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❘❡♠❡r❝✐❡♠❡♥ts

▲❛ t❤ès❡ q✉❡ ✈♦✉s ✈♦✉s ❛♣♣rêt❡③ à ❧✐r❡ ❡st ❧❡ ❢r✉✐t ❞❡ tr♦✐s ❛♥s ❞❡ tr❛✈❛✐❧ ❛✐♥s✐ q✉❡
❞❡ tr♦✐s ♠♦✐s ❞❡ ré❞❛❝t✐♦♥✳ ❯♥❡ t❤ès❡ ❡st ♣❛r ❝❡rt❛✐♥s ❛s♣❡❝ts ✉♥ tr❛✈❛✐❧ s♦❧✐t❛✐r❡ q✉✐
❞❡♠❛♥❞❡ ❜❡❛✉❝♦✉♣ ❞✬é♥❡r❣✐❡✱ ✉♥❡ r❡♠✐s❡ ❡♥ q✉❡st✐♦♥ ré❣✉❧✐èr❡✱ ❞❡ ❧❛ ♣❡rsé✈ér❛♥❝❡✱
❞❡ ❧✬✐♠❛❣✐♥❛t✐♦♥ ❡t ❞❡ ❧❛ ❝ré❛t✐✈✐té✳ ▼❛✐s ❧❛ t❤ès❡ ❡st ❛✉ss✐ ✉♥ tr❛✈❛✐❧ ❝♦❧❧❛❜♦r❛t✐❢
q✉✐ ♥é❝❡ss✐t❡ ❞❡ ♣♦✉✈♦✐r ❝♦♠♣t❡r s✉r ❧❡ s♦✉t✐❡♥✱ ❧❡s ❝♦♥♥❛✐ss❛♥❝❡s ❡t ❧✬❡①♣ér✐❡♥❝❡
❞❡ ♥♦♠❜r❡✉s❡s ♣❡rs♦♥♥❡s✳ P❛r♠✐ ❝❡s ♣❡rs♦♥♥❡s✱ ❧❡ ❞✐r❡❝t❡✉r ❞❡ t❤ès❡ ❥♦✉❡ ✉♥ rô❧❡
❝❡♥tr❛❧✳ ❈❡❧✉✐✲❝✐ ❞♦✐t ❛✈♦✐r ❞❡ ♠✉❧t✐♣❧❡s q✉❛❧✐tés ❝♦♠♠❡ ❧❛ ♣é❞❛❣♦❣✐❡ ❡t ❧❛ ♣❛t✐❡♥❝❡✳
■❧ ❢❛✉t é❣❛❧❡♠❡♥t q✉✬✐❧ ❣✉✐❞❡ ❧❡ ❞♦❝t♦r❛♥t t♦✉t ❡♥ ❧✉✐ ❧❛✐ss❛♥t ❧❛ ❧✐❜❡rté ❞✬✐♥♥♦✈❡r✳
❨✈♦♥ ❛ ré✉ss✐ t♦✉t ❝❡❧❛✳ ❏✬❛✐ ❜❡❛✉❝♦✉♣ ❛♣♣ré❝✐é ❧❛ ♠❛♥✐èr❡ ❞♦♥t ✐❧ ♠✬❛ ❛✐❞é à ré❛❧✐s❡r
❝❡ tr❛✈❛✐❧ ❞❡ r❡❝❤❡r❝❤❡✳ P❛r ❛✐❧❧❡✉rs✱ ❥✬❛✐ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❛✐♠é ❞✐s❝✉t❡r ❡t é❝❤❛♥❣❡r
♠❡s ✐❞é❡s ❛✈❡❝ ❧✉✐ ❛✐♥s✐ q✉❡ ❞❡ ♣♦✉✈♦✐r ♣❛rt❛❣❡r s❡s ❝♦♥♥❛✐ss❛♥❝❡s ❞✉r❛♥t ❝❡tt❡
t❤ès❡✳ ❆♣rès ❝❡s tr♦✐s ❛♥s ❥❡ ❞♦✐s ❞✐r❡ q✉❡ ❝❡ q✉✐ ♠✬❛ ❧❡ ♣❧✉s ♠❛rq✉é ❝❤❡③ ❧✉✐ ❝✬❡st
s♦♥ ❤♦♥♥êt❡té ❡t s❛ s✐♠♣❧✐❝✐té✳ ❈✬❡st ❞♦♥❝ t♦✉t ♥❛t✉r❡❧❧❡♠❡♥t à ❧✉✐ q✉❡ s♦♥t ❛❞r❡ssés
♠❡s ♣r❡♠✐❡rs ❝❤❛❧❡✉r❡✉① r❡♠❡r❝✐❡♠❡♥ts✳

❏✬❛✐ é❣❛❧❡♠❡♥t tr❛✈❛✐❧❧é ❡♥ étr♦✐t❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❊♠♠❛♥✉❡❧ ▼♦r❡❛✉ ❧♦rs ❞❡
❝❡tt❡ t❤ès❡✳ ❏❡ ✈♦✉❞r❛✐s ❧❡ r❡♠❡r❝✐❡r ♣♦✉r ♠✬❛✈♦✐r ❢❛✐t ♣❛rt❛❣❡r s❡s ❝♦♥♥❛✐ss❛♥❝❡s
s✉r ❧❡s r❛❞❛rs✱ ❝♦♥s❡✐❧❧é s✉r ♠❡s tr❛✈❛✉① ❞❡ r❡❝❤❡r❝❤❡ ❡t ♣♦✉r ❛✈♦✐r ♣r✐s ❧❡ t❡♠♣s ❞❡
❝♦rr✐❣❡r ♠❡s ❛rt✐❝❧❡s ❡t ❝❡tt❡ t❤ès❡✳

❙é❜❛st✐❡♥ ❱❡rr✐❡r✱ ❛✈❡❝ q✉✐ ❥✬❛✐ ♣❛rt❛❣é ♠♦♥ ❜✉r❡❛✉ ♣❡♥❞❛♥t ✷ ❛♥s✱ ❛ é❣❛❧❡♠❡♥t
❝♦♥s✐❞ér❛❜❧❡♠❡♥t ✐♥✢✉❡♥❝é ❧❡ tr❛✈❛✐❧ ❞❡ ❝❡tt❡ t❤ès❡ ❡♥ ♠❡ ❢❛✐s❛♥t ❞é❝♦✉✈r✐r ❧❡ ♠♦♥❞❡
♠❡r✈❡✐❧❧❡✉① ❞❡s ♠✉❧t✐❢r❛❝t❛❧❡s ♠❛✐s ❛✉ss✐ ❡♥ ♣❛ss❛♥t ❜❡❛✉❝♦✉♣ ❞❡ t❡♠♣s à ❞✐s❝✉t❡r
❞❡ ♥♦s r❡❝❤❡r❝❤❡s r❡s♣❡❝t✐✈❡s✳

❯♥ tr❛✈❛✐❧ ❞❡ t❤ès❡ ♥✬❡st ♣❛s ❛❝❤❡✈é t❛♥t q✉✬✐❧ ♥✬❛ ♣❛s été ❧✉ ❡t ✈❛❧✐❞é ♣❛r ❞❡s ❝❤❡r✲
❝❤❡✉rs ✐♥❞é♣❡♥❞❛♥ts✳ ❈✬❡st ❧❡ rô❧❡ q✉✬♦♥t ❜✐❡♥ ✈♦✉❧✉ ♣r❡♥❞r❡ ❏❡❛♥✲❋r❛♥ç♦✐s ●❡♦r❣✐s
❡t ❏♦ë❧ ❱❛♥ ❇❛❡❧❡♥ ❡♥ r❡❧✐s❛♥t ❝❡ ♠❛♥✉s❝r✐t✳ ❏❡ s✉✐s ❝♦♥s❝✐❡♥t ❞✉ tr❛✈❛✐❧ ✐♠♣♦rt❛♥t
q✉❡ ❝❡❧❛ r❡♣rés❡♥t❡ ❡t ❥❡ ❧❡s r❡♠❡r❝✐❡ ❞♦♥❝ ❝❤❛❧❡✉r❡✉s❡♠❡♥t✳ ❈❡tt❡ t❤ès❡ ❛ é❣❛❧❡♠❡♥t
été é✈❛❧✉é❡s ♣❛r ❱ér♦♥✐q✉❡ ❉✉❝r♦❝q✱ ▲❛✉r❡♥❝❡ P✐❝♦♥ ❡t ❏❛❝q✉❡s P❛r❡♥t ❞✉ ❈❤ât❡❧❡t
q✉✐ ♠❡ ❢♦♥t ❧✬❤♦♥♥❡✉r ❞❡ ❢❛✐r❡ ♣❛rt✐❡ ❞✉ ❥✉r② ❞❡ ❝❡tt❡ t❤ès❡✳ ❆ ❝❡ ♣r♦♣♦s ❥❡ ✈♦✉❞r❛✐s
r❡♠❡r❝✐❡r ❡♥ ♣❛rt✐❝✉❧✐❡r ❏❛❝q✉❡s q✉✐ ♠✬❛ ❜❡❛✉❝♦✉♣ ❛✐❞é t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❝❡tt❡ t❤ès❡
♥♦t❛♠♠❡♥t ❡♥ ♠❡ ❢❛❝✐❧✐t❛♥t ❝❤❛q✉❡ ❢♦✐s q✉✬✐❧ ❧✬❛ ♣✉ ❧✬❛❝❝ès ❛✉① ❞♦♥♥é❡s ❞❡ ▼été♦
❋r❛♥❝❡✳ ❆ ❝❡ ♣r♦♣♦s ❥❡ r❡♠❡r❝✐❡ ❏❡❛♥✲❈❧❛✉❞❡ ❍❡✐♥r✐❝❤ ❡t ❖❧✐✈✐❡r ❈❛✉♠♦♥t q✉✐ ♠✬♦♥t
❢♦✉r♥✐ ❝❡s ❞♦♥♥é❡s✳

❈❡tt❡ t❤ès❡ ❛ é❣❛❧❡♠❡♥t été ❛❝❝♦♠♣❛❣♥é❡ ♣❛r ❧❡s ♠❡♠❜r❡s ❞❡ ♠♦♥ ❝♦♠✐té ❞❡ t❤ès❡
❞♦♥t ❛ ❢❛✐t ♣❛rt✐❡ ◆✐❝♦❧❛s ❱✐❧t❛r❞✳ ❏❡ ✈♦✉❞r❛✐s ❞♦♥❝ ❧❡ r❡♠❡r❝✐❡r ♣♦✉r s❡s ❝♦♥s❡✐❧s
❛✈✐sés ❡t ❛✉ss✐ ♣♦✉r ❛✈♦✐r ❣é♥ér❡✉s❡♠❡♥t ✜♥❛♥❝é ❧❛ ♣❧✉♣❛rt ❞❡s ❝♦♥❣rès ❛✉①q✉❡❧s
❥✬❛✐ ♣❛rt✐❝✐♣é✳ ▲✬❡♥s❡♠❜❧❡ ❞❡ ❧✬éq✉✐♣❡ ❙P❆❈❊ ❛ é❣❛❧❡♠❡♥t ♣❛rt✐❝✐♣é ❞✬✉♥❡ ♠❛♥✐èr❡
♦✉ ❞✬✉♥❡ ❛✉tr❡ à ❧❛ ré❛❧✐s❛t✐♦♥ ❞❡ ❝❡tt❡ t❤ès❡ ❡t ❥❡ ✈♦✉❞r❛✐s à ♣rés❡♥t ❡♥ r❡♠❡r❝✐❡r
❧❡s ♠❡♠❜r❡s✳ ❏❡ ❞♦✐s ❡♥ ♣❛rt✐❝✉❧✐❡r r❡♠❡r❝✐❡r ❏✉❧✐❡♥ q✉✐ ❛ t♦✉❥♦✉rs ♣r✐s ❧❡ t❡♠♣s ❞❡



❞✐s❝✉t❡r ❡t ❞❡ ♠❡ ❝♦♥s❡✐❧❧❡r ♣❡♥❞❛♥t ❝❡tt❡ t❤ès❡ ♠❛❧❣ré s♦♥ ❡♠♣❧♦✐ ❞✉ t❡♠♣s ♣❧✉s q✉❡
❝❤❛r❣é✳ ❏❡ r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t ▼❛r✐❡ ♣♦✉r ❧❡s ♣❛✉s❡s t❤é ❡t ❧❡s ❧♦♥❣✉❡s ❞✐s❝✉ss✐♦♥s
s✉r ♥♦s ❛✈❡♥✐rs r❡s♣❡❝t✐❢s ❛✐♥s✐ q✉❡ ●❛❡❧❧❡ ♣♦✉r ❧❡s ❞✐s❝✉ss✐♦♥s ❡t s❛ ❜♦♥♥❡ ❤✉♠❡✉r
❝♦♥st❛♥t❡✳ ❏❡ ♣r♦✜t❡ é❣❛❧❡♠❡♥t ❞❡ ❝❡tt❡ tr✐❜✉♥❡ ♣♦✉r r❡♠❡r❝✐❡r ▼❡r✐❡♠ q✉✐✱ ✉♥ ♠❛t✐♥
❞❡ ♠❛✐✱ ♠✬❛ é✈✐té ❞❡ ♣r❡♥❞r❡ ✉♥❡ ❢❡♥êtr❡ s✉r ❧❛ têt❡ ❡t ❈❤r✐st♦♣❤❡ q✉✐ ♠✬❛ ❛❝❝✉❡✐❧❧✐
❞❛♥s ♠♦♥ ♥♦✉✈❡❛✉ ❜✉r❡❛✉ ❡t ♠✬❛ ❢❛✐t ♣r♦✜t❡r ❞❡ s❡s ❝♦♥♥❛✐ss❛♥❝❡s ✐♥❢♦r♠❛t✐q✉❡s✳ ❏❡
r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t ❆②♠❡r✐❝ ♣♦✉r s❛ ❣é♥ér♦s✐té ❡t s❛ ❝✉r✐♦s✐té✱ ❈❤r✐st♦♣❤❡ q✉✐ ♠✬❛
❣❡♥t✐❧❧❡♠❡♥t ❛✐❞é à ♣ré♣❛r❡r ❧❡s ét✉❞✐❛♥ts ❛✉ ❝♦♥❝♦✉rs ❞❡ ▼été♦ ❋r❛♥❝❡✱ ❙♦♣❤✐❡ à
q✉✐ ❥❡ ❞♦✐s ❧❡s s✐♠✉❧❛t✐♦♥s ✉t✐❧✐sé❡s ❞❛♥s ❧❡ ✺è♠❡ ❝❤❛♣✐tr❡ ❞❡ ❝❡tt❡ t❤ès❡ ❡t ▼❛r❥♦❧❛✐♥❡
q✉✐ ♠✬❛ ♣❡r♠✐s ❞❡ ♣❛rt✐❝✐♣❡r ❛✉ ✼è♠❡ ✇♦r❦s❤♦♣ ❍②▼❡❳✳ ❏❡ ♥✬♦✉❜❧✐❡ ♣❛s é❣❛❧❡♠❡♥t
❞❡ r❡♠❡r❝✐❡r ❆✉❞r❡②✱ ◆❛✇❛❧✱ ▲❛✉r❡♥t✱ ❈é❝✐❧❡✱ ❍é❧è♥❡✱ ❆♥t❤♦♥②✱ ❘❛♠s❡s ❡t ❝❡✉① q✉✐
s♦♥t ❞é❥à ♣❛rt✐s ❞❡ ❧✬éq✉✐♣❡ ✿ ❈✐♥❞②✱ ❙❛r❛❤✱ ▲✉❝❛s✱ ❙❛♥❞r✐♥❡✱ ▼✐❝❤❡❧ ❡t ❋r❛♥❝✐s✳ ❏❡
✈❡✉① ❛✉ss✐ à r❡♠❡r❝✐❡r ●❡♦r❣❡ ❙❝✐❛❧♦♠ q✉✐ ❛ r❡❧✉ ♠❡s ❛rt✐❝❧❡s ❡t ❙♦♣❤✐❡ ❈❧♦❝❤é✳ ❏❡
t✐❡♥s ❛✉ss✐ à s♦✉❤❛✐t❡r ❜♦♥♥❡ ❝❤❛♥❝❡ ❞❛♥s ❧✬❛✈❡♥t✉r❡ q✉✬❡st ❧❛ t❤ès❡ ❛✉① ♥♦✉✈❡❛✉①
❞♦❝t♦r❛♥ts ❞❡ ❧✬éq✉✐♣❡ ✿ ❘✉❜❜❡♥✱ ❚❤♦♠❛s ❡t ❋r❛♥ç♦✐s✳

P❡♥❞❛♥t ❝❡s tr♦✐s ❛♥♥é❡s ❥✬❛✐ ❡✉ ❧❡ ♣❧❛✐s✐r ❞✬❡♥❝❛❞r❡r tr♦✐s s✉♣❡rs st❛❣✐❛✐r❡s q✉❡
❥✬❡s♣èr❡ ♥❡ ♣❛s ❛✈♦✐r tr♦♣ ❢❛✐t s♦✉✛r✐r ✿ ❆❧❛♥✱ ◆❛♥❝② ❡t ❖❧✐✈✐❡r✳

❏❡ ✈♦✉❞r❛✐s é❣❛❧❡♠❡♥t ❛❞r❡ss❡r ♠❡s r❡♠❡r❝✐❡♠❡♥ts à ❧❛ s♦❝✐été ◆♦✈✐♠❡t q✉✐ ❞é✲
✈❡❧♦♣♣❡ ❛✉❥♦✉r❞✬❤✉✐ ❧❡ r❛❞❛r ❍②❞r✐① ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r à ❊r✇❛♥ q✉✐ ♠✬❛ ❛✐❞é ♣♦✉r
♣❧✉s✐❡✉rs ❞ét❛✐❧s t❡❝❤♥✐q✉❡s s✉r ❧❛ ♣❛rt✐❡ r❛❞❛r✳ ❏❡ ❞♦✐s é❣❛❧❡♠❡♥t ✐❝✐ r❡♠❡r❝✐❡r ♣❧✉s
❧❛r❣❡♠❡♥t ❧❡ ❧❛❜♦r❛t♦✐r❡ ❞✉ ▲❆❚▼❖❙ ❡t s❛ ❞✐r❡❝tr✐❝❡ ❉❛♥✐è❧❡ ❍❛✉s❡r q✉✐ ♠✬❛ ❛❝✲
❝✉❡✐❧❧✐ ❡t ♠✬❛ ♣❡r♠✐s ❞❡ ♣r♦❧♦♥❣❡r ❞❡ q✉❡❧q✉❡s ♠♦✐s ♠♦♥ ❝♦♥tr❛t ✐❝✐ ♣♦✉r ✜♥✐r s❡r❡✐✲
♥❡♠❡♥t ❝❡ tr❛✈❛✐❧✳ ❏❡ ✈♦✉❞r❛✐s é❣❛❧❡♠❡♥t r❡♠❡r❝✐❡r ❧❡s ♠❡♠❜r❡s ❞❡ ❧✬éq✉✐♣❡ P✐❝❛r❞
❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ▼♦♠❛r✱ ▼❛①✐♠❡✱ ▼❛r❝ ❡t ▼✐❝❦❛❡❧ ❛✐♥s✐ q✉❡ ❧✬éq✉✐♣❡ ❞❡ ❢♦♦t ❞✉ ❧❛✲
❜♦r❛t♦✐r❡ ❛✈❡❝ ◆✐❝♦❧❛s✱ ●❛❡t❛♥✱ ❖❧✐✈✐❡r✱ ❘❛✜❦ ❡t ❙❛♠✉❡❧✳ ■❧ ♠❡ ❢❛✉t ❛✉ss✐ r❡♠❡r❝✐❡r
❇r✐❣✐tt❡ ▼♦r❡❛✉ ❛✐♥s✐ q✉❡ ❈é❝✐❧❡ ❚❛❦❛❝s ❡t ❈❛r♦❧✐♥❡ ●✉❡r✐♥ ♣♦✉r ❧❡s ♣❛✉s❡s ❝❛❢é à
❧❛ ❜✐❜❧✐♦t❤èq✉❡✳ ❏❡ r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t ❋❛r✐❞❛ ▼❛③♦✉③ ♣♦✉r s❡s ❝♦♥s❡✐❧s ❛✈✐sés t♦✉t
❝♦♠♠❡ ❧❡ s❡r✈✐❝❡ ❛❞♠✐♥✐str❛t✐❢ ❞✉ ❧❛❜♦r❛t♦✐r❡ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ◆♦✉r✐❛ ❉❡r♦✉✐❝❤❡ q✉✐
❛ t♦✉❥♦✉rs ♣r✐s ❧❡ t❡♠♣s ♣♦✉r ♠❡s ♠✐ss✐♦♥s ✉r❣❡♥t❡s ♠ê♠❡ q✉❛♥❞ ❡❧❧❡ ❛✈❛✐t ❞é❥à ✉♥❡
t♦♥♥❡ ❞❡ tr❛✈❛✐❧ à ❢❛✐r❡✳ ❏❡ ✈♦✉❞r❛✐s ❛✉ss✐ r❡♠❡r❝✐❡r ❏❛❝q✉❡s ▲❡❢rèr❡ ❛✈❡❝ q✉✐ ❥✬❛✐
❞♦♥♥é ❞❡s ❡♥s❡✐❣♥❡♠❡♥ts ❡t q✉✐ ❡st ✉♥❡ ♠✐♥❡ ❞✬✐♥❢♦r♠❛t✐♦♥ s✉r ▲✐♥✉①✱ ▲❆❚❊❳❡t ❧❡
❋♦rtr❛♥✳ ❏❡ ✈♦✉❞r❛✐s ❛✉ss✐ r❡♠❡r❝✐❡r ❧✬éq✉✐♣❡ r❛❞❛r ❞✉ ▲❆❚▼❖❙ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r
❈❤r✐st♦♣❤❡ ❈❛✉❞♦✉① ❛✈❡❝ q✉✐ ❥✬❛✐ ♣❛ssé ✉♥❡ s❡♠❛✐♥❡ ♠é♠♦r❛❜❧❡ à ❧❛ ●r❛♥❞❡✲▼♦tt❡✳
❊♥✜♥ ❥❡ ❞♦✐s r❡♠❡r❝✐❡r ❙é❜❛st✐❡♥ ❘✉♦❝❝♦ ♣♦✉r ❧❡s ❞✐s❝✉ss✐♦♥s ❞✉r❛♥t ❝❡s tr♦✐s ❛♥♥é❡s
❞❛♥s ❧❡ tr❛✐♥ ❡♥tr❡ ❙❛✐♥t✲◗✉❡♥t✐♥ ❡t ▼♦♥t♣❛r♥❛ss❡✳

❈❡tt❡ t❤ès❡ ❛ été é❣❛❧❡♠❡♥t ❧✬♦❜❥❡t ❞❡ ♣❧✉s✐❡✉rs ❝♦❧❧❛❜♦r❛t✐♦♥s ❡♥ ❞❡❤♦rs ❞✉
▲❆❚▼❖❙ ❡t ❥❡ r❡t✐❡♥❞r❛✐s ♣❧✉s ❡♥ ♣❛rt✐❝✉❧✐❡r ❝❡❧❧❡ s✉r ❧✬❆♥t❛r❝t✐q✉❡ ❛✈❡❝ ❆❧❛✐♥
▲❛❤❡❧❧❡❝ ❞✉ ▲▼❉ q✉❡ ❥❡ ✈❡✉① ❝❤❛❧❡✉r❡✉s❡♠❡♥t r❡♠❡r❝✐❡r ♣♦✉r ❛✈♦✐r ♣❛ssé ✉♥ ♥♦♠❜r❡
❞✬❤❡✉r❡ ❝♦♥s✐❞ér❛❜❧❡ ♣♦✉r ♠✬❛✐❞❡r à é❝r✐r❡ ❧✬❛rt✐❝❧❡ s✉r ❧❛ ❝♦✉❝❤❡ ❧✐♠✐t❡ ❛♥t❛r❝t✐q✉❡
❡t ♣♦✉r s❛ ❣❡♥t✐❧❧❡ss❡ ❡t s❛ ♣❛t✐❡♥❝❡✳

❊♥✜♥✱ ❥❡ ✈❡✉① r❡♠❡r❝✐❡r ♠❡s ❛♠✐s ❡t ❢❛♠✐❧❧❡ ♣♦✉r ❧❡✉r ❛✐❞❡ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ♠❡s
♣❛r❡♥ts q✉✐ ♦♥t r❡❧✉ ❝❡ ♠❛♥✉s❝r✐t ❛tt❡♥t✐✈❡♠❡♥t ❛✐♥s✐ q✉❡ ❇é♥é❞✐❝t❡✱ ❘é♠② ❡t ❈é❧✐♥❡
s❛♥s q✉✐ ❥❡ ♥✬❛✉r❛✐s ❥❛♠❛✐s ♣✉ ré❛❧✐s❡r t♦✉t ❝❡❧❛✳

❊♥✜♥ ❥❡ r❡♠❡r❝✐❡ t♦✉t ❝❡✉① q✉❡ ❥❡ ♥✬❛✐ ♣❛s ❡♥❝♦r❡ ♥♦♠♠é ✭❡t ✐❧s s♦♥t très ♥♦♠✲
❜r❡✉①✮ q✉✐ ♦♥t ♣❛rt✐❝✐♣é ❞❡ ♣rès ♦✉ ❞❡ ❧♦✐♥ à ❝❡s tr♦✐s ❛♥♥é❡s ❞❡ t❤ès❡✳



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

■♥tr♦❞✉❝t✐♦♥ ✶

✶ ▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡ ✼
✶✳✶ ❍✐st♦✐r❡ ❡t ❣é♦❣r❛♣❤✐❡ ❞❡ ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼
✶✳✷ ▲❡ ❝❧✐♠❛t ♠é❞✐t❡rr❛♥é❡♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶
✶✳✸ ▲❡s ❝❧✐♠❛t♦❧♦❣✐❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷
✶✳✹ ▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺
✶✳✺ ▲❛ ❝❛♠♣❛❣♥❡ ❞❡ ♠❡s✉r❡ ❍②▼❡❳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶
✶✳✻ ▲❡ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡ ❡t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✷ ▲❡ r❛❞❛r ❍②❞r✐① ✸✼
✷✳✶ Pr✐♥❝✐♣❡ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼
✷✳✷ ▼❡s✉r❡ ❞❡ ❧❛ ♣❧✉✐❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶
✷✳✸ ▼❡s✉r❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❉♦♣♣❧❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼
✷✳✹ ❈❛r❛❝tér✐st✐q✉❡s t❡❝❤♥✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾
✷✳✺ ❊✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶
✷✳✻ ❆✉tr❡s ❧✐♠✐t❛t✐♦♥s ❞❡ ❧❛ ♠❡s✉r❡ ♣❛r r❛❞❛r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✸ ❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡ ✻✸
■♥tr♦❞✉❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸
✸✳✶ ❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺
✸✳✷ ❉é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻
✸✳✸ ❈❛r❛❝tér✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s ❢r❛♥ç❛✐s❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✽
❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽
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❙②♥t❤ès❡ ❡t P❡rs♣❡❝t✐✈❡s ✶✼✸

❇✐❜❧✐♦❣r❛♣❤✐❡ ✶✽✶

❆♥♥❡①❡ ✶✾✾
❆✳✶✳ ❙♣❛t✐❛❧ ❛♥❞ t❡♠♣♦r❛❧ ✈❛r✐❛❜✐❧✐t② ♦❢ r❛✐♥❢❛❧❧ ✐♥ t❤❡ ❆❧♣s✲▼❡❞✐t❡rr❛♥❡❛♥
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❆✳✷✳ ❙♣❛❝❡✲t✐♠❡ ✈❛r✐❛❜✐❧✐t② ♦❢ t❤❡ r❛✐♥❢❛❧❧ ♦✈❡r t❤❡ ✇❡st❡r♥ ▼❡❞✐t❡rr❛♥❡❛♥
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■♥tr♦❞✉❝t✐♦♥

▲
❛ ♣❧✉✐❡ ❡st ✐♠♣❛❝té❡ ♣❛r ❞❡s ♣r♦❝❡ss✉s ❝♦✉✈r❛♥t ✉♥❡ ❣❛♠♠❡ ❞✬é❝❤❡❧❧❡s ❝♦♥s✐✲
❞ér❛❜❧❡ ❞❡ ❧❛ ♠✐❝r♦♣❤②s✐q✉❡ ♥✉❛❣❡✉s❡ ❥✉sq✉✬❛✉① ♦♥❞❡s ♣❧❛♥ét❛✐r❡s✳ ❆ ❧✬é❝❤❡❧❧❡

♠✐❝r♦♣❤②s✐q✉❡ ✭♠✐❝r♦♠étr✐q✉❡ à ❝❡♥t✐♠étr✐q✉❡✮✱ ❧❛ ♣❧✉✐❡ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ❞❡s
♣r♦❝❡ss✉s ❝♦♠♣❧❡①❡s ❞❡ ❝♦❛❧❡s❝❡♥❝❡✱ ❝♦❧❧✐s✐♦♥✱ ❜r❡❛❦✉♣ ♦✉ ❞❡ ❝❤❛♥❣❡♠❡♥ts ❞❡ ♣❤❛s❡✳
❈❡s ♣r♦❝❡ss✉s s❡ ❞é✈❡❧♦♣♣❡♥t ❛✉ s❡✐♥ ❞❡ ♥✉❛❣❡s ❝♦♥✈❡❝t✐❢s ♦ù ❞❡s ♠♦✉✈❡♠❡♥ts ❞✬❛s✲
❝❡♥❞❛♥❝❡ ♦✉ s✉❜s✐❞❡♥❝❡ ❞❡s ♠❛ss❡s ❞✬❛✐r s❡ ♣r♦❞✉✐s❡♥t✳ ▲❡s ♥✉❛❣❡s ❝♦♥✈❡❝t✐❢s ♥❡
❝♦✉✈r❡♥t q✉✬✉♥❡ s✉r❢❛❝❡ ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ❦✐❧♦♠ètr❡s ❝❛rrés ♠❛✐s ♣❡✉✈❡♥t
s✬♦r❣❛♥✐s❡r à ❧❛ ♠és♦✲é❝❤❡❧❧❡ ♣♦✉r ❢♦r♠❡r ❞❡s str✉❝t✉r❡s ♣❧✉s ❝♦♠♣❧❡①❡s t❡❧❧❡s ❧❡s
❧✐❣♥❡s ❞❡ ❣r❛✐♥s✳ ❈❡s str✉❝t✉r❡s s✬ét❡♥❞❡♥t ❛✐♥s✐ ♣❛r❢♦✐s s✉r ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞❡
❦✐❧♦♠ètr❡s ❡t ♣r♦❞✉✐s❡♥t ❞❡s ♣❧✉✐❡s très ✐♥t❡♥s❡s✳ ❉✬❛✉tr❡s ♣r♦❝❡ss✉s s❡ ❞é✈❡❧♦♣♣❡♥t à
❧❛ ♠és♦✲é❝❤❡❧❧❡ t❡❧s ❧❡s ❢r♦♥ts ❛t♠♦s♣❤ér✐q✉❡s✳ ❈❡s ❞❡r♥✐❡rs s❡ ♣rés❡♥t❡♥t s♦✉s ❢♦r♠❡
❞❡ ❞é♣❧❛❝❡♠❡♥ts ❞❡ ♠❛ss❡s ❞✬❛✐r ❝❤❛✉❞ ♦✉ ❢r♦✐❞ ❡t ❞❡ s♦✉❧è✈❡♠❡♥ts r❡s♣♦♥s❛❜❧❡s
❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s✳ ❈❡s ❢r♦♥ts ❢♦♥t ❡♥ ré❛❧✐té ♣❛rt✐❡ ❞✬❡♥s❡♠❜❧❡s ❞❡
♣❧✉s ❣r❛♥❞❡ é❝❤❡❧❧❡ ✭é❝❤❡❧❧❡ s②♥♦♣t✐q✉❡✮ q✉✬♦♥ ❛♣♣❡❧❧❡ ❧❡s ❝②❝❧♦♥❡s ❞❡s ♠♦②❡♥♥❡s
❧❛t✐t✉❞❡s✳ ❈❡s ✈❛st❡s ③♦♥❡s ❞é♣r❡ss✐♦♥♥❛✐r❡s s♦♥t à ❧✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❡s
♠♦②❡♥♥❡s ❧❛t✐t✉❞❡s✳ ❈❡s ❞é♣r❡ss✐♦♥s s❡ ❢♦r♠❡♥t ❛✉ s❡✐♥ ❞❡ str✉❝t✉r❡s ♣❧❛♥ét❛✐r❡s
❛♣♣❡❧é❡s ❧❡s ♦♥❞❡s ❞❡ ❘♦ss❜② ❧❡sq✉❡❧❧❡s s❡ ♣rés❡♥t❡♥t s♦✉s ❧❛ ❢♦r♠❡ ❞❡ s✉❝❝❡ss✐♦♥s
❞✬❛♥t✐❝②❝❧♦♥❡s ❡t ❞❡ ❞é♣r❡ss✐♦♥s ré♣❛rt✐s ❛✉t♦✉r ❞❡ ❧❛ ♣❧❛♥èt❡✳

▲❛ ♣❧✉✐❡ ❡st ♣❛r ❛✐❧❧❡✉rs ✉♥❡ ❞❡s ❝♦♠♣♦s❛♥t❡s ♠❛❥❡✉r❡s ❞✉ ❝②❝❧❡ ❞❡ ❧✬❡❛✉✳ ▲❛
♣❛rt✐❡ ❛t♠♦s♣❤ér✐q✉❡ ❞✉ ❝②❝❧❡ ❞❡ ❧✬❡❛✉ ❞é❜✉t❡ ♣❛r ❧✬é✈❛♣♦r❛t✐♦♥ ❞❡ ❧✬❡❛✉ ♣r♦✈❡♥❛♥t
❞❡s ♦❝é❛♥s✱ ❞❡s ❧❛❝s ♦✉ ❞❡ ❧❛ ✈é❣ét❛t✐♦♥ ✭❛♣♣❡❧é❡ ❛❧♦rs é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥✮ ❡t s❡
t❡r♠✐♥❡ ♣❛r ❧❛ ❝❤✉t❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✉ s♦❧✳ ❊♥tr❡ t❡♠♣s✱ ❧❛ ✈❛♣❡✉r ❞✬❡❛✉ ♣❡✉t
♣❛r❝♦✉r✐r ❞❡s ♠✐❧❧✐❡rs ❞❡ ❦✐❧♦♠ètr❡s✱ tr❛♥s♣♦rté❡ ❛✉ ❣ré ❞❡s ❞é♣❧❛❝❡♠❡♥ts ❞❡s ♠❛ss❡s
❞✬❛✐r✳ ▲❡ t❡♠♣s ❞❡ s✉s♣❡♥s✐♦♥ ♠♦②❡♥ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞✬❡❛✉ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡ ❡st
❞✬❡♥✈✐r♦♥ ❤✉✐t ❥♦✉rs ✭❝✬❡st✲à✲❞✐r❡ ❧❡ t❡♠♣s ❡♥tr❡ s♦♥ é✈❛♣♦r❛t✐♦♥ ❡t s❛ ❝❤✉t❡ s✉r t❡rr❡
♦✉ ♠❡r✮✳ ▲❛ q✉❛♥t✐té ❞❡ ✈❛♣❡✉r ❞✬❡❛✉ ❝♦♥t❡♥✉❡ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡ ❡st ♣❛r ❛✐❧❧❡✉rs
❝♦❧♦ss❛❧❡ ♣✉✐sq✉❡ ❝❤❛q✉❡ ❛♥♥é❡ ❝❡ s♦♥t ♣rès ❞❡ 700 000 km3 ❞✬❡❛✉ q✉✐ s✬é✈❛♣♦r❡♥t
✭s♦✐t ❧✬éq✉✐✈❛❧❡♥t ❞❡ ✷✽✵ ♠✐❧❧✐❛r❞s ❞❡ ♣✐s❝✐♥❡s ♦❧②♠♣✐q✉❡s✮✳ ❈❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉ s♦♥t
tr❛♥s♣♦rté❡s ♣❛r ❧❡s ❝♦✉r❛♥ts ❛t♠♦s♣❤ér✐q✉❡s ♣❡♥❞❛♥t ❧❡✉r ✈♦②❛❣❡ ❞❛♥s ❧❛ tr♦♣♦✲
s♣❤èr❡ t❡rr❡str❡ ❝❡ q✉✐ ♣❡✉t ❧❡s ❛♠❡♥❡r à ❝❤❛♥❣❡r ❞❡ ♣❤❛s❡ à ♣❧✉s✐❡✉rs r❡♣r✐s❡s✳ P✉✐s
✉♥ ❥♦✉r✱ ❧❡s ❝♦♥❞✐t✐♦♥s s❡ ré✉♥✐ss❡♥t ♣♦✉r q✉❡ ❧❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉ ❝♦♥❞❡♥s❡♥t ❡t q✉❡
❧❡s ❣♦✉tt❡s ❞✬❡❛✉ ❝réé❡s ❛❝q✉✐èr❡♥t ✉♥❡ ♠❛ss❡ s✉✣s❛♥t❡ ♣♦✉r r❡t♦♠❜❡r s✉r t❡rr❡ ♦✉
s✉r ♠❡r ❡♥ ❛tt❡♥❞❛♥t ❞✬❡♥t❛♠❡r ✉♥ ♥♦✉✈❡❛✉ ✈♦②❛❣❡✳

▲❡ ❝②❝❧❡ ❞❡ ❧✬❡❛✉ ❡st ✉♥ ♣❤é♥♦♠è♥❡ ❝♦♠♣❧❡①❡ ❡t s❡♥s✐❜❧❡ q✉✐ ♣♦✉rr❛✐t êtr❡ ❛❢✲
❢❡❝té ❢♦rt❡♠❡♥t ♣❛r ❧❡ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡✳ ❊♥ ❡✛❡t✱ ❧❡ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡
♣♦✉rr❛✐t ♠♦❞✐✜❡r ❡♥ ♣r♦❢♦♥❞❡✉r ❧❛ ré♣❛rt✐t✐♦♥ ❞❡s ♣❧✉✐❡s ❡♥ r❡♥❞❛♥t ❝❡rt❛✐♥❡s ③♦♥❡s
❞❡ ❧❛ ♣❧❛♥èt❡ ♣❧✉s sè❝❤❡s ❡t ❞✬❛✉tr❡s ♣❧✉s ❤✉♠✐❞❡s✳ ▲✬❡✛❡t ❞❡ ❝❡ ❝❤❛♥❣❡♠❡♥t s❡ ❢❛✐t
❞✬❛✐❧❧❡✉rs ❞é❥à ❛✉❥♦✉r❞✬❤✉✐ s❡♥t✐r ♣✉✐sq✉✬❛✉ ♥✐✈❡❛✉ ♠♦♥❞✐❛❧ ❧❛ ❞é❝❡♥♥✐❡ ✷✵✵✶✲✷✵✶✵ ❛



■♥tr♦❞✉❝t✐♦♥

été ❧❛ ❞❡✉①✐è♠❡ ❞é❝❡♥♥✐❡ ❧❛ ♣❧✉s ♣❧✉✈✐❡✉s❡ ❞❡♣✉✐s ♣❧✉s ❞✬✉♥ s✐è❝❧❡ ✭❞✬❛♣rès ❧✬♦r❣❛♥✐✲
s❛t✐♦♥ ♠♦♥❞✐❛❧❡ ❞❡ ❧❛ ♠été♦r♦❧♦❣✐❡ ✭✷✵✶✸✮✮✳ P❧✉s ✐♥q✉✐ét❛♥t✱ ❧❛ ♣❧✉♣❛rt ❞❡s r❡❝♦r❞s
♠♦♥❞✐❛✉① ❞❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣❧✉✐❡ ♦♥t été ❜❛tt✉s ❞❛♥s ❧❡s ❞❡✉① ❞❡r♥✐èr❡s ❞é✲
❝❡♥♥✐❡s✳ ❊♥ ♦✉tr❡✱ ❧✬❛♥t✐❝✐♣❛t✐♦♥ ❞❡s ❝♦♥séq✉❡♥❝❡s ❞❡s s✐t✉❛t✐♦♥s ❞✬é✈é♥❡♠❡♥ts ❞❡
♣ré❝✐♣✐t❛t✐♦♥s ❡①trê♠❡s✱ ✐♠♣♦s❡ ❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧❡ ❝❧✐♠❛t ré❣✐♦♥❛❧✳

▲❛ ♣❧✉✐❡ ❡st ✉♥❡ ✈❛r✐❛❜❧❡ ✐♥é❣❛❧❡♠❡♥t ré♣❛rt✐❡ s✉r ❧❛ ♣❧❛♥èt❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱
❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ ③♦♥❡ r❡❧❛t✐✈❡♠❡♥t ❤✉♠✐❞❡ ❛✉
♥♦r❞ ❡t ✉♥❡ ③♦♥❡ très sè❝❤❡ ❛✉ s✉❞✳ ❆ ❧✬é❝❤❡❧❧❡ ♣❧✉s ❧♦❝❛❧❡✱ ❧❛ ♣❧✉✐❡ ♣❡✉t ❛✈♦✐r ✉♥
❝♦♠♣♦rt❡♠❡♥t très ✈❛r✐❛❜❧❡ ❡♥ t❡r♠❡ ❞✬✐♥t❡♥s✐té ❡t ❞✬♦❝❝✉rr❡♥❝❡ ❡♥ r❛✐s♦♥ ❞❡ ♣❛rt✐✲
❝✉❧❛r✐tés ♠été♦r♦❧♦❣✐q✉❡s ❡t ❣é♦❣r❛♣❤✐q✉❡s ✭✐♥t❡r❢❛❝❡ t❡rr❡✲♠❡r✱ ③♦♥❡ ♠♦♥t❛❣♥❡✉s❡✮✳
❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ♥♦✉s ❛✈♦♥s ét✉❞✐é ❝❡tt❡ ✈❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡
❞❡ ❧❛ ♣❧✉✐❡ ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳ ❈❡tt❡ ré❣✐♦♥ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r
❞✬✐♠♣♦rt❛♥ts ❝♦♥tr❛st❡s t♦♣♦❣r❛♣❤✐q✉❡s q✉✐ ✐♠♣❛❝t❡♥t ❢♦rt❡♠❡♥t ❧❛ ❞✐str✐❜✉t✐♦♥ ❡t
❧✬✐♥t❡♥s✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ❆✜♥ ❞❡ ♠❡♥❡r à ❜✐❡♥ ❝❡tt❡ ét✉❞❡✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé
❧❡s ❞♦♥♥é❡s ❞✉ r❛❞❛r ❍②❞r✐① q✉✐ ❡st ✐♥st❛❧❧é s✉r ❧❡ ▼♦♥t ❱✐❛❧ ✭◆✐❝❡✱ ❋r❛♥❝❡✮ ❞❡♣✉✐s
✷✵✵✼✳ ❈❡ tr❛✈❛✐❧ s✬❡st ♣❛r ❛✐❧❧❡✉rs ré❛❧✐sé ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ ♣❤❛s❡ ♣ré♣❛r❛t♦✐r❡ ❡t ❞❡
❧❛ ♣❤❛s❡ ❡①♣ér✐♠❡♥t❛❧❡ ❞✉ ♣r♦❥❡t ❍②▼❡❳✳

