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�����"�������	 ���������$�	 ������������	 ��	"�����	"����	 ��'�� 	 ��	 ��(��	 ��	 ��)��	 ���������*	 ��	

'�� 	 ��	 ��+��	 ������	 ��	"��,	 ��	 ��+��	 ��"� '!���-��	 ��������	 '��	 ����������	  �� �	 ��'� �	 .	 ��	

 ��/���	��	��	"��	��	 ��	��	���������*	
�	��  �$���	�� 	 �� 	��	���''���	�� 	���� 	�����	��� �������	

������	 ��+�����!��	 ���	  �����	 ��	 ���������$���	 .	 �������	 0���/�-��*	 �) 	 ��� ,	 ��!1'��!) �	 ����	

��+��	����������	'��$���	 �"'�����	 �� 	�2�� 	 /���3�� � 	����	4���	��� ������	��""�	��	 �������	

 ��	��-���	��	� �	���� '�� �(��	��	���$������*		


� 	������������� 	��������� 	��� 	��	"�����	"����	'��$���	4���	���� '���� 	'��	�� 	������� 	��	

�����"����	 �� 	  ���"��� 	 ��	 �� 	 ������ "� 	 $�$��� 	  ��	 ���	 5���	 '�� 	 �������	 -��	 �����	

����������"���	 �����"����*	 
� 	 ��� �-����� 	 ��$������"������ 	 ��	 �� 	 �"'��� 	  ��	 ������$���	

!�"����	 ��'������	 ��	 ����	 �� '�� ���,	 �������	 �  ��������	 �������	 ��	 ��$����	 �����	 �����	

�����"�������*	 ��� �,	 ���� �����	 ��	 �����'���������	 ��	 ��	 6�����	 ���������	  ��!����	 "�����	 ��	

'����	��	�����	��	�� ����	'� �#������������	$� ���	.	 �$�����	 �� 	 ��� �-����� 	 ������������-�� 	

����	 ��������	 ���������	  ��	 ����$������"���	 "����*	 
�	 ����	 ��	 ������,	 -��	 �(����	 ����	 �� 	

'�����'��7	'��� 	��	��	8�����	���������,	�	���	�!�� �	��""�	 ���	�������,	'�� -��	��	'�� ����	��	

(9��"��� 	.	'��'�� ���	���������	'�� ����	��	�� -��	'��������	.	'������	��	��"'��*	

���	�����"�������	 ���������$�	������������	'���	���������	 ��	"�����	"����	��	"���)��	�������,	

��""�	 �� 	 �''��� 	 ��-���� 	 ��+��� 	 '��	 ��	 ��������	 ���� !�"�	 ���#��!�,	 ��	 ���������,	 '��	  ��	

�����������	 �$��	 �� 	 ��"'����"��� 	 ��"� '!���-��	 ��	 �����������*	 
� 	 ��!���� 	 ���#"��	 ��	 ��	

��  �$���	 ��"� '!���-��	 '��$���	 ���������	 ��	 �''���	 ��	 ������������� 	 ��	  ��/���*	 
�	

��  �$���	 �� 	 (�  �� 	 $�� ��� 	 ��	 ���''���	 ��	 /���$� 	 ��� �������	 �����"���	 ���	  �����	 ��	

�����"�������	 ��	"�����	"����*	 ���	 /�� 	 ��	"��,	 �� 	 ������������� 	 '�� ��� 	 ��� 	 ��	 �������	

�����	��������  ���	�$��	��	"�����,	��	������� 	 �	����$���	�� ��(� 	��7	'�������� 	��	 � '�� ���	

��:��	 ������ 	 '��	 �� 	 � ')�� 	 $�$���� *	 �� 	"���)�� 	 ��	  � '�� ���	 '��$���	 .	 ����	 ����	 4���	

���� '����� 	'��	�� 	������� 	��	�!����	��	 �	��'� ��	��	/���*	
�	�������������	��� 	��	�������	

�����	 ��"����	 ��	 ��	 ��"'����"���	  ���"�������	 +���	 ��� 	 ��	 �� 	 ��	 �2��	 ��	 '��� 	 ��	

�����"�������*	 ��'������,	  �� 	 ��������	 �� 	 $���� ,	 ��	 ������� 	 /��� 	 ��	 ������	 �� 	 ����$��� 	

���!��'�-�� 	 ;�������,	 �!����,	 ���*<,	 �� 	  ���"��� 	 ��� 	 �� -��� 	 ��	 �����"�������	  �� �	

����"����	 '��$���	 4���	 ��"�(��� � *	 
� 	 '�������� 	 �����"���� 	  �	 ������$���	 ���� 	 ��	

 � '�� ���	��� 	��	�������	�����	��	'��$���	.	���$���	4���	���� '����� 	'��	�� 	������� *	
� 	

������������� 	'��$���	��  �	4���	����������� 	��� 	�����	 �� 	'!� �	��  ����,	�=	��7	��!���� 	
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�$��	 ��	'!� �	'�����������	��	 ��	�� ��'����*	
�	 ���	 ���"�������	 +���	����	�����"���	��	�2��	��	

 �����	��	�����"����� *	
�	��$����	�� 	������������� 	��	"�����	"����	� �	��� �	�����������	'��	

��//����� 	 '����  � 	 '!1 �-�� *	 
�!1����1��"�-��	 ;������� ,	 $���� <	 ��	 ��	 �1��"�-��	

 ���"�������	;��� ���,	��'2�,	 ���� '���<	 ���	�� '�� �(�� 	��	 ��	��//� ���	��	��	 ��	�� ���(�����	

�� 	 /��"� 	 ��	 ������������� 	 ��  �� 	 ��	 '����������� 	 ��� 	 ����$������"���	"����*	 
�	 (����	

��'�� ��������	��	��$����	�� 	������������� 	��	"��	� �	����	��'�������	��	��	��"'��!�� ���	

�� 	'����  � 	!1���# ���"������� *	
�	��$���''�"���	����	�����	��	�� ����	'� �#������������	��	

��	����	��	������	 �	�������	����	'��	��	"� �	��	'����	����	"��)��	!1���# ���"�������*	

	


��(+����/	'�����'��	��	�� 	���$��7	��	���!���!�	���������	� �	���"�������	�� 	������  ���� 	�� 	

'����  � 	!1���# ���"������� 	��	 ��	����	��	������	'���	���(���	 �� 	(� � 	��	��$���''�"���	

����	�����	��	�� ����	'� �#������������*	��� 	��	(��,	��	"��)��	!1���# ���"�������	>�	� �	"� 	��	

'����	�/��	��	��'�� �����	�����	����� 	 ��	 ��"'�������,	 ��	 �������,	 �� 	$���  � 	��	������� 	��	 ��	

�������������	 ��	 "���)��	 ��	  � '�� ���*	 ���'���	 .	 ���	 �� ���"��������	 �������,	 �����	 �����	

'��"��	���	����1 �	 '����#��"'������	�� 	'����  � *	
��� ���"��������	�� 	���� 	�����	-��	 �	

+������	��� 	��	����	��	������	/������	�� 	 ���� 	��	������ 	-��	'��"������	�����	'���	���������	

��	 $����(�����	  �� ����)��	 ��	 �� 	 '���")��� 	 ���"'��� 	 ��	 �������	 '���	 ��	  �"����	 �� 	 �''��� 	

/��$���7	 ����� �� 	��� 	 ��	"��)��*	 
� 	 �''��� 	 ��-���� 	 ��	  ����� 	�� 	 /���$� 	
� 	 ��	�1�������,	

+�"�� 	 ������ 	 +� -�����	 .	 �����	 ������  ����,	  ���	 � ��"� *	 
�	 �1��"�-��	  ���"�������	 .	

'��7�"���	�� 	�"(���!��� 	�� 	/���$� 	��	��	��$����	��	���� 	�''��� 	 ���	�����"���	������ *	
�	

�����������	��� 	��	����	��	�� 	��!���� 	��	"�  � 	�����	��3��$���	���	���������	'��������)��,	��	

$�	��	��	�� '�� ���	����	�����"�����	��  �� *	
��"'�������	�� 	��������� 	"����������-�� 	 ��	

��!1����1��"�-��	 ��	 ��	 �1��"�-��	  ���"�������	 ��	 (�  ��	 � �	 "� �	 ��	 �$������	 ��9��	 .	 ��	

���(��	�����'��������	�� 	'����  � 	�����	��	"����� �����	��	�� 	�( ��$����� 	�������*	
�	 ��������	

�������	���'���	"��)��:"� ��� 	'��"��	���	����1 �	��	�� 	'���� 	'���� 	��	���	$���������	�� 	

'���")��� 	"����� � ,	��� �	-�����	�� ���'����	��	��	�1��"�-��	 ��	���� �"(��	��	��	(���	��9��	

��7	 �"������� 	��"���-�� *		

	

��	"��� ����	 ���������	����	������	��	�����	-�� ����	?	-���	 �����	��	��$����	�� 	������������� 	

��	�� 	��	��+��	����������	��� 	 ��	����	��	������	@	�/��	��1	��'�����,	�����	�����	 �	��$� �	��	

���� 	'����� *	

0��"�)��"���,	��� 	'��'� �� 	���	��$��	�� 	������  ���� 	��	��	����	��	�!�'����	�#�	'�� 	���	

 1��!) �	����������	��	"����� �����	��	��$����	�� 	������������� 	��	"�����	"����	��	�!�'����	

�#%*	
�	�����7��	��	��	 ��������	��	�������	1	 ���	�7'� � *	

���7�)"�"���,	 ��	0�����	��	 �	���������	 ��	 �������	!1����1��"�-��	��	 ��	����	��	������*	
�	

�����������	��� 	�� 	���7	(�  �� ,	�� 	��!���� 	�$��	��	�����	��� �	-��	�� 	��!���� 	��� 	��	�!����	
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��	��$�������	-��	�����2����	��	�1��"�-��	��� 	��	0�����	����	 ���	������ *	�����	 ������	'�����	

��������	 ��	 '��"���	 �!�'����	 ����������	 ��	 "��!��������	 ��	 �������*	 ��	 '�� ����	 ��	 ��''��	

�!����-��	�� 	���"��� 	��	"����� �����	!1����1��"�-��	��	���	�� ���'����	�� 	�� ���"��� 	��	

"� ��� 	����� � *	�'�) 	��	'�� ��������	�� 	'�����'��7	�� ����� ,	���	�� ���'����	��	��	�����������	

��	 ��	����	 � �	'��'� ��	��	�!�'����	 ��#%*	��� 	 ��	 ���� �)"�	�!�'����,	 �� 	 ��"' 	����!����	�� 	

"�  � 	 �����	 ��	 ��	 �� '�� ���	 ��	 �������	  ���	 ������� 	 ��	 �� ���� 	 �$��	 �� 	  �"������� 	 ��	

"��)��*		

���	����1 �	��	��	�1��"�-��	 ���"�������	��	��	����	� �	�� ����	'��'� ��	��	0�����	���*	�'�) 	

-���-�� 	 ��''�� 	 �!����-�� 	 ��� 	 ��	 '��"���	 �!�'����,	 ��	 "��!��������	 � �	 ���������	 ��	

�!�'����	���#%*	
�	"��)��	!1���# ���"�������	��	���� ���"��������	"� �	��	'����	 ���	�7'������ *	


�	�!�'����	 ��$���	'�� ����	�� 	�''��� 	 ����� 	��	��-���� 	�� 	/���$� 	�2���� 	-��	 �	+������	��� 	

��	 ����*	 ���	 -�����/�������	 ��	 ���	 -����/�������	 �������"����-��	 �� 	 /��7	  ���"������� 	  ���	

'��'� �� *	�� ����,	��	�!�'����	���#A	��������	��	"� �	��	'����	��	"��)��	!1���# ���"�������	��	

��	 ����	 ��	 ������	 ��	 ���	 �� ���'����	 ��	 ��	 �1��"�-��	  ���"�������	 ��	 ��	 5���	 �������	 � �	

'�� �����*		

������"���,	 �� 	 '�����'��7	 �� ����� 	 ��	 �����	 �����	  ���	 ��''��� 	 ��	 ������ ���*	 B���-�� 	

'�� '����$� 	  ���	 '��'� �� 	 �/��	 ���"�������	 ��	 ��$���''�"���	 ����	 �����	 ��	 �� ����	 '� �#

������������,	 ����	 ����	 '����	 ��	 $��	 ��"���-��	 -��	 �� 	 ������ 	 ��� ����	 ����  ���� 	 ��7	

 �"������� *	
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� �

�!�'����	�#� 0���  ��������	��	��	����	��	������	

��� 	'�� ����� 	��� 	��	'��"���	�!�'����	��	����	�� 	������  ���� 	��	��	����	��	������,	����	

'����	��	$��	!1����1��"�-��	��	��	��	�1��"�-��	 ���"�������*		


�	����	��	������	 �	  ����	  ��	 ��	�2��	"��������������	��� 	 ��	6��#� �	��	 ��	������,	��� 	 ��	

��'����"���	 ��	D��*	 6�	  ��������	 ������'!�-��,	  �	 ��'����'!��,	  ��	 !1��������	 ��� �	 -��	  ��	

���"��	��/��������	 �	��'�� �	!1����1��"�-��*		

I-1.1 	�
������
����
����������


�	����	��	������	� �	��	(�  ��	�����$�,	 �'���	��	���7	(��� 	'��	���	�����	������	��	�,A	�"*	


�	0�����	����	 �����	��� 	��	'�����	��� �,	� �	-�� �	/��"��	?	����	� �	������	.	��	
�����	����	'��	

���	0�����	0�  �	;����$����	>&	"	��	�����	��	�&	"	��	'��/������<	��	����	��	���	
�����	0�  �	

��	 6��,	 ��  �	 �''���	 �!����	 ��	 $�	 ��	 ��	 ��$�������	 ;������	 �#�<*	 �����	 �����)��,	 �����	 �������	

