episode (later Fig. 71), such inter
actions are not further treated in this report. The irregular temperature 

waves in Figure 41 (2 km from shore) may reflect wave/current interactions.  

The question of interstation coherence, raised by Pickett and 
Richards (1975),has still to be addressed systematically for individual episodes.  

/ 

Cross-basin coherence for the presumed first Poincare mode was demonstrated 
in Figures 17 to 21 and 48 and for both the 1st and 2nd modes in later Figure 67.  

Strong localized horizontal coherence between three neighboring stations is 

illustrated in the last figure in this report (Fig. 71, p. 114); but in this 

case the internal wave period was indistinguishable from exact inertial 

(17.3 hr). The three stations in question lay in a N--S line only 7 km long 

and there was a strong horizontal current shear between two of them 
(details on p. 116). As demonstrated by Perkins (1976), this shear may 

have produced lengtheninlg of the more usually encountered 16. 9 hr', presumed 

first Poincare mode period.
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5. 4 Separation of thermocline motions at near -inertial frequency 

from those at much lower frequency 

The reader should not be allowed to gain the impression from the 

foregoing review that the stratified Lake's responses to external pertur

bations are entirely or even predominantly oscillatory. The systematic 

study of aperiodic motions -- wind-driven or thermally-driven -- has 

developed only recently. Numerical simulation of motions in large basins 

with real topography (Rao and Murty 1970, Lake Michigan; Simons 1973, 

1974, 1975, and Bennett 1974, Lake Ontario) disclosed patterns of wind

driven barotropic flow, which Csanady (1975) has named topographic gyres.  

In the steady state, rarely achieved in nature, current flows with the wind 

where water depth is less than the basin average and against the wind in 

deeper water. Csanady (1975) also reviewed responses of wide-channel 

baroclinic models to suddenly imposed wind stress. These responses 

exhibit variation of flow across the channel, with characteristic development 

of coastal jets, verified by Csanady and Scott's (1974) IFYGL observations of 

density and current structure, also analyzed by Clarke (1977).  

Mean circulation in Lake Ontario over longer intervals has been 

investigated by Pickett and Bermick (1977). Vector-averaged over the whole 

of the stratified season June to October 1972, the observed currents dis

closed a dominant and persistent cyclonic (counterclockwise) gyre in the main 

part of the basin, combined with a smaller less persistent anticyclonic 

(clockwise) gyre in the northwestern part. Hypotheses, put forward by 

various authors to explain the dominant cyclonic circulation in Lake Ontario 

and other large lakes during stratification, are reviewed by Csanady (1977b).  

His own explanation is that solar heating; wind-driven surface currenfts, 
and the Coriolis force combine to produce a net shoreward transport of heat.  

That excess heat not only accumulates in near-coastal waters, but is also mixed 

downward, by the stirring action of upwelling/downwelling motions, to greater 

depths there than in the middle of the basin. These transport and stirring 

mechanisms combine to produce a "domed" thermocline. Persistence of that 

topography, seen in later figures (e. g. 52, 64) is evidence of adjustment to

geostrophic equilibrium provided by a cyclonic circulation pattern with mean
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-1 
surface velocities of the order of 3 cm s , similar in magnitude to the 

June-October vector-averaged currents observed by Pickett and Bermick.  

Another model which predicts cyclonic circulation, in that case for 

Lake Michigan during the spring and early summer heating season, was 

developed by Huang (1971). In that model the circulation is driven by 

buoyancy ("thermal body force"); wind is not involved. Surface velocities 

may reach 20 cm s 1 during the heating season.  

Observed currents or changes in density structure, for example 

oscillations in thermocline depth, will therefore contain the contributions 

from aperiodic or low-frequency motions and from oscillatory responses at 

higher frequencies. These components can often be separated by appropriate 

filtration, as was done for IFYGL examples in Figures 42 to 47. These 

figures present results for the Oswego to Prince Edward Island and for the 

Braddock Point to Presqu'ile tralsects; and the (vertical) time scales cover 

the 4-day intervals in July, August, and October when the repeated transects 

of temperature distribution were run. The horizontal scales define dis

tance across the channel from the south shore in each case. If plotted on 

these time/distance diagrams, the vessel tracks would show a zig-zag 

pattern of 16, 17, and 22 crossings respectively in Figures 42, 43, and 44, 

and of 24, 26, and 22 crossings respectively in Figures 45, 46, and 47 (see 

Boyce and Mortimer 1977). In addition and where available, temperature 

data was included from buoy Stations 19 and 20 (6 min readings) and 11 

(10-min readings) on the Oswego section and from Stations 16 and 26 (6-min 

readings), 9 and 10 (10-min readings) on the Braddock Point section. On 

the time/distance diagrams (Figs. 42 to 47), data from those fixed stations 
was entered on vertical lines at the following (bracketed) distances from the 

south shore: Station 20 (12 kmn); 19 (31 kin); 11 (42 kin); 26 (tower 2 kin); 

16 (12 kmn); 10 (36 kin); 9 (54 kmn). All this information was used, in an 

interpolation scheme devised by D. J. Schwab, (i) to determine the mean 

depth of the thermocline for each 4-day interval (equating the thermocline
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with a particular isotherm at mid-thermocline depth at the time) and (ii) to 

plot and Contour hourly averages of the depth displacement of the selected 

isotherm from the 4-day mean. The positive and negative displacements, 

with zero displacement as a thick line, are plotted in panels (a) of the 

figures.  

The contents of panel (a) were also subjected to low-pass filtration, 

using a 30 hr triangularly weighted filter to remove all signals at near

inertial frequencies and above. The portion so removed, contoured in 

panels (c) and free of the influence of low-frequency motions, represents / 

that part of the thermocline response inwhich to look for Poincare wave 

activity. None is clearly evident in any of the Oswego transects or in the 

Braddock Point transect for July; and the temperature records when avail

able from Stations 16, 19 and 20 for those dates show no regular near-inertial 

motion, except for a few cycles of strongly damped 16.9 hr temperature 

waves at Station 20 after the storm on 9 August (Julian Day 222) and a 15.5 hr 

(binodal ?) oscillation at Station 16 during the July transect (Figs. 33, 67).  

However the Braddock Point transects for August and October (Figs. 46, 47) 

do show clear evidence of Poineare waves, apparently dominated by the first 

cross-Lake mode both before and after the 9 August storm. The cross-Lake 

Text continues on p. 75.  

