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ABSTRACT

The 3-dimensional, non-linear, baroclinicc GHER mathematical model for the study of meso-
scale motions (time scale of several hours to several days: tides, storm surges, ...) is described.
Particular attention is paid to the turbulent closure based on an evolution equation for the tur-
bulent kinetic energy and a parametric expression of the mixing length (k-model). Appropriate
boundary conditions and numerical techniques (mode-splitting, implicity, g-coordinate system,
advection scheme) are described. The model is applied to the simulation of the M, tide on the
North-Western European Continental Shelf not only without wind but also in typical winter and
summer conditions. Large spatial variations of the turbulent kinetic energy appear as a result of
the variations of depth and tidal activity around the shelf. These variations are clearly related
to the different turbulence regimes observed in summer, with frontal structures separating
well-mixed waters from stratified ones. The structure and evolution of the vertical profiles of
turbulence variables are described and explained in barotropic and baroclinic conditions, under
different wind forcings. The evolution of these profiles at the M, tide frequency largely depends

on the eccentricity of the tidal ellipse.

1. Introduction

The North-Western European Continental
Shelf (NWECS) is composed of the shallow seas
surrounding the British Isles. For the purpose of
this study, it is further bounded by the 200 m
isobath to the West, by the 48°N and 61°N
parallels and it includes the Skagerrak and the
Kattegat. The efforts to grasp marine processes in
this area are numerous. Many works have been
devoted to the study of the propagation of the M,
tide, which originates from the Atlantic and is the
dominant tidal component on the shelf. For such
investigations, simple barotropic depth-integrated
models were used, invoking the great mixing
produced by the highly energetic tides and storm
surges (e.g., Flather, 1976; Ronday, 1976; Heaps,
1983). Such models turned out to be very effective
tools for the simulation and forecast of tides and
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storm surges elevations and depth-mean currents.
Then, with the decrease of computer resource
costs, modellers moved to three-dimensional
barotropic models. These 3D models are likely to
be more accurate than 2D models because they
allow the exact computation of the so-called shear-
effect and a much more precise evaluation of the
bottom stress related to the actual bottom velocity.
Besides, together with the introduction of the
vertical coordinate they introduced the need for
the parameterization of vertical turbulent momen-
tum fluxes and hence the need for a turbulent
closure. In the first 3D barotropic models, the tur-
bulent closure was rather rudimentary. It simply
consisted in prescribing the vertical profile of the
turbulent viscosity according to some laboratory
results (the asymptotic law of the wall) and
easiness considerations (e.g., Nihoul, 1982). As a
next step, the turbulent viscosity was related to the
ensemble average velocity amplitude through an
algebraic expression (e.g., Davies and Furnes,
1980). When the effects of temperature and salinity
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gradients were introduced, the turbulent viscosity
was made dependent on stratification through the
flux Richardson number or the Richardson
number (e.g., Backhaus and Hainbucher, 1987).

While hydrodynamic models of the NWECS
evolved from 2D barotropic to 3D baroclinic
models, more and more refined turbulent closure
models were developed for geophysical fluid
problems (e.g., Leendertse and Liu, 1978; Lumley,
1978; Mellor and Yamada, 1982; Rodi, 1987,
Nihoul etal, 1989). These models helped to
understand more and more about turbulence and
turbulent exchanges. They are much more com-
plex than the first algebraic models as they can
include one evolution equation for each Reynolds
stress or differential equations for some of the basic
characteristics of the turbulence field (turbulent
kinetic energy, turbulence macroscale, dissipation
rate of the turbulent kinetic energy..). These
schemes are usually classified according to the
number of additional evolution equations required
to express the turbulent closure.

More and more three-dimensional hydrody-
namic baroclinic models using a refined turbulent
closure are now being developed around the world
(e.g., Blumberg and Mellor, 1987; Beckers, 1991),

-however, most of the existing hydrodynamical
models of the NWECS are still barotropic (Davies
and Jones, 1990) or use a simple algebraic tur-
bulent closure (Backhaus and Hainbucher, 1987).
While such simplifications seem rather valid for
the study of the velocity field, they appear as
strong limitations for real applications involving
vertical exchanges of scalar constituents. The
general distribution of a passive consituent must
indeed be much more sensitive to the accurate
evaluation of vertical turbulent fluxes than the
velocity field whose dynamics results also from a
lot of other processes (barotropic and baroclinic
pressure gradients, Coriolis force...). By the same
token, the fate of scalar quantities is also much
more sensitive to stratification and its possible
inhibition of vertical exchanges. Therefore, with
the final goal of studying vertical exchanges of
nutrients and other dissolved matters on the shelf,
we have designed a three-dimensional, differential,
turbulence model taking into account stratifica-
tion, tidal activity, real topography and wind
influence.

