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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

A transfer of substances between these water bodies has been termed exchange flows. 
This timely topic is reviewed in this research erticle at the request of 
the organizers of the lnternation Union of Applied. Theoretical Mechanics I "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 
an example is given which for the first time shows the importance of water level I 
and from our numerous studies of Hamilton Harbour, in particular. the latter. 

fluctuations in the western end of Lake Ontario in quant~itat~ive terms on the 
flushing of Hamilton Harbour. The attention of the internat-io_na_l limnjological 

I 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 _ _ 

Concernforinterbasingradienminwllfllqflflitymhkeshassfimuhmdintetestmexchmgeflowafixchmge I 
flowsin lakes havebeenmainly studied by-field experimentson asite_sp_ecifie-basis. Despleobvious differences 5 

intheuatureofthe',muchofmeimeoreficalflameworkstans&omoceanography.0nemasonmatotn 
meomficalmsfiflmmelunmmrysmgemhkesisdteirmmplexityafisingduemmeneedm 
considerbothad »~- '- md»tfiflmiveefiects.hgenerfl,mhkes,dmdamryaspectsofmehnaunehavebeen 

' thantheir 
" 

t:haractenst1cs.' 

' ' ""i""i,.°A'~' stndtedmore mixing Utsespectallytmportant _ V_ 
' gwithintheexchange‘ flowitselft.2nleadtnshortum' uitingoftheexdIflI1g= Arapid 

-' 

improvementinthe ofexchangeflowsisanticipatedastheirstudy --~-1“ -=.\.-.--~= ~-- by the 
efiective employment of advanced observational methods coupled with three-dimensional models. An example _ 

ispresentedon-flteuseofmathematicalmodelsinobtaininginsightintotheinfluenceofwaterlevelfluctnations . 

ontheflumingbetweenabayandalargelalre. 

Introduction - 

. 
/ V 

Owingtothemaeueduseoflakesfmmueadonflpmposesmumesofwatersupplymdmposimfiesof i municipalandindustrialdischargesgradientsinwaterqualityhavedevelopedinmanylakesbetwegdistinct - 

basmsmdbemwnneashommdofishommeaswhmmaeiswnfinmemofmegmaflhkechcmafimby 
shomfinewnfigthnfimmbybamymeuywdtaismecamofmbaymmsmmmoummmmemixmgmd " 

chwhfimofmwrmmsabewmmmaeuwsisofwnmmedexchmgeflowdtkmpomntmmestmt 
exchangeflowsdonotplyreferwthebealdrcuhfimmtheeetesflibtedwmerbodiesbutematdtembject 
includes the combinedefiectofbothadvecfionmddifittsionontheumsponofwaterquafity constituents, 
However,mmmysmdiesesdmatesofexchmgeflowshavebembasedonmeasmanenmmmodeflmgofflows 
alone'whenitwasnotpossib1emincludedifl'usiveefiects.Anoutstandingeharacteristicofexchangeflowsis e

_ 

theircomplexity.Nmmlydoflteywmbineneadyaflmephysicalptocessesknownmlaheswimhregulm
" 

topogmphybutduetotheconfinementof‘thegeomeuyflowstendtobeconQeittm@dtDlevelsseldom 
experiencedin other regions of lakes.Theseflowconceuu:ationsresultinunusuallyhighFroude numbers and- I 
their gradients which means thatsimple linear theojty is seldom applicable. much of our current 
understandingofexchangeflowprocessesinlakesstemsflomoceanographysigniftcantdifierencesexistfor 
lakes.Intheflnshingofmarinecoastalembayments,asforexample,theWestemAustralianmarimstndiedby ~ 

t. 

SchwartzandImberger(l988)isdominatedbythesingleandhighlyregularfrequencyoftheastronomiealtide.
" 

Onmeomnhmdmeforcmgofexchmgeflommhkesmngesfimfimesmlesofmflagmiqmvesm , 

meteorologiealdisnnbancesofabout l00hrandlackstheregularityoftida1foming.1hisephodicnamreof 
exchange flow in lakes adds an element of complexity not generally found in the I 

\

. 

