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EXECUTIVE SUMMARY

This paper dicusses one of the poals of the 1979/8@ Lake Erie
experiments, that of studyinp vertical fluxes of heat, mocmertum,
‘dissolved and suspended materials in an open lake settirng while
accountinp for the charnpes produced by horizontal trarnsport
processes. In order to minimize the effects of transport
processes, the mid-basir experiment was located in a zore that is
torisicered to be relatively nomogenecus; horizeontal gradients of
temperature, disscived oxygen, etc. are small. Timé series
measurements of physical and chemical parameters made at
three-hourly intervals from an anchored ship during several
week-lonp experiments showed small but sigrificant céharpes over
time intervals of less than a day. These charpes appear to be due
to the advection of parcels of water of slightly ociffering
qualities. A study of current meter data from irstrumerts
separated by distances of the order of 1@ km shows that
horizontal mixing processes are sufficiently weak that horizortal
variability or patchiness of water quality parameters car be
advected by the mean flow through the control volume without
being obliterated. A detailed heat budget of the mid-lake cortrol
volume confirms the preserce of small-scale variability arnd
gemoristrates that the sampling in both the vertical and
norizontal was inadequate to track it. Nevertheless,
one-dimensicnal models that simulate the vertical fluxes of heas
and momeritum, as well as dissolved oxypen, are capable of
accounting for chanpes at timescales of 48 hours arnd longer. The
patchiness of the horizontal distributions, so detrimerntal tc the
directly measured budpets, appears as a rarndom errcr in the
simulations. Thus while pointinp out the limitations of tne
direct-measurement of budpet approach, the study cenfirms the
value of simulation modellinc as a means of hypothesis testirip
over pericds of time long encugh to avérage out the effects of
"environmental noise". Rlthouph the Central Basin of Lake Erie is
not typical of most of the Great rLakes, its particular geametry
ensures that the mid-lake region is the least perturbec by the
presence of the shoreline anc is possiply the best site in tne
Great Lakes to study vertically-actinp processes in the presence
of stable stratification.




SOMMAIRE A L'INTENTION DE LA DIRECTION

Lé’présent.article.traite de 1'un des buts des éxpérienées réalisées
en 1979-1980 dans le lac Efié, soit d'étudier les flux verticaux

de chaleur, de quantité& de mouvement et‘de matériaux dissous et en
suspension dans un environnement de lac ouverﬁ tout en tenant

compte des modifications produites dans les processus de transport
horizontal. Afin de minimiser les effets de ces processus de
transport, l'expérience au centre du bassin a té réalisée dans

une zone que l'on considére relativement homogéne; les gradients
horizontaux de température; d'oxygéne dissous, etc. sont faibles.
Des mesures chronologiques des param&tres physiques et chimiques
réalisées 3 des intervalles de trois heures & partir d'un bateau
ancré au cours dfexpériences gui ont duré plusieurs semaines ont
montré des modifications faibles mais significatives sur des périodes
inférieures 3 un jour. Ces modifications seraient dues & 1'advection
de parcelles d'eau & caractéristiques l&gérement différentes.

Une étude des données courantométriques provenant d‘instruments
espacés d'environ 10 km a montré que les processus de mélange
horizontal sont suffisamment faibles pour que la variabilité
horizontale ou la distribution inégale des paramétres de qualité dé

l'eau soient modifiées par advection par 1l'Ecoulement moyen dans le volume




contr8le sans disparaftre. Un bilan thermique détaillé du

volume contrdle du centre du lac cqnfirme la présence d'une
variabilité & petite é&chelle ét démontre que l'&chantillonnage
tant 8 la verticale qu'd l'horizontale ne pérmettrait pas de la
déceler. Néanmoins, des modéles unidimentionnels qui simulent

les flux verticaux de chaleur et de quantité de mouvement ainsi
Aque 1l'oxyg&ne dissous sont capables d'expliquer des modifications
sur des périodes de 48 heures et plus. L'inégalité des distributions
horizontales, si néfaste au bilan mesuré& directement, apparait
sous forme d'erreur aléatoire dans les simulations. Tout en
soulignant, par conséquent, les limites de 1'approche de mesure
directe du bilan, l'étude confirme la valeur de la modé&lisation
comme moyen de vérifier des hypoth2ses pour des périodes de temps
suffisamment longues de mani&re & annuler les effets du "bruit
environnemental®”. Bien que le bassin central du lac Erié ne soit
pas typique de la plupart des Grands lacs, sa géométrie
particuliére fait que la région du centre du lac est la moins
perturbée par la pré&sence du rivage et est peut-&tre le meilleur
site dans tous les Grands lacs pour l'étude des broceSSus d action

verticale en présence d'une stratification stable.
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ABSTRACT ' : -

Amorig the boals of the 1979 and 1980 experiments weré the
documentation of pnysical processes thoupht to be importart to
chemical arnd biological processes, and the provision of data
suitable for the development and improvement of iake models,
particularly those involving vertical excharpes or interactions
with the sediments. The area chosen for study is consigered to
have a relatively uniform horizontal distribution of properties
so that vertically acting processes should be more easily
observed. Nevertheless, a preliminary examination of the combined
physical and biochemical data collected during the anchor statiorn
episodes of 1979 and 1988 shows evidenge of changes produced by
the advection of water of differing quality. In this study,
measured currents at 1@ m and 22 m depths are aralysec to provide
timescales for the flushing and mixing of a Mid-basin control
voilume of»i@ km diameter. Knowledge of these timescales is usefui

in the desipn of bicchemical experiments. Data from current

- meters, thermistor arrays, and meteorclopical buoys are used to

construct a neat daily buoget of a control voiume in mid-lake.
This study confirms the presence of horizontal variability in
the distribution of temperatUre and transport processes that
produce'gignificaht changes at timescales of less than a day. We
examine several one4dimensiona1 (vertical) models by other

authors that draw on the Lake Erie data set. The models are




succesful in tracking changes at seasonal timescales; cdeviations
from observed daily averages at shorter timescales are
-gttributed to a combination of transport processes ang horizontail
patchiness. The ceviations do not aapéar to cause lonc
éarm.discrepancies betweer the observations and the modeis,
indiczeting that the patchiness acts as a random "noise" in an
essertially homopeneous erwvironment. Finally, we discuss the
limite. lons placed on “contrcl volume" experiments by existirng
measure.ant techniques and by the transport processes ard we make

r-commencdations for improved experiments,
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RESUME

Parmi les objectifs des expériences menées en 1979 et 1980 figuraient
1'étude des processus physiques qui semblent liés parficuliérement
aux processus chimiques et biologiques et la cueiliette de données
adéquates pour permettre la mise au point et l'amélioration des
modéies de lac, notamment ceux qui s'attardent aux &changes

verticaux ou aui interactions avec les sédiments. La région que

l'on a choisi d'étudier est considérée ¢omme ayant une distribution
horizontale relativement uniforme des propriétés; ainsi les

processus a@ action verticale peuvent &tre plus facilement observés.
Néanmoins, un examen préliminaire des données physiques et biochimiques
‘combinées, prélevées depuis le navire ancré en 1979 et 1980,

montre des indices de modifications dues 3 l'advection d'eau de
qualité différente. Dans lé cadre de la présente &tude, les courants
mesurés & 10 m et 20 m de profondeur sont analysés afin de
déterminer les périodes nécessaires a8 la chasse et au mélarige

dans un volume contr8le du centre d'un 5assin mesurant 10 km de
diamé&tre. La connaissance de ces périodes sert & la conception
d'expériences biochimiques. Des données provehant de courantom@tres,

de batteries de thermistors et de bouées météorologigues ont &té
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utilis&es pour construire un bilan thermique journalier d'un
'volume,contr6le dans le centre du lac. Cette &tude confirme
l'existence d'une variabilité horizontale dans la distribution

de la température et des processus de transport et qui produit
des modifications significatives sur des périodes inférieures

d un jour. Nous examinerons plusieurs mod&les unidimentionnels
(verticaux) mis au point par d'autres auteurs 3 partir de la série
de données existant pour le lac Erié. Ces modéles'permettent

de suivre les modifications & l'échelle saisonni&re; les
déviations des moyennes journali®res observées sur des périodes
plus courtes sont attribufes & la fois aux processus de transport

et @ la distribution horizontale inégale.

