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

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

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

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

����������������������������

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

���� ��
	��������� #����� ������ 	�� �� ��!����� ��� ���� ��	���		�� ������	��� ��� �������� ����� 	��

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

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

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

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

������������ ������� �� �������� ���� '(������ $%)*+� ,��������� $%)-.�� /
��� ��� �	��� ���� ������

�!���	�����������	�����	���������	������������������������� &��������������	��� &�������������

������������
�������!�	�����������	�������	�������0	������������1�	����'$%2*.+�3
��
�'$%**.+�

#���	���'$%--.��4������	��������	����������������� ��������������� ��� 	����	��� '1�
������

����#�����$%*5.���������	
����������������	������������	���������������	��������������

���������������(���	������	����'(���	���$%6*+�$%67.��������
����������������������������

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

$%58��	����9����������4�����������'$%5%.�����	����������������	�������	������	������������	���

�������� ����		������ �������	���	�����������������
������� '�	������$%5$+�,�������	�������

�����$%5*.��������������������������
��������	����������

3�� �������	��:� ������ 	�� �� ����� �	������ �� ������	���� ������ ��� ������ ��� ���	��� ���
	���

����������� !����	�����;�� ���� ����� �	��� 	�� ������� ��� ������ ����� ������	����������� ��
�� ��

�������	��� �� ��	��� �������� ���� 	���������� �������� �
��� �	�����	���� 3�� ��������� ����	����

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

������ ���� ��������	���� �!���	����� <��� 	�������� 	�� ����������	�� ������	��� ������� �
����

��	��	�����������������������0�
	���&�"�������!���	���+��������������	����	������������������

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

����� ����� ���� �	������ ��������	���� �!���	���� ���� �	������ �����	!���� '���� ��� 	��������

=����������)887��������������
��
	��.��>	�����������������	��������	���������������������

����� ������	���� ������� ��� ������	���� ����������� 9����!������� ������	���� ����������

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

>����������������1�������������������;?��

������	�����������	������/
���	�������	������������	�������
������������	���		��������	����	��

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

�����������	���@�����	�����������������������������	�����������
����������'$%%%.���������
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���������� ���� ��	���		�� !���	��� �� ��� ������	����������� 1��� �� A������ !���	���� ����������� ��

������	��	����	�����	��������	�	�����������������������������������������/
������������	���

�����������:���������������������	������	�����������	���		�������������������������������

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

�������	���������	��	������	���������

>	����������������������	�	�	���(����������'$%%6+�$%%*+�)887.�	��������������	�������	���������

'$%5*.���	������������������	���������������������
��	������	����������������	��	
�������:����

���
	�	����
	�����������������������������3��������	��	�����������	��������������������������	����

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

������3�������������������������A	����������������

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

;�� ���� ���� �� ���� $%58�� �������	���	��� '�	��� �������	��� �� �������������� ���� ��� �	���

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

0����������� �������� ��� ��������������� ��	�	�� �� ����������	��� ������������	���� ����� ������

����� ��� ��	�� ���	���� ;
�	������ �������� ����� ��� ���� ����� ������ ����	��	���� ,�������	����

�!���	��� ',�������	���� ��� ����� $%5*.� ���
��� ��� ��� ������� 	���������� ���� ���� ����	������ ���

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

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

��������	��$%55���

����!����	��� ��������� ������ ������������� ������������������
���	�������� �����	
���� �	����:�

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

����	������ ����	���� 	�� �������?� ��� ����� �������� ���� 1(  �� �������������� ������� ����

��
�������� B��	��� 	�� ����� ������ ��	��	��� �������� �	������ ����	��� �� �������������� �����

����	�	����	����������������
����������	��1(  ����

��� ����� �	��� ����	���� ����������� ����������� �������� ���� ���� ���	����� ������ 1(  �� ����

�	����� ��� �������������� ���	��� ���� $%78��� ������������	��� �������� ������ ����� �	��������

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

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

$%%8������������������	������������������������������������	����������	�����������	���	����

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

������������������������������������		������������������	�	�������������������'�������.��������

0��� '����������.� !����	���� ��
�� ����� ��� ���� ��
��������� �� ���������� �������	���� ����


	��� 
������ ��	�� ������ ����� ���� ����	����� �� !����	���� ������ ��� ���� �������� ���&

����������	�������������������	����������	������������	�����������!����	����	������:��

�� >�����������������!�����������	���������������������������������>������"��?��

�� #�������� ����������������������� ������ ����
��� ����(����(���������� ��� ������� ����

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

�� 3�� 	�� ����	���� ��� ���
�� ���� �����������	�� �������� �� (���� ,�������� C���� ��� ����	���

���	��� ���� ���������� ���� ��	������������� ���
����������� �� '����	��.� �����	���	����� ����

����?��

�� #��������	��������������������������������!�������������������		�������	��?��

�� #����������������	
���	��������������	������0�����"���������������������	��	�������	���
�	���	���	��?��
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>�����<����������	����	
������������	���"�������?��

B�	�������������	����������������������	����	�� ����	���������� ���������������!����	����

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

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

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

������������������	
	�	���	�����	�������������;���	�	������
�����������������������������

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

�������������
	�����

>���� ������	���� ������	��� �������� ��� ����� #������	��� ����� ����� 28� ������ ����� 	�� ����

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

���!����������������	���������	����"����	�����!���	�������������������������������	�	�����

��������		����>	�����������	�����������������	���������� 	���	�����������	�������		���������

�	���!����	�����������	��	
��
�������

"	���������	��$%78�������
���������������������
����	�������������	��������������	���������

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

�������������������0���������
��������������	���������������������	���������������������	���

	�� �
�	������ ��� ���� ��������� '>(D����� #������	��� )88)+� )882.�� ��	�� �	������ ���� 	��������

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

���������	��
��	�������������������'�	
��������������������������	������������.���

���� ��	����� �������	��� ������� ��	��� 	�� ���� ������� �/(<�2�&/9 � ���� ��	��� 	��������

1(  ���������������E�����������
�����������
��	���	�������	����;����������	�	��������	���

����������	��������28����������������������������������������������	
��������������������

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

���� ����� ������ �	��� ���������� ������ !����	��� ������������ 1��	������ ���� ����� ������

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

��������������)*�������	���������	�����	������������������0�����"�����

���	��� ������ 
��	���	��� ���E����� ��� �������� ��� ��	�	��� ����� ���������������� ������ �����

���
	���������	����:��������������?�;����	���
��	�����?�3������������?�#����������
	��	���

	���������?�#�������������������
	��	����������������	�	��?�"���������	��������������	������

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

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

����������������	������������������	������	������������	����������������.?�

>��������	
	�����������������	�	�����	�����������������	��:��

$�� "������ 	������������ 	���� ���	�	������ ��	��� ������� ���� ��� ��������� ����� ������

���	�	���������	������	�������������

)�� "������ ����������� 	���� ���	�	������ ��	��� ���� ������ ��� ��� �	������ 	�� �	������

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

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

2�� "�����������������
��	��������	�	�������

"�� ������� ����� �����	��� A	��� ���	����� ����������� ����	���	��� 	�� ���&��� ��� ��� ��� �����	�� ���

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

����������������������	��������������������������	��������������������������	���'9�������6:�(���

����F���	������$%%*+�9�������5:�(�����������)887+�9�������-:�1�������������)88%.���

General Introduction__________________________________________________________________________________                  

11



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

�����������������������	
�����	�����������	����������������������������������	���	��:�����	��

��	�������E��?�F	
��������������	������������������	��������������	��	�����	���������	������

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

������	�� ��	����� ���� ������	���� <������ ���� F	������ ����� �������� ��	����� ����� ���� �	�����

������	�����������	���
������!���	�����������	���������������	���������1�������	����	��!���	�����

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

���������������	������"��������������������������������������	��������������������E�������

������E������������������	����	�������������>������������������������
������	������������� ���

�����������������	�������������
����=	�	�#����	���������������������������������	�����������

��	��������	���������"���	����	����������������������!���	������������������������������	����

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

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

>���	����	�����������������	�������������������������	�����������������	������3����������

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

����� ��������� 1��� ��� ������ ����� ��� ������	��� ���	���� '����������.� !����	���� 	�� �� ������

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

�
�����	����
���
�����

<��� ��
����� �������:� ���	�� ����� �	������� �	������ ��	������ ����	���	���� ��� ����� ���� ���	���

���������	����	����������������������������	���������������������
	��	������'���&.�������

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

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

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

���������;�������������������������	�������������	��������������������������1(  ���>	���

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

������ ������� ���� 	�� �����	�����������:� '$.� ��� �� ������������ ����	���	��� ���� ').� ��� �� ����

�����������	����������������	�����������3��	���	��������������	���������������������������

����	����������	������� ������ ������������������ 3�� 	��� ������������� ������ 	���	������ 	��������

������	���	�����������1(  ��������������������������

���	
���������������������������������	����������������	����������/(<�2�&/9 ��;��	��	��

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

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

�	�������� ��	��� �	��� �������� ��� ���� 	����� ����:� ���� ���	��� �� ���� �!���	���� ���� ����

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

�	���������&����� ������������������������	����	��	��1(  �������������/(<�2�&/9 � 	��

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

��������1"� ������� �����������������������������/(<�2�&/9 �� 3�� 	����� 	����������������	���

��������� ����	��	��� �� �/(>;G� '���������� ����� ���� ��������	����� �������� �	�����.��

">3�9#� '�� ���	����������.� ����1(  ��� ���� ������1"� ���� 	���������� ��� �� �����������

������� ���� ���� ����� ������ ����� '���� �	��� �� �	������ 	����.� ���� ����� ��� ����� ���	���

General Introduction__________________________________________________________________________________                  

12



����	���	���������������������	���	��	��������	����	������	�������������1"�	�������������	�����

�������

�������;����������������$%%8������������@	E�����������������	��	����������#������	������

����� ���� ����� 	�� ��
����	��� �� AF����	�� /�����	���������� ��� ������	��� ���� �������� ��������

�����
	��������F/���;�����E������������	���	���	����������	�	������	����	�����E�����@�����������

��
����	�������������� ������������� ����F/�������������������������� ���������	����� ����

�������� �	������ ���/(<�2�&/9 �� ��	�������� ����� �����	������F/�� 	�� �� ������� ���/(<�2�&

/9 �� <��� �	����	�� ��������� 	�� ������ ���	��� ����	��� ���� ����� F/�� 	�� �	����� ������ ��	���

	�������	�����������������/(<�2�&/9 � 	������������;��	�:���������������	�����������������

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

	�����	��������������������

����
��	����	������

;����	�����������������������	����	���������������������!����	����������������������������

���� ��������	���� ������	��� ��������� 	�� ������ 	�� <	��� $�� ��	�� ��� ������� A����� ���	���

������� ���� ��
������� 	�� ��������	��� �	��� ����� ��������� ��� ���� <������� ���E����� ��	���

	�
���	����������	�	�	�	������������!������������������	������	������0�����"����/�������	���

����������������	������'��	�����.��	�����������������	��	����	������������3�������	�����	������

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

�����������������������
���������A���������	�����������
��������'��.����������	�������������

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


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

�������	������������	������E���	�����

��������������	����	����	������	���������	����������������������������������������������3���

����� 	�� ��� ������ �	������ ���� ������ ����	��� 	�� �����	��� ��� ���� ��	��	�� ����������:�

����������	�����������������	�����������	���������	�������������������	�������>	�����������

���������	����������������	������	��	���������������/(<�2�&/9 ��������������������	��������

���	������������������!��������	�����������������1	����	����	�������	�������������������	�	���

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

�	��� �/(<�2�&/9 �� � <��� 	�������� ���� ������	�	��� �������� �������������� ���� ������ 	��

1���������������������	�������@	��������')885.��;������������	
�������	��	������������	����

�� ������ ����	���	���� ���� ��� ����� ���������� '���� ��� 	�������� (���� $%%%+� >(D�����

#������	����)885.�����������������������	���	��������	��������	����	������	���

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

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

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

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

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

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

����	�����

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

	�������������	�	������	����	������	���3���������������������������	������������������3���	������

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

��

General Introduction__________________________________________________________________________________                  

13



�

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

�

�������	���	��������
���28��������>���������	��	����	��	�������������������	������	������

����������������	������������������������������ �����' ����&�4��	�����
���	��.�������	���

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

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

����	�	�������������/����������
�����

�

��	�����
��	����	������

3�� ���� ����� ��������� ���� ��
��������� ���� ����	���	��� �� ���� ���&����������	���� ������

�/(<�2�&/9 � '�����1(  ����1"��F/�.� 	�� �����	�����;�������� ���� ����� 	�� �������� �������

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

���������������������������������������;����	������������������������������	������������	���	���

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

General Introduction__________________________________________________________________________________                  

14



����������;�������������������������������������������
��������������
���������������������	��

��������������	�	����������������	��	�������;���������������������&����������	��������	������

1(  �� �������� ;�� ��������� �
��
	��� �� ��	�� �������� 	�����	��� ���� ��	�� ��	��	����� ����

�!���	�����	���	
���	��9�������$�����	������	���;���������	�����	�������������������������

���������������	���	����������������	������������	��9�������)��0��	����������	��	�����	�����	���

������� ��	��� ���� ��	����� ������� ������ ������ 9������� $�� ������ ���� ����� 	�����	�����	���

���������������������������	������	������	�������	������������E���	
��������1(  �������+�	��

�	��� �	��� ���� �������� ������� ����� ��� ���� ���	��	��� �� ��	�� ����	���� 9������� $� �����������

9������� )�� 3��9������� 2� ���� ����	�	�	�	��� ���� �����	���� ��� ��	���1(  �� ��� �� ����� ��� ���	���

���������	��	��������	�������>�����<����������	����	
����������������������	�	�������������

"����	����	���9�������6��1(  ��	��������������	������	���	����	����������������������������

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

��� 
��	���	��� �1"� '�/(>;G� &� 1(  �� &� "�	���.�� ���� �������� 
��	���	��� ������������ 	��

����	��� ��� ���� ��������@	E������������ �������� 	�� ����0������������ ��9������� *� �����	���� ��

�����������	���������	�����	�����������	�������	���	����3����
���������	�����)8���������	�����

�����	
������	������	����������������������������3��9�������-�����F����	��/�����	����������

��� ������	��� ���� ����� 'F/�.� 	�� 	����������� 3�� ������ �	��� ���� �!���	����� ���� �����	��

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

������	�����������	��������	�����E������9�������5��;�����	��������	�������
��	���	������������

1(  �HF/�� 	������2��������������0�����"���	������������	������������	���9�������7�������

�����������������	�����������	�������������������������	��������������������	����������0�����

"����#�������� ��������� ���� ������ ����� �
��� ���� ������ 	�� ������ �� ��������� �� 	�����	���

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

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

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


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

General Introduction__________________________________________________________________________________                  

15



 ���������

�
1�
�������@�=�#������"�=��#�����$%*5�� �����������	����������	����	����������	�����<	����3�
������(�������$%:�

5&*22��

1�������;�����0����#����<��=��(�������	����1��������������4����(��;��/�����	E�����)88%��F/�:��������	��

������	�������������������	�����������������������#�����	����	��� 3�$8�$885H�$85*8&887&%*5*&��

���,�	����3����@���0����	���=�9�#��4��������<�=��(�������1������������@�>�4���(������$%%7��4�������������������

	������	�����������������������	����������������������:�������	�������	��&���	���������	���������	����

�������	�����	����������������������	�������39/"�=������������	���"�	������,����**:�-)8&-26��

�	�������������<	������	����=�=���������������@�,���$%5$��;������	��������������4�������������4������	���	��

����"����������"���=��!�	���������;�
��9�����"�����$8-:$2$&$78��

3
��
��,�"���$%**��/����	������������������������	�����	�	���'/���	�����������	��������"�����$%-$.��I����

B�	
��4������0���#�
����

=J���������"
���/�	���)887�� 
��
	����������������������
�	�����������
�����������������	������������

/�����	����������	����)$*:�2&%��

#���	����9�"���$%--����������	������������������	�
��������������������������������	����������/�����"�����9�����

67:�2&7-��

(���	���4��#���$%6*�� ����������������	����	�������	���������	�����������	����1	�&����	����22:�$72&)$)��

(���	���4��#���$%67��"����������������������������������	����	���������	�����������	����1	�����	����2*:�)$2&

6*��

(����<�=���/�����	�����������������(��������,��	����������	���@��������>(�D������#������	������������)$-)��

0�
������$%%%��

(����<�=����������1���������$%%5��������������	����������������������3�:�0���9�������������0�����"���

@���������C����������������&�����K�	������������B�	
���	�����#������:��$-$&$5*��

(����#��������#������F���	������$%%*��,��	���	�����������!���	�������������	������������3;#@�"���	��	���

<��������"�������,��	���	����(�������"����������$%%*��

(����<�=��������,	������������@�(�� ��������$%%6��������,��	���	���"������1"�	������������>(�D������

#������	����@��������@��������$)$8��

(����<��=���������,	�������L����>�����,������������)887��;�2&��	����	�������	������������	���������

'1(  �HF/�.�����	�������	���	�����������'��������.�0�����"���'������������	���M����	���M������	����

�����.��=������������	���"��������56:�)*%&)56�

(������;�=���$%)*��/��������������	�����	��������>	��	����L�>	��	����1���	������

����	���=�1��� �0�	����@�,���"�������#�#���@�����1�>���$%5*������	������������
��	���	���	������������

������	���3�:�3��	���F�"��'/��.��0����	����	����	������;�����	����/�����	����"��������4����$��"	�����	���

9����	���4�����"�����
����*��9��	�:�"	�����	����9����	����3���������28%M2$5��0��$��(�E������$2)�����

0	���������;�=������,�;��1�	�����$%2*������������������	�����������	������4����$���4�����C����"����(������

$%2*��4����2:�**$&*%7��

4�����@	������;�����������>��F�������9�����=�������������$%5%�����		���	�����������������9�������@�!�	�	���

<�������@���������3�:�"��
	���������������;������@����������'����.��4�������	
������(����/���������

������	����;���;�����"�	������;���;�������	��	�����

@	���>	��	��=������������ ��������#����=��(����)885��3����������	���	���������	�������9����������	������	����

�����������������������	������0������������#�����	����	���,����*76:�6$*&6)6��

,�������	�����@���$%5*��3����&����������������	�������	����������������������������������	�����������	��

�	���������"����	���C��#�������25:�*2&76��

General Introduction__________________________________________________________________________________                  

16



,��������������������$%%%��������������������	���	����������	������������������������	���;��	���������

B�	
���	����>����	����������0������������

,�������	�����@���$%5*��3����&����������������	�������	����������������������������������	�����������	��

�	���������"����	���C��#�������25:�*2&76��

,���������,���$%)-��,��	��	��	����������	��	�������������N	��	
	��	�	������	����	���	����
	
���	�������@��

;������0������	�(	���	��"����,3��,����)�O/���	�����������	���	��9#;4�;0�$%2$P��

>(�D������#������	����)88)��F/������������	��������������������>(�D������#������	����������C2$%5��������

����0�������������

>(�D������#������	����)882������2�&>;G���������������>(�D������#������	��������������0�������������

>(D�����#������	����)885��K�������������������������������	�������	�
���	����������	�������	����	���������	���

�����	�	���������/�����������������������/B����������9  4&9�&)886&*$)--6�������#������	����������

C2**5��

��

�

�

General Introduction__________________________________________________________________________________                  

17



�

General Introduction__________________________________________________________________________________                  

18



����	����

������	�
��
��	����������
����

������
�

19



�

20



Description of the BLOOM model  

1. Introduction 

Man's activities have affected the environmental conditions on earth for a long time, but never 
on such a global scale as witnessed during the last one or two centuries. Since then the 
amounts of various substances, which are released into the environment, have increased 
dramatically. This is partly because the human population has grown more or less 
exponentially, but also because industrial and agricultural production per capita grew to 
unprecedented levels.  

Many of these substances are more or less toxic. But other chemicals, which are on the 
contrary beneficial to certain organisms, are also released in enormous quantities. Among 
these are several compounds of the elements nitrogen and phosphor which are required by 
species of phytoplankton, among others. As a result the concentrations of these plants have 
increased up to a level where they are considered a nuisance. This process, which is called 
eutrophication, is accompanied by several objectionable symptoms: it gives the water a green, 
turbid appearance; it can cause bad odours; it may harm other organisms because the 
minimum daily oxygen level can become extremely low during the night due to 
phytoplankton respiration; it can even cause the water to become completely deprived of 
oxygen (anaerobic) when a bloom declines rapidly, since the biological degradation processes 
consume large amounts of oxygen; it may cause clogging of filters in water transportation 
systems.  

In the Netherlands the situation is worse than in many other countries because (1) it is densely 
populated, (2) still there is intensive farming, (3) it receives a major part of its water from the 
nutrient loaded rivers Rhine, Meuse and Scheldt and (4) most of its lakes, estuaries and 
coastal waters are shallow.  

The total algal biomass usually consists of many species of phytoplankton belonging to 
different taxonomic or functional groups such as diatoms, flagellates, green algae and 
cyanobacteria, commonly referred to as blue-green algae. This is true for fresh-water as well 
as for marine systems. The species have different requirements for resources (e.g. nutrients, 
light) and they have different ecological properties. Some species are considered to be 
objectionable due to their effect on the turbidity of the water, the formation of scums or the 
production of toxins. For example, Planktotrix can achieve very high biomass levels in 
shallow lakes causing a very low transparency (Berger et al., 1983; Berger 1984; Zevenboom 
et al., 1982), and Microcystis is notorious for the formation of scums and has been reported to 
produce toxins that are harmful to animals (e.g. cattle) and men (Atkins et al., 2001; Chorus et 
al., 2000). In the marine environment, Phaeocystis is responsible for foam on beaches 
(Lancelot et al., 1987) and mass mortality of shellfish due to the settlement of a bloom in 
sheltered areas and subsequent depletion of oxygen (Rogers and Lockwood, 1990).  

Already in the 1970s managers became aware that mathematical models could help to 
understand the complexity of eutrophication problems and to simulate the potential impacts of 
measures to improve conditions. However, attempts in the Netherlands to apply existing 
methods such as the well known Vollenweider statistical model (Vollenweider, 1975) or 
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deterministic models such as Di Toro et al. (1971; 1977) were rather unsuccessful. In part, 
this was because the Dutch conditions were (and often still are) far out of the validation 
application range for which these models had been constructed. Therefore it seemed necessary 
to develop a new model. Important general requirements for such a management model were: 
to include (1) three macro nutrients and light, and (2) total biomass, chlorophyll, dissolved 
oxygen, (3) to distinguish major groups of phytoplankton, (4) to focus on predicting 
objectionable conditions, (5) to develop a generic set of model coefficients and discourage 
local fine tuning.  

By the time the model development was about to start, the US Rand corporation had just 
finished the construction of several models to support the policy analysis of the Eastern 
Scheldt storm surge barrier. One of these models was called the algae bloom model, which 
has only been described in a report to the Dutch Ministry of Public Work (Bigelow et al., 
1977). According to its purpose this model was essentially a worst case model. It computed 
the highest feasible bloom during a period of 10 days taking the most relevant environmental 
factors (light, temperature, nutrients) into account. For each period a new set of conditions 
was provided and simulations were performed without any recollection of the past (series of 
steady state conditions). To find this maximum bloom in an efficient way the mathematical 
set of equations was reformulated as an optimization problem which was solved using linear 
programming (Danzig, 1963). Being a worst case model, the total biomass was maximized in 
this model version. One can think of this model as a 'free allocation model': all available 
resources were redistributed among all phytoplankton species considered by the model at 
every time step of 10 days without any further restriction taken from previous circumstances.  

After replacing the marine phytoplankton species by fresh water species, basically the same 
model was applied to a large number of lakes at the beginning of the 1980s (Los, 1980; Los, 
1982a; Los, 1982b; Los et al. 1982; Los et al., 1984). This model version was successful in 
many aspects, but failed to reproduce two important observations. First, diatoms and green 
algae are often dominant in low nutrient, P limited lakes (Schreurs, 1992 and many references 
in his thesis). This feature could not be reproduced by early BLOOM versions since the 
requirement for P of cyanobacteria is among the lowest of all species of phytoplankton. Hence 
they would be favoured rather than hampered by nutrient reduction. Second, experimental 
results showed significant differences in internal concentrations of nutrients and of growth 
rates as a function of the availability or resources (Shuter, 1978; Zevenboom et al., 1983; 
Zevenboom et al., 1984). Similar variations were observed in field data for lakes with a clear 
dominance of a single species during a prolonged period of time (several months) 
(Zevenboom et al 1982; unpublished results from our own studies on many lakes). Internal 
stoichiometry clearly varied being highest when nutrients were high and light was the main 
limitation and lowest under conditions of nutrient limitation. Consequently during early 
model applications it was often necessary to use lake specific, species dependent 
characteristics such as the carbon to chlorophyll ratio in order to reproduce observed 
chlorophyll concentrations. Preferably these variations should be dealt with by the model 
itself.  

 So, although the Rand algae bloom model can be regarded as the origin of the present BLOOM
model, BLOOM went through a long evolution and the resemblance between the present and 
original model is very limited. Two major lines of development can be distinguished: (1) the 
concept of the model itself was changed and (2) it was integrated with modules for transport, 
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chemistry, sediment etc. In this chapter I focus largely on the model concept. In section 2 the 
underlying assumptions of the model are presented. The model equations are given in section 
3. Section 4 deals with the applications of the model in a general way. In section 5 the BLOOM
approach is discussed and compared with the approach of more traditional differential 
equation models. This chapter is concluded with a short summary and an appendix with 
details on the numerical procedure to integrate the light response curve over depth and in 
time. Details on BLOOM’s interfacing with other modules are given in Chapter 6 (Blauw et al., 
2009), Chapter 7 (Los et al., 2008), and in WL|Delft Hydraulics (1992; 2002; 2003). For 
simplicity this chapter is restricted to its application to fresh water systems. However, the 
marine version is  identical with respect to the principles and equations, and differs merely in 
the model parameters defining the phytoplankton species. An extensive description of the 
marine model applications is given in Chapters 3, 7 and 8 (Los et al., 2007; Los et al., 2008; 
and Los et al., submitted).  

2. The BLOOM model: general description 

Competition principle 

Competition between phytoplankton species is one of main processes in the model. In the 
original Rand version of the model, the species with the lowest requirement for a limiting 
resource would always win the competition, unless its presence was prohibited by some other 
factor (i.e. temperature; under water light intensity). Many phytoplankton models operate 
according to similar principles although the selection mechanism is different. In stead of the 
requirement for the limiting resource, the outcome of the competition in these models is often 
determined by the growth rate under conditions of a low availability of the limiting resource. 
In both cases competition is effectively controlled by a single, but not by the same parameter. 
The requirement is defined here as the amount of a resource (i.e. a nutrient) per unit of 
biomass of the phytoplankter necessary to remain viable. 

