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Venice: Sea-Lagoon Exchange
in a Modified Tide Regime

A black box model predicts material residence times

in a simulated lagoon after entrance size reduction.

Ottavio Vittori and Francesco Tampieri

The so-called ‘‘acque alte,”” storm
tides rising above the level of the histori-
cal center of the city of Venice (/), have
once again in the history (2) of this city
raised the problem of a massive artificial
modification of the hydraulic system of
the lagoon. In 1975 the Italian govern-

manent narrowing of the openings would
modify the exchange of material between
the lagoon and the sea. The present con-
tamination of the lagoon (5) and the con-
sequent sporadic occurrence of plankton
blooms (6) highlight the importance of
this question.

Summary. Salinity and tide heights recorded for a month at P, a point in the north-
ern section of the Venetian lagoon, are the basic experimental data used to construct
a numerical model which describes the salinity variations at P, as a function of the
tides measured at the Lido entrance. The time variation of the salinity pattern is inter-
preted in terms of a lagoon system in which a freshwater source of constant intensity
is in a quasi-steady equilibrium with a tide-modulated sink. The mean residence time
of a contaminant in this simulated lagoon is predicted from the change in the salinity
pattern due to a reduction in the entrance size.

ment promoted, through specific direc-
tives (3), the construction of ‘‘devices’’
designed to eliminate or at least to re-
duce the tides. The proposals submitted
by specialized firms at the end of 1976
are at present under examination by an
ad hoc committee and have not been
made public.

Since the narrowing of the entrances
between the sea and the lagoon would
lower the tide height inside the lagoon
4), permanent barriers, such as would
provide a constant reduction in the size
of the entrances, might satisfy the direc-
tives. Such a solution gives rise to anoth-
er problem, that is, to what degree a per-
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A numerical calculation of lagoon wa-
ter renewal as a function of the mass flux
at the entrances can be obtained by vari-
ous methods. Tentatively, we can speak
of two lines of approach: classical hydro-
dynamics (7) and environmental physics.
With the latter approach, one aims to
find parameters determining sea-lagoon
transport balance both by phenome-
nological observation and by ad hoc ex-
periment without constructing detailed
explicit models.

There have been no environmental
physics approaches to the Venice prob-
lem in our national scientific community.
In 1975 the Consiglio Nazionale delle Ri-
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cerche (CNR) appointed Vittori to the di-
rectorship of the Venice Laboratory and
entrusted him, among other responsibili-
ties, with the responsibility of investigat-
ing the tidal flushing of contaminants in
the lagoon. So far (May 1978) Vittori has
been unable to establish a large enough
research group to properly deal with this
problem. This explains the limitations
of the approach presented here for a
problem of great complexity and impor-
tance.

There exists only a limited and local-
ized set of experimental data. We use
them to describe, through a crude *‘black
box’’ model, the exchange of material in
a simulated portion of the Venetian la-
goon and to predict changes that occur
after a size reduction of the lagoon en-
trance.

Formulation and Purpose of the Model

Nyffeler et al. reported observations
of the salinity S and the tide height », re-
corded for 1 month at a point that we call
P, 8); P, is located in a canal which
leads from the Lido entrance to the north
lagoon. A water course discharges fresh-
water in the vicinity of P,.

The set of data depicts a lagoon that is
periodically mixed with the sea: S is
lower in the lagoon than in the open sea,
and values of S increase with the flood
tide and decrease with the ebb tide.

