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On Residual Transport in Shallow Tidal Basins 1 

Andrea Balzano 2 

Abstract 

In the paper the influence of some physical and numerical effects 
on computations of residual transport in shallow tidal basins is analysed. 
Investigations deal with: i) the Coriolis acceleration, ii) the specification of 
the tidal forcing, iii) the diffusion coefficient, iv) a time weight in a standard 
implicit numerical scheme. The analysis has been carried out by means of 
intratidal mathematical models with reference to three schematic basins, with 
the tide being the only forcing of the system. These are typical conditions in 
which critical environmental events like anoxia occur. Usual assumptions in 
mathematical modeling of 2D flows in shallow basins regarding the above effects 
are tested both in the short and long term. The different importance of that 
effects depending on both the time scale of processes and the basin morphology 
is shown. Results are presented in terms of turbulence-time-averaged circulation 
patterns, Lagrangian residual circulation patterns, distributions of relative 
differences induced in the latter by including or not the investigated effects, 
and convection-dispersion of a passive solute. 

1.    Introduction 

Environmental modelling of a tidal basin generally requires long-term 
hydrodynamic and transport simulations. For such a task, either iniratidal 
and iratertidal mathematical models could be seen as proper tools from a 
cost-benefit point of view, depending on the actual time extent of the simulations 
required for the specific problem to be solved (weeks, months, years, etc.). 
However, whatever the model used, one is essentially interested in the net 
(residual, iTi^ertidal) transport over a time extent of the order of the period 
of a representative tidal component - typically, 12-24 hours - rather than in a 
detailed description of the motions occurring at a smaller (intratidal) time scale. 

It is well known that residual transport is strongly influenced by the 
nonlinearities acting in water motion (Van de Kreeke, 1976; Zimmermann, 1979) 
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and usually at least one order of magnitude smaller than the tidal excursion. 
Thus, typical schematizations that are commonly accepted - and acceptable, 
indeed - when dealing with turbulence-time-averaged quantities could no longer 
be so when, based on the relevant, intratidal, velocity fields, computations of 
residual fields are to be performed. This, as long as results may be seriously 
influenced by effects - either physical or numerical - that are minor factors at 
smaller time scales. 

Many studies about residual circulation can be mentioned, concerning 
fields of quite different characteristics: harbours (Falconer, 1985), estuaries 
(Cheng and Casulli, 1982), open sea (Maier-Reimer, 1977). A great deal of 
research work has been done on Mediterranean lagoons, even with environmental 
safeguard purposes (O' Kane et al., 1990; Avanzi e Fiorillo, 1983; Cioffi e 
Gallerano, 1990; Dejak et al, 1990; Cioffi et al., 1994; Defina e D'Alpaos, 1994). 
Indeed, such water bodies are particularly liable to environmental hazards due 
to their relatively weak refreshment capability. However, fewer studies of their 
long term dynamics by field-verified mathematical models exist. 

As a preliminary step to the implementation of a water quality forecasting 
system for eutrophic water bodies in the island of Sardinia, the influence of some 
of the above mentioned effects on residual transport has been analysed by means 
of intratidal mathematical models. Since the system is to be applied primarily 
to relatively small and shallow lagoons, the analysis has been carried out on 
schematic tidal basins whose geo-morphological characteristics resemble those of 
such natural water bodies. However, several mediterranean tidal basins match 
these general features as well. The present investigation is then to be seen as a 
specific contribution, strictly significant for the particular class of water bodies 
mentioned above. 

Moreover, at this stage particular environmental conditions are considered 
like those eventually determining anoxia in the water body. These are essentially 
high temperature and the absence of wind, the latter being of major importance 
for the setup of residual circulations. Results are then to be intended as realistic 
for time extents not longer than, say, one month, in the summer season. 