Ces déviations ne semblent pas causer d'écarts de longue durée

entre les observations et les mod&les, ce qui semble indiquer

gue la distribution inégale agit comme "bruit" aléatoire dans

un environnement essentiellement homog&ne. Finalement, nous
traitons des limites imposées aux expériences sur un "volume
contr8le" par les techniques de mesure et les processus de transport,
.et hous formulons des recommandations destinées 3 la conception

d'expériences améliorées.
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INTSEIT ;J:.TIDN

One of the goals oF the 1973 and 1982 erzeriments was to

- study some of the irzzrtant pnysical and bicc-esmical processes on

site as opposed tc nferring them after e fact from ship eruice
data. Eari:ic- work (for a recent asszssment see E1 Shaarawi,
1984) had .centified the offshors recion of the Cerntral Basin as
cr~ =f horizonteal homogere!ty compared to the rears~mre zornes.
T-- results of magor procasses affecting the cissclived oxygen
recime, sediment oxygen demand, respiraticr, vertical mixing,
Aahatoesynthesis, wught to be visible in @ changing vertical

profile &-¢ amenable to study vie ove-cdimersional (vertical)

Al

rocelis. second goal of the experiments was to préovice a set of

s
cata that would ercourace the developmernt and improvement of iake

syster models. Thesee covisiderations promptec the co-collecting of
physical and bicchemical data (Robertsors arnc Boyce, 1988). For
Soth goalis we ere recuired to construct budgets of important
physics. anc bDicchemical quantities across a mid-iake cortroi
valume., This paper deséribes our success with this anproach,

asseses some of the cre-cimensioral models apolied to this data

set, ant makes recommencations for future experiments.
THE ANCHOR STRTION EXPERIMENTS

Five times during the summer of 1979 and owrce durivip the
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summer of 198¢ the C.S.S. LIENDS cocupied a station in the
Central Basin of Lake Erie (41 S@.7' N by 81 5i.@" W). Tne site
was iccated in the centre of an array of current meters,
thermistar strings, and meteorciopical bucys , an array trnat
defirec in both years a mid-lake centrol volume encicsing a & km

by 8 km (nomivial) area of the basin. On each cccasion, the

station was occupied for several days and the LIMNDOS servec as &

piatform for arouﬁd—the—clock cbservations and sampling. In 15&3
?he measuremerits at the central location were supplemerteo oy
spatial sampling over tne the control volume from a second
vesesl, A1l of this data is summarized in both prabhical and
tabuiar form in the report by Robertson and Boyece, 158&. In tnis
paper we select the Aupgust and Septémber, 1973 anchor staticon
periods as exampies because the cata is more cetaileoc and because
the perinds are those of iow Rypolimnicon oxygen anc small

nypiimnion volume.

wincs in excess of o Knots ococurrec at the peginning of
the Rugust, 1975 experiment and the record from the thermistor
arrays (Schertcer et 2i. 138&8) shows that the temperature profiie
has evolived to a strofiply two-layered structure with very interse
gracients in the thermocline repicn. Bottom temperature irncreases
from 10.1 C on August 13 to 12.@ C or Rupust 18, but by &1 Rugust
it has decreased apain to i0.S C. The cocling phase must be the
result of horizontal tfanspﬁrt of water from elsewhere. Durinp

fugust 18, for eXamble; bottom temperature increases from 11.2 C
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teo IE.QOC while bottom dissclved oxygern corncentratioris decrease
from 1.81 to 1.45 %g/l. EBottom currents are both strong ard
persistent, rurnning approximately west for a total displacement
of more than 1@ km in a &4 hour pericd. The distribution of
bottcn: temperatures acbserved at the current meter locations
iridicates transport of warmer water into the arnchor station site
and the combirnation of observed pradients and current run are
sufficient to account for the warmirnz. Durinp the latter part of
the day, the chlorophyll R concentration immeciately below the
thermocline increases considerably although the day is clioudy
with very little incoming solar radiation. Wnilé sipnificant
chariges in the bibchemical parameters, dissclvea oxypen and
chlorophyll R take place in the hypolimnion during the day, tne
charge iw tempefature seems to be the result of horizontal
trancsport of bottom water. Are ali of the observed changes in

bicchemical variables gdue to advection alsa?

By early September, 1279 thne intense thermal pracients at
the top of the themocliine had weawerned as a result of a pericd of
calm weatner. Strong winds on the evening of Seotember 7 erased
ail transient thermal structure above the seasoral thermcciire.
At tne same time the thickness of the hypelimnion increaseac arc
its temperature rose by @.S’C. This is the sipnature of a'
dowriwarc ertrairnment event when thermocliﬁe water is entrairec

into a turbulert hypolimnion. At this time, the bottom current

~meters were now positioned in the thermccline because tne
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hypciimnion thickness had decreased to 1 m; it is therefore
impossible to estimate spatial pradients of hypalimhion
temperature in the contrcl volume and to cetermirne whether sucn a
charge is due to bottom water transport. The warminpg of the
hypalihnion, other things being egual, should have been
accomparied by an increase in the corcentration of dissolved
oxygern. In fact the bottom values of cissolved exypen
concentration cecreases more guickly than ever after this winc
impulse, anc the toctal phosphorus values increase. A possibie,
but unconfirmed interpretation of the September 7 - 8 chanpes is

that the hyoclimnion warmed and thickerec due to the downward

entrairment of thermocline water, but that the coricomitant gains

of cisscived oxyoen were more thar offset by a resuspersion of
oxyger—consuming material from the bottom. The octher unconfirmed

possibiiity is that of horizontal advectior.

The anchor station records document many other evernts in
which ftransport processes appear to have significant effects cver

anc abcove the charnges produced by locally acting processes.

Despite the apparent homopgeneity of the region in the iarpe

scale, there must exist a patchiness of the horizontal
distributions with scales of several km that intrcduces "noise”
of amplitude sufficient to often mask daily changes expected from

iocal processes.

FLUSHING AND DIFFUSION TIMESCALES ESTIMATED FROM CURRENT METER




DATA

The horizontaily averaped current over the 8 km by 8 km
control volume is at each level and location an exceiient
approximation to the local current at frequencies less than 0. 123
cph, a bard that contains more than 80% of the total kinetic4
erergy of horiiontal motioris. We may express the current at each
point in the array asbthe sum of a spatially uniform averape
velocity ard a local "fluctuatien” velocity. We define a flusning-
time for the control volume as the time required for the entire
volume to be flushed clear of the water it originally contained
by the herizontally averaged curreﬁt. This time can be rouphly
estimated as the horizontal diaméter of the control volume
diviced a suitable average of the current. It will vary from
cepth to cdepths A horizontally uniform motion contribputes
notning to horizontal mixing bécause it contains ric shears: tne
compocrnients of motion responsible for horizontal mixing must pe
represented in the "fluctuation velocity" series. These series
shouid yielg information on the horizontal mixing ¢f fluig as it
is carried along by the average flow. We define a mixing time as
the time taker for a small blob of a dissclved tracer to mix to
rear uniformity across arn area equivalent to that of the control

volume.