Legend for Figure 42, opposite.  

Lake Ontario, Oswego to Prince Edward Point section, July 24-28, 1972.  
Based on temperature data from fixed IFYGL Stations 11, 19, and 20 and on distributions recorded during 16 transects (Boyce and Mortimer 1977) the 
mean depth of a mid-thermocline isotherm (10°C) was 14. 0 m for the 4-day 
interval. Hourly mean values of depth deviations of the 10C isotherm from 
the 4-day mean were contoured by D. J. Schwab on time-distance diagrams 
as follows: (a) hourly mean deviations untreated; (b) after low pass filtration 
through a 30-hr triangularly weighted filter to display motions of very low 
frequency; (c) after subtract ion of (b) from (a) to display thermocline motions 
at inertial frequencies and above.
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structure was strongly assymetrical at that time, less so during the October 

episode. In both cases the wave is developed with greatest regularity and 

amplitude along the northern siore (see arrows placed at 16.9 hr intervals in 

Figs. 46 and 47 and on isotherm depth plots for Station 9 in Figs. 17, 19, 68) 

This is confirmed by the three-dimensional plot of panel (c) from the October 

episode in Figure 48. This shows an additional feature not readily visible in 

Figure 47, namely evidence of a weaker wave component with maximum ampli

tude in mid-Lake (see dots placed at 15. 5 hr intervals in Fig. 47) suggesting that 

Figure 48 illustrates a cQmbination of a dominant first mode and a weaker 

second mode.  

m.  

3 

CP2

ROCHESTER SECTION - OCT. 2-6 RESULFANT ISOTHERM DISPLACEMENT 

Figure 48. Three-dimensional (isometric) plot of panel (c) in Figure 47.
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The information remaining after the low-pass filtration described 
above is contoured in panels (b) of Figures 42 to 47. These show that, for 
much of the time, the thermocline shape in both transects was characterized 
by a persistent, relatively strong downwelling at the southern end and with 
either upwelling or a weaker, less persistent downwelling at the northern 
end of the section. During such.episodes (Figs. 42 and 47) the thermocline 
maintained a convex shape for many days, doming upward in mid-Lake.  
From this it must be inferred that a relatively steady geostrophic coastal 
current was flowing counterclockwise around the basin on those occasions.  
On other occasions there is evidence of a countercurrent, discussed by 
Csanady (1977a), producing offshore localized but persistent depressions 
of the isotherms (Fig. 43, day 244; Fig. 45, the whole episode; and later 
Figs. 61 to 64). A strong horizontal shear between Stations 9 and 59 is also 
evident in later Figure 71. The effects of these currents and current shears 
on the frequency of near-inertial motions merit investigation.
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5. 5 Features observed in the wave records 

not predicted by linear models 

The channel wave models described earlier are convenient in that 

the linear solutions can be combined. Real internal wave responses, on the 

other hand, often show non-linear features not reproduced by linear theory.  

A common example of this is the asymmetry exhibited by internal Poincare 

waves in Lakes Michigan and Ontario, e. g. the broad crests and narrow troughs 

characteristic of first mode waves of large amplitude at Station 9 (Fig. 15).  

This asymmetry may be explained by the presence of second and perhaps 

higher harmonies of the fundamental frequency, generated when wave ampli

tude is no longer very small compared with layer thickness. In a Lake Michigan 

example (Mortimer 1971) a distinct double frequency wave was superimposed 

on the 17 hr fundamental. Corresponding 8 hr peaks appear in spectra of 

Lake Michigan currents (Malone 1968) and Lake Ontario currents (Boyce 1974, 

Rao et al. 1977, and Pickett and Richards 1975). In the latter spectra there 

are in fact two small peaks corresponding to periods of 8.5 and 8. 0 hr (Fig. 22).  

Schwab (1977) has made the interesting suggestion that they represent second 

harmonics of two individual Poincare modes of 17 and 16 hr period, and that 

such harmonics may permit spectral separation of modes when the more power

ful fundamental signals are inextricably merged in a broad near-inertial peak.  

Although not the subject of this report, it may be noted that, when 

internal Kelvin waves in Lake Michigan are large enough to be detected against 

the complex background of nearshore currents, these waves also are seen to be 

steep-fronted This non-linear feature was treated theoretically by Bennett 

(1973). For a two-layered basin model, Thorpe (1971) defines a limit --- in 

terms of basin length, layer depths and densities, and internal wave amplitude 

above which linear theory breaks down and the internal wave assumes the form 

of a steep--fronted surge. That limit is exceeded in Lake Ontario when PoincareJ 

wave amplitudes are greater than a few centimeters.
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Figure 50. Wind stress at Station 10, 2-11 August 1972, computed from 
wind speed at 4 m above the water surface by F. C. Elder (see 
Hamblin and Elder 1973).  

The aftermath of the 9 August storm provided an example of internal 

surge generation (Mortimer and Cutchin 1974) associated with a large-amplitude 

internal Poincare wave oscillating across the Braddock Point to Presqu'ile 

section. The bottom topography of that section, the mean track of the transect 

vessel towing the CGLS undulating temperature and depth transducers, and the 

positions. of the coastal chains and moored recording stations are illustrated 
in Figure 49. During the transect survey (7-11 August, Julian Days 220-224) 
26 transects were completed (assembled in Boyce and Mortimer 1977) totalling 

695 undulator dives and 1600 km of towing.  

The wind stress before and during the 7-11 August cruise is presented 
in Figure 50 for the mid-Lake Station 10, and taken as representative of the 

stress over most of the section. Following a long interval of relative calm 
ending on day 216 there was a pulse toward east followed by a stronger pulse 

of toward west on day 217., the duration and timing of which may have pro-.  
duced Poincare wave activity at near 16.9 hr period, as seen in Figure 26, 

persisting in moderate amplitude to day 221, as seen in Figs. 16 and 67. The 

strong westward pulse may also have been responsible for the weak localized
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Figure 51. Lake Ontario, 8 August 1972; distribution of temperature (°C) during 
Transect No. 8, Presqu'ile to Braddock Point, and in the Presqu'ile 
Coastal Chain section (redrawn from Boyce and Mortimer 1977 and 
from Csanady and Pade 1973). Distribution in those sections on the 
previous day is illustrated in Figure 5.
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upwelling persisting at Station 26 until day 220, evident in Figure 5. By the 
next day (Figure 51) that upwelling had disappeared and the nearshore iso
therms had risen by a few meters at the northern end of the section, in the 
coastal chain. But all those motions were moderate in amplitude. The 
thermocline, represented by the 100 isotherm, deviated little from its mean 
topography during the first fourteen transects (Fig. 52). The persistence 
of that topography, which resembled a shallow arch across the basin with 
minor but also persistent depressions near 9 and 34 km from the south 
shore, must have reflected a pattern of persistent currents, predominantly 