The sea (S = S, = 34 milligrams per
liter) is the only source of salt at P,, and
a constant supply of inland freshwater is
the only cause of a reduction of the salt
concentration. The quantity S/S, ex-
presses the proportion of seawater at P,
in the lagoon, and 1 — §/S, expresses
the proportion of freshwater. This as-
sumption appears realistic since the flux
of inland freshwater in the lagoon is of
the order of some millimeters per hour
9), far greater than its loss by evapora-
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Fig. 1. Outline of the P, lagoon. (a) The tide height, n, at P, plotted against the tide height, H, at
the Lido entrance of the lagoon. (b) Performance of the model: the solid line showing the first
one and one-half cycles represents the experimental data inserted in the model; the broken line
is the resulting predicted series. The relative deviation (in percent) between predicted and real S
is shown below. (c) A sample of the simulated time S pattern in the H extended series. The

record of H covers several years.

tion and far greater than its gain by rain-
fall since only a few hours of light rain
fell during the entire sampling period (8).
No abrupt change in the freshwater flow
could be expected to occur during the
dry sampling month (April 1974).

Tides drive the fluctuations in S.
Changes are caused by both tide-induced
transport of saline water and mixing due
to turbulence (10). The near-uniformity
of temperature and S that is found along
the vertical at P, shows that turbulent
mixing overcomes the stability resulting
from the nearby freshwater inflow (/7).

The tide height n at P, is proportional
to the tide height H at the entrance
(namely, the Lido). The experimental
data give n = 0.8 H (Fig. 1a). The inter-
pretation of this tide height reduction
through a simplified picture of tide prop-
agation in shallow water appears consis-
tent with observations of the small lag
between Spax and npax (2).

If the above picture is accepted, S can
be expressed as a function of the tide
height now and of tide and S changes ex-
tending over several cycles in the past.
We write

(Smax,l - Smin,i) =
S(Hyi— ks Hei - 1y Smax,i— k> Sminyi — k) X
(So = Smind) (1a)
(Smin,i — Smax,i - )=
O(Hyi— 1y Heyi — ey Smax,i — ks Smini — k) X
Smax,i - k (1b)

where Spax.; and Spyin,; are the maximum
and minimum values of S at the ith cycle
corresponding to the flood, H;;, and the
ebb, H.;, values of H, respectively; k re-
fers to the kth cycle preceding the ith;
and f and ¢ are transfer functions that
depend linearly on H and S.

The numerical coefficients in Eq. 1 are
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obtained by linear regression analysis.
The following numerical relationship is
obtained:

(Smax,i - Smin,i) = [0'572(Hf,i - He,i) +
0.317(He; — Hey— 1) —

0.012 5(Smin,i - Smax,i - 1) -
0.00954(Smax,i -1 — Smini-1) t

0.04405max,i —1 0729](So - Smin,i) (23,)
and

(Smini — Smax.i )=
30.314(He,; — Hyi - ) +
0~296(Hf,i -1 He,i— 1) -
0.0194(Smax,i -1 —
Smini — 1) = 0.00139(Smini - 1 —
Smax,i - 1) - 0007395mm1 - I]Smax,i -1
(2b)

In Eqgs. 1 and 2 only the values of H
and S for the preceding cycle appear.
The standard stepwise procedure for de-
termining the significance of the terms in
Eq. 1 assigns significance only to these
cycles.

The predictive value of the model is
shown in Fig. 1b. The deviations (in per-
cent) of the predicted values from the ob-
served values of § have a standard devia-
tion of 5 percent. This is close to the ex-
perimental error and much less than the
fluctuation (about 17 percent) of the §
maximum over the period of the data,
one lunar month. The interpretation of
the tide attenuation at P, in terms of a
simple frictional mechanism and the ac-
curacy and simplicity of the predictive
model give confidence in the use of the
regression formula to describe S outside
the period of measurement.

Assuming a freshwater source of con-
stant intensity and a periodic sink, we
now compute the mean residence time of

the freshwater in the system by applying
our formula iteratively, cycle by cycle,
to an extended experimental time series
of H. To do this it is not necessary to
predict the actual S pattern. The extend-
ed § series is taken as describing the P,
lagoon with the same boundary condi-
tions as those existing during the sam-
pling period.

