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1.— Introduction.

Marine hydrodynamics is obviously an important subject by it-
self. Prediction of storm surges and tides, surface elevation,

current patterns are all essential factors of navigation, fishing,
coastal engineering, etc.

In addition, the whole dynamics of the marine system is driven
by the sea motion. Dispersion of nutrients or pollutants, migra-
tions, sedimentation and bottom erosion are conditioned by the
mixing and circulation of the water masses. The determination of
the velocity field and the associated turbulence is the first step
in any effort to model a marine system.

) From the point of view of modelling, hydrodynamic processes,
in a shallow continental sea like the North Sea, can be separated
in three main categories according to their time scales.

Macroscale processes are represented by the "quasi-steady" re-
sidual circulation (time scale : from weeks to months) and the
associated frontal structures; mesoscale processes comprise tides,
storm surges and wind-induced currents (time scale : from hours
to days); microscale processes comprehend all scales of random mo-

tions composing three-dimensional turbulence (time scale : from
seconds to minutes).

The study of turbulent fluctuations is not the primary objec~
tive of hydrodynamic models, concerned with organized circulations
at macroscales and mesoscales. {The detailed description of the
random turbulent velocity field would, in any case, be beyond any
model's capacity.) The state variables of the hydrodynamic models
are then not the instantaneous erratic velocity, pressure, tempe-
rature, ... but their mean values over a time T sufficiently
large for microscale fluctuations and oscillations to roughly
cancel over a time of that order, but sufficiently small for meso-
scale and macroscale processes to '"pass through'" the averaging
unaffected.

The hydrodynamic equations describing the "mean" variables
are then obtained by averaging over the chosen time T (T ~ 10° s,
say) the basic equations of Fluid Mechanics. Since, these equa-
tions are non-linear, microscale fluctuations are not entire%y
eliminated by the averaging. Non-linear terms give two contribu-
tions, one containing the product of the means and the other one
the mean product of the fluctuations.

The extra terms in the evolution equations can be paramete-
rized on the model of the molecular diffusion terms.
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Microscale fluctuations appear indeed to play qualitatively
the same role as molecular fluctuations. They contribute to a
“"turbulent" or "eddy'" diffusion analogous to molecular diffusion
but many times more efficient.

The eddy diffusion coefficients can be determined {(eventually
parameterized in terms of characteristics of the mean flow) using
classical results of turbulence theory.

£

In shallow continental seas like the Nerth Sea, the eddy coef-
ficients are found several orders of magnitude larger than their
molecular counterparts and one generally neglects the molecular .
effects, considering that they are implicitely included in the
turbulence.

The equations governing mesoscale and macroscale flows have
then the same form as the original Fluid Mechanics equations with,
simply, molecular diffusivities replaced by turbulent ones.

One emphasizes here that the basic equations describe the
large scale flow; a superposition of macroscale and mesoscale mo-
tions. With appropriate boundary conditions, the solution repre-
sents the sum of macroscale and mesoscale processes, characterized,
as pointed out before, by distinct time scales. In principle, the
residual {(macroscale) circulation could be obtained from this so-
lution by a second time average; the averaging period T being
now chosen to filter out mesoscale oscillations and leave quasi-
steady macroscale flows essentially unperturbed.

A problem arises here from the completely different orders of
magnitude of the two types of flow. While the currents associated
with tides and storm surges may reach velocities of more than
1 ms ! in shallow continental seas like the North Sea, the resi-
dual circulation is often only of the order of a few cms ! and
actually of the same order as the error the model makes on the
total (macroscale + mesoscale) f{low.

The errors being non-linear, one cannot expect them to cancel

in the averaging process, the result of which could be a residual
flow obtained with a 100 % error.

It has been shown that this difficulty can be avoided if,
instead of averaging the solution, one derives average equations and
solve them for the residual flow, taking explicitly into account
the additional forcing due to the non-linear interactions of meso-
scale motions, the so-called 'mesoscale Reynolds stress" (e.g. Nihoul,

1975a, 1980; Nihoul and Ronday, 1975, 1976; Nihoul and Runfola,
1981).

Hydrodynamic models divide then into two sub-sets : (i) long—
wave models for tides and storm surges, (ii) quasi-steady state
medels for the residual circulation.

In both cases, two different approaches have been used
(i) depth-integrated two-dimensional models predicting the sur-
face elevation and the depth-mean velocity vector and (ii) three-
dimensional models taking into account the variations along the
vertical of such parameters as the eddy diffusivities,




In the following, the techniques of two-dimensional and three-
dimensional models of marine hydrodynamics are presented and dis-
cussed. Taking the North Sea as an illustrative case study, exis-
ting models are compared, emphasizing the different approximations
made in each case and the corresponding forecasting efficiency.

2.— Hydrodynamic equations.

Restricting attention to well-mixed continental seas, for
which the specific mass of sea water p can be considered as a
constant®, one can write the hydrodynamic equations in the form
(e.g. Nihoul, 1975a, 1976, 1977a) :

(1) V.vy = 0
(2) _g_%+v_(vv)+zﬂf\v=—Vq+V.:R

where v 1s the velocity vector, & the earth's rotation vector,
q=g+gx3+g,

P 1s the pressure, p the specific mass of sea water, x; the
vertical coordinate (the x;-axis pointing upwards), E the tidal
potential and R the Reynolds stress tensor (the stress is here
per unit mass of sea water) resulting from the non-linear inter-
actions of three-dimensional turbulent fluctuations and implicitly
including the "negligible'" viscous stress tensor.

The equation for the concentration of a "passive constituent™
(1.e. a constituent which does not interact with others and is

simply carried along by sea movements of all scales)} can be
written

(3) St V-(ve) = Q+ vy

where (¢ 1s the rate of production (or destruction) of the cons-
tituent and 9 the turbulent flux.

Temperature and salinity obey an equation of type (3).

The tidal potential can be neglected in the case of continen-
tal seas where the main tidal oscillations are not directly pro-
duced by astronomical forces but result from ocean waves propa-
gating intc the seas through the open-sea boundaries (e.g. Nihoul,
1975a) .

* The extension to stratified waters can be made easily in the scope of Boussinesq’s approximation (e.g. Nihoul,
1977a). This aspect will be reexamined later in relation with three-dimensional modelling.



The Reynolds stress tensor R and the turbulent flux Yy can
be parameterized in terms of eddy diffusivity coefficients. In
microscale three-dimensional turbulence, these coefficients are
of the same order of magnitude in the horizontal and vertical di-
rections. Then, horizontal length scales- being much larger than
the depth, the last terms in the right-hand sides of eqs (2} and
(3) can be written simply, with a good approximation

_ 8t _ o ~ v
(4) v.:R‘ - BX:; - 3)(3 (\) 3)(3)
_ 3 ~ ac
(5} V.Y = 3%, (A 5;;)

where T is the Reynolds stress vector, v the eddy viscosity
and A the eddy diffusivity.

Neglecting horizontal turbulent (and molecular)} diffusion
makes advection the essential mechanism in the horizontal plane.
This does not exclude horizontal dispersion since the velocity w
in eqs (2} and (3) still contains variable, irregular currents
which will act on a patch of contaminant in more or less the same

way as three-dimensional fluctuations at smaller scales (e.g.
Nihoul, 1976, 1977a}.

The vertical component of eq. (2) can be written, using eq.

(4)
vy 9 ~ V3
Y Vo(vvy) + 2(Q vy = Qvy) - 5;; (v 5;;
(6)
=-99_ . _3 (P
9X, 9X, (p *gXy)

All terms in the left-hand side of eq. (6) are very small compa-
red to the acceleration of gravity g ~ 10 ms %. If we take, for
instance, the example of tidal motion in the North Sea, one has
typically {(e.g. Nihoul, 1975a)

vy ~ 1007 ms

aV; -8
at

2(9,v, - Qyvy) ~ 10 ms?
S o~ 10t misT!

) ~ V3 8 -2
5;3—( ﬁ;) 10 ms



One can thus neglect the left-hand side of eq. (6) and write,
with a good approximation

] 3
(7) g%; =%, (g * gx3) = 0

At equilibrium, eq. (2) reduces to the hydrostatic balance of
force

(8) vq = 0

Eq. (7) shows that, in a dynamic situation, the hydrostatic
balance of force remains valid in the vertical direction. This is
the so-called '"quasi-hydrostatic approximation".

Integrating'eq. (7) over x; , one obtains

{9) P = - pgX; f(t,Xl,XZ)

At the free-surface, x5 = T, the pressure must be equal to
the atmospheric pressure p, . Hence
{10 P, = - pgl + £

This determines the so-far arbitrary function £ . Combining
eqs (9) and (10), one gets

(1) q =52+ ge

The horizontal components of the Coriolis acceleration are
2 vy - 2 23V,
2 Qvy + 2 Qv

In mid-latitude continental seas, the first terms, propor-
tional to the vertical velocity, may be neglected. Setting

29, = £,

to conform to usual notations, the Coriolils acceleration can be
written

(12) - fv, ey + fv, e; = f e; A ¥

taking into account that the vertical component has previously
been found negligible.

I1f, from now on, u denotes the horizontal veloccity vector

(v = u+ vy oey),



e

the basic hydrodynamic equations can be written, using eqs (1),
(2), (4), (11) and (12)

Ju 3
= * V.(uu) + £ e3n u + 3%, (uvy)
(13)
_ E_a_ o0 ~ 3u
- V(D + gC) + 3)(3 (V 3X3J
3V3
(14) V.u + 3% =0

The evolution equation of a passive constituent becomes, com-
bining eqs (3) and (5)

ac 2 _ D ™~
(15) 3T + V.(uacg) + E (V3C) = —“-—ax3 (A

[=F}

€y +qQ

X3

(o3

This equation holds also for temperature and salinity with
the appropriate values of Q and i.

3.— Initial and boundary conditions.

The hydrodynamic equations must be solved subject to given
initial and boundary conditiomns.

Major problems are
{i) the reliability of data given at open-sea boundaries,
(1i) the formulation of boundary conditions at the bottom and at
the air-sea interface.

The specification of boundary conditions at the air-sea inter-
face and at the sea floor illustrates a typical difficulty of mo-
delling.

As mentioned before, models deal with mean variables (over
some characteristic time of interest) and summarize the non-linear
effects of the fluctuations in suitably defined '"dispersion terms"
where several control parameters are introduced. Obviously, the
demarcation of the system and, in particular, the definition of
its support must conform toc this simplification, and the bounda-
ries delimiting the system for a given model are idealized boun-
daries where most of the intricacy of the real frontiers have
been smoothed out by the averaging.

Thus, if x3 =T and x; = - h are the equations of the
air-sea interface and the bottom, respectively, one has

9
(16) 5% VT o= vy at X3 = C




(17) g—}g + u.Vh = - v, at  x; = - h

'Eqs (16} and (17) express that the "model" boundaries are ma-
terial surfaces of an idealized fluid moving with the mean velo-
city

V=u+V3e3

They thus differ from the complicated real frontiers which are
jagged material surfaces following the real stirring velocity.

(A particular inference is that problems with different time
scales require different model boundaries as, for example, "sur-
face elevation" has a different meaning in tidal models and in
residual current models.)

Schematically, one might say that each model has its parti-
cular conception of the sea surface and of the bottom. Interpre-
ting in mathematical terms the interactions at the sea boundaries
1s a difficult task. It is complicated, in modelling, by the
obligation to comply with the model's refinement and formulate

the boundary conditions with just the right degree of sophistic-
ation.

A few examples may serve to illustrate the difficulty.

Waves at the sea surface create a first problem. They influence
the instantaneous local wind and the subsequent air-sea interac-
tions but they are themselves (their speed, form and height} func-
tion of the wind stress <m the past. Waves break frequently as a
result of interactions between waves of different wave numbers.
Wave breaking, which can occur at low wind speed, is more frequent
and efficient under strong wind conditions. In the process, spray
is produced,

Depending on the relative velocities of wind and waves, the
disruption of wave crests into spindrifts can also produce spray.
[At winds above 8 m/s , there is apparently a sudden increase in
the spray load which could be attributed to this mechanism (Krauss,
1967).]1 Bubbles of air are entrained by the breaking waves. When
bubbles burst on reaching the surface, drops are ejected into the
air.

An irregular mixing of air and water results on both sides of
a jagged interface which one finds difficult to position practi-
cally within a complicated zone of transition between the atmos-
phere and the sea.

The situation is similar at the bottom. Sea water contains
suspended sediments. Whether the mean turbidity is low (cpen sea)
or high (coastal area), there is inevitably a marked increase in
the concentration of sediments as one approaches the sea floor
which itself can be permeated with water to some depth. It is
almost impossible to draw a line through the solid-water mixture
at the bottom of the sea and the so-called bottom boundary 1is
often nothing more than a conventional limit corresponding to
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some chosen concentration of the sediments. Moreover, the shear
stress exerted by the sea on the bottom may recirculate deposited
sediments and erode the sea floor.

Blowing sand (like flying spray at the air-sea boundary) con-
tributes to shade off the border between sea and soil.

A further difficulty, in specifying boundary conditions at
the sea surface, occurs evidently when some alien substance is
interposed between air and water. Organic surface-active films
are frequently formed on the sea surface. Damping capillary waves,
they produce anomalies in the reflection of 1light which one calls
"slicks". Natural sea slicks constituted by monomolecular films
of adsorbed organic molecules have been known for a long time. As
a result of pollution, contaminant films or layers such as slicks

of petroleum products or other chemicals are now more and more
often observed.

Surface films modify air-sea interactions, in general in an
assuaging way, attenuating small waves, hindering wave formation,

reducing air drag, inhibiting gas exchange ... (e.g. Garrett, 1967,
1972).

Momentum is presumably transferred from wind te waves and,
for a substantial part, passed over to the water column by com-
bing waves or other mechanisms (Stewart, 1967; Krauss, 1967). The
detailed machinery of this transfer is rather complicated because
the wind profile is itself affected by the state of the sea sur-
face, the nature and the shape of the waves and, both wind and
waves, are largely influenced by the stratification. The compli-
cated interplay between air stability, sea state and wind field
reflects on the resulting stress exerted by the wind. Heavy rain-
fall and wave breaking will increase it. [Momentum transfer 1s
presumably enhanced by the agitation of air caused near the in-
terface by the interpenetration of air and water layers (Hidy,
1972; Krauss, 1972).}1 0il slicks decrease the stress. In unstable
conditions, a definite augmentation of momentum transfer seems to
occur when the wind speed exceeds some 7 m/s , associated with
the onset of foaming (De Leonibus, 1971). Acceleration of spray
drops (and deceleration of bubbles) produce an additional shear
stress which is presumably small at low wind speed but may become
relatively more important at higher wind speeds (Krauss, 1967).

The situation 1s evidently similar for the transport of heat
and material accross the air-sea interface. Intricated surface
mechanisms ensure the transmission of fluxes with variable effi-
ciency. Infrared radiations, for instance, are absorbed at the

interface, producing a discontinuity in the heat fiux (Krauss,
1967).

Wave generation can improve significantly the rates of eva-
poration and aeration. According to Hidy (1972), this must be
attributed to the disturbance of the diffusional sublayer near

the water boundary, which plays a key role in the material trans-
fer across the naviface.
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A similar situation prevails at the bottom. When a viscous
layer can be maintained on the sea floor, the flux of material
is simply due to the slow sedimentation of particles. When the
layer is disrupted by turbulence, the material concentrated in
the viscous layer can be recirculated. For still higher values
of the turbulent shear, the flow is able to erode the bottom and
blow sclid sediments into the water column and its turbulent dy-
namics (Mc Cave, 1970; Cormault, 1971).

A few examples suffice to demonstrate the complexity of the
Interactions at the upper and lower sea boundaries. One under-
stands the difficulty of specifying judicious boundary conditions
appropriate to a model. The uncertainties in the boundary condi-
tions however deeply reflect on the model's predictions and the

inaccuracy of boundary data is often the more severe handicap to
modelling.

Once microscale turbulent fluctuations have been parameteri-
zed in the hydrodynamic equations, the boundary conditions which
must be provided to solve these equations are likewise the condi-
tions which apply to macroscale and mesoscale processes.

At the air-sea interface, it is generally assumed that the
fluxes are proportional to the magnitude of the wind velocity at
some reference height (10 m, say). If V, &, q denote the ve-
locity, the temperature and the moisture (or perhaps the concen-
tration of some contaminant) at the height of reference and 9 ,
qe the corresponding surface values, one writes (Krauss, 1972)

(i) momentum flux (divided by the density of sea water)
(18) T, = V vl

(1i) heat flux (divided by the specific heat and the density of
sea water)

(19) hy = (8, - 9)C iVl

s

{111) moisture flux (divided by the density of sea water)
(20) w, = (g9 - q)C*IIVi

where the '"drag coefficient™ C* 1s a control parameter (e.g.
Nihoul, 1975a, 1976, 1977a).

According to Krauss (1972), 'the preceding expressions, ap-
plied to good meteorological data, probably can yield flux esti-
mates over the open ocean with a mean expected error of less than
30 %". Hidy (1972) anticipate a 'more realistic error™ as large
as 50 %. This would seem to be the range in which the data from
various observations scatter under comparable wind conditions.

In addition, observations from the Bomex experiment reported
by Pond et al (1971} cast doubt on the validity of (19} for the
heat transport which is significantly affected by radiation. One
may also question the extension of (20) to the flux of_chemlcal
species which may dissolve or interact preferentially in organic
surface films.
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At a rigid bottom boundary, the velocity must be zero. Igno-
ring slow deformation of the sea floor, this requirement would
seem to provide the simplest boundary condition at the bottom.

However, as discussed later, it is not always the most conve-
nient and, in particular, two-dimensional (depth-averaged) models
need boundary conditions expressed in terms of the depth-averaged
velocity.

It is generally assumed that the momentum flux (and the rela-
ted "bottom stress") is given by an equation similar to eq. (18),
i.e. (e.g. Nihoul, 1975a)

(21) T, = D u [lull - m T,

where D is a suitable drag coefficient and where the last term
in the right-hand side is a small correction introduced to account
for the fact that, in case of negligible volume transport of wa-
ter, there is still a stress exerted by the bottom (Groen and
Groves, 1966). :

The limitations of this type of parameterization will be dis-
cussed later in relation with three-dimensional models.

4.— Two-dimensional depth-averaged models,

The depth-averaged motion is described in terms of the mean
velocity m or the total flow-rate U defined by

¢
(22) U=U101+U282=HE=IUC{X3
-h

where H is the total depth, i.e.

(23) H=nh+C(

Deviations f{rom the vertical mean are indicated by ~. Thus

(24) u = U+
with

§
(25) f u dx; =0

-h

Integrals over x3 of partial derivatives with respect to t,

Xy Oor X, can be expressed in terms of the derivatives of the in-
tegrals by the formula
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£ af 2 [
(26) ] 3 4 = gp ] f dx, - £(0) g—g - £(-h) 3_2
-h

where n stands for any of the variables t, x, and x, and
where f is any function of ¢t , X, » X, and x5 ,

£(C) = £(t,x;,x,,0)
and t(-h) = f(t,x;,x;,-h)
its values at the sea surface and at the sea floor respectively.
Integrating eq. (14) over depth, one obtains

§
(27) ] (V.u) dxy; + vy(T) - vy (-h} =0
“h

Commuting the integration and derivation signs according to
eq. (26) and eliminating v%(g) and v; (~h) by eqs (16) and (17),

one can write eq. (27) in the form
oH _
(28) sz V.U =0

where H 1is given by eq. (23) and

aH _ 3C
(29) at 9t

(neglecting slow deformations of the bottom).

In term of the depth-averaged velocity u, eq. (28) reads

(30) L WVH+ H T =0

[Note that V¥V reduces to

9

T8 dX3

e, —
1 d Xy

in eqs (28) and (30) since the functions H, U and wu do not
depend on x,.]

Although the divergence of the three-dimensional velocity v
is zero, the divergence of the two-dimensional mean velocity u
1s not zero.

However if T 1is everywhere negligible with respect to h
and if h wvaries slowly in space as compared to u and T, eq.
(30) can be approximated by

(31) V.E = 0

Indeed if L is the characteristic length of variation of h
and ® the characteristic length of variation of T and wu,
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the first two terms of eq. (30) can be estimated as

aH _ 3T _

—_—

Tu
5t ~ et - 0GR

u.VH ~ u.V{ + u.Vh ~ 0(%?) * 0(%?J

while the third term is the sum of two parts, each one of the
order

ou . hu
__.__l i~ —
H 3xj D(Q

If one can assume

2 « L ; T« h

the contributions from the first two terms are all negligible as
compared to the contributions from the third term. These must
consequently balance each other and eq. (31) holds.

Shear effect.

The integration of eq. (14) presented no difficulty. The equa-
tion being linear, all terms containing deviations i from the
mean field disappeared in the integration process by virtue of
eq. (25). The same is not true for the momentum equation which
contains products of the velocity vector components. Indeed, one
finds

¥ ¢
(32) H“[ wuy dx, = G @, ¢+ H“f 8,8, dx,

i i ]
“h -h

Thus the average of a product gives two contributions. The
first one is the product of the means, the second one the mean
product of the deviations.

This is similar to the situation discussed earlier when the
actual velocity vector was separated into a mean part (over a
characteristic time T) and a fluctuation around the mean. Although
the average then was a time average while, in eq. (32), it 1is a
depth average, the same difficulty occurs : when averaging the
evolution equations, all terms cannot be expressed in terms of
average quantities, the non-linear terms also contain average
products of fluctuations or deviations.

These non-linear contributions must somehow be expressed in
terms of the mean variables if one wishes to proceed with the

model without undertaking a detailed study of the fluctuations
or deviations.
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Acknowledging the essentially dispersive action of the turbu-
lent fluctuatiops, their general effect on the mean motion has
been shown previously to be equivalent to a diffusion term simi-

lar to the molecular diffusion term but with much larger diffusion
coefficients.

One may argue that the mean product of deviations occuring
in eq. (32) has a similar effect; differences in local velocities
contributing to the spreading of momentum and, as discussed later,
to the dispersion of temperature, nutrients, pollutants, etc.
(e.g. Nihoul, 1975a; Benqué et al., 1981).

This effect has been called the shear effect because deviations
would be zero if the velocity were uniform over the depth and
terms like the second term in the right hand side of eq. (32)

only exist because there is a vertical gradient of velocity or
“"shear".

The shear effect will be discussed in detail later. It will
be shown that it plays an essential part in the dispersion of
passive constituents and it will be necessary to find appropriate
formulas to express it in terms of the depth-mean variables.

In hydrodynamic models, one usually makes crude approximations
which amount more or less to including the shear effect in a ho-
rizontal dispersion term - which also includes the small contri-
bution from three-dimensional turbulence — and adjusting the coef-
ficient of dispersion accordingly. '

Indeed, one can argue that hydrodynamic models of large sea
regions can be less delicate in this respect than dispersion mo-
dels concerned with the spreading of a contaminant over an area
of a few kilometers around the point of release. The coarseness
of the grid imposed to the simulation model by the extent of the
modelled region and the subsequent approximations associated with
the numerical viscosity coefficients suggest that the formulation
1s sufficiently rudimental, hence flexible, to incorporate the
shear effect.

It is important to note, however that including the shear

effect may notably change the magnitude of the dispersion coeffi-
cients.

Indeed, if a shear effect diffusivity a 1is introduced such
that

{33) H [ 0; G, dx; = - a x—

comparing the orders of magnitude of the two sides of the equa-
tion, one finds that a must be of the order

2

[t ]

(337) a ~ 2

u

where u and U are typical values of the mean and deviation velo-
cities and £ the characteristic length of horizontal variations.
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The ratio 0%/U depends on the vertical distribution of w.
It would be very small if the velocity was nearly uniform over
the depth. One can argue however that this cannot be the case be-
cause the velocity must be maximum at the surface and zero at the
bottom and © which is necessarily of order u at the bottom
remains reasonably important over a large part of the water co-
lumn. Thus ©2/0 is an appreciable fraction of U.

If this is the case, the coefficient a can be one or two
orders of magnitude larger than the eddy viscosity v which can
be estimated by

;NQVR,

where the characteristic velocity

vy ~ g 3 1s3
associated with the eddies of size ¢ is considerably smaller
than u.
Surface fluxes.

In eqs (13) and (15),

d ~ du

ax, (Y ax;)
and

] >~ ac

X, ( 8x3)

are exact differentials.

Integrating over depth, one finds

¢
d ~ du - |3 Bu |~ Bu
] BX3 (V 3)(3) dX3 [U 3}(3] [\) 3X3]
(34) -h x3- 8 X3 -h
=T T T
¢ 9 >~ 3cC ~ 3C ~ 3
(35) [ 3%, (A 8x3J dx; = [)L ax3] ) [A x3]
-h xs‘f X3--h

Hence, using eqs (18) and (21) and setting
C = C'(1 + m)

for brevity, one can write
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;
3 ~ d - =
(36) [h 3% O ax;) 4 = CVIVE - D il

Depith-averaged equations.

Integrating the momentum equation (13) over depth, using eqs

(26), (28) and (36), one obtains (e.g. Nihoul, 1975a; Benqué et
al., 1981)*

al -1
3t + V. (H UU) + f ey A U
(37)

p
=~ HY( +gr) +avU- Zoygulecvv
H

or, for the mean velocity 4, using eq. (28),

12
+
=

u.vu + f e; AU

=%
ct

(38) p
- - v e gny v a vE - Da

IO

vV iVl

ot

Similarly, integrating eq. (15) over depth, one finds

(39) §%+E.VE=A+;:
where
= -1 > 3cC > 9cC
(40) A=Q+H ([;\ —3X3] - [x —3X3] )
x3=§' X3=-h
and
_] s‘
(41) Z = H V.[ (- ) dx,

-h

HA is the total input per unit time in a water column of unit
cross section. It includes the contributions from the volume
sources Q and the turbulent fluxes through the air-sea inter-
face and the bottom. £ 1is the shear effect diffusion term.

* The diffusion coefficient a has obviously not exactly the same meaning in eqs (37) and (38), as the passage
from one to the other would involve space derivatives of H. However, in view of the approximate character of such
formulations, one generally agrees that refinements would be illusory and that, according to the terminology of the
problem, one will use formula (37) or (38), considering a as & control parameter to be determined empirically.



5.— Two-dimensional models of tides and storm surges.

Eqs (28) and (37) describe both macroscale and mesoscale
fiows. However, in shallow continental seas like the North Sea,
the latter is one or two orders of magnitude larger than the
former. If the boundary conditions are restricted to the meso-
scale signal, one substantial part of the macroscale residual
flow — in the case of the North Sea, the North Atlantic current —
is lost and what remains of the residual motion, due to wind for-
cing and non-linear interactions of mesoscale processes, is very
small indeed and, at most, comparable with the error on the so-
lution.

One may thus regard the solution of eqs (28) and (37), subject
to mesoscale boundary conditions, as representing essentially the
mesoscale motion, ignoring a negligible coupling with macroscale
processes. .

The first hydrodynamic models of the North Sea were concerned
with the calculation of tides and storm surges (e.g. Hansen, 1956;
Fisher, 1959; Leendertse, 1967; Heaps, 1967, 1969, 1972; Nihoul,
1973a; Ronday, 1973; Duun-Christensen, 1971).

This is obviously justified by the predominance of mesoscale
processes. An additional advantage is the relative reliability of
open-sea boundary conditions which, for long waves, are compara-
tively easy to assess.

Indeed, as mentioned before, one of the main problems in hy-
drodynamic modelling is the specification of boundary conditions
on open-sea frontiers (e.g. Nihoul, 1973a, 1975a). The lack of
reliable experimental data and the necessity to interpolate from
incomplete — often obsolete — observations is a source of errors

and misapprehension which can be propagated by the model through
the entire system.

In scme of the mesoscale models, the basic equations (28) and
{37) are further simplified by neglecting the surface elevation
C with respect to the depth h . This approximation limits the
applicability of the models to reasonably deep regions of the sea
and the results of the simulaticen in shallow areas and near the

coasts may be significantly affected and differ appreciably from
the observations.

The existing models of tides and storm surges also suffer
from the lack of sufficiently detailed atmospheric data over the
sea. One cannot do much more than estimate the wind stress to the
best of one's ability, especially as the value of the drag coef-

ficient € is uncertain and may vary considerably, as pointed
out before.

Two other control parameters a and D appear in the equa-
tions. They are also difficult to determine with precision and

very often the success of a model depends on a more or less skil-
ful estimate of them.

The approximation of the boundary conditions on open sea fron-

tiers may finally be responsible for other limitations of the mo-
dels.



In the case of internal surges for instance, it is generally
accepted that, if the sea basin is relatively shallow and its
open boundary is contiguous with a deep ocean, the surface ele-
vation may be put equal to zero along that boundary for all time.
One may fear that this produces erroneous reflections at the open
boundary after a time. It seems unlikely that the prediction of the
sea behaviour after the first transit of the storm surge can be
very accurate. For external surges, the open sea boundary condi-
tions are either measured — in which case they suffer from the
general lack of accuracy of experimental data on open sea boun-
daries — or approximated by known periodic conditions. This
amounts really to replacing a travelling wave by a standing one
and again creates the same problems.

By the standards of other fields of simulation, however, it
is fair to say that the storm surge and tidal models are at pre-
sent the most advanced and best prepared for practical applica-
tions. To illustrate the art and limitations of these models, it
i1s profitable to discuss briefly one example. It will serve to
exemplify the classical approximations and methods and it will
give an idea of the typical results such models can achieve.

Figure 1 shows the numerical grid used by Ronday (1973) to
study the circulation induced in the North Sea by external tides
originating from the Atlantic Ocean.

As shown by Defant (1961), external tides are largely domi-
nant in coastal seas like the North Sea and the astronomical tide
may be neglected. This amounts to setting E = 0 in the gover-
ning equation (2) and considering only tidal oscillations induced
by incoming tidal waves at the open sea boundary. Attention is
furthermore restricted to the semi-diurnal tide M, which is by
far the main component in the North Sea.

The horizontal mesh size is 21.7 x 10° m and the associated
time step, based on numerical stability criteria, is 1/360 of
the M, tidal period, i.e. about one minute.

Following Brettschneider (1967), Ronday (1973) takes
a~ 10* m?s!
which is consistent with a length scale of some 20 kilometers
feq. (33")].

Showing that the finally established oscillatory regime 1is
practically independent of the initial conditions, Ronday (1973)
assumes zero fluid transport and zero elevation at the initial
time.

The boundary conditions along the open-sea frontiers are ap-
proximated by simple harmonic functions

(42) H = A cos (ot + ©)

where the amplitude A and the phase ¢ are functions of posi-
tion. The values of A and ¢ at the ceoastal extremities of the
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fig. 1.

Numerical grid in Ronday’s model of the tidal circulation in the North Sea




open sea frontiers are given in table 1. The values of A and @
at boundary points out'at sea being unknown,
by linear interpolation.

Elevation (m)

Elevation (m)

-150
150

r

T 1

they are calculated

fig. 2.

Table 1
A (m) ¢ (degrees)
Straight of Dover
Northern side 2.45 330
Southern side 2,70 325
Northern boundary
Western side 0.632 306
Eastern side 0.439 241
Baltic Sea
Northern side 0.083 80
Southern side 0.108 95
I
360
Legeﬁd
IS; period —— .. —
2d period —— e
3, period e
4g period ..
5% period

Influence of the number of iterations on the surface elevations at two peints respec-
tively at small and large distance from the boundary excitation (after Ronday, 1973).



Running the simulation program shows that the regime is at-
tained after three tidal periods even for grid points far away
from the boundary excitation and situated in shallow areas. This
confirms that the soclution of the fundamental equatiens which
corresponds to forced oscillations, is fairly insensitive to the
initial conditions. Figure 2 shows the influence of the number of
iterations on the elevation of the sea surface for two points si-

tuated respectively at small and large- distance from the exciting
forces.

2251

(m)
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150+
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Observed amplitude
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fig. 3.

Correlation between calculated and observed amplitudes
of the M, tide in the North Sea (after Ronday, 1973).

Figures 3 and 4 show a comparison between observed and calcu-
lated values of the tidal amplitude and phase at different coastal
stations. There is a generally good agreement except at some
points which fall a little beside the ideal line at 45° . These
peints correspond to places near the English and Danish coasts
where the depth 1is small and the bottom very irregular.

The discrepancy here illustrates the general lack of preci-
sion of tidal models in shallow areas where non-linear terms are
important.
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fig. 4.

Correlation between calculated and observed values of the
phase of the M, tide in the North Sea (after Ronday, 1973).

A comparison between observed and calculated lines of equal
amplitudes and phases (figures 5 and 6°) also shows an excellent
agreement; with again some differences in the German Bight and
along the coast of England where the small water depth is respon-
sible for the effect of non-linear terms.

Ronday (1973) also calculated the tidal currents in the North
Sea and compared them with the observations. He found a variance
of 5 % to 20 % between the calculated and observed currents,
the maximum difference occuring at reversing tide when- the
slightest phase displacement is enough to modify significantly
the current pattern because of the marked anisotropy of the tidal
"ellipses" (fig. 7).

The differences may be attributed to the approximations of
the mathematical and simulation models (discretization, linear
interpolation of boundary conditions, ...) but they cannot be
regarded as really significant, considering the relatively rare
and indeterminate experimental data.

