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I. HYDRODYNAMIC CHARACTERISTICS OF THE SCHELDT ESTUARY 

I. 1. Introduction 

:t.l 

The Scheldt Estuary is the Southern branch of the Rhine - Meuse 

- Scheldt delta. The natural evo luti on of the delta has been , to 

a large extent, influenced by man ' s activities embanking, closing 

of arms and creation of artificial fresh water lakes. 

Since the closing in 1867 of the connection with the Western 

Scheldt , the Scheur and the Oostgat are the only openings of the 

Eastern Scheldt to the sea. The mouth of the Rhine is situated 

80 km to the North. 

The drainage basin of the Scheldt and its tributaries cover s 

some 21.580 km 2 in the North-West of France, the West of Belgium 

and the South-West of the Netherlands. 

The flow of the Scheldt River is generally small whil e t ida l 

motions in the estuary are large, producing a fairly good mixing 

of fresh and sea water s . 

A map of the Scheldt Estuary (fig . 1) shows , downstream of 

Wal soorden , a complicated system of channels often referred to as 

" flood " and " ebb " channels according as the main water motion oc-

curs during flood-tide or ebb-tide, respectively . (Such a classi-

fication is , in many cases oversimplified , especially for the 

Middelgat channel and the Gat van Ossenisse channel between 

Terneuzen and Hansweer t ). 

Upstream of Walsoorden , up to Gentbrugge, the river is characte ­

rized by a main channel, well defined , with , occasionally embryos 

of secondary channels upstream. 
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Fig . 1 . Map of the Scheldt Estuary . 

I. 2 . Hyd raulic a nd geometrical parameters of the Scheldt Es tuary 

Using t he " hydraulic parameter " and the "geometrical parameter " 

introduced by Pritchard (Pr itchard 1967) o ne can distinguish d iffe­

rent zones in th e Scheldt Estuary, characterized by different water 

and salt circulations. 

The hydrau l ic parameter is the ratio of the volume o f wa ter 

fl owing upstream th e estua r y through a given section during the 

fl ood tide (mentioned as " flood volume " in the figures) to the vo ­

lume of f r es h water flowing into the estuary upstream the sect i on 

during a comp l ete tidal cycle (mentioned as " fresh water vol u me " 

in the figures ). 

At Sch el l e , immediately downst r eam of the mouth of the Rupel and 

generally the upstream limit o f the brackish water zone , the mean 

fr esh water flow i s es timate d at s om e 100 m3 /s , corresponding ro ug h­

ly to a volume of 4,5.1o6 m3 evacuated over a tidal period . Monthly 

averaged fr esh wa ter fl o ws less tha n 40 m3 /s or higher than 

3 5 0 m3/s at Schel l e may be r ega rded as exceptional (Coen 1974 ) 



The t ide in t he Sche l dt e st uary i s esse n tia l ly the luna r sem i -

d iurna l t i de M2 with a per i o d of 12 h ours , 2 5 minutes. Th e tid a l 

ampl i t ude incre a ses f r om 4 m i n t h e ope n s ea to 5 m at Hermikse n , 

ups tream of An t we r pen a n d de c r eases t h en to val u es o f the o r d er of 

2 m at Gen t b r ugge (The u n s and Co en t 973) . 
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The hydrauli c parameter varies considerably as a function of 

fresh water flow and position along the estuary (fig . 2) . At a 

given section , fo r the same fresh water flow, it var i es weakly with 

the tidal amplitude . For mean values of the fresh water flow and 

the tidal amplitude , the hydraulic ratio varies from 200 at 

Vlissingen to 1 00 near Hansweert (close to Walsoorden) , 10 near 

the mouth of the Rupel and 1 or le ss at Gentbrugge . 

The geometrical parameter i s more difficult to define . In a 

rectangular channel the ratio of width to depth is meaningfull . 

In an irregular sectio n of a sha llow and wi de estuary with many 

channels , sand-banks and tidal flats , the rati o of width to average 

cross-sectional depth varies with position along the estuary and 

with the tidal levels, sometimes very abruptly. Therefore t he 

cross-sections were simplified and the var i ation of t he wid th to 

mean ratio was considered between extreme water levels (fig. 2). 

In the region o f mul t iple channels , downstream of Walsoorden, 

this ratio osci llates between 100 and 1000 with an approximate mean 

value about 450. The irregular oscillations observed in th e first 

50 km from Vlissingen can be attr i buted to the existence of nume ­

rous sand- banks and shallow areas with a fairly complicated flow 

pattern around and over the banks and the possible formation of 

zones of " dead water ". Upstream of Walsoorden , the width-depth ra­

tio decreases rapidly and remains regularly small , of the order of 

10 % of the mean downstreams values . In the region upst ream of the 

Rupel tr i butary, the width to depth ratio loses much of its meaning . 

The water the r e is practically fresh water. The cross section is 

very small at low tide and the ratio may become artificially large 

whe r e the dep th becomes very small. 

According to Pritchard ' s classification {Pritchard 1967) , the 

Scheldt estuary can thus be divided in three zones . 

(i) zone 1, from Gentbrugge to the mouth of the Rupel characterized 

by low values of both geometrical and hydraulic parameters. 

{ii)zone 2, from the mouth of the Rupel to Walsoorden, characterized 

by intermediate values of the parameters indicating a partial 

mixing of the wate r . 