According to the general theory on K- and r-strategies (e.g. Harris, 1986; Reynolds et al., 
1983) the requirements as well as the growth or uptake rate of organisms are essential in 
determining the outcome of interspecific competition of phytoplankton. From observations of 
lakes under turbid conditions, it appears that shade adapted species i.e. cyanobacteria are 
often dominant whereas higher average light intensities tend to favour diatoms and green 
algae. Underwater light regimes are obviously complex viewed from the point of competing 
algae in a partially mixed environment with steep light gradients. However, from empirical 
case studies under a wide range of nutrient availability levels, both Schreurs (1992) and 
Scheffer (1998) conclude that the ratio between the euphotic and the mixing depth is an 
important, factor to explain which group of species will be dominant. This ratio is usually 
referred to as the Zeu/Zmix ratio. The euphotic depth is defined as the depth at which 
photosynthesis is just sufficient to compensate the losses. In practice this is often taken as the 
depth at which the light intensity equals 1% of the surface intensity, but in reality the surface 
intensity varies seasonally and the light dependence of different photo-autotrophic organism 
varies considerably as well. So it is important to consider the potential growth rate of 
individual species on a seasonal basis in stead of using a single value for Zeu; this is what is 
done by BLOOM. The differences in growth rates between a number of representative species 
can be illustrated (Fig. 1), by looking at the net growth rates estimated on the basis of lab 
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Figure 1  Net growth rate as a function of the total extinction (m-1) for typical summer conditions in a 1m deep 
Dutch lake.  Results for Microcystis and Aphanizomenon resemble those for Planktotrix  
(Oscillatoria) and are not shown here. 

experiments (Zevenboom and Mur, 1981; Zevenboom et al., 1983; Zevenboom and Mur, 
1984; Post et al., 1985) assuming a sufficient supply of nutrients as a function of the under 
water light intensity in a hypothetical 1m deep lake with a light intensity typical for Dutch 
summer conditions at a temperature of 200 C. The shape of these curves depends on (1) the 
growth versus light (P-E) curves of the species, (2) their maximum growth rate constant and 
(3) their respiration Notice that  interspecific differences in response of phytoplankton species 
to the dosing of light are not accounted for in this idealised analysis. 

Since according to the Lambert Beer equation the overall light intensity declines 
exponentially with extinction, the net growth rate constant Pn or more specifically the rate of 
photosynthesis, of any single species is always a declining function of the extinction 
coefficient.  The respiration rate is often assumed to be a fraction of the maximum growth rate 
irrespective of the light intensity. Hence at increasing levels of the extinction, the growth rate 
declines and the relative importance of the respiration rate increases.  Since both the rate of 
primary production and the respiration differs per species, their response to variations in light 
intensity are different as well. A comparison between individual species reveals that  the 
curve for eukaryotic species is much steeper than for cyanobacteria. Consequently the net 
growth rate curves of these groups of species intersect, in this example at an extinction 
coefficient of about 4 m-1. When the average light intensity is high (low extinction coefficient) 
the eukaryotic species have the highest growth rates due to their high maximum growth rate. 
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The reverse is true at low light intensities: cyanobacteria can maintain relatively high net 
growth rates at decreasing light intensities. This is due to both the relatively steep initial slope 
of the P-E curve and to and their low respiration rate, which becomes relatively more 
important as the light limitation gets more severe. So according to the eco-physiological 
characteristics of the species, turbid conditions with a low Zeu/Zmix ratio favour 
cyanobacteria while clearer conditions with a high Zeu/Zmix ratio favour eukaryotic species 
as confirmed by other studies (Schreurs 1992; Scheffer 1998).  

To deal better with the important role of light in selecting the dominant group of species, the 
original one parameter competition principle of BLOOM was replaced by a two parameter 
principle taking both the requirement and the potential growth rate into account as its 
selection criterion (Section 5 of this chapter; Los et al., 1988; Los et al., 2007; Loucks & Van 
Beek, 2005). Because a priori it is unclear what the relative importance of these factors should 
be, it is assumed that both of them are equally important. Defining Pnk as the potential net 
growth rate constant of type k under the prevailing light conditions and nik as its requirement 
for resource i (i being either a nutrient or the amount of light energy at which light becomes 
limiting) the model considers Pnk / nik to determine which species will become dominant. 
According to this principle a species A whose required amount for a limiting resource is x% 
higher than the requirement by species B can exactly compensate for this if A's net potential 
growth rate at the prevailing light climate is also x% higher. In practice this means that in 
model simulations opportunistic, r-selected species with high maximum growth rates 
dominate when the average light intensity is high for instance during the spring bloom, 
whereas efficient K-selected species with lower maximum growth rates and lower resource 
requirements dominate when the average light intensity is low and external forcings are 
relatively stable for instance during the summer period in eutrophic lakes.  

Conditional steady states: transformation to dynamic model 

In the Rand algae bloom model, a steady state was assumed for each phytoplankton species 
for every time step of the model, which was 10 days. In general this was a reasonable 
assumption since the model was applied to the Eastern Scheldt with a low turbidity and hence 
relatively high potential growth rates by the phytoplankton in relation to the rate of change in 
external forcing conditions. One of the main advantages of the steady state assumption was 
the possibility to apply the highly efficient Linear Programming method to quickly select the 
optimum combination of species and limiting factors among all possible combinations.  

However, under more turbid conditions actual growth rates are small relative to maximum 
growth rates and they may not be sufficient to allow a complete shift in species dominance 
within a period of 10 days (see Fig. 1). Moreover, the time step of later versions of BLOOM
was reduced because it was linked to chemical and transport modules, which consider 
processes at a time scale of a day or even less. Hence it is unrealistic to assume that any 
theoretically possible steady state combination of species and limiting factors can always be 
achieved during a short time interval in eutrophic waters where growth rates are low due to a 
high turbidity. Hence the unconditional steady state assumption of the original model had to 
be abandoned. Two alternatives were considered. One option was to rewrite the model into a 
(classical) differential equation model and solve it numerically. The second option considered 
was to extend the concept of the original model with a set of conditions to delimit the number 
of acceptable solutions to those that might be obtained given the growth and mortality rates of 
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the species under the prevailing conditions. In other words: combinations of species, which 
could not reasonably be achieved within a time step of the model, would not be selected. This 
last alternative was adopted. If at the beginning of a time step the biomass of a species is 
small relative to its equilibrium, BLOOM will delimit its biomass during the next time step by 
its potential net growth rate. If in contrast the biomass of a species is sufficiently close to its 
steady state, its biomass will be determined by the availability of the resources. So rather than 
a 'free reallocation' model concept, BLOOM in its present form adopts a 'conditional 
reallocation' scheme excluding all potential combinations of species which cannot be 
achieved within the time step size set for solving the model.  

Adaptation to varying conditions 

It has been observed both under experimental as well as under field conditions that most 
biological species of phytoplankton adapt rapidly to variations in their external environment 
(i.e. Chapter 5 of Harris, 1986). The measurable characteristics of individuals of a species can 
therefore display a wide range of variation. Again different options are available to include 
interspecific variability in a model. One option would be to describe adaptation as a process 
by which one or several characteristics of the model species are changed. For instance the 
internal nutrient concentration (stoichiometry) could be modelled as a function of external and 
or internal conditions. In practice this approach is not trivial as many factors have to be 
considered and moreover interactions between different factors should also be taken into 
account. Relevant characteristics not only include the nutrient stoichiometry, but also the 
growth rate, the mortality and sedimentation rate, perhaps the susceptibility to grazing, the 
biomass to chlorophyll ratio etc. Hence the equations to describe adaptation may become very 
complicated depending on the amount of interactions that are taken into account. PCLAKE is 
an example of a model which adopts this kind of approach (Janse, 2005).  

In BLOOM another approach was adopted taking into account that the model equations are 
solved by an optimization technique. Two basic units are distinguished in BLOOM. The first 
unit is that of functional groups which we refer to as 'species groups' or simply 'species'. A 
model species may be equivalent to a taxonomic species, or it can be representative for larger 
taxonomic units consisting of several species or genera whose ecological characteristics are 
sufficiently similar to be treated as a single functional group. For instance in the default 
configuration of the model only one 'species' of diatoms is included. The second unit is that of 
'types'. Model species usually consist of several types. A type represents the physiological 
state of the model species under different conditions of limitation. Model species are usually 
divided into three different types: an N-type representing the eco-physiological condition of a 
species under nitrogen limitation, a P-type for phosphorus limitation and an E-type, 
representing the state of a species under low light conditions. This principle of modelling 
species and types resembles that of 'super individuals' as described by for instance Scheffer et 
al. (1995).  

Additional types such as colonies, mixotrophic cells or nitrogen fixing cells can be explicitly 
included in the model. In mathematical terms types are the state variables of BLOOM. They 
have fixed characteristics specified in the input of the model, which however may be different 
from those of the other types with respect to their nutrient contents, specific extinction, 
growth, mortality and sedimentation rates. Since the types of a species may be selected at any 
ratio depending on the environmental conditions, the average characteristics of the species 
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vary continuously in time and in space within the limits defined for the individual types. So in 
BLOOM dependence between controlling factors is not explicitly described by a set of 
equations, but in stead it is included via an appropriate selection of parameter values of the 
types comprising each species.  

Using types provides an additional advantage with respect to the computational aspects of the 
model. All external processes, which act upon the phytoplankton such as transport, 
sedimentation and grazing, are calculated with respect to types rather than species. This 
means their impact on the internal stoichiometry is automatically dealt with; species wise 
adding up the types is sufficient to know its composition at any moment in time and at any 
place. It is not necessary to recalculate the internal stoichiometry and correct individual fluxes 
for possible changes in stoichiometry.  

The formulation of the model takes into account that adaptation occurs much more rapidly 
than succession between species. Succession involves replacing one species by another which 
is controlled by the net rate of change of the species (characteristic time scale in the order of 
days to weeks). Adaptation is a much faster process, which according to Harris (1986) has a 
similar characteristic time scale as a cell division (order of hours to days). So in BLOOM
(complete) adaptation that is a shift from one type of a species to another can in theory occur 
at any time step of the model while shifts in composition usually require a considerably longer 
period. Notice that usually the external factors controlling phytoplankton change rather 
smoothly so in most model applications transitions between types occur smoothly as well but 
this is due to the forcing, not the formulation of the model.  

Model objective 

Based on the previous description, the purpose of BLOOM may be described as:  

Selecting the best adapted combination of phytoplankton types at a certain moment and at a 

certain location consistent with the available resources, the existing biomass levels at the 

beginning of a time interval  and the potential rates of change of each type.  

Hence although the present version of BLOOM differs significantly from its predecessor in 
terms of its underlying assumptions and equations, mathematically it is still formulated as an 
optimisation problem which can be solved by Linear Programming. The main model 
equations will be presented in the next sections.  

3. Environmental constraints 

Nutrient balance 

The BLOOM model identifies the concentration of biomass, Bk, of each algae type k that can be 
supported in the aquatic environment characterized by light conditions and nutrient 
concentrations. For each algae type k, the requirements for nitrogen, phosphorus and silica 
(only used by diatoms) are specified by coefficients nik, the fraction of nutrient i per unit 
biomass concentration of algae type k.
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The total readily available concentration, Ci (g.m-3) of each nutrient in the water column 

equals the amount in the total living biomass of algae, Σk(nikBk), plus the amount incorporated 
in dead algae, di, plus that dissolved in the water, wi.   These mass balance constraints apply 
for each nutrient i.

Σk (nik Bk ) + di  + wi   =  Ci                        (1) 

The unknown concentration variables Bk, di, and wi are non-negative. All nutrient 
concentrations Ci are the measured or modelled total concentrations and are assumed to 
remain constant throughout the time period defined for the model.  The system is assumed to 
be in equilibrium over that period. The time step is an input to the model and may be chosen 
to vary during the simulation to account for seasonal variations in characteristic time scales. 

Nutrient recycling 

A certain amount of each algae type k dies in each time step.  This takes nutrients out of the 
live phytoplankton pool.  A fraction remains in the detritus pool, and the remainder is directly 
available to grow new algae because the dead cells break apart (autolysis) and are dissolved in 
the water column.   Detritus may be removed to the bottom or to the dissolved nutrient pools 
at rates in proportion to its concentration.  Needed to model this is the mortality rate, Mk  

(day-1), of algae type k, the fraction, fp, of dead phytoplankton cells that is not immediately 
released when a cell dies, the remineralization rate constant, mi (day-1), of dead phytoplankton 
cells, the fraction, nik, of nutrient i per unit biomass concentration of algae type k, and the 
settling rate constant, s (day-1), of dead phytoplankton cells.   

The rate of change in the nutrient concentration of the dead phytoplankton cells, ddi/dt, in the 
water column equals the increase due to mortality less that which remineralises and that 
which settles to the bottom. 

ddi/dt = Σk (fp Mk nik Bk)  – mi di  –  s di                    (2)      

Both mortality and mineralization rate constants are temperature dependent. If the model is 
applied as a stand-alone (screening) tool,  Equation 2 is solved under the assumption of a 
steady state which means its right hand side equals 0.  This gives an expression relating the 
amount of detritus to the algal biomasses. The result of which can be substituted into Equation 
1. If BLOOM is applied as a dynamic simulation model, this equation is integrated 
numerically.  

Energy limitation 

Algae absorb light for photosynthesis and growth.  The response of phytoplankton to 
variations in light intensity is, however, complicated. In general the growth rate increases 
when the light intensity increases up to a certain level called Iopt: the light intensity where 
growth achieves its maximum value. Experimentally it is often observed that growth declines 
when light intensities exceed Iopt, a process called photo inhibition. Whether or not this 
process is important under natural conditions is a matter of debate. It may be argued that 
photo inhibition only occurs after a prolonged exposure to high light intensities and that this 
situation occurs infrequently in water bodies with turbidities as high as in many productive 
waters. In contrast Microcystis appears to get photo inhibited immediately at light intensities 
in access of its Iopt (Passarge, pers. comm.).    
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Various equations have been proposed to describe the relationship between growth and the 
light intensity (i.e. Steele, 1958). His equation is still frequently used in models. Some 
modellers use a Monod equation simply because its shape seems adequate to describe the 
observed growth rates as a function of the light intensities. Harris (1978) points out that 
different processes are responsible for different parts of the photosynthesis versus light (P-E) 
curves of phytoplankton. Hence preferably a mathematical equation should be adopted whose 
initial slope does not depend on its level of saturation or photo inhibition. Moreover, the 
initial part of the curve is of much more importance than the fit at high intensities since on 
average phytoplankton cells spend most of the time at relatively low light intensities. 
Therefore in BLOOM a different approach is adopted. Rather than by some functional 
relationship which may or may not give a good approximation of the experimental data,  a 
table is used containing a large number of data points in order to obtain a sufficient level of 
accuracy. This way any set of actual measurements can be represented. Using a table also 
makes it possible to easily switch between light response relationships with and without 
photo-inhibition and to accommodate inter specific differences in response curves. In order to 
do this it is sufficient to use another table with input data.  

Figure 2. Growth vs. light intensity (J.m-2.h-1) curves of  fresh water species in BLOOM (uninhibited). 

BLOOM also takes experimental results into account indicating that the growth rate per hour is 
not always simply proportional to the number of hours of day light (photo period). In 
particular some cyanobacteria such as Microcystis achieve relatively high growth rates per 
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hour when the photo period is short. This information is specified in the input of the model in 
the form of species specific table on an hourly basis.  

In comparison to other resources (nutrients) the amount of light, to which phytoplankton is 
exposed under natural conditions, shows much stronger variations. First the level of irradiance 
varies considerably during the day. Second individual phytoplankton cells do not usually 
maintain a fixed vertical position in the water column, but are mixed by turbulence and other 
hydrodynamic processes. Third species react differently to variations in intensity per unit of 
time; some are well adapted to short day lengths, others seem to adjust mainly to the total 
daily irradiance. To account for all these variations, the growth rate is averaged over the depth 
and in time by a pre-processor of the model yielding an average efficiency factor Ek under all 
possible conditions.  The averaging procedure takes the daily amplitude of the solar radiation 
and the length of the photo period into account. The result is put into a look up table (different 
per species) which is used during the actual simulation to quickly find the correct efficiency 
factor of each phytoplankton species for any possible light condition.  

Figure 3. Day length response curves of freshwater species in BLOOM. 

As Harris (1978; 1986) points out, the response of phytoplankton to variations in light 
intensity is a photo chemical reaction. This means that in general the same response is to be 
expected regardless of the value of the maximum gross growth rate Pgk

max

(day-1), which is a function of temperature. In BLOOM Pgk
max can be specified as a linear or as 

an exponential function. The linear function is usually adopted if the seasonal variation in 
observed temperatures is rather small as in tropical or in many marine systems. This type of 
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function is also preferred for species that do not grow well at low temperatures such as 
Microcystis. Hence the following equations are implemented in the model: 

                                  T 

Pgk
max

 = P1k * P2k                              (3)

or 

Pgk
max = P1k * (T - P2k )                                              (4) 

where P1k and P2k are type-specific model coefficients and T is the temperature. Notice that 
these constants have a different interpretation in the two equations.  

To obtain the actual growth rate one could multiply Pgk
max and Ek, but consequently Iopt 

would vary with temperature in the same way Pgk
max varies with temperature. To correct for 

this problem, the light intensities in the BLOOM model are rescaled in proportion to the value 
of Pgk

max at the actual temperature and the value of Pgk
max at the temperature at which the 

light response curve was determined. Next the average efficiency is calculated using the 
rescaled light intensity (Los, 1991). This issue is rarely discussed by modellers so it is not 
clear whether other models adopt a similar procedure. In general this should be the case if  the 
light response curve is first integrated over light and then multiplied with the maximum 
growth rate.  

Other intrinsic processes affecting the energy balance of phytoplankton are respiration and 
natural mortality. Both are temperature dependent and an exponential relationship is assumed 
for both of them. Hence the respiration Rk (day-1) is computed as 

                                  T 

Rk = R1k * R2k                            (5) 

where R1 and R2 are type-specific model coefficients. Similarly the natural mortality Mk  

(day-1) is computed as 

                                    T 

Mk = M1k * M2 k                            (6)

where M1k and M2k are type-specific model coefficients. The overall energy budget of a 
phytoplankton type k can be written as: 

                        dBk

  ——   =  (Pgk
max * Ek - Mk - Rk ) * Bk                   (7) 

    dt 

where Ek is the depth and time averaged production efficiency factor (see ‘Appendix: 
Averaging the production’ for the way it is computed).  
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In additional to non-algal material, phytoplankton contributes to the extinction of light under 
water and therefore affects the efficiency Ek. As the concentration of phytoplankton increases, 
this absorption term increases. This means there is a negative feed back between algal 
biomass and the light limited growth rate: the more the biomass increases, the smaller the 
growth rate gets. This process is commonly denoted as ‘self-shading’, but one should not 
overlook that other species of phytoplankton contribute to the extinction as well so self 
shading effectively refers to the whole community, not just to the individual species. Since the 
loss rates are usually considered to be independent of the light intensity, it follows that for 
each species and for each set of conditions there is a value of the time and depth averaged 
growth rate at which it is just balanced by mortality plus respiration plus other loss terms 
which may be considered in the model. This balance is obtained by putting the right hand side 
of Equation (7) to 0, hence 

Pgk
max * Ek =  Mk + Rk                              (8) 

This means that  for each phytoplankton type k there exists a certain value of the average light 
intensity and hence of the average extinction value Kk

max (m-1) at which this is the case.  When 
the total extinction is equal to Kk

max, the net growth rate of type k is exactly zero. If we take  
photo inhibition into account, then the light intensity can also be too high, which means the 
total extinction is too low for growth.  This specific extinction value is Kk

min. The ranges 
between Kk

min and Kk
max differ for different algal types k because each one of them is 

characterized by a different set of model coefficients. Letting Kk (m3/m/gdry) represent the 
specific light absorbing extinction constant for living material of algae type k, the total 
extinction due to all living algae is  

KL = Σk( Kk Bk )           (9)  

Added to this must be the extinction caused by detritus (dead cells), KD and the contribution 
of all other fractions such as inorganic suspended matter and humic substances to the 
extinction of the water, KW (m-1). Hence 

Kk
min ≤  KL + KD + KW ≤  Kk

max   (10)     

The extinction per biomass unit from dead cells is usually less than that from the same 

amount of live cells.  The amount of dead cells not yet mineralized is, from Equation 2, Σk(fp
Mk Bk).   Assuming some fraction ed (usually between 0.2 and 0.4) of the extinction rate of 
live cells, 

KD = ed Σk Kk fp Mk Bk   (11) 
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Notice that while there is a specific extinction coefficient for each individual type in the 
model, only a single value is adopted for dead organic algal material. If the total extinction is 
not within the range for a phytoplankton type k, its concentration Bk will be zero.   To ensure 
that Bk is 0 if the total extinction is outside of its extinction range, a 0,1 binary (integer) 
unknown variable Zk is needed for each phytoplankton type k.  If Zk is 1, Bk can be any non-
negative value; if it is 0, Bk will be 0.   This is modeled by adding three linear constraints for 
each phytoplankton type k.

KL + KD + KW ≤  Kk
max + KM (1 – Zk)   (12) 

 KL + KD + KW ≥  Kk
min (Zk)   (13) 

Bk  ≤   BM Zk   (14) 

Where KM and BM are any large numbers no less than the largest possible value of the total 
extinction or biomass concentration, respectively.   Since the objective of maximizing the sum 
of all Pnk Bk together with Equation 8 wants to set each binary Zk value equal to 1, only when 
the total extinction is outside of the extinction range Kk

min to Kk
max will the Zk value be forced 

to 0.  Equation 8 then forces the corresponding Bk to 0. This means that beyond its feasible 
range of the extinction coefficient, a species cannot maintain a positive biomass.    

Growth limits 

When due to transport or another physical forcing in an area with steep gradients the 
environmental conditions (i.e. nutrient concentrations, irradiance etc.) improve at a rate which 
is large relative to the potential growth rate constant of a particular phytoplankton species, it 
may be impossible for that species to achieve the level at which either light or some nutrient 
gets limiting within a single time-step of the model. To account for this situation, a constraint 
to delimit the maximum biomass increase within the time-interval is considered during the 
optimization procedure. Assuming that losses will be low during the exponential growth 
phase of a phytoplankton species, we make the assumption that mortality can be ignored in 
the computation of this growth constraint. 

For all algae types k the maximum possible biomass concentration, Bk
max  (gdry.m-3), at the 

end of the time interval ∆t (days) depends on the initial biomass concentration, Bk
o, (g dry. 

m-3), the maximum gross production rate Pgk
max (day-1), the respiration rate constant, Rk,

(day-1), and the time and depth averaged production efficiency factor, Ek.  Using the net 
production rate constant, Pnk (= Pgk

max
 Ek – Rk) (day-1), for each algae type k: 

Bk
max  = Bk

o exp[ Pnk ∆t ]   (15) 

The initial biomass is the concentration at time 0. It is taken as the net result of the BLOOM
simulation during the previous time step and all other processes affecting the concentration of 
the phytoplankton type such as transport, sedimentation and grazing. Notice that it depends on 
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the type of model application and its parameterization which of these factors are actually 
taken into account in a particular simulation. If the initial biomass is smaller than a certain 
base level, this base level is used in stead. Empirically it was found that using a base level of 1 
percent of the potential maximum generally results in realistic species shifts in the model. 
This base level is the amount that is supposed to be always present due to germination of 
spores, resuspension, import from sources not considered in the model etc. If  Bk

o is chosen 
too small, succession is too slow in the model, if the selected value of Bk

o is too large, the 
model shifts its composition too easily between species. Usually the model is, however, 
insensitive to value of this base level.  

Notice that under relatively stable conditions, types are usually growth limited for a short 
period of time because they will become limited by a nutrient or light energy after a few days 
or weeks. Under fluctuating conditions, types may remain growth limited for a much longer 
period of time for instance because flushing prevents them from reaching a nutrient limitation. 

Mortality limits 

As in the case of growth, the decline of each algae species is also constrained to prevent a 
complete removal within a single time-step when a species is suddenly confronted with 
unfavourable environmental conditions. The minimum biomass value of a species is obtained 
assuming there is no production, but only mortality.  Hence this minimum biomass, Bk

min 

(gdry.m-3), of type k at the end of time interval ∆t depends on the initial biomass, Bk
o (gdry. 

m-3), of type k and the specific mortality rate constant, Mk (day-1) of type k. 

Bk
min  = Bk

o exp[– Mk∆t ]   (16) 

The initial biomass is computed in exactly the same way as for the growth constraint, 
including the result of the previous time step plus all other external processes affecting the 
species biomass. 

These minimum values are computed for each individual algae type.  However the model 
sums each of these minimum values over all subtypes within each species and applies it to the 
total biomass of the species. This way the maximum possible mortality cannot be exceeded, 
but transitions from one type to another remain possible.  

As mortality is computed according to a negative exponential function, mathematically the 
minimum biomass level always remains positive, in other words a species would never 
disappear completely.  Computationally this increases the necessary time to solve the problem 
because this depends on the actual number of types selected by the optimization procedure 
and species with a positive mortality constraint value, are automatically selected. Including a 
species with an insignificantly small biomass value still requires a complete matrix operation.  
Therefore the minimum value is replaced by zero once the value computed according to 
Equation (16) drops below some threshold value. So if the initial biomass is small, no 
minimum value is imposed on the optimization procedure. Empirically it was found that using 
a base level which is 10 times smaller than the base level for the growth, generally results in 
realistic species shifts in the model. The model is rather insensitive to this threshold value, but 
values close to those of the threshold level of the growth constraints should be avoided as they 
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may lead to cyclic behaviour under certain conditions with species becoming growth and 
mortality limited intermittedly.  

Occasionally a conflict may arise between the mortality and energy constraint for instance 
when the light availability suddenly declines thereby demanding the new biomass to be small, 
while a large concentration of a type needs to be maintained according to the result of 
equation 16. Both conditions cannot be fulfilled at the same time. If this occurs, the mortality 
constraint of a species (16) has precedence over its extinction constraint (10), which is 
subsequently dropped from the optimization procedure. Effectively this means that types 
disappear at the rate of Mk (day-1) under unfavourable conditions regardless of the actual light 
availability and will not be completely removed in a single time step even though too little 
light is currently available to maintain a positive growth rate. 

As in the case of the growth constraints, mortality limitations occur only for short periods of 
time under stable condition, but may persist for a much longer period of time when conditions 
are variable. For instance in simulations of the Dutch coastal zone it is not uncommon to find 
locations at which mortality limited types are present almost permanently. 

Grazing 

Several possibilities exist to include the impacts of grazing in the model. The easiest, implicit 
method is to increase the natural mortality rate constant, which is a function of the 
temperature, or the sedimentation rate, which is usually constant in time. Alternatively two 
types of explicit formulations are available: a forcing function approach or the use of a 
dynamic grazer module. With the forcing function approach the biomass levels are prescribed 
as a function of time and space for one or several grazers.  In addition their rates of filtration, 
digestion, food preference and their nutrient stoichiometry, are all specified in advance. 
Grazers may be suspended in the water (zooplankton) or attached to the sediment (filter 
feeders). They act upon the computed phytoplankton community taking away as much 
biomass as required to sustain the prescribed grazer biomass. If an insufficient amount of food 
is available, the grazer amount is reduced below its input value. This forcing function 
approach is adopted for instance to determine the carrying capacity of an ecosystem or the 
maximal sustainable production of shell fish in a given environment. This approach is 
described in more detail in Blauw et al. (2009). 