cyclonic, discussed in the foregoing section.
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Figure 52. Lake Ontario 1972: depth of the 100C (mid-thermocline) isotherm as 
observed from the vessel executing repeated transects, Braddock Point 
to Presqu'ile. The isotherm depths are plotted in two groups, and the 
transect numbers are shown in circles.
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The immediate effect of the storm was to produce strong downwelling 

in the form of an abrupt temperature front at the southern end of the section 

(Transect No. 17 reproduced in Fig. 53). The amplitude of the downwelling 

motion -- the generator of the large-amplitude Poincare waves which 

followed -- was very great and of the same order as water depth. Therefore, 

the resultant response was a non-linear wave, superimposed upon which was 

an internal surge which then propagated across the section from the point 

of generation, decreasing in amplitude on the way. Eight hours, i. e. one
/ 

half Poincare wave period after the storm peak, the surge had migrated 

25 km offshore (Fig. 54) and the thermocline at the southern end of the sec

tion had swung upward 10 m from 38 m level it occupied in Figure 53.  

During the next seven hours the inshore edge of the thermocline swung down

ward to about 33 m (Fig. 55), in phase with the Poincare wave, again coming 

close to the bottom and generating a second, northward propagating surge.  

The remains of the first surge is barely visible at about 38 km from the 

southern shore.  

The progress of these two surges is summarized in two figures: 

Figure 56 which displays the mid-thermocline (10) isotherms from Transects 

15 to 24 (days 222 to 224, i. e. starting before the storm); and Figure 57 which 

plots the surge tracks on a time/cross-channel distance diagram. The 

surges travelled northward at an average speed of approximately 2.3 km hr 

and spaced about 15 hr apart. Except through their linkage to Poincare wave 

motion which periodically brought the southern edge of the thermocline to 

near the bottom, these surges are not a consequence of rotation. Similar 

Text continues on p. 89.  

Legend of Figure 53, opposite.  

Lake Ontario, 10 August 1972: temperature (°C) distribution during Transect 
No. 17 of the Braddock Point to Presqut ile section. The vessel track and 
undulator dive positions are shown at the top, and isotherm depths as observed 
from the vessel travelling from south to north, are plotted for the 40 and Soc
isotherms and at 20 intervals from 60 upward (from Boyce and Mortimer 1977).
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Figure 54. Legend as for Figure 53, but for Transect No. 19.
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Figure 55. Legend as for Figure 53, but for Transect No. 22.
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Figure 57. Lake Ontario, 9-11 August 1972: a time/distance plot (modified from 

Mortimer and Cutchin 1974) of the temperature fronts ("internal surges") 
observed during Transects Nos. 16 to 24, Braddock Point to Presqu'ile, 
and illustrated in Figure 56.  
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IFYGL (LAKE ONTARIO) TEMPERATURE TRRNSECT OSHANAR- OLCOTT CSS LIM'NOS
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Figure 58. Lake Ontario 9-10 August 1972: temperature distribution (0C) in the southern 
one-third of the Olcott to Oshawa section before the 9 August storm (Transect 
No. 4) compared with the distribution in the whole section about 7 hr after the 
storm peak (Transect No. 6) -- re-arranged from Boyce and Mortimer 1977.
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internal surges occur:in experimental tanks (Fig. 8 of Mortimer 1974) and 

smaller lakes; Loch Ness (Thorpe 1971, 1972); Seneca Lake, New York 

(Hunkins and Fliegel 1973). In those lakes the surges and the internal seiches, 

with which they are coupled, travel along the basin axis. In Lake Ontario, a 

large lake by our definition, the internal seiches are represented by one or 

more of a set of Poincare wave modes, i. e. cross-basin standing waves; and 

the associated surges also travel across the basin.  

In the Olcott to Oshawa section, the storm also induced strong 

downwelling at the southern shore, also producing a surge (Fig. 58) which 
-1.  

moved northward. A speed of 2.9 km hr is inferred from comparison of 

Figure 58 with the next transect, Figure 59; but the surge could not be traced 

with certainty in later transects. Also to be noted in that comparison is the 

growth of large-amplitude internal waves in the lower thermocline. Evidence, 

equivalent to that in Figure 16 for the Braddock Point section, was not then 

available from the fixed recorders in the Olcott to Oshawa section. It is note

worthy that, at Station 9 (Fig. 16), the passage of the storm was not only 

accompanied by an increase in amplitude of the Poincare waves, but also a 

change in the form of the asymmetry, attributed above to non-linear effects.  

Before the storm the crests were narrower than the troughs; after the storm 

the reverse was the case, as at the same Station (9, Fig. 15) at a later date.  

If the non-linearity is attributed to the generation of higher harmonics, the 

9 August storm apparently brought about a change in phase of these harmonics 

relative to the fundamental wave, which as noted earlier changed little in 

phase during the storm passage (Fig. 16).  

The same storm also produced strong downwelling at the southern 

end of the Oswego to Prince Edward Point section, as illustrated by comparison 
of transects run 5Shr before (Fig. 60) and 21 hr after the storm (Fig. 61, which 

shows a front which is less steep than that in the other two sections). That 

surge also moved northward, being clearly recognizable in the following tran
-1 

sect (Fig. 62) having travelled at a mean speed of 2. 5 km hr . (Surge pro

gression speeds were therefore similar in all three sections.) But further 

Text continues on p. 95
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Figure 59. Lake Ontario, 10 August 1972: temperature (°C) distribution during 
Transect No. 7, Olcott to Oshawa (from Boyce and Mortimer 1977).
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Figure 60. Lake Ontario, 9 August 1972; temperature (°C) distribution during 
Transect No. 10, Prince Edward Point to Oswego (Boyce and 
Mortimer 1977).  
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Figure 61. Legend as for Figure 60, but for Transect No. 12, 10 August, Oswego to 
Prince Edward Point (repeat of Fig. 8).  
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CD I FYGL (LAKE ONTARIO 1972) TEMPERATURE TRANSECT OSWEGO (S) TO PRINCE ED)WARD PT (N) 
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Figure 62. Legend as for Figure 60, but for Transect No. 13, 10 August, Prince 
Edward Point to Oswego.
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Figure 63. Legend as for Figure 60, but for Transect No. 14, 10 August, 
Oswego to Prince Edward Point.
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Figure 64. Lake Ontario, 10-11 August 1972; distribution of mid-thermocline 