As for the validity of the extrapolation
to H outside the experimental range, it
may be said that (i) the model is capable
of covering a wide range of H (Fig. 1b),
(ii) the extended H series has only a few
terms that are outside the upper range of
the experimental set, and (iii) we have no
physical reasons for assuming a marked
change in Eq. 2 for extrapolated H out-
side the experimental range.

The residence time of the freshwater
in the system is then compared with that
resulting from a reduction in the sizes of
the lagoon entrances. For any model, an
extrapolation to the tide regime as modi-
fied by entrance size reduction is neces-
sary.

Interpreting the Extended S Series

The pattern of the extended S is shown
in Fig. 1c. It is a lagoon system con-
sisting of a freshwater source in a quasi-
steady state with its sink modulated by
both high (semidiurnal cycle) and low
(neap-spring cycle) frequency pulses.

In the first half of a semidiurnal tidal
cycle the incoming seawater reaches its
minimum dilution as a result of mixing
with the existing P, lagoon water, where-
as in the second half its maximum dilu-
tion is the result of its mixing with the
““local’’ freshwater source. The seawater
mass flux increases from neap tide to
spring tide and decreases in the succes-
sive inverse lunar cycle. These are the
physical processes responsible for the
high- and low-frequency cycles seen in
Fig. 1c. Such systems can conveniently
be described in terms of a mean resi-
dence time 7, defined by

©)

where Jl; and 1Jl, are the mean in-
tensities of the material source and sink,
respectively, as computed through the
temporal variation of the material of av-
erage concentration C; r is the mean
residence time of the material in the sys-
tem (13).

The mean residence time for the low-
frequency component of 1 — S/S,, 7%,
expresses the renewal time of an entire
homogeneous lagoon represented by the
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Smax time series as observed at P,. This
renewal time is computed from Eq. 3 as
applied to the extended S series as fol-
lows:

1 n
n—TiZI(l - Smax,i/SO)hf,i -
(1 = Smax,i - 1/S)hei 1 =

(1 - Smax/SO)hf/T*
where T is the tidal period, Spay,; - ; and
Smax, are the values of two successive
salinity peaks, n is the number of tide
events occurring in the mean interval be-
tween a spring and neap tide, and the
overbar indicates an average. Since the
mean depth at P, is about 4 meters, its
change with tide (4 = mean depth + 7)
is taken into account (4; indicating the
mean depth + Mmax)-

The model of Ghetti et al. @) predicts
the mean tide height in the lagoon as a
function of the reduction in the entrance
size. We use this prediction to calculate
a new series of S values from which we
compute modified values of 7% for the
new steady state from Eq. 3. The quan-
tities 7* and 1 — §/S, can now be used
as an input to other models, such as that
of a biological species undergoing
stresses which depend on nutrient and
biochemical oxygen demand levels, both
proportional to the freshwater content
(14). The difficulty of finding a significant
parameter representing a biological sys-
tem (I5) may be avoided by the use of a
concentration-time formula (/6) of the
type

I= [ p (1 = §/S)de* ()

“)

where p is the concentration of a con-
taminant per unit concentration of fresh-
water, assumed to be constant, and
f(*) is the 7* frequency distribution.
This parameter has some utility in the in-
terpretation of our results.

The ratio of the actual to the modified /
(Ix/I) consequent on size reduction is
given in Fig. 2. It is dominated by the
contributions from high tides. The effect
is marked when a certain degree of size
reduction, about one-half, is reached. A
reduction of this amount by permanent
barriers does not affect the tide height
very much; it must be exceeded to cause
an appreciable reduction in the tide
height ). The behavior shown in Fig. 2
can be expected to apply only to very
simple biological systems. Real biologi-
cal systems, especially those exhibiting
resilience, can be expected to react in
more complex ways.