Computaticrn of Weekly Fiushing and Mixing
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At eacnh of three levels, 1@ m, 19 m and 21 m, three
eurrehfltime series yieldinp continuous records from June to
October and separated in space by 8 to 1@ km were selected. Rt
each ievel the three records were vector-averaped to form an
average current. Ril records were divideo into week-long segmehfs
(168 hours). The mean current "run" for each 7-cay seoment was
computed; this distance divided by 1@ km gives the number of
times a 10 km diameter control volume woulc be fiushed by tne
mearn current in a week. This ratic is of order 1.@ at ali leveis,
but s l3r1¢¢3'd§- IOm

Comparisorn of the “"fluctuation" series (defined as the
ciffererce betweer local currents and the hérizéntally averanped
current) spectra with the spectrum of the mean series shows‘that
the energies in the flu;tuation seriés are typically &5% of tne
erercies in the mean series at the low freguercy enc of the
s:ectrum.(regien of strohp cohererice among cbserved series) but
that the spectral amplitudes of both series are similar at the
nigher, horizontally uncorreléted freouerncies. The crossaover
between correiatec and uncorrelated motion occurs at freouercies
of the order of 0@.125 cph wheéere Enérgies in the observed spectra
are typicaliy less than 25% of the low firequency peak. Moreover,
comparison of the "fluctuation series" among themselives
indicates a low freguericy band of coherence with phase arples
either @ or iB@ decrees. This indicates the preserce of

horizontal shears in the low freguericy components of mcotior.
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There are several approaches by which one may compute

effective diffusion parameters from Euleriarn current data. The

"method used here is based on a paper by Gezentzvei (1958) and has

beern adapted by Murthy and Dunbar (1981). The raw inputs to thnis
tomputatiori are the fluctuétion velccity series ocefirned above.
Means are reﬁaved. The Gezentévei method segments the input
velocity compornent records into episcdes of pasitive ang repative

flow, e€ach episocde being characterized by & velocity scale arg a

lerigth or time scale. Suitable averaping, using both components

of velocity, leads to a horizontal diffusivity tensor which may
thern be rotated along principal axeé. For our purposes, the
figure of merit is a sinple horizontal diffusivity, KH, taken to
be the peometric mean of the principal compornents of the
ciffusivity tensor. KH was calculated for each levei, each 7-day
épisade, and each fluctuaticn series. The stancard deviaticrns of
the individual KH's were typically S@% of the mean af the 19 &

level and 25% of the mear at the &1 and 12 m levels

Kulleriberg et al. (1973) propose an empirical formula
reiating horizontal eddy diffusivity to spatial scales of the
diffusing patecn for subsurface diffusion experiments:

KH = 1.1E-Q4%L*%1.5 (L in cm, KH in cm**Z/s)

This formula is based on the observed spreading of dye patches at
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depths between 15 and 5@ m in Lake Ontario. Taking L = 1.Q0E+86 cm
(1@ km), the expected value of KH is 1. 1E+Q5 cm**2/s. Murthy
(1971) reports a diffusion experiment in the hypolimnion of Lake

Erie’s Central basin. R bap of dye was released in the

hypolimnion to the north of the present mid-basin site. Over

three days, the patch moved 3 km (mearn currént of the order &
cm/s) and spread to a d}ameter of 1.4 km. An effective ecay
diffusiorn parameter for this spreading is 1.QE+@3 cm**2/s. Scaled
to a patch size of 1@ km by the Kullenberg formula, tne
diffusivity is 1.9E+@4. From the Gezentsvei calculations we
obtain_an eddy diffusivity scale of 1.@ E+Q@5 cn*#Z/s at the i@ m
deptn, and 1.0Z+Q6 cm#**Z/s at 19 and 21 m. We corclude that the
Gezentsvei diffusivities are large compared with the other
measurements, possibly because they tﬁeat.the larpge scale shears
set up by inertial frequency arid cther low-frequericy motions as
rancom, uncorrelated metions. By filtering'the fluctgatioh time
series to remove the long-period, spatially coherent motions, the
effective diffusivities are substantially but arbitrarily
reduced. Given the approximate nature of all such estimates, the
Gezeritsvei diffusivities calculated from the unfiltered
fluctuation series parameterize an upper bound of the mixing

process.
R simple solution of the Fickian diffusion equation in
cylindrical coordirates given by Carslaw and Jaeger (1959) leads

to a definition of a mixing time for a contrcl volume of
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radius R. An initial distribution of tracer material containec
within the radius ﬁ and having a "radial wavelength" of order R
is allowed to diffuse cutward tq a sink maintained at-constant
and zerc concentration at the radius R. The time TD reauired for
the initial concentration to be reduced to less than @.1 its

original value is approximately
TD = Q. 4*R¥*2/KH

This time has beern computed for each level from the averapge KH,

segmented as described above.

In Figure 1 we assemble a sequence of 7—-day averapes of
the flushing and the mixing timescales for i@, 19, arnd 2i m
depths. We present this data as the number of times the water in
the 1@ km ciameter contreol velume is replacea in tne 7-day periocc
by either process.‘nt the 1@ m depth, the control volume is
flushed betweern .8 and 1.7 times in a sever-day pefioa. The
vigour of the flushing gernerally reflects the strerpth of the
wind forcing. The number of effective water replacements due to
mixing lie between @ and @.7. The correspondirip average
timescales for flushirig and diffusion are S.6 and &7 days. Rt
the 19 m depth theé volume is flushed between 8.3 and 1.25 times
in sever days and the water is replaced by mixing betweer @. 16
and 1.1 times (flushing timescale = 9.1 days; mixing timescale =

11.1 days). At 21 m the volume is flushed between @.32 ang 1.14
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times and the replacements»due to mixing rnumber bDetween V.1 and
2.3 in a seven—déy period; the ¢correéspondinp timescaies are 9.6
and 34 days. The mixing timescales, almost certainly _
underestimated by this method, are in all céses much lonper tnan

a day, indicating that patchiness at the scale of the control

voliume is advected throuph the volume without beinp obliterated

by the small-scale mixing.
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HEART BALANCE AT A CENTRAL LOCATIDN IN LAKE ERIE

To test the completerness of our cata set in
orcer . to gistinpuisn between locally procucec cnances anc tnose
caused by transbort cf water, we examine tne nheat bucdpet of tne
central basin control volume. The cata frem the thermistor
arrays provide a pood estimate of the heat stored witnin the
water cocliumrn. The surface heat filux may be estimatec fram
meteorciogical variables. Heat flux to the secimerte is emaii.
Tnerefore, in the abserce of horizontal acvection, and witnirn the
limits of measuremént error, the ret caiiy surface heat fiux
cupnt to be mirrvored exactly as a channe in the heat stcored
within the water column. Snould the ciffererces betweer heat Flux
and neat content charge be significant, we may ther, attems: tx
account. for the differerce by estimating horizqntalAheaé Flux
from hearby current meter and temperature cata. Ir this fas-:ior
we may nhope to reveal the circumstances uncer thch horizontal
trarsport of heat becomes important, and aisc to establish the
extent to which the combined temperature, meteurol&gical, anc
flow data form a corsistent ensemblie, Justifyinpg a control-voiupe

approach.
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Data Base.

The availability of radiometer cata determires the stucy

pericd. In 1979 the interval is from Jure 17 to September i5. Two
weeks of data from 1982 were examined, from July €8 to August 17
in support of tne GVAPS experiment (Royer, Hamblin and EBoyce,

1986). This paper deals mainly with the 1979 data.

Figure & shows the network of instruments employed in
this study. It is centred on thermistor array station 45 awd
currenit meter station 27; This location is surrounded by four
current meter mooririgs (Stations &9, 25, 31, and 33) that form an
8 um by 8 km sguare. Heat flux estimates wiil be referrec to the
conitrol volume defined by this area ahé & water depth assumed to
be a constant 24 m. As ﬁany'as four current meters were denioye:s
at eacn of these stations at depths of 1@.@, 15.@, 13.5, arc 1.8
m. R major shortcoming is the lack of current data above 1@ m
gepth. Currerits were sampiled at intervals of (@ or &2 minrutes anc
tner averaped to hourly values. Only stafion €9 yieiced a
compiete set of data throughout the period of interest. Data from
the thermistor array stations 4@,41, and 45 were averaged to
hourly values at 2@ different depths. These measurements were
then interpolated vertically to a i m spacing starting 2.5 m
below the water surface. The thermistor array and curtent meter
stations are all contained in an area 13 km by 17 km. Four

metecrclogical buoys were deployed ivi the immediate area. They
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measured wind speed and ocirection, air temperature, watewr
temperature (surface), relative humidity, anc one of them

(Station 27) recorded sclar raciatior. -

Net Daily Surface Fluxes of Heat and Charices of Stored Heat Cortewt.

