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Ĉs = aQb ⇒ log Ĉs = log a+ b logQ

$ Φs,9 = CF2 Φs,8 ���"���	 #�$ '&

CF2 = exp(2(651s2)

�) Φs,10 = CF3 Φs,8 *��	 #�$ +&

CF3 =

(
1

n

) n∑
i=1

10ei

ei = logCs,i − log Ĉs,i
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Ĉs,mc = ��
��
��� �� �� ��	��	
��
�	 �	 ��� 2�4335 ������� 6 Qmc 2334�5
Pc = 7�����	
�"� 295 �� �� ������ ��� ���
� ������� ������ 6 �� ������ c 295

�� :�����	
 *��;��0 ��
�: #�*�( !���	" #�$ +&&� 3� �*� ��
 ��<	 ����� �� ������
 �	
��

�=�����	 �����
� ��� �=�	������ �� ����	 ;����	
 �
 �� ��� ����<��� �� �����	
� 6 �=���
��� ��

����	 ;����	
� !���	" #�$ +& 	�
� ��� �� �*� �����>
 "�	�������	
 ���	� �� ���?��� �� ����	

;����	
 ��"��	
�� @� �=������� ��� �	� ��"��	
�
�	 ��� �����
�	
�� �� ����
 ������� �� 
����

�� ����	 ;����	
 ��"��	
�� 7������� �
���� �	
 ��	� ������� 6 ��<	� �� �*� �	 �=������	


�	 ?�	�
�	 �� �=��� �� ����	 ;����	
 #!���	"( �$ +&� A���	��	
( *� ,�	
� �
 7����	 #�))B& �


3� �� ��� #�))'& ����"	�	
 ��� ��

� ����
�	 ��
 
�8� ;������ ����	 ��� �
����� C��	��	�( ���

��	�����	� ��D�"	�	
 ������ �� !���	" #�$ +& �� ��	��8�� ��� �=��� �� ����	 ;����	
 	� ���
 ���

B'



�� ���� �� �	�
�

��
� �� ��� ��
����
� �� ������� �	�������� � ��� �� ������������ ��� ���
� ��������
� ��


�
���
� �� ������ �	��
�� ��
����
���

�� ����� �� ������ ���� ! ������"��� �
��� �#��� �� ������� �����#�� ��
 �
���
� �	�
����� ��

�� �
�����
� �� ��������� $ ��� ������� ����
����% ���������� �� & '��� �(#�����

)� ������ ����
��� ��� �� 
������� ���(������� ���� �	�'��
*������ ������ �
 �� ��

���%

���� �� �	��� ��� 
����� & �� '��� �(��
���� ��
 ������
 �� ��� ��#�� �	�
����� ��� '������

*�
�����% ��� �������� ����
���� ����+
��� �����
� ��
����
�� ���� �� �� �����% �	�������% �	��,

������� � ���% �� �����
���+�� ��� ��� ��*�������� �-�����+% �./01 ��2�+ �� �
�'��% �../!� ��
��

��� ������� ����
����% �	������� ��*�
����� �� ��
�� �� ��� �)3�4% -��(����
 �� 3���( ��.5/!!

��� ��
������ �����#��� �� ��
�� �� ��� ��� ���
���� �� 6������� �� ��
����
�� ����������%

����+
��(����% �� �� ��*�
�
� � ��� �� ��� �
������ ���
����� 7���� ������� � ��� ���'���

��
 ��
� ������� & �	��(���� �� �� ��
�����% ���� ��� 
�+���
����� �����#�� ��
 ������
 �	�
�����

& �	��(���� � '����� *�
���� �� �������� ��� ��
����
�� � ������ �8���% ���/!� 7���� �������

��
��� ���� �	���
���
 �	�
����� ����� �	� '����� *�
����� 4��� �� ��
��� ��� �� �
���
� �� ������

�� �
���6�
� ��� ��������� *�
� ��� ��
� �	�� �� ���� �� 3�9�

������ �� ��� ����.! ��*�������� ���
� ��������
� ��
 ���
�
� ��� �
������ ��:�
� �� �
�,

������ �� �� �
���6�
� ��� ��������� � ���� ��� '������ *�
����� $ �	�
����� ��#���� �HE!% ��

���� �� ��*����� ��� ��
������ �MM!% �� �
���6�
� ��
 ��� ��
� �	�� ���
�� ��
 �� ������� �


���� �� �
����+� �DD! �� �� ���;� ��� ��
������ �
 ��� *�
����� �D!% 76� <�+� ��0� �	������ HE


��
������ �� ��
�� ��� ��
������ �
�����
����% MM �� DD �� ��������� �� �
���6�
� ��� ��
������

�
 �� '����� *�
���� �� D ��� ��
��� �� ��
������ � ��
� � �
�����
�� �� ����� �����
�� �� ���

��������
� �
���� �� ���������� ��� ����
�� �� ��������� & �	�����
� SSY ����� �	������� $

SSY = αHE + βMM + γDD − δD ���5!

�*�� α% β% γ �� δ ��� ����� �������� & �(��� ��������
� 7� ����� ��� ��
� 
������ �*�� � ��+�����

�� ��
��+
��(��� �	��6�
������ 
�����*� & �(��� ��
����
� ��� ������� ��� �� 6�
�� �� *���
�

���� �� ���(� ������� 
����
% ������� �� ������� �� ����� �����
�� ��� ��6�
������� ��� 
�������

� ��*�� �� �(��� ������ ��
 �'����
 �	���������� �� �	����
� �� ��������� & �	��(���� � '�����

*�
����% �� 6�� ���
� �����
 ��� 
������� �'���� ��
 ��� ������ ������� ���� �� '����� *�
�����

���� ������ �� ��� ����.!% ��� ��������
� HE% MM % DD �� D ��� ��� ������� ��
 �. '������

*�
����� �
������� �� �����
����� ��� *���
� �'����� �*�� ��� �� �� 843 & �	�����
� ��� '������

*�
����� ���
�� �
 �� ��

��� � ������� ��
 �	��
�� ������� ���� �� �� 3�9 � �	������� )3�4%

� ��
��� �	���'��
 � ����� & �=����
 & �(��� ��� �
������ ���� �� '���� ����������
�� �� ������

 5



���� �� ��	
��	�	
� ���
������� ��	� �� ���	�

������ ���	 
�� ������ ��	����� ��	������ ��		������ � 
�������� ���	��� ������� �

Ln(SSY ) = 0.034HE + 0.047MM + 0.061DD − 0.045D − 0.8648 �����

���
��� ��� � �	������� ������	�� ���� 
� ��
��
 �� 
��������� ��� � ��	�� �� �������� � 
�� ���	�

SSY �� ��!���� ��� �������	� HE" MM " DD �� D �#�
��� �� ���" $%%&�

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

��	� �� 
� ����
����� )*�	�
�+��� �� �	����� �� ������ �� �
�� +	��� ����	� �� ��	��(�	��� '��

���(
�� ���������
� �)�	�)��� � 	��	������	 
�� �	����� �	������� ���	������ ���� 
� �	�������

�� 
� �	���,�	� �� �������� ��	� 
�� ���	� �����" ��� �� ���	���� ��� 
� �)*���� �� ��� �	�������

� ����� ��)�

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

�� ��	������� �� �	���	� �� ������ 
�� �	����� �	�������� ��	� ��� ���(
��" 
� ���(
� ��

-�+�� ���� ���� .��� �$%%��� ��	��� �� �	���	� �� ������ �� ����/ �� �������� ������
��"

�����)�� ��	 
� �
���

0�!� 
�� ���(
�� � ���� �)*���� ���	���� 
�� �	������� � ��� ��)�

� ������	����� !��� '��

�������� �� �����	����� �� 
� �����" �� 
� ������� �� ��������� �� �� 
����	+� ���� ��
����

���	 ���		� 
� �	�����	� ��� ��������" �� ���+	��� 
�� �)����(��� �� ���1� �� ���	����" �� 
� 	��2

��

������ '�� ��	��(�	�� ��
��� ��� �
�	� �� ���� �)*����� 3
� 	������� ��	 ��� ���	������� !��

�� ����� ��	���� �� ���������� �� ����	����� ������� �����	�� �� �� ����� �� ��
��
 �����������

��	� �����	�� ���(
��" #� 4���� �� ������ �$%%5� �� .��� �$%%�� ����� 
� ���(
� 60�� �6���	

0	���� �	������ �	������" ����
���� ��	 
�78#9 �7���� 8���� #���	����� �, 9+	��
��	�� : 
�

���(
� #;84. �#��	����� ;*�	�
�+* 8�
 4�+������ 9�����)�	�� ��� ����
���� ��	 
� '�;0

�'���	���	� ��� �	���,�	�� �� ;*�	�
�+� �� 0��	��������� � <	����
��

5�



�� ���� �� �	�
�

����� �����	
�� ��� 	 �
��
����� ���������� �� ������� ������ ��
���

��� �� �� �� �	������ �� ������ �� �������
����� �� ��� �� �� ����� �
 �� ���� ��
����

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

�"##$%%� &� �� ���
 ������
� �� ��
����
��
 �� ��� �
�������� ������ �� ���� ��
��� ���


'���(�
 �	��������� )�
�
��� �"##*% �
���� ��� ���+�������� ���
 ������(�
 ,�������������� ��

-��� �� ��������� . �	�
���� �� ���� ��
��� . ��
��
 �� ������ �� ������ �� ���
��
� ��


����/� �	���������� �� �� �� �� ��������� 0���� ���+��� ������������ ���������� �
 �� ���� ��
1

��� �� �	2
� �� ���
����� �� ����
�������� 3��
 �+�,�� ��
��4�
�� ��� +��
�
�+������ ���� ��

��������� . �	�
���� �� ��(��� 5 �� ����(������ ������� ���
 �� ��
��4�
� ����� �� ��������� ���

�� 6��� ��7� )�
�
��� �"##*% ������ ������ �� ���+��� �� �����
����� �� ����! ���
 ��(��
 �	����
1

����� �� �+�,�� ��
��4�
� ��
 
����
� ��� ���
� ��
��4�
�� ����� ����,�� ��� �� 6��� ��8� 9�

���� �����
�� �� ��/�
������ ����
��+�,�� �� ���
 
������ �� ��� �	�� !�4�� �	��/�
��1

���� ����
��+�,�� ��&:% �� �� 
������ � �
����� �� �� /�
�� �	��� ��
�� �� -��� �� ���������

. �	�
�����

9� 
������ �� ����� ����!� ��
���
��+�,�� 
��/�
�� �� �����
���� �� ���� ��
��� �����

���� ����
��
����� . �	�,������ ;�9�� ���� �� ��
��� �� �� ,�����(�
 �� <�� �� ���� ��� ����
��


���� ��� �� ����
� �	��/�
������ ���
 ,����(�
 �� �����
������ ���������
� �	�� ���� ��
����

&� �� ���
 ������ �� ��(��
 �� <�� ����(,�� �� ��� �� ��� ���
��
�� ���
 �� ���� ��
���

���
 ��,��� �� �� ����� �� �� ������� 9	����!� �� �� ��������� . �	�
���� ���� ��
� ���������

�� �
����� �� ��
�� �� ��������� ���� ��� ��
�� �� �
����������� �/�
=��� +!�
�1�������,��%� ���


����
����
 �� -��� �� �
�������� ���������
�� �� ������
��� ���
 �� 
���� +!�
��
��+�,��

�
���� �
 �� ���� ��
��� ��� ������ �� �
������ �� ������������ �� 
����%� �� ���� ������(�


�� ���� �� �
����
� ��� �� ���
 �	��� �� �� -��� �� ���>��� �� ��
������ �
���� �)�
�
����

"##*%�

6������ ��7 ? 0���(������ �� ��
��4�
� @�����@ ���
 �	������(������ �� -��� �� ��������� .
�	�
���� ���� �� ���+��� �� )�
�
��� �"##*%

3���� �
���������
A" B �����
"1C B �
4 /�����
C1�" B /�����
�"1"# B ��!����
"#17# B /�
��
7#1D# B �
4 /�
��
ED# B ���
���

8*



���� �� ��	
��	�	
� ���
������� ��	� �� ���	�

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

�����"
�� ��	� �� ������ �� �� ��	���
� # �������	 ��� ����	�  ����	
� ����	 $��
��	� %&''()

*����� +����,� ������
�	 �� ��� -�	
�

*����� � '.// '.&' '.�0

+����,� / � '.// '.&

������
�	 �� ��� � / � './/

-�	
� 1 � / �

����� �2 (.// 0.�/ �.23

����� ����	
	��� ��� ��������

4�� 
�� ��� �� 5���	, �
 5��� %�(3�). -����� �� ��� %�(((). ���
�� �
 ������6 %&''�). 7����

�� ��� %&''2). ��	� %&''3) �
 �����	� %&'��) �������	
 �8���	
�� ��
����� ���
�	
�� �� ������

�� 9�� �� �:�� 4��� ��;��
< ��
 �� ��
���	�� !����� ��
���� ��
 �� ���� # �=�� ����
��� �� 9��

�� �:� ���� # ���
� ���	 ;�� �� ��		��� �� ��	��	
��
�	� �	 �:� �����
�

����	 �� +>� %?*+�. &''3). �� �����
� ���	� ��
���� �� ������ # ��������� ��  ����� ������

�� 9�� ���
 =
�� ��
��� # 
�� ��� �� ;��
���� �
 �� ����
�� 4� ;��
���� ���	
 �� �����
� ���	�

��
���� �� ������ # <���	� �	 ����		� �	 �����
�
 ������ �� ��  ����� ������� :��� ���
 =
�� � �����

��� �� ��� B ���	
 �	� ��� 4�	, %�((�) @ B = E(Φ̂) − Φ. � �� Φ �� 9�� ���� �� ������ �
 Φ̂ ��

9�� ��
��� -��� B ��
 <����. ���� �� ��
���� ��
 ;��
��

4� ����
� ���	� ��
���� ��
 �� �����
� # ������� ��� �����
�
� � �� �	� <���� �������	

���� �8���	
� ����	
���	�� 4�	, %�((�) ������� �� ��� ����� # ����� �� �� �������	 D ���	� ���

D = (var(Φ̂))1/2� -��� D ��
 <����. ���� �� ��
���� ��
 �������

4� ��
���� �� ���� ���<����	
� ���� ��
��� �� 9�� �� �:� ��
 ��	� =
�� # �� <�� ;��
� �


������. �
 ��� ��	��!��	
 � �� �	 ��� �
 �	� �������	 <�����

A���
��� �������
���� ��	
 �
���� ��	� �� �

���
���� B	�. ��	� %&''3) ������
 # ������


��
���
!�� ����	 %��� ). �� ��
"�� �� C��� %	
 ) �
 �� ���D��	
 �� �������
�	 %R2)�

EAM = 100

n∑
i=1

|Φi − Φ̂i|
n∑

i=1

Φi

%��()

2'



�� ���� �� �	�
�

���� n �� ���
� �� �����
� �� ��� ����
� Φ� �	��� ��� ����
�� ��
� � �� +∞ �� ���� �� �����


��� �
���� �� �� ���� �� ��� ������ ��� �
���� �� ��� 
��� �� ����
��

NS = 1−

n∑
i=1

(Φi − Φ̂i)
2

n∑
i=1

(Φi − Φ)2
������

�� �
���
� �� ���� �� ��
��� �	������
 �� �� 
� �	�!������� ��
� �� ��� 
��� �� ����
� Φ �� ��

��� ������� Φ̂� "� ��� ����
�� ��
� −∞ �� �� #� NS ���� �� �� ������� �� ������ ������ ��
$�������

�� ��� 
��� �� ����
�� %� �����
 �� NS �$�
���
 & � �� �'� (�� �� ������� �� ������ ������ 	���

��� �������
� (�� �� ������ ��� �����
� �� ��� �������� ������ 
��������� ��
 �� ��)�� ��� ���

����
��� *  ��
��� �� ������� ��� ������
�� ����� � �� ��)� �	������
 �� ��� ��
�(�� ��

���+���� �� ���� ��� ����
���
 & ��,�

R2 =

⎛
⎜⎜⎜⎜⎜⎜⎝

n∑
i=1

(Φ̂i − Φ̂)(Φi − Φ)

√√√√ n∑
i=1

(Φ̂i − Φ̂)2

√√√√ n∑
i=1

(Φi − Φ)2

⎞
⎟⎟⎟⎟⎟⎟⎠

������

R2 �
����� �� (������ �� �� 
������ �����
� ��
� ��� ��� ����
�� �� ���������� "� ��� ����
�� ��
�

� �� �� �� ���� �� ��� �
���� �� �� ���� ��� ��� ������� ��� �
����� ��� ��� ����
���

