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I. HYDRODYNAMIC CHARACTERISTICS OF THE SCHELDT ESTUARY

I. 1. Introduction

The Scheldt Estuary is the Southern branch of the Rhine - Meuse 
- Scheldt delta. The natural evolution 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 covers 
2some 21.580 km 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 while tidal 
motions in the estuary are large, producing a fairly good mixing 
of fresh and sea waters.

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

Upstream of Walsoorden, up to Gentbrugge, the river is characte­
rized by a main channel, well defined, with, occasionally embryos 
of secondary channels upstream.



WE S I K A P E I lE

HANSWEERÎVLISSINGEN

tLlCWOUfîOU* LAND VAN OSSEhOMCH»

HtCWlG* 'pacen* ooci
terT îe uz en

CauwElACRI suies 
L ANTWERPEN

TEMSE

GEMTBRUGGE

NOERVONOE

Fig. 1. Map of the Scheldt Estuary.

I, 2 . Hydraulic and geometrical parameters of the Scheldt Estuary

Using the "hydraulic parameter" and the "geometrical parameter 
introduced by Pritchard (Pritchard 1967) one can distinguish diff 
rent zones in the Scheldt Estuary, characterized by different wat 
and salt circulations.

The hydraulic parameter is the ratio of the volume of water 
flowing upstream the estuary through a given section during the 
flood tide (mentioned as "flood volume" in the figures) to the vo 
lume of fresh water flowing into the estuary upstream the section 
during a complete tidal cycle (mentioned as "fresh water volume" 
in the figures).

At Schelle, immediately downstream of the mouth of the Hupei a 
generally the upstream limit of the brackish water zone, the mean

3fresh water flow is estimated at some 100 in /s, corresponding ron
6 3ly to a volume of 4,5.10 m evacuated over a tidal period. Month

3averaged fresh water flows less than 40 m /s or higher than
3350 m /s at Schelle may be regarded as exceptional (Coen 1974) .
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The tide In the Scheldt estuary is essentially the lunar semi­
diurnal tide M2 with a period of 12 hours, 25 minutes. The tidal 
amplitude increases from 4 m in the open sea to 5 m at Hermiksen, 
upstream of Antwerpen and decreases then to values of the order of 
2 m at Gentbrugge (Theuns and Coen 1973) .
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The hydraulic parameter varies considerably as a function of 
fresh water flow and position along the estuary (fig. 2) . At a 
given section, for the same fresh water flow, it varies 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 100 near Hansweert (close to Walsoorden), 10 near
the mouth of the Hupei and 1 or less at Gentbrugge.

The geometrical parameter is more difficult to define. In a 
rectangular channel the ratio of width to depth is meaningful!.
In an irregular section of a shallow and wide estuary with many 
channels, sand-banks and tidal flats, the ratio of width to average 
cross-sectional depth varies with position along the estuary and 
with the tidal levels, sometimes very abruptly. Therefore the 
cross-sections were simplified and the variation of the width to 
mean ratio was considered between extreme water levels (fig. 2) .

In the region of multiple channels, downstream of Walsoorden, 
this ratio oscillates between 100 and 1000 with an approximate mean 
value about 450. The irregular oscillations observed in the first 
50 km from Vlissingen can be attributed 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 upstream of the 
Rupel tributary, the width to depth ratio loses much of its meaning. 
The water there is practically fresh water. The cross section is 
very small at low tide and the ratio may become artificially large 
where the depth 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 water.

(iii)zone 3, from Walsoorden to the sea, characterized by high values 
of the two parameters indicating a good mixing of the water 
(except perhaps during 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 variation 
of the wet section A{x) of the Scheldt at half-tide as a function of 
the distance x from Vlissingen.

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

Schematically, the salinity of the Scheldt Estuary varies from 
low values, characteristic of fresh water, near Gentbrugge to large 
values, characteristic of sea water, near Vlissingen.

