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RBSTRQCT/EX—E’CUTWE SUMMARY

Current meter and thermistor string records made at a
mid-basin site from May, 1979 through February 1988, arnd during
August, 1980 are used to determine the time aﬁd space scales of
horizontal motion in mid lake and to relate these to the major
forecing variables. Motions at‘fPequencies larger than @.125
cycles per hour are horizontally coherent over a few Km only,
whereas lower frequency motions may cohere significantly over
tens of km in the stratified season. Highest current speeds are
asscciated with circularly polarized clockwise rotating motion at
the inertial period at 15 m depth above the main thermocline.
Surveillance cruise data shows the mid Central Basin array to be
lécated in a zone of relatively flat thermocline topography but
suggests that internal pressure gradients might at times be'hwge
enough to influence bottom flo@. Limited small-scale sampling in
the vicinity of the mid-basin array shows the existence of
intense but small scale (5 km) internal pressure gradients that
are undersampled by the array of thermistor strings (séparated by
18 km). A simple diagnostic model of locally driven (pressure
gradients and wind stréss) currents appropriate to a region of
constant depth is proposed. This MOdel and multivariate
statistical techniques in the frequency domain are used to
show that the.internal pressure gradients as measured by the

array of thermistor strings are of marginal dynamic significarnce



(although the smaller scale gradients may contribute
substantially to the observed variance) and to suggesf that the
locally driven model (wind stress near the surface and pressure
gradients from wind set-up near the bottom) accounts for some of
the observed relation between winds and currents. Evidence for
the two—-gyré mode of wind driven circulation in closed basivns is
also found. Many of the observed features of circulation,
including seasonal evolution, can be related to the role of
stratification in poverning the vertical distribution of

turbulent mixing.



SOMMAIRE ET RESUME ADMINISTRATIF

Les relevés effectufs au moyen de moulinets et de chafnes 3
-thermistances au milieu d'&tendues d'eau de mai 1979 & février 1980 et en
‘aofit 1980 ont servi 3 &tablir les &chelles de mesure du temps et de 1l'espace
permettant de décrire les mouVements horizontaux qui animent 1'eau au centre
des lacs et de les aﬁpliquer aux yariables caractérisant les principales
forces agissantes. Les mouvements 3 des fréquences dépassant 0,125 cycle par
heure conservent leur cohérence horizontale sur quelques kilométres seulement
tandis que les mouvements de fréquences plus basses peuvent demeurer
cohérents de fagon marquée sur des distances de plusieurs dizaines de
kilométres pendant la période de stratification thermique. Les courants les
plus rapides engendrent des mouvements giratoires polarisés de période
inertielle, tournant dans le sens des aiguilles d'une montre, 3 une
profondeur de 15m au—dessus de la thermocline principale. Les données
recueillies par les navires de recherche hydrologique ont révélé que le
réseau d'instruments déployés au centre du bassin se situe dans une zone od
la topographie de la thermocline est relativement uniforme. 1I1 semble
toutefois que les gradients de pression interne puissent par moment atteindre
des nivéaux suffisants pour agir sur les courants en profondeur. Un
&chantillonnage 3 petite échelle d'une zone limitfe dans les parages du
réseau au centre du bassin a mis en &vidence la présence de gradients de
pression interne abrupts qui, en raison de leur faible éténdue (5 km), sont
sous—-&chantillonnés par les chafnes 3 thermistances (déployées tous les
10 km). On propose un mod&le simple qui permettrait de diagnostiquer, pour

une région de profondeur uniforme, les courants produits par des forces



locales (la poussée du vent et les gradients de pression). En s'appuyant sur
ce modélé et en appliquant une technique statistique multivarie au démaine
des fréquences, on démontre que les gradients de pression interne mesurés par
bles chafneés de thermistances n'ont qu'une incidénce minime sur la dynamique
des syt@mes 3 1'&tude (bien que la variance observée puisse &tre en grande
partie 1iéée 3 ces gradients de faible &tendue) et que le mod&le des forces
locales (le frottement du vent 3 la surface de l'eau et les gradients de
pression en profondeur créés par les montées de nivéau d'eau dues au vent)
expliquent quelques—uns des rapports qui ont &té observés entre les vents et
les courants: On a &galement découvert des preuves confirmant que le vent
soufflant dans un bassin fermé engendre des tourbillons jumeaux tournant en
sens contraire 1l'un par rapport 3 1'autre. Bon nombfe des caractéristiques
de la circulation qui ont &t& observée, y compris 1l'évolution saisonniére,

peuvent &tre relifes au r8le de la stratification thermique qui régit la.



WATER MOVEMENTS AT A MID=CENTRAL BRSIN SITE
INTRODUCTION

The Joint experiments of 1979 and 1982 were plarred with
the advice of chemists, bioiogists and physicists. Responsibility
for the documéentation of basin—-scale circulations was borne by
the Great Lakes Environmental Research Laboratory (NORR) at Armn
Arbor, Michigan (Saylor and Miller, 1986, this volume), while the
National Water Research Institute (Envirorment Canada) at
Burlington, Ontario undertoock more detailed studies both
ﬁearshnve and in the open lake. Ori thé advice of participants in
Progect Hypo (Burns and Ross, 1972), we selected a mid=basin site
located approximately halfway between Cleveland, Ohic and Erieau,
Ontario (Figure 1). This zone was thought tco have relatively
homogereous physical and biochemical characteristics andvto be
representative of the main offshore portion of the Central Basin
where late summer anoxia of the bottom water is frequently
observed. An array of currernt meters, thermistor chains, and
metecorological buoys was centred on a point 41 SQ.S’N by 81