Various alternative options are available in the model to simulate grazer biomasses 
dynamically. They resemble the forcing function approach with respect to the grazer 
properties, but now their biomasses are simulated as a function of time and location using a 
differential equation for the growth. Some grazer models were developed at Delft Hydraulics 
(Wijsman, 2004; Van de Wolfshaar, 2006; WL|Delft Hydraulics, 2002 & 2003), others were 
adopted from published models i.e. from ERSEM (Broekhuizen, et al., 1995).  

Nitrogen fixation, mixotrophy and macro algae   

The concept  and code of BLOOM make it easy to add phytoplankton types or nutrients. To 
take nitrogen fixation into account, a special type can be added to the normal set for one of the 
cyanobacteria (i.e. Aphanizomenon or Anabeana). In biological terms this type may be 
regarded to represent  heterocysts. This type requires no dissolved nitrogen, but in contrast 
can take up nitrogen from an additional source: atmospheric nitrogen. This source is included 
as a separate nutrient in the model and is assumed to be infinite. Uptake of this source is 
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therefore never limited by its amount, but it is by the growth rate of the nitrogen fixing type, 
which is relatively low to account for the high energy requirement of nitrogen fixation. No 
other type but the N-fixer can use this nutrient. In contrast this type does not require dissolved 
nitrogen. As was explained previously, adaptation between the types of a species is possible. 
Hence the N-contents of the nitrogen fixing type can be easily passed on to the other types of 
the same species. So nitrogen fixation contributes to the total available amount of the nitrogen 
for this species. Upon its death its complete nitrogen contents, regardless of its origin, 
becomes detritus or is released directly by autolysis. Hence  the nitrogen fixed by the N-fixing 
species also becomes available to other species.  

Mixotrophic growth, the direct uptake of organic material by phytoplankton, is included in a 
similar way, but now two nutrient constraints are added: one for phosphorus and one for 
nitrogen. In this case the available amounts are not infinite, but taken directly from the 
detritus pool of the corresponding nutrient. As for nitrogen fixation, it is assumed that the net 
growth rate of mixotrophic types is relatively low. Unlike nitrogen fixation, mixotrophic 
growth does not increase the total amount of nutrients in the water system, but it increases the 
amounts available for those species that are capable of this type of nutrient uptake. So 
technically nitrogen fixation is similar to an enhanced nitrogen loading, mixotrophic growth 
to an enhanced mineralization of  dead organic material. 

Macro algae comprise another special kind of primary producers that may optionally be 
included in the model. Two special adjustments are made for macro algae relative to 
phytoplankton: (1) they are fixed at a certain location so normally they cannot be transported 
and (2) the available amount of light is reduced as a function of the depth and the extinction 
coefficient of the part of the water column above the macro alga. Up till now applications 
have been made for two different species of macro algae in the model: Chara and Ulva. The 
first may grow in fresh water lakes, the second in coastal lagoons, sheltered bays and saline 
lakes. For Ulva a special feature has been added because if  the shear stress as a proxy for the 
wave action, exceeds a certain limit, this species is washed away and temporarily goes into 
suspension. While in this phase it is subjected to the same processes as phytoplankton, 
although its characteristics and hence its rate constants are rather different. Subsequently these 
floating leaves may settle again at another location if the shear stress get sufficiently low and 
resume being attached macro algae.  

Overview 

The individual balance equations (‘constraints’ in LP terminology) for nutrients (1) in 
combination with (2),  for light energy (12), (13) and (14) and for growth and mortality (15) 
and (16) are all constructed for each time step and location. They constitute all feasible 
solutions to which the model applies its competition principle to select one of these. Based 
upon the requirements and net growth rates, BLOOM now selects one or more individual types. 
Using the net growth of all individual types as part of the selection criterion implies that the 
solution, which is selected, is the one for which the total net growth of  the phytoplankton 
community is maximal. In other words: in mathematical terms the objective of the LP solution 
of BLOOM is maximizing the total net growth rate. Hence defining the net growth constant Pnk

(= Pgk
max

 Ek – Rk) (day-1), the objective of the model is to  

Maximize  Σk Pnk Bk   (17) 
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In biological terms this is just the result of the competition principle which is formulated at 
the level of individual types, not at the community level. As a consequence of using the LP 
technique there is always a one to one correspondence between the number of types and 
limitations. Hence if n types are present, exactly n factors will be limiting and each type will 
be limited by a single factor. Under rather stable conditions such as in shallow lakes, n is 
usually small (typically between 1 and 3) during most of the season. In contrast n is often 
considerably larger for applications where gradients are steep such as in the Dutch coastal 
zone. It is not uncommon for the model to simulate the co-existence of 3 to 8 types at any 
given location during most of the production season. 

The principle of the model was briefly described in Los et al. (1988). An extensive description 
covering both the equations and underlying ecological assumptions is in Los (1991). A 
condensed version can be found in Loucks and van Beek (2005) and in Chapter 3 (Los et al., 
2007). The meaning of adopting Pnk as coefficients of the objective function will be discussed 
at length in section 5 of this chapter. An overview of the model is shown in Figure 1. Applied 
as a screening tool only phytoplankton, dissolved nutrients and the labile form of dead algae 
are explicitly taken into account. Applied as part of an integrated modelling system, a number 
of additional compartments and fluxes are included in the model (Chapters 4-8); these are 
shown in grey in this figure. 

Figure 4  Overview of the BLOOM phytoplankton model. Applied as a screening tool only dissolved nutrients, 
nutrients in phytoplankton and in suspended detritus are explicitly considered. Compartments and 
fluxes in grey are additionally modelled only if the model is used as part of an integrated modelling 
framework.  
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4. Applications of the model 

General validation methodology 

The construction of mathematical models involves several steps as indicated in Fig. 5.  

Figure 5  Overview of validation procedure mathematical simulation models.  

 When describing a natural system in relationships, by default we will not describe the 
complete system, but only that part thereof, in which we are interested. We describe this 
relationship in a model (either statistically or empirical) following a cycle of steps, in which 
each step contains simplifications and errors due to assumptions and approximations. Types 
of simplifications and/or errors in the modelling cycle:  

1. From the Natural System to the Conceptual Model, assumptions and approximations
are made.  

2. Discretisation of these equations, during which truncation errors are made, leads to an 
Algorithmic Implementation.  

3. The software implementation is made with a certain method and a certain machine 

precision.  

4. The final step in the modelling cycle is the application to a similar domain and 
validation of the solution by comparison with measured data.

If during the last step we find differences between the simulation result and the data, we have 
to make a decision how to proceed. Is the interpretation of the data and the model correct? Do 
we trust the data and are they representative? Is the model concept adequate with respect to 
the phenomena we want to describe? Were the appropriate equations derived? Were they 
translated correctly into a computational algorithm? Was this algorithm correctly 
implemented or do we have to conclude the code is buggy? Is the numerical procedure to 
solve the equations correct, is it accurate or do instabilities occur? Do we use an appropriate 
set of model parameters? Do we feed the model with the correct forcings for external drivers? 

Of course if we find the results to be acceptable meaning that by some criterion we decide that 
the similarity between model and measurements is good enough, we still cannot proof that the 

1

23

4
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model is correct. The agreement could be the result of compensating errors at any of the 
modelling steps shown here. 

In this chapter of the thesis the concept of the model is the central issue. Later chapters focus 
on calibration and validation issues but it should be kept in mind that all issues mentioned in 
this section affect the model’s results, performance and judgment. For instance in comparing 
the results of two models numerical aspects or the physical schemetization might actually 
prove to be much more import than some of the model’s basic assumptions. The last Chapter 
of this thesis (Los and Blaas, submitted) adresses this issue in great detail.

Calibration procedure BLOOM

The number and the characteristics of the phytoplankton species are inputs to the model. The 
first fresh water version of BLOOM was applied in 1977 to a drinking water storage reservoir 
including three large enclosures in the Netherlands called Grote Rug. About ten years later the 
first model application for the marine environment (North Sea) was developed. With respect 
to the equations and assumptions, there has always been only one model version i.e. all 
applications use the same computer code. Applications differ with respect to the choice of 
coefficients in general and to the characteristics of the phytoplankton species in particular.  

The initial data set for the fresh water applications was based on data from laboratory cultures 
particularly from the microbiological department of the Amsterdam University, where 
experiments were conducted for six representative species under standardised conditions 
(Zevenboom and Mur, 1981; Zevenboom et al., 1983; Zevenboom and Mur, 1984; Post et al., 
1985). In addition to the information in these papers, many raw data from the experiments 
were available. Additional lab data on nutrient and growth characteristics were obtained from 
Rhee (1978), Rhee et al. (1980) and Rhee et al. (1981). Kirk (1975a; 1975b; 1976) provided 
valuable information on the specific extinction coefficients on the species. Additional 
information for Planktotrix was obtained from Zevenboom et al. (1982) and for Microcystis

and Aphanizomenon from our own analysis of Grote Rug measurements (unpublished results).  

Next a semi-automatic calibration procedure was developed to apply the model in a number 
of well known cases in which the environmental conditions showed a wide range of variation. 
According to this methodology (1) a range was established for each model coefficient, (2) a 
series of related coefficients was randomly sampled 100 times, (3) the model was run and its 
output was compared to the observations. The sampling procedure was not purely random, but 
took certain knowledge rules into account. For example the maximum growth rate of green 
algae should be larger than the maximum growth rate of cyanobacteria at a temperature of 20° 
etc. The 10 best and the 10 worst results were analysed in detail. 

A recent update of this type of sensitivity work is reported by Hulsbergen (2007), who has 
looked particularly at the phytoplankton coefficients of  the freshwater screening version of
BLOOM. Results in species composition were most sensitive to the growth rate related 
coefficients. The sensitivity of the simulated chlorophyll-a and biomass levels was much 
smaller.  

The resulting coefficient set was further tested by running the model for a number of 
representative cases, many of which had not been considered previously. As a result in 
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particular the simulated species composition was improved relative to the result of the semi-
auto calibration procedure. Notice that although the data sets were usually independent from 
those used during the calibration procedure, there is often a strong resemblance between many 
of these lakes. Hence ‘good’ or  ‘adequate’ model results do not confirm its correctness, but 
only its suitability to be applied to a larger number of cases. The model validation is described 
in much more detail in several other chapters of this thesis.  

 For the marine applications basic data were gathered from Riegman (1996); Riegman et al. 
(1992; 1996); Riegman (unpublished results); Jahnke (1989) among others. Based on 
numerous model runs for the North Sea the default parameter set was established. Notice that 
conditions within this water system vary over a much wider range than those observed in an 
individual Dutch lake. Hence applying the model to only one marine system proved to be 
adequate to develop a generic coefficient set, which has later been used for other marine 
model applications. In Chapter 7: Los et al. (2007; 2008) and in Chapter 6: Blauw et al. 
(2009) many more detailt are given on the validation of the marine model.  

Sensitivity analysis is a fundamental tool in the construction, use and understanding of 
models. It identifies the most important factors within a model and checks if the model 
resembles the system under study. Recently the North Sea GEM implementation of the model 
was analyzed to assess the sensitivity of a subset of the model outputs, to a subset of the input 
parameters (Salacinskaa et al.,  Submitted).  

This sensitivity analysis considered 71 parameters concerning light and phytoplankton 
characteristics with respect to two outputs namely the maximal and the annual average 
chlorophyll-a concentration. Additionally, the change in the model response was analyzed at 
49 monitoring stations representing the diversity of characteristics of the Dutch part of the 
North Sea.  

The obtained results at different locations correspond well with local water conditions, even 
with a false assumption of parameter independence, which is commonly made for the sake of 
sensitivity analysis, and with overestimated parameter ranges. Usually chlorophyll-a to 
carbon ratios were found significant for both outputs. Moreover, in the Dutch coastal zone the 
model was sensitive to the phosphorus to carbon ratios of flagellates type E and P, maximum 
growth rates of diatoms, flagellates and Phaeocystis type E and of diatoms type P. 
Furthermore  the extinction of inorganic suspended is a major source of uncertainty. However, 
it can be concluded that the model does not show any odd behaviour in case of variations in 
the input, in particular it is not highly sensitive to only one or few factors. Changes in the 
parameters’ values do not lead to unacceptable changes in the model prediction.  Hence, 
sensitivity analysis showed no need to revise the model structure. 

The default coefficients for the stoichiometry, maximum growth, mortality and respiration 
rates of the fresh water and marine phytoplankton types are summarized in the next four 
tables. Notice that all stoichiometric coefficients are expressed here relative to the carbon 
contents. If the model is applied as a screening tool, coefficients in the input are expressed per 
unit of dry weight in stead, which is also the unit used in the previous description of the 
model. The conversion is done by a simple multiplication with the appropriate dry weight to 
carbon ratio, which is specified for each type in tables 1 and 3. 
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Table 1:  Specific extinction coefficients and stoichiometric ratios of fresh water types defined in 

BLOOM.  

Algal type Specific 

Extinction 
(m2/gC)

N/C 

[mg/mg] 

P/C 

[mg/mg] 

Si/C 

[mg/mg] 

Chla/C 

[mg/mg] 

Dry/C 

[mg/mg] 

Diatoms-E  0.27 0.210 0.0240 0.66 0.04 3.0 
Diatoms-P  0.19 0.188 0.0125 0.55 0.025 2.5 
Flagelat-E 0.23 0.275 0.0200 0.00 0.029 2.5 
Greens-E   0.23 0.275 0.0238 0.00 0.033 2.5 
Greens-N   0.19 0.175 0.0150 0.00 0.025 2.5 
Greens-P   0.19 0.200 0.0125 0.00 0.025 2.5 
Aphanizo-E 0.45 0.220 0.0125 0.00 0.033 2.5 
Aphanizo-P 0.40 0.170 0.0088 0.00 0.025 2.5 
Microcys-E 0.40 0.225 0.0300 0.00 0.025 2.5 
Microcys-N 0.29 0.113 0.0275 0.00 0.017 2.5 
Microcys-P 0.29 0.175 0.0225 0.00 0.017 2.5 
Oscilat-E  0.40 0.225 0.0188 0.00 0.033 2.5 
Oscilat-N  0.29 0.125 0.0138 0.00 0.020 2.5 
Oscilat-P  0.29 0.150 0.0100 0.00 0.020 2.5 

Table 2: Growth, mortality and respiration coefficients of fresh water types defined in BLOOM.  

Algal type P1 P2 Func. 

relation 

M1 M2 R1 R2

Diatoms-E  0.350  1.060  Exponent  0.035 1.080 0.031 1.096 
Diatoms-P  0.300  1.050  Exponent  0.045 1.085 0.031 1.096 
Flagelat-E 0.350  1.050  Exponent 0.035 1.080 0.031 1.096 
Greens-E   0.068  0.000  Linear 0.035 1.080 0.031 1.096 
Greens-N   0.070  5.000  Linear 0.045 1.085 0.031 1.096 
Greens-P   0.070  5.000  Linear 0.045 1.085 0.031 1.096 
Aphanizo-E 0.190  1.083  Exponent 0.035 1.080 0.012 1.072 
Aphanizo-P 0.120  1.095  Exponent 0.045 1.085 0.012 1.072 
Microcys-E 0.047  3.000  Linear 0.035 1.080 0.012 1.072 
Microcys-N 0.045  5.000  Linear 0.045 1.085 0.012 1.072 
Microcys-P 0.045  5.000  Linear 0.045 1.085 0.012 1.072 
Oscilat-E  0.045  0.000  Linear 0.035 1.080 0.012 1.072 
Oscilat-N  0.034  0.000  Linear 0.045 1.085 0.012 1.072 
Oscilat-P  0.034  0.000  Linear 0.045 1.085 0.012 1.072 
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Table 3:  Specific extinction coefficients and stoichiometric ratios of marine types defined in BLOOM.  

Algal type Specific 

Extinction 
(m2/gC)

N/C 

[mg/mg] 

P/C 

[mg/mg] 

Si/C 

[mg/mg] 

Chla/C 

[mg/mg] 

Dry/C 

[mg/mg] 

Diatoms-E 0.24 0.255 0.0315 0.447 0.0533 3.0 
Diatoms-N 0.21 0.070 0.0120 0.283 0.0100 3.0 
Diatoms-P 0.21 0.105 0.0096 0.152 0.0100 3.0 
Flagellate-E 0.25 0.200 0.0200 0.0 0.0228 2.5 
Flagellate-N 0.225 0.078 0.0096 0.0 0.0067 2.5 
Flagellate-P 0.225 0.113 0.0072 0.0 0.0067 2.5 
Dinoflag-E 0.20 0.163 0.0168 0.0 0.0228 2.5 
Dinoflag-N 0.175 0.064 0.0112 0.0 0.0067 2.5 
Dinoflag-P 0.175 0.071 0.0096 0.0 0.0067 2.5 
Phaeocyst-E 0.45 0.188 0.0225 0.0 0.0228 2.5 
Phaeocyst-N 0.41 0.075 0.0136 0.0 0.0067 2.5 
Phaeocyst-P 0.41 0.104 0.0106 0.0 0.0067 2.5 

Table 4: Growth, mortality and respiration coefficients of marine types defined in BLOOM.  

Algal type P1 P2 Func. 

relation 

M1 M2 R1 R2

Diatoms-E 0.083 -1.75 Linear 0.070 1.072 0.06 1.066 
Diatoms-N 0.066 -2.0 Linear 0.080 1.085 0.06 1.066 
Diatoms-P 0.066 -2.0 Linear 0.080 1.085 0.06 1.066 
Flagellate-E 0.090 -1.0 Linear 0.070 1.072 0.06 1.066 
Flagellate-N 0.075 -1.0 Linear 0.080 1.085 0.06 1.066 
Flagellate-P 0.075 -1.0 Linear 0.080 1.085 0.06 1.066 
Dinoflag-E 0.132 5.50 Linear 0.075 1.072 0.06 1.066 
Dinoflag-N 0.113 4.75 Linear 0.080 1.085 0.06 1.066 
Dinoflag-P 0.112 4.75 Linear 0.080 1.085 0.06 1.066 
Phaeocyst-E 0.084 -3.25 Linear 0.070 1.072 0.06 1.066 
Phaeocyst-N 0.078 -3.0 Linear 0.080 1.085 0.06 1.066 
Phaeocyst-P 0.078 -3.0 Linear 0.080 1.085 0.06 1.066 

Some results 

During the 30 years of its existence BLOOM has been extensively applied to investigate 
conditions in aquatic systems and predict what might happen in the future. Among the fresh 
water systems to which the model was applied, are about 50 Dutch lakes, sometimes for as 
many as 10 different years. Among these are Lake IJssel, the largest lake in the country, Lake 
Marken, Lake Veluwe, Lake Wolderwijd, Lake Dronten, Lake Volkerak - Zoom, Lake 
Westeinder, Lake Braassem, Lake Kaag, Lake Reeuwijk, Lake Langeraar, Lake Loosdrecht, 
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Lake Breukeleveen, Lake Vinkeveen, Lake Nannewijd, Lake Sloten and Lake Zuidlaren. The 
model was also applied for the integrated simulation of several complex water systems 
consisting of channels and lakes, which are typical for the low part of the country. Among 
these are the so called bosom systems of Rijnland, Friesland, Groningen, Drente and the 
Schermer. Most of these waters are relatively shallow (1 to 5 m). The model was applied in 
3D mode to the more than 20m deep Zegerplas, Nieuwe Meer and Oudekerkerplas in the 
Western part of the country. In the application to the Botshol wetland area Chara was 
included as an additional species (Rip et al., 2007). Applications abroad include Lake Victoria 
(Africa), Laguna de Bay (Philippines), Lake Pyhäjärvi (Finland), upper and lower Peirce 
reservoir (Singapore) and several lakes and reservoirs in China and Taiwan. Because the 
model is so widely applied for consultancy purposes, many results are only available in the 
form of reports. Among the applications reported in the literature are those described by Los 
(1980; Los (1982a); Los et al. (1984); Chapter 2: Los et al. (1988); Brinkman et al. (1988); 
Los et al. (1991); Van der Molen et al. (1994); Van Duin et al. (2001); Ibelings et al. (2003). 

The list of marine applications is also long, particularly for the North Sea (an overview 
mentioning more than 30 studies is presented by Los et al., 2008). Important studies include 
those in support of Ospar (Ospar et al, 1996; Blaas et al., 2007), assessment of nutrient 
reduction programs (Chapter 5;  Los et al., 1997), construction of an airport off the coast of 
Holland (Mare, 2001; Los et al. (2004), and extension of the Rotterdam Harbour (Nolte et al., 
2005). Other Dutch applications deal with the Western Scheldt, the Eastern Scheldt, several 
marine lakes i.e. Lake Veere, Lake Volkerak (prediction of future marine conditions), Lake 
Grevelingen and the Wadden Sea. Other papers on applications of the model to the North sea 
include De Vries et al., (1998), Peeters et al. (1995), De Groodt et al. (1992). Applications 
abroad include Venice Lagoon (Los 1999; Boon et al., 2006), the coastal waters of Hong 
Kong, the Sea of Marmara including part of the Black Sea, a number of coastal stations in 
Italy, the Tagus estuary in Portugal, and the coastal waters at Merenkurkku in Finland. The 
physical schematizations of these applications vary from relatively simple 0D (screening 
mode) to complex 3D models with actual forcing of climatology. Some of these international 
applications are described in Chapter 3: Los et al. (2007) and in Chapter 6: Blauw et al. 
(2009).  

Within the scope of this chapter it is impossible to show all but a fraction of its results. 
Typical simulated and observed levels of chlorophyll-a for two marine stations are shown in 
Fig. 6. Also included are the limiting factors. In general the model is capable of reproducing 
observed chlorophyll-a levels well, in spite of a wide variation in conditions between the 
systems being modelled (Chapter 3: Los et al., 2007).  
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Figure 6  Observed and simulated level of chlorophyll-a (µg l-1) at station Terschelling 4km (1998) (A) and at 
station Dreischor in the marine Lake Grevelingen (1998) (B). A plotted symbol in the lower area 
indicates a limitation by: NIT: nitrogen, PHO: phosphorus, SIL: silicate, E: light energy, GRO: 
growth and MOR: mortality.  

A typical example of a fresh water application for Lake Veluwe is shown in Fig. 7. This case 
is particularly interesting since it not only illustrates BLOOM's ability to reproduce the 
observed downward trend in chlorophyll-a, but also its ability to simulate the accompanying 
change in phytoplankton dominance. While Planktotrix dominated in this lake during most of 
the 1970s and beginning of the 1980s, green algae and diatoms became dominant starting in 
1985. Schreurs (1992) summarizes empirical results for hundreds of lakes and shows that 
Planktotrix dominates in 60 percent of the lakes in which the ratio between the euphotic depth 
Zeu and the mixing depth Zmix is between 0.6 and 0.8. Scheffer (1997) gives detailed 
information on some specific cases in which the species dominance has changed. According 
to his analyses a rather abrupt shift occurs when the ratio Zeu/Zmix is approximately 0.7. 
Below this value Planktotrix dominates, above it green algae and diatoms dominate. 

The yearly averaged Zeu/Zmax ratio has been computed by BLOOM for 1975 through 1985. It 
varied from 0.20 in 1975 to 0.53 in 1983. During this entire period Planktotrix is completely 
dominant, except for a short period of diatom dominance during the spring. At a yearly 
averaged Zeu/Zmix ratio of 0.77 (1982) Planktotrix dominates 65 percent of the time, while 
diatoms and green algae dominate during the remainder of the simulation. So at this ratio the 
model is in a transitional state. Finally at a Zeu/Zmix ratio of 1.00 (1985) Planktotrix has 
completely disappeared being replaced by Scenedesmus and diatoms. So it may be concluded 
that the light regime at which the species shift occurs in BLOOM agrees very well with the 
general empirical data.  
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Figure 7  Observed and simulated level of chlorophyll-a (µg l-1) in Lake Veluwe (1975 (A) and 1985 (B). A 
plotted symbol in the lower area indicates a limitation by: NIT: nitrogen, PHO: phosphorus, SIL: 
silicate, E: light energy, GRO: growth and MOR: mortality. Simulated species composition in 
(mgDryWeight l-1) in 1975 (C) and in 1985 (D). 

Many other results for individual lakes have been reported (i.e. Los, 1991). To give an 
impression of the overall performance of the model, Fig. 8 shows computed verses observed 
yearly average chlorophyll-a levels in more than 30 Dutch cases. The scatter is small, but 
there is some bias in the model results as on average the simulations are about 7 percent 
higher than the observations. This is mainly because during the calibration procedure for 
individual lakes, occasional under predictions were considered worse than over predictions.  

The ability of the model to simulate annual trends is illustrated by Fig. 9, showing the 
observed and computed yearly average concentration of chlorophyll-a in two lakes. Both the 
observations and the model show a clear downward trend throughout the simulation period in 
Lake Veluwe. Annual variations appear to be random in Lake Wolderwijd during the first ten 
years. A downward trend is, however, also observed and simulated in this lake by the end of 
the 1980s.  
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drawn line indicates the 1:1 agreement between model and observations.  
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Wolderwijd (right panel) for a period of 10 to 20 years. For Lake Wolderwijd no model simulations 
available for years 1984 – 1988.  
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Fig. 10 gives another general illustration of the model behaviour and its performance. This 
figure shows average annual chlorophyll-a as a function of the concentration of one nutrient 
(either P or N) and the depth. The other nutrient was put at a level, where it would never be 
limiting. For all other forcings (silicate; meteorological conditions; back ground turbidity) 
representative values were adopted for a typical Dutch lake. 

When nutrients are very low, they control the annual chlorophyll-a regardless of the depth. 
With increasing nutrient concentrations, light gets limiting in stead of the nutrient and 
simulated chlorophyll-a levels do not increase any further. The nutrient level at which this 
transition occurs, depends on the depth. In the most shallow case considered here (1m depth) 
the limiting nutrient remains controlling for the entire nutrient range considered here.  

To validate this simulation result, the so called CUWVO lines are also included (CUWVO, 
1987). These have been determined empirically by drawing an upper bound rather than a 
regression line through the observations collected from a large number of waters. Considering 
the way these lines were determined, depth should not be controlling so the lines are best 
compared to the simulation result for the shallow 1m deep lake. The correspondence between 
the lines constructed with BLOOM and the CUWVO lines is very good, indicating that BLOOM
is valid over a wide range of observed nutrient conditions. Notice that both in the CUWVO
relationships and in the results of BLOOM chlorophyll already becomes 0 when the amount of 
nitrogen is still positive. This is because total nitrogen includes some refractory organic 
components which are not available for uptake by phytoplankton. In addition to the 
information from the CUWVO lines, those derived from BLOOM also indicate at what level 
nutrients start getting limiting in light limited lakes.  
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5. Discussion: Contrasting BLOOM to other model approaches 

Nutrient depletion  

It is commonly observed both under lab conditions as well as in the field that the net intrinsic 
rate of increase of phytoplankton species approach zero if some nutrient is depleted. 
Obviously, dissolved nutrients should not become negative. Most phytoplankton models use 
the equations developed by Monod (1942) or Droop (1973) to modify growth rates in the 
vicinity of nutrient limitation.  

