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(ABSTRACT) 

The interactions of trailing vortex pairs shed from the tips of two rectangular wings have 

been studied through helium bubble flow visualizations and extensive hot wire velocity 

measurements made between 10 and 30 chordlengths downstream. The wings were 

placed tip to tip at equal and opposite angles of attack, generating pairs of co-rotating and 

counter rotating vortices. Meaningful hot wire measurements could be made because the 

vortices were found to be insensitive to probe interference and experienced very small 

wandering motions. 

The co-rotating pairs were observed to rotate around each other and merge. 

Upstream of the merging location, the vortices have approximately elliptical cores. 

These are surrounded by the two wing wakes which join together around the two cores. 

Flow in the vicinity of the cores appears fully developed. During the merging process, 

the cores rotate rapidly about each other, winding the wing wakes into a fine spiral 

structure. Merger roughly doubles the core size and appears to produce turbulence over a 

broad range of frequencies.



The counter rotating pairs move sideways under their mutual induction and slightly apart; 

their flow structure changing little with downstream location. These cores remain fairly 

circular and do not become fully developed within 30 chordlengths of the measurements.
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1. Introduction 

Vortical flows play an important role in aerodynamics and hydrodynamics. Of special 

interest is the interaction of vortices generated by lifting surfaces. The understanding of 

these interacting vortices is critical to the design and operation of both aircraft and naval 

vessels. Powerful vortex wakes produced by large military and commercial aircraft are 

extremely hazardous to smaller aircraft flying in the vicinity, resulting in countless 

accidents each year. This requires aircraft to be spaced a larger distance apart greatly 

reducing the efficiency of most airports. Also, vortices produced by the bow plane on a 

submarine interact with the rear of the vessel resulting in large acoustic signals. This 

increases the detection of the vessel and reduces its overall operational capability. In 

addition, helicopter blades produce vortices which interact with each other resulting in 

noise and vibration problems. With the recent development in large supercomputers and 

numerical schemes, solving these problems becomes much less time consuming and cost 

effective. However, before these flows can be successfully computed, the turbulent 

structure of vortical flows must be understood. Providing that understanding is the 

primary motivation of this experiment. 

It is well known that a vortex sheet is produced from a finite lifting surface as a 

consequence of the nonuniform spanwise lift distribution on that surface. The roll up of 
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�t�h�i�s� �s�h�e�e�t� �i�n�t�o� �a� �d�i�s�c�r�e�t�e� �v�o�r�t�e�x� �a�t� �t�h�e� �t�i�p� �w�a�s� �r�e�c�o�g�n�i�z�e�d� �a�s� �f�a�r� �b�a�c�k� �a�s� �1�9�0�7� �b�y� �L�a�n�c�a�s�t�e�r� 

�(�s�e�e� �f�i�g�u�r�e� �1�)�.� �V�a�r�i�o�u�s� �m�o�d�e�l�s� �o�f� �t�h�e� �r�o�l�l� �u�p� �p�r�o�c�e�s�s� �h�a�v�e� �b�e�e�n� �e�x�a�m�i�n�e�d� �b�y� �H�a�c�k�e�t�t� 

�a�n�d� �E�v�a�n�s� �(�1�9�7�1�)� �a�n�d� �b�y� �P�h�i�l�l�i�p�s� �(�1�9�8�1�)�.� �T�h�e� �v�o�r�t�e�x� �p�r�o�d�u�c�e�d� �a�t� �t�h�e� �w�i�n�g�-�t�i�p� �i�s� 

�c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �t�w�o� �d�i�s�t�i�n�c�t� �r�e�g�i�o�n�s� �o�f� �t�h�e� �f�l�o�w�.� �I�n� �t�h�e� �i�n�n�e�r� �r�e�g�i�o�n� �c�a�l�l�e�d� �t�h�e� �c�o�r�e�,� �t�h�e� 

�m�e�a�n� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�y� �v�a�r�i�e�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �p�r�o�p�o�r�t�i�o�n�a�l�l�y� �w�i�t�h� �t�h�e� �r�a�d�i�u�s� �f�r�o�m� �z�e�r�o� �a�t� 

�t�h�e� �c�e�n�t�e�r� �t�o� �a� �m�a�x�i�m�u�m� �a�t� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �c�o�r�e�.� �T�h�e� �c�i�r�c�u�l�a�t�i�o�n� �v�a�r�i�e�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� 

�p�r�o�p�o�r�t�i�o�n�a�l�l�y� �w�i�t�h� �t�h�e� �r�a�d�i�u�s� �s�q�u�a�r�e�d� �u�n�t�i�l� �i�t� �r�e�a�c�h�e�s� �a� �m�a�x�i�m�u�m� �a�t� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �c�o�r�e�.� 

�I�n� �t�h�e� �o�u�t�e�r� �r�e�g�i�o�n�,� �t�h�e� �m�e�a�n� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�y� �v�a�r�i�e�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �i�n�v�e�r�s�e�l�y� �w�i�t�h� �t�h�e� 

�r�a�d�i�u�s� �a�n�d� �a�s�y�m�p�t�o�t�i�c�a�l�l�y� �a�p�p�r�o�a�c�h�e�s� �a� �v�a�l�u�e� �o�f� �z�e�r�o�.� �T�h�e� �c�i�r�c�u�l�a�t�i�o�n� �i�s� �m�u�c�h� �m�o�r�e� 

�c�o�n�s�t�a�n�t� �w�i�t�h� �r�a�d�i�u�s� �i�n� �t�h�e� �o�u�t�e�r� �r�e�g�i�o�n�.� �F�i�g�u�r�e� �2� �s�h�o�w�s� �t�h�e� �v�e�l�o�c�i�t�y� �a�n�d� �c�i�r�c�u�l�a�t�i�o�n� 

�d�i�s�t�r�i�b�u�t�i�o�n� �f�o�r� �a�n� �i�d�e�a�l� �v�o�r�t�e�x�.� 

�A� �f�a�i�r� �a�m�o�u�n�t� �o�f� �r�e�s�e�a�r�c�h� �e�x�a�m�i�n�i�n�g� �t�h�e� �m�e�a�n� �v�e�l�o�c�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n�s� �o�f� �a� �s�i�n�g�l�e� �w�i�n�g�-�t�i�p� 

�v�o�r�t�e�x� �h�a�s� �b�e�e�n� �c�o�n�d�u�c�t�e�d� �b�y� �H�o�f�f�m�a�n�n� �a�n�d� �J�o�u�b�e�r�t� �(�1�9�6�3�)�,� �M�a�s�o�n� �a�n�d� �M�a�r�c�h�m�a�n� 

�(�1�9�7�2�)�,� �C�o�r�s�i�g�l�i�a� �e�t� �a�l� �(�1�9�7�3�)� �a�n�d� �B�a�r�k�e�r� �e�t� �a�l� �(�1�9�7�4�)� �a�n�d� �v�a�r�i�o�u�s� �o�t�h�e�r� �r�e�s�e�a�r�c�h�e�r�s� �o�v�e�r� 

�t�h�e� �l�a�s�t� �f�e�w� �d�e�c�a�d�e�s�.� �H�o�w�e�v�e�r�,� �l�i�t�t�l�e� �w�o�r�k� �h�a�s� �b�e�e�n� �c�o�n�d�u�c�t�e�d� �o�n� �w�i�n�g�-�t�i�p� �v�o�r�t�e�x� �p�a�i�r�s� 

�a�n�d� �e�v�e�n� �l�e�s�s� �o�n� �t�h�e� �t�u�r�b�u�l�e�n�t� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e�s�e� �p�a�i�r�s�.� �P�r�e�v�i�o�u�s� �r�e�s�e�a�r�c�h� �h�a�s� 

�c�o�n�c�e�n�t�r�a�t�e�d� �o�n� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r�s� �p�r�o�d�u�c�e�d� �b�y� �l�a�r�g�e� �a�i�r�c�r�a�f�t� �a�n�d� �t�h�e�i�r� 

�i�n�t�e�r�a�c�t�i�o�n� �f�a�r� �d�o�w�n� �s�t�r�e�a�m� �o�n� �o�t�h�e�r� �a�i�r�c�r�a�f�t�.� �D�o�n�a�l�d�s�o�n� �a�n�d� �B�i�l�a�n�i�n� �(�1�9�7�5�)� �e�x�a�m�i�n�e�d� 

�v�a�r�i�o�u�s� �a�s�p�e�c�t�s� �o�f� �v�o�r�t�i�c�e�s� �p�r�o�d�u�c�e�d� �b�y� �l�a�r�g�e� �s�c�a�l�e� �a�i�r�c�r�a�f�t� �i�n�c�l�u�d�i�n�g� �t�h�e� �r�o�l�l� �u�p� �p�r�o�c�e�s�s� 

�a�n�d� �l�i�f�t� �d�i�s�t�r�i�b�u�t�i�o�n�s�,� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�i�p� �v�o�r�t�i�c�e�s� �w�i�t�h� �e�a�c�h� �o�t�h�e�r� �a�n�d� �w�i�t�h� �f�l�a�p� �a�n�d� �t�a�i�l� 

�v�o�r�t�i�c�e�s�,� �v�a�r�i�o�u�s� �w�a�y�s� �t�o� �i�n�c�r�e�a�s�e� �v�o�r�t�e�x� �d�e�c�a�y�,� �a�n�d� �a�t�m�o�s�p�h�e�r�i�c� �e�f�f�e�c�t�s�.� �M�o�s�t� �o�f� �t�h�e�i�r� 

�r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �w�e�r�e� �p�r�o�d�u�c�e�d� �c�o�m�p�u�t�a�t�i�o�n�a�l�l�y� �w�i�t�h� �s�o�m�e� �m�e�a�n� �v�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� 

�f�r�o�m� �f�u�l�l� �s�c�a�l�e� �a�i�r�c�r�a�f�t�.� �C�r�o�w� �(�1�9�7�0�)� �d�e�v�e�l�o�p�e�d� �a�n� �i�n�v�i�s�c�i�d� �s�t�a�b�i�l�i�t�y� �t�h�e�o�r�y� �f�o�r� �c�o�u�n�t�e�r� 

�r�o�t�a�t�i�n�g� �v�o�r�t�i�c�e�s� �p�r�o�d�u�c�e�d� �b�y� �l�a�r�g�e� �s�c�a�l�e� �a�i�r�c�r�a�f�t�.� �H�e� �s�h�o�w�e�d� �t�h�a�t� �f�o�r� �d�i�s�t�u�r�b�a�n�c�e�s� �o�f� 

�1�.� �I�n�t�r�o�d�u�c�t�i�o�n� �2



�c�e�r�t�a�i�n� �w�a�v�e�l�e�n�g�t�h�s�,� �t�h�e� �v�o�r�t�e�x� �p�a�i�r� �w�o�u�l�d� �u�n�d�e�r�g�o� �a� �s�y�m�m�e�t�r�i�c� �s�i�n�u�s�o�i�d�a�l� �i�n�s�t�a�b�i�l�i�t�y� 

�t�h�a�t� �c�a�u�s�e�d� �t�h�e� �p�a�i�r� �t�o� �j�o�i�n� �a�n�d� �f�o�r�m� �a� �t�r�a�i�n� �o�f� �v�o�r�t�e�x� �r�i�n�g�s�.� 

�O�t�h�e�r� �w�o�r�k� �h�a�s� �c�o�n�c�e�n�t�r�a�t�e�d� �o�n� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �v�o�r�t�i�c�e�s� �i�n�t�e�r�a�c�t�i�n�g� �w�i�t�h� �s�o�m�e� �t�y�p�e� �o�f� 

�w�a�l�l� �o�r� �s�u�r�f�a�c�e�.� �B�a�r�k�e�r� �a�n�d� �C�r�o�w� �(�1�9�7�7�)� �e�x�a�m�i�n�e�d� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �v�o�r�t�i�c�e�s� �i�n� �a� �g�r�o�u�n�d� 

�e�f�f�e�c�t� �s�i�t�u�a�t�i�o�n�.� �U�s�i�n�g� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l� �v�o�r�t�i�c�e�s�,� �t�h�e�y� �c�o�m�p�a�r�e�d� �t�h�e� �t�r�a�j�e�c�t�o�r�i�e�s� �o�f� �t�h�e� 

�p�a�i�r�s� �a�g�a�i�n�s�t� �p�o�t�e�n�t�i�a�l� �f�l�o�w� �t�h�e�o�r�y� �a�n�d� �t�o� �t�h�e� �r�e�s�u�l�t�s� �o�f� �f�u�l�l� �s�c�a�l�e� �a�i�r�c�r�a�f�t�.� �T�h�e�y� �r�e�p�o�r�t�e�d� 

�t�h�a�t� �r�e�l�a�m�i�n�a�r�i�z�a�t�i�o�n� �t�a�k�e�s� �p�l�a�c�e� �i�n� �t�h�e� �c�o�r�e� �a�s� �t�h�e� �v�o�r�t�e�x� �p�a�i�r� �i�s� �c�o�n�v�e�c�t�e�d� �u�p�w�a�r�d�s�.� �A� 

�l�a�r�g�e� �a�m�o�u�n�t� �o�f� �w�o�r�k� �h�a�s� �b�e�e�n� �c�o�n�d�u�c�t�e�d� �b�e�t�w�e�e�n� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�h�r�e�e� �d�i�m�e�n�s�i�o�n�a�l� 

�v�o�r�t�e�x� �p�a�i�r�s� �a�n�d� �a� �f�r�e�e� �s�u�r�f�a�c�e�.� �W�o�r�k�e�r�s� �s�u�c�h� �a�s� �S�a�r�p�k�a�y�a� �e�t� �a�l�.� �(�1�9�8�8�)� �a�n�d� �W�i�l�l�m�a�r�t�h� �e�t� 

�a�l�.� �(�1�9�8�9�)� �h�a�v�e� �c�o�m�p�a�r�e�d� �t�h�e� �r�e�s�u�l�t�s� �t�o� �p�o�t�e�n�t�i�a�l� �f�l�o�w� �t�h�e�o�r�y�.� 

�T�h�e�r�e� �a�p�p�e�a�r�s� �t�o� �b�e� �l�i�t�t�l�e� �r�e�s�e�a�r�c�h� �c�o�n�d�u�c�t�e�d� �o�n� �t�h�e� �t�u�r�b�u�l�e�n�c�e� �s�t�r�u�c�t�u�r�e� �o�f� �a�n� �i�n�t�e�r�a�c�t�i�n�g� 

�w�i�n�g�-�t�i�p� �v�o�r�t�e�x� �p�a�i�r�.� �T�h�e� �m�a�i�n� �r�e�a�s�o�n� �f�o�r� �t�h�i�s� �i�s� �t�h�a�t� �m�o�s�t� �w�o�r�k�e�r�s� �h�a�v�e� �f�o�u�n�d� �i�f� 

�d�i�f�f�i�c�u�l�t� �t�o� �m�e�a�s�u�r�e� �e�v�e�n� �a� �s�i�n�g�l�e� �v�o�r�t�e�x� �i�n� �t�h�e� �w�i�n�d� �o�r� �w�a�t�e�r� �t�u�n�n�e�l�.� �T�h�e�r�e�f�o�r�e� �i�t� �i�s� �o�f� 

�i�n�t�e�r�e�s�t� �t�o� �d�i�s�c�u�s�s� �p�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �o�f� �a� �s�i�n�g�l�e� �w�i�n�g�-�t�i�p� �v�o�r�t�e�x�.� �V�o�r�t�i�c�e�s� �p�r�o�d�u�c�e�d� �i�n� �t�h�e� 

�l�a�b� �"�m�e�a�n�d�e�r�"� �o�r� �"�w�a�n�d�e�r�"� �i�n� �s�p�a�c�e�,� �t�h�e�i�r� �c�o�r�e� �l�o�c�a�t�i�o�n� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�e� �w�i�n�g� �i�s� �a� 

�f�u�n�c�t�i�o�n� �o�f� �t�i�m�e�.� �T�h�i�s� �m�e�a�n�d�e�r�i�n�g� �m�e�a�n�s� �t�h�a�t� �a� �s�t�a�t�i�o�n�a�r�y� �p�r�o�b�e� �w�i�l�l� �m�e�a�s�u�r�e� �v�e�l�o�c�i�t�i�e�s� 

�t�h�a�t� �a�r�e� �b�o�t�h� �a� �f�u�n�c�t�i�o�n� �o�f� �s�p�a�c�e� �a�n�d� �t�i�m�e�.� �T�h�e� �m�o�t�i�o�n�s� �w�i�l�l� �t�e�n�d� �t�o� �s�m�o�o�t�h� �t�h�e� 

�m�e�a�s�u�r�e�d� �m�e�a�n� �v�e�l�o�c�i�t�y� �a�n�d� �t�u�r�b�u�l�e�n�c�e� �i�n�t�e�n�s�i�t�y� �p�r�o�f�i�l�e�s� �i�n� �r�e�g�i�o�n�s� �w�h�e�r�e� �t�h�e�y� �a�r�e� 

�c�h�a�n�g�i�n�g� �r�a�p�i�d�l�y�.� �A�l�s�o�,� �t�u�r�b�u�l�e�n�c�e� �s�t�r�e�s�s�e�s� �w�i�l�l� �b�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �o�v�e�r� �e�s�t�i�m�a�t�e�d� �w�h�e�r�e� 

�m�e�a�n� �v�e�l�o�c�i�t�y� �g�r�a�d�i�e�n�t�s� �a�r�e� �s�i�g�n�i�f�i�c�a�n�t�.� �B�a�k�e�r� �e�t� �a�l�.� �c�o�n�d�u�c�t�e�d� �e�x�p�e�r�i�m�e�n�t�s� �o�n� �a� �f�u�l�l� 

�w�i�n�g� �i�n� �a� �w�a�t�e�r� �t�u�n�n�e�l� �u�s�i�n�g� �l�a�s�e�r� �d�o�p�p�l�e�r� �v�e�l�o�c�i�m�e�t�e�r�s�.� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� �v�o�r�t�e�x� 

�m�e�a�n�d�e�r�i�n�g� �d�e�c�r�e�a�s�e�d� �t�h�e� �m�a�x�i�m�u�m� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�i�e�s� �b�y� �3�0�%� �a�n�d� �i�n�c�r�e�a�s�e�d� �t�h�e� 

�m�e�a�s�u�r�e�d� �c�o�r�e� �r�a�d�i�u�s� �b�y� �a� �f�a�c�t�o�r� �o�f� �2�.�2�.� �B�a�k�e�r� �a�t�t�r�i�b�u�t�e�d� �t�h�e� �m�e�a�n�d�e�r�i�n�g� �t�o� �f�r�e�e�s�t�r�e�a�m� 
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�t�u�r�b�u�l�e�n�c�e� �i�n� �t�h�e� �t�u�n�n�e�l�.� �C�o�r�s�i�g�l�i�a� �e�t� �a�l� �(�1�9�7�3�)� �c�o�n�d�u�c�t�e�d� �t�r�i�p�l�e� �h�o�t�-�w�i�r�e� �m�e�a�s�u�r�e�m�e�n�t�s� 

�u�s�i�n�g� �a� �f�u�l�l� �w�i�n�g� �i�n� �t�h�e� �N�A�S�A� �A�m�e�s� �4�0�x�6�0� �w�i�n�d� �t�u�n�n�e�l�.� �T�h�e�y� �u�s�e�d� �a� �r�a�p�i�d� �r�o�t�a�t�i�n�g� �a�r�m� 

�m�e�c�h�a�n�i�s�m� �t�o� �f�l�y� �t�h�e� �h�o�t�-�w�i�r�e� �t�h�r�o�u�g�h� �t�h�e� �c�o�r�e� �o�b�t�a�i�n�i�n�g� �i�n�s�t�a�n�t�a�n�e�o�u�s� �m�e�a�n� �v�e�l�o�c�i�t�y� 

�m�e�a�s�u�r�e�m�e�n�t�s�.� �M�a�x�i�m�u�m� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�i�e�s� �w�e�r�e� �i�n�c�r�e�a�s�e�d� �b�y� �5�0�%� �u�s�i�n�g� �t�h�i�s� 

�a�p�p�r�o�a�c�h� �a�s� �c�o�m�p�a�r�e�d� �t�o� �a� �f�i�x�e�d� �h�o�t�-�w�i�r�e� �p�r�o�b�e�.� �V�o�r�t�e�x� �m�e�a�n�d�e�r�i�n�g� �w�a�s� �2�1�3�%� �o�f� �t�h�e� 

�w�i�n�g� �c�h�o�r�d� �w�h�i�c�h� �t�h�e�y� �a�t�t�r�i�b�u�t�e�d� �t�o� �f�r�e�e�s�t�r�e�a�m� �t�u�r�b�u�l�e�n�c�e�.� �S�i�n�g�h� �a�n�d� �U�b�e�r�o�i� �(�1�9�7�6�)� 

�m�e�a�s�u�r�e�d� �t�h�e� �s�i�n�g�l�e� �v�o�r�t�e�x� �o�f� �a� �l�a�m�i�n�a�r� �f�l�o�w� �h�a�l�f� �w�i�n�g� �w�i�t�h� �h�o�t�-�w�i�r�e�s� �a�n�d� �c�o�n�c�l�u�d�e�d� �t�h�a�t� 

�t�h�e� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �f�r�e�q�u�e�n�c�y� �u�n�s�t�e�a�d�i�n�e�s�s� �o�f� �f�c�/�U�,�,�.�=�2�.�1�,� �b�a�s�e�d� �o�n� �t�h�e� �w�i�n�g� �c�h�o�r�d� �a�n�d� 

�f�r�e�e�s�t�r�e�a�m� �v�e�l�o�c�i�t�y�,� �w�a�s� �d�u�e� �t�o� �l�a�m�i�n�a�r� �f�l�o�w� �i�n�s�t�a�b�i�l�i�t�i�e�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �l�a�r�g�e� �a�x�i�a�l� 

�v�e�l�o�c�i�t�y� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �c�o�r�e� �a�n�d� �o�u�t�e�r� �r�e�g�i�o�n�.� �T�h�e�y� �i�n�f�e�r�r�e�d� �t�h�a�t� �t�h�e�s�e� �l�a�m�i�n�a�r� 

�f�l�o�w� �i�n�s�t�a�b�i�l�i�t�i�e�s� �h�a�d� �a� �s�y�m�m�e�t�r�i�c� �a�n�d� �a� �h�e�l�i�c�a�l� �m�o�d�e� �w�i�t�h� �w�a�v�e�l�e�n�g�t�h�s� �o�f� �t�h�e� �s�a�m�e� �o�r�d�e�r� 

�a�s� �t�h�e� �c�o�r�e� �d�i�a�m�e�t�e�r�.� �T�h�e�s�e� �h�e�l�i�c�a�l� �m�o�d�e�s� �w�e�r�e� �a�l�s�o� �o�b�s�e�r�v�e�d� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �b�y� 

�S�a�r�p�k�a�y�a� �(�1�9�9�2�)�.� �U�s�i�n�g� �b�o�t�h� �r�e�c�t�a�n�g�u�l�a�r� �a�n�d� �s�w�e�p�t� �h�a�l�f� �w�i�n�g�s�,� �h�e� �e�x�a�m�i�n�e�d� �t�h�e� 

�i�n�t�e�r�a�c�t�i�o�n� �o�f� �a� �s�i�n�g�l�e� �v�o�r�t�e�x� �w�i�t�h� �i�t�s� �i�m�a�g�e� �a�n�d� �a� �f�r�e�e� �s�u�r�f�a�c�e� �i�n� �t�h�e� �w�a�t�e�r� �t�u�n�n�e�l�.� 

�S�a�r�p�k�a�y�a� �n�o�t�e�d� �t�h�a�t� �d�u�e� �t�o� �h�e�l�i�c�a�l� �i�n�s�t�a�b�i�l�i�t�i�e�s�,� �t�h�e� �v�o�r�t�e�x� �p�e�e�l�s� �o�f�f� �r�a�n�d�o�m�l�y� �a�n�d� �s�h�e�d�s� 

�v�o�r�t�i�c�i�t�y� �a�l�o�n�g� �i�t�s� �l�e�n�g�t�h�.� �H�e� �f�o�u�n�d� �t�h�a�t� �t�h�e� �c�o�r�e� �o�f� �t�h�e� �t�u�r�b�u�l�e�n�t� �v�o�r�t�e�x� �i�s� �n�o�t� �a� �s�m�o�o�t�h� 

�a�x�i�s�y�m�m�e�t�r�i�c� �s�o�l�i�d� �b�o�d�y� �o�f� �r�o�t�a�t�i�o�n�.� �I�n�s�t�e�a�d� �t�h�e�r�e� �i�s� �a� �t�r�a�n�s�f�e�r� �o�f� �m�o�m�e�n�t�u�m� �b�e�t�w�e�e�n� 

�t�h�e� �c�o�r�e� �a�n�d� �o�u�t�e�r� �r�e�g�i�o�n�.� �T�h�i�s� �l�e�a�d�s� �t�o� �o�s�c�i�l�l�a�t�i�o�n�s� �o�f� �t�h�e� �c�o�r�e� �a�n�d� �t�h�e� �v�a�r�i�o�u�s� �v�e�l�o�c�i�t�y� 

�c�o�m�p�o�n�e�n�t�s�.� 

�A�n�o�t�h�e�r� �m�a�j�o�r� �p�r�o�b�l�e�m� �i�n� �m�e�a�s�u�r�i�n�g� �w�i�n�g�-�t�i�p� �v�o�r�t�i�c�e�s� �i�s� �t�h�e� �e�f�f�e�c�t�s� �o�f� �p�r�o�b�e� 

�i�n�t�e�r�f�e�r�e�n�c�e�.� �O�r�l�o�f�f� �(�1�9�7�1�)� �a�n�d� �G�a�s�p�a�r�e�k� �(�1�9�6�0�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �t�r�a�j�e�c�t�o�r�y� �o�f� �t�h�e� 

�v�o�r�t�e�x� �m�o�v�e�d� �w�h�e�n� �a� �s�m�a�l�l� �d�i�a�m�e�t�e�r� �p�r�o�b�e� �w�a�s� �i�n�s�e�r�t�e�d� �i�n�t�o� �t�h�e� �c�o�r�e�.� �S�t�i�f�l�e� �a�n�d� �P�a�n�t�o�n� 

�(�1�9�9�1�)� �e�x�a�m�i�n�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �p�a�s�s�i�n�g� �a� �w�i�r�e� �t�h�r�o�u�g�h� �t�h�e� �c�o�r�e� �o�f� �a� �s�i�n�g�l�e� �v�o�r�t�e�x� 

�p�r�o�d�u�c�e�d� �b�y� �a� �d�e�l�t�a� �w�i�n�g�.� �T�h�e� �f�o�u�n�d� �t�h�a�t� �d�i�s�t�u�r�b�a�n�c�e�s� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �v�o�r�t�e�x� �c�o�r�e� 
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�p�r�o�p�a�g�a�t�e�d� �b�o�t�h� �u�p�s�t�r�e�a�m� �a�n�d� �d�o�w�n�s�t�r�e�a�m� �w�i�t�h� �s�m�a�l�l�e�r� �d�i�s�t�u�r�b�a�n�c�e�s� �p�r�o�d�u�c�e�d� �b�y� �a� 

�s�l�o�w�e�r� �m�o�v�i�n�g� �w�i�r�e�.� 

�H�o�w�e�v�e�r�,� �s�o�m�e� �w�o�r�k�e�r�s� �s�u�c�h� �a�s� �M�a�s�o�n� �a�n�d� �M�a�r�c�h�m�a�n� �(�1�9�7�2�)� �a�n�d� �D�e�v�e�n�p�o�r�t� �a�n�d� 

�S�h�a�r�m�a� �(�1�9�9�1�)� �h�a�v�e� �s�h�o�w�e�d� �t�h�a�t� �a� �r�e�l�a�t�i�v�e�l�y� �s�t�a�b�l�e� �s�i�n�g�l�e� �v�o�r�t�e�x� �w�h�i�c�h� �i�s� �i�n�s�e�n�s�i�t�i�v�e� �t�o� 

�p�r�o�b�e� �i�n�t�e�r�f�e�r�e�n�c�e� �c�a�n� �b�e� �g�e�n�e�r�a�t�e�d� �i�n� �a� �l�a�r�g�e� �l�o�w� �t�u�r�b�u�l�e�n�c�e� �w�i�n�d� �t�u�n�n�e�l�,� �i�n� �t�h�e�i�r� �c�a�s�e� 

�t�h�e� �V�i�r�g�i�n�i�a� �T�e�c�h� �S�t�a�b�i�l�i�t�y� �T�u�n�n�e�l�.� �M�a�s�o�n� �a�n�d� �M�a�r�c�h�m�a�n� �(�1�9�7�2�)� �m�a�d�e� �f�a�r�f�i�e�l�d� �m�e�a�n� 

�v�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �o�n� �a� �s�i�n�g�l�e� �v�o�r�t�e�x� �p�r�o�d�u�c�e�d� �b�y� �a� �h�a�l�f� �w�i�n�g�.� �U�s�i�n�g� �a� �f�i�v�e� �h�o�l�e� 

�y�a�w� �h�e�a�d� �p�r�o�b�e�,� �t�h�e�y� �e�x�a�m�i�n�e�d� �t�h�e� �m�e�a�n� �s�t�r�u�c�t�u�r�e� �a�n�d� �e�f�f�e�c�t�s� �o�f� �m�a�s�s� �i�n�j�e�c�t�i�o�n�.� �T�h�e� 

�v�o�r�t�e�x� �a�p�p�e�a�r�e�d� �v�e�r�y� �s�t�a�b�l�e� �w�i�t�h� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �m�e�a�n�d�e�r�i�n�g� �p�r�e�s�e�n�t�.� �T�h�e�y� �r�e�p�o�r�t�e�d� �t�h�a�t� 

�t�h�e�r�e� �w�a�s� �a� �s�l�i�g�h�t� �a�m�o�u�n�t� �o�f� �p�r�o�b�e� �i�n�t�e�r�f�e�r�e�n�c�e� �b�u�t� �o�n�l�y� �w�h�e�n� �t�h�e� �p�r�o�b�e� �w�a�s� �y�a�w�e�d�.� �T�h�e� 

�m�o�s�t� �c�o�m�p�l�e�t�e� �a�n�d� �d�e�t�a�i�l�e�d� �t�u�r�b�u�l�e�n�c�e� �m�e�a�s�u�r�e�m�e�n�t�s� �t�o� �d�a�t�e� �o�n� �a� �s�i�n�g�l�e� �v�o�r�t�e�x� �a�r�e� �t�h�o�s�e� 

�b�y� �D�e�v�e�n�p�o�r�t� �a�n�d� �S�h�a�r�m�a� �(�1�9�9�1�)�.� �T�h�e�y� �c�o�n�d�u�c�t�e�d� �s�i�m�i�l�a�r� �e�x�p�e�r�i�m�e�n�t�s� �u�s�i�n�g� �M�a�s�o�n� �a�n�d� 

�M�a�r�c�h�m�a�n�'�s� �w�i�n�g� �m�e�a�s�u�r�i�n�g� �t�h�e� �t�u�r�b�u�l�e�n�t� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �v�o�r�t�e�x� �w�i�t�h� �c�r�o�s�s� �a�n�d� �t�r�i�p�l�e� 

�h�o�t�-�w�i�r�e� �p�r�o�b�e�s� �f�o�r� �a� �v�a�r�i�e�t�y� �o�f� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r�s� �a�n�d� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k�.� �U�s�i�n�g� �h�e�l�i�u�m� 

�b�u�b�b�l�e� �f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n�s� �a�n�d� �a� �d�u�m�m�y� �h�o�t�-�w�i�r�e� �p�r�o�b�e�,� �D�e�v�e�n�p�o�r�t� �a�n�d� �S�h�a�r�m�a� �s�h�o�w�e�d� 

�h�o�w� �s�t�a�b�l�e� �a�n�d� �i�n�s�e�n�s�i�t�i�v�e� �t�h�e�i�r� �v�o�r�t�e�x� �w�a�s� �t�o� �p�r�o�b�e� �i�n�t�e�r�f�e�r�e�n�c�e�.� �T�h�e�y� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� 

�m�a�x�i�m�u�m� �m�e�a�n�d�e�r�i�n�g� �w�a�s� �n�o� �g�r�e�a�t�e�r� �t�h�a�n� �+�4�.�7�%� �o�f� �t�h�e� �w�i�n�g� �c�h�o�r�d� �w�i�t�h� �f�r�e�q�u�e�n�c�i�e�s� �o�n� 

�t�h�e� �o�r�d�e�r� �o�f� �f�c�/�U�,�,�,�=�.�0�0�5�.� 

�T�o� �a�v�o�i�d� �t�h�e� �p�r�o�b�l�e�m�s� �o�f� �m�e�a�n�d�e�r�i�n�g� �a�n�d� �p�r�o�b�e� �i�n�t�e�r�f�e�r�e�n�c�e�,� �G�r�e�e�n� �a�n�d� �A�c�o�s�t�a� �(�1�9�9�1�)� 

�u�s�e�d� �a� �n�o�v�e�l� �a�p�p�r�o�a�c�h� �t�o� �m�e�a�s�u�r�e� �t�h�e� �i�n�s�t�a�n�t�a�n�e�o�u�s� �a�x�i�a�l� �a�n�d� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�i�e�s� 

�p�r�o�d�u�c�e�d� �b�y� �a� �s�w�e�p�t� �h�a�l�f� �w�i�n�g�.� �T�h�e�y� �u�s�e�d� �d�o�u�b�l�e�-�p�u�l�s�e�d� �h�o�l�o�g�r�a�p�h�y� �o�f� �i�n�j�e�c�t�e�d� 

�m�i�c�r�o�b�u�b�b�l�e�s� �w�h�i�c�h� �a�c�t� �a�s� �L�a�g�r�a�n�g�i�a�n� �f�l�o�w� �t�r�a�c�e�r�s�.� �A�l�s�o� �o�b�s�e�r�v�e�d� �w�a�s� �a� �h�i�g�h�l�y� 

�u�n�s�t�e�a�d�y� �a�x�i�a�l� �f�l�o�w� �w�i�t�h� �l�a�r�g�e� �f�l�u�c�t�u�a�t�i�o�n�s� �o�n� �t�h�e� �o�r�d�e�r� �o�f� �t�h�e� �f�r�e�e�s�t�r�e�a�m� �v�e�l�o�c�i�t�y�.� 

�1�.� �I�n�t�r�o�d�u�c�t�i�o�n� �5



�V�o�r�t�e�x� �"�k�i�n�k�s�"� �w�e�r�e� �o�b�s�e�r�v�e�d� �w�h�e�r�e� �t�h�e� �f�l�o�w� �d�i�r�e�c�t�i�o�n� �d�i�v�e�r�g�e�s� �q�u�i�c�k�l�y� �f�r�o�m� �t�h�e� 

�f�r�e�e�s�t�r�e�a�m� �d�i�r�e�c�t�i�o�n�,� �a�n�d� �t�h�e�n� �q�u�i�c�k�l�y� �r�e�c�o�v�e�r�s�.� 

�I�n� �a�n� �a�t�t�e�m�p�t� �t�o� �g�e�n�e�r�a�t�e� �s�t�a�b�l�e� �s�i�n�g�l�e� �v�o�r�t�i�c�e�s�,� �s�o�m�e� �w�o�r�k�e�r�s� �h�a�v�e� �u�s�e�d� �a� �s�p�l�i�t� �w�i�n�g� 

�c�o�n�f�i�g�u�r�a�t�i�o�n�.� �H�e�r�e� �t�h�e� �v�o�r�t�e�x� �i�s� �g�e�n�e�r�a�t�e�d� �a�t� �t�h�e� �j�u�n�c�t�i�o�n� �o�f� �t�w�o� �w�i�n�g�s� �p�l�a�c�e�d� �a�t� �e�q�u�a�l� 

�a�n�d� �o�p�p�o�s�i�t�e� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k�.� �A� �s�m�a�l�l� �n�a�c�e�l�l�e� �i�s� �o�f�t�e�n� �p�l�a�c�e�d� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �w�i�n�g�s� �a�n�d� 

�u�s�e�d� �t�o� �j�o�i�n� �t�h�e� �w�i�n�g� �t�i�p�s� �t�o�g�e�t�h�e�r�.� �A�l�t�h�o�u�g�h� �t�h�e� �s�p�l�i�t� �w�i�n�g� �v�o�r�t�e�x� �i�s� �s�u�p�p�o�s�e�d� �t�o� �b�e� 

�m�o�r�e� �s�t�a�b�l�e�,� �i�t�s� �l�a�c�k�s� �t�h�e� �s�a�m�e� �i�n�i�t�i�a�l� �t�u�r�b�u�l�e�n�c�e� �o�r� �m�e�a�n� �f�l�o�w� �s�t�r�u�c�t�u�r�e� �s�i�n�c�e� �i�t� �i�s� �f�r�o�m� 

�t�w�o� �w�i�n�g�s� �a�s� �o�p�p�o�s�e�d� �t�o� �o�n�e�.� �F�i�g�u�r�e� �3� �s�h�o�w�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �s�p�l�i�t� �w�i�n�g� �a�n�d� 

�f�u�l�l� �w�i�n�g�.� �H�o�f�f�m�a�n�n� �a�n�d� �J�o�u�b�e�r�t� �(�1�9�6�3�)� �a�p�p�e�a�r� �t�o� �b�e� �t�h�e� �f�i�r�s�t� �w�o�r�k�e�r�s� �t�o� �u�s�e� �t�h�e� �s�p�l�i�t� 

�w�i�n�g� �c�o�n�c�e�p�t� �t�o� �g�e�n�e�r�a�t�e� �a� �s�i�n�g�l�e� �v�o�r�t�e�x�.� �T�h�e�y� �a�n�a�l�y�z�e�d� �t�h�e� �c�i�r�c�u�l�a�t�i�o�n� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� 

�t�h�e� �v�o�r�t�e�x� �a�n�d� �f�o�u�n�d� �a� �r�e�g�i�o�n� �w�h�e�r�e� �t�h�e� �c�i�r�c�u�l�a�t�i�o�n� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �l�o�g�a�r�i�t�h�m�i�c� 

�r�a�d�i�u�s� �f�o�r� �v�a�r�i�o�u�s� �c�o�n�d�i�t�i�o�n�s�.� �I�n� �a�d�d�i�t�i�o�n� �t�h�e�y� �d�e�v�e�l�o�p�e�d� �a� �c�i�r�c�u�l�a�t�i�o�n� �d�e�f�e�c�t� �l�a�w� �i�n� �t�h�e� 

�i�n�n�e�r� �r�e�g�i�o�n� �o�f� �t�h�e� �v�o�r�t�e�x� �a�n�a�l�o�g�o�u�s� �t�o� �a� �t�u�r�b�u�l�e�n�t� �b�o�u�n�d�a�r�y� �l�a�y�e�r�.� �L�e�u�c�h�t�e�r� �a�n�d� 

�S�o�l�i�g�n�a�c� �(�1�9�8�3�)� �u�s�e�d� �a� �s�p�l�i�t� �w�i�n�g� �t�o� �e�x�a�m�i�n�e� �t�h�e� �e�f�f�e�c�t� �o�f� �w�i�n�d� �t�u�n�n�e�l� �a�d�v�e�r�s�e� �p�r�e�s�s�u�r�e� 

�g�r�a�d�i�e�n�t�s� �o�n� �t�h�e� �d�e�c�a�y� �o�f� �a� �v�o�r�t�e�x�.� �U�s�i�n�g� �l�a�s�e�r� �d�o�p�p�l�e�r� �v�e�l�o�c�i�m�e�t�e�r�,� �t�h�e�y� �o�b�t�a�i�n�e�d� �m�e�a�n� 

�a�n�d� �t�u�r�b�u�l�e�n�c�e� �q�u�a�n�t�i�t�i�e�s� �a�n�d� �f�o�u�n�d� �t�h�a�t� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �p�r�e�s�s�u�r�e� �g�r�a�d�i�e�n�t�s�,� �v�o�r�t�e�x� 

�b�r�e�a�k�d�o�w�n� �o�c�c�u�r�r�e�d� �m�u�c�h� �m�o�r�e� �r�a�p�i�d�l�y�.� �B�a�n�d�y�o�p�a�d�h�y�a�y� �e�t� �a�l�.�(�1�9�9�0�)� �a�l�s�o� �m�a�d�e� 

�t�u�r�b�u�l�e�n�c�e� �m�e�a�s�u�r�e�m�e�n�t�s� �u�s�i�n�g� �a� �s�p�l�i�t� �w�i�n�g� �i�n� �v�a�r�i�o�u�s� �a�m�o�u�n�t�s� �o�f� �f�r�e�e�s�t�r�e�a�m� �t�u�r�b�u�l�e�n�c�e�.� 

�U�s�i�n�g� �s�m�o�k�e� �f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n�s� �a�n�d� �h�o�t�-�w�i�r�e�s�,� �t�h�e�y� �o�b�s�e�r�v�e�d� �t�h�a�t� �m�o�m�e�n�t�u�m� �t�r�a�n�s�f�e�r� 

�t�a�k�e�s� �p�l�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �c�o�r�e� �a�n�d� �o�u�t�e�r� �r�e�g�i�o�n�.� �T�h�e�y� �a�l�s�o� �d�i�s�c�o�v�e�r�e�d� �t�h�a�t� �t�u�r�b�u�l�e�n�t� �f�l�u�i�d� 

�i�n�s�i�d�e� �t�h�e� �c�o�r�e� �r�e�l�a�m�i�n�a�r�i�z�e�s� �d�u�e� �t�o� �t�h�e� �r�o�t�a�t�i�o�n�a�l� �m�o�t�i�o�n� �o�f� �t�h�e� �c�o�r�e�.� �P�h�i�l�l�i�p�s� �a�n�d� 

�G�r�a�h�a�m� �(�1�9�8�4�)� �a�l�s�o� �u�s�e�d� �a� �s�p�l�i�t� �w�i�n�g� �t�o� �g�e�n�e�r�a�t�e�d� �a� �s�i�n�g�l�e� �t�r�a�i�l�i�n�g� �v�o�r�t�e�x�.� �U�s�i�n�g� �c�r�o�s�s� 

�h�o�t�-�w�i�r�e�s� �t�h�e�y� �o�b�t�a�i�n�e�d� �m�e�a�n� �v�e�l�o�c�i�t�i�e�s� �a�n�d� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s� �f�o�r� �a�l�l� �t�h�r�e�e� �d�i�r�e�c�t�i�o�n�s�.� 

�T�h�e�i�r� �v�o�r�t�e�x� �a�p�p�e�a�r�e�d� �t�o� �b�e� �a�x�i�s�y�m�m�e�t�r�i�c� �w�i�t�h� �s�o�l�i�d� �b�o�d�y� �r�o�t�a�t�i�o�n� �i�n� �t�h�e� �c�o�r�e� �r�e�g�i�o�n�.� 

�1�.� �I�n�t�r�o�d�u�c�t�i�o�n� �6



�W�a�y�s� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �d�e�c�a�y� �r�a�t�e� �w�e�r�e� �a�l�s�o� �e�x�a�m�i�n�e�d� �b�y� �i�n�t�r�o�d�u�c�i�n�g� �j�e�t�s� �a�n�d� �w�a�k�e�s� �i�n�t�o� 

�t�h�e� �c�o�r�e�.� �I�n� �a�d�d�i�t�i�o�n�,� �S�m�i�t�s� �a�n�d� �K�u�m�e�r� �(�1�9�8�5�)� �e�x�a�m�i�n�e�d� �a� �s�p�l�i�t� �w�i�n�g� �v�o�r�t�e�x� �a�t� �v�a�r�i�o�u�s� 

�s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�s�.� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� �t�h�e� �t�w�o� �v�o�r�t�i�c�e�s� �o�f� �o�p�p�o�s�i�t�e� �s�i�g�n� �r�o�t�a�t�e�d� �a�b�o�u�t� 

�e�a�c�h� �o�t�h�e�r� �a�n�d� �e�v�e�n�t�u�a�l�l�y� �m�e�r�g�e�d� �t�o� �p�r�o�d�u�c�e� �a� �d�o�m�i�n�a�n�t� �c�e�n�t�r�a�l� �v�o�r�t�e�x�.� �M�e�a�n� �f�l�o�w� �a�n�d� 

�t�u�r�b�u�l�e�n�c�e� �q�u�a�n�t�i�t�i�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �m�e�r�g�i�n�g� �z�o�n�e�.� �C�i�r�c�u�l�a�t�i�o�n� �p�r�o�f�i�l�e�s� 

�v�a�r�i�e�d� �l�o�g�a�r�i�t�h�m�i�c�a�l�l�y� �w�i�t�h� �r�a�d�i�u�s� �a�t� �a�l�l� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�s� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �o�f� 

�H�o�f�f�m�a�n�n� �a�n�d� �J�o�u�b�e�r�t�'�s� �(�1�9�6�3�)�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �m�e�a�n� �f�l�o�w� �g�r�a�d�i�e�n�t�s� �a�n�d� 

�s�h�e�a�r� �s�t�r�e�s�s�e�s� �w�e�r�e� �a�l�s�o� �e�x�a�m�i�n�e�d� �i�n� �a�p�p�l�y�i�n�g� �f�i�r�s�t� �o�r�d�e�r� �t�u�r�b�u�l�e�n�c�e� �m�o�d�e�l�s�.� 

�T�h�e� �a�i�m�s� �o�f� �t�h�e� �p�r�e�s�e�n�t� �i�n�v�e�s�t�i�g�a�t�i�o�n� �a�r�e�;� �t�o� �m�a�k�e� �d�e�t�a�i�l�e�d� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �t�h�e� �m�e�a�n� 

�f�l�o�w� �a�n�d� �t�u�r�b�u�l�e�n�c�e� �s�t�r�u�c�t�u�r�e� �o�f� �c�o�-�r�o�t�a�t�i�n�g� �a�n�d� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r�s� �o�f� �e�q�u�a�l� 

�s�t�r�e�n�g�t�h�;� �t�o� �u�s�e� �t�h�o�s�e� �m�e�a�s�u�r�e�m�e�n�t�s� �t�o� �d�e�d�u�c�e� �t�h�e� �t�r�u�e� �s�t�r�u�c�t�u�r�e� �a�n�d� �p�h�y�s�i�c�s� �o�f� �t�h�o�s�e� 

�f�l�o�w�s� �b�y� �e�l�i�m�i�n�a�t�i�n�g� �t�h�e� �v�o�r�t�e�x� �m�o�t�i�o�n�s�;� �t�o� �p�r�o�v�i�d�e� �d�a�t�a� �f�o�r� �f�u�t�u�r�e� �c�o�m�p�u�t�a�t�i�o�n�s�.� �T�h�e� 

�i�n�v�e�s�t�i�g�a�t�i�o�n� �c�o�n�s�i�s�t�s� �o�f� �t�w�o� �p�a�r�t�s�.� 

�1�.� �H�e�l�i�u�m� �b�u�b�b�l�e� �f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n�s� �t�o� �e�x�a�m�i�n�e� �q�u�a�l�i�t�a�t�i�v�e�l�y� �t�h�e� �o�v�e�r�a�l�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�o�f� �t�h�e� �i�n�t�e�r�a�c�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r�s� �a�n�d� �t�o� �e�n�s�u�r�e� �t�h�e�i�r� �s�t�a�b�i�l�i�t�y� �a�n�d� �i�n�s�e�n�s�i�t�i�v�i�t�y� �t�o� �p�r�o�b�e� 

�i�n�t�e�r�f�e�r�e�n�c�e� �o�v�e�r� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �c�o�n�d�i�t�i�o�n�s�.� 

�2�.� �D�e�t�a�i�l�e�d� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �m�e�a�n� �v�e�l�o�c�i�t�i�e�s�,� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s�,� �s�p�e�c�t�r�a�,� �a�n�d� �o�t�h�e�r� 

�t�u�r�b�u�l�e�n�c�e� �q�u�a�n�t�i�t�i�e�s� �i�n� �t�w�o� �s�e�l�e�c�t�e�d� �c�a�s�e�s�,� �o�n�e� �c�o�-�r�o�t�a�t�i�n�g� �a�n�d� �o�n�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g�.� 

�T�h�i�s� �r�e�p�o�r�t� �i�s� �o�r�g�a�n�i�z�e�d� �i�n�t�o� �f�i�v�e� �c�h�a�p�t�e�r�s�.� �E�x�p�e�r�i�m�e�n�t�a�l� �e�q�u�i�p�m�e�n�t� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t�s� 

�t�e�c�h�n�i�q�u�e�s� �a�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �c�h�a�p�t�e�r� �t�w�o� �w�i�t�h� �t�h�e� �f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n� �r�e�s�u�l�t�s� �d�i�s�c�u�s�s�e�d� �i�n� 

�c�h�a�p�t�e�r� �t�h�r�e�e�.� �H�o�t�-�w�i�r�e� �m�e�a�s�u�r�e�m�e�n�t�s� �a�n�d� �r�e�s�u�l�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �c�h�a�p�t�e�r� �f�o�u�r� �w�i�t�h� 

�c�o�n�c�l�u�s�i�o�n�s� �m�a�d�e� �i�n� �c�h�a�p�t�e�r� �f�i�v�e�.� 
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�2�.�1� �F�a�c�i�l�i�t�i�e�s� �a�n�d� �E�q�u�i�p�m�e�n�t� 

�2�.�1�.�1� �W�i�n�d� �T�u�n�n�e�l� 

�E�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� �t�h�e� �V�i�r�g�i�n�i�a� �T�e�c�h� �S�t�a�b�i�l�i�t�y� �W�i�n�d� �T�u�n�n�e�l� �(�f�i�g�u�r�e� �4� �a�n�d� 

�5�)�.� �I�t� �i�s� �a� �c�o�n�t�i�n�u�o�u�s�,� �s�i�n�g�l�e� �r�e�t�u�r�n�,� �c�l�o�s�e�d�-�c�i�r�c�u�i�t� �s�u�b�s�o�n�i�c� �w�i�n�d� �t�u�n�n�e�l� �w�i�t�h� �v�a�r�i�o�u�s� 

�i�n�t�e�r�c�h�a�n�g�e�a�b�l�e� �t�e�s�t� �s�e�c�t�i�o�n�s�.� �I�t� �i�s� �p�o�w�e�r�e�d� �b�y� �a� �6�0�0� �h�o�r�s�e� �p�o�w�e�r� �d�.�c�.� �m�o�t�o�r� �a�l�l�o�w�i�n�g� �a� 

�m�a�x�i�m�u�m� �s�p�e�e�d� �o�f� �5�6� �m�/�s�.� �T�h�e� �t�e�s�t� �s�e�c�t�i�o�n� �u�s�e�d� �f�o�r� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �i�s� �s�q�u�a�r�e� �w�i�t�h� �a� 

�c�r�o�s�s� �s�e�c�t�i�o�n� �o�f� �1�.�8�3�m� �X� �1�.�8�3�m� �a�n�d� �a� �l�e�n�g�t�h� �o�f� �7�.�3�3�m�.� �A�n� �a�i�r� �t�i�g�h�t� �c�o�n�t�a�i�n�i�n�g� �r�o�o�m� �i�s� 

�u�s�e�d� �t�o� �e�n�c�l�o�s�e� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n� �s�o� �t�h�a�t� �t�h�e� �p�r�e�s�s�u�r�e� �c�a�n� �b�e� �e�q�u�a�l�i�z�e�d� �b�e�t�w�e�e�n� �t�h�e� �t�e�s�t� 

�s�e�c�t�i�o�n� �a�n�d� �c�o�n�t�r�o�l� �r�o�o�m�.� �S�e�v�e�n� �a�n�t�i�-�t�u�r�b�u�l�e�n�c�e� �s�c�r�e�e�n�s� �a�r�e� �l�o�c�a�t�e�d� �i�n� �t�h�e� �s�e�t�t�l�i�n�g� 

�c�h�a�m�b�e�r� �j�u�s�t� �a�h�e�a�d� �o�f� �t�h�e� �n�o�z�z�l�e� �w�h�i�c�h� �h�a�s� �a� �c�o�n�t�r�a�c�t�i�o�n� �r�a�t�i�o� �o�f� �9�:�1�.� �T�h�e� �d�i�f�f�u�s�e�r� �a�n�g�l�e� 

�i�s� �3� �d�e�g�r�e�e�s� �w�i�t�h� �l�a�r�g�e� �v�o�r�t�e�x� �g�e�n�e�r�a�t�o�r�s� �l�o�c�a�t�e�d� �a�t� �t�h�e� �e�n�t�r�a�n�c�e� �t�o� �p�r�e�v�e�n�t� �s�e�p�a�r�a�t�i�o�n� �a�s� 

�t�h�e� �f�l�o�w� �d�e�c�e�l�e�r�a�t�e�s�.� �F�l�o�w� �i�n� �t�h�e� �e�m�p�t�y� �t�e�s�t� �s�e�c�t�i�o�n� �i�s� �c�l�o�s�e�l�y� �u�n�i�f�o�r�m� �w�i�t�h� �a� �t�u�r�b�u�l�e�n�c�e� 

�i�n�t�e�n�s�i�t�y� �o�f� �l�e�s�s� �t�h�a�n� �.�0�3�%� �a�t� �2�0�m�/�s� �(�s�e�e� �C�h�o�i� �a�n�d� �S�i�m�p�s�o�n� �(�1�9�8�7�)�)�.� �O�n�e� �s�i�d�e� �o�f� �t�h�e� �t�e�s�t� 

�s�e�c�t�i�o�n� �i�s� �m�a�d�e� �o�f� �p�l�e�x�i�g�l�a�s�s� �a�n�d� �g�l�a�s�s� �p�a�n�e�l�s� �t�h�r�o�u�g�h� �w�h�i�c�h� �o�b�s�e�r�v�a�t�i�o�n�s� �a�r�e� �m�a�d�e�.� 

�2�.� �E�x�p�e�r�i�m�e�n�t�a�l� �A�p�p�a�r�a�t�u�s� �A�n�d� �T�e�c�h�n�i�q�u�e�s� �8



�2�.�1�.�2� �W�i�n�g�s� 

�M�a�s�o�n� �a�n�d� �M�a�r�c�h�m�a�n�'�s� �(�1�9�7�2�)� �w�i�n�g� �m�o�d�e�l� �w�a�s� �u�s�e�d� �a�l�o�n�g� �w�i�t�h� �a�n� �i�d�e�n�t�i�c�a�l� �m�o�d�e�l� 

�p�r�o�d�u�c�e�d� �o�n� �a� �n�u�m�e�r�i�c�a�l� �c�o�n�t�r�o�l�l�e�d� �m�i�l�l�i�n�g� �m�a�c�h�i�n�e�.� �E�a�c�h� �m�o�d�e�l� �h�a�s� �a� �r�e�c�t�a�n�g�u�l�a�r� 

�p�l�a�n�f�o�r�m�,� �N�A�C�A� �0�0�1�2� �a�i�r�f�o�i�l� �s�e�c�t�i�o�n� �a�n�d� �a� �b�l�u�n�t� �w�i�n�g� �t�i�p�.� �T�h�e� �c�h�o�r�d� �a�n�d� �s�p�a�n� �a�r�e� 

�.�2�0�3�m� �a�n�d� �1�.�2�2�m� �r�e�s�p�e�c�t�i�v�e�l�y�.� �M�a�s�o�n� �a�n�d� �M�a�r�c�h�m�a�n�'�s� �w�i�n�g� �i�s� �m�a�d�e� �f�r�o�m� �s�o�l�i�d� �b�r�a�s�s� 

�w�h�i�l�e� �t�h�e� �o�t�h�e�r� �w�i�n�g� �i�s� �m�a�d�e� �f�r�o�m� �s�o�l�i�d� �a�l�u�m�i�n�u�m�.� �S�u�r�f�a�c�e�s� �o�f� �b�o�t�h� �w�i�n�g�s� �a�r�e� �a�c�c�u�r�a�t�e� 

�t�o� �w�i�t�h�i�n� �+�.�2�5�m�m�.� �T�h�e� �w�i�n�g�s� �w�e�r�e� �m�o�u�n�t�e�d� �v�e�r�t�i�c�a�l�l�y� �a�t� �t�h�e� �m�i�d� �s�p�a�n� �o�f� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n� 

�f�r�o�m� �o�p�p�o�s�i�t�e� �w�a�l�l�s� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �f�r�e�e�s�t�r�e�a�m� �(�f�i�g�u�r�e� �6�)�.� �T�h�e� �e�n�d� �o�f� �e�a�c�h� �w�i�n�g� �r�a�n� 

�t�h�r�o�u�g�h� �a� �t�u�r�n�t�a�b�l�e� �m�o�u�n�t�e�d� �f�l�u�s�h� �w�i�t�h� �e�a�c�h� �t�e�s�t� �s�e�c�t�i�o�n� �w�a�l�l� �(�f�i�g�u�r�e� �7� �a�n�d� �f�i�g�u�r�e� �8�)�.� 

�T�h�e� �t�u�r�n�t�a�b�l�e�s� �a�l�l�o�w�e�d� �t�h�e� �w�i�n�g�s� �t�o� �b�e� �r�o�t�a�t�e�d� �t�o� �a�n�y� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �a�b�o�u�t� �t�h�e� �q�u�a�r�t�e�r� 

�c�h�o�r�d� �l�o�c�a�t�i�o�n�.� �T�h�e� �v�e�r�t�i�c�a�l� �l�o�c�a�t�i�o�n� �o�f� �e�a�c�h� �w�i�n�g� �w�a�s� �v�a�r�i�e�d� �b�y� �s�l�i�d�i�n�g� �i�t� �t�h�r�o�u�g�h� �t�h�e� 

�t�u�r�n�t�a�b�l�e� �a�n�d� �c�l�a�m�p�i�n�g� �i�t� �t�o� �t�h�e� �t�u�r�n�t�a�b�l�e� �o�u�t�s�i�d�e� �o�f� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n� �(�f�i�g�u�r�e� �8�)�.� �T�h�e� 

�s�t�r�e�a�m�w�i�s�e� �a�n�d� �l�a�t�e�r�a�l� �p�o�s�i�t�i�o�n�s� �o�f� �t�h�e� �t�u�r�n�t�a�b�l�e� �a�n�d� �b�a�s�e� �p�l�a�t�e� �h�o�l�d�i�n�g� �t�h�e� �l�o�w�e�r� �w�i�n�g� 

�c�o�u�l�d� �b�e� �a�d�j�u�s�t�e�d�,� �e�n�a�b�l�i�n�g� �t�h�e� �t�w�o� �w�i�n�g�s� �t�o� �b�e� �a�l�i�g�n�e�d�.� �O�n�c�e� �a�l�i�g�n�e�d�,� �s�m�a�l�l� �g�a�p�s� 

�a�r�o�u�n�d� �t�h�e� �b�a�s�e� �p�l�a�t�e� �w�e�r�e� �c�o�v�e�r�e�d� �w�i�t�h� �t�a�p�e� �t�o� �p�r�o�v�i�d�e� �a� �f�l�u�s�h� �s�u�r�f�a�c�e� �w�i�t�h� �t�h�e� �t�e�s�t� 

�s�e�c�t�i�o�n� �w�a�l�l�.� �T�o� �e�l�i�m�i�n�a�t�e� �f�l�o�w� �i�n�d�u�c�e�d� �v�i�b�r�a�t�i�o�n�,� �t�h�e� �e�n�d� �o�f� �e�a�c�h� �w�i�n�g� �o�u�t�s�i�d�e� �o�f� �t�h�e� 

�t�e�s�t� �s�e�c�t�i�o�n� �w�a�s� �b�r�a�c�e�d� �b�y� �r�u�n�n�i�n�g� �4�.�0�m�m� �d�i�a�m�e�t�e�r� �s�t�e�e�l� �c�a�b�l�e�s� �s�t�r�e�t�c�h�e�d� �h�o�r�i�z�o�n�t�a�l�l�y� 

�b�e�t�w�e�e�n� �s�t�e�e�l� �s�u�p�p�o�r�t�s�.� �B�y� �v�a�r�y�i�n�g� �t�h�e� �t�e�n�s�i�o�n� �o�f� �e�a�c�h� �c�a�b�l�e� �a�n�d� �a�l�l�o�w�i�n�g� �t�h�e� �w�i�n�g�s� �t�o� 

�p�i�v�o�t� �a�t� �t�h�e� �t�u�r�n�t�a�b�l�e�s�,� �t�h�e� �c�a�b�l�e�s� �w�e�r�e� �a�l�s�o� �u�s�e�d� �t�o� �a�d�j�u�s�t� �t�h�e� �d�i�h�e�d�r�a�l� �a�n�g�l�e� �o�f� �e�a�c�h� �w�i�n�g� 

�t�o� �0�°� �(�i�.�e�.� �t�o� �p�o�s�i�t�i�o�n� �t�h�e� �w�i�n�g�s� �i�n� �t�h�e� �v�e�r�t�i�c�a�l� �p�l�a�n�e�)�.� �T�h�e� �c�a�b�l�e�s� �w�e�r�e� �a�t�t�a�c�h�e�d� �v�i�a� �a� �p�i�n� 

