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Abstract

In this paper, the turbulence closure scheme implemented in the GHER hydrodynamic model is described in detail. Two
case studies carried out in two contrasting conditions—one in the shallow, tide dominated, north-western European
continental shelf, and the other in the deep Mediterranean Sea—are used to identify the dominant terms of the equation for
the turbulent kinetic energy, first theoretically, secondly from the results of the simulations. In both domains, the dominant
terms are the local destruction and production terms, the vertical diffusion term and to a smaller degree, the time derivative.
Advection and horizontal diffusion turn out to be negligible in most of the relevant cases for such large scale studies. This
opens the way to simplifications and optimisations of the numerical models. © 1999 Elsevier Science B.V. All rights

reserved.
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1. Introduction

The impressive development of three-dimensional
hydrodynamic models and environmental applica-
tions has highlighted the need of a proper parameter-
isation of turbulent fluxes in these mathematical
models (e.g., Mellor and Yamada, 1982; Nihoul et
al., 1989). While hydrodynamic models rely, for the
largest part, on well-established laws and properties
like Newton’s law of dynamics and the conservation
of mass of the different constituents, the modelling
of the mean effect of sub-grid and sub-window scale
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processes on the mean flow described by the model
is based on simplifying hypotheses on the structure
and the mean effect of the turbulent fluctuations. The
appropriateness of these hypotheses depending a pri-
ori on the application at stake and, in particular, on
the spatial and time scale of the study, the design
and /or choice of a turbulence closure scheme de-
serves a careful examination.

From a practical point of view, the numerical
aspects, i.e., the CPU requirements, the expected
accuracy of the scheme and the sensitivity of the
whole modelled processes on the parameterisation of
the turbulent fluctuations must also be taken into
account in the decision as well as the availability of
appropriate atmospheric forcing data. It is, for in-
stance, widely accepted that simple algebraic turbu-
lent closure schemes can be used to compute three-
dimensional tidal flows (e.g., Davies and Jones, 1990;
Davies et al., 1995) while refined, more demanding,
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approaches are required to study the post bloom
evolution of phytoplankton that depends crucially on
the, even small, supply of nutrients from the bottom
layer through the thermocline (e.g., Varela et al.,
1992).

Turbulence closure schemes range from simple
algebraic expressions,—relating the vertical eddy
viscosity and diffusivity to the velocity—, to sys-
tems of one, two or more differential equations (e.g.,
Luyten et al., 1996) for characteristic quantities of
the turbulence (turbulent kinetic energy per unit mass
k, mixing length #, dissipation rate of the turbulent
kinetic energy &, turbulent Reynolds stresses).
Among these, k —/ and k — & models are more and
more popular in the community of ocean modellers
and are sometimes regarded as the ultimate solution
to this issue (e.g., Rodi, 1980, 1987; Mellor and
Yamada, 1982). There are still however some prob-
lems associated with the implementation of these
schemes like their sensitivity to the forcing data and
to the spatial resolution in space and time.

In practical applications, one cannot usually af-
ford the high resolution required by k — & models
(e.g., Burchard and Petersen, 1999) and more robust
turbulence closure schemes may be useful. In this
paper, we describe the turbulence closure used in the
GHER hydrodynamic model (Nihoul et al., 1989), in
which the mixing length is evaluated from simple
inspection as a parametric algebraic expression, and
try to show that k models are adequate for several
hydrodynamic situations.

Despite the high level of parameterisation sup-
porting turbulent closure schemes, these are also
often regarded as black boxes by many. It is however
desirable to be aware of the main processes behind
the closure scheme, of the significance of the differ-
ent terms (to introduce mathematical or numerical
simplifications) and of sensitivity of the scheme to
the parameters, the spatial discretisation or the mete-
orological forcing function. Therefore, some aspects
of GHER closure scheme are examined in this paper.

2. General formulation of the GHER turbulence
closure scheme

The turbulence closure scheme implemented in
the GHER hydrodynamic model provides a parame-

terisation of the effects of turbulence based on Kol-
mogorov’s theory. If one takes into account the
relative orders of magnitude of horizontal and verti-
cal variations, turbulent fluxes reduce to their verti-
cal component—no account is given here of the
horizontal turbulent fluxes associated with the sub-
grid scale processes that have to be introduced be-
cause of the limited spatial and temporal resolution
of the numerical models even if similar principle can
be used to derive their appropriate parameterisation
(Ozmidov, 1967)—and can be expressed on the
Fourier—Fick—Onsager model as:

SR can I
3 o (1)
for the vertical turbulent flux ¢”of a scalar property
y like salinity, temperature, turbulent kinetic energy
or any concentration, and:

a2 _du

¢ v a1, € (2)
for the vertical turbulent flux of momentum (Z",
where 7 and A” are, respectively, appropriate eddy
viscosity and eddy diffusivity, u is the horizontal
velocity vector, x; is the vertical co-ordinate and e 3
is the unit vertical vector (pointing upwards).