����$����	�	�"	��	�����	'��/������	"�7�"���	��	>&	",	� �	��	'�����'��	����	����!����	�����	�� 	

���7	 (�  �� *	 
�	 0�����	 ����	  �	 ��������� �	 '��	 ��	 '�� ����	 ��	 '���	 ��	 ������	 ��� �	 -��	 ��	

���� ����	"��������	;��	�����	 ��	��	������	�#�<*	6�	 �'��/����	� �	����$����	E,F	�"%	��	 ��	$���"�	

��	E%	"������ 	��	")��� 	��(� *	

�

������	�#�	?	 	 6��������	��	��	����	��	������	��	��	'���	"��������	;��	�����<*	
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�	 5���	 �������	 � �	 ��������	'��	��	 �����/	 ���������	 ��	 ���� 	"�  �/ 	 �"'������ 	  �	  ������	 ��	

(������	 ��	 ��	 ����	 ;������	 �#%<*	 ����� �	 ��	 � �	  ���)$���	 ��	 8���	 ���"�	 ;HI&&	"<,	 ��	 8���	

�����	;HFI&	"<	��	 ��	8���	������	;HG&&	"<	-��	������ ���	�� 	$��� 	��	 +�����	��	�2��	 ��	 �� 	

'����'������� *		

	

	

������	�#%	?	 �����	��	�����/	��	��	������	��������� �*	; �����	?	�
�:������	0���<*	

	

I-1.2 ����
�
�
����


�	������	� �	��������� ��	'��	��	���"��	"������������,	�J� �#.#����	��	/���	�� �������"���	��	��	

������ 	 '������ 	 ��	 '���� ,	 ����	 �� 	 �$)��"��� 	  ���	  ��$���	 (��/ 	 "�� 	 ����� � *	 6����	 ��	

���"���	��������	��	8�����������,	������	��3���	��	/���	�� �������"���	�CC	+��� 	'��	��	��	��	

�� �������"���	/��(��	C%	+��� 	'��	��,	���� 	-����	'����	;K�	""<	FI	+��� 	'��	��*	������)��"���	

(���1��	 '��	 �� 	 $��� ,	 ��	 ����	 ��	 ������	 � �	 /����"���	 ��/�������	 '��	 �� 	 ��������� 	

"����������-�� *	
�	 ����"�	��	$��� 	� �	'����������	��	 ��/������	'��	 ��	 ��'����'!��*	 ��	 1	 �)���	

���7	�1'� 	��	$���	�� ����� 	?	��	8� ����	;>IL	��	��"' <	��	��	D���	��� �	;>IL	��	��"' <	;M�����

��� �	
	 %&&�<*	 D���	 ��	 ����:����#��� �,	 ��	 8� ����	 � �	 ��$��	 '��	 �� 	 "�  �/ 	 ��	 ��	 ������	

��������� �,	 �N	 ��	  ��//��	 '���2�	 ����� �:����#��� �	 ;%I&O#>%&O<*	 0��$�����	 ��	 ��	 $�����	 ��	

�!2��	��	������ �	'��	��	8�  �/	�������	��	�� 	��'� ,	��	8� ����	� �	/����	��	 ��	��	'���	4���	�  �5	

																																																													

�	6����	��	"�1����	���������	��	8����������	?		!��'?::���"��*"����/�����*��":	
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/���	��	(�����*	6� 	��/��� 	 ������ �/����	��	'�����"' 	��	��	!�$��,	���� 	-������(��	� �	��	"�� 	�N	��	

 ��//��	 ��	"��� *	 
�	 D���	 ��� �	 ;I&O#�&&O<,	 ��  �	 �''���	8����,	 � �	 ���	 ��7	 (�  � 	 '��  ��� 	 .	

����� �	��	(�  ��	;
��/�	��	
���,	P������ <*	6��$���	������7,	��	D���	��� �	� �	'�� 	�!���	��	'�� 	

!�"���	 ��	 ���)��	 ��	 ��	 !����	 ��� 	 ��	 
�����	 ����*	 ��	  ��//��	 ��$������	 ��	 '�����"' 	 ��	 .	

������"��	��	 �������	�� 	$���  � 	  �'������� 	 .	C	"Q #�	 '�����'���"���	��	 +��$���	 .	"�� 	 ��	��	

 �'��"(��	.	����"(��*	0��	��"' 	���"�	;%&L	��	��"' <,	�� 	��������� 	"����������-�� 	��	��	

������	 ���	��������� �� 	'��	��	/��(�� 	(�� � 	�!��"�-�� 	;$���  �	��/�������	.	F	"Q #�<*	��""�	

��� 	��	$����� ,	�� 	��//����� 	����"� 	��	$��� 	���	���	������	�"'�������	 ��	�� 	������� 	��	

 ��/���	��	��	��"'�������	��	�����*	
� 	��������� 	"����������-�� 	���	��� �	��	�"'���	������	 ��	

��	�����������	��� 	��	����	��	������,	�� 	$��� 	��/����3���	�������"���	 ��	!1����1��"�-��*	

I-1.3 ����
���������������������


�	����	��	������	� �	��) 	'��	 ��"� �	��7	"���� ,	/��(�� 	��	8�����������*	�����	�"'������	

����$����	 %&	�"	 ;��(�����	 R	 8�����	 %&&><,	 ���� 	 ���	 (������'	 "��� 	 ���"'���	  ��	

��!1����1��"�-��	��	 ��	(���	-��	 ��	!����	��	 �� 	������� 	 ������ 	'��	 ��	$���*	B���-�� 	����� 	

���������� 	 ���	 '��'� �	 ���	 �� ���'����	 ��	 ��	 �����������	 ��	 ��	 ����,	 �����	 ��	 ��'�� �	

!1����1��"�-��	��7	��������� 	"����������-�� ,	.	��	�����������	��������	��	�����	��	������	.	

��	 ��������	!1�������-��*	���������	
	;�EI�<	��''������	-���-�� 	���"��� 	-����	��7	$���  � 	��	

�������	 "� ���� 	 ��	 ����/������	 �� 	 $��� *	 
�	 0�����	 ����	  �	 ��������� �	 '��	 �� 	 ������� 	

��������"���	 /��(�� 	 $� #.#$� 	 ��	 ���7	 ������ ��� 	 ��� 	 ��	 
�����	 ����*	 ��) 	 ��'������ 	 �� 	

��������� 	���"���-�� ,	��//����� 	����"� 	!1����1��"�-�� 	 ���	��''���� 	'��	�� 	������ *	0��	

��"' 	���"� ,	��� �#.#����	'���	�� 	$��� 	 ��//���� 	.	"��� 	��	F	"Q #�,	��	�����������	� �	�������	

'��	�� 	������� 	��	��� ���	�������� 	'��	��	'�� ����	����	��������	��	 �������	�����	 ��/���	��	

/���*	 �� 	 ������ 	 ������	 ��  �	 ��	 '�� ����	 �����	 �!��"������	 ��	 ���,	 �N	 ��	 /���	 ��������	 ��	

��"'�������	�����	 �� 	 ���7	'�� 	 �!���� 	��	  ��/���	 ��	 ����� 	'�� 	 /����!� 	��	 /���	 ������	���	

 �����/�������*	 
� 	 ����"� 	��	������� 	  ���	 ��� 	 ��7	$��� 	��"����� ,	 ��� ����� 	 ��""�	 /��� 	

'���	�� 	$���  � 	��	$���	 �'������� 	.	F"Q #�	��	(���	���(�� 	��	F#C	+��� 	'���	��	D���	��� �	��	

>	+��� 	 '���	 ��	 8� ����*	 
�	 8� ����	 ;��� �:����#��� �<	 �!�  �	 �����	 ��	 ��	 ����	 ��	  ��/���,	

'��$�-����	���	������	��	���	��"�����	�� 	���7	��	/���	;����		��
<	��7	�2�� 	 �'����������� 	

��	 ��	
�����	����*	 ��$�� �"���,	 ��	D���	��� �	��������	 �� 	���7	��	 ��/���,	-��	'�������	��	 �	

(�����	 ��7	 �2�� 	 ;������		��
<	 ��	 ��  ������	 ��	 (�  ��	 '��	 ��	 /���*	 �� 	 ��������� 	 ��	 $���	

����������	���	!����	����	��	!������	��	$����	'���	4���	�"'�������	;M���1	��	
��  ��	R	����	

�EI&	S	���������	
	�EI�<*	��	'�� ,	��	��'�� �	!1����1��"�-��	��	��	����	��7	��������� 	��	$���	

� �	��'���,	����	��""�	��	��"' 	��	����7�����	��	��	������	.	���	 ��������	��	��"' 	���"�*	
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���7	/���$� 	 ���������	��� 	��	����	��	������*	
��1�������,	����	��	(�  ��	$�� ���	���$��	��� �	

��	�������"�������	��������� �	;��	$���	 ��	��	������	�#	><,	 �	+����	��� 	��	
�����	����*	�	����� �	

 �	����$�	��	(�  ��	$�� ���	��	
� 	;��	������	 ��	��	������	�#	><,	����	���"(���!���	 �	 ����	��� 	

��	0�����	����*	

	

	

������	�#	>	?	 P�  �� 	$�� ��� 	��	���1�������	;$���<	��	��	
� 	;������<*	

	

��������	
��


��1�������	 �������	 ��	�F,%	�"	��	 ��	(�  ��	$�� ���	 ������	 ��	G&	�"T*	��	'����	 �	 �����	.	
�	

����,	��	5���	��������,	��	���$�� �	��	'���	��	
�	
����,	�N	��	� �	���"����	'��	���-	���� 	�����	?	��	


�"(���	��	��	������ 	��	
�	����)��,	��	�)���	��	���������	��	0�����	��	��	0���-�����	.	
�	
����*	

��	��$����	��	U	��$�)��	�� 	�"�����7	V	 �� 	��	D���7	0���	��	6�$�	��	1	��3���	���� 	���7	�//����� 	

��	 
�	 D������	 ?	 6�����#8�  �	 ��	 6����#M� �'!*	 
��1�������	 � �	 ��	 ���	 �������	 ������ �	S	 ��	 '�  �	

�� ����	 �� 	�����������	;%,F	�"<	'���	��  �����	.	�����	��(��	��� 	��	-�������	
�	����*	
�	/���$�	�	

���	��������	 ��	�IFC	��	  ��	 ���	 �������	 '�� -����	 �� �(����	 ��	'���	��	������*	 ��	 ���	����	'�� 	

���"(���!���	���������	 ?	 ��	�"'�����	��	������	 �� 	
�"�����	'���	��+������	 ��	
�����	����	

'�) 	��	����	6�#
��� *	��'������,	�/��	���$����	������������	��	������#$����	��������� ,	��	 �����	
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�����	'���	 4���	�"'�����*	��	(��������	 ����	 ��	0� #��#��#����	 ;0�����<	 � �	 ����$�	 ��� -��	 ��	

��$���	�����	��	���1�������	���"����	��	��	/���$�	'���	4���	��$��	��� 	��	 �����	(�� 	���� �	��	

�IEC	 �	+�����	��� 	��	
�����	����	.	���� �	6��	0�1��*	


�	 (�  ��	 $�� ���	 ��	 ���1�������	 � �	 ��������� �	 ��""�	 ��� ��-��	 ;�������� 	 ��	 "���� 	

8� �!������<,	 '�����'���"���	 ���"����	 '��	 �� 	 '���� *	 ��	 1	 ������$�	 �� 	 ����$��� 	 �������� 	

; ���� 	 !�������� ,	 "���W�!���,	 ���$��� 	 ��	 �!�$��7<,	 ���� ������� 	 ��	 ���	 5���	 /����"���	

��(��� ��	;���������<%*	B���-�� 	����� 	"���� 	 ��	���1�������	���	"�����	-��	�� 	�''��� 	��	

�����"����� 	��	8�6	 �	�����������	��	'������ 	��	���� ,	�� 	�''��� 	'��	/��(�� 	����"� 	�����	

"���"� 	;�������	%&&F	S	������������	
	%&&C	S	������������	
	%&�%<*	6����	�������	;%&&F<,	��	��(��	

"�1��	'��	 ��"' 	 ��	 � �	����$����	�&	">Q!#�	"�� 	'���	 ���������	A&	&&&	">Q!#�	 ��� 	�� 	 ���� 	

�$���	��	 ������$��	��	��(��	���"��	��	"��� 	��	%A	!*	��	 /��(�� 	��(�� 	��������� ���	 ��	 ���� 	

�����	 ��	 '��'���	 ��	 ��"' 	 ;A,FQ�&#F	 .	 �,EQ�&#A	">Q #�Q�"#%<	 ��	 ��	 �������������	 ��	 "���)��	 ��	

 � '�� ���	 � �	 ����$����	 F	"�Q
#�*	 
� 	 /��� 	 ��(�� 	  ��$�������	 ��	 '������ 	 ��	 ���� 	 ��	

����������	 �����	 �,>Q�&#%	 .	 I,IQ�&#%	"> #�Q�"#%	 �$��	 ���	 �!����	 ��	 8�6	 +� -��.	 E&	"�Q
#�*	 ���	

������	�7'��-��	��  �	-��	��	/��7	"�7�"��	� �	�������	>&	"����� 	�'�) 	��	��(��	��	��	����	��	'���	

���������	 '�� ���� 	 ��5���� 	 ��	 �������""� 	 '��	 "�����*	 
��''���	 �����	 ��	 "���)��	 ��	

 � '�� ���	 $����	  ����	 ���$)��"���	 ��	 �������	  ��$���	 ��	 ��5����	 ��	 �����*	 ���	 '��"�)��	

