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MANAGEMENT PERSPECTIVE

As human activities impact increasingly on lakes, gradients in the quality

of lake water between distinct basins of lakes, between interconnected

lakes and between harbours and embayments have been of growing concern. The
transfer of substances between these water bodies has been termed exchange flow.
This timely topic is reviewed in this research article at the request of

the organizers of the Internation Union of Applied and Theoretical Mechanics

‘who have invited the author to present a plenary talk on the topic as well.

Various examples are drawn from the scientific literature on the Great Lakes
and from our numerous studies of Hamilton Harbour, in particular. On the latter,
an example is given which for the first time shows the importance of water level
fluctuations in the western end of Lake Ontario in quantitative terms on the
flushing of Hamilton Harbour. The attention of the international ;imhoiogiCal

.community is drawn to the key question of the summer exhange between the

harbour and lake which due to its complexity requires further work.
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Abstract

consider both advettive and diffusive effects. In general, in lakes, circulatory aspects of their nature have been
studied more than their mixing characteristics. This is especially important for stratified exchange flows
vertical mixing within the exchange flow itself can lead to shortcircuiting of the exchange of properies< A rapid
impmvementinthcundmdingofexchangeﬂowsisanﬁcipatedastheirsmd becomes_facilifate
effective employment of advanced observational methods coupled with three-dimensional models. An example
ispresentedonﬂmuseofﬂmhunﬂﬁmlmn&lsinobmininginsightintomeinﬂnenceqfwamlevelﬂuanaﬁbns
on the flushing between a bay and a large lake.

Introduction

. / .
OwingtotheMmawduseofhmfmmﬁmdpmposeswumesofwmaupplymdmposimﬁ%of
municipalandindusuialdischa;gﬁgmdientsinwamrqmﬁtyhavedevehpedinmmymmdisﬁna
basins and between nearshore and offshore areas. When there is confinement of the general lake circulation by
shgmﬁnpwnﬁgﬁmﬁmmbyh&ymeuywdxuisﬁemofmbaymm&mhaﬁommmemiﬁngm
circulation of water masses between these areas is ofien termed exchange flow. It is important to stress that
exchangeﬂowsdonotplymferwmemcalcimqhﬁmmm@semuibtedwmbodiesbutthatmesubject
includes the oombinedemciofbothadvecﬁonanddiﬁ'usionontheumsponofwamerquaﬁty constituents,
However.mmmysmdiesesﬁmamdexchmgeﬁowshavebemhasedmmeasmmmmmodemngofﬂows
alonewhenitwasnotposs’iblemincludediﬂ'usiveeﬁects.Anoutsmdingchamcteﬁsﬁcofexchangeﬂows'is
theircompleﬁxity.Nmmlydoﬁeycombineneaﬂyaﬂﬁephysiealpmoessesknowninhbswi&hﬁyhr
mpogmphybutdne&theoonﬁnementof‘thegeomeuyﬂowswndwbeooncehmdmlevelsseldom
experienced in other regions of lakes. These flow concentrations result in unusually high Froude numbers and —
their gradients which means that simple linear theory is seldom applicable. While much of our current
understandingofammeﬂowmsesmmemehyﬁgniﬁcamdiﬁmexistfm
lakes.lnﬂxeﬂﬁshingofmaﬁnecoasmlembaymems,asforexamme,theWestemAnsua!ian.marimsmdiedby :
Schwartzandlmberger(l988)isdominawdbythesingleandhighlymgularﬁequencyoftheasmomicalﬁde.
On the other hand the forcing of exchange flows in lakes ranges from time scales of infragravity waves to
meteorological disturbances of about 100 br and lacks the regularity of tidal forcing. This episodic nature of
exchange flow in lakes adds an element of complexity not generally found in the oceans. '

Inmepmsentpapumahodsofobmaﬁonofexchmgeﬂommdiscuswdmexmplesﬁomme
limnological literature are cited illustrating the complexity and diversity of exchange flows, some theory is
reviewedmdﬁnﬂlymexmphoftheuseofnumeﬂcalmodelsmfadlimﬁngtheundemnndhgofexchange
flow between a harbour and a lake is presented.