S1.@2°W, a position desigrated as Station £7. Measurements were

extended both north and south to the shores of the lake. On the

south shore near Clevelarnd, instruments were placed to provide
information on the climatology of coastal currents, information

useful in evaluating the impacts of effluents introduced near



Cleveland on the rest of the lake. On the north shore of the
basin, efforts were made to document the upwelling thought to
occur there from time to time(Boyce and Chiocchio, 1986).
Information from moored instruments was supplemented by data
cellected from the ship aﬁchored at Station @27 during three
intervals in 1979 and one in 1988. The ship data included‘
profiles of temperature, light transmission, subsurface
irradiance, dissclved oxygen and other chemical species
(Robertson and Boyce, 1986). Clusters of drogues were tracked by
radar from the anchored vessel (Sandetrson, 1986, this volume). R
major goal of this complex experiment was to study locally acting
physical and biochemical processes in a region where they would
be most isclated from charnges produced by large scale transport

and mixihgvof heat and materials from the nearshore zornes.

We wish to examine the extent to which the data supports
the hypothesis that the currents depend on wind stress (directly
in the upper mixed layer, and indirectly elsewhere due to the
pressure gradients caused by wind set-=up), interrnal pressure
gradients caused by horizontal variations in the dersity field,
and coriolis force dﬁe to the rotation of the earth. Hypolimniown
currents are expected to depend strongly on all these factors and

this study will focus particularly on them.

SPECTRA AND CROSS-SPECTRA OF CURRENTS IN MID-EASIN



Data from recording curreént meters form the mainstay of
this discussion. With the exception of the MCATS and the GVAPS
gystem (to be described later), these_wererall of the moving
rotor type. They were placed at the locations shown in Figure la
& b with a maximum of four currérit meters distributed between a

depth of 1@ metres and the bottom.

Each successful current meter deployment yields a vector
time series comprising a sequence of quadruplets - time, north
component of velocity, east componment of velocity, and
temperature. The technique of spectral and cross—spectral
analysis allows one to make quantitative statements abocut the
distribution of horizontal kinetic energy among a sequence of
non-overlapping contiguous frequency bands, and to explore the
extent to which motions withinh each of the bands are linearly
correlated over the distances separating the current meters. The
technique is valid when the records are long enough
and sufficiently sampled t& contain an adequate representation of
all the imporant (energetic) frequencies, and when the erergy in
each of the frequercy bands is distributed uniformly in time
through the record. None of these requiremernts can be met
unequivecally in the practical analysis of Lake Erie data and

some care must be taken in the interpretation of the results.

The spectral analysis routine is an adaptation of the

Blackman-Tukey mean-lagged-product algorithm. The raw spectral



estimates are smoothed by a Hanning filter ard the reéported
estimates carry at least 20 degrees of freedom. The standard
error of a single spectral estimate is 32% before smocthing

(Otrnes and Enochson, 1972).

We can identify several seasorns in the climate of water
movements in the Central Basin, the build-up of stratification,
the summer stratified period, the breakdown of stratification,
and finally the unstratified winter period. Not all of these are
of equal interest and we have corncentrated on the summer
stratified period when oxygen concentrations become low in the
bottom waters. We have analysed a segquence of 30 day pericods
Fepresentative.of the seasonal charnpges in the lake and our

interest in them:

mid=June to mid=-July, 1973 — early part of stratified

season
mid-July to mid-August, 1979 -— mid summer

mid_Rupust to mid-September, 1979 -- late part of

stratified season

mid-September to mid-October, 1979 =- breakdown of

stratification



mid—-November to mid-December, 1979 -- early winter

(no ice cover)

mid-February to mid-March, 198@ -— late winter

(ice—-covered)

August 1 to Aupust 30, 198@ -- late part of stratified

season

Figure & shows kinetic energy spectra of currents at the
18m ard 20 m depth. This general form is typical of currents in
mid-basin from June thﬁough'September. Between frequencies of
2. 005 cph and @.252 cph the energy spectrum decreases with
frequency with the exception ofva marked peak centred on the
local inertial freguency extending from 0.042 cph (24 hr period)
to 0.125 ecph (8 hr pericd). This peak contains energies at some
of the major resonances of the basin associated with free surface
and internal seiches, and pure inertial motions. These will be
discussed in more detail below. Spectra fall naturally into three
>fYEQUency bands; Band Q'comprising frequencies less than those of
the resonance band, freq@encies between 0.8184 cph (96 hr) and

0.042 cph (24 hr), band B, the resonance band, between @.042 cph




‘ (24 hr) and ©@.125 eph (8 hr), and band C betweer 0.125 cph and
2.252 cph (4 hr). The low frequency limit of band A is the limit
at which reliable spectral estimates can be formed from a record
30 days long. The upper limit of band C is chosen arbitrarily at
a frequency high enough to include the déeminant portion’of the
kinetic ernergy. In the preliminary discussion of this and other 32 day
records we shall examine the distribution of erergy within these
frequency bands and their spatial coherences in both

vertical and horizontal dimensions.

Band averaging obscures all detail within the band but
confers a welcome simplicity to an otherwise complicated task.
The standard errors of the spectral eétimates are reduced by bavnd
‘ averaging to 11% for Band R, 7% for EBand B, and 5% for Bard C

(Otrnes and Enochson, 1972).

In choosing a figure of merit for the coherence between
two vector series we have selected ore half the square root of
the trace of the covariance matrix, which we shall call averaped
coherence. This figure is invariant to rotations of coordinate
systems (Calman 1978). The standard error of the estimate of

averapged coherence is of order 5% (Otnes and Enochsen, 1972).
Barid Averaped Spectra.