� ��"�����	;6���	�EEI<	��	���''���	��	8�6	'��	���1�������	�$����	�F&&	����� Q��#�,	��	����� ���	

�� 	/��7	��	C>&	��Q!�	����/#�Q��#�*	���	�����	��������	��	��+��	��	���1�������	�	� ��"�	��	�''���	

 �����	 ��	 8�6	 ��	 ACF	 ����� 	 '���	 �������	 %&&A,	 ����	 EIL	 �������	 �� 	 ��7	 ��+�� 	 ��	 ���� 	

;������������	
	%&�%<*	�����/�� ,	���-��"���	�� 	$����� 	��	 �� #(�  ��	$�� ���	�$��	;%F�"T<	���	

���	 '�� � 	 ��	 ��"'��	 ��� 	 ��	 �����	 �����,	 ��	 (��������	 �''����  ���	 ���+��� 	 ��$���*	 
�	

/���������"���	 ��	 ��	  �� 	 (�  ��	 $�� ���	 ��� �	 -��	 �� 	 ��������� 	 ����$������:/��"�����	 ��	

(��������	���$���	��  �	4���	��������� *		

	

�
��
��


���	����$����	I	�",	��	
� 	���$�� �	��	��$� �#�� #���7,	�� 	-������� 	��� �	��	������	��	��	5���	

��	'1�����!���	��	���� ����	"��������	�$���	��	��+������	��	����*	0������	 �	 �����	��	(������	��	

�������� ,	 ��	 ���� 	�����	'����	���(���	 ��	��"	��	 ��	�������	'�� 	 �!����	��	��"	��	 /��	 �� 	

-������� 	 ���$�� � *	 
�	 ��$�)��	 �������� 	 ��$����	 ����	  ����  �$�"���	 ��	 
� ,	 ��	 ��$�)��	

���$����	 ��	 ��	 ��$�)��	 ���$�	 �����	 �� 	 -������� 	 ��	 X�"���	 ��	 �������� 	 ��	 �"���	 ��	 ��	


����(���	��	�$��*	
�	
� 	���$�� �	���(���	���	5���	������,	'�� 	�� 	 ������ 	'�� 	��(��� � *	
�	

/���$�	 � �	 ������ �	 ��	  ���������	 ��	 �������	 ����")���	 +� -��.	  ��	 �"(���!���*	 ��	 �"���,	 ��	

(������	��	�������� 	����	'��	��	 ������	D�����	����	���	�������	�����	��'�����	��	�,�Q�&C	">,	

																																																													

%	���������	?	!��'?::YYY*�!���#"�����������*���/�����*/�:	
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-��	 /��"�	��	 ���	 �����	 �������	 ��	 %&&	 .	 >&&	"	  ��	 ���	 ��������	 ����$����	 C&&	"*	 ��	 ���	 � �	

���"����	'��	'�� ���� 	 ����� 	��� ��-�� 	 ���������� 	��	����""���	 ��	���� ,	 �����	��	����	

��	 (�  ��	 ��	 ����	 ��	 ��(��	 � �	 /����"���	 ��'������	 �� 	 '���� 	  ��	 ��	 '������	 ��	 6���	 P����	

;8����������	
	%&&I<*	��	�� 	��	/���� 	'���� ,	�� 	�''��� 	��	���7	 ���	�"'������ ,	��	�������	 �	

��$�� �	'��	���$��������	��	���� *	��'������,	������	"� ���	��	��(�� 	��� �	�� '���(��*	���'�) 	

�� 	 �� ��������� ,	 �� 	 $���� 	 ��	 /���	 ��	 (������	 ��	  ���	 ��$���� 	 -��	 ��� 	 ��	 ��	 $������	

���������	 �����������*	 
�	 6���	 ;�EEI<	 ��''����	 �������� 	 ��������� ��-�� 	 ��� 	  ��	 ��  ���	

'�����(��	��	�������	��	P���	��	 �������	��	"��-��	��	������ 	����������	��	
� *	��	�$����	���	

� ��"�����	 ��	 /��7	 ��	 8�6	 .	 �A&&	����� *��#�	  ����	 ��!1'��!) �	 -��	 �!�-��	 !������	 ����/	 ��	

(�  ��	$�� ���	������������	��	/��7	��	C>&	��Q��#�*	6����	8����������	
	;%&&I<,	�����	��	
� 	 �����	

��) 	�!�����	��	��"��*		

��) 	'��	����/��"����� 	��	��	"� ��� 	 ���	�� '���(�� 	����������	 ��	
� *	��� 	'� ���� 	'��	

!1'��!) �	-��	 ��	 /���������"���	��	��	���� 	�����	'�  )��	�� 	��������� ��-�� 	 �"(��(�� 	.	

����� 	��	���1�������,	.	 �$���	��	/��(�� 	��(�� 	'������ 	��	'������ 	��	���� 	.	/��� 	��(�� 	����	

�����	 � �	 �!�����	 ��	8�6*	�� 	 ���� 	  ���	'��	 ������	'�  �(��"���	 ���� 	 ��	 /���������"���	��	

(������	��	�������� 	��	���	"��������	������  ����	��	��	�� ����	��	�� ���	 ��$)��	�  ��������*		

P���	 -��	 �� 	 �''��� 	 /��$���7	  �����	 ���	 '�������	 ��	 �������	 ��	 P���	 ��	 ��	 ������#0��$����#

8�����������,	��) 	'��	����/��"����� 	 ���	�� '���(�� 	.	��	+���	 ��	�� 	���7	'�����'��7	/���$� 	

 �	 +�����	 ��� 	 ��	 ����*	 
�	 ��������� �����	 �� 	 �''��� 	 .	 ��	 P���	 ��	 ������	 ��	 �������	 ��	

/���������"���	�� 	(�  �� 	$�� ��� 	 ���	�� 	� '��� 	�  ������ 	.	�������	�/��	��	��"'������	��	

/���������"���	!1���# ���"�������	��	��	����*	

I-1.5 	���������
������������


�	(��!1"�����	��	��	0�����	����	��"�����	��	'�  �	��	�� 	�"�����"��� 	���!��'�-�� 	����� � *	

M���1	��	
��  ��	R	����	 ;�EI&<	���	 ��"'���	�� 	 ����� 	 �������� 	��	��(��	��	Z�Z)"�	 �)���	

�$��	����� 	���(��� 	.	��	/��	��	$�����)"�	 �)���*	
�	(��!1"�����	��	��	0�����	����	� �	"��-���	'��	

���7	 �!����7	 -��	  �	 ��+�������	 ��	 /��"���	 ��	 U	[	V*	 �� 	 ���7	 (�� 	 "��-��������	 ��	 ����"�	

/��$������	������*	
��7������	��������	��	���1�������	-��	��(���!���	��	����#� �	��	��	0�����	����	

��	 ���"(���!���	 ��	 
� 	 ��	  �������	 .	 ���������*	 
�	 '�����	 ��	 
�	 8����	 �����	 "��-���	 '��	 ��	

'�� ����	 �����	 �$�����	  �(��� �,	 �''���	 U	(���	 ��	 ��9��	V,	 -��	 �	  ��$�	 ��	  ������	 .	 ��	

��� ��������	 ��	 ��	 ������	 �����*	 
�	 �������"�����	 ��	 �����	 5���	 ��"�����	 ���+��� 	 ��	 �����	

�$�����	 �(��� �*	
�	/�������	 �(��� �	� �	��������� 	'�� 	���$��	.	'��7�"���	��	 ��	'�����	��	
�	

"����*	
�	��� ��������	��	�����	+����	�	'��	������� 	/���	'��(�(��"���	"���/��	��!1����1��"�-��	

��	��	����*	
�	/�3���	��	��	�����	������	���	��$������	 ��"� �	��7	������� 	/��� 	��	��7	$���� 	

��	��"'4�� 	'��	D���	��� �,	��	-��	�	'��(�(��"���	/�$��� �	 ����� ���	��	 ��"���	 ��	��'2�	��� 	 ��	

0�����	 ����*	 
�	 0�����	 ����	 ������	 ���	 '��'���	 ��!��(��� 	 ��	 '� ������,	 '�� -��	 �� 	 "���� 	
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"���� 	���	���	�������� 	+� -��.	��	/��	�� 	����� 	�G&*	��'������,	�) 	��	/��	��	ZZ)"�	 �)���,	�� 	

"���� 	"���� 	��!��(��� 	�$�����	�� '���� 	;M���1	��	
��  ��	R	����	�EI&	S	P�����������	
	%&&�<*	

��"���	 �� 	 '!���")�� 	 !1����1��"�-�� ,	 ��	 ��'��������	  ���"�������	 �����"���	 ��  �	 �� 	

5��� 	��	 �������	��	�����"����� *	��"'��	 ����	��	 ���//�����	-�����	 ������� 	 ������������� 	.	

 ��  �����	��7	'�������� 	/��� ,	��	������  ����	��	��	��'��������	�������"����-��	��	��	5���	� �	

�  ��������*	 ��  ���� ��� �	
	 ;%&��<	 ���	 ����1 �	 FF	 ��!�������� 	  ���"������� 	 '����$� 	 ��� 	 �� 	

���7	 ���� 	 ��	 ���	 ������	 -��	 ��	 /�������	 /���	 ; ��� 	 ���  ��� <	 � �	 '����"������	 ��	 -��	  �	

��'��������	� �	!�"��)��	��� 	�����	 ��	����,	'�� ������	'��	��	$�������� 	�$��	��	'��/������*	

�����	 ������	 '��'������	 ��	 /�������	 /���	 /�$��� �����	 ������"�������	 ��	 �����"����� 	 ��	 ��	

������������� 	��� 	�� 	 ���"��� *	��'������,	.	'��7�"���	�� 	'���� ,	 ��	/�������	.	%""	 �����	

'�� 	 �"'�������	 -��������� *	 ���	 '���������	 �����	 ;������� ��� �	
	 %&&&<	 (� ��	  ��	 ���	

���-��������	 ��	 '���)$�"��� 	 '�� ������	 �� 	 /������� 	 /��� 	 '�� 	 �"'������� 	 ��� 	 ��	 0�����	

����	 ;>F	.	FF	L<	-��	��� 	 ��	
�����	����	 ;\	�&	L	'��	�������<	 ;������	 �#	A<*	
�	!����	��	 �� 	

���������� 	 !1����1��"�-�� 	 '�� 	 /���� 	 �7'��-��������	 ��	 '�� 	 ������	 �������������	 ��	

 ���"��� 	���  ��� 	��� 	�� 	5��� 	��$���� 	��	�����*	
�	/�������	��	 ���"��� 	/�� 	��	��	'�����	

��	���-��������	��	��	 ��	��	��	'�� -�����	��	6�#8�������	 �������	�����"���	"������	;\	�&	L<*		


�	���7	��	 ���"��������	������	��� 	��	0�����	����	�	���	�$����	�����		&,%�	]	&,&F	�"	;��  ����

����	
	%&��<	'���	-�����	'���)$�"��� 	��'���� 	��� 	�� 	���7	(�  �� 	��	&,F	�"Q��#�	;�����������	
	

%&&%<*	�� 	� ��"����� 	 ��''�����	 ��	������1 �	��	������ 	��	%�&0(	��	�7�) 	��� 	�� 	������� 	

��	 ���"��� 	��	'������	'���	!1'��!) �	���	 ���"��������	��� �����*	

	

������	�#	A	?	 0��'������	;L<	��	'�������� 	/��� 	;�\C>	^"<	��� 	�� 	 ���"��� 	��	
��	����	��	������	;���'�) 	�����������	
	;%&&&<<*	
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I-1.6 ����
���������


�	���������$���	��	��	����	��	������	�	���	���(+��	������� 	��	���������	��	�������������	"�����	

��	����6�	;�!��"�  ��	�EEE	S	�����������	
	%&&&	S	�!��"�  ��	R	������	%&&&<*	�� 	������ 	���	

"�����	 -��	 �� 	 ��$���7	 ������$���	 ��	 �� ��"	�>G	  �	  ��������	 �����	 ��	 ��"���	 ��	 ���������	 ��	

�>	P-_�����
��

*	�� 	����$��� 	�� 	'�� 	/���� 	 �	������$���	��� 	��	0�����	����,	���� 	-��	�� 	"�7�"�	

"� ��� 	!�� 	��	 �� 	(�  ��	����������	 ���	��	G	P-_�����
��

*	
� 	����$��� 	��	�>G� 	 ���	��������� 	

�������� 	 .	 ��	 /�������	 /���	?	 �� 	 ����$��� 	 �� 	 '�� 	 /��(�� 	  ���	"� ���� 	 ��� 	 �� 	 5��� 	 �N	 ��	

/�������	��	 ���"���	���  ���	�����	'�� 	 �"'�������*	��	���������	����� �	��	%&&�	�	 ��$���	�� 	

����$��� 	 ��	 �>G� 	 ��"'�� � 	 �����	 &,F	 ��	 �%	P-Q�����
��

	 ;������� ��� �	
	 %&&%<*	 �� 	 ������ 	

 �''��"������� 	 ����������	 �� 	 '���� 	 ���	 ���//��"�	 ���//�����	 -�����	 �� 	 ������������� 	 .	