By dimensional arguments, the eddy diffusivity
can be related to the total kinetic energy of the
fluctuations, i.e., the turbulent kinetic energy, and to
a characteristic spatial scale of the larger eddies, i.e.,
the mixing length /#, through the algebraic relation,

5= a Alk (3)

where a(~ 0.5) is a dimensionless constant.
The evolution equation for k takes the usual
form:

dk -
a—t'f'l)'Vk:H'f-f/Mz—/\sz
’ Xkak k) (4
-+ — — | +9
¢ dx, dx, (8 (%)

expressing that the rate of change of k observed
locally is due to the advection by the mean flow, to
the local production at the Prandtl frequency:

du du

M?=Vy:Vo~—  —
YT ax, o (32)



E.J.M. Delhez et al. / Journal of Marine Systems 21 (1999) 379-397 381

(taking into account that vertical gradients are much

greater than horizontal ones while vertical velocities

are much smaller than the horizontal ones u), to the

inhibition of turbulence by the stratification operat-

ing at the Brunt—Viisild frequency:

, b

N =— 5b
o (5b)

where b is the buoyancy, to the local dissipation of k

at the dissipation rate &:

e=(ak/?)’ /! (6)

and to the vertical turbulent diffusion of k charac-
terised itself by a turbulent diffusivity coefficient A%,
The extra term II is introduced to account for the
production of turbulent kinetic energy by unresolved
processes like mesoscale oscillations, waves (e.g.,
Kitaigorodskii, 1979; Beckers, 1991). The notation
2 (k) is used to represent horizontal diffusion.

While k —/ and k — & type models introduce an
evolution equation for £ or Z, the system of Egs. 1
-6 is closed in the current approach by providing an
algebraic parametric expression for /:

/=/0(x3)¢(Rf) (7)

where

/0=min{K(x3+h)(l—6x3;h),/max} (8)

is the mixing length in neutral stability conditions
and /Z_, its maximum value, where:

R,
Y(R;)=1 TR %)
fe
is a decreasing function of the Richardson flux num-
ber R,:

APN2
R —
Fo I+ oMm?

(10)

used to reflect the flattening of eddies under stable
stratification (% is the reference depth, H= ¢+ h is
the total depth, ¢ is the free surface elevation above
the reference level (x;=0), k=04 is the von
Karman’s constant. 8§ €[0.5, 1] is a dimensionless
variable parameter used to adapt the mixing length

profile to the surface conditions, R, & [0.2,1] is the
critical Richardson flux number).

From the previous expressions, the eddy viscosity
can be computed by Eq. 3 while eddy diffusivity
coefficients are given by:

XN=8"% (11)

where the B”, inverse of the turbulent Schmidt
numbers, depend also on the stratification to take
into account the stronger negative influence of strati-
fication on the turbulent exchange of heat, salt...
than on turbulent exchange of momentum :

. (12)

b_ pT _ RS —
B’=B =B"=vy R,

pr=pr=1 (13)

where y(= 1.1) is a constant.

The reasons behind the simplification of leaving
out the additional evolution for Z or ¢ and replacing
it by algebraic expressions are easily understandable.
While the equation for k is widely accepted and
suffers few simplifications or hypotheses, equations
for Z or £ cannot be written without rather limiting
hypotheses on the characteristics of the turbulent
fluctuations or largely empirical approaches. In many
situations however, and particularly in shallow shelf
seas where the water column seldom splits in more
that two layers, suitable representation of / can be
obtained so that it is preferable to avoid the addi-
tional complexity and CPU cost induced by the
evolution for / or & and use formulae like Eqs. 7-8.

It is interesting to remark that such a prescribed
mixing length profile is also present in Mellor and
Yamada’s approach. The purpose of the so-called
‘wall proximity function’ introduced in the dissipa-
tion rate of k/ is indeed to relax the computed
mixing length towards a fixed profile that satisfies
the law of the wall at the bottom (e.g., Deleersnijder
and Luyten, 1994). One can regret that the same
asymptotic behaviour is assumed at the surface as if
it were a solid boundary.