2.    Description of numerical experiments 

In the numerical experiments the three prototypes shown in fig. (1) have 
been considered, namely: (a) a completely flat, 1 m deep, basin with a 400 m 
long by 800 m wide inlet, whose axis coincides with the symmetry axis of the 
basin, sided by two expansions whose dimensions are 4000 x 4000 m; (b) a similar 
basin, in which the central, 800 m wide, strip is occupied by a 5 m deep channel; 
(c) a basin in which the depth varies gradually from 5 m in the central strip to 
1 m at the lateral borders of the expansions. The tidal range at the entrance of 
the inlet is assumed of the order of 1 m; a latitude of 45° is considered. For the 
three prototypes and for the various effects investigated, comparisons have been 
made between either the two-dimensional, depth averaged, Lagrangian residual 
circulation fields and the results of a stochastic convection-dispersion model 
based on the random-walk technique. 

The influence of the following factors on residual transport has been 
investigated: i) the Coriolis acceleration; ii) the specification of the tidal forcing 
at the basin inlet; iii) the diffusion coefficient, K, in the equation of motion; 
iv) the time weight, a, of the finite difference implicit scheme for both the 
divergence of fluxes in the equation of continuity and the gradient of the free 
surface elevation in the equation of motion. 
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For the computations of the intratidal velocity fields a 2D finite difference, 
Eulerian-Lagrangian, hydrodynamic model was employed. This is based on the 
usual shallow water equations 

dt]     dU     dV 
—- H 1  
dt     dx      dy 

0 

dU     d{uU)     d{vU) cfy 

dt dx dy dx 
fV = 0    (1) 

dt dx dy dy p -+^SPW k?h7/3 0 

where x, y are the cartesian coordinates in the horizontal plane; t, the elapsing 
time; u, v and U, V, respectively the mean velocity and unit width discharge 
components in the x and y directions; g, gravity acceleration; rj, free surface 
elevation above a datum; h, total depth; K, the horizontal diffusion coefficient; 
T,X and rsy, respectively the x and y components of the surface stress; p, the 
density of water; ks, the Strickler roughness coefficient ; / = 2u;sin</?, the 
Coriolis parameter; u>, the angular speed of the earth's rotation; <p, latitude. 

A fourth order Lagrangian method for the treatment of the convective 
terms and a real bidimensional solution of propagation ensures the correct 
representation of the velocity fields even in the presence of a dramatically 
irregular bathymetry (Benque et al., 1982; Balzano, 1993). Lagrangian residual 
velocity fields were computed on the basis of the following definition (Cheng and 
Casulli, 1982) 

t0+T 1     /•'»+-' 
Vir(x0,i0) = - /        v[y(x0,t),t]dt 

1 Jt„ 
(2) 
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Figure 1: Schematic test basins 
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where Vjr = (ujT)vjT) is the Lagrangian residual velocity computed in the point 
of coordinates x„ for the tidal phase t0\ T is the tidal period; v(x,£) = (u,v) 
the eulerian velocity; y(xOIt) the coordinates of the trajectory of a passive 
tracer released in the point x„ at time ta.   In the numerical integration (2), 

the time step was assumed as At = mini-^ , ~~}, with n = 5 -j- 10 and 
Ai < 10 -7- 30 s. Numerical convergence of the residual velocity fields required 
time steps down to 60-rl20 s in the hydrodynamic model, corresponding to 
values of the Courant number Cr=0.7-r3. Incidentally, it is remarked that this 
suggests the feasibility of resorting to explicit or ADI models for this kind of 
problems. This, particularly in the case that developments on parallel computers 
are foreseen to achieve higher computational speed. 

In the stochastic transport model a mass of passive solute is represented 
as a "cloud" of mutually independent particles, subject to the resultant of 
the deterministic mean flow velocity and random fluctuations (Ghoniem and 
Sherman, 1985; Maier-Reimer and Sundermann, 1982)). Gaussian random 
displacements, uncorrelated in the directions normal and tangent to the 
trajectory were assumed. These are computed on the basis of the relevant 
longitudinal and transverse components of the dispersion tensor, K% and Kt} 

as given by Elder formulas, i.e. Ki = 5.93 u*h, Kt = 0.23 u*h, where u* is 
the shear velocity. Thus, also dispersion due to vertical shear is represented. 
Computed values of the above diffusion coefficients are in agreement with those 
obtained by others with subgrid scale energy techniques for similar water bodies 
(Pfeiffer et al, 1988). 
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Figure 2: Intratidal circulation velocity field in a flat, 1 m deep, tidal basin with 
a central, 5 m deep, channel, computed (a) with and (b) without the Coriolis 
forces 
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3.    Results 

