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Sorne fu ndamental notions rclated 10 the flushing of Ilda! lagoons are rcviewcd and sorne 
important mixing mcchanisms arc discusscd . Il is shown that the characlc ristics of mixing and 
flushing in tida! lagoons can be dcscribcd in variou5 but conncctcd ways, introducing the 
concepts of lime scales and dispersion coefficie nts. For sorne simple geometrîeal configura­
tio ns formulas for the computat ion o f time seales and dispersion coefficient s are given. For 
complcx-shapcd tidal lagoons fie ld data are neccssary in order to obtain quantitative 
informatio n on lime sca les, dispe rsion coefficients or on the contribution o f different mixing 
processes. T he thcoretical topies dealt with in Ihis paper are illustraled by field data colleeted 
in sorne tidal basins in the Netherlands. 
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Quelques principes du renouvellement des eaux dans les lagunes à marées 

Quelques notions de base relatives au re nouvelleme nt des caux des lagunes à marées sont 
passées e n revue , et certains processus de mélange importants sont exposés. 11 est démontré 
que les caractéristiques du mélange ct du renouvellement des eaux lagunaires peuvent être 
décrites de façons diverses, mais connexes si on y introduit les concepts d 'éehelle de temps ct 
de coefficient de dispersion. Pour certaines configurations géométriques simplcs. des formu les 
pour le ca lcul des échelles de lemps ct des coefficients de dispersion sont ind iquées. Pour des 
lagunes Il géométrie complexe . des données expérimenlales sont nécessaires pour connaître les 
éche lles de temps, les coefficients de dispersio n ou la contribution des diffé re nts processus de 
méla nge. Les discussions théoriques SOnt illustrées à l'aide de données expérime ntales 
relativcs à des bassins à marées des l'ays- Bas. 

Oceanol. Acta, 1982. Actes Symposium International sur les lagunes côtières, 
SCO R/IABO/ UNESCO . Bordeaux. 8· 14 septembre 1981. 107· 11 7. 

Duc to the progress of nume rical computatio naltcchniqucs 
of the past years a successfu l simulatio n of watcr quality 
proccsscs is possible in many cases. Howcvcr, a good 
undcrsta nding of thc physics o f the individual mcchanisms is 
sl ill lacking. Sueh an understanding is usefu l for qualitativc 
pred ictio ns and is also o f special importance for the choicc 
of a numcrica l mode l as wc ll as to thc sche matisation and to 
the inte rpretation of the results. The purposc of Ihis papcr is 

10 review sorne fundamc ntal notions relaled to the flu shing 
of tidal lagoons and to set fo nh sorne important mixing 
meeha nisms. T he theorctieal topics diseussed in the text are 
illustraled by field data collected in sorne l idal basins in the 
Nethe rlands. Thercfore, the rcference list docs nol rc Ocet 
most o f the fie ld work earried out in ot her tidal lagoons 
aro und the world. For a more exte nsive lite ra tu re list the 
reader is rcferred to Fiseher et al. ( 1979). 
ln many coastal regio ns the lide pe netrates into e mbay· 
ments bc hind the sho rcli ne. Thcsc e mbayments will bc 
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ca lled tidallagoons if the in let alJows free passage o f the ebb 
and flood flows at eaeh stage of the tide , with a tidal range in 
the orde r o f a few melers, and if the tidal diseharge Ihrough 
a cross-seclion is much ta rge r than the total discharge of 
rivers flowing inlo the lagoon. This definit!on coveTS a 
ce rtain Iype of" bar buil! estuaries" , but also a class of weil 
mixed .. coastal plain estuaries " ( Pritchard. 1967). 
The presence of large tidal flats and cu rved bra nching 
channels arc characteristic o f tidal lagoons. The channel­
bcds arc sandy, sillatl0n lakes place on marsh areas near the 
bordeTS. The maximum lidal vcloeity in the channcls 
typically rangcs bctween 1 and 2 msee- I . The la rge tidal 
velocilies and the irregular bollom topography cause a 
strong vcrt ical mixing. Dcnsity stratification of salt and 
fresh walcr will only oecur if the fresh watcr inflow of rivets 
is largc , sayat least JO % of the tidal inflow. The lidal 
lagoons eonsidcrcd hcre, however, are supposcd to expc­
rience a smaller frcsh waler inflow. Thercfore , no important 
dcnsity stratificalion will oceur and the lagoon waters, as a 
consequence . arc weil mixed vert ically. 
Tidal lagoons as describcd above arc round in many places 
in the world , but mostly in the tempc rate regions wherc the 
scmi-d iurnal tide dominales, fo r instance along thc Euro­
pean coasl and along the easte rn coast of the United Stales. 
The strong vert ical mixing in tidal lagoons does not necessa· 
rily imply a strong longitudinal mixi ng, or a high nushing 
rate of lagoon waters. F1uid part icles whieh arc introdueed 
into the lagoon. either [rom the river or fro m the sea, will 
remain there for sorne time. This LS one of the reasons why a 
specifie ecosystcm may develop in a tidal lagoon, diffcrent 
fro m eeosystcms in the river o r in the sea. Therdore , il may 
be very convenient for lagoon-ecosystem studies to express 
the longitudinal mixing proeesses in terms of time seales 
(Zimmerman , 1981 a). From a hydrodynamic point of view 
(theoretically as weil as expe rime ntally) orten ano!her 
quamity for the deseription of the mixing processcs is 
prcferred: the so-called dispersion coefficient. 80th des­
criptions arc presented in the next section, in which the 
relation between time seales and dispersion coefficients is 
diseusscd. 
The third scetion is devoted to the hydrodynamic processes 
which arc responsible for the renewal of lagoon waters. lt 
will bc shown that the tidal mOtion is the main generator of 
the mixing mechanisms. There arc IwO im portant categories 
of generaling factors : 
- tide-induced large seale residual circulations; 
- spatial variations of the oseillatory tidal veloeity distribu· 
tion. 
The magnitudcs (the r. m.S. \'eloeilY, say) of bath residual 
circulation and spalial variations of the tidal veloeity dislri­
bulion arc dctermined to a large extent by the geomorpho­
Iogy of the lagoon . If the ratio of these magnitudes is fixed 
(the r.m.s. value of thc dcviation of the tidal "eloeity 
anlplilude from its cross-sectional average is of the same 
ordc r as the average ilself and a typical value of a residual 
veloeity is 5-10 % of the average tidal vclocity amplitude) 
then Ihe fIushing in widc lagoons tends 10 bc forced mai nly 
by rcsidual circulations. whereas in lagoons with rather 
narrow channcls the lidal variations of the veloeity distribu­
tions lend tO he Ihe dominant factor. 
Here sorne important mixing mechanisms of cach catcgory 
arc analyzcd in more delail and Ihe ordcr of magnitude of 
thdr contribution to the mass transport is indicated. The 
numerical values rcfer to a hypothelical lagoon , with the 
following tidal and geometrical characteristics : 
lidal range = 3 m ; 
maximum veloeily (cross-sectionally averaged) = 1 rn/sec. ; 
channel widlh = 1 500 m ; 
channel depth = 15 m ; 
tidal naIS"" 50 % of the surface. 