Daily estimates of surface heat flux anc heat canternt
chariges were formed. Tne tnermistor array data wacg simply’
averaged over &4 hours centred orn noon (GMT) of each day. This
procedure ccould alias inertial perioo fiuctuations irnto tne
retainec low ?requencies. From the daily averaged temperature
profiles, verticalily averaped temperatures cof the water cocliumm
were calculiated. We computed an averape for the ertire water
columr, arn averapge foﬁ the top 1@ m, arc an average for tne water

ceiumn below 1@ my, that portior of the water column effectively

sampled by currert meters.

A bulk-parameter heat exchange mocel was emnpioyes to
estimate surface heat fluxes. This model is gescribed by
Scnertzer and Lam (1982). Ar estimate of surface heat flux is
formed every hour and these values are summed to yield ret caily

surface neat flux.

Current meter data was alsc smocthec preparatory to
computinp daily averapes of horizorntally advected heat. Recause

of the larpge inertial pericd fluctuations, a modified cosine

_16..
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tapered filter (Thompéon,'igaz) was applied to eliminate the

possibility of aliasing this frecuency intc the daily averarpes.

Cross-spectral analyses of currents in the mid-basin array (Boyce
and Chiocchio, 1986a, this issue) show that the incividue:
records at t commcn depth are very similar, ano this has Beer
confirmed through episode—by—episade araiysis in the time-comain.
This has prompted us to fill gaps in the curient meter time
series at sfatiens 25, 31, anc 33 with data from statiorn &3 or
station 27. Interpclated velocity profiles were constructec frém
12 m to the bottom, with values reported at ore metre irncrements

of depth and assumirpg zeroc vélotity at the bottom itself.

SIGNIFICANCE LEVELS FOR THE DIFFERENCE BETWEEN SURFACE HEAT FLUX

AND HEAT CONTENT CHANGES IN THE WATER COLUNMN.

Differernces betweer the daily ret surface neat fiux ard
the corresponding caily cnarigpe in storec neat of the water

coiumri Wwill be due to eithner:

i) errors in the estimates of the surface heat filux and

heat content change, or

) advection of heat ir or ocut of tne contral volume Dy

horizontal currents.
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Conguction of heat across the lake bottom is neglectea. Tne
sipnificance of the advection term cannct be evaluated urtil an

estimate of the errors is provided. -

Let GMJ be the estimate of the surface neat flux
(positive intco the lake) per unit area cover the Jth gay {(watts
bEr m*%2) and let HMJ be the estimate of the chanpe in stored
neat content cover the Jth day per unit horizorntal surface area of
tﬁe water column (watté per m#%2), Both GMJ and HMJ have peen
calculated as described eariier and are displayed in Fipure 3.
The cailiculations show an averape heat gain of the water column
due te “advection® amounting to 53 watts/mx*Z while the
fiuctuations about this averape are much larger, plus or minus
160 watts/me#Z,

Two approaches are used to estimate the uhcertainty of
the residual VMJ = GMJ - HMJ. The first is a te#m-by term
analysis of the surface heat Flux.mhdel, while the seccocnc
exahihes tne érergy budpet of the whaole lake caiculatec by
Schertzer (1962) using ship cruise data, and estimates of surfacg
heat flux from a comdination of avaiiable lanc ang liake gata over
the years 1969 thraugﬁ 1979. Typical absclute values of the nheat
flux terms plus estimates of the error.(ih brackets) for the

month of July, 1979 are giver pelcw:

(a) net solar radiation 190 watts/me#Z (25)
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(b) iornowave radiatidn
from the atmosphere 365 watts/mxxz ()
(e) longwave radiation
from the waterbsurfape 412 watts/mexz (2)

(d) flux of latent heat

=
L

(evaporation) 1 watts/m**z (5@)

watts/m*#*2 (12)

o
w

(e) flux of sernsipble heat

Thne root sum of‘squawes of the individual terms is 589
watts/m##Z. The radiation terms are by far the most important.
Assuming that these errors can be combired as a reoot sum of
sguares (not strictily true since the terms are not formally
mutually incependent), the combined error irn the estimate of

gdaily surface heat fiux is +/- 55 watts/m#**Z.

The stored heat term is estimated from thermistor array
data; the thermistors extend from the surface to the bottom witn
a nominal spacing of 1 m. The nominal accuracy of eacn
temberature reading is +/- @.1°C. A majer scurce of uncertainty
in the heat éantent estimate derives from the limited ability of
- the array to resclve the complex structure of the thermociine
region. In late summer the transition from epilimrnion to
hypelimnicon may be encohpassed iri as little as 3 m (2 or 3
thermistors). Internal waves cause the thernocline to move up and

down a metre in a sinuscidal motion. The pnase of these

oscillations is random with respect to the sampiing intervalj; the
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efféct oh the heat content measurements is that of a raridom

noise. We compare net daily heat flux with differences of

unweighted daily averages of heat content; allowing for the

effects of differercinc and averaping, the uncertainty in heat
content charnge measured at a single thernistor array is +/- S
watts/m**Z, comparable to the uncertainty in the heat flux

estimate.

From 19€7 to the present, there have beer, ship cruises an
Lake'Erie that provided ercouph temperature data to form an:
estimate of the stored heat content of the entire lake. Senertzer
and his coileapues (Lam and‘Scnertzer, 1582) have estimetec
surface heat flux from historical metecrolcpical data ( daily net
vaiues). It is therefore possible to compare charnpes iv heasz
storage between cruises with accumulated vaiues of surface heas
fiux. Tnis infermatiorn can be used to deduce the uncertainty to
be expectec irn the differerce toc be expectea at a mig-iake
contral volume. We find by this method an uncertainty in the neat
budget computations for the mid lake valume to bé of the order
+/— 280 watts/m*%#Z on a daily basis. This is almost four times
the urncertainty of the heat flux measurements that has been
estimatd term-by-term from the bulk parameter model. This is
pernaps tc be expected because the parameters enterec ir

Schertzer’s computations are frequeritly measured at nearby land

stations and not directly over the lake.
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There being no obvious ODJective fashion to refivne thece
uncertainty estimates, we take +/- 122 watts/m*#2 as -
a rough measure of the uncertainty in cur estimate of the daily

heat flux due to transport processes. Reexamining Figure 3, it

is evigent that many of the cbserved "transpart fluxes" are

statistically significant and must be explained by water moticorns.
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HORIZONTAL TRANSPORT OF HERT - INTERPRETATION AND ANALYSIS.

A comparison of the daily surface heat flux at stations
4c and 46 shows a rooct mean square error petween them of +/- 36
watts/m**2, the smallrness of the error being due perhaps tc the
use of the same values for incident solar radiaticon at both
stafiows. In the final computations, an averape of the heat flux
computed at stations 48 and 46 will be used as an estimate for
the entire control volume which should further reducé the

uncertainty in the trarnsport term.

On the other hand, comparison of the daily heat content
change computed at the three different thermistor array sites dio
not reveal the same horizontal uhiformity. The RMS error between
stations is +/- 145 watts/m*x2, substantially larcer tnan any
possible measurement error; and too larpe to be explained by
lecal variations in surface heat flux. Water movemernts, inertial
period infernal waves, and a patchy horizontal distribution of
temperature must be contributing to tnis variability. By
averaging the three thermistor array stations and forminp the
diffevence witn the daily surface neat flux, we are in effect
app}ying a spatial smoothing so that the trarsport term that

remains applies to transport processes acting at the scale af the
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control veolume. This procedure should also eiiminate much of the
noise due to irertial period internal waves because the iscotherm
displacements at these frequencies are not coherent across the
network of of thermistor arrays (Boyce and Chiocchio, 198€a).
Referring to Figure 3, we draw the reader's attenticn to the
large heat "losses" occurring betweer July 1 and July 4 and the
strong fiuctuations occurring from Rugust 1@ onwards culminating
in a ;arge apparent gain of neat of the water column starting

August &9.