This model is based on the three-dimensional
model of the GHER which has already been
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successfully applied to some other regions
(Deleersnijder and Nihoul, 1988; Beckers, 1991).
It is now adapted to the study of tidal and wind-
induced motions on the NWECS. In the course of
this paper, these motions will be called the meso-
scale circulation as they fall into the spectral
window ranging from several hours to several
days. However, the term “mesoscale” does not
refer here to small baroclinic eddies. In fact most of
the processes described are barotropic and are not
associated with the baroclinic Rossby radius
(which s not resolved by this model). The dynamics
of temperature and salinity are taken into account in
this model only because they introduce large scale
baroclinic features and inhibit vertical turbulent
exchanges.

The purpose of this paper is to present the
mathematical model with its implementation
characteristics and to show the main results
obtained about the turbulence field. We will try to
understand the horizontal, vertical and temporal
variations of the turbulence conditions, leaving the
analysis of turbulent transfer of scalar constituents
for a future study.

2. Mathematical model

The mesoscale circulation model is based on the
well known three-dimensional, non-linear and
unsteady equations of the “weather of the sea”
sustained by the quasi-hydrostatic and Boussinesq
approximations. (Nihoul, 1980; Nihoul et al,
1989)
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the e; axis is vertical upwards, x; [m] denotes the
height above the reference level, u [ms~!] is
the horizontal velocity vector, v; [ms~!] is the
vertical component of the velocity vector, f [s ']
is the Coriolis parameter depending on latitude,
g [m?s~2] is the so-called generalized pressure,
g[=9.81ms~2] is the acceleration of gravity,
p [kg m~'s2] is the pressure, p [kg m 3] is the
density of seawater, p, is a constant reference value
of p, £ [m?s2] is the tidal potential per unit
mass, b [ms~2], the buoyancy, is related to
stratification and is primarily a function of the
temperature T [°C] and the salinity S [°/,,] of
seawater through the state equation, K, are
isotropic diffusive tensors whose diagonal value is
set to 500 m2s~! and anticipates the horizontal
sub-grid scale non-linear interactions arising from
the further domain discretization (Nihoul et al.,
1989).

In these equations, the turbulent viscosity,
7 [m?s~'], and the turbulent diffusivities of scalar
quantities, 2” [m?s~'], must be known to close
the system. The turbulent closure is performed
through a single equation for the turbulent kinetic
energy per unit mass, kK [m? s ~?], and an algebraic
expression of the mixing length, /[m]. This
closure has the great advantage to take into
account the advection, the diffusion, the local
production-destruction and the history of tur-
bulence through the widely accepted eq. (7) for k.
Moreover, sound empirical formulas are available
for /in shallow shelf seas (Nihoul, 1984) so that the
resolution of a differential equation for ¢ [m? s3],
the dissipation rate of k, can be avoided and
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replaced by an algebraic expression of the mixing
length. The differential equation for ¢ or for the
turbulence macroscale is indeed, by common
consent, the weakest point of all turbulent closure
schemes. It is therefore perhaps advisable to avoid
the additional complexity introduced by a differen-
tial equation for one of these quantities by using an
algebraic equation for / (egs. (11) and (12)) which
also suffers from important shortcomings but is
much less demanding in computer resources.

The values of ¢ and ¥ are then obtained using
simple dimensional arguments from the basic
variables of the turbulence scheme (egs. (10) and
(13)). The importance of stratification is measured
by the flux Richardson number R; (eq. (9)) which
appears naturally in the production-destruction
term of turbulent kinetic energy (eq.(8)) and
seems thus the appropriate controlling factor to
parameterize the inhibition of turbulence. Tur-
bulent diffusivities for scalar quantities are sup-
posed to be proportional to the turbulent viscosity
v according to the Reynolds analogy (eq. (14)).
The B” coefficients are also function of R; because
the momentum exchange, involving pressure
forces, is likely to maintain its efficiency at high
Richardson numbers whereas the transfer of the
scalar quantities 7, S and b is reduced as stratifica-
tion increases (Nihoul et al., 1989):
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7=050/k (13)
r=p%, pE=1,
BT=pS=pr =11 J1-R, (14)

The mixing length / is expressed as the product
of the mixing length in neutral stability conditions
(Ry=0) and of a decreasing function of the
flux Richardson number in conditions of stable
stratification. The mixing length profile (Nihoul,
1984) respects the well-established asymptotic
boundary layer law /, =« -z for z < H (where the
Von Karman constant k=04, z is the height
measured above the bottom and H is the total
depth). At the surface, the parameter d € [0.5, 1]
enables the adjustment of the mixing length to
wind-mixed layer conditions. Notice that eq. (12)
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Fig. 1. Non-dimensional mixing length /,/H versus z/H
for different values of the parameter 4.
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is not valid in the not very extended deeper parts
of the domain so that a reasonable upper-limit of
20 m is imposed to the mixing length.