▲❡ tr❛✈❛✐❧ ❞❡ ❝❡tt❡ t❤ès❡ ❛ été ♠❡♥é ❞❡ ♠❛♥✐èr❡ à ré♣♦♥❞r❡ à ♣❧✉s✐❡✉rs ♣r♦❜❧é♠❛✲
t✐q✉❡s s❝✐❡♥t✐✜q✉❡s✳ ▲❡s q✉❡st✐♦♥s s❝✐❡♥t✐✜q✉❡s ♦✉ ❝♦♥st❛ts q✉✐ ♦♥t ❣✉✐❞é ❝❡ tr❛✈❛✐❧
❞❡ t❤ès❡ s♦♥t ❧❡s s✉✐✈❛♥ts ✿

• ▲❛ ✈❛r✐❛❜✐❧✐té ✜♥❡ é❝❤❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧❡s ré❣✐♦♥s ♠♦♥t❛❣♥❡✉s❡s ❡st
♠❛❧ ❝♦♥♥✉❡✳ ❊♥ ❡✛❡t✱ ❧❡ rés❡❛✉ ❞❡ ♣❧✉✈✐♦♠ètr❡s ❞❛♥s ❧❡s ③♦♥❡s ❞❡ r❡❧✐❡❢ ❛❝❝✐✲
❞❡♥té✱ ❡st ♣❡✉ ❞❡♥s❡ ❡t ❝♦ût❡✉① à ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ❡t à ❡♥tr❡t❡♥✐r t❛♥❞✐s q✉❡ ❧❛
♠❡s✉r❡ r❛❞❛r ② ❡st ❞✐✣❝✐❧❡ ♥♦t❛♠♠❡♥t ❡♥ r❛✐s♦♥ ❞❡s é❝❤♦s ❞❡ s♦❧ q✉✐ ♣❡rt✉r❜❡♥t
❧❡ s✐❣♥❛❧✳ P♦✉rt❛♥t✱ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ♠♦♥t❛❣♥❡ ♣❡✉✈❡♥t ❝♦♥❞✉✐r❡ ❛✉① ❝r✉❡s
❞❛♥s ❧❡s ♣❧❛✐♥❡s ❡t ❥♦✉❡♥t ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❝②❝❧❡ ❤②❞r♦❧♦❣✐q✉❡✳ ❆✐♥s✐✱
✐❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♠✐❡✉① ❞♦❝✉♠❡♥t❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✈❡❝
✉♥❡ ✜♥❡ rés♦❧✉t✐♦♥ ❞❛♥s ❝❡s ré❣✐♦♥s ♣rés❡♥t❛♥t ❞❡s str✉❝t✉r❡s ♦r♦❣r❛♣❤✐q✉❡s
❞❡ ♣❡t✐t❡ é❝❤❡❧❧❡✳

• ▲❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✉✲❞❡ss✉s ❞❡ ❧❛ ♠❡r ♦✉ ❞❡ ❧✬♦❝é❛♥ ❡st
é❣❛❧❡♠❡♥t ♠❛❧ ❝♦♥♥✉✳ ▲❡s s❡✉❧❡s ♦❜s❡r✈❛t✐♦♥s ♣r♦✈✐❡♥♥❡♥t ❞❡s s❛t❡❧❧✐t❡s q✉✐
♣♦ssè❞❡♥t ✉♥❡ rés♦❧✉t✐♦♥ très ❣r♦ss✐èr❡✳ ❆✐♥s✐✱ ❞❡ ♥♦♠❜r❡✉s❡s q✉❡st✐♦♥s ✐♠✲
♣♦rt❛♥t❡s s♦♥t ❛✉❥♦✉r❞✬❤✉✐ s❛♥s ré♣♦♥s❡ ✿ ◗✉❡❧ ❡st ❧❡ rô❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
♠❛r✐t✐♠❡s ❞❛♥s ❧❡ ❝②❝❧❡ ❤②❞r♦❧♦❣✐q✉❡ ❄ ◗✉❡❧❧❡ ❡st ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡ ❝❡s ♣ré❝✐♣✐✲
t❛t✐♦♥s à ❧✬é❝❤❡❧❧❡ ❞✐✉r♥❡✱ s❛✐s♦♥♥✐èr❡ ❡t ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❄ ❖♥ s❛✐t é❣❛❧❡♠❡♥t q✉❡
❧❛ t❡♠♣ér❛t✉r❡ ❞❡ s✉r❢❛❝❡ ❥♦✉❡ ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s
❝②❝❧♦♥❡s ♠é❞✐t❡rr❛♥é❡♥s ✭▼❡❞✐❝❛♥❡✮✳ ❊st ❝❡ q✉❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✉✲❞❡ss✉s ❞❡
❧❛ ♠❡r ❢❛✈♦r✐s❡♥t ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ❝②❝❧♦♥❡s ❡①tr❛✲tr♦♣✐❝❛✉① ❡♥ ♠♦❞✐✜❛♥t ❧❛ t❡♠✲
♣ér❛t✉r❡ ❞❡ s✉r❢❛❝❡ ❄ P❧✉s ❝♦♥❝rèt❡♠❡♥t✱ ✐❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♣♦✉✈♦✐r ❞é❝r✐r❡
❧❡ ❝♦♠♣♦rt❡♠❡♥t ✜♥❡ é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡ s✉r ❧❛ ♠❡r ❝❛r ❧❡s ♠♦❞è❧❡s ♠❛♥q✉❡♥t
❛✉❥♦✉r❞✬❤✉✐ ❞✬♦❜s❡r✈❛t✐♦♥s ♣♦✉r ♣♦✉✈♦✐r êtr❡ ✈❛❧✐❞és✳

• ▲❡ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡ ♣♦✉rr❛✐t ❝♦♥❞✉✐r❡ à ✉♥ ❝❤❛♥❣❡♠❡♥t r❛❞✐❝❛❧ ❞❡s ❝❛✲
r❛❝tér✐st✐q✉❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✈❡❝ ♥♦t❛♠♠❡♥t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❡①✲
trê♠❡s ♣❧✉✈✐♦♠étr✐q✉❡s ✭❆❧♣❡rt ❡t ❛❧✳✱ ✷✵✵✷✮✳ ❚♦✉t❡❢♦✐s✱ ♣♦✉r ♦❜s❡r✈❡r ❞❡s t❡♥✲

✷ ■♥tr♦❞✉❝t✐♦♥
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❞❛♥❝❡s ❝❧✐♠❛t✐q✉❡s ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❝♦♥st✐t✉❡r ✉♥❡ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❞❡ ❧♦♥❣✉❡
❞✉ré❡ ✭❝✬❡st✲à✲❞✐r❡ ❞❡ ♣❧✉s✐❡✉rs ❛♥♥é❡s✮ ❡t ❤♦♠♦❣è♥❡✳ ▲✬❤♦♠♦❣é♥é✐té ❞✬✉♥❡ ❜❛s❡
❞❡ ❞♦♥♥é❡s ❡st très ✐♠♣♦rt❛♥t❡ ♠❛✐s ❞✐✣❝✐❧❡ à ♠❡ttr❡ ❡♥ ÷✉✈r❡ ❡♥ ♣r❛t✐q✉❡✳ ❊♥
❡✛❡t ❧❡s ✐♥str✉♠❡♥ts ❞❡ ♠❡s✉r❡s ♣❡✉✈❡♥t s❡ ❞éré❣❧❡r✱ t♦♠❜❡r ❡♥ ♣❛♥♥❡ ♦✉ é✈♦✲
❧✉❡r ❛✈❡❝ ❧❡ t❡♠♣s✳ ❉❡ ♣❧✉s✱ ❧❡s ♠ét❤♦❞❡s ❞✬ét❛❧♦♥♥❛❣❡ ♦✉ ❞✬❡♥tr❡t✐❡♥ ♣❡✉✈❡♥t
s❡ ♠♦❞✐✜❡r✳ ▼❛❧❣ré ❝❡s ❞✐✣❝✉❧tés✱ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s q✉❡ ❝♦♥st✐t✉❡ ❛❝t✉❡❧❧❡✲
♠❡♥t ❧❡ r❛❞❛r ❍②❞r✐① ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ♣ré❝✐❡✉s❡ ❞❛♥s ❧✬♦♣t✐q✉❡ ❞✬✉♥❡ ét✉❞❡
❞✉ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡✳

❈♦♥❝❡r♥❛♥t ❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡ ✭❝✬❡st✲à✲❞✐r❡ ❢r❛❝t❛❧❡s✮ ❞❡ ❧❛ ♣❧✉✐❡✱ ♣❧✉s✐❡✉rs
q✉❡st✐♦♥s s❝✐❡♥t✐✜q✉❡s s❡ ♣♦s❡♥t ✿

• ▲❡ ❧✐❡♥ ❡♥tr❡ ❧❛ ♣❤②s✐q✉❡ ❡t ❧❡s ♣r♦♣r✐étés ❢r❛❝t❛❧❡s ❞❡ ❧❛ ♣❧✉✐❡ ❞♦✐t êtr❡ ❝❧❛✲
r✐✜é✳ ❆✉ ♥✐✈❡❛✉ t❤é♦r✐q✉❡ ❜✐❡♥ q✉✬✐❧ s♦✐t ✈r❛✐s❡♠❜❧❛❜❧❡ q✉❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t
❞❡ ❧❛ ♣❧✉✐❡ s♦✐t ❧✐é à ❧❛ t❤é♦r✐❡ ❞❡s ❝❤❛♠♣s t✉r❜✉❧❡♥ts✱ ✐❧ ♥✬❡①✐st❡ ❛✉❥♦✉r❞✬❤✉✐
♣❛s ❞❡ t❤é♦r✐❡ ❡♥ ❧✐❡♥ ❛✈❡❝ ❧❛ ♣❤②s✐q✉❡ st❛t✐st✐q✉❡ ♣❡r♠❡tt❛♥t ❞✬❡①♣❧✐q✉❡r ❝❡
❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡ ✭♣♦✉r ✉♥❡ ❞✐s❝✉ss✐♦♥ à ❝❡ s✉❥❡t ✈♦✐r ❱❡rr✐❡r ✭✷✵✶✶✮✮✳
❆✉ ♥✐✈❡❛✉ ♣❤②s✐q✉❡✱ ❧❛ q✉❡st✐♦♥ ❡st ❞❡ s❛✈♦✐r q✉❡❧ ❡st ❧✬✐♠♣❛❝t ❞❡s ♣r♦❝❡ss✉s
❛t♠♦s♣❤ér✐q✉❡s s✉r ❧❡s ♣r♦♣r✐étés ❢r❛❝t❛❧❡s ❞❡ ❧❛ ♣❧✉✐❡✳

• ▲❡ ❧✐❡♥ ❡♥tr❡ ❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡s ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ s♣❛t✐❛❧❡♠❡♥t ❡t t❡♠✲
♣♦r❡❧❧❡♠❡♥t r❡st❡ à ❞ét❡r♠✐♥❡r✳ ◆♦t❛♠♠❡♥t ❧❛ q✉❡st✐♦♥ ❞✬✉♥❡ s②♠étr✐❡ ❡♥tr❡
❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡ ❡♥ ❡s♣❛❝❡ ❡t ❡♥ t❡♠♣s r❡st❡ ♣♦sé❡✳ ■❞❡♥t✐✜❡r ✉♥❡ t❡❧❧❡
s②♠étr✐❡ ♣❡r♠❡ttr❛ ❞❡ ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ❞❡ ♥♦✉✈❡❧❧❡s ❛♣♣r♦❝❤❡s ♣♦✉r ❧❡s ♠é✲
t❤♦❞❡s ❞❡ ❞❡s❝❡♥t❡ ❞✬é❝❤❡❧❧❡ ❡s♣❛❝❡✲t❡♠♣s

• ▲✬✐♠♣❛❝t ❞✉ s✉♣♣♦rt✱ ❝✬❡st✲à✲❞✐r❡ ❞❡ ❧❛ ♣rés❡♥❝❡ ♦✉ ❛❜s❡♥❝❡ ❞❡ ❧❛ ♣❧✉✐❡✱ s✉r ❧❡s
♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡ ❞♦✐t êtr❡ ♠✐s ❡♥ ❧✉♠✐èr❡✳ ❉❡ ♣❧✉s✱ ❧❡ ❧✐❡♥ ❡♥tr❡
❝❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡s ❡t ❧❡s ♣r♦❝❡ss✉s ❛t♠♦s♣❤ér✐q✉❡s ❞♦✐t êtr❡ ♠✐❡✉① ❝♦♠✲
♣r✐s✳ ■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ❜✐❡♥ ❝♦♥♥❛îtr❡ ❧✬❡✛❡t ❞✉ s✉♣♣♦rt ❡t ❞❡s ♣r♦❝❡ss✉s s✉r
❧❡s ♣r♦♣r✐étés ❝❛r s✐♥♦♥ ❧❡s ♣❛r❛♠ètr❡s ❝❛r❛❝tér✐s❛♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t st❛t✐s✲
t✐q✉❡ ❞❡ ❧❛ ♣❧✉✐❡ ♣❡✉✈❡♥t s♦✉✛r✐r ❞✬✉♥❡ ❡rr❡✉r ❞✬❡st✐♠❛t✐♦♥ ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡
❧❡s ❞✐s❝✉ss✐♦♥s s✉r ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❍✉rst ❞❛♥s ❞❡ ▼♦♥t❡r❛ ❡t ❛❧✳ ✭✷✵✵✾✮✱ ❱❡rr✐❡r
❡t ❛❧✳ ✭✷✵✶✶✮✮

• ▲❛ t❤é♦r✐❡ ❝❡❧❧✉❧❛✐r❡ ❞é❝r✐t ❧❛ ❞②♥❛♠✐q✉❡ ❛t♠♦s♣❤ér✐q✉❡ à tr❛✈❡rs ❞❡s é❝❤❡❧❧❡s
❞✐s❝rèt❡s t❛♥❞✐s q✉❡ ❧❛ t❤é♦r✐❡ ❢r❛❝t❛❧❡ ❞é❝r✐t ❧❛ ❞②♥❛♠✐q✉❡ ❛t♠♦s♣❤ér✐q✉❡ à
tr❛✈❡rs ❧❡s ❧✐❡♥s ❡♥tr❡ ❝❡s é❝❤❡❧❧❡s✳ ▲❛ ♣r♦❜❧é♠❛t✐q✉❡ s❝✐❡♥t✐✜q✉❡ ❡st ❛❧♦rs ❞❡
s❛✈♦✐r s✐ ❝❡s ❞❡✉① t❤é♦r✐❡s ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sé❡s ❡♥s❡♠❜❧❡ ♣♦✉r ❞é❝r✐r❡ ❧❛ ❞②✲
♥❛♠✐q✉❡ ❛t♠♦s♣❤ér✐q✉❡✳

▲❡s ♣r♦❜❧é♠❛t✐q✉❡s ❡♥ ❧✐❡♥ ❛✈❡❝ ❧❡s ♣r♦❝❡ss✉s s♦♥t ❧❡s s✉✐✈❛♥t❡s ✿

• ▲❛ ♣ré✈✐s✐♦♥ à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❡t ❞❡ ❧✬✐♥t❡♥s✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
✐♥t❡♥s❡s ❡st ❡♥❝♦r❡ très ✐♥❝❡rt❛✐♥❡✳ ❉❡ ♣❧✉s✱ ❧❡s ♠é❝❛♥✐s♠❡s à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛
st❛t✐♦♥♥❛r✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s très ✐♥t❡♥s❡s s♦♥t ❡♥❝♦r❡ ♠❛❧ ❝♦♠♣r✐s✳ ❊♥✜♥✱
❧❡s ✐♥t❡r❛❝t✐♦♥s ♥♦♥ ❧✐♥é❛✐r❡s ❡♥tr❡ ❧❡s ♣r♦❝❡ss✉s ❞❡ ✜♥❡ é❝❤❡❧❧❡ ❡t ❧❛ ❝✐r❝✉❧❛t✐♦♥

■♥tr♦❞✉❝t✐♦♥ ✸



■♥tr♦❞✉❝t✐♦♥

❣r❛♥❞❡ é❝❤❡❧❧❡ s♦♥t ❡♥❝♦r❡ ❧✬♦❜❥❡t ❞❡ q✉❡st✐♦♥♥❡♠❡♥t✳ ❈✬❡st ♣❛r ❧❛ ❝♦♠♣ré❤❡♥✲
s✐♦♥ ❞❡ ❝❡s ♠é❝❛♥✐s♠❡s q✉❡ ♥♦✉s s❡r♦♥t ❝❛♣❛❜❧❡ ❞❡ ♠✐❡✉① ♣ré✈♦✐r ❧❡s ❛❧é❛s
♠été♦r♦❧♦❣✐q✉❡s✳

• ❯♥❡ q✉❡st✐♦♥ ré❝✉rr❡♥t❡ rés✐❞❡ ❞❛♥s ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❞ét❡r♠✐♥❡r ❞❡s ré❣✐♠❡s
❞❡ t❡♠♣s à ❧❛ ❣r❛♥❞❡ é❝❤❡❧❧❡ ❛ss♦❝✐és ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ❡t ❧✬✐❞❡♥t✐✜❝❛✲
t✐♦♥ ❞❡s ✈❛r✐❛❜❧❡s ❣r❛♥❞❡s é❝❤❡❧❧❡s s✉s❝❡♣t✐❜❧❡s ❞❡ ❞é❝r✐r❡ ❛✉ ♠✐❡✉① ❧❡s ❝❛r❛❝✲
tér✐st✐q✉❡s ❞②♥❛♠✐q✉❡s ❡t t❤❡r♠♦❞②♥❛♠✐q✉❡s ❞❡ ❧❛ ❝✐r❝✉❧❛t✐♦♥ ❛t♠♦s♣❤ér✐q✉❡✳
▼✐❡✉① ❝♦♥♥❛îtr❡ ❝❡s ré❣✐♠❡s ❞❡ t❡♠♣s ❢❛✈♦r❛❜❧❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ♣♦✉rr❛✐t
♣❡r♠❡ttr❡ ❞❡ ♠✐❡✉① ❛♥t✐❝✐♣❡r ❧❡s r✐sq✉❡s ❤②❞r♦❧♦❣✐q✉❡s✳

• ▲❡ rô❧❡ ❞❡ ❞❡ ❧❛ t♦♣♦❣r❛♣❤✐❡ ❡t ❞✉ t②♣❡ ❞❡ s♦❧ s✉r ❧✬♦❝❝✉rr❡♥❝❡ ❡t ❧✬✐♥t❡♥s✐té
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞♦✐t êtr❡ é❣❛❧❡♠❡♥t ❝❧❛r✐✜é✳ ●❧♦❜❛❧❡♠❡♥t✱ ❧❡ rô❧❡ ❞❡ ❧❛ t♦✲
♣♦❣r❛♣❤✐❡ ❡st ❞❡ s♦✉❧❡✈❡r ❧❡s ♠❛ss❡s ❞✬❛✐r q✉✐ ♣❡✉✈❡♥t ❝♦♥❞❡♥s❡r ❡t ❝ré❡r ❞❡s
♣ré❝✐♣✐t❛t✐♦♥s✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ q✉❡st✐♦♥ ❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡s str✉❝t✉r❡s t♦♣♦❣r❛✲
♣❤✐q✉❡s ❞❡ ♣❡t✐t❡s é❝❤❡❧❧❡s ♥✬❡st ♣❛s rés♦❧✉❡✳ ❯♥❡ ♠❡✐❧❧❡✉r❡ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡
❝❡s ♣r♦❝❡ss✉s ♣❡r♠❡ttr❛ ❞✬❛♠é❧✐♦r❡r ❧❡✉r ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡s ♠♦❞è❧❡s ♥✉✲
♠ér✐q✉❡s

❊♥✜♥✱ ❝♦♥❝❡r♥❛♥t ❧❛ ♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✉ ♠♦②❡♥ ❞❡s ♦❜✲
s❡r✈❛t✐♦♥s r❛❞❛rs ✭❤♦rs s✐♠✉❧❛t✐♦♥s ❡t ❛ss✐♠✐❧❛t✐♦♥s✮✱ ❧❡s ♣r♦❜❧é♠❛t✐q✉❡s s♦♥t ❧❡s
s✉✐✈❛♥t❡s ✿

• ▲❡s ♠ét❤♦❞❡s ❛❝t✉❡❧❧❡s ❞❡ ♣ré✈✐s✐♦♥✱ ❜❛sé❡s ♣♦✉r ✉♥❡ ♣❛rt✐❡ ❞✬❡♥tr❡ ❡❧❧❡s s✉r
❧✬❡①tr❛♣♦❧❛t✐♦♥ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❞❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡✱ ♣❡✉✈❡♥t ❡❧❧❡s ♣ré✈♦✐r ♣ré✲
❝✐sé♠❡♥t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s à ❝♦✉rt t❡r♠❡ ❄ ❈♦♠♠❡♥t ✐♥té❣r❡r ❞✐r❡❝t❡♠❡♥t ❧❡s
éq✉❛t✐♦♥s ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❛t♠♦s♣❤ér✐q✉❡ à ❝❡s ♠ét❤♦❞❡s ❄

• ▲✬✐♥✐t✐❛t✐♦♥ ❡t ❧❛ ❞✐ss✐♣❛t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡ s♦♥t ♠❛❧ ♣r✐s ❡♥ ❝♦♠♣t❡ ♣❛r
❧❡s ♠ét❤♦❞❡s ❛❝t✉❡❧❧❡s ❞❡ ♣ré✈✐s✐♦♥ à ❝♦✉rt t❡r♠❡✳ P♦✉rt❛♥t✱ ❝❡ s♦♥t ❞❡s ♣r♦✲
❝❡ss✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♠♣♦rt❛♥ts à ❝♦♥s✐❞ér❡r ♣♦✉r ❛♠é❧✐♦r❡r ❧❛ ♣ré✈✐s✐♦♥ à
❝♦✉rt t❡r♠❡✳

• ❯♥ ♣❛r❛♠ètr❡ ❝❧é ❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥❡ ❝❡❧❧✉❧❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❛✐♥s✐
q✉❡ ❞❛♥s ❧✬♦r❣❛♥✐s❛t✐♦♥✱ ❧✬❡♥tr❡t✐❡♥ ❡t ❧✬✐♥t❡♥s✐✜❝❛t✐♦♥ à ♠és♦✲é❝❤❡❧❧❡ ❞❡ ❧❛
❝♦♥✈❡❝t✐♦♥✱ ❡st ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ✈❡rt✐❝❛❧ ❞✉ ✈❡♥t ❤♦r✐③♦♥t❛❧✳ P♦✉rt❛♥t✱ ❧❛ ♣❧✉✲
♣❛rt ❞❡s ♠ét❤♦❞❡s ❛❝t✉❡❧❧❡s ♥❡ ♣r❡♥♥❡♥t ♣❛s ❡♥ ❝♦♠♣t❡ ❝❡ ♣❛r❛♠ètr❡✳ ◗✉❡❧
♣❡✉t êtr❡ ❧✬❛♣♣♦rt ❞❡ ❝❡tt❡ ✐♥❢♦r♠❛t✐♦♥ ♣♦✉r ❧❛ ♣ré✈✐s✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s à
❝♦✉rt t❡r♠❡ ❄

▲❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ❛ été ♠❡♥é ❞❡ ♠❛♥✐èr❡ à ❡ss❛②❡r ❞❡ ❢♦✉r♥✐r ❞❡s é❧é♠❡♥ts
❞❡ ré♣♦♥s❡ à ❝❡s q✉❡st✐♦♥s ❢♦♥❞❛♠❡♥t❛❧❡s✳ ❊✈✐❞❡♠♠❡♥t✱ ✐❧ ❛✉r❛✐t été ✐❧❧✉s♦✐r❡ ❞❡
t❡♥t❡r ❞❡ tr❛✐t❡r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s q✉❡st✐♦♥s ❡♥ ❞ét❛✐❧ q✉❛♥❞ s♦✉✈❡♥t ❧❛ ré♣♦♥s❡ à
❧✬✉♥❡ ❞❡ ❝❡s q✉❡st✐♦♥s ❡♥tr❛î♥❡ ❞❡ ♥♦✉✈❡❧❧❡s q✉❡st✐♦♥s✳ ❉❡ ♣❧✉s✱ ♥♦tr❡ ❝❤♦✐① ❞✬✉t✐❧✐s❡r
♣r✐♥❝✐♣❛❧❡♠❡♥t ❧❡s ❞♦♥♥é❡s ❞✉ r❛❞❛r ❍②❞r✐① ❧✐♠✐t❡ ❞✬✉♥ ❝ôté ❧❡ ❝❤❛♠♣ ❞✬✐♥✈❡st✐❣❛t✐♦♥
à ❞❡s ♣❤é♥♦♠è♥❡s ❝♦✉✈r❛♥t ✉♥❡ ❞✉ré❡ ✐♥❢ér✐❡✉r❡ à q✉❛tr❡ ❛♥s ❡t ❛②❛♥t ✉♥❡ ❡①t❡♥s✐♦♥
s♣❛t✐❛❧❡ ✐♥❢ér✐❡✉r❡ à ✺✵✵✵✵ km2✳ ❉✬✉♥ ❛✉tr❡ ❝ôté✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ❞♦♥♥é❡s r❛❞❛r

✹ ■♥tr♦❞✉❝t✐♦♥



■♥tr♦❞✉❝t✐♦♥

♣❡r♠❡t ❞❡ ❞♦❝✉♠❡♥t❡r ❞❡s é❝❤❡❧❧❡s ♣❡✉ ❛♥❛❧②sé❡s ❥✉sq✉✬à ♠❛✐♥t❡♥❛♥t ❣râ❝❡ à ❧❛ ✜♥❡
rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ✭✶ km2✮ ❡t t❡♠♣♦r❡❧❧❡ ✭✺ ♠✐♥✮✳

❈❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ❡st ❞♦♥❝ str✉❝t✉ré s❡❧♦♥ q✉❛tr❡ ❣r❛♥❞s ❛①❡s ✿

✶✳ ▲✬é✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ✜❛❜✐❧✐té ❡t ❞❡ ❧✬✐♥térêt ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ r❛❞❛r
❜❛♥❞❡ ❳ ❡♥ ③♦♥❡ ♠♦♥t❛❣♥❡✉s❡✳ ❈❡t ♦❜❥❡❝t✐❢ ❡st ❡①♣❧✐❝✐té ❞❛♥s ❧❡
❝❤❛♣✐tr❡ ✷✳

✷✳ ▲❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s à ❧❛ ✜♥❡ é❝❤❡❧❧❡ s✉r ❧✬❊✉r♦ré❣✐♦♥
❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳ ❈❡t ♦❜❥❡❝t✐❢ ❡st tr❛✐té ❞❛♥s ❧❡s ❝❤❛♣✐tr❡s ✸ ❡t
✹✳

✸✳ ▲✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s à ❧❛ ❢♦✐s ❣r❛♥❞❡ é❝❤❡❧❧❡ ❡t ♣❡t✐t❡ é❝❤❡❧❧❡
❛ss♦❝✐és ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳
❈❡t ♦❜❥❡❝t✐❢ ❡st tr❛✐té ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✺✳

✹✳ ▲❛ ❢❛✐s❛❜✐❧✐té ❞✬✉♥❡ ♣ré✈✐s✐♦♥ à ❝♦✉rt t❡r♠❡ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré✲
❝✐♣✐t❛t✐♦♥s à ❧✬❛✐❞❡ ❞✬✉♥ r❛❞❛r ❉♦♣♣❧❡r✳ ❈❡t ♦❜❥❡❝t✐❢ ❡st tr❛✐té ❞❛♥s
❧❡ ❝❤❛♣✐tr❡ ✻✳

P❧❛♥ ❞❡ ❧❛ t❤ès❡

❈❡ ♠é♠♦✐r❡ ❞❡ t❤ès❡ ❡st ♦r❣❛♥✐sé ❡♥ s✐① ❝❤❛♣✐tr❡s✳
❆♣rès ❝❡tt❡ ♣r❡♠✐èr❡ ♣❛rt✐❡ q✉✐ ❝♦♥st✐t✉❡ ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞✉ ♠é♠♦✐r❡ ♦ù ❧✬♦♥ ♣ré✲
s❡♥t❡ ❧❡ ❝❛❞r❡ ❞✉ tr❛✈❛✐❧ ❞❡ t❤ès❡ ❛✐♥s✐ q✉❡ ❧❡s q✉❡st✐♦♥s s❝✐❡♥t✐✜q✉❡s✱ ❧❡ ♣r❡♠✐❡r
❝❤❛♣✐tr❡ ❡st ❝♦♥s❛❝ré ❛✉① ❝❛r❛❝tér✐st✐q✉❡s ♠été♦r♦❧♦❣✐q✉❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❡ ❧❛
ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡✳ ❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ❛♣rès ✉♥ ❜r❡❢ r❛♣♣❡❧ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s
❤✐st♦r✐q✉❡s ❡t ❣é♦❣r❛♣❤✐q✉❡s ❞❡ ❧❛ ré❣✐♦♥✱ ❧❡s tr❛✈❛✉① ré❝❡♥ts s✉r ❧❛ ❝❧✐♠❛t♦❧♦❣✐❡ ❞❡s
♣ré❝✐♣✐t❛t✐♦♥s ❞❡ ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡ s♦♥t rés✉♠és✳ ❊♥s✉✐t❡✱ ❧❡s ♠é❝❛♥✐s♠❡s
❛ss♦❝✐és ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s s♦♥t r❛♣♣❡❧és ❡t ❧✬✐♠♣❛❝t ❞✉ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛✲
t✐q✉❡ ❡st ♣rés❡♥té✳ ❊♥✜♥✱ ❧❛ ❞❡r♥✐èr❡ ♣❛rt✐❡ ❡st ❞é❞✐é❡ à ❧❛ ❝❛♠♣❛❣♥❡ ❞❡ ♠❡s✉r❡
❍②▼❡❳ q✉✐ s✬❡st ❞ér♦✉❧é❡ ❡♥tr❡ s❡♣t❡♠❜r❡ ✷✵✶✷ ❡t ♠❛rs ✷✵✶✸✳

❉❛♥s ❧❡ s❡❝♦♥❞ ❝❤❛♣✐tr❡✱ ♥♦✉s ♣rés❡♥t♦♥s ❧❡ r❛❞❛r ❍②❞r✐① q✉✐ ❛ été ❧✬♦✉t✐❧
♣r✐♥❝✐♣❛❧ ❞❡ ❝❡tt❡ ét✉❞❡✳ ◆♦t❛♠♠❡♥t✱ ♥♦✉s ❡①♣❧✐q✉♦♥s ❧❛ ♠ét❤♦❞❡ ❞❡ r❡st✐t✉t✐♦♥ ❞❡
❧❛ ♣❧✉✐❡ ❛✉ s♦❧ à ♣❛rt✐r ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r ❛✐♥s✐ q✉❡ ❧❡s ♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s
t❡❝❤♥✐q✉❡s ❞❡ ❝❡ r❛❞❛r✳ ❊♥s✉✐t❡✱ ❧❛ ♠❡s✉r❡ r❛❞❛r ❡st é✈❛❧✉é❡ ❡♥ ❝♦♠♣❛r❛♥t ❧❡ ♣r♦❞✉✐t
♣❧✉✐❡ ❛✉ s♦❧ à ❝❡❧✉✐ ✐ss✉ ❞❡ ♠❡s✉r❡s ♣❧✉✈✐♦♠étr✐q✉❡s✳

▲❡ tr♦✐s✐è♠❡ ❝❤❛♣✐tr❡ ❡st ❞é❞✐é à ❧✬❛♥❛❧②s❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳ ❆♣rès ✉♥❡ ét✉❞❡ ❞✉ ❝②❝❧❡
❞✐✉r♥❡✱ ♥♦✉s ♣rés❡♥t♦♥s ❧❛ ✈❛r✐❛❜✐❧✐té s❛✐s♦♥♥✐èr❡ ❡t ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳
▲❡ ❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❞❡s ❝❡❧❧✉❧❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❡st ❡♥s✉✐t❡ ❛♥❛❧②sé✳ ❊♥✜♥✱
❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲
▼é❞✐t❡rr❛♥é❡ s♦♥t ❝♦♠♣❛ré❡s ❛✈❡❝ ❝❡❧❧❡s ❞❡s ❛✉tr❡s ré❣✐♦♥s ❞❡ ❋r❛♥❝❡ ❛✉ ♠♦②❡♥ ❞❡s
♦❜s❡r✈❛t✐♦♥s ❞✉ rés❡❛✉ r❛❞❛r ❆❘❆▼■❙✳

▲❡ q✉❛tr✐è♠❡ ❝❤❛♣✐tr❡ ❞é❝r✐t ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡
s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ❛♥❛❧②s❛♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t s♣❡❝tr❛❧ s♣❛✲
t✐❛❧ ❡t t❡♠♣♦r❡❧✳ P✉✐s ❞❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s✱ ❧❡s r❡❧❛t✐♦♥s ❞✬é❝❤❡❧❧❡ ❡s♣❛❝❡✲t❡♠♣s ❞✉
❝❤❛♠♣ ❞❡ ♣❧✉✐❡ s♦♥t ét✉❞✐é❡s✳

▲❡ ❝✐♥q✉✐è♠❡ ❝❤❛♣✐tr❡ ❡st ❝♦♥s❛❝ré à ❧✬ét✉❞❡ ❞❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❡t
❞❡s ♣r♦❝❡ss✉s ❧♦❝❛✉① ❛ss♦❝✐és ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ③♦♥❡ ❝♦✉✈❡rt❡ ♣❛r ❧❡ r❛❞❛r

■♥tr♦❞✉❝t✐♦♥ ✺



■♥tr♦❞✉❝t✐♦♥

❍②❞r✐①✳ ❚♦✉t ❞✬❛❜♦r❞✱ ♦♥ ✐❞❡♥t✐✜❡ ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❛ss♦❝✐é❡s ❛✉① ♣ré❝✐✲
♣✐t❛t✐♦♥s ✐♥t❡♥s❡s s✉r ❧❛ ré❣✐♦♥ ♣✉✐s ♥♦✉s ♥♦✉s ✐♥tér❡ss♦♥s à ❧✬✐♠♣❛❝t ❞❡ ❞✐✛ér❡♥ts
♣❛r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡s s✉r ❧❛ ♣❧✉✐❡ à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡✳ ❉❛♥s ✉♥❡ ❞❡r♥✐èr❡ s❡❝t✐♦♥✱
♥♦✉s ét✉❞✐♦♥s ❧✬✐♠♣❛❝t ❞❡ ❧✬♦r♦❣r❛♣❤✐❡ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✳

▲❡ s✐①✐è♠❡ ❝❤❛♣✐tr❡ ❡st ❝♦♥s❛❝ré ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥❡ ♠ét❤♦❞❡ ❞❡ ♣ré✈✐✲
s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡①♣❧♦✐t❛♥t ❡♥ ♣❛rt✐❡ ❧❡s rés✉❧t❛ts ♣ré❝é❞❡♥ts✳
▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❝❡tt❡ ♠ét❤♦❞❡ ❡st ♣rés❡♥té ♣✉✐s ❧❛ ♠ét❤♦❞❡ ❡st ❛♣♣❧✐q✉é❡ s✉r ✉♥❡
s✐♠✉❧❛t✐♦♥✳

▲❛ ❞❡r♥✐èr❡ ♣❛rt✐❡ ❡st ❝♦♥s❛❝ré❡ ❛✉① ❝♦♥❝❧✉s✐♦♥s ❡t ❛✉① ♣❡rs♣❡❝t✐✈❡s ❞❡ ❝❡ tr❛✈❛✐❧
❞❡ t❤ès❡✳

✻ ■♥tr♦❞✉❝t✐♦♥



❈❤❛♣✐tr❡ ✶

▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥

♠é❞✐t❡rr❛♥é❡♥♥❡

❉
❛♥s ❝❡ ❝❤❛♣✐tr❡ ♥♦✉s ♣rés❡♥t♦♥s ❧❡s ♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❤✐st♦r✐q✉❡s
❡t ❣é♦❣r❛♣❤✐q✉❡s ❞❡ ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡ ♣✉✐s ♥♦✉s ♥♦✉s ✐♥tér❡ss♦♥s ❛✉①

❝❛r❛❝tér✐st✐q✉❡s ♠été♦r♦❧♦❣✐q✉❡s ❡t ❝❧✐♠❛t♦❧♦❣✐q✉❡s q✉✐ ❛✛❡❝t❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❝❡tt❡ ré❣✐♦♥ ❛✈❡❝ ✉♥❡ ❛tt❡♥t✐♦♥ ♣❛rt✐❝✉❧✐èr❡ à ❧❛ ré❣✐♦♥ ❞❡s
❆❧♣❡s✲▼❛r✐t✐♠❡s ♦ù s❡ s✐t✉❡ ❧❡ r❛❞❛r ❍②❞r✐①✳

Précipitations

Méditerranée

Cellule de pluie
Convection

Mécanismes de soulèvement

Pluie

Alpes

Flux d'humidité

Climat
Synoptique

Vitesse vertical

Cisaillement du vent

Humidité

Ascendance

Hydrix

Hymex

Radar

Tourbillon potentiel

Atmosphère

Relief

Convergence d'air

Mécanisme

Saison

Flottabilité

Front

Goutte froide

Géopotentiel

Température potentielle

Environnement

Instabilité

Ligne de grain

Météorologie

Orographie

Anticyclone

Cévennes

Eau

Nuage

Subsidence

Cyclogénèse
Dépression

Géographie

Microphysique

Orage

Condensation

Italie

Orage multicellulaire

Pluviomètre

Réflectivité

Draguignan

Eurorégion Alpes−Méditerranée

Réchauffement diurne

Nombre de Richardson

Satellite

Stratiforme

Océan Atlantique

Brise de mer

Richardson Bulk

Circulation agéostrophique

Dynamique

Nombre de Froude

Provence
Thalweg

Topographie

Tourbillon relatif

Vapeur d'eau

Averse

Brunt−Väisälä

Cycle Diurne

Dorsale

Liban

Air à saturation

Canal de Suez

Toscane

Echelle aérologique

Atlas
Croatie

Baléares

Episode cévenol

Coriolis

Cumulonimbus

Equilibre cyclostrophique

Equilibre géostrophique

Géophysique

Hydrométéores

Mer Ionienne

Maroc

Oscillation

Pyrénées

Syrie

Tunisie

Divergence du flux

✶✳✶ ❍✐st♦✐r❡ ❡t ❣é♦❣r❛♣❤✐❡ ❞❡ ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛✲

♥é❡♥♥❡

▲❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ t✐r❡ s♦♥ ♥♦♠ ❞✉ ❧❛t✐♥ ✧♠❡❞✐✉s✧ ✭q✉✐ ❡st ❛✉ ♠✐❧✐❡✉✮ ❡t
✧t❡rr❛✧ ✭t❡rr❡✮✳ ❈✬❡st✲à✲❞✐r❡ ❧❛ ♠❡r ❛✉ ♠✐❧✐❡✉ ❞❡s t❡rr❡s ❝♦♠♠❡ ♦♥ ❧✬❛ ❜❛♣t✐sé❡ à



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❋✐❣✉r❡ ✶✳✶ ✿ ❈❛rt❡ ❞❡ ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡✳ ■ss✉❡ ❞❡s ❝❛rt❡s ❞❡ ❧❛ ♠❛r✐♥❡
❢r❛♥ç❛✐s❡ ♣❛r ❏❛❝q✉❡s✲◆✐❝♦❧❛s ❇❡❧❧✐♥✱ ✶✼✻✹