TIME-SCALE ANALYS IS 

ln order to illustrate that time-seales relatcd to thc f1ushing 
of a lagoon should bc carcfully defined and imerpreled. 

lOS 

imagine a watersample taken from Ihe lagoon at a pMticular 
position and lime. For simplicity wc assume that the lagoon 
has only one oulletto Ihe sea and that there is only one fresh 
water diseharge, for inStance a ri\'er. The sample of 
.. lagoon wale r" now. will bc a mixture of watc rparcels 
which eilher originate from Ihe sea, called Ihe subsample of 
.. sca water" henccforth. or from the rive r (t hc subsample 
of .. river water "). II will be evident Ihat bath subsamples 
have expcrienced a diffc rent history beforc bccoming mixed 
in Ihe particular sample taken. Let the time Ihal has clapscd 
since any waterparccl present in the sampJc cnte rcd the 
lagoon be callcd its age. we may now expec! that : 
1) duc 10 the fact that thc transpon processcs in a lagoon 
occur in a highl)' random way , the ages of ail the pareels 
eonstituting a subsample of one and the same origin will 
follow sorne probabilily dist ribution. The dislribution itsel f, 
IIpan from thc chilractc r and stre ngth of the transport 
processcs in the lagoon, is a function of the jXlsition al which 
Ihe (sub)samplc is taken and of ilS origin, 50 that in 
particular: 
2) the average age of ail waterparcels from one ilnd Ihe 
samc subsa mplc will diffcr aceording to ilS origin. 
Another way of defining a time-seale for the same sample is 
to use the time it takes for any waterparcel of the sample 10 
Icave the lagoon through its out let tO the sea, callcd the 
rcsidcnce limc. For Ihe samc reason as for the age , we may 
expcct thal also Ihe residence lime will follow a probability 
distribution. 1I0wevc r, in contras! 10 thc age wc do nol 
expect that, after bcing mixcd this probability distribution 
differs for the different subsamples prescnt. In particul ilr, 
wc expect the average residence time to be indepcnde nt of 
the origin of the subsamplcs and of their relat ive cont ribu­
tion to Ihe snmple ns a whole. I.e : the rcsidcnee lime wi ll 
on ly depend on the posit ion al which the sampJc is taken 
(caulionary note: the filCI thill the residence time is 
indepcndcnl of the origin of the subsample closely ndheres 
to the assumption Ihat the constituents of the sample as a 
whoJc will behave dynamK:ally passive ahcr having been 
mixcd in Ihe sample. An elample, whcrc Ihis docs nOI occur 
is given by the subdivision of the sample in the subsample of 
ail waterparcels and the subsample of ail its suspc nded 
maller. Even after being mixed at a part icular posil ion and 
lime. both subsamplcs will in gcneral follow different 
pnthways bcfore leaving Ihe lagoon . as the suspension is not 
d)'nnmicall )' passive). 
The prcceding qualilnlive discussion will now be given n 
qUllntitalive formulation in the nexi paragraphs. following 
more or Icss Bolin and Kodhe (1973) and Zimmerman ( 1976 
u). Partieularly, wc arc inlereSled tO know how the diffcrent 
time-scales arc relatcd to the st rength of the diffusive 
ITansjXIn processcs in the lagoon . 
Thc age and residence lime di:.lributions can bc dctc}mined 
expcrimenta lly. For Ihe age distribution P., eonsider an 
instanta neous injection at timc t - T at position a. The 
result ing concenlralion distribution al tÎme t is called 
c(O", 1 - T ; r, t). Theil 

i~(Lt. ' - T;r.!)dt 
p.(a ; r. T) = -'fC'-'"'C' -1'"'"'------­

o dt nC(a.t-T':r, l)dT' 

(1 ) 

..... he re henceforth the integral{ Il dt stands for avcraging 
" over 1hc tidal pcriod. Iience. Ihe age and rcsidcnce time 

distribu.ions P. and p, (10 be defined next) arc lidal 
averagcs. 
For the residcncc lime distribution , considcr an instanta­
ncous injection of a unit mnss al position ro al t - T and cali 
c(ru' t - T ; r , t) the resu lting conecntration distribution al 
time t. Then 

p,(ro. t)= _+, 1. f' d<fff dJr c(ro. t - T:r, t). 
( T Il \11) 

(2) 



where V(t) is Ih..: contents of the lagoon varyi ng with the 
lide. The average age T. and the average reside nce lime T, 
are now glven by the integrals : 

T. (O'. ru) = [IP,(a ; ro, t) dt , 

T,(r,..) = L tp,(ro, 1) dt. 

(3) 

(4) 

T he average residence time may also he delermined from 
another tylX! of eXlX!rÎment . Substituting equation (2) into 
(4) and integrating by parts it follows Ihat 

T, = lim - ' - ~f IdtJJJ e,.(, o ; " t) dl,. 
Q-IlOoeo 1 U YI,) 

(5) 

ln this expression c,,(ro; ' , t) is the statÎonary concentration 
distribution corresponding with a steady in je cl ion of mass 
0 0 Cu at the position ' o. With th is formula the residence lime 
can ellsily be relmed 10 the dispersion coefficient, as will be 
shown laler. 
ln mos! tidal lagoons waler qua lit y parame!ers mainly 
changc in the longitudinal di rection, between Ihe river 
entrance and Ihe sea boundary. If the lateral change in 
water quality (nol the latera l gradient) is much smaller than 
the longitudinal change, it may bc convenient to consider li 
pa rt ition of the lagoon in sections IX!rpcndicular 10 the 
longitudinal ilxis and to regard the average dis tributions of 
the wate r qualily para meters over the cross-sections. This 
Icads 10 a one-dimensiona! description of Ihe lagoon. One 
may again dcfine age and residence lime distr ibutions for 
water parecls in a sect ion of the lagoon between the planes 
Xo and Xo + dx. The one-dime nsional age distribution is 
given by 

C(a ,t - T ; x,t) dt [ 
P.(a ; x. T) = --'if,'" ---:id"' -'r~' - -----­

Jo C(a, t - T' ;x . T)dT· 

(6) 

in which C«I:, 1 - T ; x. t) represents the cross-scetionally 
averaged concentration corresponding with an instanta­
neous injection in a at 1 - T. The o ne-dime nsional equiva­
lent of the expression (5) for the residencc time is 

, , 'J' f' T,(XQ) = Irm -:: dt A(x , t) c,,(Xo ; x, 1) dx. 
o.-.IIOoco 1 1) (1 

(7) 

l'lere c...(Xo; x, t) represents the cross-scetionally averaged 
slationary concentration distribution corresponding wilh a 
sleady injection 0 0 Co at XQ, homogeneously spread over the 
cross-section. T he Olhcr symbols are: 1 = length of the 
lagoon a long the longitudinal axis , A(x, 1) '" cross-seclional 
area. III Ihe case C" is interpreted as Ihe frcsh water fraction 
of lagoon water duc to a single fresh water source having a 
discharge Ou' equillion (7) equals an o ften used expression 
for Ihe residencc l ime of fresh water : 

F 
T =-. 
, Q" 

(8) 

where F stands for Ihe slalionary tidal ave rage tOlal fresh 
water conte nt of the lagoon. 
The average total age T. (O, J) and Ihe ave rage total 
residenee time T,(O) for a lagoon with a single river inflow at 
x = O. arc equal. This timc is also called the Oushing or 
transit lime T o f the lagoon (Zimmerman. 1976 a): 