�l�o�c�a�t�e�d� �a�t� �t�h�e� �a�x�i�s� �o�f� �r�o�t�a�t�i�o�n� �(�i�.�e�.� �t�h�e� �q�u�a�r�t�e�r�-�c�h�o�r�d� �l�o�c�a�t�i�o�n�)� �a�n�d� �t�h�u�s� �d�i�d� �n�o�t� �p�r�e�v�e�n�t� �t�h�e� 

�w�i�n�g� �b�e�i�n�g� �r�o�t�a�t�e�d� �t�o� �a�n�g�l�e� �o�f� �a�t�t�a�c�k�.� 
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�T�h�e� �w�i�n�g�s� �w�e�r�e� �i�n�i�t�i�a�l�l�y� �p�l�a�c�e�d� �a�t� �z�e�r�o� �a�n�g�l�e� �o�f� �a�t�t�a�c�k�,� �w�i�t�h� �a�n� �a�c�c�u�r�a�c�y� �o�f� �+�0�.�2�°� �b�y� 

�u�s�i�n�g� �a� �r�e�m�o�v�a�b�l�e� �w�i�n�g� �t�i�p� �h�o�l�d�i�n�g� �4�8� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �p�o�r�t�s�.� �T�h�e� �a�l�u�m�i�n�u�m� �w�i�n�g� �t�i�p� �w�a�s� 

�1�0�0�m�m� �w�i�d�e� �w�i�t�h� �t�h�r�e�e� �r�o�w�s� �o�f� �1�6� �p�r�e�s�s�u�r�e� �p�o�r�t�s� �s�p�a�c�e�d� �e�q�u�a�l�l�y� �o�n� �b�o�t�h� �s�i�d�e�s� �l�o�c�a�t�e�d� 

�a�t� �1�9�m�m�,� �4�4�m�m� �a�n�d� �7�0�m�m� �f�r�o�m� �t�h�e� �o�u�t�e�r� �e�d�g�e�.� �T�h�e� �p�r�e�s�s�u�r�e� �t�a�p�s� �a�n�d� �w�i�n�d� �t�u�n�n�e�l� �p�i�t�o�t� 

�t�u�b�e� �w�e�r�e� �b�o�t�h� �c�o�n�n�e�c�t�e�d� �t�o� �a� �s�c�a�n�i�v�a�l�v�e� �s�y�s�t�e�m�.� �P�r�e�s�s�u�r�e�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� 

�S�E�T�R�A� �m�o�d�e�l� �2�3�9� �p�r�e�s�s�u�r�e� �t�r�a�n�s�d�u�c�e�r� �i�n�t�e�r�f�a�c�e�d� �t�o� �a�n� �I�B�M� �A�T� �c�o�m�p�u�t�e�r� �t�h�r�o�u�g�h� �a� 

�D�a�t�a� �T�r�a�n�s�l�a�t�i�o�n� �D�2�8�0�1�-�A� �A�/�D� �c�o�n�v�e�r�t�e�r�.� �T�h�e� �r�e�m�o�v�a�b�l�e� �w�i�n�g� �t�i�p� �w�a�s� �f�i�r�s�t� �p�l�a�c�e�d� �o�n� 

�t�h�e� �u�p�p�e�r� �w�i�n�g� �a�n�d� �u�s�e�d� �t�o� �p�o�s�i�t�i�o�n� �i�t� �a�t� �z�e�r�o� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �b�y� �e�q�u�a�l�i�z�i�n�g� �t�h�e� �p�r�e�s�s�u�r�e�s� 

�o�n� �b�o�t�h� �s�i�d�e�s�.� �T�h�e� �l�o�w�e�r� �w�i�n�g� �w�a�s� �t�h�e�n� �m�o�v�e�d� �u�p� �t�h�r�o�u�g�h� �t�h�e� �t�u�r�n�t�a�b�l�e� �u�n�t�i�l� �i�t�s� �t�i�p� 

�t�o�u�c�h�e�d� �t�h�a�t� �o�f� �t�h�e� �u�p�p�e�r� �w�i�n�g�.� �T�h�i�s� �w�i�n�g� �w�a�s� �t�h�e�n� �r�o�t�a�t�e�d� �t�o� �t�h�e� �s�a�m�e� �a�n�g�l�e�.� �T�h�e� �l�o�w�e�r� 

�w�i�n�g� �w�a�s� �t�h�e�n� �s�l�i�d� �d�o�w�n� �i�n�t�o� �p�o�s�i�t�i�o�n� �a�n�d� �c�l�a�m�p�e�d�.� �O�t�h�e�r� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k� �w�e�r�e� 

�m�e�a�s�u�r�e�d� �r�e�l�a�t�i�v�e� �t�o� �t�h�e�s�e� �l�o�c�a�t�i�o�n�s�.� �T�o� �e�l�i�m�i�n�a�t�e� �p�o�s�s�i�b�l�e� �u�n�s�t�e�a�d�i�n�e�s�s� �a�n�d� �n�o�n�-� 

�u�n�i�f�o�r�m�i�t�y� �t�h�a�t� �m�i�g�h�t� �r�e�s�u�l�t� �f�r�o�m� �n�a�t�u�r�a�l� �t�r�a�n�s�i�t�i�o�n�,� �t�h�e� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �o�n� �t�h�e� �w�i�n�g�s� 

�w�e�r�e� �t�r�i�p�p�e�d�.� �G�l�a�s�s� �b�e�a�d�s� �w�i�t�h� �a� �d�i�a�m�e�t�e�r� �o�f� �.�S�m�m� �w�e�r�e� �g�l�u�e�d� �t�o� �t�h�e� �w�i�n�g�s� �i�n� �a� �r�a�n�d�o�m� 

�p�a�t�t�e�r�n� �i�n� �a� �s�t�r�i�p� �e�x�t�e�n�d�i�n�g� �b�e�t�w�e�e�n� �t�h�e� �2�0�%� �t�o� �4�0�%� �c�h�o�r�d� �l�o�c�a�t�i�o�n�s�.� �A�v�e�r�a�g�e� �d�e�n�s�i�t�y� 

�w�a�s� �2�0�0� �b�e�a�d�s�/�c�m�2�.� 

�2�.�1�.�3� �T�r�a�v�e�r�s�e� �M�e�c�h�a�n�i�s�m� 

�A� �t�r�a�v�e�r�s�e� �m�e�c�h�a�n�i�s�m� �m�o�u�n�t�e�d� �i�n� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n� �w�a�s� �u�s�e�d� �t�o� �h�o�l�d� �a� �d�u�m�m�y� �p�r�o�b�e� �f�o�r� 

�f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n�s� �a�n�d� �h�o�t�-�w�i�r�e� �p�r�o�b�e� �f�o�r� �v�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �(�f�i�g�u�r�e� �5� �a�n�d� �7�)�.� �T�h�e� 

�l�o�c�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�b�e� �c�o�u�l�d� �b�e� �m�o�v�e�d� �b�o�t�h� �v�e�r�t�i�c�a�l�l�y� �a�n�d� �h�o�r�i�z�o�n�t�a�l�l�y� �i�n� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n�.� 

�T�h�e� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�b�e� �w�a�s� �c�h�a�n�g�e�d� �b�y� �m�o�v�i�n�g� �t�h�e� �t�r�a�v�e�r�s�e� �m�e�c�h�a�n�i�s�m� 

�m�a�n�u�a�l�l�y� �t�h�e�n� �s�e�c�u�r�i�n�g� �i�t� �t�o� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n�.� �T�h�r�e�e� �R�M� �s�e�r�i�e�s� �s�t�e�p�p�e�r� �m�o�t�o�r�s� �p�r�o�d�u�c�e�d� 

�b�y� �C�o�m�p�u�m�o�t�o�r� �w�e�r�e� �u�s�e�d� �t�o� �c�o�n�t�r�o�l� �b�o�t�h� �t�h�e� �v�e�r�t�i�c�a�l� �a�n�d� �h�o�r�i�z�o�n�t�a�l� �a�x�i�s�.� �T�h�e� �m�o�t�o�r�s� 

�2�.� �E�x�p�e�r�i�m�e�n�t�a�l� �A�p�p�a�r�a�t�u�s� �A�n�d� �T�e�c�h�n�i�q�u�e�s� �1�0



�w�e�r�e� �c�o�n�n�e�c�t�e�d� �t�o� �a� �S�D� �d�r�i�v�e� �s�y�s�t�e�m� �c�o�n�t�r�o�l�l�e�d� �b�y� �a�n� �I�F�1� �c�o�n�t�r�o�l�l�e�r� �a�l�s�o� �s�u�p�p�l�i�e�d� �b�y� 

�C�o�m�p�u�m�o�t�o�r�.� �A�n� �I�B�M� �A�T� �w�a�s� �u�s�e�d� �t�o� �s�e�n�d� �p�o�s�i�t�i�o�n� �l�o�c�a�t�i�o�n�s� �t�h�r�o�u�g�h� �a� �R�S�-�2�3�2� �p�o�r�t� �t�o� 

�t�h�e� �I�F�1� �c�o�n�t�r�o�l�l�e�r�.� �A� �T�e�l�e�b�y�t�e� �M�o�d�e�l� �2�6�8� �o�p�t�i�c�a�l� �i�s�o�l�a�t�o�r� �w�a�s� �i�n�s�e�r�t�e�d� �i�n�t�o� �t�h�e� �R�S�-�2�3�2� 

�l�i�n�e� �t�o� �r�e�d�u�c�e� �t�h�e� �a�m�o�u�n�t� �o�f� �e�l�e�c�t�r�i�c�a�l� �n�o�i�s�e� �r�e�c�e�i�v�e�d� �f�r�o�m� �t�h�e� �c�o�n�t�r�o�l�l�e�r�.� �T�h�i�s� �s�y�s�t�e�m� 

�a�l�l�o�w�e�d� �t�h�e� �p�r�o�b�e� �l�o�c�a�t�i�o�n� �t�o� �b�e� �c�o�n�t�r�o�l�l�e�d� �b�y� �t�h�e� �d�a�t�a� �a�c�q�u�i�s�i�t�i�o�n� �p�r�o�g�r�a�m�s�.� �A�c�c�u�r�a�c�y� 

�o�f� �t�h�e� �b�o�t�h� �t�h�e� �v�e�r�t�i�c�a�l� �a�n�d� �h�o�r�i�z�o�n�t�a�l� �a�x�i�s� �w�e�r�e� �w�i�t�h�i�n� �.�0�2�5� �m�m� 

�2�.�1�.�4� �F�l�o�w� �V�i�s�u�a�l�i�z�a�t�i�o�n� �E�q�u�i�p�m�e�n�t� 

�T�h�e� �f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a� �S�a�g�e� �A�c�t�i�o�n� �I�n�c�.� �M�o�d�e�l� �5� �c�o�n�s�o�l�e� 

�h�e�l�i�u�m� �b�u�b�b�l�e� �g�e�n�e�r�a�t�o�r� �w�i�t�h� �t�w�o� �"�p�l�u�g� �i�n�"� �h�e�a�d�s�.� �T�h�e� �g�e�n�e�r�a�t�o�r� �p�r�o�d�u�c�e�s� �h�e�l�i�u�m� �f�i�l�l�e�d� 

�b�u�b�b�l�e�s� �b�y� �s�u�p�p�l�y�i�n�g� �S�a�g�e� �A�c�t�i�o�n� �I�n�c�.� �b�u�b�b�l�e� �f�i�l�m� �s�o�l�u�t�i�o�n�,� �h�e�l�i�u�m� �a�n�d� �c�o�m�p�r�e�s�s�e�d� �a�i�r� 

�t�o� �t�h�e� �t�w�o� �h�e�a�d�s�.� �M�i�c�r�o�-�m�e�t�e�r�i�n�g� �v�a�l�v�e�s� �v�a�r�y� �t�h�e� �a�m�o�u�n�t� �o�f� �m�i�x�t�u�r�e� �s�u�p�p�l�i�e�d� �t�o� �t�h�e� 

�h�e�a�d�s� �w�h�i�c�h� �e�f�f�e�c�t�s� �t�h�e� �s�i�z�e� �a�n�d� �r�a�t�e� �o�f� �h�e�l�i�u�m� �b�u�b�b�l�e�s� �p�r�o�d�u�c�e�d�.� �V�a�l�v�e� �s�e�t�t�i�n�g�s� �w�e�r�e� 

�a�d�j�u�s�t�e�d� �a�s� �s�p�e�c�i�f�i�e�d� �i�n� �t�h�e� �S�a�g�e� �A�c�t�i�o�n� �O�p�e�r�a�t�o�r�s� �M�a�n�u�a�l� �(�1�9�9�0�)�,� �p�r�o�d�u�c�i�n�g� �b�u�b�b�l�e�s� 

�a�b�o�u�t� �3�.�2�m�m� �i�n� �d�i�a�m�e�t�e�r�.� �B�u�b�b�l�e�s� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� �h�e�a�d�s� �a�r�e� �t�h�e�n� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �t�w�o� 

�f�i�l�t�e�r�s� �d�e�s�i�g�n�e�d� �t�o� �c�e�n�t�r�i�f�u�g�e� �o�u�t� �h�e�a�v�i�e�r� �t�h�a�n� �a�i�r� �b�u�b�b�l�e�s�.� �B�u�b�b�l�e�s� �l�e�a�v�e� �t�h�e� �f�i�l�t�e�r�s� 

�t�h�r�o�u�g�h� �t�w�o� �1�2�.�7�m�m� �d�i�a�m�e�t�e�r� �p�l�a�s�t�i�c� �t�u�b�e�s� �w�h�i�c�h� �i�n� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n� �w�e�r�e� �c�o�n�n�e�c�t�e�d� �t�o� 

�t�w�o� �p�i�e�c�e�s� �o�f� �4�.�8�m�m� �t�h�i�c�k� �a�l�u�m�i�n�u�m� �t�u�b�i�n�g� �o�f� �a�i�r�f�o�i�l� �c�r�o�s�s� �s�e�c�t�i�o�n�.� �T�h�e� �a�i�r�f�o�i�l� �t�u�b�i�n�g� 

�a�l�l�o�w�e�d� �b�u�b�b�l�e�s� �t�o� �b�e� �i�n�j�e�c�t�e�d� �i�n�t�o� �t�h�e� �f�l�o�w� �w�i�t�h� �m�i�n�i�m�a�l� �i�n�t�e�r�f�e�r�e�n�c�e� �(�f�i�g�u�r�e� �6� �a�n�d� 

�f�i�g�u�r�e� �7�)�.� �T�u�b�e�s� �w�e�r�e� �m�o�u�n�t�e�d� �1�.�0�m� �u�p�s�t�r�e�a�m� �o�f� �t�h�e� �w�i�n�g� �t�i�p�s�.� �A�t� �n�o� �t�i�m�e� �d�i�d� �t�h�e� 

�b�u�b�b�l�e� �p�r�o�b�e�s� �h�a�v�e� �a�n�y� �v�i�s�i�b�l�e� �e�f�f�e�c�t�s� �o�n� �t�h�e� �f�l�o�w�.� 

�T�h�e� �h�e�l�i�u�m� �b�u�b�b�l�e�s� �w�e�r�e� �i�l�l�u�m�i�n�a�t�e�d� �u�s�i�n�g� �a� �V�a�r�i�a�n� �a�r�c� �l�a�m�p� �(�M�o�d�e�l� �p�1�5�0�S�-�7�)� �s�u�p�p�l�i�e�d� 

�b�y� �S�a�g�e� �A�c�t�i�o�n� �I�n�c�.� �T�h�e� �a�r�c� �l�a�m�p� �w�a�s� �m�o�u�n�t�e�d� �a�t� �t�h�e� �u�p�s�t�r�e�a�m� �e�n�d� �o�f� �t�h�e� �d�i�f�f�u�s�e�r�.� �I�t� 

�2�.� �E�x�p�e�r�i�m�e�n�t�a�l� �A�p�p�a�r�a�t�u�s� �A�n�d� �T�e�c�h�n�i�q�u�e�s� �1�1



�w�a�s� �a�d�j�u�s�t�e�d� �t�o� �p�r�o�d�u�c�e�d� �a� �w�e�l�l� �d�e�f�i�n�e�d� �n�a�r�r�o�w� �l�i�g�h�t� �b�e�a�m� �a�l�i�g�n�e�d� �w�i�t�h� �t�h�e� �v�o�r�t�i�c�e�s�.� 

�T�h�e� �a�m�o�u�n�t� �o�f� �u�n�n�e�c�e�s�s�a�r�y� �s�c�a�t�t�e�r�e�d� �l�i�g�h�t� �w�a�s� �t�h�e�r�e�f�o�r�e� �m�i�n�i�m�i�z�e�d�.� �T�h�e� �s�i�d�e� �o�f� �t�h�e� �t�e�s�t� 

�s�e�c�t�i�o�n� �o�p�p�o�s�i�t�e� �t�h�e� �p�l�e�x�i�g�l�a�s�s� �a�n�d� �g�l�a�s�s� �p�a�n�e�l�s� �w�a�s� �c�o�v�e�r�e�d� �w�i�t�h� �f�l�a�t� �b�l�a�c�k� �p�l�a�s�t�i�c� �s�h�e�e�t� 

�t�o� �i�m�p�r�o�v�e� �t�h�e� �v�i�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �h�e�l�i�u�m� �b�u�b�b�l�e�s�.� 

�O�v�e�r� �5�5�0� �p�h�o�t�o�g�r�a�p�h�s� �w�e�r�e� �t�a�k�e�n� �u�s�i�n�g� �a� �N�i�k�o�n� �N�6�0�0�6� �c�a�m�e�r�a� �w�i�t�h� �A�S�A� �1�6�0�0� �c�o�l�o�r� 

�f�i�l�m� �u�s�i�n�g� �2� �a�n�d� �8� �s�e�c�o�n�d� �e�x�p�o�s�u�r�e� �t�i�m�e�s� �a�n�d� �a�n� �a�p�e�r�t�u�r�e� �s�e�t�t�i�n�g�s� �o�f� �f�/�1�.�8�.� �S�e�v�e�r�a�l� �h�o�u�r�s� 

�o�f� �v�i�d�e�o� �f�i�l�m� �w�e�r�e� �a�l�s�o� �t�a�k�e�n� �u�s�i�n�g� �a� �J�V�C� �c�a�m�c�o�r�d�e�r� �w�i�t�h� �1�/�6�0� �s�e�c�o�n�d� �e�x�p�o�s�u�r�e� �t�i�m�e�s� 

�a�n�d� �3�0�H�z� �f�r�a�m�i�n�g� �r�a�t�e�.� 

�2�.�2� �H�o�t� �W�i�r�e� �A�n�e�m�o�m�e�t�r�y� 

�V�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �u�s�i�n�g� �s�i�n�g�l�e� �a�n�d� �q�u�a�d� �h�o�t� �w�i�r�e� �p�r�o�b�e�s� �i�n� �c�o�n�j�u�n�c�t�i�o�n� 

�w�i�t�h� �a� �D�a�n�t�e�c� �a�n�e�m�o�m�e�t�e�r� �s�y�s�t�e�m�.� �T�h�i�s� �s�y�s�t�e�m� �c�o�n�s�i�s�t�e�d� �o�f� �a� �f�o�u�r� �D�a�n�t�e�c� �5�6�C�1�7� 

�b�r�i�d�g�e�s� �a�n�d� �f�o�u�r� �D�a�n�t�e�c� �5�6�C�0�1� �c�o�n�s�t�a�n�t� �t�e�m�p�e�r�a�t�u�r�e� �a�n�e�m�o�m�e�t�e�r�s� �h�o�u�s�e�d� �i�n� �a� �D�a�n�t�e�c� 

�5�6�B�1�2� �m�a�i�n� �f�r�a�m�e�.� �T�h�e� �o�u�t�p�u�t� �v�o�l�t�a�g�e�s� �f�r�o�m� �t�h�e� �a�n�e�m�o�m�e�t�e�r� �b�r�i�d�g�e�s� �w�h�e�r�e� �t�h�e�n� �s�e�n�t� �t�o� 

�a� �"�b�u�c�k� �a�n�d� �g�a�i�n�"� �a�m�p�l�i�f�i�e�r� �s�y�s�t�e�m� �b�u�i�l�t� �i�n� �h�o�u�s�e� �w�i�t�h� �B�u�r�r�-�B�r�o�w�n� �i�n�t�e�g�r�a�t�e�d� �c�i�r�c�u�i�t�s�.� 

�T�h�e� �a�m�p�l�i�f�i�e�r�s� �s�u�b�t�r�a�c�t�e�d� �a�n� �o�f�f�s�e�t� �v�o�l�t�a�g�e� �f�r�o�m� �t�h�e� �a�n�e�m�o�m�e�t�e�r� �o�u�t�p�u�t� �v�o�l�t�a�g�e�,� 

�t�y�p�i�c�a�l�l�y� �1�.�9�5� �v�o�l�t�s�,� �a�n�d� �m�u�l�t�i�p�l�i�e�d� �t�h�e� �r�e�s�u�l�t� �b�y� �a� �f�a�c�t�o�r� �o�f� �1�0�.� �T�h�e� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� 

�o�f� �t�h�e� �a�m�p�l�i�f�i�e�r�s� �w�e�r�e� �f�l�a�t� �o�u�t� �t�o� �1�0�0�k�H�z�.� �V�o�l�t�a�g�e�s� �w�e�r�e� �s�e�n�t� �t�o� �a�n� �A�n�a�l�o�g�i�c� �1�2� �b�i�t� 

�H�S�D�A�S�-�1�2� �A�/�D� �c�o�n�v�e�r�t�e�r� �w�i�t�h� �a� �v�o�l�t�a�g�e� �r�a�n�g�e� �o�f� �0�-�5�.�0� �v�o�l�t�s�.� �T�h�e� �A�/�D� �c�o�n�v�e�r�t�e�r� �c�a�n� 

�s�a�m�p�l�e� �f�o�u�r� �c�h�a�n�n�e�l�s� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �a�t� �a� �m�a�x�i�m�u�m� �r�a�t�e� �o�f� �1�0�0�k�H�z� �p�e�r� �c�h�a�n�n�e�l�.� �I�n� 

�a�d�d�i�t�i�o�n� �t�w�o� �o�t�h�e�r� �c�h�a�n�n�e�l�s� �o�f� �t�h�e� �A�/�D� �c�o�n�v�e�r�t�e�r� �w�e�r�e� �u�s�e�d� �f�o�r� �d�i�g�i�t�i�z�i�n�g� �t�h�e� �f�r�e�e�-�s�t�r�e�a�m� 

�p�i�t�o�t� �s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �a�n�d� �t�h�e� �f�l�o�w� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �d�i�g�i�t�i�z�e�d� �s�i�g�n�a�l�s� �w�e�r�e� �t�h�e�n� 

�s�e�n�t� �t�o� �a�n� �I�B�M� �A�T� �c�o�m�p�u�t�e�r� �f�o�r� �p�r�o�c�e�s�s�i�n�g�.� �A�n� �1�8�-�8� �L�a�b�o�r�a�t�o�r�i�e�s� �P�L�1�2�5�0� �a�r�r�a�y� 

�2�.� �E�x�p�e�r�i�m�e�n�t�a�l� �A�p�p�a�r�a�t�u�s� �A�n�d� �T�e�c�h�n�i�q�u�e�s� �1�2



�p�r�o�c�e�s�s�o�r� �w�a�s� �u�s�e�d� �u�s�e� �t�o� �l�i�n�e�a�r�i�z�e� �t�h�e� �h�o�t�-�w�i�r�e� �s�i�g�n�a�l�s� �a�n�d� �p�r�e�s�e�n�t� �r�e�s�u�l�t�i�n�g� �v�e�l�o�c�i�t�i�e�s� 

�a�n�d� �s�t�r�e�s�s�e�s� �i�n� �r�e�a�l� �t�i�m�e�.� �O�p�t�i�c�a�l� �d�i�s�k� �c�a�r�t�r�i�d�g�e�s� �h�o�l�d�i�n�g� �u�p� �t�o� �9�4�0� �m�e�g�a�b�y�t�e�s� �e�a�c�h� �w�e�r�e� 

�u�s�e�d� �t�o� �s�t�o�r�e� �t�h�e� �r�a�w� �a�n�d� �p�r�o�c�e�s�s�e�d� �d�a�t�a�.� 

�B�o�t�h� �h�o�t� �w�i�r�e� �p�r�o�b�e�s� �w�h�e�r�e� �c�a�l�i�b�r�a�t�e�d� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �e�a�c�h� �t�r�a�v�e�r�s�e� �a�t� �a� �c�o�m�m�o�n� 

�c�a�l�i�b�r�a�t�i�o�n� �l�o�c�a�t�i�o�n� �t�o� �e�n�s�u�r�e� �a�c�c�u�r�a�t�e� �v�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s�.� �K�i�n�g�'�s� �l�a�w� �g�i�v�e�n� �b�e�l�o�w� 

�w�a�s� �u�s�e�d� �t�o� �r�e�l�a�t�e� �t�h�e� �v�o�l�t�a�g�e� �o�f� �e�a�c�h� �w�i�r�e� �t�o� �i�t�s� �e�f�f�e�c�t�i�v�e� �v�e�l�o�c�i�t�y�.� 

�E�*� �=�A�+�B�U�%�,� �(�2�.�2�.�1�)� 

�w�h�e�r�e� �n�=�.�4�5�.� �T�h�e� �c�o�n�s�t�a�n�t�s� �A� �a�n�d� �B� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �a� �l�e�a�s�t� �s�q�u�a�r�e�s� �f�i�t� �u�s�i�n�g� �7� �t�o� 

�1�0� �c�a�l�i�b�r�a�t�i�o�n� �p�o�i�n�t�s� �o�v�e�r� �a� �r�a�n�g�e� �o�f� �v�e�l�o�c�i�t�i�e�s�.� �T�h�e� �a�c�t�u�a�l� �v�e�l�o�c�i�t�y� �e�r�r�o�r� �f�r�o�m� �e�a�c�h� 

�c�a�l�i�b�r�a�t�i�o�n� �p�o�i�n�t� �w�a�s� �l�e�s�s� �t�h�a�n� �1�%�.� �D�u�r�i�n�g� �a� �s�e�r�i�e�s� �o�f� �m�e�a�s�u�r�e�m�e�n�t�s� �t�h�e� �f�l�o�w� 

�t�e�m�p�e�r�a�t�u�r�e� �i�n�s�i�d�e� �t�h�e� �w�i�n�d� �t�u�n�n�e�l� �w�o�u�l�d� �v�a�r�y� �a� �f�e�w� �d�e�g�r�e�e�s� �p�e�r� �h�o�u�r� �d�u�e� �t�o� �o�u�t�s�i�d�e� 

�t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e�s�.� �H�o�t� �w�i�r�e� �s�i�g�n�a�l�s� �w�e�r�e� �c�o�r�r�e�c�t�e�d� �f�o�r� �t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e�s� �u�s�i�n�g� �t�h�e� 

�m�e�t�h�o�d� �o�f� �B�e�a�r�m�a�n� �(�1�9�7�0�)� �g�i�v�e�n� �b�y� 

�E�.�=�E�,�  ��_ �� �(�2�.�2�.�2�)� 
�Y�  �� 

�m� �¢�c� 

�w�h�e�r�e� �y� �i�s� �t�h�e� �o�v�e�r� �h�e�a�t� �r�a�t�i�o� �(�1�.�7� �u�s�e�d�)� �a�n�d� �E� �a�n�d� �T� �a�r�e� �t�h�e� �u�n�l�i�n�e�a�r�i�z�e�d� �v�o�l�t�a�g�e� �a�n�d� 

�t�e�m�p�e�r�a�t�u�r�e�.� �S�u�b�s�c�r�i�p�t�s� �(�m�)� �a�n�d� �(�c�)� �s�t�a�n�d� �f�o�r� �m�e�a�s�u�r�e�d� �a�n�d� �c�o�r�r�e�c�t�e�d� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�F�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �h�o�t�-�w�i�r�e� �s�y�s�t�e�m� �w�a�s� �f�l�a�t� �o�u�t� �t�o� �5�0�k�H�z� �f�o�r� �a�n� �o�v�e�r� �h�e�a�t� �r�a�t�i�o� �o�f� 

�1�.�7� 

�2�.� �E�x�p�e�r�i�m�e�n�t�a�l� �A�p�p�a�r�a�t�u�s� �A�n�d� �T�e�c�h�n�i�q�u�e�s� �1�3



�2�.�2�.�1� �D�u�m�m�y� �H�o�t� �W�i�r�e� �P�r�o�b�e� �a�n�d� �H�o�l�d�e�r� 

�S�i�n�c�e� �o�n�e� �o�f� �t�h�e� �p�u�r�p�o�s�e�s� �o�f� �t�h�e� �f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n� �w�a�s� �t�o� �e�x�a�m�i�n�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �p�r�o�b�e� 

�i�n�t�e�r�f�e�r�e�n�c�e� �o�n� �t�h�e� �v�o�r�t�i�c�e�s�,� �a� �d�u�m�m�y� �h�o�t�-�w�i�r�e� �p�r�o�b�e� �w�a�s� �u�s�e�d� �d�u�r�i�n�g� �a� �f�e�w� �o�f� �t�h�e� 

�v�i�s�u�a�l�i�z�a�t�i�o�n�s�.� �T�h�e� �d�i�m�e�n�s�i�o�n�s� �o�f� �t�h�e� �p�r�o�b�e� �w�e�r�e� �m�a�t�c�h�e�d� �t�o� �a� �D�a�n�t�e�c� �c�r�o�s�s� �h�o�t� �w�i�r�e� 

�p�r�o�b�e� �a�n�d� �s�t�e�m�.� 

�T�h�e� �p�r�o�b�e� �h�o�l�d�e�r� �(�f�i�g�u�r�e� �9�)� �w�a�s� �a� �2�3�.�6�m�m� �d�i�a�m�e�t�e�r� �s�t�e�e�l� �t�u�b�e� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �t�r�a�v�e�r�s�e� 

�m�e�c�h�a�n�i�s�m� �a�n�d� �a�l�i�g�n�e�d� �w�i�t�h� �t�h�e� �f�l�o�w�.� �I�t� �p�o�s�i�t�i�o�n�e�d� �t�h�e� �t�i�p� �o�f� �t�h�e� �d�u�m�m�y� �p�r�o�b�e� �.�7�m� 

�u�p�s�t�r�e�a�m� �o�f� �t�h�e� �t�r�a�v�e�r�s�e� �m�e�c�h�a�n�i�s�m�.� �T�w�o� �6�.�2�m�m� �d�i�a�m�e�t�e�r� �r�o�d�s� �w�e�r�e� �u�s�e�d� �t�o� �o�f�f�s�e�t� �t�h�e� 

�d�u�m�m�y� �p�r�o�b�e� �f�r�o�m� �t�h�e� �h�o�l�d�e�r� �b�y� �1�0�5�m�m�.� �T�h�i�s� �a�r�r�a�n�g�e�m�e�n�t� �a�l�l�o�w�e�d� �t�h�e� �d�u�m�m�y� �p�r�o�b�e� 

�t�o� �b�e� �p�o�s�i�t�i�o�n�e�d� �i�n� �t�h�e� �c�o�r�e� �o�f� �o�n�e� �o�f� �t�h�e� �v�o�r�t�i�c�e�s� �w�i�t�h� �t�h�e� �l�a�r�g�e� �p�r�o�b�e� �h�o�l�d�e�r� �w�e�l�l� �o�u�t�s�i�d�e� 

�i�t�.� 

�2�.�2�.�2� �S�i�n�g�l�e� �H�o�t� �W�i�r�e� �P�r�o�b�e� 

�A� �T�S�I� �1�2�1�0�T�.�5� �s�i�n�g�l�e� �h�o�t� �w�i�r�e� �p�r�o�b�e� �w�a�s� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �v�e�l�o�c�i�t�y� �p�r�o�f�i�l�e�s� �a�t� �t�h�e� �t�r�a�i�l�i�n�g� 

�e�d�g�e� �o�f� �t�h�e� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� �w�i�n�g�.� �T�h�e� �s�i�n�g�l�e� �h�o�t� �w�i�r�e� �p�r�o�b�e� �w�a�s� �m�o�u�n�t�e�d� �i�n� �a� �s�i�m�i�l�a�r� 

�f�a�s�h�i�o�n� �a�s� �t�h�e� �d�u�m�m�y� �w�i�r�e� �p�r�o�b�e� �e�x�c�e�p�t� �t�h�a�t� �a� �2�5�.�4�m�m� �d�i�a�m�e�t�e�r� �s�o�l�i�d� �a�l�u�m�i�n�u�m� �r�o�d� �w�a�s� 

�u�s�e�d� �i�n� �p�l�a�c�e� �o�f� �t�h�e� �t�u�b�e�.� �T�h�e� �s�i�n�g�l�e� �h�o�t� �w�i�r�e� �w�a�s� �o�f�f�s�e�t� �f�r�o�m� �t�h�e� �p�r�o�b�e� �h�o�l�d�e�r� �b�y� 

�1�0�5�m�m� �u�s�i�n�g� �t�w�o� �4�.�8�m�m� �d�i�a�m�e�t�e�r� �r�o�d�s�.� �T�h�e� �w�i�r�e� �w�a�s� �p�o�s�i�t�i�o�n�e�d� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �w�i�n�g� �1� 

�m�m� �f�r�o�m� �t�h�e� �t�r�a�i�l�i�n�g� �e�d�g�e�.� 

�2�.� �E�x�p�e�r�i�m�e�n�t�a�l� �A�p�p�a�r�a�t�u�s� �A�n�d� �T�e�c�h�n�i�q�u�e�s� �1�4



�A�c�c�o�r�d�i�n�g� �t�o� �J�o�r�g�e�n�s�o�n� �(�1�9�7�1�)�,� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �e�f�f�e�c�t�i�v�e� �c�o�o�l�i�n�g� �v�e�l�o�c�i�t�y� �o�f� 

�a� �w�i�r�e� �U�,�,�,�a�n�d� �t�h�e� �v�e�l�o�c�i�t�i�e�s� �n�o�r�m�a�l� �U�,� �,�t�a�n�g�e�n�t�i�a�l� �U�,� �a�n�d� �s�p�a�n�w�i�s�e� �U�,� �(�f�i�g�u�r�e� �1�0�)� �i�s� 

�g�i�v�e�n� �b�y� 

�U�2�,� �=� �U�2� �+�k�?�U�?� �+�h�?�U�2� �(�2�.�2�.�3�)� 

�w�h�e�r�e� �k� �a�n�d� �h� �a�r�e� �p�i�t�c�h� �a�n�d� �y�a�w� �f�a�c�t�o�r�s� �r�e�s�p�e�c�t�i�v�e�l�y�.� �E�x�p�r�e�s�s�i�n�g� �t�h�e�s�e� �t�e�r�m�s� �u�s�i�n�g� 

�v�e�l�o�c�i�t�y� �c�o�m�p�o�n�e�n�t�s� �U�,� �V�,� �W� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �1�0�,� �w�e� �o�b�t�a�i�n� 

�U�2�,� �=�U�"� �+�k�?�V�*�?� �+�h�?� �W�?� �(�2�.�2�.�4�)� 

�S�p�l�i�t�t�i�n�g� �t�h�e� �v�e�l�o�c�i�t�y� �c�o�m�p�o�n�e�n�t�s� �i�n� �t�h�e� �m�e�a�n� �a�n�d� �f�l�u�c�t�u�a�t�i�n�g� �p�a�r�t�s� �a�n�d� �r�e�a�r�r�a�n�g�i�n�g� �t�e�r�m�s� 

� � 

�g�i�v�e�s� 

�°� �?� �2� �2� �2� �2�.�2�.�5� 
�u� �f�i�t� �e�e�k�?� �V�4� �+�n�?�)� �W�o� �2�W�w� �w�e� �(�2�.�2�.�5�)� 

�U� �U� �U�v� �W�U� �U�Y� �U�U�:� 

�A�s�s�u�m�i�n�g� �V�,� �W�,� �u�,�v�,�w� �a�r�e� �s�m�a�l�l� �c�o�m�p�a�r�e�d� �t�o� �U� �a�n�d� �p�e�r�f�o�r�m�i�n�g� �b�i�n�o�m�i�a�l� �e�x�p�a�n�s�i�o�n� �o�f� 

�t�h�e� �s�q�u�a�r�e� �r�o�o�t� �g�i�v�e�s� 

�D�o�r�e� �+� �U�s�g�e� �=� �U� �t�u� �(�2�.�2�.�6�)� 
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�T�h�u�s� �t�h�e� �s�i�n�g�l�e� �h�o�t� �w�i�r�e� �m�e�a�s�u�r�e�s� �o�n�l�y� �t�h�e� �m�e�a�n� �U� �a�n�d� �f�l�u�c�t�u�a�t�i�o�n� �u�.� �T�h�e� �s�i�n�g�l�e� �w�i�r�e� 

�p�r�o�b�e� �w�a�s� �c�a�l�i�b�r�a�t�e�d� �i�n� �t�h�e� �f�r�e�e�s�t�r�e�a�m� �a�g�a�i�n�s�t� �t�h�e� �w�i�n�d� �t�u�n�n�e�l� �p�i�t�o�t�-�s�t�a�t�i�c� �p�r�o�b�e� �w�i�t�h� �t�h�e� 

�w�i�r�e� �n�o�r�m�a�l� �t�o� �t�h�e� �f�l�o�w�.� 

�2�.�2�.�3� �Q�u�a�d� �H�o�t� �W�i�r�e� �P�r�o�b�e� 

�A� �m�i�n�i�a�t�u�r�e� �q�u�a�d� �h�o�t� �w�i�r�e� �p�r�o�b�e� �p�r�o�d�u�c�e�d� �b�y� �A�u�s�p�e�x� �C�o�r�p�o�r�a�t�i�o�n� �(�m�o�d�e�l� �A�V�O�P�-�4�-�1�0�0�)� 

�w�a�s� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �m�e�a�n� �v�e�l�o�c�i�t�i�e�s� �a�n�d� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s� �a�t� �v�a�r�i�o�u�s� �p�l�a�n�e�s� �d�o�w�n�s�t�r�e�a�m� 

�o�f� �t�h�e� �w�i�n�g�s�.� �T�h�e� �q�u�a�d� �h�o�t� �w�i�r�e� �p�r�o�b�e� �c�o�n�s�i�s�t�s� �o�f� �f�o�u�r� �w�i�r�e�s� �a�r�r�a�n�g�e�d� �t�o� �f�o�r�m� �t�w�o� 

�o�r�t�h�o�g�o�n�a�l� �X�-�w�i�r�e� �a�r�r�a�y�s� �w�i�t�h� �e�a�c�h� �w�i�r�e� �i�n�c�l�i�n�e�d� �a�t� �a� �n�o�m�i�n�a�l� �a�n�g�l�e� �o�f� �4�5� �d�e�g�r�e�e�s� �t�o� �t�h�e� 

�p�r�o�b�e� �a�x�i�s� �(�f�i�g�u�r�e� �1�1�)�.� �E�i�g�h�t� �p�r�o�n�g�s�,� �7�5�u�m� �i�n� �d�i�a�m�e�t�e�r� �a�t� �t�h�e� �t�i�p�,� �a�r�e� �u�s�e�d� �t�o� �p�o�s�i�t�i�o�n� �t�h�e� 

�w�i�r�e�s� �4�0�m�m� �u�p�s�t�r�e�a�m� �o�f� �t�h�e� �m�a�i�n� �p�a�r�t� �o�f� �t�h�e� �p�r�o�b�e�.� �A� �9�m�m� �s�e�n�s�i�n�g� �v�o�l�u�m�e� �i�s� �u�s�e�d� �t�o� 

�a�c�h�i�e�v�e� �h�i�g�h� �s�p�a�t�i�a�l� �r�e�s�o�l�u�t�i�o�n� �a�n�d� �m�i�n�i�m�i�z�e� �p�r�o�b�e� �i�n�t�e�r�f�e�r�e�n�c�e� �e�f�f�e�c�t�s�.� �E�a�c�h� �w�i�r�e� �i�s� 

�m�a�d�e� �o�f� �t�u�n�g�s�t�e�n� �a�n�d� �i�s� �0�.�8�m�m� �i�n� �l�e�n�g�t�h� �a�n�d� �5�u�m� �i�n� �d�i�a�m�e�t�e�r�.� �T�h�e� �q�u�a�d� �w�i�r�e� �p�r�o�b�e� �w�a�s� 

�m�o�u�n�t�e�d� �i�n� �a� �s�i�m�i�l�a�r� �f�a�s�h�i�o�n� �a�s� �t�h�e� �s�i�n�g�l�e� �w�i�r�e� �p�r�o�b�e�,� �u�s�i�n�g� �t�h�e� �a�l�u�m�i�n�u�m� �p�r�o�b�e� �h�o�l�d�e�r� 

�a�s� �s�h�o�w�n� �f�i�g�u�r�e� �1�2�.� 

�T�h�e� �q�u�a�d� �h�o�t� �w�i�r�e� �i�s� �c�a�p�a�b�l�e� �o�f� �s�i�m�u�l�t�a�n�e�o�u�s� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �a�l�l� �3� �v�e�l�o�c�i�t�y� 

�c�o�m�p�o�n�e�n�t�s�.� �T�h�e�s�e� �c�o�m�p�o�n�e�n�t�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �4� �i�n�s�t�a�n�t�a�n�e�o�u�s� �e�f�f�e�c�t�i�v�e� 

�v�e�l�o�c�i�t�i�e�s� �o�u�t�p�u�t� �f�r�o�m� �t�h�e� �4� �s�e�n�s�o�r�s� �i�n� �a� �t�w�o� �s�t�a�g�e� �p�r�o�c�e�s�s�.� 

�(�i�)� �I�n�i�t�i�a�l� �e�s�t�i�m�a�t�e�s� �o�f� �t�h�e� �i�n�s�t�a�n�t�a�n�e�o�u�s� �v�e�l�o�c�i�t�y� �c�o�m�p�o�n�e�n�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �a� 

�J�o�r�g�e�n�s�o�n� �(�1�9�7�1�)� �t�y�p�e� �a�n�a�l�y�s�i�s� �t�a�k�i�n�g� �i�n�t�o� �a�c�c�o�u�n�t� �t�h�e� �m�e�a�s�u�r�e�d� �w�i�r�e� �a�n�g�l�e�s� �a�n�d� �p�i�t�c�h� 

�a�n�d� �y�a�w� �s�e�n�s�i�t�i�v�i�t�i�e�s�.� 

�(�i�i�)� �C�o�r�r�e�c�t�i�o�n�s� �t�o� �t�h�e�s�e� �e�s�t�i�m�a�t�e�s� �w�e�r�e� �t�h�e�n� �a�p�p�l�i�e�d�.� 
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�2�.�2�.�3�.�1� �I�n�i�t�i�a�l� �E�s�t�i�m�a�t�e�s� 

�A�c�c�o�r�d�i�n�g� �t�o� �J�o�r�g�e�n�s�o�n� �(�1�9�7�1�)�,� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �e�f�f�e�c�t�i�v�e� �c�o�o�l�i�n�g� �v�e�l�o�c�i�t�i�e�s� 

�o�f� �e�a�c�h� �w�i�r�e� �a�n�d� �t�h�e� �n�o�r�m�a�l�,� �t�a�n�g�e�n�t�i�a�l� �a�n�d� �o�u�t� �o�f� �p�l�a�n�e� �v�e�l�o�c�i�t�y� �c�o�m�p�o�n�e�n�t�s� �i�s� �g�i�v�e�n� �b�y� 

�U�2�,�,� �=� �(�U�c�o�s�@�,� �+� �V�s�i�n�®�,�)� �+�k�?�(�V�c�o�s�@�,�  ��U�s�i�n�®�,�)� �+�h�?�W�?� �(�2�.�2�.�7�)� 

�U�2�.�.�.� �=� �(�U�c�o�s�®�,� �+� �W�s�i�n�®�,�)� �+�k�2�(�W�c�o�s�®�@�, ��U�s�i�n�@�,�)� �+�h�2�V�?�  �� �(�2�.�2�.�8�)� 

�U�?�,�,� �=�(�U�c�o�s�®�,� �-� �V�s�i�n�®�,�)� �+�k�2�(�U�c�o�s�®�,�+�V�s�i�n�®�,�)� �+�h�?�W�?� �(�2�.�2�.�9�)� 

�U�?�.�.�4� �=�(�U�c�o�s�®�,�  ��W�s�i�n�®�,�)� �+�k�?�(�U�c�o�s�®�,�+�W�s�i�n�@�,�)� �+�h�2�V�?�  �� �(�2�.�2�.�1�0�)� 

�w�h�e�r�e� �w�i�r�e� �1� �a�n�d� �w�i�r�e� �3� �a�r�e� �i�n� �t�h�e� �U�V� �p�l�a�n�e� �a�n�d� �w�i�r�e� �2� �a�n�d� �w�i�r�e� �4� �a�r�e� �i�n� �t�h�e� �U�W� �p�l�a�n�e� 

�a�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �1�1�.� �T�h�e� �p�i�t�c�h� �a�n�d� �y�a�w� �f�a�c�t�o�r�s� �k� �a�n�d� �h� �w�e�r�e� �e�s�t�i�m�a�t�e�d� �f�o�r� �e�a�c�h� �w�i�r�e� 

�b�y� �m�a�k�i�n�g� �m�e�a�s�u�r�e�m�e�n�t�s� �o�v�e�r� �a� �r�a�n�g�e� �o�f� �y�a�w� �a�n�d� �p�i�t�c�h� �a�n�g�l�e�s� �i�n� �a� �u�n�i�f�o�r�m� �f�l�o�w� �o�f� 

�k�n�o�w�n� �d�i�r�e�c�t�i�o�n�.� �k� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�0� �a�n�d� �h� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�0� �f�o�r� 

�a�l�l� �f�o�u�r� �w�i�r�e�s�.� �E�f�f�e�c�t�i�v�e� �w�i�r�e� �a�n�g�l�e�s� �w�e�r�e� �a�l�s�o� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �t�h�e� �a�n�g�l�e� �c�a�l�i�b�r�a�t�i�o�n� 

�m�e�c�h�a�n�i�s�m� �i�n� �t�h�e� �u�n�i�f�o�r�m� �f�l�o�w�.� �A�n�g�l�e�s� �o�b�t�a�i�n�e�d� �w�e�r�e� �6�,�=�4�7�°�,� �8�,�=�5�5�°�,� �6�,�=�5�0�°� �a�n�d� 

�6�,�=�5�1�°� �w�h�i�c�h� �w�e�r�e� �s�u�b�s�t�a�n�t�i�a�l�l�y� �d�i�f�f�e�r�e�n�t� �t�h�a�n� �t�h�e�i�r� �n�o�m�i�n�a�l� �v�a�l�u�e�s�.� �S�p�l�i�t�t�i�n�g� �t�h�e� 

�v�e�l�o�c�i�t�y� �c�o�m�p�o�n�e�n�t�s� �i�n�t�o� �t�h�e� �m�e�a�n� �a�n�d� �f�l�u�c�t�u�a�t�i�n�g� �t�e�r�m�s� �a�n�d� �i�g�n�o�r�i�n�g� �h�i�g�h�e�r� �o�r�d�e�r� �t�e�r�m�s� 

�a�n�d� �a�s�s�u�m�i�n�g� �s�m�a�l�l� �W�,� �w�e� �o�b�t�a�i�n� �f�o�r� �w�i�r�e� �1� �a�n�d� �w�i�r�e� �3� 
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�2�.�2�.�3�.�2� �C�o�r�r�e�c�t�i�o�n�s� 

�T�h�e� �c�o�r�r�e�c�t�i�o�n�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �i�n� �a�d�v�a�n�c�e�,� �b�y� �p�i�t�c�h�i�n�g� �a�n�d� �y�a�w�i�n�g� �t�h�e� �q�u�a�d� �w�i�r�e� �i�n� �a� 

�u�n�i�f�o�r�m� �f�l�o�w� �o�f� �k�n�o�w�n� �v�e�l�o�c�i�t�y� �a�n�d� �d�i�r�e�c�t�i�o�n�.� �T�h�e�y� �w�e�r�e� �o�b�t�a�i�n�e�d� �b�y� �c�o�m�p�a�r�i�n�g� �t�h�e� 

�a�c�t�u�a�l� �v�e�l�o�c�i�t�y� �c�o�m�p�o�n�e�n�t�s� �e�x�p�e�r�i�e�n�c�e�d� �b�y� �t�h�e� �p�r�o�b�e�,� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �f�l�o�w� �v�e�l�o�c�i�t�y� 

�a�n�d� �p�i�t�c�h� �a�n�d� �y�a�w� �a�n�g�l�e�s�,� �w�i�t�h� �t�h�o�s�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �h�o�t� �w�i�r�e� �o�u�t�p�u�t�s� �u�s�i�n�g� �t�h�e� 

�J�o�r�g�e�n�s�o�n� �m�e�t�h�o�d� �t�y�p�e� �a�n�a�l�y�s�i�s�.� 

�C�o�r�r�e�c�t�i�o�n�s� �w�e�r�e� �i�n�i�t�i�a�l�l�y� �d�e�t�e�r�m�i�n�e�d�,� �f�r�o�m� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �3�6�1� �p�i�t�c�h� �a�n�d� �y�a�w� �a�n�g�l�e�s� 

�b�e�t�w�e�e�n� �+�4�5�°�,� �a�s� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �a�c�t�u�a�l� �c�o�m�p�o�n�e�n�t�s�.� 
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�w�h�e�r�e� �Q�=� �J�U�?� �+� �V�7� �+�W ��,� �U�,� �V� �a�n�d� �W� �r�e�f�e�r� �t�o� �t�h�e� �a�c�t�u�a�l� �v�e�l�o�c�i�t�y� �c�o�m�p�o�n�e�n�t�s� �a�n�d� 

�s�u�b�s�c�r�i�p�t� �(�e�)� �i�d�e�n�t�i�f�i�e�s� �t�h�e� �e�s�t�i�m�a�t�e�s� �f�r�o�m� �t�h�e� �h�o�t� �w�i�r�e� �o�u�t�p�u�t�s� �d�e�r�i�v�e�d� �a�b�o�v�e�.� �F�i�g�u�r�e� �1�3�a� 

�t�h�r�o�u�g�h� �1�3�c� �s�h�o�w� �c�o�n�t�o�u�r�s� �o�f� �f�,�,� �f�,� �a�n�d� �f�,�.� �N�o�t�e� �t�h�a�t� �e�v�e�n� �a�t� �m�o�d�e�r�a�t�e� �a�n�g�l�e�s� �(�e�.�g�.� �1�5�°�,� 

�W�/�Q� �=�.�2�7� �)� �t�h�e� �J�o�r�g�e�n�s�o�n� �a�n�a�l�y�s�i�s� �r�e�q�u�i�r�e�s� �s�i�g�n�i�f�i�c�a�n�t� �i�f� �n�o�t� �s�u�b�s�t�a�n�t�i�a�l� �c�o�r�r�e�c�t�i�o�n�.� �T�o� 

�2�.� �E�x�p�e�r�i�m�e�n�t�a�l� �A�p�p�a�r�a�t�u�s� �A�n�d� �T�e�c�h�n�i�q�u�e�s� �1�9



�m�a�k�e� �u�s�e� �o�f� �t�h�e�s�e� �c�o�r�r�e�c�t�i�o�n�s� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �e�x�p�r�e�s�s� �t�h�e�m� �a�s� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �e�s�t�i�m�a�t�e�d� 

�r�a�t�h�e�r� �t�h�a�n� �t�h�e� �a�c�t�u�a�l� �c�o�m�p�o�n�e�n�t�s� �i�.�e�.� 

� � � � � � 

� � � � 

� � � � � � 

�Q�,� �Q�,� �Q�,� 

�W�  ��-�W� �V�W� �c�a�g� �|� �V�e� �W�.� �2�.�2�.�1�9� �Q�.� �a� �&� �x� �(� �)� 

�Q�-�0�,�_� �(�V�v�,� �W�w�,� 
�Q�,�  ��\�Q�, ��Q�,� 

�T�h�i�s� �w�a�s� �d�o�n�e� �b�y� �i�n�t�e�r�p�o�l�a�t�i�n�g� �t�h�e� �c�o�r�r�e�c�t�i�o�n�s� �o�n�t�o� �a� �s�q�u�a�r�e� �g�r�i�d� �r�e�s�u�l�t�i�n�g� �i�n� �g�,�,� �g�,�,� �a�n�d� 

�g�;� �i�n� �f�i�g�u�r�e� �1�3�d� �t�h�r�o�u�g�h� �1�3�f�.� �W�i�t�h� �i�n�c�r�e�a�s�i�n�g� �f�l�o�w� �a�n�g�l�e�s�,� �t�h�e� �v�e�l�o�c�i�t�y� �e�s�t�i�m�a�t�e�s� �f�r�o�m� 

�t�h�e� �J�o�r�g�e�n�s�o�n� �a�n�a�l�y�s�i�s� �i�n�c�r�e�a�s�e�d� �t�o� �a� �m�a�x�i�m�u�m� �t�h�e�n� �d�e�c�r�e�a�s�e�d� �o�r� �"�f�o�l�d�e�d�"� �t�o�w�a�r�d� �l�o�w�e�r� 

�e�s�t�i�m�a�t�e�s�.� �T�h�e�s�e� �f�o�l�d�e�d� �r�e�g�i�o�n�s� �w�e�r�e� �i�g�n�o�r�e�d� �i�n� �t�h�e� �i�n�t�e�r�p�o�l�a�t�i�o�n� �p�r�o�c�e�s�s� �r�e�s�u�l�t�i�n�g� �i�n� 

�c�o�r�r�e�c�t�i�o�n�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �1�3�.� �T�h�u�s� �t�h�e� �l�i�m�i�t�s� �o�f� �t�h�e� �c�o�n�t�o�u�r�e�d� �r�e�g�i�o�n�s� �s�h�o�w�n� �i�n� 

�f�i�g�u�r�e�s� �1�3�d� �t�h�r�o�u�g�h� �1�3�f� �r�e�p�r�e�s�e�n�t� �t�h�e� �l�a�r�g�e�s�t� �v�e�l�o�c�i�t�y� �e�s�t�i�m�a�t�e�s� �a�t� �w�h�i�c�h� �t�h�e� �q�u�a�d� �w�i�r�e� 

�p�r�o�b�e� �c�a�n� �m�e�a�s�u�r�e�.� �g�,�,� �g�,� �a�n�d� �g�,� �w�e�r�e� �i�n�t�e�r�p�o�l�a�t�e�d� �t�o� �o�b�t�a�i�n� �p�r�e�c�i�s�e� �c�o�r�r�e�c�t�i�o�n�s� �f�o�r� �e�a�c�h� 

�s�e�t� �o�f� �e�s�t�i�m�a�t�e�d� �v�e�l�o�c�i�t�y� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �a�b�o�v�e� �p�r�o�c�e�d�u�r�e� �y�i�e�l�d�e�d� �i�n�s�t�a�n�t�a�n�e�o�u�s� 

�r�e�c�o�r�d�s� �o�f� �U�,� �V�,� �a�n�d� �W� �a�c�c�u�r�a�t�e� �t�o� �m�u�c�h� �l�a�r�g�e�r� �v�a�l�u�e�s� �o�f� �i�n�s�t�a�n�t�a�n�e�o�u�s� �f�l�o�w� �a�n�g�l�e�s� �t�h�a�n� 

�t�h�e� �o�r�i�g�i�n�a�l� �e�s�t�i�m�a�t�e�s�.� �M�e�a�n� �v�e�l�o�c�i�t�i�e�s�,� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s�,� �t�r�i�p�l�e� �p�r�o�d�u�c�t�s� �a�n�d� �s�p�e�c�t�r�a� 

�w�e�r�e� �t�h�e�n� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e�s�e� �r�e�c�o�r�d�s� �s�i�m�p�l�y� �b�y� �a�p�p�l�y�i�n�g� �t�h�e�i�r� �d�e�f�i�n�i�t�i�o�n�s�.� 

�2�.� �E�x�p�e�r�i�m�e�n�t�a�l� �A�p�p�a�r�a�t�u�s� �A�n�d� �T�e�c�h�n�i�q�u�e�s� �2�0



�3�.� �F�l�o�w� �V�i�s�u�a�l�i�z�a�t�i�o�n� �R�e�s�u�l�t�s� 

�T�h�e� �c�a�r�t�e�s�i�a�n� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �(�x�,�y�,�z�)� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �5� �w�i�l�l� �b�e� �u�s�e�d� �i�n� �d�e�s�c�r�i�b�i�n�g� �t�h�e� 

�r�e�s�u�l�t�s� �o�f� �t�h�e� �f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n�s�.� �T�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �f�r�e�e�s�t�r�e�a�m� �f�l�o�w� �i�s� �a�l�o�n�g� �t�h�e� �x� �a�x�i�s� 

�w�i�t�h� �t�h�e� �w�i�n�g�s� �a�l�i�g�n�e�d� �a�l�o�n�g� �t�h�e� �v�e�r�t�i�c�a�l� �y� �a�x�i�s�.� �T�h�e� �r�e�f�e�r�e�n�c�e� �a�n�g�l�e� �8� �i�s� �m�e�a�s�u�r�e�d� �a�b�o�u�t� 

�t�h�e� �x� �a�x�i�s� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �r�i�g�h�t� �h�a�n�d� �r�u�l�e� �f�r�o�m� �t�h�e� �y� �a�x�i�s�.� �T�h�e� �o�r�i�g�i�n� �o�f� �t�h�e� �c�o�o�r�d�i�n�a�t�e� 

�s�y�s�t�e�m� �i�s� �l�o�c�a�t�e�d� �a�t� �t�h�e� �l�e�a�d�i�n�g� �e�d�g�e�s� �o�f� �t�h�e� �w�i�n�g�s� �a�t� �z�e�r�o� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �a�n�d� �i�s� �c�e�n�t�e�r�e�d� 

�b�e�t�w�e�e�n� �t�h�e� �w�i�n�g� �t�i�p�s�.� 

�T�h�e� �b�u�l�k� �o�f� �t�h�e� �f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �a�t� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r�s� �(�R�e�,�=�U�,�,�,�c�/�v�)� 

�b�a�s�e�d� �o�n� �t�h�e� �f�r�e�e�s�t�r�e�a�m� �v�e�l�o�c�i�t�y� �a�n�d� �w�i�n�g� �c�h�o�r�d� �(�.�2�0�3�m�)� �o�f� �1�3�0�,�0�0�0�.� �A� �f�e�w� 

�v�i�s�u�a�l�i�z�a�t�i�o�n�s� �w�e�r�e� �a�l�s�o� �p�e�r�f�o�r�m�e�d� �a�t� �R�e�,�=�4�0�0�,�0�0�0� �t�o� �e�x�a�m�i�n�e� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �s�e�l�e�c�t�e�d� 

�f�l�o�w�s� �t�o� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r� �a�n�d� �p�r�o�b�e� �i�n�t�e�r�f�e�r�e�n�c�e�.� �V�i�s�u�a�l�i�z�a�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �w�i�t�h� 

�t�h�e� �w�i�n�g�s� �a�t� �e�q�u�a�l� �(�a�,�)� �a�n�d� �a�t� �o�p�p�o�s�i�t�e� �(�a�,�)� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k�,� �g�e�n�e�r�a�t�i�n�g� �c�o�u�n�t�e�r� �a�n�d� �c�o�-� 

�r�o�t�a�t�i�n�g� �v�o�r�t�i�c�e�s� �o�f� �e�q�u�a�l� �s�t�r�e�n�g�t�h� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�n�g�l�e�s� �o�f� �a�t�t�a�c�k� �(�a�,� �a�n�d� �a�,�)� �w�e�r�e� �2�.�5�°�,� 

�5�.�0�°�,� �7�.�5�°� �a�n�d� �1�0�.�0�°�.� �T�h�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �w�i�n�g�-�t�i�p�s� �A�y� �w�a�s� �a�l�s�o� �v�a�r�i�e�d�.� 

�S�e�p�a�r�a�t�i�o�n�s� �o�f� �c�,� �c�/�2�,� �3�/�8�c� �a�n�d� �c�/�4� �w�e�r�e� �s�t�u�d�i�e�d�.� �P�h�o�t�o�g�r�a�p�h�s� �w�e�r�e� �t�a�k�e�n� �a�t� �d�i�f�f�e�r�e�n�t� 

�s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�s� �t�h�r�o�u�g�h� �t�h�e� �t�r�a�n�s�p�a�r�e�n�t� �t�u�n�n�e�l� �w�a�l�l�,� �c�e�i�l�i�n�g� �a�n�d� �l�o�o�k�i�n�g� �u�p�s�t�r�e�a�m� 

�f�r�o�m� �t�h�e� �d�i�f�f�u�s�e�r�.� �V�i�d�e�o� �f�i�l�m�s� �w�e�r�e� �t�a�k�e�n� �t�h�r�o�u�g�h� �t�h�e� �t�u�n�n�e�l� �w�a�l�l� �a�n�d� �f�r�o�m� �t�h�e� �d�i�f�f�u�s�e�r�,� 