(12°C) isotherms following a 9 August storm and observed on repeated 
crossings of the Oswego to Prince Edward Point section-(from Mortimer 
and Cutchin 1974). Transect Nos. are shown circled.

progress could not be followed (Fig. 63) as the surge appeared to become "lost" 

in the pronounced dip in the isotherms, which appeared after the storm at about 

46 km from the southern shore. That feature was first seen in Transect No. 12 

(Fig. 61) and was found near the same position in following transects (Fig. 64), 

showing a persistence from which the presence of a localized current must be 

inferred (see Csanady's 1977a discussion). Also the persistent thermocline 

slope in the southernmost 20 km of the section is evidence of a relatively steady 

and strong eastgoing current in the upper layer.
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Figure 65. Extract of data tape plots obtained with the undulator on the Braddock 
Point to Presqu'ile section during the 7-11 August 1972 cruise (from 
Mortimer and Cutchin 1974). As explained in the text, the trace with 
downward pointing, sharp peaks below each dive number indicates 
depth (pressure), the upper trace indicates time in 1 and 10 minute 
steps, and the remaining trace is that of temperature.  
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5.6 A note on short internal waves

Although this report is principally concerned with long internal waves 

of a particular class, it is of interest to note evidence of short internal wave 

activity disclosed by the towed, undulating transducer records. Extracts in 

Figure 65 begin at dive 417, two dives before encountering the downwelled 

front at about 7 km from the south shore in Figure 53. During a normal dive, 

the towed transducers descended rapidly (see pressure trace) to about 60 m 

(i. e. well below the thermocline) then rose less rapidly to about 35 m after the 

winch brake was applied, and thereafter more slowly as the cable was hauled in.  

Normally the temperature rose slowly during the lower part of the ascent.  

(Dives 419 and 420 in the top extract in Fig. 65 were very exceptional in that 

temperature fell as the sensors ascended, because they were moving from the 

warm to the cold side of a strongly tilted thermocline front, see Fig. 53.) 

Temperature rise was most rapid as the sensors continued upwards through the 

thermocline. Occasionally (for example, lower extracts in Fig. 65) the ascent 

was halted for 2 to 4 min for a level tow at mid-thermocline depth, to explore 

the short internal wave field. Then the sensors were brought up to about 5 m 

depth in preparation for the next dive.  

The middle and bottom extracts in Figure 65 were from the northern 

ends of the transects illustrated in Figures 53 and 54. Short internal wave 

activity suddenly increased during and after the storm, followed by a general 

increase in wavelength with lapse of time after the disturbance. For example, 

dives 438-440, about 9 hrs after the peak of the storm, show a dominant 

"encounter wavelength" of approximately 120 m, whereas during dives 494 to 

496 (about 16 hrs after the storm) the dominant encounter wavelength had approxi.

mately doubled. (At a vessel speed of 10 kts, the minute time steps in Fig. 65 

correspond to distances of approximately 300 m.) it is evident, therefore, that 
a major storm causes a disturbance which generates -- by mechanishns yet to 
be thoroughly explored -- internal waves occupying a wide spectrum of frequen

cies, ranging from sub-inertial (Kelvin -type responses), through near-inertial 

(Poincar -type responses) to higher frequencies, with the Brunt-VstUL~ fre

qlueiicy as the upper limit.
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-1 
In Lake Ontario the Brunt-VitstlU frequency, N = [gP ( p/Zz)f? 

the square root of stratification stability, rises to a maximum in the thermo

cline and is much lower elsewhere in the water column. Internal wave theory, 

as presented for example by Krauss (1966), identifies N and the inertial fre

quency f as the respective high-frequency and low-frequency cut-offs for 

non-trapped internal waves, which can therefore only exist at frequencies 

(W) lying between N and f. The Lake Ontario results, presented earlier, 

display a concentration of internal wave energy at frequencies a few percent 

above f; and similar results (reviewed by Kundu 1976) have been obtained in 

the ocean. In Lake Michigan (Mortimer, McNaught and Stewart 1968) and 

probably in Lake Ontario also there is a second concentration of internal 

wave energy just below N, centered about 0. 5 N (i. e. periods of about 5 

minutes) in the Michigan example. In other words, resonance occurs at 

near-N and near-f frequencies.  

The ratio (potential plus vertical kinetic energy)/(horizontal kinetic 

energy) in waves occupying the N to f frequency region is given by Fofonoff 

(1969) as: 

2+2 2 .. f2 

(N2 2 2+ f2 

At the near-N resonance that ratio is high (i. e. most of the energy appears 

in the form of a thermocline wave, little as a horizontal current). At the 
2 2 

near-f resonance the ratio is small and given approximately by (W - f2)/ 
2 2 2 2 a 

(W +f ) or by (1- P/P / (1 +P /P. ) in which P and P. are the Poncare p 
and inertial periods respectively. For the near-inertial wave periods reported 

here -- 16.9, 14, and 11 hr, corresponding to presumed 1st, 3rd, and 5th 
Poincare cross-basin modes -- the respective ratios are 0.028, 0.21, and 

0. 43, taking P. as 17. 4 hr. Therefore, the higher Poincare modes are more 

likely to appear as thermocline waves, while the lowest mode will be principally 

seen as a horizontal current vector rotating with near 17 hr periodicity. The 

Lake Ontario results, reviewed in Sections 5. 3 and 6, bear this prediction out.  

Entirely horizontal inertial motion, with current rotating exactly at frequency f

and with no thermocline oscillation, is not seen.
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6. Conclusions and speculations on generating mechanisms 

The objectives of this report are (i) to describe the characteristics 

of near-inertial motions in stratified Lake Ontario, and (ii) to explore how 

far simple models can be used to interpret and explain the generation of 

those motions. It is intended to pursue these objectives further in a later 

report, examining the wind field in more detail and using statistical methods 

of analysis. The present report is based on close scrutiny of the records 

themselves, in an attempt to catch significant signals from nature's model 

and to identify characteristic features, some of which have already been 

described for Lake Ontario and other large lakes (Mortimer 1971). The 

features are summarized in the following paragraphs and illustrated in 

Figures 66 to 71.  