Inthepmsentpapermahodsofobsavafimofexchmgeflowsmdiswssedwmeexmplesfiomme 
limnological literatutearecitedillustrating thecomplexity anddiversityofexchange flows, soinelliefifiis 
reviewedmdfinfllyanexampleoftheuseofmnnericalmodelsmfadlimfingtheunderstandingofexchange 

'

I flowbetweenaharbourandalakeispresented. 

Observations of Exchange Flows in Lakes , 

'
' 

The complex nature of exchange processes necessitates the collection of site specific field observations as an 
essential compont of their and interpretation. One_ observational approach that may provide useful . 

information on exchange is the budget method whereby in the concentrations of a conservative 
substance such as dissolved solids between two water bodies may be exploited tokdetermine the exchange. 
Klapwicjk and Snodgrass(l985) inferred the se8S.0fl.al eX¢ll8_ngeS between and Lake Ontario 
based on the salt balance of the harbour. Unforumately, errors associated with the subtraction of large numbers

,

E



common to budget _r_nethods meant that their method could not resolve in exchange having scales less 
thanamonth.Onaquahnnvemsisexchmgemmemckoffihabemmmiedbymiaobiobgitzleoncmmdom 
by Palmer et al.(l993) between Bay and a smallbay favouredas a anchorage by recreational 

tophysicalconditionsbymeansofasirnpleexchangemodelmthelevelsinthebaybliiltbpanddissipatedover 
the course of a of 

' 

,

L 

Whenexchangebetweenwmectedlakesmbasinsofahkeisofmncanflequenflyitisnotpossiblcwemploy 
budget methods mo uncertaimlnanumberofcasesinterbasin havcbeenobservedby 
directmeasurernentofcurrentbasedonmooredcurreutrneteisplacedintheeonneciingpassage.Forexarn15le, 
Saylor and S1oss(l976) measured exchange Lake Michigan and Lake Huron with an of 11 
mommgcmmtmmsplaeedmmewmecdngpassagemdfimwaedwhmmuflbemelugmtlmmume 
exchange ever of 0.085 Svertlrup and associated current speeds of 1_.-l_rnlgs_. Similarly, Be1mett.(l976) 
observed the longtenn exchange between Lake Huron Bay. Bothformd eastward flow in the 
layer and westward flow below during the stratified exchanges havebeen extensivelYeI!1¢83I1ted 
withcurrentmeters andthermistorarraysinLakeEriebyaconsiderable numberofinvestigatorsandlhavebeen 
thoroughly reviewed by Bartish(l98'l). The dificulty with these meter observations while capable of 
resolving all therelevanttimescales except forthefllfbfllflfltones. is thatthey donot accountfmthbefiwt Of 
mixingonmeexchmgehambsequmtsecfimonmemymehnpmmceoftheexausimdismceofaflow 
inmrdingufromonewntérbodytomofllerisdiscussed, Conscquently.itianoteworthyinthecaseof.I..ake Erie 
tliatChiocch'io(l_981) foundmmhypolhnneflcexdtmgesbetweeuthcesmnandcmnlbmmshmfieqtmntflow 
reversalsof2-6 daysmdfl1atmeexwrsiondismnoeistypicafly9hn,whichisjuasuffidentwdearthe 
connectingpassageandenterflrcflppbsitebasin,Aswillbeshownlatergthenetexchangeinthiscasewilldepend 
critically on the hypolimnetic circnlatiousin the two basins. Recording thermistor profilerahave. served as a 
valuable complernenttocirrrentmeters. OkarnotoandEndoh(l995) have 
withbothmtemflwosdflafiommdenujaneupwemngevmmdrivenbytyphmnaflmnwchdamaudme 
hypsometric curve for a large deep bay to Lake Biwa. Finally. case of exchange flow 

ofthetemperaurreofmaximinndflflfiilyhasbeensmdiedexperhncntallyby 
Roy(1_983) between Black Bay and Lake Superior. 