Preliminary tests have been carried out to study
the sensitivity of the results to the value of 4, i.e., to
the actual mixing length profile. Fig. 1 shows the
non-dimensional mixing length (/,/H) versus the
non-dimensional height above the bottom (z/H)
for different values of the parameter J. It should
be noticed that the velocity profiles don’t show
any appreciable dependence on J, as long as the
asymptotic linear behaviour of the mixing length
in the bottom boundary layer is included, except
when 8 = 1. This borderline case corresponds to an
ice-covered sea where the surface layer is exactly
identical to the bottom layer. It should thus be
rejected here as any other formulation of the
mixing length vanishing at the surface. For all
other values of ¢ sufficiently different from 1., the
more important sensitivity is of course found by
the turbulent viscosity and turbulent kinetic
energy profiles, but not by the currents.

Even in the case of negligible wind, the free sur-
face is disrupted by small amplitude wave motions
so that the mixing length (the length scale of the
energy containing eddies) doesn’t vanish at the
surface. This results in the turbulent diffusion of
turbulence from the core of the water column
towards the surface. One must then be very atten-
tive as, with zero wind velocity, the surface tur-
bulent kinetic energy is largely dependent on that
turbulent flux and ultimately on §: it can even
double when passing from =09 to §=0.5!
However, in this case of negligible wind, maximum
values of k and ¥ are found respectively at the
bottom and around mid-depth whatever be the
value of 4.

When a significant wind is blowing over the
surface, the mixing-length at the surface should
increase as larger surface oscillations are expected.
Thus, a smaller value of é should be used.

As a consequence of this discussion,  was set to
0.7 in our simulations running in typical summer
conditions of weak wind (or without wind forcing)
while it was decreased to 0.5 with stronger winter
winds. However, the choice of the appropriate
value should remain part of the calibration of the
model if experimental field measurements were
available. A direct dependence of the parameter 6
on the actual wind velocity could also be con-
sidered as a possible extension.
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3. Boundary conditions

A transformation of the vertical coordinate is
performed to obtain a domain characterized by a
constant depth with regard to time and to horizon-
tal coordinates instead of the real domain. Let the
new vertical coordinate be:

_x3‘+‘h

°=TH

(15)

This transformation allows a simple and efficient
management of the memory cells as well as a more
precise representation of the bathymetric effects.
As a result of the o-transform, the domain extends
vertically from o=0 at the bottom (x;= —h)
to o=1 at the surface (x;={, the free surface
elevation). The vertical discretization is achieved
through ten levels on each vertical. The vertical
increment Ao varies to get a finer resolution near
the surface and the bottom. A very interesting
aspect of this o-transform is that only one distribu-
tion is to be chosen for the whole domain because
the real levels thicknesses (Ax; = H Ac) automati-
cally adapt themselves to the local depth. The
precise resolution of the bottom boundary layer
would require a very large number of vertical
levels, as shown by Davies and Jones (1990).
However, if the first level Ao at the bottom is
chosen to be in the logarithmic bottom boundary
layer in the largest part of the domain, the effect
of this layer can be easily and economically
parameterized with the following bottom stress
expression:

ou
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b= 35 =Co Il

K 2
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where z, is the height above the bottom at which
the u, velocity is computed in the bottom mesh
and z, is the rugosity length (=3-.10"3>m). In
those places where the bottom boundary layer is
not well resolved (Norwegian Trench, Skagerrak),
it is more appropriate to specify Cp, = 0.0025. The
actual agorithm is to set Cp to the larger of the 2
values given by eq. (17) and 0.0025 (Blumberg and
Mellor, 1987). To complete this parameterization,
the turbulent kinetic energy value resulting from a

(16)

17)
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local equilibrium of the turbulence in the bottom
boundary layer is prescribed at the bottom as in
the Blumberg and Mellor’s model (Blumberg and
Mellor, 1987):

T
LA

18
0.25° (18)

whereas the diffusive fluxes of temperature and
salinity vanish.