According to the Monod equation, the nutrient limited growth rate Pn equals:   

   Pn = Pn
max [Ci / (Ksi + Ci)]      (18) 

where Pn
max is the maximum net growth rate constant, Ci is the available amount of nutrient i

and Ksi is nutrient concentration at which the net growth rate equals 50 percent of its 
maximum (the half saturation constant for nutrient i). 

According to the Droop model, the nutrient limited growth rate constant Pn equals:   

   Pn = Pn
max* (1-Q0/Q)        (19) 

in which Q is the cell quotum (= stoichiometry) of a nutrient and Q0 is the minimum value of 
the stoichiometry at which the growth rate is still positive. Pn

max* is the maximum growth rate 
when Q is infinite. Notice that this Pn

max* is not the same as Pn
max as defined in the Monod 

model. 

In contrast to the Monod equation, which only considers external nutrient levels, according to 
the Droop equation the growth rate depends on the internal nutrient levels. Although both 
equations appear to be different, they actually have similar properties. Droop (1983) already 
demonstrated that by defining a new variable Q’ as:   

   Q’ = Q - Q0,

equation (19) can be rewritten as   

   Pn = Pn
max* [Q’ / (Q’ + Q0)]        (20) 

which mathematically is similar to a Monod-type equation. The minimum stoichiometry Q0

acts as half saturation constant and Q’, the difference between the actual internal and the 
minimum internal concentration, is used in stead of the external nutrient concentration.

Both equations have been developed for conditions of a single species under limitation by a 
single nutrient. They operate on the growth rate of the species, forcing it to approach zero 
when the available amount of the nutrient approaches zero. Although it was not designed for 
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conditions of light limitation, the Monod equation is often used to describe the growth rate as 
a function of the light intensity as well because it is a convenient equation to describe 
saturation processes.  

In contrast to models in which differential equations are numerically integrated, BLOOM does 
not require an explicit equation to keep resources from getting negative. The dissolved 
amounts of nutrients and the maximum permissible value of the extinction which is computed 
from the available amount of light energy, are defined as variables in BLOOM and Danzig 
(1963) has already demonstrated that all variables of a Linear Programming problem are 
always greater or equal to zero. So in case of a resource limitation, the biomasses of the 
phytoplankton types are automatically set at a level at which the resource is completely 
exhausted. Thus in mathematical terms all three methods effectively keep resources at a non-
negative level. There are differences with respect to the approach of  equilibrium and the 
concept of limiting factors in general, which will be shortly discussed later in this section in 
‘The concept of limiting factors’.  

Solving for equilibriums versus linear programming  

In (aquatic) ecosystems usually many species compete for limited amounts of resources. 
Often one of the macro nutrients gets limiting and if there is an ample supply, ultimately the 
availability of light becomes limiting. So an important question is how the competition by 
different species of phytoplankton is controlled? And related: How do existing models deal 
with competition between multiple species for several resources?  

Characteristics of individual phytoplankton species have been extensively studied in 
laboratories. Interpretation of the results is, however, difficult due to the differences in set-up 
of the experiments and because the characteristics of species vary between experiments. For 
instance the growth rate of a species grown under P limitation is usually not the same as under 
light or another limitation. In general it may be concluded that there is no simple response of 
phytoplankton species when offered a broad spectrum of conditions. Due to the complexity in 
response of individual species, the outcome of competition experiments can also be different. 
Still these experiments provide a lot of information on the characteristics of individual species 
and have as indicated in paragraph 4 of this chapter, played a major role in choosing the 
model parameters of BLOOM.

As might have been expected given the results of the lab studies, empirical results on field 
data show even more variations. Schreurs (1992) has compiled many results from field studies 
mostly on Dutch lakes. Different species sometimes dominate in spite of the same factor 
being limited at least on a seasonal basis. In contrast for instance green algae frequently 
dominate both under low as well as under extremely high P concentrations.  

Apart from the intrinsic characteristics of the individual species, also the external forcings 
probably play a major role. Diurnal variations in light or grazing pressure, changes in 
hydrodynamics (vertical mixing; horizontal transport), in loadings, in sediment release of 
nutrients are all common phenomena to which real life phytoplankters are exposed, which 
cannot be duplicated in the lab or easily included in annually or seasonally averaged statistics. 
To explain the differences between various types of models, the mathematical principles will 
be discussed briefly.  

To include the potential light limitation, usually modellers add some term for the growth rate 
as a function of the light intensity into equation (18):   
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  Pnk = [Pgk
max * Ek * Ci / (Ksik + Ci)] - Rk - Mk      (21) 

where Pgk
max is the maximum gross growth rate of species k, Ek is the depth and time 

averaged growth efficiency factor, Rk and Mk are the respiration respectively mortality rate 
constant of species k. Because of the resemblance between the Monod and Droop equation, a 
mathematically similar result is obtained for the latter, although the parameters have a 
different biological interpretation. 

If several species compete for a limiting resource according to equation (21) under a constant 
supply of resources, initially the species with the highest maximum net growth rate will 
dominate. Due to the uptake by phytoplankton, the available quantities of the resources are 
quickly depleted, which means that the Monod or Droop terms and hence the specific rate of 
increase of each species rapidly approach zero. It can be demonstrated that under these 
conditions the species with the lowest value of Ksik or Q0 out competes all other species. So 
when a single nutrient is the only limitation, the result of the Monod based model depends on 
a single parameter; the intrinsic light dependent growth rates and the nutrient stoichiometry 
are unimportant. Because Monod coefficients by definition have to be estimated 
experimentally under conditions of low resource levels, the variation in reported values for 
individual species is large (see for example Van Liere et al. (1980); Schreurs (1992) and many 
others). So competition in this type of model is basically controlled by a single parameter with 
a relatively large uncertainty.  

An additional complication is how to deal with several resources at the same time. One could 
add more Monod terms to equation (21) but since these factors are always less than 1.0, this 
means the actual growth rate becomes smaller even if there is a large amount of the other 
resources. Therefore most models adopt a minimum rule in which only the smallest Monod 
term is considered thereby implicitly assuming that all other terms do not affect the growth at 
all. In other words: it does not matter if there in an ample supply of other resources or if some 
of them are nearly limiting as well. Whatever assumption is adopted: it does affect the results 
of the model. 

Depending on the choice of parameter values, interaction between resources is possible 
though. If for instance the species with the lowest Monod value for P requires a very high 
amount of N, N might become limiting too in which case there could be co-existence between 
two species or a shift in limitation and an associated shift in species composition.  

In comparison to the Monod model, the interpretation of the parameters of the Droop model is 
more straightforward. Also it is easier to obtain an estimate of these coefficients from field 
data. The Droop model is therefore often preferred in models with several functional groups 
such as in PCLAKE (Janse, 2005).  

In BLOOM a different approach is adopted. It is based on similar balance equations for the 
resources, but treats them differently and it uses a different solver (Linear Programming) and 
a different species selection criterion. As explained in this chapter, balance equations are 
constructed for all nutrients and for the permissible level of the extinction coefficient of each 
species to deal with light limitation. Added to these are the constraints for maximum growth 
and maximum decline. To visualise how BLOOM selects its types, a highly simplified example 
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Figure 11   Illustration of Linear Programming solution of BLOOM for a simplified system with 2 species and 2 
resources without (upper panel) and with (lower panel) additional growth and mortality constraints.  

will be explained in detail (Fig. 11). In this example only two types are considered with 
biomass X1 and X2. These two types compete for two potentially limiting resources: N and P. 
The mass balance equations, at which each of the nutrients is completely exhausted can be 
depicted as straight lines. First for simplicity consider the case without growth and mortality 
constraints (upper panel). Since resources (in this example N and P) and biomasses should 
never become negative,  the only range in which these conditions are met is the hatched area 
(P1, P2, P4, P3). This area is called the feasibility area because any point within it reflects a 
combination of species 1 and 2 and of the resources N and P which theoretically is possible. 
Fortunately, Danzig (1963) demonstrated very elegantly that the optimum solution of a Linear 
Program is always at one of the corners of the feasibility space. So in this particular example, 
only four points have to be considered, which makes it much easier to find a solution. P1 is a 
special case where biomasses of both types are 0 and nothing is limiting. Intuitively it is clear 
that this point does not represent the optimum condition of the plankton community. At point 
P2, P is limiting and only type 1 is present. At point P3 N is limiting and only type 2 is 
present. At point P4 N and P are both limiting and type 1 and 2  co-exit. Using simple 
geometric relations it is obvious that point P4 has the largest distance to the origin and 
therefore if the total biomass would be maximized as was the case in the early applications of 
BLOOM, this point represents the optimal solution selected by the model. If the potential 
growth rate, which was previously defined as Pnk (= Pgk

max
 Ek – Rk) is also taken into 

account, which is the default of the present BLOOM model version, the ratio between the 
distance to the origin and Pnk is adopted as selection criterion. This means that depending on 
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the difference in growth rate of both types, P2 or P3 might in stead of P4 be selected. If  
Pn1 >> Pn2, P2 will be chosen and of course in analogy if Pn2 >> Pn1, P3 will be selected.  
Notice that if the difference between Pn1  and Pn2 is sufficiently small,  P4 will still be 
selected even though the biomass is not maximized. In this case growth and biomass 
maximization give exactly the same answer. This is because the optimum solution must be in 
one of the corners, but the same corner will be selected as being the optimum for a certain 
range of values of Pn1  and Pn2. Mathematically biomass maximization is a special case of 
growth maximization in which all Pnx coefficients are taken as 1.0. Also notice that the 
equation for Pnk does not include a nutrient dependent term so it might still be positive in 
spite of a nutrient limitation. This approach is a special case of the one by Tilman (1984)  for 
finding the equilibrium of two species competing for two nutrients given the critical 
concentrations of the nutrients needed for  positive growth. In the case of BLOOM it is 
assumed that the critical concentrations are zero.  Finally notice that although the type (or 
species) composition of these possible solutions are quite distinct, the total biomass is not, 
which is typical for practical applications of the model.  

So: there is a finite number of possible solution points to consider and growth and biomass 
maximization consider the same set of possible solutions, but adopt a different selection 
criterion for choosing one of them and therefore maight make a different choice. 

As an additional complication, which can still be easily visualised, in the lower panel of Fig. 
11 the growth and mortality constraints of the two types are also represented. Since these 
constraints operate separately for each type (more precisely for each species) in the model, 
they can be represented by lines perpendicular to the biomass axes. In this particular example 
we have assumed that both types were present during the previous time step and that the 
mortality and growth constraints intersect with the nutrient constraints. Taking these 
additional conditions into account, the feasibility space of course becomes smaller. Notice for 
instance that the origin is now no longer feasible. Also notice that the N mass balance line is 
outside of the feasible area and so P4, which was a feasible solution point in the previous 
example, is now no longer feasible. Because the mortality constraint of both types is positive, 
both of them will be present in the solution of the model. In stead of P1-P4 now G1-G4 are 
the possible points to consider by the selection principle. The maximum biomass is present in 
point G4; both types are present, type 1 is P limited and type 2 is growth limited. Using the 
default competition principle of the model, the model will make a choice between G2 and G4. 
At G2 type 2 is  limited by its mortality constraint indicating that dynamically speaking the 
model attempts to remove it from the selected composition and type 1 is P limited. Because 
the growth and mortality constraints are perpendicular to the axes, point G3, although 
feasible, could never be optimal since in comparison to G4, type 2 has the same growth 
limited biomass and type 1 is now mortality rather than P limited and therefore has a lower 
biomass than in G4; G2 could never be selected in favour of G4. So the addition of growth 
and mortality constraints may affect the feasibility area, the optimum solution and the number 
of potentially selectable equilibrium points. 

In most practical applications of the model, many more variables (phytoplankton types) and 
several additional resources (Si; light) are considered simultaneously. Consequently it is no 
longer possible to make a 2D representation of the solution space as in Fig. 11, but the same 
principles hold in this much more complicated case. One could think of this as an n-
dimensional diamond with a lot of corners; the type selection criterion chooses between 0 and 
n of them, where n is the number of  potentially limiting factors considered by the model.  
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So even though the various models obey the same mass balance equations, the selection 
procedure for finding a particular solution is different. This raises the fundamental questions: 
what is best and why? 

As already stated in the ‘General Introduction’ of this thesis, unlike in physics where 
researchers often agree about principles and the equations and debate about their 
implementation, it is not straightforward how to define fundamental, universally applicable 
ecological principles. There is a vast amount of literature on these issues and a lot of debate, 
which is stimulating and confusing at the same time. If we limit the scope to the world of 
phytoplankton, we might argue that no principle applied in any of the approaches described 
here will probably represent the real ecosystem behaviour, neither are the equations nor the 
parameter values exactly correct. In the first version of BLOOM the total biomass was 
maximized. In traditional models the half saturation constants are decisive with respect to the 
selection of the dominant species. If the species with the lowest half saturation constant also 
has the lowest requirement, these models end up with the same solution as these early BLOOM
versions. Using the potential growth rate as an alternative selection criterion means that the 
total biomass will be less (or equal) to the maximum as was pointed out in the discussion of 
Fig. 11. This is true in general; for instance for the famous logistic growth equation, the 
growth rate is maximal at half the equilibrium. So the question is: when will communities be 
close to their maximum equilibrium and when will this not be the case? Two sets of 
conditions may prevent communities from achieving a maximum equilibrium: (1) loss 
processes such as grazing, sinking etc. and (2) variable conditions. Both classes of processes 
lead to a reduction in biomass and hence draw the community closer to a condition at which 
growth rates are decisive. In fact this is but the main idea behind the general theory on r- and 
K-strategies: when there is room for growth, the r-selected species dominate, but if conditions 
remain more or less stable for a long time, K-selected species usually take over. Natural 
plankton communities are often exposed to (highly) variable conditions, not in the least due to 
the physical environment they inhabit. Eutrophic waters form a well known and widely 
studied exception as in these waters, often conditions are relatively stable. It is probably not a 
coincidence that the original competition principle of BLOOM was successful when it was 
mainly applied to eutrophic lakes, but proved to be less realistic compared to growth 
maximization when the model had to deal with the North Sea or the sanitated, much less 
eutrophic Lake Veluwe of the mid 1980s (Fig. 9).  

In conclusion: loss processes not taken account by models and variations in environmental 
condition will push the plankton community away from the biomass maximum towards a 
condition closer to the point where the production is maximal. Therefore there is no simple 
answer to the question whether the growth maximum or the biomass maximum will be closer 
to the state approached by a system in reality; it will depend strongly on the importance of 
non-modelled loss processes and environmental fluctuations.  

Finally the reader should keep in mind that the objective function determines the selection, 
not the actual constraints of  the model. If the values of the objective function would be 
adopted from say a fuzzy logic algorithm, the model would still consider the same possible 
solutions and chose one of them; only its choice might be different. 
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Objective function and resource utilization 

According to the general LP methodology, a linear function (the objective function) is either 
maximized or minimized. In the case of BLOOM the potential net growth rates of the 
phytoplankton types are maximized (equation 17). However, it has also been demonstrated 
(Danzig, 1963) that every LP problem, referred to as a primal problem, can be converted into 
a dual problem, in which the utilization of resources is minimized in stead. It has been 
demonstrated that mathematically both problems are in fact the same. In the case of BLOOM
the dual problem is minimization of the usage of resources (nutrients; light). Because of the 
relationship between the primal and dual problem, as an alternative to equation 17 it is also 
true that in BLOOM utlization of the environmental resources is minimized. It is because of the 
formal relationship between the primal and dual problem that we arrive at BLOOM’s 
competition principle being interpreted as the ratio between the net growth rates (primal 
problem) and the resource requirements (dual problem) of the functional types. 

The concept of limiting factors 

As a consequence of adopting the Linear Programming technique, limiting factors have a 
simple interpretation in BLOOM. The model seeks combinations of variables (types) and their 
associated limiting factor, which therefore have a binary (yes/no) interpretation.  Biologically 
one could say that BLOOM strictly adopts Liebig’s law. This has a large advantage if it comes 
to transparency of the approach. In Monod type models additional assumptions have to be 
made if one wants to apply Liebig’s law, for instance by defining the minimum value of all 
Monod terms as being the limiting factor (see equation 21). But in one case it could have a 
value of say 0.6, in another of say 0.15. How should this difference be interpreted? In another 
case the lowest Monod value of say P could be 0.3 the second smallest of say N being 0.4; if 
the minimum rule is adopted N is not considered limiting in this example in spite of its 
relatively small Monod term which is even smaller than the value of  0.6 from the previous 
example. 

Notice that for mathematical reasons there is a difference in the remaining concentration of 
limiting nutrients between BLOOM and a Monod based model. If a BLOOM species approaches 
a nutrient limitation, it will change from an energy type to the corresponding nutrient limited 
type, which means its growth rate is reduced in a discrete (step-wise) way. The growth rate is 
not reduced any further and after a while the nutrient becomes limiting as it is entirely 
depleted. Because of this procedure in BLOOM its concentration will be 0.0. In a Monod type 
model the growth rate is reduced gradually and the net growth will become 0 before the 
nutrient is completely exhausted so a small positive amount remains. Because the half 
saturation constants are usually small relative to the available amounts of nutrients, the 
corresponding difference in phytoplankton biomass is usually small, BLOOM’s result being 
only a fraction higher given everything else is the same  in both models. 

BLOOM’s very straightforward principle of limiting factors might lead to the wrong 
impression, that if several factors are limiting simultaneously, they are equally important. This 
is not the case as may be clarified by the following example. Suppose in a particular location 
one type is present and it is limited by P. Due to flushing a small amount say 5 percent of the 
total biomass of another type is imported. Further suppose that this type is not adapted to the 
local conditions so BLOOM will try to remove it, but due to its mortality limitation, a small 
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amount has to be conserved and is mortality limited. So in this case both P and mortality are 
limiting, but the mortality limitation affects only a very small amount of the total biomass.  

Potential net growth rate in objective function 

On several occasions it has been pointed out in this chapter that the ‘potential net growth  
rate’ Pnk is adopted as part of the selection criterion of BLOOM (together with the 
requirement). So why this choice and not for example the maximum growth rate or the net 
rate of increase (so including the mortality) and how does this work if a nutrient is depleted 
and hence the growth rates approach zero?  

The basic assumption is that the model should use a value which reflects the ability of the 
species (more precisely the types) to take up potentially limiting resources. The maximum 
growth rate therefore does not seem to be a good candidate as it does not take interspecific 
differences in the light dependence into account, which according to Fig. 1 are important. 
Mortality in contrast  can be regarded as something happening to the phytoplankton cell  
irrespective of its ability to compete for the uptake of limiting resources, for instance because 
it is eaten or gets attacked by a virus. In contrast respiration is more directly linked to uptake, 
which is why it is included in the selection criterion.  

Hence in the model the following procedure is adopted. At the beginning of a time step all 
forcings are known. It uses the depth, total extinction, day length and  irradiance to compute 
the depth and time averaged value of the growth versus light function (Fig. 2; see also the 
Appendix). This average efficiency is multiplied with the maximum growth rate constant, 
which is a function of the temperature, and the respiration value, which is also a temperature 
function, is subtracted from it. If the result is a positive number, it is put into the objective 
function. All algal types with a positive value directly compete with each other. If  Pnk is 
negative because the actual light climate is unfavourable to a particular type, a dummy value 
of 0.01 is put into the objective function. Types for which this is the case will either be 
mortality limited (so the model is trying to remove them completely, but does not yet 
succeed) or they will not be present at all in the optimal solution. The computed biomass of 
these types will never be larger than during the previous time step since this dummy value is 
small enough to prevent these types from winning the competition.  

What happens if a nutrient is selected as one of the limiting factors? Within BLOOM this 
means its concentration will be 0.0 and hence according to the physiological knowledge the 
net growth rate of all phytoplankton types should in the limit be 0.0 as well. So is the 
selection criterion still valid? Two explanations could be given to say it is. First, measured 
dissolved  nutrient concentrations may appear to be 0.0, but due to dynamical processes 
(transport; mineralization; sediment release; autolysis; excretion from grazers etc.) the actual 
fluxes remain sufficiently high to maintain a positive uptake of nutrients by the algal types 
keeping them close to equilibrium. Second we may assume that all types are affected in a 
similar way by the nutrient depletion and so the outcome of the competition just before the 
nutrient actually becomes 0.0 decides which type is going to win competition for this 
resource. In order words: there is no shift in dominance when the last free molecules are taken 
up.

The second explanation is actually implemented as an option in the model: a threshold can be 
specified for each nutrient, which is then subtracted from the available amount passed on to 
the optimization procedure, this might deplete all remaining nutrients completely, but next the 

Chapter 1__________________________________________________________________________________                  

56



threshold value is added to dissolved amount again, which now will never drop below this 
threshold. Conceptually this procedure is perhaps more elegant, numerically the difference is 
usually small because adopting threshold values of the same order of magnitude as the half 
saturation constants means they are usually small relative to the total nutrient amounts.   

Species adaptation  

In Section 2 of this chapter it was explained how BLOOM can deal with species plasticity in 
response to fluctuating conditions. Many existing models do not take these (important) 
processes into account or they are accounted for by adopting site-specific parameter values 
(local calibration). Using the BLOOM approach this is not necessary as long as the defined 
parameter space is sufficiently large, which it usually is (see chapters 6 and 7 ). So this is a 
strong advantage of BLOOM over many other models. Similar processes can be build into 
traditional models as well, but the resulting equations are complex, which may be one of the 
reasons this is not frequently done. 
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Some practical illustrations 

To investigate the practical consequences of the choices made in the set-up of BLOOM, a 
simple competition experiment was done using BLOOM and a traditional differential equation 
model using Monod kinetics. Both models were run for a one year period using a constant 
temperature of 20 degrees centigrade, and a constant day length of 16 hours. A depth of 1 
meter was adopted and a constant background extinction was used of 1.25m-1. Only one 
nutrient was taken into account (P) and its amount was varied between a moderately low 
value of 0.05 mg.l-1 and a high value of 0.35 mg.l-1. A constant daily irradiance was adopted 
having either a typical summer value of  300 W.m-2 (total irradiance) or a relatively low value 
of 200 W.m-2. Only two species were included: a green alga and a cyanobacterium. Typical 
kinetic parameters were adopted in accordance with the values given in Table 1 and 2; the 
same parameter values were used for both models.  Hence the maximum growth rate of the 
green alga is higher, but its loss rates are also higher and the slope of its growth versus light 
curve is less steep. It requires more P per unit of biomass but has a lower specific extinction 
coefficient. In the case of the Monod model, the additional half saturation constant was taken 
as 0.0025 respectively 0.0035, but which of the two species had the lower and which had the 
higher value was varied as part of the experiment. Although the similarity in set-up of the 
models was made as large a possible, some differences remain which are visible in the results 
but do not affect the main conclusions. A description of the simulations is given in Table 5. 
The results are shown in Fig. 12; those for BLOOM are shown in the left panel, those for the 
Monod type model in the right panel.  

Table 5:  Differences between models in competition experiment 

Simulation Model P concentration Irradiance Species with low 

Monod value 

A BLOOM low summer average  

B Monod low summer average green 

C BLOOM low low  

D Monod low summer average cyano 

E BLOOM high summer average  

F Monod high summer average green 

G BLOOM high low  

H Monod high summer average cyano 
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Figure 12  Competition experiments in BLOOM (left panel) and in a classical Monod model (right panel) 
between a green alga (green line) and  a cyanobacterium. 
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From an analyses of the results, the following may be concluded: 

• If the models predict the same species to become dominant, which is the case in seven 
out of eight cases, the biomass level is the essentially the same (they are not identical 
due to the remaining differences in set-up). 

• The trajectories towards equilibrium are similar but not identical. The differences can 
be attributed to three factors: 

1. In the BLOOM simulation, detritus is modelled dynamically, in the (simple) Monod 
model adopted here a steady state with the phytoplankton biomass is assumed. 
This has two effects. First the light conditions are more favourable in BLOOM
during the growth phase because the contribution of detritus to the extinction is 
smaller. Second an initial overshoot of the equilibrium value typically occurs 
because in BLOOM the detritus pool lags behind the phytoplankton  biomass, so 
temporarily a larger fraction of the total amount of the nutrient is available for live 
phytoplankton, which is not the case in this Monod model.  

2. Growth and mortality constraints as included in BLOOM allow for more rapid 
transitions than the differential equations of the Monod model because they are 
based on an upper respectively lower bound assumption (see equations 15 and 16 
in this chapter) 

3. The light integration procedure of  BLOOM is much more advanced and cannot be 
completely emulated in the Monod model, which adopts a simple analytical 
procedure.  

As expected, the two models differ with respect to their species selection criterion. Results of 
the Monod model are sensitive to the value of the half saturation constant. In BLOOM results 
are sensitive to the light regime, which affects the potential growth rates and hence the 
selection of the dominant species. When the nutrient is low and the irradiance is summer 
average, (case A) the green alga wins in spite of a higher nutrient requirement because the 
available nutrient level prohibits a high level of self shading. Hence the high potential growth 
rate of the green alga more than compensates for its higher P requirement.  If in contrast less 
light is available (case C) the growth rates of both species but particularly of the green alga 
become lower and  BLOOM switches from the green alga to the cyanobacterium. Notice that in 
the last simulation (case G) the light availability causes BLOOM to switch from a P limitation 
to a light limitation, but P is almost exhausted which explains the small difference in biomass 
between E and G. The species selection does not change because the cyanobacterium is more 
shade adapted so the model’s preference for it is actually enforced by this low light level.  

This last point is important in relation to the discussion on model objectives. Using the set-up 
of this experiment, the Monod based model cannot switch its dominant species as long as 
other factors are non-limiting. Depending on the choice of the half saturation value either of 
the two species will win over the entire range of nutrient levels. In contrast BLOOM adopting 
the summer average irradiance  switches from the more r-selected green alga to the more K-
selected cyanobacterium when self shading starts limiting the potential growth rates more and 
more. The occurrence of such shifts in reality was a major reason for exchanging BLOOM’s
original biomass maximization principle with the present selection principle because 
otherwise the species with the lowest requirement for a limiting resource would always win. 
One practical way to get around this problem in a Monod type model is adopting the same 
value for the half saturation constant of species competing for the limiting nutrient. This 
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means that according to equation 21, now the light dependence term will decide which species 
wins the competition. This approach was for instance adopted by Scheffer (1998) in his algal 
competition experiment under lake Veluwe-like conditions. Qualitatively his model and 
BLOOM are similar because in both light ultimately determines the outcome of the 
competition. The result is dominance by cyanobacteria under turbid (= high nutrient) 
conditions and dominance of the green alga under less turbid (= low nutrient) conditions. If 
both models would adopt exactly the same parameters for the light dependence, then the point 
(light regime) at which the switch occurs is not exactly the same, because in BLOOM the 
nutrient stoichiometry is explicitly taken into account as an additional criterion. So BLOOM
considers Pnk / nik and the multiplicative Monod model by Scheffer considers Pnk; obviously 
adopting the same stoichiometry coefficients nik in BLOOM would result in the two models 
switching at the same light climate. Another way to enhance the similarity in model results 
and promote a switch at the same light climate would be to change some of the coefficients of 
the light dependent production as part of the calibration procedure of either model.