❧✬é♣♦q✉❡ ❛♥t✐q✉❡✳ ❍✐st♦r✐q✉❡♠❡♥t✱ ❧❡s ♣r❡♠✐❡rs ♣❡✉♣❧❡♠❡♥ts ❞❛♥s ❧❛ ré❣✐♦♥ ♠é❞✐t❡r✲
r❛♥é❡♥♥❡ ❛♣♣❛r❛✐ss❡♥t ❛✉ tr♦✐s✐è♠❡ ♠✐❧❧é♥❛✐r❡ ❛✈❛♥t ❏✳❈✳ s✉r ❧❡s ❝ôt❡s ♦r✐❡♥t❛❧❡s ❞❡
❧❛ ▼é❞✐t❡rr❛♥é❡ ♣✉✐s s✬ét❡♥❞❡♥t ✈❡rs ❧✬♦✉❡st ♣♦✉r ❛tt❡✐♥❞r❡ à ❧❛ ✜♥ ❞✉ ❱■è♠❡ s✐è❝❧❡
❧✬❊s♣❛❣♥❡ ❡t ❧❡ P♦rt✉❣❛❧✳ P❧✉s✐❡✉rs ❡♠♣✐r❡s s❡ s♦♥t ❞é✈❡❧♦♣♣és ♣✉✐s s❡ s♦♥t ❡✛♦♥✲
❞rés ❛✉ ✜❧ ❞❡s s✐è❝❧❡s t❡❧s ❧❡s ❡♠♣✐r❡s ❍✐tt✐t❡✱ P❤é♥✐❝✐❡♥✱ ●r❡❝✱ ▼❛❝é❞♦♥✐❡♥✱ ❘♦♠❛✐♥✱
❇②③❛♥t✐♥ ♦✉ ❖tt♦♠❛♥✳ P❡♥❞❛♥t ❝❡tt❡ ♣ér✐♦❞❡ ❞❡ ❧✬❛♥t✐q✉✐té ❡t ❥✉sq✉✬à ❧❛ ♠♦✐t✐é ❞✉
♠♦②❡♥✲â❣❡✱ ❧❛ ▼é❞✐t❡rr❛♥é❡ ❡st ❧❡ ❝❡♥tr❡ ❞✉ ❝♦♠♠❡r❝❡ ♠♦♥❞✐❛❧ ❛✈❡❝ ✉♥❡ q✉❛♥t✐té
❝♦♥s✐❞ér❛❜❧❡ ❞✬é❝❤❛♥❣❡s ❝♦♠♠❡r❝✐❛✉① ❡♥tr❡ ❧❡s ❞❡✉① r✐✈❡s✳ P♦✉rt❛♥t✱ ❡❧❧❡ ✜♥✐t ♣❛r
♣❡r❞r❡ ❞❡ s♦♥ ✐♠♣♦rt❛♥❝❡ ❛✈❡❝ ❧❛ ❞é❝♦✉✈❡rt❡ ❞❡s ❆♠ér✐q✉❡s ❡t ❛✈❡❝ ❧❛ ♥♦✉✈❡❧❧❡ ♣♦s✲
s✐❜✐❧✐té ❞❡ ❝♦♥t♦✉r♥❡r ❧✬❆❢r✐q✉❡ ♣♦✉r ❝♦♠♠❡r❝❡r ❡♥tr❡ ❧✬❖❝❝✐❞❡♥t ❡t ❧✬❆s✐❡✳ ❊❧❧❡ ❡♥tr❡
❛❧♦rs ❞❛♥s ✉♥❡ ♣❤❛s❡ ❞❡ ♠♦r♦s✐té é❝♦♥♦♠✐q✉❡ ❥✉sq✉✬❛✉ ♣❡r❝❡♠❡♥t ❞✉ ❝❛♥❛❧ ❞❡ ❙✉❡③
❡♥ ✶✽✻✼ q✉✐ ❧❛ r❡♣❧❛❝❡ ❛✉ ❝❡♥tr❡ ❞❡s é❝❤❛♥❣❡s ♠♦♥❞✐❛✉①✳ ❈❡tt❡ ❤✐st♦✐r❡ ❝♦♠♣❧❡①❡
❡t très ❜r✐è✈❡♠❡♥t rés✉♠é❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡ ❛ ❝♦♥tr✐❜✉é à ❢❛ç♦♥♥❡r ❧❛
❝♦♥✜❣✉r❛t✐♦♥ é❝♦♥♦♠✐q✉❡ ❡t s♦❝✐❛❧❡ ❛❝t✉❡❧❧❡ ❞❡ ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡✳

❖♥ ❝♦♠♣t❡ ❛✉❥♦✉r❞✬❤✉✐ ♣rès ❞❡ ✹✸✵ ♠✐❧❧✐♦♥s ❞✬❤❛❜✐t❛♥ts ✭✷✵✵✵✮ ✈✐✈❛♥t ❞❛♥s ❧❛
③♦♥❡ ♠é❞✐t❡rr❛♥é❡♥♥❡ ré♣❛rt✐s ❞❛♥s ✉♥❡ ✈✐♥❣t❛✐♥❡ ❞❡ ♣❛②s✳ ❈❡tt❡ ♣♦♣✉❧❛t✐♦♥ ❝♦♥t✐✲
♥✉❡ ❞✬❛✉❣♠❡♥t❡r r❡❧❛t✐✈❡♠❡♥t r❛♣✐❞❡♠❡♥t ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❛♥s ❧❡s ♣❛②s ❞❡ ❧❛ r✐✈❡
s✉❞ ❝❡ q✉✐ ♥✬❡st ♣❛s s❛♥s ♣♦s❡r ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ❞é✜s s♦❝✐ét❛✉① ❡t ❡♥✈✐r♦♥♥❡✲
♠❡♥t❛✉①✳ ❊♥ ♣❧✉s ❞❡ ❝❡tt❡ ♣r❡ss✐♦♥ ❞é♠♦❣r❛♣❤✐q✉❡✱ ❧❛ ▼é❞✐t❡rr❛♥é❡ ❡st ❧✬✉♥❡ ❞❡s
ré❣✐♦♥s ❧❡s ♣❧✉s t♦✉r✐st✐q✉❡ ❞✉ ♠♦♥❞❡✱ r❡❝❡✈❛♥t ❝❤❛q✉❡ été✱ ♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s ❞❡ ♠✐❧✲
❧✐♦♥s ❞❡ ✈❛❝❛♥❝✐❡rs q✉✐ ♣r♦✜t❡♥t ❞❡s s✉♣❡r❜❡s ♣❧❛❣❡s ❞✉ ❧✐tt♦r❛❧✳ ▲❡ ❞é✈❡❧♦♣♣❡♠❡♥t
t♦✉r✐st✐q✉❡ ❛ ❢♦rt❡♠❡♥t ❛❝❝é❧éré ❧❡s ❝♦♥str✉❝t✐♦♥s ❝ôt✐èr❡s ❡t ♦♥ ❡st✐♠❡ ❛✉❥♦✉r❞✬❤✉✐
à ✹✵✪ ❧❛ ♣❛rt ❞✉ ❧✐tt♦r❛❧ ❛♠é♥❛❣é❡✳ ❈❡tt❡ ✉r❜❛♥✐s❛t✐♦♥✱ ❛✐♥s✐ q✉❡ ❧✬❛❣r✐❝✉❧t✉r❡ ❞❛♥s
❧❡s ③♦♥❡s ❝ôt✐èr❡s ❡t ❧❡ tr❛✜❝ ♠❛r✐t✐♠❡✱ ❡♥tr❛î♥❡♥t ✉♥❡ ♣♦❧❧✉t✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡ ❧❛
♠❡r ▼é❞✐t❡rr❛♥é❡ q✉❡ ❧❡s ♣❛②s ❝ôt✐❡rs ♦♥t ❞✉ ♠❛❧ à ❡♥❞✐❣✉❡r✳ ▲❛ ré❞✉❝t✐♦♥ ❞❡ ❝❡tt❡
♣♦❧❧✉t✐♦♥ ♠❛✐s ❛✉ss✐ ❧✬❛❝❝ès à ❧✬❡❛✉ ♣♦✉r ❧❡s ♣❛②s ❞✉ s✉❞ ❢❡r♦♥t ♣❛rt✐ ❞❡s ❞é✜s ♠❛✲

✽ ❍✐st♦✐r❡ ❡t ❣é♦❣r❛♣❤✐❡ ❞❡ ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❥❡✉rs ❞✉ ❳❳■è♠❡ s✐è❝❧❡✳ ❊♥✜♥✱ ❧❡ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡ ♣♦✉rr❛✐t ❢♦rt❡♠❡♥t ❛✛❡❝t❡r
❧❛ ré❣✐♦♥✳ ❊♥ ❡✛❡t✱ ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡ ❢❛✐t ♣❛rt✐❡ ❞❡ ❧✬✉♥ ❞❡s ❤♦ts♣♦ts ❞✉
❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡ ✭r❛♣♣♦rt ❞✉ ●■❊❈ ✷✵✵✼✮✳ ▲✬✉♥❡ ❞❡s ♣r✐♥❝✐♣❛❧❡s ♠❡♥❛❝❡ s❡r❛
❧✐é❡ à ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ✈❛❣✉❡s ❞❡ ❝❤❛❧❡✉r ❝♦♠♠❡ ❝❡❧❧❡ ❞❡ ✷✵✵✸ ✭♣r♦❜❛❜❧❡♠❡♥t ❧✬été
❧❡ ♣❧✉s ❝❤❛✉❞ ❞❡♣✉✐s ✺ s✐è❝❧❡s✮ ♠❛✐s ❛✉ss✐ ❛✉ r❡♥❢♦r❝❡♠❡♥t ❛✉ss✐ ❜✐❡♥ ❡♥ ♦❝❝✉rr❡♥❝❡
q✉✬❡♥ ✐♥t❡♥s✐té ❞❡s é✈é♥❡♠❡♥ts ❡①trê♠❡s✳

▲❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡ ♣♦ssè❞❡ ✉♥❡ ✐♠♠❡♥s❡ ❞✐✈❡rs✐té ❜✐♦❧♦❣✐q✉❡ ❡♥ r❛✐s♦♥ ❞❡
s❡s ❝❛r❛❝tér✐st✐q✉❡s ❣é♦❣r❛♣❤✐q✉❡s ✉♥✐q✉❡s✳ ❊❧❧❡ ❡st ❧✬✉♥❡ ❞❡s ré❣✐♦♥s ❧❡s ♣❧✉s r✐❝❤❡s
❡♥ ❜✐♦❞✐✈❡rs✐té ❞❡ ❧❛ ♣❧❛♥èt❡ ❛✈❡❝ ✾✱✷✪ ❞❡s ❡s♣è❝❡s ♠♦♥❞✐❛❧❡s ♠❛✐s é❣❛❧❡♠❡♥t ❧✬✉♥❡
❞❡s ♣❧✉s ♠❡♥❛❝é❡s✳ ▲❛ ✢♦r❡ ❝♦♠♣t❡ ❛❝t✉❡❧❧❡♠❡♥t ❡♥tr❡ ✶✺ ✵✵✵ ❡t ✷✺ ✵✵✵ ❡s♣è❝❡s✱ ❞♦♥t
✻✵✪ s♦♥t ❡♥❞é♠✐q✉❡s à ❧❛ ré❣✐♦♥✳ ❊❧❧❡ ❢❛✐t ❛✐♥s✐ ♣❛rt✐❡ ❞❡ ❧✬✉♥ ❞❡s ✸✺ ✏♣♦✐♥ts ❝❤❛✉❞s✑
❞❡ ❧❛ ❜✐♦❞✐✈❡rs✐té ♠♦♥❞✐❛❧❡ ✭▼✐tt❡r♠❡✐❡r ❡t ❛❧✳✱ ✷✵✵✹✮✳ ❈❡tt❡ r✐❝❤❡ss❡ ❡♥ ❡s♣è❝❡s ❡st
♠✐s❡ à ♠❛❧ ♣❛r ✉♥❡ ♣❡rt❡ ❞✬❤❛❜✐t❛t ♥❛t✉r❡❧ ❞✬❛✉ ♠♦✐♥s ✼✵✪✳ ❆✐♥s✐✱ ♣rès ❞❡ ✷✵✪
❞❡s ❡s♣è❝❡s s♦♥t ♠❡♥❛❝é❡s ❞✬❡①t✐♥❝t✐♦♥ ❡t ❛✉ ♠♦✐♥s ✶✻ ❡s♣è❝❡s ❡♥❞é♠✐q✉❡s ♦♥t ❞é❥à
❞✐s♣❛r✉✳ ▲❡s ♣r✐♥❝✐♣❛❧❡s ♠❡♥❛❝❡s ♣❡s❛♥t s✉r ❧❛ ❜✐♦❞✐✈❡rs✐té ❞❡ ❝❡tt❡ ré❣✐♦♥ s♦♥t ❧❛
♣❡rt❡ ❡t ❧❛ ❞é❣r❛❞❛t✐♦♥ ❞❡s ❤❛❜✐t❛ts ❛✐♥s✐ q✉❡ ❧❡s sé❝❤❡r❡ss❡s✳

●é♦❣r❛♣❤✐q✉❡♠❡♥t ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ sé♣❛r❡ ❧❡s ❝♦♥t✐♥❡♥ts ❡✉r♦♣é❡♥s ❡t ❛❢r✐✲
❝❛✐♥s ❡t s✬ét❡♥❞ ❞✉ ❞étr♦✐t ❞❡ ●✐❜r❛❧t❛r à ❧✬♦✉❡st ❥✉sq✉✬❛✉① ❝ôt❡s ❞❡ ❧❛ ❙②r✐❡✱ ❞✉
▲✐❜❛♥ ❡t ❞✬■sr❛ë❧ à ❧✬❡st ✭❋✐❣✳ ✶✳✷ ✭❛✮✮✳ ❊❧❧❡ ❝♦✉✈r❡ ❡♥✈✐r♦♥ ✷✱✺ ♠✐❧❧✐♦♥s ❞❡ ❦✐❧♦♠ètr❡s
❝❛rrés s✉r ✉♥❡ ♣r♦❢♦♥❞❡✉r ♠♦②❡♥♥❡ ❞❡ ✶✱✺ ❦♠ ✭❥✉sq✉✬à ✺✶✺✵ ♠ s♦✉s ❧❛ s✉r❢❛❝❡ ❞❡ ❧❛
♠❡r ■♦♥✐❡♥♥❡✮ ❡t ❝♦♥t✐❡♥t ♣❧✉s ❞❡ ✹✱✻ ♠✐❧❧✐♦♥s ❞❡ ♠ètr❡s ❝✉❜❡s ❞✬❡❛✉ ❝❡ q✉✐ r❡♣ré✲
s❡♥t❡ ❡♥✈✐r♦♥ ✶✪ ❞❡s ♦❝é❛♥s ❞❡ ❧❛ ❚❡rr❡✳ ▲❡s ❝ôt❡s q✉✐ ❧✬❡♥t♦✉r❡♥t ❜♦r❞❡♥t ✷✶ ♣❛②s ❡t
♠❡s✉r❡♥t ❡♥✈✐r♦♥ ✹✻ ✵✵✵ ❦♠ ❞♦♥t ✹✵✪ ❛♣♣❛rt❡♥❛♥t à ❞❡s î❧❡s✳ ▲❛ ♠❡r ▼é❞✐t❡rr❛♥é❡
❡st r❡❧✐é❡ ❛✉① ❛✉tr❡s ♠❡rs ❡t ♦❝é❛♥s ♣❛r tr♦✐s ♣❛ss❛❣❡s ✿ à ❧✬♦✉❡st ♣❛r ❧❡ ❞étr♦✐t ❞❡
●✐❜r❛❧t❛r ✭✶✷✱✽ ❦♠ ❞❡ ❧❛r❣❡✮✱ ❛✉ ♥♦r❞✲❡st ♣❛r ❧❡ ❞étr♦✐t ❞✉ ❇♦s♣❤♦r❡ q✉✐ ❧❛ r❡❧✐❡ à ❧❛
♠❡r ◆♦✐r❡ ❡t ❛✉ s✉❞✲❡st ♣❛r ❧❡ ❝❛♥❛❧ ❞❡ ❙✉❡③ q✉✐ ♣❡r♠❡t ❞❡ r❡❥♦✐♥❞r❡ ❧❛ ♠❡r ❘♦✉❣❡
❡t ❧✬♦❝é❛♥ ■♥❞✐❡♥✳ ❙❡s ♣r✐♥❝✐♣❛✉① ❛✤✉❡♥ts s♦♥t ♣❛r ♦r❞r❡ ❞✬✐♠♣♦rt❛♥❝❡ ❧❡ ❘❤ô♥❡ ❡♥
❋r❛♥❝❡✱ ❧❡ Pô ❡♥ ■t❛❧✐❡✱ ❧❡ ◆✐❧ ❡♥ ❊❣②♣t❡ ❡t ❧✬❊❜r❡ ❡♥ ❊s♣❛❣♥❡✳ P♦✉r ❛✉t❛♥t✱ ❧❛ ▼é❞✐✲
t❡rr❛♥é❡ ❡st ❡♥ ❞é✜❝✐t ❤②❞r✐q✉❡ ♥♦t❛♠♠❡♥t ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ❜❛rr❛❣❡s
s✉r ❧❡s ✢❡✉✈❡s ❡t ❞❡ ❧✬✐rr✐❣❛t✐♦♥✳ ❖♥ ❡st✐♠❡ ❞✬❛✐❧❧❡✉rs q✉❡ s✐ ❧❡ ❞étr♦✐t ❞❡ ●✐❜r❛❧t❛r
ét❛✐t ❢❡r♠é✱ ❧❡ ♥✐✈❡❛✉ ❞❡ ❧❛ ♠❡r ❜❛✐ss❡r❛✐t ❞❡ ✵✱✺ à ✶ ♠ ♣❛r ❛♥ ✭▲❛✉❜✐❡r ✱ ✷✵✵✺✮✳ ❊♥
♦✉tr❡✱ ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ ❡st ❜♦r❞é❡ ❞❡ ♠♦♥t❛❣♥❡s q✉❛s✐♠❡♥t s❛♥s ✐♥t❡rr✉♣t✐♦♥
❞❛♥s s❛ ♣❛rt✐❡ ◆♦r❞ ✭à ❧✬❡①❝❡♣t✐♦♥ ❞❡s ✈❛❧❧é❡s ❞✉ ❘❤ô♥❡ ❡t ❞✉ Pô✮✱ ❧❡s ♣r✐♥❝✐♣❛❧❡s
ét❛♥t ❧❡s P②ré♥é❡s✱ ❧❡s ❆❧♣❡s✱ ❧❡s ❆❧♣❡s ❉✐♥❛r✐q✉❡s ✭❈r♦❛t✐❡✮ ❡t ❧❡s ♠♦♥t❛❣♥❡s ❞✬❆♥❛✲
t♦❧✐❡✳ ❆✉ s✉❞✱ ♦♥ tr♦✉✈❡ ❧✬❆t❧❛s ♠❛r♦❝❛✐♥ ❛✐♥s✐ q✉❡ ❧❡ ✈❛st❡ ❞és❡rt q✉✐ s✬ét❡♥❞ ❞❡ ❧❛
❚✉♥✐s✐❡ ❛✉ ▲✐❜❛♥✳

❍✐st♦✐r❡ ❡t ❣é♦❣r❛♣❤✐❡ ❞❡ ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡ ✾



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

✭❛✮

FRANCE

SUISSE

ITALIE

MONACO

Rhône-Alpes

Provence Alpes
Côte d'Azur

Piémont

Ligurie

Lyon

Vallée 
d'Aoste

Aoste

Turin

Gênes

Marseille

0 250(km)

✭❜✮ ✭❝✮

❋✐❣✉r❡ ✶✳✷ ✿ ✭❛✮ ❈❛rt❡ ❞✉ r❡❧✐❡❢ ❞❡ ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡✱ ✭❜✮ ❈❛rt❡
❞❡ ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ❡t ✭❝✮ r❡❧✐❡❢ ❞❡ ❧❛ ré❣✐♦♥ ❞❡s ❆❧♣❡s✲
▼❛r✐t✐♠❡s

✶✵



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❆♣rès ❝❡ ♣r❡♠✐❡r ❛♣❡rç✉ ❞❡ ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡✱ ✐❧ ❡st t❡♠♣s ❞❡ ♥♦✉s
✐♥tér❡ss❡r à ❧❛ ré❣✐♦♥ ❞✬ét✉❞❡ ❞❡ ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ❝✬❡st✲à✲❞✐r❡ ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲
▼é❞✐t❡rr❛♥é❡ ✭❋✐❣✳ ✶✳✷ ✭❜✮✮✳ ❈❡tt❡ ré❣✐♦♥ ❡✉r♦♣é❡♥♥❡ r❡❣r♦✉♣❡ ❧❡s ré❣✐♦♥s ❘❤ô♥❡✲
❆❧♣❡s✱ Pr♦✈❡♥❝❡✲❆❧♣❡s✲❈ôt❡ ❞✬❆③✉r✱ ❧❡ ✈❛❧ ❞✬❆♦st❡✱ ❧❡ P✐é♠♦♥t ❡t ❧❛ ▲✐❣✉r✐❡✳ ❊❧❧❡
❝♦♠♣t❡ ♣❧✉s ❞❡ ✶✼ ♠✐❧❧✐♦♥s ❞✬❤❛❜✐t❛♥ts ❡t ❛ été ❝réé❡ ❡♥ ✷✵✵✼ ❞❛♥s ❧❡ ❜✉t ❞❡ ❢❛✈♦r✐s❡r
❧❡s é❝❤❛♥❣❡s ❝✉❧t✉r❡❧s ❡t ❝♦♠♠❡r❝✐❛✉① ❞❛♥s ❝❡tt❡ ③♦♥❡✳ ❊❧❧❡ ❡st tr❛✈❡rsé❡ ❞✉ ♥♦r❞
❛✉ s✉❞ ♣❛r ❧❛ ❝❤❛î♥❡ ❞❡s ❆❧♣❡s ❡t ❜♦r❞❡ ❧❛ ▼é❞✐t❡rr❛♥é❡ ✭❋✐❣✳ ✶✳✷ ✭❜✮✮✳ ▲❡s ❆❧♣❡s
sé♣❛r❡♥t ❧❛ ré❣✐♦♥ ❡♥ ❞❡✉① ❛✈❡❝ ❞✬✉♥ ❝ôté✱ ❧❛ Pr♦✈❡♥❝❡ ❡t ❞❡ ❧✬❛✉tr❡✱ ❧❛ ♣❧❛✐♥❡ ❞✉
Pô✳ ❈♦♠♠❡ ♦♥ ❧❡ ✈❡rr❛ ❞❛♥s ❝❡tt❡ t❤ès❡✱ ❝❡s ❝❛r❛❝tér✐st✐q✉❡s ♠♦❞✉❧❡♥t ❢♦rt❡♠❡♥t ❧❛
❧♦❝❛❧✐s❛t✐♦♥ ❡t ❧✬✐♥t❡♥s✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ré❣✐♦♥✳

✶✳✷ ▲❡ ❝❧✐♠❛t ♠é❞✐t❡rr❛♥é❡♥

▲❡ ❝❧✐♠❛t ♠é❞✐t❡rr❛♥é❡♥ ❝♦♠♠❡ ❞é✜♥✐ ♣❛r ❑ö♣♣❡♥ ✭✶✾✸✻✮ s❡ r❡tr♦✉✈❡ s✉r ❧❛ ♣❛r✲
t✐❡ ♦✉❡st ❞❡s ❝♦♥t✐♥❡♥ts à ❞❡s ❧❛t✐t✉❞❡s ❝♦♠♣r✐s❡s ❡♥tr❡ ✸✵✝❡t ✹✵✝✳ ■❧ ❡st ❝❛r❛❝tér✐sé
♣❛r ❞❡s ❤✐✈❡rs ❞♦✉① ❡t ❤✉♠✐❞❡s ❡t ❞❡s étés ❝❤❛✉❞s ❡t s❡❝s✳ ❊♥ t❡r♠❡s ♣❧✉✈✐♦♠étr✐q✉❡s✱
❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞✬été s♦♥t tr♦✐s ❢♦✐s ✐♥❢ér✐❡✉r❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❞✬❤✐✈❡r✳ ❉❡ ♣❛r
s❛ ♣♦s✐t✐♦♥✱ ❧❛ ▼é❞✐t❡rr❛♥é❡ ❡st ✉♥❡ ③♦♥❡ ❞❡ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❛ ♠♦②❡♥♥❡ ❧❛t✐t✉❞❡
❡t ❧❡s tr♦♣✐q✉❡s✳ ❆✐♥s✐✱ ❞✉r❛♥t ❧✬❤✐✈❡r✱ ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t
s♦✉s ❧✬✐♥✢✉❡♥❝❡ ❞❡s ❞é♣r❡ss✐♦♥s ❞❡s ♠♦②❡♥♥❡s ❧❛t✐t✉❞❡s s✐t✉é❡s s✉r ❧✬❆t❧❛♥t✐q✉❡✳ ❈❡s
❞é♣r❡ss✐♦♥s ❣é♥èr❡♥t ✉♥❡ s✉❝❝❡ss✐♦♥ ❞❡ ❢r♦♥ts q✉✐ ❛rr♦s❡♥t ❧❛ ré❣✐♦♥ ❛✈❡❝ ❞❡s ♣❧✉✐❡s
❡♥ ❣é♥ér❛❧ ♣❡✉ ✐♥t❡♥s❡s ♠❛✐s ❝♦♥t✐♥✉❡s✳ ❊♥ été✱ ❧❛ ❜r❛♥❝❤❡ ❞❡s❝❡♥❞❛♥t❡ ❞❡s ❝❡❧❧✉❧❡s
❞❡ ❍❛❞❧❡② r❡♠♦♥t❡ ✈❡rs ❧❡ ♥♦r❞ ❝❡ q✉✐ ♣r♦✈♦q✉❡ ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ③♦♥❡s ❞❡ ❤❛✉t❡s
♣r❡ss✐♦♥s ✭♣❛r ❡①❡♠♣❧❡✱ ❧✬❛♥t✐❝②❝❧♦♥❡ ❞❡s ❆ç♦r❡s✮ q✉✐ t❡♥❞❡♥t à ✐♥❤✐❜❡r ❧❡s ♣ré❝✐♣✐t❛✲
t✐♦♥s✳ ❚♦✉t❡❢♦✐s✱ ❞✉r❛♥t ❝❡tt❡ ♣ér✐♦❞❡ ❞❡s é✈é♥❡♠❡♥ts ❧♦❝❛✉① ❞❡ ❝♦♥✈❡❝t✐♦♥ ♣r♦❢♦♥❞❡
s✉r✈✐❡♥♥❡♥t ré❣✉❧✐èr❡♠❡♥t ❞❛♥s ❧✬❛♣rès✲♠✐❞✐ ❡♥ r❛✐s♦♥ ❞✉ ré❝❤❛✉✛❡♠❡♥t ❞❡s s♦❧s✳
❉✬❛✉tr❡s ♣r♦❝❡ss✉s ❞❡ ❣r❛♥❞❡ é❝❤❡❧❧❡ ✐♥✢✉❡♥❝❡♥t ❧❡ ❝❧✐♠❛t ❞❡ ❧❛ ré❣✐♦♥ t❡❧s ❧✬♦s✲
❝✐❧❧❛t✐♦♥ ◆♦r❞✲❆t❧❛♥t✐q✉❡ ✭❚r✐❣♦ ❡t ❛❧✳✱ ✷✵✵✹✮ ❡t ❧❡s ♣❤é♥♦♠è♥❡s ❊❧✲◆✐ñ♦✴▲❛ ◆✐ñ❛
✭❑❛r❛❣✐❛♥♥✐❞✐s ❡t ❛❧✳✱ ✷✵✵✽❀ ▼❛r✐♦tt✐ ❡t ❛❧✳✱ ✷✵✵✷❜❀ Pr✐❝❡ ❡t ❛❧✳✱ ✶✾✾✽✮✳ ▲❛ ♠❡r ▼é❞✐✲
t❡rr❛♥é❡ ❥♦✉❡ ❛✉ss✐ ✉♥ rô❧❡ ❝r✉❝✐❛❧ ❡♥ ❛♣♣♦rt❛♥t ❞❡ ❧✬❤✉♠✐❞✐té q✉✐ ♥♦✉rr✐t ❧❡s é✈é♥❡✲
♠❡♥ts ♣ré❝✐♣✐t❛♥ts✳ ▲❛ t❡♠♣ér❛t✉r❡ ❞❡ s✉r❢❛❝❡ ❛ ❡♥ ♣❛rt✐❝✉❧✐❡r ✉♥ rô❧❡ ✐♠♣♦rt❛♥t s✉r
❧❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡ ❞❛♥s ❧❛ ré❣✐♦♥ ✭❋✉♥❛ts✉ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❉❡ ♣❧✉s✱ ❞❡ ♣❛r s❛
❣r❛♥❞❡ ✐♥❡rt✐❡ ❡♥ ❝♦♠♣❛r❛✐s♦♥ à ❝❡❧❧❡ ❞✉ ❝♦♥t✐♥❡♥t✱ ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ s♦✉♠❡t ❧❡s
③♦♥❡s ❝ôt✐èr❡s à ❞❡ ❢♦rts ❝♦♥tr❛st❡s t❤❡r♠✐q✉❡s ❡♥ été ♦ù ❧❡ ❝♦♥t✐♥❡♥t ❡st s✉r❝❤❛✉✛é
❡t ❧❛ ♠❡r r❡❧❛t✐✈❡♠❡♥t ❢r♦✐❞❡✳ ❊♥ ❛✉t♦♠♥❡✱ à ❧✬✐♥✈❡rs❡✱ ❧❛ ♠❡r ❡st ♣❧✉s ❝❤❛✉❞❡ q✉❡ ❧❡
❝♦♥t✐♥❡♥t ❝❡ q✉✐ ❛ss✉r❡ ✉♥ ❢♦rt t❛✉① ❞✬é✈❛♣♦r❛t✐♦♥ ✭▼❛r✐♦tt✐ ❡t ❛❧✳✱ ✷✵✵✷❛✮ ❢❛✈♦r❛❜❧❡
à ❧❛ ♣❧✉✐❡✳ ❈❡ ❞éséq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❡♥tr❡ ❧❛ ♠❡r ❡t ❧✬❛t♠♦s♣❤èr❡ ♣❡✉t êtr❡
à ❧✬♦r✐❣✐♥❡ ❞❡ ▼❡❞✐❝❛♥❡s ✭❝②❝❧♦♥❡s ❞❡ ♣❡t✐t❡s é❝❤❡❧❧❡s✮✳ ■❧ ❡st ✐♥tér❡ss❛♥t ❞❡ ♥♦t❡r q✉❡
❧❛ ▼é❞✐t❡rr❛♥é❡ ❡st ❧✬✉♥❡ ❞❡s ré❣✐♦♥s ❞✉ ♠♦♥❞❡ ❧❡s ♣❧✉s ❢❛✈♦r❛❜❧❡s ❛✉① ❝②❝❧♦❣é♥ès❡s
✭❍♦s❦✐♥s ❡t ❍♦❞❣❡s ✱ ✷✵✵✷❀ P❡tt❡rs❡♥✱ ✶✾✺✻❀❲❡r♥❧✐ ❡t ❙❝❤✇✐❡r③ ✱ ✷✵✵✻✮ ❝❡ q✉✐ ❡①♣❧✐q✉❡
❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♠♣♦rt❛♥t❡s q✉❡ ❧✬♦♥ ② r❡♥❝♦♥tr❡✳ ❆ ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡✱ ❧❛ ♣♦s✐t✐♦♥ ❞✉
r❡❧✐❡❢ ✐♥✢✉❡♥❝❡ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❛ ❝✐r❝✉❧❛t✐♦♥ ❛t♠♦s♣❤ér✐q✉❡ ❡♥ ❝ré❛♥t ♣❛r ❡①❡♠♣❧❡
❞❡s ③♦♥❡s ❞❡ ❝♦♥✈❡r❣❡♥❝❡ q✉✐ ❣é♥èr❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♠♣♦rt❛♥t❡s✳ ❊♥ ❋r❛♥❝❡✱
❧❡ s✉❞ ❞❡s ❆❧♣❡s ❡t ❧❡s ❈é✈❡♥♥❡s✱ ❞❡ ♣❛r ❧❡✉r r❡❧✐❡❢ ❛❜r✉♣t ❡t ❧❡✉r ♣r♦①✐♠✐té ❛✈❡❝ ❧❛
▼é❞✐t❡rr❛♥é❡✱ s♦♥t ❞❡s ③♦♥❡s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ♣r♦♣✐❝❡s à ❝❡s ❝♦♥✈❡r❣❡♥❝❡s ❞❡ ❜❛ss❡
❝♦✉❝❤❡✳

▲❡ ❝❧✐♠❛t ♠é❞✐t❡rr❛♥é❡♥ ✶✶



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

✶✳✸ ▲❡s ❝❧✐♠❛t♦❧♦❣✐❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

❆ ❝❡ ❥♦✉r✱ ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ❝❧✐♠❛t♦❧♦❣✐❡ à ✜♥❡ rés♦❧✉t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
❝♦✉✈r❛♥t ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡✳ ❊♥ ❡✛❡t✱ ❝♦♠♠❡ ❡①♣❧✐q✉é ❞❛♥s ❧❛ ♣❛rt✐❡ ❞❡s
q✉❡st✐♦♥s s❝✐❡♥t✐✜q✉❡s ❡t✱ ❜✐❡♥ q✉❡ ❝❡ s♦✐t ❧✬✉♥❡ ❞❡s ③♦♥❡s ❧❡s ♣❧✉s ét✉❞✐é❡s ❛✉ ♠♦♥❞❡✱
✐❧ ❡①✐st❡ ✉♥ ❞é✜❝✐t ❞❡ ♠❡s✉r❡s ✜♥❡s é❝❤❡❧❧❡s s✉r ❝❡tt❡ ③♦♥❡✳ ■❧ ❢❛✉t ♥♦t❡r✱ ❞❡ ♣❧✉s✱ q✉❡
❧❡s ♠♦②❡♥s ❞❡ ♠❡s✉r❡ s♦♥t très ♠❛❧ ré♣❛rt✐s ♣✉✐sq✉✬✐❧s s♦♥t très ❛❜♦♥❞❛♥ts ❛✉ ♥♦r❞ ❡t
très ❝❧❛✐rs❡♠és ❛✉ s✉❞✳ P❛r♠✐ ❧❡s ét✉❞❡s ❝❧✐♠❛t♦❧♦❣✐q✉❡s à ✜♥❡ é❝❤❡❧❧❡ ✭♣❧✉✈✐♦♠ètr❡s✮
❝♦♥❞✉✐t❡s ❞❛♥s ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡✱ ♦♥ ♣❡✉t ❝✐t❡r ❋r❡✐ ❡t ❙❝❤är ✭✶✾✾✽✮✱ ■s♦tt❛
❡t ❛❧✳ ✭✷✵✶✸✮✱ ▲❛♥❛ ❡t ❛❧✳ ✭✷✵✵✹✮✱ ❘♦♠❡r♦ ❡t ❛❧✳ ✭✶✾✾✽✮✳ ❉✬❛✉tr❡s ét✉❞❡s ❛✈❡❝ ✉♥❡
rés♦❧✉t✐♦♥ s❛t❡❧❧✐t❛✐r❡ ♦♥t été é❣❛❧❡♠❡♥t ♠❡♥é❡s ✭❆❞❧❡r ❡t ❛❧✳✱ ✷✵✵✸❀ ❋✉♥❛ts✉ ❡t ❛❧✳✱
✷✵✵✾❀ ▼❛r✐♦tt✐ ❡t ❛❧✳✱ ✷✵✵✷❛❀ ▼❡❤t❛ ❡t ❨❛♥❣ ✱ ✷✵✵✽❀ ◆❛st♦s ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❉❛♥s ❝❡tt❡
♣❛rt✐❡✱ ♥♦✉s ♣rés❡♥t♦♥s ❧❡s ♣r✐♥❝✐♣❛❧❡s ❝♦♥❝❧✉s✐♦♥s ❞❡ ❝❡s tr❛✈❛✉① ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r
❞❡s ét✉❞❡s q✉✐ ❝♦✉✈r❡♥t ❧❛ ③♦♥❡ ❞✬ét✉❞❡ ❞❡ ❝❡tt❡ t❤ès❡✳

❋✐❣✉r❡ ✶✳✸ ✿ Pré❝✐♣✐t❛t✐♦♥s ❥♦✉r♥❛❧✐èr❡s ♠♦②❡♥♥❡s ♣❛r s❛✐s♦♥ ✭❞✬❛♣rès ❋r❡✐
❡t ❙❝❤är ✭✶✾✾✽✮✮✳ ▲❛ ré❣✐♦♥ ❞✬ét✉❞❡ ❡st s♦✉❧✐❣♥é❡ ♣❛r ✉♥ ❝❛❞r❡ r♦✉❣❡

▲✬ét✉❞❡ ❞❡ ❋r❡✐ ❡t ❙❝❤är ✭✶✾✾✽✮ ♣rés❡♥t❡ ✉♥❡ ❝❧✐♠❛t♦❧♦❣✐❡ ❞❡ ❧❛ ré❣✐♦♥ ❞❡s ❆❧♣❡s
❛✐♥s✐ q✉❡ ❝❡❧❧❡s ❞❡s ❈é✈❡♥♥❡s ❡t ❞❡s ❉♦❧♦♠✐t❡s ét❛❜❧✐❡s ❡♥tr❡ ✶✾✼✶ ❡t ✶✾✾✵ ❣râ❝❡ à
♣❧✉s ❞❡ ✻✵✵✵ ♣❧✉✈✐♦♠ètr❡s ✭rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ∼✷✺ ❦♠✮✳ ❙✉r ❧❛ ✜❣✉r❡ ✶✳✸ ❋r❡✐ ❡t

❙❝❤är ✭✶✾✾✽✮ ♣rés❡♥t❡♥t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❥♦✉r♥❛❧✐èr❡s ♠♦②❡♥♥❡s ♣❛r s❛✐s♦♥✳ ❊♥ ❝❡
q✉✐ ❝♦♥❝❡r♥❡ ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✱ ❧❛ ✈❛r✐❛❜✐❧✐té s❛✐s♦♥♥✐èr❡ ❞❡s ♣ré❝✐♣✐✲
t❛t✐♦♥s ❡st r❡❧❛t✐✈❡♠❡♥t ♠♦❞éré❡ ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s ré❣✐♦♥s✳ ▲❡s ❝✉♠✉❧s s♦♥t
♠❛①✐♠❛✉① ❡♥ ❛✉t♦♠♥❡ ❡t ❡♥ ❤✐✈❡r ❛✈❡❝ ❞❡s ✈❛❧❡✉rs ❝♦♠♣r✐s❡s ❡♥tr❡ ✷✱✻ ❡t ✸✱✹ ♠♠✴❥
❡t ✐❧s s♦♥t ♠✐♥✐♠❛✉① ❡♥ été ❛✈❡❝ ❞❡s ✈❛❧❡✉rs ✐♥❢ér✐❡✉r❡s à ✶✱✽ ♠♠✴❥ ♣♦✉r ❧❡ s✉❞ ❞❡ ❧❛

✶✷ ▲❡s ❝❧✐♠❛t♦❧♦❣✐❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

ré❣✐♦♥ ✭Pr♦✈❡♥❝❡✱ Pô✮ ❡t ❡♥tr❡ ✶✱✽ ❡t ✷✱✻ ♠♠✴❥ ♣♦✉r ❧❡ s✉❞ ❞❡s ❆❧♣❡s✳ ●❧♦❜❛❧❡♠❡♥t
❧❛ ré❣✐♦♥ ❛♣♣❛r❛ît ♠♦❞éré♠❡♥t ❤✉♠✐❞❡ ♣❛r r❛♣♣♦rt à ❧✬❡♥s❡♠❜❧❡ ❞❡s ré❣✐♦♥s ét✉❞✐é❡s
♣❛r ❋r❡✐ ❡t ❙❝❤är ✭✶✾✾✽✮✳ ❊♥ ♦✉tr❡✱ ❧✬❡✛❡t ❞❡ ❧✬♦r♦❣r❛♣❤✐❡ s❡♠❜❧❡ r❡❧❛t✐✈❡♠❡♥t ♠♦✲
❞éré ❡♥ ❝♦♠♣❛r❛✐s♦♥ ❛✉① ❛✉tr❡s ③♦♥❡s ❞❡ r❡❧✐❡❢ ✭❈é✈❡♥♥❡s✱ ◆♦r❞ ❞❡s ❆❧♣❡s✮✳ ▲❛ s❡✉❧❡
❛✉tr❡ ét✉❞❡ ❝♦✉✈r❛♥t ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ❛✈❡❝ ✉♥❡ rés♦❧✉t✐♦♥ s✐ ✜♥❡ ❡st
❝❡❧❧❡ ❞❡ ■s♦tt❛ ❡t ❛❧✳ ✭✷✵✶✸✮ q✉✐ ❝♦rr❡s♣♦♥❞ ❡♥ ❢❛✐t à ✉♥❡ ♠✐s❡ à ❥♦✉r ❞❡ ❝❡❧❧❡ ❞❡ ❋r❡✐

❡t ❙❝❤är ✭✶✾✾✽✮✳ ❈❡♣❡♥❞❛♥t✱ ▼❛r✐♦tt✐ ❡t ❛❧✳ ✭✷✵✵✷❛✮✱ ▼❡❤t❛ ❡t ❨❛♥❣ ✭✷✵✵✽✮✱ ◆❛st♦s
❡t ❛❧✳ ✭✷✵✶✸✮ ❡t s✉rt♦✉t ❋✉♥❛ts✉ ❡t ❛❧✳ ✭✷✵✵✾✮ ♣rés❡♥t❡♥t ❞❡s ét✉❞❡s ❝❧✐♠❛t♦❧♦❣✐q✉❡s
q✉✐✱ ❜✐❡♥ q✉✬à ♠♦✐♥s ❜♦♥♥❡ rés♦❧✉t✐♦♥✱ ♥♦✉s ❛♣♣♦rt❡♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❝❡rt❛✐♥❡s
❝❛r❛❝tér✐st✐q✉❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❡ ❝❡tt❡ ré❣✐♦♥✳