Another fundamental limit of this ap-
proach concerns the validity of the as-
sumption § = S, in the modified tide re-
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Fig. 2. (a) The ratio of the concentration-time
indexes I,/Iy (A is for actual and M is for
modified) as a function of a coefficient of en-
trance reduction: f, is the cross section of the
actual entrance and f is the cross section of
the reduced entrance. (b) The 7,* frequency
distribution. The abscissa is In 7,*. The shape
of the spectrum is presumably affected by a
seasonal periodicity in H.

gime. The structure of the outgoing
plume could change as a result of the
modified dynamics. The returning tide
may contain more residues of the lagoon
water. This larger content of residues
should further increase the effect of size
reduction.

Discussion and Conclusions

We are convinced, bearing in mind the
complexities of the problems mentioned
at the outset of this article, that we may
find encouragement in Waddington (/7)
when he says that the manipulation of
the variables of a (predictive) model has
as its aim to answer the question: What
would happen if . . .? And further when
he states that the type of model that is
most suitable for the analysis of a certain
state of things in the real world depends
on how much we know about the real
world. And finally, when he affirms that,
regarding this choice, we must take into
consideration both the means available
and the ability of the researchers.

The limits of our present results are set
by the limitation of the available data and
by the consequent necessity of highly
simplified modeling. The data may not be
sufficient to properly represent P,. More-

over, the simulated P, lagoon cannot be
adequately bounded, and in any case its
ability for representing the real lagoon
can only be conjectured.

An exhaustive approach to the prob-
lem would require an intensive campaign
to collect data suitable for the computa-
tion by proper methods of exchange pa-
rameters in the entire lagoon. However,
owing to the lack of such a large-scale
study and the necessity for the Italian
government to make a decision within a
short time, we feel that it is our duty to
report the present approach. It has the
purpose of producing evidence that a
nonlinear effect of the kind shown in Fig.
2 may occur in the sea-lagoon exchange
as a consequence of a reduction in the
entrance size. Moreover, it supports the
action of those, in Italy and elsewhere,
who require that pollution concentra-
tions in the Venetian lagoon be quan-
titatively predicted before any per-
manent change in the lagoon tide regime
is made (I8).
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Summary. A number of genes in higher organisms and in their viruses appear to be
split. That is, they have “nonsense” stretches of DNA interspersed within the sense
DNA. The cell produces a full RNA transcript of this DNA, nonsense and all, and then
appears to splice out the nonsense sequences before sending the RNA to the cyto-
plasm. In this article what is known about these intervening sequences and about the
processing of the RNA is outlined. Also discussed is their possible use and how they

might have arisen in evolution.
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lications can be tracked down by con-
sulting the Cold Spring Harbor volume
on chromatin (2). Nor does it attempt to
be a comprehensive review, both be-
cause that would take up too much space
and also because experimental results
are coming in all the time. I present here
an overall view of the present position,
fluid though it is, together with some
general ideas and a few remarks about
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future work. A brief but very imaginative
article by Gilbert (3), on similar lines to
this one, has already appeared. Similar
ideas have been presented by Tonegawa
etal. @).

The Basic Problem

It is easiest to begin by considering an
imaginary example. The upper part of
Fig. 1 shows schematically a length of
DNA which codes for a single messenger
RNA (mRNA). The lower part shows the
base sequences found in that mRNA.
The relation between the two is indicated
by the lines connecting them. The figure
shows that in this case there are two fair-
ly long stretches of base sequence along
the DNA of the gene which do not ap-
pear in the final mRNA. Such sequences
are now known as intervening se-
quences. An alternative terminology,
used by Gilbert and his colleagues (3, 4)
refers to the intervening sequences as
“‘introns’’; those base sequences on the
DNA which do end up in the mRNA are
referred to as ‘‘exons’’ since they are the
ones which are expressed. At this stage,
any terminology is likely to lead, before
long, to difficulties and complications
(5). In this article I use the intron-exon
terminology, if only for want of a better
one.

What possible mechanisms are there
which could have produced this result?
There are at least four that immediately
spring to mind:
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