* Note that figures 5 and 6 are rotated with respect to one another of some 30°,
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Lines of equal tidal phases and amplitudes in the North Sea
according to observations {after Proudman and Doodson, 1924).
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Lines of equal tidal phases and amplitudes in the North Sea
according to the mathematical model (after Ronday, 1973).



1.20

-1.20

-0.12 -

0.30 1

-0.30

-0.30 -

1.20

r T T T T 1
2120 ‘ 1.20
-1.20-4
0.24 a
T
0.24
-0.24
0.24
_1
———
r T ‘/!/ T n
-0.24 \__0____—/' 0.24

fig. 7.

Tidal “‘ellipses’” at some typical points of the North Sea (after Ronday, 1973)



6.— A comparison between two-dimensional models of tides and storm surges in the North Sea,

If, for the sake of the following discussion, one leaves the
surface and bottom stresses unspecified, one can write the funda-
mental equations governing tides and storm surges in the form

alU -1
5t * V.(H UU) + £ e; A U
(43)

- SHYER gD ravU-T, + T

a
X

(44)

+ V.U =0

[+ )
+

T, and T, are here defined by unit mass of sea water.

Model equations.

® The advection term V.(H_IUU) has generally been neglected.
Brettschneider (1967) claims an error of 1 % on the predictions

of his model neglecting the advection term. His subsequent esti-
mates do not however support his claim.

According to Brettschneider (1967) [MKS units]

8] 0.2 1
Mesh size 5 104 104
Advection 5 10-2 1.3
Coriolis

Typical tidal velocities being of the order of 1 m/s, it seems
thus that the advection term cannot be neglected. Advection is
taken into account by Leenderste (1967) and Ronday (1976).

® The Coriolis term f A U 1s obviously essential, although,

according to Heaps (1975), it affects more the surface elevation
than the water transport.

Fig. 8 shows the results of an elementary model (H = 80 m

constant) taking the Coriolis effect into account and neglecting
it (Hansen, 1966).

Net only is the Coriolis term important, but also the vari-
ations of f with latitude must be taken into account. This is
done automatically in modern models which use spherical coordi-
nates to define the numerical grid (e.g. Ronday, 1976).

@ The tidal forcing E is usually put equal to zero as inter-
nal tides are small in the North Sea compared to incoming waves.
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Lines of equal phases and amplitudes of the M, tide in the North Sea, taking the

Coriolis effect into account (above) and neglecting it (below).

H = 80 m constant.

(Hansen, 1966).
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@ The dispersion term a V°U is found negligible in the mathe-
matical model. Many authors have kept this term in the numerical

model with often an artificially high value of a for numerical

stability (this is in fact not required if advection is properly

included). This point will be discussed later.

® Bottom friction is another important effect. Although several
authors (e.g. Heaps, 1969, 1972, 1975; Durance, 1976) have attemp-
ted to represent the bottom stress by a linear law in the water

transport, it is now commonly admitted that a quadratic law must
be used, i.e.

(45) T, = U Ul - m v,

where T is a function of H.

When the simple assumption is made that the bottom stress is

a quadratic function of the depth-averaged velocity, I is of
the form

(46) r = pH?

where D 1is a constant [Hansen and his school take D = 310_3;
Banks (1974) takes D = 2.5 10°3]

More sophisticated models assume the bottom stress proportio-
nal to the square of the velocity at some reference height above
the bottom. Using vertical velocity profiles adjusted to the ob-
servations, the reference velocity can be expressed in terms of
U. The final result for I' is of the same form as eq. (46) but
D is no longer a constant. According to Leenderste (1967)

_ a
(47) b= [19.4 1In (0.9 )T

According to Ronday (1976)

(48) D = &

2
(1.23 + 1p 21410

ZO )

where 1z, is the rugosity length and a a constant. With Ronday's
formula, one finds

a ~ 2.5 10°°  for H~ 10 m

@~ 1.4 100  for H ~ 80m

The bottom friction used by Hansen and Banks would thus seem ap-
propriate for shallow areas but overestimated for deeper seas.

® The wind stress is a quadratic function of the wind speed
at some reference height (10 m, say}). Thus

(49) T, = C'V Vi



where C* is the drag coefficient divided by the specific mass p
of sea water.

According to Roll (1965), typical values of C* would be com-
prised between 107% and 3 107®. Hansen (1966) and Jensen and
Weywardt (1966) take C* constant and equal to 3.2 107% Nihoul
(1976) considers C* as a function of the wind velocity and,
following Sheppard (1958), writes

(50) C* = (0.98 + 0.14 V) 107°

The velocity V introduced in eqs (49) and (50) is the actual
wind velocity calculated from the geostrophic wind field and the
available observations. Similar corrections of the geostrophic
wind velocity are made by Heaps (1969) and Banks (1974).

Dunn-Christensen (1974, 1975) takes C* constant equal to
3.2 10°® while he assumes that V in eq. (49) can be derived from
the geostrophic wind velocity V, by the following formula

(51) V=asEV,+ L, +b

where a and b are two experimental constants and where f;

and f, are functions of the difference of temperature between
air and water.

Model boundary conditions.

Mathematical models may differ considerably according to the
position of the open-sea boundaries and the approximation of the
boundary conditions.

® The Southern boundary has traditionnally be set at the Straits
of Dover. The increasing difficulty to make field measurements in
the Straits has recently lead to the choice of a new boundary line
from Cherbourg to St. Alban's Head, thus including the Eastern
part of the English Channel in the model (see fig. 9).

In the early stages, the assumption was made that for tides
and storm surges — which, in the North Sea, are basically long
waves incoming through the Northern entrance — one could impose
zero flow through the Straits.

It was shown later that clesing the Straits introduces an
error which affects the results as far North as 54° N. Figures
10 and 11 show the lines of equal phase and amplitude of the M,
tide. In fig. 10 (Brettschneider, 1967), the Straits is closed.

In fig. 11 (Ronday, 1976), water flow is allowed through the
Straits.
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fig. 10.

Lines of equal phase and amplitude of the M, tide with the assumption
of zero flow through the Straits of Dover. {Brettschneider, 1967)




SCOTLAND

|4 %
B
/;y g 7 HOLLAND

fig. 11,

Lines of equal phase and amplitude of the M, tide allowing flow
through the Straits of Dover. (Ronday, 1976)

In the case of storm surges, Jensen and Weywardt (1966) have
shown that closing the Straits may alter the model's predictions
as far as Cuxhaven. Fig. 12 (Heaps, 1969) shows the surface ele-
vation at different coastal stations computed for the storm surge
of 13 to 15 September 1956, (a) with the Straits of Dover closed,
(b) with the Straits of Dover open (surface elevation is decrea-
sed at all stations in the Southern part).
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Storm surge of 13 to 15 September 1936
Residuals after removal of the barometric surge;
wind surge from model (a};
wind surge from model (B).

{Heaps, 1969)
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@ The position of the Eastern boundary affects very little the
tides in the North Sea. Fig. 13 shows the lines of equal phase
and amplitude of the M, tide computed with a model including the
Skagerrak (Ronday, 1976). Comparison with fig. 11 computed with

the same model limited at the Mandal Meridian line shows little
difference.

In the case of storm surges, however, the Skagerrak must be

included in view of the very strong currents generated along the
coast of Jutland [fig. 14 (Fisher, 1959)].
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fig. 13.

Lines of equal phase and amplitude of the M, tide computed
with a model including the Skagerrak. (Ronday,1976).
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@® For storm surges, One generally assumes Zero sur face elevation
along a line which follows the edge of the continental shelf, al-
though this presumably induces spurious reflections at the Nor-
thern boundary and may limit the predictions to the first transit
of the waves (Nihoul, 1973a). Extending the model further into
the ocean does not seem 1o provide significant improvement as
shown in fig. 15 where surge predictions obtained by Heaps (1969)
with models (b) and (e} of fig. 12 (upper part) are compared.
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fig. 15.

Storm surge of 13 to 15 September 1956.
—— Wind surge from model (b} [fig. 12];
----- wind surge from model {¢/ [fig. 12].

(Heaps, 1969)

For tides, the Northern boundary must be chosen where phq
most realistic boundary conditions can be imposed. Its positlon
is otherwise rather irrelevant.



Non-linear interactions between tides and storm surges.

The non-linear interaction between tides and storm surges is
enhanced in shallow areas because of friction and more rapid spa-

tial variations of U.
Fig. 16 shows the superposition of tidal and wind produced
water elevations at Cuxhaven according to Hansen (1966).
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fig. 16.
The superposition of tidal and wind-produced water elevations. (Hansen, 1966).
(1) ~emrmims Wind only.
(2} wemerems M tide only.
{3} Non-linear superposition of curves (1) and (2) for phase diffe-

rences of 0- 12 hours.

A very interesting feature is the amplification of the surge
at low tide as predicted by Proudman (1955). This effect which is -
associated with a reduction of the hottom friction is shown on
fig. 17 (Banks, 1974}).
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Wind-induced surge levels at Southend during the period of the Hamburg surge. (Banks, 1974).
--------- Observed residual elevation after removal of the barometric surge.
-------- Surge level {5.1 computed on the basis of wind and tide.

wemmsseennme Wind surge s computed in the absence of tide.

Numerical techniques.
Eqs (28) and (37) constitute a system of non-linear partial
differential equations which must be solved for an arbitrary

spatial geometry (irregular coasts and bathymetry). One cannot

expect to find an analytical solution unless drastic simplific-

ations are made.

Taylor (1920) studied the propagation of tidal waves in a
narrow rotating gulf. In order to simplify the model and find an
analytical solution, he neglected the friction term and all the
non-linear terms. Lauwerier (1960) developed a linear depth-
averaged model to investigate the highest sea elevation produced
by an uniform wind field at the Dutch coast.




fig. 18.

Lines of equal phase and amplitude for the M4 tide caiculated with a numerical model
based on the finite elements method. (Grotkop, 1973).
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These simple models provide interesting qualitative informa-
tion but they are not precise enough to be an instrument of pre-
diction of storm Surges, tides, and drift of pollutants and nu-
trients. For these reasons, fully non-linear depth-averaged mo-
dels must be used and numerical techniques are required.

(®  Finite elements.

In the field of solid mechanics, the finite elements me thod
has been successfully used in the last decade. The problem of
non-uniform meshes and complex boundary conditions is resolved
with this technique. The usual way to formulate the finite ele-
ments method is by developing a variational principle. For solid
mechanics, it is not difficult to find a true variational prin-
ciple for stationary problems.

Hydrodynamic equations are more complicated than stationary
equations of elasticity, moreover there 15 no true variational
principle for non-linear motions of viscous fluids. Applications
of the finite elements method to problems of wave propagations
are rare. Fig. 18 shows the lines of equal phase and amplitude
for the M, tides obtained by Grotkop (1973) with a finite ele-
ments method in space and in time and an algorithm of resolution
based on the Galerkin method.

with the finite elements methods,

«) there is no gtability condition on the time step when the al-
gorithm of resolution 1s implicit in space and in time;

g) the problem of non-uniform meshes 15 resolved.

However,

v) as the algorithm 1s implicit 1n time and in space, & set of
18 algebraic equations must be solved for each elementary
cell;

§) the running time is very important. Grotkop (1973) showed that
his method is slower than a classical finite differences method
using an explicit scheme.

®  Finite differences.

«) Implicit schemes.

An implicit scheme has often the advantage of imposing no
condition on the time step in the integration of the equations
of the model. However the ratio At/T has to be taken suffi-
ciently small to reduce the error between the solution of the
differential equations and that of the finite difference equa-
tions. The resolution of an initial boundary value problem with
two spatial dimensions is quasi impossible with a fully implicit
scheme because a too large system of algebraic equations must be
solved at each time step. A semi-implicit method (alternative di-
rections method) leads to good results, and is efficient when the
geometry of the sea is simple. However the computer programme is
very heavy and the time of computation pecomes very long when the
coastal line 1s irregular.

s
e
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Lines of equal phase and amplitude calculated with a numerical model based on the
alternative directions method. The two components of the velocity and the sea ele- -
vation are calculated at the same grid point. (Marchuk et al., 1973).
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Marchuk et al. (1973) developed an alternative directions me-
thod to solve tidal wave problems where the two components of the
velocity and the sea elevation are calculated at the same grid

point. Unfortunately there is a stability condition given in the
linear case by

1
(52) B <
V2
with
. At
(53) B - @ As
(one assumes Ax; = Ax, = 4s) At and As are respectively the

time and space intervals.

Fig. 19 shows the lines of equal phase and amplitude for the
M, tide obtained by Marchuk et al.

Leenderste (1967) applied an alternative directions method to
study the tide in the Southern North Sea. Fig. 20 shows the lines
of equal phase and equal amplitude for the tide in the Southern
Bight. The three state variables (o, ,0; and T) are calculated
at three different grid points. This scheme has no condition of
stability on At , but At/T must remain small for consistency
and to limit phase and amplitude deformations of the solutions.
Ronday (1976) showed that the solution of the linearized model

has no amplitude deformation and that the phase shift for the phy-
sical modes is given by

(54) A0 ~ A tg B Vol + 83

with 9, = 2n %ﬁ ; 9 = In %E
1 2

L, and L, represent the wave lengths in the x; and x, direc-
tions.

From the relation (54), one understands that the time step
must remain small when a small phase deformation is imposed. The
advantage of having no condition on At for the stability of the
scheme cannot be exploited when a limited phase shift is im-
posed.

By Explicit schemes.

All the explicit schemes have a condition of stability : the
critical time step is a function of the maximum depth, of the
maximum velocity of the current and of the spatial step. Accor-
ding to the discretization in space and time, one gets different
stability conditions.

The physical space is covered with a numerical grid. Most of
hydrodynamic models are based on the staggered grid given in fig.
21, Jensen et al. (1966), Hansen (1966), Brettschneider (1967),
Leendertse {1967}, Ronday (1973, 1976), Durance {1976}, Dunn-
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Lines of equal phase and amplitude caiculated with a semi-implicit scheme.
The sea elevation and the two components of the velocity are not calculated
at the same grid points. (Leendertse, 1967).
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The classical staggered grid used for depth-averaged models (Ronday, 1973)
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Christensen (1974) and others have used this grid because the
expression of the coastal boundary conditions is very simple.

Ronday (1976) established the following stability criterion :
(55) 2B + 2(a+ B8) <1
with

AT At
C|.=U0E; 6=V0£



u, and v, are the two components of the maximum current.
For the physical modes, Ronday (1976) showed that the wave
deformation 1s, in amplitude

A~ —%{: BBl + 92 (aB, + 69, + ¥l(a - o)

(56) 2 2
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fig. 22.

Interior grid points.
{a) Elevation points surrounding stream point i;
{b] Stream points surrounding ¢levation point i;
{c) Stream point i at a comer formed by 2 90° sector of land in the quadrant North to West.
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(57) 60~ £ A tg BT+ 82 T (®, + 89,)]

In the linear case there is no deformation in amplitude because
o and & are equal to zero. The phase shift is in this case

AD ~ = A tgB O + 92

The phase deformations given in eqs (54) and (57) are thus
the same. The limitation of the phase deformation to an accept-
able value determines the choice of the time step. (A small AQ
leads to a small time step). In most cases, A2 must be smaller
than 1/2; for this reason, an inconditionally semi-implicit
scheme does not benefit from the advantage of no condition on At.

Heaps (1969) and Banks (1974) used another spatial grid where
the two components of the velocity are calculated at the same grid
point. [The grid used by Heaps (1969) is given in fig. 22.] Ronday
(1976) showed that the wave deformations obtained using Heap's or
Hansen's grid were equal. Moreover the formulation of the boun-
dary conditions with Heap's grid have compelled Heaps and Bank to
introduce a parameter of identification.

¥) Influence of the geometry of the basin.

The principle of finite differences or finite elements method
is to cover the area of interest with a numerical grid. In many
problems, sea elevations and depth averaged currents are required
along or near the coastal line. For this reason, the numerical
grid must fit the coast as well as possible.

- Fig. 23 shows that the results for the inner part of the basin
strongly depend on the global shape of the grid. Better the grid
fits the coasts, more precise the results are.

&) Influence of the choice of the spatial step.

Most of the hydrodynamic models of the North Sea (e.g. Hansen
1966) used a fixed space interval. Ronday (1976) showed that the
error on the first derivative with a fixed space interval (of
about 30 km) is of the order of 5% . In order to reduce this
error, one has to introduce spherical coordinates when the dimen-
sions of the basin are of the order of 1000 km and when the
area of investigation lies at high latitude (50° and more).

Eqs (54) and (57) show that the error on the amplitude and on
the phase is very sensitive to the choice of As . Moreover it is
difficult to interpolate between grid points and especially near
the coast for large space intervals.

b

Figures 24 and 25 show the lines of equal phase and amplitude
for the M, tides in the cases As ~ 148 km ({Brettschneider, 1967)
and As ~ 20 km (Ronday, 1976).




fig. 23.
Influence of the geometry of the basin. (Hansen, 1966).




fig. 24.

Lines of equal phase and amplitude calculated with a numerical model
based on cartesian coordinates. (Brettschneider, 1967).
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Lines of equal phase and amplitude calculated with a numerical model
based on spherical coordinates (AA = A® = 10°). (Ronday, 1976).

In the North Sea, the observations (fig. 26a) show a phase
variation for the M; tide of 120° on a distance of 100 km
along the East Anglia coast. To reduce the phase error on the
current and on the sea elevation, one must use a small space
step. A model for the whole North Sea based on a space interval
of about 5 to 10 km would require an important memory occu-
pation and a small time step. One avoids such a problem by using
two models : one for the whole North 5ea with a coarse grid
which provides data at the Northern boundary of another model
characterized by a small space interval (figures 25 and 26b).
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Lines of equal phase and amplitude for the M, tide
{a) deduced from the observations (Admiralty Chart 301);
{b) calculated with a numerical model (Ronday, 1976).



7.— Recent developments in two-dimensional mesoscale modelling.

The discussion, in the last section, has been, on purpose,
limited to the first generation of operational depth-averaged
models of. tides and storm surges in the North Sea.

The achievements and limitations of these models have been
emphasized, showing both a solid mathematical foundation and
weaknesses related to such problems as coastal irregularities
(geometry of the coast and bathymetry), inadequate open-sea boun-
dary conditions and coarse meteorological data.

The models which have developed in the line of the pioneers
were thus, in a first stage, essentially concerned with specific
improvements, increasing the forecasting ability of the models
rather than revising their structures and substructures.

Prandle's model of storm surges in the southern North Sea and
River Thames (Prandle, 1975) consists of two parts dynamically
interfaced, a one-dimensional representation of the River Thames
together with a two-dimensional representation of that part of
the North Sea south of latitude 53° 20'. The model is used to
simulate the surge of January-February 1953. It is shown that the
major surge component along the east coast of England is that
propagating from the northern North Sea, whereas along the Dutch
coast the major component was due to the wind effect over the
southern North Sea. The effect of deploying a storm barrier on
the Thames is examined and it is shown that the amplitude of the
reflected wave from the barrier is negligible at Southend.

Observations of storm surges in the River Thames show that
surge peaks tend to occur on the rising tide and seldom, if ever,
occur on high tide. This tendency has been attributed to the in-
teraction between tide and surge propagation as described by the
non-linear terms in the associated hydrodynamic equations.

Prandle and Wolf (1978) show that an important component of
interaction originates outside of the river and they develop a
method of identifying interaction in the scuthern North Sea in-
volving the use of two hydrodynamic numerical models, one simu-
lating tidal propagation and the other surge propagation. Opera-
ting these models concurrently, the coupling between tide and
surge is introduced by perturbation terms which represent the
influence in either model of sea levels and velocities computed
by the other. This approach is used to simulate the pattern of
interaction which occurred during the storm surge of 30 January
to Z February 1953. It is shown that interaction in the southern
North Sea results primarily from the quadratic friction term,
developing significantly in the coastal region off Lowestoft as
far south as the Thames estuary due to the high velocities asso-
ciated with both tide and surge propagation in that area. Changes
in the surface elevation of tide and surge due to the effects of
interaction may develop rapidiy in certain localised regions such
as the Thames estuary. They may also be longer period changes of
the order of the duration of the storm due to a systematic dis-
placement of the M, tidal regime.
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Map of the German Bight, indicating the area covered by Backhaus’ three-layer model. (Backhaus, 1979).



fig. 28.
Depth (m} contours of discretisized bottom topography. (Backhaus, 1979).

In coastal areas, models must have a high resolution to take
into account the marked variations of depth and the geometry of
the coast. The cost of operating fine mesh models however restrict
their applications to limited regions with inevitably a large
portion of open-sea boundary.



Backhaus' three-layer model of the German Bight (Backhaus,
1979) [fig. 27] has a horizontal grid resolution of three nauti-
cal miles to approximate the complex bottom topography (fig. 28).
{The largest system of coastal drying banks, which exists in the
entire North Sea region, in combination with small islands, is to
be found along the coast of the German Bight. Water depths vary
between 45 m below mean sea level and 2 m above mean sea
level (drying banks) in coastal waters.]

In this case, water levels are prescribed on the open—sea boundary
(fig. 27) and, for all layers, the gradient of the flux normal to
the boundary is assumed to be zero.

- The lack of reliable open-sea boundary data is, in many cases,
a severe handicap for high resolution coastal models. Several au-
thors have thus attempted to determine the appropriate boundary
conditions by running one or several larger scale, larger mesh
models extending finally to the whole North Sea or even the whole

continental shelf (e.g. Ramming, 1976, 1978; Ronday and Nihoul,
1978, 1979; Clément et al., 1981).

This method, however, is not beyond reproach. Whether one
deals with a single nested model or with superimposed models of
different grid sizes, the regions of transition from one mesh to
another are sources of numerical errors which may spoil the ad-
vantages of the higher resolution in the coastal area.

An interesting, rather different, approach to coastal pro-
blems 1is the irregular-grid finite-difference technique proposed
by Thacker (1979). Finite-difference computations on irregular
grids offer the advantages of resolving the coastal curvature and
of allowing for an explicit time step of optimal size. A further
advantage is the flexibility associated with editing the grid,
which allows for improvements in its design. The techniques are
based on the approximation of partial derivatives with slopes of
planar surfaces associated with triangular components of the ir-
regular grid.

The sensivity of hydrodynamic models to open-sea boundary
conditions was studied by Davies (1976a), using a two-dimensional
numerical model of the North Sea, including the Skagerrak, the
Kattegat and the eastern part of the English Channel. This model
has a resolution of 1/9° 1in latitude and 1/6° 1in longitude.
The open boundaries correspond to those monitored during JONSDAP '76
(Joint North Sea Data Acquisition Program 1976). Thus, the open
boundary in the north runs along the line between Wick and posi-
tion 59° 20'N, 0°0'W, and then along latitude 59° 20'N bet-
ween this point and the Norwegian coast. The southern open boun-
dary is the line of longitude crossing the English Channel at
2° W. The southern end of the Kattegat is a very shallow region,
and has been considered as closed (fig. 29).

The model is used to determine the amplitude and phase of the
M; component of tide over the whole sea region and the results
are compared with values of amplitude and phase for M, derived
from the tidal analysis of observations at a number of coastal
stations and off-shore points. Good agreement between observed
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North Sea model finite difference grid. (Davies, 1976a).

and calculated results is obtained throughout the whole region,
with some deterioration, however, in areas where bottom topography
is known to be very complex — particularly near Cuxhaven where
there are a large number of drying banks and deeper channels un-
resolved by the numerical grid. Since observational tidal data is
not yet available along the open boundaries of the model, with
the exception of one record from an off-shore tide gauge at

59° 18" N, 0°3'W, required boundary values of M; amplitude and
phase are obtained from an examination of cotidal charts (Hydro-
graphic Department, Admiralty, England : chart n® 5058 and the
German chart, Oberkommando der Kriegsmarine [194Z] : Karten der
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harmonischen Gezeitenkonstanten fiir das Gebiet der Noordsee) and
from consideration of the output derived from a larger numerical

tidal model of the entire north-western European shelf (Flather,
1976a).

The model is also used to examine the sensivity of its tides
to changes in boundary input. The main purpose here is to find
out if any particular sections of the boundary play a more impor-
tant role than others in determining the tidal distribution within
the model, and to use this information to decide where to concen-
trate the off-shore measurements of sea surface elevation in the
JONSDAP '76 experiment. The sensitivity analysis also helps to un-
derstand some of the discrepancies between the observed North Sea
tides and those produced by the numerical model. It turns out that
the tides prescribed along the section of northern open boundary
close to the Norwegian coast are quite important in determining
the overall tidal distribution in the North Sea and certainly have
a large influence on the tidal regime within the Skagerrak and
Kattegat. The tides specified along the section of open boundary
close to Wick are of special importance in determining the ampli-
tude and phase of the tide down the east coast of Great Britain.

Extending their tidal models to the calculation of storm surge
elevations and currents, Davies (1976b) and Flather (1976b) under-
took a series of hindcasting exercices, running the two models
simultaneously to simulate the same surges and comparing the re-
sults. These exercices helped to clarify several aspects of storm
surge modelling and, in particular, the influence of the location
of open-sea boundaries and of the associated boundary conditions
and the effect of reducing the mesh size, with a subsequent better
representation of depth variations, in shallow coastal regions.

The boundary conditions imposed at the sea surface {air pres-
sure, wind stress) were first deduced from meteorological obser-
vations. A different scheme, employing numerical finite difference
models of the atmosphere and of the sed, was presented by Flather
and Davies (Flather and Davies, 1975, 1976; Flather, 1979 [fig. 30]).

The atmospheric model, the Bushby-Timpson 10-level model on a
fine mesh, used in operational weather prediction at the British
Meteorological Office (Benwell et al., 1971) provides the essen-
tial forecasts of meteorological data which are then used in sea
model calculations to compute the associated storm surge. The
basic sea model, having a coarse mesh, covers the whole of the
north-west European continental shelf.

A similar procedure, based on the hydrodynamic model developed
by Nihoul and Ronday (Ronday, 1976}, is followed by Adam for the
"Belgian Real-Time System for the Forecasting of Currents and Ele-
vations in the North Sea'" (Adam, 1979 {figs 31a,bl).

Recent two-dimensional mesoscale models differ essentially
from earlier models by a better representation of boundary condi-
tions, on open-sea boundaries, at the coast, at the sea surface
and also at the bottom. A better parameterization of bottom fric-
tion and other non-linear effects has lead to more realistic mo-
dels able to forecast together tides and storm surges or diffe-
rent tidal components (e.g. Flather, 1979; Adam, 1979; Ronday,
1979; Pingree and Griffiths, 1978, 1981a,b).
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Finite difference mesh of the continental shelf sea model with grid points (x)
of the 10-level model of the atmosphere. (Flather, 1979).
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fa) The finite difference grid used for the computations with the
mathematical model.

{b} The meteorological grid covering the North Sea.

. (Adam, 1979).



8.— Three-dimensional models of tides and storm surges.

Mesoscale phenomena in seas and great lakes are characterized
by time scales ranging from hours to days. They encompass inertial
oscillations, tides, wind induced currents, storm surges and diur-
nal thermally induced fluctuations.

With well-mixed continental seas like the North Sea in mind,
attention is focused here on tides and storm surges. Their gover-
ning equations are obtained from the general Navier-Stokes equa-
tions by application of the Boussinesq approximation and the
quasi-hydrostatic approximation (e.g. Nihoul, 1977). In this con-
text, as shown in section 2, taking into account the different
orders of magnitude of the horizontal and vertical velocity and
length scales, one can generally neglect also the components of
the Coriolis force where the horizontal component of the Earth's
rotation vector appears, and the terms of horizontal turbulent
diffusion as compared with the vertical turbulent diffusion.

The Boussinesq approximation is tantamount to assuming that
the specific mass of sea water is a constant while its specific
weight may be variable; small deviations of specific mass being
there multiplied by the acceleration of gravity g, much larger
than typical accelerations of the fluid.

The variations of the specific weight appear, in the hydro-
dynamic equations, as a vertical force, the "buoyancy', the ma-
gnitude of which must be regarded as an additional variable for
which a supplemantary equation is required.

In the scope of the Boussinesq approximation, one can relate
buoyancy to temperature, salinity and turbidity variations and it
is generally assumed that the three governing equations for tem-
perature, salinity and turbidity can be combined in a single equa-
tion for buoyancy. Although this 1s obviously feasible when only
one of the three variables (usually temperature) plays a signifi-
cant role in the density variations; in the general case, it
constitutes an additional approximation requiring further assump-
tions on the turbulent diffusion coefficients and the possibility
of expressing volume sources of buoyancy (like the effect of ra-
diation) in terms of buoyancy alone.

The system of equations governing mesoscale circulations,
even in the simplest case of a single equation for buoyancy, 1is
still a formidable problem. It 1is a system of five non-linear par-
tial differential equations. In real situations, the boundaries
may be very irregular (coasts, sea floor, ...) and the boundary
conditions are often partly inadequate (in particular, along open
sea boundaries). The equations contain eddy diffusion coefficients
which are unknown functions of space and time (and, possibly, of
the velocity and buoyancy fields) and one of the first problem is
to establish an adequate parameterization for them.

The solution of the three-dimensional time dependent equations
of the mesoscale circulation does not seem to be possible, at this
stage, without rather severe simplifications. If one takes, for
instance, the paper by Freeman et al. (1972) ~ one of the very few



attempting to solve the complete three-dimensional model —, one
finds dangerously restrictive hypotheses such as constant eddy
viscosity, zero bottom stress, uniform depth (when buoyancy is
taken into account), zero buoyancy (when depth's variations are
included} and a constant wind stress whose relation with the wind
velocity, incidently, is not correct.

Confronted with the complexity of the three-dimensional model,
one naturally tries to reduce its size and one turns to situations

which can be described by two-dimensional or one-dimensional mo-
dels.

With their main interest in the vertical structure of currents
and density, several authors, advocating the small value of the
Rosby number in mesoscale flows [0(10°1)], have neglected the
non-linear advection terms. Since the horizontal diffusion terms
are also negligible, the resulting equations known as the Ekman
equations contain no derivative with respect to the horizontal
coordinates x; and x, , except for the pressure gradient which
appears as an unknown forcing term related essentially to the at-
mospheric pressure gradient and the sea surface slope.

Some authors (e.g. Welander, 1957) have attempted to find an
analytical solution of the Ekman equations where forcing functions
like pressure gradient and wind stress appear as kernels of con-
volution integrals.

Others have tried to eliminate the pressure gradient by con-
sidering not the horizontal current, but its deviation from either
a geostrophic current (defined as to be driven by the pressure
gradient) or a depth-averaged current. Most of the models of the
diurnal thermocline fall in this category (e.g. Niiler and Kraus,
19775 Phillips, 1977; Kitaigorodskii, 1979).

Along a rather similar line, one can also differentiate with
respect to the vertical coordinate x; and derive, from the Ekman

equations, a complete set of three equations for the vertical
shear ‘

du
dx,

(where wuw is the horizontal current vector) and buoyancy.

&) =

More interested in the general circulation pattern of a con-
tinental sea or a lake, many authors have restricted their atten-
tion to the horizontal distribution of surface slope and depth-
averaged currents. When the water column is well mixed and buoy-
ancy can be ignored, integration is carried from the bottom to
the surface. In more complicated cases, several layers are treated
separately and characterized by their depth-averaged properties.
Depth-averaged models have been extensively applied in the recent
years and detailed references can be found in numerous reviews
and books (e.g. Nihoul, 1975a; Cheng et al., 1976; Nihoul and
Ronday, 1976).

The two kinds of models, local one-dimensional models and
depth-averaged two-dimensional models, have their obvious limi-
tations. The one-dimensional Ekman models are not applicable in
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certain regions (like the vicinity of tidal amphidromic points or
in coastal zones) where the non-linear advection terms are not
negligible (e.g. Ronday, 1976). One can also show that these terms
must be retained everywhere if the mesoscale circulation model is
to be exploited to compute the residual macroscale circulation in
tidal seas like the North Sea (Nihoul and Ronday, 1975).

The depth-averaged models allow only for a crude representa-
tion of stratification and give no information on the vertical
profile of the horizontal current which may be rather essential
in such fields as sediments transport, off-shore engineering,
current meter data interpretation, ...

Moreover, neither the Ekman equations nor the depth-averaged
equations constitute a closed system. At one stage or another,
one-dimensional Ekman models cannot be pursued without a know-
ledge of surface elevation, geostrophic or mean current, bottom
stress, ... to materialize the results of an analytical solution
or to formulate the boundary conditions, at the bottom for ins-
tance. Two-dimensional depth-averaged models, on the other hand,
require a parameterization of the bottom stress (introduced in
‘the equations by the vertical integration) and classical empirical
formulas in terms of the depth-averaged velocity may not be enti-
rely satisfactory, especially in particular situations like the
reversal of tides in weak wind conditions (Nihoul, 1977).

In fact, it is obvious that the two types of models are com-
plementary and should be run in parallel, following some appro-
priate iteration procedure.

Mesoscale three- dimensional hy drodynamic equatiéns.