▲❛ ✜❣✉r❡ ✶✳✹ ✐ss✉❡ ❞❡ ❧✬❛rt✐❝❧❡ ❞❡ ❝❡tt❡ ❞❡r♥✐èr❡ ét✉❞❡ ♥♦✉s r❡♥s❡✐❣♥❡ s✉r ❧❛ ♣♦✲
s✐t✐♦♥ ❡t ❧❛ ✈❛r✐❛❜✐❧✐té s❛✐s♦♥♥✐èr❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♠❛✐s ❛✉ss✐ ❞❡s é✈é♥❡♠❡♥ts ❞❡
❝♦♥✈❡❝t✐♦♥ ♣r♦❢♦♥❞❡✳ ❇✐❡♥ q✉❡ ❧❡s ❝❛rt❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s s♦✐❡♥t ♠♦✐♥s ♣ré❝✐s❡s q✉❡
❝❡❧❧❡s ré❛❧✐sé❡s ♣❛r ❋r❡✐ ❡t ❙❝❤är ✭✶✾✾✽✮✱ ❡❧❧❡s ♦♥t ❧✬❛✈❛♥t❛❣❡ ❞❡ ❞♦♥♥❡r ✉♥❡ ✐♥❢♦r♠❛✲
t✐♦♥ s✉r ❧❛ ♠❡r✳ ❙✉r ❧❛ ♣❛rt✐❡ ♠❛r✐t✐♠❡ ❞❡ ❧❛ ③♦♥❡ ❞✬ét✉❞❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ❧✬♦❝❝✉rr❡♥❝❡
❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❡st ♥❡tt❡♠❡♥t ♣❧✉s ❢♦rt❡ ❡♥ ❛✉t♦♠♥❡ ✭✶✵ à ✶✺✪ ❞✬♦❝❝✉rr❡♥❝❡✮ q✉❡
♣♦✉r ❧❡s ❛✉tr❡s s❛✐s♦♥s✳ ❊♥ ❤✐✈❡r ❡t ❛✉ ♣r✐♥t❡♠♣s✱ ❧✬♦❝❝✉rr❡♥❝❡ ❡st ♠♦❞éré❡ ✭✹ à ✼✪✮
t❛♥❞✐s q✉✬❡♥ été ❧❛ ③♦♥❡ ❡st s❝✐♥❞é❡ ❡♥ ❞❡✉① ❛✈❡❝ à ❧✬♦✉❡st très ♣❡✉ ❞❡ ♣❧✉✐❡ ✭❁✷✪✮ ❡t
à ❧✬❡st ✉♥❡ ♦❝❝✉rr❡♥❝❡ ♠♦❞éré❡ ✭✻✲✼✪✮✳ ●❧♦❜❛❧❡♠❡♥t✱ ❧✬♦❝❝✉rr❡♥❝❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥
s✉r ❧❛ ③♦♥❡ ❞✬ét✉❞❡ ❡st ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡ ♣♦✉r ❧❡ r❡st❡ ❞❡ ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ ❡t
❡♥ ♣❛rt✐❝✉❧✐❡r ❡♥ été ♦ù ❝✬❡st ❧✬✉♥❡ ❞❡s s❡✉❧❡s ③♦♥❡s ♦ù ✐❧ r❡st❡ ✉♥ ♥♦♠❜r❡ s✐❣♥✐✜❝❛t✐❢
❞❡ ♣ré❝✐♣✐t❛t✐♦♥s✳ ❋✉♥❛ts✉ ❡t ❛❧✳ ✭✷✵✵✾✮ ♦♥t é❣❛❧❡♠❡♥t ❛♥❛❧②sé ❧✬♦❝❝✉rr❡♥❝❡ ❞✬é✈é♥❡✲
♠❡♥ts ❞❡ t②♣❡ ❝♦♥✈❡❝t✐♦♥ ♣r♦❢♦♥❞❡✳ P♦✉r ❧❛ ♣❛rt✐❡ ♠❛r✐t✐♠❡ ❞❡ ③♦♥❡ ❞✬ét✉❞❡ ❞❡ ❝❡tt❡
t❤ès❡✱ ♦♥ s✬❛♣❡rç♦✐t q✉❡ ❝❡s é✈é♥❡♠❡♥ts s♦♥t ✐♥❡①✐st❛♥ts ❡♥ ❤✐✈❡r ❡t ❛✉ ♣r✐♥t❡♠♣s✳
❊♥ été✱ q✉❡❧q✉❡s r❛r❡s é✈é♥❡♠❡♥ts ❝♦♥✈❡❝t✐❢s ♦♥t ❧✐❡✉ s✉r ❧✬❡st ❞❡ ❧❛ ③♦♥❡ ✭❢réq✉❡♥❝❡
❞✬♦❝❝✉rr❡♥❝❡ ❡♥tr❡ ✶✱✺ ❡t ✷✱✶✪✮✳ ❊♥✜♥✱ ❡♥ ❛✉t♦♠♥❡✱ ❧❛ ❢réq✉❡♥❝❡ ❞✬♦❝❝✉rr❡♥❝❡ ❞✬é✈é✲
♥❡♠❡♥ts ❞❡ ❝♦♥✈❡❝t✐♦♥s ♣r♦❢♦♥❞❡s ❞❡✈✐❡♥t r❡❧❛t✐✈❡♠❡♥t ✐♠♣♦rt❛♥t❡ ✭❡♥tr❡ ✷✱✹ ❡t ✸✪✮✳
❙✐ ❧✬♦♥ ❝♦♠♣❛r❡ à ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡✱ ♥♦✉s ❝♦♥st❛t♦♥s q✉❡ ❧❛
♣r♦♣♦rt✐♦♥ ❞✬é✈é♥❡♠❡♥ts ❝♦♥✈❡❝t✐❢s ❡st ❢❛✐❜❧❡ s✉r ♥♦tr❡ ③♦♥❡ ❞✬ét✉❞❡✳ ❆✐♥s✐✱ ♠ê♠❡
s✐ ❧❛ ❢réq✉❡♥❝❡ ❞✬♦❝❝✉rr❡♥❝❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡st s✉♣ér✐❡✉r❡ ❛✉ r❡st❡ ❞❡ ❧❛ ▼é❞✐t❡r✲
r❛♥é❡♥♥❡✱ ♦♥ ♥♦t❡ q✉❡ ❧❡s ♠é❝❛♥✐s♠❡s ♣r✐♥❝✐♣❛✉① q✉✐ ♦♥t ❣é♥éré ❝❡s ♣ré❝✐♣✐t❛t✐♦♥s
♥❡ s♦♥t q✉❡ r❛r❡♠❡♥t ❝♦♥✈❡❝t✐❢s✳ ❊♥✜♥✱ s✐ ❧✬♦♥ r❡❣❛r❞❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s é✈é♥❡✲
♠❡♥ts ❝♦♥✈❡❝t✐❢s s✉r ❧❡ ❝♦♥t✐♥❡♥t✱ ♦♥ ✈♦✐t q✉✬✐❧s s❡ ♣r♦❞✉✐s❡♥t ❡♥tr❡ ❧❡ ♣r✐♥t❡♠♣s ❡t
❧✬❛✉t♦♠♥❡ ❛✈❡❝ ❞❡s ✈❛❧❡✉rs ❝♦♠♣r✐s❡s ❡♥tr❡ ✶✱✷ ❡t ✸✪ ❡t ✉♥ ❧é❣❡r ♠❛①✐♠✉♠ ❡♥ été✳
▲à ❡♥❝♦r❡✱ ✐❧ s❡♠❜❧❡ q✉❡ ❧❛ ③♦♥❡ ❞✬ét✉❞❡ s♦✐t ♣❧✉tôt é♣❛r❣♥é❡ ♣❛r ❧❡s é✈é♥❡♠❡♥ts
❝♦♥✈❡❝t✐❢s ♣❛r r❛♣♣♦rt ❛✉ r❡st❡ ❞✉ ❝♦♥t✐♥❡♥t✳

▲❡s ✐♥❢♦r♠❛t✐♦♥s t✐ré❡s ❞❡ ❝❡s tr❛✈❛✉① ♥♦✉s ♣❡r♠❡tt❡♥t ❞✬♦❜t❡♥✐r ❞❡s r❡♥s❡✐❣♥❡✲
♠❡♥ts s✉r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛ ré❣✐♦♥ ❞✬ét✉❞❡ ❞❡ ❝❡tt❡ t❤ès❡✳ ◆é❛♥♠♦✐♥s✱ ❡❧❧❡s
♥❡ ♣❡r♠❡tt❡♥t ♣❛s ❞❡ ♥♦✉s r❡♥s❡✐❣♥❡r s✉r ❧❛ ✈❛r✐❛❜✐❧✐té ✜♥❡ é❝❤❡❧❧❡ ❞❡ ❝❡❧❧❡✲❝✐✳ ❈❡❧❛
✐♠♣❧✐q✉❡ q✉❡ ♥♦✉s ♥✬❛✈♦♥s q✉✬✉♥❡ ✈✐s✐♦♥ très ♣❛rt✐❡❧❧❡ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♣ré❝✐♣✐✲
t❛t✐♦♥s ❞❛♥s ❧❛ ré❣✐♦♥✳ ❈❡❧❛ s♦✉❧✐❣♥❡ ❛✉ss✐ ❧✬✐♥térêt ❞❡ ♠❡♥❡r ✉♥❡ ét✉❞❡ à ♣❧✉s ♣❡t✐t❡
é❝❤❡❧❧❡ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡t ❞❡s ♣r♦❝❡ss✉s ❛ss♦❝✐és s✉r ❝❡tt❡ ❡t ♣❛r
❝♦♥séq✉❡♥t ❧✬❛s♣❡❝t ✐♥♥♦✈❛♥t ❞✉ tr❛✈❛✐❧ ♠❡♥é ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✳

▲❡s ❝❧✐♠❛t♦❧♦❣✐❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✶✸



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❋✐❣✉r❡ ✶✳✹ ✿ P♦✉r❝❡♥t❛❣❡ ❞✬♦❝❝✉rr❡♥❝❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✭à ❣❛✉❝❤❡✮ ❡t ❞❡s
é✈é♥❡♠❡♥ts ❞❡ ❝♦♥✈❡❝t✐♦♥s ♣r♦❢♦♥❞❡s ✭à ❞r♦✐t❡✮ ♣♦✉r ❧❛ ♣ér✐♦❞❡ ✷✵✵✶✲✷✵✵✼
♣❛r s❛✐s♦♥ ✭❞❡ ❤❛✉t ❡♥ ❜❛s ❉❏❋✱ ▼❆▼✱ ❏❏❆✱ ❙❖◆✮ ✭ ❞✬❛♣rès ❋✉♥❛ts✉ ❡t ❛❧✳

✭✷✵✵✾✮✮✳ ▲❛ ré❣✐♦♥ ❞✬ét✉❞❡ ❡st s♦✉❧✐❣♥é❡ ♣❛r ✉♥ ❝❛❞r❡ ♥♦✐r

✶✹



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

✶✳✹ ▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s

▲✬❡✛♦rt ❞❡ r❡❝❤❡r❝❤❡ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡ ❡st
s♦✉✈❡♥t ♠♦t✐✈é ♣❛r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❡t ❧❛ ♣ré✈✐s✐♦♥ ❞✉ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡s ♣ré❝✐✲
♣✐t❛t✐♦♥s ✐♥t❡♥s❡s✳ ■❧ ♥✬❡st ❡♥ ❡✛❡t ♣❛s r❛r❡ q✉❡ ❞❡s é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡ ❣é♥èr❡♥t
♣❧✉s ❞❡ ✶✵✵ ♠♠ ❞❛♥s ❧❛ ré❣✐♦♥✳ ❈❡rt❛✐♥s é✈é♥❡♠❡♥ts ❡①trê♠❡s s♦♥t r❡stés ❞❛♥s ❧❡s
❛♥♥❛❧❡s ❝♦♠♠❡ ❧❡s ✐♥♦♥❞❛t✐♦♥s ❞❡ ❱❛✐s♦♥✲❧❛✲❘♦♠❛✐♥❡ ❡♥ ❙❡♣t❡♠❜r❡ ✶✾✾✷ ✭✸✵✵ ♠♠
❡♥ ✹ ❤❡✉r❡s ✭❙é♥és✐ ❡t ❛❧✳✱ ✶✾✾✻✮✮ ♦✉ ❝❡❧❧❡s ❞✉ ●❛r❞ ❡♥ ❙❡♣t❡♠❜r❡ ✷✵✵✷ ♦ù ❧✬♦♥ ❛
r❡❧❡✈é ♣❧✉s ❞❡ ✼✵✵ ♠♠ ❡♥ ✷✹ ❤❡✉r❡s ✭❉❡❧r✐❡✉ ❡t ❛❧✳✱ ✷✵✵✺❀ ❉✉❝r♦❝q ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❙✉r
❧❛ ré❣✐♦♥ ❡t ❧❛ ♣ér✐♦❞❡ ❞✬ét✉❞❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ❞❡✉① é✈é♥❡♠❡♥ts ❡①trê♠❡s s❡ s♦♥t ♣r♦✲
❞✉✐ts ✿ ❧❡ ✶✺✲✶✻ ❥✉✐♥ ✷✵✶✵ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ♦♥t été ♠❡s✉ré❡s s✉r ❧❛ ré❣✐♦♥
❞❡ ❉r❛❣✉✐❣♥❛♥ ✭♣❧✉s ❞❡ ✹✵✵ ♠♠✮ ❡t ❞✉ ✶ ❛✉ ✻ ♥♦✈❡♠❜r❡ ✷✵✶✶ ❞❡s ✐♥♦♥❞❛t✐♦♥s ♦♥t
❡✉ ❧✐❡✉ s✉r ❧❛ ❝ôt❡ ❡♥tr❡ ❧❛ ✈✐❧❧❡ ❞❡ ◆✐❝❡ ❡t ❞❡ ●ê♥❡s ✭♣❧✉s ❞❡ ✹✺✵ ♠♠ ❡♥ ✶✷ ❤❡✉r❡s
✭❙✐❧✈❡str♦ ❡t ❛❧✳✱ ✷✵✶✷✮✮✳ ❈❡s ❧❛r❣❡s ❛❝❝✉♠✉❧❛t✐♦♥s ❞❡ ♣❧✉✐❡ ♣❡✉✈❡♥t êtr❡ ❣é♥éré❡s ♣❛r
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❢r♦♥t❛❧❡s q✉✐ ❞✉r❡♥t ♣❧✉s✐❡✉rs ❥♦✉rs ❡t q✉✐ ♣❡✉✈❡♥t êtr❡ r❡♥❢♦r❝é❡s
♣❛r ❧❛ t♦♣♦❣r❛♣❤✐❡ ♠❛✐s ❛✉ss✐ ♣❛r ❞❡s é✈é♥❡♠❡♥ts ❞❡ ❝♦♥✈❡❝t✐♦♥ ♦r❣❛♥✐sé❡s ❞❡ ♠és♦✲
é❝❤❡❧❧❡ q✉✐ s♦♥t ❝❛♣❛❜❧❡s ❞❡ ❣é♥ér❡r ❞❡s q✉❛♥t✐tés très ✐♠♣♦rt❛♥t❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s
❡♥ ✉♥ t❡♠♣s ❧✐♠✐té s✉rt♦✉t s✬✐❧s s♦♥t st❛t✐♦♥♥❛✐r❡s ❝♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❉r❛❣✉✐❣♥❛♥✳

❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ❧❡s ❝♦♥❞✐t✐♦♥s ♣r♦♣✐❝❡s ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ é✈é♥❡♠❡♥t
❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s s♦♥t ✿

• ❯♥❡ str✉❝t✉r❡ s②♥♦♣t✐q✉❡ ❢❛✈♦r❛❜❧❡ q✉✐ é✈♦❧✉❡ ❧❡♥t❡♠❡♥t ♣♦✉r ♣❡r♠❡ttr❡ ❞❡
♠❛✐♥t❡♥✐r s✉r ❧❛ ❞✉ré❡ ❞❡s ❝♦♥❞✐t✐♦♥s ♣r♦♣✐❝❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s

• ❯♥ ✢✉① ❞✬❤✉♠✐❞✐té ❝♦♥❞✐t✐♦♥♥❡❧❧❡♠❡♥t ✐♥st❛❜❧❡ ❡♥ ❜❛ss❡ ❝♦✉❝❤❡
• ❯♥ ♠é❝❛♥✐s♠❡ ❞❡ s♦✉❧è✈❡♠❡♥t ❝❛♣❛❜❧❡ ❞❡ ❞é❝❧❡♥❝❤❡r ❡t ❞❡ ♠❛✐♥t❡♥✐r ❧❛ ❝♦♥✈❡❝✲
t✐♦♥

• ❯♥ ❝✐s❛✐❧❧❡♠❡♥t ✈❡rt✐❝❛❧ q✉✐ ❡st ❢❛✈♦r❛❜❧❡ à ❧❛ ❝♦♥✈❡❝t✐♦♥ ♣r♦❢♦♥❞❡

❈❡s q✉❛tr❡ é❧é♠❡♥ts ❢❛✈♦r❛❜❧❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ✈♦♥t êtr❡ ❞é❝r✐ts ❞❛♥s ❧❡s ♣r♦✲
❝❤❛✐♥❡s s❡❝t✐♦♥s✳

✶✳✹✳✶ ❙tr✉❝t✉r❡ s②♥♦♣t✐q✉❡

❉❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s s❡ s♦♥t ✐♥tér❡ssé❡s ❛✉① str✉❝t✉r❡s s②♥♦♣t✐q✉❡s ♣r♦♣✐❝❡s
❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s s✉r ❧❛ ré❣✐♦♥ ❞❡s ❆❧♣❡s ❡t s✉r ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡
✭❋✉♥❛ts✉ ❡t ❛❧✳✱ ✷✵✵✾❀ ❏♦❧② ❡t ❛❧✳✱ ✷✵✵✼❀ ▼❛rtí♥❡③ ❡t ❛❧✳✱ ✷✵✵✽❀ ▼❛rt✐✉s ❡t ❛❧✳✱ ✷✵✵✻❀
P❧❛✉t ❡t ❙✐♠♦♥♥❡t ✱ ✷✵✵✶❀ P❧❛✉t ❡t ❛❧✳✱ ✷✵✵✶❀ ❘✐❝❛r❞ ❡t ❛❧✳✱ ✷✵✶✷❀ ❱r❛❝ ❡t ❨✐♦✉✱ ✷✵✶✵✮✳
❈❡s ét✉❞❡s s❡ ❜❛s❡♥t s✉r ❞❡s ♦✉t✐❧s ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥s ❛✉t♦♠❛t✐q✉❡s ❡t ♦❜❥❡❝t✐❢s ❡♥
✉t✐❧✐s❛♥t ✉♥ ♦✉ ♣❧✉s✐❡✉rs ♣❛r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡s ❛✜♥ ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❝❡s
str✉❝t✉r❡s s②♥♦♣t✐q✉❡s✳ ❉❛♥s ❧❛ s✉✐t❡✱ ♦♥ ♣rés❡♥t❡ ❧❡s ét✉❞❡s q✉✐ ♦♥t ❝❛r❛❝tér✐sé ❧❡s
str✉❝t✉r❡s s②♥♦♣t✐q✉❡s ❛ss♦❝✐é❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❞❡s ③♦♥❡s ♣r♦❝❤❡s ❞❡ ❝❡❧❧❡ ❞❡
♥♦tr❡ ré❣✐♦♥ ❞✬ét✉❞❡✳

▲✬✉♥❡ ❞❡s ♣r❡♠✐èr❡s ét✉❞❡s s♣é❝✐✜q✉❡s à ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡ ❡st ❝❡❧❧❡ ❞❡
P❧❛✉t ❡t ❛❧✳ ✭✷✵✵✶✮ q✉✐ ✉t✐❧✐s❡ ❧❡s ❛♥♦♠❛❧✐❡s ❞✬❛❧t✐t✉❞❡ ❞✉ ❣é♦♣♦t❡♥t✐❡❧ à ✼✵✵ ❤P❛
♣♦✉r ✐❞❡♥t✐✜❡r tr♦✐s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s
❞❛♥s ❧❛ ré❣✐♦♥ ❞❡s ❆❧♣❡s ▼❛r✐t✐♠❡s ✭❋✐❣✳ ✶✳✺ ✭❛✮✮✳ ▲❛ ♠ét❤♦❞❡ ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥

▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ✶✺



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✶✳✺ ✿ ✭❛✮ ❆♥♦♠❛❧✐❡s ❞❡ ❣é♦♣♦t❡♥t✐❡❧ ♣♦✉r tr♦✐s s✐t✉❛t✐♦♥s ❛ss♦❝✐é❡s
❛✉① ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ré❣✐♦♥ ❞❡s ❆❧♣❡s✲▼❛r✐t✐♠❡s ✭❞✬❛♣rès P❧❛✉t ❡t ❛❧✳✱
✷✵✵✶✮ ❡t ✭❜✮ ❣é♦♣♦t❡♥t✐❡❧ à ✺✵✵ ❤P❛ ✭❡♥ t✐r❡t✮ ❡t ✈❡♥t s✉r ❧❛ s✉r❢❛❝❡ ✷ P❱❯
✭❡♥ ♥✉❛♥❝❡s ❞❡ ❣r✐s✮ ♣♦✉r q✉❛tr❡ s✐t✉❛t✐♦♥s ❛ss♦❝✐é❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s s✉r
❧❡ s✉❞ ❞❡ ❧❛ ❋r❛♥❝❡✳ ▲❡s ♣♦✉r❝❡♥t❛❣❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉ ♥♦♠❜r❡ ❞❡ ❢♦✐s ♦ù
❝❡tt❡ s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ❡st ❛ss♦❝✐é❡ à ❧✬✉♥❡ ♦✉ ❧✬❛✉tr❡ ❞❡s ❝❧❛ss❡s ✭❞✬❛♣rès
◆✉✐ss✐❡r ❡t ❛❧✳✱ ✷✵✶✶✮✳

✉t✐❧✐sé❡ ❡st ❞ér✐✈é❡ ❞❡ ❧✬❛❧❣♦r✐t❤♠❡ ❞❡s ❑✲♠❡❛♥s ✭❑✲♠♦②❡♥♥❡s✮ ✶✳ ❖♥ ❝♦♥st❛t❡ q✉❡
❧❡s tr♦✐s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❝♦rr❡s♣♦♥❞❡♥t t♦✉t❡s à ✉♥ ♠✐♥✐♠✉♠ s✐t✉é à q✉❡❧q✉❡s
❝❡♥t❛✐♥❡s ❞❡ ❦✐❧♦♠ètr❡s à ❧✬♦✉❡st ❞❡s ❆❧♣❡s ▼❛r✐t✐♠❡s✳ ▲❛ ♣r❡♠✐èr❡ ❝♦rr❡s♣♦♥❞ à
✉♥ ♠✐♥✐♠✉♠ ❞❡ ❣é♦♣♦t❡♥t✐❡❧ très ♠❛rq✉é q✉✐ s❡ tr♦✉✈❡ s✉r ❧✬♦✉❡st ❞❡ ❧✬❊✉r♦♣❡✱ ❧❛
s❡❝♦♥❞❡ ❝♦rr❡s♣♦♥❞ à ✉♥ ♠✐♥✐♠✉♠ s✉r ❧❡ s✉❞ ❞❡ ❧✬❊✉r♦♣❡ ❡t ❧❛ tr♦✐s✐è♠❡ à ✉♥❡ ③♦♥❡
❞❡ ❝♦♥✢✐t ❡♥tr❡ ✉♥ ♠✐♥✐♠✉♠ ❞❡ ❣é♦♣♦t❡♥t✐❡❧ à ❧✬♦✉❡st ❞❡s ❆❧♣❡s ▼❛r✐t✐♠❡s ❡t ✉♥
♠❛①✐♠✉♠ ❞❡ ❣é♦♣♦t❡♥t✐❡❧ à ❧✬❡st✳

◆✉✐ss✐❡r ❡t ❛❧✳ ✭✷✵✶✶✮ ♦♥t é❣❛❧❡♠❡♥t ✉t✐❧✐sé ❧❡ ❣é♦♣♦t❡♥t✐❡❧ ✭♠❛✐s à ✺✵✵ ❤P❛✮
♣♦✉r ♦❜t❡♥✐r q✉❛tr❡ s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❛ss♦❝✐é❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ❡♥
❛✉t♦♠♥❡ s✉r ❧❡ s✉❞ ❞❡ ❧❛ ❋r❛♥❝❡ ✭❋✐❣✳ ✶✳✺ ✭❜✮✮✳ ■❧s ♦♥t ✉t✐❧✐sé ❧❛ ♠ê♠❡ ♠ét❤♦❞❡ q✉❡
❝❡❧❧❡ ♣r♦♣♦sé❡ ♣❛r P❧❛✉t ❡t ❛❧✳ ✭✷✵✵✶✮✳ ▲✬ét✉❞❡ ♠♦♥tr❡ q✉❡ ❧❡s s✐t✉❛t✐♦♥s t②♣✐q✉❡s
❝♦rr❡s♣♦♥❞❡♥t à ✉♥ t❤❛❧✇❡❣ ❧é❣èr❡♠❡♥t ✐♥❝❧✐♥é ✈❡rs ❧❡ s✉❞✲❡st ❡t s✐t✉é s✉r ❧✬❆t❧❛♥t✐q✉❡
✭❈②❝❧♦♥✐❝ s♦✉t❤❡r❧② ✭❈❙✮ ❡t ❈②❝❧♦♥✐❝ s♦✉t❤✇❡st❡r❧② ✭❈❙❲✮✮ ♦✉ à ✉♥ ♠✐♥✐♠✉♠ ✐s♦❧é
✭✐♥❢ér✐❡✉r à ✺✺✵✵ ❞❛♠✮ ✭❲❡st❡r♥ ❧♦✇ ✭❲▲✮✮ s✐t✉é s✉r ❧❡ s✉❞ ❞❡ ❧❛ ❋r❛♥❝❡ ❡t ❧✬❊s♣❛❣♥❡✳
❖♥ ✈♦✐t ❛✉ss✐ q✉❡ ❝❡s s✐t✉❛t✐♦♥s s♦♥t ❛ss♦❝✐é❡ à ✉♥❡ ③♦♥❡ ❞❡ ❢♦rts ❣é♦♣♦t❡♥t✐❡❧s
s✉r ❧✬❊✉r♦♣❡ ❝❡♥tr❛❧❡ q✉✐ t❡♥❞ à r❛❧❡♥t✐r ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞✉ t❤❛❧✇❡❣✳ ▲❛ ❞❡r♥✐èr❡
s✐t✉❛t✐♦♥ ✭❈②❝❧♦♥✐❝ ♥♦rt❤✇❡st❡r❧② ✭❈◆❲✮✮ ❡st ♠♦✐♥s ♠❛rq✉é❡ ❡t ♥✬❡st ❛ss♦❝✐é❡ q✉❡
r❡❧❛t✐✈❡♠❡♥t ♣❡✉ s♦✉✈❡♥t à ❞❡s ❝❛s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ✭✶✺✱✽ ✪ ❡t ♠ê♠❡ ✸✱✾
✪ s✐ ♦♥ ♥❡ ❝♦♥s✐❞èr❡ q✉❡ ❧❡s ✶✵ ✪ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❧❡s ♣❧✉s ✐♥t❡♥s❡s✮✳ ●❧♦❜❛❧❡♠❡♥t✱
♦♥ ✈♦✐t q✉❡ ❝❡s s✐t✉❛t✐♦♥s t❡♥❞❡♥t à ❢❛✈♦r✐s❡r ✉♥ ✢✉① ❞❡ s✉❞✲♦✉❡st s✉r ❧❛ ❋r❛♥❝❡✳

✶✳ ▲❛ ♠ét❤♦❞❡ ❞❡s ❑✲♠❡❛♥s ❡st ♣rés❡♥té❡ ❡♥ ❞ét❛✐❧s ❞❛♥s ❧❛ ♣❛rt✐❡ ✸✳✸✳✹

✶✻ ▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❋✐❣✉r❡ ✶✳✻ ✿ ❈♦♠♣♦s✐t❡ ❞❡ t❡♠♣ér❛t✉r❡ ✭❧✐❣♥❡ ❞❡ ♥✐✈❡❛✉✮ ❡t ❛♥♦♠❛❧✐❡ ❞❡
t❡♠♣ér❛t✉r❡ ✭❝♦✉❧❡✉r✮ ❛ss♦❝✐é ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ♠❡s✉ré❡s ♣❛r ❧❡ s❛t❡❧❧✐t❡
♠✐❝r♦✲♦♥❞❡ ❆▼❙❯✳ ▲❡ ❝❛♥❛❧ ✉t✐❧✐sé ✭❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ♣r❡ss✐♦♥ ✷✵✵ ❤P❛✮
❛ ♠♦♥tré ✉♥❡ ❜♦♥♥❡ ❝♦❤ér❡♥❝❡ ❛✈❡❝ ❧❡s ❛♥♦♠❛❧✐❡s ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧
✭❋✉♥❛ts✉ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ▲❡ r❡❝t❛♥❣❧❡ ❜❧❡✉ ❝♦rr❡s♣♦♥❞ à ❧❛ ③♦♥❡ à ♣❛rt✐r ❞❡
❧❛q✉❡❧❧❡ ❛ été ❝❛❧❝✉❧é ❧❛ str✉❝t✉r❡ s②♥♦♣t✐q✉❡ ❛ss♦❝✐é❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s✳
▲❡s ♣❛♥♥❡❛✉① ❞❡ ❣❛✉❝❤❡ ❝♦rr❡s♣♦♥❞❡♥t à ❧❛ s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ❛ss♦❝✐é❡
❛✉① é✈é♥❡♠❡♥ts ♥♦♥✲❝♦♥✈❡❝t✐❢s ❡t ❝❡✉① ❞❡ ❞r♦✐t❡ à ❧❛ s✐t✉❛t✐♦♥ ❛ss♦❝✐é❡ ❛✉①
é✈é♥❡♠❡♥ts ❝♦♥✈❡❝t✐❢s✳ ❊♥✜♥✱ ❞❡ ❤❛✉t ❡♥ ❜❛s ❧❡s ♣❛♥♥❡❛✉① ❝♦rr❡s♣♦♥❞❡♥t
❛✉① s❛✐s♦♥s ✭❉❏❋✱ ▼❆▼✱ ❏❏❆✱ ❙❖◆✮ ✭❞✬❛♣rès ❋✉♥❛ts✉ ❡t ❛❧✳✱ ✷✵✵✾✮✳

▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ✶✼



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❋✉♥❛ts✉ ❡t ❛❧✳ ✭✷✵✵✾✮ ♦♥t ✉t✐❧✐sé ❞❡s ♠❡s✉r❡s s❛t❡❧❧✐t❡s ♣♦✉r ét❛❜❧✐r✱ ♣❛r s❛✐s♦♥✱ ❧❡s
s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❛ss♦❝✐é❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ✭❋✐❣✳ ✶✳✻✮✳ ❉❛♥s ❧❡✉r ét✉❞❡✱ ❧❡s
❛✉t❡✉rs ♦♥t ❞✐st✐♥❣✉é ❧❡s ❝❛s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❞❡ t②♣❡ ❝♦♥✈❡❝t✐✈❡s ❡t ♥♦♥✲❝♦♥✈❡❝t✐✈❡s✳
●❧♦❜❛❧❡♠❡♥t✱ ❝❡tt❡ ❞✐st✐♥❝t✐♦♥ ♠♦♥tr❡ q✉❡✱ ❞❛♥s ❧❡ ❝❛s ♥♦♥ ❝♦♥✈❡❝t✐❢✱ ❧❛ str✉❝t✉r❡
s②♥♦♣t✐q✉❡ ❡st ♠♦✐♥s ♠❛rq✉é❡ q✉❡ ❞❛♥s ❧❡ ❝❛s ❝♦♥✈❡❝t✐❢✳ ❚♦✉t❡❢♦✐s✱ ❞❛♥s ❧❡s ❞❡✉①
❝❛s ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s s♦♥t s❡♠❜❧❛❜❧❡s✳ ❊♥ ❤✐✈❡r✱ ❧❛ s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ❡st
♠❛rq✉é❡ ♣❛r ✉♥❡ ❣♦✉tt❡ ❢r♦✐❞❡ ❝❡♥tré❡ s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ t❛♥❞✐s q✉❡ ❞✉r❛♥t ❧❡s
❛✉tr❡s s❛✐s♦♥s ♦♥ ♦❜s❡r✈❡ ✉♥❡ ❞♦rs❛❧❡ ✭q✉✐ ❝♦rr❡s♣♦♥❞ à ✉♥ t❤❛❧✇❡❣ ❡♥ ♣r❡ss✐♦♥✮ s✉r
❧✬♦✉❡st ❞❡ ❧❛ ❋r❛♥❝❡✳ ◆♦t❛♠♠❡♥t ❧❡ ❝♦♠♣♦s✐t❡ ♠♦♥tr❡ ✉♥❡ s✐t✉❛t✐♦♥ ♣❛rt✐❝✉❧✐èr❡♠❡♥t
♠❛rq✉é❡ ❡♥ ❛✉t♦♠♥❡ ♣♦✉r ❧❡s é✈é♥❡♠❡♥t ❝♦♥✈❡❝t✐❢s✳ ❊♥ été✱ ❧❛ ❞♦rs❛❧❡ ❡st ♠♦✐♥s
♠❛rq✉é❡ ❝❡ q✉✐ ♠♦♥tr❡ q✉❡ ❧❛ s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ♥❡ ❝♦♥trô❧❡ ♣❛s t♦t❛❧❡♠❡♥t ❧❡s
é✈é♥❡♠❡♥ts ❝♦♥✈❡❝t✐❢s ❞❡ ❝❡tt❡ ♣ér✐♦❞❡✳

●❧♦❜❛❧❡♠❡♥t✱ ♦♥ ❝♦♥st❛t❡ q✉❡ ❧❡s ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ❞♦♥♥❡♥t ❞❡s rés✉❧t❛ts
♣r♦❝❤❡s ❛✈❡❝ ❝❡♣❡♥❞❛♥t q✉❡❧q✉❡s ❞✐✛ér❡♥❝❡s✳ P❛r ❛✐❧❧❡✉rs✱ ❧❡ ❝❤♦✐① ❞❡s ♣❛r❛♠ètr❡s
❝❧és ♣❡r♠❡tt❛♥t ❞❡ ❞ét❡❝t❡r ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ♣r♦♣✐❝❡s r❡st❡ ♣♦sé❡✱ ❜✐❡♥
q✉✬❡❧❧❡ ❛✐t été ❞✐s❝✉té ♣❛r ◆✉✐ss✐❡r ❡t ❛❧✳ ✭✷✵✶✶✮✱ ❘✐❝❛r❞ ❡t ❛❧✳ ✭✷✵✶✷✮ ♣❛r ❡①❡♠♣❧❡✳
❉❡ ♣❧✉s ✐❧ ❡st ✐♠♣♦rt❛♥t ❞✬✐♥s✐st❡r s✉r ❧❡ ❢❛✐t q✉❡ ♣♦✉r ❣é♥ér❡r ❞❡s ❝✉♠✉❧s ❞❡ ♣❧✉✐❡
✐♠♣♦rt❛♥ts✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ q✉❡ ❝❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❢❛✈♦r❛❜❧❡s é✈♦❧✉❡♥t ♣❡✉
❞❛♥s ❧❡ t❡♠♣s✳ ■❧ ❡st é❣❛❧❡♠❡♥t ✐♥tér❡ss❛♥t ❞❡ ♥♦t❡r q✉❡ ❝❡s ♠ét❤♦❞❡s ♣❡✉✈❡♥t êtr❡
✉t✐❧✐sé❡s ♣♦✉r ♣ré❞✐r❡ ❧❡ t❡♠♣s ❡♥ ❝♦♠♣❛r❛♥t ❧❛ s✐t✉❛t✐♦♥ ❛❝t✉❡❧❧❡ ❛✈❡❝ ❧❡s s✐t✉❛t✐♦♥s
t②♣✐q✉❡s ✐❞❡♥t✐✜é❡s ✭♣❛r ❡①❡♠♣❧❡ ✈♦✐r ◆✉✐ss✐❡r ❡t ❛❧✳ ✭✷✵✶✶✮✮✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡
t❤ès❡ ♥♦✉s ♥♦✉s s♦♠♠❡s ❛tt❛❝❤és à ❞ét❡r♠✐♥❡r ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❛ss♦❝✐é❡s
❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ♦❜s❡r✈é❡s s✉r ♥♦tr❡ ré❣✐♦♥ ✭✈♦✐r s❡❝t✐♦♥ ✺✳✶✮✳ P♦✉r ❝❡ ❢❛✐r❡
♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ✉♥❡ ♠ét❤♦❞❡ ❞❡ r❡❝❤❡r❝❤❡ ❞✬❛♥❛❧♦❣✉❡s✳

✶✳✹✳✷ ❋❧✉① ❞✬❤✉♠✐❞✐té ❡t ✐♥st❛❜✐❧✐té ❞❡ ❜❛ss❡ ❝♦✉❝❤❡

▲❡ ✢✉① ❞✬❤✉♠✐❞✐té ❡st é❣❛❧❡♠❡♥t ✉♥ é❧é♠❡♥t ❝❧é ♣✉✐sq✉✬✐❧ ♣❡r♠❡t ❞✬❛♣♣♦rt❡r ❛✉①
s②stè♠❡s ♣ré❝✐♣✐t❛♥ts à ❧❛ ❢♦✐s ❞❡ ❧❛ ✈❛♣❡✉r ❞✬❡❛✉ ♠❛✐s ❛✉ss✐ ❞❡ ❧✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡
❝♦♥✈❡❝t✐✈❡✳ ■❧ ❞♦✐t êtr❡ s✐t✉é ❡♥ ❜❛ss❡ ❝♦✉❝❤❡ ♣♦✉r ♣♦✉✈♦✐r ❝♦♥❞❡♥s❡r s✉r t♦✉t❡ ❧❛
❤❛✉t❡✉r ❞❡ ❧❛ tr♦♣♦s♣❤èr❡✳ ❈❡ ✢✉① ♣❡✉t ❡①✐st❡r ❣râ❝❡ à ❞❡s str✉❝t✉r❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡
✭❝②❝❧♦♥❡s s✉r ❧❛ ▼é❞✐t❡rr❛♥é❡✮ ♠❛✐s ♣❡✉t êtr❡ ❛✉ss✐ r❡♥❢♦r❝é ♣❛r ❧✬❛rr✐✈é❡ ❞✬✉♥❡ str✉❝✲
t✉r❡ s②♥♦♣t✐q✉❡ ❢❛✈♦r❛❜❧❡✳▼❛rt✐✉s ❡t ❛❧✳ ✭✷✵✵✻✮ ♦♥t ♠♦♥tré q✉❡✱ ❜✐❡♥ q✉❡ ❧❛ s✐t✉❛t✐♦♥
s②♥♦♣t✐q✉❡ ✭❞é✜♥✐❡ ❞❛♥s s♦♥ ét✉❞❡ ♣❛r ❧❛ ♣rés❡♥❝❡ ❞✬✐♥tr✉s✐♦♥ str❛t♦s♣❤ér✐q✉❡✮ s♦✐t
✉♥ é❧é♠❡♥t ❢❛✈♦r✐s❛♥t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✱ ❝✬❡st ❧✬❛❜s❡♥❝❡ ♦✉ ❧❛ ♣rés❡♥❝❡ ❞✉ ✢✉① ❞✬❤✉♠✐✲
❞✐té q✉✐ ♣❡r♠❡ttr❛ ❞❡ tr❛♥s❢♦r♠❡r ✉♥❡ s✐t✉❛t✐♦♥ ❢❛✈♦r❛❜❧❡ ❡♥ ✉♥❡ ♣❧✉✐❡ ❞é✈❛st❛tr✐❝❡✳
▲❛ ♣r♦①✐♠✐té ❞❡ ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ ❢❛✐t q✉❡ ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ❡st
très ré❣✉❧✐èr❡♠❡♥t ❛❧✐♠❡♥té❡ ♣❛r ❞❡ ❧✬❛✐r ❤✉♠✐❞❡✳ ■❧ ❛ ❞✬❛✐❧❧❡✉rs été ❡st✐♠é q✉✬❡♥tr❡
✹✵ ❡t ✻✵✪ ❞❡ ❧❛ ✈❛♣❡✉r ❞✬❡❛✉ ✉t✐❧✐sé❡ ❞❛♥s ❧❡s é✈é♥❡♠❡♥ts ✐♥t❡♥s❡s ♣r♦✈✐❡♥t ❞❡ ❧❛
▼é❞✐t❡rr❛♥é❡ ✭❉✉✛♦✉r❣ ❡t ❉✉❝r♦❝q ✱ ✷✵✶✶✮ ✭❋✐❣✳ ✶✳✼✮✳

❊♥ ♣❧✉s ❞✬✉♥ ✢✉① ❞✬❤✉♠✐❞✐té ✐♠♣♦rt❛♥t✱ ❧❛ ♠❛ss❡ ❞✬❛✐r ❛ é❣❛❧❡♠❡♥t ❜❡s♦✐♥ ❞✬êtr❡
❝♦♥❞✐t✐♦♥♥❡❧❧❡♠❡♥t ✐♥st❛❜❧❡✳ P♦✉r ❝❡❧❛ ❧✬❛♣♣♦rt ❞✬❤✉♠✐❞✐té ♣❛r ❧❛ ▼é❞✐t❡rr❛♥é❡ ❡st
✉♥ ❢❛❝t❡✉r ❞ét❡r♠✐♥❛♥t t♦✉t ❝♦♠♠❡ ❧✬❛♣♣♦rt ❞❡ ❝❤❛❧❡✉r s❡♥s✐❜❧❡✳ ■❧ ❡st ♥é❛♥♠♦✐♥s
✐♠♣♦rt❛♥t q✉✬✉♥❡ ❝♦✉❝❤❡ ❞❡ ✢♦tt❛❜✐❧✐té ♥é❣❛t✐✈❡ ❡①✐st❡ ❞❛♥s ❧❛ ❜❛ss❡ ❛t♠♦s♣❤èr❡
❞❡ ♠❛♥✐èr❡ à ♣♦✉✈♦✐r st♦❝❦❡r ✉♥❡ q✉❛♥t✐té ✐♠♣♦rt❛♥t❡ ❞✬é♥❡r❣✐❡ ✭❈❆P❊ ❈♦♥✈❡❝t✐✈❡

❆✈❛✐❧❛❜❧❡ P♦t❡♥t✐❛❧ ❊♥❡r❣②✮ q✉✐ s❡r❛ ❡♥s✉✐t❡ ✈✐♦❧❡♠♠❡♥t ❧✐❜éré❡✳ P♦✉r q✉❛♥t✐✜❡r
❧✬é♥❡r❣✐❡ ❞✬✐♥❤✐❜✐t✐♦♥ ❞❡ ♠♦✉✈❡♠❡♥t ❝♦♥✈❡❝t✐❢ ♦♥ ✉t✐❧✐s❡ ❡♥ ❣é♥ér❛❧ ❧❛ ❈■◆ ✭❈♦♥✈❡❝✲