‘ Figure 3 provides a graphical summary of the



band-averaged spectra and cross spectra for séléctéd,
non—-overlapping 3@ day periods from June 1979 to March 198a.
Spectral amplitudes are presented not as energy densities but as
rms velocity scales representinhg the variance within each of the
three bands. These nﬁmbers are suitable velocity scales for motions

within each of the bands.

The current meter spectra from Juhe through September
(first three episodes) are all dominated by Band B peaks,
particularly the records from the 15m instruments during the July
- August period. This last period ié depicted in Figure 2. Within
Band B, clockwise motion predominates. The resconant peak is not
as obvious in the remaining spectra; from September orwards;
circularly polarized inertial pericd motion is replaced by
linearly pelarized free-surface seiching. The spectrum for 15 m
currents during the September - October pericd is the result of
aliasing surface wave orbital motion via the rectifying
properties of a savonius rotor. The band—-averaged spectra for
February — March, 1980 show roughly equal amounts of energy in
Bard A and Band B suggesting that the nearly total ice-cover

further suppresses the seiching motion.
Horizontal Coherences.

Figure 3 shows horizontal coherences representative of

the rominal 10 km by 1@ km mid-basin array. When the coherence

- 1@ -



between two séalar quantities is less than @.5, less than 28% of
the variance (energy) can be explained by a linear relation
between the variables. While the relationship for vector time

- series is more complex, we retain the value of average horizontal
coherence (defined earlier) of @.58 as the boundary of
energetically significant coherence. At the 1@ m depth, the
horizontal currents are strongly coherent through Bands R and B,
less coherent in Band C. The pattern at 2@ m depth is similar;
the coherences are gerierally slightly less. Within the 1@ km by
12 km array, horizontal phase angles in Bands A and B are

effectively zero.

Ore expects that the averaged horizontal coherence ought to
correlate inversely with separation distance between current
meters. To test this hypothesis, linear regressions of averagéd
horizontal cohérehce oh separation distance were computed. When
the correlation coefficient of this regression had an absolute
value greater than 0.4, the regression line was used to estimate
the separation distance at which the coherernce reduced to ©.5@.
This distance serves as a rough length scale for energetically

significant coherence (see Table 1).

The table shows significant coherence in bands A and B
over many tens of km in the summer months, becoming smaller in
the fall. A length scale for Band C could not be determined in

1979, but in 1980, when the minimum current meter separation was



reduced to 3.@ km, the length scale was estimated to be 8 km.

FORCING FUNCTIONS; WIND STRESS AND INTERNAL PRESSURE GRADIENTS

Wind Stress

The distribution in time and space of wind stregs has
been discussed earlier in the papers of Chapter & (see Hamblin,
Schertzer et al., 1986, this volume) as has the seasonal build-up
and decay of thermal stratification. We shall study the
meteorological-buoy wind data ccllected as close as possible to
the central station in the mid-basin array. Root mean square wind
speeds inh the three barids are presented in Figure 3 (analogous to
the current speeds also in Figure 3 ). The seasonal trend from
early summer to late fall is for increased speeds in Band RA. The
dominance of Band A reflects the dominance of storm events with
time-scales greater than a day. During the late fall and winter,
data is available at shore stations only. Extrapolation of this
data to mid-lake is cemplicated by the necessity of employing
empirical land-water wind ratios (Schwab and Mortor, 1885); such
an interpclation would be indicative only of the gross, low
frequehcy aspects of the local wind field. We have assembled an
average value of the shore-based winds for the winter months for
approximate evaluation of the coupling between winds and currents
during the winter but we dé not present the rms speeds in Figure

3.



During the stratified season, the wind stress directly
affects the upper mixed layer while the wind set-up cﬁeates
surface pressure gradients that are felt throughout the water
column. In principle, the pressure gradients can be measured in
mid basin by an array of sensitive bottom—mounted water-level
gauges. This was attempted in both 1979 and 1980, and Hamblin has
employed this data to verify his storm-surge model (Hamblirn,
1986, this issue). Since the wind set-up is achieved within a few
hours of the onset of a wind event, the surface pressure
gradients are very tightly coupled to the wind stress vector, and

the latter serves as a primary indeperndent variable.
Internal Pressure Gradients: the Température Field.

A description of the seasonal thermal structure of Lake
Erie’'s Central Basin is provided by Schertzer et al (198&, this
volume). Winds blowing over a stratified basin cause warm surface
water to leave the upwind shore and to accumulate on the dowrwind
shore. The force acting to restore this imbalarce and return the
surfaces of constant density to their equilibrium level position
takes the form of internal pressure gradients. In Figure 4 is
shown the topography of the Central Basin thermocline computed
from temperature profiles collected during six monitor cruises.
-Each cruise spans a time interval of about five days, long enough
to raise some questions about the synopticity of the results

since the timescale of significant adjustment of the density



field towards equilibirium is of the'order of two days, and the
energetic periods in the wind-forcing spectrum are of the order
of a few days, as well. Nevertheless, on four of the six cruises,
the observed trend is for a deeper thermocline in the
southeastern part of the basin as we would expect from the
direction of the prevailing winds. The diagrams indicate that the
slope of the thermocline is small in the region of the offshore
array (marked onh the diagram), of the order of .0221 (1@ cm per
km). Taking a typical density contrast between the epilimnion and
the hypolimnion to be 1.0 kg.m**3, the above slope is dynamically
equivalent to a horizontal force acting on the hypolimnion water
of 10#%—06 n/m*%3. The surface pressure gradient forée acting
over a 23 m water column and set up by a @.1 n/m**2 wind streés
(typical value for significant meteorological event) is of the
order of 10%%-06 n/m**3 as well, suggesting that the internal

pressure gradient force may be significant in the lower layer.