The longitudinal salinity profile is of course a function of the 
fresh water flow which limits the intrusion of salt, but it also 
varies over a tidal period, being shifted upstream at flood-tide 
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 large fresh water flows, the salinity at Vlissingen 
may be appreciably smaller than the sea water value, indicating that 
a considerable amount of mixing still takes place beyond Vlissingen).

This situation is illustrated in fig. 4 i the shaded regions indi­
cate the envelopes of the expected displacements of the longitudinal 
salinity profile over half a tidal period at respectively a typical­
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 border ( 'v km 60) where occasionally, differences up 
to 4 °/00 are found. In the mean, however, over a tidal period, 
the differences remain very small.

Fig. 5 shows in illustration the distribution of chlorinity ob­
served on March 31st 1971 at slack water in a cross section of the 
Scheldt Estuary situated near the Dutch-Belgian border. One can 
see that there is a small lateral gradient.

Downstream of Walsoorden, the existence of flood and ebb channels 
separated by large banks and the associated complicated circulation 
pattern may produce lateral variations of salinity and, in particu­
lar, occasional salinity differences from one channel to the other.

Vertical salinity profiles show, in general, an increasing sali­
nity from the surface to the bottom with strong irregular variations 
over a tidal cycle (fig. 6) . The difference between mean surface 
and mean bottom salinity is generally less than 1 °/00 with



maximum values up to 2 °/00 near the Dutch-Belgian border (De Pauw 
and Péters 1973)..
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Pig. 5. : Distribution of chlorinity observed on March 31st 1971
at slack water in a cross section of the Scheldt Estuary 
near the Dutch-Belgian Border.
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Fig. 6 . : Vertical salinity profiles in a section of the Scheldt
Estuary situated in the Middelgat Channel (km 30).



The observations of the distribution of salinity in the Scheldt 
Estuary seem to confirm the existence of three distinct: zones as 
suggested 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 representative of 
a partially stratified estuary. The longitudinal and vertical 
salinity gradients are maximum in that region and more particu­
larly near the Dutch-Belgian border ( ^ km 60) where the maxi­
mum variations of salinity over a tidal period are also observed.

(iii) zone 3, downstream of Walsoorden, is fairly well-mixed. Varia­
tions of salinity are small except occasionally in secondary 
channels and around sand banks.

I, 4. Tidal and residual currents in the Scheldt Estuary

The water circulation in the Scheldt Estuary is dominated by the 
tides. Tidal currents 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 upstream, 
the non-linear residue of tidal oscillations and the presence of sa­
linity gradients. They will be discussed in more details in part III,

II. HYDRODYNAMIC MODELS APPLICABLE TO THE SCHELDT ESTUARY

11, 1. Introduction

The dynamics of the Scheldt Estuary is determined by the presence, 
on the one hand, of strong tidal currents with subsequent turbulence 
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
cribing 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 profiles measured at a fixed station near
the Dutch-Belgian border, Oct. 15th, 1970.

However, the morphology of the estuary (limited in width and 
depth and extending essentially streamwise) suggests different sim­
plifications and it is often justified to work with two-dimensional 
and one-dimensional models integrated over the width or (and) the 
depth. Such models may be very different from one estuary to ano­
ther ; particular characteristics of the river determining the impor­
tant effects and those which can be neglected.

In the following, one discusses the hydrodynamic models applica­
ble to zone 2 and zone 3 of the Scheldt estuary (the problem of 
zone 1 is less typical and can be treated by classical river mecha­
nics) . Simplifications will be made ; based on the examination of



the orders of magnitude provided by the existing data bank for the 
Scheldt (e.g. Jäger 1973, Ronday 1975).

Clearly, they are amenable to permanent revision 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 Hydrodynamics of the Scheldt Estuary is determined by the 
coexistence of fresh water flow, strong tidal and wind currents ge­
nerating turbulent fluctuations and mixing, and small but still si­
gnificant salinity gradients,sources of density stratification and 
gravity effects.