3.1    Coriolis acceleration 

Classical order of magnitude analysis of the governing equations shows 
that Coriolis forces are negligible compared to convective terms whenever the 
Rossby number, Ro = jwl*' *s ^arSe> v* an(^ •&* being a characteristic velocity 
and length (Pedlosky, 1987). Moreover, they can be small compared to bottom 
friction in the presence of relatively small water depth and large bottom 
roughness. As a matter of fact, Coriolis forces are usually regarded as a minor 
factor in lagoons on the basis of the above arguments (Morandi Cecchi, 1989) 
and therefore neglected in real case studies (Chignoli e Rabagliati, 1977; Volpi 
e Sguazzero, 1977; Umgiesser et al., 1988, 1993; Rosso et al., 1993; Cioffi et al., 
1994). If only intratidal fields are required, for a number of practical applications 
it can be agreed upon this choice. As an example, in fig. (2) the instantaneous 
(i.e. turbulence-time-averaged) velocity fields at mean flood tide in the basin 
with channel, computed (a) with and (b) without the Coriolis terms included, 
are shown. For a significant comparison Strickler roughness coefficients down to 
k=30 m1'3s-1 were assumed in the computations. Indeed, this value corresponds 
to a rather rough bottom and results from calibrations of models with field data 
(Umgiesser et al., 1988). In order to avoid problems arising when a uniform level 
is directly imposed in the presence of the Coriolis forces (Cheng e Walters, 1982), 
the same symmetrical time series of discharges has been imposed at the inlet as 
common boundary condition. This was deduced from preliminary computations 
with the Coriolis terms not included, for a reference mixed tide of 1 m of range. 
This is composed of a semidiurnal component of amplitiude a, = 0.4 m and a 
diurnal component aj = 0.141 m with the same phase. 

Clearly, hardly significant differences can be perceived between the two 
patterns, even in details. Even though differences are more evident near the 
high and low tide, nonetheless it is agreeable that a reliable description of the 
instantaneous circulations can be obtained without the inclusion of the Coriolis 
terms. However, residual velocity fields based on intratidal fields computed 
including or not the Coriolis terms show significant differences for all the three 
prototypes, particularly for the flat and the channeled basin. In the former (see 
fig. (3)), quite different locations of the centers of the macro-vortexes can be 
observed, while in the latter (see fig. (4)) a large zone of close recirculation is 
not reproduced without the inclusion of the Coriolis terms. This occurs also 
in the third basin, but with narrower recirculating eddies. It is to be noted 
that not only the test basins are given a remarkable roughness, but also they are 
much smaller than the real water bodies for which Coriolis effect was assumed as 
negligible in the references previously quoted, i.e. the Venice lagoon (550 km2). 

A quantitative analisys has been carried out, resulting in curves of the 
cumulative frequences, F(S), of the relative differences, S, between the values 
of the residual velocity components in the grid nodes as computed in the two 
cases. These are plotted for various tidal phases, to which Lagrangian residual 
quantities are sensitive (phase 0 = flood, mean tide). Also, these curves are 
plotted for different threshold values, 0, of the velocity components in order 
to point out whether large relative differences affect even the greatest velocity 
components in the residual field. In symbols: 

5„ (6) = with       iw?, >6OR/>0;        w = wr, VlT 
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Figure 3:    Lagrangian  residual circulations in a flat,   1  m deep,  tidal basin 
computed (a) with and (b) without the Coriolis forces 
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Figure 4: Lagrangian residual circulations in a flat, 1 m deep, tidal basin with 
a central, 5 m deep, channel, computed (a) with and (b) without the Coriolis 
forces 
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In fig. (5a-c) such curves computed for the three basins in the cases that 
Coriolis forces were included or not are shown. For instance, for the flat basin 
(fig. (5c)) it is seen that not only the about 1100^1350 values of residual velocity 
components greater than 0.0001 m/s - whatever the tidal phase - but also 
the 26 values greater than 0.002 m/s - for the 0/8 tidal phase - still exhibit 
significant relative differences, i.e. even greater than 100%.   More impressive 
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Figure 5: Curves of the cumulative frequences, F(S), of the relative differences, 
S, between residual velocities components computed for the three test basins 
(a-c) with the mixed tide including or not the Coriolis terms and (d-f) with the 
Coriolis terms considering the semidiurnal or the mixed tide 
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results obtained with the stochastic transport model will be shown further on, 
together with analogous results from analysis of the effect of the tidal pattern. 