~ii)zone 3 , from Walsoorden to the sea , characterized by high values 

of the two parameters indicating a good mixing of the water 

{except perhaps dur in g exceptional river flood periods in the 

winter when higher stratification occurs). 
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The three zones are indicated in fig. 3 which shows the variat i on 

of the wet sect i on A(x ) o f the Scheldt at half-tide a s a funct i o n of 

the distance x from Vlissingen. 

I. 3. Distribution of salinity in the Scheldt Estuary . 

Sc h emat ically , the sa l in i t y of the Scheldt Es t uary varies fr om 

low values, characteristic of fr e sh water, near Gentbrugge to large 

values, characteri stic of sea water, near Vlissingen. 

The longitudinal salinity profile is of course a function of the 

fresh water flow which limits the i n t r us i on of salt , but i t a l so 

varies over a t i da l period , bei n g shifted upstream at flood-ti d e 

and downstream at ebb-tide . (For extremely small fresh water flows, 

the intrusion of salt may extend farther than the mouth of the Rupel; 

for extremely l arge fresh water flows , the salinity at Vlissi ng en 

may be app r eciably smalle r t ha n the sea water value , indicati ng that 

a considerable amount of mixing still takes place beyond Vlissingen) . 

This situation is illustrated in fig. 4 the shaded regions indi-

c ate the envelopes of the expected displacements of the longi tudinal 

salini ty profile over half a tidal period at respectively a typ i cal ­

ly large (left) and a typically small (right) flow of fresh water. 

Lateral salinity gradients are generally negligible upstream of 

Walsoorden . The maximum salinity differences between the two banks 

of the river are observed between Walsoorden ( ~ km 40) and the 

Dutch - Belgian bor der ( ~ km 60) where occasionally, differences up 

to 4 °/00 are found . In the mean, however, ove r a tidal period , 

t he differences remain very small. 

Fig. 5 shows in illustrat i on the distribut ion of chlorinity ob ­

served on March 3 1st 1 971 at s l ack water i n a cross section of the 

Scheldt Estuary situated near the Dutch - Belgian border. 

see that there is a small lateral g radient. 

One can 

Downstream of Walsoorden , the existence of flood and ebb channels 

sepa r at e d by large banks and the assoc iat ed compl icated circula tion 

pattern may produce lateral variations of salinity and, in particu­

lar , occa s ional salinity differences from one channel to the other . 

Vertical salinity profiles show , in general, an increasing sali­

nity from the s urface to the bottom with strong irregular va riations 

over a tidal cycle (fig. 6). The diffe r ence between mean surface 

and mean bottom salinity is gen e rally less than 1 °/ 00 with 



maximum values up to 2 °/ 00 near the Dutch-Belgian border (De Pauw 

and Pe t ers 1973) . 
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Longitudinal profile of the wet section of the Scheldt 
Estuary. 

~ 

Envelopes of longitudinal salinity profiles in the Scheldt 
Estuary . 
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F ig. 5 . Distribut ion of chlorini ty observed on March 31st 19 7 1 
at s la ck water in a cross section of the Scheldt Estuary 
near the Dutch-Be l gian Border. 
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The observations of the distribution of salinity in t he Scheldt 

Estuary seem to confirm the existence of three distinct zones as 

suggeste d in section 2 . 

( i ) zone 1 , upstream of the Rupel , is typically a region of fresh 

water of the Scheldt and its tributaries. 

(ii)zone 2 , between the Rupel and Walsoorden , is rep r esentative of 

a partially stratified estuary. The longitudinal and vertical 

salinity gradients are ma x imum in tha t region and more part icu­

lar l y near the Dutch-Belg i an border ( ~ km 60) where the maxi­

mum variations of salinity over a tidal period are also obse rved . 

(lii)zone 3, downstream of Walsoorden , is fairly well - mixed . V aria-

tions of salin i ty are sma l l except occasionally i n secondary 

channels and around sand banks . 

I. 4 . Tidal and res i d u al currents in the Scheldt Estuary 

The water circu l ation in the Scheldt Estuary is dominate d by the 

tides. Tidal cur r ents can reach values of 1 m/sec or more (fig. 7) 

while the order of magnitude of the residual currents (defined as 

the mean currents over one or several tidal periods) varies typical­

ly from 1 cm/sec at the mouth of the estuary to 10 cm/sec in the re­

gion of the mouth of the Rupel . Vertical variations may be impor­

tant (Peters 1974) . 

The residual currents are due to the fresh water inflow upst ream, 

the non-linear residue of tidal oscillations and the presence of sa-

linity gradients. They will be discussed in more details in part Ill. 

II . HYDRODYNAMIC MODELS APPLICABLE TO THE SCHELDT ESTUARY 

II.1. Introduction 

The dynamics of the Scheldt Es tu a ry is determined by the presence , 

o n the one hand, of strong tidal currents with subsequent turbu l ence 

and mixing , and by the existence on the other hand of salinity gra ­

dients and subsequent stratification and buoyancy effects . 

As mentioned in part I, the estuary is only partially mixed , at 

least in zone 2, and the tri-dimensional hydrodynamic equations des ­

c ribing the estuary are, to begin with, more complicated that the 

equations on which mathematical models of well-mixed shallow conti­

nental seas are based. 
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Fig. 7 . Current velocity pro f iles measured at a fixed station near 
the Dutch-Belgian border , Oct . 15th , 1970 . 