difficulties.Inmecaseofflequanshipuafficmmewnmcfingwatamymnvmfionflmmedqnrentmemrs 
aemtpossimedwmhamdsmmanmdedinsumeumfimfimemmerdnshippmg.Shnonsmd 
Schertzer(1983)addresseddrisproblgninthecaseoftheBuding't0n SliipCflIl.fllbydep1oyingadifl’erenfial 
pressumgmgedesignedmmmsmmemmhvddifiaenwbemeenmemomdsdgmeshipmnfl. 
Unfortunately,meyvmremablemesmbfishmeéflibmfivnofmispomnnaflymefuldwicemacmmtofthe 
opuafimflhflmeofmmayofsundudqmmtmetasmmeddmmgammwmsionwhenmecanflwm 
closedtoships. Since 1989devic@whid|remotelysmseamentshavebeeucommerdaflyavailable.An 
evaluationofthefi¢ldpflfmmamesofwoqpesofMmmnicummtmetasmBmlmgmShipCmalhubem 
reportedbyl-Iarnblin(1991),one, abomommo1mtedawfl$fi¢d0pp1¢1‘cunmtmetermdflteother,afirne-ofgflight 
currentmeterintegratingacrossthechannelattheleveloftheacousticray.Hamhlin(199S)hasprovideda 
dctailedanalysisoftheillsilllcalibrafimofthelanerinsumneut-based0nam¢Ih0ddevebpedbySpigeKl989) 
anphymgacmvmfimflprofilmgummnmwnflissumymficmcdmmmismcbmqwislmiwdmme 
msmfifiedse8mnwhBnmfifl¢fiOn0f&ewwsfi¢’uajwwfiesbyflm530PY@!il!3i8lamt. 

'I'heproblemoftheexchan_ge-duetothetliifiilfllandseasonalcoolingofsidarmsrecogniiedasmainlya 
such exchange flowsare usuallymmlnedby strongerwindforoedcirculations. However, 

memhavebemmommblefieldmndiesdmisghmommmMmimhhaaL(l990)mwsmdiedwdr 
convective diurnally while one Olmbo(l9Q5) fotmd of more dense 
boummmflowinghwmenmmanmflnofhbmwafmmedmmesbhflwsmnhanmsmdmmgepkoda 
of autumnal cooling. 

'

. 

Remming to the previouadiscussionoftheexchange flowsofLake Eiieitworthyofmantion thatintajbasin 
exchmgesmaymwbesflldifidbflfidflnarchivedumefimlmoddoutputamedoflineby Schwaband 
Bedford( 1994)». Altliis stageoftheirmodel developmentas only averagedandhourlymodelled currents 
areavailabletheemhmgebcmemthewesmrnandcmmlbminswomdbeappopriamlysmdiedwhichas 
Ba‘;-tish(l987) points out, is mainly nustratified. 

Theoretical» Considerations
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Fischeiretal.(1979) havefoimulated ameaning£utconceptf0rex¢hflnsesinesmades.fl1¢\idfl1¢$¢hBfl£emdo. 
whichisdefinedasdteiatioofthevolmneofnewocflnwatetactnallyexchangedbyadveetimlanddiffusion 
tothemmlwates'entermgmesmmywaa.floodcyde.Un£ommmly,hisnsnaflymt.possibhtopredict-the 
ex¢mgemfl0&0mmemy.hasMnfi0hWhflemea¢flg¢BmmhamdbymehnflmGnflwiehe&yMmd 
Mil1er(l987)have ployedananalogousconoeptwhichtheytaetmedthe 
foundthatthislehgfifwud1mgesbammmeW6SWflmdcmualmsmsof‘LakeBfiemgedupw5hn.Wim 
apxismlengthof2km.apptoxiinanely05km’ofwaterwouldbeexchangedd|n7ingeaehseichecycle(14hrs),snd 
at thismte completeflushing of'thetwestembasinbyseid\eaeflvityal0newou1dowurin20-30days.1his examplefllmmmsmeshdmomhgofweheoncepmasmeddflexchmgepfimlengmmdmuchofmemwq 
tofollow wmpamdmmeddflm:chmgemfio.WimommIdngmwumof&emi1iflgth@wmflflmhingfimee 
willmostlikelybeundexestimatedfllhefollovling theoreticalconsidemtionswhilenotleadingtosnchuseful 
qumfiflesasmeexchangemfioalestshedmmefightmthepeifinentwmpomlscalesofinteibasinexehange 
mdthemgnimdcofexchmgesexdtedbymmrlevdflneumdommddensitygmdienm. 