T = T, (O, J) = T,(O). (9) 
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SOME PRINCIPLES OF MIXING IN TlDAL LAGOONS 

It shou ld bc nOled that the sum of the average age and the 
ave rage residence time in Ihe cross-section Xo is not cqual to 
the transil time: 

T. (O. x.,) + T,(I(o);.! T. 

There arc two rcasons for this: 
- the water pa rcels passi ng at different parts of Ihe cross­
section Xu have a diffe rent transi t lime through the lagoon ; 
re latively more wate r parcc1s choosc a path through Ihe 
lagoon corresponding with a short transit time. This is nOI 
ta ken into account with the averaging procedure ove r the 
cross-section; 
- the ave rage residence time T,(Xo) corresponds with the 
ave rage lime water parcc1s slX!nd in the lagoon after the firSI 
time they have passcd through the plane Xu. l'Ioweyer the 
ave rage age Ta(O, Xo) does not rder to the lime clapscd sinec 
Ihe waler parccls have passed for the first time Ihrough the 
plane XQ , but to the ave rage time spent in the lagoon by ail 
waler parccis present in the plane Xo. For instance: T.(O, 
0)" 0, 
ln the hypothetical case thal no mixing at ail takes place in 
the lagoon and Ihal density cu rrenlS arc absent , the flushing 
of the lagoon is caused by Ihe river diseharge 0 0, The 
seawater is pushed out of the lagoon and the salinity of the 
lagoon wate rs at low water slack is zero. The flushing, or 
transit ti me of the lagoon then equals : 

V 
T=TO·- · (10) 

Q. 
The presence of mixing processes in the lagoon is related to 
random displacements of individual flui d parcels wilh res­
IX!ct to the cross.sectional mean displaccment of the watcr 
body. These relative displacc ments follow a probability 
dist ribut ion. The average relat ive displaceme nt in longi­
tudinal direction of an individunl water parcel in time 
interval [t , t + Ilt ] is ca l1ed (J(r, t ; Ilt). 
If the Oow properties in the lagoon arc periodical and the 
same everywhe re, Ihen (J is approximately independent of 
the lime 1 and the place r, if Ilt is an ent ire number of tidal 
periods. If Ihe successive rela tive displacemems in the lime 
interval 0.1 arc uncorrelaled (one-di mensional random walk 
(Taylor , 1921», Ihen 

(1(n lit) = nl/2 (J(lit). 

From Ihis it follows that the average transit lime of water 
pa rceJs through the lagoon is given by 

P., ( Il ) 
TO= -- , 

(1l (o.t) 

This expression only yields the timesea le for flushing of the 
lagoon by mixi ng processcs. If lurbulence is the only mixing 
process in the lagoon , then 

(12(li l)_ 1 m2 sec.- I• ., 
ln that case TO'" TO ' even for a very small river inflow. This 
means that diseharge is the principal flu shing process, 
implyi ng a very low lagoon sali nity. 
ln practice, however, the salinity of tidallagoons is compa­
rable with Ihe seawaler sa lin ity - even in absence of 
eva poration , i.e. , TO<TO' This shows that the mixing 
processcs which operate in a tidal lagoon arc much st ronger 
than whal ca n he expccted from turbulence propcr. Thesc 
mixing mechanisms, which arc gencrated by tidal motion 
will bc investigalcd in the next section. 
ln reallagoons the flow propcn ies arc different in d ifferent 
parts of a cross-section. If the lime intervallit = nT is ta ken 
long enough , i.e. at least eq ual to the lime scale for cross­
sectional mixing, then the average relative longitudinal 
displaecment (1(r ; nT) is approx imalcly the same in every 
point of the cross-section (Dronkers, 1982). In that case one 
may de rine a dispersion coeffici ent D, whieh is given by 

D(x) = 1. (12(X ; nT) (1 2) 
2 nT 
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T his d ispersion coefficient is rclaled to the average mass 
transpon caused br the mixi ng processes. The tidally 
averaged mass lranspon MD ge neraled by Ihe mixing 
processcs (oflen referrcd to as .• dispersion ") is norma1Jy 
given by 

MD ~ - D(,) A,(,) Be, (13) 
&, 

where the imponant assumption of gradienHype eharacter 
of the dispersive mass Iranspon is assumed . Condilions for 
this assumplion are diseussed by Dronkers (1982). Here 
Ao(x) represcnts the lidall)' ave raged cross-scctional arca . 
and C(x, t) is the conce nlration distribution ave raged over 
the cross-scet ion and the lime inlerva[ nT: 

C(x , t) = _ 1_ 
"'DT 

c(x,y,z, t')dy dz. 
(14) 

The concentra tion distribution C(x, t) follows tht.: advec­
tion-d ispersion equation : 

Il )' solving this equation and subsliluling Ihe fesult inlO 
equal io ns (6) and (7) an expression ean bc found for the age 
and residence time distribut ions p. and P, as func tions of the 
dispersion coefficient D. If a lagoon is considered wilh a 
small river inflow 

(Oo« D~). Ihe average residence time T,(Xo) is givcn b)' 

J' d f' T,(Xo) = x dx' AJ.x'). 
x" AO<x) D(x) Il 

( 16) 

To oblain this expression Ihe steady slate solution of 
equation (15) has becn subsliluled in eq uation (5). Instanta­
neous complete mixing has been assumed at the sca-boun­
dary. Il should be noted Ihal the residencc time only 
depends on the mixing processcs bclween the section Xo and 
the sea-boundary ; the dispersion coefficie nts for this region 
only enter Ihe expression for T,. In Figure 1 the residence 
time distr ibution is shown for the Oosterscheldc , a tidal 
basin in Ihe Netherlands with characteristics close (Q Ihe 
prototype lagoon described in section 1. 
ln the case of a constant dispersion coefficient and a 
constant cross-section. expression (16) reduces to 

(17) 

, , , , 
'00 , , , , 
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Figure 1 
{salines of equal residen<;e 
rime in the OOS!erschelde. 
Time unir is T (M, tidal 
perjod "," 12" 25"""). -

For this parl icular casc a simple analytical expression is also 
found for the average age T.(O. X(}) of river parcels discharg­
edatx = O: 

T.(O.Xo)=.!. f_ l (1- "0)1. 
2 D 6 D 

(18) 

T his expression is found by solving equation (15) for an 
instanlancous in je clion at x = 0, and by substituting the 
result in the equalions (6) and (3). In the sa me panieular 
case an expression can bc found for the age of scawaler 
parecls, T.(l. "0). by considering an instantaneous injection 
at the sea-boundary x = l. The result is 

T. (l. "0) =..!. 1
2 

- x.? 
2 0 

(19) 

Obviously the ages o f river pareds and scawate r pareels in a 
particular cross-scelion o f the systcm arc differen!. Note 
Ihal. by defini tion. using the bou ndary condition 
C(l. t) = O. Ihe average age of scawater pareds in Ihe cross­
section at the sca-boundary, x = l, ls always zero, though 
there will be pareds present in Ihat cross-scetion Ihal 
definilely have an age diffcrent from zero. Carc should 
therefore be I"kcn in interprcting ages near x = 1. 
Final1y. the flushing time of the lagoon i5 equal 10 