The scheme is complemented by appropriate
boundary conditions for k. At lateral solid bound-
aries, both the advection and diffusion fluxes are
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zero. At the open boundaries, Eq. 4 is solved by
dropping all horizontal derivatives. In shallow seas
and regions of large depth gradients, a large turbu-
lence input occurs through the friction of currents on
the rough bottom. The precise dynamics of this
generation mechanism cannot generally be repre-
sented in a 3D model unless a prohibitively fine
vertical grid spacing is used to describe the bottom
friction layer in detail. A logarithmic bottom bound-
ary layer can however be assumed and the level of
turbulent kinetic energy at the bottom is therefore
computed assuming local equilibrium between the
production and destruction terms of k:

k, = (14)

where u, is the friction velocity. At the surface, the
same approach can be applied or the turbulence input
from the wind field can be prescribed according to:

ok 1 )
rM—|  =—clr I (15)

ax3 Ey=L Po

where p,, is the seawater density and 7, is the wind
stress.

3. Applications

The GHER hydrodynamic model (Nihoul, 1993)
has been successfully applied in many marine areas
around the world: Bering Sea (Deleersnijder and
Nihoul, 1988), North Sea (Martin and Delhez, 1994),
Mediterranean Sea (Beckers, 1991), Black Sea
(Grégoire et al., 1998)... demonstrating the general-
ity of the approach. In this section, the relevant
particularities of some implementations are de-
scribed.

3.1. North-western European continental shelf

The north-western European continental shelf in-
cludes the marginal seas around the British Isles:
North Sea, English Channel, Irish Sea. It is a rela-
tively shallow shelf: the depth is smaller than 200 m
everywhere except along the Norwegian Coast and
even smaller than 100 m for the largest part.

The friction of the large tidal and storm surge
currents on the bottom induces high levels of turbu-

lence in the shallowest parts like the Southern Bight
of the North Sea or the Eastern English Channel
(Fig. 1) so that the water column remains well-mixed
during the whole year. In less shallow areas, like the
Central and Northern North Sea, the Celtic Sea and
the shelf break region, the tidal mixing is not strong
enough to oppose the solar heating. The thermal
stratification develops, therefore, during spring as a
result of the reduction of the wind energy input and
remains present until the end of the summer (with a
variation of the depth and strength of the thermo-
cline). This stratification induces a further reduction
of the level of turbulence as does the persistent,—
variable in strength—, haline stratification along the
Norwegian Coast.

The turbulent kinetic energy contours in Fig. 1
delineate the limits of the stratified and well-mixed
regions and can be used to identify the well-known
tidal fronts like the Flamborough Head’s front in the
Southern North Sea, the Ushant front in the English
Channel or the complex thermal structure in the Irish
Sea.

The GHER model is used to study the hydrody-
namics from time scales of a few hours to a full year.
At the smaller time scales, the emphasis is on the
accurate prediction of water levels and tidal currents
while the simulation of the long term fate of pollu-
tants and the dynamics of nutrients is the focus of
the studies carried out at larger time scales.

In the implementation considered here, the model
covers the whole shelf with an horizontal resolution
of 10" in longitude and latitude (i.e., about 12 X 18
km) and 10 vertical o-levels. It is forced with six
hourly wind stress and heat fluxes from the ECMWF,
with 10 tidal components at the open boundary with
the Atlantic and with the discharge of the 30 most
important rivers in the area.

3.2. Mediterranean Sea

The GHER model was applied to the Mediter-
ranean Sea at seasonal scale. Contrary to the north-
western European continental shelf, the Mediter-
ranean Sea is an almost closed basin without notice-
able tidal effects except in particular, limited, loca-
tions. As a concentration basin, it presents some
particular processes needed to assure mass and salt
balances. Deep water formations take indeed place
and lead to strong vertical mixing in the Gulf of
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Fig. 1. Depth averaged turbulent kinetic energy (m?/s?) on the north-western European continental shelf averaged for February 1993 (top
panel) and August 1993 (bottom panel). The labels 1-2 indicate the locations of points N1 and N2 (see Fig. 5).
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Lions (North western Mediterranean), the Adriatic
sea and the Levantine basin in the eastern Mediter-
ranean. Except these strong mixing events, the
Mediterranean exhibits a rather well-defined stratifi-
cation, maintaining three different overlaying water
masses (the modified Atlantic waters in the surface
layers, the Levantine intermediate waters at 200—400
m depth and the deep waters below). Between these
water masses, vertical exchanges are small and the
Mediterranean may be regarded as a ‘miniature
ocean’, very different from the tidally dominated
north-western European Continental Shelf.

The model applied to the Mediterranean was
forced by daily ECMWF wind-stress and heat fluxes
covering the period of 1978-1993. Salinity fluxes
were based on a blending of ECMWEF evaporation
values, climatological precipitation fields of Jaeger
(1976) and a small surface relaxation towards clima-
tological sea surface salinity from the MODB data
base (Brasseur et al., 1996).

The model is setup on a 1/4° (i.e., 22 X 26 km)
grid with 31 vertical levels, initialised with the
MODB T,S climatological winter fields and run for
the 15 year period covered by the ECMWF data,
with an Atlantic box in which a relaxation towards
climatological seasonal cycles is maintained.