�3�.� �F�l�o�w� �V�i�s�u�a�l�i�z�a�t�i�o�n� �R�e�s�u�l�t�s� �2�1



�l�o�o�k�i�n�g� �u�p�s�t�r�e�a�m�.� �T�a�b�l�e� �1� �l�i�s�t�s� �a�l�l� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �a�t� �w�h�i�c�h� �v�i�s�u�a�l�i�z�a�t�i�o�n�s� �w�e�r�e� 

�p�e�r�f�o�r�m�e�d�.� 

�A� �s�e�l�e�c�t�i�o�n� �o�f� �p�h�o�t�o�g�r�a�p�h�s� �t�a�k�e�n� �f�r�o�m� �t�h�e� �d�i�f�f�u�s�e�r� �l�o�o�k�i�n�g� �u�p�s�t�r�e�a�m� �a�t� �R�e�,�=�1�3�0�,�0�0�0� �a�r�e� 

�s�h�o�w�n� �i�n� �f�i�g�u�r�e� �1�5� �t�h�r�o�u�g�h� �f�i�g�u�r�e� �2�0� �f�o�r� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s� �a�n�d� �f�i�g�u�r�e� �3�3� �t�h�r�o�u�g�h� 

�f�i�g�u�r�e� �3�5� �f�o�r� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �p�a�i�r�s�.� �P�h�o�t�o�g�r�a�p�h�s� �a�r�e� �g�r�o�u�p�e�d� �b�y� �w�i�n�g�-�t�i�p� �s�e�p�a�r�a�t�i�o�n� 

�A�y� �a�n�d� �t�h�e�n� �b�y� �a�n�g�l�e� �o�f� �a�t�t�a�c�k�.� �I�n� �a�l�l� �p�h�o�t�o�g�r�a�p�h�s� �t�h�e� �f�l�o�w� �d�i�r�e�c�t�i�o�n� �i�s� �f�r�o�m� �r�i�g�h�t� �t�o� �l�e�f�t�.� 

�N�o�t�e� �t�h�a�t� �t�h�e� �p�i�c�t�u�r�e�s� �p�r�e�s�e�n�t�e�d� �a�r�e� �n�o�t� �a�n� �i�n�s�t�a�n�t�a�n�e�o�u�s� �v�i�e�w� �o�f� �t�h�e� �f�l�o�w� �b�u�t� �a�r�e� �t�i�m�e� 

�a�v�e�r�a�g�e�d� �e�x�p�o�s�u�r�e�s�.� �T�h�e�r�e�f�o�r�e� �t�h�e� �p�a�t�h�s� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �b�u�b�b�l�e�s� �a�p�p�e�a�r� �a�s� �s�t�r�e�a�k�s�.� �T�h�e� 

�c�e�n�t�e�r� �o�f� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �a�r�e� �s�e�e�n� �i�n� �t�h�e� �p�h�o�t�o�g�r�a�p�h�s� �a�s� �t�w�o� �b�r�i�g�h�t� �s�t�r�e�a�k�s� �g�e�n�e�r�a�t�e�d� �b�y� 

�t�h�e� �l�i�g�h�t�e�r�-�t�h�a�n�-�a�i�r� �h�e�l�i�u�m� �b�u�b�b�l�e�s� �t�r�a�p�p�e�d� �t�h�e�r�e�.� �N�o�t�e� �t�h�a�t� �b�o�t�h� �c�o�r�e�s� �a�p�p�e�a�r� �l�a�r�g�e�r� �a�t� 

�t�h�e� �e�n�d� �o�f� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n� �d�u�e� �t�o� �t�h�e� �p�e�r�s�p�e�c�t�i�v�e� �v�i�e�w� �o�f� �t�h�e� �p�h�o�t�o�g�r�a�p�h�s�.� 

�3�.�1� �C�o�-�r�o�t�a�t�i�n�g� �V�o�r�t�e�x� �P�a�i�r�s� 

�B�e�f�o�r�e� �e�x�a�m�i�n�i�n�g� �t�h�e� �p�h�o�t�o�g�r�a�p�h�s�,� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �n�o�t�e� �s�o�m�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �a� �c�o�-� 

�r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r�.� �F�i�g�u�r�e� �1�4� �i�s� �a� �s�k�e�t�c�h� �o�f� �a�n� �i�d�e�a�l�i�z�e�d� �c�o�-�r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r�.� �V�o�r�t�e�x� 

�(�a�)� �i�n�d�u�c�e�s� �a� �v�e�l�o�c�i�t�y� �o�n� �t�h�e� �c�o�r�e� �o�f� �v�o�r�t�e�x� �(�b�)� �c�a�u�s�i�n�g� �i�t� �t�o� �m�o�v�e� �t�o� �t�h�e� �l�e�f�t� �o�f� �t�h�e� �p�a�g�e�.� 

�I�n� �t�u�r�n�,� �v�o�r�t�e�x� �(�b�)� �i�n�d�u�c�e�s� �a� �v�e�l�o�c�i�t�y� �o�n� �t�h�e� �c�o�r�e� �o�f� �v�o�r�t�e�x� �(�a�)� �c�a�u�s�i�n�g� �i�t� �t�o� �m�o�v�e� �t�o� �t�h�e� 

�r�i�g�h�t� �o�f� �t�h�e� �p�a�g�e�.� �S�i�n�c�e� �t�h�e� �v�e�l�o�c�i�t�i�e�s� �i�n�d�u�c�e�d� �o�n� �t�h�e� �c�o�r�e�s� �a�r�e� �e�q�u�a�l� �a�n�d� �o�p�p�o�s�i�t�e�,� �t�h�e� 

�p�a�i�r� �t�e�n�d�s� �t�o� �r�o�t�a�t�e� �c�l�o�c�k�w�i�s�e� �a�b�o�u�t� �a� �c�o�m�m�o�n� �c�e�n�t�e�r�.� �A�s� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� 

�b�e�t�w�e�e�n� �t�h�e� �t�w�o� �d�e�c�r�e�a�s�e� �a�n�d�/�o�r� �t�h�e� �s�t�r�e�n�g�t�h� �o�f� �b�o�t�h� �i�n�c�r�e�a�s�e�,� �t�h�e� �p�a�i�r� �w�i�l�l� �e�x�p�e�r�i�e�n�c�e� �a� 

�g�r�e�a�t�e�r� �r�o�t�a�t�i�o�n� �r�a�t�e� �a�b�o�u�t� �t�h�e� �c�o�m�m�o�n� �c�e�n�t�e�r�.� 

�3�.� �F�l�o�w� �V�i�s�u�a�l�i�z�a�t�i�o�n� �R�e�s�u�l�t�s� �2�2



�F�i�g�u�r�e� �1�5� �s�h�o�w�s� �t�h�e� �v�o�r�t�e�x� �p�a�i�r� �g�e�n�e�r�a�t�e�d� �w�i�t�h� �a� �w�i�n�g�-�t�i�p� �s�e�p�a�r�a�t�i�o�n� �A�y�=�c�/�4� �a�n�d� �a�n� 

�a�n�g�l�e� �o�f� �a�t�t�a�c�k� �a�,�=�5�.�0�°�.� �T�h�e� �w�i�n�g�s� �a�r�e� �v�i�s�i�b�l�e� �n�e�x�t� �t�o� �t�h�e� �c�i�r�c�u�l�a�r� �r�e�f�l�e�c�t�i�o�n� �o�f� �t�h�e� �a�r�c� 

�l�a�m�p� �b�e�a�m� �o�n� �t�h�e� �r�i�g�h�t� �s�i�d�e� �o�f� �t�h�e� �p�h�o�t�o�g�r�a�p�h�.� �T�h�e� �t�w�o� �v�o�r�t�e�x� �c�o�r�e�s� �g�e�n�e�r�a�t�e�d� �a�t� �t�h�e� 

�w�i�n�g� �t�i�p�s�,� �r�o�t�a�t�e� �a�b�o�u�t� �e�a�c�h� �o�t�h�e�r� �a�s� �t�h�e�y� �m�o�v�e� �d�o�w�n�s�t�r�e�a�m�.� �O�v�e�r� �t�h�e�i�r� �f�i�r�s�t� �f�e�w� �c�h�o�r�d� 

�l�e�n�g�t�h�s� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �m�o�v�e� �s�l�i�g�h�t�l�y� �a�p�a�r�t�,� �p�r�e�s�u�m�a�b�l�y� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �s�a�m�e� 

�c�o�n�s�e�r�v�a�t�i�o�n� �t�h�e�o�r�e�m�s� �t�h�a�t� �c�a�u�s�e� �a�n� �i�s�o�l�a�t�e�d� �w�i�n�g� �t�i�p� �v�o�r�t�e�x� �t�o� �i�n�i�t�i�a�l�l�y� �m�o�v�e� �i�n�b�o�a�r�d�.� 

�A�f�t�e�r� �r�e�a�c�h�i�n�g� �a� �m�a�x�i�m�u�m� �s�e�p�a�r�a�t�i�o�n� �t�h�e� �c�o�r�e�s� �b�e�g�i�n� �m�o�v�i�n�g� �t�o�w�a�r�d�s� �e�a�c�h� �o�t�h�e�r�,� �t�h�e�i�r� 

�r�o�t�a�t�i�o�n� �r�a�t�e� �a�b�o�u�t� �e�a�c�h� �o�t�h�e�r� �i�n�c�r�e�a�s�i�n�g� �a�s� �t�h�e�y� �d�o�.� �U�l�t�i�m�a�t�e�l�y�,� �a�t� �a�b�o�u�t� �2�0� �c�h�o�r�d� 

�l�e�n�g�t�h�s� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�e� �w�i�n�g�s�,� �t�h�e�y� �m�e�r�g�e� �a�n�d� �f�o�r�m� �a� �s�i�n�g�l�e� �v�o�r�t�e�x� �w�i�t�h� �a� �l�a�r�g�e�r� �c�o�r�e�.� 

�T�h�i�s� �m�e�r�g�i�n�g� �p�r�o�c�e�s�s� �o�c�c�u�r�s� �o�v�e�r� �a� �d�i�s�t�a�n�c�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�5� �c�h�o�r�d� �l�e�n�g�t�h�s� �a�n�d� 

�a�p�p�e�a�r�s� �t�o� �b�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �i�t� �a� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t� �o�f� �h�i�g�h� �f�r�e�q�u�e�n�c�y�,� �s�m�a�l�l� �s�c�a�l�e� 

�t�u�r�b�u�l�e�n�t� �m�o�t�i�o�n�.� �T�h�e� �v�o�r�t�e�x� �p�a�i�r� �r�o�t�a�t�e� �a�b�o�u�t� �e�a�c�h� �o�t�h�e�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�2�5� �t�o� �1�.�5� 

�t�i�m�e�s� �b�e�f�o�r�e� �m�e�r�g�i�n�g� �o�c�c�u�r�s�.� �A�t� �a�,�=�7�.�5�°� �a�n�d� �1�0�.�0�°� �(�f�i�g�u�r�e� �1�6� �a�n�d� �f�i�g�u�r�e� �1�7�)�,� �t�h�e� �f�l�o�w� �i�s� 

�q�u�a�n�t�i�t�a�t�i�v�e�l�y� �a�s� �a�t� �5�°� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �e�x�c�e�p�t� �t�h�a�t� �t�h�e� �v�o�r�t�i�c�e�s� �r�o�t�a�t�e� �t�h�e� �s�a�m�e� �a�m�o�u�n�t� 

�m�o�r�e� �q�u�i�c�k�l�y� �a�n�d� �m�e�r�g�e� �a� �s�h�o�r�t�e�r� �d�i�s�t�a�n�c�e� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�e� �w�i�n�g�s�.� �A�t� �a�,�=�2�.�5�°�,� �t�h�e� 

�v�i�s�u�a�l�i�z�a�t�i�o�n� �w�a�s� �f�a�r� �l�e�s�s� �c�l�e�a�r� �e�i�t�h�e�r� �b�e�c�a�u�s�e� �o�f� �t�h�e� �c�e�n�t�r�i�p�e�t�a�l� �f�o�r�c�e�s� �e�x�p�e�r�i�e�n�c�e�d� �b�y� �t�h�e� 

�b�u�b�b�l�e�s� �w�e�r�e� �t�o� �w�e�a�k� �t�o� �h�o�l�d� �t�h�e�m� �i�n� �t�h�e� �c�o�r�e�,� �o�r� �b�e�c�a�u�s�e� �o�f� �s�u�b�s�t�a�n�t�i�a�l� �i�n�t�e�r�a�c�t�i�o�n� 

�b�e�t�w�e�e�n� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �b�e�g�i�n�n�i�n�g� �a�t� �t�h�e� �w�i�n�g� �t�i�p�s�.� 

�I�n�c�r�e�a�s�i�n�g� �A�y� �t�o� �3�/�8�c� �(�f�i�g�u�r�e�s� �1�8� �t�o� �2�0�)�,� �d�e�c�r�e�a�s�e�d� �t�h�e� �l�e�v�e�l� �o�f� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� 

�v�o�r�t�i�c�e�s�.� �A�s� �b�e�f�o�r�e�,� �t�h�e� �c�o�r�e�s� �a�r�e� �n�o�t� �c�l�e�a�r�l�y� �v�i�s�i�b�l�e� �a�t� �a�,�=�2�.�5�°�.� �A�t� �a�,�=�5�.�0�°� �(�f�i�g�u�r�e� �1�8�)�,� 

�t�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �r�o�t�a�t�e� �a�b�o�u�t� �e�a�c�h� �o�t�h�e�r� �b�u�t� �d�o� �n�o�t� �m�e�r�g�e� �w�i�t�h�i�n� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �t�e�s�t� 

�s�e�c�t�i�o�n�.� �I�n�c�r�e�a�s�i�n�g� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �t�o� �a�,�=�7�.�5�°� �a�n�d� �1�0�.�0�°� �p�r�o�d�u�c�e�s� �p�a�i�r�s� �t�h�a�t� �m�e�r�g�e� �a�t� 

�x�/�c�=�2�9�.�8� �a�n�d� �2�0�.�0� �r�e�s�p�e�c�t�i�v�e�l�y�,� �(�f�i�g�u�r�e�s� �1�9� �a�n�d� �2�0�)�.� 

�3�.� �F�l�o�w� �V�i�s�u�a�l�i�z�a�t�i�o�n� �R�e�s�u�l�t�s� �2�3



�I�n�c�r�e�a�s�i�n�g� �A�y� �t�o� �c�/�2� �a�n�d� �c� �f�u�r�t�h�e�r� �d�e�c�r�e�a�s�e�d� �t�h�e� �l�e�v�e�l� �o�f� �i�n�t�e�r�a�c�t�i�o�n�.� �I�n� �o�n�l�y� �o�n�e� �c�a�s�e� �a�t� 

�a�,�=�1�0�°�,� �A�y�=�c�/�2� �d�i�d� �t�h�e� �v�o�r�t�i�c�e�s� �m�e�r�g�e� �b�y� �t�h�e� �e�n�d� �o�f� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n�,� �a�t� �x�/�c�=�3�4�.�5�.� 

�O�n�e� �f�e�a�t�u�r�e� �o�f� �t�h�e�s�e� �f�l�o�w�s� �n�o�t� �c�l�e�a�r�l�y� �v�i�s�i�b�l�e� �i�n� �t�h�e� �p�h�o�t�o�g�r�a�p�h�s� �i�s� �s�m�a�l�l� �l�a�t�e�r�a�l� �m�o�t�i�o�n�s� 

�o�f� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�s�.� �F�o�r� �t�h�e� �m�o�s�t� �p�a�r�t� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �m�o�v�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �e�i�t�h�e�r� �i�n� 

�t�h�e� �s�a�m�e� �o�r� �o�p�p�o�s�i�t�e� �d�i�r�e�c�t�i�o�n�s�.� �M�o�t�i�o�n�s� �w�e�r�e� �q�u�a�n�t�i�f�i�e�d� �b�y� �d�i�r�e�c�t� �o�b�s�e�r�v�a�t�i�o�n�s� �a�n�d� �b�y� 

�e�x�a�m�i�n�i�n�g� �t�h�e� �v�i�d�e�o� �t�a�p�e�s�.� �I�n� �t�h�e� �m�o�s�t� �s�e�v�e�r�e� �c�a�s�e�s� �m�o�t�i�o�n�s� �i�n� �t�h�e� �s�a�m�e� �d�i�r�e�c�t�i�o�n�s� �h�a�d� 

�a�n� �a�m�p�l�i�t�u�d�e� �o�f� �a�t� �m�o�s�t� �+�2�0�m�m� �(�1�0�%� �c�h�o�r�d�)� �a�t� �x�/�c�=�2�0�.� �I�n� �o�t�h�e�r� �c�a�s�e�s� �(�f�i�g�u�r�e� �2�1�)�,� 

�e�s�p�e�c�i�a�l�l�y� �t�h�o�s�e� �w�h�e�r�e� �t�h�e� �v�o�r�t�e�x� �p�a�i�r� �m�e�r�g�e�d�,� �t�h�e� �a�m�p�l�i�t�u�d�e� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�o�w�e�r�.� �A�s� 

�e�v�i�d�e�n�c�e�d� �b�y� �f�i�g�u�r�e� �2�1�,� �w�e� �w�e�r�e� �a�b�l�e� �t�o� �f�i�n�d� �n�o� �o�t�h�e�r� �c�o�n�s�i�s�t�e�n�t� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� 

�a�m�p�l�i�t�u�d�e� �w�i�t�h� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� �T�h�o�u�g�h� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �w�a�s� �t�o�o� �s�m�a�l�l� �t�o� �q�u�a�n�t�i�f�y�,� �t�h�e� 

�a�m�p�l�i�t�u�d�e� �o�f� �t�h�e�s�e� �m�o�t�i�o�n�s� �d�i�d� �a�p�p�e�a�r�,� �i�n� �a�l�l� �c�a�s�e�s�,� �t�o� �b�e� �s�l�i�g�h�t�l�y� �l�e�s�s� �i�n� �t�h�e� �z� �t�h�a�n� �i�n� �t�h�e� 

�y� �d�i�r�e�c�t�i�o�n�s�.� �M�o�t�i�o�n�s� �o�f� �t�h�e� �c�o�r�e�s� �i�n� �o�p�p�o�s�i�t�e� �d�i�r�e�c�t�i�o�n�s� �(�w�h�i�c�h� �a�m�o�u�n�t� �t�o� �c�h�a�n�g�e�s� �i�n� 

�t�h�e�i�r� �a�n�g�l�e� �o�f� �r�o�t�a�t�i�o�n� �a�b�o�u�t� �e�a�c�h� �o�t�h�e�r�)� �d�i�d� �n�o�t� �a�p�p�e�a�r� �t�o� �v�e�r�y� �m�u�c�h� �f�r�o�m� �c�o�n�f�i�g�u�r�a�t�i�o�n� 

�t�o� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� �T�h�e�i�r� �m�a�g�n�i�t�u�d�e� �w�a�s� �a�t� �m�o�s�t� �+�4�°�.� �T�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �a�l�l� �m�o�t�i�o�n�s� �w�a�s� 

�e�x�t�r�e�m�e�l�y� �l�o�w� �w�i�t�h� �t�h�e� �s�h�o�r�t�e�s�t� �p�e�r�i�o�d� �o�n� �t�h�e� �o�r�d�e�r� �o�f� �5� �s�e�c�o�n�d�s�.� �N�o�r�m�a�l�i�z�i�n�g� �t�h�e� 

�f�r�e�q�u�e�n�c�y� �w�i�t�h� �t�h�e� �w�i�n�g� �c�h�o�r�d� �a�n�d� �f�r�e�e�s�t�r�e�a�m� �v�e�l�o�c�i�t�y�,� �w�e� �o�b�t�a�i�n� �f�c�/�U�,�,�,� �o�f� �a�b�o�u�t� �.�0�0�4�,� �r�e�f� 

�a�t� �l�e�a�s�t� �t�w�o� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e� �l�o�w�e�r� �t�h�a�n� �a�n�y� �f�r�e�q�u�e�n�c�i�e�s� �l�i�k�e�l�y� �t�o� �r�e�s�u�l�t� �f�r�o�m� 

�t�u�r�b�u�l�e�n�t� �s�t�r�u�c�t�u�r�e�s�.� �I�n� �t�h�e� �v�i�c�i�n�i�t�y� �o�f� �t�h�e� �m�e�r�g�i�n�g� �l�o�c�a�t�i�o�n�,� �s�o�m�e� �m�u�c�h� �h�i�g�h�e�r� 

�f�r�e�q�u�e�n�c�y� �s�m�a�l�l�e�r� �s�c�a�l�e� �m�o�t�i�o�n�s� �w�e�r�e� �p�r�e�s�e�n�t� �b�u�t� �t�h�e�s�e� �a�p�p�e�a�r�e�d� �t�o� �b�e� �p�a�r�t� �o�f� �t�h�e� �l�o�c�a�l� 

�t�u�r�b�u�l�e�n�t� �s�t�r�u�c�t�u�r�e�.� 

�V�a�r�i�o�u�s� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r�s� �h�a�v�e� �b�e�e�n� �p�l�o�t�t�e�d�.� �F�i�g�u�r�e� �2�2� �s�h�o�w�s� �t�h�e� 

�a�n�g�l�e� �o�f� �r�o�t�a�t�i�o�n� �o�f� �a� �l�i�n�e� �j�o�i�n�i�n�g� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �f�r�o�m� �t�h�e� �w�i�n�g� �t�o� �x�/�c�=�2�0� �a�s� �a� �f�u�n�c�t�i�o�n� 

�o�f� �a�n�g�l�e� �o�f� �a�t�t�a�c�k�.� �A�n�g�l�e�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �p�h�o�t�o�g�r�a�p�h�s� �t�a�k�e�n� �t�h�r�o�u�g�h� �t�h�e� �t�e�s�t� 

�3�.� �F�l�o�w� �V�i�s�u�a�l�i�z�a�t�i�o�n� �R�e�s�u�l�t�s� �2�4



�s�e�c�t�i�o�n� �w�a�l�l� �a�n�d� �c�e�i�l�i�n�g�.� �T�h�e� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �a�n�g�l�e�s� �i�s� �a�b�o�u�t� �+�1�0�°�.� �N�o�t�e� �t�h�e� �a�l�m�o�s�t� �l�i�n�e�a�r� 

�r�e�l�a�t�i�o�n�s�h�i�p� �w�i�t�h� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �f�o�r� �e�a�c�h� �w�i�n�g� �s�e�p�a�r�a�t�i�o�n� �a�s� �m�i�g�h�t� �b�e� �e�x�p�e�c�t�e�d�.� �C�r�u�d�e� 

�e�s�t�i�m�a�t�e�s� �o�f� �t�h�e� �a�n�g�l�e� �o�f� �r�o�t�a�t�i�o�n� �m�a�y� �b�e� �o�b�t�a�i�n�e�d� �i�f� �w�e� �m�o�d�e�l� �t�h�i�s� �f�l�o�w� �u�s�i�n�g� �t�w�o� 

�i�n�f�i�n�i�t�e� �s�t�r�a�i�g�h�t� �l�i�n�e� �v�o�r�t�i�c�e�s� �o�f� �s�t�r�e�n�g�t�h� �e�q�u�a�l� �t�o� �t�h�e� �t�o�t�a�l� �b�o�u�n�d� �c�i�r�c�u�l�a�t�i�o�n� �o�n� �e�a�c�h� �w�i�n�g� 

�I ��,� �a�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �1�4�.� �I�f� �w�e� �d�e�n�o�t�e� �t�h�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �v�o�r�t�i�c�e�s� �a�s� �s�,� �t�h�e�n� �v�o�r�t�e�x� 

�(�a�)� �i�n�d�u�c�e�s� �a� �v�e�l�o�c�i�t�y� 

 �� �(�3�.�1�.�1�)� 

�o�n� �v�o�r�t�e�x� �(�b�)�.� �V�o�r�t�e�x� �(�b�)� �o�f� �c�o�u�r�s�e�,� �i�n�d�u�c�e�s� �a�n� �e�q�u�a�l� �a�n�d� �o�p�p�o�s�i�t�e� �v�e�l�o�c�i�t�y� �o�n� �(�a�)�.� �I�n� �t�h�e� 

�t�i�m�e� �t�,� �t�h�e�r�e�f�o�r�e�,� �a� �l�i�n�e� �j�o�i�n�i�n�g� �(�a�)� �a�n�d� �(�b�)� �w�i�l�l� �r�o�t�a�t�e� �t�h�r�o�u�g�h� �a�n� �a�n�g�l�e� 

� � 

�D�e�t� 
 �� �4�m�8� �=� �3�.�1�.�2� 

�s�/�2� �1�s�"� �(� �)� 

�S�u�b�s�t�i�t�u�t�i�n�g� �x�/�U�,�,�,� �f�o�r� �t� �w�e� �h�a�v�e� 

�I�x� 
�Q�@�=� �3�.�1�.�3� 

�n�s�°�U� �(�3�.�1�3�)� �r�e�f� 

�T�h�e� �p�r�e�s�e�n�t� �d�a�t�a� �a�r�e� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �a�n�a�l�y�s�i�s� �i�n� �f�i�g�u�r�e� �2�3�.� �V�a�l�u�e�s� �o�f� �s� 

�w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �p�h�o�t�o�g�r�a�p�h�s� �a�t� �t�h�e� �p�o�i�n�t�s� �w�h�e�r�e� �t�h�e� �r�o�t�a�t�i�o�n� �a�n�g�l�e�s� �w�e�r�e� 

�m�e�a�s�u�r�e�d�.� �V�a�l�u�e�s� �o�f� �I� �w�e�r�e� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �a� �l�i�f�t�i�n�g� �l�i�n�e� �t�h�e�o�r�y� �c�a�l�c�u�l�a�t�i�o�n�.� �N�o�t�e� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e� �i�n� �s�l�o�p�e�s� �b�e�t�w�e�e�n� �t�h�e�o�r�y� �a�n�d� �t�h�e� �d�a�t�a�.� �T�h�i�s� �m�a�y� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� 

�3�.� �F�l�o�w� �V�i�s�u�a�l�i�z�a�t�i�o�n� �R�e�s�u�l�t�s� �2�5



�a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �t�h�e� �v�o�r�t�i�c�e�s� �a�r�e� �i�n�f�i�n�i�t�e�l�y� �l�o�n�g� �a�n�d� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l�,� �w�h�i�c�h� �o�f� �c�o�u�r�s�e� 

�t�h�e�y� �a�r�e� �n�o�t� �a�n�d� �a�l�s�o� �t�h�e� �i�m�p�l�i�e�d� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �t�h�e� �r�o�o�t� �c�i�r�c�u�l�a�t�i�o�n� �i�s� �e�n�t�i�r�e�l�y� �c�o�n�t�a�i�n�e�d� 

�w�i�t�h�i�n� �t�h�e�i�r� �c�o�r�e�s�,� �w�h�i�c�h� �i�t� �i�s� �n�o�t�.� �A�l�s�o�,� �d�o�w�n�s�t�r�e�a�m� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� 

�v�o�r�t�e�x� �c�o�r�e�s� �i�s� �d�e�c�r�e�a�s�i�n�g� �r�e�s�u�l�t�i�n�g� �i�n� �a� �g�r�e�a�t�e�r� �r�o�t�a�t�i�o�n� �a�n�g�l�e� �c�o�m�p�a�r�e�d� �t�o� �i�n�f�i�n�i�t�e� �l�i�n�e� 

�v�o�r�t�i�c�e�s�.� �S�u�r�p�r�i�s�i�n�g�l�y�,� �t�h�e� �c�o�l�l�a�p�s�e� �o�f� �t�h�e� �d�a�t�a� �(�t�h�o�u�g�h� �n�o�t� �i�t�s� �c�o�r�r�e�l�a�t�i�o�n� �w�i�t�h� �t�h�e�o�r�y�)� �i�s� 

�i�m�p�r�o�v�e�d� �i�f� �A�y�,� �t�h�e� �w�i�n�g�-�t�i�p� �s�e�p�a�r�a�t�i�o�n�,� �i�s� �u�s�e�d� �i�n� �p�l�a�c�e� �o�f� �s�.� �6� �v�s� �[�'�x�/�n�A�y�U�,�_�,�,� �i�s� �p�l�o�t�t�e�d� 

�i�n� �f�i�g�u�r�e� �2�4�.� 

�I�n� �f�i�g�u�r�e� �2�5�,� �t�h�e� �w�i�n�g� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �A�y� �h�a�s� �b�e�e�n� �p�l�o�t�t�e�d� �v�s� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �f�o�r� �a�l�l� 

�s�i�x�t�e�e�n� �c�a�s�e�s� �t�e�s�t�e�d�.� �T�h�i�s� �p�l�o�t� �s�h�o�w�s� �t�h�e� �b�o�u�n�d�a�r�y� �b�e�t�w�e�e�n� �t�h�e� �p�a�i�r�s� �t�h�a�t� �m�e�r�g�e�d� �a�n�d� 

�t�h�o�s�e� �t�h�a�t� �d�i�d� �n�o�t�.� �N�o�t�e� �t�h�e� �a�l�m�o�s�t� �l�i�n�e�a�r� �b�o�u�n�d�a�r�y� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �r�e�g�i�o�n�s�.� �I�n� �f�i�g�u�r�e� 

�2�6�,� �t�h�e� �m�e�r�g�i�n�g� �l�o�c�a�t�i�o�n� �x�,�,�/�c� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �h�a�s� �b�e�e�n� �p�l�o�t�t�e�d� �f�o�r� �t�h�e� �s�i�x� 

�f�l�o�w�s� �t�h�a�t� �m�e�r�g�e�d� �i�n� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n�.� �T�h�e� �u�n�c�e�r�t�a�i�n�t�y� �l�e�v�e�l� �i�n�x�,�,� �i�s� �a�b�o�u�t� �+�.�5�c�.� �T�h�e� 

�m�e�r�g�i�n�g� �p�r�o�c�e�s�s� �m�u�s�t� �b�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �i�n�v�i�s�c�i�d� �f�l�o�w� �e�f�f�e�c�t�s� �a�c�c�o�r�d�i�n�g� �t�o� �R�o�s�s�o�w� 

�(�1�9�7�1�)� �a�n�d� �M�e�l�a�n�d�e�r� �e�t� �a�l�.� �(�1�9�8�8�)�.� �R�o�s�s�o�w� �c�o�n�d�u�c�t�e�d� �i�n�v�i�s�c�i�d� �n�u�m�e�r�i�c�a�l� �c�a�l�c�u�l�a�t�i�o�n�s� �o�n� 

�i�n�t�e�r�a�c�t�i�n�g� �v�o�r�t�i�c�e�s� �b�y� �m�o�d�e�l�i�n�g� �t�h�e� �c�o�r�e�s� �u�s�i�n�g� �c�o�n�c�e�n�t�r�i�c� �r�i�n�g�s� �o�f� �p�o�i�n�t� �v�o�r�t�i�c�e�s�.� �H�e� 

�d�i�s�c�o�v�e�r�e�d� �t�h�a�t� �w�h�e�n� �a� �v�o�r�t�e�x� �c�o�r�e� �w�a�s� �s�u�b�j�e�c�t�e�d� �t�o� �a�n� �i�n�d�u�c�e�d� �v�e�l�o�c�i�t�y� �f�r�o�m� �a�n�o�t�h�e�r� 

�v�o�r�t�e�x�,� �a� �s�h�e�a�r� �w�a�s� �p�r�o�d�u�c�e�d� �d�e�f�o�r�m�i�n�g� �t�h�e� �c�o�r�e�.� �T�h�i�s� �d�e�f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �c�o�r�e� �a�l�l�o�w�s� 

�v�o�r�t�i�c�i�t�y� �t�o� �b�e� �t�r�a�n�s�f�e�r�r�e�d� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �c�o�r�e�s� �r�e�s�u�l�t�i�n�g� �i�n� �m�e�r�g�e�r�.� �R�o�s�s�o�w� �c�o�n�c�l�u�d�e�d� 

�t�h�a�t� �m�e�r�g�e�r� �b�e�t�w�e�e�n� �t�h�e� �p�a�i�r�s� �d�e�p�e�n�d�e�d� �e�n�t�i�r�e�l�y� �o�n� �t�h�e� �v�o�r�t�e�x� �s�t�r�e�n�g�t�h�s� �a�n�d� �t�h�e�i�r� 

�a�s�s�o�c�i�a�t�e�d� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e�.� �U�s�i�n�g� �t�h�i�s� �r�e�s�u�l�t�,� �f�r�o�m� �e�q�u�a�t�i�o�n� �3�.�1�.�1� �t�h�e� �i�n�d�u�c�e�d� 

�v�e�l�o�c�i�t�y� �i�s� �g�i�v�e�n� �b�y� 

�d�s�_� �I� �(�3�.�1�.�4�)� 
�d�t� �2�7�s� 
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�S�u�b�s�t�i�t�u�t�i�n�g� �x�/�U�,�,�,� �f�o�r� �t� �a�n�d� �s�o�l�v�i�n�g� �f�o�r� �t�h�e� �m�e�r�g�i�n�g� �l�o�c�a�t�i�o�n� �w�e� �h�a�v�e� 

�2� �a� �2�S� �U�s�e� �=� �(�3�.�1�.�5�)� 

�B�e�c�a�u�s�e� �o�f� �t�h�e� �d�i�f�f�i�c�u�l�t�y� �o�f� �d�e�f�i�n�i�n�g� �a� �v�o�r�t�e�x� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �s� �d�u�r�i�n�g� �t�h�e� �m�e�r�g�i�n�g� 

�p�r�o�c�e�s�s� �w�e� �s�h�a�l�l� �i�n�s�t�e�a�d� �u�s�e� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �w�i�n�g�s� �A�y� �w�h�i�c�h�,� �i�n� �a�n�y� �c�a�s�e�,� �b�e�t�t�e�r� 

�c�o�r�r�e�l�a�t�e�s� �t�h�e� �r�o�t�a�t�i�o�n� �a�n�g�l�e�s�.� �N�o�r�m�a�l�i�z�i�n�g� �b�y� �t�h�e� �w�i�n�g� �c�h�o�r�d� �c� �w�e� �o�b�t�a�i�n� 

 ��B�e� �n�a�y� �V�a�t� �(�3�.�1�.�6�)� 

�A�s� �c�a�n� �b�e� �s�e�e�n� �f�r�o�m� �f�i�g�u�r�e� �2�7�,� �t�h�e� �d�a�t�a� �w�h�e�n� �p�l�o�t�t�e�d� �i�n� �t�h�e�s�e� �t�e�r�m�s� �c�o�l�l�a�p�s�e�s� �f�a�i�r�l�y� �w�e�l�l� 

�t�o� �a� �s�t�r�a�i�g�h�t� �l�i�n�e�.� �T�h�e�r�e� �i�s� �a� �s�m�a�l�l� �a�d�d�i�t�i�v�e� �c�o�n�s�t�a�n�t� �p�r�e�s�e�n�t� �w�h�i�c�h� �c�a�u�s�e�s� �t�h�e� �v�o�r�t�e�x� �p�a�i�r�s� 

�t�o� �m�e�r�g�e� �f�a�s�t�e�r� �t�h�a�n� �p�r�e�d�i�c�t�e�d� �f�r�o�m� �a�n�a�l�y�s�i�s�.� �T�h�i�s� �m�a�y� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �v�i�s�c�o�u�s� 

�i�n�t�e�r�a�c�t�i�o�n� �f�r�o�m� �t�h�e� �s�h�e�a�r� �l�a�y�e�r�s� �w�h�i�c�h� �c�o�u�l�d� �s�l�i�g�h�t�l�y� �a�c�c�e�l�e�r�a�t�e� �t�h�e� �m�e�r�g�e�r� �p�r�o�c�e�s�s�.� 

�S�t�i�l�l�,� �i�t� �i�s� �s�u�r�p�r�i�s�i�n�g� �t�o� �s�e�e� �s�u�c�h� �a� �g�o�o�d� �c�o�r�r�e�l�a�t�i�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�s� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� 

�a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �t�r�a�n�s�f�e�r� �o�f� �v�o�r�t�i�c�i�t�y� �c�a�u�s�e�s� �m�e�r�g�i�n�g� �t�o� �b�e�g�i�n�.� 

�3�.�1�.�1� �C�a�s�e�s� �f�o�r� �F�u�r�t�h�e�r� �S�t�u�d�y� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �f�o�u�r� �c�a�s�e�s� �w�e�r�e� �s�e�l�e�c�t�e�d� �f�o�r� �f�u�r�t�h�e�r� �s�t�u�d�y�.� 

�A�y�=�3�/�8�c� �a�,�=�5�.�0�°� 

�A�y�=�3�/�8�c� �O�,�=�7�.�5�°� 

�A�y�=�3�/�8�c� �a�,�=�1�0�.�0�°� 
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�A�y�=�c�/�4� �a�,�=�5�.�0�°� 

�T�h�e�s�e� �f�o�u�r� �c�a�s�e�s� �w�e�r�e� �c�h�o�s�e�n� �b�e�c�a�u�s�e� �t�h�e�y� �d�i�s�p�l�a�y�e�d� �t�h�e� �g�r�e�a�t�e�s�t� �r�a�n�g�e� �o�f� �f�l�o�w� 

�p�h�e�n�o�m�e�n�o�n�,� �i�.�e�.�,� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�h�e� �s�e�p�a�r�a�t�e� �v�o�r�t�e�x� �c�o�r�e�s� �o�v�e�r� �a� �S�i�g�n�i�f�i�c�a�n�t� �s�t�r�e�a�m�w�i�s�e� 

�d�i�s�t�a�n�c�e�,� �m�e�r�g�i�n�g�,� �a�n�d� �f�o�r�m�a�t�i�o�n� �o�f� �a� �s�i�n�g�l�e� �c�o�r�e�.� 

�I�n� �e�a�c�h� �c�a�s�e� �a�d�d�i�t�i�o�n�a�l� �p�h�o�t�o�g�r�a�p�h�s� �w�e�r�e� �t�a�k�e�n� �a�t� �R�e�,�=�1�3�0�,�0�0�0� �t�h�r�o�u�g�h� �t�h�e� �t�r�a�n�s�p�a�r�e�n�t� 

�w�i�n�d� �t�u�n�n�e�l� �s�i�d�e� �w�a�l�l� �e�n�a�b�l�i�n�g� �p�h�o�t�o�-�m�o�s�a�i�c�s� �o�f� �t�h�e� �c�o�m�p�l�e�t�e� �f�l�o�w�s� �t�o� �b�e� �c�o�n�s�t�r�u�c�t�e�d�.� 

�O�n�e� �p�h�o�t�o�-�m�o�s�a�i�c� �w�a�s� �t�h�e�n� �t�a�k�e�n� �a�t� �R�e�,�=�4�0�0�,�0�0�0� �a�n�d� �c�o�m�p�a�r�e�d�,� �t�o� �e�x�a�m�i�n�e� �t�h�e� 

�i�n�f�l�u�e�n�c�e� �o�f� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r� �o�n� �t�h�e� �f�l�o�w�s� �(�n�o�t� �s�h�o�w�n�)�.� �A� �d�e�c�i�s�i�o�n� �a�s� �t�o� �w�h�i�c�h� �o�f� �t�h�e�s�e� 

�f�l�o�w�s� �s�h�o�u�l�d� �b�e� �t�h�e� �s�u�b�j�e�c�t� �o�f� �f�u�t�u�r�e� �h�o�t�-�w�i�r�e� �m�e�a�s�u�r�e�m�e�n�t�s� �a�n�d� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�o�s�e� 

�m�e�a�s�u�r�e�m�e�n�t�s�,� �w�a�s� �t�h�e�n� �m�a�d�e�.� �F�i�n�a�l�l�y� �p�h�o�t�o�g�r�a�p�h�s� �w�e�r�e� �t�a�k�e�n� �i�n� �t�h�i�s� �c�a�s�e� �w�i�t�h� �t�h�e� 

�d�u�m�m�y� �p�r�o�b�e� �a�n�d� �t�r�a�v�e�r�s�e� �l�o�c�a�t�e�d� �a�t� �t�h�e� �f�u�t�u�r�e� �m�e�a�s�u�r�e�m�e�n�t� �p�o�s�i�t�i�o�n�s�.� 

�P�h�o�t�o�-�m�o�s�a�i�c�s� �o�f� �t�h�e� �f�o�u�r� �f�l�o�w�s� �a�t� �R�e�,�=�1�3�0�,�0�0�0� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �f�i�g�u�r�e�s� �2�8� �a�n�d� �2�9�.� 

�F�l�o�w� �i�s� �f�r�o�m� �r�i�g�h�t� �t�o� �l�e�f�t� �w�i�t�h� �t�h�e� �w�i�n�g�s� �a�p�p�e�a�r�i�n�g� �o�n� �t�h�e� �f�a�r� �r�i�g�h�t� �o�f� �t�h�e� �p�a�g�e�.� �T�h�o�s�e� 

�v�i�e�w�s� �m�o�r�e� �c�l�e�a�r�l�y� �s�h�o�w� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �i�n� �t�h�e� �v�i�c�i�n�i�t�y� �o�f� �t�h�e� �m�e�r�g�i�n�g� 

�l�o�c�a�t�i�o�n�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �s�i�z�e� �b�e�t�w�e�e�n� �t�h�e� �c�o�r�e�s� �o�f� �t�h�e� �u�n�m�e�r�g�e�d� �v�o�r�t�i�c�e�s� �a�n�d� �t�h�e� �c�o�r�e� 

�o�f� �t�h�e� �c�o�m�b�i�n�e�d� �v�o�r�t�e�x� �i�s� �a�l�s�o� �n�o�t�i�c�e�a�b�l�e�,� �t�h�e� �l�a�t�e�r� �b�e�i�n�g� �a�l�m�o�s�t� �t�w�i�c�e� �t�h�e� �f�o�r�m�e�r�.� �T�h�e� 

�i�n�c�r�e�a�s�e� �i�n� �R�e�,� �f�r�o�m� �1�3�0�,�0�0�0� �t�o� �4�0�0�,�0�0�0� �a�p�p�e�a�r�e�d� �t�o� �p�r�o�d�u�c�e� �a�l�m�o�s�t� �n�o� �c�h�a�n�g�e� �i�n� �t�h�e� 

�o�v�e�r�a�l�l� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e�s�e� �f�l�o�w�s�.� �T�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �a�s� �m�a�r�k�e�d� �b�y� �t�h�e� �b�u�b�b�l�e�s�,� �d�i�d� �a�p�p�e�a�r� 

�S�i�g�n�i�f�i�c�a�n�t�l�y� �t�h�i�n�n�e�r� �a�t� �t�h�e� �h�i�g�h�e�r� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r� �t�h�o�u�g�h�.� �T�h�i�s� �m�a�y� �b�e� �p�a�r�t�i�a�l�l�y� �d�u�e� �t�o� 

�t�h�e� �h�i�g�h�e�r� �c�e�n�t�r�i�p�e�t�a�l� �f�o�r�c�e�s� �e�x�p�e�r�i�e�n�c�e�d� �b�y� �t�h�e� �h�e�l�i�u�m� �b�u�b�b�l�e�s� �c�o�n�f�i�n�i�n�g� �t�h�e�m� �t�o� �a� 

�s�m�a�l�l�e�r� �r�e�g�i�o�n� �w�i�t�h�i�n� �t�h�e� �c�o�r�e�.� �H�o�w�e�v�e�r�,� �i�t� �i�s� �a�l�s�o� �i�n�d�i�c�a�t�i�v�e� �o�f� �t�h�e� �m�u�c�h� �s�m�a�l�l�e�r� 

�a�m�p�l�i�t�u�d�e� �o�f� �t�h�e� �l�a�t�e�r�a�l� �m�o�t�i�o�n�s� �a�t� �R�e�=�4�0�0�,�0�0�0�.� �M�o�t�i�o�n�s� �n�o� �g�r�e�a�t�e�r� �t�h�a�n� �+�3�.�2�m�m�,� �1�.�6�%� 

�o�f� �t�h�e� �w�i�n�g� �c�h�o�r�d� �w�e�r�e� �o�b�s�e�r�v�e�d�.� �T�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e�s�e� �m�o�t�i�o�n�s� �w�a�s� �h�i�g�h�e�r� �t�h�a�n� �a�t� 
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�R�e�,�=�1�3�0�,�0�0�0� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �i�t� �m�a�y� �s�c�a�l�e� �w�i�t�h� �v�e�l�o�c�i�t�y�.� �R�e�l�i�a�b�l�e� �e�s�t�i�m�a�t�e�s� �o�f� �t�h�e� 

�f�r�e�q�u�e�n�c�y� �c�o�u�l�d� �n�o�t� �b�e� �o�b�t�a�i�n�e�d� �a�t� �R�e�,�=�4�0�0�,�0�0�0� �d�u�e� �t�o� �t�h�e� �s�m�a�l�l� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� 

�l�a�t�e�r�a�l� �m�o�t�i�o�n�s�.� 

�V�i�s�u�a�l�i�z�a�t�i�o�n�s� �w�i�t�h� �t�h�e� �d�u�m�m�y� �p�r�o�b�e� �w�e�r�e� �m�a�d�e� �i�n� �t�h�e� �A�y�=�c�/�4�,� �a�,�=�5�°� �c�a�s�e� �w�i�t�h� �t�h�e� 

�p�r�o�b�e� �t�i�p� �l�o�c�a�t�e�d� �a�t� �x�/�c�=�1�0�,� �1�5�,� �2�2� �a�n�d� �3�0�.� �T�h�i�s� �c�a�s�e� �w�a�s� �c�h�o�s�e�n� �f�o�r� �t�h�e� �h�o�t�-�w�i�r�e� 

�m�e�a�s�u�r�e�m�e�n�t�s� �b�e�c�a�u�s�e� �h�i�g�h�e�r� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k� �c�r�e�a�t�e� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�i�e�s� �t�h�a�t� �a�r�e� �g�r�e�a�t�e�r� 

�t�h�a�n� �w�h�a�t� �t�h�e� �h�o�t�-�w�i�r�e� �i�s� �a�b�l�e� �t�o� �m�e�a�s�u�r�e� �a�c�c�u�r�a�t�e�l�y�.� �T�h�e�s�e� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�s� �w�e�r�e� 

�c�h�o�s�e�n� �b�e�c�a�u�s�e� �i�t� �a�l�l�o�w�e�d� �m�e�a�s�u�r�e�m�e�n�t�s� �t�o� �b�e� �t�a�k�e�n� �i�n� �b�o�t�h� �v�o�r�t�i�c�e�s� �u�p�s�t�r�e�a�m� �o�f� �t�h�e� 

�m�e�r�g�i�n�g� �l�o�c�a�t�i�o�n�,� �r�i�g�h�t� �b�e�f�o�r�e� �m�e�r�g�i�n�g�,� �r�i�g�h�t� �a�f�t�e�r� �m�e�r�g�i�n�g� �a�n�d� �w�e�l�l� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�e� 

�m�e�r�g�i�n�g� �l�o�c�a�t�i�o�n� �i�n� �t�h�e� �c�o�m�b�i�n�e�d� �v�o�r�t�e�x�.� �F�i�g�u�r�e� �3�0� �s�h�o�w�s� �t�h�e� �p�r�o�b�e� �i�n� �t�h�e� �s�i�n�g�l�e� �v�o�r�t�e�x� 

�c�o�r�e� �a�t� �x�/�c�=�2�2�.� �N�o�t�e� �t�h�a�t� �t�h�e�r�e� �i�s� �n�o� �d�i�s�t�u�r�b�a�n�c�e� �t�o� �t�h�e� �f�l�o�w� �a�t� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �p�o�i�n�t�,� 

�o�n�l�y� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�i�s� �l�o�c�a�t�i�o�n�.� �F�i�g�u�r�e� �3�1� �s�h�o�w�s� �t�h�e� �p�r�o�b�e� �t�r�a�v�e�r�s�i�n�g� �t�h�r�o�u�g�h� �t�h�e� �c�o�r�e� 

�a�t� �a� �r�a�t�e� �o�f� �6�.�4�m�m�/�s� �i�n� �t�h�e� �s�a�m�e� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�.� �A�g�a�i�n� �n�o�t�e� �t�h�a�t� �t�h�e�r�e� �i�s� �n�o� 

�d�i�s�t�u�r�b�a�n�c�e� �t�o� �t�h�e� �f�l�o�w� �a�t� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �p�o�i�n�t�.� �O�t�h�e�r� �p�h�o�t�o�g�r�a�p�h�s� �t�a�k�e�n� �w�i�t�h� �t�h�e� 

�p�r�o�b�e� �a�t� �x�/�c�=�1�0�,� �1�5� �a�n�d� �3�0� �a�l�s�o� �s�h�o�w�e�d� �n�o� �e�v�i�d�e�n�c�e� �o�f� �p�r�o�b�e� �i�n�t�e�r�f�e�r�e�n�c�e� �a�t� �t�h�e� 

�m�e�a�s�u�r�e�m�e�n�t� �l�o�c�a�t�i�o�n�.� �A�t� �n�o� �t�i�m�e� �d�i�d� �w�e� �o�b�s�e�r�v�e� �a�n�y� �s�u�c�h� �i�n�t�e�r�f�e�r�e�n�c�e� �b�y� �e�y�e�.� 

�3�.�2� �C�o�u�n�t�e�r� �R�o�t�a�t�i�n�g� �V�o�r�t�e�x� �P�a�i�r�s� 

�I�t� �i�s� �w�o�r�t�h� �n�o�t�i�n�g� �s�o�m�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �a� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r� �b�e�f�o�r�e� �d�e�s�c�r�i�b�i�n�g� �t�h�e� 

�r�e�s�u�l�t�i�n�g� �v�i�s�u�a�l�i�z�a�t�i�o�n�s�.� �F�i�g�u�r�e� �3�2� �s�h�o�w�s� �a� �s�k�e�t�c�h� �o�f� �a�n� �i�d�e�a�l�i�z�e�d� �v�o�r�t�e�x� �p�a�i�r�.� �V�o�r�t�e�x� �(�a�)� 

�i�n�d�u�c�e�s� �a� �v�e�l�o�c�i�t�y� �o�n� �v�o�r�t�e�x� �(�b�)� �c�a�u�s�i�n�g� �i�t� �t�o� �m�o�v�e� �t�o� �t�h�e� �r�i�g�h�t� �o�f� �t�h�e� �p�a�g�e�.� �I�n� �t�u�r�n�,� 

�v�o�r�t�e�x� �(�b�)� �i�n�d�u�c�e�s� �a�n� �e�q�u�a�l� �v�e�l�o�c�i�t�y� �o�n� �v�o�r�t�e�x� �(�a�)� �c�a�u�s�i�n�g� �i�t� �t�o� �a�l�s�o� �m�o�v�e� �t�o� �t�h�e� �r�i�g�h�t� �o�f� 

�3�.� �F�l�o�w� �V�i�s�u�a�l�i�z�a�t�i�o�n� �R�e�s�u�l�t�s� �2�9



�t�h�e� �p�a�g�e�.� �A�s� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �p�a�i�r� �d�e�c�r�e�a�s�e� �a�n�d�/�o�r� �t�h�e�i�r� �s�t�r�e�n�g�t�h� 

�i�n�c�r�e�a�s�e�,� �t�h�e� �p�a�i�r� �w�i�l�l� �m�o�v�e� �t�o� �t�h�e� �r�i�g�h�t� �o�f� �t�h�e� �p�a�g�e� �a�t� �a� �g�r�e�a�t�e�r� �v�e�l�o�c�i�t�y�.� 

�F�i�g�u�r�e�s� �3�3� �s�h�o�w�s� �t�h�e� �v�o�r�t�e�x� �p�a�i�r� �g�e�n�e�r�a�t�e�d� �a�t� �a� �w�i�n�g�-�t�i�p� �s�e�p�a�r�a�t�i�o�n� �A�y�=�c�/�4� �a�n�d� �a�n�g�l�e� �o�f� 

�a�t�t�a�c�k� �a�,�=�2�.�5�°�.� �T�h�e� �t�w�o� �v�o�r�t�e�x� �c�o�r�e�s� �a�r�e� �c�l�e�a�r�l�y� �s�e�e�n� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �p�h�o�t�o�g�r�a�p�h� 

�w�i�t�h� �t�h�e� �w�i�n�g�s� �a�n�d� �a�r�c� �l�a�m�p� �r�e�f�l�e�c�t�i�o�n� �l�o�c�a�t�e�d� �o�n� �t�h�e� �r�i�g�h�t�.� �T�h�e� �v�o�r�t�e�x� �c�o�r�e�s�,� �g�e�n�e�r�a�t�e�d� 

�a�t� �t�h�e� �w�i�n�g� �t�i�p�s�,� �d�r�i�f�t� �i�n� �t�h�e� �-�z� �d�i�r�e�c�t�i�o�n� �a�n�d� �m�o�v�e� �s�l�o�w�l�y� �a�p�a�r�t� �w�i�t�h� �d�i�s�t�a�n�c�e� 

�d�o�w�n�s�t�r�e�a�m�.� �A�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n�,� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �c�o�r�e�s� �i�s� 

�m�o�r�e� �t�h�a�n� �t�w�i�c�e� �t�h�a�t� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �w�i�n�g�-�t�i�p� �s�e�p�a�r�a�t�i�o�n�.� �T�h�i�s� �i�s� �p�r�e�s�u�m�a�b�l�y� �a� �r�e�s�u�l�t� �o�f� 

�B�e�t�z�'�s� �(�1�9�3�3�)� �c�o�n�s�e�r�v�a�t�i�o�n� �t�h�e�o�r�e�m�s� �w�h�i�c�h� �c�a�u�s�e�s� �e�a�c�h� �v�o�r�t�e�x� �t�o� �m�o�v�e� �i�n�b�o�a�r�d� �o�f� �t�h�e� 

�w�i�n�g� �t�i�p�.� �A�t� �a�,�=�5�.�0�°� �a�n�d� �a�,�=�7�.�5�°� �(�f�i�g�u�r�e� �3�4� �a�n�d� �f�i�g�u�r�e� �3�5�)�,� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �m�o�v�e� �a� 

�g�r�e�a�t�e�r� �d�i�s�t�a�n�c�e� �i�n� �t�h�e� �-�z� �d�i�r�e�c�t�i�o�n�.� �A�t� �a�,�=�1�0�.�0�°� �t�h�e� �t�w�o� �c�o�r�e�s� �h�a�v�e� �m�o�v�e�d� �s�u�c�h� �a� �l�a�r�g�e� �-� 

�z� �d�i�s�t�a�n�c�e�,� �t�h�a�t� �t�h�e�y� �l�e�a�v�e� �t�h�e� �a�r�c� �l�a�m�p� �b�e�a�m� �a�n�d� �a�r�e� �t�h�u�s� �n�o�t� �v�i�s�i�b�l�e�.� 

�I�n�c�r�e�a�s�i�n�g� �A�y� �t�o� �3�/�8�c� �d�e�c�r�e�a�s�e�d� �t�h�e� �a�m�o�u�n�t� �o�f� �m�o�v�e�m�e�n�t� �i�n� �t�h�e� �-�z� �d�i�r�e�c�t�i�o�n�.� �A�s� �b�e�f�o�r�e�,� 

�i�n�c�r�e�a�s�i�n�g� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �t�o� �1�0�.�0�°� �c�a�u�s�e�d� �t�h�e� �t�w�o� �v�o�r�t�e�x� �c�o�r�e�s� �t�o� �m�o�v�e� �o�u�t� �o�f� �t�h�e� �a�r�c� 

�l�a�m�p� �b�e�a�m�.� �I�n�c�r�e�a�s�i�n�g� �A�y� �t�o� �c�/�2� �a�n�d� �c� �f�u�r�t�h�e�r� �d�e�c�r�e�a�s�e�d� �t�h�e� �a�m�o�u�n�t� �o�f� �m�o�v�e�m�e�n�t� �i�n� �t�h�e� 

�-�z� �d�i�r�e�c�t�i�o�n�.� 

�T�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r�s� �e�x�p�e�r�i�e�n�c�e�d� �s�m�a�l�l� �l�a�t�e�r�a�l� �m�o�t�i�o�n�s� �o�f� �t�h�e� �s�a�m�e� 

�f�r�e�q�u�e�n�c�y� �a�s� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s�.� �T�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �m�o�v�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �i�n� �e�i�t�h�e�r� �t�h�e� 

�s�a�m�e� �o�r� �o�p�p�o�s�i�t�e� �d�i�r�e�c�t�i�o�n�s�.� �F�i�g�u�r�e� �3�6� �s�h�o�w�s� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �m�o�t�i�o�n�s� �f�o�r� �e�a�c�h� 

�c�a�s�e�,� �t�h�e� �l�a�r�g�e�s�t� �a�m�p�l�i�t�u�d�e� �b�e�i�n�g� �a�g�a�i�n� �a�b�o�u�t� �+�2�0�m�m�,� �1�0�%� �o�f� �t�h�e� �w�i�n�g� �c�h�o�r�d�.� �T�h�e� 

�l�a�t�e�r�a�l� �m�o�t�i�o�n�s� �a�r�e� �s�o�m�e�w�h�a�t� �l�a�r�g�e�r� �a�t� �h�i�g�h�e�r� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s�.� �A�s� �b�e�f�o�r�e�,� �t�h�e� �m�o�t�i�o�n�s� �a�p�p�e�a�r�e�d� �i�n� �g�e�n�e�r�a�l� �t�o� �b�e� 

�3�.� �F�l�o�w� �V�i�s�u�a�l�i�z�a�t�i�o�n� �R�e�s�u�l�t�s� �3�0



�s�l�i�g�h�t�l�y� �l�e�s�s� �i�n� �t�h�e� �z� �t�h�a�n� �i�n� �t�h�e� �y� �d�i�r�e�c�t�i�o�n�s� �w�i�t�h� �n�o� �c�o�n�s�i�s�t�e�n�t� �v�a�r�i�a�t�i�o�n� �b�e�t�w�e�e�n� 

�d�i�f�f�e�r�e�n�t� �c�o�n�f�i�g�u�r�a�t�i�o�n�s�.� �A�s� �w�i�t�h� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s�,� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �p�a�i�r�s� 

�e�x�p�e�r�i�e�n�c�e�d� �a� �s�l�i�g�h�t� �a�m�o�u�n�t� �o�f� �r�o�c�k�i�n�g� �a�b�o�u�t� �e�a�c�h� �o�t�h�e�r� �o�f� �a�t� �m�o�s�t� �+�4�°�.� �T�h�e� �f�r�e�q�u�e�n�c�y� 

�o�f� �a�l�l� �m�o�t�i�o�n�s� �w�a�s� �v�e�r�y� �l�o�w� �w�i�t�h� �f�c�/�U�,�,�,� �t�y�p�i�c�a�l�l�y� �.�0�0�4�.� 

�V�a�r�i�o�u�s� �p�r�o�p�e�r�t�i�e�s� �h�a�v�e� �b�e�e�n� �p�l�o�t�t�e�d� �f�o�r� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r�s�.� �F�i�g�u�r�e� �3�7� 

�s�h�o�w�s� �t�h�e� �z� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �a�t� �x�/�c�=�2�0� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �a�n�g�l�e� �o�f� �a�t�t�a�c�k�.� �T�h�e� 

�u�n�c�e�r�t�a�i�n�t�y� �i�n� �z� �i�s� �a�b�o�u�t� �+�1�2�m�m�.� �N�o�t�e� �t�h�e� �l�i�n�e�a�r� �r�e�l�a�t�i�o�n�s�h�i�p� �f�o�r� �e�a�c�h� �A�y�.� �E�s�t�i�m�a�t�e�s� �o�f� 

�t�h�e� �m�o�v�e�m�e�n�t� �i�n� �t�h�e� �-�z� �d�i�r�e�c�t�i�o�n� �m�a�y� �b�e� �o�b�t�a�i�n�e�d� �i�f� �w�e� �m�o�d�e�l� �t�h�e� �f�l�o�w� �u�s�i�n�g� �t�w�o� �i�n�f�i�n�i�t�e� 

�s�t�r�a�i�g�h�t� �l�i�n�e� �v�o�r�t�i�c�e�s� �o�f� �c�i�r�c�u�l�a�t�i�o�n� �+�I�.� �A�c�c�o�r�d�i�n�g� �t�o� �L�a�m�b� �(�1�9�3�2�)�,� �a� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� 

�v�o�r�t�e�x� �p�a�i�r� �o�f� �o�p�p�o�s�i�t�e� �s�t�r�e�n�g�t�h� �w�i�l�l� �p�r�o�p�a�g�a�t�e� �i�n� �t�h�e� �z� �d�i�r�e�c�t�i�o�n� �a�t� �a� �v�e�l�o�c�i�t�y� 

�a�e� �(�3�.�2�.�1�)� 
�d�t� �2�7�s� 

�W�h�e�r�e� �s� �i�s� �t�h�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �v�o�r�t�i�c�e�s�.� �S�u�b�s�t�i�t�u�t�i�n�g� �x�/�U�,�,�,� �f�o�r� �t� �a�n�d� �d�i�v�i�d�i�n�g� �b�y� �c�,� 