It is obviously not possible - and not even desired - to describe 
the dynamics of the estuary in every detail reproducing micro-turbulent 
fluctuations, the time and length scales of which are small as compa­
red to the main hydrodynamic processes (say, smaller 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 the order of 1 
hour or more and characteristic time scales of residual currents seve­
ral orders of magnitude 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, practically, are 
time averaged over a period of time (a couple of minutes, say, for 
the Scheldt) sufficiently large to eliminate the micro-turbulent 
fluctuations and sufficiently small to leave the main processes unaf­
fected (Nihoul 1975).

The micro-turbulent fluctuations are not, however, completely eli­
minated from the equations by the averaging. They subsist in the non­
linear terms and their effect - which is essentially an enhanced dis­
persion, similar to the molecular diffusion but many times more 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 approximation can be applied.

Thus if u is the mean velocity, p the mean pressure and a the mean 
(buoyancy being defined as the deviation of water density from a 
constant reference value, divided by that constant value and multipliée



by the acceleration of gravity g) the Boussinesq equations can be 
written, the vertical axis pointing upwards (e.g, .Nihoul and
Ron day 1976)

V • u = 0 ( 1 )

  + V -u a = ~ ~  ( X I5-) ( 2 )3t 3x3 3x3

Su 9 / \— —  + V-uu.+ 2 £ l A u =  - Vq - a íj + —  V (3 )■
0t "  ' \ 0x3 /

where A is the eddy diffusivity, ÎÏ the earth rotation vector, v the 
eddy viscosity and where, p and denoting respectively the pressu­
re and the constant reference density,

Pq =   + g x3
Pm

In eqs. (2) and (3) horizontal turbulent dispersion has been ne­
glected because characteristic length scales of horizontal varia­
tions are always much larger than vertical length scales and this 
effect is negligible as compared to vertical turbulent dispersion. 
(One emphasizes here that, with an averaging time of the order of 
a minute, the turbulent dispersion discussed here is that of micro- 
turbulent fairly homogeneous and isotropic eddies and that the cor­
responding eddy diffusivities are comparable in the horizontal and
the vertical directions. There is, of course, an important horizon­
tal dispersion associated with 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 for 
the five unknowns u ^, u^ , , q and a.

In rectangular coordinates, appropriate to a rectilinear channel, 
they can be written :
0U| 9u 2 0U3



3Uj 0 3 0  + --  («i Uj) + -—  (u2 u2) + ——  (ll, u2) (7)Ct d\¡ Sx2 0*3
Bq 3 I 0u2 '2 {ilj u, - ii, iis) = - —  + —  (v —
0x2 0x3 \ 0x3

0U3 0 0 0
— -  +  — - (u, II,) + —  (u, Uj) +  (B, U,)0t 0Xj 0X2 0x3 I0 >

+ 2 (íi, u2 - Í2j u,) = -   » +
OX3

_ L f v M
Sxj \ 0x31

For the Scheldt Estuary, where the radius of curvature R of the 
bends is always much larger than the characteristic length scale 1  ̂
of transverse variations, it is readily shown (Nihoul et Ronday 1976) 
that these equations remain valid if the x^ a x t s  is taken along the 
central streamline of the river, the x^axis perpendicular to it in 
the transversal direction and the x^-axis vertical (oriented upwards 
with the origin at the mean river level) provided the vertical com­
ponent of the earth rotation vector is corrected to include the 
effect of curvature.

With a good approximation, it is sufficient to replace, in the 
equations, ky

f = 2 O ,  -p ( 9 )
K

where vç is the circumferential velocity (Nihoul and Ronday 1976).

For a typical velocity v^ of lm/sec and a radius of curvature of
some 10 km, the two terms in the right-hand side of (8) are of the

-4 -1order 10 sec and thus

io"4 “12 SI, ~ 2 £î2 ~ 2 fi3 ~ f "» 10 sec

In rectilinear sections, R is infinite and the correction vanishes.

One can estimate the orders of magnitude of the different terms 
of eqs. (4) to (8) for different values of the variables within the 
range of observations in the Scheldt. One finds that several terms 
are always much smaller than the others and can be neglected.

This can be shown simply by considering a typical case.