In the scope of Boussinesq's approximation, eqs (7), (13),
(14), (16) and (17) become (e.g. Nihoul, 1977a) :

3u 3 _ 3 .~ du

(58) 3¢ F Veouw ¢+ 5;;(V3u) + fe;Au = - Vq + 5};( %
V5 o
+ =

{(59) V.u 5%,

39 - _p
{(60) ax, b

5b 3 _ 2 ~ 3ab
(61) 3Tt V. (ub) + 5};(v3b) Q, + axs(k %
(62) %% + u.VL = vy at X3 = C

_ oh _ _ h

(63) u =0 (5f + w.Vh = - v;) at X3 = -

where the ey -axis is vertical, pointing upwards with its origin



at the reference sea level and where
u = u,e + u,e,

is the horizon?al velocity vector, vy 1s the vertical component
of the three-dimensional velocity vector,

— J i 3
V= X, T e 9x, T oes X,

reducing to

- 9 d
Vomen gyt o2 gy
in this case, f 1is the Coriolis parameter, twice the vertical
component of the earth's rotation vector,
= _.E... 4 X
q By E X5

(where p is the pressure, pp, the constant reference density
and g the acceleration of gravity), ¥ is the vertical eddy
viscosity, b 1is the buoyancy

P - P
_WB__Q)’
0

Q, is the rate of buoyancy production, A is the vertical eddy

diffusivity for buoyancy, T 1is the surface elevation, h 1is
the depth,

h+¢=~=H
is the water height.

(b = -

Depth-integrated and multi-layer models.

The difficulty of solving the three-dimensional system of
equations (58) to (63) has already been pointed out.

In the case of shallow well-mixed seas and lakes, assuming
negligible buoyancy and renouncing the determination of the ver-
tical variations, one usually integrates the equations over depth
and restricts attention to the computation of the surface eleva-
tion and of the depth-averaged velocity field W . Integration
over depth, however, introduces the bottom stress into the equa-
tions.

The bottom stress (per unit mass of sea water) is defined as

~ gu
(64) T, = [v _—
b X5 X3 -h

and must be parameterized in terms of the mean velocity w al-
though, from a physical point of view, it should really be ex-
pressed in terms of bottom currents.
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Two-dimensional depth-integrated models can be improved to
give some indications of vertical variations by considering dif-
ferent layers. Multi-layer models determine the depth-mean velo-
city of each layer and thus provide a staircase approximation of
the velocity profile. They allow a parameterization of the bottom
stress in terms of the mean current in the bottom layer but they
introduce additional approximations such as interfacial friction
coefficients in the boundary conditions at the interface between
layers (e.g. Leendertse et al., 1973).

Moreover the volume of computation involved, when the number
of layers increases, severely limits this number (or equivalently
the number of vertical grid points in a three-dimensional attempt)
and the variations in the vertical are very crudely represented.
Being limited in the number of layers, it seems reasonable to de-
fine them in relation with the vertical buoyancy structure (for
instance a well-mixed layer above the diurnal thermocline and a
stratified layer below). Unfortunately, with this definition, the
interfaces between layers are not fixed and how they vary in time
is very often poorly known and, in any case, VvVery difficult to
take into account (e.g. Cheng et al., 1976).

In most mesoscale phenomena, one can regard the non-linear advection terms
as small except, probably, in localized regions where exceptionnally high velocities
or rapid spatial variations significantly increase their order of magnitude. If these
terms are neglected, the mesoscale hydrodynamic equations can be transformed
in many different ways into a one-dimensional system.

Some typical one-dimensional models are briefly discussed in the following
with particular emphasis on the possibility of combining such models with two-
dimensional ones to obtain the full three-dimensional picture.

Vertical shear models.

Differentiating eq. (58) with respect to x; and neglecting
the non-linear advection terms, one obtains

2

W . 9 r
65 ==+ f e; Aw = Vb + v w
where
_ du
(66) v

is the vertical shear vector.

Eq. (65) and eq. (61) [linearized] constitute a closed system
for @ and b.

If one excepts estuarine and similar regions where horizontal
gradients of buoyancy (related to horizontal salinity gradients,
for instance) may play an important part, it 1is customary to ne-
glect the horizontal gradient of b, regarding locally the marine



system as "horizontally homogeneous'". In that case, eq. (65) can
usually be solved for w and eq. (61} for b, the eddy diffu-
sivity A being eventually a function of [e].

The velocity field u can then be derived from @ within a
"constant of integration” {actually a function of Xy, X5 and t)
which depends on the general circulation in the area.

The same result can be obtained by considering a ""geostrophic
current” wu, independent of depth and solution of the equation

(67)

where Vq, in the hypothesis of horizontal homogeneity and after
integration of eq. (60), is given by

(68) 7q V(gg— + g0)

where p, is the atmospheric pressure. The unknown forcing term
Vq can then be eliminated by studying the velocity difference

u - u,. Obviously the geostrophic current plays the same role as
the '"constant of integration" mentioned above.

This type of approach has been used extensively in thermocline
models (e.g. Niiler, 1977; Phillips, 1977; Kitaigorodskii, 1979).
The difficulty here resides in the expression of the boundary con-
ditions. For instance, the value of w at the bottom is related
to the bottom stress which is either unknown or parameterized in
terms ol the depth-averaged velocity . The no-slip condition
at the bottom will require that wu be Zero, i.e. w - w, = - ug
Apart from writing a formal analytical solution, in both cases,
there is an unknown function of X, X, and t (@ or ug) to
determine separately.

Analy fical models,

Assuming pseudo-horizontal homogeneity and neglecting the
non-linear advection terms, one can, with more or less reasonable
assumptions on the expression of the eddy viscosity Vv, derive
an analytical solution of eq. (58) in terms of the unknown forcing
term q . Eq. (58) takes, in these conditions, the simple form

Qo

p 3 ~ D
u - _ y(fa 9 (g5 om
(69) T T esru = V(DO + gl) + 5%, (v 5%,

where eq. (68) has been used. Eq. (69) is known as the Ekman
equation.

A well-known solution of this type is the model of Welander
(1957). Neglecting the spatial variations of b and assuming
constant vertical eddy viscosity Vv, Welander seeks an analytical
solution of eq. (69), with the initial conditions w = 0 for
t = 0 and the boundary conditions



(70) V3 — =T at the surface

(71) u =20 at the bottom

where T, is the wind stress (per unit mass of sea water).

Obtained by superposition of elementary solutions correspon-
ding to Heaviside step functions forcing terms (e.g. Hidaka, 1933),
the final solution of Welander appears as the sum of two convolu-
tion integrals with respective kernels q(t) and T,(t) .

The velocity profile determined by Welander depends thus on
the time history of the atmospheric pressure, the wind stress and
the surface elevation. Obviously, the latter must be determined,
some way or another, before one can exploit the result in prac-
tical applications.

In reality, the analytical solution of the Eckman equation
must be regarded as a first step, paving the way to accurate two-
dimensional modelling. Jelesnianski (1970), for instance, obtains
the same solution as Welander by application of the Laplace trans-
form. From the velocity profile, he derives expressions for the
mean velocity u and the bottom stress <T,. Eliminating the con-
volution integral with unknown kernel ¢ , one can derive an ex-
pression for T, in terms of W@ and ¥, which can be used in a
subsequent depth-averaged model.

As shown by Foristall (1974), using a simplified version of
Jelesnianski's integrals, the two-dimensional depth-averaged model
gives w and q and the latter can be substituted in Jelesnian-
ski's formula to determine the velocity profile wu(x,) .

The main shortcoming of the Welander —Jelesnianski —Foristall
approach is the severe hypothesis made on the vertical eddy vis-
cosity (V¥ = constant) to obtain an analytical solution. This
hypothesis is in contradiction with the observations- and indeed
the models fail to reproduce correctly the bottom boundary layer
characteristics and the bottom stress turns out to be a linear
function of the mean velocity and not a quadratic one, as it
should.

The same objection can be made to all models constructed along
the same line : too severe hypotheses, made at the beginning, han-
dicap the whole model and the exploitation of the results in rea-
listic situations. One can refer here to the model of Gedney and
Lick (1972) [constant eddy viscosity, steady state, no atmospheric
pressure gradient], Witten and Thomas {(1976) [steady state, no
atmospheric pressure gradient and an unrealistic and rather un-
fortunate exponential form for the eddy viscosityl].

Multi-mode maodels.

Generalizing the concept of vertical integraticn, Heaps (1972)
suggested that the vertical variations could be elegantly taken
into account by expanding the velocity u in series of eigen-
functions of the turbulent operator
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The philosophy of this approach can be summarized as follows :
substituting the series expansion in the Ekman equation, one gets
a system of equations for the coefficients, each of which is a
function of x;, x, and t and satisfies a two-dimensional egua-
tion, in many ways similar to the two-dimensional equation of a
depth-averaged model.

The final result is obtained by superposing the solutions of
two-dimensional models, each of which corresponds to a different
vertical mode (as compared with the multi-layer model where seve-
ral two-dimensional models are solved simultaneously, each of
them corresponding to a different vertical layer).

This method was applied to the Irish Sea by Heaps and Jones
(1975). A slightly more sophisticated version was used by Davies
(1977) in a numerical experiment (rectangular sea basin of cons-
tant depth) with the object of testing the sensitivity of the
results to various parameters.

The difficulty here resides in the parameterization of the
eddy viscosity VvV and the determination of the corresponding
eigenfunctions. Heaps and his co-workers were forced to introduce
several simplifications regarding especially the eddy viscosity
V  (assumed independent of x, and a function of Xy, X, and ¢t
such that the ratio 9/h is a constant) and the bottom stress _
(taken as a linear function of the bottom velocity assumed diffe-
rent)from zero, in contradiction with the obvious no-slip condi-
tion) . :

Variable eddy viscosity multi-mode model.

Most models described sofar can be labelled " 1D + 2D" in
the sense that they seek, by a preliminary one-dimensional model,
some appropriate formulation of the vertical dependence of the
velocity field to use subsequently in a complementary two-dimen-
sional model. The almost inevitable hypothesis of constant eddy
viscosity, in the preliminary analytical calculations, turns out
to be a terrible embarrassement when exploiting the results of
the one-dimensional model in two-dimensional modelling as, with
an initially incorrect representation of the bottom boundary layer
and of the bottom stress, one may doubt whether there will be,
ultimately, real improvements in the two-dimensional forecast.

Nihoul (1977) approached the problem in a contrary direction
and recognizing that two-dimensional depth-integrated models, ca-
refully calibrated, have been successfully applied to many lakes

* In his numerical experiment, Davies (1977) was able to reduce the severity of some of the assumptions but then,
even with a simple piece-wise linear eddy viscosity, his solution is entirely numerical and the physical insight of the
eigenfunction expansions is somewhat obscured.



and seas and that the results are available, he suggested a lo-
cally one-dimensional multi-mode model using the predictions of
the preexisting two-dimensional depth-integrated model to provide
the local values of the forcing terms and of the boundary condi-
tions.

Indeed, a depth-integrated model provides, at any point where
one might desire the vertical current profile, the local surface
elevation, mean velocity and associated bottom stress.

The only difficulty here is that, in two-dimensional models,
the bottom stress is parameterized by a quadratic formula assuming
that the stress is (except for a small wind stress correction) in
the direction of the mean velocity. This type of parameterization
is one of the things one would like to verify by a three-dimensio-
nal model. Although the quadratic law may be generally applicable
one suspects that it could be faulty in certain situations, such
as tide reversals, when the mean current becomes very small.

>

However, it is readily seen that, the local wind stress being
known, the two-dimensional model provides two additional boundary
conditions instead of one for the second order Ekman equation (the
velocity and the stress at the bottom). Nihoul (1977) thus derives
an analytical solution of the local Ekman equation as a series of
eigenfunctions of the turbulent operator (72) using the surface

stress T, and the bottom stress T, as boundary conditions. The
velocity deviation

u=u-1u

is obtained as a functional of T, and T, and the additional
boundary condition (u = - W at the bottom) 1is used to deter-
mine the relationship between T, and u and to verify the two-
dimensional parameterization. In this medel, which could be la-
belled " 2D + 1D", the necessary matching of the one-dimensional
and the two-dimensional models requires a more realistic parame-
terization of the eddy viscosity which is taken as a function of
t, X, , X, and x; and, in particular, respects the observed
asymptotic form of the eddy coefficient in the bottom boundary
layer.

The application of the model to the North Sea shows that, for
typical values of tides and storm surges, the classical bottom
friction law is valid over most of the tidal cycle but fails, in
magnitude and in direction, during a comparatively short period
of time, at tide reversal. This may be regarded as a validation
of the depth-integrated model, the result of which can be used
to determine the velocity profile at any grid point where the in-
formation might be requested (off-shore structure, current-meters
mooring, sediment transport problem, ...).

There is however, in principle, no difficulty in setting, for
improved numerical forecasting, an iteration process by which the
corrected relationship between w and T, is introduced in the
two-dimensional model; the two-dimensional model being run a se-

cond time to feed back better values of T, w and T, into the
one-dimensional model, etc.



One can go a step further and include the non-linear advection
terms in the iteration process. In this way, the combined 2D + 1D
model is applicable everywhere and results in a truly non-linear
three-dimensional model of mesoscale circulation.

This model is described in the next sections.

9.— Three-dimensional (2D + 1D) model of tides and storm surges in a well-mixed shallow sea.

For simplicity, one shall restrict attention to well-mixed
shallow seas like the North Sea and assume that buoyancy is ne-
gligible*.

The governing equations are eqs (13) and (14). It is conve-
nient to rewrite these equations in a slightly different form,
changing variables from (xy,%3,%;,t) to (x; ,%X,,E,t) where

Xyt h
(73) E = — o

The definition of the auxiliary variable E 1s reminiscent of
the well-known o-transformation used by several authors (e.g.
Freeman et al., 1972; Durance, 1976) but it is, in reality, only
one part of it, as, for instance, one does not make use, in the
following, of the o-vertical velocity which, in the present no-
tation, would be given by dE/dt .

The purpose of eq. (73) is to transform the variable range of
vertical variations (- h < X3 < C) into the fixed range
(0 € E < 1) which is better adapted to the determination of the
eigenfunctions of the vertical turbulent diffusion operator which
will be needed later.

Strictly speaking, the new variable E varies from some very
small value

Zg
Eo =—H—
to 1, where 2z, is the so-called "rugosity length'". 2z, can be

visualized as the distance above the bottom where the velocity is
conventionally set equal to zero, ignoring the intricated flow
situation which occurs near the sea floor and willing to parame-
terize its effect on the turbulent boundary layer as simply as
possible (e.g. Nihoul, 1977a,b}. In the North Sea, the value of z4,
which varies according to the nature of the bottom, is of the or-
der of 107 m (in E ~ - 10) [Ronday, 1976].

* The extension of the model to stratified seas is now under investigation. It requires a more subtle parameterization
of the eddy viscosity which must be allowed to vary with the Richardson number and, at least, one more iteration
loop introducing the effect of buoyancy in the pressure gradient and in the two-dimensional model,



In the North Sea, in typical weather conditions, the observa-
tions indicate that the vertical eddy viscosity is a function of
the depth, increasing first linearly with height over the bottom
and then flattening out in the upper layers following some form
of parabolic curve {e.g. Bowden, 1965; Ronday, 1976). This is ob-
viously in relation with the existence near the sea floor of a
logarithmic bottom boundary layer of which there is now ample ex-
perimental evidence (e.g. Weatherly, 1977).

Although E; « 1, it cannot be set equal to zero because the
logarithmic velocity profile is singular at £ = 0. However, one
shall see in the following that the singular part of the profile
can be sorted out by an appropriate change of variables, and that
the new variables can be expanded in series of eigenfunctions of
the vertical turbulent diffusion operator in the range 0<E<1.

In brief, the lower limit of E will be taken equal to zero
as long as it does not create a singularity.

Changing variables from (x,,X;,X;,t} to (x,,x,,E,t) the
first two terms of the left-hand side of eq. (13) become

(74) g_‘; + A+ B+ S

where

(75) A= u.Vu

(76) B-H' 2 (1-E).Th+ vy

(77) s = H' g—g El(u, - )T - (v; - ;)]

and where the relation

3

']

(78)

|

£ + us.VL', = v3s at X3 = C

az

has been used, the subscript , denoting surface values.

The conditions under which the terms A, B and 8 — which
are generated by the time derivative as well as by the non-linear
advection terms — can be neglected in the case of the North Sea,
are not obvious.

[The situation here is different from the studies of Jeles-
nianski (1970) and Foristall (1974), for instance, where the equa-
tions being linearized to begin with, a o-type transformation
cannot generate any term of importance.]

To estimate the orders of magnitude of the non-linear terms
A, B and S, one must have some, even rough, idea of the ver-
tical profile of the velocity and, for that purpose, one can pre-
sumably take Van Veen's profile -
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= u, Eaz ; VYan Veen (1938)],

which is probably not too good in the immediate vicinity of the
bottom but appears to reproduce satisfactorily the observations
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shown previously, B 1is essentially important near the bottom
where one may expect the streamlines to follow the bottom topo-
graphy fairly closely. In that case, the three terms may be ex-
pected to nearly cancel each other, i.e.:

{(79) u, %%— o, %%— +u; ~ 0 near the bottom.
1 2

In the following, counting on a grid size of some 10 km and as-
suming that the departure of the left-hand side of eq. (79) does
not exceed 10 % of the value of the individual terms, one shall
negiect B as compared to 2du/3t . One should be aware, however,
that, in finer-grid models, for coastal studies for instance, B
might be more important and, indeed, turn out to be the essential
contribution of the non-linear terms to include by priority in
the models. More details about numerical values and orders of ma-
gnitude characteristic of the North Sea can be found, for instance,
in Ronday (1976).

Changing variables from x,; to 'g , the last term in the
right-hand side of eq. (13} becomes

-2 3 ~ 3
H -a—"g (\) 3—5)

Observations indicate that the eddy viscosity Vv can be ex-
pressed as the product of a function of t, x; and x, and a
function of E (Bowden, 1965). If one sets

(80) SH Y = o(t,x,,x,) A(E)

and neglects the non-linear terms according to the discussion
above, one can write the components of eq. (13) in the form

E'Ul _ ] Pa 0 aul
(8‘]) 5.{._ - f ”2 = ﬁ ~~ 4 gg) + 0 .a_ (A_ 3_)

3L12 _ _ 9 pa 9 aU.2
(82) 3— + f”l = W =2 4 gg) + 7 8_ (A 8—

One emphasizes that these equations, although valid for the
greater part of the North Sea, are not applicable in localized
areas where the non-linear terms are important. In such '"singular"
regions, however, their solution can be used as described in the
next section, to initiate an. iteration process in which the non-
linear terms are regarded as driving forces. The combination of
eqs. (81) and (82) (or higher iteration forms of them) with a
depth-integrated two-dimensional model will provide the elements
of a three-dimensional model by which, at each grid point, sur-
face elevation, vertical mean current and vertical profile of
the velocity can be predicted.



Locally one-dimensional model of the vertical variations of the horizontal current.

Let
(83) U=y +iu
-~ ou Ju
(84) T = VvV E = gHA E
_ _ 9 Pa . 9 P,
(85) ¢ = B—X—l— (F + gl) -1 B_X'; (F + gl)

Eqs. (81) and (82) can be combined into the single equation :

Ju . _ 9 du
(86) 3x t 1 fu=9¢ + ¢ 3E (A EE)

The forcing term @ is a function of t » X; and Xx,. Hence,
although the dependence does not appear explicitly in eq. (86),
u must be regarded as a function of E » t, x; and x,. At any
given point (x;,%,) , eq. (86) provides a locally one-dimensional
model of the vertical distribution of u as a function of time.

If 1, and v, denote the values of <t at the surface and at
the bottom respectively, the depth-averaged velocity U 1is given
by the equation :

(87) W, irg=0+ (1

and the deviation @ = u - U is given by :

Ts_rb
) - ot

o]
[ ]

) 3

(88)

|
f

+ ifa=c[g—g‘ (A

Qo
~+
Q2
oy

The vertical profile of the eddy viscosity 3 may be diffe-
rent in different circumstances but it is generally admitted that,
in any case, its asymptotic behaviour for small E 1s given by :

(89) Vo= kI, 1" (x; ¢+ h)

where k is an appropriate constant which, according to observ-
ations in the North Sea, may be taken as the classical Von Karman
constant of turbulent boundary layer theory (e.g. Ronday, 1976).

Combining eqs. (80) and (89), one can see that oH must be
proportional to kIt . There is no lack of generality in
taking the constant of proportionality equal to 1 {(the func-
tions o and A are only defined by their product). Hence :
(90) oH = k|1, Y2
and

{(91) A{E) ~ E for small E
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Changing variables to w and y defined by :

-~ ~ift Ts Tb

(92) i =we * og S(E) * g b(E)

t *
{93) y = ] a(v) dv

0
where £
(94) s(E) = N dn -
LD A(n)

(95) b (E)

PR
L A(n) dn

a

eq. (88) can be written:

o S B
(96) —a——Y- + 65 S(E) * eh b(g) = 9E (;\' ag)
where
. ei[t 3 . Ta .2 i T,
(97) b= "5 (37 * DG < 5 (elf =5 a= s,b
with the boundary conditions :
(98) A %% =0 at E=0 and E =1

If the vertical profile of the eddy viscosity is known, s
and b are known functions of E. Eq. (96) allows then the de-
termination of the vertical profile of the velocity in terms of
o, H, 6 and 8, which — at any given point (x;,X;) — are func-
tions of t and thus of y.

Vertical profile of the horizontal current.
Introducing the Laplace transforms :

[2+]

(99) W(a,8) = [ e w(y,E) ay
1}
(100) e, (a) = ] e ™ ¢, (y) dy a = s,b
0
eq. (96) can be transformed into : -
(01) W+ e, S(E) + 8y b(E) - (B =gz ()
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with the boundary conditions :

(102) Ag—g=0 at  E=0 and E =1

Let now a series of functions f,(E) (n = 0,1,...) such that:

d df,
(103) aE (;\ -&—E—") = - u‘nfn n = 0,1,2 R
df,
(104) )L-&-g—=0 at E=20 and E =1
the a 's being appropriate eigenvalues with a, = 0.

It is readily seen that these functions are orthogonal on
(0,1) . They can be further normalized by imposing :

1 2
(105) [ £ dE = 1
0

It 1s tempting to seek a solution of eq. (101) in the form of
a series expansion in f, (E).

Let thus :

(106) W= Zc £ (E)

(107) Wy = 2w, f, (E)
[1

(108) s, = s £, dE
4]
1

(109) b, =[ b £, dE

The coefficients w,, s,, b, are known if A(E) and thgs
s(E) and b{E) are known. The coefficients c, are determined
by eq. (101). One finds :

U.)n = Snes - bn®b
(110) c, = ——
Hence
_ @ - b
(111 woew = 3 (e - s R - b RY) £ ()
where

Y 3
(112) R =] B, (y') e ¥ YD)y a= s.b
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From eqs. (103) and (104), it is readily seen that :
1
(113) I f(E) dE = 0 n>_0
0

and that £, is a constant so that the first terms in the series
expansions (106}, (107), (108) and (109) represent the depth-mean
values of the corresponding functions.

Combining eqs. (92), (97) and (112), one then obtains : .

-~ TS _ Tb I
u = oH [S(E) - 5] + ol [b(E) - bl
{114)

_any _

+ % (o e SaRS - baRy) £,(E) e-ift

Here § and b represent the depth-averaged values of s and
b and the condition that the depth-averaged value of {i must be
zero has been used to eliminate w;.

By successive integrations by parts, one can write, using eq.

(57) :
¥
0 dp 8 Y a a
o e y
Ry = 2. [d e e " n
p=0 Y o 0

I

S,p
1,2,..-

(115) ) .
ift Ta elft Ta

3 -qpd* 8 -a _-a,y rd*
D b

Using eq. (90) and typical values for the North Sea (e.g.
Ronday, 1976), one finds that o may vary from 107% s°1, in
cases of small currents almost reduced to residuals at turning
tides and weak winds, to 107 % s”! in cases of large tidal cur-
rents and strong winds. The time variations of the stress and
velocity fields may be characterized by a typical '"frequency"”

w~ 10" s ~ ¢

Thus :

(116) e L - Y

Successive differentiations with respect to y should thus,
if anything, reduce the order of magnitude. The eigenvalues a,
being increasing functions of n, the factor a,® in eq. (114) -
will rapidly become negligibly small as n and ¢ increase and
one can foresee that in eqs. (114) and (115), only a few terms of
the sums will have to be retained.

With the observed values of o, the variable y reaches va- -
lues of order 10 in less than a tidal period. One can see then
that the influence of the initial conditions rapidly vanishes;



thelfactor e “n¥ [in eqs. (114) and (115)] becoming exceedingly
small.

Thus, after a short time, the essential contribution to the
velocity deviation will be :

- Ts — Ty —
u =g [s(E) - s+ s [P(E) - bl
(17

-1 ift 5, T, *+b

] 5 T =i
- g 5‘-_[:_ EeO.H ( al 1 b)] fl(E) e ft

One can see that Ekman veering affects only the third term {and
the other smaller terms of the sum} and is most effective when o

is the smallest (low current velocities, weak winds) as one would
normally expect.

The velocity deviation given by eq. (117) must satisfy the ad-
diticnal requirement that the velocity be zero at the bottom,i.e.:

(118) 6=-13 at E = E,

Eq. (118) provides a relationship between Tp,, 4 and T, .
Thus the bottom stress can be parameterized in terms of the depth-
mean velocity and the wind stress and it can be substituted in
the depth-integrated two-dimensional model. The two-dimensional
model can compute the mean velocity, the surface elevation and
subsequently T, and o . These in terms can be substituted in
eq. (117} to yield the vertical profile of the velocity.

Application of the model to the North Sea.

As pointed out before, depth-integrated two-dimensional mo-
dels of tides and storm surges in the North Sea have been success-.
fully operated for many years (e.g. Nihoul and Ronday, 1976). Be-
fore considering undertaking a complete new simulation using the
two-dimensional model in parallel with eqs. {117) and (118), it
has seemed interesting to apply the locally one-dimensional model
at a certain number of grid points of the two-dimensional grid
where one knew, from the depth-integrated model, the mean velocity,
the surface elevation and the order of magnitude of the non-linear
terms and where sufficient experimental data were available to de-
termine the functional dependence of the eddy viscosity on depth.

In this first application, the selected grid points where the
calculation was made were chosen in regions where the non-linear
terms were negligible and the depth-variation of the eddy visco-
sity could satisfactorily be represented by a function of the type

(119) A=e0 - 5

which has the advantage of allowing the solution of eqs. (103) and
{104) in analytical form.
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As, in the existing depth-integrated models, eq. (21} 1s used
to parameterize the bottom stress, eq. (118} is exploited in this
approach as a test of consistency between the two-dimensional mo-
del at any grid peint and the one-dimensional depth-dependent mo-
del at the same grid point. :

The eigenfunctions and the eigenvalues corresponding to egs.
(103) and (104) are found to be:

(120) £

1]

(4n + D2 P, _(E-1)

n

(121) a

n(2n + 1)

n

where P, denotes the Legendre polynomials of even order.
Eq. (117) becomes :

-~ _ TS - - _
0= =5 [4 1In 2 2 2 1In (2-E)1]

(122) +;—‘;![2-21n2+1n(2—g) + 1n E]

-1 3 on Yt 2Ty 5 g2 _ SE 5 -ift
vo gy (e o ) (73 5 * 7g) ©

where it is understood that E runs from 0 to 1 -everywhere
except in 1n E where its lower limit must be specifically set at

Eo-
At E =E, ~ 0, eq. (118) gives:

- Ts + 1:l:u
u—ﬁ(2—21n2) O—H(—1n§0+ln2-2)
{123) + 2
- i O".l a_ (eift Ts—_..._T._b) e_ift
18 at o -
Hence :
_ 5 Z Ty E 2-&
u = g 2 1n - E * S {in E; t1n = )
(124) . 2
_otb a3 ift T To, 5 _ -ift
ol (e ) TS E(2 - B) e

Eq. (124) shows that the vertical profile of the velocity u 1is
the result of three contributions which may be related to the wind
stress, the bottom stress and the effect of the Coriolis force
combined with the action of wind or bottom friction.

Taking 1nE, = - 10 as a typical value (e.g. Ronday, 1976),
one estimates :




1
—_
l w

i Ty 5 o,
° sx e oW TzEE-8 03 @
T, 2 Yo
E 2 1n """‘*“—"‘——2 - E
~1 3 ift Ty, 5 ~
Ty E 2 - E ~ T o
pea| (1n "E'-; + 1n —2'-)

where o 1is, as before, a typical frequency of time variations
(@ ~ 1074%s™ 1~ f).

®© In the case of strong winds (> 10 m/s) and strong currents
(2 ¥ m/s), v, and T, are comparable (2 1073m¥/s"2), o can be
one order of magnitude larger than w, the essential contribution
is due to bottom friction, the direct effect of the wind stress
does not exceed some 10 % of the former and there is no notice-
able Ekman veering. This will be a fortiori true in the case of
strong (tidal)} currents and weak winds. :

® In the case of strong winds but relatively moderate currents
related to residual and wind-induced circulations at slack tide,
the effects of wind and bottom friction may become comparable.
The Ekman veering will however remain rather limited as the ratio
w/o will presumably still be smaller than 1.

® In the case of weak wind and small currents (almost reduced
to residuals at slack tide), (t, ~ v, ~ 10°°) the essential con-
tribution remains related to the bottom stress, o may be compa-
rable to ® and both the wind stress and the Coriolis force can
produce a 10 % deviation of the vertical profile of the velocity.

Thus, in shallow continental sea like the North Sea where
tides are omnipresent and can reach velocities of the order of
! m/s or more, one expects that, during a substantial fraction
of the tidal period, Coriolis effects may be neglected and eq.
{(123) can be written, in first approximation :

- Ts Tb -
(125) u-~ -5 (2 -2 1In2) + oH (- Ingy + 1n 2 2)

Moreover, the numerical coefficient of the first term being
approximately 0.1 of the coefficient of the second term, eq.
{90) may be written :

126 H)? = K, ~ ofl_fii) X’

(126) (oh)" = Kt ! ~ —9qg v In7 T2
or _ 2

(127) oH ~ [l k

In Eo + In2 - 2
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Combining with eq. (125), one gets :
(128) T, ~ - mt, + Du|ul

or, equivalently,

(129) T, ~ - nT, + Dulul
where
(130) m=_—2-21nzZ ~ 0.07

“InEy * In2 - Z

k2

(- Ingy + In2 - 2)°

(131) D 3

~ 2,11 % 10

for 1In Ej ~ - 10.

Eq. (129) is identical with the empirical formula (21). More-
over the numerical values of the coefficients m and D predic-
ted by the model appear in close agreement with the empirical
coefficients used in success in practice (m ~ 0.1, D ~ 2 x 1072,
Ronday, 1976).

The empirical bottom friction law (21) would thus seem to be
valid except perhaps for a fraction of time at tide reversal.
Whether this is sufficient to affect significantly the predictions
of a depth-integrated model can be judged by the test of consis-
tency : the mean velocity U calculated by the depth-integrated
model, using eq. (21), must be the same as the mean velocity u
given by eq. (125).

This proved to be the case at all points where the calculation
was made. Only a slight difference was observed and this occurred,
as expected at tide reversal.

Figs. 32-36 give, in illustration, the results of the compu-
tation at the point ©52°30'N 3°50'E under strong wind conditions
where the depth-integrated model provided the following estimates :

lal € 0.7 ms ' : H~ 28 m

2y~ 1.8 x 107°m 3 D~2.2x10°

44 -
ledl € 2 x 10 *mis™?

Figs. 32 and 33 show the time evolution over half a tidal
period of the vertical profiles of, respectively, the northern
and the eastern components of the horizontal velocity vector. The
curves from left to right are vertical profiles computed at one
hour interval.

Figs. 34 and 35 show the same components at tide reversal.
The curves from left to right are vertical profiles computed at a
20 minutes interval. One can see, on fig. 34, the indication cf a
reverse flow in the bottom layer.
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fig. 32.

Time evolution over half a tidal period of the vertical profile of the northern
component of the horizontal velocity vector at point 52°30°N 3°50°E. The
curves from left to right are vertical profiles computed at one hour interval.

u, (ms” 1)

fig. 33.

Time evolution over half a tidal period of the vertical profile of the eastern
component of the horizontal velocity vector at point 52°30°N 3°50°E. The
curves from left to right are vertical profiles computed at one hour interval,
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fig. 34.

Vertical profile of the northern component of the horizontal velocity vector at tide reversal.
The curves from left to right are vertical profiles computed at a 20-minute interval.

fig. 35.

Vertical profile of the eastern component of the horizontal velocity vector at tide reversal.
The curves from left to right are vertical profiles computed at a 20-minute interval.
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fig. 36.

Comparison between the mean velocity computed by the depth-integrated two-
dimensional model (dashed line) and by the locally one-dimensional depth-dependent
model subject to the condition of zero velocity at the bottom ( full line).

Fig. 36 shows a comparison between the mean velocity computed
by eq. (125) and by the two-dimensional depth-integrated model. A
very good agreement is found except perhaps at minimum flow velo-
city associated with tide reversal.

10.— Non-linear three-dimensional model of tides and storm surges in a well-mixed continental sea.

Using the results of the two-dimensional depth-integrated mo-
del of the North Sea (Ronday, 1976), Nihoul (1977) computed the
evolution with time of the velocity profile u(t,x; ,x,,x3) at a
series of representative horizontal grid points in the Southern
Bight. The extra condition

u = - di(gp)

was used as a test of consistency; a significant discrepancy in-
dicating a local influence of the non-linear terms or a temporary
failure of the parameterization of =T, in the depth-integrated
model (memory effects for small ).
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At all the grid points where the study was conducted, Nihoul
(1977) found very little difference between the mean velocity cal-
culated by the depth-integrated model and calculated by the local
multi-mode solution.