Figure 13 Comparison of  total Microcystis biomass (mgC.l-1) simulated by DBS (blue line) and the model by 
Verspagen (2006)  (green line) for  Lake Volkerak Zoom, location Steenbergen with harmonized 
parameters. Observations (red dots) are shown for reference purposes only since neither model 
application reflects its optimal calibration, 
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During a recent study on the future of Lake Volkerak Zoom in the Netherlands, two models 
were applied, one by Verspagen (2006) and DBS. Initially results by both models were quite 
different which raised the question whether this was due to conceptual differences or to the 
parameterisation. Since the model by Verspagen considers only one species (Microcystis), all 
other species were removed from BLOOM. After the elimination of all differences in parameter 
values, the results of the two models were very similar (Fig. 13). Notice that as in the previous 
experiment the way the growth and mortality constraints operate in BLOOM cause it to react 
more quickly during the phases of growth and  decline, but the differences in this example are 
rather small. So while it was demonstrated in the previous example that results may be similar 
under nutrient limited conditions at steady state, these results demonstrate that in the case of a 
light limitation BLOOM and a traditional model give basically the same results during an 
annual simulation of a real water system if one and the same species is present.  

Fig. 14 shows another comparison of a Monod type model and BLOOM. In Chapter 8 of this 
thesis several North Sea models are compared. Two of them: DYNAMO and GENO-NZB use the 
same hydrodynamics, loads and meteorological forcing (see Chapter 8 for full details). These 
two models mainly differ with respect to the phytoplankton kinetics. DYNAMO employs the 
classic Monod approach; BLOOM adopts its own optimization algorithm with the potential net 
growth rates as objective function. Of course on a temporal scales the results are not identical, 
which is the reason why BLOOM has superseded DYNAMO, but on an annually averaged bases 
the difference between the total phytoplankton biomass (mg C.l-1) simulated by each of the 
two models is very small. 

In conclusion: Both in the simplified competition experiments as well as in the complex ‘real 
life’ applications, there are no significant differences in total biomass between the  Monod 
based models and BLOOM. Differences mainly occur with respect to species composition due 
to the difference in selection criterion.  Related to this: the seasonality is likely to be different 
and often also the simulated chlorophyll-a concentration since the switches between types in 
BLOOM results in a relatively large variations in simulated carbon to biomass ratios in this 
model.  
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Figure 14 Comparison of annual average total phytoplankton biomass (mgC.l-1) simulated by DYNAMO 
(Monod model; upper panel)) and BLOOM (lower panel) for the year 2003. For details on model set-
up see Chapter 8 of this thesis.  
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6. Summary and conclusion 

BLOOM is a model for predicting the dynamics of phytoplankton communities. Focusing on 
management applications, early versions were already applied for practical purposes by the 
end of the 1970s. The model has since then evolved with respect to its fundamental principles 
as well as the coefficients used. It has been applied to a large number of fresh water and 
marine systems covering a range of external conditions of more than two orders of magnitude 
for some factors. 

The model aims to capture as much as possible of the functional diversity of phytoplankton 
communities. However, rather than modeling all known species, BLOOM specifies several 
‘ecotypes’ within each major phytoplankton group to mimic functional diversity resulting in 
nature from species diversity and from adaptation through physiological flexibility. 

BLOOM differs from many existing models in that it uses a rather strict Liebig’s Law 
approach: each ecotype is limited only by the resource with the lowest availability. Also, 
instead of using a Monod or Droop equation to growth rates as a function of nutrient levels, 
BLOOM does not let nutrient shortage reduce growth rates, other than setting growth to zero 
when the concentration of a dissolved nutrient has become zero. With respect to shading 
effects, all species for which light is below a fixed specific tolerance limit are set to zero. The 
higher the total biomass permitted by the availability of nutrients, the higher the potential 
turbidity and hence the smaller the number of  species that can still maintain a positive energy 
balance. Light is limiting to at most one of  the species in the model. 

Another difference to many other ecological models is the use of linear programming to 
predict the state of the system at the next time-step. The algorithm first defines the different 
possible states at which one of the nutrients or light halts growth of one of the ecotypes. 
Subsequently in accordance to the general LP methodology, from those states, the one is 
selected  at which the the potential growth rate of all ecotypes is maximal and the requirement 
for the resources is minimal. It can be shown analytically that effectively a  high potential 
growth  capacity as well as a low requirements for nutrients and light are equally weighted in 
determining the algal composition of the predicted steady state of the system.  

To prevent unrealistically fast jumps towards such steady state solutions, BLOOM also 
computes the biomass increment each species can potentially realize in the given time-step 
from the temperature and light dependent ‘potential net growth’. If the result is smaller than 
the steady state solution, the growth-limited new state is assigned. Similarly, the model 
imposes a limit on mortality, to prevent unrealistically rapid declines. 

All computations are made at each time-step for all phytoplankton types, and the resulting 
assemblage is typically a mix of various types, some of which are resource limited, and some 
of which are controlled by growth and mortality rates. Since a trade-off between resource 
requirement and potential growth rate is assumed, r-selected species are predicted to dominate 
under dynamic conditions where potential growth rates are high, while K-selected species are 
predicted to dominate under more stable conditions. Overall, the relative weight given to 
growth rates produces some bias towards r-select species compared to traditional equilibrium 
solutions. On the other hand, such equilibrium solutions may be argued to be biased towards 
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K-select species given that a model will typically not capture all loss processes and 
environmental fluctuations well. The fact that predictions by BLOOM match observed plankton 
communities so well for a wide range of systems, suggests that indeed the weighting of 
growth rates in the algorithm for selecting amongst the set of potential solutions is useful for 
capturing some aspects of complex reality that tend to be missed in other ways.

Although the approach in BLOOM may seem radically different from that taken in most other 
competition models, comparisons between BLOOM predictions and predictions from 
traditionally solved sets of equations in simple as well as complex systems illustrate that the 
particular approach taken in BLOOM involving the linear programming procedure and the 
strict Liebig’s approach do not result in markedly different outcomes with respect to the total 
biomass. The main merits of the approach are its computational speed and stability and its 
straightforward way in dealing with limiting factors and variable characteristics of members 
of the plankton community, shown to produce realistic predictions of total biomass as well as 
species composition over a wide range of conditions and systems.  
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Appendix: Averaging the production  

The light intensity encountered by, and hence the efficiency of a phytoplankton cell is not 
constant but varies with the water depth, turbidity and time. To account for these variations, 
the model must compute the average efficiency Ek in a certain period. The method to compute 
Ek in the present model is similar, but not identical, to the method described in Section 5.4 of 
the Algae Bloom report (Bigelow et al., 1977).  

Assuming that the water is well mixed from the surface to the mixing depth Zmax we can 
compute the light intensity, I(z), at depth z according to the Lambert-Beer equation:                                                     

              I(z) = Is EXP (-Kz)                 (1) 
  

where  

• Is is the light intensity in Joules/m2/h just below the water surface,  
• K is the extinction coefficient per m.  

The average efficiency of an algal cell at depth z is E[I(z)].  

For the moment leaving out the subscript k for simplicity, to compute the depth averaged 
efficiency EDEP Bigelow et al. (1977) made the assumption that each cell spends an equal 
amount of time at every depth from the surface to the mixing depth. We shall arrive at the 
same set of equations making a more lenient assumption namely that the concentration of 
phytoplankton cells is the same at every depth. This can be shown to be a sufficient condition.  

Assuming (1) a constant surface light intensity, (2) a particular day length (number of hours 
of day light) DL, and (3) the same light adaptation for all cells, the average efficiency EDEP 
can be computed as:                                                                           

                     1       Zmax

          EDEP =  
____

    �        E[Is*EXP(-K.z)] dz               (2) 
                        Zmax  0 
  

Introducing a new variable s:  
  

                                          s + log Is

         s = K.z - log Is, hence:  z = 
__________

                                                K 
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Also:           dz = ds/K 
and:               s = K*Zmax - log Is         (z=Zmax) 
                      s = -log Is                    (z=0) 
  

we can transform (2) into:  
                                                                          

                           1           K*Zmax-log Is

       EDEP =  
______

      �             E [ EXP(-s) ] ds                   (3)
                    K*Zmax  -log Is
  

Next define:  
                                                                       

                              v 

                F(v) =   �   E [ EXP(-s) ] ds                  (4) 
                           0 
  

Then obviously:  
  

                                                                          

           F(K*Zmax - log Is) - F(-log Is) 

        EDEP =  
_____________________________                 

  (5) 
                                         K*Zmax
  

This equation only holds for a constant light intensity Is and for a day length DL. Thus the 
functions E and F (and the next function G) might have been indexed by DL, but we have not 
done this for simplicity. We shall later deal with the day length and first consider variations in 
light intensity with time. Writing Is(t) as a function of time, define:  

                                                                          

           1     24 

          G(v) =  
__

   �   F[ v - log Is(t) ] dt                  (6) 
                      24  0 
  

Then the time and depth averaged efficiency EAVG is:  
  

                                                                          

              G(K*Zmax) - G(0) 

               EAVG =  
__________________                 

   (7) 
                                        K*Zmax
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Eq. (7) only holds for one specific function Is(t) in other words: only for the intensity pattern 
of one particular day. So theoretically, we must recalculate Eq. (7) for each day. However, 
Bigelow et al. (1977) have shown that two important changes of Is(t) are possible without 
recalculation of Eq. (7):  

1. A change in the number of day light hours, but with the same intensity pattern Is(t).  
2. A change in intensity at each instant by a constant fraction w.  

Any combination of the two can also be accomodated. Strictly speaking the average intensity 
pattern is a function of season, and moreover the actual intensity at any instant depends on 
stochastic events such as clouding. There is no practical way to deal with all of these factors, 
however, and there is no reason to expect a major impact on the average efficiency, because 
phytoplankton cells spend most of the time at light intensities below Iopt, where the response 
of E(I) to changes in irradiance is fairly linear.   

As shown in Fig. 3, different species of phytoplankton react differently to a change in day 
length. Denote this relation by Pn(Iopt,DL). We shall now make the important assumption 
that Pn(Iopt,DL) holds at every other light intensity I as well. We can then compute the 
growth rate constant Pn at any arbitrary day length DL and light intensity I as  

                                                                          

                                Pn(Iopt,DL) 

         Pn(I,DL) =  
_______________

  Pn(I,DLopt)                 (8) 
                             Pn(Iopt,DLopt) 
  

Notice that by definition the growth rate constant at both optimal light intenstity and day 
lengths equal the maximum net growth rate: Pn(Iopt,DLopt) = Pn

max(T).  

Of course the following holds equally well:  

             Pn(I,DLopt) 

         Pn(I,DL) =  
______________

  Pn(Iopt,DL)                 (9) 
                            Pn(Iopt,DLopt) 
  

Let  
                                                                          

            Pn(Iopt,DL) 

             L(DL) = 
______________                   

(10) 
                            Pn(Iopt,DLopt) 
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and define:  
  

                                                                          

                  1     24 

          H(v) =  
__

   �   F[ v - log Is(t) ] dt                                                 (11) 
                      24  0 
  

for a day with length 24 hours. We can now express G(v) as  
  

                                                                          

           L(DL) 

           G(v) =  
______

   H(v)            (12) 
                        L(24) 
  

Substituting Eq. (12) into Eq. (7) we find  

                                                                          

           L(DL)    H(K*Zmax) - H(0) 

         EAVG =  
_______

    
__________________               

 (13) 
                           L(24)             K*Zmax
  

In analogy to Bigelow et al. (1977) on page 35 it is obvious that Eq. (13) is replaced by  

          L(DL)   H(K*Zmax - log w) - H(-log w) 

       EAVG =  
______

   
______________________________               

(14) 
                        L(24)                   K*Zmax
  

for a day whose intensity pattern is w*Is(t) rather than Is(t). EAVG is the type specifiic 
average growth efficiency factor Ek. As may be notes from Eq. (14) it is proportional to the 
type-specific day length function (Fig. 3) and inversely proportional to the product of the total 
extincion K and the mixing depth Zmax. See also Fig.1 for a graphical illustration on how this 
relation affects the shape of the growth vs. light function. 

There is a complication when different vertical segments are considered by the model (i.e. in 
3D mode). The extinction K and the light intensity at the surface might be accurately 
computed for each vertical segment, but what value should be adopted for the mixing depth 
Zmax? Since the computational procedure is set up in such way that the model is applied to 
each individual segment seperately, it would normally take the depth of this segment as being 
Zmax and feed that into Eq. (14). This basically means that during the computation of the 
depth averaged production, it is assumed there is no transport across the vertical boundaries of 
the model segment. In other words: the light intensity encountered by the phytoplankton is 
assumed to vary between the value at the top and at the bottom of each segment. If according 
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to the hydrodynamic conditions mixing across these boundaries is significant during a time 
step, this should be accounted for in the primary production calculation as well. To correct for 
this problem the depth averaging procedure is extended in the following way. Eq. (14) is 
solved for each vertical segment in a column of water using Zmax, but its result is stored 
rather than assumed to yield the correct value for Ek. Next a conservative tracer is released in 
each vertical segment to compute the vertical excursion of the phytoplankton across the 
segment boundaries during the time step. The proportion of time this tracer spends in each 
vertical segment is then applied to determine an additional weight function, which can be 
multiplied by the segment wise computed results of Eq. (14) giving the correct value for Ek in 
each vertical segment (Leo Postma, Deltares, unpublished).  
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Abstract

This paper presents the ecological modelling instrument BLOOM/GEM and several applications to the southern North Sea, 
including a 3-dimensional model validation. The current instrument and its predecessors have been used since the 1980s for 
evaluating the ecological status of the North Sea and potential effect of management strategies. The main modelled processes of 
nutrient cycling, oxygen dynamics and primary production are described, as well as the external forcings required for the ecological 
model (hydrodynamics, suspended sediments and river loads). In the development of the BLOOM/GEM modelling instrument, the 
explicit choice of processes to include (the ‘ecological’ resolution) has been balanced with the need for high spatial resolution in 
the model applications for the Dutch coastal zone. The calibration and validation of the BLOOM/GEM modelling instrument as 
well as the model applications have mainly drawn on the extensive dataset available for the Dutch coastal waters (http://www. 
waterbase.nl). A specific 3-dimensional model application to the North Sea is described including the model validation results 
based on the use of an objective cost function for a number of different substances. Plotted model results showing seasonal as well 
as regional variations and spatial gradients for many substances at several stations give additional support to the validation. As 
such, the model is well suited to support many management decisions, related to e.g. the OSPAR convention and the European 
Water Framework Directive and the construction of infrastructural works. 

 © 2008 Elsevier B.V. All rights reserved.

Keywords: Ecological modeling; Primary production; North Sea; Model validation

1. Introduction 

In the Netherlands, the generic modelling instrument 
BLOOM/GEM (Generic Ecological Model) is regularly 
applied to assess ecological quality of the Dutch coastal 
waters and the southern North Sea, as well as to evaluate 

* Corresponding author. Tel: +3115 285 8549; fax: +3115 285 8582.  
E-mail address: hans.los@deltares.nl (F.J. Los).

0924-7963/$ - see front matter © 2008 Elsevier B.V. All rights reserved. 
doi:10.1016/j.jmarsys.2008.01.002

potential effects of e.g. new coastal infrastructure projects, 
and new national and international policies (OSPAR, 
Water Framework Directive). A model application requires 
a hydrodynamics calculation, which is then coupled (off-
line) to the water quality–ecological modelling instrument 
BLOOM/GEM. 

The generic modelling instrument, originally devel-
oped at WL | Delft Hydraulics, has evolved over the past 
20 years. In the early stages of the development of GEM, 
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WL | Delft Hydraulics has been advised by other Dutch 
institutes with respect to the general model set-up (Na-
tional Institute for Coastal and Marine Management/ 
RIKZ, National Institute for Ocean Research/NIOZ, and 
National Institute for Ecologic Research/NIOO, Alterra). 
Some specific formulations provided by these institutes 
are available in GEM (see also Section 3.2). This paper 
gives a general description of BLOOM/GEM and specific 
applications to the Dutch coastal zone and southern North 
Sea, focusing on the extensive validation conducted using 
available data from project-related and regular monitoring. 

The BLOOM/GEM North Sea application is one ex-
ample of several existing European large-scale 3D eco-
system models applied to the North Sea and parts of the 
Northwest European Continental Shelf. Others include 
ERSEM (Baretta et al., 1995), NORWECOM (Skogen 
and Soiland, 1998), POL3dERSEM (Allen et al., 2001), 
COHERENS (Luyten et al., 1999), ECOHAM (Moll, 
1997, 1998), Elise (Ménesguen et al., 1995), MIRO 
(Lancelot et al., 1995, 2000, 2005; Lacroix et al., 2007) 
and ECOSMO (Schrum etal., 2006a,b). Moll and Radach 
(2003) and Radach and Moll (2006) have written two 
extensive papers on the description and comparison of a 
number of these existing eco-hydrodynamical models, in 
which they also provide many additional references. They 
deal both with the model structure and with the validation, 
and include a review of model inter-comparisons which 
have been performed during the last decade. Lacroix et al. 
(2007) in their description ofthe MIRO model give a more 
comprehensive, but also more recent description of some 
of the North Sea models. 

There are several reasons for the existence of so many 
different models. A somewhat trivial explanation is that 
authorities in different countries want to have national 
modelling systems. From a scientific point of view it is 
obvious that the driving physical and ecological forces 
vary considerably across the North Sea. These differences 
are reflected by the models which are being developed 
with respect to the area included, the size of the com-
putational elements (grid cells), the level of detail of the 
water quality and ecological processes and the amount of 
data used for the validation of these models. 

Models covering the entire North Sea area while using 
computational elements small enough to describe coastal 
gradients which also include a large number of potentially 
relevant ecological functional groups and processes, 
would require simulation times in the order of several 
weeks for a one year period. To keep models manageable, 
modelers make specific choices. Thus the models de-
veloped in countries with a long shoreline generally 
cover a large area but use a coarse grid. Among these are 
NORWECON and POL3dERSEM. Other models with a 

similar physical schematization are ECOHAM and CSM-
NZB (Los and Bokhorst, 1997). In contrast, models 
developed for regions with a short shoreline characterized 
by strong physical gradients tend to cover a much smaller 
area but also use a more refined grid. Elise, MIRO and 
DCM-NZB (Los and Bokhorst, 1997) are typical repre-
sentatives of these kinds of models. There is a tendency 
for the regional models to also describe the ecology in 
greater detail but obvious exceptions are POL3dERSEM 
and CSM-NZB, both of which describe a number of 
processes at a similar level of detail as the aforementioned 
regional models. 

In the Dutch coastal zone, observed gradients of nu-
trients, algal biomass and suspended matter are very 
steep; even a concentration difference by a factor of 10 
over a distance of only 10 km is not uncommon (http:// 
www.waterbase.nl). In addition, the Rhine-Meuse river 
system is the major fresh water source of the North Sea. Its 
impact is not confined to the Dutch coastal zone, but 
extends much further i.e. to the German Bight. The Dutch 
continental waters stretch as far as 400 km north of the 
Wadden Islands and include important regions such as the 
Oystergrounds and Dogger Bank. Observed horizontal 
gradients in these waters are less pronounced compared to 
the coastal zone. In order to consider both the coastal 
waters and off shore regions, previously two different 
schematizations were developed: CSM-NZB covering a 
wide area including the Dutch coastal zone with a coarse 
18×18kmgrid and DCM-NZB including onlythecoastal 
zoneuptill 70kmusing a grid sizein the order of 1×1 km. 
In both cases the same ecological modules were applied 
(North Sea BLOOM; see also Table 1). In recent years, 
these two model applications have been merged into a 
single one using a variable grid size with a minimum 
of about 1×1 km in the coastal zone and a maximum of 
about 20×20 km in the most north westerly part of the 
model domain. In order to match the rounded shape of 
the Dutch coastline the model uses curve-linear ele-
ments. The ecological processes are based on those of its 
predecessors. 

Comparing the present North Sea application of 
BLOOM/GEM to these other models, it should be noted 
that the modelled area is intermediate: for instance 
NORWECON and POL3dERSEM consider a larger 
area, but Elise and MIRO consider a much smaller area. 
All other models use rectangular grids; no other model 
uses a curve-linear grid. The obvious advantage is that 
the grid can be better adapted to spatial gradients using a 
fine resolution where necessary and a much coarser 
resolution elsewhere. Hence the spatial resolution in the 
coastal zone of BLOOM/GEM is considerably more 
refined than in any other model (approximately 1×1 km) 
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Table 1
The evolution of the BLOOM/GEM ecological modelling for the North sea

Project name/Year Area Schematisation Hydrodynamics No. hor. 
elements

Wind River loads Ecology 
processes

MANS/1989–1993 N.S. GENO 2D tidal ave. 1395 uniform SW 4.5 m s-1 1985 DYNAMO

MANS/1989–1993 N.S. GENO+ 2D+1Dv tidal 1395+3 uniform 1985– ECOLUMN/
NZSTRAT average. SW 4.5 m s-1+actual DYNAMO BLOOM

MANS/1989–1993 N.S. Zunowak 2D tidal ave. approx. 
12,000

uniform SW 4.5 m s-1 1990 NZBLOOM

KSENOS/1993–1995 Dutch CZ Kuststrook 3D tidal ave*. 2153 daily average 1990; 
interpolated hydrody-
namics, wind depend-
ent dispersion

1990 NZBLOOM

KSENOS/1993–1995 N.S. CSM 2D tidal ave. 3915 uniform SW 7 m s-1 1990 NZBLOOM
Impact high river discharge/1996 N.S. CSM 2D tidal ave. 3915 uniform SW 7 m s-1 1990 NZBLOOM
Trend analysis Dutch CZ Kuststrook 1 3D* tidal ave. 2153 daily average 1990; 1975–1994 NZBLOOM
KSENOS/1996–1997 interpolated hydrody-

namics, wind depend-
ent dispersion

WL Profile/1998 Dutch CZ Kuststrook 2 3D* tidal ave. 3150 uniform SW 7 m s-1 1990 NZBLOOM
Application of GEM to Dutch Dutch CZ Kuststrook 3 3D* tidal ave. 1154 uniform SW 7 m s-1 1990 BLOOM/
coastal waters/1997–1998 GEM

GEM coastal zone and Dutch CZ Kuststrook 3 3D* tidal ave. 1154 uniform SW 7 m s-1 1975–1996 BLOOM/
indicators/1999 GEM

Rotterdam Harbour Dutch CZ Kuststrook 4 3D* actual 2457 uniform SW 7 m s-1 1990 BLOOM/
extension/1999 tides 4 layers GEM

Combined impact management Dutch CZ Kuststrook 4 3D* actual 2457 uniform SW 7 m s-1 1990 BLOOM/
measures/1999 tides 4 layers GEM

Screening impacts Dutch CZ Kuststrook 2 3D* tidal 3150 uniform SW 7 m s-1 1990 BLOOM/
airport North Sea ave. 10 layers GEM

Flyland: future airport N.S. Zunogrof and 3D* actual 4350 historic wind field 1989–1998 BLOOM/
North Sea/2000–2002 Zunofine tides 10 layers GEM

Further validation North N.S. Zunogrof 3D actual 4350 historic wind field 1989 BLOOM/
Sea model/2003–2004 tides 10 layers GEM

Application of GEM for Water N.S. Zunogrof 3D* actual 4350 historic wind field 1989, 1998, BLOOM/
Framework Directive/2004 tides 10 layers average year GEM

EIA Rotterdam Harbour N.S. Zuno-DD 3D* actual 10892 historic wind field 1989–1998 BLOOM/
extension/2005 tides 10 layers GEM

EIA Sand mining Rotterdam N.S. Zunogrof 3D* actual 4350 historic wind field: 1989–2003 BLOOM/
Harbour extension/ tides 10 layers 1989, 1995–2003 GEM
2005-2006

N.S.: North Sea.
Dutch CZ: Dutch coastal zone.
CSM: Continental Shelf Model Schematisation.
GENO: Schematisation of the southern North Sea (1395 elements).
ZUNOWAK: Schematisation of the southern North Sea (approx. 12,000 elements).
Kuststrook: Various schematisations of the Dutch coastal zone (approx. 70 km wide).
Zunogrof: Schematisation southern North Sea (4350 horizontal elements, 10 layers).
Zunofine: Schematisation southern North Sea (app. 12,000 horizontal elements, 10 layers).
Zuno-DD: Special 10 domain version of Zunogrof (refined in coastal areas; approx. 40,000 horizontal elements, 10 layers; aggregated to 10892
elements for BLOOM/GEM).
NZBLOOM: DELWAQ–BLOOM model.
GEM: Generic Ecological Model.
3D*: In these calculations, 3D hydrodynamics were calculated and then aggregated to 2D for the ecological model.
3D: Both 3D hydrodynamics and ecological processes were calculated.

while in the central North Sea the resolution is similar to 
those of the other non-regional models. 

With respect to the level of detail of the ecological 
modules the phytoplankton module (BLOOM) is the 

most extensive as it includes several functional groups 
and types. ERSEM also considers several functional 
groups, but these are defined with respect to the trophic 
web while types in BLOOM are primarily defined with
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respect to resource competition. MIRO and BLOOM 
are the only two phytoplankton modules in which the 
nuisance species Phaeocystis is explicitly considered. 
BLOOM/GEM includes complete cycles for all three 
nutrients (N, P and Si) and for oxygen, which is not 
always the case in the other models. It also includes a 
simple benthic module for organic nutrients but not 
nearly as complex as the one included in ERSEM. From 
the review by Moll and Radach (2003) it is obvious that 
there is little consistency in the way existing models deal 
with grazing by zooplankton and zoobenthos. Some 
models do not include grazing at all, some use a forcing 
function approach, and some models include grazers as 
state variables. Although the BLOOM/GEM model code 
includes a number of grazing algorithms, including the 
one from ERSEM, zooplankton grazing is not explicitly 
taken into account in the standard version of BLOOM/ 
GEM presented in this paper. 

In summary, it can be stated that the main purpose is to 
demonstrate that BLOOM/GEM is sufficiently well valid-
ated according to objective criteria to simulate primary 
production and nutrients in the southern North Sea area 
under historic as well as under future conditions. This 
requires a specific level of spatial and ecological resolution. 

2. Modelling instrument BLOOM/GEM

BLOOM/GEM is a generic ecological modelling in-
strument that can be applied to any water systems (fresh, 
transitional or coastal water) to calculate the primary 
production, chlorophyll-a concentration and phytoplank-
ton species composition.We define a ‘generic model’ here 
as a computer code comprising a consistent set of formu-
lations of processes that together describe (part of) eco-
system functioning which can be applied to those wa-
ter bodies that satisfy those ecosystem characteristics. 
BLOOM/GEM is part of the Delft3D integrated model-
ling system of WL | Delft Hydraulics, which includes 
separate modules for hydrodynamics as well as for waves, 
morphology, and suspended sediments. In this chapter the 
general set upof BLOOM/GEM is described. The specific 
application of this generic model to the North Sea is 
described in the next chapter. 

