
HAL Id: pastel-00824683
https://pastel.hal.science/pastel-00824683

Submitted on 22 May 2013

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Modélisation des flux de carbone, d’énergie et d’eau
entre l’atmosphère et des écosystèmes de steppe
sahélienne avec un modèle de végétation global

Pierre Brender

To cite this version:
Pierre Brender. Modélisation des flux de carbone, d’énergie et d’eau entre l’atmosphère et des écosys-
tèmes de steppe sahélienne avec un modèle de végétation global. Sciences de la Terre. AgroParisTech,
2012. Français. �NNT : 2012AGPT0029�. �pastel-00824683�

https://pastel.hal.science/pastel-00824683
https://hal.archives-ouvertes.fr


������������	
 ����

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

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

��������������	
���
���
���
���������

���������	���

��	 �	���	 !� 

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

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

�(������#��&������(�"��������"�����)�

�������������*��%

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

-./������������
�����������/����������
�����(�����������.��(������#���

0�"������*��%1


$�������� 2�
������������!��(������#���

"�������	
�	�#$��	%	���%������3**-��
"�������	
�	�#$��	%	%���$$���/�/
�

4��'�
���'����5�3&	'�()�����	��	#��&	*(��+����,�# -�)��
���	
�	.��/

��������3�6/	&	"�������	
�	��#��#�&	��,	0�12�3 	 ��--������

��*%����'�-���- 	"�������	
�	��#��#�&	�,4�	0�12�3	 ��--������

��4���3-�+��&	"�������	
�	��#��#�&	��"	0�12�3 �5���������

��������+/��	��7&	�#��#���&	��,	0�12�3 �5���������

��4��8#�������*9&	�#��()	
�	��#��#�&	4��	0'2"3 �5���������

��%���$$���/�/
&	'�()�������#��#���&	����	0��*3	 �5���������	��	
�������	
�	�#$��

�#�����%������3**-�&	"�������	
�	��#��#�&	����	0�12�3 �5���������	��	
�������	
�	�#$��



✷



▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

■♥ ❞❡$ ▲✐❡❜❡ ✇✐❡ ✐♠ ●❡+❝❤.❢0✱ ✐♥ ❞❡$

❲✐++❡♥+❝❤❛❢0✱ ✇✐❡ ❜❡✐♠ ❲❡✐0+♣$✉♥❣ ♠✉7

♠❛♥ ❣❧❛✉❜❡♥✱ ❡❤❡ ♠❛♥ ❣❡✇✐♥♥❡♥ ✉♥❞

❡$$❡✐❝❤❡♥ ❦❛♥♥✱ ✉♥❞ ✇✐❡ +♦❧❧0❡ ❞❛+ ♥✐❝❤0

✈♦♠ ▲❡❜❡♥ ✐♠ ●❛♥③❡♥ ❣❡❧0❡♥ ✦

❘♦❜❡$% ▼✉(✐❧✳ ❉❡" ▼❛♥♥ ♦❤♥❡

❊✐❣❡♥+❝❤❛❢.❡♥✳

✸





❘❡♠❡#❝✐❡♠❡♥'(

❙❛♥❝❤♦ &❛♥③❛ ✿ ▼✐+❛,❡ ❜✐❡♥ ❧♦

0✉❡ ❤❛❝2❛✱ 0✉❡ ♥♦ ❡+❛♥ ,✐♥♦

♠♦❧✐♥♦, ❞❡ ✈✐❡♥7♦✱ ② ♥♦ ❧♦ ♣♦❞2❛

✐❣♥♦+❛+ ,✐♥♦ 0✉✐❡♥ ❧❧❡✈❛,❡ ♦7+♦,

7❛❧❡, ❡♥ ❧❛ ❝❛❜❡③❛ ❄

▼✐❣✉❡❧ ❞❡ ❈❡+✈❛♥7❡, ❙❛❛✈❡❞+❛✳ ❊❧

✐♥❣❡♥✐♦'♦ ❍✐❞❛❧❣♦ ❉♦♥ ◗✉✐①♦/❡

❞❡ ❧❛ ▼❛♥❝❤❛✳

❯♥ ♠❡$❝✐ '♦✉' ♣❛$'✐❝✉❧✐❡$ - ❈❛'❤❡$✐♥❡ ❖''❧1✱ 3✉✐ ♠✬❛ ❛✐❞1 - ❛❜♦✉'✐$ ❛✉ $❡♥❞✉ ❞✉ ♠❛✲

♥✉8❝$✐' 3✉❡ ✈♦✉8 :'❡8 8✉$ ❧❡ ♣♦✐♥' ❞❡ ❧✐$❡✳ ▲❡8 ❢❛✐❜❧❡88❡8 ♠❛♥✐❢❡8'❡8 ❞❡ ❝❡ ❞♦❝✉♠❡♥' 8♦♥' ❞❡

♠♦♥ ❢❛✐'✱ ❧❡ ❢❛✐' 3✉✬✐❧ ❡①✐8'❡ ❧✉✐ ❞♦✐' ❜❡❛✉❝♦✉♣✳

▼❡$❝✐ ❞❡ ♠✬❛✈♦✐$ 1✈✐'1 ❞❡ '♦♠❜❡$ ♣❧✉8 ❜❛8✳ ❏✬❡8♣A$❡ 3✉❡ ❥❡ ♣♦✉$$❛✐ ❛$$✐✈❡$ - ♠❡ ♠♦♥'$❡$

❞✐❣♥❡ ❞❡ ❝❡''❡ ❝♦♥✜❛♥❝❡ ♣❛$ ❧❛ 8✉✐'❡✱ ❛✉'$❡♠❡♥' 3✉❡ ♣❛$ ❧❡ 8♦✉❧❛❣❡♠❡♥' ❛✈❡❝ ❧❡3✉❡❧ ♠♦♥

❞1♣❛$' ❛ ♣❡✉'✲:'$❡ 1'1 ❛❝❝✉❡✐❧❧✐✳ ❉❡8 $❡♠❡$❝✐❡♠❡♥'8 '♦✉' ❛✉88✐ ❛♣♣✉②18 - ❧✬❛❞$❡88❡ ❞❡ G✐❡$$❡

❍✐❡$♥❛✉①✱ 3✉✐ ❡8' 8❛♥8 ❝♦♥'❡8'❡ ❝❡❧✉✐ 3✉✐ ♠✬❛ ❛♣♣$✐8 ❧❡ ♣❧✉8 ❞❡ ❝❤♦8❡8 8✉$ ❞❡8 3✉❡8'✐♦♥8

❡♥ ❧✐❡♥ ❞✐$❡❝' ❛✈❡❝ ❝❡ 3✉❡ ❥✬❛✉$❛✐8 ✈♦✉❧✉ ❢❛✐$❡ ❞❡ ♠♦♥ '$❛✈❛✐❧ ❞❡ '❤A8❡✳ ▲❡8 ❞✐8❝✉88✐♦♥8

❛✈❡❝ '♦✐ ♦♥' 1'1 ❧✬♦❝❝❛8✐♦♥ ❞✬❛♣♣$❡♥❞$❡ '❛♥'✳ ❊①❝✉8❡ ♠♦✐ ❞❡ ♥❡ ♣❛8 ❛✈♦✐$ 8✉ ❢❛✐$❡ ❢$✉❝'✐✜❡$

✐♥'❡❧❧✐❣❡♠♠❡♥' ❧❡8 ❝♦♥♥❛✐88❛♥❝❡8 3✉❡ '✉ ❛8 ❣1♥1$❡✉8❡♠❡♥' ♣❛$'❛❣1❡8 ❛✈❡❝ ♠♦✐✳ ▲❡8 3✉❡❧3✉❡8

8❡♠❛✐♥❡8 ♣❛881❡8 ❡♥ '❛ ❝♦♠♣❛❣♥✐❡ ❡♥'$❡ ❧❡ ●♦✉$♠❛ ▼❛❧✐❡♥ ❡' ❧❛ ❝❛♣✐'❛❧❡ ❞✉ ❇✉$❦✐♥❛✲❋❛8♦✱

- ❚♦✉❧♦✉8❡ ♦✉ ❡♥❝♦$❡ - ◆P♠❡8 ❛✉ ❝♦✉$8 ❞❡ ❝❡''❡ '❤A8❡ ❝♦♠♣'❡♥' ♣❛$♠✐ ❧❡8 ♠♦♠❡♥'8 ❧❡8 ♣❧✉8

8'✐♠✉❧❛♥'8 ❞❡ ❝❡8 '$♦✐8 ❞❡$♥✐A$❡8 ❛♥♥1❡8✳ ■♥❝♦♥'❡8'❛❜❧❡♠❡♥'✱ ❝❡ ❢R' ✉♥ ♣❧❛✐8✐$ ❞✬❛✈♦✐$ ❝S'♦②1

✉♥ ✓ ✈$❛✐ ✔ ❛❢$✐❝❛♥✐8'❡ ❞❛♥8 ❧❡ 8❡♥8 ♣♦8✐'✐❢ ❞✉ '❡$♠❡✳

▼❡$❝✐ - G❤✐❧✐♣♣❡ ❈✐❛✐8 ❡' - ♥♦8 ❝♦❧❧A❣✉❡8 ❞❡ ❱✐'❡$❜♦ ❡' ❞❡ ❏❡♥❛ ♣♦✉$ ❧❡8 ♦♣♣♦$'✉♥✐'18

❡①'$:♠❡♠❡♥' 8'✐♠✉❧❛♥'❡8 ❞❡ $❡❥♦✐♥❞$❡ $❡8♣❡❝'✐✈❡♠❡♥' ❧❡8 13✉✐♣❡8 ❞❡ ❧✬✉♥✐✈❡$8✐'❛ ❞❡ ❧❛ ❚✉8✲

❝✐❛ ❞❛♥8 ❧❡ ❝❛❞$❡ ❞✬✉♥ 8'❛❣❡ ❡8'✐✈❛❧ ❡♥ ✷✵✵✼ ♣✉✐8 ❝❡❧❧❡ ❞✉ ▼❛①✲G❧❛♥❝❦ ❢✉$ ❇✐♦❣❡♦❝❤❡♠✐8'$②

❞✉$❛♥' ♠♦♥ ♠❛8'❡$✳ ▼❡$❝✐ 1❣❛❧❡♠❡♥' - ❧✉✐ ❞✬❛✈♦✐$ ❝♦♥✈❛✐♥❝✉ ❧✬❆❋❉ ❞❡ ♥♦✉8 ❝♦♥✜❡$ ❧❛ $1✲

❞❛❝'✐♦♥ ❞❡ ❞✐✈❡$8 $❛♣♣♦$'8✱ ❞♦♥' ❝❡❧✉✐ 8✉$ ❧❡ $❡✈❡$❞✐88❡♠❡♥' ❞✉ ❙❛❤❡❧ 8✉$ ❧❡3✉❡❧ ❥✬❛✐ '$❛✈❛✐❧❧1

❞✉$❛♥' ✉♥❡ ❢$❛❝'✐♦♥ ♥♦♥ ♥1❣❧✐❣❡❛❜❧❡ ❞❡ ♠♦♥ '❡♠♣8 ❛✉ ❝♦✉$8 ❞❡ ♠♦♥ ❡①♣1$✐❡♥❝❡ ❛✉ ▲❙❈❊✳

❈❡ ❢✉' ✐♥'1$❡88❛♥' ❞❡ 8✬❛''❡❧❡$ - ✉♥❡ '❡♥'❛'✐✈❡ ❞❡ 81♣❛$❛'✐♦♥ ❞✉ ❣$❛✐♥ ❡' ❞❡ ❧✬✐✈$❛✐❡ ❛✉'♦✉$

❞✬✉♥ ❞❡ ❝❡8 8✉❥❡'8 ✓ '❛$'❡ - ❧❛ ❝$A♠❡ ✔ ❞❡ ♥♦'$❡ ❞♦♠❛✐♥❡ ❞❡ $❡❝❤❡$❝❤❡✳

✺



▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

▼!♠❡ $✐ &✉ ♥✬❛$ ♣❛$ $✉ $❡♥&✐, -✉❡ ❥✬✐,❛✐$ ✐,,/♠/❞✐❛❜❧❡♠❡♥& ❞❛♥$ ❧✬✐♠♣❛$$❡ ❛✈❡❝ ❧❛ ❢❡✉✐❧❧❡

❞❡ ,♦✉&❡ -✉❡ &✉ ❛✈❛✐$ ❞,❡$$/❡✱ ♠❡,❝✐ ❡♥✜♥ ❞✬❛✈♦✐, ❢❛✐& ♣,❡✉✈❡ ❞✬✉♥❡ ❝❡,&❛✐♥❡ ❞♦$❡ ❞❡ ✢❡❣♠❡

❢❛❝❡ ; ❞❡$ ,/❛❝&✐♦♥$ -✉❡ &✉ ❛$ ❞✉ ❝♦♥$✐❞/,❡, ❝♦♠♠❡ ❧✬❡①♣,❡$$✐♦♥ ❞✬✉♥❡ ❢♦,♠❡ ❞❡ ♥/❣❛&✐✈✐$♠❡✱

❡& ♠❡,❝✐ ❞❡ ♥❡ ♣❛$ ♠✬❛✈♦✐, ♣♦,&/ ♣❧✉$ ❞✐,❡❝&❡♠❡♥& ❞❡ &♦,&✱ ❧♦,$-✉✬✐❧ /&❛✐& ❞❡✈❡♥✉ /✈✐❞❡♥&

-✉❡ ❥✬/&❛✐$ ; &❡,,❡✳

❏❡ &❛❝❤❡,❛✐ ❞❡ ❢❛✐,❡ ❞❡ ♠♦♥ ♠✐❡✉① ♣❛, ❧❛ $✉✐&❡ ♣♦✉, ♠♦♥&,❡, -✉❡ ❧❡$ ❝♦♥✈✐❝&✐♦♥$ -✉❡ ❥✬❛✐

♣✉ ❛✣❝❤❡, ❡& &❡♥&❡, ❞✬❛♣♣❧✐-✉❡, ♥✬/&❛✐❡♥& ♣❛$ ❥✉$&❡ ✉♥ ♣❛,❛✈❡♥& ♣♦✉, ❝❛❝❤❡, ❧❛ ❜/❛♥❝❡ ❞❡

♠♦♥ ✐♥❝♦♠♣/&❡♥❝❡ ❞❛♥$ ✉♥ ❝❛❞,❡ ❞❡ &,❛✈❛✐❧ ❛✉ $❡✐♥ ❞✉-✉❡❧ ❥❡ ♠❡ $✉✐$ $❡♥&✐ &,A$ &B& ✐♥❝❛♣❛❜❧❡

❞✬❛♣♣♦,&❡,✱ ♠!♠❡ ❞❡ ❧♦✐♥ ❡& ❞❡ ♠❛♥✐A,❡ &,A$ ♣❛,&✐❡❧❧❡✱ -✉❡❧-✉❡$ /❧/♠❡♥&$ ❞❡ ,/♣♦♥$❡ ❛✉①

-✉❡$&✐♦♥$ -✉✐ ♠❡ ♠♦&✐✈❛✐❡♥& ❞❛♥$ ❧❡ ♣,♦❥❡& ❞❡ &❤A$❡ ❞❛♥$ ❧❡-✉❡❧ ❥❡ ♣❡♥$❛✐$ ♠✬!&,❡ ❧❛♥❝/✳

▼❡,❝✐ ❜❡❛✉❝♦✉♣ ; ❚❤✐❡,,② ▲❡❜❡❧ ❡& ❊,✐❝ ▼♦✉❣✐♥ ❞✬❛✈♦✐, ❛❝❝❡♣&/ ❞✬!&,❡ ,❛♣♣♦,&❡✉,$ ❞❡

♠♦♥ &,❛✈❛✐❧ ❡& ❞✬❛✈♦✐, $✉ &,♦✉✈❡, ❧❡ &❡♠♣$ ❞❡ ,❡❧✐,❡ ❛✉$$✐ ❛&&❡♥&✐✈❡♠❡♥& -✉✬✐❧$ ❧✬♦♥& ❢❛✐& ♠♦♥

♠❛♥✉$❝,✐& ♠❛❧❣,/ ❧❡✉,$ ❡♠♣❧♦✐$ ❞✉ &❡♠♣$ ❡①&,A♠❡♠❡♥& ❝❤❛,❣/$✳ ▼❡,❝✐ ❜❡❛✉❝♦✉♣ ♣♦✉, ✈♦$

$✉❣❣❡$&✐♦♥$ $✉, ❝❡❧✉✐✲❝✐✳ ▼❡,❝✐ /❣❛❧❡♠❡♥& ; ❈②,✐❧ ❑❛♦✱ ❏/,B♠❡ ❉❡♠❛,&②✱ ❏❛♥ K♦❧❝❤❡,✱ ❞✬❛✈♦✐,

❛❝❝❡♣&/ ❞✬!&,❡ ❡①❛♠✐♥❛&❡✉, ❞❡ ♠♦♥ &,❛✈❛✐❧✳ ❱♦$ $✉❣❣❡$&✐♦♥$ ❡& ❝,✐&✐-✉❡$ ♦♥& /❣❛❧❡♠❡♥& /&/

❞❡$ ♣❧✉$ ✉&✐❧❡$ ♣♦✉, ❛✈❛♥❝❡,✳ ❏✬❡$♣A,❡ ♥❡ ♣❛$ ❡♥ ❛✈♦✐, &,♦♣ ♦✉❜❧✐/ ❞❛♥$ ❝❡&&❡ ✈❡,$✐♦♥ ✜♥❛❧❡

❞❡ ♠♦♥ ♠❛♥✉$❝,✐&✳

❯♥ &,A$ ❣,❛♥❞ ♠❡,❝✐ ❛✉$$✐ ; &♦✉&❡$ ❝❡❧❧❡$ ❡& ❝❡✉① -✉✐ ❛✉ ▲❙❈❊ ❝♦♠♠❡ ❛✐❧❧❡✉,$ ❢♦♥& &♦✉&

❧❡✉, ♣♦$$✐❜❧❡ ♣♦✉, ❢❛✐,❡ ❛✈❛♥❝❡, ❧❡ ❝♦❧❧❡❝&✐❢✱ ♠!♠❡ $✬✐❧ ♥✬❡♥ &✐,❡ ♣❛$ ❞✐,❡❝&❡♠❡♥& ❜/♥/✜❝❡✱

❡& ❞♦♥& ❧❡ &,❛✈❛✐❧ ♠✬❛ ❣,❛♥❞❡♠❡♥& ❢❛❝✐❧✐&/ ♠❛ &O❝❤❡✳ ◗✉❡ ✈♦✉$ ✈♦✉$ ♦❝❝✉♣✐❡③ ❞✬❛♠/❧✐♦,❡,

❧❡$ $②♥❡,❣✐❡$ ❛✉ $❡✐♥ ❞✉ ❣,♦✉♣❡ ❖❘❈❍■❉❊❊ ✭❞/❞✐❝❛❝❡ $♣/❝✐❛❧❡ ; ❋❛❜✐❡♥♥❡ ▼❛✐❣♥❛♥✮✱ ❞❡

❧✬✐♥❢♦,♠❛&✐-✉❡✱ ❞❡$ -✉❡$&✐♦♥$ ❛❞♠✐♥✐$&,❛&✐✈❡$✱ ❞❡ ❧✬✐♥&❡♥❞❛♥❝❡✱ ♦✉ ❞❡$ $❡,✈✐❝❡$ ❞❡ $❡❝♦✉,$✱

❥✬❛✐ ❡✉ ❞✐✈❡,$❡$ ♦❝❝❛$✐♦♥$ ❞❡ ❜/♥/✜❝✐❡, ❞❡ ❧✬❡✣❝❛❝✐&/ ❞❡ ✈♦&,❡ &,❛✈❛✐❧✱ ❡& ❥❡ ,/❛❧✐$❡ ❞♦♥❝

❝♦♠❜✐❡♥ ✈♦&,❡ ❛♣♣✉✐ ❡$& ✐♥❡$&✐♠❛❜❧❡✳

▼❡,❝✐ ❚❤♦♠❛$ ❊✳✱ ❝❡ ❢✉& ✉♥ ❣,❛♥❞ ♣❧❛✐$✐, ❞❡ ♣♦✉✈♦✐, &,❛✈❛✐❧❧❡, ❛✈❡❝ &♦✐ -✉❡❧-✉❡ &❡♠♣$✳

❏❡ ❣❛,❞❡,❛✐ ❞❡ ❝❡$ ♠♦♠❡♥&$ ❧❛ ❝♦♥✈✐❝&✐♦♥ -✉✬❛✈❡❝ ❧❛ ♠❛♥✐A,❡ ❞♦♥& ❥✬❛,,✐✈❡ ; !&,❡ ♣,♦❞✉❝&✐❢✱

✉♥ ♣❧✉$ ✉♥ ❢❛✐& ❜✐❡♥ ♣❧✉$ -✉❡ ❞❡✉①✳

❯♥ &,A$ ❣,❛♥❞ ♠❡,❝✐ ❞♦♥❝ ; ♥♦$ ❝♦❧❧A❣✉❡$ ❞❡ ❱✐&❡,❜♦ ❡& ❞❡ ❏❡♥❛ ❞❡ ♠✬❛✈♦✐, ❛❝❝✉❡✐❧❧✐ ❞❛♥$

❞❡$ ❝❛❞,❡$ ❞❡ &,❛✈❛✐❧ ❡①&,!♠❡♠❡♥& ❝❤❛❧❡✉,❡✉①✳ ❏❡ ♥❡ $✉✐$ ♣❛$ ♣,!& ❞✬♦✉❜❧✐❡, ♥♦♥ ♣❧✉$ ❧❡$

♥♦♠❜,❡✉$❡$ $♦✐,/❡$ ❞❡ &,❛✈❛✐❧ ❡♥ ❝♦♠♠✉♥ ❡& ❞❡$ ❧✐❡✉① ♠②&❤✐-✉❡$ ❝♦♠♠❡ ❧❛ ❲❛,&❜✉,❣✳ ✳ ✳ ❯♥

♠❡,❝✐ &♦✉& ♣❛,&✐❝✉❧✐❡, ; ❉❛,✐♦ K❛♣❛❧❡ ❡& ▼❛,❦✉$ ❘❡✐❝❤$&❡✐♥✳ ▼❡,❝✐ ❛✉① $&✐♠✉❧❛♥&❡$ /-✉✐♣❡$

-✉❡ ✈♦✉$ ❢♦,♠❡③✳ ▼❡,❝✐ ♥♦&❛♠♠❡♥& ; ◆✉♥♦✱ ▼✐❣✉❡❧ ❞❡ ♠✬❛✈♦✐, ❞♦♥♥/ ❧❛ ♣♦$$✐❜✐❧✐&/ ❞❡

♣,❡♥❞,❡ ♣❛,& ❛✉ ❝♦❧❧♦-✉❡ $✉, ❧❡$ ♠/&❤♦❞❡$ ❞❡ ❉❛&❛ ▼✐♥✐♥❣ -✉❡ ✈♦✉$ ❛✈❡③ ♠❛❣✐$&,❛❧❡♠❡♥&

♦,❣❛♥✐$/ ✉♥ ❛♥ ♣❧✉$ &❛,❞✳

❉♦♠♠❛❣❡ -✉❡ ❥❡ ♥✬❛✐ ♣❛$ $✉ ❝,/❡, ❞✬♦♣♣♦,&✉♥✐&/$ ❞❡ ❞/✈❡❧♦♣♣❡, ❞❡$ &,❛✈❛✉① ❛✉①-✉❡❧$

✐❧ ❛✉,❛✐& ♣✉ ✈♦✉$ $❡♠❜❧❡, ✐♥&/,❡$$❛♥& ❞❡ ✈♦✉$ ❛$$♦❝✐❡,✳

❯♥❡ ♣❡♥$/❡ ♣♦✉, ❍❛♠❞✐ -✉❡ ❥✬❛✉,❛✐$ ❜✐❡♥ ❛✐♠/ ✈♦✐, ❡♥ ❛,,✐✈❡, ; ❝❡&&❡ ♣♦$$✐❜✐❧✐&/ ❞❡

♣❛$$❡, ; ❧✬/&❛♣❡ $✉✐✈❛♥&❡✳ ❇✐❡♥ &,✐$&❡ ❞❡ ♥❡ ♣❛$ ❛✈♦✐, $✉ &✬❛✐❞❡, ; ,❡♠♦♥&❡, ❞❛♥$ ❧❛ ❜❛,-✉❡

❡& ; &,♦✉✈❡, ❡♥ &♦✐ ❧✬❛,❞❡✉, ♥/❝❡$$❛✐,❡ ♣♦✉, ❥✉$&✐✜❡, ❧✬♦♣♣♦,&✉♥✐&/ -✉❡ ❝♦♥$&✐&✉❡ ✉♥❡ &❤A$❡✳

❚❤❛♥❦ ②♦✉ ❚❛♦ ❢♦, &❤❡ ❢,❡-✉❡♥& ✇♦,❦✐♥❣ ✇❡❡❦✲❡♥❞$✳ ■& ✇✐❧❧ ❤❛✈❡ ❤❡❧♣❡❞ ♠❡ &♦ ♠❛❦❡

♠② ❜❡$& &♦ ❝♦♥&✐♥✉❡✳ ❚❤❛♥❦ ②♦✉ ❛❧$♦ ❢♦, ❤❛✈✐♥❣ ❧❡& &❤❡ $♣❛❝❡ ❢♦, ❛♥ ✐♥&❡♥$❡ $❝✐❡♥&✐✜❝

❞✐$❝✉$$✐♦♥ ❜❡&✇❡❡♥ ✉$ ❛♥❞ ❢♦, ❤❛✈✐♥❣ ❤❛❞ $♦♠❡ ✐♥&❡,❡$& ❢♦, ♣✉$❤✐♥❣ ✇♦,❦ ✐♥ $♦♠❡ &❤❡

❞✐,❡❝&✐♦♥$ ■ ,❡❣❛,❞❡❞ ❛$ ✇♦,&❤✇❤✐❧❡ &,②✐♥❣✳

▼❡,❝✐ /❣❛❧❡♠❡♥& ; ❈②,✐❧ ❑❛♦ -✉❡ ❥✬❛✐ ❞/❥; ❝✐&/ ❡& ; ❋,/❞/,✐❝ ❍♦✉,❞✐♥ ♣♦✉, ❧❡✉, ,/✢❡①✐♦♥

♣♦$/❡ ❡& ❧❡$ $✉❣❣❡$&✐♦♥$ -✉✬✐❧$ ♦♥& $✉ ♠✬❛♣♣♦,&❡, ♥♦&❛♠♠❡♥& ; ❧✬♦❝❝❛$✐♦♥ ❞❡ ♠❡$ ❞✐✛/,❡♥&$

❝♦♠✐&/$ ❞❡ &❤A$❡✳

✻



▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

▼❡"❝✐ ❛✉''✐ ( ✈♦✉' ❝❤❡"' ❝♦♠♣❛❣♥♦♥' ❞❡ ❧❛ "✉❞❡ 2"❛✈❡"'3❡ 4✉✬❛ ♣✉ ❝♦♥'2✐2✉❡" ✉♥ 2"❛✈❛✐❧

❞❡ ❧♦♥❣✉❡ ❤❛❧❡✐♥❡ ❛✈❡❝ ❖❘❈❍■❉❊❊ ✿ ▼❛"✐❡✲◆♦❡❧❧❡ ❲✳✱ ■'❛❜❡❧❧❡ ●✳✱ ❨❛♥ ❩✳✱ ❈❤❛♦ ❨✳✱ ❙②❧✈❛✐♥

❑✳✱ ❇"✉♥♦ ❘✳✱ ❚❤♦♠❛' ▲✳✱ ■♠❡♥ ❇✳✱ ❉❛✈✐❞ ▲✳✱ ❆❜❞♦✉❧✲❑❤❛❞"❡ ❚✳✱✳✳✳

▼❡"❝✐ ( 2♦✉' ❝❡✉① ❞✬❡♥2"❡ ✈♦✉' ❣"O❝❡ ( 4✉✐ ❢❛✐"❡ ♣❛"2✐❡ ❞❡ ❧❛ ❝♦♠♠✉♥❛✉23 ❞❡ 2"❛✈❛✐❧

❞✉ ▲❙❈❊ ❡'2 ✉♥ ♣"✐✈✐❧Q❣❡ ❞♦♥2 ❥❡ ♥✬❛✐ ♣❡✉2✲S2"❡ ♣❛' 323 '✉✣'❛♠♠❡♥2 ❝♦♥'❝✐❡♥2✳ ▼❡"❝✐

2♦✉2 ♣❛"2✐❝✉❧✐Q"❡♠❡♥2 ( ❝❡✉① 4✉✐ ❞✉ ♣"❡♠✐❡" ❛✉ ❞❡"♥✐❡" ❥♦✉" ♦♥2 2♦✉❥♦✉"' 323 ♣♦✉" ♠♦✐ ❞❡'

♠♦❞Q❧❡' ♣❛" ❧❡✉" ❛♣♣"♦❝❤❡ ❞❡ ❧❛ "❡❝❤❡"❝❤❡✱ ( ❧✬✐♥'2❛" ❞❡ ❋"3❞3"✐❝ ❈✳ ❡2 ( 2♦✉' ❝❡✉① ❞♦♥2 ❧❛

❝✉"✐♦'✐23 ✐♥'❛2✐❛❜❧❡ ❡'2 ❝♦♠♠✉♥✐❝❛2✐✈❡✳

▼❡"❝✐ ❛✉① ❝♦❧❧Q❣✉❡' ❞❡ ❚♦✉❧♦✉'❡ ❡2 ❞❡ ▼♦♥2♣❡❧❧✐❡" ♣♦✉" ❧❡✉" ❢♦"2 ❜♦♥ ❛❝❝✉❡✐❧✳ ❊①❝✉'❡③

❡♥❝♦"❡ ❧❡ ♣❡✉ ❞❡ "❡2♦✉" ❞❡ ♠❛ ♣❛"2✱ ❝❡ ♥✬32❛✐2 ♣❛' ❢❛✉2❡ ❞❡ ✈♦✉❧♦✐" ❝♦♦♣3"❡" ♠❛✐' ❞❡ ♠✬❡♥

♠♦♥2"❡" ❝❛♣❛❜❧❡✳

▼❡"❝✐ ❛✉''✐ ( 2♦✉' ❝❡✉① ❛✈❡❝ 4✉✐ ❥✬❛✐ ♣✉ ♣❛"2❛❣❡" ❞❡' ♠♦♠❡♥2' '♣♦"2✐❢'✳ W"♦❜❛❜❧❡♠❡♥2

❛✐✲❥❡ ❡✉ 2♦"2 ❞❡ ❞3❧❛✐''❡" ♣"♦❣"❡''✐✈❡♠❡♥2 ♥♦' ❛❝2✐✈✐23' ❝♦♠♠✉♥❡'✳ ❊2 ✐❧ ❡'2 2❡❧❧❡♠❡♥2 ♣❧✉'

'②♠♣❛ ❞❡ "3✢3❝❤✐" ❡♥ ❝♦✉"❛♥2 ✦ ❊"♥❡'2 ❑✳✱ ❈3❞"✐❝ ❇✳✱ W❤✐❧✐♣♣❡ ◆✳✱ ❋"❛♥Z♦✐'✲▼❛"✐❡ ❇✳✱ W❤✐✲

❧✐♣♣❡ W✳✱✳ ✳ ✳

▼❡"❝✐ ( ❆"♠❡❧ ❡2 ❛✉① ❞♦❝2♦"❛♥2' W♦✐♥2❡ ◆♦✐"❡ ✿ ♣♦✉" ✈♦2"❡ ❛❝❝✉❡✐❧ ❢"❛2❡"♥❡❧✱ ❡2 ♠❡"❝✐

❞✬❛✈♦✐" ♠♦♥2"3 4✉✬✐❧ ❢❛✉2✱ ✈❛✐❧❧❡ 4✉❡ ✈❛✐❧❧❡✱ 2♦✉❥♦✉"' ❛❧❧❡" ❞❡ ❧✬❛✈❛♥2✱ ♠S♠❡ 4✉❛♥❞ ❧❡' ❝♦♥❞✐✲

2✐♦♥' ♥❡ '♦♥2 ♣❛' ❢♦"❝3♠❡♥2 2❡❧❧❡' 4✉✬♦♥ ❡♥ "S✈❛✐2✳

▼❡"❝✐ ( ♠❡' ♣"♦❝❤❡' ✲ ❢❛♠✐❧❧❡ ❡2 ❛♠✐' ✲ ♣♦✉" ❧❡✉" '♦✉2✐❡♥ ❛✉ ❝♦✉"' ❞❡ ❝❡22❡ ♣3"✐♦❞❡✳
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❈♦♠♣$❡ $❡♥✉ ❞❡ ❧❛ ✈✉❧♥,-❛❜✐❧✐$, ❞❡ ❧❛ ♣♦♣✉❧❛$✐♦♥ -✉-❛❧❡ ❞❡ ❧❛ -,❣✐♦♥ 1❛❤,❧✐❡♥♥❡ ❛✉① ❛❧,❛1

♣❧✉✈✐♦♠,$-✐4✉❡1✱ ❡$ ❞❡✈❛♥$ ❧❡1 ❛♠❜✐$✐♦♥1 ❞❡ ❝❡-$❛✐♥1 ❛❝$❡✉-1 ❞✬✉$✐❧✐1❡- ❧❡ ❧❡✈✐❡- ❞❡ ❧✬✉1❛❣❡

❞❡1 $❡--❡1 ♣♦✉- ❝♦♥$-✐❜✉❡- 8 ❧✬❛$$,♥✉❛$✐♦♥ ❞✉ ❝❤❛♥❣❡♠❡♥$ ❝❧✐♠❛$✐4✉❡✱ ✐❧ ❡1$ ✐♠♣♦-$❛♥$ ❞❡

❝♦♠♣-❡♥❞-❡ ❧❡1 ❢❛❝$❡✉-1 ❝♦♥$-✐❜✉❛♥$ 8 ❧❛ ✈❛-✐❛❜✐❧✐$, ❞❡ ❧❛ ❝♦✉✈❡-$✉-❡ ✈,❣,$❛❧❡ ❛✉ ❙❛❤❡❧✳

❯♥❡ 1②♥$❤>1❡ ❞❡ ❧❛ ❧✐$$,-❛$✉-❡ ❡①♣❧✐4✉❛♥$ ❧✬,✈♦❧✉$✐♦♥ -,❝❡♥$❡ ❞❡ ❧❛ ✈,❣,$❛$✐♦♥ ❛✉ ❙❛❤❡❧

❡1$ ❞♦♥❝ ❞✬❛❜♦-❞ ♣-,1❡♥$,❡✳ ▲❡1 ,$✉❞❡1 1✬✐♥$,-❡11❛♥$ ❛✉ ♣❛-❛❞✐❣♠❡ 4✉✐ 1♦✉❧✐❣♥❡ ❧✬✐♠♣❛❝$

❞❡ ❧✬✉1❛❣❡ ❞❡1 $❡--❡1 1✉- ❧❡1 ♣-,❝✐♣✐$❛$✐♦♥1 ❡♥ ❆❢-✐4✉❡ ❞❡ ❧✬❖✉❡1$ ,✈❛❧✉❡♥$ ♣-✐♥❝✐♣❛❧❡♠❡♥$

❝❡1 ❡✛❡$1 ♣❛- ❧❡ ❝♦✉♣❧❛❣❡ ❞❡ ♠♦❞>❧❡1 ❞②♥❛♠✐4✉❡1 ❣❧♦❜❛✉① ❞❡ ✈,❣,$❛$✐♦♥ ✲ ❉●❱▼ ✲ ❛✈❡❝

❞❡1 ♠♦❞>❧❡1 ❞❡ ❝✐-❝✉❧❛$✐♦♥ ❣,♥,-❛❧❡✳ ❈✬❡1$ 8 ❧✬❛♠,❧✐♦-❛$✐♦♥ ❞✬✉♥ $❡❧ ❉●❱▼✱ ❖❘❈❍■❉❊❊✱

❞,✈❡❧♦♣♣, 8 ❧✬■♥1$✐$✉$ L✐❡--❡ ❙✐♠♦♥ ▲❛♣❧❛❝❡✱ 4✉❡ ❧❡ -❡1$❡ ❞✉ $-❛✈❛✐❧ ❝❤❡-❝❤❡ 8 ❝♦♥$-✐❜✉❡-✳

❈♦♠♠❡ ❞✬❛✉$-❡1 ,$✉❞❡1 ♦♥$ ♠♦♥$-, 4✉✬✐❧ ,$❛✐$ ♣♦11✐❜❧❡ ❞✬✉$✐❧✐1❡- ❡♥ ♣-❡♠✐>-❡ ❛♣♣-♦①✐✲

♠❛$✐♦♥ ❧❡1 1$❡♣♣❡1 ♣M$✉-,❡1 ❡$ ❧❡1 ❥❛❝❤>-❡1 ♣♦✉- ❞,❝-✐-❡ ❧❡ ❝♦♠♣♦-$❡♠❡♥$ ❣❧♦❜❛❧ ❞❡ ❧❛ 1✉-❢❛❝❡

1❛❤,❧✐❡♥♥❡✱ ❧❡1 ,❝❛-$1 ❡♥$-❡ ♠♦❞>❧❡ ❡$ ♠❡1✉-❡1 1♦♥$ ❝❛-❛❝$,-✐1,1 ♣♦✉- ✉♥❡ ❥❛❝❤>-❡ 1✐$✉,❡ 8

♣-♦①✐♠✐$, ❞❡ ❲❛♥❦❛♠❛ ✭◆✐❣❡-✮✳ L❧✉1 ♣-,❝✐1,♠❡♥$✱ ❧❡1 ❢♦-❝❡1 ❡$ ❢❛✐❜❧❡11❡1 ❞❡ ❧❛ ♣❛-❛♠,$-✐✲

1❛$✐♦♥ ❡$ ❞❡ ❧❛ 1$-✉❝$✉-❡ ♣❛- ❞,❢❛✉$ ❞✉ ♠♦❞>❧❡ 1♦♥$ ❞✐❛❣♥♦1$✐4✉,1✱ ❡$ ❧✬✐♠♣♦-$❛♥❝❡ ❞❡ ❧❛

-,❞✉❝$✐♦♥ ❞✬❡--❡✉- ♣❡-♠✐1❡ ♣❛- ❧✬♦♣$✐♠✐1❛$✐♦♥ ❞❡ ❝❡-$❛✐♥1 ❞❡1 ♣❛-❛♠>$-❡1 ❡1$ ❞♦♥♥,❡✳ ❊♥

♣❛-$✐❝✉❧✐❡-✱ ❧✬❡♠♣❧♦✐ ❞✬✉♥❡ -,1♦❧✉$✐♦♥ ❛✉① ❞✐✛,-❡♥❝❡1 ✜♥✐❡1 ❞❡ ❧❛ ❞✐✛✉1✐♦♥ ❞❡ ❧✬❡❛✉ ❞❛♥1 ❧❛

❝♦❧♦♥♥❡ ❞❡ 1♦❧ ❡1$ ,✈❛❧✉,✱ ❞❛♥1 ❧❛ ♠❡1✉-❡ ♦U ❝❡❧❛ ♣❡-♠❡$ ❞❡ ♠✐❡✉① 1✐♠✉❧❡- ❧❛ -,♣♦♥1❡ -❛♣✐❞❡

❞✉ ✢✉① ,✈❛♣♦-❛$♦✐-❡ ❛✉① ,✈,♥❡♠❡♥$1 ♣❧✉✈✐❡✉① 4✉❡ ❧❡ 1❝❤,♠❛ ❝♦♥❝❡♣$✉❡❧ ✉$✐❧✐1, ♣❛- ❞,❢❛✉$

❞❛♥1 ❖❘❈❍■❉❊❊✳

▲❡ -,❛❧✐1♠❡ ❞✉ ♠♦❞>❧❡ ❡1$ ,❣❛❧❡♠❡♥$ ♠❡1✉-, 8 ❧✬,❝❤❡❧❧❡ -,❣✐♦♥❛❧❡✱ ♣❛- ❧❛ ❝♦♠♣❛-❛✐1♦♥

❞✬♦❜1❡-✈❛$✐♦♥1 ❞❡ ◆❉❱■ ●■▼▼❙❴✸● 8 ❧❛ ❝♦✉✈❡-$✉-❡ ✈,❣,$❛❧❡ 1✐♠✉❧,❡ ♣❛- ❧❡ ♠♦❞>❧❡ ❡♥

-,♣♦♥1❡ 8 ❞✐✛,-❡♥$1 ❢♦-Y❛❣❡1 ❝❧✐♠❛$✐4✉❡1 ✳ ❙✐ ❧❡1 ♠♦❞✐✜❝❛$✐♦♥1 ✐♥$-♦❞✉✐$❡1 ❛✉ ❝♦✉-1 ❞✉

$-❛✈❛✐❧ ♥❡ ♣❡-♠❡$$❡♥$ ♣❛1 ❞❡ ♠✐❡✉① ❞,❝-✐-❡ ❧❡1 $❡♥❞❛♥❝❡1 ❞❡ ❧❛ ✈,❣,$❛$✐♦♥ ❛✉ ❝♦✉-1 ❞❡1

❞❡-♥✐>-❡1 ❞,❝❡♥♥✐❡1✱ $✐-❡- ♣❛-$✐❡ ❞❡1 ❧❡Y♦♥1 ❞✉ ♣-,1❡♥$ $-❛✈❛✐❧ ♣♦✉--❛ 1❡ -,✈,❧❡- ✉$✐❧❡✳ ■❧ ❡♥

❡1$ ❞❡ ♠Z♠❡ ❞❡1 ❝♦♥❝❧✉1✐♦♥1 ❞❡ ❧✬,$✉❞❡ ❞❡ ❧❛ $-❛♥1✐$✐✈✐$, ❞❡1 ❜✐❛✐1 ❝♦♥❞✐$✐♦♥♥❡❧1 ❞✉ ♠♦❞>❧❡

-,❛❧✐1,❡ ❛✈❡❝ ❚❛♦ ❲❛♥❣ ❡$ ♣-,1❡♥$,❡ ❡♥ ❛♥♥❡①❡ ❇✳

✶✶



❆❜"#$❛❝#

❚❤❡ ❡✈♦❧✉'✐♦♥ ♦❢ '❤❡ ❧❛♥❞✲.✉/❢❛❝❡ ❝♦♥❞✐'✐♦♥. ✐. ♦❢'❡♥ ❛..❡..❡❞ '❤/♦✉❣❤ '❤❡ ✉.❡ ♦❢ ✓ ❞②✲

♥❛♠✐❝ ❣❧♦❜❛❧ ✈❡❣❡'❛'✐♦♥ ♠♦❞❡❧. ✔✱ ❛. ✐. .❤♦✇♥ ✐♥ ❛ /❡✈✐❡✇ ♦❢ '❤❡ ❝✉//❡♥' ✉♥❞❡/.'❛♥❞✐♥❣ ♦❢

'❤❡ ❢❛❝'♦/. ♦❢ ✈❛/✐❛❜✐❧✐'② ❛♥❞ ♦❢ '❤❡ /❡❝❡♥' ❡✈♦❧✉'✐♦♥ ♦❢ '❤❡ ✈❡❣❡'❛'✐♦♥ ❝♦✈❡/ ✐♥ '❤❡ ❙❛❤❡❧✳

❙✉❝❤ ♠♦❞❡❧. ❛/❡ ❛❧.♦ ❝♦✉♣❧❡❞ '♦ ❛'♠♦.♣❤❡/✐❝ ❣❡♥❡/❛❧ ❝✐/❝✉❧❛'✐♦♥ ♠♦❞❡❧. '♦ ❡✈❛❧✉❛'❡ '❤❡

❧❛♥❞ ❢❡❡❞❜❛❝❦ ♦♥ ♣/❡❝✐♣✐'❛'✐♦♥ ✐♥ ♠♦♥.♦♦♥❛❧ ❝❧✐♠❛'❡.✳

❚❤✉.✱ '❤❡ ✐♠♣/♦✈❡♠❡♥' ♦❢ '❤❡ .❦✐❧❧. ♦❢ .✉❝❤ .✉/❢❛❝❡ ♠♦❞❡❧. '♦ .✐♠✉❧❛'❡ '❤❡ /❛❞✐❛'✐✈❡

❛♥❞ '✉/❜✉❧❡♥' ✢✉①❡. ❜❡'✇❡❡♥ '❤❡ ❧❛♥❞ .✉/❢❛❝❡ ❛♥❞ '❤❡ ❛'♠♦.♣❤❡/❡ ✐♥ '❤❡ ❙❛❤❡❧ ♦✈❡/ ❛ /❛♥❣❡

♦❢ .❝❛❧❡. ❢/♦♠ ❤♦✉/❧② '♦ ♠✉❧'✐✲❛♥♥✉❛❧ ❤❛. ❛ ♣♦'❡♥'✐❛❧ '♦ ❤❛✈❡ .✐❣♥✐✜❝❛♥' ✐♠♣❧✐❝❛'✐♦♥.✳ ❚❤✐.

✐. ❡.♣❡❝✐❛❧❧② '/✉❡ ❝♦♥.✐❞❡/✐♥❣ '❤❡ ✈✉❧♥❡/❛❜✐❧✐'② ♦❢ '❤❡ /✉/❛❧ ♣♦♣✉❧❛'✐♦♥ ♦❢ '❤❡ /❡❣✐♦♥✱ ✇❤✐❝❤

❧❛/❣❡❧② /❡❧✐❡. ♦♥ /❛✐♥❢❡❞ ❛❣/✐❝✉❧'✉/❡ ❛♥❞ '❤❡ ✐♥'❡/❡.' ♦♥ '❤❡ ❡✈♦❧✉'✐♦♥ ♦❢ '❤❡ ❝❛/❜♦♥ .'♦❝❦.

♦❢ ❡❝♦.②.'❡♠. ✐♥ '❤❡ ❝♦♥'❡①' ♦❢ ❝❧✐♠❛'❡ ❝❤❛♥❣❡✳ ❙✉❝❤ ❛ ✇♦/❦ ♦♥ '❤❡ ❖❘❈❍■❉❊❊ ♠♦❞❡❧ ✐.

♣/❡.❡♥'❡❞ ❤❡/❡✳ ■♥ ❝♦♠♣❧❡♠❡♥' '♦ ❝/♦♣❧❛♥❞.✱ /❛♥❣❡❧❛♥❞. ❛♥❞ ❢❛❧❧♦✇. /❡♣/❡.❡♥' ❛ ❧❛/❣❡ .❤❛/❡

♦❢ '❤❡ ❙❛❤❡❧✐❛♥ ❧❛♥❞.❝❛♣❡. ❛♥❞ ❤❛✈❡ ✐♥'❡/♠❡❞✐❛'❡ ❝❤❛/❛❝'❡/✐.'✐❝. ❜❡'✇❡❡♥ ❡/♦.✐♦♥ ❣❧❛❝✐. ❛♥❞

❛❝❛❝✐❛ ❜✉.❤❡.✳ ❆. .✉❝❤✱ '❤❡✐/ ❡✈♦❧✉'✐♦♥ ✭✐♥ '❡/♠. ♦❢ ❛❧❜❡❞♦✱ /♦✉❣❤♥❡.. ❧❡♥❣'❤✱✳ ✳ ✳✮ ♠❛② ❜❡

✉.❡❞ '♦ .'✉❞② '❤❡ ❙❛❤❡❧ ❡❝♦.②.'❡♠ ❜❡❤❛✈✐♦✉/ ❛. ❛ ✜/.' ❛♣♣/♦①✐♠❛'✐♦♥✳ ❉✐✛❡/❡♥❝❡. ❜❡'✇❡❡♥

♠♦❞❡❧ ♦✉'♣✉'. ❛♥❞ ✜❡❧❞ ♦❜.❡/✈❛'✐♦♥. ❛/❡ K✉❛♥'✐✜❡❞ ❢♦/ ❛ ❢❛❧❧♦✇ ❝❧♦.❡ '♦ ❲❛♥❦❛♠❛ ✭◆✐❣❡/✮✳

▼♦/❡ ♣/❡❝✐.❡❧②✱ .♦♠❡ ♦❢ '❤❡ ❞/❛✇❜❛❝❦. ♦❢ '❤❡ .'❛♥❞❛/❞ ♣❛/❛♠❡'/✐.❛'✐♦♥ ❛♥❞ .'/✉❝'✉/❡ ♦❢

'❤❡ ♠♦❞❡❧ ❛/❡ ❞✐❛❣♥♦.❡❞✱ ❛♥❞ '❤❡ /❛♥❣❡ ♦❢ /❡❞✉❝'✐♦♥ ♦❢ '❤❡ ♠♦❞❡❧✲♦❜.❡/✈❛'✐♦♥ ♠✐.♠❛'❝❤

'❤❛' /❡.✉❧'. ❢/♦♠ ♦♣'✐♠✐③✐♥❣ .♦♠❡ ♦❢ '❤❡ ♣❛/❛♠❡'❡/. ❛/❡ ❣✐✈❡♥ ✭♣❧❛♥' ♣❤❡♥♦❧♦❣②✱✳ ✳ ✳ ✮✳ ■♥

♣❛/'✐❝✉❧❛/✱ '❤❡ ✉.❡ ♦❢ ❛ ✜♥✐'❡ ❞✐✛❡/❡♥❝❡ /❡.♦❧✉'✐♦♥ ♦❢ '❤❡ .♦✐❧ ✇❛'❡/ ❞✐✛✉.✐♦♥ ✐. ❝♦♥.✐❞❡/❡❞

❛. ✐' ❡♥❛❜❧❡. '♦ ❜❡''❡/ .✐♠✉❧❛'❡ '❤❡ ❢❛.' /❡.♣♦♥.❡ ♦❢ ❡✈❛♣♦/❛'✐✈❡ ✢✉①❡. '♦ /❛✐♥❢❛❧❧ '❤❛♥

'❤❡ ❝♦♥❝❡♣'✉❛❧ .❝❤❡♠❡ /♦✉'✐♥❡❧② ✉.❡❞ ✐♥ ❖❘❈❍■❉❊❊✳ ❚❤❡ ❜❡♥❡✜'. ♦❢ '❤❡ ✉.❡ ♦❢ .✉❝❤ ❛

✓ ♣❤②.✐❝❛❧ ✔ ❤②❞/♦❧♦❣✐❝❛❧ .❝❤❡♠❡ ♦♥ '❤❡ ❞✐✛❡/❡♥' ♦✉'♣✉'. ♦❢ '❤❡ .✉/❢❛❝❡ .❝❤❡♠❡ ✐. ❡✈❛❧✉❛'❡❞✳
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♣❡#♠❡' ❞❡ ♠❡''#❡ ❡♥ ♣❡#%♣❡❝'✐✈❡ ❧✬❡%%❡♥'✐❡❧ ❞✉ '#❛✈❛✐❧ ♣❧✉% '❡❝❤♥✐>✉❡ >✉✐ ❛ $'$ #$❛❧✐%$ ❞❛♥%

❧❛ %✉✐'❡ ❞✉ '#❛✈❛✐❧✱ ❡' ❞✬$❝❧❛✐#❡# ✉♥❡ ♣❛#'✐❡ ❞❡% ♠♦'✐✈❛'✐♦♥% >✉✐ ♦♥' ❥✉%'✐✜$ ❞❡ %❡ ❧❛♥❝❡# ❞❛♥%

✉♥❡ ❛♣♣#♦❝❤❡ ✈✐%❛♥' 1 ❛♠$❧✐♦#❡# ❢♦#'❡♠❡♥' ❧❡ #$❛❧✐%♠❡ ❞❡ ❧❛ #$♣♦♥%❡ $✈❛♣♦✲'#❛♥%♣✐#❛'♦✐#❡

❛✉① $✈$♥❡♠❡♥'% ♣❧✉✈✐❡✉①✳

▲❛ %②♥'❤.%❡ ❞❡ ❧❛ ❧✐''$#❛'✉#❡ >✉✐ ❢❛✐' ❧✬♦❜❥❡' ❞❡ ❝❡ ❝❤❛♣✐'#❡ %✬❛#'✐❝✉❧❡ ❛✉'♦✉# ❞❡% >✉❡%'✐♦♥%

%✉✐✈❛♥'❡% ✿

✕ ◗✉❡❧❧❡ ❛ $'$ ❧✬$✈♦❧✉'✐♦♥ ❞❡ ❧❛ ❝♦✉✈❡#'✉#❡ ✈$❣$'❛❧❡✱ ♥♦'❛♠♠❡♥' ❛#❜♦#$❡✱ ❛✉ ❙❛❤❡❧ ❛✉

❝♦✉#% ❞❡% ✸✵ ❞❡#♥✐.#❡% ❛♥♥$❡% ❄

✶✼



✷✳✷✳ ❘❊✲●❘❊❊◆■◆● ❖❋ ❚❍❊ ❙❆❍❊▲

❘❊●■❖◆ ✿ ❖❇❙❊❘❱❆❚■❖◆❆▲ ❊❱■❉❊◆❈❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆4■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

✕ ◗✉❡❧❧❡ ❡%& ❧✬✐♠♣♦,&❛♥❝❡ ,❡❧❛&✐✈❡ ❞❡% ❢❛❝&❡✉,% ❝❧✐♠❛&✐3✉❡% ✭❡♥ &♦✉& ♣,❡♠✐❡, ❧✐❡✉ ❞❡%

♣,5❝✐♣✐&❛&✐♦♥%✮ ❡& ❞❡% ♠♦❞✐✜❝❛&✐♦♥% ❛♥&❤,♦♣✐3✉❡% ❞❡ ❧✬✉%❛❣❡ ❞❡% &❡,,❡% %✉, ❧✬5✈♦❧✉&✐♦♥

❞❡ ❧❛ ❝♦✉✈❡,&✉,❡ ✈5❣5&❛❧❡ ❞❛♥% ❧❛ ,5❣✐♦♥ ❛✉ ❝♦✉,% ❞❡ ❧❛ ♣5,✐♦❞❡ 5&✉❞✐5❡ ❄

✕ ❉❛♥% 3✉❡❧❧❡ ♠❡%✉,❡ ✉♥❡ 5✈♦❧✉&✐♦♥ ❞❡ ❧❛ ❝♦✉✈❡,&✉,❡ ✈5❣5&❛❧❡ ♣❡✉&✲❡❧❧❡ ✐♥❞✉✐,❡ ✉♥❡ ♠♦✲

❞✐✜❝❛&✐♦♥ %✐❣♥✐✜❝❛&✐✈❡ ❞❡% ♣,5❝✐♣✐&❛&✐♦♥% ❄ ▲❛ 3✉❡%&✐♦♥ %❡ ♣♦%❡ ❞❛♥% ❧❛ ♠❡%✉,❡ ♦> ❞❡%

❝❤❛♥❣❡♠❡♥&% ❞❡ ❝♦✉✈❡,&✉,❡ ✈5❣5&❛❧❡ ✐♥❞✉✐%❡♥& ❞❡% ❝❤❛♥❣❡♠❡♥&% ❞✬❛❧❜5❞♦✱ ❞❡ ,✉❣♦%✐&5

❡& ❞❡ ,❛♣♣♦,& ❞❡ ❇♦✇❡♥

✶

✱ ♠♦❞✐✜❛♥& ❛✐♥%✐ ❧❛ 3✉❛♥&✐&5 ❞✬5♥❡,❣✐❡ ❡& ❞✬❡❛✉ ❞✐%♣♦♥✐❜❧❡

❞❛♥% ❧❡% ❜❛%%❡% ❝♦✉❝❤❡% ❞❡ ❧✬❛&♠♦%♣❤C,❡✱ ❞❡% ♣❛,❛♠C&,❡% 3✉✐ ♣❡✉✈❡♥& ♠♦❞✐✜❡, ❧❡

,❡❝②❝❧❛❣❡ ❞❡% ♣,5❝✐♣✐&❛&✐♦♥%✳

✕ ◗✉❡❧% %♦♥& ❧❡% ❡♥%❡✐❣♥❡♠❡♥&% 3✉✬✐❧ ❢❛✉& ,❡&❡♥✐, ❞❡% &,❛✈❛✉① ❞❡ ♣,♦%♣❡❝&✐✈❡ %✉, ❧✬5✈♦✲

❧✉&✐♦♥ ❞❡% ♣,5❝✐♣✐&❛&✐♦♥% ❡& ❞✉ ❝❧✐♠❛& ❛✉ ❙❛❤❡❧ ❄

❯♥❡ ♣,❡♠✐C,❡ ♣❛,&✐❡ ❞✉ ❞♦❝✉♠❡♥& ❡%& ❝♦♥%❛❝,5❡ I ❧❛ ♣,5%❡♥&❛&✐♦♥ ❞❡% ,5%✉❧&❛&% ❞❡% &❡♥✲

❞❛♥❝❡% ❞❡ ❝♦✉✈❡,&✉,❡ ✈5❣5&❛❧❡ ❡%&✐♠5❡% ♣❛, &5❧5❞5&❡❝&✐♦♥✳ ❈❡ &,❛✈❛✐❧ ❛ 5&5 ❝❡♥&,5 %✉, ❧❡%

❞✐✛5,❡♥&% ♣,♦❞✉✐&% ❞❡ ◆❉❱■✳ ❉❛♥% ✉♥ %❡❝♦♥❞ &❡♠♣%✱ ♥♦✉% ❛✈♦♥% ♣✉ ,❡❧❛&✐✈✐%❡, ❧✬❛♥♦♠❛❧✐❡

♥5❣❛&✐✈❡ ❞❡ ♣,5❝✐♣✐&❛&✐♦♥% ♦❜%❡,✈5❡ ❛✉ ❙❛❤❡❧ ❡♥&,❡ ✶✾✻✽ ❡& ✶✾✽✸ ❡♥ ♣,5%❡♥&❛♥& ❧❡% ✢✉❝&✉❛✲

&✐♦♥% ❞❡% ♣,5❝✐♣✐&❛&✐♦♥% ❞♦♥& ❧❛ ,5❣✐♦♥ ❡%& ❧✬♦❜❥❡& %✉, ❞❡% 5❝❤❡❧❧❡% ❞❡ &❡♠♣% ❧♦♥❣✳ ◆♦✉% ❛✈♦♥%

5❣❛❧❡♠❡♥& %✐&✉5 ❧❡% ❞✐✛5,❡♥&% ❢❛❝&❡✉,% 3✉✐ ✐♥❞✉✐%❡♥& ✉♥❡ 5✈♦❧✉&✐♦♥ ❞✉ ❝♦✉✈❡,& I ❝❡% 5❝❤❡❧❧❡%

❞❡ &❡♠♣%✳ ❙✉✐&❡ I ❝❡❧❛✱ ♥♦✉% ❛✈♦♥% ♣,5%❡♥&5 ❞✐✛5,❡♥&% &,❛✈❛✉① 3✉✐ ♦♥& &❡♥&5 ❞✬✐%♦❧❡, ❧❡ ,V❧❡

,❡❧❛&✐❢ ❞❡% ❢♦,W❛❣❡% ♠5&5♦,♦❧♦❣✐3✉❡% ❡& ❞❡% ♠♦❞✐✜❝❛&✐♦♥% ❞✬✉%❛❣❡ ❞❡% &❡,,❡% ❞❛♥% ❧✬5✈♦❧✉&✐♦♥

❞✉ ◆❉❱■✳ X✉✐% ♥♦✉% ❛✈♦♥% ♣,5%❡♥&5 ❧❡% ❝❛❞,❡% &❤5♦,✐3✉❡% %❡❧♦♥ ❧❡%3✉❡❧% ❧✬❛♣♣❛,❡♥&❡ ❞5❣,❛✲

❞❛&✐♦♥ ❞❡ ❧❛ ✈5❣5&❛&✐♦♥ ♦✉ ❞5%❡,&✐✜❝❛&✐♦♥ 5&❛✐& ❝♦♠♣,✐%❡ ✭❝♦♥❝❡♣&✐♦♥% ♥5♦✲♠❛❧&❤✉%5❡♥♥❡%✱

❜♦%5,✉♣✐❡♥♥❡%✱✳ ✳ ✳ ✮ ❡& ❡①♣❧✐3✉5 ❞❛♥% 3✉❡❧❧❡ ♠❡%✉,❡ ❧✬5✈♦❧✉&✐♦♥ ❞✉ ❝♦✉✈❡,& ✈5❣5&❛❧ ❛✉ ❙❛❤❡❧

❡%& ❝♦♠♣❛&✐❜❧❡ ❛✈❡❝ ❝❡% ❞✐✛5,❡♥&% %❝❤5♠❛% ❞❡ ♣❡♥%5❡✳ ◆♦✉% ❛✈♦♥% ❡♥✜♥ ❡%%❛②5 ❞❡ ❢❛✐,❡ ✉♥

♣♦✐♥& %✉, ❧❡% ❡♥%❡✐❣♥❡♠❡♥&% ❞❡% &,❛✈❛✉① ❞❡ ♣,♦%♣❡❝&✐✈❡ 3✉✐ %✬✐♥&5,❡%%❡♥& I ❧✬5✈♦❧✉&✐♦♥ ❞✉

❝❧✐♠❛& ❡& ❞❡ ❧❛ ✈5❣5&❛&✐♦♥ ❞❛♥% ❧❛ ,5❣✐♦♥ ❛✉ ❝♦✉,% ❞❡% ❛♥♥5❡% I ✈❡♥✐,✳

■❧ %✬❛❣✐& ❞✬✉♥ &,❛✈❛✐❧ ,5❞✐❣5 ♣,✐♥❝✐♣❛❧❡♠❡♥& I ❞❡✉① ♠❛✐♥% ❛✈❡❝ X✐❡,,❡ ❍✐❡,♥❛✉① 3✉✐ ❛

❜5♥5✜❝✐5 ❞✬✉♥ ♥♦♠❜,❡ ❝♦♥%53✉❡♥& ❞❡ %✉❣❣❡%&✐♦♥% ❞❡ X✳ ❈✐❛✐%✱ ❈✳ ❖&&❧5✱ ❋✳ ▼❛✐❣♥❛♥✱✳ ✳ ✳ ❈❡

&,❛✈❛✐❧ ❛②❛♥& ❢❛✐& ❧✬♦❜❥❡& ❞✬✉♥❡ ❝♦♠♠❛♥❞❡ ❞❡ ❧✬❆❣❡♥❝❡ ❋,❛♥W❛✐%❡ ❞❡ ❉5✈❡❧♦♣♣❡♠❡♥& ✭❆❋❉✮✱

❡& ❛②❛♥& ✈♦❝❛&✐♦♥ I ^&,❡ %♦✉♠✐% %♦✉% ❢♦,♠❡ ❞❡ ♣✉❜❧✐❝❛&✐♦♥ %✐♠✐❧❛✐,❡ ❞❛♥% ✉♥❡ ,❡✈✉❡ ✐♥&❡,♥❛✲

&✐♦♥❛❧❡✱ ✐❧ ❛ 5&5 ❝❤♦✐%✐ ❞❡ ♠❛✐♥&❡♥✐, ❧✬✉%❛❣❡ ❞❡ ❧✬❛♥❣❧❛✐% ❞❛♥% ❧❡% ♣❛,❛❣,❛♣❤❡% %✉❜%53✉❡♥&%✳

✷✳✷ ❘❡✲❣&❡❡♥✐♥❣ ♦❢ +❤❡ ❙❛❤❡❧ &❡❣✐♦♥ ✿ ♦❜2❡&✈❛+✐♦♥❛❧

❡✈✐❞❡♥❝❡2

❚❤❡ ✉%❡ ♦❢ &❤❡ ❡①♣,❡%%✐♦♥ ✓ ,❡✲❣,❡❡♥✐♥❣ ✔&♦ ❝❤❛,❛❝&❡,✐③❡ &❤❡ ,❡❝❡♥& ❡✈♦❧✉&✐♦♥ ♦❢ &❤❡ ❙❛❤❡✲

❧✐❛♥

✷

✈❡❣❡&❛&✐♦♥ ❝♦♠❡% ❢,♦♠ ,❡♠♦&❡ %❡♥%✐♥❣ ♦❜%❡,✈❛&✐♦♥%✱ ✇❤✐❝❤ %❤♦✇ ❛ ✇✐❞❡%♣,❡❛❞ ✐♥❝,❡❛%❡

✐♥ ✈❡❣❡&❛&✐♦♥ ❣,❡❡♥♥❡%% ✐♥❞❡①❡% %✐♥❝❡ &❤❡ ❡❛,❧② ✶✾✾✵✬%✳ ❘❡✲❣,❡❡♥✐♥❣ ✐% ♥♦& ❛♥ ❛♣♣,♦♣,✐❛&❡

&❡,♠ &♦ ❞❡%❝,✐❜❡ ❡❝♦%②%&❡♠ ❝❤❛♥❣❡% ❛& &❤❡ %✐&❡ ❧❡✈❡❧✱ ❜✉& ❝❤❛♥❣❡% ✐♥ %✉,❢❛❝❡ ♣,♦♣❡,&✐❡% ❧✐❦❡

%♦❧❛, ,❡✢❡❝&❛♥❝❡ ✈❛❧✉❡% ❛& ,❡❣✐♦♥❛❧ %❝❛❧❡% ♠❛② ✐♥❞✐❝❛&❡ ✇❤❡&❤❡, &❤❡ ❤❡,❜❛❝❡♦✉% ✈❡❣❡&❛&✐♦♥

❣,♦✇&❤ ❛♥❞✴♦, &❤❡ ❞❡♥%✐&② ♦❢ ✇♦♦❞② ♣❧❛♥&% ✐% ❡✈♦❧✈✐♥❣✳

❘❡♠♦&❡ %❡♥%✐♥❣ ✐♥%&,✉♠❡♥&% ♣,♦✈✐❞❡ ✐♥❢♦,♠❛&✐♦♥ ♦♥ &❤❡ ❊❛,&❤ %✉,❢❛❝❡ ✇✐&❤ ❛♥ ❡①&❡♥%✐✈❡

%♣❛&✐❛❧ ❝♦✈❡,❛❣❡ ❛♥❞ ,❡❧❛&✐✈❡❧② ❤✐❣❤ %❛♠♣❧✐♥❣ ,❛&❡% ♦✈❡, %❡✈❡,❛❧ ②❡❛,%✳ ■♥ ♣❛,&✐❝✉❧❛,✱ ✐♥
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✷✳✸✳ ❚❍❊ ❙❆❍❊▲ ❱❊●❊❚❆❚■❖◆

❆♠♦♥❣ %❤❡ ✹✹ ❢♦*❡+% +✐%❡+ %❤❛% ❤❛❞ ❜❡❡♥ ❛♥❛❧②+❡❞✱ ✶✺ ❤❛✈❡ ❞✐+❛♣♣❡❛*❡❞ ❞✉*✐♥❣ %❤❡ +❡❝♦♥❞

❤❛❧❢ ♦❢ %❤❡ ❳❳

th
❝❡♥%✉*②✱ ✇❤✐❧❡ %❤❡ ♦%❤❡*+ ❤❛✈❡ ❜❡❡♥ %❤❡ +✉❜❥❡❝% ♦❢ *❡❞✉❝%✐♦♥ ♦❢ ♠♦*❡

%❤❛♥ ✺✵✪ ❞✉*✐♥❣ %❤❡ +❡❝♦♥❞ ❤❛❧❢ ♦❢ %❤❡ ❳❳

th
❝❡♥%✉*②✳ ❚❤❡② ♣✉% ❛♥ ❡♠♣❤❛+✐+ ♦♥ %❤❡ ❝❛+❡

♦❢ %❤❡ ✷✼ ❝❧❛++✐✜❡❞ ❛♥❞ ♣*♦%❡❝%❡❞ ❢♦*❡+%+ ❛❧♦♥❣ %❤❡ ❙❡♥❡❣❛❧ *✐✈❡* ✐+ ❢♦* ✐♥+%❛♥❝❡ *❛%❤❡*

+♣❡❝%❛❝✉❧❛*✱ +✐♥❝❡ %❤❡ +✉*❢❛❝❡ %❤❛% %❤❡② ❝♦✈❡* ❤❛+ ❞✐♠✐♥✐+❤❡❞ ❜② ✼✼✪ ❜❡%✇❡❡♥ ✶✾✻✺ ❛♥❞

✶✾✾✷ ❬❚❛♣♣❛♥ ❡% ❛❧✳✱ ✷✵✵✹❪✳■❢ %❤❡ *❛%❡+ ♦❢ ❞❡❢♦*❡+%❛%✐♦♥ ❝♦♠♣✐❧❡❞ ❜② %❤❡ ❋❆❖ ❛*❡ ♦❢ 0.72% ❢♦*
%❤❡ ❛*❡❛ ❝♦♥+✐❞❡*❡❞ ❜② %❤❡+❡ ❛✉%❤♦*+ ✭▼❛✉*✐%❛♥✐❛✱ ❙❡♥❡❣❛❧✱ ●✉✐♥❡❛✲❇✐++❛✉✱ ▼❛❧✐✱ ❇✉*❦✐♥❛✲

❋❛+♦✱ ◆✐❣❡* ❛♥❞ ❚❝❤❛❞✮✱ ❆*✐♦*✐ ❛♥❞ S✐❡**❡ ❬✷✵✵✺❪ ❛❧+♦ ✐♥+✐+%❡❞ ♦♥ %❤❡ ❞✐+❝*❡♣❛♥❝✐❡+ ❜❡%✇❡❡♥

%❤❡ +✉❝❝❡++✐✈❡ *❡♣♦*% ♦❢ %❤❡ ❋❆❖✱ ✇✐%❤ %♦%❛❧ ❢♦*❡+% ❛*❡❛ ♦❢ %❤❡+❡ ❝♦✉♥%*✐❡+ *❡✈✐+❡❞✳

✷✳✸ ❚❤❡ ❙❛❤❡❧ ✈❡❣❡+❛+✐♦♥

✷✳✸✳✶ ❱❡❣❡'❛'✐♦♥ ❞✐-'.✐❜✉'✐♦♥

❚❤❡ ❙❛❤❡❧✱ ❛ ✇♦*❞ ♠❡❛♥✐♥❣ ✏+❤♦*❡✑ ✐♥ ❆*❛❜✐❝✱ ❝♦**❡+♣♦♥❞+ %♦ %❤❡ ❛*✐❞ ❛♥❞ +❡♠✐✲❛*✐❞

❡❝♦+②+%❡♠+ ❡①%❡♥❞✐♥❣ ❜❡%✇❡❡♥ %❤❡ ❤②♣❡*✲❛*✐❞ ❙❛❤❛*❛ ❞❡+❡*% ❛♥❞ %❤❡ +❛✈❛♥♥❛+ ♦❢ +✉❜✲❤✉♠✐❞

%*♦♣✐❝❛❧ ❆❢*✐❝❛✳ ■% +♣❛♥+ ❛❝*♦++ ❛❧❧ ♦❢ ❆❢*✐❝❛✱ ❢*♦♠ ▼❛✉*✐%❛♥✐❛ ❛♥❞ ❙❡♥❡❣❛❧ ♦♥ ✐%+ ✇❡+%❡*♥

❡❞❣❡ %♦ ❊*✐%*❡❛ ❛% ✐%+ ❡❛+%❡*♥ ❡❞❣❡✱ ❝*♦++✐♥❣ ▼❛❧✐✱ ❇✉*❦✐♥❛✲❋❛+♦✱ ◆✐❣❡*✱ ◆✐❣❡*✐❛✱ ❈❤❛❞ ❛♥❞

❙✉❞❛♥✳

❚❤❡ ❙❛❤❡❧ *❡❣✐♦♥ ✐+ ❝❤❛*❛❝%❡*✐③❡❞ ❜② ❛ +%*♦♥❣ ♥♦*%❤✲+♦✉%❤ *❛✐♥❢❛❧❧ ❣*❛❞✐❡♥%✱ ❛ +%*♦♥❣

+❡❛+♦♥❛❧✐%② ♦❢ *❛✐♥❢❛❧❧ ❞✐+%*✐❜✉%✐♦♥ ❛++♦❝✐❛%❡❞ ✇✐%❤ ❤✐❣❤ ✐♥%❡*✲❛♥♥✉❛❧ *❛✐♥❢❛❧❧ ✈❛*✐❛❜✐❧✐%②✳ ❇②

❞❡✜♥✐%✐♦♥✱ %❤❡ ❙❛❤❡❧ ❜✐♦❝❧✐♠❛%✐❝ ③♦♥❡ ✐+ ❜♦✉♥❞❡❞ ❜② ♠❡❛♥ ❛♥♥✉❛❧ *❛✐♥❢❛❧❧ ✉♣ %♦ ✻✵✵✲✼✵✵

♠♠ ✐♥ %❤❡ +♦✉%❤✱ ❞♦✇♥ %♦ ✶✵✵✲✷✵✵ ♠♠ ✐♥ %❤❡ ♥♦*%❤ ✭❡✳❣✳ ❆✉❜*Z✈✐❧❧❡ ❛♥❞ ❈❤❡✈❛❧✐❡* ❬✶✾✹✾❪❀

❍♦✉Z*♦✉ ❛♥❞ S♦♣♦✈ ❬✶✾✽✶❪✮✳ ❚❤❡ ✈❛+% ♠❛❥♦*✐%② ♦❢ %❤❡ ❙❛❤❡❧✐❛♥ *❛✐♥❢❛❧❧ ✐+ ❞❡❧✐✈❡*❡❞ ❜② %❤❡

♥♦*%❤❡❛+%✇❛*❞ ♣*♦❣*❡++✐♦♥ ♦❢ %❤❡ ❲❡+% ❆❢*✐❝❛♥ ▼♦♥+♦♦♥ ❞✉*✐♥❣ %❤❡ ❜♦*❡❛❧ +✉♠♠❡*✱ ✇✐%❤

♠♦+% *❛✐♥❢❛❧❧ ♦❝❝✉**✐♥❣ ❜❡%✇❡❡♥ ❏✉❧② ❛♥❞ ❙❡♣%❡♠❜❡*✳ ❆ ❧❛*❣❡ +❤❛*❡ ♦❢ %❤❡ *❛✐♥ ✐+ ❞❡❧✐✈❡*❡❞

❞✉*✐♥❣ ❛ ❧✐♠✐%❡❞ ♥✉♠❜❡*+ ♦❢ ❞❛②+✱ ♦❢%❡♥ ✇❤❡♥ +`✉❛❧❧ ❧✐♥❡+✱ +♣❛%✐❛❧❧② ♦*❣❛♥✐③❡❞ ❧✐♥❡+ ♦❢

❝♦♥✈❡❝%✐✈❡ ❞✐+%✉*❜❛♥❝❡+✱ ❛*❡ %*✐❣❣❡*❡❞ ❬❘♦✇❡❧❧ ❛♥❞ ▼✐❧❢♦*❞✱ ✶✾✾✸❪✳

❚❤❡ +%*❡♥❣%❤ ❛♥❞ ♠❛①✐♠✉♠ ♥♦*%❤✇❛*❞+ ❞✐+♣❧❛❝❡♠❡♥% ♦❢ %❤❡ ▼♦♥+♦♦♥ ✈❛*② ♦♥ %✐♠❡+✲

❝❛❧❡+ ♦❢ ②❡❛*+ %♦ ♠✐❧❧❡♥♥✐❛✱ ♠❡❛♥✐♥❣ %❤❛% %❤❡ ❜♦✉♥❞❛*✐❡+ ♦❢ %❤❡ ❙❛❤❡❧ ✉+✐♥❣ ❛ ❜✐♦✲❝❧✐♠❛%✐❝

❞❡✜♥✐%✐♦♥ +✉❝❤ ❛+ ❛❜♦✈❡ ❛*❡ ♥♦% ✜①❡❞ ♦✈❡* %✐♠❡✳ ❙❛❤❡❧ ♠❛② ❜❡ ❞❡✜♥❡❞ ❣❡♦❣*❛♣❤✐❝❛❧❧② ❛+

%❤❡ *❡❣✐♦♥ ♦❢ ❆❢*✐❝❛ +✐%✉❛%❡❞ ❜❡%✇❡❡♥ ✶✷➦ ❛♥❞ ✶✽➦ ◆♦*%❤✳ ❍♦✇❡✈❡*✱ ✐♥ %❤❡ ✇❡+%❡*♥ ♣❛*% ♦❢

%❤✐+ *❡❣✐♦♥✱ %❤❡ ♠❡❛♥ *❛✐♥❢❛❧❧ ❣*❛❞✐❡♥% ✐+ +%❡❡♣❡* ❛♥❞ %❡♥❞+ %♦ ❡①%❡♥❞ ❢✉*%❤❡* ♥♦*%❤✳

❚♦❣❡%❤❡* ✇✐%❤ ♠❡❛♥ ❛♥♥✉❛❧ ♣*❡❝✐♣✐%❛%✐♦♥+✱ %❤❡ ❙❛❤❡❧✐❛♥ ✈❡❣❡%❛%✐♦♥ ✐+ ❝♦♥%*♦❧❧❡❞ ❜② %❤❡

❞✉*❛%✐♦♥ ✭✉♣ %♦ ✾✲✶✵ ♠♦♥%❤+✮ ❛♥❞ +❡✈❡*✐%② ✭❛✐* ♠♦✐+%✉*❡ ❜❡❧♦✇ ✶✵✪ ❢♦* ✶ %♦ ✸ ♠♦♥%❤+✮ ♦❢

%❤❡ ❞*② +❡❛+♦♥✱ *❡+✉❧%✐♥❣ ✐♥ ❤✐❣❤ ✈❛❧✉❡+ ♦❢ %❤❡ ❛*✐❞✐%② ✐♥❞❡①✳ ■♥ ❛❞❞✐%✐♦♥✱ ❡✈❡♥ ❞✉*✐♥❣ *❛✐♥②

+❡❛+♦♥✱ ♣*❡❝✐♣✐%❛%✐♦♥ ❡①❤✐❜✐%+ ❛ ❤✐❣❤ %❡♠♣♦*❛❧ ❛♥❞ +♣❛%✐❛❧ ✈❛*✐❛❜✐❧✐%②✳ ❨❡%✱ ❛ ✈❡*② ❧❛*❣❡

❢*❛❝%✐♦♥ ♦❢ %❤❡ ❤❡*❜❛❝❡♦✉+ ✈❡❣❡%❛%✐♦♥ ✐♥ ❙❛❤❡❧ ✐+ ❝♦♠♣♦+❡❞ ♦❢ ❛♥♥✉❛❧+ ❣*❛++❡+✳ S❡*❡♥♥✐❛❧

❤❡*❜❛❝❡♦✉+ +♣❡❝✐❡+ ♦❝❝✉* ❜♦%❤ ♦♥ %❤❡ ❞*✐❡* ❛♥❞ ✇❡%%❡* ❡❞❣❡ ♦❢ %❤❡ ❙❛❤❡❧ ③♦♥❡ ❬❍✐❡*♥❛✉①

❛♥❞ ▲❡ ❍♦✉Z*♦✉✱ ✷✵✵✻❪✳ ◆♦*%❤❡*♥ ❙❛❤❡❧ ✐+ ❞♦♠✐♥❛%❡❞ ❜② *❛♥❣❡❧❛♥❞+ ♦❢ ❛♥♥✉❛❧ ❣*❛++❡+ ❛++♦✲

❝✐❛%❡❞ ✇✐%❤ +❝❛%%❡*❡❞ +❤*✉❜+ ❛♥❞ ❧♦✇ %*❡❡+✱ ✐♥❝❧✉❞✐♥❣ ❛❝❛❝✐❛ +♣❡❝✐❡+✳ ❘❛✐♥✲❢❡❞ ❝*♦♣+✴❢❛❧❧♦✇

+✉❝❝❡++✐♦♥+ *❡♣*❡+❡♥% ❛ ♠♦*❡ +✐❣♥✐✜❝❛♥% ♣❛*% ♦❢ %❤❡ ❧❛♥❞+❝❛♣❡ ✐♥ %❤❡ +♦✉%❤❡*♥ ❙❛❤❡❧✱ ✇❤❡*❡

%❤❡ ✏♥❛%✉*❛❧✑ ❤❡*❜❛❝❡♦✉+ ❧❛②❡* ✐+ +%✐❧❧ ❞♦♠✐♥❛%❡❞ ❜② ❛♥♥✉❛❧ ❣*❛++❡+✱ ♦❢ ❧♦♥❣❡* ❣*♦✇%❤ ❝②❝❧❡

%❤♦✉❣❤✱ ❛♥❞ ✇♦♦❞② ♣♦♣✉❧❛%✐♦♥+ ❣❡% %❛❧❧❡* ❛♥❞ ❞❡♥+❡* ✇✐%❤ ♠♦*❡ +♣❡❝✐❡+ ❢*♦♠ %❤❡ ❝♦♠❜*❡%❛✲

❝❡❛❡ ❛♥❞ ❢❛❜❛❝❡❛❡ ❢❛♠✐❧✐❡+✳ ❚❤❡ ❤❡*❜❛❝❡♦✉+ ✈❡❣❡%❛%✐♦♥ ❜❡✐♥❣ ❞♦♠✐♥❛%❡❞ ❜② ❛♥♥✉❛❧ +♣❡❝✐❡+

❛❝*♦++ %❤❡ ✇❤♦❧❡ ❙❛❤❡❧ ❣*❛❞✐❡♥%✱ ✈❡❣❡%❛%✐♦♥ ❣*♦✇%❤ ✐+ ✜*+% ❞❡%❡*♠✐♥❡❞ ❜② +❡❡❞ ❣❡*♠✐♥❛%✐♦♥

❛♥❞ +❡❡❞❧✐♥❣ ❞❡✈❡❧♦♣♠❡♥%✱ ❤✐❣❤❧② ❞❡♣❡♥❞❛♥% ♦♥ %❤❡ ♣❛%%❡*♥ ♦❢ %❤❡ *❛✐♥+ ❛% %❤❡ ♦♥+❡% ♦❢

%❤❡ *❛✐♥② +❡❛+♦♥✳ ●❡*♠✐♥❛%✐♦♥ ❢❛✐❧✉*❡ ❛♥❞ ❛❜♦*%❡❞ ❝♦❤♦*%+ ❛*❡ ❝♦♠♠♦♥ ❬❈✐++Z✱ ✶✾✽✻❪✳ ❨❡%

✷✺



✷✳✸✳ ❚❍❊ ❙❆❍❊▲ ❱❊●❊❚❆❚■❖◆

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊
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)②) ❡♠ ✐♥ ❡♥)✐✜❝❛ ✐♦♥✳ ❆-❡❛) ❞❡✈♦ ❡❞  ♦ ❝-♦♣) ✐♥❝-❡❛)❡❞ ✐♥ ♣-♦♣♦- ✐♦♥) )✐♠✐❧❛-  ♦  ❤❛ ♦❢

 ❤❡ -✉-❛❧ ♣♦♣✉❧❛ ✐♦♥✳ ◆❡✇ ❝-♦♣ ❧❛♥❞) ❛-❡ ❝-❡❛ ❡❞ ❢❛- ❤❡- ❢-♦♠ ✈✐❧❧❛❣❡) ❛♥❞ ♦✈❡-  ❡--❛✐♥

♠♦-❡ ♠❛-❣✐♥❛❧❧② )✉✐ ❛❜❧❡ ❢♦- ❝-♦♣♣✐♥❣✳ ■♥ ❡♥)✐✜❝❛ ✐♦♥ ♦❢  ❤❡ ❝-♦♣♣✐♥❣ )②) ❡♠ ❛✛❡❝ ❡❞  ❤❡
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❜❛)❡❞ ♦♥  ❤❡ ❛♥❛❧②)✐) ♦❢ -❛♥❞♦♠❧② ❝❤♦)❡♥ ✐♠❛❣❡-② )❛♠♣❧❡)✱ ❚❛♣♣❛♥ ❡ ❛❧✳ ❬✷✵✵✹❪ ❝♦♥❝❧✉❞❡❞

✷✻
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❆❈❘❖❙❙ ▼❯▲❚■4▲❊ ❚■▼❊ ❙❈❆▲❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆4■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

❋✐❣✉$❡ ✷✳✻✿ ✶✳ ✭❛ ❛♥❞ ❜✮✳ ▲❡❢. ✿ ❈♦1♦♥❛ ♣❤♦.♦❣1❛♣❤✱ ❉❡❝❡♠❜❡1 ✶✾✻✺ ❀ 1✐❣❤. ✿ ❚▼ ✐♠❛❣❡✱

❏❛♥✉❛1② ✶✾✾✹✳ ❚❤✐C ♣❛✐1 ♦❢ C❛.❡❧❧✐.❡ ✐♠❛❣❡C C❤♦✇C .❤❡ .♦.❛❧ ❧♦CC ♦❢ 1✐✈❡1✐♥❡ ❛❝❛❝✐❛ ❢♦1❡C.C ❛.

❛ ❧♦♦♣ ✐♥ .❤❡ ❙❡♥❡❣❛❧ ❘✐✈❡1 ❥✉C. ✇❡C. ♦❢ J♦❞♦1✳ ◆♦.❡ .❤❡ ❧❛1❣❡✱ ✐11✐❣❛.❡❞ ✜❡❧❞C ✐♥ .❤❡ ♣❤♦.♦

❛. 1✐❣❤.✳ ✷✳ ✭❛✱ ❜✱ ❛♥❞ ❝✮✳ ❚❤✐C .✐♠❡ C❡1✐❡C ♦❢ C❛.❡❧❧✐.❡ ✐♠❛❣❡C 1❡♣1❡C❡♥.C ♦♥❡ ♦❢ .❤❡ ✶✵①✶✵❦♠✷

❛1❡❛ ❢1❛♠❡ C❛♠♣❧❡C ✉C❡❞ .♦ ♠♦♥✐.♦1 ❛♥❞ P✉❛♥.✐❢② ❧❛♥❞ ✉C❡ ❛♥❞ ❧❛♥❞ ❝♦✈❡1 .1❡♥❞C ✐♥ .❤❡

❈❛C❛♠❛♥❝❡ ❘❡❣✐♦♥✳ ❚❤✐C ❡①❛♠♣❧❡ C❤♦✇C ❞❡❢♦1❡C.❛.✐♦♥ ❛♥❞ 1❛♣✐❞ ❡①♣❛♥C✐♦♥ ♦❢ ❛❣1✐❝✉❧.✉1❡ ✐♥

.❤❡ J❛.❛ ❋♦1❡C. ❘❡C❡1✈❡✳ ▲❡❢. ✿ ❈♦1♦♥❛✱ ❏❛♥✉❛1② ✶✾✻✽ ❀ ❝❡♥.❡1 ✿ ▲❛♥❞C❛.✱ ◆♦✈❡♠❜❡1 ✶✾✽✺ ❀

1✐❣❤. ✿ ▲❛♥❞C❛.✱ ❉❡❝❡♠❜❡1 ✶✾✾✾✳ ❘❡♣1✐♥.❡❞ ❢1♦♠ ❬❚❛♣♣❛♥ ❡. ❛❧✳✱ ✷✵✵✹❪✱ ✇✐.❤ ♣❡1♠✐CC✐♦♥

❢1♦♠ ❊❧C❡✈✐❡1✳

✷✳✹ ❙❛❤❡❧✐❛♥ *❛✐♥❢❛❧❧ ✈❛*✐❛❜✐❧✐.② ❛❝*♦22 ♠✉❧.✐♣❧❡ .✐♠❡ 2❝❛❧❡2

▲✐❦❡ ♠♦C. ♦❢ .❤❡ C❡♠✐✲❛1✐❞ ❝❧✐♠❛.❡ ③♦♥❡C✱ .❤❡ ❙❛❤❡❧ ✐C ❛ 1❡❣✐♦♥ .❤❛. ✐C C✉❜❥❡❝. .♦ ❛ ✈❡1②

❤✐❣❤ 1❛✐♥❢❛❧❧ ✈❛1✐❛❜✐❧✐.② ❜♦.❤ C♣❛.✐❛❧❧② ❛♥❞ .❡♠♣♦1❛❧❧②✱ ❢1♦♠ ②❡❛1 .♦ ②❡❛1✳ ❖♥❡ C♣❡❝✐✜❝✐.②✱

❤♦✇❡✈❡1 ✿ ❞1② ❛♥❞ ❤✉♠✐❞ ❛♥♦♠❛❧✐❡C ♦✈❡1 C❡✈❡1❛❧ ②❡❛1C ❛♥❞ ❞❡❝❛❞❡C C❡❡♠ .♦ ❜❡ ♠✉❝❤ ♠♦1❡

♣1♦♥♦✉♥❝❡❞ .❤❛♥ ✐♥ ♠❛♥② ♦.❤❡1 C.❡♣♣❡ ❝❧✐♠❛.✐❝ 1❡❣✐♦♥C ❬◆✐❝❤♦❧C♦♥✱ ✶✾✾✸✱ ✷✵✵✵❪✳

✷✳✹✳✶ ❚❤❡ ♣❛)* ✶✵✵✱✵✵✵ ②❡❛.)

▲♦♥❣✲.❡1♠ ❝❧✐♠❛.✐❝ ❛♥❞ ❡♥✈✐1♦♥♠❡♥.❛❧ ❝❤❛♥❣❡C ✐♥ .❤❡ ❙❛❤❡❧ ❛1❡ ❝❤✐❡✢② ❛CC♦❝✐❛.❡❞ ✇✐.❤

✈❛1✐❛.✐♦♥C ✐♥ .❤❡ C.1❡♥❣.❤ ❛♥❞ ♣♦C✐.✐♦♥ ♦❢ .❤❡ ❆❢1✐❝❛♥ ▼♦♥C♦♦♥✳ ❚❤❡ ♠❛✐♥ ❢❛❝.♦1C ❧❡❛❞✐♥❣

.♦ ✢✉❝.✉❛.✐♦♥C ♦❢ .❤❡ ❆❢1✐❝❛♥ ▼♦♥C♦♦♥ ♦♥ ♠✐❧❧❡♥♥✐❛❧ ❛♥❞ ❧♦♥❣❡1 .✐♠❡ C❝❛❧❡C ❛1❡ .❤❡ ❊❛1.❤✬C

♦1❜✐.❛❧ ♣❛1❛♠❡.❡1C✳ ❚❤❡C❡ ✈❛1✐❛.✐♦♥C ❝❤❛♥❣❡ .❤❡ C❡❛C♦♥❛❧ ❞✐C.1✐❜✉.✐♦♥ ♦❢ C♦❧❛1 1❛❞✐❛.✐♦♥✳

❙.✐❧❧✱ .❤❡ ❝♦✉♣❧❡❞ ✈❡❣❡.❛.✐♦♥✲❛.♠♦C♣❤❡1❡ C②C.❡♠ ❤❛C ❛ ♥♦♥✲❧✐♥❡❛1 1❡C♣♦♥C❡ .♦ ❝❤❛♥❣❡C ✐♥

C♦❧❛1 1❛❞✐❛.✐♦♥ ❬❘✐❛❧ ❡. ❛❧✳✱ ✷✵✵✹❪✳ ❚❤❡1❡ ❛1❡ ❤②C.❡1❡C✐C ❡✛❡❝.C ❬J✐❡❧❦❡ ❡. ❛❧✳✱ ✶✾✾✽❪ ❛♥❞

❛❜1✉♣. .1❛♥C✐.✐♦♥C ❬❈❧❛✉CC❡♥ ❡. ❛❧✳✱ ✶✾✾✾❪✱ ❛C ♦❜C❡1✈❡❞ ✐♥ 1❡❝♦♥C.1✉❝.✐♦♥C ♦❢ .❤❡ ❙❛❤❡❧✐❛♥

♠♦♥C♦♦♥ ❞✉1✐♥❣ .1❛♥C✐.✐♦♥C ❢1♦♠ ❣❧❛❝✐❛❧ .♦ ✐♥.❡1❣❧❛❝✐❛❧ ❝♦♥❞✐.✐♦♥C ♦1 ❛❢.❡1 .❤❡ ❞❡❝1❡❛C❡ ♦❢

◆♦1.❤❡1♥ ❍❡♠✐C♣❤❡1❡ C✉♠♠❡1 C❡❛C♦♥ ♠❛①✐♠✉♠ ✐♥C♦❧❛.✐♦♥ ❛C ❤❛♣♣❡♥❡❞ C♦♠❡ ✺✺✵✵ ②❡❛1C

❛❣♦ ❬❋♦❧❡② ❡. ❛❧✳✱ ✷✵✵✸❪✳ ❍❡♥❝❡✱ ♣1♦❝❡CC❡C ❞✉❡ .♦ .❤❡ ❝❤❛♥❣❡C ✐♥ .❤❡ ❝✐1❝✉❧❛.✐♦♥ ♦❢ ❡♥❡1❣② ✐♥

.❤❡ ❛.♠♦C♣❤❡1❡ ❛♥❞ .❤❡ ♦❝❡❛♥✱ ❜✉. ❛❧C♦ ♠♦❞✐✜❝❛.✐♦♥ ♦❢ .❤❡ ❧❛♥❞ C✉1❢❛❝❡ C✉♣❡1✐♠♣♦C❡ .❤❡✐1

✷✽
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❍■❙❚❖❘■◗❯❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✷✳✹✳ ❙❆❍❊▲■❆◆ ❘❆■◆❋❆▲▲ ❱❆❘■❆❇■▲■❚❨

❆❈❘❖❙❙ ▼❯▲❚■#▲❊ ❚■▼❊ ❙❈❆▲❊❙

❋✐❣✉$❡ ✷✳✼✿ ✶✳✭❛ ❛♥❞ ❜✮✳ ❉,♦✉❣❤1 ✐♥ 1❤❡ ✶✾✼✵✬7 ❛♥❞ ♠✐❞✲✶✾✽✵✬7 ,❡❞✉❝❡❞ 1❤❡ ✇♦♦❞② ✈❡❣❡1❛✲

1✐♦♥ ♦❢ 1❤❡ ❋❡,,✉❣✐♥♦✉7 A❛71♦,❛❧ ❘❡❣✐♦♥✳ ❚❤✐7 ♣❤♦1♦❣,❛♣❤ ♣❛✐, 1❛❦❡♥ ✶✸ ②❡❛,7 ❛♣❛,1 7❤♦✇7

♠♦,1❛❧✐1② ❛♠♦♥❣ A1❡,♦❝❛,♣✉7 ❧✉❝❡♥7 ❜✉7❤❡7✳ ▲❡❢1 ✿ ◆♦✈❡♠❜❡, ✶✾✽✸ ❀ ,✐❣❤1 ✿ ❋❡❜,✉❛,② ✶✾✾✻✳

✷✳✭❛ ❛♥❞ ❜✮✳ ❆ ✶✵✲②❡❛, ❝♦♠♣❛,✐7♦♥ ♦❢ ❛ 1②♣✐❝❛❧ ❧❛♥❞7❝❛♣❡ ♥❡❛, 1❤❡ ❘M7❡,✈❡ ❙②❧✈♦✲A❛71♦,❛❧❡

❞❡7 ❙✐① ❋♦,❛❣❡7✳ ❚❤❡ ♣❤♦1♦❣,❛♣❤7 7❤♦✇ ,❡❧❛1✐✈❡ 71❛❜✐❧✐1② ✐♥ 1❤❡ ✇♦♦❞② ❝♦✈❡,✱ ❞❡7♣✐1❡ ❛

7❡✈❡,❡ ❞,♦✉❣❤1 ✐♥ ✶✾✽✷✕✽✹✳ ▲❡❢1 ✿ ❖❝1♦❜❡, ✶✾✽✸ ❀ ,✐❣❤1 ✿ ❏❛♥✉❛,② ✶✾✾✹✳ ✸✳ ✭❛ ❛♥❞ ❜✮✳ ❆♥

✶✶✲②❡❛, ❝♦♠♣❛,✐7♦♥ ♦❢ ❛ ❙✉❞❛♥✐❛♥ ✇♦♦❞❡❞ 7❛✈❛♥♥❛ ✶✵❦♠ ♥♦,1❤ ♦❢ 1❤❡ ❋♦,U1 ❈❧❛77M❡ ❞❡

●♦✉❞✐,✐✳ ❚❤❡ 1,❡❡ ❝♦✈❡, ❤❛7 ❜❡❡♥ 1❤✐♥♥❡❞ ♦✉1 ❢,♦♠ ❧♦❣❣✐♥❣ ❢♦, ❝❤❛,❝♦❛❧ ♣,♦❞✉❝1✐♦♥✱ ❝,❡❛✲

1✐♥❣ ❛ ♥❡❣❛1✐✈❡ ✐♠♣❛❝1 ♦♥ 1❤❡ ❜✐♦❧♦❣✐❝❛❧ ❞✐✈❡,7✐1②✳ ▲❡❢1 ✿ ▼❛,❝❤ ✶✾✽✸ ❀ ,✐❣❤1 ✿ ❋❡❜,✉❛,② ✶✾✾✹✳

✹✳ ✭❛ ❛♥❞ ❜✮✳ ❆ ✶✵✲②❡❛, ❝♦♠♣❛,✐7♦♥ ♦❢ ❛♥ ✉♣❧❛♥❞ ✇♦♦❞❡❞ 7❛✈❛♥♥❛ ✐♥ 1❤❡ ◆✐♦❦♦❧♦✲❑♦❜❛ ◆❛✲

1✐♦♥❛❧ A❛,❦✳ ◆♦1❡ 1❤❡ 71❛❜✐❧✐1② ♦❢ 1❤❡ ✇♦♦❞② ❝♦✈❡, ❛♥❞ 1❤❡ ✈❡,② 7❧♦✇ ,❛1❡ ♦❢ ❣,♦✇1❤✱ ❥✉❞❣✐♥❣

❢,♦♠ 1❤❡ 1❤✐❝❦♥❡77 ♦❢ 1❤❡ ❜,❛♥❝❤❡7 ❛♥❞ 1,✉♥❦7✳ ▲❡❢1 ✿ ❆♣,✐❧ ✶✾✽✹ ❀ ,✐❣❤1 ✿ ❋❡❜,✉❛,② ✶✾✾✹ ❬✶❛

❛♥❞ ❜✱ ✷❛ ❛♥❞ ❜✱ ✸❛ ❛♥❞ ❜✱ ❛♥❞ ✹❛ ❛♥❞ ❜ ❛,❡ ♣❤♦1♦7 ❝♦✉,1❡7② ♦❢ ❚❛♣♣❛♥ ❡1 ❛❧✳ ✷✵✵✹❪✱ ✇✐1❤

♣❡,♠✐77✐♦♥ ❢,♦♠ ❊❧7❡✈✐❡,✳ ✺ ✭❛ ❛♥❞ ❜✮✳ ●♦✉,♠❛ 7✉♣❡,7✐1❡ ❧♦♥❣ 1❡,♠ ♠♦♥✐1♦,✐♥❣✳ ❙✐1❡ ✶✾✳ ✻
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-❤❡♥ ❙❛❤❡❧✐❛♥ ❣)❛00❧❛♥❞ ❝♦✈❡)✳ ❚♦❞❛②✬0 ❡❝♦0②0-❡♠ ❛♥❞ )❡❣✐♦♥❛❧ ✇✐♥❞ )❡❣✐♠❡ ❤❛✈❡ ♦♥❧② ❜❡❡♥

❡0-❛❜❧✐0❤❡❞ ❛)♦✉♥❞ ✷✼✵✵ ❇✳J✳ ✭✼✺✵ ❇✳❈✳✮

✸✵



❈❍❆#■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✷✳✹✳ ❙❆❍❊▲■❆◆ ❘❆■◆❋❆▲▲ ❱❆❘■❆❇■▲■❚❨

❆❈❘❖❙❙ ▼❯▲❚■#▲❊ ❚■▼❊ ❙❈❆▲❊❙

❉✉"✐♥❣ &❤❡ ❧❛+& ✷✲✸ ♠✐❧❧❡♥♥✐❛✱ &❤❡ ❡✈♦❧✉&✐♦♥ ♦❢ ❙❛❤❡❧✐❛♥ ♣"❡❝✐♣✐&❛&✐♦♥+ ✐+ ♥♦& "❡❝♦♥+✲

&"✉❝&❡❞ ✇✐&❤ ❣"❡❛& ♣"❡❝✐+✐♦♥✱ ❞✉❡ &♦ &❤❡ +❝❛"❝✐&② ♦❢ ❞❛&❛✳ ❍✉♠✐❞✐&②✲"❡❧❛&❡❞ ✐♥❞✐❝❛&♦"+ +✉❝❤

❛+ ❢♦++✐❧ ♦❛+✐+ ♦❜+❡"✈❡❞ ♦✈❡" &❤❡ ❙❛❤❛"❛ ❞✉"✐♥❣ ✐&+ ❣"❡❡♥ ♣❡"✐♦❞ ❛"❡ ♥♦ ❧♦♥❣❡" ❛✈❛✐❧❛❜❧❡✳ ◆♦✲

♥❡&❤❡❧❡++✱ ✐& +❡❡♠+ &❤❛& &❤❡ ❙❛❤❡❧ "❡❣✐♦♥ ❡①♣❡"✐❡♥❝❡❞ ❛❧&❡"♥❛&✐♥❣ +✉❜✲♠✐❧❧❡♥♥✐❛❧ +❝❛❧❡ ❛"✐❞

❛♥❞ ❤✉♠✐❞ ♣❡"✐♦❞+✱ +✉♣❡"✐♠♣♦+❡❞ ♦✈❡" ❛ ❧❛&❡ ❍♦❧♦❝❡♥❡ &"❡♥❞ ♦❢ ✐♥❝"❡❛+✐♥❣ ❛"✐❞✐&② ❬❱❡"♥❡&✱

✷✵✵✷❪✳

✷✳✹✳✸ ❚❤❡ ♣❛)* ✶✵✵✵ ②❡❛.)

❇"♦♦❦+ ❬✷✵✵✹❪ ❞❡+❝"✐❜❡❞ ❛♥ ❛"✐❞ ♣❡"✐♦❞ ❞✉"✐♥❣ ✸✵✵ ❇❈✲✸✵✵ ❆❉✱ ❞✉"✐♥❣ ✇❤✐❝❤ ✏&❤❡ ❙❛❤❛"❛

♠❛② ❤❛✈❡ ❜❡❡♥ ♠♦"❡ ❞❡+✐❝❝❛&❡❞ &❤❛♥ ❛& ❛♥② &✐♠❡ ❞✉"✐♥❣ &❤❡ ♣❛+& ✷✵✵✵ ②❡❛"+✑✳ ❚❤✐+ ❛"✐❞

+♣❡❧❧ ✇❛+ ❢♦❧❧♦✇❡❞ ❜② ❛ ✇❡&&❡" ♣❡"✐♦❞ ❜❡&✇❡❡♥ ✸✵✵ ❛♥❞ ✶✶✵✵ ❆❉✳ ❚❤❡♥ ❛♥♦&❤❡" ❛"✐❞ ♣❡"✐♦❞

♦❝❝✉""❡❞ ❞✉"✐♥❣ ✶✶✵✵✲✶✺✵✵ ❆❉✳ ❆❝❝♦"❞✐♥❣ &♦ ❇"♦♦❦+ ❬✷✵✵✹❪✱ "❛✐♥❢❛❧❧ ✐♥❝"❡❛+❡❞ +✐❣♥✐✜❝❛♥&❧②

❜② ❛"♦✉♥❞ ✶✺✵✵ ❆❉✱ ❢♦❧❧♦✇❡❞ ❜② ❛"✐❞✐&② ❞✉"✐♥❣ ✶✻✸✵✲✶✽✻✵ ❆❉✱ ❝❛✉+✐♥❣ ❞"♦✉❣❤& ❛♥❞ ❢❛♠✐♥❡

❝♦♥❞✐&✐♦♥+ ✐♥ ❙❡♥❡❣❛❧ ❛♥❞ &❤❡ ◆✐❣❡" ❇❡♥❞ ❛"❡❛ ❞✉"✐♥❣ &❤❡ ✶✻✹✵✬+ ❛♥❞ ✶✻✻✵✬+✳

❙❤❛♥❛❤❛♥ ❡& ❛❧✳ ❬✷✵✵✾❪✱ ✇♦"❦✐♥❣ ♦♥ +❡❞✐♠❡♥&❛"② ❞❡♣♦+✐&+ ✐♥ &❤❡ ▲❛❦❡ ❇♦+✉♠&✇✐ ✐♥

+♦✉&❤✲✇❡+&❡"♥ ●❤❛♥❛✱ ❢♦✉♥❞ ❛ ❤✐❣❤ ❝♦""❡❧❛&✐♦♥ ❜❡&✇❡❡♥ &❤❡✐" ♣"♦①② ❛♥❞ "❡❣✐♦♥❛❧✲+❝❛❧❡ ♣"❡✲

❝✐♣✐&❛&✐♦♥ ❛♥♦♠❛❧✐❡+ ♦✈❡" &❤❡ ♣❡"✐♦❞ ✶✾✷✵✲✷✵✵✵✳ ❚❤❡② ❝♦✉❧❞ &❤✉+ ✉+❡ ❧❛❦❡ +❡❞✐♠❡♥&+ ♣"♦①②

❞❛&❛ &♦ ✐♥❢❡" "❡❣✐♦♥❛❧✲+❝❛❧❡ ❝❤❛♥❣❡+ ✐♥ ♠♦♥+♦♦♥ ♣"❡❝✐♣✐&❛&✐♦♥ ♦♥ ❞❡❝❛❞❛❧ ❛♥❞ ❧♦♥❣❡" &✐♠❡

+❝❛❧❡+✳ ❚❤❡ ❧❛❦❡ ❇♦+✉♠&✇✐ ✉♥❞❡"✇❡♥& ♣"♦❣"❡++✐✈❡ ❞"②✐♥❣ ❜❡&✇❡❡♥ ✷✻✻✵ ❛♥❞ ∼ 1000 ②"
❇✳T✳✱ ❛♥❞ ❛ "❛♣✐❞ ❞"②✐♥❣ ❜❡&✇❡❡♥ ✶✼✵✵ ❛♥❞ ✶✽✵✵ ②" ❇✳T✳ ✭✜❣✉"❡ ✷✳✽ ❜❡❧♦✇✮✳ ❚❤✐+ "❡❝♦"❞ ✐+

❝♦♥+✐+&❡♥& ✇✐&❤ ❝❧✐♠❛&❡ +✐♠✉❧❛&✐♦♥+ ❬❑✉&③❜❛❝❤ ❛♥❞ ▲✐✉✱ ✶✾✾✼❪ ❛♥❞ ♣❛❧❡♦❝❧✐♠❛&❡ "❡❝♦♥+&"✉❝✲

&✐♦♥+ ❬●❛++❡✱ ✷✵✵✵❀ ❏♦❧❧② ❡& ❛❧✳✱ ✶✾✾✽❀ ❞❡▼❡♥♦❝❛❧ ❡& ❛❧✳✱ ✷✵✵✵❀ ❲❡❧❞❡❛❜ ❡& ❛❧✳✱ ✷✵✵✼❪✱ ✇❤✐❝❤

+✉♣♣♦"& ❛ ❝♦♥&✐♥✉❛&✐♦♥ ♦❢ &❤❡ ✇❡❛❦❡♥✐♥❣ ♦❢ &❤❡ ❲❡+& ❆❢"✐❝❛♥ ▼♦♥+♦♦♥ ✐♥ "❡+♣♦♥+❡ &♦ &❤❡

❣"❛❞✉❛❧❧② ❞❡❝"❡❛+✐♥❣ +✉♠♠❡" ✐♥+♦❧❛&✐♦♥ ♦✈❡" &❤❡ ❧❛&❡ ❍♦❧♦❝❡♥❡✳ ❖♥ &♦♣ ♦❢ &❤✐+ ✇❡❛❦❡♥✐♥❣

♠♦♥+♦♦♥ &"❡♥❞✱ ❙❤❛♥❛❤❛♥ ❡& ❛❧✳ ❬✷✵✵✾❪ ❝♦✉❧❞ ✐❞❡♥&✐❢② &❤❡ +✉♣❡"✐♠♣♦+✐&✐♦♥ ♦❢ ❛ +❡"✐❡ ♦❢

♠✉❧&✐❝❡♥&✉"② ❞"♦✉❣❤&+✱ &❤❡ ♠♦+& "❡❝❡♥& ♦❢ ✇❤✐❝❤ ❤❛✈✐♥❣ ♦❝❝✉""❡❞ ❜❡&✇❡❡♥ ✶✹✵✵ ❛♥❞ ✶✼✺✵

❆❉ ✭✺✺✵ &♦ ✷✵✵ ②" ❇✳T✳✮✳

✷✳✹✳✹ ❚❤❡ ♣❛)* ✶✵✵ ②❡❛.)