3.2    Specification of tidal wave at open boundaries 

The second comparison has been carried out between the specification 
of a semidiurnal and a mixed tide (see fig. (6c,b)) as boundary condition of 
the hydrodynamic model. Indeed, the latter is the basic pattern of a possibly 
more complicated real tide like that shown in fig. (6a). This general behaviour 
can be observed at Mediterranean coasts, as well as at many other sites in 
the world. However, in literature cases can be mentioned in which, given a 
real irregular pattern, the semidiurnal one is assumed either, generically, for 
the sake of simplicity or since it is assumed that very refined results should 
not be expected when a necessarily rough specification is given as to any other 
parameter or forcing - typical is the case of wind - included in the model (Cheng 
and Casulli, 1982). It seems then useful to elucidate what the consequences of 
this choice might be if a less rough description of residual circulation is desired 
in the case that no other important external forcing is acting on the field. As 
mentioned earlier, this is not an unaccetable abstraction since these are exactly 
the conditions in which, e.g. anoxia phenomena occur in an eutrophic water body. 
However, the present investigation is, in turn, somewhat simplified in that the 
tidal amplitude variability in the syzygial period is not taken into account. The 
present investigation may then be regarded as a first attempt to define a suitable 
representative tidal pattern to be used in practical applications to approximate 
the real behaviour in the intertidal approach. 

The mixed tide to be approximated is the one already mentioned in 
section 3.1 and shown in fig. (6b). At first, results obtained with tides of 
equal amplitude a = 0.5 m (fig. (6c)) have been compared. Then, tentative 
alternative specifications of the semidiurnal tide have been tried, namely: i) the 
single semidiurnal component exctracted from the mixed tide (a = a, = 0.4 m); 
ii) the semidiurnal tide whose mean energy equals that of the mixed tide 

(a = v/aj + a\ = 0.424 m), mean tidal energy over the period, T, being defined 
as 

E =4// dt 

In no case significant improvements were obtained as to the similarity of 
numerical results.  In fig. (5d-f) the curves of cumulated frequences of relative 
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Figure 6:    Simplification of tidal patterns:    (a)  typical real behaviour of a 
Mediterranean tide, (b) mixed pattern, (c) semidiurnal pattern 
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differences computed for the three basins for the comparison to the semidiurnal 
tide of equal range are shown. 

3.3    Simulations of convection-dispersion 

Numerical simulations of convection-dispersion of a passive solute released 
in various points of the basins confirmed the significance of the previously 
mentioned differences. 

In the flat basin the spreading of the tracers is very weak and regular. 
Indeed, according to the simple gaussian model of dispersion (Adams and 
Baptista, 1987), the second central moment of the mass distribution 

Dl 
N 

J2 (*i - Xc)2 + (yi - Vcf 

where a;,-, y, are the coordinates of the i — th particle of the ensemble of N 
particles, and xc, yc are the coordinates of the center of mass, was found to be 
fairly linearly proportional to the elapsed time for a specified tidal phase, at 
least after a sufficiently long time from the release. This is shown in fig. (7) 
for the release point No. 1 of fig. (8), in the presence of both mixed tide and 
Coriolis forces. Although the alternate stretching and contracting behaviour of 
the cloud is governed essentially by the mean velocity gradients, the order of 
magnitude of the ratio D2

q/2t is as that of the intratidal diffusion coefficients 
considered in the simulation of random fluctuations. 