(a) Intermittency 

"Bursts" of internal Waves of near-inertial period are very common 

during the season of stratification at all stations except very nearshore.  

The principal feature of these waves is clockwise rotation of the horizontal 

current vector, most strongly developed in the upper mixed layer and 

typically with periods a few percent less than the local inertial period.  

Following common usage, this motion will be referred to as "inertial 

motion", always bearing in mind the wave-like properties displayed by the 

vertical structure of the currents and the coupling of these with vertical 

oscillations of near-thermocline isotherms. Many examples are seen in 

Figures 25-40, and 67-8.  

(b) Inertial motion before whole-basin stratification is established 

Inertial motion is not absent in winter (Pickett 1977) but it becomes con
spicuous at a given station only after stratification is established there 

and a wind impulse arrives to induce rotation. In fact inertial motion 

appears very soon after the onset of stratification, even when stratification 

is very localized. An examnple, which is presented and discussed later 

(Fig. 69), was seen (JD 138-145) at the U. S. IFYGL Tower Station 26, which 

was in stratified water along the southern shore inside the thermal bar, while 

most of the basin was unstratified at below 40 C. The strip of stratified water

was apparently wide enough (about 8 km) to accommodate inertial motion.  
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Soon after stratification had advanced to include Station 9 on the 

northern shore (JD 151), inertial motion (not illustrated) began there. But 

it was not until two and one-half weeks later that stratification and inertial 

motion arrived at Stations 16 and 10 (Fig. 66) and a strong burst of inertial 

motion was generated by the storm (aftermath of hurricane "Agnes") on 

JD 175. At that time (see the surface temperature picture for JD 179 in 

Figure 69) the basin was still only partially stratified; a central pool of 

unstratified water remained. This did not prevent the development of 

strong inertial motion at Stations 9, 10 (illustrated) and other stations in 

stratified water. It is of interest that the estimated average period of 

rotation of the horizontal current vector during that episode was 17. 3 hr at 

Stations 10 (Fig. 66) and 9, i. e. indistinguishable from the local inertial 

period and distinctly longer than the 16. 9 hr periodicity previously identified 

as the best fit to current rotation periods observed (Figs. 25-32) after basin 

stratification had become fully established. This difference will be discussed 

further below.  

The JD 175 to 181 episode illustrated in Figure 66 typically displavs 

the rapid response of the stratified system to a wind impulse. Motion, 

starting first in the upper layer, propagates rapidly downward through the 

thermocline so that, within a few hours of the onset of wind stress, sub

thermocline layers also exhibit inertial motion, weaker than and in antiphase 

with that in the upper layer. Also noted is the effect of the storm in destroying 

stratification for two days at Station 16 and deepening the upper layer to below 

15 m at Station 10. It appears that the ingredients necessary for the creation 

Legend for Figure 66, opposite: 

Lake Ontario 1972, JD 167-181, 15-29 June, Canadian IFYGL Buoy Station t0: 
hourly mean values of E W and N S component of wind stress (see Hqamblin and 
Elder 1973) and current at 10 m and 50 m depth (unbroken and broken lines, 
respectively). Also shown is temperature (0 C) at 10, 15 and 30 m (following 
l isothermal conldition on JD 163 and, for comparison (bottom panel) tem
'|;tu ~re aIt th~ree depth~s at U.S. Puoy Station 16. Arrowheads are placed at 

17.3 :l r ( local inlertial period) intervals. Note the phase shift on JD 179.
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of inertial motion are a wind impulse and the presence locally of a well

defined thermocline -- a slippery surface upon which the upper layer can 

easily slide. Therefore conspicuous inertial motion can appear in any 

stratified region, even when stratification and/or wind stress are localized; 

but it is not until continuous stratification has become established across 

the whole basin (by JD 206, 24 July) that inertial motion can exhibit the 

cross-Lake coherence illustrated in Figure 67 and later in the year.  

(c) Dependence on strength and timing of wind stress 

Many episodes of inertial motion were found, some illustrated in 

Figures 67 and 68, in which current and temperature-wave amplitude 

increased after strong wind stress, providing evidence that the "bursts" 

were set in motion directly or indirectly by the wind. But other episodes 

were seen in which an existing "burst" was stopped or strongly modified in 

phase and amplitude by wind action (JD 227-228 in Fig. 67; and JD 253-254 

and 282 in Fig. 68).  

The strongest inertial motion responses were produced by strong 

wind impulses lasting one-half an inertial period or less, (for example 

JD 217 and 222 in Fig. 67; JD 250 and 261 [but soon destroyed] in Fig. 68); 

and particularly effective in generating inertial motions were repeated wind 

pulses spaced approximately one inertial period apart (JD 266-267 in Fig.  

68). On the other hand wind impulses lasting longer than one-half inertial 

period were less effective (JD 241-242 and JD 282 in Fig. 68). Existing 

inertial motion can be modified or destroyed (as already noted) or re-inforced 

by a fresh wind impulse, as on JD 222 in Figure 67. These observations 

Legend for Figure 67, opposite: 

Lake Ontario 1972, JD 206-229, 24 July-16 August, Canadian IFYGL Buoy 
Station 10: hourly mean values of E W (unbroken lines) and N S (broken lines) 
components of wind stress (see Hamblin and Elder 1973) and current at 10 mn 
anld 30 in depths. Also shown is temperature (0C) at 10. 15, and 30 m depth 
at N Sationl 10 and, for comparison, at various depths at Stations 9 and 16.  
Vertical lines indicate average mean periodicities (15. 5 and 16. 9 hr) fitted by eye.
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support Pollard and Millard's (1970) conclusion -- referring to similar 

findings in the ocean -- " . . . that the features in the wind field which are 

most efficient in changing the amplitude of inertial motions are (i) a strong 

wind blowing in one direction for a few hours up to half an inertial period, 

and (ii) a strong wind combined with a fairly sudden shift in direction.  

Once set in motion, and in the absence of a fresh wind disturbance, a 

"burst" may persist, often with decreasing amplitude, for six or more reg

ular cycles (e. g. JD 175-178 in Fig. 66 and JD 275-281 in Fig. 68).  