�w�e� �h�a�v�e� 

�_� �I�x� 
�c� �2�n�s�U�_�,�,�c� 

�(�3�.�2�.�2�)� 

�F�i�g�u�r�e� �3�8� �s�h�o�w�s� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �p�l�o�t�t�e�d� �i�n� �t�e�r�m�s� �o�f� �t�h�e�s�e� �t�w�o� �v�a�r�i�a�b�l�e�s�,� �w�i�t�h� �s� �b�e�i�n�g� 

�t�a�k�e�n� �a�s� �t�h�e� �v�o�r�t�e�x� �s�e�p�a�r�a�t�i�o�n� �a�t� �x�/�c�=�2�0�.� �U�s�i�n�g� �t�h�o�s�e� �v�a�r�i�a�b�l�e�s� �t�h�e� �d�a�t�a� �c�o�l�l�a�p�s�e�s� �t�o� �a� 

�S�i�n�g�l�e� �s�t�r�a�i�g�h�t� �l�i�n�e�,� �w�i�t�h�i�n� �t�h�e� �u�n�c�e�r�t�a�i�n�t�y� �l�i�m�i�t�s�.� �T�h�e� �c�o�r�r�e�l�a�t�i�o�n� �w�i�t�h� �i�n�f�i�n�i�t�e� �v�o�r�t�e�x� �l�i�n�e� 

�t�h�e�o�r�y� �i�s� �g�o�o�d� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� �i�n�v�o�l�v�e�d�.� 

�3�.� �F�l�o�w� �V�i�s�u�a�l�i�z�a�t�i�o�n� �R�e�s�u�l�t�s� �3�1



�I�n� �f�i�g�u�r�e� �3�9�,� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �s�t�r�e�a�m�w�i�s�e� 

�l�o�c�a�t�i�o�n� �x�/�c� �i�s� �s�h�o�w�n�.� �A�s� �t�h�e� �f�l�o�w� �t�r�a�v�e�l�e�d� �d�o�w�n� �t�h�e� �t�u�n�n�e�l�,� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� 

�b�e�t�w�e�e�n� �t�h�e� �p�a�i�r� �i�n�c�r�e�a�s�e�d�.� �T�h�e� �p�r�i�m�a�r�y� �c�a�u�s�e� �o�f� �i�n�c�r�e�a�s�i�n�g� �s�e�p�a�r�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� 

�c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �p�a�i�r�s� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �t�h�e�o�r�y� �o�f� �B�e�t�z� �(�1�9�3�3�)� �w�h�i�c�h� �i�s� �d�e�v�e�l�o�p�e�d� �f�o�r� �a� 

�s�i�n�g�l�e� �t�r�a�i�l�i�n�g� �v�o�r�t�e�x�.� �E�v�e�n� �t�h�o�u�g�h� �B�e�t�z�'�s� �t�h�e�o�r�y� �i�s� �f�o�r� �a� �s�i�n�g�l�e� �v�o�r�t�e�x�,� �i�t� �w�i�l�l� �g�i�v�e� 

�i�n�s�i�g�h�t� �t�o� �t�h�e� �p�h�y�s�i�c�a�l� �p�r�o�c�e�s�s� �o�f� �t�h�e� �v�o�r�t�e�x� �p�a�i�r�.� �A�c�c�o�r�d�i�n�g� �t�o� �B�e�t�z�,� �t�h�e� �c�e�n�t�r�o�i�d� �o�f� �t�h�e� 

�s�h�e�d� �v�o�r�t�i�c�i�t�y� �r�e�m�a�i�n�s� �a�t� �a� �c�o�n�s�t�a�n�t� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �w�i�n�g� �r�o�o�t� �a�n�d� �t�h�e� �m�o�m�e�n�t� �o�f� 

�i�n�e�r�t�i�a� �a�b�o�u�t� �t�h�e� �c�e�n�t�e�r� �o�f� �g�r�a�v�i�t�y� �i�s� �a� �c�o�n�s�t�a�n�t�.� �T�h�i�s� �i�m�p�l�i�e�s� �i�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �v�o�r�t�e�x� 

�p�a�i�r�,� �t�h�a�t� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �p�a�i�r� �m�u�s�t� �i�n�c�r�e�a�s�e� �d�o�w�n�s�t�r�e�a�m�.� 

�A� �p�o�s�s�i�b�l�e� �s�e�c�o�n�d�a�r�y� �c�a�u�s�e� �o�f� �t�h�i�s� �m�a�y�b�e� �d�u�e� �t�o� �i�n�t�e�r�a�c�t�i�o�n� �w�i�t�h� �a�n� �i�m�a�g�e� �p�a�i�r� �i�n� �t�h�e� 

�t�u�n�n�e�l� �w�a�l�l� �o�f� �o�p�p�o�s�i�t�e� �s�i�g�n�.� �A�c�c�o�r�d�i�n�g� �t�o� �L�a�m�b� �(�1�9�3�2�)�,� �t�h�e� �r�e�s�u�l�t�i�n�g� �t�r�a�j�e�c�t�o�r�y� �o�f� �a� 

�t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �v�o�r�t�e�x� �p�a�i�r� �n�e�a�r� �a� �w�a�l�l� �i�s� �g�i�v�e�n� �b�y� 

�2� 

�=� �+�2�7�)�=�y�'�2�?� �(�3�.�2�.�3�)� 

�F�i�g�u�r�e� �4�0� �s�h�o�w�s� �t�h�e� �i�n�v�i�s�c�i�d� �f�l�o�w� �t�r�a�j�e�c�t�o�r�y� �f�o�r� �a�l�l� �c�a�s�e�s� �i�n� �t�h�e� �y� �a�n�d� �-�z� �d�i�r�e�c�t�i�o�n� 

�n�o�r�m�a�l�i�z�e�d� �b�y� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �s�.� �T�h�e� �t�u�n�n�e�l� �w�a�l�l� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �x�/�s�=�8�.� �A�s� �c�a�n� 

�b�e� �c�l�e�a�r�l�y� �s�e�e�n�,� �e�v�e�r�y� �p�a�i�r� �i�s� �w�e�l�l� �o�u�t� �o�f� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �i�t�s� �c�o�r�r�e�s�p�o�n�d�i�n�g� �i�m�a�g�e� �p�a�i�r� �i�n� 

�t�h�e� �w�a�l�l� �w�i�t�h� �t�h�e� �c�a�s�e� �a�t� �A�y�=�c�,� �a�,�=�1�0�.�0�°� �b�e�i�n�g� �t�h�e� �c�l�o�s�e�s�t� �t�o� �t�h�e� �w�a�l�l�.� 

�3�.�2�.�1� �C�a�s�e�s� �f�o�r� �F�u�r�t�h�e�r� �S�t�u�d�y� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �f�o�u�r� �c�a�s�e�s� �w�e�r�e� �s�e�l�e�c�t�e�d� �f�o�r� �f�u�r�t�h�e�r� �s�t�u�d�y�.� 

�A�y�=�3�/�8�c�,� �o�,�=�5�.�0�°� 

�3�.� �F�l�o�w� �V�i�s�u�a�l�i�z�a�t�i�o�n� �R�e�s�u�l�t�s� �3�2



�A�y�=�3�/�8�c�,� �a�,�=�7�.�5�°� 

�A�y�=�3�/�8�c�,� �a�,�=�1�0�.�0�°� 

�A�y�=�c�/�4�,� �a�,�=�5�.�0�°� 

�T�h�e�s�e� �c�a�s�e�s� �w�e�r�e� �c�h�o�s�e�n� �t�o� �c�o�m�p�l�e�m�e�n�t� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s�.� 

�P�h�o�t�o�-�m�o�s�a�i�c�s� �o�f� �t�h�e� �f�o�u�r� �f�l�o�w�s� �a�t� �R�e�,�=�1�3�0�,�0�0�0� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �f�i�g�u�r�e�s� �4�1� �a�n�d� �4�2�.� 

�F�l�o�w� �i�s� �f�r�o�m� �r�i�g�h�t� �t�o� �l�e�f�t� �w�i�t�h� �t�h�e� �w�i�n�g�s� �l�o�c�a�t�e�d� �o�n� �t�h�e� �r�i�g�h�t� �o�f� �t�h�e� �p�a�g�e�.� �T�h�e� �i�n�c�r�e�a�s�i�n�g� 

�s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �c�a�n� �b�e� �c�l�e�a�r�l�y� �s�e�e�n� �i�n� �t�h�e� �m�o�s�a�i�c�s�.� �T�h�e�r�e� 

�a�p�p�e�a�r�e�d� �t�o� �b�e� �n�o� �c�h�a�n�g�e� �i�n� �t�h�e� �o�v�e�r�a�l�l� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �f�l�o�w� �b�e�t�w�e�e�n� �R�e�,�=�1�3�0�,�0�0�0� �a�n�d� 

�R�e�,�=�4�0�0�,�0�0�0�.� �T�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �a�t� �R�e�,�=�4�0�0�,�0�0�0� �a�p�p�e�a�r�e�d� �s�m�a�l�l�e�r� �a�s� �a� �r�e�s�u�l�t� �o�f� �h�i�g�h�e�r� 

�c�e�n�t�r�i�p�e�t�a�l� �f�o�r�c�e�s� �e�x�p�e�r�i�e�n�c�e�d� �b�y� �t�h�e� �h�e�l�i�u�m� �b�u�b�b�l�e�s� �a�n�d� �a�l�s�o� �a�s� �a� �r�e�s�u�l�t� �o�f� �s�m�a�l�l�e�r� 

�l�a�t�e�r�a�l� �m�o�t�i�o�n�s�.� �M�o�t�i�o�n�s� �o�f� �+�6�.�4�m�m�,� �3�.�1�%� �o�f� �t�h�e� �w�i�n�g� �c�h�o�r�d� �w�e�r�e� �o�b�s�e�r�v�e�d�.� �T�h�e� 

�f�r�e�q�u�e�n�c�y� �o�f� �t�h�e�s�e� �m�o�t�i�o�n�s� �w�e�r�e� �h�i�g�h�e�r� �t�h�a�n� �a�t� �R�e�,�=�1�3�0�,�0�0�0� �a�n�d� �a�p�p�e�a�r�e�d� �t�o� �s�c�a�l�e� �w�i�t�h� 

�v�e�l�o�c�i�t�y�.� �E�s�t�i�m�a�t�e�s� �o�f� �t�h�e� �f�r�e�q�u�e�n�c�y� �c�o�u�l�d� �n�o�t� �b�e� �d�e�t�e�r�m�i�n�e�d� �d�u�e� �t�o� �t�h�e� �s�m�a�l�l� �a�m�p�l�i�t�u�d�e� 

�o�f� �t�h�e� �l�a�t�e�r�a�l� �m�o�t�i�o�n�s�.� 

�T�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �d�u�m�m�y� �h�o�t�-�w�i�r�e� �p�r�o�b�e� �w�a�s� �a�l�s�o� �t�e�s�t�e�d� �f�o�r� �A�y�=�c�/�4�,� �a�,�=�5�.�0�°�.� �T�h�e� �p�r�o�b�e� 

�t�i�p� �w�a�s� �l�o�c�a�t�e�d� �a�t� �x�/�c�=�1�0�,� �1�5�,� �2�2�,� �3�0�.� �T�h�i�s� �c�a�s�e� �a�n�d� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�s� �w�e�r�e� �c�h�o�s�e�n� �t�o� 

�c�o�m�p�l�e�m�e�n�t� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �c�o�-�r�o�t�a�t�i�n�g� �c�a�s�e� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t� �l�o�c�a�t�i�o�n�s�.� �F�i�g�u�r�e� �4�3� 

�s�h�o�w�s� �t�h�e� �p�r�o�b�e� �i�n� �t�h�e� �u�p�p�e�r� �v�o�r�t�e�x� �c�o�r�e� �a�t� �x�/�c�=�2�2�.� �N�o�t�e� �t�h�a�t� �t�h�e�r�e� �i�s� �n�o� �d�i�s�t�u�r�b�a�n�c�e� �t�o� 

�t�h�e� �f�l�o�w� �a�t� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �p�o�i�n�t�.� �F�i�g�u�r�e� �4�4� �s�h�o�w�s� �t�h�e� �p�r�o�b�e� �t�r�a�v�e�r�s�i�n�g� �a�t� �6�.�4�m�m�/�s� 

�t�h�r�o�u�g�h� �t�h�e� �t�o�p� �v�o�r�t�e�x� �c�o�r�e�.� �A�g�a�i�n� �n�o�t�e� �t�h�a�t� �t�h�e�r�e� �i�s� �n�o� �d�i�s�t�u�r�b�a�n�c�e� �t�o� �t�h�e� �f�l�o�w� �a�t� �t�h�e� 

�m�e�a�s�u�r�e�m�e�n�t� �p�o�i�n�t�.� �O�t�h�e�r� �p�h�o�t�o�g�r�a�p�h�s� �t�a�k�e�n� �w�i�t�h� �t�h�e� �p�r�o�b�e� �a�t� �x�/�c�=�1�0�,� �1�5� �a�n�d� �3�0� �a�l�s�o� 

�s�h�o�w�e�d� �n�o� �e�v�i�d�e�n�c�e� �o�f� �p�r�o�b�e� �i�n�t�e�r�f�e�r�e�n�c�e� �a�t� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �p�o�i�n�t�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �a�r�e� 

�c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �f�i�n�d�i�n�g�s� �f�o�r� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �c�a�s�e�.� 

�3�.� �F�l�o�w� �V�i�s�u�a�l�i�z�a�t�i�o�n� �R�e�s�u�l�t�s� �3�3



�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �v�o�r�t�e�x� �p�a�i�r�s� �w�e�r�e� �s�e�l�e�c�t�e�d� �f�o�r� �d�e�t�a�i�l�e�d� �v�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �b�a�s�e�d� �o�n� �t�h�e� 

�f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n� �r�e�s�u�l�t�s�.� 

�A�y�=�c�/�4� �a�,�=�5�.�0�°� �R�e�,�=�2�6�0�,�0�0�0� �x�/�c�=�1�0�,� �1�5�,� �2�2�,� �3�0� 

�A�y�=�c�/�4� �a�,�=�5�.�0�°� �R�e�,�=�2�6�0�,�0�0�0� �x�/�c�=�1�0�,� �3�0� 

�T�h�e� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r� �b�a�s�e�d� �o�n� �t�h�e� �w�i�n�g� �c�h�o�r�d� �(�.�2�0�3�m�)� �w�a�s� �r�e�d�u�c�e�d� �f�r�o�m� �4�0�0�,�0�0�0� 

�d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n� �r�e�s�u�l�t�s� �t�o� �2�6�0�,�0�0�0�,� �(�2�0�m�/�s�)� �f�o�r� �v�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� 

�d�u�e� �t�o� �v�i�b�r�a�t�i�o�n� �p�r�o�b�l�e�m�s� �i�n� �t�h�e� �q�u�a�d� �h�o�t� �w�i�r�e� �p�r�o�b�e� �a�t� �t�h�e� �h�i�g�h�e�r� �s�p�e�e�d�.� �T�h�e� �v�e�l�o�c�i�t�y� 

�r�e�s�u�l�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �f�o�u�r� �s�e�p�a�r�a�t�e� �s�e�c�t�i�o�n�s�,� �t�h�e� �w�i�n�g� �w�a�k�e�,� �t�h�e� �v�o�r�t�e�x� �p�a�i�r�s�,� �f�u�r�t�h�e�r� 

�a�n�a�l�y�s�i�s� �a�n�d� �f�i�n�a�l�l�y� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �a�n�d� �m�o�t�i�o�n�s� �.� �A� �l�a�r�g�e� �a�m�o�u�n�t� �o�f� �d�a�t�a� �w�a�s� �t�a�k�e�n� �i�n� 

�t�h�i�s� �e�x�p�e�r�i�m�e�n�t� �t�o� �g�e�t� �a� �d�e�t�a�i�l�e�d� �v�i�e�w� �o�f� �t�h�e� �p�h�y�s�i�c�s� �o�f� �t�h�e�s�e� �f�l�o�w�s�.� �O�v�e�r� �7�0� �t�r�a�v�e�r�s�e�s� 

�w�e�r�e� �m�a�d�e� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �o�f� �7�0� �p�o�i�n�t�s� �p�e�r� �t�r�a�v�e�r�s�e�.� �A�t� �a� �s�a�m�p�l�i�n�g� �r�a�t�e� �o�f� �3�0�k�H�z�,� �w�i�t�h� 

�1�0�0� �b�l�o�c�k�s� �o�f� �6�1�4�4� �s�a�m�p�l�e�s� �b�e�i�n�g� �t�a�k�e�n� �a�t� �e�a�c�h� �m�e�a�s�u�r�e�m�e�n�t� �p�o�i�n�t� �o�n� �t�h�e� �f�o�u�r� �q�u�a�d� �w�i�r�e� 

�c�h�a�n�n�e�l�s�,� �r�e�s�u�l�t�e�d� �i�n� �a� �t�o�t�a�l� �o�f� �o�v�e�r� �3�3� �G�i�g�a�b�y�t�e�s� �o�f� �r�a�w� �d�a�t�a� �t�a�k�e�n� �f�o�r� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t�.� 

�U�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� �t�h�e� �m�e�a�n� �v�e�l�o�c�i�t�y� �c�o�m�p�o�n�e�n�t�s� �a�n�d� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s� �m�e�a�s�u�r�e�d� �w�i�t�h� �t�h�e� 

�s�i�n�g�l�e� �a�n�d� �q�u�a�d� �h�o�t� �w�i�r�e�s�,� �n�o�r�m�a�l�i�z�e�d� �o�n� �U�,�,�,� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �t�a�b�l�e�s� �2� �a�n�d� �3�.� �T�h�e�s�e� �w�e�r�e� �r�e�f� 

�c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �t�h�e� �m�e�t�h�o�d� �o�f� �K�l�i�n�e� �a�n�d� �M�c�C�l�i�n�t�o�c�k� �(�1�9�5�3�)� �f�o�r� �9�5�%� �c�o�n�f�i�d�e�n�c�e� �l�i�m�i�t�s�.� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �s�o�u�r�c�e�s� �o�f� �u�n�c�e�r�t�a�i�n�t�y� �a�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e�s�e� �e�s�t�i�m�a�t�e�s�:� �l�i�m�i�t�e�d� �n�u�m�b�e�r� �o�f� 
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�s�a�m�p�l�e�s� �t�a�k�e�n� �t�o� �f�o�r�m� �a�v�e�r�a�g�e�s�,� �c�a�l�i�b�r�a�t�i�o�n� �d�r�i�f�t�,� �p�r�o�b�e� �m�i�s�a�l�i�g�n�m�e�n�t� �(�p�i�t�c�h�,� �y�a�w�,� �r�o�l�l�)�,� 

�a�n�d� �p�i�t�c�h� �a�n�d� �y�a�w� �w�i�r�e� �s�e�n�s�i�t�i�v�i�t�i�e�s�.� �E�l�e�c�t�r�i�c�a�l� �n�o�i�s�e� �f�r�o�m� �t�h�e� �a�n�e�m�o�m�e�t�e�r� �b�r�i�d�g�e�s� �a�n�d� 

�a�m�p�l�i�f�i�e�r�s� �w�a�s� �a�l�s�o� �d�e�t�e�r�m�i�n�e�d� �a�n�d� �s�u�b�t�r�a�c�t�e�d� �f�r�o�m� �t�h�e� �v�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s�.� �T�h�i�s� 

�c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �t�u�r�b�u�l�e�n�c�e� �s�t�r�e�s�s�e�s� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �m�e�a�s�u�r�e�m�e�n�t�s� �m�a�d�e� �i�n� �t�h�e� 

�f�r�e�e�s�t�r�e�a�m� �w�h�e�r�e� �i�n� �t�h�e� �p�r�e�s�e�n�t� �w�o�r�k�,� �t�h�e� �t�r�u�e� �v�e�l�o�c�i�t�y� �f�l�u�c�t�u�a�t�i�o�n�s� �w�e�r�e� �n�e�g�l�i�g�i�b�l�e�.� 

�4�.�1� �W�i�n�g� �W�a�k�e� 

�4�.�1�.�1� �N�e�a�r� �F�i�e�l�d� �W�i�n�g� �W�a�k�e� 

�T�h�e� �c�a�r�t�e�s�i�a�n� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �5� �w�i�l�l� �b�e� �u�s�e�d� �i�n� �d�e�s�c�r�i�b�i�n�g� �t�h�e� �w�i�n�g� 

�w�a�k�e� �r�e�s�u�l�t�s�.� �T�h�e� �n�e�a�r� �f�i�e�l�d� �w�i�n�g� �w�a�k�e� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �s�i�n�g�l�e� �h�o�t� �w�i�r�e� �p�r�o�b�e� 

�p�l�a�c�e�d� �1�m�m� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�e� �t�r�a�i�l�i�n�g� �e�d�g�e� �o�f� �e�a�c�h� �a�i�r�f�o�i�l�.� �S�i�n�c�e� �t�h�e� �p�r�o�b�e� �l�o�c�a�t�i�o�n� 

�w�a�s� �s�o� �c�l�o�s�e� �t�o� �t�h�e� �w�i�n�g� �t�r�a�i�l�i�n�g� �e�d�g�e�,� �t�h�e�s�e� �m�e�a�s�u�r�e�m�e�n�t�s� �a�r�e� �a�s�s�u�m�e�d� �s�i�m�i�l�a�r� �t�o� �t�h�e� 

�w�i�n�g�'�s� �t�r�a�i�l�i�n�g� �e�d�g�e� �b�o�u�n�d�a�r�y� �l�a�y�e�r�.� �P�r�o�f�i�l�e�s� �o�f� �m�e�a�n� �v�e�l�o�c�i�t�y�,� �t�u�r�b�u�l�e�n�c�e� �i�n�t�e�n�s�i�t�y� �a�n�d� 

�f�r�e�q�u�e�n�c�y� �s�p�e�c�t�r�a� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�t� �s�p�a�n�w�i�s�e� �l�o�c�a�t�i�o�n�s� �y�/�c�=�1�.�3�,� �.�7�3�,� �-�.�7�3� �a�n�d� �-�1�.�3� �f�o�r� 

�b�o�t�h� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �a�n�d� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �c�a�s�e�s�.� �A�l�l� �v�e�l�o�c�i�t�i�e�s� �a�r�e� �n�o�r�m�a�l�i�z�e�d� �b�y� �t�h�e� 

�f�r�e�e�s�t�r�e�a�m� �v�e�l�o�c�i�t�y� �U�,�,�,� �w�i�t�h� �d�i�s�t�a�n�c�e�s� �n�o�r�m�a�l�i�z�e�d� �b�y� �t�h�e� �w�i�n�g� �c�h�o�r�d� �'�c�'�.� �D�u�r�i�n�g� 

�m�e�a�s�u�r�e�m�e�n�t�s�,� �t�h�e� �h�o�t� �w�i�r�e� �o�u�t�p�u�t� �w�a�s� �s�a�m�p�l�e�d� �a�t� �a� �r�a�t�e� �o�f� �3�0�k�H�z�.� �A�t� �e�a�c�h� �p�o�i�n�t�,� �5�0� 

�b�l�o�c�k�s� �o�f� �3�0�7�2� �p�o�i�n�t�s� �w�e�r�e� �t�a�k�e�n� �o�v�e�r� �a� �t�o�t�a�l� �p�e�r�i�o�d� �o�f� �a�b�o�u�t� �1� �m�i�n�u�t�e�.� 

�I�t� �i�s� �w�e�l�l� �k�n�o�w�n� �t�h�a�t� �t�h�e� �r�o�l�l� �u�p� �o�f� �a� �v�o�r�t�e�x� �s�h�e�e�t� �f�r�o�m� �a� �f�i�n�i�t�e� �w�i�n�g� �i�n�d�u�c�e�s� �a� �v�e�l�o�c�i�t�y� �i�n� 

�t�h�e� �d�o�w�n�w�a�r�d� �d�i�r�e�c�t�i�o�n� �a�l�o�n�g� �t�h�e� �s�p�a�n� �o�f� �t�h�a�t� �w�i�n�g�.� �T�h�i�s� �d�o�w�n�w�a�s�h� �v�e�l�o�c�i�t�y� �h�a�s� �t�h�e� 

�e�f�f�e�c�t� �o�f� �r�e�d�u�c�i�n�g� �t�h�e� �l�o�c�a�l� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �n�e�a�r� �t�h�e� �w�i�n�g� �t�i�p�.� �T�h�i�s� �r�e�s�u�l�t�s� �i�n� �a� �v�a�r�i�a�t�i�o�n� 

�i�n� �l�i�f�t� �a�n�d� �c�i�r�c�u�l�a�t�i�o�n� �a�l�o�n�g� �t�h�e� �s�p�a�n� �o�f� �t�h�e� �w�i�n�g�.� �M�o�v�i�n�g� �t�w�o� �w�i�n�g�s� �c�l�o�s�e� �t�o�g�e�t�h�e�r� �a�s� �i�n� 
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�t�h�e� �c�a�s�e� �o�f� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t�,� �g�r�e�a�t�l�y� �a�f�f�e�c�t�s� �t�h�e� �d�o�w�n�w�a�s�h� �v�e�l�o�c�i�t�y� �f�e�l�t� �b�y� �e�a�c�h� �w�i�n�g�.� �I�n� 

�t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �c�a�s�e� �w�i�t�h� �t�h�e� �w�i�n�g�s� �a�t� �e�q�u�a�l� �a�n�g�l�e�s� �o�f� �a�t�t�a�c�k�,� �e�a�c�h� �w�i�n�g� �f�e�e�l�s� �a�n� 

�u�p�w�a�s�h� �v�e�l�o�c�i�t�y� �f�r�o�m� �t�h�e� �o�t�h�e�r� �w�h�i�c�h� �r�e�d�u�c�e�s� �i�t�s� �o�w�n� �d�o�w�n�w�a�s�h� �v�e�l�o�c�i�t�y�.� �T�h�i�s� �i�m�p�l�i�e�s� 

�t�h�a�t� �t�h�e� �r�o�o�t� �c�i�r�c�u�l�a�t�i�o�n� �i�s� �g�r�e�a�t�e�r� �f�o�r� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �w�i�n�g�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�a�t� �o�f� �a� 

�s�i�n�g�l�e� �w�i�n�g�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �w�i�n�g�s�,� �t�h�e� �o�p�p�o�s�i�t�e� �i�s� �t�r�u�e�.� �E�a�c�h� �w�i�n�g� �f�e�e�l�s� �a� 

�d�o�w�n�w�a�s�h� �v�e�l�o�c�i�t�y� �f�r�o�m� �t�h�e� �o�t�h�e�r� �w�h�i�c�h� �i�n�c�r�e�a�s�e�s� �i�t�s� �o�w�n� �d�o�w�n�w�a�s�h� �v�e�l�o�c�i�t�y�.� �T�h�i�s� 

�i�m�p�l�i�e�s� �t�h�a�t� �t�h�e� �r�o�o�t� �c�i�r�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �w�i�n�g�s� �i�s� �l�o�w�e�r� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �s�i�n�g�l�e� 

�w�i�n�g� �a�n�d� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �w�i�n�g�s�.� �T�h�e�s�e� �e�f�f�e�c�t�s� �a�r�e� �i�m�p�o�r�t�a�n�t� �a�s� �t�h�e�y� �a�f�f�e�c�t� �t�h�e� 

�d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� �f�l�o�w� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�e� �w�i�n�g�s�.� 

�T�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �e�a�c�h� �h�a�l�f� �w�a�k�e� �6�,� �w�a�s� �e�s�t�i�m�a�t�e�d� �f�r�o�m� �t�h�e� �t�r�a�i�l�i�n�g� �e�d�g�e� �m�e�a�s�u�r�e�m�e�n�t�s� 

�f�r�o�m� �t�h�e� �v�a�l�u�e� �o�f� �z� �w�h�e�r�e� �t�h�e� �r�.�m�.�s�.� �a�x�i�a�l� �t�u�r�b�u�l�e�n�c�e� �i�n�t�e�n�s�i�t�y� �w�a�s� �1�.�0�%�.� �A�t� �t�h�i�s� 

�l�o�c�a�t�i�o�n�,� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �m�e�a�n� �a�x�i�a�l� �v�e�l�o�c�i�t�y� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �e�q�u�a�l� �t�o� �t�h�e� �e�d�g�e� 

�v�e�l�o�c�i�t�y� �U�,�.� �T�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �t�h�i�c�k�n�e�s�s� �6�*� �a�n�d� �m�o�m�e�n�t�u�m� �t�h�i�c�k�n�e�s�s� �0�,� �f�o�r� �e�a�c�h� �h�a�l�f� �o�f� 

�t�h�e� �w�i�n�g� �w�a�k�e� �i�s� �d�e�f�i�n�e�d� �b�y� 

�5�°� �=� �|�(�1�-�U�/�U�,�)�d�y� �(�4�.�1�.�1�)� 
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�T�h�e� �i�n�t�e�g�r�a�t�i�o�n� �w�a�s� �p�r�e�f�o�r�m�e�d� �u�s�i�n�g� �t�h�e� �t�r�a�p�e�z�o�i�d�a�l� �r�u�l�e�.� �T�a�b�l�e� �4� �l�i�s�t�s� �t�h�e�s�e� �p�a�r�a�m�e�t�e�r�s� 

�f�o�r� �b�o�t�h� �t�h�e� �s�u�c�t�i�o�n� �a�n�d� �p�r�e�s�s�u�r�e� �s�i�d�e� �o�f� �e�a�c�h� �w�i�n�g� �w�a�k�e�.� �I�n� �b�o�t�h� �c�a�s�e�s� �t�h�e� �b�o�u�n�d�a�r�y� 

�l�a�y�e�r�s� �o�n� �t�h�e� �t�w�o� �w�i�n�g�s� �a�p�p�e�a�r�e�d� �s�i�m�i�l�a�r� �w�i�t�h� �t�h�i�c�k�n�e�s�s� �b�e�t�w�e�e�n� �0�.�0�3�8�c� �a�n�d� �0�.�0�6�3�c�.� �T�h�e� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �3�6



�c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �s�p�a�n�w�i�s�e� �l�o�c�a�t�i�o�n� �y�/�c�=�-�1�.�3� �i�s� �n�o�t� �p�r�e�s�e�n�t�e�d� �d�u�e� �t�o� �a� �c�o�m�p�u�t�e�r� 

�m�a�l�f�u�n�c�t�i�o�n� �t�h�a�t� �o�c�c�u�r�r�e�d� �d�u�r�i�n�g� �m�e�a�s�u�r�e�m�e�n�t�s�.� 

�P�r�o�f�i�l�e�s� �o�f� �U� �a�n�d� �u�v�?� �v�s� �(�z�-�z�,�)�/�c� �a�r�e� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �4�5� �t�h�r�o�u�g�h� �f�i�g�u�r�e� �5�0�.� �z�,� �i�s� �d�e�f�i�n�e�d� �a�s� 

�t�h�e� �c�e�n�t�e�r� �l�o�c�a�t�i�o�n� �o�f� �e�a�c�h� �w�i�n�g� �w�a�k�e�.� �T�h�e� �d�a�t�a� �i�n� �t�h�e�s�e� �f�i�g�u�r�e�s� �s�h�o�w� �t�h�a�t� �a�t� �t�h�e� �t�r�a�i�l�i�n�g� 

�e�d�g�e� �t�h�e� �w�i�n�g� �w�a�k�e� �i�s� �s�i�m�i�l�a�r� �t�o� �a� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l� �f�u�l�l�y� �t�u�r�b�u�l�e�n�t� �b�o�u�n�d�a�r�y� �l�a�y�e�r�.� �I�n� 

�f�i�g�u�r�e�s� �4�5� �a�n�d� �4�6�,� �a�l�l� �o�f� �t�h�e� �v�e�l�o�c�i�t�y� �p�r�o�f�i�l�e�s� �s�h�o�w� �t�h�a�t� �t�h�e� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �i�s� �n�o�t� 

�s�e�p�a�r�a�t�e�d� �n�e�a�r� �t�h�e� �w�i�n�g� �t�r�a�i�l�i�n�g� �e�d�g�e�.� �T�h�e� �i�n�c�r�e�a�s�e�d� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �w�a�k�e� �o�n� �t�h�e� �s�u�c�t�i�o�n� 

�s�i�d�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �p�r�e�s�s�u�r�e� �s�i�d�e� �c�a�n� �b�e� �s�e�e�n� �i�n� �t�h�e� �m�e�a�n� �v�e�l�o�c�i�t�y� �p�r�o�f�i�l�e�s� �a�n�d� �i�n� �t�h�e� 

�d�i�s�p�l�a�c�e�m�e�n�t� �a�n�d� �m�o�m�e�n�t�u�m� �t�h�i�c�k�n�e�s�s� �i�n� �t�a�b�l�e� �4�.� �T�h�e�s�e� �p�r�o�f�i�l�e�s� �a�r�e� �i�n� �q�u�a�l�i�t�a�t�i�v�e� 

�a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�o�s�e� �f�r�o�m� �S�i�m�p�s�o�n� �(�1�9�8�1�)� �f�o�r� �a� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �i�n� �a�n� 

�a�d�v�e�r�s�e� �p�r�e�s�s�u�r�e� �g�r�a�d�i�e�n�t�.� �I�n� �f�i�g�u�r�e�s� �4�7� �a�n�d� �4�8�,� �t�h�e� �m�a�x�i�m�u�m� �n�o�r�m�a�l� �s�t�r�e�s�s� �o�c�c�u�r�s� �o�n� 

�t�h�e� �s�u�c�t�i�o�n� �s�i�d�e� �o�f� �e�a�c�h� �w�i�n�g� �v�e�r�y� �n�e�a�r� �t�o� �t�h�e� �w�a�k�e� �c�e�n�t�e�r�l�i�n�e� �w�h�e�r�e� �t�h�e�r�e� �i�s� �a� �d�i�p� �i�n� �t�h�e� 

�n�o�r�m�a�l� �s�t�r�e�s�s� �p�r�o�f�i�l�e�.� �T�h�e�r�e� �i�s� �a� �s�l�i�g�h�t� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �s�t�r�e�s�s� �p�e�a�k�s� �o�n� �t�h�e� �s�u�c�t�i�o�n� �s�i�d�e� 

�b�e�t�w�e�e�n� �t�h�e� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� �w�i�n�g�.� �T�h�e� �u�p�p�e�r� �w�i�n�g� �h�a�s� �a� �s�m�a�l�l� �p�e�a�k� �w�h�i�l�e� �t�h�e� �l�o�w�e�r� 

�w�i�n�g� �d�o�e�s� �n�o�t�.� �T�h�i�s� �m�a�y� �b�e� �c�a�u�s�e�d� �b�y� �s�m�a�l�l� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �t�r�a�i�l�i�n�g� �e�d�g�e�,� �t�h�e� �u�p�p�e�r� 

�w�i�n�g� �h�a�v�i�n�g� �a� �s�l�i�g�h�t�l�y� �s�h�a�r�p�e�r� �t�r�a�i�l�i�n�g� �e�d�g�e� �t�h�a�n� �t�h�e� �b�o�t�t�o�m� �w�i�n�g�.� �O�n� �t�h�e� �s�u�c�t�i�o�n� �s�i�d�e�,� 

�t�h�e� �s�t�r�e�s�s� �p�r�o�f�i�l�e� �o�f� �b�o�t�h� �w�i�n�g�s� �i�s� �f�u�l�l�e�r� �d�u�e� �t�o� �t�h�e� �g�r�e�a�t�e�r� �a�d�v�e�r�s�e� �p�r�e�s�s�u�r�e� �g�r�a�d�i�e�n�t�.� �T�h�i�s� 

�i�s� �a�l�s�o� �i�n�d�i�c�a�t�e�d� �i�n� �t�a�b�l�e� �4� �w�h�i�c�h� �s�h�o�w�s� �a� �l�a�r�g�e�r� �d�i�s�p�l�a�c�e�m�e�n�t� �a�n�d� �m�o�m�e�n�t�u�m� �t�h�i�c�k�n�e�s�s� 

�f�o�r� �t�h�e� �s�u�c�t�i�o�n� �s�i�d�e� �o�f� �b�o�t�h� �c�a�s�e�s�.� �S�p�a�n�w�i�s�e� �v�a�r�i�a�t�i�o�n�s� �i�n� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �p�r�o�p�e�r�t�i�e�s� �d�u�e� 

�t�o� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �l�o�c�a�l� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �a�p�p�e�a�r� �t�o� �b�e� �s�m�a�l�l� �w�i�t�h� �t�a�b�l�e� �4� �s�h�o�w�i�n�g� �l�e�s�s� �t�h�a�n� 

�a� �5�%� �d�i�f�f�e�r�e�n�c�e� �f�o�r� �e�a�c�h� �c�a�s�e�.� �T�h�e� �p�r�e�s�e�n�t� �r�e�s�u�l�t�s� �a�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �o�f� �Y�u� �(�1�9�8�1�)� �a�n�d� 

�N�a�k�a�y�a�m�a� �(�1�9�8�4�)� �f�o�r� �a� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l� �a�i�r�f�o�i�l�.� 
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�F�i�g�u�r�e�s� �4�9� �a�n�d� �5�0� �c�o�m�p�a�r�e� �t�h�e� �p�r�o�f�i�l�e�s� �m�e�a�s�u�r�e�d� �a�t� �d�i�f�f�e�r�e�n�t� �s�p�a�n�w�i�s�e� �l�o�c�a�t�i�o�n�s� �f�o�r� �t�h�e� 

�t�w�o� �w�i�n�g�s�.� �T�h�e� �m�e�a�n� �p�r�o�f�i�l�e�s� �s�h�o�w� �t�h�e� �f�l�o�w�s� �o�v�e�r� �t�h�e� �t�w�o� �w�i�n�g�s� �t�o� �b�e� �v�e�r�y� �s�i�m�i�l�a�r� �a�n�d� 

�a�l�m�o�s�t� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l�.� �T�h�e� �m�a�x�i�m�u�m� �v�e�l�o�c�i�t�y� �d�e�f�i�c�i�t� �f�o�r� �a�l�l� �c�a�s�e�s� �i�s� �8�0�%�.� �I�n� �f�i�g�u�r�e� 

�5�0�,� �t�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s� �p�r�o�f�i�l�e�s� �i�l�l�u�s�t�r�a�t�e� �t�h�e� �s�i�m�i�l�a�r�i�t�y� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �w�i�n�g�s�.� �T�h�e� 

�t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �w�i�n�g� �w�a�k�e� �a�n�d� �m�a�x�i�m�u�m� �s�t�r�e�s�s�e�s� �i�s� �s�i�m�i�l�a�r� �f�o�r� �a�l�l� �c�a�s�e�s�.� �O�n� �t�h�e� �s�u�c�t�i�o�n� 

�s�i�d�e�,� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �c�a�s�e�s� �h�a�v�e� �f�u�l�l�e�r� �p�r�o�f�i�l�e�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �c�a�s�e�s� �a�s� �a� 

�r�e�s�u�l�t� �o�f� �t�h�e� �l�a�r�g�e�r� �l�o�c�a�l� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �p�r�o�d�u�c�e�d� �b�y� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�h�e� �t�w�o� �w�i�n�g�s�.� 

�T�h�i�s� �i�s� �a�l�s�o� �i�n�d�i�c�a�t�e�d� �i�n� �t�a�b�l�e� �4� �w�h�i�c�h� �s�h�o�w�s� �a�b�o�u�t� �a� �1�0�%� �l�a�r�g�e�r� �d�i�s�p�l�a�c�e�m�e�n�t� �a�n�d� 

�m�o�m�e�n�t�u�m� �t�h�i�c�k�n�e�s�s� �f�o�r� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �c�a�s�e�.� �F�r�o�m� �t�h�e� �s�i�m�i�l�a�r�l�y� �i�n� �t�h�e� �s�t�r�e�s�s� 

�p�r�o�f�i�l�e�s�,� �i�t� �a�p�p�e�a�r�s� �t�h�e� �w�i�n�g� �t�r�i�p� �i�s� �p�r�o�d�u�c�i�n�g� �a� �u�n�i�f�o�r�m� �t�u�r�b�u�l�e�n�t� �f�l�o�w� �a�l�o�n�g� �b�o�t�h� �w�i�n�g�s�.� 

�T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s� �p�r�o�f�i�l�e�s� �d�u�e� �t�o� �t�h�e� �s�h�a�r�p�e�r� �t�r�a�i�l�i�n�g� �e�d�g�e� �o�f� �t�h�e� �u�p�p�e�r� 

�w�i�n�g� �a�p�p�e�a�r�s� �t�o� �b�e� �s�m�a�l�l�.� 

�T�o� �a�n�a�l�y�z�e� �t�h�e� �f�r�e�q�u�e�n�c�y� �c�o�n�t�e�n�t� �o�f� �t�h�e� �v�e�l�o�c�i�t�y� �f�l�u�c�t�u�a�t�i�o�n�s�,� �r�a�w� �d�a�t�a� �w�a�s� �t�r�a�n�s�f�o�r�m�e�d� 

�i�n�t�o� �t�h�e� �f�r�e�q�u�e�n�c�y� �d�o�m�a�i�n� �u�s�i�n�g� �f�a�s�t� �f�o�u�r�i�e�r� �t�r�a�n�s�f�o�r�m�s�.� �B�l�o�c�k� �l�e�n�g�t�h�s� �o�f� �2�0�4�8� �p�o�i�n�t�s� 

�w�i�t�h� �5�0�%� �o�v�e�r�l�a�p� �w�e�r�e� �u�s�e�d� �r�e�s�u�l�t�i�n�g� �i�n� �1�0�0� �a�v�e�r�a�g�e�s� �f�o�r� �e�a�c�h� �a�u�t�o�s�p�e�c�t�r�a�.� �H�a�n�n�i�n�g� 

�w�i�n�d�o�w�s� �w�e�r�e� �a�l�s�o� �u�s�e�d� �i�n� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �a�l�l� �f�r�e�q�u�e�n�c�y� �d�a�t�a�.� �T�h�e� �f�r�e�q�u�e�n�c�y� �d�a�t�a� 

�o�b�t�a�i�n�e�d� �w�a�s� �u�s�e�d� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �o�n�e� �s�i�d�e�d� �a�u�t�o�s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �g�i�v�e�n� �b�y� 

�G�,�,�(�f�)� �=� �x�O�}� �)�]� �(�4�.�1�.�3�)� 

�w�h�e�r�e� �X�(�f�)� �i�s� �t�h�e� �r�a�w� �F�F�T�,� �A�t� �t�h�e� �s�a�m�p�l�i�n�g� �p�e�r�i�o�d� �a�n�d� �N� �t�h�e� �b�l�o�c�k� �l�e�n�g�t�h�.� �U�n�c�e�r�t�a�i�n�t�i�e�s� 

�w�e�r�e� �c�o�m�p�u�t�e�d� �f�o�r� �t�h�e� �a�u�t�o�s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �u�s�i�n�g� �t�h�e� �m�e�t�h�o�d� �o�f� �B�e�n�d�a�t� �a�n�d� 
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�P�i�e�r�s�o�l� �(�1�9�8�6�)�.� �T�h�e� �n�o�r�m�a�l�i�z�e�d� �r�a�n�d�o�m� �e�r�r�o�r� �f�o�r� �a�u�t�o�s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n�s� �i�s� �g�i�v�e�n� 

�b�y� 

�1� 
�E�e�,� �[�G�,�,�(�£�)�]� �=� �J�n�,� 

� � �(�4�.�1�.�4�)� 

�w�h�e�r�e� �e�[�G�,�,�(�f�)�]� �i�s� �t�h�e� �r�a�n�d�o�m� �e�r�r�o�r� �i�n� �t�h�e� �a�u�t�o�s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �a�n�d� �n�,� �i�s� �t�h�e� 

�n�u�m�b�e�r� �o�f� �d�i�s�t�i�n�c�t� �r�e�c�o�r�d�s�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �n�e�a�r� �f�i�e�l�d� �w�i�n�g� �w�a�k�e� �m�e�a�s�u�r�e�m�e�n�t�s�,� 

�n�,�=�5�0�;� �t�h�e�r�e�f�o�r�e� �e�,�[�G�,� �,�(�f�)�]�=�.�1�4�1� �o�r� �1�4�.�1�%�.� 

�I�n� �f�i�g�u�r�e�s� �5�1� �t�h�r�o�u�g�h� �5�4�,� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �f�r�e�q�u�e�n�c�y� �s�p�e�c�t�r�a� �a�t� �y�/�c�=�+� �.�7�3� �a�r�e� �s�h�o�w�n� �f�o�r� �t�h�e� 

�c�e�n�t�e�r�l�i�n�e�,� �s�u�c�t�i�o�n� �a�n�d� �p�r�e�s�s�u�r�e� �s�i�d�e�s�.� �T�h�e� �s�p�e�c�t�r�a� �a�r�e� �n�o�r�m�a�l�i�z�e�d� �o�n� �t�h�e� �f�r�e�e�s�t�r�e�a�m� 

�v�e�l�o�c�i�t�y� �U�_�.�,� �a�n�d� �w�i�n�g� �c�h�o�r�d� �'�c ��.� �F�i�g�u�r�e� �5�1� �s�h�o�w�s� �u� �a�u�t�o�s�p�e�c�t�r�a� �f�o�r� �t�h�e� �c�e�n�t�e�r�l�i�n�e� �r�e�f� 

�l�o�c�a�t�i�o�n� �w�h�e�r�e� �(�z�-�z�,�)�/�c�=�0�.�0�.� �E�a�c�h� �s�p�a�n�w�i�s�e� �l�o�c�a�t�i�o�n� �h�a�s� �a� �c�o�n�s�t�a�n�t� �r�e�g�i�o�n� �o�f� �s�p�e�c�t�r�a�l� 

�e�n�e�r�g�y� �u�p� �t�o� �a� �f�r�e�q�u�e�n�c�y� �o�f� �f�c�/�U�,�,�.�=�2�.�0�.� �I�t� �t�h�e�n� �f�o�l�l�o�w�s� �c�l�o�s�e� �t�o� �a� �p�o�w�e�r� �l�a�w� �w�i�t�h� �-�1� 

�s�l�o�p�e� �u�p� �t�o� �f�c�/�U�,�,�.�<�=�2�4�.� �A�f�t�e�r� �t�h�a�t� �i�t� �d�e�c�r�e�a�s�e�s� �t�o�w�a�r�d�s� �d�i�s�s�i�p�a�t�i�o�n� �t�h�r�o�u�g�h� �a� �-�4� �s�l�o�p�e�.� 

�T�h�e� �e�n�e�r�g�y� �d�i�s�t�r�i�b�u�t�i�o�n� �a�c�r�o�s�s� �a�l�l� �f�r�e�q�u�e�n�c�i�e�s� �a�p�p�e�a�r�s� �t�o� �b�e� �t�h�e� �s�a�m�e� �f�o�r� �t�h�e� �t�w�o� �w�i�n�g�s�.� 

�F�i�g�u�r�e�s� �5�2� �a�n�d� �5�3� �a�r�e� �a�u�t�o�s�p�e�c�t�r�a� �a�t� �(�z�-�z�,�)�/�c� �l�o�c�a�t�i�o�n�s� �o�f� �.�0�2� �a�n�d� �-�.�0�2� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e�s�e� 

�t�w�o� �f�i�g�u�r�e�s� �s�h�o�w� �a�n� �a�l�m�o�s�t� �c�o�n�s�t�a�n�t� �e�n�e�r�g�y� �l�e�v�e�l� �u�p� �t�o� �f�c�/�U�,�,�.�=�5� �t�h�e�n� �t�h�e�y� �f�a�l�l� �o�f�f� 

�w�i�t�h�o�u�t� �a�n�y� �d�i�s�t�i�n�c�t� �i�n�e�r�t�i�a�l� �s�u�b�r�a�n�g�e�s� �f�o�r� �b�o�t�h� �t�h�e� �s�u�c�t�i�o�n� �a�n�d� �p�r�e�s�s�u�r�e� �s�i�d�e�s�.� 

�C�o�m�p�a�r�i�n�g� �t�h�e� �c�e�n�t�e�r�l�i�n�e�,� �p�r�e�s�s�u�r�e� �a�n�d� �s�u�c�t�i�o�n� �a�u�t�o�s�p�e�c�t�r�a�,� �f�i�g�u�r�e� �5�4� �s�h�o�w�s� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �e�n�e�r�g�y� �d�i�s�t�r�i�b�u�t�i�o�n�.� �A�t� �l�o�w� �f�r�e�q�u�e�n�c�i�e�s�,� �t�h�e� �s�u�c�t�i�o�n� �s�i�d�e� �c�o�n�t�a�i�n�s� �m�o�s�t� 

�o�f� �t�h�e� �e�n�e�r�g�y�.� �T�h�i�s� �m�a�y� �i�n�d�i�c�a�t�e� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �l�a�r�g�e�r� �s�c�a�l�e� �s�t�r�u�c�t�u�r�e�s� �d�u�e� �t�o� �t�h�e� �g�r�e�a�t�e�r� 

�a�d�v�e�r�s�e� �p�r�e�s�s�u�r�e� �g�r�a�d�i�e�n�t� �a�n�d� �t�h�i�c�k�e�r� �b�o�u�n�d�a�r�y� �l�a�y�e�r�.� �A�t� �f�r�e�q�u�e�n�c�i�e�s� �g�r�e�a�t�e�r� �t�h�a�n� 

�f�c�/�U�r�e�f�=�5�,� �b�o�t�h� �t�h�e� �p�r�e�s�s�u�r�e� �a�n�d� �s�u�c�t�i�o�n� �s�i�d�e�s� �f�a�l�l� �o�f�f� �t�o�w�a�r�d�s� �d�i�s�s�i�p�a�t�i�o�n� �w�i�t�h� �o�u�t� �a�n�y� 

�d�i�s�t�i�n�c�t� �i�n�e�r�t�i�a�l� �s�u�b�r�a�n�g�e� �u�n�l�i�k�e� �t�h�e� �c�e�n�t�e�r� �l�i�n�e� �c�a�s�e� �w�h�i�c�h� �h�a�s� �a� �s�l�o�p�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �-� 
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�1�.� �T�h�i�s� �r�e�f�l�e�c�t�s� �t�h�e� �l�a�r�g�e� �v�e�l�o�c�i�t�y� �g�r�a�d�i�e�n�t�s� �t�h�a�t� �a�r�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �n�e�a�r� �w�a�l�l� �r�e�g�i�o�n� �o�f� �t�h�e� 

�t�r�a�i�l�i�n�g� �e�d�g�e� �b�o�u�n�d�a�r�y� �l�a�y�e�r�.� �T�h�i�s� �i�s� �s�i�m�i�l�a�r� �t�o� �K�l�e�b�a�n�o�f�f� �(�1�9�5�4�)� �f�o�r� �a�u�t�o�s�p�e�c�t�r�a� �i�n� �t�h�e� 

�n�e�a�r� �w�a�l�l� �r�e�g�i�o�n� �o�f� �a� �b�o�u�n�d�a�r�y� �l�a�y�e�r�.� �A�t� �h�i�g�h�e�r� �f�r�e�q�u�e�n�c�i�e�s�,� �b�o�t�h� �t�h�e� �p�r�e�s�s�u�r�e� �a�n�d� 

�s�u�c�t�i�o�n� �s�i�d�e� �s�p�e�c�t�r�a� �c�o�n�t�a�i�n� �m�o�r�e� �e�n�e�r�g�y� �t�h�a�n� �t�h�o�s�e� �o�f� �t�h�e� �c�e�n�t�e�r�l�i�n�e� �l�o�c�a�t�i�o�n� �w�h�i�c�h� �i�s� 

�c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s� �p�r�o�f�i�l�e�s� �i�n� �f�i�g�u�r�e� �5�0�.� 

�4�.�1�.�2� �F�a�r�f�i�e�l�d� �W�i�n�g� �W�a�k�e� 

�V�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� �t�h�e� �f�a�r�f�i�e�l�d� �w�i�n�g� �w�a�k�e� �a�t� �x�/�c�=�1�0�,� �1�5�,� �2�2� �a�n�d� 

�3�0� �f�o�r� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �c�a�s�e� �a�n�d� �x�/�c�=�1�0� �a�n�d� �3�0� �f�o�r� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �c�a�s�e� �u�s�i�n�g� �t�h�e� �q�u�a�d� 

�h�o�t� �w�i�r�e� �p�r�o�b�e�.� �T�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �o�n�l�y� �f�o�r� �t�h�e� �t�o�p� �w�i�n�g� �w�a�k�e� �i�n� �b�o�t�h� �t�h�e� �c�o� 

�a�n�d� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �c�a�s�e�s� �a�t� �y�/�c�=�2�.�5�.� �A�l�l� �v�e�l�o�c�i�t�i�e�s� �a�r�e� �n�o�r�m�a�l�i�z�e�d� �b�y� �t�h�e� �f�r�e�e�s�t�r�e�a�m� 

�v�e�l�o�c�i�t�y� �U�,�.�-� �w�i�t�h� �d�i�s�t�a�n�c�e�s� �n�o�r�m�a�l�i�z�e�d� �b�y� �t�h�e� �w�i�n�g� �c�h�o�r�d� �'�c�'�.� �D�u�r�i�n�g� �m�e�a�s�u�r�e�m�e�n�t�s�,� �t�h�e� 

�h�o�t� �w�i�r�e� �o�u�t�p�u�t� �w�a�s� �s�a�m�p�l�e�d� �a�t� �a� �r�a�t�e� �o�f� �3�0�k�H�z�.� �A�t� �e�a�c�h� �p�o�i�n�t�,� �1�0�0� �r�e�c�o�r�d�s� �o�f� �6�1�4�4� 

�p�o�i�n�t�s� �w�e�r�e� �t�a�k�e�n� �o�v�e�r� �a� �t�o�t�a�l� �p�e�r�i�o�d� �o�f� �a�b�o�u�t� �2� �m�i�n�u�t�e�s�.� �T�h�i�s� �r�e�s�u�l�t�e�d� �i�n� �u�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� 

�t�h�e� �a�u�t�o�s�p�e�c�t�r�a� �o�f� �1�0�.�0�%�.� 

�F�i�g�u�r�e�s� �5�5� �t�h�r�o�u�g�h� �6�1� �s�h�o�w� �t�h�e� �m�e�a�n� �v�e�l�o�c�i�t�y� �U�,� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �u�2�,� �v�?�,� �w�2� �a�n�d� �t�h�e� �s�h�e�a�r� 

�s�t�r�e�s�s�e�s� �-�u�v�,�-�v�w� �a�n�d� �-�u�w�.� �V�a�l�u�e�s� �o�f� �m�e�a�n� �V� �a�n�d� �W� �w�e�r�e� �n�e�g�l�i�g�i�b�l�e� �c�o�m�p�a�r�e�d� �t�o� �U� �a�n�d� 

�t�h�u�s� �a�r�e� �n�o�t� �p�r�e�s�e�n�t�e�d�.� �F�i�g�u�r�e� �5�5� �s�h�o�w�s� �t�h�e� �m�e�a�n� �v�e�l�o�c�i�t�y� �U� �a�t� �t�h�e� �d�i�f�f�e�r�e�n�t� �s�t�r�e�a�m�w�i�s�e� 

�l�o�c�a�t�i�o�n�s�.� �A�t� �x�/�c�=�1�0�,� �t�h�e� �v�e�l�o�c�i�t�y� �d�e�f�i�c�i�t� �i�n� �t�h�e� �w�a�k�e� �i�s� �5�%� �a�n�d� �r�e�d�u�c�e�s� �t�o� �2�%� �a�t� �x�/�c�=�3�0�.� 

�A�l�s�o� �n�o�t�i�c�e� �h�o�w� �t�h�e� �w�a�k�e� �w�i�d�t�h� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �d�o�w�n�s�t�r�e�a�m� �l�o�c�a�t�i�o�n� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� 

�e�n�t�r�a�i�n�m�e�n�t� �p�r�o�c�e�s�s�.� �T�h�e� �m�e�a�n� �v�e�l�o�c�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n� �a�p�p�e�a�r�s� �t�o� �b�e� �s�y�m�m�e�t�r�i�c� �a�b�o�u�t� �t�h�e� 

�w�a�k�e� �c�e�n�t�e�r� �l�i�n�e� �a�t� �a�l�l� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�s�.� �I�n� �f�i�g�u�r�e� �5�6� �t�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s� �u�2� �i�s� �s�h�o�w�n�.� 

�W�i�t�h� �i�n�c�r�e�a�s�i�n�g� �d�i�s�t�a�n�c�e� �d�o�w�n�s�t�r�e�a�m�,� �t�h�e� �t�u�r�b�u�l�e�n�c�e� �s�t�r�e�s�s� �r�e�d�u�c�e�s� �b�y� �6�0�%� �a�n�d� �t�h�e� �w�a�k�e� 

�w�i�d�t�h� �i�n�c�r�e�a�s�e�s� �b�y� �3�0�%�.� �N�o�t�i�c�e� �t�h�e� �h�i�g�h�e�r� �s�t�r�e�s�s� �v�a�l�u�e�s� �o�n� �t�h�e� �s�u�c�t�i�o�n� �s�i�d�e� �o�f� �t�h�e� �w�i�n�g� 
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�f�o�r� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �l�o�c�a�t�i�o�n�s�.� �T�h�i�s� 

�i�s� �p�r�o�b�a�b�l�y� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �l�o�c�a�l� �a�n�g�l�e� �o�f� �a�t�t�a�c�k� �a�f�f�e�c�t�i�n�g� �t�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �d�o�w�n�s�t�r�e�a�m�.� 

�T�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �p�a�i�r� �h�a�s� �a� �m�o�r�e� �u�n�i�f�o�r�m� �l�i�f�t� �d�i�s�t�r�i�b�u�t�i�o�n�,� �t�h�u�s� �t�h�e� �s�t�r�e�s�s�e�s� �a�p�p�e�a�r� 

�m�o�r�e� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l� �d�o�w�n�s�t�r�e�a�m�.� �T�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �v�?� �a�n�d� �w�2� �s�h�o�w�n� �i�n� �f�i�g�u�r�e�s� �5�7� 

�a�n�d� �5�8� �b�e�h�a�v�e� �s�i�m�i�l�a�r� �t�o� �u�?� �a�t� �a�l�l� �d�o�w�n�s�t�r�e�a�m� �l�o�c�a�t�i�o�n�s�.� �N�o�t�i�c�e� �t�h�a�t� �w�?� �i�s� �c�o�n�s�t�a�n�t� 

�a�c�r�o�s�s� �t�h�e� �i�n�n�e�r� �p�a�r�t� �o�f� �t�h�e� �w�a�k�e� �c�o�m�p�a�r�e�d� �t�o� �u�?� �a�n�d� �v�2�.� �T�h�i�s� �i�s� �t�y�p�i�c�a�l� �f�o�r� �a� �t�w�o� 

�d�i�m�e�n�s�i�o�n�a�l� �w�a�k�e� �a�s� �s�h�o�w�n� �b�y� �W�y�g�n�a�n�s�k�i� �e�t� �a�l� �(�1�9�8�6�)�.� �A�s� �w�i�t�h� �t�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s�,� �t�h�e� 

�s�h�e�a�r� �s�t�r�e�s�s�e�s� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �d�o�w�n�s�t�r�e�a�m� �l�o�c�a�t�i�o�n�.� �T�h�e� �m�o�s�t� �d�o�m�i�n�a�n�t� �s�t�r�e�s�s� �-�u�w� �i�s� 

�m�u�c�h� �l�a�r�g�e�r� �t�h�a�n� �b�o�t�h� �-�v�w� �a�n�d� �-�u�v�.� �A�t� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �w�a�k�e� �u�w� �i�s� �z�e�r�o� �s�i�n�c�e� �t�h�e�r�e� �i�s� �n�o� 

�r�a�t�e� �o�f� �s�t�r�a�i�n� �d�U� �/� �d�Z� �t�o� �p�r�o�d�u�c�e� �t�h�i�s� �s�t�r�e�s�s� �(�f�i�g�u�r�e� �6�1�)�.� �N�e�a�r� �(�z�-�z�,�)�/�c�=�0�.�1�,� �t�h�e� �g�r�e�a�t�e�s�t� �-� 

�u�w� �v�a�l�u�e� �e�x�i�s�t�s� �w�h�i�c�h� �r�e�s�u�l�t�s� �i�n� �a� �l�a�r�g�e� �r�a�t�e� �o�f� �s�t�r�a�i�n� �a�n�d� �n�e�w� �l�a�r�g�e� �s�c�a�l�e� �v�o�r�t�i�c�e�s� �f�o�r�m�e�d� 

�w�h�i�c�h� �p�r�o�d�u�c�e� �m�u�c�h� �o�f� �t�h�e� �t�u�r�b�u�l�e�n�c�e� �e�n�e�r�g�y�.� 

�I�t� �i�s� �w�e�l�l� �k�n�o�w�n� �t�h�a�t� �a� �t�u�r�b�u�l�e�n�t� �w�a�k�e� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� �a� �s�e�l�f�-�s�i�m�i�l�a�r� �f�l�o�w� �s�o�l�u�t�i�o�n� 

�w�h�e�r�e� �a�l�l� �v�e�l�o�c�i�t�i�e�s� �a�n�d� �l�e�n�g�t�h�s� �c�a�n� �b�e� �n�o�r�m�a�l�i�z�e�d� �o�n� �a� �v�e�l�o�c�i�t�y� �s�c�a�l�e� �U�,�(�x�)� �a�n�d� �L�,�(�x�)�.� 