▲❛"❣❡ ✐♥&❡"✲❛♥♥✉❛❧ ❛♥❞ ❞❡❝❛❞❛❧ ✢✉❝&✉❛&✐♦♥+ ♦❢ "❛✐♥❢❛❧❧ ❛"❡ +✉♣❡"✐♠♣♦+❡❞ ♦♥ ❝❤❛♥❣❡+

♦♥ ❧♦♥❣❡" &✐♠❡ +❝❛❧❡+✳ ❘❡❝❡♥& ✜♥❞✐♥❣+ +✉❣❣❡+& &❤❛& &❤❡ ❢♦"♠❡" ❛"❡ ♣"✐♠❛"✐❧② "❡+✉❧&✐♥❣ ❢"♦♠

✢✉❝&✉❛&✐♦♥+ ✐♥ &❤❡ ♣❛&&❡"♥ ♦❢ &"♦♣✐❝❛❧ ♦❝❡❛♥ +✉"❢❛❝❡ &❡♠♣❡"❛&✉"❡+ ❬●✐❛♥♥✐♥✐ ❡& ❛❧✳✱ ✷✵✵✸❪✳ ❖♥

&❤❡ ❜❛+✐+ ♦❢ &❤❡ "❡+✉❧&+ ♦❢ &❤❡+❡ ❛✉&❤♦"+✱ &❤❡ ♣❡"+✐+&❡♥❝❡ ♦❢ ❞"♦✉❣❤& ✐♥ &❤❡ ✶✾✼✵✬+ ❛♥❞ ✶✾✽✵✬+

✐♥ &❤❡ ❙❛❤❡❧ ❝❛♥ ❜❡ ❛&&"✐❜✉&❡❞ &♦ ✇❛"♠❡"✲&❤❛♥✲❛✈❡"❛❣❡ ❧♦✇✲❧❛&✐&✉❞❡ ✇❛&❡"+ ❛"♦✉♥❞ ❆❢"✐❝❛✱

+✐♥❝❡ &❤❡+❡ ❝♦♥❞✐&✐♦♥+ ✇❡❛❦❡♥ &❤❡ ❝♦♥&✐♥❡♥&❛❧ ❝♦♥✈❡"❣❡♥❝❡ ❛+ &❤❡② ❢❛✈♦" &❤❡ ❡+&❛❜❧✐+❤♠❡♥&

♦❢ ❞❡❡♣ ❝♦♥✈❡❝&✐♦♥ ♦✈❡" &❤❡ ♦❝❡❛♥✳

❚❤✐+ ❤②♣♦&❤❡+✐+ ✐+ ❛❝&✉❛❧❧② ❢❛" ❢"♦♠ ♥❡✇ ❬▲❛♠❜✱ ✶✾✼✽❪ ❜✉& ♠✐❣❤& ❤❛✈❡ ❜❡❡♥ ♦✈❡"❧♦♦❦❡❞

✇❤❡♥ ❧♦♦❦✐♥❣ ❢♦" ❝❛✉+❡+ ♦❢ &❤❡ ❞"♦✉❣❤& ♦❢ &❤❡ ✶✾✼✵✬+ ❛♥❞ ✶✾✽✵✬+ ❬▼❝❈❛♥♥✱ ✶✾✾✾❪✳ ❆& &❤❛&

&✐♠❡✱ ❈❤❛"♥❡②✬+ ✇♦"❦ ♦♥ &❤❡ ♣♦+✐&✐✈❡ ❛❧❜❡❞♦

✹

✲♣"❡❝✐♣✐&❛&✐♦♥ ❢❡❡❞❜❛❝❦ ✇❛+ ✈❡"② ✐♥✢✉❡♥&✐❛❧

✭❖&&❡"♠❛♥ ✶✾✼✹❀ ❈❤❛"♥❡② ✶✾✼✺✱ ✜❣✉"❡ ✷✳✶✵✮ ❛+ ✇❡❧❧ ❛+ &❤❡ ♣♦&❡♥&✐❛❧ "❡❧❡✈❛♥❝❡ ♦❢ ❧❛♥❞

+✉"❢❛❝❡ ❝♦♥❞✐&✐♦♥+ ❛+ &❤❡ ♠❛✐♥ ❞"✐✈❡" ❢♦" &❤❡ ❞"♦✉❣❤&✳ ■♥❞❡❡❞✱ ❛❧&❤♦✉❣❤ ♥✉♠❡"♦✉+ +&✉❞✐❡+

❤❛✈❡ +✉♣♣♦"&❡❞ &❤❡ ❡①✐+&❡♥❝❡ ♦❢ ❛ ♣♦+✐&✐✈❡ ❧❛♥❞ +✉"❢❛❝❡ ❢❡❡❞❜❛❝❦ ❬❙✉❞ ❛♥❞ ❋❡♥♥❡++②✱ ✶✾✽✷❀

❳✉❡ ❛♥❞ ❙❤✉❦❧❛✱ ✶✾✾✸❀ ❚❛②❧♦" ❡& ❛❧✳✱ ✷✵✵✷❪✱ ❛ ❝♦♥✈✐♥❝✐♥❣ ❞❡♠♦♥+&"❛&✐♦♥ &❤❛& &❤✐+ ♠❡❝❤❛♥✐+♠

✹✳ 9❤❡ ❛❧❜❡❞♦ A❡♣A❡C❡♥9 9❤❡ ❢A❛❝9✐♦♥ ♦❢ 9❤❡ ✐♥❝♦♠✐♥❣ C♦❧❛A A❛❞✐❛9✐♦♥ ✇❤✐❝❤ ✐C A❡✢❡❝9❡❞

✸✶



✷✳✹✳ ❙❆❍❊▲■❆◆ ❘❆■◆❋❆▲▲ ❱❆❘■❆❇■▲■❚❨

❆❈❘❖❙❙ ▼❯▲❚■4▲❊ ❚■▼❊ ❙❈❆▲❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆4■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

❋✐❣✉$❡ ✷✳✽✿ $❛❧❡♦❤②❞,♦❧♦❣✐❝ ❡✈♦❧✉2✐♦♥ ♦❢ ▲❛❦❡ ❇♦8✉♠2✇✐ ✭●❤❛♥❛✮✳ ✭❆✮ ❙❤♦✇♥ ❛,❡ 2❤❡

δ18❖ ✐♥ ❧❛❦❡ ❝❛,❜♦♥❛2❡8 ✭2♦♣ ✿ ,❡❞ ❧✐♥❡✱ ✺✲②❡❛, ❛✈❡,❛❣❡ ❀ ❣,❛② ❧✐♥❡✱ ,❛✇ ❞❛2❛ ❀ ♥♦2❡ 2❤❡ ,❡✈❡,✲

8❡❞ 8❝❛❧❡✮✱ 8✐❧✐❝♦♥ ✭❙✐✮ ✐♥2❡♥8✐2✐❡8 ❣❡♥❡,❛2❡❞ ❜② ♠✲❳❘❋ 8❝❛♥♥✐♥❣ ✭♠✐❞❞❧❡ ✿ ❜❧❛❝❦ ❧✐♥❡✱ ♥♦2❡

2❤❡ ,❡✈❡,8❡❞ 8❝❛❧❡ ❀ ✶✵✲②❡❛, ❛✈❡,❛❣❡8✮✱ ❛♥❞ ✐♥❞✐❝❛2♦,8 ♦❢ ♣❛82 ❧❛❦❡ ❧❡✈❡❧8 ❜❛8❡❞ ♦♥ ❡♠❡,❣❡♥2

2❡,,❛❝❡8 ❛♥❞ 8❡✐8♠✐❝ ❞❛2❛ ✭❜♦22♦♠ ✿ ❤♦,✐③♦♥2❛❧ ❜❧✉❡ ❜❛,8✮ ♠❜♣❧❧✱ ♠❡2❡,8 ❜❡❧♦✇ ♣,❡8❡♥2

❧❛❦❡ ❧❡✈❡❧✳ ▼♦,❡ ♣♦8✐2✐✈❡ ✐8♦2♦♣✐❝ ✈❛❧✉❡8 ♦❝❝✉, ❞✉,✐♥❣ ❧♦✇82❛♥❞8✱ ✇❤✐❝❤ ✐8 ❝♦♥8✐82❡♥2 ✇✐2❤ ❛

♠♦,❡ ❡✈❛♣♦,❛2❡❞ ❧❛❦❡✳ ❍✐❣❤❡, ❡❧❡♠❡♥2❛❧ ✭❙✐✱ ❆❧✱ ❑✱ ❛♥❞ ❚✐✮ ❝♦♥❝❡♥2,❛2✐♦♥8 ✐♥❞✐❝❛2❡ ✐♥❝,❡❛✲

8❡❞ 2,❛♥8♣♦,2 ♦❢ 2❡,,✐❣❡♥♦✉8 ♠❛2❡,✐❛❧ 2♦ 2❤❡ ❜❛8✐♥ ❞✉,✐♥❣ ❧♦✇82❛♥❞8✱ ✇❤❡♥ ♠♦,❡ ❝❛2❝❤♠❡♥2

❛,❡❛ ✐8 ❡①♣♦8❡❞ 2♦ ❡,♦8✐♦♥✳ ❱❡,2✐❝❛❧ ❣,❛② ❜❛,8 ✐♥❞✐❝❛2❡ 2❤❡ 2✐♠✐♥❣ ♦❢ ♣,♦♠✐♥❡♥2 ❧❛2❡ ❍♦❧♦✲

❝❡♥❡ ❧♦✇82❛♥❞8 ❞✐8❝✉88❡❞ ✐♥ 2❤❡ 2❡①2✱ ❛8 ✐❞❡♥2✐✜❡❞ ✐♥ 2❤❡ ♠✉❧2✐♣,♦①② ❞❛2❛✳ ✭❇✮ ❊✈♦❧✉2✐✈❡

✇❛✈❡❧❡2 ♣♦✇❡, 8♣❡❝2,✉♠ ✭✷✽✮ ❝♦♠♣✉2❡❞ ✇✐2❤ ❛ ▼♦,❧❡2 ✇❛✈❡❧❡2 ✭❡✐❣❤2 ♦❝2❛✈❡8✱ ❢♦✉, 8✉❜♦❝✲

2❛✈❡8 ♣❡, ♦❝2❛✈❡✮ ♦♥ 2❤❡ ❞❡2,❡♥❞❡❞ ✭✻✵✵✲②❡❛,✱ ✺✵✪ 8♣❧✐♥❡✮ $❈✶ ♦❢ 2❤❡ ❳❘❋ ❞❛2❛✳ ❚❤❡ ❜❧❛❝❦

❧✐♥❡ ✐♥❞✐❝❛2❡8 ✾✺✪ 8✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ❈❡♥2✉,②✲8❝❛❧❡ ✈❛,✐❛❜✐❧✐2② ✐8 82,♦♥❣ 2❤,♦✉❣❤♦✉2 2❤❡ ♣❛82

❛♣♣,♦①✐♠❛2❡❧② 2❤,❡❡ ♠✐❧❧❡♥♥✐❛✳ ✭❈✮ $,♦①② ✐♥82,✉♠❡♥2❛❧ ❞❛2❛ ❝♦♠♣❛,✐8♦♥ ✇✐2❤ ,❛✐♥❢❛❧❧ ✈❛✲

,✐❛❜✐❧✐2②✳ ❈❛,❜♦♥❛2❡ ♦①②❣❡♥ ✐8♦2♦♣❡ ❞❛2❛ ❢,♦♠ ❝♦,❡8 ❉❙✲✷ ❛♥❞ ❉❙✲✺✱ ♣❧❛❝❡❞ ♦♥ ❛ ❧❛♠✐♥❛❡

❛❣❡ ♠♦❞❡❧ ♣❧♦22❡❞ ✇✐2❤ ♥♦,♠❛❧✐③❡❞ ♣,❡❝✐♣✐2❛2✐♦♥ ❛♥♦♠❛❧✐❡8 ❢,♦♠ 2❤❡ ❑✉♠❛8✐ ♠❡2❡♦,♦❧♦❣✐✲

❝❛❧ 82❛2✐♦♥ ✭❜❧❛❝❦ ❧✐♥❡✮✱ ✸✺ ❦♠ ♥♦,2❤✇❡82 ♦❢ 2❤❡ ❧❛❦❡✱ ❛,❡ 8❤♦✇♥✳ ▼♦,❡ ♥❡❣❛2✐✈❡ ✐8♦2♦♣✐❝

✈❛❧✉❡8 ♦❝❝✉, ❞✉,✐♥❣ ✐♥2❡,✈❛❧8 ✇✐2❤ ❤✐❣❤ ♣,❡❝✐♣✐2❛2✐♦♥ ,❛2❡8✳ ❇♦2❤ ,❡❝♦,❞8 8❤♦✇ ❡♥❤❛♥❝❡❞

♣,❡❝✐♣✐2❛2✐♦♥ ❜❡❢♦,❡ ∼ 1965 ❛♥❞ ❛ ♥❡❣❛2✐✈❡ 2,❡♥❞ ✐♥ ♣,❡❝✐♣✐2❛2✐♦♥ ❛❢2❡, ✶✾✼✵✱ 8②♥❝❤,♦♥♦✉8

✇✐2❤ ❡①2❡♥❞❡❞ ❞,♦✉❣❤2 ✐♥ 2❤❡ ❙❛❤❡❧ ,❡❣✐♦♥ ✭❣,❛② ❤♦,✐③♦♥2❛❧ ❜❛,✮✳ ❬❋,♦♠ ❙❤❛♥❛❤❛♥ ❡2 ❛❧✳

✷✵✵✾❪✳ ❘❡♣,✐♥2❡❞ ✇✐2❤ ♣❡,♠✐88✐♦♥ ❢,♦♠ ❆❆❆❙✳

✸✷
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❍■❙❚❖❘■◗❯❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✷✳✹✳ ❙❆❍❊▲■❆◆ ❘❆■◆❋❆▲▲ ❱❆❘■❆❇■▲■❚❨

❆❈❘❖❙❙ ▼❯▲❚■#▲❊ ❚■▼❊ ❙❈❆▲❊❙

❝♦♥#$✐$✉$❡# $❤❡ ❧❡❛❞✐♥❣ ❝❛✉#❡ ♦❢ ❞❡❝❛❞❛❧ ✈❛/✐❛❜✐❧✐$② ♦❢ $❤❡ ❲❡#$ ❆❢/✐❝❛♥ ▼♦♦#♦♦♥ ❝♦✉❧❞ ♥❡✈❡/

❜❡ ♣/♦♣♦#❡❞✳ ❖♥❡ ♠✉#$ ♥♦$❡ $❤❛$ $❤❡ ♣/❡#❝/✐❜❡❞ ❝❤❛♥❣❡# ✐♥ ❧❛♥❞ #✉/❢❛❝❡ ❛♥❞ ✈❡❣❡$❛$✐♦♥

❝♦✈❡/ ✇❡/❡ ❧❛/❣❡❧② ❡①❛❣❣❡/❛$❡❞ ✐♥ ❛❧❧ $❤❡ #$✉❞✐❡# $❤❛$ ♣♦✐♥$❡❞ $♦ $❤❡ ✐♠♣♦/$❛♥❝❡ ♦❢ ❛ ❧❛/❣❡

❧❛♥❞ #✉/❢❛❝❡ ❢❡❡❞❜❛❝❦ ♦♥ /❛✐♥❢❛❧❧❬●✐❛♥♥✐♥✐ ❡$ ❛❧✳✱ ✷✵✵✸❪✳ ◆♦✇❛❞❛②#✱ ❡✈❡♥ $❤❡ ❡①✐#$❡♥❝❡ ♦❢ ❛

✈❡❣❡$❛$✐♦♥ ❢❡❡❞❜❛❝❦ ♦♥ /❛✐♥❢❛❧❧ /❡♠❛✐♥# ❞❡❜❛$❡❞ ❬❩❡♥❣ ❡$ ❛❧✳✱ ✶✾✾✾❀ ▲✐✉ ❡$ ❛❧✳✱ ✷✵✵✻❪✳ ❆♥❞

✐♥ ❛♥② ❝❛#❡✱ $❤✐# ❢❡❡❞❜❛❝❦ #❡❡♠# $♦ ❜❡ ♦❢ ♠✉❝❤ #♠❛❧❧❡/ ♠❛❣♥✐$✉❞❡ $❤❛♥ ❡#$✐♠❛$❡❞ #♦♠❡

$✇❡♥$② ②❡❛/# ❛❣♦ ❬❚❛②❧♦/ ❡$ ❛❧✳✱ ✷✵✵✷❪✳

❋✐❣✉$❡ ✷✳✾✿ ❙❛❤❡❧ ❛♥❞ ●✉❧❢ ♦❢ ●✉✐♥❡❛ ❛♥♥✉❛❧ ♣/❡❝✐♣✐$❛$✐♦♥ ❛♥♦♠❛❧✐❡# ♦✈❡/ ✶✾✹✽✲✷✵✶✵✳

❨❡❛/❧② ❛✈❡/❛❣❡ ♦❢ ◆❖❆❆ ❈R❈ R/❡❝✐♣✐$❛$✐♦♥ /❡❝♦♥#$/✉❝$✐♦♥ ❜❛#❡❞ ♦♥ /❛✐♥❣❛✉❣❡ ❞❛$❛✳ ❚❤❡

✓ ❙❛❤❡❧ ✔ ✐# $❤❡ ❛✈❡/❛❣❡ ♦✈❡/ ❛ /❡❣✐♦♥ ❜❡$✇❡❡♥ ✷✵

o
❲✲✶✵

o
❊ ❛♥❞ ✶✵

o
◆✲✷✵

o
◆✱ ✇❤✐❧❡ $❤❡ ●✉❧❢

♦❢ ●✉✐♥❡❛ ♦♥❡ ❤❛# ❜❡❡♥ ❝♦♠♣✉$❡❞ ♦✈❡/ ❛ /❡❣✐♦♥ ❜❡$✇❡❡♥ ✷✵

o
❲✲✶✵

o
❊ ❛♥❞ ✷✳✺

o
◆ ❛♥❞ ✶✵

o
◆✳

❘❡♣/♦❞✉❝❡❞ ❢/♦♠ ❤!!♣✿✴✴❥✐'❛♦✳✇❛'❤✐♥❣!♦♥✳❡❞✉✴❞❛!❛✴❣✉✐♥❡❛✴ ✳

❊✈❡♥ ✐❢ #❡❛ #✉/❢❛❝❡ $❡♠♣❡/❛$✉/❡ ✭❙❙❚✮ #❡❡♠# $♦ ❜❡ ❛ ♠❛✐♥ ❞/✐✈❡/ ❢♦/ ❞❡❝❛❞❛❧ ✈❛/✐❛$✐♦♥#

✐♥ ❙❛❤❡❧ /❛✐♥❢❛❧❧ ❬❋♦❧❧❛♥❞ ❡$ ❛❧✳✱ ✶✾✽✻❀ ●✐❛♥♥✐♥✐ ❡$ ❛❧✳✱ ✷✵✵✸❀ ❍❛❣♦# ❛♥❞ ❈♦♦❦✱ ✷✵✵✽❪✱ $❤❡/❡ ✐#

❛ ❞❡❜❛$❡ /❡❣❛/❞✐♥❣ $❤❡ ✉❧$✐♠❛$❡ ❝❛✉#❡ ♦❢ $❤✐# ❝❤❛♥❣❡✳ ■# ♥❛$✉/❛❧ ✈❛/✐❛❜✐❧✐$② $❤❡ ♦♥❧② #♦✉/❝❡

♦❢ $❤❡#❡ ✢✉❝$✉❛$✐♦♥# ✭❛♥❞ $❤✉# ♦❢ ❙❛❤❡❧✐❛♥ ❞/♦✉❣❤$✮ ♦/ ❞✐❞ ❛♥$❤/♦♣♦❣❡♥✐❝ ❢♦/❝✐♥❣# ♣❧❛② ❛

/♦❧❡ ❬❍♦❡/❧✐♥❣ ❡$ ❛❧✳✱ ✷✵✵✻❀ ❚✐♥❣ ❡$ ❛❧✳✱ ✷✵✵✾❪ ❄ ■$ ✐# ❡#♣❡❝✐❛❧❧② ❤❛/❞ $♦ ❞❡❝✐♣❤❡/ ✇❤❡$❤❡/

$❤❡ /❡❣✐♦♥❛❧ ❝♦♦❧✐♥❣ ♦❢ #✉❧♣❤❛$❡ ❛❡/♦#♦❧# ❛♥❞ $❤❡ ❣❧♦❜❛❧ ✇❛/♠✐♥❣ ♦❢ ❣/❡❡♥❤♦✉#❡ ❣❛#❡# ❤❛✈❡

/❡❛❝❤❡❞ ❛ ♠❛❣♥✐$✉❞❡ #✉✣❝✐❡♥$ $♦ ❛❧$❡/ ❙❙❚ ♣❛$$❡/♥# $♦ ❧❡❛❞ $♦ ❛ ♣/♦❧♦♥❣❡❞ ❞/♦✉❣❤$ ♦✈❡/ $❤❡

❙❛❤❡❧ ❬❘♦$#$❛②♥ ❛♥❞ ▲♦❤♠❛♥♥✱ ✷✵✵✷❀ ❇✐❛#✉$$✐ ❛♥❞ ●✐❛♥♥✐♥✐✱ ✷✵✵✻❪✳ R❛/$ ♦❢ $❤❡ ✉♥❝❡/$❛✐♥$②
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✭❆▼❖✮✳

✸✸





❈❍❆#■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✷✳✺✳ ❈❍❆◆●❊❙ ■◆ ❙❆❍❊▲ ❱❊●❊❚❆❚■❖◆ ❀

❘❆■◆❋❆▲▲ ❆◆❉ ❈❘❖3▲❆◆❉ ■◆❈❘❊❆❙❊❙

❘❛✐♥❢❛❧❧ &❧✐❣❤)❧② ❡①❝❡❡❞❡❞ )❤❡ ❧♦♥❣✲)❡1♠ ♠❡❛♥ ♦✈❡1 ♠♦&) ♦❢ )❤❡ ❙❛❤❡❧ ✐♥ ✶✾✾✹✱ )❤❡

✇❡))❡&) ②❡❛1 ♦❢ )❤❡ ♣❡1✐♦❞ ✶✾✼✺✲✶✾✾✼✱ ✇✐)❤ ✶✾✼✽ ❛♥❞ ✶✾✽✽ ❜❡✐♥❣ )❤❡ &❡❝♦♥❞ ✇❡))❡&) ②❡❛1&✳

❍♦✇❡✈❡1✱ ❡✈❡♥ ❞✉1✐♥❣ )❤❡ ❧❛))❡1 )✇♦ ✇❡) ②❡❛1&✱ 1❛✐♥❢❛❧❧ ✇❛& ❜❡❧♦✇ )❤❡ ❧♦♥❣✲)❡1♠ ♠❡❛♥✳

❙✐1❝♦✉❧♦♥ ❬✶✾✼✻❪ ❛♥❞ ❑❛)❡& ❛♥❞ ❋♦1❞ ❬✶✾✽✶❪ ❢♦✉♥❞ )❤❛) &❡✈❡1❡ ❞1♦✉❣❤)& ♦❝❝✉11❡❞ ✐♥ )❤❡

❙❛❤❡❧ ✐♥ )❤❡ ✶✾✶✵✬& ❛♥❞ )❤❡ ✶✾✹✵✬&✳ ❇✉) ❢1♦♠ )❤❡ ❢❡✇ ❞❛)❛ ❛✈❛✐❧❛❜❧❡✱ ✐) ✐& J✉✐)❡ ❝❧❡❛1 )❤❛)

)❤❡&❡ ❞1♦✉❣❤) ✇❡1❡ ❛❝)✉❛❧❧② &♣♦1❛❞✐❝ ❡✈❡♥)& ❝♦♠♣❛1❡❞ )♦ )❤❡ ♣1♦❧♦♥❣❡❞ ❞1♦✉❣❤) ♦❜&❡1✈❡❞

✐♥ )❤❡ ✶✾✼✵✬& ❛♥❞ ✶✾✽✵✬& ❬◆✐❝❤♦❧&♦♥✱ ✷✵✵✵❪✳

■♥ ❛ 1❡❣✐♦♥ ♦❢ ❤✐❣❤ ✐♥)❡1✲❛♥♥✉❛❧ ✈❛1✐❛❜✐❧✐)② &✉❝❤ ❛& ❙❛❤❡❧✱ ❖③❡1 ❡) ❛❧✳ ❬✷✵✵✸❪ &❤♦✇❡❞

)❤❡ ❧❡♥❣)❤ ♦❢ ♦❜&❡1✈❛)✐♦♥ ♣❡1✐♦❞ ♥❡❡❞❡❞ )♦ ❛&&❡&& ❛ &✐❣♥✐✜❝❛♥) ✈❛1✐❛)✐♦♥ ♦❢ 1❛✐♥❢❛❧❧ ✇❤❡♥

❛♣♣❧②✐♥❣ &)❛)✐&)✐❝❛❧ )❡&)& )♦ ❤✐&)♦1✐❝❛❧ 1❡❝♦1❞& ✿ ✉&✐♥❣ S❡))✐)) ❝❤❛♥❣❡ ♣♦✐♥) )❡&)✱ ✶✷ ②❡❛1& ❛1❡

♥❡❡❞❡❞ ♦♥ ❛✈❡1❛❣❡ )♦ ✐❞❡♥)✐❢② )❤❡ 1❡❞✉❝)✐♦♥ ♦❢ ❛♥♥✉❛❧ 1❛✐♥❢❛❧❧ )❤❛) ♦❝❝✉11❡❞ ❜② )❤❡ ❡♥❞ ♦❢

)❤❡ ✶✾✻✵✬&✳ ❯&✐♥❣ ❛ ❞❛)❛ &❡) ✉♥)✐❧ ✶✾✾✾✱ ❖③❡1 ❡) ❛❧✳ ❝♦♥❝✉1 ✇✐)❤ )❤❡ ❛♥❛❧②&✐& ♦❢ ◆✐❝❤♦❧&♦♥

❡) ❛❧✳ ❬✷✵✵✵❪ )❤❛) )❤❡ ❙❛❤❡❧✐❛♥ ❞1♦✉❣❤) ✐♥✐)✐❛)❡❞ ✐♥ )❤❡ ❧❛)❡ ✶✾✻✵✬& ♠❛② ❤❛✈❡ ❡♥❞❡❞ ❞✉1✐♥❣

)❤❡ ❡❛1❧② ✶✾✾✵✬&✱ ❜✉) ❛❧&♦ ♣♦✐♥)❡❞ ♦✉) )❤❛) )❡♥ ♠♦1❡ ②❡❛1& ♦❢ ❞❛)❛ ✇✐❧❧ ❜❡ 1❡J✉✐1❡❞ ❜❡❢♦1❡

❞1❛✇✐♥❣ ❛♥② ✜1♠ ❝♦♥❝❧✉&✐♦♥ ❛❜♦✉) )❤❡ ❡♥❞ ♦❢ )❤❡ ❞1♦✉❣❤) ❛) ❛ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧✳

■♥ ❛ 1❡❝❡♥) ❛♥❛❧②&✐& ♦❢ 1❛✐♥ ❣❛✉❣❡ ❞❛)❛ ♦✈❡1 ❲❡&) ❆❢1✐❝❛✱ ▲❡❜❡❧ ❛♥❞ ❆❧✐ ❬✷✵✵✾❪ ❝♦♥✜1✲

♠❡❞ )❤❛) )❤❡ 1❡❝❡♥) ♣❡1✐♦❞ ❝❤♦&❡♥ ❛& ✶✾✾✵✲✷✵✵✼ ❡✈✐❞❡♥❝❡❞ ❞✐&)✐♥❝) 1❛✐♥❢❛❧❧ )1❡♥❞& ❜❡)✇❡❡♥

❲❡&)❡1♥ ❛♥❞ ❈❡♥)1❛❧ ❙❛❤❡❧ ✭❈❤❛❞✱ ❝♦✐♥❡❞ ❊❛&) ✐♥ )❤❡✐1 ❛1)✐❝❧❡✮✳ ❚❤✐& 1❡&✉❧) ✐& ✐♥ ❧✐♥❡ ✇✐)❤

)❤❡ 1❡&✉❧)& ♦❢ ◆✐❝❤♦❧&♦♥ ❡) ❛❧✳ ❬✷✵✵✵❪ ✇❤♦ ♦♥❧② ❝♦♥&✐❞❡1❡❞ )❤❡ ♣❡1✐♦❞ ✶✾✾✵✲✶✾✾✼✳ ❚❤✐& ❧♦♥✲

❣✐)✉❞✐♥❛❧ ❞✐♣♦❧❡ ♦❢ 1❛✐♥❢❛❧❧ ✐♥❝1❡❛&❡ ♦✈❡1 ✶✾✾✵✲✷✵✵✼ ✐& ♠♦1❡ ❝♦♠♣❧✐❝❛)❡❞ )❤❛♥ )❤❡ ✉♥✐❢♦1♠

❞1♦✉❣❤) ♣❛))❡1♥ ♦❜&❡1✈❡❞ ❞✉1✐♥❣ )❤❡ ✶✾✼✵✬& ❛♥❞ ✶✾✽✵✬&✱ ✇✐)❤ ❛♥ ❛✈❡1❛❣❡ ❛♥♥✉❛❧ 1❛✐♥❢❛❧❧

❞❡✜❝✐) ♦❢ ✷✵✵ ➧✹✵ ♠♠✳

▲❡❜❡❧ ❛♥❞ ❆❧✐ ❬✷✵✵✾❪ ❛❧&♦ &❤♦✇❡❞ )❤❛) ❜❡)✇❡❡♥ ✶✵➦❊ ❛♥❞ ✷✵➦❊✱ ✇❡))❡1 ❝♦♥❞✐)✐♦♥& 1❡)✉1✲

♥❡❞ &✐♥❝❡ )❤❡ ❡♥❞ ♦❢ )❤❡ ✶✾✾✵✬& ✇✐)❤ ♠❡❛♥ 1❛✐♥❢❛❧❧ 1❡❝♦✈❡1✐♥❣ ❛) )❤❡ ❧❡✈❡❧ ♦❢ )❤❡ ✶✾✺✵✕✶✾✽✾

♠❡❛♥✳ ■♥ ❈❡♥)1❛❧ ❙❛❤❡❧✱ ❜❡)✇❡❡♥ ✶✵➦❲ ❛♥❞ ✶✵➦❊✱ )❤❡ ❞1♦✉❣❤) ✇❛& &♦♠❡✇❤❛) ❛))❡♥✉❛)❡❞

✇✐)❤ ❛ ✶✾✾✵✕✷✵✵✼ ❛✈❡1❛❣❡ 1❛✐♥❢❛❧❧ ✶✵✪ ❧❛1❣❡1 )❤❛♥ )❤❡ ✶✾✼✵✕✶✾✽✾ ❛✈❡1❛❣❡ ❜✉) 1❡♠❛✐♥✐♥❣

❧♦✇❡1 )❤❛♥ )❤❡ ✶✾✺✵✕✶✾✽✾ ❛✈❡1❛❣❡✳ ■♥ ❲❡&)❡1♥ ❙❛❤❡❧✱ ✇❡&) ♦❢ ✶✵➦❲✱ ❞1② ❝♦♥❞✐)✐♦♥& ❤❛✈❡

❝♦♥)✐♥✉❡❞ )♦ ♣1❡✈❛✐❧ ❛❢)❡1 ✶✾✽✾ ✇✐)❤ ❛♥ ❛✈❡1❛❣❡ 1❛✐♥❢❛❧❧ ♦✈❡1 ✶✾✾✵✲✷✵✵✻ ❡J✉❛❧ )♦ ✻✼✺ ♠♠

❝♦♠♣❛1❡❞ )♦ ✻✽✵ ♠♠ ❞✉1✐♥❣ )❤❡ ✶✾✼✵✲✶✾✽✾ ❞1♦✉❣❤) ♣❡1✐♦❞ ❛♥❞ ✾✵✺ ♠♠ ❞✉1✐♥❣ )❤❡ ✶✾✺✵✲

✶✾✻✾ ✇❡) ♣❡1✐♦❞✳

■♥ &✉♠♠❛1②✱ ❞❡&♣✐)❡ ❤✐❣❤ ✐♥)❡1❛♥♥✉❛❧ ✈❛1✐❛❜✐❧✐)②✱ 1❛✐♥ ❣❛✉❣❡ ❞❛)❛ ❝♦♥✜1♠ ❛ 1❡❝❡♥)

✐♥❝1❡❛&❡ ♦❢ 1❛✐♥❢❛❧❧ &✐♥❝❡ )❤❡ ✶✾✾✵✬&✳ ❇❡)✇❡❡♥ ✵➦❊ ❛♥❞ ✷✵➦❊✱ 1❛✐♥❢❛❧❧ ♠❛② ❤❛✈❡

❡♥)✐1❡❧② 1❡❝♦✈❡1❡❞ )♦ ❛ ❧❡✈❡❧ ♦❜&❡1✈❡❞ ♣1✐♦1 )♦ )❤❡ ❧❛1❣❡ ❞1♦✉❣❤)& ♦❢ )❤❡ ✶✾✼✵✬& ❛♥❞

✶✾✽✵✬&✳ ❇② ❝♦♥)1❛&)✱ ❢✉1)❤❡1 ✇❡&)✱ ♥♦ &✐❣♥✐✜❝❛♥) 1❡❝♦✈❡1② ♦❢ 1❛✐♥ ❝♦✉❧❞ ❜❡ ✐❞❡♥)✐✜❡❞

❞✉1✐♥❣ )❤❡ ✶✾✾✵✬&✳

✷✳✺ ❈❤❛♥❣❡) ✐♥ ❙❛❤❡❧ ✈❡❣❡.❛.✐♦♥ ❀ 1❛✐♥❢❛❧❧ ❛♥❞ ❝1♦♣❧❛♥❞

✐♥❝1❡❛)❡)

✷✳✺✳✶ ❈❤❛♥❣❡* ✐♥ ✈❡❣❡-❛-✐♦♥ ♣0♦❞✉❝-✐✈✐-② ❞✉❡ -♦ 0❛✐♥❢❛❧❧

❋✐❡❧❞ ♠❡❛&✉1❡♠❡♥)& ♦❢ ✈❡❣❡)❛)✐♦♥ ❜✐♦♠❛&& ✐♥ 1❡❧❛)✐♦♥ ✇✐)❤ ✐♥)❡1✲❛♥♥✉❛❧ ✈❛1✐❛)✐♦♥& ♦❢

1❛✐♥❢❛❧❧ ❛♠♦✉♥) ❛♥❞ ❞✐&)1✐❜✉)✐♦♥ ❤❛✈❡ &❤❡❞ ❧✐❣❤) ♦♥ )❤❡ 1❡❧❛)✐♦♥&❤✐♣ ❜❡)✇❡❡♥ ✈❡❣❡)❛)✐♦♥

♣1♦❞✉❝)✐✈✐)② ❛♥❞ 1❛✐♥❢❛❧❧✳ ❋✐❡❧❞ ♠❡❛&✉1❡♠❡♥)& ❤❛✈❡ ❜❡❡♥ ❝♦♥❞✉❝)❡❞ ❢♦1 ❞✐✛❡1❡♥) ❧❛♥❞ ✉&❡

)②♣❡& ❬❇✐❧❧❡✱ ✶✾✼✼❀ ❈♦1♥❡)✱ ✶✾✽✶❀ ❇1❡♠❛♥ ❛♥❞ ❞❡ ❲✐)✱ ✶✾✽✸❀ ❈a&❛1 ❛♥❞ ❍❛✈❡)✱ ✶✾✽✻❀ ●1♦✉③✐&✱

✸✺



SPI1/2o ≤ −0.5

SPI1/2o
SPI1/2o



❈❍❆#■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✷✳✺✳ ❈❍❆◆●❊❙ ■◆ ❙❆❍❊▲ ❱❊●❊❚❆❚■❖◆ ❀

❘❆■◆❋❆▲▲ ❆◆❉ ❈❘❖#▲❆◆❉ ■◆❈❘❊❆❙❊❙

■♥ ❙❛❤❡❧ ❛♥❞ (✉❜❤✉♠✐❞ ③♦♥❡(✱ 0❤❡ (♦✐❧ (❡❡❞ (0♦❝❦ ♦♥❧② ❧✐♠✐0( ♣❧❛♥0 ♣5♦❞✉❝0✐♦♥ ❧♦❝❛❧❧② ✐♥

❡5♦❞❡❞ (♦✐❧ ♣❛0❝❤❡( ♦5✱ ❡①❝❡♣0✐♦♥❛❧❧②✱ ❛0 ❧❛5❣❡5 (❝❛❧❡ ❢♦❧❧♦✇✐♥❣ 5❡♣❡❛0❡❞ ❞5♦✉❣❤0 ❡✈❡♥0( ❛( ✐♥

✶✾✽✹ ❬❈❛55✐A5❡✱ ✶✾✽✾❀ ❍D5❛✉❧0 ❛♥❞ ❍✐❡5♥❛✉①✱ ✷✵✵✹❪✳ ❚❤❡ (❡❡❞ (0♦❝❦ ♦❢ 5❛♥❣❡❧❛♥❞( ✐♥ ●♦✉5♠❛

✇❛( 5❡♣❧❡♥✐(❤❡❞ ②❡0 ✇✐0❤✐♥ 0❤5❡❡ ②❡❛5( ❛❢0❡5 0❤❡ ✶✾✽✹ ❞5♦✉❣❤0✱ ❛0 ❧❡❛(0 ✐♥ ♥✉♠❜❡5 ♦❢ (❡❡❞(

♣❡5 ✉♥✐0 ❛5❡❛ ❜✉0 ✇✐0❤ ❞✐✛❡5❡♥0 (♣❡❝✐❡( ❝♦♠♣♦(✐0✐♦♥✱ ❛♥❞ 5❛✐♥ ✉(❡ ❡✣❝✐❡♥❝② ✇❛( ❜❛❝❦ 0♦ ✐0(

♠❛❣♥✐0✉❞❡ ✐♥ ❛✈❡5❛❣❡ ❬❚5❛❝♦❧ ❡0 ❛❧✳✱ ✷✵✵✻❪✳ ■♥ 0❤❡♦5②✱ 0❤❡ ♣5♦❞✉❝0✐✈✐0② ♦❢ ❤❡5❜❛❝❡♦✉( (❤♦✉❧❞

❛❧(♦ ❜❡ ♠♦❞✉❧❛0❡❞ ❜② (♣❡❝✐❡( ❝♦♠♣♦(✐0✐♦♥✱ ❞❡♣❡♥❞✐♥❣ ♦♥ 0❤❡ ♣5♦♣♦50✐♦♥ ♦❢ 0❤❡ (♣❡❝✐❡(

✉(✐♥❣ ❈✸ ✈❡5(✉( ❈✹ ♣❤♦0♦(②♥0❤❡0✐❝ ♣❛0❤✇❛②( ❬❞❡ ❱5✐❡( ❛♥❞ ❉❥✐0D②❡✱ ✶✾✽✷❪✱ ❤♦✇❡✈❡5 0❤❡

❈✸✴❈✹ ✐♥✢✉❡♥❝❡ (❡❡♠( 0♦ ❜❡ ♠✐♥♦5 ❞✉❡ 0♦ (❡✈❡5❛❧ ❝♦♠♣❡♥(❛0♦5② ♣❧❛♥0 ❛005✐❜✉0❡( (✉❝❤ ❛(

0❤❡ (❡♥(✐0✐✈✐0② 0♦ ♣❤♦0♦♣❡5✐♦❞ ❛♥❞ 0❤❡ ❧❡♥❣0❤ ♦❢ 0❤❡ ❣5♦✇✐♥❣ ❝②❝❧❡ ❬❈✐((D✱ ✶✾✽✻❪✳ ❚❤❡5❡❢♦5❡✱

✐♥ (♣✐0❡ ♦❢ 0❤❡ ♣♦(✐0✐✈❡ 5❡(♣♦♥(❡ ♦❢ ♣❧❛♥0 ❣5♦✇0❤ 0♦ 0❤❡ (♦✐❧ ♠♦✐(0✉5❡ 5❡❣✐♠❡ ❞5✐✈❡♥ ❜②

5❛✐♥❢❛❧❧✱ 0❤❡ 5❡❣5❡((✐♦♥( ❡(0❛❜❧✐(❤❡❞ ❛0 ♦♥❡ (✐0❡ ❜❡0✇❡❡♥ ❤❡5❜❛❝❡♦✉( ②✐❡❧❞ ❛♥❞ 5❛✐♥❢❛❧❧ ❛5❡

♦❢0❡♥ ♣♦♦5 ❬●5♦✉③✐(✱ ✶✾✽✽❀ ❍✐❡5♥❛✉① ❡0 ❛❧✳✱ ✷✵✵✾❜❪✳

❋♦5 ❝5♦♣(✱ ❛♥♥✉❛❧ ②✐❡❧❞( ❛5❡✱ ✐♥ ❛❞❞✐0✐♦♥✱ ❝♦♥❞✐0✐♦♥❡❞ ❜② ❝5♦♣ ♠❛♥❛❣❡♠❡♥0✱ ✐♥❝❧✉❞✐♥❣

0❤❡ 0②♣❡ ♦❢ (♦✐❧ 0✐❧❧❛❣❡✱ 0❤❡ ❞❛0❡ ❛♥❞ (♦✇✐♥❣ ❞❡♥(✐0②✱ 0❤❡ ❞❛0❡ ❛♥❞ ♥✉♠❜❡5 ♦❢ ✇❡❡❞✐♥❣✱ ✐♥♣✉0(

✐♥ ❢❡50✐❧✐(❡5 ❛♥❞ ♠❛♥✉5❡ 0❤❛0 ❛❧❧ ❛❧(♦ ✐♥✢✉❡♥❝❡ 0❤❡ ✉(❡ ♦❢ ✇❛0❡5 ❜② 0❤❡ ❝5♦♣ ❛♥❞ ❤❡♥❝❡ ✐0(

②✐❡❧❞ ❬❇❛0✐♦♥♦ ❡0 ❛❧✳✱ ✶✾✾✸❀ ❇✐❡❧❞❡5( ❡0 ❛❧✳✱ ✶✾✾✻❀ ❇✉❡5❦❡50 ❡0 ❛❧✳✱ ✷✵✵✶❪✳ ❚❤❡ 5❡(♣♦♥(❡ ♦❢

❝5♦♣ ♣5♦❞✉❝0✐✈✐0② 0♦ 5❛✐♥❢❛❧❧ ✐( 0❤✉( ❣❡♥❡5❛❧❧② ♣♦(✐0✐✈❡✱ ❜✉0 ❢✉♥❝0✐♦♥ ♦❢ ♠❛♥❛❣❡♠❡♥0✳

■♥ ❙❛❤❡❧✐❛♥✱ ❛( ✇❡❧❧ ❛( (✉❜❤✉♠✐❞ (❛✈❛♥♥❛( ❢✉50❤❡5 (♦✉0❤✱ 0❤❡ ❞❡♥(✐0② ❛♥❞ ❝5♦✇♥ ❝♦✈❡5

♦❢ ✇♦♦❞② ♣❧❛♥0 (0❛♥❞( ❛5❡ ❤✐❣❤❧② ❝♦♥05❛(0❡❞ ✇✐0❤✐♥ ❧❛♥❞(❝❛♣❡✱ ❞❡♣❡♥❞✐♥❣ ♦♥ 0♦♣♦❣5❛♣❤②✱

(♦✐❧( ❛♥❞ ❧❛♥❞ ✉(❡✱ ❛❧❧ ❢❛❝0♦5( ✐♥✢✉❡♥❝✐♥❣ 0❤❡ 5✉♥♦✛✴5✉♥♦♥ ❜❛❧❛♥❝❡ ❬V♦✉♣♦♥✱ ✶✾✽✵❀ ❇5❡✲

♠❛♥ ❛♥❞ ❑❡((❧❡5✱ ✶✾✾✺❀ ❈♦✉0❡5♦♥ ❛♥❞ ❑♦❦♦✉✱ ✶✾✾✼❪✳ ■♥ ❙❛❤❡❧✱ ✐♥ ❛ 5♦✉❣❤ ❛♣♣5♦①✐♠❛0✐♦♥✱

0❤❡ ❧❛♥❞(❝❛♣❡ ✐( (❤❛5❡❞ ✐♥0♦ 0❤5❡❡ ♠❛✐♥ ❡❞❛♣❤✐❝ ❝♦♠♣♦♥❡♥0( ❬❇5❡♠❛♥ ❛♥❞ ❞❡ ❘✐❞❞❡5✱ ✶✾✾✶❀

▼♦✉❣✐♥ ❡0 ❛❧✳✱ ✷✵✵✾❪ ✿ ❧♦❝❛❧❧② ❡♥❞♦5❤❡✐❝ (②(0❡♠( ♦♥ (❛♥❞② (♦✐❧( ♦♥ ✇❤✐❝❤ 5✉♥♦✛ ✐( ❧✐♠✐0❡❞✱ ✐♥

✈♦❧✉♠❡ ❛♥❞ ❞✐(0❛♥❝❡✱ (❧♦♣❡( ✇✐0❤ (❤❛❧❧♦✇ (♦✐❧( ❛♥❞ 5♦❝❦ ♦✉0❝5♦♣( ♦♥ ✇❤✐❝❤ ❛ ❧❛5❣❡ ❢5❛❝0✐♦♥

♦❢ 5❛✐♥ ✇❛0❡5 5✉♥( ♦✛ ❢❡❡❞✐♥❣ 0♦ 0❤❡ ❞5❛✐♥❛❣❡ ❧✐♥❡( ❛♥❞ ❧♦✇❧❛♥❞( ❛( 5✉♥♦♥ ✇❛0❡5 ❛❧❧♦✇✐♥❣

♠✉❝❤ ❞❡♥(❡5 ✇♦♦❞② ♣♦♣✉❧❛0✐♦♥ (✉❝❤ ❛( 0❤✐❝❦❡0(✱ ♦♣❡♥ ❢♦5❡(0✱ ❣❛❧❧❡5② ❢♦5❡(0✳ V❡5❡♥♥✐❛❧ ♣❧❛♥0

❞❡♥(✐0② ❛♥❞ ❝♦✈❡5 ❛♥❞ ❛♥♥✉❛❧ ❤❡5❜❛❝❡♦✉( ②✐❡❧❞( ❛5❡ ♥♦0 ✐♥❞❡♣❡♥❞❡♥0 ❛( ❛❧❧ ♣❧❛♥0( ❝♦♠♣❡0❡

❢♦5 0♦♣ (♦✐❧ ♠♦✐(0✉5❡ ❞✉5✐♥❣ ❤❡5❜❛❝❡♦✉( ❣5♦✇0❤ ✇❤✐❧❡ ♦♥❧② ♣❡5❡♥♥✐❛❧( ✉(❡ ❞❡❡♣ (♦✐❧ ♠♦✐(✲

0✉5❡ ❬❙❝❤♦❧❡( ❛♥❞ ❆5❝❤❡5✱ ✶✾✾✼❀ ❇♦✉❧❛✐♥ ❡0 ❛❧✳✱ ✷✵✵✾❪✳ ❚❤❡ ✐♥0❡5♣❧❛② ❜❡0✇❡❡♥ ❝♦♠♣❡0✐0✐♦♥

❛♥❞ ❢❛❝✐❧✐0❛0✐♦♥ ✐♥ 0❤❡ ✉(❡ ♦❢ (♦✐❧ ♠♦✐(0✉5❡ ❡①♣❧❛✐♥( ♣❛50 ♦❢ 0❤❡ ✐♥0❡5❛♥♥✉❛❧ ❛♥❞ ✐♥0❡5(✐0❡

✈❛5✐❛0✐♦♥( ♦❜(❡5✈❡❞ ✐♥ ✇♦♦❞② ♣❧❛♥0 ♣❤❡♥♦❧♦❣② ❬❍✐❡5♥❛✉① ❡0 ❛❧✳✱ ✶✾✾✹❀ ❉❡✈✐♥❡❛✉✱ ✶✾✾✾❪✳

▼❛❥♦5 ❞5♦✉❣❤0 5❡(✉❧0❡❞ ✐♥ ♣❡5❡♥♥✐❛❧ ❤❡5❜❛❝❡♦✉( ❛♥❞ ✇♦♦❞② ♣❧❛♥0 ❞❡❝✐♠❛0✐♦♥ 0❤5♦✉✲

❣❤♦✉0 0❤❡ ❧❛♥❞(❝❛♣❡✱ ✇❤❛0❡✈❡5 0❤❡✐5 ✐♥✐0✐❛❧ ❞❡♥(✐0② ❛♥❞ ❝♦✈❡5 ❬V♦✉♣♦♥✱ ✶✾✽✵❀ ●5♦✉③✐(✱

✶✾✽✽❀ ❈♦✉0❡5♦♥ ❛♥❞ ❑♦❦♦✉✱ ✶✾✾✼❀ ■❝❤❛♦✉✱ ✷✵✵✵❪✳ ❚❤❡ ❞②✐♥❣ ♦❢ ♣❡5❡♥♥✐❛❧( ♦❢0❡♥ ❢♦❧❧♦✇❡❞

❞5♦✉❣❤0 ✇✐0❤ ♦♥❡ ♦❢ 0✇♦ ②❡❛5( ❞❡❧❛② ❬◆✐❛♥❣ ❡0 ❛❧✳✱ ✷✵✵✽❪✳ ❇❡❝❛✉(❡ ♦❢ 0❤❡ 5❡❧✐❡❢ ♦❢ ❝♦♠♣❡✲

0✐0✐♦♥ ❢♦5 ❧✐❣❤0✱ (♦✐❧ ♠♦✐(0✉5❡ ❛♥❞ ♥✉05✐❡♥0(✱ ♠❛((✐✈❡ ❞②✐♥❣ ♦❢ ♣❡5❡♥♥✐❛❧ ♣♦♣✉❧❛0✐♦♥( ❛5❡

♦❢0❡♥ ❢♦❧❧♦✇❡❞ ❜② ❛❝0✐✈❡ 5❡❝5✉✐0♠❡♥0(✱ ❛❧0❤♦✉❣❤ ♥♦0 ♠✉❝❤ ♦♥ (❤❛❧❧♦✇ (♦✐❧( ♦♥ ✇❤✐❝❤ ✇♦♦❞②

♣♦♣✉❧❛0✐♦♥ 5❡♠❛✐♥❡❞ ✈❡5② (❝❛00❡5❡❞ ❢♦❧❧♦✇✐♥❣ 0❤❡ ❧❛(0 ❞5♦✉❣❤0 ♦❢ ✶✾✽✸✲✽✹ ❬❍✐❡5♥❛✉① ❡0 ❛❧✳✱

✷✵✵✾❛❪✳ ❉✐✛❡5❡♥0✐❛❧ 5❡❣❡♥❡5❛0✐♦♥ ♦❢ ✇♦♦❞② ♣♦♣✉❧❛0✐♦♥ ❞❡♣❡♥❞✐♥❣ ♦♥ (♦✐❧ ❛♥❞ 0♦♣♦❣5❛♣❤②

5❡(✉❧0❡❞ ✐♥ ❡♥❤❛♥❝❡❞ ❝♦♥05❛(0( ✐♥ ✇♦♦❞② ♣❧❛♥0 ❞❡♥(✐0② ❛♥❞ ❝♦✈❡5✱ ✇✐0❤ ♦♣❡♥✐♥❣ ♦♥ 5♦❝❦②

(❧♦♣❡( ❛♥❞ ❡♥❝5♦❛❝❤♠❡♥0 ✐♥ ❧♦✇ ❧❛♥❞( ❬❈♦✉0❡5♦♥ ❛♥❞ ❑♦❦♦✉✱ ✶✾✾✼❪✳ ❚❤❡ ❡①0❡♥0 ♦❢ 0❤❡(❡ 5❡✲

❝5✉✐0♠❡♥0( ❞❡♣❡♥❞( ❤♦✇❡✈❡5 ♦♥ 0❤❡ ♠♦❞❡ ♦❢ (❡❡❞ ❞✐(♣❡5(✐♦♥ ❛♥❞ ❞♦5♠❛♥❝②✱ ♦❢0❡♥ 5❡(✉❧0✐♥❣

✐♥ (✉❝❝❡((✐✈❡ ❝♦❤♦50(✱ ✇✐0❤ ♣✐♦♥❡❡5 (♣❡❝✐❡( ❡(0❛❜❧✐(❤✐♥❣ ✜5(0 ❬❍✐❡5♥❛✉① ❛♥❞ ▲❡ ❍♦✉D5♦✉✱

✷✵✵✻❪✳ ❚❤❡♥✱ ❜❡❝❛✉(❡ ♦❢ ✇♦♦❞② ♣❧❛♥0( ❣5♦✇0❤ ♦✈❡5 (❡✈❡5❛❧ ②❡❛5(✱ ❧❛5❣❡ ❤②(0❡5❡(✐( ✐( ♦❜(❡5✲

✈❡❞ ❜❡0✇❡❡♥ ❝❤❛♥❣❡( ✐♥ 5❛✐♥❢❛❧❧ ❛♥❞ ❝❤❛♥❣❡( ✐♥ ✇♦♦❞② ♣❧❛♥0 ❞❡♥(✐0②✱ ❝♦✈❡5 ♦5 ❜✐♦♠❛((✳ ❚❤✐(

❞❡❝♦✉♣❧✐♥❣ ❜❡0✇❡❡♥ 5❛✐♥❢❛❧❧ ❛♥❞ ✇♦♦❞② ♣♦♣✉❧❛0✐♦♥ ❞②♥❛♠✐❝( ✐( ❛❧(♦ ♣✉0 ❢♦5✇❛5❞ 0♦ ❡①♣❧❛✐♥

0❤❡ ❛♣♣❛5❡♥0 ♠✐(♠❛0❝❤ ❜❡0✇❡❡♥ ✇♦♦❞② (♣❡❝✐❡( ❝♦♠♣♦(✐0✐♦♥ ♦❢ 0❤❡ ❛❣5❛5✐❛♥ ♣❛5❦( ❛♥❞ 0❤❡

♣5❡(❡♥0✱ ❞5②❡5✱ ♠❡❛♥ 5❛✐♥❢❛❧❧ ❬▼❛5❛♥③✱ ✷✵✵✾❪✳

✸✼





❈❍❆#■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✷✳✺✳ ❈❍❆◆●❊❙ ■◆ ❙❆❍❊▲ ❱❊●❊❚❆❚■❖◆ ❀

❘❆■◆❋❆▲▲ ❆◆❉ ❈❘❖#▲❆◆❉ ■◆❈❘❊❆❙❊❙

■♥ "✉♠♠❛&②✱ )❤❡ &❡"♣♦♥"❡ ♦❢ ✈❡❣❡)❛)✐♦♥ )♦ &❛✐♥❢❛❧❧ ✐" ❣❡♥❡&❛❧❧② ♣♦"✐)✐✈❡✳ ❚❤✐" ♦❜✲

"❡&✈❛)✐♦♥ ✐♠♣❧✐❡" )❤❛) ❛♥ ✐♥❝&❡❛"❡ ✐♥ &❛✐♥❢❛❧❧ ✇✐❧❧ &❡"✉❧) ✐♥ ❛ ❣&❡❛)❡& ♣&♦❞✉❝)✐♦♥ ♦❢

)❤❡ ❙❛❤❡❧✐❛♥ ✈❡❣❡)❛)✐♦♥✳ ❍♦✇❡✈❡&✱ )❤❡ &❡❧❛)✐♦♥"❤✐♣ ❜❡)✇❡❡♥ ✐♥❝&❡❛"❡❞ &❛✐♥❢❛❧❧ ❛♥❞

✈❡❣❡)❛)✐♦♥ ❣&♦✇)❤ ✐" ♥♦♥ ❧✐♥❡❛& ❛♥❞ ♥♦♥ ✉♥✐❢♦&♠✱ ❛" ✐) ❞❡♣❡♥❞" ♦♥ &❛✐♥❢❛❧❧ )✐♠✐♥❣✱

✇❛)❡& &❡❞✐")&✐❜✉)✐♦♥ ❜② &✉♥✲♦✛✱ ✈❡❣❡)❛)✐♦♥ ❝♦♠♣♦"✐)✐♦♥ ❛♥❞ ♣❤❡♥♦❧♦❣②✳ ❖♥❡ ♠✉")

❞✐")✐♥❣✉✐"❤ )❤❡ "❤♦&)✲)❡&♠ ♣❤②"✐♦❧♦❣✐❝❛❧ &❡"♣♦♥"❡ )♦ &❛✐♥❢❛❧❧ ❢&♦♠ )❤❡ ❧♦♥❣✲)❡&♠

&❡"♣♦♥"❡✱ )❤❡ ❧❛))❡& ✐♥✈♦❧✈✐♥❣ ❝♦♠♣❧❡① ❛♥❞ ❧❛❣❣❡❞ ❝❤❛♥❣❡" ✐♥ ❡❝♦"②")❡♠ ")&✉❝)✉&❡

❛♥❞ ❢✉♥❝)✐♦♥"✳

✷✳✺✳✷ ❈❤❛♥❣❡) ✐♥ ✈❡❣❡,❛,✐♦♥ ❞✉❡ ,♦ ❝1♦♣❧❛♥❞ ❡①♣❛♥)✐♦♥

❚❤❡ ✉♥♣&❡❝❡❞❡♥)❡❞ ✐♥❝&❡❛"❡ ♦❢ &✉&❛❧ ♣♦♣✉❧❛)✐♦♥ ❞✉&✐♥❣ )❤❡ ❳❳

th
❝❡♥)✉&②✱ ❡"♣❡❝✐❛❧❧②

"✐♥❝❡ )❤❡ ✶✾✺✵✬" ❬●✉❡♥❣✉❛♥) ❡) ❛❧✳✱ ✷✵✵✷❀ ❘❛♠❛♥❦✉))② ❡) ❛❧✳✱ ✷✵✵✽❪✱ ❣❡♥❡&❛)❡❞ ❛ ❧❛&❣❡

✐♥❝&❡❛"❡ ✐♥ )❤❡ ❛&❡❛ ♦❢ ❧❛♥❞ ❝&♦♣♣❡❞✳ ❨❡)✱ )❤❡ &❛)❡" ❜② ✇❤✐❝❤ ❝&♦♣❧❛♥❞ ❛&❡❛ ❡①♣❛♥❞" ✈❛&✐❡"

✇✐❞❡❧② ❜❡)✇❡❡♥ ❝♦✉♥)&✐❡" ❛♥❞ &❡❣✐♦♥" ✇✐)❤✐♥ ❝♦✉♥)&✐❡" ❛" ❞❡♠♦♥")&❛)❡❞ ❢♦& ❙❡♥❡❣❛❧ ✐♥

"❡❝)✐♦♥ ✷✳✸✳✷ ❬❚❛♣♣❛♥ ❡) ❛❧✳✱ ✷✵✵✹❪✳ ❚❤❡ ✐♥❝&❡❛"❡ ♦❢ ❝&♦♣❧❛♥❞ ❛&❡❛ ✐♠♣❧✐❡" ❝❧❡❛&✐♥❣ ♦❢ ❧❛♥❞✱

✇✐)❤ )❤❡ ❝✉))✐♥❣ ♦❢ ♠♦") ✇♦♦❞② ♣❧❛♥)" ❡①❝❡♣) "♣❛&❡❞ )&❡❡" )❤❛) ✇✐❧❧ ♣&♦❣&❡""✐✈❡❧② ❝♦♥")✐)✉)❡

)❤❡ )&❡❡" ♦❢ )❤❡ ❛❣&❛&✐❛♥ ♣❛&❦ ❬PQ❧✐""✐❡&✱ ✶✾✻✻❀ ❇♦✛❛✱ ✶✾✾✾❪✳ ■) ❛❧"♦ ✐♠♣❧✐❡" ❝❧❡❛&✐♥❣ ♦❢

)❤❡ ❤❡&❜❛❝❡♦✉" ❧❛②❡& ❜② ❜✉&♥✐♥❣✱ ❢♦❧❧♦✇❡❞ ❜② "♦✐❧ )✐❧❧❛❣❡ ❛♥❞ &❡❣✉❧❛& ✇❡❡❞✐♥❣ ♣&❛❝)✐❝❡"

❞❡♣❡♥❞✐♥❣ ♦♥ "♦✐❧ )❡①)✉&❡ ❛♥❞ ❝&♦♣♣✐♥❣ "②")❡♠"✳ ❍❡♥❝❡✱ ✐♥ )❤❡ ✜&") ②❡❛&" ♦❢ )❤❡ ❝&♦♣♣✐♥❣

❝②❝❧❡✱ ❝✉❧)✐✈❛)✐♦♥ &❡"✉❧)" ✐♥ ❛ ")&♦♥❣ ❞❡❝&❡❛"❡ ♦❢ )❤❡ ✇♦♦❞② ✈❡❣❡)❛)✐♦♥ ❝♦✈❡&✱ ❛♥❞ ❛ ❞❡❝&❡❛"❡

✐♥ ❤❡&❜❛❝❡♦✉" ❝♦✈❡& ❛) ❧❡❛") ❛) )❤❡ ♦♥"❡) ♦❢ )❤❡ &❛✐♥② "❡❛"♦♥✱ ❛) "♦✇✐♥❣ ♦& ♣❧❛♥)✐♥❣✱ ❛♥❞ ❧❛)❡&

❛❢)❡& ❤❛&✈❡") ❞✉&✐♥❣ )❤❡ ❞&② "❡❛"♦♥✳ ❚❤✐" "❡❛"♦♥❛❧ &❡❞✉❝)✐♦♥ ✐♥ ✈❡❣❡)❛)✐♦♥ ❝♦✈❡& ♣&♦♠♦)❡"

"♦✐❧ ❡&♦"✐♦♥ ❜② ❜♦)❤ ✇✐♥❞ ❛♥❞ ✇❛)❡& ❬❇✐❡❧❞❡&" ❛♥❞ ❇❛✈❡②❡✱ ✶✾✾✺❀ ❙)❡&❦✱ ✷✵✵✸❪✳ ❍♦✇❡✈❡&✱ )❤❡

♣&♦❞✉❝)✐♦♥ ♦❢ ❛ ❝&♦♣ ❣❡♥❡&❛❧❧② ❡①❝❡❡❞" )❤❡ ♦♥❡ ♦❢ ♥❛)✉&❛❧ "❛✈❛♥♥❛ )❤❛) ♣&❡❝❡❞❡❞ ❬❍✐❡&♥❛✉①

❡) ❛❧✳✱ ✷✵✵✾❜❪ ✇❤✐❧❡ )❤❡ )&❡❡" ♦❢ )❤❡ ❛❣&❛&✐❛♥ ♣❛&❦ "❡❧❞♦♠ &❡❛❝❤ )❤❡ ♣&♦❞✉❝)✐✈✐)② ♦❢ )&❡❡" ✐♥

♥❛)✉&❛❧ "❛✈❛♥♥❛ ♦& ✇♦♦❞❧❛♥❞ ❝❧❡❛&❡❞ )♦ ❝&♦♣ ❬❇♦✛❛✱ ✶✾✾✾❪✳ ❲❤❡♥ ❝&♦♣" ❛&❡ ❣&♦✇♥ ❞✉&✐♥❣

"✉❝❝❡""✐✈❡ ②❡❛&" ✇✐)❤♦✉) ♦& ✇✐)❤ ✐♥"✉✣❝✐❡♥) ♥✉)&✐❡♥) ✐♥♣✉)✱ "♦✐❧ ❢❡&)✐❧✐)② ❞❡❝❧✐♥❡" &❡❞✉❝✐♥❣

❝&♦♣ ②✐❡❧❞" ❬P✐❡&✐✱ ✶✾✽✾❪✳ ❋❛❧❧♦✇✐♥❣ ❝&♦♣ ✜❡❧❞" ✇❤❡♥ )❤❡ ❢❡&)✐❧✐)② ♦❢ "♦✐❧" ❞❡❝❧✐♥❡" ✐" ❛ ♣&❛❝)✐❝❡

✇❤✐❝❤ ❤❛❞ ❜❡❡♥ ✉"❡❞ ✐♥ ❲❡") ❆❢&✐❝❛ )♦ ♠❛✐♥)❛✐♥ ②✐❡❧❞" ✐♥ ❛❜"❡♥❝❡ ♦❢ ❢❡&)✐❧✐"❡& ❬❋❧♦&❡) ❛♥❞

❙❡&♣❛♥)✐Q✱ ✶✾✾✸❀ ❲❛&&❡♥ ❡) ❛❧✳✱ ✷✵✵✶❪✳ ❍♦✇❡✈❡&✱ ❛" )❤❡ ❛&❡❛" ❝&♦♣♣❡❞ ❛&❡ ✐♥❝&❡❛"✐♥❣✱ ❧❡""

❛♥❞ ❧❡"" &♦♦♠ ✇❛" ❧❡❢) )♦ ❢❛❧❧♦✇" ❬❍✐❡&♥❛✉① ❡) ❛❧✳✱ ✷✵✵✾❛❪✳ ❚❤❡&❡❢♦&❡✱ ❝&♦♣ ②✐❡❧❞" ❝❛♥ ♦♥❧②

❜❡ ♠❛✐♥)❛✐♥❡❞ ✐❢ )❤❡ ❝&♦♣♣✐♥❣ "②")❡♠ ✐♥)❡♥"✐✜❡"✱ ✐♠♣❧②✐♥❣ ✐♥❝&❡❛"✐♥❣ )❤❡ ♦&❣❛♥✐❝ ♠❛))❡&

❛♥❞ ♥✉)&✐❡♥) ✐♥♣✉)" ❛♥❞ ♣&♦)❡❝)✐♦♥ ♦❢ "♦✐❧ ❢&♦♠ ❡&♦"✐♦♥✳ ❙♦✐❧" ❝❛♥ ❜❡ ❡✛❡❝)✐✈❡❧② ♣&♦)❡❝)❡❞

❢&♦♠ ❡&♦"✐♦♥ ❜② ✐♥❝&❡❛"✐♥❣ )❤❡ ❞❡♥"✐)② ♦❢ )&❡❡"✱ "❡))✐♥❣ ❜✉"❤ ✜❡❧❞ ❡❞❣❡"✱ ")♦♥❡ ♦& ✇♦♦❞

✐♥❢&❛")&✉❝)✉&❡" )♦ ❝♦♥)&♦❧ &✉♥♦✛ ❛♥❞ ✐♠♣❡❞❡ ❣✉❧❧② ❢♦&♠❛)✐♦♥ ❬❊✈QZ✉♦③ ❛♥❞ ❨❛❞❥✐✱ ✶✾✾✽❪✳

▲❛&❣❡ "❝❛❧❡" ❛" ✇❡❧❧ ❛" ❧♦❝❛❧ "♦✐❧ ♣&♦)❡❝)✐♦♥ ♣&♦❥❡❝)" ❤❛✈❡ ❜❡❡♥ "✉♣♣♦&)❡❞ ❜② ♥❛)✐♦♥❛❧

♣&♦❣&❛♠♠❡" ❛♥❞ ◆●❖✬" ✐♥ ♠♦") "❛❤❡❧✐❛♥ ❝♦✉♥)&✐❡" ❛" ✇❡❧❧ ❛" ❜② ♣&✐✈❛)❡ ✐♥✈❡")♠❡♥) ❬❇♦)♦♥✐

❛♥❞ ❘❡✐❥✱ ✷✵✵✾❪✳ ❆❝&♦"" ♠❛❥♦& ❛&❡❛" ♦❢ "♦✉)❤❡&♥ ◆✐❣❡& ❬❱❡❝❝❤✐❛ ❡) ❛❧✳✱ ✷✵✵✼❪ ❛♥❞ ♥♦&)❤❡&♥

❇✉&❦✐♥❛ ❋❛"♦ ❬❘❡✐❥ ❡) ❛❧✳✱ ✷✵✵✺❪✱ ♠❛♥② )❤♦✉"❛♥❞"✱ ✐♥❞❡❡❞ ♠✐❧❧✐♦♥" ♦❢ ❤❡❝)❛&❡" ♦❢ ❛❣&✐❝✉❧)✉&❛❧

❧❛♥❞" ❛&❡ ❝❤❛&❛❝)❡&✐"❡❞ ❜② ♠✉❝❤ ❤✐❣❤❡& )&❡❡ ❞❡♥"✐)✐❡" ✐♥ ✷✵✶✶ )❤❛) )❤❡② ✇❡&❡ ✐♥ ✶✾✽✺ ♦&

✶✾✼✺✱ ❧❛&❣❡❧② )❤❛♥❦" )♦ )❤❡ "♣&❡❛❞ ♦❢ ❋❛&♠❡&✲▼❛♥❛❣❡❞ ◆❛)✉&❛❧ ❘❡❣❡♥❡&❛)✐♦♥✳ ❘❡✐❥ ❡) ❛❧✳

❬✷✵✶✵❪ ❡")✐♠❛)❡❞ ❢♦& ✐♥")❛♥❝❡ )❤❛) ✺✱✵✵✵✱✵✵✵ ❤❡❝)❛&❡" ❤❛✈❡ ♠✉❝❤ ♠♦&❡ )&❡❡ ❝♦✈❡& ✐♥ "♦✉)❤❡&♥

◆✐❣❡& )❤❛♥ ✷ ❞❡❝❛❞❡" ❛❣♦ ❛♥❞ ❝♦♥"✐❞❡&❡❞ )❤❛) )❤✐" ❛❣&♦✲❡♥✈✐&♦♥♠❡♥)❛❧ )&❛♥"❢♦&♠❛)✐♦♥ ✐" "♦

✐♠♣♦&)❛♥) )❤❛) ✐) "❤♦✉❧❞ ❜❡ ❞❡"❝&✐❜❡❞ ❛" ✓ ❛♥♦)❤❡& ❦✐♥❞ ♦❢ ●&❡❡♥ ❘❡✈♦❧✉)✐♦♥ ✔✳ ❈&♦♣♣✐♥❣

"②")❡♠ ✐♥)❡♥"✐✜❝❛)✐♦♥ ✐♥✈♦❧✈❡" ❛❧"♦ ❛ ❞✐✈❡&"✐✜❝❛)✐♦♥ ♦❢ ❝♦♠♠♦❞✐)✐❡"✱ ✐♥❝❧✉❞✐♥❣ ❝❛"❤ ❝&♦♣"

"✉❝❤ ❛" ❝♦))♦♥✱ ♣❡❛♥✉)"✱ "♦❥❛✱ ❛♥❞ ❧✐✈❡")♦❝❦ ✇❤✐❝❤ ♣&♦✈✐❞❡" ✐♥ ❛❞❞✐)✐♦♥ )♦ ♠✐❧❦ ❛♥❞ ♠❡❛)✱

❧❛❜♦✉& ❢♦&❝❡" ❢♦& )&❛❝)✐♦♥ ❛♥❞ )✐❧❧❛❣❡✱ ❛♥❞ ♠❛♥✉&❡ )♦ ❢❡&)✐❧✐"❡ ❝&♦♣ ✜❡❧❞" ❬▲❤♦")❡✱ ✶✾✽✼❀

▼❝■♥)✐&❡ ❡) ❛❧✳✱ ✶✾✾✷❪✳

✸✾



✷✳✺✳ ❈❍❆◆●❊❙ ■◆ ❙❆❍❊▲ ❱❊●❊❚❆❚■❖◆ ❀

❘❆■◆❋❆▲▲ ❆◆❉ ❈❘❖3▲❆◆❉ ■◆❈❘❊❆❙❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆3■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

■♥ "✉♠♠❛&②✱ )❤❡ ❡①♣❛♥"✐♦♥ ♦❢ )❤❡ ❛&❡❛ ❝&♦♣♣❡❞ ♦✈❡& )❤❡ "❡♠✐✲❛&✐❞ ❛♥❞ "✉❜❤✉♠✐❞

♣❛&)" ♦❢ ❲❡") ❆❢&✐❝❛ ❤❛" &❡"✉❧)❡❞ ✐♥)♦ ❛ "❤❛&♣ &❡❞✉❝)✐♦♥ ♦❢ &❛♥❣❡❧❛♥❞ ❛♥❞ ❢❛❧❧♦✇

❛&❡❛"✱ ❝❛✉"✐♥❣ ❛ ♥❡) &❡❞✉❝)✐♦♥ ✐♥ ✇♦♦❞② ♣❧❛♥) ❞❡♥"✐)② ❛♥❞ ❝♦✈❡&✱ ❛♥❞ ❛ &❡❞✉❝)✐♦♥

♦❢ )❤❡ ❤❡&❜❛❝❡♦✉" ❝♦✈❡& ❞✉&✐♥❣ )❤❡ ❞&② "❡❛"♦♥ ❛♥❞ ❛) )❤❡ ♦♥"❡) ♦❢ )❤❡ &❛✐♥"✳

❚❤✐" ❡✈♦❧✉)✐♦♥ ❤❛" ❧♦❝❛❧❧② ❛❣❣&❛✈❛)❡❞ ✇✐♥❞ ❡&♦"✐♦♥ ❛♥❞ "♦✐❧ ❞❡❣&❛❞❛)✐♦♥✳ ❍♦✇❡✈❡&✱

❞❡♣❡♥❞✐♥❣ ♦♥ ♠❛♥❛❣❡♠❡♥)✱ ✈❡❣❡)❛)✐♦♥ ♣&♦❞✉❝)✐✈✐)② ❤❛" ♦♥❧② ❜❡❡♥ ❧♦❝❛❧❧② ❛✛❡❝)❡❞✱

❛♥❞ ♠❛② ❜❡ ❡♥❤❛♥❝❡❞ ✇❤❡&❡ ❛❣&✐❝✉❧)✉&❡ ✐♥)❡♥"✐✜❡❞✳ ❚❤❡&❡❢♦&❡✱ )❤❡ ✐♥)❡♥"✐✜❝❛)✐♦♥

♦❢ ❝&♦♣❧❛♥❞ &♦)❛)✐♦♥" ❝❛♥ ❛❧)❡& ✈❡❣❡)❛)✐♦♥ ✐♥❞❡♣❡♥❞❡♥)❧② ♦❢ &❛✐♥❢❛❧❧ ❝❤❛♥❣❡"✳

✷✳✺✳✸ ❈❤❛♥❣❡* ✐♥ ✈❡❣❡-❛-✐♦♥ ❛♥❞ ❧✐✈❡*-♦❝❦ ♣4♦❞✉❝-✐♦♥

▲✐✈❡")♦❝❦ ♣♦♣✉❧❛)✐♦♥ ❛❧"♦ ✐♥❝&❡❛"❡❞ ✐♥ ❙❛❤❡❧ "✐♥❝❡ ♠✐❞ ❳❳

th
❝❡♥)✉&②✱ ❛❧)❤♦✉❣❤ ✐♥ ❛ ❧♦✲

✇❡& &❛)❡ )❤❛♥ ❞✐❞ &✉&❛❧ ♣♦♣✉❧❛)✐♦♥ ❛♥❞ ❛&❡❛ ❝&♦♣♣❡❞ ❬❙)❡✐♥❢❡❧❞ ❡) ❛❧✳✱ ✷✵✵✻❪✳ ❇❡❝❛✉"❡ ♦❢ )❤❡

❝&♦♣❧❛♥❞ ❡①♣❛♥"✐♦♥ ❛♥❞ )❤❡ &❡❞✉❝)✐♦♥ ♦❢ ❛&❡❛ ❢❛❧❧♦✇❡❞✱ )❤❡ ❛&❡❛ ❧❡❢) ✐♥ &❛♥❣❡❧❛♥❞" ❞❡❝&❡❛"❡❞

"❤❛&♣❧②✱ ❧❡❛❞✐♥❣ )♦ ❧✐✈❡")♦❝❦ ♣&♦❞✉❝)✐♦♥ ♦♥❧② ♦♥ ♠❛&❣✐♥❛❧ ❧❛♥❞" ✭❞&②❡& ❛&❡❛✱ &♦❝❦ ♦✉)❝&♦♣"

❛♥❞ "❤❛❧❧♦✇ "♦✐❧"✱ ✇❡)❧❛♥❞"✮✳ ❚❤❡ ✐♥"✐❣♥✐✜❝❛♥) ❛❞♦♣)✐♦♥ ♦❢ ❢♦❞❞❡& ❝&♦♣ )❡❝❤♥♦❧♦❣② ❜② ❢❛&✲

♠❡&" ✐♥ "♣✐)❡ ♦❢ ♣❡&"✐")❡♥) ❡✛♦&)" ❢&♦♠ &❡"❡❛&❝❤ ❛♥❞ )❡❝❤♥✐❝❛❧ "❡&✈✐❝❡" ❬❙✉♠❜❡&❣✱ ✷✵✵✷❪✱ )❤❡

❧✐♠✐)❡❞ ②✐❡❧❞ ♦❢ ❤✐❣❤ ❢❡❡❞ L✉❛❧✐)② ❝&♦♣ &❡"✐❞✉❡" "✉❝❤ ❛" ❝♦✇♣❡❛ ❛♥❞ ♣❡❛♥✉) ❤❛✉❧♠"✱ )❤❡

❧✐♠✐)❡❞ &❡"♦✉&❝❡" ✐♥ ❝&♦♣ ❜②✲♣&♦❞✉❝)" ♦❢ ❤✐❣❤ ❢❡❡❞✐♥❣ ✈❛❧✉❡ "✉❝❤ ❛" ❝♦))♦♥ "❡❡❞✱ "❡"❛♠❡

❝❛❦❡"✱ ❛♥❞ )❤❡ ♣♦♦& ❢♦❞❞❡& L✉❛❧✐)② ♦❢ )❤❡ ♠❛✐♥ ")❛♣❧❡ &❡"✐❞✉❡" "✉❝❤ ❛" ♠✐❧❧❡)✱ "♦&❣❤✉♠

❛♥❞ ♠❛✐③❡ ")❛❧❦" ❬❙❛✈❛❞♦❣♦✱ ✷✵✵✵❪✱ ❞♦ ♥♦) ❝♦♠♣❡♥"❛)❡ )❤❡ "❤&✐♥❦✐♥❣ ♦❢ &❛♥❣❡❧❛♥❞✳ ❨❡)✱ ✐♥

"♣✐)❡ ♦❢ ❧❛&❣❡ ✐♥❝&❡❛"❡" ✐♥ ")♦❝❦✐♥❣ &❛)❡ "✉♣♣♦&)❡❞ ❜② &❡♠❛✐♥✐♥❣ &❛♥❣❡❧❛♥❞" ❞✉&✐♥❣ )❤❡ ✇❡)

"❡❛"♦♥ ✇❤❡♥ ❧✐✈❡")♦❝❦ ❛&❡ ❡①❝❧✉❞❡❞ ❢&♦♠ ❝&♦♣ ✜❡❧❞"✱ &❡♣♦&)" ♦♥ )❤❡ ✐♠♣❛❝) ♦❢ ❣&❛③✐♥❣ ♦♥

&❛♥❣❡ ♣&♦❞✉❝)✐♦♥ ❛&❡ ❝♦♥)&❛❞✐❝)♦&②✳ ❍❡❛✈② ❣&❛③✐♥❣ ♣&❡""✉&❡ ❞✉&✐♥❣ )❤❡ ❣&♦✇✐♥❣ "❡❛"♦♥ ✐"

&❡♣♦&)❡❞ )♦ ❞❡❝&❡❛"❡ )❤❡ ♣&♦❞✉❝)✐✈✐)② ♦❢ ❣&❛③❡❞ "♣❡❝✐❡" ❜② ✉♣ )♦ ❤❛❧❢ ❬❆②❛♥)✉♥❞❡ ❡) ❛❧✳✱

✶✾✾✾❪✱ )❤❡ ❛♥♥✉❛❧ ♣❧❛♥)" ❤❛✈✐♥❣ ❧✐♠✐)❡❞ ❛❜✐❧✐)② )♦ &❡❣&♦✇ ❛❢)❡& ❣&❛③✐♥❣ ♦& ❝✉))✐♥❣ ❬❍✐❡&♥❛✉①

❛♥❞ ❚✉&♥❡&✱ ✶✾✾✻❪✳ ❍♦✇❡✈❡& ❣&❛③✐♥❣ ✐" "❡❧❡❝)✐✈❡ ❛♥❞ ♦♥❧② ♣&❡❢❡&&❡❞ "♣❡❝✐❡" ❛&❡ ❛✛❡❝)❡❞✳

❍❡♥❝❡✱ )❤❡ ❡✛❡❝) ♦❢ )❤✐" ❞✐✛❡&❡♥)✐❛❧ ❣&❛③✐♥❣ ♦♥ "❡❡❞ ♣&♦❞✉❝)✐♦♥ ❬❖✬❈♦♥♥♦& ❛♥❞ T✐❝❦❡))✱

✶✾✾✷❪✱ ❛""♦❝✐❛)❡❞ )♦ )❤❡ ❡✛❡❝)" ♦❢ ❧✐✈❡")♦❝❦ )&❛♠♣❧✐♥❣ ♦♥ ❣&❛"" )✐❧❧❡&✐♥❣✱ "❡❡❞ ❜✉&✐❛❧ ❛♥❞ "♦✐❧

✐♥✜❧)&❛)✐♦♥ ❬❍✐❡&♥❛✉① ❡) ❛❧✳✱ ✶✾✾✾❪✱ &❡"✉❧) ✐♥ ❡✐)❤❡& )❤❡ &❛♥❣❡ ❜❡✐♥❣ ❞♦♠✐♥❛)❡❞ ❜② ")❛♥❞"

♦❢ ❤✐❣❤❧② ♣❛❧❛)❛❜❧❡ ❣&❛""❡" ✭❇&❛❝❤✐❛&✐❛ ①❛♥)❤♦❧❡✉❝❛ ❀ ❈❡♥❝❤&✉" ❜✐✢♦&✉"✮✱ ❧❡❣✉♠❡" ✭❩♦&♥✐❛

❣❧♦❝❤✐❞✐❛)❛✮ ♦& ♦)❤❡& ❞✐❝♦)②❧❡❞♦♥" ✭❚&✐❜✉❧✉" )❡&&❡")&✐"✮ )❤❛) ❤❛✈❡ ❛❞❛♣)❡❞ )♦ ❤❡❛✈② ❣&❛③✐♥❣✱

♦& ❡❧"❡ ❜② ✉♥♣❛❧❛)❛❜❧❡ "♣❡❝✐❡" ✭❙✐❞❛ ❝♦&❞✐❢♦❧✐❛ ❀ ❙❡♥♥❛ ♦❜)✉"✐✢♦&❛ ❀ ❆❝❛♥)❤♦"♣❡&♠✉♠ ❤✐"♣✐✲

❞✉♠ ❀ ❍②♣)✐" "♣✐❝✐❣❡&❛✮✳ ■♥ )❤❡ ✜&") ❝❛"❡✱ ♠♦&❡ ❝♦♠♠♦♥ ✐♥ ❛&✐❞ ③♦♥❡ ❬❚❤❡❜❛✉❞ ❡) ❛❧✳✱ ✶✾✾✺❪✱

)❤❡ ♣&♦❞✉❝)✐♦♥ ❛♥❞ ❝♦✈❡& ♦❢ )❤❡ ❤❡&❜❛❝❡♦✉" ✐" ❛✛❡❝)❡❞ ❜② ❤❡❛✈② ❣&❛③✐♥❣✱ ✇❤✐❧❡ ✐♥ )❤❡ "❡❝♦♥❞

❝❛"❡✱ ♠♦&❡ ❝♦♠♠♦♥ ✐♥ "✉❜✲❤✉♠✐❞ ③♦♥❡"✱ ❣&❛③✐♥❣ ❝❛♥ ❡✈❡♥ ❡♥❤❛♥❝❡ ❤❡&❜❛❝❡♦✉" ♣&♦❞✉❝)✐♦♥

❛♥❞ ❝♦✈❡& ❬❍✐❡&♥❛✉① ❡) ❛❧✳✱ ✷✵✵✾❜❪✳ ❚❤✉"✱ )❤❡ ✐♠♣❛❝) ♦❢ ✇❡) "❡❛"♦♥ ❤❡❛✈② ❣&❛③✐♥❣ ♦♥ )❤❡

❤❡&❜❛❝❡♦✉" ❝♦✈❡& ♦❢ &❛♥❣❡❧❛♥❞" &❡♠❛✐♥" &❡❣✐♦♥ "♣❡❝✐✜❝✳ ■♥ )❤❡ ❞&② "❡❛"♦♥✱ ❣&❛③✐♥❣ ❛♥❞ ❛"✲

"♦❝✐❛)❡❞ )&❛♠♣❧✐♥❣ ❝♦♥)&✐❜✉)❡ )♦ ❛❝❝❡❧❡&❛)❡ )❤❡ ❞❡❝&❡❛"❡ ✐♥ ♠❛"" ❛♥❞ ❝♦✈❡& ♦❢ ")❛♥❞✐♥❣ ❛♥❞

❧✐))❡& ")&❛✇" ♦❢ ❛♥♥✉❛❧ ❤❡&❜❛❝❡♦✉"✳ ❚❤✐" ♠❛② )&✐❣❣❡& "♦✐❧ ❡&♦"✐♦♥ ❬❞❡ ❲✐"♣❡❧❛❡&❡✱ ✶✾✽✵❪ ❜✉)

❛❧"♦ ❡♥❤❛♥❝❡ )❤❡ ❞❡♥"✐)② ♦❢ ❣❡&♠✐♥❛)✐♦♥" ❛) )❤❡ ♦♥"❡) ♦❢ )❤❡ ♥❡①) &❛✐♥② "❡❛"♦♥ ❛♥❞ )❤✉"

❝♦♥)&✐❜✉)❡ )♦ ♠❛✐♥)❛✐♥ ❤✐❣❤ ❛♥♥✉❛❧ ❤❡&❜❛❝❡♦✉" ♣&♦❞✉❝)✐♦♥ ❬❚❤❡❜❛✉❞ ❡) ❛❧✳✱ ✶✾✾✺❪✳ ❲✐)❤

)❤❡ ♣❡&❡♥♥✐❛❧ ❣&❛""❡" ♦❢ "✉❜❤✉♠✐❞ "❛✈❛♥♥❛"✱ ❤❡❛✈② ❣&❛③✐♥❣ )❡♥❞" )♦ ✇❡❛❦❡♥ )❤❡ ♣❧❛♥)" ❛♥❞

❞❡❧❛② )❤❡ ♠❛✐♥ ❣&♦✇)❤ ❛) )❤❡ ♦♥"❡) ♦❢ )❤❡ &❛✐♥" ❬❋♦✉&♥✐❡&✱ ✶✾✾✹❪✳

✹✵



❈❍❆#■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✷✳✺✳ ❈❍❆◆●❊❙ ■◆ ❙❆❍❊▲ ❱❊●❊❚❆❚■❖◆ ❀

❘❆■◆❋❆▲▲ ❆◆❉ ❈❘❖#▲❆◆❉ ■◆❈❘❊❆❙❊❙

■♥ "✉♠♠❛&②✱ )❤❡ ✐♥❝&❡❛"❡ ♦❢ ❝&♦♣❧❛♥❞ ♦✈❡& ❲❡") ❆❢&✐❝❛ ❤❛" &❡❞✉❝❡❞ )❤❡ ❛&❡❛ ♦❢

&❛♥❣❡❧❛♥❞ ❛♥❞ ❢❛❧❧♦✇"✱ ✇❤✐❧❡ ❧✐✈❡")♦❝❦ ♣♦♣✉❧❛)✐♦♥ ❤❛" ❝♦♥)✐♥✉❡❞ )♦ ✐♥❝&❡❛"❡✳ ❆" ❛

&❡"✉❧)✱ )❤❡ ♣&❡""✉&❡ ♦♥ ❣&❛③✐♥❣ &❡"♦✉&❝❡" ❤❛" ❜❡❡♥ ❡♥❤❛♥❝❡❞✱ ❝❛✉"✐♥❣ ❛ &❡❞✉❝)✐♦♥

♦❢ ❤❡&❜❛❝❡♦✉" ✈❡❣❡)❛)✐♦♥ ❝♦✈❡& ✐♥ )❤❡ ❞&② "❡❛"♦♥✱ ❜✉) ✐) ❤❛" ❞✐✈❡&"❡❧② ❛✛❡❝)❡❞ ✇❡)

"❡❛"♦♥ ♣&♦❞✉❝)✐✈✐)②✳ ❆❧)♦❣❡)❤❡&✱ ❛♥ ✐♥❝&❡❛"❡ ♦❢ ❧✐✈❡")♦❝❦ ❣&❛③✐♥❣ ✐" ❡①♣❡❝)❡❞ )♦

✐♥❝&❡❛"❡ )❤❡ ❞&② "❡❛"♦♥ ❛❧❜❡❞♦ ❜✉) ♥♦) )♦ ❛✛❡❝) ")&♦♥❣❧② )❤❡ "❡❛"♦♥❛❧ ❣&❡❡♥✐♥❣ ♦❢

)❤❡ &❡♠❛✐♥✐♥❣ &❛♥❣❡❧❛♥❞" ❞✉&✐♥❣ )❤❡ ✇❡) "❡❛"♦♥✱ ❡①❝❡♣) ✐♥ )❤❡ ♠♦") ❛&✐❞ ③♦♥❡"✳

✷✳✺✳✹ ❆%%❡♠♣%) %♦ )❡♣❛,❛%❡ ,❛✐♥❢❛❧❧ ❢,♦♠ ♦%❤❡, ❞,✐✈❡,) ♦♥ %❤❡ )❛%❡❧❧✐%❡

✈❡❣❡%❛%✐♦♥ ✐♥❞❡① %,❡♥❞)

❱❛&✐♦✉" ❛))❡♠♣)" ❤❛✈❡ ❜❡❡♥ ♠❛❞❡ )♦ ✐❞❡♥)✐❢② ✇❤❡)❤❡& ❝❤❛♥❣❡" ♦❢ &❛✐♥❢❛❧❧ &❡❣✐♠❡ ❡①♣❧❛✐♥

♠♦") ♦❢ )❤❡ ❡✈♦❧✉)✐♦♥ ♦❢ ◆❉❱■ ❢&♦♠ )❤❡ ❡❛&❧② ✶✾✽✵✬" ♦♥✇❛&❞" ♦& ♥♦)✳

❙❡✈❡&❛❧ ")✉❞✐❡" ❛))❡♠♣)✐♥❣ )♦ "❡♣❛&❛)❡ )❤❡ ❝♦♥)&✐❜✉)✐♦♥ ♦❢ &❛✐♥ ♠❛❦❡ ✉"❡ ♦❢ ❆❱❍❘❘✲

◆❉❱■ )✐♠❡ "❡&✐❡"✳ ❚❤❡② ❞✐✛❡& ❜② )❤❡ ❝♦♥")&✉❝)✐♦♥ ♦❢ )❤❡ ♥✉❧❧ ❤②♣♦)❤❡"✐"✳ ✐✳❡✳✱ ❛ "❡&✐❡"

♦❢ ♠♦❞❡❧❧❡❞ ✈❛&✐❛❜❧❡" )❤❛) "❤♦✉❧❞ ❡①♣❧❛✐♥ )❤❡ )&❡♥❞ ♦❢ )❤❡ ◆❉❱■ )✐♠❡ "❡&✐❡"✱ "❤♦✉❧❞ )❤❡

&❛✐♥❢❛❧❧ ❛♠♦✉♥)" ❛❧♦♥❡ ❡①♣❧❛✐♥ )❤❡ ❡✈♦❧✉)✐♦♥ ♦❢ )❤❡ ✐♥❞❡① ♦✈❡& )✐♠❡✳ ❚❤❡② ❛❧"♦ ❞✐✛❡& ✐♥ )❤❡

❝❤♦✐❝❡ ♦❢ )❤❡ ◆❉❱■✲❞❡&✐✈❡❞ ✐♥❞✐❝❛)♦& ♦❢ ✈❡❣❡)❛)✐♦♥ ❛❝)✐✈✐)②✳

❙❡❛K✉✐") ❡) ❛❧✳ ❬✷✵✵✾❪ &❡❣&❡""❡❞ ❢♦& ❡❛❝❤ ❣&✐❞ ♣♦✐♥) ♦❢ ❙❛❤❡❧ )❤❡ ❛♥♥✉❛❧ ◆❉❱■ ♠❛①✐♠✉♠

✈❛❧✉❡ ❢&♦♠ )❤❡ ●■▼▼❙ ❞❛)❛"❡) ❛❣❛✐♥") )❤❡ ▲❆■ ♠❛①✐♠✉♠ ❛" "✐♠✉❧❛)❡❞ ❜② ▲✉♥❞✲R♦"❞❛♠✲

❏❡♥❛ ✈❡❣❡)❛)✐♦♥ ♠♦❞❡❧ ❬❙✐)❝❤ ❡) ❛❧✳✱ ✷✵✵✸❪✳ ❚❤❡✐& ♠♦❞❡❧ ✇❛" ❞&✐✈❡♥ ❜② ❣&✐❞❞❡❞ &❛✐♥❢❛❧❧

❛♥❞ ♦)❤❡& ❝❧✐♠❛)✐❝ ✈❛&✐❛❜❧❡" ♣&♦✈✐❞❡❞ ❛) ❛ "♣❛)✐❛❧ &❡"♦❧✉)✐♦♥ ♦❢ ✵✳✺➦ ❜② )❤❡ ❈❘❯✵✺ ❞❛)❛"❡)

✇❤✐❝❤ ✐" ❜❛"❡❞ ♦♥ ✐♥✲"✐)✉ ♦❜"❡&✈❛)✐♦♥" ❬▼✐)❝❤❡❧❧ ❛♥❞ ❏♦♥❡"✱ ✷✵✵✺❀ ◆❡✇ ❡) ❛❧✳✱ ✷✵✵✵❪✳ ❚❤❡

▲R❏ ♠♦❞❡❧ "✐♠✉❧❛)❡" )❤❡ ❡✈♦❧✉)✐♦♥ ♦✈❡& )✐♠❡ ♦❢ ✈❡❣❡)❛)✐♦♥ ❝♦✈❡& ❛" ❡①♣❡❝)❡❞ ❢&♦♠ ♣♦)❡♥)✐❛❧

✈❡❣❡)❛)✐♦♥ ❣&♦✇)❤✳

❚❤❡ )❡♠♣♦&❛❧ ❝♦&&❡❧❛)✐♦♥ ♦❢ ♠❛①✐♠✉♠ ◆❉❱■ ❛♥❞ ▲❆■ ♠❛①✐♠✉♠ ❢&♦♠ ▲R❏ ❜♦)❤ ❛❣❣&❡✲

❣❛)❡❞ ♦✈❡& )❤❡ ✇❤♦❧❡ ❙❛❤❡❧ ✐" "✐❣♥✐✜❝❛♥)✳ ■♥ ❛ "❡❝♦♥❞ ")❡♣✱ )❤❡ )❡♠♣♦&❛❧ ❝♦&&❡❧❛)✐♦♥ ❜❡)✇❡❡♥

◆❉❱■ ♠❛①✐♠✉♠ ❛♥❞ ♠♦❞❡❧❧❡❞ ▲❆■ ♠❛①✐♠✉♠ ✇❡&❡ ❡")❛❜❧✐"❤❡❞ ❢♦& ✐♥❞✐✈✐❞✉❛❧ ♣✐①❡❧" ❛♥❞

)❤❡ &❡"✉❧)✐♥❣ ❝♦❡✣❝✐❡♥)" ✇❡&❡ &❡❣&❡""❡❞ ❛❣❛✐♥") ✐♥❞✐❝❛)♦&" ♦❢ ❧❛♥❞ ✉"❡ ❛♥❞ ♣♦♣✉❧❛)✐♦♥ ❞✉✲

&✐♥❣ )❤❡ ♣❡&✐♦❞ ✶✾✽✷✲✷✵✵✷✳ ❚❤❡ ◆❉❱■✴♠♦❞❡❧❧❡❞ ▲❆■ ❝♦&&❡❧❛)✐♦♥" ✇❡&❡ ❢♦✉♥❞ ✐♥❞❡♣❡♥❞❡♥)

❢&♦♠ ♣♦♣✉❧❛)✐♦♥ ❞❡♥"✐)②✱ ❢&♦♠ )&❡♥❞" ✐♥ ♣♦♣✉❧❛)✐♦♥ ❞❡♥"✐)②✱ ❛♥❞ ❢&♦♠ ❵❝&♦♣♣✐♥❣ ✐♥)❡♥"✐)②✬✱

✐✳❡✳ &❡❧❛)✐✈❡ ❛&❡❛ ❝&♦♣♣❡❞ ❬❘❛♠❛♥❦✉))② ❡) ❛❧✳✱ ✷✵✵✽❪✳ ❖♥❧② ❵♣❛")✉&❡ ✐♥)❡♥"✐)②✬ ✐✳❡✳ &❡❧❛)✐✈❡

❛&❡❛ ✐♥ ♣❛")✉&❡ ✇❛" "✐❣♥✐✜❝❛♥)❧② ❛♥❞ ♣♦"✐)✐✈❡❧② &❡❧❛)❡❞ ✇✐)❤ )❤❡ ◆❉❱■✲▲❆■ ❝♦&&❡❧❛)✐♦♥" ②❡)

✇✐)❤ ❛ ✈❡&② ❧❛&❣❡ "❝❛))❡&✳ ❚❤✐" "✉❣❣❡")" )❤❛) ❧❛♥❞ ✉"❡ &❡❧❛)❡❞ ✈❛&✐❛❜❧❡" ❞♦ ♥♦) ❡①♣❧❛✐♥ )❤❡

"♣❛)✐❛❧ ♣❛))❡&♥" ♦❢ )❤❡ &❡❧❛)✐♦♥"❤✐♣ ❜❡)✇❡❡♥ "❛)❡❧❧✐)❡ ◆❉❱■ ❛♥❞ ❝❧✐♠❛)❡✲✐♥❞✉❝❡❞ ♣♦)❡♥)✐❛❧

▲❆■ ❝❤❛♥❣❡" ❛❝&♦"" )❤❡ ❙❛❤❡❧✳ ❚❤❡ ❧❛❝❦ ♦❢ ❤✉♠❛♥ ❞❡♥"✐)② ❡✛❡❝) ✐" &❡♠❛&❦❛❜❧❡ "✐♥❝❡ ❛ ✺✵✪

✐♥❝&❡❛"❡ ✐♥ ❧♦❝❛❧ ♣♦♣✉❧❛)✐♦♥ ❞❡♥"✐)② )♦♦❦ ♣❧❛❝❡ ♦✈❡& ♠❛♥② ❣&✐❞ ♣♦✐♥)"✳

❖❧""♦♥ ❡) ❛❧✳ ❬✷✵✵✺❪ &❡❣&❡""❡❞ )❤❡ R❛)❤✜♥❞❡& ❆❱❍❘❘ ▲❛♥❞ ✭R❆▲✮ ◆❉❱■ ❛♠♣❧✐)✉❞❡ ❛♥❞

)✐♠❡ ✐♥)❡❣&❛❧ ❛❣❛✐♥") ♣♦✐♥)"❝❛❧❡ ♦❜"❡&✈❛)✐♦♥ ♦❢ &❛✐♥❢❛❧❧ )✐♠❡ "❡&✐❡" ❛) ✹✵ ")❛)✐♦♥"✳ ❚❤❡♥ )❤❡②

❢✉&)❤❡& "❛♠♣❧❡❞ ◆❉❱■ ♦✈❡& "♠❛❧❧ &❡❣✐♦♥" ✭❡❛❝❤ ♦❢ ❛ ❢❡✇ )❡♥" ♦❢ )❤♦✉"❛♥❞ ❦♠➨✮ ❝❡♥)❡&❡❞

❛&♦✉♥❞ ✹✵ &❛✐♥ ❣❛✉❣❡" ")❛)✐♦♥" ✇❤❡&❡ ❝&♦♣ ②✐❡❧❞ )✐♠❡ "❡&✐❡" ✇❡&❡ ❛❧"♦ ❛✈❛✐❧❛❜❧❡✳ ◆❉❱■ ✇❛"

"♣❛)✐❛❧❧② ❛✈❡&❛❣❡❞ ♦✈❡& )❤❡ "♠❛❧❧ &❡❣✐♦♥"✱ ❛♥❞ &❡❣&❡""❡❞ ❛❣❛✐♥") ♣♦✐♥)"❝❛❧❡ &❛✐♥❢❛❧❧ ✈❛&✐❛)✐♦♥

♦✈❡& )❤❡ ♣❡&✐♦❞ ✶✾✽✶✲✶✾✾✾✳ ❚❤❡ "❧♦♣❡ ♦❢ )❤❡ ❧✐♥❡❛& &❡❣&❡""✐♦♥ ✇❛" ❞❡)❡&♠✐♥❡❞ ❢♦& ❡❛❝❤ ◆❉❱■

❛♥❞ &❛✐♥✲❣❛✉❣❡ )✐♠❡ "❡&✐❡"✳ ❖❧""♦♥ ❡) ❛❧✳ ❢♦✉♥❞ )❤❛) ◆❉❱■ "❧♦♣❡" ❛) "♠❛❧❧ &❡❣✐♦♥ "❝❛❧❡ ✇❡&❡

♥♦) ❝♦&&❡❧❛)❡❞ ✇✐)❤ )❤❡ ♣♦✐♥) "❝❛❧❡ &❛✐♥ ❣❛✉❣❡ ❞❛)❛✱ ✐♥❞✐❝❛)✐♥❣ "♦♠❡ ❞❡❝♦✉♣❧✐♥❣ ❜❡)✇❡❡♥

&❛✐♥❢❛❧❧ ❛♥❞ ◆❉❱■ ❝❤❛♥❣❡" ❛❝&♦"" )❤❡ ❙❛❤❡❧✳ ❖❢ ❝♦✉&"❡✱ ❧♦❝❛❧ ❤❡)❡&♦❣❡♥❡✐)✐❡" ✐♥ &❛✐♥❢❛❧❧

♠✐❣❤) ❡①♣❧❛✐♥ )❤❡ ❧❛❝❦ ♦❢ ❝♦&&❡❧❛)✐♦♥ ✇❤❡♥ ♣♦✐♥) "❝❛❧❡ &❛✐♥❢❛❧❧" ❛&❡ ❝♦♠♣❛&❡❞ ✇✐)❤ ◆❉❱■

✹✶



✷✳✻✳ ●❘❊❊◆■◆●✱ ▲❆◆❉ ❯❙❊ ❚❘❊◆❉❙ ❆◆❉

◆❆❚❯❘❆▲ ❱❊●❊❚❆❚■❖◆ ❉❊●❘❆❉❆❚■❖◆

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆3■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

❛❣❣"❡❣❛$❡❞ ❛$ &♠❛❧❧ "❡❣✐♦♥ &❝❛❧❡ ✭&❡❡ ❞❡❝"❡❛&❡ ♦❢ ❝♦""❡❧❛$✐♦♥ ✇✐$❤ &♣❛❝❡ ✐♥ ❆❧✐ ❡$ ❛❧✳ ❬✷✵✵✸❪✮✳

▼♦"❡♦✈❡"✱ ♥♦ ❝♦""❡❧❛$✐♦♥ ✇❛& ❢♦✉♥❞ ❜❡$✇❡❡♥ $❤❡ "❡❣✐♦♥❛❧ ❝"♦♣ ②✐❡❧❞ ❛♥❞ ◆❉❱■ $✐♠❡✲&❡"✐❡&✱

&✉❣❣❡&$✐♥❣ $❤❛$ $❤❡ "❡❣✐♦♥❛❧ ❝"♦♣ ♣"♦❞✉❝$✐✈✐$② ✇❛& ♥♦$ ❛ "❡❧❡✈❛♥$ ♣"♦①② ❢♦" ◆❉❱■ $"❡♥❞&✳

❍❡""♠❛♥♥ ❡$ ❛❧✳ ❬✷✵✵✺❪ $❛❝❦❧❡❞ $❤❡ &❡♣❛"❛$✐♦♥ ♦❢ "❛✐♥❢❛❧❧ ❢"♦♠ ♦$❤❡" ❞"✐✈❡"& ♦♥ $❤❡

●■▼▼❙ ◆❉❱■ ✈❛"✐❛❜✐❧✐$② ♦✈❡" $❤❡ ♣❡"✐♦❞ ✶✾✽✷✲✷✵✵✸✳ ❚❤❡② ❝♦♥&$"✉❝$❡❞ ❛ ❧✐♥❡❛" ♠♦❞❡❧ ❜②

✇❤✐❝❤ ♠♦♥$❤❧② ♠❛①✐♠✉♠ ◆❉❱■ ✐& ❡①♣❧❛✐♥❡❞ ❜② ❝✉♠✉❧❛$❡❞ "❛✐♥❢❛❧❧ ❞✉"✐♥❣ $❤❡ $❤"❡❡ ♣"❡✲

✈✐♦✉& ♠♦♥$❤&✳ ❘❛✐♥❢❛❧❧ ❞❛$❛ ❛"❡ ❢"♦♠ ●P❈P ❬❆❞❧❡" ❡$ ❛❧✳✱ ✷✵✵✸❪ ❛$ ❛ ❝♦❛"&❡ &♣❛$✐❛❧ "❡&♦❧✉$✐♦♥

♦❢ ✷✳✺➦✱ ✇❤❡"❡❛& ◆❉❱■ ❞❛$❛ ❛"❡ ❛$ ✽❦♠ "❡&♦❧✉$✐♦♥✳ ❚❤❡♥ $❤❡ ❧✐♥❡❛" ♠♦❞❡❧ ✇❛& &✉❜$"❛❝$❡❞

❢"♦♠ $❤❡ ◆❉❱■ $✐♠❡ &❡"✐❡& ✐♥ ❡❛❝❤ ♣✐①❡❧✱ ❛♥❞ $❤❡ $"❡♥❞ ♦❢ $❤❡ "❡&✐❞✉❛❧& ✐& ❝♦♠♣✉$❡❞✳ ■♥

♠♦&$ ❛"❡❛& ♦❢ ◆♦"$❤❡"♥ ❙❛❤❡❧ $❤❡ "❡&✐❞✉❛❧& ♦✈❡" $❤❡ ♣❡"✐♦❞ ✶✾✽✷✲✷✵✵✸ ❛"❡ ♣♦&✐$✐✈❡✱ ✐♥$❡"✲

♣"❡$❡❞ ❛& ❛♥ ✐♥❞✐❝❛$✐♦♥ ♦❢ ❵♦✈❡"✲❣"❡❡♥✐♥❣✬✳ ▲♦♦❦✐♥❣ ❛❝"♦&& $✐♠❡✱ $❤❡ "❡&✐❞✉❛❧& ❛"❡ ♥❡❣❛$✐✈❡

♦✈❡" $❤❡ ✶✾✽✷✲✶✾✾✵ ❵❞"♦✉❣❤$✬ ♣❡"✐♦❞ ❛♥❞ ♣♦&✐$✐✈❡ ♦✈❡" $❤❡ ✶✾✾✵✲✷✵✵✸ ❵"❡✲❣"❡❡♥✐♥❣✬ ♣❡"✐♦❞✳

❚❤✐& "❡&✉❧$ ❝♦✉❧❞ &✉♣♣♦"$ ❛ ❧❛♥❞ ✉&❡ ❛♠♣❧✐✜❝❛$✐♦♥ ♦❢ $❤❡ ◆❉❱■ "❡&♣♦♥&❡ $♦ "❛✐♥❢❛❧❧✱ ♦"

❛ ♥♦♥ ❧✐♥❡❛" "❡&♣♦♥&❡ ♦❢ ◆❉❱■✳ ❨❡$✱ $❤❡ &✐❣♥✐✜❝❛♥$ ❣"❡❡♥✐♥❣ $"❡♥❞ ♦✈❡" $❤❡ ✇❤♦❧❡ ♣❡"✐♦❞

✶✾✽✷✲✷✵✵✸ ❝♦✐♥❝✐❞❡❞ ✇✐$❤ ❛ ✺✵✪ ♣♦♣✉❧❛$✐♦♥ ✐♥❝"❡❛&❡ ✐♥ ❙❛❤❡❧✱ ❝♦♥❝♦♠✐$❛♥$ ✇✐$❤ ❛ ✺✺✪ ❛♥❞

✸✺✪ ✐♥❝"❡❛&❡ ✐♥ ❢♦♦❞ ♣"♦❞✉❝$✐♦♥ ✐♥ ❇✉"❦✐♥❛✲❋❛&♦ ❛♥❞ ▼❛❧✐ ❛♥❞ ❛ ❞❡❝"❡❛&❡ ✐♥ $❤❡ ♦$❤❡"

&❛❤❡❧✐❛♥ ❝♦✉♥$"✐❡&✳ ■$ &✉❣❣❡&$& $❤❛$ ❧❛♥❞ ✉&❡ ✐♥$❡♥&✐$② ❤❛& ❛ &♠❛❧❧❡" ❝♦♥$"♦❧ $❤❛♥ "❛✐♥❢❛❧❧ ✐♥

❞❡$❡"♠✐♥✐♥❣ ◆❉❱■ $"❡♥❞&✳

■♥ &✉♠♠❛"②✱ ♦✉" ❛❜✐❧✐$② $♦ ✉♥"❛✈❡❧ $❤❡ ❡✛❡❝$ ♦❢ ❧❛♥❞✲✉&❡ ♦♥ $❤❡ $"❡♥❞ ♦❢ ◆❉❱■ ✐&

❤✐♥❞❡"❡❞ ❜② $❤❡ ❧❛❝❦ ♦❢ "❡❧✐❛❜❧❡ ❧❛♥❞ ✉&❡ ❤✐&$♦"② ✐♥❢♦"♠❛$✐♦♥ ✭&❡❝$✐♦♥ ✷✳✸✳✷✮✳ ■❢ $❤❡

♠♦&$ ❛❝❝✉"❛$❡ ♣"♦❞✉❝$& ♦❢ "❛✐♥❢❛❧❧ ❛"❡ &$✐❧❧ ❜❛&❡❞ ♦♥ "❛✐♥ ❣❛✉❣❡ ♥❡$✇♦"❦&✱ $❤❡✐"

&♣❛"&✐$② ✭&❡❝$✐♦♥ ✷✳✹✳✺✮ ❛❧&♦ ❝♦♠♣❧✐❝❛$❡& $❤✐& $②♣❡ ♦❢ ❛♥❛❧②&✐&✳ ❚❤❡ ❢❛❝$ $❤❛$ $❤❡

❧❛♥❞ ✉&❡ ✐♥$❡♥&✐$② ✭✇❤❡♥ ♠❡❛&✉"❡❞ ❜② $❤❡ "❡❧❛$✐✈❡ ❡①$❡♥$ ♦❢ $❤❡ ❛"❡❛& ❝"♦♣♣❡❞✮

✐& ♣♦&✐$✐✈❡❧② ❝♦""❡❧❛$❡❞ $♦ "❛✐♥❢❛❧❧ ❢✉"$❤❡" ❝♦♠♣❧✐❝❛$❡& &$❛$✐&$✐❝❛❧ $❡&$& ♦❢ ❤②♣♦$❤❡✲

&✐& ✇❤✐❝❤ ❝♦♥&✐❞❡" $❤❡&❡ ✈❛"✐❛❜❧❡& ❛& ✐♥❞❡♣❡♥❞❛♥$&✳ ❯&✐♥❣ ❞✐✛❡"❡♥$ ♠❡$❤♦❞&✱ ❛♥❞

❜❛&❡❞ ✉♣♦♥ ❞✐✛❡"❡♥$ ♥✉❧❧ ❤②♣♦$❤❡&❡&✱ &$✉❞✐❡& ❜② ❍✉$❝❤✐♥&♦♥ ❡$ ❛❧✳ ❬✷✵✵✺❪❀ ❖❧&&♦♥

❡$ ❛❧✳ ❬✷✵✵✺❪❀ ❙❡❛_✉✐&$ ❡$ ❛❧✳ ❬✷✵✵✾❪❀ ❍❡""♠❛♥♥ ❛♥❞ ❍✉$❝❤✐♥&♦♥ ❬✷✵✵✺❪ ❛❧❧ &✉❣❣❡&$

$❤❛$ "❛✐♥❢❛❧❧ ❝❤❛♥❣❡& ❝♦♥$"♦❧ ◆❉❱■ ✈❛"✐❛❜✐❧✐$② ❛♥❞ ❡①♣❧❛✐♥ ❛ &✐❣♥✐✜❝❛♥$ ❢"❛❝$✐♦♥ ♦❢

$❤❡ "❡❝❡♥$ ❣"❡❡♥✐♥❣ $"❡♥❞ ♦❜&❡"✈❡❞ &✐♥❝❡ ✶✾✾✵✳ ❈♦♥✈❡"&❡❧②✱ $❤❡"❡ ✐& ♥♦ ❡✈✐❞❡♥❝❡ ❢♦"

❛ ❞✐"❡❝$ ❧❛♥❞ ✉&❡ ❡✛❡❝$ ♦♥ ◆❉❱■✱ ❛❧$❤♦✉❣❤ ❢❡❡❞❜❛❝❦& ♦❢ ❧❛♥❞ ✉&❡ ♦♥ "❛✐♥❢❛❧❧ ❝♦✉❧❞

❛♠♣❧✐❢② $❤❡ ◆❉❱■ ❝❤❛♥❣❡&✳ ❚❤❡ ✉♥❝❡"$❛✐♥$✐❡& "❡♠❛✐♥ ❧❛"❣❡✱ ❛♥❞ $❤❡ ❞❡$❡"♠✐♥❛$✐♦♥

♦❢ $❤❡ ❢"❛❝$✐♦♥ ♦❢ $❤❡ ✈❛"✐❛♥❝❡ ❡①♣❧❛✐♥❡❞ ❜② ❧❛♥❞ ✉&❡ ♦✈❡" $❤❡ ✇❤♦❧❡ ❙❛❤❡❧ "❡♠❛✐♥&

❛♥ ♦♣❡♥ &❝✐❡♥❝❡ _✉❡&$✐♦♥✳ ■$ ✇✐❧❧ ❜❡ ✐♠♣♦"$❛♥$ ✐♥ ❢✉$✉"❡ &$✉❞✐❡& $♦ ❝♦♠♣❛"❡ ◆❉❱■

❛♥❞ "❛✐♥❢❛❧❧ ❞❛$❛ ♦" ✈❡❣❡$❛$✐♦♥ ♠♦❞❡❧& ❛$ ❛♣♣"♦♣"✐❛$❡ &♣❛$✐❛❧ &❝❛❧❡✱ ❛♥❞ ❛&&❡&&

❡""♦"& ✐♥ $❤❡ ❣"✐❞❞❡❞ "❛✐♥❢❛❧❧ ❞❛$❛ ♣"♦❞✉❝$&✳ ■♥ ♣❛"❛❧❧❡❧✱ ♠♦"❡ ❤✐❣❤ "❡&♦❧✉$✐♦♥ &$✉✲

❞✐❡& ♦❢ ❧❛♥❞ ✉&❡ ❝❤❛♥❣❡& ✉&✐♥❣ ❡✳❣✳ ❊❚▼ ♦" ❙P❖❚ ✐♠❛❣❡& ✇✐❧❧ ❜❡ ❤❡❧♣❢✉❧ ✐♥ ❜❡$$❡"

❝❤❛"❛❝$❡"✐&✐♥❣ ❧❛♥❞ ✉&❡ ❝❤❛♥❣❡& ❛♥❞ ✇✐❧❧ ❛❧❧♦✇ "❡❣✐♦♥❛❧❧② ❢♦❝✉&❡❞ &$✉❞✐❡& ♦❢ $❤❡

❙❛❤❡❧ ❣"❡❡♥✐♥❣ ♣❤❡♥♦♠❡♥♦♥ ♦✈❡" ✇❡❧❧ ♦❜&❡"✈❡❞ "❡❣✐♦♥&✳

✷✳✻ ❚❤❡ ❣'❡❡♥✐♥❣ ♦❢ ❙❛❤❡❧ ✐♥ /❤❡ ❝♦♥/❡①/ ♦❢ ❧❛♥❞ ✉4❡ /'❡♥❞4

❛♥❞ ♥❛/✉'❛❧ ✈❡❣❡/❛/✐♦♥ ❞❡❣'❛❞❛/✐♦♥

❚❤❡ ❵"❡✲❣"❡❡♥✐♥❣ ♦❢ $❤❡ ❙❛❤❡❧✬✱ ✐✳❡✳ $❤❡ ✐♥❝"❡❛&❡ ✐♥ ✈❡❣❡$❛$✐♦♥ ❝♦✈❡" ❛♥❞ ♣❤♦$♦&②♥$❤❡$✐❝

❛❝$✐✈✐$②✱ &❡❡♠& $♦ ❜❡ ✐♥ ❝♦♥$"❛❞✐❝$✐♦♥ $♦ $❤❡ $"❡♥❞& ❡①♣❡❝$❡❞ ❢"♦♠ ❝"♦♣ ❡①♣❛♥&✐♦♥✱ ❞❡❣"❛✲

❞❛$✐♦♥ ♦❢ ♥❛$✉"❛❧ ✈❡❣❡$❛$✐♦♥ ❛♥❞ ❞❡&❡"$✐✜❝❛$✐♦♥ ✐♥ ❲❡&$ ❆❢"✐❝❛✳ ❉❡&❡"$✐✜❝❛$✐♦♥ ❤❛& ❜❡❡♥ ❛

✹✳ ❛✳ ❛✈❛✐❧❛❜❧❡ ❛> ✿ ❤!!♣✿✴✴♥❛✳✉♥❡♣✳♥❡!✴❣❧♦❜❛❧♣♦♣✴❛❢/✐❝❛✴❆❢/✐❝❛✐♥❞❡①✳❤!♠❧ ❛♥❞ ❜✳ ❤!!♣✿✴✴✇✇✇✳

❣❡♦❣✳♠❝❣✐❧❧✳❝❛✴⑦♥/❛♠❛♥❦✉!!②✴❉❛!❛;❡!;✴❉❛!❛;❡!;✳❤!♠❧✳

✹✷



.5o



✷✳✻✳ ●❘❊❊◆■◆●✱ ▲❆◆❉ ❯❙❊ ❚❘❊◆❉❙ ❆◆❉

◆❆❚❯❘❆▲ ❱❊●❊❚❆❚■❖◆ ❉❊●❘❆❉❆❚■❖◆

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆3■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

❋✐❣✉$❡ ✷✳✶✹✿ ❛✳ ❖✈❡)❛❧❧ +)❡♥❞. ✐♥ ✈❡❣❡+❛+✐♦♥ ❣)❡❡♥♥❡.. +❤)♦✉❣❤♦✉+ +❤❡ ♣❡)✐♦❞ ✶✾✽✷✕✷✵✵✸

❜❛.❡❞ ♦♥ ♠♦♥+❤❧② ●■▼▼❙ ❆❱❍❘❘ ◆❉❱■✳ G❡)❝❡♥+❛❣❡ ✈❛❧✉❡. ❡①♣)❡.. ❝❤❛♥❣❡. ✐♥ ❛✈❡)❛❣❡

◆❉❱■ ❜❡+✇❡❡♥ ✶✾✽✷ ❛♥❞ ✷✵✵✸✳ ❜✳ ❖✈❡)❛❧❧ +)❡♥❞. ✐♥ ♠♦♥+❤❧② )❛✐♥❢❛❧❧ +❤)♦✉❣❤♦✉+ +❤❡ ♣❡)✐♦❞

✶✾✽✷✕✷✵✵✸ ❜❛.❡❞ ♦♥ ●G❈G ❡.+✐♠❛+❡. ✭✐♥+❡❣)❛+✐♥❣ ✐♥❢)❛)❡❞ ♦❜.❡)✈❛+✐♦♥. ❢)♦♠ ●❊❖❙✱ ●▼❙

❛♥❞ ▼❡+❡♦.❛+✱ ♠✐❝)♦✇❛✈❡ ❡.+✐♠❛+❡. ❢)♦♠ ❙❙▼✴■ ❛♥❞ )❛✐♥ ❣❛✉❣❡ ❞❛+❛✮✳ G❡)❝❡♥+❛❣❡. ❡①♣)❡..