Dver the July—-Rupust period of intérest, thé adparent
transport term represerts ar average horizontal flow of heat into
the control volume of 3.4 x i@*%9 watts. This apparént neat fiux
is equivalent to a warming of the entire Qater column by a.m4°c
per day. Its significance is marginal and irndeeo it mipht well be
due to a systematic error in the Caiculation of tne surface heat
flux. Figure 3 shows the July & to August 5 interval to be a
period of nef heat gain by horizontal trarnsfer. During this
perica the upper layer temperatures irncrease by abocut € C but the
hypolimnion temperatures (Thermistor érray at Station 43) do not
show arny trend over the erntire pericd, although daily averaped
hypolimnion temperatures may change by as much as @.EOC from one
day to the rnext. On the other hand, the month of August is more
highly variable with strong episcdes of both pesitive and
riegative heat changes by horizéntal transport. Hypolimion

. . . 0
temperatures increase by @.05 C per day on the averape, cicsely
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approximating a linear trend. This warming is cleanly the resuit
of vertical heat flux. The near constaricy of thé bottom
temperatures in the month of July sugpests that the long term
horizontal transport, if any, takes place during that month above
the seascnal thermocline. July has a more variable structure

above the seasonal thermoclirie while the month of Aupust more

'closéiy approximates an idealized two-layer system.

Eefore analysing the short term transport episcdes, we
wisﬁ tc look more closely at how the surface heat fiux affects
the heat content of the water coiumn. A depth of heat peretration
can be cefined as the cistance from the surface within whith the
daily suffaee heat flux can be matched by the heat content
change. This'deptﬁ was caléQIated for eacn of the three
thermistor arrays, giving three estimates of peretration cepth
per day for 91 days. 74% of these estimates gave peretration
depths that were less than the total depth. The»OVerall average
of the perietration depth was 8.6 m. A typical value of the
extinction coefficient for surface water is 1.0 m#x-i indicating
that the heat is distributed downwards primarily by mechanical
processes. The RMS difference between the surface heat flux anc
the neat conternt cnarvige in thevtop‘lw M is +/- 90 watts/m**Z,
about half the RMS difference betweeﬁ surface heat flux and heat
content charpe aver the ertire water calumn (Figure 4). Therefore
a substantial portion of the heat corntent change due to

horizental transport must take place in the bottom 14 m.
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The advective term may be expressed as the voiume

integral of the divergence of the heat fiux vector:

Q:f/ocf, V(T'F') dn

where tD is the fluid cdensity, CF is the specific heat, V is
—
the diverperice operator, T is temperature, ¥ is the velocity

vector,-frq qlq_is a volume element. We may consider thne flow

field, l/ to be comprised of {_Egrizbntally uniform part, ;Z:,

and a spatially variable part, \o . The spatially variable part
;' of the field satisfies the relation

du, , dy + dW =
d X cl/ dz

The expression for the divergernce of the heat flux vector thern

becomes
92T +Vo 2T 4w, o1, ”/-;—T-I-N,,)_Z-
x ‘3} 2X 97 %
\ . We assume the spatially uniform flow to be represented by tne
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currert meters at any ore of he locations, sirce the current

meter records are stronply ccoherent.

From the isetherm depth plots (Schertzer et al. 19867, it
can be determirned that a vertical velocity scale for motion of
the méin thermocline is of the order of 1| m/day or 1.0E-05 m/s.
From this figure and tﬁe vertical intepral of the divergernce of
the veiccity vector aver the hypoliimnicn, we may estimate the
magnitude of the local horizontal pradients of velocity. Taking
Sm as the thickness of the hypolimnicn, these gradients become of
order 1.QE-0€& s*x-1, If these‘structures are coherent across the
conral volume they will produce velceccity differences of oroer 1

cm/s.

The obvicus first step is to calculate the nheat advectea
to.the control volume by the uniform (spatially averapeaq)
current. Because there are no measurements of currernt apcove 1@ m
depth, we can only make this calculation for the interval from 10
m to the bottom. It was established earlier that the heat contenf
changes in this lower region correlated poorly with the surface
heat flux. Usirg temperafure data from both the thermistor arrays
and the currerit meters, the advected heat below 1@ m wés computed
assuming that éacﬁ of the current meter locations provided a

reascnable estimate of the uniform flow. Differences amorg these
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estimates may be indicative of episcoes where the spatiaily
varying coénponént of horizontal flow must be considered. Such
episcdes were found on July 1 té € and from Runust 6. orwards.
The average of these computations, the hedt flux due to the
spatially averaged flow is shnown in Fipure 5 where it is compareo
with the heat content variations observed in the bottom layer.
While the significant excursicons of the computed advective neat
flux from zero are of & magriitude comparable to those of tne
cbserved heat contént change below 1@ m depth, the two series

show no resemblarnce overall.

Ciearly the spatial variability of the fiow across the
dimensions of the control volume is important in resclvinp the
heat budpet and particulariy the divergent component of fiow thnat
results in a vertiéal motion of the thermoclirne and a relative
recdistribution of the gquartities of warm and cocl water in the
column. Recognizing that neither the guality nor the quantity of
available data lend confidence to the approcach, we rievertheiess
attempt an evaluation of the surface integral of heat fiux or a
control volume placed on the botfoﬁ of the lake in the form of an
8 km by 8 km horizontal square, 14 m hiph. The rnet Rhorizontal
flow irto this volume is estimatea from current meter cata ans
this defires the averape vertical velocity throupgh the top of the
velume. From the thermistor array data, estimates of the

horizontal temperature distribution are made and these are useé

in congunction with the current meter data to compute the
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horizontal heat flux intc the control volume. The vertical heat
flux is estimated from the temperature at 1@ m depth and the
inferred vertical velocity. Let us consider the balance in cne

horizontail dimension:

Av (1T, -U 7 ) ..A,,w7,: = ‘/gMi‘

LJ:a (1%4-L&3‘>74k/4hﬂ

where #k'is the area of the vertical wall of the control voiume,
Ab is the area of the top (horizontal) of the control volume, Up
and ?z are the vertically averaped horizontal current and
temperature respectively on one vertical wall, Ug and Té
correspond to the averape velocity and temperature on the ctner
wall. W is the résulting vertical velocity recuired to balance
the mass flux. The signs of %,IJg‘, arid h/ are chosen so that
positive l/e and h/ indicate flow cut of the control voliume. AQ
e of v
is thenange in heat storage within the control voiume for wnich
a significant scale is 1.2 x 10*#102 watts fof the 8 km by 8 km by
14 m control volume (see Figure 5). ——atg—are—sRe—fiutie
dansi-ty—amrd—opeesfie—heat. z;‘and753 differ only slightly between
themselives but differ substantially (several degrees C) from the

temperature at 10 m CT]D).
Despite these limitations, thé net acvected heat fiux for
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and temperature data. Two estimates were macde, one using data

from station &9 to fill in the missing current meter gata, and

. the other using data from statiorn 27 for this purpcse. Little

difference was notec between the two estimates. The resuits are
presentec in Figure €. The mapnitude of the advectea heat fiux is
correct, and there are enocuph correspondences petweern the
coservec heat content variation in the control voiume arna the
qamputed advective flux to attemnt scame arialysis on an
event-by-event basis. The correlation betweern the two seguerces
over the entire record is not statistically significant, but if
only the record from Jure 17 to Aupust 26 is retained, the

correlation becomes sighificant at the 1% level.

The heat loss ant subsequent rebﬁund in tne first few
days of July are matched by the estimated advecticn term. The
signature.df this event is clear in the detailed isctherm picts
for the mid-lake thermistor array. Over that'interval tne
hypolimmien tnickens by 3 m arnd then subsides slightliy. Tne
positive peak near 15 July cérresponds to the onset of brisk
winds following an exterded pericc of calm. Only at thérmistow
array 4@, to the scuth does the main thnermociine register any
significant perturbation (transient 2 m thinriing and rebcurnc).
The upper mixed layer, on the cther hard, penetrates sudderily
belcw thé 10 m depth so that the assumption that the bottom 14 m

of the water column are decoupled from surface everits is
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'violated. Around Rugust 14 the thermoclire is observed to arop

. suddenly by & m. This crop is mirrored by positive peaks in bothn

the observed heat content change and the advected fluy,
indicating that this event is tripoered by an egress of
hypeolinnon water from the confrol volume. From August &6 ornwards,
the correspondarce is poor although‘Figure 3 indicates a very
large heat gain of the water column in excess 6f the sufface neat
flux. In this time interval the thermcclire agéiﬁ gescends
rapidly. Conditicns at this time are not propitious for accurate
estimates of the advection term sirce only 10 out of a possible

16 current meters were working.