��� � �--.� ���(�� (�� �
��� �
�����
�� ������ /�
� ����� ���
 ������
 ��� ��
$�
�����

��� �������� �� ������ �� ��� 0

�� ��  ��
���� �������
� �	���������� �� �����
����� �� �� ������ ��
�� �	�� ��������� �����

�� �	���)�� �� �� ����
������ �� �	���������� � 1

�� �� �����
���� �� ���� 2�
��2 �� �� 2����� �������2 & �	���� �� ����
�� ����
��������� �� ����

�
�� ��� ���
� ������� & ��
��
 �� ����
�� �� ������ � ����� �� �	�� ��
��(�� �� �����
�����

& ��� �� ����� '� ��� ����� 2�������2 ��� �������� � 	�������� (�	�� ��
��� �� �	�$�
�����

��������� ��
 ��� �����
������ �	���3&3��
� � ����3����������� �� ��
��(�� �� �����
�3

���� & � ��� �� ����� ���� ��
 � (�� �� ��
��(�� �� ���� 4������
� ����3���������� ������

/�
� ������ � �
��� ��5�
���� �
� ��� �� �� ����3��
��(�� �� � �������� ��5�
���� ��
�3

���� �	���
����� 1

�� � ������ ����
�(�� ��� 
�$�
�
 & �� ��--.� ���
 � ������� �� ������ & ��
��
 �� �� �������

��������� ��� 6��� �� �	
 ��--7���

7�



���� �� ��	
��	�	
� ���
������� ��	� �� ���	�

�� ��������� a � 	�
����	
 �
� �������� ��� ��� ������ �� �����
 ������ ��������� ! �"��	��

�� ���# ���$% &��
�� �
 &��'��(# ����% &��
�� �� ���# ���)% &�	�# ��� % &��'��( �
 &��
��# ��*�!#

���� �+����� �,������ ��� �� ������ �� ��� ������� - �	 ����	
���		�.� - ���.� ��� �� 
���� /�� ���

&012 "�� ��
���� �����	
�	
 ��� 	���
���� �����

�	
 �,�+����� �� +���'�
� ��� ��� �� &01

�
 �� ��	
��	�	
� ������2 �,	���
��� &�3 ��
 ��/	 ����� �� ��� �� &01 �

�	
 �	 � 3

�� 
����2 4��� ��� ����� �,��� 5��	6�� �
���� ��� ������# ��	
 �� '���	 +����	
 +��� �� *�� -

*�� ��� (�2# �� &�3 +��� ��  � - ��	� ��  3# ��� ���� 5��
�� +������ �� &� 3 �
�	
 �

�	
��

���� ��� ���� ��

� '���	� +����	
�2 "� �����
�
 ��	/��� ��� �� �����
� �� ��� �� &01 �����

�	 �	 �	��� �� 
����2 &��
�� �� ��� ����)! �	
 ��	
�� ��� �,��
��
��� &�3 ���+�
 7
��

���� - �,������ �'�� �
 �������	! 5�
� ��� �� ������ �� ��� �� &01 �	 5�	�
�	 �� �� 5�����	��

�,����	
���		�.�2 ��� ��
���� �������	
 �	� �'���� ���� ��/	� �� ��� �� 
���� �,����	
���		�.�

- ��

�� �	 ����� ���� �������� �	 ��� �� &01 �+�� �	 '�� �
 �	� ������	 �����
���# �	 5�	�
�	

�� �� 
���� �� '���	 +����	
2 4�� �������# ���� ��
��� �	 ��� �� &01 - +/−�� 3 �� ��� ��

��5���	�� �
 �+�� �	 '�� 	5����� - * �� � 3# ��� ������� ��+�	
 7
�� �8��
���� - �	 	
��+����

	5����� - 9 ����� ���� ��� �+:��� ��	
 �� '���	 +����	
 ��
 	5����� - *� ��� (�22 4��� ���

�+:��� �+�� �	 '���	 +����	
 ������ �	
�� ��� ��� �
 ��� ��� (�2# �� 5�����	�� �,����	
���		�.�

�������	��� ��
 �� *� - �� �����2 "�

� ��
���� �����
 �,�+����� �,������ ������ ��� �� ������

�� ��� - ���
� �� ��		��� ����:
�� ������
��� - ��� �� /��# ����� �,��
 ���+�	
 �� ��� ��	� ��

����� ��� ������� �� ��+ �� �	 ����� ��� ��� ����� �,���2 0��� ��
 ��	� 	
������	
� ���� �+�����

�� ����
� ��� ��		��� ���
�	
�� ��� �	 '���	 +����	
# ��	� �� '�
 �� ��� �
���� ���� �������� ���

��� �� &012 �� ��	����� ��
��� �� ��

� ��
���� ����� ��	� ��� �������	��
�	� ��� ��� ��


���� �,����	
���		�.� - ��������2 0	 �8�
# ��� ��� �� 
���� /��� ��	������ ��	
 ���+�	
 
���

/	� ���� 7
�� ������'��� ��� ����:+���	
� ��	����2 0	 ��
��# ;��'� �� ��� ����)! 	��
�	
 ���

�,����
�	�� �� ���� �,����	
���		�.� ��� ����� ��	� �� ����
� �� �,��
��
�	 ��� ��� �� �	

���������2 "�� �+�	���	
� 
��	����
�	
 �	 �8�
 ���+�	
 ���� �� �� 3 �� ��� �� &01 �	 * - � 3 ��


���� �<��	 �� ���# ����% <���	. �
 <�''# *=  !2 4��� ��� ��

� '���	� +����	
� ����
5�# � 	,��


��� ���� ��� �� ����� �� �����.� ��� ����� ��
 	5�������	��:��2 >	 ����	
���		�.� - ��� �� 
����

/�� 
�� ��� ���� ��/	� ��	� ������ � ����� 
��
�� ��� ���	��� �� ��
�� '�	 	��'�� �,�+�	���	
�

�� ���� ��� �	� �		��2 ?� ������@
 ����� ���� 	
������	
 �� ��

�� �	 ����� ��
 �	� ������ �	 ��	�


	� �� �� ��	��	
��
�	 �	 &01 +� �	 
��'��:
��# ��
 �,�8��
��� �	 ����	
���		�.� - ��� ��


���� +���'�� �	 5�	�
�	 �� �,�������.�# �	 ������	
 �� ��� �� 
���� ��	��	
 ��� ������� �� ����2

�� ��������� a � �.�����	
 �
� ��+� ��� 4����� �� ��� �*===! ���� �������� �� ��
�����

�,	
������
�	 �
 �,��
������
�	 ��� ���� ����� �,��� �	.���# �� �+:�� A��� - 1(��
�	 �99*� (�2!

�
 �� �+:�� 1B��� - "�

���( C��.� ���� (�2!2 ��� ��		��� �� ��'
 �
 �� ��	��	
��
�	 �	

&01 �
��	
 ����	'��� - �	 ��� �� 
���� �� *� �	�
�� ���� �� 
�
��
� �� �,�		�� *==�2 ?�� �	


)�



�� ���� �� �	�
�

����������������� ��� ��� �� ������� � �� �
������ ����������
�� ���������� �� ��������� ��

�������� ��
 ����� �
������ �� ������ �� ���������������� ��������� ��� �����
��� ���
� ��

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

�� ��� "�###$ ����
%��� �� �� ������� ��� �������� � ����� ����
����� �%�� �� �
������ �	������

�������� �� ������ �� �� ������� ��� ����� ��&������ '� �
���� � ������ %�
���� ����
�(� �����

� �����
 ��&��)��� � �� ���� �� ������� �� �� �������� ��� ��� �������� ���� �� �
���� �������

*��� ������� �	��� ���� �� �� ��
��� �� 
��
�%�
 �� &� ���
�� ���� ��� �������� ��� ���

�
������ ���� ������ �������� ��� 
�������� ���������

'� �
����
� b � ��� �������� ��
 +����� �� +��� "�#,-$ �
 �� �� �� ������� ��
����.
��

�� �� 
�%�.
� /�� �� *� ����

�� ��� �� �������� �	���� ��� �������� ������� "�������� � � -

� 0��� ���$ �� ��
��� � &� �� 1/2 ��

��������� � &� ���
� ��
 �� 
�%�.
� /��� �� ��

��� ������� � ��
��
 �	� ������������� � ����
�� ��� �������
������ �� 1/2� 3��� ��
����� ����

��� �
����
�� �� ����� ������������ �� &� ������ �� ���� �	��
�� ���� �� ����� �� �
�������

��� ��� �	�� �����
����� ���
� ��� ����
���� ����� �� �
��.%����� ��� ����������� ��� �  .
��� ��

��� �� ��� ���������� ��
��� �� �	���� �� �� 
�%�.
� /�� ����  ���
��������� � �	��
�� ��
� �	��

�� �����

4�
�5��6 "7889$ � ����� ��� ��
������ ��� �� "��%�
�� 78 ���$ �� ������� ����������
�� ����

������� �� ���� ����� �
�������� ��� ������� %�
����� ��%
��� ��� �� �86 :�2 � ����� �� �83 :�2 "��

1���������� � 0����� ";2*$� �� <��:�� � <��:�� =���� � ";2*$� �� >
��� ?�%�
 � 1���
� ";2*$�

�� 2��@�:��� ?�%�
 ";2*$ �� �� ?��� � 1��� "*����� ��$$� �� �� ����� �� ��%��� �� �
����
�

b �� ��� �������� �� 
� 
������ ��� �������� � ����������
 ��� ���� �� �������
����� �� 1/2 ��

� �
������
 ��� �������
������ �� 1/2 �� 
� ��� �� ����� =�� ���
�� ��� ��� �	������ ��
 ���

����������� �� &� ��
�����
� � ����������
�� �� ��
 ��� &� �
�����
���� � ���� �� ����
�

�� ��
 �� ��
���� �� 78 ��� � ���� �� ���� 
������� �������� ������� � ��
��
 �� ����� ���

������� �����������  ��.
� �� �

�
 �� � A �� �� �� ������
� 
������� ���� ������ �� ��������

��� 
�������� ��������� /� 
�%������ ��
 ��� �
��� 
�%�.
�� �� ������� 3�
�� =
���@ �� /�� �������

��
 +����� �� +��� "�#,,$� ��� ����������� �� &� �� 1/2 � ��
��
 ��� ��
��� �� �����
����� ����

��

������ �� �%�� ��

������ �� B�
 ��� �� �� 3�� �� 
��
������� �� 9 � CD A � &� ���
��

'� �����
����� ��� �������� �� ����� ����
� �	���� ������� �	��� ������
� �� ��� ��
��

���� ��� ��� ��� "!
����� �� ���� �#,#$� '�� "�##-$ �� E���� �� ��� "788F$ ���� ���� �� �� �����

�� �� ������
� ������� �� ����� ��� ��
������ ��������� � ����� ����� ��� ��
��.�
�� ���� ��

�� ������ � ������ %�
���� "4�
�5��6� 7889$� �� �
������ �	������������� � "!������� �� ���� �###$

F9



���� �� ��	
��	�	
� ���
������� ��	� �� ���	�

�� �� ��	����� �� �� ������ ����
��
�	 ��

������ �� ���� ����� �����
 � !""#$ 	%��	
 ��� ���

�����
�
� ��� �&���	
�� ��
�����'

(���)��� ��	�
�
� ��*�		�	
 
��
�+�� �����,����	
 ��	� �� �

���
���' �� -���
� ��� ��
�����

��	
������
�	 ����	� +��
���	
 �� �� +��)��	�� �� ������' ��	� ����.$� �� /���	
 ��� ��������

�
���� ��	��� ��� ��� ��		��� 0 +��)��	�� 1���	��,�� �����*��� ��� ��� ����� ����� +��	2�� �� 3 0

#3 """ 4�2 �	
�� ���� �
 ���#� �����	�� �� +�*����� ��� ��
����� ���	�	
 �	 ����
� ���	���/�� ��

�� ����	)�� �� ��/
 �� ��� ��� ����� ��/
� ������� �� ����	
 �� ������	
���		��� ��� ��	��	5


��
�	� �	 678' 9� �����	� )�� ��� ��
����� ���	�	
 �	 ����
� �� ��:�		� ��� ��/
� �	
�� ����

����	
���	� �
 �� ��
���� �*�� �� ��
� �� ;���� ��		�	
 ���*�	
 �� /�	� �����
�
�'

��� �����
�
� �/
�	�� ��� ��� ��
����� �� ��������	 ��� ����
�	� �����	�� ���
	� ���*�$ ��	



�,� ����	��	
� �� �� )���
� �� �� ����
�	� )� ��
 <
�� �
�/�� ��� �� ���� ���	�� ����� �� *�����

����/��' (��/� �� ��� �!""=$ �����	��	
 ���
���� �	 ����
� ��� ��
����� ����
������
�	� �,� ����

)�� �� ���>��	
 �� �������
�	 �� �� ����
�	 �� ��������	 �
�/�� ��
 �������� 0 "�. ��� )� ��	-�

)�� ." ? �� �� *���/�
� ��� ��	��	
��
�	� ��
 ����)��� ��� �� ��/
$' �� ���/�,�� ��
 )�� ��

���>��	
 ����	� +��
���	
 �� ������	
���		���' �� ���� ��� �������� ���
��� �
 
��������� ��

���
��� 	%��	�� ��	�����/����	
 �� �������
�	 ��� ���� �����,
���' ����	
-��
�	 ��� ���������

	
��*�	�	
 ��	� �� ����
�	 �	
�� �� ��	��	
��
�	 �	 678 �
 �� ��/
 ��
 ��� ��	��)��	
 ����	
����

���� ���*�� ��������� �� �:	��)�� �����	
���'

7	-	� )����� )�� ��
 �� ��
���� �� ������ ������ ��	� ����.$ �����	�� ���&��
��� �	� �	��:��

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

=@



�� ���� �� �	�
�

��� �����	
� 	
 ����� 	
� ��� 	
 ���������� ���������
�

�� ����� �� �� �� ����������� ��
������
� ���� ����
����
 � ��
����
� �����������
�� ��

����
 �� ������������ ��� ���� ��� ��
������� ����
� �� ���
���������� �� �� ����
 �� �������

������ ���� ��� ���� ��� �� ���� �	������� �
��� �������
�� ���� �� ��� �� ����
����� ������ ���

��
������� � �� �� �� �� �� �������
����� �� ��� !"�
�#��$� �%%&� '(()*� "�
�#��$ !�%%&* �������

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

�� �������� �
���� ���� �
�� �
��,�� ��� ������� �� �����-������� ��� ����
� �� �������� �
����

��
������
�� �� ��
���� ��� �� ��� �	� �����
 ���� �� � �.�� ����� ��� ��/�
����� ���
� ���

��0����� �������� ���� �� 1���
�� ����
��
�� �� �

�
� ��������� �� ���,���� �	����0�� ��


��� ����
����
 !1���
������� �( + '( 2*� ������ �� ��
 ��� �� ��� �� ��� �������
������ �� ����

��� ��/�
����� ������ .�
� �� ��� �
�
�� �� 1
����
 !"�
�#��$� '(()*�

3� ��� ���� �
���
���� �	��� ��
 �� ���,��� �� ����� � �� �� ��� �� ��� ���
��
��� � 4� ��

������� ������� �� ����� �� �� �
������
 �� �� 
��
������������ � 4� �� ������� ��� ����
� ��

������������� 5�
 
����
� �� ���,���� �� ����� �� �� �� ���� �� �� ���,���� ���� ����������

���� �� �����
��
� ��
 ����
����
 �� �� �� ������������ ��
������
��� ��� ���,���� �
�������

���� �� 
����
� �� ��0 ��6 !�%%'*� �� ���� 
���
���� � ����� � 
���������� ��� ���,���� ��

����� �� �� �� ������������ �� ��
� �	��� ���� 
��
���� �� �������� ��������� ��
 7���� �� ���

!�%%8*� ��0 ��6 �� ��� !�%%8*� ��0 ��6 �� ��� !�%%9*� 35� !'((%*�

:��� � ��� ����� �; �� �� �� ��� �� �� ����
 �� ������������ ��
����� ����� �� ������ +

� ��� �� ����� �<������� -� ��
 �� ��
� ��
������� �����
����� ������ ��
�1���
���� �� ��

�� ����������� ��
������
� ��

��� .�
� ������ ��
 =

Φc =
n∑

i=1

QiCc,iCs,i !���'*

���� n �� ��� 
� �� ���
� �� �� ����
 �� ����������� Cc� Qi �� �� �� � ������ �� �� ���
�

�� Cc �� Cs �� �������
����� �� ��� � ������ �� �� ���
� �� Cc� 7���� ���
��,� �
������ ��


��0 ��6 !�%%'* 
����� �
 �	,0���,��� �	� �� �� ����������� ��
������
� �������� �
 �� ���

�� ����� ����
��� ��� ���
��� ���� �� ��� .�
� ������� �� ���� �� ��� �	� ���� �������� ���

����
� �� ������������� ����� ���� ��� �� ����� ��
 ���
�
 ��� 
������������ ���� �� >,?�� +

@
��� !@��������� '(�(*� ��� 
������������ �
�����
��� �� �,��� ��
������
� ���� ���
�� ���� �

��,�������� ��������� �������� �� �
���������� ,�
��
�� �
 �� �
�� �	� ���� ,�
� ��
���� ��

�
�� �� ��
���� �� �
�� �	��,�������� ��������� ��� 
������ �
 ) ,�
��� + ��
��
 �� �
����������

����� ��� '( ������� �� �� ��
������
� ��� ��-�� ��
 �,��� 4�
 �� ���������� �� �� �� ���

9&



���� �� ��	
��	�	
� ���
������� ��	� �� ���	�

����	���� �
 �� 
�	��� �	 ����	������� �� ����� �� ��� �		��� ��
 �� ����� ��� ��� ����	������

�� ��� �����
 �	� ���� �	 ����
� ��� ����
�	� 
���������� �� �� 
�	��� �	 ����	������� �


���	� �	 ����
� ��� ���
��
�	� �� ���
 �
 �� ��	��	
��
�	 �	 ����

���� ��� ����	� 
���	 ��� �
 !	�	�"���# ��� ��		��� �� 
�	���� �	 ��	
��	�	
� ����	����

��	
 $�	�������	
 �� 	�
��� ����"
�# ���� �	 ��� �� 
���� ��	����# ���	����# ����������� ��

�� ���� ����	����� ��� �������# ��	� �� ��� �� ������ ��� �
 ��� �����%� ��� �� ����	 �����	
 ��

���	� ��� �&'���� �	
�� ())( �
 *++) ,'����# *++)-# �� .�� ��	�� �� ����"����	
 ��
 ��  ��
��

��� �	� ���� �� �� ��� �� 
���� ��
 !��# �� �������
� �&����	
���		�� ��� ���	���	
� �� ���� ��


��	����������	
 ����
� �
 �	 $�	����# ��� ��		��� ����� �� ���� / ��� �� 
���� !�� 	&�����
�	


 �&�	� 	.����
�	 ��
�� ��� �� ������
���	
 ��� 
�	���� �	 ��	
��	�	
� �	 ������� �� �����

��%���0 ,())*- ������  �� ���� �� $�	�� �� ���# ��

� ��
���� 	� �����
 ��� �� ���	��� �	

����
� ��� ����
�	� �� ���
 �
 �� ��	��	
��
�	 �	 ��� �
  �&���� ��	��
 / �	� ����1��
��
�	

��� ����

���� 
�	� ����
� ��� ���
��
�	� �� ��� �� ���# � ��
 	�������� �&�2��
��� �� ������ �� ���

�� ��	
��	�	
� �� ��� �� 
���� �� ������ ��� ��	��	
��
�	� �	 ���# � ������� / ��� �� 
����

������ �
 �	 ��	
	�# �
 	�	 / ���� ��� 
�	���� �	 ��	
��	�	
�� ��� 
�	���� �	 ��	
��	�	
�

	&�
�	
 ��� ��		��� / ��

� .�� ��	��# ����� �����	
 3
�� ��
 	
��������# ��
 ��
���������

����� ��� ��	
���� ���	������	���

���� ��� ��
����� �&	
������
�	# �� ���� ����� ��
 �� ��
���	�� �� 
�	��� ��%�		� �	 ��	1


��	�	
 ������� �	 �	 �
� ��� �� ������ ����� ���� ��
���	�� �� ���# �
 �� �� ���
���� ��� ��

��� �		��� �� ���� 4���5
6 �� ��� ,*++(�-# 4���5
6 �� ��� ,*++(�- �
 4���5
6 ,*++7- ��
��	


 �� ��

� ��
���� ��
 �� ���� ��%�	 �&��
��� ��� ��� �� ��	
��	�	
� ���
������� ��	� ��� $��	��

����� �&��� / ���
� �� ��		��� ��
�	��� ���� �	� .�� ��	�� 
�"� �8���� ��� ��		��� �� ������ ���

�
 ��� �� �&'����# ���� 9 ����"����	
� ��� �	 �	 ��%�		�# ��	
��	
 ��	� ��

� ��
�$����

���
�
  �� �&�
���� �� ��%�		� ��� ��	��	
��
�	�# ��%���0 ,())*- ������� �� ��������  �� ��


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

���� �&�	 ����"����	
 ��
 ���
���� �� ��� �� ��� ��
���	� ���� �� ������ ��� �&�� ����"����	


����	
� ��%���0 �� ��� ,())9- �������	��	
 ��

� ��
���� ���� 
��� ��� ��	
��	�	
� ���
��1

����� ���� �� ������ �� ��� / �&������� �		������ :�� ������	
  �&���� 	�����
� �	� ��		� ��		����	��

�� ��� �� ���#  � ���
 3
�� ������� / �&��� ��� ��
����� �����	
��� ��	� �� ���
�	 (�;# ���� ���1


���"����	
 $�8�� ��� ��
����� < ,��	����
�	 ��� �� ���
- �
 7 / (+ ,����
�	 �����	�� ����

==



�� ���� �� �	�
�

�� ������ ����� ������� ������� � ��
� ��� ���
������� ��������� ��� �����
� �� �����������

���
� ���� �
����������� ���� � ��������� ��� �������� ���
 ����
���
 ��� ��� �� ������ ��
 

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

%&''&�) ��
�� �	.�
� ����
�� ��� ��� ��
����� �����
����� �� ������ ��
�����
� ���� �� !�� �� ��

"�
���� ���� �
�� ���
��
�� � ������ �� ���� �� �� �� �������
���� �� /�,�

0���1� ��	��� ���
������� ���������) 2����
 �� ��� %&'��� �� 2����
 �� ��� %&'�'� ������� ���

���
������� ����
� ��� �����
� ���
� ��� �
���������� ���
 �������
 ��� ��� ��
�����
�� �	��� 

����� �
���� �� ��3��
� ���� �� 4�1�� � #
���� ����� ������� �	��� ������� ��� ���� �� ��� ��

�
���������� ����� �
��������

��� �5�
����� �������� �	���
������� ��
������� �� ���
 ������ ��� ���������� �� ����

�� �� �������
����� �� /�, �� ���
� �� �� ��
��� ���
� ���� ����
��� �� �	��� �� 
������� ���

�� ��� ��� ����������� ��
����� ��� �����
� �� �����������) �� �� ���� �
��� �� ������ ���

� �	������������6� � ��
�� �� ��� ����
�
� 7�
�8�9 %&'':� ����� ��� ��� ���
����� �������

�����
� � ��� �

��
 �� ���� �� ;< = ��
 �� ��� �� ����������� ��
�����
�� �� ��� ��� �

��
�

�������� � ��� �������
����� 
���������� ������) ��� ��� ������ �������� � �� ����� ����
�

�	�����������) ��� �������� � .�
� ����
��
�� � ������ �������� � �� ��
��� �������
����� �� � ��

6
��� ����
� �� ��������

����� ��� �	
���� ���
������
���

!�� �������� �	���
�������� 
������� ��
 �	�$������� �� �	�������� �	��� 
������ ���
� ��

�����
 �� ����������� �� ��� ���
� 6
�����
 �	�������) �� ��� ����
���� �� ������ %/�$���>)

�++&�� !� �����
 �� ���������� ���� ���
� .�
� ������ ���
 ������ ��� �� ����� �� ����
� ��

��� �� /�,� !�� 
������� ��� ���� ���
������ 
����
����� ���� ��� 
������� �������� ���
� ��

�����
 �� �� ��� �� ����������� �� �� ���� �� �� �������
���� �� /�, %7�
�8�9) &'':�� �����

���
���� � ��� ������ ���� ������ ���
 �����
 ��� �������
�����?��� �� ����������� ������

%@����
�� �� ���) �+++A B
���9$��> �� 7��� /����) �++C�� �� 
�������) ��� ��� ���� ��
��6��

���� �� ����
���
� ��
 �	�D����� �� ����� ���
���� ���
 ��� ����������� ��
�����
�� %7�
�8�9)

�++<A 7�
�8�9 �� ���) &''��A 7�
�8�9) &'':��

7�
�8�9 %�++<� �� 7�
�8�9 %&'':� ������� ��� ���
 �� ��
��� ����
� �� ����� ���
� �	���

�� �� 
�6�� �	#������ %E,#�) �� �������
���� �� /�, ����
�F� .�
� �� ��� �������� ���
 �����


��� �����
� �� ������������ G�� 
�6
������ ������� ��� ��� �����
� �������� %�6?>6� ��� ���

C;



���� �� ��	
��	�	
� ���
������� ��	� �� ���	�


�	���� ��������� �μ���� �	 ��	
��	�	
� �� ��	
 �	 ���
 ��	
���� �����

������ ��	 ��� ��������

������� ���� ��� ���� �����	
� 
��
�� �
�
 ���
�
 ������ � ! "  # $ ���� %� �
 &	�'

(	 ����	���� ���� �� ���	�� ����� ����� 
��� ��� �� )������� �� %�������� �� �� *��	�� �


�� ��+�� %������� ,���-
. �/!!#� ���+�� ��� ��� ���0��	
� �� �������
�	 ��2� �	
�� �� ���
 ��

�� ��	��	
��
�	 �	 )(1 �
 �� 
�	��� �	 ��	
��	�	
� ���
������� 	� �������	
 ��� !�/!� ��	 ���

��� �������
�	� ���	
 �
�
�
�����	
 ��	2��
��� ���� �	 	
������� �� ��	2�	�� " 34 $'

%�

� �������
�	 ���� ��� ���	�� 5����� 	���
 ��� ��	���������' (	 ���
� 6������� �� ��� �7333�

�
������	
 �	� ����
�	 �����	�� ��	2��
�� ��28!�44� �	
�� �� 
�	��� �	 ������� ���
������ �
 ��

��	��	
��
�	 �	 )(1 �������� ��	� �� ��+�� 9

�-�� ��� 
�	���� �	 ������� ���
������ ��	��	


���	� �� ��	��	
��
�	 �	 )(1 �����	
�'

%�

� 
�	��	�� " �� ���
�	 �	 ������ �� ���� �
 ������� ��� ��	��	
��
�	� �	 )(1 ���:

��	
�	
 ��
 ������� �������	
 ��� ����;��
�� �� ��� �/!!#� ���� ��� ��
���� 	�
����	
 �� �����

�
 �� ������� ��	� ��� )(1 �� ���	�'

<��� �������� ��
��� �	��=��� ��	� ��� )(1 �� ��>�+�� 	�
����	
 �� ����� �� �� ���� �� ��

/!!#� ?�
����� �� ��� �/!7/� �
������	
 ��� �������
�	� ��	2��
��� ��2@!�A4� �	
�� �� ��	��	
��:


�	 �	 ��	
��	�	
� �������� �	 μ���� ���� ��������	� �� �����
 ��� ��	��	
��
�	� �	 )(1 �


�� �� 
�	��� �	 ��	
��	�	
�� �
 �� ���
' )	���� �/!77� �
 ?�
����� �� ��� �/!7/� 	�
�	
 ���
�


�	� �
�����
�	 ��� 
�	���� �	 �������� ��
��� ���
������� �� ��>�+�� ��
��� ���	� ������ �������

B�	��� �	 ����B ������� ��� ��	��	
��
�	� �	 )(1 �����	
�	
' >�� ����+��	
 ��� ��

� ������

�����
���� �� ���
 �� C�	� ��������� �����	�	
 �� �����	
' %�

� �������
�	 ���	� ������ ��
�

�� ���
�	 ��
 �������	
 C�
� ��� D��	�.=	�; �
 ,���:)���	 �733E� ���� ��� 
�	���� �	 <%F ��	�

��� )(1 �� ���	�' 1���	 ��� ��
����� ��� 	���� ��� ��� ���
����� 
��	����
��� ��� ��� C��
�� �����

�����	���� ��	
�		�	
 �	� ��	��	
��
�	 ����
����	
 ��	�
�	
� �	 <%F'

�� C���� �
 �� ��	2��
�
� ��� ����
�	� ���� ��	� ����	 ��� �������� �D��	�.=	�; �
 ,���:

)���	� 733EG D��	�.=	�; �
 D���� /!7/�' �� 
�	��	�� " �� ���
�	 ��� 
�	���� ������� �� ��	:

��	
��
�	 �	 )(1 �����	
� ���
 �	� H
�� ��� " ��� �����
� �� ���
����� ��	� ��	
��	��� �	

�����	�	�� �� �����	
' 6������� �� ��� �7333� C�	
 �� ��	�
�
 ���� ��� 
�	���� �	 ������� ���:


������ ��	� �� 1�	
:�����	
� �� ��	��	
 ������� ��� �I��	
� ��	� ��	
��	�� ��	
 �	 ����'

%�� ����
�	� �� �����	� ��� )(1 �� ������	
 ��	� �� ����� ����� ��������	
 ��	����������	


���
��������	
 �� ����
�	� ��	2��
��� �	
�� ��� 
�	���� �	 ��	
��	�	
� �
 ��� ��	��	
��
�	� �	

)(1� 	�
����	
 ��	� �� ��� ��� ���	�� ����� ������ ���� �������� ��� ������� �� )(1 �����	
 H
��

���
����'

E#



�� ���� �� �	�
�

��
���� ������ �������	 
������	 ��	 �	� 		�� ����
��	� � ����������	�	�� �	� �	�	�� 	�


���������� � �����	 ����	 	������ �������
	 �	 ���� ��� ������	� ��� �����	� 
��
	��������� ����


���	�� �� �������� �	 �� ����	� �� ������	 ��	 ����� �	� 
��
	�������� 	� ��� �	 ���� ���

���������	� 	� ���� ���	��	� � ���� ����	 	������ �������
	 ��	
 �	 ������ ��		� ������	 ��

��	��������� �	� �	�	�� 	� 
����������� �	�� ����	��	  ������ !" #�

�	$�	
% &'!!(� �����	 
���	 ������	 �	 ������������� ����	 	������ �������
	 	��	 �� �	�	�

	� 
���������� 	� �� 
��
	������� 	� ���� ��������	 �� ����� 
����� �� ������� �	� ���� )	

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

	
��������� ��� 
*���	 �	��	 �	 
��
	������� 	� ��� ���� �� 
����	 �	 
��
	������� 	� ����

)	��	 ���*��	 	�� 	
�������	 �����	 �	 ����� �	 ��� 	�� ��	� ������ 	� �� 	������ 
����������

����
����	 - ��� 	�� 
����	 	� �����	� ���	 	�� ���� �����
���	 ��� �	� ������ ��������	�� 	� �	�

����	� �	 ��� ��� ������	� &����	� �����	���	��	���

����� ����	
����

�� ��	����	 ��� � ���	 
���������
	 ������	 �	 
��������� �	� ��.�	��	� ���*��	� �	 
��
��

�	 +�� �	 
����������� ����
����	� �� �/�	 �$�	 ��	 
	��	� �	��	� ��� �	� +�� �	 ���� ,�

���
����	 ����� 	�� ������	�	�� ��	 �	�  	�� �	 �����	� �	 �	�	�� 	� 
����������� ������� �

��� �	 �	��� 0� 	� �� �� ���� �	�	� �	�	����� �������� �	� +�� �	 
����������� ����
����	�

�	 ���	�
	 0���	�� 	��	�� �	�� ,� 
����������� �	  	�� �	 �����	� ���� 
����	��� �	�	�����

�������	 �	� ��������� �������	� �	� �	�	�� 	� 
����������� 	��	 �� 	� 	� ���
��������

1!