The model response to this forcing exhibits a
clear seasonal cycle and conforms to the classical
view of the Mediterranean circulation. Here, we will
not describe the results of the model in terms of
circulation and hydrography, but will concentrate on
the modelled turbulence.

For details on the modelling of the Mediterranean
circulation, we refer to the model intercomparison
described in (Beckers and MEDMEX, 1998), where
it is shown that the models (MOM, POM, OPA,
GHER) represent the general circulation relatively
well and that the most important parameter for the
model calibration is the vertical diffusion coefficient
(several models still use a constant vertical diffusion
coefficient, which needs of course an ad hoc calibra-
tion).

Our present analysis is, thus, concentrating on
turbulent aspects. From an inspection of the turbulent
kinetic energy calculated by the model, it is rapidly
seen that below the mixed surface layer, the turbu-
lent kinetic energy drops by several orders of magni-
tude. This corresponds to the classical view of a deep

ocean void of turbulence compared to the surface
layer (and in some regions the bottom layer).

Only when deep-water formation takes place, is
some turbulence found in the deeper parts. As seen
from Fig. 2, turbulence levels are highest in the
regions with stronger currents (as along the African
coast), or strong wind fields and weaker stratification
(as in the Gulf of Lions, the Aegean and the Adri-
atic), something we may anticipate. It is also seen
that the summer stratification even more concen-
trates the turbulence in the surface.

4. Diagnosis of the k-equation

In the formulation of Eq. 4 local variations of the
turbulent kinetic energy can result from five different
processes, i.e., advection by the mean flow, net local
production, local dissipation, horizontal diffusion and
vertical diffusion. To get a better insight into the
dynamics of turbulence, it is interesting to examine
the relative contribution of these different processes
in the budget of k.

To do so, let us first number the different terms of
Eq. 4 according to:

ok
dy = —
at
d,=v-Vk
dy=IT+ vM?— X*N*
dy=¢
ds=2(k) =V, - (K,V,k)
ad % dk
de=—| AN'— 16
g dx4 dx, {163

where K, is the horizontal diffusion coefficient of k.
The order of magnitude of the different terms can be
expressed as:

k

i 5 —
L

C

p Uk
2™ L

dy~akM*(1—R,) ~ a/\/i(zli) (1-Ry)
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a’k?
d, ~ ~Z
5 Kyk
A7)
alk??
ds = 2] (17)

where 7, is a characteristic time scale of variations of
k, U is a characteristic horizontal velocity, L, and
L, are characteristic horizontal and vertical length
scales. We can then proceed with the magnitude
analysis by comparing the different terms with re-
spect to the dissipation rate d,.

The processes resolved in the large scale north-
western European continental shelf model considered
here have horizontal length scales L, > 10*~10° m
and time scales 7, > 10* s (the tidal and /or meteoro-
logical forcing functions used do not introduce
smaller time scales and mesoscale oscillations are
hardly described). One has also U~ 0.5 m/s and
K, ~10° m?/s. One comes therefore up with the
following ratios:

/ /
G/d~ S 107 =
d,/d, 32]/,/? 510*3%
h
ds/d, ~ —— ; _10—4%
h
/ 2
dé/d4~(a ) : (18)

Assuming that the dominant balance in Eq. 4 is
between the net production and dissipation terms, the
magnitude of k is given by:

/ 2
) (1-R,). (19)

dy~d, =k~

37~ ay ( oL,
This is, a priori, a reasonable assumption as turbu-
lence must be produced before being advected or
diffused and will always be eventually dissipated.

Therefore,

Bl i A (20)

ds/d
o/ U T,
/ 2
dg/dy ~ ol |- (21)

In non stratified regions, the vertical length scale
can be estimated as some proportion of the total
depth L, ~ 6H, where 6 = 0(0.1) while the mixing
length behaves asymptotically as kz at the bottom
and, according to Eqs. 7-8 satisfies:

/ <min 20m,%~0.1H 5 (22)
therefore, for depths from meters to tenths of meters,
say H~ 10 m,

d/d,~1073

d,/d,~10"*—1073

ds/d,~107%—107*

de/d,~107' — 1072, (23)
This scaling is in agreement with the assumption of

local equilibrium and shows that:

+ horizontal diffusion is always negligible,

+ horizontal advection is negligible in the coarse
grid models considered in this paper, as also
shown in (Ruddick et al., 1995),

- the importance of the time derivative, advection
and diffusion terms increases with H, while the
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relative importance of the vertical diffusion de-
creases with H,

- near the thermocline, where both the vertical
length scale and the mixing length decrease
severely as R, increases, this analysis will pre-
sumably have to be refined,

- when the typical spatial length scale of the flow
is larger than the mixing length, the vertical
diffusion can be neglected. On the contrary,
for regions with strong gradients, the vertical
diffusion of k acts more rapidly and the local
adjustment must be corrected for the vertical diffu-
sion.