✶✽ ▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❋✐❣✉r❡ ✶✳✼ ✿ ❙❝❤é♠❛s ❝♦♥❝❡♣t✉❡❧s ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❡♥ ❤✉♠✐❞✐té ❞❡s s②s✲
tè♠❡s ♠é❞✐t❡rr❛♥é❡♥s ❢♦rt❡♠❡♥t ♣ré❝✐♣✐t❛♥ts s✉r ❧❡ s✉❞✲❡st ❞❡ ❧❛ ❋r❛♥❝❡ ♣♦✉r
❧❡s é♣✐s♦❞❡s ♣ré❝é❞és ❞❡ ❝♦♥❞✐t✐♦♥s ❛♥t✐❝②❝❧♦♥✐q✉❡s ♦✉ ❝②❝❧♦♥✐q✉❡s ✭❞✬❛♣rès
✭❉✉✛♦✉r❣ ✱ ✷✵✶✵✮✮

t✐✈❡ ■◆❤✐❜✐t✐♦♥✮ ❞é✜♥✐❡ ❝♦♠♠❡ ✿

CIN =

∫ z2

z1

g
Tvp − Tve

Tve
dz ✭✶✳✶✮

♦ù z1 ❡t z2 s♦♥t ❧❡s ❛❧t✐t✉❞❡s ❞❡ ❧❛ ❜❛s❡ ❡t ❞✉ s♦♠♠❡t ❞❡ ❧❛ ❝♦✉❝❤❡ ❞✬✐♥❤✐❜✐t✐♦♥ ❞❡
❧❛ ❝♦♥✈❡❝t✐♦♥ ❡t Tve ❡t Tvp s♦♥t ❧❡s t❡♠♣ér❛t✉r❡s ✈✐rt✉❡❧❧❡s ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❡t
❞✬✉♥❡ ♣❛rt✐❝✉❧❡ q✉✐ s❡ ❞é♣❧❛❝❡ ♣❛r r❛♣♣♦rt à ❝❡t ❡♥✈✐r♦♥♥❡♠❡♥t✳ ❖♥ ❝♦♥st❛t❡ q✉❡
❧❛ ❈■◆ ❡st ✐♠♣♦rt❛♥t❡ s✐ ✉♥❡ ❝♦✉❝❤❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❡st s✉r♠♦♥té❡ ❞✬✉♥❡ ❝♦✉❝❤❡
♣❧✉s ❝❤❛✉❞❡ ❝❡ q✉✐ ❡♠♣ê❝❤❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞❡ ♠♦♥t❡r✳ ❆✐♥s✐✱ ♣♦✉r q✉✬✉♥❡ ♣❛rt✐❝✉❧❡
ré✉ss✐ss❡ à ✈❛✐♥❝r❡ ❝❡tt❡ ③♦♥❡ ❞❡ ✢♦tt❛❜✐❧✐té ♥é❣❛t✐✈❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬❛♣♣♦rt❡r
à ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ ❜❛ss❡ ❝♦✉❝❤❡ à ❧❛ ❢♦✐s ❞❡ ❧✬❤✉♠✐❞✐té ❡t ❞❡ ❧❛ ❝❤❛❧❡✉r ❝❡ q✉✐
r❡♥❞ ❧❛ ♠❛ss❡ ❞✬❛✐r ✐♥st❛❜❧❡ ❡t ❧✉✐ ♣❡r♠❡t ❞❡ s✬é❧❡✈❡r✳ P♦✉r ❛✉t❛♥t✱ ❧✬❛♣♣♦rt ❞✬❛✐r
❝❤❛✉❞ ❡t ❤✉♠✐❞❡ ❡♥ ❜❛ss❡ ❝♦✉❝❤❡ ♥✬❡st ♣❛s t♦✉❥♦✉rs ♥é❝❡ss❛✐r❡ ♦✉ s✉✣s❛♥t ♣♦✉r
❞é❝❧❡♥❝❤❡r ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♠♣♦rt❛♥t❡s✳ ❊♥ ❡✛❡t✱ ✐❧ ❢❛✉t ♣❛r❢♦✐s q✉✬✉♥ ♣r♦❝❡ss✉s
❛✐❞❡ ❛✉ s♦✉❧è✈❡♠❡♥t ❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r ♣♦✉r ✈❛✐♥❝r❡ ❧❛ ❝♦✉❝❤❡ ❞❡ ✢♦tt❛❜✐❧✐té ♥é❣❛t✐✈❡✳

✶✳✹✳✸ ▼é❝❛♥✐s♠❡s ❞❡ s♦✉❧è✈❡♠❡♥t

▲❡s ❞✐✛ér❡♥ts ♠é❝❛♥✐s♠❡s r❡s♣♦♥s❛❜❧❡s ❞✉ s♦✉❧è✈❡♠❡♥t ❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r s♦♥t
❞✐s❝✉tés ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥✳

❙♦✉❧è✈❡♠❡♥t ♦r♦❣r❛♣❤✐q✉❡

▲❡ s♦✉❧è✈❡♠❡♥t ♦r♦❣r❛♣❤✐q✉❡ rés✉❧t❡ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ♠♦♥t❛❣♥❡s s✉r ❧❡ tr❛❥❡t
❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r q✉✐ tr❛♥s❢♦r♠❡ ❧❡ ✢✉① ❞✬❛✐r ❤♦r✐③♦♥t❛❧ ❡♥ ✢✉① ❞✬❛✐r ✈❡rt✐❝❛❧ ❧♦rs ❞❡
❧✬❛s❝❡♥s✐♦♥ ❧❡ ❧♦♥❣ ❞❡s ♣❡♥t❡s✳ ❊♥ ♠♦♥t❛♥t ❧✬❛✐r s❡ r❡❢r♦✐❞✐t ❛❞✐❛❜❛t✐q✉❡♠❡♥t ❥✉sq✉✬à
❝♦♥❞❡♥s❡r ❞❡ ❧❛ ✈❛♣❡✉r ❞✬❡❛✉ q✉✬✐❧ ❝♦♥t✐❡♥t✳ ❈❡tt❡ ❝♦♥❞❡♥s❛t✐♦♥ ❧✐❜èr❡ ❞❡ ❧✬é♥❡r❣✐❡
q✉✐ ré❝❤❛✉✛❡ ❧❛ ♠❛ss❡ ❞✬❛✐r ❡t ❧✉✐ ♣❡r♠❡t ❞✬❛❝q✉ér✐r ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡✳ P♦✉r

▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ✶✾



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

q✉✬✉♥❡ ♠❛ss❡ ❞✬❛✐r s♦✐t ❝❛♣❛❜❧❡ ❞❡ ❢r❛♥❝❤✐r ✉♥ r❡❧✐❡❢✱ ✐❧ ❢❛✉t q✉❡ s❛ st❛❜✐❧✐té ♥❡ s♦✐t
♣❛s tr♦♣ ❣r❛♥❞❡ ❡t q✉❡ ❧✬♦❜st❛❝❧❡ à ❢r❛♥❝❤✐r ♥❡ s♦✐t ♣❛s tr♦♣ ❤❛✉t✳ P♦✉r ❞ét❡r♠✐♥❡r
❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r✱ ♦♥ ❝❛❧❝✉❧❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❋r♦✉❞❡ ✿

Fr =
U

Nh
✭✶✳✷✮

♦ù U ❡st ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r✱ N ❡st ❧❛ ❢réq✉❡♥❝❡ ❞❡ ❇r✉♥t✲❱ä✐sä❧ä ✭q✉✐
❝❛r❛❝tér✐s❡ ❧❛ st❛❜✐❧✐té✮ ❡t h ❧❛ ❤❛✉t❡✉r ❞❡ ❧✬♦❜st❛❝❧❡ à ❢r❛♥❝❤✐r✳ ▲❛ ❢réq✉❡♥❝❡ ❞❡
❇r✉♥t✲❱ä✐sä❧ä ❝❛r❛❝tér✐s❡ ❧❛ st❛❜✐❧✐té ❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r✳ ❆✐♥s✐✱ ♦♥ ♦❜s❡r✈❡ q✉❡ s✐ ❧❡
♥♦♠❜r❡ ❞❡ ❋r♦✉❞❡ ❡st ❣r❛♥❞✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❧❛ ♠❛ss❡ ❞✬❛✐r ❡st r❛♣✐❞❡ ❡t ✐♥st❛❜❧❡ t❛♥✲
❞✐s q✉❡ ❧✬♦❜st❛❝❧❡ ❡st ❞❡ ♣❡t✐t❡ t❛✐❧❧❡✱ ❛❧♦rs ❧❛ ♠❛ss❡ ❞✬❛✐r ❛ ❞❡ ❢♦rt❡ ❝❤❛♥❝❡ ❞❡ ♣❛ss❡r
❛✉✲❞❡ss✉s✳ ❊♥ r❡✈❛♥❝❤❡ s✐ ❧❡ ♥♦♠❜r❡ ❞❡ ❋r♦✉❞❡ ❡st ♣❡t✐t✱ ❧❛ ♠❛ss❡ ❞✬❛✐r ❝♦♥t♦✉r♥❡r❛
❧❛ ♠♦♥t❛❣♥❡ ✭❙♠✐t❤✱ ✶✾✼✾✮✳ ❉❛♥s ❧❡ ♣r❡♠✐❡r ❝❛s ❞❡ ✜❣✉r❡✱ ❧❡ ✢✉① ❞✬❛✐r ♥✬❡st q✉❡ ♣❡✉
❛✛❡❝té ♣❛r ❧✬♦❜st❛❝❧❡ ♣❛r ❝♦♥tr❡✱ ❞❛♥s ❧❡ s❡❝♦♥❞ ❝❛s ❞❡ ✜❣✉r❡✱ ✐❧ s❡r❛ très ♣❡rt✉r❜é ❝❡
q✉✐ ❡♥tr❛î♥❡r❛ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❡①trê♠❡♠❡♥t ♥♦♥✲❧✐♥é❛✐r❡ ❞✐✣❝✐❧❡ à ♣ré✈♦✐r ♣❛r ❧❛
s✉✐t❡✳ ❉❡ ♣❧✉s✱ U ❡t N é✈♦❧✉❡♥t ❞✉r❛♥t ❧❡ ♣❛ss❛❣❡ ❞✉ r❡❧✐❡❢ ✭❝♦♥❞❡♥s❛t✐♦♥✱ ❜❧♦❝❛❣❡
❞✉ ✢✉①✮ ❝❡ q✉✐ r❡♥❞ ❡♥❝♦r❡ ♣❧✉s ♣r♦❜❧é♠❛t✐q✉❡ ❧❛ ♣ré✈✐s✐♦♥ s✉rt♦✉t ♣♦✉r ❞❡s r❡❧✐❡❢s
très ❛❝❝✐❞❡♥tés ❝♦♠♠❡ ❝❡❧✉✐ ❞❡s ❆❧♣❡s✳ ❈❡ t②♣❡ ❞❡ s♦✉❧è✈❡♠❡♥t ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t
✐♠♣♦rt❛♥t ❞❛♥s ❧❛ ré❣✐♦♥ ❞❡ ◆✐❝❡ ❞❡ ♣❛r ❧❛ ❢♦r♠❡ ❞❡s ❆❧♣❡s à ❝❡t ❡♥❞r♦✐t ❡t ❧❛ ♣❡♥t❡
✐♠♣♦rt❛♥t❡ ✭✈♦✐r ✜❣✉r❡ ✶✳✷✮✳ ❖♥ ✈❛ ♣rés❡♥t❡r ❧✬❡✛❡t ❞❡ ❝❡ ♣❤é♥♦♠è♥❡ s✉r ❧❛ ♣❧✉✐❡
❞❛♥s ❧❡s ❝❤❛♣✐tr❡s ✸ ❡t ✺✳

❯♥ ❛✉tr❡ t②♣❡ ❞✬❛s❝❡♥❞❛♥❝❡ ♣❡✉t êtr❡ ✐♥❞✉✐t ♣❛r ❧❛ ♣rés❡♥❝❡ ❞❡ ❧✬♦r♦❣r❛♣❤✐❡✳
❈❡tt❡ ❛s❝❡♥❞❛♥❝❡ ❡st ❧✐é ❛✉① ❜r✐s❡s ❞❡ ✈❛❧❧é❡s ❡t ❞❡ ♣❡♥t❡s✳ ❈❡ ♣r♦❝❡ss✉s s❡ ♠❡t ❡♥
♣❧❛❝❡ ❡♥ r❛✐s♦♥ ❞✉ ❝❤❛✉✛❛❣❡ ❞✐✛ér❡♥t✐❡❧ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ♣❡♥t❡ ❞❡ ❧❛ ♠♦♥t❛❣♥❡ ❡t ♣❛r
r❛♣♣♦rt à ❧❛ ✈❛❧❧é❡✳ ▲♦rs ❞❡s ❥♦✉r♥é❡s ♦ù ❧❡ s♦❧❡✐❧ ❜r✐❧❧❡✱ ❧✬❛✐r s✉r ❧❛ ♠♦♥t❛❣♥❡ s❡
ré❝❤❛✉✛❡ ❡t s✬é❧è✈❡ ❝❡ q✉✐ ❝ré❡ ✉♥❡ ❞é♣r❡ss✐♦♥ ❞❛♥s ❧❛ ✈❛❧❧é❡ ❡t ♣♦✉ss❡ ❧✬❛✐r à ♠♦♥t❡r
❧❡ ❧♦♥❣ ❞❡s ♣❡♥t❡s ❡t à ❝♦♥❞❡♥s❡r ✭✈♦✐r ●❧❛❞✐❝❤ ❡t ❛❧✳✱ ✷✵✶✶✮✳

P♦✉r ♣❧✉s ❞✬✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡ s✉❥❡t ♦♥ ♣❡✉t s❡ r❛♣♣♦rt❡r ❛✉① rés✉❧t❛ts ❞❡ ❧❛
❝❛♠♣❛❣♥❡ ▼❆P ✭▼❡s♦s❝❛❧❡ ❆❧♣✐♥❡ Pr❡❝✐♣✐t❛t✐♦♥✮ ✭❇♦✉❣❡❛✉❧t ❡t ❛❧✳✱ ✷✵✵✶✮ q✉✐ ❛
❡✉ ❧✐❡✉ ❞✉ ✼ s❡♣t❡♠❜r❡ ❛✉ ✶✺ ♥♦✈❡♠❜r❡ ✶✾✾✾ ❡t q✉✐ s✬❡st ❛tt❛❝❤é❡ à ❛♠é❧✐♦r❡r ❧❛
❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♦r♦❣r❛♣❤✐q✉❡s ❞❛♥s ❧❡s ré❣✐♦♥s ❞❡s ❆❧♣❡s ✭✈♦✐r ♣❛r
❡①❡♠♣❧❡ ❘♦t✉♥♥♦ ❡t ❍♦✉③❡✱ ✷✵✵✼✮✳

❙♦✉❧è✈❡♠❡♥t ♣❛r ❛s❝❡♥❞❛♥❝❡ ❞❡ ❣r❛♥❞❡ ❡t ❞❡ ♠és♦✲é❝❤❡❧❧❡

▲❡ s♦✉❧è✈❡♠❡♥t ♣❡✉t êtr❡ é❣❛❧❡♠❡♥t ❢❛✈♦r✐sé ♣❛r ❧✬❡①✐st❡♥❝❡ ❞❡ str✉❝t✉r❡s ❞❡
❣r❛♥❞❡s ❡t ♠és♦✲é❝❤❡❧❧❡s q✉✐ ❝ré❡♥t ✉♥❡ ❛s❝❡♥❞❛♥❝❡ s✉r ❧❛ ③♦♥❡✳

❆ ❧❛ ♠és♦✲é❝❤❡❧❧❡✱ ✉♥ ♠é❝❛♥✐s♠❡ t②♣✐q✉❡ ❞❡ s♦✉❧è✈❡♠❡♥t ❡st ❧✐é à ❧✬❛rr✐✈é❡ ❞✬✉♥
❢r♦♥t ❢r♦✐❞ s✉r ❧❛ ré❣✐♦♥✳ ❊♥ s❝❤é♠❛t✐s❛♥t ♦♥ ♣❡✉t ❞✐r❡ q✉❡ ❝❡❧✉✐ ❝✐ ✈❛ ❛✈♦✐r t❡♥❞❛♥❝❡
à s♦✉❧❡✈❡r ♠é❝❛♥✐q✉❡♠❡♥t ❧❛ ♠❛ss❡ ❞✬❛✐r ♣❧✉s ❝❤❛✉❞❡ s✐t✉é❡ ❞❡✈❛♥t ✭❋✐❣✳ ✶✳✽✮✳ ❆ ♣❧✉s
❣r❛♥❞❡ é❝❤❡❧❧❡ ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ s♦✉❧è✈❡♠❡♥t ❡st ♣❧✉s ❝♦♠♣❧❡①❡✳ P♦✉r ❧❡ ❝♦♠♣r❡♥❞r❡
✐❧ ❢❛✉t ✉t✐❧✐s❡r ❧❡ s②stè♠❡ ❞✬éq✉❛t✐♦♥ q✉❛s✐✲❣é♦str♦♣❤✐q✉❡✳ ❈❡❧✉✐✲❝✐ s✬é❝r✐t ✿

Dg~vg
Dt

= −f~k ∧ ~vag ✭✶✳✸✮

♦ù Dg

Dt
= ∂

∂t
+ ug

∂
∂x

+ vg
∂
∂y
✱ f ❡st ❧❡ ❢❛❝t❡✉r ❞❡ ❈♦r✐♦❧✐s✱ ~vg ❝♦rr❡s♣♦♥❞ ❛✉ ✈❡♥t

❣é♦str♦♣❤✐q✉❡✱ ~k ❡st ✉♥ ✈❡❝t❡✉r ✉♥✐t❛✐r❡ ❞✐r✐❣é ✈❡rs ❧❡ ❤❛✉t ❡t ~vag ❝♦rr❡s♣♦♥❞ ❛✉ ✈❡♥t
❛❣é♦str♦♣❤✐q✉❡✳ ▲❡ ✈❡♥t ❣é♦str♦♣❤✐q✉❡ s✉✐t ❧❛ r❡❧❛t✐♦♥ ✿

✷✵ ▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❋✐❣✉r❡ ✶✳✽ ✿ ❙❝❤é♠❛ ❞✬✉♥ ❢r♦♥t ❢r♦✐❞ ✭❞✬❛♣rès ❚❤♦♠s♦♥ ❍✐❣❤❡r ❊❞✉❝❛t✐♦♥
✷✵✵✼✮

~vg =
1

f
~k ∧ ~∇PΦ ✭✶✳✹✮

♦ù Φ = gz ❡st ❧❡ ❣é♦♣♦t❡♥t✐❡❧ ❡t ~∇P ❝♦rr❡s♣♦♥❞ ❛✉ ❣r❛❞✐❡♥t à ♣r❡ss✐♦♥ ❝♦♥st❛♥t❡✳
❊♥✜♥✱ ❧✬éq✉❛t✐♦♥ q✉❛s✐✲❣é♦str♦♣❤✐q✉❡ ❞❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ s✬é❝r✐t ✭❞✬❛♣rès ❍♦❧t♦♥

✭✶✾✾✷✮ ❝❤❛♣✳ ✷✮ ✿

Dgθ̃

Dt
= −θ0

g
N2

0w ✭✶✳✺✮

♦ù θ̃ ❡st ❧✬é❝❛rt ❞❡ t❡♠♣ér❛t✉r❡ ♣♦t❡♥t✐❡❧❧❡ ♣❛r r❛♣♣♦rt à ❧✬❛t♠♦s♣❤èr❡ ❛✉ r❡♣♦s✱
θ0❂✸✵✵ ❑ ❡st ❧❛ t❡♠♣ér❛t✉r❡ ♣♦t❡♥t✐❡❧❧❡ ❝❛r❛❝tér✐st✐q✉❡ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡ ❡t N2

0

❡st ❧❛ ❢réq✉❡♥❝❡ ❞❡ ❇r✉♥t✲❱ä✐sä❧ä ❡t ❝♦rr❡s♣♦♥❞ à ❧❛ st❛❜✐❧✐té st❛t✐q✉❡ ❛✉ r❡♣♦s✳
❈❡tt❡ éq✉❛t✐♦♥ ♠♦♥tr❡ q✉✬❡♥ ❧✬❛❜s❡♥❝❡ ❞❡ ❝❤❛✉✛❛❣❡ ❞✐❛❜❛t✐q✉❡✱ ✉♥❡ ♣❡rt✉r❜❛t✐♦♥
❞❡ t❡♠♣ér❛t✉r❡ ♣♦t❡♥t✐❡❧❧❡ ❡st ❧✐é à ❧❛ st❛❜✐❧✐té ❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r ❡t à ❧❛ ✈✐t❡ss❡
✈❡rt✐❝❛❧❡✳ ❉❡ ♣❧✉s✱ ♦♥ ♣❡✉t ❝♦♠❜✐♥❡r ❧✬éq✉✐❧✐❜r❡ ❤②❞r♦st❛t✐q✉❡ ❡t ❧✬éq✉❛t✐♦♥ ❞✉ ✈❡♥t
❣é♦str♦♣❤✐q✉❡ ♣♦✉r ❞ét❡r♠✐♥❡r ❧✬éq✉✐❧✐❜r❡ ❞✉ ✈❡♥t t❤❡r♠✐q✉❡ ✿

∂~vg
∂z

=
g

fθ0
~k ∧ ~∇hθ̃ ✭✶✳✻✮

♦ù ~∇h ❡st ❧❡ ❣r❛❞✐❡♥t ❤♦r✐③♦♥t❛❧✳ ▲❛ r❡❧❛t✐♦♥ ❞✉ ✈❡♥t t❤❡r♠✐q✉❡ ♠♦♥tr❡ q✉❡ ❧❛ ✈❛✲
r✐❛t✐♦♥ ✈❡rt✐❝❛❧❡ ❞✉ ✈❡♥t ❣é♦str♦♣❤✐q✉❡ ❞é♣❡♥❞ ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ❤♦r✐③♦♥t❛❧❡ ❞❡ t❡♠✲
♣ér❛t✉r❡✳ ❊♥ ❞ér✐✈❛♥t ♣❛r r❛♣♣♦rt à ① ❧❛ ♣r♦❥❡❝t✐♦♥ s✉r ❧✬❛①❡ ① ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❧❛
t❤❡r♠♦❞②♥❛♠✐q✉❡✱ ♦♥ ♦❜t✐❡♥t ✿

∂2θ̃

∂t∂x
+
∂ug
∂x

∂θ̃

∂x
+ ug

∂2θ̃

∂x2
+
∂vg
∂x

∂θ̃

∂y
+ vg

∂2θ̃

∂x∂y
+
θ0
g
N2∂w

∂x
=0

Dg

Dt

(

g

θ0

∂θ̃

∂x

)

+N2∂w

∂x
−Qg1 = 0

✭✶✳✼✮

▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ✷✶



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

♦ù Qg1 = − g
θ0

(

∂vg
∂x

∂θ̃
∂y

− ∂vg
∂y

∂θ̃
∂x

)

❡t ♦ù ❧✬❛①❡ ① ❡st ❞❛♥s ❧❡ s❡♥s ♦✉❡st✲❡st ❡t ❧✬❛①❡ ② ❞❛♥s

❧❡ s❡♥s s✉❞✲♥♦r❞✳ ❖♥ ♣❡✉t ❞❡ ♠ê♠❡ ❞ér✐✈❡r ♣❛r r❛♣♣♦rt à ③ ❧❛ ♣r♦❥❡❝t✐♦♥ s✉r ❧✬❛①❡ ②
❞❡ ❧✬éq✉❛t✐♦♥ ✶✳✹ ✿

∂2vg
∂t∂z

+
∂ug
∂z

∂vg
∂x

+ ug
∂2vg
∂x∂z

+
∂vg
∂z

∂vg
∂y

+ vg
∂2vg
∂y∂z

+ f
∂ua
∂z

=0

Dg

Dt

(

∂vg
∂z

)

− g

fθ0

(

∂θ̃

∂y

∂vg
∂x

− ∂θ̃

∂x

∂vg
∂y

)

+ f
∂ua
∂z

=0

Dg

Dt

(

f
∂vg
∂z

)

=−Qg1 − f 2∂ua
∂z

✭✶✳✽✮

♦ù ♦♥ ❛ ✉t✐❧✐sé ❧❛ r❡❧❛t✐♦♥ ❞✉ ✈❡♥t t❤❡r♠✐q✉❡✳ ▲❡s éq✉❛t✐♦♥s ✶✳✼ ❡t ✶✳✽ ré✈è❧❡♥t q✉❡✱ ❡♥
❧✬❛❜s❡♥❝❡ ❞❡ ♠♦✉✈❡♠❡♥ts ❛❣é♦str♦♣❤✐q✉❡s ✭ua ❡t w✮✱ ❧❛ r❡❧❛t✐♦♥ ❞✉ ✈❡♥t t❤❡r♠✐q✉❡
♥❡ ♣❡✉t ♣❛s êtr❡ r❡s♣❡❝té❡✳ ❆✐♥s✐ ♦♥ ❝♦♠♣r❡♥❞ q✉❡ ❧❛ ❢r♦♥t♦❣é♥ès❡ ✈❛ ❝ré❡r ❞❡s
♠♦✉✈❡♠❡♥ts ❞✬❛s❝❡♥❞❛♥❝❡s ❡t ❞❡ s✉❜s✐❞❡♥❝❡s✳ ■❧ ❢❛✉t ♠❛✐♥t❡♥❛♥t ❞ét❡r♠✐♥❡r ♦ù s❡
tr♦✉✈❡r♦♥t ❝❡s ③♦♥❡s ❞✬❛s❝❡♥❞❛♥❝❡s ❡t ❞❡ s✉❜s✐❞❡♥❝❡s✳ P♦✉r ❝❡❧❛✱ ♦♥ s♦✉str❛✐t t♦✉t
❞✬❛❜♦r❞ ❧❡s ❞❡✉① éq✉❛t✐♦♥s ♣ré❝é❞❡♥t❡s ✿

f 2∂ua
∂z

−N2∂w

∂x
= −2Qg1 ✭✶✳✾✮

❊♥ ♠❡♥❛♥t ❧❛ ♠ê♠❡ ❞é♠❛r❝❤❡ q✉❡ ♣ré❝é❞❡♠♠❡♥t✱ ♦♥ ♣❡✉t ♦❜t❡♥✐r ✉♥❡ éq✉❛t✐♦♥
s✐♠✐❧❛✐r❡ q✉✐ ❡①♣❧✐❝✐t❡ ❧❛ ❞ér✐✈é❡ ❞❡ ✇ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ y ✿

N2
0

∂w

∂y
− f 2∂va

∂z
= 2Qg2 ✭✶✳✶✵✮

❊♥✜♥✱ ❡♥ ❞ér✐✈❛♥t ❧❡s ❞❡✉① éq✉❛t✐♦♥s ♣ré❝é❞❡♥ts ♣❛r ① ❡t ② r❡s♣❡❝t✐✈❡♠❡♥t✱ ♦♥
♦❜t✐❡♥t ✿

N2
0∇2

hw + f 2∂
2w

∂z2
= 2∇ ~Qg ✭✶✳✶✶✮

♦ù ❧❡ ✈❡❝t❡✉r ~Qg ❛ ♣♦✉r ❝♦♠♣♦s❛♥t❡s ✭Qg1, Qg2✮✳ ❈❡tt❡ éq✉❛t✐♦♥ ♥♦✉s ♠♦♥tr❡ ❞♦♥❝

q✉❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❡st ♠❛①✐♠❛❧❡ q✉❛♥❞ ❧❡ ✈❡❝t❡✉r ~Q ❡st ❝♦♥✈❡r❣❡♥t ❡t ♠✐♥✐✲
♠❛❧❡ q✉❛♥❞ ✐❧ ❡st ❞✐✈❡r❣❡♥t✳ ❆✐♥s✐ ♦♥ ♣❡✉t ❝♦♥♥❛îtr❡ ❧❡s s♦✉❧è✈❡♠❡♥ts ❛ss♦❝✐és ❛✉①
str✉❝t✉r❡s ❞❡ ❣r❛♥❞❡ é❝❤❡❧❧❡ ✭❞é♣r❡ss✐♦♥✱ ❛♥t✐❝②❝❧♦♥❡✮✳

❖♥ ♣❡✉t ✈♦✐r ✉♥ ❡①❡♠♣❧❡ ✐❞é❛❧✐sé ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ✈❡❝t❡✉r ~Q s✉r ❧❛ ✜❣✉r❡
✶✳✾ ❞✬❛♣rès ❙❛♥❞❡rs ❡t ❍♦s❦✐♥s ✭✶✾✾✵✮✳ P♦✉r ❝❡❧❛✱ ♦♥ ❝♦♥s✐❞èr❡ t♦✉t ❞✬❛❜♦r❞ q✉❡
❧✬❛t♠♦s♣❤èr❡ ❡st t❡❧❧❡ q✉❡ ❧❡s ❣r❛❞✐❡♥ts ❞❡ θ s♦♥t ✉♥✐q✉❡♠❡♥t ❞✐r✐❣és ❧❡ ❧♦♥❣ ❞❡ ❧✬❛①❡
y✳ ❉❡ ♣❧✉s ♦♥ r❡♣rés❡♥t❡ ✉♥❡ s✐t✉❛t✐♦♥ ✐❞é❛❧✐sé❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡
s✉❝❝❡ss✐♦♥ ❞❡ ❤❛✉t❡s ♣r❡ss✐♦♥s ❡t ❞❡ ❜❛ss❡s ♣r❡ss✐♦♥s ❛✉t♦✉r ❞✉q✉❡❧ ♥❛✈✐❣✉❡ ❧❡ ✢✉①
❣é♦str♦♣❤✐q✉❡✳ ❙✐ ♦♥ ❝♦♥s✐❞èr❡ ❧❡ ❝❡♥tr❡ ❞✬✉♥❡ ❤❛✉t❡ ♣r❡ss✐♦♥✱ ♦♥ ♦❜s❡r✈❡ q✉❡ ❧❡ ✈❡♥t
❣é♦str♦♣❤✐q✉❡ ❡st ❞✐r✐❣é ✈❡rs ❧❡ ♥♦r❞ à ❧✬❛rr✐èr❡ ❞❡ ❧❛ ❤❛✉t❡ ♣r❡ss✐♦♥ ❡t ✈❡rs ❧❡ s✉❞
à ❧✬❛✈❛♥t✳ ❉♦♥❝ ❧❡ ❣r❛❞✐❡♥t ❞✉ ✈❡♥t ❣é♦str♦♣❤✐q✉❡ ❡st ♥é❣❛t✐❢ ❡t ♣❛r ❝♦♥séq✉❡♥t ❧❡
✈❡❝t❡✉r ~Q ❡st ❞✐r✐❣é ✈❡rs ❧✬♦✉❡st✳ ▲❛ s✐t✉❛t✐♦♥ ❡st ✐♥✈❡rs❡ ♣♦✉r ✉♥❡ ❜❛ss❡ ♣r❡ss✐♦♥✳
❆✐♥s✐✱ ♦♥ ♠♦♥tr❡ q✉❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❡st ♥é❣❛t✐✈❡ à ❧✬❛rr✐èr❡ ❞✬✉♥❡ ❜❛ss❡ ♣r❡ss✐♦♥

✷✷ ▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❋✐❣✉r❡ ✶✳✾ ✿ ❙❝❤é♠❛ ❞✬✉♥❡ s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ✐❞é❛❧✐sé❡ ❛✈❡❝ ❧❡s ✐s♦❜❛r❡s
✭❧✐❣♥❡s s♦❧✐❞❡s✮✱ ❧❡ ✢✉① ❣é♦str♦♣❤✐q✉❡ ✭✢è❝❤❡s ❝♦✉r❜❡s✮✱ ❧❡s ✐s♦t❤❡r♠❡s ✭t✐✲

r❡ts✮ ❡t ❧❡s ✈❡❝t❡✉rs ~Q ✭✢è❝❤❡s ❡♥ ❣r❛s✮✳ H ❝♦rr❡s♣♦♥❞ à ✉♥❡ ❤❛✉t❡ ♣r❡ss✐♦♥
❡t L à ✉♥❡ ❜❛ss❡ ♣r❡ss✐♦♥✳ ▲❛ ③♦♥❡ ❢r♦✐❞❡ s❡ tr♦✉✈❡ ❛✉ ♥♦r❞✳

❡t ♣♦s✐t✐✈❡ à ❧✬❛✈❛♥t✳ ❈❡❝✐ ♣❡r♠❡t ❞✬❡①♣❧✐q✉❡r ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ s♦✉❧è✈❡♠❡♥t ❣r❛♥❞❡
é❝❤❡❧❧❡ q✉❡ ❧✬♦♥ ♣❡✉t ♦❜s❡r✈❡r ❛✉① ♠♦②❡♥♥❡s ❧❛t✐t✉❞❡s ✷

❙♦✉❧è✈❡♠❡♥t ♣❛r ❝♦♥✈❡r❣❡♥❝❡ ❞❡ ❜❛ss❡ ❝♦✉❝❤❡

❋✐❣✉r❡ ✶✳✶✵ ✿ ■♥t❡♥s✐té ❞✉ ✈❡♥t ✭❡♥ ❣r✐s✮ ❡t ❞✐r❡❝t✐♦♥ ❞✉ ✈❡♥t s✉r ✉♥❡ ❢♦r♠❡
✐❞é❛❧✐sé❡ ❞❡s ❆❧♣❡s ✭❞✬❛♣rès ❞❡s s✐♠✉❧❛t✐♦♥s ❞❡ ✭❙❝❤♥❡✐❞❡r❡✐t ❡t ❙❝❤är ✱ ✷✵✵✵✮✮

▲❡ s♦✉❧è✈❡♠❡♥t ♣❡✉t ❛✉ss✐ êtr❡ ❧✐é à ❧✬❛♣♣❛r✐t✐♦♥ ❞✬✉♥❡ ❝♦♥✈❡r❣❡♥❝❡ ❞❛♥s ❧❡s ❜❛ss❡s
❝♦✉❝❤❡s✳ ❉❡ ♥♦♠❜r❡✉① ♣❤é♥♦♠è♥❡s ♣❡✉✈❡♥t ❢❛✈♦r✐s❡r ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ❞❡ ❜❛ss❡ ❝♦✉❝❤❡
❝♦♠♠❡ ✉♥ ré❝❤❛✉✛❡♠❡♥t ❧♦❝❛❧✱ ✉♥❡ s✐t✉❛t✐♦♥ ❣r❛♥❞❡ é❝❤❡❧❧❡ ❛✈❡❝ ♣❛r ❡①❡♠♣❧❡ ✉♥❡
③♦♥❡ ❞❡ ❢❛✐❜❧❡ ❣é♦♣♦t❡♥t✐❡❧ ✭♦✉ ❞❡ ❢♦rt t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧✮ ♦✉ ❡♥❝♦r❡ ✉♥❡ ③♦♥❡ ❞❡
❜❛ss❡ ♣r❡ss✐♦♥ à ❧❛ ♠és♦✲é❝❤❡❧❧❡✳ ▲❛ ❝♦♥✈❡r❣❡♥❝❡ ❞❡ ❜❛ss❡ ❝♦✉❝❤❡ ♣❡✉t êtr❡ ❛✉ss✐ ♣r♦✲
✈♦q✉é❡ ♣❛r ❧❡s ♠♦♥t❛❣♥❡s q✉✐ ♣❡✉✈❡♥t ❥♦✉❡r ❧❡ rô❧❡ ❞✬❡♥t♦♥♥♦✐r ♦ù ❧✬❛✐r s✬❡♥❣♦✉✛r❡
❡t s❡ r❡tr♦✉✈❡ ❢♦r❝é à s✬é❧❡✈❡r ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡ ✭❙❝❤♥❡✐❞❡r❡✐t ❡t

❙❝❤är ✱ ✷✵✵✵✮ ✭❋✐❣✳ ✶✳✶✵✮ ❡t ✭●❡♦r❣✐s ❡t ❛❧✳✱ ✷✵✵✸✮✮✳ P❧✉s s✉❜t✐❧❡♠❡♥t ❡❧❧❡ ♣❡✉t ❛✉ss✐
êtr❡ ❧✐é❡ ❛✉ ❝♦♥t♦✉r♥❡♠❡♥t ❞❡ ❧❛ ♠♦♥t❛❣♥❡ ♣❛r ❧❛ ♠❛ss❡ ❞✬❛✐r q✉❛♥❞ ❧❡ ♥♦♠❜r❡ ❞❡
❋r♦✉❞❡ ❡st tr♦♣ ♣❡t✐t ✭✈♦✐r ♣❛rt✐❡ s✉r ❧❡ s♦✉❧è✈❡♠❡♥t ♦r♦❣r❛♣❤✐q✉❡✮✳ ❉❛♥s ❝❡ ❝❛s ❞❡
✜❣✉r❡ ❞❡s ③♦♥❡s ❞❡ ❝♦♥✈❡r❣❡♥❝❡ ♣❡✉✈❡♥t ❛♣♣❛r❛îtr❡ s✉r ❧❡ ❜♦r❞ ❞❡s ③♦♥❡s ♦r♦❣r❛✲
♣❤✐q✉❡s✳ ■❧ ❢❛✉t ♥♦t❡r q✉❡ ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ❞❡ ❜❛ss❡ ❝♦✉❝❤❡ ❡st ❧❡ s❡✉❧ ♠é❝❛♥✐s♠❡ ❞❡

✷✳ P♦✉r ❝♦♠♣r❡♥❞r❡ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ♠❛t❤é♠❛t✐q✉❡ ❝♦♠♣❧❡t q✉✐ ❛ ♣❡r♠✐s ❞✬♦❜t❡♥✐r ❧✬❡♥s❡♠❜❧❡
❞❡s éq✉❛t✐♦♥s ♣rés❡♥té❡s ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥ ❡t ♣♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s ♦♥ ♣❡✉t s❡ ré❢ér❡r à ▲❛❣♦✉✈❛r❞♦s

✭✶✾✾✷✮

▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ✷✸



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

s♦✉❧è✈❡♠❡♥t ❧♦❝❛❧ s✉r ❧❛ ♠❡r✳ ❊♥ ❡✛❡t✱ ❧❛ ❢♦rç❛❣❡ ❧✐é ❛✉ ❝②❝❧❡ ❞✐✉r♥❡ ② ❡st ♥é❣❧✐❣❡❛❜❧❡
❡t ❧❡ ❢♦rç❛❣❡ ❧✐é à ❧❛ t♦♣♦❣r❛♣❤✐❡ ② ❡st é✈✐❞❡♠♠❡♥t ❛❜s❡♥t✳

❙♦✉❧è✈❡♠❡♥t ♣❛r ré❝❤❛✉✛❡♠❡♥t ❞✐✉r♥❡ ❡t ♣❛r ❜r✐s❡ ❞❡ ♠❡r

❯♥ ♣❤é♥♦♠è♥❡ ❝♦✉r❛♥t ❞❡ s♦✉❧è✈❡♠❡♥t ❡st ❧✐é ❛✉ ré❝❤❛✉✛❡♠❡♥t ❞✐✉r♥❡✳ ▲✬❛✐r ❛✉
❝♦♥t❛❝t ❞✉ s♦❧ s❡ ré❝❤❛✉✛❡ ❡t ♠♦♥t❡ ❝❡ q✉✐ ♣❡✉t ❢❛✈♦r✐s❡r ❧❛ ❝♦♥✈❡❝t✐♦♥✳ ❆ ❝❡ ♣r♦♣♦s✱
❧✬❛❝t✐✈✐té ❤✉♠❛✐♥❡ ♣❡✉t ❛✈♦✐r ✉♥ ✐♠♣❛❝t s✉r ❧❛ ❝ré❛t✐♦♥ ❞❡ ③♦♥❡ ❞✬❛s❝❡♥❞❛♥❝❡ ♣❛r
❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ r♦✉t❡s✱ ❞❡ ✈✐❧❧❡s ♦✉ ❞❡ ❝❤❛♠♣s q✉✐ s❡ ré❝❤❛✉✛❡♥t ❜❡❛✉❝♦✉♣ ♣❧✉s
✈✐t❡ q✉❡ ❧❡s ③♦♥❡s ❜♦✐sé❡s✳ ❙✐ ❧✬♦♥ s❡ tr♦✉✈❡ à ♣r♦①✐♠✐té ❞❡ ❧❛ ♠❡r ❧❡ ré❝❤❛✉✛❡♠❡♥t
❞✐✉r♥❡ ♣❡✉t ♣r♦✈♦q✉❡r ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞✬✉♥❡ ❜r✐s❡ ❞❡ ♠❡r✳ ❊♥ ❡✛❡t✱ ❧❡ ❝♦♥t✐♥❡♥t
s❡ ré❝❤❛✉✛❛♥t ❜✐❡♥ ♣❧✉s ✈✐t❡ q✉❡ ❧❛ ♠❡r✱ ✐❧ s❡ ❝ré❡ ✉♥❡ ③♦♥❡ ❞❡ ❜❛ss❡ ♣r❡ss✐♦♥ q✉✐
❛s♣✐r❡ ❧✬❛✐r ❞❡♣✉✐s ❧❛ ♠❡r ❡t q✉✐ ♣❡r♠❡t ❞❡ ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ✉♥❡ ❝✐r❝✉❧❛t✐♦♥✳ ❙✐ ❧❛
❞✐✛ér❡♥❝❡ ❞❡ t❡♠♣ér❛t✉r❡ ❡♥tr❡ ❧❛ t❡rr❡ ❡t ❧❛ ♠❡r ❡st ✐♠♣♦rt❛♥t❡✱ ❧❡s ♠♦✉✈❡♠❡♥ts
❛s❝❡♥❞❛♥ts ❣é♥érés ♣❡✉✈❡♥t êtr❡ s✉✣s❛♠♠❡♥t ✐♠♣♦rt❛♥t ♣♦✉r ❞é❝❧❡♥❝❤❡r ❞❡s ♣❤é✲
♥♦♠è♥❡s ❝♦♥✈❡❝t✐❢s✳