�U�,� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �v�e�l�o�c�i�t�y� �d�e�f�i�c�i�t� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �w�a�k�e� �(�U�,�,�,�-�U�)� �a�n�d� �v�a�r�i�e�s� �a�s� 

�V�L�,� �/�x� �.� �L�,� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �v�a�l�u�e� �o�f� �(�z�-�z�,�)� �w�h�e�r�e� �t�h�e� �v�e�l�o�c�i�t�y� �d�e�f�i�c�i�t� �i�s� �1�/�2�U�,� �a�n�d� 

�v�a�r�i�e�s� �a�s� �/�x�.� �A�p�p�l�y�i�n�g� �t�h�i�s� �c�o�n�c�e�p�t� �t�o� �t�h�e� �r�e�s�u�l�t�i�n�g� �w�a�k�e�s�,� �f�i�g�u�r�e� �6�2� �s�h�o�w�s� �t�h�e� �v�e�l�o�c�i�t�y� 

�d�e�f�i�c�i�t� �n�o�r�m�a�l�i�z�e�d� �b�y� �t�h�e�s�e� �s�c�a�l�e�s�.� �N�o�t�e� �t�h�e� �o�v�e�r�a�l�l� �c�o�l�l�a�p�s�e� �u�s�i�n�g� �s�i�m�i�l�a�r�i�t�y� �v�a�r�i�a�b�l�e�s�.� 

�F�i�g�u�r�e� �6�3� �s�h�o�w�s� �u�?�,� �v�2�,� �a�n�d� �w�2� �n�o�r�m�a�l�i�z�e�d� �o�n� �t�h�e� �t�w�o� �s�c�a�l�e�s�.� �C�o�l�l�a�p�s�e� �o�f� �t�h�e� �p�r�o�f�i�l�e�s� �i�s� 

�g�o�o�d� �e�x�c�e�p�t� �f�o�r� �v�?� �w�h�e�r�e� �t�h�e�r�e� �i�s� �a� �s�m�a�l�l� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �v�e�l�o�c�i�t�y� �s�c�a�l�i�n�g�.� �T�h�i�s� �m�a�y� �b�e� 

�a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �u�n�c�e�r�t�a�i�n�t�i�e�s� �i�n�v�o�l�v�e�d� �o�n� �U�,� �a�n�d� �L�,�.� �F�i�g�u�r�e� �6�4� �s�h�o�w�s� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� 

�p�r�o�f�i�l�e� �u�w� �n�o�r�m�a�l�i�z�e�d� �o�n� �t�h�e�s�e� �s�c�a�l�e�s�.� �T�h�e�r�e� �i�s� �g�o�o�d� �c�o�l�l�a�p�s�e� �f�o�r� �b�o�t�h� �t�h�e� �v�e�l�o�c�i�t�y� �a�n�d� 

�l�e�n�g�t�h� �s�c�a�l�e�s�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �a�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �W�y�g�n�a�n�s�k�i� �e�t� �a�l� �(�1�9�8�6�)�.� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �4�1



�R�e�p�r�e�s�e�n�t�a�t�i�v�e� �a�u�t�o�s�p�e�c�t�r�a� �a�r�e� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �6�5� �a�t� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �w�i�n�g� �w�a�k�e�s� �a�n�d� �i�n� 

�f�i�g�u�r�e� �6�6� �a�t� �(�z�-�z�,�)�/�c�=�0�.�1�,� �n�e�a�r� �t�h�e� �l�o�c�a�t�i�o�n� �w�h�e�r�e� �u�w� �i�s� �a� �m�a�x�i�m�u�m�.� �A�u�t�o�s�p�e�c�t�r�a� �a�n�d� 

�f�r�e�q�u�e�n�c�y� �a�r�e� �n�o�r�m�a�l�i�z�e�d� �o�n� �t�h�e� �f�r�e�e�s�t�r�e�a�m� �v�e�l�o�c�i�t�y� �U�,�,�,� �a�n�d� �w�i�n�g� �c�h�o�r�d� �'�c�'�.� �S�p�e�c�t�r�a� 

�w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �e�q�u�a�t�i�o�n� �4�.�1�.�3� �w�i�t�h� �a� �b�l�o�c�k� �l�e�n�g�t�h� �o�f� �4�0�9�6�,� �5�0�%� �o�v�e�r�l�a�p� �a�n�d� �2�0�0� 

�a�v�e�r�a�g�e�s�.� �F�i�g�u�r�e� �6�5�a� �s�h�o�w�s� �G�,�,�,� �f�o�r� �a�l�l� �s�i�x� �s�t�r�e�a�m�w�i�s�e� �m�e�a�s�u�r�e�m�e�n�t� �l�o�c�a�t�i�o�n�s�.� �A�s� �x�/�c� 

�i�n�c�r�e�a�s�e�s�,� �t�h�e� �e�n�e�r�g�y� �a�c�r�o�s�s� �a�l�l� �f�r�e�q�u�e�n�c�i�e�s� �d�e�c�r�e�a�s�e�s� �p�r�o�p�o�r�t�i�o�n�a�l�l�y�.� �T�h�e� �e�n�e�r�g�y� �l�e�v�e�l� �i�s� 

�c�o�n�s�t�a�n�t� �o�u�t� �t�o� �f�c�/�U�_�,�,�=�2�.�5� �t�h�e�n� �s�l�o�w�l�y� �f�a�l�l�s� �o�f�f� �w�i�t�h� �o�u�t� �a�n�y� �d�i�s�t�i�n�c�t� �s�l�o�p�e�s�.� �I�n� �f�i�g�u�r�e� 

�6�5�b�,� �t�h�e� �G�,�,�,� �e�n�e�r�g�y� �l�e�v�e�l� �d�e�c�r�e�a�s�e�s� �d�o�w�n�s�t�r�e�a�m� �a�t� �a�l�l� �f�r�e�q�u�e�n�c�i�e�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �G�,�,�.� 

�T�h�e�r�e� �i�s� �a� �s�l�i�g�h�t� �i�n�c�r�e�a�s�e� �i�n� �e�n�e�r�g�y� �l�e�v�e�l�s� �u�p� �t�o� �f�c�/�U�,�,�,�=�2�.�5� �t�h�e�n� �i�t� �s�l�o�w�l�y� �f�a�l�l�s� �o�f�f� �a�l�s�o� 

�w�i�t�h�o�u�t� �a�n�y� �d�i�s�t�i�n�c�t� �s�l�o�p�e�s�.� �T�h�e� �a�u�t�o�s�p�e�c�t�r�a� �o�f� �w� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �6�5�c� �c�l�e�a�r�l�y� �h�a�s� �a� 

�d�o�m�i�n�a�n�t� �f�r�e�q�u�e�n�c�y� �n�e�a�r� �f�c�/�U�,�,�,�<�=�5� �a�t� �x�/�c�=�1�0� �w�h�i�c�h� �r�e�d�u�c�e�s� �t�o� �f�c�/�U�,�,�,�=�2� �a�t� �x�/�c�=�3�0�.� �T�h�i�s� 

�i�s� �p�r�e�s�u�m�a�b�l�y� �t�h�e� �r�e�s�u�l�t� �o�f� �f�a�i�r�l�y� �r�e�g�u�l�a�r� �l�a�r�g�e� �s�c�a�l�e� �c�o�h�e�r�e�n�t� �s�t�r�u�c�t�u�r�e�s� �i�n� �t�h�e� �w�a�k�e�.� 

�A�f�t�e�r� �t�h�i�s� �p�e�a�k�,� �t�h�e� �a�u�t�o�s�p�e�c�t�r�a� �f�a�l�l�s� �o�f�f� �w�i�t�h� �a� �-�5�/�3� �s�l�o�p�e� �u�p� �t�o� �f�c�/�U�,�,�,�=�1�8�,� �t�h�e�n� �t�h�e� �s�l�o�p�e� 

�d�e�c�r�e�a�s�e�s� �t�o�w�a�r�d� �d�i�s�s�i�p�a�t�i�o�n�.� �T�h�e� �o�v�e�r�a�l�l� �d�e�c�r�e�a�s�e� �i�n� �e�n�e�r�g�y� �w�i�t�h� �d�o�w�n�s�t�r�e�a�m� �l�o�c�a�t�i�o�n� 

�i�s� �s�i�m�i�l�a�r� �t�o� �u� �a�n�d� �v� �a�u�t�o�s�p�e�c�t�r�a�.� �F�i�g�u�r�e� �6�6� �s�h�o�w�s� �a�u�t�o�s�p�e�c�t�r�a� �n�e�a�r� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� 

�m�a�x�i�m�u�m� �s�h�e�a�r� �s�t�r�e�s�s� �u�w�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �a�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �c�e�n�t�e�r�l�i�n�e� �r�e�s�u�l�t�s� �e�x�c�e�p�t� �G�,�,� 

�s�h�o�w�s� �a� �c�l�e�a�r� �i�n�e�r�t�i�a�l� �s�u�b�r�a�n�g�e� �w�i�t�h� �a� �-�5�/�3� �s�l�o�p�e�.� 

�B�e�c�a�u�s�e� �o�f� �t�h�e� �s�e�l�f� �p�r�e�s�e�r�v�i�n�g� �n�a�t�u�r�e� �o�f� �t�h�e� �f�l�o�w�,� �t�h�e� �a�u�t�o�s�p�e�c�t�r�a� �c�a�n� �b�e� �c�o�m�p�a�r�e�d� �u�s�i�n�g� 

�t�h�e� �s�i�m�i�l�a�r�i�t�y� �v�a�r�i�a�b�l�e�s� �d�i�s�c�u�s�s�e�d� �a�b�o�v�e�.� �F�i�g�u�r�e�s� �6�7� �a�n�d� �6�8� �s�h�o�w� �G�,�,�,�,� �G�,�,� �a�n�d� �G�,�,�,� �f�o�r� 
�u�w� 

�(�z�-�z�,�)�/�c�=�0�.�0� �a�n�d� �-�0�.�1� �r�e�s�p�e�c�t�i�v�e�l�y� �p�l�o�t�t�e�d� �i�n� �t�e�r�m�s� �o�f� �G�,�,�U�,�,�,�/�u�2�L�,� �v�s� �f�L�,�/�U�,�.�-�.� �N�o�t�i�c�e� 

�h�o�w� �t�h�e� �l�e�n�g�t�h� �s�c�a�l�e� �L�,� �s�h�i�f�t�s� �t�h�e� �p�e�a�k�s� �f�r�o�m� �t�h�e� �l�a�r�g�e� �s�c�a�l�e� �s�t�r�u�c�t�u�r�e�s� �i�n� �t�h�e� �w� 

�a�u�t�o�s�p�e�c�t�r�a� �t�o� �t�h�e� �s�a�m�e� �f�r�e�q�u�e�n�c�y� �f�o�r� �a�l�l� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�s�.� �T�h�e�r�e� �i�s� �s�o�m�e� �v�a�r�i�a�t�i�o�n� 

�i�n� �t�h�e� �e�n�e�r�g�y� �l�e�v�e�l� �a�t� �f�c�/�U�,�,�,� �>� �5�0� �b�u�t� �t�h�e� �o�v�e�r�a�l�l� �c�o�l�l�a�p�s�e� �i�s� �g�o�o�d�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �a�r�e� �a�l�s�o� 

�c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �W�y�g�n�a�n�s�k�i� �e�t� �a�l� �(�1�9�8�6�)�.� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �4�2



�4�.�2� �V�o�r�t�e�x� �P�a�i�r�s� �R�e�s�u�l�t�s� 

�V�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �a�n�d� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �v�o�r�t�e�x� 

�p�a�i�r�s� �u�s�i�n�g� �t�h�e� �q�u�a�d� �h�o�t� �w�i�r�e� �p�r�o�b�e�.� �D�u�r�i�n�g� �m�e�a�s�u�r�e�m�e�n�t�s�,� �t�h�e� �h�o�t� �w�i�r�e� �o�u�t�p�u�t�s� �w�e�r�e� 

�s�a�m�p�l�e�d� �a�t� �a� �r�a�t�e� �o�f� �3�0�k�H�z�.� �A�t� �e�a�c�h� �p�o�i�n�t� �1�0�0� �b�l�o�c�k�s� �o�f� �6�1�4�4� �p�o�i�n�t�s� �w�e�r�e� �t�a�k�e�n� �o�v�e�r� �a� 

�t�o�t�a�l� �p�e�r�i�o�d� �o�f� �2� �a�b�o�u�t� �m�i�n�u�t�e�s�.� �T�h�i�s� �r�e�s�u�l�t�s� �i�n� �u�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� �t�h�e� �a�u�t�o�s�p�e�c�t�r�a� �o�f� �1�0�.�0�%� 

�f�o�r� �9�5�%� �c�o�n�f�i�d�e�n�c�e� �l�e�v�e�l�s�.� �P�o�i�n�t� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �i�n� �a� �n�u�m�b�e�r� �o�f� �r�a�d�i�a�l� 

�t�r�a�v�e�r�s�e�s� �t�h�r�o�u�g�h� �t�h�e� �c�o�r�e� �o�f� �e�a�c�h� �v�o�r�t�e�x� �p�r�o�d�u�c�i�n�g� �a� �p�o�l�a�r� �g�r�i�d�.� �I�n� �p�l�a�n�e�s� �w�h�e�r�e� �t�w�o� 

�v�o�r�t�i�c�e�s� �w�e�r�e� �p�r�e�s�e�n�t�,� �a�n� �a�d�d�i�t�i�o�n�a�l� �t�r�a�v�e�r�s�e� �w�a�s� �m�a�d�e� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �l�i�n�e� 

�c�o�n�n�e�c�t�i�n�g� �t�h�e� �c�o�r�e�s�.� �D�u�r�i�n�g� �t�h�e� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �v�o�r�t�e�x� �c�e�n�t�e�r�s� �w�e�r�e� �l�o�c�a�t�e�d� �i�n� �a�d�v�a�n�c�e� 

�o�f� �t�h�e� �t�r�a�v�e�r�s�e� �m�e�a�s�u�r�e�m�e�n�t�s� �a�s� �t�h�e� �l�o�c�a�t�i�o�n�s� �o�f� �m�i�n�i�m�u�m� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�i�e�s�.� �C�a�r�e� 

�w�a�s� �t�a�k�e�n� �t�o� �e�l�i�m�i�n�a�t�e� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �p�r�o�b�e� �i�n�t�e�r�f�e�r�e�n�c�e� �e�f�f�e�c�t�s�.� �B�e�f�o�r�e� �e�a�c�h� �t�r�a�v�e�r�s�e�,� 

�t�h�e� �p�r�o�b�e� �h�o�l�d�e�r� �w�a�s� �r�o�t�a�t�e�d� �a�b�o�u�t� �i�t�s� �a�x�i�s� �t�o� �p�o�s�i�t�i�o�n� �t�h�e� �o�f�f�s�e�t�t�i�n�g� �r�o�d�s� �h�o�l�d�i�n�g� �t�h�e� 

�q�u�a�d� �w�i�r�e� �p�r�o�b�e� �n�o�r�m�a�l� �t�o� �t�h�e� �t�r�a�v�e�r�s�e� �d�i�r�e�c�t�i�o�n�.� �T�h�i�s� �e�n�s�u�r�e�d� �t�h�a�t� �t�h�e� �p�r�o�b�e� �h�o�l�d�e�r� �w�a�s� 

�a�l�w�a�y�s� �a�s� �f�a�r� �a�w�a�y� �a�s� �p�o�s�s�i�b�l�e� �f�r�o�m� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�,� �r�e�d�u�c�i�n�g� �i�n�t�e�r�f�e�r�e�n�c�e� �e�f�f�e�c�t�s�.� 

�A�l�l� �v�e�l�o�c�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �w�i�l�l� �b�e� �n�o�r�m�a�l�i�z�e�d� �b�y� �t�h�e� �f�r�e�e�s�t�r�e�a�m� �U�,�,�-� �w�i�t�h� �d�i�s�t�a�n�c�e�s� 

�n�o�r�m�a�l�i�z�e�d� �b�y� �t�h�e� �w�i�n�g� �c�h�o�r�d� �'�c�'�.� �T�a�b�l�e� �5� �g�i�v�e�s� �t�h�e� �c�e�n�t�e�r� �l�o�c�a�t�i�o�n� �o�f� �e�a�c�h� �v�o�r�t�e�x� �c�o�r�e� �i�n� 

�t�u�n�n�e�l� �c�o�o�r�d�i�n�a�t�e�s�.� �I�n� �t�h�e� �s�i�n�g�l�e� �m�e�r�g�e�d� �v�o�r�t�i�c�e�s�,� �t�h�e� �c�e�n�t�e�r� �l�o�c�a�t�i�o�n� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� 

�p�o�i�n�t� �o�f� �m�i�n�i�m�u�m� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�i�e�s�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �t�w�o� �v�o�r�t�i�c�e�s�,� �a� �s�i�m�i�l�a�r� �l�o�c�a�t�i�o�n� 

�w�a�s� �u�s�e�d� �b�u�t� �f�i�r�s�t� �t�h�e� �i�n�d�u�c�e�d� �v�e�l�o�c�i�t�y� �f�r�o�m� �t�h�e� �o�t�h�e�r� �v�o�r�t�e�x� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�s�s�u�m�i�n�g� �a� 

�l�i�n�e�a�r� �v�a�r�i�a�t�i�o�n� �a�c�r�o�s�s� �t�h�e� �c�o�r�e�.� �T�h�i�s� �i�n�d�u�c�e�d� �v�e�l�o�c�i�t�y� �w�a�s� �t�h�e�n� �s�u�b�t�r�a�c�t�e�d� �a�l�l�o�w�i�n�g� �t�h�e� 

�c�e�n�t�e�r� �o�f� �e�a�c�h� �v�o�r�t�e�x� �t�o� �b�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �m�i�n�i�m�u�m� �t�a�n�g�e�n�t�i�a�l� 

�v�e�l�o�c�i�t�i�e�s�.� 
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�I�n� �p�r�e�s�e�n�t�i�n�g� �t�h�e� �r�e�s�u�l�t�s� �a�n� �i�m�p�o�r�t�a�n�t� �q�u�e�s�t�i�o�n� �i�s� �r�a�i�s�e�d�,� �w�h�a�t� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �i�s� �m�o�s�t� 

�a�p�p�r�o�p�r�i�a�t�e� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� �p�h�y�s�i�c�s� �o�f� �t�h�e� �f�l�o�w�?� �V�a�r�i�o�u�s� �t�y�p�e�s� �o�f� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�s� 

�w�e�r�e� �e�x�a�m�i�n�e�d� �s�u�c�h� �a�s� �c�a�r�t�e�s�i�a�n� �c�o�o�r�d�i�n�a�t�e�s�,� �f�l�o�w� �d�i�r�e�c�t�i�o�n� �c�o�o�r�d�i�n�a�t�e�s� �a�n�d� �c�y�l�i�n�d�r�i�c�a�l� 

�c�o�o�r�d�i�n�a�t�e�s� �b�u�t� �t�h�e�s�e� �l�a�c�k�e�d� �t�h�e� �a�b�i�l�i�t�y� �t�o� �p�r�e�s�e�n�t� �t�h�e� �v�o�r�t�e�x� �p�a�i�r�s�.� �A� �v�a�r�i�a�t�i�o�n� �o�f� 

�c�y�l�i�n�d�r�i�c�a�l� �c�o�o�r�d�i�n�a�t�e�s� �(�r�,� �8�,� �x�)� �i�s� �u�s�e�d� �t�o� �p�r�e�s�e�n�t� �r�e�s�u�l�t�s�.� �A�t� �l�o�c�a�t�i�o�n�s� �w�e�r�e� �a� �m�e�r�g�e�d� 

�s�i�n�g�l�e� �v�o�r�t�e�x� �w�a�s� �p�r�e�s�e�n�t�,� �s�t�a�n�d�a�r�d� �c�y�l�i�n�d�r�i�c�a�l� �c�o�o�r�d�i�n�a�t�e�s� �a�r�e� �u�s�e�d�.� �A�t� �l�o�c�a�t�i�o�n�s� �w�h�e�r�e� 

�t�w�o� �v�o�r�t�i�c�e�s� �a�r�e� �p�r�e�s�e�n�t�,� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �p�l�a�n�e� �i�s� �d�i�v�i�d�e�d� �i�n� �h�a�l�f� �w�i�t�h� �a� �c�y�l�i�n�d�r�i�c�a�l� 

�c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �l�o�c�a�t�e�d� �a�t� �e�a�c�h� �c�o�r�e�.� 

�4�.�2�.�1� �C�o�-�R�o�t�a�t�i�n�g� �V�o�r�t�e�x� �P�a�i�r�s� 

�M�e�a�s�u�r�e�m�e�n�t�s� �o�f� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s� �w�e�r�e� �t�a�k�e�n� �a�t� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�s� �x�/�c�=�1�0�,� �1�5�,� �2�2�,� 

�a�n�d� �3�0� �(�s�e�e� �f�i�g�u�r�e� �2�9� �t�o� �v�i�s�u�a�l�i�z�e� �t�h�e�s�e� �l�o�c�a�t�i�o�n�s�)�.� �I�t� �w�a�s� �s�h�o�w�n� �f�r�o�m� �t�h�e� �f�l�o�w� 

�v�i�s�u�a�l�i�z�a�t�i�o�n� �r�e�s�u�l�t�s� �t�h�a�t� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s� �r�o�t�a�t�e� �a�b�o�u�t� �t�h�e�i�r� �c�o�m�m�o�n� �c�e�n�t�e�r� �a�n�d� �t�h�e�n� 

�m�e�r�g�e� �t�o� �f�o�r�m� �a� �s�i�n�g�l�e� �v�o�r�t�e�x� �a�t� �x�/�c� �a�b�o�u�t� �2�0�.� �A�t� �x�/�c�=�1�0� �a�n�d� �1�5� �t�h�e� �f�l�o�w� �c�o�n�t�a�i�n�s� �t�w�o� 

�S�e�p�a�r�a�t�e� �v�o�r�t�i�c�e�s�,� �w�h�e�r�e� �a�s� �l�o�c�a�t�i�o�n�s� �a�t� �x�/�c�=�2�2� �a�n�d� �3�0� �t�h�e�r�e� �i�s� �o�n�l�y� �a� �m�e�r�g�e�d� �s�i�n�g�l�e� 

�v�o�r�t�e�x�.� 

�4�.�2�.�1�.�1� �x�/�c�=�1�0� 

�F�i�g�u�r�e� �6�9� �s�h�o�w�s� �a� �p�l�o�t� �o�f� �m�e�a�n� �s�e�c�o�n�d�a�r�y� �f�l�o�w� �v�e�c�t�o�r�s� �f�o�r� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r� �a�t� 

�x�/�c�=�1�0�.� �T�h�e� �l�e�n�g�t�h� �o�f� �e�a�c�h� �v�e�c�t�o�r� �a�n�d� �t�h�e� �s�i�z�e� �o�f� �i�t�s� �h�e�a�d� �a�r�e� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� 

�m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �s�e�c�o�n�d�a�r�y� �f�l�o�w� �v�e�l�o�c�i�t�y� �v�e�c�t�o�r�.� �B�y� �t�h�i�s� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�,� �t�h�e� 

�v�o�r�t�i�c�e�s� �h�a�v�e� �r�o�t�a�t�e�d� �a�b�o�u�t� �t�h�e�i�r� �c�o�m�m�o�n� �c�e�n�t�e�r� �t�h�r�o�u�g�h� �a�n� �a�n�g�l�e� �o�f� �1�3�5�°�.� �T�h�e�y� �a�r�e� 

�s�e�p�a�r�a�t�e�d� �b�y� �a� �d�i�s�t�a�n�c�e� �o�f� �0�.�2�9�c�,� �s�l�i�g�h�t�l�y� �m�o�r�e� �t�h�a�n� �t�h�e� �w�i�n�g� �t�i�p� �s�e�p�a�r�a�t�i�o�n�.� �T�h�e� �v�e�c�t�o�r�s� 
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�s�h�o�w� �t�h�e� �s�t�r�o�n�g� �r�o�t�a�t�i�o�n�a�l� �f�l�o�w�s� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� �v�o�r�t�i�c�e�s� �a�n�d� �t�h�e�i�r� �m�e�a�n� �i�n�t�e�r�a�c�t�i�o�n� �o�n� 

�t�h�e� �o�u�t�e�r� �e�d�g�e� �o�f� �e�a�c�h� �c�o�r�e� �a�w�a�y� �f�r�o�m� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �f�i�g�u�r�e� �6�9�.� �I�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� 

�f�l�o�w� �m�i�d�w�a�y� �b�e�t�w�e�e�n� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �a� �c�r�o�s�s� �f�l�o�w� �s�t�a�g�n�a�t�i�o�n� �p�o�i�n�t� �e�x�i�s�t�s�.� 

�C�o�n�t�o�u�r�s� �o�f� �t�u�r�b�u�l�e�n�t� �k�i�n�e�t�i�c� �e�n�e�r�g�y� �k�,� �(�v�,�2�+�V�»�2�+�v�, ��)�/�2� �a�n�d� �t�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s� �v�,�?�,� �i�n� 

�f�i�g�u�r�e� �6�9� �a�n�d� �7�0� �c�l�e�a�r�l�y� �s�h�o�w� �t�h�e� �w�i�n�g� �w�a�k�e�s� �t�h�a�t� �s�u�r�r�o�u�n�d� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�s�.� �T�h�e� �w�i�n�g� 

�w�a�k�e�s� �h�a�v�e� �m�e�r�g�e�d� �a�l�o�n�g� �a� �l�i�n�e� �m�i�d�w�a�y� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �c�o�r�e�s�.� �T�h�e�y� �a�r�e� �r�o�l�l�e�d� �i�n�t�o� 

�s�p�i�r�a�l�s� �a�b�o�u�t� �e�a�c�h� �c�o�r�e� �b�o�t�h� �b�y� �r�o�t�a�t�i�o�n�a�l� �v�e�l�o�c�i�t�y� �f�i�e�l�d�s� �o�f� �e�a�c�h� �v�o�r�t�e�x� �a�n�d� �b�y� �t�h�e� 

�r�o�t�a�t�i�o�n� �o�f� �t�h�e� �p�a�i�r� �a�b�o�u�t� �t�h�e�i�r� �c�o�m�m�o�n� �c�e�n�t�e�r�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �s�h�e�a�r� �a�n�d� �d�i�s�t�o�r�t�i�o�n� �m�a�y� �b�e� 

�r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �p�e�a�k� �t�u�r�b�u�l�e�n�c�e� �l�e�v�e�l�s� �a�s� �t�h�e� �w�a�k�e� �a�p�p�r�o�a�c�h�e�s� �t�h�e� �c�o�r�e�,� 

�f�r�o�m� �k�=�0�.�0�0�0�6�1� �i�n� �t�h�e� �o�u�t�e�r� �r�e�g�i�o�n� �t�o� �k�=�0�.�0�0�0�4�4� �c�l�o�s�e� �t�o� �t�h�e� �c�o�r�e�.� �T�h�e� �w�a�k�e� �w�i�d�t�h� 

�a�w�a�y� �f�r�o�m� �t�h�e� �c�o�r�e�s� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�3�9�c�.� 

�F�i�g�u�r�e� �7�2� �t�h�r�o�u�g�h� �8�0� �s�h�o�w� �i�n� �d�e�t�a�i�l� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �o�f� �t�h�e� �u�p�p�e�r� �v�o�r�t�e�x�,� �t�h�e� �f�l�o�w� �b�e�i�n�g� 

�a�n�t�i�s�y�m�m�e�t�r�i�c�.� �F�i�g�u�r�e� �7�2� �s�h�o�w�s� �t�h�e� �m�e�a�n� �s�e�c�o�n�d�a�r�y� �f�l�o�w� �v�e�l�o�c�i�t�y� �v�e�c�t�o�r�s�.� �N�o�t�e� �t�h�a�t� �a�l�l� 

�t�h�e� �p�r�o�f�i�l�e�s� �d�o� �n�o�t� �i�n�t�e�r�s�e�c�t� �e�a�c�h� �o�t�h�e�r� �i�n� �t�h�e� �s�a�m�e� �l�o�c�a�t�i�o�n�.� �T�h�i�s� �i�s� �t�h�e� �r�e�s�u�l�t� �o�f� 

�c�o�r�r�e�c�t�i�o�n�s� �t�o� �t�h�e� �a�b�s�o�l�u�t�e� �t�r�a�v�e�r�s�e� �p�o�s�i�t�i�o�n�s� �a�p�p�l�i�e�d� �a�f�t�e�r� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� 

�c�o�m�p�l�e�t�e�d�.� �I�t� �i�s� �e�s�t�i�m�a�t�e�d� �t�h�a�t� �t�h�e�s�e� �p�r�o�f�i�l�e�s� �a�r�e� �p�o�s�i�t�i�o�n�e�d� �w�i�t�h� �a�n� �a�c�c�u�r�a�c�y� �o�f� �+�1�m�m� 

�(�+�0�.�0�0�5�c�)�.� �T�h�e� �c�o�r�e� �e�d�g�e� �s�h�o�w�n� �b�y� �t�h�e� �s�o�l�i�d� �l�i�n�e�,� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �a�s� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� 

�m�a�x�i�m�u�m� �V�,� �f�o�r� �e�a�c�h� �p�r�o�f�i�l�e�.� �I�t� �i�s� �s�l�i�g�h�t�l�y� �e�l�l�i�p�t�i�c�a�l� �w�i�t�h� �i�t�s� �m�a�j�o�r� �a�x�i�s� �n�o�r�m�a�l� �t�o� �a� �l�i�n�e� 

�c�o�n�n�e�c�t�i�n�g� �t�h�e� �t�w�o� �c�o�r�e�s�.� �T�h�e� �d�i�a�m�e�t�e�r�s� �o�f� �t�h�e� �m�a�j�o�r� �a�x�i�s� �i�s� �0�.�0�8�c� �w�i�t�h� �a� �m�i�n�o�r� �a�x�i�s� �o�f� 

�0�.�0�7�5�c�.� �D�i�s�t�o�r�t�e�d� �c�o�r�e�s� �a�r�e� �s�e�e�n� �i�n� �i�n�v�i�s�c�i�d� �c�o�m�p�u�t�a�t�i�o�n�a�l� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �b�y� �R�o�s�s�o�w� 

�(�1�9�7�1�)� �a�n�d� �M�e�l�a�n�d�e�r� �e�t�.� �a�l�.� �(�1�9�8�8�)�.� �T�h�e�y� �e�x�a�m�i�n�e�d� �t�h�e� �m�e�r�g�i�n�g� �p�r�o�c�e�s�s� �o�f� �t�w�o� �c�o�-� 

�r�o�t�a�t�i�n�g� �v�o�r�t�i�c�e�s� �a�n�d� �f�o�u�n�d� �w�i�t�h� �d�e�c�r�e�a�s�e�d� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �c�o�r�e�s�,� �e�a�c�h� �c�o�r�e� 

�d�e�f�o�r�m�e�d� �i�n�t�o� �a�n� �e�l�l�i�p�t�i�c�a�l� �s�h�a�p�e�.� �I�n� �t�h�e� �p�r�e�s�e�n�t� �f�l�o�w�s� �t�h�e� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�i�e�s� �a�t� �t�h�e� 
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�e�d�g�e� �o�f� �t�h�e� �c�o�r�e� �v�a�r�y� �s�u�b�s�t�a�n�t�i�a�l�l�y� �f�r�o�m� �1�0�.�3�%� �U�,�,�,� �o�n� �t�h�e� �s�i�d�e� �c�l�o�s�e�s�t� �t�o� �t�h�e� �l�i�n�e� �o�f� �r�e�f� 

�a�n�t�i�s�y�m�m�e�t�r�y� �t�o� �2�0�.�4�%� �U�,�,�,� �o�n� �t�h�e� �o�p�p�o�s�i�t�e� �e�d�g�e�.� 

�T�h�e� �m�e�a�n� �v�o�r�t�i�c�i�t�y� �d�e�f�i�n�e�d� �a�s� 

�V�,� �d�V�,� �1�0�V� �=� �0�0�4� �O�M�e� �_�1�0�V�,� �4�.�2�.�1� 
�r� �o�r� �r� �0�0� �(� �)� 

� � 

�w�a�s� �c�o�m�p�u�t�e�d� �f�o�r� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �o�f� �t�h�e� �v�o�r�t�e�x� �p�a�i�r�s�.� �C�o�n�t�o�u�r�s� �o�f� �n�o�r�m�a�l�i�z�e�d� �v�o�r�t�i�c�i�t�y� 

�w�c�/�U�,�.�,� �p�r�e�s�e�n�t�e�d� �i�n� �f�i�g�u�r�e� �7�3� �a�r�e� �s�l�i�g�h�t�l�y� �e�l�l�i�p�t�i�c�a�l� �i�n� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �b�e�i�n�g� �c�o�n�c�e�n�t�r�i�c� 

�w�i�t�h� �t�h�e� �c�o�r�e�.� �T�h�e�y� �s�h�o�w� �a� �m�a�x�i�m�u�m� �n�o�r�m�a�l�i�z�e�d� �v�o�r�t�i�c�i�t�y� �o�f� �1�8�.�0� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� 

�c�o�r�e�.� �C�o�n�t�o�u�r�s� �a�l�s�o� �s�h�o�w� �t�h�e� �w�i�n�g� �w�a�k�e� �w�r�a�p�p�i�n�g� �a�r�o�u�n�d� �t�h�e� �c�o�r�e� �a�n�d� �a� �s�m�a�l�l� �i�s�l�a�n�d� �o�f� 

�p�o�s�i�t�i�v�e� �v�o�r�t�i�c�i�t�y� �l�o�c�a�t�e�d� �b�e�t�w�e�e�n� �t�h�e� �c�o�r�e�s� �a�r�o�u�n�d� �t�h�e� �l�i�n�e� �o�f� �a�n�t�i�s�y�m�m�e�t�r�y�.� �F�i�g�u�r�e�s� �7�4� 

�t�h�r�o�u�g�h� �8�0� �s�h�o�w� �t�u�r�b�u�l�e�n�c�e� �k�i�n�e�t�i�c� �e�n�e�r�g�y�,� �a�n�d� �t�h�e� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �c�o�r�e� �r�e�g�i�o�n�.� 

�P�a�r�t� �o�f� �t�h�e� �w�i�n�g� �w�a�k�e� �c�a�n� �c�l�e�a�r�l�y� �b�e� �s�e�e�n� �i�n� �f�i�g�u�r�e� �7�4� �a�s� �i�t� �m�e�r�g�e�s� �i�n�t�o� �t�h�e� �f�l�o�w� �s�t�r�u�c�t�u�r�e� 

�s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �c�o�r�e�.� �V�e�l�o�c�i�t�y� �f�l�u�c�t�u�a�t�i�o�n�s� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �v�i�c�i�n�i�t�y� �o�f� �t�h�e� �c�o�r�e� �r�e�g�i�o�n�,� �a� 

�m�a�x�i�m�u�m� �b�e�i�n�g� �r�e�a�c�h�e�d� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e� �i�n� �a�l�l� �t�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s�,� �h�e�r�e� 

�k�=�0�.�0�0�9�5�,� �v�,�,�?�=�0�.�0�0�1�9�,� �v�,�_�2�=�.�0�0�7�2� �a�n�d� �v�,�?�=�.�0�1�0�.� �N�o�t�e� �t�h�a�t� �v�,�?� �i�s� �a�t� �l�e�a�s�t� �7�0�%� �l�o�w�e�r� �t�h�a�n� 

�b�o�t�h� �v�,�?� �a�n�d� �v�,�?�.� �I�t� �a�p�p�e�a�r�s� �t�h�a�t� �t�h�e� �l�a�r�g�e� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �c�o�r�e� �a�r�e� �a�t� �l�e�a�s�t� �p�a�r�t�l�y� �a� �r�e�s�u�l�t� �o�f� 

�t�h�e� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g� �a�n�d� �l�a�r�g�e� �m�e�a�n� �v�e�l�o�c�i�t�y� �g�r�a�d�i�e�n�t�s� �i�n� �t�h�e� �c�o�r�e�.� �N�o�t�i�c�e� �t�h�a�t� �v�,�?� �i�s� �t�h�e� 

�l�e�a�s�t� �a�f�f�e�c�t�e�d� �n�o�r�m�a�l� �s�t�r�e�s�s� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �v�o�r�t�e�x� �d�u�e� �t�o� �t�h�e� �w�a�n�d�e�r�i�n�g� �t�h�e� �o�f� �c�o�r�e� �i�n� 

�t�h�e� �r�-�6� �p�l�a�n�e�.� �T�h�e� �f�a�c�t� �t�h�a�t� �v�,�?� �i�s� �n�o�t� �e�q�u�a�l� �t�o� �v�g�?� �m�a�y� �i�n�d�i�c�a�t�e� �t�h�e� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g� �i�s� 

�n�o�t� �i�s�o�t�r�o�p�i�c� �b�u�t� �h�a�s� �a� �p�r�e�f�e�r�r�e�d� �d�i�r�e�c�t�i�o�n�.� �T�h�e� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �v�,�v�,� �a�n�d� �v�,�v�,� �i�n� �f�i�g�u�r�e�s� �7�8� 

�a�n�d� �8�0� �h�a�v�e� �t�w�o� �l�o�b�e�s� �i�n� �t�h�i�s� �r�e�g�i�o�n� �w�h�i�c�h� �c�o�u�l�d� �b�e� �p�a�r�t�l�y� �d�u�e� �t�o� �t�h�e� �m�o�t�i�o�n�s� �a�n�d� �o�r� 
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�p�a�r�t�l�y� �d�u�e� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �c�o�r�e� �a�x�i�s� �l�i�e�s� �a�t� �a�n� �a�n�g�l�e� �t�o� �t�h�e� �f�r�e�e�s�t�r�e�a�m� �d�i�r�e�c�t�i�o�n�.� �v�g�v�,� �i�s� 

�t�h�e� �d�o�m�i�n�a�n�t� �s�h�e�a�r� �s�t�r�e�s�s� �i�n� �a�n�d� �a�r�o�u�n�d� �t�h�e� �c�o�r�e� �a�t� �+�0�.�0�0�2�0�,� �6�0�%� �g�r�e�a�t�e�r� �t�h�a�n� �v�,�v�V�p�9�.� 

�T�o� �b�e�t�t�e�r� �i�l�l�u�s�t�r�a�t�e� �t�h�e� �f�l�o�w� �s�t�r�u�c�t�u�r�e�,� �s�e�l�e�c�t�e�d� �r�a�d�i�a�l� �p�r�o�f�i�l�e�s� �o�f� �t�h�e� �m�e�a�n� �v�e�l�o�c�i�t�i�e�s� �a�n�d� 

�R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s� �a�r�e� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �8�1� �a�n�d� �8�2�.� �T�h�e�s�e� �p�r�o�f�i�l�e�s� �a�r�e� �l�a�b�e�l�e�d� �A�a� �a�n�d� �B�b� �i�n� 

�f�i�g�u�r�e� �7�2�.� �T�h�e� �c�a�p�i�t�a�l� �l�e�t�t�e�r� �'�A �� �d�o�n�a�t�e�s� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �a� �p�o�s�i�t�i�v�e� �d�i�r�e�c�t�i�o�n� �i�n� �f�i�g�u�r�e� �8�1� 

�w�i�t�h� �t�h�e� �l�o�w�e�r� �l�e�t�t�e�r� �'�a�'� �s�i�g�n�i�f�y�i�n�g� �a� �-�r� �d�i�r�e�c�t�i�o�n�.� �P�r�o�f�i�l�e� �A�a� �s�h�o�w�s� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� 

�f�l�o�w� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �l�i�n�e� �o�f� �a�n�t�i�s�y�m�m�e�t�r�y� �w�i�t�h� �B�b� �t�a�k�e�n� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�i�s� �l�i�n�e�.� �I�n� �t�h�e� 

�m�e�a�n� �V�,� �v�e�l�o�c�i�t�y� �p�r�o�f�i�l�e� �(�f�i�g�u�r�e� �8�1�a�)� �s�m�a�l�l� �v�e�l�o�c�i�t�y� �d�e�f�i�c�i�t�s� �(�2�.�5� �%� �U�,�,�,�)� �a�r�e� �p�r�e�s�e�n�t� �i�n� 

�A�a� �a�t� �t�h�e� �o�u�t�e�r� �e�d�g�e�s� �o�f� �t�h�e� �p�r�o�f�i�l�e� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �w�a�k�e�s� �o�f� �t�h�e� �t�w�o� �w�i�n�g�s�.� �A�s� �t�h�e� 

�f�l�o�w� �s�p�i�r�a�l�s� �a�r�o�u�n�d� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�,� �t�h�e�s�e� �a�x�i�a�l� �d�e�f�i�c�i�t�s� �a�r�e� �n�e�g�l�i�g�i�b�l�e� �i�n� �p�r�o�f�i�l�e� �B�b� 

�(�f�i�g�u�r�e� �8�2�a�)�.� �I�n� �t�h�e� �c�o�r�e� �r�e�g�i�o�n�,� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �p�a�i�r� �o�n� �V�g� �i�s� 

�c�l�e�a�r�l�y� �s�e�e�n� �a�l�o�n�g� �B�b�.� �C�l�o�s�e�s�t� �t�o� �t�h�e� �p�l�a�n�e� �o�f� �a�n�t�i�s�y�m�m�e�t�r�y�,� �t�h�e� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�i�e�s� �a�r�e� 

�5�0�%� �l�o�w�e�r� �t�h�a�n� �o�n� �t�h�e� �o�p�p�o�s�i�t�e� �s�i�d�e� �o�f� �t�h�e� �c�o�r�e�.� �T�h�e� �l�a�r�g�e� �r�a�d�i�a�l� �v�e�l�o�c�i�t�y� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� 

�t�h�e� �p�r�o�f�i�l�e� �n�o�t� �p�a�s�s�i�n�g� �e�x�a�c�t�l�y� �t�h�r�o�u�g�h� �t�h�e� �v�o�r�t�e�x� �c�e�n�t�e�r�.� �P�a�r�a�l�l�e�l� �t�o� �t�h�e� �a�n�t�i�s�y�m�m�e�t�r�y� 

�l�i�n�e� �p�r�o�f�i�l�e� �A�a�,� �V�,� �i�s� �s�y�m�m�e�t�r�i�c� �a�c�r�o�s�s� �t�h�e� �c�o�r�e� �w�i�t�h� �V�,� �p�r�e�s�e�n�t� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� 

�i�n�d�u�c�e�d� �v�e�l�o�c�i�t�y� �o�f� �t�h�e� �n�e�i�g�h�b�o�r�i�n�g� �v�o�r�t�e�x�.� �T�h�e� �a�x�i�a�l� �v�e�l�o�c�i�t�y� �d�e�f�i�c�i�t� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� 

�c�o�r�e� �c�r�e�a�t�e�d� �b�y� �t�h�e� �r�o�t�a�t�i�o�n� �o�f� �t�h�e� �f�l�o�w� �i�s� �1�1�%� �U�,�,�,�.� 

�T�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �w�i�n�g� �w�a�k�e� �c�a�n� �s�e�e�n� �i�n� �t�h�e� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s� �i�n� �f�i�g�u�r�e� �8�1�b� �a�n�d� �8�2�b�.� 

�I�n� �A�a� �(�f�i�g�u�r�e� �8�1�b�)�,� �l�a�r�g�e� �t�u�r�b�u�l�e�n�t� �f�l�u�c�t�u�a�t�i�o�n�s� �a�t� �r�/�c�=�0�.�7�5� �(�k�=�0�.�0�0�0�6�)� �a�n�d� �r�/�c�=�-�0�.�6� 

�(�k�=�0�.�0�0�0�5�1�)� �m�a�r�k� �t�h�e� �c�e�n�t�e�r� �o�f� �e�a�c�h� �w�a�k�e�.� �A�c�r�o�s�s� �t�h�e� �w�a�k�e� �w�i�d�t�h�,� �t�h�e� �b�o�t�h� �v�,�v�,� �a�n�d� 

�v�,�V�,� �c�h�a�n�g�e� �s�i�g�n� �w�i�t�h� �v�,�v�,� �h�a�v�i�n�g� �a� �c�o�n�s�t�a�n�t� �s�i�g�n�.� �M�o�v�i�n�g� �a�r�o�u�n�d� �t�h�e� �c�o�r�e� �t�o� �p�r�o�f�i�l�e� �B�b� 

�(�f�i�g�u�r�e� �8�2�b�)�,� �t�h�e� �w�i�n�g� �w�a�k�e� �s�p�i�r�a�l�s� �c�l�o�s�e�r� �t�o� �t�h�e� �v�o�r�t�e�x� �c�o�r�e� �a�n�d� �i�s� �b�a�r�e�l�y� �v�i�s�i�b�l�e� �a�t� 

�t�/�c�=�0�.�2�5�.� �I�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g� �c�a�n� �b�e� �c�l�e�a�r�l�y� �s�e�e�n�.� 
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�F�l�u�c�t�u�a�t�i�o�n�s� �i�n� �v�,�*� �a�n�d� �v�,�?� �a�r�e� �m�u�c�h� �l�a�r�g�e�r� �t�h�a�n� �v�,�?� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e�.� �A�l�s�o� �i�n� �t�h�e� 

�s�h�e�a�r� �s�t�r�e�s�s�e�s� �(�f�i�g�u�r�e� �8�2�c�)� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �m�o�t�i�o�n�s� �c�a�n� �b�e� �s�e�e�n� �b�y� �t�h�e� �f�a�c�t� �t�h�a�t� �v�e�v�,� 

�c�h�a�n�g�e�s� �s�i�g�n� �a�c�r�o�s�s� �t�h�e� �c�o�r�e�.� 

�A�n� �a�l�t�e�r�n�a�t�i�v�e� �v�i�e�w� �o�f� �t�h�e� �t�u�r�b�u�l�e�n�c�e� �s�t�r�u�c�t�u�r�e� �i�n� �a�n�d� �a�r�o�u�n�d� �t�h�e� �v�o�r�t�e�x� �c�o�r�e� �m�a�y� �b�e� 

�g�a�i�n�e�d� �f�r�o�m� �v�e�l�o�c�i�t�y� �s�p�e�c�t�r�a� �a�t� �v�a�r�i�o�u�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �r�a�d�i�a�l� �l�o�c�a�t�i�o�n�s�.� �F�i�g�u�r�e� �8�3� �a�n�d� �8�4� 

�s�h�o�w� �a�u�t�o�s�p�e�c�t�r�a� �G�,�,�,�,�,�/�U�,�C�,� �G�y�g�y�e�/�U�,�-�¢� �a�n�d� �G�,�/�U�,�.�<�¢� �v�s� �f�c�/�U�,�,�-� �,�w�h�e�r�e� �f� �i�s� �f�r�e�q�u�e�n�c�y� �i�n� 

�h�e�r�t�z�,� �f�o�r� �p�r�o�f�i�l�e� �A�a�.� �T�h�e�s�e� �r�a�d�i�a�l� �l�o�c�a�t�i�o�n�s� �a�r�e� �m�a�r�k�e�d� �i�n� �f�i�g�u�r�e� �8�1�.� �T�h�e� �s�p�e�c�t�r�u�m� �a�t� 

�t�/�c�=�0�.�4�8� �a�n�d� �0�.�2�6� �s�h�o�w� �v�e�l�o�c�i�t�y� �f�l�u�c�t�u�a�t�i�o�n�s� �a�n�d� �s�o�m�e� �e�l�e�c�t�r�i�c�a�l� �n�o�i�s�e� �i�n� �t�h�e� �l�o�w� 

�t�u�r�b�u�l�e�n�t� �r�e�g�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �c�o�r�e� �a�n�d� �w�i�n�g� �w�a�k�e�.� �T�h�o�s�e� �a�t� �r�/�c�=�0�.�1�5� �a�n�d� �0�.�0�9� �s�h�o�w� 

�f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �t�h�e� �r�e�g�i�o�n� �a�d�j�a�c�e�n�t� �t�o� �t�h�e� �c�o�r�e� �w�i�t�h� �l�a�r�g�e� �p�e�a�k�s� �a�t� �f�c�/�U�,�,�.�=�4� �i�n� �G�,�.�.� �A� 

�d�i�s�t�i�n�c�t� �i�n�e�r�t�i�a�l� �s�u�b�r�a�n�g�e� �i�n� �G�,�g�,�,� �w�i�t�h� �a� �-�5�/�3� �s�l�o�p�e� �i�s� �s�e�e�n� �i�n� �f�i�g�u�r�e� �8�3�b�.� �M�o�v�i�n�g� �c�l�o�s�e�r� 

�t�o� �t�h�e� �c�o�r�e�,� �t�h�e�s�e� �p�e�a�k�s� �a�r�o�u�n�d� �f�c�/�U�,�,�,�=�4� �a�t� �r�/�c�=�0�.�0�9� �t�h�e�n� �d�i�s�a�p�p�e�a�r� �b�y� �r�/�c�=�0�.�0�4� �i�n� �G�,�,�_�.� 

�H�o�w�e�v�e�r�,� �t�h�i�s� �p�e�a�k� �b�e�g�i�n�s� �t�o� �a�p�p�e�a�r� �i�n� �G�,�,�,�,� �c�l�o�s�e� �t�o� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e� �a�r�o�u�n�d� 
�V�X�V�X� 

�f�c�/�U�,�,�.�.�=�4� �a�t� �r�/�c�=�0�.�0�1�.� �T�h�i�s� �m�a�y� �b�e� �t�h�e� �r�e�s�u�l�t� �o�f� �s�o�m�e� �t�y�p�e� �o�f� �a�x�i�a�l� �i�n�s�t�a�b�i�l�i�t�y� �i�n� �t�h�e� �c�o�r�e� 

�r�e�g�i�o�n� �w�h�i�c�h� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �l�a�t�e�r� �i�n� �t�h�i�s� �s�e�c�t�i�o�n�.� �O�n� �t�h�e� �o�t�h�e�r� �s�i�d�e� �o�f� �t�h�e� �p�r�o�f�i�l�e� �i�n� 

�f�i�g�u�r�e� �8�4�,� �l�a�r�g�e� �p�e�a�k�s� �a�r�e� �s�e�e�n� �a�t� �r�/�c�=�-�0�.�0�9� �a�r�o�u�n�d� �f�c�/�U�,�,�.�=�4�.� �M�o�v�i�n�g� �a�w�a�y� �f�r�o�m� �t�h�e� 

�c�o�r�e�,� �t�h�e�s�e� �p�e�a�k�s� �d�i�s�a�p�p�e�a�r� �b�y� �r�/�c�=�-�0�.�1�6� �a�n�d� �-�0�.�2�5�.� �A�t� �r�/�c�=�-�0�.�5�3�,� �t�h�i�s� �p�e�a�k� �r�e�a�p�p�e�a�r�s� �i�n� 

�t�h�e� �s�p�i�r�a�l� �w�a�k�e� �a�r�o�u�n�d� �f�c�/�U�,�,�,�=�3�.� �A�s�s�u�m�i�n�g� �T�a�y�l�o�r�'�s� �h�y�p�o�t�h�e�s�i�s�,� �t�h�e� �f�r�e�q�u�e�n�c�y� �a�t� 

�f�c�/�U�,�,�<�=�3� �i�m�p�l�i�e�s� �a� �l�e�n�g�t�h� �s�c�a�l�e� �o�f� �0�.�3�3� �c�h�o�r�d�l�e�n�g�t�h�s�.� �T�h�i�s� �i�s� �a� �p�r�o�b�a�b�l�e� �s�i�z�e� �o�f� �l�a�r�g�e� 

�s�c�a�l�e� �s�t�r�u�c�t�u�r�e�s� �i�n� �t�h�e� �w�a�k�e� �w�h�i�c�h� �a�w�a�y� �f�r�o�m� �t�h�e� �v�o�r�t�e�x� �c�o�r�e� �i�s� �0�.�3�9� �c�h�o�r�d�l�e�n�g�t�h�s� �i�n� 

�w�i�d�t�h�.� �C�l�o�s�e� �t�o� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e�,� �t�h�e� �s�p�e�c�t�r�a�l� �e�n�e�r�g�y� �l�e�v�e�l� �a�t� �l�o�w�e�r� �f�r�e�q�u�e�n�c�i�e�s� �r�i�s�e�s� 

�a�n�d� �r�e�a�c�h�e�s� �a� �m�a�x�i�m�u�m� �i�n� �G�,�,�,�,� �a�n�d� �G�,�,�,�.� �T�h�i�s� �i�s� �p�r�e�s�u�m�a�b�l�y� �a� �p�a�r�t�i�a�l� �r�e�s�u�l�t� �o�f� �t�h�e� 

�v�e�l�o�c�i�t�y� �f�l�u�c�t�u�a�t�i�o�n�s� �p�r�o�d�u�c�e�d� �b�y� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g�.� �N�o�t�i�c�e� �t�h�a�t� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e�,� 

�G�,�,�v�;� �h�a�s� �m�u�c�h� �l�e�s�s� �e�n�e�r�g�y� �t�h�a�n� �G�,�,�,�,� �a�n�d� �G�,�,�,� �i�n� �t�h�e� �l�o�w�e�r� �f�r�e�q�u�e�n�c�i�e�s� �s�i�n�c�e� �i�t� �i�s� �l�e�s�s� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �4�8



�a�f�f�e�c�t�e�d� �b�y� �t�h�e� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g�.� �A�t� �h�i�g�h�e�r� �f�r�e�q�u�e�n�c�i�e�s� �f�c�/�U�,�,�;�>�2�0�,� �s�p�e�c�t�r�a�l� �e�n�e�r�g�y� 

�l�e�v�e�l�s� �c�h�a�n�g�e� �l�i�t�t�l�e� �b�e�t�w�e�e�n� �r�/�c�=�+�0�.�0�9� �a�n�d� �+�0�.�0�4� �a�n�d� �t�h�e�n� �s�l�i�g�h�t�l�y� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �c�o�r�e�.� 

�T�h�i�s� �l�a�t�t�e�r� �r�e�s�u�l�t�,� �w�h�i�c�h� �i�m�p�l�i�e�s� �t�h�a�t� �v�e�l�o�c�i�t�y� �f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �t�h�e� �c�o�r�e� �a�r�e� �o�n�l�y� �s�l�i�g�h�t�l�y� 

�l�o�w�e�r� �t�h�a�n� �e�l�s�e� �w�h�e�r�e� �i�s� �s�u�r�p�r�i�s�i�n�g� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �s�t�r�o�n�g� �s�t�a�b�i�l�i�z�i�n�g� �n�a�t�u�r�e� �o�f� �t�h�e� �f�l�o�w�.� 

�A�u�t�o�s�p�e�c�t�r�a� �t�a�k�e�n� �a�l�o�n�g� �p�r�o�f�i�l�e� �B�b� �(�f�i�g�u�r�e� �8�5� �a�n�d� �8�6�)� �s�h�o�w� �s�i�m�i�l�a�r� �f�e�a�t�u�r�e�s� �a�s� �p�r�o�f�i�l�e� 

�A�a�.� �P�e�a�k�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �l�a�r�g�e� �s�c�a�l�e� �s�t�r�u�c�t�u�r�e�s� �f�r�o�m� �t�h�e� �s�p�i�r�a�l� �w�a�k�e� �a�r�e� �v�i�s�i�b�l�e� �a�t� 

�f�c�/�U�,�,�<�=�4� �a�t� �r�a�d�i�a�l� �l�o�c�a�t�i�o�n�s� �r�/�c�=�+�0�.�1�6� �a�n�d� �+�0�.�2�4� �i�n� �G�,�.�.� �A�p�p�r�o�a�c�h�i�n�g� �t�h�e� �c�o�r�e�,� �t�h�e�s�e� 

�p�e�a�k�s� �d�i�s�a�p�p�e�a�r� �b�y� �r�/�c�=�0�.�0�4� �b�u�t� �r�e�a�p�p�e�a�r� �i�n� �t�h�e� �c�o�r�e� �i�n� �G�,�,�,�,�,� �a�t� �a�b�o�u�t� �t�h�e� �s�a�m�e� 
�V�X�V�X� 

�f�r�e�q�u�e�n�c�y�.� �O�n� �t�h�e� �o�p�p�o�s�i�t�e� �s�i�d�e� �o�f� �t�h�e� �c�o�r�e�,� �t�h�e� �w�a�k�e� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �v�i�s�i�b�l�e� �a�t� �r�/�c�=�-�0�.�1�5� 

�a�n�d� �-�0�.�0�9�.� �A�t� �l�o�w� �f�r�e�q�u�e�n�c�i�e�s� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g� �a�p�p�e�a�r�s� �t�o� �c�a�u�s�e� �a� �l�a�r�g�e� �i�n�c�r�e�a�s�e� �i�n� 

�s�p�e�c�t�r�a�l� �e�n�e�r�g�y� �l�e�v�e�l�s� �(�a�b�o�u�t� �a�n� �o�r�d�e�r� �o�f� �m�a�g�n�i�t�u�d�e�)� �i�n� �G�,�o�,� �a�n�d� �G�,�,�,�,� �c�o�m�p�a�r�e�d� �w�i�t�h� 

�G� 
�V�X�V�x�"� 

�A�t� �h�i�g�h� �f�r�e�q�u�e�n�c�i�e�s� �f�c�/�U�,�,�,�>�2�0�,� �t�h�e�i�r� �i�s� �a� �s�l�i�g�h�t� �d�e�c�r�e�a�s�e� �i�n� �s�p�e�c�t�r�a�l� �e�n�e�r�g�y� �l�e�v�e�l�s� 

�i�n� �t�h�e� �c�o�r�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �e�l�s�e�w�h�e�r�e� �i�n� �t�h�e� �f�l�o�w�.� 

�4�.�2�.�1�.�2� �x�/�c�=�1�5� 

�B�y� �x�/�c�=�1�5� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r�s� �h�a�v�e� �r�o�t�a�t�e�d� �a�b�o�u�t� �t�h�e�i�r� �c�o�m�m�o�n� �c�e�n�t�e�r� �t�h�r�o�u�g�h� 

�a�n� �a�n�g�l�e� �o�f� �a�b�o�u�t� �2�5�2�°� �a�n�d� �m�o�v�e�d� �c�l�o�s�e�r� �t�o�g�e�t�h�e�r� �t�o� �a� �s�e�p�a�r�a�t�i�o�n� �o�f� �0�.�2�c� �(�f�i�g�u�r�e� �8�7�)�.� 

�T�h�e� �c�o�n�t�o�u�r�s� �o�f� �t�u�r�b�u�l�e�n�t� �k�i�n�e�t�i�c� �e�n�e�r�g�y� �a�n�d� �v�,�?� �i�n� �f�i�g�u�r�e� �8�8� �a�n�d� �8�9�,� �s�h�o�w� �t�h�e� �d�i�s�t�o�r�t�i�o�n� 

�o�f� �t�h�e� �w�i�n�g� �w�a�k�e�s� �c�a�u�s�e�d� �b�y� �t�h�e� �f�u�r�t�h�e�r� �r�o�t�a�t�i�o�n� �o�f� �t�h�e� �v�o�r�t�i�c�e�s� �a�b�o�u�t� �t�h�e�i�r� �c�o�m�m�o�n� 

�c�e�n�t�e�r�.� �N�o�t�i�c�e� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �p�e�a�k� �t�u�r�b�u�l�e�n�c�e� �k�i�n�e�t�i�c� �e�n�e�r�g�y� �a�s� �t�h�e� �w�a�k�e�s� �a�p�p�r�o�a�c�h�e�s� 

�t�h�e� �c�o�r�e�s� �f�r�o�m� �k�=�.�0�0�0�3�8� �t�o� �k�=�.�0�0�0�2�4�.� �T�h�i�s� �i�s� �a�l�s�o� �a�b�o�u�t� �a� �3�2�%� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �p�e�a�k� 

�t�u�r�b�u�l�e�n�c�e� �e�n�e�r�g�y� �i�n� �t�h�e� �w�a�k�e� �f�r�o�m� �x�/�c�=�1�0�.� �T�h�e� �w�a�k�e� �w�i�d�t�h� �a�t� �t�h�e� �m�a�x�i�m�u�m� �t�.�k�.�e� �i�s� 

�0�.�4�2�c�,� �a� �7�%� �i�n�c�r�e�a�s�e� �f�r�o�m� �x�/�c�=�1�0� 
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�D�e�t�a�i�l�e�d� �c�r�o�s�s� �f�l�o�w� �v�e�l�o�c�i�t�y� �v�e�c�t�o�r�s� �o�f� �t�h�e� �v�o�r�t�e�x� �c�o�r�e� �o�r�i�g�i�n�a�t�i�n�g� �f�r�o�m� �t�h�e� �l�o�w�e�r� �w�i�n�g� 

�a�r�e� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �9�0�.� �T�h�e� �v�e�l�o�c�i�t�y� �f�i�e�l�d� �i�s� �e�v�e�n� �l�e�s�s� �a�x�i�s�y�m�m�e�t�r�i�c� �t�h�a�t� �a�t� �x�/�c�=�1�0�.� �I�n� 