A similar conclusion can be drawn from the
analysis of the behaviour of small perturbations
around the local equilibrium value &, such that:

a4k2
M (1—R,)=——, (24)
ie.,
k= -1—/2M2(1—R<) (25)
& 52 e

If the spatial derivatives are neglected, the law gov-
erning the adaptation towards the equilibrium for
small perturbations in a fixed density fields is:

ok e + ¥
= eT[a/?'W(l —R;)—a’(k + k)]

~——F. (26)

This shows that the time-scale for local adjustment is
given by a2/ ’»~'. Comparing this result with the
time scale for vertical diffusion, L2V /7, one can see
that the vertical diffusion acts more slowly for re-
gions with low gradients (L, >/) and can thus be
neglected when the typical spatial length scale of the
flow is larger than the mixing length. Since, in most
cases, the mixing length is also a measure of the
typical length scale of mixing, and hence of the
gradients, we expect that, in general, there will be a
situation where vertical diffusion and local adjust-
ment act together on turbulent fields.

A similar analysis of the orders of magnitude can
be done for the Mediterranean Sea Model. The pa-
rameters must then be adapted to the characteristics
of the region and of the model, i.e.,

L, ~10°m

L,~5-10'm

t.~10°—10°s

U~0.1m/s

K, ~210%>m?/s. (27)
The scaling of the different terms is then:
d/d,~5-1073

d,/d,~5-107*

ds/d, ~107°

dg/d, ~ 107! (28)

supporting similar conclusions.
4.1. Numerical verification

To clarify the previous theoretical developments,
the same analysis was carried out with results of the
GHER models of the north-western European Conti-
nental Shelf and the western Mediterranean Sea.

We can introduce a suitable norm of the different
terms by defining {d,) as the monthly average (or
over any suitable period of time for the measure to
be statistically meaningful) of the absolute value of
d;. Since turbulent fields are spatially very inhomo-
geneous, it is desirable to normalise these (d,) in
order to be able to compare the dynamics of k at
different locations. We then define:

2(d,)

Di=10g W . (29)
J

This scaling is chosen so that, when the equation
for k reduces to a balance between two dominant
terms, each of them has a scaled measure of zero and
the other ones are negative numbers. In this case, D,
can be considered as the order of approximation for
which the term d; has some influence on the dynam-
ics.
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Figs. 3 and 4 show the results of the horizontal that the estimates {d ,-> were evaluated in a way that
distribution of these gauges. It should be mentioned is fully coherent with the integration scheme taking
February 1993 August 1993
Top Bottom Top Bottom

Fig. 3. Horizontal distributions, at the surface and at the bottom, of the norms of the different terms involved in the equation of k on the
north-western European continental shelf in February and August 1993.
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into account that some terms (the dissipation rate and
the vertical fluxes) are actually computed with some
level of implicity. Fig. 3 shows the surface and
bottom distributions of the normalised estimates D,
on the north-western European Continental Shelf for
February and August 1993, i.e., respectively for
well-mixed and partly stratified conditions. Fig. 4a—b
show the same gauges at three different depths and
two different dates in the Mediterranean Sea.

As assumed in the theoretical analysis, the domi-
nant balance is clearly between the net production
d,, dissipation d, and diffusion d, terms at the two
sites. A smaller contribution comes also from the
temporal derivative d,. Horizontal diffusion d5 and
advection by the mean flow d, have, on the con-
trary, no significant influence of the budget. It is
remarkable that the same conclusions are reached in
the two very different sites studied. The reasons for
this are however obvious: both study concentrate on
the large scale circulation at mesoscale or larger time
scales.

A more careful examination of the plots, comple-
mented with the vertical profiles shown in Figs. 5
and 6 reveals further similarities but also some dis-
similarities.

The importance of the vertical diffusion is osten-
sibly larger in the Mediterranean Sea results than in
the north-western European continental shelf. This is
a consequence of the different dynamics of the two
regions.

In the Mediterranean Sea, turbulence may be pro-
duced by local features like baroclinic instabilities of
frontal currents, gravity currents, breaking of internal
waves, etc. In most part of the Mediterranean Sea,
however, turbulence is only produced by the wind
stress at the surface,—especially in the numerical
models as many of the small scale processes leading
to the production of the turbulence are very poorly
resolved, if present, in the large scale models. This
forcing function contributes to the generation of
turbulence both directly by the flux of turbulent
kinetic energy from the wind field to the sea (this
flux accounts also for the strong wave and shear
production in the very top layer that cannot be
resolved by the model) and indirectly by the produc-
tion associated with the velocity shear in the surface
layer. From the different plots, one can infer that the
former contribution is the dominant one close to the

surface. This results in a downward diffusion flux of
turbulent kinetic energy and the progressive decrease
of the turbulence level as dissipation dominates over
production. The maximum of turbulence is thus found
at the surface and the distributions of & at different
depths are rather similar. Below the thermocline,
however, the surface signal can be hardly felt and the
level of turbulence is close to null.