���� �� ��	
��	�	
� ���
������� ��	� �� ���	�

��� �����	
	��� �� �� ������ �� ��� �� ���	��
���	 ���	
����
��

����� �����		
�� � ��
�����
��� ����
���

����	 �� ���� ���� ����������	 �� ��	���

��� �� ������ ����� ���� ���� !!� �"#"��	��

	
��	�
�	��� �	 �	��$�� ��	���

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

�"� ���	�

�������	
� ��"�
��� �
 ���	� �������	
� �$�
"��
%��& '��� ���%�� ������ ��	���

��� ��� ��

������ �� (�� �
"� �)������� ��� ������� ��"�
���� �
 �$�
"��
%��� ���*�	
 ��� ��	�"%��	
 +
��

��	
,"��&

-������� ��"�
��� ��
 ��� ��� *���
�	� 
���������� �
 ���
���� ���"*�.��� �� ���	�����

	(��	/�	
 �� �����0
�� �����" �� 1������	��1& 2��� �� 
����
 ��� ��� *���
�	� ���� ��� �.���)

*�
�	� �"�"
"�� �� ������	��& ��

� ������ 	� ���
 ��� +
�� �����	�"� ��� ���
 +
�� �"��
� �	

�����	
�	
 �� 	��.�� ���.���*�
�	�& ��	 ���"��	�� ��
�"��
%�� ��
 "���� 3 4"��&

-������� �$�
"��
%�� ��
 ��� 3 ���5�
 ����		� �
 ��"*�.�� ���	� ���	���� ��	(��	�� ��� ��

������	��& ��
 �5�
 ���
 +
�� %��	
," �
 �	� ������
�	 ���
 +
�� ����%�"� ���� �� �����	���&

�	� #�� �� ������
�	 �5��
�"�� �����"��	�� ��
�"��
%�� �� �������� ��"�
��� ���
�	
� ��
 ������"�

"���� 3 4"��& ����	 �� ���� ��� ������� �$�
"��
%��� %��	
,�.��� ��*�	
 +
�� �����"��& -�	���
)


��� ��� ��

� ������
�	 ��
 ����� +
�� 
��
"� ����� ������ ����� ���5�
� ��"�
����& -� ��������

���
� ����� �	� ��
��
�	 �� �� *����� �� ������	�� �	 ����	 �� ��	���

��� ���*�	�	
 ��� �5�
�

��"�
���� �
 �� �� ������
�	 ����#�
� �� �"���
�
 ���� ��� �5�
� �$�
"��
%���&

'��� 
�	� ����
� ��� �5�
� �$�
"��
%��� ��	� �� ���0�� ��������� �	 �")"��
 ��2%& 6&7 �����

��
 8

Φc = kQ kCs kCc
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u2(Φc) = u2(kQ) + u2(kCs) + u2(kCc) +
N∑
i=1

Φ2
c,i

[
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]
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CB = λB,1C1 + λB,2C2 + λB,3C3

CC = λC,1C1 + λC,2C2 + λC,3C3

CD = λD,1C1 + λD,2C2 + λD,3C3
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10 20 50 100 200 500 1000

1x10−3

1x10−1

1x101

Cs(h) − Q(h) : 1974−2013
Cs = 2.6x10−5Q1.84

R2 = 0.5

Cs(h) − Q(j) : 1964−1973
Cs = 5.1x10−5Q1.72

R2 = 0.64

Q (m³/s)

C
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)

10 20 50 100 200 500 1000

1x10−3

1x10−1

1x101

Période de pluie
Cs(h) − Q(h) : 1974−2013
Cs = 1.9x10−5Q1.86

R2 = 0.57

Q (m³/s)
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)
10 20 50 100 200 500 1000

1x10−3

1x10−1

1x101

Période de fonte
Cs(h) − Q(h) : 1974−2013
Cs = 2.7x10−4Q1.36

R2 = 0.27
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10 20 50 100 200 500 1000

1x10−3

1x10−1

1x101

Q (m³/s)

C
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(g
/L

)

Cs(Q) simple
Cs = 2.6x10−5Q1.84

R2 = 0.5

Q < 50 m³/s
Cs = 1.4x10−5Q1.99

50< Q < 150 m³/s
Cs = 2.4x10−5Q1.85

Q > 150 m³/s
Cs = 8.9x10−6Q2.04

10 20 50 100 200 500 1000

1x10−3

1x10−1

1x101

Q (m³/s)

C
s 

(g
/L

)

Cs(Q) simple
Cs = 2.6x10−5Q1.84

R2 = 0.5

Cs(Q) pondérée par flux
Cs = 7.7x10−4Q1.37

R2 = 0.31

Cs(Q) pondérée par racine flux
Cs = 1.5x10−4Q1.57

R2 = 0.41

#�' #�'

������ ���& = .����	��	�� �� >�? ������ #Csh' �� ���	�� �� �
��	 ������ #Qh' �� ���� 0
 !�" 0 �� �	�	�� �� ��@��� 0 A�	����>��� ; #�' $���	�� ��������� ������ #�� ���' �	 ����	��
��������� ���	���	� �� �
�����	 �� )�� �� ���
�� �� " �� ���	�� �� �
��	 #Q B &! �36� �� ��1��
&! �36� B Q B �&! �36� �� ���� �	 Q C �&! �36� �� ���	' ; #�' ����	��� ��������� ���
�
�� ���
�� :�� #�� ��1�' �	 ��� �� ������ ����
� �� :�� #�� ����'

���



���� �� ��	
��	�	
� ���
������� ��	� �� ���	�

mai juil. sept. nov. janv. mars
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) Cs mesurée
F = 0.64 Mt

mai juil. sept. nov. janv. mars
1.10−2

1.10−1
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1.101
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) Cs(Q) simple
F = 0.4 Mt

mai juil. sept. nov. janv. mars
1.10−2
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1.100
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) Cs(Q) en trois parties
F = 0.4 Mt

mai juil. sept. nov. janv. mars
1.10−2

1.10−1

1.100

1.101

1.102
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) Cs(Q) pondérée par le flux
F = 1.15 Mt

mai juil. sept. nov. janv. mars
1.10−2

1.10−1

1.100

1.101

1.102

C
s 

(g
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) Cs(Q) pondérée par la racine du flux
F = 0.6 Mt
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Cs mesurée
Cs=aQ^b
Cs = 1,3 aQ^(1,2 b) + 400 dQ/dt
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Abstract 

Sediment traps (STs) are cost-efficient devices used for the time-integrated sampling of 

suspended solids in rivers for environmental pollution monitoring. However, the 

representativeness of the collected particles under given exposure conditions (ECs) is not 

fully understood yet. A standardized model of ST was tested under various ECs and 

compared to reference sampling methods. Grain-size distributions showed that all particle 

sub-populations were captured by STs, but in possibly differing proportions: the finest and 

most organic-rich particles were systematically under-sampled, and an additional sandy 

mode may appear in STs exposed to near-bed suspension. We investigated the contents in 

some contrasted particulate micropollutants: polychlorobiphenyls, mercury and polycyclic 

aromatic hydrocarbons. Whereas no significant biases were observed under usual ECs, 

significantly lower contents were highlighted for STs exposed to coarse near-bed suspended 

particles. Simple bias-correction methods based on organic carbon content or grain-size 

distribution are applicable to ST samples to get reliable contaminant contents.
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Capsule 

Sediment traps provide potentially biased samples under certain exposure conditions, but 

simple bias-correction procedures can be successfully applied to get reliable micropollutants 

concentrations. 

Keywords 

Sediment trap; Suspended particulate matter; Rivers; Bias-correction; Micropollutants 

Highlights 

1- Samples representativeness is assessed under various exposure conditions 

2- Samples collected with sediment traps are biased in grain-size and organic carbon content 

3-Contamination of particles collected with sediment traps is potentially underestimated  

4- Two bias-correction methods are tested for PCBs, mercury and PAHs, and discussed 

5- Bias-correction to organic carbon content or grain-size give reliable contaminant contents  
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1. Introduction 

As hydrophobic and lipophilic substances in rivers tend to preferentially accumulate in 

sediments, suspended particulate matter (SPM) or biota, sediments are recognised as 

secondary sources of contaminants and SPM - subject to transport, deposition and erosion - 

as the carrier (Schubert et al., 2012; Schulze et al., 2007). The European Union Water 

Framework Directive (WFD) (EC, 2000/60) aims at achieving the good ecological and 

chemical status of European water bodies by 2015 and encourages, together with the 1976 

Barcelona Convention (UNEP, 1976), the contracting parties to evaluate pollution discharge 

to the Mediterranean Sea. The monitoring of SPM and particulate contaminant fluxes in 

rivers is therefore necessary through practically challenging. The Rhône River Sediment 

Observatory was created in 2009. Its purpose is to produce, compile and interpret data on 

sediment flux and storage in the Rhône River – from Lake Geneva to the Mediterranean Sea 

–, and to monitor contaminants associated with SPM. Within the Observatory, SPM 

monitoring techniques and procedures are tested, compared and applied routinely. 

Various sampling techniques can be used to collect SPM for subsequent trace element 

analysis including filtration, decantation/sedimentation or flow-through centrifugation (Duinker 

et al., 1979; Gardner, 1980; Rees et al., 1991). These techniques have been discussed and 

compared by others (Ciffroy et al., 1999; Horowitz, 1986; Horowitz et al., 1989; Schubert et 

al., 2012). Sampling devices should match the following requirements: i) collection of an 

adequate quantity of sampled material for physico-chemical analyses, ii) collection of 

representative samples with respect to SPM in the river, and iii) collection of uncontaminated 

samples. Sediment traps are cost-efficient and easy to handle devices. A monitoring network 

can thus be spatially and temporally stretched out with sediment traps: numerous stations 

equipped, integrative-sampling over long periods of time, and therefore sampling of flood 

events, during which most of the fluxes occur. However, the representativeness of the 
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collected particles under given exposure conditions is recurrently questioned and is not fully 

understood yet. This question is the main obstacle to a wider use of sediment traps in river 

pollution monitoring programs.  

In this study, 3 different sampling devices – a mobile continuous-flow centrifuge (CFC), a 

standardized model of sediment trap (ST), and time-integrative large volume water 

samplings followed by an off-site decantation step (LVWS) – were used in parallel under 

contrasted exposure conditions: wide range of suspended solids concentrations, of flow 

approach velocities, and various elevations of the sediment trap above river bottom. The first 

objective of this paper is thus to assess the physico-chemical representativeness of SPM 

collected in rivers using a ST under various exposure conditions compared to CFC and 

LVWS taken as unbiased reference sampling methods (URSMs). The key question is 

whether the use of sediment traps leads to biased SPM samples under various exposure 

conditions. Indeed, some studies showed that parameters such as grain-size distribution or 

organic carbon content in samples collected with a ST may differ from the SPM properties 

(Allan et al., 2009; Busch et al., 2006; Ciffroy et al., 1999; Pohlert et al., 2011; Schubert et 

al., 2012). Furthermore, contaminants have a strong affinity for fine particles (Duinker, 1986; 

Olsen et al., 1982; Piérard et al., 1996), due to an increasing specific area with decreasing 

grain size, and for organic rich particles (Karickhoff et al., 1979; Olsen et al., 1982). The use 

of a ST might therefore cause biases in the determination of contaminant content in SPM.  

Tests were conducted on three substances of high environmental interest accumulating on 

SPM: mercury, polychlorobiphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHs). 

PCBs have been identified as persistent organic pollutants (POPs) under the Stockholm 

Convention on POPs (UNEP, 2001) and a contamination of fish and sediment from the 

Rhône River has been reported from the 1980s (André and Lascombe, 1988). Since 2005 

commercial fishing and consumption of selected species of fish are banned in the study area. 

Mercury and PAHs are listed as priority substances under the European Union WFD (EC, 

2000/60).  
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The long term goals of a monitoring network can be: i) the acquisition of a temporal record of 

particulate contaminant concentrations, and ii) the calculation of particulate contaminant 

fluxes. Therefore, should samples collected with a ST be biased, the second objective of this 

study is to identity whether simple bias-correction procedures of contaminant contents 

acceptably apply. Several authors tried to correct trace element concentrations with organic 

carbon and/or grain-size (Birch and Taylor, 2000; Camacho-Ibar and McEvoy, 1996; Herut 

and Sandler, 2006; Kersten and Smedes, 2002; Klamer et al., 1990; Koelmans et al., 1997; 

Opel et al., 2011). This paper aims at testing a bias-correction procedure based on the use of 

unbiased reference data and organic carbon content or grain-size distribution. 

2. Material and Methods 

2.1 Sampling techniques 

Concurrent techniques were employed to collect SPM in this study: continuous-flow 

centrifugation was undertaken to collect instantaneous samples and time-integrative 

sampling was achieved deploying in situ a ST. Whereas a ST can be deployed regardless of 

suspended solids concentrations (SSC) – the frequency at which the ST is emptied can vary 

–, it can be damaging to use a CFC under high SSC (> 1 g/L) (see Table 1). Thus, under 

high SSC time-integrative large volume water samplings were undertaken concurrently with 

the use of a ST. Technical information on the instruments and procedures used is provided in 

the following section.  

Integrative sediment trap (ST): the sediment trap of the German Environmental Specimen 

Bank (ESB) served as a model (Schulze et al., 2007). A high quality stainless steel box 

(Grade 316 L) was exposed directly in the river (see Figure 1), set on bank stairs. Water 

flows through the 3 inlet and outlet openings, velocity decreases due to 2 baffles, and SPM 
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settle down into the 2 sedimentation basins. The ST was emptied at a frequency ranging 

from one day to 2 weeks depending on the SSC. 

Mobile continuous-flow centrifuge (CFC): a Westphalia centrifuge was used, which 

comprises a stainless steel bowl, with a Teflon layer, made of 4 alternate bowls set one 

within the other. Water is pumped at a constant flow rate (approx. 1 m3/h) during several 

hours and SPM settle down in the bowl of the centrifuge. The separation efficiency reaches 

97% (Burrus et al., 1989). 

Time-integrative large volume water sampling (LVWS): 4 L of surface water were collected 

every 4 hours using a stainless steel bucket. The 24 L of daily collected water were mixed in 

a 34 L glass demijohn and sent to the laboratory. After overnight decantation, supernatant 

water was cautiously siphoned off to minimise the loss of finer SPM. 

The use of these 3 sampling techniques allowed the efficient collection of sufficient SPM for 

chemical analyses and characterisation of samples, i.e., grain-size distribution and organic 

carbon content. On the other hand, filtration did not give satisfactory results – insufficient 

quantity of SPM collected – and was thus not used in this study. CFC is a rather expensive 

technique that requires trained operators and heavy maintenance. Moreover, both CFC and 

LVWS require permanent attendance. As aforementioned, ST is a cost-efficient and easy to 

handle device but which potentially provides biased samples.  

The use of inert materials (glass, Teflon, stainless steel) and a thorough cleaning step 

enabled the collection of contamination free samples for the subsequent analysis of selected 

micropollutants. In order to side step potential heterogeneity in the river cross-section, all 

samples were collected at the same location at each station regardless of the sampling 

technique used. 

2.2 Study area and exposure conditions of the sediment traps 
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From September 2011 to April 2013, SPM were collected fortnightly at the station Rhône at 

Jons (see Figure 2). The sampling frequency increased during flood events (discharge > 800 

m3/s) and during Génissiat and Verbois dams flushing operations carried out on the Upper 

Rhône River in June 2012. At this station the integrative ST was always exposed to SSC < 1 

g/L and low to moderate flow approach velocities, and never influenced by coarse near-bed 

suspensions, because elevation above river bottom was approx. 4 to 5 m (see Table 2). 

Under such conditions, the CFC could be employed and taken as URSM (see section 3.1) to 

assess the physico-chemical representativeness of SPM collected with the ST under what 

was considered in this study as usual conditions.  

Samples were also collected daily, upstream, at the stations Rhône at Pougny and Rhône at 

Seyssel during the above mentioned dams flushing operations. At these stations STs were 

exposed to SSC ranging from 0.3 to 49.0 g/L and low to moderate flow approach velocities, 

and quite influenced by coarse near-bed suspensions (elevation above river bottom was 

approx. 1 to 2 m). As previously stated, under such conditions the use of a CFC was 

impossible and time-integrative LVWS were undertaken and considered as URSM (see 

section 3.1) to assess the physico-chemical representativeness of SPM collected with the ST 

under what was considered in this study as extreme conditions. 

