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Abstract:  
 
A simple parameterization of eddy diffusivity is used to simulate the shear mixing from tidally induced 
internal waves generated in the continental slope region southwest of Brittany. Near the edge of the 
shelf, the seasonal thermocline oscillates under the forcing of the barotropic tide which propagates 
over the shelf break. A composite model is constructed to simulate the mixing of the upper ocean from 
both external (wind stress) and internal (internal waves) sources. A simple one-dimensional eddy 
kinetic energy model, which predicts the temperature profile from heat flux and wind stress inputs, is 
validated with respect to regional hydroelimatic conditions, then coupled with a two-layer model of 
non-linear internal waves, to simulate the mixing encountered in shelf break fronts submitted to tidal 
forcing. Numerical runs on a transect perpendicular to the shelf break show the formation of a spot of 
cool water over the edge of the continental margin. The one-dimensional eddy kinetic energy model 
has been validated over a decade with temperature profiles over the abyssal plain adjacent to the 
continental slope. An annual validation experiment has also been conducted for the combined models, 
beginning on 1st January 1985, as well as a short-term validation experiment, using a set of high-
frequency temperature measurements at two stations near the shelf edge in September and early 
October 1985. The simulation has also been spatially validated against three sets of infrared satellite 
images. The one-dimensional model is calibrated for the minimum turbulent kinetic energy, whereas 
the best fit to the high-frequency measurements in autumn 1985 above the slope provides the 
optimum values for the initial thermal content and for the parameterization constant of internal wave 
diffusivity. The combined model reproduces successfully the seasonal and the high-frequency (neap-
spring tidal cycle) variation of the temperature field in the upper ocean along a transect perpendicular 
to the shelf break. Horizontal advection and mesoscale turbulence somewhat limit the performance of 
the model at low-amplitude tides and over the shallower part of the shelf, but the satisfactory overall 
agreement between the results and the measurements is consistent with the formation of a shelf break 
front in the northern Bay of Biscay and southern Celtic Sea, mainly as a result of mixing enhanced by 
tidally induced internal waves.  
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Introduction

At the time of the year when the seasonal thermocline is established� the surface waters are

consistently cooler� by about �oC� over the northern continental slope of the Bay of Biscay

than over both the shelf and the abyssal plain� This feature has been attributed by a number

of authors �Pingree� ����� Dickson et al�� ���
� Heaps� ���
� Johnson and Nurser� ����� �����

to some kind of Ekman upwelling� The phenomenon� however� is now known to be associated

with the generation of internal waves� which have even been directly observed on one

exceptional scene from satellite
borne radar imagery �Pingree and Mardell� ������ It was �rst

proposed by Maz�e ����
� that the interaction between bottom topography and the

propagation of the barotropic tidal wave would generate an internal �baroclinic� tide� i�e�

internal waves with a tidal periodicity� over the shelf break� Further studies �Pingree et al��

����� Maz�e et al�� ����� Maz�e� ����� New and Pingree� ���
� have con�rmed the hypothesis

and shown the internal tide to be strongly non
linear� especially in the region of its generation�

over the shallower part of the slope� These waves were suggested to be an important source of

vertical mixing� Recently again� Gekerma and Zimmermann ������ have shown that a two

layer model is su�cient to reproduce the non
linear characteristics of such internal motions�

At the phase of the oscillation when the thermocline is nearer the surface� the interaction with

wind stress results in enhanced vertical mixing� Internal tides are generated in various slope

areas throughout the world ocean �Baines� ������ as in the Australian north west shelf

�Holloway� ���� and ������ and in the Malin
Hebrides shelf �Xing and Davies� ���� and

����a�� The regions of intense surface and bottom turbulence associated with internal tides

are found in the shelf break area� The recent work of Xing and Davies ������ has shown that

internal tidal mixing can reach the sea surface at the shelf edge even without wind mixing�

The in�uence of the eddy di�usivity parameterization in mixing processes associated with

internal waves is thus a prerequisite to the construction of a realistic model of the phenomenon

as observed in situ� The comparison of simulated internal tides in which the eddy viscosity and

di�usivity were determined using an algebraic formulation depending upon a Richardson

number with those computed using a two equation �q� � q�l� turbulent energy model did not

reveal any signi�cant di�erences �Xing and Davies� ���� and ����b�� Biological consequences

of the internal tide regime may range from increased biological production �due to the upward
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�ux of nutrients from below the euphotic zone associated with the local mixing� and the

increased amount of available light in relation with the internal wave oscillation� in some

major �sheries region �the northern Bay of Biscay itself� Holligan et al�� ����� Le F�evre and

Frontier� ����� the Atlantic approaches of Canada� Sandstr�om and Elliott� ����� the shelf

break o� Argentina� Podest�a and Esaias� ����� California� Shea and Broenkow� ����� to the

transport of invertebrate larvae to their settling grounds through special circulation features

associated with internal tides �Pineda� ������

The present work was part of an attempt to study� and quantify� the in�uence of mixing

enhanced by internal waves on pelagic ecosystems at the seasonal scale �Druon� ����� Druon

and Le F�evre� ������ This requires a relatively robust� low
cost simulation of the physical

forcing� exhibiting su�cient stability at the annual or interannual scale� In this context� the

vertical mixing regime in the region is simulated by combining two di�erent models� The �
D

model of eddy kinetic energy of Gaspar et al� ����
� is used to account for the overall e�ect of

physical forcing �wind stress and heat �uxes� along the vertical� This model is �rst validated

for the hydroclimatic conditions over the abyssal plain adjacent to the continental slope� It is

then coupled with a two
layer model of internal waves� using the �
D numerical results of Maz�e

������� to account for the speci�c� additional e�ect of internal waves on the vertical heat and

nutrient �uxes� The eddy kinetic energy �TKE� model for simulations of the oceanic vertical

mixing described in Gaspar et al� ����
�� hereafter referred to as GGL� is rather simple and

e�cient under wind stress and heat �ux forcing� This model was �rst validated by the authors

at Station Papa in the Gulf of Alaska and in the Sargasso Sea� using moorings of the

Long
Term Open Ocean Study �LOTUS�� It was also validated in the Southern Ocean by

Pondaven et al� �in press�� and coupled to ecosystem models in di�erent regions of the world

ocean �Southern Ocean� Pondaven et al� ������� Sargasso Sea� Marchal et al� �������� The