This process of diffusion of k from the surface
results in a quasi-exponential decay downwards and
comes out as a line in the log scale used to plot the
vertical profiles. This can be explained by simple
analytical developments. If we assume, as shown in
the profiles, that the turbulence budget is dominated
by the diffusion and dissipation terms, one has:

d, ~d,, (30)

ie.,

7
0x;4

(31)

atk? a | _ dk
v _8x3

or

3a?k/? 9?
— 3/2
IV (2)

where a constant mixing length is assumed and
where the region of validity of the balance (30) is
supposed to extend further than a distance equivalent
to the mixing length. The analytical solution 1s then:

3 o
k = k,exp 5 ?x3

where k, is the turbulent kinetic energy at the
surface.

A comparison of this analytical solution with the
profiles plotted in Fig. 6 shows that the turbulent
kinetic energy could indeed be extrapolated from its
surface value to depths of about 60 m, where the
turbulent level is negligible, provided that the right
(constant) mixing length is used. In this case, at
least, the right order of magnitude is predicted and
errors in the diffusion coefficient are even smaller
(as it depends on the square root of k).

, (33)
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On the north-western European continental shelf,
two main sources of turbulence combine to promote
much higher turbulent levels: the wind forcing and
the tidal stirring. These act, respectively, from the
surface and from the bottom, creating two large
mixed layers that can combine together in the shal-
low regions. The vertical structure is therefore very
different with possible local maximum of k both at
the surface and at the bottom.

While the vertical profiles appears sometimes lin-
ear in Fig. 5, the reasons are obviously different
from those explained for the Mediterranean Sea case.
The dominant balance on the north-western Euro-
pean continental shelf is clearly between the local
production and destruction terms while the vertical
diffusion plays a less important part. At the bottom,
the situation is very close to the local equilibrium.
We relied on this hypotheses to derive the bottom

Depth =15m Depth =25 m

(a) Depth=5m

Fig. 4. (a) Horizontal distributions, at 5, 15 and 25 m depth, of the norms of the different terms involved in the equation of k in the
Mediterranean Sea in February. (b) Horizontal distributions, at 5, 15 and 25 m depth, of the norms of the different terms involved in the
equation of k in the Mediterranean Sea in August.
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(b) Depth =5 m

Depth =15 m

Depth =25 m

Fig. 4 (continued).

boundary condition, and this influences of course the
dynamics but it is clear from the vertical profiles that
the assumption is compatible with the solution com-
puted at the first grid points above the bottom.

The importance of vertical diffusion increases as
the surface is approached, especially at the very high
turbulence levels encountered in the English Chan-
nel. Vertical diffusion is also important locally both
in the surface and bottom layer of the permanently
stratified and deeper Norwegian Trench. This area is

however not representative of the dynamics of the
shelf but much similar to the Mediterranean Sea with
the exception of a large production of turbulence in
the bottom layer by the interaction of the flow with
the steep bathymetry and the trench slope. In this
part of the north-western European continental shelf,
the precise dynamics of the bottom layer is also
poorly resolved because of the larger depth.

The two domains differ also to some extent with
respect to the role of advection. In the north-western
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European continental shelf, the advection is negligi-
ble everywhere even if some local maximum of D,
are found where large horizontal gradients exists:
around capes and headlands, in the vicinity of the
slope of the Norwegian Trench. In the Mediterranean
Sea model, advection of turbulence is small but turns
out to be the dominant mechanism to transfer a tiny
part of the turbulent kinetic energy below the ther-
mocline. This turbulence input is very weak and can
only sustain a very small turbulence level. As small
as it is, this turbulence input might have some impli-
cations for those processes occurring at the thermo-
cline or immediately below it as the formation of the
deep chlorophyll maximum for instance.

5. Numerical experiments

To verify the conclusions that some terms of the k
equation are negligible at large scales, some numeri-
cal experiments have been carried out by applying
simplified versions of the GHER turbulent closure
scheme.