2.3 Analytical methods 

PCBs, PAHs, mercury and organic carbon 

Prior to chemical analysis, SPM collected with the various sampling techniques were 

transferred into 250 mL amber glass bottles and deep-frozen, freeze-dried, and 

homogenised through a 2 mm stainless steel sieve. 
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PCBs and PAHs were analysed according to the XP X33-012 Standard (AFNOR, 2000) as 

briefly described hereafter: a 1.0 g sample was extracted with a cyclohexane/acetone (90:10, 

v/v) or hexane/acetone mixture (50:50, v/v), respectively, on a Dionex ASE350 Accelerated 

Solvent Extractor (Dionex, USA). The extract was then purified on a 1 g Florisil® or silica 

solid phase extraction cartridge, respectively. A small amount of copper powder was finally 

added in order to avoid possible sulphur interferences prior to gas chromatography analysis 

of PCBs with a 63Ni electron capture detector (ECD). The 2 following columns were used to 

separate and identify PCB congeners: 

Column 1: RTX®-5 (fused silica - Restek); 30 m x 0.25 mm x 0.25 μm; 

Column 2: RTX®-PCB (fused silica - Restek); 30 m x 0.25 mm x 0.25 μm. 

PAHs were analysed by capillary gas chromatography coupled to mass spectrometry (GC-

MS). Total mercury was determined according to the EPA Method 7473 (USEPA, 2007) by 

thermal decomposition, amalgamation and atomic absorption spectrophotometry and 

particulate organic carbon (OC) according to the ISO 10694 Standard (ISO, 10694:1995) 

after dry combustion.  

Quality Assurance and Quality Control 

Quality assurance and quality control included the analysis of blanks, replicates, internal 

standards, and spiked material. Furthermore, the accuracy of measurements was checked 

via intercomparison exercises (3rd campaign Quality Consult proficiency testing 13CS3, 2013 

for PCBs, Aglaé for total mercury and PAHs) and via the analysis of certified reference 

materials (BCR 536 for PCBs, IAEA 433 for total mercury, and SRM 1941b for PAHs).  

The expanded uncertainty (k = 2) ranged from 10 to 27.5% for PCB congeners and the 

uncertainty at the limit of quantification ranged from 15 to 70% for PAHs. Expanded 

uncertainties of 16 and 5% (with a confidence level of 95%) were assessed for total mercury 

and organic carbon, respectively. The limit of quantification was 0.010 μg/g dry weight for 
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mercury, 0.05 g/kg dry weight for organic carbon, and ranged from 0.50 to 0.75 and 1 to 5 

μg/kg dry weight for PCB congeners and PAHs, respectively. 

Grain-size distribution 

An aliquot of each sample (before freezing, freeze-drying and homogenisation) was analysed 

on a CILAS 1190 laser particle size analyser (range of values: 1 – 2 500 μm). As already 

pointed out by several authors (e.g., Schäfer and Blanc, 2002), a laser analyser provides a 

better reproducibility than sieving and offers a higher resolution of the finer grain sizes (< 2 

μm). 

Volumetric grain-size distributions of SPM collected in the Rhône River being multimodal, 

each sample was assumed to be a combination of various particle populations following 

Gaussian distributions. Four Gaussian subgroups were defined according to Launay et al. 

(2013) (see Table 3) and the maximum-likelihood estimation method provided the 

parameters of the Gaussian distributions: i) the mode, D (μm), ii) the standard deviation, 

(μm), and iii) the volume percentage in the whole sample, i (%), of particle populations 

belonging to each Gaussian subgroup. 

An example of decomposition into Gaussian subgroups is given in Figure 3 with two samples 

collected simultaneously using LVWS and a ST. Whereas modes and standard deviations 

are more or less similar, the volume percentages of particle populations belonging to each 

Gaussian subgroup differ: 7 and 13% of particle populations in samples collected with a ST 

and LWVS, respectively, belong to subgroup 1, 51 and 55% to subgroup 2, 42 and 32% to 

subgroup 3, and none to subgroup 4. 

Suspended solids concentration

Manual grab samples were collected daily and analysed for suspended solids concentration 

(SSC) according to the NF EN 872 Standard (AFNOR, 2005). Briefly, 1 L samples were first 

filtered through pre-weighed filters (Whatman GF/F, 0.7 μm). Filters were then dried to 

constant weight (105°C) and finally re-weighed. The  limit of quantification was 0.002 g/L. 
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2.4 Bias-correction procedures 

Bias-correction to organic carbon content 

The widely used bias-correction to the OC content was tested (EC, 2010.3991) and 

contaminant contents from a ST were OC-corrected as follows: 

   (Eq. 1) 

in which  is the OC-corrected concentration of a given contaminant for SPM collected 

with a ST;  is the measured concentration of a given contaminant for SPM collected with 

a ST; the organic carbon content of SPM collected with an URSM; and the 

organic carbon content of SPM collected with a ST. 

Bias-correction to grain-size distribution 

Contaminant contents from a ST were grain-size corrected as follows:      

(Eq. 2) 

(Eq. 3)

in which  and are the grain-size corrected concentrations of a given 

contaminant for SPM collected with a ST to subgroups 1 and 2 (clay and fine silt), or 1 and 2 

and 3 (clay and fine and coarse silt), respectively; the measured concentration of a given 

contaminant for SPM collected with a ST; and the volume percentages of particle 

populations collected with an URSM or a ST, respectively, belonging to the Gaussian 
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subgroup i. This bias-correction procedure to grain-size distribution will be comprehensively 

explained and discussed in section 3.3. 

The classical bias-correction to the grain-size < 63 μm fraction (EC, 2010.3991) was also 

tested, and contaminant contents from a ST were corrected as follows: 

(Eq. 4) 

in which  is the corrected concentration of a given contaminant for SPM collected with 

a ST to the grain-size < 63 μm fraction; the measured concentration of a given 

contaminant for SPM collected with a ST;  and  the volume percentages of 

particle populations collected with an URSM or a ST, respectively, belonging to the grain-size 

< 63 μm fraction.

2.5 Statistical method and graphical representation

A Wilcoxon-Mann-Whitney test for paired samples was used to detect significant differences 

between the sampling techniques (5% error probability). Under usual conditions SPM 

collected with a ST deployed for 2 weeks were compared with SPM collected at the same 

station with the CFC in the same 2 week period (mean of the data set). Under extreme 

conditions samples collected daily with a ST or LVWS at the same station were compared. 

Correlations between OC content and SSC were calculated using the non-parametric 

Spearman’s rank correlation coefficient rs and tested for significance. The comparison was 

made on samples collected on the same day and at the same station. If each of the variables 

is a perfect monotone function of the other then a perfect Spearman correlation (rs = ± 1) is 

obtained.  
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Contaminant contents are presented as follows: mean ± standard deviation. Results are 

graphically depicted through boxplots. The bottom and top of the box are the first and third 

quartiles while the band inside the box is the second quartile (the median). The ends of the 

whiskers represent the lowest datum still within 1.5 interquartile range of the lower quartile, 

and the highest datum still within 1.5 interquartile range of the upper quartile. A diamond-

shaped dot represents the mean of the data. For the sake of readability outliers are not 

represented.  

3. Results and Discussion 

3.1 Unbiased reference sampling methods 

The possible artefacts from CFC and LVWS sampling methods were investigated. The grain-

size distributions of samples collected with CFC/LVWS and manual grab samplings were 

compared as follows: 

- Pair 1: samples collected simultaneously with a CFC or manual grab sampling (n=38); 

- Pair 2: time-integrative samples collected with LVWS during 24 hours (start on day 1 

and end on day 2) and the average of manual grab samples collected on days 1 and 

2 (n=12). 

For each pair, the volume percentages of particle populations belonging to each Gaussian 

subgroup were compared and no significant differences were found (p-values>0.05). These 

results indicate that there is no significant grain-size bias due to the use of a CFC or LVWS 

and that SPM collected with these techniques are representative of particles transported in 

suspension in the river, as pointed out by Schubert et al. (2012). Thereafter, CFC and LWVS 

are taken as URSMs. 
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3.2 Sampling efficiency of a sediment trap according to selected 

micropollutants 

In this section, we investigated potential differences between contaminant contents in SPM 

collected with an integrative ST or with an URSM. 

Mercury 

Concentrations are lower than mercury ER-L (Effects Range – Low: 0.15 μg/g) - 

concentration below which adverse biological effects are unlikely to occur (Long et al., 1995) 

-, similar to those reported in uncontaminated North American and European rivers 

(Quémerais et al., 1998), and one order of magnitude lower than those recorded in heavily 

industrialized fluvial systems (Hissler and Probst, 2006). Additionally, mercury concentrations 

at the station Rhône at Jons (midstream) under usual conditions are up to twice as high as 

concentrations at the upstream stations under extreme conditions (see Figure 4): 

0.053±0.010 μg/g vs. 0.034±0.010 μg/g. This can be attributed to a higher OC content of 

SPM collected at the midstream station (see section 3.3) and to mercury inputs from several 

tributaries. 

Under usual conditions, mercury contents are significantly different (p-value=0.020, n=29) 

depending on the sampling technique used: 0.053±0.010 μg/g vs. 0.048±0.015 μg/g in SPM 

collected with an URSM and a ST, respectively. The bias introduced by the use of a ST is 

greater under extreme conditions (p-value=0.006, n=14), with mercury contents of 

0.034±0.010 μg/g vs. 0.021±0.006 μg/g in SPM collected with an URSM and a ST, 

respectively. 

PCBs 

PCBi was calculated summing up the concentrations of the following congeners: PCB 28, 
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PCB 52, PCB 101, PCB 118, PCB 138, PCB 153 and PCB 180. Concentrations below the 

limit of quantification (LOQ) were replaced by a fixed non-variable value of 50% of the LOQ.  

PCB contamination in the Rhône River was reported to be decreasing since the 1970s 

(Desmet et al., 2012). PCBi concentrations at the station Rhône at Jons are currently lower 

than the ER-L (22.7 μg/kg according to Long et al. (1995)), and lower than in other PCB-

contaminated European fluvial systems such as the Elbe River (Stachel et al., 2005; Umlauf 

et al., 2011). Like mercury, PCBi concentrations at the station Rhône at Jons under usual 

conditions are up to twofold higher than concentrations at the upstream stations under 

extreme conditions: 9.5±4.0 μg/kg vs. 4.7±1.6 μg/g. These results were explained by a 

difference in the particle nature caused by the massive discharge of organic-poor particles at 

the upstream stations during the dams flushing operations (see section 3.3). Indeed, OC-

corrected concentrations at both upstream and midstream stations were no longer 

significantly different. 

Under usual conditions there is no significant difference (p-value=0.740, n=35) between 

PCBi concentrations in SPM collected with a ST or with an URSM, as reported by several 

authors (Busch et al., 2006; Pohlert et al., 2011): 9.5±4.0 μg/kg vs. 9.2±3.6 μg/kg in SPM 

collected with an URSM and a ST, respectively. On the other hand, the use of a ST under 

extreme conditions leads to significantly different PCBi concentrations (p-value=0.017, 

n=14): 4.7±1.6 μg/kg vs. 3.5±2.1 μg/kg in SPM collected with an URSM and a ST, 

respectively. 

PAHs 

PAHs was calculated summing up the concentrations of: Naphtalene, Acenaphtylene, 

Acenaphthene, Fluorene, Phenanthrene, Anthracene, Fluoranthene, Pyrene, 
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Benz[a]anthracene, Chrysene, Benzo[b]fluoranthene, Benzo[k]fluoranthene, Benzo[a]pyrene, 

Dibenz[a,h]anthracene, Benzo[ghi]perylene, and Indeno[1,2,3-cd]pyrene.  

PAHs concentrations in the Rhône River are comparable to those available for other major 

French and European rivers (Fernandes et al., 1999). 

PAHs were not analysed in SPM collected with the CFC under usual conditions due to the 

use of a power generator, and plausible contamination of the samples. Under extreme 

conditions, PAHs concentrations are significantly different (p-value=0.010, n=13, one outlier 

excluded from the dataset): 1302.8±830.5 μg/kg vs. 745.7±329.8 μg/kg in SPM collected with 

an URSM and a ST, respectively. 

Depending on the contaminant analysed, the use of a ST under usual conditions leads or not 

to biased samples. On the other hand, under extreme conditions, all contaminant contents in 

SPM collected with a ST are underestimated and significant differences are greater. In order 

to explain these results the representativeness of SPM collected using a ST was further 

investigated through the analysis of the grain-size distribution and of the organic carbon 

content. 

3.3 Representativeness of SPM collected using a sediment trap 

Grain-size distribution 

Under usual conditions, there is no significant difference (p-value=0.371, n=24) between 

volume percentages of particle populations with a mode < 80 μm, i.e., belonging to Gaussian 

subgroups 1, 2 and 3. Whereas all particles grain sizes are captured by STs, there is a loss, 

in proportion, of finer particles. Indeed, there is a significant difference (p-value=0.009, n=24) 

between the volume percentages of particle populations with a mode < 27 μm, i.e., belonging 
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to Gaussian subgroups 1 and 2: 89±11 % vs. 78±21 % in samples collected with an URSM 

or a ST, respectively. This can be attributed to the separation principle of a ST: 

sedimentation allows the collection of fine particles to a much lesser extent. 

Under extreme conditions, both volume percentages of particle populations belonging to 

Gaussian subgroups 1, 2, and 3, or to Gaussian subgroups 1 and 2 are significantly different: 

p-value=0.003 and n=14 in both cases. 95±9 % vs. 63±30 % of particles collected with an 

URSM or a ST, respectively, belong to Gaussian subgroups 1, 2, and 3, while 72±21 % vs. 

30±31 % of particles collected with an URSM or a ST, respectively, belong to Gaussian 

subgroups 1 and 2. Grain-size distribution differences under extreme conditions can be 

attributed to the larger contribution from coarse silt and fine sands (Gaussian subgroup 4) in 

samples collected with the ST compared to surface water samples collected with the URSM. 

As mentioned in section 2.2, STs at the stations Rhône at Pougny and Rhône at Seyssel 

were exposed to coarse near-bed suspensions due to small elevation above river bottom.  

While the loss of finer particles using a ST has already been reported in several studies 

(Pohlert et al., 2011; Schubert et al., 2012), the comprehensive analysis of Gaussian particle 

sub-populations in high-resolution grain size distribution leads to the important and new 

conclusion that all particles sizes are captured by STs, including the smallest: sub-population 

properties are conserved, but proportions may differ (see Figure 3). We assumed that 

Gaussian subgroups 1 and 2 (and perhaps 3) are equally contaminated and that the coarser 

mode (Gaussian subgroup 4) is contamination-free (Launay, 2013). This is the reason why a 

bias-correction to grain-size removing coarser grain-size fractions is tested (see section 3.4). 

The classical separation of the grain-size < 63 μm fraction was also studied under extreme 

conditions and a significant difference between samples collected with a ST or an URSM 

was also highlighted: p-value=0.002, n=13. Nevertheless, contrary to the decomposition into 

Gaussian subgroups, the separation of the grain-size < 63 μm fraction does not reflect the 
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multimodality of the distribution and the change of shape of the grain-size distribution caused 

by the use of a ST. 

Organic carbon 

OC content in SPM collected at the station Rhône at Jons under usual conditions are up to 

three times as high as OC content at the upstream stations under extreme conditions: 

29.4±15.2 g/kg vs. 11.4±3.0 g/kg, respectively. This can be attributed to the massive 

discharge of organic-poor particles during the dams flushing operations. 

Regardless of the exposure conditions of the ST, OC content in SPM collected with a ST are 

significantly lower: p-value=0.008 under usual conditions (n=30) and p-value=0.009 under 

extreme conditions (n=14). Several authors observed the same trend (Baker et al., 1991; 

Koelmans et al., 1997; Pohlert et al., 2011; Schäfer and Blanc, 2002) which could be 

attributed to: i) a lesser settling of phytoplankton cells, ii) a larger contribution from 

resuspended sediments (coarse silt and fine sand), iii) a quick degradation of algal 

components, and/or iv) a decay of rapidly biodegradable compounds. Nevertheless, lower 

OC content of SPM collected with a ST under extreme conditions are probably not due to this 

decay of biodegradable compounds as SPM remained inside the ST for periods of 24 hours 

only. Other potential reasons are discussed below.

A ST allows sampling of a time-integrated but not proportional-to-time sample. As described 

by Pohlert et al. (2011), the amount of SPM collected with a ST is larger under high 

suspended solids concentrations (SSC). OC content in SPM samples collected under usual 

conditions with an unbiased reference sampling method (CFC) is significantly and inversely 

correlated with SSC: rs = -0.67, p = 4.3 10-6, n=37. Therefore, the OC content in SPM 
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decreases with increasing SSC, leading to a final OC content in SPM collected with a ST 

potentially lower than the temporal mean.  

On the contrary, no correlation was found between OC content in SPM collected under 

extreme conditions with an URSM (LVWS) and SSC: rs = 0.12, p = 0.680, n=15. In that 

particular case, lower OC content in SPM collected with a ST is assumed to be due to the 

larger contribution from coarser and less organic-rich particles. 