However , the morphology of the estuary ( l imited i n width and 

depth and e x tend i ng essentially streamwise) suggests different sim­

plificat i ons and it i s o f ten j ust i fied to work with two - dimensional 

and one-dimensional mode l s integrated over the width or (and) the 

dep t h . Such mode l s may be very different from one estuary to ano-

ther particular characteris t ics of t he r iver dete r mining the impor -

tan t e f fects and those which can be neglec t ed. 

In the following , one discusses the hydrodynamic models applica ­

b le to zon e 2 a n d zone 3 of the Scheldt estuary (the problem of 

zone 1 is less typ i cal and can be treated by classical rive r mecha-

nics ) Simp l ifications wi ll be made ; based on the examination of 



the orders of magnitude provided by the existing data bank for the 

Scheldt (e . g. Jager 1973 , Ronday 1975) . 

Clear l y , they are amenable to permanent rev i sion as the·data 

bank is completed and refined and as simulation exercises , confron­

ting models with observations , reveal other priorities . 

II.2. Boussinesq equations 

The Hydrodynam i cs of t he Sche l dt Estuary is determined by the 

coexistence of fresh water flow , strong tidal and wind currents ge­

nerating tu r bulent f l uctuations and mixing , and small but still si ­

gnificant salinity gradients,sources of density s trat i fication and 

gravity effects . 

I t i s obvi ously not possible - and not even desired - to describe 

the dynamics of the estuary in every detail reproducing micro-turbulent 

fluctuations , the time and l ength scales of which are small as compa­

red to the main hydrodynamic processes (say , smal l er than time scales 

of the order of 1 minute and length scales smaller than 1 meter while 

characteristic time scales of tidal motions are of t h e order of 

hour or more and charac t eristic time scales of residual currents seve-

ral orders of magn i tude larger). The mathematical model is basically 

concerned with mean values which , from a theoretical point of view, 

may be defined as stochastic averaged but which , prac t ically , are 

time ave r aged over a period of time (a couple of minutes , say, for 

the Scheldt) sufficiently large to el i minate the micro - turbulent 

fluctuations and sufficiently small to leave the main processes unaf ­

fected (Nihoul 1975) . 

The micro-turbulent fluctuations are not , howeve r, comp letely eli ­

minated from the equations by the averaging . They subsist in the non ­

linear terms and t heir effect - which is essentially an enhanced dis­

persion , similar to the molecular diffusion but many times mo r e effi ­

cient - must be parameterized with the help of the so-called " eddy 

diffusivities ". 

Although the water density of the Scheldt is not constant, its 

variations , associated essentially with the salinity gradients , are 

small and Boussinesq appro x imation can be applied . 

Thus if ~ is the mean velocity , p the mean pressure and a t he mean 

(buoyancy being defined as the deviation of wate r density from a 

constant reference value, divided by that constant value and multipliec 
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by the acceleration of gravity g) the Boussinesq equations can be 

written, the vertical axis ~ 3 pointing upwards (e.g .. Nihoul and 

Ronday 1976) 

'V ·~ = O (1) 

oa a a a - + 'V ·ua = -- ( >.. --) (2) 
ot - a x 3 a x3 

au a ( au ) __:_ + 'V · !!!! + 2 (l 11 !! = - 'Vq - a ~3 + - V -- ( 3) at ox, ax, 

where 1 is the eddy diffusivity , n the earth r o t a ti on vector , v the 

eddy viscosity and whe r e , p and p m denoting respective l y the pressu ­

re and the constant reference density , 

p 
q + g x, 

Pm 

In eqs. (2) and (3) horizontal turbu l ent dispersion has been ne ­

glected because characteristic length scales of horizontal varia ­

t i ons are always much larger t han vertical length scales and this 

effect is neg l igible as compa r ed to ve r tical t urbulent dispersion . 

(One emphasizes here that , with an averag i ng time of the order of 

a minute , the turbulent dispersion discussed here is that of micro­

turbulent fairly homoge n eous and isot r opic eddies and that the cor ­

responding eddy diffusivities are comparable in the horizontal and 

the vertical directions. There is , of course, an important horizon-

t al disper sion associated wi th variable and irregular currents but 

this effect is , in eqs. (2) and (3) included in the advection terms 

and will appear explicitly later). 

II.3. Three-dimensional hydrodynamic models. 

Eqs . ( 1) , (2) and (3) form a system of five scalar equations fo r 

the five unknowns u 1 , u 2 , u 3 , q and a. 

In rectangular coordinates , appropriate to a rec t ilinear channel , 

they can be written 

ou, ou2 ou, 
-+--+ - =0 
ox, ox2 ox, ( 4) 

oa a a a a ( aa ) - + -- (u1 a) + - - (u2 a) + - - (u3 a) = -- A.-
at ax, ax1 ox3 ox3 ox3 , 

( 5) 

au, a a a 
- + - - (u, u1) + -- (u, u2) + -- (u, u3) 

~ &, &2 a~ (6) 

aq a ( au, ) + 2 (Q 2 ll3 - QJ ll1) = - - + - V --ax, ox, ax, 



au2 a a a 
- + -- (u, u2) + -- (u2 u2) + - (u3 u2) 
at ax, ox2 OXJ 

(7) 

aq a ( ou2) + 2 (QJ U1 - fi1 u3) = - -- + -- V--
ax2 ox, ox, 

au, a a a 
- + - (u, u3) + -- (u2 u3) + - (u3 u3) 
ot ax, ax2 ax, (8) 

oq a ( au,) + 2 (n, u2 - fi2 u,) = - - - - a + - v -
ox, ax, ax, 

For the Scheldt Estua ry, where the radius of curvature R of the 

bends i s always much larger than the cha racteristic length scale 1
2 

of transverse variations , it is readily shown ~ihoul et Ronday 1976) 

that these equat i ons remain valid if the x 1 ~axis is taken along the 

centr al streamline of the river, the x 2 ~axis perpendicular to it in 

the transversal direct ion and the x 3 -axis vertical (oriented upwards 

with the origin at the mean river level) provided the vert ical com­

ponen t of the earth rotation vector is corrected to include the 

effect of curvature . 