Let, in MKS units, (Jäger 1973) :

u, -  1; u2 ~  3- IO"2; lij -  3- IO"4; a ~  IO"1
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be characteristic values of the velocity components and the buoyancy 
and
I, ~ 3- IO4; I, ~ IO5; l3 - 10; lc ~ IO4 ~ f“1
characteristic length scales and time scales.

The Richardson number {measuring the importance of the vertical 
stratification) is found to be

ôa
Ox»

Ri
Su

0 X,

- u l  ( 1 0 )

The separation between the mean values u , a and the micro-
turbulent fluctuations is effected by integration over a period of

2time T of the order of one or two minutes (t 'v 10 ).

According to Kolmogorov theory, the corresponding eddy viscosity, 
in a non stratified medium, is given by

v0 ~  e T3 < H >

where e is the rate of turbulent energy transfer from the larger 
eddies to the smaller ones where dissipation takes place.

In stratified waters, the eddy viscosity v and the eddy diffusi- 
vity A depend on the Richardson number. One can write (Munk and 
Anderson 1948)

( I +  IO R i)1/2
(1 2 )

X =     —  (13)
(1 +  3,33 R i)3/2

Taking e 'v 10 as a typical value for the Scheldt Estuary
(Nihoul et Ronday 1976) , one finds, using (10)

V ~  3 ■ 10~2=n2 / s e c  
X ~  1ÍT1 m 2 / s e c

These values are in good agreement with observations (e.g. Bowden 
1965, Fisher 1972).

Comparing orders of magnitude, one finds (Nihoul and Ronday 
1976) :



(i) that all terms in the left-hand side of eq.(8) and the vertical 
turbulent diffusion in the right-hand side are completely negli­
gible as compared to buoyancy which can only be balanced by the 
vertical gradient of q , i.e.

9qa = - --- (14)
0Xj

(ii)that the transverse gradient of q is essentially balanced by 
Coriolis and eventual curvature effects and, to a smaller extent, 
by turbulent diffusion and time variations of the transverse ve­
locity, yielding

ôq
— —  <  IO "4 (MKS) (15)
ö x 2

(iii) that, in eq. (6) , to the contrary, earth rotation and curvature 
effects can be neglected as compared to turbulent diffusion.

To estimate the longitudinal gradient of q, it is convenient to 
write

q = qi + q, + Qi ( 16)

where q^ is the cross-section average of q and depends on x ̂ and t 
only ; qv is the width-average of q - q  ̂ and depends on , x^ and 
t ; qt is equal to q - and depends on the four variables x^,

, x^ and t.

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

0q.
— ^  <  IO " 4 : q, 5  1 0 "1 
0X2

_ _5th_ _
0X3 0Xj

_
0Xj

q ,  ~  0  ( I ,  a ) ~  1

An estimate of can be based on the valae of q at the free sur­
face

q = —  + g Ï (17)
Pm

where ç is the surface elevation.
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Fót. elevations of the order of 1 m,
6q Oti iq, - 10; —   -  ~ 3- 10“9xj Ôx,

To sum up, the equations of a three-dimensional hydrodynamic model 
of the Scheldt Estuary can be written

V-u = 0 (18)

. - - 3 -  (is)Sxj

0a 0  + V • ua = -- 1   (.2 0)- k —\Xj \ 0X3 /
0u i 0q 0 / Su, \
  + V ■ uu, =  -  ---  +    V ---01 ' Sx, Sxj \ 0x3 I

—  (v — 'j 
x3 \ Sxj )

(21)

0,l2 , 0tl B 1 ' I+ fu, =  -  —  +  —  v —  (22)St 0Xj 0XS

Eqs. (18) to (22) form a complete system of five scalar equations 
for the. five unknowns u j , , u^, a, q.

II.4, Two-dimensional models assuming transversal homogeneity

Early models of estuaries traditionally assumed a sufficiently 
good transversal homogeneity to neglect, in the equations, all terms 
containing derivatives with respect to x^ (e.g. Pritchard 1967).