(d) Estimates of average wave period in episodes 

Average periods fitted by eye to episodic bursts of inertial motion 

(Figs. 24-41, 66-71) vary from as short as 11 hr (single instance of a 

thermocline oscillation in Fig. 31) to 17.3 hr (Figs. 66, 70 and 71). The 

shorter periods are associated almost exclusively with thermocline oscil

lations and fall into distinct groups close to 15.5, 14, 12 and 11 hr (examples 

in Figs. 29 to 32, 36, 39, and 67). A 17 hr oscillation (estimated average 

for all post-July episodes, 16. 9 hr, i. e. 3% less than the local inertial 

period) was most commonly seen in the rotation of the horizontal current 

vector and occasionally'also in contemporary thermocline oscillations 

(Figs. 26, 67, 68 ). Much less frequent were episodes of 17. 3 hr (inertial 

period) rotation of the horizontal current vector, seen for example in 

localized inertial motion early in the season (Fig. 66) before continuous 

stratification had become established across the whole basin. Thereafter, 

episodes of 17.3 oscillation were not often seen -- a single example (JD 

254-258 in Fig. 68) is discussed in more detail below. Periodicities 

distinctly longer than inertial (for example the 18.3 hr period deduced by 
flao et al., 1977, from rotary current spectra at Station 4, near shore and 

near the Niagara inflow) were not observed at stations reviewed here.  

Legend for Figure 68, opposite: 

Lake Ontario 1972, JD 236-283, 23 August -9 October, Canadian IFYGL Buoy 
Station 9: hourly mean values of EW (unbroken lines) and NS (broken lines) 
components of wind stress (see Hamblin and Elder 1973) and current at 10 m

and 30 m depth (JD 236-259) and 15 m and 30 m depth thereafter; also shown 
is temperature (0 C) at 10, 15, and 30 m depth. Arrowheads indicate 
average mean periodicities fitted by eye.  

- 105 -



The period groupings (16.9, 15. 5, 14, 12 and 11 hr) observed 

after the establishment of whole-basin thermal stratification in July cor

responded rather closely to the first five cross-chlnel modes calculited 

for a two-layered internal Poincare wave at latitude 43'. 30'N and for a 
-1 

value of c slightly less than 50 cm s (Table 3); although it should be 

noted, without explanation as yet, that in a two-layered channel model 

fitted to observed stratification in Lake Ontario for the July to October 

interValc 0 lies between 40 and 45 cm s - . The fact that the period groups 

were relatively distinct and fell close to those calculated for the Poincare 

model, and the fact that other period groups were rare, does not diminish 

the probability that the observed motions in fact contained contributions 

(varying from episode and varying during each episode) from several pre

sumed Poincare modes. The results suggest that the scanning procedure 

used here was able to recognize distinct periodicities only when one parti

cular mode was dominant -- a conclusion testable by spectral analysis.  

(e) Sequence of forced and free response 

Episodes of near-inertial motion commonly started with irregular 

oscillations of large amplitude followed by more regular motion, typically 

expressed as a 17 hr periodicity in current rotation and as temperature 

waves in which higher modes were initially dominant, later replaced by the 

2nd or 1st mode. This behavior suggests that the higher modes are damped 

out more rapidly than the lower ones.  

(f) Vertical coherence 
-1 

Inertial currents attained speeds of 20 cm s (corresponding to an 
inertial circle of 4 km diameter) or more in the upper layer, with a high 

degree of vertical coherence throughout the water column except near the 

bottom. (Horizontal inter-station coherence will be explored in more detail 

in a later report. ) At a given station, flow was nearly in phase at all levels 

in the upper layer. Flow at different levels in the lower layer, at speeds 

typically less than half of those in the upper layer and decreasing with depth, 

was nearly in phase, but usually nearly 1800 out of phase with upper-layer
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flow (examples in Figs. 66-68). This behavior suggests that the vertical 

modal structure of the internal waves is simpler (cf. similar findings by 

Perkins 1972) than in oceanic examples. In fact, the closeness with which 

currents throughout the upper layer agree in phase, the similar (but anti

phase) agreement in the lower layer, and the general synchrony of oscilla

tions throughout the thermocline confirm that the first vertical mode is 

dominant and that the two-layered model adopted here is a good approximation 

to reality.  

(g) Horizontal coherence 

In episodes for which isotherm-depth oscillations and cross-basin 

isotherm distributions were simultaneously available for comparison, 

pictures of motion consistent with the Poincare model emerge. First 

mode examples are illustrated in Figures 17, 18, 20, 21, 46, 47, and 67 

JD 218 to 221. In the latter example, the thermocline oscillations at 

Stations 9 and 10 are approximately in phase, but both are approximately 

out of phase with Station 16 (as in Fig. 18). On the other hand, in the 

presumed binodal episode in Figure 67, JD 209-312, thermocline oscilla

tions at Stations 9 and 10 were approximately out of phase and Stations 10 

and 16 were approximately in phase. This fits a binodal interpretation if 

it is reasonably assumed that one binode lay between 9 and 10 and the other 

between 10 and 16.
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Speculations concerning generation, tuning~and de-tuning of inertial waves 

The above catalog of characteristics (a) to (g) suggests that inertial 

motion in Lake Ontario, and in basins of similar order of magnitude, is gen

erated by wind in two ways: (i) directly through the immediate action of wind 

stress on the water surface; and (ii) indirectly through wind-induced displace

ment of the thermocline interface from its equilibrium level with consequent 

creation of potential energy, which then drives cross-basin internal seiches 

modelled as Poincare waves in this report.  

Pollard's (1970) model describes how local action by wind, i. e.  

mechanism (i), generates inertial waves in a stratified water column. Duration 

of the wind pulse and the angle between the wind vector and any existing 

current vector are important factors determining how effectively inertial 

motion is generated or how existing motion is destroyed. Pollard and Millard 

(1970) have successfully applied a simpler version of this model to the inter

pretation of ocean examples. Inertial motion also intermittently dominates the 

flow pattern in large lakes, except very near shore, whenever and wherever 

stratification and wind stress are present -- even when, as in Lake Ontario 

during May and June, that stratification is confined to limited regions of the 

basin. This suggests that mechanism (i) acts universally in large lakes and 

oceans, whereas mechanism (ii), internal Poincare seiching arising indirectly 

from wind action, operates only in large, completely stratified lakes and com

parable marine basins and is brought into play by the presence of lateral 

boundaries. Although it is helpful to distinguish the two generating mechanisms 

in this way, they do not act independently in the closed basin case.  