Along with the grain-size bias observed, the lower OC content in SPM collected with a ST 

might therefore explain the underestimation of micropollutant concentrations under certain 

exposure conditions. For the sake of data homogeneity the second objective of this study 

was to identify whether simple bias-correction procedures of contaminant contents 

acceptably apply.  

3.4 Bias-correction of samples collected with a sediment trap 

Various ratios – corrected-concentration from the ST to concentration from an URSM – were 

calculated (see Table 4) in order to assess the efficiency of the different bias-correction 

methods, and are depicted in Figures 5 to 7. An ideal bias-correction procedure would give a 

ratio of 1:1 and a very small dispersion of the data. 

The observed bias for mercury concentrations under usual conditions was relatively low and 

the OC-correction method, while removing the statistical difference, leads to a greater 

dispersion of the data. Grain-size-correction to subgroups 1 and 2 (median modes < 27 μm) 

gives satisfactory results: it removes the statistical difference and does not lead to a greater 

dispersion. Interactions between mercury and organic matter are indirect and can be 

attributed to the binding of mercury with sulphur-containing functional groups in organic 

matter (Ravichandran, 2004). Klamer et al. (1990) therefore suggested the use of grain-size 
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distributions rather than organic carbon to normalize trace element concentrations. As 

samples collected at the station Rhône at Jons are predominantly fine-grained a correction to 

the grain-size < 63 μm fraction or to Gaussian subgroups 1, 2 and 3 (median modes < 80 

μm) are inadequate here. Under extreme conditions, OC-correction and grain-size correction 

to subgroups 1, 2, and 3 of mercury and PCBi concentrations successfully correct 

contaminant contents in SPM collected with a ST: greater p-values and acceptable 

dispersion of the data. As aforementioned, an additional sandy mode was collected with STs, 

explaining the necessity of a correction to subgroups 1, 2, and 3, and the inadequacy of a 

correction to subgroups 1 and 2 only. Regarding PAHs, bias-correction to subgroups 1, 2, 

and 3 appears to be the most promising procedure (lower dispersion). For all contaminants, 

a correction to the grain-size < 63 μm fraction leads to a larger dispersion of the data. 

Both bias-correction procedures were built taking contaminant-carrier properties of the SPM 

into account, but, unlike correction to grain-size, correction to the OC-content assumes that 

the contamination of all the different particles populations differs. Yet, bias-correction to 

grain-size is practically easier to perform if no unbiased reference sample is available. Both 

bias-correction procedures also require additional analyses for each sample leading to a 

higher total analytical error (Klamer et al., 1990) and thus to a higher dispersion of the data. 

Moreover the grain-size-correction procedure requires a step of data processing so as to 

determine Gaussian subgroups, and associated uncertainties are so far unknown. On the 

contrary OC content analysis is widespread and the associated expanded uncertainty is low.  

4. Conclusion   

The comprehensive analysis of Gaussian particle sub-populations in high-resolution grain 

size distributions led to the important and new conclusion that all particles sizes are collected 

with STs, including the smallest: sub-populations properties are conserved, but proportions 

may differ. Collection of less organic-rich particles was also highlighted. Along with the grain-
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size bias observed, the lower OC content in SPM collected with STs might explain the 

underestimation of contaminant contents under certain exposure conditions. While the use of 

STs under usual conditions did not lead to any bias in PCBi concentrations, it led to a 

slight, but acceptable, underestimation of mercury concentrations. Under extreme conditions 

the collection of an additional sandy mode was emphasized, resulting in significantly lower 

contaminant contents. Yet, to some extent, the large contribution from coarse near-bed 

particles under extreme conditions could be avoided exposing STs in dead zones, far from 

the main flow channel. Simple bias-correction procedures were tested and showed promising 

results. While bias-correction to grain-size could be easily perform without any reference 

sample, bias-correction to the OC content is a robust procedure with low associated 

uncertainties. Further studies involving controlled exposure conditions and other substances 

would be welcome to confirm the optimal conditions of use of STs for monitoring particulate 

contamination in rivers.   
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Abstract

The objective of this article is to investigate the major issues associated with the cal-

ibration of the pollutant dispersion in 1-D hydraulic models applied to river networks,

especially large, complex, artificialized ones where ecological and socio-economical threats

are important. Such issues are illustrated and discussed using the results of five fluorescent

tracing experiments conducted in contrasted open-channel systems, ranging from a simple

trapezoidal canal to a more complex river network. Experimental dispersion values were

quantified using both the change of moment method and a simple fit-by-eye procedure for

eight river reaches with homogeneous hydraulic conditions and an achieved tracer mixing

and dispersive equilibrium. Since dispersion coefficient values depend on the assumed dis-

persion model, ideally they should be calibrated using the same model in which they are

to be used, as was done in this study. We also derived concurrent longitudinal dispersion

values using the velocity field measured by hydro-acoustic profilers (ADCP), which appears

as a promising and cost-efficient technique for documenting dispersion in large river sys-

tems. It appears that the formulae for which the fit was mainly based on the cross-sectional

aspect ratio are generally more appropriate for field data than those which are sensitive to

the velocity to shear velocity ratio. The interpretation of complex dispersion and mixing
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processes, along with the selection of relevant dispersion coefficient predictors are key to

minimizing errors in the numerical simulation of pollution dynamics in river networks.

Keywords: longitudinal dispersion, river, pollution, 1-D hydraulic modelling, ADCP

1. Introduction1

The pollution of rivers due to accidental spills represents a major threat to ecology2

and to various uses of water (Leibundgut et al., 2009). The environmental management3

of river systems requires accurate and efficient tools to predict pollutant concentration,4

propagation and dispersion, especially near water intakes when rivers are used as a source5

of drinking water (Biron et al., 2004). A commonly used tool is numerical modelling, which6

is developed to simulate the hydraulic conditions and the transport and fate of solute or7

particulate pollutants along river systems (Fassnacht , 1997; Duarte and Boaventura, 2008;8

Marion et al., 2008; Kilic and Aral , 2009).9

At the river network scale, the application of two- and three-dimensional transport10

models is generally not appropriate because of their time consuming computations (Lei-11

bundgut et al., 2009) and because of the lack of data for the construction of such models12

and their validation. One-dimensional (1-D) transport models are generally preferred for13

real-time predictions of the spatio-temporal dynamics of a pollution in large river net-14

works. While simple, most 1-D models are able to simulate complex, multi-reach hydraulic15

networks, including artificial structures as well as bifurcations and confluences.16

In conventional 1-D hydraulic models, the transport of a fully mixed, passive pollutant

or tracer is described by the 1-D advection-dispersion equation, also known as the Fickian

model (Scheidegger , 1961; Leibundgut et al., 2009):

∂C

∂t
+ U

∂C

∂x
= DL

∂2C

∂x2
(1)

in which C is the section-averaged concentration, t the time, U the section-averaged veloc-17

ity, x the distance in the longitudinal direction, and DL the longitudinal dispersion coeffi-18

cient. The Fickian model for longitudinal dispersion applies when dispersive equilibrium is19

reached, i.e. when the effects of velocity shear are balanced by the effect of turbulentmixing20
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(Rutherford , 1994). Downstream of the injection point (or transverse line), this condition21

is achieved in the equilibrium zone, which establishes after the so-called advective zone.22

Equilibrium is reached when the tracer has sampled the entire flow, which generally occurs23

after the tracer concentration is homogeneous throughout the cross-section. However, this24

is not a sufficient condition for checking dispersion equilibrium.25

In rivers and canals, longitudinal dispersion is mainly due to vertical and transverse26

velocity gradients, while molecular diffusion and turbulent diffusion are generally negligi-27

ble. According to the literature, the longitudinal dispersion varies within a range of 10−1
28

to 107 m2/s (Fischer , 1968; Liu, 1977; Iwasa and Aya, 1991; Seo and Cheong , 1998), while29

the molecular and turbulent diffusion are in the order of 10−9 and 10−2 m2/s, respectively30

(Rutherford , 1994). Note that turbulent diffusion may vary from 10−3 to 1 m2/s, according31

to the hydraulic conditions. Usually, in rivers vertical velocity gradient effects on longi-32

tudinal dispersion are negligible compared to transverse velocity gradient effects (Fischer33

et al., 1979). It is therefore possible to accurately estimate longitudinal dispersion in natu-34

ral streams from the transverse velocity profile, as done by Seo and Baek (2004) by fitting35

a beta function to the observed velocity distribution.36

Other mechanisms, such as trapping in recirculation zones, laminar boundary layers37

or porous media, can also cause dispersion. Such processes are usually designated as38

transient storage effects. Indeed, the observed “tails” of breakthrough curves are often39

longer than can be accounted for by Eq. 1 applied analytically to solute tracer pulses40

(Nordin and Troutman, 1980). Hence, Bencala and Walter (1983) introduced the effect41

of the transient storage in the right-hand side of Eq. 1. Such model has been widely used42

to better understand physical processes in experimental results (Cheong and Seo (2003);43

Gooseff et al. (2005); Wörman and Wachniew (2007); Bottacin-Busolin et al. (2011); Szeftel44

et al. (2011) among others). However, it remains difficult to be applied in predictive models45

since it introduces two additional variables (solute concentration and cross-section area of46

the storage zone) and one additional parameter (stream storage exchange coefficient), which47

may be difficult to evaluate. Moreover, in large river cases dead-zones may be less relevant48

3

���� �� ��	
��	�	
� ���
������� ��	� �� ���	�

���



than in the small rough streams studied in the literature focussing on transient storage49

mechanisms.50

In 1-D hydraulic models, the longitudinal dispersion coefficient has to be predicted51

through formulae accounting for the mainstream longitudinal dispersion, usually ignoring52

the transient storage effects that were highlighted by research in the last decades (Ruther-53

ford , 1994). Such semi-empirical formulae were established against experimental data sets54

to relate the longitudinal dispersion coefficient to the bulk characteristics of the flow. How-55

ever, the predictive accuracy of such formulae is often questionable, which can be explained56

by the scatter and lack of representativeness of the underlying data set.57

Soluble tracer experiments are the most direct method to collect field data on longi-58

tudinal dispersion in rivers (Hubbard et al., 1982). Passive tracers injected into a stream59

behave in the same way as conservative pollutants and their monitoring is feasible using60

either in-situ recording instruments or water samples to be analysed in the laboratory. An61

ideal tracer should be readily water soluble, easily detectable, harmless at low concentra-62

tions, stable, and inexpensive (Davis et al., 1980; Wilson et al., 1986; Field et al., 1995).63

However, field data remain scarce in large river networks, mainly due to the logistical64

difficulty and the high cost of tracing operations. Most large-scale river tracer tests were65

performed in the 1960s and 1970s (Wilson et al., 1986). Among recent studies at a large66

scale (i.e. at least 10 km length), those performed on the Hudson River, USA (Ho et al.,67

2002; Caplow et al., 2004), in several Portuguese rivers (Duarte and Boaventura, 2008) and68

on the Narew River, Poland (Rowinski et al., 2008) should be mentioned.69

In recent years, some authors (Carr and Rehmann, 2007; Shen et al., 2010; Kim, 2012)70

used ADCP data in order to compute the longitudinal shear-driven dispersion at a cross-71

section of a river. For two decades indeed, acoustic Doppler current profilers (ADCP) have72

been increasingly used by hydrometric services to efficiently measure discharge in rivers.73

The most common procedure is the mobile-boat method for which the vessel-mounted74

ADCP scans both flow depth and velocity field during a crossing of the river section.75

While the derivation of longitudinal dispersion from the velocity field throughout a cross-76

section was known for long (Fischer et al., 1979), velocity sampling by ADCP offers an77
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attractive and cost-efficient solution for measuring dispersion in rivers, especially in the78

largest ones.79

The objective of this article is to investigate the major issues associated with the cali-80

bration of pollutant dispersion in 1-D hydraulicmodels applied to river networks, especially81

large, complex, artificialized ones where ecological and socio-economical threats are impor-82

tant. From the modeller’s standpoint, the major questions are the following: Is most of the83

pollutant fully mixed and is the dispersive equilibrium reached so that the Fickian model84

applies? Are transient storage effects negligible or would they require the consideration85

of additional terms? How accurate are the dispersion coefficient values predicted by con-86

ventional formulae, and how sensitive are the modelling results to the choice of a formula?87

Such issues are illustrated and discussed using the results of new, comprehensive fluores-88

cent tracing experiments, with concurrent ADCP-based velocity surveys and dispersion89

estimation.90

2. Longitudinal dispersion in 1-D river models91

2.1. Numerical simulation tools92

In this study, the river systems were simulated using Mage, a typical 1-D loop-meshed93

hydrodynamic code (Souhar and Faure, 2009) with AdisTS, an advection-dispersion res-94

olution for pollutant and suspended-sediment transport (Andries et al., 2011). Mage is a95

1-D hydrodynamic model simulating flow in transient regime. The 1-D Barré de Saint-96

Venant equations (shallow water equations) are solved using a four point finite difference97

scheme. The real geometry of the river bed is represented by a set of cross-sections that98

is used for the calculation. The network topology may be looped to represent islands or99

multi-branched networks with confluences and bifurcations. This model presents very low100

computation times, which allow for real-time simulation or simulation of long time series101

(Andries et al., 2011). The partitioning of discharges at bifurcations is governed either by102

the geometry of the river bed or by the representation of flow controlling structures such103

as dams.104
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AdisTS solves the Fickian model (Eq. 1), using a numerical resolution of the advection-

dispersion equation which is based on operator splitting. The advection part is solved

using a TVD scheme (Total Variation Diminishing) with the Superbee flux limiter and is

adapted to non uniform space steps. This scheme is well known to dramatically reduce

the numerical dispersion. AdisTS allows the user either to set a fixed value for DL or to

use a predictive formula, by setting the a, b, and c calibration parameters of the following

equation:

DL

HU∗

= a

(
U

U∗

)b (
W

H

)c

(2)

where W is the river width, H is the section-averaged water depth, U∗ =
√

τ/ρ is the shear105

velocity, τ the section-averaged bed shear stress, ρ the water density. Different authors106

have established numerous empirical formulae of this type, based on a dimensional analysis107

of the dispersion coefficient. Since longitudinal dispersion in open channels is mainly driven108

by velocity gradients and turbulent mixing, the main control factors are the U/U∗ ratio,109

which captures turbulent shear intensity, and the W/H aspect ratio, which captures the110

transversal velocity gradient and the secondary currents intensity. The different authors111

suggested contrasted values for parameters a, b, and c as presented in Tab. 1. From the112

following review of the literature, it is a relevant question whether conventional formulae113

do accurately predict the real Fickian dispersion coefficient values, especially in large river114

systems.115

2.2. Review of predictive formulae used in 1-D models116

Most of the authors who suggested an empirical formula in the form of Eq. 2 used a117

very similar data set. Seo and Cheong (1998) gave a listing of these data, which mainly118

correspond to measurements in US rivers during the sixties and early seventies. In order to119

investigate more situations, we added laboratory data from Fischer (1966), and additional120

field data from Carr and Rehmann (2007) to the data set. Although a large scatter is121

observed, Fig. 1 clearly indicates positive values for the coefficients b (Fig. 1b) and c122

(Fig. 1a), respectively, as observed by several authors. However, because of the scatter and123
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because of the lack of data for extreme values of the parameters W/H and U/U∗, it is very124

difficult to assess an accurate value for b or c.125

In Fig. 1a, laboratory data appear to follow the same trend as field data according126

to W/H, which indicates their efficiency in scaling the geometry effects observed in the127

field. Conversely, in Fig. 1b it appears that the cluster of laboratory data corresponding128

to narrow channels (◦, W/H < 30) yields lower DL values compared to field experiments129

with similar U/U∗ values, which indicates that roughness is not properly scaled in labo-130

ratory experiments. This may be due to a scaling effect of edge roughness, because flow131

regimes are different: smooth flow regimes in the laboratory experiments may not be fully132

representative of rough turbulent flows in natural conditions.133

Four scores were used to estimate the performance of the proposed formulae in pre-

dicting the longitudinal dispersion values of the experimental data set. We calculated the

mean value, mean(E), and the standard deviation, std(E), of the error function E defined

as follows:

E = log10

(
DL,pred

DL,exp

)
(3)

where DL,pred and DL,exp are the predicted and experimental values of the longitudinal134

dispersion coefficient, respectively. Additionally, we determined the scores G2 and G5135

corresponding to the percentage of data points correctly predicted by an equation within a136

factor 2 or 5 allowed, respectively. The values of mean(E), std(E), G2 and G5 are presented137

in Tab. 2 for the different formulae presented in Tab. 1.138

From Tab. 2, it appears that the Elder equation systematically underestimates the DL139

values by two orders of magnitude by comparison to the field values (mean(E) = −1.9).140