However, no point was taken in danger zones near coasts oT
tidal amphidromic points and the model was not tested for other
regions than the Southern Bight and the North Sea or for diffe-
rent types of mesoscale circulations or climatic conditions. The
necessity was thus felt of a generalization of the model based on
an iteration procedure by which the non-linear terms could be in-
cluded in the one-dimensional local Ekman model while the parame-
terization of the bottom stress could be revised in the two-dimen-
sional model according to the calculated vertical structure.

The two-dimensional model gives the components U, and 1, of
the mean velocity and the surface elevation T at the points of
a staggered horizontal grid

U2+
®
T ¢ T..
O * o]
.
L

The integration of the equation for the velocity deviation
is made at the T -point. At that point, the two components of the
mean velocity © are calculated by linear interpolation [the er-
ror is in (Ax)? and consistent with the order of the two-dimen-
sional schemel. To compute the non-linear terms which contain ho-
rizontal derivatives of @i, the velocity deviation must be cal-
culated simultaneously at nine T -points of the two-dimensional
grid. (In the application to the North Sea, these points form a
rectangle of 20 km x 26 km.) '

At each time step t + At , a first approximation i' is cal-

culated numerically, setting n = n'(t) where n stands in brief
for the sum of the non-linear terms.

This approximation, combined with the results of the two-di-
mensional model, is then used to compute nl (t +At). A second
approximation 4% is then calculated setting

n = = [n!'(t+at) + n!(t)]

1
2
With the second approximation, n’(t+ At) is computed and the ite-
ration continues.

At the initial time, the first approximation is obtained ta-
king n = 0 and the result of the analytical model can be used.

The numerical method is an extension of the compact hermitian
method developed by Adam (1977).



As boundary conditions for the determination of i, one im-
poses the surface stress and the bottom stress (the latter obtai-
ned from the two-dimensional model). The consistency condition

u = - i at the bottom

indicates if the model can proceed to the next time step or if a

preliminary iteration must be performed on the parameterization
of the bottom stress.

As shown above, the classical bottom friction law constitutes
the algebraic part of a differential relation where the additional
terms (containing derivatives with respect to the time) are negli-
gible as long as the mean velocity u and the associated bottom
friction are sufficently large. At small values of the mean velo-
city however the correction may become comparatively important and,
for instance, the resulting bottom stress may have a different

direction from the mean velocity vector, even in the absence of
wind.

At small velocities, the correction for the non-linear terms
n 1S not necessary and the result of the analytical multi-mode

model can be used to correct for the bottom stress parameteriza-
tion.

The relationship between u and <+, given by the multi-mode
model is rather complicated but Roisin (1977) has shown that it
could be written in much more convenient and simple forms and
that, with a good approximation, one could take

(132) T = DT ® - mr, ¢ vHEE ¢ £ oeyn w)

where D and m are the coefficients of the classical botton

friction law (D 1is the drag coefficient) and where Y 1is a nu-
merical factor.

If the consistency condition, u = - & at the bottom, is not
satisfied at a given time step t, eq. (132) can be introduced
in an iteration scheme where the corrected value of T, at time t
is computed in terms of the simultaneous value of W and =T, and
the immediate past history of 4 [u(t -at)].

The non-linear three-dimensional model was applied to the cal-
culation of tides and storm surges in the North Sea (Nihoul, 1979).
The two-dimensional depth-integrated model was run for the whole
North Sea with the horizontal grid used by Ronday (1976). The ver-
tical profile of the velocity vector was calculated at a series
of points in the Southern Bight. The test points were selected for
their role in the existing management program of the North Sea and
corresponded to places where current meters were to be moored or
where the vertical variations of the current were desired to study
the deposition of silt, the distribution of eggs and larvas, etc.

Although some of these points were close to the coast or in
relatively shallow irregular depths, very few iteration stages
were found necessary in most cases.
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In many places, there is no significant improvement in taking
the non-linear advection terms into account in the calculation of
i and the variable eddy viscosity multi-mode model (Nihoul, 1977)
appears to give very satisfactory results. This is illustrated, in
the following, by the results of the computation at the point

52°30'N 3°S0'E.

ENGLAND

NETHERLANDS

51°]

1@

fig. 37.

Numerical grid for the two-dimensional depth-integrated
model showing the tfest point and the wind direction.

Fig. 37 shows the numerical grid for the two-dimensional model
of the Southern Bight of the North Sea (ax, = 10%m;
Ax, = 1.395 x 10* m). The test point is indicated by © . The depth
there is 22 m, the rugosity length 10 %m {Eg ~ 5 x 107} . The
wind stress is oriented to the North-East as indicated in the
lower right-hand corner of the figure and it has a maximum magni-
tude of 2x 107 *m?s”

In this exercise, the iteration was restricted to the intro-
duction of the non-linear advection terms. No correction was made
on T, to emphasize the comparison with the analytical multi-mode
model (Nihoul, 1977).
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fig. 38.

Evolution with time, over the first half tida] period, of the eastern component
of the horizontal velocity vector 4, . The curves from right to left are ver-
tical profiles computed at 54 interval.
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fig. 39.

Evolution with time, over the second half tidal period, of the eastern component
of the horizontal velocity vector u,. The curves from right to left are vertical
profiles computed at 54" interval.
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fig. 40.

Evolution with time, over the first half tidal period, of the northem component
of the horizontal velocity vector u,. The curves from right to left are vertical

profiles computed at 54’ interval.
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fig. 41.

Evolution with time, over the second half tidal period, of the northern compo-
nent of the horizontal velocity vector u,. The curves from right to left are
vertical profiles computed at 54’ interval.
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fig. 42.
Evolution with time, at tide reversal, of the eastern component
of the horizontal velocity vector u;. The curves from right
to left are vertical profiles computed at 18’ interval,
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fig. 43.

Evolution with time, at tide reversal, of the northern component
of the horizontal velocity vector u,. The curves from right to
left are vertical profiles computed at 18’ interval,
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Figs. 38 - 43 show the results of the model in which the non-
linear advection terms were included by successive iterations at
cach time step. One notices on figs. 42 and 43 that, near tide
reversal, bottom currents may flow in opposite directions and that
the bottom stress maintained by the current in the bottom layer
is then difficult to relate to the mean current which may become
very small.

Figs. 44 and 45 show the difference in magnitude and direc-
tion between the mean velocity u computed by the incorrected
two-dimensional depth-integrated model and by the non-linear
three-dimensional model, respectively.

Figs. 46 and 47 show the veering of the horizontal velocity
vector over the water column. It must be noted here that most of
the veering occurs above E ~ 0.1 . This is not obvious on the fi-
gures because there is about the same number of points in the lo-
wer layer E £ 0.1 and the upper layer 0.1<E < 1. This is ac-
tually an artifice of the numerical method which, for increased
accuracy, introduces the change of variable

- E
= 1ln =
Y E,
in the bottom layer (E; < E < 0.15) where the vertical gradients
are large. The same remark applies to fig. 48.

Time
fig. 44.

Evolution with time over one tidal period of the magnitude of the mean velocity u
computed respectively by the uncorrected two-dimensional depth-integrated model
(full line ), the linear local model (dash line ~= ==} and the non-lincar local
model (dots ),
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fig. 45.

Evolution with time over one tidal period of the difference between the directions.
of the mean velocity computed respectively by the uncorrected two-dimensional
model and by the non-linear model.

Fig. 48 shows that, as long as the mean velocity is suffi-
ciently large, the horizontal velocity vector keeps the same di-
rection from the bottom to the surface. In that case, the classi-
cal bottom friction law applies and it may be assumed that the
bottom stress is roughly (except for a small wind effect) paral-
lel to the mean velocity. On the other hand, when the mean velo-
city becomes small, near tide reversal, there is a noticeable
rotation of the velocity vector between its directions in the
bottom and the surface layers. During a comparatively short pe-
riod of time, one may thus expect the classical parameterization
of the bottom stress to fail both in magnitude and direction. As
described above, this may be corrected at each time step in the
critical interval by an iteratiocn procedure.

The iteration on the non-linear terms does not, on the other
hand, appear to bring significant improvement in the example con-
sidered. The effect may of course be larger at other grid points
but, in general, it seems to constitute only a minor cerrection.

In large-scale practical applications of the three-dimensional
model, one would thus be wise to define realistically limiting
values of wa + @#(E;) and n which one is willing to tolerate and
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Vertical veering of the horizontal velocity vector at tide reversal
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fig. 47.

Vertical veering of the horizontal velocity vector 18 after tide reversal
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fig. 48.

Evolution with time over the first half tidal period of the Ekman diagram
showing the vertical veering of the horizontal velocity vector, The separation
between two successive curves is 18,

instruct the model to proceed without any vainly expensive ite-
ration whenever the calculated values do not exceed the limits of
tolerance.

The three-dimensional model presented above has been applied
mainly to the prediction of tides and storm surges in well-mixed
continental seas like the North Sea. It can, however, be easily
extended to other mesoscale processes and to different situations,
including, in particular, partially stratified waters.
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The model is the superposition of a depth-integrated two-
dimensional model and a locally one-dimensional model where the
variations of the eddy viscosity with depth is properly taken
into account, the bottom friction is parameterized without exces-
sive empiricism and the non-linear effects are taken into consi-
deration.

The inclusion of the non-linear terms and of a variable eddy
viscosity is, according to Cheng (Cheng et al., 1976) a signifi-
cant improvement on former models developed along the same line
{e.g. Heaps, 1972, 1976; Foristall, 1974; Cheng, 1976).

11.— Three-dimensional and two-dimensional models of the residual circulation.

Hydrodynamic models of the North Sea are primarily concerned
with tides and storm surges and the associated currents which can
have velocities as high as several meters per second.

However the period of the dominant tide is only about a half
day and the characteristic life time of a synoptic weather pat-
tern is of the order of a few days. The very strong currents
which are produced by the tides and the atmospheric forcing are
thus relatively transitory and a Marine Biologist will argue that
over time scales of biological interest, they change and reverse
so many times that they more or less cancel out, leaving only a
small residual contribution to the net water circulation (Nihoul,
1981).

The importance of tidal and wind induced currents for the ge-
neration of turbulence and the mixing of water properties is of
course not denied but many biologists would be content with some
rough parameterization of the efficiency of turbulent mixing and,
for the rest, some general description of the long term transport
of "water masses'.

Although the concept of "moving water masses', and its train
of pseudo-lagrangian misdoings, appeal to chemists and biologists
who would like to find, in the field, near-laboratory conditions,
it is impossible to define it in any scientific way and charts of
the North Sea's waters like the one shown in fig. 49 and reprodu-
ced from Laevastu (1963) are easily misinterpreted and often con-
fuse the situation by superposing a flow pattern on an apparently
permanent "geography” of water masses.

The notion of "residual" circulation — which, at least, has
an Eulerian foundation — has long remained almost as vague. Some
people have defined it as the observed flow minus the computed
tidal flow (e.g. Otto, 1970)}. Such a definition is understandable
from a physical point of view but one must realize that the resi-
dual flow so-defined contains all wind-induced currents, inclu-
ding small scale fluctuations. [t is definitely not a steady or
quasi-steady flow and some attempts to visualize it by means of
streamlines are questionable. What it represents,. in terms of ma-
rine chemistry or marine ecology is not at all clear.
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fig. 49.

Water types in the Nerth Sea according to Laevastu (1963). [Adapted from Folio 4 of Serial
Atlas of the Marine Environment with the permission of the American Geographical Society.]



Ac;ually, if one wants to take the point of view of the marine
ecologist, one should really look at the mean fiow over some appro-
priate period of time of biological interest.

It is customary for experimentalists to compute, from long
series of observations, daily, weekly and monthly averages. What
such averages actually represent is debatable.

No doubt that tidal currents are essentially removed in this
process. However with tidal velocities, one or two orders of ma-
gnitude higher than residual velocities and the latter of the
order of traditional current-meters' errors, one may fear that,
as a result of the non-linearities of the equipment, the error
remains the same order of magnitude after averaging and leads to

a 100 % inaccuracy in the calculated mean residual (e.g. Nihoul,
1980).

Moreover the choice of the periods of time over which the ave-
rages are made is not obvious as it seems to rely more on the ca-

lendar than on physical processes. One must be quite clear of what
one gets from such averages.

With tides reversing four times daily and changes in the Sy~
noptic weather pattern taking several days, one may expect daily
averages to remove tidal motions while still catching most of the

residual currents responding to the evolving meteorological con-
ditions.

Monthly averages, on the other hand, will have a more "clima-
tic" sense and will presumably represent the residual circulation
which is induced by macroscale oceanic currents (such as the
North-Atlantic current in the case of the North Sea) and the mean

effect of non-linear interactions of mesoscale motions (tides,
StOTM Surges, ...).

Here, the terms '"macroscale", "mesoscale'" (and later on 'mi-
croscale') are used in reference with the time scales of motion.
In general time scales and length scales are related but it

doesn't have to be so and no such assumption is made here at this
stage.

The role of residual currents and residual structures {fronts,
...} in the dynamics of marine populations, the long term trans-
port of sediments or the ultimate disposal of pollutants, for
example, 1s universally recognized but different schools of theo-
reticians and experimentalists still favour different definitions
which, in the case of the North Sea, may have little in common,

apart from the fact that the strong tidal oscillations have been
removed.

Obviously each definition addresses a particular kind of pro-
blem and if, as it is now universally agreed, the residual circu-
lation is defined as the mean motion over a period of time suffi-
ciently large to cancel tidal oscillations and transient wind-
induced currents, there is still the problem of choosing the time
interval of averaging, taking into account the objectives of the
study.



In any case, it is not demonstrated that such a time average
may be obtained with sufficient accuracy from experimental re-
cords. As pointed out before, the averaging takes away more than
90 % of the signal and the final result is of the same order as
the instrumental error.

In the following, one examines how the problem can be approa-
ched through mathematical modelling.

The governing equations,

As shown in section 2, the three-dimensional hydrodynamic

equations applicable to a well-mixed continental sea, like the
North Sea, can be written

(133) V.v = 0
(134) git+v.(vv)+2SZAv=—Vq+V.R

where £ is the Earth's rotation vector,
q=g+gx3’

P 1is the pressure, p the specific mass of sea water, x; the
vertical coordinate and R the turbulent Reynolds stress tensor
(the stress is here per unit mass of sea water} resulting from
the non-linear interactions of three-dimensional microscale tur-
bulent fluctuations.

The turbulent Reynolds stress tensor can be parameterized in
terms of eddy viscosity coefficients. In microscale three-dimen-
sional turbulence, these coefficients are of the same order of
magnitude in the horizontal and vertical directions. Then, hori-
zontal length scales being much larger than the depth, the last
term in the right-~hand side of eq. (134) can be written simply,
with a very good approximation

=8 _ 3 gy av.
(135) v.n-m- 5%y 3X3)

where Vv is the vertical eddy viscosity and T the turbulent
Reynolds stress (vector),

The residual flow is defined as the mean flow over a time T
sufficiently large to cover at least one or two tidal periods. If
the subscript [ denotes such an average, one may write

(136) V.SV oty
with
(137) (v)p = v

(138) (vidg = 0



What vy and v, respectively include depends on the time of
integration T .

If T 1is of the order of one day (exactly two or three pe-
riods of the dominant M, tide), T ~ 10° , the averaging elimi-
nates the tidal currents and smoothes out all current fluctua-
tions — generated by variations of the wind field, for instance —
which have a characteristic time smaller than T.

However, as mentioned before, changes in the synoptic weather
pattern often have time scales comparable with T ~ 10° . Then,
unless one considers periods of negligible meteorological forcing,
T ~ 10° does not correspond to a valley in the energy spectrum
of the currents. In that case, one cannot derive an equation for
v, by averaging eq. (134) and assuming that, as for an ensemble
average, the averaging commutes with the time derivative. Further-
more, vV, defined in this way, depends very much on time and
doesn't correspond to the quasi-steady drift-flow the biologists
have in mind when they talk about residuals.

One might argue that such a time dependent daily mean is still
worth calculating to follow the response of the sea to the evol-
ving weather pattern, especially in storm conditions. This however
would be equivalent to modelling a storm surge with a time step
of 10° and the results cannot be very accurate. It is much wiser,
in that case, to solve eqs. (133) and (134) without averaging for
tides and storm surges simultaneously.

Actually, "daily" residuals (i.e. mean currents over exactly
two or three tidal periods) are meaningful only when the atmos-
pheric forcing is negligible or exceptionally persistent.

In the first case, they represent the so-called "tidal resi-
duals" which result from in- and out-flowing macroscale oceanic
currents and from the residual effect of non-linear tidal inter-
actions.

Tidal residuals represent a major contribution to the total
residual circulation and, with very much less computer work nee-
ded, they already give a good idea of the long term residual cir-
culation, such as the climatic circulation described below, where
a substantial part of the atmospheric contribution is actually
removed by averaging over a variety of different weather condi-
tions.

1f one takes, for instance, the averaging time T between
10® (~ two weeks) and 107 (~ four months), one may expect, over
such a long time, a diversity of meteorological conditions resul-
ting in an almost random atmospheric forcing on the sea. The cur-
rent patterns will reflect the atmospheric variability and, on
the average, there will be only a small residue.

The mean flow over a time T ~ 10°, 10’ may be regarded as
the "climatic residual' flow which affects the dynamics of bio-
logical populations, the long term transport of sediments and the
slow removal of pollutants.



As pointed out before, one may conceive a third kind of resi-
duals obtained by averaging over two or three tidal periods

(T 2 10° s) in conditions of exceptionnally persistent atmosphe-
ric forcing.

The persistence of the meteorological conditions drives off
the atmospheric energy input to small frequencies and a time of
the order of 10° is acceptable for averaging as it corresponds
again to a valley in the energy spectrum.

This kind of residuals may be called in brief "wind residuals'
One must be aware, however, that they give a rather limited view
of wind-induced currents in the sea. If a typical weather pattern
has a characteristic time of a few days, one must either determine
the time dependent wind-induced and tidal flow described by egs.
(133) and (134) or the climatic residual flow which contains only
the macroscale residue of changing weather patterns.

Still, with moderate computer work needed, wind residuals may
perhaps provide a first idea of various wind effects on the resi-
dual flow pattern which would not be appdarent in the climatic or
tidal residual pattern but which might occasionally be spotted by
instruments in the field.

In the following "residual circulation' will refer to the cli-
matic residual circulation (T 2 10%® s) or the tidal and wind re-
sidual circulations (T 2 10° s) with the restrictions made above.

The equations for the residual flow may be obtained by taking
the average cf eqs. (133} and (134) over the chosen time T .

The time derivative in the left-hand side of eq. (134) gives
a contribution

(139) v(t +T1r- v(t)

One may argue that, since the time T is always a multiple of
the main tidal period, the numerator of (139) is of the same order
as the residual velocity v, . Then, for T > 10°,

(140) v D 2B < 01070y

The average of the Coriolis acceleration is
-4
(141) 2.8 A vy ~ 010 vy
One may thus neglect the contribution of the time derivative
in the equation for v;. The residual circulation is then given

by the steady state equations

(142) V.v, = 0

T,
143 V. (v + 2 8 A vy = - Vgy * 50— * V.N
(143) ggdf) 0 0 ' 3%,

where



(144) N = (-vv),

Since v, 1is one or two orders of magnitude smaller than v,
which contains in particular the tidal currents, the first term
in the left-hand side of eq. (143) is completely negligible. The
tensor N in the right-hand side plays, for mesoscale motions, a
role similar to that of the turbulent Reynelds stress tensor R !
in eq. (134) and may be called the "mesoscale Reynolds stress ten-
sor'". The last term in the right-hand side of eq. (143) represents
an additional force acting on the residual flow and resulting from
the non-linear interactions of mesoscale motions (tides, storm -
SUTEES, -v.).

The importance of this force was discovered, first, by depth-
integrated numerical models of the residual circulation in the
North Sea (Nihoul, 1974; Nihoul and Ronday, 1975) and the asso-
ciated stress was initially referred to as the 'tidal stress" to
emphasize the omnipresent contribution of tidal motions.

The mesoscale Reynolds stress tensor.

The tensor N can be computed explicitly by solving egs. (133)
and (134) for mesoscale motions and taking the average of the
dyadic v;v;.

In fact the solution of eqs. (133) and (134) with appropriate
wind forcing and open sea boundary conditions yields

V=V0+V1

and one may reasonably ask the question why one must go through
the process of computing N and solving eqs. (142} and (143) to
obtain the residual velocity v, 1.e. why one cannot solve (133)
and (134) for the total velocity v and simply derive v, from
v directly, by averaging the solution of eqs. {133) and (134)
(e.g. Alfrink and Vreugdenhil, 1981}.

The problem here, again, is that, in the North Sea, v, repre~
sents 90 % of ¥ . If one allows for an error &v on v of,
say, 10 %, resulting from the imprecision of open-sea boundary
conditions and from the approximations of the numerical method,
the error is of the same order of magnitude as the residual flow

Vo .

Because of non-linearities, one may fear that, in the avera-
ging process, this error does not, for the essential, cancel out
as v, does. Thus averaging the solution v of eqs. {133) and
(134), oneée gets vy + (&v), i.e. the residual velocity with an -
error which may be as large as 100 % (Nihoul and Ronday, 1976).

The procedure is conceivable when modelling a very limited
area (near a coast, for instance) where the mesh size of the nu-
merical grid can be reduced and where the open-sea boundary con-
ditions can be determined with greater accuracy by direct measu-
rements. Then &v can be made small enough for the average



Vg + (&v), to provide a satisfactory evaluation of the residual

flow vy - .

In the case of the North Sea or, even, the Southern Bight or
the English Channel, models of such a high accuracy are prohibi-
tively expensive and cannot be considered for routine forecasting.

However the classical models give v, with a fair accuracy and
they can be used to compute the mesoscale stress tensor N. The
latter can be substituted in eq. (143) and the system of egs. (142)
and (143) can be solved very quickly to obtain vy - One can show
that, in this way, one can determine v, with good accuracy.

Typical values for the North Sea show that, in general, the

two terms 2 & A vy and V.(- v,v,), are of the same order of ma-
gnitude.

If 6vy 1is the error on v,, one has

5v,
6[\7. (— VIVI )0] ~ [V.(- Vl "1)0 T—
1

This error induces an error v, on v, given by

&v,
28R A8y ~ BIV.(- v;v, )] ~ 0(2 Qv, ?)
1

6v0 &v

Hence the relative error is the same on v, and on v, and not the
absolute error as before. Thus if v, can %e computed with, say,
a 90 % precision, the solution of the averaged eqs. (142) and

(143) will give the residual circulation with the same 90 & pre-
cision.

The equation for the horizontal transport,

If one writes

{(145) YV oS u o+t vy e,

{146) u = u;, + u

emphasizing as before the horizontal velocity vector u
fines the residual horizontal transport as

, one de-

fo
(147} UO = ] uU dX3 = HU ﬁﬂ
-h
where 1w, is the depth-averaged velocity, H, = h + C,, h is

the depth and {; the residual surface elevation (H, ~ h because
T, € h).



The derivation of equations for the residual transport by in-
tegration of eqgs. (143) and (144) over depth is quite straight-
forward (e.g. Nihoul, 1975a). One finds, after some reordering,

(148) v.U, =0
{149) fe,rn U =-H, Vqp - KU, +e
where
D llu,ll,
(150) K = ———HE———

u, denoting the depth-mean of u; and © standing in brief for
T + Ty - Ty where

(i) Ty 1is the residual wind stress;

(ii) Ty 1is the mesoscale Reynolds stress

£
(151) T, =j Vo(- vyu ), dxy
-h

(iii) <, 1s the mesoscale "friction stress"

(152) Ty = (D llull up)y,

The friction stress is the part of the residual bottom stress
(the first part is - KUy) which results from the non-linear in-
teractions of mesoscale motions. It is analogous to the Reynolds
stress T, and represents an additional forcing on the residual
flow. :

Since Uy is a two-dimensional horizontal vector, eq. (148)
suggests the introduction of a stream function W(x,,X,) such
that '

- - dY
(153) Uos = = 5x;

1
(]54} U0,2 = ﬁ;_

Eliminating q between the two horizontal components of eq.
{149), one obtains then a single elliptic equation for ¢, viz.
fusing (150)] :

X 2 L1 3 K 3 f gy a K d £
AL 3x, [§§T (F) * %, (FN + 3%, [5;; (5) - gff(ﬁﬂ
(155)
= §4ﬁ,(9£) -8 (9L)
ax; *h dx, - h

This equation must be solved with appropriate boundary condi-
tions. If one can simply take ¢ = const. along the coasts, the



conditions on the open-sea boundaries are much more difficult to
assess. One has estimates of the tatal inflows through the Straits
of Dover [~ 7400 km®.y! (Carruthers, 1935; Van Veen, 1938}], the
Northern boundary [~ 23000 km3.3r‘1 (Kalle, 1949; Laevastu, 1963}1,
through the Skagerrak [~ 479 km®’.y" ! (Svansson, 1968; Tomczak,
1968)]1 as_well as of the contribution of the main rivers

[~ 245 km’.y"! (Mc Cave, 1974)1 but the distribution of these
flows along the boundaries are poorly known and one must resort
to interpolation formulas which may or may not represent adequa-
tely the contribution, to the residual circulation of the North
Sea, of inflowing or outflowing macroscale currents.

The open-sea boundary conditions used in the present model
are derived from the above estimates following Ronday (1976)}.
Ronday (1976) has shown that they represent the available obser-
vations reasonably well and that eventual deviations from the in-
terpolated values at the open-sea boundaries do not generate er-
rors which could propagate far into the North Sea. Still, a better
determination of the conditions along open-sea boundaries is nee-

ded and should be considered with the highest priority in the near
future.

Eq. (155) shows the influence on the residual flow of the re-
sidual friction coefficient. K and its gradient, of the distri-
bution of depths, of the curl of the residual wind stress and of
the mesoscale stresses T and Tg.

In relatively coarse grid models of the whole North Sea (where
the variations of K and h are partly smoothed out), the effect
of the mesoscale stresses appears to be the most spectacular. This
is illustrated by figs. 50, 51 and 52, figuring the residual cir-
culation in negligible wind conditions. Fig. 50 shows the residual
flow pattern assuming a constant depth of 80 m and neglecting
T, and tg . Fig. 51 shows the flow pattern taking the depth dis-
tribution into account and neglecting ¥, and tg . Fig. 52 shows
the flow pattern taking the depth distribution into account and
including =y and =T, computed from the results of a preliminary
time dependent model of mesoscale flows.

The differences between figs. 50 and 51 are small. They both
reproduce the broad trend of the residual circulation induced by
the in- and out-flow of two branches of the North Atlantic current
but they fail to uncover residual gyres which constitue essential
features of the residual flow pattern and which have been traced
in the field by observations (e.g. Zimmerman, 1976; Beckers et al.,
1976; Riepma, 1977; Prandle, 1978).

A comparison between figs. 52 and 49 shows a good agreement
between the predictions of the model and the expected circulation
of water masses in the North Sea.

However, as mentioned before, a model covering the whole North
Sea does not have a sufficiently fine resolution (of bottom topo-
graphy, for instance) and cannot detect all the existing gyres.
For that reason, three models were run simultaneously, one cove-
ring the North Sea, another one, the Southern Bight and the third
one, the Belgian coastal waters; the large scale models providing
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open-sea boundary conditions for the smaller 'scale models (Nihoul
and, Runfola, 1981).

Fig. 53 shows the residual circulation in the Southern Bight.
One notices in particular a gyre off the Belgian coast which was
not apparent on fig. 52. This gyre is produced by the mesoscale
stresses in relation with the spatial variations of the depth and
of the residual friction coefficient K (Nihoul and Ronday, 1976).
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Residual circulation in the Southern Bight catculated in negligible wind conditions,
with the real depth distribution, taking into account the mesoscale stresses TE and
! (Streamlinesin 10% m? 1)

During 1972 and 1973 some 1200 sediment samples were analysed,
taken at regular intervals, mostly with a Van Veen sampler, in
the Southern Bight of the North Sea. As described by Gullentops
(1974) "The Southern Bight is strikingly free of muddy sediments,
indicating that currents and here also wave turbulence are high
enough to allow only temporary decantation but no final deposition.
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Bottom sediments off the eastern Belgian coast : weight loss at 550° (Weight loss
at 5507 is directly related to the presence of silt.) [Elskens and Wollast, 1974]

Only in front of the Meuse - Rhine mouth, increased fluvial input
of suspension material influences the bottom sediments. The big
exception is the low energy triangle in front of the eastern Bel-
gian coast in which muddy sedimentation is developing to a consi-
derable extent due to local affluents as the Yser, but mostly to

the suspension material dragged out of the Scheldt estuary and
trapped in this area.

ERTS-A remote sensing documents proved this fact strikingly,
showing a suspension plume in front of the Rhine mouth and a huge
turbid area in front of the eastern Belgian coast connected with
an extremely turbid Scheldt estuary.

The mud area could in globo be explained by the tendency to
form an outer lagoon, behind the prelittoral ridges, in which in-
creased suspended matter arrival tends to be preserved by the
current pattern, is flocculated and aggregated by biological ac-
tivity and preserved from net erosion by weakened wave activity."

Figure 54 (Elskens and Wollast, 1974) shows the eastern Bel-

glan coast to be a privileged zone of mud accumulation in rela-
tion to the whole network studied.

The presence of the gyre off the Belgian coast, shown in fig.
53, explains the high turbidity of the water and the accumulation
of mud observed in the region off the eastern Belgian coast. The
gyre is responsible for partially entraining the highly turbid
Scheldt water to the south-west and for increasing the residence
time of water masses in the area with only very low escape possi-
bilities of the sediments to the north (Nihoul, 1975b}.



12.— Energy transfers between residual flows and mesoscale motions {tides and storm surges, ... ).

Using eq. (135), one can write the equations for v , v, and
v, in the form
v _ AT
(]56) 3T + V.(VV) + 2 Q2 AV = vq + ax3
oT,
(157) Vo(vovg) + 2 A vy = - Vg, * 7%, + V.N
v,
(158) ~t T Volv vg + vovp + viv, - ("'1"1)0] + 2 8 A v,
v . JT,
= - ¥q Cyen
1 3X,
with
(159)
(16M) Viov = T.vy = V.v, =
(161)

One can see that the equation for v, 1s essentially the same
as the equation for v . They only differ by terms which are or-
ders of magnitude smaller. It is the reason why, one can, with
the appropriate boundary conditions, determine the mesoscale ve-
locity v, , in a first step, and the residual velocity vy, in a
second step, taking the coupling between the two types of motion
into account in the calculation of v, only.

Taking the scalar products of eqs. (156), (157) and (158) res-
pectively by v, v, and v,, using eqs. (159), (160) and (161),
and averaging over T, one finds, neglecting again the contri-
butions from the time derivatives under the assumption that T is
sufficiently large :

2
v _ 9 v

(162) Ve(v 5 +vaq), = % (v.T), (T35

VS 3 v,
(163) Velvo — *+ voqg - vp.N) = EGQ_(VU'TO) - Tp - X, N Vv

v v 3

1 ! 3 Vi :

ety Velvo 5+ v g viddy = g (e Tg - (Tggdy ¢ Ne Ty

The terms in the left-hand sides of eqs. (162), (163) and
(164) are of the divergence form. They represent fluxes of energy
in physical space. The terms in the right-hand sides represent
rates of energy production or destruction or energy exchanges
between scales of motion.

Integrating over depth, one can see for instance that the
first terms represent the average rate of work of the wind stress

T, i.e.

(165) (V' .Y = vyt ¢ (v, .rj)o

where v denotes the surface velocity.
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The second term in the right-hand side of eq. (162) is rela-
ted to the average dissipation of energy. Using eq. (135), one
has, indeed

(166) - x %";3— - -39 ”g—;;]iz

where Vv 1is the eddy viscosity.

The depth-averaged dissipation rate

$

S I v
(167) €< f (r 3%, 9%
-h

can be split in two parts, as seen from egs. {163) and (164), i.e.

&

v v
L —‘—[ (T, 1) dx,

= 2¥o s
(168) € " H, ] To- 3x, 3%, 70

-h

The contribution of the residual stress T, to the energy budget.

The second term in the right-hand side of eq. (168) is ob-
viously related to the energy dissipated by the mesoscale motions.
It is, by far, the essential contribution to e and may serve as
a first approximation.of it. It is however the first term one is
interested in, here, to explain the physical mechanisms which
contribute to shape the residual circulation.

In evaluating'this term, one can obviously restrict attention
to the horizontal components of the vectors ¥, and vy, and this
is also true for any scalar product of the form

av
X,

T .

One has indeed, from the continuity equation,

v ‘
3 u
-<._ . ~~ —_
5%, V.u O(E)

where ¢ is the characteristic scale of horizontal variations.
On the other hand

Since h « % , the contributions from the vertical velocity are
completely negligible in the integrals of eq. (168).

The application of the three-dimensional equations {133) and
(134) to the North Sea (section 9) shows that



(i} the turbulent stress can be written

. df

(169) TETEST0O - E) ¢ kTN X A, AE)
1

where T and <T° are respectively the surface stress and the

bottom stress (per unit mass of sea water), E = H'l(x3 + h),

H=h+ T, h 1is the depth and T the surface elevation, the

A,'s are functions of t, x; and x, involving <*, t° and their
time derivatives, k is the Von Karman constant,

~

170 A S S—
(170) (&) < 11

and the functions f,(E) are the eigehfunctions of the problem
df

d ay
(171) d—g (A. EE_) = G’nfn
df,
(172) A d—g'— = 0 at E =20 and E =1

a, being the corresponding eigenvalue.