 ��  �����	��7	'�������� 	/��� *	
� 	��$���7	�� 	'�� 	���$� 	 ���	����$� 	��� 	�� 	"������ 	 �(��#

$� ��7	����	��	/�������	/���	;\C>^"<	� �	��	'�� 	�"'�������*	
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�!�'����	�#% 8���� �� �����	��	��$����	�� 	

����������� ��� 	��� 	��	"�����	"����		


�	 '��"���	 �!�'����	 �	  1��!��� �	 ����/��"�����	 �� '���(��	  ��	 �����	 5���	 �������*	 ��	  �����	

�!�'����	 '��'� �	���	 ��$��	 ��	 �����������	 ����������	 ��	 ��$����	 �� 	 ������������� 	 ��	"�����	

"����	��	��	"����� �����	��	����	�� '�� ���*	


� 	 ������������� 	 '�� ��� 	 ��� 	 ��	 "�����	 "����	 '��$���	 �$���	 ���	 ��������� 	 ��	 "���)��	

�������	;��""�	��	��+��	��	��	��������	��	���� !�"�	���#��!�	��	M�'��<	��	'��	�����������	�����	

�� 	 ��"'����"��� 	 ��"� '!���-��	 ��	 �����������*	 
�	 �� '�� ���	 �� 	 ������������� 	 ��  �� 	 ��	

"��	��'���	��	 ���� '���	'��	 �� 	 ������� 	��	��	 ���7	��	 �����$����"���	��	"�  � 	�����*	
� 	

���"��� 	 �1���	 ���	 �//�����	 '���	 ��	 '!� �	 '�����������	 '��$���	 4���	 �� ��(� 	 .	 ��	"���)��	 ��	

 � '�� ���	��	��	���������$���	� �	��� �	����	��7	'����  � 	 ���"������� *	
�	��$����	��	"��	�� 	

������������� 	��'���	����	�� 	'��'����� 	�!�"�-�� 	��	�����"���	��	��	����� 	��	"�����	?	 ����	

"����� �����	 � �	 ����	 ��	 '��(�)"�	 ��"'��7�*	 �����	 '���,	 ��	 ��$����	 ��	 "��	 ��'���	 ��	

��"'����"���	�!�"�-��	��	�����"���	��	��	 �	��"�#$��,	-��	��'�� ����	��	��"' 	����  ����	'���	

-��	������$���	��"����	��	"�����*	�������	'���,	��	'��$� ���	��	 �	�� '�� ���	� �	����	.	���//�����	��	

�����"���	�$��	��	'!� �	'�����������*		

I-2.1 ��
�����
��������
����
�����������������


�	���������$���	��� 	����$������"���	�	���	�������	���������	��:��	���!��'�-��*	

�����	 '���	 ���	 ��7	 ��1�� 	 �� "�-�� 	 ��	 ��7	 ���"��� 	 ���������/ 	 '�� ��� 	 ��� 	 ��������	

����� ���,	 ��	���������$���	���������	 �	������$�	��� 	 ����"� '!)��,	 �� 	 �� 	��	 �����*	
� 	��1�� 	

�� "�-�� ,	��"'� � 	����� 	��) 	��������-�� 	�� 	����7�� 	��	�� 	'����� 	��	$���	 ������,	 ���	

/����� 	 '��	 ��	 �!�"'	 "������-��	 ����� ���	 ��	 ����"� '!)��	 ��	 �����	  ����	 -��	 &,&FL	 ��	 ����	

��1����"���	�������	��	��$���	��	��	"��*	
�	���������$���	���������	��� 	����"� '!)��	���"����	

����	 �$��	 ����������	 ��	 $����	  ����	 ��	 ����*	 
�	 ��1����"���	 �������-��	 '��$����	 ��	 ��	 '�� ����	

�����"��� 	��""�	 ��������"	��	 ��	 �!����"	��� 	 ��	 ������	 ����� ���	��	 ��	 ���������$���	�� 	  �� 	

��'���	��	 ����	������*	0��	�7�"'��,	 �� 	"�  �/ 	�������-�� 	���	�� 	���������$��� 	���-	.	$����	

/�� 	'�� 	���$�� 	-��	�� 	 �� 	 ���"������� *		

�������	 '���,	 ������� �����	 ��	 ���������	 ���������	 �	 ��������	 ���''�������	 ��	 ��	 ���������$���	

���������	 ���!��'�-��	 ��� 	 ����$������"���,	 ����""���	  ����	 ��7	 �  �� 	 ��"� '!���-�� 	 �� 	
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(�"(� 	��������� ,	��7	��+�� 	�!����-�� 	�� 	�� ��������� 	��������� 	��$��� 	��	��7	�������� 	�� 	

�������� 	 ��	 ��!����(1�	 ��	 ���� !�"�*	 �� 	 �$)��"��� 	 ���	 '��$�-��	 ���	 ���"��������	 �� 	

��$���7	��	������������� 	��� 	��	"�����	"����,	�=	.	�������������	�����:��"� '!)��,	��	��	��+��	

��-����	 ������	 ��	 "��	 ���� ��������� 	 ��	 �1���	 ��	 ��"(� ��(��	 ��	 ��� 	 ��	 �� 	 ��	 ��	 ��������	

+�'���� �*	

��	"���)��	 ��������,	 �� 	 ������������� 	 ��"� '!���-�� 	 ;������� 	 ��	 ����/����� <	 ����������	 ��	

"�����	"����	���	�������/���	���:"��*	
�	�����������	�� 	"�  � 	�����	�� '�� �	�� 	������������� 	

��	�� 	'����'������� 	��  �$���	����"� '!)��	��	����������	���	���"��������	��	��	���������$���	

��	 ��	 ����!�	 ��	  ��/���	 ������-��	 ��	 ��	 ��"'����"���	 �����������*	 
�	 ��  �$���	 �� 	  �� ,	 ��	

��������	 �� 	 (�  �� 	 $�� ��� 	 ��	 �� 	 �''��� 	 /��$���7	  ���	 ����	 �����"���	  ����� 	 ��	

���������$���	��	"��*		

��	 �� 	 ��	 ��+��	 ����������,	 '�� ���� 	 ��������"��� 	 ����/����� 	 '���������	  �	 ������$��	 ��� 	

����$������"���*	0��	�7�"'��,	����������	��	6����/����	;�7#`��� ����,	�������<	�	��������	��	��+��	

��"� '!���-��	��	7����,	������	��	��	�������	;�>>Z�,	�>��,	�>%��<*	
�9��	��	���/���"���	������	��	��	

��������	��	.	��	/��(��	-�������	��	'������	��	/�  ���,	����������	��������	����	���,	��	0��� 1�$����	

;���� #��� <,	 �	 ��������	 ��	 ��+��	 ��"���	 ��	 7����,	 ������,	 ��	 �� ��"	 ��	 ��	  �������"*	 6����	 .	

����������	��	��!����(1�	;�������<,	'�� ���� 	 ��������"��� 	���	���	 ��+��� 	��� 	 ����"� '!)��,	

��� 	 -��	 �>>Z�,	 �>��,	 �>%��,	 �A&P�,	 EFa�,	 �A���,	 �&>��	 ��	 EE8�*	 
�� 	 ��	 ����������	 ��	 ��	 ��������	 ��	

���� !�"�	���#��!�,	 ��	�>G� 	 ��+���	��� 	 ����"� '!)��	 ;��$����	�%	0P-<	 ;�!���	 ��	 ��*	 %&��<	�	

��������	��	��'2�	 ��	 �� 	(�  �� 	$�� ��� ,	 � ��"�	�����	�	��	>	8P-Q"#%	 ;����� ����	
	 %&�><*	
�	

��+��	������	��	�� ��"#�>G	��� 	�������	� �	� ��"�	�����	>	��	%G	0P-	;P����1	��	P�� �����	
	%&�%	S	

� ������������	
	%&�%	S	� �"��������	
	%&�%	S	b�Y�"��������	
	%&�A<*	�� 	������������� 	��	�>A� 	

��	�>G� 	��	CI	&&&	P-Q
#�	��	���	���	"� ���� 	��� 	�����	��	"��	.	'��7�"���	��	��	��������	��(��	

�$���	 %&��	 ��	 ��'�  �����	 �&&	&&&	P-Q
#�	 '���	 ������#�>�	 ;b�/�+�	 R	 �����	 %&�><*	 �� 	 ������ 	

�2��)�� 	��	����	��	M�'��	���	�����"���	����� 	���	���"��������	��	���������$���	��� 	 �����,	

���	��	 ���� '���	�� 	 ������������� 	'��	 �� 	������� 	"���� 	 ;b�/�+�	R	 �����	%&�><*	8�����	 ��	

/��(��	 ��������$���	��	�� ��"	'���	 ��	'!� �	'�����������	 ��	"�����	"����,	 '�� 	��	F&	P-Q��#�	 ��	

������� ��"	 ���	 ���	"� ��� 	 ��� 	 ��	  ���"���	 .	 �&&	�"	 ��	 ��	 ��������,	 ��"'�����$�"���	 ��	

>	.	A	P-Q��#�	 '�� ��� 	 �$���	 ����������	 ;��� ���	 R	 b�(�1� !�	 %&�%<*	 0�) 	 ����	 ��	 �'�) 	

����������,	�� 	������������� 	��	�>G� 	��"���� 	��� 	�� 	�&	'��"��� 	�����")��� 	��	 ���"��� 	

'����$� 	�����	G&	��	�&&	�"	��	��	��������	���� !�"�	���#��!�	�������	��"'�� � 	�����	AQ�&>	��	

>Q�&A	P-Q"#%	��	+��$���	%&�%*	

	

���	 /�� 	 ��	 "��,	 ��	 ��"'����"���	 �� 	 ������������� 	 ��'���	 �� 	 '��'����� 	 �!�"�-�� 	 ��	

�����"���	��	��	����� 	��	"�����*	��	�� 	������$�	 �� 	/��"�	��-����,	 �����	��	�����c����,	 ����	�� 	

�//����� 	��	 �����"���	'���	 ��	'!� �	'�����������	��	 �� 	'��'����� 	'!1 ���#�!�"�-�� 	��	"�����	
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;'X,	 �������,	��"'�������,	'��������	���71��#���������,	d<*	
� 	������ 	��	�����	��	"��	;��e,	be<	

��	 /�$��� ���	'� 	 ��	 /�7�����	�� 	 /��"� 	�������-�� ,	 ��	 ������� 	���"��� 	 ��""�	 ��	 �� ��"	 �	

������$���	'�����'���"���	 �� 	/��"�	��  ����	��	���	��	"��	���� 	-���� 	'�� ������	���	/����	

�//�����	'�����������	��	���	�����*		

I-2.2 ����������������������

��� 	 ��	"�����	"����,	 �� 	 ������������� 	  ���(�� 	  ���	 �� '�� � 	  �� 	 ���//��	 �� 	 '!���")�� 		

!1����1��"�-�� 	����$������:��//� ���	;������� ,	"����,	$���� ,	���*<*	
� 	��������� ��-�� 	��	

"�����	 '��$���	 �"'�����	 �� 	 '��'����� 	 �� 	 ������������� 	 ��	 ������� 	 '�� ������	 ���	 �//�����	

'���	 ��	'!� �	'�����������*	
� 	������������� 	  �	 /�7���	����	��7	'�������� 	��	 � '�� ���	'��	

��#'����'�������,	�� ��'����	��	��!���� 	����� 	��	��	8�6	��$����	���� 	$������	��	'��������	-��	

'���	  ��$����	 '��'��������	 ��� 	 ��	 �� ���(�����	 �� 	 ������������� 	 ��� 	 ��	 "�����	 "����*	

�� '�� �� 	 '��	 �� 	 ������� ,	 �� 	 '�������� 	 ��	  � '�� ���	 ���� '������	 ��	 �����"�������	 ��	

����������	 ����	 ��'2�	 ��� 	 �� 	  ���"��� 	 ��	 /���*	 
�	 ���	  ���"�������	 ����	 ��""�	 '��� 	 ��	

�����"����� ,	��	'�������	��	�����"�������	��	/���	��	�����1���	��	�������	�����*	��'������,	��	

��"�(��� �����	��	/���	���	��7	$���� ,	��7	������� 	��	.	��	(�����(�����	��� �	-��	��	��//� ���	

��	 �����	 ����� ��������	 ��	 ����$������	 �� ������	 ��	 /��7	 .	 �������/���	 ���: ���"��� 	 '���	

������������	�� 	������������� 	��� 	��	�������	�����*	
�	/���	 ���"�������	+���	���� 	��	�2��	��	

 �����	��	���������$���*	��	�	'��	�7�"'��	���	��"��-��	��	���������	��	'�������"	��� 	��	$� �)��	

 �(������	;���������<	��	�����	��	��� ���	��	6����/����	��	������	�� 	����$��� 	��	�� ��"	�>G	��	

"��	 ���������	 �=	 ��	 �2��	  �����	 �� 	  ���"��� *	 ���	 (����	 ������  ����	 ��	 ��	 �1��"�-��	

 ���"�������	 �"(��	'��"�������	.	��	��"'��!�� ���	��	��$����	�� 	������������� 	��	"��*	

��� ���	R	b�(�1� !�	;%&�%<	���	"� 	��	���$���	��//����� 	'����  � 	����������	��	���� '���	��	

������� ��"	 .	 G&�"	��	 6��	 ��	 ���� !�"�*	 
� 	 ���������$��� 	 �� 	 '�� 	 ���$�� 	  �	 ����$���	 ��	

5��� 	'��	'��/���� ,	'��(�(��"���	�=	��	�������	'�� 	�"'������	�$��	��	�>G� 	��	�>A� 	��  �� 	��	

��	 ���� '���	 $�������	 ��� 	 ��	  ���"���	 .	 ��� �	��	 ��	 (�����(�����*	 �� 	 ������ 	"�������	 ��  �	

-��	 ��	 ������	 "�+�����	 ��	 �� ��"	 '�����������	 � �	 �  ����	 .	 ��	 /�������	 ���!�����-��	 ��	 ��7	

 ���"��� 	/�� *	
� 	'����  � 	��	���� '���	��	��	��"�(��� �����	+�����	��	�2��	�"'������	��� 	��	

�� ���(�����	��	��	���������$���	����	.	��	'!� �	'�����������*	0�) 	����	��	�'�) 	����������,	���''���	

�� 	 /���$� 	�''����  ���	��""�	�� 	 ����� 	"������ 	������"�������	��	������� ��"	��� 	 ��	

 ���"���	"����*	����"��� ,	��	� �	'��(�(��	-��	��	'��'������	��	���������$���	���	��7	�''��� 	

�� 	/���$� 	���"����	��� 	 �� 	����� 	 ��$���	 ��	���� ���'!�*	��������� ,	���������	
	 ;%&�><	���	