These terms, in eqs. (IS), (20) and (21) also contain the trans­
verse velocity u2 and the hypothesis amounts to considering that,
in section II.3., either the velocity u^ has been overestimated or
the characteristic length scale 12 has been underestimated.

If this is the case, eq. (18) reduces to 
3ii, 0ua
——  + T = 0 (23)0X, 0X3
and one can define a stream function t(i such that 

0ip
u. = ^  (24)

04ru3 = — - —  (25)0x,

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

0q
a - — (26)ox.



0a 0* 0a 9l|) Sa
S-Íat 0X3 0X, 0X, 0Xj 3*3 V

s2 * 02 t 0\|t a2 v|i
0t Sx3 Sxa 0X3 0X1 0X i 0x32

X  —
0Xj (27)

öq ô /  ô2 \|/+ — - v — —  I (28)ôx, Sx3 \ 9x3:

for the three variables i|î, a, q ; the latest being also regarded as
a function of t, x^ and only*

Eq. (22) is ignored in this type of model as it provides a use­
less relation between uninteresting variables and q . However, 
a closer examination of that equation shows that one must take such 
models with some reservation.

-4Indeed fu^ reaches typical values of order 10 and must be ba­
lanced by another term at least. If 1- is larger than estimated

4 -1(say, 10 ) , either is larger (qfc ^ 1 instead of 10 ) or is
larger. In the first case, is a non negligible contribution to
q in equations like (21), and one may not assume that q does not
depend on x„. In the second case, an increase of u_ compensating

Su2the decrease of 1~ , it is likely that terms containing x——  or
3 2u2 TX2" cannot ke neglected.

The model would remain valid if u^ was smaller than estimated 
(u^ K< 3 10“ )̂ but observations indicate that, in the Scheldt Estuary, 
this condition is far from being realized in many places.

II .5 . Width-integrated models

If one is not primarily interested in transverse variations, it is 
advantageous to integrate the evolution equations from one bank to
the other and to study the longitudinal and vertical variations of
mean or integrated values over the width of the estuary.

Let
X2 = D (x„ *,) (29)

and

Xj = - A (x, Xj) (303

be the équations of the banks.

The banks must be stream surfaces. Thus
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0D BDU, --- + u, --- = u, at x2 = D0x, ‘ Bxj (31)
0A BAit, ' 4” u3 1 — — u3 at x3 — — A Bx, 0X3 (32)

Let ■D
V, = L S, - u, dx2

’ D

(33)

V3 = L i, = u3 dxj
-A

(34)

A = L a =
' D

a dx 2 (35)
. -4

where y is the width-ave raged of y(y = u^, , a) and where

L = A + D (36)

Setting Y - Y - y (y = Ujf ^ 2 ' ' one writes

iij - ÜÏ + u, (37)
Uj =  U3 +  Û3 (38)
a - a + a (39)

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

f D + BUj ' J \ Sx, 0x3 ,
SV, BDdX2 + (̂ 2)0 — (U3)a = —Bx, Bx,

sa ev,
(ui)a — - + —  Bx, Sx,

BD BA
(u3)ü "T ” (U3)a ~~I + (u2)d “0x, 0X3

ev, 0V,
— L + — 1 0x, 8x,

(40)

I " I Ba 0 S( "T-  + ~—  (Ul a) + I-  (ua a) [ dxi + (Ui a)D - (u2 a)* -3t 0x,

SA 0
0t Bx,

Bx,

BD BA 0 fDu, a dx3 - <u, a)D  (u, a)4 -—  + ---  u, a dxsox, ox, ox

•° / 0 Ba \ X   dx,
-a \ ®x3. dx3.1

r j > “ (41 )

BD
0X,

0A
Bx,

/ BA\ a 1 BD BA VX — + — X aD--- + ̂ 4--
l 0*3/ Sx3 I Sxi SxJ.