With a 9ood approximation , it is suff icient to replace, in the 

equa tions , 2n 3 by 

r = 2 n, 
v, 

R 
(9) 

where v 
c is the circumfe r ential velocity (Nihoul and Ronday 1976). 

For a typ i cal veloci ty vc of 1m/sec and a radius of curvature of 

some 10 km, th e t wo te rms i n the right -han d side of (8) a re of the 
-4 -1 o r der 10 sec and thu s 

2 n, ~ 2 n2 - 2 n, - f "' 10- 4 -1 
sec 

In rectilinear section s , R is infinite and the correction vanishes. 

One can estimate the orders of mag nitude of the different terms 

of eqs . (4 ) to (8) for different values of the variab l es within the 

range of o bservations in the Sche l d t. One finds that seve r a l terms 

a r e a lways much s maller than the other s and can be n eglected . 

This can be shown simp l y by considering a typical case . 

Let, in MKS unit s , (Jager 197 3) 

U 1 ~ I ; u2 - 3 · 10- 2 ; u3 ~ 3· 10- 4 ; a - 10- 1 
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be characte r istic values of t he velocity components and the buoyancy 

and 

1,- 3·104
; 12 - 103

; 13- JO : t,- 1o•- r-• 

characterist i c length scales and time scales . 

The Richardson number (measuring the importance of the vertical 

stratification) is found to be 

<la 

OX) 

"' 1 ( 10) Ri 

11 :xy3 [ 

The separ ation betwee n the mean values u , a and the mi cro -

turbulent fluctuations is 

time T of the orde r of one 

effected by integration over a period of 

or two minutes (T "' 10
2

) . 

According to Kolmogorov theory , the corresponding eddy viscosity , 

in a non stratified medium , is giv en by 

V
0 

- £ -r 2 ( 11) 

where E is the rate of turbulent energy transfer from th e larger 

eddies t o the smaller ones where dissipation t akes place . 

In strat i fied waters , the eddy viscos i ty v and the eddy diffusi-

vity A depend on the Richardson number . 

Ande r son 194 8) 

One can write (M u nk and 

v = _ __ v. 
( I + 10 Ri)' /2 

A= 
v. 

(I + 3,33 Ri)312 

Taking E "' 10 - 5 as a ty~ical value for the Scheldt Estuary 

(Nihou l et Ronday 1976) , one finds , u s ing (10) 

v _ 3 ·J0- 2 m2 /sec 

A- 10- 2 m2 /sec 

( 1 2) 

( 13) 

These value s are in good agreement with observations (e . g. Bowd en 

1965 , Fish e r 1972 ) . 

Comparing orde r s of ma gn itude, one finds (Nihoul and Ronday 

1976) 



(i) that all terms i n the left-hand side o f eq. (8) and the vertical 

turbulent diffusion i n the right- hand side are completely negli ­

gible as compared to buoyancy which can only be balanced by the 

vertical gradient o f q , i . e . 

a = -
oq 
ox, 

( 1 4) 

(ii)that t he transverse gradient of q is essentially ba lanced b y 

Cor i olis and eventual curvature effe c ts and , to a sma lle r extent , 

by turbulent diffusion and time variations of the transverse ve­

locity, yielding 

oq 
ox, 

:s 10- 4 (MKS) ( 1 5) 

(iii) that , in eq . (6) , to the contrary , ea rth rotation and curvature 

effects can be neglected as compared to tur bulent diffusion . 

To estima t e the longitudinal gradient of q , it is convenient to 

write 

q = q, + q, + q, ( 1 6) 

where q
1 

is the c r oss - section average of q and depends on x
1 

and t 

only ; qv is the width-ave r age of q - q
1 

an d depends on x
1 

, x
3 

and 

t ; qt is equal to q- q
1 

-qv and depends on the four variables x
1

, 

x
2 

, x
3 

and t. 

Substituting in (14) and (15) , one gets 

~ :s 10- •:q, ~ 10- ' 
ox, 

oq, oq, 
a =- - ---

ilx3 ilx3 

oq, 

ox_, 

q . ~ 0 (13 a) ~ 

An estimat e of q 1 can be based on the value of q at t he free sur­

face 

p, 
q + g ~ (1 7) 

Pm 

whe r e ~ i s the surface elevation. 
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For elevations of the orde r of 1 m, 

q, 
oq oq, 

10; -- - - - 3. J0 - 4 ox, ox, 
To sum up , the equations of a three-d i mensional h y drodynamic model 

of the Scheldt Estuary can be written 

'V'·)J = 0 ( 18) 

oq 
( 19) a =---ox, 

- + 'V· ua = -- A. --oa o ( oa ) 
ot - ox, ox, (20) 

~ + 'V · uu = - ~ + _a_ (v ~) Ot - I ax, ax, ox, ( 21 ) 

ou2 oq o ( OUz) "& + fu , = - ~ + fu, v fu, ( 2 2 ) 

Eqs . (18) to (22) form a complete system of five scalar equa tions 

for the five unknowns u 1 , u 2 , u
3

, a , q . 