The ecological modelling instrument BLOOM/GEM 
has two main tasks: 

1. It calculates the transport of model substances (state 
variables) in the water column as a function of advec-
tive and dispersive transport (provided by a hydro-
dynamic model, such as Delft3D-FLOW (Lesser et al., 
2004; WL | Delft Hydraulics, 2005), Telemac (EDF-
DER, 1998, 2000) or others). 

2. It calculates the water quality and ecological processes 

affecting the concentrations of the state variables. 
These processes are defined as ‘reactions’ that causes 
one or more state variables of the model to appear, to 
disappear or to change into another state. Within the 
advection-dispersion equation (below), the processes 
are included in the source and sink term (S). 

2.1. Transport of substances

The transport of dissolved or suspended matter in a 
fluid is commonly described by the advection-disper-
sion equation in Cartesian coordinates (Crank, 1975): 

( )

( ) ( )

x

y z

C C C C C
u v w D

t x y z x x

C C
D D S P

y y z z

∂ ∂ ∂ ∂ ∂ ∂
= − − − +

∂ ∂ ∂ ∂ ∂ ∂

∂ ∂ ∂ ∂
          + + + +

∂ ∂ ∂ ∂

where: 

C concentration (kg m-3) 
u,v,w      components of the velocity vector (m s-1) 
Dx, Dy, Dz components of the dispersion tensor (m2 s-1) 
x,y,z       coordinates in three spatial dimensions (m) 
S source or sink of mass due to physical, chemical 

and biological processes (kg m-3 s-1) 
t time (s) 

In BLOOM/GEM, this equation is the basis for trans-
port of substances. This equation states that the change of 
the concentration in time is caused by advective transport 
due to translation with the velocity vector (u,v,w) and by 
diffusive and/or dispersive transport, plus addition or 
extraction of mass (source/sink). 

The source and sink term ‘S’ on the right hand side 
represents waste loads as well as various (kinetic) water 
quality and ecological processes. The coefficients terms in 
this equation are the three components of the velocity 
vector, the dispersion coefficients Dx, Dy and Dz as well as 
the source and sink term S. In order to solve the equation, 
these coefficient terms must be known. The structure of 
the source/sink term S must also be known. The reactions 
or other processes which represent S can be 0-order, first-
order, or second-order reactions. At the open boundaries 
of the model domain, suitable boundary conditions for C 
need to be prescribed. These area dependent conditions 
determine the uniqueness and physical correctness of the 
solution of Eq. (1). 

The advection-dispersion Eq. (1) can be solved ana-
lytically for relatively simple problems. For most prac-
tical applications, numerical simulation techniques are 
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required due to the complexity of the geometry, the 
coefficients and the boundary conditions. A number of 
options for the numerical solution scheme are provided 
by BLOOM/GEM. In view of these practical applica-
tions, BLOOM/GEM has been designed with the aim of 
flexibility: 

• it supports 1D, 2D and 3D model schematisations 
with a complex and irregular geometry;

• it is equipped with different finite difference solution 
methods, for both stationary and time varying prob-
lems; and

• the input of the geometry and the model coefficients 
can be done in various ways and the programme 
supports interfacing with other hydrodynamic mod-
els through files.

In addition to transport, concentrations of substances 
are determined by various physical, chemical and bio-
logical reactions, which are referred to as ‘water quality 
and ecological processes’. 

2.2. Water quality and ecological processes

Included in BLOOM/GEM are physical, biological 
and/or chemical reactions that cause one or more state 
variables of the model to appear, to disappear or to change 
into another state variable. These processes are related to 
algae growth and mortality, mineralization of organic 
matter, nutrient uptake and release, and oxygen production 
and consumption. The BLOOM/GEM modelling instru-
ment considers three nutrient cycles: nitrogen, phosphorus 
and silica. The carbon cycle is partially modelled, and a 
mass-balance of organic carbon is made. The model 
assumes that the availabilityof inorganic carbon for uptake 
by algae is unlimited. Furthermore, different groups of 
algae are considered, either phytoplankton (e.g. diatoms, 
flagellates, dinoflagellates, Phaeocystis) or macroalgae 
(Ulva ‘attached’ or Ulva ‘suspended’), oxygen, suspended 
detritus, and inorganic particulate matter. Light availability 
for phytoplankton growth is calculated based on the light 
irradiance and extinction, due to suspended sediment as 
well as phytoplankton and other organic matter. Different 

Fig. 1. Schematic overview of all state variables and processes included in the ecological model instrument BLOOM/GEM. State variables in grey 
and processes indicated by dashed lines are optional and have not been included in the North Sea modelling applications. AIP is ‘adsorbed inorganic 
phosphorus’.
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formulations are available for characterisation of grazers, 
microphytobenthos, bottom sediment and sediment-water 
exchange. The formulations can range from simple func-
tions (e.g. grazing) to fully dynamical processes (e.g. 
algae growth and mortality). The full set of possible 
processes is illustrated schematically in Fig. 1 and the 
most standardly used ones are described briefly below. 
Depending on the objective of the application, a decision 
as to which ones to include must be made for each model 
application. In addition it should be noted that not all 
processes have been equally tested and validated (e.g. 
microphytobenthos). More detailed description of the 
processes, including model formulations and process 
coefficients are given in WL | Delft Hydraulics (2002, 
2003a) and Los and Wijsman (2007). 

2.2.1. Nutrient cycling processes 
There is a closed mass balance of all nutrients (P, N and 

Si) and the processes included for the three nutrients are 
generally similar. Processes include the uptake of inorganic 
nutrients by algae and by benthic algae (microphyto-
benthos). Algae mortality produces detritus and inorganic 
nutrients (via autolysis). Mineralization of detritus in the 
water column and in the bottom sediment produces inor-
ganic nutrients, in water and sediment, respectively. Dif-
ferent sediment water formulations are available to define 
how inorganic nutrients in the sediment are released back 
into the water column (see 2.2.5 sediment–water interac-
tion, below). Nutrients in detritus can be sedimented and 
resuspended, in a similar manner to inorganic suspended 
sediment. Nutrients in benthic detritus (sediment) can also 
become buried, and essentially removed from the system. 
Specific processes for nitrogen are nitrification and denitri-
fication. Specific processes for phosphorus are sedimenta-
tion of adsorbed inorganic phosphorus (AIP), creating a 
pool of AIP in the sediment, and adsorption/desorption of 
orthophosphate. There is no explicit microbial loop – the 
mineralization of algae and detritus is modelled with decay 
coefficients, which vary with the stoichiometry of the dead 
organic matter (WL | delft Hydraulics, 2003a). 

2.2.2. Phytoplankton growth and mortality processes

BLOOM/GEM calculates the growth of algae as a 
function of nutrient and light conditions. Phytoplankton 
mortality and grazing produces detritus and releases 
inorganic nutrients (autolysis) in the water column, while 
mortality of benthic algae produces benthic detritus and 
releases inorganic nutrients (autolysis) ineither the bottom 
sediment or directly into the overlying water depending 
on the sediment formulation chosen. Benthic algae can 
also be buried and removed from the system if there is 
significant sedimentation. Pelagic algae can sediment to 

the bottom and benthic algae can be resuspended into the 
water column. Zooplankton and benthic grazers can be 
explicitly modelled or may be represented by a grazing 
function or as part of the total (‘natural’) mortality (Loucks 
and Van Beek, 2005; Los and Wijsman, 2007). 

2.2.3. Oxygen related processes

BLOOM/GEM solves the mass balance for oxygen, in 
which several oxygen producing and oxygen consuming 
processes are considered. Oxygen is produced by algae 
(primary production) and is consumed by algal respiration, 
by mineralization of detritus and other organic material (in 
the water column and bottom sediment), and by nitrifi-
cation. Exchange of oxygen with the atmosphere (e.g. 
reaeration) can result in either a gain or loss of oxygen in the 
water column (WL | delft Hydraulics, 2003a). 

2.2.4. Light attenuation

Since primary production is strongly influenced by 
light availability and can even become limited if there is 
too little light, the correct calculation of light conditions in 
the water column is essential. The availability of light is a 
function of the solar irradiation within a certain wave 
length range (photosynthetically available radiation: 
PAR) and of the extinction due to absorption and scat-
tering of the light inside the water column. The extinction 
of light underwater is described by the Lambert-Beer 
law, the empirical relationship between the absorption of 
light and the concentration of absorbing species in water: 

Iz = I0*e-kz

In this equation Iz is the underwater light intensity at 
depth z, Io is the surface irradiance, k is the extinction 
coefficient, which can be related to the absorption and 
scattering properties of the water constituents. 

In BLOOM/GEM, the light extinction coefficient (k) is 
calculated with an empirical model as the sum of the 
extinction by inorganic suspended solids, labile organic 
matter, phytoplankton and other organic substances which 
is taken as a function of the amount of fresh water. Each of 
the substances, including different phytoplankton species, 
is characterized by a specific extinction coefficient (Los 
and Bokhorst, 1997; Van Gils and Tatman, 2003). A 
detailed description of the equation used in BLOOM/GEM 
is presented by Los and Wijsman (2007). Inorganic sus-
pended sediment can be modelled as a state variable 
(Delft3D-WAQ, WL | Delft Hydraulics, 2003a), or con-
centrations canbeprovidedas aforcing function. Recently, 
methods for obtaining suspended sediment concentrations 
from remote sensing data are being developed (WL | Delft 
Hydraulics, 2003b). 
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2.2.5. Sediment-water interaction 

BLOOM/GEM provides several options for modelling 
bottom sediment processes and sediment-water interac-
tions. These vary in complexity and ease of use. Using the 
simplest description, the sediment serves as a temporary 
storage of detritus and adsorbed phosphate just below the 
lowest water segments. The sediment pool can accumu-
late inorganic and organic particulate matter due to sedi-
mentation from the water column. As the organic matter 
mineralises in the bottom, related nutrients are released 
directly back into the overlying water column. In the event 
of erosion, the bottom particulate matter is resuspended 
back into the water column. Burial or more generically 
‘inactivation’ permanently removes nutrients from the 
sediment (WL | Delft Hydraulics, 2002; See also Fig. 1). 
This approach is often sufficiently accurate, but proves to 
be inadequate in shallow areas in which a more intense 
exchange of material between water and sediment pre-
vails. For these type of systems, more complicated mod-
ules have been designed. Among these are a four layer 
biochemical model called SWITCH (Smits and Van der 
Molen, 1993), GEMSED a special version of the benthic 
nutrient model in ERSEM (Ruardij and Van Raaphorst, 
1995), and a new, n-layer model (WL | Delft Hydraulics, 
2002). Potentially these models provide a more accurate 
description, but they are complex and in many cases there 
is a lack of data from sediments to validate them. 

2.2.6. BLOOM concept of optimisation

The total algal biomass usually consists of various 
species of phytoplankton belonging to different taxo-
nomic or functional groups such as diatoms, flagellates, 
green algae and cyanobacteria, commonly referred to as 
blue-green algae. This is true for both fresh-water as well 
as for marine systems. They have different requirements 
for resources (e.g. nutrients, light) and they have different 
ecological properties. Some species are considered to be 
objectionable due to their effect on the turbidity of the 
water, the formation of scums or the production of toxins. 
For example, Oscillatoria can achieve very high biomass 
levels in shallow lakes causing a very low transparency 
(Zevenboom et al., 1982; Berger and Bij de Vaate, 1983; 
Berger 1984), and Microcystis is notorious for the for-
mation of scums and has been reported to produce toxins 
that are harmful to animals (e.g. cattle) and men (Chorus 
et al., 2000; Atkins et al., 2001). In the marine environ-
ment, Phaeocystis is responsible for foam on beaches 
(Lancelot et al., 1987) and mass mortality of shellfish due 
to the settlement of a bloom in sheltered areas and subse-
quent depletion of oxygen (Rogers and Lockwood 1990). 
To deal with these phenomena, it is necessary to distin-
guish between different types of phytoplankton in amodel. 

The phytoplankton module BLOOM isbased upon the 
principle of competition between different species (Los 
et al., 1984; Los and Brinkman, 1988; Los, 1991; Van der 
Molen et al., 1994; Loucks and Van Beek, 2005; Los and 
Wijsman, 2007). Two basic units are distinguished by the 
model: The first unit is that of functional groups which we 
refer to as ‘species groups’ or simply ‘species’. A model 
species may be equivalent to a biological species, or it can 
be representative for larger taxonomic units, which are 
supposed to have similar ecological characteristics. The 
second unit is that of ‘types’. Model species usually con-
sist of several types. A type represents the physiological 
state of the model species under various possible condi-
tions of limitation. Model species are usually divided into 
three different types: an N-type representing the eco-
physiological condition of a species under nitrogen limi-
tation, a P-type for phosphorus limitation and an E-type, 
representing the state of a species under low light con-
ditions. 

The solution algorithm of the model considers all po-
tentially limiting factors in terms of the available amounts 
and the requirements by each type of phytoplankton, i.e. 
the equations are solved under optimisation constraints. 
The optimisation algorithm selects the resource that is 
most likely to become limiting and the best adapted type 
under the prevailing conditions. The suitability of a type 
(its fitness) is determined by the ratio of its requirement and 
its growth rate. This means that a type can either become 
dominant because it needs a comparatively small amount 
of a limiting resource (it is efficient) or because it grows 
rapidly (it is opportunistic). 

Subsequently, the algorithm considers the next poten-
tially limiting factor and again selects the best adapted 
phytoplankton type. This procedure is repeated until it is 
impossible to select a new pair of phytoplankton type and 
limiting factor without violating (i.e. over-exhausting) 
one of the resources. Thus the model seeks the optimum 
solution consisting of n types and n limiting factors. 

As a further refinement, BLOOM takes the existing 
biomasses of all phytoplankton types into account. Be-
cause the phytoplankton types represent different pheno-
types of the same species, the transition of one type to 
another occurs at the time scale of a cell division, which is 
in the order of one day. Due to this characteristic time scale 
(i.e. Chapter 5 of Harris, 1986), the simulation time step for 
the BLOOM phytoplankton processes is usually chosen to 
be 24 h. A transition between different species is a much 
slower process as it depends on mortality and net growth 
rates of different species. In the model, therefore, tran-
sitions between types can occur with each BLOOM time 
step, which is thus more rapid than the transition be-
tween species, which may require weeks. It can be shown 
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mathematically that the principle by which each phyto-
plankton type maximizes its own benefit, effectively 
means that the total net production of the phytoplankton 
community is maximized. This makes it possible to use the 
computationally efficient Linear Programming technique 
(Danzig, 1963) to compute the phytoplankton biomasses 
according to the competition rules formulated for the 
module. 

Note: The BLOOM/GEM model allows a ‘variable 
timestep’ to be used for efficient computer run time. For 
transport, typically a time step between 1 and 30 min is 
required depending on the grid and numerical method 
that is being used. For calculation of ecological pro-
cesses within BLOOM/GEM, a time step of 24 h is 
usually short enough to provide sufficiently accurate 
results for most biological and chemical processes. Two 
exceptions are the calculation of the primary production 
rate and the dissolved oxygen concentration, both of 
which are calculated with the same time step as transport 
(i.e. in the order of minutes) to account for the diurnal 
cycle in the light intensity. To this purpose, the measured 
daily solar radiation is distributed over the known day 
length according to a predetermined cosine function. 
Thus the diurnal cycle of dissolved oxygen is simulated 
at a 30 min time step. The result for primary production is 
integrated over 24 h to generate the daily growth rate of 
phytoplankton taking other fluxes (i.e. mortality, respira-
tion and nutrient uptake) into account. Hence in a typical 
simulation, transport and a small number of processes are 
simulated with a short time step (i.e. 30 min or less) while 
the majority of the processes are simulated using a much 
longer time step of 24 h. Comparative simulations have 
shown that results of simulations with a 30 min time step 
for all processes are similar to those with the variable 
time-steps. 

The number and the characteristics of the phytoplank-
ton species are inputs to the model. Data for about 20 
different marine and fresh-water species have been 
collected over the years based on literature, laboratory 
experiments (Zevenboom and Mur, 1981; Zevenboom 
et al., 1983; Zevenboom and Mur, 1984; Post et al., 1985; 
Jahnke, 1989; Riegman et al., 1992, 1996; Riegman, 
1996) and previous model applications. Depending on the 
problem and the water system being modelled (specific 
model application to either fresh, transitional or coastal 
water), sometimes only major groups are included such as 
diatoms, greens and blue-greens, and sometimes indivi-
dual genera are modelled such as Ulva or Phaeocystis. 
For each species and species type, there is a different 
factor for converting biomass to chlorophyll-a concentra-
tion. This factor is variable depending on the limiting 
factor (light; nutrients) and ranges from 0.0067 to

0.0533 mg Chla per mg C. A complete overview is 
given in Los and Wijsman (2007). 

3. Model application to the North Sea: calibration 

and validation 

3.1. Concepts of validation

3.1.1. Definitions

Although model validation receives much attention in 
the literature (e.g. Los andGerritsen, 1995; Scholten etal., 
2000; Refsgaard and Henriksen, 2004), the concept of 
validation and calibration is ill-defined, and is interpreted 
differently by different modellers. Often validation is 
considered as proving that the model behaves like reality 
for the processes of interest. Mankin et al. (1975) postu-
lates that “a valid model has no behaviour which does not 

correspond to system behaviour and that a useful model 

predicts some system behaviour correctly. Since no model 

is perfect, available ecosystem models may be described 

as invalid but useful models. ” Following this concept, this 
means that in fact all “validated” ecosystem models that 
are presented in literature are invalid. Therefore it makes 
more sense to focus validation procedures on the use-
fulness of the model for processes of interest rather than at 
the disqualification of the model. Clearly, if it turns out 
that the model is invalid and not useful at all, the model 
should not be used for system analysis or predictions. The 
criteria for the ‘usefulness’ of a model depend strongly on 
the specific processes and goal(s) of the modelling study 
(e.g. importance of global vs. local results; or of long term 
mass balances and fluxes vs. instantaneous concentrations 
and short term mass fluxes). It is crucial to have an 
agreement beforehand as to the specific goal(s) of a model 
application and the choice of focus in order to conduct a 
successful study. 

Based on the work of Schlesinger et al. (1979), 
Refsgaard and Henriksen (2004) propose the following 
terminology for calibration and validation: 

Model calibration: The procedure of adjustment of 
parameter values of a model to reproduce the response 
of reality within the range of accuracy specified in the 
performance criteria. 
Model validation: Substantiation that a model within 
its domain of applicability possesses a satisfactory 
range of accuracy consistent with the intended appli-
cation of the model. 

In this sense, validation means testing the usefulness 
of the model related to specific objectives, as postulated 
by Mankin et al. (1975), rather than proving that the 
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model is good or false. In fact this terminology de-
scribes the approach we have followed in the devel-
opment of the BLOOM/GEM North Sea model dur-
ing the last two decades. A similar definition by 
Lynch and Davies (1995) describes validation of a 
computational model as the process of formulating 
and substantiating explicit claims about the applica-
bility and accuracy of computational results, with ref-
erence to the intended purposes of the model as well 
as to the natural system it represents. One component 
of model validation regards the correctness of coding, 
also referred to as model verification: checking that the 
mathematical equations are being solved numerically 
correctly. This is done in many ecological models by 
budget calculations, where conservation of mass is 
taken as confirming that the numerical methods and 
coding are correct. 

3.1.2. Cost functions

For many modellers, validation is performed by 
measuring the ‘goodness’ of the simulations. This is 
often done by graphically presenting data for ob-
served and simulated parameters and visually assessing 
the goodness of fit. Even if Box-Whisker plots, data 
ranges or other similar statistics are used when graphi-
cally presenting the performance of the model vs. ob-
servations, the assessment and comparison remains 
subjective. 

One objective method that can be used is that of 
the ‘cost function’. The cost function is a mathemati-
cal function which provides a means of comparing data 
from two different sources. The cost function gives a 
non-dimensional number which is indicative of the 
‘goodness of fit’ between two sets of data. For model 
validation it can objectively quantify the difference 
between model results and measurement data. Dur-
ing the ASMO Eutrophication modelling workshop 
(Ospar et al., 1998) different cost-functions were de-
fined for comparing the ‘goodness of fit’ of several 
North Sea ecological models, with respect to a com-
mon data set. In general, the cost function is the sum 
of the absolute deviations of the model values from 
the observations, normalized by the deviations of the 
observations for the chosen temporal and spatial 
range. Thus it is a standardized, relative mean error. 
The normalised deviation between model results and 
observations (Cx,t) for defined areas (x) and time in-
tervals (t) is calculated as: 
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where Cx,t is the normalised (in sd units) deviation 
between model and data for area x and time interval 
t, Mx,t is the mean value of the model results within  

area x and time interval t, Dx,t is the mean value of the 
in situ data within area x and time interval t, and sdx,t

is the standard deviation of the in situ data within area 
x and time interval t. 

In the ASMO workshop, different cost functions 
were defined to make the comparison between model 
and data on different spatial and temporal scales, in-
cluding: 

1. large scale, synoptic, long-term seasonal averaged,
2. large scale, specific regions (boxes), time resolving, 
3. regional scale, specific stations, time resolving. 

These cost functions were based on temporal and 
spatial means, calculated from both observations and 
model results in the same way. Radach and Moll 
(2006) also present results of this validation compari-
son and propose to make the cost function approach a 
standard method of model validation. This recom-
mendation has been followed and cost function re-
sults for BLOOM/ GEM have been calculated for the 
regional scale (at specific stations and time resolv-
ing), calculated as: 
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where Cx is the normalised deviation per station, an-
nual value, Mx,t is mean value of the model results per 
station per month, Dx,t is mean value of the in situ 
data per station per month, sdx is standard deviation of 
the annual mean based on the monthly means of the 
in situ data (df=11), n is 12 months, c is 0.5 and rx is 
the correlation between Mx,t and Dx,t over the time pe-
riod considered (in this case one year). 

Results are presented in Section 4. The sharpened 
ratings criteria proposed by of Radach and Moll for 
the cost functions (cf; below) have also been 
adopted. 

Rating Condition

Very good 0< cf ≤1 Standard deviations

Good 1<cf ≤2 Standard deviations
Reasonable 2<cf ≤3 Standard deviations
Poor 3>cf Standard deviations

3.1.3. Objectives of modelling 
Every modelling instrument and every model ap-

plication is made for a specific purpose and certain 
modelling objective. It is important that this objec-
tive is clearly stated, as the interpretation of the 
model results and the evaluation of the model perform-
ance (validation) must be made with respect to the 
modelling objectives. 

Considering BLOOM/GEM and its applications to 
the North Sea, the ability of the model to simulate
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the ecological status of the Dutch coastal waters and 
the southern North Sea and support relevant manage-
ment issues for the Dutch Government are of impor-
tance. The model should first of all be able to describe 
the existing status of the system, with respect to the 
assumed key process of primary production, species 
composition, as well as nutrient and oxygen concentra-
tions. Furthermore, it should also be able to predict the 
impacts of future situations, for instance, changes in 
anthropogenic nutrient loadings, climatic changes, sand 
mining, fisheries, windmill parks, harmful algae 
blooms, etc., on these key processes. 

With these broad objectives, the adequate predictive 
management model needs to be based on a multi-disci-
plinary approach taking the key hydrodynamical, chemi-
cal and biological processes into account. The ideal model 
for these is 3-dimensional, it has historical forcing by 
weather, discharges and concentrationsat the open bound-
aries. The chemical and biological processes are repre-
sented in detail with respect to space, time and internal 
structure. Specific modelling goals are to successfully 
describe long-term changes to the system (trends) as well 
as short-term events (e.g. harmful algal blooms, calami-
ties), the latter being of increasing importance in recent 
years. In principle, the same modelling instrument can be 
used for both objectives, though the specific application, 
model inputs, and evaluation of model results may differ. 

3.2. History of GEM/BLOOM applications for the 

North Sea – repeated validations 

Conceptual and mathematical ecological models have 
played a central role in marine biology and ecology as 
tools for synthesis, prediction, and understanding. It is 
clear that significant progress has been made over the last 
20 years in the development of numerical process models 
of the marine environment (Moll and Radach, 2003; 
Prandle et al., 2005). 

In the Netherlands, ecological modelling and model 
development occurred in several different groups, each 
with a different geographic and biological focus, e.g. 
primary production and macrobenthos in the Wadden 
Sea (ECOWASP, Brinkman, 1993) carbon flows and 
macrobenthos in the Eastern Scheldt Estuary (SMOES, 
Klepper et al., 1994; Scholten and Van der Tol, 1994) and 
benthic processes in the Western Scheldt (Soetaert et al., 
1994; Soetaert and Herman, 1995a,b). There was also a 
considerable Dutch contribution to the development of 
the ERSEM ecological model (Baretta-Bekker, 1995; 
Baretta-Bekker and Baretta, 1997). WL | Delft Hydrau-
lics together with the Netherlands Institute for Coastal 
and Marine Management/RIKZ have focused coupled 

on hydrodynamic-water quality-ecology models and 
applications for the North Sea as a whole. This work 
began in the early 1980s when one of the main issues was 
to describe, understand and predict the development and 
abatement of eutrophication in the Dutch coastal zone 
(Van Pagee et al., 1988; Glas and Nauta, 1989; Nauta 
et al., 1992). 

At that time, the transport modelling was based on 2D 
hydrodynamical calculations for average conditions (one 
representative day). As a compromise between computa-
tional performance and accuracy, a uniform grid size of 
16×16 km was selected for the southern North Sea sche-
matisation (up to 57 degrees N) totalling 1395 computa-
tional elements. The coupled water quality modelling 
instrument “DYNAMO” provided reasonable results on a 
seasonal basis for total algal biomass expressed as chlo-
rophyll and nutrients in areas where the grid size was not 
too large to represent important horizontal gradients. 
DYNAMO considered only 2 algae types ‘diatoms’ and 
‘others’, the first requiring silica as a nutrient.

The next big step in the Dutch North Sea ecological 
modelling was the implementation of the phytoplankton 
optimisation module BLOOM, first as a vertical water 
column application (De Groodt et al., 1991; Peeters et al., 
1995), then as part of a coupled 2D hydrodynamic-water 
quality-ecology model (Los and Bokhorst, 1997; Ospar 
et al., 1998), followed by the model application to a new, 
curve-linear model grid of the Dutch North Sea coast. 
This coastline-following grid allowed transport to follow 
the coastal contours. Seasonal variations in flow condi-
tions were mimicked by correcting the dispersive flow 
rates of the representative daily flow as a function of the 
historic wind direction and speed during a simulation of 
the water quality-ecology part of the model. The appli-
cation, called North Sea Bloom, was used for several 
management evaluations (e.g. Boon and Bokhorst, 1995; 
Los and Bokhorst, 1997; Ospar et al., 1998). For the first 
applications, extensive comparison of model results and 
measurements was made to obtain the optimal set of 
model coefficients given the objective of the modelling 
and the application area. Subsequent advancements and 
improvements in this line of North Sea ecological mod-
elling consisted of only minor changes in the ecological 
model formulations and process coefficients. More sig-
nificant, were step-wise increases in the spatial resolution 
of the model. Developments in hydrodynamic modelling 
and increasing computational facilities also allowed more 
time-specific transport to be modelled, progressing from 
an ‘average’ daily residual flow (De Ruyter et al., 1987), 
to a representative spring-neap cycle (WL / Delft Hy-
draulics/MARE, 2001a,c), to ‘historic’ hydrodynamics 
based on spatially varying, daily wind and atmospheric 
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pressure conditions (Ta b l e 1 ). These improvements were 
driven in part by the need for more accurate model results 
in regions where steep gradients for nutrients exists, as is 
the case in the Dutch coastal zone, the main region of 
interest. 