Resonant or Cowscillations I 

Bflsedonlineartheorytheequationofmotionforthedisplaeetnenk C. Ofapatticlealongfltelongitndinalaxis, 
gpfthebasinis 

' 

_
. 

t

*

\ 

where g is of gmvity,hthe depth and the damping ooefficient,B,may be expressedas |.|/hfwhese 
Wh¢'l'C|,li_8*fl16V8Ifi08lGddyVi8fi)Sily8‘Ilt1jIBfBI8lOb8SiIlj§F0f8|]8kBOOnSiMl1g0flWOb8SiflS.1811113, 
connectedby another, 2,_t:heboundaryconditionsiequire-zeio displacementatthe endsof 1 and3 and continuity 
of.massandpressutebetween1aud2aswellasbetween2and3.Thefreesolutioninhasinjhastheform 

§i=Ajsin(aix)e°‘+B,e0s(t!;x)e°‘whe1'eiisthesqumemmofmmusoneoismeomnplexfiequencyofoscfllafion 
and ot,=/(6"-8,0)/ghj. From the boundary it is possible to eliminate B5, leading to the 

chametuisfi9equa&0mwhaebjmd1,mememeadthmdlmgthofmmjmpa;" V 

vely, 

9/Eb-‘¢;¢===n===bi1a\/5»/1'-It/1~T¢§fl==¢1*==Iw===n¢=+b=b»»/liilaliflivlstlalta/15I¢=¢====1I= (2 ) 

By itisstmightforwardm showthat(2) reduwstotheMerian fonnulawhen 
b,=b,=b,,th,=h,=h, and all B, aiezero. Secondly. if it is assumed that the frequency of co-oscillationis less than 
thethevseichefxequencyofatiyindividualbasinst1d1that0<L,IIghiat1dthatthereisn0botmnifrietionthen(2) 
seduces to 

'

. 

q==__-__ 
LIAA: 

(3) 

whereAListhesi1rf8Q¢8r6floftheIakeand.#t,isa§e80f‘basinj. . 

The large spreadbetween the fundamental periods of oscillatitm 50.! Lake Biwa(Z40 min) and the nest 
highetmodes of 70 and 30 mins (Imasam. 1971) suggests that the fundamentalseiche is in fact a co-oscillation 
betweent.henorthandsouthhasins.Basedonthelakege0m¢lIypublishedhy0k|idaandKtnnagai(l995)Wand 
an assumed connecting channel length,L, of 4km, 1.4km andmean depth of 3.5m expression (3) yields 
a free petiod o£214 min. A similar application ofthis expression to the nonhem and southern basins of-Lake 
Winnepeg results in ofs3"1 a_nd45.5 hr when the extreme lengths of the conncting channel ofl20 
and50l_<mrespectivelyareass|med.TlB=8¢peii0dsmayhecompmedwdtatcomputedbymeansofafinite 
element model of 39.l_hr (Hamb1in,1976). In» what is probably the longest exehflllge pesjiod found in any lake 
Sayl0randSloss(l976) observedape1i0dbetweenLakes andMichiganfxom44to 76hr. 
which may be compm to that of (3) of 29 hr based on L,=7kin_ the geomenical data of Saylor and 
$l.0$$(1974)- V

' 
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Helmholtfz Period
' 

Whenoneofthebasinis,say3,thasarnuchlargeratealhan‘tlleothefthen(3)reducesfllrIheftogivethe 
Helmholtz periodPfcranembayment,

‘ 

(,4) 