II . 4 . Two-dimensiona l models assuming transversal homogeneity 

Early models of estuaries traditiona lly assumed a sufficiently 

good transversal homogeneity to neglect , in the equations , all terms 

conta i ning derivatives with r espect to x 2 (e . g . Pritchard 1967) . 

These terms , in eqs . (18) , (20) and (21) a l so contain the trans­

verse velocity u 2 an d the hypothesis amounts to considering that, 

in section II . 3 ., e ither the velocity u 2 has been ove r estimated or 

the characteristic length scale 1 2 has been underestimated . 

I f this is the case , eq . (1 8) reduces to 

au, au, 
+ 0 

ox, axJ 

and one can define a stream function ~ such that 

oljt 
u, = ox, 

oljt 
u, ox, 

The hydrodynamic equations can then be reduced to 3 , i.e. 

a = 
oq 

OXJ 

( 2 3 ) 

( 2 4) 

( 2 5) 

(26) 



oa oljt oa oljl oa a ( oa ) 
"& + a;:- a;.- - fu, a;:- = a;; A a;::-
()1 ljt oljt o1 ljt oljt o1 ljt aq a ( o

1 
ljt ) 

ot ox
3 
+a;; ox

3 
ox, -a;.-~= - &. +a;:- v ~ 

( 2 7) 

(28) 

for the three variables ~ . a , q ; the latest being also regarded as 

a fu nctio n of t , x
1 

a n d x
3 

o n ly. 

Eq. (22) is ignored in this type of model as it provides a use -

l ess r e l at i on between uninteresting var iables u 2 and qt. However , 

a c l ose r examination of that equati on shows that one must take such 

models with some reservation. 

-4 
In deed fu

1 
reaches typical values of order 10 a n d must be ba-

lanced by another term at least. If 1 2 is larger than estimated 

(say, 10
4

) , eith er q t is larger (qt 'V 1 instead of 1 0 -
1

) or u
2 

is 

l arger . In the first case , qt is a non negligible cont r ibution to 

q in equations l ike (21) , and one may not assume that q does not 

depend on x
2

• I n the second case , an increase o f u 2 compensating 

the decr ease of 1 2 , i t is l ikely that terms containing ~~ 2 or 
a 2 

u 2 ~ cannot be neglected . 

The model wo u ld remain valid i f u 2 was smal l er than estimated 

(u2 << 3 10-2 ) but observations indicate that , in the Scheldt Estuary , 

th i s condition is far from being realized in many places. 

II.5. Width - in t egrated models 

If one is not primari l y i nterested in tran s verse variat ions, it is 

advantageous to integrate the evolution equations from one bank to 

the other and to study the longitudinal and vert i cal variations of 

mean or integra ted va l ues over the width of the estuary . 

Let 

x2 = D (x, , x3) ( 2 9 ) 

and 

x1 A (x 1 xl) ( 30) 

b e the equations of t h e banks. 

The banks must be stream surfaces. Thus 
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Let 

V, = L ii, = Jo u, dx2 -· 
V3 = L ii3 = Jo u3 dx2 -· 
A = L a = r a dx2 -· 
where y is the width-averaged of y(y u

1
, u

2
, a) and where 

L = 1.\ + D 

Setting y y - y (y u
1

, u
2

, a), one writes 

u, = u, + ii, 
u3 = ii; + ll3 

a = a + a 

Integrating eqs . (18) and (20) from - f. to D, one obtains 

- + -- dx2 + (u2) 0 - (u2), J
o (au, ou3 ) 

-.0. ax, ox, 

ao 
(u3)o a;; ----

M 
(u3) 4 - + (u2) 0 

OXJ ---- (u,), 

av, ao M av3 
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ox, ox, ox, ox, 
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J
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- · Ot ox, OXJ Jo ( a aa ) - -/..- dx 

- · ox, OXJ 
2 

aA a J o ao M a J o = -- + - - u, a dx2 - (u , a)0 -- - (u, a). - - +-- u3 a dx2 
at ax, -• ax, ax, ax, - • ---- ------
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( 31) 

(32) 

( 3 3) 

( 34) 

( 3 5 ) 

( 36) 

( 3 7) 

( 38) 

( 39) 

(40) 

( 41) 

ao M 
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ox, ox, - · 

+--(L - 'V3 A) +-- u3 adx3 
a a fo 

OXJ ox, - · 
-_a_("~) = o 

OXJ OXJ 



underlined terms cancell i ng as a result of {31) and {32) and 

the last four terms of {41) being negligible as compared to 
a aA , { ,\ -,-) Indeed 

o x 3 o x
3 

a ( aA ) (''a L) -- A -- - o - ,- - w-' 
ox3 ax3 13 

Whil e , for ins t ance 

A- -- 0 --( 
aa ) ao ( /,a ao ) 
ax, D OX3 1, OX3 

- 10- 4 

assuming a maximum of 10 mete r s of width variation over depth . 