� ��"�	-��	���''���	��	������� ��"	��	���7	��$�)�� 	'���	�������	%&��	��'�� ����	"��� 	��	�L	

��	 ��	 -�������	 ��'� ��	  ��	 �� 	 (�  �� 	 $�� ��� *	 
�	 ������	"�+�����	 ��	 �>G� 	 ��	 �>A� 	 ��'� � 	

�� ��	����	�� '���(��	��� 	 �� 	 �� 	�� 	(�  �� 	$�� ��� 	��	'�������	4���	��!�"����	��	"��	��	
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"���)��	��//� �	 ��	 /��	 �� 	 ���� *	 
� 	 �''��� 	  ����� 	�� 	 /���$� 	�''����  ���	 ��� �	 ��""�	��	

�"'������	$������	��	�����"�������,	-����	 �"(��	����  ����	��	-�����/���*	


� 	 '����!� 	 ���(��� 	 .	 ���7������	 �� 	 /���$� 	 ��	 "��	 "�������	 ��  �	 ���//�����	 �� 	

������������� 	'���	 ��	'!� �	'�����������*	��""�	 ��	"�����	0���fg�5	;%&&F<,	 ��	�������������	

��	������������� 	��������	��� 	��	"���)��	��	 � '�� ���	��	'����!�	� �	/����"���	��'�������	

��	��	-�������	��	'�������� 	/��� *	�����	��������	�����	����""���	��	/���	-��	�� 	'�������� 	/��� 	

'�� ������	 ���	  ��/���	 ��	 �������	 '�� 	 ������	 .	 "�  �	 �����	 ��	 -��	 ��	 "����������	 ��	 ��	

��� ��������'!��	 �� 	  ���"��� 	 /�� 	  �����	 '��'��� 	 ��	 '�������	 �� 	 �����"����� *	 ��	 �//��,	 ��	

���"�����	 ��	 /������� 	 �� 	 ������ 	 /�������	 ��	 ��'����	 �� 	 �����"����� *	 
�	 /�������	 ���  �)��	

��������	 �� 	 "������7	 .	 /��(��	  ��/���	  '���/�-��	 ��� 	 -��	 �� 	 -����5	 ��	 �� 	 ���(����� *	 
�	

���������$���	 � �	 ��� �	 '�� 	 ���$��	 ��� 	 �� 	  ���"��� 	 /�� *	��	 '�� ,	 �� 	 '�� 	 ���  � 	 '�������� 	

�!�����	'�� 	��'���"���	��	�� 	������������� 	�  ���� 	 ���	����	��'� � 	'�) 	��	���"(���!���*	


� 	'�������� 	/��� 	 ���	-����	.	���� 	���� '����� 	'�� 	����*	
� 	8�6	��	������	��/�������	.	C>	^"	

��������	��������	.	 �	�� '�� ��	��	4���	���� '����� 	��$������,	�=	.	����	$���  �	��	�!���	'�� 	

�����*	 �� 	 '�������� 	 '��$���	 �����"���	 4���	 '�� 	 /�����"���	 ��"� � 	 ��	  � '�� ���,	 ��� 	 �� 	

��������� 	!�� 	��� ���������*	
�	 ������	�� 	'�������� 	'�� ����	����	��	 �����4�	"�+���	��� 	 ��	

��$����	�� 	������������� 	��	"�����	"����*		

	


�	 �1'�	 ��	 ������������� 	 ��	 ���� 	 ��''��� 	 � ���'�-�� 	 ��������� ���	 ��	  �����	 ���''���	 ��	

'��$���	'��"�����	��	�����"����	����	�������*	�� 	���  ���	��	-���-��	 ����	��""�	 ��������	��	

���$)��"���*	 ��� �,	 �� 	 ������������� 	 '�� ��� 	 ��� 	 ��	 "�����	 "����	 ���	 ���	 ����� � 	 ��""�	

������� ,	'�� -���� 	 ���	�������(�� 	.	������	�����	��	-��	����	'������	��	������  ����	� �	������*	

�� 	��$�������	���� 	"��-���� 	��	��	"�  �	�����	��	 ���	����� � 	��� 	�������	��	��	�����������	��	

�� 	 ��!���� 	 ��	"�  � 	 �����	 ;��!������	 �EEF	 S	 P����1	 ��	 P�� 	 �EEC	 S	 0�$����� ��� �	
	 %&&>	 S	


����!�� ��� �	
	 %&�&<*	 
� 	 ������������� 	 �  ���� 	 .	 ��	 '!� �	 '�����������	 ���	  ��$���	  ��$�	 ��	

������� 	'���	�������� 	����� 	;�������������	
	%&&>	S	
�� ���	%&&F	S	��/�� 	%&&I<*	
�	'�������",	

��	 �� ��"	 ��	 ��	 '��"(	 ���	 ��� �	 ���	 ����� � 	 ��""�	 ������� 	 '���	 �������	 �� 	 '����  � 	

 ���"������� 	.	���"(���!���	��	�!2��	;
�� ���	%&&F	S	8�����	%&�&<*	�� 	'��"������	���������	

��	 �1��"�-��	  ���"�������	 ��	 ��	 $������	 �� 	 "��)�� 	 !1���# ���"������� 	 ;P����1	 ��	 P�� 	 R	

��"� 	%&&F	S	0���fg�5	%&&F	S	0���fg�5�����	
	%&&F<*	
� 	������������� 	 ���	��� �	����� � 	��� 	

�������	�� 	 ����������� 	���:��"� '!)��,	��	 ��	�1��"�-��	 ���"�������,	�� 	��!���� 	��	��	 ��	

�����������	�� 	"�  � 	�����,	��	 ������ ���	�����"���	��	"����� �����	.	�� 	/�� 	��	$���������*	
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0�� ���� 	 ����� 	����������	 ��	�� '�� ���	�� 	 ������������� 	 ��	"��	����� ���	 ��	"����� �����	

��"���-��	 �/��	��� ��"��	 �� 	 5��� 	 �"'����� 	'��	���	 �����"�������*	 �� +'�� ��� �	
	 ;%&&E<	���	

������	�� 	��� �-����� 	������������-�� 	����	!1'��!���-��	��������	��	���� '���	"�����"�	��	

��"(� ��(��	���������	��� 	��	'�����	6��	��	�������	���$�����*	6����	.	����������	��	��	��������	

���������	 ��	 ���� !�"�	 ���#��!�,	 ��	 "����� �����	 �	 �����"���	 ���	 ����� ��	 '���	 � ��"��	 ��	

-�������	��	�� ��"	�>G	��+����	;P����1	��	P�� �����	
	%&�%	S	� ������������	
	%&�%<*	� ������������	
	

;%&�%<	���	��  �	����1 �	 �	�� '�� ���	��� 	�� 	���7	�2��)�� 	+�'���� � 	��9��	.	��	"����� �����	

��	�� 	"� ��� 	��	"��*	
��"'���	��	��+��	��-����	��	��	��'2�	��"� '!���-��	 ��	��	�����"�������	

 ���"�������	���	��	'�� 	���	������ 	���	�� 	 �"������� 	��"���-�� 	;8�������	
	%&�><*	

������� 	 ���$��7	 ����� ���	 ��  �	 �� 	 ������������� 	 ������� 	 ��	 ����/����� 	 '�� ��� 	 ��� 	 �� 	

 ���"��� 	 ��""�	 "��-���� 	 ��	 �� '�� ���	 �/��	 ���������	 ��	 �1��"�-��	  ���"�������*	 
�	

'���� ���	�� 	"��)�� 	��	 �"�������	��	��	�� '�� ���	��'� �	����	��  �	 ��	�� 	'���")��� 	-��	

���$������	 �� 	 ���� /��� 	 �� 	 ������������� 	 ;0���fg�5	 %&&A<*	 
�	 ��$����	 �� 	 ������������� 	

��� 	��	"�����	"����	� �	����	���	.	����	������	�!�"�-��	��	��7	��������� ��-�� 	��	"�����*	

��	'��"���	����,	��	������	��	��������"���	�"'����	 ��	��"'����"���	��� 	��	"�����	"����*	
� 	

��!���� 	 �����	 ��	 '!� �	  �����	 ��	 ��-����	  ���	  ��$���	 ��'�� ���� 	 ��	 "����� �����	 '��	

������� �����	����	���//������	��	'������*	
�	��������	���� ��'����:�� ��'����	'���	4���	 �"'��/���	

'��	���	��������	 �"'��	��$�� �(��,	��	���//������	��	'������	��	��������� �	��	���� /���	��-����#

 �����	 ��	 ��	 ���//������	 �%	 ��������� �	 ��	 '����  � 	 ��$�� �*	 
�	 '����  � 	 ���� ��'����	 � �	 ��	

'!���")��	 ��	  ��/���	 -��	 ��'���	 ��	 ��	  ��/���	 '��	 $���"�	 �����	 ��	 ��	 '��������,	 -��	 �	 ���	

-����/���	 '��	 0���fg�5	 ;%&&E<	 ��	  ��/���	 ����!����*	 
�	 ���//������	 ��	 '������	 '���	 �����"���	

'�� �����	�� 	��//������ 	 ����	��	������	��	'��������	��	�� 	��������� 	��$������"������ 	;�(���	

R	 �����	 �EEC<	 ���	 �����	 �������	  ��	 ��	 "����� �����	 ��	 ��	 �� '�� ���	  ����	 .	 ����������	 ��	

���� !�"�	 "�����	 ��$������	 ��	 '���� ���	 ��	 ����� ���	 ���	 ������-��	 ��	 ���7	 ���'� 	 '���2�	

-����	"4"�	���//������	��	��������	��$�� �(��	;0���fg�5�����	
	%&�%(<*	

��'������,	 �� 	 ���� 	 ��"' 	 ��	 ��"�#$��	 ��������� ��-�� 	 �� 	 ������������� 	 '��$���	 +� ��/���	

������� �����	����	 �"'��	���//������	��	�� ���(�����	��,	-��	� �	'��'��	.	 ���//�����	'�����������	��	

�!�-��	��������"���*	��	���//������	��� �����	 ��	���-����(��	�!�"�-��	�����	�� 	'!� � 	 �����	��	

��-����,	��	��'�� ����	��	��''���	�� 	����$��� 	 '���/�-�� 	��	��	'!� �	'�����������	��	��	��	'!� �	

��  ����*	��	 ��7'��"�	���	-��	?	

� 	
 �
�
���������
������������������������������������ � 	� �!

�
���������
���������������"
#�����$������� � % �!
� �&'()(�*!�
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��	 ���//������,	 -��	  ��''��-��	 .	 ���-����(��,	  �''� �	 ���	 ��$�� �(�����	 ������	 ��	 ��	 ��������	

���� ��'����:�� ��'����*	

0���	 �� 	  1 �)"� 	 � ������� ,	 ��	 /��� 	 �������� 	 �"'������	 ��	 ���//������	 ��	 �� ���(�����*	 
� 	

$�������� 	 '������ 	��	��"'������ 	��	'�� ���� 	'���")��� 	��� 	-��	��	'X,	��	 �������,	��	���(���	

������-��	 ��  �� 	 ;���<	 ��	 ������	 ��	 �!����	 '�����������	 '��$���	 �"'�����	 ��	 ��������*	 0��	

�7�"'��,	���	!����	'��'������	��	���	")��	.	���	��"�������	�� 	�����	'��"(	��	��	'�������"*	


�	������	���-����(��	� �	��� �	 ���� ������	��� 	��	�1'�	����$������"���	��	 ������� �����	����	��	

�!����-��	'���	 �������	���	/����	 �����������*	
� 	$����� 	��''����� 	��� 	 ��	 �����������	$������	

��� �	��� 	���	�����	��""�	'���	��	"4"�	���"���,	��""�	��	'���� ���	�  ����������	
	;�EIF<	

-��	"����������	�� 	���//������ 	��//����� 	��	/�������	��	��	"����	��� 	��� ������	� �*	
�	(��  �	

��	 ��	$���  �	����!����	 �������	'��	 ��	 �������	'��$�-��	��  �	 ��	��"�������	�� 	���//������ 	��	

�� ���(�����*	0��	��� �-����,	��	��"'����"���	����	������������� 	� �	��//�����	��	���	�����	��	

��	 "�����	 "����*	 0��	 �7�"'��,	 ��	 �� ��",	 -��	 '�� ����	 ���	 /����	 �//�����	 '�����������	 ��	 ���	

�����,	 �	������$�	'�����'���"���	 �� 	/��"�	��  ����	��	"��*	
�	��	�����"���	'���	��	���"���	

��$����	����	��"�����	�$��	 ��	�� �����	��	 ���"(���!���	��	4���	 /�������	��	 ��	 �������,	��""�	

������-��	 0���fg�5	 ;%&&F<*	 
� 	 ��������� ��-�� 	 ��	"�����	 ���	 ����	 ��� 	 ��	  �����	 ��"' 	 ��	

�"'���	 ��	��	��"'����"���	�� 	������������� *	

	


�	����� "�	����	"��)��	��	�� '�� ���	��	������������� 	��	"��	��'� �	��  �	 ��	��	'���� ���	��	

"��)��	 !1���# ���"�������*	 0���	  ��	 "��)��	 �''��-��	 .	 ���"(���!���	 ��	 �!2��,	 0���fg�5	

;%&&F<	�	"�����	���"'���	��	$���	��	�� 	��(�� 	��	/���$�	 ��	��	�1��"�-��	!1���# ���"�������	

��	  ��	 ��	 ���� '���	�� 	 ������������� *	 ��	 �������	-����	 � �	 �"'�  �(��	���(�����	���	�����������	

 ��� /�� ����	 �����	 "� ��� 	 ��	  �"������� 	 ��	 ��	 ���$�������	 -���$��	 �� 	 ������ 	 ��������	

"�1���� *	 ��	� �	 ���� '�� �(��	���(�����	�� 	������ 	����� �� 	���''��� 	 ����� 	��	 ��-���� 	��	