Ar evaluation of the diffusive component of ﬁeat
trarisport to the control volume as not attempted, first because
the horizontal temperature gradients could not be accurateiy
estimated, and seeahd, because the preceedirntc analysis indicates

that this componerit will be small.

We eonclude that the failure to balance the subsu§f&be
heat budget of the control volume stems from‘an undersampling of
both the temperature and velocity fields. The temperature fieid,
in particular;'is variable at scales smaller than the controi

volume.
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onedim.mod £8/11/85
ONE DIMENSIONAL MODELS

While many of the daily differerces betweer surface nheat
flux and charpes in the stored heat contert of the water column
are too larpge to be attributeo to measuremerit érror and tnerefore
must be the result of horizontal transport of heat into tne
control volume, we are able to cenfirm and interpret oniy a few
such events in our direct computations of advective heat flux.
These are mainly associatec with episades of internal mass
distribution lasting several days. An example is the northward
migratioh of the hypolimnicn observed at the end &f Aupust, 1973.
The weekly shipvcruise data of 1978 (Blanton and Winklihofer,
1972) documents similar events. We conciude that many of the
differences between daily estimates of surface heat flux ang
gaily changes in stored heat in the water coclumn can be
attributed to variability in the veiccity and temperature fieids
at scales smaller than the 8 km by 8 km contrel veolume. Desnite
its ambitious scope, the sampling of temperature ard veieéity (1im
particular) is uriable to resclive these variations adequately. On
the other hand, the data have riot indicated that the smail long
term trends of temperature arée due orly to advective prccesses.
The n6n¥zero mearnn of the apparent transport terﬁ could just as

eacily be attributed to a small systematic error in the surface
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heat flux estimate. It is true however that the distribution of
the directions of the larpe scale motions responsible for
fiusning the control volume is biased at both the iﬂ.m arig 2@ m
depths, that the water flowing into the control volume tends to
come from a preferred directién. Whichever way it comes, it wiil
have spert many days inh thé offshore repion of the central pasin
where it will be supyect to’bﬁoadly similar externai forcing
conditions. The existence of patchiress is eviderice that ail
memcry of past experience is not erased by horizontal giffusion,
but we claim that its influence on longer term processes
associated with the formation and decay of seasonal profiles is
more that of a random noise than a systematic bias. A brief
review of one-dimensional models of the Lake Erie water coliummn

supports this view.

Lam and Schertzer (1386) describe a thermocline model
appliéable'to both the Central arid the Eastern Basing of Lake
Erie. The reader is referred tco this paper for & detailec

gescription. This model predicts the evolution of a temperature

prafile that is horizontally averapéd across the ertire basir.

Inputs to the model are the horizantally averaped surface heat
flux and wind stress. Verticai mixing is parameterizec via an
eddy diffusion coefficient that depends on surface buoyancy'flux,
wind stress, and density gradienté. it should be empnasizec that
the particular form given to the parameterization is at the

discretion of the modellers. There is an advantape to chosing a
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simple, mathematically robust form with a minimum of unspecified

constants that conforms with intuition as to how a diffusion

coefficient should depend on tnese features. The form_ cnosen 1s

consistent with the idea that vertical heat transfer is truly
ore—dimensiornal and does rnot depend orn large scale circulation

features such as upwelling or downwellinp. The model 1is

~calibrated for Lake Erie (free parameters seiectea) by obtaining

the best fit possible with observec sequences of wind stress,
heat fluxy and'temperature distribution. The success of the mcdel
is then determined by how well it simulates the eveolving
temperature profile for indeperdent irput data. Tne model of Lam
and Schertzer, by this criterion, is véery successful. Horizontal
averaging, of course, can mask the actions of processes such as
upweliling énd downwelling that transfer heat vertically but wouilc
cértainly riot be adequately simulated as a oiffusion process. The

preater cepth of the Easterr Basin arnd the more diffuse

thermocline lenc themseives to upwelling and downwelling everts

more like Lake Dntério. The Lam and Schertzer model is less
accurate in simulating the evolﬁtion‘of the thermal structure in
the Eastern Basin; despite specifié calibration for that basin,
perhaps faﬁ the reasori that significant portions of the vertical
heat transfers do not cccur via turbulent diffusion. By tne same
reasoning, the impressive success of the model in simulatinglthe
thermal structure in the Central Basin may be due to the dominace
of vertical turbulent fluxes in that basin, that is to say the

relative unimportance of edge effects.
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Ore of the successes of the 1979 experiment was the ciear
documentation of an episode of entrainment of thermocliire water
gowrwards into the hypelimnion. This processrhad been invokec by
Burris (1972) in order to explain simﬁltaneaus ircreases in
hypolimnion thickness and temperature occurring bétween sninp
cruises in the 1372 Hype experiménts. The process is capabie of
Suppiyirg oxygén vo the hypolimnion since the disscivec oxypen
concentration in the thermocline waters is usually sunstantially.
higher than that of thée hypoiimnion water. lvey and Boyce (198:2)
analysed the temperature, velocity, and meteoroclogical records
for the peried July 28 to Rugust i@, 1979 and demcnstrate
convincingly that the the warminp and thickening of ?he
hypolimnion occurring during that interval is due to the
turbulernt entrainmert of overiying thermociire water intco the
hypolimnion. Moreover they conciuced that the scurce of turbulent
erergy for this process was the friction of the mean flow over
the obottom. Ivey and pattersﬁn (1984) ther acaptec ah existing
thermocline model knowr as DYRESM (Iimberger et al. 1981) that nad
been used with considerable success in lakes and reservoirs of
small or medium size. Two crucial extersions were riecessary, the
first to incorporate the effects of the earth’s rotation and the
second, to include thé mixing cadsed by turbulence in the

hypelimnicon.
In contrast to the Lam ard Schertzer approach, tne heart

_34 -




of the DYRESM model is a vertically integrated turbulént energy
budpet of the actively mixed layers (both top and bottom layers
in the Central Basin case). Tﬁe activély mixed layers.entrain the
quiescent fluid next to them at rates that depend on the supply
of turbulent kinetic erergy and the work that must be dohe'to
overceme the inertia of the quisecént fiuid and to overcome tne
stability conferred by density stratification at the interface
betweern the mixed layer and the quiescent fluid. An impoartant
source of turbulent energy ?s the velcocrity snear that deveiops
across the entraining interface wheri the mixed layer is
accelerated by a wind stress. This shear is computec from
vertically inteprated equations of motion. A rigorous treatment
of the mean momeritum transferred frem wind to water wouid reguire
a three-dimersional model that accounted for the bourndaries of
the lake. This is avcided by noting that the major comporent of
mearn velocity shear is pericdic. In small lakes it is asscciateo
with the internal seiche, in large lakes, such as Lake Erie, witn
the rotating motions induced by Coriolis force (effects of the
earth’s rotatiord). Thus the maximum shear and its time of
occurrence can be estimated from the wind stréss, the mixed layer
tnickness, and the pericd of the oscillating motion. In Lake
Erie, allowarce must alsoc be made for the fact that thne wing
vector asscciated with major episodes of forcing tends to rotété
élockwise in the samé direction as the surface mean water
veiocity, thus extending the interval of effective energy input.

to the mean motions.. The energy budpet of the bottom mixed layer
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is simplified following the conclusions of Ivey ana Boyce (i982).
Tne source of the turbulent ernerpy is considered to be the

stress exerted by the mean flow apainst tne botfom (shear
productiorn of turbulence is neglected) and a portion of this
ernergy entréins the stably stratified base of-the therchliﬁe
into the turbulent hypoliﬁhion. The mean flow in the bottom iayer
carmot be simpiy estimated without additional information as to
how this flow is perierated. Observed bottom fiow is intraduced to
the model as an external forcing variablée like the wind veloccity.
Rlthough the model accounts for the pericdicity of the
wind-iriduced shear flow, there is alsc a complicating pericgicity
in the thermal structure - possibly induced through the mechanisﬁ
of internal Poincare waves. Patterson and Ivey (1384) remove
these metions by»Farming 48 - hour averapes of the vertical
distributiqns. Thus the mcdel is acapted to the more slowly
eVglving mearn temperature profile about which the short—-term
perturpaticns oscillate. Much of the turbulent énergy is lost
through dissipation; the model accounts for this through the
specification of varicus mixing efficiericies so that the
turbulent energy budget is actually concerned only with the
fraction available to ircrease the potential ernergy of the water
column or to agitate newly entrained fiuid. The mixing
efficiencies are determihed.from labofatory experiments or from
other modeiling studies. Experiernce indicates that these
efficiencies are constant in the rarpe of activity of interest.