\ Bxj J 0x3 \ Bxj j Sxj
0a \ SA BA g g

4 (L 1 V, A) + --  I ¡i, à dx3St Bx, Bx,

0 0 fD+ ——  (L 1 V3 A) + --- u3 a dx30x3 Bx., J _A
Ö / SA\- —  X   = 0

0X3 \ 0X3 )



underlined terras cancelling as a result of (31) and (32) and
the last four terms of (41) being negligible as compared to
3 í) A•r  (À   ) . Indeed :3xj 3x^

0 / S A ',U   ~ 0 — - ~ lo-0x3 I 0Xj
While, .for instance

, BD / Xa 0 D \1   0  ~ 10 4Sxjjo 0x3 \ l3 0x3 j
assuming a maximum of 10 meters of width variation over depth. 

Similarly, integrating eq. (21), one obtains

—  + —  (L“1 V, V , )  + (L’1 V, V 3)et Sx, Sx3 (42)
& f °  ,  .  w f p * *  j  0q s I svi4- ----- U, U, dx2 + -------  III U 3 dx2 == — L --  +   IV -------

\0Xt J _A ÔXj J _A 0X{ 0X3 \ 0X3

being negligible, the approximation q q has been made. This
simplification results from eq, (22) which plays no other role in
the integrated model.

Integrating eq, (19), one finds, with the same approximation 
ôqA = - L —  (43)
0X3

One can see that in eqs (41) and (42), integrals of products of 
deviations around the mean appear. Observations reveal that these 
terms (the structure of which is reminiscent of the Reynolds stres­
ses) are responsible of longitudinal and vertical dispersion similar 
to turbulent dispersion but considerably more efficient.

On the model of turbulent diffusion, one sets
ÔA 'a D

0X| — A

0 ' D

0Xj -A

J_ r
0X, -A

0
0X3 -A

{- a, a) dx2 = -—  A,
o x , \  ox , J  ( 4 4 )

Ô / 0 A  \ 6 / BA '
( -  î l j  à) d x 2 +  I V  - — « =  -----------  A j  -

5xj y 0x3 J 0x3 y dx3 ) (45 )

0 / 0vi\
«.- Ü, f i j  d x ,  =  —  | N ,  — J ( 4 6 )

0 ( 0V,\ c ( sv,\(- a, dx, + V — M  = —  In , —  (47)
3x3 y 3xa ƒ 0x3 y 0x3 )

where , A^ , A  ̂ are new diffusivity coefficients.
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According to observations, (e.g. Ronday 1 9 7 5 ) *  :
N ,  ~  IO3 à IO 3 m 2/s ; A ,  ~  IO2 ' m 2/s

N 3 ~  1 (T 3 à 10“ J m 2/s ; A s ~  IO - 2  m 2/s

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

6v|f
V, = —  (48)OXj

041
V3 = - (49)0X,

Eq.- (40) is then identically verified. Eqs. (41 ) , (42) and (43) 
can be written
0A 0 / 0i|) \ 5 / 3i|)
  + -------L “ 1 —  A -------- L -i — —  A
Bt 0x, I Sx3 J 5x3 I 0x,

5 /  B A \ 0 /  0 A \ (50 )--- A, -- --
ÖXj I  a*. ! 0X3 1

e2 +5t 0Xj Bx, \ 0x3 Sx, I Sx
S

ÍL--
0\J/ 04< '

ÔX, r 0X3 0x3 /

= - L - *  0X i- +
0
Ox,

/ _04)_ _0V
\ Sxj , (51)

s2 4' \ a / e2 4) 
1 + —  lN :CXi

A = - L —  (52)0*3

They form a complete system for the three variables \¡j , A and q.

II.6 . Depth-integrated models

Depth-integrated models have been extensively used in shallow 
continental seas hydrodynamics (e.g. Nihoul 1 975) . 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 
gravity field, often play an important role. On the other hand, 
they are often more difficult to handle than width-integrated models. 
For instance, although both types of models are two-dimensional as 
a result of the integration over one space coordinate, in depth- 
integrated models, one cannot introduce a stream function and sub­
sequently reduce the number of variables if the system is not in a 
steady state.