❙♦✉❧è✈❡♠❡♥t ♣❛r ❝♦❧❞ ♣♦♦❧

❈❡ t②♣❡ ❞❡ s♦✉❧è✈❡♠❡♥t ❛ ❧✐❡✉ q✉❛♥❞ ❧❡ ✢✉① ❞✬❛✐r r❡♥❝♦♥tr❡ ✉♥❡ ❝♦❧❞ ♣♦♦❧ ❝✬❡st✲
à✲❞✐r❡ ✉♥❡ ③♦♥❡ ❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s ♦ù ❧❛ t❡♠♣ér❛t✉r❡ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ❢r♦✐❞❡
q✉❡ ❝❡❧❧❡ ❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r ❛❞✈❡❝té❡ ❛✉✲❞❡ss✉s ❞❡ ❝❡tt❡ ③♦♥❡✳ ■❧ s❡ ♣r♦❞✉✐t ❛❧♦rs ✉♥❡
❛s❝❡♥❞❛♥❝❡ ♠é❝❛♥✐q✉❡ ❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r q✉✐✱ s✐ ❡❧❧❡ ♣♦ssè❞❡ ❞❡s ♣r♦♣r✐étés t❤❡r♠♦✲
❞②♥❛♠✐q✉❡s ❢❛✈♦r❛❜❧❡s✱ ✈❛ ♣♦✉✈♦✐r ❝ré❡r ✉♥❡ ❝❡❧❧✉❧❡ ❝♦♥✈❡❝t✐✈❡ ❞❡ ♣❧✉✐❡✳ ❯♥ ♣♦✐♥t
✐♥tér❡ss❛♥t ❡st q✉❡ ❧❛ ❝♦❧❞ ♣♦♦❧ ❡st ❡♥ ❣é♥ér❛❧ ♣r♦✈♦q✉é❡ ♣❛r ✉♥ ♦r❛❣❡ ❞é❥à ❡♥ ♣❧❛❝❡
q✉✐ ❞é❝❧❡♥❝❤❡ ✉♥❡ ❞❡s❝❡♥t❡ ❞✬❛✐r ❢r♦✐❞ ❞✬❛❧t✐t✉❞❡ ✭♣❤é♥♦♠è♥❡ ❞❡ ❝♦✉r❛♥t ❞❡ ❞❡♥s✐té✮✳
▲❡ ❝♦✉r❛♥t ❞❡ ❞❡♥s✐té ❝♦rr❡s♣♦♥❞ à ✉♥❡ ♣❧♦♥❣é❡ ❞✬❛✐r ❢r♦✐❞ ❡♥ ♣r♦✈❡♥❛♥❝❡ ❞❡s ❤❛✉t❡s
❝♦✉❝❤❡s ❞❡ ❧✬❛t♠♦s♣❤èr❡✳ P♦✉r q✉✬✉♥ t❡❧ ♣❤é♥♦♠è♥❡ s❡ ♣r♦❞✉✐s❡✱ ✐❧ ❢❛✉t q✉❡ ❧❛ ✈❛♣❡✉r
❞✬❡❛✉✱ ❛✉ ❝♦✉rs ❞❡ s♦♥ ❛s❝❡♥s✐♦♥✱ ❝♦♥❞❡♥s❡ ♣✉✐s q✉❡ ❧✬❡❛✉ rés✉❧t❛♥t❡ ❝❤✉t❡ ❞❛♥s ✉♥❡
❝♦✉❝❤❡ ❞✬❛t♠♦s♣❤èr❡ très sè❝❤❡✳ ❆✉ ❝♦♥t❛❝t ❞❡ ❝❡❧❧❡✲❝✐✱ ❧✬❡❛✉ ❝♦♥t❡♥✉❡ ❞❛♥s ❧❛ ♠❛ss❡
❞✬❛✐r s❡ réé✈❛♣♦r❡ ❝♦♥❞✉✐s❛♥t à ✉♥ ❜r✉sq✉❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❞❡ ❧✬❛✐r✳ ❈❡❧✉✐✲❝✐ ♣❧♦♥❣❡
❛❧♦rs ♣❛r ❣r❛✈✐té ❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ ❝♦♠♣❛r❛❜❧❡ à ❝❡❧❧❡ ❞❡s ♠♦✉✈❡♠❡♥ts ❛s❝❡♥❞❛♥ts ❡t
s✬ét❛❧❡ ❛✉ s♦❧ ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡ ❞❡ ❧❛ ❝❡❧❧✉❧❡✳ ❈❡❧❛ ❝ré❡ ✉♥❡ ③♦♥❡ ❢r♦✐❞❡ s✉r ❧❛q✉❡❧❧❡
❧✬❛✐r ♣❧✉s ❝❤❛✉❞ ❛✉ s♦❧ ❛✉r❛ t❡♥❞❛♥❝❡ à s✬é❧❡✈❡r✳ ▲♦rs ❞✬✉♥ ♦r❛❣❡ ♦r♦❣r❛♣❤✐q✉❡✱ ❝❡s
③♦♥❡s ❢r♦✐❞❡s ♣❡✉✈❡♥t s❡ ❝ré❡r ❜✐❡♥ ❡♥ ❛♠♦♥t ❞❡s r❡❧✐❡❢s ❡t ❣é♥ér❡r ♣❛r ❧❛ s✉✐t❡ ❞❡s
♦r❛❣❡s ❞❛♥s ❧❛ ♣❧❛✐♥❡✳ ❈✬❡st ❞✬❛✐❧❧❡✉rs ❝❡ q✉✐ s✬❡st ♣❛ssé ❧♦rs ❞❡ ❧✬é✈é♥❡♠❡♥t ❞✉ ●❛r❞
❡♥ ✷✵✵✷ ❝♦♠♠❡ ❧✬❛ ♠♦♥tré ❉✉❝r♦❝q ❡t ❛❧✳ ✭✷✵✵✽✮✳

▲❡s ♣r✐♥❝✐♣❛✉① ♠é❝❛♥✐s♠❡s ❞❡ s♦✉❧è✈❡♠❡♥t s♦♥t rés✉♠és s✉r ❧❛ ✜❣✉r❡ ✶✳✶✶✳
❉✬❛✉tr❡s ♠é❝❛♥✐s♠❡s ♣♦✉rr❛✐❡♥t êtr❡ é❣❛❧❡♠❡♥t à ❧✬♦r✐❣✐♥❡ ❞❡ s♦✉❧è✈❡♠❡♥ts t❡❧❧❡s
❧❡s ♦♥❞❡s ❞❡ ❣r❛✈✐té ❝♦♠♠❡ ❧❡ s✉❣❣èr❡ ❝❡rt❛✐♥❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❙❝❤✉♠❛❝❤❡r ✭✷✵✵✾✮✳
❋✐♥❛❧❡♠❡♥t ❝❡rt❛✐♥❡s ét✉❞❡s ré❝❡♥t❡s ✭❇r❡ss♦♥ ❡t ❛❧✳✱ ✷✵✶✷✱ ✷✵✵✾❀ P❛♥③✐❡r❛ ❡t ●❡r✲

♠❛♥♥✱ ✷✵✶✵✮ ♦♥t ♠♦♥tré q✉❡✱ s✉✐✈❛♥t ❧❛ ✈✐t❡ss❡✱ ❧✬❤✉♠✐❞✐té ♦✉ ❧✬✐♥st❛❜✐❧✐té ❞✉ ✢✉①
❞✬❛✐r✱ ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ s♦✉❧è✈❡♠❡♥t ❝✐tés ❝✐✲❞❡ss✉s ♣❡✉✈❡♥t ❛❣✐r ❡♥ s②♥❡r❣✐❡ ♦✉ ❛✉
❝♦♥tr❛✐r❡ êtr❡ ❡♥ ❝♦♠♣ét✐t✐♦♥ ❝❡ q✉✐ ❡①♣❧✐q✉❡ q✉❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ❝♦♥✈❡❝✲
t✐✈❡s r❡st❡ ❡♥❝♦r❡ ❞✐✣❝✐❧❡ à ♣ré✈♦✐r✳ ❆✐♥s✐✱ ❛✜♥ ❞✬❛♠é❧✐♦r❡r ❧❛ ♣ré✈✐s✐♦♥ ❞❡s ❝❡❧❧✉❧❡s
❝♦♥✈❡❝t✐✈❡s✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s ♠é❝❛♥✐s♠❡s
❞❛♥s ❧❡s ♠♦❞è❧❡s✳ ❙✐ ♦♥ s❡ r❛♣♣❡❧❧❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❣é♦❣r❛♣❤✐q✉❡s ❞❡ ❧✬❊✉r♦ré❣✐♦♥

✷✹ ▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

Soulèvement 

orographique

Courant de 

densité

Cold Pool Flux d’air chaud 
et humide

Front Froid et 

soulèvement 

grande échelle

Réchauffement 

diurne

Brise de mer

❋✐❣✉r❡ ✶✳✶✶ ✿ ❙❝❤é♠❛ ❞❡s ♣r✐♥❝✐♣❛✉① ♠é❝❛♥✐s♠❡s ❞❡ s♦✉❧è✈❡♠❡♥t ❞❡ ❧❛
♠❛ss❡ ❞✬❛✐r

❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ✭❋✐❣✳ ✶✳✷✮✱ ♦♥ ❝♦♥st❛t❡ q✉❡ ❧❛ ③♦♥❡ ✈❛ êtr❡ très ♣r♦♣✐❝❡ ❛✉① s♦✉✲
❧è✈❡♠❡♥ts ♦r♦❣r❛♣❤✐q✉❡s ♠❛✐s ❛✉ss✐ à ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ❞❡ ❜❛ss❡ ❝♦✉❝❤❡ ❞❡ ♣❛r ❧❛ ❢♦r♠❡
❞✉ ❙✉❞ ❞❡s ❆❧♣❡s✳ ❊♥✜♥✱ ❡♥ r❛✐s♦♥ ❞❡ s❛ ♣r♦①✐♠✐té ❛✈❡❝ ❧❛ ♠❡r ❡t ❞❡s ❢♦rt❡s ❝❤❛❧❡✉r
❞❡ ❧✬été✱ ❞❡s ♣❤é♥♦♠è♥❡s ❞❡ ❜r✐s❡ ❞❡ ♠❡r ♦♥t t♦✉t❡s ❧❡s ❝❤❛♥❝❡s ❞❡ s❡ ❞é❝❧❡♥❝❤❡r ré❣✉✲
❧✐èr❡♠❡♥t✳ ❆✐♥s✐✱ ♦♥ ❝♦♥st❛t❡ q✉❡ ❧❛ ré❣✐♦♥ ❡st ❡①trê♠❡♠❡♥t ❢❛✈♦r❛❜❧❡ ❛✉① ♣r♦❝❡ss✉s
❞❡ s♦✉❧è✈❡♠❡♥t ❡t ♣❛r ❝♦♥séq✉❡♥t ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s✳

✶✳✹✳✹ P❧✉✐❡s ❝♦♥✈❡❝t✐✈❡s

❖♥ ❝♦♥♥❛ît à ♣rés❡♥t t♦✉s ❧❡s ✐♥❣ré❞✐❡♥ts q✉✐ ♣❡✉✈❡♥t ❢❛✈♦r✐s❡r ❧❡ ❞é❝❧❡♥❝❤❡♠❡♥t
❞❡s ♣❤é♥♦♠è♥❡s ♣❧✉✈✐❡✉①✱ ✐❧ ♥♦✉s r❡st❡ à ♣ré❝✐s❡r ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s ❝❡❧❧✉❧❡s
❝♦♥✈❡❝t✐✈❡s ❡t à ✐♥❞✐q✉❡r q✉❡❧s s♦♥t ❧❡s ♣r♦❝❡ss✉s q✉✐ ♣❡✉✈❡♥t ❡♥tr❛î♥❡r ❧❡ ❞é✈❡❧♦♣✲
♣❡♠❡♥t ❞❡s ♣❤é♥♦♠è♥❡s ❧❡s ♣❧✉s ✐♥t❡♥s❡s✳ ❉❛♥s ❧❛ s✉✐t❡✱ ♦♥ ✈❛ ❡①♣❧✐q✉❡r ❧❡ ❢♦♥❝✲
t✐♦♥♥❡♠❡♥t ❞✬✉♥❡ ❝❡❧❧✉❧❡ ❞❡ ♣❧✉✐❡ ❝♦♥✈❡❝t✐✈❡ ♣✉✐s ♦♥ ✐❞❡♥t✐✜❡r❛ ❧❡s é❧é♠❡♥ts q✉✐
❧✉✐ ♣❡r♠❡tt❡♥t ❞❡ ❞✉r❡r ♦✉ ❛✉ ❝♦♥tr❛✐r❡ ❞❡ s❡ ❞✐ss✐♣❡r✳ ■❧ ❡①✐st❡ ♣❧✉s✐❡✉rs t②♣❡s ❞❡
♣❧✉✐❡s ❝♦♥✈❡❝t✐✈❡s ❞❡♣✉✐s ❧❛ ❝❡❧❧✉❧❡ ✐s♦❧é❡ ❥✉sq✉✬❛✉① ❜❛♥❞❡s ❞❡ ❝♦♥✈❡❝t✐♦♥ ♦r❣❛♥✐✲
sé❡s ❡t ❛✉① s✉♣❡r✲❝❡❧❧✉❧❡s✳ ❯♥ ♠♦②❡♥ ❞❡ ❞✐st✐♥❣✉❡r ❝❡s ❞✐✛ér❡♥ts t②♣❡s ❞❡ ❝♦♥✈❡❝t✐♦♥
❡st ❞❡ ❝♦♥s✐❞ér❡r ❧✬✐♥t❡♥s✐té ❞✉ ❝✐s❛✐❧❧❡♠❡♥t ✈❡rt✐❝❛❧ ❞✉ ✈❡♥t ❤♦r✐③♦♥t❛❧ ✭♠ê♠❡ s✐ ❡♥
♣r❛t✐q✉❡ ❞✬❛✉tr❡s ♣❛r❛♠ètr❡s ❞♦✐✈❡♥t êtr❡ ♣r✐s ❡♥ ❝♦♠♣t❡✮✳

❈✐s❛✐❧❧❡♠❡♥t ❢❛✐❜❧❡

◗✉❛♥❞ ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ✈❡rt✐❝❛❧ ❡st ❢❛✐❜❧❡✱ ♦♥ ❛ss✐st❡ à ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ❝❡❧❧✉❧❡s
❝♦♥✈❡❝t✐✈❡s ✐s♦❧é❡s ✭❋✐❣✳ ✶✳✶✷✮✳ ❈❡s ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s ♦♥t ❡♥ ❣é♥ér❛❧ ✉♥❡ ❞✉ré❡ ❞❡
✈✐❡ ❢❛✐❜❧❡ ✭✷✵ à ✸✵ ♠✐♥✮ ✭✈♦✐r ❧✬❛♥❛❧②s❡ ❞❡s éq✉❛t✐♦♥s ❞✉ ♠♦✉✈❡♠❡♥t ❞❛♥s ❧❡ ❝❤❛♣✐tr❡
✹ ❡t ❍❡♥r② ✭✶✾✾✸✮✱ ❏♦❤♥s♦♥ ❡t ❛❧✳ ✭✶✾✾✽✮✮✱ s❡ ❞é♣❧❛❝❡♥t ❛✈❡❝ ❧❡ ✈❡♥t ❡t ❧❡✉r ✐♥t❡♥✲

▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ✷✺



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❋✐❣✉r❡ ✶✳✶✷ ✿ ❙❝❤é♠❛ ✐❞é❛❧✐sé ❞✬✉♥❡ ❝❡❧❧✉❧❡ ❝♦♥✈❡❝t✐✈❡ ✐s♦❧é❡✳ ▲❡s ✢è❝❤❡s
r♦✉❣❡s ♠♦♥tr❡♥t ❧❡s ③♦♥❡s ❞✬❛s❝❡♥❞❛♥❝❡s ❡t ❧❡s ✢è❝❤❡s ❜❧❡✉s ❧❡s ❝♦✉r❛♥ts ❞❡
❞❡♥s✐té✳ ❊♥ ❝♦✉❧❡✉r ♦♥ ✈♦✐t ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ♣❧✉✐❡ ✭♦✉ ❞❡ ❧❛ ❣rê❧❡✮ s✉✐✈❛♥t ❧❡
st❛❞❡ ❞❡ ✈✐❡ ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❝♦♥✈❡❝t✐✈❡ ✭❞✬❛♣rès ❚❤♦♠❛s ❘❛❜❡♥❤♦rst✱ ❯▼❇❈✮

s✐té ❞é♣❡♥❞ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ❧✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡ ✭❈❆P❊✮ ❞✐s♣♦♥✐❜❧❡ ❞❛♥s ❧✬❛t✲
♠♦s♣❤èr❡✳ ❆✉ ❝♦♠♠❡♥❝❡♠❡♥t✱ ❡❧❧❡s s♦♥t ❛ss♦❝✐é❡s ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ✈❡rt✐❝❛❧ ❞✬✉♥
♣❡t✐t ❝✉♠✉❧✉s✳ ❆✉ s❡✐♥ ❞❡ ❝❡ ❝✉♠✉❧✉s✱ q✉✐ s❡ tr❛♥s❢♦r♠❡ ❡♥ ❝✉♠✉❧♦♥✐♠❜✉s q✉❛♥❞
s♦♥ ❡①t❡♥s✐♦♥ ✈❡rt✐❝❛❧❡ ❞❡✈✐❡♥t ✐♠♣♦rt❛♥t❡✱ ❞❡s ♣r♦❝❡ss✉s ♠✐❝r♦♣❤②s✐q✉❡s ❞❡ ❝♦❛❧❡s✲
❝❡♥❝❡ ❢♦♥t ❣r♦ss✐r ❧❛ t❛✐❧❧❡ ❞❡s ♣❛rt✐❝✉❧❡s ♥✉❛❣❡✉s❡s q✉✐✱ q✉❛♥❞ ❡❧❧❡s ❞❡✈✐❡♥♥❡♥t ❛ss❡③
❧♦✉r❞❡s✱ t♦♠❜❡♥t s♦✉s ❧✬❡✛❡t ❞❡ ❧❛ ❣r❛✈✐té✳ ▲✬❛✐r q✉✐ ❝♦♥t✐❡♥t ✉♥ ♥♦♠❜r❡ ❝r♦✐ss❛♥t
❞❡ ♣❛rt✐❝✉❧❡s ❞✬❡❛✉ ❡t ❞❡ ❣❧❛❝❡ ❛❝q✉✐èr❡ ❛❧♦rs ✉♥❡ ✢♦tt❛❜✐❧✐té ♥é❣❛t✐✈❡ ❡t ❛♠♦r❝❡ s❛
❞❡s❝❡♥t❡✳ ❉❡ ♣❧✉s✱ ✉♥ ❝♦✉r❛♥t ❞❡ ❞❡♥s✐té s❡ ❝ré❡ s✐ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❡st très s❡❝ ✭❝❡
q✉✐ ❡st ❤❛❜✐t✉❡❧❧❡♠❡♥t ❧❡ ❝❛s ❛✉① ❤❛✉t❡s ❛❧t✐t✉❞❡s✮ ❡t ❢❛✐t ♣❧♦♥❣❡r ❧❛ ♠❛ss❡ ❞✬❛✐r✳
❈♦♠♠❡ ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ✈❡rt✐❝❛❧✱ ❧❡ ❝♦✉r❛♥t s✉❜s✐❞❡♥t ❡♥tr❡ ❛❧♦rs ❡♥
❝♦♥❝✉rr❡♥❝❡ ❛✈❡❝ ❧❡ ❝♦✉r❛♥t ❛s❝❡♥❞❛♥t ❝❡ q✉✐ t❡♥❞ à s✉♣♣r✐♠❡r ❧✬✐♥st❛❜✐❧✐té ❛t♠♦✲
s♣❤ér✐q✉❡✳ ❈✬❡st ❛❧♦rs ❧❛ ♠♦rt ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❝♦♥✈❡❝t✐✈❡✳ ❈❡t ❡①❡♠♣❧❡✱ très ✐❞é❛❧✐sé✱
♥♦✉s ♣❡r♠❡t ❞❡ ❝♦♠♣r❡♥❞r❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡s ③♦♥❡s ❞✬❛s❝❡♥❞❛♥❝❡s ❡t ❞❡ s✉❜s✐❞❡♥❝❡s
❞✐st✐♥❝t❡s ♣♦✉r ❝ré❡r ❞❡s ♦r❛❣❡s ❛②❛♥t ✉♥❡ ❞✉ré❡ ❞❡ ✈✐❡ ✐♠♣♦rt❛♥t❡✱ ❝✬❡st ❝❡ q✉❡ ✈❛
♣❡r♠❡ttr❡ ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ❞✉ ✈❡♥t✳

❊♥ ♣❧✉s ❞❡ ❝❡ ♣❤é♥♦♠è♥❡✱ ❞❡s ♠♦✉✈❡♠❡♥ts s✉❜s✐❞❡♥ts s✬♦♣♣♦s❡♥t à ❧✬❛s❝❡♥❞❛♥❝❡
❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ré❞✉❝t✐♦♥ ❞❡ s❛ ✢♦tt❛❜✐❧✐té✳ ❊♥ ❡✛❡t✱ ❛✉ ❢✉r ❡t à
♠❡s✉r❡ ❞❡ ❧✬❛s❝❡♥s✐♦♥✱ ❧❛ ✈❛♣❡✉r ❞✬❡❛✉ ❝♦♥t❡♥✉❡ ❞❛♥s ❧❛ ♠❛ss❡ ❞✬❛✐r s❡ ❝♦♥❞❡♥s❡ ♦✉ s❡
s♦❧✐❞✐✜❡✳ ▲❡s ♣❛rt✐❝✉❧❡s s♦❧✐❞❡s ❡t ❧✐q✉✐❞❡s ❣é♥èr❡♥t ❞♦♥❝ ✉♥❡ ✢♦tt❛❜✐❧✐té ♥é❣❛t✐✈❡ q✉✐
s✬♦♣♣♦s❡ ❛❧♦rs à ❧❛ ✢♦tt❛❜✐❧✐té ♣♦s✐t✐✈❡ ❧✐é❡ à ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ t❡♠♣ér❛t✉r❡ ♣♦t❡♥t✐❡❧❧❡
❞❡ ❧❛ ♣❛r❝❡❧❧❡ ❞✬❛✐r ❡♥ ❝❡❧❧❡ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❝♦♠♠❡ ♠♦♥tré ♣❛r ❧✬éq✉❛t✐♦♥ ✿

B = g

(

θvp − θve
θve

− ml

m
− ms

m

)

✭✶✳✶✷✮

♦ù B ❡st ❧❛ ✢♦tt❛❜✐❧✐té✱ g ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ❧❛ ❣r❛✈✐té✱ θvp ❡t θve s♦♥t ❧❡s t❡♠♣ér❛t✉r❡s
♣♦t❡♥t✐❡❧❧❡s ✈✐rt✉❡❧❧❡s ❞❡ ❧❛ ♣❛r❝❡❧❧❡ ❞✬❛✐r ❡t ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❡t ml✱ ms ❡t m
s♦♥t ❧❡s ♠❛ss❡s ❧✐q✉✐❞❡✱ s♦❧✐❞❡ ❡t t♦t❛❧❡ ❞❡ ❧❛ ♣❛r❝❡❧❧❡ ❞✬❛✐r✳ ❆✐♥s✐✱ à ♣❛rt✐r ❞✬✉♥❡
❝❡rt❛✐♥❡ ❛❧t✐t✉❞❡✱ ❧❛ ♠❛ss❡ ❞✬❛✐r ♥✬❡st ♣❧✉s ❛ss❡③ ❧é❣èr❡ ♣♦✉r ❝♦♥t✐♥✉❡r s♦♥ ❛s❝❡♥s✐♦♥
❡t r❡t♦♠❜❡ ❞♦♥❝ ✈❡rs ❧❡ s♦❧✳

✷✻ ▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❋✐❣✉r❡ ✶✳✶✸ ✿ ❖r❛❣❡ ♠✉❧t✐❝❡❧❧✉❧❛✐r❡ ✐❞é❛❧✐sé✳ ❆ ❣❛✉❝❤❡ ♦♥ ✈♦✐t ❧❡ ✈❡♥t ❤♦r✐✲
③♦♥t❛❧ s✉✐✈❛♥t ❧❛ ✈❡rt✐❝❛❧❡✳ ▲❡s ✢è❝❤❡s ❝♦✉r❜❡s ❜❧❡✉s ❝♦rr❡s♣♦♥❞❡♥t ❛✉ ❝♦✉✲
r❛♥t ❞❡ ❞❡♥s✐té ❡t ❧❡s ✢è❝❤❡s r♦✉❣❡s ♠♦♥tr❡♥t ❧✬❛s❝❡♥❞❛♥❝❡ ❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r
✭❞✬❛♣rès ❚❤♦♠s♦♥ ❍✐❣❤❡r ❊❞✉❝❛t✐♦♥ ✷✵✵✼✮

❈✐s❛✐❧❧❡♠❡♥t ♠♦❞éré

▲❡s ♦r❛❣❡s ♠✉❧t✐❝❡❧❧✉❧❛✐r❡s s♦♥t ❛ss♦❝✐é❡s à ✉♥ ❝✐s❛✐❧❧❡♠❡♥t ✈❡rt✐❝❛❧ ♠♦❞éré ♦✉
❢♦rt✳ ▲❡ ❝✐s❛✐❧❧❡♠❡♥t ❛ t♦✉t ❞✬❛❜♦r❞ ♣♦✉r ❡✛❡t ❞✬✐♥❝❧✐♥❡r ❧❛ ❝❡❧❧✉❧❡ ♦r❛❣❡✉s❡ ❝❡ q✉✐
❞✐ss♦❝✐❡ ❧❡s ③♦♥❡s ❞✬❛s❝❡♥❞❛♥❝❡s ❡t ❞❡ s✉❜s✐❞❡♥❝❡s ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❡t ❡♠♣ê❝❤❡ s❛ ❞✐ss✐♣❛✲
t✐♦♥ ♣ré♠❛t✉ré✳ ▲❡ ❝✐s❛✐❧❧❡♠❡♥t ❞❡ ✈❡♥t ❢❛✈♦r✐s❡ é❣❛❧❡♠❡♥t ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s
❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s ❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s✳ ❊♥ ❡✛❡t✱ q✉❛♥❞ ❧❛ ❝❡❧❧✉❧❡ ❡st ♠❛t✉r❡✱ ❞❡s
❝♦✉r❛♥ts ❞❡ ❞❡♥s✐té ❞❡s❝❡♥❞❡♥t ❞❡s ❤❛✉t❡s ❝♦✉❝❤❡s ❡t ❢♦r♠❡♥t ✉♥❡ ③♦♥❡ ❢r♦✐❞❡ s♦✉s
❧❛ ❝❡❧❧✉❧❡✳ ❉✉ ❢❛✐t ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ t❡♠♣ér❛t✉r❡ ❛✈❡❝ ❧✬❛✐r ❛♠❜✐❛♥t✱ ❞❡s t♦✉r❜✐❧❧♦♥s
❤♦r✐③♦♥t❛✉① s❡ ❝ré❡♥t ❛✉① ❢r♦♥t✐èr❡s ❞❡ ❝❡tt❡ ③♦♥❡ ❢r♦✐❞❡ ✭❋✐❣✳ ✶✳✶✹✮✳

❋✐❣✉r❡ ✶✳✶✹ ✿ ❈✐r❝✉❧❛t✐♦♥ ✭❡♥ ✢è❝❤❡s t♦✉r✲
♥❛♥t❡s✮ ❛ss♦❝✐é❡ à ❧❛ ❝♦❧❞ ♣♦♦❧ ✭s②♠❜♦❧✐sé
♣❛r ❧❡s ♣❡t✐t❡s ♣♦✐♥t❡s✮ ❡t ❛✉ ❝✐s❛✐❧❧❡♠❡♥t
❞✉ ✈❡♥t✱ ❧❡s ✢è❝❤❡s ❜❧❛♥❝❤❡s ♠♦♥tr❡♥t ❧❡s
③♦♥❡s ❞✬❛s❝❡♥❞❛♥❝❡s ❡t ❧❡s ✢è❝❤❡s ♥♦✐r❡s
♠♦♥tr❡♥t ❧❡s ③♦♥❡s ❞❡ s✉❜s✐❞❡♥❝❡s ✭❞✬❛♣rès
✭❘♦t✉♥♥♦ ❡t ❛❧✳✱ ✶✾✽✽✮✮

❙✉r ❧✬✉♥❡ ❞❡s ❢r♦♥t✐èr❡s✱ ❧✬❡✛❡t ❞✉
t♦✉r❜✐❧❧♦♥ ❧✐é à ❧❛ ③♦♥❡ ❢r♦✐❞❡ s❡ ❝♦♥❥✉❣✉❡
❛✈❡❝ ❧❡ t♦✉r❜✐❧❧♦♥ ❧✐é ❛✉ ❝✐s❛✐❧❧❡♠❡♥t
❞❡ ❜❛ss❡s ❝♦✉❝❤❡s ❝❡ q✉✐ ❝ré❡ ❞❡ ♥♦✉✲
✈❡❧❧❡s ③♦♥❡s ❞✬❛s❝❡♥❞❛♥❝❡s ❝♦♥✈❡❝t✐✈❡s✳
❙✉r ❧✬❛✉tr❡ ❢r♦♥t✐èr❡✱ ❧❡s t♦✉r❜✐❧❧♦♥s s♦♥t
❡♥ ❝♦♠♣ét✐t✐♦♥ ❡t ❧❛ ✈✐t❡ss❡ ❝réé❡ ❡st
❤♦r✐③♦♥t❛❧❡✳ ❈❡ ♠é❝❛♥✐s♠❡ ❡①♣❧✐q✉❡ ❧❡
❞é✈❡❧♦♣♣❡♠❡♥t ❛s②♠étr✐q✉❡ ❞❡ ❝❡ t②♣❡
❞❡ ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s✳ ▲❡ ❞é♣❧❛❝❡♠❡♥t
❞❡ ❝❡s ❝❡❧❧✉❧❡s ✈❛ êtr❡ ré❣✐❡ à ❧❛ ❢♦✐s
♣❛r ❧❡ ✈❡♥t ♠❛✐s ❛✉ss✐ ♣❛r ❧❛ ♣r♦♣❛❣❛✲
t✐♦♥ ❧✐é❡ à ❧❛ ❝ré❛t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s ❝❡❧✲
❧✉❧❡s✳ ❉❛♥s ❝❡rt❛✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥s ❧❡
✈❡♥t ❝♦♠♣❡♥s❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❧✐é à ❧❛
❝ré❛t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s ❝❡ q✉✐ ❡①♣❧✐q✉❡ q✉❡ ❧❡s ♦r❛❣❡s ♠✉❧t✐❝❡❧❧✉❧❛✐r❡s ♣❡✉✈❡♥t
r❡st❡r st❛t✐♦♥♥❛✐r❡s ❡t ♣r♦✈♦q✉❡r ❞❡s ❝✉♠✉❧s ❝♦♥s✐❞ér❛❜❧❡s s✉r ✉♥❡ ré❣✐♦♥ ❞♦♥♥é❡✳

▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ✷✼



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❈✐s❛✐❧❧❡♠❡♥t ✐♥t❡♥s❡

◗✉❛♥❞ ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ❡st très ✐♠♣♦rt❛♥t✱ ❧❡s ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s ♦♥t ❡♥ ❣é♥ér❛❧
❞❡s ❞✐✣❝✉❧tés à s❡ ❞é✈❡❧♦♣♣❡r ❡t ♣❡✉✈❡♥t ♠❡ttr❡ ♣❧✉s ❞✬✉♥❡ ❤❡✉r❡ ♣♦✉r ❛tt❡✐♥❞r❡ ✉♥
st❛❞❡ ❞❡ ♠❛t✉r✐té ♠ê♠❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ✢♦tt❛❜✐❧✐té ❢♦rt❡♠❡♥t ♣♦s✐t✐✈❡✳ ◆é❛♥♠♦✐♥s✱
✉♥❡ t❡❧❧❡ ❝♦♥✜❣✉r❛t✐♦♥ ❡st é❣❛❧❡♠❡♥t très ❢❛✈♦r❛❜❧❡ ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬♦r❛❣❡s ❡①✲
trê♠❡♠❡♥t ✐♥t❡♥s❡s q✉❡ ❧✬♦♥ ❛♣♣❡❧❧❡ s✉♣❡r ❝❡❧❧✉❧❡s q✉✐ ♣❡✉✈❡♥t ❞✉r❡r ♣❧✉s✐❡✉rs ❤❡✉r❡s
❡t ♣r♦✈♦q✉❡r ❞❡s ♣❧✉✐❡s très ✐♠♣♦rt❛♥t❡s ✭❋✐❣✳ ✶✳✶✺✮✳ ❆✉ st❛❞❡ ✐♥✐t✐❛❧ ❧✬❛t♠♦s♣❤èr❡
❡st s♦✉♠✐s❡ à ✉♥ ❝✐s❛✐❧❧❡♠❡♥t ❞❡ ✈❡♥t ✐♠♣♦rt❛♥t q✉✐ ❡♠♣ê❝❤❡ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡
❧❛ ❝♦♥✈❡❝t✐♦♥ ♠❛✐s ♣❡r♠❡t ❧❡ st♦❝❦❛❣❡ ❞✬é♥❡r❣✐❡ ❛♣♣♦rté❡ ♣❛r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❛♥s
❧❡s ❜❛ss❡s ❝♦✉❝❤❡s✳ ▲❡ ❝✐s❛✐❧❧❡♠❡♥t ❣é♥èr❡ ❞❡s t♦✉r❜✐❧❧♦♥s ❤♦r✐③♦♥t❛✉① ❞❛♥s ❧✬❛t♠♦✲
s♣❤èr❡✳ P❧✉s t❛r❞ ❧♦rsq✉❡ ❧❛ ❝❡❧❧✉❧❡ ❝♦♥✈❡❝t✐✈❡ s❡ ❞é✈❡❧♦♣♣❡✱ ❡❧❧❡ ✧❛s♣✐r❡✧ ❧❡s t♦✉r✲
❜✐❧❧♦♥s ❞✬❛①❡s ❤♦r✐③♦♥t❛✉① q✉✐ ❞❡✈✐❡♥♥❡♥t ❛❧♦rs ❞✬❛①❡s ✈❡rt✐❝❛✉①✳ ❉✬✉♥ ❝ôté ❞❡ ❧❛
❝❡❧❧✉❧❡ ✭❛✉ s✉❞ s✉r ❧❛ ✜❣✉r❡ ✶✳✶✺✮ ❧❡ t♦✉r❜✐❧❧♦♥ ❝♦rr❡s♣♦♥❞ à ✉♥❡ r♦t❛t✐♦♥ ❝②❝❧♦♥✐q✉❡
t❛♥❞✐s q✉❡ ❧✬❛✉tr❡ ❝ôté ❞❡ ❧❛ ❝❡❧❧✉❧❡ ✭❝✬❡st✲à✲❞✐r❡ ❛✉ ♥♦r❞✮ ❧❡ t♦✉r❜✐❧❧♦♥ ❝♦rr❡s♣♦♥❞ à
✉♥❡ r♦t❛t✐♦♥ ❛♥t✐❝②❝❧♦♥✐q✉❡✳ P♦✉r ❝♦♠♣r❡♥❞r❡ ❧❛ s✉✐t❡ ❞✉ ♣r♦❝❡ss✉s ✐❧ ❢❛✉t s❡ ré❢ér❡r
à ❧✬éq✉❛t✐♦♥ ❞❡ ❧✬éq✉✐❧✐❜r❡ ❝②❝❧♦str♦♣❤✐q✉❡ ❡♥ ❝♦♦r❞♦♥♥é❡s ❝②❧✐♥❞r✐q✉❡s ✭r✱λ✱z✮ ✭♦ù
r = 0 ❝♦rr❡s♣♦♥❞ ❛✉ ❝❡♥tr❡ ❞✉ t♦✉r❜✐❧❧♦♥✮ q✉✐ s✬é❝r✐t ✭❞✬❛♣rès ❍♦❧t♦♥ ✭✶✾✾✷✮ ❝❤❛♣✳
✾✮ ✿

1

ρ0

∂Pdyn

∂r
≃ v2λ

r
✭✶✳✶✸✮

♦ù ρ0 ❡st ❧❛ ❞❡♥s✐té ❞❡ ❧✬❛t♠♦s♣❤èr❡✱ Pdyn ❡st ❧❛ ♣r❡ss✐♦♥ ❣é♥éré❡ ♣❛r ❧❡s ♣r♦❝❡ss✉s
❞②♥❛♠✐q✉❡s ❡t vλ ❡st ❧❛ ✈✐t❡ss❡ t❛♥❣❡♥t❡✳ ❈❡tt❡ éq✉❛t✐♦♥ ♠♦♥tr❡ q✉❡ ❧❡ t♦✉r❜✐❧❧♦♥
✈❛ ❝ré❡r ✉♥❡ ❞é♣r❡ss✐♦♥ ❡♥ s♦♥ ❝❡♥tr❡✱ ❡t ❝❡ q✉❡❧q✉❡ s♦✐t ❧❡ s❡♥s ❞❡ r♦t❛t✐♦♥✳ ❈❡tt❡
❞é♣r❡ss✐♦♥ ✈❛ ❡❧❧❡ ♠ê♠❡ ❛♠♣❧✐✜❡r ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❛s❝❡♥❞❛♥t❡✳ ❆✉ st❛❞❡ s✉✐✈❛♥t
❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❣é♥éré❡s ✈♦♥t ❝ré❡r ✉♥❡ ③♦♥❡ ❞❡ s✉❜s✐❞❡♥❝❡ q✉✐ ✈❛ ❛✈♦✐r ❝♦♠♠❡
❡✛❡t ❞❡ ❞✐✈✐s❡r ❧❛ ❝❡❧❧✉❧❡ ❡♥ ❞❡✉① ❡t ❞❡ ✧t♦r❞r❡✧ ❧❡s ❧✐❣♥❡s ❞❡ t♦✉r❜✐❧❧♦♥✳ ▲❡s ❞❡✉①
❝❡❧❧✉❧❡s ❝réé❡s ✈♦♥t ❞♦♥❝ s❡ ❞é♣❧❛❝❡r à ❞r♦✐t❡ ❡t à ❣❛✉❝❤❡ ❞✉ ✈❡♥t ♠♦②❡♥✳

✷✽ ▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❋✐❣✉r❡ ✶✳✶✺ ✿ ❙✉♣❡r ❝❡❧❧✉❧❡ ♦r❛❣❡✉s❡ ✐❞é❛❧✐sé❡ à ❞❡✉① st❛❞❡s ❞❡ s❛ ✈✐❡ ✭❛✮
st❛❞❡ ✐♥✐t✐❛❧ ❡t ✭❜✮ st❛❞❡ ❞❡ ❞✐✈✐s✐♦♥✳ ❊♥ ❤❛✉t à ❣❛✉❝❤❡ ♦♥ ✈♦✐t ❧❡ ✈❡♥t
❤♦r✐③♦♥t❛❧ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛❧t✐t✉❞❡✳ ▲❡s ✢è❝❤❡s ❝②❧✐♥❞r✐q✉❡s ✐♥❞✐q✉❡♥t ❧❡s
♠♦✉✈❡♠❡♥ts ❛s❝❡♥❞❛♥ts✳ ▲❡s ❧✐❣♥❡s ❡♥ ❣r❛s ✐♥❞✐q✉❡♥t ❧❡s ❧✐❣♥❡s ❞❡ t♦✉r❜✐❧❧♦♥
❞♦♥t ❧❡ s❡♥s ❞❡ r♦t❛t✐♦♥ ❡st ✐♥❞✐q✉é ♣❛r ❧❡s ✢è❝❤❡s ❝✐r❝✉❧❛✐r❡s✳ ▲❡s ♣❧✉s ❡t
♠♦✐♥s ✐♥❞✐q✉❡♥t ✉♥❡ r♦t❛t✐♦♥ ❝②❝❧♦♥✐q✉❡ ♦✉ ❛♥t✐❝②❝❧♦♥✐q✉❡ ❞✉ t♦✉r❜✐❧❧♦♥✳
▲❡s ✢è❝❤❡s ❣r✐s❡s é♣❛✐ss❡s ♠♦♥tr❡♥t ❧✬❛♠♣❧✐✜❝❛t✐♦♥ ✭♣♦s✐t✐✈❡ ♦✉ ♥é❣❛t✐✈❡✮
❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡✳ ❊♥✜♥✱ ❧❛ ♣❧✉✐❡ ❡st ❡♥ t✐r❡ts ♥♦✐rs ❡t ❧❛ ❧✐❣♥❡ ❛✈❡❝ ❞❡s
♣❡t✐t❡s ♣♦✐♥t❡s ❝♦rr❡s♣♦♥❞ à ❧❛ ❝♦❧❞ ♣♦♦❧ ❣é♥éré❡s ♣❛r ❧❡s ❝♦✉r❛♥ts ❞❡ ❞❡♥s✐té
✭❞✬❛♣rès ✭❑❧❡♠♣✱ ✶✾✽✼✮✮