Similarly, integrating eq. {21) , one obtains 

av a 0 
--' + -- (L _, V, V1) + - - (L-1 V, Y3) 

at ax, ax, (42) 

a r a r a(j a (v ~) + -- ii, ii, dx2 + -- ii, u3 dx2 =- L--+ 
,ax, -6 ax, - 6 ax, ox, ax, 

qv being negligible , the approximation q ~ q has been made. This 

simplificat i on r esults from eq . (22) wh i ch plays no other role in 

the integrated model . 

Integrating eq . ( 1 9) , one find s, v1ith the same approximation 

A 
aq 

L ­
ox3 

( 4 3) 

One can see that in eqs (41) and (42), integrals of p roducts of 

deviations around the mean appea r. Ob servations reveal that the se 

te r ms (the structure of which is reminiscent of t he Reynol ds stres­

ses) are responsible of longitudinal and vert i ca l dispersion simi lar 

to turbulent dispersion but considerably more efficient . 

On the model of turbu l ent di ffusion, one sets 

a r . a ( OA ) - ( - L1 1 a) dx2 = - A1 -
~. - 6 ox, ~. (44) 

- (- u3 a) dx2 + - A - = - A3 -a r a ( OA ) a ( OA ) 
ox, - & ax, ox, ox, ox, ( 45) 

- (- u 1 t1 1) dx2 = - N, -a r . - 0 ( av ,) 
ax, -· ax , ox, 

(46) 

- (- ii , u3) dx2 + -- v - = -- N3 -0 r 0 ( ()V 1) 0 ( ()V 1) 
ax, -· ax, ax, ax, ax, 

( 4 7) 

where N
1

, N3 , A
1 

, A
3 

are new diffusivity coefficients . 



According to observations , (e.g. Ronday 197 5) 1 

N, 102 a 103 m2/s; A, 102 · rn2[s 

N3 ~ 10- 2 a 10- 3 m2{s; A3 10- 2 m2fs 

Eq . (40) suggests the definition of a stream function 

tha t 

V = I 

oiJt 
ox, 

oiJt 
V 3 = - ox, 

'W 

such 

(48) 

(49) 

Eq.· (40) is then identically verified. 

can be written 

Eqs. (41), (42) and (43) 

OA 
ot + -

0- (v• ~A) ox, ox, 
a ( oo/ ) L _, A 

ox, ox, 

-A-+- A-o ( OA) o ( oA) 
ox, I OX1 OX3 J OX3 

(50) 

()2 ljt 

at ox, + 
0 

ax, 
( L - I 

oiJt oljl ) a ( oiJt oiJt ) 
ox, ~ - &; L- ' ~ fu. 

(51) 

A 
a(i 

L ~ 
ox, 

oii 
L - + ox, 

- N---+-N--a ( o
2 

.v ) a ( o
2 

IJt ) 
ox,· I OXJ OX3 OX3 J OX/ 

They form a comple t e system for the three variables ljJ 

(52) 

, A and q. 

II . 6 . Depth -integrated models 

Depth - integrated models have been extensively used in shallow 

continental seas hydrodynamics (e.g. Nihoul 1975) . In the case of 

a partially stratified estuary like the Scheldt Estuary (in zone 2 , 

at least), their utility is less evident. On the one hand , they 

tend to mask the effects of vertical stratification which, in the 

gravi ty field , often play an important role . On the other hand, 

they are often more difficult to handle than width-integrated models. 

For instanc e , although both types of models are two-dimensional as 

a r esul t of the integration over one space coordinate, in depth­

integrated mode ls, one cannot introduce a stream function and sub ­

sequently reduce the number of variables if the system is not in a 

steady state. 

N1, NJ, A1 and A3 are in general not constant along the estuary . 
They must be regarded as control parameters to be determined by 
theoretical reflexion and simulation exercises based on the data 
bank. 



Indeed, if x
3 

= ~ and x
3 

= - h are the equations of the surface 

and the bottom, respectively, one mJst have 

a~ a~ a~ 
- + u1 -- + u2 -- = u3 
ill ox 1 ox2 

in x3 = ~ (53) 

oh oh 
x3 = - h u 1 -- + u2 -- = - u3 in 

ox 1 ilx2 

(54) 

Defining 

U 1 = J' u1 dx3 

-h 

(55) 

U2 = J' Uz dxl 
-h (56) 

and integrating ( 1 8) from - h to ~ , one obtains 

r (ou, 1lu2) au, a~ oh - + - dx3 + (u3)1 - (u3)-h = -- - (u 1), - - (u,)_h - + (uJ), 
- h ox 1 ox2 ox, ox, ox, 

au2 a~ oh a~ a u, oU2 
(57) 

+ -- - (uz), - - (uz)-• - - (u,)_. =-+--+--= 0 
ox2 OXz OXz ot ax, OXz 

using (53) and (54). 

In wide, well-mixed estuaries with flood - and ebb - channels , 

like zone 3 of the Scheldt, it may be interesting to combine , to 

the width-in tegrated model, a depth-integrated model to have addi­

tional information on the lateral distribution of velocity. 

In partially mixed estuaries , depth-integration is only advanta­

geous ~f the vertical distribution of b u oyancy is known from obser­

vations. Otherwise, the integration over depth, transforming par-

* tial differential equations into integral equation s , does not lead 

to any real simplification, even if it appears to reduce the number 

of variables . 