At the air-sea interface, turbulent fluxes are
parameterized globally in terms of the classical
meteorological variables measured at the reference
height of 10 m above the sea level:

6u air
e | (19)
X3 Po
. Ok py
k. _Tar 3 20
= CelWl, (20)

where p,;.=1.29 kgm 3, Cy (=1.456-107%) and
Cg (=0.63-107%) are exchange coefficients and
Wy is the wind velocity measured at 10 m.
Without wind, there is no turbulent flux through
the sea surface. On the other hand, when the wind
is blowing over the sea, breaking waves inject
turbulence in the water column as modelled by
eq. (20). Notice that the assumption of the local
equilibrium of turbulence used to derive the bot-
tom value of the turbulent kinetic energy (eq. (18))
is not valid in the surface layer. In fact, because of
non-zero vertical turbulent diffusivity of turbulent
kinetic energy near the surface, the actual tur-
bulent level reached in the surface boundary layer
depends not only on wind conditions but also on
what happens below. Adequate salinity and heat
fluxes must also be imposed at the air-sea interface
(Nihoul, 1984).

The correct specification of conditions at open
boundaries is still a difficulty in modelling con-
tinental shelf circulation. As we focus on mesoscale
circulation, we must impose “mesoscale condi-
tions”. These mainly consist in the tidal forcing as
we do not impose any external storm surge forcing
at the open boundary. The model is then driven
along its open boundary by tidal variations of the
sea surface elevation. The simplest way to impose
this elevation is to use a clamped boundary. The
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elevation associated with the M, tide wave is then
prescribed as follows:

{(s, 1) = Ampy,(s) -cos(wy, t— Phasy,(s)), (21)
where Amp,, and Phasy,, are the amplitude and
phase of the M, elevation depending on the posi-
tion s-along the open boundary and where w, is
the angular speed of the M, tide wave. There may
be some problems when tidal elevations are
imposed all along the open boundary (as well to
the West where the tide enters the shelf as to the
North where it leaves it). Indeed, the features of
the outgoing wave result from its propagation on
the shelf, from the dissipation in shallow waters,
from the influence of bathymetry and topo-
graphy... as they are represented in the model. The
“exit” elevations shouldn’t be imposed because one
runs the risk that calculated and imposed values
conflict with each other. Moreover, when the wind
blows over the domain, it generates currents and
storm surges that propagate as long waves and
reach sooner or later the boundary. This produces,
on a clamped boundary, spurious reflexions that
may spoil the solution computed inside the
domain. As a result, a clamped boundary is not
appropriate, particularly if one wants to study
winter situations characterized by strong winds.
A kind of radiation condition must be applied
along the open boundary. This condition must
allow disturbances generated inside the studied
domain to propagate outwards while it must
prescribe the tidal forcing as well. After different
tests we have chosen a condition, applied with suc-
cess by Flather (1976), that prescribes an algebraic
relation between the perturbation of the depth-
mean current normal to the boundary and the
perturbation of the elevation at the same point.
This relation supposes that the deviation with
regard to the reference M, situation propagates
outwards as a Kelvin wave for which current and
elevation are in the ratio / g/H. One thus has:

q(s, 1) —4(s, 1)

= JH s €6 0=, 1),

where s is the position along the boundary, g is the
normal component of the outward depth-mean

(22)
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current, { is the elevation, H is the total local
depth. { and § are the oscillating M, free surface
elevation and depth-mean current derived from
Schwiderski’s data (Schwiderski, 1979) and
adapted to our domain by an iterative procedure
similar to the one used by Flather (1976).

Finally, the vertical structure of currents is
assumed not to change across the boundary, ie.,
the derivative normal to the boundary of the
deviation of the velocity with respect to its depth-
averaged value is supposed to vanish. This avoid
any spurious vertical motion at the boundary. The
material derivatives and horizontal diffusive fluxes
of the turbulent kinetic energy are neglected at
the open boundary according to the Mellor and
Yamada level 2 model (Mellor and Yamada,
1982). Climatological mean temperature and
salinity derivatives normal to the open boundary
are also prescribed.

4. Numerical aspects

The numerical resolution is achieved through
the 3D finite differencing method. The equations
are discretized on an Arakawa C-grid (Arakawa
and Lamb, 1977). The horizontal mesh size is 10’
in longitude and latitude.