�b�o�t�h� �m�e�a�n� �v�e�l�o�c�i�t�y� �v�e�c�t�o�r�s� �a�n�d� �v�o�r�t�i�c�i�t�y� �c�o�n�t�o�u�r�s� �(�f�i�g�u�r�e� �9�1�)�,� �t�h�e� �c�o�r�e� �i�s� �e�v�e�n� �m�o�r�e� 

�e�l�l�i�p�t�i�c�a�l� �t�h�a�n� �a�t� �x�/�c�=�1�0� �w�i�t�h� �m�a�j�o�r� �a�n�d� �m�i�n�o�r� �a�x�e�s� �d�i�a�m�e�t�e�r�s� �o�f� �0�.�1�1�5�c� �a�n�d� �0�.�0�8�c� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�i�s� �i�m�p�l�i�e�s� �a� �c�o�r�e� �a�r�e�a� �5�0�%� �g�r�e�a�t�e�r� �t�h�a�n� �a�t� �x�/�c�=�1�0�.� �P�e�a�k� �t�a�n�g�e�n�t�i�a�l� 

�v�e�l�o�c�i�t�i�e�s� �a�t� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �c�o�r�e�,� �v�a�r�y� �f�r�o�m� �6�.�7�%� �U�,�,�,� �c�l�o�s�e�s�t� �t�o� �t�h�e� �l�i�n�e� �o�f� �a�n�t�i�s�y�m�m�e�t�r�y� �r�e�f� 

�t�o� �1�6�.�1�%� �U�,�,�,� �o�n� �t�h�e� �o�p�p�o�s�i�t�e� �s�i�d�e�.� �T�h�e� �v�o�r�t�i�c�i�t�y� �c�o�n�t�o�u�r�s� �a�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �c�o�n�c�e�n�t�r�i�c� 

�w�i�t�h� �t�h�e� �c�o�r�e� �a�n�d� �h�a�v�e� �a� �m�a�x�i�m�u�m� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �1�5�.�7�,� �1�3�%� �l�e�s�s� �t�h�a�n� �a�t� �x�/�c�=�1�0�.� �N�e�a�r� 

�t�h�e� �p�l�a�n�e� �o�f� �a�n�t�i�s�y�m�m�e�t�r�y�,� �a� �s�m�a�l�l� �i�s�l�a�n�d� �o�f� �p�o�s�i�t�i�v�e� �v�o�r�t�i�c�i�t�y� �e�x�i�t�s� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� 

�i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �p�a�i�r�,� �a�g�a�i�n� �s�i�m�i�l�a�r� �t�o� �t�h�e� �u�p�s�t�r�e�a�m� �l�o�c�a�t�i�o�n�.� �C�o�n�t�o�u�r�s� �o�f� �t�.�k�.�e� �a�n�d� 

�R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s� �(�f�i�g�u�r�e�s� �9�2� �t�h�r�o�u�g�h� �9�8�)�,� �s�h�o�w� �v�a�r�i�a�t�i�o�n�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �c�o�n�v�o�l�u�t�e�d� 

�w�a�k�e�s� �a�t� �t�h�i�s� �l�o�c�a�t�i�o�n�.� �T�h�e� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g� �c�a�u�s�e�s� �t�h�e� �t�u�r�b�u�l�e�n�c�e� �l�e�v�e�l�s� �t�o� �r�i�s�e� �t�o� �a� 

�m�a�x�i�m�u�m� �i�n� �t�h�e� �c�o�r�e� �w�i�t�h� �k�=�.�0�1�1�4� �(�1�7�%� �i�n�c�r�e�a�s�e� �f�r�o�m� �x�/�c�=�1�0�)�,� �v�,�?�=�.�0�0�1�9� �(�0�%� �i�n�c�r�e�a�s�e� 

�f�r�o�m� �x�/�c�=�1�0�)�,� �v�g�2�=�.�0�1� �(�3�9�%� �i�n�c�r�e�a�s�e� �f�r�o�m� �x�/�c�=�1�0�)� �a�n�d� �v�,�?�=�.�0�1�1� �(�1�0�%� �i�n�c�r�e�a�s�e� �f�r�o�m� 

�x�/�c�=�1�0�)� �i�m�p�l�y�i�n�g� �m�o�t�i�o�n�s� �t�h�a�t� �a�r�e� �s�l�i�g�h�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �a�t� �x�/�c�=�1�0�.� 

�R�e�p�r�e�s�e�n�t�a�t�i�v�e� �p�r�o�f�i�l�e�s� �o�f� �t�h�e� �t�o�p� �v�o�r�t�e�x� �c�o�r�e� �a�r�e� �s�h�o�w�n� �i�n� �f�i�g�u�r�e�s� �9�9� �a�n�d� �1�0�0� �a�n�d� �a�r�e� 

�l�a�b�e�l�e�d� �p�r�o�f�i�l�e� �C�c� �a�n�d� �D�d� �i�n� �f�i�g�u�r�e� �9�0�.� �P�r�o�f�i�l�e� �C�c� �i�s� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �l�i�n�e� �o�f� �a�n�t�i�s�y�m�m�e�t�r�y�,� 

�a�n�d� �s�h�o�w�s� �v�e�r�y� �l�i�t�t�l�e� �e�f�f�e�c�t� �o�f� �t�h�e� �w�i�n�g� �w�a�k�e� �o�n� �t�h�e� �a�x�i�a�l� �v�e�l�o�c�i�t�y� �p�r�o�f�i�l�e� �i�n� �f�i�g�u�r�e� �9�9�a�.� 

�T�h�e� �d�e�c�r�e�a�s�e�d� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �p�a�i�r� �c�a�u�s�e�s� �a� �g�r�e�a�t�e�r� �i�n�d�u�c�e�d� �v�e�l�o�c�i�t�y� �o�n� �e�a�c�h� �v�o�r�t�e�x� 

�c�o�r�e� �p�a�r�t�l�y� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �l�a�r�g�e� �r�a�d�i�a�l� �v�e�l�o�c�i�t�i�e�s� �p�r�e�s�e�n�t� �i�n� �p�r�o�f�i�l�e� �C�c�.� �T�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� 

�w�i�n�g� �w�a�k�e� �o�n� �t�h�e� �a�x�i�a�l� �v�e�l�o�c�i�t�y� �c�a�n� �b�e� �s�e�e�n� �a�s� �a� �s�m�a�l�l� �d�e�f�i�c�i�t� �(�2�%�U�,�,�,�)� �n�e�a�r� �r�/�c�=�0�.�5�5� �i�n� 

�p�r�o�f�i�l�e� �D�d�.� �T�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �(�f�i�g�u�r�e�s� �9�9�b� �a�n�d� �1�0�0�b�)� �c�l�e�a�r�l�y� �s�h�o�w� �t�h�e� �t�w�o� �w�i�n�g� �w�a�k�e�s� 

�a�t� �r�/�c�=�0�.�4� �(�p�e�a�k� �k�=�0�.�0�0�0�2�3�)� �a�n�d� �a�t� �r�/�c�=�-�0�.�4� �(�p�e�a�k� �k�=�0�.�0�0�0�2�2�)� �i�n� �p�r�o�f�i�l�e� �C�c� �a�n�d� �a�t� �r�/�c�=�0�.�5� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �5�0



�(�p�e�a�k� �k�=�0�.�0�0�0�6�2�)� �i�n� �p�r�o�f�i�l�e� �D�d�.� �I�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �w�a�n�d�e�r�i�n�g� �i�s� 

�s�e�e�n� �o�n� �t�h�e� �t�u�r�b�u�l�e�n�t� �f�l�u�c�t�u�a�t�i�o�n�s�.� �A�s� �w�i�t�h� �x�/�c�=�1�0� �v�,�?� �i�s� �m�u�c�h� �l�o�w�e�r� �t�h�a�n� �v�,�?� �a�n�d� �v�,�?�.� 

�T�h�e� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �(�f�i�g�u�r�e�s� �9�9�c� �a�n�d� �1�0�0�c� �)� �s�h�o�w� �a� �s�i�m�i�l�a�r� �i�n�c�r�e�a�s�e� �i�n� �s�t�r�e�s�s� �l�e�v�e�l�s� �i�n� �t�h�e� 

�c�o�r�e� �r�e�g�i�o�n�.� �O�u�t�s�i�d�e� �t�h�e� �c�o�r�e�,� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �l�e�v�e�l�s� �i�n� �t�h�e� �w�a�k�e� �c�a�n� �b�e� �s�e�e�n� �t�o� �i�n�c�r�e�a�s�e� 

�f�u�r�t�h�e�r� �o�u�t� �f�r�o�m� �t�h�e� �c�o�r�e�.� 

�V�e�l�o�c�i�t�y� �s�p�e�c�t�r�a� �a�l�o�n�g� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �r�a�d�i�a�l� �l�o�c�a�t�i�o�n�s� �i�n� �p�r�o�f�i�l�e� �C�c� �a�r�e� �s�h�o�w�n� �i�n� �f�i�g�u�r�e�s� 

�1�0�1� �a�n�d� �1�0�2�.� �T�h�e� �r�a�d�i�a�l� �l�o�c�a�t�i�o�n�s� �a�r�e� �m�a�r�k�e�d� �i�n� �f�i�g�u�r�e�s� �9�9� �a�n�d� �1�0�0�.� �T�h�e�s�e� �s�p�e�c�t�r�a� �a�r�e� 

�s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �a�t� �x�/�c�=�1�0� �w�i�t�h� �p�e�a�k�s� �p�r�e�s�e�n�t� �a�t� �r�/�c�=�0�.�3� �a�n�d� �-�0�.�3�2� �i�n� �G�,�,�,�,� �a�n�d� �G�,�,�,�,� �b�u�t� �a�t� 

�a� �l�o�w�e�r� �f�r�e�q�u�e�n�c�y� �o�f� �f�c�/�U�,�,�,�=�2�.�5� �i�m�p�l�y�i�n�g� �a� �l�a�r�g�e�r� �s�c�a�l�e�.� �S�i�m�i�l�a�r� �p�e�a�k�s� �a�r�e� �a�l�s�o� �s�e�e�n� �i�n� 

�G�,� �v�x� �(� �f�i�g�u�r�e� �1�0�1�a�)� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e� �a�t� �t�h�e� �s�a�m�e� �f�r�e�q�u�e�n�c�y�.� �I�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� 

�t�h�e�s�e� �s�p�e�c�t�r�a�l� �p�e�a�k�s� �i�n� �t�h�e� �c�o�r�e� �a�r�e� �s�o�m�e� �t�y�p�e� �o�f� �a�x�i�a�l� �i�n�s�t�a�b�i�l�i�t�y� �s�t�i�m�u�l�a�t�e�d� �b�y� �t�h�e� �l�a�r�g�e� 

�s�c�a�l�e� �s�t�r�u�c�t�u�r�e�s� �i�n� �t�h�e� �w�a�k�e�.� �A�g�a�i�n� �a�t� �l�o�w� �f�r�e�q�u�e�n�c�i�e�s� �G�.� 
�V�X�V�X� 

�i�s� �m�u�c�h� �l�e�s�s� �t�h�a�n� �G�,�o�,�,� �a�n�d� 

�G�,�,�y�,� �a�S� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g�.� �A�t� �h�i�g�h� �f�r�e�q�u�e�n�c�i�e�s� �f�c�/�U�,�,�,� �>�2�0�,� �t�h�e� �t�u�r�b�u�l�e�n�t� �r�e�f� 

�f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �a�r�e� �h�i�g�h�e�r� �t�h�a�n� �o�t�h�e�r� �p�a�r�t�s� �o�f� �t�h�e� �f�l�o�w� �a�n�d� �a�t� �x�/�c�=�1�0�.� �T�h�i�s� 

�m�a�y� �i�m�p�l�y� �t�h�a�t� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �a�g�i�n�g� �o�f� �t�h�e� �v�o�r�t�i�c�e�s�,� �t�h�e� �t�u�r�b�u�l�e�n�t� �f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �t�h�e� �c�o�r�e� 

�m�a�y� �a�l�s�o� �i�n�c�r�e�a�s�e�.� �P�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �a�n�t�i�s�y�m�m�e�t�r�y� �l�i�n�e� �i�n� �p�r�o�f�i�l�e� �D�d� �(�f�i�g�u�r�e�s� �1�0�3� �a�n�d� 

�1�0�4�)� �t�h�e� �o�u�t�e�r� �r�e�g�i�o�n� �o�f� �t�h�e� �f�l�o�w� �i�s� �s�i�m�i�l�a�r� �t�o� �p�r�o�f�i�l�e� �C�c�,� �w�i�t�h� �p�e�a�k�s� �a�t� �r�/�c�=�0�.�6� �w�i�t�h� �a� 

�f�r�e�q�u�e�n�c�y� �f�c�/�U�,�,�,�=�3�.� �T�h�e�s�e� �p�e�a�k�s� �a�r�e� �a�l�s�o� �s�e�e�n� �a�t� �r�=�0�.�1�1� �a�n�d� �0�.�3�1� �w�i�t�h� �s�l�i�g�h�t�l�y� �l�o�w�e�r� 

�f�r�e�q�u�e�n�c�i�e�s�.� �C�l�o�s�e�r� �t�o� �t�h�e� �l�i�n�e� �o�f� �a�n�t�i�s�y�m�m�e�t�r�y�,� �t�h�e� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e�s�e� �p�e�a�k�s� �i�n�c�r�e�a�s�e� 

�a�r�o�u�n�d� �f�c�/�U�,�,�,�=�3� �i�n� �f�i�g�u�r�e� �1�1�0�.� �T�h�i�s� �i�s� �p�r�e�s�u�m�a�b�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �p�a�s�s�a�g�e� �o�f� �l�a�r�g�e� 

�s�c�a�l�e� �w�a�k�e� �s�t�r�u�c�t�u�r�e�s� �b�e�t�w�e�e�n� �t�h�e� �v�o�r�t�i�c�e�s� �a�s� �t�h�e� �w�a�k�e� �s�p�i�r�a�l�s� �a�r�o�u�n�d� �t�h�e� �c�o�r�e�.� �T�h�e�s�e� 

�p�e�a�k�s� �c�a�n� �b�e� �c�l�e�a�r�l�y� �s�e�e�n� �i�n� �G�,�,�,�,� �a�n�d� �G�,�,�,� �a�t� �r�/�c�=�-�0�.�1�0� �a�n�d� �-�0�.�1�5�.� �A�l�s�o� �t�h�e�r�e� �i�s� �h�i�g�h�e�r� �V�X�V�X� 

�e�n�e�r�g�y� �l�e�v�e�l�s� �a�t� �f�c�/�U�,�,�,�>�2�0� �i�n� �t�h�e� �r�e�g�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �v�o�r�t�i�c�e�s� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �s�p�i�r�a�l� 

�w�a�k�e� �m�e�r�g�i�n�g� �w�i�t�h� �s�u�r�r�o�u�n�d�i�n�g� �c�o�r�e� �r�e�g�i�o�n�.� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �5�1



�4�.�2�.�1�.�3� �x�/�c�=�2�2� 

�B�y� �x�/�c�=�2�2� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�s� �a�p�p�e�a�r� �t�o� �h�a�v�e� �m�e�r�g�e�d� �t�o� �f�o�r�m� �a� �s�i�n�g�l�e� �v�o�r�t�e�x� �w�i�t�h� �a�n� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �a�x�i�s�y�m�m�e�t�r�i�c� �v�e�l�o�c�i�t�y� �f�i�e�l�d� �a�b�o�u�t� �a� �s�i�n�g�l�e� �c�e�n�t�e�r� �(�f�i�g�u�r�e� �1�0�5�)�.� �T�h�e� �t�.�k�.�e� 

�a�n�d� �v�,�?� �c�o�n�t�o�u�r�s�,� �f�i�g�u�r�e�s� �1�0�6� �a�n�d� �1�0�7�,� �s�h�o�w� �t�h�e� �w�i�n�g� �w�a�k�e�s� �w�e�l�l� �w�r�a�p�p�e�d� �u�p� �a�r�o�u�n�d� �t�h�e� 

�c�e�n�t�e�r� �o�f� �r�o�t�a�t�i�o�n� �f�o�r�m�i�n�g� �a� �l�a�r�g�e� �t�u�r�b�u�l�e�n�t� �r�e�g�i�o�n� �1�.�2�5�c� �i�n� �d�i�a�m�e�t�e�r� �a�t� �t�h�e� �m�i�n�i�m�u�m�.� 

�T�h�e� �t�.�k�.�e� �i�n� �t�h�e� �w�a�k�e�s� �d�e�c�r�e�a�s�e�s� �f�r�o�m� �k�=�0�.�0�0�0�2�2� �i�n� �t�h�e� �o�u�t�e�r� �r�e�g�i�o�n� �t�o� �k�=�0�.�0�0�0�1�0� �c�l�o�s�e� 

�t�o� �t�h�e� �c�o�r�e�.� �T�h�i�s� �i�s� �a� �5�5�%� �r�e�d�u�c�t�i�o�n� �i�n� �p�e�a�k� �t�.�k�.�e�.� �f�r�o�m� �x�/�c�=�1�5�.� �T�h�e� �m�a�x�i�m�u�m� �w�a�k�e� 

�w�i�d�t�h� �i�n�c�r�e�a�s�e�s� �b�y� �1�7�%� �f�r�o�m� �x�/�c�=�1�5� �t�o� �0�.�4�9�c�.� �T�h�e� �c�o�r�e� �o�f� �t�h�e� �c�o�m�b�i�n�e�d� �f�l�o�w�,� �s�h�o�w�n� �i�n� 

�f�i�g�u�r�e� �1�0�8� �i�s� �n�o�t� �c�i�r�c�u�l�a�r� �b�u�t� �h�a�s� �a�n� �o�u�t�l�i�n�e� �l�i�k�e� �t�h�a�t� �o�f� �t�w�o� �o�v�e�r�l�a�p�p�i�n�g� �e�l�l�i�p�s�e�s�.� �I�t� �h�a�s� 

�d�i�a�m�e�t�e�r�s� �o�f� �0�.�2�1�c� �a�n�d� �0�.�1�7�c� �i�n� �t�h�e� �y� �a�n�d� �z� �d�i�r�e�c�t�i�o�n�s� �r�e�s�p�e�c�t�i�v�e�l�y�,� �a�b�o�u�t� �t�w�i�c�e� �t�h�e� �s�i�z�e� 

�o�f� �e�a�c�h� �o�f� �t�h�e� �u�n�m�e�r�g�e�d� �c�o�r�e�s�.� �V�,� �a�t� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �c�o�r�e� �i�s� �n�o�t� �a�x�i�s�y�m�m�e�t�r�i�c� �b�u�t� �v�a�r�i�e�s� 

�b�y� �+�1�.�3�%� �U�_�,�,� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �1�2�.�6�%�U�,�,�,�.� �T�h�e� �c�o�n�t�o�u�r�s� �o�f� �v�o�r�t�i�c�i�t�y� �(�f�i�g�u�r�e� �1�0�9�)� 

�a�r�e� �S�i�m�i�l�a�r� �i�n� �s�h�a�p�e� �o�f� �t�h�e� �v�o�r�t�e�x� �c�o�r�e� �w�i�t�h� �a� �m�a�x�i�m�u�m� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �9�.�0�.� �F�u�r�t�h�e�r� �o�u�t� 

�f�r�o�m� �t�h�e� �c�o�r�e�,� �t�h�e� �c�o�n�t�o�u�r�s� �a�r�e� �n�o�t� �c�o�n�c�e�n�t�r�i�c� �b�u�t� �a�p�p�e�a�r� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �m�e�r�g�i�n�g� �o�f� �t�h�e� 

�w�a�k�e�s� �i�n�t�o� �t�h�e� �s�u�r�r�o�u�n�d�i�n�g� �c�o�r�e� �r�e�g�i�o�n�.� �T�h�i�s� �i�s� �a�l�s�o� �s�e�e�n� �i�n� �t�h�e� �t�.�k�.�e� �a�n�d� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s� 

�c�o�n�t�o�u�r�s� �(�f�i�g�u�r�e�s� �1�1�0� �t�h�r�o�u�g�h� �1�1�6�)� �i�n� �p�a�r�t�i�c�u�l�a�r� �t�h�o�s�e� �o�f� �v�,�v�,� �(�f�i�g�u�r�e� �1�1�6�)�.� �T�h�e� �c�o�n�t�o�u�r�s� 

�a�r�e� �n�o�n�-�a�x�i�s�y�m�m�e�t�r�i�c� �w�e�l�l� �i�n�t�o� �t�h�e� �c�o�r�e� �i�m�p�l�y�i�n�g� �t�h�a�t� �e�v�e�n� �i�n� �t�h�e� �c�o�r�e� �t�h�e� �m�e�r�g�i�n�g� 

�p�r�o�c�e�s�s� �i�s� �n�o�t� �c�o�m�p�l�e�t�e�.� �T�h�i�s� �i�s� �c�l�e�a�r�l�y� �s�e�e�n� �i�n� �v�,�v�,� �w�h�i�c�h� �s�h�o�w�s� �a� �n�u�m�b�e�r� �o�f� �s�p�i�r�a�l�s� �i�n� 

�a�n�d� �a�r�o�u�n�d� �t�h�e� �c�o�r�e�.� �P�e�a�k� �t�u�r�b�u�l�e�n�c�e� �l�e�v�e�l�s� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e� �a�r�e� �k�=�0�.�0�0�2�1� �w�h�i�c�h� 

�i�s� �4� �t�i�m�e�s� �s�m�a�l�l�e�r� �t�h�a�t� �t�h�e� �p�e�a�k� �l�e�v�e�l�s� �i�n� �t�h�e� �u�n�m�e�r�g�e�d� �v�o�r�t�i�c�e�s�,� �v�,�?�=�0�.�0�0�1�1�,� �v�g�2�=�0�.�0�0�1�5� 

�a�n�d� �v�,�?�=�0�.�0�0�1�5�.� �N�o�t�e� �h�o�w� �a�l�l� �t�h�r�e�e� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �a�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �e�q�u�a�l�.� �I�t� �a�p�p�e�a�r�s� 

�t�h�a�t� �m�o�s�t� �o�f� �t�h�e� �t�u�r�b�u�l�e�n�c�e� �l�e�v�e�l�s� �i�n� �t�h�e� �c�o�r�e� �a�r�e� �n�o�t� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g�.� 
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�T�o� �b�e�t�t�e�r� �i�l�l�u�s�t�r�a�t�e� �t�h�e� �f�l�o�w� �s�t�r�u�c�t�u�r�e� �a�c�r�o�s�s� �t�h�e� �v�o�r�t�e�x� �a�t� �x�/�c�=�2�2�,� �p�r�o�f�i�l�e�s� �i�n� �f�i�g�u�r�e� �1�0�8� 

�E�e� �a�n�d� �F�f� �a�r�e� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �1�1�7� �t�h�r�o�u�g�h� �1�1�8�.� �T�h�e� �m�e�a�n� �v�e�l�o�c�i�t�y� �p�r�o�f�i�l�e�s� �(�f�i�g�u�r�e�s� �1�1�7�a� 

�a�n�d� �1�1�8�a�)� �c�l�e�a�r�l�y� �s�h�o�w� �t�h�e� �i�n�c�o�m�p�l�e�t�e� �m�e�r�g�i�n�g� �p�r�o�c�e�s�s� �o�f� �t�h�e� �t�w�o� �v�o�r�t�i�c�e�s� �a�s� �d�i�p�s� �a�n�d� 

�v�a�l�l�e�y�s� �i�n� �b�o�t�h� �t�h�e� �a�x�i�a�l� �a�n�d� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�y� �p�r�o�f�i�l�e�s�.� �T�h�e�s�e� �d�i�p�s� �a�n�d� �v�a�l�l�e�y�s� �a�r�e� �p�a�r�t� 

�o�f� �t�h�e� �w�a�k�e� �s�t�r�u�c�t�u�r�e� �e�x�t�e�n�d�i�n�g� �r�i�g�h�t� �u�p� �t�o� �t�h�e� �c�o�r�e� �e�d�g�e�.� �O�n� �e�i�t�h�e�r� �s�i�d�e� �o�f� �t�h�e� �c�o�r�e�,� 

�t�h�e�r�e� �a�p�p�e�a�r�s� �t�o� �b�e� �a�t� �l�e�a�s�t� �3� �s�e�p�a�r�a�t�e� �h�a�l�f� �t�u�r�n�s� �o�f� �t�h�e� �w�i�n�g� �w�a�k�e� �a�r�o�u�n�d� �t�h�e� �f�l�o�w�.� �T�h�i�s� 

�i�s� �a�l�s�o� �c�o�n�f�i�r�m�e�d� �b�y� �t�h�e� �n�o�r�m�a�l� �a�n�d� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �i�n� �f�i�g�u�r�e�s� �1�1�7�b� �a�n�d� �1�1�8�b�.� �T�h�e� �n�o�r�m�a�l� 

�s�t�r�e�s�s�e�s� �s�h�o�w� �3� �p�e�a�k�s� �o�n� �e�i�t�h�e�r� �s�i�d�e� �o�f� �t�h�e� �c�o�r�e� �i�n� �p�r�o�f�i�l�e� �E�e�,� �o�n�e� �l�a�r�g�e� �p�e�a�k� �(�k�=�0�.�0�0�0�2�2�)� 

�a�t� �r�/�c�=�0�.�6�5� �a�n�d� �t�w�o� �s�m�a�l�l�e�r� �o�n�e�s� �a�t� �r�/�c�=�0�.�4� �a�n�d� �0�.�2� �c�l�o�s�e�r� �t�o� �t�h�e� �c�o�r�e�.� �T�h�i�s� �i�s� �a�l�s�o� �s�e�e�n� �i�n� 

�t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �-�v�,�v�,� �(�f�i�g�u�r�e� �1�1�7�c�)� �w�h�i�c�h� �c�h�a�n�g�e�s� �s�i�g�n� �3� �d�i�f�f�e�r�e�n�t� �t�i�m�e�s� �o�n� �e�i�t�h�e�r� �s�i�d�e� �o�f� 

�t�h�e� �c�o�r�e�.� �T�h�e� �a�x�i�a�l� �v�e�l�o�c�i�t�y� �d�e�f�i�c�i�t� �i�n� �t�h�e� �c�o�r�e� �i�s� �7�.�3�%� �U�_�,�,�.� �N�o�t�e� �t�h�e� �z�e�r�o� �V�,� �a�t� �t�h�e� �r�e�f�*� 

�v�o�r�t�e�x� �c�e�n�t�e�r� �a�n�d� �n�e�g�l�i�g�i�b�l�e� �V�,� �i�n� �f�i�g�u�r�e� �1�1�7�a� �a�n�d� �f�i�g�u�r�e� �1�1�8�a�.� 

�T�h�e� �s�p�e�c�t�r�a�l� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �f�l�o�w� �a�t� �t�h�i�s� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �f�i�g�u�r�e�s� �1�1�9� 

�a�n�d� �1�2�0� �f�o�r� �p�r�o�f�i�l�e� �E�e�.� �A�s� �w�i�t�h� �t�h�e� �u�n�m�e�r�g�e�d� �v�o�r�t�i�c�e�s�,� �t�h�e� �s�p�e�c�t�r�a� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� �w�i�n�g� 

�w�a�k�e� �o�u�t�s�i�d�e� �t�h�e� �c�o�r�e� �(�r�/�c�=�0�.�5�3�,� �0�.�3�5� �-�0�.�3�7� �a�n�d� �-�0�.�5�7�)� �s�h�o�w� �b�r�o�a�d� �p�e�a�k�s� �a�t� �f�r�e�q�u�e�n�c�i�e�s� 

�l�i�k�e�l�y� �t�o� �b�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �p�a�s�s�a�g�e� �o�f� �l�a�r�g�e� �w�a�k�e� �s�t�r�u�c�t�u�r�e�s� �a�t� �f�c�/�U�,�,�.�,�=�2�.� �M�o�v�i�n�g� 

�c�l�o�s�e�r� �t�o� �t�h�e� �c�o�r�e�,� �t�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e�s�e� �s�t�r�u�c�t�u�r�e�s� �i�n�c�r�e�a�s�e� �t�o� �f�c�/�U�,�,�,�=�3� �(�1�/�c�=�+�0�.�1�9�)� 

�i�m�p�l�y�i�n�g� �a� �d�e�c�r�e�a�s�e� �i�n� �s�i�z�e� �a�s� �t�h�e� �c�o�r�e� �i�s� �a�p�p�r�o�a�c�h�e�d�.� �M�o�v�i�n�g� �i�n�t�o� �t�h�e� �c�o�r�e�,� �e�n�e�r�g�y� 

�l�e�v�e�l�s� �a�t� �a�l�l� �f�r�e�q�u�e�n�c�i�e�s� �r�i�s�e�.� �A�t� �l�o�w�e�r� �f�r�e�q�u�e�n�c�i�e�s�,� �h�o�w�e�v�e�r�,� �t�h�e� �r�i�s�e� �i�s� �l�e�s�s� �d�r�a�m�a�t�i�c� 

�t�h�a�n� �i�n� �t�h�e� �u�n�m�e�r�g�e�d� �c�o�r�e�s� �w�i�t�h� �G� �v�x�v�x� �a�p�p�r�o�x�i�m�a�t�e�l�y� �e�q�u�a�l� �t�o� �G�,�,� �a�n�d� �G�.�g�,�9� �i�m�p�l�y�i�n�g� 

�t�h�a�t� �t�h�e�r�e� �i�s� �l�e�s�s� �o�f� �a�n� �e�f�f�e�c�t� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g�.� �T�h�i�s� �i�s� �c�o�n�s�i�s�t�e�n�t� 

�w�i�t�h� �t�h�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �e�q�u�a�l� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �l�e�v�e�l�s� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e�.� �I�n� �t�h�e� 

�c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e�,� �t�h�e� �s�p�e�c�t�r�a� �l�o�o�k� �q�u�a�l�i�t�a�t�i�v�e�l�y� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �o�f� �a� �b�o�u�n�d�a�r�y� �l�a�y�e�r� 

�i�m�p�l�y�i�n�g� �t�h�a�t� �t�h�e� �m�e�r�g�i�n�g� �p�r�o�c�e�s�s� �g�e�n�e�r�a�t�e�s� �t�u�r�b�u�l�e�n�c�e� �i�n� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �o�v�e�r� �a� �b�o�a�r�d� 
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�r�a�n�g�e� �o�f� �s�c�a�l�e�s�.� �N�o�t�i�c�e� �t�h�a�t� �t�h�e�r�e� �a�r�e� �n�o� �p�e�a�k�s� �i�n� �G�,�,�,�,�,� �a�t� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e� �a�s� �w�a�s� 

�t�h�e� �c�a�s�e� �f�o�r� �t�h�e� �u�n�m�e�r�g�e�d� �v�o�r�t�i�c�e�s�.� �T�h�i�s� �i�m�p�l�i�e�s� �t�h�a�t� �t�h�e� �m�e�r�g�i�n�g� �p�r�o�c�e�s�s� �m�a�y� 

�d�r�a�s�t�i�c�a�l�l�y� �c�h�a�n�g�e� �t�h�e� �c�o�r�e� �s�t�r�u�c�t�u�r�e� �a�l�l�o�w�i�n�g� �i�t� �t�o� �b�e� �u�n�a�f�f�e�c�t�e�d� �b�y� �t�h�e� �w�a�k�e�.� �S�p�e�c�t�r�a� �o�f� 

�p�r�o�f�i�l�e� �F�f� �(�f�i�g�u�r�e�s� �1�2�1� �a�n�d� �1�2�2�)� �a�l�s�o� �s�h�o�w� �s�i�m�i�l�a�r� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t�i�n�g� �l�a�r�g�e� �s�c�a�l�e� 

�s�t�r�u�c�t�u�r�e�s� �i�n� �t�h�e� �s�p�i�r�a�l� �w�a�k�e� �a�t� �f�c�/�U�,�,�f�=�2� �(�1�/�c�=�0�.�5�5�,�0�.�3�7�,�-�0�.�3�5�,�-�0�.�5�5� �)� �a�n�d� �a�n� �i�n�c�r�e�a�s�e� �i�n� 

�t�h�e� �s�p�e�c�t�r�a�l� �e�n�e�r�g�y� �a�c�r�o�s�s� �a�l�l� �f�r�e�q�u�e�n�c�i�e�s� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e�.� �A�t� �v�e�r�y� �l�o�w� 

�f�r�e�q�u�e�n�c�i�e�s�,� �t�h�e� �s�p�e�c�t�r�a�l� �e�n�e�r�g�y� �f�o�r� �a�l�l� �3� �a�u�t�o�s�p�e�c�t�r�a� �a�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �e�q�u�a�l� �a�g�a�i�n� 

�i�m�p�l�y�i�n�g� �a� �l�a�c�k� �o�f� �a�n�y� �s�i�g�n�i�f�i�c�a�n�t� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g�.� 

�4�.�2�.�1�.�4� �x�/�c�=�3�0� 

�A�t� �x�/�c�=�3�0�,� �t�h�e� �m�o�s�t� �d�o�w�n�s�t�r�e�a�m� �l�o�c�a�t�i�o�n� �m�e�a�s�u�r�e�d�,� �t�h�e� �t�u�r�b�u�l�e�n�c�e� �a�n�d� �m�e�a�n� �f�l�o�w� 

�m�e�a�s�u�r�e�m�e�n�t�s�,� �f�i�g�u�r�e�s� �1�2�3� �t�h�r�o�u�g�h� �1�2�5�,� �s�h�o�w� �a� �s�o�m�e� �w�h�a�t� �s�i�m�i�l�a�r� �s�t�r�u�c�t�u�r�e� �t�o� �t�h�a�t� �a�t� 

�x�/�c�=�2�2�.� �T�h�e� �l�a�r�g�e� �t�u�r�b�u�l�e�n�t� �r�e�g�i�o�n� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �c�o�r�e� �h�a�s� �g�r�o�w�n� �t�o� �a� �w�i�d�t�h� �o�f� �1�.�5�c� �a�t� 

�m�i�n�i�m�u�m�.� �T�h�e� �m�a�x�i�m�u�m� �t�.�k�.�e� �i�n� �t�h�e� �w�a�k�e� �h�a�s� �d�e�c�r�e�a�s�e�d� �t�o� �k�=�0�.�0�0�0�1�5� �f�r�o�m� �x�/�c�=�2�2�.� 

�T�h�e� �w�a�k�e� �w�i�d�t�h� �h�a�s� �s�l�i�g�h�t�l�y� �i�n�c�r�e�a�s�e�d� �t�o� �0�.�5�1�c�.� �D�e�t�a�i�l�e�d� �v�i�e�w�s� �o�f� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �s�h�o�w� �a� 

�c�o�r�e� �t�h�a�t� �i�s� �m�u�c�h� �m�o�r�e� �c�i�r�c�u�l�a�r� �w�i�t�h� �a� �d�i�a�m�e�t�e�r� �o�f� �0�.�2�c� �(�f�i�g�u�r�e� �1�2�6�)�.� �T�h�e� �t�a�n�g�e�n�t�i�a�l� 

�v�e�l�o�c�i�t�i�e�s� �a�t� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �c�o�r�e� �a�r�e� �a�t� �1�2�.�9�%� �U�,�,�,� �a�n�d� �v�a�r�y� �n�o� �m�o�r�e� �t�h�a�n� �.�3�8�%�U�,�,�,�.� �T�h�e� �r�e�f� 

�f�u�r�t�h�e�r� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� �f�l�o�w� �a�n�d� �m�e�r�g�i�n�g� �o�f� �t�h�e� �w�a�k�e� �s�t�r�u�c�t�u�r�e� �a�r�o�u�n�d� �t�h�e� �c�o�r�e� �c�a�n� 

�b�e� �c�l�e�a�r�l�y� �s�e�e�n� �i�n� �t�h�e� �v�o�r�t�i�c�i�t�y� �c�o�n�t�o�u�r�s� �(�f�i�g�u�r�e� �1�2�7�)�.� �T�h�e� �c�o�n�t�o�u�r�s� �a�r�e� �c�l�o�s�e�l�y� �c�i�r�c�u�l�a�r� �i�n� 

�t�h�e� �c�o�r�e� �w�i�t�h� �a� �m�a�x�i�m�u�m� �n�o�r�m�a�l�i�z�e�d� �v�o�r�t�i�c�i�t�y� �o�f� �5�.�6� �i�n� �t�h�e� �c�e�n�t�e�r�.� �C�o�n�t�o�u�r�s� �o�f� 

�t�u�r�b�u�l�e�n�c�e� �k�i�n�e�t�i�c� �e�n�e�r�g�y� �a�n�d� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �(�f�i�g�u�r�e�s� �1�2�8� �t�h�r�o�u�g�h� �1�3�1�)� �a�r�e� �s�l�i�g�h�t�l�y� �o�u�t� 

�o�f� �r�o�u�n�d�.� �I�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e� �v�a�l�u�e�s� �o�f� �k� �=�0�.�0�0�1�8�,� �v�,�?�=�0�.�0�0�0�6�3�,� �v�,�2�=�0�.�0�0�1�4� �a�n�d� 

�v�, ��=�0�.�0�0�1�5� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �a�t� �x�/�c�=�2�2�.� �T�h�e�s�e� �o�u�t� �o�f� �r�o�u�n�d� �t�.�k�.�e� �c�o�n�t�o�u�r�s� �a�r�e� �p�r�e�s�u�m�a�b�l�y� 

�t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �t�w�o� �w�i�n�g� �w�a�k�e�s� �m�e�r�g�i�n�g� �i�n�t�o� �t�h�e� �f�l�o�w� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �c�o�r�e�.� �I�t� �i�s� 
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�q�u�e�s�t�i�o�n�a�b�l�e� �i�f� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�h�e� �w�i�n�g� �w�a�k�e�s� �a�l�l�o�w�s� �t�h�e� �v�o�r�t�e�x� �t�o� �r�e�a�l�l�y� �o�b�t�a�i�n� �a�n� 

�a�x�i�s�y�m�m�e�t�r�i�c� �t�u�r�b�u�l�e�n�c�e� �r�e�g�i�o�n� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �c�o�r�e�.� �T�h�i�s� �i�s� �a�l�s�o� �s�e�e�n� �i�n� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� 

�i�n� �f�i�g�u�r�e�s� �1�3�2� �t�h�r�o�u�g�h� �1�3�4�.� 

�P�r�o�f�i�l�e�s� �a�l�o�n�g� �t�h�e� �l�i�n�e�s� �G�g� �a�n�d� �H�h� �i�n�d�i�c�a�t�e�d� �i�n� �f�i�g�u�r�e� �1�2�6� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �f�i�g�u�r�e�s� �1�3�5� 

�a�n�d� �1�3�6�.� �I�n� �t�h�e� �o�u�t�e�r� �r�e�g�i�o�n�s� �o�f� �t�h�e� �f�l�o�w�,� �t�h�e� �m�e�a�n� �v�e�l�o�c�i�t�y� �p�r�o�f�i�l�e�s� �s�h�o�w� �t�h�e� �s�m�a�l�l� �d�i�p�s� 

�a�n�d� �v�a�l�l�e�y�s� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �w�i�n�g� �w�a�k�e�s�.� �T�h�e� �a�x�i�a�l� �d�e�f�i�c�i�t� �i�n� �t�h�e� �c�o�r�e� �h�a�s� �d�e�c�r�e�a�s�e�d� �t�o� 

�7�.�0�%�U�,�-�-�,� �a� �4�%� �d�e�c�r�e�a�s�e� �f�r�o�m� �x�/�c�=�2�2�.� �T�h�e� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s� �f�i�g�u�r�e�s� �1�3�5�b� �a�n�d� �1�3�6�b� 

�c�l�e�a�r�l�y� �s�h�o�w� �2� �d�i�s�t�i�n�c�t� �h�a�l�f� �s�p�i�r�a�l�s� �o�f� �t�h�e� �w�i�n�g� �w�a�k�e� �a�r�o�u�n�d� �t�h�e� �c�o�r�e� �r�e�g�i�o�n�.� �T�h�e� 

�m�a�x�i�m�u�m� �t�.�k�.�e� �i�n� �t�h�e� �w�a�k�e� �r�e�g�i�o�n� �f�o�r� �p�r�o�f�i�l�e� �G�g� �i�s� �k�=�0�.�0�0�0�1�5� �(�r�/�c�=�0�.�7�)� �a�n�d� �k�=�0�.�0�0�0�1�8� 

�(�r�/�c�=�-�0�.�8�)�.� �A�s� �t�h�e� �w�a�k�e� �s�p�i�r�a�l�s� �r�o�u�n�d� �t�h�e� �c�o�r�e�,� �p�r�o�f�i�l�e� �H�h� �s�h�o�w�s� �a� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e�s�e� 

�l�e�v�e�l�s� �b�y� �a�b�o�u�t� �3�5�%� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �r�a�d�i�u�s�.� �T�h�e� �m�o�s�t� �d�o�m�i�n�a�n�t� �s�h�e�a�r� �s�t�r�e�s�s� �i�n� �t�h�e� �w�a�k�e� 

�-�v�,�V�,� �(�f�i�g�u�r�e� �1�3�5�c�)� �c�a�n� �b�e� �s�e�e�n� �t�o� �d�e�c�r�e�a�s�e� �i�n� �a� �s�i�m�i�l�a�r� �m�a�n�n�e�r� �a�s� �t�h�e� �w�a�k�e� �s�p�i�r�a�l�s� �a�r�o�u�n�d� 

�t�h�e� �c�o�r�e�.� 

�T�h�e� �s�p�e�c�t�r�a� �s�h�o�w�n� �i�n� �f�i�g�u�r�e�s� �1�3�7� �t�h�r�o�u�g�h� �1�4�0� �f�o�r� �p�r�o�f�i�l�e�s� �G�g� �a�n�d� �H�h� �s�h�o�w� �a� �s�i�m�i�l�a�r� 

�s�t�r�u�c�t�u�r�e� �t�o� �t�h�a�t� �o�f� �x�/�c�=�2�2�.� �P�e�a�k�s� �i�n� �t�h�o�s�e� �s�p�e�c�t�r�a� �s�u�g�g�e�s�t� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �l�a�r�g�e� �w�a�k�e� 

�s�t�r�u�c�t�u�r�e�s� �i�n� �t�h�e� �o�u�t�e�r� �r�e�g�i�o�n�s� �o�f� �t�h�e� �f�l�o�w� �a�t� �f�c�/�U�,�,�.�=�2�,� �f�o�r� �e�x�a�m�p�l�e� �a�t� �r�/�c�=�0�.�6�2� �i�n� �f�i�g�u�r�e� 

�1�3�7�c�,� �b�u�t� �w�i�t�h� �l�o�w�e�r� �e�n�e�r�g�y� �l�e�v�e�l�s� �c�o�m�p�a�r�e�d� �t�o� �x�/�c�=�2�2�.� �T�h�e�s�e� �s�p�e�c�t�r�a� �a�p�p�e�a�r� �t�o� �h�a�v�e� �a� 

�m�o�r�e� �p�r�o�n�o�u�n�c�e�d� �i�n�e�r�t�i�a�l� �s�u�b�r�a�n�g�e� �f�o�l�l�o�w�i�n�g� �-�1� �p�o�w�e�r� �l�a�w� �t�h�a�n� �t�h�e� �u�p�s�t�r�e�a�m� �l�o�c�a�t�i�o�n�s� 

�p�o�s�s�i�b�l�y� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �l�a�r�g�e�r� �v�o�r�t�e�x� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r� �R�e�,�=�I�,�/�v� �w�h�e�r�e� �s�u�b�s�c�r�i�p�t� �1� �i�s� 

�a�t� �t�h�e� �c�o�r�e� �e�d�g�e�.� �A�t� �l�o�w� �f�r�e�q�u�e�n�c�i�e�s�,� �t�h�e� �s�p�e�c�t�r�a�l� �e�n�e�r�g�y� �f�o�r� �a�l�l� �t�h�r�e�e� �a�u�t�o�s�p�e�c�t�r�a� �a�r�e� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �e�q�u�a�l� �(�f�i�g�u�r�e�s� �1�3�7� �a�n�d� �1�3�8�)� �i�m�p�l�y�i�n�g� �t�h�a�t� �t�h�e�r�e� �i�s� �l�i�t�t�l�e� �i�f� �a�n�y� �v�o�r�t�e�x� 

�w�a�n�d�e�r�i�n�g� �p�r�e�s�e�n�t�.� �A�t� �h�i�g�h� �f�r�e�q�u�e�n�c�i�e�s�,� �t�h�e� �s�p�e�c�t�r�a�l� �e�n�e�r�g�y� �i�n� �a�n�d� �i�m�m�e�d�i�a�t�e�l�y� �a�r�o�u�n�d� 
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�t�h�e� �c�o�r�e� �i�s� �l�o�w�e�r� �t�h�a�n� �a�t� �x�/�c�=�2�2�.� �T�h�e� �i�m�p�l�i�c�a�t�i�o�n� �o�f� �t�h�i�s� �i�s� �t�h�a�t� �t�h�e� �r�o�t�a�t�i�o�n� �o�f� �t�h�e� �c�o�r�e� 

�m�a�y� �h�a�v�e� �a� �s�t�a�b�i�l�i�z�i�n�g� �e�f�f�e�c�t� �o�n� �t�h�e� �t�u�r�b�u�l�e�n�c�e� �g�e�n�e�r�a�t�e�d� �i�n� �t�h�e� �m�e�r�g�i�n�g� �p�r�o�c�e�s�s�.� 

�4�,�2�.�2� �C�o�u�n�t�e�r� �R�o�t�a�t�i�n�g� �V�o�r�t�e�x� �P�a�i�r�s� 

�M�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �a�l�s�o� �m�a�d�e� �i�n� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r�s� �a�t� �s�t�r�e�a�m�w�i�s�e� 

�l�o�c�a�t�i�o�n�s� �x�/�c�=�1�0� �a�n�d� �3�0� �(�s�e�e� �f�i�g�u�r�e� �4�2� �t�o� �v�i�s�u�a�l�i�z�e� �t�h�e�s�e� �l�o�c�a�t�i�o�n�s�)�.� 

�4�.�2�.�2�.�1� �x�/�c�=�1�0� 

�F�i�g�u�r�e�s� �1�4�1� �t�h�r�o�u�g�h� �1�4�3� �s�h�o�w� �t�h�e� �f�l�o�w� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r� 

�a�t� �x�/�c�=�1�0�.� �I�n� �c�o�n�t�r�a�s�t� �t�o� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�,� �t�h�i�s� �s�t�r�u�c�t�u�r�e� �d�o�e�s� �n�o�t� �c�h�a�n�g�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�w�i�t�h� �d�o�w�n�s�t�r�e�a�m� �d�i�s�t�a�n�c�e�.� �T�h�e� �v�e�c�t�o�r�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e�s� �1�4�1� �l�i�k�e� �t�h�e� �f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n�s�,� 

�s�h�o�w� �t�h�e� �v�o�r�t�i�c�e�s� �m�o�v�i�n�g� �s�l�o�w�l�y� �a�p�a�r�t� �w�i�t�h� �d�i�s�t�a�n�c�e� �d�o�w�n�s�t�r�e�a�m� �a�n�d� �i�n� �t�h�e� �-�z� �d�i�r�e�c�t�i�o�n� 

�a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e�i�r� �m�u�t�u�a�l� �i�n�d�u�c�t�i�o�n�.� �T�h�e� �c�o�r�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�4�5�c� 

�(�c�o�m�p�a�r�e�d� �t�o� �a� �w�i�n�g� �t�i�p� �s�e�p�a�r�a�t�i�o�n� �o�f� �0�.�2�5�c�)� �a�n�d� �t�h�e� �c�o�r�e�s� �a�r�e� �c�e�n�t�e�r�e�d� �a�t� �z�=�-�0�.�6�6�c�.� �T�h�i�s� 

�z�-�w�i�s�e� �m�o�v�e�m�e�n�t� �s�t�r�e�t�c�h�e�s� �t�h�e� �w�i�n�g� �w�a�k�e�s� �a�s� �s�e�e�n� �i�n� �f�i�g�u�r�e� �1�4�2� �a�n�d� �1�4�3� �f�o�r�c�i�n�g� �t�h�e�m� 

�i�n�t�o� �c�o�n�t�a�c�t� �b�e�t�w�e�e�n� �t�h�e� �v�o�r�t�i�c�e�s�.� �A�p�p�r�o�a�c�h�i�n�g� �t�h�e� �c�o�r�e�s�,� �t�h�i�s� �d�i�s�t�o�r�t�i�o�n� �p�r�o�c�e�s�s� �c�a�u�s�e�s� 

�a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �p�e�a�k� �t�u�r�b�u�l�e�n�c�e� �l�e�v�e�l�s� �i�n� �t�h�e� �w�i�n�g� �w�a�k�e� �w�i�t�h� �k� �r�e�a�c�h�i�n�g� �a� �m�a�x�i�m�u�m� 

�v�a�l�u�e� �o�f� �0�.�0�0�0�7�5� �b�e�t�w�e�e�n� �t�h�e� �v�o�r�t�i�c�e�s�.� �T�h�i�s� �i�s� �i�n� �c�o�n�t�r�a�s�t� �t�o� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r�s� 

�w�h�i�c�h� �a�t� �m�o�s�t� �l�o�c�a�t�i�o�n�s� �s�h�o�w� �a� �d�e�c�r�e�a�s�e� �i�n� �t�.�k�.�e�.� �a�s� �t�h�e� �c�o�r�e�s� �a�r�e� �a�p�p�r�o�a�c�h�e�d�.� �I�n� �t�h�e� 

�o�u�t�e�r� �r�e�g�i�o�n�,� �t�h�e� �w�a�k�e� �w�i�d�t�h� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�4�2�c� �s�i�m�i�l�a�r� �t�o� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �c�a�s�e� �a�t� 

�x�/�c�=�1�0�.� 

�A� �d�e�t�a�i�l�e�d� �v�i�e�w� �o�f� �t�h�e� �m�e�a�n� �v�e�l�o�c�i�t�y� �f�i�e�l�d� �o�f� �t�h�e� �u�p�p�e�r� �v�o�r�t�e�x� �c�o�r�e� �i�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� 

�1�4�4�.� �T�h�i�s� �s�h�o�w�s� �a� �f�a�i�r�l�y� �c�i�r�c�u�l�a�r� �c�o�r�e� �h�a�v�i�n�g� �a� �r�a�d�i�u�s� �o�f� �0�.�0�8�8�c�.� �P�e�a�k� �t�a�n�g�e�n�t�i�a�l� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �5�6



�v�e�l�o�c�i�t�i�e�s� �v�a�r�y� �f�r�o�m� �3�4�%� �U�_�,�,� �a�t� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �c�o�r�e� �c�l�o�s�e�s�t� �t�o� �t�h�e� �l�i�n�e� �o�f� �s�y�m�m�e�t�r�y� �t�o� �r�e�f� 

�4�8�%� �U�_�,�,� �o�n� �t�h�e� �o�u�t�e�r� �e�d�g�e�.� �O�n� �t�h�e� �w�h�o�l�e�,� �t�h�e�s�e� �v�e�l�o�c�i�t�i�e�s� �a�r�e� �m�u�c�h� �l�a�r�g�e�r� �t�h�a�n� �i�n� �t�h�e� �r�e�f� 

�c�o�-�r�o�t�a�t�i�n�g� �u�n�m�e�r�g�e�d� �p�a�i�r�s� �a�t� �l�e�a�s�t� �p�a�r�t�l�y� �b�e�c�a�u�s�e� �o�f� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �v�e�l�o�c�i�t�y� �f�i�e�l�d� 

�t�h�e� �v�o�r�t�i�c�e�s� �i�m�p�o�s�e� �o�n� �e�a�c�h� �o�t�h�e�r�.� �I�t� �m�a�y� �a�l�s�o� �b�e� �p�a�r�t�l�y� �d�u�e� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �r�o�o�t� 

�c�i�r�c�u�l�a�t�i�o�n� �f�o�r� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �v�o�r�t�i�c�e�s� �i�s� �4�0�%� �g�r�e�a�t�e�r� �b�e�c�a�u�s�e� �o�f� �t�h�e� �m�u�t�u�a�l� 

�i�n�t�e�r�f�e�r�e�n�c�e� �o�f� �t�h�e� �w�i�n�g�s�.� �T�h�e� �v�o�r�t�i�c�i�t�y� �c�o�n�t�o�u�r�s� �(�f�i�g�u�r�e� �1�4�5�)�,� �s�h�o�w�s� �t�h�e� �c�i�r�c�u�l�a�r� �v�o�r�t�e�x� 

�c�o�r�e� �s�u�r�r�o�u�n�d�e�d� �b�y� �a�p�p�r�o�x�i�m�a�t�e�l�y� �c�i�r�c�u�l�a�r� �r�e�g�i�o�n�s� �o�f� �p�o�s�i�t�i�v�e� �v�o�r�t�i�c�i�t�y�.� �A�w�a�y� �f�r�o�m� �t�h�e� 

�c�o�r�e� �a�n�d� �l�i�n�e� �o�f� �s�y�m�m�e�t�r�y�,� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �f�r�o�m� �t�h�e� �o�t�h�e�r� �v�o�r�t�e�x� �c�a�u�s�e�s� �r�e�g�i�o�n�s� �o�f� �l�o�w� 

�n�e�g�a�t�i�v�e� �v�o�r�t�i�c�i�t�y� �t�o� �e�x�i�s�t�.� �P�e�a�k� �n�o�r�m�a�l�i�z�e�d� �v�o�r�t�i�c�i�t�y� �i�n� �t�h�e� �c�o�r�e� �i�s� �3�5�.�1�,� �c�o�n�s�i�d�e�r�a�b�l�y� 

�h�i�g�h�e�r� �t�h�a�t� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �c�a�s�e�s� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �i�n�c�r�e�a�s�e�d� �w�i�n�g� �r�o�o�t� �c�i�r�c�u�l�a�t�i�o�n�.� 

�C�o�n�t�o�u�r�s� �o�f� �t�u�r�b�u�l�e�n�t� �k�i�n�e�t�i�c� �e�n�e�r�g�y� �a�n�d� �t�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �(�f�i�g�u�r�e�s� �1�4�6� �t�h�r�o�u�g�h� �1�4�9�)� 

�a�r�e� �a�l�s�o� �f�a�i�r�l�y� �c�i�r�c�u�l�a�r� �i�n� �t�h�e� �c�o�r�e� �w�i�t�h� �l�a�r�g�e� �f�l�u�c�t�u�a�t�i�o�n�s� �l�e�v�e�l�s� �i�n� �t�h�e� �c�o�r�e� �c�e�n�t�e�r�.� �T�h�e�s�e� 

�m�a�x�i�m�u�m� �v�a�l�u�e�s� �i�n� �t�h�e� �c�e�n�t�e�r� �a�r�e� �k�=�0�.�0�1�0�,� �v�,�?�=�.�0�0�1�1�,� �v�g�2�=�0�.�0�1�0�,� �a�n�d� �v�,�?�=�0�.�0�0�9� �s�i�m�i�l�a�r� 

�t�o� �t�h�o�s�e� �o�f� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r� �a�t� �t�h�e� �s�a�m�e� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�.� �A�s� �w�i�t�h� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� 

�p�a�i�r�s�,� �t�h�e�s�e� �l�a�r�g�e� �s�t�r�e�s�s� �l�e�v�e�l�s� �a�r�e� �m�o�s�t�l�y� �d�u�e� �t�o� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g� �i�m�p�l�y�i�n�g� �m�o�t�i�o�n�s� 

�w�h�i�c�h� �a�r�e� �s�i�m�i�l�a�r�.� �T�h�e� �e�f�f�e�c�t� �o�f� �w�a�n�d�e�r�i�n�g� �c�a�n� �a�l�s�o� �b�e� �s�e�e�n� �i�n� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �(�f�i�g�u�r�e�s� 

�1�5�0� �t�h�r�o�u�g�h� �1�5�2�)� �w�i�t�h� �v�a�r�i�o�u�s� �l�o�b�e�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �c�o�r�e� �r�e�g�i�o�n�.� 

�T�o� �b�e�t�t�e�r� �i�l�l�u�s�t�r�a�t�e� �t�h�e� �f�l�o�w� �s�t�r�u�c�t�u�r�e� �i�n� �t�h�e� �u�p�p�e�r� �v�o�r�t�e�x�,� �p�r�o�f�i�l�e� �I�i�,� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �l�i�n�e� �o�f� 

�s�y�m�m�e�t�r�y� �a�n�d� �p�r�o�f�i�l�e� �J�j� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �l�i�n�e� �o�f� �s�y�m�m�e�t�r�y� �i�n� �f�i�g�u�r�e� �1�4�4� �a�r�e� �p�r�e�s�e�n�t�e�d� 

�i�n� �f�i�g�u�r�e�s� �1�5�3� �a�n�d� �1�5�4�.� �T�h�e� �m�e�a�n� �a�x�i�a�l� �v�e�l�o�c�i�t�y� �(�f�i�g�u�r�e� �1�5�3�a�)� �s�h�o�w�s� �a� �s�m�a�l�l� �d�i�p� �i�n� �t�h�e� 

�p�r�o�f�i�l�e� �a�t� �r�/�c�=�0�.�6� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �u�p�p�e�r� �w�i�n�g� �w�a�k�e�.� �I�n� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �p�r�o�f�i�l�e� �J�j�,� �l�a�r�g�e� 

�t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�i�e�s� �a�r�e� �e�v�i�d�e�n�t� �c�l�o�s�e�t� �t�o� �t�h�e� �l�i�n�e� �o�f� �s�y�m�m�e�t�r�y� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �i�n�d�u�c�e�d� 

�v�e�l�o�c�i�t�y� �f�i�e�l�d� �o�f� �t�h�e� �o�t�h�e�r� �v�o�r�t�e�x�.� �I�n� �p�r�o�f�i�l�e� �I�i�,� �l�a�r�g�e� �r�a�d�i�a�l� �v�e�l�o�c�i�t�i�e�s� �a�r�e� �a�l�s�o� �p�r�e�s�e�n�t� �a�s� �a� 

�r�e�s�u�l�t� �o�f� �t�h�e� �i�n�d�u�c�e�d� �v�e�l�o�c�i�t�y� �f�r�o�m� �t�h�e� �o�t�h�e�r� �v�o�r�t�e�x�.� �O�n�e� �i�n�t�e�r�e�s�t�i�n�g� �p�o�i�n�t� �t�h�a�t� �i�s� �v�i�s�i�b�l�e� 
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�i�s� �t�h�e� �s�m�a�l�l� �b�u�m�p� �i�n� �t�h�e� �a�x�i�a�l� �v�e�l�o�c�i�t�y� �o�f� �t�h�e� �c�o�r�e�.� �N�o�t�e� �h�o�w� �t�h�i�s� �p�h�e�n�o�m�e�n�o�n� �i�s� 

�s�y�m�m�e�t�r�i�c� �a�b�o�u�t� �t�h�e� �y� �a�x�i�s� �a�n�d� �n�o�t� �a�b�o�u�t� �t�h�e� �z� �a�x�i�s�.� �S�o�m�e� �p�o�s�s�i�b�l�e� �e�x�p�l�a�n�a�t�i�o�n�s� �f�o�r� �t�h�i�s� 

�a�r�e� �s�e�c�o�n�d�a�r�y� �v�o�r�t�i�c�e�s� �p�r�e�s�e�n�t� �f�r�o�m� �t�h�e� �r�o�l�l� �u�p� �o�f� �t�h�e� �v�o�r�t�e�x� �s�h�e�e�t�,� �o�r� �a�n� �i�m�p�e�r�f�e�c�t�i�o�n� �i�n� 

�t�h�e� �w�i�n�g� �t�i�p� �w�h�i�c�h� �c�a�u�s�e�s� �a�n� �a�x�i�a�l� �i�n�s�t�a�b�i�l�i�t�y� �i�n� �t�h�e� �c�o�r�e�.� �T�h�i�s� �p�h�e�n�o�m�e�n�o�n� �i�s� �n�o�t� �s�e�e�n� �i�n� 

�a�n�y� �o�f� �t�h�e� �o�t�h�e�r� �v�o�r�t�e�x� �c�o�r�e�s� �m�e�a�s�u�r�e�d�.� �T�h�e� �n�o�r�m�a�l� �a�n�d� �s�h�e�a�r� �s�t�r�e�s�s� �p�r�o�f�i�l�e� �l�i� �(�f�i�g�u�r�e� 

�1�5�3�)� �s�h�o�w�s� �3� �d�i�s�t�i�n�c�t� �h�a�l�f� �r�o�l�l�s� �o�f� �t�h�e� �w�i�n�g� �w�a�k�e� �i�n� �t�h�e� �r�e�g�i�o�n� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �c�o�r�e�.� �T�h�e� 

�f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �t�h�e� �o�u�t�e�r� �w�a�k�e� �a�r�e� �a�t� �r�/�c�=�0�.�6� �f�i�g�u�r�e�1�5�3�b� �w�i�t�h� �k�=�0�.�0�0�0�2�0�.� �T�h�e� �e�f�f�e�c�t� �o�f� 