Under the above conditions of regularity of diffusion, exclusive reference 
can be made to the position of the center of mass for the comparison of the effects 
of the tidal pattern and the Coriolis forces. Results are shown in fig. (8) for three 
points of release of the mass of solute and for the four possible combinations of 
the above factors. Trajectories followed by the centers of mass over a time 
extent of 20 days are plotted with a time step equal to the period of the 
relevant tidal pattern, so that tidal excursion is not resolved. It is apparent that 
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q/(2t) computed at fixed tidal phases for a cloud of passive 

solute transported in the flat basin under the effect of both the mixed tide and 
the Coriolis forces - release point No. 1 of fig. (8) 
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neglecting of the Coriolis forces leads to a much more unrealistic simulation of 
the transport phenomenon compared to the approximation of the mixed tide by 
the semidiurnal one. 

In the channeled basin, depending on the location of the release point, 
intratidal dispersion can be completely dominated by the spread induced by 
noticeable mean velocity gradients. Indeed, in that zones intratidal dispersion is 
only responsible for the initial, near field, displacement from which the second 
factor leads to a spread of a greater order of magnitude. In fig. (9a-f) the 
displacements of clouds of solute after four days from the release in two points 
of the basin are shown. Depending on the location of the point of release, a 
different relative importance of the Coriolis forces and the tidal pattern in the 
convection-dispersion process can be perceived. In particular, near the shore, 
just like in the flat basin, considering the Coriolis forces is much more important 
than exactly specifying the tidal pattern. However, in the proximity of the 
channel both factors must be properly represented for a correct reproduction of 
the dispersion process. 

It is apparent that the reason of this behaviour is to be found in the major 
role played by the channel in the whole dynamics of the water body, it being able 
to produce a circulation that is one order of magnitude stronger than in the flat 
basin. Apparently, the Coriolis forces act more as a direct driving factor of the 
circulation in the flat areas of both basins. Instead, in the areas influenced by the 
channel their role is mainly that of inducing different interactions between the 
expansions and the channel itself, whose presence, along with the associated 
strong velocity gradients, is indeed responsible of the important convection 
and dispersion at the intertidal scale. If boundary conditions like the tidal 
wave are changed, then the low hydraulic conductivity of the flat areas - in 
particular, of the inlet - causes the effects of the changes to be damped as 
well. Instead, the major conductivity of the channel causes the features of an 
important driving mechanism, and so the resulting features of circulation, to be 
remarkably modified too. 

The basin with sloping sides behaves essentially like the channeled one, as 
far as analogous conditions at the inlet are involved. This is shown in fig. (lOa-f) 
for the same points and initial tidal phases of release as for the channeled basin. 
In particular, for the release in the proximity of the channel, while considering 
the mixed pattern makes only a small part of the particles to be out of the 
domain after four days, none of them remains within it if the semidiurnal tide 
is considered, regardless of the inclusion of the Coriolis terms. 

3.4    Diffusion coefficient and numerical time weight 

Let us consider the following simplified form of the x-momentum equation 
drawn from system (1): 

dU        , dr,        rT     „ 
-+gh£ + 1U = 0 (3) 

where jU is the linearised bottom friction term. This can be discretised on a 
fully staggered, Arakawa-C grid as 

rrn+l rm / ~n+l „n+l Ui+l/2,j        Ui+l/2,j Ll71+1       7?«+l,i ~ ViJ 
Xt + a l^i/*       \x (4) 
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Figure 8: Pathlines of the centers of mass of clouds of a passive solute dispersing 
in a flat, 1 m deep, tidal basin under different forcing conditions 
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Figure 9: Advection-dispersion of a passive solute in a flat, 1 m deep, tidal basin 
with a central, 5 m deep channel, four days after release in two points, computed 
for a mixed tide (a,d) with and (b,e) without the Coriolis forces, and (c,f) for a 
semidiurnal tide of equal range with the Coriolis forces 
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vw-vu +(1-«)F^^ + 7^%,; 0 

where a = 0.5 ~-1 is required for a stable discretization. Analysis of the relevant 
truncation error shows that using scheme (4) in numerical computations equals 
solving 

dU       , dri (H d
2U 

dt2 + (l-a)7 
dU_ 

dt 
At+ 0 [At2, Ax2, Ay2) 