All the spatial derivatives are centered-space
discretized except for the advective terms of scalar
quantities. A great care must be taken when
considering these terms. One of the properties
of physical advection that one would like the
discretized advection scheme to exhibit is that
advection carries information from upstream only.
This wouldn’t be the case with a centered-space
scheme and that is why we use a streamline upwind
discretization scheme, well known in the finite
elements method. Because upwind amounts to
the introduction of artificial diffusive fluxes, the
upwind discretization scheme can be implemented
by using centered-space finite differences of the
advective term together with an artificial horizon-
tal diffusivity tensor K2™f that is added to the
isotropic one K, . By using an anisotropic tensor
one can ensure positivity without introducing any
artificial diffusive flux across the stream. The
amount of artificial diffusivity is controlled by the
magnitude of the gradient of the scalar quantity, r,
to be advected.
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where A, is the grid step in the direction i, V 4 a
reference value for the gradient of the scalar quan-
tity r and 0, the derivative in the direction i. For
instance, with a flow directed along the reference
unit vector e, the only non-zero component of the
artificial viscosity tensor is K2™/(1, 1) so that the
upwind is indeed introduced along the stream.

To reconcile the stability of the numerical
scheme and its computational efficiency, a mode-
splitting is performed (Simon, 1974). This consists
in resolving 2D depth-integrated equations with a
small time-step, At, to resolve surface gravity
waves and the full set of 3D equations with a much
longer time step, AT. There is of course a close
coupling between the 2D and 3D sets of equations.
The free surface elevation obtained from the 2D
equations is injected into the 3D ones. These
in turn provide vertical profiles and baroclinic
features necessary to compute the shear effect, the
bottom friction and the baroclinic terms in the 2D
equations. However, there may be a tendency for
the vertical integral of the 3D velocities to differ
from the external mode transport on account of
truncation errors. To solve this, the former is
replaced by the latter every AT seconds.

The mode-splitting method is widely used and
well-suited when studying slowly changing situa-
tions (e.g., James, 1986; Blumberg and Mellor,
1987; Beckers, 1991) but its application to such an
unsteady phenomenon as tide requires much
prudence. In fact, the vertical structure varies
rather rapidly and the time step AT must be small
enough to catch these variations. Our simulations
run with AT=621s and At=69s. The bottom
stress computed during a 3D time step must
theoretically be held fixed (=t7°) during the
following nine 2D time steps. Practically, this is
potentially dangerous when considering tidal
phenomena because, at tide reversal, such a
bottom stress would sooner or later accelerate the

(23)

G. P. MARTIN AND E. J. DELHEZ

mean stream instead of going on breaking it. Thus,
it is more advisable to consider:

20 = Cp |y (dy +uy), (24)

where u, (total bottom layer velocity) and #,
(deviation of the bottom velocity from the depth-
mean one) are held fixed between two successive
3D time steps and where u,,, (depth-mean velocity)
varies from one 2D time step to the other.

In the discretized model, time derivatives are
simply evaluated by forward differencing, giving us
an explicit one-step Euler scheme. In fact, the
resolution of a particular equation is done using
the most recent values for each variable. For exam-
ple, if the x, momentum equation is resolved after
the x; momentum equation, the values of u; used
to compute the Coriolis term in the x, momentum
equation are the ones that have just been com-
puted. Doing so, the scheme is made partly
implicit without resolving any set of algebraic
equations. Of course, to keep a kind of balance
between the two components of the horizontal
transport, we must compute u, before u, at even
time steps and u, before u, at odd ones. This
gives a kind of alternate directions scheme with
enhanced stability. However, the vertical advective
and diffusive fluxes of the different variables must
be treated implicitly for numerical stability. The
Thomas algorithm is used to solve the resulting
tridiagonal systems.

The bottom stress is very delicate to compute in
a tidal model because bottom currents change
rapidly in magnitude and direction. We think it is
worth using a semi-implicit expression of the
bottom stress applied to the 3D mode. In this way,
the 3D time-step can summarize what has just
happened during the previous 2D time-steps in a
much better way:

150 = (1 —=Ti)- Cp [luy|| "7 up™T

+Ti- Cpy 27 e+ D47, 25)

where Ti, the implicity rate, is set to 0.5 and » is
the number of the time-step. The need for an
adjustment between the vertical integral of the 3D
velocities and the external mode transport is also
reduced thanks to this precaution.