Additional improvements in the model applications 
primarily concerned abiotic conditions that affect the 
ecology (suspended solids concentrations and light con-
ditions), as well as the river nutrient loads. Since 1994, 
with cooperationof the leading Dutch ecological institutes, 
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Fig. 2. Validation result for 2D BLOOM/GEM application: station Terschelling 4, 1975–1994 (A: chlorophyll-a in  g l-1, B: nitrate in mg l-1  

C: ortho-phosphate in mg l-1, D: dissolved silicate in mg l-1).
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a number of generic ecological model formulations have 
been implemented, such as those for macrophytobenthos 
and other benthic processes. These specific formulations 
have been combined with BLOOM/GEM (WL | Delft 
Hydraulics, 2003a), but not all of these have yet been 
extensively tested. Further modifications in the ecological 
modules have been with respect to phytoplankton kinetics 
(WL / Delft Hydraulics/MARE, 2001a) and some coef-
ficients for the extinction computation (Van Gils and 
Tatman, 2003). Ongoing developments include deriving 
forcing functions for suspended sediment concentrations 
from optical remote sensing data. The BLOOM/GEM 
model applications throughout this period have been 
primarily 2-dimensional (vertically mixed), due to gen-
erally well-mixed conditions in the area of interest, i.e. the 
Dutch coastal zone. 

As a typical illustration of the performance of previous 
2-D model simulations Fig. 2 shows the seasonal cycles 
for chlorophyll-a, nitrate, ortho-phosphate and dissolved 
silicate at the coastal station Terschelling 4 for a 20 year 
period, from 1975 till 1995 (Los and Bokhorst, 1997; De 

Vries et al., 1998). The model reproduces not only the 
seasonal concentration pattern of the four substances, but 
also the concentration variations from year to year. This 
simulation was based on a calibration of the model for the 
year 1990. The location of this station and the other 
sampling locations in the Dutch coastal monitoring 
programme are shown in Fig. 3. 

3.2.1. Selected model options for North Sea application

As described in Section 2.2 on the modelling ins-
trument, optional process descriptions are available for 
several processes, and each specific model application 
must make a decision as to which ecological processes to 
include. For reasons of robustness and predictive per-
formance, as a general principle the simplest formulation 
that can still result in an overall model behaviour in 
accordance to the general objective of our model appli-
cation is selected. 

3.2.1.1. Benthic processes. The ‘simple bottom’ mod-
ule for benthic mineralization has been adopted because in 

Fig. 3. Location of coastal water quality and ecology monitoring stations from the Dutch national (MWTL) monitoring programmes. All stations 
indicated by a circle were monitored in 1989, results are presented for stations mentioned by name. Stations marked by x were monitored in some but 
not all years between 1975 and 1989 and considered during the validation of earlier model versions.
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the main areas of interest in the Dutch region of the North 
Sea, most organic matter mineralization occurs in the 
water column as opposed to the sediment. In the model, 
on average 77% of the mineralization of C occurs in the 
water and only 23% in the sediment. Numbers for nu-
trients are similar. The only areas of interest where these 
conditions are violated, is in shallow areas such as the 
Wadden Sea. For these areas, mineralization rates of water 
and sediment are equal and at the most shallow locations 
(less than 3 m) mineralization rates in the sediment exceed 
those of the water. Furthermore, microphytobenthos is not 
included in the North Sea applications. Consequently 
while the Wadden Sea is included in our model domain, 
its results in this area should be considered as indicative 
only. 

3.2.1.2. Grazing. In the North Sea applications, the 
impact of grazing is included as an enhanced mortality 
term only. Because the mortality rate constant varies 
between the phytoplankton types included in the model, 
the effective mortality usually increases at the peak of 
the spring bloom when E-types with a low mortality are 
replaced by N- or P-types with high mortality and high 
sedimentation rates. This enhanced mortality therefore 
coincides with the period at which the grazing pressure 
is supposed to be large and to some extend mimics the 
impact of zooplankton grazing after the spring bloom. 

3.2.2. Conclusion for this section 

Since the early 1980s, the long-term process of re-
peated applications of the BLOOM/GEM instrument 
including repeated validations has resulted in a fixed 
(consistent and robust) set of ecological model process 
coefficients that produce good results for different years 
and for different areas within the North Sea, including 
good reproduction of spatial and temporal variations. 
This set of ecological equations and parameter values 
was already used for the Dutch Coastal zone North Sea 
BLOOM model (Los and Bokhorst, 1997) and have been 
kept nearly the same for more than five years (from 1996 
through 2002). Through this development process, the 
main problems identified, (i.e. discrepancies between 
model results and data), have been shown to be caused 
primarily by inadequacies in the model forcing: hydro-
dynamics, suspended sediment concentrations and river 
loads. Improvements in these forcing factors have con-
sistently led to improved results. 

3.3. 3D application for the North Sea 

To follow-up on the results provided by the 2D model 
applications (above), a 3D application of BLOOM/GEM

was prepared, as a final step in the validation of more 
local ecological model processes and a robust parameter 
set for this. The 3D application can locally give improve-
ments compared to the 2D application, in terms of ver-
tical gradients in the coastal zone due to the fresh-water 
Rhine plume as well as stratification in the north-central 
North Sea. The 3D application has been made without 
changes to the ecological process coefficients. The 3D 
model application to the southern North Sea is described 
below, and summarised in Table 2. In this example, the 
year 1989 was modelled (more precisely: November 
1988-November 1989). 

3.3.1. Schematisation

The hydrodynamic model application used the part 
of the North Sea included in the original “Zuidelijke 
NoordZee (‘ZUNO’) model” supplied by the Dutch 
Ministry of Public Works. The specific schematisation 
used is the so-called ‘coarse ZUNO-model’ (Fig. 4). Its 
horizontal resolution is relatively high in the coastal areas 
of interest, notably the Dutch coastal zone (approximately 
1×1 km). The grid is much coarser in the northern part 
of the area included in the model (approximately 20 × 
20 km). In the vertical direction, the model has 10 sigma 
layers. Near the bed and near the surface, the layer 
thickness is about 4% of the local water depth. At mid-
depth, the layer thickness is approximately 20% of the 
local water depth (Table 3). 

3.3.2. Hydrodynamics

Along the open boundaries of the hydrodynamic 
model water levels are prescribed based on astronomic 
tidal water level components. These boundary condi-
tions originate from simulations with a large scale model 
covering the entire Continental Shelf (Gerritsen and 
Bijlsma, 1988). The eighteen main sources of fresh water 
are specified separately. Discharges from Dutch rivers 
are included on a decadal (10 day) basis for the actual 
simulation period, for the German rivers on a monthly 
basis for an average year and for all other rivers as an 
annual average. The initial conditions and boundary 
forcing of the salinity field are given in WL | Delft Hy-
draulics/MARE (2001c,d). 

Earlier modelling studies, such as NOMADS and 
PROMISE (Boon et al., 1996, Gerritsen et al., 2000) 
revealed that varying wind conditions have a large 
impact on the long-shore and cross-shore currents, espe-
cially for those in the coastal areas. At the sea surface, the 
hydrodynamic model is forced by time and spatially 
varying wind and pressure fields originating from the 
NOMADS2 project (Proctor et al., 2002; Delhez et al., 
2004) as well as the associated relative humidity, air 
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Table 2
Specifications of the BLOOM/GEM 3D model application

Characteristics Model application: Delft3D-GEM

Spatial resolution Variable (curve-linear grid) ranging from

∆h (km) ~1 km (smallest) to 20 km (largest)
Vertical resolution Hydrodynamics D3D-FLOW is 3D (10 layers)

Ecology BLOOM/GEM is also 3D
Longitude (degree) -2.0, 10
Latitude (degree) 49.2, 57.0
Spatial extent (km) 950 from north to south
Temporal resolution Transport time step (from D3D-FLOW) 1 h
∆t (s) (3600 s) Ecological processes time step:

24 h Output written every 24 h or 7 days
Pelagic matter cycle N, P, Si, O

No. of pelagic state C: 4 major phytoplankton groups
variables (comprising a total of 12 types), DetC

N: NH4, NO3, DetN
P: PO4, DetP
Si: Si, DetSi
O: Oxy
Optional: Zooplankton or mussels
Total: 21–22

Pelagic nutrients Explicit (NO3, NH4, DetN, PO4,
(bulk or explicit) DetP, Si, DetSi)

Phytoplankton 4 major functional groups: dinoflagellates,
diatoms, flagellates, Phaeocystis

(comprising a total of 12 types)
Zooplankton Optional (Dynamically modeled

or grazing function)
Benthic matter C, N, P, Si,
cycle

No. of benthic state DetC, DetN, DetP, DetSi
variables Total: 4

Benthic nutrients Explicit
(bulk or explicit)

Zoobenthos Optional
DOM Optional
Bacteria No (modelled as mineralization)
Detritus/POM Yes (DetC, DetN, DetP, DetSi)
Spin up time 1 year (The model is first run for 1 year

and then these end results are used for
the initial conditions of the real run)

Meteo: real data or Historic data for wind, atmospheric pressure,
climatological solar radiation, air temperature

Hydrodynamic Delft3D-FLOW (fully 3D, 10 layers), Real
Model forcings of wind and atmospheric pressure

SPM Suspended particulate matter (SPM, sometimes
also referred to as TSM) is either modeled
or provided as a forcing function based on
remote sensing data (For the OSPAR work-
shopwe used remote sensing)

Light Light is a function of: inorganic suspended
matter, yellow substances (freshwater), detritus,
and phytoplankton SPM

temperature and cloudiness needed to compute the ex-
change of heat with the atmosphere. The exchange of 
heat with the atmosphere is included by means of for 

mulations originating from Lane (1989). In the vertical 
direction, a k-epsilon turbulence closure scheme is 
applied to compute the exchange of momentum, salinity 
and temperature. 

Prior to application of BLOOM/GEM, an extensive 
calibration of the hydrodynamic model was carried out. 
The calibration mainly focused on reproducing large and 
small scale transport patterns. Computational results were 
compared with measurements of, or general knowledge 
on: residual fluxes through the English Channel, the 
temperature distribution in the entire Southern North Sea, 
the horizontal and vertical salinity distribution within the 
Dutch Coastal River, residual flow velocities derived from 
measured velocities at a measurement location 10 km 
offshore the Dutch Coast (‘Noordwijk 10’), and tidal and 
residual fluxes through the inlets to the Dutch Wadden 
Sea. An example of the model skill is given in Fig. 5, 
showing a comparison of computed and measured salinity 
values. Further details on the calibration and verification 
of the hydrodynamic model are given in Lesser et al. 
(2004); WL | Delft Hydraulics (2005); WL | Delft Hy-
draulics/MARE (2001a,b). Following a spin-up period of 
several months, the hydrodynamic results for the period 
November 1988 till November 1989 are stored in a 
database at an hourly interval, and form the basis for the 
BLOOM/GEM model simulations. 

3.3.3. 3D GEM calculations

The primary production and nutrient model uses the 
same vertical and horizontal grid as the hydrodynamic 
model. For the substance transport, a time-step of 30 min 
is used, which means that the hourly hydrodynamic 
results for the advective transport component are divided 
into two equal steps of 30 min. Primary production and 
oxygen dynamics are also simulated at a 30 min time 
step, all other biological and chemical processes are 
simulated using a 24 h time step. A second order nume-
rical integration scheme is used. Mass balance is checked 
as an initial validation of the simulations. 

3.3.3.1. Meteorological forcing. The meteorological 
conditions are not constant over the area included in the 
model. In the case of the water temperature variations are 
considered to be significant. The input of BLOOM/GEM 
is therefore directly taken from the 3D temperature model, 
which is part of the Delft3D-Flow hydrodynamic model. 
Spatial variations in other meteorological forcings are not 
directly measured or otherwise readily available. There-
fore the day length, solar irradiance and wind speed are 
adopted from historic measurements by the Royal Dutch 
Meteorological Institute at a single land-based station “de 
Kooy” near Den Helder in the north western part of the 
Netherlands. In the case of the total irradiance there are no 
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Fig. 4. Model grid and bathymetry of the Southern North Sea used in the hydrodynamic and BLOOM/GEM simulations (known as the ‘coarse ZUNO 
grid’). Total number of cells in the horizontal schematisation is 8710 (m=65, n=134). Number of active cells in the horizontal schematisation=4350. 
Vertically, the grid has 10 sigma layers. The BLOOM/GEM calculations are made on the full model grid (no aggregation). Top: full model grid, 
Bottom: zoom of the Dutch coast.
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Table 3
Specifications of the Zuno model grid
Horizontal dimensions 65 × 134 (hydrodynamics)

No. active horizontal grid cells 4350

Vertical distribution layer 1 (top): 4%
layer 2: 5.9%
layer 3: 8.7%
layer 4: 12.7%
layer 5: 18.7%
layer 6: 18.7%
layer 7: 12.7%
layer 8: 8.7%
layer 9: 5.9%
layer 10 (bottom): 4%

indications that spatial variations in different parts of the 
North Sea are significant on a seasonal basis. The day 
length varies as a function of the latitude, but in the model 
this is only used to distribute the measured, non-spatially 
variable daily irradiance on a 30 min basis. Using a 
slightly longer or shorter light period does not affect the 
simulated rate of primary production significantly. More-
over during the spring bloom, which usually occurs at the 
end of March or beginning of April, the day length is 
approximately 12 h irrespective of the latitude. From 
simultaneous measurements at sea and at the land it is 
known that the wind speed at sea is systematically higher 
than on the land. The wind speed in the model is scaled 
with respect to the land-based measurements to compen-
sate for this effect. 

3.3.3.2. Boundary conditions. The exchange of water 
masses through the English Channel and at the northern 
boundary (57 degrees N) are adopted from the hydro-
dynamic simulation. The concentrations of substances at 
these boundaries are based on the work of Laane et al. 
(1993). In the model, the northern boundary concentra-
tions are constant in time. Data for the English Channel 
boundary concentrations are specified as a monthly time 
series. These same data have regularly been used pre-
viously (e.g. Los and Bokhorst, 1997). 

3.3.3.3. Rivers and other nutrient sources. The model 
application contains the point sources of nutrients and 
fresh water, from the main Dutch, German, French and 
UK rivers. For the Dutch rivers, substance loads were 
derived from measured discharges and concentrations 
in rivers at decadal (10 day) intervals for the period 
November 1988 through November 1989 (http://www. 
waterbase.nl). Modelled substances that were not mea-
sured have been derived from measured data of other 
substances, using stoichiometric ratios and other knowl-
edge rules that have been developed and  proved 

successful in previous modelling (e.g. Los and Wijsman, 
2007). For other rivers, less frequent data were available, 
but their contribution to the total loading hence their 
significance is smaller. Fig. 6 shows the location of these 
river discharges as well as the less significant ones, which 
have not been taken into account at all. 

3.3.3.4. Inorganic suspended matter. Light is an im-
portant limiting factor for phytoplankton in the North 
Sea particularly in the Dutch coastal zone. In contrast to 
variations in the surface irradiances, spatial and temporal 
variations in inorganic suspended matter, hence in the 
under water light climate, are considerable. In the model 
presented in this paper the steady state result from a 3D 
suspended matter simulation model is used as input for 
BLOOM/GEM. The overall seasonal variation is simu-
lated by means of a cosine function with relative high 
values in winter and low values in summer. Its amplitude 
is based upon the level of variation in the measurements. 
This same method was applied previously during other 
modelling studies (Los and Bokhorst, 1997). Using this 
cosine function, the spring bloom in the model tends to 
be rather late because in reality short periods of quite 

Fig. 5. Validation result for 3D hydrodynamic calculation (salinity) for 
the surface layer for March 1989. Coloured patterns are the model results, 
filled circles are measurements from the NERC cruise (NERC, 1992).
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Fig. 6. Location of the northern (Atlantic) and southern (Channel) boundary of the model domain (dashed lines). Location of the major river 
discharges of the southern North Sea (squares). The ones specified by name are explicitly taken into account by the model. The others have been 
included in the latest model version (not presented here).

conditions with relatively low levels of suspended matter 
play an important role in triggering the onset of the spring 
bloom (unpublished results). To account for these short-
term variations, we have assumed a relationship between 
the SPM concentration and the average wind speed to 
further adjust the cosine signal. The amplitude of this 
short term fluctuation is a multiplication factor varying 
between 0.3 and 1.7 depending on the difference between 
the actual and average wind speed (5.5 m s-1). Again, 
these factors were determined empirically in such a way 
that the observed variability range could be reproduced 
sufficiently well. Sensitivity studies showed that in fact, 
any type of short-term fluctuation in the suspended matter 
concentration, even if it was purely random, was suffi-
cient to trigger the reactions and improve the timing of 
the spring bloom in the model at those location where it 
is controlled by light (Fig. 7). In the autumn the grow-
ing season is extended in these simulated relative to the 
base case. 

4. Results 

Although an extensive data set for the North Sea and 
Dutch coastal zone is available for validation (locations 

shown in Fig. 3) the number of locations is much smaller 
than the number of computational elements of the model. 
Moreover most of this data is confined to the water 
surface. Samples at the middle of the water column and 
just above the bottom are, however, available for a limited 
number of stations for the years 1987 through 1989. 
During recent years, more non-surface data have been 
collected which will be used for future model validation. 
In this section, model results are presented for valida-
tion in several different formats: 

- Tables of cost function results for 27 specific loca-
tions, for six ecological parameters; 

- Concentrations trends in time, for specific (repre-
sentative) locations; and 

- Interpolated concentration fields at one time, shown 
either (i) spatially or (ii) as a transect. 

The cost function values present an objective com-
parison of model results with the available monitoring 
data, while the graphs and spatial plots provide more 
qualitative insight into the functioning of the model 
(spatially and temporarily) and hence allow a more 
subjective assessment of model performance. 
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Fig. 7. Comparison of chlorophyll-a (mg m-3) model simulations with seasonal variation of suspended matter determined by a cosine function (base) 
or by four different random functions superimposed upon this function at the location Walcheren 2. Also shown are the mean, median and error bars 
for the 90 percentile of measurements for the years 1981–1994.

At most of the Dutch monitoring locations, samples 
are only collected near the surface, within the top meter. 
These monitoring data are compared with the model 
results from the top layer (top 4% of the water column). 

The national Dutch monitoring program started in 
1975. Some stations were temporarily or permanently 
added in 1987 along the Terschelling transact (i.e. 
Oystergrounds; Dogger bank), others were only sampled 
during a limited number of years (i.e. 1975–1981 or 
1987–1989; see also Fig. 3). Analysis of the data (De 
Vries et al., 1998) shows that even in the coastal zone 
systematic trends over a period of 10 or 15 years are not 
obvious except for phosphate which shows some re-
sponse in reaction to changes in management reflected by 
river loads. Hence the observations mainly reflect the 
natural variation which is why we have used all available 
data for the period of 1981 through 1994 in the cost 
function calculations and as an indication of the back-
ground variations for the error bars in the graphs showing 
model results and measurements. 

4.1. Cost function results 

The cost function values have been calculated for 27 
specific locations, comparing the model results with the 
monitoring data for the period 1981–1994 (or a shorter 
period if less data were available). At each location, the 
cost function has been calculated for six substances: 
chlorophyll-a, NO3, PO4, SiO2, salinity and suspended 
matter (SPM), for a total of 162 cost function results. For 
each substance, the result is classified as poor, reason- 

able, good or very good based on the cost function value 
according to the criteria proposed by Radach and Moll 
(2006). 

In Table 4, the number of results in each class, for 
each of the 27 locations is presented. In all, 80% of the 
calculated cost functions can be classified as good or 
very good. Only 7% are classified as poor. In Table 5, 
these same results are presented, but organised per 
substance. From these results it can be seen that for SPM 
and SiO2, the cost function results at all 27 locations can 
be classified as good or very good. For salinity and 
chlorophyll-a, this is 24 and 21 locations, respectively. 

4.2. Concentration trends in time, showing seasonal 

variation at different representative locations 

Concentration trends in time are critical for many 
substances. In this paper the modelling results for a 
number of state variables are compared to the observa-
tions for four selected sampling stations (Figs. 8–11): 
Noordwijk 10, Schouwen 10, Terschelling 4, and Ter-
schelling 235. These sampling stations are in four dif-
ferent areas of the Dutch coastal waters, each having 
specific characteristics that influence the ecological 
quality locally. Noordwijk 10 is situated 10 km offshore, 
in the near-coastal region influenced by the plume of the 
river Rhine, which has a low salinity, high turbidity and 
high nutrient concentrations. As regional concentration 
gradients for many substances tend to be steep from on-
shore to off-shore. Schouwen 10 is located 10 km off-
shore in the Delta region of the Netherlands and  is
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Table 4
Cost function results (goodness of fit) for 3D BLOOM/GEM model
application at 27 stations for 6 substances chlorophyll-a, NO3, PO4,
SiO2, salinity and suspended matter (surface measurements and model
results)

Station Very good Good Reasonable Poor
(0–1) (1–2) (2–3) >3

Walcheren 2 km 3 1 2 0

Walcheren 30 km 3 3 0 0
Walcheren 50 km 3 2 1 0
Walcheren 70 km 4 2 0 0
Schouwen 10 km 3 3 0 0
Goeree 20 km 3 2 1 0
Noordwijk 2 km 3 2 1 0
Noordwijk 4 km 3 1 0 2
Noordwijk 10 km 3 2 1 0
Noordwijk 20 km 2 3 1 0
Noordwijk 30 km 3 1 2 0
Noordwijk 50 km 2 2 2 0
Noordwijk 70 km 3 2 1 0
Egmond 10 km 2 3 1 0
Calandsoog 2 km 4 2 0 0
Calandsoog 30 km 2 2 2 0
Calandsoog 50 km 4 0 0 2
Calandsoog 70 km 3 3 0 0
Marsdiep 2 3 1 0
Doove Balg West 3 2 0 1
Terschelling 4 km 4 2 0 0
Terschelling 10 km 6 0 0 0
Terschelling 100 km 1 3 0 2
Terschelling 135 km 3 1 2 0
Terschelling 175 km 3 1 2 0
Terschelling 235 km 2 1 1 2
Terschelling 370 km 2 2 0 2
Total 79 (49%) 51 (31%) 21 (13%) 11 (7%)

Model results and data are for the period November 1988–November 
1989.

characterised by moderately high nutrient levels and 
very high concentrations of suspended matter. Terschel-
ling 4 is 4 km offshore, in the coastal zone north of the 
Wadden Sea. With respect to salinity and nutrients this 
station is still clearly influenced by the river discharges, 
but not nearly to the same extend as Noordwijk 10. 
Suspended matter concentrations are lower compared to 
the other two coastal stations. Terschelling 235 is in the 
centre of the Dogger Bank, 235 km north of the island of 
Terschelling, This is located in deeper (33 m), but still 
well mixed waters. The salinity is nearly constant, nu-
trients are mainly determined by the background con-
centrations of the northern inflow. Suspended matter 
concentrations are very low. As such, the combination 
of these four stations can be considered as representative 
for a wide range of conditions in the Dutch part of the 
North Sea. 

Each graph shows the model result November 1988– 
November  1989  (drawn line),  the  observations   for 

November 1988-November 1989 (solid circle), the 
monthly average (open circle), median (open square) and 
error bar (90% confidence interval) for all measurements 
collected between 1981 and 1994. Thus the figures give 
an impression of the ability of the model to specifically 
reproduce 1989 conditions, as well as the overall pattern 
of each state variable at each station. Not all stations were 
monitored during this entire period. Each figure first 
shows salinity and suspended matter, which are not 
simulated by BLOOM/GEM, but are important inputs/ 
forcings. The salinity is calculated by the hydrodynamic 
model while suspended matter is derived from a steady 
state model result (see Section 3.3.3.4). If either of these 
parameters deviates consistently from the observations, 
errors in the simulated ecological state variables should 
also be expected. Figures further show the model results 
forNO3, PO4, SiO2 and chlorophyll-a. The terminology 
used in the description of the graphs is based on the cost 
function results for a particular substance at a particular 
location, i.e. ‘very well’ means a cost function results less 
than 1, ‘well’ a value between 1 and 2 etc. (see table in 
Section 3.1). 

Fig. 8 shows the results for the Noordwijk 10 loca-
tion, which has the highest sampling frequency of all 
stations (bi-weekly almost all year round). In general, the 
characteristic seasonal cycles between the model and the 
observations agree well or very well, particularly for the 
nutrients. The spring chlorophyll-a bloom is very well 
reproduced both in term of timing as well as peak 
value, but the summer chlorophyll-a levels exceed the 
measurements. The salinity simulation result is only 
reasonable which is mainly the result of a deviation 
between model and observations during the winter 
months hence it has little effect on the simulation of 
chlorophyll-a. 

Table 5
Cost function results (goodness of fit) for the BLOOM/GEM application
for 6 substances: chlorophyll-a, NO3, PO4, SiO2, salinity and suspended
matter

Substance Very good Good Reasonable Poor

(0–1) (1–2) (2–3) >3

Salinity 4 17 5 1

SPM 20 5 1 1
NO3 6 11 6 4
PO4 2 15 5 5
SiO2 25 1 1 1
Chlorophyll-a 22 2 3 0
Total 79 (49%) 51 (31%) 21 (13%) 11 (7%)

The number of cost function results in each class are given for 27 sampling 
stations in the Dutch region of North Sea (surface measurements and 
model results). See Ta b l e 4 and Fig. 3 for the names and locations of the 27 
sampling stations.
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Fig. 8. Validation result for 3D BLOOM/GEM simulation at station Noordwijk 10: Salinity (A) (gl-1), suspended matter (B), NO3 (C), PO4 (D), SiO2 (E) 
(mg l-1) and chlorophyll-a (F) (mg m-3). Circles are measurements for 1989, bars indicate 90 percentile of measurements for the years 1981–1994.

Fig. 9 shows the results for the location Schouwen 
10. The calculated salinity and the suspended matter 
(forcing function) correspond well respectively very 
well with the measurements, which is essential for an 
accurate calculation of the ecologic parameters. As such, 
the simulated nutrient concentrations and chlorophyll-a 
agree well or very well with the measured values, and 
hence give a good representation of the characteristic 
seasonal cycles. Calculated winter and spring concen-
trations of NO3, and SiO2 are somewhat lower than 
measurements for 1989, but are in almost all cases 
within the range of measurements of 1981–94. 

At the location Terschelling 4 (Fig. 10) the salinity, and 
PO4 agree well with the data while the results for sus-
pended matter, NO3, SiO2 and chlorophyll-a all agree 
very well with the data. Forcing by suspended matter is 
below the measurements during summer, but since this 
deviation occurs in a period of nutrient limitation, the 
chlorophyll-a simulations are not affected. Calculated 
summer values of PO4 are lower than observed, which is a 
common model characteristic in shallow areas due to the 
simple description of the sediment (see also Section 5). 