Applicationsofthisflnshing modern threeGreatLakesha1b0insh_aveheenprovidedbyFreananet al.(l974) 
zisw'e_llasits~extensiontoharbours withmulfipleinletssnchasTorontoHarbonr.Bxpression(4)incaseswhere 

the density fieldmay be rfepresentedhy twolaycrs, p,and,':,,andthebatliynietry is nottoo 
complex may provide 

the period ofinternal co-oscillations when g is replaced byreduced gravity, 
g’. The gravitational 

acceleration g’=g(p,-p,_)Ip, and ranges 10" - 10" mls' in Oklmfllfl M11 Bfld0h(.1.995) f0\1I1d that K116 
s_u1_nmerflushingperiodofI..akeBiwa’svShiozu.Bayof24litswasofienenergizeddueto:esonancewiththedaily 
wind. Oneprac'ticaliimplicationof(4)insmallharhoutsisthatinfilling1educesA,,thezebydccteasingthelength 
oftime for orthe excursion ofthe 

Forced Oscillations -
- 

(11) Waterlevel ,

- 

Thetopicoftidallyforcedinflowsintohaxboutsandinletsisawelldevelopedfieldwithtwoexoellentreview 
articles providing sources of useful to lakes as well. namely, Mehtav and I_oshi(l988) and van de 
Kree_ke(l»988).»'l‘he approach is to waterlevel in thebay andthe flow in the channel forced‘ 

bytheoceantidebasedmaonedhnaisimflmomenumequaflmneulyidenficalwafmcedvusionoffl) 
exceptforflieretenfionoffnflnonlinearityspafiallyintegmtedaloilgfllechannelandaotmtinlliiyfiqnatlon 
equatingth_eflux'thronghthechan'n;eltotheriseofwatcrlevelinthebay,Boflaatltllorsstmsflhatinmostcascs 
itisitnportanttoretainmeinqfiatermmdvaiiouswchniqueshavebemdewlopedwohmhmflyfimlsolufions 
forsinusoidallyforcedtnotion.Inane_arlyapplicationoftheseequationsexceptthatlocalacccletationoftheflow 
wasneglected Dick and'Marsalek(197»3) fonndthatinertiawassignificant‘inthecaseofex¢lI8118¢ flow 

between 
HamflmnHatb0mmdLakeOnnifio.Hamblh1mdHe(l995)showedmmmteginfionoffl:ecompletene- 
dimcnsionalequationsintimecanaccount-fortaboiit60%oftheva1ianceof15-minobservationsofthechannel 
flowwaapaiodofammth.Despimmcgeatmwessofmewsimpl6°qmfi0mmdmmafingfieflfllllfllfly 
provide litflt’-..iI_18ight-intaotheaculflexchmgeimelfllhisquesfionwiflbeexminedhlasilbwqumtsecfionon 
higher dimensional modelling. 

(b) Densimetric forcing -

" 

Asatesult ofnnequflheatwpmebewemflieshaflwamnfinedwamrbodymdmeopmlakeaweflas 
upwellingofcolderbomomwatntinfllelnkethexemaybeaotmuastindensityatflleleveloftheconnecting 
pmage-whichddves.admsmmuicexchmgeflow.1hiscmmptofammmae;chmgebetwemLakeOnmfio 

HarboumuhasanagedfiomthesmdiesofDickmdMamelek(l973),Klapw&jkmd 
S11odgrass(1985) and Spigc1(’l989) is illustrated schematically in Figure 1. Cold water enters the 
harboutalongthebottoinwhflewannerandlighterharhourwaterexitsasasurfacelayer.Tomodelthetwo-layer 
dmsmemcexfimgefmexamgawhuemmficflonmdmafiaarempumtinmmalhymwficmeoqmy 
beappfiedasdevelopedfotaheglchangeptoblmnintheG1i¢!l!$81lI.akebyHolleyandWll1d§11(1977).Ifitis 
assumedthatexchangeflowsuem£fidmflysuonstbdevelopmm'ual_hydraufi¢wnmlsamnearmemoends 
ofthejoiiiingpassagethenatthesepointsthecompositeFroudentnnberG'isunitywhcrcG’=F,’+F,*andthe 

Fronde nmnbers Fi‘='u,2Jg’h,, i=l,2. The subscript 1 refers to the layer(ontflow) while 2 

denotes the lower layer(infloW), The and average velobity of eachlayer symbolized by hi and u, 
respectively. In with internal hydraulic the slope of the_interfIw¢ along the channel, dh,Idx, 

isgiven bytheinternal resistance equation,
" 