As demonstrated by Pollard's (1970) model, the timing of the wind 
impulse and the pre-existing state of stratification determines response of the 

system to mechanism (i), determining in particular the partition of energy 

between the vertical modes, with the first dominant in Lake Ontario. The 

immediate consequence of wind forcing is the creation and downward trans

mission of inertial motion. Another less immediate consequence is the generation
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of geostrophic flow which, in a closed basin, leads to distortion of the pre

existing shape of the thermocline surface, i. e. to a temporary displacement 

of that surface from its previous equilibrium or near-equilibrium position.  

The distorted thermocline shape, which typically exhibits downwelling and 

upwelling patterns along opposite shores, represents a store of potential 

energy, derived from the wind and later released in a variety of ways, 

including cross-basin internal seiches of the Poincar6 type. These also exhibit 

near-inertial motion, but with defined horizontal mode structures each possessing 

a discrete frequency determined by basin dimensions and the density distri

bution at the time. Although mechanisms (i) and (ii) both derive their energy 

from the wind, the former will come into play before the latter. The upper 

layer, as we have seen for example in Figure 66, reacts almost immediately 

to wind stress, whereas it requires more time to distort the thermocline 

surface; and it is only after this forcing phase is over that the free Poincare 

wave responses can develop. The relative degree of excitation of the horizontal 

modes and their relative contributions to the ensuing free response will depend 

on the initial shape of the wind-displaced thermocline (different for each episode) 

and on the rate at which each mode decays.  

If the direct effect of the wind impulse, through mechanism (i), is to 

generate waves over a small range of near-inertial frequencies determined by 

the vertical density structure and the involvement of several vertical modes, 

then there exists in a closed, fully stratified basin the possibility of resonance 

with one or more of the basin's baroclinic modes, namely the horizontal modes 

of our Poincare model. As these modes are also excited by mechanism (ii), it 

is apparent that the two mechanisms cannot be distinguished in the final response, 

except insofar as mechanism (i) must act alone if stratification is not fully 
established across the basin or if the wind stress is localized.  

Pollardt s (1970) model of mechanism (i) does predict a vertical 

modal structure which depends on the stratification pattern; and it also predicts 

wave periods which are a few percent less than exact inertial. Observed periods, 

inl oceanic examples listed by Kundu (1976), are also a few perc'ent less ,than
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Figure 69, legend on opposite page.  
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inertial. Predictions from a simplified version of Pollard's model were 

compared by Pollard and Millard (1970) with oceanic current records.  

Although their simple model is somewhat unrealistic in that it predicts periods 

slightly greater than inertial, in other respects it simulates the observed 

motions fairly closely. These models have not yet been applied to lake examples 

with typical step-like density structure, but it seems likely that they will dis

close a simpler structure of vertical modes than in the oceanic examples so 

far described. It also appears significant that Perkins (1972) encountered a 

simpler vertical modal structure for inertial waves in the Mediterranean than 

in the ocean; and this may reflect a general difference between inertial motion 

in closed basins and open ocean waters. Another difference, already aluded to, 

is the resonant "tuning" of inertial motion to one or more of the horizontal 

baroclinic modes of the basin, such tuning being absent in the ocean. The 

ubiquity, in the Lake Ontario examples presented in this report, of 17 hr 

clockwise rotation of the horizontal current vector at a recognizably sub-inertial 

period suggests that such tuning does in fact occur during summer and fall, 

when full stratification has become established.  

It also follows from this hypothesis that the Poincare tuning mech

anism cannot operate during the spring period of partial stratification; there is 

no complete thermocline present to oscillate. This may explain why, at that 

time, periodicities closer to inertial are seen in local oscillations. Examples 

are illustrated in Figures 66 and 69. In the latter figure stratification was 

confined within a nearshore thermal bar, while most of the basin was unstra

tified at < 4'C. At Station 26, within the bar and in stratified water, inertial 

motion (mean period 17.3 hr) imposed a rotational component on the local 

surface current4 The surface temperature picture on JD 179 (lower panel, 

Legend for Figure 69, opposite: 

Lake Ontario 1972: (upper panel) sequential current vectors* at U. S. IFYGL 
Tower Station 26 ("stick" diagram prepared b~y Dr. G. 0. Marmorino) showing 
the effect of inertial motion on current at 2 m depth, JD 138-145 (17-24 May); 
(lower panels) surface temperature on JD 144 (23 May) and 179 (27 June) 
measured by an airborne radiation thermometer (Atmospheric Environment 
Service, Canada) re-drawn from Irbe and Mills (1976). The bottom panel is

presented in connection with Figure 66, and approximate station positions are 
shown by italicized numbers.  - 111 -*hourly mean values
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Fig. 69) discloses that at the time of the burst of inertial motion in Figure 66, 

stratification did not extend over the whole lake. There was still a pocket of 

unstratified water (<40) in the eastern half of the basin on JD 179, and therefore 

stratification was still incomplete when the JD 175-179, 17. 3 hr oscillation was 

in progress. Stratification, with a well-mixed upper layer extending across the 

whole basin, did not become established until after a storm on JD 192. Except 

for upwelling along the northern shore, Irbe and Mills' (1976) survey (Fig. 4 for 

JD 206, the first day of Fig. 67) shows 19-220 water extending over most of 

the basin. The picture on JD 186 (4 July), before the JD 192 storm, shows a 

transitional situation with a temperature front extending about 100 km parallel 

to the S. shore. At Braddock Pt. the front was about 14 km offshore, with pools 

of < 90 and < 80 C water outside and 14-15 0 C water inside. At Station 16, just 

inside the front at that time, strong inertial motion had developed after a wind 

impulse on JD 185 (Fig. 70). As in episodes described earlier, the wave 

periods were shorter (about 15. 5 hr) during and immediately after the storm 

(forcing phase) and longer thereafter (near 16.9 hr for thermocline oscillations 

and 17.3 hr for current rotation). A new oscillation was set in motion (with a 

small phase change) by the storm on JD 192.  