GGL model uses a single prognostic equation for the turbulent kinetic energy �TKE�� The

model of Maz�e allows for the simulation of the generation and propagation of non
linear

internal waves being induced over a shelf break as a result of the propagation of the barotropic

tidal wave in a two
layer ocean� The cornerstone of the coupling between the two models is the

parameterization� in the form of a speci�c eddy di�usion coe�cient� of the e�ect of internal

waves on vertical mixing along a vertical transect normal to the slope� In this frontal area�

many authors have shown qualitatively that the vertical physical and biogeochemical
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structures are deeply modi�ed by internal waves� This work tends to complement these

previous studies by giving a quantitative approach�

� Regional validation of the eddy kinetic energy model

��� Validation data sets

To improve the parameterization of the turbulent di�usion and to set the proper values for the

parameter calibration� a set of ten years of data has been choosen rather than a climatological

data set�

The solar �ux� non
solar �uxes �the sum of the sensible� latent and net infrared heat �uxes�

and wind at �
 m have been provided by M�et�eo
France and have been extracted from the

European Center for Weather and Meteorological Forecast �ECWMF� model� The �
hourly

data cover the period ����
����� and correspond� in the �o by �o grid� to the point of

coordinates ��oN� �oW�

The annual heat budgets are balanced with an additional mean term to the non
solar �ux� in

order to prevent a divergence of the heat content when repeating the same year of simulation

�spin
up�� and to obtain a realistic initial condition� The heat budget over ten years is almost

closed �Fig� ��� and the net annual imbalance does not exceed �� W m�� in ����� which

corresponds to �� of the mean solar �ux� As mentioned by Archer ������� the oceans

transport heat from low latitudes to high latitudes� so that only in mid
latitudes can the heat

�uxes be expected to balance locally �Peixoto and Oort� ������ A major uncertainty in the

heat balance of the surface ocean is represented by the e�ect of clouds �Seager et al�� �����

Wigley� ����� Mitchell et al�� ������ The interannual standard deviation of the total heat �ux

has been estimated to be on the order of �� W m�� �Weare et al�� ����� Davis et al�� �����

Seager et al�� ������ This further justi�es� in the north of the Bay of Biscay� the balancing of

annual heat budgets and the use of a one dimensional model for a multi
annual simulation �low

long
term oceanic heat transport towards the north�� The solar �ux is �rst dayly integrated�

and then distributed with a time step of �

 s� taking into account the total energy and the

duration of day
time along the year� Solar and non
solar �uxes are spline
cubic interpolated

with the same time step�

Wind direction and velocity are interpolated independently� It must be underlined that the
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type of wind measurements from weathership station Papa used by Gaspar et al� ����
� for

their model validation is rather di�erent from the outputs of the ECWMF model� The

�
hourly wind speed given at Station P in the subarctic Paci�c or at Station K in the North

Atlantic results from the integration of measurements over � or � minutes� while the wind

speed given by the ECWMF model is representative of the mean stress over the entire �
hour

period� The comparison of the mean wind speed given at Station K ���oN� ��oW� in ����

����� m s��� with the decadal mean wind speed at the same point given by the ECWMF

model from ���� to ���� ����� m s�� with a standard deviation of 
��� m s��� leads to a mean

wind speed decrease of ������ This di�erence �in absolute terms� is increased by a square

power when calculating the wind stress ��������

The temperature measurements have been collected through the SHOM �Service

Hydrographique et Oc�eanographique de la Marine� data base in the area �� 
 �� oN� � 
 �oW

between ���� and ���� �hatched zone in Fig� ��� Each temperature pro�le has been linearly

interpolated between the surface and ��� m with a vertical step of � m� At this stage� any e�ect

from internal waves would introduce a bias in the validation of the GGL model� The stations

retained here for the validation are accordingly located �
 km o� the generation zone� centered

on the top of the shelf break� of the internal waves to minimize their e�ect as much as possible�

��� Initialization and numerical implementation

The initial condition on January �st ���� is set by doubling the �rst year of simulation� The

absorption law for the solar irradiance is parameterized according to Paulson and Simpson

������ for a water optically intermediate between Jerlov�s ������ type I and type II� The

values of R and �� are the same as for water type I� with the adjustment of �� � �� m instead

of �� m to �t the measurements of Le Cann and Cabillic ������ carried out on the shelf south

of Brittany in November ����� with a non
zero chlorophyll content in the sea water� This law

is similar to water type I in the top � m� but the in�uence on the temperature pro�le is not

important because of the high wind mixing� and similar to water type II below �
 m� A test

simulation was performed with a biogeochemical model to evaluate the impact of chlorophyll

concentration on surface temperature� using the formulation of the light extinction coe�cient

given by Parsons et al� ������� The results showed a maximum increase of surface temperature

on the order of 
��oC during the warmer month of the year �September�� This slight biological
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feedback on the physics was not retained in the �nal simulation�

The salinity is considered constant in the simulations� The usual salinity gradient observed in

the study area is smaller than 
�� psu in the top �

 m� with a surface value of ����� psu� The

higher salinity at the surface results from the evaporation
precipitation budget�

The model�s equations are �nite di�erenced on a staggered grid� i�e�� temperature and the

horizontal components �T � u and v� of the velocity are computed at the center of each grid cell

while the turbulent �uxes and TKE are determined at the cell boundary� This �D
vertical

model has a time step of �

 s� a spatial resolution of ��� m� and describes the upper ��
 m of

the water column�

��� Calibration

The purpose here is to minimize the mean distance between the measured and simulated

temperature in the �rst ��
 m of the water column on a decadal simulation� The root mean

square �RMS� of the temperature di�erence between the model and the measurements has

been calculated from the surface to ��
 m with a vertical resolution of � m� Two parameters

need to be calibrated to �t the model to the measurements� the initial condition and the

minimum of turbulent kinetic energy �TKEm�� The initial condition �i is the temperature of

the homogeneous pro�le used at the beginnig of the spin
up� and� because of the closed heat

budget� it represents the initial thermal contents in the domain of calculation at the end of the

spin
up� The minimum of the root mean square �RMS� of the temperature di�erence between

the model and the measurements yields the optimum values of �i � ����
 oC and

TKEm � �
�� m� s���

��� Results

Figures �� � and � represent� for the period ����
����� the comparison of the in situ and model

temperature at �� �
 and ��
 m� respectively� using balanced annual heat budgets �a�� and the

original ECWMF heat �uxes �b�� The temperature di�erence at � m between the simulation

and the measurements� hereafter called �SSTs� is presented in Fig� � both for a balanced and

non
balanced annual heat budget� The simulation which uses the non
balanced ECWMF