Heat transfer within the nori~turbuient thnermocline i modeliea as
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a diffusion process; in this region the aporoacn is similar to
that of Lam arnd Schertzer. The model was run without
"calibrating” it for the Lake Erie situation, an important

contradistinction with the Lam ang Scnertzer modcel.

Simulations were performed for the montn egtenaing fram
mid-July to mid-Aupust, 1979, a pericd that incliuded the eoiscce
of downward eritrainment studiec by Ivey anc Boyce anc one thnat
ericampasses an evolution of the temperature profile fr@m a
situation where there is weak stratification above the seascrhal
thérmocline to a sharply defined twso layer structure. The
simulation of the overail thermal structure i€ gooos Figure 7 is
reproduced from the Ivey ard Patterson panér. The authors
conclﬁde that better simulatien micht have been achievec by
particuiarizing the mocdel to the Lake Erie case, but the main
thrust of the study, to show that all the mixing processes
included in the model, in particular those in the bottom miged
layer wnich had not been included in previcus simuiations, are
riecessary and important, seems to have beer achieved. It was aiso

demonstrated that some of the discreparncies betweern the

'simulatigns and the observations were due to advectiorn but'that

these seem nct to have led to accumulated errcr over the 2@ cay

run,

Having established a successful one-dimensional mixing

model for mid-basin Lake Erié and moreover one based explicitly
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on the phenomenon of turbulent entrainment of a stratifiea fluid,
Patterson, Rllanson, and Ivey (1985) then extend this work by
developing A dissolved oxygen budget model of the Lake Erie water
column, a model that uses the one-dimensional mixing model
described above as the physical framework and alsc incorporates a
dissolved oxygen model. The study uses data from both the
experiments of 1979 ard 1982, and as a further corifirmation of
the mixing mcdel, the authors simulate the temperature profiie at
two iccaticns Separated by 15 km 6ver £@ days in 198@.
Meteorolopical inputs from the nearest buoy are applied to eacn
ruri. At the erd of each simulaticn, the model corresponQs weil
with the observed structure, but at mooring 6, located on the
western side of the array, thé simulations and the observations
diverge in the middie of the run. Heat budpet calculations
strongly suggest that the divergence of the calcuiations from the
cbservations is the result of advebtioh, apparent only at the
western site. The oxygen model ailcows fof surface fiux of oxyoen
to and from the lake, photosynthetic production, respiraticon, andé
sediment uptake. It is beycnd the sccope of this paper to pravide
a critigue of~the Pétterson et al. oxygeri model; a somewhat
similar mocel is descibed elsewhere in this volume (Lam et ai.
198€). The goal of the study is to provide a model that
incorporates the essertial mechanisms, both physical and
biochemical and thereby to gain some understarding of their
relative importance. This geoal seems to have been largely

achieved. The authors econclude, for example, that the bottom
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"mixed layer mechanism must be inciuded in the model to achieve a

good simulation of the temperature profile but that it
contributes only marginally to the oxygen budget of the
hypoliMhion in comparison with tHe large sediment oxygpen demarc.
Thé formulation of the bottom mixed layer entrainment model
itself may rno longer be appropriate when the thermocline region
becomes very thinj whén, in effect, both mixed layers seem to be
in competition to entrain fluid from tnhe same narrow stratified
zone. A better understanding of this situation is of more tnan
passing interest; it may be crucial in deciding the presence of
seascnal stratification in lakes of the temperate zore (Gorham
and Boyce, 198€). The DO model, like the mixing model ‘it
contains, demonstrates an ability to track the averape
distribution of dissolvgd oxygen over many days. ihere are
several irnstarices where the simulations deviate from observations
in the shﬁrt term, all of them seem'to result from locail
irhomopereities advected into the control volume. Persistent
horizontal gradients of DO are riot observed; it seems reascrnabie
tco conclude that long term charnges are effected by
vertically-acting processes. Thus it is essential that

bicochemical models be supported with adegquate madels of vertical

‘mixing, a conclusion supported by Lam and Schertzer.

The success of the purely cne-dimensional models in
tracking both thermal structure and dissclved oxygen content over

weekly and monthly time scales 1in mid-Ceritral Basin confirms the
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essential horizontal homogereity of the region. The ahalysis of
the measurements of veiocity and temperature show that this
homogerneity is of a statistical nature, that the system contairs
variabii;ty at shorter time scales and at sub-basin space scales,

variability that is effectively random.
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corncius. ion €8/11/85
SUMMARY AND CONCLUSIONS.

Thé existence of horizontal variability coupled with
trarsport processes introduces sufficient “noise” to the time
series ccllected during the anchor station experiments to
obscure many charpes ef local origin taking place at time scales
equal to or shorter than a day. In order to resclve these charpes
inte a iccally acting and a transport=induced comporent, a local
budpet of the parameter urder investigation in a mid-lake contrcl
volume is reaquired. This entails a three-dimerisienal sampliing of

bath the velocity and the parameter under study in the vicinity

'of the control volume. The 1979 ard 1982 Lake Erie mid-basiwn

experiments car be viewed as contreol volume or bucget experimeris
for both heat and horizontal momentum. Irn this paper we have

encsen to test the approach with a heat budget of the control valuna.

Once the control volume is defined, it is passibie to
distinguish between horizontal flows with spatial scaies of
coherence larger than the control volume that act to move waser
horizontally through the control volume and fhereby toe flush it,
and between smaller scale comporents that corntribute to mixinec
across the control volume bOUndaries ard thereby to a diffusive

transport by turbulent "eddies". R simple control volume
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consisting of a vertical cylinder 12 km in diameter was choséen to
represent the space scales of the mid-basin array. Flushing arc
mixing time scales were estimated at three levels, 1@_m, 13m, and
&lm below the surface. Horizontally averagec currents were usec
to define‘the flushing time scale while the local ceviations from
these averapged flows were used to compute effective ciffusion
coefficieﬁts, and in turn, mixing time scales for the cortrol
voiume. The diffusion coefficients appear to be iarze wnhen
compared with results of dye ciffusion experiments but by
filterino out some of the large-scale shearing motions they cculd
be made to approach accepted valueé. Rt all ievels, persistent
large scale currents replace the wétew in the corircl volume
every few dayé. Rlthcugh the directions of the rnet cisplacementes
vary, the distribution is biased to fiows toward the wes: arnc
scuthwest. Estimates of horizontal mixing timescales are iono
eriough in all but a few isclated irstarces to ersure that sweil
scale features are acvected throuon the cantroi'volume wit-ous
being obliteratec. The relatively lonp mixirz time scales mey be
the reasoan why a patchiviess is mairtaired iv the nerizenta:d
distributions althouph the origin of the patchiress, paéticulawly
in the hypolithoh, must be the result of large cisnlacemernts of

parcels of water.