Tellus 46A (1994), 2
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5. Simulations

In all the simulations, the M, tidal forcing is
imposed along the open boundary (eq. (22)). On
the NWECS, the astronomical tidal force gives
only a small direct contribution to observed tides
with respect to the response to Atlantic tides enter-
ing the shelf along its western boundary. It is there-
fore neglected (¢ =0 in eq. (4)). The first simula-
tion has been run without wind-forcing by means
of a simplified model based on the hypothesis of a
constant density of seawater (p = p,) all over the
3D domain. This barotropic model is derived from
the baroclinic one by stating p=py=b=0=
R;=0. The equations for T and S are of course
not solved in this case. This model is useful to
describe most of the mesoscale phenomena. The
good computation of amplitudes and phases of
the currents and elevations associated to M,
on the shelf as well as of the tidal harmonic M,

105

generated by non-linear interactions on the shelf
allows to be confident in the model (Delhez and
Martin, 1992).

Spatial variations of the turbulent kinetic energy
are significant (Figs. 2, 3). They reflect the spatial
distribution of tidal currents. When comparing
Figs. 2,3, one can see that bottom values are
greater than surface ones. This is normal because,
without wind, the turbulent kinetic energy is
mainly produced by the friction of tidal currents
on the rough bottom. The significant variations in
the magnitude of the turbulent kinetic energy
reflect the different regimes occurring on the shelf.
Some regions are well-mixed with intense tidal
currents (English Channel, Irish Sea, Southern
Bight..) while others are less agitated (large
regions of the North Sea, Skagerrak, Celtic Sea...).

Two representative points have been chosen to
present the results: point 1 is located in the English
Channel (49°55'N, 1°35'W, 50 m depth), point 2

Fig. 2. Surface value of the time-averaged turbulent kinetic energy. Barotropic M, tide.
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Fig. 3. Bottom value of the time-averaged turbulent kinetic energy. Barotropic M, tide.

is located in the North Sea (56°55'N, 3°45’E, 58 m
depth). These 2 points are situated on the little
maps of Figs. 4, 5, respectively.

Figs. 4,5 show the vertical profiles of the
horizontal velocity and their evolution during the
M, tidal period. The arrows indicate the time
evolution. The original 3D+ 1D (space-time)
representation allows a very good understanding
of the cyclic evolution of the velocity profiles. The
phase advance of bottom currents with regard to
depth-mean and surface ones can be noticed in the
projections of the vertical profiles onto S-N and
W-E planes. This is especially apparent at tide
reversal of one of the velocity components. At this
moment, the magnitude of the velocity vector
doesn’t necessarily pass through a minimum, as
usual 2D-plots of vertical profiles would let us
believe. When the eccentricity of the surface tidal
ellipse is very low (ellipse nearly circular), the
magnitude of the velocity vector is nearly constant

all along the tidal period. This is true at point 2
(Fig. 5) representative of the central North Sea.
On the other hand, when the eccentricity is high
(e.g., along the coasts and in narrow straits), the
magnitude of the velocity vector varies a lot during
the tidal period (Fig. 4).

The influence of the tidal ellipse eccentricity on
the turbulent kinetic energy vertical profiles is
also evident. When the eccentricity is high, the
magnitude of k varies significantly during the tidal
period as a function of the magnitude of the tidal
current (point 1, Fig. 6). On the other hand, a
much more constant turbulent kinetic energy
corresponds to a circular tidal ellipse (point 2,
Fig. 7). Similar observations could be stated about
the magnitude of the bottom stress and the subse-
quent possible resuspension of bottom sediments
that can exhibit large tidal oscillations or not
depending on the tidal ellipse eccentricity. The
qualitative aspects of the vertical profiles of k can
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Q.

3D barotropic simulation
without wind

3'96

depth = 50m

49°55'N  1°35'W

Fig. 4. Evolution of the vertical profile of the horizontal velocity during one M, tidal period. Point 1 in the English

Channel.

be explained by neglecting horizontal diffusion
and advection. This is a reasonable assumption
also used in the Mellor and Yamada level 2 model
(Mellor and Yamada, 1982). Starting from a low
turbulent level, the increase of the bottom friction
generates an intensification of the turbulent kinetic

energy in the bottom layer. The low starting value
of the turbulent viscosity allows only a very low
vertical diffusion so that the bottom generated tur-
bulence remains concentrated in the bottom layer
(solid lines when bottom turbulence increases,
from left to right). When the turbulent kinetic

3D barotropic simulation
without wind

depth = 58m
586°55'N 3°45'E

Fig. 5. Evolution of the vertical profile of the horizontal velocity during one M, tidal period. Point 2 in the North Sea.
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Fig. 6. Evolution of the vertical profiles of the turbulent
kinetic energy and the turbulent viscosity at point 1
(English Channel). Barotropic M, tide.