During both the 1979 and 1982 experiments we cperated
horizental arrays of three and four thermistor chains, |
respectively, grouped near the main cluster of current meters.
The horizontal separation between thermistor chains was of the
order of 1@ km. In principle it is possiblé to estimate isctherm
slopes and internal pressure gradients from a minimum of three
chains. In practice, the accUrécy of the result depends or the
horizontal scales over which the thermocline topography varies

significantly vis-a-vis the horizontal separation of the
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instruments, the uncertainty in the vertical positioning of the
instruments, and the resolving power of the vertical array of
thermistors. With regard to the vertical positioning, it must be
noted that some of the chains had to be remoored when it was
discovered that they were toc short to allow proper freeboafd to
the instrument buoy. There is also a possibility that over a
span of time the anchors slowly settled deeper into the mud.
Several times during the summer of 1973, the vessel ADVENT
conducted a temperature survey in the immediate vicinity of the
mid basin array. Fourteen temperature profiles were ccllected
over a pericd of 5 - 6 hours, with the average horizontal
separation being less than five km. This data, when processed
identically te that collected with the thermistor chains,
provides a limited check on the performaﬁce of the chains (see

below).

For both the thermistor chain data and the temperature
profiles ccllected from ADVENT, the variable computed first is a
vertical integrai of the density field, from the surface to a
refererce depth below the surface (in this case 21 m) irn the
vertically mixed hypolimnicn region. The horizontal gradient of
this variable, multiplied by the gravitational acceleration, g,
is the required estimate of internal pressure gradient at the
referervice level. Removing the mears and linear trends from the
two componerts of the estimated pradient should help to reduce,

if rot eliminate, the errors due to positioning of the



instruments. The estimated gradient, with means and trerds
removed, is now filtered to remove all periods less than 3€
hours. The smoothed, law frequercy values of the

observed wind stress are converted to estimates of the surface
pressure gradient assuming a steady setup in cpposition to the
wind. The thickness of the entire water column is taken to be 23
m. It is found that the magriitudes of the estimates of the low
frequercy (Band A) surface and irnternal pressure gradients acting

cn the hypolimnion are comparable.
Thermocline mapping cruises

A measure of the ability of the horizontal array of thermistor
strings tc sample the internal presssure field is provided by an
examination of the "thermocline mapping cruises" mentioned above.
In Figure S the isopleths of the internal pressure field

at a depth of 21 mvbelow the surface, expreséed in pascals
(rewtons/m*%2), are sketched over a horizontal area that includes
the mid-basin array of current meter moorings and thermistor
strirngs for each of 5 cruises (July 1€, 3 August, 8 ARupust, 16
August, and 27 Rugust, 1979). The locations of the three
thermistor strings used to form the time series representation of
the interral pressure gradient are marked. Tﬁe bias of the array
to the rnorth-socuth or cross-lake directior should be noted. For

each of the cruises, the internal pressure gradient estimated

from the thermistor string data is marked on the plot by an arrow



pointing in the direction of the interrnal pressure gradient force
(from high to low pressure) and the length of the arrow is egqual
to the distarce required to produce an internal pressure change
of 1@ pascals, given the estimated gradient. Note toc that the

estimated gradiert is smcocothed to yield approximately daily values.

fhe first two examples (July 16 and Rugust 3) show eviderce of an
internal pressure field that varies significantly across
horizontal sealesiof less than S km and is consequently
undersampled by the array of instruments. On August 8, the
mapping cruise shows a steep trough betweer the two scutherly
instruments superimposed o a more gentle north-scuth trend. The
interral pressure gradient estimated from the thermistor strings
matches this trend. Much less small scale variability is found on
August 16. The mapping data shows that the assumption that the
interral pressure field can be approximated by an interpolation
of measuremerits separated by 1@ km is at times in serious error.
However, the perturbing small scale features must be hipghly
mabile, brupagating through the region as internal waves.
Instantanecus estimates of the internal pressure gradient from
the array of thermistor strings will be badly aliased by the
small scale features, but values averaged over long encugh times

may retain dyriamical significarice.
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DYNARMICAL SIGNIFICANCE OF ESTIMATES OF WIND STRESS, INTERNAL
PRESSURE GRADIENTS, AND CGORIOLIS FORCE ON CENTRAL BRSIN BOTTOM

CURRENTS IN MIDSUMMER.

An approximate set of equations of motion for the bottom

currents can be written

(l1a) du/dt = fv + Fx - ku

(1b) dv/dt = -fu + Fy - kv

Local accelerations are balarnced by the pressure gradient force,
(Fx, Fy), the coriolis force, (fv, —-fu), and a friction faorce,
(=ku, —-kv). Similar equaticns have beer propsed by Pollard and
Millard (197@) for the wind-drivern upper mixed layer. It is
assumed that the lateral variations of curréents are small. The
system resconates at the local inertial (angular) frequerncy, f.
stuming forcing furctions of the form Fx = Xexp(Jiwt+&1)), Fy =

Yexp(j(wt+&2)), the corresporndivng solutions to (la) and (ib) are

written
(2a) u(t) = Hux*exp(J&ux)*Fx + Huy*exp(Jj&uy) *Fy
(2b) v(t) = Hvx#exp(J&vx)#Fx + Hvy*exp(j&vy)*Fy



where Hux*exp(j&ux) etc. are complex transfer functiors,
expressed in terms of the gain H and the phase angle &. Tabie
(2) pives the gains and phases for the four transfer functions at
selected frequemcies betweern @ and twice the local irertial
freqﬁency. At low frequencies, the inertia term is small and the
force balarnce is primarily geostrophic (current directed to the
right of the applied force). At higher frequencies, abave the
local irnertial frequercy, the dynamic balance is mainly between
applied forces and acceleration. This simple model will prove to

be useful as a diagnostic toocl.