❝❤❛♥❣❡. ✐♥ ❛✈❡)❛❣❡ ●G❈G ❡.+✐♠❛+❡❞ )❛✐♥❢❛❧❧ ❜❡+✇❡❡♥ ✶✾✽✷ ❛♥❞ ✷✵✵✸✳ ❝✳ ❖✈❡)❛❧❧ +)❡♥❞. ✐♥

+❤❡ )❡.✐❞✉❛❧ ◆❉❱■ +❤)♦✉❣❤♦✉+ +❤❡ ♣❡)✐♦❞ ✶✾✽✷✕✷✵✵✸ ❜❛.❡❞ ♦♥ )❡❣)❡..✐♦♥ ♦❢ ◆❉❱■ ❛♥❞ ✸✲

♠♦♥+❤❧② ❝✉♠✉❧❛+✐✈❡ )❛✐♥❢❛❧❧ ✭●G❈G ❡.+✐♠❛+❡✮✳ ❙❧♦♣❡. ♦❢ )❡.✐❞✉❛❧ ◆❉❱■ +)❡♥❞❧✐♥❡. ❜❡+✇❡❡♥

✶✾✽✷ ❛♥❞ ✷✵✵✸ ❛)❡ ❡①♣)❡..❡❞ ✐♥ ✉♥✐+. ♦❢ ◆❉❱■ .102✳ ❞✳ ❙✐❣♥✐✜❝❛♥❝❡. ♦❢ +)❡♥❞. ✐♥ +❤❡ )❡.✐❞✉❛❧

◆❉❱■ +✐♠❡ .❡)✐❡.✳ ❚)❡♥❞. ❛)❡ +❡)♠❡❞ ❵.✐❣♥✐✜❝❛♥+✬ ❢♦) ♣✐①❡❧. ✐♥ ✇❤✐❝❤ +)❡♥❞ .❧♦♣❡. ❡①❝❡❡❞

+❤❡ )❡.♣❡❝+✐✈❡ .✐❣♠❛ ❡))♦). ❛♥❞ ❵✐♥.✐❣♥✐✜❝❛♥+✬ ❢♦) ♣✐①❡❧. ✐♥ ✇❤✐❝❤ .✐❣♠❛ ❡))♦). ❡①❝❡❡❞ +)❡♥❞

.❧♦♣❡.✳ ❬❍❡))♠❛♥♥ ❡+ ❛❧✳✱ ✷✵✵✺❪✱ ✇✐+❤ ♣❡)♠✐..✐♦♥ ❢)♦♠ ❊❧.❡✈✐❡)✳

✹✹



❈❍❆#■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✷✳✻✳ ●❘❊❊◆■◆●✱ ▲❆◆❉ ❯❙❊ ❚❘❊◆❉❙ ❆◆❉

◆❆❚❯❘❆▲ ❱❊●❊❚❆❚■❖◆ ❉❊●❘❆❉❆❚■❖◆

❧✐♥❣❡%✐♥❣ ❢❡❛% (✐♥❝❡ *❤❡ ❝♦❧♦♥✐❛❧ *✐♠❡ ✭❍✉❜❡%* ❬✶✾✷✵❪❀ ❇♦✈✐❧❧ ❬✶✾✷✶❪❀ ❈❤❡✈❛❧✐❡% ❬✶✾✷✽❪❀ ❙*❡❜✲

❜✐♥❣ ❬✶✾✸✺✱ ✶✾✸✼✱ ✶✾✸✽❪❀ ❆✉❜%D✈✐❧❧❡ ❛♥❞ ❈❤❡✈❛❧✐❡% ❬✶✾✹✾❪ ❀ (❡❡ ❛❧(♦ ❚✉❝❦❡% ❛♥❞ ◆✐❝❤♦❧(♦♥

❬✶✾✾✾❪ ♦% ❍❡%%♠❛♥♥ ❛♥❞ ❍✉*❝❤✐♥(♦♥ ❬✷✵✵✺❪ ❢♦% ❛♥ ❤✐(*♦%✐❝❛❧ ♦✈❡%✈✐❡✇✮✳ ❖❢*❡♥ ✐♠♣%❡❝✐(❡❧②

❞❡✜♥❡❞✱ ❞❡(❡%*✐✜❝❛*✐♦♥ ✐♥✈♦❧✈❡( (✐❣♥✐✜❝❛♥* ❧♦((❡( ✐♥ ❡❝♦(②(*❡♠ (❡%✈✐❝❡(✱ (✉❝❤ ❛( ❝%♦♣ ②✐❡❧❞(✱

✈❡❣❡*❛*✐♦♥ ❝♦✈❡% ❛♥❞ (♦✐❧ ❢❡%*✐❧✐*②✱ ❡♥❤❛♥❝❡❞ (♦✐❧ ❡%♦(✐♦♥✱ ❛♥❞ ❝❧✐♠❛*❡ ❞❡*❡%✐♦%❛*✐♦♥ *♦✇❛%❞(

❞%②❡% ❛♥❞ ✈❛%✐❛❜❧❡ ❝♦♥❞✐*✐♦♥(✳ ■♥ ❝♦♥*❡①*✱ ❝❧✐♠❛*❡ ✐( *❤❡%❡❢♦%❡ (❡❡♥ ❜♦*❤ ❛( ❛ ❞%✐✈❡% ❛♥❞ ❛(

❛ ♠❛♥✐❢❡(*❛*✐♦♥ ♦❢ ❞❡(❡%*✐✜❝❛*✐♦♥ ❬❈❤❛%♥❡②✱ ✶✾✼✺❪✳

❚❤❡ ❯♥✐*❡❞ ◆❛*✐♦♥ ❈♦♥✈❡♥*✐♦♥ *♦ ❈♦♠❜❛* ❉❡(❡%*✐✜❝❛*✐♦♥ ✭❯◆❈❈❉✮ ♠♦%❡ ♣%❡❝✐(❡❧②

❞❡✜♥❡( ❞❡(❡%*✐✜❝❛*✐♦♥ ❛( ✏❧❛♥❞ ❞❡❣%❛❞❛*✐♦♥ ✐♥ ❛%✐❞✱ (❡♠✐❛%✐❞ ❛♥❞ (✉❜✲❤✉♠✐❞ ❛%❡❛( %❡(✉❧*✐♥❣

❢%♦♠ ✈❛%✐♦✉( ❢❛❝*♦%(✱ ✐♥❝❧✉❞✐♥❣ ❝❧✐♠❛*❡ ✈❛%✐❛*✐♦♥( ❛♥❞ ❤✉♠❛♥ ❛❝*✐✈✐*✐❡(✑✱ ✇❤❡%❡ ❧❛♥❞ ❞❡❣%❛✲

❞❛*✐♦♥ ♠❡❛♥( ✏%❡❞✉❝*✐♦♥ ♦% ❧♦(( ♦❢ *❤❡ ❜✐♦❧♦❣✐❝❛❧ ♦% ❡❝♦♥♦♠✐❝ ♣%♦❞✉❝*✐✈✐*② ❛♥❞ ❝♦♠♣❧❡①✐*②

♦❢ %❛✐♥❢❡❞ ❝%♦♣❧❛♥❞✱ ✐%%✐❣❛*❡❞ ❝%♦♣❧❛♥❞✱ ♦% %❛♥❣❡✱ ♣❛(*✉%❡✱ ❢♦%❡(* ❛♥❞ ✇♦♦❞❧❛♥❞( %❡(✉❧*✐♥❣

❢%♦♠ ❧❛♥❞ ✉(❡( ♦% ❢%♦♠ ❛ ♣%♦❝❡(( ♦% ❝♦♠❜✐♥❛*✐♦♥ ♦❢ ♣%♦❝❡((❡(✱ ✐♥❝❧✉❞✐♥❣ ♣%♦❝❡((❡( ❛%✐(✐♥❣

❢%♦♠ ❤✉♠❛♥ ❛❝*✐✈✐*✐❡( ❛♥❞ ❤❛❜✐*❛*✐♦♥ ♣❛**❡%♥(✑ ❬❯◆✱ ✶✾✾✹❪✳ ❚❤❡ %❡❧❛*✐✈❡ ✐♠♣♦%*❛♥❝❡ ♦❢ ❝❧✐✲

♠❛*✐❝ ✈❡%(✉( ❤✉♠❛♥ ❝❛✉(❡( ✐♥ *❤❡ ♦❜(❡%✈❡❞ ✈❡❣❡*❛*✐♦♥ ❝❤❛♥❣❡( ✐♥ ❙❛❤❡❧ ✐( *❤❡ (✉❜❥❡❝* ♦❢ ❛

❧♦♥❣✲(*❛♥❞✐♥❣ ❞❡❜❛*❡✳ ❋✉%*❤❡%✱ ❡❝♦(②(*❡♠ ❞❡❣%❛❞❛*✐♦♥ *❤❛* %❡(✉❧*( ❢%♦♠ ❞%♦✉❣❤*✱ ❧♦❝❛❧ ❛♥❞

%❡❣✐♦♥❛❧ ✐❧❧✲♠❛♥❛❣❡❞ ♦% ♦✈❡%✲❡①♣❧♦✐*❡❞ ♥❛*✉%❛❧ %❡(♦✉%❝❡(✱ ✐( ❝♦♥(✐❞❡%❡❞ *♦ ❡①❡%* ❛ ♣♦(✐*✐✈❡

❢❡❡❞❜❛❝❦ ♦♥ ❝❧✐♠❛*❡ ❞%②✐♥❣✳ ❈❤❛%♥❡② ❬✶✾✼✺❪ ❤②♣♦*❤❡(✐③❡❞ *❤❛* ❛♥ ✐♥❝%❡❛(❡ ✐♥ (✉%❢❛❝❡ ❛❧❜❡❞♦

%❡(✉❧*✐♥❣ ❢%♦♠ *❤❡ %❡❞✉❝*✐♦♥ ♦❢ ✈❡❣❡*❛*✐♦♥ ❝♦✈❡% ❝❛✉(❡❞ ❜② ❧❛♥❞ ✉(❡ ❝❤❛♥❣❡( ❝♦♥*%✐❜✉*❡❞ *♦

*❤❡ ✶✾✼✵✬( ❞%♦✉❣❤*✳ ❚❤❡ %♦❧❡ ♦❢ ❝❤❛♥❣❡( ✐♥ ✈❡❣❡*❛*✐♦♥ ❝♦✈❡% %❡❧❛*❡❞ *♦ ❤✉♠❛♥ ♠❛♥❛❣❡♠❡♥*

✇❛( ❛❧(♦ ♣%♦♣♦(❡❞ *♦ ❡①♣❧❛✐♥ *❤❡ ❞%♦✉❣❤* ♦❢ *❤❡ ✶✾✽✵✬( ❬❍✉❧♠❡✱ ✷✵✵✶❪✳

❯♥❢♦%*✉♥❛*❡❧②✱ *❤❡ ✐♠♣❛❝* ♦❢ ❤✉♠❛♥ ♠❛♥❛❣❡♠❡♥* ✐( (❡❧❞♦♠ ❞❡✜♥❡❞ ✇✐*❤ ♣%❡❝✐(✐♦♥ ✿

*❤❡ ❜❛(❡❧✐♥❡ ❡❝♦(②(*❡♠ ❝♦♥❞✐*✐♦♥(✱ *❤❡ ❝♦♠♣♦♥❡♥*( ♦❢ ❤✉♠❛♥ ✐♥*❡%✈❡♥*✐♦♥(✱ ❛♥❞ *❤❡✐% *✐♠❡

(❝❛❧❡ ❛%❡ ♦❢*❡♥ ♣♦♦%❧② ♦% ♥♦* ❞❡✜♥❡❞ ❬❉♦❞❞✱ ✶✾✾✹❪✳ ❚❤❡ *❡%♠ ❵❛❣%✐❝✉❧*✉%❛❧ ✐♥*❡♥(✐✜❝❛*✐♦♥✬

(♦♠❡*✐♠❡( %❡❢❡%( *♦ *❤❡ ✐♥❝%❡❛(❡ ✐♥ *❤❡ ❛♠♦✉♥* ♦❢ ❧❛♥❞ ♣❧❛♥*❡❞ ✐♥ ❝%♦♣(✱ ♦% *♦ ✐♥❝%❡❛(❡❞

❧✐✈❡(*♦❝❦ ♥✉♠❜❡%(✱ ❛♥❞ ♥♦*✱ ❛( ✐* (❤♦✉❧❞✱ *♦ ✐♥❝%❡❛(❡❞ ❝%♦♣ ♦% ❤✉(❜❛♥❞%② ❛❝*✐✈✐*✐❡( ✐♥❝❧✉❞✐♥❣

❢❡%*✐❧✐(❡%✱ (✉♣♣❧❡♠❡♥* ❢❡❡❞✱ ❧❛❜♦✉% ❛♥❞ ❢✉♥❞(✳ ■♠♣%❡❝✐(❡ ❞❡✜♥✐*✐♦♥( ♦❢ ❧❛♥❞ ✉(❡ ❛♥❞ ❧❛♥❞

♠❛♥❛❣❡♠❡♥* ✐♥*❡♥(✐*② ✐♥ ❙❛❤❡❧ ✐♥ ♣❛%* ❡①♣❧❛✐♥ *❤❡ ❝♦♥*%❛❞✐❝*✐♦♥( ❜❡*✇❡❡♥ *❤❡ ✈❛%✐♦✉(

(*✉❞✐❡( *❤❛* ❛**❡♠♣*❡❞ *♦ (❡♣❛%❛*❡ *❤❡ ✐♠♣❛❝* ♦❢ ❧❛♥❞ ✉(❡ ❝❤❛♥❣❡( ✈❡%(✉( %❛✐♥❢❛❧❧ ❝❤❛♥❣❡

♦♥ *❤❡ ❲❡(* ❆❢%✐❝❛ ✈❡❣❡*❛*✐♦♥ ❵❣%❡❡♥✐♥❣✬ ♦% ❵❜%♦✇♥✐♥❣✬ ✭(✉❝❤ ❛( ❜❡*✇❡❡♥ ▲❛♠♣%❡② ❬✶✾✼✺❪❀

❍❡❧❧❞D♥ ❬✶✾✽✹✱ ✶✾✽✽❪ ❛♥❞ ❖❧((♦♥ ❬✶✾✽✺❪ *❤❡♥ ❖❧((♦♥ ❡* ❛❧✳ ✷✵✵✺ ✐♥ ❝❡♥*%❛❧ ❙✉❞❛♥✮✳ ❲❡

❞✐(*✐♥❣✉✐(❤ *✇♦ ❝❛*❡❣♦%✐❡( ♦❢ (*✉❞✐❡( *❤❛* ❝♦♥❝❧✉❞❡❞ *❤❛* *❤❡ *%❡♥❞ ✐♥ ❧❛♥❞ ✉(❡ ❛❧♦♥❣ ✇✐*❤

*❤❡ ❞❡♠♦❣%❛♣❤✐❝ ✐♥❝%❡❛(❡ ✐( ❡✐*❤❡% ✉♥✲(✉(*❛✐♥❛❜❧❡ ♦% (✉(*❛✐♥❛❜❧❡✳ ❚❤❡(❡ *✇♦ ❢❛♠✐❧✐❡( ♦❢

*❤♦✉❣❤* ❛%❡ %❡(♣❡❝*✐✈❡❧② %❡❢❡%%❡❞ *♦ ❛( ❵♥❡♦✲▼❛❧*❤✉(✐❛♥✬ ❛♥❞ ❵❇♦(❡%✉♣✐❛♥✬ ✭❜② %❡❢❡%❡♥❝❡ *♦

❇♦(❡%✉♣ ❬✶✾✻✺❪ (❡♠✐♥❛❧ ✇♦%❦✮ ❜② (♦❝✐❛❧ (❝✐❡♥*✐(*( ❬❇❡❤♥❦❡ ❡* ❛❧✳✱ ✶✾✾✸❪✳

✷✳✻✳✶ ❚❤❡ ✉♥)✉)*❛✐♥❛❜❧❡ ❧❛♥❞ ✉)❡ *❤❡♦1②

❆❝❝♦%❞✐♥❣ *♦ *❡♥❡*( ♦❢ ✉♥(✉(*❛✐♥❛❜❧❡ ❧❛♥❞ ✉(❡ *❤❡♦%②✱ ❧♦❝❛❧ %❡(♦✉%❝❡ ✉(❡%( ✐♥❝%❡❛(✐♥❣ ✐♥

♥✉♠❜❡% ❛♥❞ ❢❛❝✐♥❣ ✐♥❝%❡❛(✐♥❣ ♥❡❡❞(✱ ❛%❡ ❞❡❣%❛❞✐♥❣ *❤❡ ❡❝♦(②(*❡♠( ♦♥ ✇❤✐❝❤ *❤❡② ❞❡♣❡♥❞

❬❆✉❜%D✈✐❧❧❡ ❛♥❞ ❈❤❡✈❛❧✐❡%✱ ✶✾✹✾❀ ▲❛♠♣%❡②✱ ✶✾✼✺❀ ▼❛❜❜✉**✱ ✶✾✽✺❀ ❙✐♥❝❧❛✐% ❛♥❞ ❋%②①❡❧❧✱ ✶✾✽✺❀

❆②♦✉❜✱ ✶✾✾✽❀ ❉%❡❝❤(❡❧ ❡* ❛❧✳✱ ✷✵✵✶❪✳ ❉❡❣%❛❞❛*✐♦♥ ✐( ♦♥❧② ❛❝❝❡❧❡%❛*❡❞ ❜② ❞%♦✉❣❤*( ❬◆✐❛♥❣

❡* ❛❧✳✱ ✷✵✵✽❪✱ ✇❤♦(❡ ♦❝❝✉%%❡♥❝❡ ❛♥❞ (❡✈❡%✐*② ✐( ✐♥ %❡*✉%♥ ✐♥❝%❡❛(❡❞ ❜② ❡❝♦(②(*❡♠ ❞❡❣%❛❞❛*✐♦♥✳

❚❤✐( ✈✐❡✇ ♦❢ ❞❡(❡%*✐✜❝❛*✐♦♥ ❛( ❛ ✈✐❝✐♦✉( ❝✐%❝❧❡ ❝♦♠❡( ❛❧♦♥❣ ✇✐*❤ *❤❡ ✐❞❡❛ ♦❢ ✐%%❡✈❡%(✐❜✐❧✐*②✱

♦% ❛* ❧❡❛(* ♦❢ ❧♦♥❣ *❡%♠ ❤②(*❡%❡(✐( ❬❇✐♥♥(✱ ✶✾✾✵❪✳ ❲✐*❤♦✉* ❤❡❛✈② ✐♥*❡%✈❡♥*✐♦♥ ❛❢*❡% *❤❡ ②❡❛%(

♦❢ ❞%♦✉❣❤*✱ (❤♦✉❧❞ *❤❡ %❛✐♥ ❝♦♠❡ ❜❛❝❦✱ *❤❡ ✈❡❣❡*❛*✐♦♥ ✐( ❛((✉♠❡❞ ♥♦* *♦ ❣%♦✇ ❛( ♠✉❝❤ ❛(

✐* ❤❛❞ ❜❡❢♦%❡ ❬✈❛♥ ❞❡ ❑♦♣♣❡❧ ✈❛♥ ❞❡ ❑♦♣♣❡❧ ❡* ❛❧✳✱ ✶✾✾✼❪✳ ■♥ ❧✐♥❡ ✇✐*❤ *❤❡ ❤②♣♦*❤❡(✐( ♦❢

❛ (*%♦♥❣ ✐♥✢✉❡♥❝❡ ♦❢ ✈❡❣❡*❛*✐♦♥ ❝♦✈❡% ♦♥ %❛✐♥❢❛❧❧ ❝♦♠❡( *❤❡ ✐♠❛❣❡ *❤❛* ✏*❤❡ *%❡❡( ❛**%❛❝*

✹✺



✷✳✻✳ ●❘❊❊◆■◆●✱ ▲❆◆❉ ❯❙❊ ❚❘❊◆❉❙ ❆◆❉

◆❆❚❯❘❆▲ ❱❊●❊❚❆❚■❖◆ ❉❊●❘❆❉❆❚■❖◆

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆3■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

 ❤❡ #❛✐♥✑✳ ❚❤✐* *❡#✈❡❞ ❛* ❛ ♠❛❥♦# ❛#❣✉♠❡♥ ❢♦# ❞❡✈❡❧♦♣✐♥❣  #❡❡ ♣❧❛♥ ✐♥❣ ❝❛♠♣❛✐❣♥* *✉❝❤ ❛*

 ❤❡ #❡❝❡♥ ❧② ❧❛✉♥❝❤❡❞ ✐♥ ❡#♥❛ ✐♦♥❛❧ ❣#❡❡♥ ❜❡❧ ♣#♦❥❡❝ ❬▼❛❧❛❣♥♦✉① ❡ ❛❧✳✱ ✷✵✵✼❪ ❜②  ❤❡ ◆❡✇

B❛# ♥❡#*❤✐♣ ❢♦# ❆❢#✐❝❛♥ ❉❡✈❡❧♦♣♠❡♥ ✭◆❊B❆❉✮✳

■❢ ❛♥ ✉♥*✉* ❛✐♥❛❜❧❡ ❧❛♥❞ ✉*❡  ❤❡♦#② ✐* ❛**✉♠❡❞✱  ❤❡♥ ✐♥ ❡#♥❛ ✐♦♥❛❧ ❛❝ ✐♦♥✱ * #✐❝ #❡✲

❣✉❧❛ ✐♦♥ ❛♥❞ ❝♦♥*❡#✈❛ ✐♦♥ ♣#♦❣#❛♠♠❡* ❛#❡ ♥❡❝❡**❛#②  ♦ ♣#❡✈❡♥ ❢✉# ❤❡# ❞❡*❡# ✐✜❝❛ ✐♦♥ ♦❢

❙❛❤❡❧✐❛♥ #❡❣✐♦♥*✳ ❚❤❡ ❡❧❛❜♦#❛ ✐♦♥ ♦❢  ❤❡ ❯◆ ❝♦♥✈❡♥ ✐♦♥  ♦ ❈♦♠❜❛ ❉❡*❡# ✐✜❝❛ ✐♦♥ ✐* #♦♦ ❡❞

✐♥  ❤✐* ♣❡#*♣❡❝ ✐✈❡✳ ❋♦❧❧♦✇✐♥❣ ✐♥ ❡#♥❛ ✐♦♥❛❧ ❛✇❛#❡♥❡** ❛♥❞ ❝♦♥❝❡#♥ #❛✐*❡❞ ❜②  ❤❡ ❤✉♠❛♥✐ ❛✲

#✐❛♥ ❝#✐*✐* ♦❢  ❤❡ ✼✵✬* ❞#♦✉❣❤ ✱  ❤❡ ❯◆  ♦♦❦  ❤#❡❡ * ❡♣*✳ ❋✐#* ✱ ❛ B❧❛♥ ♦❢ ❆❝ ✐♦♥  ♦ ❈♦♠❜❛ 

❉❡*❡# ✐✜❝❛ ✐♦♥ ✇❛* ❛♣♣#♦✈❡❞ ❛  ❤❡ ❯◆ ❈♦♥❢❡#❡♥❝❡ ♦♥ ❉❡*❡# ✐✜❝❛ ✐♦♥✱ ❤❡❧❞ ✐♥ ◆❛✐#♦❜✐ ✐♥

✶✾✼✼✳ ❙❡❝♦♥❞✱  ❤❡ ❯◆ ❈♦♥✈❡♥ ✐♦♥  ♦ ❈♦♠❜❛ ❉❡*❡# ✐✜❝❛ ✐♦♥ ✭❯◆❈❈❉✮ ✇❛* ✐♥✐ ✐❛ ❡❞ ❛❢ ❡#

 ❤❡ ❘✐♦ ❊❛# ❤ ❙✉♠♠✐ ✱ ✐♥ ✶✾✾✷ ❀ ❛♥❞ ❤❛❞ ❜❡❡♥ #❛ ✐✜❡❞ ❜② ♦✈❡# ✶✺✵ ❝♦✉♥ #✐❡* ✇❤❡♥  ❤❡

❲♦#❧❞ ❙✉♠♠✐ ♦♥ ❙✉* ❛✐♥❛❜❧❡ ❉❡✈❡❧♦♣♠❡♥  ♦♦❦ ♣❧❛❝❡ ✐♥ ❏♦❤❛♥♥❡*❜✉#❣✱ ✷✵✵✷✳ ❋✐♥❛❧❧②✱

✉♥❞❡#  ❤❡ ❯◆❈❈❉✱ ❝♦✉♥ #✐❡* ♣#❡♣❛#❡❞ ❛♥❞ ❛♣♣#♦✈❡❞ ◆❛ ✐♦♥❛❧ ❆❝ ✐♦♥ B❧❛♥*✱ ✐♥ ❛ ♣#♦❝❡**

❢❛❝✐❧✐ ❛ ❡❞ ❜②  ❤❡ ❈♦♥✈❡♥ ✐♦♥✬* *❡❝#❡ ❛#✐❛ ✳

✷✳✻✳✷ ❚❤❡ &✉&(❛✐♥❛❜❧❡ ❧❛♥❞ ✉&❡ (❤❡♦0②

❆❝❝♦#❞✐♥❣  ♦  ❡♥❡ * ♦❢  ❤❡ *✉* ❛✐♥❛❜❧❡ ❧❛♥❞ ✉*❡  ❤❡♦#② ❬❲❛##❡♥ ❡ ❛❧✳✱ ✷✵✵✶❀ ❚✐✛❡♥

❛♥❞ ▼♦# ✐♠♦#❡✱ ✷✵✵✷❀ ❙❝♦♦♥❡* ❛♥❞ ❚♦✉❧♠✐♥✱ ✶✾✾✺❀ ▼♦# ✐♠♦#❡ ❛♥❞ ❚✉#♥❡#✱ ✷✵✵✺❪✱  ❤❡ ♠❛✲

♥❛❣❡♠❡♥ ♦❢ ♥❛ ✉#❛❧ #❡*♦✉#❝❡* ❜② ❢❛#♠❡#* ❛♥❞ ♣❛* ♦#❛❧✐* * ✇❡#❡ ♥♦ ❝❛✉*✐♥❣ ✇✐❞❡*♣#❡❛❞
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 ❤❡ ❝♦♠♣✐❧❛ ✐♦♥ ♦❢ #❡♠♦ ❡✲*❡♥*✐♥❣ ❞❛ ❛ ❛♥❞ ❝❡♥*✉*❡* ♦❢ ❬▲❡♣❡#* ❡ ❛❧✳✱ ✷✵✵✺❪✳ ❆♥② ❧♦♥❣ ,❡.♠

♥❡❣❛,✐✈❡ ,.❡♥❞ ✐♥ ✈❡❣❡,❛,✐♦♥ ❛❝,✐✈✐,② ❛♥❞ ❞❡♥5✐,② ✐5 ,❤❡♥ ❛55✉♠❡❞ ,♦ ❜❡ ❝❛✉5❡❞ ❜② ❞❡❝❧✐♥✐♥❣

.❛✐♥❢❛❧❧ ❬❇♦✉❞❡,✱ ✶✾✼✼✱ ✶✾✼✾❪✳ ▲✐❦❡ 5♦♠❡ ♣.❡❝✉.5♦.5 ❬❈❤✉❞❡❛✉✱ ✶✾✷✶❀ ❏♦♥❡5✱ ✶✾✸✽❪✱ ,❤❡5❡ 5,✉✲

❞✐❡5 H✉❡5,✐♦♥ ,❤❡ ❡✈✐❞❡♥❝❡ ♦❢ ❛ ❤✉♠❛♥ ❝❛✉5❡ ❢♦. ❞❡5❡.,✐✜❝❛,✐♦♥ ❛5 ♦❜5❡.✈❡❞ ❛❢,❡. ,❤❡ ♠✐❞

✶✾✼✵✬5✳ ❈♦♥,.❛.② ,♦ ,❤❡ ✈✐❡✇ ,❤❛, ,❤❡ ✈❡❣❡,❛,✐♦♥ ✐5 ❞❡❣.❛❞❛,❡❞ ❜② ❵♦✈❡.✲♣♦♣✉❧❛,✐♦♥✬✱ ✐,

✐5 ❛.❣✉❡❞ ,❤❛, ❛♥ ✐♥❝.❡❛5✐♥❣ ♣♦♣✉❧❛,✐♦♥ ❞❡♥5✐,② ♣.♦❞✉❝❡5 ❛♥ ✐♥❝.❡❛5❡❞ ✐♥✈❡5,♠❡♥, ✐♥ ,❤❡

♠❛♥❛❣❡♠❡♥, ♦❢ ♥❛,✉.❛❧ .❡5♦✉.❝❡5 ,❤❛, ✜♥❛❧❧② ❡♥❤❛♥❝❡5 ②✐❡❧❞5 ❛♥❞ ♣.♦,❡❝,5 ,❤❡ ❡❝♦5②5,❡♠5✳

❚❤❡ ❞❡♠♦♥5,.❛,✐♦♥ ✐5 ♠❛❞❡ ❢♦. ,❤❡ ❞❡♥5❡❧② ♣♦♣✉❧❛,❡❞ ❛.❡❛ ❛.♦✉♥❞ ❑❛♥♦ ✐♥ ♥♦.,❤❡.♥ ◆✐✲

❣❡.✐❛✱ ✇❤❡.❡ ✐♥❝.❡❛5✐♥❣❧② ✐♥,❡♥5✐✈❡ ❛❣.✐❝✉❧,✉.❡ ❤❛5 ❜❡❡♥ ♣.❛❝,✐❝❡❞✱ ,❤❡ ▼❛❝❤❛❦♦5 ❞✐5,.✐❝,

✐♥ ❑❡♥②❛ ❬❍❛..✐5✱ ✷✵✵✵❀ ❚✐✛❡♥ ❛♥❞ ▼♦.,✐♠♦.❡✱ ✷✵✵✷❀ ▼♦.,✐♠♦.❡ ❛♥❞ ❚✉.♥❡.✱ ✷✵✵✺❪✱ ,❤❡

▼❛.❛❞✐ ❞✐5,.✐❝, ✐♥ ◆✐❣❡. ❬▼♦.,✐♠♦.❡ ❛♥❞ ❆❞❛♠5✱ ✷✵✵✶❪ ❛♥❞ ,❤❡ ❉✐♦✉.❜❡❧ ❞✐5,.✐❝, ✐♥ ❙❡♥❡✲

❣❛❧ ❬❋❛②❡ ❡, ❛❧✳✱ ✷✵✵✶❪ ❜② 5,✉❞✐❡5 ,❤❛, 5❡♣❛.❛,❡ ,❤❡ ❡✛❡❝,5 ♦❢ ❧❛♥❞ ✉5❡ ♦♥ ❝.♦♣ ②✐❡❧❞5 ❢.♦♠

❧♦♥❣ ,❡.♠ ❝❤❛♥❣❡5 ♦❢ ✇♦♦❞② ♣❧❛♥, ❞❡♥5✐,② ❛♥❞ 5♦✐❧ ❢❡.,✐❧✐,②✳ ❖❜5❡.✈❛,✐♦♥5 ♦❢ ✐♥❝.❡❛5❡5 ✐♥

❝.♦♣ ②✐❡❧❞5✱ ✈❡❣❡,❛,✐♦♥ ❝♦✈❡. ❛♥❞ ✇♦♦❞② ♣❧❛♥, ❞❡♥5✐,✐❡5 ♦❜5❡.✈❡❞ ✐♥ ❛.❡❛5 ♦❢ ✐♥,❡♥5✐✜❝❛,✐♦♥

♦❢ ♣.❛❝,✐❝❡ ❞✉❡ ,♦ ✐♥,❡.✈❡♥,✐♦♥5 ,❤❛, ♣.♦♠♦,❡❞ .❡❞✉❝,✐♦♥ ♦❢ 5♦✐❧ ❡.♦5✐♦♥ ❛♥❞ .❡❢♦.❡5,❛,✐♦♥

5✉❝❤ ❛5 ✐♥ ,❤❡ ❝❡♥,.❛❧ ♣❧❛,❡❛✉ ♦❢ ❇✉.❦✐♥❛ ❋❛5♦ ❬❘❡✐❥ ❡, ❛❧✳✱ ✷✵✵✺❪ ♦. ,❤❡ ❆❞❡. ❉♦✉,❝❤✐ ✐♥

◆✐❣❡. ❬❱❡❝❝❤✐❛ ❡, ❛❧✳✱ ✷✵✵✼❪ ❛❧5♦ 5✉♣♣♦., 5✉5,❛✐♥❛❜❧❡ ❧❛♥❞ ✉5❡✱ ❛❧,❤♦✉❣❤ ,❤❡ ✐♥✈❡5,♠❡♥, ❢♦.

✐♥,❡♥5✐✜❝❛,✐♦♥ ✐5 ❣❡♥❡.❛,❡❞ ,❤.♦✉❣❤ ❡①,❡.♥❛❧ ❢✉♥❞5✳
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✇❛% ✈❡!② ❧✐♠✐(❡❞✮✳

❇❡%✐❞❡%✱ (❤❡ ❙❛❤❡❧ %❡❡♠% (♦ ❜❡ ❛♥ ❛!❡❛ ♦❢ %(!♦♥❣ ❝♦✉♣❧✐♥❣ ❜❡(✇❡❡♥ %✉!❢❛❝❡ ❛♥❞ ❛(♠♦%✲

♣❤❡!❡ ❬❑♦%(❡! ❡( ❛❧✳✱ ✷✵✵✹❪✱ ❛❧(❤♦✉❣❤ ❡♠♣✐!✐❝❛❧ %(✉❞✐❡% ❞♦ ♥♦( ✜♥❞ (❤❛( ❛ ♣❛!(✐❝✉❧❛!❧② %(!♦♥❣

✈❛!✐❛♥❝❡ ♦❢ !❛✐♥❢❛❧❧ ✐% ❡①♣❧❛✐♥❡❞ ❜② (❤❡ ✈❡❣❡(❛(✐♦♥ ❬❆❧❡%%❛♥❞!✐ ❛♥❞ ◆❛✈❛!!❛✱ ✷✵✵✽❪✳ ❊✈❡♥ ✐♥

(❤❡ ❞!❛♠❛(✐❝ ❢✉(✉!❡ ❞!②✐♥❣ ♣!♦❥❡❝(✐♦♥% ♦❢ ❍❡❧❞ ❬✷✵✵✺❪✱ ❞❡❝❡♥♥✐❛❧ ❡♣✐%♦❞❡% ♦❢ ✇❡((❡! ❝❧✐♠❛(❡

❝❛♥ ❜❡ ✐%♦❧❛(❡❞✳ ❙✉❝❤ ❡♣✐%♦❞❡% ❝♦✉❧❞ ❜❡ ❛♥ ❛♥❛❧♦❣✉❡ ❢♦! (❤❡ ❣!❡❡♥✐♥❣ ♦❜%❡!✈❡❞ ❜❡(✇❡❡♥ ✶✾✾✵

❛♥❞ ✷✵✵✷✳ ■♥ (❤❛( ❝♦♥(❡①(✱ ✉♣❞❛(✐♥❣ (❤❡ !❛✐♥❢❛❧❧ ❛♥❞ %❛(❡❧❧✐(❡ ❞❛(❛ ✉♥(✐❧ (♦❞❛② ✐% ❡①(!❡♠❡❧②

✐♠♣♦!(❛♥( (♦ ❝♦♥✜!♠ ✐❢ (❤❡ ❙❛❤❡❧ ❣!❡❡♥✐♥❣ ✐% %(✐❧❧ ❣♦✐♥❣ ♦♥ ♦! ✐❢ ✐( ❤❛% %(♦♣♣❡❞ ❛❢(❡! (❤❡

❡❛!❧② ✷✵✵✵✬%✳

❉❡%♣✐(❡ %♦♠❡ ❞✐%❝!❡♣❛♥❝✐❡% ❜❡(✇❡❡♥ ♠♦❞❡❧ !❡%✉❧(%✱ %♦♠❡ ❢❡❛(✉!❡% ♦❢ (❤❡ ❡✈♦❧✉(✐♦♥ ♦❢ (❤❡

!❛✐♥❢❛❧❧ !❡❣✐♠❡ ❛♣♣❡❛!% (♦ ❜❡ !♦❜✉%(✳ ❋♦! ✐♥%(❛♥❝❡✱ ❛❝❝♦!❞✐♥❣ (♦ (❤❡ ♠✉❧(✐✲♠♦❞❡❧ ❛♥❛❧②%❡% ♦❢

❇✐❛%✉((✐ ❛♥❞ ❙♦❜❡❧ ❬✷✵✵✾❪ ❢♦! (❤❡ ❳❳■

st
❝❡♥(✉!② ❀ ✐♥ ❝♦♥(!❛%( ✇✐(❤ ❧❛!❣❡ ❞✐✈❡!❣❡♥❝❡% ❛❜♦✉(

!❛✐♥❢❛❧❧ (♦(❛❧%✱ (❤❡!❡ ✐% ❛ !♦❜✉%( ❛❣!❡❡♠❡♥( ❛❝!♦%% ♠♦❞❡❧% ♦♥ (❤❡ %❡❛%♦♥❛❧ ❞✐%(!✐❜✉(✐♦♥ ♦❢

❙❛❤❡❧ !❛✐♥❢❛❧❧ ❝❤❛♥❣❡%✳ ❘❛✐♥② %❡❛%♦♥ ✐% ♣!♦❥❡❝(❡❞ (♦ %(❛!( ❧❛(❡! ❛♥❞ ❜❡❝♦♠❡ ✭❛ ❜✐(✮ %❤♦!(❡!

❛% (❤❡ ❡♥❞ ♦❢ (❤❡ !❛✐♥② %❡❛%♦♥ %❤♦✉❧❞ ♥♦( ❜❡ %❤✐❢(❡❞ ❜② %✉❝❤ ❛ %✐❣♥✐✜❝❛♥( ❛♠♦✉♥(✳

✺✵



th

o o

o o





❈❍❆#■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✷✳✼✳ #❊❘❙#❊❈❚■❱❊ ❆❇❖❯❚ ❚❍❊ ❋❯❚❯❘❊

❆◆❉ ❯◆❈❊❘❚❆■◆❚■❊❙

❝❡♥#✉%②✱ #❤❡ ❜✐♦,♣❤❡%❡ ♠♦❞❡❧, ❛%❡ ❢♦%❝❡❞ ❜② %❡❝♦♥,#%✉❝#❡❞ ❝❧✐♠❛#❡ ✜❡❧❞, ✭❈❘❯ ❞❛#❛,❡# ✿

❬◆❡✇ ❡# ❛❧✳✱ ✷✵✵✵❪✮ ❛♥❞ %✐,✐♥❣ ❈❖✷✱ ✉,✐♥❣ ❝♦♥,#❛♥# ♣%❡,❡♥#✲❞❛② ❧❛♥❞ ❝♦✈❡% ✭●▲❈✷✵✵✵✮✳

❖✈❡% #❤❡ ❳❳■

st
❝❡♥#✉%②✱ #❤❡ ❢♦✉% ■I❈❈ ❙❘❊❙ %❛❞✐❛#✐✈❡ ❢♦%❝✐♥❣ ,❝❡♥❛%✐♦, ❬◆❛❦✐❝❡♥♦✈✐❝ ❛♥❞

❙✇❛%#✱ ✷✵✵✵❪ ❛%❡ ✉,❡❞ #♦ ❞%✐✈❡ #❤❡ ❛♥❛❧♦❣✉❡ ❝❧✐♠❛#❡ ♠♦❞❡❧ ♦❢ ❛♥ ❆❖●❈▼ ❬❍✉♥#✐♥❣❢♦%❞ ❛♥❞

❈♦①✱ ✷✵✵✵❪✳ ■♠♣♦%#❛♥#❧②✱ #❤❡ ❛♥❛❧♦❣✉❡ ❝❧✐♠❛#❡ ♠♦❞❡❧ ✐, ❜❛,❡❞ ✉♣♦♥ #❤❡ ,♣❛#✐❛❧ ♣❛##❡%♥, ♦❢

❛♥#❤%♦♣♦❣❡♥✐❝❛❧❧② ❢♦%❝❡❞ ,❝❡♥❛%✐♦ ♦❢ #❤❡ ❍❛❞❈▼✸ ❝♦✉♣❧❡❞ ♠♦❞❡❧ ❬❈♦❧❧✐♥, ❡# ❛❧✳✱ ✷✵✵✶❪✳ ❖♥❡

,❤♦✉❧❞ ❦❡❡♣ ✐♥ ♠✐♥❞ #❤❡ ✉♥❡①♣❧♦%❡❞ ✉♥❝❡%#❛✐♥#② ❛,,♦❝✐❛#❡❞ ✇✐#❤ ❢✉#✉%❡ ❝❤❛♥❣❡, ♦❢ %❛✐♥❢❛❧❧

♣❛##❡%♥,✱ ,❡❛,♦♥❛❧ ❝②❝❧❡✱ ❛♥❞ ❢%❡S✉❡♥❝②✱ ✇❤❡♥ ✉,✐♥❣ ♦♥❡ ❝❧✐♠❛#❡ ♠♦❞❡❧ ♦♥❧②✳ ❚❤❡ ❍❛❞❈▼✸

♣❛%#✐❝✐♣❛#❡❞ #♦ #❤❡ ❢♦✉%#❤ ❛,,❡,,♠❡♥# %❡♣♦%# ♦❢ #❤❡ ■I❈❈ ❬❘❛♥❞❛❧❧ ❡# ❛❧✳✱ ✷✵✵✼❪✳ ■# ♣%♦❞✉❝❡,

❢♦% #❤❡ ❢✉#✉%❡ ❬❙❝❤❛♣❤♦✛ ❡# ❛❧✳✱ ✷✵✵✻❪ ❛ ❞✐♣♦❧❡ ♦❢ ❆♠❛③♦♥ ❞%♦✉❣❤# ❛♥❞ ❆❢%✐❝❛ ✇❡##❡♥✐♥❣✱

#❤✉, ❛ ✇❡##❡% ❙❛❤❡❧ ❝❧✐♠❛#❡ ♦♥ ❛✈❡%❛❣❡ #❤❛♥ ❢♦% ♣%❡,❡♥#✲❞❛② ❝♦♥❞✐#✐♦♥,✳

❋✐❣✉$❡ ✷✳✶✼✿ ❙❡♠✐✲❛%✐❞ %❡❣✐♦♥, ♦❢ ◆♦%#❤❡%♥ ❍❡♠✐,♣❤❡%❡ ,✉❜✲❙❛❤❛%❛♥ ❆❢%✐❝❛ ✭♠❡❛♥ ❛♥♥✉❛❧

%❛✐♥❢❛❧❧ ✐♥ #❤❡ %❛♥❣❡ ✷✵✵✲✻✵✵♠♠✴②❡❛% ✐♥ #❤❡ ❈❘❯ ❞❛#❛,❡# ♦✈❡% ✶✾✵✶✲✷✵✵✷✮

❚❤❡ ❝❤❛♥❣❡, ✐♥ ❧✐✈✐♥❣ ❜✐♦♠❛,, ❛♥❞ ,♦✐❧ ♦%❣❛♥✐❝ ❈ ♣♦♦❧, ♦✈❡% #❤❡ ❙❛❤❡❧ ❛%❡ ❛♥❛❧②,❡❞✳

❚❤❡ %❡❣✐♦♥❛❧ ❡,#✐♠❛#❡, ❝♦%%❡,♣♦♥❞ #♦ ❛✈❡%❛❣❡ ♦✈❡% #❤❡ ❛%❡❛ ✐♥ ♠❛%♦♦♥ ♦♥ ✜❣✉%❡ ✷✳✶✼✳❜

✭❛❧❧ #❤❡ ❧♦✇ %❡,♦❧✉#✐♦♥ ♣✐①❡❧, ❛❧♦♥❣ #❤❡ ❙❛❤❛%❛ ❜♦%❞❡% ✇✐#❤ ❛✈❡%❛❣❡ %❛✐♥❢❛❧❧ ❜❡#✇❡❡♥ ✷✵✵

❛♥❞ ✻✵✵♠♠✴②❡❛% ♦✈❡% #❤❡ ❳❳#❤ ❝❡♥#✉%②✮✳ ❋✐%,#✱ ✜❣✉%❡ ✷✳✶✾ ,❤♦✇, #❤❡ ♠♦❞❡❧❧❡❞ ❝❤❛♥❣❡ ♦❢

❜✐♦♠❛,, ♦✈❡% #❤❡ ❞%②✐♥❣ ♣❡%✐♦❞ ♦❢ ❙❛❤❡❧ ✐♥ #❤❡ ❈❘❯ ❢♦%❝✐♥❣ ❞❡✜♥❡❞ ❛, ✶✾✻✵✲✶✾✽✺✱ ❛♥❞ ♦✈❡%

#❤❡ ❣%❡❡♥✐♥❣ ♣❡%✐♦❞ ❞❡✜♥❡❞ ❢%♦♠ ✶✾✽✺ #♦ ✷✵✵✷✳ ❆ ❧✐♥❡❛% ♠♦❞❡❧ ✐, ✜##❡❞ #♦ #❤❡ #✐♠❡ ,❡%✐❡

♦❜#❛✐♥❡❞ ❢♦% ❡❛❝❤ ❣%✐❞ ♣♦✐♥#✳ ❲❡ ❡①♣%❡,, #❤❡ ✧❈❤❛♥❣❡,✧ ♦❢ #❤❡ ✈❛%✐❛❜❧❡ ♦❢ ✐♥#❡%❡,# ❛, #❤❡

,❧♦♣❡ ♦❢ #❤❡ #%❡♥❞ ♠✉❧#✐♣❧✐❡❞ ❜② #❤❡ ❧❡♥❣#❤ ♦❢ #❤❡ #✐♠❡ ,❡%✐❡ ✉♥❞❡% ✐♥✈❡,#✐❣❛#✐♦♥✱ ❛❣❣%❡❣❛#❡❞

♦✈❡% #❤❡ ❙❛❤❡❧ ▼❛,❦ ♦❢ ✜❣✉%❡ ✷✳✶✼✳❜ ✭❢♦% ❛❧❧ ♠♦❞❡❧, ❛♥❞ ,❝❡♥❛%✐♦, ✇❤❡♥ ♥♦ ♣%❡❝✐,✐♦♥ ✐,

❣✐✈❡♥✮✳ ❖✈❡% #❤❡ ✶✾✻✵✲✶✾✽✺ ♣❡%✐♦❞✱ ❛♥♥✉❛❧ %❛✐♥❢❛❧❧ ❞%♦♣♣❡❞ ♦♥ ❛✈❡%❛❣❡ ❜② ✶✻✼♠♠ ➧ ✼✺

♠♠ ✭✲✻✳✼ ➧ ✸✳✵ ♠♠✴②❡❛%✮✳ ❚❤❡ ❡,#✐♠❛#✐♦♥ ♦❢ #❤❡ ❛✈❡%❛❣❡ %❡❞✉❝#✐♦♥ ♦❢ %❛✐♥❢❛❧❧ ❧✐❡, ✐♥ #❤❡

,❛♠❡ %❛♥❣❡ ✇❤❡♥ ✉,✐♥❣ #❤❡ ♠❛,❦ ♦❢ ✜❣✉%❡ ✷✳✶✼✳❛ ❛♥❞ #❤❡ ❈❘❯ ❞❛#❛,❡# ❜❡❢♦%❡ ❛❣%❡❣❛#✐♦♥ ✿

✲✶✺✵ ➧ ✽✸♠♠✳ ❉%✐✈❡♥ ❜② ,✉❝❤ ❛ ❞%❛,#✐❝ %❡❞✉❝#✐♦♥ ♦❢ ♣%❡❝✐♣✐#❛#✐♦♥,✱ ♦♥❡ ✇♦✉❧❞ ❡①♣❡❝# ❛

✺✸
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❆◆❉ ❯◆❈❊❘❚❆■◆❚■❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆#■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

✈❡"② ❧❛"❣❡ ❞❡❝"❡❛)❡ ♦❢ ❜✐♦♠❛))✱ ❛) )✉❣❣❡)1❡❞ ❜② ❛❧❧ ✜❡❧❞ ♠❡❛)✉"❡♠❡♥1) ✭❛♥❞ 1❤❡ ❧♦✇ )❛1❡❧❧✐1❡

◆❉❱■ ❞❛1❛ ♦❜)❡"✈❡❞ ✐♥ 1❤❡ ❞"♦✉❣❤1 ♦❢ 1❤❡ ❡❛"❧② ✽✵✬)✮✳ ❍♦✇❡✈❡"✱ ✜❣✉"❡ ✷✳✶✾ )❤♦✇) 1❤❛1 1❤✐)

✐) ♥♦1 )♦ ♠✉❝❤ 1❤❡ ❝❛)❡ ❢♦" 1❤❡ ❝♦✉♣❧❡❞ "✉♥ ♣"❡)❡♥1❡❞ ✐♥ ❙✐1❝❤ ❡1 ❛❧✳ ❬✷✵✵✽❪✳ ❚❤❡ ❜✐♦)♣❤❡"❡

♠♦❞❡❧) ♣"❡❞✐❝1 ♦♥ ❛✈❡"❛❣❡ ❛ ♠✐❧❞ ✐♥❝"❡❛)❡ ♦❢ ●II ✭✻✪ ± ✺✳✺✪✮ ❚❤✐) ✐) ♠♦)1 ❧✐❦❡❧② ❞✉❡

1♦ 1❤❡ ❢❛✐❧✉"❡ ♦❢ ■▼❖●❊◆ ✭✐♥ ❢❛❝1 ❍❛❞❈▼✸✮ 1♦ "❡♣"❡)❡♥1 1❤❡ ✐♠♣♦"1❛♥❝❡ ♦❢ 1❤❡ ❛♥♦♠❛❧②

♦❢ ♣"❡❝✐♣✐1❛1✐♦♥) 1❤❛1 ♦❝❝✉"❡❞ ❞✉"✐♥❣ 1❤❡ ✼✵✬) ❛♥❞ ✽✵✬)✳ ❚♦ )♦♠❡ ❡①1❡♥1✱ ✐1 ❝♦✉❧❞ ❛❧)♦ ❜❡

❡①♣❧❛✐♥❡❞ ❜② 1❤❡ "❡)♣♦♥)❡ ♦❢ 1❤❡ ♠♦❞❡❧) 1♦ 1❤❡ "✐)✐♥❣ ❈❖✷ ✭♥❡❛"❧② ✸✵ ♣♣♠ ❢"♦♠ ✶✾✻✵ 1♦

✶✾✽✺✮✳ ■♥❞❡❡❞✱ 1❤✐) ❈❖✷ ✐♥❞✉❝❡❞ ●II ✐♥❝"❡❛)❡ ✐) ♠♦)1❧② ❛♠❡❧✐♦"❛1❡❞ ❜② )♦✐❧ ♠♦✐)1✉"❡ ✇❛1❡"

)❛✈✐♥❣) ✐♥❞✉❝❡❞ ❢"♦♠ )1♦♠❛1❛❧ ❝❧♦)✉"❡✱ ❛ ♣"♦❝❡)) ✐♥❝♦"♣♦"❛1❡❞ ✐♥ 1❤❡ ✜✈❡ ❜✐♦)♣❤❡"❡ ♠♦❞❡❧)✳

❚❤❡ )♦✐❧ ❈ ❜❛❧❛♥❝❡ ✐) ❝♦♥1"♦❧❧❡❞ ❜♦1❤ ❜② ❧✐11❡" ✐♥♣✉1✱ ❡①♣❡❝1❡❞ 1♦ ♣❛"❛❧❧❡❧ 1❤❡ ♣♦)✐1✐✈❡

1"❡♥❞ ✐♥ ♣"✐♠❛"② ♣"♦❞✉❝1✐♦♥✱ ❛♥❞ ❜② ❞❡❝♦♠♣♦)✐1✐♦♥ ♦✉1♣✉1✳ ■♥ ❛❧❧ 1❤❡ ❜✐♦)♣❤❡"❡ ♠♦❞❡❧)✱

❞❡❝♦♠♣♦)✐1✐♦♥ ✐) ❣❡♥❡"❛❧❧② ❞❡)❝"✐❜❡❞ ❛) ❛♥ ❡①♣♦♥❡♥1✐❛❧❧② ✐♥❝"❡❛)✐♥❣ ❢✉♥❝1✐♦♥ ♦❢ )♦✐❧ 1❡♠♣❡✲

"❛1✉"❡ ❛♥❞ ❛) ❛ ❢✉♥❝1✐♦♥ ♦❢ )♦✐❧ ♠♦✐)1✉"❡✱ ✇✐1❤ ❞"②❡" ❝♦♥❞✐1✐♦♥) ✐♥❤✐❜✐1✐♥❣ ❞❡❝♦♠♣♦)✐1✐♦♥✳

❚❤❡ ❝❤❛♥❣❡ ✐♥ )♦✐❧ ❈ ♦❜1❛✐♥❡❞ ❢"♦♠ 1❤❡ ✜✈❡ ❜✐♦)♣❤❡"❡ ♠♦❞❡❧) ❞✉"✐♥❣ 1❤❡ ♣❡"✐♦❞ ✶✾✻✵✲✶✾✽✺

❛♥❞ ✶✾✽✺✲✷✵✵✷ ✐) )❤♦✇♥ ✐♥ ✜❣✉"❡ ✷✳✶✾✳ ❖✈❡"❛❧❧✱ )♦✐❧ ❈ ✐♥ 1❤❡ "❡❣✐♦♥ ❞❡✜♥❡❞ ❜② 1❤❡ ❙❛❤❡❧✐❛♥

♠❛)❦ ♣"❡)❡♥1❡❞ ♦♥ ✜❣✉"❡ ✷✳✶✼✳❛ ❤❛) ✐♥❝"❡❛)❡❞ ❜② ✵✳✼✪ ± ✹✳✺✪ ✭ gC/m−2✮ ♦✈❡" 1❤❡ ♣❡"✐♦❞
✶✾✻✵✲✶✾✽✺✱ ✇❤✐❧❡ ✈❡❣❡1❛1✐♦♥ ❜✐♦♠❛)) ❤❛) ✐♥❝"❡❛)❡❞ ❜② ✾✪ ± ✶✶✪✳ ■♥ 1❤❡ ♠♦❞❡❧)✱ ❞✉"✐♥❣ 1❤❡

❣"❡❡♥✐♥❣ ♣❡"✐♦❞ ✭✶✾✽✺✲✷✵✵✷✮✱ 1❤❡ ✐♥❝"❡❛)❡ ♦❢ )♦✐❧ ❝❛"❜♦♥ ✐) ♦♥❧② ✵✳✶✸✪ ± ✹✳✸✪✭ ❣❈✳♠

−2
✮

❛♥❞ 1❤❡ ♦♥❡ ♦❢ ✈❡❣❡1❛1✐♦♥ ❜✐♦♠❛)) ✶✶✪ ± ✼✪✳

❋✉1✉"❡ ❝❧✐♠❛1❡ )❝❡♥❛"✐♦)✱ ✇✐1❤ 1❤❡ ❍❛❞❈▼✸ "❡❣✐♦♥❛❧ ❝❧✐♠❛1❡ ❝❤❛♥❣❡ ♣❛11❡"♥) ♣"♦❞✉❝❡ ❛

✇❛"♠✐♥❣ ❝♦♥)✐)1❡♥1 ✇✐1❤ 1❤❡ ♦1❤❡" ❝❧✐♠❛1❡ ♠♦❞❡❧) ✭✜❣✉"❡ ✷✳✶✻✮ ❛♥❞ )1"♦♥❣ ✇❡11❡♥✐♥❣ ♦✈❡"

❙❛❤❡❧✱ ❛ ❢❡❛1✉"❡ ✇❤✐❝❤ ✐) ♠♦"❡ )♣❡❝✐✜❝ 1♦ 1❤❡ ❈✐"❝✉❧❛1✐♦♥ ▼♦❞❡❧ ❢"♦♠ ✇❤✐❝❤ 1❤❡ ❛♥♦♠❛❧✐❡)

❛"❡ ❞❡"✐✈❡❞✳ ■♥ "❡)♣♦♥)❡ 1♦ ❝♦♠❜✐♥❛1✐♦♥ ♦❢ ✇❡11❡♥✐♥❣ ❛♥❞ "✐)✐♥❣ ❈❖✷✱ 1❤❡ ❜✐♦)♣❤❡"❡ ♠♦❞❡❧)

❛❧❧ ♣"♦❞✉❝❡ ❛ ✇✐❞❡)♣"❡❛❞ ✐♥❝"❡❛)❡ ✐♥ ✈❡❣❡1❛1✐♦♥ ❜✐♦♠❛)) ❞✉"✐♥❣ 1❤❡ ❳❳■

st
❝❡♥1✉"②✳ ❚❤❡

♠❛❣♥✐1✉❞❡ ❛♥❞ )♣❛1✐❛❧ ♣❛11❡"♥ ♦❢ 1❤✐) ✐♥❝"❡❛)❡ ✐) "❡❛)♦♥❛❜❧② )✐♠✐❧❛" ❛♠♦♥❣ 1❤❡ ✜✈❡ ♠♦❞❡❧)

✇✐1❤ ❛♥ ✐♥❝"❡❛)❡ ♦❢ ✶✷✺✪ ± ✶✵✻✪ ❛♥❞ ✐) ♣❛"❛❧❧❡❧❡❞ ❜② ❛♥ ✐♥❝"❡❛)❡ ♦❢ )♦✐❧ ❝❛"❜♦♥ ♦❢ ✻✵✪ ±
✶✶✼✪✳ ❚❤✉)✱ 1❤❡ "❡)♣♦♥)❡ ♦❢ ✈❡❣❡1❛1✐♦♥ 1❤"♦✉❣❤ 1❤❡ ✜✈❡ ❜✐♦)♣❤❡"❡ ♠♦❞❡❧) )✉❣❣❡)1) ✜")1 1❤❛1

1❤❡ ♠♦❞❡❧) )❤❛"❡ )♦♠❡ ♣❛"❛♠❡1❡"✐③❛1✐♦♥) ❛♥❞ 1❤✉) ❤❛✈❡ ❛ )✐♠✐❧❛" "❡)♣♦♥)❡✱ ❛♥❞ )❡❝♦♥❞✱

1❤❛1 1❤❡ "❡)♣♦♥)❡ ♦❢ ❙❛❤❡❧✐❛♥ ✈❡❣❡1❛1✐♦♥ 1♦ ❢✉1✉"❡ ❝❧✐♠❛1❡ ❝❤❛♥❣❡ ✐) "❡❧❛1✐✈❡❧② "♦❜✉)1 ✇✐1❤✐♥

♦✉" ♠♦❞❡❧ ❡♥)❡♠❜❧❡✳ ❚❤❡ )✐♠✐❧❛"✐1② ♦❢ 1❤❡ "❡)♣♦♥)❡ ♦❢ 1❤❡ ❞✐✛❡"❡♥1 ✈❡❣❡1❛1✐♦♥ ♠♦❞❡❧) ✉)❡❞

✐♥ 1❤✐) )1✉❞② ❝♦♥1"❛)1) ✇✐1❤ 1❤❡ ❞✐✈❡"❣❡♥❝❡ ♦❢ 1❤❡ "❡)♣♦♥)❡ ♦❢ ❝❧✐♠❛1❡ ♠♦❞❡❧) ✭❛) )❤♦✇♥ ✐♥

♣"❡✈✐♦✉) )❡❝1✐♦♥✮✳ ❚❤✐) )✉❣❣❡)1) 1❤❛1 ♠♦)1 ♦❢ 1❤❡ ✉♥❝❡"1❛✐♥1② ✐♥ ♣"❡❞✐❝1✐♥❣ 1❤❡ )✉)1❛✐♥❛❜✐❧✐1②

♦❢ ❙❛❤❡❧✐❛♥ ✈❡❣❡1❛1✐♦♥ ❝✉""❡♥1❧② ❧✐❡) ✐♥ "❡❣✐♦♥❛❧ ❝❧✐♠❛1❡ ♣"♦❥❡❝1✐♦♥)✳ ❖♥ 1❤❡ ♦1❤❡" ❤❛♥❞✱

❝♦♥✜❞❡♥❝❡ ✐♥ ❜✐♦)♣❤❡"❡ ♠♦❞❡❧ "❡)✉❧1) ♠✉)1 ♥♦1 ❜❡ ♦✈❡")1❛1❡❞ ✭❛♥❞ ❞"②❧❛♥❞ ✈❡❣❡1❛1✐♦♥

♣"♦❝❡))❡) "❡♠❛✐♥ ♣♦♦"❧② ❝♦♥)1"❛✐♥❡❞ ✐♥ ♣❛"1✐❝✉❧❛" ♣❤❡♥♦❧♦❣② ❛♥❞ ❛❧❧♦❝❛1✐♦♥✮✳ ❋✉"1❤❡"✱ ✇✐1❤

❛ ❤✐❣❤ ♣♦♣✉❧❛1✐♦♥ ❞❡♥)✐1② ❛♥❞ )✐❣♥✐✜❝❛♥1 ❝"♦♣❧❛♥❞ ❝♦✈❡" ❬❈♦✉" ❡1 ❛❧✳✱ ✶✾✾✽❪✱ ✉)✐♥❣ ♥❛1✉"❛❧

✈❡❣❡1❛1✐♦♥✱ ❝"♦♣❧❛♥❞ ❛♥❞ ♣❛)1✉"❡ )❤♦✉❧❞ ❜❡ ✐♥❝♦"♣♦"❛1❡❞ ✐♥ 1❤❡ ♠♦❞❡❧) ✐♥ ❛ ♠♦"❡ "❡❛❧✐)1✐❝

✇❛② 1❤❛♥ ✉)✐♥❣ ❣❡♥❡"✐❝ ❣"❛))❧❛♥❞) ❛) ♣"❡)❡♥1❧② ❞♦♥❡ ❬❇❡"❣ ❡1 ❛❧✳✱ ✷✵✶✵❪✳

■♥ )✉♠♠❛"②✱ ❝❧✐♠❛1❡ ♠♦❞❡❧) ❧❛"❣❡❧② ❞✐✈❡"❣❡ ✐♥ 1❤❡✐" "❡♣"❡)❡♥1❛1✐♦♥ ♦❢ 1❤❡ ❢❛✐1❤ ♦❢

1❤❡ ❲❡)1 ❆❢"✐❝❛♥ ▼♦♦♥)♦♦♥ ♦✈❡" 1❤❡ ❳❳■

st
❝❡♥1✉"②✳ ❚❤✐) ❧❛❝❦ ♦❢ ✇❡❧❧ ❞❡✜♥❡ ❝❧✐♠❛1❡

❝♦♥)1"❛✐♥1 ❤❛) ❛ ✈❡"② ❧❛"❣❡ ✐♠♣❛❝1 ♦♥ 1❤❡ ✉♥❝❡"1❛✐♥1② 1❤❛1 ❤✐♥❞❡") ❛♥② ♣"♦❥❡❝1✐♦♥

♦❢ 1❤❡ ❡✈♦❧✉1✐♦♥) ♦❢ 1❤❡ )1♦❝❦) ♦❢ ❝❛"❜♦♥ ✐♥ 1❤❡ )❛❤❡❧✐❛♥ ❡❝♦)②)1❡♠)✳ ❉✐✛❡"❡♥❝❡)

❜❡1✇❡❡♥ ✈❡❣❡1❛1✐♦♥ ♠♦❞❡❧) ❛"❡ ❛❧)♦ ❞✐)♣❧❛②❡❞✱ ❜✉1 ❛) ❧♦♥❣ ❛) 1❤❡ ❦♥♦✇❧❡❞❣❡ ❛❜♦✉1

1❤❡ ❡✈♦❧✉1✐♦♥ ♦❢ 1❤❡ "❛✐♥❢❛❧❧ "❡❣✐♠❡ ✐♥ 1❤❡ "❡❣✐♦♥ "❡♠❛✐♥) ✐♥❝♦♥❝❧✉)✐✈❡✱ ❤❛"❞❧② ❛♥②

❝♦♥❝❧✉)✐♦♥ ❝❛♥ ❜❡ ❞❡"✐✈❡❞ ✇✐1❤ "❡❣❛"❞) 1♦ 1❤❡ ❡✈♦❧✉1✐♦♥ ♦❢ 1❤❡ )❛❤❡❧✐❛♥ ✈❡❣❡1❛1✐♦♥

❝♦✈❡" ♦✈❡" 1❤❡ ♥❡①1 ❝❡♥1✉"②✳

✺✹



❈❍❆#■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✷✳✽✳ ❈❖◆❈▲❯❙■❖◆

❛ ❜

❝ ❞

❋✐❣✉$❡ ✷✳✶✽✿ ❇✐♦♠❛-- ✭❛✱ ❝✮ ❛♥❞ -♦✐❧ ♦3❣❛♥✐❝ ♠❛55❡3 ✭❜✱ ❞✮ ❝❤❛♥❣❡ ♦❢ ❝❛3❜♦♥ -5♦❝❦- ♦✈❡3 5❤❡

♣❡3✐♦❞- ✶✾✻✵✲✶✾✽✺ ✭❛ ❛♥❞ ❜✮ ❛♥❞ ✶✾✽✻✲✷✵✵✷ ✭❝ ❛♥❞ ❞✮ ✇❤❡♥ ❢♦3❝✐♥❣ ❢♦✉3 ❞✐✛❡3❡♥5 ✈❡❣❡5❛5✐♦♥

♠♦❞❡❧- ❬❙✐5❝❤ ❡5 ❛❧✳✱ ✷✵✵✽❪ ✭❙❤❡✣❡❧❞✱ ❚3✐✣❞✱ ▲J❏✱ ❍②❧❛♥❞✮ ✇✐5❤ 5❤❡ ❈❘❯ ♣3❡❝✐♣✐5❛5✐♦♥-✳

❚❤❡② ❛3❡ ❡①♣3❡--❡❞ ✐♥ ❣❈✴♠

2
❛♥❞ ❝♦33❡-♣♦♥❞ 5♦ 5❤❡ ❧✐♥❡❛3 53❡♥❞ ♠✉❧5✐♣❧✐❡❞ ❜② 5❤❡ ❧❡♥❣5❤

♦❢ 5❤❡ ♣❡3✐♦❞✳ ❆ ❝♦♥5♦✉3 ♦❢ 5❤❡ ♣✐①❡❧ ✉-❡❞ ❢♦3 5❤❡ ✓ ❙❛❤❡❧ ❛✈❡3❛❣❡ ✔✐♥ ❚❛❜❧❡ ✷✳✷ ✐- ♦✈❡3❧❛②❡❞

✐♥ ♦3❛♥❣❡ ❝♦❧♦3✳

✷✳✽ ❈♦♥❝❧✉)✐♦♥

❘❡♠♦5❡ -❡♥-✐♥❣ -5✉❞✐❡- ❤❛✈❡ ✐❞❡♥5✐✜❡❞ ❛ -✐❣♥✐✜❝❛♥5 3❡❣3❡❡♥✐♥❣ ♦❢ ❛ ❧❛3❣❡ ❢3❛❝5✐♦♥ ♦❢

5❤❡ ❙❛❤❡❧ -✐♥❝❡ 5❤❡ ❡❛3❧② ✽✵✬-✳ ❚❤✐- ❝❤❛♥❣❡ ✐- ❝♦♥❝♦♠✐5❛♥5 ✇✐5❤ ❛♥ ✐♥❝3❡❛-❡ ✐♥ 3❛✐♥❢❛❧❧ ❛♥❞

✐- ♠♦3❡ 3♦❜✉-5 ❛5 5❤❡ ❧♦♥❣✐5✉❞❡ ♦❢ ❈❤❛❞ ❛♥❞ ❡❛-5❡3♥ ◆✐❣❡3 ✭❜❡5✇❡❡♥ ✵➦❊ ❛♥❞ ✷✵➦❊✮ 5❤❛♥

❢♦3 3❡❣✐♦♥- -✐5✉❛5❡❞ ❢✉35❤❡3 ❲❡-5✳ ■♥ ✐5-❡❧❢✱ 5❤✐- 3❡✲❣3❡❡♥✐♥❣ 53❡♥❞ ❞♦❡- ♥♦5 ✐♠♣❧② 5❤❛5 5❤❡

❝❧❛-- ♦❢ ❤②♣♦5❤❡-❡- ♣♦♣✉❧❛3✐③❡❞ ❜② ❈❤❛3♥❡② ❛♥❞ ▲❛♠♣3❡② ✇❡3❡ ♠✐-❧❡❛❞✐♥❣✳ ❲❤✐❧❡ 5❤❡-❡

❤②♣♦5❤❡-❡- ❛--✉♠❡❞ 5❤❛5 5❤❡ ❧❛♥❞✲-✉3❢❛❝❡ ❝♦♥❞✐5✐♦♥- ✇❡3❡ ♣❧❛②✐♥❣ ❛ ♠❛❥♦3 3♦❧❡ ✐♥ 5❤❡

♥❡❣❛5✐✈❡ ❛♥♦♠❛❧✐❡- ♦❢ ♣3❡❝✐♣✐5❛5✐♦♥ ♦❜-❡3✈❡❞ ✐♥ 5❤❡ ✼✵✬- ❛♥❞ ❡❛3❧② ✽✵✬- ❀ 5❤❡ ✐♥❞✐-♣✉5❛❜❧❡

✐♥❝3❡❛-❡ ♦❢ 5❤❡ ❛3❡❛- ❝3♦♣♣❡❞ ✐♥ 5❤❡ ❧❛♥❞-❝❛♣❡ ❤❛- ♥♦5 ❜❡❡♥ ❛- ❞3❛-5✐❝ ❛- ❛--✉♠❡❞ ❜②

5❤❡ ❢❡✇ ♠♦❞❡❧❧✐♥❣ ✇♦3❦- ✇❤✐❝❤ ❛55❡♠♣5❡❞ 5♦ ❛--❡-- 5❤❡ ❡✛❡❝5 ♦❢ ❧❛♥❞ ✉-❡ ♦♥ ✇❡❛5❤❡3 ❢♦3

5❤❛5 ♣❡3✐♦❞✳ ▼♦3❡ ✐♠♣♦35❛♥5 5♦ ❢❛❧-✐❢② 5❤❡-❡ ❤②♣♦5❤❡-❡-✱ 5❤❡ ✐♥❝3❡❛-❡ ♦❢ 5❤❡ ❛♥5❤3♦♣✐❝

❛♣♣3♦♣3✐❛5✐♦♥ ♦❢ 5❤❡ ♣3✐♠❛3② ♣3♦❞✉❝5✐♦♥ -❡❡♠- 5♦ ❤❛✈❡ ❝♦♥5✐♥✉❡❞ ❛❢5❡3 5❤❡ ✽✵✬- ❛♥❞ 5❤❡

-♣♦3❛❞✐❝ ❝♦♥-❡3✈❛5✐✈❡ ❛❝5✐♦♥- 5❤❛5 ❤❛✈❡ ❜❡❡♥ 5❛❦❡♥ ❞♦♥✬5 ♠♦❞✐❢② 5❤❡ ♦✈❡3❛❧❧ ✐♠❛❣❡✳

❚❤❡3❡❢♦3❡✱ ❧❛♥❞✲✉-❡ ❝❤❛♥❣❡- ❝❛♥♥♦5 ❜❡ ❝♦♥-✐❞❡3❡❞ ❛- 5❤❡ ♠❛✐♥ ❝❛✉-❡ ♦❢ 5❤❡ ❝❤❛♥❣❡

✐♥ ♣3❡❝✐♣✐5❛5✐♦♥ ❛♥❞ 3❡❣3❡❡♥✐♥❣ 5❤❛5 ❤❛✈❡ ❜❡❡♥ ♦❜-❡3✈❡❞ ♦✈❡3 5❤❡ ❙❛❤❡❧ ❞✉3✐♥❣ 5❤❡ ❧❛-5

❞❡❝❛❞❡-✳ ❚❤❡-❡ ❝♦♥❝❧✉-✐♦♥ ❛3❡ ✐♥ ❧✐♥❡ ✇✐5❤ 5❤♦-❡ ♦❢ ❖③❡3 ❡5 ❛❧✳ ❬✷✵✶✵❪✱ ❛❧5❤♦✉❣❤ 5❤❡ 3❡❛❞❡3

♠❛② ❝♦♥-✐❞❡3 5❤❛5 5❤❡-❡ -②♥5❤❡-✐- ♦♥ 5❤❡ ✓ ❞❡-❡35✐✜❝❛5✐♦♥ ✔ ✇❛- ✇❛② ♠♦3❡ ❝3✐5✐❝❛❧ 5❤❛♥

♦✉3 ✇✐5❤ 3❡❣❛3❞- 5♦ 5❤❡ 3❡♠♦5❡ -❡♥-✐♥❣ -5✉❞✐❡- 5❤❛5 ❤❛✈❡ ✓ ❞✐❛❣♥♦-❡❞ ✔ ❛ 3❡❣3❡❡♥✐♥❣ ♦❢ 5❤❡

❙❛❤❡❧✐❛♥ 3❡❣✐♦♥✳

✺✺
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❍■❙❚❖❘■◗❯❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✷✳✽✳ ❈❖◆❈▲❯❙■❖◆

❚❛❜❧❡ ✷✳✷✿ ❆♥♦♠❛❧✐❡+ ♦❢ ❜✐♦♠❛++✱ +♦✐❧ ❝❛0❜♦♥✱ ♣0❡❝✐♣✐2❛2✐♦♥ ❛♥❞ 2❡♠♣❡0❛2✉0❡ ❢♦0 ❡❛❝❤

♠♦❞❡❧ ♦❢ ❙✐2❝❤ ❡2 ❛❧✳ ❬✷✵✵✽❪ ♦✈❡0 2❤❡ +❛❤❡❧✐❛♥ 0❡❣✐♦♥ ✇✐2❤ 2❤❡ ❛✈❡0❛❣❡ ♦✈❡0 ✶✾✵✶✲✶✾✺✵ 2❛❦❡♥

❛+ ❛ 0❡❢❡0❡♥❝❡✳ ❚❤❡ ❛♥♦♠❛❧✐❡+ ♦❢ 2❡♠♣❡0❛2✉0❡ ❛♥❞ 0❛✐♥❢❛❧❧ ❛0❡ ❞❡❞✉❝❡❞ ❢0♦♠ 2❤❡ ❣❧♦❜❛❧

♠❡❛♥ +✉0❢❛❝❡ 2❡♠♣❡0❛2✉0❡ ✐♥❝0❡❛+❡ ❜❛+❡❞ ♦♥ 2❤❡ ♣❛22❡0♥ ♣0❡+❡♥2❡❞ ✐♥ ✜❣✉0❡ ✷✳✶✾ ✭❣✮ ❛♥❞

✭❤✮✱ ✐❡ ∆T × 1.57 ± 14.99(mm/year) ❢♦0 2❤❡ ♣0❡❝✐♣✐2❛2✐♦♥+ ❛♥❞ ∆T × 0.90 ± 0.09(K) ❢♦0
2❤❡ 2❡♠♣❡0❛2✉0❡✳ ❋♦0 ❜✐♦♠❛++ ❛♥❞ +♦✐❧ ❝❛0❜♦♥✱ 2❤❡ +2❛♥❞❛0❞ ❞❡✈✐❛2✐♦♥ ❛❝0♦++ ♠♦❞❡❧+ ♦0

+❝❡♥❛0✐♦+ ✐+ ✐♥❞✐❝❛2❡❞ ✐♥ ♣❛0❡♥2❤❡+✐+✱ ✇❤✐❧❡ 2❤❡ +2❛♥❞❛0❞ ❞❡✈✐❛2✐♦♥ ❜❡2✇❡❡♥ ♣✐①❡❧+ ✐+ ❣✐✈❡♥

❢♦0 2❤❡ ♣0❡❝✐♣✐2❛2✐♦♥ ❛♥❞ 2❡♠♣❡0❛2✉0❡ ❛♥♦♠❛❧✐❡+✳

♣❡6✐♦❞ ♠♦❞❡❧ ∆ ❇✐♦♠❛>> ∆ ❙♦✐❧ ❈ ∆ # ∆ ❚

✭❦❣❈✴♠

2
✮ ✭❦❣❈✴♠

2
✮

✭♠♠✴②❡❛6✮ ✭❑✮

✶✾✼✵✲✶✾✽✺ ❞6♦✉❣❤N ❍❨▲ −4.8×10
−03

6.1× 10
−02

▲!❏ −1.7×10
−03

1.1× 10
−02

❖❘❈

✲✽✶✳✻

✭±47.6✮
✲✵✳✵✶✻

✭±0.180✮
❙❍❊ −4.2×10

−02
1.6× 10

−03

❚❘■ −5.7×10
−02

2.3× 10
−01

✶✾✽✻✲✷✵✵✷ 5❡✲❣5❡❡♥✐♥❣
❍❨▲ −2.7×10

−03
−7.7×10

−01

▲!❏ −1.3×10
−03

3.8× 10
−03

❖❘❈

✲✺✾✳✸

✭±42.7✮
✲✵✳✵✺

✭±0.261✮
❙❍❊ −3.7×10

−02
−4.3×10

−02

❚❘■ −4.6×10
−02

−3.6×10
−01

✷✵✽✵✲✷✵✾✾ ❆✶❋■ ?❝❡♥❛5✐♦ ❛❝5♦?? ♠♦❞❡❧?

8.3 × 10
−01

✭±8.1× 10−01
✮

3.7 × 10
−01

✭±3.9× 10−01
✮

✼✳✸✷

✭± ✼✵✳✵✻ ✮

✹✳✷✵

✭± ✵✳✹✸ ✮

✷✵✽✵✲✷✵✾✾ ❆✷ ?❝❡♥❛5✐♦ ❛❝5♦?? ♠♦❞❡❧?

7.3 × 10
−01

✭±7.8× 10−01
✮

2.9 × 10
−01

✭±3.3× 10−01
✮

✻✳✼✸

✭± ✻✹✳✸✹ ✮

✸✳✽✺

✭± ✵✳✸✾ ✮

✷✵✽✵✲✷✵✾✾ ❇✶ ?❝❡♥❛5✐♦ ❛❝5♦?? ♠♦❞❡❧?

5.1 × 10
−01

✭±5.4× 10−01
✮

2.7 × 10
−01

✭±2.1× 10−01
✮

✹✳✹✷

✭± ✹✷✳✷✽ ✮

✷✳✺✸

✭± ✵✳✷✻ ✮

✷✵✽✵✲✷✵✾✾ ❇✷ ?❝❡♥❛5✐♦ ❛❝5♦?? ♠♦❞❡❧?

5.3 × 10
−01

✭±5.4× 10−01
✮

2.3 × 10
−01

✭±2.1× 10−01
✮

✹✳✾✽

✭± ✹✼✳✻✻ ✮

✷✳✽✻

✭± ✵✳✷✾ ✮

✷✵✽✵✲✷✵✾✾ ❛❝5♦?? ?❝❡♥❛5✐♦?
❍❨▲

1.1 × 10
−01

✭±2.5× 10−03
✮

4.7 × 10
−01

✭±3.8× 10−02
✮

✺✳✹✻

✭± ✺✷✳✷✻ ✮

✸✳✶✸

✭± ✵✳✸✷ ✮

▲!❏

2.4
✭±8.2× 10−02

✮

3.3 × 10
−01

✭±7.1× 10−02
✮

✻✳✹✻

✭± ✻✶✳✼✺ ✮

✸✳✼✵

✭± ✵✳✸✽ ✮

❖❘❈

4.0 × 10
−01

✭±2.5× 10−02
✮

1.0 × 10
−01

✭±4.2× 10−03
✮

✺✳✺✾

✭± ✺✸✳✹✸ ✮

✸✳✷✵

✭± ✵✳✸✷ ✮

❙❍❊

3.6 × 10
−01

✭±3.1× 10−02
✮

1.1
✭±5.5× 10−02

✮

✺✳✹✻

✭± ✺✷✳✷✻ ✮

✸✳✶✸

✭± ✵✳✸✷ ✮

❚❘■

−1.8×10
−02

✭±1.1× 10−05
✮

−5.9×10
−01

✭±1.0× 10−03
✮

✻✳✸✺

✭± ✻✵✳✼✷ ✮

✸✳✻✹

✭± ✵✳✸✼ ✮

✺✼



✷✳✽✳ ❈❖◆❈▲❯❙■❖◆

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆,■❚❘❊ ✷✳ ❈❖◆❚❊❳❚❊ ❘➱●■❖◆❆▲ ❊❚

❍■❙❚❖❘■◗❯❊

❖❜✈✐♦✉&❧②✱ *❤✐& ♦❜&❡-✈❛*✐♦♥ ❞♦❡& ♥♦* ❡①❝❧✉❞❡ *❤❡ ✐❞❡❛ *❤❛* ❡✈❛♣♦-❛*✐♦♥ ❢❡❡❞❜❛❝❦ ❝♦✉❧❞

❤❛✈❡ -❡✐♥❢♦-❝❡❞ *❤❡ ♣❡-&✐&*❡♥❝❡ ♦❢ ❛♥♦♠❛❧✐❡& ✭♣♦&✐*✐✈❡ ♦- ♥❡❣❛*✐✈❡✮ ♦✈❡- *❤❡ ❙❛❤❡❧ -❡❣✐♦♥

*❤-♦✉❣❤ ❛♥ ✐♥✢✉❡♥❝❡ ♦♥ *❤❡ -❡❝②❝❧✐♥❣ ♦❢ ✇❛*❡- ❛♥❞ *❤❡ ❞②♥❛♠✐❝ ♦❢ *❤❡ ♠♦♦♥&♦♦♥✳ ■♥

*❤❡ ♠❡❛♥*✐♠❡✱ *❤❡ ♠♦&* ❝♦♥✈✐♥❝✐♥❣ &*✉❞✐❡& ❤❛✈❡ ❜❛❝❦❡❞ *❤❡ ❛&&✉♠♣*✐♦♥ *❤❛* ❧❛-❣❡ &❝❛❧❡

♣❛**❡-♥& ♦❢ &❡❛ &✉-❢❛❝❡ *❡♠♣❡-❛*✉-❡ ❤❛✈❡ ❜❡❡♥ *❤❡ ♠♦&* ✐♠♣♦-*❛♥* ❞-✐✈❡-& ♦❢ ✢✉❝*✉❛*✐♦♥&

✐♥ *❤❡ -❛✐♥❢❛❧❧ ♦✈❡- ❲❡&*✲❆❢-✐❝❛✱ ❛♥❞ *❤❡&❡ ♣❛**❡-♥& ♦❢ ❙❙❚ ❛-❡ ♦♥❧② ❧♦♦&❡❧② ❛✛❡❝*❡❞ ❜②

✢✉①❡& ❛♥♦♠❛❧✐❡& ♦✈❡- *❤❡ ❝♦♥*✐♥❡♥*✳

❚❤❡-❡ ✐& ♥♦ ❣❡♥❡-❛❧ ❛❣-❡❡♠❡♥* ♦♥ *❤❡ ❞✐-❡❝*✐♦♥ ♦❢ *❤❡ ❝❤❛♥❣❡ ♦❢ *❤❡ ✇♦♦❞② ♣❧❛♥* ❝♦✈❡-

♦✈❡- *❤❡ ✇❤♦❧❡ -❡❣✐♦♥✳ ❖♥ *❤❡ ♦♥❡ ❤❛♥❞✱ *❤❡-❡ ✐& ❝✉--❡♥*❧② ♥♦ &❛*✐&❢②✐♥❣ -❡♠♦*❡✲&❡♥&✐♥❣

❞❛*❛&❡* ❝❤❛-❛❝*❡-✐&✐♥❣ *❤❡ ❝❤❛♥❣❡ ✐♥ ✇♦♦❞② ♣❧❛♥* ❝♦✈❡- ✐♥ &❛✈❛♥♥❛❤& ❛♥❞ ❛❣-♦❢♦-❡&*-②

♣❛-❦❧❛♥❞&✳ ❋♦- ✐♥&*❛♥❝❡✱ ✐* ♠✉&* ❜❡ ❦❡♣* ✐♥ ♠✐♥❞ *❤❛* *❤❡ ✐♥*❡-✲❛♥♥✉❛❧ ✢✉❝*✉❛*✐♦♥& ♦❢

*❤❡ ◆❉❱■ &✐❣♥❛❧ ✇❤✐❝❤ ✉&❡❞ *♦ ❝❤❛-❛❝*❡-✐&❡ *❤❡ ✏-❡✲❣-❡❡♥✐♥❣✑ ♦✈❡- *❤❡ ❧❛&* ❞❡❝❛❞❡& ❛-❡

❞♦♠✐♥❛*❡❞ ❜② ♠♦❞✐✜❝❛*✐♦♥& ♦❢ *❤❡ ❤❡-❜❛❝❡♦✉& ❝♦✈❡-✳ ❖♥ *❤❡ ♦*❤❡- ❤❛♥❞✱ *❤❡-❡ ✐& ♥♦ ♦❜✈✐♦✉&

❝♦♥✈❡-❣❡♥❝❡ ✐♥ *❤❡ -❡&✉❧*& ♦❢ *❤❡ &❡* ♦❢ ✜❡❧❞ &*✉❞✐❡& ❝♦♥❞✉❝*❡❞ *♦ ♠❡❛&✉-❡ *❤❡ *-❡♥❞ ♦❢ *❤❡

❞❡♥&✐*② ♦❢ ❧✐❣♥❡♦✉& ♣❧❛♥*&✳ ■❢ ♠♦❞✐✜❝❛*✐♦♥& ♦❢ &♣❡❝✐❡& ❤❛✈❡ ♦❝❝✉-❡❞✱ ❛& ✇❡❧❧ ❛& ♠❛&&✐✈❡

-❡❝♦❧♦♥✐&❛*✐♦♥ ♦❢ &♦♠❡ &♣❛❝❡& ❧❡❢* ❡♠♣*② ❜② *❤❡ ❧❛-❣❡ ❞✐❡❜❛❝❦ ♦❢ *-❡❡& ❢♦❧❧♦✇✐♥❣ *❤❡ ❞-✐❡&*

②❡❛-&✱ *❤❡ ♠❡❛♥ ✐♥❝-❡❛&❡ ♦❢ *❤❡ &*❡♠ ❞❡♥&✐*② ❝♦✉❧❞ ❜❡ ❡①*-❡♠❡❧② ❧✐♠✐*❡❞✳

❚♦ *❛❦❡ ❢♦- ❣-❛♥*❡❞ ❛ ❢✉-*❤❡- ❞❡♥&✐✜❝❛*✐♦♥ ♦❢ *❤❡ ✈❡❣❡*❛*✐♦♥ ❝♦✈❡- ♦✈❡- *❤❡ ♥❡①* ❝❡♥*✉-②

❛♣♣❡❛-& ❤❛&❛-❞♦✉& ❝♦♥&✐❞❡-✐♥❣ *❤❡ ❧❛-❣❡ ❞✐✈❡-❣❡♥❝❡ ♦❢ -❛✐♥❢❛❧❧ ♣-❡❞✐❝*✐♦♥& ❢-♦♠ *❤❡ ❞✐✛❡-❡♥*

●❧♦❜❛❧ ❈✐-❝✉❧❛*✐♦♥ ▼♦❞❡❧&✳ ❙♦♠❡ ❞✐&♣❧❛② ❛ -❡❞✉❝*✐♦♥ ♦❢ ♠♦-❡ *❤❛♥ ✶✵✪ ✇❤✐❧❡ ♦*❤❡-& ♣-❡❞✐❝*

❛♥ ✐♥❝-❡❛&❡ ♦❢ ✉♣ *♦ ✷✵✪✱ ❛ -❛♥❣❡ &✉✣❝✐❡♥* *♦ ♦✛&❡* *❤❡ ❡✛❡❝* ♦❢ *❤❡ ❡①♣❡❝*❡❞ ✐♥❝-❡❛&❡ ♦❢

❛*♠♦&♣❤❡-✐❝ ❈❖✷✱ ✇❤✐❝❤ &❤♦✉❧❞ ❢✉-*❤❡- ❡♥❤❛♥❝❡ *❤❡ ♣-♦❞✉❝*✐✈✐*② ♦❢ *-❡❡& ❛♥❞ ❈✸ ❣-❛&&❡&

❛& ✐* ❞✐❞ ✭❛* *❤❡ ❣❧♦❜❛❧ &❝❛❧❡✮ ❞✉-✐♥❣ *❤❡ ❳❳

th
❝❡♥*✉-②✳ ▼♦-❡♦✈❡-✱ *❤❡ ❧✐♠✐*❡❞ ❛✈❛✐❧❛❜✐❧✐*② ♦❢

&✉✐*❛❜❧❡ ❧❛♥❞ ❢♦- ❛ ❢✉-*❤❡- ❡①♣❛♥&✐♦♥ ♦❢ ❝-♦♣❧❛♥❞ -❡♣-❡&❡♥*& ❛ ✈❡-② &*-♦♥❣ ✐♥❝❡♥*✐✈❡ *♦✇❛-❞

✐♥*❡♥&✐✜❝❛*✐♦♥ ♦❢ *❤❡ ❝-♦♣♣✐♥❣ ♣-❛❝*✐❝❡&✱ ❜✉* *❤❡ ✐♠♣❛❝* ♦❢ &✉❝❤ ❛ ❝❤❛♥❣❡ ♦♥ *❤❡ ✈❡❣❡*❛*✐♦♥

❝♦✈❡- ✐& ❤❛-❞ *♦ ❡&*✐♠❛*❡✳

✺✽
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❊!❛! ❞❡ ❧✬❛'! ❡! ♠♦❞*❧❡ ❡♠♣❧♦②-

▲❛ ❝♦♥♥❛✐&&❛♥❝❡ &❝✐❡♥(✐✜*✉❡ ❢✉( ❧♦♥❣(❡♠♣&

❡( ❞❡♠❡✉2❡ ❡♥❝♦2❡ &♦✉✈❡♥( ❝♦♥4✉❡ ❝♦♠♠❡

❛②❛♥( ♣♦✉2 ♠✐&&✐♦♥ ❞❡ ❞✐&&✐♣❡2 ❧✬❛♣♣❛2❡♥(❡

❝♦♠♣❧❡①✐(8 ❞❡& ♣❤8♥♦♠:♥❡& ❛✜♥ ❞❡ 28✈8❧❡2

❧✬♦2❞2❡ &✐♠♣❧❡ ❛✉*✉❡❧ ✐❧& ♦❜8✐&&❡♥(✳

▼❛✐& &✬✐❧ ❛♣♣❛2❛>( *✉❡ ❧❡& ♠♦❞❡&

&✐♠♣❧✐✜❝❛(❡✉2& ❞❡ ❝♦♥♥❛✐&&❛♥❝❡ ♠✉(✐❧❡♥(

♣❧✉& *✉✬✐❧& ♥✬❡①♣2✐♠❡♥( ❧❡& 28❛❧✐(8& ♦✉ ❧❡&

♣❤8♥♦♠:♥❡& ❞♦♥( ✐❧& 2❡♥❞❡♥( ❝♦♠♣(❡✱ &✬✐❧

❞❡✈✐❡♥( 8✈✐❞❡♥( *✉✬✐❧& ♣2♦❞✉✐&❡♥( ♣❧✉&

❞✬❛✈❡✉❣❧❡♠❡♥( *✉❡ ❞✬8❧✉❝✐❞❛(✐♦♥✱ ❛❧♦2&

&✉2❣✐( ❧❡ ♣2♦❜❧:♠❡ ✿ ❝♦♠♠❡♥( ❡♥✈✐&❛❣❡2 ❧❛

❝♦♠♣❧❡①✐(8 ❞❡ ❢❛4♦♥ ♥♦♥✲&✐♠♣❧✐✜❛♥(❡ ❄

❊❞❣❛$ ▼♦$✐♥✳ ■♥"#♦❞✉❝"✐♦♥ ) ❧❛

♣❡♥./❡ ❝♦♠♣❧❡①❡✳ ❆✈❛♥,✲♣$♦♣♦/✳

✸✳✶ ❊$❛$ ❞❡ ❧✬❛*$ ❞❡ ❧❛ *❡♣*,-❡♥$❛$✐♦♥ ❞❡- ✢✉① ❞❡ ❝❛*❜♦♥❡

❞✬,❝♦-②-$7♠❡- ❞❡ -$❡♣♣❡- -❛❤,❧✐❡♥♥❡- ✿ ❞✉ -✐$❡ ❥✉-<✉✬=

❧✬,❝❤❡❧❧❡ *,❣✐♦♥❛❧❡✳

▲❡ ♣#$%❡♥' '#❛✈❛✐❧ %✬✐♥%❝#✐' ❞❛♥% ✉♥ ❡✛♦#' ❞❡ #❡❝❤❡#❝❤❡ ❜❡❛✉❝♦✉♣ ♣❧✉% ❧❛#❣❡ ❞♦♥' ❧✬♦❜❥❡❝'✐❢

❡%' ❧✬❛♠$❧✐♦#❛'✐♦♥ ❞❡% ❡%'✐♠❛'✐♦♥% ❞❡ ❧❛ ❞✐%'#✐❜✉'✐♦♥ ❣$♦❣#❛♣❤✐8✉❡ ❞❡% ✢✉① ❞❡ ❝❛#❜♦♥❡✱ ❡❛✉

❡' $♥❡#❣✐❡ ❞❡% %❛✈❛♥❡% ❡' %'❡♣♣❡% ❛❢#✐❝❛✐♥❡%✳ ▲✬$'✉❞❡ ❞❡ ❧❡✉# $✈♦❧✉'✐♦♥ = ❧♦♥❣ '❡#♠❡ ❡'

♣❧✉% ♣❛#'✐❝✉❧✐>#❡♠❡♥' ❧❛ #$❛❧✐%❛'✐♦♥ ❞❡ %❝$♥❛#✐♦% ✐♥❢♦#♠❛'✐❢% ♣❛# #❛♣♣♦#' ❛✉ %♣❡❝'#❡ ❞❡%

$✈♦❧✉'✐♦♥% ♣♦%%✐❜❧❡% ❛✉ ❝♦✉#% ❞✉ ❳❳■

eme
%✐>❝❧❡ #❡8✉✐❡#' ❡♥ ❡✛❡' ✉♥❡ '❡❧❧❡ ❛♠$❧✐♦#❛'✐♦♥ ❡'

❞❡ ♠❛♥✐>#❡ ♣❧✉% ✉#❣❡♥'❡ ❡♥❝♦#❡ ❞❡% ❡%'✐♠❛'✐♦♥% ❞❡% ❡##❡✉#% ❡' ✐♥❝❡#'✐'✉❞❡% %✉# ❧❡% ✈❛❧❡✉#%

❛♣♣❛#❛✐%%❛♥' ✐❝✐ ♦✉ ❧= ❞❛♥% ❧❛ ❧✐''$#❛'✉#❡ %♣$❝✐❛❧✐%$❡✳

✸✳✶✳✶ ❆♣♣%♦❝❤❡* ❡♠♣❧♦②.❡* ♣♦✉% ❢♦✉%♥✐% ✉♥❡ %❡♣%.*❡♥3❛3✐♦♥ *♣❛3✐❛❧✐*.❡

❞❡* ✢✉① ❞❡ ❝❛%❜♦♥❡ ❞❡* .❝♦*②*39♠❡* *❛❤.❧✐❡♥*✳

❆ ♥♦'#❡ ❝♦♥♥❛✐%%❛♥❝❡✱ ❝❡ '②♣❡ ❞❡ 8✉❡%'✐♦♥ ❛ $'$ ♣#✐♥❝✐♣❛❧❡♠❡♥' '#❛✐'$ ♣❛# ❧❡% '#♦✐% '②♣❡%

❞✬❛♣♣#♦❝❤❡% %✉✐✈❛♥'❡% ✿
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▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆,■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

✕ ❆♣♣#♦❝❤❡( #)❞✉❝,✐♦♥♥✐(,❡(

✕ ❆♣♣#♦❝❤❡( ♠)❝❛♥✐(,❡( ✭2✉✐ ♣#♦❝3❞❡♥, ♣❛# ❡①,❡♥(✐♦♥ ♣#♦❣#❡((✐✈❡ ❞✉ ♥♦♠❜#❡ ❞❡ ♣#♦❝❡(✲

(✉( ♣#✐( ❡♥ ❝♦♠♣,❡✮✳ ❊,❛, ❞❡ ❧✬❛#, ♣❛#♠✐ ❧❡( ♠♦❞3❧❡( ❣❧♦❜❛✉① ❞❡ ✈)❣),❛,✐♦♥ ❞②♥❛♠✐2✉❡✳

✕ ❆♣♣#♦❝❤❡( ✉,✐❧✐(❛♥, ❧✬❛((✐♠✐❧❛,✐♦♥ ❞❡ ❞♦♥♥)❡( ♦❜,❡♥✉❡( ♣❛# ,)❧)❞),❡❝,✐♦♥✳

❉✬✉♥❡ ♣❛#,✱ ❞✐✛)#❡♥,( ❛✉,❡✉#( ♦♥, ❡✛❡❝,✉) ❞❡( ❛♥❛❧②(❡( ❞✬❡①♣❧♦#❛,✐♦♥ ❞❡ ❥❡✉① ❞❡ ❞♦♥✲

♥)❡( ✭❞❛,❛✲♠✐♥✐♥❣ ❛♥❛❧②(✐(✮✱ ❛✈❡❝ ♣♦✉# ♦❜❥❡❝,✐❢ ❧✬❡(,✐♠❛,✐♦♥ ❞✬✉♥❡ ❢♦♥❝,✐♦♥ ❞❡ ,#❛♥(❢❡#,

❡♥,#❡ ❞❡( ✈❛#✐❛❜❧❡( ♣♦✉# ❧❡(2✉❡❧❧❡( ❞❡( ❝❤❛♠♣( (♣❛,✐❛❧✐()( ✐♥❢♦#♠❛,✐❢( ♦♥, ♣✉ D,#❡ ♦❜,❡♥✉(

❡, ❧❡( ✈❛#✐❛❜❧❡( ❞✬✐♥,)#D,✳ ❉❡( ❢❛♠✐❧❧❡( ❡♥,✐3#❡( ❞❡ ♠),❤♦❞❡( ♣❡✉✈❡♥, D,#❡ #❛♥❣)❡( ❞❛♥( ❝❡,,❡

❝❛,)❣♦#✐❡✱ 2✉✬✐❧ (✬❛❣✐((❡ ❞❡ (✐♠♣❧❡( #)❣#❡((✐♦♥( ✭♠✉❧,✐✲✮❧✐♥)❛✐#❡(✱ ❞❡ ❧✬❡♠♣❧♦✐ ❞❡ #)(❡❛✉① ❞❡

♥❡✉#♦♥❡(✱ ❞✬❛#❜#❡( ❞)❝✐(✐♦♥♥❡❧(✱✳ ✳ ✳ ❉❛♥( ✉♥❡ ❝❡#,❛✐♥❡ ♠❡(✉#❡✱ ✐❧ ❡(, ♣♦((✐❜❧❡ ❞❡ ❝♦♥(✐❞)#❡#

2✉❡ ❧❡( ♠),❤♦❞❡( ❞✬✐♥✈❡#(✐♦♥ (,❛,✐(,✐2✉❡ ✭✈❛#✐❛,✐♦♥♥❡❧❧❡ ♦✉ ()2✉❡♥,✐❡❧❧❡ ✿ ✜❧,#❡ ❞❡ ❑❛❧♠❛♥✱

✜❧,#❡ ♣❛#,✐❝✉❧❛✐#❡✱✳ ✳ ✳ ♦✉ ♠❛,#✐❝✐❡❧❧❡✮ ❡♥ ❢♦♥, )❣❛❧❡♠❡♥, ♣❛#,✐❡✳ ❉✬✉♥ ♣♦✐♥, ❞❡ ✈✉❡ (✐♠♣❧✐(,❡✱

,♦✉,❡( ❝❡( ♠),❤♦❞❡( ♣❡✉✈❡♥, D,#❡ ❞)❝#✐,❡( ❝♦♠♠❡ ❞❡( ,❡♥,❛,✐✈❡( ❞✬♦♣,✐♠✐(❛,✐♦♥ ❞❡ ❧❛ ❢#❛❝✲

,✐♦♥ ❞❡ ❧❛ ✈❛#✐❛♥❝❡ ❡①♣❧✐2✉)❡ ❞❡( ✈❛#✐❛❜❧❡( ❞✬✐♥,)#D,( H ♣❛#,✐# ❞✬✉♥ ♥♦♠❜#❡ ❝♦♥,#❛✐♥, ❞❡

❞❡❣#)( ❞❡ ❧✐❜❡#,)✳ ❙✐ ❞❡( ❝♦♥(✐❞)#❛,✐♦♥( ,❤)♦#✐2✉❡( ♣❡#♠❡,,❡♥, ❞✬❛✈♦✐# ❝♦♥✜❛♥❝❡ ❞❛♥( ❧❛

❝❛♣❛❝✐,) ❞✬✐♥,❡#♣♦❧❛,✐♦♥ ❞❡ ❧❛ ♣❧✉♣❛#, ❞❡ ❝❡( ♠),❤♦❞❡(✱ ❧❛ (✐,✉❛,✐♦♥ ❡(, ❜❡❛✉❝♦✉♣ ♣❧✉(

❝♦♥,#❛(,)❡ ❡♥ ,❡#♠❡( ❞❡ ❝❛♣❛❝✐,) ❞✬❡①,#❛♣♦❧❛,✐♦♥✳ ❊♥ ❡✛❡,✱ ✐❧ ② ❛ ♣❡✉ ❞❡ #❛✐(♦♥( ♣♦✉# ❧❡(✲

2✉❡❧❧❡( ❡❧❧❡( ❞❡✈#❛✐❡♥, ❝♦♥,✐♥✉❡# H ❝♦♥(,✐,✉❡# ❞❡( ❡(,✐♠❛,❡✉#( (❛,✐(❢❛✐(❛♥,( H ❧✬❡①,)#✐❡✉# ❞✉

❞♦♠❛✐♥❡ ❛✉ (❡✐♥ ❞✉2✉❡❧ ❡❧❧❡( ♦♥, ),) ❡♥,#❛✐♥)❡(✳

❉✬❛✉,#❡ ♣❛#,✱ ✐❧ ❡(, ♣♦((✐❜❧❡ ❞✬❡♠♣❧♦②❡# ❞❡( (,#❛,)❣✐❡( ✈✐(❛♥, H ❞)❝#✐#❡ ❧❡( ♣#♦❝❡((✉( ❝❧)(

❞✉ ❢♦♥❝,✐♦♥♥❡♠❡♥, ❞✉ (②(,3♠❡✳ ❯♥ ,②♣❡ ❞✬❛♣♣#♦❝❤❡ 2✉✐ ♣❡✉, D,#❡ (✉❜❞✐✈✐() ❡♥ ❤✐)#❛#❝❤✐❡(

❞❡ ❝♦♠♣❧❡①✐,) ✈❛#✐❛❜❧❡✱ ❡♥,#❡ ❞❡( ♠♦❞3❧❡( ❝♦♥(,✐,✉)( ❞❡ ❥❡✉① ❞✬)2✉❛,✐♦♥( ❛✉((✐ #❡(,#❡✐♥,(

2✉❡ ♣♦((✐❜❧❡✱ ❞❡( ♠♦❞3❧❡( ❞✐, ❞❡ ❝♦♠♣❧❡①✐,) ✐♥,❡#♠)❞✐❛✐#❡ ✭2✉✐ ♥❡ ♣❡✉✈❡♥, D,#❡ #)(♦❧✉(

2✉✬✐♥❢♦#♠❛,✐2✉❡♠❡♥, ♠❛✐( ❞♦♥, ♦♥ ❝❤❡#❝❤❡ H ❝♦♥,❡♥✐# ❧✬❡①,❡♥(✐♦♥ ♣♦✉# 2✉✬✐❧ (♦✐, ,♦✉❥♦✉#(

♣♦((✐❜❧❡ ❞✬❡♥ ❝♦♥♥❛K,#❡ #❛♣✐❞❡♠❡♥, ,♦✉, ❧❡ ❞),❛✐❧✮ ❡, ❞❡( ❛♣♣#♦❝❤❡( 2✉✐ ❝♦♥(✐(,❡♥, ✈#❛✐♠❡♥,

H ❞)❝#✐#❡ ❞❡ ♠❛♥✐3#❡ ❛✉((✐ ❡①❤❛✉(,✐✈❡ 2✉❡ ♣♦((✐❜❧❡ ❧❡( ♣#♦❝❡((✉( ❡♥ ❥❡✉✱ ,❛♥, 2✉❡ ❝❡,,❡

❡①❤❛✉(,✐✈✐,) ♥❡ (❡ ❢❛✐, ♣❛( ❛✉ ♣#✐① ❞❡ ❧✬❡♠♣❧♦✐ ❞❡ ♣❛#❛♠3,#❡( ♣♦✉# ❧❡(2✉❡❧( ♦♥ ♥❡ ❞✐(♣♦(❡

❞❡ (,#✐❝,❡♠❡♥, ❛✉❝✉♥❡ ❝♦♥,#❛✐♥,❡✳

▲❡ ❞)✈❡❧♦♣♣❡♠❡♥, ❡, ❧✬❡♠♣❧♦✐ ❞✬✉♥ ♠♦❞3❧❡ ❞②♥❛♠✐2✉❡ ❣❧♦❜❛❧ ❞❡ ✈)❣),❛,✐♦♥ ❝♦♠♠❡

❖❘❈❍■❉❊❊ ❡(, H #❛♥❣❡# ❞❛♥( ❝❡,,❡ (❡❝♦♥❞❡ ❝❛,)❣♦#✐❡ ✭✈♦✐# ➓ (✉✐✈❛♥, ♣♦✉# ♣❧✉( ❞❡ ❞),❛✐❧(

(✉# ❧❛ ❢♦#♠✉❧❛,✐♦♥ ❞✉ ♠♦❞3❧❡✮✳ ❉❡( ❝❛#❛❝,)#✐(,✐2✉❡( 2✉✐ ♣❡✉✈❡♥, D,#❡ ♣❡#S✉❡( ❝♦♠♠❡ ❞❡(

❢❛✐❜❧❡((❡( ❛❝,✉❡❧❧❡( ❞❡ ❝❡( ♠♦❞3❧❡( ♣#♦✈✐❡♥♥❡♥, ❞✉ ❢❛✐, 2✉✬✐❧( (♦♥, (♦✉✈❡♥, ❡♠♣❧♦②)( ♣♦✉#

❢♦✉#♥✐# ✉♥ ✓ ❜❡(,✲❣✉❡(( ✔ (❛♥( #❡♣#)(❡♥,❡# ❞❡ ♠❛♥✐3#❡ (,#✉❝,✉#❡❧❧❡ ❧❡( ❡##❡✉#( ❡♥,❛❝❤❛♥,

❧✬❡(,✐♠❛,✐♦♥ ♣#♦♣♦()❡ ✭❛✉ ❝♦♥,#❛✐#❡ ♣❛# ❡①❡♠♣❧❡ ❞❡( ❛♣♣#♦❝❤❡( ❞✬❛((✐♠✐❧❛,✐♦♥ ❞❡ ❞♦♥♥)❡(

❞❛♥( ❧❡(2✉❡❧❧❡( ❧❛ 2✉❛♥,✐✜❝❛,✐♦♥ ❞❡ ❧✬✐♥❝❡#,✐,✉❞❡ ❞❡ ❧✬❡(,✐♠❛,✐♦♥ ♦❝❝✉♣❡ ✉♥❡ ♣❧❛❝❡ ❛✉((✐✱

(✐♥♦♥ ♣❧✉( ✐♠♣♦#,❛♥,❡ 2✉❡ ❧✬❡(,✐♠❛,✐♦♥ ❡❧❧❡✲♠D♠❡✳ ❯♥❡ ❛✉,#❡ ❢❛✐❜❧❡((❡ ❡(, ♣❡✉,✲D,#❡ 2✉✬♦♥

(❡ ❞♦♥♥❡ (♦✉✈❡♥, ❝♦♠♠❡ ♦❜❥❡❝,✐❢ ❞✬✉,✐❧✐(❡# ❧❡( #)(✉❧,❛,( ❞❡ ❝❡( ♠♦❞3❧❡( H ❞❡( )❝❤❡❧❧❡( (♣❛,✐♦✲

,❡♠♣♦#❡❧❧❡( ,#3( ❞✐(,✐♥❝,❡( ❞❡ ❝❡❧❧❡( ♣♦✉# ❧❡(2✉❡❧❧❡( ❧✬❡((❡♥,✐❡❧ ❞❡( ❡✛♦#,( ❞❡ ❝♦♥❢#♦♥,❛,✐♦♥

❛✉① ♦❜(❡#✈❛,✐♦♥( ✭✓ ✈❛❧✐❞❛,✐♦♥ ✔✮ (♦♥, ❡✛❡❝,✉)(✳ ▲❡ ,#❛✈❛✐❧ ♣#)(❡♥,) ❞❛♥( ❝❡,,❡ ,❤3(❡ ♥❡

(✬❛✛#❛♥❝❤✐, ♣❛( ❞❡ ♠❛♥✐3#❡ ♣❧❡✐♥❡♠❡♥, (❛,✐(❢❛✐(❛♥,❡ ❞❡ ❝❡,,❡ ❞✐❝❤♦,♦♠✐❡ ✭✈❛❧✐❞❛,✐♦♥ (✉#

(✐,❡( ✈❡#(✉( ✉,✐❧✐(❛,✐♦♥ H ❧✬)❝❤❡❧❧❡ #)❣✐♦♥❛❧❡✮✱ ♠D♠❡ (✐ ❧❡ ,#❛✈❛✐❧ ❞❡ ❝❛#❛❝,)#✐(❛,✐♦♥ ❞❡ ❧❛

,#❛♥(✐,✐✈✐,) ❞❡( ❡##❡✉#( ❡♥,#❡ (✐,❡( ,#❛✐,❡ ❞❡ ♠❛♥✐3#❡ ♠♦❞❡(,❡ ❞❡ 2✉❡(,✐♦♥( 2✉✐ (❡ ♣♦(❡♥,

❧♦#( ❞❡ ❝❡ ✓ ❝❤❛♥❣❡♠❡♥, ❞✬)❝❤❡❧❧❡ ✔✳ ❊♥✜♥✱ ❝❡,,❡ ♣#),❡♥,✐♦♥ H ❧✬❡①❤❛✉(,✐✈✐,) ✐♥❞✉✐, ❜✐❡♥

(♦✉✈❡♥, 2✉❡ ❧✬)✈❛❧✉❛,✐♦♥ ❞❡ ❧✬)2✉✐❧✐❜#❡ ❡♥,#❡ ❧✬✐♥,)#D, ❞❡ #❛✜♥❡♠❡♥, 2✉✬♦♥ ♣❡✉, ✐♥,)❣#❡# ❡,

❞❡❣#) ❞❡ ❧✐❜❡#,) ❢❛✐❜❧❡♠❡♥, ❝♦♥,#❛✐♥,( 2✉❡ ❝❡❧❛ ❛❥♦✉,❡ ❛✉ ♠♦❞3❧❡ ♥✬❡(, ♣❧✉( ♠❡♥)❡ ❛✈❡❝

#✐❣✉❡✉#✳
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❉❡ ♥♦♠❜&❡✉(❡( ❡()✐♠❛)✐♦♥( ❞❡ ❧❛ ♣&♦❞✉❝)✐♦♥ ♣&✐♠❛✐&❡ ♥❡))❡ ✭◆22✮ ♦✉ ❞✉ ♠♦✐♥( ❞❡ ❧❛

♣&♦❞✉❝)✐♦♥ ❛♥♥✉❡❧❧❡ ❞❡ ❜✐♦♠❛((❡ 4♣✐❣4❡ ❞✬4❝♦(②()8♠❡( ❞❡ (❛✈❛♥❡ (♦♥) ❞✐(♣♦♥✐❜❧❡(✳

◆❡ ♣♦✉✈❛♥) ❧❡( ❝✐)❡& ✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥) ✐❝✐✱ ♥♦✉( ♥♦✉( ❧✐♠✐)♦♥( < ✉♥❡ &❛♣✐❞❡ (②♥)❤8(❡

❡♥ ❚❛❜❧❡ ✸✳✶ A✉✐ &❡♣&❡♥❞ ♥♦)❛♠♠❡♥) ❧❡( &4(✉❧)❛)( ♦❜)❡♥✉( ♣❛& ❇✐❧❧❡ ❛♥❞ 2♦✉♣♦♥ ❬✶✾✼✷❪❀

❙✐❝♦) ❬✶✾✼✻❪❀ ❇✐❧❧❡ ❬✶✾✼✼❪❀ ●&♦✉③✐( ❬✶✾✼✾❪❀ ❈♦&♥❡) ❬✶✾✽✶❪❀ ❇&❡♠❛♥ ❛♥❞ ❞❡ ❲✐) ❬✶✾✽✸❪❀ ❈♦&♥❡)

❬✶✾✽✹❪❀ ❈4(❛& ❛♥❞ ❍❛✈❡) ❬✶✾✽✻❪❀ ❋♦✉&♥✐❡& ❬✶✾✾✵❪❀ ❇&❡♠❛♥ ❛♥❞ ❞❡ ❘✐❞❞❡& ❬✶✾✾✶❪❀ ❞❡ ❱&✐❡(

❛♥❞ ❉❥✐)4②❡ ❬✶✾✽✷❪❀ ❆❜❜❛❞✐❡ ❡) ❛❧✳ ❬✷✵✵✻❪❀ ●✐❣♥♦✉① ❡) ❛❧✳ ❬✷✵✵✻❪❀ ❍✐❡&♥❛✉① ❡) ❛❧✳ ❬✷✵✵✾❛✱❜❪

❛✐♥(✐ A✉❡ ❝❡✉① &4❢4&❡♥❝4( ❡♥ ❚❛❜❧❡ ✸ ❞❡ ❇♦♠❜❡❧❧✐ ❡) ❛❧✳ ❬✷✵✵✾❪ ❡) ❞✬❛✉)&❡( ❞♦❝✉♠❡♥)( ❞❡

(②♥)❤8(❡ ❝♦♠♠❡ ❈❧❛✉❞❡ ❡) ❛❧✳ ❬✶✾✾✶❪❀ ●&❛❝❡ ❡) ❛❧✳ ❬✷✵✵✻❪❀ ❑❛♥♥✐❛❤ ❡) ❛❧✳ ❬✷✵✶✵❪✳

■❧ ❢❛✉) ❜✐❡♥ ♥♦)❡& A✉✬✉♥❡ ♣❛&)✐❡ ✐♠♣♦&)❛♥)❡ ❞❡( ✈❛❧❡✉&( ❞❡ ◆22 ♣&4(❡♥)4❡( (♦♥) ❡♥ ❢❛✐)

❞4❞✉✐)❡( ❞✬❡()✐♠❛)✐♦♥( ❞❡ ❧❛ ♣&♦❞✉❝)✐♦♥ ❛♥♥✉❡❧❧❡ ❞❡ ❜✐♦♠❛((❡ 4♣✐❣4❡ ✭♠❛)✐8&❡ (8❝❤❡✮✳ ▲❡ ❝❛(

4❝❤4❛♥)✱ ❧❡( ❞♦♥♥4❡( ❞❡ ♣&♦❞✉❝)✐♦♥ ❞❡ ♠❛)✐8&❡ (8❝❤❡ ✭❛4&✐❡♥♥❡✮ ♦♥) 4)4 ❝♦♥✈❡&)✐❡( ❡♥ ()♦❝❦(

❞❡ ❝❛&❜♦♥❡ ❡♥ (✉♣♣♦(❛♥) A✉❡ ❧❡ ❝❛&❜♦♥❡ &❡♣&4(❡♥)❛✐) ✺✵✪ ❞❡ ❝❡))❡ A✉❛♥)✐)4 ❡)✱ ❤②♣♦)❤8(❡

A✉✐ ❡() (✉(❝❡♣)✐❜❧❡ ❞✬`)&❡ ❜❡❛✉❝♦✉♣ ♣❧✉( ❛♣♣&♦①✐♠❛)✐✈❡ ❡♥❝♦&❡✱ A✉❡ ✺✵✪ ❞❡ ❧❛ ❜✐♦♠❛((❡

4)❛✐) ❛❧❧♦✉4❡ ❛✉① &❛❝✐♥❡(✳

❉❛♥( ❧❛ (②♥)❤8(❡ ❞❡( &4(✉❧)❛)( ♦❜)❡♥✉( (✉& ✹✺ ❛♥( ❞❡ )&❛✈❛✐❧ (✉& ❧❡ (✐)❡ ❞❡ ▲❛♠)♦✱ ✉♥❡

(❛✈❛♥❡ ❣✉✐♥4❡♥♥❡ ❞❡ ❈a)❡ ❞✬■✈♦✐&❡ ❬❆❜❜❛❞✐❡ ❡) ❛❧✳✱ ✷✵✵✻❪✱ ●✐❣♥♦✉① ❡) ❛❧✳ ❬✷✵✵✻❪ ✐♥❞✐A✉❡♥)

A✉❡ ❧❡ &❛♣♣♦&) ❞❡ ❧❛ ❜✐♦♠❛((❡ (♦✉)❡&&❛✐♥❡ ♣❛& &❛♣♣♦&) < ❧❛ ❜✐♦♠❛((❡ 4♣✐❣4❡ (❡ (✐)✉❡ ❡♥)&❡

✵✳✺ ❡) ✻✳✶ (❡❧♦♥ ❧❡ ❢❛❝✐❡( ❡) ❧❛ ❢&❛❝)✐♦♥ ❞❡ ♥4❝&♦♠❛((❡ ❝♦♥)❡♥✉❡ ❞❛♥( ❧❛ ♣❤②)♦♠❛((❡ &❛❝✐♥❛✐&❡✳

▲❡ &❛♣♣♦&) (❡&❛✐) ♣❧✉)a) ❞❡ ❧✬♦&❞&❡ ❞❡ ✵✳✺ ♣♦✉& ❧❡( ❛&❜&❡( (✐ ♦♥ ✐❣♥♦&❡ ❧❡( &❛❝✐♥❡( ✜♥❡(

✶

✳

❊♥ ❝❡ A✉✐ ❝♦♥❝❡&♥❡ ❧❛ ()&❛)❡ ❤❡&❜❛❝4❡✱ (✉& ❞❡( ❢❛❝✐8( &❡❧❛)✐✈❡♠❡♥) ♦✉✈❡&)(✱ ♣♦✉& 4✈✐)❡& ❞❡

❝♦♠♣)❛❜✐❧✐(❡& )&♦♣ ❞❡ &❛❝✐♥❡( ✜♥❡( ❞❡( ❛&❜&❡(✱ ❧❡ &❛♣♣♦&) ♠♦②❡♥ (❡&❛✐) ❞❡ ❧✬♦&❞&❡ ❞❡ ✵✳✽

♣♦✉& ❧❡( (❛✈❛♥❡( < ❆♥❞&♦♣♦❣♦♥❡❛❡ ❡) ✶✳✼ ♣♦✉& ❧❡( (❛✈❛♥❡( < ▲♦✉❞❡)✐❛ ✭❡♥ (✉♣♣♦(❛♥) A✉❡

❧❡( ♠❡(✉&❡( ❞❡ ❧❛ ❜✐♦♠❛((❡ (♦✉)❡&&❛✐♥❡ ♦♥) ❝♦♠♣)❛❜✐❧✐(4 ✶✵✪ ❞❡ &❛❝✐♥❡( ♠♦&)❡(✮✳

❉❡ ♠`♠❡✱ ✉)✐❧✐(❡& ✉♥ ❢❛❝)❡✉& ❞❡ ✶✳✸✸ ♣♦✉& 4✈❛❧✉❡& ❧❛ ♣&♦❞✉❝)✐♦♥ ❛4&✐❡♥♥❡ < ♣❛&)✐& ❞❡ ❧❛

♣❤②)♦♠❛((❡ (❡ &4✈8❧❡ ❛❝❝❡♣)❛❜❧❡ ❬❋♦✉&♥✐❡&✱ ✶✾✾✵✱ ♣❛❣❡ ✷✻✸❪✱ ♠`♠❡ (✐ ❝❡ &❛♣♣♦&) ❛ )❡♥❞❛♥❝❡

< `)&❡ ♣❧✉( 4❧❡✈4 < ♠❡(✉&❡ A✉❡ ❧❡( (❛✈❛♥❡( (♦♥) ♣❧✉( ❤✉♠✐❞❡(✳ ❆✐♥(✐✱ ✐❧ ❛ 4)4 ❡()✐♠4 A✉✬✐❧

✈❛❧❧❛✐) ✶✳✷✻ ✭✶✳✶✲✶✳✻✮ < ◆❛③✐♥❣❛✱ ✶✳✸✻ ✭✶✳✷✲✶✳✻✮ < ▲❛♠)♦✱ ❈a)❡ ❞✬■✈♦✐&❡ ❬❋♦✉&♥✐❡&✱ ✶✾✾✵❪ ❡)

✶✳✺ < ▲✉✐(✇✐(❤✐✱ ❈♦♥❣♦ ❬❋&❡(♦♥✱ ✶✾✼✸❪✳

❙✐ ❧❡( )&❛✈❛✉① ❞❡ ❋♦✉&♥✐❡& ❬✶✾✾✵❪ ♥✬♦♥) ♣❛( ♣❡&♠✐( ❞✬❛❜♦✉)✐& < ✉♥❡ ❧♦✐ (✐♠♣❧❡ ❡♥)&❡ ♣❤②)♦✲

♠❛((❡ ❛4&✐❡♥♥❡ ❡) ♣❤②)♦♠❛((❡ (♦✉)❡&&❛✐♥❡✱ ❡❧❧❡ ❛ ♣❛& ❝♦♥)&❡ )&♦✉✈4 ✉♥ &❛♣♣♦&) ♣❧✉( &♦❜✉()❡

&❡❧✐❛♥) ❧❡ &❛)✐♦ R ♣❤②)♦♠❛((❡ ❛4&✐❡♥♥❡ ♠❛①✐♠❛❧❡ (✉& ♣❤②)♦♠❛((❡ (♦✉)❡&&❛✐♥❡ ♠♦②❡♥♥❡ ❡)

❧❛ ♣❤②)♦♠❛((❡ ❛4&✐❡♥♥❡ ♠❛①✐♠❛❧❡ Ph ✿

R = 0.06Ph+ 0.17(r = 0.74)

< ♣❛&)✐& ❞❡ ♠❡(✉&❡( (✉& ❞❡( (✐)❡( ✭◆❛③✐♥❣❛✱ ❖✉❛♥❣♦✲❋✐)✐♥✐✱ ▲❛♠)♦✮✳ ▼❛✐( ❋♦✉&♥✐❡& ❬✶✾✾✵❪

♥♦)❡ ❜✐❡♥ A✉❡ ❝❡ &4(✉❧)❛) ♥✬❡() ♣❛( ✈❛❧❛❜❧❡ ♣♦✉& ❧❡( ()❡♣♣❡( (❛❤4❧✐❡♥♥❡( ❞❛♥( ❧❡(A✉❡❧❧❡( ❧❡(

❛♥♥✉❡❧❧❡( (♦♥) ❞♦♠✐♥❛♥)❡(✳ ❊❧❧❡ ❝✐)❡ ❧✬❡①❡♠♣❧❡ ❞❡ ❧❛ ♠❛&❡ ❞✬❖✉&(✐✱ ❞❛♥( ❧❡ ❝❛❞&❡ ❞✉A✉❡❧ ❝❡

&❛)✐♦ ❡() &❡❧❛)✐✈❡♠❡♥) ♣&♦❝❤❡ ❞❡ ✶✳✹✼✳

✶✳ ♠3♠❡ 5✐ ❝❡ ❝❤✐✛:❡ ♥❡ ♣:=5❡♥>❡ ♣❛5 ❜❡❛✉❝♦✉♣ ❞✬✐♥>=:3> >❛♥> D✉✬♦♥ ♥❡ ♣❡✉> ♣❛5 ❝♦::❡❝>❡♠❡♥> ❡5>✐♠❡:

❝❡5 ❞❡:♥✐E:❡5
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▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆,■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

❉❛♥# ❧❡ ❝❛❞(❡ ❞✬✉♥ +(❛✈❛✐❧ #✉( ❧❛ ❜✐♦♠❛##❡ (❛❝✐♥❛✐(❡ ❞❡ ❧❛ #+(❛+❡ ❤❡(❜❛❝2❡ ❞❡ ❢♦(♠❛+✐♦♥#

#❛❤2❧✐❡♥♥❡# ❛✉+♦✉( ❞❡ ❧❛ ♠❛(❡ ❞✬❖✉(#✐ ✭❇✉(❦✐♥❛✲❋❛#♦✮✱ ▲❡ ●(❛♥❞ ❬✶✾✼✾❪ ❛✈❛✐+ ♣❧✉+D+ +(♦✉✈2

❞❡# (❛+✐♦# ❜✐♦♠❛##❡ (❛❝✐♥❛✐(❡ #✉( ❜✐♦♠❛##❡ +♦+❛❧❡ ❞❡ ✷✴✸✱ ❛✉+(❡♠❡♥+ ❞✐+✱ ✉♥ (❛+✐♦ ♣❤②+♦♠❛##❡

❛2(✐❡♥♥❡ #✉( ♣❤②+♦♠❛##❡ #♦✉+❡((❛✐♥❡ ❞❡ ✵✱✺✳
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 ✐"❡ ♣❧✉✈✐♦ ✐") ❛♥♥✉❡❧❧❡ ❝♦✉✈❡-" ✈)❣)"❛❧ ♣)-✐♦❞❡ ◆11 ◆❊1 ❘❯❊ ❘❡❢✳

♠♦②❡♥♥❡ ✭♠♠✴❛♥✮ MgC.ha−1.an−1 MgC.ha−1.an−1 kgC.ha−1.mm−1

❝❧✐♠❛" ❞❡ "②♣❡  ❛❤❛-♦✲ ❛❤)❧✐❡♥ ✭♣-❡❝✐♣✐"❛"✐♦♥ ✿ ✶✵✵✲✷✵✵♠♠✴❛♥✮

❜❛♥❞❡  ❛❤❛-♦✲

 ❛❤❡❧✐❡♥♥❡

✶✵✵✲✷✵✵♠♠ ♠❛❥♦-✐"❛✐-❡ ✿  "❡♣♣❡ 
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 ✐"❡ ♣❧✉✈✐♦ ✐") ❛♥♥✉❡❧❧❡ ❝♦✉✈❡-" ✈)❣)"❛❧ ♣)-✐♦❞❡ ◆11 ◆❊1 ❘❯❊ ❘❡❢✳

♠♦②❡♥♥❡ ✭♠♠✴❛♥✮

MgC.ha−1.an−1 MgC.ha−1.an−1 kgC.ha−1.mm−1

▼❛-❡ ❞✬❖✉- ✐ ✱

❇✉-❦✐♥❛✲❋❛ ♦

✹✶✷♠♠ ✭✶✾✼✻✲✽✵✮ ✷✳✶✻ ❙✐❝♦" ❛♥❞ ●-♦✉③✐ 

❬✶✾✽✶❪

✸✳✸ ❈♦-♥❡" ❬✶✾✽✶❪

◆②❧ ✈❧❡②✱ ❆❢-✐T✉❡ ❞✉

❙✉❞

✸✳✽✶ ✶✳✷✸ ❙❝❤♦❧❡ ❛♥❞ ❲❛❧❦❡-

❬✶✾✾✸❪

▲❛♠"♦✱ ❈X"❡ ❞✬■✈♦✐-❡ ✼✳✸ ●-❛❝❡ ❡" ❛❧✳ ❬✷✵✵✻❪❀

▼♦-❞❡❧❡" ❛♥❞ ▼❡♥❛✉"

❬✶✾✾✺❪

❙❘❲ ✶✻✳✷✼ ✵✳✵✺ ▼❡-❜♦❧❞ ❡" ❛❧✳ ❬✷✵✵✾❪

❆-❞♦ ❡" ❛❧✳ ❬✷✵✵✽❪

❚❛❜❧❡ ✸✳✶✿ ❙②♥"❤^ ❡ -❛  ❡♠❜❧❛♥" T✉❡❧T✉❡ ❡ "✐♠❛"✐♦♥ ❞❡ ❧❛ ♣-♦❞✉❝"✐♦♥ ♣-✐♠❛✐-❡

❞✬)❝♦ ② "^♠❡ ❞❡  ❛✈❛♥❡✳ ▲✬❡✣❝✐❡♥❝❡ ❞✬✉"✐❧✐ ❛"✐♦♥ ❡♥ ❡❛✉ ❡ " ❡ "✐♠)❡ ` ♣❛-"✐- ❞❡ 

♣-)❝✐♣✐"❛"✐♦♥ ❛♥♥✉❡❧❧❡ ❡♥  ✉♣♣♦ ❛♥" T✉❡ ❧❛ ③♦♥❡ ❡ "  ♦✐" ❧♦❝❛❧❡♠❡♥" ❡♥❞♦-)✐T✉❡✱

 ♦✐" T✉❡ ❧✬)❝❤❛♥"✐❧❧♦♥♥❛❣❡ ❛ )") ❡✛❡❝"✉)  ✉- ✉♥❡  ✉-❢❛❝❡  ✉✣ ❛♠♠❡♥" ✐♠♣♦-"❛♥"❡

♣♦✉- T✉❡ ❧❡ ❞✐✛)-❡♥"✐❡❧ -✉♥✲♦✛✴-✉♥✲♦♥ ♥❡ ❢❛✉  ❡ ♣❛ "-♦♣ ❧❡ -) ✉❧"❛"✳ ❖♥ ❛ -❛❥♦✉")

✉♥  ②♠❜♦❧❡ ✯ ` ❧❛ ✈❛❧❡✉- ❞❡ ◆11 ❧♦- T✉✬❡❧❧❡ )"❛✐" ❡ "✐♠)❡ ♣❛-  ✐♠♣❧❡ -^❣❧❡ ❞❡ "-♦✐ `

♣❛-"✐- ❞❡ ❧❛ ♣-♦❞✉❝"✐♦♥ ❛♥♥✉❡❧❧❡ ❞❡ ❜✐♦♠❛  ❡ )♣✐❣)❡✱ ❡" ✯✯ ❧♦- T✉✬❡❧❧❡ ❡ "  ✐♠♣❧❡♠❡♥"

❞)❞✉✐"❡ ❞✉ ♠❛①✐♠✉♠ ❛♥♥✉❡❧ ❞❡ ❜✐♦♠❛  ❡ )♣✐❣)❡✳
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✸✳✶✳ ❊❚❆❚ ❉❊ ▲✬❆❘❚

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆,■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

❇❡❛✉❝♦✉♣ ♠♦✐♥* ❞❡ ♠❡*✉,❡* ❞❡ ❧❛ ♣,♦❞✉❝.✐✈✐.0 ♥❡..❡ ✭◆❊4✮ ❞❡ ❝❡* 0❝♦*②*.7♠❡* *♦♥.