energy flux going upwards from the bottom
logarithmic boundary layer decreases, the profiles
(dotted lines when bottom turbulence decreases,
from right to left) become more uniform. This is
due to the important vertical diffusion allowed by
the high turbulent level reached. The vertical
profiles of ¥ reflect those of k and of the mixing
length I They exhibit a maximum value at mid-
depth where the turbulent transfer is the most
efficient since it is achieved through more extended
eddies. As a consequence of the two different kinds
of k-profiles associated to the increase or the
decrease of the turbulent level, the location of the
maximum turbulent viscosity undergoes vertical
translations along the tidal cycle. When the verti-
cal k-profile is nearly uniform, the maximum ¥ is
found where the mixing length has its maximum
(ie., a little above mid-depth). On the other hand,
when the turbulent level increases, the high value
of k found near the bottom makes the maximum
turbulent viscosity go down in the water column.
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Fig. 7. Evolution of the vertical profiles of the turbulent
kinetic energy and the turbulent viscosity at point 2
(North Sea). Barotropic M, tide.

Quantitatively, these results show that the tur-
bulent kinetic energy is two orders of magnitude
larger in the English Channel (up to 26-1073
m2s~2) than in the central North Sea (only
23.1075m?s72).

In winter, strong winds blow over the NWECS
and generate a sufficient mixing to allow the use
of a barotropic model. In a second barotropic
simulation using real winter wind forcing (3 hour
resolution in time and 3° resolution in longitude
and latitude), we notice a significant intensification
of the depth-mean value of the turbulent kinetic
energy, time-averaged over 6 M, tidal periods
(Fig. 8). In the main part of the North Sea, k
exceeds 0.5-1073m?s~? while it doesn’t even
reach 0.25-1073m?2s~2 without wind. In winter,
there is a quasi-uniform and high surface value
of k due to the turbulence input from strong
winds while the bottom distribution remains
qualitatively the same with a general intensifica-
tion. This high turbulent level explains how winter
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Fig. 8. Depth-mean value of the turbulent kinetic energy. Barotropic results time-averaged over 6 M, tidal periods

in typical winter conditions.

storm surges ensure a good vertical mixing and
how they manage to redistribute remineralized
bottom nutrients over the whole water column.
Winter winds affect vertical profiles of &, ¥ and
tidal currents. While there is no significant effect in
high tidal currents regions (e.g., at point 1 in the
English Channel), these modifications are par-
ticularly obvious in regions of weak tidal currents
(point 2). At this point 2, one can see¢ that the
turbulent kinetic energy magnitude increases
progressively from bottom to top instead of having
its maximum at the bottom (Fig. 9). This is due, in
nearly equal proportions, to the important surface
flux of turbulence and to the enhanced wind-
induced shear at this place where the bottom
generated turbulence is rather weak. The bottom
value of k oscillates mainly at twice the M, tidal
frequency while the surface turbulent level reflects

Tellus 46A (1994), 2

the variations of the wind forcing. The turbulent
viscosity maximum occurs of course at the surface.
Velocity profiles are also strongly affected by
winds in this region.

While there is nearly no stratification on the
shelf in winter, the NWECS is characterized by
frontal structures separating well-mixed waters
from stratified ones in summer. Indeed, in spring,
the heat input largely concentrated in the surface
layer becomes positive. In regions of low tidal mix-
ing, like the main part of the North Sea, a seasonal
thermocline develops, separating warm waters
in the surface layer from cooler ones beneath.
Stratification persists throughout summer. On the
other hand, a large part of the shelf is made up of
shallow regions where the tidal stirring is sufficient
to maintain the vertical homogeneity of the water
column all over the year, preventing any stratifica-
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Fig. 9. Evolution of the vertical profiles of the turbulent
kinetic energy and the turbulent viscosity at point 2
(North Sea) in typical winter conditions. Barotropic
results.

tion to occur. In these regions (e.g., the Eastern
English Channel), well-mixed waters exhibit cooler
surface temperature than in stratified regions,
especially in spring. The average locations of tidal
fronts are often predicted from barotropic (even
2D) tidal results, using energy considerations
together with empirical analysis (Simpson et al.,
1978; Pingree and Griffiths, 1978; Davies and
Jones, 1990). Fronts are considered to develop
where some energetic ratio (or the turbulent
kinetic energy when a. 3D barotropic turbulent
closure model is used) reaches an empirical critical
value. These methods succeed rather well in
predicting front locations because spatial varia-
tions of the bathymetry and of the tidally induced
turbulence explain much of the fronts genesis. This
kind of prediction can be made with our 3D
barotropic results. Considering Fig. 2, we could
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locate the transitory zone between well-mixed and
stratified regions around the k-contour of 0.25-
1073m~2s~2. However, these methods only
predict where fronts are likely to develop and not
whether they do exist. The formation of a front will
ultimately depend on the occurrence of favourable
conditions (mainly meteorological) that can only
be appraised with a 3D model computing explicitly
the temperature and salinity fields.