The north-western European continental shelf
model was applied to simulate the period from Octo-
ber 1988 to September 1989. This period was chosen
because it corresponds with the organisation of the
British North Sea Project. During this project, a huge

Table 1

data set was acquired thanks to repeated monthly
cruises each lasting 12 days, following the same
track and measuring many physical, chemical, bio-
logical and sedimentological parameters. The tem-
perature data gathered in the resulting data set offer
the possibility to assess the skill of the model in real
conditions. Note however that, while the GHER
hydrodynamic model covers the whole shelf, the data
from the North Sea project are relative only to the
Southern Bight of the North Sea (more precisely
between the Strait of Dover and 51°N), a region that
is stratified only partially during the summer.

To estimate the errors of the simulated tempera-
ture field, the numerical results were first interpo-
lated in space to provide model outputs at the actual
position and time of the 1398 temperature profiles
measured during the North Sea Project. The ob-
served profiles were sampled every meter and con-
tained, therefore, a variable number of data accord-
ing to the local depth. To give an equal weight to all
the profiles, the observed data were aggregated to
match the vertical resolution of the model and 10
vertical levels were thus kept at each location. Fi-
nally, the mean error and root mean square error
were computed for each cruise and for the whole
data set. Those errors were computed for both the
temperature and the surface—bottom temperature dif-
ference. The results are reported in Table 1.

Global mean and rms errors (°C) on the temperature and surface-bottom temperature difference. Comparison with the NSP data set

Cruise Dates No. of profiles Error on temperature Error on surface—bottom
No. (1988-1989) §©) temperature difference
MEAN RMS MEAN RMS
37 2/10-14/10 75 1.60 1.76 0.13 0.57
39 1/11-13 /11 113 0.94 1.09 0.10 0.30
41 1/12-13/12 70 0.46 0.67 0.03 0.11
43 30/12-12/1 110 0.13 0.48 0.03 0.11
45 28/1-10/2 110 —0.13 0.45 0.04 0.11
47 27/2-12/3 135 —0.18 0.38 0.02 0.07
49 29/3-10/4 &9 =022 0.40 0.01 0.13
51 27/4-9/5 117 —0.07 0.42 -0.02 0.54
53 26/5-7/6 119 —0:57 1.03 -0.11 1.05
55 24/6-7/17 122 —-0.90 1.51 —-0.37 1.03
57 24/7-6/8 109 —0.48 1.38 —0.16 1.40
59 23/8-4/9 114 —0.49 1.35 —0.38 1.39
61 21/9-3/10 115 —0.24 0.99 —-0.20 1.24
General Statistics 1398 —0:07 1.01 —0.08 0.81
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According to these error estimates, there is a good
agreement between simulated and observed data. The
overall mean error on temperature is about 0.1°C
while the RMS error is about 1°C.

It should be noted here that the formulation of the
heat flux includes a feedback from the sea to the
atmosphere (mainly through the sensible heat flux)
that depends on the temperature difference between
the two media. Therefore, the simulated heat content
is not fully determined by the external forcing data
but depends also on the turbulence closure scheme.
In this context, the low mean error shows that the
total heat content, integrated over the whole North
Sea Project domain, is computed accurately. This
shows the quality of both the forcing meteorological
data, the parameterisation of the heat flux and the
computed temperature field.

There is a clear evolution of the accuracy with
time. The comparison with the data from cruise 37
shows large errors. This is clearly due to the initiali-
sation of the model. The model run started indeed
with climatological data. It is clear from the compar-
ison that these do not reflect the actual situation in
October 1988. Afterwards, all the error estimates
decrease markedly as the influence of errors on the
initial fields diminishes. The best agreement, i.e., the
lowest RMS errors, is found for both runs at the
beginning of April. Then, with the set-up of the
thermal stratification, errors increase. These in-
creased errors can be attributed to the inaccuracies of
the turbulent closure schemes but they could also be
due to the meteorological data. There is no reason to
think that the meteorological data are of poorer
quality in summer than in winter and spring, but the
sensitivity of the model to the actual meteorological
forcing is larger under stratified conditions than un-
der well-mixed conditions.

Table 2

A detailed analysis of this simulation can be
found in (Delhez, 1998). In this paper, the results are
also shown to be comparable with those of the more
classical Mellor and Yamada 2.5 model.

To go further, the simulations were repeated with
three simplified implementations of the GHER turbu-
lence closure scheme:

run O is the standard run with all the terms
included in Eq. 4a,b,

- run A is obtained by dropping all the advection
and horizontal diffusion terms of k,
in run B, the time derivative was dropped from
the equation for k as well as the advection and
horizontal diffusion terms, assuming therefore
equilibrium conditions between the local produc-
tion /destruction terms and the vertical diffusion
in the water column,
in run C, the local equilibrium of k was assumed.

For each of the simulations, the error estimates were
re-computed and compared with the error of the
standard run. The global figures, for the whole simu-
lated period, are shown in Table 2.