Observations of Exchange Flows in Lakes

The complex nature of exchange processes necessitates the collection of site specific field observations as an
essential component of their analysis and interpretation. One observational approach that may provide useful
information on exchange is the budget method whereby differences in the concentrations of a conservative.
substance such as dissolved solids betwéen two water bodies may be exploited to determine the exchange.
Klapwicjk and Snodgrass(1985) inferred the seasonal exchanges between Hamiiton Harbour and Lake Ontario
based on the salt balance of the harbour. Unfortunately, errors associated with the subtraction of large numbers
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¢ommon to budget methods meant that their method could not resolve variations in exchange having scales less
than a month. On a qualitative basis exchange or the lack of if has been studied by microbiological concentrations
by Palmer et al.(1993) between Georgian Bay and a small bay favoured as a weekend anchorage by recreational
boaters. The authors measured the effluent concentrations of bacterial contamination and attempted to relate them
wphysicaleondiﬁonsbymeansofashnpleexchangemodelmlhelavelsinthebaybﬁiltnpanddissipmedover
the course of a number of weekends. ’ ,

Whenexchangebetweencomemdlakaotbasinsofahkeisofwnwnﬁequenﬂyitismtpossiblewemploy

budget methods as inputs are too uncertain. In a number of cases interbasin exchanges have been observed by
dheamgaswementofunrentbasedonmooredcmentmemplawdmtheoonnecﬁngpassgge.Foreiamgile,
Saylor and Sloss(1976) measured exchange between Lake Michigan and Lake Huron with an artay of 11
mor&ngcmntmthmewmpcﬁngmsagemdﬁmvaedwmmmhmeMgestmme
exchange ever recorded of 0.085 Sverdrup and associated currént speeds of 1.1m/s. Similarly, Bennett(1976)
observed the longterm exchange between Lake Huron and Georgian Bay. Both found eastward flow in the upper
layerandwestwardﬂowbelwdming&emaﬂﬁedseasomhmbasinexchmgeshvebeenexmnsivdywmed
with current meters and thermistor arrays in Lake Erie by a considerable number of investigators and have been
thoroughly reviewed by Bartish(1987). The difficulty with these current meter observations while capable of
resolving all the relevant time scales except for the tirbulent ones, is that they do not account for the effect of
mixing(mmeexchmgam“ubsequmtsgeﬁmonmymehnpmmmoftheexmdimnceofaﬂow
intruding from one water body to another is discussed, Consequently, it is noteworthy in the case of Lake Erie
thiat Chiocchiio(1981) found that hypolimnetic exchanges betvweei the eastern and central basins had frequeat flow
reversals of 2-6 daysmdﬂmtmeawrsiondismistypimﬂym,whichisjuamfﬁdentwdeax:he
connecﬁngpassageandenwrmeoppta,sitebasin,Aswillbeshbwnlam.thenetexdangeinthiscqsewilldepend
critically on the hypolimnetic circulations in the two basins. Recording thermistor profilers have served as a
valuable complement to current meters, Okamoto and Endoh(1995) have inferred net exchange volume associated
withbothmwmﬂmosdnnﬁpnsmdexuﬁneupwemngevmudﬁvgnbywphmnsmw@dgmandm
hypsometric curve for a large deep bay connected to Lake Biwa. Finally, the interesting case of exchange flow
further compicated by the effects of the temperature of maximum density has been studied experimentally by
Roy(1983) between Black Bay and Lake Superior.

In some instances the measurement of longterm exchanges between harbours and lakes presents special
difficulties. In the case of frequent ship traffic in the connecting waterway conventional moored current meters
are not possible due to hazards to unattended instrumentation from commercial shipping. Simons and
Schertzer(1983) addressed this problem in the case of the Burlington Ship Canal by deploying a differential
messmgﬂgedeﬁgnﬁdmmmmmhvddiﬁmbemmemmdsdmeshipm.
Unfortunately, they were unable to establish the calibration of this potentiaily useful device on account of the
opmﬁmﬂﬁﬂmepfmmyofﬂandhdqﬁﬂtmc@mmmddmhgammsionwmmgmﬂwas
closed to ships. Since 1989 devices which remotely sense currents have been commercially available. An
evaluation of the field performances of two types of ultrasonic current meters in Burlington Ship Canal has been
reported by Hamblin(1991), one, a bottam mounted acoustic doppler current meter and the other, a time-of-flight
current meter integrating across the channel at the level of the acoustic ray. Hamblin (1995) has provided a
detailedanal)"sisoftheinﬁmcnlibtaﬁonofmemtetipsmentbasedonamﬂhoddevebpedbyspigw1989)
mpbyhgamvmﬁmﬂmﬂhgammw(.msMyhﬁcmdmmismchﬁqwislmmdmm@
unstratified season when refraction of the acoustic trajectories by the isopycnals is least.