/�������	 �� 	 �$)��"��� 	 '���	 �(�����	 �� 	 �� ����� 	 ������� 	 '���!� 	 ��	 ���7	 "� ��� *	


������ �����	��	��������� 	"�1���� 	;"����������-�� ,	��(�� ,	�''��� <	��""�	/��3���	 �"(��	

����	 ���������	 �� 	 ����� 	 �����	 �� 	 �� ����� 	"� ��� 	 ��	"����� � *	 �!�"� 	 ;�EEG<	  �������	

�����"���	���"'�������	��	�!�//���	�� 	�''��� 	 ����� ,	���	�����	'!� �	� �	��	'�����'��	$������	��	

���� '���	 ��	 ��	 "�+�����	 �� 	 ������������� 	 ��	 �!2��*	 ��������� ,	 ���	 �����	 ����������	 ��	

"����� �����	��	��"'����"���	����!�"�-��	�� 	������������� 	������� 	��� 	�� 	���7	�2��)�� 	

��	��� ������	X���$�	;� '����<	"�����	���"'�������	��	��	'�� �	��	��"'��	�� 	�''��� 	/��$���7	

'���	"�����	��	'����	���	 �"�������	����� ��	;0���fg�5�����	
	%&�%�<*	84"�	 �	�� 	�''��� 	��	
� 	

��	��	���1�������	 ���	(���	��/������ 	.	���7	��	/���$� 	��� 	-��	��	�!2��,	�� 	�''��� 	����� � 	��� 	

��	"��)��	��	��	����	��	������	���$���	4���	'���� 	��	��'�� ������/ 	��	��	 ��������	.	"����� ��,	

(���	-�������	�''���	��	���������$���	��	 ���	���	.	�� 	���7	/���$� 	�2���� *	
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� 	 ������������� 	��	"�����	"����	���	����	���	���(��	�������	���������	��	���!��'�-��*	
� 	

����������� 	 �����	 �� 	 ��"'����"��� 	 �����������	 ��	 ��"� '!���-��	  ���	 �����"���	  �����	 ��	

���������$���,	 $��	 �� 	'����  � 	����!����*	 
�	"����� �����	��	 ����	�� '�� ���	 ��	"��	 ��''���	

��� �	 ��	�� 	��������� ��-�� 	�� 	��������"��� 	��	 ��	�� 	'����  � 	'!1 �-�� 	��	"�����*	�/��	��	

��'�� �����	��	��$����	�� 	������������� 	��	�� 	��	��+��	����������	��� 	��	����	��	������,	���	

(����	������  ����	�� 	'����  � 	!1���# ���"������� 	� �	�  ��������*		


�	�� '�� ���	��	��	'!� �	��  ����	� �	����	��7	������� 	��	.	��	�����������	��� 	��	P���*	
� 	��"' 	

��	 �� ������	 ��	 ��	 �����$����"���	 �� 	 "�  � 	 �����	 �''����  ���	 ��  �	 ��""�	 ��	 (�� 	

���������� 	��	��	�� '�� ���	��	��	�����"�������*	���	��'�� ��������	/��(��	�� 	������� 	� �	����	

����  ����	.	�������	��	�� '�� ���*		


�	��$����	�� 	������������� 	��	"��	� �	��  �	��'������	��	��	�1��"�-��	 ���"�������,	��	$�	

��	 ���//�����	��	������� 	 ��������"��� 	'���	 ��	'!� �	'�����������*	
�	"��)��	"� 	��	'����	����	
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Abstract A hydrodynamic model of the Bay of Toulon has

been developed for use as a post-accident radionuclide dis-

persion simulation tool. Located in a Mediterranean urban

area, the Bay of Toulon is separated into two basins by a

1.4-km long seawall. The Little Bay is semi-enclosed and

connected to the Large Bay by a fairway channel. This chan-

nel is the site of significant water mass exchange as a result of

both wind-driven currents and bathymetry. It is therefore a

focal point for marine contamination. As part of the model

calibration and validation process, the first step consisted of

studying the water mass exchange between the two basins. An

Acoustic Doppler Current Profiler was moored in the channel

for 1 year. The present study analyses in situ data to determine

the current intensity and direction, and also to better under-

stand the vertical current profile, which is highly correlated

with meteorological forcing. Comparisons of model-

generated and measured data are presented, and various atmo-

spheric forcing datasets are used to enhance computed results.

It appears that accurate meteorological forcing data is needed

to enhance the accuracy of the hydrodynamic model. This

channel is an important location for water mass renewal in the

Bay of Toulon, and model results are used to quantify these

exchanges. The mean calculated annual water exchange time

is approximately 3.4 days. However, this duration is strongly

wind dependent and shortens during windy winter months. It

ranges from 1.5 days during strong wind periods to 7.5 days

during calm weather. Residence time values calculated

through tracer dispersion modelling after release at the back

of the Little Bay are found to be comparable to the mean

exchange time values, especially for windy conditions.

Keywords Numerical modelling . Bay of Toulon .

Hydrodynamicmodel .Water exchange time . Tracer

dispersion

1 Introduction

Ocean current modelling is a useful tool for predicting and

tracking contaminant dispersion in case of accidental release

or river runoff, with hydrodynamic models effectively used to

force sedimentary, biological or chemical dynamics. Radio-

nuclide dispersion models have also been developed to ad-

dress the huge potential impact of such releases on coastal or

marine environments (Periañez 2005; Monte et al. 2008;

Estournel et al. 2012; Periañez et al. 2012). In addition to

radioactive decay, radionuclides are affected by various phys-

ical processes, such as fluid dynamics and sedimentary pro-

cesses. Current-driven transport, turbulent dispersion, settling

and resuspension phenomena will affect environmental con-

tamination (Monte et al. 2009). Given the presence of nuclear

vessels in the military harbour of Toulon, the French Institute

for Radiological Protection and Nuclear Safety has decided to

implement a radionuclide dispersion model for use as a post-

accident management tool. Duffa et al. (2011) have therefore

developed a preliminary operational model of the Bay of
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Toulon to simulate radionuclide dispersion in the event of an

accidental release.

Located in the south of France, the Bay of Toulon is

divided into two basins by a seawall: the Little Bay, which is

semi-enclosed and includes the military harbour, and the

Large Bay, which opens onto to the Mediterranean Sea (see

Fig. 1). These two basins are linked by a 30-m deep, 1-km

wide channel located south of the seawall. A narrower (less

than 50 m wide) and shallower (12 m deep) channel is located

north of the seawall. Considering its size (approximately 1 %

of the southern channel section), this channel only has a small

impact on hydrodynamic and exchange processes. Two small

rivers flow into the Bay of Toulon. The base flow is

characterised by very low discharge and is interrupted by short

and intense storm flows (Nicolau et al. 2012). The flood

periods depend on local rainfall and are mainly observed

during winter season. No significant freshwater inflow is

observed during summer time, discharges effects are then

neglected in the present study.

The harbour is located at the back of the Little Bay, with

contaminant dispersion therefore dependent on local process-

es. In case of accidental release, an accurate simulation of

water circulation in the Bay of Toulon and through the channel

is essential for radionuclide dispersion modelling. The present

study therefore focuses on hydrodynamic processes and wind-

forced water circulation in the Bay of Toulon as a first step in

the model validation process.

Few studies have focused on hydrodynamic processes in

the Bay of Toulon. Nevertheless, certain authors have shown

that water circulation is characterised by a strong dependence

on atmospheric conditions. Tiné et al. (1981) and Millot et al.

(1981) have analysed current profiler data and have identified

a strong zonal component in the channel. These studies have

shown the impact of wind on water circulation and the exis-

tence of a seasonal stratification. Recently, in situ data in the

Large Bay showed the water temperature at the bottom is

approximately 13 °C in both summer and winter season

(unpublished data). During the summer, the surface water

temperature can reach 25 °C. The salinity remains in the range

37.9 to 38.1 psu from bottom to surface.

Toulon is surrounded by rugged hills that influence mete-

orological conditions, particularly wind intensity and direc-

tion. The land/ocean boundary (which is already difficult to

forecast) and the hilly landscape weaken the atmospheric

model predictions (Schaeffer 2011). For example, the Mistral,

a north-westerly wind which blows 40 % of the time, is

deviated and often recorded as a westerly wind at the meteo-

rological station of Toulon. The second dominant wind is the

East wind, which is warmer and more humid and also blows

40 % of the time, although less frequently during the summer.

Originated offshore, it is usually accompanied by clouds, rain

and swell. The fall and winter seasons are characterised by a

succession of strong Mistral and East wind events. During

calm weather, water circulation in the Bay of Toulon is

governed by the North-Western Mediterranean general circu-

lation, with the Northern Current generating cyclonic circula-

tion in the Large Bay. As the mean tidal amplitude in the Bay

of Toulon is low, i.e. approximately 20 cm (Millot et al. 1981;

Albérola et al. 1995), the associated currents are weak.

Fine sediment deposits are observed in both the Little Bay

and the Large Bay. Tessier et al. (2011) have analysed surface

sediment core samples from both bays, arriving at the conclu-

sion that contamination in the Little Bay is exported to the

Large Bay through hydrodynamic processes. Duffa et al.

(2011) have used an operational model to show that post-

release contamination in the Little Bay remains significant

due to the semi-closed configuration.

As hydrodynamic processes between the Little and Large

Bays have a decisive impact on contaminant transfers, it is

essential that water exchanges be accurately represented in the

model. Moreover, water flow is deflected by the seawall and

currents are expected to be stronger through the channel. An

Acoustic Doppler Current Profiler (ADCP) was therefore

moored in the channel for 1 year.

Following a description of the model and instrumentation

used for this study, recorded ADCP data is analysed and

compared with computations. The sensitivity of results with

respect to atmospheric forcing assumptions is discussed using

both meteorological and computed data. Finally, a flow anal-

ysis is presented, including a water exchange time calculation

for the Little Bay and tracer dispersion within the bay and

through the channel.

2 Analysis tools and methodology

This section provides a brief description of the hydrodynamic

model and the atmospheric forcing data used. It also presents

the in situ devices used and their locations.

2.1 Model description

2.1.1 Hydrodynamic model

The hydrodynamic model for the area of interest is imple-

mented using the 3D Model for Applications at Regional

Scale (MARS3D) developed by Ifremer. As described by

Lazure and Dumas (2008), this free-surface model resolves

primitive equations, under Boussinesq approximation and

hydrostatic assumption. MARS3D uses the Arakawa C grid,

where free surface and tracer values are calculated in the

middle of the mesh and zonal and meridional velocities are

determined using a half-staggered mesh.

The horizontal viscosity coefficient is computed from

Smagorinsky's formulation (Smagorinsky 1963) with a con-

stant numerical coefficient fixed at 0.2. The k-l turbulence
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closure scheme of Gaspar et al. (1990) is used to calculate the

vertical viscosity and diffusivity coefficients. The vertical

stratification effects are taken into account in the turbulent

kinetic equation through a damping term proportional to the

buoyancy vertical gradient.

The computational domain extends from Cap Sicié (west-

ern boundary) to the Giens Peninsula (eastern boundary) (see

Fig. 1). The horizontal resolution is 100 m on a 243×100 grid

(see Fig. 2), with 30 vertical sigma layers. The southern end of

the domain is open to the sea, and lateral boundary conditions

are provided from a coarser grid model encompassing the

Northwestern Mediterranean Sea (MENOR model; André

et al. 2009; Nicolle et al. 2009). Bathymetric data is extrapo-

lated from French Hydrographic and Oceanographic Marine

Service numerical maps and additional in situ data in some

points with a view to obtaining high-resolution bathymetric

data.

2.1.2 Atmospheric forcing

Mesoscale Model 5 (MM5) fields are used as atmospheric

forcing datasets (http://www.ncar.ucar.edu). MM5 is a non-

hydrostatic and terrain-following sigma-coordinate model

with 3-km horizontal spatial resolution and 3-h output fre-

quency. It generates radiative solar and long-wave flux values

and relative humidity and air temperature values at 2-m

altitude, and precipitation and zonal and meridional wind

component values at 10 m above the sea surface. MM5 has

already been used to generate atmospheric forcing data for

application of the MARS3D model to the Mediterranean Sea

(Pairaud et al. 2011; André et al. 2009; Nicolle et al. 2009) and

for operational purposes (Previmer Project, http://www.

previmer.org/). However, slight differences in wind direction

and underestimates of wind intensity appear to constitute a

weakness of the MM5 model for coastal regions applications

(Schaeffer 2011; Pirovano et al. 2007).

2.1.3 Drag coefficient

The atmospheric fields generated by MM5 are used by

MARS3D to compute air-ocean exchanges and fluxes. Wind

stress components τ xs and τ ys are calculated for a wind

intensityW at 10m altitude, air density ρa and drag coefficient

Cd, as expressed in Eqs. (1) and (2).

τxs ¼ ρaCduwdW ð1Þ

τys ¼ ρaCdνwdW ð2Þ

where W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

uwd2 þ νwd
2ð Þ

p

and uwd and vwd are the zonal

and meridional wind components. Cd depends on the wind

Fig. 1 Map of the Bay of Toulon and bathymetry within the model extend
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intensity and can be calculated with MARS3D in various

manners, three of which are described and implemented in

this paper. According to the Large and Pond formula (1981),

the drag coefficient Cd is steady for light winds and increases

linearly with wind intensity for strong winds:

Cd ¼ 1:2⋅10−3 for W < 11m s−1 ð3aÞ

Cd ¼ 10−3⋅ 0:49þ 0:065Wð Þ for W ≥11m s−1 ð3bÞ

The formulae developed by Smith and Banke (1975) and

Geernaert et al. (1987) are both linearly dependent on wind

intensity (see Formulae (4) and (5), respectively). Both for-

mulae are invalid for very light winds. The drag coefficient

proposed by Geernaert et al. (1987) is higher for strong winds

(exceeding approximately 7.5 m s−1), as shown in Fig. 3.