T = T. (O./) = T,(O) = 1. f.. . (20) 
2 0 

The principal reason for relating the time scales to the 
dispersion coe fficient is the experimental determination of 
thcsc quanti ties. After a sufficiently long period of conslant 
river inflow 0 1} into the lagoon, the tidally and cross­
sectionally averaged salin ity diSlribution S(x) follows the 
equalion : 

dS 0 ';; = - DAn-. 
d, 

(21) 

Thus. the dispersion coefficient D(x) follows from a single 
measurement of the sal inilY distribution. If the river innow 
docs not remain constant for a su fficie ntly long lime, then 
the dispersion codficicnt can bc found by solving equation 
(14) and by adjusling D(x) in such a way thal the solution 
S(x.l) malches Ihe measured salinity distributions. To 
illuSlratc the eonneetion bclween the longitudinal disper­
sion coefficient derived from Ihe salinily dislribulion and 
Ihe nushing lime o f Ihe lagoon Idcfined in (20) as thc 
residencc lime of waler introduced into the lagoon al ils 
landward end] we give in the Table ordcrs of magnilUde of T 
and D for sorne tidal lagoons along the Dutch coa~t. Note 
Ihat sincc T is proportional 10 Ihe squared lenglh of the 
lagoon. il is primarily Ihe length which determines Ihe 



SOME PRINCIPLES OF MIXING IN TIDAL LAGOONS 

Table 

DI$~r$iQn cQl!fr~~nt and flushing (;nu' scal, for son" lidal bosins in lM N,(~rfands. 

Mean dispersion coefficient, 

Area Lcngth (<krived from 
(km) salÎnity diSt ribu tions) 

(ml sce. - I) 

Oosterschcldc SO "" Wcstcrscllclde " ISO 
Western I)uleh 
Wndden Sea JO/55 900 
Ecms 45 250 

flushing lime, Ihe morc SC> sinec for thrcc out of four of the 
examplcs (the Eems, Oosterschelde and Westerschelde) the 
diffusion coefficient is o f the same order of magnitude, Only 
for Ihe Wadde nsea , which has a larger width Ihan the othe r 
threc areas, is the diffusion coe fficic nt apprcciably larger. 
Therefore. toget her wit h its shortcr le ngth, this area expe­
rie nees a very rapid flushing. The values give n for the 
flus hing times arc really only an order of magnitude, as in ail 
cases the dispersion cocff)Cient varies accordi ng to Ihe 
position in the arca. 

MIX ING MECHANISMS 

Consider a lagoon with a pe riodical tidal motion and no 
fresh water discharge. In that case, renewal of lagoon waters 
only occurs if water parce ls expcrience a net displacement 
with respect to one anot her during each tidal pcriod. 5uch 
net displacc ments are eit her produeed by turbulence or by 
residual circulations. Residual ci rculat ions 8fe generated 
by : 
- density diffcrences, due to fresh watc r inflow ; 
- wind ; 
- intc raction of the tidal flow with the bottom topography 
and shoreline geometry. 
As discussed in section 2. tu rbulent fluctuations of the 
velocity field will not cause large residual displacements if 
acting separately. Interacting wit h the large scale gradients 
in Ihe tidal velocity field , however, Ihe dispersive act ion of 
turbule nce is greatly amplified. This is explained in 
Figure 2. 

_ ._ ..... n'''''''po'n 
............... ' ... tIuIOt1l" ... _ 

Figure 2 
1I0riZOn/al vitw of a fXJfI of a wgoon amllhe corrtsponding cross­
sulion. 
ln lM horizontal PWnt lhe ridai pulhways of fW() ",aler-fXJlUls art 
indicated, rorrt:fponding /Q a fWn-uniform vt10cily diJlribuoon ovtr 
Ihe cross·St!clion. Waltr paret/s in rhe dee~r (shullowtr) fXJTI oflhe 
chunntl follow a longt' (sho'ltr) lidtJl pa(h. If IIU supposed lhul 
waltr palU/s art imtrehilngtd by mrbu/tnt mLfing al a urta;n p~ 
of lM IUk - Mr~ al SOrnt lim.t btfort high ",/lltr sltlck (HWS)­
IMy IfQ~-e1 10 IMir mUflUll SlUfling positions al 10", waltr swck 
(LWS). Thus lM l't'altr pareds ex~ritnu a ntt Iongiludinul 
diJpwurntm OVtr a (idal cyck. 

III 

Flushing lime 
References (days) 

SO Dronkers tl al.. 1981 
100 

5116 Zimmerman , 1976 Q, b ; Postma, 1954 
40 Dorrcslcin and 0110, 1960 

The mixing proccsscs rclated to residual eurrents and tO Ihe 
non-uniformity o f the tidal velocity dist ribution will bc 
illustrated by the way they act upon Il patch of dye. 
Therefore consider a longitudinally uniform syslem (cross­
sectionsl arca and velocity distr ibution indepcnde nt of x) 
wilh a patch of dye locatcd inil ia lly in a plane li(! and spread 
homogeneously in the cross-section. The veJocity distribu­
tion is supposcd to bc non-uniform in the cross-section. 
Thus. in a frame moving with the average cross-sectional 
velocity, there will bc curre nts in opposite directions in 
differe nt pans of the cross-sectio n, causing a longitudinal 
stretehi ng of the pmch of dye. 
ln the case o f a rcsidual circu lation one finds opposite 
eurrents in different pans of the cross-section even after 
averaging over a tidal pcriod. AI intervals of o ne tidal 
period. the patch o f dye will bc stretehcd with the spced of 
thesc residual eurrents, as long as no eross-scctional mixing 
occurs. Thus if the eross-scetional mixing is o nly weak , a 
slrong longitudinal dispersion results, which implies a fast 
renewal of lagoon waters. In the case of strong-scctional 
mixi ng the patch o f dye will bc stretehed only slightly, 
resulting in a small longitudinal dispersion and a slow 
renewaJ of la~oon waters. 
Cali T.l the Ilmescale fo r cross-secliona l mixing, and Ù. a 
mesu re for the tidally averaged velocit ics in the moving 
eross-seclion. Then a water parcel will on the average travel 
a distance I,-ui r 1 bcforc. under Ihe influence o f laierai 
mixing, il reaches anothe r part of the cross-section whcre 
the residual current has the opposite di reetion. Ove r a time 
interval mueh longer than T l ' the mOtion of a wate! parce l 
under the in flu ence of residual currents and eross-sect iona l 
mixing resembles turbulent mot ion wit h eddics of a length 
seale l, and a lime sea le T l (sec Fig. 3). The corresponding 
longitudinal dispersion is given by the expression (cf. 
Okubo , 1967) 

(22) 

-

Figure 3 
ln I~ prtSt!nu of a rtlidual ve10cÎly distribmion 11$ shown in lhe 
kfthand sidt OflM piclurt (ussumtd /0 bt uni/Hm i1l tM longitudin­
al dirtcrion), fluid purtt/s U:~1Û1ICt an eddy-li~ dlsplaurntnl dut 
10 lhe inltrac/ion of rtsidmzl cur"nts and mrbuknu, if v~"'td in a 
frarnt of rtftrtnct moving ",;rh tM cross-surionul avtragt of (~ 
ridai flow. 