-Thepmbleinoftheexchangeduewthedﬁﬁj;alandseasonalmolingofsidwmsrecogniudasmainlya

theoretical problem since such exchange flows are usually masked by stronger wind forced circulations. However,
there have been two notable field studies of this phenomenon. Monismith et al.(1990) have studied such
convective motions diumaily while on a seasonal basis, Okubo(1995) found intermittent intrusions of more dense
bommﬂowmgmwmenmnbmoflakeBmfmmedmmeMWmmbumdmgeplmd&s
of intense autumnal cooling. .

Returning to the previous discussion of the exchange flows of Lake Erie it worthy of mention that interbasin
exchanges inay now be studied based on archived numerical model cutput stored online by Schwab and
Bedford(1994). At this stage of their model development as only vertically averaged and hourly modelled currents
are available the exchange between the western and central basins would be appropriately stadied which, as
Bartish(1987) points out, is mainly unstratified.

Theoretical Considerations |




Fischer et al.(1979) have formulated a meaningful concept for exchanges in estaries, the tidal exchange ratio,
whichisdeﬁn@asmemﬁoof-thewhmeofnewocmmmuyuchgngedbyadvecﬁonanddiffusion

examplemmmméshmhgdm&mpmasmeddﬂexchmgepﬁmkngmmdmwhofmemw
to follow mmmmeﬁdﬂmcbmgemﬁo.wmommﬁngmmofmmkingmmﬂmm
will most likely be underestimated. The following theoretical considerations while not leading to such useful
qmﬁﬁmasmeexchﬁngemﬁoamshedsomeﬁghtmmcpqﬁnmtmmmofinterb:sinexc,hange
mdﬁemagﬁuﬁebfexchmgmexdwdbywamwﬂucmadommddensitygmdienm.

Resonant or Co-oscillations
Based on linear theory the equation of motion for the displacement, {, of a particle along the longitudinal axis,

x0f the basin is )
‘ B o Phog
_,_a_e.g.,,sp.g%.gh.&.g. 0 (1)

where g is the acceleration of gravity, h the depth and the damping coefficient,8; may be expressed as wh?where
where p is the vertical eddy viscosity and j mfasmbasinj;Fora.lakeoonsistingoftwobasins, 1 and 3,

connected by another, 2, the boundary conditions require zero displacement at the ends of 1 and 3 and continuity
of mass and pressure between 1 and 2 as well as between 2 and 3. The free solution in basin j has the form

Ci=Aisin(a,-x)e"‘+B,wS(a51)e°‘Whﬂeiisthesquaremotofminusohe,'cistheemnplexﬁeq‘leﬂ@ﬁoscillaﬁon
and a=v(&-8,0)/gh, From the boundary conditions it is possible w eliminate A and B, leading to the
charackeristic equation, where b; and L are the breadth and length of basin j respectively,

/T30y, b, by T Ty T3 a3tans, tans, tans, +b,by/ 30,6, tanky * by L6, 0y tank; (2)

By use of trignometric identities it is straightforward to show that (2) reduces to the Merian formula when
b,=b,=b,, h;=h,=h, and all B, are zero. Secondly, if it is assumed that the frequency of co-oscillation is less than
the the seiche frequency ofaﬂyindividualbasinsudlthatcd.,lfghiandthatthereisnobomm&ipﬁontheh @
reduces to ' .
o= ghabaA, :
A, (3)

whereAListhesiufaqeareaofthelakeandA,isat/naofbasinj.