Cd ¼ 10−3⋅ 0:63þ 0:066Wð Þ ð4Þ

Cd ¼ 10−3⋅ 0:43þ 0:09Wð Þ ð5Þ

Corresponding drag coefficients are shown in Fig. 3.

2.2 In situ data

2.2.1 ADCP data

Given the significance of observed water exchanges and fluid

dynamics, the Little Bay channel was chosen for the

deployment of instrumentation. An RDI 600-kHz Workhorse

Sentinel ADCP was moored for 1 year on the seabed within

the channel (red dot in Fig. 1). From late June to mid-October

2009, the ADCP was located at a depth of 32 m (latitude,

43°05.334′; longitude, 05°56.044′, referred to hereafter as

location 1, see Fig. 4). Owing to a trawling problem, the

location was shifted slightly south-west to prevent damage.

As fromNovember 2009, the ADCPwas moored at a depth of

30 m in a wider part of the channel (43°05.206′; 05°55.841′;

referred to hereafter as location 2, see Fig. 4). In any case, the

same settings were used for all recorded data, i.e. 1 m thick

cells, with data recorded every 10 min and averaged over 30 s

(60 pings lasting 0.5 s). The velocity accuracy provided by the

manufacturer is 0.3 % of the water velocity, ±0.3 cm s−1.

Temperature sensors are mounted on transducer with a preci-

sion of ±0.4 °C and a resolution of 0.01 °C.

Fig. 2 Computational grid of the domain and model bathymetry data

Fig. 3 Sea surface drag coefficients (Cd) as a function of wind intensity
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2.2.2 Meteorological data

Atmospheric data was recorded at the Toulon-La Mitre mete-

orological station, located near the seawall, at 23 m above sea

level (green diamond in Fig. 4). This station is part of the

MétéoFrance network (French national meteorological ser-

vice). Wind direction and intensity data was recorded on an

hourly basis.

3 Measurement results and model validation

In this section, ADCP data recorded in the channel is analysed

and associated with atmospheric forcing data. Comparisons

with computed data are presented and the importance of

accurate wind forcing data is demonstrated.

3.1 ADCP data

ADCP data has been analysed for the year considered. As

shown in Fig. 5, two main current directions are observed in

the channel. Surface (2 m under sea surface) and bottom (2 m

above the bottom) current roses are shown for data recorded at

locations 1 (left-hand side) and 2 (right-hand side). Surface

currents are mostly northeasterly, particularly when their in-

tensity exceeds 10 cm s−1. The strongest surface currents

attain 40 cm s−1, with flow directions ranging from 35° to

55°. Bottom currents are channelled by the bathymetry along

the same axis and are stronger in the northeast direction. At

location 1, no marked direction is noted for weak surface

currents (<10 cm s−1), whereas stronger surface currents flow

northeast nearly 40 % of the time (Fig. 5a). Bottom currents

flow northeast more than 40 % of the time, and

west/southwest nearly 20 % of the time (Fig. 5b). At location

2, surface currents flow northeast 42 % of the time, and

southwest 15 % of the time (Fig. 5c). Bottom currents flow

northeast more than 50 % of the time, and southwest 15 % of

the time (Fig. 5d). At location 1, the channel is narrower and

deeper, which may explain the stronger bottom currents.

Linking meteorological and ADCP datasets clearly stresses

the dependence of current direction on wind parameters.

Figure 6 shows wind strength and direction data recorded

Fig. 4 Bathymetric data of the area of interest, ADCP locations (red dots 1 and 2), MétéoFrance weather station (green diamond) and tide gauge

location (blue square). The dashed line corresponds to the vertical cross section used for water exchange time calculation shown in Fig. 14
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during the summer 2009 and the corresponding ADCP dataset

(recorded at location 1). The ADCP time series shows the

measured current intensity and direction values from bottom

to surface (Fig. 6b). Strong wind events (exceeding 5 m s−1)

are blue boxes (Mistral wind) and orange boxes (East wind).

Strong Mistral events (e.g. 27 June; 6–10, 17–19, 25 and 30

July; and 3 and 11 August) induce fast surface currents

flowing northeast, with bottom currents flowing into the Little

Bay in a west-southwest direction. The surface/bottom current

interface is observed at approximately 5 m below the sea

surface. After a strong Mistral event, current reversal occurs

regardless of weather conditions (calm or windy). Indeed, the

bottom current, channelled by the bathymetry, is fairly strong

(up to 20 to 25 cm s−1) and flows northeast (e.g. 28 June; 11,

20 and 26 July; 4 August), with water flowing out of the Little

Bay while the surface current advances slowly. Conversely,

the surface current is weaker when the East wind blows (e.g.

13–15 and 21–24 July), with surface water then flowing in a

240–270° direction at rarely more than 10 cm s−1. The bottom

current is then stronger (up to 30 cm s−1), with water flowing

out of the Little Bay in a northeast direction. In this case,

reversal occurs at a depth of approximately 15 m.

Let us note that this reversal is typical of summer condi-

tions, where surface water temperature is warmer and a ther-

mocline is observed within the water column. During the

winter, strong wind events exert the same influence on the

Fig. 5 Surface (a , c) and bottom (b , d) current roses recorded at locations 1 (left-hand side) and 2 (right-hand side)
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water mass flux across the fairway but no current reversal

depth is clearly apparent. Recorded and simulated datasets are

compared in Section 3.2.

3.2 Comparison of model-generated and measured data

Recorded and computed datasets have been compared for the

summer period. Current directions are fairly well represented,

but intensities are mostly underestimated. Figure 7 shows

atmospheric data plotted with respect to ADCP data for both

computed and recorded datasets. Wind intensity and direction

values are shown in Fig. 7a according to meteorological

station data (red) and MM5-generated data (blue). Figure 7b

shows recorded (red) and simulated (blue) current intensity

values within the water column during the summer of 2009.

Strong wind events (exceeding 5 m s−1) are shown in blue

boxes (west wind) and orange boxes (east wind). As can be

seen, surface current directions are well represented by the

model, although strength values are slightly overestimated.

Conversely, computed bottom current strength values are

highly underestimated, especially when the East wind blows.

The difference between computed and recorded values can

reach 15 cm s−1 near the surface, whereas an underestimate of

the order of the measured quantities is observed for computed

near-bottom values (Fig. 8).

These differences could be explained, on the one hand, by

the shape of the channel, and, on the other hand, by the bias

between atmospheric input data and recorded wind data.

Firstly, the bathymetric data used for computation may induce

an error near the bottom. As the model mesh implies an

estimate of the real bathymetry at a precision of 100 m in

horizontal resolution, the channel narrowing induced current

intensification may be underestimated. Secondly, most differ-

ences between model-generated and ADCP data occur in

cases where MM5 data deviates from recorded atmospheric

data. If MM5 underestimates the wind strength (e.g. mid-

July), computed current intensity values are then lower.

MARS3D also underestimates the bottom current reversal

after a strong Mistral event (30 June; 16, 21 and 27 July;

and 2 and 5 August).

Weather conditions also impact other hydrodynamic pa-

rameters as temperature and sea level. Indeed, sea temperature

depends on wind characteristics. Mistral wind pushes the

surface water out of the Little Bay, cooler bottom water mass

is then transported toward the surface, leading to a diminution

of the temperature. Conversely, East Wind pushes warmer

water from the open sea into the Little Bay. The time evolution

of the computed water column temperatures at the ADCP

location in the channel (location1) is presented in Fig. 9a.

Recorded and computed bottom temperatures (2 m above

Fig. 6 Wind (a) and current (b) data recorded during the summer of

2009. Top , wind intensity (metres per second) and direction; bottom,

current intensity (centimetres per second) and direction along the water

column. Strong wind events (>5 m s−1) are shown in blue boxes (Mistral)

and orange boxes (east wind)
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the bottom) are compared in Fig. 9b. Warming and cooling

tendencies are well represented by the model, even though the

computed data is warmer. The sea surface elevation was

measured through a tide gauge located at the back of the Little

Bay (blue square in Fig. 4) and the pressure sensor of the

ADCP (corrected with the atmospheric pressure). Both mea-

surements and computations at the location of the ADCP and

the measurements with the tide gauge are presented in Fig. 10,

averaged over 3 h. Both measurements and calculations show

qualitatively a decrease of the water height during Mistral

events and an increase during Eastern wind events. This

behaviour can be ascribed to the combined effects of the local

wind and of the barometric conditions. Indeed, the Mistral

wind pushes the surface water out of the Bay, leading to a

decrease of the surface height whereas East wind pushes

warmer water from the open sea into the Little Bay. This

behaviour is enhanced by the barometric conditions since

Mistral is often associated to high atmospheric pressure and

East wind to barometric depression. However, one may note

that this simple analysis cannot give a quantitative explanation

of the sea level changes within the Bay, as it also results from

the atmospheric pressure field at the scale of the western

Mediterranean basin.

In the next subsection, changes in drag coefficient formulae

and use of recorded wind data (instead of MM5 data) are both

considered in the computations.

Fig. 7 a MM5 computed (blue) and in situ (red) wind data and b MARS3D simulated (blue) and ADCP recorded (red) current data for the summer of

2009. Strong wind events are shown in blue boxes (west wind) and orange boxes (east wind)

Fig. 8 Differences between computed and recorded current intensity values (centimetres per second) during the summer of 2009
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3.3 Modelling enhancement

As shown above (Section 3.2), major differences between

computed and recorded current data appear when atmospheric

forcing differs from in situ wind data. Computed atmospheric

fields are here compared with the meteorological station re-

corded data. For summer 2009, main differences between the

two datasets are the Mistral direction and the East wind

intensity (Fig. 11). MeteoFrance recorded data shows 30 %

ofwest wind and less than 10% north-west wind.MM5model

computed 25%ofwest wind and approximately 15% northwest

wind. Moreover, recorded South-East wind was stronger (up to

14 m s−1) and more frequent (25 % of the time) than computed

by MM5 model. For strong wind events (more than 5 m s−1),

MM5 model underestimates the Mistral strength of about

2 m s−1 and East wind of about 3 m s−1 as shown in Table 1.

To compare the impact of the wind forcing, we used the

recorded wind as input for the hydrodynamic model. The

wind components are in this case homogenous in space

through the domain. Unsurprisingly, currents simulation is

Fig. 9 Time evolution of the temperature a computed through the water column at ADCP location 1 and b MM5 computed (blue), MeteoFrance

computed (green) and in situ recorded (red) 2 m above the bottom

Fig. 10 Sea surface elevation

(m) recorded by the ADCP (red)

and a tide gauge (black) and

computed with MARS3D forced

with Meteo-France wind (blue).

Strong wind events (>5 m s−1) are

shown in blue boxes (Mistral) and

orange boxes (East wind)
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better with recorded wind, as shown in Fig. 12. Computed

surface currents are still faster than recorded (see Fig. 12a), but

bottom currents are better simulated than with MM5 model

forcing (see Fig. 12d). Nevertheless, we studied the impact of

different model parameters on the hydrodynamic response.

We hence compared the computed current data obtained with

the three drag coefficients with the ADCP data. The root mean

square errors (RMSE) between computed and recorded

datasets are given in Fig. 13. The results show that the error

is smaller near the surface and slightly larger deeper with

higher coefficients. However, the results are much better using

the recorded wind, as shown by the black line. The atmo-

spheric forcing used as input for the hydrodynamic model has

hence a larger impact on the results than the modification of

parameter such as the surface drag coefficient. Therefore,

using an accurate meteorological forecast significantly en-

hances the accuracy of the hydrodynamic model.

As the weather has a large impact on the circulation in the

Bay of Toulon and all the more on the exchanges between the

two basins, the next subsection is devoted to a flow analysis

through the channel. Thewater renewal is studied under different

wind conditions as a part of post accidental management tool.

4 Flow modelling and water mass exchanges

The exchanges between the Little Bay and the open sea are

conditioned by the dynamics of the fairway. The export of a

possible contamination within the harbour through the fairway

is directly linked to the water mass renewal. The residence

time, which measures the time spent by a water parcel or a

pollutant in a given water body, is one of the most widely used

concepts to quantify the renewal of water in semi-enclosed

basins (Delhez et al. 2004). Tracers released at different loca-

tions and times will leave the basin at different times. In

addition, because of their diffusion within the water, the

tracers do not follow the water mass and their spatial distribu-

tion of concentration results from the combination of advec-

tive and diffusive effects. A procedure, which requires the

solution of the adjoint problem to the advection–diffusion

equation, was then proposed by Delhez et al. (2004) for

ocean dynamics applications on the basis of previous

studies applied to atmospheric flows (Holzer and Hall

2000). For open basins and assuming the whole pollutant

to be flushed out of the control region, a mean residence

time can be defined with the adjoint problem (Delhez

et al. 2004). Ignoring spatial and temporal variations of

the flow, the calculation of a mean residence time can be

estimated through the flushing time, defined as the ratio

between the volume of the water body and the flow rate

through the system.

In the present study, the exchanges between the Little Bay

and the open sea take place at the fairway. As shown in

Section 3, the dynamics of the flow is strongly time depen-

dant, especially through the meteorological conditions. Our

aim is to estimate the evolution of an accidental release from

the far end of the Little Bay (far from the channel), in terms of

both contaminant concentration and dispersion. The quality of

the bay may be estimated globally through the water renewal

time within the bay, or more precisely through the dispersion

of the pollutant within the Bay and then through the fairway.

In order to quantify these fluxes, we focus in a first step on the

incoming or outgoing flow through the channel and in a

second step on the evolution of the concentration of the

pollutant by use of a tracer method. Both calculations are

presented for different meteorological conditions.