Elder (1959) adapted the Taylor (1954) study of dispersion through a pipe to an open141

channel of infinite width, assuming a logarithmic distribution of velocity in the vertical142

direction. This equation does not consider velocity variations in the transversal direction.143

According to Fischer (1966), this may explain the underestimation of the longitudinal144

dispersion coefficient in natural streams, where the transversal velocity gradient effects are145

much more important than the vertical velocity gradient effects.146
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The other formulae studied in this work account for the transversal velocity gradient147

effects through the W/H ratio. However, they systematically overestimate the value of148

DL (mean(E) > 0). With respect to the four scores, the best results are obtained with149

the formula from Iwasa and Aya (1991), then with the formulae from Liu (1977) and Seo150

and Cheong (1998). The formulae of Fischer (1975) and Koussis and Rodriguez-Mirasol151

(1998) show poorer performance for most of the four criteria.152

3. Experimental sites and data153

3.1. Presentation of the five tracing experiments154

The results of five tracing experiments conducted at two sites are used for this study:155

one experiment in the Gentille canal in 2011 (GE11), and four experiments in the Miribel156

and Jonage river system in 2000 (JN00), 2001 (MI01), and 2011 (JN11, MI11). Exper-157

imental conditions for the five tracing experiments are summarized in the maps of the158

experimental sites in Fig. 2, and further details for each experiment are provided in the159

following paragraphs.160

In all experiments, Rhodamine was used as a fluorescent tracer, which is considered as161

an efficient tracer for large open-channel flows (Smart and Laidlaw , 1977). Whereas Rho-162

damine B was used in 2000 and 2001 tracing experiments, we preferred Rhodamine WT163

in 2011 since it is considered much less toxic. Except for the 2000-2001 experiments for164

which only water sampling was performed to monitor tracer concentrations, the concentra-165

tion was monitored in situ using several field fluorimeters (Albillia FL30 GGUN) and one166

fluorimeter in the laboratory (Datalink FL200-R). Field fluorimeters allow for a continuous167

recording of the river fluorescence level but their quantification limits are poorer (4 μg/L)168

than those of laboratory devices (1 μg/L). Water sampling and the slightly postponed169

analysis in the laboratory provided accurate data to calibrate the continuous monitoring170

by field fluorimeters.171

The Gentille Canal (Fig. 2a) is a 14 m wide, 2 m deep concrete canal for a hydropower172

plant on the Garonne River, France. It differs in scale and complexity from the other exper-173

imental site. This 2 km long, trapezoidal canal was used to compare tracing experiments174
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conducted in large rivers with results from a smaller scale stream, with a prismatic geome-175

try and smooth bed and walls. During the tracing experiment, the flow was nearly uniform176

over the whole reach, and the discharge continuously recorded by ADCP was nearly con-177

stant. Rhodamine WT was injected as a slug in the centre of the cross-section. Three178

to five fluorimeters were hung from bridges and immersed approximately 50 cm below the179

surface in order to monitor the lateral mixing of the tracer, as well as its longitudinal180

propagation and dispersion.181

The Miribel and Jonage river system (Fig. 2b and c) is an artificialized section of the182

Rhône River upstream of Lyon, France. The Miribel and Jonage canals were built in the183

anastomosing system of the Rhône River during the XIXth century. Only a small stretch of184

the former river bed is remaining, which is called Vieux-Rhône. The bed of these reaches185

is mainly composed of coarse sediments (grain size varying from 5 to 10 cm). Several186

structures were built for hydropower purpose: Jons dam on the Miribel canal, which in187

normal hydrological conditions deviates most of the flow to the Jonage canal, and Jonage188

dam and Cusset hydropower plant situated on the Jonage canal. The Grand Large lake is189

located along the Jonage canal but a wall made of sheet pile prevents exchanges between190

the canal and the reservoir. Visual inspection and sampling survey during the experiment191

confirmed that tracer concentrations in the lake were negligible.192

First experiments had been conducted by others in the Miribel and Jonage system in193

2001 (Miribel) and in 2000 (Jonage). Unfortunately, the discharge was not continuously194

recorded within the traced river branches. The discharge in theMiribel channel was claimed195

to be 30 m3/s by the dam managers, which may be underestimated based on our recent196

direct observations for similar conditions.197

The fluorescent tracer Rhodamine B was injected continuously from a bank during one198

hour at a constant rate, in the vicinity of Jons dam. Manual samples were taken at a199

limited number of sites as shown in Fig. 2b, for subsequent laboratory analysis of their200

fluorescence. In spite of the rather poor temporal resolution, the collected data provide201

valuable indications on the dispersion processes. to determine the dispersion coefficient.202
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During the experiments conducted in 2011 in Miribel and Jonage channels, the dis-203

charges were monitored continuously using vessel-mounted ADCP set up on boats. Dis-204

charge was measured at the injection point, at each bifurcation and at the downstream205

end of hydraulically homogeneous reaches, with a typical uncertainty of 5%. Discharge in206

Miribel channel remained constant over the experiment period, whereas discharge in Jon-207

age channel increased from 150 m3/s to almost 300 m3/s. The injection into the Miribel208

canal was achieved 6 to 7 km further downstream than the 2000-2001 injections, and the209

injection point for the Jonage canal was located just downstream of the Jonage dam. For210

these two experiments, the fluorescent tracer Rhodamine WT was injected from a boat as211

a slug distributed over a transect line, in order to enhance the initial transversal mixing.212

Field fluorimeters were either hung from bridges and immersed at mid-depth, or set213

up from banks on the river bed, as far from the bank as possible. At some monitoring214

points, two or three fluorimeters were set up at different positions within the same cross-215

section, in order to verify the complete mixing of tracer across the section. Water sampling216

was performed either from banks or bridges using plastic buckets or automatic samplers.217

The sampling frequency was every 10 minutes during the peak concentration and every 30218

minutes before and after the peak. The water samples were stored in plastic bottles and219

transported immediately to the laboratory to be analysed using the laboratory fluorimeter.220

Specific attention was paid to the transport and storage of samples in order to minimize221

potential variations of the water characteristics (temperature, light exposure).222

3.2. Assessment of the equilibrium zones223

The breakthrough curves for all the 2011 experiments differ from pure Gaussian curves,224

especially in that they are skewed (Fig. 3). Rutherford (1994) acknowledged that break-225

through curves recorded from laboratory or field experiments are actually never found to226

be Gaussian. He further explained that this is not only due to transient storage effects227

by dead zones and laminar near-bed layers, but also notably due to the skewness induced228

by the propagation of the non-mixed tracer along the advective zone, between the source229

cross-section and the equilibrium zone.230
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From our observations downstream of the injection points, and in the absence of signif-231

icant dead zones or hyporheic flows, the advective effects are the most realistic cause for232

the skewed breakthrough curves in our tracing experiments.233

As explained in the introduction, the Fickian model (Eq. 1) used in most 1-D models

applies in the equilibrium zone, downstream of the advective zone. The length of the

advective zone, Lx, may be estimated using the following formula (Fischer et al., 1979;

Rutherford , 1994):

Lx = α
UL2

t

Dy

(4)

with α =0.3-0.6 in smooth channels, and α =1-5 and even more for rough, small chan-234

nels. Lt is the distance from the maximum velocity point to the nearest bank, and Dy is235

the transverse dispersion coefficient. Following Rutherford (1994), we will consider that236

Lt =0.5-0.7W and that Dy =0.3-0.9HU∗ for irregular but only gently meandering natural237

channels. We also assume that α ≈ 1.238

The assessment of the advective zone length (Eq. 4), along with verification of the239

tracer mixing and mass continuity (see e.g. Jobson (1997)), will be further used to identify240

the river reaches where reliable longitudinal dispersion values can be derived from our241

tracing results. According to Hubbard et al. (1982), the transversal and vertical mixing242

is complete if the areas of the time-concentration curves observed at different points in243

the cross-section are the same. The comparison of the time of peak concentration and of244

the shape of breakthrough curves on both sides of the river also provides information on245

mixing and equilibrium.246

3.3. Review of the exploitable tracing results247

Eight reaches (see Tab. 4) were selected where hydraulic conditions were found to be248

nearly uniform, and where sufficient mixing and tracer equilibrium were checked, according249

to the methods described in the previous section. Fig. 2 presents the masses computed250

from the concentration curves recorded by each fluorimeter for all tracing experiments.251

The Lx distances computed with Eq. 4 are also reported in Tab. 4.252
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In the Gentille canal, the distances between the injection point and the sampling posi-253

tions are greater than Lx, which suggests that dispersive equilibrium should be acceptably254

achieved in this canal. However, the concentrations recorded on the right part of the flow255

remained slightly higher than on the left part at all monitoring stations along the reach256

(Fig. 3a).257

Full mixing was more questionable in the Miribel canal experiments. In 2001, the258

distance from the injection position B1 to the bifurcation B2 between the Miribel canal259

and the Vieux-Rhône stream (Fig. 2b) is slightly larger than Lx. It can therefore be260

reasonably assumed that mixing was at least partially reached, though not totally. The261

difference between the injected mass and that recorded at B2 may be explained by the262

uncertainty in the discharge claimed by the dam manager and used for the calculation.263

While mass continuity is observed in 2001 at the bifurcation between Miribel canal and264

the Vieux-Rhône, the masses recorded in 2011 at M3-LB and M3-RB are not equivalent265

(see Fig. 2c). The breakthrough curves along Miribel channel (Fig. 3b) show different266

shapes and times of the peak concentration, according to the measurement positions. This267

is consistent with the fact that in 2011 the distance between the injection point and the268

bifurcation was shorter than in 2001, and smaller than Lx. Experimental data in the down-269

stream part ofMiribel channel in 2011 should therefore be interpreted carefully, considering270

the incomplete transversal mixing at M3.271

Based on the comparison of tracer masses, full mixing seems to be achieved in the272

Vieux-Rhône in 2001 (Fig. 2b) and in the Vieux-Rhône and Canal Sud area for the 2011273

experiments (Fig. 2b and Fig. 3c). The Lx values reported in Tab. 4, compared to the274

distances from injection to monitoring positions, confirm that mixing was complete in275

2001, and at least partially achieved in 2011.276

In the Jonage canal in 2000, the distance between the injection point A1 and the277

monitoring positions is lower than Lx. It was not possible to compare the masses at the278

right and left banks, as the samples were taken at only one point of the section. Based279

on our observations in 2011, we nevertheless assumed that mixing was at least partially280

achieved at A2 (Fig. 2b). The difference between the injected mass and the masses recorded281
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at A2 may be explained either by a loss of tracer, or by the incomplete recording of the282

breakthrough curve tail.283

In 2011 in the Jonage canal, by comparing the intensity and arrival time of the tracer284

cloud (Fig. 3d), we conclude that the complete mixing was acceptably achieved at J3 point.285

However, since the distance to injection point, Li, was even shorter than in 2001, while286

Lx is even larger than for 2001, we must acknowledge that mixing and equilibrium were287

certainly only partially matched. Nevertheless, the experimental data obtained at J3 and288

at J6 allow to compute the DL value for this reach. Data in J5 are more difficult to use,289

especially because in J5-RB the fluorimeter was located too close to the bank, and not290

sufficiently exposed to the mainstream tracing.291

4. Experimental methods and results292

4.1. Quantification of longitudinal dispersion from tracing results293

In the equilibrium zone, the average dispersion coefficient may be estimated from294

records collected upstream and downstream of a hydraulically homogeneous reach. Such295

homogeneous reaches are river sections with no bifurcations or confluences and with nearly296

uniform hydraulic characteristics (velocity, water depth, width, and flow resistance as quan-297

tified by the Strickler coefficients, Ks, of the calibrated hydraulic model). The change of298

moments method (Taylor , 1954; Fischer , 1966; Ho et al., 2002), the Chatwin method299

(Chatwin, 1971, 1980), the routing procedure (Fischer , 1968) or the use of a numerical300

modelling tool are different methods commonly used for the determination of DL from ex-301

perimental data. Fischer (1966) as well as Seo and Baek (2004) mentioned that the change302

of moment method, though theoretically exact for any initial distribution of a finite tracer303

cloud, may be difficult to apply to field results because of long tails in the measured dis-304

tributions. The change of moment method also assumes that the flow is uniform, steady305

throughout the whole reach. It is therefore advised to check the results with the routing306

procedure. However, Fischer (1966) explained that the routing procedure cannot be ap-307

plied analytically without some uncomfortable approximations, and that it would be better308

to solve it numerically, which is actually equivalent to applying a 1-D numerical model.309
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In this study, we used the 1-D numerical model to explicitly determine the experimental310

value for DL in homogeneous reaches. The concentration breakthrough curve measured311

at the upstream cross-section was set as an upstream boundary condition into the 1-312

D numerical model in order to route the tracer cloud all the way to the downstream313

section. The longitudinal dispersion coefficient was calibrated to get the best agreement314

of the results with the concentration breakthrough curve measured at the downstream315

cross-section. A simple fit-by-eye procedure was followed (Fig. 4), which was proved by316

Wörman and Wachniew (2007) to yield reliable results and to be difficult to improve using317

automated fitting procedure.318

Such a methodology implies an accurate hydraulic calibration of the model in order to319

reduce the uncertainty related to a poor estimation of the advective effects. The hydraulic320

performance of the model was checked by comparing velocities given by the model, with321

velocities recorded by ADCP and observed peak-to-peak velocities along uniform reaches322

(Tab. 3). It should be noted that Umodel and UADCP are local velocities at a given position323

along the river whereas Ucloud is a spatially averaged velocity estimated between two mon-324

itoring points. In all experiments, simulated velocities are similar to observed velocities,325

which validated that the hydraulic calibration of the model was acceptable.326

It seems logical to use the model to estimate longitudinal dispersion coefficient values

that are to be used in the same model, i.e. applying exactly the same computational

assumptions. However, as the easiest and the most traditional method, the change of

moment method was also applied to our tests, following Eq. 75 of Fischer (1966):

DL,mmt =
1

2
U2

σ2
t,2 − σ2

t,1

t2 − t1
(5)

where U is the cross-sectional average velocity estimated from the reach length and the327

times, t1 and t2, of the centroids of the upstream and downstream breakthrough curves,328

respectively. The variance, σt, of each breakthrough curve is computed as the second329

central moment of each curve.330
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4.2. The ADCP velocity survey method331

Building on the works by Fischer et al. (1979), different authors (Carr and Rehmann,

2007; Shen et al., 2010; Kim, 2012) recently applied the following equation to the discrete

sampling of velocity and depth made by ADCP in order to estimate the longitudinal

dispersion due to the transverse velocity gradient:

DL,t = −A

W∫
0

⎧⎨
⎩u′h

y∫
0

⎡
⎣ 1

Dyh

y′∫
0

u′h dy′′

⎤
⎦ dy′

⎫⎬
⎭ dy (6)

with A the wetted area of the cross-section, y the transverse position varying from 0 to W ,

the river width, u′ the local depth-average streamwise velocity difference from the cross-

sectional mean velocity, U , h the local flow depth, and Dy the transverse mixing coefficient.