A third simulation corresponding to these typi-
cal summer conditions has been carried out with
the full baroclinic model forced by the M, tide and
real summer winds (3-h resolution in time and 1°
resolution in longitude and latitude). In order to
limit artificial transitory effects, the initial state for
this baroclinic simulation is formed by adding the
mesoscale barotropic velocities (and elevation)
and the residual baroclinic ones obtained through
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Fig. 10. Evolution of the vertical profiles of the turbulent
kinetic energy and the turbulent viscosity at point 2
(North Sea) in typical summer conditions. Baroclinic
results.
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a separate residual model of the same area (Delhez
and Martin, 1992). The initial temperature and
salinity fields are those obtained with the same
residual model. Temperature and salinity fields are
explicitly computed during the mesoscale simula-
tions (egs. (5) and (6)) to allow their dynamic
adjustment and avoid any unphysically persistent
baroclinic forcing.

In well-mixed regions, vertical profiles of
currents, turbulent kinetic energy or turbulent
viscosity are identical to the ones obtained in the
barotropic simulation. In these regions the flux
Richardson number R; nearly equals zero and
everything looks like as if a barotropic model was
used. The weak summer winds, as for them, can’t
have any noticeable effect in these regions of
intense tidal activity.

In stratified regions like the Central North Sea
(point 2), the profiles exhibit a threefold structure
(Fig. 10). At this point there is a nearly uniform
salinity and a step of 5°C between 8 and 30 meters
under the surface. In the bottom layer, under
the pycnocline, the profiles are similar to the
barotropic ones. In the seasonal pycnocline, verti-
cal stratification inhibits turbulence and very low
levels of both k& and ¥ are found. Above, k and ¢
increase gradually from the pycnocline to the top
because of a turbulence input due to summer
winds. Because of the inhibition of vertical
turbulent exchanges through the pycnocline and
of the smallness of vertical velocities, the top and
bottom boundary layers are actually uncoupled in
stratified regions. The same uncoupling is found in
the vertical profiles of the velocity.

6. Conclusions

Two different sources account for the par-
ticularly high turbulent levels reached on the
NWECS: the friction of the intense mesoscale
currents on the bottom and the drag and waves
induced by the wind in the surface layer. The way
these sources combine together largely depends on
their actual magnitude but also on the local depth
and the existence of a stratification inhibiting
vertical exchanges. So, at some places, the top and
bottom layers merge while in deeper regions the
wind and bottom friction dominated layers are
distinct and can be clearly separated, possibly by a
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pycnocline. Our turbulence model turns out to be
able to describe both situations.

The analysis of the variations of the turbulent
kinetic energy profile during a tidal cycle reveals a
large dependence on the tidal ellipse eccentricity.
Where the ellipse is linear, turbulence varies a
lot during the tidal cycle, while a much more
constant level is observed with nearly circular
ellipses. Besides, two kinds of k-profiles associated
respectively to the increase and the decrease of the
turbulent level have been identified.

The lack of turbulence measurements on a large
scale prevents us from comparing our results
to actual field data. In this context, it seems
important to study, at least, the influence of the
parameterization on the solution. As a further step,
it would thus be very interesting to compare
different closure models with respect to their
reliability, to the sensitivity of the solution to
different sets of parameters, to their respective
computer requirements and also to their possible
applications and limitations. For example, it seems
unnecessarily expensive to use a very complex level
21 Mellor and Yamada (1982) turbulent closure
model to study the free surface motions associated
to such a simple barotropic process as the
propagation of the tidal wave. Such a phenomenon
is already well described by depth-integrated
models and should thus exhibit only a weak
dependence on the exact formulation of the
turbulent closure. On the other hand, a simple
algebraic closure cannot be used to solve the
problem of the vertical diffusion of a passive
constituent, vertical diffusion being then one of
the key-processes controlling the exact spatial
distribution of this constituent. In this field of the
modelization science, as in any other one, a basic
principle of modelization must be applied: the
complexity of the model must be adapted to the
amount of data available for calibration and to
the requirements of the application.
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