�t�h�e� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g� �o�n� �t�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �c�a�n� �b�e� �s�e�e�n� �w�i�t�h� �v�,�?� �a�n�d� �v�,�*� �m�u�c�h� �l�a�r�g�e�r� 

�t�h�a�n� �v�,�?�.� �T�h�e� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �a�l�s�o� �s�h�o�w� �t�h�e� �e�f�f�e�c�t� �o�f� �w�a�n�d�e�r�i�n�g� �w�i�t�h� �t�h�e� �d�i�f�f�e�r�e�n�t� �l�o�b�e�s� �i�n� 

�t�h�e� �c�o�r�e� �r�e�g�i�o�n�.� 

�T�h�e� �s�p�e�c�t�r�a�l� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �f�l�o�w� �f�o�r� �p�r�o�f�i�l�e� �I�i� �i�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e�s� �1�5�5� 

�a�n�d� �1�5�6�.� �T�h�e� �s�p�e�c�t�r�u�m� �a�t� �r�/�c�=�0�.�4�7� �s�h�o�w�s� �a� �l�a�r�g�e� �p�e�a�k� �i�n� �G�,�,�,� �a�n�d� �G�,�,�,� �a�t� �f�c�/�U�_�.�.�=�3�,� 

�p�o�s�s�i�b�l�y� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �l�a�r�g�e� �s�c�a�l�e� �s�t�r�u�c�t�u�r�e�s� �i�n� �t�h�e� �w�a�k�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �c�o�n�j�e�c�t�u�r�e�d� 

�i�n� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s�.� �M�o�v�i�n�g� �c�l�o�s�e�r� �t�o� �t�h�e� �c�o�r�e�,� �t�h�e�s�e� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �v�i�s�i�b�l�e� �a�t� �r�/�c�=�0�.�1�5� 

�a�n�d� �r�/�c�=�0�.�0�8� �b�u�t� �a�t� �a� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �f�r�e�q�u�e�n�c�y� �o�f� �f�c�/�U�,�,�,�=�5� �s�u�g�g�e�s�t�i�n�g� �a� �r�e�d�u�c�t�i�o�n� �i�n� �s�i�z�e� 

�o�f� �t�h�e� �w�a�k�e� �s�t�r�u�c�t�u�r�e�s� �a�s� �t�h�e�y� �n�e�a�r� �t�h�e� �c�o�r�e�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e�s�e� �l�a�r�g�e� �s�c�a�l�e� �s�t�r�u�c�t�u�r�e�s� 

�a�r�e� �a�l�s�o� �s�e�e�n� �i�n� �G�,�,�.�,� �(�f�i�g�u�r�e� �1�5�6�c�)� �a�t� �r�/�c�=�-�0�.�2�3� �a�n�d� �r�/�c�=�-�0�.�1�5�.� �M�o�v�i�n�g� �i�n� �t�o�w�a�r�d�s� �t�h�e� 

�c�o�r�e� �t�h�e�s�e� �p�e�a�k�s� �b�e�c�o�m�e� �m�u�c�h� �m�o�r�e� �d�i�s�t�i�n�c�t� �a�t� �r�/�c�=�+�0�.�0�1� �a�n�d� �+�0�.�0�4� �w�i�t�h� �a� �f�r�e�q�u�e�n�c�y� �o�f� 

�f�c�/�U�,�.�<�=�5� �a�n�d� �a� �h�a�r�m�o�n�i�c� �a�t� �f�c�/�U�,�,�,�=�1�0�.� �T�h�e�s�e� �l�a�r�g�e� �p�e�a�k�s� �i�n� �t�h�e� �c�o�r�e� �a�r�e� �s�e�e�n� �i�n� �a�l�l� �t�h�r�e�e� 

�a�u�t�o�s�p�e�c�t�r�a�,� �w�h�i�c�h� �m�a�y� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �l�a�r�g�e� �s�c�a�l�e� �w�a�k�e� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �a�f�f�e�c�t�i�n�g� �t�h�e� 

�s�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �f�l�o�w� �i�n�s�i�d�e� �o�f� �t�h�e� �c�o�r�e�.� �A�t� �l�o�w�e�r� �f�r�e�q�u�e�n�c�i�e�s� �f�c�/�U�,�,�,�<�1�,� �t�h�e�r�e� �i�s� �a� �l�a�r�g�e�r� 

�r�i�s�e� �i�n� �t�h�e� �s�p�e�c�t�r�a�l� �e�n�e�r�g�y� �o�f� �b�o�t�h� �G�,�,�,�,� �a�n�d� �G�,�»�,�,� �c�o�m�p�a�r�e�d� �w�i�t�h� �G� �A�s� �w�i�t�h� �t�h�e� �c�o�-� �V�X�V�X�*� 

�r�o�t�a�t�i�n�g� �p�a�i�r�s�,� �t�h�i�s� �i�s� �p�r�e�s�u�m�a�b�l�y� �t�h�e� �r�e�s�u�l�t� �o�f� �t�h�e� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �e�n�e�r�g�y� 

�l�e�v�e�l�s� �i�n� �t�h�e� �6� �a�n�d� �r� �d�i�r�e�c�t�i�o�n� �a�t� �l�o�w� �f�r�e�q�u�e�n�c�i�e�s�.� �A�t� �h�i�g�h� �f�r�e�q�u�e�n�c�i�e�s�,� �t�h�e� �s�p�e�c�t�r�a�l� 
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�e�n�e�r�g�y� �a�t� �r�/�c�=�+�0�.�0�4� �a�n�d� �r�/�c�=�+�0�.�0�1� �i�s� �m�o�r�e� �t�h�a�n� �a�n� �o�r�d�e�r� �o�f� �m�a�g�n�i�t�u�d�e� �l�o�w�e�r� �t�h�a�n� �o�t�h�e�r� 

�p�a�r�t�s� �o�f� �t�h�e� �f�l�o�w�,� �w�h�i�c�h� �m�a�y� �s�u�g�g�e�s�t� �v�e�r�y� �l�i�t�t�l�e� �s�m�a�l�l� �s�c�a�l�e� �t�u�r�b�u�l�e�n�t� �m�o�t�i�o�n� �a�t� �t�h�e� �c�o�r�e� 

�c�e�n�t�e�r�.� �T�h�e� �s�p�e�c�t�r�a� �f�o�r� �p�r�o�f�i�l�e� �J�j� �i�n� �f�i�g�u�r�e�s� �1�5�7� �a�n�d� �1�5�8� �s�h�o�w� �q�u�a�l�i�t�a�t�i�v�e�l�y� �t�h�e� �s�a�m�e� 

�s�p�e�c�t�r�a�l� �e�n�e�r�g�y� �f�o�r� �t�h�a�t� �o�f� �p�r�o�f�i�l�e� �I�i�.� �N�e�a�r� �t�h�e� �p�l�a�n�e� �o�f� �s�y�m�m�e�t�r�y�,� �a�t� �r�/�c�=�-�0�.�2�9� �a�n�d� �-�0�.�2�4� 

�l�a�r�g�e�r� �p�e�a�k�s� �a�r�e� �p�r�e�s�e�n�t� �i�n� �G�,�,�,� �(�f�i�g�u�r�e� �1�5�8�c�)� �a�r�o�u�n�d� �f�c�/�U�,�,�,�=�4� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �p�a�s�s�a�g�e� �o�f� 

�t�h�e� �l�a�r�g�e� �s�c�a�l�e� �w�a�k�e� �s�t�r�u�c�t�u�r�e� �a�s� �t�h�e� �t�w�o� �w�i�n�g� �w�a�k�e�s� �c�o�n�t�a�c�t� �t�o�g�e�t�h�e�r� �a�t� �t�h�e� �p�l�a�n�e� �o�f� 

�s�y�m�m�e�t�r�y�.� 

�4�.�2�.�2�.�2� �x�/�c�=�3�0� 

�A�t� �x�/�c�=�3�0�,� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �p�a�i�r�s� �h�a�v�e� �m�o�v�e�d� �f�u�r�t�h�e�r� �i�n� �t�h�e� �-�z� �d�i�r�e�c�t�i�o�n�s� �a�n�d� �a�r�e� 

�c�e�n�t�e�r�e�d� �a�t� �z�=�-�1�.�7�c� �(�f�i�g�u�r�e� �1�5�9�)�.� �T�h�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �c�o�r�e�s� �i�s� �0�.�5�2�c�.� 

�T�h�i�s� �f�u�r�t�h�e�r� �z� �w�i�s�e� �m�o�v�e�m�e�n�t� �s�t�r�e�t�c�h�e�s� �t�h�e� �w�i�n�g� �w�a�k�e�s� �w�h�i�c�h� �a�r�e� �l�e�s�s� �i�n�c�l�i�n�e�d� �w�i�t�h� �t�h�e� �z� 

�a�x�i�s� �t�h�a�n� �a�t� �x�/�c�=�1�0� �a�s� �s�h�o�w�n� �i�n� �t�h�e� �t�.�k�.�e�.� �a�n�d� �v�,�?�_� �c�o�n�t�o�u�r�s� �o�f� �f�i�g�u�r�e�s� �1�6�0� �a�n�d� �1�6�1�.� �A�s� �a�t� 

�x�/�c�=�1�0�,� �t�h�e�r�e� �i�s� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �p�e�a�k� �t�.�k�.�e� �a�s� �t�h�e� �w�a�k�e� �a�p�p�r�o�a�c�h�e�s� �t�h�e� �c�o�r�e� �w�i�t�h� �a� 

�m�a�x�i�m�u�m� �v�a�l�u�e� �o�f� �k�=�0�.�0�0�0�5�8�.� �T�h�i�s� �i�s� �a� �2�2�%� �d�e�c�r�e�a�s�e� �i�n� �p�e�a�k� �t�u�r�b�u�l�e�n�c�e� �e�n�e�r�g�y� �i�n� �t�h�e� 

�w�a�k�e� �f�r�o�m� �x�/�c�=�1�0�.� �D�e�t�a�i�l�e�d� �c�o�r�e� �v�e�c�t�o�r�s� �(�f�i�g�u�r�e� �1�6�2�)� �a�n�d� �v�o�r�t�i�c�i�t�y� �c�o�n�t�o�u�r�s� �(�f�i�g�u�r�e� �1�6�3�)� 

�s�h�o�w� �a� �c�i�r�c�u�l�a�r� �c�o�r�e� �w�i�t�h� �s�l�i�g�h�t�l�y� �o�v�a�l� �s�h�a�p�e� �v�o�r�t�i�c�i�t�y� �c�o�n�t�o�u�r�s� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �c�o�r�e�.� �A�s� 

�a�t� �x�/�c�=�1�0�,� �t�h�e�r�e� �i�s� �a� �r�e�g�i�o�n� �o�f� �l�o�w� �n�e�g�a�t�i�v�e� �v�o�r�t�i�c�i�t�y� �a�w�a�y� �f�r�o�m� �t�h�e� �c�o�r�e� �a�n�d� �l�i�n�e� �o�f� 

�s�y�m�m�e�t�r�y�.� �T�h�e� �c�o�r�e� �d�i�a�m�e�t�e�r� �i�s� �0�.�1�0�8�c� �w�i�t�h� �p�e�a�k� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�i�e�s� �a�t� �t�h�e� �c�o�r�e� �e�d�g�e� 

�t�h�a�t� �v�a�r�y� �f�r�o�m� �3�6�%�U�,�,�,� �c�l�o�s�e�s�t� �t�o� �t�h�e� �p�l�a�n�e� �o�f� �s�y�m�m�e�t�r�y� �t�o� �2�5�%�U�,�,�,� �o�n� �t�h�e� �o�t�h�e�r� �s�i�d�e� �o�f� 

�t�h�e� �c�o�r�e�.� �T�h�e� �p�e�a�k� �v�o�r�t�i�c�i�t�y� �i�n� �t�h�e� �c�o�r�e� �i�s� �3�3�.�1� �s�l�i�g�h�t�l�y� �l�o�w�e�r� �t�h�a�n� �a�t� �x�/�c�=�1�0�.� �T�h�e� 

�c�o�n�t�o�u�r�s� �o�n� �t�u�r�b�u�l�e�n�c�e� �k�i�n�e�t�i�c� �e�n�e�r�g�y� �(�f�i�g�u�r�e� �1�6�4�)� �a�r�e� �a�l�s�o� �f�a�i�r�l�y� �c�i�r�c�u�l�a�r� �i�n� �t�h�e� �c�o�r�e� �w�i�t�h� 

�l�a�r�g�e� �f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �k�=�0�.�0�3�6�6�,� �o�v�e�r� �2� �t�i�m�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �a�t� �x�/�c�=�1�0�.� �T�h�e� 

�m�a�x�i�m�u�m� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �(�f�i�g�u�r�e�s� �1�6�5� �t�h�r�o�u�g�h� �1�6�7�)� �a�r�e� �v�g�2�=�.�0�3�8�0�,� �v�,�?�=�.�0�3�3� �w�i�t�h� �v�,�?� 
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�m�u�c�h� �l�o�w�e�r� �a�t� �0�.�0�0�2�2�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �i�m�p�l�y� �a� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g� �w�h�i�c�h� �i�s� �o�v�e�r� �3� �t�i�m�e�s� 

�l�a�r�g�e�r� �t�h�a�n� �a�t� �x�/�c�=�1�0�.� �T�h�i�s� �r�e�l�a�t�i�v�e�l�y� �l�a�r�g�e� �a�m�p�l�i�t�u�d�e� �m�a�y� �h�a�v�e� �s�m�o�o�t�h�e�d� �s�o�m�e� �p�a�r�t�s� �o�f� 

�t�h�e� �m�e�a�s�u�r�e�d� �m�e�a�n� �v�e�l�o�c�i�t�y� �f�i�e�l�d� �i�n� �f�i�g�u�r�e� �1�6�2�.� �T�h�e� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �(�f�i�g�u�r�e�s� �1�6�8� �t�h�r�o�u�g�h� 

�1�7�0�)� �a�l�s�o� �s�h�o�w� �t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�e� �m�o�t�i�o�n�s� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �s�t�r�e�s�s� �l�e�v�e�l�s� �i�n� �t�h�e� �c�o�r�e�.� 

�P�r�o�f�i�l�e�s� �K�k� �a�n�d� �L�I� �i�n� �f�i�g�u�r�e� �1�6�2� �a�r�e� �s�h�o�w�n� �i�n� �f�i�g�u�r�e�s� �1�7�1� �a�n�d� �1�7�2�.� �O�v�e�r�a�l�l� �t�h�e� �p�r�o�f�i�l�e�s� 

�a�r�e� �v�e�r�y� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �o�f� �x�/�c�=�1�0�.� �T�h�e� �v�e�l�o�c�i�t�y� �d�e�f�i�c�i�t� �i�n� �t�h�e� �c�o�r�e� �h�a�s� �d�e�c�r�e�a�s�e�d� �t�o� 

�1�4�.�1�%� �U�_�,�,�.� �T�h�e� �t�u�r�b�u�l�e�n�c�e� �l�e�v�e�l�s� �i�n� �t�h�e� �w�i�n�g� �w�a�k�e� �h�a�v�e� �a�l�s�o� �d�e�c�r�e�a�s�e�d� �d�o�w�n�s�t�r�e�a�m� �r�e�f �� 

�w�i�t�h� �k�=�0�.�0�0�0�1�1� �a�t� �r�/�c�=�1�.�1� �i�n� �f�i�g�u�r�e� �1�7�1�b�.� �C�l�o�s�e�r� �t�o� �t�h�e� �c�o�r�e�,� �t�w�o� �m�o�r�e� �h�a�l�f� �s�p�i�r�a�l�s� �c�a�n� 

�b�e� �s�e�e�n�.� �I�n� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �t�h�e�r�e� �a�r�e� �m�u�c�h� �l�a�r�g�e�r� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s� �a�s� �a� �c�o�n�s�e�q�u�e�n�c�e� �o�f� 

�t�h�e� �i�n�c�r�e�a�s�e�d� �w�a�n�d�e�r�i�n�g� �(�f�i�g�u�r�e� �1�7�1�c�)�.� 

�T�h�e� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g� �i�s� �a�l�s�o� �s�e�e�n� �t�o� �e�f�f�e�c�t� �t�h�e� �s�p�e�c�t�r�a�l� �e�n�e�r�g�y� �l�e�v�e�l�s� �i�n� �f�i�g�u�r�e�s� �1�7�3� 

�t�h�r�o�u�g�h� �1�7�6�.� �A�t� �f�c�/�U�,�,�,�<�2� �i�n� �f�i�g�u�r�e� �1�7�3�c� �n�o�t�i�c�e� �h�o�w� �t�h�e�r�e� �i�s� �a�b�o�u�t� �a�n� �o�r�d�e�r� �o�f� �m�a�g�n�i�t�u�d�e� 

�i�n�c�r�e�a�s�e� �i�n� �s�p�e�c�t�r�a�l� �e�n�e�r�g�y� �c�o�m�p�a�r�e�d� �t�o� �x�/�c�=�1�0� �f�o�r� �a�l�l� �t�h�r�e�e� �a�u�t�o�s�p�e�c�t�r�a� �i�n� �t�h�e� �c�o�r�e� 

�r�e�g�i�o�n�.� �O�u�t�s�i�d�e� �o�f� �t�h�e� �c�o�r�e� �l�a�r�g�e� �p�e�a�k�s� �a�r�e� �s�e�e�n� �a�t� �f�c�/�U�,�,�.�=�.�3� �w�h�i�c�h� �m�a�y� �c�o�n�t�r�i�b�u�t�e� �t�o� �t�h�e� 

�i�n�c�r�e�a�s�e� �i�n� �m�o�t�i�o�n�s�.� �I�n�s�i�d�e� �t�h�e� �c�o�r�e�,� �t�h�e�r�e� �a�r�e� �s�t�i�l�l� �p�e�a�k�s� �i�n� �a�l�l� �t�h�r�e�e� �a�u�t�o�s�p�e�c�t�r�a� �a�r�o�u�n�d� 

�f�c�/�U�,�.�<�=�4� �p�r�e�s�u�m�a�b�l�y� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �s�o�m�e� �t�y�p�e� �o�f� �c�o�r�e� �i�n�s�t�a�b�i�l�i�t�y�.� �A�t� �h�i�g�h� �f�r�e�q�u�e�n�c�i�e�s�,� 

�t�h�e� �t�u�r�b�u�l�e�n�t� �f�l�u�c�t�u�a�t�i�o�n�s� �a�r�e� �m�u�c�h� �l�e�s�s� �i�n� �t�h�e� �c�o�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �s�p�e�c�t�r�a� �a�t� �x�/�c�=�1�0�.� 

�O�v�e�r�a�l�l� �t�h�e�s�e� �s�p�e�c�t�r�a� �a�r�e� �q�u�a�l�i�t�a�t�i�v�e�l�y� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�o�s�e� �a�t� �x�/�c�=�1�0�.� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �6�0



�4�.�3� �F�u�r�t�h�e�r� �A�n�a�l�y�s�i�s� 

�4�.�3�.�1� �C�i�r�c�u�l�a�t�i�o�n� 

�U�s�i�n�g� �t�h�e� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �a�b�o�v�e�,� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� �v�o�r�t�e�x� �p�a�i�r�s� �c�a�n� �b�e� �a�n�a�l�y�z�e�d� �a�t� 

�t�h�e� �v�a�r�i�o�u�s� �d�o�w�n�s�t�r�e�a�m� �l�o�c�a�t�i�o�n�s�.� �T�h�e� �t�h�e�o�r�y� �f�o�r� �v�o�r�t�e�x� �d�e�v�e�l�o�p�m�e�n�t� �w�a�s� �f�i�r�s�t� �a�n�a�l�y�z�e�d� 

�b�y� �H�o�f�f�m�a�n�n� �a�n�d� �J�o�u�b�e�r�t� �(�1�9�6�3�)� �a�n�d� �i�s� �a�n�a�l�o�g�o�u�s� �t�o� �a� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l� �t�u�r�b�u�l�e�n�t� 

�b�o�u�n�d�a�r�y� �l�a�y�e�r�.� �I�n� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �o�f� �t�h�e� �v�o�r�t�e�x�,� �s�o�l�i�d� �b�o�d�y� �r�o�t�a�t�i�o�n� �w�i�l�l� �e�x�i�s�t� �s�u�c�h� �t�h�a�t� 

�t�h�e� �c�i�r�c�u�l�a�t�i�o�n� �I� �v�a�r�i�e�s� �a�s� �r�?�.� �T�h�e� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �i�n� �t�h�i�s� �r�e�g�i�o�n� �a�r�e� �s�m�a�l�l� �s�i�n�c�e� �t�h�e� �r�a�t�e� �o�f� 

�s�t�r�a�i�n� �i�s� �n�e�g�l�i�g�i�b�l�e�.� �T�a�n�g�e�n�t�i�a�l� �i�n�e�r�t�i�a�l� �f�o�r�c�e�s� �d�o�m�i�n�a�t�e� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �a�n�d� �r�i�g�h�t� �o�u�t� �s�i�d�e� 

�o�f� �i�t� �a�s� �a� �r�e�s�u�l�t� �o�f� �r�a�p�i�d�l�y� �c�h�a�n�g�i�n�g� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�i�e�s� �a�s� �w�e�l�l� �a�s� �c�h�a�n�g�i�n�g� �r�a�d�i�a�l� 

�v�e�l�o�c�i�t�i�e�s� �d�u�e� �t�o� �a�x�i�a�l� �v�e�l�o�c�i�t�y� �d�e�f�i�c�i�t�s�.� �T�h�i�s� �r�e�g�i�o�n� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �v�i�s�c�o�u�s� �s�u�b�l�a�y�e�r� �o�f� �a� 

�b�o�u�n�d�a�r�y� �l�a�y�e�r�.� �I�n� �t�h�e� �r�e�g�i�o�n� �o�f� �m�a�x�i�m�u�m� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�i�e�s�,� �t�a�n�g�e�n�t�i�a�l� �i�n�e�r�t�i�a�l� 

�f�o�r�c�e�s� �a�r�e� �s�m�a�l�l� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s�e�s�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �e�x�p�e�c�t�e�d� �i�n� �t�h�i�s� �r�e�g�i�o�n� 

�t�h�a�t� �a� �l�o�g�a�r�i�t�h�m�i�c� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �c�i�r�c�u�l�a�t�i�o�n� �w�i�l�l� �e�x�i�s�t� �i�n� �t�h�e� �f�o�r�m� 

�1� �=� �F�o�g�.� �(�+�)� �+�4� �(�4�.�3�.�1�)� 

�w�h�e�r�e� �I�,� �a�n�d� �r�,� �a�r�e� �t�h�e� �c�o�r�e� �c�i�r�c�u�l�a�t�i�o�n� �a�n�d� �c�o�r�e� �r�a�d�i�u�s� �r�e�s�p�e�c�t�i�v�e�l�y�.� �1�/�H� �i�s� �a� �u�n�i�v�e�r�s�a�l� 

�c�o�n�s�t�a�n�t� �w�h�o�s�e� �v�a�l�u�e� �i�s� �d�e�t�e�r�m�i�n�e�d� �e�x�p�e�r�i�m�e�n�t�a�l�l�y�.� �C�o�n�n�e�c�t�i�n�g� �t�h�e�s�e� �t�w�o� �r�e�g�i�o�n�s� �i�s� �a� 

�s�m�a�l�l� �b�u�f�f�e�r� �r�e�g�i�o�n� �s�i�m�i�l�a�r� �t�o� �a� �t�u�r�b�u�l�e�n�t� �b�o�u�n�d�a�r�y� �l�a�y�e�r�.� 

�U�s�i�n�g� �e�q�u�a�t�i�o�n� �4�.�3�.�1�,� �H�o�f�f�m�a�n�n� �a�n�d� �J�o�u�b�e�r�t� �o�b�s�e�r�v�e�d� �t�w�o� �d�i�f�f�e�r�e�n�t� �c�i�r�c�u�l�a�t�i�o�n� 

�d�i�s�t�r�i�b�u�t�i�o�n�s� �f�r�o�m� �t�h�e�i�r� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s�.� �F�i�g�u�r�e� �1�7�7� �s�h�o�w�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �6�1



�t�h�e� �t�w�o� �b�a�s�i�c� �t�y�p�e�s�.� �T�h�e� �f�i�r�s�t� �t�y�p�e� �f�i�g�u�r�e� �1�7�7�a� �h�a�s� �a� �l�o�g�a�r�i�t�h�m�i�c� �c�i�r�c�u�l�a�t�i�o�n� �d�i�s�t�r�i�b�u�t�i�o�n� 

�i�n�t�e�r�s�e�c�t�i�n�g� �t�h�e� �c�o�r�e� �c�i�r�c�u�l�a�t�i�o�n�.� �T�h�e�y� �s�h�o�w�e�d� �t�h�a�t� �t�h�i�s� �t�y�p�e� �o�f� �d�i�s�t�r�i�b�u�t�i�o�n� �w�a�s� 

�d�e�p�e�n�d�e�n�t� �o�n� �v�i�s�c�o�s�i�t�y�.� �T�h�e� �s�e�c�o�n�d� �t�y�p�e� �f�i�g�u�r�e� �1�7�7�b� �h�a�s� �n�o� �i�n�t�e�r�s�e�c�t�i�o�n� �o�f� �t�h�e� 

�l�o�g�a�r�i�t�h�m�i�c� �a�n�d� �c�o�r�e� �r�e�g�i�o�n�.� �T�h�e�y� �s�h�o�w�e�d� �t�h�a�t� �p�r�o�f�i�l�e�s� �o�f� �t�h�i�s� �t�y�p�e� �w�e�r�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� 

�v�i�s�c�o�s�i�t�y� �a�n�d� �f�u�l�l�y� �d�e�v�e�l�o�p�e�d�.� �U�s�i�n�g� �t�h�i�s� �f�a�c�t�,� �t�h�e�y� �p�r�o�d�u�c�e�d� �a� �u�n�i�v�e�r�s�a�l� �i�n�n�e�r� �r�e�g�i�o�n� �f�o�r� 

�a� �f�u�l�l�y� �t�u�r�b�u�l�e�n�t� �v�o�r�t�e�x�.� �T�h�e� �c�o�r�e� �r�e�g�i�o�n� �i�s� �g�i�v�e�n� �a�s� 

�2� 

�r� �=�,� �s�o� �|� �(�4�.�3�.�2�)� 
�l�r�,� 

�a�n�d� �t�h�e� �l�o�g�a�r�i�t�h�m�i�c� �r�e�g�i�o�n� �i�s� �g�i�v�e�n� �b�y� 

�=� �=�2�.�1�4� �0�8�.� �=�]� �+�1� �(�4�.�3�.�3�)� 
�1� �1� 

�F�r�o�m� �t�h�e�i�r� �r�e�s�u�l�t�s�,� �t�h�e� �c�o�n�d�i�t�i�o�n� �f�o�r� �c�o�m�p�l�e�t�e� �i�n�d�e�p�e�n�d�e�n�c�e� �o�f� �v�i�s�c�o�s�i�t�y� �a�p�p�e�a�r�e�d� �t�o� �b�e� 

�U�.�x�/�T�,� �>�1�5�0� �f�o�r� �t�h�e�i�r� �i�s�o�l�a�t�e�d� �s�p�l�i�t� �w�i�n�g� �v�o�r�t�e�x�,� �w�h�e�r�e� �I ��,� �i�s� �t�h�e� �w�i�n�g� �r�o�o�t� �c�i�r�c�u�l�a�t�i�o�n�.� 

�D�e�v�e�n�p�o�r�t� �e�t� �a�l� �(�1�9�9�2�)� �a�l�s�o� �o�b�s�e�r�v�e�d� �a� �v�a�l�u�e� �g�r�e�a�t�e�r� �t�h�a�n� �1�5�0� �f�o�r� �t�h�e� �s�a�m�e� �r�e�l�a�t�i�o�n� �f�o�r� 

�f�u�l�l�y� �d�e�v�e�l�o�p�e�d� �i�s�o�l�a�t�e�d� �s�i�n�g�l�e� �w�i�n�g� �v�o�r�t�i�c�e�s�.� 

�U�s�i�n�g� �t�h�e�s�e� �r�e�s�u�l�t�s�,� �t�h�e� �s�t�a�t�e� �o�f� �t�h�e� �v�o�r�t�e�x� �p�a�i�r�s� �c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d� �a�t� �t�h�e� �v�a�r�i�o�u�s� 

�s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�s�.� �T�h�e� �t�r�u�e� �c�i�r�c�u�l�a�t�i�o�n� �f�o�r� �e�a�c�h� �v�o�r�t�e�x� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �t�h�e� 

�i�n�t�e�g�r�a�l� �d�e�f�i�n�i�t�i�o�n� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �6�2



�I�(�r�)� �=� �$�V�_�(�r�)�-�d�s� �(�4�.�3�.�4�)� 

�T�h�i�s� �i�n�t�e�g�r�a�l� �w�a�s� �a�p�p�l�i�e�d� �a�l�o�n�g� �c�i�r�c�u�l�a�r� �p�a�t�h�s� �c�o�n�c�e�n�t�r�i�c� �w�i�t�h� �t�h�e� �c�o�r�e� �w�i�t�h� �r�a�d�i�i� 

�e�x�t�e�n�d�i�n�g� �u�p� �t�o� �t�h�e� �s�y�m�m�e�t�r�y� �o�r� �a�n�t�i�s�y�m�m�e�t�r�y� �l�i�n�e� �i�n� �t�h�e� �c�a�s�e� �w�h�e�r�e� �t�w�o� �v�o�r�t�i�c�e�s� �w�e�r�e� 

�p�r�e�s�e�n�t�.� 

�F�i�g�u�r�e� �1�7�8� �s�h�o�w�s� �t�h�e� �c�i�r�c�u�l�a�t�i�o�n� �d�i�s�t�r�i�b�u�t�i�o�n� �f�o�r� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s� �a�t� �x�/�c�=�1�0� �a�n�d� �1�5�.� 

�I�n� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �t�h�e�r�e� �i�s� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �t�h�e�o�r�y� �o�f� �H�o�f�f�m�a�n�n� �a�n�d� �J�o�u�b�e�r�t�.� 

�T�h�e� �l�o�g� �r�e�g�i�o�n� �m�a�t�c�h�e�s� �f�a�i�r�l�y� �w�e�l�l� �w�i�t�h� �t�h�e�i�r� �u�n�i�v�e�r�s�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �c�o�n�s�i�d�e�r�i�n�g� �t�h�a�t� �e�a�c�h� 

�v�o�r�t�e�x� �i�s� �a�f�f�e�c�t�e�d� �b�y� �a�n� �i�n�d�u�c�e�d� �v�e�l�o�c�i�t�y� �f�i�e�l�d� �f�r�o�m� �i�t�s� �n�e�i�g�h�b�o�r�i�n�g� �v�o�r�t�e�x�.� �F�r�o�m� �t�h�e�i�r� 

�c�i�r�c�u�l�a�t�i�o�n� �d�i�s�t�r�i�b�u�t�i�o�n�,� �t�h�e� �s�t�a�t�e� �o�f� �t�h�e� �v�o�r�t�i�c�e�s� �a�t� �x�/�c�=�1�0� �a�n�d� �1�5� �a�p�p�e�a�r� �t�o� �b�e� �f�u�l�l�y� 

�d�e�v�e�l�o�p�e�d�.� �H�o�w�e�v�e�r�,� �t�h�e� �v�a�l�u�e� �f�o�r� �U�,�,�,�x�/�T�,� �a�t� �x�/�c�=�1�0� �a�n�d� �1�5� �i�s� �5�2�.�3� �a�n�d� �7�8�.�4� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �w�i�t�h� �,� �e�q�u�a�l� �t�o� �t�h�e� �r�o�o�t� �c�i�r�c�u�l�a�t�i�o�n� �f�o�r� �o�n�e� �w�i�n�g�.� �T�h�i�s� �r�e�s�u�l�t� �i�s� �s�u�r�p�r�i�s�i�n�g� 

�b�e�c�a�u�s�e� �U�,�,�,�x�/�I ��,� �i�s� �m�u�c�h� �l�o�w�e�r� �t�h�a�n� �H�o�f�f�m�a�n�n� �a�n�d� �J�o�u�b�e�r�t�'�s� �v�a�l�u�e� �o�f� �1�5�0� �f�o�r� �a� �f�u�l�l�y� 

�d�e�v�e�l�o�p�e�d� �f�l�o�w�.� �I�t� �a�p�p�e�a�r�s� �t�h�a�t� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�h�e� �p�a�i�r� �h�a�s� �a�c�c�e�l�e�r�a�t�e�d� �t�h�e� 

�d�e�v�e�l�o�p�m�e�n�t� �p�r�o�c�e�s�s� �o�f� �t�h�e� �v�o�r�t�i�c�e�s�.� �T�h�i�s� �i�n�d�i�c�a�t�i�o�n� �i�s� �a�l�s�o� �c�o�n�f�i�r�m�e�d� �b�y� �t�h�e� �a�u�t�o�s�p�e�c�t�r�a� 

�m�e�a�s�u�r�e�d� �i�n� �t�h�e� �c�o�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �s�e�c�t�i�o�n� �4�.�2�.�1�.�1�.� �A�t� �h�i�g�h� �f�r�e�q�u�e�n�c�i�e�s� �o�f� �f�c�/�U�,�,�,� �>�2�0� �r�e�f� 

�(�f�i�g�u�r�e�s� �8�3�c� �a�n�d� �1�0�1�c�)�,� �t�h�e� �t�u�r�b�u�l�e�n�c�e� �l�e�v�e�l�s� �i�n� �t�h�e� �c�o�r�e� �a�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �e�q�u�a�l� �t�o� �e�l�s�e� 

�w�h�e�r�e� �i�n� �t�h�e� �f�l�o�w�.� �D�e�v�e�n�p�o�r�t� �e�t� �a�l� �(�1�9�9�2�)� �a�l�s�o� �h�a�v�e� �r�e�p�o�r�t�e�d� �h�i�g�h� �t�u�r�b�u�l�e�n�c�e� �l�e�v�e�l�s� �i�n� 

�t�h�e� �c�o�r�e� �f�o�r� �f�u�l�l�y� �d�e�v�e�l�o�p�e�d� �s�i�n�g�l�e� �w�i�n�g� �v�o�r�t�i�c�e�s�.� 

�A�t� �x�/�c�=�2�2� �a�n�d� �3�0�,� �t�h�e� �r�e�s�u�l�t�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �1�7�9� �a�r�e� �i�n� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� 

�u�n�i�v�e�r�s�a�l� �l�a�w� �f�o�r� �a� �f�u�l�l�y� �d�e�v�e�l�o�p�e�d� �v�o�r�t�e�x�.� �I�t� �i�s� �s�u�r�p�r�i�s�i�n�g� �t�h�a�t� �t�h�e� �v�o�r�t�e�x� �a�t� �x�/�c�=�2�2� �i�s� 

�f�u�l�l�y� �d�e�v�e�l�o�p�e�d� �c�o�n�s�i�d�e�r�i�n�g� �i�n�c�o�m�p�l�e�t�e� �m�e�r�g�i�n�g� �p�r�o�c�e�s�s�.� �A�f�t�e�r� �m�e�r�g�i�n�g� �o�f� �t�h�e� �t�w�o� 
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�v�o�r�t�i�c�e�s� �i�t� �a�p�p�e�a�r�s� �t�h�a�t� �t�h�e� �m�e�a�n� �v�e�l�o�c�i�t�y� �f�i�e�l�d� �q�u�i�c�k�l�y� �a�s�s�u�m�e�s� �a�n� �e�q�u�i�l�i�b�r�i�u�m� �s�t�a�t�e�.� 

�T�h�e�r�e� �i�s� �m�u�c�h� �b�e�t�t�e�r� �a�g�r�e�e�m�e�n�t� �i�n� �t�h�e� �l�o�g� �r�e�g�i�o�n� �t�h�a�n� �l�o�c�a�t�i�o�n�s� �a�t� �x�/�c�=�1�0� �a�n�d� �1�5� 

�p�r�e�s�u�m�a�b�l�y� �d�u�e� �t�o� �t�h�e� �l�a�c�k� �o�f� �a�n� �i�n�d�u�c�e�d� �v�e�l�o�c�i�t�y� �a�c�t�i�n�g� �o�n� �t�h�e� �c�o�r�e�.� �N�o�t�i�c�e� �t�h�e� �s�l�i�g�h�t� 

�d�i�p�s� �a�n�d� �b�u�m�p�s� �i�n� �t�h�e� �l�o�g� �r�e�g�i�o�n� �w�h�i�c�h� �a�r�e� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �s�p�i�r�a�l� �w�a�k�e� �i�n� �t�h�e� �o�u�t�e�r� �r�e�g�i�o�n�.� 

�A�g�a�i�n� �U�_�,�,�x�/�T�,� �i�s� �m�u�c�h� �l�o�w�e�r� �t�h�a�n� �H�o�f�f�m�a�n�n� �J�o�u�b�e�r�t�'�s� �v�a�l�u�e� �a�t� �5�7�.�5� �a�n�d� �7�8�.�4� �f�o�r� �x�/�c�=�2�2� 

�a�n�d� �3�0� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�s� �w�i�t�h� �t�h�e� �u�n�m�e�r�g�e�d� �c�o�r�e�s�,� �t�h�e� �m�e�r�g�e�d� �c�o�r�e�s� �h�a�v�e� �h�i�g�h� �t�u�r�b�u�l�e�n�c�e� 

�l�e�v�e�l�s� �i�n� �c�o�r�e� �a�u�t�o�s�p�e�c�t�r�a� �s�h�o�w�n� �i�n� �f�i�g�u�r�e�s� �1�2�0�c� �a�n�d� �1�3�7�c�.� �T�h�i�s� �c�o�n�f�i�r�m�s� �t�h�e� �f�u�l�l�y� 

�d�e�v�e�l�o�p�e�d� �s�t�a�t�e� �o�f� �t�h�e� �v�o�r�t�i�c�e�s� �a�t� �x�/�c�=�2�2� �a�n�d� �x�/�c�=�3�0�.� 

�T�h�e� �c�i�r�c�u�l�a�t�i�o�n� �p�r�o�f�i�l�e�s� �o�f� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �p�a�i�r�s� �a�t� �x�/�c�=�1�0� �a�n�d� �3�0� �a�r�e� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� 

�1�8�0�.� �T�h�e�s�e� �p�r�o�f�i�l�e�s� �s�h�o�w� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �l�o�g� �r�e�g�i�o�n� �o�u�t� �t�o� �t�h�e� 

�e�d�g�e� �o�f� �t�h�e� �c�o�r�e�.� �H�o�w�e�v�e�r�,� �o�u�t�s�i�d�e� �o�f� �t�h�e� �c�o�r�e� �t�h�e� �r�e�s�u�l�t�s� �d�e�v�i�a�t�e� �f�r�o�m� �t�h�e� �l�o�g� �r�e�g�i�o�n� 

�s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �t�h�e� �f�l�o�w� �i�s� �s�t�i�l�l� �d�e�p�e�n�d�e�n�t� �o�n� �v�i�s�c�o�s�i�t�y� �a�n�d� �n�o�t� �f�u�l�l�y� �d�e�v�e�l�o�p�e�d�.� �T�h�e�s�e� 

�c�i�r�c�u�l�a�t�i�o�n� �p�r�o�f�i�l�e�s� �a�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �u�n�d�e�r�d�e�v�e�l�o�p�e�d� �v�i�s�c�o�s�i�t�y� �d�e�p�e�n�d�e�n�t� �c�a�s�e� �s�h�o�w�n� �i�n� 

�f�i�g�u�r�e� �1�7�7�a�.� �U�_�,�,�x�/�T�,� �f�o�r� �x�/�c�=�1�0� �a�n�d� �3�0� �i�s� �3�6�.�4� �a�n�d� �1�0�9�.�1� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�i�s� 

�u�n�d�e�r�d�e�v�e�l�o�p�e�d� �s�t�a�t�e� �i�s� �a�l�s�o� �i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� �a�u�t�o�s�p�e�c�t�r�a� �(�f�i�g�u�r�e�s� �1�5�5�c� �a�n�d� �1�7�3�c�)� �w�h�i�c�h� 

�s�h�o�w� �l�o�w� �t�u�r�b�u�l�e�n�c�e� �l�e�v�e�l�s� �i�n� �t�h�e� �c�o�r�e� �a�b�o�v�e� �f�c�/�U�,�,�,�>�2�0� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �s�u�r�r�o�u�n�d�i�n�g� 

�l�o�c�a�t�i�o�n�s�.� �T�h�e�s�e� �s�p�e�c�t�r�a� �a�r�e� �a�l�s�o� �s�i�m�i�l�a�r� �t�o� �u�n�d�e�r�d�e�v�e�l�o�p�e�d� �s�i�n�g�l�e� �w�i�n�g� �v�o�r�t�i�c�e�s� 

�p�r�e�s�e�n�t�e�d� �b�y� �D�e�v�e�n�p�o�r�t� �e�t� �a�l� �(�1�9�9�2�)�.� �N�o�t�i�c�e� �t�h�a�t� �a�t� �x�/�c�=�3�0�,� �U�,�.�.�x�/�T�,� �f�o�r� �t�h�e� �u�n�d�e�r� 

�d�e�v�e�l�o�p�e�d� �v�o�r�t�e�x� �i�s� �1�0�9�.�1� �w�h�i�c�h� �i�s� �a�b�o�u�t� �4�0�%� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �v�o�r�t�i�c�e�s� �a�t� 

�x�/�c�=�1�5�.� 
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�4�.�3�.�2� �S�p�i�r�a�l� �W�a�k�e� 

�O�n�e� �i�n�t�e�r�e�s�t�i�n�g� �f�e�a�t�u�r�e� �o�f� �t�h�e� �v�o�r�t�e�x� �p�a�i�r�s� �i�s� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� �s�p�i�r�a�l� �w�a�k�e� �a�s� �i�t� 

�a�p�p�r�o�a�c�h�e�s� �t�h�e� �c�o�r�e� �r�e�g�i�o�n�.� �R�e�p�r�e�s�e�n�t�a�t�i�v�e� �l�o�c�a�t�i�o�n�s� �f�o�r� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s� �a�t� �x�/�c�=�1�0� 

�a�n�d� �3�0� �a�n�d� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �p�a�i�r� �a�t� �x�/�c�=�1�0� �w�e�r�e� �a�n�a�l�y�z�e�d�.� �S�i�n�c�e� �t�h�e� �s�p�i�r�a�l� �w�a�k�e�s� �i�n� 

�e�a�c�h� �o�f� �t�h�e�s�e� �f�l�o�w�s� �a�r�e� �n�o�t� �a�l�i�g�n�e�d� �w�i�t�h� �a�n�y� �o�f� �t�h�e� �a�b�o�v�e� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�s�,� �a� �f�l�o�w� 

�d�i�r�e�c�t�i�o�n� �s�y�s�t�e�m� �f�o�l�l�o�w�i�n�g� �t�h�e� �s�p�i�r�a�l� �w�a�k�e� �w�i�t�h� �c�o�o�r�d�i�n�a�t�e�s� �(�x�,�s�,�n�)�.� �W�h�e�r�e� �x� �i�s� �t�h�e� �x�-� 

�a�x�i�s� �a�s� �b�e�f�o�r�e�,� �s� �i�s� �t�h�e� �d�i�r�e�c�t�i�o�n� �a�l�o�n�g� �t�h�e� �w�a�k�e� �c�e�n�t�e�r�l�i�n�e� �w�i�t�h� �t�h�e� �p�o�s�i�t�i�v�e� �d�i�r�e�c�t�i�o�n� 

�t�a�k�e�n� �f�r�o�m� �t�h�e� �c�o�r�e� �t�o� �t�h�e� �o�u�t�e�r� �r�e�g�i�o�n�,� �a�n�d� �n� �c�o�m�p�l�e�t�e�s� �t�h�e� �r�i�g�h�t� �h�a�n�d� �c�o�o�r�d�i�n�a�t�e� 

�s�y�s�t�e�m�.� �F�r�o�m� �t�h�e� �a�b�o�v�e� �v�e�l�o�c�i�t�y� �r�e�s�u�l�t�s�,� �i�t� �w�a�s� �s�h�o�w�n� �t�h�a�t� �a�s� �t�h�e� �s�p�i�r�a�l� �w�a�k�e� �a�p�p�r�o�a�c�h�e�s� 

�t�h�e� �c�o�r�e�,� �i�t� �i�s� �s�t�r�e�t�c�h�e�d� �a�n�d� �d�i�s�t�o�r�t�e�d� �w�h�i�c�h� �c�h�a�n�g�e�s� �t�h�e� �t�u�r�b�u�l�e�n�c�e� �f�l�u�c�t�u�a�t�i�o�n�s� �a�l�o�n�g� �i�t�s� 

�l�e�n�g�t�h�.� �T�h�e� �t�w�o� �p�r�i�m�a�r�y� �p�r�o�c�e�s�s�e�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�i�s� �c�h�a�n�g�e� �a�r�e� �s�h�e�a�r� �d�u�e� �t�o� �t�h�e� �m�e�a�n� 

�v�e�l�o�c�i�t�y� �f�i�e�l�d� �d�e�f�i�n�e�d� �a�s� 

� � 

�V�,� 
 ¬�=� �O�V�e� �_� �V�o� �(�4�.�3�.�5�)� 

�o�r� �I� 

�a�n�d� �f�l�o�w� �c�u�r�v�a�t�u�r�e� �d�u�e� �t�o� �t�h�e� �r�o�l�l� �u�p� �o�f� �t�h�e� �w�a�k�e� �d�e�f�i�n�e�d� �a�s� 

�2� 

�I�,� �=� �(�1�4� �i� �}� �(�4�.�3�.�6�)� 
�V�o� 

�w�h�e�r�e� �r�,� �i�s� �t�h�e� �r�a�d�i�u�s� �o�f� �c�u�r�v�a�t�u�r�e�,� �a�n�d� �r� �i�s� �t�h�e� �w�a�k�e� �w�i�d�t�h�.� �U�s�i�n�g� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� 

�p�a�i�r� �a�t� �x�/�c�=�1�0� �w�h�i�c�h� �h�a�s� �t�h�e� �l�a�r�g�e�s�t� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�i�e�s� �c�l�o�s�e� �t�o� �t�h�e� �l�i�n�e� �o�f� �s�y�m�m�e�t�r�y�,� 

�w�e� �c�a�n� �c�a�l�c�u�l�a�t�e� �t�h�e� �r�a�d�i�u�s� �o�f� �c�u�r�v�a�t�u�r�e� �a�t� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �c�o�r�e� �w�i�t�h� �U�=�1�.�0� �a�n�d� �V�,�=�0�.�4�8�.� 
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�r�,� �t�u�r�n�s� �o�u�t� �t�o� �b�e� �5� �t�i�m�e�s� �t�h�e� �w�i�d�t�h� �o�f� �t�h�e� �w�a�k�e�,� �i�m�p�l�y�i�n�g� �t�h�a�t� �t�h�e� �f�l�o�w� �c�u�r�v�a�t�u�r�e� �w�i�l�l� 

�p�r�o�b�a�b�l�y� �b�e� �s�i�g�n�i�f�i�c�a�n�t� �c�l�o�s�e� �t�o� �t�h�e� �c�o�r�e� �r�e�g�i�o�n�.� 

�F�i�g�u�r�e� �1�8�1� �s�h�o�w�s� �t�h�e� �c�e�n�t�e�r�l�i�n�e� �o�f� �t�h�e� �s�p�i�r�a�l� �w�a�k�e� �f�o�r� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s� �a�t� �x�/�c�=�1�0� �a�n�d� 

�3�0�.� �F�r�o�m� �t�h�e� �r�e�s�u�l�t�s� �i�n� �s�e�c�t�i�o�n� �4�.�2�.�1�,� �i�t� �w�a�s� �s�h�o�w�n� �t�h�a�t� �t�u�r�b�u�l�e�n�c�e� �k�i�n�e�t�i�c� �e�n�e�r�g�y� 

�d�e�c�r�e�a�s�e�d� �a�s� �t�h�e� �w�a�k�e� �a�p�p�r�o�a�c�h�e�d� �t�h�e� �c�o�r�e�.� �H�o�w�e�v�e�r�,� �t�h�i�s� �i�s� �n�o�t� �t�h�e� �c�a�s�e� �f�o�r� �t�h�e� �w�h�o�l�e� 

�w�a�k�e�,� �a�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �1�8�2�.� �0� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �a�n�g�l�e� �t�h�a�t� �t�h�e� �u�p�p�e�r� �w�i�n�g� �w�a�k�e� �t�a�k�e�s� 

�a�b�o�u�t� �i�t�s� �r�e�s�p�e�c�t�i�v�e� �v�o�r�t�e�x� �c�e�n�t�e�r� �(�f�i�g�u�r�e� �5�)�.� �T�h�e� �f�i�r�s�t� �m�e�a�s�u�r�e�m�e�n�t� �l�o�c�a�t�i�o�n� �c�l�o�s�e� �t�o� �0�°� 

�i�s� �t�h�e� �f�a�r�f�i�e�l�d� �w�i�n�g� �w�a�k�e� �f�r�o�m� �s�e�c�t�i�o�n� �4�.�1�.�2�.� �N�o�t�i�c�e� �t�h�a�t� �a�l�l� �f�o�u�r� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�s�,� 

�t�h�e�r�e� �i�s� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�.�k�.�e� �f�r�o�m� �t�h�e� �f�a�r� �f�i�e�l�d� �w�i�n�g� �w�a�k�e� �t�o� �t�h�e� �b�e�g�i�n�n�i�n�g� �m�e�a�s�u�r�e�m�e�n�t�s� 

�s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �v�o�r�t�e�x�.� �A�t� �x�/�c�=�1�0�,� �t�h�e� �p�e�a�k� �t�.�k�.�e� �o�c�c�u�r�s� �a�t� �8�=�4�5�°�.� �T�h�i�s� �i�n�c�r�e�a�s�e�s� �t�o� 

�6�=�9�0�°� �a�t� �x�/�c�=�3�0�.� �O�n�e� �p�o�s�s�i�b�l�e� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �t�h�i�s� �i�n�c�r�e�a�s�e�s� �i�s� �d�u�e� �t�o� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� 

�v�o�r�t�i�c�i�t�y� �c�l�o�s�e�r� �t�o� �t�h�e� �w�i�n�g� �t�i�p�.� �S�i�n�c�e� �t�h�e� �w�i�n�g� �i�s� �s�h�e�d�d�i�n�g� �v�o�r�t�i�c�i�t�y� �a�l�o�n�g� �i�t�s� �s�p�a�n�,� �t�h�e� 

�w�i�n�g� �w�a�k�e� �a�l�s�o� �c�o�n�t�a�i�n�s� �s�o�m�e� �o�f� �t�h�i�s� �s�h�e�d� �v�o�r�t�i�c�i�t�y� �c�l�o�s�e� �t�o� �t�h�e� �w�i�n�g� �t�i�p� �a�n�d� �v�o�r�t�e�x� 

�c�e�n�t�e�r�.� �T�h�i�s� �s�h�e�d� �v�o�r�t�i�c�i�t�y� �i�n�c�r�e�a�s�e�s� �t�h�e� �t�.�k�.�e�.� �a�s� �t�h�e� �w�i�n�g� �w�a�k�e� �m�o�v�e�s� �f�r�o�m� �a� �m�o�s�t�l�y� 

�t�w�o� �d�i�m�e�n�s�i�o�n�a�l� �s�t�a�t�e� �t�o� �a� �3�D� �o�n�e� �c�l�o�s�e�r� �t�o� �t�h�e� �v�o�r�t�e�x�.� �C�l�o�s�e�r� �t�o� �t�h�e� �v�o�r�t�e�x� �t�h�e� �m�e�a�n� 

�s�h�e�a�r� �i�n�c�r�e�a�s�e�s�,� �r�e�d�u�c�i�n�g� �t�h�e� �t�.�k�.�e�.� �i�n� �t�h�e� �w�i�n�g� �w�a�k�e� �a�s� �i�t� �m�o�v�e�s� �c�l�o�s�e�r� �t�o� �t�h�e� �c�o�r�e�.� �N�e�a�r� 

�t�h�e� �c�o�r�e�,� �t�h�e� �t�.�k�.�e� �i�n�c�r�e�a�s�e�s� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g�.� 

�F�i�g�u�r�e� �1�8�3� �s�h�o�w�s� �t�h�e� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s� �a�l�o�n�g� �t�h�e� �s�p�i�r�a�l� �w�a�k�e� �o�f� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �c�a�s�e� �a�t� 

�x�/�c�=�1�0�.� �T�h�e� �f�a�r�f�i�e�l�d� �w�i�n�g� �w�a�k�e� �i�s� �a�l�s�o� �s�h�o�w�n� �f�o�r� �c�o�m�p�a�r�i�s�o�n�.� �T�h�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� 

�S�t�a�t�i�o�n�s� �1�-�5� �a�r�e� �l�a�b�e�l�e�d� �i�n� �f�i�g�u�r�e� �1�8�1�.� �A�t� �s�t�a�t�i�o�n� �1�,� �t�h�e� �t�u�r�b�u�l�e�n�c�e� �k�i�n�e�t�i�c� �e�n�e�r�g�y� �i�s� 

�a�l�m�o�s�t� �5�0�%� �l�a�r�g�e�r� �w�i�t�h� �k�=�0�.�0�0�0�5�9� �c�o�m�p�a�r�e�d� �t�o� �k�=�0�.�0�0�0�3�2� �f�o�r� �t�h�e� �w�i�n�g� �w�a�k�e�.� �A�l�l� �t�h�r�e�e� 

�d�i�r�e�c�t�i�o�n�s� �s�h�o�w� �a�n� �i�n�c�r�e�a�s�e� �i�n� �f�l�u�c�t�u�a�t�i�o�n�s� �w�i�t�h� �v�,�*� �h�a�v�i�n�g� �t�h�e� �g�r�e�a�t�e�s�t� �i�n�c�r�e�a�s�e�.� �T�h�e�r�e� �i�s� 

�a�l�s�o� �a� �l�a�r�g�e� �i�n�c�r�e�a�s�e� �i�n� �a�l�l� �t�h�r�e�e� �s�h�e�a�r� �s�t�r�e�s�s� �v�,�v�,�,� �V�,�V�,� �a�n�d� �v�,�v�,� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �f�a�r�f�i�e�l�d� 
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�w�i�n�g� �w�a�k�e�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� �v�,�v�,� �i�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �t�a�n�g�e�n�t�i�a�l� �v�e�l�o�c�i�t�i�e�s� �i�m�p�o�s�i�n�g� �a� �s�h�e�a�r� 

�o�n� �t�h�e� �s�p�i�r�a�l� �w�a�k�e� �s�t�r�u�c�t�u�r�e�.� �T�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �v�x�v�n�,� �w�h�i�c�h� �i�s� �i�n�f�l�u�e�n�c�e�d� �b�y� �t�h�e� �a�x�i�a�l� 

�v�e�l�o�c�i�t�y� �d�e�f�i�c�i�t�s�,� �i�s� �o�n�l�y� �s�l�i�g�h�t�l�y� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� �f�a�r�f�i�e�l�d� �w�a�k�e�.� �M�o�v�i�n�g� �c�l�o�s�e�r� �t�o� �t�h�e� 

�v�o�r�t�e�x� �c�o�r�e�,� �t�h�e� �t�u�r�b�u�l�e�n�c�e� �k�i�n�e�t�i�c� �e�n�e�r�g�y� �d�e�c�r�e�a�s�e�s� �u�p� �t�o� �s�t�a�t�i�o�n� �4� �t�h�e�n� �s�l�i�g�h�t�l�y� �i�n�c�r�e�a�s�e�s� 

�c�l�o�s�e� �t�o� �t�h�e� �c�o�r�e� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g�.� �T�h�i�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �f�i�g�u�r�e� �1�8�3�a� 

�w�h�e�r�e� �t�h�e�r�e� �i�s� �a� �l�a�r�g�e� �i�n�c�r�e�a�s�e� �i�n� �v�,�?� �a�t� �s�t�a�t�i�o�n� �5�.� �H�o�w�e�v�e�r�,� �t�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s� �v�,�?� 

�i�n�c�r�e�a�s�e�s� �t�o� �a� �m�a�x�i�m�u�m� �a�t� �s�t�a�t�i�o�n� �3� �t�h�e�n� �d�e�c�r�e�a�s�e�s� �t�o�w�a�r�d�s� �t�h�e� �c�o�r�e�.� �T�h�i�s� �i�n�c�r�e�a�s�e� �i�s� 

�a�l�s�o� �s�e�e�n� �i�n� �v�,�v�,� �a�t� �s�t�a�t�i�o�n� �3�.� 

�A�n� �a�l�t�e�r�n�a�t�i�v�e� �v�i�e�w� �o�f� �t�h�e� �f�l�o�w� �s�t�r�u�c�t�u�r�e� �i�s� �s�h�o�w�n� �b�y� �t�h�e� �a�u�t�o�s�p�e�c�t�r�a� �i�n� �f�i�g�u�r�e� �1�8�4�.� 

�L�a�r�g�e� �p�e�a�k�s� �a�r�e� �s�e�e�n� �i�n� �G� �v�e�v�s� �a�t� �f�c�/�U�,�,�<�=�3� �a�t� �s�t�a�t�i�o�n�s� �1� �a�n�d� �2�.� �T�h�e� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e�s�e� �p�e�a�k�s� 

�i�s� �s�e�e�n� �t�o� �d�e�c�r�e�a�s�e� �a�s� �t�h�e� �c�o�r�e� �i�s� �a�p�p�r�o�a�c�h�e�d�.� �B�y� �s�t�a�t�i�o�n� �4�,� �n�o�n�e� �o�f� �t�h�e� �p�e�a�k�s� �a�r�e� �v�i�s�i�b�l�e�.� 

�T�h�i�s� �m�a�y� �b�e� �t�h�e� �r�e�s�u�l�t� �o�f� �t�h�e� �i�n�c�r�e�a�s�e�d� �s�h�e�a�r� �b�r�e�a�k�i�n�g� �u�p� �t�h�e� �l�a�r�g�e� �s�c�a�l�e� �s�t�r�u�c�t�u�r�e�s� �a�s� �t�h�e� 

�c�o�r�e� �i�s� �a�p�p�r�o�a�c�h�e�d�.� �I�n� �f�i�g�u�r�e� �1�8�4�c�,� �G� 
�v�n�v�n� 

�a�l�s�o� �s�h�o�w�s� �l�a�r�g�e� �p�e�a�k�s� �w�h�i�c�h� �i�n�c�r�e�a�s�e� �i�n� 

�f�r�e�q�u�e�n�c�y� �f�r�o�m� �f�c�/�U�,�,�,�.�=�3� �t�o� �f�c�/�U�,�,�f�=�4� �c�l�o�s�e� �t�o� �t�h�e� �c�o�r�e�.� �T�h�i�s� �m�a�y� �s�u�g�g�e�s�t� �t�h�a�t� �c�l�o�s�e�r� �t�o� 

�t�h�e� �c�o�r�e� �t�h�e�s�e� �l�a�r�g�e� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �b�r�o�k�e�n� �i�n�t�o� �s�m�a�l�l�e�r� �o�n�e�s� �w�h�i�c�h� �h�a�v�e� �a� �h�i�g�h�e�r� 

�f�r�e�q�u�e�n�c�y�.� �A�t� �h�i�g�h� �f�r�e�q�u�e�n�c�i�e�s�,� �a�l�l� �t�h�r�e�e� �a�u�t�o�s�p�e�c�t�r�a� �h�a�v�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� �s�a�m�e� 

�e�n�e�r�g�y� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e� �s�m�a�l�l� �s�c�a�l�e� �t�u�r�b�u�l�e�n�c�e� �l�e�v�e�l�s� �a�r�e� �s�i�m�i�l�a�r�.� �U�s�i�n�g� �t�h�e� �s�i�m�i�l�a�r�i�t�y� 

�a�n�a�l�y�s�i�s� �d�i�s�c�u�s�s�e�d� �s�e�c�t�i�o�n� �4�.�1�.�2�,� �t�h�e� �a�u�t�o�s�p�e�c�t�r�a� �c�a�n� �b�e� �s�c�a�l�e�d� �o�n� �t�h�e� �w�i�d�t�h� �o�f� �t�h�e� �w�a�k�e� �a�t� 

�t�h�e� �v�a�r�i�o�u�s� �s�t�a�t�i�o�n�s�.� �F�i�g�u�r�e� �1�8�5� �s�h�o�w�s� �t�h�e� �a�u�t�o�s�p�e�c�t�r�a�,� �w�h�e�r�e� �L�,� �i�s� �t�h�e� �l�o�c�a�l� �l�e�n�g�t�h� �s�c�a�l�e� 

�a�t� �e�a�c�h� �s�t�a�t�i�o�n�.� �T�h�e�r�e� �i�s� �g�o�o�d� �c�o�l�l�a�p�s�e� �o�f� �b�o�t�h� �G�,�,�.� �a�n�d� �G� �V�X�V�X� �v�n�v�o� �a�b�o�v�e� �f�L�,�/�U�,�,�,�>�-�1�.� �I�n� 