The last term in the right-hand side of eq. {169) plays an
important role in the determination of the velocity field v but
its effect i1s limited to relatively short periods of weak currents
(at tide reversal, for instance) [Nihoul, 1977; Nihoul et al.,
1979] and it contributes very little to the residual turbulent
Reynolds stress obtained by averaging over a time T <covering
several tidal periods.

Hence, setting z = x

, *+ h, one may write, with a good ap-
proximation

T - 7T
(173) T, ~ Tp ¢+ (g, 2

(i1} the bottom stress T isa function of T°, the depth—averaged velocity
u and the time derivaties of u.

If one excepts, again, short periods of weak currents, °

can be approximated by the classical "quadratic bottom friction
law"

(174) = DlEh=

where D 1is the drag coefficient. Averaging over a time T as
before and neglecting small order terms, one obtains then

b — — o —
(175) T, ~ Dllulll0 u, *+ (Dlwl =),
i.e., using eqgs. (150) and (152),

{176) TB ~ HyKu, + 'rf)



Changing variable to =z and using eq.

(173), one

can write

§ H,
1 ° IV, 1 [ duyg
'HO— I To.m dX3 H; TU '"3-"2— dz
-h Zg
H
o b 3ug
(177h ﬁ-g_ [ To.gz— dz
zg "
1 P A A
+ H; J ( 7] )0.BZ z dz

Zq

The horizontal velocity w,
with depth, always has a logarithmic

Profile near
implies that 23u/3z behaves like =z~

near Z

0.

however it may for the rest vary

the bottom. This
A first con-

sequence of this asymptotic behaviour of the velocity profile is

that integrals over depth are, strictly speaking,
z = (0 to the surface but some very small height
sity length'") to the surface. This has been taken

eq. (177). A second consequence is that the first
right-hand side of eq. (177) is largely dominant,
at z =0

being cancelled in the second integral by the factor

not taken from
zg (the "rugo-
into account in
integral in the
the singularity
z .

Since the second integral is only a small correction, one may

make the approximation

s b Ts _ Tb
T T, . e 0
H a H,
Egq. (177} can thus be rewritten
1 .[% 0 4 T, IHO 1 z , 9dug d
H 0°%x, X3 Hy ( . 3z 2
(178) -h Zp . H
T ° 7z dup
+ = o x— dz
H, f H, 9z
Zg
Integrating by parts, one gets
£ b — $ s
-l SVU . TO -uO TO- (UO 110)
(179) FO— J Ty .gg dX3 HO HO
-h
i.e., using eq. (176)
{0 f — 5 13
1 3v, ) T, .U, Ty-(uyg - ug)
(180) E). [h TO .E‘ de K Uy + HO HO
The first two terms in the right-hand side of eq. (164) inte-

grated over depth give then



£ :
3 _ vy _ [0 9T,
[—3)(3 (vg -Tp) L '_3x3 1 dxy = v '—3x3 dx,

(181) -h -h
[ 2 | S

1.e., the same result one would have obtained from the depth in-
tegrated transport equation for the contribution of the wind Stress

and the bottom stress, by taking the scalar product of eq. (149)
by wu,. :

One notes that, in the right-hand side of eq. (180) only the
first term can be associated without ambiguity with the dissipa-
tion of energy. The second term represents the rate of work of
the mesoscale friction stress. Although its "bottom friction"
origin is clear, its sign cannot be set a priori and there is no

reason why it could not actually provide energy to the residual
flow.

The same can be said for the last term in the right-hand side
of eq. (163). This term appears with the opposite sign in eq.
(164). It thus represents an exchange of energy between residual
and mesoscale flows; this term can be either positive or negative.
There is no way of knowing a priori wether the energy 1s extrac-
ted from the mean flow and goes from macroscales to mesoscales or
if it is supplied to the mean flow by mesoscale motions.

The exchange of energy berween scales of motion,

The exchange of energy between macroscales and mesoscales can
be characterized, at each point of the North Sea, by the depth-
averaged rates of energy transfer

(182) €

I8

)
N T T ] (N: Vvy) dx,
-h

(183) €p = - (Ty-Ty)

ja

These quantities, which may be positive or negative should be
compared with the rate of energy dissipation by the residual mo-
tion, i.e.

2
0

(184) ep, = Ku

The mesoscale Reynolds stress tensor N also contributes to
the term V.(- N.vy) in the left-hand side of eq. (163). This is
a completely different effect because it implies a flux of energy
in physical space while N: 9Yvy, appearing in boths eqs. (163)
and (164}, represents a transfer of energy between scales, i.e.,
a flux of energy in Fourier space.



This effect cannot however be ignored if one wants to under-
stand the mechanisms by which the mesoscale stresses act on the
residual flow. One shall write

2
(185) & = o f [7.(- Novy)l dx,

-h

It is convenient to normalize the rates of energy transfer
using the rate of energy dissipation e, as the normalizing fac-

tor. Let

(186) 8 = E?;

(187) gy = %

(188) 5, - ;‘;

(189) Bp = B+ By + Bp + 1

In non-dimensional forms,

(i) & is the rate of change of kinetic energy due to energy
divergence or convergence in physical space;

(ii) &y is the rate of energy exchange between macroscale and
mesoscale motions resulting from the action of the mesoscale
Reynolds stresses;

(iii) &z 1s the rate of energy exchange between macroscales and
mesoscales resulting from the action of the mesoscale friction
stress;

(iv) & + &y 1is the rate of work of the mesoscale Reynolds
stresses on the residual flow;

(v) &p 1is the net rate at which energy is extracted from the
residual flow by the combination of energy fluxes in physical
space, energy transfers between scales of motion and energy dis-
sipation by bottom friction.

A positive value of &€y or &y implies a transfer of energy
from the mean flow to the mesoscale motions. At the opposite, ne-
gative values indicate a transfer of energy from the mesoscales
to the mean flow. Using turbulence terminology, these situations
will be referred to as cases of positive eddy viscosity and ne-
gative eddy viscosity respectively. [The word "eddy" 1is here used
in an extended sense referring to mesoscale non-linear waves and
turbulence. A similar definition was proposed by Rhines and Hol-
land (1979).]
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13.— Application of the residual model to the North Sea.
Tidal residuals,

A detailed study of the tidal residuals in the North Sea was
made by means of two coupled three-dimensional models, one for
tides and storm surges (Nihoul, 1977; Nihoul et al., 1979) and

one for the residual circulation described by eqs. (141) and (143)
[Nihoul and Rumnfola, 1981].

The data of the three-dimensional models were used to compute
the depth-averaged circulation and the spatial distributions of
the depth-averaged transfer functions &g, & and &. The re-
sults are presented in figs. 55 to 61 .

Fig. 55 shows the residual streamlines. One can see that there
is, in general, a good agreement between the result of the three-
dimensional model and those of the depth-integrated model repre-
sented in fig. 52. The main differences are observed in regions
of very weak residual circulation where the three-dimensional mo-
dels have a better resolution. The existence of extended regions
of very small residual currents (less than 1 cm.s™ !} is one im-
portant characteristic of the tidal residual flow pattern. It has
been found almost impossible to give any comprehensible represen-
tation of the flow field using the traditional method which con-
sist in drawing the velocity vector at each grid point. To display
the residual flow in some regions, it has been necessary to draw
streamlines 5 10% m3s! apart while, in other regions,_ the dif-
ference between two consecutive streamlines is 2010° m®s™! or
more.

Although the small scale gyres are essential to understand
the hydrodynamics of the North Sea, especially in coastal zones,
they contain little of the total residual energy of the North
Sea and the tidal residual circulation appears to be constituted
essentially of two main energetic streams corresponding to the
penetration in the North Sea of two branches of the North-Atlantic
current. These are the analogue of the macroscale gyres of oceanic
circulation and, in this sense, the residual circulation which
has been qualified as "macroscale'" with reference to its time
scale (i.e. 1ts quasl steady character) may be classified also
among macroscale motions with respect to length scales (with a
peak of energy in the small wave number range in a spectral ana-
lysis of the North Sea energy).

~

The maps of the functions 6, &, and &, (figs. 56, 57 and

58) show a marked patchiness with alternating positive and nega-
tive values.

Absolute values are one or two orders of magnitude larger for
& and &y than for & and &y (€, = 1, in non-dimensional
form). Thus the mesoscale Reynolds stresses play the main role

* In interpreting these figures, and those which follow in the next section, one must remember that, having to
calculate horizontal gradients, the model can only provide results one grid pomnt away from the coast. One cannot
say anything from the figures about the coastal fringe.
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Tidal residuals in the North Sea. Residual flow pattern.
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in the energetics of the tidal residual flow. They are responsible
for a transfer €y "in Fourier space', i.e. an exchange of energy
between macroscale residual flow and mesoscale motions, and for a
flux "in physical space", i.e. a transport of energy from one re-
gion of the North Sea to another, These two effects tend to com-

pensate each other and the sum & + &y is about one order of ma-
gnitude smaller than each of its terms (fig. 59). Thus, when ener-
gy is supplied to the mean flow in some region (negative viscosity
effect), it is, to a large extent, exported to other regions where
energy is extracted from the mean flow by the mesoscale motions.

The pattern of streamlines (fig. 55) shows that the regions
of negative eddy viscosity contain little residual energy {(the re-
sidual currents are in general very small as indicated by the wide
spacing of the streamlines) and most of the residual vorticity
(the streamlines are curved and often closed, forming secondary
gyres).

This is confirmed by the vorticity pattern (fig. 61) showing
vorticity scales as small as 10 km associated with the gyres.

In the regions of negative eddy viscosity where the mesoscale
stresses transfer energy from the mesoscale motions to the resi-
dual flow, they also generate vorticity in the residual flow.

What is actually happening is that the energy supplied to the
residual flow in these regions is immediately exported away to
the regions of positive eddy viscosity related to the main streans.
This energy supply thus contributes to enhance the large scale cur-
rents and, in this sense, the energy is truly going from meso-
scales to macroscales, referring now indifferently to time scales
or length scales.

The secondary flows which are generated in the regions of ne-
gative eddy viscosity contain little energy but most of the vor-
ticity. This vorticity is characterized by length scales smaller
in many places than the typical length scale of tidal motions (re-
ferred to as the mesoscale motions before) i.e. the energy cascade
to larger scales is paralleled by an enstrophy cascade to smaller
scales.

It is tempting to see here a case of two-dimensional turbu-
lence and identify the patches of intense energy exchanges between
scales of motions as the "synoptic eddies'" of the North Sea.

The fact that, in these eddies, the bottom dissipation 1is
comparatively completely negligible is perhaps an argument in fa-
vor of such interpretation.

As a final remark, it is interesting to note that €y » the
net rate at which energy is extracted from the residual flow ({or
supplied to it) is not positive everywhere. A rather extensive
patch of negative values (in the range [- 1, - 10]) spreads out
from the western North Sea, off the coasts of Scotland and north-
ern England, into the central part of the North Sea.
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fig. 56a.

Tidal residuals in the North Sea. Map of positive values of the non-dimensional
fanction & representing the rate at which the residual kinetic energy is redistributed
in physical space. (Positive values indicate regions of residual energy divergence.)
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Tidal residuals in the North Sea. Map of negative values of the non-dimensional
function & representing the rate at which the residual kinetic energy is redistributed
in physical space. (Negative values indicate repions of residual energy convergence.)
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fig. 537a.

Tidal residuals in the North Sea. Map of positive values of the non-dimensional
function €y representing the rate of energy transfer between residual and meso-
scale Reynolds stresses. {Positive values indicate regions of positive eddy viscosity.)
Heavy line én =50
Siender line ——— €, = 10
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fig. 57b.

Tidal residuals in the North Sea. Map of negative values of the non-dimensional
function €y representing the rate of energy transfer between residual and meso-
scale Reynolds stresses. (Negative values indicate regions of negative eddy viscosity.)
Heavy line €y =-50

Slender line €y =-10

Broken line — — —— €y =0
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fig. 58.

Tidal residuals in the North Sea. Map of positive and negative values of
the non-dimensional function ép representing the rate of energy transfer
between residual and mesoscale flows by the friction stress.
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fig. 59.

Tidal residuals in the North Sea, Map of positive and negative values of
the non-dimensional function & + &y representing the rate of work
of the mesoscale Reynolds stresses on the residual flow.
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fig. 60.

Tidal residuals in the North Sea. Map of positive and negative values of
the non-dimensional function ép =& + &y + ép + 1 representing
the rate at which energy is extracted from the residual flow (positive
values) or supplied to the residual flow (negative values).
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fig. 61.

Tidal residuals in the North Sea. Map of the function w =
indicating the scale of the residual vorticity.
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Going back to eq. (163) where the term
2

v
0
V. (VO T)
is always completely negligible, one sees that, in the absence of
wind forcing, negative values of E; imply

V.(vgq9) = vg:Vqg > O

j.e. the mesoscale stresses are actually driving the residual flow
"up the residual slope and pressure gradient".

Wind residuals.

As pointed out in the introduction, the tidal residuals con-
sidered in the preceding section can only constitute a first
approximation of what a real climatic residual circulation is.
The atmospheric forcing has been neglected both in determining
the mesoscale motion and in computing the resulting residuals.
The advantage was that the time of averaging could be limited to
two or three tidal periods. This is not possible if one includes
the effect of a wind field which itself evolves with a characte-
ristic time of the same order.

In some cases, one may have to go to averaging over several
weeks to ensure that the average is meaningful. This implies that
the mesoscale velocity field must be calculated over the same pe-
riod of time and the cost of operating the model becomes rapidly
prohibitively large.

Although an effort of this size is now being considered to
model the residual circulation during the period of the JONSDAP '76
experiment, it has not been possible so far to apply the three-
dimensional model with real atmospheric conditions.

However, to have some idea of the effect of wind forcing, two
cases of constant uniform wind fields have been considered.

The concept of a uniform wind field over the whole North Sea
is certainly idealistic.

Moreover, the direct effect of the wind on the residual cir-
culation, which is associated with the curl of the wind stress,
is not taken into account.

Going back to eq. (157), one can see that if one takes the
curl of this equation to eliminate Vq,;, the second term in the
right-hand side will give a contribution

T,

. Eq. (169) shows that the Reynolds stress T contains a term
T'E where T° is the wind stress. Hence, a constant wind stress
contributes to eq. (190) a term
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fig. 62.

Wind residuals in the North Sea. (Uniform constant wind of 15 m.s™ !
from the north-west.) Residual flow pattern. Streamlines ' = const.
in 103 m3.s7!
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fig. 634,

Wind residuals in the North Sea. (Uniform constant wind of 15 m.s™ ! from the
north-west.) Map of positive values of the non-dimensional function & repre-
senting the rate -at which the residual kinetic energy is redistributed in physical
space. (Posivive values indicate regions of residual energy divergence.)
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fig. 63b.

Wind residuals in the North Sea. (Uniform constant wind of 15 m.s™! from the
north-west.) Map of negative values of the non-dimensional function & repre-
senting the rate at which the residual kinetic energy is redistributed in physical
space. (Negative values indicate regions of residual energy convergence.)

Heavy line 6 =-50

Slender line d=-10
Broken line — ———— 8 =10
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fig. 64a.

Wind residuals in the North Sea. (Uniform constant wind of 15 m.s™! from the
north-west.) Map of positive values of the non-dimensional function €, represen-
ting the rate of energy transfer between residual and mesoscale flows by the meso-
scale Reynolds stresses. (Positive values indicate regions of positive eddy viscosity.)
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Brokenline ———— &y =10
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fig. 64b.

Wind residuals in the North Sea. (Uniform constant wind of 15 ms™" from the
north-west.) Map of negative values of the non-dimensional function €y represen-
ting the rate of energy transfer between residual and mesoscale flows by the meso-
scale Reynolds stresses. (Negative values indicate regions of negative eddy viscosity.)
Heavy line éy =-50

Slender line ———— &y = - 10

Broken line —— ——~ &y =10
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fig. 65.

Wind residuals in the North Sea. (Uniform constant wind of 15 ms™ ! from the
north-west.) Map of positive and negative values of the non-dimensional function
€g representing the rate of energy transfer between residual and mesoscale flows

by the friction stress.
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fig. 66.

Wind residuals in the North Sea. (Uniform constant wind of 15 m.s™! from the
north-west.) Map of positive and negative values of the non-dimensional function
5+ &y representing the rate of work of the mesoscale Reynolds stresses on the
residual flow.
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fig. 67.

Wind residuals in the North Sea. (Uniform constant wind of 15 ms 1 from the

north-west.) Map of positive and negative values of the non-dimensional finction
ér =0 + &y + ép + 1 representing the rate at which energy is extracted from
the residual flow (positive values) or supplied to the residual flow (negative values).
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Wind residuals in the North Sea. (Uniform constant wind of 15 m.s™!
Al
from the north-west.) Map of the function @ = —-—"-_T
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(191) v oA (IH’)O = 0, 20

1f the wind field is uniform, the first term of the right-
hand side of eq. (191) drops out. The effect of the wind stress
on the residual circulation is then due, in part, to the last
term in the right-hand side of eq. (191) and, in part, to the
modification of the mesoscale stresses resulting from the action
of the wind field on the time dependent mesoscale motions.

There is thus no "direct" transfer of vorticity from the wind
field to the residual circulation.

In the present case, it is perhaps preferable since the ob-
jective of the study is to elucidate the role played by the meso-
scale stresses in determining the residual flow pattern and in
particular in generating secondary gyres.

The hypothesis that the wind is constant in time (i.e., that
it has a very large characteristic time of evolution) is of course
limitative. It justifies however the averaging over a few tidal
periods as this corresponds again to a valley in the energy spec-
trum of the currents.

In this process, the tidal currents are alsc removed but they
are evidently taken into account in the time dependent mesoscale
flow which determines the mesoscale stresses. One should not be
mislead by the name "wind residuals". The effect of the wind cannot
he dissociated from the effect of the tides. All "wind residuals"
are wind and tidal residuals,

Two cases of reasonably strong wind have been considered :
(i) a constant wind of 15 m.s ' from the North-West,
(ii) a constant wind of 15 m.s~! from the South-West.
The results are presented in figs. 62 to 68 for the first case
and in figs. 69 to 75 for the second case.

In both cases, the streamlines pattern (figs. 62 and 69) show
a deflection, under the influence of the wind field, of the main
streams originating from the North Atlantic current's inflows. The
tracery of the streamlines is more contorted and encloses large
{length) scale gyres associated with relatively strong residual
currents.

These gyres appear to determine the vorticity distribution
and only few small scale secondary gyres are apparent in regions
of weak residual currents.

The maps of energy transfer functions reflect the streamlines
patterns. The energy dissipation € 1s more important (stronger
currents) than in the absence of wind and the rates of energy
transfer €y, €, ... _are found generally comparable to g , the
normalized functions &, € and Eg having only a few located
peaks of values significantly larger than 1.

One can still find "eddies'" where the exchange of energy bet-
ween scales of motion sharply dominates the energy dissipation by
bottom friction and, induced to look for it by one's understanding
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Wind residuals in the North Sea. (Uniform constant wind of 15 ms~!

from the south-west.) Residual flow pattern. Streamlines Y = const
in 10% m3 57!
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fig. 70a.

Wind residuals in the North Sea. (Uniform constant wind of 15 ms ! from the
south-west.) Map of positive values of the non-dimensional function & repre-
senting the rate at which the residual kinetic energy is redistributed in physical
space. (Posivive values indicate regions of residual energy divergence.)
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fig. 70b.

Wind residuals in the North Sea. (Uniform constant wind of 15 m.s™ 1 from the
south-west.) Map of negative values of the non-dimensicnal function & repre-
senting the rate at which the residual kinetic energy is redistributed in physical
space. (Negative values indicate regions of residual energy convergence.)
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fig. 71a.

Wind residuals in the North Sea. (Uniform constant wind of 15 ms 1 from the

south-west.) Map of positive values of the non-dimensional function &y represen-
ting the rate of energy transfer between residual and mesoscale flows by the meso-
scale Reynolds stresses. (Positive values indicate regions of positive eddy viscosity.)
Heavy line €y = 50

Slender line ——— &y = 10

Brokenline ———— €y =10
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fig. 71hb.

Wind residuals in the North Sea. (Uniform constant wind of 15 ms™! from the
south-west.) Map of negative values of the non-dimensional function €y represen-
ting the rate of energy transfer between residual and mesoscale flows by the meso-
scale Reynolds stresses. (Negative values indicate regions of negative eddy viscosity.)
Heavy line €y =-50

Slender line Ey =-10

Brokenline ———-— &y =10
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fig. 72.

Wind residuals in the North Sea. (Uniform constant wind of 15 m.s 1 from the
south-west.) Map of positive and negative values of the non-dimensional function

g representing the rate of energy transfer between residual and mesoscale flows
by the friction stress.
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fig. 73.

Wind residuals in the North Sea. (Uniform constant wind of 15 m.s”! from the

south-west.) Map of positive and negative values of the non-dimensional function
0 + &y representing the rate of work of the mesoscale Reynolds stresses on the
residual flow,
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fig. 74.

Wind residuals in the North Sea. (Uniform constant wind of 15 m.s"! from the
south-west.) Map of positive and negative values of the non-dimensional function
ér =8 + €y + € + 1 representing the rate at which energy is extracted from
the residual flow (positive values) or supplied to the residual flow (negative values),
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Wind residuals in the North Sea. (Uniform constant wind of 15 m.s™! from the

north-west.} Map of the function

indicating the scale of the residual
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of tidal residuals, one can still see a relationship between ne-
gative viscosity eddies and small (length) scale vorticity in se-
condary gyres but basically, bottom friction has gained control
of energy and enstrophy cascades and an interpretation of the
residual flow's energetics in terms of two-dimensional turbulence
is no longer profitable.

14.— Three-dimensional dispersion models for passive constituents.

The evolution of a passive constituent is described by eq. (15}
By restricting attention to a passive constituent, one makes the
assumption that the constituent 1s involved in no significant in-
teraction with others and that eq. (15) can be solved, once the
velocity field v , and the diffusion coefficient A have been
determined, independently of similar equations for the concentra-
tions of other constituents.

In the first instance, the rate of production (destruction) Q
is, in this approximation, a function of inputs (outputs) which
represent the transfers of matter between the marine system and
the outside world (dumpings, ...).

One can also include in Q 'self-destruction' mechanisms like
radicactive decay, natural death (for a biological species) or
precipitation of suspended sediments, after eventual flocculation.

In the first two cases indeed the corresponding contribution
Q to the rate of production Q depends only on the constituent's
concentration and may be written, with often a very good approxi-
mation,

{192) Qq = - kc

where k 1is a suitable constant.

In the third case, the sedimentation (or the ascension of

light constituents) may be expressed as the divergence of a flux,
i.e.

9
(193) Q, = - V.(cw) = - % (cw)

where w = we, is the sedimentation (ascension) velocity.

If one denotes by Q, the contribution of inputs and outputs,
one has thus

(194) Q=9 +Q *Q )

A special case of great interest is the instantaneous release
at a given time which may be taken as the initial time. In that
case, Q, may be left out in eas. (194) and (15) and taken into
account in the initial conditions which are used later to deter-
mine constants of integration in the solution.



Horizontal diffusion due to microscale three-dimensional tur-
bulence has been neglected in eq. (15). This approximation re-
quires some explanation. The argument is basically that horizontal
gradients are much smaller than vertical gradients and that since
the horizontal and the vertical eddy diffusivities are of the same
order of magnitude in three-dimensional microscale turbulence,

> 5 3y 2
(195) Ve T0) 2 T (o) « g 25

A, denoting the horizontal eddy diffusivity.

Eq. (195) 1s almost always verified in shallow continental
seas like the North Sea because the depth is much smaller than
any horizontal length scale. There are however exceptions and, in
particular, immediately after a dumping or in the immediate vici-
nity of a continuous source, there may be important horizontal
gradients of concentration and effective horizontal diffusion by
microscale turbulence. Yet, marine turbulence has relatively
little to do with it; the mixing of the effluent being, at this
stage, still largely dominated by "intrinsic' turbulence resul-
ting from the release operation (high jet velocity or temperature,
stirring by the ship's propeller, ...).

This initial phase of the dispersion is not described by the
equations of marine hydrodynamics but it 1s usually very limited
in space and (or) in time. In practical applications, one starts
the simulation after the initial phase has ended, taking the pre-
liminary mixing into account in new initial conditions.

Thus, discarding the delicate intrinsic phase, one may assume
that eq. (195) holds and neglect horizontal microscale turbulent
diffusion. This does not imply, however, that there is no hori-
zontal dispersion. Indeed, with only microscale turbulence taken
away by averaging, the horizontal velocity field wu still con-
tains a continuity of components of different time scales and
length scales reflecting the natural varilability of mesoscale pro-
cesses 1in the atmosphere and in the sea (fig. 76).

The variability of sea motions in the mesoscale range cannot
be reproduced by the hydrodynamic models of tides and storm surges.
For instance, these models operate with "average' meteorological
conditions and do not respond to fluctuations in the wind and
pressure fields which perturb the flow pattern in the sea. The
length-scales of such perturbations are, in any case, smaller than
or comparable with the grid-scale and cannot be represented.

One can visualize the situation by considering that the hori-
zontal velocity vector is, actually, the sum of a '"representative"
velocity wu and a variable and changing velocity u' responsible
for a disorganized advection equivalent to dispersion.

The irregular shape of a patch of pollutant in the sea is ex-
plained by this erratic advection which never quite recurs and
observations made in similar circumstances reveal dispersion pat-
terns which are globally similar but differ in the details. However,
if one superimposes the results of several experiments conducted
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Above : observed energy density spectrum during a dye release experiment
in the North.Sea in October 1969. (The spectrum is normalized with the
energy density of the M, tide.)

Below : wind recording during the experiment. [Talbot, 1972}

in the same global conditions, a "represeniative" pattern of dis-

persion emerges which can be reproduced in a second series of
experiments.

It is, obviously, the representative dispersion that one wants
to model and, for this purpose, eq. (15) must be further averaged
over an ensemble of identical situations. The ensemble average eli-
minates the fluctuations w' and c¢' from the linear terms but



their mean product remains from the non-linear advection term. The
additional term has the same form as its microscale turbulent
equivalent and more or less the same effect : horizontal diffusion.

This diffusion is called "pseudo-turbulent’ to emphasize that it
is the product of scales of motions with a highly anisotropic
structure (the horizontal length-scales are much larger than the
depth) and with some degree of organization, 1.€. a pseudo-random
phenomeneon not quite comparable with the three-dimensional perfect
disorder of microscale turbulence.

If u now denotes the representative velocity, one can write

eq. (15) in the following form which takes into account the pseudo-
turbulent horizontal diffusion

ac 9 9 ~ ac

'ﬁ' + V.(uc) + 3)(3 (V3C) = Q + axl (Kl Bxl)
{196)
~ dcC 2 ~ 3C
tax, 2 ) e * 3%,

k, and k, are the two coefficients of pseudo-turbulent horizontal
diffusion (including ipso facto the small contribution from micro-
scale turbulence). In many cases, one may take

(197) K, =Ky, =K

In three-dimensional isotropic turbulence, one can assoclate,
to a given length-scale %,
(i) a time scale T

(198) T ~ g~ 33

and
(ii) a velocity scale Vv

(199) v o~ g3t ~ U212

. . . 1 - .
characteristic of motions at the scale ¢ 3 € (in m .S 1 1is
the rate of energy transfer between scales of motions.

If & 1is the size of a patch of contaminant, smaller scale
motions produce a diffusion of the patch. The associated eddy
diffusivity scale 1is

p)
ve o~ 51“2“3 ~ EY

The differences between pseudo-turbulence and three-dimensional
isotropic turbulence have been emphasized. There is however con-
siderable experimental evidence that horizontal diffu51on.by ‘
pseudo-turbulence is, by many aspects, similar to three-dimensional
turbulent diffusion and Ozmidov (1961, 1967) has argued that the
pseudo-turbulent horizontal diffusivity % can be written

200) % o= aePe*




where o is an empirical constant and where a different value of
€ must be used in three distinct ranges of scales to take into
account the inputs of energy at intermediate scales.

Although it is generally agreed that, as a result of the wide
spectrum of horizontal motions, the horizontal eddy diffusivity
must increase with the scale of mixing considered, there has been
sofar no definite evidence that it behaves exactly as the 4/3
power of ¢

According to Joseph and Sendner (1958), the pseudo-turbulent
horizontal diffusivity & should be proportional to the length
scale of the mixing process. Introducing a diffusion velocity P
they take

3

(201) kK ~ Pue

where the diffusion velocity — which is related to the root-mean-
square value of the velocity fluctuatlons — is assumed to be cons-
tant (P ~ 107% m/s).

Okubo (1971a,b), reviewing data from a large number of expe-
riments, derived the relation

(202) %o~ pelh

The exponent 1.15 is intermediate between the value 1 given
by Joseph and Sendner and the value 4/3 advocated by Ozmidov
(fig. 77}).

Results from a diffusion experiment in the North Sea reported
by Joseph et al. (1964) suggest on the contrary that the exponent
is less than 1 and actually decreases to 0 with increasing
scale, the eddy diffusivity tending to a constant value. A similar
behaviour was apparently observed by Talbot (1870).

As pointed out by Okubo, the experimental data cannot defini-
tely prove or rule out any theory. One must remember in particular
that coefficients like € or P are functions of time and may
vary appreciably during a series of observations. Such variations
produce a scattering of the experimental data through which, in
most cases, curves like (200), (201) and (202) can be drawn with
an equally good fit. The three curves are, however, very close
and they all provide good estimates of the horizontal eddy diffu-
sivity when the control parameters (e , P , etc.) are properly ad-
justed.

Using formula (200), one finds, for patches of contaminants
ranging from a few meters to a few kilometers in 512e, pseudo—
turbulent horizontal diffusivities ranging from 107 .57 to
10 m*.s"! {(e.g.Nihoul, 1975a) and, for a typical patch size of
102 to 10 meters, one can put down for later estimates a typi-
cal value of & ~ 1 m?.s”!

Examining the different terms of eq. (196), one can see that

one can associate, with vertical turbulent diffusion, a characte-
ristic time

(203) t, ~ WX
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Pseudo-turbulent horizontal diffusivity K as a function of scale

In fairly well-mixed shallow seas, t, has values ranging
from a few hours to a few days. In deeper regions (when h is
larger) or in partially stratified waters (where XA <can be con-
siderably decreased), t, can be one or two orders of magnitude
larger. (The case of a light constituent which tends to concen-
trate at the sea surface may be regarded as an extreme case of
stratification, characterized also by large values of t,.)




If one considers a dumping at t = 0, one may distinguish
between successive stages of the dispersion process.

{i) For t <« t,, vertical diffusion is inoperative and vertical
advection being quite negligible with respect to horizontal
advection, on can drop the last terms in the left-hand side
and right-hand side of eq. (196) and consider the two-dimen-
sional dispersiocn of a constituent confined te a thin layer
at discharge or equilibrium level.

(ii) For t ~ t,, the problem 15 a three-dimensional one.

(iii) For t » t,, the constituent is almost uniformly distributed
over the water column and it is reasomable to restrict atten-
tion to the horizontal dispersion of the depth-averaged con-
centration €, introduced in eq. (39).

In eq. (39), the pseudo-turbulent horizontal diffusion is
still included in the advection term and could be extracted by
ensemble averaging of the equation. The corresponding contribution
however turns out to be small compared with the shear effect and
one is justified to use eq. (39) as it is, with u as the repre-
sentative veloclity, even if it entails to add a second horizontal
diffusion term with an appropriate diffusivity K synthesizing

the effects of mesoscale pseudo-turbulence and microscale turbu-
lence.

The observations by Joseph et al. {1964} and Talbot (1970) of
a horizontal diffusivity coefficient tending to become, after
some time, independent of the horizontal scale, suggest that their
experiments extended beyond the first phase and that shear effect
had taken over the mechanism of diffusiom.

The self-destruction term Q4 , 1if it can be expressed in the
single form (192} can always be eliminated by the change of va-

riables
(204) c = cre X

Eq. (196) gives, substituting eq. (204) and usihg eqs. (193),
(194) and (197) '

ac* * d * _ * a *
et Vy s (uc*) + ix, {(c¢*vy) = Q° - 5;;—(c W)
(205)
~ * ] ~ ac”
+ Vh.(x th } + ax3 (A. "é'”)‘(—;)
where
(206) Q* = q, e

is a given function of x and t representing external sources
and sinks and where

9
(207) V. = e, >— + e, °—
h 1 axl 2 axz -

In the following, one shall assume that the transformation

(204) has been made and set Qg = 0. For simplicity, the aste-
risks will be dropped.




The roles of the different terms of eq. (205) are easily iden-

tified. The variation of the concentration c¢ with time results
from the combined effects of

*» horizontal advection : vy« (cu)

« vertical advection : Enh-(cv)
93X, 3

* vertical migration : -~ E——-(cw)
39X,
* horizontal diffusion : Vv, .(¥K v, )
; . . . 9 Y 3¢
e vertical diffusion : +— (A =)
90X, 3x3
* local production or destruction by external sources and sinks : Q
4 Vertical
g
Q, %. advection
Uy .
1ion
g, Hot'\wmal advect
& d-HorizO"t&l
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fig. 78.