�uxes shows an interannual temperature variation which is less correlated with the
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measurements at the surface and at ��
 m �Figs� � and �� than in the balanced budget case�

with a very clear positive anomaly �simulation higher than the measurements� at the surface

since ���� �Fig� ��� Part of this divergence might come from slight errors in the estimation of

the cloud cover� and its in�uence on heat �uxes� The high �SSTs encountered in ���� and

���� could be related to the information contained in the atmospheric �uxes concerning the

in�uence of El Ni�no Southern Oscillation �ENSO�� Other sources of short
term �� a few

months� discrepancy between the �D model results and the measurements are the horizontal

advection from the tidal current� and the macro
turbulent advection of large gyres which occur

frequently along the slope of the Bay of Biscay� exporting cooler water from the top of the

shelf break towards the west �Deschamps et al�� ����� Pingree and Le Cann� ���� �a�� Pingree

and Le Cann� ���� �b�� Druon� ������

The quantitative results are synthesized in the Fig� �� The RMS comparison over the decade

between the balanced and non
balanced heat budgets reveals a di�erence of standard deviation

of 
�� oC near the surface and at ��
 m� Even if the annual heat imbalance is small in the

study area� a better simulation of the temperature in the upper ocean is achieved with

balanced annual heat budgets� The high values of RMS observed in the vicinity of �
 m result

from the residual e�ect of the internal waves� This oscillation of the thermocline shows up

through the large temperature variability observed at the same time at �
 m during the warm

season �Fig� ��� As shown below� internal waves are generated near the top of the shelf break�

and� considering their large wavelength ��
 km�� they partially propagate beyond �
 km o� the

generation zone� In order to remove as much as possible the in�uence of the internal waves

from the validation of the model� the parameters �i and TKEm were calibrated in such a way

that the simulated surface temperatures were adjusted to the warmer measurements in the

area �hatched part in Fig� ��� In addition� the minimum pro�le of RMS of the temperature

di�erence between the measurements and the model has been calculated to choose the values

for TKEm and �i using the values obtained from the surface to �
 m� and from �
 to ��
 m�

Thus� the large temperature range observed in the measurements near �
 m �Fig� ��� which

results from the propagation of internal waves across the area selected in the hatched area of

�gure �� were not used to calibrate the TKE one
dimensional model which is not simulating

tidal processes� This leads to a degradation of the RMS pro�les and the �SSTs� Excluding the

interannual variability� an annual positive anomaly of �SST is detected from May to
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September �Fig� ��� In the same context� the annual RMS show a slight increase at the

surface� A large interannual variation of the di�erence between the model and the

measurements is found in the RMS pro�les �Fig� ��� A much better �t� for instance� is

obtained in ���� than in ���� �Figs� � 
 ��� The comparison between the two �gures �middle

and bottom graphs� shows that part of the di�erence is probably due to the much more

uneven spatio
temporal distribution of the measurements in ���� compared to �����

As shown in Fig� �
� the eddy di�usivity coe�cient in ���� shows a large seasonal variability�

with strong winter and low summer wind mixing� These seasonal values of the eddy di�usivity

Kh are similar those obtained by Gaspar et al� ����
� �their Fig� �� Station Papa� ������

except towards the low values �Kh � �
 �� m� s��� at the thermocline level� because of the

higher TKEm used in the present study �TKEm � �
 �� m� s�� instead of �
 �� m� s�� in

Gaspar�� This di�erence in values of TKEm has several reasons� The negative downward

gradient of salinity induces in the real world a higher vertical gradient of density and thus

higher mixing� This e�ect was not taken into account in the present study� and has to be

compensated for in the value of TKEm� In addition� the di�erence in the types of wind

measurements� as discussed above� leads to wind speeds stronger by ����� on the average in

the weathership data base used by Gaspar than in the data set used in the present model�

This large overestimation of the weathership wind speeds leads Gaspar et al� ����
� to lower

their TKEm value to �t the temperature measurements at Station Papa� Finally� a bias is

introduced here by the spatio
temporal distribution of the stations �hatched part in Fig� ��

Figs� � and ��� The climatological atlas of the Bay of Biscay �SHOM� indicates a mean

horizontal gradient of surface temperature of 
�� oC in the hatched part of Fig� �� which

explains a signi�cant part of the errors�

In their sensitivity analysis� Gaspar et al� ����
� ran their model with the same TKEm value

as used here ��
 �� m� s���� and this led to an overestimation of the vertical heat di�usivity at

Station Papa� But these authors also suggested that large mixing rates detected just below the

mixed layer after strong wind events� as observed by D�Asaro ������ and Large et al� �������

should require a parametrization of TKEm at these depths as a function of the wind forcing�

This locally enhanced mixing is needed to reduce the strati�cation in the upper thermocline

produced during summer and early fall by the model of Gaspar et al� ����
�� In the present

work� the high TKEm value induces this autumnal mixing and� during the strati�cation
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period� provides an adjustment to the mixing due to the salinity gradient� A best simulation

was �tted to a situation including a mean salinity gradient of 

�� psu at the top �

 m

�results not shown�� This allowed a decrease of the TKEm value to ���
 �� m� s��� but the

RMS pro�le for the decade was still at least twice higher than in the reference simulation

�constant salinity and TKEm � �
 �� m� s���� This divergence with the measurements is due

to a temporal variability of the salinity pro�le� In view of the available measurements� the

latter seems to show a persistent relative vertical gradient� but the absolute values oscillate

with an amplitude of � 
�
� psu�

� Mecanisms of the coupled models � Vertical mixing

parameterizations

The shelf break area o� Brittany is characterized by a low residual tidal current and by strong

wind mixing� A �
D vertical model is thus an acceptable approximation to describe the upper

ocean physics� Salinity has a low vertical gradient in the top ��
 m� and is considered constant