with f,- I. This formula displays the T ,L ·dcpendence describ­
ed be fore. 
We now consider Ihe case Ihat residual circulations are 
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Figure 4 
Tire combined ac/ion of a la/ual J'ariilfion of /he /idal veloçilY field 
a/Id Ille turbulence produus enJuwud 10/lgirudirwl dÎ$/X fl;oll by 
slftlching a slreak-paleh of dye thUl was origl/wUy {ocaled in a 
narrow sec/ion prOllnd P s~cific position in lire clwnlltl. Slretchillg 
increasel lire concemratiol/ grad~nl in lire direction perptndieular 10 
Ihe streak, togelhu wilh inCfeal;ng ill effec/h'e {eng/h. This coulel an 
iocrease in lire effee/ivi/y ofrurbulem maing. so /001 after Ollt tidal 
cycle Ihe patch is dÎ$perled llrongly in lire longi/udi1wl direcliott. 

absent, but in which lmeral va riations in the tidal velocity 
amplitude arc prcscrn. The direction of the curre nts in Ihe 
ccrne r-of-mass frame i5 inverted du ring the tidal period. 
Thus, if there is no cross-scetional mixing, the patch of dye 
which has been stretched in a first stage of the l idal pedod, 
will bc contraetcd during the second stage and return to its 
initial sizc! So therc is no longitudinal dispersion. Now 
consider an increase of cross-sectional mixing such that T J. is 
in the order of a tidal period. In that case the patCh of dye is 
10 a certain exlem stretched, bUI it rcmains well spread in 
the cross-scction. Arter the turning of thc currents, the 
patch cannot be contracted any more into its initial size and 
longitudinal dispersion results (sec Fig. 4). If eross-seetionaf 
mixing incrcascs further, so that ilS lime scale bccomes 
much smallcr than a tidal period, then the patch of dye will 
hardly be stretched by the non-uniform vcJocity distribution 
and the longitudinal dispersion decreascs again. 
Ir <~> is II mesure for Ihe Incan square dcviation from the 
average velocity in the cross-section dudng a t idal pcriod, 
then the longitudinal dispersion coefficient is given by 
(Okuba, 1967: Holley e/ al .. 1970): 

<~> r~ .. 
DU=(I forT!> 1. , 
Of) = f1<'iJ!> r J for T.t « T. 

(23) 

(24) 

The coefficients fi and f! slill depend on the cross-scctional 
vclocity distribut ion u'(y.z.I). Their order of magnilude is 
f! =- 0.03 and f!=- J. 
It lohould be noted that the derivation of (23) and (24) 
presupposes thal the tidal currents changc direction at the 
same time at ail posit ions in a cross-section. In reality, 
howevcr. duc to friction, significant phase differenccs may 
occur. whieh can lead to an effeetivc increasc of T 1 in (22) or 
(24), as has been discusscd by Taylor (1974) for vert ical tidal 
shear now. 
Because of the small fresh water innow with respect to tidal 
disehnrges. the vertical mixing of the water body is nOI 
inhibited by dcnsity stratification. In that case the time seale 
for vert ical mixing Is much smaller than thc tidal period. 
From the formulas (22) and (24) it follow5 that neithcr thc 
steady nor the unsteady component of the vertical vclocity 
distribution gives rise to a strong longitudinal dispersion. 
On the other hand, the time seaIe for lateral mixing is 
generally larger than fi t idal period. owing to the large 
width-to-depth ratio of lagoons. Fixing the ratio <~>hi~ . 
the largest contribution to the longitudinal dispersion is 
supplied by horizontal residual circulation if the time seale 
for lateral mixing is very large. i.e. in wide lagoons. In 
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Figurc 5 
The ralio <;;7 >DliilD~ showlI as a flmelioll of the dimensifJ/l/ess 
widlh Il of lhe lagoon as defilled in lire tUt. 

narrow lagoons whcre the time seale for lateral mixing docs 
not exceed a few tidal periods. lalcral gradients o f the tidal 
\·clociIY distribution tend to bc the dominant factor for 
longitudinal dispersion and for rcnewal of la~n waters. 
This is illustrated in Figure 5 where the ratio <u' > D/ u; Do 
îs given as a function of the dimens10nless width of the 
lagoon 13 = b/(E) T)II2 , b denoting the dimensional width. E,. 
a (width indepcndent) turbulen! diffusion coefficient to be 
diseusscd in the next chapter and T thc tidal period. If 
13 -- 0 (narrow lagoons) the ratio bccomcs a constant of 
order 1. As now <~> is of the ocdcr of the -<lII ;lred 
average t id .. 1 vcloeity ampli tude. < u1 > , and in general il!, 
« u: this mean~ a dominance of oscill:uory she;1r diffu~ion 
over residual shear diffusion. On the other hand if 13» 1 
(wide lagoons), the ratio is proportional to 134 and rapidly 
the residual shear effeci dominates the longitudinal disper­
sion proecs~. 
The physical proccsses bchind the paramclers which appear 
in the abave analyses, arc reviewed more in detail and 
illustrated wÎlh experimental cvidence in the following 
secti(Jn ~. 

LATERAL MIXING 

From the analysis of thc preceding scclion it is ctear thal 
lateral dispersion plays an important role in thc longitudinal 
dispersion in a tidal systcm. 
Lateral mixing is usually expressed in terrns of a dispersion 
coefficient E) . If it is supposed that the longitudinal variation 
of Il} and tlie width b is not too st rong, then an order of 
magnitUde of the lateral mixing time T l is given by 

_ (1")' 
'.--- . 

2 t: ) (25) 

Lalcral rnixing, jU~1 likc vertical mlxing. is caused by 
turbulence generated at the bottom. Howcver, other pro­
cesses may also contribute : from experience it follows Ihal 
the dispersion coe ffic ient e) nOI only depends on the depth. 
but also on the width (Lau, Krishnappan, 1977). Other 
geometrical characteristics al50 scern to play a role. For 
exampJc. behind contractions in Ihe channel section, or 
other shorclinc irregularities. the tidal flow may arouse 
horizontal eddies, which comribule to the latcral mixing. 
From field rnca~urcments in rivers il follows Ihat (Okoye. 
1970) 
E, :; bu, f(hlb). (26) 



ln this expression u, represents the shear velocÎty, and fan 
increasing func tion of the depth-to-width ratio: 

f - 10 2 for hIb = 4. 10- 2, f:. 5. IO- J fo r hlb :: IO- l • 

For slrongly curved channcls the values o f f arc a few times 
large r (Yotsukura, Sayre, 1976). 
As a result of the interaction bctween the tidal flow and the 
channel geometry, the transverse mixing coefficient may 
bccome several times larger than the va lues indicated 
by (26). The lateral dispersion coefficients for tidal f10w 
reported by Fischer et al. (1979) amount to 

f(hIb) :: (0.5 - 1.5) 10- 2 for h1b ::. 10- 2• 

From this the time seale for lateral mixing in the prototype 
lagoon deseribcd in section 1 can be estimatcd at about ten 
tidal periods. 
Direct cxperimental evidence conccrning lateral rn ixing in 
tidal lagoons is very searee (Fiseher el al., 1979). It can be 
expccted that the values for the latera l mixing time sealc 
given above are sometirnes considerabJy decreascd by 
lateral vclocity components other than thase induced by 
turbulence proper. For insta nce geometrically indueed f10w 
patterns normally aJso show lateral velocity componenlS. In 
the case of residual circulations, il has been shawn by 
Zirnmerman (1976 b) that such circulations te nd to deereasc 
the lateral mixing lime seale. 