Cempariscn of local estimates cof caily surface hea: fiux
with daily heat content charge of the water column shows

differerces that are freguerntly mucn larger than those to be
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expected on the basis of error in either guantity. Such
differences can only be procucec by transport processes. The
variability of local heat content changes computed at. thermistor

array lcations separated by 1@ - 15 km is again much larger tha-

that to be expected from measuremert errcr; we take this to be

the sipnature of horizental variabiiity or Ypatchiress". ke
determined that the daily heat contert charge of the ucper i@ m
of tne water column tracked the surface neat fiux more ciosely,
indicating that much of the transport term was contributéc oy
processes acting in the bottom 14 m of the water cclumr. This is
to be expected since the vigour of the excharges betweer the
near—-surface water and the atmospnhere shaulc rake this zone more
nearly a reflection of the relatively homoperiecus meteorclogical
faorcing. RAttempts were then made to estimate the trensoort tern
in the péttom 14 m of the water column using a combinaticr &f
current meter and thérmistar array data. The velocity fieic was
exoressed as a spatially uniform comporent upon which was
superimposed a spatially variable and possibly divergert flow.
Diffusien processes were not considerec; fhe he;le:t cay be
Justified by the disparity of time scaies notec abgve.lThe
aavective neat fiux computec fram the spatially averagec fliow arc
the observed horizontal distributicn of temperature was of the

cobre:t scale but otherwise totaily uncorrelated with the

‘transpert term inferred from the hea: budget. On the other hanc,

the advective flux estimated from the spatially variable fiow

(mear: plus fluctuations) shoﬁed episcdes that could be matchec
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against similar events in the heat budpet imbalarce. These everts
seemed to invelve internal redistributions of mass in the water
column over periods of several cays such as the thirming and
northward movement of the hypolimnion cccurring at the end of trhe
measuremerit periocd. We were forced to cornciuce that cour sepaticl
sampling, irn both the horizontal and the vertical wss inacecuate
to resclve these differences, ard indeed, the current meters
themseives are indadeguate to resclve the anticipated swall but

important differences.

Over the measuremert pericd (mid-Jure tc the ernd of
September), the transpdrt term inferred from the hest bucret
sficwed a positive mean, equivalent to a warming of the entire
water column by @.@4°C per day. This is well within tne error
parid of most of the comporents of the surface heat flux arc couis
be expnlainedg és a systematic error irn the heat flux model. If
this is true, we are ther justified in freating the heat budzet
of the Central Basin as a purely ore-dimersiorai (vertical®
probiem. The success of Lam anc Schertzer5s (198€) basir-wice
thermocliine mogel is confirmation of this approach. The turdulers
energy budget model applied at the mid-bacir site by Ivey anc
Patterson (1984) supports this view even more fivmiy. Desnite some
obvicus departures from the cobserved ancd calculated thermnai
structure that car be traced to transport events, the mcce.
tracks the evelving thermal structure cver lang pericds (32 cays

or more) without showing accumuiatec cgivergerce in either layei.
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Tnus the ncise we cbserve in the heat transport term appears to
be effectively random and without cumulative effect. Simiiar
concliusions can be drawn from the dissclved cxygen mcdel of

Patterson et al. (1985).

While the study of the heat budget of a mic=bacsin cortrol
velume has yielded some useful insichts, we have failed to clicse
the paps sufficiehtly_to meet the pcal of being able to
gdifferentiate reliabiy arnd at all times betweeri locally produced
changes such as the vertical redistribution of heat by
erntrainment argd the transport of feat in ancd out of tha controil
volume. DOur inability to make lorg term measurements af'veiucity
in the upper 1@ m of the water column is a sericus limitation.
The BVAPS experiment described eisewnere in,this valume (Royer,
Hamblin, and Boyce, 198&) provides a technical soluticn. Fron the
limitec success with this profiling system obtaivned in 1982, we
confirmed a conclusion drawn by Boyce and Chiocchia’s (1386b)
study of inertiallperiod oscillations that SEEmih;ly mircee
details in the thermal structure support important featuwes of
the velcoccity profile anc that striﬁgs of up ta four
self-recording current meters, tne backbohe.of‘the present
experiments, cannct alcre resclve them. The horizontal
variability of the temperature distribution recorded by the
thermistoﬁ arrays arnd the large remainirng errors ever when thecse
are averaped, indicates that we have undersampled horizontally

within the control volume. This conciusicn has also beer drawr Dy
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Boyce and Chioccchio (198€a) who attemptea to compute internal
pressure gradients by interpoiéting the dehsity distribution
through the control velume. They concluded that the 1@ km

(nominal) separation of the thermistor arrays was too larrpe.

Would we have done.better with a contrel volume of haif
the size, 5 km diamreter, say? The flushing timescale af‘this
volume would héve been of the order of two days, still acezuate
perhaps to resclve daily time scales. It is not possible to say
wnether averapes of three or four thermistar arrays senaratec by
a nominal S Km, although improved, would be stable enough. While
it is true that the energy in the fluctuating part of the
velocity field would be substantially reguced, it is still
prababie that the spatially VaPyihg velocity fieid would have to
be included in the computation of the transport term. With thess
separations we may be beycnd the capabilities of the present
currert meters to disecern small but importart differerces of
crder @.5 cm/s in veiccity. Reducinp fhe horizontal scele coes
nothing to ameliorate the sericus uncersampling in the verticsl.
We conciude that a finer horizontal crid scale would imorave the
stability of the spatially averaped heat eontert arc thé.estimate
of the temperature fielid on thé periphery of the control voliume,
but the gain wculd be partialiy coffset by arn ivncreased relative
- uncertainty due to currert meter errcor. R major conciusion of
this study is that cohfrol voiume or bucdget studies of paramsiers

known to depernd on stratificatiorn or to vary vertically because
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of biccnemical activity, but that carmot be méasuréd in a profile
mode simultanecusly in several places are likely to be less

successful than the present heat budoet study. -

Thus the notion that we céh determine localiy acting
processes, by direct observation, after accounting for the
transport term across the boundaries of a control volume, is
imoractical as a general, mechanicaily executeo techrigue.
Certain isolated events may lend themselves to this aooroach, but
each event must be judged on its own merits. Irterpretation of
promising events is nevertheless valuable even if tne
interpretation remairs at the descriptive ievel. The descriptive
study of Ivey and Boyce, (1982), leacing to the successful
simulations of Ivey and Patterscr (1984) supports this view. Fere
the model has been the inteprating mechariism that confirme the
szJective selection by ivey and Boyce of a mechanism to exs.lain
arn apparent incident of entrairment into a turbulernt hypolimnicr.
That the models can be verified cver pericds of time iong encuzgh
to averape out the ricise inducec by the trarnsport term is an
extremely forturnate cornsequence of thé statisticaily homogerec.s
conditions occurring in the offshore region of the Ceﬁtrai Easiv
of Lake Erie. This site offers ercrmous poteritial as a natural
iimnological laberatory, albeit atypical of tﬁe Great Lakes. 0w
the other hand, without the detailed cata available from the
spatial array of current meters and thermistor strings, we woulc

nct have been able teo estimate the flushing and mixing timescales
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of the éantrol volume agefined by the array, rnor would we have
been able to assess the hature and the importance of the
transport terms. For the same reascris that lake systems mocelis
require the armature of an adequate (physical) mixing modei, o
must process-oriented experiments be supported by adecuate
knowlecgoe of the physically-incuced variabiiity. The answer to
the question pésed in the title, "Can physicists close the dacr?!
is "No, not all the way yet, but the Central Easin of Lake Erie

is one of the best place to learrn how."”
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FIGURE CQPTIDNS

Figure 1. Time series of the riumber of watew'exchanges in the 1@
km control volume effected in a 7-day pericd by flushing arc
mixing at both 1@ m, 19 m, and 21 m levels. _
Fipure 2. Network of instruments ivn the mid-basin experiment area
in 1979.

Figure 3. Time series plot of daily surface heat flux and daily
heat content change of the water column for the mid-basin
experiment area.

F1gure 4, Txme series plot of daily surface heat flux arc deily
heat content change in the uppér 1@ m of the water cciumm fér the
mid-basin experiment area.

Fipure 5. Time series plot of cgaily heat content charce cbservec
in the bottom 14 m of the water columrn arnd estimate of Reat
transported by the spatially averaped flow.

Figure €. Time series plot of daily neat content charnge in the
pottom 14 m of the water column ard estimate of heat trarnsported
by the observed spatially variable flow.

Figure 7. Resuits of model simulations (solid lines) compared
with field observatiorns (dots) which are 48 - hour averages
centred on Q@& hrs on dates shéwn. Fipure reproduced from ivey
and Patterson (1984) [Fig. 4] with the authors! permissicon.
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