❞✐*♣♦♥✐❜❧❡*✳

4❛,♠✐ ❧❡* *✐.❡* *✉, ❧❡*:✉❡❧* ❞❡ .❡❧❧❡* ♠❡*✉,❡* ♦♥. 0.0 ❡✛❡❝.✉0❡* *✉, ❞❡* ♣0,✐♦❞❡* ,❡❧❛.✐✈❡✲

♠❡♥. ❧♦♥❣✉❡*✱ ♦♥ ♣❡✉. ♥♦.❛♠♠❡♥. ❝✐.❡, ❝❡❧✉✐ ❞❡ ❙❦✉❦✉③❛ ✭❑,✉❣❡, ◆❛.✐♦♥❛❧ 4❛,❦✱ ❆❢,✐:✉❡

❞✉ ❙✉❞✮ ♣♦✉, ❧❡:✉❡❧ ❧❡* ♣,0❝✐♣✐.❛.✐♦♥* ❛♥♥✉❡❧❧❡* ♠♦②❡♥♥❡* *♦♥. ❞❡ 550 ± 160mm ❡. ❞♦♥.

❧❛ ❝♦✉✈❡,.✉,❡ ✈0❣0.❛❧❡ ❡*. ❝❛,❛❝.0,✐*0❡ ♣❛, ✉♥❡ *❛✈❛♥❡ ❞♦♠✐♥0❡ ♣❛, ❞❡* ❈♦♠❜,❡.✉♠ ❛♣✐❝✉✲

❧❛.✉♠ *✉, ❧❡* ❝,F.❡* *❛❜❧❡✉*❡* ❡. ✉♥❡ *❛✈❛♥❡ G ❆❝❛❝✐❛ ♥✐❣,❡*❝❡♥* *✉, ❧❡* *♦❧* ❧✐♠♦♥❡✉① ❡♥

✈❛❧❧0❡✳ ❆ ♣❛,.✐, ❞❡ ♠❡*✉,❡* ♣❛, ✓ ❝♦,,0❧❛.✐♦♥ .✉,❜✉❧❡♥.❡ ✔ ✭❡❞❞②✲❝♦✈❛,✐❛♥❝❡✮ ❞✉,❛♥. ✺ ❛♥*

✭♠✐✲✷✵✵✵✲✷✵✵✺✮✱ ❞❡ ❝❡❧❧❡* ❞❡* ❢♦,N❛❣❡* ❝❧✐♠❛.✐:✉❡* *✉, ✷✺ ❛♥* ✭✶✾✽✶✲✷✵✵✷✮ ❡. ❞✬❡*.✐♠❛.✐♦♥*

❞❡* ✢✉① ❞❡ ❝❛,❜♦♥❡ ❞✉* ❛✉① ❢❡✉① ✭❡*.✐♠❛.✐♦♥* ❞❡ ❧❛ ❞✐*♣♦♥✐❜✐❧✐.0 ❡♥ ❝♦♠❜✉*.✐❜❧❡✱ ,❡❧❡✈0*

❞❡ ❧❛ ❢,0:✉❡♥❝❡ ❞❡ ♣❛**❛❣❡ ❞✉ ❢❡✉①✮✱ ❆,❝❤✐❜❛❧❞ ❡. ❛❧✳ ❬✷✵✵✾❪ ♦♥. ❡*.✐♠0 :✉❡ ❧❡ ❜✐❧❛♥ ❞❡ ❝❛,✲

❜♦♥❡ ❞❡ ❝❡. 0❝♦*②*.7♠❡ 0.❛✐. ❞❡ ❧✬♦,❞,❡ ❞❡ 115±123gC.m−2.y−1 ❞♦♥# 40.0±17.5g.C−2.y−1

❞✬%♠✐((✐♦♥( ❞✉❡( ❛✉① ❢❡✉① ✭❞♦♥❝ 75± 105gC.m−2.y−1 ❞❡ ◆❊2 ❤♦4( ✓ ♣❡4#✉4❜❛#✐♦♥( ✔✮✳

2❛4 ✉♥❡ ❝♦♠♣✐❧❛#✐♦♥ ❞❡ ❧❛ ❧✐##%4❛#✉4❡✱ ❡# ♣❛4 ✉♥❡ ❡①#4❛♣♦❧❛#✐♦♥ ❤❛4❞✐❡ ❞❡( 4%(✉❧#❛#(

♦❜#❡♥✉( (✉4 ✉♥ ♣❡#✐# ❥❡✉ ❞❡ (✐#❡( (✬❛♣♣✉②❛♥# (✉4 ✉♥❡ ❞✐✈✐(✐♦♥ ❞❡ ❧✬❆❢4✐A✉❡ ❡♥ ❝✐♥A ❣4❛♥❞❡(

%❝♦4%❣✐♦♥(✱ ❇♦♠❜❡❧❧✐ ❡# ❛❧✳ ❬✷✵✵✾❪ ♦♥# ❛❜♦✉#✐ I ❧✬❡(#✐♠❛#✐♦♥ (✉✐✈❛♥#❡ ❞❡ ❧❛ ◆❊2 ❞❡( (❛✈❛♥❡(

❛❢4✐❝❛✐♥❡( ✿ 1.89Pg.C.y−1 ❞♦♥# (❡✉❧❡ ✉♥❡ ♣❛4#✐❡ (❡4❛✐# ❝♦♥(♦♠♠%❡ ♣❛4 ❧❡( ❢❡✉① 0.79Pg.C.y−1✳

❉✉ ❢❛✐# ❞✉ ❣4❛❞✐❡♥# ❡①#4L♠❡♠❡♥# ♣4♦♥♦♥❝% ❞❡ ♣❧✉✈✐♦(✐#% (✉4 ❧❛ #4L( ✈❛(#❡ ③♦♥❡ ❣%♦❣4❛✲

♣❤✐A✉❡ ❝♦✉✈❡4#❡ ♣❛4 ❧❡( (❛✈❛♥❡( ❛❢4✐❝❛✐♥❡(✱ ✐❧ (❡♠❜❧❡ #♦✉#❡❢♦✐( ♣❧✉( ✐♥#%4❡((❛♥# ❞❡ 4❛((❡♠❜❧❡4

❞❡( ❞♦♥♥%❡( ❞✬❡✣❝✐❡♥❝❡ ❞✬✉#✐❧✐(❛#✐♦♥ ❞❡ ❧✬❡❛✉ ✭❲❯❊ ✿ ✇❛#❡4 ✉(❡ ❡✣❝✐❡♥❝②✮ ❡# ❞❡( ♠✐♥%4❛✉①✳

❚♦✉#❡❢♦✐(✱ ♦♥ ❝♦♥(✐❞L4❡ (♦✉✈❡♥# ❧❛ ♣4♦❞✉❝#✐♦♥ ♣4✐♠❛✐4❡ ♣❛4 ✉♥✐#% ❞❡ ♣4%❝✐♣✐#❛#✐♦♥ ✭❘❯❊ ✿

❘❛✐♥ ❯(❡ ❊✣❝✐❡♥❝②✮ ❝♦♠♠❡ ♣4♦①② ❞❡ ❧❛ ❲❯❊✱ ♠U♠❡ (✐ ❧❛ ❝♦44%❧❛#✐♦♥ ❡♥#4❡ ♣4♦❞✉❝#✐♦♥

♣4✐♠❛✐4❡ ❡# ♣4%❝✐♣✐#❛#✐♦♥( ♥❡ (❡ 4%✈L❧❡ %#4♦✐#❡ A✉✬❛✉① %❝❤❡❧❧❡( ♦V ❧❡ ❝✉♠✉❧ ❞❡ ♣4%❝✐♣✐#❛#✐♦♥(

♣❡✉# U#4❡ ❝♦♥(✐❞%4% ❝♦♠♠❡ ✉♥ ❡①❝❡❧❧❡♥# ♣4♦①② ❞❡ ❧✬%✈❛♣♦#4❛♥(♣✐4❛#✐♦♥ 4%❡❧❧❡✳ ❈❡ A✉✐ %❧✐♠✐♥❡

#❛♥# ❧❡( ❛♣♣❧✐❝❛#✐♦♥( I ❧✬%❝❤❡❧❧❡ ♠♦♥❞✐❛❧❡ A✉✬I ❞❡( ❣4♦✉♣❡♠❡♥#( ✈%❣%#❛✉① ♣❛4#✐❝✉❧✐❡4( ❞♦♥#

❧✬❛❧✐♠❡♥#❛#✐♦♥ ❡♥ ❡❛✉ ❞%♣❡♥❞ ❡((❡♥#✐❡❧❧❡♠❡♥# ❞❡( ❝♦♥❞✐#✐♦♥( (#❛#✐♦♥♥❡❧❧❡( ❬❈♦4♥❡#✱ ✶✾✽✹❪✳

❖♥ ♦❜#✐❡♥# ✉♥❡ 4❡♣4%(❡♥#❛#✐♦♥ ❛((❡③ (❛#✐(❢❛✐(❛♥#❡ ❞❡ ❧❛ ♣4♦❞✉❝#✐♦♥ ♣4✐♠❛✐4❡ ❡♥ ❡♠✲

♣❧♦②❛♥# ❞❡( ♠♦❞L❧❡( #4L( (✐♠♣❧❡(✳ ❆✐♥(✐✱ ♣❛4 ✉♥ #4❛✈❛✐❧ (✉4 ❧❡( (✐#❡( ❞❡ ❉❛❤4❛ ✭❋❡4❧♦✱ ❙%✲

♥%❣❛❧✮ ❛✉ ❞%❜✉# ❞❡( ❛♥♥%❡( ✽✵✱ ❬❈♦4♥❡#✱ ✶✾✽✹❪ ❛ ❞%✈❡❧♦♣♣% ✉♥ ♠♦❞L❧❡ A✉✐ (❡ 4%✈L❧❡ ♣❡✉

(❡♥(✐❜❧❡ ❛✉ (❡✉❧ ♣❛4❛♠L#4❡ ❞✐✣❝✐❧❡ I %✈❛❧✉❡4 (✉4 ❞❡ ❣4❛♥❞❡( ❛✐4❡( (♣❛#✐❛❧❡( ✿ ✓ ❧❛ ❜✐♦♠❛((❡

♠❛①✐♠❛❧❡ ✔ A✉✐ #4❛❞✉✐# ❧❡( ❧✐♠✐#❛#✐♦♥( ❡♥ ♥✉#4✐♠❡♥#( ❧♦4(A✉❡ ❧✬❡❛✉ ♥✬❡(# ♣❧✉( ✉♥ ❢❛❝#❡✉4 ❧✐✲

♠✐#❛♥#✳ ❊♥ ❡✛❡#✱ (♦♥ ♠♦❞L❧❡ (❡ 4%✈L❧❡ ♣❡✉ (❡♥(✐❜❧❡ I ❧✬%#❛❧♦♥♥❛❣❡ ❞❡ ❝❡ ♣❛4❛♠L#4❡ ♣♦✉4 ❧❡(

❛♥♥%❡( ❞♦♥# ❧❛ ♣❧✉✈✐♦(✐#% ❡(# ❢❛✐❜❧❡ ♦✉ ♠♦②❡♥♥❡✳ ■❧ ❢❛✉# ❞✬❛✐❧❧❡✉4( ♥♦#❡4 A✉❡ ❧❛ ❝♦✲❧✐♠✐#❛#✐♦♥
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✭❉✉❝♦✉❞!0 ❡/ ❛❧✳ ❬✶✾✾✸❪❀ [♦❧❝❤❡! ❡/ ❛❧✳ ❬✶✾✾✽❪❀ ❞❡ ❘♦4♥❛② ❛♥❞ [♦❧❝❤❡! ❬✶✾✾✽❪❀ ❞❡ ❘♦4♥❛②

❬✶✾✾✾❪❀ ❉❡ ❙♠❡❞/ ❬✷✵✵✹❪❀ ❑!✐♥♥❡! ❡/ ❛❧✳ ❬✷✵✵✺❪❀ ❞✬❖!❣❡✈❛❧ ❬✷✵✵✻❪❀ ❱✐♦✈② ❬✷✵✵✻❪❀ ❉❛✈✐♥ ❬✷✵✵✽❪✮✳

▲❡ 4②4/F♠❡ ❢♦!♠0 ♣❛! ❧❡ 4♦❧ ❡/ ❧❛ ❜✐♦4♣❤F!❡ /❡!!❡4/!❡ ❡4/ ✉♥❡ ❝♦♠♣♦4❛♥/❡ 2 ♣❛!/ ❡♥/✐F!❡

❞✉ 4②4/F♠❡ ❝❧✐♠❛/✐,✉❡✳ ▲❡ ❝❧✐♠❛/ ❝♦♥❞✐/✐♦♥♥❡ ❧✬0/❛/ ❤②❞!✐,✉❡ ❞✉ 4♦❧ ❛✐♥4✐ ,✉❡ ❧❛ !0♣❛!/✐✲

/✐♦♥ ❡/ ❧✬0/❛/ ❞❡ ❧❛ ✈0❣0/❛/✐♦♥ ❀ ❡♥ !❡/♦✉! ❧❡4 ❝❛!❛❝/0!✐4/✐,✉❡4 ❞❡ ❧❛ 4✉!❢❛❝❡ ✐♥✢✉❡♥❝❡♥/ ❧❡

❝❧✐♠❛/ ❡♥ ♠♦❞✉❧❛♥/ ❧❡4 ,✉❛♥/✐/04 ❞✬0♥❡!❣✐❡✱ ❞✬❡❛✉ ❡/ ❞❡ ❝♦♠♣♦404 ❝❤✐♠✐,✉❡4 0❝❤❛♥❣0❡4 ❛✈❡❝

❧✬❛/♠♦4♣❤F!❡✳ ❈❡//❡ ♣❡!♣0/✉❡❧❧❡ ✐♥/❡!❛❝/✐♦♥ ❡4/ ♣!✐4❡ ❡♥ ❝♦♠♣/❡ ❞❛♥4 ❧❡ ♠♦❞F❧❡ ❞❡ ❝❧✐♠❛/

✷✳ ❖❘❣❛♥✐③✐♥❣ ❈❛:❜♦♥ ❛♥❞ ❍②❞:♦❧♦❣② ✐♥ ❉②♥❛♠✐❝ ❊❝♦B②BC❊♠B

✻✼



✸✳✷✳ ▲❊ ▼❖❉➮▲❊ ❉❊ ❱➱●➱❚❆❚■❖◆

❖❘❈❍■❉❊❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆3■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

❞❡ ❧✬■%❙▲ ♣❛* ❧❡ ❜✐❛✐- ❞✉ ❝♦✉♣❧❛❣❡ ❡♥3*❡ ❧❡ ♠♦❞5❧❡ ❞❡ ❝✐*❝✉❧❛3✐♦♥ ❣6♥6*❛❧❡ ▲▼❉❩ ❡3 ❧❡

♠♦❞5❧❡ ❖❘❈❍■❉❊❊✳ ■❧ -✬❛❣✐3 ❧@ ❞❡ ❧❛ ❢♦♥❝3✐♦♥ ❞✉ -❝❤6♠❛ ❞❡ -✉*❢❛❝❡ ❞❡-3✐♥6❡ @ ❢♦✉*♥✐* ❞❡-

❝♦♥❞✐3✐♦♥- ❛✉① ❧✐♠✐3❡- @ ✉♥ ♠♦❞5❧❡ ❞❡ ❝✐*❝✉❧❛3✐♦♥ ❣6♥6*❛❧❡✳

❖❘❈❍■❉❊❊ ♣❡✉3 ❛✉--✐ D3*❡ ❡♠♣❧♦②6 ❡♥ ✓ ♠♦❞❡ ❢♦*❝6 ✔✱ ❝✬❡-3 @ ❞✐*❡ -❛♥- I✉❡ ❧❛ *6♣♦♥-❡

❞❡ ❧❛ -✉*❢❛❝❡ ♥✬❛✐3 ❞✬✐♠♣❛❝3 ❡♥ *❡3♦✉* -✉* ❧❡ ❢♦*J❛❣❡ ♠636♦*♦❧♦❣✐I✉❡ ❛✉I✉❡❧ ✐❧ -❡*❛ -♦✉♠✐-

❞✉*❛♥3 ❧❡- ♣❛- ❞❡ 3❡♠♣- -✉✐✈❛♥3-✳ ▲✬♦❜❥❡❝3✐❢ ❡-3 ❛❧♦*- ♣❧✉- -♣6❝✐✜I✉❡♠❡♥3 ❞❡ ❞6❝*✐*❡ ❧✬6✈♦✲

❧✉3✐♦♥ ❞✉ -3♦❝❦❛❣❡ ❞✬❡❛✉ ❡3 ❞❡ ❝❛*❜♦♥❡ ❞❛♥- ❧❡- 6❝♦-②-35♠❡- ✭-✉* ❞❡- 6❝❤❡❧❧❡- ❞❡ 3❡♠♣-

✐♥3*❛✲❥♦✉*♥❛❧✐5*❡- @ ♣❧✉*✐✲-6❝✉❧❛✐*❡-✮✳ ❆✉3*❡♠❡♥3 ❞✐3✱ ❧❡- -6*✐❡- 3❡♠♣♦*❡❧❧❡- ❞❡- ✈❛*✐❛❜❧❡-

♠636♦*♦❧♦❣✐I✉❡- -♦♥3 ❛❧♦*- ❝♦♥-✐❞6*6❡- ❝♦♠♠❡ ❞❡ -✐♠♣❧❡- ❞♦♥♥6❡- ❞✬❡♥3*6❡ ❞✉ ♠♦❞5❧❡✳

❖❘❈❍■❉❊❊ ❡-3 -3*✉❝3✉*6 ❡♥ 3*♦✐- ♠♦❞✉❧❡- *❡♣*6-❡♥3❛♥3 ❝❤❛❝✉♥ ❞❡- ♣*♦❝❡--✉- -❡ ❞✐✛6✲

*❡♥❝✐❛♥3 ♣❛* ❧❡✉* ♥❛3✉*❡ ❡3 ❧✬6❝❤❡❧❧❡ ❞❡ 3❡♠♣- @ ❧❛I✉❡❧❧❡ ✐❧- -❡ ♠❛♥✐❢❡-3❡♥3✳ ▲❡- ✢✉① ❞✬6♥❡*❣✐❡

❡3 ❞✬❡❛✉ 6❝❤❛♥❣6- ❡♥3*❡ ❧❛ -✉*❢❛❝❡ ❡3 ❧✬❛3♠♦-♣❤5*❡ -♦♥3 3*❛✐36- ♣❛* ❧❡ ♠♦❞✉❧❡ ❙❊❈❍■❇❆

✸

❬❉✉❝♦✉❞*6 ❡3 ❛❧✳✱ ✶✾✾✸❪✳ ▲❛ ♣❤6♥♦❧♦❣✐❡ ✈6❣63❛❧❡ ❡3 ❧❛ ❞②♥❛♠✐I✉❡ ❞✉ ❝❛*❜♦♥❡ ❞❛♥- ❧❛ ❜✐♦✲

-♣❤5*❡ -♦♥3 -✐♠✉❧6❡- ♣❛* ❧❡ ♠♦❞✉❧❡ ❙❚❖▼❆❚❊

✹

❬❑*✐♥♥❡* ❡3 ❛❧✳✱ ✷✵✵✺❪✳ ❯♥ 3*♦✐-✐5♠❡ ♠♦❞✉❧❡

❝❛❧❝✉❧❛♥3 ❧❛ ❞②♥❛♠✐I✉❡ ❞❡ ❧❛ ✈6❣63❛3✐♦♥ ♥❛3✉*❡❧❧❡ ✭*❡♣*❡♥❛♥3 ❡--❡♥3✐❡❧❧❡♠❡♥3 ❧❛ -3*✉❝3✉*❡

❞❡ ▲%❏ ❬❙✐3❝❤ ❡3 ❛❧✳✱ ✷✵✵✸❀ ❑*✐♥♥❡* ❡3 ❛❧✳✱ ✷✵✵✺❪✮ ♥✬❡-3 ♣❛- ❞6❝*✐3 ✐❝✐ ❝❛* ✐❧ ♥✬❛ ♣❛- 636 ❛❝3✐✈6

❞❛♥- ❧❡- ❡①♣6*✐❡♥❝❡- *6❛❧✐-6❡- ❞❛♥- ❧❡ ❝❛❞*❡ ❞❡ ❝❡33❡ 3❤5-❡✳

▲♦*-I✉❡ ❧❡ ❝♦✉♣❧❛❣❡ ❛✈❡❝ ❧❡ ♠♦❞5❧❡ ❞❡ ❝✐*❝✉❧❛3✐♦♥ ❣6♥6*❛❧❡ ❛3♠♦-♣❤6*✐I✉❡ ❡-3 ❛❝3✐✈6✱

✉♥❡ *6-♦❧✉3✐♦♥ -♣❛3✐❛❧❡ ❞❡ ❧✬♦*❞*❡ ❞❡ ✾✵ ✵✵✵❦♠

2
✭2.5o × 3.75o✮ ❡-3 ❣6♥6*❛❧❡♠❡♥3 ✐♠♣♦-6❡✳

■❧ ❡-3 6✈✐❞❡♥3 I✉✬@ ❝❡33❡ 6❝❤❡❧❧❡ ❧❛ -✉*❢❛❝❡ ❝♦♥3✐♥❡♥3❛❧❡ ♣*6-❡♥3❡ ✉♥❡ ❤636*♦❣6♥6✐36 -♣❛3✐❛❧❡

❡①3*5♠❡♠❡♥3 ❢♦*3❡✱ ♥♦3❛♠♠❡♥3 ❝♦♥❝❡*♥❛♥3 ❧❡ 3②♣❡ ❞❡ ✈6❣63❛3✐♦♥ ♣*6-❡♥3✳

❈✬❡-3 ♣♦✉*I✉♦✐ ❖❘❈❍■❉❊❊ ✉3✐❧✐-❡ ❧❡ ❝♦♥❝❡♣3 ❞❡ ✓ 3②♣❡ ❢♦♥❝3✐♦♥♥❡❧ ❞❡ ♣❧❛♥3❡- ✔ ✭%❋❚

✺

✮

♣♦✉* ❞6❝*✐*❡ ❧✬❤636*♦❣6♥6✐36 -♦✉-✲♠❛✐❧❧❡ ❞❡ ❧❛ ✈6❣63❛3✐♦♥✳ ❈❡ ❝♦♥❝❡♣3 ♣❡*♠❡3 ❞❡ ❞6✜♥✐* ❞❡-

❝❛36❣♦*✐❡- ❞❡ ♣❧❛♥3❡-✱ ❧❡- %❋❚-✱ ❡♥❣❧♦❜❛♥3 ❞❡- ❡-♣5❝❡- ✈6❣63❛❧❡- -✐♠✐❧❛✐*❡- ❞✉ ♣♦✐♥3 ❞❡ ✈✉❡

❞❡ ❧❡✉*- ❝❛*❛❝36*✐-3✐I✉❡- ❜✐♦♣❤②-✐I✉❡- ❡3 ♣❤②-✐♦❧♦❣✐I✉❡-✳ ❈❡❝✐ ♣❡*♠❡3 ❞✬❛33*✐❜✉❡* @ ❝❤❛I✉❡

%❋❚ ✉♥ ❥❡✉ ✉♥✐I✉❡ ❞❡ ♣❛*❛♠53*❡- ♠❛❧❣*6 ❧❛ ♠✉❧3✐♣❧✐❝✐36 ❞✬❡-♣5❝❡- ✈6❣63❛❧❡- I✉✬✐❧ ❡♥❣❧♦❜❡✳

❉❡- 3*❛✈❛✉① ❞✬❡①3❡*♥❛❧✐-❛3✐♦♥ ❞❡- ♣❛*❛♠53*❡- ♦♥3 3♦✉3❡❢♦✐- 636 ❡✛❡❝3✉6- ♣❛* ❉✳ ❙♦❧✐❣❛ ❛✉

▲❙❈❊✱ ❡3 ❞✐✛6*❡♥3- 3*❛✈❛✉① -♦♥3 ♥6❛♥♠♦✐♥- ❡♥ ❝♦✉*- ❛✉ -❡✐♥ ❞✉ ❧❛❜♦*❛3♦✐*❡✱ ♥♦3❛♠♠❡♥3 ❛✉

3*❛✈❡*- ❞✬✉♥❡ 3❤5-❡ ❝♦✲❡♥❝❛❞*6❡ ♣❛* ◆✳ ❱✐♦✈② ❡3 ❏✳✲❋✳ ❙♦✉--❛♥❛ ♣♦✉* ♠✐❡✉① *❡♥❞*❡ ❝♦♠♣3❡

❞❡ ❧❛ ❞✐✈❡*-✐36 ❞❡- 3*❛✐3- ❢♦♥❝3✐♦♥♥❡❧- ❡3 ❞❡ ❧❡✉* ♣❧❛-3✐❝✐36 -✉* ❞❡- 6❝❤❡❧❧❡- ❞❡ 3❡♠♣- ❧♦♥❣✉❡-✳

▲❛ ❞✐✈❡*-✐36 ❞❡- 6❝♦-②-35♠❡- 3❡**❡-3*❡- ♣❡✉3 ❛✐♥-✐ D3*❡ *❡♣*6-❡♥36❡ ❡♥ ❝♦♠❜✐♥❛♥3 ❞✐✛6✲

*❡♥3- %❋❚-✳ ❖❘❈❍■❉❊❊ ❞✐-3✐♥❣✉❡ ✶✸ %❋❚- ❞♦♥3 ✶✵ -♦♥3 ❞❡ 3②♣❡ ♥❛3✉*❡❧ ✭✽ %❋❚- ❧✐❣♥❡✉①

❡3 ✷ %❋❚- ❤❡*❜❛❝6-✮ ❡3 ✷ ❞❡ 3②♣❡ ❛❣*✐❝♦❧❡✱ ❛❧♦*- I✉✬✉♥ ❞❡*♥✐❡* *❡♣*6-❡♥3❡ ❧❡ -♦❧ ♥✉✳ ❈❡-

%❋❚- ❛✐♥-✐ I✉❡ ❧❡ -♦❧ ♥✉ ♣❡✉✈❡♥3 ❝♦❡①✐-3❡* ❞❛♥- ✉♥❡ ♠D♠❡ ♠❛✐❧❧❡ ❡3 ♦❝❝✉♣❡♥3 ❞♦♥❝ ❝❤❛❝✉♥

✉♥❡ ❝❡*3❛✐♥❡ ❢*❛❝3✐♦♥✱ ❝♦♠♣*✐-❡ ❡♥3*❡ ✵ ❡3 ✶✱ ❞❡ ❧❛ -✉*❢❛❝❡ ❞❡ ❧❛ ♠❛✐❧❧❡✳ ❆ 3✐3*❡ ❞✬❡①❡♠♣❧❡✱

❛✈❡❝ ❝❡33❡ ❝❧❛--✐✜❝❛3✐♦♥ ❧❡- 6❝♦-②-35♠❡- ❞❡ -❛✈❛♥❡- -♦♥3 *❡♣*6-❡♥36- ♣❛* ✉♥ ❛--❡♠❜❧❛❣❡ ❞❡

❣*❛♠✐♥6❡- ❡♥ ❈✸ ❡3 ❡♥ ❈✹ ❡3 ❞✬❛*❜*❡- ❞6❝✐❞✉- 3*♦♣✐❝❛✉① ❞♦♥3 ❧❛ ♣❤6♥♦❧♦❣✐❡ ❡-3 ❝♦♥3*h❧6❡
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③♦♥❡? ❞❛♥? ❧❡?L✉❡❧❧❡? ❧❛ ❝♦✉✈❡9F✉9❡ ♥✉❛❣❡✉?❡ ❡?F L✉❛?✐♠❡♥F ♣❡9♠❛♥❡♥F❡ ❡F ❝❡❧❧❡? ❞❛♥? ❧❡?L✉❡❧❧❡? ❧❡ ❝②❝❧❡

?❛✐?♦♥♥✐❡9 ❞❡ ❧❛ ✈G❣GF❛F✐♦♥ ❡?F ♣❡✉ ❝♦♥F9❛?FG ❡F ❧❡? ❝❤❛♥❣❡♠❡♥F? ❞❡ ❝♦♥❞✐F✐♦♥? ❛F♠♦?♣❤G9✐L✉❡? ✐♠♣♦9F❛♥F?

✻✾



✸✳✷✳ ▲❊ ▼❖❉➮▲❊ ❉❊ ❱➱●➱❚❆❚■❖◆

❖❘❈❍■❉❊❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆3■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

❧❡" ♣❛%❛♠'(%❡" ✐♥(❡%✈❡♥❛♥(" ❞❛♥" ❝❡ ❜✐❧❛♥ ❡( ❞/♣❡♥❞❛♥(" ❞❡" ❝♦♥❞✐(✐♦♥" ❞❡ "✉%❢❛❝❡ ✭❛❧❜/❞♦✱

%✉❣♦"✐(/✱ /✈❛♣♦%❛(✐♦♥✱ /♠✐""✐✈✐(/✮ "♦✐❡♥( ❛❣%/❣/" 7 ❧✬/❝❤❡❧❧❡ ❞❡ ❧❛ ♠❛✐❧❧❡ ❡( :✉✬✉♥❡ "❡✉❧❡

(❡♠♣/%❛(✉%❡ ❞❡ "✉%❢❛❝❡ "♦✐( ❝❛❧❝✉❧/❡✳ ❈❡ ❝❤♦✐①✱ :✉✐ ♣❡%♠❡( ❞❡ ♣%♦❝/❞❡% 7 ✉♥❡ %/"♦❧✉(✐♦♥

✐♠♣❧✐❝✐(❡ ❞✉ ❜✐❧❛♥ ❞✬/♥❡%❣✐❡ ♣%/"❡♥(❡ ✉♥ ❛((%❛✐( ✐♥❞✐"❝✉(❛❜❧❡ ♣♦✉% ✉♥ (%❛✈❛✐❧ ❝♦✉♣❧/ ❛✈❡❝ ✉♥

♠♦❞'❧❡ ❞❡ ❝✐%❝✉❧❛(✐♦♥ ❣/♥/%❛❧❡✱ ♠❛✐" ♣❡✉( /❣❛❧❡♠❡♥( >(%❡ ❝♦♥"✐❞/%/ ❝♦♠♠❡ ✉♥❡ ❧✐♠✐(❡ ❢♦%(❡

❞✉ ♠♦❞'❧❡ ✭❡♥❝♦%❡ ♣❧✉" /✈✐❞❡♥(❡ ❧♦%":✉✬♦♥ ✉(✐❧✐"❡ ❖❘❈❍■❉❊❊ ❡♥ ♠♦❞❡ ✓ ♦✤✐♥❡ ✔✱ ❝✬❡"(✲7✲

❞✐%❡ ❞/❝♦✉♣❧/ ❞❡ ❧✬❛(♠♦"♣❤'%❡✱ ♦I ❧❡" ❧✐♠✐(❡" ✐♥❞✉✐(❡" ♣❛% ❧❛ ♥♦♥ ❞✐"(✐♥❝(✐♦♥ ❞❡ ❞✐✛/%❡♥(❡"

(❡♠♣/%❛(✉%❡" ❞❡ "✉%❢❛❝❡ ❡"( /✈✐❞❡♥(❡ ✭❡♥ ♣❛%(✐❝✉❧✐❡% ❡♥(%❡ ❧❡ "♦❧ ♥✉ ❡( ❧❡ ❢❡✉✐❧❧❛❣❡ ❞❡" ❛%❜%❡"✮

"❛♥" ❛✈♦✐% ❡♥ ❝♦♥(%❡ ♣❛%(✐❡ ❞✬✐♥(/%>( ❛✉""✐ /✈✐❞❡♥( :✉✬❡♥ ♠♦❞❡ ❝♦✉♣❧/ ♦I ❝❡ ❝❤♦✐① ♣❡%♠❡(

❞✬❛""✉%❡% ❢❛❝✐❧❡♠❡♥( ❧❛ ❝♦♥"❡%✈❛(✐♦♥ ❞❡ ❧✬/♥❡%❣✐❡ 7 ❧✬✐♥(❡%❢❛❝❡ ❡♥(%❡ ❧❛ "✉%❢❛❝❡ ❝♦♥(✐♥❡♥(❛❧❡

❡( ❧✬❛(♠♦"♣❤'%❡ ✭"✐ ❝❡ ♥✬❡"( ✉♥❡ (♦✉(❡ ♣❡(✐(❡ /❝♦♥♦♠✐❡ ❡♥ (❡%♠❡" ❞❡ (❡♠♣" ❞❡ ❝❛❧❝✉❧✮✳

❘❛②♦♥♥❡♠❡♥' ♥❡' ▲❡ %❛②♦♥♥❡♠❡♥( ♥❡( ❛❜"♦%❜/ ♣❛% ❧❛ "✉%❢❛❝❡ %/"✉❧(❡ ❞✉ ❜✐❧❛♥ ❡♥(%❡ ❧❡"

❣❛✐♥" ❞✬/♥❡%❣✐❡ %❛❞✐❛(✐✈❡ ❡♥ ♣%♦✈❡♥❛♥❝❡ ❞❡ ❧✬❛(♠♦"♣❤'%❡ ✭/♥❡%❣✐❡ "♦❧❛✐%❡ ❡( %❛②♦♥♥❡♠❡♥(

✐♥❢%❛%♦✉❣❡ ❛(♠♦"♣❤/%✐:✉❡✮ ❡( ❧❡" ♣❡%(❡" ♣❛% %❛②♦♥♥❡♠❡♥( ✐♥❢%❛%♦✉❣❡ (❡%%❡"(%❡✳ ▲❡ %❛②♦♥♥❡✲

♠❡♥( ♥❡( ❡"( ❢♦%♠✉❧/ ❞❡ ❧❛ ♠❛♥✐'%❡ "✉✐✈❛♥(❡ ✿

Rn = (1− α)SW↓ − ǫσT 4
S + ǫLW↓ ✭✸✳✷✮

▲❡" (❡%♠❡" ❝❧✐♠❛(✐:✉❡" ❞❛♥" ❝❡((❡ ❡①♣%❡""✐♦♥ "♦♥( ❧❡ %❛②♦♥♥❡♠❡♥( "♦❧❛✐%❡ ✐♥❝✐❞❡♥(✱ SW↓

❡( ❧❡ %❛②♦♥♥❡♠❡♥( ✐♥❢%❛%♦✉❣❡ ❞❡"❝❡♥❞❛♥(✱ LW↓✳ ▲❡" ❛✉(%❡" (❡%♠❡" ❞/♣❡♥❞❡♥( ❞❡" ♣%♦♣%✐/(/"

❞❡ ❧❛ "✉%❢❛❝❡✳ ▲✬/♠✐""✐✈✐(/ ❞❡ ❧❛ "✉%❢❛❝❡✱ ǫ✱ ❡"( ✜①/❡ 7 ✶ ❞❛♥" ❖❘❈❍■❉❊❊

✽

✳ ▲❡ %❛②♦♥♥❡✲

♠❡♥( ✐♥❢%❛%♦✉❣❡ /♠✐" ♣❛% ❧❛ "✉%❢❛❝❡ ❡"( ❝❛❧❝✉❧/ ❡♥ ❢♦♥❝(✐♦♥ ❞❡ ❧❛ (❡♠♣/%❛(✉%❡ ❞❡ "✉%❢❛❝❡✱ TS ✱

❞✬❛♣%'" ❧❛ ❧♦✐ ❞❡ ❙(❡❢❛♥✲❇♦❧(③♠❛♥ ✭ǫσT 4
S✮✱ ♦I σ %❡♣%/"❡♥(❡ ❧❛ ❝♦♥"(❛♥(❡ ❞❡ ❙(❡❢❛♥✲❇♦❧(③♠❛♥✱

"♦✐( 5.6710−8W.m−2.K−4
✳ ▲✬❛❧❜/❞♦ α ❡"( ✉♥❡ ✈❛%✐❛❜❧❡ ❡""❡♥(✐❡❧❧❡ ❞✉ ❜✐❧❛♥ ❞✬/♥❡%❣✐❡ ❝❛% ❡❧❧❡

❞/(❡%♠✐♥❡ ❧❛ ♣%♦♣♦%(✐♦♥ ❞✉ %❛②♦♥♥❡♠❡♥( "♦❧❛✐%❡ ✐♥❝✐❞❡♥( %/✢/❝❤✐ ♣❛% ❧❛ "✉%❢❛❝❡✳ ▲✬❛❧❜/❞♦

❞/♣❡♥❞ ❞❡ ❧✬/(❛( ❞❡ ❧❛ ✈/❣/(❛(✐♦♥ ❡( ❞✉ "♦❧ ❡( ❞♦✐( ❞♦♥❝ >(%❡ ❝❛❧❝✉❧/ ❡♥ ❢♦♥❝(✐♦♥ ❞❡" ❝♦♥❞✐✲

(✐♦♥" ❞❡ "✉%❢❛❝❡✳ V♦✉% ❧❡ "♦❧ ♥✉✱ ❧✬❛❧❜/❞♦ ❡"( ❞/(❡%♠✐♥/ ❞✬❛♣%'" ❧❛ ❝❛%(❡ ❞❡ ❝♦✉❧❡✉% ❞❡ "♦❧

❞❡ ❲✐❧"♦♥ ❛♥❞ ❍❡♥❞❡%"♦♥✲❙❡❧❧❡%" ❬✶✾✽✺❪ ❡( ❡"( ♠♦❞✉❧/ ❡♥ ❢♦♥❝(✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐(/ ❞✉ "♦❧✳

V♦✉% ❧❛ ✈/❣/(❛(✐♦♥✱ ✉♥❡ ✈❛❧❡✉% ❞✬❛❧❜/❞♦ ❞❡" ❢❡✉✐❧❧❡" ❡"( ❛((%✐❜✉/❡ 7 ❝❤❛:✉❡ V❋❚✳ ❈♦♠♠❡

❖❘❈❍■❉❊❊ ❝♦♥"✐❞'%❡ ❧❛ ❞✐"(%✐❜✉(✐♦♥ "♦✉"✲♠❛✐❧❧❡ ❞❡ ❧❛ ✈/❣/(❛(✐♦♥✱ ❧✬❛❧❜/❞♦ 7 ❧✬/❝❤❡❧❧❡ ❞❡

❧❛ ♠❛✐❧❧❡ ❡"( ♦❜(❡♥✉ ♣❛% ❛❣%/❣❛(✐♦♥ 7 ♣❛%(✐% ❞❡ ❧✬❛❧❜/❞♦ ❢♦❧✐❛✐%❡ ❞❡ ❝❤❛:✉❡ V❋❚✳ ▲❛ "✉%❢❛❝❡

❢♦❧✐❛✐%❡ ♣%♦❥❡(/❡ ❛✉ "♦❧✱ ❡①♣%✐♠/❡ ❡♥ ❢%❛❝(✐♦♥ ❞❡ ❧❛ "✉%❢❛❝❡ (♦(❛❧❡ ❞❡ ❧❛ ♠❛✐❧❧❡✱ ❡"( ❝❛❧❝✉❧/❡

❞❛♥" ❖❘❈❍■❉❊❊ ❡♥ ❢♦♥❝(✐♦♥ ❞✉ ▲❆■ ✿

ν = νmax(1− exp(−kLAI)) ✭✸✳✸✮

♦I νmax %❡♣%/"❡♥(❡ ❧❛ "✉%❢❛❝❡ ♠❛①✐♠❛❧❡ ♦❝❝✉♣/❡ ♣❛% ❧❡ V❋❚✱ (❡❧❧❡ :✉❡ ❞/✜♥✐❡ ♣❛% ❧❛

❝❛%(❡ ❞❡ ✈/❣/(❛(✐♦♥ ♦✉ ♣%❡"❝%✐(❡ ❡♥ ❢♦♥❝(✐♦♥ ❞❡" ♦❜"❡%✈❛(✐♦♥" ❢❛✐(❡" ❛✉ "♦❧ ❞❛♥" ❧❡ ❝❛" ❞❡

"✐♠✉❧❛(✐♦♥" "✉% "✐(❡ ♣♦✉% ❧❡":✉❡❧❧❡" ❞❡" ✐♥❢♦%♠❛(✐♦♥" ❞/(❛✐❧❧/❡" "✉% ❧❛ ❝♦✉✈❡%(✉%❡ ✈/❣/(❛❧❡

"♦♥( ❞✐"♣♦♥✐❜❧❡"✳

❆❧❜+❞♦ α ▲❡" ❛✉(%❡" ♣❛%❛♠'(%❡" ✐♥(❡%✈❡♥❛♥( ❞❛♥" ❧✬/:✉❛(✐♦♥ "♦♥( ❧✬❛❧❜/❞♦ ✈✐"✐❜❧❡ ❡(

♣%♦❝❤❡ ✐♥❢%❛%♦✉❣❡✱ ❞/(❡%♠✐♥/" 7 ♣❛%(✐% ❞❡ %/"✉❧(❛(" /(❛❜❧✐" ♣❛% ❬❉✐❝❦✐♥"♦♥ ❛♥❞ ❍❛♥"♦♥✱

✶✾✽✹❪✳ ❙✐ ❧✬♦♥ ❡①❝❧✉( ❧❛ ♥❡✐❣❡✱ ❧❡ ❝❛❧❝✉❧ ❞❡ ❧✬❛❧❜/❞♦ "❡ ❢❛✐( ❡♥ ❞❡✉① /(❛♣❡" ✿

✕ ❈❛❧❝✉❧ ❞❡ ❧✬❛❧❜/❞♦ ❞✉ "♦❧ ♥✉

✽✳ ♥♦✉9 :❡✈✐❡♥❞:♦♥9 9✉: ❝❡@@❡ ❛♣♣:♦①✐♠❛@✐♦♥ ❞❛♥9 ❧❛ ❞✐9❝✉99✐♦♥ ❞✉ ❝❤❛♣✐@:❡ 9✉✐✈❛♥@

✼✵



❈❍❆#■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✸✳✷✳ ▲❊ ▼❖❉➮▲❊ ❉❊ ❱➱●➱❚❆❚■❖◆

❖❘❈❍■❉❊❊

❈❧❛##❡ ❞❡ ❝♦✉❧❡✉) ❞❡ #♦❧

✶ ✷ ✸ ✹ ✺ ✻ ✼ ✽ ✾

α ❙♦❧ #❡❝ ✵✳✶✺ ✵✳✶✽ ✵✳✷✶ ✵✳✷✹ ✵✳✷✼ ✵✳✸✵ ✵✳✸✸ ✵✳✸✻ ✵✳✹✶

❙♦❧ #❛6✉)7 ✵✳✵✼✺ ✵✳✵✾ ✵✳✶✵✺ ✵✳✶✷ ✵✳✶✸✺ ✵✳✶✺ ✵✳✶✻✺ ✵✳✶✽ ✵✳✷✸

❚❛❜❧❡ ✸✳✷✿ ▼♦②❡♥♥❡ ❛)✐6❤♠76✐?✉❡ ❞❡# ❛❧❜7❞♦# ✈✐#✐❜❧❡ ❡6 ♣)♦❝❤❡ ✐♥❢)❛)♦✉❣❡ ❞✉ #♦❧ #❡❝ ❡6

❞✉ #♦❧ ❤✉♠✐❞❡ ♣♦✉) ❧❡# ♥❡✉❢ ❝❧❛##❡# ❞❡ ❝♦✉❧❡✉) ❞❡ #♦❧ ✭♦♥ ♥✬❡#6✐♠❡ ♣❛# ❧✬❛❧❜7❞♦ ♣❛) ✉♥❡

✐♥67❣)❛❧❡ ♣♦♥❞7)7❡ #✉) ❧❡ #♣❡❝6)❡✮

✕ ▼♦❞✐✜❝❛6✐♦♥ ❞❡ ❧✬❛❧❜7❞♦ ❛✈❡❝ ❧❛ ✈7❣76❛6✐♦♥

J♦✉) ❧✬❛❧❜7❞♦ ❞✉ #♦❧ ♥✉✱ ♦♥ ✐♥6)♦❞✉✐6 ✉♥❡ ❝❛)6❡ ❞❡ ❝♦✉❧❡✉) ❞❡ #♦❧✱ ♣♦✉) ❧❛?✉❡❧❧❡ ❝❤❛?✉❡

♣✐①❡❧ ❡#6 )❛♥❣7 ❞❛♥# ✉♥❡ ❞❡# ♥❡✉❢ ❝❧❛##❡# ❞7✜♥✐❡# ♣❛) ❖❘❈❍■❉❊❊✳ J♦✉) ❝❤❛❝✉♥❡ ❞❡ ❝❡#

❝❧❛##❡# #♦♥6 ❞7✜♥✐# ✉♥ ❛❧❜7❞♦ ❞❡ #♦❧ #❡❝ ❡6 ✉♥ ❛❧❜7❞♦ ❞❡ #♦❧ #❛6✉)7 ✭✈♦✐) ❚❛❜❧❡ ✸✳✷✮✳

❆ ♣❛)6✐) ❞❡ ❝❡# ✈❛❧❡✉)#✱ ❧✬❛❧❜7❞♦ ❞✉ #♦❧ ♥✉ α1 ✭❝❛❧❝✉❧7 ♣❛) ♠♦②❡♥♥❡ ❛)✐6❤♠76✐?✉❡ ❞❡

❧✬❛❧❜7❞♦ ✈✐#✐❜❧❡ ❡6 ♣)♦❝❤❡ ✐♥❢)❛)♦✉❣❡✮ ❡#6 ♦❜6❡♥✉ ♣❛) ❧❛ ❢♦)♠✉❧❡ ✿

α1 = αsat + β(αsec − αsat) ✭✸✳✹✮

❖U β ❡#6 ✉♥❡ ❢♦♥❝6✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐67 ❞❡ ❧❛ #✉)❢❛❝❡✳ ❉❛♥# ❝❡66❡ ✈❡)#✐♦♥ ❞✉ ♠♦❞V❧❡✱ β ❡#6

7✈❛❧✉7 W ♣❛)6✐) ❞❡ ❧❛ ❤❛✉6❡✉) ❞❡ #♦❧ #❡❝ hs ❡①♣)✐♠7❡ ❡♥ ♠♠ ✭✈♦✐) ✜❣✉)❡ ✸✳✶✮ ♣❛) ✿

β = min(10 · hs, 1) ✭✸✳✺✮

❋✐♥❛❧❡♠❡♥6✱ ❧✬❛❧❜7❞♦ ♣♦✉) ❧❡ ❢❡✉✐❧❧❛❣❡ ❞❡ ❝❤❛?✉❡ 6②♣❡ ❞❡ ✈7❣76❛6✐♦♥ ❡#6 ❞♦♥♥7 ❞❛♥# ❧❛ ❚❛❜❧❡

✸✳✸✳ ❙✐ fk ❡#6 ❧❛ ❢)❛❝6✐♦♥ ❞❡ ❧❛ ♠❛✐❧❧❡ )❡❝♦✉✈❡)6❡ ♣❛) ❧❡ 6②♣❡ ❢♦♥❝6✐♦♥♥❡❧ ❞❡ ♣❧❛♥6❡ ❞✬✐♥❞✐❝❡
k ✭✈♦✐) ❧❡ ♣❛)❛❣)❛♣❤❡ ✸✳✷✳✶✳✸✮✱ ❛❧♦)# ❧✬❛❧❜7❞♦ 6♦6❛❧ ✭✈✐#✐❜❧❡ ♦✉ ♣)♦❝❤❡ ✐♥❢)❛)♦✉❣❡✮ ❡#6 ❞♦♥♥7
♣❛) ✿

αtot =

13
∑

k=1

fkα
k

✭✸✳✻✮

❋❧✉① ❞❡ ❝❤❛❧❡✉) ❞❛♥+ ❧❡ +♦❧ J♦✉) ❞76❡)♠✐♥❡) ❧❡ ✢✉① ❞❡ ❝❤❛❧❡✉) ✈❡)# ❧❡ #♦❧✱ ✉♥ ♣)♦✜❧

❞❡ 6❡♠♣7)❛6✉)❡ ❞❛♥# ❧❡ #♦❧ ❡#6 ❝❛❧❝✉❧7 ❡①♣❧✐❝✐6❡♠❡♥6 ❡♥ )7#♦❧✈❛♥6 ❧✬7?✉❛6✐♦♥ ❣7♥7)❛❧❡ ❞❡

❝♦♥❞✉❝6✐♦♥ ❞❡ ❧❛ ❝❤❛❧❡✉) ✭❧♦✐ ❞❡ ❋♦✉)✐❡)✮✳ ❈❡66❡ 7?✉❛6✐♦♥ ❡#6 ❞✐#❝)76✐#7❡ #✉) ✼ ♥✐✈❡❛✉① ✈❡)6✐✲

❝❛✉① ❞❛♥# ❧❡ #♦❧ ❛✈❡❝ ❧✬❤②♣♦6❤V#❡ ❞✬✉♥ ✢✉① ♥✉❧ ❡♥ ♣)♦❢♦♥❞❡✉)✱ ❛✉6)❡♠❡♥6 ❞✐6 ❡♥ ♥7❣❧✐❣❡❛♥6

❧❡ ✢✉① ❣7♦6❤❡)♠✐?✉❡ ❞♦♥6 ❧❛ ✈❛❧❡✉) ♠♦②❡♥♥❡ ❡#6 ❞❡ ✻✵♠❲✴m2
W ❧❛ #✉)❢❛❝❡ ❞❡ ❧❛ ❚❡))❡✳

❉❛♥# ❧❡# ✈❡)#✐♦♥# ❛✈❡❝ ❧❡#?✉❡❧❧❡# ❧❡ ♣)7#❡♥6 6)❛✈❛✐❧ ❛ 767 )7❛❧✐#7✱ ❧❛ ♣)❡♠✐V)❡ ❝♦✉❝❤❡ ❛ ✉♥❡

7♣❛✐##❡✉) ❞✬❡♥✈✐)♦♥ ✸✳✻❝♠✱ ❧❛ #❡❝♦♥❞❡ ✼✳✷❝♠✱✳ ✳ ✳ ✭❞❡ #♦)6❡ ?✉❡ ❧❡# ❝❡♥6)❡# ❞❡# ❝♦✉❝❤❡# #❡

6)♦✉✈❡♥6 W ✵✳✵✶✽♠✱ ✵✳✵✼✾♠✱ ✵✳✷✵♠✱ ✵✳✹✹♠✱ ✵✳✾✸♠✱ ✶✳✾✶♠✱ ✸✳✽✻♠✮✳

❆ ❧✬✐♥6❡)❢❛❝❡ #♦❧✲❛6♠♦#♣❤V)❡✱ ❧❡ ✢✉① ❞❡ ❝❤❛❧❡✉) ✈❡)# ❧❡ #♦❧ ♣❡✉6 #✬7❝)✐)❡ ❞❡ ❧❛ ❢❛]♦♥

#✉✐✈❛♥6❡ ✿

G = −λ
∂T

∂z
✭✸✳✼✮

♦U λ ❡#6 ❧❛ ❝♦♥❞✉❝6✐✈✐67 6❤❡)♠✐?✉❡ ❞✉ #♦❧✳

✼✶



ra =
1

ca
=

1

Cd‖U‖

Cd ‖U‖

H = ρCpca(TS − Ta)



❈❍❆#■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✸✳✷✳ ▲❊ ▼❖❉➮▲❊ ❉❊ ❱➱●➱❚❆❚■❖◆

❖❘❈❍■❉❊❊

♦! ρ ❡# Cp $♦♥# &❡$♣❡❝#✐✈❡♠❡♥# ❧❛ ♠❛$$❡ ✈♦❧✉♠✐/✉❡ ❡# ❧❛ ❝❛♣❛❝✐#0 ❝❛❧♦&✐✜/✉❡ ❞❡ ❧✬❛✐&✳

❉❛♥$ ❝❡##❡ ❡①♣&❡$$✐♦♥ ❧❛ ❝♦♥❞✉❝#❛♥❝❡ ❛0&♦❞②♥❛♠✐/✉❡✱ ca✱ ❡$# ✉♥❡ ✈❛&✐❛❜❧❡ /✉✐ ❞♦✐# :#&❡

❞0#❡&♠✐♥0❡ ❞✬❛♣&;$ ❧❡$ ❝♦♥❞✐#✐♦♥$ ❞❡ $✉&❢❛❝❡✳ ca ❞0♣❡♥❞ ❞❡ ❧❛ ✈✐#❡$$❡ ❞✉ ✈❡♥#✱ ❞❡ ❧❛ $#❛❜✐❧✐#0

❞❡ ❧❛ ❝♦✉❝❤❡ ❧✐♠✐#❡ ❛#♠♦$♣❤0&✐/✉❡ ❡# ❛✉$$✐ ❞❡ ❧❛ &✉❣♦$✐#0 ❞❡ ❧❛ $✉&❢❛❝❡ ❞❡ #❡❧❧❡ $♦&#❡ /✉❡ $✐

❧❛ &✉❣♦$✐#0 ❛✉❣♠❡♥#❡✱ ca ❛✉❣♠❡♥#❡✳ ▲❛ ❤❛✉#❡✉& ❞❡ &✉❣♦$✐#0✱ z0✱ ❡$# ❞0#❡&♠✐♥0❡ ❡♥ ❢♦♥❝#✐♦♥

❞✉ ▲❆■ ❞❡ ❧❛ ✈0❣0#❛#✐♦♥ ❡# ❞❡ ❧❛ ❤❛✉#❡✉& ❞❡ ❧❛ ❝❛♥♦♣0❡✱ ♣&❡$❝&✐#❡ ♣♦✉& ❝❤❛/✉❡ B❋❚✳

❋❧✉① ❞❡ ❝❤❛❧❡✉) ❧❛*❡♥*❡ ▲❡ ✢✉① ❞❡ ❝❤❛❧❡✉& ❧❛#❡♥#❡ ❡$# ❝❛❧❝✉❧0 ❞❡ ♠❛♥✐;&❡ ❛♥❛❧♦❣✉❡ ❛✉

✢✉① $❡♥$✐❜❧❡✳ ❈❡##❡ ❢♦✐$✱ ❧❛ /✉❛♥#✐#0 #&❛♥$❢0&0❡ ♥✬❡$# ♣❧✉$ ❞❡ ❧❛ ❝❤❛❧❡✉& ♠❛✐$ ❞❡ ❧❛ ✈❛♣❡✉&

❞✬❡❛✉ ❡# ❧❡ ❣&❛❞✐❡♥# ❝♦♥$✐❞0&0 ❡$# ❞♦♥❝ ✉♥ ❣&❛❞✐❡♥# ❞✬❤✉♠✐❞✐#0 ❡♥#&❡ ❧❛ $✉&❢❛❝❡ ❡# ❧✬❛#♠♦✲

$♣❤;&❡✳ ▲❡ ♠:♠❡ ❝♦❡✣❝✐❡♥# ❞❡ ❞✐✛✉$✐♦♥ ca =
1
ra

❡$# ✉#✐❧✐$0 ❞❛♥$ ❧❡$ ❞❡✉① ❝❛$ ✭♠:♠❡ $✬✐❧

$✬❛❣✐# ❞✬✉♥❡ ❛♣♣&♦①✐♠❛#✐♦♥✱ ♣✉✐$/✉❡ ❧❛ #✉&❜✉❧❡♥❝❡ ♥❡ #&❛♥$♣♦&#❡ ♣❛$ #♦✉# K ❢❛✐# ✐♥❞✐✛0&❡♠✲

♠❡♥# ❧❛ ❝❤❛❧❡✉& ❡# ❧✬❡❛✉✮✳

▲✬0✈❛♣♦#&❛♥$♣✐&❛#✐♦♥ ❡$# ♠❛❥♦&0❡ ♣❛& ❧✬0✈❛♣♦&❛#✐♦♥ ♣♦#❡♥#✐❡❧❧❡ Epot✳ ❈❡##❡ 0✈❛♣♦&❛#✐♦♥

♣♦#❡♥#✐❡❧❧❡ ❝♦&&❡$♣♦♥❞ K ❧❛ ❞❡♠❛♥❞❡ ❛#♠♦$♣❤0&✐/✉❡ ❡♥ ❡❛✉✱ ❡# ❡$# ❞0✜♥✐❡ ♣❛& ❇✉❞②❦♦

❬✶✾✺✺❪ ✿

Epot =
ρ

ra
(qs(Tw)− qa) ✭✸✳✶✵✮

❆✈❡❝ qa ❧✬❤✉♠✐❞✐#0 ❞❡ ❧✬❛✐& ❡# qs(Tw) ❧✬❤✉♠✐❞✐#0 $❛#✉&❛♥#❡ K ❧❛ #❡♠♣0&❛#✉&❡ Tw✳ Tw ❡$# ❧❛

#❡♠♣0&❛#✉&❡ /✉✬❛✉&❛✐# ❧❡ $♦❧ $✬✐❧ ❛✈❛✐# 0✈❛♣♦&0 ❛✉ #❛✉① ♣♦#❡♥#✐❡❧✳ ❖& ❧❛ ♠❛❥♦&✐#0 ❞❡$ ●❈▼

♥❡ ❝❛❧❝✉❧❡♥# ♣❛$ ❚w✳ ▲✬0✈❛♣♦&❛#✐♦♥ ♣♦#❡♥#✐❡❧❧❡ ② ❡$# ❡$#✐♠0❡ ♣❛& ❧❛ ❢♦&♠✉❧❡ $✉✐✈❛♥#❡ ✿

E′pot =
ρ

ra
(qs(Ts)− qa) ✭✸✳✶✶✮

❆✈❡❝ Ts ❧❛ #❡♠♣0&❛#✉&❡ ❞✉ $♦❧✳ ❈❡##❡ ❢♦&♠✉❧❡ ❛♣♣❧✐/✉0❡ ❞✐&❡❝#❡♠❡♥# $✉&❡$#✐♠❡ ❞♦♥❝ ❧❛

✓ ✈0&✐#❛❜❧❡ ✔ 0✈❛♣♦&❛#✐♦♥ ♣♦#❡♥#✐❡❧❧❡ ♣✉✐$/✉✬❡❧❧❡ ♥❡ #✐❡♥# ♣❛$ ❝♦♠♣#❡ ❞✉ &❡❢&♦✐❞✐$$❡♠❡♥# ❞❡

❧✬✐♥#❡&❢❛❝❡ $♦❧✲❛✐& /✉✐ 0✈❛♣♦&❡&❛✐# ❛✉ #❛✉① ♣♦#❡♥#✐❡❧✳

▲✬❡①♣&❡$$✐♦♥ $✉✐✈❛♥#❡ ❡$# ❛❧♦&$ ❡♠♣❧♦②0❡ ♣♦✉& ❡$#✐♠❡& ❧❡ ✢✉① ❞❡ ❝❤❛❧❡✉& ❧❛#❡♥#❡ ✿

LE =
ρ

ra
Lvβ(qs(Ts)− qa) = LvβE

′
pot ✭✸✳✶✷✮

♦! Lv✱ ❡$# ❧❛ ❝❤❛❧❡✉& ❧❛#❡♥#❡ ❞✬0✈❛♣♦&❛#✐♦♥ ✭= 2.46106J.kg−1✮ /✉✐ ♣❡&♠❡# ❞❡ ♣❛$$❡&

❞✬✉♥❡ /✉❛♥#✐#0 ❞✬❡❛✉ 0✈❛♣♦&0❡ ✭❧✬0✈❛♣♦&❛#✐♦♥✮ K ✉♥❡ /✉❛♥#✐#0 ❞✬0♥❡&❣✐❡ #&❛♥$♠✐$❡ K ❧✬❛#♠♦✲

$♣❤;&❡✳

▲❡ ❝♦❡✣❝✐❡♥# β ❡①♣&✐♠❡ ❝♦♥❝&;#❡♠❡♥# ❧❛ ❞✐✣❝✉❧#0 K ❡①#&❛✐&❡ ❧✬❡❛✉ ❞✉ $②$#;♠❡ $♦❧✲

✈0❣0#❛#✐♦♥✳ ▲❡ ♥✐✈❡❛✉ ❞❡ ❝♦♠♣❧❡①✐#0 ❞✬✉♥ ♠♦❞;❧❡ ❞❡ $✉&❢❛❝❡ ❡$# ❡♥ ❣&❛♥❞❡ ♣❛&#✐❡ ❞0#❡&♠✐♥0

♣❛& ❧❛ &❡♣&0$❡♥#❛#✐♦♥ ❞✉ ❝♦❡✣❝✐❡♥# β✳ ❊♥ ❣0♥0&❛❧ ❝❡ ♣❛&❛♠;#&❡ ❡$# ❝❛❧❝✉❧0 ❝♦♠♠❡ ✉♥

$②$#;♠❡ ❞❡ &0$✐$#❛♥❝❡$ ❡♥ $0&✐❡✱ ♣❛& ❛♥❛❧♦❣✐❡ K ✉♥ ❝✐&❝✉✐# 0❧❡❝#&✐/✉❡✳

❯♥❡ ❛♣♣&♦❝❤❡ $✐♠✐❧❛✐&❡ ❡$# ✉#✐❧✐$0❡ ♣♦✉& ❝❛❧❝✉❧❡& ❧❡$ ❝♦❡✣❝✐❡♥#$ β &❡❧❛#✐❢$ K ❧✬0✈❛♣♦&❛#✐♦♥

❞❡ ❧✬❡❛✉ ✐♥#❡&❝❡♣#0❡ ♣❛& ❧❡ ❢❡✉✐❧❧❛❣❡✱ K ❧✬0✈❛♣♦&❛#✐♦♥ ❞✉ $♦❧ ♥✉ ❡# K ❧❛ #&❛♥$♣✐&❛#✐♦♥✳

✼✸
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▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆3■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

✕ ➱✈❛♣♦&❛'✐♦♥ ❞✉ ,♦❧ ♥✉ E1 ✿

E1 =
1

1 + r1
ra

Us · E
′
pot ✭✸✳✶✸✮

❆✈❡❝ Us ✐♥❞✐❝❡ ❞✬❤✉♠✐❞✐': ❞✉ ,♦❧ ✭♦✉ ♣♦'❡♥'✐❡❧ ❞✬❡①'&❛❝'✐♦♥ &❛❝✐♥❛✐&❡✮✳ r1 ❡,' ❧❛ &:,✐,✲

'❛♥❝❡ = ❧✬:✈❛♣♦&❛'✐♦♥ ❞✉ ,♦❧✳ ❊❧❧❡ ❡,' ❞♦♥♥:❡ ♣❛& r1 = hsrs ❛✈❡❝ rs = 3.3 · 104s.m−2

&:,✐,'❛♥❝❡ ♣❛& ♠?'&❡ ❞❡ ,♦❧ ,❡❝✱ ❡' hs ❤❛✉'❡✉& ❞❡ ,♦❧ ,❡❝✳ A♦✉& Us ❡' hs ✈♦✐& ❧❡ ❜✐❧❛♥

❤②❞&♦❧♦❣✐E✉❡ ❡♥ ,❡❝'✐♦♥ ✸✳✷✳✷✳

✕ A❡&'❡, ♣❛& ✐♥'❡&❝❡♣'✐♦♥✱ Ek ✭k = 2, 13✮ ✿

Ek = min(Ik,
Ik

Imax
k

1

1 + rk
ra

· E′pot) ✭✸✳✶✹✮

❆✈❡❝ Ik E✉❛♥'✐': ❞✬❡❛✉ ✐♥'❡&❝❡♣':❡ ♣❛& ❧❡ ❢❡✉✐❧❧❛❣❡ ❡' Imax
k E✉❛♥'✐': ♠❛①✐♠❛❧❡ ✐♥✲

'❡&❝❡♣':❡ ✭Imax
k = LAIk · 0.1mm✮✳ rk ❡,' ❧❛ &:,✐,'❛♥❝❡ ,'&✉❝'✉&❛❧❡ ❞❡ ❧❛ ✈:❣:'❛'✐♦♥

❞♦♥♥:❡ ❞❛♥, ❧❛ ❚❛❜❧❡ ✸✳✸✳ Ek ♥❡ ♣❡✉' ♣❛, J'&❡ ,✉♣:&✐❡✉& = Ik ,✐♥♦♥ ❧✬:✈❛♣♦&❛'✐♦♥

♣&❡♥❞&❛✐' ♣❧✉, ❞✬❡❛✉ E✉❡ ❝❡ E✉✐ ❡,' ❞✐,♣♦♥✐❜❧❡✳

✕ A♦✉& ❧❡ ❝❛, ♣❧✉, ❝♦♠♣❧❡①❡ ❞❡ ❧❛ '&❛♥,♣✐&❛'✐♦♥ ❞✬✉♥ ❝♦✉✈❡&' ✈:❣:'❛❧✱ ❧❛ ❢♦&♠✉❧❛'✐♦♥

,✉✐✈❛♥'❡ ❡,' ✉'✐❧✐,:❡ ❞❛♥, ❖❘❈❍■❉❊❊ ✿

β = Us
ra

ra+rk+rv
k

Tk =
(

1− Ik
Imax

k

)

β · E′pot
✭✸✳✶✺✮

❈❡''❡ ❡①♣&❡,,✐♦♥ &❡✢?'❡ ❧❡ ♣❛&❝♦✉&, ❞✬✉♥❡ ♠♦❧:❝✉❧❡ ❞✬❡❛✉ '&❛♥,✐'❛♥' ❞✉ ,♦❧ ✈❡&, ❧✬❛'✲

♠♦,♣❤?&❡ ❡' ❧❡, ❞✐✛:&❡♥', ♦❜,'❛❝❧❡, E✉✬❡❧❧❡ ❞♦✐' ❢&❛♥❝❤✐&✳ ▲✬❡❛✉ ❞♦✐' ❞✬❛❜♦&❞ J'&❡

♣&:❧❡✈:❡ ❞❛♥, ❧❡ ,♦❧ ♣❛& ❧❡ ,②,'?♠❡ &❛❝✐♥❛✐&❡ ❞❡, ♣❧❛♥'❡,✱ ❝❡ E✉✐ ❡,' ♣&✐, ❡♥ ❝♦♠♣'❡

♣❛& ❧✬✐♥'❡&♠:❞✐❛✐&❡ ❞❡ ❧❛ ❢♦♥❝'✐♦♥ ❞✬❡①'&❛❝'✐♦♥ ❞❡ ❧✬❡❛✉✱ Us✳ Us✱ ❡,' ❞:'❡&♠✐♥:❡ ❡♥

❢♦♥❝'✐♦♥ ❞❡ ❧✬:'❛' ❤②❞&✐E✉❡ ❞✉ ,♦❧ ❡' ❞✉ ♣&♦✜❧ &❛❝✐♥❛✐&❡ ,♣:❝✐✜: ♣♦✉& ❝❤❛E✉❡ A❋❚

❞✬❖❘❈❍■❉❊❊✳ ▲✬❡❛✉ ❡,' ❡♥,✉✐'❡ :✈❛♣♦&:❡ ❛✉ ♥✐✈❡❛✉ ❞❡, ,'♦♠❛'❡, ❞❡, ❢❡✉✐❧❧❡, = ♣❛&✲

'✐& ❞❡ ❧❛ ❢&❛❝'✐♦♥ ❞❡ ❢❡✉✐❧❧❡, E✉✐ ♥✬❡,' ♣❛, &❡❝♦✉✈❡&'❡ ❞✬❡❛✉ ❞❡ ♣❧✉✐❡ ✭❝❡ E✉❡ &❡✢?'❡

❧❛ ♣♦♥❞:&❛'✐♦♥ ❛✈❡❝ Ik✮✳ ❈❡''❡ :'❛♣❡ ❡,' &❡♣&:,❡♥':❡ ♣❛& ❧❛ &:,✐,'❛♥❝❡ ❞❡ ,✉&❢❛❝❡✱ rvk✳
❊❧❧❡ ❞♦✐' ❡♥,✉✐'❡ &❡❥♦✐♥❞&❡ ❧❡ ❤❛✉' ❞❡ ❧❛ ❝❛♥♦♣:❡✱ ❝❡ E✉✐ ❡,' ♣&✐, ❡♥ ❝♦♠♣'❡ = '&❛✈❡&,

❧❛ &:,✐,'❛♥❝❡ ❞❡ ,'&✉❝'✉&❡✱ rk✳ ❊♥✜♥ ❧❛ ✈❛♣❡✉& ❞✬❡❛✉ ❞♦✐' J'&❡ ❛♠❡♥:❡ ❥✉,E✉✬❛✉ ♥✐✈❡❛✉

❞❡ &:❢:&❡♥❝❡ ❛'♠♦,♣❤:&✐E✉❡✱ ❝❡ E✉✐ ❡,' ❡①♣&✐♠: ♣❛& ❧❛ &:,✐,'❛♥❝❡ ❛:&♦❞②♥❛♠✐E✉❡✱ ra✳
▲❛ &:,✐,'❛♥❝❡ ❞❡ ,✉&❢❛❝❡✱ rvk✱ ❡,' ❝❛❧❝✉❧:❡ ❡♥ ✐♥':❣&❛♥' ❧❛ ❝♦♥❞✉❝'❛♥❝❡ ,'♦♠❛'✐E✉❡✱ gvk✱
,✉& ❧❡ ▲❆■ ✿

rvk =
1

∫ LAI
0 gvk(l)dl

✭✸✳✶✻✮

❉❛♥, ❖❘❈❍■❉❊❊✱ ❧❡ ❝❛❧❝✉❧ ❞❡ ❧❛ ❝♦♥❞✉❝'❛♥❝❡ ,'♦♠❛'✐E✉❡✱ gvk✱ ♣&❡♥❞ ❡①♣❧✐❝✐'❡♠❡♥' ❡♥

❝♦♠♣'❡ ❧❡ ❝♦✉♣❧❛❣❡ ❡♥'&❡ ♣❤♦'♦,②♥'❤?,❡ ❡' '&❛♥,♣✐&❛'✐♦♥✳ ▲❛ '&❛♥,♣✐&❛'✐♦♥ ❞❡, ✈:❣:'❛✉①✱

'♦✉' ❝♦♠♠❡ ❧✬❛,,✐♠✐❧❛'✐♦♥ ❞✉ ❈❖2 ♥:❝❡,,❛✐&❡ = ❧❛ ♣❤♦'♦,②♥'❤?,❡✱ ,❡ ❢❛✐' ♣❛& ❧✬✐♥'❡&♠:❞✐❛✐&❡

❞❡, ,'♦♠❛'❡, ❞❡, ❢❡✉✐❧❧❡,✳ ▲❡, :❝❤❛♥❣❡, ❞✬❡❛✉ ❡' ❞❡ ❈❖2 ❞♦✐✈❡♥' ❞♦♥❝ J'&❡ '&❛✐':, ❞❡ ♠❛♥✐?&❡

❝♦❤:&❡♥'❡✳ ❯♥❡ ❢♦&♠✉❧❛'✐♦♥ ❡♠♣✐&✐E✉❡ ❡,' ✉'✐❧✐,:❡ ♣♦✉& &❡❧✐❡& ❧❛ ❝♦♥❞✉❝'❛♥❝❡ ,'♦♠❛'✐E✉❡ ❡'

❧✬❛,,✐♠✐❧❛'✐♦♥ ♣❤♦'♦,②♥'❤:'✐E✉❡ ❬❇❛❧❧ ❡' ❛❧✳✱ ✶✾✽✼❪✳

gvk = mA
hr

cCO2atm

+ b ✭✸✳✶✼✮

❛✈❡❝ ♠ ❡+ ❜ ❝♦♥/+❛♥+❡/ ♦❜+❡♥✉❡/ ❡♥ ❧❛❜♦2❛+♦✐2❡✱ A ❧✬❛//✐♠✐❧❛+✐♦♥ ♣❤♦+♦/②♥+❤9+✐:✉❡✱

cCO2atm ❧❛ ❝♦♥❝❡♥+2❛+✐♦♥ ❛+♠♦/♣❤92✐:✉❡ ❡♥ ❞✐♦①②❞❡ ❞❡ ❝❛2❜♦♥❡✳

✼✹
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▲✬❛##✐♠✐❧❛'✐♦♥ ❡#' ❞❡ ♣❧✉# ❢♦♥❝'✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥'0❛'✐♦♥ ❡♥ ❞✐♦①✐❞❡ ❞❡ ❝❛0❜♦♥❡ ❛✉ ♥✐✈❡❛✉

❞✉ #✐'❡ ♦4 ❧❛ ♣❤♦'♦#②♥'❤7#❡ ❛ ❧✐❡✉✳ 9♦✉0 ❧❡# ❡#♣7❝❡# ❞♦♥' ❧❛ ♣❤♦'♦#②♥'❤7#❡ ❡#' ❞✐'❡ ❡♥

❈✸ ✭❧❛ ♣0❡♠✐70❡ ='❛♣❡ ❞❡ ❧❛ ✜①❛'✐♦♥ ❞✉ ❈❖2 ❛'♠♦#♣❤=0✐@✉❡ ♣❛##❡ ♣❛0 ❧❛ ❢♦0♠❛'✐♦♥ ❞✬✉♥❡

♠♦❧=❝✉❧❡ ❝♦♥'❡♥❛♥' '0♦✐# ❛'♦♠❡# ❞❡ ❝❛0❜♦♥❡✮✱ ❧❡ ♠♦❞7❧❡ ❞❡ ❋❛0@✉❤❛0 ❡' ❛❧✳ ❬✶✾✽✵❪ ❡#' ✉'✐❧✐#=✳

▲✬=❝0✐'✉0❡ ❞❡ ❧❛ ❝✐♥='✐@✉❡ ❝❤✐♠✐@✉❡ ❞❡ ❧❛ 0=❛❝'✐♦♥ ❛❜♦✉'✐' ❞❡ ♣❧✉# J ❧✬=@✉❛'✐♦♥ ✿

A = V (1− Γ ∗ /cCO2int
) ✭✸✳✶✽✮

V ❝♦00❡#♣♦♥❞ J ❧❛ ✈✐'❡##❡ ❞❡ ❝❛0❜♦①②❧❛'✐♦♥✱ cCO2int
J ❧❛ ❝♦♥❝❡♥'0❛'✐♦♥ ❡♥ ❈❖2 ❛✉

♥✐✈❡❛✉ ❞✉ #✐'❡ ♦4 ❧❛ ♣❤♦'♦#②♥'❤7#❡ ❡#' 0=❛❧✐#=❡ ❡' Γ∗ ❛✉ ♣♦✐♥' ❞❡ ❝♦♠♣❡♥#❛'✐♦♥ ❡♥'0❡

♣❤♦'♦✲0❡#♣✐0❛'✐♦♥ ❡' ❝❛0❜♦①②❧❛'✐♦♥✳

▲❡ ❧❡❝'❡✉0 '0♦✉✈❡0❛ ❞❛♥# ❑0✐♥♥❡0 ❡' ❛❧✳ ❬✷✵✵✺❪ ❧✬❡♥#❡♠❜❧❡ ❞❡# ❞='❛✐❧# #✉0 ❧❛ 0❡♣0=#❡♥'❛'✐♦♥

❞❡ ❧❛ ❧✐♠✐'❛'✐♦♥ ❞❡ ❧❛ ♣❤♦'♦#②♥'❤7#❡ ♣❛0 ❧❛ 0✉❜✐#❝♦ ❞✬✉♥❡ ♣❛0' ❡' ♣❛0 ❧❛ 0=❣=♥=0❛'✐♦♥ ❞❡

❘✉❇9 ❞✬❛✉'0❡ ♣❛0' ❛✈❡❝ ❧❡ ♠♦❞7❧❡ ❞❡ ❋❛0@✉❤❛0 ❡' ❛❧✳ ❬✶✾✽✵❪ ✉'✐❧✐#=✳

▲✬❛♣♣❧✐❝❛'✐♦♥ ❞❡ ❧❛ ❧♦✐ ❞❡ ❋✐❝❦ ♣❡0♠❡' ❞✬♦❜'❡♥✐0 ✉♥❡ '0♦✐#✐7♠❡ =@✉❛'✐♦♥ 0❡❧✐❛♥' ❝♦♥❞✉❝✲

'❛♥❝❡ #'♦♠❛'✐@✉❡ ❡' ❛##✐♠✐❧❛'✐♦♥ ♣❤♦'♦#②♥'❤='✐@✉❡ ♥❡''❡

✾

✿

A−RT = gvk(cCO2atm − cCO2int
)/1.6 ✭✸✳✶✾✮

♦4 RT 0❡♣0=#❡♥'❡ ❧❛ 0❡#♣✐0❛'✐♦♥ ✭❤♦0# ♣❤♦'♦0❡#♣✐0❛'✐♦♥✮ J ❧✬✐♥'=0✐❡✉0 ❞❡ ❧❛ ❢❡✉✐❧❧❡✳

▲❛ 0=#♦❧✉'✐♦♥ ❞✉ #②#'7♠❡ ❢♦0♠= ♣❛0 ❧❡# '0♦✐# =@✉❛'✐♦♥# ✸✳✶✼✱✸✳✶✽ ❡' ✸✳✶✾ ♣❡0♠❡' ❞✬♦❜'❡♥✐0

#✐♠✉❧'❛♥=♠❡♥' ❧❛ ✈❛❧❡✉0 ❞❡ ❧❛ ❝♦♥❞✉❝'❛♥❝❡ #'♦♠❛'✐@✉❡ ❡' ❞❡ ❧✬❛##✐♠✐❧❛'✐♦♥ ✳ ❯♥❡ 0=#♦❧✉'✐♦♥

✐'=0❛'✐✈❡ ❞❡ ❝❡ #②#'7♠❡ ❞✬=@✉❛'✐♦♥# ❡#' ❣=♥=0❛❧❡♠❡♥' ✉'✐❧✐#= ❞❛♥# ❖❘❈❍■❉❊❊ ✭❬❑0✐♥♥❡0

❡' ❛❧✳✱ ✷✵✵✺❪✳ ❊❧❧❡ ❡#' ❧✐♠✐'=❡ J ❧❛ ♣0❡♠✐70❡ ✐'=0❛'✐♦♥✱ ❡♥ #✉♣♣♦#❛♥' @✉❡ ❧❡# ♣❡0'✉0❜❛'✐♦♥#

#♦♥' 0❡❧❛'✐✈❡♠❡♥' ❢❛✐❜❧❡# ❞✬✉♥ ♣❛# ❞❡ '❡♠♣# ❛✉ #✉✐✈❛♥'✱ ♠Z♠❡ #✐ ❝❡''❡ ❤②♣♦'❤7#❡ ♥✬❡#'

♣❛# #❛'✐#❢❛✐#❛♥'❡ ♣♦✉0 '♦✉# ❧❡# ♣❛# ❞❡ '❡♠♣# ✭♣❛0 ❡①❡♠♣❧❡ ❛✉ ❧❡✈❡0 ❞✉ ❥♦✉0✮✳ ▲❛ 0=#♦❧✉'✐♦♥

❛♥❛❧②'✐@✉❡ ✐♥#♣✐0=❡ ❞❡ ❇❛❧❞♦❝❝❤✐ ❬✶✾✾✹❪ ✐♥'0♦❞✉✐'❡ ♣❛0 ❚✳ ❊❣❧✐♥ ❛ ❞♦♥❝ ='= 0=✉'✐❧✐#=❡ ❞❛♥#

❧❡# ✈❡0#✐♦♥# #♣=❝✐✜@✉❡♠❡♥' ❞=✈❡❧♦♣♣=❡# ❞❛♥# ❧❡ ❝❛❞0❡ ❞❡ ❝❡ '0❛✈❛✐❧✳ ▲❡# #♦❧✉'✐♦♥# ♣♦✉0

❧❡#@✉❡❧❧❡# ❧❛ ♣❤♦'♦#②♥'❤7#❡ #✐♠✉❧=❡ ❡#' ♥=❣❛'✐✈❡ ♥❡ #♦♥' ♣❛# 0❡'❡♥✉❡#✱ ❛❧♦0# @✉❡ ❧❛ ✈❡0#✐♦♥

#'❛♥❞❛0❞ ❞✬❖❘❈❍■❉❊❊ #✐♠✉❧❡ ♦❝❝❛#✐♦♥♥❡❧❧❡♠❡♥' ✉♥ ✢✉① ♥=❣❛'✐❢ ❞❡ ♣❤♦'♦#②♥'❤7#❡ ❥✉#@✉✬J

❧✬=❝❤❡❧❧❡ ❞✐✉0♥❡✳

9♦✉0 ❧❡ 9❋❚ ❝♦00❡#♣♦♥❞❛♥' ❛✉① ❤❡0❜❛❝=❡# ❡♥ ❈✹ ✭❞♦♥' ❧❛ ♣0❡♠✐70❡ ='❛♣❡ ❞❡ ♣❤♦'♦#②♥✲

'❤7#❡ ♣❡0♠❡' ❧❛ ❢♦0♠❛'✐♦♥ ❞✬✉♥ ♠♦❞7❧❡ J ✹ ❛'♦♠❡# ❞❡ ❝❛0❜♦♥❡✱ ✈♦✐0 #❡❝'✐♦♥ ✸✳✷✳✶✳✸✮✱ ✉♥❡

0=#♦❧✉'✐♦♥ ❛♥❛❧②'✐@✉❡ ❡#' =❣❛❧❡♠❡♥' ♣♦##✐❜❧❡✱ ❡♥ ✉'✐❧✐#❛♥' ❧❡ ❢♦0♠❛❧✐#♠❡ ♣0♦♣♦#= ♣❛0 ❨✐♥

❛♥❞ ❙'0✉✐❦ ❬✷✵✵✾❪✳ ❈❡''❡ ❞❡0♥✐70❡ 0=#♦❧✉'✐♦♥ ♥✬❛ '♦✉'❡❢♦✐# ='= ✉'✐❧✐#=❡ @✉❡ ❞❛♥# ❧❛ #❡❝'✐♦♥

✹✳✷✱ ♠❛✐# ♣❛# ❞❛♥# ❧❛ #✉✐'❡ ❞✉ '0❛✈❛✐❧✱ ❞✉ ❢❛✐' ❞❡ ♣0♦❜❧7♠❡# ♥✉♠=0✐@✉❡# ♥♦♥ 0=#♦❧✉# ❧♦0#

@✉❡ ♥♦✉# ❛✈♦♥# ✈♦✉❧✉ '0❛♥#♣♦#❡0 ❝❡ ❢♦0♠❛❧✐#♠❡ ❞❛♥# ❧❛ ✈❡0#✐♦♥ ❞✬❖❘❈❍■❉❊❊ ❛✈❡❝ ❤②❞0♦✲

❧♦❣✐❡ ♠✉❧'✐✲❝♦✉❝❤❡# ❤❛0♠♦♥✐#=❡ ❛✈❡❝ ❧❡ ▲▼❉ ❡' ❧❡ ▲●●❊ ✭✈❡0#✐♦♥# ❞❡ ■✳ ●♦✉''❡✈✐♥ ❡' ❆✳

❈❛♠♣♦②✮✳

▲✬=✈❛♣♦0❛'✐♦♥ '♦'❛❧❡ ❞❡ ❧❛ ♠❛✐❧❧❡ ❡#' ❞♦♥❝ ❧❛ #♦♠♠❡ ♣♦♥❞=0=❡ ❞❡# ❞✐✛=0❡♥'# '❡0♠❡#

❞✬=✈❛♣♦0❛'✐♦♥ ✭'0❛♥#♣✐0❛'✐♦♥✱ =✈❛♣♦0❛'✐♦♥ ❞✉ #♦❧ ♥✉ ❡' ❞❡ ❧✬❡❛✉ ✐♥'❡0❝❡♣'=❡ ♣❛0 ❧❡ ❝♦✉✈❡0'

✈=❣='❛❧✮ ✿

LE = Lv ·

(

f1 · E1 +

13
∑

k=2

fk · (Ek + Tk)

)

✭✸✳✷✵✮

✾✳ ✈♦✐9 ❚✉③❡= ❡= ❛❧✳ ❬✷✵✵✸❪ ♣♦✉9 ✉♥❡ ❞F❝♦♠♣♦I✐=✐♦♥ ♣❧✉I ✜♥❡ =❡♥❛♥= ❝♦♠♣=❡ ❞❡ ❧❛ 9FI✐I=❛♥❝❡ ❞✉ ♠FI♦♣❤②❧❧❡

M ❧❛ ❝✐9❝✉❧❛=✐♦♥ ❞✉ ❈❖2✱✳ ✳ ✳

✼✺



✸✳✷✳ ▲❊ ▼❖❉➮▲❊ ❉❊ ❱➱●➱❚❆❚■❖◆

❖❘❈❍■❉❊❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆3■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

❍②❞#♦❧♦❣✐❡ ◆♦✉# ❛✈♦♥# ✈✉ '✉❡ ❞❡ ♥♦♠❜,❡✉① .❧.♠❡♥0# ❞❛♥# ❧❛ ❞.0❡,♠✐♥❛0✐♦♥ ❞✉ ✢✉① ❞❡

❝❤❛❧❡✉, ❧❛0❡♥0❡ ❢♦♥0 ✐♥0❡,✈❡♥✐, ❧✬.0❛0 ❤②❞,✐'✉❡ ❞✉ #♦❧ ✭✈✐❛ Us ♦✉ hs✮✳ ▲✬.0❛0 ❤②❞,✐'✉❡ ❞✉
#♦❧ ❡#0 ❝❛❧❝✉❧. ❞❡ ❢❛<♦♥ ♣,♦♥♦#0✐'✉❡ ❞❛♥# ❙❊❈❍■❇❆✱ ❞✬❛♣,F# ❧❡ ♠♦❞F❧❡ ❞❡ ❈❤♦✐#♥❡❧ ❬✶✾✼✼❪

♦✉ ❡♥ #✬❛♣♣✉②❛♥0 #✉, ✉♥❡ ❞✐#❝,.0✐#❛0✐♦♥ ❞❡ ❧✬.'✉❛0✐♦♥ ❞❡ ❘✐❝❤❛,❞# ❬❞❡ ❘♦#♥❛② ❛♥❞ M♦❧❝❤❡,✱

✶✾✾✽❪✳ ◆♦✉# ♣,.#❡♥0♦♥# ❡♥ ❞.0❛✐❧# ❝❡# ❞❡✉① ✈❡,#✐♦♥# ❞✉ ♠♦❞F❧❡ ❞❛♥# ❧❛ #❡❝0✐♦♥ ✸✳✷✳✷✳

✸✳✷✳✶✳✷ -#♦❝❡//✉/ ❜✐♦❣2♦❝❤✐♠✐5✉❡/

▲❡ ,Q❧❡ ❞✉ ♠♦❞✉❧❡ ❙❚❖▼❆❚❊ ❡#0 ❞✬♦,❣❛♥✐#❡, ❧❛ ,.♣❛,0✐0✐♦♥ ❞✉ ❝❛,❜♦♥❡ ❞❛♥# ❧❛ ❜✐♦✲

#♣❤F,❡ ❡0 ❧❡ #♦❧ ❡♥ ,.#♦❧✈❛♥0 ❧❛ ❞②♥❛♠✐'✉❡ #❛✐#♦♥♥✐F,❡ ❞❡ ❧❛ ✈.❣.0❛0✐♦♥ ✭♦✉ ♣❤.♥♦❧♦❣✐❡✮✳ ❈❡#

♣,♦❝❡##✉#✱ ,❡❧❛0✐✈❡♠❡♥0 ♣❧✉# ❧❡♥0# '✉❡ ❝❡✉① 0,❛✐0.# ♣❛, ❙❊❈❍■❇❆✱ #♦♥0 ❝❛❧❝✉❧.# W ✉♥ ♣❛#

❞❡ 0❡♠♣# ❥♦✉,♥❛❧✐❡,✳

-❤♦6♦/②♥6❤8/❡ ❡6 ❛❧❧♦❝❛6✐♦♥ ▲❡ ❝❛,❜♦♥❡ ❡♥0,❡ ❞❛♥# ❧❛ ❜✐♦#♣❤F,❡ #♦✉# ❢♦,♠❡ ❞❡ ❈❖2

'✉✐ ❡#0 ✉0✐❧✐#. ♣❛, ❧❛ ,.❛❝0✐♦♥ ❞❡ ♣❤♦0♦#②♥0❤F#❡✳ ❇✐❡♥ '✉❡ ❧❛ ♣❤♦0♦#②♥0❤F#❡ #♦✐0 ✉♥ ♣,♦✲

❝❡##✉# ❜✐♦❣.♦❝❤✐♠✐'✉❡✱ ❡❧❧❡ ❡#0 ✐♥❢♦,♠❛0✐'✉❡♠❡♥0 0,❛✐0.❡ ❞❛♥# ❧❡ ♠♦❞✉❧❡ ❙❊❈❍■❇❆ ♣♦✉,

♣❡,♠❡00,❡ ✉♥❡ ❝♦❤.,❡♥❝❡ ❡♥0,❡ ❧❡# ♣,♦❝❡##✉# ❞❡ ♣❤♦0♦#②♥0❤F#❡ ❡0 ❞❡ 0,❛♥#♣✐,❛0✐♦♥ ✭♣❛,❛✲

❣,❛♣❤❡ ✸✳✷✳✶✳✶✮✳ ❯♥❡ ❢♦✐# ❛##✐♠✐❧. ♣❛, ❧❛ ♣❤♦0♦#②♥0❤F#❡✱ ❧❡ ❝❛,❜♦♥❡ ❡#0 ❡♥#✉✐0❡ ,.♣❛,0✐ #♦✉#

❢♦,♠❡ ♦,❣❛♥✐'✉❡ ❞❛♥# ❧❡# ❞✐✛.,❡♥0# 0✐##✉# ❞❡ ❧❛ ♣❧❛♥0❡ ✿ ❧❡# ❢❡✉✐❧❧❡#✱ ❧❡# ,❛❝✐♥❡#✱ ❧❡ 0,♦♥❝✱ ❧❡#

❢,✉✐0# ❡0 ❧❡# ,.#❡,✈❡#✳ ▲❡# ,F❣❧❡# ❞✬❛❧❧♦❝❛0✐♦♥ ❞✉ ❝❛,❜♦♥❡ 0✐❡♥♥❡♥0 ❝♦♠♣0❡ ❞❡# ❝♦♥0,❛✐♥0❡#

❡①0❡,♥❡# '✉✐ #✬❡①❡,❝❡♥0 #✉, ❧❛ ♣❧❛♥0❡ 0❡❧❧❡# '✉❡ ❧❡# ❧✐♠✐0❛0✐♦♥# ❡♥ ❡❛✉✱ ❡♥ ❧✉♠✐F,❡ ❡0 ❡♥ ❛③♦0❡

❬❋,✐❡❞❧✐♥❣#0❡✐♥ ❡0 ❛❧✳✱ ✶✾✾✾❪✳ ❚♦✉0❡❢♦✐#✱ ❡0 ❝♦♥0,❛✐,❡♠❡♥0 W ❝❡ '✉✐ ❡#0 ❢❛✐0 ❛✈❡❝ ❖✲❈◆ ❬❩❛❡❤❧❡

❛♥❞ ❋,✐❡♥❞✱ ✷✵✶✵❪✱ ❧❛ ❧✐♠✐0❛0✐♦♥ ❡♥ ❛③♦0❡ ❡#0 #❡✉❧❡♠❡♥0 ,❡♣,.#❡♥0.❡ ❞❡ ♠❛♥✐F,❡ ✐♠♣❧✐❝✐0❡ ✭❡0

#0❛0✐'✉❡✮ ❧♦,# ❞✉ ❝❛❧❝✉❧ ❞❡ ❧❛ ♣❤♦0♦#②♥0❤F#❡ ❡0 ❞❡ ❧✬❛❧❧♦❝❛0✐♦♥ ❞✉ ❝❛,❜♦♥❡ ❞❛♥# ❧❛ ✈❡,#✐♦♥

❞✉ ♠♦❞F❧❡ #✉, ❧❛'✉❡❧❧❡ ♥♦✉# ❛✈♦♥# 0,❛✈❛✐❧❧.✳ ❆✐♥#✐✱ ♦♥ ,❡♣,.#❡♥0❡ ❧❛ ❝❛♣❛❝✐0. ♣❤♦0♦#②♥0❤.✲

0✐'✉❡ ❝♦♠♠❡ ✉♥❡ ❢♦♥❝0✐♦♥ ❡①♣♦♥❡♥0✐❡❧❧❡♠❡♥0 ❞.❝,♦✐##❛♥0❡ ❞❡ ❧❛ ❤❛✉0❡✉, ❞❡ ❧❛ ❝❛♥♦♣.❡ ♣♦✉,

,❡♥❞,❡ ❝♦♠♣0❡ ❞❡ ❧✬✐♠♣❛❝0 ❞❡# ✈❛,✐❛0✐♦♥# ❞✬❛③♦0❡ ❞❛♥# ❧❡ ❝♦✉✈❡,0 ❬❍✐,♦#❡ ❛♥❞ ❲❡,❣❡,✱ ✶✾✽✼❪ ❀

❧❛ ❞✐#♣♦♥✐❜✐❧✐0. ❞❡ ❧✬❛③♦0❡ ❡#0 ✉♥❡ ❢♦♥❝0✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐0. ❡0 ❞❡ ❧❛ 0❡♠♣.,❛0✉,❡ ♠❡♥#✉❡❧❧❡✱

❞❛♥# ❧✬✐❞.❡ '✉✬❡❧❧❡ ❡#0 ❡❧❧❡✲♠b♠❡ ❢♦♥❝0✐♦♥ ❞❡ ❧✬❛❝0✐✈✐0. ♠✐❝,♦❜✐❡♥♥❡ '✉✐ ❞.♣❡♥❞ ❞✐,❡❝0❡♠❡♥0

❞❡ ❝❡# ♣❛,❛♠F0,❡# ❬❋,✐❡❞❧✐♥❣#0❡✐♥ ❡0 ❛❧✳✱ ✶✾✾✾❪✮✳

❘❡/♣✐#❛6✐♦♥ ▲❛ '✉❛#✐✲0♦0❛❧✐0. ❞❡ ❧❛ ♠❛0✐F,❡ ♦,❣❛♥✐'✉❡ ❛##✐♠✐❧.❡ ♣❛, ❧❡# ✈.❣.0❛✉① ❡#0 ❡♥✲

#✉✐0❡ ❞.❣,❛❞.❡ ♣❛, ,❡#♣✐,❛0✐♦♥✳ ▲❛ ,❡#♣✐,❛0✐♦♥ ❛✉0♦0,♦♣❤❡✱ ❝✬❡#0✲W✲❞✐,❡ ❝❡❧❧❡ ♣,❛0✐'✉.❡ ♣❛,

❧❡# ✈.❣.0❛✉①✱ ❡#0 ,❡♣,.#❡♥0.❡ ❞✬❛♣,F# ❘✉✐♠② ❡0 ❛❧✳ ❬✶✾✾✻❪ ❝♦♠♠❡ ✉♥❡ ❢♦♥❝0✐♦♥ ❧✐♥.❛✐,❡ ❞❡ ❧❛

❜✐♦♠❛##❡✱ ❧❡ ❝♦❡✣❝✐❡♥0 ❞❡ ♣,♦♣♦,0✐♦♥♥❛❧✐0. .0❛♥0 ❧✉✐ ♠b♠❡ ❢♦♥❝0✐♦♥ ❧✐♥.❛✐,❡ ❞❡ ❧❛ 0❡♠♣.,❛✲

0✉,❡✳ M❛, ❛✐❧❧❡✉,#✱ ✉♥❡ ❢,❛❝0✐♦♥ ♣,❡#❝,✐0❡ ❞❡# ♣,♦❞✉✐0# ❞❡ ❧❛ ♣❤♦0♦#②♥0❤F#❡ ❛❧❧♦✉.# ✈❡,# ❧❡#

❞✐✛.,❡♥0# 0✐##✉# ❡#0 ♣❡,❞✉❡ #♦✉# ❢♦,♠❡ ❞❡ ,❡#♣✐,❛0✐♦♥ ❬▼❝❈,❡❡✱ ✶✾✼✵❪✳ ❈❡00❡ ✓ ,❡#♣✐,❛0✐♦♥

❞❡ ❝,♦✐##❛♥❝❡ ✔ ,❡♣,.#❡♥0❡ ❧❛ ❞.♣❡♥#❡ .♥❡,❣.0✐'✉❡ ♥.❝❡##❛✐,❡ W ❧❛ ❜✐♦#②♥0❤F#❡ ❞❡# ❞✐✛.,❡♥0❡#

♠♦❧.❝✉❧❡# '✉✐ ✈♦♥0 ❝♦♥#0✐0✉❡, ❧❡# ♥♦✉✈❡❧❧❡# ❝❡❧❧✉❧❡#✳ ▲❛ ♣❛,❛♠.0,✐#❛0✐♦♥ ❞❡ ❧❛ ,❡#♣✐,❛0✐♦♥

❤.0.,♦0,♦♣❤❡ ❡#0 ❤.,✐0.❡ ❞✉ ♠♦❞F❧❡ ❈❊◆❚❯❘❨ ❬M❛,0♦♥ ❡0 ❛❧✳✱ ✶✾✽✽❪✳ ❯♥❡ ❢,❛❝0✐♦♥ ♣,❡#✲

❝,✐0❡ ❞❡# ❞✐✛.,❡♥0# 0✐##✉# ✈.❣.0❛✉① ❡#0 ❡①♣♦,0.❡ ✈❡,# ❧❛ ❧✐0✐F,❡✳ ▲❛ ❞.❣,❛❞❛0✐♦♥ ❞❡ ❧❛ ❧✐0✐F,❡

❛❧✐♠❡♥0❡ ❡♥#✉✐0❡ 0,♦✐# ,.#❡,✈♦✐,# ❞❡ ❝❛,❜♦♥❡ ✭❛❝0✐❢✱ ♣❛##✐❢ ❡0 ❧❡♥0✮ ❞♦♥0 ❧❛ ❞.❣,❛❞❛0✐♦♥ ❡#0

❢♦♥❝0✐♦♥ ❞❡ ❧❛ 0❡♠♣.,❛0✉,❡ ❡0 ❞❡ ❧✬❤✉♠✐❞✐0. ❞✉ #♦❧✳ ▲❡ ❜✐❧❛♥ ❡♥0,❡ ❧✬❛##✐♠✐❧❛0✐♦♥ ♣❤♦0♦✲

#②♥0❤.0✐'✉❡ ❡0 ❧❛ ❞.❣,❛❞❛0✐♦♥ ❞❡ ❧❛ ♠❛0✐F,❡ ♦,❣❛♥✐'✉❡ ♣❛, ❧❛ ,❡#♣✐,❛0✐♦♥ ♣❡,♠❡0 ❛✐♥#✐ ❞❡

❝❛❧❝✉❧❡, ✉♥ ✢✉① ♥❡0 ❞❡ ❈❖2 .❝❤❛♥❣. ❡♥0,❡ ❧❛ ❜✐♦#♣❤F,❡ ❡0 ❧✬❛0♠♦#♣❤F,❡✳ ■❧ ❢❛✉0 ♥♦0❡, '✉❡

❞❛♥# ❧❡# ❡①♣.,✐❡♥❝❡# ❡✛❡❝0✉.❡# ❞❛♥# ❧❡ ❝❛❞,❡ ❞❡ ❝❡00❡ 0❤F#❡✱ ❧❡ ✢✉① ♥❡0 ❞❡ ❈❖2 ❡#0 ✉♥❡

✈❛,✐❛❜❧❡ #✐♠✉❧.❡ ♣❛, ❧❡ ♠♦❞F❧❡ '✉✐ ♥❡ ♠♦❞✐✜❡ ♣❛# ❧❡# ❝♦♥❝❡♥0,❛0✐♦♥# ❞❡ ❈❖2 ♣,❡#❝,✐0❡#✳ ■❧

❡♥ .0❛✐0 ❡①❛❝0❡♠❡♥0 ❞❡ ♠b♠❡ ♣♦✉, ❧✬.✈❛♣♦0,❛♥#♣✐,❛0✐♦♥ ❞♦♥0 ❧✬❛✉❣♠❡♥0❛0✐♦♥ ♥✬✐♥❞✉✐0 ♣❛#

✉♥❡ ,.❞✉❝0✐♦♥ ❞✉ ❞.✜❝✐0 ❤②❞,✐'✉❡ ❞❡ ❧✬❛✐,✳

✼✻



❈❍❆#■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✸✳✷✳ ▲❊ ▼❖❉➮▲❊ ❉❊ ❱➱●➱❚❆❚■❖◆

❖❘❈❍■❉❊❊

◆✉♠#$♦ ❚②♣❡ ❋❡✉✐❧❧❛❣❡✴❆✐❣✉✐❧❧❡1 ❈❧✐♠❛3 H ck rk k0 α

✶ ❙♦❧ ♥✉

✷ ▲✐❣♥❡✉① ❋❡✉✐❧❧✉1 :❡$1✐13❛♥3 ❚$♦♣✐❝❛❧ ✸✵ ✵✳✽ ✷✺ 12 · 10−5 ✵✳✶✷

✸ ▲✐❣♥❡✉① ❋❡✉✐❧❧✉1 ❈❛❞✉B✉❡ ❚$♦♣✐❝❛❧ ✸✵ ✵✳✽ ✷✺ 12 · 10−5 ✵✳✶✹

✹ ▲✐❣♥❡✉① ❘#1✐♥❡✉① :❡$1✐13❛♥3 ❚❡♠♣#$# ✷✵ ✶ ✷✺ 12 · 10−5 ✵✳✶✹

✺ ▲✐❣♥❡✉① ❋❡✉✐❧❧✉1 :❡$1✐13❛♥3 ❚❡♠♣#$# ✷✵ ✵✳✽ ✷✺ 12 · 10−5 ✵✳✶✷

✻ ▲✐❣♥❡✉① ❋❡✉✐❧❧✉1 ❈❛❞✉B✉❡ ❚❡♠♣#$# ✷✵ ✵✳✽ ✷✺ 25 · 10−5 ✵✳✶✽

✼ ▲✐❣♥❡✉① ❘#1✐♥❡✉① :❡$1✐13❛♥3 ❇♦$#❛❧ ✶✺ ✶ ✷✺ 12 · 10−5 ✵✳✷

✽ ▲✐❣♥❡✉① ❋❡✉✐❧❧✉1 ❈❛❞✉B✉❡ ❇♦$#❛❧ ✶✺ ✶ ✷✺ 25 · 10−5 ✵✳✶✽✺

✾ ▲✐❣♥❡✉① ❘#1✐♥❡✉① ❈❛❞✉B✉❡ ❇♦$#❛❧ ✶✺ ✵✳✽ ✷✺ 25 · 10−5 ✵✳✶✾

✶✵ ❍❡$❜❛❝#❡1 ❈✸ ✵✳✺ ✹✳✵ ✷✳✺ 30 · 10−5 ✵✳✷

✶✶ ❍❡$❜❛❝#❡1 ❈✹ ✵✳✻ ✹✳✵ ✷✳✵ 30 · 10−5 ✵✳✶✾

✶✷ ❈✉❧3✉$❡1 ❈✸ ✶✳✵ ✹✳✵ ✷✳✵ 30 · 10−5 ✵✳✷

✶✸ ❈✉❧3✉$❡1 ❈✹ ✶✳✵ ✹✳✵ ✷✳✵ 30 · 10−5 ✵✳✷

❚❛❜❧❡ ✸✳✸✿ ▲❡1 3②♣❡1 ❞❡ ✈#❣#3❛3✐♦♥ ❞❛♥1 ❖❘❈❍■❉❊❊ ❡3 ❧❡✉$1 ❝❛$❛❝3#$✐13✐B✉❡1 ♣$✐♥❝✐♣❛❧❡1 ✿

H ❤❛✉3❡✉$ ♣$❡1❝$✐3❡ ✭❡♥m✮✱ ck ❝♦❡✣❝✐❡♥3 ❞❡ ♣$♦✜❧ $❛❝✐♥❛✐$❡ ✭❡♥m
−1
✮✱ rk $#1✐13❛♥❝❡ 13$✉❝3✉✲

$❛❧❡ ✭❡♥ s.m−1✮✱ k0 ❝♦♥13❛♥3❡ ✉3✐❧✐1#❡ ❞❛♥1 ❧❡ ❝❛❧❝✉❧ ❞❡ ❧❛ $#1✐13❛♥❝❡ 13♦♠❛3✐B✉❡✱ α ♠♦②❡♥♥❡
❛$✐3❤♠#3✐B✉❡ ❞❡ ❧✬❛❧❜#❞♦ ✈✐1✐❜❧❡ ❡3 ♣$♦❝❤❡ ✐♥❢$❛$♦✉❣❡✳

 ❤"♥♦❧♦❣✐❡ ▲❛ ♣❤#♥♦❧♦❣✐❡ ❞❡1 ♣❧❛♥3❡1 ❞#❝✐❞✉❡1 1❡ ❝❛$❛❝3#$✐1❡ ♣❛$ ✉♥ ❝②❝❧❡ ❢♦❧✐❛✐$❡ ❛❧✲

3❡$♥❛♥3 ✉♥❡ ♣❤❛1❡ ❞❡ ❞♦$♠❛♥❝❡✱ ❡♥ ❤✐✈❡$✱ ❡3 ✉♥❡ ♣❤❛1❡ ❞❡ ❝$♦✐11❛♥❝❡ B✉✐ ❞#❜✉3❡ ♣❛$ ❧❡

❞#❜♦✉$$❡♠❡♥3 ✭#♠❡$❣❡♥❝❡ ❞❡1 ❢❡✉✐❧❧❡1✮ ❡3 1❡ 3❡$♠✐♥❡ ♣❛$ ❧❛ 1#♥❡1❝❡♥❝❡ ❞❡ ❧❛ 3♦3❛❧✐3# ❞❡1

❢❡✉✐❧❧❡1✳ ▲❛ ♣❛$❛♠#3$✐1❛3✐♦♥ ❞❡ ❧❛ ♣❤#♥♦❧♦❣✐❡ ❞❛♥1 ❖❘❈❍■❉❊❊ ❡13 ❜❛1#❡ 1✉$ ❧❡ 3$❛✈❛✐❧ ❞❡

❇♦33❛ ❡3 ❛❧✳ ❬✷✵✵✵❪✳ ▲❛ ❞❛3❡ ❞✉ ❞#❜♦✉$$❡♠❡♥3 ❡13 ❞#3❡$♠✐♥#❡ ❞✬❛♣$\1 ✉♥ ❝$✐3\$❡ ❞#♣❡♥❞❛♥3

❞❡1 ❝♦♥❞✐3✐♦♥1 3❤❡$♠✐B✉❡1 ❡3✴✴♦✉ ❤②❞$✐B✉❡1 ✐♥3#❣$#❡1 1✉$ ❧❡1 ❥♦✉$1 ♦✉ 1❡♠❛✐♥❡1 ♣$#❝#❞❡♥3❡1✳

❈❡ ❝$✐3\$❡ ❡13 ❞✐✛#$❡♥3 ♣♦✉$ ❝❤❛B✉❡ :❋❚✳ :❛$ ❡①❡♠♣❧❡ ♣♦✉$ ❧❡1 ❤❡$❜❛❝#1✱ ❧❡ ❝$✐3\$❡ ❛♣♣❧✐✲

B✉# ❞#♣❡♥❞ ❞❡ ❧❛ ③♦♥❡ ❝❧✐♠❛3✐B✉❡ ❝♦♥1✐❞#$#❡ ❝❛$ ❝❡ 3②♣❡ ❞❡ ✈#❣#3❛3✐♦♥ ❡13 ♣$#1❡♥3 ❞❛♥1

✉♥❡ ❧❛$❣❡ ❣❛♠♠❡ ❞❡ ❧❛3✐3✉❞❡1✳ ❉❛♥1 ❧❛ ③♦♥❡ 3$♦♣✐❝❛❧❡ ✭3❡♠♣#$❛3✉$❡ ♠♦②❡♥♥❡ 1✉♣#$✐❡✉$❡

` 20oC✮✱ ❧❡ ❝$✐3\$❡ ❡13 ✉♥ ♥♦♠❜$❡ ❞❡ ❥♦✉$1 ♣$#❞#✜♥✐ ❛♣$\1 ❧❡ ♠✐♥✐♠✉♠ ❞✬❤✉♠✐❞✐3# ❞❡ ❧❛

1❛✐1♦♥ 1\❝❤❡✳ ❉❛♥1 ❧❡1 $#❣✐♦♥1 ❢$♦✐❞❡1 ✭3❡♠♣#$❛3✉$❡ ✐♥❢#$✐❡✉$❡ ` 20oC✮ ❧❡ ❝$✐3\$❡ ` ❛33❡✐♥❞$❡
❡13 ✉♥ 1❡✉✐❧ 3❤❡$♠✐B✉❡✳ ❊♥✜♥✱ ❞❛♥1 ❧❡1 $#❣✐♦♥1 ✐♥3❡$♠#❞✐❛✐$❡1 ❧❡1 ❞❡✉① ❝$✐3\$❡1 ❞♦✐✈❡♥3 a3$❡

$❡♠♣❧✐1✳

▲❛ 1#♥❡1❝❡♥❝❡ ❞❡1 ❢❡✉✐❧❧❡1 ❡13 #❣❛❧❡♠❡♥3 ❞#❝❧❡♥❝❤#❡ ❛♣$\1 ❧❡ ❢$❛♥❝❤✐11❡♠❡♥3 ❞❡ 1❡✉✐❧1

3❤❡$♠✐B✉❡1 ❡3 ✴♦✉ ❤②❞$✐B✉❡1✱ ✈❛$✐❛❜❧❡1 ❡♥ ❢♦♥❝3✐♦♥ ❞❡1 :❋❚1✳ ❉❡ ♣❧✉1✱ ♣♦✉$ 3♦✉1 ❧❡1 :❋❚1

B✉❡❧B✉❡ 1♦✐3 ❧❡ 13❛❞❡ ❞✉ ❝②❝❧❡✱ ✉♥❡ ❢$❛❝3✐♦♥ ❞❡1 ❢❡✉✐❧❧❡1 ❡13 ♣❡$❞✉❡ ♣❛$ ✉♥ ♣$♦❝❡11✉1 ❞❡

♠♦$3❛❧✐3# ❢♦❧✐❛✐$❡✳ ❈❡ 3❛✉① ❞❡ ♠♦$3❛❧✐3# ❡13 ❞#3❡$♠✐♥# ❞✬❛♣$\1 ❧✬b❣❡ ❞❡1 ❢❡✉✐❧❧❡1✳ :❧✉1 ❧✬b❣❡

❞❡1 ❢❡✉✐❧❧❡1 ❡13 ❣$❛♥❞ ♣❧✉1 ❝❡ 3❛✉① ❡13 ✐♠♣♦$3❛♥3✳ ◗✉❛♥❞ ❧❡ ♣$♦❝❡11✉1 ❞❡ 1#♥❡1❝❡♥❝❡ ❛ ❢❛✐3

❝❤✉3❡$ ❧❡ ▲❆■ ❡♥ ❞❡11♦✉1 ❞❡ ✵✳✷ ❧❡ $❡13❡ ❞❡1 ❢❡✉✐❧❧❡1 ❡13 ❛❧♦$1 ❡①♣♦$3# ✈❡$1 ❧❛ ❧✐3✐\$❡✱ ❧❡ :❋❚

❡13 ❞#❝❧❛$# ❞♦$♠❛♥3 ❡3 ✉♥ ♥♦✉✈❡❛✉ ❝②❝❧❡ ♣❡✉3 ❛❧♦$1 $❡❝♦♠♠❡♥❝❡$✳

✸✳✷✳✶✳✸ ▲❡. /②♣❡. ❞❡ ✈"❣"/❛/✐♦♥

❉❛♥1 ❖❘❈❍■❉❊❊✱ ❧❛ ✈#❣#3❛3✐♦♥ ❡13 ❞✐✈✐1#❡ ❡♥ ✶✸ 3②♣❡1 $❡♣$#1❡♥3#1 1♦✉1✲♠❛✐❧❧❡ ♣♦✉$ ❧❡

❝❛❧❝✉❧ ❞❡ ❧❛ 3$❛♥1♣✐$❛3✐♦♥ ❡3 ❞❡ ❧❛ ♣❡$3❡ ♣❛$ ✐♥3❡$❝❡♣3✐♦♥✳ ❈❡1 3②♣❡1 1♦♥3 ❞#3❛✐❧❧#1 ❞❛♥1 ❧❛

❚❛❜❧❡ ✸✳✸✳

:♦✉$ ❝❤❛B✉❡ ♣✐①❡❧✱ ♦♥ ❞#✜♥✐3 ✉♥❡ ❢$❛❝3✐♦♥ fk ❞❡ ❝❤❛B✉❡ ✈#❣#3❛3✐♦♥ ❝♦✉✈$❛♥3 ❧❡ ♣✐①❡❧✳
❊♥ ❧✬❛❜1❡♥❝❡ ❞❡ ❣❧❛❝❡✱ ♦♥ ❛

∑13
k=1 fk = 1✳ ❈❡1 ❢$❛❝3✐♦♥1 ❞❡ ✈#❣#3❛3✐♦♥ 1♦♥3 ❞♦♥♥#❡1 ♣❛$ ✉♥❡

✼✼
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▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆3■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

❝❛"#❡ ❞❡ ✈'❣'#❛#✐♦♥ ✭fk✮ ❡# ♠♦❞✉❧'❡1 ♣❛" ❧❡ ▲❆■ ✭▲❡❛❢ ❆"❡❛ ■♥❞❡① ✲ ■♥❞✐❝❡ ❋♦❧✐❛✐"❡✮ ♣❛" ❧❛

❢♦"♠✉❧❡ ❞❡ ▼♦♥1✐ ❛♥❞ ❙❛❡❦✐ ❬✶✾✺✸❪✱ ❛✈❡❝ ✉♥ ❝♦❡✣❝✐❡♥# ❞✬❡①#✐♥❝#✐♦♥ ek ✿

fk = fmax
k (1− exp(−lai · ek)) pour k = 2, 13

f1 = fmax
1 +

∑13
k=2(f

max
k − fk)

✭✸✳✷✶✮

I❛" ❛✐❧❧❡✉"1✱ ❧❡ ❜✐❧❛♥ '♥❡"❣'#✐K✉❡ ♥✬❡1# "'1♦❧✉ K✉✬✉♥❡ 1❡✉❧❡ ❢♦✐1✱ ❛✈❡❝ ✉♥❡ 1✉❜❞✐✈✐1✐♦♥ ✉♥✐✲

K✉❡♠❡♥# ♣♦✉" ❧❡ ✢✉① ❞❡ ❝❤❛❧❡✉" ❧❛#❡♥#❡ ❡♥ '✈❛♣♦"❛#✐♦♥ ❞✉ 1♦❧ ♥✉✱ ✐♥#❡"❝❡♣#✐♦♥ ❡# #"❛♥1♣✐✲

"❛#✐♦♥ ♣♦✉" ❝❤❛K✉❡ ✈'❣'#❛#✐♦♥✳ ❊♥ "❡✈❛♥❝❤❡✱ ✐❧ ❡1# ♣♦11✐❜❧❡ ❞❡ 1'♣❛"❡" ❧❡ ❜✐❧❛♥ ❤②❞"♦❧♦❣✐K✉❡

♣♦✉" ❝❤❛K✉❡ #②♣❡ ❞❡ ✈'❣'#❛#✐♦♥✳

✸✳✷✳✶✳✹ ▲❡' ❢♦*+❛❣❡'

❘❛♣♣❡❧♦♥1 ❡♥✜♥ ❧❡1 ❢♦"R❛❣❡1 S ❤❛✉#❡ ❢"'K✉❡♥❝❡ #❡♠♣♦"❡❧❧❡ ❡♠♣❧♦②'❡ ♣❛" ❧❡ ♠♦❞T❧❡ ✿

✕ LW ❘❛②♦♥♥❡♠❡♥# ✐♥❢"❛"♦✉❣❡ ✐♥❝✐❞❡♥#

✕ SW ❘❛②♦♥♥❡♠❡♥# 1♦❧❛✐"❡ ✐♥❝✐❞❡♥#

✕ P I"'❝✐♣✐#❛#✐♦♥ #♦#❛❧❡ ✭❞'❝♦♠♣♦1'❡ ❡♥ ♥❡✐❣❡ ❡# ♣❧✉✐❡✮

✕ Ta ❚❡♠♣'"❛#✉"❡ ❞❡ ❧✬❛✐"

✕ Qa ❍✉♠✐❞✐#' ❞❡ ❧✬❛✐"

✕ Ps I"❡11✐♦♥ S ❧❛ 1✉"❢❛❝❡

✕ U ✱ V ❱❡♥#

❊♥ ♣"❛#✐K✉❡✱ ❧❛ #❡♠♣'"❛#✉"❡✱ ❧✬❤✉♠✐❞✐#' ❡# ❧❡ ✈❡♥# 1♦♥# ❞♦♥♥'1 ❛✉ ♥✐✈❡❛✉ ❧❡ ♣❧✉1 ❜❛1 ❞✉

♠♦❞T❧❡ ❛#♠♦1♣❤'"✐K✉❡ ❧♦"1K✉❡ ❧❡ ▲❙▼ ❡1# ❝♦✉♣❧' S ❝❡❧✉✐✲❝✐✳ ❊♥ ♠♦❞❡ ❢♦"❝'✱ ❧❛ #❡♠♣'"❛#✉"❡

❞❡ ❧✬❛✐" ❡# ❧✬❤✉♠✐❞✐#' ❞❡ ❧✬❛✐" 1♦♥# ❡♥ ❣'♥'"❛❧ ❞♦♥♥'❡1 S ✷♠ ❡# ❧❡ ✈❡♥# S ✶✵♠✳ ❉❡1 ❝♦""❡❝#✐♦♥1✱

❡♥ ♣❛"#✐❝✉❧✐❡" ♣♦✉" ❧❡ ✈❡♥#✱ ❞♦✐✈❡♥# ❞♦♥❝ [#"❡ ❛♣♣❧✐K✉'❡1 ♣♦✉" ♦❜#❡♥✐" ✉♥ ❝♦❡✣❝✐❡♥# ❞❡

#"❛\♥'❡ ❝♦""❡❝#✳ I❛" ❛✐❧❧❡✉"1✱ ♦♥ ♥❡ ♠♦❞✉❧❡ ♣❛1 ❝❡1 ❞♦♥♥'❡1 ❡♥ ❢♦♥❝#✐♦♥ ❞✉ "❡❧✐❡❢ K✉✐ ❞♦✐# [#"❡

♣"✐1 ❡♥ ❝♦♠♣#❡ ♣"'❛❧❛❜❧❡♠❡♥# ✭❞❛♥1 ❧❡ ❝❛❧❝✉❧ ❞✉ ❢♦"R❛❣❡✮✳ ❯♥❡ ❢♦✐1 ❧❡1 ❢♦"R❛❣❡1 ❝♦♥1#"✉✐#1✱

♦♥ ♥❡ 1✬✐♥#'"❡11❡ K✉✬S ❧✬✐♠♣❛❝# ❞❡ ❧❛ ✈'❣'#❛#✐♦♥ 1✉" ❧❛ #✉"❜✉❧❡♥❝❡ ❛✉ ✈♦✐1✐♥❛❣❡ ❞❡ ❧❛ 1✉"❢❛❝❡✳

✸✳✷✳✷ ❍②❞&♦❧♦❣✐❡ ❞❡ ❧❛ ③♦♥❡ ✈❛❞♦0❡ ✿ ❞✉ 0❝❤5♠❛ ❞❡ ❈❤♦✐0♥❡❧ 8 ❧✬❤②❞&♦

❈❲❘❘

❈♦♠♠❡ ♥♦✉1 ❧✬✐♥❞✐K✉✐♦♥1 ❡♥ #[#❡ ❞❡ ❝❤❛♣✐#"❡✱ ❧❛ ❞❡1❝"✐♣#✐♦♥ K✉✐ 1✉✐# ❞❡1 ❞❡✉① 1❝❤'♠❛1

❤②❞"♦❧♦❣✐K✉❡1 ❞✬❖❘❈❍■❉❊❊ 1✬❛♣♣✉✐❡ #"T1 ❧❛"❣❡♠❡♥# 1✉" ❧❛ ♣"'1❡♥#❛#✐♦♥ K✉✐ ❡♥ ❛✈❛✐# '#'