Respornise of bottom currents to winds and internal pressure

gradients.

The hypothesis to be tested is that bottom cUrrents.
respond to the sum of surface and internal pressure gradients and
corialis force. Since surface pressure gradients at time scales
greater than a few hours oppose the wind stress, the wind stress
is taken as the primary independent variable. This is stated

formally:

(3a) wu(t)

Ulvit), wxx(t), wyy(t), pix(t), piy(t)) + zul(t))

(3b) vi(t)

Viu(t), wxx(t), wyy(t), pix(t), piy(t)) + zvit))



wxx(t) and wyy(t) are the two components of wind stress, pix(t)
and piy(t) are the two components of internal pressure gradient,
and zu(t) and zv(t) represent the motions that are not related to
the independert variables. The independent variables are
correlated among themselves (the internal pressure gradients
arise from wind=driven water motions, for example), so that simple
cross-correlaticons betweern an indeperdent variable and &

deperdent variable may not reveal the true intérconnection.

The technique used to study the relaticnship is that
applied to describe liriear systems with multiple inputs in the
fregquercy domain (Otnes and Enochson, 1972) (Boyce, 198&). The

various steps and end products of this computation are described:

1) Corcurrent hourly-sampled time series of all variables are
assembled for the time period under investigation. Means and
lirear trends are removed and each series is rnormalized to unit

variance.

2) Frequency barnds of interest are defined and the co— and
cross-spectra between all pairs of variables are estimated for
each frequericy band and stored as a complex-valued matrix. The

deperdent variable occupies the first row and cdlumn.

3) A multiple coherence is estimated for each frequency

barid from the elements of the cross—-spectral matrix. This



ccherence is a measure of the portion of the variance of the
dependent variable in the frequency band that can be associated

with a linear function of the independerit variables.

4) Transfer functions (gain and phase) relating the dependent
variable to the indépendent variables are computed together with
estimates of their confidence limits. The transfer functions
describe the optimum linear relation between the dependent
variable arnd the independent variables in the frequercy domain.
Because of the normalization of all variables to unit variance,
the gains of the transfer functions are of order 1. The relative
values of the gains serve to rarnk thé variables in order of

impartance.

9} Partial coherence between the dependernt variable and an
independent variable is the residual cohererce after removing the
effects of the relation of the chosen independent variable to the
other independent variables. The partial coherence betweern u(t)
and pix(t) is the ccoherence betweern u(t) and the variable pix' (t)
that is formed after subtracting from pix(t) the
least-square—-error linear relaticrn between pix(t) and the

variables wxx(t),wyy(t), and v(t).

Table (3a) is the output from the program described abave
for the period 15 July to 15 Rugust, 1979. The dependent variable

is the cross—lake comporent of current at 19m depth at station



27. This lccation is in the middle of the offshore array and
within thé hypolinnion. Independent variables are the aleong-lake
component of velocity, the twc componernts of wind stress, and the
two components of internal pressure gradient estimated ffom the
surrounding thermistor chains. Linear trends are removed from the
interral pressure gradient components. Means are subtracted from

all variables.

Empirical estimates of the g95% confiderce limits for the
multiple coherernce function with comparable degrees of freedom
show that multiple coherences greater than 2.@05 are significant.
Values of multiple cohererce greater than @.20@ are attained in
the lowest five frequency bands of Table (3a), corresponding
roughly to Bands A and B defined previously arnd decrease to
values near the the significance level at higher frequencies.
With the exception of the zero frequercy band, the transfer
furiction between the v component and the u componernt of veleocity
is the larpest of all in these five bands and the phase angle
deriotes clockwise rotation of the velocity vector. The déminant
effects of the earth’s rotation are seen in both the transfer
furiction ard the partial coherenée betweern the twco velocity
compornients. Bearing in mird that the wind stress is in the
opposite direction to the estimated surface pressure gradient,
the phase argles between the wind stress and the current
component are close to those of the simple mcdel at frequerncies

less than the inertial freguency. The phase shift exhibited by




the model as the frequencies change from lower to higher than the
inertial frequency is not repeated in the data (see discussion
below). The transfer functidns between the current componert arid
the internal pressure gradient are significant at the 95% level
near the inertial fregquercy. Both transfer functions bear the
same phase relationship to the v component of velocity; this is
not compatible with the model. Examination of the power spectra
of the two internal pressure components shows approximately egual
energies in each frequency band and they are strongly correlated,
one with the other. The éestimate of the internal pressure
gradient has assumed that the thermocline displaces as a plane in
the vicinity of the thermistor arrays. This does not allow for
any wave proapagation effects that would imply different phase
relatiorships at different frequercies. Rather than impose a
linear relationship among the measured internal pressure terms,
the optimum least—-square—error relationship can be determined
statistically from the routine described above. In this case the
independent variable list contains as before a current component
arnd the two compornents of wind stress, but alsc includes the
three pressure estimates, ore from each of the theﬁmistoﬁ arrays.
The multiple cchererces in this computation (Table 3b) do not
‘differ significantly from those obtained using the pressure
gradient estimate (imposed linear relation among the individual
pressure estimates). R third computation in which only the wind
stress compornents and the other veleocity comporient are retained

as independent variables yields multiple coherences that are



slightly, but significantly (at the 95% level) lower than the

previocus values in the freguency bands near the inertial

frequerncy (Table 3c).