' +' <n,+1=.><|g4 1151*
’ 

da,_‘*"‘ '1‘ thaw <5> 
4* M



OfwmsmmBequafionmnmtapplyadiewmolpoinmwhae‘(?=l.Apmflommcammfiesmme 
spedfimfimofmefiiuimflmefidwmofK,fmbommfiicfimmdK,forintunflfiicfimmemtemM 
hydraulic equations do not form a clojsed set, Hamblin(1989) and ant1'Lawrence(l990) have 
memflowbasedmmeobsavedvflmdmewfiowmd®mPm¢¢m=modefledmflwsmHamilmHa¢om 
with generally good correspondence to the field observationsof Spige1(1989).Furtha'workon developing a time 
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Figure 1. Schematic ofuthe two-layer‘ exchange flow between Hamilton "ll-larbonr Lake tipplicable on 

dependentrnodeloftheinternalexehangeflowhasbeensparlredbythisliminttionoftheintemalhydranlic 
equationsandbymorerecentobservationsofctrrrentprofilesinthemn-lingtonShipCanalwithanaooustic 
doppler current profile: which ahighly transient flow regime alternating between the vertically 
barotropically exchange and a twolayer densimettiéally condition. ~ 

Numerical and Physical Modelling 
A

4 

Todatelittletphysicalmodellingofexchangeflowsinlakeshastakenbeenpnbliahed.Astheimportaneeof 
exchange flows_inlakesis'mQrE-ttridelyrecegniiedthiswillhnpeflllly change.G,A.Law'rence (pers.eom.) is 
planning to conduct laboratory experiments on the exchange between Harbour and Lake 

experiments could provide potenthtlly valuable insight l!I°°¢8$¢$canbe accurately 
representedinthemodel. .'

' 

modelling of isaparticular'ly~va1ua'ble tool for theirunderstanding 
andprovidlngpmfi@liflPml¢omalmmbgimlsmdies.F0r638mpl&emhghmmoddfingmeecmY8@m8m 
lakesofienrequirespecificationofflnxesbetweenphysicalbonndafiesofthe eellsoftheirmodelsanduimuo 
the physical limnologistforassimrrce. Recently, advancedthreedimensional lake cireulationmodelshave been 
usedmassistintheintuptetafimofexchmgephenommainlakeefiaremmple, Oonishi(1995)hasdern_onsnated 
bymeansofathree-dirnensionalmodeltheblockingeffectoftheeartlr’srotationontheweakeonvective1ydriven 
exchangebetweenmesomhandmnhbasmsofLakeBiwa.Momover.heshowedflratwithmmfion average 
coolingrates were to drive a density current but at four times the average rate a strong intermittent 
exchangewasevidentlnthenextsectionanotherexampleoftheuseoftwodirnensionalcirculationandnansport 
modelwiHbepresenmedindetail.0nthesubjectoftheexchangebetween theprincipalbasins ofL_akeBiwait 
is mentioned parenthetically that shortly our knowledge will be greatly as the results of the co-ordinated 

international field experiment conducted, in 1993 appear in the literfature. A_ 

Seiche and Wind Driven Flushing of Hamilton Harbour

K



therehasbeenanomblelackofattenfiondgvopedtheqnesfionofmixingineuzchangeflowsbothonflae 

verficalmixingbetwcgnthecolmtetflowinglayemactsasashoncirczntfortheflinsfetfif snbstancethxoligh 
theexchange zone.Thi'sremni_njsasoneofth¢most challenging problems oqnfroming physical limnologistsat 
ptbsent. 

W _ _ 

MONTH 

.5 

$10 

l‘\‘ ' v*m 

FLUSHING 

HFTER 

115 

20

(

¢

Q x O _ 0 

_.-~.-~_-.-MM- 0 0 

0.0 1.0 0 2.0 3.0 
0 

Exo./L 
F13.“2.r=re=mg=oruk=onma»mui~mmawim'a;mi1mnnubmnm=rmnmoq¢p¢m===m¢umorm¢ 
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