Ni, N 3, Aí and 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 = ç and x^ = - h are the equations of the surface 
and the bottom, respectively, one must have

a ’ .  i* , 5 , ,
  H- u,  ■ +  li j =  u2 h X2 — Ç ( 5 3 )

St Sx, 3 x 2

Sli Shu, 1- u, --- = - Uj in x3 = - h (54)
0X! 0Xj
Defining

U , =  

U2 =

U] dxj
fí u2 dxj

(55)

(56)

and integrating (18) from - h to Ç , one obtains

s /du, Suj'
-b \0*i 3*2 ,

• , . , . BU, 8Ç Shdxj + (Uj). - (u3)_h =-— --  _ (Ul\ - — - (u,)Hl  + (Uj),
oxt ox, 5*!

SUj &  8h 0Ç SU, SU, (57)+ —  (uj){   (u2)-h — Oh)-b = --- -j-   +  —  . o0x2 Bx, ®x2 St 0x, Sx2

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-integrated 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 i'f the vertical distribution of buoyancy is known from obser­
vations. Otherwise, the integration over depth, transforming par- 
tial differential equations into integral equations , does not lead 
to any real simplification, even if it appears to reduce the number 
of variables.

11 .7 . Cros s-seet ion integrated models

In a first approach, when one is 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 details 
will not be reproduced here.
-K- be eau se

P“ r Ig   l g ï + f  a d x,Pm ‘x 3 3



The final one-dimensional equations appropriate to the Scheldt 
Estuary are given in (Nihoul and Ronday 1 976) .

III. RESIDUAL CIRCULATION AND SILT DEPOSITION IN THE SCHELDT ESTUARY

III. 1. Flocculation and variations of the suspended load in the 
Scheldt Estuary

Critical salinity values of 1 to 5 °/0O are typically found in 
the central reach of the estuary (fig. 4). At such values of the 
salinity, intense flocculation and sedimentation take place and the 
suspended load decreases abruptly. (There is about one order of 
magnitude difference between the values of turbidity and COD up­
stream and downstream of the critical region).

Variations of the river flow rate Q and the subsequent displace­
ment of the region of critical salinity reflect on the sedimentation 
and tend to spread the deposition of suspended matter over most of 
zon e 2 ( f ig . 8 ) .

It is found however that bottom sediments tend to accumulate in 
a narrower region 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-integrated hydrodynamic equations have 
been derived in section II.5. If and A represent respective­
ly the integrals of u^, u^ and a over the width, these equations 
can be written
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Fi.g. S. : Flocculation in the Scheldt Estuary for different river 
flows.



The residual circulation can be defined as the mean circulation 
over a period of time sufficiently large to eliminate tidal oscilla­
tions and transitory wind induced currents.

The residual circulation is essentially related to the river flow 
rate and to gravity currents associated with the stratification. A 
width-integrated model is thus appropriate. The residual width- 
integrated equations are derived from eqs. (58) to (61) by further 
averaging over time. In this process, time derivatives are replaced 
by finite differences which can be made as small as desired by in­
creasing the period of time 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 < >indicates a time average and if

Ui = < v 5 ) 
v, = u, + W,
u = < A >
\  =  B + C 
n = < q >

i =  1,2 
i = 1,2

(62)
(63)
(64)
(65)
(66)

one gets, integrating eq. (58) to (61) over time ¡

au, 0U3
■t0*, Sx,

9
—  i l  u ,  b; Sk.

= 0 (67)

0+ —  (L“> Uj B)0X j
0
0X,

SBA, --  + L“0x, < - W, C >
(68)

0
0X3

0BA, —  + L-
0Xj < - Wj C >

9 9 Du(L"1 U, U,) + --- ( L ' 1 U, Uj) = — L
0x.

9
0X,
9
dxj

0Xj

N,

N3

au,

9*1
0U,
dXj

0X,

+ L 1 < — W, W, > 

+ L’1 < - W 3 W, >

B = 9n
0X3

(69)

(70)

One can see that the average of the quadratic terms gives again 
two contributions ; the first of which containing the product of the 
means and the second the mean product of the fluctuations.