regardless of the method used for the linearisation of the barotropic pressure 
gradient. This holds also for a fully non-conservative analog of equation (3), 
involving velocity components alone. In the absence of bottom friction, the 
scheme can be made of second order in time by letting a = 0.5, while values 
greater than 0.5 provide a damping effect (Casulli and Cattani, 1993). Since 
this effect, even though not remarkable, is nonetheless clearly perceivable at the 
intratidal time scale, a check on its importance at the intertidal scale has been 
done. 
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Figure 10: Advection-dispersion of a passive solute in a tidal basin with a central, 
5 m deep, strip and sloping sides, four days after release in two points, computed 
for a mixed tide (a,d) with and (b,e) without the Coriolis forces, and (c,f) for a 
semidiurnal tide of equal range with the Coriolis forces 
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The effect of diffusion terms in equations (1) is also often considered 
negligible in current simulations in lagoons, provided that sufficiently small space 
and time scales are considered in the computations (Pfeiffer et al., 1988; Rosso 
et al., 1993; Umgiesser et al., 1993). 

As far as regards the parameter, a, and the diffusion coefficient, K, 
comparisons have been carried out, for the channeled basin only, between results 
obtained in a reference case (the above mixed tide of 1 m of range, K=0, a=0.5, 
i.e. Crank-Nicholson scheme), and two cases differing respectively by K=l m2/s 
and a=l (fully implicit scheme). These values represent a strictly upper limit 
value for the latter parameter and a reasonable one, though roughly estimated, 
for the former, depending on the characteristics of both the basin and the motion. 
In fig. (lla,b) the relevant curves of relative differences are shown. Though the 
channeled basin was expected to be, among the three, the most sensitive to 
changes in the above mentioned parameters, results are apparently much less 
significant compared to the cases of Coriolis forces and tide specification. 

4.    Conclusions 

Some features of long term transport in shallow and relatively small 
lagoons under a relatively weak tidal forcing alone have been analysed. Results 
are then applicable to Mediterranean tidal basins in the absence of wind, i.e. in 
conditions like those eventually leading to anoxia in the water body. 

It has been shown that the usual assumption of neglecting Coriolis forces 
in this kind of basins is acceptable only for the purpose of determining the general 
characteristics of intratidal circulation. Indeed, this factor proved essential to the 
correct simulation of long term transport in all the three prototypes considered. 
Potentially dangerous mistakes of practical interest in applications have been 
shown. A mixed tidal pattern proved well approximated by a semidiurnal one of 
equal range in a flat basin in which the tidal range is substantially damped at the 
inlet, as well as in the peripheral, shallower areas of basins in which propagation 
of the tidal wave is allowed to a larger extent. In the latter, a more realistic 
tidal pattern is required for a correct simulation of convection-dispersion in areas 
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Figure 11: Curves of the cumulative frequences, F(S), of the relative differences, 
S, between residual velocities components computed for the basin with channel 
with the mixed tide and Coriolis forces (a) including or not the diffusion terms 
with K = 1 m/s and (b) selecting a = 0.5 and a = 1 in the numerical 
discretization (4) of the propagation terms 
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characterized by relatively strong velocity gradients in the hydrodynamic field. 
Though numerical results should always be regarded with caution even 

when an accurate check is done on numerical convergence and a robust and 
accurate model is employed, particularly in the presence of a highly irregular 
bathymetry (D'Alpaos et al., 1992), nonetheless it seems that, if not exactly the 
numerical entity of the mentioned differences, at least the remarkable differences 
shown as to the circulation patterns should be regarded as really meaningful. 

On the basis of the above results, it seems that a representation of the 
long term transport due to a real tide of variable amplitude in the syzygial 
cycle in terms of residual fields for semidiurnal tides of correspondingly varying 
amplitudes can be tried for basins like the flat one considered in this study. 

On the other hand, residual circulation seems to be less sensitive even 
to reasonably high values of the diffusion coefficient, which, however, could not 
be assigned an accurate value at the start of the art. Even less significant is 
the effect of the numerical time weight a, of a standard implicit discretization 
scheme for spatial derivatives, whose smoothing effect when equal one is not so 
much important on tidal waves compared to short and high-frequence ones. 
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