❢❛✐#❡ ❞❛♥1 ❧❛ #❤T1❡ ❞❡ ❞✬❖"❣❡✈❛❧ ❬✷✵✵✻❪✳ ❈♦♠♠❡ ❧✉✐✱ ♥♦✉1 ♥✬❛✈♦♥1 ♣❛1 ❞'❝"✐# ❧❡1 ♣"♦❝❡11✉1 ❧✐'1

S ❧❛ ♥❡✐❣❡ ❞❛♥1 ❧❛ ♠❡1✉"❡ ♦a ❝❡❧❧❡✲❝✐ ♥❡ ❥♦✉❡ ❛✉❝✉♥ "c❧❡ ❞❛♥1 ♥♦#"❡ ③♦♥❡ ❞✬'#✉❞❡✳ ■❧ ❛ ❞♦♥❝

'#' ❝❤♦✐1✐ ❞❡ ♣"'1❡♥#❡" ❡♥ ✐#❛❧✐K✉❡1 ❧❡1 1❡❝#✐♦♥1 1✉✐✈❛♥#❡1 K✉✐ "❡♣"❡♥♥❡♥# ♣♦✉" ❧✬❡11❡♥#✐❡❧ ❞❡1

❞❡1❝"✐♣#✐♦♥1 K✉✐ ✜❣✉"❛✐❡♥# ❞❛♥1 ❧❛ #❤T1❡ ❞❡ ❞✬❖"❣❡✈❛❧ ❬✷✵✵✻❪

✶✵

✳

✶✵✳ ♠❛❧❣;< =♦✉=✱ ✉♥ ❝❡;=❛✐♥ ♥♦♠❜;❡ ❞❡ ♣❛;❛❣;❛♣❤❡I ♦♥= <=< ♠❛;❣✐♥❛❧❡♠❡♥= ♠♦❞✐✜<I✱ ❡= ❧❡I =❡I= ❞❡ I❡♥I✐❜✐✲

❧✐=< L ❧❛ ❞✉;<❡ ❞✉ ♣❛I ❞❡ =❡♠♣I ❞❡ ❢♦;N❛❣❡ ♦♥= <=< ;<❛❧✐I<I ✉♥❡ ♥♦✉✈❡❧❧❡ ❢♦✐I✳ ❆✉II✐ ❧❡I ❡;;❡✉;I P✉✐ ♣♦✉;;❛✐❡♥=

Q=;❡ ;❡❧❡✈<❡I ❞❛♥I ❧❛ ♣;<I❡♥=❡ I❡❝=✐♦♥ I♦♥= I✉I❝❡♣=✐❜❧❡I ❞✬❡♥=❛❝❤❡; ❝❡ I❡✉❧ ♠<♠♦✐;❡✳

✼✽
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✸✳✷✳ ▲❊ ▼❖❉➮▲❊ ❉❊ ❱➱●➱❚❆❚■❖◆

❖❘❈❍■❉❊❊

✸✳✷✳✷✳✶ ❉❡&❝(✐♣+✐♦♥ ❞❡ ❧❛ ✈❡(&✐♦♥ ❈❤♦✐&♥❡❧ ❞❡ ❙❊❈❍■❇❆

❉❛♥& ❧❛ ✈❡6&✐♦♥ ❞❡ 6#❢#6❡♥❝❡ ❞❡ ❙❊❈❍■❇❆✱ ❧❡ &♦❧ ❛ ✉♥ (②♣❡ ✉♥✐>✉❡✱ ✐❧ ❡&( ❞✬✉♥❡ ♣6♦❢♦♥✲

❞❡✉6 (♦(❛❧❡ htot = 2m ❛✈❡❝ ❞❡✉① ❝♦✉❝❤❡& ❞♦♥( ❧✬✐♥(❡6❢❛❝❡ &❡ ❞#♣❧❛❝❡✳ ▲❡ ♣❛6❛♠E(6❡ ♣6✐♥❝✐♣❛❧
❡&( ❧❡ ❝♦♥(❡♥✉ ✈♦❧✉♠✐>✉❡ ♠❛①✐♠❛❧ qmax ✱ #❣❛❧ G 150kg.m

−3
✳ ▲❡ ❝♦♥(❡♥✉ ❡♥ ❡❛✉ ♠❛①✐♠❛❧

❞❛♥& ❧❛ ❝♦✉❝❤❡ ❞❡ &♦❧ ❡&( ❞♦♥❝ Wmax = htot.qmax✳ H❛6 ❛✐❧❧❡✉6&✱ ❛✉❝✉♥❡ ❞✐&(✐♥❝(✐♦♥ ♥✬❡&(

❢❛✐(❡ ❡♥(6❡ ❞6❛✐♥❛❣❡ ❡( 6✉✐&&❡❧❧❡♠❡♥(✳ ❖♥ ❧❡& ❞✐✈✐&❡ ❛ ♣♦#$❡&✐♦&✐ ❡♥ ✜①❛♥( R = 0.05(R+D)✳
▲❡ ♠♦❞E❧❡ ❝♦♥❝❡♣(✉❡❧ ❡♠♣❧♦②# ♣♦✉6 &❝❤#♠❛(✐&# ❧✬❤②❞6♦❧♦❣✐❡ ❞❡ ❧❛ ③♦♥❡ 6❛❝✐♥❛✐6❡ ❬❈❤♦✐&♥❡❧✱

✶✾✼✼❪ ❡&( &❝❤#♠❛(✐&# ❡♥ ✜❣✉6❡ ✸✳✶✳

▲❛ ❝♦✉❝❤❡ ✐♥❢#6✐❡✉6❡ ❞✉ &♦❧ &❡ ❝♦♠♣♦6(❡ ❝♦♠♠❡ ✉♥ &❡❛✉ >✉✐ &❡ 6❡♠♣❧✐( ❞✬❡❛✉ ❡♥ ♣6♦✈❡✲

♥❛♥❝❡ ❞❡ ❧❛ ❝♦✉❝❤❡ &✉♣#6✐❡✉6❡ ✭❝❡ &❝❤#♠❛ ♥❡ 6❡♣6#&❡♥(❡ ❞♦♥❝ ♣❛& ❞❡ ♣❤#♥♦♠E♥❡ ❞❡ ❞6❛✐♥❛❣❡

♣6♦❢♦♥❞✱ G ❧❛ ❜❛&❡ ❞❡ ❧❛ ③♦♥❡ 6❛❝✐♥❛✐6❡✮✳ ▲❛ ❝♦✉❝❤❡ &✉♣#6✐❡✉6❡ ❛ ✉♥❡ ❡①✐&(❡♥❝❡ (6❛♥&✐(♦✐6❡✳

❈6##❡ ❧♦6&>✉❡ ❧❡& ♣6#❝✐♣✐(❛(✐♦♥& ❡①❝E❞❡♥( ❧❡& ♣❡6(❡& ♣❛6 #✈❛♣♦6❛(✐♦♥✱ ✭✜❣✉6❡ ✸✳✶ ❈✮✱ ❡❧❧❡

❞✐&♣❛6❛✐( ❧♦6&>✉❡ (♦✉(❡ ❧✬❡❛✉ ❡♥ ♣❛6( ✭♣❛6 ❧✬❡✛❡( ❝♦♠❜✐♥# ❞❡ ❧✬#✈❛♣♦(6❛♥&♣✐6❛(✐♦♥ ❡( ❞✉ ❞6❛✐✲

♥❛❣❡ ✈❡6& ❧❛ ❝♦✉❝❤❡ ✐♥❢#6✐❡✉6❡✱ &❝❤#♠❛(✐&# ❡♥ ✜❣✉6❡ ✸✳✶ ❇✮ ♦✉ >✉❡ ❧❡ ❝♦♥(❡♥✉ ❡♥ ❡❛✉ ✈✐❡♥(

G &❛(✉6❡6 ❧❡ &♦❧ ✭✜❣✉6❡ ✸✳✶ ❉✮✳

❉❛♥& ❧❛ &✉✐(❡ ❞❡ ❝❡((❡ &❡❝(✐♦♥✱Wu = (hu−hs).qmax ❡(Wl = (htot−hl).qmax 6❡♣6#&❡♥(❡♥(

6❡&♣❡❝(✐✈❡♠❡♥( ❧❡ ❝♦♥(❡♥✉ ❡♥ ❡❛✉ ❞❛♥& ❧❡& ❝♦✉❝❤❡& &✉♣#6✐❡✉6❡& ❡( ✐♥❢#6✐❡✉6❡&✳

❆ ❝❤❛>✉❡ ♣❛& ❞❡ (❡♠♣&✱ ♦♥ ❡✛❡❝(✉❡ ♣♦✉6 ❝❤❛>✉❡ H❋❚ ❧❡& ♦♣#6❛(✐♦♥& &✉✐✈❛♥(❡& ✿

❋❧✉① ❛+♠♦&♣❤>(✐?✉❡& ❉❛♥& ✉♥ ♣6❡♠✐❡6 (❡♠♣&✱ ♦♥ ❝❛❧❝✉❧❡ ❧❛ ♣6#❝✐♣✐(❛(✐♦♥ >✉✐ ♣❛6✈✐❡♥(

❛✉ &♦❧ ✿ &♦✐( H ❧❛ ♣6#❝✐♣✐(❛(✐♦♥ 6❡X✉❡ &♦✉& ❧❛ ✈#❣#(❛(✐♦♥ ❦ ❛♣6E& 6❡♠♣❧✐&&❛❣❡ ❞✉ 6#&❡6✈♦✐6

❞✬✐♥(❡6❝❡♣(✐♦♥ ✿

Pk(t) = max(P (t)− (Imax
k − Ik(t− 1)), 0)

Ik(t) = min(Imax
k , P + Ik(t− 1))

✭✸✳✷✷✮

H✉✐&✱ ✉♥❡ ❢♦✐& ❡&(✐♠# Pk✱ ❧❡& 6#&❡6✈♦✐6& &♦♥( ❛❝(✉❛❧✐&#& ❛✈❡❝ ❧❡& ✢✉① ❛(♠♦&♣❤#6✐>✉❡&✳

▲✬#✈❛♣♦6❛(✐♦♥ ❞✉ &♦❧ ♥✉ ❡&( 6❡(✐6#❡ ✉♥✐>✉❡♠❡♥( ❛✉ (②♣❡ ❞❡ ✈#❣#(❛(✐♦♥ ✓ &♦❧ ♥✉ ✔ ✭δ1k ✈❛✉(
✶ &✐ k = 1 ❡( ✵ &✐♥♦♥✱ ❡( T1 = 0✮✳

{

∂Wk

l

∂t = −Tk
∂Wk

u

∂t = Pk − δ1kE1

✭✸✳✷✸✮

H❛6 ❛✐❧❧❡✉6&✱ ❧❡& 6#&❡6✈♦✐6& ❞✬✐♥(❡6❝❡♣(✐♦♥ &♦♥( ♠✐& G ❥♦✉6 ❡♥ 6❡(✐6❛♥( G ❝❤❛❝✉♥ &♦♥

#✈❛♣♦6❛(✐♦♥ ✿

Ik = Ik − Ek ✭✸✳✷✹✮

▼✐&❡ A ❥♦✉( ❞❡& ❞❡✉① ❝♦✉❝❤❡&✱ ❝❛❧❝✉❧ ❞✉ (✉✐&&❡❧❧❡♠❡♥+ ▲✬#✈♦❧✉(✐♦♥ ❞✉ ❝♦♥(❡♥✉ ❡♥

❡❛✉ ❞❡& ❞✐✛#6❡♥(❡& ❝♦✉❝❤❡& ❡&( ❝❛❧❝✉❧#❡ ❞❡ ❧❛ ♠❛♥✐E6❡ &✉✐✈❛♥(❡ ✭❛✈❡❝ 6✉✐&&❡❧❧❡♠❡♥( &✐ ❧❡ &♦❧

❡&( &✉6&❛(✉6#✮✳ ❖♥ ♦♠❡( ❧✬✐♥❞✐❝❡ k ♣❛6 &♦✉❝✐ ❞❡ ❝❧❛6(# ✿

✶✳ ❙✐ Wu +Wl ≥ Wmax ✱ ❛❧♦6& ❧❡ &✉6♣❧✉& ♣❛6( ❡♥ 6✉✐&&❡❧❧❡♠❡♥( ❡( ❧❛ ❝♦✉❝❤❡ &✉♣#6✐❡✉6❡

❞✉ &♦❧ ❞✐&♣❛6❛✐(✳

R =Wu +Wl −Wmax ✭✸✳✷✺✮

{

Wl = Wmax et hl = 0
Wu = 0 et hu = hs = 0

✭✸✳✷✻✮

✼✾
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▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆3■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

✷✳ ❙✐ 0 < Wu +Wl < Wmax ✿

❛✮ ❙✐ Wu > hu · qmax ✱ ❛❧♦9& ❧❛ ❝♦✉❝❤❡ ❞❡ &✉9❢❛❝❡ &✬❛❣9❛♥❞✐( ❡( ❧❡ &♦❧ &❡❝ ❞✐&♣❛9❛>( ✿

{

hs = 0

hu = Wu

qmax

✭✸✳✷✼✮

❜✮ ❙✐ 0 ≤Wu ≤ hu · qmax✱ &❡✉❧❡ ❧❛ ❤❛✉(❡✉9 ❞❡ &♦❧ &❡❝ ❡&( ♠♦❞✐✜#❡ ✿

hs = hu −
Wu

qmax
✭✸✳✷✽✮

❝✮ ❙✐ Wu < 0✱ ❛❧♦9& ♦♥ ♣9#❧A✈❡ ❞❡ ❧✬❡❛✉ ❞❡ ❧❛ ❝♦✉❝❤❡ ♣9♦❢♦♥❞❡ ♣♦✉9 9❡♠❡((9❡ ❧❡
9#&❡9✈♦✐9 B ③#9♦ ✿

{

Wl = Wl +Wu et hu = hs = 0

Wu = 0 et hl = htot −
Wl

qmax

✭✸✳✷✾✮

✸✳ ❙✐ ❧❡ &♦❧ &❡ ✈✐❞❡✱ (♦✉(❡& ❧❡& ❣9❛♥❞❡✉9& &♦♥( 9❡♠✐&❡& B ③#9♦✳

❋❧✉① ❡♥&'❡ ❧❡( ❞❡✉① ❝♦✉❝❤❡( E❛9 ❧❛ &✉✐(❡ ♦♥ ❝❛❧❝✉❧❡ ❧❡ ✢✉① ❞✬❡❛✉ ❡♥(9❡ ❧❡& ❞❡✉① ❝♦✉❝❤❡&

Ful ✿

✕ ❙✐ Wu < 3
4huqmax✱ ❛❧♦9&

Ful = Fmin
Wu

huqmax

✕ ❙✐♥♦♥ ✿

Ful = Fmin
Wu

huqmax
+ (Fmax − Fmin)

(

Wu −Wlim

huqmax −Wlim

)b

▲❡& ♣❛9❛♠A(9❡& ✉(✐❧✐&#& &♦♥( ✜①#& ❞❡ ❧❛ ♠❛♥✐A9❡ &✉✐✈❛♥(❡ ✿ Fmin = 2 · 10−3mm · h−1✱
Fmax = 2 · 10−1mm · h−1✱ ❡. b = 1.5✳

E✉✐& ♦♥ ♠❡( B ❥♦✉9 ❧❡& 9#&❡9✈♦✐9& ❛✈❡❝ ❝❡ ✢✉① ✿

{

Wl = Wl + Ful et hl = hl +
Ful

qmax

Wu = Wu − Ful et hu = hu −
Ful

qmax

✭✸✳✸✵✮

-♦&❡♥&✐❡❧ ❞✬❡①&'❛❝&✐♦♥ '❛❝✐♥❛✐'❡ ❊♥✜♥ ♦♥ ❞#(❡9♠✐♥❡ ❧❡ ♣♦(❡♥(✐❡❧ ❞✬❡①(9❛❝(✐♦♥ 9❛❝✐✲

♥❛✐9❡ Us ♣♦✉9 ❝❤❛K✉❡ (②♣❡ ❞❡ ✈#❣#(❛(✐♦♥ ✭❧✬✐♥❞✐❝❡ k ❡&( ♦♠✐&✮✳ ■❧ &❡9✈✐9❛ ❛✉ ❜✐❧❛♥ ❞✬#♥❡9✲
❣✐❡ ❞✉ ♣❛& ❞❡ (❡♠♣& &✉✐✈❛♥(✳ ▲❡ ♣♦✐♥( ❞❡ ✢#(9✐&&❡♠❡♥( ✭✓ ✇✐❧(✐♥❣ ♣♦✐♥( ✔✮ ❡&( ❞#✜♥✐ ♣❛9

Wwilt = 5kg ·m−3✳ ❙✐ Wu +Wl < Wwilt ❛❧♦9& Us = 0✳ ❙✐♥♦♥✱ ♦♥ ❞✐&(✐♥❣✉❡ ❞❡✉① ❝❛& ✿

✶✳ ❙✐ hu = 0✱ ✐❧ ♥✬② ❛ ♣❛& ❞❡ 9#&❡9✈♦✐9 ❞❡ &✉9❢❛❝❡✱ ❡( ♦♥ ❛ ✿

Us = exp

(

−chtot
hl
htot

)

❆✈❡❝ ❝ ❝♦❡✣❝✐❡♥( ❞❡ ♣9♦✜❧ 9❛❝✐♥❛✐9❡ ❞♦♥♥# ❞❛♥& ❧❛ ❚❛❜❧❡ ✸✳✸✳

✷✳ ❙✐ hu > 0 ✿

Ul = exp
(

−c · htot
hl

htot

)

Uu = exp
(

−c · htot
hs

hu

)

Us = max(Ul, Uu)

✭✸✳✸✶✮

✽✵
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◗✉❡❧$✉❡% &❡♠❛&$✉❡% ▲✬✉♥ ❞❡& ♣9✐♥❝✐♣❛✉① ❛✈❛♥(❛❣❡& ❞❡ ❝❡((❡ ✈❡9&✐♦♥ ❞✬❖❘❈❍■❉❊❊

9#&✐❞❡ ❞❛♥& &❛ &✐♠♣❧✐❝✐(#✳ ❈❡❧❧❡✲❝✐ ♣❡9♠❡( ✉♥❡ 9#&♦❧✉(✐♦♥ ❞✉ ❜✐❧❛♥ ❤②❞9♦❧♦❣✐A✉❡ ♣♦✉9 ❝❤❛A✉❡

(②♣❡ ❞❡ ✈#❣#(❛(✐♦♥✱ ❡( ❧✐♠✐(❡ ❧❡& #❧#♠❡♥(& ❞❡ ❝♦♠♣❧❡①✐(# ✐♥✉(✐❧❡&✳ ❈❡♣❡♥❞❛♥(✱ ❧❡ ❢♦♥❝(✐♦♥✲

♥❡♠❡♥( ❡&( ♣❧✉& #✈♦❧✉# A✉❡ ❝❡❧✉✐ ❞✬✉♥ ♠♦❞D❧❡ ❇✉❝❦❡( ❬▼❛♥❛❜❡✱ ✶✾✻✾❪✱ ❛✈❡❝ ✉♥❡ ❝♦✉❝❤❡

❢♦♥❝(✐♦♥♥❛♥( ❝♦♠♠❡ ✉♥ &❡❛✉✳ ❊♥(9❡ ❛✉(9❡&✱ ❧❛ ♣9#&❡♥❝❡ ❞❡ ❧❛ ❝♦✉❝❤❡ ❞❡ &✉9❢❛❝❡ ❞❛♥& ❧❡

♠♦❞D❧❡ ❞❡ ❈❤♦✐&♥❡❧ ♣❡9♠❡( L ❧✬#✈❛♣♦9❛(✐♦♥ ❞❡ 9#❛❣✐9 9❛♣✐❞❡♠❡♥( L ✉♥ #✈#♥❡♠❡♥( ♣❧✉✈✐❡✉①✳

M❛9 ❝♦♥(9❡✱ ✐❧ 9❡&(❡ ❝❧❛✐9 A✉❡ ❧❡ 9✉✐&&❡❧❧❡♠❡♥( ❡( ❧❡ ❞9❛✐♥❛❣❡ &♦♥( ♠♦❞#❧✐&#& ❞❡ ♠❛♥✐D9❡ ✐99#❛✲

❧✐&(❡ ❞❛♥& ❧❛ ♠❡&✉9❡ ♦N ✐❧& &❡ ❞#❝❧❡♥❝❤❡♥( &✐♠✉❧(❛♥#♠❡♥( ❧♦9&A✉❡ ❧✬♦♥ ❞#♣❛&&❡ ❧❛ &❛(✉9❛(✐♦♥✳

❈❡((❡ ✈❛❧❡✉9 ❞❡ &❛(✉9❛(✐♦♥ ❡&( ✜①#❡ L ✉♥❡ ✈❛❧❡✉9 &❛♥& 9❛♣♣♦9( ❛✈❡❝ ❞❡& ♦❜&❡9✈❛(✐♦♥& ✭❡❧❧❡

❡&( ❜❡❛✉❝♦✉♣ ♣❧✉& ❢❛✐❜❧❡✮✱ ❡( ❝♦♥&(✐(✉❡ ✉♥ ❝❤♦✐① ❡&&❡♥(✐❡❧❧❡♠❡♥( ♥✉♠#9✐A✉❡✳

❉❡ ♠R♠❡✱ ❧❡& ♠♦✉✈❡♠❡♥(& ❞✬❡❛✉ ❞❛♥& ❧❡ &♦❧ ♥❡ ❝♦99❡&♣♦♥❞❡♥( ♣❛& L ✉♥❡ A✉❡❧❝♦♥A✉❡

9#❛❧✐(# ♣❤②&✐A✉❡✱ ♠❛✐& &♦♥( ♣❛9❛♠#(9#& ❞❡ ♠❛♥✐D9❡ L ❝❡ A✉❡ ❧❡ ♠♦❞D❧❡ ❛✐( ❞❡& 9#♣♦♥&❡&

&❛(✐&❢❛✐&❛♥(❡& ❡♥ (❡9♠❡ ❞❡ ✢✉①✳ ❖♥ ♣❡✉( ❞♦♥❝ ❝♦♥&(❛(❡9 ❛✈❛♥( (♦✉( (9❛✈❛✐❧ ✉(✐❧✐&❛♥( ❝❡ ♠♦❞D❧❡

A✉❡ &✐ ❧✬♦♥ ❞#&✐9❡ ❝♦♥(9T❧❡9 ❧❡& ♣9♦❝❡&&✉& ✏✐♥(❡9♠#❞✐❛✐9❡&✑ ❝♦♠♠❡ ❧✬✐♥✜❧(9❛(✐♦♥ ❡♥ ❤❛✉( ❞✉

&♦❧✱ ❧✬❤✉♠✐❞✐(# ❞✉ &♦❧ L ♣❧✉&✐❡✉9& ♣9♦❢♦♥❞❡✉9& ❡( &♦♥ ❧✐❡♥ ❛✈❡❝ ❧✬❡①(9❛❝(✐♦♥ 9❛❝✐♥❛✐9❡ ❡(

✜♥❛❧❡♠❡♥( ❞❡& (❡♠♣& ❞❡ 9#♣♦♥&❡ ❛❞#A✉❛(& ♣♦✉9 9✉✐&&❡❧❧❡♠❡♥( ❡( ❞9❛✐♥❛❣❡ ✐❧ ♥♦✉& ❢❛✉❞9❛

❝❡9(❛✐♥❡♠❡♥( ❛❞♦♣(❡9 ✉♥❡ ♠♦❞#❧✐&❛(✐♦♥ ❤②❞9♦❧♦❣✐A✉❡ ❞✐✛#9❡♥(❡✳

✸✳✷✳✷✳✷ ❉❡%❝&✐♣0✐♦♥ ❞❡ ❧❛ ✈❡&%✐♦♥ ❈❲❘❘ ❞❡ ❙❊❈❍■❇❆

◆♦✉& ❛✈♦♥& ♣♦✉9 ❧✬✐♥&(❛♥( ♣9#&❡♥(# ❧❛ ✈❡9&✐♦♥ ❞✬❖❘❈❍■❉❊❊ ❢♦♥❝(✐♦♥♥❛♥( ❛✈❡❝ ❧❡ ♠♦✲

❞✉❧❡ ❤②❞9♦❧♦❣✐A✉❡ L ❞❡✉① ❝♦✉❝❤❡& ❞❡ ❈❤♦✐&♥❡❧✳ ❆✉ ❝♦✉9& ❞❡ &♦♥ (9❛✈❛✐❧ ❞❡ (❤D&❡✱ ❞❡ ❘♦&♥❛②

❬✶✾✾✾❪ ❛ ❞#✈❡❧♦♣♣# ✉♥ ♥♦✉✈❡❛✉ ♠♦❞✉❧❡ ❤②❞9♦❧♦❣✐A✉❡ A✉✐ 9#&♦✉( ✉♥❡ #A✉❛(✐♦♥ ❞❡ ❞✐✛✉&✐♦♥ &✉9

♣❧✉&✐❡✉9& ❝♦✉❝❤❡& ♣♦✉9 ❖❘❈❍■❉❊❊✳ ▲❡ ❜✐❧❛♥ #♥❡9❣#(✐A✉❡ ❡&( 9❡&(# ❣❧♦❜❛❧❡♠❡♥( ✐♥❝❤❛♥❣# ❀

&❡✉❧❡& ❧✬#✈❛♣♦9❛(✐♦♥ ❞✉ &♦❧ ♥✉ ❛✐♥&✐ A✉❡ ❧❡& ❣9❛♥❞❡✉9& Us ❡( β A✉✐ ✐♥(❡9✈✐❡♥♥❡♥( 9❡&♣❡❝(✐✲
✈❡♠❡♥( ❞❛♥& ❧❡ ❝❛❧❝✉❧ ❞❡ ❧❛ (9❛♥&♣✐9❛(✐♦♥ ❡( ❞❛♥& ❝❡❧✉✐ ❞❡ ❧✬❛❧❜#❞♦ &♦♥( ♠♦❞✐✜#❡&✳ ❆✉ ✈✉

❞❡& ❞#❢❛✉(& ❞✬❖❘❈❍■❉❊❊ &✉9 ❧✬❆❢9✐A✉❡ ❞❡ ❧✬❖✉❡&( A✉✐ &❡♠❜❧❡♥( 9#&✐❞❡9 ❛✈❛♥( (♦✉( ❞❛♥&

❧❡ ❝❛❧❝✉❧ ❞❡ ❧✬#✈❛♣♦9❛(✐♦♥ ❡( ❞❛♥& ❧❡ ♣❛9(❛❣❡ ❡♥(9❡ 9✉✐&&❡❧❧❡♠❡♥( ❡( ❞9❛✐♥❛❣❡✱ ❝❡ ♥♦✉✈❡❛✉

♠♦❞✉❧❡ ♣❡✉( ❛♣♣♦9(❡9 ❞❡& &♦❧✉(✐♦♥& ✐♥(#9❡&&❛♥(❡&✳ ❊♥ ♣❛9(✐❝✉❧✐❡9✱ ❧✬#✈❛♣♦9❛(✐♦♥ ❞✉ &♦❧ ♥✉ ②

❡&( ❝❛❧❝✉❧#❡ ❞❡ ♠❛♥✐D9❡ ♣❧✉& ❡①♣❧✐❝✐(❡ ♣❛9 ❧❛ 9#♣♦♥&❡ ❞✬✉♥ &❝❤#♠❛ ❞❡ ❞✐✛✉&✐♦♥ ❡♥ ❝♦❧♦♥♥❡

L ✉♥❡ ❝♦♥❞✐(✐♦♥ ❛✉① ❧✐♠✐(❡& ❝♦99❡&♣♦♥❞❛♥( L ❧✬#✈❛♣♦9❛(✐♦♥ ♠❛①✐♠❛❧❡✱ ❧✐♠✐(#❡ &♦✐( ♣❛9 ❧✬❛(✲

♠♦&♣❤D9❡ ✭#✈❛♣♦9❛(✐♦♥ ♣♦(❡♥(✐❡❧❧❡✮ &♦✐( ♣❛9 ❧❡ &♦❧ ✭❛&&D❝❤❡♠❡♥( ❞❡& ❝♦✉❝❤❡& ❞❡ &✉9❢❛❝❡✮✳

◆♦✉& ❛❧❧♦♥& ❞#(❛✐❧❧❡9 ❞❛♥& ❝❡((❡ &❡❝(✐♦♥ ❧❡ ❢♦♥❝(✐♦♥♥❡♠❡♥( ❞❡ ❝❡ ♠♦❞✉❧❡✱ ❡♥ ❣9❛♥❞❡ ♣❛9(✐❡

❞✬❛♣9D& ❞✬❖9❣❡✈❛❧ ❬✷✵✵✻❪✳ ❉❛♥& ✉♥ ♣9❡♠✐❡9 (❡♠♣&✱ ♥♦✉& ♣9#&❡♥(♦♥& ❧❛ ✈❡9&✐♦♥ ❞#✈❡❧♦♣♣#❡

♣❛9 ❞❡ ❘♦&♥❛② ❬✶✾✾✾❪✱ (❛♥❞✐& A✉❡ ❧❡& &❡❝(✐♦♥& &✉✐✈❛♥(❡& &♦♥( ♣9✐♥❝✐♣❛❧❡♠❡♥( ❝♦♥&❛❝9#❡& ❛✉①

♠♦❞✐✜❝❛(✐♦♥& ✐♥(9♦❞✉✐(❡& ♣❛9 ❚9✐&(❛♥ ❞✬❖9❣❡✈❛❧ ❬✷✵✵✻❪✳

➱$✉❛0✐♦♥ ❞❡ ❘✐❝❤❛&❞% ❉❛♥& ❝❡ ♠♦❞✉❧❡✱ ❧❡& ♠♦✉✈❡♠❡♥(& ❞❡ ❧✬❡❛✉ ❞✉ &♦❧ &♦♥( ❝❛❧❝✉❧#&

♣❛9 ✉♥❡ ❞✐&❝9#(✐&❛(✐♦♥ ❞❡ ❧✬#A✉❛(✐♦♥ ❞❡ ❘✐❝❤❛9❞& &✉9 N = 11 ❝♦✉❝❤❡& ✭✈♦✐9 ✜❣✉9❡ ✸✳✷✮ ✿

∂θ(z, t)

∂t
=

∂

∂z
(D(θ)

∂θ(z, t)

∂z
−K(θ))− S ✭✸✳✸✷✮

θ 9❡♣9#&❡♥(❡ ❧✬❤✉♠✐❞✐(# ❞✉ &♦❧ ❡♥ m3.m−3✳ ❉ ❡&( ❧❛ ❞✐✛✉&✐✈✐(# ❡♥ m2.s−1 ❡( ❑ ❧❛ ❝♦♥❞✉❝✲
(✐✈✐(# ❡♥ m.s−1✱ (♦✉(❡& ❞❡✉① ❢♦♥❝(✐♦♥& ❞❡ θ✳ ▲❛ ❞✐✛✉&✐✈✐(# ❡&( ❞#✜♥✐❡ L ♣❛9(✐9 ❞✉ ♣♦(❡♥(✐❡❧
♠❛(9✐❝✐❡❧ h ❡( ❞❡ K ♣❛9 ✿

✽✶



D(θ) = K(θ)
∂h(θ)

∂θ

θr θs

S m3.m−3.s−1

Kn−1/n Dn1/n n − 1 n
n− 1 n

zi
(∆Zi +∆Zi+1)/2 z′i−1 z′i

Wi

k

R(z) = exp(−cz)

ck

θw θw = 0.1m3.m−3

θd θd =
θs
2

i zi z′i−1 z′i



❈❍❆#■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✸✳✷✳ ▲❊ ▼❖❉➮▲❊ ❉❊ ❱➱●➱❚❆❚■❖◆

❖❘❈❍■❉❊❊

✐❝✐ ❧❡ ♠♦❞❡ ❞❡ ❞✐&❝7#(✐&❛(✐♦♥ ✈❡7(✐❝❛❧❡ ❞✉ &♦❧ &❝❤#♠❛(✐&# ❡♥ ✜❣✉7❡ ✸✳✷ ♣♦✉7 ♣❧✉& ❞✬✐♥❢♦7♠❛✲

(✐♦♥&✱ &❡ 7❡♣♦7(❡7 B ❞❡ ❘♦&♥❛② ❬✶✾✾✾❪✮✳ ❙♦♥ ❝♦♥(❡♥✉ ❡♥ ❡❛✉ ❡&( ♥♦(# Wi ❡( &♦♥ ❝♦❡✣❝✐❡♥(

❞✬❡①(7❛❝(✐♦♥ uis &❡ ❝❛❧❝✉❧❡ ❞❡ ❧❛ ♠❛♥✐L7❡ &✉✐✈❛♥(❡ ✿











uis = 0 si Wi < (z′i − z′i−1) · θw
uis = Wi

(z′
i
−z′

i−1
)·θd

f i
R si (z′i − z′i−1) · θw ≤Wi ≤ (z′i − z′i−1) · θd

uis = f i
R si Wi > (z′i − z′i−1) · θd

✭✸✳✸✺✮

❆✈❡❝ f i
R ❢7❛❝(✐♦♥ ❧✐♥#❛✐7❡ ❞❡& 7❛❝✐♥❡& ❞❛♥& ❧❛ ❝♦✉❝❤❡ ✐ ✿

f i
R =

∫ z′
i

z′
i−1

R(z)dz

∫ z′
N

z′
1

R(z)dz
✭✸✳✸✻✮

▲❛ ♣7❡♠✐L7❡ ❝♦✉❝❤❡ ♥❡ ❝♦♥(7✐❜✉❛♥( ♣❛& B ❧❛ (7❛♥&♣✐7❛(✐♦♥✱ f1
R = 0 ❡( ♦♥ 7❡(7♦✉✈❡ ❜✐❡♥

∑N
i=2 f

i
R = 1✳ ❖♥ ♦❜(✐❡♥( ❧❛ ❣7❛♥❞❡✉7 (♦(❛❧❡ Us✱ &✐♠♣❧❡♠❡♥( ♣❛7 &♦♠♠❛(✐♦♥ ✿

Us =
N
∑

i=1

uis ✭✸✳✸✼✮

▲❛ (7❛♥&♣✐7❛(✐♦♥ ♣♦✉7 ❝❤❛Q✉❡ (②♣❡ ❞❡ ✈#❣#(❛(✐♦♥ ❡&( ❝❛❧❝✉❧#❡ ❝♦♠♠❡ ♣7#❝#❞❡♠♠❡♥( ❡♥

✉(✐❧✐&❛♥( ❧❡ ❢❛❝(❡✉7 β ❞❡ ❧✬#Q✉❛(✐♦♥ ✸✳✶✺ ✳ S✉✐& ❧✬❡①(7❛❝(✐♦♥ 7❛❝✐♥❛✐7❡ T i
k✱ ❞❛♥& ❧❛ ❝♦✉❝❤❡ i

&❡ 7❡(7♦✉✈❡ B ♣❛7(✐7 ❞❡ Tk ✿

T i
k =

uis
Us

Tk ✭✸✳✸✽✮

❈❡((❡ ❢♦7♠✉❧❛(✐♦♥ ♣❡7♠❡( ❞♦♥❝ ✉♥ ❝♦✉♣❧❛❣❡ ♣❧✉& ♣7#❝✐& ❡♥(7❡ ❧❡& ♠♦✉✈❡♠❡♥(& ❞✬❡❛✉ ❞❛♥&

❧❡ &♦❧ ❡( ❧❛ ❞❡♠❛♥❞❡ 7❛❝✐♥❛✐7❡ B ✉♥❡ ♣7♦❢♦♥❞❡✉7 ❞♦♥♥#❡✳ ❊❧❧❡ &✉♣♣♦&❡ ♣❛7 ❛✐❧❧❡✉7& Q✉✬✉♥❡

♣❧❛♥(❡ ♥❡ ♣❡✉( ♣❛& (7❛♥&♣✐7❡7 ❛✉ (❛✉① ♠❛①✐♠❛❧ &✐ (♦✉(❡& &❡& 7❛❝✐♥❡& ♥❡ &♦♥( ♣❛& ❞❛♥& ✉♥❡

❝♦✉❝❤❡ ❞♦♥( ❧✬❤✉♠✐❞✐(# ❞#♣❛&&❡ θd✳ ❊♥ ❡✛❡(✱ ♦♥ ❛ ❛❧♦7& Us < 1✳

❉!❛✐♥❛❣❡ ♣!♦❢♦♥❞ S♦✉7 7#&♦✉❞7❡ ❧❛ ❞✐✛✉&✐♦♥✱ ❞❡✉① ❝♦♥❞✐(✐♦♥& ❛✉① ❧✐♠✐(❡& &♦♥( ❞#✜✲

♥✐❡& ✿ ❡♥ ❜❛& ❞❡ ❧❛ ❝♦❧♦♥♥❡✱ ♦♥ ✐♠♣♦&❡ ✉♥❡ ❝♦♥❞✐(✐♦♥ ❞❡ ❞7❛✐♥❛❣❡ ❧✐❜7❡✳ ❊❧❧❡ 7❡♣♦&❡ &✉7

❧✬❤②♣♦(❤L&❡ Q✉❡ ❧❡ ❣7❛❞✐❡♥( ❞❡ (❡♥❡✉7 ❡♥ ❡❛✉ ❡♥(7❡ ❧❛ ❝♦✉❝❤❡ ❞✉ ❢♦♥❞ ❡( ❧❛ ❝♦✉❝❤❡ ✐♥❢#7✐❡✉7❡

♥♦♥ ♠♦❞#❧✐&#❡ ❡&( ♥✉❧✳ ❈❡((❡ ❤②♣♦(❤L&❡ 7❡&(❡ ✈❛❧❛❜❧❡ (❛♥( Q✉❡ ❧❡& ♥❛♣♣❡& ♣❤7#❛(✐Q✉❡& &♦♥(

❛&&❡③ ♣7♦❢♦♥❞❡&✳ ▲♦7Q✉✬❡❧❧❡& &❡ 7❛♣♣7♦❝❤❡♥( ❞✉ ❢♦♥❞ ❞❡ ❧❛ ❝♦✉❝❤❡ ❞❡ &♦❧ ♠♦❞#❧✐&#❡✱ ❧❡& ♣❡7✲

❢♦7♠❛♥❝❡& ❞✉ ♠♦❞L❧❡ ♥❡ ♣❡✉✈❡♥( V(7❡ ❝♦77❡❝(❡&✳ ▲❛ ❝♦♥❞✐(✐♦♥ ❞❡ ❞7❛✐♥❛❣❡ ❧✐❜7❡ ✐♠♣❧✐Q✉❡ Q✉❡

❧❡ ✢✉① ❛✉ ❢♦♥❞ ❡&( #❣❛❧ B ❧❛ ❝♦♥❞✉❝(✐✈✐(# ❛✉ ❞❡7♥✐❡7 ♥X✉❞ ✭❧❛ ❞✐✛✉&✐✈✐(# ♥✬✐♥(❡7✈❡♥❛♥( ♣❛&

♣♦✉7 ❞❡✉① ❝♦✉❝❤❡& ❞❡ ♠V♠❡ ❤✉♠✐❞✐(#✮ ✿

qN = K(θN ) ✭✸✳✸✾✮

✽✸
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▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆3■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

■♥✜❧$%❛$✐♦♥✱ %✉✐++❡❧❧❡♠❡♥$ ❡$ .✈❛♣♦%❛$✐♦♥ ❞✉ +♦❧ ♥✉ ❆ ❧✬✐♥(❡8❢❛❝❡ &✉8❢❛❝❡✲❛(♠♦&♣❤=8❡✱

❧❛ ❝♦♥❞✐(✐♦♥ ❧✐♠✐(❡ &✉8 ❧❡ ✢✉① ❡♥(8❛♥( ❡&( ✜①#❡ B ✿

q0 = P − Epot

Epot ❡&( ✐❝✐ ❧✬#✈❛♣♦8❛(✐♦♥ ♣♦(❡♥(✐❡❧❧❡ ✐♥❝❧✉❛♥( ❧❛ ❝♦88❡❝(✐♦♥ ❞❡ ▼✐❧❧② ❬✶✾✾✷❪ J✉✐ ❡&(✐♠❡ ❧❛

❞✐✛#8❡♥❝❡ ❡♥(8❡ ❧❡& #J✉❛(✐♦♥& ✸✳✶✵ ❡( ✸✳✶✶✳ ❊❧❧❡ ❡&( ❞♦♥❝ #J✉✐✈❛❧❡♥(❡ B ❧❛ ❢♦8♠✉❧❛(✐♦♥ ❞❡

O❡♥♠❛♥ ♣♦✉8 ❧✬#✈❛♣♦8❛(✐♦♥ ❞✬✉♥❡ &✉8❢❛❝❡ ❞✬❡❛✉ ❧✐❜8❡✳ ❉❛♥& ❧❡ ❝❛& ♦Q ✉♥❡ ♣8❡♠✐=8❡ 8#&♦❧✉✲

(✐♦♥ ❞❡ ❧✬#J✉❛(✐♦♥ ❞❡ ❘✐❝❤❛8❞& ❝♦♥❞✉✐( B ❞❡& ❤✉♠✐❞✐(#& 8❡&♣❡❝(✐✈❡♠❡♥( ✐♥❢#8✐❡✉8❡& ❛✉ ♥✐✈❡❛✉

8#&✐❞✉❡❧ ♦✉ &✉♣#8✐❡✉8❡& B ❧❛ &❛(✉8❛(✐♦♥✱ ✉♥ ♥♦✉✈❡❛✉ ❝❛❧❝✉❧ ❡&( ❢❛✐( ❛✈❡❝ ✉♥❡ ❝♦♥❞✐(✐♦♥ ❛✉①

❧✐♠✐(❡& &✉8 ❧❛ (❡♥❡✉8 ❡♥ ❡❛✉ ❡♥ &✉8❢❛❝❡ ✭θ1 8❡&♣❡❝(✐✈❡♠❡♥( ✜①#❡ B θr✱ ♦✉ θs✮ ♣❧✉(T( J✉❡ &✉8
❧❡ ✢✉① q0✳ ❊♥ ❝♦♥&#J✉❡♥❝❡✱ &✐ ❧❛ ❞✐✛✉&✐♦♥ ♥✬❡&( 8#&♦❧✉❡ J✉✬✉♥❡ ❢♦✐&✱ ❧✬#✈❛♣♦8❛(✐♦♥ &❡ ❢❛✐( ❛✉
(❛✉① ♣♦(❡♥(✐❡❧✱ ❡( ❝✬❡&( ❞♦♥❝ ❧✬❛(♠♦&♣❤=8❡ J✉✐ ❡&( ❧✐♠✐(❛♥(❡✳ ❉❛♥& ❧❡ ❝❛& ❝♦♥(8❛✐8❡✱ ❝✬❡&( ❧❛

J✉❛♥(✐(# ❞✬❡❛✉ ❞❛♥& ❧❡& ❝♦✉❝❤❡& &✉♣❡8✜❝✐❡❧❧❡& ❞✉ &♦❧ J✉✐ ❧✐♠✐(❡ ❧✬#✈❛♣♦8❛(✐♦♥✳ ❈❡((❡ #✈❛♣♦✲

8❛(✐♦♥ ♣❧✉& ❡①♣❧✐❝✐(❡ ❞❡✈8❛✐( ♥♦✉& ♣❡8♠❡((8❡ ❞✬♦❜(❡♥✐8 ✉♥❡ 8#♣♦♥&❡ ♣8#❝✐&❡ &✉8 ❧❛ ❢8❛❝(✐♦♥ ❞❡

❧❛ ♣8#❝✐♣✐(❛(✐♦♥ 8#✲#✈❛♣♦8#❡ B ♣❛8(✐8 ❞❡& ❝♦✉❝❤❡& &✉♣❡8✜❝✐❡❧❧❡& ❞❡ &♦❧✳ ▲❛ J✉❡&(✐♦♥ J✉✐ 8❡&(❡

✐88#&♦❧✉❡ ❡&( ❞❡ &❛✈♦✐8 ❝♦♠♠❡♥( ❧❡ &♦❧ #✈❛♣♦8❡ &♦✉& ✉♥ ❢❡✉✐❧❧❛❣❡✳ ▲❛ &♦❧✉(✐♦♥ ❝♦88❡❝(❡ ❞❡ ❝❡

♣8♦❜❧=♠❡ 8#&✐❞❡8❛✐( ❞❛♥& ❧✬#(❛❜❧✐&&❡♠❡♥( ❞✬✉♥ ♠♦❞=❧❡ ✓ ❞❡✉① &♦✉8❝❡& ✔ ❬❉❡❛8❞♦8✛✱ ✶✾✼✽❪✱ ❝❡

J✉✐ ♥✬❡&( ♣❛& ❧❡ ❜✉( ❞❡ ❧❛ ♣8#&❡♥(❡ (❤=&❡✳

❆❧❜.❞♦ ❈♦♠♠❡ ❧❡ ♣❛8❛♠=(8❡ hs ♥✬❡①✐&(❡ ♣❧✉& ❞❛♥& ❝❡ ♠♦❞✉❧❡✱ ❧❛ ❢♦8♠✉❧❛(✐♦♥ ❞✉ ♣❛8❛✲
♠=(8❡ β ✐♥(❡8✈❡♥❛♥( ❞❛♥& ❧✬#J✉❛(✐♦♥ ✸✳✺ ❞❡ ❞#(❡8♠✐♥❛(✐♦♥ ❞❡ ❧✬❛❧❜#❞♦ ❞✉ &♦❧ ♥✉ ❞♦✐( ❝❤❛♥❣❡8✳
❖8 β ❡&( ✉♥ ✐♥❞✐❝❡ ❞❡ ❧✬❤✉♠✐❞✐(# ❞✉ &♦❧ ❡♥ &✉8❢❛❝❡✳ ❖♥ ❧❛ ❝❛❧❝✉❧❡ ❞♦♥❝ ✐❝✐ ♣❛8 ✿

β =
w1−4 −W r

1−4

w1−4 −W r
1−4

✭✸✳✹✵✮

❖QW1−4 ❞#&✐❣♥❡ ❧❡ ❝♦♥(❡♥✉ ❡♥ ❡❛✉ ❞❡& J✉❛(8❡ ♣8❡♠✐=8❡& ❝♦✉❝❤❡& ❞❡ &♦❧ ❝♦88❡&♣♦♥❞❛♥( B

✉♥❡ ♣8♦❢♦♥❞❡✉8 ❞❡ ❧✬♦8❞8❡ ❞❡ ✷❝♠✳ ▲❡& ❡①♣♦&❛♥(& r ❡( s ❞#&✐❣♥❡♥( 8❡&♣❡❝(✐✈❡♠❡♥( ❧❡& ✈❛❧❡✉8&
8#&✐❞✉❡❧❧❡& ❡( B &❛(✉8❛(✐♦♥ ❞❡ ❝❡((❡ ❝♦✉❝❤❡✳

❚②♣❡+ ❞❡ +♦❧ O❛8 ❛✐❧❧❡✉8&✱ ❝❡ ♠♦❞✉❧❡ ❞✬❤②❞8♦❧♦❣✐❡ ♣8#✈♦✐( ❧❛ ♣8✐&❡ ❡♥ ❝♦♠♣(❡ ❞❡ (8♦✐& (②♣❡&

❞❡ &♦❧ ♣♦✉8 ❝❤❛J✉❡ ♠❛✐❧❧❡✱ ❡♥ ❛❞❛♣(❛♥( ❧❛ ❝♦♥❞✉❝(✐✈✐(# ❡( ❧❛ ❞✐✛✉&✐✈✐(#✱ ✈✐❛ ❧❡& ♣❛8❛♠=(8❡&

❞❡ ✈❛♥ ●❡♥✉❝❤(❡♥ ❬✶✾✽✵❪✳ ❊♥ ❡✛❡(✱ ❧❛ ❢♦8♠✉❧❛(✐♦♥ ✉(✐❧✐&#❡ ✐❝✐ ♣♦✉8 ❧❛ ❝♦♥❞✉❝(✐✈✐(# ❡( ❧❛

❞✐✛✉&✐✈✐(# ❡&( ❝❡❧❧❡ ❞❡ ✈❛♥ ●❡♥✉❝❤(❡♥ ❬✶✾✽✵❪ ❛✈❡❝ ❧✬❤②♣♦(❤=&❡ ❞❡ ▼✉❛❧❡♠ ❬✶✾✼✻❪ ♣♦✉8 ❧❛

8❡♣8#&❡♥(❛(✐♦♥ ❞❡ ❧❛ ❝♦✉8❜❡ ❞❡ 8#(❡♥(✐♦♥ 8❡❧✐❛♥( ❧✬❤✉♠✐❞✐(# ❞✉ &♦❧ ❛✉ ♣♦(❡♥(✐❡❧ ♠❛(8✐❝✐❡❧

❞❛♥& ❧❛J✉❡❧❧❡ K ❡( D &✬#❝8✐✈❡♥( ✿

{

K(θ) = Ks(
θ−θr
θs−θr

)l[1− (1− θ−θr
θs−θr

)
1

m )m]2

D(θ) = K(θ)
αmn

1
θ−θr

( θs−θrθ−θr
)1/m[( θs−θrθ−θr

)1/m − 1]−m
✭✸✳✹✶✮

▲❡& ❞✐✛#8❡♥(& ♣❛8❛♠=(8❡& &♦♥( ❞♦♥❝ ✿

✕ Ks✱ ❝♦♥❞✉❝(✐✈✐(# B &❛(✉8❛(✐♦♥ ❡♥ mm.j−1✱
✕ α ❝♦88❡&♣♦♥❞❛♥( B ❧✬✐♥✈❡8&❡ ❞❡ ❧❛ &✉❝❝✐♦♥ ❞✬❡♥(8#❡ ❞✬❛✐8 ❞❡ ❇8♦♦❦& ❛♥❞ ❈♦8❡② ❬✶✾✻✹❪✱
❡♥ mm−1✱

✕ n ♣❛8❛♠=(8❡ &❛♥& ❞✐♠❡♥&✐♦♥✱
✕ θs ❡( θr 8❡&♣❡❝(✐✈❡♠❡♥( ❤✉♠✐❞✐(# B &❛(✉8❛(✐♦♥ ❡( 8#&✐❞✉❡❧❧❡ ❡♥ mm.mm−1✳

✽✹
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▲❡& ✈❛❧❡✉8& ❞❡& ♣❛8❛♠:(8❡& ✉(✐❧✐&#❡& ❞❛♥& ❧❡ ♠♦❞:❧❡ &♦♥( (✐8#❡& ❞❡ ❈❛8&❡❧ ❛♥❞ ;❛88✐&❤ ❬✶✾✽✽❪✳

❉❛♥& ❧❛ ❢♦8♠✉❧❛(✐♦♥ ✉(✐❧✐&#❡✱ D✉✐ &✬❛♣♣✉✐❡ &✉8 ❧❡ ♠♦❞:❧❡ ❝❛♣✐❧❧❛✐8❡ ❞❡ ▼✉❛❧❡♠ ❬✶✾✼✻❪✱ ❧❡&

♣❛8❛♠:(8❡& m ❡( l ❞❡ ❱❛♥ ●❡♥✉❝❤(❡♥ &♦♥( 8❡&♣❡❝(✐✈❡♠❡♥( ✜①#& ♣❛8 ❧❡& 8❡❧❛(✐♦♥& ✿ m =
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❝❛❧❝✉❧#❡ ❛✉ ♠♦②❡♥ ❞❡ ❢♦♥❝(✐♦♥& ✭❝♦♥❞✉❝(✐✈✐(# ❡( ❞✐✛✉&✐✈✐(#✮ ♣8✐&❡& ❡♥ ❞❡& ✈❛❧❡✉8& ❞❡ θ ✐♥❛♣✲
♣8♦♣8✐#❡&✱ ❧✬❤✉♠✐❞✐✜❝❛(✐♦♥ ❞✬✉♥❡ ❝♦✉❝❤❡✱ ❡( ❞♦♥❝ ❧✬#✈♦❧✉(✐♦♥ ❞❡ θ✱ &❡ ❢❛✐&❛♥( ❡♥ ✉♥ (❡♠♣& ❞❡
❧✬♦8❞8❡ ❞❡ ✸✵ &❡❝♦♥❞❡&✳ ▲❛ ✜❣✉8❡ ✸✳✹ ✈✐❡♥( ❝♦♥✜8♠❡8 ❝❡ ❞✐❛❣♥♦&(✐❝ ✿ ♦♥ 8❡♣8#&❡♥(❡ ❧❡ 8❛♣♣♦8(

8✉✐&&❡❧❧❡♠❡♥( &✉8 ♣8#❝✐♣✐(❛(✐♦♥ ❛✉ &♦❧ ♣♦✉8 ❧❡& #✈#♥❡♠❡♥(& ♣❧✉✈✐❡✉① ❧❡& ♣❧✉& ✐♥(❡♥&❡& ❞❡ ❧❛

&❛✐&♦♥ ❞❡& ♣❧✉✐❡& ❞❡ ✷✵✵✺ ♣♦✉8 ❧❡ &✐(❡ ❞❡ ❥❛❝❤M8❡ ❞❡ ❲❛♥❦❛♠❛✱ ❞✬❛♣8M& ❧❛ ♥♦✉✈❡❧❧❡ ✈❡8&✐♦♥

❞✬❖❘❈❍■❉❊❊ ✉(✐❧✐&#❡ ❛✈❡❝ ❞✐✛#8❡♥(& ♣❛& ❞❡ (❡♠♣&✳ ❖♥ ♦❜&❡8✈❡ Q✉❡ ♣❧✉& ❧❡ ♣❛& ❞❡ (❡♠♣& ❡&(

❝♦✉8(✱ ♣❧✉& ❧❡ 8✉✐&&❡❧❧❡♠❡♥( ❡&( ❢❛✐❜❧❡✳ ▲❡ ♠♦❞M❧❡ ♥✬❛((❡✐♥( ♣❛& ❞❡ ❢♦♥❝(✐♦♥♥❡♠❡♥( ❞✬#Q✉✐❧✐❜8❡✱

❧❡ ♣❛& ❞❡ (❡♠♣& #(❛♥( (8♦♣ #❧❡✈# ♣❛8 8❛♣♣♦8( ❛✉ ♣❛& ❞✬❡&♣❛❝❡ ✭♣8♦❢♦♥❞❡✉8✮ ♣♦✉8 ✉♥ ❝❛❧❝✉❧

❞✐&❝8❡( ❞❡ ❧❛ ♣#♥#(8❛(✐♦♥ ❞✬✉♥ ❢8♦♥( ♣❧✉✈✐❡✉①✳ R♦✉8 8❡♠#❞✐❡8 S ❝❡ ♣8♦❜❧M♠❡✱ ✉♥❡ ♠#(❤♦❞❡

❞❡ ✓ (✐♠❡✲&♣❧✐(✐♥❣ ✔ ❡&( ✐♥(8♦❞✉✐(❡✳ ▲❡ ❜✉( ❡&( ❞❡ 8❡♣8#&❡♥(❡8 ✉♥ ♣❤#♥♦♠M♥❡ &❡ ❞#8♦✉❧❛♥(

S ✉♥❡ #❝❤❡❧❧❡ ✐♥❢#8✐❡✉8❡ ❛✉ ♣❛& ❞❡ (❡♠♣& ❡♥ ❧❡ ❞#❝♦♠♣♦&❛♥( ❡♥ &♦✉&✲♣❛& ❞❡ (❡♠♣&✳ ■❝✐✱ ✉♥

&♦✉&✲♣❛& ❞❡ (❡♠♣& ❝♦88❡&♣♦♥❞ S ❧❛ &❛(✉8❛(✐♦♥ ❞✬✉♥❡ ❝♦✉❝❤❡ ❞✉ ♠♦❞M❧❡✳ ❆ ❝❤❛Q✉❡ #✈#♥❡♠❡♥(

♣❧✉✈✐❡✉①✱ ♦♥ ❞#❝♦♠♣♦&❡ ❞♦♥❝ ❧✬✐♥✜❧(8❛(✐♦♥ ❞✉ ❢8♦♥( ❡♥ ❝❛❧❝✉❧❛♥( ❧❡ (❡♠♣& Q✉❡ ♠❡( ❝❤❛Q✉❡

❝♦✉❝❤❡ &✉❝❝❡&&✐✈❡ S &❡ &❛(✉8❡8✱ ❡( ❧❛ Q✉❛♥(✐(# ❞❡ 8✉✐&&❡❧❧❡♠❡♥( ♣8♦❞✉✐(❡ ♣❡♥❞❛♥( ❝❡ (❡♠♣&✳

❙❡✉❧❡ ❧❛ ♣8❡♠✐M8❡ ❝♦✉❝❤❡✱ ❞✬✉♥❡ (❛✐❧❧❡ ❞❡ ✶♠♠ &❡ 8❡♠♣❧✐( &❛♥& ♣8♦❞✉✐8❡ ❞❡ 8✉✐&&❡❧❧❡♠❡♥( ❡♥

✉♥ (❡♠♣& ❝♦♥&✐❞#8# ❝♦♠♠❡ ♥#❣❧✐❣❡❛❜❧❡✳ R♦✉8 ❧❡ ❝❛❧❝✉❧ ❞❡ ❧✬✐♥✜❧(8❛(✐♦♥ ❡( ❞✉ 8✉✐&&❡❧❧❡♠❡♥(

(♦(❛❧ ❛✉ ❝♦✉8& ❞✉ ♣❛& ❞❡ (❡♠♣& ❞❛♥& ❧❡& ❝♦✉❝❤❡& ✐♥❢#8✐❡✉8❡&✱ ♦♥ ✉(✐❧✐&❡ ❧❡ ✢✉① ❡♥(8❛♥( ❞Z S

❧❛ ♣8#❝✐♣✐(❛(✐♦♥✱ R ❡♥ mm.j−1 Q✉❡ ❧✬♦♥ ✈❛ ❝♦♠♣❛8❡8 S ❧✬✐♥✜❧(8❛(✐♦♥ S ❧❛ ❧✐♠✐(❡ &✉♣#8✐❡✉8❡
❞❡ ❧❛ ❝♦✉❝❤❡✳ ❈❡((❡ ✐♥✜❧(8❛(✐♦♥ ❡&( ❡&(✐♠#❡ ♣♦✉8 ❧❛ ❝♦✉❝❤❡ ♥ ♣❛8 ❧❛ ❝♦♥❞✉❝(✐✈✐(# ❤②❞8❛✉❧✐Q✉❡

❝❛❧❝✉❧#❡ ❥✉&(❡ ❛✈❛♥( ❧❡ 8❡♠♣❧✐&&❛❣❡ ❞❡ ❝❡((❡ ♠[♠❡ ❝♦✉❝❤❡✱ ❝✬❡&(✲S✲❞✐8❡ ✉♥❡ ❢♦✐& Q✉❡ ❧❛ ❝♦✉❝❤❡

♥ ✲ ✶ ❡&( &❛(✉8#❡✳ ❬❉❡❝❤❛8♠❡ ❡( ❛❧✳✱ ✷✵✵✻❪ ♦♥( ♠♦♥(8# ❧✬✐♠♣♦8(❛♥❝❡ ❞❡ ♣8❡♥❞8❡ ❡♥ ❝♦♠♣(❡

✉♥❡ ✈❛8✐❛❜✐❧✐(# &♦✉&✲♠❛✐❧❧❡ ❞❡ ❧❛ ♣8#❝✐♣✐(❛(✐♦♥ ❡( ❞✉ (❛✉① ❞✬✐♥✜❧(8❛(✐♦♥ ♣♦✉8 ✉♥❡ ♠❡✐❧❧❡✉8❡

&✐♠✉❧❛(✐♦♥ ❞✉ 8✉✐&&❡❧❧❡♠❡♥(✳ ■❧& ✉(✐❧✐&❡♥( ♣♦✉8 ❝❡❧❛ ✉♥❡ ❧♦✐ ❞❡ ♣8♦❜❛❜✐❧✐(# ❡①♣♦♥❡♥(✐❡❧❧❡ ♣♦✉8

✽✼
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▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆3■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

❧✬✐♥✜❧(8❛(✐♦♥ ✐♥&♣✐8#❡ ❞❡ ❨✉ ❬✷✵✵✵❪✱ ❛✐♥&✐ @✉❡ ♣♦✉8 ❧❛ ♣8#❝✐♣✐(❛(✐♦♥✳ ❈❡((❡ ❛♣♣8♦❝❤❡ ❢❛✐( &✉✐(❡

❛✉① (8❛✈❛✉① ❞❡ ❊♥(❡❦❤❛❜✐ ❛♥❞ ❊❛❣❧❡&♦♥ ❬✶✾✽✾❪ @✉✐ ❝♦♠❜✐♥❛✐❡♥( ✉♥❡ ❞✐&(8✐❜✉(✐♦♥ ❣❛♠♠❛ ❞❡

❧❛ ♣❡8♠#❛❜✐❧✐(# ❞✉ &♦❧ K ✉♥❡ ❞✐&(8✐❜✉(✐♦♥ ❡①♣♦♥❡♥(✐❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡✱ ♦✉ ❡♥❝♦8❡ ❞❡ ❉✉❝❤❛8♥❡

❡( ❛❧✳ ❬✶✾✾✽❪ @✉✐ ✐♥(8♦❞✉✐&❛✐( ✉♥❡ ❢♦♥❝(✐♦♥ ❞❡ ♣8♦❜❛❜✐❧✐(# ♣♦❧②♥♦♠✐❛❧❡ ♣♦✉8 ❧✬✐♥✜❧(8❛(✐♦♥ ❞❛♥&

❧✬❤②❞8♦❧♦❣✐❡ ❞❡ ❈❤♦✐&♥❡❧ ❞✬❖❘❈❍■❉❊❊✳ ❊♥ ❧✬❛❜&❡♥❝❡ ❞❡ ❞♦♥♥#❡& ✜❛❜❧❡& &✉8 ❧❛ ❞✐&(8✐❜✉✲

(✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ K ❧✬✐♥(#8✐❡✉8 ❞✬✉♥❡ ♠❛✐❧❧❡ ❡♥ ❢♦♥❝(✐♦♥ ❞❡ ❧❛ ③♦♥❡ ❝♦♥&✐❞#8#❡ ❡♥ ❆❢8✐@✉❡✱ ❚✳

❞✬❖8❣❡✈❛❧ ❬✷✵✵✻❪ &✬❡&( ❧✐♠✐(# K ✐♥(8♦❞✉✐8❡ ✉♥❡ ❞✐&(8✐❜✉(✐♦♥ &♦✉&✲♠❛✐❧❧❡ ❞❡ ❧✬✐♥✜❧(8❛(✐♦♥✳ ▲✬✐♥✲

(8♦❞✉❝(✐♦♥ ❞❡ ❧❛ ❞✐&(8✐❜✉(✐♦♥ &♦✉&✲♠❛✐❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡ ❞❛♥& ❧❡ ●❈▼ ❡♥ ❧✐❡♥ ❛✈❡❝ ❧❛ ❢8❛❝(✐♦♥

♥✉❛❣❡✉&❡ ♣♦✉88❛✐( ❢❛✐8❡ ❧✬♦❜❥❡( ❞✬✉♥ (8❛✈❛✐❧ &✉✐✈❛♥( ❝❡((❡ (❤U&❡ ❡♥ &❡ &❡8✈❛♥( ❞❡ 8#&✉❧(❛(&

❞✬❆▼▼❆✳ ▲❛ ❧♦✐ ❞❡ ♣8♦❜❛❜✐❧✐(# ✉(✐❧✐&#❡ ✐❝✐ ♣♦✉8 ❧✬✐♥✜❧(8❛(✐♦♥ ❡&( ❡①♣♦♥❡♥(✐❡❧❧❡ ❡( ❛ ♣♦✉8

❢♦♥❝(✐♦♥ ❞❡ 8#♣❛8(✐(✐♦♥ ✿

F (I) = 1− e−
I

Ī
✭✸✳✹✷✮

◗✉✐ ❝♦88❡&♣♦♥❞ K ❧❛ ❞✐&(8✐❜✉(✐♦♥ ❞❡ ❞❡♥&✐(# ✿

f(I) =
1

Ī
e−

I

Ī
✭✸✳✹✸✮

X♦✉8 ✉♥❡ ❝♦✉❝❤❡ ♥✱ ❧✬✐♥✜❧(8❛(✐♦♥ ♠♦②❡♥♥❡ Īn ❡&( ❞♦♥♥#❡ ♣❛8 ✿

Īn = Kn−1/n(θn−1, θn) ✭✸✳✹✹✮

❖Y Kn−1/n 8❡♣8#&❡♥(❡ ❧❛ ❝♦♥❞✉❝(✐✈✐(# K ❧✬✐♥(❡8❢❛❝❡ ❡♥(8❡ ❧❛ ❝♦✉❝❤❡ n − 1 ✭&❛(✉8#❡✮ ❡( ❧❛
❝♦✉❝❤❡ ♥✱ ❝❛❧❝✉❧#❡ ♣❛8 ♠♦②❡♥♥❡ ❛8✐(❤♠#(✐@✉❡ ❡♥(8❡ ❧❡& ✈❛❧❡✉8& ❛✉① ♥\✉❞& n−1 ❡( n✳ ■❧ ❡&( K
♥♦(❡8 @✉❡ &✐ Kn−1/n ❡&( (♦✉❥♦✉8& ❝❛❧❝✉❧# ♣❛8 ♠♦②❡♥♥❡ ❛8✐(❤♠#(✐@✉❡ ♣♦✉8 ❧❛ ♣#♥#(8❛(✐♦♥ ❞✬✉♥

❢8♦♥( &❛(✉8# ✭❝❡ @✉✐ ♣❡8♠❡( ❞✬♦❜(❡♥✐8 ❞❡& ✈❛❧❡✉8& ❡♥(8❡

Ks

2 ❡( Ks✱ ♣✉✐&@✉❡ ❧❛ ❝♦♥❞✉❝(✐✈✐(# ❛✉

♥\✉❞ n− 1 &❛(✉8# ❡&( Ks✮✱ ♣♦✉8 ❧❛ ❞✐✛✉&✐♦♥ ❝❛❧❝✉❧#❡ ♣❛8 ❧❛ &✉✐(❡✱ ❡❧❧❡ ❡&( ♦❜(❡♥✉❡ ♣❛8 ✉♥❡

♠♦②❡♥♥❡ ❣#♦♠#(8✐@✉❡ ❡♥(8❡ ❧❡& ✈❛❧❡✉8& ❛✉① ♥\✉❞& n − 1 ❡( n✳ ▲❡& 8❛✐&♦♥& ❞✉ ❝❤♦✐① ❞❡ ❧❛
♠♦②❡♥♥❡ ❣#♦♠#(8✐@✉❡ ♣♦✉8 ❧❛ ❞✐✛✉&✐♦♥ ❡♥ ♠✐❧✐❡✉ ♥♦♥✲&❛(✉8# &♦♥( ❡①♣♦&#❡& ❞❛♥& ❍❛✈❡8❦❛♠♣

❛♥❞ ❱❛✉❝❧✐♥ ❬✶✾✼✾❪✳ ❚✳ ❞✬❖8❣❡✈❛❧ ❬✷✵✵✻❪ ❛ ♣❛8 ❝♦♥(8❡ ❝♦♥&❡8✈# ✉♥❡ ♠♦②❡♥♥❡ ❛8✐(❤♠#(✐@✉❡

♣♦✉8 ❧✬✐♥✜❧(8❛(✐♦♥ ❞✉ ❢8♦♥( &❛(✉8# ❝❛8 ❧❡& ❛8❣✉♠❡♥(& ❞❡ ❍❛✈❡8❦❛♠♣ ❛♥❞ ❱❛✉❝❧✐♥ ❬✶✾✼✾❪

♥❡ &❡♠❜❧❡♥( ♣❛& ✈❛❧❛❜❧❡& ♣♦✉8 ✉♥ ❝❛❧❝✉❧ ❡♥ ♠✐❧✐❡✉ &❛(✉8# ♣♦✉8 ❧❡@✉❡❧ ❧✬✐♥✜❧(8❛(✐♦♥ &❡ ❢❛✐(

❜❡❛✉❝♦✉♣ ♣❧✉& ✈✐(❡ @✉❡ ❞❛♥& ✉♥ ❝❛& ♥♦♥ &❛(✉8#✳ ❊♥ ✉(✐❧✐&❛♥( ❧❛ ♠♦②❡♥♥❡ ❣#♦♠#(8✐@✉❡✱ ♦♥

&♦✉&✲❡&(✐♠❡8❛✐( ❧❛8❣❡♠❡♥( ❧❛ @✉❛♥(✐(# ✐♥✜❧(8#❡✳ ■❧ ❢❛✉( ❝❡♣❡♥❞❛♥( ❣❛8❞❡8 K ❧✬❡&♣8✐( @✉❡ ❞❛♥& ❝❡

❝❤♦✐① 8#&✐❞❡ ✉♥❡ ❣8❛♥❞❡ ♣❛8(✐❡ ❞❡ ❧✬✐♥❝❡8(✐(✉❞❡ ❞✉ ♣❛8(❛❣❡ ✐♥✜❧(8❛(✐♦♥✲8✉✐&&❡❧❧❡♠❡♥(✳ ❖♥ ♣❡✉(

8❡♠❛8@✉❡8 ❡♥✜♥ @✉❡ ❝♦♠♠❡ ♦♥ ❝♦♥&✐❞U8❡ ✐❝✐ ❧❛ ♣#♥#(8❛(✐♦♥ ❞✬✉♥ ❢8♦♥( &❛(✉8#✱ ❧❛ ❞✐✛✉&✐✈✐(#

✭✉(✐❧❡ ♣♦✉8 ❧❡& ❝❛& ♥♦♥✲&❛(✉8#&✮ ♥✬✐♥(❡8✈✐❡♥( ♣❛& ❞❛♥& ❧❡ ❝❛❧❝✉❧✳ ❆ ♣❛8(✐8 ❞❡ P ❡( ❞❡ fn(I)✱
♦♥ ❝❛❧❝✉❧❡ ❧❡ 8✉✐&&❡❧❧❡♠❡♥( ♣♦(❡♥(✐❡❧ Rpot

n ❡♥ mm.j−1✱ ❛✉ ❝♦✉8& ❞❡ ❧❛ &❛(✉8❛(✐♦♥ ❞❡ ❧❛ ❝♦✉❝❤❡
❝♦♥&✐❞#8#❡ ✿

Rpot
n =

∫ P

I=0
(P − I)fn(I)dI

Rpot
n = P − Īn(1− e−

I

In ) ✭✸✳✹✺✮

❈❡ 8✉✐&&❡❧❧❡♠❡♥( ♣♦(❡♥(✐❡❧ ♣❡✉( &❡ 8#✐♥✜❧(8❡8 ❞❛♥& ❧❛ ♠❛✐❧❧❡ &✐ ❧✬♦8♦❣8❛♣❤✐❡ ❧❡ ♣❡8♠❡(✳

❊♥ ❡✛❡(✱ &✐ ❧❛ ♣❡♥(❡ ❞✉ (❡88❛✐♥ ❡&( (8U& ❢❛✐❜❧❡✱ ❧✬❡❛✉ &(❛❣♥❡ ❡( &❡ 8❡✐♥✜❧(8❡8❛ K (❡8♠❡✳ ❖♥

✐♥(8♦❞✉✐( ❞♦♥❝ ✉♥ ❢❛❝(❡✉8 ❞❡ ♣❡♥(❡ γp @✉✐ ❞♦♥♥❡ ❧❛ ♣8♦♣♦8(✐♦♥ ❞✉ 8✉✐&&❡❧❧❡♠❡♥( ♣♦(❡♥(✐❡❧ @✉✐
&❡ 8#✐♥✜❧(8❡✳ γp ❡&( ❞#✜♥✐ ♣♦✉8 ❝❤❛@✉❡ ♠❛✐❧❧❡ ❞❡ ❧❛ ❝❛8(❡ ❞❡ (♦♣♦❣8❛♣❤✐❡ ✭❞❡ ❧✬♦8❞8❡ ❞❡ ✷✵❦♠
❞❡ 8#&♦❧✉(✐♦♥✮ K ♣❛8(✐8 ❞❡ ❧❛ ♣❡♥(❡ ♠♦②❡♥♥❡ ♣✉✐& ❡&( ♠♦②❡♥♥# &✉8 ❧❛ &✉8❢❛❝❡ ❞✬✉♥❡ ♠❛✐❧❧❡

❞✉ ❢♦8`❛❣❡✳ pmax ❡&( ✉♥ ♣❛8❛♠U(8❡ @✉✐ 8❡♣8#&❡♥(❡ ❧❛ ♣❡♥(❡ ❛✉✲❞❡❧K ❞❡ ❧❛@✉❡❧❧❡ ✐❧ ♥✬② ❛ ♣❛&

✽✽
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❞❡ 6#✐♥✜❧(6❛(✐♦♥✳ ❊♥ ❞❡&&♦✉& ❞❡ pmax✱ ❧❛ ❢6❛❝(✐♦♥ γp <✉✐ &❡ 6#✐♥✜❧(6❡ ❡&( #❣❛❧❡ ❛✉ 6❛♣♣♦6( ❞❡
❧❛ ♣❡♥(❡ p ❞❡ ❧❛ ♠❛✐❧❧❡ ❞✐✈✐&# ♣❛6 pmax ✿

γp = min

(

1,
p

pmax

)

✭✸✳✹✻✮

▲❡ "✉✐%%❡❧❧❡♠❡♥) ❛✉ ❝♦✉"% ❞❡ ❧❛ %❛)✉"❛)✐♦♥ ❞❡ ❧❛ ❝♦✉❝❤❡ ❡%) ❞♦♥❝ ✿ Rn = γpR
pot
n ✳ ❆ ♣❛")✐"

❞❡ Rn ♦♥ ❝❛❧❝✉❧❡ ❞♦♥❝ %✐♠♣❧❡♠❡♥) ❧❡ )❛✉① ❞✬✐♥✜❧)"❛)✐♦♥ ❞❛♥% ❧❛ ❝♦✉❝❤❡ ✿

In = P −Rn

❊) ❧❡ )❡♠♣% ♠✐% ♣❛" ❧❛ ❝♦✉❝❤❡ n ❞❡ )❛✐❧❧❡

dzn+dzn+1

2 ♣♦✉" %❡ %❛)✉"❡" ✿

tn =
θs − θn

In

(

dzn + dzn+1

2

)

❙♦✐) ❞) ❧❡ ♣❛% ❞❡ )❡♠♣%✳ ❙✐

∑n
i=1 ti < dt✱ ❛❧♦"% ♦♥ ♣❛%%❡ 9 ❧❛ ❝♦✉❝❤❡ %✉✐✈❛♥)❡✳ ❙✐♥♦♥✱

♦♥ ♣♦%❡ tn = dt−
∑n−1

i=1 ti ❡) ♦♥ ❝❛❧❝✉❧❡ ❧✬❤✉♠✐❞✐); ❛))❡✐♥)❡ ♣❛" ❧❛ ❝♦✉❝❤❡ ♥ ✿

θn = θn +
In.tn

(

dzn+dzn+1

2

)

▲❡% ❢♦♥❝)✐♦♥% ❑ ❡) ❉ %♦♥) "❡❝❛❧❝✉❧;❡% ❛♣"?% ❧✬✐♥✜❧)"❛)✐♦♥ ❞✉ ❢"♦♥) ❡) ❧❡ ❝❛❧❝✉❧ ❞❡ ❞✐✛✉%✐♦♥

%✉" )♦✉)❡ ❧❛ ❤❛✉)❡✉" ❞❡ %♦❧ ❡%) ❡✛❡❝)✉; ❛✈❡❝ ✉♥❡ ❝♦♥❞✐)✐♦♥ ❧✐♠✐)❡ 9 ❧✬✐♥)❡"❢❛❝❡ %✉"❢❛❝❡✲

❛)♠♦%♣❤?"❡ %✉" ❧❡ ✢✉① ❡♥)"❛♥) ✿

q0 = −Epot

❙✐ ❧❛ ❞❡♠❛♥❞❡ ❛)♠♦%♣❤;"✐C✉❡ Epot ♥❡ ♣❡✉) D)"❡ %❛)✐%❢❛✐)❡ ✭❤✉♠✐❞✐); ❞❡ ❧❛ ♣"❡♠✐?"❡

❝♦✉❝❤❡ ✐♥❢;"✐❡✉"❡ ❛✉ ♥✐✈❡❛✉ ";%✐❞✉❡❧✮✱ ❧❡ ❝❛❧❝✉❧ ❡%) "❡❧❛♥❝; ❛✈❡❝ ❝♦♠♠❡ ❝♦♥❞✐)✐♦♥ ❧✐♠✐)❡

θ1 = θr✳ ❉❡ ❝❡))❡ ♠❛♥✐?"❡✱ ♦♥ "❡♣";%❡♥)❡ ❝❤"♦♥♦❧♦❣✐C✉❡♠❡♥) ❧❡ ♣❛%%❛❣❡ ❞✉ ❢"♦♥) %❛)✉"; ♣❛"
❝❤❛C✉❡ ❝♦✉❝❤❡✱ ❧❛ ❝♦✉❝❤❡ %✉♣;"✐❡✉"❡ ;)❛♥) ❞;❥9 %❛)✉";❡✳ ❖♥ %✐♠✉❧❡ ;❣❛❧❡♠❡♥) ❧✬✐♥✢✉❡♥❝❡

❞✬✉♥ "❡❧✐❡❢ ❢❛✐❜❧❡ %✉" ❧❛ ";✐♥✜❧)"❛)✐♦♥✳ ❖♥ "❡♣";%❡♥)❡ ❡♥✜♥ ❧❡% ✈❛"✐❛❜✐❧✐);% %♦✉%✲♠❛✐❧❧❡ ❞❡%

❝❛"❛❝);"✐%)✐C✉❡% )❡①)✉"❛❧❡% ❡) ❞❡ ❧✬❤✉♠✐❞✐); ❞✉ %♦❧ ♣❛" ❧❡ ❜✐❛✐% ❞✬✉♥❡ ❢♦♥❝)✐♦♥ ❞❡ ";♣❛")✐)✐♦♥

❞❡ ❧❛ ❝♦♥❞✉❝)✐✈✐); ❤②❞"❛✉❧✐C✉❡✳ ◆♦✉% ❛✈♦♥% ✈✉ )♦✉) 9 ❧✬❤❡✉"❡ C✉❡ ❧❛ ♣❛")✐)✐♦♥ ❡♥)"❡ "✉✐%✲

%❡❧❧❡♠❡♥) ❡) ✐♥✜❧)"❛)✐♦♥ ❡%) ♥♦♥ %❡✉❧❡♠❡♥) ❢♦♥❝)✐♦♥ ❞❡ ❧✬✐♥)❡♥%✐); ❞❡% ♣";❝✐♣✐)❛)✐♦♥% ♠❛✐%

;❣❛❧❡♠❡♥) ❞❡ ❧❛ ❞✉";❡ ❞✉ ♣❛% ❞❡ )❡♠♣% ;❧;♠❡♥)❛✐"❡✳ ❆✉%%✐✱ ❧❡ ❢❛✐) C✉❡ ❧❡% ❢♦"M❛❣❡% 9 ❞❡%

;❝❤❡❧❧❡% %♣❛)✐❛❧❡% ❧❛"❣❡% %♦✐❡♥) ❡♥ ❣;♥;"❛❧ %❡✉❧❡♠❡♥) ❞♦♥♥;% 9 ❞❡% ♣❛% ❞❡ )❡♠♣% ❞❡ ✸ ♦✉ ✻❤

✐♠♣❧✐C✉❡ ❞♦♥❝ C✉✬✐❧ ❢❛✐❧❧❡ ❞;)❡"♠✐♥❡" ✉♥❡ ♠❛♥✐?"❡ %❛)✐%❢❛✐%❛♥)❡ ❞❡ ";♣❛")✐" ❧❡% ♣";❝✐♣✐)❛)✐♦♥%

9 ✉♥❡ ♣❧✉% ❤❛✉)❡ ";%♦❧✉)✐♦♥ )❡♠♣♦"❡❧❧❡✳ ❈❡) ❛❥✉%)❡♠❡♥) ;)❛✐) ♠♦✐♥% ♣"✐♠♦"❞✐❛❧ ❛✈❡❝ ❧❛ ✈❡"✲

%✐♦♥ ❞❡ ❈❤♦✐%♥❡❧ ❞❡ ❧✬❤②❞"♦❧♦❣✐❡✱ ♣✉✐%C✉❡ ❧❡ "✉✐%%❡❧❧❡♠❡♥) ❞❡ ❉✉♥♥❡ ✭%✉" %✉"❢❛❝❡ %❛)✉";❡✮

❡%) ♣❡✉ %❡♥%✐❜❧❡ ❛✉ ♠♦❞❡ ❞✬✐♥)"♦❞✉❝)✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡✳

❆ )❡"♠❡✱ ✉♥❡ ❢♦♥❝)✐♦♥ ❞✬✐♥)❡"♣♦❧❛)✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ❡♥ ❢♦♥❝)✐♦♥ ❞❡% ";❣✐♦♥% ♣♦✉""❛✐) D)"❡

✐♥)"♦❞✉✐)❡✳ ❚✳ ❞✬❖"❣❡✈❛❧ ❬✷✵✵✻❪ ❛✈❛✐) ❝❤♦✐%✐ ❞❡ ";♣❛")✐" ❧❛ ♣❧✉✐❡ %✉" ✶❤✸✵✱ ❝✬❡%)✲9✲❞✐"❡ ❡♥ ✸

%♦✉%✲♣❛% ❞❡ )❡♠♣% ❛✉ ❞;❜✉) ❞✉ ♣❛% ❞❡ )❡♠♣% ❞❡ ❢♦"M❛❣❡✳ ❈❡❝✐ ❧✬❛✈❛✐) ;❣❛❧❡♠❡♥) ❛♠❡♥; 9

♠♦❞✐✜❡" ❧✬✐♥)❡"❝❡♣)✐♦♥ ♣❛" ❧❡ ❢❡✉✐❧❧❛❣❡ ✭❡) ❞♦♥❝ Imax
k ✮✱ ❢♦")❡♠❡♥) ❞;♣❡♥❞❛♥)❡ ❞❡ ❧❛ ♠;)❤♦❞❡

❞✬✐♥)"♦❞✉❝)✐♦♥ ❞❡ ❧❛ ♣";❝✐♣✐)❛)✐♦♥ ❞❛♥% ❧❡ ♠♦❞?❧❡✱ ♠D♠❡ %✐ ❝❡ ❞❡"♥✐❡" ❛❥✉%)❡♠❡♥) ❛✈❛✐) ♣❡✉

❞✬✐♠♣❛❝) %✉" ❧❡% ";%✉❧)❛)% ❞✉ ♠♦❞?❧❡✳
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▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆3■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

Ks n α θr θs
mm.j−1 m−1 m3.m−3 m3.m−3

❙❛❜❧❡ ❙❛♥❞ ✼✶✷✽✳✵ ✷✳✻✽ ✶✹✳✺ ✵✳✵✹✺ ✵✳✹✸

❙❛❜❧❡ ❧✐♠♦♥❡✉① ▲♦❛♠② ❙❛♥❞ ✸✺✵✶✳✻ ✷✳✷✽ ✶✷✳✹ ✵✳✵✺✼ ✵✳✹✶

▲✐♠♦♥ 8❛❜❧❡✉① ❙❛♥❞② ▲♦❛♠ ✶✵✻✵✳✽ ✶✳✽✾ ✼✳✺ ✵✳✵✻✺ ✵✳✹✶

▲✐♠♦♥ ✜♥ ❙✐❧; ▲♦❛♠ ✶✵✽✳✵ ✶✳✹✶ ✷✳✵ ✵✳✵✻✼ ✵✳✹✺

▲✐♠♦♥ ✉❧;<❛✲✜♥ ❙✐❧; ✻✵✳✵ ✶✳✸✼ ✶✳✻ ✵✳✵✸✹ ✵✳✹✻

▲✐♠♦♥ ▼❡❞✐✉♠ ▲♦❛♠ ✷✹✾✳✻ ✶✳✺✻ ✸✳✻ ✵✳✵✼✽ ✵✳✹✸

▲✐♠♦♥ 8❛❜❧♦✲❛<❣✐❧❡✉① ❙❛♥❞② ❈❧❛② ▲♦❛♠ ✸✶✹✳✹ ✶✳✹✽ ✺✳✾ ✵✳✶✵✵ ✵✳✸✾

▲✐♠♦♥ ✜♥ ❛<❣✐❧❡✉① ❙✐❧;② ❈❧❛② ▲♦❛♠ ✶✻✳✽ ✶✳✷✸ ✶✳✵ ✵✳✵✽✾ ✵✳✹✸

▲✐♠♦♥ ❛<❣✐❧❡✉① ❈❧❛② ▲♦❛♠ ✻✷✳✹ ✶✳✸✶ ✶✳✾ ✵✳✵✾✺ ✵✳✹✶

❆<❣✐❧❡ 8❛❜❧❡✉① ❙❛♥❞② ❈❧❛② ✷✽✳✽ ✶✳✷✸ ✷✳✼ ✵✳✶✵✵ ✵✳✸✽

❆<❣✐❧❡ ❧✐♠♦♥❡✉① ❙✐❧;② ❈❧❛② ✹✳✽ ✶✳✵✾ ✵✳✺ ✵✳✵✼✵ ✵✳✸✻

❆<❣✐❧❡ ❈❧❛② ✹✽✳✵ ✶✳✵✾ ✵✳✽ ✵✳✵✻✽ ✵✳✸✽

❚❛❜❧❡ ✸✳✹✿ ❱❛❧❡✉<8 ❞❡8 ♣❛<❛♠E;<❡8 ❞❡ ❱❛♥ ●❡♥✉❝❤;❡♥ ❞♦♥♥I8 ♣❛< ❈❛<8❡❧ ❛♥❞ J❛<<✐8❤ ❬✶✾✽✽❪

♣♦✉< ❧❡8 ❞✐✛I<❡♥;8 ;②♣❡8 ❞❡ 8♦❧ ❯❙❉❆

❈♦♥❞✉❝&✐✈✐&) ❞❛♥+ ❧❛ ③♦♥❡ /❛❝✐♥❛✐/❡ ▲❡ ♠♦❞8❧❡ ❞#✈❡❧♦♣♣# ♣❛9 :✳ ❞❡ ❘♦&♥❛② ♥❡ ♣❡9♠❡(

♣❛& ❧❛ ♣9✐&❡ ❡♥ ❝♦♠♣(❡ ❞❡ ♣❧✉&✐❡✉9& ✏❤♦9✐③♦♥&✑ ❞❡ &♦❧ A ♣❧✉&✐❡✉9& ♣9♦❢♦♥❞❡✉9&✳ ❊♥ ❡✛❡(✱ ❧❛

❢♦9♠✉❧❛(✐♦♥ ❞❡ ❘✐❝❤❛9❞&✱ ♣9♦❧♦♥❣❛(✐♦♥ ❞❡ ❧✬#G✉❛(✐♦♥ ❞❡ ❉❛9❝② ♣♦✉9 ❧❡ ❝❛& ❞✉ &♦❧ ♥♦♥ &❛(✉9#✱

❡&( ❢♦♥❝(✐♦♥ ❞❡ ❧❛ (❡♥❡✉9 ❡♥ ❡❛✉ ❞✉ &♦❧ θ✳ ❖9 ❝❡❧❧❡✲❝✐ ♥✬❡&( ♣❛& ❝♦♥(✐♥✉❡ A ❧✬✐♥(❡9❢❛❝❡ ❡♥(9❡
❞❡✉① ❤♦9✐③♦♥&✳ :♦✉9 ❧✬✐♥&(❛♥(✱ ❞❡& ❞♦♥♥#❡& A ❧✬#❝❤❡❧❧❡ ❣❧♦❜❛❧❡ &✉9 ❝❡& ❤♦9✐③♦♥& &♦♥( ❡♥❝♦9❡

9❛9❡& ♦✉ ❜❛&#❡& &✉9 ❞❡& ♦❜&❡9✈❛(✐♦♥& ♣❡✉ ♥♦♠❜9❡✉&❡&✳ ❈❡♣❡♥❞❛♥(✱ ❧❛ 9❡♣9#&❡♥(❛(✐♦♥ ✉♥✐❢♦9♠❡

❞❡ ❧❛ ③♦♥❡ 9❛❝✐♥❛✐9❡ ♣❛9 ✉♥❡ #♣❛✐&&❡✉9 ❞❡ ❞❡✉① ♠8(9❡& ❛✈❡❝ ❞❡& ♣9♦♣9✐#(#& ✐❞❡♥(✐G✉❡& &❡♠❜❧❡

(9♦♣ &✐♠♣❧✐&(❡ ♣♦✉9 ❧❡ ♠✐❧✐❡✉ ❝♦♠♣❧❡①❡ ❞❡ ❧❛ ③♦♥❡ 9❛❝✐♥❛✐9❡ ✿ ❧❡& 9❛❝✐♥❡& &❡ ❞#✈❡❧♦♣♣❡♥(

❡( ❝9#❡♥( ❞❡& ✜&&✉9❡& ♦✉ ❞❡& ♠❛❝9♦♣♦9❡& ❢❛✈♦9✐&❛♥( ❧✬✐♥✜❧(9❛(✐♦♥ ♣9♦❝❤❡ ❞❡ ❧❛ &✉9❢❛❝❡✱ ❡(

❧❡& #❧#♠❡♥(& ❧❡& ♣❧✉& ✜♥& ✈♦♥( ❛✈♦✐9 (❡♥❞❛♥❝❡ A ♣❡9❝♦❧❡9 ✈❡9& ❧❡& ❝♦✉❝❤❡& ♣❧✉& ♣9♦❢♦♥❞❡&

❞✉ &♦❧✱ 9❡♥❞❛♥( ❧❡ ♠✐❧✐❡✉ ♣❧✉& ❞❡♥&❡ ❡♥ ♣9♦❢♦♥❞❡✉9 ❡( ❞♦♥❝ ♠♦✐♥& ❝♦♥❞✉❝(❡✉9 ❬❇❡✈❡♥ ❛♥❞

●❡9♠❛♥♥✱ ✶✾✽✷❀ ❇❡✈❡♥✱ ✶✾✽✹❪✳ ❈✬❡&( ❧❛ 9❛✐&♦♥ G✉✐ ❛ ♣♦✉&&# ❬❇❡✈❡♥ ❛♥❞ ●❡9♠❛♥♥✱ ✶✾✽✷❀

❇❡✈❡♥✱ ✶✾✽✹❪ A ♣9♦♣♦&❡9 ❧✬✉(✐❧✐&❛(✐♦♥ ❞❡ ❢♦♥❝(✐♦♥& ❡①♣♦♥❡♥(✐❡❧❧❡& ♣♦✉9 ❞#❝9✐9❡ ❧❛ 9#❞✉❝(✐♦♥

❞❡ ❧❛ ♣♦9♦&✐(# ❡( ❞❡ ❧❛ ❝♦♥❞✉❝(✐✈✐(# A &❛(✉9❛(✐♦♥ Ks ❛✈❡❝ ❧❛ ♣9♦❢♦♥❞❡✉9✳ ■❧ ♦♥( ♣❛9 ❛✐❧❧❡✉9&

♠♦♥(9# A ♣❛9(✐9 ❞✬♦❜&❡9✈❛(✐♦♥& G✉❡ ❧❡ ♣9♦✜❧ ❞❡ Ks ❛✈❛✐( ✉♥❡ ✐♠♣♦9(❛♥❝❡ ❜✐❡♥ ♣❧✉& ❣9❛♥❞❡

G✉❡ ❝❡❧✉✐ ❞❡ ❧❛ ♣♦9♦&✐(#✳ ❙(✐❡❣❧✐(③ ❡( ❛❧✳ ❬✶✾✾✼❪ ♦♥( #(✉❞✐# ♣❛9 ❧❛ &✉✐(❡ ❧✬✐♠♣❛❝( ❞✬✉♥ ♣9♦✜❧

❞❡ Ks &✉9 ❧❡& ❞#❜✐(& ❞❡ ✢❡✉✈❡ ❞❛♥& ✉♥ ♠♦❞8❧❡ ✉♥✐✲❝♦❧♦♥♥❡✳ ❈❤❡♥ ❛♥❞ ❑✉♠❛9 ❬✷✵✵✶❪ ❡(

✜♥❛❧❡♠❡♥( ❉❡❝❤❛9♠❡ ❡( ❛❧✳ ❬✷✵✵✻❪ ♦♥( ♠♦♥(9# G✉❡ ❝❡( ✐♠♣❛❝( 9❡&(❛✐( ✐♠♣♦9(❛♥( ❛✉&&✐ ❜✐❡♥

A ❧✬#❝❤❡❧❧❡ 9#❣✐♦♥❛❧❡ G✉✬A ❧✬#❝❤❡❧❧❡ ❝♦♥(✐♥❡♥(❛❧❡✳

❆✜♥ ❞❡ ❝♦♥&❡9✈❡9 ❧❛ ❝♦❤#9❡♥❝❡ ❞❡ ❧✬❤②❞9♦❧♦❣✐❡ ❞❛♥& ❖❘❈❍■❉❊❊✱ ❧✬✐❞#❡ ❡&( ✐❝✐ ❞✬✐♥(9♦✲

❞✉✐9❡ ✉♥❡ ✈❛9✐❛(✐♦♥ ❞❡& ♣9♦♣9✐#(#& ❞✉ &♦❧ ❛✈❡❝ ❧❛ ♣9♦❢♦♥❞❡✉9✳ ❈❡& ♣9♦♣9✐#(#& ✐♥(❡9✈✐❡♥♥❡♥(

❞❛♥& ❧❡& #G✉❛(✐♦♥& ✈✐❛ ❧❡& ♣❛9❛♠8(9❡& ❞❡ ❱❛♥ ●❡♥✉❝❤(❡♥✱ ❝✬❡&(✲A✲❞✐9❡ Ks✱ ♠❛✐& ❛✉&&✐ n✱
α✱ θr ❡( θs✳ :♦✉9 ❞♦♥♥❡9 ✉♥❡ ✐❞#❡ ❞❡ ❧❛ ✈❛9✐❛❜✐❧✐(# ❞❡ ❝❡& ♣❛9❛♠8(9❡& ❛✈❡❝ ❧❡ (②♣❡ ❞❡ &♦❧✱
♥♦✉& 9❛♣♣❡❧♦♥& ❞❛♥& ❧❛ ❚❛❜❧❡ ✸✳✹✱ ❧❡& ✈❛❧❡✉9& ❞♦♥♥#❡& ♣❛9 ❈❛9&❡❧ ❛♥❞ :❛99✐&❤ ❬✶✾✽✽❪ ♣♦✉9

❧❡& ❞✐✛#9❡♥(& (②♣❡& ❞❡ &♦❧ ❞❡ ❧❛ ❝❧❛&&✐✜❝❛(✐♦♥ ❯❙❉❆ 9❡♣9#&❡♥(#& &✉9 ❧❡ (9✐❛♥❣❧❡ (❡①(✉9❛❧ ❡♥

✜❣✉9❡ ✸✳✸ ✳

▲❡& ✈❛❧❡✉9& ❞❡ θs ❡( θr ✐♥(❡9✈✐❡♥♥❡♥( ♣9✐♥❝✐♣❛❧❡♠❡♥( ❞❛♥& ❧❛ ❢♦9♠✉❧❛(✐♦♥ ❞❡ ❱❛♥ ●❡♥✉❝❤(❡♥✲
▼✉❛❧❡♠ ✈✐❛ ❧❛ ❞✐✛#9❡♥❝❡ θs−θr✱ G✉✐ ❡&( (98& ♣❡✉ ✈❛9✐❛❜❧❡ ♣❛9 9❛♣♣♦9( ❛✉① ❛✉(9❡& ♣❛9❛♠8(9❡&
Ks✱ n ❡( α✳ :❛9 ❛✐❧❧❡✉9&✱ ❧❛ ✈❛9✐❛❜✐❧✐(# ❞❡ θr ❡( θs ♣♦✉9 ✉♥ ♠b♠❡ (②♣❡ ❞❡ &♦❧ ❡&( (98& ❣9❛♥❞❡
✭❞❡ ❧✬♦9❞9❡ ❞❡ ✵✳✵✶ ♣♦✉9 θr✱ ❡( ❞❡ ✵✳✶ ♣♦✉9 θs✮✳ ❊♥✜♥ ❧✬#✈♦❧✉(✐♦♥ ❞❡ θs− θr✱ ❡&( ♠❛❧ ❝♦99#❧#❡

✾✵



❈❍❆#■❚❘❊ ✸✳ ▼❆❚➱❘■❊▲ ❊❚ ▼➱❚❍❖❉❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✸✳✷✳ ▲❊ ▼❖❉➮▲❊ ❉❊ ❱➱●➱❚❆❚■❖◆

❖❘❈❍■❉❊❊

❛✈❡❝ ❧✬#✈♦❧✉(✐♦♥ ❞❡& ❛✉(8❡& ♣❛8❛♠:(8❡& ❧♦8&;✉❡ ❧✬♦♥ ❝❤❛♥❣❡ ❞❡ (②♣❡ ❞❡ &♦❧✳ ▲❡ ♣❛8(✐ ♣8✐& ❡&(

❞♦♥❝ ❞❡ &✐♠✉❧❡8 ✉♥ ❝❤❛♥❣❡♠❡♥( ♣8♦❣8❡&&✐❢ ❞❡ ❧❛ (❡①(✉8❡ ❞✉ &♦❧ ❛✈❡❝ ❧❛ ♣8♦❢♦♥❞❡✉8 ❡♥ ♥❡ ♠♦✲

❞✐✜❛♥( ;✉❡ ❧❡& ♣❛8❛♠:(8❡& Ks✱ n ❡( α✳ E♦✉8 ❝❡❧❛✱ ❞✬❖8❣❡✈❛❧ ❬✷✵✵✻❪ ❡&( ♣❛8(✐ ❞✬✉♥❡ ✈❛8✐❛(✐♦♥
❡①♣♦♥❡♥(✐❡❧❧❡ ❞❡ Ks✱ ❛✈❡❝ ❧❛ ♣8♦❢♦♥❞❡✉8 ✐♥&♣✐8#❡ ❞❡ ❉❡❝❤❛8♠❡ ❡( ❛❧✳ ❬✷✵✵✻❪✳ ■❧ ❛ ♠♦❞#❧✐&#

❛✐♥&✐ ❧❛ ❝♦♠♣❛❝✐(# ❝8♦✐&&❛♥(❡ ❞✉ &♦❧ ❛✈❡❝ ❧❛ ♣8♦❢♦♥❞❡✉8✱ K ♣❛8(✐8 ❞✬✉♥❡ ♣8♦❢♦♥❞❡✉8 ❧✐♠✐(❡

zlim = 0.3m✳ ❆✉✲❞❡&&✉& ❞❡ ❝❡((❡ ♣8♦❢♦♥❞❡✉8 ❧✐♠✐(❡✱ ✐❧ ❛ ❝♦♥&✐❞#8# ;✉❡ ❧❡ &♦❧ #(❛✐( ✉♥✐❢♦8♠❡
❡♥ ❧✬❛❜&❡♥❝❡ ❞❡ 8❛❝✐♥❡&✳ ❖♥ #❝8✐( ❞♦♥❝ ❞❛♥& ✉♥ ♣8❡♠✐❡8 (❡♠♣& ✿

Ks(z) = KC&P
s min(1, e−

z−zlim

zs ) ✭✸✳✹✼✮

♦O Ks(z) ❡&( ❧❛ ❝♦♥❞✉❝(✐✈✐(# K &❛(✉8❛(✐♦♥ K ✉♥❡ ❝❡8(❛✐♥❡ ♣8♦❢♦♥❞❡✉8✱ K
C&P
s ❡&( ❧❛

❝♦♥❞✉❝(✐✈✐(# ❞✉ &♦❧ ❝♦♥&✐❞#8# ❞✬❛♣8:& ❈❛8&❡❧ ❛♥❞ E❛88✐&❤ ❬✶✾✽✽❪✱ zs ❡&( ❧❛ ♣8♦❢♦♥❞❡✉8 ❝❛8❛❝✲
(#8✐&(✐;✉❡ ❞❡ ❞#❝8♦✐&&❛♥❝❡ ❞❡ Ks✳ ❈♦♥(8❛✐8❡♠❡♥( K ❉❡❝❤❛8♠❡ ❡( ❛❧✳ ❬✷✵✵✻❪✱ ❧❛ ✈❛❧❡✉8 K

C&P
s

❡&( ❞♦♥❝ ❛♣♣❧✐;✉#❡ ❡♥(8❡ ❧❛ &✉8❢❛❝❡ ❡( zlim✳

❉❛♥& ✉♥ &❡❝♦♥❞ (❡♠♣&✱ ❞✬❖8❣❡✈❛❧ ❬✷✵✵✻❪ ❛ #❣❛❧❡♠❡♥( ❝❤❡8❝❤# K ✐♥(8♦❞✉✐8❡ ❧✬✐♠♣❛❝( ❞❡&

8❛❝✐♥❡& ❞❡ ❧❛ ✈#❣#(❛(✐♦♥ &✉8 ❧✬✐♥✜❧(8❛(✐♦♥ ❞❛♥& ❧❡ &♦❧✳ ❯♥❡ ✈❛8✐❛(✐♦♥ &✉♣♣❧#♠❡♥(❛✐8❡ ❞❡ Ks✱

❝♦88#❧#❡ ❛✈❡❝ ❧❡ ♣8♦✜❧ 8❛❝✐♥❛✐8❡ ❡&( ❞♦♥♥#❡ ♣❛8 ❧✬❡①♣8❡&&✐♦♥ &✉✐✈❛♥(❡ ✿

K ′
s(z) = KR(z)Ks(z)

KR(z) =
13
∏

k=1

(KR
k (z))

fk
✭✸✳✹✽✮

❆✈❡❝ fk ❧❛ ❢8❛❝(✐♦♥ ❞❡ ✈#❣#(❛(✐♦♥ ❞❡ (②♣❡ k ❡( K
R
k (z) ❧✬✐♥✢✉❡♥❝❡ ❞❡& 8❛❝✐♥❡& ❞❡ ❝❡ (②♣❡

❞❡ ✈#❣#(❛(✐♦♥ &✉8 ❧❛ ❝♦♥❞✉❝(✐✈✐(# ❤②❞8❛✉❧✐;✉❡✱ ❝❛❧❝✉❧#❡ ❞❡ ❧❛ ♠❛♥✐:8❡ &✉✐✈❛♥(❡ ✿

KR
k (z) = (KR

max)
1−ckz si z < 1

ck
= 1 si z ≥ 1

ck
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❖O KR
max ❡&( ❧❡ ❢❛❝(❡✉8 ♠✉❧(✐♣❧✐❝❛(✐❢ ♠❛①✐♠❛❧ ❞❡ Ks ❞✉ K ❧❛ ♣8#&❡♥❝❡ ❞❡ 8❛❝✐♥❡& ❡(

ck✱ ❧❡ ❝♦❡✣❝✐❡♥( ❞❡ ♣8♦✜❧ 8❛❝✐♥❛✐8❡ ✭✈♦✐8 (❛❜❧❡❛✉ ✸✳✸✮✳ ❆✐♥&✐✱ ❞✬❖8❣❡✈❛❧ ❬✷✵✵✻❪ ❛ ❞#✜♥✐
♣♦✉8 ❝❤❛;✉❡ (②♣❡ ❞❡ ✈#❣#(❛(✐♦♥ ✉♥ ♣8♦✜❧ ❡①♣♦♥❡♥(✐❡❧ ❡♥(8❡ KR

max ❡♥ &✉8❢❛❝❡ ❡( ✶ K ♣❛8(✐8

❞❡ ❧❛ ♣8♦❢♦♥❞❡✉8

1
c ✳ E✉✐&✱ K ❝❤❛;✉❡ ♣8♦❢♦♥❞❡✉8✱ ✐❧ ❛ ❝❛❧❝✉❧# ❧❛ ♠♦②❡♥♥❡ ❣#♦♠#(8✐;✉❡ ❞❡&

❝♦❡✣❝✐❡♥(& ♣♦✉8 ❧❡& ❞✐✛#8❡♥(❡& ✈#❣#(❛(✐♦♥&✱ ♣♦♥❞#8#❡ ♣❛8 ❧❛ ❢8❛❝(✐♦♥ ♣8#&❡♥(❡ ❞❛♥& ❧❛ ♠❛✐❧❧❡✳

E♦✉8 k = 1✱ KR
1 (z) = 1 ♣✉✐&;✉✬❛✉❝✉♥❡ 8❛❝✐♥❡ ♥✬❡&( ♣8#&❡♥(❡ ❞❛♥& ❧❡ &♦❧ ♥✉✳ E♦✉8 KR

max✱

❞✐✛#8❡♥(❡& ❢♦8♠✉❧❛(✐♦♥& ♦♥( #(# (❡&(#❡&✱ ❡( ✐❧ &✬❛✈:8❡ ;✉❡ ❧❛ ♣❛8❛♠#(8✐&❛(✐♦♥ ❛♠#❧✐♦8❡ ❧❡&

8#&✉❧(❛(& &✐ KR
max ❡&( ❞#♣❡♥❞❛♥( ❞✉ (②♣❡ ❞❡ &♦❧✳ ❆✐♥&✐✱ ❧❛ ♣8#&❡♥❝❡ ❞❡ 8❛❝✐♥❡& ❛✉❣♠❡♥(❡ ♣❧✉&

❧❛ ❝♦♥❞✉❝(✐✈✐(# ❞✬✉♥ &♦❧ ✜♥ ;✉❡ ❞✬✉♥ &♦❧ ❣8♦&&✐❡8✳ ▲❛ ❢♦8♠✉❧❛(✐♦♥ ;✉❡ ❧✬♦♥ ✉(✐❧✐&❡8❛ ♣❛8 ❧❛

&✉✐(❡ &✬#❝8✐( ❞♦♥❝ ✿

KR
max =

(

Kmax
s

Ks

)
1

2
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❆✈❡❝ Ks ❧❛ ❝♦♥❞✉❝(✐✈✐(# K &❛(✉8❛(✐♦♥ ❞✉ &♦❧ ❝♦♥&✐❞#8# ❡( K
max
s = 7128.0✱ ❧❛ ❝♦♥❞✉❝(✐✈✐(#

♠❛①✐♠❛❧❡ ❞✬✉♥ &❛❜❧❡ &❡❧♦♥ ❧❡& ❞♦♥♥#❡& ❞❡ ❈❛8&❡❧ ❛♥❞ E❛88✐&❤ ❬✶✾✽✽❪✳
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♣♦=❛(✐♦♥✱ ❡( ❡♥ ♣=❡♠✐❡= ❧✐❡✉ ❧❛ =#♣❛=(✐(✐♦♥ ❡♥(=❡ ✐♥(❡=❝❡♣(✐♦♥ ❡( (=❛♥&♣✐=❛(✐♦♥✳ ▲❛ ♣=❡♠✐9=❡

#(❛♣❡ ❡&( ❧❛ =#♣❛=(✐(✐♦♥ ❡♥(=❡ ❧✬❡❛✉ J✉✐ =❡&(❡ &✉= ❧❡ ❢❡✉✐❧❧❛❣❡ ❡( ❝❡❧❧❡ J✉✐ (♦♠❜❡ ❛✉ &♦❧✳ ❈♦♠♠❡

♥♦✉& ❧✬❛✈♦♥& &♦✉❧✐❣♥# ♣=#❝#❞❡♠♠❡♥(✱ ❧❛ J✉❛♥(✐(# ♠❛①✐♠❛❧❡ ❞✬❡❛✉ &✉= ❧❡ ❢❡✉✐❧❧❛❣❡ Imax
k ❞♦✐(

M(=❡ ❛❞❛♣(#❡ N ❧❛ ♠#(❤♦❞❡ &❡❧♦♥ ❧❛J✉❡❧❧❡ ♦♥ ❡&&❛②❡ ❞❡ ❝♦==✐❣❡= ❧❛ &♦✉&✲❡&(✐♠❛(✐♦♥ ❞❡ ❧✬✐♥(❡♥✲

&✐(# ❞❡& ♣❧✉✐❡& ❧♦=&J✉✬♦♥ (=❛✈❛✐❧❧❡ ❛✈❡❝ ❞❡& ✜❝❤✐❡=& ❞❡ ❢♦=O❛❣❡ ❞♦♥( ❧❛ =#&♦❧✉(✐♦♥ (❡♠♣♦=❡❧❧❡

❡①❝9❞❡ ❞❡ ❧♦✐♥ ❧❡ (❡♠♣& ❝❛=❛❝(#=✐&(✐J✉❡ ♣♦✉= ❧❡J✉❡❧ ❧✬❤✉♠❡❝(❛(✐♦♥ ❞❡& ❝♦✉❝❤❡& ♣❡✉( ❝❤❛♥✲

❣❡= ❞=❛&(✐J✉❡♠❡♥(✳ P❛= ❛✐❧❧❡✉=&✱ ✐❧ ❡&( ❧#❣9=❡♠❡♥( ✐♥❝♦==❡❝( ❞❡ ❝♦♥&✐❞#=❡= J✉✬❡♥ ❞❡&&♦✉& ❞❡

❝❡((❡ ✈❛❧❡✉= ❛✉❝✉♥❡ ♣❧✉✐❡ ♥❡ (♦♠❜❡ ❛✉ &♦❧✳ ❈❡♣❡♥❞❛♥(✱ ❞❛♥& ❧❛ ♠❡&✉=❡ ♦Q ♥♦✉& ♥✬❛✈✐♦♥& ♣❛&

❝♦♥♥❛✐&&❛♥❝❡ ❞✬❡&(✐♠❛(✐♦♥ ❢❛❝✐❧❡♠❡♥( ✐♠♣❧#♠❡♥(❛❜❧❡ ❞✉ ♣♦✉=❝❡♥(❛❣❡ ❞❡ ❧✬❡❛✉ J✉✐ =❡&(❡ &✉=

❧❛ ❢❡✉✐❧❧❡ ❡♥ ❢♦♥❝(✐♦♥ ❞❡ ❧✬✐♥(❡♥&✐(# ❞❡ ❧❛ ♣❧✉✐❡✱ ♥♦✉& ♥♦✉& &♦♠♠❡& ❧✐♠✐(# N ❝❛❧❡= ❧❡ ♣❛=❛♠9(=❡

Imax
k ❝♦♠♠❡ ❧✬❛✈❛✐( ❞#❥N ❢❛✐( ❚✳ ❞✬❖=❣❡✈❛❧ ❬✷✵✵✻❪✳ P❛= ❧❛ &✉✐(❡✱ ♥❡ ❢❛✐=❡ ❞❡ ❧✬✐♥(❡=❝❡♣(✐♦♥

J✉❡ &✉= ✉♥❡ ❢=❛❝(✐♦♥

Ik
Imax

k

❡( ❞❡ ❧❛ (=❛♥&♣✐=❛(✐♦♥ &✉= ❧❛ ❢=❛❝(✐♦♥ 1− Ik
Imax

k

❛ ♣❧✉&✐❡✉=& ✐♠♣❧✐❝❛✲

(✐♦♥&✳ ❈❡ ❝❤♦✐① ❝♦==❡&♣♦♥❞ N ❧✬❤②♣♦(❤9&❡ &❡❧♦♥ ❧❛J✉❡❧❧❡ &❡✉❧❡ ✉♥❡ ❢=❛❝(✐♦♥

Ik
Imax

k

❞✉ ❢❡✉✐❧❧❛❣❡

❡&( ❝♦✉✈❡=(❡ ❞✬❡❛✉ ❛♣=9& ✉♥ ♣❛&&❛❣❡ ♣❧✉✈✐❡✉①✳ ❉❛♥& ❝❡((❡ ❢=❛❝(✐♦♥✱ ❧✬❡❛✉ ✐♥(❡=❝❡♣(#❡ &✬#✈❛✲

♣♦=❡✱ (❛♥❞✐& J✉❡ &✉= ❧❡ =❡&(❡ ❞✉ ❢❡✉✐❧❧❛❣❡✱ ❧❡& ❢❡✉✐❧❧❡& (=❛♥&♣✐=❡♥(✳ ❈❡♣❡♥❞❛♥(✱ ✉♥ ♣=♦❜❧9♠❡

✐♠♣♦=(❛♥( &❡ ♣♦&❡✳ ❙✐ ❧❡ =#&❡=✈♦✐= ❞✬❡❛✉ ❞✉ ❢❡✉✐❧❧❛❣❡ ♥❡ ♣❡✉( &❛(✐&❢❛✐=❡ ❧❛ ❞❡♠❛♥❞❡ #✈❛♣♦✲

=❛(✐✈❡ &✉= ❧❛ ❢=❛❝(✐♦♥

Ik
Umax

k

✱ ❧❛ (=❛♥&♣✐=❛(✐♦♥ ♥❡ ♣=❡♥❞=❛ ♣❛& ❧❡ =❡❧❛✐&✳ ❖♥ ❧❛ &♦✉&✲❡&(✐♠❡

❞♦♥❝✳ ❚ ❞✬❖=❣❡✈❛❧ ❬✷✵✵✻❪ ❛ ❞♦♥❝ ❛❞♦♣(# ✉♥❡ ♥♦✉✈❡❧❧❡ ❢♦=♠✉❧❛(✐♦♥ ❞❡ ❧✬✐♥(❡=❝❡♣(✐♦♥ ❡( ❞❡ ❧❛

(=❛♥&♣✐=❛(✐♦♥✱ ❞❛♥& ❧❛J✉❡❧❧❡ ❧❛ ❢=❛❝(✐♦♥

Ik
Umax

k

♥✬✐♥(❡=✈✐❡♥( ♣❛&✳ ❉❛♥& ❧❛ ❢♦=♠✉❧❛(✐♦♥ J✉✬✐❧ ❛

❛❞♦♣(#✱ ❧✬#✈❛♣♦=❛(✐♦♥ ♠❛①✐♠❛❧❡ ❛✉ ♥✐✈❡❛✉ ❞✬✉♥❡ ❢❡✉✐❧❧❡ ❡&( ❡&(✐♠#❡ ♣❛= Emax
k = 1

1+
rk

ra

E′pot✱
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∑13

k=2(Ek + Tk)✮
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❡/ ❧❛ ♣❤8♥♦❧♦❣✐❡ ❞❡3 ♣❧❛♥/❡3 ♣#✐3❡ ❡♥ ❝♦♠♣/❡ ❞❡ ❢❛N♦♥ ♣#♦♥♦3/✐7✉❡ ♣❛# ❧❡3 ❛❥✉3/❡♠❡♥/3

❞8❝#✐/3 ❝✐✲❞❡33✉3 ❡3/ /♦✉/ ❞✬❛❜♦#❞ ❝♦♠♣❛#8 ❛✉① ❝♦♥✜❣✉#❛/✐♦♥3 ❞✉ ♠♦❞<❧❡ ❡♠♣❧♦②8❡3 ❥✉37✉❡

❧C ♣❛# ❞✐✛8#❡♥/3 ❛✉/❡✉#3 ✿

✕ ❝❤♦✐3♥❡❧❴3❡❝ ✿ ♠♦❞<❧❡ ❤②❞#♦❧♦❣✐7✉❡ ❝♦♥❝❡♣/✉❡❧ ❡/ ♣❤8♥♦❧♦❣✐❡ ♣#❡3❝#✐/❡ ✭❡♠♣❧♦✐ ❞❡

❙❊❈❍■❇❆ 3❡✉❧❡♠❡♥/✮

✕ ❝❤♦✐3♥❡❧❴3/♦ ✿ ♠♦❞<❧❡ ❤②❞#♦❧♦❣✐7✉❡ ❝♦♥❝❡♣/✉❡❧ ❡/ ♣❤8♥♦❧♦❣✐❡ ❝❛❧❝✉❧8❡ ❞❡ ♠❛♥✐<#❡

♣#♦♥♦3/✐7✉❡ ♣❛# ❧❡ ♠♦❞<❧❡ ✭❝♦♠❜✐♥❛✐3♦♥ ✉/✐❧✐38❡ ❡♥ #♦✉/✐♥❡ ❛✉ ▲❙❈❊✮✳

✕ ❝✇##❴3❡❝ ✿ ♠♦❞<❧❡ ❤②❞#♦❧♦❣✐7✉❡ C ❜❛3❡ ♣❤②3✐7✉❡ ❡/ ♣❤8♥♦❧♦❣✐❡ ♣#❡3❝#✐/❡ ✭✈❡#3✐♦♥

❞8✈❡❧♦♣♣8❡ ♣❛# ✳̂ ❞❡ ❘♦3♥❛② ❡/ ❏✳ ^♦❧❝❤❡#✱ ♣✉✐3 ❚✳ ❞✬❖#❣❡✈❛❧✱✳ ✳ ✳ ✮

✾✼



✹✳✷✳ ❉■❆●◆❖❙❚■❈ ❉❊ ▲✬❊❳■❙❚❆◆❚

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆1■❚❘❊ ✹✳ ❆11▲■❈❆❚■❖◆ ❉❯ ▼❖❉➮▲❊

❙❯❘ ❙■❚❊❙

✕ ❝✇##❴%&♦ ✿ ♠♦❞+❧❡ ❤②❞#♦❧♦❣✐2✉❡ 4 ❜❛%❡ ♣❤②%✐2✉❡ ❡& ❝②❝❧❡ ♣❤8♥♦❧♦❣✐2✉❡ ♣#♦♥♦%&✐2✉❡

✭❝♦♠❜✐♥❛✐%♦♥ ♥♦♥ 8✈❛❧✉8❡ ❛✈❛♥& ❝❡ &#❛✈❛✐❧✮✳

❉❛♥% ❧❡ ❝❛❞#❡ ❞✬✉♥ ♣#❡♠✐❡# ❞✐❛❣♥♦%&✐❝ ❡①♣❧♦#❛&♦✐#❡✱ &#♦✐% ✈❛#✐❛❜❧❡% %♦♥& ❝♦♥%✐❞8#8❡% ✿ ❧❛