�the budget Evaporation 
 Precipitation � 
�� The TKE equation and the conservation of

momentum are detailed in Appendix A� The background concerning the TKE closure and the

turbulent length scales is described by Gaspar et al� ����
��

��� The equation of heat

In the one
dimensional case the conservation of heat yields

�T

�t
�  �z�� �z �

�

�
�

�z

�
Kh

�T

�z

�
� �z �

�

� 
 ���

where T is the temperature� Kh is the eddy di�usivity coe�cient for heat under the e�ect of

the surface wind� and the underlined terms in Eq� ��� are respectively�

�
 the solar irradiance absorbed at the depth z�

 �z� � Fsol
��cp

�I
�z

where Fsol is the solar irradiance absorbed at the surface� �� and cp are the reference density

and speci�c heat of seawater respectively� and I�z� is the fraction of Fsol that penetrates to

depth z�



��

�
 the gradient of the turbulent heat �ux �di�usion�� The boundary conditions associated to

this di�erential form are�

Kh
�T

�z

����
�
� Fnsol � Kh

�T

�z

����
�H

� 
 ���

where H is the maximal depth of calculation� and Fnsol is the !nonsolar! heat �uxes� i�e�� the

sum of the sensible� latent and net infrared heat �uxes�

��� Modelling the internal waves

����� The tidal wave model and the two�layer scheme

At the level of the thermocline� the e�ect of internal waves is represented by the oscillation of a

virtual interface �a schematic discontinuity of the density pro�le� separating two homogeneous

layers� The current shear from the interface oscillation is the main source of internal

turbulence in the water column� The characteristics of the interface is estimated with a

two
layer scheme of the discrete density pro�le using� as a stationary state� the conservation of

internal and potential energy� The numerical model of internal waves of Maz�e ������ is used to

describe the evolution of the two
layer interface and the associated shear currents on a vertical

transect across the shelf break� The tidal solution used to force the two
layer model is

described in Le Tareau and Maz�e �������

����� The numerical model� parameterization

The e�ect of internal waves is introduced by the following equation for the conservation of heat�

�T

�t
�  �z�� �z �

�

�
�

�z

�
�Kh "K�

h�
�T

�z

�
� �z �

�

� 
 ���

The term underlined � is the same as explained above� A second complementary term to the

classical concept of eddy di�usivity� which cannot be introduced on a more precisely

deterministic way� re�ects the turbulent mixing caused by internal waves �expression ��� In the

classi�cation of mixing models of Archer ������� the model of GGL is a !turbulence closure

model!� and the internal mixing model presented here is a !shear instability model!� The

latter� which provides a parameterization of K�

h� uses the generation of turbulence by current

shear as a source of TKE� The parameterization of the di�usivity coe�cient Kh is described by
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Gaspar et al� ����
�� The eddy di�usivity coe�cient associated to internal waves K�

h� is

expressed by a hybrid form �see below�� The unstability e�ect results from the current shear of

a two
layer dynamical solution of tidally generated� propagating internal waves� The boundary

conditions associated to this parameter are�

K�

h

�T

�z

����
�
� 
 � K�

h

�T

�z

����
�H

� 
 ���

Turner ������ has shown that� in the water column� mixing mecanisms depending of turbulence

from an internal or an external source are di�erent� Although� in the present work� the eddy

di�usivity caused by internal waves and the eddy di�usivity due to surface wind stress are

treated as homogeneous quantities� the expression of K�

h is di�erent from GGL�s expression for

Kh� As indicated in Gargett ������� and Gargett and Holloway ������� the turbulent

di�usivity re�ecting the vertical mass transport caused by internal oscillations is proportional

to N�q with q � �� assuming a steady
state wave kinetic energy� Under this condition� these

authors de�ne a Richardson number associated to internal wave motions Riw � 
��� with�

Riw �
N�

��ui�z �
�
� ���

where ui���� is the horizontal current induced by internal waves� and N � ���g����
��
�z �

�

� is the

Brunt 
 V�ais�al�a frequency� When the Richardson number reaches a value lower than the

critical value Ric� the current shear generates Kelvin
Helmotz instabilities which increase

mixing at the level of the thermocline� Commonly� Ric is set to �#��

An instantaneous interfacial Richardson number is introduced here to describe the internal

wave mixing of the two
layer dynamical system�

Rib �
g�h�
��u��

���

where h� is the thickness of the mixed layer� ��u�� � �u�� u���� with u� and u� the upper and

lower current velocity respectively� and g� the reduced gravity associated with buoyancy� i�e�

g� � g�T�T� � T��� where g is the force of gravity� �T the heat expansion coe�cient� and T�

and T� the upper and lower layer temperature respectively�

The two
layer Richardson number is not constant with respect to the instantaneous state of

wave kinetic energy� and numerical simulations even show situations where Rib 	 �� In the case

of the two
layer dynamical system� the !internal Richardson number!� or !bulk Richardson



��

number! �Pollard et al�� ����� Price et al�� ����� does not reach the critical value because the

two
layer approximation is no longer valid when the thermocline vanishes�

The eddy di�usivity K�

h is formulated as�

K�

h � 
h�� " aRib�
b ���

The validation of this expression is reviewed by Rodi ������� who also gives the mean values

for a �� �
#�� and b �� 
�#��� The parameter 
h is a function of z� and re�ects the e�ect of

internal oscillations on the vertical density structure� On a �rst approximation� the internal

eddy di�usivity coe�cient is expressed� in the two
layer scheme� as K�

h � 
h�aRib�
b� Using the

general form of the Richardson number �Riw�� this coe�cient can be written as a function of

the buoyancy frequency� K�

h � 
h�aRiw�b � 
h�
N�

�
�ui
�z

��
��

�

� � 
h
N��

�
�ui
�z

��	
� To take into account

the dependency of K�

h on N
�� �Gargett� ������ the following expression has been adopted�


h � C�N
� ���

where C� is the calibration constant of this parameterization� The stability due to

strati�cation �N��z� t�� is evaluated with the temperature pro�le obtained with Eq� ���� The

unstability e�ect is estimated through the shear velocity ��u�x� t����

The characteristics of the two
layer pro�le �g� and h�� are deduced from the discrete vertical

pro�le using the conservation of potential energy and internal energy �see Appendix B�� The

relations between the two models are illustrated by Fig� ��� The coupling is performed

through the calculation of g� and h� every �� h� and through the calculation of K
�

H�x� z� which

includes the two
layer Richardson number at point x and the buoyancy frequency at depth z�

� Con�guration of the coupling

The schematic con�guration selected for the analytical and numerical study of the coupled

model is presented in Fig� ��� The continental shelf break has a length of L � �� km� and a

slope � � 
��� The linear barotropic tide is represented by two monochromatic waves of period

T� � ���

 h �S�� and T� � ����� h �M��� and is established according to the method of Le

Tareau and Maz�e ������� This method� elaborated to prevent di�culties due to bathymetric

discontinuities� allows the coupling to escape analytical problems near the edge of the shelf� A



��

continuous solution for the tide can be calculated at the upper limit of the shelf break using a

continuous topography� The form of the topography used in the calculations is $�sin x�#x%��

with x the axis coordinate perpendicular to the shelf break� The maximum amplitude of the

tidal current is located near the top of the shelf break and reaches 
�� m s�� �Fig� ���� The

maximum of barotropic forcing is located approximately � km o� of the top of the shelf edge

�Fig� ���� and tidal propagation at this point induces a vertical current of 
�� cm s�� at the

depth of �
 m�

� Simulations at the shelf break o��shore of Brittany

��� Choice of the data set

Two di�erent sets of data are needed to calibrate and validate the model� The validation and

calibration of the GGL model have been discussed above� The measurements needed to

calibrate a model re�ecting the mixing by turbulent di�usion of internal waves require a high

frequency ��� to �
 min��� Autumn is the period when internal waves in�uence most the

physics of the water column� and the time span of the measurements must be long enough to

cover � or � spring
neap cycles� Moreover� measurement stations must be located on a transect

normal to the shelf break� and on several tens of kilometres on each side of it� Data from

thermistor
chains collected during the oceanographic cruise ONDINE �� of the SHOM almost

meet such requirements� The temperature from 
 to �
� m was measured with a frequency

from � to �
 minutes during �
 days� beginning �th September ����� Only � stations� however�

have been sampled on the same transect at less than �
 km from the top of the shelf break�

Station P� is located at � km in shore of the top of the shelf break ���o�����N� �o�����W� and

Station P� is at � km in shore from P� ���o������N� �o������W� �Fig� ��� A set of AVHRR

SST �Advanced Very High Resolution Radiometer Sea Surface Temperature�� integrated on

the transect �Maz�e and Langlois� ������ were used to spatially complement the validation�

The �
hourly values of the surface wind stress � �shown partially in Fig� ��� and heat �uxes

�Fsol� Fnsol� from the ECWMF model at the point ��oN� �oW� The annual heat budget of


��� W m�� in ���� has been balanced with an additional constant term to the !nonsolar!

�uxes� All the background concerning the heat �uxes and the wind stress is discussed above�



��

��� Initialization and numerical implementation

The simulations include the two semi
diurnal waves M� and S� during the year ����� which is

simulated twice to start the calculation on �st January with realistic pro�les of temperature

and TKE� The two
layer dynamical model is activated on ��th May when a signi�cant

thermocline �density gradient� appears� and runs as long as the latter is found ���st

December�� The characteristics of the two
layer pro�le g� and h� are recalculated every �� h�

The di�usive e�ect of internal waves is estimated without directly taking into account the

vertical alternative advection� The instantaneous model outputs of temperature� driven by the

parameterization of K�

h� do not lead to the oscillation of the thermocline forced by tidal

currents� but is representative of a mean situation of the temperature distribution under the

forcing of the additional internal di�usion� In order to obtain comparable measured and

calculated temperatures� measurements and outputs of the model are integrated over two M�

periods ������ h�� Thus� this process eliminates the main tidal oscillation� despite phase

di�erences of other waves which are not included in the model� Temperature results are

compared at two points of the transect �see Fig� �� P� and P���

The simulation is performed using a uniform vertical resolution of ��� m from the surface down

to �

 m above the shelf� and ��
 m in deeper waters� The time step is �

 s�

��� Calibration

The calibration of the minimum of turbulent kinetic energy �TKEm� was realized over a

decade and has for optimal value �� �
�� m� s��� Two parameters need to be calibrated to �t

the results of the coupled model to the measurements� the initial condition and the speci�c

parameterization coe�cient of the internal di�usion �C��� Few measurements are available

near �st January ����� but the climatological atlas of SHOM shows� in January� a temperature

gradient of 
��oC between the shelf break area �cooler� and above the abyssal plain �warmer�

in the top �
 m� The optimal value for �i in the abyssal plain area was found above to be

����
 oC� The minimum of the root mean square �RMS� of the daily integrated temperature

di�erence between the model and the measurements at P� and P� yields the optimum values

�i � ����� oC and C� � �

 m� s�



��

��� Results and discussion

Figure �� shows the temporal variations of temperature calculated at three depths over the top

of the shelf� with the validation data superimposed� The latter are extracted from the SHOM

data set in a �
 km belt extending o�shore from the �

 m isobath �non
hatched area in the

reference square on Fig� ��� and in the neighbouring shelf area deeper than ��� m� Because the

simulation is located at the top of the shelf break� where the amplitude of internal waves� and

therefore their cooling e�ect at the surface� is maximum� the results at � m �Fig� ��a� should

be compared to the coolest values in the validation set� which they actually �t� At �
 m �Fig�

��b�� the validation data bracket the simulation by about � �oC� This is because

instantaneous measurements may show a warmer or cooler temperature depending whether the

thermocline is above or below the �
 m level� and these high
frequency oscillations are not

explicitly included in the model� The average �t� however� is satisfactory� The �t is also

satisfactory at �

 m �Fig� ��c�� with a much lesser range of variation in the validation set�

except for the period September to November �Julian days ��
 to ��
�� At this time of the

year� the thermocline level has deepened to below �

 m� so that high
frequency variations not

explicitly expressed in the coupled model outputs also take place at this depth� The

comparison of the temperature pro�les simulated over the abyssal plain and the top of the

shelf break �Fig� ��� shows a surface temperature di�erence ranging from 
��oC �in winter� to

�oC on day ��
 �late July�� The deeper thermocline over the shelf break is also characterized

by a much smoother vertical temperature gradient� which tends to be constant in the upper

�

 m� The simulated and measured daily
mean depth of isotherms ����� ���� and ����oC are

compared at stations P� �Fig� ��� and P� �Fig� ��� between Julian days ��� and ��� ��th