Schematic diagram of the different effects affecting the evolution of a passive constituent

15.— Two-dimensional models of horizontal dispersion.

One of the most important problems of passive dispersion is
the diffusion of a contaminant, released at a given point of the
marine region and subsequently dispersed by sea motions around
the point of release. This problem is associated with the acci-
dental or organized dumping of pollutants, the discharge of se-
wage and used industrial waters, etc.

In many cases, the diffusion may be considered to be two-
dimensional, the contaminant being confined to a thin homogeneous



layer at discharge level and essentially spreading in a horizon-
tal plane. One can then neglect the vertical components of advec-
tion, migration and diffusion. If furthermore the horizontal ve-
locity field may be assumed reasonably uniform over the area of
dispersion, the horizontal advection reduces to a simple trans-
lation. '

Thus, if the x,-axes is taken in the direction of the trans-
lation and if wu, is the translation velocity, eq. (205) can be
written in the simple form:

=%
]

(208)

|

3 ~
+ Uy 5—;7=Q+ V- (& Vyc)

Qs
e+

It is convenient to change to axis moving with the horizontal

velocity uge The new coordinates x} ,x} are given by

1° 1

{209) X] = X; = ugt
(210}

*____
2 X

S

Hence the time derivative becomes

3 ac

*
Bxl

@]

- Uy

Q

t
and, substituting in eq. {(208), one gets

210 2 -+, (& V)

Of particular interest is the case of an instantaneous release
at a given time. If the time of release is taken as the initial
time, the inputs into the system, from the outside, are zero, ex-
cept at t = 0. They thus appear in the initial conditions and,
~in eq. (211}, Q = 0.

Assuming horizontal isotropy in the axes moving with the cen-
ter of the patch, in polar coordinates (r,#) , the concentration
¢ 1is a function of 1 and t only.

The eddy diffusivity &k is also, in general, a function of
r because it depends on the scale of mixing (2 ~ r). The for-
mulae (200), (201) and (202) are all of the form:

(212) K = prt
The particular values
(213) W= const. , g =210

correspond to the case of constant diffusivity. In general however,
1w is a function of time.

The formulae proposed by Ozmidov and Joseph are particular
cases of eq. (212) given respectively by



@ Ozmidov :

(214) u=acl
4

(215) q = 3

@ Joseph :

{216) us=Pr

(217) q =

Using eq. (212}, eq. (211) reduces to

Q2

Cc _ 1 9 g+l 8cC
(218) It T 57 (BT 37)

The conditions of validity of this equation are obviously re-
lJated to the three hypotheses made : © vertical homogeneity in a
thin layer where the contaminant is confined, & horizontal homo-
geneity over some region embodying the dispersion patch and ® ho-
rizontal isotropy in axes moving with the center of the patch.

Although the first two hypotheses constitute a valuable first
approximation to estimate the speed and the extent of the disper-
sion, a weak vertical or horizontal shear may modify the disper-

sion pattern in a non-negligible way. This effect will be examined
later.

The assumption of horizontal isotropy may not seem very rea-
listic if one examines the shape of the patches observed in dis~
persion experiments. Indeed, while all solutions of eq. (218)
have a radial symmetry, dispersion patches often show irregular
elongated shapes which do not seem to be compatible with the as-
sumed symmetry. However the superposition of several patterns of
dispersion from many similar experiments, very often produces a
much more symmetrical configuration, in good agreement with the
predictions of eq. (218).

Eq. (218) must really be regarded as describing a representative
dispersion process allowing simple estimates of the extent and
rapidity of the dispersion.

The solutions of eq. {(218) can be used to calculate the effec-
tive eddy diffusivity from field observations and experiments with
tracers and it 1s interesting to discuss them briefly here.

In general, solutions of eq. (218) are sought in the form
(219) c = y(t) 9O
Substitution in eq. (218) gives

(220) d_Y do m 2~2 2m+q-2

-y 5= = - +m)uyom ra*m-2
It Y g T m o uyr (q Juy



The existence of a similarity solution of the type (219) depends
on the possibility of choosing m in such a way that the same
powers of r appear in the two members. It is readily seen that
the only sensible choice is (q # 2) :

(221) qQq+m-2=0
(222) Zm+ q -2 =m
_and

d
(223) qt = - 22-awd
(224) Lo @-0'wd

Solving eq. (224) for &, substituting in eq. (223) and in-
tegrating, one gets

t

(225) 5! = (z—q)zﬂf w dt
0

2
(226) y = A"
where A is a constant of integration.

Hence

L 2_q

(227) c = AGI Y

When t tends to zero, & tends to infinity and ¢ tends to
zero everywhere except at r = 0. The similarity solutiomn (227)
is thus the appropriate solution for the problem of an instan-
taneous point release at r© = 0, t = 0.

If C 1is the total amount released per unit depth — one re-
members here that the contaminant is actually uniformly distri-
buted over a thin laver — the constant of integration A can be
determined in terms of C either by imposing the initial condi-
tion or by expressing the conservation of mass :

oo

2w co
(228) [ dé ] cr dr = 2m ] cr dr = C
0 0 : 0

Using eq. (227}, the left-hand side of eq. (2Z28) can be
written

s 2 oo 2

I e _A.1-a -1
ZnA] G279 97 T rodr = ;__z J et dE
0
(229)
. ZmA 2
=7 - q g9

where I 1s the gamma function.



Hence

(230) A =L~ ZC
n F(z__'a
and
2
(231) c = L& - 2C §T-a -0r?d
27 P(‘m

Special forms of eq. (231) have been used by several authors
assuming constant B [in eq. (225)] and q either 0, 1 or 4/3.
With these assumptions & 1is proportional to t ! and the follo-
wing simple formulae are obtained :

® u

const. , q = 0 ; constant eddy diffusivity :

_ C KM
(232) c = Irut e

® W = const. , q T ; Joseph's formula for the eddy diffu-

sivity :
C _r
233 C = ———— g M
(233) 2mputt?
® u = const. , gq = % ; Ozmidov's formula for the eddy diffu-
sivity :
9[2[3
. C 93 tim
S

Eq. (231) shows that the concentration at the center of the
patch (r = 0) is given by

2
(235) ¢y = =4 2C 5%
Zn F(gﬁra)

Hence, combining eqs. (231) and (235) and setting

Co
(236) n = 1lnln =
(237) £ = 1ln =
r,
r2-1
(238) @(t,q) = 1n (512°%) = In .

(2-q)? /' a dt
1]

where 1, is a reference value of r introduced to make the va-
riables non-dimensional, e.g. the smaliest r where concentra-
tions are measured, one obtains



(239) n=1(2-qE+we

This formulation is extremely convenient to interpret the ob-
servations. Indeed n can easily be calculated as a function of
E from the survey of the patch of contaminant at any given time.
If the solution (239) is correct, all points must lie on a straight
line. The slope of the line determines q . Figs. 79, 80 and 81
show the diagrams of n plotted from observations of diffusion
experiments in the North Sea. The value of q seems to be inter-
mediate between 0 (constant diffusivity) and 1. (Joseph's law),
close to 1 during the early stage of the dispersion and approa-
ching zero as the dispersion progresses.
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fig. 79.
Diagram of n versus £ from observations during a diffusion experiment
in the North Sea. (After Joseph et al., 1964.) ry = 10m.
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fig. 80.

Diagram of 7 versus £ from observations during a diffusion experiment
in the Southern Bight of the North Sea. (After Talbot, 1970} r; = 100 m.



fig. 81.

Diagram of 7 versus £ from observations during a diffusion experiment
in the North Sea off the Yorkshire coast. (After Talbot, 1970.) r; = 10m.

The two-dimensional isotropic solution (227) is based on the
assumptions of horizontal homogeneity over some region embodying
the patch and vertical homogeneity over a thin layer where the
contaminant is confined. In that case, the advection velocity is

uniform and in axes moving with that velocity, the diffusion may
be assumed isotropic.

The effect of weak lateral and vertical shears has been exa-
mined by Carter and Okubo (1965). They consider the mixing from
an instantaneous source in an unbounded sea. They take constant
but different eddy diffusivities in the directions of the three
axes and, allowing for weak lateral and vertical inhomogeneities,
they assume a horizontal velocity in the x,-direction which va-
ries slowly with x, and x; and may thus be approximated by the

first two terms of 1ts Taylor expansion near the origin. They
write :

(240) u, = u(t) + Eyx, + Ejx; u, = u, =0
and
2 2 2
9C ac  _ 9 C 3’ c a cC
(241) 3t ¢ (U B Xy v Exg ax, " ax? “2 9x2 3 %3
The solution, for an instantaneous point source at X, =X, =Xy =0,
is found to be
c B
32 172 .32 2124172
8T (i, )T (T + E4t4)
t 1 2
y [x] - % udt - 7(sz2 + §3x3)t] . x; . xi
exp - .
Xp 4K1t(1 + E2¢2) 4K2t 4yt

where B 1is the total amount released and where E is a kind of
weighted average of the shear given by



r 1 1 & 2 K3
(243} E” = 5 () % * By

g_l can be interpreted as the time at which the velocity shears
begin to affect the mixing significantly.

The mean characteristics of the dispersion predicted by eq. -

(242} are the following :

® The surfaces of equal concentration are ellipsoids. The princi-

pal axes of the ellipsoids are all in the same direction at any

" time but their orientation varies with time in the coordinate axes.
® The maximum concentration decreases as t-3? during the initial
period t « E'! and as t-52 for t » E'! when the shear domimates.

® In the period of shear diffusion t » E™!, the patch is greatly
elongated in the x,-direction.

Fig. 82 shows the variation with time of the maximum concen-
tration measured by Carter and Okubo (1965) during dye-release
experiments in the (ape Kennedy area.
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fig. 82.

Variation of peak concentration Cp /M with time for instantaneous dye-release
experiments in the sea off Cape Kennedy. (After Carter and Okubo, 1965.)

The data distinctly reveals two stages of decay : an initial
stage negligibly affected by the inhomogeneity, and a final stage
dominated by the velocity shear. The corresponding laws of decay
are in good agreement with the predictions of the model.



The solutions (231) and (242) correspond to the very specific
situation of an instantaneous point release in a simple current
field. Other equally important cases are, for instance, the dif-
fusion from a continuous source, the steady {long-time average)
dispersion by residual currents, the distribution of contaminants
in stratified waters, etc. Idealized models of such situations

and some exact solutions can be found in Crank (1956), Okubo
(1971a} and Bowden (1972).

Although analytical solutions have proved extremely useful to
interpret the observations or to obtain valuable indications fo
predict the general features of the diffusion of contaminants, one
must realize that they are limited to simple idealized situations
where one can ascribe simple forms to the advection velocity and
to the diffusion coefficients.

More detailed descriptions and refined predictions require
however the solution of eq. (206) taking into account the actual
(observed or computed) current pattern and, in most cases, this
can only be done numerically.

16.— Depth-integrated models of horizontal di.épersion.

When the contaminant is confined to a thin homogeneous layer
at discharge level and essentially spreads in a horizontal plane,
the dispersion process is described by the two-dimensional equa-
tion (208}. This type of situation may be expected in strongly
stratified waters where the vertical eddy diffusivity A is
small.

In shallow continental seas with strong tidal or wind-induced
currents, intense mixing is produced by three-dimensional micro-
scale turbulence and the kind of two-dimensional vertically con-
fined dispersion described above is ephemeral; vertical turbulent

diffusion acting to distribute rapidly the contaminant over the
whole water column.

Vertical gradients of concentrations may exist in localized
areas where vertical mixing is partly (and temporarily) inhibited
by stratification or during short periods of time — a few hours
following an off-shore dumping, for instance — before vertical
mixing is completed. However such cases are very limited in space
and time and, in most problems, it is sufficient to study, in a
first approach, the horizontal distribution of depth-averaged
concentrations (Nihoul et al., 1980; Warluzel and Benque, 1980).

Let, as in eq. (39),

¢
(244) T =H" ] c dx,
-h

(245) c -<T

)
]



Integrating eq. (205} over depth and using eq. (28), one finds

ol

0

(246) +4.V,C = A+ +T

Qz
ct

where A and I are defined by eqs. (40) and (41) and where

§
(247) T =H' I [V, . (R Vyc)1 dx,
-h

Eq. (246) reduces to eq. (39) if the pseudo-turbulent diffusion is
neglected with respect to the shear effect.

One emphasizes that the non-linear terms give two contribu-
tions, the first of which is the product of the means while the
second, X, 1s related to the mean product of the deviations.
One can see that E 1s a result of the vertical shear. It would
be zero if the velocity was uniform over the depth. (This, however,
cannot be the case because the velocity is maximum at the surface
and vanishes at the bottom.) Hence, the name "shear effect’.

The shear effect described here, in the context of depth-
integrated models, should not be confused with the effect of a
lateral shear of the advecting velocity on the two-dimensional
dispersion of a contaminant confined to a thin layer.

In fact, the appellation "shear effect" is widely used to de-
note similar but not identical phenomena. In this context, it is
meant in the following sense : space-average concentrations (e.g.
over the depth or over the cross-section) are governed by equa-
tions which are derived from the three-dimensional ones by space
integration. In this process, the quadratic convection terms give
two contributions, the first of which represents the advection by
the mean motion while the second contains the mean product of de-
viations around the means and contributes to the dispersion.

This effect has been described by several authors in pipes,
channels and estuaries where, after integration over the cross-
section, the flow — steady or oscillating — is essentially in one
direction (Taylor, 1953, 1954; Elder, 1959; Bowden, 1965).

In shallow waters, it 1s generally sufficient to consider the
mean concentrations over the depth but, out at sea, no further
averaging is possible and the dispersion mechanism is fundament-
ally two-dimensional. The models valid for estuarine diffusion
have been generalized by Nihoul (1972, 1973b) to account for tran-
sient wind-changing currents and rotating tidal currents. '

Parameterization of the shear effect.
Substracting eq. (246) from eq. (15), one ohtains

ac — oa -~ on ac
== t u.VC + u.VC + v, <

8X3

+Z—Vh.(E vhc) +T+ﬁ.VE

=+

248 -
( ) _ ] (x oc
Bx3 X

- wé) + Q - A
3



It is reasonable to assume that the deviation & is much
smaller than the mean concentration € while the velocity devia-
tion # can be a substantial fraction of W over a large part
of the water column as a result of the velocity profile imposed
by the boundary conditions.

It is generally accepted that the vertical advection and the
‘turbulent diffusion residue can be neglected as compared to the
horizontal advection. For instance, one estimates (introducing

the diffusion velocity P and, as before, a characteristic length
¢ of horizontal variations)

(249) T - 9. (R %0) ~ 0059 < @.78 ~ 0(55)

Under these conditions, all terms in the left-hand side of eq.
‘(248) are small compared to the last one, and one may write

o3 3E N
250 u.vc ~ —— (A - WC) + - A
( ) 9X; ( 93 ) Q

The physical meaning of this equation is clear; weak vertical
inhomogeneities are constantly created by the inhomogeneous con-
vective transfer of the admixture and they adapt to this transfer
in the sense that the effects of convection, tranverse diffusion
and unequal migration are balanced for them.

Eq. (250) can be used to calculate ¢ in terms of the gra- .
dient of the mean concentration <€ . Multiplying the result by

and integrating over depth, one obtains thus an estimate of the
shear effect.

In general, one may further neglect the migration term as mi-
gration velocities, for instance sedimentation velocities, are
often comparable with or smaller than the vertical advection ve-
locity. The sedimentation flux may be quite important compared
with the turbulent flux in the bottom boundary layer where the
eddy diffusivity becomes small but this is a small region compared
to the water depth and it affects very little the shear effect
which is obtained after several integrations over the water column.

The last term Q - A may presumably also be neglected. In-
deed, i1t is of order A . The corresponding contribution to the
shear effect, calculated by twice integrating over x3 multiplying
by @ _and taking the horizontal divergence, will be of the order
of aH’TX'e"

In shallow continental seas, one has (e.g. Bowden, 1965;
Nihoul, 1975a) A ~ 0{uH). Thus the contribution of the term
Q - A in eq. (250) to the shear effect E 1in eq. (246) will be
of the order of AH2 ! « A since H <« £ . Hence this contribution
may be neglected as compared to the term A which is already
present in the right~hand side of eq. (246).

In these conditions, eq. {250) reduces to

“ o= _ 0 ~ 3¢
(251) u.Ve = §X_3 (;\. Xj)

Q2



In the following, one shall admit for simplicity that eq. (251)
is applicable. Furthermore, restricting attention to neutrally
buoyant (w = 0) or sedimenting (w < 0) constituents, one shall
assume that the flux at the free surface is zero*.

In that case, integrating eq. (251), one obtains :

~ o= _ % 9C
(252) Hr.V{:—kax3
where
X3
(253) £ = H_lf @ dx,
4
Integrating by parts and taking into account that ¢ = 0 at
X, = T and x, = - h, one gets
. (254) £ =H' V.(HR.VQ)

where R 1s the shear effect diffusivity tensor, i.e.:
r -~ r
(255) R = H ] =5 dx,
A
-h

To determine R, one must know the turbulent eddy diffusivity X
and the function T, i.e. the velocity deviation i .

In a well-mixed shallow sea, where the Richardson number is
very small and the turbulence fully developed, it is reasonable
to take (e.g. Nihoul, 1975a) :

(256) A~

Egqs. (80) and (1%t7) can be written

>
H

(257) H' o(t,x;,%;) A(E)

Sy . b,

L +

(258) &5 Vs ald‘?b) £ (E)

=
1

= v, [s(E) - 51 + v, [b(E) - B] - (

where s(E) and b{E) are given by eqs. {94) and (95) and where

(259) T, Ty,

(260) Vs T GH ; Yo T GH

5 and b are the depth—averages of s and b,

1 1
\ |
gg;j s, =[ s £, dE , by =f bf, dE
0 0

* The case w>0 can be treated in the same way with only trivial modifications of the algebra.




@, and £, are respectively the first eigenvalue and the first
eigenfunction of the problem (103) .and (104). A dot denotes a to-
tal derivation with respect to time.

' Application to the North Sea.
Combining eqs. (119), (120), (121) and (253), one gets

v, + 2%

(263) £ o=v, S() + vy Bn) + ST F(n)

with

(264) S(n) = 4 1n2(n - 1) + 2(2-n) 1n (2-n)

(265) B(n) = -21In2(n-1) +nlnn - (2-n) 1n (2-n)
(266).  F(m) = 3% (0’ - 30+ 2n)

The shear effect diffusivity tensor can then be written

= P
R [ oA dg
&g
Y Y Y
= = VeV, t Sob (v, vy V)t bgb VoV
26 Vst v v v
(267) +—gl,—(vsvs+2vsvb+vsvs+2vbvs)
+--bff—(v° +2yv v o tvv +2v.v)
g2 WYo¥s b¥b sVb b'b
+Yff SR S
o2 (v, Vi) (Y, Vy)

with

L}

S
Y o= f 5 dE ~ 0.048
S5
kg
' SB
YSb:]E 57 dE ~ 0.090
]

2
=f B dE ~ 0.196
H

Y =j = dE ~ - 0.015



le
Y. = ] — dE ~ 0.005

In shallow seas, the bottom stress T, maintained by bottom
friction of tidal currents, wind induced currents and residual
currents is always fairly important. One can estimate that, in
general, the characteristic time o = 1is one order of magnitude
larger than the characteristic time of variation of v, and
(e.g. Nihoul, 1975, 1977b).

The terms of eq. {267) which contain the derivatives v; and
vy, — the coefficients of which are already smaller than the others
— may then be neglected.

Vi

The shear effect diffusivity tensor reduces then to

H
(268) R = ﬂ;;ﬂ [Blvbvb + 32(vsvb + vas) + B3vsvs]
with
B, ~ 1.2 ; B, ~ 0.6 ; B; ~ 0.3

In weak wind conditions -(vb < 1077 u), the first term in the
bracket is largely dominant. Similarly, the bottom stress reduces
to the simple form (Nihoul, 1977) :

kK ey -
(269) T, = o 60

where k 1s the Von Karman constant.

One can then write, with a good approximation,

(270) R=-=a-2 du

u

-1 Hz . _
(271) £ = H V.la = u(u.vc)]
with
(272) a ~ 0.14

From egqs. (270) and (2771), one can see that the shear effect
produces a diffusion in the direction of the instantaneous velo- =
city with an apparent diffusivity of the order of auH. In re-
gions of strong tidal currents, the eddy diffusivity ¥ can be
two orders of magnitude smaller than a3 H. After one or two
tidal periods, there results an enhanced dispersion in the direc- -
tion of the maximum tidal velocity. Rapid variations of depth and
strong winds can of course modify the situation but the tendency



remains and the patches of pollutants have very often an elongated
shape with a maximum dispersion roughly in the direction of the
maximum current (fig. 83).
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Simulation of a dye-release experiment in the North Sea (after Adam
and Runfola, 1972). Position : 51" 20'N 1° 34’E, Curves: 1/50 of
initial concentration 48 h,72h,96 h, 108 h after release.

In weak wind conditions, however, one may question the vali-
dity of eq. (257). If the wind is too weak to maintain turbulence
in the sub-surface layer, one may expect, in some cases, a turbu-
lent diffusivity which, instead of growing continuously from the
bottom to the surface, passes through a maximum at some interme-
diate depth to decrease afterwards to a smaller surface value.
This type of behaviour is described by the family of curves

(273) A = E{1 - BE)

Eq. (257) corresponds to the case & = 0.5 . Values of & from
0.5 to 1 correspond to lower intensity turbulence in the sur-
face layer and the limiting value & = 1 would correspond to the
case of an ice cover and the existence, below the surface, of a
logarithmic boundary layer analogous to the bottom boundary layer.

In the North Sea, it is reasonable to assume that &6 does
not differ significantly from 0.5 and, in any case, never rea-
ches extreme values close to 1. Nevertheless, to estimate the



maximum errcr one can make on a, 1t 1s interesting to compute

the coefficients B,, B, and B, for some very different values
of &. One finds

8 05 0.7 0.9
8, 1.2 1.5 2
8, 0.6 0.8 13
iR 0.3 0.5 1

a 0.14 0.17 0.23

The increase of the coefficients 8,, B, , B; and a with
&5 1is obviously associated with more important variations of u
over depth, i.e. with larger values of (.

One should note also that the existence of a vertical strati-
fication even a weak one, reduces the turbulent diffusivity

(A = Xg¢ with ¢ < 1)

and contributes similarly to increase the value of a (e.g.
Bowden, 1965).

In the Southern Bight of the North 5Sea, eventual modifications
of the magnitude (¢ < 1) or of the form (& > 0.5} of the tur-
bulent diffusivity are not likely to be very important and eq.
(270) can presumably be used with o = 0.14 or some slightly
higher value obtained by calibration of the model with the obser-
vations.

Vertical concentration profile.

When T has been calculated, it is possible to tompute the
deviation ¢ by eq. (251). Changing variable to E , one gets

3t _ F_Vc
(274) EY-
with
1
(275) f ¢ dEg =0

Restricting attention to the dominant terms, one finds

(276) €(E) = [H(E) v, + G(E) v, ] .'Lf
where
(277) H(E) = 4[P(E) + ln (2-E) 1n§ +1n2 (A 1n2 -1 - Ing) - 2]



(278) GE) =-202L,) +mEE & v ;m2 mz 4y

2 . 2z
and
(279) PE) = LS + 2 L) - I,
(280) L,(E) = Dilo (1 -E) = i -y & _2”»

v=1 Vv

g,

fig. 84.

Fig. 84 shows the functions H and G . They are both nega-
tive near the surface and positive near the bottom. This is what
one should expect from a physical point of view. Higher veloci-
ties near the surface carry water masses farther. If this trans-
port is directed towards increasing mean cencentrations the cor-
responding inflow of lower concentration fluid decreases the lo-
cal concentration below the mean value T . If the transport in
the upper layer is directed towards decreasing mean concentrations,
the corresponding inflow of high concentration fluid increases
the local concentration above the mean value T . The opposite
situation occurs near the bottom. This is illustrated in fig. 85
showing the concentration profiles at twoc points situated down-
stream and downwind and respectively upstream and upwind on the
same isoconcentration curve following a dumping.
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Influence of the wind on the shear effect diffusivity tensor.

The shear effect diffusivity is generally at least one order
of magnitude larger than the eddy diffusivity. One can then ne-

glect the last term in the right-hand side of eq. {(246) or impli-
citly include it in X .

Locally, one can choose the system of reference in such a way
that the shear effect diffusivity tensor is diagonal,

(281) R = L] € ey + Ks

i.e.

€r€;

2’ ¢ 3¢ terms containing derivatives
= + .=+ =
(282) L “1 5 x2 2 5x2 of T of smaller order
1 2



One shall define
(283) K; = VKK,

k; 1s the equivalent isotropic diffusion coefficient. It is di-
rectly related to the increase in time of the surface of the patch
of contaminant (e.g. Nihoul, 1975a). ., will be used to evaluate

the effect of wind on shear effect diffhsion.

The direct effect of wind is represented by the terms contai-
ning v, in the shear effect diffusivity tensor R . The relative
importance of this effect can be evaluated by the non-dimensional
function

~ L (V 5 ¥ ) - K.(O,V )
284 _ i 5 b i b
(289 . AW * 100

The functions k; and L have been computed in the North Sea
for four typical situations :
(i) no wind; -1
(11) mean wind from the west (5.5m.5 ); ~
(ii1) strong wind from the south-west (15 m.s };
(iv) strong wind from the north-west (15 m.s™!).
The results are shown on figs. 86-92.

]

The wind affects the shear effect diffusivity tensor in two ways.
First, the currents are modified and thus u and v, are modified.
Secondly, extra terms (proportional to v,) appear in the diffu-
sivity coefficients. These terms represent the direct effect of
the wind. One can see on figs. 86-92 that this effect; localized
in the northern part of the North Sea, in the case of a weak mean
wind, can be quite important everywhere for stronger winds.
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A case study : dispersion and sedimentation around a waste disposal point in the Southern Bight
of the North Sea. ’

Even when wastes are not toxic their disposal into the sea
gives rise to considerable pollution problems associated with lo-
cal increases in turbidity and with the deposit of sediments on
the sea bed. Turbidity, which is a function of the concentratiomn.
of the solid particles in suspension, reduces the depth of pene-
tration of sunlight and hence the chlorophyll synthesis intensity.
Sludge deposits on the sea bed are liable to be harmful to benthos
colonies and to destroy larvae in shallow, spawning areas.

In shallow seas (H around 20 m) where tidal currents may be
as much as 1 m/s, turbulent mixing in the vertical direction is
very pronounced. In the absence of such turbulent mixing, the ver-
tical distribution of suspended matter concentration would be very
far from uniform, increasing from almost nothing at the free sur-
face to quite large values near the bottom. The situation is mar-
kedly different in the presence of turbulence. There is a thin
boundary layer in which the turbulence level 1is very slight owing
to the closeness of the bed and through which settling occurs in
quasi-laminar fashion with high concentration gradients. Throughout
the entire water layer lying above the boundary layer, mixing is
considerable and the concentration almost uniform. With the strong-
est currents it may occasionally happen that turbulence near the
bed is sufficient to modify the boundary layer and. to put back
into suspension particles of sediment which were about to settle.

One considers here the turbidity and sediment deposits resul-
ting from an initial dumping into a sea where the bed Reynolds
stresses, though they may occasionally upset the boundary layer,
are nevertheless too weak to cause erosion of the actual sea bed
(most of which is made up of sediment of quite different charac-
teristics from those of the waste). A distinction is therefore
made between sediment <n suspension in the turbulent water column
on the one hand and the bed sediment which accumulates in the boun-
dary layer on the other (and which may later consolidate on the
sea bottom). Accordingly, the vertical integration performed in
the preceding section proceeds from the free surface to the upper
limit of the boundary layer and the sediment "deposited" is defi-
ned in such a model as being the total mass of sediment contained
in the boundary layer. In this case, the term A in eq. (246) re-
duces to the flux of suspended material at the bottom.

As already noted there exists a quasi-laminar boundary layer
on the bottom provided the bed shear stress 1s not too high. In
such cases, the flux of suspended material is equal to the sett-
ling flux. However, when the shear stress on the bottom exceeds
some critical value, the boundary layer is disturbed and material
is put back into suspension by turbulence.

With moderate Reynolds stresses which only exceed the critical
boundary-layer stability stress during a small fraction of the
tidal cycle and which, moreover, are always less than the value
required to erode consolidated sediment on the sea bottom, it may
be assumed as a first approximation that the flux HA 1is propor-



tional to the difference between the effective stress and the cri-
tical stability stress (e.g. Owen and 0Odd, 1970; Nihoul, 1975a).

The bed stress may be expressed in terms of the velocity at
some specified distance from the bottom (e.g. 1m) by introducing
a resistance coefficient. If the vertical velocity profile in the
waste disposal area is known, the bed stress may be deduced in
terms of the mean velocity and a mean critical velocity may be
defined corresponding to the critical stress. In such circumstances,
A may be written as® (e.g. Nihoul, 1975a):

=2

(285) A=-3T (-9
uC

Tl =

The factor within the brackets constitutes an estimate of the pro-
portion of sediment which is not absorbed by the boundary layer
and makes allowance for the fact that instabilities in the boun-
dary layer (the frequency of occurrence of which increases with U)
enable turbulence to put sediment back into suspension — and even
when U > u,, to reverse the process and feed the water column
with sediment which has previously settled on the bottom.

If C is the density of the deposit (i.e. total mass in the
boundary layer per unit surface of bed), the following deposit
time-variation equation may be associated with eq. (246)

aC _
(286) 5= - AH

Wastes are dumped periodically off the Belgian coast in the neigh-
bourhood of position 51°30'N 3°E and such waste disposal opera-
tions have been simulated on an T7BM 370-58 computer to investigate
the dispersion and deposition phenomena. In the example now to he
described, the predominant currents are those of tides. The cri-
tical velocity u. for bed erosion is estimated to be approximately
0.8 m/s , this value being exceeded during a portion of the tidal
cycle. For the waste disposal operation consideredf the settling
velocity w 1is estimated to be approximately 10 m/s .

Fig. 93 shows how the concentration contours of the suspen-
sion and deposited sediment vary with time throughout one tidal
period. The dumping point lies at the southern end of the area
enclosed by curve 6 in figs 93 {a) and (b).

Fig. 94 shows how the total quantity of material in suspen-
sion varies with time expressed as number of tidal cycles. As
dumping does not take place instantaneously, the curve starts not
at zero time but rather at the end of the dumping.

* |n fact, the concentration entering into eq. (285) should be the concentration ¢ immediately above the boun-
dary layer. However, it was shown that throughout the water column (from the free surface to the boundary layer)
the followingis true . ¢ ~¢ and & << C.
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Concentration contours of suspended and settled material after 1/4 fa), 1/2 (b}, 3/4 (e}, and one tidal period
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sediment surface densities on the bed € of 10, 100 and 500 mg/m? respectively.
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Decay of total suspended material after a dumping

The results of theory are in agreement with observations made

(a) during the Belgian National Programme on the Biological and Physical

Environment and (b) by the Ostend Fisheries Research Station in the

course of dumping supervision operations (e.g. Math. Mocdelsea,

1974; De Clerck et al., 1972). Conclusions may be drawn as follows :

(1) The total quantity of suspended material decreases rapidly in
spite of the fact that a certain amount is put periodically
back into suspension when the strongest tidal currents occur.
The bumps which appear at regular intervals along the decay
curve in fig. 94 are due to solids being returned to the sus-
pended state.

(ii1) As it has been previously observed (Math. Modelsea, 1974),
dispersion is anisotropic with a marked lengthening of the
concentration contours in the direction of the major tidal
axis.

(iii) The concentration contours relating to suspensions in the wa-
ter column tend to be quasi-elliptical in shape with their
centre-point situated in the general neighbourhood of the
dumping point. A configuration of this type, which agrees with
in situ measurements (Nihoul, 1975a; Math. Modelsea, 1974}, may
be derived theoretically using a simplified model in which
the equations are first integrated over one tidal periecd (e.g.
Nihoul, 1975a}.
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1. Introduction.

A major part of the Belgian research activities in the South-
ern part of the North Sea Bight have been devoted these last years
to a better understanding of the various and complex aspects of
the carbon cycle in this environment. This zone is strongly in-
fluenced by the terrestrial input of organic carbon, nitrogen and
phosphorus either due to the river input via the Scheldt estuary
or to numerous more diffuse coastal sources such as sewers and
canals. It is obvious that in such a highly populated zone with
intensive agricultural and industrial activities, the natural
fluxes of many elements have been largely disturbed. It is espe-
cially the case for the dissolved inorganic species of nitrogen
and phosphorous which are of great importance in the organic car-
bon cycle. However, the evaluation of the river fluxes to the ad-
jacent coastal zone is complicated by the fact that they are
strongly influenced by physical, chemical and biological processes
occurring. in the estuarine zone and furthermore that they are sub-
mitted to large seasonal fluctuations.

In the first part of this chapter, we have tried to evaluate
the present day fluxes of organic carbon, nitrogen and phosphorous
carried by fresh water in the Scheldt river system and to compare
them to other well studied river systems in order to estimate the
influence of man's activities on the disturbances of the natural
cycle.

In the second part, we have analyzed qualitatively and tried
to estimate quantitatively the influence of various physical, che-
mical and biological processes on the transfer of these materials
through the estuarine zone.

In the last part, we have discussed the relative importance
and the influence of these terrestrial fluxes on the cycle of or-
ganic carbon and nitrogen in the Belgian coastal zone.