DiS PERSION DY RESIOUAL CURRENTS 

ln the third section several factors responsible for residual 
f10w have bee n indicatcd. T he corresponding proeesscs will 
bc reviewed in this section. Most attent ion is paid la the 
generation of residual circulations by tidal f10w over o r 
along an irregular topography , whieh is thought to bc the 
01051 impon anl (lII.:tor in mnny tidal lagoons. 

Wind-drh-en m iduals 

In the presence of variations in water depth wind stress on 
the water surface induces horizontal circulations, part icu­
larly when it acts in the dircction of the longitudi nal axis of 
the lagoon (sec a simple expIa nation in Crocn, 1%9). The 
slrength of the circulation depe nds on the variation o f the 
depth in the eross·section. Wind-induced circulations arc 
most outstanding if the ehannels in the lagoon arc dccp and 
bounded by wide shallow regions. In that case, therc is a 
wind driven current in the direction of the wind strcss on thc 
shoals and a return curre nt in the decp part of the cross­
section . The residual wind drivcn currents arc dorninated by 
the tidal currents in the type of iagoon considcred here : at il 
wind spced of 8- 10 rn /sec. (10 m above sea Icvel) the wincl 
driven currend LIQ on the shallows is typieally in the arder of 
a few ccntimeters per second. If "'f is the fraction of the 
cross·sect ion corresponding to the shallow region bounding 
the channel. then 

u .... 2 "'f11o 

i5 the cross-sectionally averaged modulus of the residual 
velocity. Following equation (20) the longitudinal disper­
sion coe fficient is give n by 

(27) 

For the prototype lagoon deseribed in section l , 
T J. ... S.IOS sec. and -y ... 0.2, whieh yields D, ... 50 m2 see. - I 

for residual wind circulations. T hc different values entering 
this est imate arc ve ry crude approximations; the uncer­
tainty in the dispersion coefficient is of the order of 
magnitude of the computed value. 
in lagoons where tidal currents arc weak , wind driven 
cu rrents may develop more strongly, and bccome the 
principal agent of mixing and renewal of lagoon waters. 
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Reslduals dr lvC!n by horizontal density gradients 

Even if rive r inflow is small and if the salinitÎes at the 
oonom and the suriace a rc approximately the same, density 
cffeclS may influence the longitudinal dispersion. When the 
width of the channels cxcecds about 1000 m the most 
important effect of a longitudinal dcnsity gradient , is the 
generation of a horizontal rcsidual circulation (Smith , 
1980). The origin orthis circulation lies in the fac t that water 
wit h the higher de nsity tends ta coneentrate in the deeJX!r 
part of the channel. Oecause of strong vertical mixing the 
surface density is on the average higher at the center of the 
cha nnel than near the boundaries. T his explains the trans· 
verse circu lation shown in Figure 6 , the water with lower 
density f10wing over the water with higher density. T he 
preSSure gradient duc to the horizontal density grad ient 
increases proportionally wit h distance from thc water sur­
facc. Thus the depth averaged pressure gradient is propor­
tional to the loeal depth. The first staternent expla ins the 
residual ve locity dist ribution of Figure 3 a: highest ve loci­
tics in landward direct ion occur near the bottom of the 
decpest part of the channel. The second statement explains 
the residual circulat ion patlern shown in Figure 3 c.- depth 
averaged residual transport in landward direction only 
occurs in the decJX!st part of the channel. 
An arder of magnitude for the cross-scetionally averaged 
modulus o f the re5idual longi tudinal veloeity u. can bc 
derived fro m Smith (1980). 

Üs = Us = 411 5
712 

g dl' 
"fl12 j) dx 

-
Figure 6 

h' 
UI C II ' 

, 

Residrml eircl/larions due ro dtrrsily difforelrus. 

(28) 

a) disrribulioll of IOlrgill/dlnal residual velociries in a crOSS-SUlion.-
b) trtlrrs"eru circu/ulion pallem in a l't!rtica/ croSS-JUlion. genuQ/· 
ed br I~ tarerai dellSily gradient ; 
c) horizontal tkprh ·QI·era~d residUllI circulalion pallem gtMmred 
by Il /ongimdinal derrsily gradienl /Oge(~r "'ilh talerul dif~rences in 
deprh. 

For the derivation of this expression it i5 assumed that thc 
cross-sect ion may be approxi mated by an equilateral trian­
gle. T he symbols used in equation 28 are : 
l' = density, CD '" coefficient for bollom frict ion, 
ur::: amplitude of tidal velocity. 
Substitution of charactcristic values for the Oosterschclde, 
which resembles the prototyJX! lagoon deseribcd in sec­
tion 1 : 
p- r dpldx '" 10-1 01 - 1, h2 = 100 m2, CR = 0.005, UI = 1 m 
sec. - 1 

yields the result Üs '" 0.01 m sec. - I . 
Using equation (22) with T J. "'" S.lOs sec., the longitudinal 
dispersion in the Oosterschelde generated by longitudinal 
density differenccs amounts to an order of magnitude of 
D ::: 50 mZ/sec. - 1 
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11 should also bc noted that the Iransversc circulation, duc 
to lateral density diffcrenccs, rcduces the lateral mixing 
time . 50 even in cases whcrc the longitudinal dispersion Îs 
no! dominated by density drive n horizontal circulation. the 
prese nce o f densi ty differcnces may affect the longitudinal 
dispersion by decreasing the late ral mixing time scalc. In 
consequence longitudinal dispersion may then be decreascd 
if (22) or (24) applics. or incrcased if (23) applies. 

Topographki lly generated ruiduil is 

Tidal lagoons ge nerally show irregular shorelines and bot­
tom topographies. These irregularities produce inhomoge­
neities in the tidal current veloci ty fie ld , main!y by frictiona! 
and Coriolis forces. Non!inear interactions , in turn , then 
give risc to rectification, i.e. the generation of ebb or flood 
surplusscs (the so·callcd tida! residual currcnts). Thcir 
dynamics and relat ionship to the geomorphology of scabcd 
or coastline has recently been reviewed by Zirnrnc rman 
(1981 b) in terms of vorticÎty Iransfcr. According tO the 
mo rphological agent producing the residua l current , three 
diffe renl types o f resid uals were distinguished in Zimmer­
man (1981 b). Hcre, as an examplc, wc shaH only show in 
sorne more dctail one of these types : Ihe headland eddy. 
ln Figure 7 the observed horizonta l distr ibution of residual 
cu rrents in the Oostc rschc1de is shown. Around the hcad-

Figllr~ 7 
lIoriZOllfollidt·j"dllctd residuol dreulolioll meosured ill 0 h)"drl1ulic 
SCl1lt modil of/lIt Oosttrschlldt. The dreulolioll ulis, or .. rtsiduol 
tddies" art gt/lt'raœd b)" ctll/ri/I/gal forus acting on lhe Iidl1l 
currt ,US flowing a,mmd htadla/lds. Tht radius of cun'amrt of/ht 
flow is show/I. as i.$ Illt U nit, of curvlllUrt. 