Fig. 11 MeteoFrance

meteorological station wind data

(left) and MM5 computed wind

field (right) for summer 2009

Table 1 Average recorded and computed wind intensity values for

strong events, where σ is the standard deviation

Strong wind event (>5 m s−1) MeteoFrance (m s−1) MM5 (m s−1)

West 7.4 (σ =1.8) 5.3 (σ =3.2)

East 7.1 (σ =1.7) 4.2 (σ =2.3)
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4.1 Water exchange time

The ratio between the volume of a basin and the volume flux

entering or leaving it for a period is a time parameter frequent-

ly used to qualify the replacement rate of a mass of water. This

result is often called residence time or water renewal time.

However, as reported by Jouon et al. (2006), this time param-

eter is strongly dependent on the volume and assumes that the

entire mass of water has been replaced with new input water.

These authors rather chose to call this ratio “water exchange

time” (WExT), as this condition is not necessarily met. This

name is also appropriated for this study, as the shape of the

Little Bay implies a heterogeneous hydrodynamic within the

bay. Thus,

WExT ¼
V tot

Qtot

where V tot is the total volume of the Little Bay (cubic metres)

and Q tot is the flux entering (or leaving) the basin through the

channel (cubic metres per second). The WExT indicates the

time needed for a volume of water equivalent to the total basin

volume to enter (or leave) the Little Bay.

Thus, the water exchange timewas calculated and averaged

month over month for this study, with the aim of seasonal

comparison. Thus, some water parcel that has been flushed

out can re-enter the domain. Let us note that within this

approach, tracer diffusion within the fluid is not considered.

Fig. 12 Recorded (red) and

computed current intensity data

with MM5 model (blue) and

recorded atmospheric forcing

(green) at a surface b 20m above

the bottom, c 10 m above the

bottom and d 2 m above the

bottom

Fig. 13 RMSE depending on depth between recorded and computed

current datasets withMeteoFrance recorded wind (black) andMM5wind

with drag coefficients from Large and Pond (1981) (red), Smith and

Banke (1975) (blue) and Geernaert et al. (1987) (green)
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The total volume of the Little Bay was calculated with the

bathymetric data used for the model. The total incoming flux

was obtained by adding the fluxes calculated in each mesh of

the vertical section of the channel. The zonal current compo-

nent was hence multiplied by the horizontal resolution and the

thickness of the corresponding sigma layer. We considered as

inflow the current heading west (negative zonal component)

and outflow otherwise. As an example, Fig. 14 shows the

zonal current intensity along a south-north profile through the

channel (see dash line in Fig. 4). Negative intensity values

(blue) represent an incoming flow into the Little Bay and

positive intensity values (green), an outgoing flow.

Both incoming and outgoing fluxes were used to calculate

WExT in order to verifymass conservation. Unbalanced water

exchanges were found to correspond to water level change

during the period of calculation. For each month, the time

parameter was multiplied by the number of days to obtain a

WExT in days.

The average water exchange time calculated for the studied

year (August 2009 to July 2010) is approximately 3.4 days.

Figure 15 shows the monthly averaged water exchange time

for the period of interest. The results vary between 2.1 and

6.6 days and are smaller for winter months. As the circulation

in the Bay is strongly wind dependent and winter months are

windy, the WExT is unsurprisingly shortest in winter. Indeed,

the average WExT was 2.4 days from October to March and

3.8 days from April to September for the studied year. With

several very strong wind events (more than 10 m s−1), January

was a very windymonth, while April was rather calm, without

strong wind events. As the WExT is strongly wind dependent,

this time parameter has also been computed for specific wind

conditions. The water exchange time for strong East wind

events reaches 1.5 and 1.9 days for Mistral events.

Unsurprisingly, the water exchange time is longer during calm

weather (4.1 to 7.5 days), of wind intensity slower than

5 m s−1. However, the WExT is shorter when calm weather

occurred after a strong Mistral event (1.8 to 2.9 days). The

deep current reversal enhances the circulation and thus re-

duces the residence time. Alike, a strongMistral event follow-

ed by a strong east wind event generates the fastest bottom

currents and the shortest water exchange time (1.7 days).

Figure 16 shows the averaged water exchange time in days

for different wind conditions.

The water exchange time associated to the tides was also

calculated to estimate their order of magnitude, even if tidal

amplitudes are weak in the Bay. As for the volume, the surface

of the Little Bay was estimated with the model meshes. The

average height of water was then estimated by the ratio of the

volume and the surface of the basin. For tide amplitude of

20 cm, the daily variation would be of 40 cm. In comparison

with the average depth of the basin (9.91 m), the daily tidal

fluxes represent 4 % of the total volume. Thus,

WExT ¼ V tot

Qtot
¼ V tot

V tot ⋅0:04
and the approximated water exchange

time due to tides is about 25 days. This value is much larger

than the time parameter calculated with the wind induced

fluxes. In addition, the oscillatory behaviour of the tidal cur-

rent within the whole water column does not ensure a renewal

of the water mass as for the crossed fluxes observed for windy

conditions.

4.2 Tracer dispersion

The dispersion of a contaminant from the far end of the Little

Bay is calculated by use of the conservation equation forced

by the hydrodynamic model. As the non-stationary circulation

Fig. 14 Zonal current intensity

(centimetres per second) along a

south–north profile through the

channel
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is forced by the meteorological conditions, the period starting

from the 1st of July 2009 was chosen as test case for the

successive fairly calm and windy conditions encountered. The

tracer was injected at the back of the Little Bay (latitude,

43°6.98′; longitude, 5°54.65′; grey dot on Fig. 17), near the

free surface on July, respectively the 1st, the 7th and the 13th,

which corresponds to the beginning of respectively fairly calm

weather (case 1), Mistral wind (case 2) and Eastern wind (case

3) conditions. The initial quantity of tracer is 105 units. The

location of the tracer release and the surface and bottom fields

of concentration of the tracer (units per cubic metre) 48 h after

the injection are presented in Fig. 17. The time evolution of

near-surface and near-bottom concentrations of tracer at the

middle of the Little Bay (red dot in Fig. 17) and at the channel

(blue dot in Fig. 17) are presented in Fig. 18 for the three

cases.

We can observe in Fig. 18a that for calm weather condi-

tions, the tracer mainly remains within the surface layers the

first days. Even if it reaches the bottom layer at the middle of

the bay 2 days after its release, it is exported through the

channel mainly within the surface layer, for which the

maximum of concentration is reached 6 or 7 days after the

release. From that time, we can observe that the tracer is fully

dispersed at the surface within the Little Bay and its concen-

tration regularly decrease with time.

For Mistral wind conditions, the tracer is rapidly

transported within the surface layer (see Fig. 18b). Approxi-

mately 12 h after the release, a maximum of concentration is

observed in the middle of the Little Bay, near the surface. This

peak of concentration is observed at the channel (after a

dilution of factor 5) approximately 30 h after the release. After

36 h, surface concentrations within the middle of the Little

Bay and at the channel are almost the same and regularly

decrease.

For East wind conditions, a vertical mixing of the tracer

occurs since after a weak peak of concentration at the surface,

a larger peak is observed at the bottom at the middle of the

Little Bay (see Fig. 18c). The tracer is then flushed out the

Little Bay through the bottom layers 2 or 3 days after the

release. The increase of the bottom concentration at the middle

of the Little Bay the 16th of July may be due to the change of

the meteorological conditions. From that date, a light Mistral

Fig. 15 Monthly water exchange

time calculated with model results

from August 2009 to July 2010

Fig. 16 Water exchange time in

days for different wind conditions
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wind is blowing, probably at the origin of a bottom current

entering into the Little Bay.

In order to better quantify the corresponding residence

time, the time evolution (hours) of the percentage of total

tracer in the Little Bay is presented for the three cases in

Fig. 19. We can observe that for windy conditions, half of

the tracer has flushed through the channel after less than 50 h

for case 2 and less than 60 h for case 3. These values are

comparable to those of the WExT for windy conditions. For

fair weather conditions, much of the tracer remains within the

Little Bay 72 h after the release. The decrease observed after

5 days is due to the evolution of the meteorological conditions

(Mistral wind).

5 Discussion and conclusion

Atmospheric conditions have a significant influence on hy-

drodynamic circulation in shallow water. As reported by

Schaeffer (2011), weather conditions not only impact surface

layers but also deeper ones. ADCP data recorded in the Bay of

Toulon has made it possible to consider different scenarios in

response to wind conditions and to corroborate wind-

dependent hydrodynamics.

ADCP data corroborates the bi-directional current as ob-

served byMillot et al. (1981). The water flow seems to follow

the channel's bathymetry in a “V” shaped direction, going

around the seawall. The shape of the channel seems to

strengthen the current intensity at the bottom of the water

column.

The intensification of the bottom current is, conversely,

caused by the channel narrowing, and, on the other hand,

induced by strongwind events. Indeed, fastest bottom currents

were recorded at location 1 (where the channel is narrower)

while East wind blew at more than 5 m s−1. Bottom water

could then exit the Little Bay at 30 cm s−1 although incoming

surface current is slower (5 to 10 cm s−1) and heading west. As

for the Mistral (north-west wind), it leads surface water out of

the Little Bay in a northeast direction while water is entering

in a west-south-west direction at the bottom. This current

reversal is clearly apparent in datasets recorded during the

summer, which could indicate the importance of thermocline

in this phenomenon. In that case, water mass stratification and

current reversal may impact the evolution of potential con-

tamination. If dissolved in surface layers, it could remain in

Fig. 17 Surface (left) and bottom

(right) tracer concentration (units

per cubic metre) 48 h after the

injection for calm weather (a),

Mistral wind (b) and Eastern

wind (c) conditions
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the Little Bay during East wind events and reach bottom

sediments. On the other hand, resuspended contaminated sed-

iments could appear under strong hydrodynamic conditions

and be exported to the Large Bay. In any case, conductivity,

temperature and depth devices could be of interest for com-

paring the thermocline depth with the current reversal depth.

The hydrodynamic response is sensitive to the atmospheric

forcing, even at the bottom. The hydrodynamic model reli-

ability lies on the accuracy of the atmospheric forcing. With a

100-m spatial resolution, this Mediterranean coastal model is

very sensitive to the atmospheric forcing, particularly for wind

intensity and direction. In an operational management point of

Fig. 18 Time evolution of near-

surface (plain line) and near-

bottom (dash line) concentrations

of tracer at the middle of the Little

Bay (red) and in the channel

(blue) for calm weather (a),

Mistral wind (b) and Eastern

wind (c) conditions

Fig. 19 Percentage of total tracer

in the Little Bay for Mistral wind

(blue), East wind (red) and calm

conditions (green)
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view, it will not be possible to use recorded wind data, as the

model may be used as forecast. Therefore, the accuracy of the

predictive atmospheric forcing becomes an important part of

the tool development.

This study also shows the variability of the length of time

needed to renew a mass of water. Linked to hydrodynamic

circulation, the water exchanges therefore depend on atmo-

spheric conditions. The water exchange time calculated with

model results for the Little Bay range from 1.5 day for windy

conditions to 7.5 days for calm weather. Although the fluxes

might be important through the channel, the entire mass of

water may not be renewed. The heterogeneity of hydrody-

namic due to the shape of the Little Bay may lengthen the

exchange time in some parts of the basin. For example, a

particle situated at the back of the harbour may remain in the

sub-basin, particularly if wind conditions are unsteady or

changing from 1 day to the next. Simulations of dispersion

of a passive tracer release at the back of the Little Bay shows

similar exchange time values for windy conditions. Residence

time values calculated are found to be comparable to

the mean exchange time values, especially for strong

wind events.
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Compréhension et analyse des processus hydro-sédimentaires de 
la Baie de Toulon.  

Apport à la modélisation de la dispersion des radionucléides 

Résumé   

Le travail de recherche doctorale développé ici vise à améliorer les connaissances et la représentation des 

processus hydro-sédimentaires dans la Rade de Toulon, afin de mettre en place un modèle de dispersion des 

radionucléides comme outil de gestion post-accidentelle. L’intérêt de cette étude pluridisciplinaire repose sur 

une stratégie qui unit la modélisation et les observations in situ et aborde la problématique complexe des 

contaminants en milieu marin. 

Les résultats obtenus permettent de rendre compte de la circulation hydrodynamique dans la Rade de Toulon et 

de sa forte dépendance au forçage par le vent. Ainsi, les temps d’échange des masses d’eau de la Petite Rade 

sont estimés entre deux et six jours selon les conditions météorologiques. Les mesures en continu réalisées 

dans les fleuves Las et Eygoutier ont permis de décrire et de quantifier les apports liquides et solides des 

bassins versants de la Rade, très peu étudiés jusqu’ici. La Petite Rade représente une zone de sédimentation 

privilégiée vis à vis du millier de tonnes par an de matières particulaires apportées par le Las, et apparaît à ce 

titre comme une zone de piégeage des radionucléides en cas de rejet accidentel. 

Mot clés : Modélisation hydro-sédimentaire, MARS3D, Rade de Toulon, Radionucléides, Apports fluviaux. 

  

Understanding and analyzing the hydro-sedimentary processes in the Bay of Toulon.  
Contribution for modelling the dispersion of radionuclides. 

Abstract  

This doctoral research aims to enhance knowledge of the hydro-sedimentary processes in the Bay of Toulon 

and to represent these processes through a post accidental managing tool, developed to simulate the dispersion 

of radionuclides. This work is based on a multidisciplinary strategy, using numerical modelling and in situ

measurements to study the complex problem of contaminants in the marine environment. 

Hydrodynamic of the Bay and water mass exchanges through the channel have been studied. Results are highly 

linked to the atmospheric conditions and the water exchange times of the Little Bay range from two to six 

days, depending on wind conditions. Recorded data in the Las and Eygoutier Rivers led to the description and 

the estimation of the catchment yields to the Bay, poorly studied before. With one ton of particulate matter 

annually discharged by the Las River, the Little Bay seems to be a sedimentation area. In case of accidental 

release of radionuclides, this area appears to be a trapping zone.  

Keywords : Hydro-sedimentary modelling, MARS3D, Bay of Toulon, Radionuclides, River discharge.