[t should be pointed out here that many attempts made in order
to evaluate the river input to the marine systems are only based
on a2 limited amount of hydrodynamical and chemical data and that
important events for material transport like flood events are gene-
rally poorly sampled and accordingly not correctly taken into account
in the calculations. All the data presented here for the Scheldt
are based on monthly longitudinal profiles of the species consi-
dered at approximately 50 stations over a pericd of ten years.
These longitudinal profiles of the hydrodynamical and chemical pa-
rameters were recorded over several tidal periods, covering va-
rious seasonal conditions.



Furthermore, a special attention was devoted to distinguish
between the fresh water input and the marine input and thus to un-
derstand quantitatively the estuarine processes able to modify the
transfer of the chemical species through the estuarine zone.

2.— The fresh water input of organic carbon and nutrients in the estuarine zone of the Scheldt.

The relative importance of the potential impact of man acti-
vities on a river system may be estimated by considering the num-
ber of inhabitants in the drainage basin and to the development
of their agricultural and industrial activities which may be esti-
mated by the annual per capita income, both expressed per unit of
flow of fresh water discharge. We have compared in table 1 these
values for the river Scheldt to the .values computed by Stumn and
Morgan (1981) for other major rivers of Europe and to the mean va-
iues for the U.S. rivers. It is obvious from this comparison that
the Scheldt has to support amn unusually high stress due to man's
activities. This is reflected in the high concentration values
found for organic matter and nutrients in the river.

Table 1
, Population Inhabitants per Gross Natlonal
i density runoff product per
Rlvers unit flow
inh. per km inh. per m¥/s dollars per m
Scheldt 270 73000 16.3
Rhine 140 15 000 3.4
Danube 83 10 000 1.1
Rhone 63 3700 0.55
All European rivers 66 6 500 -
All U.S. rivers 28 4 200 1.0

The mean concentration of dissolved organic matter (DOC} in.
the fresh water entering the estuarine zone is 7 mg C/f whereas
the concentration of particulate organic matter (POC) reaches
15 mg C/2 . This gives a total organic content (TCC) of 22mg C/¢ .
For comparison, Meybeck (1982) estimated that the mean values of
DOC and POC for unpolluted temperate rivers are respectively around
3 mg DOC/? and 2 mg POC/% which gives a total of 5 mg C/¢ . If
we accept these values as an estimation of the natural contribu-
tion in the river Scheldt, it appears that man's activities have
increased the organic carbon flux in this system by a factor of
3 te 4



An important consequence of this high organic load is the
existence of an anoxic zone in the estuary over a distance which
may exceed 70 km during the summer. The existence of these an-
aerobic waters plays an important role in the transfer of elements
through the estuary and will be discussed later in details.

The influence of man's activities is still more pronounced

when we consider the concentrations and fluxes of dissolved nitro-
gen and phosphorous species.

In order to evaluate the natural and present day nutrient
fluxes on a global basis, we have first selected a few well stu-
died rivers which also cover a large range of population density

in the corresponding drainage basin. The data selected are pre-
sented in table 2 (Wollast, in press).

Except for dissolved silicon, the concentration of the nu-
trients observed in the fresh waters are extremely variable ran-
ging from 0.4 to 60 umoles/? for orthophosphate and from 3
to 800 umoles/? for total dissolved inorganic nitrogen. These
extreme compositional differences reflect mainly the influence
of man's activities. This conclusion is documented in figure 1
where we have plotted the logarithm of the concentration of total

| N
-logc} A

2 log inh/(£/s)

fig. 1.

Evolution of total dissolved N and P concentration (moles/?) in rivers
as a function of the number of inhabitants in the hydrographic basin
per unit of fresh water discharge. Global mean after Van Bennekom and
Salomons () and Meybeck ([0).
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dissolved phosphorus and nitrogen as a function of the logarithm
of the number of inhabitants per -unit of river discharge (¢/s).

Figure 1 shows for both Ny and Pr, a regular increase of
the concentration as a function of the population density norma-
lized to the water discharge. The slope of this increase, equal
to 1, suggests that the concentration of nutrients in a river.
system can be approximately evaluated from

C =C, + ax

where C; 1is the concentration of nutrient in pristine water,
a the rate of production of nutrient per inhabitant and x the
number of inhabitants per unit of water discharge of river

The value for C, and a obtained from this graph are re-
ported in table 3. However, most of the polluted rivers cons idered
. here correspond to the more industrialized regions and the rate

of N and P input per inhabitant is probably over-estimated on
a2 global basis. :

Table 3

Evalvation of the mean concentrations and giobal fluxes of nutrients
based on the data of fig. 1 (from Wollast, in press)

P N

Pristine concentration 0.4 umoles /% 5 umoles /%
Pristine flux 15 10° moles/year | 180 10° moles/year
Man's perturbation 20 moles/inh.year | 500 moles/inh.year

640 g P/year 7 kg N/year
Present day : *
concentration 2 umoles/Q 52 umoles /%
Present day flux 70 10° moles/year | 1600 10° moles/year
Present day flux 5 10
Pristine flux

We have nevertheless calculated the global river input of nu;
trients assuming a mean global river discharge equal to 32000 km
per year and using the values computed in table 3.

The calculated values are in fairly good agreement with recent
evaluations of the mean global river fluxes of dissolved inorga-
nic nitrogen and phosphorous {Van Bennekom and Salomons, 1979;
Meybeck, 1982).

It 1s obvious that human activities have drastically modified
the transport of nutrients from land to ocean.



The increase of the flux of dissolved nitrogen in rivers re-
presents 30 % of the nitrogen fixed annually by man mainly du-
ring combustion processes and fertilizer production (6 10" moles/y)
according to Simpson et al., 1977). In the case of phosphorus, the
increase is only 15 % of the total phosphorus mined annually.

As one may expect from the intensive human activities in the
Scheldt drainage basin (table 1), this river exhibits once again
unusually high concentrations of dissolved nitrogen and phospho-
rus. As a consequence, the fresh water system is highly eutrophied
and impressive phytoplankton blooms occur in the upper part of
the estuary. Figure 2 shows a longitudinal distribution of chlo- -
rophyll in the Scheldt after the plankton bloom of May. In the
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fig. 2.

Concentration profile of a-chlorophylle and total chlorophylle
as a function of the distance to the mouth in the Scheldt estuary.
(Lancelot, unpublished data, May 1978).



upper part of the estuary the concentration of a-chlorophyll rea-
ches a value corresponding to the highest values recorded in na-
tural systems. It decreases then rapidly in the anaerobic zone
situated between km 90 and 40 . It increases again slightly
near the mouth of the river when oxygen is restored and turbidity
decreases. However this second peak of phytoplankton activity 1s
less pronounced due to the lowering of the concentration of nu-
trients related to the dilution of the fresh water masses by sea-~
water poor in nutrients.

As one may expect from figure 2, the primary productivity
plays an important role in the fluxes of organic matter and nu-
trients in the estuarine zone.

3.— Transfer of organic matter and nutrients through the estuarine zone.

The estuarine systems is characterized by profound changes 1n
the chemical properties of the water masses and usually by high
biological activities which affect to a significant degree the
speciation of the elements and transfer to the adjacent coastal
sones. This is particularly true in the case of the nutrients and
organic matter. :

The residence time of fresh water masses in the estuarine zone
increases quickly with increasing vertical mixing owing to its di-
iution in a large body of sea-water. This allows profound changes
in the water chemistry under the influence of relatively slow pro-
cesses.

Furthermore, most of the particles, organic and inorganic,
transported by rivers are negatively charged. The increase of io-
nic strength during mixing of fresh and sea-water neutralizes the
surface charges by adsorption of cations and as a result of this
and other processes the particles, usually colloidal, flocculate
and are more able to settle and accumulate in somewhat restricted
zones of an estuary. Again the latter process depends strongly on
the type of estuary but generally estuaries are areas of intensive
cedimentation. In well mixed or partially stratified estuaries
like the Scheldt estuary, the circulation pattern of the water
masses induces the occurrence of a turbidity maximum which usually
corresponds to the zone of accumulation of bottom sediments and
thus withdrawal of particulate matter from the water column.

Biological processes may also drastically affect the transfer
of organic matter within the estuarine zone. On one hand, respi-
ration of detrital organic matter may reduce the fluxes of this
material through the estuarine zone and, on the other hand, large
amounts of fresh organic carbon may be produced in the systems,
usually characterized by a high primary productivity.




Mineralization of organic matter affects nutrient budgets
owing to the release of dissolved NH4 and PO, . More impor-
tant for the nutrient behaviour is the possible occurrence of an
anoxic zone where the bacterial activity or chemical processes mo-
dify drastically the speciation of some nutrients. These processes
will be discussed later in more details.

Finally, the high nutrient content o¢f estuarine waters pro-
motes the development of high productivity zones as soon as the
turbidity caused by the terrigeneous suspended matter drops as a
result of flocculation and sedimentation.

3.1.—- Preduction, transport and degradation of organic matter in the Scheldt estuary.

It is now generally accepted that the particulate organic
matter of terrestrial origin carried by fresh water into estua-
ries is at least partly removed in the estuarine zone and does
not reach the coastal zone.

However, the extent to which the particulate material depo-
sited in the estuarine zone is definitively trapped is actually
a question of debate. During high flood events this materials may
be resuspended and carried to the sea. We estimate that during low
river discharge periods two thirds of the suspended load carried
by fresh water may be deposited in a restricted zone 30 km long
{km 85 to km 55) corresponding to the 1 to 10 % range of
salinity.

In this zone also characterized by long residence times of
the water masses, the non refractory organic matter is almost com-
pletely mineralized by the heterotrophic bacteria either in the
water column or in the few first cm of the freshly deposited
sediments.

Mass balance calculation and measurements of the organotrophic
activity by HM¥CO; incorporation or by biological oxygen demand
give very similar resuhs and show that the amount of organic car-
bon degraded in this zone reaches 100 and 150 103 t C/year (Som-
ville and Wollast, 1981).

As a consequence one may estimate that no more than 10 %
the terrestrial organic carbon input in the Scheldt estuary is
transferred to the coastal zone.

of

Furthermore the high bacterial activity induces anaerobic
conditions especially during the summer when respiration 1s at
his maximum.

As in many other estuaries, the decrease of turbidity with
increasing salinity and the large supply of nutrients by the
fresh waters produce in the Scheldt, phytoplankton bloems during
spring, summer and early autumn. During those periods, the orga-
nic matter produced by photosynthesis in the lower part of the
estuary equals almost the amount of terrestrial organic carbon



removed by respiration and sedimentation in the upper part (Wol-
last and Peters, 1978). Most of this fresh organic matter 1s trans-
ferred to the coastal zone where it is often difficult to distin-
guish it from the coastal primary production.

3.2.— Behaviour of nitrogen species.

The three main processes which modify the speciation of ni-
trogen in aquatic systems (nitrification, denitrification and bio-
logical uptake), are commonly very active in estuarine systems and
may significantly affect the transfer of forms of nitrogen to the
adjacent coastal waters and to the atmosphere in case of denitri-
fication. It is interesting to note that the source of nitrate is
essentially related to leaching of soil and surface runoff. The
use of inorganic fertilizers has considerably increased the con-
centration of nitrate carried by rivers. On the other hand, the
presence of anthropogenic NH is more directly related to domestic
waste water discharge. As the estuarine zone itself is often hea-
vily populated, high concentration of ammonia are encountered 1in
many estuaries.

When occurring, denitrification has a pronounced effect on the
transfer of nitrogen because nitrate is released as N or N;O
to the atmosphere. However, denitrification occurs only in sections
of estuaries that exhibit oxygen depletion and where nitrate 1is
used by heterotrophic bacteria as an oxidant. It is the case of
heavily polluted rivers, with long residence times, OT stratified
estuaries where organic matter, even of natural origin, accumu-
jates. In the Scheldt for instance, denitrification is observed
even during the winter when the bacterial activity is lowest. Fi-
gure 3 shows the situation in this river under these circumstances;
2t can be seen that most of the nitrification is consumed in the
upper part of the estuary where partially anaerobic conditions
prevail. If we extend these observations over one complete year,
we estimate that approximately 10 4 of the total dissolved ni-
trogen input for the river Scheldt is lost to the atmosphere by
denitrification in the estuarine zone.

Nitrification is less important for the nitrogen budget except
perhaps for the release of N;0 to the atmosphere. Because of the
preferential uptake by the phytoplankton of ammonia with respect
to nitrate, this process however is of interest for the biologists.

In well oxygenated waters, NH;f slowly oxidizes to NO; and
NO7 ; if the residence time of water masses in the estuary is long
enough, NHi is almost completely consumed by nitrifying bacteria.

This is the case of the Scheldt, as shown in figure 4, when
gerobic conditions are restored in the estuary. It should also be
noted that large concentration of N0 are observed in the ni-
trification zone. The net production rates of N30 computed from
this profile by Deck (1981) and having maximum values of
1.1 ug/{(m .s), are very similar to those computed by McElroy et
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Longitudinal profile of nitrate, nitrite and oxygen in the Scheldt estuary
during February, showing a drastic decrease of nitrate concentration
due to denitrification in the oxygen depleted zone {(after Somville, 1980).

al. (1978) for the Potomac. These values seem, however, to be
small with respect to the global land or ocean production rates.

The high productivity of the estuarine zone must be accompa-
nied by a transfer of dissolved nutrients to the particulate
phase. For nitrogen, McCarthy et al. (1975} have shown in the
case of Chesapeake Bay, that NHs is consumed preferentially to
NO; as long as the concentration of ammonia is greater than
0.1 pmoles/® Thus we may expect that in most polluted estuaries,
the phytoplankton growth will affect mainly the concentration of
NH; . It is however not easy to distinguish this uptake from the
nitrification process which is often dominant in a region where
extensive dilution by sea water low in nutrients occurs. Further-
more, McCarthy et al. {1975) have also shown that the turnover
time of NH; in the euphotic zone range from only 3 to 20
hours and averages 8 hours in Chesapeake Bay. The net removal
of this nutrient compared with primary productivity may thus be
expected to remain low and hard to quantify from concentration
profiles.

We have tried to evaluate the nitrogen uptake by phytoplank-
ton in the Scheldt from the monthly seasonal changes of dissolved
and particulate nitrogen at the mouth of the river (Wollast, 1976).



sedimentation of particulate nitrogen and output to the North Sea.
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fig. 4.

Longitudinal profiles of dissolved nitrogen species and oxygen

in the Scheldt estuary during October (Somville, 1980).

Table 4

Annual mass balance (in 10° t N/fyear) for the nitrogen species in the Scheldt
including fresh water input, denitrification, nitrification, primary productivity,

Input | Denitrif. Nitrif. | Pred. Sed. | Output
NH, 23 - - 12 -6 - 5
NO, + NO, 9 - 11 + 12 - - 10
Npart 2 - - + 6 -3 5
Nyt 34 -1 - - -3 20




A tentative annual budget for nitrogen in the Scheldt is sum-
marized in table 4; these values should be considered only as
first approximations. Also it should be recalled that the Scheldt
" represents an extreme case of a highly polluted estuary. Besides

the importance of denitrification 'processes in such a system, it
is also interesting to note that only a small fraction of the
available nitrogen is consumed by phytoplankton.

3.3.— Behaviour of phosphate.

The speciation of inorganic phosphate is much simpler as it
occurs mainly as orthophosphate. In polluted estuaries receiving
untreated domestic waste water discharges, polyphosphates may re-
present a significant portion of the inorganic dissolved phos-
phate, as shown in the case of the Scheldt estuary (fig. 5). This

polyphosphate is then slowly hydrolyzed to orthophosphate in the
river itself.

Processes affecting the behaviour of phosphate in estuaries
are, however, very complex and probably not entirely identified
and certainly not sufficiently understood. First, orthophosphate

P (uM/2)

40 L
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polyphosphates
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fig. 5.
Longitudinal profile of dissolved phosphorus species in the Scheldt estuary during May



1s a chemically active compound which may be involved in various
reactions of dissolution-precipitation or adsorption-desorption.
The solid phases resulting from these reactions are so complex
that basic properties like their solubility or exchange equili-
bria are poorly known. It seems however that these chemical re-
actions are reversible and rather fast. They act as a buffering
mechanism which tends to maintain dissolved phosphate in a narrow
range of concentration (around 1 umole/f) during the mixing of
river and sea-water (Liss, 1976).

-Furthermore, the biological processes involving phosphorous
are neither simple nor fully understood. The "luxury' uptake of
phosphorous by phytoplankton is a well known phenomenon in rich
nutrient zones but the data are so scarce that it is not possible
to estimate departures from the C/N/P Redfield ratios in estu-
aries. Also, the direct or indirect role of bacteria in the estu-
arine phosphorous cycle has been completely neglected.

The behaviour of phosphorous in the Scheldt estuary is fur-
thermore complicated because of the existence of an extended ana-
erobic zone, long residence time of the water masses, and inten-
sive shoaling occurring in the upper part of the estuary. In the
anaerobic zone, low redox potential conditions lead to the re-
duction of the most reactive iron hydroxides which are dissolved
as Fe'* (Wollast, 1976). The phosphates eventually adsorbed by
this particulate phase are then released to the dissolved phase.
When the dissolved oxygen is restored by reaeration and by mixing
with sea-water, Fe'' is re-oxidized and precipitates again as iron
hydroxide sequestering by coprecipitation and adsorption, large
amounts of dissolved phosphate. This particulate material accumu-
lates mainly by sedimentation and is not transported to the lower
part of the estuary. In the aerobic zone, phytoplankton growth is
responsible for a supplementary uptake of dissolved phosphate. We
have no direct measurements of the rate of consumption of PO; "
by plankton but if we assume values of twice the Redfield ratio
in order to take into account the "luxury' uptake of P , it re-
presents a maximum value of 750 t P/year (0.75 moles/s), com-
pared to a total input of 7100t P/year (particulate + dissolved)
(7 moles/s).

Table 5
Tentative mass balance for phosphorus in the Scheidt estuary (in 10 t P/year)

Input precchiirr;itc.y.ilion Plllg:::izn Sediment. OQutput
Dissolved P 5.6 - 3.3 - 0.75 0 1.5
Particulate P 1.5 + 3.3 + 0.75 - 4.9 0.7
Total P 7.1 - - 4.9 2.2




Other processes are theoretically possible for removing dis-
solved phosphorous at the high concentrations encountered in the
Scheldt such as precipitation of apatite (Ca phosphate), vivia-
nite (ferrous phosphate) and even magnesium-ammonium phosphate
but none of these reactions have been identified <n situ or in la-
boratory experiments simulating estuarine conditions. As with ni-
trogen, we have attempted to compute an annual budget for phos-
phorous in the Scheldt from the monthly longitudinal concentra-
tion profiles of dissolved and particulate phosphorous. The re-
sults of these calculations are presented in table 5. These cal-
culations show that a significant fraction of the phosphate input

to the estuary never reaches the sea and is entrapped in estuarine
sediments.

4.— Interactions of C and N in the coastal zone.

We will now discuss the budget and the circulation of organic
carbon and nitrogen in the Belgian coastal zone which is shown in
figure 6. This zone defined from the mean residual circulation

fig. 6.

The Belgian coastal zone defined from the residual circulation pattern
of the water masses in the Southern Bight of the North Sea (residual fluxes
in 10° m®/s), surface area : 5370 km®, mean depth : 15 m (adapted from
Nihoul, 1976).



pattern (Nihoul, 1976) extends over 5 370km with a mean depth
of 15 m . The carbon and nitrogen cycles have been studied in
great detail in this zone and are summarized in figures 7 and 8.
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fig. 7.

Cycle of organic C in the Belgian coastal zone
(Reservoirs in g C/m* and fluxes in g C/m?/year)

The value of the fluxes and of the sizes of the reservoirs
presented in figure 7 have been estimated on the basis of indepen-
dent measurements performed over several years, and described more
extensively in Joiris et al. (1979), Wollast and Billen (1981) and
Joiris et aZ. (1981). The mass balance obtained for the various spe-
cies are generally fulfilled within # 20 % or better, which may
be considered as very satisfactory. In the case of the nitrogen
cycle of figure 8, the varilous pool sizes have been directly mea-
sured. The nitrogen fluxes within and out of the sediments were
estimated by Billen (1976). The fluxes in the water column have
been computed from the carbon fluxes of figure 7 assuming a C/N
ratio equal to 6.4 . The annual input of the nitrogen species
are given in table 6.



7 Table 6
Annual input of nitrogen in the Belgian zone (in 10° t N/year)

NO5 NH, Norg, diss. | Np part. | N,
Scheldt (a) 10 5 2.5 5 22.5
Yser 0.7 (b) 0.8 (b) 1.0 (c) 0.75 (d) 3.25
Lys channel - 6.6 (¢} 1.4 (&) 2.4 (d) 10.4
Total 10.7 12.4 4.9 8.15 36.2
Coastal cities 1 (b)

{(a) This work.

{b) Bultynck, 1981.

(¢} Mommaerts (personal communication).

(d) Estimated to be 30 Z of the total dissolved nitrogen.

The net primary production of the Southern Bight of the North
Sea {370 g C/m?.year) is relatively high if compared to the mean
value for the whole oceanic system (about 100 g C/m?.year) but
this is generally the case for coastal environments (average
about 270 g C/m?.year ; Wollast and Billen, 1981). The input of
terrestrial organic matter in the coastal zone is only 3 g
C/m?.year as particulate C and 5 g C/m?.year as dissolved C.
Terrigenous organic matter appears thus to play a minor role in
the coastal system and constitutes a small flux compared to the
flux of organic matter produced by primary production.

About 30 % of the total net primary production is excreted
by phytoplankton as dissolved organic matter and only 20 % 1is
grazed by zooplankton. The importance of direct grazing with res-
pect to primary production commonly has been considered to be a
characteristic feature of marine ecosystems in contrast with ter-
restrial ecosystems (Odum, 1962; Crips, 1964; Wiegert and Owen,
1971). However, it recently has become evident that, at least in
coastal environments, zooplankton grazing does not account for all
the phytoplankton mortality and important pathways of organic mat-
ter recycling through detritus and bacteria exist in parallel with
the pathways through herbivorus zooplankton (Banse, 1974; Pomeroy
and Johannes, 1966, 1968; Joiris et al., 1979, 1981; Walsh et al., 1987).
The high rate of recycling is also confirmed by the turnover time
of the phytoplankton in the coastal zone which is only 4 days
whereas for oceanic systems the turnover time is usually between
7 and 14 days (Cauvet, 1877). The high rate of turnover reflects
in turn the species composition of the phytoplankton largely domi-
nated by the colony forming microflagellate Phaeocystis poucheti.

The unusually high productivity of dissclved organic matter
in this zone is probably related to the excretion of polysaccha-
rides by these organisms, which are however rapidly recycled by
the bacteria,
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fig. 8.

Cycle of nitrogen in the Belgian coastal zone
(Reservoirs in g N/m® and fluxes in g N/m? fyear)

It should be pointed out that very similar patterns have been
described for various other coastal environments such as the Loui-
siana-Texas and West Florida shelves of the Gulf of Mexico, and
the central shelf of the Bering Sea (Walsh et at., 1981).

The primary productivity requires a flux of nitrogen of 67¢g
N/m?.year (figure 8). In fact, the river input of nitrogen (4 g
N/m? .year) is small compared to the requirements of the phyto-
plankton. This conclusion can be generalized on a global basis by
considering the mean world river input of nutrients presented in
table 3 divided by the surface area of the coastal zone
(30 108 km?). The global river input of nutrients are respective-
ly equal to 0.9 g N/m’.year and 0.07 g P/m? .year . The amounts
of nutrients required for a mean net primary productivity of
270 g C/m?.year are on the order of 50 g N/m?2.year and 7 g
P/m?.year. Thus, the input by rivers represents generally only
1 to 2% of the nutrient uptake by phytoplankton.



It is interesting to compare these values to the relative im-
portance of upwelling and vertical diffusion of nutrients for the
whole oceanic system. From our previous estimations (Wollast, 1981),
the mean inputs of nitrogen and phosphorus to the euphotic zone
by vertical diffusion, which is rather uniformly distributed over
the pelagic zone of the ocean, are approximately equal to 0.5 g
N/m2.year and 0.1 g P/m?.year . These values are very similar
to the actual river inputs, but the oceanic zones where the fluxes
of nutrients are due to vertical diffusion alone are less produc-
tive areas (less than 50 g C/m?.year) than the coastal zone. In
the regions of upwelling, the vertical flux of nutrients is much
greater and we estimate that 5 g N/m?.year and 1 g P/m?.year
are reasonable mean values. It should be noted that upwelling is
often responsible for the high productivity of the coastal zone.

In all aquatic systems the external input of nutrients 1s only
a small fraction of nutrient uptake because of the rapid turnover
of the plankton. However, we will show, by using a simple model,
that this external input plays an important role in the control of
the productivity of the coastal zone. We will therefore assume
that the coastal zone is a stationary system where the external
input of nitrogen is compensated by an equal amount exported ei-
ther to the adjacent oceanic zone or to the deeper parts of the
sediments. In fact, the exportation occurs mainly as particulate
organic nitrogen by sedimentation or by advection of the water
masses. The low concentration and the rather uniform distribution
of dissolved inorganic nutrients between the coastal zone and the
adjacent marine zones indicate that the export of these species
must be small compared to the exportation of the biomass which is
much more concentrated in the coastal zone. Thus, the biomass pro-
duced from the dissolved nutrients is partly recycled and partly
exported. The mass balances of inorganic dissolved nitrogen (N)
and of organic nitrogen in the biomass (B) may then be written as

dN

T =l +kB-f(N)B=0
dB _ ) ) )
T = f(N) B - kB - kB =0

where I is the annual input of dissolved nitrogen divided by the
volume of water of the coastal zone,; k;, 1is the rate of recycling
of the biomass; k. is the rate of exportation of the biomass; and
f(N) 1is the appropriate function relating the productivity P

of the system to the concentration of nutrients : P = f(N) B
The combination of these two egquations leads to
I
] B:w__
(1) P
(2) f(N) = (k. + k)

- k
(3) P= £(N) B =1 (1 + )



~ Thus, both the biomass concentration and the productivity are
direct functions of the nutrient input. However, the productivity
is increased by an amplification factor

k[
(1 + E—)

which is strongly dependent on the relative rate of remineralisa~-

tion X, with respect 1o the exportation rate Kk,

The exportation of biomass to the adjacent marine zone is de-
termined by the residual circulation of the water masses in the
coastal zone. The residence time of water masses in that zone may

be estimated from figure 6 and is of the order of one month (12
renewals per year}.

On the other hand, preservation of organic nitrogen in the se-
diments constitutes only a minor exportation of N out of the sys-
tem. From figure 8, one can sSe€e€ that it corresponds to a rate COns-
tant of 1y '. Thus the total exportation rate is

K =12+ 1 =13y,

c

One can see from figures 7 and 8 that the effective regeneration
time of the phytoplankton obtained by dividing the biomass by the

primary productivity is approximately 4 days which implies from
relation (2) that

k. + k= 91 y

1
c .

From the value of k¢ estimated here above, it becomes that
' -1
k, =78y .

Thus the amplification factor by which the input of nutrients has
to be multiplied in order to describe the primary productivity is
close to 7 . It should be pointed out that this represents a mean
annual value and that this amplification factor is higher during
the summer due to the increase of the metabolic rates, especially
those of the heterotrophic bacteria and of the phytoplankton.

Although oversimplified, the model allows to predict fairly
well the biomass and the productivity of the coastal zone. The in-
put of total dissolved nitrogen, taken from table 6, divided by

the surface area of the coastal zone gives I = 5.2 g N/m?.year .
Then from relation_ (1) : B = 0.43 g N/m?.year and from relation
(3) : P =358 N/m?.year . The mean observed value of the blomass

B is exactly the same and the mean value of the particulate pro-
ductivity 1is estimated at 42 g N/m?.year £from figure 8.



5.— Conclusions.

We have shown that the 1nput of terrestrial organic carbon in
the Belgian coastal zone is very small compared to the natural
fluxes of € in the marine cycle. Most of the organic carbon due
to man's activities is consumed or trapped in the river systemand
the estuarine zone and does not reach the sea.

However, the fluxes of nutrients have been considerably in-
creased due to the human activities and are responsible for a sig-
nificant increase in the primary production. The stimulation of
this productivity is accompanied by a modification of the struc-
ture of the food chain in the coastal ecosystem which favours a
short recycling chain by microorganisms, instead of the classical
long trophic chain by zooplankton and by fish. This situation
seems to be a general case of the coastal zones submitted to a
high input of nutrients.

The human activities have however considerably increased these
input and have thus a tendency to emphasize the characteristics un-
favourable for the improvement of the sea products.
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Abstracr.

During 1980 and 1981 the aerosol burden as well as the wet and dry atmos-
pheric fall-out of Cu, Cd, Pb, 2Zn, Fe and Mn to the sea have been stu-
died in the Belgian coastal area. Atmospheric Cu, Zn and Cd are observed
to be introduced into the sea mainly by wet fall-out, while Fe y Mo and alse
Pb have a dry and wet fall-out of similar magnitude. Of these elements, Cu
Zn and Cd have the highest washout factors. Furthermore, for all elements,
excepted’ Mn, discrepancies exist between washout factors above land and sea,
with values wup to 5 times larger above the sea.

On the scale of the North Sea, atmospheric fall-out of Cu, Zn, Pb and
Cd exceeds by one order of magnitude the combined imput of the rivers Scheldt,
Rhine and Meuse, while fall-out of Fe and Mn is of similar magnitude as
river input. As concerns the Belgian coastal area, fall-out of Cu s Zn, Pb
and Cd is still larger than, but remains within one order of magnitude of
the input by the river Scheldt. Here Fe -inputs are of similar magnitude,
while fall-out of Mn is 10 times smaller than river input. In this coastal
region, characterized by a large residual flow of water coming from the Chan-
nel, the total annual input of Cu, Zn, Pb and Cd from the atmosphere and
the river Scheldt represents only from 0.8 (Pb) to 3.4 Z (Zn) of the an-
nual flow-through of these heavy metals. Furthermore, it is observed that mea-
sured enrichments of the sea-surface microlayer, as sampled with the screen
method, can support out-fluxes of heavy metals to the atmosphere which are
only < 0.1 Z of the atmospheric fall-out to the sea.

1.— Introduction.

During the past decade, the atmospheric aerosol burden and
the atmospheric fall-out have been studied in the North Sea area
from a series of shore based, coastal sampling platforms and a
single maritime platform (Peirson et al., 1974; Cambray et al.,
1975 and 1979; Kretzschmar and Cosemans, 1979). The importance
of the atmosphere as a main transport route of heavy metals to
the sea has been stressed by Cambray et al. (1975 and 1979).
The predominant source of these heavy metals in the North Sea
area is shown to be the industrial activity on the mainland
(Kretzschmar and Cosemans, 1979).



In open ocean areas, evidence exists that winddriven material
output from the enriched sea surface microlayer to the atmos-
phere can to some extent determine the composition of the marine
aerosol (see for instance Duce et al., 1976; Lantzy and Mackenzie,
1979). However, also as cCONCeTrns the North Sea, Peirson et al.
(1975) consider the winddriven formation of a heavy metal enri-
ched sea spray, as the most plausible process responsible for the -
increased Na and heavy metal contents in rainwater above the
sea, as compared to rainwater above the mainland. Analysis of
screen-sampled microlayer and of sea spray artificially produced
in situ in the North Sea, point towards important enrichments of
some heavy metals relative to Na , at the air sea interface
(Hunter, 1977; Pattenden et al., 1980) .

For the southernmost part of the North Sea and specifically
for the Belgian coastal area, no data exist concerning (i) the
composition of the marine aerosols, as sampled above the sea and
(ii} air-sea exchanges in general.

From January 1980 on we occupied two sampling platforms on
an intermittent basis in the Southern Bight and in the Straits
of Dover (Dedeurwaerder et al., 1981). Both marine aerosols and
atmospheric fall-out were sampled 1In order to assess : (i) the im-
pact of the industrial activities in the surrounding countries
(Belgium, France, Great-Britain) on the Cu, Cd, Pb, iZIn, Fe
and Mn content of the aerosols above the southernmost part of
the North Sea and (ii) the importance of the atmosphere as a trans-
port route of heavy metals to the sea.

Furthermore, the sea-surface microlayer was sampled in the
close vicinity of the atmospheric sampling platforms in order
to study enrichments of Cu, Pb, Cd and In relative to the
bulk sea water and to allow an estimation of the sea to air flux
for these heavy metals.

2.— The sampling and analysis.
2.1.— Sampling location.

The positions of both aerosol sampling platforms and micro-
layer collection sites are given in figure 1. Most samples of ma- |
rine aerosols and all samples of atmospheric fall-out were taken
aboard the lightvessel West-Hinder, anchored in the Southern Bight
(position : 51°23'30"N - 2°21' 30"E). On a few occasions ma-
rine aerosols were sampled from the research vessel Mechelen an- R
chored in the close vicinity of the lightvessel West—Hinder and also
in the Straits of Dover (Bassurelle light-buoy, position : 50° 33!
24" N - 0°54'E) [fig. 11.



fig. 1.

Positions of both maritime sampling platforms
West-Hinder (51° 23° 30" N - 2° 21" 30" E)
and Bassurelle (50° 33" 24" N — 0° 54° E).



2.2.— Aerosol sampling devices and analysis.