The latter parameter is usually assessed with the following approximation (Fischer et al.,

1979):

Dy = 0.6u∗h (7)

where u∗ is the local shear velocity. Recalling that the coefficient in Eq. 7may vary from 0.3332

to 0.9 for natural channels (Rutherford , 1994), the related uncertainty in the DL,t estimate333

can easily reach 100%.334

In uniform flows with known longitudinal slope, J , u∗ can be assumed to be roughly335

the same across the river and equal to U∗ =
√

ρRJ , with ρ the water density and R336

the hydraulic radius. DL,t is proportional to 1/
√
J and thus is not very sensitive to the337

slope. In the case described in this paper, J was derived from 1-D numerical models.338

Alternatively, vertical velocity profiles measured by ADCP can be regressed to derive the339

local value for u∗ from the logarithmic slope of the law of the wall, for a fully developed340

uniform turbulent layer. These local u∗ values may be either used directly in Eq. 6 or341

beforehand cross-section averaged (see the manual of the AdcpXP software, Kim (2012)).342

We prefer using the bulk shear velocity, U∗, since the derivation of local u∗ from ADCP343

vertical profiles may lack of accuracy, especially due to the near-bottom unmeasured area.344

Kim (2012) further stresses that in situations for which the longitudinal dispersion is

mainly driven by the vertical velocity gradient, rather than the transverse velocity gradient,
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the local longitudinal dispersion coefficient, DL, can also be derived from ADCP data, as

(Taylor , 1954):

DL,v = −1

h

h∫
0

⎧⎨
⎩u′

z∫
0

⎡
⎣ 1

Dz

z′∫
0

u′ dz′′

⎤
⎦ dz′

⎫⎬
⎭ dz (8)

with z the vertical position above the bed varying from 0 to h, u′ the local streamwise

velocity difference from the depth-average velocity, and Dz the vertical mixing coefficient,

which may be approximated as (Fischer et al., 1979):

Dz = 0.067u∗h (9)

The longitudinal dispersion coefficient due to transverse velocity gradients DL,t (Eq. 6)345

is representative of the transport of a fully mixed tracer along a uniform reach, and can typ-346

ically be used in 1-D hydraulic models. In contrast, the longitudinal dispersion coefficient347

due to vertical velocity gradients DL,v (Eq. 8) is more appropriate for a tracer slug which348

would be fully mixed vertically but with limited transversal extension. For intermediate349

situations, which are likely to occur for tracing experiments in large rivers, the longitudinal350

dispersion is expected to lie in between both estimates. To apply the ADCP method, we351

used the AdcpXP software developed by Kim (2012), which computes the DL,t and DL,v352

values by applying Eqs. 6 and 8 to velocities throughout the whole cross-section: velocities353

in unmeasured near-bottom and near-edges areas are extrapolated based on a 1/6 power354

function and included in the computation.355

4.3. Experimental dispersion values356

The morphological and hydraulic characteristics of the uniform reaches for the different357

tracing experiments are given in Tab. 4 as well as the dispersion coefficients obtained358

with the tracing and ADCP methods. For three of the homogeneous reaches, especially359

the prismatic Gentille canal (GE11), the dispersion coefficients obtained from the tracing360

experiments by fitting the 1-Dmodel (DL,exp) or by applying the change ofmomentmethod361

(DL,mmt) are in very close agreement, within a few %. The results of the change of moment362

method agree by no more than a factor 2 for all experiments except in the Canal Sud363
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channel (CS11) where DL,mmt is roughly 5 times greater than DL,exp. This can be explained364

because simulated velocities and depth are actually less uniform throughout that reach than365

in the others. DL,mmt can be either lower or greater than DL,exp, which suggests that the366

1-D model is not biased by excessive numerical dispersion. Dispersion values obtained367

using the 1-D model, DL,exp, will be kept as the reference values precisely because they are368

consistent with the computational assumptions of the model to be calibrated.369

The experimental results presented in this work are comparable to the data from liter-370

ature (see Fig. 1, our data). The aspect ratio, W/H, of the homogeneous reaches ranges371

from 5 to 50 and the velocity ratio, U/U∗, is spread from 5 to 15, which are situations com-372

monly encountered on the Rhône River and similar medium-sized rivers. The DL/(HU∗)373

values obtained from the tracing method vary between 10 and 1000.374

Fig. 5 presents the dimensionless dispersion values obtained with the ADCP method375

versus the reference values obtained from tracing results. As expected, DL,t is always higher376

than DL,v, and the discrepancy between the two values spreads from one to four orders377

of magnitude. This confirms that in most of our field cases, the longitudinal dispersion378

is mainly driven by the transverse velocity gradient, rather than by the vertical velocity379

gradient.380

For all experiments with available ADCP data, DL,t is in the same order ofmagnitude as381

the value obtained from the tracingmethod, which suggests that the ADCPmethod may be382

an acceptable surrogate to the costly tracingmethod. Except for the JN11 experiment, DL,t383

is always lower than DL,exp. Some explanations can be proposed to such underestimating384

trend. First, the ADCP method relies on velocity recorded throughout the whole cross-385

section. In theGE11 case, the transversal velocities measured by the ADCP atG4 present a386

very flat profile and unmeasured areas near edges represent almost 15% of the cross-section.387

Then, the transversal velocity gradientmay not be well captured in such a situation, leading388

to an underestimation of the DL,t value. Moreover, the spatial resolution of the ADCP grid389

and the spatial averaging by the software may also lead to underrating of the transversal390

gradient. Both types of issues might be mitigated by fitting a continuous function to the391
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transverse profile of the longitudinal velocity, as Seo and Baek (2004) did using the beta392

probability distribution function.393

We also highlighted in Section 3.3 that partial mixing of the tracer should be reminded394

in some reaches, which could have an effect on the DL value from tracing experiment. Nev-395

ertheless, for the cases presented in Fig. 5, the ADCP method considering the transverse396

velocity gradient as the main driver of the longitudinal dispersion produces dispersion esti-397

mates, DL,t, that are in good agreement with the values obtained from tracing experiment.398

5. Calibrating dispersion in 1-D hydraulic models399

5.1. Performance of dispersion predictors400

For each tracing experiment, the six formulae from the literature presented in Tab. 1401

were applied to compute the longitudinal dispersion coefficient, DL. The results are pre-402

sented in Fig. 6. The four scores already presented in Section 2.2 were used to evaluate403

the performance of the formulae in predicting the dispersion values from our tracing ex-404

periments (Tab. 5).405

The ranking of the formulae is generally very consistent with what was observed against406

the literature review provided in Section 2.2 (cf. Tab. 2). As observed by Fischer (1966),407

the Elder (1959) formula does not apply since it always underestimates the experimental408

values, from one to two orders of magnitude. The results from other formulae overestimate409

the experimental values from 10 to 100 % on average, which is consistent with the findings410

of Seo and Baek (2004).411

Again, the formula of Iwasa and Aya (1991) produces the best results, followed by that412

of Liu (1977), and the formula of Fischer (1975) shows poorer results. The main difference413

with the evaluation against literature data is that the formula of Koussis and Rodriguez-414

Mirasol (1998) shows a performance as good as, if not better than, the formula of Liu415

(1977). On the other hand, the formula of Seo and Cheong (1998) yields poorer results.416

It appears that the formulae for which the fit was mainly based on the parameter W/H417

(Liu, 1977; Iwasa and Aya, 1991; Koussis and Rodriguez-Mirasol , 1998) are generally more418
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appropriate for field data. On the contrary, formulae with a large b-value (Fischer , 1975;419

Seo and Cheong , 1998) seem to be too sensitive to the calculation of U/U∗, which often420

induces larger uncertainties especially in field data. Seo and Baek (2004) showed that the421

formula of Seo and Cheong (1998) would give larger estimates than other formulas when422

W/H < 40.423

5.2. Uncertainty in modelling a pollution dynamics throughout a complex river network424

1-D hydraulic models of large river networks should be able to give reliable estimations425

of the pollution dynamics in terms of peak concentration and arrival time. Fig. 7 shows the426

simulation results of a pollution peak injected 56 km upstream of the Miribel-Jonage area.427

This example illustrates the necessity of using a well-calibrated hydrodynamic model for428

properly simulating a pollution dynamics through a complex multi-channel artificialized429

river system such as theMiribel-Jonage system. Indeed, the transformation of the pollution430

slug through the river network and hydraulic schemes would be impossible to reproduce431

with analytical models, even those involving a more detailed description of dispersion432

processes than the simple Fickian model. As the Mage-AdisTS model accounts for the433

contrasted propagation and dispersion in Miribel canal, Vieux-Rhône channel and Jonage434

canal with different dams, it is able to simulate the combination of the three pollution435

travel paths. This is the reason why two, sometimes three, concentration clouds can be436

distinguished in the breakthrough curve simulated at the downstream end of the river437

network (cf. Fig. 7).438

We have to use a predictive formula, instead of experimental fixed dispersion values,439

because not all reaches in the river system were documented with tracer measurements, and440

some of them cannot be considered hydraulically homogeneous. Depending on the formula441

chosen to compute DL, the breakthrough curves obtained downstream of the Miribel-442

Jonage area are widely different. Although we do not have experimental evidence to443

compare with the numerical tests shown in Fig. 7, we assume that the more realistic444

dispersion values are provided by the formulae that were best-ranked in the tests using the445

literature data (cf. Tab. 2), and a fortiori using our experimental data at the same site (cf.446
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Tab. 5). Accordingly, we can assume that the more realistic signals are provided by the447

formulae of Iwasa and Aya (1991), Liu (1977), and Koussis and Rodriguez-Mirasol (1998),448

which produce very similar results.449

As expected, the formula of Elder (1959) yields a much lower dispersion values, whereas450

the formula of Fischer (1975) and, a fortiori, the formula of Seo and Cheong (1998) yield451

higher dispersion values. The maximum concentration varies from 2 mg/L for the Elder452

formula to 1 mg/L for the Seo and Cheong formula. The difference in predicted dispersion453

also induces changes in the temporal dynamics of the simulated pollution. As an effect454

of the widening of the three pollutant clouds, the maximum concentration is simulated455

∼5 hours earlier with the Seo and Cheong formula, compared to the less dispersive results456

obtained with the the formulae of Iwasa and Aya, Liu, and Koussis and Rodriguez-Mirasol.457

6. Conclusions458

The issues related to the calibration of pollutant dispersion in 1-D hydraulic models of459

large river networks were investigated using field cases, ranging from a simple trapezoidal460

canal to a complex river network. Most of the breakthrough curves we obtained from461

our fluorescent tracing experiments show some skewness, even in the Gentille canal, where462

transient storage is unlikely to occur. As already mentioned by Rutherford (1994), such463

skewness is usually inherited from the mixing process in the advective zone, before the464

equilibrium zone is established, which should not be automatically assigned to transient465

storage effects.466

In eight river reaches with nearly uniform hydraulic conditions and fully or partially467

achieved tracer mixing and dispersive equilibrium, experimental dispersion values were468

quantified with the Mage-AdisTS 1-D model using both the change of moment method and469

a simple fit-by-eye procedure. The obtained experimental dispersion values are consistent470

with the data available in the literature. However, the ideal conditions may be very difficult471

to fulfil in large channels with artificial structures and bifurcations such as the Miribel-472

Jonage system. Even using fluorescent tracers and immersed fluorimeters, such experiments473
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in large rivers require a huge amount of time, work and money, and cannot be extended474

to a wide range of sites and hydraulic conditions.475

While the ADCP method was already introduced and applied by others, this study is to476

our best knowledge the first one to report a comparison of ADCP dispersion results in rivers477

with tracing experiments and application of a 1-D hydraulic model. The ADCP method478

provided values which were in valuable agreement with the tracing experiments, in spite479

of the uncertainties on parameters such as the turbulent mixing coefficient or the energy480

slope of the flow. Through the DL,t and DL,v estimates, the ADCP method also provides481

a quantification of the relative importance of transversal versus vertical velocity gradients482

in controlling the longitudinal dispersion. As expected in rivers, the latter dispersion term483

was always found to be negligible before the former one. Since it is a much more cost-484

efficientmethod than tracing experiments, the ADCP-based method appears as a promising485

technique for improving the calibration of dispersion coefficients in pollutant transport486

models of large river systems. Actually, a lot of ADCP data acquired by hydrometry staff487

are already available at many gauging sites in most rivers, including the largest ones in the488

world where tracing is impossible to perform.489

The lack of representativeness of the experimental data set used to calibrate the for-490

mulae used to predict longitudinal dispersion coefficients in 1-D models is an important491

concern, especially for modelling large river networks. With the exception of the El-492

der (1959) formula, all the tested predictive formulae yielded dispersion values that are493

consistent with the reference values derived from tracing experiments, though generally494

overestimated by up to one log decade. The best results were obtained with the formula495

from Iwasa and Aya (1991), followed by the formula of Liu (1977).496

Transient storage effects on the longitudinal dispersion are not accounted for in AdisTS,497

as is the case in most common 1-D hydraulic models with a water quality module, such498

as MIKE11 (DHI , 2009) for instance. Implementing them in 1-D river models is still an499

interesting research perspective. An important issue is that calibration fits that account for500

transient storage effects (see e.g. Cheong and Seo (2003))may provide significantly different501

values for the Fickian longitudinal dispersion coefficient. This observation reminds us again502
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that dispersion coefficient values depend on the simulation method used, and that ideally503

they should be calibrated using the same model in which they are to be used, as was done504

in this study. So far, introducing transient storage in 1-D hydraulic models might be a505

negligible improvement, in case the mainstream longitudinal dispersion coefficient is not506

parameterized accurately based on an appropriate predictive formula.507
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Table 1: Values of the parameters in Eq. 2 according to various authors

Authors a b c

Elder (1959) 5.93 0 0

Fischer (1975) 0.011 2 2

Liu (1977) 0.18 0.5 2

Iwasa and Aya (1991) 2 0 1.5

Seo and Cheong (1998) 5.915 1.428 0.62

Koussis and Rodriguez-Mirasol (1998) 0.6 0 2

Table 2: Comparison of the empirical formulae performances using experimental data from the literature

Authors / formula mean(E) std(E) G2 (%) G5 (%)

Elder (1959) -1.87 0.86 5 7

Fischer (1975) 0.23 0.81 3 62

Liu (1977) 0.26 0.55 46 78

Iwasa and Aya (1991) 0.1 0.65 45 83

Seo and Cheong (1998) 0.27 0.56 51 84

Koussis and Rodriguez-Mirasol (1998) 0.38 0.67 39 69
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Table 3: Comparison of velocities computed reach by reach using the numerical model (Umodel), ADCP

measurements (UADCP ) and tracing experiments (Ucloud). Acronyms standing for tracing experiments

and sites are presented in Fig. 2.

Umodel UADCP Ucloud

Site [m/s] Site [m/s] Reach [m/s]

GE11 G3 0.25 G2→G3 0.28

G4 0.24 G4 0.26 G3→G4 0.25

MI11 M1 0.65 M1 0.55 M1→M3 0.70

M3 0.81 M3 0.76

VR11 VR1 0.57 VR1 0.66 M2-LB→VR1-LB 0.75

CS11 CS1 0.54 CS1 0.50 CS1-RB→CS2-RB 0.73

JN11 J1 0.57 J1 0.59 J2→J3 0.55
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Table 5: Performances of the empirical formulae using our data from tracing experiments

Authors / formula mean(E) std(E) G2 (%) G5 (%)

Elder (1959) -1.65 0.45 0 13

Fischer (1975) 0.57 0.36 38 63

Liu (1977) 0.25 0.28 50 88

Iwasa and Aya (1991) 0.13 0.24 75 100

Seo and Cheong (1998) 0.90 0.42 13 38

Koussis and Rodriguez-Mirasol (1998) 0.27 0.28 50 100

31

���� �� ��	
��	�	
� ���
������� ��	� �� ���	�

���



(a)

100 101 102 103

100

102

104

W / H

D
L

/(
H

U
*)

Laboratory
Field
Our data
U/U*<=10
U/U*>10

(b)

10−1 100 101 102 103

100

102

104

U / U*

D
L

/(
H

U
*)

Laboratory
Field
Our data
W H ≤ 30
W H > 30

Figure 1: Variability of the dimensionless longitudinal dispersion coefficient DL/(HU∗) with the aspect

ratio, W/H (a) and with the roughness ratio, U/U∗ (b).
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(a)

(b)

(c)

Figure 2: Schematic maps of the tracing experiments in the Gentille canal in 2011 (a, GE11), in the Jonage

and Miribel channels in 2000-2001 (b, JN00, MI01) and in 2011 (c, JN11, MI11). Symbols and abbrevi-

ations stand for injection points (�), field fluorimeters (�), manual sampling (•), ADCP measurements

(�), discharges (Q), masses (M), left bank (LB), right bank (RB).
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(a) (b)

(c) (d)

Figure 3: Breakthrough curves monitored during the 2011 tracing experiments along the Gentille canal

(a, GE11), the Jonage canal (b, JN11), the Miribel canal (c, MI11) and the Vieux-Rhône and Canal Sud

area (d, MI11). The locations of all the stations are presented in Fig. 2.

Figure 4: Fit-by-eye procedure to determine the DL parameter using the numerical model over a homo-

geneous reach: example of the data supplied by fluorescent tracing experiments in the Gentille canal in

2011 (GE11).
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Figure 5: ADCP-based longitudinal dispersion coefficients (DL,t, DL,v) against the results of the tracing

experiments. Error bars show the standard-deviation computed over the successive ADCP transects.
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Figure 6: Longitudinal dispersion coefficients predicted by state-of-the-art formulae against the results of

the tracing experiments.
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Figure 7: Simulated propagation of a pollution peak through the Miribel-Jonage river network, using six

different formulae to compute DL.
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