Conditions are completely different at location Ter-
schelling 235, the Dogger Bank (Fig. 11). Here the 
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Fig. 9. Validation result for 3D BLOOM/GEM simulation at station at station Schouwen 10: Salinity (A) (gl-1), suspended matter (B), NO3 (C), PO4 (D), 
SiO2 (E) (mg l-1) and chlorophyll-a (F) (mg m-3). Circles are measurements for 1989, bars indicate 90 percentile of measurements for the years 1981–
1994.

salinity is nearly constant at about 35 indicating that 
there is hardly any influence from fresh water discharges 
by the rivers. Moreover, according to the model, the 
marine water here is of northern origin, whereas the salt 
water of the locations discussed so far originates from 
the Channel. Suspended matter and chlorophyll-a agree 
well or very well with the data, the result for NO3 is 
reasonable. Notice in particular that the model repro-
duces the very early spring bloom, which in this part of 
the North Sea already starts in January. Levels of PO4 

again are too low during summer. The overall cost 
function score for this variable is poor. The same holds 

for the simulation result of SiO2: unlike at most other 
locations, summer SiO2 levels at Terschelling 235 are 
under predicted by the model. In the model, some dia-
toms are present during summer and take up the avail-
able silicate. This may not have been the case in reality 
(there is no data). 

4.3. Spatial distribution – transects and maps 

To give some information of the spatial performance 
of the model, some results in the form of transects and 
spatial maps are given in Figs. 12–15. The two most
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Fig. 10. Validation result for 3D BLOOM/GEM simulation at station Terschelling 4: Salinity (A) (gl-1), suspended matter (B), NO3 (C), PO4 (D), SiO2 (E) 
(mg l-1) and chlorophyll-a (F) (mg m-3). Circles are measurements for 1989, bars indicate 90 percentile of measurements for the years 1981–1994.

frequently sampled transects in the Dutch coast are at 
Noordwijk and Terschelling (Fig. 3). One of the best 
data sets showing spatial concentration distribution for 
many parameters for a large area of the North Sea was 
collected during the so-called NERC cruises (NERC, 
1992). These data cover a vast area, but unfortunately 
the number of samples is relatively small in the Dutch 
coastal area, where the sharpest gradients exist. 

Fig. 12 illustrates the ability of the model to reproduce 
spatial gradients, based on the data from the Noordwijk 
and Terschelling transects. The upper two graphs are for 
the Noordwijk transect with monitoring stations at 2, 4, 
10, 20, 30, 50 and 70 km offshore, during May 1989.

Model results represent the mean value for the month. 
Results for NO3 agree very well with the measurements, 
chlorophyll-a results are less precise but still capture the 
overall gradient in an adequate way. The lower 4 graphs 
represent results for the Terschelling transect, with mon-
itoring stations at 4, 10, 50, 70, 100 135, 170 and 235 km 
offshore. Figures are included for February (middle 
panel) and June (lower panel). During winter, NO3 levels 
near the coast (from 0 to 50 km) are relatively high due to 
river discharges. Further offshore, beyond the influence 
of the Rhine plume, the concentrations are consistently 
low, on the order of 0.1  g l-1. Chlorophyll-a in the 
winter shows an interesting distribution, with the highest 
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Fig. 11. Validation result for 3D BLOOM/GEM simulation station Terschelling 235 (Doggersbank): Salinity (A) (gl-1), suspended matter (B), 
NO3 (C), PO4 (D), SiO2 (E) (mg l-1) and chlorophyll-a (F) (mg m-3). Circles are measurements for 1989, bars indicate 90 percentile of measurements for 
the years 1987–1994.

levels near the coast and at the Dogger Bank (approxi-
mately 235 km offshore). This area is relatively shallow, 
receives enough sunlight and has enough nutrients for 
winter phytoplankton growth. The model describes this 
gradient correctly. The summer concentrations at this 
transect are quite different. The summer NO3 levels are 
almost exhausted everywhere due to uptake by phyto-
plankton, with the exception of Terschelling 100 (Oyster-
grounds). Modelled values are within the observed range 
at all but this station. Chlorophyll-a gradually declines 
from the shore to the central North Sea. Simulated values 
agree with the average observations, but are low relative to 

the 1989 data, which are exceptionally highin comparison 
to the observations for other years at about half the 
stations. As for NO3 modelled results deviate from the 
measurements at Terschelling 100. It seems that in the 
model there is too little transport of nutrients from the 
hypolimnion to the epilimnion which also causes an under 
prediction of chlorophyll-a due to nutrient limitation. 

Fig. 13 shows model results at the Noordwijk transect 
for the total extinction coefficient. Simulations results at 
four different times of the year agree very well with the 
measurements. The offshore gradients are much stronger 
in winter than in summer, both in the model and in the 

TerschellingS 235   Salinity           

0

5

10

15

20

25

30

35

40

n d j f m a m j j a s o

[g/l]

Mean Median Model       Obs1989     

A TerschellingS 235   Suspend matter     

0

2

4

6

8

10

12

14

16

n d j f m a m j j a s o

[mg/l]

Mean Median Model       Obs1989     

B

TerschellingS 235   NO3                

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

n d j f m a m j j a s o

[mg/l]

Mean Median Model       Obs1989     

C TerschellingS 235   OPO4               

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

n d j f m a m j j a s o

[mg/l]

Mean Median Model       Obs1989     

D

TerschellingS 235   SiO2               

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

n d j f m a m j j a s o

[mg/l]

Mean Median Model       Obs1989     

E TerschellingS 235   Chlorophyll        

0

1

2

3

4

5

6

7

n d j f m a m j j a s o

[mg/m3]

Mean Median Model       Obs1989     

F

A 3-dimensional primary production model (BLOOM/GEM)__________________________________________________________________________________                  

179



Fig. 12. Validation result for 3D BLOOM/GEM simulation for NO3 (mg l-1) (left panel) and chlorophyll-a (mg m-3) (right panel). Model results are 
from the top layer. Circles are measurements for 1989, bars indicate 90 percentile of measurements for the years 1981–1994. Top row: Noordwijk 
transect in spring (May); Middle row: Terschelling transect in winter (February); Bottom row: Terschelling transect in summer(June).

data. This is because in winter suspend matter and the 
amount of fresh water are relatively high near the coast. 
In summer these terms contribute less, but phytoplank-
ton contributes more to the extinction. 

The model also seems fit to reproduce spatial patterns 
on a larger scale. Fig. 14 shows that under-saturation of 
DO occurred in bottom waters on a fairly large scale in 
1989 in model and measurements. The simulated oxy-
gen concentrations for September 1989 (mean values 
for the month) are compared with the NERC data 
(NERC, 1992) near the surface and in the lower part of 
the water column. Near the surface, measured concen- 

trations are all in the range of 7–9 mg l-1, which the 
model is generally able to reproduce. Only in the Dutch 
coastal region, does the model predict slightly lower 
concentrations of 6–7 mg l-1, which is due to a rela-
tively low saturation values caused by relatively high 
temperatures and because in September local consump-
tion exceeds production of. With respect to concentrations 
in the bottom waters, the model simulates concentration 
levels below saturation (4–7 mg l-1) in many northern 
regions of the North Sea, agreeing fairly well with the 
observations. Simulated value are too low (by about 1 
mg l-1) in the German Bight and near the coast of 
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Fig. 13. Validation result for 3D BLOOM/GEM for total extinction coefficient (m-1) at the Noordwijk transect in February (A), April (B), June (C) 
and August (D). Model results are from the top layer. Circles are measurements for 1989, bars indicate 90 percentile of measurements for the years 
1987–1994.

Scotland. In the Northern German Bight, two measure-
ments show a localized oxygen depletion with concentra-
tions of 3–5 mg l-1, which is not reproduced by the 
model. Earlier in the year in July both measured and 
simulated values were in the range of 7 to 7.5 mg l-1. 
Most probably the model overestimates the vertical 
exchange in this area in September. The model does 
calculate a similar depletion further to the North in deeper 
waters. 

Fig. 15 shows similar spatial maps of chlorophyll-a, 
NO3, PO4 and SiO2, comparing simulated and measured 
concentrations near the surface of the water column for 
the period April–May 1989 (no bottom data were 
available). Model results represent the mean value over 
this period. Although the modelled results do not per-
fectly match the concentration range of every single 
monitoring, there is a good general agreement of the 
model results and data, considering the main spatial 
variations over the southern North Sea. For chlorophyll-
a, a large region of the north and central North Sea has 
concentrations b2.5  g l-1. The model reproduces this 
to a large extent, except in the northwest, which is 
strongly influenced by the model boundary conditions. 
Monitoring results show that the concentrations near the 
Belgium and Dutch coasts and in the German Bight are 

significantly higher, at some locations in the range of 
25–50  g l-1. The model also calculates similar ele-
vated concentrations in these coastal areas. For nitrate, 
the monitoring data shows a more complex spatial 
distribution of concentrations, with the highest values 
(0.25–0.5 mg N l-1) being measured in the coastal wa-
ters of the UK, the Netherlands and Germany. The 
modelled results also represent this complex spatial 
distribution and the measured range of values. This 
illustrates the ability of the model application to simulate 
spatial variability and gradients of the key ecological 
parameters for the southern North Sea. 

The validated 3D model application can give addi-
tional information on the vertical distribution of other 
model variables, such as chlorophyll-a and species 
composition. As an example, Fig. 16 shows the vertical 
profile of phytoplankton at four representative time 
periods at the location Terschelling 175, between the 
Oystergrounds and the Dogger Bank. These are model 
results only because no data were collected on the spe-
cies composition of the phytoplankton community in 
1989, however, results are in agreement with general 
expectations. During the spring bloom (April) there is no 
stratification, hence there is a more or less uniform 
distribution over the depth. Diatoms and Phaeocystis
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Fig. 14. Validation result for 3D BLOOM/GEM simulation. Simulated (coloured areas) and measured (circles) concentrations of Dissolved Oxygen 
(mg l-1) in September 1989 are shown at the surface (left panel) and near the bottom (right panel). Data from the NERC cruises (NERC, 1992).

dominate the species composition at this time. The sit-
uation has completely changed by July, during a period 
of stratification. The model now simulates a peak of 
dinoflagellates just below the thermocline. It is interest-
ing that this peak occurs simply because of the gradients 
of nutrients and light in the model; the dinoflagellates in 
the model are not positively buoyant. Due to the sum-
mer stratification, significant amounts of nutrients are 
trapped below the thermocline. These nutrients are 
derived from the decomposition of detritus which sinks 
to the lower part of the water column after the spring 
bloom. Since the water is very transparent in this area, a 
sufficient amount of light penetrates through the water 
column to allow growth of phytoplankton below the 
thermocline, which gives this interesting result. Above 
the thermocline light intensities are more favourable, 
but there are insufficient nutrients. Further below the 
thermocline even more nutrients are available, but light 
gets limiting. These phenomena are well known (Holligan 
et al., 1984; Peeters et al., 1995), but are sometimes 
attributed to the ability of dinoflagellates to actively 
regulate their vertical position. This simulation demon-
strates that physical gradients are a sufficient condition to 

generate these sub-surface phytoplankton peaks. In 
September the stratification is less pronounced and the 
irradiance levels are lower. Under these conditions, the 
model simulates a distribution pattern with highest con-
centrations in the upper part of the water column. Finally, 
in October, the stratification has disappeared and the 
phytoplankton distribution is uniform again, though at 
lower concentrations than in April. The species composi-
tion is dominated by dinoflagellates. 

Until 1989 no data were collected on the species 
composition of the phytoplankton community so it is not 
possible to compare model simulations of individual 
species or function groups to measurements. Phaeocystis

data are available for recent years, however. Fig. 17 shows 
the simulation results for the year 1998 (so not 1989) and 
compares them with the measurements for that particular 
year (1998) and the range for the years 1994–1998. For 
five out of six stations the model agrees sufficiently well 
with the measurements, specifically in terms of the 
seasonal dynamics. The only obvious difference occurs at 
station Noordwijk 2 where the observed levels are un-
derestimated although it may also be noted that the 
observed level of variation as indicated by the 90 
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Fig. 15. Validation result for 3D BLOOM/GEM simulation. Simulated (coloured areas) and measured (circles) concentrations of chlorophyll-a, NO3, 
PO4 and SiO2 for April–May 1989 at the surface (no bottom data available). Data from the NERC cruises (NERC, 1992).
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percentile is exceptionally large indicating that the inter-
annual variations are extremely large at this location. 

5. Discussion 

5.1. Validation results 

The 2D applications of BLOOM/GEM for the North 
Sea have over many years provided a representation of 
the seasonal cycles and spatial gradients of interest, 
which were consistent with the available data, consider-
ing the objectives of the modelling. Although most of 
the comparisons were made on the basis of visual com-
parison between model results and data, these subjective 
analyses gave sufficient confidence that the model was 
validated. The purpose of the 3D model application was 
to (i) provide a further validation of the BLOOM/GEM 
modelling instrument and (ii) assess if there is additional 
value in making 3D applications, with respect to the 
modelling objectives. 

While there are limited data available for validation of 
the vertical profiles simulated by the model, a number of 
different presentations of the 3D application results 
together with data have been made and have provided 
satisfactory results. The cost function has been applied 
for station specific, time varying comparison and has 
confirmed that a large majority of model results for key 
parameters can objectively be classified as ‘good’ and 
‘very good’. This can be considered the main ‘proof’ of 
the model validation. Additional, but more subjective 
confirmation of the model validation is given by plotted 

results which are considered sufficiently accurate in 
terms of the predicted seasonal concentration patterns for 
the main ecological variables (Figs. 8–11) as well as the 
variations along transects (Figs. 12 and 13) and spatial 
distribution over the southern North Sea (Figs. 14 and 
15). The model application also reproduces the meas-
urements of low summer oxygen levels below the 
thermocline (Fig. 19H), for example in the Oyster-
grounds, a pelagic area in the central North Sea that is 
regularly stratified in the summer. In almost all cases, the 
model was able to reproduce observations of the state 
variables correctly, in that the simulated time-series fall 
into the range of observed variability. These combined 
results were achieved without any additional tuning of 
model process parameters and give further confirmation 
that the BLOOM/GEM model is well validated for 
simulating the seasonal cycles in the North Sea and 
notably the coastal zone, for the ecological processes of 
interest, in both 2D and 3D applications. 

It is interesting but not very easy to compare the 
performance of the various North Sea models. Radach 
and Moll (2006) provide cost function results on the 
performance of several models, but these results were 
mainly obtained for relatively old model versions i.e. 
those presented during the Asmo modelling workshop 
in 1996. Probably models have been improved during 
the last decade. Lancelot et al. (2007) present low cost 
function numbers for a comparison between a recent 
version of MIRO and a single monitoring station off the 
Belgian coast. It should be noted though that these 
published cost function results are usually obtained for 

Fig. 16. Depth profiles of phytoplankton in mg C l-1 at Terschelling 175, between the Oystergrounds and the Dogger bank, in April (A), July (B), 
September (C) and October (D) of 1989. The sequence shows not only the total concentration but also the species composition in terms of 
dinoflagellates (red), diatoms (orange), flagellates (yellow) and Phaeocystis (grey). The concentration depth profiles and composition changes are in 
agreement with general expectations.
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Fig. 17. Simulated and observed Phaeocystis (mg Cl ) at the Noordwijk transect (A=2 km, B = 10 km, C = 20 km, D = 70 km) and at stations 
Terschelling 4 km (E) and Walcheren 2 km (F). Model results are for 1998 and monitoring data are for the period 1995-1998. This BLOOM/GEM 
model application was made with ‘average’ spring-neap hydrodynamic conditions, using average nutrient loads for the period 1995-1998.

large areas (boxes) rather than for individual stations. 
The cost function results presented in this paper were 
obtained for 27 individual stations, many of which are 
located in areas where gradients are steep. Cost function 
results of BLOOM/GEM computed for larger areas are 
consistently smaller indicating a better fit than those for 
individual stations. This is because in the larger boxes, 
existing spatial gradients which present a big challenge 
to the model, have largely been removed due to aver-
aging. A score of 80% of results to be classified as either 
good or very good indicates that the application of

BLOOM/GEM to areas with steep gradients can be 
regarded as generally well validated. 

5.2. Choice of ecological processes and spatial 

resolution 

Because nature is complicated, it is tempting to aim 
for the construction and application of comprehensive 
3D models with many vertical layers and a fine hori-
zontal resolution that further include many biological 
and chemical processes. Although these kinds of models 
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indisputably are a more detailed approximation of real-
ity, they have several serious disadvantages as well: 
they require huge simulation times posing an upper limit 
on the amount of runs to be conducted within a certain 
time frame, it is increasingly difficult to analyse their 
results and there is a limited amount of (3D) data, 
hampering their validation (Beck, 1987). In the devel-
opment of the BLOOM/GEM modelling instrument and 
its applications, explicit choices have been made with 
respect to the spatial and ecological resolution, given the 
modelling objectives. 

5.2.1. Model domain (area) and spatial resolution 
Choosing an appropriate spatial resolution involves (1) 
the area of the model, (2) the horizontal grid layout 
and (3) the number of vertical layers. If the area of the 
model is too small, its results will strongly depend on the 
boundary conditions, which may be a serious obstacle 
for the prediction of the future. Using a rectangular grid 
with elements of 10×10 km or even more may be ade-
quate for a model application targeted towards the cen-
tral North Sea, but is inappropriate for the simulation of 
gradients in the first 30 km of the Dutch coastal zone 
where the measurements show that steep gradients exist 
for depth, nutrients and suspended solids. To account for 
these gradients, grid cells should be in the order of 1×1 
km. Moreover the grid layout should be able to follow 
the coast line, which is much easier with a curve-linear 
or finite element grid than with a rectangular grid. For 
most of the recent assessments using BLOOM/ GEM, 
the area and grid layout shown in Fig. 4 proved to be 
adequate as it satisfies the aforementioned require-
ments. Occasionally, a higher spatial resolution has been 
adopted for the Dutch coastal zone or the Wadden Sea in 
those cases where the representation of extremely lo-
calised ecological changes was anobjectiveofthe study. 
With respect to the vertical resolution, there is not a 
generic approach suitable for all purposes. The additional 
vertical variation in 3D hydrodynamics and suspend 
matter is essential for ecological modelling so these 
modules are always run in 3D mode for reasons of 
accuracy. The same is not true for the simulation of 
nutrients and primary production. When compared to the 
14-day monitoring data, the 2D results of BLOOM/GEM 
are very similar to the surface layer results (upper 4% of 
the water column), as well as to the bottom layer results 
(bottom 4% of the water column) from the 3D model 
application at the coastal locations (at least up to ap-
proximately 30–50 km offshore), as shown in Fig. 18 for 
location Noordwijk 20. The measurement data at this 
location indicate that there is little or no difference in the 
salinity values for surface and bottom waters, and that 

nitrate, ortho-phosphate and chlorophyll-a concentrations 
show only minor differences with depth. This gives 
justification for a 2D approach in the well-mixed coastal 
region. Furthermore, extensive sensitivity runs have 
shown that in the Dutch coastal waters up to 30 km 
offshore, a sufficiently refined horizontal resolution and a 
correct forcing of the light regime by suspended matter 
concentrations are more important to the overall model 
representation than the addition of the third dimension. 
Hence, for long-term historic ‘trend’ modelling, scenario 
simulations of the potential impacts of infrastructural 
works or for the assessment of measures undertaken for 
the Water Framework Directive, it is often justified to 
use the 2D version of BLOOM/GEM. The net gain is 
flexibility and efficiency during sensitivity analyses. 

On the other hand, if the area of interest includes those 
parts of the North Sea that are regularly stratified in 
summer, such as the Oystergrounds, or the area north of 
the Dogger Bank, 3D simulations are essential for 
modelling key variables. This is illustrated in Fig. 19, 
showing 2D and 3D model results as well as data for the 
Oystergounds (Stations Terschelling 100 and Terschel-
ling 135 km) where the depth is about 48 m. Due to the 
meteorological conditions, there was a relatively strong 
and long lasting stratification in this area in 1989 (Peeters 
et al., 1995). Hence the data show clear differences 
between surface and bottom layers for the parameters 
nitrate, ortho-phosphate, chlorophyll-a and oxygen. 
Although insufficient data were available to justify a 
cost function analyses, a visual comparison of by means 
of the graphs clearly demonstrate that the 3D model 
agrees better with the data than the 2D model (Fig. 19). 
This is true in particular for ortho-phosphate at the sur-
face and for nitrate and oxygen in the bottom segment. 
For oxygen observed levels were lower than in the 
previous two years for which data had been collected. 
Measured and simulated concentrations in the bottom 
waters were less than 6 mg l-1 in late August (Fig. 19H). 

The need for 3D ecological simulations is also appar-
ent inthe case of short term, operational model predictions 
of harmful algal blooms in coastal waters (‘event’ 
modelling). Particularly north of the Rhine River mouth, 
continuous monitoring indicates there is a band of fre-
quently stratified water due to the salinity difference 
between North Sea water and the Rhine River plume. 
These temporary stratifications significantly affect short-
lived bloom phenomena (primary production and trans-
port) and hence should be explicitly modelled to assess 
bloom events even though these are quite localised in 
space and time. The ability of a 3D model application to 
resolve these very localised and possibly short-term 
stratification still needs to be further reviewed and 
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Fig. 18. Comparison of 3D (solid line) and 2D (hatched line) simulation results with measurements at station Noordwijk 20 km (Dutch coastal zone) 
for surface layer (left panel) and bottom layer (right panel). Salinity (A and B) (g l-1), NO3 (C and D), PO4 (E and F), (mg l-1) and chlorophyll-a (G 
and H) (mg m-3). Circles are measurements for 1989, bars indicate 90 percentile of measurements for the years 1987–1989.
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Fig. 19. Comparison of 3D (solid line) and 2D (hatched line) simulation results with measurements at the Oysterground (Central North Sea) for 
surface mixed layer (left panel) and bottom mixed layer (right panel). NO3 (A and B), PO4 (C and D), (mg l-1), chlorophyll-a (E and F) (mg m-3), 
dissolved oxygen (G and H) (mg l-1). Circles are measurements for 1989, bars indicate 90 percentile of measurements for the years 1987–1989.
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validated. Detailed monitoring data is necessary for such a 
comparison, for example from the “smartbuoy” results 
(Mills et al., 2003). 

It is concluded that the choice of the domain area, the 
horizontal resolution and the application of a 2D versus 
a 3D model, are of key importance and should always be 
based on the specific objective of the modelling study. 

5.2.2. Ecological resolution

BLOOM/GEM was developed with the purpose of 
providing a generic and robust predictive modelling in-
strument, applicable to many different water systems 
under a range of variable conditions without the necessity 
for ‘fine-tuning’ to local conditions for every single ap-
plication. In terms of the number of ecological processes 
included, BLOOM/GEM is moderately complex (e.g. no 
microbial loop, no explicit grazing or higher trophic 
levels, simple benthic processes, but full nutrient cycles, 
advanced extinction module and complex phytoplankton 
kinetics). Given the objectives of the coastal water man-
agement issues and related modelling studies in the 
Netherlands, this choice of processes is appropriate. From 
an application point of view, it makes no sense to apply an 
over-dimensioned model system, as long as a simpler 
modelling approach meets the essential requirements. 

Furthermore, identification of parameters in a model of 
high ecological complexity is problematic (Beck, 1987). 
Different combinations of parameter settings may seem to 
give acceptable calibration and validation results, but lack 
robustness. Dealing with such a model requires a thor-
ough analysis of its predictive uncertainty as was done 
for instance for the prediction of the future filter feeder 
biomass in the Eastern Scheldt as a result of decreasing 
nutrient loads (Van der Tol and Scholten, 1998). They 
show that with a slightly more complex ecosystem 
model and a small computational grid, despite a relatively 
large dataset, the uncertainty in the predictions of their 
model, expressed by a set of 10 different but equally 
acceptable calibration results, can be very high. Because 
it is not feasible to perform such an analysis for a 2D let 
alone 3D computational grid for the North Sea, the choice 
was made for a more general ecological model rather 
than a detailed ecological model that would require more 
fine-tuning and increase the risk of generating unrealistic 
model results by using a specific, non-generic calibration 
result. 

Nevertheless one should always be aware of the 
possible limitations of the model set-up. If the model is 
too simple ecologically because it ignores some pro-
cesses which are essential to understand and describe the 
dynamics of the future ecosystem, the complexity of the 
model should be enhanced (Scholten and Van der Tol,

1993) even if these enhancements cannot be checked 
directly by comparison with the actual data. The ulti-
mate test is the evaluation of the model results with 
respect to the available data. 

5.3. Overall conclusion and continuing improvements

Many management questions can be addressed ade-
quately by making justified simplifications in the model 
set-up, depending on the specific objective of the study. 
So, for each application, the appropriate spatial and eco-
logical resolution has to be chosen carefully. There is an 
optimal balance between the required accuracy, pre-
dictability or robustness and operational aspects. The 
selection of processes presented in this paper is considered 
the minimum set with which a sufficient level of accuracy 
can be obtained both in the coastal areas as well in central 
parts of the North Sea such as the Dogger Bank and 
Oystergrouds. As such, this model application can be used 
as a tool to evaluate different policy scenarios, for exam-
ple, those relevant to OSPAR and the EU Water Frame-
work Directive. 

With respect to further improvements of the model, a 
number of options will be explored in the near future. 
Recently the loads and boundaries of the model have 
been revised. Current and more accurate data have been 
gathered on German, French and UK rivers. Moreover 
the number of river loads has been tripled and now also 
includes many of the smaller point sources. Since the 
load of the major rivers for the Dutch part of the North 
Sea have not changed, the impact on the overall model 
behaviour will be limited. Simulation results for other 
areas may show moderate differences. Available litera-
ture data confirm the validity of the Channel boundary, 
but the North Atlantic boundary will be modified based 
on recent information (WL | Delft Hydraulics, 2006). 
Preliminary simulations suggest an impact in the results 
for the northern part of the model domain. This is also a 
region in which stratification is a regular phenomenon 
and for which additional 3D data have been collected 
since 1990. Hence in the near future there will be a 
stronger focus on validating the model for recent years 
for this part of the North Sea. New simulations will 
include both years with a strong stratification as well as 
years in which the stratification was less pronounced. 

Since most BLOOM/GEM model applications in 
recent years were targetted towards the coastal zone, the 
model performance in this part of the North Sea is better 
than for other areas (i.e. Ta ble 4). Recently interest in 
those off shore regions is definitely increasing (Marine 
Strategy; Ospar). Hence future validation exercises 
will concentrate on improving the model performance in 
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these areas to bring it up to the same level as in the coastal 
zone. 

Since the beginning of 1991, biomass estimates of 
individual phytoplankton species have been collected at 
about a dozen stations. This data set has recently become 
available and will be used for a quantitative rather than 
qualitative validation of the predicted species composition 
of BLOOM. In order to improve the model's behaviour in 
very shallow areas such as the Wadden Sea, new model 
concepts have been formulated and implemented for 
benthic primary production, grazing and the sediment– 

water exchange. Validation of these new processes has 
recently started. 
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