To summarize the observations in Figures 66-70, it appears that 

Poincare tuning could not have been operating during the interval covered by 

Figures 66, 69, and perhaps also transitional Figure 70. In all these examples 

the period of rotation of horizontal current vector was indistinguishable from 

exact inertial, although in Figure 70 the thermocline oscillation shows a mar

ginally better fit to 16.9 hr. Also to be noted is the apparent absence of cross

basin coherence in thermocline oscillation between Stations 10 and 16 in 

Figure 66. Interstation coherence across that section is first seen in Figure 67 

Legend for Figure 70, opposite: 

Lake Ontario 1972, JD 185-194 (3-12 July): wind stress at Canadian IFYGL 
Station 10 (see Hamblin and Elder 1973) compared with water temperature at 
5, 10, 15 and 20 m depth, and sequential current vectors ("stick" diagram 
prepared by Dr. G. 0. Marmorino) at U. S. JFYGL Station 16 (all values hourly 
means). Vertical lines indicate groups of periods fitted by eye. P. C. indicates 
phase change.
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and later in Figure 68, i.e. after the establishment of basin-wide stratifi

cation and a well-defined upper layer. Figure 67 illustrates episodes of near

15. 5 hr and near-16. 9 hr periodicity in thermocline oscillation and current 
rotation. The phase relationships between Stations 9, 10, and 16 suggest 

that these episodes respectively represent binodal and uninodal cross-basin 

(Poincare) seiches. Another uninodal example is illustrated in Figure 18.  

On the basis of the evidence presented in this report, tuning of 

inertial motion through resonance with the baroclinic basin modes appears 

as a strong possibility. Also possible, although not examined here in 

detail, is de-tuning, i. e. a shift of frequency, arising from interactions 

with steady or unsteady currents (Doppler effects treated by White 1972) 

or horizontal shears (Perkins 1976), as discussed in Section 5. 3(iv).  

Such interaction may explain the JD 254-258 episode, already noted in 

Figure 68, in which a 17. 3 hr periodicity forms an apparently isolated 

exception to the general finding during the season of established whole

basin stratification, namely an average 16. 9 hr rate of rotation of the 

horizontal current vector. That episode is, therefore, worthy of closer 

scrutiny, although no final explanation can be put forward now.  

The episode (Fig. 71) began with a short pulse of ENE-going wind on 

JD 250 which set strong inertial currents in motion in the upper layer (10 m), 

coherent at Stations 9, 55 and 59, with weaker inertial currents in antiphase 

below the thermocline (30 m) at Station 9. There was no well-defined 

periodicity and no clear evidence of temperature coherence with Station 16.  

That oscillation had decreased considerably in amplitude by JD 252 and was 

Legend for Figute 71, opposite 

Lake Ontario 1972, JD 250-260 (6-16 September): comparison of currents 
and temperatures (hourly mean values) at Canadian IFYGL Buoy Stations 9, 
59, and 55, also temperature at U. S. Buoy Station 16. Records are identified 
as follows: A and B, EW and NS components of wind stress at Station 9 (see 
Hamblin and Elder 1973); C, D, and E (EW component); F, 0, and H (NS com
ponent) of current at 10 m depth at Stations 9 (broken line for 30 m depth at 
Staltion 9), 59 and 55, respectively; I, temperature at 10 m and 15 m depth at 
stat ion 9; J and K. temper'atur.e at 10 m depth at Stations 55 and 59; L, tem
perature at 10 m, 15 m and 20 m depths at Station 16. Four rows of arrow-

heads, vertically aligned, are placed at 17. 3 hr intervals.
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apparently finally destroyed by the long pulse of S-going wind lasting for 
about two inertial periods (JD 253-254) and followed by six cycles of rela

tively regular inertial motion of average period 17. 3 hr at 10 m depth, 

nearly in phase at all three stations. Temperature waves and inertial 

currents in antiphase at 30 m depth were also found with 17. 3 hr period at 

Station 9.  

The following facts are noted. The three stations form a compact 
group, 8 to 15 km from shore. There was no convincing evidence of a 17.3 
hr oscillation at Station 14 (Fig. 25); and the apparent antiphase relationship 

between temperature waves at 9 and 16 was too indefinite to permit a con

clusion. The local inertial period at Station 9 is 17. 28 hr; but the presence 
at that station of thermocline waves and sub-thermocline currents in clear 

antiphase with upper layer currents proves that the 17. 3 hr oscillation 

was not "true" inertial motion with no vertical component (see p. 98).  

Therefore, the exact inertial or super-inertial periodicity could only be 
accounted for in terms of either (a) forced waves (a possibility in this case 
in view of the near-inertial pulsation of the E-going wind component JD 
254-256) or (b) as a result of one or both of the above-mentioned wave/ 

current interactions. A significant factor in the eventual explanation of 
this episode may be the exceptional horizontal shear which existed during 

the JD 255-258 interval between the SE-going mean current at Station 9 

and the W-going mean current at Station 59. The mean current speed 

in both cases was approximately 10 cm s 

Synopsis 

Preliminary inspection of the IFYGL wind, current, and temperature 
records reveals a picture of inertial motion in which the strength and timing 

of the wind, the three-dimensional distribution of density, and basin topography 
all interact. In spite of this complexity there is evidence supporting the view 

that inertial waves are generated in two distinct but interconnected ways - -by 

mechanisms (i) and (ii) of previous discussion. For example, mechanism (i) 
is the principal actor when short bursts of wind -- lasting for not more than
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half an inertial period and causing little steady flow or displacement of the 

whole-basin thermocline -- are followed by inertial waves seen mainly as 

currents with rotation period very close to local inertial. Such events occur, 

intermittently, in any stratified region of the lake including localized patches 

of stratification; but when a whole-basin thermocline is present, resonance 

can occur with the baroclinic basin modes, probably mainly with the first 

Poincare mode (period 1 to 3% below inertial) in this case. Inertial motion, 

produced by direct action of the wind on the water surface, is also present 

but much less conspicuous in winter, as illustrated by the current spectrum 

in Pickett (1977).  

Mechanism (ii) comes into play only when a whole-basin thermocline 

has fully developed (mid-July to early November) and when a storm lasts long 

enough to produce substantial quasi-geostrophic flows and displacements of 

the thermocline from equilibrium. The inertial waves thus generated form a 

discrete set of baroclinic basin modes, modelled here as Poincare waves.  

For reasons given on page 98, thermocline oscillations are expected to show 

and apparently do show a wider spectrum of modes than do current rotations.  

In these rotations the first mode is usually dominant.  

Mechanisms (i and (ii) -- although distinct and differing in the 

timing of their response to wind -- act concurrently throughout the stratified 

season, sometimes in consort, sometimes in opposition. The combined 

response in a particular episode is determined by the strength, direction, 

horizontal distribution, and timing of the wind stress, by the thermocline 

topography then existing, and by resonant interactions which occur.
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