In 1980, four thermistor strings were operated in the
Certral Basin array. An estimate of the interﬁal pressure
gradient was formed by the least-square-error fit of a plane
through the four observed points. The statistical computations
were performed first on the set of variables comprising the wind
stress components, the internal pressure gradient comporents, and
the other velcoccity compornert. Then the calculatiqns were redone,
dropping the internal pressure gradient comporents. Unlike the
computations for 1979, the multiple cohererices obtained excluding
the inteérnal pressure gradient are significarntly the larger of
the two. Examining the thermistor string records themselves
suggests that the irnstrument to the scuth of the array may
represernt a somewhat different regime. The third version of the
routine was performed carrying the three most northerly observed
pressures as independent variables in addition to the wind stiress
components and the velocity component. The multiple coheverces
differ'only slightly, and not sighificantly; from those

calculated using the internal pressure gradiert estimates.

Thus in 1979, the interral pressure field as sampled by
the three thermistor arrays; is dynamically significant, but only

marginally so, although the calculated phases do not fit the




simple model. In 1988, the temperature field appears to be less
homogenecus; with the same spacing, the sampling is iﬁaquuate to
resclve a spatially cocherent pattern. In all cases the partial
coherence between currents and pressure gradient terms is small,
indicating that the wind stress is by far the dominant forcing

variable at low frequencies.

RESPONSE OF CURRENTS AT 1@, 15, AND 20M DEPTHS TO WINDS; ALL

SEASONS.

The analysis developed for assessing the response of
currents to wind stress and the internal pressure gradient is row
applied to current meter data from 1@, 15, and 2@ m depths cver
the entire 1979 measurement period. Taking the componenfs of
current as the dependent variables, ore at a time, the
independent variables are the two components of wind stress, and
the other component of current. The cutputs of the analysis are
the multiple coherence that measures the proportion of the total
variance of the currert sigral that carn be be asscociated with a
liriear combination of the independent variables irn each frequency
bard, and the transfer functions (gains and phase anhgles plus

confidernce limits).

Multiple cohererces (see Table 3c for an example) at
frequencies higher that ©@.1 cph approach the significance at all

depths and at all times as was noted for the midsummer bottem



currents in the preceeding paragraphs. This frequency may then be
considered as a high frequency cutoff for deterministic motion in
the Central Basiri. Band C may be viewed as large scale

turbulerce.

It was noted that the evolution of the phase anples
betweenn the wind stress components and the current components as
the frequency progressed from zero thfough the inertial frequency
did not agree with the output of the simple model to single
frequency inputs. To investigate this behaviour, a program was
written to sclve equations la and 1b numerically, and the
cbserved wind recnrdvshifted by 182 degrees was used as input.
The cutput, assumed te behave like bottom currents driven by
swrface pressure gradients, for the mid-July tormid—nugust periocd
is shown in Table 4. This should be compared with Table 3ec. It
will be seen that the progreséion of phase angle of the model
matches closely that of the observations. On the other hard, the
response of the rumerical model to single-frequency inputs is
exactly that of Table €. The two approaches agree at low
frequericies, and the discreparncy has obvicusly to do with the
spectrum of thé wind forcing. Table 4 may be viewed as the

signature of the simple, locally-forced theocretical model.

The spectrum of local winds shows the preatest erergies
at periods between 5@ and 102 hours (2.21 to 0.02 cph). This

input will be well represerted by the band certred orn 0.025 cph



in the calculations described above. For near-surface motion,
directly driven by the wind stress; the model indicates that the
y-component of current will lead the x—comporient of wind stress
by 2.5 cycles and the y—compenernt of wind stress by @.25 cycles
(see Table 2). Foér bottom currents driven by the surface pressure
gradient, the phases Qill be shifted by 8.5 cycles. The phase
angles then are indicative of the flow regime vis—a-vis the local
forcing. In Table S we present a summary of calculations

=

identical to those used to prepare Table 3c but extended to S

measurement periods and three depths.

The multiple coherernce squared values are a measure of
the success of the presumed linear relation between the
y—-compornient of current and three independent variables, the
x—component of current and the the two components of wind stress.
These values are largest during the mid-July to mid=Rugust

period; they become small in the two autumn months.

The phase betweern the two componerts of current at ail
depths is close to the value -0.25 cycles expected for circularly
pclarized, positively rotating motion from mid-May through to
mid-September, but in the final pericd (September—QOctober) it
shifts toc nearly 0.5 cycles, a value asscociated with rectilinear

motion.
With two exceptions, both occurring at 15 m depth, the

- 10 -



phase relationship between the y or cross—lake component of
current and the the along-lake or x component of wind stress fits
the model, either as a surface—driven.response or a
pressure—gfadient driven, bottom-layer resporise. The 15m depth
appears to be ore of transition between the two regimes; this
feature is discussed more fully elsewhere in this volume (Boyce,
1986 __). Concerning this phase relationship then, during all
months the 1@ m depth belongs to a surface~driven regime. With
the exception of the twoe "maverick" 15m records, the observations
at 15 and 2@ m fit a bottom, pressure gradient-driven regime. In
the final pericd, September-Octcber, all depths correspond to the
surface—-driven regime. This development must reflect the
exterision of the wind-mixed layer to the bottom of the lake once

the stratification has disappeared.

The phase relationship between the y-comporient of wind
stress and the y-component of current is less-easiliy
interpréted. Four of the 15 phase angles can be interpreted as
the bottom or pressure gradient driven regime, but the phases of
the remaining exampies are such that the current component

directly opposes the wind stress component.