♣#♦❞✉❝&✐♦♥ ♣#✐♠❛✐#❡ ❜#✉&❡ ♦✉ ●CC ✭❡♥ gC/m2/j✮✱ ❧❡ ✢✉① ❞❡ ❝❤❛❧❡✉# %❡♥%✐❜❧❡ ✭❡♥ W/m2
✮

❡& ❧❡ ✢✉① ❞❡ ❝❤❛❧❡✉# ❧❛&❡♥&❡ ✭❡♥ W/m2
✮ ♣♦✉# ✉♥ ❡♥%❡♠❜❧❡ ❞❡ %✐&❡% ❞❡ ❧❛ ❜❛%❡ ❞❡ ❞♦♥♥8❡%

▲❆❚❍❯■▲❊ %✉# ❧❡%2✉❡❧% ❧✬❤✉♠✐❞✐&8 ❞✉ %♦❧ ❛✈❛✐& 8❣❛❧❡♠❡♥& 8&8 ♠❡%✉#8❡✳ ◆♦✉% ♥❡ ♣#8%❡♥&♦♥%

&♦✉&❡❢♦✐% ♣❛% ✐❝✐ ❞❡ ❝♦♠♣❛#❛✐%♦♥ %✉# ❝❡&&❡ ❞❡#♥✐+#❡ ✈❛#✐❛❜❧❡✱ ♥♦&❛♠♠❡♥& ♣❛#❝❡ 2✉❡ ❧❡%

♣#♦❢♦♥❞❡✉#% ❡①❛❝&❡% ❛✉①2✉❡❧❧❡% ❧❡% ♠❡%✉#❡% ♦♥& 8&8 ❡✛❡❝&✉8❡% ♥✬8&❛✐❡♥& ♣❛% ❞✐%♣♦♥✐❜❧❡%✳

▲❡% ❝②❝❧❡% ❞✐✉#♥❡% ♠♦②❡♥%✱ ♦❜&❡♥✉% ♣♦✉# ❝❤❛❝✉♥❡ ❞❡% %❛✐%♦♥%✱ ❛✐♥%✐ 2✉❡ ❧❡% ❝②❝❧❡% %❛✐%♦♥✲

♥✐❡#% ♠♦②❡♥% ✭♠♦②❡♥♥❡ ♠♦✐% ♣❛# ♠♦✐% %✉# ❧❡% ❞✐✛8#❡♥&❡% ❛♥♥8❡% ♣♦✉# ❧❡%2✉❡❧❧❡% ❧❡ ❢♦#P❛❣❡

❡%& ❞✐%♣♦♥✐❜❧❡✮ %♦♥& ♣#8%❡♥&8% ❡♥ ❛♥♥❡①❡ ❆✳

❯♥❡ ✈✐%✐♦♥ %②♥♦♣&✐2✉❡ ❞❡% ♣❡#❢♦#♠❛♥❝❡% ❞❡% ❞✐✛8#❡♥&❡% ✈❡#%✐♦♥% ❞✉ ♠♦❞+❧❡ ❡%& ❞♦♥✲

♥8❡ ♣❛# ❧❡ ❝❛❧❝✉❧ ❞❡% ❝♦66#❧❛(✐♦♥& ❡♥&#❡ ♠♦❞+❧❡ ❡& ♦❜%❡#✈❛&✐♦♥%✱ ❞✉ ❜✐❛✐& ✭♣♦✉# ♠❡&&#❡ ❡♥

8✈✐❞❡♥❝❡ ❞✬8✈❡♥&✉❡❧% ❜✐❛✐% %②%&8♠❛&✐2✉❡%✮ ❡& ❞❡ ❧❛ ✈❛❧❡✉6 ❛❜&♦❧✉❡ ❞❡ ❝❡ ❞❡6♥✐❡6

✶

✭✜❣✉#❡%

✹✳✶✱ ✹✳✸ ❡& ✹✳✷✮✳ ▲❡ ❝❤♦✐① ❞✬✉♥ ❥❡✉ ❞❡ ♠8&#✐2✉❡% #❡♣♦%❛♥& ✉♥✐2✉❡♠❡♥& %✉# ❧❛ ❝♦##8❧❛&✐♦♥ ❡&

❧❡ ❜✐❛✐% ♣#8%❡♥&❡ ❧❡ ❞8%❛✈❛♥&❛❣❡ ❞❡ ♥❡ #❡♥❞#❡ ❝♦♠♣&❡ ❞❡% 8❝❛#&% ❞✬❛♠♣❧✐&✉❞❡ 2✉✬✐♥❞✐#❡❝&❡✲

♠❡♥& ✭✈✐❛ ❧❡ ❜✐❛✐%✱ ♣✉✐%2✉❡ ❧❡% ✢✉① ❝♦♥%✐❞8#8% ♥❡ ♣#❡♥♥❡♥& 2✉❡ ❞❡% ✈❛❧❡✉#% ♣♦%✐&✐✈❡%✮✱ ❝❡

&#❛✈❛✐❧ ❡①♣❧♦#❛&♦✐#❡ ❡♥ ❡%& #❡%&8 ❧4✱ ❧❡ ❥❡✉ ❞❡ ❞♦♥♥8❡% ❡♠♣❧♦②8 ♥❡ ♣♦✉✈❛♥& ❢❛✐#❡ ❧✬♦❜❥❡& ❞✬✉♥❡

♣✉❜❧✐❝❛&✐♦♥✳

❉❛♥% ❧✬❡♥%❡♠❜❧❡✱ ♠W♠❡ %✐ ❛✉❝✉♥❡ ❞❡% ❞✐✛8#❡♥❝❡% ♥✬❡%& %&❛&✐%&✐2✉❡♠❡♥& %✐❣♥✐✜❝❛&✐✈❡

✭❞✬❛♣#+% ✉♥❡ ❡%&✐♠❛&✐♦♥ ♣❛# ❜♦♦&%&#❛♣✮ ✿

✕ ❧❡% ✈❡#%✐♦♥% ❞✉ ♠♦❞+❧❡ ❞❛♥% ❧❡%2✉❡❧❧❡% ❙❚❖▼❆❚❊ ❡%& ❛❝&✐✈8 ♣#8%❡♥&❡♥& ❧❡% ❜✐❛✐% ❧❡%

♣❧✉% ❢❛✐❜❧❡% ♣♦✉# ❧❛ ●CC ✭✈#❛✐ 4 ❧✬❡①❝❡♣&✐♦♥ ❞✉ ❝②❝❧❡ ❞✐✉#♥❡ ❡♥ %❛✐%♦♥ ❡%&✐✈❛❧❡✮✱ &❛♥❞✐%

2✉❡ ❧❡% ✈❡#%✐♦♥% ❞❛♥% ❧❡%2✉❡❧❧❡% ❙❚❖▼❆❚❊ ♥✬❡%& ♣❛% ❛❝&✐✈8 ♦♥& &❡♥❞❛♥❝❡ 4 ♣#8%❡♥&❡#

❞❡% ❜✐❛✐% ♣❧✉% ❢❛✐❜❧❡% ❡♥ ❝❡ 2✉✐ ❝♦♥❝❡#♥❡ ❧❡% ✢✉① ❞❡ ❝❤❛❧❡✉# %❡♥%✐❜❧❡ ❡& ❧❛&❡♥&❡✳

✕ ❧❡% ✈❡#%✐♦♥% ❞✉ ♠♦❞+❧❡ ❞❛♥% ❧❡%2✉❡❧❧❡% ❧✬❤②❞#♦❧♦❣✐❡ ♠✉❧&✐✲❝♦✉❝❤❡% ❡%& ❛❝&✐✈8❡ ♣#8✲

%❡♥&❡♥& ❞❡% ❜✐❛✐% ♣❧✉% ❢❛✐❜❧❡% 2✉❡ ❧❡% ✈❡#%✐♦♥% ❛✈❡❝ ❧✬❤②❞#♦❧♦❣✐❡ ❞❡ ❈❤♦✐%♥❡❧ ❡♥ ❝❡ 2✉✐

❝♦♥❝❡#♥❡ ❧❡% ✢✉① ❧❛&❡♥& ❡& %❡♥%✐❜❧❡ &❛♥❞✐% 2✉❡ ❧❡% #8%✉❧&❛&% %♦♥& ♣❧✉% ❝♦♥%&#❛%&8% ♣♦✉#

❧❛ ●CC✱ ❡& ♥❡ #8✈+❧❡♥& ❡♥ &♦✉& ❝❛% ♣❛% ❞❡ ❜✐❛✐% ♥❡&&❡♠❡♥& ♣❧✉% ♠❛#2✉8 ❧♦#%2✉❡ ❈❲❘❘

❡%& ❛❝&✐✈8 ❛❧♦#% 2✉❡ ❧❡% ❢♦♥❝&✐♦♥% ❞❡ %&#❡%% ❤②❞#✐2✉❡ ♥✬♦♥& ❥❛♠❛✐% 8&8 ❛❥✉%&8❡% ❛✈❡❝

❝❡&&❡ ✈❡#%✐♦♥✳

✕ ❡♥ &❡#♠❡ ❞❡ ❝♦##8❧❛&✐♦♥✱ ❧❡% #8%✉❧&❛&% %♦♥& ♣❧✉% ❛♠❜✐✈❛❧❡♥&%✳ ▲❡% ✈❡#%✐♦♥% ❞❛♥% ❧❡%✲

2✉❡❧❧❡% ❙❚❖▼❆❚❊ ♥✬❡%& ♣❛% ❛❝&✐✈8 ♦♥& ♣❧✉&^& &❡♥❞❛♥❝❡ 4 ♣#8%❡♥&❡# ❞❡% ❝♦##8❧❛&✐♦♥%

♣❧✉% 8❧❡✈8❡% ❞❡% ❝②❝❧❡% ❞✐✉#♥❡% ❡& %❛✐%♦♥♥✐❡#% ❞❡ ❝❤❛❧❡✉# ❧❛&❡♥&❡✳

❈❡&&❡ ♣#❡♠✐+#❡ 8&✉❞❡ ❝♦♥✜#♠❡ 2✉❡ ❧❡ ❝♦✉♣❧❛❣❡ ❡✛❡❝&✉8 ❡%& ✐♥❢♦#♠❛&✐2✉❡♠❡♥& ❢♦♥❝&✐♦♥✲

♥❡❧ ❡& ♥❡ ♠❡& ♣❛% ❡♥ 8✈✐❞❡♥❝❡ ❞❡ ❜✐❛✐% ❞❡ ♣#❡♠✐❡# ♦#❞#❡ ✐♥&#♦❞✉✐& ♣❛# ❧❛ ✈❡#%✐♦♥ ❛✈❡❝

❤②❞#♦❧♦❣✐❡ ♠✉❧&✐✲❝♦✉❝❤❡%✱ ❛❧♦#% 2✉❡ ❝❡&&❡ ✈❡#%✐♦♥ ♥✬❛✈❛✐& ♣❛% 8&8 ♣#8❛❧❛❜❧❡♠❡♥& 8&❛❧♦♥♥8❡

❡♥ ❝♦♥❥♦♥❝&✐♦♥ ❛✈❡❝ ❧❡ ♠♦❞✉❧❡ ❙❚❖▼❆❚❊✳ ❈❡❝✐ ❛ 8&8 ❝♦♥%✐❞8#8 ❝♦♠♠❡ ✉♥ ❡♥❝♦✉#❛❣❡♠❡♥&

4 ♣♦✉#%✉✐✈#❡ ❧❡ ❞8✈❡❧♦♣♣❡♠❡♥& ❞✉ ♠♦❞+❧❡ ❞❛♥% ❝❡&&❡ ✈♦✐❡✳

❚♦✉&❡❢♦✐%✱ ❝❡ ❞✐❛❣♥♦%&✐❝ ♥❡ %✉✣& ♣❛% 4 ✈❛❧✐❞❡# ✉♥ ❜❛%❝✉❧❡♠❡♥& ❞❡ ❧❛ ✈❡#%✐♦♥ %&❛♥❞❛#❞

❞✉ ♠♦❞+❧❡✱ ♣✉✐%2✉❡ ❧❡ ❝❤❛♥❣❡♠❡♥& ❞❡ %❝❤8♠❛ ❤②❞#♦❧♦❣✐2✉❡ %❡ ❢❛✐& ❛✉ ♣#✐① ❞✬✉♥❡ ❢♦#&❡

❛✉❣♠❡♥&❛&✐♦♥ ❞✉ &❡♠♣% ❞❡ ❝❛❧❝✉❧ ✭✰✸✵✪ ❞✉ &❡♠♣% &♦&❛❧ ❞❡ %✐♠✉❧❛&✐♦♥ ♣♦✉# ❞❡% &#❛✈❛✉①

#8❣✐♦♥❛✉① ❡♥ ❝♦♥%❡#✈❛♥& ❧❡ ♠W♠❡ ♣❛% ❞❡ &❡♠♣% 8❧8♠❡♥&❛✐#❡✱ ❜❡❛✉❝♦✉♣ ♣❧✉% %✐ ✉♥❡ ❞✐✈✐%✐♦♥

❞✉ ♣❛% ❞❡ &❡♠♣% ❡%& ✉&✐❧✐%8 ♣♦✉# ❞✐♠✐♥✉❡# ❧❡% ❡✛❡&% ❞✬✐♥%&❛❜✐❧✐&8 ♥✉♠8#✐2✉❡ ♦❜%❡#✈8% ❛✈❡❝

❝❡ %❝❤8♠❛✮✳
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◗✉♦✐$✉❡ ❧❡' ❛✈❛♥+❛❣❡' ❞❡ ❝❡ ❝❤❛♥❣❡♠❡♥+ ❞❡ '❝❤1♠❛ ♥❡ '♦✐❡♥+ ♣❛' 1✈✐❞❡♥+' '✉3 ❧❛ 3❡✲

♣31'❡♥+❛+✐♦♥ ❞❡ ❧❛ ♣3♦❞✉❝+✐♦♥ ♣3✐♠❛✐3❡ ❜3✉+❡✱ ✐❧ 3❡♣31'❡♥+❡ ✉♥❡ ♦♣+✐♦♥ ❞✬❛♠1❧✐♦3❛+✐♦♥ ❞✉

♠♦❞8❧❡✱ ♥♦+❛♠♠❡♥+ ❡♥ ❝❡ $✉✐ ❝♦♥❝❡3♥❡ ❧❛ 3❡'♣✐3❛+✐♦♥ ❞✉ '♦❧ ❡+ ❧❛ ❞②♥❛♠✐$✉❡ ❞❡ 31♣♦♥'❡

❛✉① 1✈1♥❡♠❡♥+' ♣❧✉✈✐❡✉①✳ ❈❡++❡ ✈❡3'✐♦♥ ❞✉ ♠♦❞8❧❡ ❛ ❞♦♥❝ 1+1 ✉+✐❧✐'1❡ ❞❛♥' ❧❛ '✉✐+❡ ❞✉

+3❛✈❛✐❧ ❞❡ +❤8'❡✳

✹✳✸ ❆❞❛♣'❛'✐♦♥ ❞✉ ♠♦❞-❧❡ 0 ❞❡1 2❝♦1②1'-♠❡1 1❡♠✐✲❛6✐❞❡1

✹✳✸✳✵✳✶ %&♦❜❧*♠❡ ❞✬✐♥12❛❜✐❧✐24 ♥✉♠4&✐6✉❡ ✿ ♣❧✉✐❡1 1✉& 1♦❧ 1❡❝✳

❯♥❡ ✐♥'+❛❜✐❧✐+1 ♥✉♠13✐$✉❡ ❞✉ ✢✉① ❞✬1✈❛♣♦+3❛♥'♣✐3❛+✐♦♥ ✭✈✐❛ ❧❛ ❝♦♠♣♦'❛♥+❡ ❞✬1✈❛♣♦3❛✲

+✐♦♥ ❞✉ '♦❧ ♥✉✮ ❡'+ ♦❜'❡3✈1❡✳ ❙❡✉❧❡ ❧❛ 31❞✉❝+✐♦♥ ❞❡ ❧❛ ❞✉31❡ ❞✉ ♣❛' ❞❡ +❡♠♣' 1❧1♠❡♥+❛✐3❡

✉+✐❧✐'1 ♣♦✉3 ❝❛❧❝✉❧❡3 ❧❡' ❜✐❧❛♥' 1♥❡3❣1+✐$✉❡' ❡+ ❤②❞3✐$✉❡' ✭♣❛3 '♦✉'✲❞✐✈✐'✐♦♥ 1❣❛❧❡ ❞✉ ✜❝❤✐❡3

❞❡ ❢♦3D❛❣❡✮ ❛ ♣❡3♠✐' ❞❡ '✬❛✛3❛♥❝❤✐3 ❞❡ ❝❡++❡ ✐♥'+❛❜✐❧✐+1✳ ❖3 ❝❡ ♥✬❡'+ ♣❛' ✉♥❡ '♦❧✉+✐♦♥ ✈✐❛❜❧❡

♣♦✉3 ❧❡' '✐♠✉❧❛+✐♦♥' G ❧✬1❝❤❡❧❧❡ ❣❧♦❜❛❧❡ ❞❛♥' ❧❛ ♠❡'✉3❡ ♦H ❝❡❧❛ ❛❝❝3♦I+ '✐❣♥✐✜❝❛+✐✈❡♠❡♥+ ❧❡

+❡♠♣' ❞❡ ❝❛❧❝✉❧✳

❈❡ ❝❤♦✐① ❛ 1❣❛❧❡♠❡♥+ ❞❡' ❝♦♥'1$✉❡♥❝❡' '✉3 ❧❡ ❝❛❧❝✉❧ ❞✉ +❛✉① ❞❡ 3✉✐''❡❧❧❡♠❡♥+✱ ❝❛3 ✐❧

♥✬❡'+ ♣❛' '❡✉❧❡♠❡♥+ ❢♦♥❝+✐♦♥ ❞❡ ❧✬✐♥+❡♥'✐+1 ❞❡' ♣❧✉✐❡'✱ ♠❛✐' 1❣❛❧❡♠❡♥+ ❞❡ ❧❛ ❞✉31❡ ❞✉ ♣❛' ❞❡

+❡♠♣' ❝♦♠♠❡ ✐♥❞✐$✉1 ❛✉ ❝❤❛♣✐+3❡ ♣31❝1❞❡♥+✳ ❈❡' ❧✐♠✐+❡' 3❡♥❞❡♥+ ♣❧✉' ❞1❧✐❝❛+❡ ❧✬✉+✐❧✐'❛+✐♦♥

'②'+1♠❛+✐$✉❡ ❞❡ ❝❡ '❝❤1♠❛ ❤②❞3✐$✉❡ ❞❛♥' ❧❡ ♠♦❞8❧❡ ❖❘❈❍■❉❊❊✳ ▼❛✐' ❡❧❧❡' ♥❡ ❧✬❡♠♣P❝❤❡♥+

♣❛' '✐ ❞❡' ❝♦✉3❜❡' ❞✬1+❛❧♦♥♥❛❣❡ ❞❡ ❙Q▲■❚❴❉❚ ✭♣❛3❛♠8+3❡ ❞❡ ❞✐✈✐'✐♦♥ ❞✉ ♣❛' ❞❡ +❡♠♣'

1❧1♠❡♥+❛✐3❡ ❞❡ ❢♦3D❛❣❡✮ ❡+ ❙Q❘❊❆❉❴Q❘❊❈ ✭❝♦♥❝❡♥+3❛+✐♦♥ ❞❡' ♣❧✉✐❡' '✉3 ✉♥❡ ❢3❛❝+✐♦♥

❙Q❘❊❆❉❴Q❘❊❈✴❙Q▲■❚❴❉❚ ❞❡ ♣❛' ❞❡ +❡♠♣'✮ ❡♥ ❢♦♥❝+✐♦♥ ❞❡ ❧❛ ❞✉31❡ ❞✉ ♣❛' ❞❡ +❡♠♣'

❞❡ ❢♦3D❛❣❡ '♦♥+ ✐♥❝❧✉❡' ❝♦♠♠❡ ♦♣+✐♦♥ ♣❛3 ❞1❢❛✉+ ❞❛♥' ❧❡ ♠♦❞8❧❡✳ ❈❡❧❛ ♣❡3♠❡++3❛✐+ ❞✬1✈✐+❡3

$✉❡ ❧❡' ✉+✐❧✐'❛+❡✉3' $✉✐ ♥❡ +3❛✈❛✐❧❧❡♥+ ♣❛' ❞✐3❡❝+❡♠❡♥+ '✉3 ❧❛ ♣❛3+✐❡ ❤②❞3♦❧♦❣✐$✉❡ ❞✉ ♠♦❞8❧❡

♥✬♦❜'❡3✈❡♥+ ✉♥❡ ❢♦3+❡ ❞1❣3❛❞❛+✐♦♥ ❞❡' 31'✉❧+❛+' ❧♦3'$✉✬✐❧' +❡'+❡♥+ ❧❡ ♠♦❞8❧❡ ❛✈❡❝ ❞❡' ❢♦3D❛❣❡'

❣❧♦❜❛✉① $✉✐ '♦♥+ ❣1♥13❛❧❡♠❡♥+ ❞✐'♣♦♥✐❜❧❡' G ❞❡' ❢31$✉❡♥❝❡' ❞✬1❝❤❛♥+✐❧❧♦♥♥❛❣❡' ♣❧✉' ❢❛✐❜❧❡'✳

✹✳✸✳✵✳✷ ❆❞❛♣2❛2✐♦♥1 ✐♥❞✐1♣❡♥1❛❜❧❡1 ❞❡ ❧❛ ♣❤4♥♦❧♦❣✐❡✳

❯♥ ♣&❡♠✐❡& ❞✐❛❣♥♦12✐❝ ❆ ❧✬♦❝❝❛'✐♦♥ ❞✬✉♥ +3❛✈❛✐❧ '✉3 ❧❡' ❞♦♥♥1❡' ❞✬❆❣♦✉❢♦✉ ✭▼❛❧✐✮✱

♣❧✉'✐❡✉3' ❧✐♠✐+❡' ❞❡ ❧❛ ♣❛3❛♠1+3✐'❛+✐♦♥ ✉+✐❧✐'1❡ ❡♥ 3♦✉+✐♥❡ ♣♦✉3 3❡♣31'❡♥+❡3 ❧❡' ❤❡3❜❛❝1❡'

❛♥♥✉❡❧❧❡' ❞❡' 1❝♦'②'+8♠❡' '❡♠✐✲❛3✐❞❡' ❞✉ ❙❛❤❡❧ '♦♥+ ♠✐'❡' ❡♥ 1✈✐❞❡♥❝❡✳ ▲✬1✈♦❧✉+✐♦♥ ❞❡

❧✬✐♥❞✐❝❡ ❢♦❧✐❛✐3❡ ✭▲❆■✮ ❞✬❛♣38' ❧❡' ♠❡'✉3❡' '✉3 '✐+❡' ❡'+ ❝♦♠♣❛31❡ ❛✉① '♦3+✐❡' ❞✉ ♠♦❞8❧❡ ❞❛♥'

❧❛ ✈❡3'✐♦♥ '+❛♥❞❛3❞ ❞✉ ♠♦❞8❧❡ ✭✈✵✱ ❡♥ ♥♦✐3✮ ❡+ ♣❧✉'✐❡✉3' ✈❡3'✐♦♥' ❛✈❡❝ ❞✐✛13❡♥+' ❛❥✉'+❡♠❡♥+'

❞❡ ❧❛ ♣❤1♥♦❧♦❣✐❡✭✜❣✉3❡ ✹✳✹✮✳ ❯♥ ♣3❡♠✐❡3 ❛❥✉'+❡♠❡♥+ ♣♦3+❡ '✉3 ❧❡' '❡✉✐❧' ❤②❞3✐$✉❡' $✉✐

♣❡3♠❡++❡♥+ ❧❡ ❞1❝❧❡♥❝❤❡♠❡♥+ ❞✉ ❝②❝❧❡ ❢♦❧✐❛✐3❡ ❛♥♥✉❡❧ ❡+ '✉3 ❧❛ ♣♦''✐❜✐❧✐+1 ❞❡ +3❛♥'❧♦❝❛+✐♦♥

❞❡ ❝❛3❜♦❤②❞3❛+❡' G ♣❛3+✐3 ❞✬✉♥ ✓ ♣♦♦❧ ✔ ❞❡ 31'❡3✈❡ ✈❡3' ❧❡' ❢❡✉✐❧❧❡' $✉✐ ❡'+ ❢♦3+❡♠❡♥+ 31❞✉✐+❡

✭✜❣✉3❡ ✹✳✹ ✈✶✱ ❡♥ ❜❧❡✉✮✳ ❯♥ ❛❥✉'+❡♠❡♥+ '✉♣♣❧1♠❡♥+❛✐3❡ ♣♦3+❡ '✉3 ❧✬✐♥❞✐❝❡ ❢♦❧✐❛✐3❡ ♠❛①✐♠❛❧ ❡+

'✉3 ✉♥❡ ❛✉❣♠❡♥+❛+✐♦♥ ❞✉ ✓ +✉3♥♦✈❡3

✷

✔ ✭✈✷✱ ❡♥ 3♦✉❣❡✱ ✜❣✉3❡ ✹✳✹✮✳ ❊♥✜♥✱ ✉♥❡ 3❡♣31'❡♥+❛+✐♦♥

❞❛♥' ❧❛$✉❡❧❧❡ ❧❛ '❛✐'♦♥ ❞❡ ❝3♦✐''❛♥❝❡ '✬❛❝❤8✈❡ ❛✈❛♥+ $✉❡ ❧❡ ❢❛❝+❡✉3 ❝❧✐♠❛+✐$✉❡ ❞♦♠✐♥❡ ❛ 1+1

✐♠♣❧1♠❡♥+1❡ ✭✈✸ ❡♥ ✈❡3+✱ ✜❣✉3❡ ✹✳✹✮✳ ❙✐ ❝❡++❡ ❞❡3♥✐83❡ 3❡♣31'❡♥+❛+✐♦♥ +❡♥❛✐+ ❝♦♠♣+❡ ❞✬✉♥❡

31❛❝+✐♦♥ ♣❤♦+♦♣13✐♦❞✐$✉❡✱ ❡❧❧❡ ♥❡ ♣❡✉+ ❧❛ ❝♦♥'✐❞13❡3 $✉❡ ❝♦♠♠❡ ✉♥ '❡✉✐❧ ❛3❜✐+3❛✐3❡ ❞❛♥' ❧❛

♠❡'✉3❡ ♦H ❧❛ '❡♥'✐❜✐❧✐+1 ♣❤♦+♦♣13✐♦❞✐$✉❡ ♥✬❛ ♣❛' 1+1 ❛❥✉'+1❡ '✉3 ✉♥ ❧❛3❣❡ ❥❡✉ ❞❡ ❞♦♥♥1❡'

'♣❛+✐❛❧❡♠❡♥+ ♦✉ +❡♠♣♦3❡❧❧❡♠❡♥+ 3❡♣31'❡♥+❛+✐❢✳

✷✳ ❢5❛❝8✐♦♥ ❞❡> ❢❡✉✐❧❧❡> 85❛♥>❢♦5♠B❡> ❡♥ ❧✐8✐C5❡ D ❝❤❛F✉❡ ♣❛> ❞❡ 8❡♠♣>
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♠♦❞;❧❡ < (❡♣()*❡♥-❡( ❧❡* ❝②❝❧❡* ❞✐✉(♥❡* ❡- *❛✐*♦♥♥✐❡(* ❞❡ ♣(♦❞✉❝-✐♦♥ ♣(✐♠❛✐(❡ ❜(✉-❡ ✭●''✮ ✿

✲ ❆✳ ❝♦((❡❧❛-✐♦♥✳ ✲ ❇✳ ♠♦②❡♥♥❡ *✉( ❧❡* ❞✐✛)(❡♥-* *✐-❡* ❞❡ ❧❛ ✈❛❧❡✉( ❛❜*♦❧✉❡ ❞✉ ❜✐❛✐* ✭❡♥

gC/m2/jour✮✳ ✲❈✳ ❜✐❛✐* *②*-)♠❛-✐3✉❡ ✭❡♥ gC/m2/jour✮✳ ▲❡* ✜❣✉(❡* (❡♣()*❡♥-❛♥- ❧❡* ❝②❝❧❡*
❞✐✉(♥❡* ❡- *❛✐*♦♥♥✐❡(* ♠♦②❡♥* *♦♥- ♣❧❛❝)❡* ❡♥ ❛♥♥❡①❡ ❆
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❆✳

❇✳

❈✳

❋✐❣✉$❡ ✹✳✷✿ '()*❡♥-❛-✐♦♥ *②♥♦♣-✐3✉❡ ❞❡ ❧❛ ❝❛♣❛❝✐-) (❡❧❛-✐✈❡ ❞❡* ❞✐✛)(❡♥-❡* ✈❡(*✐♦♥* ❞✉

♠♦❞;❧❡ < (❡♣()*❡♥-❡( ❧❡* ❝②❝❧❡* ❞✐✉(♥❡* ❡- *❛✐*♦♥♥✐❡(* ❞✉ ✢✉① ❞❡ ❝❤❛❧❡✉( *❡♥*✐❜❧❡ ✿ ✲ ❆✳

❝♦((❡❧❛-✐♦♥✳ ✲ ❇✳ ♠♦②❡♥♥❡ *✉( ❧❡* ❞✐✛)(❡♥-* *✐-❡* ❞❡ ❧❛ ✈❛❧❡✉( ❛❜*♦❧✉❡ ❞✉ ❜✐❛✐* ✭❡♥ W/m2
✮✳

✲❈✳ ❜✐❛✐* *②*-)♠❛-✐3✉❡ ✭❡♥ W/m2
✮✳
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❆✳

❇✳

❈✳
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♠♦❞;❧❡ < (❡♣()*❡♥-❡( ❧❡* ❝②❝❧❡* ❞✐✉(♥❡* ❡- *❛✐*♦♥♥✐❡(* ❞✉ ✢✉① ❞❡ ❝❤❛❧❡✉( ❧❛-❡♥-❡ ✿ ✲ ❆✳

❝♦((❡❧❛-✐♦♥✳ ✲ ❇✳ ♠♦②❡♥♥❡ *✉( ❧❡* ❞✐✛)(❡♥-* *✐-❡* ❞❡ ❧❛ ✈❛❧❡✉( ❛❜*♦❧✉❡ ❞✉ ❜✐❛✐* ✭❡♥ W/m2
✮✳

✲❈✳ ❜✐❛✐* *②*-)♠❛-✐3✉❡ ✭❡♥ W/m2
✮✳
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❙❯❘ ❙■❚❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✹✳✸✳ ❆❉❆#❚❆❚■❖◆ ❉❯ ▼❖❉➮▲❊

❋✐❣✉$❡ ✹✳✹✿ ❈②❝❧❡ ❢♦❧✐❛✐,❡ ♣♦✉, ❞❡✉① 1❛✐1♦♥1 ❞❡ ❝,♦✐11❛♥❝❡ 1✉, ❧❡ 1✐3❡ ❞✬❆❣♦✉❢♦✉ ✭▼❛❧✐✮✳

❙♦♥3 1✉♣❡,♣♦1;1✱ ❡♥ ✈✐♦❧❡3 ❧❡1 ♦❜1❡,✈❛3✐♦♥1✱ ❡♥ ♥♦✐, ❧❛ ♣❤;♥♦❧♦❣✐❡ 1✐♠✉❧;❡ ♣❛, ❖❘❈❍■❉❊❊

❞❛♥1 1❛ ❝♦♥✜❣✉,❛3✐♦♥ 13❛♥❞❛,❞✱ ❡3 ❡♥ ❜❧❡✉✱ ,♦✉❣❡ ❡3 ✈❡,3✱ ❞✐✛;,❡♥31 ❛❥✉13❡♠❡♥31 ❞❡ ❧❛

♣❛,❛♠;3,✐1❛3✐♦♥ ❞✉ ♠♦❞J❧❡ ✭❝❢ 3❡①3❡✮✳

▲❛ ✈❡,1✐♦♥ 13❛♥❞❛,❞ ❞✉ ♠♦❞J❧❡ 1✐♠✉❧❡ ✉♥ ❞;♠❛,,❛❣❡ ♣,;❝♦❝❡ ❞❡ ❧❛ 1❛✐1♦♥ ❞❡ ❝,♦✐11❛♥❝❡

❞J1 ❧❡1 ♣❧✉✐❡1 ❞❡ ❞;❜✉3 ❥✉✐♥✳ ▲❛ 3,❛♥1❧♦❝❛3✐♦♥ ❞❡ ❝❛,❜♦❤②❞,❛3❡1 L ♣❛,3✐, ❞❡1 ,;1❡,✈❡1 ❢❛✐3

M✉❡ ❧✬✐♥❞✐❝❡ ❢♦❧✐❛✐,❡ ❛33❡✐♥3 ❞❡1 ✈❛❧❡✉,1 ;❧❡✈;❡1 ❛✈❛♥3 ♠N♠❡ ❧❡ 1❛✉3 ❞❡ ♠♦✉11♦♥✳ O✉✐1 L

❧✬♦❝❝❛1✐♦♥ ❞❡1 ♣❛✉1❡1 1J❝❤❡1 M✉✐ 1✉✐✈❡♥3 1❡1 ♣,❡♠✐J,❡1 ♣❧✉✐❡1 ;♣❛,1❡1✱ ❧❡ ♠♦❞J❧❡ 1✐♠✉❧❡

❧❛ 3,❛♥1❢♦,♠❛3✐♦♥ ❞✬✉♥❡ ❧❛,❣❡ M✉❛♥3✐3; ❞❡ ❢❡✉✐❧❧❡1 ❡♥ ❧✐3✐J,❡ ❛✈❛♥3 ♠N♠❡ M✉❡ ❧❛ 1❛✐1♦♥

❞❡ ❝,♦✐11❛♥❝❡ ♥✬❛✐3 ,;❡❧❧❡♠❡♥3 ❝♦♠♠❡♥❝; ❞❛♥1 ❧❡1 ♦❜1❡,✈❛3✐♦♥1 ✭♣❤❛1❡ ❞✬✐♥13❛❧❧❛3✐♦♥ ❞❡1

♣❧❛♥3✉❧❡1✮✳ ❉✬❛✉3,❡ ♣❛,3✱ ❧❡ ♠♦❞J❧❡ 1✐♠✉❧❡ ✉♥❡ ✜♥ ❞❡ 1❛✐1♦♥ ❞❡ ❝,♦✐11❛♥❝❡ ❜❡❛✉❝♦✉♣ ♣❧✉1

3❛,❞✐✈❡ M✉✬♦❜1❡,✈;❡✳ O♦✐♥3 ♣❧✉1 ✐♥3;,❡11❛♥3✱ ❧❡ ,❡3❛,❞ ❞❡ ❧❛ ✜♥ ❞❡ ❝,♦✐11❛♥❝❡ 1❡ ✈;,✐✜❡ ❛✉11✐

❧♦,1M✉❡ ❧✬❡♥3,;❡ ❡♥ 1;♥❡1❝❡♥❝❡ 1❡ ❞;❝❧❡♥❝❤❡ ❛❧♦,1 M✉❡ ❧❡ ❝♦♥3❡♥✉ ❡♥ ❡❛✉ ❞✉ 1♦❧ ,❡13❡ ♥♦♥

♥;❣❧✐❣❡❛❜❧❡ ✭♠♦②❡♥♥❡ ♠♦❜✐❧❡ ❤❡❜❞♦♠❛❞❛✐,❡ ❞❡ ❧❛ ❢♦♥❝3✐♦♥ ❞❡ 13,❡11 ❤②❞,✐M✉❡ ❝♦,,❡1♣♦♥❞❛♥3

L ✉♥ 1♦❧ ❡♥❝♦,❡ L ♠♦✐3✐; ♣❧❡✐♥ ❞✬❡❛✉✮✳

▲❡" ❧❡$♦♥" ❛♣♣♦)*+❡" ♣❛) ❧❛ ❧✐**+)❛*✉)❡ ▲❡ ,❡3❛,❞ ❞❡ ✜♥ ❞❡ ❝,♦✐11❛♥❝❡ 1✐♠✉❧; ♣❛,

❖❘❈❍■❉❊❊ ♥✬❡13 ♣❛1 ;3♦♥♥❛♥3 ❝❛, ❧❛ ✜♥ ❞❡ ❧❛ ❝,♦✐11❛♥❝❡ ❞❡1 ❛♥♥✉❡❧❧❡1 ❡13 ✉♥❡ 1♣;❝✐✜❝✐3;

❢♦♥❝3✐♦♥♥❡❧❧❡ ❞❡1 ;❝♦1②13J♠❡1 1❛❤;❧✐❡♥1 ♥♦♥ ♣❛,❛♠;3,;❡ ❞❛♥1 ❖❘❈❍■❉❊❊✳

❉✬❛♣,J1 ❍✐❡,♥❛✉① ❛♥❞ ▲❡ ❍♦✉;,♦✉ ❬✷✵✵✻❪✱ ❝❡33❡ 1♣;❝✐✜❝✐3; 3✐❡♥3 ❡♥ ♣❛,3✐❝✉❧✐❡, ❛✉ ❢❛✐3

M✉❡ ✿

✕ ✓ ❈♦♥3,❛✐,❡♠❡♥3 L ❞✬❛✉3,❡1 ;❝♦1②13J♠❡1 ❛,✐❞❡1✱ ❧❛ ♣❧❛❝❡ ❞❡1 ❤❡,❜❛❝;❡1 ❡3 1♦✉1✲❧✐❣♥❡✉①

♣;,❡♥♥❡1 ❡13 3,J1 1❡❝♦♥❞❛✐,❡ ❛❧♦,1 M✉✬❡❧❧❡ 1✬❛❝❝,♦X3 ✈❡,1 ❧❡ 1✉❞ ♦Y ❧❡1 ❣,❛♠✐♥;❡1 ♣;✲

,❡♥♥❡1 ❞♦♠✐♥❡♥3 ❞❛♥1 ❧❡1 1❛✈❛♥❡1 1♦✉❞❛♥✐❡♥♥❡1✱ ♠❛✐1 ❛✉11✐ ✈❡,1 ❧❡ ♥♦,❞ ❞❛♥1 ❧❡1

13❡♣♣❡1 1❛❤❛,✐❡♥♥❡1✳ ✔

✕ ✓ 6❛7(✐❝✉❧❛7✐(#& ♣❤#♥♦❧♦❣✐:✉❡& ✿ 1✐ ❧❛ ❞❛3❡ ❞❡1 ♣,❡♠✐J,❡1 ♣❧✉✐❡1 ❡3 ❧❡ ,;❣✐♠❡ ❞✬❤✉♠✐❞✐3;

❞✉ 1♦❧ M✉✐ ❡♥ ,;1✉❧3❡ ❝♦♥❞✐3✐♦♥♥❡♥3 ❧❛ ❣❡,♠✐♥❛3✐♦♥ ❡3 ❧✬✐♥13❛❧❧❛3✐♦♥ ❞❡1 ❛♥♥✉❡❧❧❡1✱ ❧❛

✜♥ ❞✉ ❝②❝❧❡ ❞❡ ❝,♦✐11❛♥❝❡ ♥✬❡13 M✉✬❡♥ ♣❛,3✐❡ ❧✐;❡ ❛✉ ,;❣✐♠❡ ❤②❞,✐M✉❡ ❞❡1 1♦❧1✳ ❊♥

❡✛❡3✱ ❜❡❛✉❝♦✉♣ ❞✬❛♥♥✉❡❧❧❡1 ❢❛♥❡♥3 ❡3 ♠❡✉,❡♥3 ❛♣,J1 ❧❡✉, ❢,✉❝3✐✜❝❛3✐♦♥ ❞♦♥3 ❧❛ ❞❛3❡

❡13 ❧❛,❣❡♠❡♥3 ❞;3❡,♠✐♥;❡ ♣❛, ❧❛ 1❡♥1✐❜✐❧✐3; ❞❡ ❧✬✐♥✐3✐❛3✐♦♥ ✢♦,❛❧❡ L ❧❛ ♣❤♦3♦♣;,✐♦❞❡

❬❞❡ ❱,✐❡1 ❛♥❞ ❉❥✐3;②❡✱ ✶✾✽✷❀ ❋♦✉,♥✐❡,✱ ✶✾✾✵❪✳ ❈✬❡13 ❡♥ ♣❛,3✐❝✉❧✐❡, ❧❡ ❝❛1 ❞❡ ❧❛ ♣❧✉♣❛,3

❞❡1 ❣,❛♠✐♥;❡1 ❛♥♥✉❡❧❧❡1 ❞♦♥3 ❧❛ ✢♦,❛✐1♦♥ ❡13 ❞;❝❧❡♥❝❤;❡ ❡♥3,❡ ❧❛ ✜♥ ❛♦b3 ❡3 ❧❡ ❞;❜✉3

✶✵✸
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❙❯❘ ❙■❚❊❙

 ❡♣#❡♠❜&❡✱ (✉❡❧❧❡ (✉❡  ♦✐❡♥# ❧❡ ♣❧✉✐❡ ❡# ❧✬❤✉♠✐❞✐#1 ❞❡  ♦❧ ❬❙❡❣❤✐❡&✐ ❡# ❛❧✳✱ ✶✾✾✺❀

❈✐  1✱ ✶✾✽✻❪✳

❉❡✉① ♥♦✉✈❡❛✉① (❋❚ ✿ ❛,❜✉./❡. ❡/ ❤❡,❜❛❝2❡. ❛♥♥✉❡❧❧❡. ❄ ❈♦♠♠❡ ❧✬✐♥❞✐(✉❡ ❧❛

❧✐##1&❛#✉&❡ ❝♦♥ ✉❧#1❡✱ ❧❡ ❧✐♠✐#❡ ❞❡ ❧❛  ✐♠✉❧❛#✐♦♥ ❖❘❈❍■❉❊❊ ❝♦♥ #❛#1❡ ❞❛♥ ❧✬❛♥❛❧② ❡ ❞❡ 

&1 ✉❧#❛# ❞✉  ✐#❡ ❞✬❆❣♦✉❢♦✉ ♥❡ ❝♦&&❡ ♣♦♥❞❡♥# ♣❛ ✉♥✐(✉❡♠❡♥# I ✉♥❡  ♣1❝✐✜❝✐#1 ❧♦❝❛❧❡✱ ♠❛✐ 

 ♦♥#  ✉ ❝❡♣#✐❜❧❡ ❞✬K#&❡ ❛♣♣❧✐(✉1❡ I ✉♥❡ 1❝❤❡❧❧❡ &1❣✐♦♥❛❧❡✳

▲❛ &❡♣&1 ❡♥#❛#✐♦♥ ❞❡ ❧❛ ♣❤1♥♦❧♦❣✐❡ ❛ ❞♦♥❝ 1#1 ♠♦❞✐✜1❡ ❡♥ ❝♦♥ 1(✉❡♥❝❡ ❝♦♠♠❡ ✉♥ #②♣❡

❢♦♥❝#✐♦♥♥❡❧ ❞❡ ♣❧❛♥#❡  ✉♣♣❧1♠❡♥#❛✐&❡ ❈❡❧❛ ♣❡&♠❡# ❞❡ ♣♦♥❞1&❡& ❝❡ ♠♦❞✐✜❝❛#✐♦♥ ❧♦& ❞❡

 ✐♠✉❧❛#✐♦♥ I ❧✬1❝❤❡❧❧❡ &1❣✐♦♥❛❧❡✱ ❞❛♥ ❧❛ ♠❡ ✉&❡ ♦M ❡❧❧❡ ♥❡  ✬❛♣♣❧✐(✉❡♥# (✉✬❛✉① ❤❡&❜❛❝1❡ 

❞❡ ❧❛ ❜❛♥❞❡  ❛❤1❧✐❡♥♥❡ ❡# ♥♦♥ I ❝❡❧❧❡ ❞❡ 1❝♦ ② #O♠❡ ❞❡  ❛✈❛♥❡  ♦✉❞❛♥✐❡♥♥❡ ♦✉ ❣✉✐♥1❡♥♥❡

♣❧✉ ❛✉ ❙✉❞✳

Q❛& ❛✐❧❧❡✉& ✱ ❧❡ ❧✐❣♥❡✉① ❞❡ ❧❛ ③♦♥❡ 1#✉❞✐1❡ ❛##❡✐❣♥❡♥# ✉♥❡ #❛✐❧❧❡ ❜❡❛✉❝♦✉♣ ♠♦✐♥ 1❧❡✈1❡

(✉❡ ❧❛ ❤❛✉#❡✉& ❞❡ ❛&❜&❡ ♣&❡ ❝&✐#❡ ❞❛♥ ❧❡ ♠♦❞O❧❡ ♣♦✉& ❧❡ #②♣❡ ❢♦♥❝#✐♦♥♥❡❧ ❞❡ ♣❧❛♥#❡ 

✓ ❘❛✐♥✲●&❡❡♥ ❚&❡❡ ✔✳ ◆♦✉ ❛✈♦♥ ❞♦♥❝ &1❛❥✉ #1 ❧❛ ❤❛✉#❡✉& ❡♥ ♣&❡ ❝&✐✈❛♥# ✉♥❡ ❤❛✉#❡✉& ❞❡

✷♠ ✭♣♦✉& &❡♣&1 ❡♥#❡& ❧❡ ❜✉✐  ♦♥ ❞❡ ●✉✐❡&&❛  ❡♥❡❣❛❧❡♥ ✐ ✮ I ❧❛ ♣❧❛❝❡ ❞❡ ✸✵♠ ✉#✐❧✐ 1 ♣❛&

❞1❢❛✉# ♣♦✉& ❧❡ Q❋❚✱ ❝❤❛♥❣❡❛♥# ❞❡ ♠❛♥✐O&❡ ✐♠♣♦&#❛♥#❡ ❧❛ &✉❣♦ ✐#1 ❞❡  ✉&❢❛❝❡✳ ❊♥ ❡✛❡#✱ ♠K♠❡

 ✐ ❧❛ ❢&❛❝#✐♦♥ ❞❡ ❧✐❣♥❡✉① ❡ # &❡❧❛#✐✈❡♠❡♥# ❢❛✐❜❧❡✱ ❧❛ ❤❛✉#❡✉& ♣❛& ❞1❢❛✉# ❝♦♥❞✉✐# I  ✉&❡ #✐♠❡&

❧❛ ❤❛✉#❡✉& ❞❡ &✉❣♦ ✐#1 ♠♦②❡♥♥❡ ❡# ❝♦♥#&✐❜✉❡ I  ✉&❡ #✐♠❡& ❧❛ ♣❛&# ❞❡ ❧✬1♥❡&❣✐❡ ❞✐  ✐♣1❡  ♦✉ 

❢♦&♠❡ ❞❡ ✢✉① #✉&❜✉❧❡♥# ✭✐♠♣❛❝# ♥♦♥ ♥1❣❧✐❣❡❛❜❧❡  ✉& ❧❛ ♣❛&#✐#✐♦♥ ❡♥#&❡ &❛②♦♥♥❡♠❡♥# I

❣&❛♥❞❡ ❧♦♥❣✉❡✉& ❞✬♦♥❞❡ ❡# ✢✉① #✉&❜✉❧❡♥# ✮✳ ❈❡# ❡✛❡# ❡ # ♣❛&#✐❝✉❧✐O&❡♠❡♥# ♥❡#  ✉& ❧❡  ✐#❡

❞❡ ❲❛♥❦❛♠❛✱ ♣♦✉& ❧❡(✉❡❧ ✐❧ ❝♦♥#&✐❜✉❡ I ❧❛  ♦✉ ✲❡ #✐♠❛#✐♦♥ ❞✉ ✢✉① ▲❲out ✭❝❢ ✜❣✉&❡ ✹✳✼✮✳ ■❧

❡ # ♣&♦❜❛❜❧❡ (✉✬✐❧ ❥♦✉❡ 1❣❛❧❡♠❡♥# I ❧✬1❝❤❡❧❧❡  ♦✉ ✲&1❣✐♦♥❛❧❡✱ ♣✉✐ (✉❡ ❧❡ ❝❛&#❡ ❞❡ ✈1❣1#❛#✐♦♥

❡♠♣❧♦②1❡ ✐♥❝❧✉❡♥# ❞❡ ❛&❜&❡ ❞❡ #②♣❡ ✓ ❘❛✐♥✲●&❡❡♥ ✔ ✭❤❛✉#❡✉& ❞❡ ✸✵♠ ♣&❡ ❝&✐#❡✱ ✜❣✉&❡

✹✳✺✮ ❡# ❞❡ #②♣❡ ✓ ✭❚❡♠♣❡&❛#❡✮ ❇&♦❛❞❧❡❛❢ ❊✈❡&❣&❡❡♥ ✔✭❞♦♥# ❧❛ ❤❛✉#❡✉& ♣&❡ ❝&✐#❡ ❡ # ❞❡ ✷✵♠✱

✜❣✉&❡ ✹✳✺✮✳

❉❛♥ ❧❛ ♠❡ ✉&❡ ♦M ✉♥ #&❛✈❛✐❧ ❞✬❡①#❡&♥❛❧✐ ❛#✐♦♥ ❞❡ ♣❛&❛♠O#&❡ ❞✉ ♠♦❞O❧❡ ❖❘❈❍■❉❊❊

❛ 1#1 ❡✛❡❝#✉1✱ ❡# ♦M ❧❡ ❝❛&#❡ ❞❡ ✈1❣1#❛#✐♦♥ ❡♠♣❧♦②1❡ ✉#✐❧✐ ❡♥# ❞❡ ❝❧❛  ✐✜❝❛#✐♦♥ ♣❧✉ 

♣&1❝✐ ❡ ✱ ✐❧  ❡&❛✐# #♦✉# I ❢❛✐# ❡♥✈✐ ❛❣❡❛❜❧❡ ❡# &❡❧❛#✐✈❡♠❡♥# ❛✐ 1 ❞❡ #❡♥✐& ❝♦♠♣#❡ ❞❡ ❝❡# ❡✛❡#

❞❛♥ ❧❡  ✐♠✉❧❛#✐♦♥ ❣❧♦❜❛❧❡ ❛✈❡❝ ❖❘❈❍■❉❊❊✳ ❈❡❝✐ ♣♦✉&&❛✐#  ✬❛♣♣❧✐(✉❡& ❛✉① ❝❧❛  ❡ ✼ ✭❝♦♦❧

#❛❧❧ ❣&❛  ❡ ❛♥❞  ❤&✉❜ ✮✱ ✽ ✭✇❛&♠ ❈✸ ❣&❛  ❡ ❛♥❞  ❤&✉❜ ✮✱ ✾ ✭✇❛&♠ ❈✹ ❣&❛  ❡ ❛♥❞  ❤&✉❜ ✮✱

❡# ✽✻ ✭✇❛&♠ ❈✸ ❝&♦♣ ❣&❛   ❤&✉❜ ✮ ❞❡ ❧❛ ❝❛&#❡ ❞✬❖❧ ♦♥ ❡# ❛❧✳ ❬✷✵✵✶❪ ❞♦♥# ❧❛ &1 ♦❧✉#✐♦♥

❡ # ❞❡ ❝✐♥( ❦✐❧♦♠O#&❡ ✳ ❈❡❝✐ ❝♦♥ #✐#✉❡&❛✐# ✉♥ ❡①❡♠♣❧❡ ❞❡ #&❛✐# ❢♦♥❝#✐♦♥♥❡❧ ♣♦✉& ❧❡(✉❡❧ ✉♥❡

❛❞❛♣#❛#✐♦♥ &1❣✐♦♥❛❧❡ ❞✉ ❥❡✉ ❞❡ ♣❛&❛♠O#&❡ ❛♣♣♦&#❡&❛✐# ✉♥❡ ❛♠1❧✐♦&❛#✐♦♥  ✐❣♥✐✜❝❛#✐✈❡✳

✹✳✸✳✵✳✸ ❇✐❛✐. ❞❛♥. ❧❛ ,❡♣,2.❡♥/❛/✐♦♥ ❞✉ ❜✐❧❛♥ ,❛❞✐❛/✐❢

❆❧❜2❞♦ ▲✬❛❧❜1❞♦ ❞✉  ♦❧ ♥✉ ❡ #  ♣❛#✐❛❧❡♠❡♥# #&O ❝♦♥#&❛ #1 ❬❲✐❧ ♦♥ ❛♥❞ ❍❡♥❞❡& ♦♥✲

❙❡❧❧❡& ✱ ✶✾✽✺❀ ▼❛  ♦♥ ❡# ❛❧✳✱ ✷✵✵✸❪✱ ❡# ✐❧ ♥✬❡ # ❞O ❧♦& ♣❛ 1#♦♥♥❛♥# (✉✬✉♥ ❛❥✉ #❡♠❡♥#

 ♣1❝✐✜(✉❡  ♦✐# ♥1❝❡  ❛✐&❡ I ✉♥❡ &❡♣&1 ❡♥#❛#✐♦♥ ♣&1❝✐ ❡ ❞✉ ❜✐❧❛♥ 1♥❡&❣1#✐(✉❡ I ❧❛  ✉&❢❛❝❡

♣♦✉& ✉♥  ✐#❡ ♣❛&#✐❝✉❧✐❡&✳ ▲❡ ❛❥✉ #❡♠❡♥# ❞❡ ❧❛ ♣❤1♥♦❧♦❣✐❡ ❞❡ ❤❡&❜❛❝1❡ ❡# ❞❡ ❧❛ ❤❛✉#❡✉&

❞❡ ❧✐❣♥❡✉① ♦♥# ✉♥ ✐♠♣❛❝#  ✉& ❧❡ ✈❛❧❡✉& ❞✬❛❧❜1❞♦  ✐♠✉❧1 ✭✜❣✉&❡ ✹✳✼✮✳ ❈❡# ❛❥✉ #❡♠❡♥# &❡ #❡

❝❡♣❡♥❞❛♥# #&O ❣&♦  ✐❡& ❡# ♥❡ ♣&❡♥❞ ♣❛ ❡♥ ❝♦♠♣#❡ ❧✬❡✛❡# &1❞✉❝#❡✉& ❞❡ ♣❛✐❧❧❡  ✉& ❧✬❛❧❜1❞♦

♣❛& &❛♣♣♦&# I ❧✬❛❧❜1❞♦ ❞✉  ♦❧ ♥✉ (✉✐ ❡ # ♦❜ ❡&✈1 ❜✐❡♥ ❛♣&O ❧❛ ✜♥ ❞❡ ❧❛  ❛✐ ♦♥ ❞❡ ❝&♦✐  ❛♥❝❡✱

❛✉ ♠♦✐♥ ❥✉ (✉✬❛✉ ♠♦✐ ❞❡ ♠❛& ✷✵✵✻  ✉& ❧✬❡①❡♠♣❧❡ ❞❡ ❲❛♥❦❛♠❛ ✭✜❣✉&❡ ✹✳✼✮✳

■❧ ❛✉&❛✐# 1#1 ♣♦  ✐❜❧❡ ❞❡ ♣❛&❛♠1#&❡& ❝❡# ❡✛❡# ❞❛♥ ❧❡ ♠♦❞O❧❡✱ ♠❛✐ ❝❡❧❛ ♥✬❛ ♣❛ 1#1

❡♥#&❡♣&✐ ❢❛✉#❡ ❞❡ ❞♦♥♥1❡  ♣❛#✐❛❧✐ 1❡  ❛#✐ ❢❛✐ ❛♥#❡  ✉& ❧❛ ❞②♥❛♠✐(✉❡ ❞❡ ♣❛✐❧❧❡ ❡# ❞❡

✶✵✹





✹✳✸✳ ❆❉❆%❚❆❚■❖◆ ❉❯ ▼❖❉➮▲❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆%■❚❘❊ ✹✳ ❆%%▲■❈❆❚■❖◆ ❉❯ ▼❖❉➮▲❊

❙❯❘ ❙■❚❊❙

❖❘❈❍■❉❊❊ '✉♣♣♦'❡ ✉♥❡ ♣❛./✐/✐♦♥ 1 2❣❛❧✐/2 ❡♥/.❡ ✐♥❢.❛✲.♦✉❣❡ ♣.♦❝❤❡ ❡/ ✈✐'✐❜❧❡ ;✉❡❧❧❡' ;✉❡

'♦✐❡♥/ ❧❡' ❝♦♥❞✐/✐♦♥' ❛/♠♦'♣❤2.✐;✉❡'✳ ❖.✱ ❞✬❛♣.A' ❧✬❡①♣❧✐❝❛/✐♦♥ ❞❡ ❘❛♠✐❡. ❡/ ❛❧✳ ❬✷✵✵✾❪✱ ✉♥❡

❞✐♠✐♥✉/✐♦♥ ❞❡ ❧✬❛❧❜2❞♦ ♦❜'❡.✈2 '✉. ❧❡ '✐/❡ ❞❡ ❧✬♦.❞.❡ ❞❡ ✵✳✵✸ ✉♥✐/2' ❧♦.' ❞❡ ❧✬❛..✐✈2❡ ❞❡ ❧✬❛✐.

❡♥ ♣.♦✈❡♥❛♥❝❡ ❞✉ ❣♦❧❢ ❞❡ ●✉✐♥2❡ ♥❡ '✬❡①♣❧✐;✉❡ ;✉❡ ♣❛. ✉♥ /❡❧ ❡✛❡/✳

❉❛♥' ❧❛ ♠❡'✉.❡ ♦K ❞✬❖.❣❡✈❛❧ ❬✷✵✵✻❪ ❛✈❛✐/ ❛❞♦♣/2 ✉♥❡ ♣❛.❛♠2/.✐'❛/✐♦♥ '❡❧♦♥ ❧❛;✉❡❧❧❡ ❧❛

❝♦♥/.✐❜✉/✐♦♥ ❞✉ ❝♦✉✈❡./ ✈2❣2/❛❧ ❞♦♠✐♥❛✐/ ❜❡❛✉❝♦✉♣ ♣❧✉' .❛♣✐❞❡♠❡♥/ ❧❡' 2❝❤❛♥❣❡' ❛✈❡❝ ❧✬❛/✲

♠♦'♣❤A.❡ fcover = 1− exp(−kLAI) ❛✈❡❝ ❦❂✷ ❝♦♥/.❡ ❦❂✵✳✺ ❞❛♥' ❧❡' ✈❡.'✐♦♥' ✉'✉❡❧❧❡♠❡♥/
✉/✐❧✐'2❡' ❛✉ ▲❙❈❊✱ ♥♦✉' ❛✈♦♥' ✈♦✉❧✉ 2✈❛❧✉❡. ;✉❡❧ ♣♦✉✈❛✐/ R/.❡ ✉♥ ❝❤♦✐① .❛✐'♦♥♥❛❜❧❡ ❞❡ ❝❡

♣❛.❛♠A/.❡ ✭❞✉ ♣♦✐♥/ ❞✉ ✈✉❡ .❛❞✐❛/✐❢✮✳ ◆♦✉' ❡♥ ❛✈♦♥' 2❣❛❧❡♠❡♥/ ♣.♦✜/2 ♣♦✉. 2✈❛❧✉❡. '✐ ❧❛

♣.✐'❡ ❡♥ ❝♦♠♣/❡ ❞❡ ❧❛ ❞2♣❡♥❞❛♥❝❡ ❞❡ ❧❛ ❢.❛❝/✐♦♥ ❞✉ .❛②♦♥♥❡♠❡♥/ ✐♥/❡.❝❡♣/2❡ ♣❛. ❧❡ ❝♦✉✈❡./

✭❢❈♦✈❡.✮ ❡♥ ❢♦♥❝/✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡ '♦❧❛✐.❡ ♣♦✉✈❛✐/ ❝♦♥'/✐/✉❡. ✉♥❡ ❛♠2❧✐♦.❛/✐♦♥ ❞✉

♠♦❞A❧❡✳ ◆♦✉' ❛✈♦♥' .❡♣.✐' ♣♦✉. ❝❡❧❛ ❞❡' ❞2✈❡❧♦♣♣❡♠❡♥/' ❡✛❡❝/✉2' ♣❛. ❈✳ ❇❛❝♦✉. ♣♦✉. ❧❡

❝❛❧❝✉❧ ❞✉ ❢❛Y❆❘✱ ❡/ ;✉✐ .❡♣.❡♥♥❡♥/ ❧❡' ❤②♣♦/❤A'❡' ❞❡ ❞✐'/.✐❜✉/✐♦♥ ✭❡❧❧✐♣'♦[❞❛❧❡'✮ ❡/ ❞✬❛❣.2✲

❣❛/✐♦♥ ✭❝❧✉♠♣✐♥❣✮ ❞❡' ❢❡✉✐❧❧❡' ❡✛❡❝/✉2❡' ❞❛♥' '❛ /❤A'❡ ❬❇❛❝♦✉.✱ ✷✵✵✶❪✳ ❈❡❝✐ ♥♦✉' ❛ ♣❡.♠✐'

❞❡ ✈2.✐✜❡. ;✉✬✉♥❡ ✈❛❧❡✉. ❞❡ ❦ ❞❡ ❧✬♦.❞.❡ ❞❡ ✵✳✺✲✵✳✻ 2/❛✐/ ❝❡./❛✐♥❡♠❡♥/ ♣❧✉' .❡♣.2'❡♥/❛/✐✈❡

❞❡ ❧✬❛❧❜2❞♦ ♣❛. ❝✐❡❧ ❝❧❛✐. ✭❜❧❛❝❦✲'❦② ❛❧❜❡❞♦✮✳

◆♦✉' ❛✈♦♥' ♣.♦✜/2 ❞❡ ❧✬✐♠♣❧2♠❡♥/❛/✐♦♥ ❞❡ ❝❡//❡ ♣❛.❛♠2/.✐'❛/✐♦♥ ♣♦✉. ✈♦✐. '✐ ✉♥❡ ♣.✐'❡

❡♥ ❝♦♠♣/❡ ❞❡ ❧✬2✈♦❧✉/✐♦♥ ❞✐✉.♥❡ ❞✉ ❢❈♦✈❡. ❞✉ ❢❛✐/ ❞❡ ❧✬2✈♦❧✉/✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡ '♦❧❛✐.❡

2/❛✐/ '✉'❝❡♣/✐❜❧❡ ❞✬❛♠2❧✐♦.❡. ❧❛ .❡♣.2'❡♥/❛/✐♦♥ ❞✉ ❝②❝❧❡ ❞✐✉.♥❡ ❞❡ ❧✬❛❧❜2❞♦✳ ◆♦✉' ♣.2'❡♥/♦♥'

❧❡' .2'✉❧/❛/' ❞❡ ❝❡ /❡'/ ❡♥ ✜❣✉.❡ ✹✳✻ ❇✳ ❆✐♥'✐ ♣❡✉/✲♦♥ ❝♦♥'/❛/❡. ;✉❡ ❧✬❤②♣♦/❤A'❡ ✐♠♣❧✐❝✐/❡

;✉✐ 2/❛✐/ ;✉✬❡✛❡❝/✉❡. ✉♥❡ '✐♠♣❧❡ ♣♦♥❞2.❛/✐♦♥ ❞❡ ❧❛ ❝♦♥/.✐❜✉/✐♦♥ ❞✉ '♦❧ ❡/ ❞❡ ❧❛ ✈2❣2/❛/✐♦♥

❡♥ '✉♣♣♦'❛♥/ ❝❤❛❝✉♥❡ ❞❡ ❝❡' ❝♦♥/.✐❜✉/✐♦♥' ❝♦♠♠❡ ❝♦♥'/❛♥/❡ ✭❤♦.' ❡✛❡/ ❞❡ ❧✬❤✉♠✐❞✐/2 '✉.

❧✬❛❧❜2❞♦ ❞✉ '♦❧✮ ♥✬2/❛✐/ ♣❛' '❛/✐'❢❛✐'❛♥/❡✱ ♣✉✐';✉❡ ❧❡' ✐♥/❡.❛❝/✐♦♥' 1 ♣❧✉'✐❡✉.' ❝♦✉❝❤❡' ❞❛♥'

❧❡ ❢❡✉✐❧❧❛❣❡ ✭❡♥ ♣❛./✐❝✉❧✐❡. ✈✐❛ ❧❛ /.❛♥'♠✐/❛♥❝❡ ❞❛♥' ❧✬✐♥❢.❛✲.♦✉❣❡ ♣.♦❝❤❡✮ ❢♦♥/ ;✉❡ ❧❡ ❝②❝❧❡

❞✐✉.♥❡ ❞✬❛❧❜2❞♦ ❡'/ ❞❡ ❝♦✉.❜✉.❡ ✐♥✈❡.'❡ 1 ❝❡❧❧❡ ✐♥❞✉✐/❡ ♣❛. ❧❡ ✓ .❛✣♥❡♠❡♥/ ✔ ❞✉ ♠♦❞A❧❡ ;✉❡

♥♦✉' ❛✈♦♥' /❡'/2✳ ❈✬❡'/ ✉♥ .2'✉❧/❛/ ;✉✐ ❝♦♥✜.♠❡ ❞❡' ❞✐❛❣♥♦'/✐❝' ❞2❥1 ❡✛❡❝/✉2' ❞❛♥' ❞✐✛2.❡♥/'

2/✉❞❡' ❞✐'♣♦♥✐❜❧❡' ❞❛♥' ❧❛ ❧✐//2.❛/✉.❡ ✭●.❛♥/ ❡/ ❛❧✳ ❬✷✵✵✵❪❀ ❏✐♥ ❡/ ❛❧✳ ❬✷✵✵✸❪ ✿ ❧♦.';✉❡ ❧✬❛♥❣❧❡

'♦❧❛✐.❡ ③2♥✐/❤❛❧ ❡'/ 2❧❡✈2✱ ❧❛ ♣.♦❜❛❜✐❧✐/2 ❞✬✉♥❡ ❞✐✛✉'✐♦♥ ♠✉❧/✐♣❧❡ ♣❛. ❧❡ ❝♦✉✈❡./ ✈2❣2/❛❧

'✬❛❝❝.♦f/✱ ❞✬❛✉/❛♥/ ♣❧✉' ;✉❡ ❞❛♥' ❝❡' ❝❛'✲❧1 ❧❡ .❛②♦♥♥❡♠❡♥/ ✐♥❝✐❞❡♥/ ✈❛ ❛✈♦✐. ❜❡❛✉❝♦✉♣ ♠♦✐♥'

❞❡ ❝❤❛♥❝❡ ❞✬❛✈♦✐. ♣2♥2/.2 ♣.♦❢♦♥❞2♠❡♥/ ❞❛♥' ❧❡ ❝♦✉✈❡./✱ ♣✉✐';✉❡ ❧✬♦.✐❡♥/❛/✐♦♥ ❞♦♠✐♥❛♥/❡

❞❡' ❤❡.❜❛❝2❡' ❡'/ ✈❡./✐❝❛❧❡✮✳ ◆♦✉' ♥✬❛✈♦♥' ❞♦♥❝ ♣❛' /❡♥✉ ❝♦♠♣/❡ ❞❡ ❧❛ ❞2♣❡♥❞❛♥❝❡ ❞✉

❢❈♦✈❡. ❛✈❡❝ ❧✬❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡ ❞❛♥' ❧❛ '✉✐/❡ ❞❡ ❝❡//❡ 2/✉❞❡✱ ♠R♠❡ '✐ ❝❡❧❛ ❛✉.❛✐/ ♣❡✉/✲R/.❡

♣✉ '❡ .2✈2❧❡. ✉♥ ♠♦✐♥' ♠❛✉✈❛✐' ❝❤♦✐① ♣♦✉. ❧❡' ✢✉① ❧❛/❡♥/ ❡/ /✉.❜✉❧❡♥/ ♣✉✐';✉❡ ❧❛ '✉.❢❛❝❡ ❡'/

❡✛❡❝/✐✈❡♠❡♥/ ♠♦✐♥' 2❝❧❛✐.2❡ ❡/ ❞♦♥❝ ♠♦✐♥' ❝❤❛✉✛2❡ ❧♦.';✉❡ ❧❡ '♦❧❡✐❧ ❡'/ ❜❛' '✉. ❧✬❤♦.✐③♦♥✳

❯♥❡ ♣.✐'❡ ❡♥ ❝♦♠♣/❡ ❞❡ ❝❡/ ❡✛❡/ ❞✐♠✐♥✉❡.❛✐/ ❧2❣A.❡♠❡♥/ ❧❛ '✉.❡'/✐♠❛/✐♦♥ ❞❡ ❧❛ ❢.❛❝/✐♦♥

2✈❛♣♦.❛/✐✈❡ ♣❛. ❧❡ ♠♦❞A❧❡ ❥✉'/❡ ❛♣.A' ❧❡ ❧❡✈❡. ❞✉ '♦❧❡✐❧ ✭❡/ ❥✉'/❡ ❛✈❛♥/ '♦♥ ❝♦✉❝❤❡.✮ ♠✐'❡

❡♥ ❧✉♠✐A.❡ ❡♥ ✜❣✉.❡ ✹✳✶✽✳

▲❛ ❝♦♥/.✐❜✉/✐♦♥ ❞❡ ❧✬2✈❛♣♦.❛/✐♦♥ ❞✉ '♦❧ ♥✉ ❛✉ ✢✉① ❞❡ ❝❤❛❧❡✉. ❧❛/❡♥/❡ 2/❛♥/ ❡①/.R♠❡♠❡♥/

❢♦./❡ ❛✉ ❝♦✉.' ❞❡' ♣.❡♠✐A.❡' ❥♦✉.♥2❡' '✉✐✈❛♥/ ✉♥❡ ♣❧✉✐❡✱ /♦✉/ ♣❛./✐❝✉❧✐A.❡♠❡♥/ ❞✉.❛♥/ ❧❡

❞2❜✉/ ❞❡' ♠❛/✐♥2❡' ✭✹✳✶✽ ❇✮✱ ❧❡ ❝❤♦✐① ❞✬❛✉❣♠❡♥/❡. ❛./✐✜❝✐❡❧❧❡♠❡♥/ ❧❡ ❢❈♦✈❡. ♣❛. ❧✬❛❞♦♣/✐♦♥

❞✬✉♥ ♣❛.❛♠A/.❡ ❦ 2❧❡✈2 ❡'/ ✉♥❡ ♦♣/✐♦♥ ❥✉'/✐✜❛❜❧❡ ♣♦✉. ✉♥ /.❛✈❛✐❧ ❝❡♥/.2 '✉. ❧❡ ❝②❝❧❡ ❤②✲

❞.♦❧♦❣✐;✉❡ ✭❝♦♠♠❡ ❝❡❧✉✐ ❞❡ ❞✬❖.❣❡✈❛❧ ❬✷✵✵✻❪✱ ❞❛♥' ❧❛ ♠❡'✉.❡ ♦K ❝❡❧❛ ♣❡.♠❡/ ❞❡ .2❞✉✐.❡ ❧❡'

'✉.❡'/✐♠❛/✐♦♥' ❞❡ ❧✬2✈❛♣♦.❛/✐♦♥ ❡♥ ❞2❜✉/ ❞❡ ♠❛/✐♥2❡ ❞❛♥' ❧❡' '✐♠✉❧❛/✐♦♥' ❛✉ ❝♦✉.' ❞❡' ✸✲✹

♣.❡♠✐❡.' ❥♦✉.' '✉✐✈❛♥/ ✉♥❡ ♣❧✉✐❡✳ ◆2❛♥♠♦✐♥'✱ ❧❛ ✈❛❧❡✉. ♥✉♠2.✐;✉❡ ❝❤♦✐'✐❡ ♣♦✉. ❝❡ ❝♦❡✣❝✐❡♥/

✭✷✮ '♦./ ❞❡ ❧✬✐♥/❡.✈❛❧❧❡ .2❛❧✐'/❡ ♣♦✉. ❞❡' ♠♦②❡♥♥❡' ❞✐✉.♥❡' ✭'✐ ✉♥ '❡♥' ♣❤②'✐;✉❡ ❡'/ ❞♦♥♥2

1 ❝❡ ❝♦❡✣❝✐❡♥/✮✳ ◗✉❡ ❝❡//❡ ✈❛❧❡✉. ♣❡.♠❡//❡ ✉♥❡ ❛♠2❧✐♦.❛/✐♦♥ ❡'/ ✈.❛✐'❡♠❜❧❛❜❧❡♠❡♥/ ❞k 1

✉♥❡ ❝♦♠♣❡♥'❛/✐♦♥ ❞✬❡..❡✉.' ✭'♦✉'✲❡'/✐♠❛/✐♦♥ ❞❡ ❧❛ .2'✐'/❛♥❝❡ ❛2.♦❞②♥❛♠✐;✉❡ ❛❞❞✐/✐♦♥♥❡❧❧❡

❧✐♠✐/❛♥/ ❧❡' 2❝❤❛♥❣❡' ❛✈❡❝ ❧❡ '♦❧✱ ♦✉ '♦✉' ❡'/✐♠❛/✐♦♥ ❞❡ ❧❛ .2'✐'/❛♥❝❡ ♦♣♣♦'2❡ ♣❛. ❧✬❤♦.✐③♦♥

✶✵✻
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❆✳

❇✳

❋✐❣✉$❡ ✹✳✻✿ ❆✳✲❇✳ ❈♦♠♣❛,❛✐.♦♥ ♠♦❞1❧❡✲♠❡.✉,❡ ❞✉ ❝②❝❧❡ .❛✐.♦♥♥✐❡, ❞❡ ❧✬❛❧❜9❞♦ ✭❆✳✮ ❡< ❞✉

❝②❝❧❡ ❞✐✉,♥❡ ♠♦②❡♥ ✭❇✳✮ .❡❧♦♥ =✉✬♦♥ ✉<✐❧✐.❡ ✉♥❡ ♣❛,❛♠9<,✐.❛<✐♦♥ ❝♦♥.<❛♥<❡ ✭❡♥ ♥♦✐, ♣♦✉,

Kext = 0.9✮ ♦✉ ✉♥❡ ♠♦❞✐✜❝❛<✐♦♥ ❞❡ ❧❛ ❢,❛❝<✐♦♥ ❞✉ ,❛②♦♥♥❡♠❡♥< ✐♥<❡,❝❡♣<9 ♣❛, ❧❡ ❝♦✉✈❡,<
❡♥ ❢♦♥❝<✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ③9♥✐<❤❛❧ .♦❧❛✐,❡ ✭❡♥ ✈❡,<✱ ✈♦✐, <❡①<❡✮✳
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❚♦✉ ❡❢♦✐*✱ ❧✬❛❥✉* ❡♠❡♥ ❞❡ ❧❛ ❧♦♥❣✉❡✉( ❞❡ (✉❣♦*✐ . ♥❡ *✬❛✈G(❡ ♣❛* *✉✣*❛♥ ✱ ❝❛( ❧❡ ✢✉①

▲❲up *✐♠✉❧. ♣❛( ❖❘❈❍■❉❊❊ (❡* ❡ *♦✉*✲❡* ✐♠. ♣❛( (❛♣♣♦( ❛✉① ♦❜*❡(✈❛ ✐♦♥*✳ ❈❡  ❡ *♦✉*✲

❡* ✐♠❛ ✐♦♥ *❡♠❜❧❡ ❧✐.❡✱ ❛✉ ♠♦✐♥* ❡♥ ♣❛( ✐❡✱ @ ✉♥ ❛*♣❡❝ * (✉❝ ✉(❡❧ ❞✉ ♠♦❞G❧❡ ❖❘❈❍■❉❊❊✱

❞❛♥* ❧❡>✉❡❧ ✉♥ *❡✉❧ ❜✐❧❛♥ .♥❡(❣. ✐>✉❡ ❡* (.❛❧✐*.✱ *✉♣♣♦*❛♥ >✉❡ ❧❡ ❝❛❧❝✉❧ ❞✬✉♥❡  ❡♠♣.(❛ ✉(❡

❞❡ *✉(❢❛❝❡ ✉♥✐>✉❡ ♣❡(♠❡ ❧✬♦❜ ❡♥ ✐♦♥ ❞❡ (.*✉❧ ❛ * *❛ ✐*❢❛✐*❛♥ *✳
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❧❛  ❡♠♣.(❛ ✉(❡ (❛❞✐♦♠. (✐>✉❡ ✭ ❡❧❧❡ >✉❡ ♠❡*✉(.❡ ❞❛♥* ❧✬✐♥❢(❛(♦✉❣❡  ❤❡(♠✐>✉❡✮ *✬❛✈G(❡ ❜✐❡♥

*✉♣.(✐❡✉(❡ @ ❝❡❧❧❡ >✉✐ ❝♦♥ (✐❜✉❡ ❛✉ ✢✉① ❞❡ ❝❤❛❧❡✉( *❡♥*✐❜❧❡ ✭ ❡♠♣.(❛ ✉(❡ ❛.(♦❞②♥❛♠✐>✉❡✱

❚0✮✳

❈❡ ❝♦♥* ❛ (❡❝♦✉✈(❡ ♣❧✉*✐❡✉(* ❞✐❛❣♥♦* ✐❝* ✿

✕ ❞✬✉♥❡ ♣❛( ❧❡ ❢❛✐ >✉❡ ❧❡ (❛②♦♥♥❡♠❡♥ *♦✐ ❢♦♥❝ ✐♦♥ ❞❡ ❧❛ ♣✉✐**❛♥❝❡ >✉❛ (✐G♠❡ ❞❡

❧❛  ❡♠♣.(❛ ✉(❡ ❢❛✐ >✉❡ ❧❡ ❝❛❧❝✉❧ ❞❡ (❛②♦♥♥❡♠❡♥ ❜❛*. *✉( ❧❛  ❡♠♣.(❛ ✉(❡ ♠♦②❡♥♥❡

*♦✉*✲❡* ✐♠❡(❛ ❧❡ ✢✉① (❛❞✐❛ ✐❢✳

✕ ❧❡* ❛♥♦♠❛❧✐❡* ❞❡  ❡♠♣.(❛ ✉(❡ ❞❛♥* ❧❡ ♣❛②*❛❣❡ ♥❡ *♦♥ ♣❛* ❞✐* (✐❜✉.❡* ❛❧.❛ ♦✐(❡♠❡♥ 
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❞❡ ❘♦ ❡♥❜❡(❣ ❛♥❞ ❨❛❦✐( ❬✷✵✶✵❪ . ❛✐ ✉♥ ❡①❡♠♣❧❡ ♠❛(>✉❛♥ @ ❧✬.❝❤❡❧❧❡ ❞✉ ♣❛②*❛❣❡✱

♠❛✐* ❝❡❧❛ *❡ ✈.(✐✜❡ .❣❛❧❡♠❡♥ ❛✉ *❡✐♥ ❞✉ ♣❛②*❛❣❡ ✮✳ ❙✬✐❧ ❡* ♣♦**✐❜❧❡ ❞✬❡* ✐♠❡( ❧✬❤. .✲

(♦❣.♥.✐ . *♣❛ ✐❛❧❡ ❞❡  ❡♠♣.(❛ ✉(❡ ❞❛♥* ❧❡ ♣❛②*❛❣❡✱ ❝❡ ❡✛❡ ♣❡✉ ] (❡ (❡♣(.*❡♥ . ♣❛(

✉♥  ❡(♠❡ (.*✐* ✐❢ ❛❞❞✐ ✐♦♥♥❡❧ ❧✐♠✐ ❛♥ ❧❡* .❝❤❛♥❣❡* ❞❡ ❝❤❛❧❡✉( *❡♥*✐❜❧❡ ♣❛( (❛♣♣♦( @ ❧❛

*❡✉❧❡ (.*✐* ❛♥❝❡ ❛.(♦❞②♥❛♠✐>✉❡ ✿ ❝❡❧❛ ❛ . . ❢♦(♠❛❧✐*. ❛✉  (❛✈❡(* ❞✉ ❞.✈❡❧♦♣♣❡♠❡♥ ❞❡

♣❛(❛♠. (✐*❛ ✐♦♥* ✐♥❝❧✉❛♥ ✉♥ ❢❛❝ ❡✉( ✐♥ ✐ ✉❧. kB−1 ❬▲❤♦♠♠❡ ❡ ❛❧✳✱ ✶✾✾✼❀ ❚(♦✉✢❡❛✉

❡ ❛❧✳✱ ✶✾✾✼❪✳

▲❡  (❛✈❛✐❧  ❤.♦(✐>✉❡ ❞❡ ▲❤♦♠♠❡ ❡ ❛❧✳ ❬✶✾✾✼❪ ❛  ♦✉ ❡❢♦✐* ♠♦♥ (. >✉❡ ❧✬❡♠♣❧♦✐ ❞✬✉♥❡ ♣❛(❛✲

♠. (✐*❛ ✐♦♥ ❞❡ kB1
❡* ♣(♦❜❧.♠❛ ✐>✉❡ ❞❛♥* ❧❛ ♠❡*✉(❡ ♦` ❧❡  ❡(♠❡ ❛❥♦✉ . ♥✬❡* ♣❛* ❝♦♥* ❛♥ 

❛✉ ❝♦✉(* ❞❡ ❧❛ *❛✐*♦♥ ✿ ✐❧ ♥✬❡* ♣❛* *❡✉❧❡♠❡♥ ♠♦❞✉❧. ♣❛( ❞❡* ❝❛(❛❝ .(✐* ✐>✉❡* * (✉❝ ✉(❛❧❡*

❞❡ ❧❛ *✉(❢❛❝❡ ♠❛✐* .❣❛❧❡♠❡♥ ♣❛( ❧❛ ❞✐*♣♦♥✐❜✐❧✐ . ❤②❞(✐>✉❡✱ ❡ ❧❡* ❝♦♥❞✐ ✐♦♥* ❝❧✐♠❛ ✐>✉❡*✳

❇✐❡♥ .✈✐❞❡♠♠❡♥ ✱ ❝❡ ❝♦♥* ❛ (❡* (❡✐♥ ❝♦♥*✐❞.(❛❜❧❡♠❡♥ ❧✬✐♥ .(] ❞❡ ❝❡ ♣❛(❛♠G (❡ ♣♦✉( ❧❛

(❡♣(.*❡♥ ❛ ✐♦♥ ❞❡ ❝♦✉✈❡( * .♣❛(*✳ ❆✉**✐✱ ❧❛ ♣❛(❛♠. (✐*❛ ✐♦♥ ♣❤.♥♦♠.♥♦❧♦❣✐>✉❡ ♣(♦♣♦*.❡ ♣❛(

❚(♦✉✢❡❛✉ ❡ ❛❧✳ ❬✶✾✾✼❪ ❡* ✲❡❧❧❡ ✐♥ (♦❞✉✐ ❡ ❝♦♠♠❡ .✈❡♥ ✉❡❧❧❡ ❛❧ ❡(♥❛ ✐✈❡ ❞❛♥* ❧❛ ♠❡*✉(❡ ♦`

❡❧❧❡ ❛♣♣♦( ❡ ❞❡* (.*✉❧ ❛ * ♣❧✉* *❛ ✐*❢❛✐*❛♥ *✱ ♠]♠❡ *✐ ❡❧❧❡ ♥✬❛♣♣♦( ❡ ♣❛* ✉♥❡ ❝♦♠♣(.❤❡♥*✐♦♥

♣❧✉* ✜♥❡ ❞❡ ❧❛ ♣♦♥❞.(❛ ✐♦♥ ✐♠♣♦*.❡ ♣❛( ❧❛ ♣❤②*✐>✉❡ ❞✉ ♣(♦❝❡**✉*✳

❆ ♣❛( ✐( ❞❡* ❞♦♥♥.❡* ❞✉ *✐ ❡ . ✉❞✐.✱ ❧❡* ❛✉ ❡✉(* ❛✈❛✐❡♥ ♦❜ ❡♥✉ ✉♥❡ ♠❡✐❧❧❡✉(❡ (❡♣(.✲

*❡♥ ❛ ✐♦♥ ❞❡* ✢✉① ❞❡ ❝❤❛❧❡✉( *❡♥*✐❜❧❡ ❡♥ ✉ ✐❧✐*❛♥ ✉♥❡ ♣❛(❛♠. (✐*❛ ✐♦♥ *✬❛♣♣✉②❛♥ *✉( ✉♥❡

(❡♣(.*❡♥ ❛ ✐♦♥ ❞✉ ❢❛❝ ❡✉( kB−1 ❞❡ ❧❛ ❢♦(♠❡ *✉✐✈❛♥ ❡ ✿

Trad − Ts = ktroufleau(Trad − Ta) avec ktroufleau = 0.8 ✭✹✳✶✮

▲✬❡♠♣❧♦✐ ❞❡ ❝❡  ❡ ❛♣♣(♦❝❤❡ ❛✈❡❝ ❧❡* ❞♦♥♥.❡* ❡①♣.(✐♠❡♥ ❛❧❡* ❞✐*♣♦♥✐❜❧❡* ❛ ♣❡(♠✐* ❞✬♦❜✲

 ❡♥✐( ✉♥ ♠❡✐❧❧❡✉( ❛❥✉* ❡♠❡♥ ❛✉① ♦❜*❡(✈❛ ✐♦♥* ❧♦(*>✉✬✉♥❡ ✈❛❧❡✉( ❞❡ ktroufleau = 0.39 . ❛✐ 

❝❤♦✐*✐❡✱  ❛♥❞✐* >✉❡ ❧❛ (❡❧❛ ✐♦♥ ❡♥ (❡ ♥♦ (❡ ♠♦❞G❧❡ ❞✉ (❛②♦♥♥❡♠❡♥ ❣(❛♥❞❡* ❧♦♥❣✉❡✉(* ❞✬♦♥❞❡

❡ ❧❡* ♦❜*❡(✈❛ ✐♦♥* . ❛✐ ❧❛ ♣❧✉* ❧✐♥.❛✐(❡ ♣♦**✐❜❧❡ ❧♦(*>✉❡ ktroufleau ✈❛❧❛✐ ✵✳✻✾ ✭✜❣✉(❡ ✹✳✽✮✳
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ktroufleau = 0.39 ktroufleau = 0.69
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✕ &❡♥❤✉♠ ✿ ❧❛ ✈❛❧❡✉# ❞❡ &.#❡&& ❤②❞#✐5✉❡ ❡♥ ❞❡&&♦✉& ❞❡ ❧❛5✉❡❧❧❡ ❧❛ &/♥❡&❝❡♥❝❡ ❞❡& ♣❧❛♥.❡&

❡&. ♠❛①✐♠❛❧❡✳

✕ ▼❈❋ ❡( ▼❈❙ ✿ ❧❛ &❡♥&✐❜✐❧✐./ ❞❡ ❧❛ ♣❤/♥♦❧♦❣✐❡ ❛✉① ❝❤❛♥❣❡♠❡♥.& ❞❡ #/&❡#✈❡ ✉.✐❧❡ ❞❛♥&

❧❡ &♦❧ ❡♥ ❥♦✉❛♥. &✉# ❧❛ ✈❛❧❡✉# ❞❡ ❝♦♥.❡♥✉ ❡♥ ❡❛✉ 4 ❧❛ ❝❛♣❛❝✐./ ❛✉ ❝❤❛♠♣ ❡. 4 &❛.✉#❛.✐♦♥✱

❡♥ ❝♦♥&❡#✈❛♥. ✉♥ /❝❛#. ❝♦♥&.❛♥. ❡♥.#❡ ❝❡& ❞❡✉① ✈❛❧❡✉#&✳

✕ ❛❧❜❴✈✐&✱ ❛❧❜❴♥✐= ❡( ❦❡①( ✿ ❧❛ &❡♥&✐❜✐❧✐./ ❞✉ #/&✉❧.❛. ❛✉① ❝❤❛♥❣❡♠❡♥.& ❞❡ ♣❛#❛♠?.#❡&

❛✛❡❝.❛♥. ❧❡ ❜✐❧❛♥ #❛❞✐❛.✐❢ ♣♦✉# ❧❡& ❧♦♥❣✉❡✉#& ❞✬♦♥❞❡ ❧✐/❡& ❛✉ #❛②♦♥♥❡♠❡♥. &♦❧❛✐#❡ ❀

❛❧❜/❞♦ ❞❛♥& ❧❡ ✈✐&✐❜❧❡ ❡. ❧❡ ♣#♦❝❤❡ ✐♥❢#❛#♦✉❣❡✱ ❡. ❝♦❡✣❝✐❡♥. ❞✬❡①.✐♥❝.✐♦♥ ❝❛#❛❝./#✐&❛♥.

❧❛ ❢#❛❝.✐♦♥ ❝♦✉✈❡#.❡ ❞✉ &♦❧ ♣❛# ❧❛ ✈/❣/.❛.✐♦♥ ❡♥ ❢♦♥❝.✐♦♥ ❞❡ ❧✬✐♥❞✐❝❡ ❢♦❧✐❛✐#❡✱ ❛♣#?& ✉♥

❛❥✉&.❡♠❡♥. ♣#/❛❧❛❜❧❡ ✭♥♦♥ #❡♣#/&❡♥./✮ ❞❡ ❧✬❛❧❜/❞♦ ❞✉ &♦❧ ♥✉✱ &❡❝ ❡. ❤✉♠✐❞❡✳

▲❡& #/&✉❧.❛.& ❞❡ ✻✵✼ &✐♠✉❧❛.✐♦♥& #/❛❧✐&/❡& ❛✉ ❝♦✉#& ❞❡ ❝❡ .❡&. ❞✬❛❥✉&.❡♠❡♥. &♦♥. &②♥.❤/✲

.✐&/& ❞❛♥& ❧❡& ✜❣✉#❡& ✹✳✾ ❡. ✹✳✶✵✳ ▲❛ ✈❛❧❡✉# ❞✉ ♣❛#❛♠?.#❡ ♦♣.✐♠✐&/ &❡ .#♦✉✈❡ ❡♥ ♣#❡♠✐?#❡

❧✐❣♥❡✱ ❧❡& ❛✉.#❡& ♣❡#♠❡..❛♥. ❞❡ ✈✐&✉❛❧✐&❡# ❧❡& ❝♦♠❜✐♥❛✐&♦♥& ❞❡ ♣❛#❛♠?.#❡& ❡♠♣❧♦②/❡& ❞❛♥&

❧❡& &✐♠✉❧❛.✐♦♥&✳ ▲❡ &②♠❜♦❧❡ ✓ ✶ ✔ #❡♣#/&❡♥.❡ ❧❛ &✐♠✉❧❛.✐♦♥ 5✉✐ ❞♦♥♥❡ ❧❡& #/&✉❧.❛.& ❧❡& ♣❧✉&

&❛.✐&❢❛✐&❛♥.&✱ .❛♥❞✐& 5✉✬✉♥ &②♠❜♦❧❡ ✓ ✷ ✔ #❡♣#/&❡♥.❡ ❧❛ ❝♦♠❜✐♥❛✐&♦♥ ❞❡ ♣❛#❛♠?.#❡& ♦♣.✐♠❛❧❡

♣♦✉# ❧❛5✉❡❧❧❡ ❧✬Q❣❡ ❝#✐.✐5✉❡ ❞❡& ❢❡✉✐❧❧❡& ♥✬❡&. ♣❛& ✉♥ ♣❛#❛♠?.#❡ ❧✐♠✐.❛♥. ❧❛ ❞✉#/❡ ❞❡ ❧❛ &❛✐&♦♥

❞❡ ❝#♦✐&&❛♥❝❡✳ ❊♥ ❡✛❡.✱ ❝❡ ♣❛#❛♠?.#❡ ❡&. .#?& &♣/❝✐✜5✉❡ ❛✉ &✐.❡ ❡. ✉♥ ❛❥✉&.❡♠❡♥. 5✉✐ ❡♥

❢❡#❛✐. ✉&❛❣❡ &❛♥& 5✉✬♦♥ ♥❡ ❧❡ #❡♣#/&❡♥.❡ ❡♥ ❢♦♥❝.✐♦♥ ❞❡ ❧❛ ❞✉#/❡ ♠♦②❡♥♥❡ ❞❡ ❧❛ &❛✐&♦♥ ❞❡&

♣❧✉✐❡& ✭♦✉ ❞❡ ❧❛ ❞✉#/❡ ❞/♣❛&&/ ♣♦✉# ✉♥❡ ❢#❛❝.✐♦♥ ① ❞❡& ❛♥♥/❡&✮ ♠❛♥5✉❡#❛✐. ❝#✉❡❧❧❡♠❡♥. ❞❡

#♦❜✉&.❡&&❡ ♣♦✉# ❛✈♦✐# 5✉❡❧5✉❡ ✐♥./#S. ❞❛♥& ✉♥❡ &✐♠✉❧❛.✐♦♥ #/❣✐♦♥❛❧❡✳ ▲❛ ♠✐♥✐♠✐&❛.✐♦♥ ❞✬✉♥❡

❢♦♥❝.✐♦♥ ❝♦T. 5✉✐ ❝♦♥&.✐.✉❡ ✉♥❡ ♣♦♥❞/#❛.✐♦♥ ❞❡ ❧✬❛♠♣❧✐.✉❞❡ ❞✉ ❝②❝❧❡ &❛✐&♦♥♥✐❡# ❞✬❛❧❜/❞♦✱

❛✉ .#❛✈❡#& ❞❡ ❧❛ ♣❡♥.❡ ❞❡ ❧❛ #/❣#❡&&✐♦♥ ♠♦❞?❧❡✲♠❡&✉#❡✱ ❡. ❞✉ ❝♦❡✣❝✐❡♥. ❞❡ ❞/.❡#♠✐♥❛.✐♦♥

❞❡ ❧❛ ❞✐.❡ #/❣#❡&&✐♦♥ ✿ abs(log(1 − R2)) + abs(log(pente)) ❡&. ♣#/&❡♥./❡ ❡♥ ✜❣✉#❡ ✹✳✾✳ ▲❛

♠❛①✐♠✐&❛.✐♦♥ ❞✉ ❝♦❡✣❝✐❡♥. ❞❡ ❞/.❡#♠✐♥❛.✐♦♥ ❡&. ♣#/&❡♥./❡ ❡♥ ✜❣✉#❡ ✹✳✶✵✳ *#✐✈✐❧/❣✐❡# ❧✬✉♥❡

♦✉ ❧✬❛✉.#❡ ❞❡ ❝❡& ♠/.#✐5✉❡& ❛❜♦✉.✐. 4 ❞❡& #/&✉❧.❛.& ❛&&❡③ &✐♠✐❧❛✐#❡& ✿ 5✉❡ ❧✬✉&❛❣❡ ❞✬✉♥❡

♣❤/♥♦❧♦❣✐❡ ♣♦✉# ❧❛5✉❡❧❧❡ ❧❛ ❞✉#/❡ ❞❡ ❧❛ &❛✐&♦♥ ❞❡ ❝#♦✐&&❛♥❝❡ ♥✬❡&. ❧✐♠✐./❡ 5✉❡ ♣❛# ❧✬❡❛✉ ❡.

♥♦♥ ♣❛# ✉♥ Q❣❡ ♠❛①✐♠❛❧ ♥✬❡&. ♣❛& ♣❛#.✐❝✉❧✐?#❡♠❡♥. ♣❧✉& ♠❛✉✈❛✐& 5✉✬✉♥❡ ♣❤/♥♦❧♦❣✐❡ 5✉✐

❢♦#❝❡ 4 ❛❝❤❡✈❡# ❧❡✉# &❛✐&♦♥ ❞❡ ❝#♦✐&&❛♥❝❡ ❜❡❛✉❝♦✉♣ ♣❧✉& .V. ✭❧❛ ❝♦♠❜✐♥❛✐&♦♥ ❞❡ ♣❛#❛♠?.#❡&

♦♣.✐♠❛❧❡ ❡&. ❧❛ ♠S♠❡ ❡♥ ✜❣✉#❡ ✹✳✶✵ 5✉✬♦♥ ✐♠♣♦&❡ ♦✉ ❧?✈❡ ❝❡..❡ ❝♦♥.#❛✐♥.❡✱ ❧✬♦♣.✐♠✉♠ &♦✉&

❝♦♥.#❛✐♥.❡ ❡&. ♣#❡&5✉❡ ❛✉&&✐ &❛.✐&❢❛✐&❛♥.& ❡♥ ✜❣✉#❡ ✹✳✾✱ ❜✐❡♥ 5✉✬✐❧ ❝♦##❡&♣♦♥❞❡ 4 ✉♥❡ ❝♦♠✲

❜✐♥❛✐&♦♥ ❞❡ ♣❛#❛♠?.#❡ ❢♦#. ❞✐&.✐♥❝.❡✮✳ ■❧ ❡&. ♣❛# ❝♦♥.#❡ ♣❧✉& ✐♥./#❡&&❛♥. ❞❡ #❡♠❛#5✉❡# 5✉❡

❧❡ ❝♦♥&.❛. ❛✉#❛✐. ♣#♦❜❛❜❧❡♠❡♥. /./ ❛&&❡③ ❞✐✛/#❡♥. &✐ ❧✬❛♥❛❧②&❡ ❛✈❛✐. /./ #/❛❧✐&/❡ ❡♥ &❡ ❧✐♠✐✲

.❛♥. ❛✉ &♣❡❝.#❡ ✈✐&✐❜❧❡✱ ❞❛♥& ❧❛ ♠❡&✉#❡ ♦X ❝❡❧❛ ❛✉#❛✐. ♣❡#♠✐& ❞❡ ❞✐&.✐♥❣✉❡# ❜❡❛✉❝♦✉♣ ♣❧✉&

&❡♥&✐❜❧❡♠❡♥. ♣❛✐❧❧❡& ❡. ❧✐.✐?#❡ ❞✬✉♥❡ ♣❛#.✱ ❢❡✉✐❧❧❡& ❡. .✐❣❡& ❢♦♥❝.✐♦♥♥❡❧❧❡& ❞✬❛✉.#❡ ♣❛#.✳ ❈❡❝✐

❛✉#❛✐. ❝❡#.❛✐♥❡♠❡♥. ✐♥❞✉✐. ❧❛ &/❧❡❝.✐♦♥ ❞✬✉♥❡ ❝♦♠❜✐♥❛✐&♦♥ ❞❡ ♣❛#❛♠?.#❡ ❝♦##❡&♣♦♥❞❛♥. 4

✉♥ .✉#♥♦✈❡# .#?& /❧❡✈/✳

✹✳✸✳✷ ❆❥✉'(❡♠❡♥( ❞❡' ♣❛/❛♠0(/❡' ❤②❞/❛✉❧✐5✉❡'

▲❡& ♣❛#❛♠?.#❡& ✐♥✐.✐❛✉① ❝❡♥&/& #❡♣#/&❡♥.❡# ❞❡& &♦❧& &❛❜❧❡✉① ♥❡ ♣❡#♠❡..❛✐❡♥. ♣❛& ❞✬♦❜✲

.❡♥✐# ❞❡& #/&✉❧.❛.& &❛.✐&❢❛✐&❛♥.& ✭❝❢ ♣#❡♠✐?#❡ ❧✐❣♥❡ ❞❡ ❧❛ ✜❣✉#❡ ✹✳✶✸✮✳ ❊♥ ♣❛#.✐❝✉❧✐❡#✱ ❧❡ ❢#♦♥.

❞✬❤✉♠❡❝.❛.✐♦♥ &✐♠✉❧/ ♥✬❛##✐✈❛✐. ♣❛& 4 ♣/♥/.#❡# ❡♥ ♣#♦❢♦♥❞❡✉# ❛✈❡❝ ✉♥❡ ❛♠♣❧✐.✉❞❡ ❛✉&&✐

✐♠♣♦#.❛♥.❡ &✉# ❧❡& ♦❜&❡#✈❛.✐♦♥&✱ ❡. ❧❡ ❝②❝❧❡ &❛✐&♦♥♥✐❡# 4 ✺✵❝♠ ❞❡ ♣#♦❢♦♥❞❡✉# ♣#/&❡♥.❛✐. ✉♥

❢♦#. ❞/♣❤❛&❛❣❡ ❛✈❡❝ ❧❡& ♦❜&❡#✈❛.✐♦♥&✳

❯♥❡ ❢♦✐& ❧❛ ♣❤/♥♦❧♦❣✐❡ ❡. ❧❛ #❡♣#/&❡♥.❛.✐♦♥ ❡♥.#❡ ❧❡& ❞✐✛/#❡♥.❡& ❝♦♠♣♦&❛♥.❡& ❞✉ ❜✐❧❛♥

#❛❞✐❛.✐❢ ❛❥✉&./& ❞❡ ♠❛♥✐?#❡ ❛♣♣#♦①✐♠❛.✐✈❡✱ ✉♥❡ ❧❛#❣❡ ❣❛♠♠❡ ❞❡ ♣❛#❛♠?.#❡& ❞/❝#✐✈❛♥. ❧❡&

♣#♦♣#✐/./& ❤②❞#❛✉❧✐5✉❡& ❞✉ &♦❧ ❛ /./ ❡①♣❧♦#/❡✳

✶✶✶



abs(log(1−R2))+abs(log(pente))
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▲❡" ♦❜"❡%✈❛(✐♦♥" +(❛♥( ❡①♣%✐♠+❡" ❡♥ /✉❛♥(✐(+ ❞✬❡❛✉ ❛✉ ❞❡❧4 ❞✉ ❝♦♥(❡♥✉ ❡♥ ❡❛✉ %+"✐❞✉❡❧✱

❧❡" %+"✉❧(❛(" ❞✉ ♠♦❞7❧❡ ♦♥( +(+ "②"(+♠❛(✐/✉❡♠❡♥( (%❛♥"❢♦%♠+" ❡♥ ✉♥❡ ✉♥✐(+ ❝♦♠♣❛%❛❜❧❡

❡♥ %❡(✐%❛♥( MCR = 0.065 ❛✉ %+"✉❧(❛( ❞✉ ♠♦❞7❧❡✱ ♣❧✉(:( /✉❡ ❞✬❛❥✉"(❡% ❝❡ (❡%♠❡ 4 ③+%♦

❞❛♥" ❧❡ ♠♦❞7❧❡✳ ■❧ "❡%❛ ✐❝✐ /✉❡"(✐♦♥ ❞❡ ❝♦♥(❡♥✉ ❡♥ ❡❛✉ ♣❛% ❝♦♠♠♦❞✐(+✱ ♠?♠❡ "✐ ❝❡ (❡%♠❡

♥✬❡"( ♣❛" (♦✉( 4 ❢❛✐( ❡①❛❝(✱ ❛✜♥ ❞✬+✈✐(❡% ❧❛ ❝♦♥❢✉"✐♦♥ ❛✈❡❝ ❧❡ ❝♦♥(❡♥✉ ❡♥ ❡❛✉ ❡♥ ❡①❝7" ♣❛%

%❛♣♣♦%( ❛✉ ♣♦✐♥( ❞❡ ✢+(%✐""❡♠❡♥( ♣❡%♠❛♥❡♥( /✉✐ ♣♦✉%%❛✐( ?(%❡ ✐♥(%♦❞✉✐(❡ ♣❛% ❧✬✉"❛❣❡ ❞✉

(❡%♠❡ ✓ ❝♦♥(❡♥✉ ❡♥ ❡❛✉ ❞✐"♣♦♥✐❜❧❡ ✔✳

▲❡" (❡"(" ❞❡ "❡♥"✐❜✐❧✐(+ ♦♥( ♣♦%(+ "✉% ❧❡" ♣❛%❛♠7(%❡" "✉✐✈❛♥(" ✿

✕ ❦s ✿ ❝♦♥❞✉❝(✐✈✐(+ ❤②❞%❛✉❧✐/✉❡ 4 "❛(✉%❛(✐♦♥

✕ ♥van ✿ ♣❛%❛♠7(%❡ ❛❞✐♠❡♥"✐♦♥♥❡❧ ♥♦(+ m = 1 − 1/n ❞❛♥" ❧✬❛%(✐❝❧❡ ❞❡ ✈❛♥ ●❡♥✉❝❤(❡♥

❬✶✾✽✵❪✳

✕ αvan ✿ ✐♥❞❡① ❞❡ ❱❛♥ ●❡♥✉❝❤(❡♥ ✭❡①♣%✐♠+ ❡♥ mm−1✮✳
✕ ▼❈❙✲▼❈❘ ✿ ❞✐✛+%❡♥❝❡ ❡♥(%❡ ❧❡ ❝♦♥(❡♥✉ ❡♥ ❡❛✉ 4 "❛(✉%❛(✐♦♥ ❡( ❧❡ ❝♦♥(❡♥✉ ❡♥ ❡❛✉

%+"✐❞✉❡❧ ✭❡( ❝♦%%+❧❛(✐✈❡♠❡♥( "✉% ❧❡ (❡%♠❡ ▼❈❋✲▼❈❲✱ ❞✐✛+%❡♥❝❡ ❡♥(%❡ ❧❛ ❝❛♣❛❝✐(+ ❛✉

❝❤❛♠♣ ❡( ❧❡ ♣♦✐♥( ❞❡ ✢+(%✐""❡♠❡♥( ♣❡%♠❛♥❡♥(✮✳

▲❡" ✜❣✉%❡" ✹✳✶✶ ❡( ✹✳✶✷ ♣❡%♠❡((❡♥( ❞✬❛✈♦✐% ✉♥❡ ✈✐"✐♦♥ "②♥(❤+(✐/✉❡ ❞❡" ♣❡%❢♦%♠❛♥❝❡"

❞❡" ❞✐✛+%❡♥(" ❥❡✉① ❞❡ ♣❛%❛♠7(%❡" (❡"(+"✳ ▲❛ ✓ ❢♦♥❝(✐♦♥ ❝♦]( ✔ 4 ♠✐♥✐♠✐"❡% ❡"( ❝♦♥"(✐(✉+❡

❞❡" ✐♥❞✐❝❡" ❜❛"+" "✉% ❧❛ ❝♦♥❢%♦♥(❛(✐♦♥ ❞❡" ♦❜"❡%✈❛(✐♦♥" ❡( ♠❡"✉%❡" ❞✬❤✉♠✐❞✐(+ ❞❛♥" ❧❡ "♦❧

❛✉① ♣%♦❢♦♥❞❡✉%" ❞❡ ✶✵❝♠ ❡( ✺✵❝♠ ✭❧❡ ❢%♦♥( ❞✬❤✉♠❡❝(❛(✐♦♥ ♥✬❛((❡✐❣♥❛♥( ♣%❡"/✉❡ ❥❛♠❛✐" ✶♠

❞❛♥" ❧❡" ♦❜"❡%✈❛(✐♦♥" ❝♦♠♠❡ ❞❛♥" ❧❡ ♠♦❞7❧❡ ❧✬✐♥❢♦%♠❛(✐♦♥ "✉♣♣❧+♠❡♥(❛✐%❡ ❛♣♣♦%(+❡ ♣❛% ❧❡"

♥✐✈❡❛✉① ❞❡ ♠❡"✉%❡ ♣❧✉" ♣%♦❢♦♥❞ +(❛✐( ❧✐♠✐(+❡ ❡( ❛ +(+ ♥+❣❧✐❣+❡✮✳

▲❛ ♠+(%✐/✉❡ ✉(✐❧✐"+❡ ❡"( ❧❛ "♦♠♠❡ ❞❡" ✈❛❧❡✉%" ❛❜"♦❧✉❡" ❞✉ ❧♦❣❛%✐(❤♠❡ ❞❡" ♣❡♥(❡" ❞❡"

%+❣%❡""✐♦♥" ♦❜"❡%✈❛(✐♦♥✲♠♦❞7❧❡ ❛✉① ❞❡✉① ♣%♦❢♦♥❞❡✉%" ❝♦♥"✐❞+%+❡" ❡( ❞❡ ❝❡❧❧❡" ❞❡" +❝❛%(" 4

✶ ❞❡" ❝♦❡✣❝✐❡♥(" ❞❡ %+❣%❡""✐♦♥ R2
❛""♦❝✐+" ✭✜❣✉%❡ ✹✳✶✶ ❆✮✳ ❯♥❡ ✈❛❧❡✉% ❞❡ ✵ ❡"( ♦❜(❡♥✉❡ "✐

❧❡ ♠♦❞7❧❡ ❝♦♥"(✐(✉❡ ✉♥❡ %❡♣%+"❡♥(❛(✐♦♥ ♣❛%❢❛✐(❡ ❞❡" ♦❜"❡%✈❛(✐♦♥"✳ ❈❡( ✐♥❞✐❝❡ ❡"( ❝❛❧❝✉❧+ 4 ❧❛

❢♦✐" ♣♦✉% ❧❡" ♦❜"❡%✈❛(✐♦♥" "❡♠✐✲❤♦%❛✐%❡" ❡( ♣♦✉% ❞❡" ♠♦②❡♥♥❡" ❣❧✐""❛♥(❡" "✉% ❞❡" ❢❡♥?(%❡" ❞❡

✉♥ ❞❡ ❞✐① ❥♦✉%"✳ ❊(❛♥( ♣❧✉" ✐♥(+%❡""+ ♣❛% ❧❡" ✈❛%✐❛(✐♦♥" ❞✉ ❝♦♥(❡♥✉ ❤②❞%✐/✉❡ ❞✉ "♦❧ 4 ❧✬+❝❤❡❧❧❡

❞❡ ♣❧✉"✐❡✉%" ❥♦✉%"✱ "❡✉❧" ❧❡" %+"✉❧(❛(" ♦❜(❡♥✉" ❛✈❡❝ ✉♥❡ ❢❡♥?(%❡ ❞❡ ❞✐① ❥♦✉%" "♦♥( ♣%+"❡♥(+"

✐❝✐✳ ▲✬♦♣(✐♠✉♠ ♣♦✉% ✉♥❡ ❢❡♥?(%❡ ❞✬✉♥ ❥♦✉% ❡"( ♥+❛♥♠♦✐♥" %❡♥"❡✐❣♥+ ❞❛♥" ❝❤❛❝✉♥ ❞❡" ❝❛"

✭✐♥❞✐❝❡ ✷✮✱ ❡( ❝❡❧✉✐ ♦❜(❡♥✉ ❛✈❡❝ ❧❡" ❞♦♥♥+❡" "❡♠✐✲❤♦%❛✐%❡" ❜%✉(❡" ✭✐♥❞✐❝❡ ✸✮ ❛ "✐♠♣❧❡♠❡♥(

+(+ ❛❥♦✉(+ ❛✉ ❞✐❛❣%❛♠♠❡✳

❉❡" ✈✐"✉❛❧✐"❛(✐♦♥" ♣❛%(✐❡❧❧❡" ❝♦♠♣❧7(❡♥( ❧❡ ❞✐❛❣♥♦"(✐❝ ✿

✕ ❧❛ ♠?♠❡ ❢♦%♠❡ ❞❡ ❝♦♥(%❛✐♥(❡ ❡♥ "❡ ❧✐♠✐(❛♥( ❛✉① ♦❜"❡%✈❛(✐♦♥" 4 ✶✵❝♠ ❬%❡"♣✳ 4 ✺✵❝♠ ✿

♥♦♥ ♠♦♥(%+❪ ❞❡ ♣%♦❢♦♥❞❡✉% ✭✜❣✉%❡ ✹✳✶✶ ❇✮✳

✕ ✉♥ ❝%✐(7%❡ ♥❡ (❡♥❛♥( ❝♦♠♣(❡ /✉❡ ❞❡ ❧✬✐♠♣❛❝( ❞❡" ❝♦❡✣❝✐❡♥(" ❞❡ %+❣%❡""✐♦♥ ✭✜❣✉%❡ ✹✳✶✷

❈✮✳

✕ ✉♥ ❝%✐(7%❡ ♥❡ ♣%❡♥❛♥( ❡♥ ❝♦♥"✐❞+%❛(✐♦♥ /✉❡ ❧❛ ❝♦%%❡❝(✐♦♥ ❞❡" ♣❡♥(❡" ❞❡ %+❣%❡""✐♦♥

✭✜❣✉%❡ ✹✳✶✷ ❉✮✳

❯♥ ♠❡✐❧❧❡✉% ❛❥✉"(❡♠❡♥( ❡"( ❞♦♥❝ ♦❜(❡♥✉ ♣♦✉% ❞❡" ❥❡✉① ❞❡ ♣❛%❛♠7(%❡" ❢♦%(" ❞✐"(✐♥❝(" ❞❡

❝❡✉① ❞✬✉♥ "❛❜❧❡✳ ❉❡" %+"✉❧(❛(" ♦♣(✐♠❛✉① +(❛♥( ♦❜(❡♥✉" ♣♦✉% ❞❡" ♣❛%❛♠7(%❡" "❡ "✐(✉❛♥( ❡♥

❧✐♠✐(❡ ❞✉ ❞♦♠❛✐♥❡ ❡①♣❧♦%+✱ ✐❧ ❡"( ♣♦""✐❜❧❡ /✉✬✉♥ ♦♣(✐♠✉♠ ❣❧♦❜❛❧ "♦✐( ❡♥ ❢❛✐( ♦❜(❡♥✉ ♣♦✉%

❞❡" ✈❛❧❡✉%" ❞❡ nvan ❡♥❝♦%❡ ♣❧✉" ♣%♦❝❤❡" ❞❡ ❝❡❧❧❡" ❡♠♣❧♦②+❡" ♣❛% ❞+❢❛✉( ♣♦✉% ❧❡" ❛%❣✐❧❡"✳

❚♦✉(❡❢♦✐"✱ ❧❛ "❡♥"✐❜✐❧✐(+ 4 ❝❡ ♣❛%❛♠7(%❡ ❡"( %❡❧❛(✐✈❡♠❡♥( ❢❛✐❜❧❡ ❡( ❜❡❛✉❝♦✉♣ ♠♦✐♥" ❜✐❡♥

❝✐%❝♦♥"❝%✐(❡ ♣❛% ♥♦(%❡ ❛♥❛❧②"❡ /✉❡ ❝❡❧❧❡ ❞❡ ❧❛ ❝♦♥❞✉❝(✐✈✐(+ 4 "❛(✉%❛(✐♦♥ ✭♦♣(✐♠✉♠ ♣♦✉%

❞❡" ✈❛❧❡✉%" ❞❡ ❦s ❞❡ ❧✬♦%❞%❡ ❞❡ ✶✵✵mm.d−1✮ ❡( ❞❛♥" ✉♥❡ ♠♦✐♥❞%❡ ♠❡"✉%❡ ❞❡ αvan ✭❡♥(%❡

✵✳✵✶✹ ❡( ✵✳✵✷✾ ❝♦♥(%❡ ❞❡" ✈❛❧❡✉%" ❜✐❡♥ ♣❧✉" ❢♦%(❡" ♣♦✉% ❧❡" "❛❜❧❡"✮✳ ▲❛ ✈❛❧❡✉% ✐♥✐(✐❛❧❡ ❞❡

MCS ❡( ❞❡ MCF =MCF −0.11 "❡♠❜❧❡ ♣❛% ❝♦♥(%❡ ♣❧✉(:( "❛(✐"❢❛✐"❛♥(❡ ❞❛♥" ❧❛ ♠❡"✉%❡ ♦g
❝✬❡"( ❡♥(%❡ ✵✳✸✻ ❡( ✵✳✹✶ /✉✬♦♥ ♦❜(✐❡♥( ❧❡" ♠❡✐❧❧❡✉%" %+"✉❧(❛(" ♣♦✉% ❝❡ ♣❛%❛♠7(%❡✳ ❚♦✉(❡❢♦✐"✱

✶✶✹



mm.d−1 αvan cm−1 nvan

R2



mm.d−1 αvan cm−1 nvan



❈❍❆#■❚❘❊ ✹✳ ❆##▲■❈❆❚■❖◆ ❉❯ ▼❖❉➮▲❊

❙❯❘ ❙■❚❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✹✳✸✳ ❆❉❆#❚❆❚■❖◆ ❉❯ ▼❖❉➮▲❊

 !♦❢♦♥❞❡✉! ✿ ✶✵❝♠ ✺✵❝♠

❦s = 1100mm.d−1

αvan = 0.0079cm−1

♥van = 1.87
MCS = 0.41m3/m3

MCF = 0.32m3/m3

❦s = 1100mm.d−1

αvan = 0.0029cm−1

♥van = 1.87
MCS = 0.41m3/m3

MCF = 0.32m3/m3

❦s = 158.49mm.d−1

αvan = 0.0019cm−1

♥van = 1.80
MCS = 0.41m3/m3

MCF = 0.32m3/m3

❦s = 100mm.d−1

αvan = 0.0014cm−1

♥van = 1.56
MCS = 0.36m3/m3

MCF = 0.27m3/m3

❋✐❣✉$❡ ✹✳✶✸✿ ❘&❣(❡**✐♦♥ ❞❡* ♦❜*❡(✈❛2✐♦♥* ❞✬❤✉♠✐❞✐2& ❞❛♥* ❧❡ *♦❧ ❡♥ ❢♦♥❝2✐♦♥ ❞❡* ♠❡*✉(❡*

✭❣❛✉❝❤❡ ✿ ✈❛❧❡✉(* ; ✶✵❝♠ ❞❡ ♣(♦❢♦♥❞❡✉(✱ ❞(♦✐2❡ ✿ ✈❛❧❡✉(* ; ✺✵❝♠✮✳ ◆♦✐( ✿ ✈❛❧❡✉(* *❡♠✐✲

❤♦(❛✐(❡*✱ (♦✉❣❡ ✿ ♠♦②❡♥♥❡ ❣❧✐**❛♥2❡ *✉( ✉♥ ❥♦✉(✱ ✈❡(2 ✿ ♠♦②❡♥♥❡ ❣❧✐**❛♥2❡ *✉( ✶✵❥♦✉(*✳ E❛✲

(❛♠F2(❡* ❤②❞(✐G✉❡* ; ❣❛✉❝❤❡ ❞❡* ✜❣✉(❡*✳

✶✶✼
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▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆0■❚❘❊ ✹✳ ❆00▲■❈❆❚■❖◆ ❉❯ ▼❖❉➮▲❊

❙❯❘ ❙■❚❊❙

❧✬❛♥❛❧②%❡ ❞❡ %❡♥%✐❜✐❧✐*+ ❞❡ ❝❡ ♣❛.❛♠0*.❡ ❛ +*+ ❝✐.❝♦♥%❝.✐*❡ ❛✉ ✈♦✐%✐♥❛❣❡ ❞❡ ❧✬♦♣*✐♠✉♠ ♦❜*❡♥✉

❛✈❡❝ ❧❡% ❛✉*.❡% ♣❛.❛♠0*.❡%✳ ❉✬❛✉*.❡% ❝♦♠❜✐♥❛✐%♦♥% ❞❡ ♣❛.❛♠0*.❡% ❞✐%*✐♥❝*❡% %♦♥* ♣❡✉*✲
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❞❡$ ❈✸ ✭✜❣✉!❡ ✹✳✷✵✮✳ ▲❛ ❞✐✛+!❡♥❝❡ ❡$, ❡♥❝♦!❡ ♣❧✉$ ♥❡,,❡ ❡♥ ,❡!♠❡$ ❞❡ ❜✐♦♠❛$$❡ +♣✐❣+❡ ✭✜❣✉!❡

✹✳✷✷✮✳ ❖! ❧❡$ ♠❡$✉!❡$ ❞✬❛$$✐♠✐❧❛,✐♦♥ E ❧✬+❝❤❡❧❧❡ ❢♦❧✐❛✐!❡ ❡✛❡❝,✉+❡$ ♣❛! ❧❡$ ❝♦❧❧I❣✉❡$ ,!❛✈❛✐❧❧❛♥,

❞❛♥$ ❧❡ ●♦✉!♠❛ ♥❡ ❝♦♥✜!♠❡♥, ♣❛$ ❞❡ ,❡❧$ +❝❛!,$ ❞❡ ♣!♦❞✉❝,✐✈✐,+✳ ❈❡❝✐ $✬❡①♣❧✐0✉❡ ♣❛! ❧❡ ❢❛✐,

0✉❡ ❧❡$ ❝❛!❡♥❝❡$ ♠✐♥+!❛❧❡$✱ ❡, ♥♦♥ ❧❡ ❝♦♥,❡♥✉ ❡♥ ❡❛✉ ❞✉ $♦❧✱ ❝♦♥$,✐,✉❡♥, ❧❡ ♣!✐♥❝✐♣❛❧ ❢❛❝,❡✉!