II.7 . _Cros s - section integrated models 

In a first approach, when one i s mainly interested in longitudi ­

nal variations, one may use a cross-section integrated model. 

The operation of integration over the cross-section is similar, 

mathematically , to the integration over the width and the detai ls 

will not be reproduced here . 

... 
because 

p, ~ 
+ ~ + J q = 

~ X) 
a d x3 
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The final one-dimensional equations appropriate to the Scheldt 

Estuary are given in (Nihoul and Ronday 1976) . 

Il l . RESIDUAL CIRCULATION AND SILT DEPOSITION I N THE SCHELDT ESTUA RY 

Il l. 1. Flocculation and variations of the suspended l oad in the 

Scheldt Estua r y 

Critical salini t y values of 1 to 5 °/ 00 are typically fou nd in 

the central reach of the estuary (fig. 4). At such values of the 

sa l inity , intense flocculation and sedimentation take place and the 

suspended load decreases ab ruptly . (There is about one order of 

magnitude difference between the val u es of tur bidity and COD up­

stream and downstream of the critical region) . 

variations of the river flow rate Q a n d the subsequent disp lace­

ment of the region of critical salinit y ref l ect on the sedimentation 

and tend to spread the deposition of suspended matter over mos t of 

zone 2 (fig. 8) . 

It is found however that bottom sediments tend to accumulate in 

a narrower r egion than one might expect and this is explained in the 

following with the help of a two-dimensional width-integrated resi­

dual circulation model. 

III. 2 . Model of residual circulation 

The time-dependent width- i ntegrated hydrodynamic equations have 

been derived in section II . 5 . If v
1

, v
2 

and A represent respective­

ly the integrals of u
1

, u
2 

and a over the width, these equations 

can be written 

ov, ov, 
-+--=0 (58) 

ox, ox, 
M o il 
- + - (L- 1 V, A) + - - (V ' V3 A) 
ot ox, ilx3 

il ( ilA) il ( ilA ) - - A -+- A -
- ox, ' ilx, ox, 3 ox, 

(59) 

o<i 
A =- L -

ox3 (60) 

av, a a 
- + -- (L- 1 V, V,) + -- (L- 1 V, V3) 

at ox, ax, 
a(j a ( av, ) o ( av, ) L -+-N-+-N-
ilx , ox, 1 ox, ox3 

3 ox, 
( 61) 



Q"' SO • 3 /••c 

ZONE 2 -.J 

t\iltfau ..... ....... . ... 1 ·'J,r;···· .. 

botto~n • .. • 4 

'~"' "' "~- • · w•o ----, 

- • 150k~ .. 
· ~ z 
I~ 

c~t• >l 
0 '1 

' ' 1-o'C,. I I 
<-"• o-~-·1--

"" a"" I -"'/ c..• ty"' I '/ / (> '(., 

\• / 1 / t I~"' i1 t 
1 ~~ t> 1 ,. t :>4 aone of • O.IT • ~ -"' ,.~~" c4~4 ___.-

tf _- ~-~ X -- - ;!::<>£: 
· b~tt~;-" 

·0 1 

Q "' 2SO • 3 /aec 

bottom ........ ,,._ .............. . .. 

Q 

f "'·.., turla(e .. . if'. , , j ~· . . '. :.-
+-:-· 

aeeumu­
latioo 

• i·~·'!'t!! I "·• f·~".•!• • ' ·!-.: bottom '"·'·''·'· · · kml40 'fl o"c -UC.a.TtON 
k~92 

........ · ......... .-.. 

F i g . 8 . Flocculati o n in the Scheldt Est u ary for different rive r 
f lo ws . 



41:1 

The res i d ual circulation can be def ined as the mea n ci rculation 

o v er a period of time s uffici e ntly large to eliminate tidal oscilla­

tions and transitory wind induced currents . 

The residual circu l ation is essent ially related to the river flow 

rate and t o gravity cur r ents associated with the stratif i cat ion . A 

width-integrated model is thus appropriate . The residual width-

integrated equations are de rive d from eqs . (58) to (6 1 ) by f ur ther 

av eraging over time . In this process , time de r ivatives are replace d 

by finite dif ferences which can be made as small as des i red by in­

c r easing the period of t i me over which the averages are taken. Thus 

if the residual currents are defined over a sufficiently long period 

of time , they can be described by steady state equations . 

If < >indicate s a time average and if 

u, = < v, > i = 1,2 

v, = u, + w, i = 1,2 

B = ( A ) 

A = B + C 

n = < q > 

o n e gets , integra t ing eq . (58) to ( 6 1 ) over time 

au, au, 
-- + --= 0 
ox, ox, 
a a 

- (L - 1 U, B) +-- ( L - 1 U3 B) 
ax, ax, 

- i\ 1 -- + L - 1 (- W, C ) a l as 
ox, ox, 

+- i\ 3 -+ L-' (- W3 C ) a { oB 
ox) ax) 

a a an 
- (L - 1 U, U,) + -- (L - 1 U, U 3 ) = - L --

ax, ox, ax, 

+ - - N, -- + L- ' (- W, W, ) a { au, } 
ax, ax, 

+ - - N
3 
--

1
- + L _ , ( - W3 W1 ) a { au } 

ox) ax, 
an 

B =- L -
ax, 

( 62) 

( 63) 

(64) 

(65 ) 

(66) 

( 67) 

(68) 

( 69) 

(70) 

One can see that the average o f the q u ad r atic te rm s gives again 

two contri b uti ons ; the fi r s t of which conta inin g the product of the 

means and the secon d the me an product of the fluctuatio n s . 