✷✾



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

■❧ ❢❛✉t ❜✐❡♥ ♥♦t❡r q✉❡ ❧❡s tr♦✐s s✐t✉❛t✐♦♥s é✈♦q✉é❡s ❝✐✲❞❡ss✉s r❡st❡♥t ✐❞é❛❧✐sé❡s
❡t ♥♦t❛♠♠❡♥t ✐❧ ❢❛✉t s❡ r❛♣♣❡❧❡r q✉❡ ❧✬♦♥ ❛ ✉♥✐q✉❡♠❡♥t ❝♦♥s✐❞éré ✉♥ ✈❡♥t q✉✐ ♥❡
t♦✉r♥❛✐t ♣❛s ❛✈❡❝ ❧✬❛❧t✐t✉❞❡✳ ❊♥ ♣r❛t✐q✉❡✱ ❞❡s s✐t✉❛t✐♦♥s ❜✐❡♥ ♣❧✉s ❝♦♠♣❧❡①❡s ♣❡✉✈❡♥t
é♠❡r❣❡r✱ ❝❡ q✉✐ r❡♥❞ ❜✐❡♥ ♣❧✉s ❞✐✣❝✐❧❡ ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ❝❡❧✲
❧✉❧❡s ❞❡ ♣❧✉✐❡s ❝♦♥✈❡❝t✐✈❡s ✭♣♦✉r ♣❧✉s ❞✬✐♥❢♦r♠❛t✐♦♥s à ❝❡ s✉❥❡t ✈♦✐r ❑❧❡♠♣ ✭✶✾✽✼✮✱
❘♦t✉♥♥♦ ❡t ❑❧❡♠♣ ✭✶✾✽✷✮✱ ❘♦t✉♥♥♦ ❡t ❛❧✳ ✭✶✾✽✽✮✱ ❚❤♦r♣❡ ❡t ❛❧✳ ✭✶✾✽✷✮✱ ❲❡✐s♠❛♥ ❡t

❑❧❡♠♣ ✭✶✾✽✻✮✱ ❲❡✐s♠❛♥ ❡t ❘♦t✉♥♥♦ ✭✷✵✵✵✮✱ ❲❡✐s♠❛♥ ❡t ❛❧✳ ✭✶✾✽✽✮✮✳ ❉❡ ♣❧✉s✱ ❧♦rs
❞❡ ❝❡s ❡①♣❧✐❝❛t✐♦♥s ♦♥ s✬❡st ✉♥✐q✉❡♠❡♥t ❛tt❛❝❤é à ❞ét❛✐❧❧❡r ❧✬❡✛❡t ❞✉ ❝✐s❛✐❧❧❡♠❡♥t
❞✉ ✈❡♥t ♠❛✐s ♣♦✉r ❡①♣❧✐q✉❡r ❡♥t✐èr❡♠❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❝❡❧❧✉❧❡s ✐❧ ❢❛✉❞r❛✐t é❣❛✲
❧❡♠❡♥t ❝♦♥s✐❞ér❡r ❞✬❛✉tr❡s ♣❛r❛♠ètr❡s t❡❧s q✉❡ ❧❡ ✢✉① ❞✬❤✉♠✐❞✐té ❡t ❧❛ ❈❆P❊✳ ❆✜♥
❞✬❛♥t✐❝✐♣❡r ❧❡ t②♣❡ ❞❡ ❝❡❧❧✉❧❡ ❝♦♥✈❡❝t✐✈❡ q✉❡ ❧✬❛t♠♦s♣❤èr❡ ❡st s✉s❝❡♣t✐❜❧❡ ❞❡ ❣é♥é✲
r❡r✱ ❲❡✐s♠❛♥ ❡t ❑❧❡♠♣ ✭✶✾✽✷✮✱ ❲❡✐s♠❛♥ ❡t ❑❧❡♠♣ ✭✶✾✽✻✮ ♦♥t ♠♦♥tré q✉✬✉♥ ❜♦♥
✐♥❞✐❝❛t❡✉r ❞✉ t②♣❡ ❞❡ ❝♦♥✈❡❝t✐♦♥✱ ♠❛✐s ♣❛s ❞❡ s♦♥ ✐♥t❡♥s✐té✱ ❡st ❧❡ ♥♦♠❜r❡ ❞❡ ❘✐✲
❝❤❛r❞s♦♥ ❣❧♦❜❛❧ ✭❇✉❧❦ ❘✐❝❤❛r❞s♦♥ ◆✉♠❜❡r✮ q✉✐ ❝♦♠❜✐♥❡ à ❧❛ ❢♦✐s ❧✬❛s♣❡❝t ❞②♥❛♠✐q✉❡
✭❝✐s❛✐❧❧❡♠❡♥t✮ ❡t t❤❡r♠♦❞②♥❛♠✐q✉❡ ✭❈❆P❊✮ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ✿

Rib =
CAPE

1
2
(V0−6km − Vsol)2

✭✶✳✶✹✮

♦ù Vsol ❡st ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ♣rés ❞✉ s♦❧ ✭t②♣✐q✉❡♠❡♥t s✉r ❧❡s ✺✵✵ ♣r❡♠✐❡rs ♠ètr❡s✮
❡t V0−6km ❡st ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❡♥tr❡ ✵ ❡t ✻ ❦♠✳ ❉❡s ✈❛❧❡✉rs ❝♦♠♣r✐s❡s ❡♥tr❡ ✶✵
❡t ✹✵ ❢❛✈♦r✐s❡♥t ❧❡s s✉♣❡r ❝❡❧❧✉❧❡s t❛♥❞✐s q✉❡ ❞❡s ✈❛❧❡✉rs ♣❧✉s é❧❡✈é❡s s♦♥t ♣❧✉tôt
❢❛✈♦r❛❜❧❡s ❛✉① ♦r❛❣❡s ♠✉❧t✐❝❡❧❧✉❧❛✐r❡s✳

✶✳✹✳✺ ❙②stè♠❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡

▲❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡s ❝♦♥✈❡❝t✐✈❡s ❞é❝r✐t❡s ♣ré❝é❞❡♠♠❡♥t ♣❡✉✈❡♥t s❡ ❞é✈❡❧♦♣♣❡r
s❡✉❧❡s ♠❛✐s ❡❧❧❡s ♣❡✉✈❡♥t ❢❛✐r❡ ♣❛rt✐❡ ❞❡ str✉❝t✉r❡s ❞❡ ♣❧✉s ❣r❛♥❞❡s é❝❤❡❧❧❡s q✉❡
❧✬♦♥ ❛♣♣❡❧❧❡ ❧❡s s②stè♠❡s ❝♦♥✈❡❝t✐❢s ❞❡ ♠és♦✲é❝❤❡❧❧❡ ✭▼❡s♦s❝❛❧❡ ❈♦♥✈❡❝t✐✈❡ ❙②st❡♠s

✭▼❈❙✮✮✳ ❈♦♠♠❡ ❧❡✉r ♥♦♠ ❧✬✐♥❞✐q✉❡✱ ❧❡s ▼❙❈ ♦♥t ✉♥❡ é❝❤❡❧❧❡ t②♣✐q✉❡ ❞❡ ❧✬♦r❞r❡ ❞❡
✶✵✵ ❦♠ ❜✐❡♥ ♣❧✉s ❣r❛♥❞❡ q✉❡ ❝❡❧❧❡ ❞❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡ ✐♥❞✐✈✐❞✉❡❧❧❡s ❞♦♥t ❧❛ t❛✐❧❧❡
❡st ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ❦✐❧♦♠ètr❡s ✭é❝❤❡❧❧❡ ❛ér♦❧♦❣✐q✉❡✮✳ ❆✉ s❡✐♥ ❞❡
❝❡s s②stè♠❡s ❞❡s ♣r♦❝❡ss✉s ❞❡ ♠és♦✲é❝❤❡❧❧❡s s❡ ❝♦♠❜✐♥❡♥t ❛✉① ♣r♦❝❡ss✉s ❞✬é❝❤❡❧❧❡s
❛ér♦❧♦❣✐q✉❡s r❡♥❞❛♥t ❝❡s ♣❤é♥♦♠è♥❡s ♣❧✉s ❝♦♠♣❧❡①❡s ♠❛✐s ❛✉ss✐ ♣❧✉s ❞✉r❛❜❧❡s ❡t ♣❧✉s
✐♥t❡♥s❡s✳ ❈❡s s②stè♠❡s ❝♦♥✈❡❝t✐❢s s♦♥t ❝♦♥st✐t✉és ❞❡s ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s ❞é❝r✐t❡s
♣ré❝é❞❡♠♠❡♥t ❛✐♥s✐ q✉❡ ❞✬✉♥❡ ③♦♥❡ ❞❡ ♣❧✉✐❡ ♣❧✉s ❢❛✐❜❧❡ ❡t ❤♦♠♦❣è♥❡ ❝❛r❛❝tér✐s❛♥t
❧❛ ♣❛rt✐❡ str❛t✐❢♦r♠❡✳ ❉❛♥s ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡✱ ♦♥ ❡♥ r❡♥❝♦♥tr❡ ❞❡✉① t②♣❡s ✿
❧❡s ❧✐❣♥❡s ❞❡ ❣r❛✐♥s ❡t ❧❡s s②stè♠❡s ❡♥ ❱✳

✶✳✹✳✻ ▲✐❣♥❡ ❞❡ ❣r❛✐♥s

❯♥❡ ❧✐❣♥❡ ❞❡ ❣r❛✐♥s ❡st ✉♥ s②stè♠❡ ❞❡ ♠és♦✲é❝❤❡❧❧❡ q✉✐ s✬♦r❣❛♥✐s❡♥t ❡♥ ✉♥❡ ❜❛♥❞❡
étr♦✐t❡ ✭✶✵ à ✷✵ ❦♠✮ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s✳ ❊❧❧❡ ♣❡✉t ♠❡s✉r❡r ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞❡ ❦✐✲
❧♦♠ètr❡s ❞❡ ❧♦♥❣ ✭❋✐❣✳ ✶✳✶✻ ✭❛✮✮✳ ❆ ❧✬❛rr✐èr❡ ❞❡ ❧❛ ❧✐❣♥❡ ❞❡ ❣r❛✐♥s✱ ♦♥ tr♦✉✈❡ ✉♥❡
❧❛r❣❡ ③♦♥❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s str❛t✐❢♦r♠❡s✳ ❯♥❡ ❧✐❣♥❡ ❞❡ ❣r❛✐♥s ❡st ❢♦r♠é❡ ❞❡ ♥♦♠✲
❜r❡✉① ♦r❛❣❡s q✉✐ s❡ ❞é✈❡❧♦♣♣❡♥t q✉❛♥❞ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❡st ❢❛✈♦r❛❜❧❡ s✉r ✉♥❡ ❧❛r❣❡
ré❣✐♦♥✳ P♦✉r q✉❡ ❧❛ ❧✐❣♥❡ ❞❡ ❣r❛✐♥s s❡ ❢♦r♠❡ ✐❧ ❢❛✉t é✈✐t❡r q✉❡ ❧❡s ♦r❛❣❡s ♥❡ s♦✐❡♥t
❡♥ ❝♦♠♣ét✐t✐♦♥✳ P♦✉r ❝❡❧❛✱ ❧❡ ✈❡♥t ❞♦✐t êtr❡ ❤♦♠♦❣è♥❡ s✉r ✉♥❡ ③♦♥❡ ❛ss❡③ ✈❛st❡ ❞❡

✸✵ ▲✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡
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❋✐❣✉r❡ ✶✳✶✻ ✿ ❚❛✉① ❞❡ ♣❧✉✐❡ ✭♠♠✴❤✮ ♦❜s❡r✈é ♣❛r ❧❡ r❛❞❛r ❍②❞r✐① ❞❛♥s ❧❡
❝❛s ✭❛✮ ❞✬✉♥❡ ❧✐❣♥❡ ❞❡ ❣r❛✐♥ ❧❡ ✷✶ ♦❝t♦❜r❡ ✷✵✶✷ à ✷✶ ❤✵✺ ❡t ✭❜✮ ❞✬✉♥ s②stè♠❡
❡♥ ❱ ❧❡ ✶✺ ❥✉✐♥ ✷✵✶✵ à ✶✶ ❤✺✺ ✭é✈é♥❡♠❡♥t ❞❡ ❉r❛❣✉✐❣♥❛♥✮

♠❛♥✐èr❡ à ❝❡ q✉❡ ❧❡s ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s s❡ ❞é✈❡❧♦♣♣❡♥t t♦✉t❡s à ❧✬❛✈❛♥t ❞❡ ❧❛ ❧✐❣♥❡ ❞❡
❣r❛✐♥s✳ ▲❛ ❧✐❣♥❡ ❞❡ ❣r❛✐♥s s❡ ❞✐ss✐♣❡ q✉❛♥❞ ❧✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡ ❛t♠♦s♣❤ér✐q✉❡ ♥✬❡st
♣❧✉s s✉✣s❛♠♠❡♥t ✐♠♣♦rt❛♥t❡ ♦✉ q✉❛♥❞ ❧❡ ✈❡♥t ❝❤❛♥❣❡ ❞❡ ❞✐r❡❝t✐♦♥ ♦✉ ❡♥❝♦r❡ q✉❛♥❞
❧❡ ❝✐s❛✐❧❧❡♠❡♥t ❞❡ ✈❡♥t é✈♦❧✉❡ ❡t ❛rrêt❡ ❞✬êtr❡ ❢❛✈♦r❛❜❧❡ ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s ♦r❛❣❡s
♠✉❧t✐❝❡❧❧✉❧❛✐r❡s✳

✶✳✹✳✼ ❙②stè♠❡ ❡♥ ❱

▲❡s s②stè♠❡s ❡♥ ❱ s♦♥t ❞❡s s②stè♠❡s ♣rés❡♥t❛♥t ✉♥❡ ❢♦r♠❡ ❡♥ ❱ ❞♦♥t ❧❛ ♣♦✐♥t❡
❝♦rr❡s♣♦♥❞ à ❧✬❡♥❞r♦✐t ♦ù ❧❡s ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s s♦♥t ❣é♥éré❡s t❛♥❞✐s q✉❡
❧❡s ❜r❛♥❝❤❡s s♦♥t ❝♦♥st✐t✉é❡s ❞❡ ❝❡❧❧✉❧❡s ♠❛t✉r❡s ✭❋✐❣✳ ✶✳✶✻ ✭❜✮✮✳ ■❧ s❡♠❜❧❡r❛✐t q✉❡
❧❛ ❢♦r♠❡ ❡♥ ❱ s♦✐t ❧✐é❡ à ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❛✉ s♦♠♠❡t ❞❡ ❧❛ ❝❡❧❧✉❧❡
✭❧✐é❡ à ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ♣♦s✐t✐✈❡✮ ❡t ❧❡ ✢✉① ❣r❛♥❞❡ é❝❤❡❧❧❡ ✭▼❛❧❛r❞❡❧ ✱ ✷✵✵✺✮✳ ❈❡
t②♣❡ ❞✬é✈é♥❡♠❡♥t ❛ t❡♥❞❛♥❝❡ à r❡st❡r st❛t✐♦♥♥❛✐r❡ ❡t ♣❡✉t ❞♦♥❝ ❡♥❣❡♥❞r❡r ❞❡s ❝✉✲
♠✉❧s ❞❡ ♣❧✉✐❡ ❝♦♥s✐❞ér❛❜❧❡s à ❧❛ ♣♦✐♥t❡ ❞✉ ❱✳ ❈✬❡st ❝❡ t②♣❡ ❞✬é✈é♥❡♠❡♥t q✉✐ ❛ ❡✉ ❧✐❡✉
❧♦rs ❞❡s ✐♥♦♥❞❛t✐♦♥s ❞❡ ❉r❛❣✉✐❣♥❛♥ ❝♦♠♠❡ ♦♥ ❧❡ ✈♦✐t s✉r ❧❡s ✐♠❛❣❡s ❞✉ r❛❞❛r ❍②❞r✐①✳

❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❢♦❝❛❧✐sé s✉r ❧❡s é✈é♥❡♠❡♥ts ❞❡ t②♣❡ ❝♦♥✈❡❝✲
t✐❢✳ P♦✉r ❛✉t❛♥t✱ ❧❡ t❛❜❧❡❛✉ ♥❡ s❡r❛✐t ♣❛s ❝♦♠♣❧❡t s✐ ♦♥ ♥❡ ♣ré❝✐s❛✐t ♣❛s q✉❡ ❝❡rt❛✐♥❡s
♣ré❝✐♣✐t❛t✐♦♥s ♣❡✉✈❡♥t ❛✈♦✐r ✉♥ ❢♦rt ✐♠♣❛❝t s✉r ❧❛ ré❣✐♦♥ s❛♥s êtr❡ ❝♦♥✈❡❝t✐✈❡s✳ ❊♥
❡✛❡t✱ ✐❧ ❛rr✐✈❡ q✉❡✱ s✉r ❧❛ ré❣✐♦♥✱ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣❡✉ ✐♥t❡♥s❡s ❞❡ t②♣❡ str❛t✐❢♦r♠❡
❞✉r❡♥t s✉✣s❛♠♠❡♥t ❧♦♥❣t❡♠♣s ♣♦✉r q✉✬❡❧❧❡s ♣r♦❞✉✐s❡♥t ❞❡s ❝✉♠✉❧s ❞❡ ♣❧✉✐❡ ❛✉ s♦❧
q✉✐ s♦✐❡♥t ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡s✳

✶✳✺ ▲❛ ❝❛♠♣❛❣♥❡ ❞❡ ♠❡s✉r❡ ❍②▼❡❳

❈♦♠♠❡ ♠❡♥t✐♦♥♥é ❞❛♥s ❧✬✐♥tr♦❞✉❝t✐♦♥✱ ❝❡tt❡ t❤ès❡ s✬✐♥s❝r✐t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❜✐❡♥
❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣r♦❣r❛♠♠❡ ❞❡ r❡❝❤❡r❝❤❡ ✐♥t❡r♥❛t✐♦♥❛❧❡ ❍②▼❡❳ ✭❍❨❞r♦❧♦❣✐❝❛❧ ❝②❝❧❡
✐♥ t❤❡ ▼❡❞✐t❡rr❛♥❡❛♥ ❊❳♣❡r✐♠❡♥t✮✳ ❈❡ ♣r♦❣r❛♠♠❡ ❞❡ r❡❝❤❡r❝❤❡ ❛ ❞é❜✉té ♦✣❝✐❡❧✲
❧❡♠❡♥t ❡♥ ✷✵✶✵ ❡t ❞✉r❡r❛ ❥✉sq✉✬à ✷✵✷✵✳ ■❧ ❛ ♣♦✉r ❛♠❜✐t✐♦♥ ❞❡ ♠✐❡✉① ❝❛r❛❝tér✐s❡r

▲❛ ❝❛♠♣❛❣♥❡ ❞❡ ♠❡s✉r❡ ❍②▼❡❳ ✸✶



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❋✐❣✉r❡ ✶✳✶✼ ✿ ▲❡s ❞✐✛ér❡♥t❡s ré❣✐♦♥s ❝✐❜❧❡s ❞❡ ❧❛ ✶èr❡ ❝❛♠♣❛❣♥❡ ❞❡ ♠❡s✉r❡
❍②▼❡❳✳ ▲❡s ré❣✐♦♥s ❞✬ét✉❞❡s s♦♥t ✿ ❱❛❧❡♥❝❡ ✭❱❆✮✱ ❧❡s î❧❡s ❇❛❧é❛r❡s ✭❇❆✮✱
❧❛ ❈❛t❛❧♦❣♥❡ ✭❈❆✮✱ ❧❡s ❈é✈❡♥♥❡s✲❱✐✈❛r❛✐s ✭❈❱✮✱ ❧❛ ▲✐❣✉r✐❡✲❚♦s❝❛♥❡ ✭▲❚✮✱ ❧❛
❈♦rs❡✱ ❧✬■t❛❧✐❡ ❝❡♥tr❛❧❡ ✭❈■✮✱ ❧❡ ♥♦r❞ ❡st ■t❛❧✐❡ ✭◆❊■✮✳ ▲❡s ré❣✐♦♥s ❡♥ r♦✉❣❡
s♦♥t ❝❡❧❧❡s q✉✐ ❛❝❝✉❡✐❧❧❡♥t ❞❡s ✐♥str✉♠❡♥ts ❛✉ s♦❧

❡t ❝♦♠♣r❡♥❞r❡ ❧❡ ❝②❝❧❡ ❤②❞r♦❧♦❣✐q✉❡ ❡t ❧❡s ♣r♦❝❡ss✉s ❛ss♦❝✐és ❞❛♥s ❧❛ ré❣✐♦♥ ♠é✲
❞✐t❡rr❛♥é❡♥♥❡ ❛✈❡❝ ✉♥❡ ❛tt❡♥t✐♦♥ ♣❛rt✐❝✉❧✐èr❡ ❛❝❝♦r❞é❡ ❛✉① é✈é♥❡♠❡♥ts ✐♥t❡♥s❡s ❡t
❛✉① ❡✛❡ts ❞✉ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡ ✭♣♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s s✉r ❧❡s ♦❜❥❡❝t✐❢s ❞❡ ❝❡
♣r♦❣r❛♠♠❡ ❞❡ r❡❝❤❡r❝❤❡ ✈♦✐r ❉r♦❜✐♥s❦✐ ❡t ❛❧✳✱ ✷✵✵✽✮✮✳ ❉❡✉① ❝❛♠♣❛❣♥❡s ❞❡ ♠❡s✉r❡s
✐♥t❡♥s✐✈❡s ♦♥t ❡✉ ❧✐❡✉ ♣❡♥❞❛♥t ❧✬❛✉t♦♠♥❡ ✷✵✶✷ ✭✺ s❡♣t❡♠❜r❡ ❛✉ ✻ ♥♦✈❡♠❜r❡ ✷✵✶✷✮
✭❉✉❝r♦❝q ❡t ❛❧✳✱ ✷✵✶✸✮ ❡t ❧✬❤✐✈❡r ✷✵✶✸ ✭✶ ❢é✈r✐❡r ❛✉ ✶✺ ♠❛rs ✷✵✶✸✮✳ ❉❛♥s ❧❡ ❝❛❞r❡
❞❡ ❝❡tt❡ t❤ès❡✱ ❥✬❛✐ ❡✉ ❧✬♦❝❝❛s✐♦♥ ❞❡ ♣❛rt✐❝✐♣❡r à ❧❛ ♣r❡♠✐èr❡ ❝❛♠♣❛❣♥❡ ❞❡ ♠❡s✉r❡
✐♥t❡♥s✐✈❡✳ ▲❡s ♦❜❥❡❝t✐❢s ❞❡ ❝❡tt❡ ♣r❡♠✐èr❡ ❝❛♠♣❛❣♥❡ ❞❡ ♠❡s✉r❡s ✐♥t❡♥s✐✈❡s ét❛✐❡♥t ✿

• ❉✬é❝❤❛♥t✐❧❧♦♥♥❡r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ ♠és♦✲é❝❤❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s
❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡ ✢✉① ❛♠♦♥t ❛✉✲❞❡ss✉s ❞❡ ❧❛ ▼é❞✐t❡rr❛♥é❡ ❛✐♥s✐ q✉❡ s♦♥
✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s t♦♣♦❣r❛♣❤✐q✉❡s ❞❡ ❧❛ ré❣✐♦♥✳

• ❉❡ ♠❡s✉r❡r ❧❡s é❝❤❛♥❣❡s ❛✐r✲♠❡r ❛✈❛♥t ❡t ❞✉r❛♥t ❧❡s é✈é♥❡♠❡♥ts ❞❡ ♣ré❝✐♣✐t❛✲
t✐♦♥s ✐♥t❡♥s❡s✳

• ❉✬ét✉❞✐❡r ❧❡s é✈é♥❡♠❡♥ts ♣ré❝✐♣✐t❛♥ts ✐♥t❡♥s❡s ❡t ❧❡s ♣r♦❝❡ss✉s ♠✐❝r♦♣❤②s✐q✉❡s
❛ss♦❝✐és✳

• ❉❡ ❞ét❡r♠✐♥❡r ❧❛ ré♣♦♥s❡ ❤②❞r♦❧♦❣✐q✉❡ ♣♦✉r ❞✐✛ér❡♥t❡s ❣❛♠♠❡s ❞✬é❝❤❡❧❧❡s ❞❡s
é✈é♥❡♠❡♥ts ♣ré❝✐♣✐t❛♥ts ✐♥t❡♥s❡s q✉✐ ♦♥t ❣é♥érés ❞❡s ✐♥♦♥❞❛t✐♦♥s✳

P♦✉r r❡♠♣❧✐r ❝❡s ♦❜❥❡❝t✐❢s✱ ♣❧✉s ❞❡ ✷✵✵ ✐♥str✉♠❡♥ts ♦♥t été ❞é♣❧♦②és ♣❡♥❞❛♥t ♣❧✉s
❞❡ ❞❡✉① ♠♦✐s s✉r ❧✬♦✉❡st ❞❡ ❧❛ ▼é❞✐t❡rr❛♥é❡✳ P❛r♠✐ ❧❡s ♣r✐♥❝✐♣❛✉① ♠♦②❡♥s ♠✐s ❡♥
÷✉✈r❡ ♥♦✉s ♣♦✉✈♦♥s ❝✐t❡r tr♦✐s ❛✈✐♦♥s éq✉✐♣és ❞❡ ❝❛♣t❡✉rs✱ ❞❡s ❜❛❧❧♦♥s ❞❡ ❝♦✉❝❤❡
❧✐♠✐t❡ q✉✐ ♦♥t été ❧â❝❤és ré❣✉❧✐èr❡♠❡♥t ❞❡ ▼✐♥♦rq✉❡ ❡t ❞❡s r❛❞❛rs ❡t ❧✐❞❛rs ♠♦❜✐❧❡s✳
▲❡s ♠❡s✉r❡s s✉r ❧❛ ♠❡r ♦♥t q✉❛♥t à ❡❧❧❡s été ❡✛❡❝t✉é❡s ❣râ❝❡ à ❞✐① ❜♦✉é❡ ❞ér✐✈❛♥t❡s✱
❞❡s ❣❧✐❞❡rs ❛✐♥s✐ q✉✬✉♥ ❜❛t❡❛✉✳ ❊♥✜♥✱ ✉♥ rés❡❛✉ ❞❡ ♠❡s✉r❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s très
❞❡♥s❡✱ ❛♣♣❡❧é ❍✲♣✐❝♦♥❡t✱ ❛ été ♠✐s ❡♥ ♣❧❛❝❡ ❡♥ ✷✵✶✵ ❛✈❡❝ ♥♦t❛♠♠❡♥t ❞❡s ♣❧✉✈✐♦♠ètr❡s
❡t s♣❡❝tr♦♠ètr❡s ♦♣t✐q✉❡s✱ ❧✬❡♥s❡♠❜❧❡ ❞❡s ✐♥str✉♠❡♥ts ❛②❛♥t ✉♥❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡
❞❡ 4 km2 ✭♣♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s s✉r ❧❡s ✐♥str✉♠❡♥ts ❞é♣❧♦②és ✈♦✐r ❧✬❛♥♥❡①❡ ❞❡ ❉✉❝r♦❝q

❡t ❛❧✳ ✭✷✵✶✸✮✮✳ ❈❡tt❡ ❝❛♠♣❛❣♥❡ ❛ été ♠❡♥é❡ ❡♥ ❛✉t♦♠♥❡ ❝❛r ❝❡tt❡ ♣ér✐♦❞❡ ♣rés❡♥t❡
❧❛ ♣❧✉s ❢♦rt❡ ♣r♦❜❛❜✐❧✐té ❞✬♦❜s❡r✈❡r ❞❡s é✈é♥❡♠❡♥ts ♣ré❝✐♣✐t❛♥ts ✐♥t❡♥s❡s ✭✈♦✐r à ❝❡
♣r♦♣♦s ❧❛ s❡❝t✐♦♥ ✸✳✶✳✷✮ ♥♦t❛♠♠❡♥t s✉r ❧❛ ré❣✐♦♥ ❈é✈❡♥♥❡s✲❱✐✈❛r❛✐s✳ ▲❛ ③♦♥❡ ❡①❛❝t❡

✸✷ ▲❛ ❝❛♠♣❛❣♥❡ ❞❡ ♠❡s✉r❡ ❍②▼❡❳



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❞✬ét✉❞❡ ❞❡ ❧❛ ❝❛♠♣❛❣♥❡ ❍②♠❡① ❡st ♣rés❡♥té❡ ❡♥ ✜❣✉r❡ ✶✳✶✼✳ ●❧♦❜❛❧❡♠❡♥t✱ ❧❛ ré❣✐♦♥
❞✬ét✉❞❡ ❞❡ ❝❡tt❡ t❤ès❡ ❝♦rr❡s♣♦♥❞ ❡♥ ❣r❛♥❞❡ ♣❛rt✐❡ à ❧✬❡st ❞❡ ❧❛ ré❣✐♦♥ ❈é✈❡♥♥❡s✲
❱✐✈❛r❛✐s ❡t ✉♥ ♣❡✉ à ❧✬♦✉❡st ❞❡ ❧❛ ré❣✐♦♥ ▲✐❣✉r✐❡✲❚♦s❝❛♥❡✳

▲♦rs ❞❡ ❧❛ ❝❛♠♣❛❣♥❡✱ ❥✬❛✐ ♣❛rt✐❝✐♣é ❛✉ ❣✉✐❞❛❣❡ ❞✉ ❋❛❧❝♦♥ ✷✵ ❛✉ s♦❧ ❡t ❞❛♥s ❧✬❛✈✐♦♥
à ♣❧✉s✐❡✉rs r❡♣r✐s❡s ❞✉r❛♥t ❧❡s ❞❡✉① ♣r❡♠✐èr❡s s❡♠❛✐♥❡s ❞✬♦❝t♦❜r❡ ✷✵✶✷✳ ▲❡s ✈♦❧s ♦♥t
❡✉ ♣♦✉r ♦❜❥❡❝t✐❢s ❞❡ ❝❛r❛❝tér✐s❡r ❧❛ ♠✐❝r♦♣❤②s✐q✉❡ ❡t ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s s②stè♠❡s
❝♦♥✈❡❝t✐❢s ♣ré❝✐♣✐t❛♥ts✳ ❉❛♥s ❝❡ ❜✉t✱ ❧✬❛✈✐♦♥ ét❛✐t éq✉✐♣é ❞❡ s♦♥❞❡s ♠✐❝r♦♣❤②s✐q✉❡s
❡t ❞✬✉♥ r❛❞❛r ♥✉❛❣❡ ❉♦♣♣❧❡r à ✾✺ ●❍③ ❛♣♣❡❧é ❘❛st❛ ✭Pr♦t❛t ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❉❡ ♣❧✉s✱
❧✬❛✈✐♦♥ ♣♦✉✈❛✐t ❧❛r❣✉❡r ❞❡s ❞r♦♣s♦♥❞❡s ❛✜♥ ❞❡ r❡♥s❡✐❣♥❡r ❧❡ ♣r♦✜❧ ✈❡rt✐❝❛❧ ❞❡ ❧✬❛t♠♦✲
s♣❤èr❡ ❡♥ ❛♠♦♥t ❞✉ s②stè♠❡✳

❋✐❣✉r❡ ✶✳✶✽ ✿ ❱✐t❡ss❡ ✈❡rt✐❝❛❧❡ à ✶ ❦♠ ❧❡ ❧♦♥❣ ❞✉ tr❛❥❡t ❞❡ ❧✬❛✈✐♦♥ ❡t ♣r♦✜❧
❞❡ ré✢❡❝t✐✈✐té ♠❡s✉ré❡ ♣❛r ❧❡ r❛❞❛r ❘❛st❛ ❧♦rs ❞✉ ✈♦❧ ❞✉ ✶✹ ♦❝t♦❜r❡ ✷✵✶✷
❡♥tr❡ ✶✼ ❤ ❡t ✷✵ ❤ ✸✵ ❚❯ s✉r ❧❛ ré❣✐♦♥ ❞❡ ▼❛rs❡✐❧❧❡✲◆✐❝❡

❙✉r ❧❡s ✜❣✉r❡s ✶✳✶✽ ❡t ✶✳✶✾ s♦♥t ♣rés❡♥té❡s ❧❡s ♠❡s✉r❡s ❞✉ r❛❞❛r ❘❛st❛ ❡t ❞✉
r❛❞❛r ❍②❞r✐① ♣♦✉r ❧❡ ✈♦❧ ❞✉ ✶✹ ♦❝t♦❜r❡ ✷✵✶✷ ❞✉ ❋❛❧❝♦♥✳ ❈❡t é✈é♥❡♠❡♥t q✉✐ ❝♦rr❡s✲
♣♦♥❞ à ❧✬■❖P ✶✸❛ ❛ ❣é♥éré ✉♥❡ t♦r♥❛❞❡ ❛✉✲❞❡ss✉s ❞❡ ❧❛ ✈✐❧❧❡ ❞❡ ▼❛rs❡✐❧❧❡✳ ▲❡ s②stè♠❡
❝♦♥✈❡❝t✐❢ s❡ s✐t✉❛✐t ❛❧♦rs ❛✉ ♥♦r❞ ❞✬✉♥❡ ❧✐❣♥❡ ❥♦✐❣♥❛♥t ▼❛rs❡✐❧❧❡ ❡t ◆✐❝❡✳ ▲❛ ♣r❡♠✐èr❡
♣❛rt✐❡ ❞✉ ✈♦❧ s✬❡st ❞ér♦✉❧é❡ s✉r ❧❛ ♠❡r ❡t ❛ ♣❡r♠✐s ❞❡ ❧❛r❣✉❡r s✐① ❞r♦♣s♦♥❞❡s✱ ♣✉✐s
❧❡ ❋❛❧❝♦♥ ❛ tr❛✈❡rsé ✉♥❡ ♣r❡♠✐èr❡ ❧✐❣♥❡ ❞❡ ❣r❛✐♥s s✐t✉é❡ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❝ôt❡ ♣♦✉r ❡♥✲
s✉✐t❡ s❡ tr♦✉✈❡r ❞❛♥s ❧❛ ♣❛rt✐❡ str❛t✐❢♦r♠❡ ❞✉ s②stè♠❡✳ ❆✉ ❝♦✉rs ❞✉ ✈♦❧✱ ❧❛ ✈✐t❡ss❡
✈❡rt✐❝❛❧❡ ♠♦♥tr❡ ❞❡s ③♦♥❡s ❞✬❛s❝❡♥❞❛♥❝❡s ❡t ❞❡ s✉❜s✐❞❡♥❝❡s ❡t ❧❡s ré❣✐♦♥s tr❛✈❡rsé❡s
s♦♥t s♦✉✈❡♥t ❝❛r❛❝tér✐sé❡s ♣❛r ❞❡s ③♦♥❡s ❞❡ ❢♦rt❡s ré✢❡❝t✐✈✐tés✳ ❊♥ ✜♥ ❞❡ ✈♦❧✱ ❧✬❛✈✐♦♥
❡st ♣❛ssé ❛✉✲❞❡ss✉s ❞❡ ❞❡✉① ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s ❞é❥à ❢♦r♠é❡s✳ ▲❡s ❝❛rt❡s ❞✉ r❛❞❛r
❍②❞r✐① ♣rés❡♥té❡s ❝♦rr❡s♣♦♥❞❡♥t à ❧❛ ✜♥ ❞✉ ✈♦❧ ❛❧♦rs q✉❡ ❧❡ s②stè♠❡ ❝♦♥✈❡❝t✐❢ s✬ét❛✐t
❞é♣❧❛❝é s✉r ❧❛ ♠❡r✳ ❖♥ ♦❜s❡r✈❡ ✉♥❡ ❧✐❣♥❡ ❞❡ ❢♦rt❡ ré✢❡❝t✐✈✐té ❛✈❡❝ ❞❡s ✈❛❧❡✉rs s✉✲
♣ér✐❡✉r❡s à ✺✻ ❞❇❩ q✉✐ ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞✬❡♥✈✐r♦♥ ✹✺ ♠♠✴❤✳ ❖♥
✈♦✐t é❣❛❧❡♠❡♥t✱ ❣râ❝❡ à ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s ❤②❞r♦♠été♦r❡s✱ q✉❡ ❞❡ ❧❛ ❣rê❧❡ s❡ ❢♦r♠❡
❞❛♥s ❧❛ ❧✐❣♥❡ ❝♦♥✈❡❝t✐✈❡✳ ❊♥✜♥✱ ❧❛ ✈✐t❡ss❡ ❉♦♣♣❧❡r ❡st ♠♦♥tré❡ ♣♦✉r ✐❧❧✉str❛t✐♦♥ ❝❛r
♥♦♥ ❡①♣❧♦✐t❛❜❧❡ ❞✐r❡❝t❡♠❡♥t ❡♥ r❛✐s♦♥ ❞✉ r❡♣❧✐❡♠❡♥t ❞❡ ❧❛ ✈✐t❡ss❡✳

❋✐♥❛❧❡♠❡♥t✱ ❧❛ ❝❛♠♣❛❣♥❡ ❛ été ✉♥ s✉❝❝ès ❛✈❡❝ ✷✸ ♣ér✐♦❞❡s ❞✬♦❜s❡r✈❛t✐♦♥s ✐♥t❡♥✲
s✐✈❡s ❞♦♥t ✶✻ ♦♥t été ❛ss♦❝✐é❡s à ❞❡s é✈é♥❡♠❡♥ts ♣ré❝✐♣✐t❛♥ts ✐♥t❡♥s❡s✳ ▲❡s é✈é♥❡♠❡♥ts
q✉✐ ♦♥t ❣é♥éré ❧❡s ❝✉♠✉❧s ❧❡s ♣❧✉s ✐♠♣♦rt❛♥ts ♦♥t ❡✉ ❧✐❡✉ ❡♥ ■t❛❧✐❡ ✭❋✐❣✳ ✶✳✷✶✮✳ ▲❛ ③♦♥❡
❞✉ r❛❞❛r ❍②❞r✐① ❛ é❣❛❧❡♠❡♥t été t♦✉❝❤é❡ à ♣❧✉s✐❡✉rs r❡♣r✐s❡s ✭✈♦✐r ❋✐❣✳ ✶✳✷✵✮✳ ❊♥

▲❛ ❝❛♠♣❛❣♥❡ ❞❡ ♠❡s✉r❡ ❍②▼❡❳ ✸✸



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❋✐❣✉r❡ ✶✳✶✾ ✿ ❘é✢❡❝t✐✈✐té✱ ♣❧✉✐❡✱ ♠✐❝r♦♣❤②s✐q✉❡ ❡t ✈✐t❡ss❡ ❉♦♣♣❧❡r ✈✉❡s ♣❛r
❍②❞r✐① ♣❡♥❞❛♥t ❧❡ ✈♦❧ ❞✉ r❛❞❛r ❘❛st❛ ❞✉ ✶✹ ❖❝t♦❜r❡ ✷✵✶✷

♣❛rt✐❝✉❧✐❡r✱ ❧❡s ❝✉♠✉❧s ❥♦✉r♥❛❧✐❡rs ♣❧✉✈✐♦♠étr✐q✉❡s ♠♦♥tr❡♥t q✉❡ ❞❡ ♥♦♠❜r❡✉① ❥♦✉rs
♦♥t s✉❜✐ ❞❡s ❝✉♠✉❧s ❞❡ ♣❧✉✐❡ s✉♣ér✐❡✉rs à ✼✺ ♠♠ ❡t q✉❡ ❝❡rt❛✐♥s ❝❛s ♦♥t ❣é♥érés
❞❡s ♣❧✉✐❡s ❡♥tr❡ ✶✵✵ ❡t ✶✺✵ ♠♠✳ ▲❡ ❝✉♠✉❧ ❧❡ ♣❧✉s ✐♠♣♦rt❛♥t ❞❡ ❝❡tt❡ ❝❛♠♣❛❣♥❡ ❛ ❡✉
❧✐❡✉ ❡♥ ■t❛❧✐❡ ❝❡♥tr❛❧❡ ❛✈❡❝ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❥♦✉r♥❛❧✐èr❡s ❞é♣❛ss❛♥t ❧❡s ✸✵✵ ♠♠✳ ■❧
❢❛✉t ❛✉ss✐ ♥♦t❡r q✉✬✐❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞✬❡st✐♠❡r ❝❡s ❝✉♠✉❧s ❥♦✉r♥❛❧✐❡rs s✉r ❧❛ ♠❡r
❝❛r ❞✉r❛♥t ❧❛ ❝❛♠♣❛❣♥❡ ❞❡ ♠❡s✉r❡ ♣❧✉s✐❡✉rs é✈é♥❡♠❡♥ts très ✐♥t❡♥s❡s ♦♥t ❡✉ ❧✐❡✉ ❛✉
❧❛r❣❡ ❞❡s ❝ôt❡s ❢r❛♥ç❛✐s❡s ❛✈❡❝ ❞❡s ♠❛①✐♠✉♠s q✉✐ ♣♦✉rr❛✐❡♥t êtr❡ ♣r♦❝❤❡s ♦✉ ♠ê♠❡
s✉♣ér✐❡✉rs à ❝❡✉① tr♦✉✈és s✉r ❧❡ ❝♦♥t✐♥❡♥t ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ❧❛ ✜❣✉r❡ ✶✳✶✾✮✳

✸✹ ▲❛ ❝❛♠♣❛❣♥❡ ❞❡ ♠❡s✉r❡ ❍②▼❡❳



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

❋✐❣✉r❡ ✶✳✷✵ ✿ ❉❛t❡s ♣♦✉r ❧❡sq✉❡❧❧❡s ✉♥ é✈é♥❡♠❡♥t ❞❡ ♣❧✉✐❡ ❛ été é❝❤❛♥✲
t✐❧❧♦♥♥é ♣❛r ❧❡ r❛❞❛r ❍②❞r✐① ♣❡♥❞❛♥t ❧❛ ❝❛♠♣❛❣♥❡ ❞❡ ♠❡s✉r❡ ❍②▼❡❳ ✭❡♥
✈❡rt ❢♦♥❝é✮✳ ▲❡s ❋ s②♠❜♦❧✐s❡♥t ❧❡s ❥♦✉rs ♦ù ✉♥ ✈♦❧ ❞✉ ❋❛❧❝♦♥ ❛ ❡✉ ❧✐❡✉ s✉r ❧❛
③♦♥❡ ❝♦✉✈❡rt❡ ♣❛r ❧❡ r❛❞❛r✳ ▲❡s ❝r♦✐① r♦✉❣❡s s②♠❜♦❧✐s❡♥t ❧❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r
❞❡ ❧✬é✈é♥❡♠❡♥t ✿ ✰ 7→ >✸✵ ♠♠✱ ✰✰ 7→ >✹✺ ♠♠ ❡t ✰✰✰ 7→ >✶✵✵ ♠♠