❧✐♠✐,❛♥, ❧❛ ✈✐,❡$$❡ ❞❡ ❝!♦✐$$❛♥❝❡ ❞✉!❛♥, ❧✬❡$$❡♥,✐❡❧ ❞❡ ❧❛ $❛✐$♦♥ ❞❡ ❝!♦✐$$❛♥❝❡ $❛❤+❧✐❡♥♥❡ ✭❝❢✳

❍✐❡!♥❛✉① ❡, ❛❧✳✱ ❡♥ ♣!+♣❛!❛,✐♦♥✮✳ ▲❡$ ❣❛✐♥$ ❞✉$ E ❧✬❛✈❛♥,❛❣❡ ❝♦♠♣+,✐,✐❢ ❞✬✉♥❡ ♣❤♦,♦$②♥,❤I$❡

❞❡ ,②♣❡ ❈✹✱ 0✉✐ ♣❡!♠❡, ✉♥❡ ❢❡!♠❡,✉!❡ $,♦♠❛,✐0✉❡ ❛❝❝!✉❡ ♣♦✉! ✉♥❡ ♣!♦❞✉❝,✐♦♥ ♣!✐♠❛✐!❡

✐❞❡♥,✐0✉❡✱ ❛♣♣❛!❛✐$$❡♥, ❧❛!❣❡♠❡♥, $✉!✲❡$,✐♠+$✳ ❈❡,,❡ ♦❜$❡!✈❛,✐♦♥✱ ❡$, ❝♦♥♥✉❡ ❞❡♣✉✐$ ❢♦!,

❧♦♥❣,❡♠♣$ ✭✈♦✐! ❧❡$ !+$✉❧,❛,$ ❞✉ ♣!♦❥❡, _!♦❞✉❝,✐♦♥ _!✐♠❛✐!❡ ❛✉ ❙❛❤❡❧ ❬❞❡ ❱!✐❡$ ❛♥❞ ❉❥✐,+②❡✱

✶✾✽✷❪✮✳ ▼❛❧❣!+ ,♦✉,✱ ❝❡ ♠❡$$❛❣❡ ♣❡✉, Z,!❡ ❜!♦✉✐❧❧+ ♣❛! ❞❡$ +,✉❞❡$ ❜+♥+✜❝✐❛♥, ❞✬✉♥❡ ❧❛!❣❡

♣✉❜❧✐❝✐,+ ♥❡ ♣!❡♥❛♥, ♣❛$ ❡♥ ❝♦♠♣,❡ ❧❡$ ❝♦♥,!❛✐♥,❡$ ♣❛! ❧❡$ ♥✉,!✐♠❡♥,$✳ ❈✬❡$, ♣❛! ❡①❡♠♣❧❡ ❧❡

❝❛$ ❞✉ ,!❛✈❛✐❧ ❞❡ ▼♦!❣❛♥ ❡, ❛❧✳ ❬✷✵✶✶❪ ❜❛$+ $✉! ❞❡$ ❡①♣+!✐❡♥❝❡$ ❞❡ ,②♣❡ _❍❆❈❊ ✭❛❝!♦♥②♠❡

✶✷✺
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❈❍❆#■❚❘❊ ✹✳ ❆##▲■❈❆❚■❖◆ ❉❯ ▼❖❉➮▲❊

❙❯❘ ❙■❚❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✹✳✺✳ #❘■◆❈■#❆❯❳ ■▼#❆❈❚❙ ❉❯

❈❍❆◆●❊▼❊◆❚ ❉❊ ❙❈❍➱▼❆ ❍❨❉❘■◗❯❊✳

❛♥❣❧❛✐% ❞❡ ✓ )*❛✐*✐❡ ❍❡❛,✐♥❣ ❛♥❞ ❈❖✷ ❊♥*✐❝❤♠❡♥, ✔

✸

✮ ❞❛♥% ❧❛6✉❡❧❧❡ ❧❡% ❛✉,❡✉*% ❝♦♥❝❧✉❡♥,

6✉❡ ❧❛ ♣*♦❞✉❝,✐✈✐,; ❞❡% ♣<,✉*❛❣❡% %❡♠✐✲❛*✐❞❡% ❞❡✈*❛✐, ❝*♦✐,*❡ ❞❛♥% ❧❡% ❝♦♥❞✐,✐♦♥% ♣*;✈✉% ♣❛*

❧❡% ♠♦❞>❧❡% ❝❧✐♠❛,✐6✉❡% ❞✉*❛♥, ❧❛ %❡❝♦♥❞❡ ♠♦✐,✐; ❞✉ ❳❳■

eme
%✐>❝❧❡

✹

✳

■❧ ❡%, ❞✐✣❝✐❧❡ ❞❡ ,✐*❡* ❞❡% ❝♦♥❝❧✉%✐♦♥% %✉* ❧❛ 6✉❛❧✐,; ❞❡ ❧❛ *❡♣*;%❡♥,❛,✐♦♥ ❞❡ ❧❛ ❞②♥❛✲

♠✐6✉❡ ✐♥,❡*❛♥♥✉❡❧❧❡ ❞❡ ❧❛ ♣*♦❞✉❝,✐♦♥ ♣*✐♠❛✐*❡ D ♣❛*,✐* ❞✉ ♣❡,✐, ❥❡✉ ❞❡ ❞♦♥♥;❡% ❝♦♥%✐❞;*;✳

❚♦✉,❡❢♦✐%✱ ❧✬♦*❞*❡ ✭✷✵✵✻ ❃ ✷✵✵✺ ❃ ✷✵✵✼✮ ❞❡% ❜✐♦♠❛%%❡% ♠❛①✐♠❛❧❡% %✐♠✉❧;❡% ❡%, ✐❞❡♥,✐6✉❡

❛✉① ♦❜%❡*✈❛,✐♦♥% ❧♦*%6✉❡ ❧❡ ,②♣❡ ❞❡ ♣❤;♥♦❧♦❣✐❡ ✉,✐❧✐%; ❡%, ❝❡❧✉✐ ❞❡% ❣*❛♠✐♥;❡% ❛♥♥✉❡❧❧❡%✱

%♣;❝✐✜6✉❡ D ❝❡,,❡ ;,✉❞❡✱ ❛❧♦*% 6✉❡ ❝❡ ♥✬❡%, ♣❛% ❧❡ ❝❛% ❛✈❡❝ ❧❛ ✈❡*%✐♦♥ %,❛♥❞❛*❞ ❞✉ ♠♦❞>❧❡ ✿

✷✵✵✻ ❃ ✷✵✵✼ ≫ ✷✵✵✺ ✭✜❣✉*❡ ✹✳✷✷✮✳

)❛* ❝♦♥,*❡✱ ❧❛ ✜♥ ❞❡ ❧❛ %❛✐%♦♥ ❞❡ ❝*♦✐%%❛♥❝❡ %✐♠✉❧;❡ ❡%, ,♦✉❥♦✉*% ,*♦♣ ,❛*❞✐✈❡ ❧♦*%6✉❡

❧❛ ✜♥ ❞❡ ❧❛ ♣;*✐♦❞❡ ❞❡ ❝*♦✐%%❛♥❝❡ ❡%, ❞;,❡*♠✐♥;❡ ♣❛* ✉♥❡ ❝♦♥,*❛✐♥,❡ ❤②❞*✐6✉❡✳ ▲❡ ♣*;%❡♥,

,*❛✈❛✐❧ ♥❡ *❡♥%❡✐❣♥❡ ♣❛% %✉* ❧❡% ♠;❝❛♥✐%♠❡% D ❧✬V✉✈*❡ ✿ ❝♦♥,*W❧❡ ♣❤♦,♦♣;*✐♦❞✐6✉❡✱ ❡, %✉*

❧❡% ❝❛✉%❡% ♣♦,❡♥,✐❡❧❧❡% ❞❡ ❝❡,,❡ ♦❜%❡*✈❛,✐♦♥✱ ♣❛* ❡①❡♠♣❧❡ ❧❛ %;❧❡❝,✐♦♥ ❞❡% ❛♥♥✉❡❧❧❡% ✜♥✐%%❛♥,

❧❡✉* ❝②❝❧❡ ♠X♠❡ ❞✉*❛♥, ❧❡% ❛♥♥;❡% ♦Y ❧❛ %❛✐%♦♥ ❞❡% ♣❧✉✐❡ ❡%, ♣❧✉% ❝♦✉*,❡✳ ❯♥❡ *❡♣*;%❡♥,❛,✐♦♥

%♣❛,✐❛❧❡ ❞❡ ❝❡% ❝♦♥,*❛✐♥,❡% ❡%, ❞✐✣❝✐❧❡✱ ♠❛✐% ♣❡✉,✲X,*❡ 6✉❡ ❧❛ ❞✐%♣♦♥✐❜✐❧✐,; ❞❡ ♣*♦❞✉✐,% ❞❡

♣❧✉✐❡% %❛,✐%❢❛✐%❛♥,% ✭❆❣*❤②♠❡,✱✳ ✳ ✳ ✮ ❡, ❧❡% %;*✐❡% ❧♦♥❣✉❡% ❞✬✐♥❞✐❝❡% ❞❡ ✈;❣;,❛,✐♦♥ ♠❡%✉*;% ♣❛*

,;❧;❞;,❡❝,✐♦♥ ✭❝❢ ❝❤❛♣✐,*❡ %✉✐✈❛♥,✮ ♣♦✉**❛✐❡♥, ♣❡*♠❡,,*❡ ❧❡ ❞;✈❡❧♦♣♣❡♠❡♥, ❞✬❛❧❣♦*✐,❤♠❡%

♣❡*♠❡,,❛♥, ❞✬❡♥ *❡♥❞*❡ ❝♦♠♣,❡ ❞❡ ♠❛♥✐>*❡ ❝♦♥✈❛✐♥❝❛♥,❡✳

✹✳✺ #$✐♥❝✐♣❛✉① ✐♠♣❛❝-. ❞✉ ❝❤❛♥❣❡♠❡♥- ❞❡ .❝❤3♠❛ ❤②❞$✐5✉❡✳

❈❡,,❡ %❡❝,✐♦♥ ♣*;%❡♥,❡ ✉♥❡ ❛♥❛❧②%❡ %②♥,❤;,✐6✉❡ ❞❡% ❞✐✛;*❡♥❝❡% ❡♥,*❡ ❧❡% *;%✉❧,❛,% %✐✲

♠✉❧;% ♣❛* ❖❘❈❍■❉❊❊✱ %❡❧♦♥ 6✉❡ ❧✬❤②❞*♦❧♦❣✐❡ ❞✉ %♦❧ ❞❡ ❈❤♦✐%♥❡❧ %♦✐, ❡♠♣❧♦②;❡ ♦✉ 6✉❡

❧✬❤②❞*♦❧♦❣✐❡ ❈❲❘❘ ❧✉✐ %♦✐, %✉❜%,✐,✉;❡✳ ▲✬❛❝❝❡♥, ❡%, ♣♦*,; %✉* ❧❡% ❞✐✛;*❡♥❝❡% ❞❡ ❞②♥❛♠✐6✉❡

✐♥,*❛✲%❛✐%♦♥♥✐>*❡ ❡♥,*❡ ❝❡% ❞❡✉① ✈❡*%✐♦♥%✱ ❡♥ *;♣♦♥%❡ ✐♠♠;❞✐❛,❡ ❛✉① ;✈;♥❡♠❡♥,% ♣❧✉✈✐❡✉①

❡, ❞❛♥% ❧❛ ❞②♥❛♠✐6✉❡ ❞✉ ✢✉① ❞❡ ,*❛♥%♣✐*❛,✐♦♥ ❡♥ ✜♥ ❞❡ %❛✐%♦♥ ❞❡% ♣❧✉✐❡%✳

❈②❝❧❡ %❛✐%♦♥♥✐❡* ❞✉ ✢✉① ❞❡ ❝❤❛❧❡✉* ❧❛0❡♥0❡ ✭✜❣✉*❡ ✹✳✷✸✮ ✿ ❧✬❡♠♣❧♦✐ ❞✉ %❝❤;♠❛ ❤②❞*♦✲

❧♦❣✐6✉❡ ❛✈❡❝ ❞✐%❝*;,✐%❛,✐♦♥ ✈❡*,✐❝❛❧❡ ❛ ♣♦✉* ♣*✐♥❝✐♣❛❧ ❛✈❛♥,❛❣❡ ✉♥❡ *;♣♦♥%❡ ,*>% ❞②♥❛♠✐6✉❡

❞❡ ❧✬;✈❛♣♦*❛,✐♦♥ ❡♥ ❞;❜✉, ❞❡ %❛✐%♦♥ ❞❡% ♣❧✉✐❡%✱ ♣*♦❜❛❜❧❡♠❡♥, ❞✉ ❢❛✐, ❞❡ ❧❛ ♠❡✐❧❧❡✉*❡ *❡♣*;✲

%❡♥,❛,✐♦♥ ❞✉ ✢✉① ❞✬;✈❛♣♦*❛,✐♦♥ ❞✉ %♦❧ ♥✉✱ ❛❧♦*% 6✉❡ ❝❡ ✢✉① ❞❡✈✐❡♥, *❛♣✐❞❡♠❡♥, ,*>% ❢❛✐❜❧❡

❞❛♥% ❧❡ %❝❤;♠❛ ❞❡ ❈❤♦✐%♥❡❧✳

)❛* ❝♦♥,*❡✱ ♣♦✉* ❧❡ ❥❡✉ ❞❡ ♣❛*❛♠>,*❡% ❤②❞*✐6✉❡% ❧❡ ♣❧✉% %❛,✐%❢❛✐%❛♥, ❡♥ ,❡*♠❡ ❞❡ ❞②♥❛✲

♠✐6✉❡ %❛✐%♦♥♥✐>*❡ ❞❡ ❧✬❡❛✉ ❞✉ %♦❧✱ ❧❡% ♣❧❛♥,❡% %✐♠✉❧;❡% %♦♥, ❝❛♣❛❜❧❡% ❞✬❡①,*❛✐*❡ 6✉❛%✐♠❡♥,

,♦✉,❡ ❧✬❡❛✉ ❛✉ ❞❡❧D ❞✉ ♣♦✐♥, ❞❡ ✢;,*✐%%❡♠❡♥, ♣❡*♠❛♥❡♥, ❛✈❛♥, ♠✐✲♦❝,♦❜*❡ ✷✵✵✺ ❡, ❞;❜✉,

♦❝,♦❜*❡ ✷✵✵✻✱ ❝❡ 6✉✐ ❛ ♣♦✉* ❝♦♥%;6✉❡♥❝❡ ❞❡ ❢❛✐*❡ ❝❤✉,❡* ❜*✉,❛❧❡♠❡♥, ,❛♥, ❧❡ ✢✉① ❞❡ ❝❤❛❧❡✉*

❧❛,❡♥,❡ 6✉❡ ❧❛ ●)) D ③;*♦✱ ❛❧♦*% 6✉❡ ❞❛♥% ❧❡% ♦❜%❡*✈❛,✐♦♥% ❝❡% ✢✉① ❣❛*❞❡♥, ❞❡% ✈❛❧❡✉*% ♣❧✉%

;❧❡✈;❡% %✉✐,❡ D ❧❛ ✜♥ ❞❡ ❧❛ %❛✐%♦♥ ❞❡% ♣❧✉✐❡%✱ ✉♥❡ ❝❛*❛❝,;*✐%,✐6✉❡ 6✉✐ %❡ *❡,*♦✉✈❡ ❞❛♥% ❧❡%

✈❡*%✐♦♥% ❞❡ ❧✬❤②❞*♦❧♦❣✐❡ ❞❡ ❈❤♦✐%♥❡❧ ✭%,❛♥❞❛*❞ ♦✉ ♣❡♥❞❛♥, ❡①❛❝, ❞❡ ❧❛ ✈❡*%✐♦♥ ♠✉❧,✐✲❝♦✉❝❤❡%

✉,✐❧✐%;❡ ✐❝✐✮✳

✸✳ 9♦✐< ✉♥❡ ❡①♣BC✐❡♥❝❡ ❞❡ <②♣❡ ❋❆❈❊ ✭❋C❡❡ ❆✐C ❈❖2 ❊♥C✐❝❤♠❡♥<✮ ❛✈❡❝ ❛✉❣♠❡♥<❛<✐♦♥ ❝♦♥❝♦♠✐<❛♥<❡ ❞❡

❧❛ <❡♠♣BC❛<✉C❡

✹✳ ❯♥ ❛C❣✉♠❡♥< P✉✐ ♥✬❛ ♠❛♥P✉B ❞✬R<C❡ ❛♣♣❧✐P✉B ❛✉ ❙❛❤❡❧ ✭❝❡C<❡9 9♦✉9 ❝♦✉♣✉C❡ ❞❡ ♣C❡99❡✱ ❞❛♥9 ✉♥ ❛C<✐❝❧❡

C❡<C❛♥9❝C✐✈❛♥< ❧❡ ♣♦✐♥< ❞❡ ✈✉❡ ❞✉ ❉C ❑CU♣❡❧✐♥✱ P✉✐ ❞✐C✐❣❡ ♣❧✉9✐❡✉C9 ♣C♦❥❡<9 ❞❡ C❡❝❤❡C❝❤❡ 9✉C ❧❡9 C❡❧❛<✐♦♥9

❤♦♠♠❡9✲❝❧✐♠❛< ❛✉ P✉❛<❡C♥❛✐C❡ ❞❛♥9 ❧❛ CB❣✐♦♥✮✳

✶✷✼
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gC/m2



✹✳✻✳ ❙❨◆❚❍➮❙❊ ❉❯ ❈❍❆.■❚❘❊ ❊❚ ❱❊❘❙■❖◆

❯❚■▲■❙➱❊ ❉❆◆❙ ▲❆ ❙❯■❚❊ ❉❯ ❚❘❆❱❆■▲

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆.■❚❘❊ ✹✳ ❆..▲■❈❆❚■❖◆ ❉❯ ▼❖❉➮▲❊

❙❯❘ ❙■❚❊❙

❘!♣♦♥%❡ ❛✉① !✈!♥❡♠❡♥,% ♣❧✉✈✐❡✉①✳ ▲❡ ♠♦❞%❧❡ ❛✈❡❝ ❤②❞,♦❧♦❣✐❡ ❈❲❘❘ ❡23 ❜❡❛✉❝♦✉♣

♣❧✉2 ❡♥ ♠❡2✉,❡ ❞❡ ,❡♣,82❡♥3❡, ❧❡ ❢♦,3 ✢✉① ❞❡ ❝❤❛❧❡✉, ❧❛3❡♥3❡ ♦❜2❡,✈8 ❥✉23❡ ❛♣,%2 ❧❡2 8✈8♥❡✲

♠❡♥32 ♣❧✉✈✐❡✉① ❞✉ ❞8❜✉3 ❞❡ 2❛✐2♦♥✳ ❈❡ ❝♦♥23❛3 ❛♣♣❛,❛?3 ❞❡ ♠❛♥✐%,❡ 3,%2 ✈✐2✐❜❧❡ ❧♦,2 ❞❡ ❧❛

❝♦♠♣❛,❛✐2♦♥ ❞❡2 ,82✉❧3❛32 ❞❡2 ❞❡✉① ✈❡,2✐♦♥2 ❞✉ ♠♦❞%❧❡ ♣♦✉, ❧❡ ♠♦✐2 ❞❡ ❥✉✐❧❧❧❡3 ✷✵✵✺ ❡3 ❥✉✐♥

✷✵✵✻✱ ♠✐2 ❡♥ 8✈✐❞❡♥❝❡ ♣❛, ❞❡2 ❝,♦❝❤❡32 ✈❡,32 ❡♥ ✜❣✉,❡ ✹✳✷✸ ❆✳✶ ❡3 ❇✳✶✳

❉❡ ♠❛♥✐%,❡ ❣8♥8,❛❧❡✱ ❧❡2 8❝❛,32 ❡♥3,❡ 2✐♠✉❧❛3✐♦♥2 ❡3 ♠❡2✉,❡2 ♣❛, ❝♦,,8❧❛3✐♦♥ 3✉,❜✉❧❡♥3❡

❛✉ ♣❛2 ❞❡ 3❡♠♣2 2❡♠✐✲❤♦,❛✐,❡ 2♦♥3 ❜✐❡♥ ♣❧✉2 ❢❛✐❜❧❡2 ♣♦✉, ❧❛ ✈❡,2✐♦♥ ❛✈❡❝ ❤②❞,♦❧♦❣✐❡ ❈❲❘❘

✭8❝❛,3 ✐♥3❡,M✉❛,3✐❧❡ ❞❡2 ❞✐✛8,❡♥❝❡2 ♠♦❞%❧❡✲♠❡2✉,❡ 8❣❛❧ O 31W/m2
✱ ❡3 ❝♦❡✣❝✐❡♥3 ❞❡ ,8❣,❡2✲

2✐♦♥ 8❣❛❧ O ✵✳✼✺✮ M✉✬❛✈❡❝ ❧✬❤②❞,♦❧♦❣✐❡ ❞❡ ❈❤♦✐2♥❡❧ ✭61W/m2
❡3 ✵✳✹✼ ,❡2♣❡❝3✐✈❡♠❡♥3✮✳ ❈❡2

,82✉❧3❛32 ❞❡ 2②♥3❤%2❡ 2♦♥3 ♦❜3❡♥✉2 ♣♦✉, 3♦✉2 ❧❡2 ♣❛2 ❞❡ 3❡♠♣2 ♣♦✉, ❧❡2M✉❡❧2 ❞❡2 ♠❡2✉,❡2

2♦♥3 ❞✐2♣♦♥✐❜❧❡2 2✉, ❧❡ 2✐3❡ ❞❡ ❲❛♥❦❛♠❛✱ ♣,82❡♥38 ❡♥ ✜❣✉,❡ ✹✳✷✸ ❆✳✷ ❡3 ❇✳✷✳

❈♦♠♠❡ ♥♦✉2 ❧✬❛✈♦♥2 ✈✉ ❛✉ ➓ ✹✳✹✳✶✳✸ ❡3 ❡♥ ✜❣✉,❡ ✹✳✷✶✱ ❧♦,2M✉❡ ❧❛ ♣❤8♥♦❧♦❣✐❡ ❡3 ❧❡2 ♣❛✲

,❛♠%3,❡2 ❤②❞,✐M✉❡2 2♦♥3 ❛❞❛♣382 ❛✉ 2✐3❡✱ ❧❡2 ,82✉❧3❛32 ❞✉ ❝②❝❧❡ ❞✉ ❝❛,❜♦♥❡ ♦❜3❡♥✉2 ❛✈❡❝

❧❡ 2❝❤8♠❛ ❤②❞,♦❧♦❣✐M✉❡ ♠✉❧3✐✲❝♦✉❝❤❡2 2♦♥3 ❧8❣%,❡♠❡♥3 ♠❡✐❧❧❡✉,2 M✉✬❛✈❡❝ ❈❤♦✐2♥❡❧✳ ◆8❛♥✲

♠♦✐♥2✱ ❧❛ ❞✐✛8,❡♥❝❡ ❡♥3,❡ ❧❡2 ❞❡✉① ✈❡,2✐♦♥2 ,❡23❡ ♠♦❞❡23❡✳ ❊❧❧❡ ❡23 ❝❛,❛❝38,✐28❡ ♣❛, ✉♥ 8❝❛,3

✐♥3❡,M✉❛,3✐❧❡ ❞❡2 ❞✐✛8,❡♥❝❡2 ♠♦❞%❧❡✲♠❡2✉,❡ ❞❡ 2.3gC/m2/d ❛✈❡❝ ❧❡ 2❝❤8♠❛ ❈❲❘❘✱ ❝♦♥3,❡

2.6gC/m2/d ❛✈❡❝ ❧❡ 2❝❤8♠❛ ❞❡ ❈❤♦✐2♥❡❧✳ ❊♥ ♦✉3,❡ ❝❡33❡ ❛♠8❧✐♦,❛3✐♦♥ ♣❡✉3 ♣❛,3✐❡❧❧❡♠❡♥3

X3,❡ ❡①♣❧✐M✉8 ♣❛, ✉♥❡ ,8❞✉❝3✐♦♥ ❜,✉3❛❧❡ ❞❡ ❧❛ ♣,♦❞✉❝3✐♦♥ ♣,✐♠❛✐,❡ ,❡❧❛3✐✈❡♠❡♥3 3Y3 ❞❛♥2

❧❛ 2❛✐2♦♥ 2X❝❤❡ ❞✉ ❢❛✐3 ❞❡ ❧✬❛22X❝❤❡♠❡♥3 ❝♦♠♣❧❡3 ❞❡ ❧❛ ❝♦❧♦♥♥❡ ❞✉ 2♦❧ ❛✈❡❝ ❈❲❘❘✳ ❈❡

❝♦♠♣♦,3❡♠❡♥3 ♥✬❡23 ♣❛2 ,8❛❧✐23❡ ❝♦♠♣3❡ 3❡♥✉ ❞❡ ❧✬❤838,♦❣8♥8✐38 2♣❛3✐❛❧❡ ❞✉ ♣❛②2❛❣❡ ❡3 ❡23

2✉2❝❡♣3✐❜❧❡ ❞❡ ❝♦♥3,✐❜✉❡, O ❧✬❛♠8❧✐♦,❛3✐♦♥ ❞❡2 ,82✉❧3❛32 ♣❛, ❝♦♠♣❡♥2❛3✐♦♥ ❞✬❡,,❡✉,✳

✹✳✻ ❙②♥&❤()❡ ❞✉ ❝❤❛♣✐&1❡ ❡& ✈❡1)✐♦♥ ✉&✐❧✐)5❡ ❞❛♥) ❧❛ )✉✐&❡ ❞✉

&1❛✈❛✐❧

▲❡ 3,❛✈❛✐❧ ,8❛❧✐28 O ❧✬♦❝❝❛2✐♦♥ ❞❡ ❝❡ ❝❤❛♣✐3,❡ ❛ ♣♦,38 2✉, ❧✬❡①♣❧♦✐3❛3✐♦♥ ❝♦♥❝♦♠✐3❛♥3❡

❞❡ ❧✬❤②❞,♦❧♦❣✐❡ ✈❡,3✐❝❛❧❡♠❡♥3 ❞✐2❝,83✐28❡ ❞✬❖❘❈❍■❉❊❊ ✭❈❲❘❘✮ ❡3 ❞❡ ❧❛ ♣❤8♥♦❧♦❣✐❡ ❞②✲

♥❛♠✐M✉❡ ✭❙❚❖▼❆❚❊✮✳ ❆♣,%2 ❛✈♦✐, ,8❛❧✐28 ❧❡2 ❛❥✉23❡♠❡♥32 ♥8❝❡22❛✐,❡2 ♣♦✉, ,❡♥❞,❡ ❝❡33❡

✉3✐❧✐2❛3✐♦♥ 2✐♠✉❧3❛♥8❡ ❢♦♥❝3✐♦♥♥❡❧❧❡✱ ✉♥ ♣,❡♠✐❡, ❞✐❛❣♥♦23✐❝ ❛ 838 ❡✛❡❝3✉8 ❡♥ ❝♦♥❢,♦♥3❛♥3 2✉,

✉♥ ❥❡✉ ❞❡ ✽✶ 2✐3❡2 ✐22✉2 ❞❡ ❧❛ ❜❛2❡ ❞❡ ❞♦♥♥8❡2 ❋▲❯❳◆❊❚ ❝❡33❡ ❝♦♥✜❣✉,❛3✐♦♥ ❞✉ ♠♦❞%❧❡ ❡3

❝❡❧❧❡2 ❞❛♥2 ❧❡2M✉❡❧❧❡2 ❧❛ ♣❤8♥♦❧♦❣✐❡ ❡23 ✐♠♣♦28❡ ❡3✴♦✉ ✉♥ 2❝❤8♠❛ ❤②❞,♦❧♦❣✐M✉❡ ❝♦♥❝❡♣3✉❡❧

❡23 ✉3✐❧✐28✳ ❈❡ 3,❛✈❛✐❧ ❛ ♣❡,♠✐2 ❞❡ ♠❡33,❡ ❡♥ 8✈✐❞❡♥❝❡ M✉❡ ❧✬❡♠♣❧♦✐ ❞❡ ❧✬❤②❞,♦❧♦❣✐❡ ❈❲❘❘

♣❡,♠❡33❛✐3 ❞❡ ,8❞✉✐,❡ ❧❡2 ❜✐❛✐2 ❡♥ 3❡,♠❡2 ❞❡ ✢✉① ❞❡ ❝❤❛❧❡✉, 2❡♥2✐❜❧❡ ❡3 ❞❡ ❝❤❛❧❡✉, ❧❛3❡♥3❡✱

❞❛♥2 3♦✉3❡2 ❧❡2 2✐3✉❛3✐♦♥2 ❡3 M✉✬✐❧ ♥✬✐♥❞✉✐2❛✐3 ♣❛2 ❞❡ ❜✐❛✐2 2✉♣♣❧8♠❡♥3❛✐,❡ ♣♦✉, ❧❡2 ✢✉①

❞❡ ●ff✳ ■❧ ❛ ❞♦♥❝ 838 ❞8❝✐❞8 ❞❡ ♣♦✉,2✉✐✈,❡ ❧❡ 3,❛✈❛✐❧ ❛✈❡❝ ❝❡33❡ ✈❡,2✐♦♥ M✉✐ ♣❡,♠❡3 ✉♥❡

♠❡✐❧❧❡✉,❡ ,❡♣,82❡♥3❛3✐♦♥ ❞❡2 ✢✉① ❞✬8✈❛♣♦,❛3✐♦♥ ❞✉ 2♦❧ ♥✉ ❝♦♠♠❡ ❧✬❛✈❛✐3 2♦✉❧✐❣♥8 ❬❞✬❖,❣❡✈❛❧✱

✷✵✵✻❪✳ ▲❛ 2✉✐3❡ ❞✉ ❝❤❛♣✐3,❡ ♣,82❡♥3❡ ❧❛ ,8❛❧✐2❛3✐♦♥ ❞✬❛❞❛♣3❛3✐♦♥ ❞✉ ♠♦❞%❧❡ O ❧❛ ,❡♣,82❡♥3❛✲

3✐♦♥ ❞✬8❝♦2②23%♠❡2 2❛❤8❧✐❡♥2✳ ❖♥ ,❡♣❛,3 ❞✬❛❞❛♣3❛3✐♦♥ ✐♥3,♦❞✉✐3❡2 O ❧✬♦❝❝❛2✐♦♥ ❞✬✉♥ 3,❛✈❛✐❧

❛♥38,✐❡✉, 2✉, ❧❡ 2✐3❡ ❞✬❆❣♦✉❢♦✉ ❬❇,❡♥❞❡,✱ ✷✵✵✽❪ ✭,❡♣,82❡♥3❛3✐♦♥ ❞✬✉♥ f❋❚ ❞❡ 3②♣❡ ❤❡,❜❛✲

❝8❡2 ❛♥♥✉❡❧❧❡2✱✳ ✳ ✳ ✮✳ ❆ ❧❛ ❞✐✛8,❡♥❝❡ ❞❡ ❝❡ ♣,❡♠✐❡, 3,❛✈❛✐❧✱ ❧✬❛❥✉23❡♠❡♥3 ❞❡2 ♣❛,❛♠%3,❡2 ❞❡

♣❤8♥♦❧♦❣✐❡ ❡23 ,8❛❧✐28 ♣❛, ♦♣3✐♠✐2❛3✐♦♥ ❞❡2 ♣❛,❛♠%3,❡2 ♣❤8♥♦❧♦❣✐M✉❡2 ❛✜♥ ❞❡ ,❡♣,82❡♥3❡,

❛✉ ♠✐❡✉① ❧❡ ❝②❝❧❡ 2❛✐2♦♥♥✐❡, ❞✬❛❧❜8❞♦ ✭♣♦✉, ❧✬❡♥2❡♠❜❧❡ ❞✉ 2♣❡❝3,❡ 2♦❧❛✐,❡✱ ♣,♦❝❤❡ ✐♥❢,❛✲

,♦✉❣❡ ✐♥❝❧✉2 ✿ ❧❡2 ❝♦♥28M✉❡♥❝❡2 ❞❡ ❝❡ ❝❤♦✐① 2❡,♦♥3 ♠✐2❡2 ❡♥ 8✈✐❞❡♥❝❡ ❛✉ ❝❤❛♣✐3,❡ 2✉✐✈❛♥3✮✳

f❛, ❛✐❧❧❡✉,2✱ ✉♥❡ ❡①♣❧♦,❛3✐♦♥ ❞❡ ❧✬❡2♣❛❝❡ ❞❡2 ♣❛,❛♠%3,❡2 ❝♦♥3,Y❧❛♥3 ❧✬❤②❞,♦❧♦❣✐❡ ❞✉ 2♦❧ ❛

8❣❛❧❡♠❡♥3 838 ,8❛❧✐28❡✳ ❊❧❧❡ ❛ ♣❡,♠✐2 ❞❡ ♠♦♥3,❡, M✉❡ ❧❡ ♠♦❞%❧❡ ♥✬83❛✐3 ♣❛2 ❝❛♣❛❜❧❡ ❞❡ ,❡✲

♣,82❡♥3❡, ✉♥❡ ❛✈❛♥❝8❡ ,8❛❧✐23❡ ❞✉ ❢,♦♥3 ❞✬❤✉♠❡❝3❛3✐♦♥ ❛✈❡❝ ❞❡2 ♣❛,❛♠%3,❡2 ❞❡ 2❛❜❧❡✱ ❡3

M✉✬✐❧ ❡23 ❝❛♣❛❜❧❡ ❞✬♦❜3❡♥✐, ❞❡2 ,82✉❧3❛32 ❜❡❛✉❝♦✉♣ ♣❧✉2 ❝♦♥❢♦,♠❡2 ❛✉① ♦❜2❡,✈❛3✐♦♥2 ❛✈❡❝
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❞❡ %❡♠♦♥(8❡ ❝❛♣✐❧❧❛✐%❡✳ ❈♦♠♠❡ ❧❡ ✢✉① ❞❡ (%❛♥"♣✐%❛(✐♦♥ ❡"( ♠♦✐♥" ✐♠♣❛❝(8 ♣❛% ❧❡

❝❤❛♥❣❡♠❡♥( ❞❡ ✈❡%"✐♦♥✱ ❡( ;✉❡ ❝✬❡"( ❝❡ ❞❡%♥✐❡% ;✉✐ ❞❡✈✐❡♥( ❞♦♠✐♥❛♥( ♣❧✉" (❛%❞ ❞❛♥"

❧❛ "❛✐"♦♥ ✭❡( ;✉✐ ❡"( ❝♦✉♣❧8 ♣❧✉" ❞✐%❡❝(❡♠❡♥( ❛✉ ✢✉① ❞❡ ●HH✮✱ ❝❡( ❛✈❛♥(❛❣❡ ❞✉ "❝❤8♠❛

❤②❞%♦❧♦❣✐;✉❡ ✈❡%(✐❝❛❧❡♠❡♥( ❞✐"❝%8(✐"8 ♥❡ "❡ (%❛❞✉✐( ♣❛" ❡♥ ♠J♠❡" ♣%♦♣♦%(✐♦♥" "✉% ❧❛

%❡♣%8"❡♥(❛(✐♦♥ ❞❡" ✢✉① ❞❡ ❝❛%❜♦♥❡✳

✕ ❧✬✐♠♣♦""✐❜✐❧✐(8 ❞❡ (%♦✉✈❡% ✉♥ ❛❥✉"(❡♠❡♥( ❞❡ ❧❛ ♣❤8♥♦❧♦❣✐❡ "❛(✐"❢❛✐"❛♥( ❡♥ ✉(✐❧✐"❛♥( ✉♥❡

✈❡%"✐♦♥ ❞❛♥" ❧❛;✉❡❧❧❡ ❧❛ "8♥❡"❝❡♥❝❡ ♥❡ ♣❡✉( ✐♥(❡%✈❡♥✐% ;✉❡ ♣❛% ✉♥❡ ❝♦♥(%❛✐♥(❡ ❤②❞%✐;✉❡✳

❉❡✈❛♥( ❧✬✐♠♣♦%(❛♥❝❡ ❞❡ ❧❛ "8❧❡❝(✐♦♥ ❣8♥8(✐;✉❡ ❧♦%" ❞❡" ❛♥♥8❡" "'❝❤❡" ❞❛♥" ❝❡ ❝♦♥"(❛(✱

♣❧✉"✐❡✉%" ♠8(❤♦❞❡" ♠8%✐(❡%❛✐❡♥( ❞✬J(%❡ 8✈❛❧✉8❡"✱ ❡♥ ❛♣♣❧✐;✉❛♥( ❞✐✛8%❡♥(" ❛❧❣♦%✐(❤♠❡"

❛✉① ❛♣♣%♦①✐♠❛(✐♦♥" ❞✉ ❝②❝❧❡ ♣❤8♥♦❧♦❣✐;✉❡ ;✉✬✐❧ ❡"( ♣♦""✐❜❧❡ ❞✬❡"(✐♠❡% ❣%M❝❡ , ❧❛

(8❧8❞8(❡❝(✐♦♥ ❛✜♥ ❞✬❛❜♦✉(✐% , ✉♥❡ %❡♣%8"❡♥(❛(✐♦♥ "❛(✐"❢❛✐"❛♥(❡ ❞❡" 8❝♦"②"('♠❡" ❞❛♥"

❧❡";✉❡❧" ❧❡" ❤❡%❜❛❝8❡" ❛♥♥✉❡❧❧❡" "♦♥( ♠❛❥♦%✐(❛✐%❡"✳

▲❛ ✈❡%"✐♦♥ ❞8✈❡❧♦♣♣8❡ , ❧✬♦❝❝❛"✐♦♥ ❞❡ ❝❡ ❝❤❛♣✐(%❡ ❡"( ✉(✐❧✐"8❡ ✭❡( ❝♦♠♣❛%8❡ , ❧❛ ✈❡%✲

"✐♦♥ "(❛♥❞❛%❞ ❞✬❖❘❈❍■❉❊❊✮ ❞❛♥" ❧❡ "❡❝♦♥❞❡ ♣❛%(✐❡ ❞✉ ❝❤❛♣✐(%❡ "✉✐✈❛♥(✳ ❊❧❧❡ "❡ ❞✐"(✐♥❣✉❡

♣%✐♥❝✐♣❛❧❡♠❡♥( ❞❡" ✈❡%"✐♦♥" ♣❧✉" "(❛♥❞❛%❞" ❞✬❖❘❈❍■❉❊❊ ♣❛% ✿

✕ ❧❛ ♣♦""✐❜✐❧✐(8 ❞✬❛❝(✐✈❡% ❧✬✉"❛❣❡ ❞❡ ❧✬❤②❞%♦❧♦❣✐❡ ♠✉❧(✐✲❝♦✉❝❤❡" ❡♥ ♠J♠❡ (❡♠♣" ;✉❡ ❙❚❖✲

▼❆❚❊
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♣%♦❞✉❝(✐♦♥ ♣%✐♠❛✐%❡ ❜%✉(❡ ♣♦✉% ❧❡" ♣❧❛♥(❡" ❡♥ ❈✸

✕ ❧✬✉(✐❧✐"❛(✐♦♥ ❞❡ ❝❛%❛❝(8%✐"(✐;✉❡" ♣❤8♥♦❧♦❣✐;✉❡" "✉"❝❡♣(✐❜❧❡" ❞❡ %❡♣%8"❡♥(❡% ❞❡" ❣%❛♠✐✲

♥8❡" ❛♥♥✉❡❧❧❡"✳

✕ ❧❛ ♠♦❞✐✜❝❛(✐♦♥ ❞❡ ❞✐✛8%❡♥(" ♣❛%❛♠'(%❡" , ♣❛%(✐% ❞❡" (%❛✈❛✉① ❞✬❛❥✉"(❡♠❡♥( ;✉✐ ♦♥( 8(8
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❆▲▼■:✱ ❊❘❆✲❲❆❚❈❍ ❡& ❈❘❯◆❈❊:

❚❤❡ ♠♦❞❡❧✐♥❣ *❤♦✉❧❞ ❜❡ ❞-✐✈❡♥ ❜② ❛*❦✐♥❣ ✿

✓ ❲❤❛5 ❛-❡ 5❤❡ *✐♠♣❧❡*5 ♥♦♥❧✐♥❡❛-✐5✐❡* ♦-

♥♦♥❧♦❝❛❧✐5✐❡* 5❤❛5 *❤♦✉❧❞ ❜❡ ♣-❡*❡♥5 ❄ ❬✳ ✳ ✳ ❪

❚❤❡ ✐♥❝❧✉*✐♦♥ ♦❢ 5♦♦ ♠❛♥② ♣-♦❝❡**❡* ❛♥❞

♣❛-❛♠❡5❡-* ✇✐❧❧ ♦❜*❝✉-❡ 5❤❡ ❞❡*✐-❡❞

>✉❛❧✐5❛5✐✈❡ ✉♥❞❡-*5❛♥❞✐♥❣✳ ❊✈❡-② ❣♦♦❞

♠♦❞❡❧ *5❛-5* ❢-♦♠ ❛ >✉❡*5✐♦♥✳ ❚❤❡

♠♦❞❡❧❡- *❤♦✉❧❞ ❛❧✇❛②* ❝❤♦♦*❡ 5❤❡ ❝♦--❡❝5

❧❡✈❡❧ ♦❢ ❞❡5❛✐❧ 5♦ ❛♥*✇❡- 5❤❡ >✉❡*5✐♦♥✳

◆✐❣❡❧ ●♦❧❞❡♥❢❡❧❞✳ ❙✐♠♣❧❡ ❧❡&&♦♥&

❢*♦♠ ❈♦♠♣❧❡①✐-② ✭✶✾✾✾✮✳

▼❛♥② ♦❢ ♦✉- ♠♦❞❡❧* ❛-❡ ♠♦-❡ ❡❧❛❜♦-❛5❡

5❤❛♥ 5❤❡② ♥❡❡❞ ❜❡✱ ❛♥❞ 5❤✐* ✐*✱ ■ ❜❡❧✐❡✈❡✱

5❤❡ ♣-✐♠❡ -❡❛*♦♥ ✇❤② ✐5 ✐* ❞✐✣❝✉❧5 ❢♦- 5❤❡

✜❡❧❞ ❛* ❛ ✇❤♦❧❡ 5♦ ❢♦❝✉* ❡✣❝✐❡♥5❧② ♦♥ ❛

*♠❛❧❧ ♥✉♠❜❡- ♦❢ ♠♦❞❡❧*✳ ■❢ ❛ ♣❛-5✐❝✉❧❛-
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■❧ *✬❛❣✐, ❞❡ ✿
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W ✷♠ ✭♣♦✉% &✈✐,❡% ,♦✉,❡ ❝♦♥❢✉*✐♦♥✱ ✐❧ ❢❛✉, ❜✐❡♥ ♥♦,❡% U✉✬✐❧ ♥❡ *✬❛❣✐, ❡♥ ❧✬♦❝❝✉%❡♥❝❡ ♣❛* ❞❡

%&❛♥❛❧②*❡*✱ ♠❛✐* ❞✉ ♠♦❞C❧❡ ❞✐%❡❝, ❞❡ ❧✬❊❈▼❲❋✮✳ ▲❡* ❢♦%8❛❣❡* ❞❡ %❛②♦♥♥❡♠❡♥, ✐♥❝✐❞❡♥,

✭❝♦✉%,❡* ❡, ❣%❛♥❞❡* ❧♦♥❣✉❡✉%* ❞✬♦♥❞❡✮ &,❛✐❡♥, ❝❡✉① ❞✉ ♠♦❞C❧❡ ❞❡ ❧✬❊❈▼❲❋ ❡♥ ✷✵✵✷✲✷✵✵✸✱

♠❛✐* ♦♥, &,& %❡♠♣❧❛❝&* ♣❛% ❧❡* ❡*,✐♠❛,✐♦♥* ❜❛*&❡* *✉% ❧✬❛♥❛❧②*❡ ❞❡ ♣%♦❞✉✐, ❞❡ ,&❧&❞&,❡❝,✐♦♥ ❡,

♥♦,❛♠♠❡♥, ❧❡* %&✢❡❝,❛♥❝❡* ❞❡ ❙❊❱■❘■
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❞❡ ❢%&U✉❡♥❝❡✱ ❡, ▲❆◆❉✲❙❆❋
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✺✳✶✳ ▲❊❙ ❉❖◆◆➱❊❙ ❉❊ ❋❖❘➬❆●❊ ❊❚ ❉❊

❱❆▲■❉❆❚■❖◆

♣!"#❡♥&❡ ❧✬❛✈❛♥&❛❣❡ ❞❡ !❡♠♦♥&❡! ❥✉#1✉✬❡♥ ✶✾✵✶✱ ❡&✱ ❞✬❛✉&!❡ ♣❛!&✱ ❞✬6&!❡ ❜❛#" ❞✐!❡❝&❡♠❡♥& ❡&

❡①❝❧✉#✐✈❡♠❡♥& #✉! ❧❡# ♠❡#✉!❡# ❛✉ #♦❧✳ ❙✐ ❝❡# ❞❡!♥✐❡!# #♦♥& ❞✐#♣♦♥✐❜❧❡# = ✉♥❡ !"#♦❧✉&✐♦♥ ❞❡

✵✳✺

o
✱ ✐❧ ❢❛✉& &♦✉&❡❢♦✐# ♥♦&❡! 1✉❡ ❧❡ ♣!♦❞✉✐& ♥❡ ♣❡!♠❡& ♣❛# &♦✉❥♦✉!# ❞❡ ❜✐❡♥ !❡♥❞!❡ ❝♦♠♣&❡ ❞❡

❧❛ ✈❛!✐❛❜✐❧✐&" #♣❛&✐❛❧❡ = ❝❡&&❡ !"#♦❧✉&✐♦♥✳ ❊♥ ❡✛❡&✱ ❧❡# !"#✉❧&❛&# ❞❡# ❤✉✐& #&❛&✐♦♥# ❞❡ ♠❡#✉!❡#

❧❡# ♣❧✉# ♣!♦❝❤❡#✱ ♣♦♥❞"!"❡# ♣❛! ❧❡✉! ❞✐#&❛♥❝❡ ❡& !"♣❛!&✐&✐♦♥ ❛♥❣✉❧❛✐!❡ ♣❛! !❛♣♣♦!& ❛✉ ❝❡♥&!❡

❞✉ ♣♦✐♥& ❞❡ ❣!✐❧❧❡ ❝♦♥#✐❞"!" #♦♥& ✉&✐❧✐#"❡# ❞❛♥# ❧❛ ❧✐♠✐&❡ ❞❡# ❞✐#&❛♥❝❡# ❝❛!❛❝&"!✐#&✐1✉❡# ❞❡

❝♦!!"❧❛&✐♦♥ ❡♠♣❧♦②"❡# 1✉✐ #♦♥& ❞❡ ♣❧✉#✐❡✉!# ❝❡♥&❛✐♥❡# ❞❡ ❦✐❧♦♠E&!❡#✳ ❆✉&!❡♠❡♥& ❞✐&✱ ❧❡

♠6♠❡ ❥❡✉ ❞❡ ❞♦♥♥"❡# ❡#& #✉#❝❡♣&✐❜❧❡ ❞✬❛✈♦✐! "&" ✉&✐❧✐#" ♣♦✉! ♣❧✉#✐❡✉!# ♣♦✐♥&# ✈♦✐#✐♥#✳ ❱♦✐!

♣❛! ❡①❡♠♣❧❡ ❧✬❛♥♥❡①❡ ❈ ❈ ♣♦✉! ✉♥❡ ❡#&✐♠❛&✐♦♥ &!E# !❛♣✐❞❡ ❞❡ ❧✬✐♥❝❡!&✐&✉❞❡ #✉! ❧❡# ❝✉♠✉❧#

❛♥♥✉❡❧# = ❧❛1✉❡❧❧❡ ♦♥ ❡#& ❡♥ ❞!♦✐& ❞❡ #✬❛&&❡♥❞!❡ ♣♦✉! ❝❡ ❥❡✉ ❞❡ ❞♦♥♥"❡#✳

✺✳✶✳✶✳✸ ❋♦&'❛❣❡ ■❊❘❆ ❬❉❡❡ ❡1 ❛❧✳✱ ✷✵✶✶❀ ❇❡&&✐9❢♦&❞ ❡1 ❛❧✳✱ ✷✵✶✶❪

▲❡# !"❛♥❛❧②#❡# ❞✉ ❝❡♥&!❡ ❡✉!♦♣"❡♥ ❞❡ ♣!"✈✐#✐♦♥ ♠"&"♦!♦❧♦❣✐1✉❡ = ♠♦②❡♥ &❡!♠❡ ✭❊❈▼❲❋✮

♦♥& "&" ❧❡ ❞❡!♥✐❡! ❥❡✉ ❞❡ ❞♦♥♥"❡# ❞♦♥& ♥♦✉# ❛✈♦♥# ❢❛✐& ✉#❛❣❡✳ ❙✐ ❞❡# ❜✐❛✐# ❞❛♥# ❧✬❛##✐♠✐❧❛&✐♦♥

❞❡ ❞♦♥♥"❡# ❞❡ &"❧"❞"&❡❝&✐♦♥ ♦♥& "&" ❛♠"❧✐♦!"# ♣❛! !❛♣♣♦!& = ❧❛ !"❛♥❛❧②#❡ ♣!"❝"❞❡♥&❡ ❊❘❆✲

✹✵✱ ❝❡# ❞❡!♥✐❡!# ♣!♦❞✉✐&# ❝♦♥&✐♥✉❡♥& = ♣!"#❡♥&❡! ❞❡# ♣!"❝✐♣✐&❛&✐♦♥# ♣❧✉# ❢❛✐❜❧❡# ❛✉ ❙❛❤❡❧ 1✉❡

❧❡# ❛✉&!❡# ❥❡✉① ❞❡ ❞♦♥♥"❡# ✉&✐❧✐#"# ✐❝✐ ✭✈♦✐! "❣❛❧❡♠❡♥& ❍♦✉!❞✐♥ ❡& ❛❧✳ ❬✷✵✶✵❪ 1✉✐ ♠♦♥&!❛✐&

1✉❡ ❧❡# ❝✉♠✉❧# ❛♥♥✉❡❧# ❞❡ ♣!"❝✐♣✐&❛&✐♦♥# ♥❡ #♦♥& ♣❛# ♣❧✉# #❛&✐#❢❛✐#❛♥&# ❞❛♥# ❧❡# !"❛♥❛❧②#❡#

❞✐#♣♦♥✐❜❧❡# = ❝❡ ❥♦✉! 1✉❡ ❞❛♥# ❧❡# ♠♦❞E❧❡# ❞❡ ❝✐!❝✉❧❛&✐♦♥ ❣"♥"!❛❧❡ ❛❝&✉❡❧#✮✳ ▲❡ ❥❡✉ ❞❡ ❞♦♥✲

♥"❡# ❡♠♣❧♦②" ❝♦!!❡#♣♦♥❞ = ✉♥❡ ✐♥&❡!♣♦❧❛&✐♦♥ = &!♦✐# ❤❡✉!❡# ❞❡ ❧✬❛♥❛❧②#❡ = ✐♥&❡!✈❛❧❧❡# ❞❡ #✐①

❤❡✉!❡# ❛✈❡❝ ❧❛ ✈❡!#✐♦♥ ❞❡ #❡♣&❡♠❜!❡ ✷✵✵✻ ❞✉ ♠♦❞E❧❡ ❞❡ ♣!"✈✐#✐♦♥ ❞✉ &❡♠♣# ♦♣"!❛&✐♦♥♥❡❧

❞❡ ❧✬❊❈▼❲❋ ✭✈❡!#✐♦♥ ✸✶!✷ ❊❈▼❲❋ ❬✷✵✵✼❪✮✳ ▲❡# ❞♦♥♥"❡# ♦♥& "&" ❡♥✜♥ ✐♥&❡!♣♦❧"❡# #✉!

✉♥❡ ❣!✐❧❧❡ !"❣✉❧✐E!❡ ❡♥ ❧❛&✐&✉❞❡ ❡& ❧♦♥❣✐&✉❞❡ ❞❡ ✵✳✼✷ ❞❡❣!"# = ♣❛!&✐! ❞❡ ❧❛ ❣!✐❧❧❡ ❣❛✉##✐❡♥♥❡

!"❞✉✐&❡

✹

✉&✐❧✐#"❡ ♣❛! ❧❡ ♠♦❞E❧❡✳

✺✳✶✳✷ ❱❛❧✐❞❛)✐♦♥ ✿ ◆❉❱■

❈❡ &!❛✈❛✐❧ ❛ "&" !"❛❧✐#" ❛✈❡❝ ✉♥ ♣!♦❞✉✐& ❞❡ ◆❉❱■ ❜❛#" #✉! ❧❡# ❞♦♥♥"❡# ❝♦❧❧❡❝&"❡# ♣❛! ❧❡#

#❛&❡❧❧✐&❡# ❆❱❍❘❘ ❞❡ ❧❛ ◆❖❆❆ ✿ ●■▼▼❙3g ✭♣✉❜❧✐❝❛&✐♦♥ ❞"&❛✐❧❧❛♥& ♣!"❝✐#"♠❡♥& ❧❡ ♣!♦❞✉✐&

= ✈❡♥✐!✱ ✈♦✐! ❘❛②♥♦❧❞# ❡& ❛❧✳ ❬✷✵✶✶❪ ♣♦✉! ✉♥ ❡①❡♠♣❧❡ ❞✬✉&✐❧✐#❛&✐♦♥✮✳ ■❧ #✬❛❣✐& ❞✬✉♥❡ ♠✐#❡ =

❥♦✉! ❞✉ ♣!♦❞✉✐& ●■▼▼❙ ❜❛#" #✉! ❧❡# ❞♦♥♥"❡# ✓ ●❧♦❜❛❧ ❛!❡❛ ❝♦✈❡! ✔✭#♦✉# #"❧❡❝&✐♦♥ ❞❡ ✹

♣✐①❡❧# #✉! ✶✺ ♣♦✉! ❞❡# 1✉❡#&✐♦♥# ❞❡ #&♦❝❦❛❣❡ #✉! ❧❡ #❛&❡❧❧✐&❡✱ !❡♣!"#❡♥&❛♥& ✉♥❡ ❝♦✉✈❡!&✉!❡

#♣❛&✐❛❧❡ ❞✬❡♥✈✐!♦♥ ✹❦♠ #✉! ✶❦♠ ❛✉ ◆❆❉■❘✮✱ !❡♣❧❛❝" #✉! ✉♥❡ ❣!✐❧❧❡ = ✹①✹❦♠ ♣❛! ✉♥❡ ♠✐#❡ ❡♥

❝♦!!❡#♣♦♥❞❛♥❝❡ ❞✐!❡❝&❡ ❞✉ ♣❧✉# ♣!♦❝❤❡ ✈♦✐#✐♥✳ ❉❛♥# ✉♥ #❡❝♦♥❞ &❡♠♣#✱ ❧❡ ♣!♦❞✉✐& = ✽①✽❦♠ ❡#&

♦❜&❡♥✉ ♣❛! #"❧❡❝&✐♦♥ ❞✉ #♦✉# ♣✐①❡❧ = ✹①✹❦♠ ❞♦♥& ❧❛ ✈❛❧❡✉! ❡#& ❧❛ ♣❧✉# "❧❡✈"❡✳ ▲❡# ❝♦♠♣♦#✐&❡#

&❡♠♣♦!❡❧# #✉! ✶✺ ❥♦✉!# #♦♥& ♦❜&❡♥✉# ❡♥ #"❧❡❝&✐♦♥♥❛♥& ❧❛ ✈❛❧❡✉! ♠❛①✐♠❛❧❡ ❞❡ ◆❉❱■ ♦❜&❡♥✉❡

#✉! ❧❛ ❞✐&❡ ❢❡♥6&!❡ &❡♠♣♦!❡❧❧❡✳ ▲❡# ❞♦♥♥"❡# #♦♥& ❛❥✉#&"❡# ❛✈❡❝ ❞❡# ♣❛!❛♠E&!❡# #♣"❝✐✜1✉❡#

♣♦✉! ❝❤❛1✉❡ #❛&❡❧❧✐&❡ ♥♦&❛♠♠❡♥& ❡♥ #❡ ❜❛#❛♥& #✉! ❧✬✐♥✈❛!✐❛♥❝❡ ❛&&❡♥❞✉❡ ❞✉ ♣!♦❞✉✐& ♣♦✉!

❞❡# ❝✐❜❧❡# ❡♥ ③♦♥❡ ❞"#❡!&✐1✉❡✱ &❛♥❞✐# 1✉❡ ❧❡# ❡✛❡&# ❞✬✐❧❧✉♠✐♥❛&✐♦♥ ❡& ❞✬❛♥❣❧❡ ❞❡ ✈✉❡ ♦♥& "&"

❝♦!!✐❣"# ♣❛! ✉♥❡ ❞"❝♦♠♣♦#✐&✐♦♥ ❡♥ ❊▼❉ ✭❊♠♣✐!✐❝❛❧ ▼♦❞❡ ❉❡❝♦♠♣♦#✐&✐♦♥✮✱ ❧❡# ❡✛❡&# ❞❡#

❛"!♦#♦❧# ✈♦❧❝❛♥✐1✉❡# ❝♦!!✐❣"# ♣♦✉! ❧❡# ♣"!✐♦❞❡# ✶✾✽✷✲✶✾✽✹ ❡& ✶✾✾✶✲✶✾✾✹✳ ❊♥✜♥ ❡& ❞✐♠✐♥✉&✐♦♥

❞✉ ❜!✉✐& ❞d ❛✉① ♥✉❛❣❡# ❡#& ❡✛❡❝&✉"❡ ♣❛! ❦!✐❣❡❛❣❡ ✭✈♦✐! ❞❡#❝!✐♣&✐♦♥ #②♥&❤"&✐1✉❡ ❡& ❞"&❛✐❧❧"❡

❡♥ &❛❜❧❡ ✶ ❞❡ ❬❇❛❧❞✐ ❡& ❛❧✳✱ ✷✵✵✽❪ ❡& ❧❡# !"❢"!❡♥❝❡# ❝✐&"❡# ❞❛♥# ❝❡& ❛!&✐❝❧❡✮✳ ❊♥✜♥✱ ✉♥ ❞❡!♥✐❡!

❛❥✉#&❡♠❡♥& ❡#& ❡✛❡❝&✉" ❡♥ ❝♦♥❢!♦♥&❛♥& ❧❡# ❞♦♥♥"❡# ♦❜&❡♥✉# = ❝❡❧❧❡# ❞❡ ▼❖❉■❙✱ ❞❡ #♦!&❡ 1✉❡

❧❛ ❞②♥❛♠✐1✉❡ #♦✐& ❞✉ ♠6♠❡ ♦!❞!❡ ❞❡ ❣!❛♥❞❡✉! 1✉❡ ❝❡❧❧❡ ♦❜&❡♥✉ ❛✈❡❝ ❧❡# #❛&❡❧❧✐&❡# ▼❖❉■❙✱

❞♦♥& ❧❡# ❜❛♥❞❡# #♣❡❝&!❛❧❡# #♦♥& ♣❧✉# ✜♥❡# ❡& ❧❛ !"#♦❧✉&✐♦♥ #♣❛&✐❛❧❡ ❛♠"❧✐♦!"❡ ❬❘❛②♥♦❧❞# ❡& ❛❧✳✱

✷✵✶✶❪✳

✹✳ ❝♦♥;❡♥❛♥; ♠♦✐♥@ ❞❡ ♣♦✐♥;@ ❡♥ ❧♦♥❣✐;✉❞❡ F ❧✬❛♣♣H♦❝❤❡ ❞❡@ ♣J❧❡@

✶✸✺



✺✳✷✳ ■◆❙❚❆❇■▲■❚➱ ◆❯▼➱❘■◗❯❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆2■❚❘❊ ✺✳ ❙■▼❯▲❆❚■❖◆❙ ❘➱●■❖◆❆▲❊❙

✺✳✷ ■♥%&❛❜✐❧✐&+ ♥✉♠+.✐/✉❡ ❛✛❡❝&❛♥& ❧❛ .❡♣.+%❡♥&❛&✐♦♥ ❞❡ ❧❛

♣❤+♥♦❧♦❣✐❡ ❞❡% ♣❧❛♥&❡%

▲♦"# ❞❡ ❧✬✐♥✐*✐❛❧✐#❛*✐♦♥ ❞❡ ❧✬❡❛✉ ❞✉ #♦❧ ❡* ❞✉ ❝♦♥*❡♥✉ ❡♥ ❝❛"❜♦♥❡ ❞✉ #♦❧ ✭✓ #♣✐♥✉♣ ✔

✺

✮

#✉" ❧❡ #✐*❡ ❞❡ ❲❛♥❦❛♠❛✱ ❧❛ ❞②♥❛♠✐9✉❡ ❞✉ ❝②❝❧❡ ❢♦❧✐❛✐"❡ ♥❡ ❝♦;♥❝✐❞❛✐* ♣❛# ❡①❛❝*❡♠❡♥* ❞✬✉♥❡

"=♣=*✐*✐♦♥ > ❧✬❛✉*"❡ ❡* ❞✐✛="❛✐* ❞❡ *❡♠♣# ❡♥ *❡♠♣# *"@# ❢♦"*❡♠❡♥* #❛♥# ♣="✐♦❞✐❝✐*= =✈✐❞❡♥*❡✳

❆✉*❛♥* ❞❡ ♣❤=♥♦♠@♥❡# ❝❛"❛❝*="✐#*✐9✉❡# ❞✬✉♥ ❝♦♠♣♦"*❡♠❡♥* ❝❤❛♦*✐9✉❡✳

■❧ =*❛✐* ❞♦♥❝ ✐♥*="❡##❛♥* ❞❡ 9✉❛♥*✐✜❡" ❧✬✐♠♣♦"*❛♥❝❡ ❞✉ ♣❤=♥♦♠@♥❡ ✿ ❞=*❡"♠✐♥❡" #✬✐❧

♥✬✐♥*❡"✈❡♥❛✐* 9✉❡ ❞❛♥# ❞❡# #✐*✉❛*✐♦♥# *"@# ♣❛"*✐❝✉❧✐@"❡# ❡* ❞❡ ♠❛♥✐@"❡ ♠❛"❣✐♥❛❧❡ ♦✉ #✬✐❧ ♥❡

♣♦✉✈❛✐* I*"❡ ♥=❣❧✐❣= ❧♦"#9✉❡ ❧❡ ♠♦❞@❧❡ ❖❘❈❍■❉❊❊ ❡#* ❛♣♣❧✐9✉= > ❞❡# =❝♦#②#*@♠❡# ❞♦♥* ❧❛

❝"♦✐##❛♥❝❡ ❡#* ♠♦❞✉❧=❡ ♣❛" ❧❡ ❝♦♥*❡♥✉ ❡♥ ❡❛✉ ❞✉ #♦❧✱ ❝♦♠♠❡ ❝❡✉① ❞✬❆❢"✐9✉❡ ❞❡ ❧✬❖✉❡#*✳

❈❡ ❞✐❛❣♥♦#*✐❝ ❛ =*= ❡✛❡❝*✉= ♣❛" ❧✬❛♥❛❧②#❡ ❞❡# "=#✉❧*❛*# ❞✉ ♠♦❞@❧❡ #✉" ✉♥ *"❛♥#❡❝* ◆♦"❞✲

❙✉❞ #✬=*❡♥❞❛♥* ❞✉ ❣♦❧❢❡ ❞❡ ●✉✐♥=❡ ✭✵➦◆✮ ❥✉#9✉✬❛✉ ❙❛❤❛"❛ ✭✶✽➦◆✮ ❡* ❛✉① ❧♦♥❣✐*✉❞❡# 9✉✐

❡♥❝❛❞"❡♥* ❧❡ ❇=♥✐♥ ✭✶✳✺

o
❊✲✸✳✺

o
❊✮ ♣♦✉" ✉♥ ❛##❡♠❜❧❛❣❡ ✜①❡ ❞❡ *②♣❡# ❢♦♥❝*✐♦♥♥❡❧# ❞❡ ♣❧❛♥*❡#

✭✺✵✪ ❤❡"❜❛❝=❡# ❈✸✱ ✷✺✪ ❤❡"❜❛❝=❡# ❈✹✱ ✶✼✪ ❛"❜"❡# ✓ "❛✐♥❣"❡❡♥ ✔✱ ✽✪ #♦❧ ♥✉ ✿ ❛##❡♠❜❧❛❣❡

✉*✐❧✐#= ♣♦✉" ❧❡# #✐♠✉❧❛*✐♦♥# > ❲❛♥❦❛♠❛✮ ❡* ✉♥❡ *❡①*✉"❡ ❡* ❝❧❛##❡ ❞✬❛❧❜=❞♦ ❞✉ #♦❧ ❝♦♥#*❛♥*❡

✭#❛❜❧❡✉#❡✮ ✲ ② ❝♦♠♣"✐# ♣♦✉" ❧❡# ♣♦✐♥*# ❞✬♦❝=❛♥ ✲ ❀ ❧✬♦❜❥❡❝*✐❢ ♥✬=*❛♥* ♣❛# ❞❡ ❝♦♥❢"♦♥*❡" ❧❡#

"=#✉❧*❛*# ❛✉① ♦❜#❡"✈❛*✐♦♥#✱ ♠❛✐# ❞❡ ♣"♦❝=❞❡" > ✉♥ *❡#* ❞❡ #❡♥#✐❜✐❧✐*= #✉" ✉♥❡ ✈❛#*❡ ❣❛♠♠❡

❞❡ ❢♦"❝❛❣❡# ♣❧✉✈✐♦♠=*"✐9✉❡# ❡♥ =*❛♥* ❝❡"*❛✐♥ ❞❡ ❧❛ ❝♦❤="❡♥❝❡ ❛✈❡❝ ❧❡# ❢♦"`❛❣❡# ❞✬❤✉♠✐❞✐*=

"❡❧❛*✐✈❡✱ *❡♠♣="❛*✉"❡✱✳ ✳ ✳ ✳ ▲❡ ❝❤♦✐① ❞✬✉♥ *❡❧ *"❛♥#❡❝* ♣❡"♠❡* ❞✬=✈❛❧✉❡" ❧❛ "=♣♦♥#❡ ❞✉ ♠♦❞✉❧❡

❞❡ ♣❤=♥♦❧♦❣✐❡ ❞✬❖❘❈❍■❉❊❊ ♣♦✉" ✉♥❡ ✈❛#*❡ ❣❛♠♠❡ ❞❡ "=❣✐♠❡# ❞❡ ♣❧✉✐❡#✳ ▲❛ ✈❛"✐❛❜✐❧✐*= ❞❡

❧❛ "=♣♦♥#❡ ❞✉ ♠♦❞✉❧❡ ❞❡ ♣❤=♥♦❧♦❣✐❡ ❛ =*= 9✉❛♥*✐✜=❡ ❡♥ *♦✉"♥❛♥* ❡♥ ❜♦✉❝❧❡ #✉" ✉♥❡ ❛♥♥=❡

❞✉ ❢♦"`❛❣❡ ❆▲▼■b ✭✷✵✵✷✮ ❞=❝"✐* ❞❛♥# ❧❛ #❡❝*✐♦♥ ♣"=❝=❞❡♥*❡✳

■❧ #✬❛❣✐* ❞✬✉♥❡ #✐*✉❛*✐♦♥ ❞❛♥# ❧❛9✉❡❧❧❡ ✉♥ ♠♦❞@❧❡ ♣✉"❡♠❡♥* ❞=*❡"♠✐♥✐#*❡ #❛♥# ❡✛❡* >

"❡*❛"❞ "❡♣"♦❞✉✐"❛✐* > ❝❤❛9✉❡ ❢♦✐# ❡①❛❝*❡♠❡♥* ❧❡# ♠I♠❡# "=#✉❧*❛*#✳ ❙✐ ❧❡# =9✉❛*✐♦♥# ❞✬❖❘✲

❈❍■❉❊❊ #♦♥* ❞=*❡"♠✐♥✐#*❡#✱ ❡❧❧❡# ✐♥❝❧✉❡♥* ❞❡# ❡✛❡*# > "❡*❛"❞ ❞❛♥# ❧❛ "❡♣"=#❡♥*❛*✐♦♥ ❞❡ ❧❛

♣❤=♥♦❧♦❣✐❡✱ ♣❡"♠❡**❛♥* ❧✬❛♣♣❛"✐*✐♦♥ ❞❡ ❝♦♠♣♦"*❡♠❡♥*# ♣="✐♦❞✐9✉❡# ❡* ❞✬❛✉*"❡# ❛♣♣❛"❡♠✲

♠❡♥* ♣❧✉# ❝❤❛♦*✐9✉❡#✳

❈❡**❡ ❛♥❛❧②#❡ ❛ =*= ❡✛❡❝*✉=❡ ♣♦✉" ❞✐✛="❡♥*❡# ✈❡"#✐♦♥# ❞✉ ♠♦❞@❧❡ 9✉✐ ♥❡ #❡ ❞✐#*✐♥❣✉❡♥*

9✉❡ ♣❛" ❧❡# ❢♦♥❝*✐♦♥# ❞❡ ❝♦♥*"c❧❡ ✐♥❞✉✐#❛♥* ❧❡ ❞=♠❛""❛❣❡ ❞✉ ❝②❝❧❡ ❢♦❧✐❛✐"❡✳

✕ ✈✸✸ ✿ ♣❤=♥♦❧♦❣✐❡ ❞❡ *②♣❡ ✓ ♠♦✐ ✔

✻

♣♦✉" ❧❡# ❛"❜"❡# *"♦♣✐❝❛✉① > ❢❡✉✐❧❧❛❣❡ #❛✐#♦♥♥✐❡"

✭"❛✐♥❣"❡❡♥✮ ❡* ❞❡ *②♣❡ ✓ ♠♦✐❣❞❞ ✔

✼

♣♦✉" ❧❡# ❤❡"❜❛❝=❡#✳ ▲❡# ❢♦♥❝*✐♦♥# ❞❡ ❝♦♥*"c❧❡ ❞❡

❧❛ ♣❤=♥♦❧♦❣✐❡ ♣❛" ❧✬❤✉♠✐❞✐*= ❞✉ #♦❧ #♦♥* ❧❡# #✉✐✈❛♥*❡# ✿ ✉♥ ❞=♠❛""❛❣❡ ❞❡ ❧❛ #❛✐#♦♥ ❞❡

❝"♦✐##❛♥❝❡ ❡#* "❡♥❞✉ ♣♦##✐❜❧❡ ❧♦"#9✉✬✉♥❡ ❞✉"=❡ ❞❡♣✉✐# ❧❡ ❥♦✉" ♦e ❧❡ ♠✐♥✐♠✉♠ ❛♥♥✉❡❧

❞❡ ❧❛ ❢♦♥❝*✐♦♥ ❞❡ #*"❡## ❤②❞"✐9✉❡ ❤❡❜❞♦♠❛❞❛✐"❡ ❛ =*= ❛**❡✐♥* ♦✉ #✐ ✉♥ ❝♦♥*❡♥✉ ❡♥ ❡❛✉

❞✉ #♦❧ *"@# =❧❡✈= ❡* ✐♥❞=♣❡♥❞❛♥* ❞✉ #✐*❡ ❛ =*= ❞=♣❛##=✳ ❉❡ ♣❧✉# ❞❡# ❢♦♥❝*✐♦♥# ❞✐*❡#

❞❡ ✓ "=❣✉❧❛*✐♦♥ ✔❡♠♣I❝❤❡♥* 9✉❡ ❧❛ #❛✐#♦♥ ❞❡ ❝"♦✐##❛♥❝❡ ♥❡ ❝♦♠♠❡♥❝❡ ♠♦✐♥# ❞❡ ✶✵

♠♦✐# ❛✈❛♥* ❧❡ ❞=❜✉* ❞❡ ❧❛ ♣"=❝=❞❡♥*❡✱ ❡* ❛✈❛♥* 9✉✬✉♥❡ ♣="✐♦❞❡ ❞❡ ✓ ❞♦"♠❛♥❝❡ ✔ ❞❡

❞❡✉① ♠♦✐# ❛✐* ❡✉ ❧✐❡✉✳ ❈❡**❡ ❞♦"♠❛♥❝❡ ❡#* ❞=✜♥✐❡ ❝♦♠♠❡ ❧❛ ♣="✐♦❞❡ ❞✉"❛♥* ❧❛9✉❡❧❧❡

❧❛ ♣"♦❞✉❝*✐♦♥ ♣"✐♠❛✐"❡ ❜"✉*❡ ❥♦✉"♥❛❧✐@"❡ "❡#*❡ ✐♥❢="✐❡✉"❡ > ✷✵✪ ❞❡ ❧❛ ✈❛❧❡✉" ♠❛①✐♠❛❧❡

♦❜*❡♥✉❡ ❛✉ ❝♦✉"# ❞❡ ❧✬❛♥♥=❡ ♣"=❝=❞❡♥*❡✳ ■❧ #✬❛❣✐* ❞✉ *②♣❡ ❞❡ ♣❤=♥♦❧♦❣✐❡ ❡♠♣❧♦②= ♣❛"

✺✳ ♠✐7❡ 9 ✓ ❧✬=>✉✐❧✐❜A❡ ✔❛✈❡❝ ❧❡7 ❝♦♥❞✐I✐♦♥7 ❝❧✐♠❛I✐>✉❡7 ❛✉ ❝♦✉A7 ❞❡7 ❛♥♥=❡7 ❞❡ ❢♦AK❛❣❡ ❝❧✐♠❛I✐>✉❡ ❡I ♣A✐7❡

❡♥ ❝♦♠♣I❡ ❞❡ ❧✬=✈♦❧✉I✐♦♥ ❛✉ ❝♦✉A7 ❞✉ I❡♠♣7 ❞❡7 ❝♦♥❝❡♥IA❛I✐♦♥7 ❛I♠♦7♣❤=A✐>✉❡7 ❡♥ ❈❖2

✻✳ ❛❝A♦♥②♠❡ ♣♦✉A ✿ ✓ ♠♦✐7I✉A❡✲❞A✐✈❡♥ ✔

✼✳ ❛❝A♦♥②♠❡ A❛♣♣❡❧❛♥I >✉✬✉♥❡ ✉♥✐>✉❡ ♣❛A❛♠=IA✐7❛I✐♦♥ ❛✈❡❝ ❢♦♥❝I✐♦♥7 ❞❡ ❝♦♥IAT❧❡7 ♠✉❧I✐♣❧❡7 ❡7I ❡♠♣❧♦②=❡

♣♦✉A A❡♣A=7❡♥I❡A I❛♥I ❧❡7 ❤❡A❜❛❝=❡7 IA♦♣✐❝❛❧❡7 >✉❡ I❡♠♣=A=❡7 ❡I ❜♦A=❛❧❡7 ✿ ✓ ❞A✐✈❡♥ ❜② ♠♦✐7I✉A❡ ❛♥❞ ❣A♦✇✐♥❣

❞❡❣A❡❡ ❞❛②7 ✔

✶✸✻



❈❍❆#■❚❘❊ ✺✳ ❙■▼❯▲❆❚■❖◆❙ ❘➱●■❖◆❆▲❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✺✳✷✳ ■◆❙❚❆❇■▲■❚➱ ◆❯▼➱❘■◗❯❊

❋✐❣✉$❡ ✺✳✶✿ ❆✳ ❈❛'(❡ ❞❡ ♣',❝✐♣✐(❛(✐♦♥1 ❛♥♥✉❡❧❧❡1 ♣♦✉' ❧❡ ('❛♥1❡❝( ,(✉❞✐, ❡( ❞✐❛❣'❛♠♠❡

❞❡ ❍♦✈♠8❧❧❡' ♣♦✉' ❧❡1 ♣',❝✐♣✐(❛(✐♦♥1 ✭♠♦②❡♥♥❡ ③♦♥❛❧❡ ❡♥('❡ ✶✳✺ ❡( ✸✳✺➦❊✮✳ ❇✳✲❉✳ ✭❣❛✉❝❤❡✮

❈②❝❧❡ 1❛✐1♦♥♥✐❡' ✭❡♥ ♠♦②❡♥♥❡ ③♦♥❛❧❡✮ ❞❡ ❧✬✐♥❞✐❝❡ ❢♦❧✐❛✐'❡ 1✐♠✉❧, ❛✈❡❝ ✉♥❡ ♣❤,♥♦❧♦❣✐❡ ❞❡ (②♣❡

❤✉♠✴❤✉♠❣❞❞ ✭✈♦✐' (❡①(❡✮✳ ✭❞'♦✐(❡✮ ❉✐✛,'❡♥❝❡ ❡♥('❡ ❧❛ ♠♦②❡♥♥❡ ③♦♥❛❧❡ ❞❡ ❧✬✐♥❞✐❝❡ ❢♦❧✐❛✐'❡
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❧✐%❛.✐♦♥ ❞❡% ✈❛3✐❛❜❧❡% ❞✉ ♠♦❞<❧❡ ❡. ♣❛3.✐❝✉❧✐<3❡♠❡♥. ❞❡ ❧✬❡❛✉ ❞✉ %♦❧ ♣❛3 ✉♥❡ %✐♠✉❧❛.✐♦♥ ❞❡
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❛✉))✐ ❞2❝❧❡♥❝❤❡( ✉♥ ❞2♠❛((❛❣❡ (❛♣✐❞❡ ❞❡ ❧❛ )❛✐)♦♥ ❞❡ ❝(♦✐))❛♥❝❡ ❣(Q❝❡ 0 ❧✬❛❧❧♦❝❛*✐♦♥ ❞❡

❝❛(❜♦♥❡ 0 ♣❛(*✐( ❞❡ (2)❡(✈❡) ❞❛♥) ❝❡(*❛✐♥) ❝❛) ❡* ♣❛) ❞❛♥) ❞✬❛✉*(❡) ♣♦✉(*❛♥* )✐♠✐❧❛✐(❡) 0

❝❛✉)❡ ❞❡) )❡✉✐❧) ❡♠♣❧♦②2) ♣♦✉( (❡♣(2)❡♥*❡( ❧❡) ❡✛❡*) ❞❡ ✓ ❞♦(♠❛♥❝❡ ✔✳ ❯♥ ❡①❡♠♣❧❡ ❞❡ *❡❧

❝♦♠♣♦(*❡♠❡♥* ❞✐✈❡(❣❡❛♥* 0 ♣❛(*✐( ❞❡ )✐*✉❛*✐♦♥) ✈♦✐)✐♥❡) ❡* ❞✉ ♠<♠❡ ❥❡✉ ❞❡ ❢♦(Y❛❣❡ ❡)*

❞♦♥♥2 ❡♥ ✜❣✉(❡ ✺✳✺✳ ❆ ❝[*2 ❞❡) ❝♦♠♣❧✐❝❛*✐♦♥) %✉❡ ❧❡ (❡❝♦✉() 0 ❞❡) )❡✉✐❧) ✐♥❞✉✐* )✉( ❧❡)

❛♣♣(♦❝❤❡) ❞✬❛))✐♠✐❧❛*✐♦♥ ❞❡ ❞♦♥♥2❡) ❞2✈❡❧♦♣♣2❡) ❛✉ ❧❛❜♦(❛*♦✐(❡✱ ✐❧ )✬❛❣✐* ❧0 ❞✬✉♥❡ (❛✐)♦♥

❞❡ ♣❧✉) ♣♦✉( ❧❛%✉❡❧❧❡ ❧✬❡♠♣❧♦✐ ❞❡ ❢♦♥❝*✐♦♥) ❞❡ (2♣♦♥)❡) 0 )❡✉✐❧) ♥❡ )❡♠❜❧❡ ♣❛) )♦✉❤❛✐*❛❜❧❡

❞❛♥) ✉♥ ♠♦❞M❧❡ ❞♦♥* ❧✬♦❜❥❡❝*✐❢ ♣(✐♥❝✐♣❛❧ ❡)* ❞❡ (❡♥❞(❡ ❝♦♠♣*❡ ❞❡) 2❝❤❛♥❣❡) ❡♥*(❡ )✉(❢❛❝❡

❝♦♥*✐♥❡♥*❛❧❡ ❡* ❛*♠♦)♣❤M(❡ 0 ❞❡) (2)♦❧✉*✐♦♥) ♦\ ❧❛ ✈❛(✐❛❜✐❧✐*2 )♦✉)✲♠❛✐❧❧❡ (❡)*❡(❛ ❢♦(*❡ ❞❡

*♦✉*❡) ❢❛Y♦♥)✳ ❈❡**❡ ❤2*2(♦❣2♥2✐*2 ❞✉ ♣❛②)❛❣❡ ♥❡ (❡♥❞❛♥* ♣❛) (2❛❧✐)*❡ ❞❡) *(❛♥)✐*✐♦♥) ❛✉))✐

❜(✉)%✉❡)✳

▲❛ (❡♣(2)❡♥*❛*✐♦♥ ❞✉ ❝②❝❧❡ ❢♦❧✐❛✐(❡ ❛♥♥✉❡❧ )✉( ❧❡ *(❛♥)❡❝* 2*✉❞✐2 ✭✜❣✉(❡ ✺✳✶✮ ♣❡(♠❡* ❞❡

♠❡**(❡ ❡♥ ❧✉♠✐M(❡ ❧❡) ③♦♥❡) ❞❛♥) ❧❡)%✉❡❧❧❡) ❧❡ ❜❛)❝✉❧❡♠❡♥* ❞✬✉♥ ♠♦❞M❧❡ ♣❤2♥♦❧♦❣✐%✉❡ 0

❧✬❛✉*(❡ ✐♥❞✉✐* ❧❡) ♣❧✉) ❢♦(*) ❝❤❛♥❣❡♠❡♥*) ❞❡ ❝②❝❧❡ ❢♦❧✐❛✐(❡ )❛✐)♦♥♥✐❡( ✭❡* ❞♦♥❝ ❞❡ ♣(♦❞✉❝*✐♦♥

♣(✐♠❛✐(❡✱ ❞✬2❝❤❛♥❣❡ ♥❡* ❞❡ ❝❛(❜♦♥❡ ❡♥*(❡ ❧✬2❝♦)②)*M♠❡ ❡* ❧✬❛*♠♦)♣❤M(❡✱✳ ✳ ✳ ✮ ❛✈❡❝ ❧❡) ❥❡✉①

❞❡ ♣❛(❛♠M*(❡) ❡♠♣❧♦②2) ♣❛( ❞2❢❛✉* ❞❛♥) ❖❘❈❍■❉❊❊✳ ❈❡❝✐ ♣❡(♠❡* ❛✉))✐ ❞❡ ❝♦♥)*❛*❡(

%✉❡ ❧✬❛✈❛♥*❛❣❡ ❝♦♠♣2*✐*✐❢ ❞♦♥* ❧❡) ❣(❛♠✐♥2❡) ❡♥ ❈✹ ❜2♥2✜❝✐❡♥* ❞❛♥) ❧❡) ❝♦♥❞✐*✐♦♥) ❞❡

)*(❡)) ❤②❞(✐%✉❡ ❢♦(* )❡♠❜❧❡ ✈(❛✐)❡♠❜❧❛❜❧❡♠❡♥* )✉(❡)*✐♠2✱ ♣✉✐)%✉✬❡❧❧❡) ❛((✐✈❡♥* 0 ❛**❡✐♥❞(❡

❧✬✐♥❞✐❝❡ ❢♦❧✐❛✐(❡ ♠❛①✐♠❛❧ ♣(❡)❝(✐* ♣❛( ❧❡ ♠♦❞M❧❡ ❥✉)%✉✬0 ✶✼➦◆✱ ♣♦✉( ❞❡) ♣✐①❡❧) ♦\ ❧❛ ♣❧✉✈✐♦)✐*2

❛♥♥✉❡❧❧❡ ❡)* )❡✉❧❡♠❡♥* ❞❡ ✷✸✹♠♠✴❛♥ ❞❛♥) ❧❡ ❢♦(Y❛❣❡ ❆▲▼■9 ✉*✐❧✐)2 ✭♠<♠❡ ♣♦♥❞2(2 ♣❛(

❧❛ ❢(❛❝*✐♦♥ ❞❡ )♦❧ %✉✐ ❧❡✉( ❡)* ❛❧❧♦✉2✱ ❝❡❧❛ ❢❛✐* *♦✉* ❞❡ ♠<♠❡ ✉♥ ▲❆■ ❞2♣❛))❛♥* ✵✳✻ ❡* ✉♥❡

✈❛❧❡✉( ❜✐❡♥ ♣❧✉) 2❧❡✈2❡ )❡(❛✐* )✐♠✉❧2❡ ♣❛( ❧❡ ♠♦❞M❧❡ )✐ *♦✉*❡ ❧❛ )✉(❢❛❝❡ 2*❛✐* (❡❝♦✉✈❡(*❡ ♣❛(

❞❡) ❈✹✮✳
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✺✳✸ ❈♦♥❢'♦♥(❛(✐♦♥ ❞❡- ❡-(✐♠❛(✐♦♥- ❞❡ ❧❛ ✈❛'✐❛❜✐❧✐(2

✐♥(❡'✲❛♥♥✉❡❧❧❡ ❞❡ ❧❛ ❜✐♦♠❛--❡ ❛2'✐❡♥♥❡ ❛✉① ♠❡-✉'❡- ❞❡

(2❧2❞2(❡❝(✐♦♥ ✭◆❉❱■✱✳ ✳ ✳✮

✺✳✸✳✶ ▼%&❤♦❞❡+

✺✳✸✳✶✳✶ ❈♦♥✜❣✉*❛,✐♦♥. ❞✉ ♠♦❞1❧❡

❉❛♥# ❝❡&&❡ #❡❝&✐♦♥✱ ❧❡# &+♦✐# ❝♦♥✜❣✉+❛&✐♦♥# ❞✉ ♠♦❞1❧❡ ❖❘❈❍■❉❊❊ ♣+9#❡♥&9❡# ❛✉ ❝❤❛✲

♣✐&+❡ ♣+9❝9❞❡♥& #♦♥& ✉&✐❧✐#9❡# < ♥♦✉✈❡❛✉✳ ■❧ #✬❛❣✐& ✿

✕ ❞❡ ❧❛ ✈❡+#✐♦♥ ❞✬❖❘❈❍■❉❊❊ ❛✈❡❝ ❤②❞+♦❧♦❣✐❡ ❈❲❘❘ ❞♦♥& ❧❡# ♣❛+❛♠1&+❡# ❤②❞+✐D✉❡#✱

❞❡ ♣❤9♥♦❧♦❣✐❡ ❡& ❞❡ ♣+♦❞✉❝&✐✈✐&9 ♦♥& ❢❛✐& ❧✬♦❜❥❡& ❞✬❛❥✉#&❡♠❡♥&# ❞❛♥# ❧❡ ❝❛❞+❡ ❞✉ &+❛✈❛✐❧

♣+9#❡♥&9 ❞❛♥# ❧❡ ❝❤❛♣✐&+❡ ♣+9❝9❞❡♥&✳

✕ ❞✬✉♥❡ ✈❡+#✐♦♥ D✉✐ #❡ ❞✐#&✐♥❣✉❡ ❞❡ ❧❛ ♣+9❝9❞❡♥&❡ ✉♥✐D✉❡♠❡♥& ♣❛+ ❧❡ #❝❤9♠❛ ❞✬❤②❞+♦❧♦❣✐❡

❞✉ #♦❧ ❡♠♣❧♦②9 ✿ ❧❡ ♠♦❞1❧❡ ❞❡ ❈❤♦✐#♥❡❧✳

✕ ❞✬✉♥❡ ✈❡+#✐♦♥ ❛✉##✐ ✓ #&❛♥❞❛+❞ ✔ D✉❡ ♣♦##✐❜❧❡ ❞✬❖❘❈❍■❉❊❊✱ D✉✐ ❡#& ♥♦&❛♠♠❡♥& ✉&✐✲

❧✐#9 ❞❛♥# ❧❡# #✐♠✉❧❛&✐♦♥# ❝♦✉♣❧9❡# ❡✛❡❝&✉9❡# ❞❛♥# ❧❛ ♣❡+#♣❡❝&✐✈❡ ❞✉ ♣+♦❝❤❛✐♥ +❛♣♣♦+&

❞✉ ●■❊❈✳

✺✳✸✳✶✳✷ ❆♥❛❧②.❡ ❞✉ ❝②❝❧❡ .❛✐.♦♥♥✐❡* ❞❡ ❢9❆❘ ❡, ❞❡ ◆❉❱■

❉❛♥# ❝❡ &+❛✈❛✐❧✱ ❧❡# ✈❛❧❡✉+# ❞❡ ❢L❆❘ ❞✉ ♠♦❞1❧❡ #♦♥& ❝♦♠♣❛+9❡# ❛✉① ❞♦♥♥9❡# ❞❡ ◆❉❱■✳

❈❡&&❡ ❝♦♠♣❛+❛✐#♦♥ ❡#& ♣❧✉# #❛&✐#❢❛✐#❛♥&❡ D✉❡ ❝❡❧❧❡ ❞✉ ▲❆■ ❞✉ ♠♦❞1❧❡ ❛✉ ◆❉❱■ ♦✉ ✉♥❡

&+❛♥#❢♦+♠❛&✐♦♥ ❞✉ ◆❉❱■ ❡♥ ✉♥ ♣+♦❞✉✐& ❞❡ ▲❆■✱ ❞✉ ❢❛✐& ❞❡ ❧❛ ♥♦♥ ❧✐♥9❛+✐&9 ❞❡ ❧❛ +❡❧❛&✐♦♥

❡♥&+❡ ◆❉❱■ ❡& ✐♥❞✐❝❡ ❢♦❧✐❛✐+❡ ❡& ❞❡ ❧❛ #❛&✉+❛&✐♦♥ ❞✉ #✐❣♥❛❧ ❞❡ ◆❉❱■ ❧♦+#D✉❡ ❧❛ ❝♦✉✈❡+&✉+❡

✈9❣9&❛❧❡ ❡#& &+1# 9❧❡✈9❡✳

▲❡ ❢L❆❘ ❞✉ ♠♦❞1❧❡ ❛ 9&9 ❞9❞✉✐& ❞✉ ▲❆■ #✐♠✉❧9 ♣❛+ ✉♥❡ +❡❧❛&✐♦♥ ❞❡ ❧❛ ❢♦+♠❡ ✿

fPAR = 1− exp

(

−0.5
13
∑

k=1

(LAI(k) ∗maxvegetfrac(k))

)

#❛♥# &❡♥✐+ ❝♦♠♣&❡ ❞❡# ❡✛❡&# ❞✐+❡❝&✐♦♥♥❡❧# ❞✐#❝✉&9# ❛✉ ❝❤❛♣✐&+❡ ♣+9❝9❞❡♥&✳

L♦✉+ ❝❤❛D✉❡ #❛✐#♦♥ ❞❡ ❝+♦✐##❛♥❝❡✱ ❧❡# ✐♥❞✐❝❡# #✉✐✈❛♥&# #♦♥& ❝❛❧❝✉❧9# ✿

✕ ❙❖❙ ✭#&❛+& ♦❢ ❣+♦✇✐♥❣ #❡❛#♦♥✮ ✿ ❧❡ ❥♦✉+ ❝♦♥#✐❞9+9 ❝♦♠♠❡ ♠❛+D✉❛♥& ❧❡ ❞9❜✉& ❞❡ ❧❛

#❛✐#♦♥ ❞❡ ❝+♦✐##❛♥❝❡✳

✕ ❊❖❙ ✭❡♥❞ ♦❢ ❣+♦✇✐♥❣ #❡❛#♦♥✮ ✿ ❧❡ ❥♦✉+ ♣♦✉+ ❧❡D✉❡❧ ❧❛ ✜♥ ❞❡ ❧❛ #❛✐#♦♥ ❞❡ ❝+♦✐##❛♥❝❡ ❡#&

❞✐❛❣♥♦#&✐D✉9❡✳

✕ ▲❖❙ ✭❧❡♥❣&❤ ♦❢ ❣+♦✇✐♥❣ #❡❛#♦♥✮ ✿ ❧❛ ❞✉+9❡ ❞❡ ❧❛ #❛✐#♦♥ ❞❡ ❝+♦✐##❛♥❝❡

✕ ❝✉♠❢;❆❘✴❝✉♠◆❉❱■ ✿ ❧✬✐♥&9❣+❛❧❡ ❞✉ ❢L❆❘✴◆❉❱■ ❡♥&+❡ ❧❡# ❥♦✉+# SOS ❡& EOS
✕ ❝✉♠❢;❆❘♦♠❡❛♥✴❝✉♠◆❉❱■♦♠❡❛♥ ✿ ❧❛ #♦♠♠❡ ❞✉ ❢L❆❘✴◆❉❱■ ❡♥&+❡ ❧❡# ❥♦✉+# SOS
❡& EOS ❡♥ ❡①❝1# ♣❛+ +❛♣♣♦+& < ❧❛ ♠♦②❡♥♥❡ ❞✉ ❢L❆❘ ♣♦✉+ ❝❡# ❞❡✉① ❞❛&❡#

✕ ❝✉♠❢;❆❘♦♠✐♥✴❝✉♠◆❉❱■♦♠✐♥ ✿ ❧✬✐♥&9❣+❛❧❡ ❞✉ ❢L❆❘✴◆❉❱■ ❡♥&+❡ ❧❡# ❥♦✉+# SOS ❡&
EOS ❡♥ ❡①❝1# ♣❛+ +❛♣♣♦+& < ❧❛ ✈❛❧❡✉+ ♠✐♥✐♠❛❧❡ ❞✉ ❝②❝❧❡ #❛✐#♦♥♥✐❡+ ♠♦②❡♥

✕ meanfPAR ✿ ❧❡ ❢L❆❘✴◆❉❱■ ♠♦②❡♥ ❛✉ ❝♦✉+# ❞❡ ❧✬❛♥♥9❡ ❝❛❧❡♥❞❛✐+❡
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✕ maxfPAR ✿ ❧❛ ✈❛❧❡✉' ❞❡ ❢*❆❘✴◆❉❱■ ❝♦''❡4♣♦♥❞❛♥7 ❛✉ ♥❡✉✈✐9♠❡ ❞;❝✐❧❡ ❞✉ ❢*❆❘✴◆❉❱■

✭✐♥7❡'♣♦❧; ❛✉ ♣❛4 ❞❡ 7❡♠♣4 ❥♦✉'♥❛❧✐❡'✮ ♣♦✉' ❞✐4♣♦4❡' ❞✬✉♥ ✐♥❞✐❝❡ ♣❧✉4 '♦❜✉47❡ A✉❡ ❧❡

♠❛①✐♠✉♠✳

▲✬❛❧❣♦'✐7❤♠❡ ❡♠♣❧♦②; ♣♦✉' ♦❜7❡♥✐' ❧❡4 ✈❛❧❡✉'4 ❞❡ SOS✱ EOS✱ cumfPAR ❡7maxfPAR
❢♦♥❝7✐♦♥♥❡ ❡♥ 7'♦✐4 ;7❛♣❡4 4✉❝❝❡44✐✈❡4 ✿

✶✳ ❧❛ ♣'❡♠✐9'❡ ;7❛♣❡ ❝♦♥4✐47❡ J ✐❞❡♥7✐✜❡' ❧❡✭4✮ ♠✐♥✐♠✉♠ ❡7 ❧❡✭4✮ ♠❛①✐♠✉♠ ❞✉ ❝②❝❧❡

❛♥♥✉❡❧ ♠♦②❡♥ ♣✐①❡❧ ♣❛' ♣✐①❡❧ ✭❝♦✉'❜❡ ♥♦✐'❡ ❡♥ 7'❛✐7 ;♣❛✐4 ❞❡4 ❡①❡♠♣❧❡4 ✺✳✻ ❆ ❡7

❈✮✳ ❊47 ❞;7❡❝7;❡ ✐❝✐ ❝♦♠♠❡ ♠❛①✐♠✉♠ ❬♠✐♥✐♠✉♠❪ 7♦✉7❡ ✈❛❧❡✉' ❞❡ ❢*❆❘ ♦✉ ◆❉❱■

❞;♣❛44❛♥7 ❧❡ ❢*❆❘ ♦✉ ◆❉❱■ ❛♥♥✉❡❧ ♠♦②❡♥ ❡7 ❝♦♥47✐7✉❛♥7 ✉♥ ♠❛①✐♠✉♠ ❬♠✐♥✐♠✉♠❪

❧♦❝❛❧ 4✉' ✉♥❡ ❢❡♥R7'❡ ❞❡ ✷ ♠♦✐4✳ ❙✐ ❞❡✉① ♠❛①✐♠❛ ❬♠✐♥✐♠❛❪ ❧♦❝❛✉① 4❡ 4✉✐✈❡♥7 4❛♥4

R7'❡ 4;♣❛';4 ♣❛' ✉♥ ♠✐♥✐♠✉♠ ❬♠❛①✐♠✉♠❪✱ 4❡✉❧ ❝❡❧✉✐ ♣♦✉' ❧❡A✉❡❧ ❧❡ ❢*❆❘✴◆❉❱■ ❛ ❧❛

♣❧✉4 ❣'❛♥❞❡ ❬♣❡7✐7❡❪ ✈❛❧❡✉' ❡47 '❡7❡♥✉✳ ▲❡4 4✐7❡4 ♣♦✉' ❧❡4A✉❡❧4 ✉♥ 4❡✉❧ ♠✐♥✐♠✉♠ ❡7 ✉♥

4❡✉❧ ♠❛①✐♠✉♠ ❡47 '❡7❡♥✉ ♣♦✉' ❧❡ ❝②❝❧❡ ❛♥♥✉❡❧ 4♦♥7 4②47;♠❛7✐A✉❡♠❡♥7 7'❛✐7;4 ❝♦♠♠❡
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SOS = min(i), fPAR(i) > 0.5(fPAR❴mindebut saison + fPAR❴maxsaison)

✕ ❊❖❙ ✿ ❧❡ ❥♦✉' ❞✬❛❝❤9✈❡♠❡♥7 ❞❡ ❧❛ 4❛✐4♦♥ ❞❡ ❝'♦✐44❛♥❝❡ ❡47 ❧❡ ❞❡'♥✐❡' ♣♦✉' ❧❡A✉❡❧ ❧❡

❢*❆❘ ✈❛✉7 ♣❧✉4 A✉❡ ❧❛ ♠♦②❡♥♥❡ ❞✉ ♠❛①✐♠✉♠ ❡7 ❞✉ ♠✐♥✐♠✉♠ ♣❛' ❧❡A✉❡❧ 4❡ ❢❡'♠❡

❧❛ ♣;'✐♦❞❡ ❝♦♥4✐❞;';❡✳

EOS = max(i), fPAR(i) > 0.5(fPAR❴minfin saison + fPAR❴maxsaison)
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❞❡ +❡♥❞+❡ ❝♦♠♣-❡ ❞❡ ❧❛ ❞♦✉❜❧❡ $❛✐$♦♥♥❛❧✐-/ ❞✐❛❣♥♦$-✐4✉/ $✉+ ❧❡ ◆❉❱■ ♣♦✉+ ❧✬❡$$❡♥-✐❡❧ ❞❡$

/❝♦$②$-=♠❡$ $✐-✉/ ❥✉$4✉✬; ✾

o
◆♦+❞✱ ♠O♠❡ $✐ ❧❡ ♠♦❞=❧❡ +❡♣+/$❡♥-❡ ✉♥❡ ❞♦✉❜❧❡ $❛✐$♦♥♥❛❧✐-/

♣♦✉+ ✉♥ ❝❡+-❛✐♥ ♥♦♠❜+❡ ❞✬/❝♦$②$-=♠❡$ ❞✉ ❙✉❞ ✐✈♦✐+✐❡♥ ❡- ❣❤❛♥/❡♥✳ ❙✐ ❧❛ ♣❡-✐-❡ $❛✐$♦♥ $=❝❤❡

✐♥❞✉✐- ❡✛❡❝-✐✈❡♠❡♥- ✉♥❡ ❞♦✉❜❧❡ $❛✐$♦♥♥❛❧✐-/ ♣♦✉+ ✉♥❡ ❢+❛❝-✐♦♥ ✐♠♣♦+-❛♥-❡ ❞❡ ❧❛ ③♦♥❡ ❣✉✐✲

♥/❡♥♥❡✱ ❝❡ ♥✬❡$- ♣❛$ ✈/+✐✜/ ♣❛+-♦✉-✱ ♥♦-❛♠♠❡♥- ♣❛$ ❡♥ ❈❛$❛♠❛♥❝❡✱ ●✉✐♥/❡ ❡- ❞❛♥$ ❧✬❖✉❡$-

❞❡ ❧❛ ❈W-❡ ❞✬■✈♦✐+❡ ✭♦X ✉♥❡ ♣❡+-✉+❜❛-✐♦♥ ❞✉ $✐❣♥❛❧ ❞❡ ◆❉❱■ ♣❛+ ❧❛ ❝♦✉✈❡+-✉+❡ ♥✉❛❣❡✉$❡ ♣❡+✲

$✐$-❛♥-❡ ♥❡ ♣❡✉- ❝♦♠♣❧=-❡♠❡♥- O-+❡ /❝❛+-/❡✱ ♠❛❧❣+/ ❧❛ $/❧❡❝-✐♦♥ ❞❡ ❧✬✐♥❞✐❝❡ $♣❛-✐♦✲-❡♠♣♦+❡❧

♠❛①✐♠✉♠ $✉+ ❞❡$ ❢❡♥O-+❡$ ❞❡ ✶✺❥♦✉+$ ❡- ✽①✽❦♠✮✳ ❉❡ ♣❧✉$ ✭❡- ❝♦♠♠❡ ♦♥ ❧✬♦❜$❡+✈❡ ❝❡--❡ ❢♦✐$✲

❝✐✮✱ ❧❛ ♣❡-✐-❡ $❛✐$♦♥ $=❝❤❡ ♥✬❡$- ♣❛$ /4✉✐✈❛❧❡♥-❡ ; ❧❛ ❣+❛♥❞❡ $❛✐$♦♥ $=❝❤❡ ✿ ❡❧❧❡ ♥✬✐♥❞✉✐- ♣❛$

$②$-/♠❛-✐4✉❡♠❡♥- ✉♥ ❡✛❡- ❡- ❡$- ❧❛+❣❡♠❡♥- ❛♠♦+-✐❡ ♣❛+ ❧❡ ❢❛✐- 4✉❡ ❧❛ +❛+/❢❛❝-✐♦♥ ❞❡$ ♣+/❝✐✲

♣✐-❛-✐♦♥$ $✬❛❝❝♦♠♣❛❣♥❡ ❞✬✉♥❡ ❛-♠♦$♣❤=+❡ $❛-✉+/❡ ❞✬❤✉♠✐❞✐-/ ✭❝♦♠♠✉♥✐❝❛-✐♦♥ ♣❡+$♦♥♥❡❧❧❡ ✿

\✐❡++❡ ❍✐❡+♥❛✉①✮✳

\❛+ ❝♦♥-+❡✱ ❝✬❡$- ❡♥ ③♦♥❡ ❙❛❤/❧♦✲$♦✉❞❛♥✐❡♥♥❡ 4✉❡ ❞❡ ♥♦♠❜+❡✉① ♣✐①❡❧$ $♦♥- ❞✐❛❣♥♦$-✐4✉/$

❝♦♠♠❡ ; $❛✐$♦♥$ ❞❡ ❝+♦✐$$❛♥❝❡ ♠✉❧-✐♣❧❡$ ♣❛+ ❧❛ ✈❡+$✐♦♥ ❈❲❘❘ ❞✉ ♠♦❞=❧❡ ✭✜❣✉+❡ ✺✳✼ ❇✳✮✱

✉♥ ❝♦♥$-❛- 4✉✐ ♥❡ $❡ +❡-+♦✉✈❡ ♣❛$ ❞❛♥$ ❧❡$ ♦❜$❡+✈❛-✐♦♥$ ❞❡ ◆❉❱■ ✭✜❣✉+❡ ✺✳✼ ❆✳✮✳

❈♦♠♠❡ ❝❡❧❛ ❛✈❛✐- /-/ ✐♥❞✐4✉/ ❧♦+$ ❞❡ ❧✬❛♥❛❧②$❡ $✉+ $✐-❡ ✭❝❤❛♣✐-+❡ ✹✮✱ ❧❡ ❝❤❛♥❣❡♠❡♥-

❞❡ ❧❛ +❡♣+/$❡♥-❛-✐♦♥ ❞❡$ ❤❡+❜❛❝/❡$ ♣/+❡♥♥❡$ ♣❛+ ❞❡$ ❤❡+❜❛❝/❡$ ❛♥♥✉❡❧❧❡$ ❞❛♥$ ❧❛ ✈❡+$✐♦♥

❞/✈❡❧♦♣♣/❡ ❞❛♥$ ❝❡ -+❛✈❛✐❧ ✐♥❞✉✐- ✉♥ +❡-❛+❞ ❞❛♥$ ❧❡ ❞/♣❛$$❡♠❡♥- ❞✉ $❡✉✐❧ ❝♦++❡$♣♦♥❞❛♥- ❛✉

❞/♠❛++❛❣❡ ❞❡ ❧❛ $❛✐$♦♥ ❞❛♥$ ❝❡--❡ /-✉❞❡ ✭✜❣✉+❡ ✺✳✽ ❇✳ ❡- ❈✳ ✈$ ❉✳✮✳ ❈❡--❡ ♠♦❞✐✜❝❛-✐♦♥ ♥✬❡$-

-♦✉-❡❢♦✐$ ♣❛$ ❝♦++♦❜♦+/❡ ♣❛+ ❧❛ ❝♦♥❢+♦♥-❛-✐♦♥ ❞❡$ $✐❣♥❛✉① ❞❡ ◆❉❱■ ❡- ❞❡ ❢\❆❘✱ ❧❡ ♣+❡♠✐❡+

/-❛♥- ♣❧✉$ ❡♥ ♣❤❛$❡ ✲♠O♠❡ ❛✉ ❙❛❤❡❧✲ ❛✈❡❝ ❧❛ ✈❡+$✐♦♥ $-❛♥❞❛+❞ ❞✬❖❘❈❍■❉❊❊ 4✉✬❛✈❡❝ ❝❡❧❧❡$

❞/✈❡❧♦♣♣/❡$ $♣/❝✐✜4✉❡♠❡♥- ♣♦✉+ ♥♦-+❡ -+❛✈❛✐❧✳

❆ ❧✬❡①❝❧✉$✐♦♥ ❞❡$ ♣✐①❡❧$ ❣✉✐♥/❡♥$ ❝❛+❛❝-/+✐$/$ ♣❛+ ❞❡✉① $❛✐$♦♥$ ❞❡ ❝+♦✐$$❛♥❝❡✱ ❧✬❛❝❝♦+❞

♠♦❞=❧❡ ♠❡$✉+❡ $❡ +/✈=❧❡ /❣❛❧❡♠❡♥- ♠♦✐♥❞+❡ ❛✈❡❝ ❧❡$ ♥♦✉✈❡❧❧❡$ ✈❡+$✐♦♥$ ❡♥ ❝❡ 4✉✐ ❝♦♥❝❡+♥❡

❧❛ ✜♥ ❞❡ ❧❛ $❛✐$♦♥ ❞❡ ❝+♦✐$$❛♥❝❡ ✭✜❣✉+❡ ✺✳✾✮✳
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❋✐❣✉$❡ ✺✳✶✷✿ )❡♥,❡ ❞❡ ❧❛ 01❣0❡33✐♦♥ ❧✐♥1❛✐0❡ ❞❡3 ♥❡✉✈✐8♠❡3 ❞1❝✐❧❡3 ❞❡ ◆❉❱■ ❛♥♥✉❡❧3 ♠✉❧,✐✲

♣❧✐1❡ ♣❛0 ❧❛ ❞✉01❡ ❞❡ ❧❛ 310✐❡ ,❡♠♣♦0❡❧❧❡ ✿ ✷✼ ❛♥3✳ ❆✳ ◆❉❱■ ●■▼▼❙ ♣10✐♦❞❡ ✶✾✽✷✲✷✵✶✵✳ ❇✳

▼♦❞8❧❡ ❖❘❈❍■❉❊❊ ❛✈❡❝ ❤②❞0♦❧♦❣✐❡ ♠✉❧,✐✲❝♦✉❝❤❡3 ❡, ♣❤1♥♦❧♦❣✐❡ ❞1✈❡❧♦♣♣1❡ 3✉0 3✐,❡ 3❛❤1✲

❧✐❡♥ ❞❛♥3 ❝❡ ,0❛✈❛✐❧✳ ❈✳ ▼M♠❡ ♠♦❞8❧❡ N✉❡ ❇✳ ♠❛✐3 ❛✈❡❝ 3❝❤1♠❛ ❤②❞0♦❧♦❣✐N✉❡ ❞❡ ❈❤♦✐3♥❡❧✳

❉✳ ❱❡03✐♦♥ 3,❛♥❞❛0❞ ❞✬❖❘❈❍■❉❊❊✳

❡♥ ❡✛❡, ♣❧✉3 ,❛0❞ ❡, 3❡ ,❡0♠✐♥❡ ♣❧✉3 ,Q, ✭S ❧✬❡①❝❡♣,✐♦♥ ❞❡3 013✉❧,❛,3 3✐♠✉❧13 ♣❛0 ❧❛ ✈❡03✐♦♥

❛✈❡❝ ❧✬❤②❞0♦❧♦❣✐❡ ❈❲❘❘ ❡, ❧❡ ❢♦0W❛❣❡ ■❊❘❆✮✳ ❉❡ ♣❧✉3✱ ❧❡3 ❞1❝❛❧❛❣❡3 3♦♥, ✐♥❢10✐❡✉03 S

✶✺ ❥♦✉03 ♣♦✉0 ❧❛ ✈❛3,❡ ♠❛❥♦0✐,1 ❞❡3 ♣♦✐♥,3 ❞❡ ❣0✐❧❧❡✳ ❉❡ ♠❛♥✐80❡ ♣❧✉3 ✐♥,10❡33❛♥,❡✱ ❝❡,,❡

❝♦♠♣❛0❛✐3♦♥ ♣❡0♠❡, 1❣❛❧❡♠❡♥, ❞❡ 01✈1❧❡0 N✉✬✉♥ ❝❤❛♥❣❡♠❡♥, ❞❡ ❢♦0W❛❣❡ ✐♥❞✉✐,✱ ♣♦✉0 ✉♥❡

❢0❛❝,✐♦♥ 3❡❝♦♥❞❛✐0❡ ♠❛✐3 ♥♦♥ ♥1❣❧✐❣❡❛❜❧❡ ❞❡3 ♣✐①❡❧3✱ ❞❡3 ♠♦❞✐✜❝❛,✐♦♥3 ❜❡❛✉❝♦✉♣ ♣❧✉3 ❢♦0,❡3

❞❡ ❧❛ ♣❤1♥♦❧♦❣✐❡ ♠♦②❡♥♥❡ ♣♦✉0 ❧❛ ✈❡03✐♦♥ ❈❲❘❘ N✉❡ ♣♦✉0 ❧❡3 ❞❡✉① ✈❡03✐♦♥3 N✉✐ ✉,✐❧✐3❛✐❡♥,

❧✬❤②❞0♦❧♦❣✐❡ ❞❡ ❈❤♦✐3♥❡❧✳ ▲❛ ✈❡03✐♦♥ ❈❲❘❘ ❡3, ❞♦♥❝ ♣❧✉3 3❡♥3✐❜❧❡ S ❞❡ ♣❡,✐,❡3 ♠♦❞✐✜❝❛,✐♦♥3

❞❡3 ❢♦0W❛❣❡3✱ ❡,✱ ,❡♥❞ S ♠♦♥,0❡0 N✉❡ ❧✬❤②❞0♦❧♦❣✐❡ ♠✉❧,✐✲❝♦✉❝❤❡3 0❡♥❞ ❧❡3 013✉❧,❛,3 ❞✉ ♠♦❞8❧❡

♠♦✐♥3 0♦❜✉3,❡3✳ ❙✐ ❧❛ 3❡♥3✐❜✐❧✐,1 S ❞❡3 ❞✐✛10❡♥❝❡3 3✉❜,✐❧❡3 ❞❡ ❢♦0W❛❣❡ ♣♦✉00❛✐, ♣❡0♠❡,,0❡ ❞❡3

❛♠1❧✐♦0❛,✐♦♥3 3✐❣♥✐✜❝❛,✐✈❡3 ❞❛♥3 ❧✬1,✉❞❡ ❞❡ 3✐,✉❛,✐♦♥3 ,083 ❜✐❡♥ ❝♦♥,0Q❧1❡3✱ ✐❧ ❡3, ♣0♦❜❛❜❧❡

N✉❡ ❝❡❧❛ ❝♦♥3,✐,✉❡ ✉♥ ❞13❛✈❛♥,❛❣❡ ♣♦✉0 ✉♥ ♠♦❞8❧❡ ❞♦♥, ❧✬♦❜❥❡❝,✐❢ ❡3, ❞❡ 0❡♣013❡♥,❡0 ✉♥

❝♦♠♣♦0,❡♠❡♥, ♠♦②❡♥ 3✉0 ❧❛ ❣0✐❧❧❡ S ♣❛0,✐0 ❞❡ ❝♦♥❞✐,✐♦♥3 ❤1,10♦❣8♥❡3 S ❧✬✐♥,10✐❡✉0 ❞✉ ♣✐①❡❧✳

✶✺✷



❈❍❆#■❚❘❊ ✺✳ ❙■▼❯▲❆❚■❖◆❙ ❘➱●■❖◆❆▲❊❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✺✳✸✳ ❋#❆❘ ❙■▼❯▲➱ ❱❙ ◆❉❱■

❆✳✶ ❆✳✷ ❆✳✸ ❇✳✶ ❇✳✷ ❇✳✸

❈✳✶ ❈✳✷ ❈✳✸ ❉✳✶ ❉✳✷ ❉✳✸

❋✐❣✉$❡ ✺✳✶✸✿ ❆✳ ❡+ ❇✳ ✭-❡.♣✳ ❈✳ ❡+ ❉✳✮ ●-❛♣❤✐5✉❡ 7 ✈✐♦❧♦♥. -❡♣-<.❡♥+❛♥+ ❧❛ ❞✐.+-✐❜✉+✐♦♥

❞❡. ❞✐✛<-❡♥❝❡. ❞❡. ♠♦②❡♥♥❡. +❡♠♣♦-❡❧❧❡. .✉- ✷✵✵✷✲✷✵✵✼ ❞✉ ❞<♠❛--❛❣❡ ✭-❡.♣✳ ❞❡ ❧❛ ✜♥✮ ❞❡

❧❛ .❛✐.♦♥ ❞❡ ❝-♦✐..❛♥❝❡ ♣♦✉- ❞❡✉① ❢♦-J❛❣❡. ❞✐✛<-❡♥+.✳ ❆ ❡+ ❈✳ ❈♦♠♣❛-❛✐.♦♥ ❞❡. -<.✉❧+❛+.

♦❜+❡♥✉. ❛✈❡❝ ❧❡ ❢♦-J❛❣❡ ❆▲▼■N ❡+ ❝❡✉① ❛✈❡❝ ❧❡ ❢♦-J❛❣❡ ❈❘❯◆❈❊N✳ ❇ ❡+ ❉✳ ❈♦♠♣❛-❛✐.♦♥ ❞❡.

-<.✉❧+❛+. ♦❜+❡♥✉. ❛✈❡❝ ❧❡ ❢♦-J❛❣❡ ■❊❘❆ ❡+ ❝❡✉① ❛✈❡❝ ❧❡ ❢♦-J❛❣❡ ❈❘❯◆❈❊N✳ ▲❡. -<.✉❧+❛+.