The latter contributes to the dispersion and combines to turbu-

lent mixing and shear effect . In a first approach,- one can parame-

terize the general effect of the dispersion processes , on the model 

of turbulent dispersion , introducing new dispersion coefficients K
1

, 

K
3

, M
1

, M
3 

such that 

oB oB 
i\

1 
- - + L _ , ( - W, C ) = K, -- ( 7 1) ox, ox, 

oB oB 
11 3 -- + L- ' <- W3 c ) = Kl -- ( 72 ) 

oxl oxl 
ou, _, ou, ( 73) N, -- + L ( - W, W, ) = M, - -
~, ~, 

ou, _, ou , ( 74) 
N3 -- + L ( - W3 W, ) = M 3 --ox, ox, 
with , according to o b serva tions (MKS) (e . g .Ronday 1975) 

K, - 102
; K 3 10- 2 ; M, 103

; M3 - 10- 1 

K1 , K
3 

, M1 and M
3 

mu s t be regarded as control paramete r s to be 

determi n ed by inspection of the data bank. I n general , they are 

fu n ctions of x 1 even if , in first app rox imat i on , they can be a ssumed 

i ndepe n dent of x
3

. 

If 1 1 and 1 3 are characteristic length scales of respective l y ho­

rizontal and vertica l var i ations of the velocity field , eq. (67) 

gives 

u, u, ---I, 13 

In eq. (69) , the terms in the left-hand side are of the order 

L _ , U, U, 

I , 

The second term of the right-hand side is of the order 

M, U , 

I, ' 

while the la s t term o f the rig ht hand side is of the order 

M3 U, 
I 2 
3 

Tak i ng (Ronday 1975) , 

13 - 10; I , - 104 : L _ , U, - 10- 2 
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one can see that vertical dispersion is several orders of magnitude 

larger than adv ection and horizontal dispersion and must acco r dingly 
an be ba l anced by - L -,-- . 
ox

1 
A similar simplification is not, in general, possible for eq . (68) 

which does not contain a term analogous to the ore~sure gradient 

and whe r e vertical dispersion is compa r a t ively less important ver-

tical salinity gradients be i ng smaller than vertical velocity gra­

dients in many cases. 

Eq. (67) suggests the introduction of a residual stream function 

ljJ such that 
0 

u, = 
(hjl. 

ax, 
( 7 5) 

alj!. u, =--
ax, ( 76) 

El iminating u
1

, u3 and B , one obtains 

alj!. a2 ~ alj!. a
2 
~ a j a ( a~ ) } a { a ( a~ ) } - ---- - -- - --- = -- K , -- L - - + -- K3 -- L --ax, ax, ax, ax, ax,2 ax, ax, ax, ax, ax, ax, 

( 77) 

- M 3 -- = L -a ( a
2 

"'· ) a~ 
axJ ax,2 ax, 

(78) 

Eqs . (77) and (78) form a complete system for the two variables 

ljJ and 1T . 
0 

III . 3 . Application to the deposition of silt in the Scheldt Estuary 

The residual circulation model has been applied to a section of 

the Scheldt Estuary from the Rupel to the sea (zones 2 and 3) , ta­

king into account the geometry of the basin (for instance, the func ­

tion L(x
1

, x
3
l) and the appropriate boundary conditions . 

To determine the dispersion coefficients , obse r ved salinity and 

* Sio 2 distributions were used . The model was run in preliminary 

hindcasting exercises until by successive improvement of K
1

, K
3 

and 

M3 a satisfactory agreement was found between predictions and obser­

vations . 

... 
The buoyancy equation (68) is easily adapted to describe the dis-
tr i bution of Sio2 In the right-hand side two additional terms 
appear ; the first one representing the consumption by diatoms, 
the second one the latera l inputs . 



Fig . (9) represents the li n es of equal width-averaged residual 

horizontal velocity calculated by the model , in its final , calibra­

ted form , for a flow rate equal to four times i ts low wate r value . 

Cur rent s are expressed in m/sec . The curve in dot and dashes 

(-. - . -·) noted n=4 in dica t es the l i n e of zero residual cur ren t . It 

is readily seen on t he sa l inity sca l e printed o n the top of the dia­

gram (and co r responding to t he same f l ow rate) that the residual 

c ur rent goes to zero, at t he bottom , at the very place where criti-

cal salinity values and flocculation are observed . 

Mud sedimentation and accumulation thus occurs in a region where 

the average sediment transport on and nea r t he bottom is negligible . 

For reference , two c urve s in dashes (- - -) noted n= l and n =10 

respect i vely, indicate the l ines of zero r esidual curren t for f l ow 

rates equal to the low water value and 10 times that va lue . The sa-

linity scale is , of course , shifted accordingly and the zone of pre­

cipitat i on appears to coincide in most cases with the region of zero 

bottom current . 
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0 .1 

However , when the flow rate increases or d e creases an d comes back 

to t ypical val u es ( n ~ 4) a n et motion near the bottom appears i n 

the regions where it was zero for lowe r and higher flow rates an d 

directions are such that , as indicated by the arrows in fig. 9 , they 

tend to carry back the freshly depo sited sediments to the median 

zone . 
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