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^,

K3' M1' M3 such that
5B OB

A, ----  +  L “ 1 < -  W, C > = K ;0X,
3BA, ----  +  L 1 < - W, C > - K,ex.

0X, (71)

dB (72)
0Xj
3U, (73)
dx,
eu. (74)

eu>N,  —  + L ' < - W, W, > --M,0X|
0U,N3    + L-' < - w 3 W, > = M 3ÔX3 0x3

with, according to observations (MKS) (e.g.Ronday 1975) :

K, ~ IO2; K3 - IO“2; M, - IO3; M 3 - IO"1

K 1, and must be regarded as control parameters to be
determined by inspection of the data bank. In general, they are 
functions of x  ̂ even if, in first approximation, they can be assumed
independent of x^.

If 1^ and 1 ̂ are characteristic length scales of respectively ho­
rizontal and vertical variations of the velocity field, eq. (67) 
gives

_U|____
1, ~ l3

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

L"1 U, U,
I,

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

M,U.
I,3

while the last term of the right hand side is of the order 
M 3U, 
l3J

Taking (Ronday 1975) , 

lj ~ IO; 1, ~ IO4: L'1 U, ~ IO-2
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one can see that vertical dispersion is several orders of magnitude
larger than advection and horizontal dispersion and must accordingly
be balanced by « L ~ —  .

3 x i
A similar simplification is not, in general, possible for eq.(68) 

which does not contain a term analogous to the oressure gradient 
and where vertical dispersion is comparatively less important ,* ver­
tical salinity gradients being smaller than vertical velocity gra­
dients in many cases.

Eq. (67) suggests the introduction of a residual stream function
ijj such that o

U ,

U 3

a*.
0x3
5i|>„

dx,
Eliminating U 1' U 3 and B, one obtains

(75)

(76)

8+„

0X3 ôx, ôx3
W o

0X,
d 2 n 0 0V __ (l — \

0 a
a*3J = 0^7 1 aOX 1 [  d x j 0X3 K 3 ~0*3 I 0X J  1

(77)

0 / Ô 2 V|f0 \ Ô7T  |m3 ---7- - L ---0X3 \ 0X32 ) 0X,
(78)

Eqs. (77) and (78) form a complete system for the two variables 
i|#o and TT.

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 (Xj,x^)) and the appropriate boundary conditions.

To determine the dispersion coefficients, observed salinity and 
*-SiO^ distributions were used. The model was run in preliminary 

hindcasting exercises until by successive improvement of and
a satisfactory agreement was found between predictions and obser­

vation s .
■M* The buoyancy equation (68) is easily adapted to describe the dis­

tribution of SÍO2 • In the right-hand side two additional terms 
appear ; the first one representing the consumption by diatoms, 
the second one the lateral inputs.



Fig. (9) represents the lines 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 its low water value.

Currents are expressed in m/sec. The curve in dot and dashes 
(— .— •— *) noted n=4 indicates the line of zero residual current. It 
is readily seen on the salinity scale printed on the top of the dia­
gram (and corresponding to the same flow rate) that the residual 
current goes to zero, at the 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 near the bottom is negligible.

For reference, two curves in dashes (— — — ) noted n=l and n=10 
respectively, indicate the lines of zero residual current for flow 
rates equal to the low water value and 10 times that value. The sa­
linity scale is, of course, shifted accordingly and the zone of pre­
cipitation appears to coincide in most cases with the region of zero 
bottom current.

0,25 2 ,5  5  15 S a lin it y  ( & )

Speed

£
I
D

0,06

SeaRuppe4

Fig. 9. : Lines of equal width-averaged residual horizontal velo­
city calculated by the model.



DJ

However, when the flow rate increases or decreases and comes back 
to typical values (n ^ 4}, a net motion near the bottom appears in 
the regions where it was zero for lower and higher flow rates and 
directions are such that, as indicated by the arrows in fig. 9, they 
tend to carry back the freshly deposited sediments to the median 
zone .
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