land at the southern shore clearly two residua! circulation 
cells arc visiblc , the western one rotating anticlockwisc, thc 
castern one clockwise. 5uch a pattern can be easily explain­
cd from Il , 'orticity argument as in Zimmerman (1981 b), 
but 10 avoid the introduction of vorticity here wc shaH , with 
the aid o f Figure 8, Ireat the dynamics of thc rcsidual eddies 
in terms of the residual morru:ntum budget. The explanation 
is that thc tidal current in flowin g around the bend in the 
coastline cxpcriences a centrifugai force towards the outer 
channe l wall , which te nds tO be balanced by a pressure 
grad ient inwards. The latter means that thc sea leve l 1S 
raiscd in the outcr part of the channel and Iowered at the 
headland. Away from the headland no cross channcl sea 
surface slopcs arc supposcd tO exist. A crucial element is, 
that the dislUrbcd sea Icvel pattern is the same for the ebb 
and flood Slages of the tide , sa that it pcrsists even aftcr 
avcraging over the tidal period. It can then easHy bc seen 
that along the coast the residual pressure distribution drives 
the wale r towards Ihe headland at both sidcs, whercas in the 
outer channc! the currc nts flow in the opposite direction. Of 
course. the residual pressurc gradients, driving the currents. 
arc bal:mced by bollom frict ion. The residual momemum 
balance thus is given approximatcly by : 

< UI'> 6 < C> 
, + g- -,,- '0 

(29) 

centrifugai force pressure gradicnt 

,1< 

• 

-' fi' ' ",-. - ..... 
0 ~. 

o 

I-igllrc 8 
T~ rtSidliClI Ma·kvtl distribution arO/.lnd 0 ~adland is sho"," by +, 
- or 0 for rtsptcril'tly raised, 10k'trtd arui urw/ftcltd Ma·k i'lI. T~ 
o"o",s denoltd by P show t~ dirtelioll of the pflssurt-grodiell/ 
forets. In lhe radilll dirtc/ion thi.$ forCI! i.$ balofICtd by the ridaI 
al't rugt Cill/rifucal foret C. III Iht azimw lral dirtc:/ioll thl prrssurt 
graditnl foretS art bCllafICl!d by bo/tom frictiofU/1 forets F. The 
dirtetion of'hl lalltr StlS lhe rtSll/ling rtsidWl1 circulation fJfJlltm 
sho",,, by lhe soUd ( u.-viS. 

for the rad ial di rection in a polar coordinate system with its 
center eoi nciding with Ihe cemcr of the circlc deseribcd by 
the radius of curvature at the headland. Fo r the azimuthal 
direction . wc thcn have the rcsidual momentum balance: 

! 0< C > 
, a. 

pressurc gradÎcm 

+ c 
~< u. l u.l> 
h 

bottom frict ion. 

,0 (30) 

(-!crc t is the deviation of sea levet lrom its equil ibrium 
position. Other symbols have thcir previous!y give n mea· 
oings. 
Equations (29) and (JO) allew an estimate of the rcsidual 
current veloci ties near the hcadland. 5ubstitut ing 
< u, > + UI" cos 2"if tf[ for ut , < u,> is given by 

• h b < u,> - - - -, 
16 Cs RL. 1" 

(31) 

where b is the widlh of the channel, R the radius of 
CurvalUre at the headland and ls the lcngthscale of the 
residual eddy. 
Charactcristic values for the example of the Oosicrschclde , 
as shown in Figure 7. a re: ls""' R = 6000m, h = 20m , 
b '" 3 000 m, Ult '" 1.5 m sec. - 1 and Cs = 0.005, yiclding 
the erude estimatc < Ue > ... 0.10 m sec. - 1. 

Should the above given value of < Ut> bc used as an order 
of magnitude for Us in (22), a value of 3 000 m~ sec. - 1 fo r Ds 
is obtaincd , if Tl'" 5. Hf' sec. This ccrtain!y is 100 large an 
ordcr o f magnitude . T he problem we face hcre is two fold. 
First, thc very existence of residua! eddies may decrcase the 
late ral mixing time seale as has already been diseusscd 
bcfore. This will dcerease the dispersion coefficient. 
Second. the derivation of (22) assumcs the lateral st ruclure 
of the residual vclocity field in the moving frame 10 be more 
or less 10 be homogeneous over a distance much larger than 
the tidal excursion, which obviously Îs not satisficd in the 
present cxample wherc the tidal cxcursion spans more Ihan 
the lengt h scale of the residual "ortex pair. In that case an 
alternativc ex pression for the rcsidual longitudinal disper­
sion 'coefficicnt may do: 

D~ "'c< ut> ls (32) 

This expression ..... as proposcd independcntly by 5ugimoto 
(1975) and Zimmerman (1976 b ; 1978). The former author 
estimatcd e to bc of order 0.4. but Zimmerman (1976 b) 
cxpresscd c as Il function o f the ralio À, of tidal excursion 
amplitude and eddy length scale and of the ratio \1 of the 
kinetic e nergy density o f residual curren! velocity field and 
tidal current velocity field. A value of 0.4 for c in (32) gives 
Ds = 320 m2scc. 1 fo r an eddy diameter of 8 km . For 
À " 2.7 and \1 "'" 4.4 IO- l . e (\l,À), folJowing Zimmerman's 
(1976 b) tidal rando m walk method , ls of the order 0.5. thus 
D~ "" 400 m! sec 1. Though sti ll somewhat too large , thcsc 

0 

o 



eSlimales have Ihe righl orde r of magnitude. Thus, 
the examplc shows that greal care should be lake n in 
applyi ng (22) in cases where the residual eurrents arc 
strongly non·uniform in the longitudinal direction. As Ihe 
dynam ics of residual circulation is such as 10 favour residual 
eddics of a sizc comparable 10 Ihe lidal excursion amplitude 
(Zimmerman, 1981 b) Ihis means Ihal for the dispersive 
effect o f thesc eddies application of (22) leads to wrong 
results, especially whe n the fixed -frame residual velocit ies 
are substituted. 

DISPE RSION IN AN OSCILLATING (TIDAL) VELO­
C ITY FIELD 

ln the third section it has been shown that lateral mixing 
ge nerates longitudinal dispersion if the oscillating ve locity 
field is non-unilorm in the lateral direction, ForT! ~ T, the 
corresponding dispersion coe fficient is given by (23). This 
expression shows that the dispersion i5 enhanced by an 
irregular channel geomctry , for two reasons: 
- a decreasc of the lateral mixing time ; 
- an increasc o f the lateral variation o f the velocity field . 
Somctimes channel irregulari ties are 50 pronounced that 
.. trapping" occurs: water masses arc retained inside 
topographie structures and communicate with the water 
masses in the channel by turbule nt diffusion, lidal eddies o r 
transverse circulations. If il is assumed that these .. traps .. 
arc morc or less regularly distributed along the channel , a 
longitudinal dispersion results which is given by (Okubo , 
1973) , 

D _ )"f L < u2 > (3l) 
, " rr'" 1 + 4'li'~ 'T l' • 

Here -y is the fraction of the cross-section where the wale r i5 
trapped and Tl is the time scale for renewal of water in the 