Of course, a more systematic comparison of the
different runs could be made and more critical pa-
rameters could be examined (like the mixed layer
depth for instance). It would, however, certainly be
difficult to extrapolate more detailed conclusions to
other conditions or other turbulence schemes. With
the current approach, it is however clear that while
run A is very close to the standard run, (the slight
improvement of the mean temperature in run A is
obviously fortuitous), the results show a clear deteri-
oration of the results as more processes are omitted
in the dynamics of the turbulent kinetic energy., in
agreement with the theoretical conclusions drawn
above.

Global mean and RMS errors (°C) for the different simplified versions of the turbulence closure scheme

Error on the temperature

Error on the surface—bottom temperature difference

MEAN RMS MEAN RMS
Run 0 -0.07 1.01 —0.08 0.81
Run A —0.08 1.02 —0.08 0.81
Run B 0.04 0.99 —0.28 1.09
Run C -0.01 1.26 -0.33 1.76
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Run0 |RunA |RunB |RunC
Runo0 |- 0.06 0.26 0.75
RunA |0.06 - 0.27 0.76
RunB |0.26 0.27 - 0.6
RunC |0.75 0.76 0.6 -

Fig. 7. Mutual distances (°C) between the temperature fields
computed in runs 0, A, B and C and schematic representation.

A graphical illustration of the influence of the
simplifications introduced in run A-B—C can further
be drawn by computing the distance between the
four runs (standard + simplifications) on the basis of
the temperature profiles used to compute the error
estimates. In Fig. 7, the results of the four simula-
tions can be represented by four points of the plane
where the mutual distances between the different
points are proportional to the RMS temperature dif-
ference between the corresponding runs. The ques-
tion as whether the additional errors introduced by
simplified implementation of the turbulent closure
scheme are acceptable or not depend however on the
aims and expectations of the model.

6. Concluding remarks

The detailed analysis of the dynamics of turbu-
lence clearly opens the door to possible simplifica-
tions of the turbulence closure schemes. This consti-
tutes a first step towards the critical examination of
the properties of the scheme that is essential for the
understanding of the successes and failures of the
whole numerical model.

In the different applications of the GHER hydro-
dynamic model examined in this paper, the advection
and horizontal diffusion terms of & play only a very
small part in the dynamics of turbulence and can
therefore be neglected unless specific biological sys-
tems near the pycnocline are studied. Such a simpli-
fication has clear positive consequences on the ny-
merical models using staggered grids. The omission
of these terms speaks for the computation of k at the
vertical interfaces, where the different eddy diffusiv-
ity coefficients are actually needed to represent verti-
cal turbulent fluxes, as the complications introduced
by the discretisation of the advection terms is
avoided. Neglecting horizontal advection would also
allow easier time-splitting for the k equation, since
conservation problems due to the velocity diver-
gences in moving grids are eliminated.

The influence of the time derivative is clearly
larger than that of the advection and horizontal diffu-
sion terms. Removing this terms from the equation is
tantamount to assuming an instantaneous adjustment
of turbulence to the hydrodynamic conditions and
diffusion, thus neglecting any time-delay in the dy-
namics of k. Experimental as well as numerical
simulations have however highlighted such a delay,
for instance, in the tidal regime where the maximum
of turbulence occurs shortly after the maximum shear
and occurs also later in the middle of the water
column that in the bottom layer. This process has
some influence on the results as shown in the simula-
tions. The main argument to keep it in the model is
however the additional complexity introduced by the
numerical determination of the equilibrium value. In
practice, the resolution of a stationary equation needs
also a solver that is very similar to the usual implicit
treatment of a time discretisation. It is, therefore,
advisable to keep this in the numerical model unless
this introduces unmanageable numerical stability
conditions.

The vertical diffusion of k appears as the most
significant correction of the local equilibrium as-
sumption. Additional simulations have shown that
the mean budget of k over a time scale of several
days involves only the local equilibrium between the
production and destruction terms, showing that the
main effect of the vertical diffusion is to redistribute
the turbulent kinetic energy in the water column so
that the production and destruction rate patterns do
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not match in space but that, in the mean, the local
production and destruction rate are close to each
other.

The conclusions drawn in this paper about the
behaviour of the GHER turbulent closure scheme are
obviously conditioned by the hypotheses of the large
scale circulation and smoothly varying meteorologi-
cal forcing functions. The results of a similar analy-
sis carried out at a local scale with rapid wind
variations included are likely to be significantly dif-
ferent. With the occurrence of strong horizontal gra-
dients, for instance, horizontal effects will come into
play. The design and discretisation of the closure
scheme comes, therefore, to the question of whether
the model should be universally applicable or opti-
mised for a given study. The option supported by
this paper is to apply the most general version of the
model in a first step, to diagnose the model, and to
identify and implement possible simplifications and
optimisations (like the grid staggering) pertinent to
the application in mind.
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