The large spread between the fandamental periods of oscillation reported for Lake Biwa(240 min) and the next
higher modes of 70 and 30 mins (Imasato, 1971) suggests that the fundamental seiche is in fact a co-oscillation
betweenthenoﬁhandsomhbasins.Basedonthelakegeomelrypubliskdbychidaandl(tnnagai(l”ﬂand
- an assumed connecting channel length,L, of 4km, breadth 1.4km and mean depth of 3.5m expression (3) yields
a free period of 214 min. A similar application of this expression to the northern and southern basins of Lake
Winnepeg results in inviscid periods of 31 and 45.5 br when the extreme lengths of the conncting channel of 20
andSOlqnmpectivelyamasumdmﬁepuiodsmybecqmpmdtomatcompmedbymeansofaﬁnite
element model of 39.1hr (Hamblin,1976). In what is probably the longest exchange period found in any lake
Saylor and Sloss(1976) observed a period of co-oscillation between Lakes Huron and Michigan from 44 to 76br.
which may be compared to that of (3) of 29 hr based on L,=7km and the geometrical data of Saylor and
Sloss(1974). , '
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Helmholtz Period
When one of the basins, say 3.hasamuchhrgerareathmr&|eothenhgn(3)redumfunhﬁtogivethe

Helmholtz period P for an embayment,
P=21!'~: | m; » (4)

Applications of this flushing mode to three Great Lakes harbours have been provided by Freeman et al (1974)
as well as its extension to harbours withmulﬁpleinletssﬁchasTmoanarbour.Exp:ession(4)inmseswhere
the density field may be represented by two laycrs, pyand p,, and the batliymetry is not too complex may provide
the period of internal co-oscillations when g is replaced by reduced gravity, g'. The reduced gravitational
acceleration g'=g(p,-p,)/p, and ranges from 10° - 10* m/s’ in lakes. Okamoto and Endoh(1995) found that the
sm_nmerﬂushingpmiodofl.ak:Biwa’s'Shinzu.Bayof%hiswasoﬁznenethuetomonancewim the daily
wind. Onepmcﬁcal‘implicationof@)hsnauharboumisthatinﬁlﬁngmducesm.thaebydeujeasingtheleng:h
of time for flushing or the excursion of the inflow.

Forced Oscillations ’
(2) Water level

ThetopicofﬁdauyforcedinﬂowsintohatbouxsandinletsisawelldeVelopedﬁeldwi!ht_woéxc,ellentrevisw
articles providing sources of useful information to lakes as well, namely, Mehta and Joshi(1988) and van de
Kreeke(1988). The approach is to predict the water level in the bay and the flow in the connecting channel forced
bytheocw_ltidebasedmaonedimmsimﬂﬂomgnmequaﬁmnwlyidmﬁmlwafmcedvaﬁonof(l)
exceptforﬂ;eretenﬁonoffnﬂnonlineqﬁtyspaﬁanyinmmtedalopgthechannelandaconﬁnu_ityequatim
equ'aﬁngth_eﬂux‘thmnghthechannjeltotheriseofwmlevelinthebay._ Both anthors stress that in most cases
i_t'isimportammretainmeinqﬁawrmmdmdommhnithavebemdewmpedwobuinmalyﬁmlsoluﬁms

HamﬂmHarbommdLakeOnmﬁo.Hamblhdeea”S)showedthmmmofthecompleteone-
dimensional'equaﬁonsinﬁmeeanamount-foraboinm%ofthevaﬁanceoflseminobsexvaﬁonsofthechanngl
ﬂowwaapedodofammmmmmmsdmcseﬁmpleeqmﬁommmmaﬁngmeﬂowthey
provide littl,eil_lsight.inmthemﬂaxdbmgeimelﬂlhisqwﬁﬁonwiubeexmhedmasﬁbseqmtsecﬁonon
higher dimensional modelling.