Figure \0 
Experi~fltal t vidt llct Jor Iht occu"tnct of 
mu/ng QII lidal /Wu III Iht OQstersc~ldt i.J 
sho ... " by compari"g lM ti~ hiswry of CUrrtfll 
I·tlocity and salillily Jor poSÎIWII$ A. COli lM 
Iwal /WI and 8. D in I~ mtJIII cMnMI. Note lM 
kvtlillg of lM salillily cun·tS durillg oUlflo ... al 
Iht ridai /faIS. This indicaltS sirong muillg of 
waltr al lM fia IS during inflo .... producing a 
honwgt/ltOIIS oUlflo ... at /Iit t bb stagt of lM 
/Mt. 
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trap. In the limits T.1 « T and 'T .1 ~ T this equation reduccs 
to the general expressions (23 , 24), which shows thal mbdng 
by trapping is in fact an extrcrnc form of lateral shear 
d ispersion. 
Tidal nats in a lagoon may also be considered as a kind of 
.. traps ". The water exchange between the tidal flat s and 
the channel is a direct result o f the tida l variat ion of walcr 
levels. Though Ihe now to and from the tida l nats does not 
producc longitudinal dispersion by itsclf, longitudinal dis­
persio n results in onr.- •• f the following cases (Dronkcrs, 
1978) , 
- the watcr leve l variation is out of phase with the 
longitudinal transpon in the channel, as a result of cne rgy 
dissipation in the lagoon (Dronkers, 1978; Schijf. Schôn­
feld , 1953 ; Post ma, 1954) ; 
- the wate r masses on the tidal flat are mixed , as a result of 
topographie residual circulations (sec Fig. 9). 

Figure 9 
Characltrislic circula/ion {1Qlltfll on a lidal fiaI . 
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If it is assumed that complete mixing occurs on the tidal flat, 
the following expression for the longitudinal dispersion 
cocfficK:nt results: 

(34) 
Do"" _1_"'« u1 >1'. 

31T! 

Here "'( is the ratio of the cross-sectional areas of the tidal 
flat and the main channel. Experimental evidence for 
mixing on lidal flats is shown in Figure 10. For Ihe prototype 
lagoon the ralio "'( is order 0.2, yielding for the longitudinal 
dispersion coefficient a value of approximately 250 ml/sec. 
As. in general. the mixing on tidal flat s is nOI complete, the 
theorelical value of DG should he reduced acçordingly. 
Finally, as a panicular case of " trapping", one may 
consider the waler motion which occurs al channel junclions 
when phase differences exist belween the discharges in Ihe 
different channel branches (sec Fig. 11). This effect is 
similar 10 trapping on tidal flats when the water b ·cl 
variation and the longitudinal \'elocity arc out of phase. 
From Ihe analysis in Oronkers (1978) it follows that Ihe 
longitudinal dispersion in the main channel (1), causcd by 
a small phase-shift At o f the disehargc in a branching 
channel (2). depends on the distance x from the channel 
junction. If the channel cross-sections and the velocities arc 
inde pendent of x, the longitudinal dispersion may bc 
computed from the following approximale expression : 

A '" ( )' o "" ~u Cl) u a)~ 
\1 1\011) 1 1 T 

(35) 

" 

Figure 1] 

DiS~Tsion Tt'slllling /rom a pha~ shift btllt'Un Iht vtlOCllitJ al a 
(liallllti JUllellOn. 

fo r Ixl "'" II2L, in which L "" 1~ 1 (l IT is the tidal excursion in 
channel 0'. In J-igure 12 an ..: .\amplc of a phase dlffercncc 
at a channel junction in the Ooster)Chelde is sho\\n. 
Acçording to equation (38), this phase difference produces 
a longitudinal dispersion of approximately 100 m2/sce. in a 
region Ixl :lii 1/4 L around Ihe channel junction. Such a 
localized contribution 10 the dispersion ncar a cha nnel 
junclion is , for instance. clea rly visible in the results of 
Dorreslein and 0110 (1960). For the Ecms-csluary these 
aulhors found a pronounced increase of Ihe longitudinal 
dispersion coefficient near the conflucnee of Ihe Dollan 
channel and Ihc river Ecms. 

CONCLUSION 

It has been shown that the characleristics of mixing and 
flushing in tidal lagoons can he describcd in various 
different but connecled ways. The most simple parameler is 
the ove rail flushing time scale of a lagoon , which , bcing an 
integral measure, characlerizcs the rapidity of waler renew­
al in the lagoon as a whole. More delailed information can 
bc obtaincd by looking al local lime seales such as ages and 
residence timcs. Apan from bcing a fune tion of the 
longitudinal dimcnsion of the lagoon, alltime scales bear an 
intimate relationship with the physical nansport-processcs. 
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If the laller arc purely dispersive, it is Ihe distribution of the 
longitudinal dispersion coefficient that determines ail of the 
mixing timc sea les. The dispersion coefficients, in tum, arc 
relaled to and can be derived from Ihe characleristics of the 
complete velocity field sel-up by lide, wind and densily 
differences. 
ln o rdcr to arrive al values for Ihc mixing lime seales it 
would therefore bc a natural procedure to derive firsl the 
distribution of the longitudinal dispersion coefficient from 
the veloci ty field and Ihen tO calculate local and finatly 
inlegraltime scales from thc dispersion coefficients. Unfor­
tunately. however, c\'en if sufficicm information o f Ihe 
velocity field is at hand, it is nearly always impossiblc 10 say 
at first sighl which of the various possible mechanisms 
dominates the dispersion process. This is bceausc it is 
principally nOI allowed to say Ihal the effeclive dispersion 
coefficÎent is the sum of Ihe coefficients produced by the 
various dispersion mechanisms separalely. Differenl mecha· 
nisms may influence cach other; for instance , in the 
examplc diseusscd before, where the presence of rC)ldual 
circulation decreases the lateral mixing lime scale and he nec 
may increasc or decrease the oscillalOry shear dispersion 
coefficient depending on whether (23) or (24) applies. 
One is therefore nearly always obliged tO use the distribu· 
lion of a natural tracer, sueh as salinity, 10 calculatc the 
flushing timc scale and the longitudinal dispersion cocrfi­
cients. The order of magnitude of Ihe laller may then 
indicale Ihe most plausible dispersion mechanism, panicu­
larly if a good knowledge of the velocity field is al hand. 
Here numcrical modelling can bc of help, but often Ihe 
inversc is e\'en more instructive: Ihc dispersion coefficients 
dcri\'ed from a tracer dislribution in Ihe field can he uscd as 
a guide showing whelher or not the main dispersion factors 
in the velocity field arc reprodueed succcssfully in the 
model. 
ln summary . Ihe analysis of mixing time scales and disper­
sion cocfficients from field measurements in a lagoon can 
provide: 
- an indication which mixing process dominates in Il. 

particular lagoon ; 
- insight in the mixing proccsses necessary for the inter­
prelat ion of water qua lit y parameters oblained from field 
data or for thc interpretation of water quality simulations in 
mathcmatÎcal or hydr3ulic modcls ; 
- qualitative cstimates of Ihe influence of minor changes in 
the hydraulK: regimc of a lagoon by engineering eonStrue· 
tions. 
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