❛✈❡❝ ❧❡. ❢♦-J❛❣❡. ❆▲▼■N ❡+ ■❊❘❆ ♦♥+ <+< -❡♣❧❛❝<. .✉- ❧❛ ❣-✐❧❧❡ ❞❡ ❈❘❯◆❈❊N ♣❛- ✉♥

-❡❣-✐❧❧❛❣❡ ❝♦♥.❡-✈❛+✐❢ ❛✉ ♣-❡♠✐❡- ♦-❞-❡ ✭❛❧❣♦-✐+❤♠❡ ❞❡ ❙❈❘■N✮✳ ✶✳ ▼♦❞T❧❡ ❖❘❈❍■❉❊❊

❛✈❡❝ ❤②❞-♦❧♦❣✐❡ ♠✉❧+✐✲❝♦✉❝❤❡. ❡+ ♣❤<♥♦❧♦❣✐❡ ❞<✈❡❧♦♣♣<❡ .✉- .✐+❡ .❛❤<❧✐❡♥ ❞❛♥. ❝❡ +-❛✈❛✐❧✳

✷✳ ▼W♠❡ ♠♦❞T❧❡ 5✉❡ ✶✳ ♠❛✐. ❛✈❡❝ .❝❤<♠❛ ❤②❞-♦❧♦❣✐5✉❡ ❞❡ ❈❤♦✐.♥❡❧✳ ✸✳ ❱❡-.✐♦♥ .+❛♥❞❛-❞

❞✬❖❘❈❍■❉❊❊✳

✶✺✸



✺✳✹✳ ❈❖◆❈▲❯❙■❖◆ ❉❊ ❈❊ ❈❍❆.■❚❘❊

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆.■❚❘❊ ✺✳ ❙■▼❯▲❆❚■❖◆❙ ❘➱●■❖◆❆▲❊❙

✺✳✸✳✸ ❉✐%❝✉%%✐♦♥

▲❛ ♣#$%❡♥(❛(✐♦♥ ❞❡% ❞✐❛❣♥♦%(✐❝% %✉# ❧❡% ♣✐①❡❧% ♣♦✉# ❧❡%1✉❡❧% ❞❡✉① %❛✐%♦♥% ❞❡ ❝#♦✐%%❛♥❝❡

%♦♥( ❞✐❛❣♥♦%(✐1✉$❡% ✐❧❧✉%(#❡ ❞❡ ♠❛♥✐3#❡ ♥❡((❡ ✉♥❡ ❧❛❝✉♥❡ ❞✬❖❘❈❍■❉❊❊ 1✉✐ ❡①✐%(❛✐( ❞$❥=

❛✈❛♥( ♥♦(#❡ (#❛✈❛✐❧ ❡( ❛✉ ❝♦♥(♦✉#♥❡♠❡♥( ❞❡ ❧❛1✉❡❧❧❡ ❧❡ (#❛✈❛✐❧ ❝❡♥(#$ %✉# ❧❡% $❝♦%②%(3♠❡%

%❛❤$❧✐❡♥% = ❝#♦✐%%❛♥❝❡ ♠♦♥♦♠♦❞❛❧❡ ♣#$%❡♥($ ♣#$❝$❞❡♠♠❡♥( ❡♥ ❝❤❛♣✐(#❡ ✹ ♥✬❛ ♣❛% ❝♦♥(#✐❜✉$✳

■❧ ❢❛✉( ♥♦(❡# 1✉❡ ❧❡% ❞❡✉① %❛✐%♦♥% ❞❡ ❝#♦✐%%❛♥❝❡% ❞✐❛❣♥♦%(✐1✉$❡% ❧❡ ❧♦♥❣ ❞✉ ●♦❧❢❡ ❞❡ ●✉✐♥$❡

♥❡ ❝♦##❡%♣♦♥❞❡♥( ♣❛% = ❞❡% ❢❛✉① ♣♦%✐(✐❢% ❞✉% = ✉♥❡ ❝♦♥(❛♠✐♥❛(✐♦♥ ❞✉ %✐❣♥❛❧ ❞❡ ◆❉❱■ ♣❛#

❧❛ (#3% ❢♦#(❡ ❝♦✉✈❡#(✉#❡ ♥✉❛❣❡✉%❡ ❛✉ ❝H✉# ❞❡ ❧❛ %❛✐%♦♥ ❞❡ ♠♦✉%%♦♥✳

❙✉#(♦✉(✱ ❧❡% ❢❛✉① ♣♦%✐(✐❢% ❞❡ ❞❡✉① %❛✐%♦♥% ❞❡ ❝#♦✐%%❛♥❝❡% ❡♥ ③♦♥❡ %❛❤$❧♦✲%♦✉❞❛♥✐❡♥♥❡

♣♦✉# ❧❛ ✈❡#%✐♦♥ ♠✉❧(✐✲❝♦✉❝❤❡ ✐❧❧✉%(#❡ ❧❛ (#♦♣ ❢♦#(❡ ❞②♥❛♠✐1✉❡ ❞❡ ❧❛ ✈❡#%✐♦♥ ♠✉❧(✐✲❝♦✉❝❤❡%

1✉✐ ♣❡✉( ❝♦♥❞✉✐#❡ = ❧❛ #$❛❧✐%❛(✐♦♥ ❞❡ ❞❡✉① %❛✐%♦♥% ❞❡ ❝#♦✐%%❛♥❝❡ ❞✐%❥♦✐♥(❡% = ✉♥❡ ❧❛(✐(✉❞❡

♦M ❝❡❧❛ ♣❡✉( ❝❡#(❡% ❛✈♦✐# ❞✉ %❡♥% = ❧✬$❝❤❡❧❧❡ ❞❡ ❧❛ ♣❧❛♥(❡ ✭❧❡% ♣❧❛♥(✉❧❡% ♣♦✉%%❛♥( ❧♦#% ❞❡%

♣#❡♠✐3#❡% ♣❧✉✐❡% ❞✉ ❞$❜✉( ❞❡ %❛✐%♦♥ ♠❡✉#❡♥( %♦✉✈❡♥( %✉# ♣✐❡❞ ❛✈❛♥( ❞✬❛✈♦✐# ♣✉ ✜♥✐# ❧❡✉#

❝②❝❧❡✮✱ ♠❛✐% ❜❡❛✉❝♦✉♣ ♠♦✐♥% = ❧✬$❝❤❡❧❧❡ ❞❡ ❧✬$❝♦%②%(3♠❡✱ ♠Q♠❡ %✐ ❧❛ ❞✐✛$#❡♥❝❡ ❞❡ %❛✐%♦♥♥❛❧✐($

❡♥(#❡ ❤❡#❜❛❝$❡% ❡( ❛#❜#❡% ❡%( ♣#✐%❡ ❡♥ ❝♦♠♣(❡✳

▲❛ ❝❛#❛❝($#✐%❛(✐♦♥ ❞❡ ❧❛ ❝❛♣❛❝✐($ ❞✉ ♠♦❞3❧❡ = #❡♣#$%❡♥(❡# ❧❛ ❞②♥❛♠✐1✉❡ ✐♥(❡#✲❛♥♥✉❡❧❧❡

✭✜❣✉#❡ ✺✳✶✵✮ #$✈3❧❡ ❞❡ %♦♥ ❝V($ 1✉❡ ❧❡ ♠♦❞3❧❡ ❛♣♣♦#(❡ ❞❡% #$%✉❧(❛(% ♣❧✉% %❛(✐%❢❛✐%❛♥(% 1✉❡

❝❡✉① ♦❜(❡♥✉% ❛✈❡❝ ✉♥❡ ♣❤$♥♦❧♦❣✐❡ ✐♠♣♦%$❡✳ ▲❡ ♣#❡♠✐❡# 1✉❛#(✐❧❡ ✈♦✐%✐♥❛♥( ✉♥❡ ✈❛❧❡✉# ❞❡ ③$#♦

♣♦✉# ❧❛ ♣❧✉♣❛#( ❞❡% ❝#✐(3#❡% $(✉❞✐$% ✭✈♦✐# ✜❣✉#❡ ✺✳✶✵ ❇✳✮✱ ✐❧ ❢❛✉( (♦✉(❡❢♦✐% Q(#❡ ❝♦♥%❝✐❡♥( ❞❡

❝❡ 1✉❡ ❝❡❧❛ ♥❡ %✬❛♣♣❧✐1✉❡ ♣❛% = ✉♥ 1✉❛#( ❞❡% ♣♦✐♥(% ❞❡ ❧❛ ③♦♥❡ ❞✬$(✉❞❡✱ (♦✉( ♣❛#(✐❝✉❧✐3#❡♠❡♥(

❧❡ ❧♦♥❣ ❞✉ ●♦❧❢❡ ❞❡ ●✉✐♥$❡✳ ❉❛♥% ❧❛ ♠❡%✉#❡ ♦M ❝❡ %♦♥( ❧❡% $❝♦%②%(3♠❡% ❞❛♥% ❧❡%1✉❡❧% ❧❡% ♣❧✉%

❣#❛♥❞❡% 1✉❛♥(✐($% ❞❡ ❝❛#❜♦♥❡ %♦♥( %(♦❝❦$❡% ❡( ♦♥( ♣✉ Q(#❡ ❞$%(♦❝❦$❡% ❧♦#% ❞❡% ❞$❢♦#❡%(❛(✐♦♥%

✐♠♣♦#(❛♥(❡% ✐♥(❡#✈❡♥✉❡% ❞❡♣✉✐% ❧❡ ❞$❜✉( ❞✉ ❳❳3♠❡ %✐3❝❧❡✱ ❝❡❧❛ ♠♦♥(#❡ ❧❡% ♣#$❝❛✉(✐♦♥%

✐♠♣♦#(❛♥(❡% 1✉✬✐❧ ❢❛✉( ♣#❡♥❞#❡ ❡♥ ✉(✐❧✐%❛♥( ❧❛ ✈❡#%✐♦♥ ❛❝(✉❡❧❧❡ ❞✉ ♠♦❞3❧❡ ♣♦✉# ♣♦%❡# ❞❡%

❞✐❛❣♥♦%(✐❝% %✉# ❧✬$✈♦❧✉(✐♦♥ ❞❡% %(♦❝❦% ❞❡ ❝❛#❜♦♥❡ %❡❧♦♥ ❞✐✛$#❡♥(% %❝$♥❛#✐♦% ❝❧✐♠❛(✐1✉❡% ❡(

❞✬✉%❛❣❡ ❞❡% (❡##❡% = ❧✬$❝❤❡❧❧❡ #$❣✐♦♥❛❧❡✳

✺✳✹ ❈♦♥❝❧✉)✐♦♥ ❞❡ ❝❡ ❝❤❛♣✐01❡

▲❡ (#❛✈❛✐❧ %✉# ❧❡% ✐♥%(❛❜✐❧✐($% ♥✉♠$#✐1✉❡% ✐♥❞✉✐(❡% ♣❛# ❧❡ ❝❤♦✐① ❞❡ #❡❝♦✉#✐# = ❞❡ ♥♦♠❜#❡✉①

❝♦♠♣♦#(❡♠❡♥(% = %❡✉✐❧% ❞❛♥% ❧❡ ♠♦❞3❧❡ ❖❘❈❍■❉❊❊ ❛ ♣❡#♠✐% ❞❡ ♠♦♥(#❡# 1✉✬✐❧ %✬❛❣✐%%❛✐(

❞✬✉♥ ♣#♦❜❧3♠❡ 1✉✐ ♥✬❡%( ♣❛% ❝♦♠♣❧3(❡♠❡♥( ♠❛#❣✐♥❛❧ ✭❛✈❡❝ ❞❡% ❡✛❡(% ❧♦❝❛❧❡♠❡♥( (#3% ❡♥✲

♥✉②❛♥(%✮ ❡( 1✉✬✐❧ $(❛✐( ♣♦%%✐❜❧❡ ❞✬❡♥ ❞✐♠✐♥✉❡# ❧❛ ♣♦#($❡ ♣❛# ❞❡% ❝❤❛♥❣❡♠❡♥(% %✐♠♣❧❡% ❞❡ ❧❛

#❡♣#$%❡♥(❛(✐♦♥ ❞❡ ❧❛ ♣❤$♥♦❧♦❣✐❡ ❞❡% ♣❧❛♥(❡% ❞♦♥( ❧❛ ❝#♦✐%%❛♥❝❡ ❡%( ❝♦♥(#V❧$❡ ♣❛# ❧❡ %(#❡%%

❤②❞#✐1✉❡✳

▲❛ ❞❡✉①✐3♠❡ ♣❛#(✐❡ ❞❡ ❝❡ ❝❤❛♣✐(#❡ ♣♦#(❛♥( %✉# ❧❛ ❝♦♥❢#♦♥(❛(✐♦♥ ❞❡ ❞✐✛$#❡♥(❡% ✈❡#%✐♦♥%

❞✉ ♠♦❞3❧❡ = ❧❛ %$#✐❡ ❞❡ ◆❉❱■ ❧❛ ♣❧✉% ❧♦♥❣✉❡ 1✉✐ %♦✐( ❞✐%♣♦♥✐❜❧❡ ✭●■▼▼❙❴✸❣✮ ❛ ♠♦♥(#$

1✉❡ ❧❡% ❞$✈❡❧♦♣♣❡♠❡♥(% #$❛❧✐%$% = ♣❛#(✐# ❞✬✉♥ ❥❡✉ (#3% #$❞✉✐( ❞❡ %✐(❡% %❛❤$❧✐❡♥% ✭❡%%❡♥(✐❡❧❧❡✲

♠❡♥( ✉♥✮ ♥✬❛ ♣❛% $($ ❝♦♥❞✉✐( ❞✬✉♥❡ ♠❛♥✐3#❡ ♣❡#♠❡((❛♥( ❞✬♦❜(❡♥✐# ❞❡% #$%✉❧(❛(% #$❣✐♦♥❛✉①

♣❧✉% %❛(✐%❢❛✐%❛♥(% 1✉❡ ❝❡✉① ❝♦##❡%♣♦♥❞❛♥( = ❧✬✉%❛❣❡ ❞❡ ❧❛ ✈❡#%✐♦♥ ✓ %(❛♥❞❛#❞ ✔ ❞✬❖❘❈❍■✲

❉❊❊✳ ❈❡ (#❛✈❛✐❧ ❛ ❞❡ ♣❧✉% ✐❧❧✉%(#$ 1✉✬✉♥❡ ❣$♥$#❛❧✐%❛(✐♦♥ ❞❡ ❧✬✉%❛❣❡ ❞✉ ♠♦❞✉❧❡ ❤②❞#♦❧♦❣✐1✉❡

❈❲❘❘ #✐%1✉❡ ❞❡ ❝♦♥❞✉✐#❡ = ❧❛ ♣#♦❞✉❝(✐♦♥ ❞✬✉♥ ♠♦❞3❧❡ ♠♦✐♥% #♦❜✉%(❡ ❝❛# ❛❜♦✉(✐%%❛♥( =

❞❡% #$%✉❧(❛(% ❜❡❛✉❝♦✉♣ ♣❧✉% ❞✐✈❡#❣❡❛♥(% ♣♦✉# ❞❡% ❢♦#`❛❣❡% ❛%%❡③ ♣#♦❝❤❡%✳ ❆✈❡❝ ❧❡% ♣❛#❛♠$✲

(#✐%❛(✐♦♥% ❡♠♣❧♦②$❡% ❞❛♥% ❧❡ ♣#$%❡♥( (#❛✈❛✐❧✱ ❧✬✉%❛❣❡ ❞❡ ❧✬❤②❞#♦❧♦❣✐❡ ♠✉❧(✐✲❝♦✉❝❤❡% ❛❜♦✉(✐(

$❣❛❧❡♠❡♥( = ✉♥❡ %❛✐%♦♥♥❛❧✐($ ❜❡❛✉❝♦✉♣ (#♦♣ ♠❛#1✉$❡ ❞❛♥% ❧❛ ③♦♥❡ ❣✉✐♥$❡♥♥❡✳ ❙✬✐❧ ❛ $($

♣♦%%✐❜❧❡ ❞❡ ❞$♠♦♥(#❡# ❛✉ ❝❤❛♣✐(#❡ ♣#$❝$❞❡♥( 1✉❡ ❧✬✉%❛❣❡ ❞❡ ❧✬❤②❞#♦❧♦❣✐❡ ❈❲❘❘ ♣❡#♠❡((❛✐(

✶✺✹
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▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

✺✳✹✳ ❈❖◆❈▲❯❙■❖◆ ❉❊ ❈❊ ❈❍❆#■❚❘❊

❞✬❛♠$❧✐♦(❡( *✐❣♥✐✜❝❛/✐✈❡♠❡♥/ ❧❛ ($♣♦♥*❡ ❛✉① $✈$♥❡♠❡♥/* ♣❧✉✈✐❡✉① *✉( *♦❧ ♥✉✱ ✐❧ *✬❛❣✐/ ❞❡

♣(♦❜❧6♠❡* 7✉✬✐❧ ❢❛✉/ ($✉**✐( 9 ♠✐❡✉① ❝❛(❛❝/$(✐*❡( ❡/ 9 ❝♦♥/♦✉(♥❡( ❛✈❛♥/ ❞✬❡♥✈✐*❛❣❡( ❞✬❡♥✲

❝♦✉(❛❣❡( ❧✬✉*❛❣❡ *②*/$♠❛/✐7✉❡ ❞❡ ❝❡ ♠♦❞✉❧❡ ❤②❞(♦❧♦❣✐7✉❡ ❞❛♥* ❧❡* /(❛✈❛✉① ($❛❧✐*$* ❛✈❡❝

❖❘❈❍■❉❊❊✳
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❈♦♥❝❧✉&✐♦♥& ❡) ♣❡+&♣❡❝)✐✈❡&

❬❊" #✐❪ ✉♥❡ ❛✉#"*+✐"* #❝✐❡♥"✐✜.✉❡ ♠❛❧

❝♦♠♣+✐#❡ ❞✬✉♥❡ ♣❛+"✱ ❧❡ ❣♦7" ✐♠♣✉❞✐.✉❡

❞✉ #❡♥#❛"✐♦♥♥❡❧ ❞❡ ❧✬❛✉"+❡ ♥♦✉# ❬❛✈❛✐❡♥"❪

❢❛✐" ♦✉❜❧✐❡+ .✉✬♦♥ ❝♦✉+" ❧❡ ♠♦♥❞❡✱ ❞✬❛❜♦+❞

; ❧❛ +❡❝❤❡+❝❤❡ ❞❡ #♦✐ ❬ ❄❪

❈❧❛✉❞❡ ▲'✈✐✲❙,-❛✉..✳ ❚!✐#$❡#

$!♦♣✐(✉❡#✳

✻✳✶ ❈♦♥&❡①&❡

❙✐ ❧✬$%✉❞❡ ❞❡) $❝❤❛♥❣❡) ❞❡ ❝❛/❜♦♥❡ ❡% ❞✬❡❛✉ ❡♥%/❡ ❧❡) )✉/❢❛❝❡) ❝♦♥%✐♥❡♥%❛❧❡) ❡% ❧✬❛%♠♦✲

)♣❤6/❡ ❛ ❢❛✐% ❧✬♦❜❥❡% ❞✬✉♥ ❧❛/❣❡ ❝♦/♣✉) ❞❡ %/❛✈❛✉① ❛✉ ❝♦✉/) ❞❡) ❞❡/♥✐6/❡) ❞$❝❡♥♥✐❡)✱ ❧❛ ♣❧✉♣❛/%

❞❡ ❝❡) %/❛✈❛✉① ♦♥% ♣♦/%$ )✉/ ❧❡) $❝♦)②)%6♠❡) ❞❡) /$❣✐♦♥) %❡♠♣$/$❡)✱ %♦✉% ♣❛/%✐❝✉❧✐6/❡♠❡♥%

❡♥ ❝❡ <✉✐ ❝♦♥❝❡/♥❡ ❧❡ ❝②❝❧❡ ❞✉ ❝❛/❜♦♥❡✳

▲❡ %/❛✈❛✐❧ <✉✐ ❛ ❢❛✐% ❧✬♦❜❥❡% ❞❡ ❧❛ ♣/$)❡♥%❡ %❤6)❡ )✬✐♥)❝/✐% ❞❛♥) ❧❡ ♣/♦❣/❛♠♠❡ ❈❛/❜♦❆❢/✐❝❛

❬❇♦♠❜❡❧❧✐ ❛♥❞ ❱❛❧❡♥%✐♥✐✱ ✷✵✵✽❪✱ ❡% ❛ ♣✉ %✐/❡/ ♣❛/%✐ ❞❡) /$)✉❧%❛%) ❡①♣$/✐♠❡♥%❛✉① ❛❝<✉✐) ❞❛♥)

❧❡ ❝❛❞/❡ ❞❡) ♠❡)✉/❡) ❞❡ )✉/❢❛❝❡ ✜♥❛♥❝$❡) ♣❛/ ❧❡ ♣/♦❣/❛♠♠❡ ❆▼▼❆ ❬J♦❧❝❤❡/ ❡% ❛❧✳✱ ✷✵✶✶❪✳

❯♥ ♣❡✉ ♣❧✉) ❞✬✉♥❡ ❞✐③❛✐♥❡ ❞✬❛♥♥$❡) ❛♣/6) ❧❡ ♣/♦❣/❛♠♠❡ ❍❆J❊❳✲❙❛❤❡❧ ❬J/✐♥❝❡ ❡% ❛❧✳✱ ✶✾✾✺❪✱

✐❧ )✬❛❣✐% ❞✉ )❡❝♦♥❞ ♣/♦❣/❛♠♠❡ ❞❡ ❣/❛♥❞❡ $❝❤❡❧❧❡ ✈✐)❛♥% S ❛❝<✉$/✐/ ✉♥❡ ♠❡✐❧❧❡✉/❡ ❝♦♠♣/$✲

❤❡♥)✐♦♥ ❞❡) ✐♥%❡/❛❝%✐♦♥) ❡♥%/❡ ❧✬$%❛% ❞❡ ❧❛ )✉/❢❛❝❡ ❝♦♥%✐♥❡♥%❛❧❡ ❛✉ ❙❛❤❡❧ ❡% ❧❛ ❝✐/❝✉❧❛%✐♦♥

❛%♠♦)♣❤$/✐<✉❡ S ❧❛/❣❡ $❝❤❡❧❧❡✳

❆ ❧✬♦❝❝❛)✐♦♥ ❞❡ ❝❡) ❝❛♠♣❛❣♥❡) ❞❡ ♠❡)✉/❡)✱ ✉♥ ❝❡/%❛✐♥ ♥♦♠❜/❡ ❞❡ %/❛✈❛✉① ♦♥% %❡♥%$

❞✬❛♣♣♦/%❡/ ✉♥❡ /❡♣/$)❡♥%❛%✐♦♥ ✜♥❡ ❞✉ ❜✐❧❛♥ ❤②❞/✐<✉❡ ❞❡) $❝♦)②)%6♠❡) )❛❤$❧✐❡♥) ♣❛/ ❞❡)

♠♦❞6❧❡) )✉/❢❛❝❡✲✈$❣$%❛%✐♦♥✲❛%♠♦)♣❤6/❡ ✭❡✳❣✳ ❬❙❛✉①✲J✐❝❛/% ❡% ❛❧✳✱ ✷✵✵✾❪✮✱ ♠V♠❡ ❛✈❡❝ ❖❘✲

❈❍■❉❊❊ ✭❙❊❈❍■❇❆ ♣♦✉/ V%/❡ ♣❧✉) ♣/$❝✐) ✿ ❬❞✬❖/❣❡✈❛❧ ❡% ❛❧✳✱ ✷✵✵✻❀ ❞✬❖/❣❡✈❛❧ ❡% ❛❧✳✱ ✷✵✵✽❀

❞✬❖/❣❡✈❛❧ ❛♥❞ J♦❧❝❤❡/✱ ✷✵✵✽❪ ❡% ❧❡) /$❢$/❡♥❝❡) ❝✐%$❡) ❞❛♥) ❝❡ %/❛✈❛✐❧✮✳ ▲✬✉)❛❣❡ <✉✐ ❛ $%$

❢❛✐% ✐❝✐ ❞✬❖❘❈❍■❉❊❊ ♣/$)❡♥%❡ ✉♥❡ ❝❡/%❛✐♥❡ ♦/✐❣✐♥❛❧✐%$ ❞❛♥) ❧❛ ♠❡)✉/❡ ♦^ ✐❧ ❛❜♦/❞❡ $❣❛❧❡✲

♠❡♥% ❞❡) ❛)♣❡❝%) ♣♦/%❛♥% )✉/ ❧❛ /❡♣/$)❡♥%❛%✐♦♥ ❞❡ ❧❛ ♣❤$♥♦❧♦❣✐❡ ❞❡) ♣❧❛♥%❡) ✭❝♦♠♠❡ ❬❈✐/❡%

❡% ❛❧✳✱ ✶✾✾✾❪ ♣♦✉/ ❧❡) )❛✈❛♥❡) ❣✉✐♥$❡♥♥❡)✮ <✉✐ ❛✈❛✐❡♥% $%$ ♣❧✉%_% %/❛✐%$❡) ❛✈❡❝ ❞❡) ♠♦❞6❧❡)

❝♦♥`✉) )♣$❝✐✜<✉❡♠❡♥% ♣♦✉/ ❧❛ ③♦♥❡ ❞✬$%✉❞❡ ❡% <✉✐ ♥❡ /$)♦❧✈❡♥% ♣❛) ❧❡) ✈❛/✐❛%✐♦♥) ❞✐✉/♥❡)

❞❡) $❝❤❛♥❣❡) ❡♥%/❡ ❛%♠♦)♣❤6/❡ ❡% )✉/❢❛❝❡ ✭✈♦✐/ ♣❛/ ❡①❡♠♣❧❡ ❧❡) %/❛✈❛✉① /$❛❧✐)$) ❛✈❡❝ ❧❡

♠♦❞6❧❡ ❙❚❊J ❬▼♦✉❣✐♥ ❡% ❛❧✳✱ ✶✾✾✺❀ ❚/❛❝♦❧ ❡% ❛❧✳✱ ✷✵✵✻❪✮✳
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0❘➱❙❊◆❚ ❚❘❆❱❆■▲

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆0■❚❘❊ ✻✳ ❈❖◆❈▲❯❙■❖◆❙ ❊❚

0❊❘❙0❊❈❚■❱❊❙

✻✳✷ ❘$%✉❧(❛(% ♦❜(❡♥✉% ❡( ❧❛❝✉♥❡% ❞✉ ♣1$%❡♥( (1❛✈❛✐❧

▲❡ ♣#$%❡♥' '#❛✈❛✐❧ ❛ ♣❡#♠✐% ❞✬$✈❛❧✉❡# ❧❡% ♣❡#❢♦#♠❛♥❝❡% ❞✬✉♥❡ ✓ ♥♦✉✈❡❧❧❡ ✔✈❡#%✐♦♥ ❞✬❖❘✲

❈❍■❉❊❊✳ ❈❡❧❛ ♣❡#♠❡' ❞❡ ❞♦♥♥❡# ✉♥ $❝❧❛✐#❛❣❡ ❝♦♠♣❧$♠❡♥'❛✐#❡ %✉# ❧✬✐♥'$#?' ❡' ❝❡#'❛✐♥❡% ❞❡%
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❞❡" ❝♦♥❞✐/✐♦♥" ❞❡ ❧❛ ❝♦❧♦♥♥❡ ❛/♠♦"♣❤$#✐6✉❡ ✭❤✉♠✐❞✐/$ #❡❧❛/✐✈❡✱ ❝❤❛#❣❡ ❡♥ ❛$#♦"♦❧"✱✳ ✳ ✳ ✮

"✉# ❧❡" ✈❛❧❡✉#" ♠❡"✉#$❡" ❞❡ ◆❉❱■✳

✕ ♣!♦❜❧%♠❡ ❞❡ ❝♦♥❞✐,✐♦♥- ✓ ❛✉① ❧✐♠✐,❡- ✔ ✿ ❧❛❝✉♥❡" ❞✉ ❢♦#H❛❣❡ ❛/♠♦"♣❤$#✐6✉❡ ✉/✐❧✐"$✳

✕ ♣!♦❜❧%♠❡ ❞❡ !❡♣!3-❡♥,❛,✐✈✐,3 -♣❛,✐❛❧❡ ✿ ❧❡" $❝♦"②"/&♠❡" "✉# ❧❡"6✉❡❧" ❧✬❛❥✉"/❡♠❡♥/ ❛ $/$

❡✛❡❝/✉$ ♥❡ "♦♥/ ♣❛" "✐ ♣#♦❝❤❡" ❞❡ ❧❛ "✐/✉❛/✐♦♥ ♠♦②❡♥♥❡ ✭❡♥/#❡ ♣❧❛❣❡ ❞❡ "♦❧ ♥✉ ❡/ ③♦♥❡"

❞❡ #✉✐""❡❧❧❡♠❡♥/ ❝♦♥❝❡♥/#$✮✱ 6✉❡ ▼♦✉❣✐♥ ❡/ ❛❧✳ ❬✷✵✵✾❪ ♥❡ ❧❡ ❧❛✐""❛✐/ < ♣❡♥"❡#✳

■❧ ❡"/ ♣❛# ❝♦♥/#❡ ❝❡#/❛✐♥ 6✉✬❛✈♦✐# ❝❤♦✐"✐ ❞✬❛❥✉"/❡# ❧❡ ❝②❝❧❡ ♣❤$♥♦❧♦❣✐6✉❡ < ♣❛#/✐# ❞❡ ❞♦♥✲

♥$❡" ❞✬❛❧❜$❞♦ "✉# ❧✬✐♥/$❣#❛❧✐/$ ❞✉ "♣❡❝/#❡ "♦❧❛✐#❡ ✭♣#♦❝❤❡ ✐♥❢#❛✲#♦✉❣❡ ❝♦♠♣#✐"✮✱ ❡/ ♥♦♥ "✉# ❞❡"

♠❡"✉#❡" ❞✐"❝#✐♠✐♥❛♥/" ❜❡❛✉❝♦✉♣ ♣❧✉" ❢♦#/❡♠❡♥/ ♣❛✐❧❧❡" "$❝❤$❡" ❡/ ❤❡#❜❛❝$❡" ❢♦♥❝/✐♦♥♥❡❧❧❡"

❛ ❣#❛♥❞❡♠❡♥/ ❝♦♥/#✐❜✉$ ❛✉ #❡/❛#❞ ❛❝❝#✉❡ ❞❡ ❧❛ ✜♥ ❞❡ ❧❛ "❛✐"♦♥ ❞❡ ❝#♦✐""❛♥❝❡ ❞❛♥" ❧❛ ✈❡#✲

"✐♦♥ "♣$❝✐✜6✉❡♠❡♥/ ❞$✈❡❧♦♣♣$❡ ❞❛♥" ❧❡ ❝❛❞#❡ ❞❡ ❝❡//❡ /❤&"❡✳ ▲❡ ◆❉❱■ ✐♥❝❧✉/ ✉♥ ❝♦♥/#❛"/❡

❜❡❛✉❝♦✉♣ ♣❧✉" ❢♦#/ ❡♥/#❡ ❧❡" ❞❡✉①✱ ❡/ ❧❡" /❡♠♣" ❝❛#❛❝/$#✐"/✐6✉❡" ❞❡ ❞$❝#♦✐""❛♥❝❡ ❞❡ ❧✬✐♥❞✐❝❡

❢♦❧✐❛✐#❡ ❛❥✉"/$" ❛✉ ❝❤❛♣✐/#❡ ✹ ♦♥/ ❞♦♥❝ $/$ /#♦♣ ❧❡♥/"✳

❊♥✜♥✱ ❧✬❡✛♦#/ ❞✬❛♥❛❧②"❡ ❞❡ ❧❛ /#❛♥"✐/✐✈✐/$ ❞❡" #$❞✉❝/✐♦♥" ❞✬❡##❡✉# ♦❜/❡♥✉❡" ♣❛# ❛♣♣❧✐✲

❝❛/✐♦♥ ❞❡ ❝♦##❡❝/✐♦♥" ❞❡" ❜✐❛✐" ✓ "②"/$♠❛/✐6✉❡" ✔❞✬❖❘❈❍■❉❊❊ "✉# ❧❡" "✐/❡" ✐♥❝❧✉" ❞❛♥" ❧❛

❜❛"❡ ❞❡ ❞♦♥♥$❡" ❋▲❯❳◆❊❚✲▲❆❚❍❯■▲❊ ✭❛♥♥❡①❡ ❇✮ ❛ ♣❡#♠✐" ❞❡ ♠♦♥/#❡# 6✉❡ ❧❡ ♠♦❞&❧❡ ♥❡

/✐#❡ ♣❛" ❡♥❝♦#❡ ❝♦♠♣❧&/❡♠❡♥/ ♣#♦✜/ ❞❡ ❝❡" ❜❛"❡" ❞❡ ❞♦♥♥$❡" ❡①/#9♠❡♠❡♥/ ❡①❤❛✉"/✐✈❡"✳❊♥

❡✛❡/✱ ❧❡" #❡♣#$"❡♥/❛/✐♦♥" ❞❡" ❡##❡✉#" "②"/$♠❛/✐6✉❡" ♦❜/❡♥✉❡" ❞❛♥" ❝❡ /#❛✈❛✐❧ "♦♥/ /#❛♥"✐/✐✈❡"

/❡♠♣♦#❡❧❧❡♠❡♥/ ♣♦✉# ✉♥ "✐/❡ ❞♦♥♥$✱ ♠❛✐" ❛✉""✐ ❡♥/#❡ "✐/❡"✳ ❈❡//❡ ❞❡#♥✐&#❡ ❝❛#❛❝/$#✐"/✐6✉❡

❡"/ ✈$#✐✜$❡ ❛✉ "❡✐♥ ❞✬✉♥ ♠9♠❡ /②♣❡ ❢♦♥❝/✐♦♥♥❡❧ ❞❡ ♣❧❛♥/❡" ♣♦✉# ♣#❡"6✉❡ /♦✉/❡" ❧❡" ✈❛#✐❛❜❧❡"✱

❡/ ♠9♠❡ ❛✉ ❞❡❧< ♣♦✉# ❧❡" ❝♦♠♣♦"❛♥/❡" ❞✉ ❜✐❧❛♥ $♥❡#❣$/✐6✉❡✳ ▲✬❛♣♣#♦❝❤❡ ❞❡ ❞❛/❛✲♠✐♥✐♥❣

✉/✐❧✐"$❡ ♥❡ ♣❡#♠❡/ ♣❛# ❝♦♥/#❡ ♣❛" ❞❡ ❞✐"/✐♥❣✉❡# ❧❡" ❝❛" ❞❛♥" ❧❡"6✉❡❧" ❧❡ ♠♦❞&❧❡ ♣♦✉##❛ 9/#❡

❛♠$❧✐♦#$ ♣❛# "✐♠♣❧❡ ❛❥✉"/❡♠❡♥/ ❞❡ ♣❛#❛♠&/#❡" ❡/ ❝❡✉① ❞❛♥" ❧❡"6✉❡❧" ❞❡ ♥♦✉✈❡❧❧❡" ♣❛#❛✲

♠$/#✐"❛/✐♦♥" ❞❡✈#♦♥/ 9/#❡ ❞$✈❡❧♦♣♣$❡"✳ ▲❡" ❛♣♣#♦❝❤❡" ❞$✈❡❧♦♣♣$❡" ❛✉ ❧❛❜♦#❛/♦✐#❡ ❞❛♥" ❧❡

❝❛❞#❡ ❞✉ ♣#♦❥❡/ ❈❆❘❇❖◆❊❙ ♣❡#♠❡//#♦♥/ ❞❡ ❞♦♥♥❡# ❞❡" $❧$♠❡♥/" ❞❡ #$♣♦♥"❡ ♣❧✉" ♣#$❝✐"

< ❝❡ "✉❥❡/ ✭✈♦✐# ♣❛# ❡①❡♠♣❧❡ ❑✉♣♣❡❧ ❡/ ❛❧✳ ❬✷✵✶✶❪✮✳

✻✳✸ ❙✉❣❣❡'(✐♦♥' ♣♦✉- ❧❡' ❢✉(✉-❡' -❡❝❤❡-❝❤❡'

e❛# #❛♣♣♦#/ < ❜❡❛✉❝♦✉♣ ❞❡ ♠♦❞&❧❡" 6✉✐ ♦♥/ $/$ ❞$✈❡❧♦♣♣$" "♣$❝✐✜6✉❡♠❡♥/ ♣♦✉# ❞❡"

❞✐❛❣♥♦"/✐❝" "✉# ❧❛ ③♦♥❡ "❛❤$❧✐❡♥♥❡✱ ❖❘❈❍■❉❊❊ ❜$♥$✜❝✐❡ ❞✬✉♥❡ ❝♦♠♠✉♥❛✉/$ ❞❡ ❞$✈❡❧♦♣✲

♣❡✉#" ❜❡❛✉❝♦✉♣ ♣❧✉" ❧❛#❣❡✳ e#♦❜❛❜❧❡♠❡♥/ 6✉✬✉♥❡ ❞❡" ♠❛♥✐&#❡" ❞✬❡♥ /✐#❡# ♣❛#/✐ ❝♦♥"✐"/❡#❛✐/ <

/#❛✈❛✐❧❧❡# "✉# ❧❛ ✈❡#"✐♦♥ ❞✉ ♠♦❞&❧❡ ❞❛♥" ❧❛6✉❡❧❧❡ ❧❡ ❝♦✉♣❧❛❣❡ ❡♥/#❡ ❝②❝❧❡ ❞✉ ❝❛#❜♦♥❡ ❡/ ❝②❝❧❡

❞❡ ❧✬❛③♦/❡ ❛ $/$ ✐♥❝❧✉"✱ ♣✉✐"6✉❡ ✐❧ ❡"/ ♠♦♥/#$ ❞❡ ❧♦♥❣✉❡ ❞❛/❡ ✭✈♦✐# ♣❛# ❡①❡♠♣❧❡ ❬❇#❡♠❛♥ ❛♥❞

❞❡ ❲✐/✱ ✶✾✽✸❪✮ 6✉❡ ❧❛ ❢❛✐❜❧❡ ❢❡#/✐❧✐/$ ❞❡" "♦❧" ❞❛♥" ❝❡//❡ #$❣✐♦♥ ✭❝♦✲❧✐♠✐/❛/✐♦♥ ♣❛# ❧✬❛③♦/❡ ❡/

❧❡ ♣❤♦"♣❤♦#❡✮ ♠♦❞✐✜❡ ♣#♦❢♦♥❞$♠❡♥/ ❧❛ #❡❧❛/✐♦♥ ❡♥/#❡ ❡❛✉ ❞✐"♣♦♥✐❜❧❡ ❡/ ♣#♦❞✉❝/✐♦♥ ♣#✐♠❛✐#❡

♣❛# #❛♣♣♦#/ < ❝❡❧❧❡ #❡♣#$"❡♥/$❡ ♣❛# ✉♥ ♠♦❞&❧❡ ❝♦♠♠❡ ❖❘❈❍■❉❊❊✱ ❛❥✉"/$ ♣❧✉/i/ ❞❛♥" ❞❡"

#$❣✐♦♥" ♦j ❧❡" ❝❛#❡♥❝❡" ❡♥ ♥✉/#✐♠❡♥/" "♦♥/ ♠♦✐♥" ❢♦#/❡"✳

❉❡ ♠❛♥✐&#❡ /#&" "❝❤$♠❛/✐6✉❡✱ ❧❛ ✈❡#"✐♦♥ ❛✈❡❝ ❧❛6✉❡❧❧❡ ❧❡ ♣#$"❡♥/ /#❛✈❛✐❧ ❛ $/$ #$❛❧✐"$

♥❡ ❢❛✐/ 6✉❡ ❣$♥$#❡# ✉♥❡ ❢♦♥❝/✐♦♥ ❞❡ #$♣♦♥"❡ ❞❡ ❧❛ ♣#♦❞✉❝/✐♦♥ ♣#✐♠❛✐#❡ < ❧✬❡❛✉ ❞✐"♣♦♥✐❜❧❡

✶✳ "❡♠♣♦'❡❧❧❡♠❡♥"✱ ♣✉✐-.✉❡ ❧❡- ❡✛❡"- ❞✬❛''✐3'❡ ♣❧❛♥ -♦❧ ❢♦♥" .✉❡ ❝❡ ♥✬❡-" ♣'♦❜❛❜❧❡♠❡♥" ♣❛- ❧❡ ❝❛- -♣❛✲

"✐❛❧❡♠❡♥"

✶✺✾



✻✳✹✳ ❆❯❚❘❊❙ ■▼+▲■❈❆❚■❖◆❙

▼♦❞#❧✐&❛(✐♦♥ ❞❡ &(❡♣♣❡& &❛❤#❧✐❡♥♥❡& ❛✈❡❝ ❖❘❈❍■❉❊❊

❈❍❆+■❚❘❊ ✻✳ ❈❖◆❈▲❯❙■❖◆❙ ❊❚

+❊❘❙+❊❈❚■❱❊❙

✭❡♥ ✐♥$%❣'❛♥$ ❝❡'$❡* ❜✐❡♥ ♠✐❡✉① /✉❡ ❞❡* ♠♦❞2❧❡* ❝♦♥❝❡♣$✉❡❧* ❧❡* ❝♦♥$'❛✐♥$❡* ❧✐%❡* 5 ❧❛

❞✐*$'✐❜✉$✐♦♥ ❞❡* ♣'%❝✐♣✐$❛$✐♦♥*✱ 5 ❧❛ ❞❡♠❛♥❞❡ ❛$♠♦*♣❤%'✐/✉❡✱ ❛✉ $②♣❡ ❞❡ ✈%❣%$❛$✐♦♥ ❡$ ❛✉①

♣'♦♣'✐%$%* ❞✉ *♦❧✮✳ ▼❛✐* /✉❡❧* /✉❡ *♦✐❡♥$ ❧❡* '❛✣♥❡♠❡♥$* ✐♥$'♦❞✉✐$*✱ ❧❡ '✐*/✉❡ ❡*$ '%❡❧ /✉❡

❞❡* $'❛✈❛✉① ❞❡ ♣'♦*♣❡❝$✐✈❡ ❛✈❡❝ ✉♥ $❡❧ ♠♦❞2❧❡ ❛❜♦✉$✐**❡♥$ 5 ❞❡* ❝♦♥❝❧✉*✐♦♥* ❣'♦**✐2'❡♠❡♥$

❢❛✉**❡*✱ ♥❡ *❡'❛✐$ ❝❡ /✉❡ ♣❛'❝❡ /✉✬✐❧ *✉'✲❡*$✐♠❡ ❧✬❛✈❛♥$❛❣❡ ❝♦♠♣%$✐$✐❢ /✉❡ ❧✬%❝♦♥♦♠✐❡ ❡♥ ❡❛✉

❞❡* ❣'❛♠✐♥%❡* ❡♥ ❈✹ ❡*$ ❝❡♥*%❡ ❧❡✉' ❛♣♣♦'$❡' ♣❛' '❛♣♣♦'$ 5 ❧❡✉'* %/✉✐✈❛❧❡♥$* ❡♥ ❈✸ ✭✈♦✐' ♣❛'

❡①❡♠♣❧❡ ❧❡* ♠❡*✉'❡* 5 ❧✬%❝❤❡❧❧❡ ❢♦❧✐❛✐'❡ '%❛❧✐*%❡* ♣❛' ❧✬%/✉✐♣❡ ❞❡ ❊✳ ▼♦✉❣✐♥ ♣♦✉' ❞✐✛%'❡♥$❡*

❣'❛♠✐♥%❡* *✉' ❧❡ ❧❡ *✐$❡ ❞✬❆❣♦✉❢♦✉✮✳ ❯♥❡ ❛✉$'❡ ❝♦♥*%/✉❡♥❝❡ ❡*$ /✉❡ ❧❡ ♠♦❞2❧❡ ♥❡ *❡♠❜❧❡

♣❛* ❡♥ ♠❡*✉'❡ ❞❡ '❡♥❞'❡ ❝♦♠♣$❡ ❞❡ ❧❛ ❞✐✛%'❡♥❝❡ ❞❡ ♣'♦❞✉❝$✐✈✐$% ✭5 ♣❧✉✈✐♦*✐$% %❣❛❧❡✮ ❡♥$'❡

❧❡* %❝♦*②*$2♠❡* ❞✬❆❢'✐/✉❡ ❞❡ ❧✬❊*$ ✭❚❛♥③❛♥✐❡✲❑❡♥②❛✮ ❡$ ❝❡✉① ❞✬❆❢'✐/✉❡ ❞❡ ❧✬❖✉❡*$ *♦✉❧✐❣♥%

5 ❧✬♦❝❝❛*✐♦♥ ❞✬✉♥ $'❛✈❛✐❧ ❞❡ $%❧%❞%$❡❝$✐♦♥ ♣❛' ◆✐❝❤♦❧*♦♥ ❡$ ❛❧✳ ❬✶✾✾✵❪✳ ▲✬❛*♣❡❝$ ✐♥$%❣'❛$❡✉'

❞❡* ❝♦♥$'❛✐♥$❡* ❤②❞'✐/✉❡* ❞✬✉♥ ♠♦❞2❧❡ ❝♦♠♠❡ ❖❘❈❍■❉❊❊ ❛②❛♥$ $♦✉$ ❞❡ ♠W♠❡ ✉♥ ✐♥$%'W$

❞❛♥* ❝❡ ❝❛* ♣'%❝✐*✱ ✐❧ ♣❡'♠❡$ ❞❡ *✬❛**✉'❡' /✉❡ ❧❛ ❞✐✛%'❡♥❝❡ ❞✬%✈❛♣♦$'❛♥*♣✐'❛$✐♦♥ ♣♦$❡♥$✐❡❧❧❡

❡$ ❞❡ ❞✐*$'✐❜✉$✐♦♥ ❞❡* ♣❧✉✐❡* ❡♥$'❡ ❝❡* ❞❡✉① ③♦♥❡* ♥❡ *✉✣$ ♣❛* 5 ❡①♣❧✐/✉❡' ❧❛ ❞✐✛%'❡♥❝❡ ❞❡

♣'♦❞✉❝$✐✈✐$% ❡♥$'❡ ❝❡* ❞❡✉① '%❣✐♦♥*✳

✻✳✹ ❆✉%&❡( ✐♠♣❧✐❝❛%✐♦♥(

❙✐ ❧❡* ❧✐♠✐$❡* %✈✐❞❡♥$❡* ❞❡ ♥♦$'❡ $'❛✈❛✐❧ ❛✈❡❝ ❖❘❈❍■❉❊❊ ♥❡ ♣❡'♠❡$$❡♥$ ♣❛* ❞✬❛♣♣♦'$❡'

✉♥❡ ❝♦♥$'✐❜✉$✐♦♥ 5 ❧✬❛♥❛❧②*❡ ❞❡* ✐♥❝❡'$✐$✉❞❡* *✉' ❧❡* *❝%♥❛'✐♦* ❞❡ ❜❛*❡ ❛✉①/✉❡❧* ♣♦✉''❛✐$

W$'❡ ❛❞♦**% ✉♥ ♠%❝❛♥✐*♠❡ ❘❊❉❉✰✱ ✐❧ ② ❛ ♣❡✉$✲W$'❡ ♣❧✉* ❞✬%❧%♠❡♥$* 5 '❡$❡♥✐' ❞❡ ❧❛ *②♥$❤2*❡

❜✐❜❧✐♦❣'❛♣❤✐/✉❡ '%❛❧✐*%❡ 5 ♣'♦♣♦* ❞✉ '❡✈❡'❞✐**❡♠❡♥$ ❞✉ ❙❛❤❡❧✳

■❧ *❡♠❜❧❡ ❡♥ ♣❛'$✐❝✉❧✐❡' ✐♥$%'❡**❛♥$ ❞❡ ✈♦✐' ❧✬%✈♦❧✉$✐♦♥ ❞❛♥* ❧❡ $❡♠♣* ❞❡ ❧❛ ✓ ♣♦♣✉❧❛✲

'✐$% ✔ ❡$ ❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧✬❤②♣♦$❤2*❡ ❞❡ ❈❤❛'♥❡② ❬✶✾✼✺❪✱ ❛❧♦'* /✉✬✐❧ ♥✬② ❛ ♣❛* ❡✉ ❞✬✐♥✈❡'*✐♦♥

❞❡* $❡♥❞❛♥❝❡* ❞✬✉*❛❣❡ ❞❡* $❡''❡* ❡♥ ❆❢'✐/✉❡ ❞❡ ❧✬❖✉❡*$ ❡♥$'❡ ❧❡* ❛♥♥%❡* ✻✵✱ ❧❡ ♠✐❧✐❡✉ ❞❡*

❛♥♥%❡* ✽✵ ❡$ ❛✉❥♦✉'❞✬❤✉✐✳ ❊❧❧❡ ❛ ♣✉ ❞❛♥* ✉♥ ♣'❡♠✐❡' $❡♠♣* ❜%♥%✜❝✐❡' ❞✬✉♥ ❧❛'❣❡ %❝❤♦✱

❞✬❛✉$❛♥$ ♣❧✉* /✉❡ ❝❡ ♠❡**❛❣❡ %$❛✐$ '❡♥❢♦'❝% ♣❛' ❧❡ '❛♣♣♦'$ ❛❧❛'♠✐*$❡ ❞❡ ▲❛♠♣'❡② ❬✶✾✼✺❪ ❡$

W$'❡ ✈'❛✐♠❡♥$ ♣♦♣✉❧❛'✐*%❡ ❛♣'2* ❧❡* *2❝❤❡'❡**❡* ❞❡* ❛♥♥%❡* ✽✷✲✽✸ ❛✉ ♣♦✐♥$ /✉❡ ❧❛ ❞%*❡'$✐✜✲

❝❛$✐♦♥ ❡*$ ✉♥❡ ❞❡* $❤%♠❛$✐/✉❡* ❞✬❡♥✈✐'♦♥♥❡♠❡♥$ ❣❧♦❜❛❧ ❛②❛♥$ ❢❛✐$ ❧✬♦❜❥❡$ ❞✬✉♥❡ ❝♦♥✈❡♥$✐♦♥

✐♥$❡'♥❛$✐♦♥❛❧❡ *♣%❝✐✜/✉❡✳ ❍♦'* ❧❡* *2❝❤❡'❡**❡* ❞❡* ❛♥♥%❡* ✽✷✲✽✸ ♥❡ *❡ *♦♥$ ♣❧✉* '❡♣'♦❞✉✐$❡*

❞❡♣✉✐*✳ ▲✬✐♥*✐*$❛♥❝❡ 5 *✬✐♥$%'❡**❡' $♦✉$ ♣❛'$✐❝✉❧✐2'❡♠❡♥$ 5 ❧✬✉*❛❣❡ ❞❡* $❡''❡* ✭❧❡ ❢❛♠❡✉①

✓ *✉'✲♣d$✉'❛❣❡ ✔✱✳ ✳ ✳ ✮ ❧♦'*/✉✬✐❧ *✬❛❣✐$ ❞❡ ❝♦♠♣'❡♥❞'❡ ❧✬%✈♦❧✉$✐♦♥ ❞❡* ♣'%❝✐♣✐$❛$✐♦♥* ❛✉ ❙❛✲

❤❡❧ ♥✬%$❛✐$ ♣❡✉$✲W$'❡ ♣❛* *❡✉❧❡♠❡♥$ ❞e 5 ❧❛ /✉❡*$✐♦♥ *❝✐❡♥$✐✜/✉❡ *♦✉*✲❥❛❝❡♥$❡✱ /✉✐ ♠%'✐$❡

✐♥❞✐*❝✉$❛❜❧❡♠❡♥$ ❞✬W$'❡ ♣♦*%❡✳ ■❧ ♥✬❡*$ ♣❡✉$✲W$'❡ ♣❛* ❝♦♠♣❧2$❡♠❡♥$ ❢❛'❢❡❧✉ ❞❡ ♣❡♥*❡' /✉❡

❧❛ ♠❛♥✐2'❡ ❞♦♥$ ❡❧❧❡ %$❛✐$ ♣♦*%❡ '❡♥$'❛✐$ ❡♥ '%*♦♥❛♥❝❡ ❛✈❡❝ ❞❡* ❞✐*❝♦✉'* ♣'%✲%$❛❜❧✐*✱ ❡$ /✉❡

❝✬❡*$ ♣♦✉' ❝❡$$❡ '❛✐*♦♥ ❧5 /✉❡ ❧❛ /✉❡*$✐♦♥ ❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧✬✉*❛❣❡ ❞❡* $❡''❡* ❝♦♥$✐♥✉❡ 5 W$'❡

♣♦*%❡ ❛✈❡❝ ✐♥*✐*$❛♥❝❡✳ ■❧ *✬❛❣✐'❛✐$ ❧5 ❞✬✉♥ ♣♦✐♥$ ❞❡ ❝♦♥✈❡'❣❡♥❝❡ ❛✈❡❝ ❧❡* ❞✐*❝♦✉'* 5 ❧✬f✉✈'❡

5 ♣'♦♣♦* ❞❡* ❛✉$'❡* ♣'♦❜❧%♠❛$✐/✉❡* ❞✬❡♥✈✐'♦♥♥❡♠❡♥$ ❣❧♦❜❛❧ ❬❆❞❣❡' ❡$ ❛❧✳✱ ✷✵✵✶❪✳

■❧ ♥✬❡*$ ♣❛* ✐♠♣♦**✐❜❧❡ /✉❡ ❝❡'$❛✐♥* ❞❡* ♠%❝❛♥✐*♠❡* ❞❡ ❝✐'❝✉❧❛$✐♦♥ ❞❡* ✐❞%♦❧♦❣✐❡* ❞❛♥* ❧❡

❝♦'♣✉* ❞✬%$✉❞❡* ♦'✐❡♥$❛❧✐*$❡*✱ ❞❛♥* ❧❡/✉❡❧ ❧❡* '❡❝❤❡'❝❤❡* *❝✐❡♥$✐✜/✉❡* ❡♥$'❛✐❡♥$ ❡♥ '%*♦♥❛♥❝❡

❛✈❡❝ ❞❡* ♣♦*✐$✐♦♥* ♣♦❧✐$✐/✉❡* ❝♦♠♠❡ ❧✬✐❧❧✉*$'❛✐$ ❙❛✐❞ ❬✶✾✼✽❪ ❞❛♥* ✉♥ ❡**❛✐ ✈♦❧♦♥$❛✐'❡♠❡♥$

♣♦❧%♠✐/✉❡ *♦✐❡♥$ ❞❡* ♠%❝❛♥✐*♠❡* %❣❛❧❡♠❡♥$ 5 ❧✬f✉✈'❡ ❛✉$♦✉' ❞❡ ❧✬%$✉❞❡ ❞❡ ❧✬%✈♦❧✉$✐♦♥ ❞❡

❧❛ ❝♦✉✈❡'$✉'❡ ✈%❣%$❛❧❡ ❛✉ ❙❛❤❡❧✳ ❙✬✐❧ ❡*$ ❞✉ ❞❡✈♦✐' ❞❡ ❧❛ ❝♦♠♠✉♥❛✉$% *❝✐❡♥$✐✜/✉❡ ❞✬❡**❛②❡'

❞❡ '%♣♦♥❞'❡ ❡♥ $❡'♠❡* ❛✉**✐ ♦❜❥❡❝$✐❢* /✉❡ ♣♦**✐❜❧❡ ❛✉① /✉❡*$✐♦♥* /✉✐ ❧✉✐ *♦♥$ ♣♦*%❡*✱ ♣❡✉$✲

W$'❡ ♣♦✉''❛✐$✲❡❧❧❡ ♣❛'❢♦✐* '❡♥❞'❡ ✉♥ ♣❧✉* ❣'❛♥❞ *❡'✈✐❝❡ 5 ❧❛ ❝♦❧❧❡❝$✐✈✐$% ❡♥ ♥✬❛✣❝❤❛♥$ ♣❛*

*❡✉❧❡♠❡♥$ ❧❛ ♣'✉❞❡♥❝❡ ❡$ ❧❛ ❝✐'❝♦♥*♣❡❝$✐♦♥ ♥%❝❡**❛✐'❡ ❢❛❝❡ 5 ❞❡* /✉❡*$✐♦♥* ♣♦*%❡* ❞❛♥*

❞❡* $❡'♠❡* *✐♠♣❧✐*$❡* ❡$ $'2* ❝❤❛'❣%❡* ✐❞%♦❧♦❣✐/✉❡♠❡♥$✱ ♠❛✐* ❡♥ $'♦✉✈❛♥$ ❞✬❛✉$'❡* ❛♥❣❧❡*

✶✻✵
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❆♠❛❞♦✉ ❍❛♠♣❛/: ❇❛✳ ❯◆❊❙❈❖✳
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▲✳ ❆❜❜❛❞✐❡✱ ❏✳ ●✐❣♥♦✉①✱ ❳✳ ▲❡ ❘♦✉①✱ ❛♥❞ ▼✳ ▲❡♣❛❣❡✳ ▲❛♠#♦✱ &#'✉❝#✉'❡✱ ❢✉♥❝#✐♦♥♥✐♥❣

❛♥❞ ❞②♥❛♠✐❝& ♦❢ ❛ &❛✈❛♥♥❛ ❡❝♦&②&#❡♠✳ ◆✉♠❜❡6 ✶✼✾ ✐♥ ❊❝♦❧♦❣✐❝❛❧ =>✉❞✐❡=✳ ❙♣6✐♥❣❡6✱

◆❡✇ ❨♦6❦✱ ◆❨✱ ✷✵✵✻✳ ■❙❇◆ ✾✼✽✲✵✲✸✽✼✲✾✹✽✹✹✲✼✳ ❯❘▲ ❤!!♣✿✴✴✇✇✇✳'♣(✐♥❣❡(❧✐♥❦✳❝♦♠✴
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Y (t) =

F
∑

f=1

xf (t) ∗ (Āf +

F
∑

φ=f+1

Afφ(t)) ✭❇✳✷✮
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Abstract

Characterization of state-dependent model biases in land surface models can highlight

model deficiencies, and provide new insights into model development. In this study, artificial

neural networks (ANN) are used to estimate the portion of the state-dependent model bias for

a particular flux from a land surface model (ORCHIDEE: ORganising Carbon and Hydrology

in Dynamic EcosystEms). To characterize state-dependent model biases in ORCHIDEE, we

use multi-year flux measurements made at 125 eddy covariance sites that cover 7 different

plant functional types (PFTs) and 5 climate groups. We determine whether the state-dependent

model biases in five flux variables (H: sensible heat, LE: latent heat, NEE: net ecosystem

exchange, GPP: gross primary productivity and Reco: ecosystem respiration) are transferable

within and between three different timescales (diurnal, seasonal-annual and interannual), and

between sites (categorized by PFTs and climate groups). For each flux variable at each site,

the spectral decomposition method (Singular System Analysis) was used to reconstruct time

series on the three different timescales.

    At the site level, we found that the share of state-dependent model biases (hereafter called

“error transferability”) is larger for seasonal-annual and interannual timescales than for the

diurnal  timescale,  but  little  error  transferability was  found between timescales  in  all  flux

variables.  Thus,  performing  model  evaluations  at  multiple  timescales  is  essential  for

diagnostics and future development. For all PFTs, climate groups and timescale components,

the state-dependent model biases are found to be transferable between sites within the same

PFT and  climate  group,  suggesting  that  specific  model  developments  and  improvements

based on specific eddy covariance sites can be used to enhance the model performance at

other sites within the same PFT-climate group. This also supports the legitimacy of upscaling

from the ecosystem scale of eddy covariance sites to the regional scale based on the similarity

of  PFT and  climate  group.  However,  the  transferability  of  state-dependent  model  biases

between PFTs or climate groups is not always found on the seasonal-annual and interannual

timescales, which is contrary to transferability found on the diurnal timescale and the original

time series.

Keywords

eddy covariance, land surface model, state-dependent model bias, neural networks, singular

system analysis, timescale
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1 Introduction

The global eddy covariance network contains numerous on-line observations of CO2,

water,  and energy fluxes across a range of biomes and timescales (Baldocchi et al., 2001;

Baldocchi,  2008),  with  more  than  965  site  years  in  the  La  Thuile  FLUXNET  dataset

(http://www.fluxdata.org). Recently,  some  large  synthesis  projects,  such  as  the  North

American Carbon Program, have performed analysis over very large number of sites (e.g.

Schaefer et al. 2012; Dietze et al., 2011; Richardson et al., 2012; Schwalm et al. 2010). Yet,

most of previous studies used only a few sites for evaluating their land surface models (e.g.

Thornton  et  al.,  2002;  Krinner  et  al.,  2005). To  assess  model  performance,  the  model-

observation  mismatches  are  often  characterized  by root-mean square  errors  or  alternative

metrics that do not distinguish the random part  of these errors.  The random part  of these

variables  can  be  reduced  through  averaging  a  sufficiently  large  number  of  observations.

Systematic errors are what remain of the errors after such averaging. The model-observation

mismatches result from several sources of errors. One is from structural deficiencies in the

model  representation  of  physical  and  biological  processes  and  in  the  model  initialization

(Carvalhais et al., 2008), or in wrong values of model parameters. The others could be from

model inputs as well as errors in eddy covariance measurements (Richardson et al.,  2008;

Lasslop et al., 2008; Abramowitz et al., 2007).

In  order  to  characterize state-dependent  model  biases,  recent  studies  (Dekker  et  al.,

2001;  Abramowitz,  2005;  Abramowitz  et  al.,  2007)  demonstrated  the  value  of  explicitly

quantifying state-dependent model biases as a function of chosen variables using artificial

neural network (ANN) techniques. The idea is to establish a functional relationship between

meteorological  inputs  (ANN inputs)  and model-observation  mismatch  (ANN output)  in  a

particular flux at a specific eddy covariance site by means of supervised training by ANN (the

“ANN  error  model”).  This  error  model  is  then  applied  to  predict  model-observation

mismatches in an evaluation dataset not used for training. The state-dependent model bias

could then be determined by quantifying the amount of the model-observation mismatch in

the evaluation dataset that is accounted for by the error model. However, the state-dependent

model biases could not always be fully documented since ANN inputs can be limited by both

data availability and our current understanding of underlying processes.  This methodology

could potentially provide insights into the extent to which the state-dependent model bias is

shared  (hereafter  transferable)  between  simulations of  different  environments,  which may

help to define directions for model improvements (Abramowitz et al., 2007). Abramowitz et

al. (2007) examined the share of state-dependent model bias (hereafter called “transferability

of  state-dependent  model  bias”)  across  sites  within  and  across  vegetation  types,  and

investigated the degree to which improvements of land surface models derived from a given

site  can be applied to other  sites within the same vegetation type.  They found that  state-

dependent model biases for both sensible and latent heat fluxes can be transferred within and

across different vegetation types in the three models included in their study (CBM, CLM and

a version of ORCHIDEE without dynamic vegetation).  However,  they did not investigate

variations of  the  state-dependent  model  biases  within a vegetation type  that  exists  across

different climate regimes or different timescales.

Previous studies (e.g. Siqueira et al., 2006; Mahecha et al., 2010a; Wang et al., 2011)

reported model-observation mismatch on different timescales in different ecosystem types,

and pointed out that long timescales (e.g. seasonal-annual and interannual) always had larger

relative  model-observation  mismatch  than  short  timescales  (e.g.  diurnal).  However,  the

systematic structure of model-observation mismatch in the timescale domain is still poorly
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understood. Equipped with the knowledge of transferability of state-dependent model bias

within each timescale, modellers can make informed decisions on necessary developments.

For example, one could prioritize new parameterisations to decrease state-dependent model

biases for a specific purpose (e.g. a specific timescale). Furthermore, it is important to know

whether improving a model for a process on a given timescale (e.g.  diurnal variability of

photosynthesis) also results in a better fit to observations on another timescale (e.g. seasonal

or interannual variability of photosynthesis).

The aim of this study is to understand the extent to which state-dependent model biases

are transferred in both space and timescale domains. To achieve this, a land surface model

ORCHIDEE  (ORganising  Carbon  and  Hydrology  in  Dynamic  EcosystEms)  is  used.

ORCHIDEE  is  a  Soil-Vegetation-Atmosphere-Transfer  model,  coupled  to  an  ecosystem

carbon model, that simulates energy,  water and carbon exchanges between the atmosphere

and the biosphere on different timescales,  ranging from hours to centuries (Krinner et al.,

2005). ORCHIDEE uses 12 plant functional types (PFT) to describe vegetation distributions

(Krinner  et  al.,  2005).  It  can  be  run  at  both  global  and  point  scales,  and  a  local  point

simulation forced  by in-situ  meteorological  data  is  performed in the  present  study.  Point

evaluation of ORCHIDEE simulations using eddy covariance datasets has been conducted on

different timescales for all PFTs in previous studies (Krinner et al., 2005; Mahecha et al.,

2010a).  Here,  we  use  a  method  of  integrating  time  series  decomposition  into  different

timescales  (Singular  System  Analysis:  SSA,  Mahecha  et  al.  2007,  2010a)  and  Artificial

Neural Network (ANN, Chevallier et al., 1998) technique to quantify the error transferability

in  both  space  and  timescale  domains  using  125  eddy  covariance  sites  across  the  globe

(obtained from the La Thuile FLUXNET database). The scientific questions addressed in this

study are:

(1) Are state-dependent model biases transferable within and across timescales?

(2) Are state-dependent model biases transferable within and across PFTs and climate groups

on different timescales?

2 Data and methods

2.1. Eddy covariance data

In this study, flux and meteorological drivers on half-hourly time steps are from Version 2

of the  FLUXNET La  Thuile  dataset  (http://www.fluxdata.org),  and  hourly time steps  are

aggregated from half-hourly data. We selected only sites with at least three years of data, and

a data coverage of >70% within each year. A total of 125 sites are selected for the present

study. For each site, climate is defined according to aggregated Koppen-Geiger classification

(cf. http://www.fluxdata.org);  vegetation  class  is  from  IGBP  definitions,  which  is  then

classified to the corresponding PFT in ORCHIDEE. The distribution of studied sites with

respect to PFT and climate groups is displayed in Table 1, and their spatial distributions are

shown  in  Figure  1.  In  this  study,  shrublands  and  wetlands  are  not  considered  because

ORCHIDEE do not have the corresponding PFT and related model parameterizations.

2.2. Simulation protocol

The ORCHIDEE model is driven with site meteorology. Our site selection criteria allow

gaps in meteorological data (Section 2.1), so gap-filling algorithms (Appendix A) are applied

to create continuous forcing data for model simulations.

The PFT for each site is prescribed in the model by using parameters that most closely rep-
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resent the site vegetation and climate (Table B1). The soil and biomass carbon pools at each

site are brought to the steady state by recycling the meteorological data. Site history in terms

of management is not prescribed in the simulations.

2.3. Analysis Methods
2.3.1. Singular System Analysis (SSA)

Observed and modeled time series can be described as sets of subsignals, based on the

assumption that these subsignals are dominated by characteristic scales of variability.  Any

time series is thus described as sets of additively superimposed subsignals,

Y= 
f= 1

F

X
f                                        (1)

where f is the index over the characteristic frequencies. ‘Singular System Analysis” (SSA,

Golyandina et al., 2001; Ghil et al., 2002) is used to extract subsignals Xf. It has already been

employed to explore daily eddy covariance ecosystem-biosphere fluxes (e.g. Mahecha et al.,

2007, 2010a). The SSA method is used given that it could be easily applied to time series with

gaps (Kondrashov and Ghil 2005) and, other than many other methods, does not make any as-

sumption on the shape of the subsignals. Here, the two steps of SSA are only summarized,

while technical details can be found in the Appendix B of Mahecha et al. (2010a).

The decomposition of the time series comes as a first step. The idea is to embed the time

lagged windows of the time series in its trajectory space. This embedding space can be de-

composed into a set of empirical orthogonal functions and associated principal components

(Ghil et al., 2002). Each component is characterized by one single oscillatory mode, and has a

simple representation in the frequency domain.

The second step is the reconstruction of the time series through the principal compon-

ents in the frequency domain. The original signal can be fully or partially reconstructed. This

is a selective step, and the user has to decide which principal components are combined so

that one can obtain a meaningful combination of principal components. It then promotes the

concept of frequency binning.

In this study, we are interested in three prominent temporal patterns: diurnal, seasonal-

annual and interannual. In order to reconstruct their respective variations, a fine resolution of

the frequency binning scheme comprising 10 bins is firstly chosen a priori (Table 2). It should

be noted that the chosen bin widths in this fine binning frequency scheme are sufficiently

coarse to avoid misinterpretations due to inaccuracies occurring in the frequency assignments

to the SSA modes (Mahecha et al., 2007). In this study, we considered diurnal variability as

the sum of the principal components with dominant frequencies in the range of 7.9 to 41.6

hours (Bin A), seasonal-annual as those in the range of 130 to 514 days (Bin B), and interan-

nual as the sum of those with lower frequency (Bin C).

The hourly time series is used to reconstruct the diurnal variability. To improve computa-

tional efficiency of applying SSA, the full hourly time series is split into subsets with each

one containing 60 days and a “local SSA” (Yiou et al., 2000; Table 2) is then applied to re-

trieve diurnal variability in each subset. It can be summarized as follows:

• Define continuous windows of length W << N (W = 1440, covering 60 days) on the

full hourly time series. The windows are centered on 0.5W, 1.5W… N-0.5W.
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• Apply SSA on each window separately, and identify the diurnal component in each

window based on Bin A (Table 2) and ignore the rest, such that it contains the diurnal

variability.

• The local results are merged together.

For the characterization of seasonal-annual and interannual variability, a global SSA

(Table 2) is performed on the daily time series aggregated from the hourly data. The recon-

structions of seasonal-annual and interannual variability are based on Bin B and Bin C (Table

2), respectively.

Our site selection criteria allow limited data gaps in observed fluxes (maximum 30%

gaps), but simulated fluxes are continuous. The data gap in both hourly and daily flux time

series is filled by the SSA gap-filling procedure (c.f. Appendix B in Mahecha et al., 2010a).

Note that the SSA gap-filling procedure would not be performed on the time series if its gap

fraction is above 30%.

2.3.2. ANN error model

The ANN techniques are well adapted to solve nonlinear problems and are designed to

capitalize on the inherent statistical relationships among the input and output variables. The

type of ANN applied here is the feed-forward multilayer perceptron (MLP, Rumelhart et al.

1986) that allows for nonlinear mapping of sets of input data to a set of appropriate output.

The nonlinear mapping model consists of nodes that are organized in three or more layers (an

input layer and an output layer with one or more hidden layers). Any nodes, i and j in two

consecutive layers are connected with synaptic weights w ij determined by training the system

(Melesse and Hanley, 2005). For each node in the hidden layer, it calculates a weighted sum

of all of its inputs zi following Eq. (2) and then uses a transfer function (hyperbolic tangent

function )tanh()( xxf =  ranging from -1 to 1) to produce the output z j of node j in the

hidden layer following Eq. (3).

∑
∈

⋅=
)( jInputsi

iijj zwx                               (2)











⋅== ∑

∈ )(

)(
jInputsi

iijjj zwfxfz                       (3)

For the nodes in the output layer, the linear transfer function is used to calculate the output

value.

In this study, we choose two hidden layers, each with five nodes. This choice is made to

yield an accurate approximation of representations of state-dependent errors that may contain

several “hills and valleys”, and two hidden layers with only several nodes have been proposed

to work well compared to a single hidden layer requiring a large number of nodes (Chester,

1990; Zhang et al., 1998).

The target  of  ANN error  modeling is ORCHIDEE errors,  defined by the differences

between modeled and observed fluxes, resulting in a vector containing hourly data. Training

and evaluation of the ANN is performed on ORCHIDEE errors (Figure 2). The training phase

determines the weights through establishing empirical relationships between ORCHIDEE er-

rors and a combination of input predictors,  including meteorological drivers and simulated

ORCHIDEE flux. The parameterized ANN model with fixed weights after training is refer-

enced to ANN error model. The evaluation phase uses these weights (or ANN error model) to

predict ORCHIDEE errors from the input predictors within a subset of the data (an evaluation
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dataset) that is not used for the training phase. In the evaluation dataset for each flux, the root

mean square error reduction (RMSE-R), a metric to measure the transferability of state-de-

pendent model bias (or error transferability), is then defined as:

∑

∑

=

=−=−
n

i

Ori

n

i

ANN

RRMSE

1

2

1

2

1

ε

ε

                          (4)

where ANNε and Oriε  are ORCHIDEE errors with and without ANN-modeled, respectively.

In addition, all variables in both the input and output layers of ANN have been rescaled

into a [-1, 1] interval, and then the variable in the output layer has been scaled back to its

original  units  before  performing  error  calculations.  Multiple  linear  regression  approach

relating the ORCHIDEE errors to input predictors is also adopted to test error transferability

between timescales.

The training procedure, which adjusts the connection weights of the network through

error back-propagation based on the steepest descent method, is recognized as a crucial step in

ANN error model framework. To avoid over-fitting, a 20% subset of the training dataset (the

test dataset) is retained and used to assess the performance of the ANN training process at

every stage of learning (Scardi,  2001).  Training is stopped when the error  within the test

dataset begins to increase, i.e. the model starts to lose prediction or generalization ability by

overtraining. The training procedure is also sensitive to how the training dataset is built and

initial  weights  linking  the  nodes  between  the  input  layer  and  the  first  hidden  layer

(Abramowitz et al., 2007; Morshed and Kaluarachchi, 1998). To overcome these, we divide

each variable (or node) in the input layer into different value ranges (or classes) according to

its respective data distribution (e.g. van Wijk and Bouten, 1999), and then build the training

set in such a way that it would randomly select the data from each class. 10 training sets are

created in this way, and for each of 10 training sets, the ANN has been trained 5 times starting

from different initial weights. In total, 50 ANNs have been trained and the mean ensemble is

used.

2.3.3. Configurations of ANN error modeling

The original and reconstructed time series on three different characteristic timescales

(diurnal,  seasonal-annual  and  interannual)  are  used  in  the  ANN  error  modeling.  The

ORCHIDEE errors from both original and reconstructed time series are then modeled by the

ANN as a function of the drivers in their respective original and reconstructed forms. Note

that the main purpose of this study is not to quantify the absolute value of state-dependent

model bias but to understand the state-dependent model bias transferability in both spatial and

temporal domains. Moreover, the choice of explanatory variables is constrained by the fact

that  a  variable  must  be  available  at  all  EC  sites.  Thus,  ANN  inputs  consist  of  three

meteorological  drivers  (Ta:  air  temperature,  VPD:  vapor  pressure  deficit,  Rg:  incoming

shortwave  radiation)  and  the  simulated  ORCHIDEE  flux.  We  use  three  instantaneous

meteorological inputs (Ta, VPD and Rg) because they explain the majority of the variation in

modeled instantaneous carbon and water fluxes (van Wijk and Bouten, 1999, Moffat et al.,

2010). However, this choice is arbitrary, and a systematic sensitivity study will be necessary

to determine the optimal  set  of  ANN inputs  (Abramowitz  et  al.,  2007),  which should be

explored in the future study. Other variables, such as diffuse PPFD, soil temperature and soil

moisture are not considered because they are not available for all sites. In addition, the soil

depths at which soil temperature and moisture measurements have been made are not uniform
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across sites. To avoid any bias due to data gap filling methods by La Thuile FLUXNET data

processing system (c.f. www.fluxdata.org) in computing ORCHIDEE errors, only time steps

with actual measurements are used in the construction and the evaluation of the ANN error

model.

The errors on five flux variables are investigated: sensible heat flux (H), latent heat flux

(LE), gross primary productivity (GPP), ecosystem respiration (Reco) and net ecosystem ex-

change of CO2 (NEE). Note that GPP and Reco are not measured directly. Reco is modeled using

the method of Reichstein et al. (2005) and GPP is then the absolute sum (NEE + Reco). There-

fore, any systematic errors in the flux-partitioning algorithm of Reichstein et al. (2005) could

contribute to ORCHIDEE errors for these two gross fluxes. The ability of the ANN driven by

meteorological variables and by the simulated ORCHIDEE flux to estimate RMSE-R for the

following 8 configurations is examined:

Case WT: Transfer of ANN-modeled error within a timescale at each site. For example,

at each site, using reconstructed time series on diurnal timescale, we train an ANN to model

error on selected data from half of the time series and then use this error model to estimate

RMSE-R in the remaining half.  This is  also performed upon the original  time series.  The

number of sites is 125.

Case CT: Transfer of ANN-modeled error across timescales at each site. For example, at

each site, using the reconstructed time series on diurnal timescale, we train an ANN error

model on the entire time series, and then use this error model to estimate RMSE-R on the en-

tire reconstructed time series on both seasonal-annual and interannual timescales. The number

of sites is 125.

Case S: Transfer of ANN-modeled error on the spatial scale (Table 3, climate group/PFT

with at least 3 sites is considered):

Case S1: We train an ANN error model on the entire time series using two-thirds of the

sites belonging to a class consisting of a specific PFT (e.g. grassland) and a specific climate

group (e.g. temperate), and then apply this error model to estimate RMSE-R on the entire time

series of the other one-third of the sites from the same class. This is a test of error spatial

transferability within a PFT and a climate group. The number of classes is 15.

Case S2: We train an ANN error model on the entire time series using all sites belonging

to a class consisting of a specific PFT (e.g. grassland) and a specific climate group (e.g. tem-

perate), and then apply this error model to estimate RMSE-R on the entire time series of all

sites belonging to a class consisting of the same PFT (e.g. grassland) but a different climate

group (e.g. tropical). This is a test of error transferability within one PFT and between climate

groups. The number of classes is 24.

Case S3: We train an ANN error model on the entire time series using all sites belonging

to a class consisting of a specific PFT (e.g. grassland) and a specific climate group (e.g. tem-

perate), and then apply this error model to estimate RMSE-R on the entire time series of all

sites belonging to a class consisting of a different PFT (e.g. cropland) but the same climate

group (e.g. temperate). This is a test of PFT spatial transferability within each climate group.

The number of classes is 44.

Case S4: We train an ANN error model on the entire time series using all sites belonging

to a class consisting of a specific PFT (e.g. grassland) and a specific climate group (e.g. tem-

perate), and then apply this error model to estimate RMSE-R on the entire time series of all

sites belonging to a class consisting of a different PFT (e.g. cropland) and a different climate

group (e.g. tropical). This is a test of both PFT and climate group spatial transferability. The

number of classes is 210.
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The error spatial transferability for the above four cases is investigated on both original

and reconstructed time series with three characteristic timescales. In addition, we also invest-

igate two additional cases of error spatial transferability based on the sites classified by PFT

using the original time series.

Case S5: We train an ANN error model on the time series from two-third of all sites be-

longing to a specific PFT (e.g. grassland) and then apply this error model to estimate RMSE-

R on the time series of the other third of sites from the same PFT. This is a test of spatial

transferability within a PFT.

Case S6: We train an ANN error model on the entire time series from all sites belonging

to a specific PFT (e.g. grassland) and then apply this error model to estimate RMSE-R on the

entire time series of all sites from different PFT. This is a test of PFT spatial transferability.

ANN-modeled error in this study not only contains the errors originating from the model

itself (or state-dependent model bias) but also include other systematic errors related to the

flux measurements and data processing (e.g.  Billesbach, 2011; Vickers  et  al. 2009, 2010).

One of the potential sources of the error comes from a general lack of energy balance closure

(Wilson et al., 2002; Foken, 2008; Leuning et al., 2012) at eddy covariance sites, where the

observed  turbulent  fluxes of  H and LE do  not  sufficiently  account  for  the  measured  net

available energy at the surface. Given that the magnitude and causes of the failure to close

energy balance varies among sites and timescales (e.g. Barr et al., 2006; Wilson et al., 2002;

Foken et al., 2011), no corrections to the LE and H measurements are applied, in contrast to

those performed in Jung et al. (2011). Fortunately, the data from the La Thuile FLUXNET

dataset used in this study underwent a standardized preprocessing based on a friction velocity

(u*) filter and despiking of half hourly flux data (Papale et al., 2006). This procedure removes

some systematic errors such as the ones which occur during calm nocturnal periods (Goulden

et al.,  1996).  The errors related to the energy imbalance are therefore  not necessarily the

major source of the ANN-modeled errors. Richardson et al. (2007) have shown that random

errors  persist  after  this  standardized  preprocessing.  However,  this  would  not  affect  this

analysis since our ANN-modeled errors do not contain any random errors. Thus, we might

conclude that our ANN-modeled error can be mainly attributable to the model itself rather

than to the observations. Such an assumption has also been supported by Abramowitz et al.

(2007).  However,  the  residual  systematic  errors  from  the  observations  cannot  be  easily

disentangled from the ANN-modeled errors.

3. Results and Discussion

3.1. RMSE-R on three different time scales (Case WT)

Figure 3 shows RMSE-R for each flux variable within each timescale using ANN error

modeling. All sites (n = 125) are pooled to generate the histograms of RMSE-R for each flux

at each timescale. As shown in Figure 3, the interannual timescale is always associated with

the largest RMSE-R (range of median values: 36-61%; which means that 36-61 percent of

ORCHIDEE error in the evaluation dataset has been reduced by an ANN error model), and

the diurnal timescale has the smallest RMSE-R (16-36%) and seasonal-annual timescale has

the intermediate values (17-44%). This suggests that climate-dependent processes controlling

fluxes are better represented by ORCHIDEE for short timescales than for long timescales.

Previous  studies  have  also  noticed  that  land  surface  models  tend  to  fail  in  replicating

interannual variations of carbon and water fluxes (Siqueira et al., 2006; Urbanski et al., 2007;

Mahecha et al., 2010a; Keenan et al., 2012a). Climate has been recognized as an important

driver of interannual variation in terrestrial fluxes (e.g. Hui et al., 2003; Sierra et al., 2009; Le
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Marie et al.,  2010), and the model performance on long timescales would be significantly

improved if its state-dependent model bias related to three metrological variables (Ta, VPD

and Rg) present in ANN error modeling could be removed by future model refinements.

The small RMSE-R on a diurnal timescale, particularly,  for GPP and NEE reflects the

ability  of  ORCHIDEE  to  resolve  fast  CO2 exchange  processes  using  theories  related  to

canopy turbulent exchange, largely driven by radiation. On a diurnal cycle,  both GPP and

NEE have a lower RMSE-R than H, LE and Reco. The higher state-dependent model bias in H

can be expected because of the use of a single energy budget for both vegetation and soil

(Krinner et al., 2005). The source of higher state-dependent model bias in Reco can be related

to the fact that the computation of heterotrophic respiration in ORCHIDEE is based on daily

mean temperature, which suggests that decomposition rates are not well resolved. Another

cause of concern is the unrealistic representation of soil carbon states in natural ecosystems,

which is based on soil carbon equilibrium hypothesis when initializing soil carbon pools at the

site level (Williams et al., 2009; Pietsch and Hasenauer, 2006; Wutzler and Reichstein, 2007;

Carvalhais et  al.,  2008, 2010). However,  there also exists the uncertainty in Reco from La

Thuile  FLUXNET  dataset  since Reco is  separated  from  NEE  using  an  empirical  model

(Reichstein et al., 2005). The observed high RMSE-R in H and LE could also be associated

with  unclosed  surface  energy  balance  (Wilson  et  al.,  2002;  Foken,  2008)  and  a  general

solution to this problem is still not available (Foken et al., 2011).

Our results suggest that only considering the state-dependent model bias in the original

time  series  (range  of  median  values:  20-45%)  can  mask  relatively  large  residual  state-

dependent  model  biases  on  interannual  (36-61%)  timescales.  Not  separating  timescale  in

model  evaluations may thus lead to  an optimistic  assessment  of  model  behavior  on long

timescales because of error cancellation across timescales (Mahecha et al., 2010a), that may

also  translate  into  flawed  estimates  of  the  carbon  climate  feedbacks  (Wang et  al.,  2010;

Mahecha  et  al.,  2010b).  We also  found  that  the  distribution  of  RMSE-R on  interannual

timescale is much more spread than other timescales, and one of the possibilities could be the

accuracy of  extracted interannual  variability by SSA based on relatively short  time series

length in the La Thuile FLUXNET dataset. For example, Mahecha et al. (2010a) explored

interannual timescale using the five-year time series of carbon and water fluxes and found that

the uncertainty of subsignal separation is very large, which did not allow accurate assessment

of interannual variability. This emphasized the necessity of continued flux monitoring for the

understanding of the longer-term carbon and water flux variability, and the use of other long-

term variables such as basal area growth from tree ring records (Briffa et al., 2008).

To determine the fraction of state-dependent errors that could be accounted for by an

ANN error model based on original time series, we made a comparison between RMSE in the

fluxes after ANN error modeling and the random flux errors in a temperate deciduous forest

site at the Howland temperate evergreen needleleaf forest site. The random flux errors were

estimated by comparing the results of two eddy covariance towers installed near one another

during the year 2000 (Hollinger and Richardson, 2005) (Table 4). This comparison shows that

the RMSE after applying an ANN error model remains more than two times larger in absolute

value than the random flux errors (Table 4). For example, ANN error modeling can strongly

reduce the RMSE of yearly H (W m-2), LE (W m-2) and NEE (μmol m-2 s-1) RMSE (to 45.8,

43.2 and 3.18). But the residual RMSE is still higher than the corresponding random flux er-

rors (19.5, 16.5 and 1.5) (Table 4). This might be related to the fact that considering only cli-

mate drivers as ANN input variables is inadequate. Other variables could be important, such

as delayed response to external forcings (e.g. van der Molen et al., 2011), or soil moisture and
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management activities (crop rotations, irrigation, fertilization) for crops and managed forests

(e.g. Jaksic et al., 2006; Peichl et al., 2011; Smith et al., 2010). In Howland, for example, the

inclusion of soil temperature as another ANN driver, an input recognized as an important reg-

ulator  of  carbon exchange  during  soil  thawing in that  forest  ecosystem (Hollinger  et  al.,

1999), can further reduce the RMSE in NEE by 5% (Table 4). It should be noted that the ran-

dom flux errors could vary between sites, such that the fraction of systematic errors accounted

for by the ANN error model is site-dependent. But the state-dependent model bias removed in

this study might be beyond the random flux errors on most of EC sites, since ANN input

drivers could be limited by both data availability and our understanding of the underlying pro-

cesses.

3.2. Error transferability across different timescales (Case CT)

To investigate whether ANN-modeled errors are transferable across different timescales,

we examine whether the ANN error model constructed at one timescale could be useful to

reduce ORCHIDEE errors  on other  timescales.  Figure  3b-d shows that  it  is  not the case.

Indeed, there is a near zero or even negative median RMSE-R (meaning a decrease in the fit

of the data to the ANN error model) (Figure 3b-d), and also a widening of the frequency of

RMSE-R, indicating different results across sites. This is also confirmed if ORCHIDEE errors

were related to the input predictors by multiple linear regression approach rather than ANN

(data not shown). Moreover, poor error transferability across timescales has been documented

in other studies. For example, Siqueira et al. (2006) demonstrated that the model employed

for resolving fast CO2 and H2O exchange processes using theories related to canopy turbulent

exchange could not necessarily translate into improved predictive skills for long timescales.

Mahecha  et  al.  (2007)  also  showed  that  a  clear  hysteresis  between  seasonal-annual

components  of  NEE  (photosynthesis,  autotrophic  and  heterotrophic  respiration)  and  air

temperature is significantly affected by adding the interannual component to the seasonal-

annual cycle. This leads potentially to a different response of NEE to temperature on different

timescales.  Poor  cross-timescale  transferability  of  state-dependent  model  biases  for

ORCHIDEE found in this study also implies that this model can capture most of timescale-

independent behaviors in ecosystem flux simulations (Baldocchi  et  al.,  2001; Katul et al.,

2001; Stoy et al., 2009) or that there is little interactions between timescales for the state-

dependent model biases, though large RMSE-R still existed when transferring errors within

seasonal-annual or interannual timescales as mentioned in Section 3.1.

3.3. Error spatial transferability (Case S)

3.3.1. Original time series

In Abramowitz et al. (2007), only two different PFTs and 13 eddy covariance sites were

used  to  investigate  the  spatial  transferability  of  ANN-modeled  errors.  In  this  study,  this

approach is extended through involving 125 sites distributed across 7 PFTs. For different

fluxes, the median RMSE-R from all classes in both Case S5 (spatial transferability within a

PFT, n = 7) and Case S6 (PFT spatial transferability, n = 42) are displayed in the diagonal and

non-diagonal terms of the matrix in Figure 4, respectively. Case S5 analysis suggested that the

median RMSE-R in H (W m-2), LE (W m-2), GPP (g C m-2 d-1), Reco (g C m-2 d-1) and NEE (g C

m-2 d-1) is of 36, 32, 18, 43 and 19% respectively.  For GPP and NEE, cropland (32% and

34%) and BoENF (33% and 27%) have the highest RMSE-R in Case S5. For the cropland

which covers any kind of cultivated species, this can be expected since the parameterization

used for crop in ORCHIDEE is similar to the one used for herbaceous vegetation, and does

not account for management practices and crop variety-dependent parameters (Smith et al.,

2010; Li et al.,  2011). Case S6 analysis (PFT spatial transferability)  suggests that most of
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RMSE-R in H, LE and Reco across PFTs are positive (Figure 4), indicating that ANN error

modeling does improve the prior  ORCHIDEE model  simulation.  This was also found by

Abramowitz et al (2007) when comparing H and LE across grassland and conifers for all of

the land surface models they considered. By contrast, the picture of RMSE-R between PFTs

in GPP and NEE is different.  For example, based on the constructed ANN error model in

TrEBF, ANN produces a marginal or negative RMSE-R in GPP for the other PFTs (Figure 4;

that is degradation from the prior ORCHIDEE simulation).

3.3.2. Different timescales

As shown in the whisker boxes of Figure 5, the median RMSE-R from all classes in

Case S1 (spatial transferability within a PFT and a climate group,  n = 15) is always positive at

all timescales for each flux variable. The comparison between Case S1 on the Y-axis and

other cases on the X-axis (Case 2: n = 24, Case 3: n = 44 and Case 4: n = 210) is also shown

in Figure 5. The 1:1 line (Figure 5) showed that the median RMSE-R in Case S1 (n = 15) is

larger than those from other cases on each timescale. The RMSE-R is often negative (that is

the model misfit increased after applying the ANN error model) or near zero on seasonal-

annual and interannual timescales in all cases except Case S1. On the diurnal timescale, the

median RMSE-R of all  classes  within each case is positive for  all  flux variables.  This is

comparable to the ANN error model applied on the original time series (Figure 5). This can be

expected due to the fact that diurnal timescale carries the largest spectral power among the

three characteristic timescales and most of the variability in the original time series can be

accounted for by the diurnal timescale part.

Firstly, Case S1 analysis suggested that ANN-modeled error is transferable within a PFT

and within a climate group at all timescales. This means that each PFT/climate group has

specific features that the model is not able to reproduce, and thus suggests that better model

performances  could  be  achievable  by  improving  the  parameterization  at  the  level  of

PFT/climate  group.  The  result  implies  that  model  improvement  based  on  specific  eddy

covariance sites can indeed enhance the model behavior at other sites within the same PFT

and the same climate group. This is a key result showing the non-local character of eddy-flux

point-scale observations to improve the description of fluxes through process-based modeling.

It  provides  evidence  for  mapping  carbon  fluxes,  for  example,  using  tower  flux  data  in

different  PFT/climate  combinations  as  priors  in  an  inverse  modeling  framework  (e.g.

G ckede et al., 2010; Jung et al., 2011). Theoretically, the information on error transferability

in a PFT and climate group could also be used to optimize the future network designed for

carbon and water studies through better locating the sites for a given model.

Secondly,  the  ANN-modeled  errors  are  less  transferable  between  sites  belonging  to

different climate groups (Case S2, S3) and different PFTs (Case S3, S4) especially on the

seasonal-annual  and  interannual  timescales,  as  shown  by  the  reduced  or  negative  error

transferability e.g. in LE and NEE (Figure 5). This indicates that the method used to discretize

vegetation  types  in  ORCHIDEE  can  not  fully  describe  the  representation  of  ecosystem

functioning on the long timescale. The ORCHIDEE model would benefit from accounting for

more detailed climate groups in addition to PFTs for its parameterization. This is similar to

results from field observations on hundreds of plots showing ecoregion (primarily delimited

by climate, e.g. seasonal high and low temperatures, precipitation) differences in forest type

productivity, carbon pools, and recovery from disturbance for a given forest type (Hudiburg et

al. 2009).
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Thirdly,  between sites (Case S2, Case S3 and Case S4), positive error transferability is

found on the diurnal timescale and original time series instead of long timescales. The ANN-

modeled errors on the short timescale are much less sensitive to PFT or climate group than the

errors on the long timescales, which is notably for H, LE and Reco (Figure 5). However, this

does not mean that the model has a better ability to characterize the main processes driving

the fluxes on long timescales. In fact, larger relative model-observation mismatch have been

observed on long timescales (seasonal-annual and interannual) compared to short timescales

(diurnal). One of the reasons is that on the diurnal cycle, the processes of photosynthesis and

respiration are largely instantaneous responses to diurnal climate variability (i.e. solar radi-

ation, air temperature and humidity) (Baldocchi, 1997). While, the long timescales might be

more affected by climate through site-specific slowly varying ‘biotic’ variables (e.g. pheno-

logy, soil carbon, leaf area, carbon allocation) (Richardson et al., 2007; Stoy et al., 2009; Jung

et al., 2011; Dietze et al., 2011; Keenan et al., 2012b), land use and disturbance history (Law

et al. 2004), fertility and delayed responses to environmental variations (Schimel et al., 2005).

However, we should be informed of the inaccuracy of the extracted interannual variability by

SSA using relatively short time series in La Thuile FLUXNET dataset (see Section 3.1).

4. Conclusions and Outlooks

Our study develops and applies a neural network-based technique combined with time

series decomposition to explore the transferability of state-dependent model biases in both

spatial and timescale domains. This could enable the land surface modeling community to

identify a theoretical  bound for the space of model improvement and model uncertainties

reduction. The positive error transferability is always found on both diurnal cycle and original

time  series  instead  of  long  timescales  (seasonal-annual  and  interannual).  Meanwhile,

processes influencing fluxes vary with timescales (the carbon allocation, phenology,  carry-

over effects from anomalous climate years and disturbances), which can be characterized by

the near-zero or even negative error transferability across timescales. Our study implies that

the model  development  aimed to reduce  model-observation  mismatch  using original  time

series  mostly benefits  the  short  timescale  (e.g.  diurnal  cycle)  instead  of  long  timescales,

because short timescale often accounts for most of the variability in original time series. Thus,

model evaluation and development should pay particular attention to the representation of

processes across timescales to avoid state-dependent biases at longer timescales.

Utilizing the global eddy covariance network, our study is the first to examine the error

transferability across sites in a large spatial domain, which is delimited by PFT and climate

groups. The flux data represent ecosystem-scale processes and along with site meteorology,

provide  a  means  to  diagnose  model  performance  over  a  range  of  temporal  scales.  This

analysis  showed  that  model  improvement  achieved  on  the  sites  in  a  specific  PFT and a

specific  climate  group  could  translate  into  improved  model  simulations  at  other  sites

belonging to the same PFT and the same climate group. This is a non-local character of eddy

flux point observations to improve flux simulations through process-based modeling.

It should be noted that the state-dependent model biases are only partially characterized

in this study,  because  ANN inputs could be restricted  by both data availability and poor

understanding of some underlying processes. Meanwhile, long timescale separation from the

original  time series  by SSA is unstable,  and  long term eddy covariance  records  are  thus

needed,  since  they  would  facilitate  the  improvement  of  the  representation  of  interannual

variability in current land surface models. As longer records of fluxes and the measurement of

other variables such as moisture become available for large sets of sites (e.g. Zreda et al.,
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2012), these methods may be regarded as promising for diagnosing model weaknesses and

prioritizing improvements to the models. Our results are built upon ORCHIDEE and it will be

interesting to know whether our conclusions on error transferability are robust across different

land surface models in the future study.
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Table 1. The number of sites belonging to each PFT x climate group. Climate group is

defined according to aggregated Köppen-Geiger classification.

Climate group/PFT GRA CRO BoENF TeENF TeEBF TeDBF TrEBF

Boreal 2 0 18 0 0 1 0

Temperate 14 5 0 10 2 5 0

Temperate-continental 4 6 0 9 0 10 0

Subtropical- Mediterranean 5 4 0 9 4 9 0

Tropical 0 0 0 0 0 0 8

GRA: grassland; CRO: cropland; BoENF: boreal evergreen needleleaf forests; TeENF:

temperate evergreen needeleaf forests; TeEBF: temperate evergreen broadleaf forests;

TeDBF: temperate deciduous broadleaf forests; TrEBF: tropical evergreen broadleaf forests.

Table 2. Limits of the applied timescale binning schemes.

The  discretization  for

both  global  and  local

SSA  is  approximately

equidistant in the log do-

main. Bin A, Bin B, and

Bin C are used to recon-

struct  the  time  series

characterized by diurnal,

seasonal-annual  and  in-

terannual  variability,  re-

spectively.  The  bin

boundaries  could  be

decimal  since  they  are

approximately  equally

spaced over the logarithm of the frequencies.

Table 3. Configurations of error transferability

Case type Full type name
Num. of

classes

Case WT transferability within a timescale 125

Case CT transferability between timescales 125

Case S1
spatial transferability within a PFT and a climate

group
15

Case S2
spatial transferability within a PFT and between

climate groups
24

Case S3 PFT spatial transferability within a climate group 44

Global SSA Local SSA

Upper

Limit

(Day)

Lower

Limit

(Day)

Upper

Limit

(Hour)

Lower

Limit

(Hour)

Bin C maximum 513.7 maximum 218.8

Bin B
513.7 259.3 218.8 125.7

259.3 130.9 125.7 72.4

130.9 66.1 72.4 41.6

66.1 33.4

Bin A

41.6 23.9

33.4 16.9 23.9 13.8

16.9 8.5 13.8 7.9

8.5 4.3 7.9 4.6

4.3 2.2 4.6 2.6

2.2 minimum 2.6 minimum

✷✹✵



Case S4 both PFT and climate group spatial transferability 210

Case S5 spatial transferability within a PFT 7

Case S6 PFT spatial transferability 42

Table 4. Measurements of random flux errors, RMSE (root mean square error) of simulated

ORCHIDEE flux variables and their ANN-modeled values during the year 2000 in Howland

forest.

Flux variable
Howl. 2

tower
ORCHIDEE ANN1 ANN2 (ANN1-ANN2)/ANN1 (%)

H (W m-2) 19.5 129.1 45.8 45.3 1.1

LE (W m-2) 16.5 73.9 43.2 42.1 2.5

NEE

(μmol m-2 s-1)
1.5 4.93 3.18 3.02 5.0

Howl. 2 tower data from the experiment reported by Hollinger and Richardson (2005), where

random errors are estimated using simultaneous measurements from two flux towers separ-

ated by around 775 m. ANN1 is the root mean square error of the ANN model with air tem-

perature, global radiation, vapor pressure deficit and modeled output as drivers; ANN2 is the

same with ANN1 but with soil temperature in surface layer as another driver.
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Figure Legends

Figure 1. Spatial distribution of the chosen sites colored by their respective plant functional

types.

Figure 2. The conceptual diagram of ANN operation. Two steps are involved in the ANN

error modeling. (a) The training phase is to find a parameterized ANN error model with fixed

weights (or nonlinear regression parameters) that characterize the relationships between ANN

inputs and ANN output presented in training dataset; (b) the evaluation phase is to apply this

ANN error model to compute ANN-modeled error and RMSE-R in the evaluation dataset.

Figure 3. The histogram of RMSE-R on the original time series (a: O-O), at three timescales

(b: D-D, c: A-A and d: I-I) and across timescales (b: D-A and D-I; c: A-D and A-I; d: I-D and

I-I) for H, LE, GPP, Reco and NEE. O is the original time series, and D, A and I represent the

reconstructed time series on diurnal, seasonal-annual and interannual timescales respectively.

An ANN error  model is trained on one timescale (e.g.  D) and then evaluated on another

timescale (e.g. A) to get RMSE-R in A from D (D-A). The value on the graph represents the

median value of the histogram of RMSE-R from 125 sites.

Figure 4. Matrix of the median RMSE-R from all classes in both Case S5 (diagonal) and

Case S6 (non-diagonal) for H, LE, NEE, GPP and Reco. An ANN error model is trained on the

vertical PFT (e.g. CRO) and then evaluated on the horizontal PFT (e.g. TeENF) to get RMSE-

R in TeENF from CRO.

Figure 5. The whisker box of RMSE-R in Case S1 for H, LE, GPP, Reco and NEE on the

original time series and reconstructed time series at three different characteristic timescales.

The scatter plots for Case S2 vs. Case S1, Case S3 vs. Case S1 and Case S4 vs. Case S1 are

also shown. O, H,  A and I represent  the original  time series,  reconstructed time series  at

diurnal,  seasonal-annual  and  interannual  timescales,  respectively.  The  whisker  box  is

consisted of median value (solid line), 25% percent and 75% percent of the data.
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Appendix A ORCHIDEE climate forcing data gap filling algorithms

For off-line simulations ORCHIDEE requires  continuous half-hourly incoming short-

wave radiation (W m−2), incoming long-wave radiation (W m−2), air temperature (K), specific

humidity (kg kg-1), wind speed (m s-1), surface pressure (Pa), and precipitation rate (kg m-2 s-1).

Before gap-filling, all half-hourly data in La Thuile FLUXNET synthesis dataset is aggreg-

ated to daily values. Each daily gap present in the climate forcing at eddy covariance site is

replaced by the corrected daily data from ECMWF ERA-Interim (IERA) 0.7 x 0.7 degree

reanalysis. For all variables, the correction applied to daily IERA fields was made by per-

forming a linear regression analysis between daily in-situ and IERA data. Since climate for-

cing in ORCHIDEE is defined at a half-hourly time step, a diurnal cycle for each climate vari-

able should be rebuilt from their daily values. The following algorithm for disaggregating

daily field to the half-hourly one only applies to the gap-filled daily values.

For air temperature, half-hourly temperature values in gaps are generated from daily val-

ues of maximum and minimum air temperature by using a sinusoidal function assuming that

maximum temperature occurs at 14:00 local time and minimum temperature occurs at sunrise

(Campbell and Norman, 1998). Half-hourly specific humidity values are given by half-hourly

dew point temperature values. The latter is computed from the interpolated air temperature

minus the difference between mean daily dew point temperature and mean daily air temperat-

ure. The diurnal cycle of incoming shortwave radiation is assumed to fit a second-order poly-

nomial during daytime with a maximum at noon, and is set to zero before sunrise and after

sunset. The incoming longwave radiation is computed at a half-hourly time step from air tem-

perature, air humidity, and incoming shortwave radiation according to Crawford and Duchon

(1999). Half-hourly wind speed is obtained by a logarithmic function of both daily value and

independent random number generated from the normal distribution (Nicks et al., 1990). For

surface  pressure,  the  constant  value  is  assumed  throughout  the  day. Daily  precipitation

amounts are converted to half-hourly by evenly distributing precipitation throughout the day.
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Appendix B

Table B1 –  List  of  site  ID,  latitude,  longitude,  PFT and climate of the sites  used in the

analysis.

Site ID Latitude Longitude PFT Climate group References

AT-Neu 47.12 11.32 GRA Temperate (Wohlfahrt et al., 2008)

AU-Tum -35.66 148.15 TeEBF Temperate

AU-Wac -37.43 145.19 TeEBF Temperate

BE-Bra 51.31 4.52 TeDBF Temperate

BE-Lon 50.55 4.74 CRO Temperate

BE-Vie 50.31 6 TeDBF Temperate (Aubinet et al., 2001)

BR-Ban -9.82 -50.16 TrEBF Tropical

BR-Cax -1.72 -51.46 TrEBF Tropical

BR-Ji2 -10.08 -61.93 TrEBF Tropical

BR-Ma2 -2.61 -60.21 TrEBF Tropical

BR-Sa1 -2.86 -54.96 TrEBF Tropical

BR-Sa3 -3.02 -54.97 TrEBF Tropical

CA-Ca1 49.87 -125.33 TeENF Temperate (Humphreys et al., 2006)

CA-Ca2 49.87 -125.29 TeENF Temperate (Humphreys et al., 2006)

CA-Ca3 49.53 -124.9 TeENF Temperate

CA-Gro 48.22 -82.16 TeDBF
Temperate-Contin-

ental

(McCaughey et al., 2006;

Pejam et al., 2006; Tho-

mas et al., 2011)

CA-Let 49.71 -112.94 GRA
Temperate-Contin-

ental

(Flanagan et al., 2002;

Flanagan and Johnson,

2005)

CA-Man 55.88 -98.48 BoENF Boreal (Dunn et al., 2007)

CA-NS1 55.88 -98.48 BoENF Boreal

CA-NS2 55.91 -98.52 BoENF Boreal

CA-NS3 55.91 -98.38 BoENF Boreal

CA-NS4 55.91 -98.38 BoENF Boreal

CA-Obs 53.99 -105.12 BoENF Boreal

CA-Ojp 53.92 -104.69 BoENF Boreal (Kljun et al., 2006)

CA-Qcu 49.27 -74.04 BoENF Boreal (Giasson et al., 2006)

CA-Qfo 49.69 -74.34 BoENF Boreal (Bergeron et al., 2007)

CA-SF1 54.49 -105.82 BoENF Boreal (Mkhabela et al., 2009)

CA-SF2 54.25 -105.88 BoENF Boreal (Mkhabela et al., 2009)

CA-SF3 54.09 -106 BoENF Boreal (Mkhabela et al., 2009)

CA-SJ1 53.91 -104.66 BoENF Boreal

CA-SJ2 53.95 -104.65 BoENF Boreal

CA-TP2 42.77 -80.46 TeENF
Temperate-Contin-

ental
(Peichl and Arain, 2007)

CA-TP3 42.71 -80.35 TeENF
Temperate-Contin-

ental
(Peichl and Arain, 2007)

CA-TP4 42.71 -80.36 TeENF
Temperate-Contin-

ental

(Arain and Restrepo-

Coupe, 2005)

CH-Oe1 47.29 7.73 GRA Temperate (Ammann et al., 2007)
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CZ-BK1 49.5 18.54 TeENF
Temperate-Contin-

ental

CZ-BK2 49.5 18.54 GRA
Temperate-Contin-

ental

DE-Bay 50.14 11.87 TeENF Temperate (Staudt and Foken, 2007)

DE-Geb 51.1 10.91 CRO Temperate (Kutsch et al., 2010b)

DE-Hai 51.08 10.45 TeDBF Temperate
(Knohl et al., 2003;

Kutsch et al., 2010a)

DE-Kli 50.89 13.52 CRO Temperate

DE-Meh 51.28 10.66 GRA Temperate (Don et al., 2009)

DE-Tha 50.96 13.57 TeENF Temperate
(Grunwald and

Bernhofer, 2007)

DE-Wet 50.45 11.46 TeENF Temperate (Rebmann et al., 2010)

DK-Sor 55.49 11.65 TeDBF Temperate (Pilegaard et al., 2003)

ES-ES1 39.35 -0.32 TeENF
SubTropical-Medi-

terranean

ES-ES2 39.28 -0.32 CRO
SubTropical-Medi-

terranean

ES-VDA 42.15 1.45 GRA Temperate

FI-Hyy 61.85 24.29 BoENF Boreal (Suni et al., 2003b)

FI-Sod 67.36 26.64 BoENF Boreal
(Suni et al., 2003a; Thum

et al., 2009)

FR-Hes 48.67 7.06 TeDBF Temperate (Granier et al., 2000)

FR-LBr 44.72 -0.77 TeENF Temperate (Berbigier et al., 2001)

FR-Lq1 45.64 2.74 GRA Temperate

FR-Lq2 45.64 2.74 GRA Temperate

FR-Pue 43.74 3.6 TeEBF
SubTropical-Medi-

terranean

GF-Guy 5.28 -52.93 TrEBF Tropical (Bonal et al., 2008)

HU-Bug 46.69 19.6 GRA Temperate

HU-Mat 47.85 19.73 GRA Temperate

IE-Ca1 52.86 -6.92 CRO Temperate

IE-Dri 51.99 -8.75 GRA Temperate (Byrne et al., 2007)

IS-Gun 63.83 -20.22 TeDBF Temperate

IT-Amp 41.9 13.61 GRA
SubTropical-Medi-

terranean
(Gilmanov et al., 2007)

IT-BCi 40.52 14.96 CRO
SubTropical-Medi-

terranean
(Kutsch et al., 2010b)

IT-Col 41.85 13.59 TeDBF
SubTropical-Medi-

terranean

IT-Cpz 41.71 12.38 TeEBF
SubTropical-Medi-

terranean
(Garbulsky et al., 2008)

IT-LMa 45.58 7.15 GRA Temperate

IT-Lav 45.96 11.28 TeENF Temperate

IT-MBo 46.02 11.05 GRA Temperate

(Marcolla and Cescatti,

2005; Gianelle et al.,

2009)
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IT-Mal 46.12 11.7 GRA Temperate

IT-Non 44.69 11.09 TeDBF
SubTropical-Medi-

terranean

IT-PT1 45.2 9.06 TeDBF
SubTropical-Medi-

terranean
(Migliavacca et al., 2009)

IT-Ren 46.59 11.43 TeENF Temperate (Montagnani et al., 2009)

IT-Ro1 42.41 11.93 TeDBF
SubTropical-Medi-

terranean
(Rey et al., 2002)

IT-Ro2 42.39 11.92 TeDBF
SubTropical-Medi-

terranean
(Tedeschi et al., 2006)

IT-SRo 43.73 10.28 TeENF
SubTropical-Medi-

terranean

JP-Tak 36.15 137.42 TeDBF
Temperate-Contin-

ental

JP-Tom 42.74 141.51 TeDBF
Temperate-Contin-

ental

KR-Hnm 34.55 126.57 CRO
SubTropical-Medi-

terranean

KR-Kw1 37.75 127.16 TeDBF
Temperate-Contin-

ental

NL-Ca1 51.97 4.93 GRA Temperate

NL-Hor 52.03 5.07 GRA Temperate

NL-Loo 52.17 5.74 TeENF Temperate (Dolman et al., 2002)

PT-Esp 38.64 -8.6 TeEBF
SubTropical-Medi-

terranean

PT-Mi1 38.54 -8 TeEBF
SubTropical-Medi-

terranean

PT-Mi2 38.48 -8.02 GRA
SubTropical-Medi-

terranean

RU-Che 68.61 161.34 GRA Boreal (Merbold et al., 2009)

RU-Fyo 56.46 32.92 TeENF
Temperate-Conti-

nental
(Milyukova et al., 2002)

RU-Ha1 54.73 90 GRA Boreal (Marchesini et al., 2007)

RU-Zot 60.8 89.35 BoENF Boreal

SE-Fla 64.11 19.46 BoENF Boreal

SE-Nor 60.09 17.48 TeENF
Temperate-Contin-

ental

UK-ESa 55.91 -2.86 CRO Temperate

US-

ARM
36.61 -97.49 CRO

SubTropical-Medi-

terranean

US-Bkg 44.35 -96.84 GRA
Temperate-Contin-

ental
(Gilmanov et al., 2005)

US-Blo 38.9 -120.63 TeENF
SubTropical-Medi-

terranean

US-Bo1 40.01 -88.29 CRO
Temperate-Contin-

ental

(Meyers and Hollinger,

2004)

US-Bo2 40.01 -88.29 CRO
Temperate-Contin-

ental

(Meyers and Hollinger,

2004)

US-Dk1 35.97 -79.09 GRA SubTropical-Medi-
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terranean

US-Dk2 35.97 -79.1 TeDBF
SubTropical-Medi-

terranean

US-Dk3 35.98 -79.09 TeENF
SubTropical-Medi-

terranean

US-Goo 34.25 -89.97 GRA
SubTropical-Medi-

terranean

US-Ha1 42.54 -72.17 TeDBF
Temperate-Contin-

ental
(Urbanski et al., 2007)

US-Ho1 45.2 -68.74 TeENF
Temperate-Contin-

ental
(Hollinger et al., 2004)

US-Ho2 45.21 -68.75 TeENF
Temperate-Contin-

ental

US-IB1 41.86 -88.22 CRO
Temperate-Contin-

ental

US-IB2 41.84 -88.24 GRA
Temperate-Contin-

ental

US-LPH 42.54 -72.18 TeDBF
Temperate-Contin-

ental
(Borken et al., 2006)

US-

MMS
39.32 -86.41 TeDBF

SubTropical-Medi-

terranean
(Schmid et al., 2000)

US-MOz 38.74 -92.2 TeDBF
SubTropical-Medi-

terranean

US-Me2 44.45 -121.56 TeENF
SubTropical-Medi-

terranean
(Thomas et al., 2009)

US-Me4 44.5 -121.62 TeENF
SubTropical-Medi-

terranean
(Law et al., 2001)

US-Ne1 41.17 -96.48 CRO
Temperate-Contin-

ental
(Verma et al., 2005)

US-Ne2 41.16 -96.47 CRO
Temperate-Contin-

ental
(Verma et al., 2005)

US-Ne3 41.18 -96.44 CRO
Temperate-Contin-

ental
(Verma et al., 2005)

US-PFa 45.95 -90.27 TeDBF
Temperate-Contin-

ental
(Ricciuto et al., 2008)

US-SP2 29.76 -82.24 TeENF
SubTropical-Medi-

terranean

US-SP3 29.75 -82.16 TeENF
SubTropical-Medi-

terranean

US-Syv 46.24 -89.35 TeDBF
Temperate-Contin-

ental
(Desai et al., 2005)

US-

UMB
45.56 -84.71 TeDBF

Temperate-Contin-

ental
(Gough et al., 2008)

US-Var 38.41 -120.95 GRA
SubTropical-Medi-

terranean
(Ma et al., 2007)

US-

WBW
35.96 -84.29 TeDBF

SubTropical-Medi-

terranean

US-WCr 45.81 -90.08 TeDBF
Temperate-Contin-

ental
(Cook et al., 2004)

US-Wi4 46.74 -91.17 TeENF Temperate-Contin-
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ental

US-Wrc 45.82 -121.95 TeENF
SubTropical-Medi-

terranean

VU-Coc -15.44 167.19 TrEBF Tropical

The definitions of different PFTs are: boreal evergreen needleleaf forest (BoENF), temperate

evergreen  needleleaf  forest  (TeENF),  temperate  evergreen  broadleaf  forest  (TeEBF),

temperate deciduous broadleaf forest (TeDBF), grasslands (GRA), croplands (CRO), tropical

evergreen broadleaf forest (TrEBF).
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1 Abstract

We propose a short description of the main characteristics of one of the most exhaustive and

widely used gridded global meteorological dataset (CRU2.1) over the Sahel. We put an emphasis

on the description of the inter-annual variability of annual precipitation amounts and the trends

observed over the period 1982-2002. We first characterised the main modes of spatio-temporal va-

riability in CRU2.1. This was achieved by a reduction of dimensionality based on an EOF decom-

position of the relative anomalies of rainfall after having regridded this dataset to GCM resolution

(3.75◦ longitude x2.5◦ latitude). Results are presented for the whole Northern Hemisphere Africa,

limited to the drylands of Northern Africa (average precipitation in the range 200-600mm) and

Sahel alone. In the latter framework, the two first modes of variability correspond to the fluctua-

tions in phase (53% variance) of the whole Sahelian band, and a West-East dipole (second EOF,

with 13% variance, 4th with 5%) which present much less persistence than the in phase variabi-

lity. Besides, the fraction of the variance of AVHRR GIMMS NDVI (regridded to 0.5◦ resolution)

that can be explained by the variability of precipitation in the CRU dataset was characterised. The

results (trend and rain-use efficiency) must be compared to the seminal work of Hermann et al.

(using GPCP) and those obtained by Hountondji et al. on sites with the Agrhymet dataset). This

comparison gives an opportunity to highlight the features of the variability of rainfall for which

the CRU dataset accounts.

2 Material and methods

– CRU precipitations dataset :

✷✺✻



– spatialisation method : use the eight nearest stations weighted according to the distance

from the center of the grid point, with the Correlation Decay Distance (CDD) controlling

the rate at which the weights decrease. A value of 450km was used for CDD. This was

derived empirically by cross station analysis but one would expect shorter CDD for men-

sual precipitations in regions like West Africa. These anomaly surfaces are finally relaxed

to zero in regions with no data coverage (ie the resulting monthly climate relaxes toward

the 1961–90 climatology in such areas). As for the region of interest, most of the gridded

point were filled with anomalies and not restricted to the mean climatology (Mitchell and

Jones 2005 and fig. 1)).

– Analysis of the spatial patterns of variability

– reduction of dimensionality of the anomalies of precipitation based on Empirical Ortho-

gonal Functions (EOF). Relative anomalies to the mean XXth century climatology are

considered rather than precipitation amounts as this is more relevant. Analysis for the

whole Northern Hemisphere Subsaharan Africa, for the semi arid areas of this region,

and for the Sahel only.

– Trend analysis

– Least square analysis of the annual precipitation and of the NDVI mean and max. Analy-

sis for the period 1982-1990 and 1991-2002.

3 Is the CRU dataset appropriate for such an exercice ?

– Density of the network

– Estimation of the expected errors

– Relative error function suggested by Ali et al., 2005.

e(A, Ng , KT , PT ) =
1.05

√

NgKT

(
PT

KT

−0.2 [

0.28 + 0.17 log

(

A

Ng

)]

(1)

where :

– A is the grid area,

– Ng the number of rain gauges in A,

– KT the number of events during the considered period,

– PT the cumulative rainfall.

– Results obtained by these authors. The density of the AGRHYMET network should be

sufficient to provide monthly products at the 2.5ox2.5o resolution with relative errors of

less than 10% over 42% of the CILLS countries, mainly on the Southern (and Western)

edge of the domain, where the requirements are the lower and the network the denser.

– Application to the CRU dataset.

– limits of this estimate

– result
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FIGURE 1 – Estimate of the mean density of the CRU network over the XXth century (based on

Mitchell counts of stations at less than 450km of a grid point).

FIGURE 2 – Estimate of the errors on annual anomalies of rainfall when regriding the CRU dataset

to a 2.5ox3.75o resolution (relative to the mean annual rainfall).



FIGURE 3 – First 4 modes of an EOF decomposition over the Sahel
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4 Main characteristics of rainfall spatial patterns of variability

The CRU dataset was regridded to a resolution typically used by GCM (3.75◦ longitude x2.5◦

latitude) as the method of spatialisation used for CRU implies that nearby pixels anomalies are

highly correlated at the 0.5o resolution even if this is not a true feature of the meteorology in the

studied region. When the spatial scope of the analysis is restricted to the Sahel, a mode in which

the whole band evolves in phase is able to account for 53% of the variance. In this mode, the dry

anomalies that occurred in 1972-1973 or 1984 are cleary visible. It is also characterized by effects

of persistance (with a much more ≪ reddish ≫ characteristic than the following EOF).

Although we have shown in the previous section that the anomalies over the Sahel are not

strong enough to insure that anomalies which account for smaller share of the variance are re-

liable, modes that correspond to East-West dipoles (second EOF, 14% explained variance ; and to

a lesser extent the 4th EOF, 5% explained variance) are also highlighted.

When conducting the analysis over all the drylands between 0 and 20o N, 20o W and 55o E,

the mode that correspond to the fluctuation in phase of the whole Sahelian band

continue to account for 30% of the variance, while the next two modes (together 35%of va-

riance) mostly represent the interannual variability of precipitation in Eastern Africa. The ampli-

tude of the latter modes is of similar magnitude to the one of the first mode. Altogether, this means

that the dipole between the Sahel and East Africa drylands that appears in the first mode does not

constitute a very strong feature of the variability of rainfall in this region, although such a constrat

is often observed during strong episodes of El-Nino/La Nina.

Over the whole Northern Hemisphere Sub-Saharan African, the patterns of variability conti-

nue to be dominated by the modes shown previously, an observation that could be expected as the

drylands are usually characterised by higher year to year variability (in terms of relative anoma-

lies) than regions which benefit from higher accumulations of precipitation.

Of course, the conclusion would have been very different if we would have analysed anomalies

expressed in rainfall amounts (figure not shown), as in the latter case, the largest anomalies are

concentrated in the wetter regions of the region (Guinean coast near Conacky) for which mean

annual rainfall excess 3000mm, ie nearly one order of magnitude more than the average precipita-

tions in the Sahel.

5 Trend analysis over the period during which NDVI products are

available

NDVI remote sensing products have been made available since 1982 thanks to NOAA/AVHRR.

Though the limitations of this index (which is impacted by the soil background, which can be

strongly modulated by atmospheric perturbations), it continues to be one of the most widely used

proxy to assess the vegetation cover.

As a follow-up to many previous studies, a trend analysis was performed after having split
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FIGURE 4 – First 3 modes of an EOF decomposition over the NH Subsaharan Africa drylands



FIGURE 5 – First 3 modes of an EOF decomposition over the NH Subsaharan Africa



FIGURE 6 – Period 1982-1990. Trends of : a. precipitation. b. yearly mean NDVI. c. yearly max

NDVI.
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FIGURE 7 – Period 1991-2002. Trends of : a. precipitation. b. yearly mean NDVI. c. yearly max

NDVI.
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the period coverred by both the GIMMS post-treatment of NOAA-AVHRR and CRU2.1 in two :

1982-1990 and 1991-2002. The aim was to check whether one can retrieve a dominant role of

the trends of precipitation on the spatial pattern of NDVI decadal variability, even when using a

dataset that is not the most precise in the Sahel (but that should not be biased).

The share of the spatial variance that can be accounted by trends of rainfall is rather limited al-

though it is significant (for instance 18% between annual mean NDVI and rainfall over the period

1982-1990). Without further analysis, it is not clear whether this observation is to be attributed to

the limitation of the two sources of information that were used, or whether it also illustrates the

fact that rainfall occuring during the concomitant year cannot be considered as a good predictor

anymore when considering these longer term fluctuations.

6 Conclusions and outlook

It is a well established fact that the inter-annual variability of NDVI in the Sahel is dominated

by differences in growth of grasses and that these anomalies are well explained by annual total

rainfall, although other drivers such as the distribution of the rain over the season have also a

significant impact.

But the question of the drivers of NDVI fluctuations at longer time scales is much more open. The

share of the variance that is explained by the concomitent ≪ yearly ≫ climate (and in particular

rainfall), time-lag effects (e.g. regression of the tree cover during the dryer years, recolonisation

afterward) and other evolutions of the land-use patterns (anthropogenic drivers) is not so well

characterised, although many studies have considered this question (Seaquist et al. and references

herein).

In this preliminary work, we could characterise the spatial patterns that dominate the signal of

annual rainfall anomalies. We could also perform a trend analysis between CRU and GIMMS

NDVI and compute the correlation between the two spatial patterns. It appears that trend in CRU

are not a very good predictor of the spatial patterns of decadal trends of yearly mean and max

NDVI in NH Subsaharan Africa.
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