Treating the x—-compornernt of current as a deperdent
variable yields similar results. Concerning the phase
relationship between current compornerts and wind stress

conmponents, the phase between the x—component of current and the



y—component of wind stress can be fitted to the model of locally
~driven currerits, whereas the relation between the x—componernt of
current and the x—-component of wind stress contains a

preponderance of opposing phases.

A possible interpretation of these results is that they
give evidence of two coexisting wind-driven regimes. The first
regime, described by equations (1a) and (ib), is that of currents
driven locally by eithér the direct action of the wind or the
pressure‘gradient caused by wind set-up. Thié regime would obtain
only when the quasi-static wind set-up could be achieved in a
small fraction of the inertial period. The second flow regime is
the one giving rise to basin scéle gyral motions in closed basins
of variable depth; water moves downwind in the shallow zones ard
upwind in the deep (Benrett, 1974). The observations contain the
deep water response. When the stratification is very pronounced,

the first regime predominates.
SUMMARY AND CONCLUSIONS.

Current and wind spectra are conveniently studied in
terms of three main frequency bands. A low frequency band (Band
A) extending from the lowest resclvable frequency to the diurnal
frequency, a resonant frequency bard including the inertial and
first-mode seiching frequercies (Band B), and a high frequency

bard externding from @.125 to 0.250 cph (Band C).



A striking feature of the currents observed in the
stratified period mid-July to mid-August are the very large
inertial pericd motions at the 15 m depth. These are the largest
of all observed currents. A separate paper (Boyce, 1986 __) in

this issue deals specifically with this feature.

Motions in Bands A and B cohere horizontally over tens of
kilometres as opposed to a few kin for Band C. Observed horizontail
coherences are largest in mid-summer (stratified) and become
smaller in the fall (urstratified). Within the mid-basih.array,

phase angles for motions in Bands A and B are effectively zero.

Thermocline topography derived from surveillance cruise
data shows the mid-basin array to be located in a zore of
relatively flat topography. Narrow zones of upwelling (northwest
shore) and downwelling (southeast shore) are observed consistent
with the prevailing winds. Mid-basin internal pressure pgradierts
are nevertheless estimated to be at times dynamically significant
to flows in the hyplolimnion. Time-series of internal pressureé
gradients in the hypolimnion are estimated from self-recording
thermistor strings spaced roughly 1@ km apart. Roct mean square
values of these gradients are comparable to estimated surface
pressure gradients due to wind set-up. Limited comparison of the

time series data with detailed mapping of the internal pressure

- 13 -



field cbtained from a few densely sampled launch cruises
indicates that the 1@ km thermistor string spacing seriously
undersamples the horizantal variability existing in the
temperature field; the timé series estimates of intermnal
pressure gradiernt must be averaped over €4 hours or more to

eliminate aliasing by small-scale variations.

Multiple ccherence-squared functions, transfer functions
(gains and phases) in the frequency domain, together with a
simple dynamical model are used to establish the dynamical -
significance of the estimated internal preséure gradient. In
1979, the internal pressure gradient is marginally significant at

low frequencies, in 1988, not at all.

The statisitcal techniques and model menticored ébove are
applied to an analysis of the relation betweern currents and the
major forcing variable, the local wind stress. The multiple
coherence squared functior becomes statistically insignificant
for all périods and all depths at frequencies higher than ©. 10
cph. Mctions in Band C are then viewed as large-scale turbulence.
The mutliple cochererce squared function attains the largest
values (8.65) in thg mid—-July to mid—ﬂugust‘period and the

smallest values (@.15) in the mid-September to mid-October pericd.

The portion of the current compornent variance explained

by the optimum linear relation with wind stress is described by

- 14 -




the transfer functicnhs, both gains and phases. The phase angles are
most simply interpreted. The phase angle bétween the two current
components is indicative of a clockwise rotating current vector
in all measurement periods‘except the September-0October period
where the phase angle 5ugge$ts rectilinear motion. The phase
relation betweern the wind component at right anglés to a velocity
component shifts by half a cycle with depth. It can be explained
in terms of a simple, locally—forced model by assuming that the
near surface motions are directly powered by wind stress while
the near-~bottom motions are powered by the surface pressure
gradient arising from wind set—up.'The relation between a
velocity component and the wind stress component parallel to it
does not usually fit the model, and more often than not, the
currents oppose the wind stress. This last feature can be
interpreted as the offshore signature of the two—-gyre mode of
wind driveén circulation in closed basin first proposed by

Bermett (i974).

The unexplained variance in the current signals is
typically S52% or more. Sources of thig variance are measurement
errors, small (horizontal) scale internal pressure gradients,
unidentified non-liriear mechanisms, bottom topopraphy effects,

and large-scale turbulernce.

A recurring feature of the entire discussion is the

degree to which the currents deperd on the thermal



stratification. The role of stratification in producing internal
pressure gradients appears to be primarily a small-scale
phencmencon, not well resclved by the measurements. On the cther
hand, the role of stratification in controlling the vertical

distribution of turbulence appears very important.

_16_
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TRABLE CAPTIONS

Table 1. Estimates of the distance at which horizontal
cohererice is reduced to @.5 for motions in
Bands A, B, and C (the last for 19802 only).
Under "Separations” are the minimum and max=
imum instrument separation distances in the
network of observations.

Table 2. Gain and phase angles for the transfer

' functions betweern sinusoidally varying press-
ure gradient forces and reslulting currents
for the equations 1a and ib. The friction time
scale, 1/k, is set to 12 hours, the local
inertial frequency is 0.0558 cph (period =
17.9 hours). Phase angles are expressed in
cycles and represent the amount the forcing

. function lags behind the response.