Total aerosol burden i1s sampled with hi-vol samplers
(~ 20 m3.h™!; velocity of air through the filter : 58 cm.s™!)
by pumping up to 200 m* of air through Whatman 41 cellulose
filters. Size fractionated aerosol samples are taken with six
stage hi-vol cascade impactors (model Sierra-235). Aerosol col-
lection occurs on five slotted Whatman 41 cellulose substrates
and one Whatman 41 cellulose back-up filter. Up to 1000 m® of
air are sampled for this purpose. According to the manufacturer,
for an air flow of 40 CEM , these impactors separate the par-
ticles in the following equivalent aerodynamic diameter classes :
> 7.2 3 7.2 - 3.0 ; 3.0 - 1.5; 1.5 -0.95 ; 0.95 - 0.49 ;
< 0.49 pym. The Whatman 41 cellulose substrates are subsequent-
1y acid mineralized and the heavy metal contents determined by
flame- and electrothermal-AAS.

Up to now, 10 sampling campaigns of two full weeks each
were conducted aboard the lightvessel West-Hinder, providing us
with a total of 78 samples.

2.3.— Fall-out sampling and analysis,

The atmospheric dry fall-out is collected on vertically sus-
pended vaselinated plexiglass surfaces of 400 cm®* for periods
of 12 days. In the laboratory,the vaseline is transferred to
a Whatman 41 cellulose filter and is extracted with petroleum
ether in a soxhlet apparatus. The Whatman filter with the col-
lected atmospheric dust is then acid mineralized and analysed
by flame- and electrothermal-AAS.

Wet atmospheric fall-out 1s manually collected in acid
cleaned polyethylene funnels (¢ 18 cm) and containers. No attempt
was undertaken to filter the rain water as evidence exists that
the dissolved phase is the predominant one for all heavy metals
of interest (Nguyen et al., 1979). Heavy metal content is measured
directly on the untreated rain water samples by flame- or electro-
thermal-AAS.

Up to now, 8 dry fall-out samples and 15 rainwater samples
were taken aboard the West—Hinder,

2..4.— Miecrolayer sampling and analy sis.

The microlayer is sampled using the Garrett screen technique
(Garrett, 1967). The screen consists of an all plexiglass frame
stretching a nylon net with a mesh aperture of 400 um and a
fabric thickness of 440 um.



The sampling is done from a rubber boat at about 1 km up-
stream from the research-vessel. The operator wears polyethylene

gloves and touches the sea surface with the screen in horizontal
position.

The collected fractions (about 50 mf® each) are then drained
into acid cleaned polyethylene containers. For each sampling,
about 2 liters of microlayer are collected in this way. At each
microlayer sampling site the watercolumn is sampled by immersion
of polyethylene containers at - 30 cm.

Once aboard, the samples are immediately deep-frozen.

For the analysis mode of the dissolved and particulate micro-
layer and bulk sea-water phases, see G. Gillain et al. (1982) and
Dedeurwaerder et al. (1981),

3.— Results.
3.1.— Wet and dry fall-ont.

The mean values (geometric means) of heavy metal concentra-
tions in marine aerosols (total aerosol and cascade impactor
samples for 1980 and 1981 combined) and in rainwater collected
at sea are given in table t, columns 1 and 2,

The annual wet fall-out is given by the product of the mean
concentration in rainwater with the annual precipitation above
the sea, It is this latter variable which induces most of the
uncertainty in the values of heavy metals wet fall-out. Indeed,
since no systematic record of precipitation at sea exists for
the Southern Bight and since our samplings were only done inter-
mittently, no complete and satisfactory information exists on
this matter,

To our knowledge, the only continuous, one-year lasting re-
cord of rainfall over the North Sea was done by Cambray et al.
(1975). These authors observed that rainfall at sea was only a-
bout 55 % of the amount collected at land-based stations lo-
cated at similar latitude. The Royal Meteorological Service of
Belgium recorded for 1980 at the Coastal stations Zeebrugge and
Kokzijde, respectively, a precipitation of 731 mm and 659 mm.
Taking 55 % ({see Cambray et al., 1976) of these values, gives
an annual precipitation at sea of 362 to 402 mm, with a mean
value of 382 mm ., Using this mean value and our mean data for
heavy metal concentrations in rainwater, we calculated the wet
fall-out for the different heavy metals (table 1, column 4).

The measured dry fail-out 1s given in table 1, column 3.
From table 1, it appears that Pb , Fe and Mn have wet and
dry fall-out rates, which are similar {Pb, Fe) agree within one
order of magnitude (Mn). For Cu , Zn and Cd , wet fall-cut



Table 1

Heavy metal content in air and rainwater
and heavy metal wet- and dry fall-out above the Southern Bight

(N (2) :
Concentration | Concentration (3) (4)
Element in air in rain Dry fall-out Wet fall-out
ng/m® | N ug /e N ng/co’ .yr | N ng/cm®.yr

Cu 6.5 17. 39.5 15 T4 8 1509 -
Zn 86.6 72 193.6 12 411 8 7396
Pb 82.6 75 13.0 10 507 8 497
cd 2.7 53 3.0 11 4.5 7 114
Fe 250 78 158.9 15 6883 7 6070
Mn . 14.6 71 9.5 11 135 8 363

N : number of samples.

is one order of magnitude larger than dry fall-out. This situ-
ation is alsc reflected in the wash-out factors, being the ratios
of rainwater over air concentrations of the different heavy metals.
For “Pb , Fe and Mn, wash-out factors are < 1 x 10%, while for
Cu, Zn and Cd they are = 1 X 10% (table 2, column 4).

It is furthermore observed that those elements with the lar-
gest wash-out factors (Cu , Zn , Cd)} have smaller Mass Median
Diameter (MMD) values, as deduced from our cumulated aerosol mass
distributions (table 2, columns 3 and 4).

Table 2

Calculated dry and total (wet plus dry) deposition velocities,
wash-out factors and observed mean mass median diameters (MMD)
for the considered heavy metals

(m (2) ) (4)
Bremeat | D | o e etonides | Mean oD | T
cm/s cm/ s pm (x 10%)
Cu 0. 36 7.75 0.59 6.11
Zn 0.15 2.85 0.28 2.24
Pb .19 0.39 0.71 0.16
Cd .05 1.40 0.53 1.12
Fe 0.87 1.60 1.58 0.64 )
Mn 0.29 1.08 0.72 0.65
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Congentrations of dissolved Pb, Cu and Cd (in ug/®?)
in rainwater against collected precipitation



Although it appears that differences exist between elements
as concerns the efficiency of their rain-out, the clean-up of the
atmosphere is done mostly by the very first fraction of rainfall.
Indeed, an exponential-like decrease of heavy metal concentration
with increase of precipitation was observed (figure 2). This also
indicates a continuous dilution of the concentrated primary rain-
fall, such as observed by others (see for instance Nguyen et al. ,
1979).

Dry deposition velocities and total (wet + dry} deposition
velocities given by the ratio of dry and total fall-out over the
content in air, are given in columns 1 and 2 of table 2. Dry de-
position velocities range from 0.15 (Zn) to 0.87 (Fe) cm.s !
and t?tal deposition velocities from 0.39 (Pb) to 7.75 (Cu)
cm.s™ ',

From their studies on the ’'Be distributions in the surface
waters of the world oceans and the lower troposphere, Young and
Silker (1980) emphasized the important role of the aeroscls as
the carriers of ’Be to the ocean surface., By assuming the va-
lidity of the steady state assumption that radicactive desinte-
gration of 7Be in the watercolumn is compensated for by wet
and dry fall-out to the oceans of 7Be associated with the smal-
ler aerosols (< 1 um), Young and Silker deduced a mean aerosol
deposition velocity of 0.85 cm.s™1,

From table 2, it appears that only Pb , Cd , Fe and Mn
have total deposition ®elocities close to the 7Be value (de-
viations are not larger than a factor 2 ). On the contrary, ZIn
and Cu have total deposition velocities which are respectively
3.4 and 9.1 times larger than the ’Be value. These two ele-
ments also have the largest wash-out factors.

However, from table 2 {(column 4), it is apparent that all
elements, with the exception of Fe , have MMD values < 1 um
as required the 7Be model,.

1t therefore appears that essentially two factors determine
the "fitting" of an element to the 7Be-model : (1) the MMD value
and (2) the solubility of the element in rainwater. Those elements
which fit best to the 7Be-model not only have a MMD < 1 um , but
are also relatively poorly soluble in rainwater; this is the case
for Pb and Mn.

3.2.— Rain above land and sea : differences in heavy metal content.

During June and September 198%, the sampling campaigns aboard
the West-Hinder were paralleled by sampling campaigns on land (sta-
tion "De Blankaert', figure 1), at 25 km from the coastline.



Although concentrations of Cu , Zn , Cd , Pb , Fe and Mn
in air above sea are similar or lower than above land, it is ob-
served that such as for Na , the rainwater content of these ele-
ments is higher above sea than above land, with the exception of
Mn -which shows similar concentrations (table 3).

Table 3

Comparison between heavy metal content (geometric mean values)
in rainwater and wash-out factors above land and sea

Cu Zn Pb Cd Mn Fe Na

Concentration in rainwater (ug/e)

Sea : 39.5 194 13 3 9.5 159 17154
West-Hinder '
(8§ = 15)

Land : 5.9 91,5 3 1.5 | 8.9 44.6 446
De Blankaert
(N = 8)

Wash-out factors (x 10%)

Sea : 6.10 2.24 0.16 1.11 0.65 0.64 9.38
West~Hinder
Land : 1.02 1.20 0.05 0.63 0.46 0.12 -

De Blankaert

A similar discrepancy between land- and sea-based sampling
platforms was observed in the North Sea by Peirson et gl. {(1974)
and Cambray et al. (1975). These authors considered that the re-
duced rainfall at sea alone could not account for the magnitude
of the observed enrichments. Therefore, they attributed the en-
hanced heavy metal content in rainwater above the sea to a contri-
bution from sea spray as indicated by the much enhanced Na con-
tent, They concluded that this sea spray should be derived from a
strongly enriched sea-surface microlayer. However, as discussed
below under point 3.4, the heavy metal output from the sea-surface
to the atmosphere, as based on our microlayer enrichment data is
negligible compared to the atmospheric input. Therefore, other
processes must be considered in order to explain the higher rain-
water contents above sea.

When comparing the wash-out factors we obtained for the sea-
based station with those obtained for the land-based station (ta-
ble 3), it appears that these factors are larger at sea for all
considered elements, excepted again Mn . This suggests a greater
solubility of the aerosols above sea. Therefore, considering the
fact that the largest fraction of the marine aerosols are in fact
land-derived, it might well be that the chemical transformation
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the aerosols undergo during their aging process, as well as diffe-
rences in physico-chemical characteristics of rainwater above land
and sea, are responsible for this enhanced solubility.

The way to handle this problematic would be to compare the
chemical composition of the discrete serosols particles and the
rainwater characteristics above land and sea.

3.3.— The atmospheric heavy metal input into the Belgian coastal zone, as compared to river input.

in table 4, the atmospheric fall-out (wet * dry) to the en-
cire North Sea (surface : £.3 x 105 km? ; Cambray et al., 1975)
is compared with inputs through the rivers Rhine, Scheldt and
Meuse, as given in the literature. Our fall-out data are compared
with those obtained by Cambray et al. (1975) for the North Sea
area. Both sets of data agree€ within a factor 3, justifying the
extrapolation of our fall-out data to the entire North Sea.

From table 4, it appears that atmospheric fail-out for Cu,
7n , Pb and Cd 1is up to one order of magnitude larger than the
input by the main rivers entering the North Sea. On the contrary,
fall-out of Fe and Mn 1is of the same order of magnitude as
river input.

Table 5

Impact of the atmospheric heavy metal fall-out and the heavy metal input
through the river Scheldt on the watermass in the Belgian coastal area

A B
Average dissolved Flow through At Ch . . S hnld . -
+ particulate conc. zones A + B mosp inc rd'Rnnir dc eldt. -‘.mplllt
Element in the watercolumn (figure 3 1r(|1;|; (dissolve +hpart1cu ate)
(1) ) w
t/yr c/B in % t/yr ‘ D/B in %

Cu 2.23 10454 1.7 62 0.6
in 7.330 34363 2.5 7 320 0.9
Pb 3.921 © 18382 0.6 31 0.2
Cd 0.121 567 2.1 0.4
Fe - - - 2122 -
Mn - - - 700 -

(1) Data from Decadt et al. (1982) -

(2) The water flow 1s &4 688 kw? {see text; Podamo, 1973).

(3) This study, the considered surface is 11050 km? (see figure 3).
(4} Data from Wollast (1976) and Baeyens et al, (1982}; see table 4.

No data.
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fig. 3.

Characteristics (residual flow, mean depth and surface) of the coastal environment
in the Southern Bight for which the impact of atmospheric fall-out and river input
is compared to the magnitude of the heavy metal flow through due to the residual flow.

We have also compared the relative inputs by the atmosphere
and river run-off in the Belgian coastal environment. The consi-
dered area consists of zone 15 and half of zone 2 of the sam-
pling network of the former "National R.D. program Sea " {(Lfigure 3;
Podamo, 1973), The area covers 11050 km? and includes the Scheldt



estuary. The residual flow for zone A (mean depth 15 m) is

1438 km®.yr ! and for zone B (mean depth 30 m) 3250 kmd.yr '
(see figure 3; Podamo, 1973).

The product of this residual flow with the mean particulate
plus dissolved heavy metal load in the Belgian coastal environ-
ment (table 5, column A) gives the heavy metal transport through
the considered zone (table 5, column B). The values of the com-
bined dissolved and suspended loads of Cu , Zn , Pb and Cd
used here are the geometric means of the values found for zones
IT and IV in Decadt et gl, (1982). Since no sufficient data exist
for the watercolumn load of Mn and Fe in the Belgian coastal
area, the transport of these elements resulting from the residual
flow was not considered. From table 5, columns C and D, it is
seen that the atmospheric impact is much less apparent in this
reduced environment affected by the run-off of the river Scheldt.
Nevertheless, it is clear that even in this environment the at-
mospheric fall-out of Cu , Zn , Pb and Cd is still up to &
times larger (case of Cd) than river input. On the contrary, for
Fe and Mn , atmospheric fall-out is similar (Fe) or one order
of magnitude lower (Mn) than the river input,

3.4.— The heavy metal output from the sea-surface microlayer to th_e armosphere.
3.4.1.— The heavy metal enrichment in the sea-surface microlayer.

Particulate output from the sea to the atmosphere occurs by
sea spray formation. As this process affects the sea-surface mi-
crolayer, it 1s important to know the extent of the element en-
richment in this layer. Buring 1980 and 1981, the microlayer was
sampled in the vicinity of the West-Hinder and the Bassurelle sam-
pling platforms. -

The enrichment of the microlayer relative to the bulk sea-
water is discussed elsewhere (Dehairs et «l., 1982)}. In table 6,
the observed average heavy metal concentrations (dissolved +
particulate) are given relative to a constant Na content.

3.4.2.— The heavy metal output from the sea-surface microlayer to the atmosphere,

The heavy metal flux from the sea-surface to the atmosphere
can be deduced from the known metal concentrations in the micro-
layer and from the Na amount emitted from the sea-surface. To
estimate the emitted Na amount from the sea-surface, we can
assume as a first approximation that the largest fraction of the
emitted amount reenters the sea by dry and wet fall-out (Chesse-
let and Buat-Menard, 1972).
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Similarly, for the area of interest we have observed that for
the land-based station "De Blankaert'", Na in rainwater is in
average only 2 % of the Na content collected in rainwater at
sea in the same period. Our data on the Na content in rainwater
and on the dry deposition of Na collected at sea, allow to com-
pute a Na fall-out > 0.65 and < 1,03 mg.cm™?.yr~!, This flux
1s similar to the average value found by Cambrayet al. (1979) for
total Na fall-out in the North Sea area (1.1 mg.cm ?.yr-!) and
to the value of Na-emission from the sea-surface (1 mg.cm'z.yr_l)
given by Erikson (1959). Therefore, we will consider here a Na

emission of 1 mg/cm™?.yr~!. The heavy metal outflux is thus
calculated as

[Element] X Na-outflux .
[Na] ML

It 1s assumed here that no fractionation between heavy metals and
Na occurs during sea spray formation. The outflux values are gi-
ven in table 6. They are about 4 orders of magnitude smaller
than our atmospheric fall-out values. However, it is probable
that our observed enrichments in the microlayer are underesti-
mated, due to possible dilution of the samples with bulk sea-
water during the sampling and which is inherent to the Garret-
screen sampling technique. Indeed, other microlayer sampling me-
thods, using bubble-burst techniques suggest for Pb and to a
lesser extent for In in the North Sea microlayer, enrichments
relative to Na which are respectively 100 and 5 times grea-
ter than our values (Pattenden et al., 1981).

4.— Conclusions.

This study has shown that the atmospheric input of the heavy
metals Cu , Zn , Pb and Cd to the North Sea exceeds the ri-
ver input, even in a restricted, coastal environment fed by river
run-off. For Fe , the inputs from rivers and atmosphere are of
similar strength, while atmospheric input of Mn 1is observed. to
be less important than river input in the coastal environment.

For Cu , Zn and Cd , the atmospheric input to the sea is
essentially carried by wet fall-out, while for Pb , Fe and Mn ,
wet and dry fall-out are of similar strength,

The fact that Cu , Zn and Cd leave the atmosphere mainly
by wet fall-out is due to their greater solubility in rainwater
as indicated by their larger wash-out factors. Some evidence
exists that this greater solubility may in part be favored by
the association of Cu , Zn and Cd are with the smaller aero-
sols (MMD's are < 0.59 um), as compared to Pb , Fe and Mn
(MMD's are 2> 0.71 um). Besides differences in rainwater solubi-
lity between elements, there also exist land to sea differences



in wash-out factors for the individual elements, with the excep-
tion of Mn . Although this can partly be explained by the fact
that rainfall is less at sea, and should therefore be more con-
centrated in heavy elements than rainfall above land, other fac-
tors, such as a varying chemical composition of the aercsol and
varying physico-chemical characteristics of rainwater itself,
should be considered.

The enhanced heavy metal content of rainwater above the North
Sea is not likely to result mainly from the incorporation in rain-
water of a heavy metal enriched sea-spray, derived from the en-
riched sea-surface microlayer, as proposed by others. Evidence for
this is given by the relatively small enrichments we observed in
the microlayer in this part of the North Sea and the resulting
small heavy metal outflux to the atmosphere compared to the at-
mospheric input (cutput < 0.1 % of input). However, the ques-
tion concerning the real microlayer enrichments is still unre-
solved, as evidence exist from other studies in the North Sea
that microlayer enrichments based on the screen sampling method
used here might be underestimated.
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1.— Introduction.

International treaties regulating water quality at Belgian
borders are on the point to be layed down. Concerning the Scheldt
at the Belgian-Dutch border, the norms asked at low tide will at
first be 4 mg/% dissolved oxygen and 4 mg N/¢ ammoniacal ni-

trogen. In 1987, they will respectively be raised to 5 mg/¢ O,
and 2.3 mg N -NH; /%

The mean actual oxygen concentration of the Scheldt at the
Belgian-Dutch border can be described by figure 1.

This figure shows on an average the distance from the mouth
where samples characterized by 4 mg/f O; are observed. The ar-
rows represent the interval estimates at 90 % confidence. Fi-
gure 1 shows that 4 mg/f 0 , Z.e. the first norm to be respected
has hardly never been attained between 1973 and 1978. The place

of occurrence of 4 mg/g 0, 1is located about 10 km downstreams
the Belgian-Dutch border.

This situation is the result of the organotrophic activity
which consumes dissolved oxygen to oxidize the organic load car-
ried by the stream and the regeneration of oxygen by natural re-
aeration and mixing with seawater.
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fig. 1.

Evolution with time of the mean oxygen concentration at the Belgian-Dutch border.
The arrows represent the interval estimates at 90 per cent confidence.



On the other hand, the distribution of ammonium in the Scheldt
estuary in the surroundings of the Belgian-Dutch border is governed
partly by the dilution of upstreams water, loaded in ammonium, into
poor seawater but also by the microbiological process of nitrifi-
cation which oxidizes ammonium into nitrate (Billen, 1975; Som-
ville, 1978).

The importance of various processes : hydrodynamical, micro-
biological on the water quality of the Scheldt is then evident.
However, the primordial factor affecting water quality is the or-
ganic matter concentration, concentration which can be reduced
greatly by epuration of domestic and industrial sewages.

A question is then immediately asked : to satisfy the norms
fixed by the international treaties, which epuration must be rea-
lized ?

Is it sufficient to realize a classical (primary + secundary)
treatment or is it necessary to eliminate the nutrients from the

effluent, operation which rises considerably the cost of the treat-
ment plan.

The appropriate answer to such problem can be readily obtained
by the use of deterministic mathematical models. From initial con-
ditions like organic load, oxygen, nitrogen concentrations, these
models can predict water quality of a stream and the influence of
environmental parameters on it. They constitute the only approach
which summarize the natural processes and therefore are a valuable
management tool.

The objectives of this paper is first to describe a physiolo-
gical model of heterotrophic activity in an ideal river submitted
to a punctual organic load.

This model ignoring dispersion processes will however describe
a situation comparable with the Scheldt where a high organic load
is observed and whose degradation, once the available oxygen ex-
hausted, requires the reduction of other oxidants present in the
river : MnO,, NO;, Fe(OH), and SO, .

As shown by the study of Somwille and De Pauw (in press} on
the evolution of water quality of the Scheldt water on a ten-
year period, the hydrodynamics of the estuary influences greatly
the water quality. In particular the river discharge is one of
parameters determinating the oxygen profile in the Scheldt.

A second mathematical model will thence be presented for the
nitrification process.

This simulation will describe the biological process in the

self-purification reach of the Scheldt estuary as well as the com-
plex hydrodynamics of the stream.



2.— Description of the water quality in the Scheldt estuary.

A typical situation in the Scheldt estuary is described in
figure 2. This figure shows, for May 1976, the longitudinal pro-
files at low tide of mineral species susceptible to be reduced or
oxidized by microbiological activity. Following the flow of the
river, one can successively observe the OXygen consumption, the
production of Mn'* (reduced form of manganese) which never ex-
ceed 0.304 mg Mn**/2 which is the solubility of MnCO, in
fresh water calculated with the free energies tabulated by Gar-
rels and Christ (1965) and Berner (1971) for pH = 7.4 and
25°C . Afterwards, nitrate disappears, reduced iron is produced
and a small consumption of sulfate is observed. All these obser-
vations correspond to the consumption of oxidants or the produc-
tion of reducers. Downstreams, the opposite processes occur in
the reverse order : rising of sulfate, disappearance of reduced
iron, production of nitrate, consumption of reduced manganese and
finally reappearance of oxygen due to reaeration of the river.
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Longitudinal profiles of Oy, Mn™™, NO;, NO;, Fe'™" and SO; concentrations
at low tide in the Scheldt as a function of the distance to the sea for May 1976



These profiles show that

a) the oxygen is rapidly-exhausted by aerobic activity and is
absent on 30 km ;

b} when oxygen is absent, heterotrophic activity uses the other
oxidants in a definite order : MnO, by mangano-reduction, NO;
by denitrification, Fe(OH) by ferro-reduction and SO, by sul-
fato-reduction; 3 4

¢) downstreams, self-purification processes restore oxidized
species in the river : in the order sulfo-oxidation, ferro-oxi-
dation, nitrification and mangano-oxidation.

3.— Simulation of organotrophic activity.

The simulation of organotrophic activity in a heavily polluted
stream presented below modelates the various microbiological pro-
cesses pointed out in the Scheldt estuary. The basic principle of
the model is that each metabolism occurs in definite conditions of
oxygen concentration.

The microbiological activity has been related to the organic
load C carried by the river by the following relation

OA = B X a X £,(C) X £,(t°) X £5(C17) X £4(0,)

where OA is the organotrophic activity, B the corresponding
biomass, a the optimal specific activity, and f,, f,, £, {4
are, respectively, functions of organic load (C), temperature,
chlorinity and oxygen concentration.

The f; to f4 functions have been chosen according to experi-
méntal results (Somville, 1980). The principles of the model are
graphically represented on figure 3.

Organic carbon C , present in the stream at km 0 , consumed
by the organotrophic activity OA , is partially oxidized in (0,
by the respiratory metabolism 1 and partially metabolized by
the heterotrophic biomass B; . The organic matter oxidation in
C0, (OMO) has been expressed by '

2.Q

Q, corresponding to the oxidation of C by the metabolism 1
according to its particular kinetics.

Organotrophic activity OA has been evaluated from the flux
of organic matter oxidized in CO, in considering for each meta-
boiism 1 the existence of a constant ratio between the biomass
synthesis C; and the oxidation of the load in CO,. Organic car-
bon is regenerated by mortality M
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Principles of the model of organotrophic activity

Organic nitrogen fluxes have been considered proportional to
the carbon fluxes : the ammonification A proportional to the or-
ganotrophic activity OA , assimilation NO proportional to car-
bon assimilation C; and regeneration R proportional to morta-
lity M by means of the C/N ratio.

The distribution of the oxidants results of their consumption
by heterotrophic metabolisms Cox; and their regeneration ROox,
by self-purification and reaeration.

An example of theoretical profiles of organic carbon and oxi-
dants computed by the model are represented on figure 4. This fi-
gure shows that the computed profiles reproduce the general trend
of experimental profiles measured in the Scheldt estuary : oxi-
dants are consumed in a definite order when the load is high and
regenerated in the reverse order during self-purification.

Such a model is particularly interesting for studying the
effect of organic carbon concentration on water quality. By exam-
ple, the effect of the initial load on two parameters often used
to assess water quality of a stream has been studied

i) the distance necessary to reobserve 90 % of oxygen satu-
ration;

2) the maximum deficit of oxidants in the stream.
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Calculated profiles of organic carbon, dissolved oxygen, MnO,, NO;, Fe(OH);, SO, and NH,
as a function of the distance from the organic matter discharge

Figure 5 represents both of these parameters as a function of
the initial organic load. In this figure, the concentration of the
different oxidants (0,, Mn0O,, NO;, Fe(OH};, S04) have been expres-
sed in eq e /f susceptible to be exchanged and summed.

Figure 5 shows that the bigger the organic load the further
90 % oxygen saturation is observed. On the other hand, for small
loads, oxygen is sufficient to oxidize the organic matter. For
higher leoads, the other the oxidants are successively reduced.

Moreover, these results can be extrapolated to the Scheldt
estuary. One can be evaluate that the biodegradable load in the
upstream part of the estuary is actually about 2 000 patg orga-
nic C/f . For this load, the model predicts (figure 4) the using
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‘up of oxygen, MnO, , N0;. Sulfato-reduction occurs on a small reach
of the river. This prediction is comparable with the observations
in the upstream part of the Scheldt in summer (figure 2).

The model indicates (figure 5) that for organic loads in the
range 1000- 2000 pwatg org C/2 , the most important deficit of
oxldants does not change. This would further indicate if extra-
polation of the ideal model to the Scheldt is correct, that an
epuration of 50 % of the load of the river, reducing the load

to 1000 watg org C/¢ ,would not improve the oxidants content
of the river.

Dissolved oxygen would be regenerated sooner (more upstreams).
In the Scheldt, however, regeneration of dissolved oxygen is chief-
1y governed by the mixing with aerated seawater.



4,— Modelisation of nitrification process in the Scheldt.

4.1.— Determination of ecophysiological parameters.

Two examples of experimental determination of the effect of
an environmental parameter :Z.e. substrate (ammonium) concentra-
tion and salinity on nitrifying activity will be described.

Effect of substrate concentration.

The relation between the potential nitrifying activity of an
enrichment culture of nitrifyers and the ammonium concentration
is shown on figure 6. This experimental relationship has been re-
presented by a Michaelis-Menten-Monod function

[NH, ]
[NHj] + K_
with K equal to 250 uM NH:.
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fig. 6.

Relation between the nitrifying activity and the ammonium concentration
for an enrichment culture of nitrifyers

Effect of salinity,

Potential nitrifying activities measured on short term expe-
riments by dark 14C—incorporation (Somville, 1978) at different
places in the estuary have shown that during progressive mixing .
of fresh into saline water masses, the <n situ population of nitri-
fying bacteria tends to adapt itself to the prevailing chleoride
concentration, with, however, a definite delay {Somville, 1980).
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Relation between the nitrifying activity at optimal salinity
and the salinity of the original water mass

The relation found between the salinity of the sample and ni-
trifying activity at optimal salinity is presented on figure 7.
This experimental relation will be modelated by the straight 1line
drawn on figure 7.

4.2.— The model of nitrification,

The model of nitrification described below has been realized
in collaboration with G. Billen (U.L.B.) and J. Smitz (ULg - Sart
Tilman, Liége, Belgium) and has been accepted for publication by
Mathematical Modelling.

The hydrodynamics of the Scheldt is described by a simple one
dimensional model. The longitudinal distribution of any cross-
section-averaged concentration c can be described by an equation
of the form (Nihoul and Ronday, 1976)

) ) )
Dc = ¢ (ac) + o (auc) - g—xma—i(ac)] =P -0D

where x is the longitudinal coordinate; a the mean cross-
section (calculated as an exponential function of x , Wollast,
1973); wu the cross-section-averaged residual velocity; A the
global dispersion coefficient (including effects of tidal motions
and other complex hydrodynamical phenomena typical of a partially
stratified estuary); P and D are, respectively, the rates of
production and destruction of ¢ as a result of physical, che-
mical or biological reactions; ¢ is the cross-section-averaged



concentration averaged over some period T larger than the tidal
period and ¥ represents the hydrodynamical operator.

The computation of the residual velocity u and of the dis-
persion coefficient A 1is obtained by the hydrodynamical model
of the estuary, the precise calibration being made on the chlori-
nity concentration profile (chlorinity is a conservative parameter
which concentration depends on mixing between saline and fresh
water).

In the Scheldt estuary, the upstream water discharge presents
slow seasonal changes,and a steady-state assumption is valid for
the description of concentrations variations.

The comparison of nitrate flux from Scheldt sediments (Som-
ville, 1980) and of nitrate production by planktonic nitrification
(Somville, 1978) has shown that the latter process, accounting for
more than 080 % in the nitrate budget, was by far the most impor-
tant.

These observations have led to consider in the model the ni-
trification process as the result of planktonic nitrification
only.

Growth rate of nitrifyers (G) and nitrifying activity (A) are
considered as proportional to the number of planktonic nitrifying
bacteria (B)

G
A

K X B
a X KX B

where K (s”') is the growth constant; a the quantity of ammo-
nium to be oxidized for duplicating one bacterium, Z.e. the reci-

procal of the yield constant Y ; and B the concentration of ni-
trifyers (bacteria/gf).

The value of K 1is considered to depend on environmental pa-

rameters {(namely salinity, ammonium concentration, temperature,
redox potential).

The evolution of the nitrifying biomass B resulting from
hydrodynamic processes, growth and mortality effect, can be ex-
pressed by
(1) B = KB - mB

and the distribution of ammonium and nitrate are then expressed
by :

(2) [NO3 ]
(3) [NH, ]

a KB

- aKB
K can be expressed by

K = k £,(8) x £,([NH; 1) X £5(T) X £,(Eh)



where k is the optimal growth constant for nitrifying bacteria,
and £, f,, f3, f4 are respectively functions of salinity, ammo-
nium concentration, temperature, and redox potential; the value of
these functions is 1 at optimal conditions.

Solution of the differential equations.
Boundary conditions.

For solving equations (1), (2) and (3), a set limit conditions
(upstream and mouth water composition) has to be known. In the
case of chemical species, ammonium and nitrate, these conditions
are obviously the experimental concentrations. In the case of bac-

terial concentration, boundary conditions can be experimental MNP
counts.

Owing to the poor reliability of this largely used numeration
method (Tate, 1977; Belser, 1979), it appears necessary to check
the accuracy of the nitrifyer concentrations by comparing the com-
puted activities (aK[B]})}, based on the possible range of o and
K values and the experimental bacterial concentration, with the
in situ activities measured in the stream (Somville, 1978, 1980).

The comparison has shown that the MPN counts obtained in the
Scheldt were several orders of magnitude lower than what could be
expected from the direct activity measurements. It was therefore
decided to evaluate nitrifyers numbers directly from the in situ
measured activities.

Solution of equations (1), (8), (3).

Owing to the coupling of equation (1) and equation (3) by
means of the ammonium concentration, the first step computes the
solution of the bacteria equation (equation 1) using the experi-
mental ammonium profile, previously smoothed. :

The complete solution of the problem is calculated by an ite-
rative process adjusting the constant o . The convergence of the
process 1s quadratic and is obtained after a few loops. The values

of & and k so determined are in perfect agreement with the 1li-
terature.

The computed profiles of ammonium, nitrate bacteria and nitri-
fying activities are represented on figure 8 A and B, respectively,
for the situations of February and July 1976 (values of a and k
used for these simulations are reported in table 1)}, The corres-
ponding experimental profiles are represented on figure 8 C and D.

The unidimensional mathematical model of the nitrification ex-
posed above describes quantitatively the nitrification process in
the Scheldt estuary. With the aid of a limited number of ecophysio-
logical relations, an accurate description of the <n situ situation
is possible.
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Table 1

o and k values used in the simulation

k vy
Month -6 -1 s +
10" s 10~ uM NH4/bact.
February 1976 25 : 3
July 1976 7.5 0.74
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