() Densimetric forcing

passage which drives.a densimetric exchange ﬂowmsconceptofammerexchangebetweenLakeOnmo
and Hamilton }hrboummhasemergedﬁbmq:esmdiesofpickmdeelek(M),Klapwijkmd
Snodgrass(1985) and Spigel(1989) is illustrated schematically in Figure 1. Cold Lake Ontario water enters the
harbomalmgtheboumnwhﬂewamerandﬁghtefhmbomwmeﬁmasasurfam layer. To model the two-layer
densimetric exchange for exchanges where both friction and inertia are important internal hydraulic theory may
be applied as developed for an exchange problem in the Great Salt Lake by Holley and Waddell(1977). If it is
assumed that exchange flows are sufficiently smngtbdevelopinmal'hydraulicconuolsatornga_tthetwoends
of the joifiing passage then at these points the composite Froude number G* is unity where G*=F,24+F,? and the
densimetric Froude numbers F2=u2/g’h, i=1,2. The subscript 1 refers to the upper layer(outflow) while 2
denotes the lower layer(inflow). The thickness and average velocity of each layer are symbolized by b, and u,
respectively. In accordance with intenal bydraulic theory the slope of the interface along the channel, dh,/dx,
is given by the internal resistance equation, :

g Unths) () |
dhi__x"r’ag __bhg’ - ()

—————

dx 16




Ofwmmisequaﬁonmnmwplyameemdpoinmwhae‘@:l.mmmﬁeshme
spedﬁmﬁmof&eﬁieﬁmﬂmﬁdwmof&fmwmmﬁicﬁmmd&forhmﬂﬁicﬁonmemm
hydraulic equations do not form a closed set. Hamblin(1989) .and Hamblin and Lawrence(1990) have predicted
memﬂowbasedmmeobsmedvﬂmofﬂwouﬂowmﬂcomwmdmemdenedmﬂowsmHmHMMW
with generally good correspondence to the field observations of Spigel(1989). Further work on developing a time

equations and by more recent observations of current profiles in the Buriington Ship Canal with an acoustic
doppler current profiler which indicate a highly transient flow regime alternating between the vertically uniform
barotropically forced exchange and a two'layer densimetrically dominated condition. 2

Numerical and Physical Modelling

TodawlittlephysiealmodellmgofexchangeﬁoWsinlakeshasmkenbeenpubli;hed.Asmeimportanoeof
e‘xchangeﬂowsmhkesismomv&ddymeogdzedmiswmhopefuﬂychmgq.G,A.lamce(pm.oom.) is
planning to conduct laboratory experiments on the exchange between Hamilton Harbour and Lake Ontario.
Laboratory experiments could provide potentially valuable insight provided mixing processes can be accurately
represented in the model. N .

Mathematical modelling of exchange processes is a particularly valuable tool for facifitating their understanding
andprovidingmmﬁeﬂinpmtommnmhgkdsmdi&.mmpl&ewmgimmﬂhgmemmm
lakmoﬁenreqlﬁrespeciﬁmﬁonofﬂnxesbetwmphysicalbomdaﬁesofthe cells of their models and tum to
the physical limnologist for assistance. Recently, advanced three dimensional lake circulation models bave been
used to assist in the interpretation of exchange phenomena in lakes. For example, Oonishi(1995) has demonstrated
bymeansofath:ee—dimensionalmodeltheblocmgeﬁ'ectoftheearth’srotaﬁonontheWeakoonVecﬁvelydﬁven
exchangebetweenthesthandnonhbasinsofLakeBiw&Moreover,heshOwedﬂmtwithmmﬂdn average
cooling rates were insufficient to drive a density current but at four times the average rate a strong intermittent
exchangewasevident.lnthegextsectionanothetexampleoftheuseoftwodhnensionalcirculaﬁonanduanspon
model will be preseated in detail. On the subject of the exchange between the principal basins of Lake Biwa it
ismentioned parenthetically that shortly our knowledge will be greatly enhanced as the results of the co-ordinated
international field experiment conducted in 1993 appear in the literature. )

Seiche and Wind Driven Flushing of Hamilton Harbour

. . . ,
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there has been a notable lack of attention devoted the question of mixing in exchange flows both on the
expmmmmlmdmmwmmgwmeswﬂaﬂymmdmmﬁedMepmblemm
vertical mixing between the counter flowing layers acts as a short circuit for the transfer of substance through
the exchange zone. This remains as one of the most challenging problems confronting physical limnologists at

present.
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