�G�,�.�,�,� �S�t�a�t�i�o�n�s� �4� �a�n�d� �5� �d�o� �n�o�t� �c�o�l�l�a�p�s�e� �w�e�l�l� �s�i�n�c�e� �t�h�e�y� �h�a�v�e� �n�o� �p�r�o�n�o�u�n�c�e�d� �p�e�a�k�s� �a�r�o�u�n�d� 

�{�L�/�U�,�e�p�=�-�2�5�-� 
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�M�o�v�i�n�g� �d�o�w�n�s�t�r�e�a�m� �t�o� �x�/�c�=�3�0�,� �f�i�g�u�r�e� �1�8�6� �s�h�o�w�s� �t�h�e� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �s�p�i�r�a�l� 

�w�a�k�e� �f�o�r� �s�t�a�t�i�o�n�s� �1�-�8� �l�a�b�e�l�e�d� �i�n� �f�i�g�u�r�e� �1�8�1�.� �A�p�p�r�o�a�c�h�i�n�g� �t�h�e� �c�o�r�e� �a�l�o�n�g� �t�h�e� �s�p�i�r�a�l� �w�a�k�e�,� 

�t�h�e� �t�u�r�b�u�l�e�n�c�e� �k�i�n�e�t�i�c� �e�n�e�r�g�y� �i�n�c�r�e�a�s�e�s� �f�r�o�m� �k�=�0�.�0�0�0�1�0� �i�n� �t�h�e� �f�a�r� �f�i�e�l�d� �w�a�k�e� �t�o� 

�k�=�0�.�0�0�0�1�6�1� �a�t� �s�t�a�t�i�o�n� �1�.� �T�h�e� �t�.�k�.�e�.� �t�h�e�n� �d�e�c�r�e�a�s�e�s� �u�p� �t�o� �s�t�a�t�i�o�n� �8� �w�h�e�r�e� �p�r�e�s�u�m�a�b�l�y� �t�h�e� 

�v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g� �i�n�c�r�e�a�s�e�s� �t�h�e� �f�l�u�c�t�u�a�t�i�o�n�s�.� �T�h�e� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �a�r�e� �a�l�s�o� �s�i�m�i�l�a�r� �t�o� �t�h�e� 

�s�t�r�e�s�s� �a�t� �x�/�c�=�1�0�,� �w�i�t�h� �a�n� �i�n�c�r�e�a�s�e� �i�n� �v�,�v�,� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �s�h�e�a�r� �o�f� �t�h�e� �t�a�n�g�e�n�t�i�a�l� 

�v�e�l�o�c�i�t�i�e�s�.� �A�l�s�o�,� �v�,�v�,� �r�e�m�a�i�n�s� �f�a�i�r�l�y� �c�o�n�s�t�a�n�t� �u�p� �t�o� �s�t�a�t�i�o�n� �3� �u�n�t�i�l� �i�t� �b�e�g�i�n�s� �t�o� �d�e�c�r�e�a�s�e� 

�d�u�e� �t�o� �t�h�e� �l�a�c�k� �o�f� �a� �m�e�a�n� �a�x�i�a�l� �v�e�l�o�c�i�t�y� �d�e�f�i�c�i�t�.� 

�T�h�e� �s�p�e�c�t�r�a� �f�o�r� �x�/�c�=�3�0�,� �f�i�g�u�r�e� �1�8�7�,� �a�l�s�o� �a�r�e� �q�u�a�n�t�i�t�a�t�i�v�e�l�y� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �a�t� �x�/�c�=�1�0�.� 

�L�a�r�g�e� �p�e�a�k�s� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �l�a�r�g�e� �s�c�a�l�e� �w�a�k�e� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �s�e�e�n� �i�n� �G�,�.�,�.� �a�t� 

�f�c�/�U�r�e�f�=�2�.�5�,� �w�h�i�c�h� �r�e�d�u�c�e� �i�n� �i�n�t�e�n�s�i�t�y� �a�s� �t�h�e� �c�o�r�e� �i�s� �a�p�p�r�o�a�c�h�e�d�.� �T�h�e�s�e� �p�e�a�k�s� �a�r�e� �a�l�s�o� 

�s�e�e�n� �i�n� �G�,�,�,�,�,�,� �a�t� �f�c�/�U�,�,�.�=�2�.�5�,� �b�u�t� �u�n�l�i�k�e� �x�/�c�=�1�0� �t�h�e�y� �d�o� �n�o�t� �i�n�c�r�e�a�s�e� �i�n� �f�r�e�q�u�e�n�c�y� �a�s� �t�h�e� 
�V�a�v�V�D� 

�c�o�r�e� �i�s� �a�p�p�r�o�a�c�h�e�d�.� �T�h�i�s� �c�o�u�l�d� �b�e� �d�u�e� �t�o� �t�h�e� �l�a�r�g�e�r� �r�a�d�i�a�l� �d�i�s�t�a�n�c�e� �s�t�a�t�i�o�n� �8� �i�s� �l�o�c�a�t�e�d� 

�f�r�o�m� �t�h�e� �c�o�r�e� �r�e�s�u�l�t�i�n�g� �i�n� �l�o�w�e�r� �d�a�m�p�i�n�g� �o�f� �t�h�e� �l�a�r�g�e� �s�c�a�l�e� �s�t�r�u�c�t�u�r�e�s�.� �F�i�g�u�r�e� �1�8�8� �s�h�o�w�s� 

�s�i�m�i�l�a�r�i�t�y� �s�c�a�l�i�n�g� �o�f� �t�h�e� �a�u�t�o�s�p�e�c�t�r�a� �b�a�s�e�d� �o�n� �t�h�e� �l�o�c�a�l� �l�e�n�g�t�h� �s�c�a�l�e� �L�,�.� �T�h�e�r�e� �i�s� �g�o�o�d� 

�c�o�l�l�a�p�s�e� �f�o�r� �a�l�l� �n�i�n�e� �l�o�c�a�t�i�o�n�s� �a�c�r�o�s�s� �a�l�l� �f�r�e�q�u�e�n�c�i�e�s�.� 

�T�h�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �s�p�i�r�a�l� �w�i�n�g� �w�a�k�e� �i�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �1�8�9� �f�o�r� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �p�a�i�r� 

�a�t� �x�/�c�=�1�0�.� �I�n� �t�h�e�s�e� �p�a�i�r�s� �,� �t�h�e� �t�.�k�.�e� �i�n� �t�h�e� �w�a�k�e� �i�n�c�r�e�a�s�e�s� �f�r�o�m� �t�h�e� �f�a�r� �f�i�e�l�d� �w�i�n�g� �w�a�k�e� �t�o� 

�a� �l�o�c�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �c�o�r�e�s� �(�f�i�g�u�r�e� �1�9�0�)�.� �I�n� �c�o�n�t�r�a�s�t� �t�o� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s�,� �t�h�e�r�e� 

�i�s� �n�o� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �t�.�k�.�e� �i�n� �t�h�e� �o�u�t�e�r� �r�e�g�i�o�n� �o�f� �t�h�e� �v�o�r�t�e�x�.� �T�h�i�s� �p�r�o�b�a�b�l�y� �r�e�s�u�l�t�s� �f�r�o�m� 

�l�o�w�e�r� �a�m�o�u�n�t�s� �o�f� �v�o�r�t�i�c�i�t�y� �s�h�e�d� �a�w�a�y� �f�r�o�m� �t�h�e� �t�i�p�s� �f�o�r� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �w�i�n�g�s� �a�s� 

�c�o�m�p�a�r�e�d� �t�o� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �w�i�n�g�s�.� 
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�A�t� �x�/�c�=�1�0�,� �t�h�e� �t�.�k�.�e�.� �f�o�r�m� �t�h�e� �f�a�r�f�i�e�l�d� �w�a�k�e� �(�k�=�0�.�0�0�0�3�7�)� �i�n�c�r�e�a�s�e�s� �t�o� �s�t�a�t�i�o�n� �4� 

�(�k�=�0�.�0�0�0�7�2�)� �l�o�c�a�t�e�d� �d�i�r�e�c�t�l�y� �b�e�t�w�e�e�n� �t�h�e� �c�o�r�e�s�.� �A�t� �t�h�i�s� �l�o�c�a�t�i�o�n�,� �t�h�e�r�e� �i�s� �a� �l�a�r�g�e� �s�h�e�a�r� 

�f�r�o�m� �b�o�t�h� �v�o�r�t�i�c�e�s� �i�n� �t�h�e� �'�s�'� �d�i�r�e�c�t�i�o�n� �w�h�i�c�h� �i�s� �p�a�r�t�l�y� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �i�n�c�r�e�a�s�e�d� 

�f�l�u�c�t�u�a�t�i�o�n�s�.� �A�l�s�o� �p�a�r�t�l�y� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �i�n�c�r�e�a�s�e�d� �f�l�u�c�t�u�a�t�i�o�n�s� �i�s� �t�h�e� �v�o�r�t�e�x� 

�w�a�n�d�e�r�i�n�g� �s�h�o�w�n� �b�y� �t�h�e� �l�a�r�g�e� �s�t�r�e�s�s�e�s� �a�t� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �s�t�a�t�i�o�n� �4� �w�a�k�e� �i�n� �f�i�g�u�r�e� �1�9�1�a�.� 

�T�h�i�s� �l�a�r�g�e� �i�n�c�r�e�a�s�e� �i�s� �a�l�s�o� �s�e�e�n� �i�n� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �v�s�v�n� �i�n� �f�i�g�u�r�e� �1�9�1�e�.� 

�T�h�e� �s�p�e�c�t�r�a� �i�n� �f�i�g�u�r�e� �1�9�2� �a�l�s�o� �s�h�o�w� �p�r�o�n�o�u�n�c�e�d� �p�e�a�k�s� �i�n� �G�,�.�,�.� �a�t� �t�h�e� �f�a�r�f�i�e�l�d� �w�a�k�e� �a�n�d� 
�V�S�V�S� 

�S�t�a�t�i�o�n� �1� �l�o�c�a�t�i�o�n�s�.� �M�o�v�i�n�g� �c�l�o�s�e�r� �t�o� �t�h�e� �c�o�r�e�,� �t�h�e� �l�a�r�g�e� �s�c�a�l�e� �s�t�r�u�c�t�u�r�e�s� �i�n�c�r�e�a�s�e� �i�n� 

�f�r�e�q�u�e�n�c�y� �a�n�d� �d�e�c�r�e�a�s�e� �i�n� �i�n�t�e�n�s�i�t�y�.� �I�n� �f�i�g�u�r�e� �1�9�2�c�,� �G�,�,�,� �s�h�o�w� �v�e�r�y� �l�a�r�g�e� �p�e�a�k�s� 

�c�e�n�t�e�r�e�d� �a�r�o�u�n�d� �f�c�/�U�,�,�,�=�4� �f�o�r� �a�l�l� �o�f� �t�h�e� �s�p�i�r�a�l� �l�o�c�a�t�i�o�n�s�.� �T�h�e� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e�s�e� �p�e�a�k�s� 

�r�e�a�c�h� �a� �m�a�x�i�m�u�m� �a�t� �s�t�a�t�i�o�n� �4� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �l�a�r�g�e� �t�.�k�.�e�.�,� �t�h�e�n� �d�e�c�r�e�a�s�e� �f�u�r�t�h�e�r� 

�a�l�o�n�g� �t�h�e� �s�p�i�r�a�l�.� �F�i�g�u�r�e� �1�9�3� �s�h�o�w�s� �t�h�e� �a�u�t�o�s�p�e�c�t�r�a� �s�c�a�l�e�d� �o�n� �L�,�.� �T�h�e�r�e� �i�s� �a� �f�a�i�r�l�y� �g�o�o�d� 

�c�o�l�l�a�p�s�e� �a�b�o�v�e� �f�L�,�/�U�,�,�,�>�.�1� �f�o�r� �a�l�l� �t�h�r�e�e� �a�u�t�o�s�p�e�c�t�r�a�.� �B�e�l�o�w� �f�L�,�/�U�,�,�,�-�<�.�1�,� �t�h�e�r�e� �a�r�e� �l�a�r�g�e� 

�d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �v�a�r�i�o�u�s� �s�t�a�t�i�o�n�s� �p�o�s�s�i�b�l�y� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g� 

�w�h�i�c�h� �i�n�c�r�e�a�s�e�s� �t�h�e� �e�n�e�r�g�y� �a�t� �l�o�w� �f�r�e�q�u�e�n�c�i�e�s�.� 

�4�.�3�.�3� �T�r�i�p�l�e� �P�r�o�d�u�c�t�s� 

�T�r�i�p�l�e� �p�r�o�d�u�c�t�s� �a�r�e� �a� �q�u�a�n�t�i�t�y� �t�h�a�t� �i�s� �b�o�t�h� �d�i�f�f�i�c�u�l�t� �t�o� �m�e�a�s�u�r�e� �a�n�d� �i�n�t�e�r�p�r�e�t� �.� �O�n�e� �w�a�y� �t�o� 

�a�n�a�l�y�z�e� �t�h�e�s�e� �r�e�s�u�l�t�s� �i�s� �t�h�e� �t�r�i�p�l�e� �p�r�o�d�u�c�t� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�r�a�n�s�v�e�r�s�e� �d�i�f�f�u�s�i�o�n� �o�f� �t�u�r�b�u�l�e�n�t� 

�k�i�n�e�t�i�c� �e�n�e�r�g�y�.� �T�h�i�s� �d�i�s�c�u�s�s�i�o�n� �i�s� �t�a�k�e�n� �f�r�o�m� �N�a�s�s�e�r�i� �(�1�9�9�0�)� �w�h�o� �m�e�a�s�u�r�e�d� �a� �v�o�r�t�e�x� 

�i�n�t�e�r�a�c�t�i�n�g� �w�i�t�h� �a� �b�o�u�n�d�a�r�y� �l�a�y�e�r�.� 

�A�c�c�o�r�d�i�n�g� �t�o� �N�a�s�s�e�r�i�,� �t�h�e� �y� �c�o�m�p�o�n�e�n�t� �t�r�a�n�s�p�o�r�t� �v�e�l�o�c�i�t�y� �i�s� �d�e�f�i�n�e�d� �a�s� 
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�V�=�(�u�2�v�+�v�3�+�v�w�?�2�)�/�(�u�2�+�v�2�+�w�?�)� �(�4�.�3�.�7�)� 

�w�i�t�h� �t�h�e� �z� �c�o�m�p�o�n�e�n�t� �d�e�f�i�n�e�d� �a�s� 

�W�,�=�(�u�2�w�+�w�3�+�v�-�w�)�/�(�u�2�+�v�2�+�w�?�)� �(�4�.�3�.�8�)� 

�A�c�t�u�a�l�l�y� �t�h�e�s�e� �d�e�f�i�n�i�t�i�o�n�s� �s�h�o�u�l�d� �i�n�c�l�u�d�e� �p�r�e�s�s�u�r�e� �f�l�u�c�t�u�a�t�i�o�n� �t�e�r�m�s�,� �b�u�t� �t�h�e�s�e� �t�e�r�m�s� �a�r�e� 

�d�i�f�f�i�c�u�l�t� �t�o� �m�e�a�s�u�r�e� �s�o� �t�h�a�t� �t�h�e� �p�r�e�s�s�u�r�e� �d�i�f�f�u�s�i�o�n� �h�a�s� �b�e�e�n� �i�g�n�o�r�e�d�.� �N�o�t�e� �t�h�a�t� �t�h�e� 

�d�i�f�f�u�s�i�o�n� �v�e�l�o�c�i�t�y� �v�e�c�t�o�r�s� �i�n� �t�h�e� �y�-�z� �p�l�a�n�e� �r�e�q�u�i�r�e� �9� �t�u�r�b�u�l�e�n�c�e� �q�u�a�n�t�i�t�i�e�s� �-� �6� �t�r�i�p�l�e� 

�p�r�o�d�u�c�t�s� �a�n�d� �3� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s�.� �F�i�g�u�r�e�s� �1�9�4� �t�h�r�o�u�g�h� �1�9�9� �s�h�o�w� �t�h�e� �t�r�a�n�s�p�o�r�t� �v�e�l�o�c�i�t�y� 

�v�e�c�t�o�r�s� �f�o�r� �t�h�e� �6� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�s� �m�e�a�s�u�r�e�d�.� �T�h�e� �t�r�i�p�l�e� �p�r�o�d�u�c�t�s� �a�p�p�e�a�r� �f�a�i�r�l�y� 

�c�o�n�s�i�s�t�e�n�t� �a�t� �a�l�l� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�s� �w�h�i�c�h� �i�s� �s�u�r�p�r�i�s�i�n�g� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �u�n�c�e�r�t�a�i�n�t�i�e�s� �o�f� 

�t�h�e�s�e� �q�u�a�n�t�i�t�i�e�s�.� �I�f� �t�u�r�b�u�l�e�n�t� �d�i�f�f�u�s�i�o�n� �o�f� �t�h�e� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s� �a�n�d� �t�.�k�.�e�.� �w�e�r�e� �b�o�t�h� �p�u�r�e� 

�g�r�a�d�i�e�n�t� �d�i�f�f�u�s�i�o�n� �p�r�o�c�e�s�s�e�s�,� �t�h�e�n� �t�h�e� �t�r�i�p�l�e� �p�r�o�d�u�c�t� �v�e�c�t�o�r�s� �w�o�u�l�d� �b�e� �n�o�r�m�a�l� �t�o� �t�h�e� 

�c�o�n�t�o�u�r�s� �o�f� �t�.�k�.�e�.� �a�n�d� �t�h�e�i�r� �m�a�g�n�i�t�u�d�e� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �g�r�a�d�i�e�n�t� �o�f� �t�u�r�b�u�l�e�n�t� �e�n�e�r�g�y�.� 

�C�l�e�a�r�l�y� �f�r�o�m� �f�i�g�u�r�e�s� �1�9�4� �t�h�r�o�u�g�h� �1�9�9�,� �t�h�e� �v�e�c�t�o�r�s� �a�r�e� �c�l�o�s�e� �t�o� �b�e�i�n�g� �n�o�r�m�a�l� �t�o� �t�h�e� �t�.�k�.�e�.� 

�c�o�n�t�o�u�r�s� �a�n�d� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �g�r�a�d�i�e�n�t� �i�n� �t�h�e� �w�a�k�e� �a�n�d� �o�u�t�e�r� �r�e�g�i�o�n� �o�f� �t�h�e� �v�o�r�t�e�x�.� 

�N�e�a�r� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�,� �t�h�i�s� �i�s� �n�o�t� �t�r�u�e� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �g�r�a�d�i�e�n�t� �t�r�a�n�s�p�o�r�t� �o�f� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s� 

�i�s� �n�o�t� �a�n� �a�c�c�u�r�a�t�e� �a�p�p�r�o�x�i�m�a�t�i�o�n� �f�o�r� �t�h�e� �c�o�r�e� �r�e�g�i�o�n�.� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �7�0



�4�.�4� �V�o�r�t�e�x� �M�o�t�i�o�n�s� �a�n�d� �C�o�r�e� �R�e�g�i�o�n� 

�4�.�4�.�1� �C�o�-�R�o�t�a�t�i�n�g� �P�a�i�r�s� 

�F�r�o�m� �t�h�e� �v�e�l�o�c�i�t�y� �r�e�s�u�l�t�s� �i�n� �s�e�c�t�i�o�n� �4�.�2�,� �i�t� �w�a�s� �s�h�o�w�n� �t�h�a�t� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �o�f� �t�h�e� �v�o�r�t�e�x� 

�p�a�i�r�s� �i�s� �d�o�m�i�n�a�t�e�d� �b�y� �l�a�r�g�e� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s� �w�h�i�c�h� �a�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �w�a�n�d�e�r�i�n�g� �o�f� �t�h�e� 

�p�a�i�r�s� �a�b�o�u�t� �t�h�e� �t�u�n�n�e�l�.� �T�h�i�s� �w�a�s� �c�o�n�f�i�r�m�e�d� �b�y� �t�h�e� �f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n� �r�e�s�u�l�t�s� �i�n� �s�e�c�t�i�o�n� 

�3�.�0� �w�h�i�c�h� �s�h�o�w�e�d� �l�o�w� �f�r�e�q�u�e�n�c�y� �m�o�t�i�o�n�s� �t�o� �b�e� �p�r�e�s�e�n�t�.� �T�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�i�s� �w�a�n�d�e�r�i�n�g� 

�c�a�n� �b�e� �e�s�t�i�m�a�t�e�d� �b�y� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s�e�s� �u�s�i�n�g� �a� �M�o�h�r�'�s� 

�c�i�r�c�l�e� �a�n�a�l�y�s�i�s�.� �I�f� �w�e� �a�s�s�u�m�e� �t�h�a�t� �m�o�s�t� �i�f� �n�o�t� �a�l�l� �o�f� �t�h�e� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �c�o�r�e� �a�r�e� �a�s�s�o�c�i�a�t�e�d� 

�w�i�t�h� �t�h�i�s� �w�a�n�d�e�r�i�n�g�,� �w�e� �c�a�n� �e�s�t�i�m�a�t�e�,� �u�s�i�n�g� �t�h�e� �m�e�a�s�u�r�e�d� �m�e�a�n� �v�e�l�o�c�i�t�y� �g�r�a�d�i�e�n�t�,� �a�n� 

�u�p�p�e�r� �b�o�u�n�d� �f�o�r� �t�h�e� �a�m�p�l�i�t�u�d�e� �o�f� �t�h�e� �c�o�r�e� �m�o�t�i�o�n�s�.� 

�A�t� �x�/�c�=�1�0� �t�h�e� �r�.�m�.�s�.� �a�m�p�l�i�t�u�d�e� �o�f� �t�h�e� �m�o�t�i�o�n�s� �f�o�r� �t�h�e� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� �v�o�r�t�e�x� �i�s� �0�.�0�2�3�c� 

�a�n�d� �0�.�0�2�1�c� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�i�s� �l�e�n�g�t�h� �i�s� �m�a�r�k�e�d� �o�n� �f�i�g�u�r�e� �7�5� �t�o� �g�i�v�e� �a� �q�u�a�l�i�t�a�t�i�v�e� �i�d�e�a� �o�f� 

�t�h�e� �d�e�g�r�e�e� �t�o� �w�h�i�c�h� �w�a�n�d�e�r�i�n�g� �m�a�y� �h�a�v�e� �s�m�o�o�t�h�e�d� �t�h�e� �m�e�a�s�u�r�e�d� �m�e�a�n� �v�e�l�o�c�i�t�y� �f�i�e�l�d�.� 

�F�i�g�u�r�e�s� �2�0�0� �a�n�d� �2�0�1� �s�h�o�w� �t�h�e� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s� �d�i�r�e�c�t�i�o�n�s� �i�n� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �w�h�i�c�h� �o�n�l�y� 

�r�e�p�r�e�s�e�n�t� �t�h�e� �d�i�r�e�c�t�i�o�n� �a�n�d� �n�o�t� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s�.� �O�u�t�s�i�d�e� �o�f� �t�h�e� �c�o�r�e�,� 

�t�h�e� �p�r�i�n�c�i�p�a�l� �d�i�r�e�c�t�i�o�n� �a�p�p�e�a�r�s� �t�o� �b�e� �c�l�o�s�e�l�y� �a�l�i�g�n�e�d� �w�i�t�h� �t�h�e� �r�a�d�i�a�l� �d�i�r�e�c�t�i�o�n� �i�n� �m�o�s�t� 

�l�o�c�a�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�r�e�,� �t�h�e� �v�e�c�t�o�r�s� �a�r�e� �c�l�e�a�r�l�y� �a�l�i�g�n�e�d� �a�l�o�n�g� �a� 

�c�e�r�t�a�i�n� �d�i�r�e�c�t�i�o�n� �f�o�r� �b�o�t�h� �v�o�r�t�i�c�e�s�.� �T�h�e� �v�e�c�t�o�r�s� �i�n� �t�h�e� �u�p�p�e�r� �v�o�r�t�e�x� �a�p�p�e�a�r� �a�l�i�g�n�e�d� �a�t� 

�1�4�0�°� �w�i�t�h� �t�h�e� �l�o�w�e�r� �v�o�r�t�e�x� �v�e�c�t�o�r�s� �a�l�i�g�n�e�d� �a�t� �1�6�0�°�.� �T�h�i�s� �a�l�i�g�n�m�e�n�t� �i�n�d�i�c�a�t�e�s� 

�s�u�r�p�r�i�s�i�n�g�l�y�,� �t�h�a�t� �t�h�e� �m�o�t�i�o�n�s� �a�r�e� �n�o�t� �i�s�o�t�r�o�p�i�c� �b�u�t� �h�a�v�e� �a� �p�r�e�f�e�r�r�e�d� �d�i�r�e�c�t�i�o�n�.� �T�h�i�s� 

�d�i�r�e�c�t�i�o�n� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �l�i�n�e� �c�o�n�n�e�c�t�i�n�g� �t�h�e� �t�w�o� �c�o�r�e�s� �w�h�i�c�h� �i�s� �a�t� �1�3�5�°�.� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �7�1



�M�o�v�i�n�g� �d�o�w�n�s�t�r�e�a�m� �t�o� �x�/�c�=�1�5�,� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �R�e�y�n�o�l�d�s� �s�t�r�e�s�s�e�s� �i�n�s�i�d�e� �t�h�e� �c�o�r�e� 

�i�n�c�r�e�a�s�e� �p�r�e�s�u�m�a�b�l�y� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �i�n�c�r�e�a�s�e�d� �v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g�.� �T�h�i�s� �i�m�p�l�i�e�s� �m�o�t�i�o�n�s� 

�w�i�t�h� �a�n� �r�.�m�.�s� �a�m�p�l�i�t�u�d�e� �l�e�s�s� �t�h�a�n� �0�.�0�3�1�c� �f�o�r� �t�h�e� �u�p�p�e�r� �v�o�r�t�e�x� �a�n�d� �0�.�0�3�0�c� �f�o�r� �t�h�e� �l�o�w�e�r� 

�v�o�r�t�e�x�.� �T�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e�s�e� �n�o�n�-�i�s�o�t�r�o�p�i�c� �m�o�t�i�o�n�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �f�i�g�u�r�e�s� �2�0�2� �a�n�d� �2�0�3� 

�f�o�r� �b�o�t�h� �v�o�r�t�i�c�e�s�.� �T�h�e� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� �c�o�r�e� �v�e�c�t�o�r�s� �a�p�p�e�a�r� �t�o� �b�e� �a�l�i�g�n�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� 

�8�0�°� �a�n�d� �9�5�°� �r�e�s�p�e�c�t�i�v�e�l�y�.� �N�o�t�i�c�e� �t�h�a�t� �a�t� �t�h�i�s� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�,� �t�h�e� �l�i�n�e� �c�o�n�n�e�c�t�i�n�g� �t�h�e� 

�t�w�o� �c�o�r�e�s� �h�a�s� �r�o�t�a�t�e�d� �t�o� �a�b�o�u�t� �7�0�°� �s�i�m�i�l�a�r� �t�o� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s� �v�e�c�t�o�r�s�.� �P� �P�p� 

�B�y� �x�/�c�=�2�2�,� �t�h�e� �m�e�r�g�e�d� �s�i�n�g�l�e� �v�o�r�t�e�x� �h�a�s� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �c�o�r�e� �w�h�i�c�h� �a�r�e� �4� �t�i�m�e�s� �s�m�a�l�l�e�r� 

�t�h�a�n� �t�h�e� �u�n�m�e�r�g�e�d� �c�o�r�e�s�.� �T�h�e�s�e� �s�t�r�e�s�s� �l�e�v�e�l�s� �i�m�p�l�y� �m�o�t�i�o�n�s� �w�i�t�h� �a�n� �r�.�m�.�s�.� �a�m�p�l�i�t�u�d�e� �o�f� 

�0�.�0�1�6�c�.� �F�i�g�u�r�e� �2�0�4� �s�h�o�w�s� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s� �v�e�c�t�o�r�s� �i�n� �t�h�e� �c�o�r�e�.� �I�t� 

�a�p�p�e�a�r�s� �t�h�e�r�e� �i�s� �n�o� �a�l�i�g�n�m�e�n�t� �o�f� �t�h�e� �v�e�c�t�o�r�s� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �m�o�t�i�o�n�s� �h�a�v�e� �n�o� �p�r�e�f�e�r�r�e�d� 

�d�i�r�e�c�t�i�o�n� �a�n�d� �a�r�e� �i�s�o�t�r�o�p�i�c�.� �A�t� �x�/�c�=�3�0�,� �t�h�e� �m�o�t�i�o�n�s� �h�a�v�e� �s�l�i�g�h�t�l�y� �i�n�c�r�e�a�s�e�d� �t�o� �a�n� 

�a�m�p�l�i�t�u�d�e� �o�f� �0�.�0�2�1�c�.� �H�o�w�e�v�e�r� �u�n�l�i�k�e� �x�/�c�=�2�2�,� �t�h�e� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s� �v�e�c�t�o�r�s� �a�r�e� �a�l�i�g�n�e�d� �a�t� 

�a�b�o�u�t� �a� �1�1�0�°� �a�n�g�l�e� �t�o� �t�h�e� �y� �a�x�i�s� �i�n�d�i�c�a�t�i�n�g� �n�o�n�-�i�s�o�t�r�o�p�i�c� �m�o�t�i�o�n�s�.� �T�h�i�s� �i�s� �s�u�r�p�r�i�s�i�n�g� 

�s�i�n�c�e� �t�h�e�r�e� �i�s� �n�o� �i�n�f�l�u�e�n�c�e� �f�r�o�m� �o�t�h�e�r� �v�o�r�t�i�c�e�s� �a�t� �t�h�i�s� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�.� 

�4�.�4�.�2� �C�o�u�n�t�e�r� �R�o�t�a�t�i�n�g� �P�a�i�r�s� 

�I�n� �t�h�e� �c�o�r�e� �r�e�g�i�o�n� �o�f� �t�h�e� �f�l�o�w�,� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �p�a�i�r�s� �e�x�p�e�r�i�e�n�c�e� �i�n�c�r�e�a�s�e�d� �s�t�r�e�s�s� 

�l�e�v�e�l�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s�.� �O�v�e�r�a�l�l� �t�h�e�s�e� �l�e�v�e�l�s� �w�e�r�e� �m�u�c�h� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� �c�o�-� 

�r�o�t�a�t�i�n�g� �c�a�s�e�s� �p�r�o�b�a�b�l�y� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �l�a�r�g�e�r� �v�e�l�o�c�i�t�y� �g�r�a�d�i�e�n�t�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �c�o�r�e�.� 

�U�s�i�n�g� �t�h�i�s� �f�a�c�t� �w�e� �c�a�n� �o�b�t�a�i�n� �a�n� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �w�a�n�d�e�r�i�n�g� �f�o�r� �t�h�e� �p�a�i�r�s� �a�t� �x�/�c�=�1�0�.� �T�h�e� 

�r�.�m�.�s� �a�m�p�l�i�t�u�d�e� �f�o�r� �t�h�e� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� �v�o�r�t�i�c�e�s� �a�r�e� �0�.�0�2�1�c� �a�n�d� �0�.�0�2�0�c� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�h�e�s�e� �m�o�t�i�o�n�s� �a�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s� �a�t� �t�h�e� �s�a�m�e� �s�t�r�e�a�m�w�i�s�e� �l�o�c�a�t�i�o�n�.� �T�h�e� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �7�2



�p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s� �v�e�c�t�o�r�s� �a�r�e� �s�h�o�w�n� �i�n� �f�i�g�u�r�e�s� �2�0�6� �a�n�d� �2�0�7� �f�o�r� �t�h�e� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� 

�v�o�r�t�i�c�e�s�.� �A�r�o�u�n�d� �t�h�e� �o�u�t�e�r� �e�d�g�e� �o�f� �t�h�e� �c�o�r�e�,� �t�h�e� �v�e�c�t�o�r�s� �a�r�e� �m�o�s�t�l�y� �a�l�i�g�n�e�d� �w�i�t�h� �t�h�e� 

�r�a�d�i�a�l� �d�i�r�e�c�t�i�o�n�.� �I�n�s�i�d�e� �t�h�e� �c�o�r�e� �h�o�w�e�v�e�r�,� �m�o�s�t� �o�f� �t�h�e� �v�e�c�t�o�r�s� �a�p�p�e�a�r�e�d� �a�l�i�g�n�e�d� �i�n� �s�i�m�i�l�a�r� 

�d�i�r�e�c�t�i�o�n�s� �i�m�p�l�y�i�n�g� �n�o�n�-�i�s�o�t�r�o�p�i�c� �m�o�t�i�o�n�s�.� �T�h�e� �d�i�r�e�c�t�i�o�n�s� �a�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�3�0�°� �f�o�r� 

�t�h�e� �u�p�p�e�r� �v�o�r�t�e�x� �a�n�d� �6�0�°� �f�o�r� �t�h�e� �l�o�w�e�r� �v�o�r�t�e�x�.� �N�o�t�i�c�e� �t�h�a�t� �t�h�e�s�e� �d�i�r�e�c�t�i�o�n�s� �d�o� �n�o�t� �l�i�e� 

�a�l�o�n�g� �a� �l�i�n�e� �c�o�n�n�e�c�t�i�n�g� �t�h�e� �t�w�o� �c�o�r�e�s� �a�s� �w�a�s� �t�h�e� �c�a�s�e� �f�o�r� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s�.� 

�A�t� �x�/�c�=�3�0�,� �t�h�e�r�e� �a�r�e� �l�a�r�g�e� �i�n�c�r�e�a�s�e�s� �i�n� �s�t�r�e�s�s� �l�e�v�e�l�s� �i�n� �t�h�e� �c�o�r�e� �i�m�p�l�y�i�n�g� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� 

�v�o�r�t�e�x� �w�a�n�d�e�r�i�n�g�.� �T�h�e� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �r�.�m�.�s� �a�m�p�l�i�t�u�d�e� �i�s� �0�.�0�5�8�c� �a�n�d� �0�.�0�5�5�c� �f�o�r� �t�h�e� 

�u�p�p�e�r� �a�n�d� �l�o�w�e�r� �v�o�r�t�e�x� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e�s�e� �r�e�l�a�t�i�v�e�l�y� �l�a�r�g�e� �a�m�p�l�i�t�u�d�e�s� �m�a�y� �h�a�v�e� 

�s�m�o�o�t�h�e�d� �s�o�m�e� �p�a�r�t�s� �o�f� �t�h�e� �m�e�a�s�u�r�e�d� �m�e�a�n� �v�e�l�o�c�i�t�y� �f�i�e�l�d� �w�h�i�c�h� �i�s� �m�a�r�k�e�d� �o�n� �f�i�g�u�r�e� �1�6�2�.� 

�T�h�e� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s� �d�i�r�e�c�t�i�o�n�s� �a�r�e� �s�h�o�w�n� �i�n� �f�i�g�u�r�e�s� �2�0�8� �a�n�d� �2�0�9� �f�o�r� �t�h�e� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� 

�v�o�r�t�i�c�e�s� �w�i�t�h� �t�h�e� �u�p�p�e�r� �v�o�r�t�e�x� �a�l�i�g�n�e�d� �a�t� �1�3�0�°� �a�n�d� �t�h�e� �l�o�w�e�r� �v�o�r�t�e�x� �a�l�i�g�n�e�d� �a�t� �5�0�°�.� �T�h�e�s�e� 

�d�i�r�e�c�t�i�o�n�s� �o�f� �t�h�e� �n�o�n�-�i�s�o�t�r�o�p�i�c� �m�o�t�i�o�n�s� �a�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �a�t� �x�/�c�=�1�0�.� 

�4�.�4�.�3� �P�o�s�s�i�b�l�e� �S�o�u�r�c�e�s� �o�f� �V�o�r�t�e�x� �M�o�t�i�o�n�s� 

�S�e�v�e�r�a�l� �e�x�p�l�a�n�a�t�i�o�n�s� �a�r�e� �s�u�g�g�e�s�t�e�d� �f�o�r� �t�h�e� �w�a�n�d�e�r�i�n�g� �o�f� �v�o�r�t�i�c�e�s� �g�e�n�e�r�a�t�e�d� �i�n� �t�h�e� �w�i�n�d� 

�t�u�n�n�e�l�.� �F�r�o�m� �t�h�e� �a�b�o�v�e� �r�e�s�u�l�t�s� �i�s� �a�p�p�e�a�r�s� �t�h�e� �t�h�e�r�e� �a�r�e� �t�h�r�e�e� �m�a�i�n� �t�y�p�e�s� �o�f� �m�o�t�i�o�n�s� �t�h�a�t� 

�m�a�y� �b�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �i�n�c�r�e�a�s�e�d� �s�t�r�e�s�s� �l�e�v�e�l�s� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �v�o�r�t�e�x� �c�o�r�e�.� �T�h�e�s�e� 

�a�r�e� �c�l�a�s�s�i�f�i�e�d� �b�y� �(�i�)� �w�i�n�d� �t�u�n�n�e�l� �i�n�d�u�c�e�d� �m�o�t�i�o�n�s� �w�h�i�c�h� �a�r�e� �b�e�l�o�w� �f�r�e�q�u�e�n�c�i�e�s� 

�f�c�/�U�,�,�.�<�0�.�0�5� �(�i�i�)� �s�e�l�f� �i�n�d�u�c�e�d� �i�n�s�t�a�b�i�l�i�t�i�e�s� �b�e�t�w�e�e�n� �f�r�e�q�u�e�n�c�i�e�s� �0�.�0�5�<� �f�c�/�U�,�,�,� �<�1�.�0� �a�n�d� �(�i�i�i�)� �r�e�f� 

�v�o�r�t�e�x� �w�a�v�e� �i�n�s�t�a�b�i�l�i�t�i�e�s� �b�e�t�w�e�e�n� �1�.�0�<� �f�c�/�U�,�,�.�<� �1�0�.� �A�b�o�v�e� �f�c�/�U�,�,�,�>�1�0� �t�h�e� �m�e�a�s�u�r�e�d� 

�a�u�t�o�s�p�e�c�t�r�a� �s�h�o�w�e�d� �n�o� �i�n�d�i�c�a�t�i�o�n� �o�f� �a�n�y� �d�o�m�i�n�a�n�t� �f�r�e�q�u�e�n�c�i�e�s� �a�n�d� �i�t� �a�p�p�e�a�r�s� �t�h�a�t� �m�o�s�t� �o�f� 

�t�h�e� �e�n�e�r�g�y� �i�s� �d�u�e� �t�o� �"�t�r�u�e�"� �t�u�r�b�u�l�e�n�t� �f�l�u�c�t�u�a�t�i�o�n�s�.� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �7�3



�F�i�g�u�r�e�s� �2�1�0� �t�h�r�o�u�g�h� �2�1�2� �s�h�o�w� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �l�o�n�g� �t�i�m�e� �a�v�e�r�a�g�e� �a�u�t�o�s�p�e�c�t�r�a� �t�a�k�e�n� �i�n� �t�h�e� 

�c�o�r�e� �r�e�g�i�o�n� �f�o�r� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �c�a�s�e� �a�t� �x�/�c�=�1�0� �a�n�d� �3�0�,� �a�n�d� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �c�a�s�e� �a�t� 

�x�/�c�=�1�0�.� �A�t� �f�r�e�q�u�e�n�c�i�e�s� �b�e�l�o�w� �f�c�/�U�,�,�,�<�0�.�0�5�,� �t�h�e�r�e� �i�s� �a�l�m�o�s�t� �t�w�o� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e� 

�i�n�c�r�e�a�s�e� �i�n� �e�n�e�r�g�y� �l�e�v�e�l�s� �w�h�i�c�h� �p�r�i�m�a�r�i�l�y� �o�c�c�u�r�s� �i�n� �G�,�g�,�,� �a�n�d� �G�,�_�.� �F�r�o�m� �v�i�d�e�o� �t�a�p�e� 

�t�a�k�e�n� �d�u�r�i�n�g� �t�h�e� �f�l�o�w� �v�i�s�u�a�l�i�z�a�t�i�o�n� �r�e�s�u�l�t�s�,� �l�o�w� �f�r�e�q�u�e�n�c�y� �m�o�t�i�o�n�s� �a�r�o�u�n�d� �f�c�/�U�,�,�,�=�.�0�0�4� 

�w�e�r�e� �o�b�s�e�r�v�e�d� �i�n� �a�l�l� �c�a�s�e�s�.� �T�h�e� �m�o�v�e�m�e�n�t� �o�f� �t�h�e� �v�o�r�t�e�x� �p�a�i�r�s� �w�e�r�e� �c�l�o�s�e�l�y� �c�o�r�r�e�l�a�t�e�d� 

�(�i�.�e�.� �t�h�e�y� �a�l�m�o�s�t� �a�l�w�a�y�s� �m�o�v�e� �i�n� �t�a�n�d�e�m�)�.� �S�i�n�c�e� �t�h�e� �w�i�n�g� �w�a�k�e� �e�s�s�e�n�t�i�a�l�l�y� �f�o�r�m�s� �a� �m�a�s�s� 

�b�o�u�n�d�a�r�y�,� �t�h�i�s� �i�m�p�l�i�e�s� �t�h�a�t� �t�h�e� �e�n�t�i�r�e� �f�l�o�w� �f�i�e�l�d� �i�n� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n� �m�u�s�t� �m�o�v�e� �a�s� �a� �w�h�o�l�e� 

�t�o� �c�a�u�s�e� �m�o�t�i�o�n�s�.� �T�h�e� �l�o�w� �f�r�e�q�u�e�n�c�y� �m�o�t�i�o�n�s� �m�a�y� �t�h�e�r�e�f�o�r�e� �b�e� �d�u�e� �t�o� �s�m�a�l�l� �f�l�o�w� 

�d�i�r�e�c�t�i�o�n� �c�h�a�n�g�e�s� �i�n� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n� �w�i�t�h� �t�i�m�e�.� �P�o�s�s�i�b�l�e� �s�o�u�r�c�e�s� �o�f� �t�h�e� �f�l�o�w� �d�i�r�e�c�t�i�o�n� 

�c�h�a�n�g�e�s� �a�r�e� �w�i�n�d� �g�u�s�t�s� �(�w�h�i�c�h� �m�a�y� �e�f�f�e�c�t� �t�h�e� �f�l�o�w� �i�n�s�i�d�e� �t�h�e� �t�u�n�n�e�l�,� �s�i�n�c�e� �t�h�e� �S�t�a�b�i�l�i�t�y� 

�T�u�n�n�e�l� �i�s� �v�e�n�t�e�d� �t�o� �t�h�e� �o�u�t�s�i�d�e�)�.� �W�e� �d�i�s�c�o�u�n�t� �t�h�i�s� �s�o�u�r�c�e� �s�i�n�c�e� �t�h�e� �u�n�s�t�e�a�d�i�n�e�s�s� �a�p�p�e�a�r�e�d� 

�t�o� �s�c�a�l�e� �w�i�t�h� �v�e�l�o�c�i�t�y� �a�n�d� �a�l�l� �c�a�s�e�s� �e�x�p�e�r�i�e�n�c�e�d� �t�h�e� �s�a�m�e� �m�o�v�e�m�e�n�t� �r�e�g�a�r�d�l�e�s�s� �o�f� 

�w�e�a�t�h�e�r�.� 

�A�n�o�t�h�e�r� �s�o�u�r�c�e� �o�f� �t�u�n�n�e�l� �i�n�d�u�c�e�d� �m�o�t�i�o�n�s� �i�s� �v�i�s�c�o�u�s� �e�f�f�e�c�t�s� �s�u�c�h� �a�s� �t�r�a�n�s�i�e�n�t� �s�e�p�a�r�a�t�i�o�n� 

�i�n� �t�h�e� �c�o�n�t�r�a�c�t�i�o�n� �a�n�d� �p�o�s�s�i�b�l�y� �i�n� �t�h�e� �d�i�f�f�u�s�e�r�.� �T�h�i�s� �i�s� �s�u�p�p�o�r�t�e�d� �b�y� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� 

�m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �l�a�t�e�r�a�l� �m�o�t�i�o�n�s� �a�p�p�e�a�r� �t�o� �b�e� �a� �s�t�r�o�n�g� �e�f�f�e�c�t� �o�f� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r�.� �T�h�i�s� 

�i�m�p�l�i�e�s� �t�h�a�t� �a� �g�r�e�a�t�e�r� �l�e�n�g�t�h� �t�o� �d�i�a�m�e�t�e�r� �r�a�t�i�o� �(�I�/�d�)�,� �t�e�s�t� �s�e�c�t�i�o�n� �w�o�u�l�d� �r�e�d�u�c�e� �t�h�e� �l�a�t�e�r�a�l� 

�m�o�t�i�o�n�s� �b�y� �s�t�r�a�i�g�h�t�e�n�i�n�g� �t�h�e� �f�l�o�w�.� �T�h�e� �V�i�r�g�i�n�i�a� �T�e�c�h� �S�t�a�b�i�l�i�t�y� �T�u�n�n�e�l� �h�a�s� �a� �1�/�d�=�4�.�0�,� 

�c�o�m�p�a�r�e�d� �t�o� �m�o�s�t� �t�u�n�n�e�l�s� �w�h�i�c�h� �a�r�e� �a�r�o�u�n�d� �2�.�0� �p�e�r�h�a�p�s� �e�x�p�l�a�i�n�i�n�g� �w�h�y� �o�u�r� �v�o�r�t�i�c�e�s� �a�r�e� 

�m�o�r�e� �s�t�a�b�l�e� �t�h�a�n� �t�h�o�s�e� �s�t�u�d�i�e�d� �b�y� �o�t�h�e�r� �w�o�r�k�e�r�s�.� 
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�Y�e�t� �a�n�o�t�h�e�r� �p�o�s�s�i�b�i�l�i�t�y� �w�a�s� �s�u�g�g�e�s�t�e�d� �b�y� �B�a�k�e�r� �e�t� �a�l�.� �(�1�9�7�4�)�.� �T�h�e�y� �c�o�n�d�u�c�t�e�d� �l�a�s�e�r� 

�a�n�e�m�o�m�e�t�e�r� �e�x�p�e�r�i�m�e�n�t�s� �o�n� �a� �s�i�n�g�l�e� �v�o�r�t�e�x� �g�e�n�e�r�a�t�e�d� �i�n� �a� �w�a�t�e�r� �t�u�n�n�e�l� �a�n�d� �a�r�g�u�e�d� �t�h�a�t� 

�f�r�e�e�s�t�r�e�a�m� �t�u�r�b�u�l�e�n�c�e� �w�a�s� �t�h�e� �c�a�u�s�e� �o�f� �t�h�e� �u�n�s�t�e�a�d�i�n�e�s�s�.� �S�i�n�c�e� �t�h�e� �S�t�a�b�i�l�i�t�y� �T�u�n�n�e�l� �h�a�s� 

�f�r�e�e�s�t�r�e�a�m� �t�u�r�b�u�l�e�n�c�e� �l�e�v�e�l�s� �l�e�s�s� �t�h�a�n� �.�0�5�%� �t�h�i�s� �s�e�e�m�s� �a�n� �u�n�l�i�k�e�l�y� �c�a�u�s�e�.� 

�I�n�c�r�e�a�s�i�n�g� �i�n� �f�r�e�q�u�e�n�c�y� �t�o� �0�.�0�5� �<� �f�c�/�U�,�,�,� �<� �1�.�0�,� �m�o�t�i�o�n�s� �d�u�e� �t�o� �v�o�r�t�e�x� �p�a�i�r� �s�e�l�f� �i�n�d�u�c�t�i�o�n� 

�m�a�y� �b�e� �r�e�s�p�o�n�s�i�b�l�e�.� �O�n�e� �e�x�a�m�p�l�e� �o�f� �t�h�i�s� �i�n�s�t�a�b�i�l�i�t�y� �i�s� �r�e�p�o�r�t�e�d� �b�y� �C�r�o�w� �(�1�9�7�0�)�.� �C�r�o�w� 

�d�e�v�e�l�o�p�e�d� �a� �s�t�a�b�i�l�i�t�y� �t�h�e�o�r�y� �f�o�r� �c�o�u�n�t�e�r�-�r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r�s� �w�h�i�c�h� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� 

�s�u�c�h� �p�a�i�r�s� �a�r�e� �u�n�s�t�a�b�l�e� �t�o� �d�i�s�t�u�r�b�a�n�c�e�s� �o�f� �c�e�r�t�a�i�n� �w�a�v�e�l�e�n�g�t�h�s�.� �I�n� �C�r�o�w�'�s� �n�o�n�-� 

�d�i�m�e�n�s�i�o�n�a�l� �t�e�r�m�s� �t�h�e� �m�o�s�t� �u�n�s�t�a�b�l�e� �w�a�v�e� �n�u�m�b�e�r� �a�n�d� �i�t�s� �a�m�p�l�i�f�i�c�a�t�i�o�n� �r�a�t�e�,� �B�,�,�,� �a�n�d� 

�a� �a�r�e� �a�b�o�u�t� �0�.�7� �a�n�d� �0�.�8�5� �r�e�s�p�e�c�t�i�v�e�l�y� �f�o�r� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �v�o�r�t�e�x� �p�a�i�r�s�.� 
�m�a�x� �°� 

�A�s�s�u�m�i�n�g� �t�h�e�s�e� �d�i�s�t�u�r�b�a�n�c�e�s� �t�o� �b�e� �c�o�n�v�e�c�t�e�d� �a�t� �t�h�e� �f�r�e�e�s�t�r�e�a�m� �v�e�l�o�c�i�t�y�,� �B�,�.�,�,�=�0�.�7� 

�i�m�p�l�i�e�s� �f�r�e�q�u�e�n�c�i�e�s� �o�f� �f�c�/�U�,�.�,� �=� �0�.�4�4�.� �T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �a�m�p�l�i�f�i�c�a�t�i�o�n� �f�a�c�t�o�r� �o�f� �t�h�i�s� 

�d�i�s�t�u�r�b�a�n�c�e� �o�v�e�r� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n� �i�s� �2�1�5�.� �R�e�l�a�t�i�v�e� �t�o� �t�h�e� �w�i�n�g� �s�p�a�n� �t�h�e�s�e� 

�d�i�s�t�u�r�b�a�n�c�e�s� �a�c�t� �i�n� �p�l�a�n�e�s� �w�h�i�c�h� �a�r�e� �a�t� �e�q�u�a�l� �a�n�d� �o�p�p�o�s�i�t�e� �a�n�g�l�e�s� �f�o�r� �e�a�c�h� �v�o�r�t�e�x�.� �T�h�e�s�e� 

�d�i�r�e�c�t�i�o�n�s� �a�r�e� �c�l�e�a�r�l�y� �s�e�e�n� �i�n� �t�h�e� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s� �v�e�c�t�o�r�s� �i�n� �f�i�g�u�r�e�s� �2�0�6� �t�h�r�o�u�g�h� �2�0�9� �f�o�r� 

�x�/�c�=�1�0� �a�n�d� �3�0�.� �T�h�e� �a�u�t�o�s�p�e�c�t�r�a� �a�t� �x�/�c�=�3�0� �f�i�g�u�r�e� �1�7�3�c� �a�l�s�o� �s�h�o�w� �a� �d�o�m�i�n�a�n�t� �p�e�a�k� �a�t� 

�f�c�/�U�r�e�f�=�0�.�3�5� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �p�a�i�r�s� �m�a�y� �s�u�f�f�e�r� �f�r�o�m� �C�r�o�w� �i�n�s�t�a�b�i�l�i�t�y�.� 

�T�h�e�s�e� �p�e�a�k�s� �a�r�e� �n�o�t� �s�e�e�n� �a�t� �x�/�c�=�1�0� �p�r�e�s�u�m�a�b�l�y� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �l�o�w� �a�m�p�l�i�t�u�d�e� 

�d�i�s�t�u�r�b�a�n�c�e�s�.� 

�T�h�i�s� �r�a�i�s�e�s� �a�n� �i�n�t�e�r�e�s�t�i�n�g� �q�u�e�s�t�i�o�n� �i�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s� �a�t� �x�/�c�=�1�0� �a�n�d� �1�5�.� �I�f� 

�t�h�e� �c�o�u�n�t�e�r� �r�o�t�a�t�i�n�g� �p�a�i�r�s� �s�u�f�f�e�r� �f�r�o�m� �i�n�s�t�a�b�i�l�i�t�i�e�s� �b�r�o�u�g�h�t� �a�b�o�u�t� �b�y� �s�e�l�f� �i�n�d�u�c�t�i�o�n�,� �w�h�y� 

�s�h�o�u�l�d� �n�o�t� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s� �s�u�f�f�e�r� �f�r�o�m� �a� �s�i�m�i�l�a�r� �p�r�o�c�e�s�s�?� �T�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� 

�p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s� �v�e�c�t�o�r�s� �i�n� �f�i�g�u�r�e�s� �2�0�1� �t�h�r�o�u�g�h� �2�0�3� �a�p�p�e�a�r� �t�o� �b�e� �a�l�i�g�n�e�d� �w�i�t�h� �t�h�e� �l�i�n�e� 
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�j�o�i�n�i�n�g� �t�h�e� �t�w�o� �c�o�r�e�s�.� �I�t� �i�s� �u�n�l�i�k�e�l�y� �t�h�i�s� �i�s� �d�u�e� �t�o� �w�i�n�d� �t�u�n�n�e�l� �i�n�d�u�c�e�d� �m�o�t�i�o�n�s� �s�i�n�c�e� �t�h�e� 

�d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s� �c�h�a�n�g�e�s� �f�r�o�m� �x�/�c�=�1�0� �t�o� �x�/�c�=�1�5�.� �T�h�e� �o�n�l�y� �m�e�n�t�i�o�n� �o�f� �t�h�i�s� 

�i�n�s�t�a�b�i�l�i�t�y� �i�s� �d�i�s�c�u�s�s�e�d� �b�y� �L�e�o�n�a�r�d� �(�1�9�8�5�)�.� �H�e� �s�h�o�w�e�d� �t�h�a�t� �w�h�e�n� �c�u�r�v�e�d�,� �a�n� �i�d�e�a�l� �v�o�r�t�e�x� 

�i�n�d�u�c�e�s� �v�e�l�o�c�i�t�i�e�s� �o�f� �i�t�s�e�l�f� �t�h�a�t� �m�a�k�e�s� �i�t� �u�n�s�t�a�b�l�e�.� �H�o�w�e�v�e�r� �i�n� �f�i�g�u�r�e� �8�6�c�,� �n�o� �l�a�r�g�e� �p�e�a�k�s� 

�a�r�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �a�u�t�o�s�p�e�c�t�r�a� �a�t� �f�r�e�q�u�e�n�c�i�e�s� �b�e�t�w�e�e�n� �0�.�0�5�<�f�c�/�U�,�,�,�<�1�.�0�.� �O�n�e� �p�o�s�s�i�b�l�e� 

�r�e�a�s�o�n� �s�u�c�h� �p�e�a�k�s� �a�r�e� �n�o�t� �o�b�s�e�r�v�e�d� �i�s� �t�h�a�t� �t�h�e� �m�e�r�g�i�n�g� �p�r�o�c�e�s�s� �m�a�y� �d�a�m�p� �o�u�t� �a�n�y� 

�a�m�p�l�i�f�i�e�d� �d�i�s�t�u�r�b�a�n�c�e�s� �w�h�i�c�h� �m�i�g�h�t� �b�e� �s�e�e�n� �i�n� �t�h�e� �a�u�t�o�s�p�e�c�t�r�a�.� 

�I�n� �t�h�e� �r�a�n�g�e� �o�f� �f�r�e�q�u�e�n�c�i�e�s� �1�.�0� �<� �f�c�/�U�_�,�,�,� �<�1�0�,� �t�h�e�r�e� �i�s� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �m�o�t�i�o�n�s� �a�s� �a� �r�e�s�u�l�t� �r�e�f� 

�o�f� �v�o�r�t�e�x� �w�a�v�e� �i�n�s�t�a�b�i�l�i�t�i�e�s�.� �T�h�e� �t�h�e�o�r�y� �o�f� �t�h�e�s�e� �i�n�s�t�a�b�i�l�i�t�i�e�s� �i�s� �d�i�s�c�u�s�s�e�d� �i�n� �M�a�r�s�h�a�l�l� 

�(�1�9�9�1�)�.� �S�i�n�c�e� �t�h�e� �v�o�r�t�e�x� �c�o�r�e� �i�s� �e�s�s�e�n�t�i�a�l�l�y� �o�n�e� �c�o�n�t�i�n�u�o�u�s� �c�o�l�u�m�n� �o�f� �f�l�u�i�d�,� �w�a�v�e�s� �c�a�n� 

�t�r�a�v�e�l� �a�l�o�n�g� �t�h�e� �c�o�r�e� �a�t� �v�e�l�o�c�i�t�i�e�s� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�a�t� �o�f� �t�h�e� �f�r�e�e�s�t�r�e�a�m�.� �M�a�r�s�h�a�l�l� 

�d�i�s�c�u�s�s�e�s� �t�h�e� �t�w�o� �m�o�s�t� �d�o�m�i�n�a�n�t� �t�y�p�e�s� �o�f� �i�n�s�t�a�b�i�l�i�t�i�e�s�,� �t�h�e� �a�x�i�s�y�m�m�e�t�r�i�c� �a�n�d� �h�e�l�i�c�a�l� 

�m�o�d�e�s�.� �T�h�e� �a�x�i�s�y�m�m�e�t�r�i�c� �i�n�s�t�a�b�i�l�i�t�y� �a�p�p�e�a�r�s� �a�s� �b�u�l�g�i�n�g� �o�f� �t�h�e� �v�o�r�t�e�x� �c�o�r�e� �w�h�e�r�e� �t�h�e� 

�c�o�r�e� �i�n�c�r�e�a�s�e�s� �a�n�d� �d�e�c�r�e�a�s�e�s� �i�n� �a�r�e�a� �a�s� �i�t� �t�r�a�v�e�l�s� �d�o�w�n�s�t�r�e�a�m�.� �T�h�e� �h�e�l�i�c�a�l� �i�n�s�t�a�b�i�l�i�t�y� �i�s� 

�w�h�e�r�e� �t�h�e� �v�o�r�t�e�x� �c�o�r�e� �f�o�l�l�o�w�s� �a� �h�e�l�i�c�a�l� �p�a�t�h� �a�r�o�u�n�d� �a� �c�e�n�t�r�a�l� �a�x�i�s�.� �B�o�t�h� �o�f� �t�h�e�s�e� �m�o�d�e�s� 

�a�r�e� �u�n�s�t�a�b�l�e� �a�n�d� �i�n�c�r�e�a�s�e� �i�n� �a�m�p�l�i�t�u�d�e� �w�i�t�h� �d�o�w�n�s�t�r�e�a�m� �d�i�s�t�a�n�c�e�.� �S�i�n�g�h� �a�n�d� �U�b�e�r�o�i� 

�(�1�9�7�5�)� �a�p�p�e�a�r� �t�o� �h�a�v�e� �t�h�e� �b�e�s�t� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �t�h�e�s�e� �t�w�o� �t�y�p�e�s� �o�f� �i�n�s�t�a�b�i�l�i�t�i�e�s�.� �U�s�i�n�g� 

�t�w�o� �p�r�o�b�e� �s�p�a�t�i�a�l� �c�o�r�r�e�l�a�t�i�o�n�s�,� �t�h�e�y� �f�o�u�n�d� �t�h�a�t� �b�o�t�h� �t�h�e�s�e� �m�o�d�e�s� �e�x�i�s�t�e�d� �i�n� �t�h�e�i�r� �v�o�r�t�e�x� 

�c�o�r�e�.� �T�h�e� �h�e�l�i�c�a�l� �m�o�d�e� �w�a�s� �o�b�s�e�r�v�e�d� �a�t� �a� �f�r�e�q�u�e�n�c�y� �o�f� �f�c�/�U�,�,�.�=�2�.�1� �a�n�d� �t�h�e� �a�x�i�s�y�m�m�e�t�r�i�c� 

�m�o�d�e� �a�t� �f�c�/�U�,�,�,�=�4�.�9�.� 

�S�p�e�c�t�r�a�l� �p�e�a�k�s� �i�n� �t�h�i�s� �f�r�e�q�u�e�n�c�y� �r�a�n�g�e� �a�r�e� �s�e�e�n� �i�n� �t�h�e� �c�o�-�r�o�t�a�t�i�n�g� �p�a�i�r�s� �a�t� �x�/�c�=�1�0� �i�n� �f�i�g�u�r�e� 

�8�6�a� �a�t� �f�c�/�U�,�,�,�=�3�.�2�.� �S�i�n�c�e� �t�h�i�s� �f�r�e�q�u�e�n�c�y� �i�s� �b�e�t�w�e�e�n� �S�i�n�g�h� �a�n�d� �U�b�e�r�o�i�'�s� �h�e�l�i�c�a�l� �a�n�d� �a�x�i�a�l� 

�m�o�d�e�,� �i�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �s�u�g�g�e�s�t� �w�h�i�c�h� �o�n�e� �i�t� �c�o�u�l�d� �b�e�.� �B�y� �x�/�c�=�1�5�,� �t�h�i�s� �p�e�a�k� �h�a�s� 

�4�.� �V�e�l�o�c�i�t�y� �R�e�s�u�l�t�s� �7�6