Table 3. a) Multiple coherence, transfer functions,
partial coherences describing the relation
between the across-lake component of current
at 19 m depth and a group of independent
variables conprising the along-lake comporent
velocity, two wind stress comporents, and two
internal pressure gradient components. The
time interval is from July 15 to August 15,
1975.

b) Similar to Table 3a except that the two
internal pressure gradient components are
replace by three pressures.

c) Similar to Table 3a except that the inter-
nal pressure gradient componernts have been
removed from the list of indeperdent variables.

Table 4. Identical to Tablé 3c. The velocity signail
' arialysed is a numerical solution of equations
la and 1b using the July 15 to Rugust 15 wind
record to estimate the surface pressure gradient.
Results carn be compared directly with Table 3c.

Table S. Multiple coherence squared betweer the cross-—lake
comporent of current and the optimum linear
combination of the alorp-lake componert of
velocity (Coriolis force), and the two
components of wind stress (x — along, y — across).
Phase angles (number of cycles by which resporse
LEADS forcing) between the cross—-lake comporent
of velocity and the three independent variables.



S indicates the phasé relationship is consistent
with a surface-driven motion. B indicates that
the phase relationship is consistent with a
surface pressure gradient drivenh flow. R
indicates that the respcnse is a return flow,
moving against the wind. Calculations are
performed for three depths and five,

month-long episodes. An asterisk (#) indicates
that the 95% confidence limits of the phase arngle
are greater than 0.25 cycles.



TABLE 1.

fnterval

Depth and Band Separations

Length Scale

{m) (km) (km)
Min Max
June/July 79 1@ A 5.9 27 37
1@ B 5.5 27 Y120
July/RAug 79 1@ A 5.5 1ez 116
i@ B 8.5 1oz 148
b={",] s] 5.5 i@ iee
p=17.] B 5.5 10@ 115
Sept/0ct 79 10 A 5.5 2o 24
i@ B 5.5 ca n/’s
20 A 5.9 20 31
ca B 5.5 ca 38
August 8@ 1@ ] 3.0 1ia.5 Y6l
ia B 3.0 10.5 ) 3@
i@ C 3.2 18.35 8
=i A 3.0 18.5 y7@
ca B 3.0 18.5 Y122
b={" c 3.0 1.5 8




TABLE &.

Frequercy
(cph)

2. 00

0. 0825

. 050

0. 075

2. 120

8. 125

'Hux

$ux

» 643
e.2

1.64
@.13

S. 32
« 04

3. 95

-~ 17

2. ee
- 21

1.57

-. &

Huy
$suy

2.7e
0.0

3.23
=. 04

S.74
s 16

2. 89
~. 39

1.23
“a 44

2.69
-. 46

Hvx
$vx

2. 70
. 50

3. 23
« 46

S. 74
« 34

2. 89
11

1.23
. 86

.69
. 04

Hvy
$vy

« 643
@.2

1. 64
.13

5. 32
. 04

3. 95
- 17

2. 22

-. &1

1.57

e EE:
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TABLE S.

Date T Depth “"M Cohz &vu &vx &vy
1675 T TRE T TTIeR T IESE TSI T IIE R TTTTTTTTTTIAS TR
15m « 463 -. 19 -.86 B .48 R
28m « 487 ~. 18 ~-.87 B -.48 R
15/6 - 15/7 10m - 305 -. 2@ - 42% § - 48% R
1Sm . 228 -. 23 —-. 28% -.c® B
2ém . 399 -.24 =-.01 E -.ga B
1577 - 15/8 1@m . 669 - 23 -.44 5 46 R
15m . B4 —. &6 -. 16% B =, 29% E
20mn . 650 - 27 -.83 B -. 35
1578 - 15/9 1@m . 144 -.13 +45% § . 46% R
1Sm « 137 - 37 —. 30*% -.48 R
2@m -« 399 -. 26 @2 B -.39% R
15/9 - 15/12  1@m .278 .44% .49 S -.44 R
1Sm -« 135 « 47 «49 § - 47% R
2@m . 129 - 4% .48 § .46 R




Figure 1.

Figure 2.

Figure 3.

Figure 4.

FigureS.

FIGURE CAPTIONS

Map of Lake Erie showing the placément of current
meters, meteorclogical bucys, thermistor arrays,
tide gauges, and cruise tracks for the 1979 (fig-
ure la) and 1980 (figure 1b) experiments.

Spectra of horizontal currents at Station 27 (mid-
array locatien 41 S@° 32" N by 81 5@°* 56% W) for the
interval 12 July to 9 Rugust, 1979. Currents are
resolved into clockwise and anticlockwise rotating
components. Figures 2a, &b, and 2c show spectra for
the depths 1@m, 15m; and 20@m respectively.

Representations of band—averaged spectra and cross-—
spectra among winds and currents in the mid-basin
array for the 1979 - 198@ periocd. Spectra are repres—
ented as rms velocities in each of the bands. The

1S m current spectrum in September - October is cont-—
aminated by surface wave orbital motions.

Topography of the Central Basin hypolimnion from
1979 surveillance cruise data. The surface
described is the top of the lower mixed layer.

Internal pressure field at a depth of 21 m formed
closely spaced temperature profiles in the
mid-basin array. Units of isopleths are pascals.
Triarngles mark the locations of active thermistor
strings. The arrow points in the direction of the
internal pressure gradient force deduced from the
thermistor string data. The length of the arrow
is the distance required to produce a 12 pascal
pressure change.
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