September to ��th October�� ���� �no measurements are available from P� between days ���

and ����� Descrepancies between the �whole year� simulation and the measurements are shown

in the bottom diagrams of both �gures� in the form of root mean square �RMS� pro�les� The

simulated isotherms show an overall consistency with the observations� but� even though all

temperatures are integrated over two M� tidal periods ������ h�� the observed isotherms show

oscillations of variable amplitude� most pronounced at the time of large spring tides around

days ��� and ��� �see Fig� ���� During the comparison period� the isotherm ����oC

corresponds to the middle of the thermocline and shows the largest observed oscillations� The
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deepening of the simulated thermocline from day ��� onwards is initiated by a strong wind

stress event �see Fig� ���� The RMS pro�les at stations P� and P� show maximum values at

the thermocline level� i�e� where the e�ect of high
frequency oscillations not explicitly modelled

�see above� is expected to be the largest� They also show a slight increase �from 
�� to 
��oC�

from about �
 m to the surface� which is most sensitive to meteorologically induced variations�

The pro�les also show lower values than those obtained over a decade above the abyssal plain

by simulating the thermal structure according to the GGL TKE model only� Taking into

account the internal mixing thus results in a more accurate simulation� In particular� the high

RMS values �ca� ���
oC� obtained between �
 and �
 m� the depth range most sensitive to the

e�ect of the internal tide� are strongly reduced �to ca� 
���oC� in the present exercise�

Figure �
 shows two examples of simulated vertical sections along a transect centered at the

top of the shelf break �x�
�� A well strati�ed situation is found on day ��� �Fig� �
a�� with a

thermocline at �
 m along the whole transect� in contrast with the assymmetric temperature

distribution at the surface �see below�� Day ��
 �Fig� �
b� corresponds to a post
spring tide

situation �largest tide on day ���� and clearly illustrates the internal di�usive e�ect� which

tends to vertically spread the isotherms within the thermocline� instead of deepening the latter

as pure wind
induced mixing would have done� Figure �� shows the temporal evolution of sea

surface temperature along the same transect as in Fig� �
� Internal wave mixing operates for

�
 days� beginning on �� May �day ����� before a signi�cant e�ect is obtained in terms of heat

di�usion near the shelf edge� The distribution of sea surface temperature along the transect is

assymmetric� The temperature minimum is found close to the top of the shelf break �x�� km��

rather than at the maximum of tidal forcing �x�
� km�� For the purpose of spatial validation

�at the surface�� AVHRR scenes of the Bay of Biscay have been selected in the period

September
October ���� �Maz�e and Langlois� ����� for clear chronological series over �
� days�

covering a neap tide or a spring tide situation� The scenes were inter
calibrated and �ltered

according to Gohin and Langlois ������� A mean transect ��� km long and �� km wide over

the central area of cruise ONDINE �� �Fig� �� area B� was extracted� yielding an average data

set which can be correlated with the modelled temperature� The values were then smoothed

with a polynomial �lter over � points� The area selected is centered over the most persistent

cold spot over the shelf break� o�ering a view of the strongest surface e�ect of internal waves

during the neap
spring alternation� Three series of satellite data are presented on Fig� �� and
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compared to the results of the model� �
�th September �days ��

����� ��
��th September

�days ���
���� and �
�th October �days ���
����� To alleviate the bias introduced in the

comparison by the instantaneous character of satellite measurements �� AVHRR scene per day

for �
� days�� the mean simulated SST is presented together with the maximum and minimum

simulated SST �thin lines�� The �rst situation ��
�th September� Fig� ��a� was just before a

spring tide ��th September�� with a weak observed gradient �bold line� over the transect� The

second situation �Fig� ��b� corresponds to a spring tide and a strong gradient is observed�

with a �

km wide cooler area centered near the north
northeastern shelf edge �x��
 km�� In

both situations the SST distribution was symmetric over the plain and the shelf� in contrast

with the third situation �Fig� ��c�� which shows a colder SST over the shelf than over the plain

and corresponds to an average tide �following a spring tide�� The simulated temperature is in

reasonable agreement with the satellite data� and the colder area near the shelf edge is also

well reproduced� The RMS di�erence between the mean simulated SST and the observed data

does not exceed 
��oC� which is also the value obtained at the surface for stations P� and P�

�see above�� The best agreement is observed for the spring tide situation �Fig� ��b�� and the

less satisfactory one for the early October average tide �Fig� ��c�� The reasons for the

discrepancy are not entirely clear� Early October is characterized by a strong wind event� from

day ��� ��nd October� to day ���� This initiates the deepening of the thermocline �the

di�erence between the maximum and minimum simulated SST is two to three times smaller

than previously� and may to some extent a�ect the accuracy of satellite temperature

measurements through their sensitivity to the sea surface state� Another weak point in the

simulation is that� near the top of the shelf break� a numerical peak appears because of the

lack of advection and the low horizontal resolution� The model shows also its limits when� in

the shallower part of the shelf �x � �

�
 km� water column height �


��
 m�� SST values�

except for the spring tide situation� appear to be overestimated� In this area� horizontal or

three
dimensional processes and structures� such as instantaneous and residual circulation

associated with tidal currents� or micro
 to mesoscale turbulence� are likely to be

non
negligible� so that one
dimensional vertical modelling may reach there a limit� This

interpretation is borne out by the relationship of the discrepancy to the neap spring cycle�

When strong tidal currents are present� they tend to inhibit the baroclinic circulation �Linden

et al�� ������ On the other hand� when tidal amplitudes are smaller� i�e� when the



��

discrepancies are larger� the horizontal processes neglected in the model are expected to

increase in relative importance with respect to the vertical processes taken into account�

	 Conclusions

The atmosphere
ocean �uxes and the initial conditions are� in this order� the most important

sources of errors as regards the one
dimensional mixed layer model� The wind stress was

admittedly overestimated by Gaspar et al� ����
� when validating their model� We adjusted

the calibration of TKEm to avoid this problem� A better estimation of upper ocean turbulence

is obtained when considering the e�ect of salinity� This was not attempted in the present case�

because of the weakness of the actual salinity gradient� but can be achieved with a good

estimation of the latent heat �ux� or by forcing the model with surface salinity data using an

assimilation method� The results relevant to the e�ect of balancing the annual budgets are

more speci�c to the present study� because attempting such a balance can be justi�ed only at

mid
latitudes� A tempting alternative� namely extracting forcing values from a global model�

can� however� result in uncertainties whose magnitude will increase in proportion to the

coarseness of the calculation grid� and in inverse proportion to the density of associated

measurements� In other words� when forcing an upper ocean model with atmospheric �uxes�

the quality of the input data has to be assessed before the approximation done in the

calculation of ocean turbulence can be evaluated�

The coupling of the GGL model� forced by realistic winds and heat �uxes for ����� with a 


one
dimensional horizontal� two
layer verical 
 model of non
linear internal waves across the

shelf break front in the northern Bay of Biscay produces horizontal and vertical temperature

gradients along the simulated transect� This result re�ects a variability of mixing regimes

along both dimensions of the vertical transect� Because wind mixing is homogeneous along the

transect� the heterogeneity in mixing intensity is accounted for by the current shears due to

the internal waves� The internal mixing begins to take place when a signi�cant thermocline

builds up �mid
May� and develops in summer and autumn when the thermocline deepens and

oscillates with an increasing amplitude� As opposed to wind mixing� which causes a deepening

of the isotherms and an erosion of the thermocline at its base� the internal mixing tends to

vertically spread the isotherms and erode the thermocline at both its upper and lower



�


boundaries� In terms of SST distribution� the numerical simulation produces a horizontal

gradient along the transect which can reach ���oC over �� km� The results are in good

agreement with the hydrographic and satellite data in September and October ����� especially

at spring tides and over the continental slope and the abyssal plain� The agreement� however�

is less satisfactory at low
amplitude tides over the shallower part of the shelf �x��
 km�� which

may be due to horizontal processes not taken into account in the one
dimensional component

of the model� The numerical model has some inherent limitations that preclude it from

adequately simulating some of the �ne mechanisms of the mixing processes� Most notably� the

performance is limited by the approximative representation of the bottom slope and by the

non
representation of non
hydrostatic dispersion� The numerical experiments of Gekerma and

Zimmermann ������ showed that the non
linear internal tide manifests itself in a disintegrated

form if the parameters of non
hydrostatic and Coriolis dispersion are both su�ciently small in

comparison with the parameter of non
linearity� The negative salinity gradient of 

�� psu in

the top �

 m observed over most of the year might be responsible for non
negligible vertical

mixing� The high TKEm value� however� has been set to balance this lack of hydrostatic

mixing� The one
dimensional component of the model fails to include a formulation for

mesoscale circulation and for relatively large
scale eddies which may play a non
negligible role

in horizontal mixing and advection� Such eddies are present seasonally in the Bay of Biscay�

they can reach a diameter of �

 km and can last several months �Deschamps et al�� �����

Pingree and Le Cann� ����a� ����b� Druon� ������ On a smaller spatial scale� the frontal slope

between waters of di�erent density produces a cross
frontal velocity shear which results in the

formation of frontal eddies �refs in Le F�evre� ������ which also contribute to horizontal

advection and mixing� The calculations of Xing and Davies ������ show that� in the case of an

upwelling
favourable wind� the density gradient in the near
bottom region is increased� With a

downwelling
favourable wind� the amplitude of the current and of the internal tide motion are

signi�cantly reduced due to the change of the density �eld in the region of internal tidal

production� However� our model cannot take account of such wind e�ects on internal waves

because of the omission of horizontal advection� This limitation is because we consider a

relatively simpli�ed conceptual framework which does not require too much computing power�

Despite the approximation� the main numerical simulation is consistent with the formation of

the cooler surface water near the shelf edge as a result of locally generated internal waves
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propagating in a non
linear way� The barotropic tidal current towards a continental slope

creates a vertical component which leads to a periodic vertical motion of the thermocline� The

non
linear oscillations of tidally induced internal waves are the main phenomenon responsible

for the seasonal front� and for the interannual SST anomaly� along the shelf break of the Bay

of Biscay� Shelf break fronts are present at the edge of many continental margins� and the

associated vertical motion and mixing can be expected to play a major role in the high

biological productivity �e�g� "��� in the study area� see Druon� ����� usually encountered in

such regions�
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Appendix

A The momentum and TKE equations

The host model includes the conservation of momentum which is written in the

one
dimensional case�

�
u
�t � �fk&u"

�
�z

	
Km

�
u
�z




where u is the horizontal velocity of the water� f is the Coriolis partameter� k is the vertical

unit vector� Km is the eddy di�usivity coe�cient for momentum�

Using the same classical concept of eddy di�usivity� the �
D rate equation of TKE is written�

�
e
�t �

�
�z

	
Ke

�
e
�z



" �

�z

	
Ke

�
u
�z



�KHN

� � �

where Ke and KH are the eddy di�usivities for TKE and heat respectively� N is the

Brunt
V�ais�al�a or buoyancy frequency� and � is the turbulent dissipation� The usual assumption

Ke � KH � Km�Prt is made with Prt � �� the turbulent Prandl number �Bougeault and

Lacarr�ere� ������ As in Gaspar et al�����
�� the eddy di�usivity and the turbulent dissipation

are related to TKE according to

Km � cklk�&e�
���

� � c��&e�
	���l�

where ck � 

� and c� � 

� are the same constants as in Gaspar et al� ����
�� lk and l� are the

mixing and dissipation lengths de�ned by Bougeault and Lacarr�ere �������

lk �min�lu� ld�

l� � �luld����

where lu and ld are given at any depth by �Bougeault and Andr�e� ������

g
��

R z�lu
z �&��z�� &��z���dz� � &e�z�

g
��

R z�ld
z �&��z�� &��z���dz� � &e�z�

where z " lu and z � ld are limited by the ocean surface and bottom�



��

B The two�layer characteristics
 g� and h�

The estimation of a two
layer pro�le is needed to model oscillating internal waves in the

present parameterization� The two
layer system is entirely described by three parameters� h��

T� and T�� the salinity is considered constant� with h� the mixed layer depth� T� and T� the

upper and lower layer temperature respectively� The conservation equation of potential energy

and internal energy are used� The potential energy of a water column of depth H is written

from Lindzen ����
��

Ep �
Z H

�
�gz dz ���

which becomes in the two
layer con�guration�

Ep� �
�
�g��

�
H� � �T �T� � T��h��

�

where �� � ��$�� �T �T� � T��%� and �T is the heat expansion coe�cient� In a discrete

representation of dimension Nd� ��� is then written�

EpNd
�
�

�
g����z�

�
Nd��X
i��

$�� �T �Ti � TNd
�%��i� �� ��
�

The internal energy of a water column of depth H is written�

Ei �
Z H

�
�C�T � Tr� dz ����

Tr is the reference temperature� In the two
layer system� with the approximation Tr � T�� ����

becomes�

Ei� � ��C�T� � T��$h� � �T �T� � T��h�%

In the discrete representation of dimension Nd� ���� is written�

EiNd
� ��C�z

Nd��X
i��

$�� �T �Ti � TNd
�%�Ti� TNd

� ����

The approximation T� � TNd
is made to close the system� The determination of h� is then

easily performed solving Ep� � EpNd
and Ei� � EiNd

� and g� � g�T �T� � T��� It must be

noticed that the principle of total energy conservation is not strictly respected as the kinetic

energy is not expressed� and this would need one more equation to close the system� The

approximation of T� is an underestimation� which induces an overestimation of h��
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Figure legends
Fig� � � Annual heat imbalance from ���� to ���� at the point ��oN� �oW �ECWMF �uxes�
M�et�eo France��

Fig� � � Location of measurement stations used for the validation from ���� to ���� �hatched
area�� and location of the extraction area for the validation of the combined internal wave model
�see next section� � �A� the selected stations used for the Fig� �� �non
hatched zone�� stations
P� and P� �see Figs� �� and ���� and �B� the AVHRR scenes �see Fig� ���� B� ���o �� N � �o

�
 W�� B� ���o �� N � �o �
 W�� B� ���o �� N � �o �
 W��

Fig� � � Simulated �(� and measured �� � �CMO#SHOM� temperature at � m from ����
to ���� using� �a� balanced annual heat budgets� and �b�� the ECWMF original heat �uxes�
results of the GGL model�

Fig� �� Simulated �(� and measured �� � �CMO#SHOM� temperature at �
 m from ����
to ���� using� �a� balanced annual heat budgets� and �b�� the ECWMF original heat �uxes�
results of the GGL model�

Fig� �� Simulated �(� and measured �� � �CMO#SHOM� temperature at ��
 m from ����
to ���� using� �a� balanced annual heat budgets� and �b�� the ECWMF original heat �uxes�
results of the GGL model�

Fig� �� Monthly mean surface temperature di�erence �simulation 
 measurement� from ���� to
�����

Fig� �� Annual root mean square �RMS� pro�les of the di�erence between the modelled
temperature �GGL model� and the in situ measurements using balanced annual heat budgets�
The decadal RMS pro�le �dots� is repeated on each annual result� and is compared with the
case of imbalanced annual heat budgets �circles��

Fig� �� Observed and calculated temperature at � m� temporal and spatial distribution of
the measurement stations in ���� �SHOM�� The continuous line indicates the isobath �

 m�

Fig� �� Observed and calculated temperature at � m� temporal and spatial distribution of
the measurement stations in ���� �SHOM�� The continuous line indicates the isobath �

 m�

Fig� �
� Isolines of log��
 � Kh�� with Kh in square meters per second for ���� in the North
East
Atlantic ���o �
�N� �oW�� Three
day mean values of Kh are used to draw this �gure� as in Gaspar
et al� ����
� see Fig� ���

Fig� �� � Scheme of the coupling of the �
D kinetic energy model and the two
layer internal
wave model �see text for the de�nitions��

Fig� �� � Con�guration of the system abyssal plain
shelf break
continental shelf�

Fig� �� � Amplitude of the current normal to the shelf break created by the wave M��



�


Fig� �� � Amplitude of the tidal forcing on the continental shelf break created by the wave
M��

Fig� �� � Wind stress at ��oN� �oW �M�et�eo
France� and sea surface elevation �tidal oscillations
of M� and S�� at the top of the shelf break in ���� �partial��

Fig� �� � Comparison of calculated temperatures at the top of the shelf and instantaneous
measurements of stations located at less than �
 km of the shelf top and which its lead do not
excess ��� m inside the study area ��
��oN� �
�oW �see the non
hatched area of square �A��
Fig� ��� �a� Temperature at � m� �b� Temperature at �
 m� �c� Temperature at �

 m�

Fig� �� � Monthly evolution of the temperature pro�le from day ��
 �May ��th� to day ��

�September ��th�� �a� above the abyssal plain �X�
�

km�� and �b� at the top of the shelf break�

Fig� �� � �a� Measurements of the isotherms ���� ���� and ����oC at � km in
shore of the shelf
top during ONDINE
�� �
"
� �station P�� CMO#SHOM� September �th
October ��th ������ and
the corresponding calculated isotherms �(�� results of the combined models� �b� Root mean
square of the temperature di�erence between the model and the measurements for the station
P� for the same period� and comparison with the decenal RMS values obtained in the area out
of the internal wave in�uence �X X X� �see Fig� ���

Fig� �� � �a� Measurements of the isotherms ���� ���� and ����oC at � km in
shore of the shelf
top during ONDINE
�� �
"
� �station P�� CMO#SHOM� September �th
October ��th ������ and
the corresponding calculated isotherms �(�� results of the combined models� �b� Root mean
square of the temperature di�erence between the model and the measurements for the station
P� for the same period� and comparison with the decenal RMS values obtained in the area out
of the internal wave in�uence �X X X� �see Fig� ���

Fig� �
 � Spatial distribution of the calculated temperature at the vicinity of the top of the shelf
break� �a� at day ��� �August ��th�� �b� at day ��
 �September ��th�� results of the combined
models�

Fig� �� � Temporal evolution of the calculated sea surface temperature �SST� along a transect
at the vicinity of the top of the shelf break �X�
 km�� �a� from day ��
 to day ���� �b� from
day ��� to day ���� results of the combined models�

Fig� �� � Simulated and measured SST along a mean transect normal to the slope of the shelf
break� The top of the shelf break corresponds to X � 
� The thin continuous line corresponds
to the mean simulated SST over the comparison period� and the correspondant minimum and
maximum simulated SST� The wide continuous line represents the observed SST extracted from
AVHRR data �see text�� �a� September �th� �th and �th ���� �days ��

���� neap tide�� �b�
September ��th and ��th ���� �days ���
���� spring tide�� �c� October �th and �th ���� �days
���
���� mean tide��
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