❋✐❣✉r❡ ✶✳✷✶ ✿ ❈✉♠✉❧s ❥♦✉r♥❛❧✐❡rs ❞❡ ♣❧✉✐❡ ♠❡s✉rés ♣❛r ♣❧✉✈✐♦♠ètr❡s ❡♥tr❡
❧❡ ✺ s❡♣t❡♠❜r❡ ❡t ❧❡ ✻ ◆♦✈❡♠❜r❡ ✷✵✶✷ ✭❞✬❛♣rès ❉✉❝r♦❝q ❡t ❛❧✳ ✭✷✵✶✸✮✮✳ ▲❡
❝❡r❝❧❡ ♥♦✐r ❝♦rr❡s♣♦♥❞ à ❧❛ ③♦♥❡ ❝♦✉✈❡rt❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐①

✸✺



▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡

✶✳✻ ▲❡ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡ ❡t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s

❇✐❡♥ q✉❡ ❧❡ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡ ♥❡ s♦✐t ♣❛s ❞✐r❡❝t❡♠❡♥t tr❛✐té ❞❛♥s ❝❡ tr❛✈❛✐❧
❞❡ t❤ès❡✱ ✐❧ ❡st ❛♣♣❛r✉ ✐♥tér❡ss❛♥t ❞❡ r❛♣♣❡❧❡r ❧❡s ❞❡r♥✐èr❡s ♣ré✈✐s✐♦♥s ❞❡ ❧✬✐♠♣❛❝t ❞✉
❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡ s✉r ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡ ❝❛r ❝❡ ❝❤❛♥❣❡♠❡♥t ♣♦✉rr❛✐t
êtr❡ ❧✬✉♥ ❞❡s ♣r✐♥❝✐♣❛✉① ❞é✜s ❞❡s ♣r♦❝❤❛✐♥❡s ❞é❝❡♥♥✐❡s✳

▲❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡ ❛ été ✐❞❡♥t✐✜é❡ ❝♦♠♠❡ ❧✬✉♥ ❞❡s ✷ ♣♦✐♥ts ❝❤❛✉❞s
❞✉ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡ ✭●✐♦r❣✐ ✱ ✷✵✵✻✮✳ ▲❡s ♠♦❞è❧❡s ♣ré✈♦✐❡♥t ✉♥❡ ❞✐♠✐♥✉t✐♦♥
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s t♦t❛❧❡s ❞❛♥s ❞❡ ♥♦♠❜r❡✉s❡s ré❣✐♦♥s ♠é❞✐t❡rr❛♥é❡♥♥❡s ✭P❤✐❧❛♥❞r❛s
❡t ❛❧✳✱ ✷✵✶✶❀ ❘✐❝❛r❞ ❡t ❛❧✳✱ ✷✵✵✾❀ ❙á♥❝❤❡③ ❡t ❛❧✳✱ ✷✵✵✹✮ ❛ss♦❝✐és à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥
❞❡s ❡①trê♠❡s ❞❡ ♣❧✉✐❡ ❡♥ ♣❛rt✐❝✉❧✐❡r ❡♥ été ❡t ❛✉t♦♠♥❡ ✭❋♦✇❧❡r ❡t ❛❧✳✱ ✷✵✵✼❀ ❘✐❝❛r❞
❡t ❛❧✳✱ ✷✵✵✾❀ ❙á♥❝❤❡③ ❡t ❛❧✳✱ ✷✵✵✹✮✳ P❛r ❛✐❧❧❡✉rs✱ ❧❡s ♦❜s❡r✈❛t✐♦♥s ♠♦♥tr❡♥t ❞✬♦r❡s ❡t
❞é❥à ❝❡s t❡♥❞❛♥❝❡s ❛✈❡❝ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ❡♥tr❡ ✶✾✺✵ ❡t
✷✵✵✵ s✉r ❧❛ ré❣✐♦♥ ✭❆❧♣❡rt ❡t ❛❧✳✱ ✷✵✵✷❀ ◆♦rr❛♥t ❡t ❉♦✉❣✉é❞r♦✐t ✱ ✷✵✵✻✮ ❛ss♦❝✐é❡s à ✉♥❡
❞✐♠✐♥✉t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s t♦t❛❧❡s ✭P✐❡r✈✐t❛❧✐ ❡t ❛❧✳✱ ✶✾✾✽❀ ❘♦♠❡r♦ ❡t ❛❧✳✱ ✶✾✾✽✮
✭✶✾✺✶✲✶✾✾✺ ❡t ✶✾✻✹✲✶✾✾✸ r❡s♣❡❝t✐✈❡♠❡♥t✮✳ ◆é❛♥♠♦✐♥s✱ ✐❧ ❢❛✉t ♥♦t❡r q✉❡ ❝❡s t❡♥❞❛♥❝❡s
♦♥t été ét❛❜❧✐❡s s✉r ✉♥ t❡♠♣s r❡❧❛t✐✈❡♠❡♥t ❝♦✉rt ❡t ❡♥ ✉t✐❧✐s❛♥t ✉♥ rés❡❛✉ ❞❡ ♠❡s✉r❡
q✉✐ ❛ é✈♦❧✉é ❛✉ ✜❧s ❞❡s ❛♥♥é❡s✳ ❆✐♥s✐ ❡❧❧❡s ❞❡✈r♦♥t êtr❡ ❝♦♥✜r♠é❡s ♣❛r ❧❛ s✉✐t❡✳

✸✻ ▲❡ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡ ❡t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s



❈❤❛♣✐tr❡ ✷

▲❡ r❛❞❛r ❍②❞r✐①

▲
✬ét✉❞❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ♣rés❡♥té❡
❞❛♥s ❝❡tt❡ t❤ès❡ r❡♣♦s❡ s✉r ❧❡s ♠❡s✉r❡s ❞✉ r❛❞❛r ❍②❞r✐①✳ ❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ❛♣rès

✉♥ ❜r❡❢ r❛♣♣❡❧ ❞✉ ♣r✐♥❝✐♣❡ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r✱ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s t❡❝❤♥✐q✉❡s ❡t ❞✉
❢♦♥❝t✐♦♥♥❡♠❡♥t ♦♣ér❛t✐♦♥♥❡❧ ❞✉ r❛❞❛r ❍②❞r✐①✱ ♦♥ ❡①♣❧✐q✉❡r❛ ❡♥ ❞ét❛✐❧ ❧✬❛♣♣r♦❝❤❡
✉t✐❧✐sé❡ ❛✜♥ ❞✬❡st✐♠❡r ❧❛ ♣❧✉✐❡ ♣❛r ❧❡ r❛❞❛r✳ ❊♥ ❡✛❡t✱ ✐❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ❝♦♠♣r❡♥❞r❡
❝♦♠♠❡♥t ❝❡ ♣❛r❛♠ètr❡ ❡st ❞ét❡r♠✐♥é ❛✜♥ ❞❡ ♣♦✉✈♦✐r ❛♥❛❧②s❡r ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s
❣é♥éré❡✳ ❊♥s✉✐t❡✱ ♦♥ s✬❛tt❛❝❤❡r❛ à q✉❛♥t✐✜❡r ❧✬✐♥❝❡rt✐t✉❞❡ ❞❡s ♠❡s✉r❡s ❞✉ r❛❞❛r ❛✐♥s✐
q✉❡ ❧❡s ❞✐✛ér❡♥ts ❛rt❡❢❛❝ts ❞❡ ♠❡s✉r❡ q✉❡ ❧✬♦♥ ♣❡✉t r❡♥❝♦♥tr❡r✳

Radar
Pluie

Pluviomètre

ZPHI

Z−R

∆ΦDP

Erreur de  mesure

Res titution de  la  pluie

Atténua tion
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Ins trument
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Neige

Stra tiforme

Atmosphère

Disdromètre
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Représenta tivité

Arte facts

Mont Via l
Novimet

Nuage

Hydrologie

Repliement

Lobes  seconda ires

Zone  aveugle

CETP

Cie l cla ir

Cressman

Gain

Magnétron

Marsha ll−Palmer

Sens ibilité

KDP

ZDR

✷✳✶ Pr✐♥❝✐♣❡ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r

❯♥ r❛❞❛r ❡st ✉♥ ✐♥str✉♠❡♥t ❞❡ té❧é❞ét❡❝t✐♦♥ ❛❝t✐✈❡ q✉✐ ❡♥✈♦✐❡ ✉♥❡ ♦♥❞❡ é❧❡❝tr♦✲
♠❛❣♥ét✐q✉❡ ✈❡rs ❞❡s ❝✐❜❧❡s ✭❞❛♥s ♥♦tr❡ ❝❛s ❞❡s ❣♦✉tt❡s ❞❡ ♣❧✉✐❡✮ ❡t r❡ç♦✐t ❡♥ r❡t♦✉r



▲❡ r❛❞❛r ❍②❞r✐①

✉♥ s✐❣♥❛❧ rétr♦❞✐✛✉sé q✉✐ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❝❡s ❝✐❜❧❡s✳ P❛r ❝❡s
✐♥❢♦r♠❛t✐♦♥s✱ ♦♥ tr♦✉✈❡ ❧❛ ré✢❡❝t✐✈✐té r❛❞❛r ❞é✜♥✐❡ ❝♦♠♠❡ ✿

η =

∫

D

σr(D, λ)N(D)dD ✭✷✳✶✮

♦ù N(D) ❡st ❧❛ ❞✐str✐❜✉t✐♦♥ ❡♥ t❛✐❧❧❡ ❞❡s ♣❛rt✐❝✉❧❡s ✭❉r♦♣ ❙✐③❡ ❉✐str✐❜✉t✐♦♥ ❉❙❉✮✱
D ❡st ❧❡ ❞✐❛♠ètr❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✱ λ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞✉ r❛❞❛r ❡t σr ❧❛ s❡❝t✐♦♥
❡✣❝❛❝❡ ❞❡ rétr♦❞✐✛✉s✐♦♥✳ ▲❡ ❢❛❝t❡✉r ❞❡ ré✢❡❝t✐✈✐té r❛❞❛r ❡st ❞é✜♥✐ ❝♦♠♠❡ ✿

Z =

∫

D

D6N(D)dD ✭✷✳✷✮

▲❡ ❢❛❝t❡✉r ❞❡ ré✢❡❝t✐✈✐té ✭s♦✉✈❡♥t ❛♣♣❡❧é s✐♠♣❧❡♠❡♥t ré✢❡❝t✐✈✐té✮ ❡st ♣r♦♣♦rt✐♦♥✲
♥❡❧ à ❧❛ ré✢❡❝t✐✈✐té ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❘❛②❧❡✐❣❤ ✭❝✬❡st✲à✲❞✐r❡ q✉❛♥❞
❧❛ t❛✐❧❧❡ ❞❡s ❣♦✉tt❡s ❡st très ✐♥❢ér✐❡✉r❡ à ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ r❛❞❛r✮ ✿

η =
π5

λ4
|Kw|2Z ✭✷✳✸✮

♦ù Kw ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❞❡ ❧✬❡❛✉✳ ◆é❛♥♠♦✐♥s✱ ♣♦✉r ✉♥ r❛❞❛r ❜❛♥❞❡ ❳✱ ❧✬❛♣✲
♣r♦①✐♠❛t✐♦♥ ❞❡ ❘❛②❧❡✐❣❤ ♥✬❡st ♣❧✉s ✈❛❧❛❜❧❡✳ ❈✬❡st ♣♦✉rq✉♦✐ ♦♥ ❞é✜♥✐t ❤❛❜✐t✉❡❧❧❡♠❡♥t
✉♥ ❢❛❝t❡✉r ❞❡ ré✢❡❝t✐✈✐té éq✉✐✈❛❧❡♥t❡ Ze q✉✐ ❝♦rr❡s♣♦♥❞ ❛✉ ❢❛❝t❡✉r ❞❡ ré✢❡❝t✐✈✐té
♣♦✉r ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♣❛rt✐❝✉❧❡s ❧✐q✉✐❞❡s ❡t s♣❤ér✐q✉❡s r❡♠♣❧✐ss❛♥t ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡
❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❘❛②❧❡✐❣❤ ❡t ♣r♦❞✉✐s❛♥t ✉♥ s✐❣♥❛❧ ❞❡ ♠ê♠❡ ♣✉✐ss❛♥❝❡ ✿

Ze =
λ4

π5|Kw|2
∫

D

N(D)σr(D, λ)dD ✭✷✳✹✮

▲❡ ❢❛❝t❡✉r ❞❡ ré✢❡❝t✐✈✐té éq✉✐✈❛❧❡♥t❡ ♣❡✉t s✬❡①♣r✐♠❡r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ré✢❡❝t✐✲
✈✐té ✿

η =
π5

λ4
|Kw|2Ze ✭✷✳✺✮

❉❛♥s ❧❛ s✉✐t❡✱ ♦♥ s✐♠♣❧✐✜❡r❛ ❧✬❛♣♣❡❧❧❛t✐♦♥ ❢❛❝t❡✉r ❞❡ ré✢❡❝t✐✈✐té éq✉✐✈❛❧❡♥t❡ Ze

❡♥ ré✢❡❝t✐✈✐té ❡t ♦♥ ❧❡ ♥♦t❡r❛ Z✳ ■❧ ♥❡ r❡st❡ ♣❧✉s ❛❧♦rs q✉✬à ❝♦♥✈❡rt✐r ❧❛ ré✢❡❝t✐✈✐té
❡♥ t❛✉① ❞❡ ♣❧✉✐❡ R✳ ❈❧❛ss✐q✉❡♠❡♥t ♦♥ ✉t✐❧✐s❡ ✉♥❡ r❡❧❛t✐♦♥ ❡♠♣✐r✐q✉❡ ❞✉ t②♣❡ ✿

Z = aRb ✭✷✳✻✮

♦ù a ❡t b s♦♥t ❞❡s ❝♦♥st❛♥t❡s ❞ét❡r♠✐♥é❡s ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❡♥ ✉t✐❧✐s❛♥t ✉♥ ❞✐s✲
❞r♦♠ètr❡ ✭q✉✐ ♣❡r♠❡t ❞❡ r❡st✐t✉❡r ❧❛ ❞✐str✐❜✉t✐♦♥ ❡♥ t❛✐❧❧❡ ❞❡s ❣♦✉tt❡s ❞✬❡❛✉ ❡t ❞♦♥❝
❞❡ ❝♦♥♥❛îtr❡ ❧❛ ré✢❡❝t✐✈✐té✮ ♦✉ ❡♥ ❝♦♠♣❛r❛♥t ❧❛ ♠❡s✉r❡ r❛❞❛r ❡t ✉♥ ♣❧✉✈✐♦♠ètr❡✳ ▲❛
r❡❧❛t✐♦♥ ❤❛❜✐t✉❡❧❧❡♠❡♥t ✉t✐❧✐sé❡ ❡st ❝❡❧❧❡ ❞❡ ▼❛rs❤❛❧❧✲P❛❧♠❡r q✉✐ ♣r♦♣♦s❡ a = 200 ❡t
b = 1, 6✳ ❚♦✉t❡❢♦✐s✱ ♦♥ ✈♦✐t q✉❡ ❝❡tt❡ ❞é✜♥✐t✐♦♥ ♣❡✉t ♣♦s❡r ♣r♦❜❧è♠❡ ❝❛r Z ❞é♣❡♥❞
❞❡ ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❉❙❉ ❡t ♥♦♥ ❞✐r❡❝t❡♠❡♥t ❞✉ t❛✉① ❞❡ ♣❧✉✐❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❯❧❜r✐❝❤

✭✶✾✽✸✮ ❛ ♠♦♥tré q✉❡✱ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ r❡❧❛t✐♦♥ ❞❡ t②♣❡ X = aY b✱ ♦ù ❳ ❡t ❨ s♦♥t
❞❡✉① ♣❛r❛♠ètr❡s ❢♦♥❝t✐♦♥ ❞❡ ❧✬✐♥té❣r❛❧❡ ❞❡ ❧❛ ❉❙❉ ✭❝♦♠♠❡ ❧❡ s♦♥t ❧❛ ♣❧✉✐❡ ❡t ❧❛
ré✢❡❝t✐✈✐té✮ ❡t ♦ù ❧❛ ❉❙❉ s✬é❝r✐t s♦✉s ❧❛ ❢♦r♠❡ ✿

N(D) = N0exp(−ΛD)

✸✽ Pr✐♥❝✐♣❡ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r



▲❡ r❛❞❛r ❍②❞r✐①

✭❛✈❡❝ ❉ ❧❡ ❞✐❛♠ètr❡ ❞❡s ❣♦✉tt❡s✱ ◆ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡t N0 ❡t Λ ❞❡✉① ♣❛r❛♠ètr❡s✮✱

❛❧♦rs ❧❛ ❝♦♥st❛♥t❡ a ❡st ✉♥❡ ❢♦♥❝t✐♦♥ ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à N
(1−b)
0 ✳ ❖♥ ❝♦♠♣r❡♥❞ ❞♦♥❝

❧❛ ❧✐♠✐t❡ ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥❡ r❡❧❛t✐♦♥ ❞✉ t②♣❡ Z = aRb ♣✉✐sq✉✬❡❧❧❡ ✐♠♣❧✐q✉❡ q✉❡ ❧❡
♣❛r❛♠ètr❡ a ✈❛ ❞é♣❡♥❞r❡ ❞❡ ❧❛ ❉❙❉ ❞❡ ❧✬é✈é♥❡♠❡♥t q✉✐ ❛ été ✉t✐❧✐sé ♣♦✉r ét❛❜❧✐r ❧❡s
♣❛r❛♠ètr❡s a ❡t b ❡t ♥♦♥ ❞❡ ❧❛ ❉❙❉ ❞❡s é✈é♥❡♠❡♥ts ✉❧tér✐❡✉r❡♠❡♥t é❝❤❛♥t✐❧❧♦♥♥és✳
❉❡ ♣❧✉s✱ ❧❛ ❉❙❉ ❡st s✉❥❡tt❡ à ✉♥❡ ❧❛r❣❡ ✈❛r✐❛❜✐❧✐té q✉✐ ❞é♣❡♥❞ ❞✉ t②♣❡ ❞❡ ♣❤é♥♦♠è♥❡
♠été♦r♦❧♦❣✐q✉❡ ✭♣❧✉✐❡ ❝♦♥✈❡❝t✐✈❡✱ str❛t✐❢♦r♠❡✮✳ P♦✉r ❡ss❛②❡r ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡
❝❡tt❡ ✈❛r✐❛❜✐❧✐té✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬✉t✐❧✐s❡r ❞✐✛ér❡♥ts ❥❡✉① ❞❡ ♣❛r❛♠ètr❡s a ❡t b s✉✐✈❛♥t
❧❡ t②♣❡ ❞❡ t❡♠♣s ✭❱❛♥ ❇❛❡❧❡♥ ❡t ❛❧✳✱ ✷✵✵✾✮ ♦✉ ❡♥❝♦r❡ ❞❡ r❡❝❛❧❝✉❧❡r ❡♥ q✉❛s✐✲❝♦♥t✐♥✉
❝❡s ♣❛r❛♠ètr❡s ❡♥ ❝♦♠♣❛r❛♥t ♣❧✉✈✐♦♠ètr❡s ❡t r❛❞❛r✳ ▲❛ ♣r❡♠✐èr❡ ♠ét❤♦❞❡ ♥é❝❡ss✐t❡
❞❡ ♣♦✉✈♦✐r ❝❧❛ss❡r ❡♥ t❡♠♣s ré❡❧ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✉ ♣❤é♥♦♠è♥❡ ♠été♦r♦❧♦❣✐q✉❡
é❝❤❛♥t✐❧❧♦♥♥é ❡t ♣❡✉t ♣❛r ❡①❡♠♣❧❡ êtr❡ ♣r♦❜❧é♠❛t✐q✉❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ♦r❛❣❡ ❛②❛♥t à
❧❛ ❢♦✐s ✉♥❡ ♣❛rt✐❡ ❝♦♥✈❡❝t✐✈❡ ❡t str❛t✐❢♦r♠❡✳ ▲❛ ❞❡✉①✐è♠❡ ♠ét❤♦❞❡ ♥é❝❡ss✐t❡ ❞✬❛✈♦✐r
✉♥ rés❡❛✉ ❞❡ ♣❧✉✈✐♦♠ètr❡ ❡①trê♠❡♠❡♥t ❞❡♥s❡ s✉r ❧❛ ③♦♥❡ r❛❞❛r ❡t ♣♦s❡ ❞❡s ♣r♦✲
❜❧è♠❡s ❞❡ r❡♣rés❡♥t❛t✐✈✐té ✭❝♦♠♣❛r❛✐s♦♥ ❞✬✉♥ ♣❧✉✈✐♦♠ètr❡ ❞❡ q✉❡❧q✉❡s ❝❡♥t✐♠ètr❡s
❝❛rrés ❛✈❡❝ ✉♥ ♣✐①❡❧ r❛❞❛r ❞❡ ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞❡ ♠ètr❡s✮ ❡t ❞❡♠❛♥❞❡ ✉♥ ❝❡rt❛✐♥
t❡♠♣s ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡✳ ❯♥❡ ❛✉tr❡ s♦❧✉t✐♦♥ ❡st ❡♥✈✐s❛❣❡❛❜❧❡ ✿ ❝✬❡st ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡
❧❛ ♣♦❧❛r✐♠étr✐❡✳

▲❛ ♣♦❧❛r✐♠étr✐❡ ❝♦♥s✐st❡ à é♠❡ttr❡ s✐♠✉❧t❛♥é♠❡♥t ✉♥❡ ♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡
♣♦❧❛r✐sé❡ ❤♦r✐③♦♥t❛❧❡♠❡♥t ❡t ✉♥❡ ♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ♣♦❧❛r✐sé❡ ✈❡rt✐❝❛❧❡♠❡♥t✳
❈❡tt❡ ❞♦✉❜❧❡ ♣♦❧❛r✐s❛t✐♦♥ ♣❡r♠❡t ❞✬❛♣♣♦rt❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♠♣❧é♠❡♥t❛✐r❡s s✉r
❝❡rt❛✐♥❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ❤②❞r♦♠été♦r❡s ❞❛♥s ❧✬❛t♠♦s♣❤èr❡✳ P❛r ❡①❡♠♣❧❡✱ ♦♥
s❛✐t q✉❡ ❞❡s ❣♦✉tt❡s ❞✬❡❛✉ ♦♥t t❡♥❞❛♥❝❡ à s✬❛♣❧❛t✐r à ♣❛rt✐r ❞✬✉♥❡ ❝❡rt❛✐♥❡ t❛✐❧❧❡ s♦✉s
❧✬❡✛❡t ❞❡ ❧❡✉r ♣♦✐❞s ❡t ❞❡ ❧❛ rés✐st❛♥❝❡ ❞❡ ❧✬❛✐r✳

Polarisation
horizontale

Polarisation
verticale

Cible (goutte)

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✷✳✶ ✿ ✭❛✮ Pr✐♥❝✐♣❡ ❞❡ ❧❛ ❞♦✉❜❧❡ ♣♦❧❛r✐s❛t✐♦♥ ❞✉ r❛❞❛r✳ ✭❜✮ ❚r♦✐s ❧♦✐s
❡♠♣✐r✐q✉❡s ♣❡r♠❡tt❛♥t ❞❡ r❡❧✐❡r ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧✬❛①❡ ✈❡rt✐❝❛❧ ❡t ❤♦r✐③♦♥t❛❧
❞❡ ❧❛ ❣♦✉tt❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞✐❛♠ètr❡ ❞❡s ❣♦✉tt❡s ✭✶✮ ●♦❞❞❛r❞ ❡t ❛❧✳ ✭✶✾✽✷✮✱
✭✷✮ Pr✉♣♣❛❝❤❡r ❡t ❇❡❛r❞ ✭✶✾✼✵✮ ❡t ✭✸✮ ❑❡❡♥❛♥ ❡t ❛❧✳ ✭✶✾✾✼✮ ✭✜❣✉r❡ ✐ss✉❡ ❞❡
❚❡st✉❞ ❡t ❛❧✳ ✭✷✵✵✵✮✮

▲❛ ✜❣✉r❡ ✷✳✶ ✭❛✮ ✐❧❧✉str❡ ❝❡ ♣r✐♥❝✐♣❡✳ ❖♥ ❝♦♠♣r❡♥❞ q✉❡ ❧✬❛♣❧❛t✐ss❡♠❡♥t✱ q✉✐ ❞é✲
♣❡♥❞ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ❣♦✉tt❡✱ ✐♠♣❧✐q✉❡ ✉♥ é❝❤♦ r❛❞❛r ♣❧✉s ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ♣❧❛♥
❤♦r✐③♦♥t❛❧ q✉❡ ✈❡rt✐❝❛❧✳ ❉✐✛ér❡♥t❡s ♠ét❤♦❞❡s q✉✐ ♣❡r♠❡tt❡♥t ❞❡ ❞ét❡r♠✐♥❡r ❧❡ ❧✐❡♥
❡♥tr❡ ❛♣❧❛t✐ss❡♠❡♥t ❡t ❞✐❛♠ètr❡ ❞❡s ❣♦✉tt❡s ❞✬❡❛✉ ♦♥t été ❞é✈❡❧♦♣♣é❡s ✭✈♦✐r ●♦❞❞❛r❞
❡t ❛❧✳ ✭✶✾✽✷✮✱ Pr✉♣♣❛❝❤❡r ❡t ❇❡❛r❞ ✭✶✾✼✵✮ ❡t ✜❣✉r❡ ✷✳✶ ✭❜✮✮✳

Pr✐♥❝✐♣❡ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r ✸✾



▲❡ r❛❞❛r ❍②❞r✐①

■❧ r❡st❡ ❛❧♦rs à tr♦✉✈❡r ❞❡s ✈❛r✐❛❜❧❡s ♣♦❧❛r✐♠étr✐q✉❡s q✉✐ ♣❡r♠❡tt❡♥t ❞❡ q✉❛♥t✐✜❡r
❡✣❝❛❝❡♠❡♥t ❧✬❛♣❧❛t✐ss❡♠❡♥t ❞❡s ❣♦✉tt❡s ❞✬❡❛✉✳ ❊♥ ♣r❛t✐q✉❡ ✐❧ ❡①✐st❡ ❞❡✉① ❛♣♣r♦❝❤❡s ✿

• ▲❛ ♣r❡♠✐èr❡ ❝♦♥s✐st❡ à ❝❛❧❝✉❧❡r ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❛ ré✢❡❝t✐✈✐té ❤♦r✐③♦♥t❛❧❡ ❡t ✈❡r✲
t✐❝❛❧❡ ✭❝❡ q✉❡ ❧✬♦♥ ❛♣♣❡❧❧❡ ❧❛ ré✢❡❝t✐✈✐té ❞✐✛ér❡♥t✐❡❧❧❡ ✭ZDR = 10log(ZH/ZV )✮✮✳
P❧✉s ❧❡s ❣♦✉tt❡s ❞✬❡❛✉ s♦♥t ❛♣❧❛t✐❡s ❡t ♣❧✉s ❡❧❧❡s s♦♥t ❣r❛♥❞❡s✱ ♣❧✉s ❝❡ r❛♣♣♦rt
s❡r❛ ✐♠♣♦rt❛♥t✳ ❖♥ ♣❡✉t ❞♦♥❝ ❡st✐♠❡r à ♣❛rt✐r ❞❡ ❝❡ r❛♣♣♦rt ✉♥ ❞✐❛♠ètr❡ ❞❡
❣♦✉tt❡ ♠♦②❡♥ D0✳

• ▲❛ ❞❡✉①✐è♠❡ ❛♣♣r♦❝❤❡ s✬❛♣♣✉✐❡ s✉r ❧❡ ❞é❝❛❧❛❣❡ ❞❡ ♣❤❛s❡ ❞✐✛ér❡♥t✐❡❧❧❡ ✭ΦDP =
ΦH − ΦV ✮ ✿ q✉❛♥❞ ✉♥❡ ♦♥❞❡ ♣❛ss❡ ❞❛♥s ✉♥ ♠✐❧✐❡✉ ❞❡ ❞❡♥s✐té ❞✐✛ér❡♥t❡ ✭❝✬❡st✲
à✲❞✐r❡ ❞❛♥s ✉♥❡ ❣♦✉tt❡ ❞✬❡❛✉✮✱ s❛ ♣❤❛s❡ ❝❤❛♥❣❡ ❧é❣èr❡♠❡♥t✳ ❉❛♥s ❧❡ ❝❛s ♦ù ❧❡s
❣♦✉tt❡s ❞✬❡❛✉ ♦♥t ✉♥❡ ♦r✐❡♥t❛t✐♦♥ ♣ré❢ér❡♥t✐❡❧❧❡✱ ✐❧ s❡ ❝ré❡ ❛❧♦rs ✉♥ ❞é❝❛❧❛❣❡
❡♥tr❡ ❧❛ ♣❤❛s❡ ❤♦r✐③♦♥t❛❧❡ ❡t ❧❛ ♣❤❛s❡ ✈❡rt✐❝❛❧❡✳ ❆✉ ❢✉r ❡t à ♠❡s✉r❡ ❞❡ ❧❛
♣r♦♣❛❣❛t✐♦♥✱ ❝❡ ❞é❝❛❧❛❣❡ ❞❡ ♣❤❛s❡ ❞✐✛ér❡♥t✐❡❧❧❡ ❛✉❣♠❡♥t❡ ✭s✐ ❧✬♦♥❞❡ ❝♦♥t✐♥✉❡
❞❡ r❡♥❝♦♥tr❡r ❞❡s ❣♦✉tt❡s ❞✬❡❛✉ ❛♣❧❛t✐❡s✮ ✭♣♦✉r ✈♦✐r ❝❡t ❡✛❡t ❧❡ ❧♦♥❣ ❞✉ tr❛❥❡t
♦♥ ♣❡✉t s❡ ré❢ér❡r à ❧❛ ✜❣✉r❡ ✷✳✸✮✳ ❊♥ ❝❛❧❝✉❧❛♥t ❧❛ ❞ér✐✈é❡ ❞❡ ΦDP q✉❡ ❧✬♦♥
❛♣♣❡❧❧❡ ❧❛ ♣❤❛s❡ ❞✐✛ér❡♥t✐❡❧❧❡ s♣é❝✐✜q✉❡ ✭KDP ✮ ✿

KDP =
ΦDP (r2)− ΦDP (r1)

2(r2 − r1)
✭✷✳✼✮

♦♥ ♣❡✉t r❡st✐t✉❡r ♣❛r s❡❣♠❡♥t ❝❡tt❡ ✈❛r✐❛t✐♦♥ ❞❡ ♣❤❛s❡ ❡t ❞♦♥❝ ❡st✐♠❡r ❧✬♦r✐❡♥✲
t❛t✐♦♥ ❡t ❧❡ ❞✐❛♠ètr❡ ♠♦②❡♥ ❞❡s ❣♦✉tt❡s ❧❡ ❧♦♥❣ ❞✉ tr❛❥❡t ❞✉ ❢❛✐s❝❡❛✉ r❛❞❛r✳

❆✐♥s✐✱ ✐❧ ❛ été ♣♦ss✐❜❧❡ ❞✬ét❛❜❧✐r ❞❡ ♥♦✉✈❡❧❧❡s r❡❧❛t✐♦♥s ❡♥tr❡ ❧❛ ♠❡s✉r❡ r❛❞❛r ❡t ❧❡
t❛✉① ❞❡ ♣❧✉✐❡ q✉✐ ❞é♣❡♥❞❡♥t ❞❡ ❧❛ ❉❙❉✳ P❛r ❡①❡♠♣❧❡✱ ♦♥ ♣❡✉t ❝✐t❡r ❞❡s r❡❧❛t✐♦♥s
❞❡ ❧❛ ❢♦r♠❡ R(Z,ZDR) ✭❈❤❛♥❞r❛s❡❦❛r ❡t ❛❧✳✱ ✶✾✾✵❀ ●♦r❣✉❝❝✐ ❡t ❛❧✳✱ ✶✾✾✺✮✱ R(KDP )
✭❈❤❛♥❞r❛s❡❦❛r ❡t ❛❧✳✱ ✶✾✾✵❀ ❙❛❝❤✐❞❛♥❛♥❞❛ ❡t ❩r♥✐➣✱ ✶✾✽✼❀ ❙❡❧✐❣❛ ❡t ❛❧✳✱ ✶✾✽✻✮ ❡t
R(ZDR, KDP ) ✭●♦r❣✉❝❝✐ ❡t ❛❧✳✱ ✶✾✾✼❀ ❏❛♠❡s♦♥✱ ✶✾✾✶✮✳

▲❛ q✉❡st✐♦♥ q✉❡ ❧✬♦♥ s❡ ♣♦s❡ ❛❧♦rs ❡st ❞❡ s❛✈♦✐r s✐ ❝❡s ♠ét❤♦❞❡s ♣♦❧❛r✐♠étr✐q✉❡s
s♦♥t ✈r❛✐♠❡♥t ♠❡✐❧❧❡✉r❡s q✉❡ ❧❡s ♠ét❤♦❞❡s tr❛❞✐t✐♦♥♥❡❧❧❡s ✭❩✲❘✮ ❞✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛
♣❧✉✐❡✳

P♦✉r ❝❡❧❛✱ ✐❧ ❢❛✉t r❛♣♣❡❧❡r q✉❡ ❧❛ ♠❡s✉r❡ r❛❞❛r ❡st ❡♥t❛❝❤é❡ ❞❡ tr♦✐s t②♣❡s ❞✬❡r✲
r❡✉rs ✿

• ▲✬❡rr❡✉r ✐♥str✉♠❡♥t❛❧❡ q✉✐ ❝♦rr❡s♣♦♥❞ ❡♥ ♣❛rt✐❝✉❧✐❡r à ❞❡s ♣r♦❜❧è♠❡s ❞❡ ❝❛❧✐✲
❜r❛t✐♦♥ ❞❡ Z

• ▲✬❡rr❡✉r st❛t✐st✐q✉❡ ❞✬♦❜s❡r✈❛t✐♦♥ q✉✐ ❡st ❧✐é❡ à ❧❛ ♣♦s✐t✐♦♥ ❡t ❧❛ ✈✐t❡ss❡ ❛❧é❛t♦✐r❡
❞❡s ❣♦✉tt❡s ❞✬❡❛✉ ❞❛♥s ❧❡ ✈♦❧✉♠❡ é❝❤❛♥t✐❧❧♦♥♥é

• ▲✬❡rr❡✉r ❧✐é❡ à ❧❛ ♣❤②s✐q✉❡ ❞❡ ❧❛ ♣❧✉✐❡ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r à ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡ ❧❛
❞✐str✐❜✉t✐♦♥ ❡♥ t❛✐❧❧❡ ❞❡s ❤②❞r♦♠été♦r❡s

❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♠ét❤♦❞❡ tr❛❞✐t✐♦♥♥❡❧❧❡ ✭❩✲❘✮✱ ❧✬❡rr❡✉r st❛t✐st✐q✉❡ ❡st ♠♦❞éré❡✳ P❛r
❝♦♥tr❡✱ ❝♦♠♠❡ ♦♥ ❧✬❛ ❡①♣❧✐q✉é ♣❧✉s ❤❛✉t✱ ❧✬❡rr❡✉r ❧✐é❡ à ❧❛ ♣❤②s✐q✉❡ ❡st ✐♠♣♦rt❛♥t❡✳
❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♠ét❤♦❞❡ ♣♦❧❛r✐♠étr✐q✉❡✱ ❧✬❡rr❡✉r ❧✐é❡ à ❧❛ ♣❤②s✐q✉❡ ❡st ré❞✉✐t❡ ✭❝❛r
❧❛ ♠ét❤♦❞❡ ♣♦❧❛r✐♠étr✐q✉❡ ❡st ♣❡✉ s❡♥s✐❜❧❡ à ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡ ❧❛ ❉❙❉✮ t♦✉t ❝♦♠♠❡
❧✬❡rr❡✉r ❞❡ ❝❛❧✐❜r❛t✐♦♥ q✉✐ ❡st ♥✉❧❧❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♠ét❤♦❞❡ ❜❛sé❡ s✉r ❧✬✉t✐❧✐s❛t✐♦♥
❞✉ KDP ✳ P❛r ❝♦♥tr❡✱ ❧✬❡rr❡✉r st❛t✐st✐q✉❡ ❡st ♣❧✉s ✐♠♣♦rt❛♥t❡✳ ❊♥ ❡✛❡t✱ ❧❛ ♠❡s✉r❡ ❞✉

✹✵ Pr✐♥❝✐♣❡ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r



▲❡ r❛❞❛r ❍②❞r✐①

KDP ❞é♣❡♥❞ ❞❡ ❧✬❡rr❡✉r s✉r ❧✬❡st✐♠❛t✐♦♥ ❞❡ ΦDP (r1) ❡t ❞❡ ΦDP (r2) ❡t ♣❡✉t êtr❡ très
❜r✉✐té❡ ♥♦t❛♠♠❡♥t s✐ r1 ❡t r2 s♦♥t ✈♦✐s✐♥s✳

❈✬❡st ❜❛sé s✉r ❝❡ ❝♦♥st❛t q✉❡ s✬❡st ❞é✈❡❧♦♣♣é ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■ ✶✳ ❈❡t ❛❧❣♦r✐t❤♠❡
❝❤❡r❝❤❡ à ❝♦♠❜✐♥❡r ❧❡s ❛✈❛♥t❛❣❡s ❞❡ ❧❛ ♠ét❤♦❞❡ tr❛❞✐t✐♦♥♥❡❧❧❡ ✭❡rr❡✉r st❛t✐st✐q✉❡ ♠♦✲
❞éré❡✮ ❡t ❞❡ ❧❛ ♠ét❤♦❞❡ ♣♦❧❛r✐♠étr✐q✉❡ ✭❡rr❡✉r ♣❤②s✐q✉❡ ❢❛✐❜❧❡✮✳ ❯♥ ❛✉tr❡ ❛✈❛♥t❛❣❡
♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡ss❛♥t ❞❡ ❝❡t ❛❧❣♦r✐t❤♠❡ ❡st q✉✬✐❧ ❝♦rr✐❣❡ ❞❡ ❧✬❛tté♥✉❛t✐♦♥ ❞✉
❢❛✐s❝❡❛✉✳ ❊♥ ❡✛❡t✱ ❧❡s r❛❞❛rs ❡♥ ❜❛♥❞❡ ❈ ❡t s✉rt♦✉t ❡♥ ❜❛♥❞❡ ❳ s♦♥t ❢♦rt❡♠❡♥t ❛✛❡❝✲
tés ♣❛r ❧✬❛tté♥✉❛t✐♦♥ ❝❡ q✉✐ ❧✐♠✐t❡ à ♣r✐♦r✐ ❧❡✉r ✐♥térêt ♣✉✐sq✉❡ s❛♥s ❝♦rr❡❝t✐♦♥ ❧❡✉r
③♦♥❡ ❞❡ ❝♦✉✈❡rt✉r❡ ❡①♣❧♦✐t❛❜❧❡ ❡st ré❞✉✐t❡ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t✳

▼❛❧❣ré ❧❡ ♣r♦❜❧è♠❡ ❧✐é à ❧✬❛tté♥✉❛t✐♦♥✱ ❧❡s r❛❞❛rs ❡♥ ❜❛♥❞❡ ❳ s♦♥t ❞❡ ♣❧✉s ❡♥ ♣❧✉s
✉t✐❧✐sés ❝❛r ✐❧s s♦♥t r❡❧❛t✐✈❡♠❡♥t ♣❡✉ ❝♦✉t❡✉① ❡t ❞❡ ♣❡t✐t❡ t❛✐❧❧❡✳ ❊♥ ❡✛❡t✱ ❝♦♠♠❡ ❧❛
t❛✐❧❧❡ ❞❡ ❧✬❛♥t❡♥♥❡ ❞✬✉♥ r❛❞❛r ❞é♣❡♥❞ ❞❡ s❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡✱ ✉♥ r❛❞❛r ❡♥ ❜❛♥❞❡ ❙
♥é❝❡ss✐t❡ ✉♥❡ ❛♥t❡♥♥❡ é♥♦r♠❡ ✭❡t ❝♦ût❡✉s❡✮ t❛♥❞✐s q✉✬✉♥ r❛❞❛r ❡♥ ❜❛♥❞❡ ❳ ❛ ✉♥❡
❛♥t❡♥♥❡ ❜✐❡♥ ♣❧✉s ♣❡t✐t❡ ✭❡♥✈✐r♦♥ 1, 5 ♠ ❞❛♥s ❧❡ ❝❛s ❞✬❍②❞r✐①✮✳ ❈❡ ❞❡r♥✐❡r ♣♦✐♥t ❡st
♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♠♣♦rt❛♥t q✉❛♥❞ ♦♥ ❝❤❡r❝❤❡ à ✐♥st❛❧❧❡r ❞❡s r❛❞❛rs ❞❛♥s ❞❡s ③♦♥❡s
♠♦♥t❛❣♥❡✉s❡s✳

✷✳✷ ▼❡s✉r❡ ❞❡ ❧❛ ♣❧✉✐❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐①

❖♥ ✈❛ ♠❛✐♥t❡♥❛♥t ❡①♣❧✐q✉❡r ❝♦♠♠❡♥t ❧❡ r❛❞❛r ❍②❞r✐① ❡st✐♠❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s
❛✉ s♦❧✳ P♦✉r ❝❡❧❛✱ ♦♥ ✈❛ ❞ét❛✐❧❧❡r ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■ ♣✉✐s ♦♥
❡①♣❧✐q✉❡r❛ ❝♦♠♠❡♥t ♦♥ ♣❡✉t ❡st✐♠❡r ❧❛ ♣❧✉✐❡ ❛✉ s♦❧ ❡♥ ❝♦♠❜✐♥❛♥t ❧❡s ♠❡s✉r❡s ❛✉①
❞✐✛ér❡♥t❡s ❛❧t✐t✉❞❡s ❡①♣❧♦ré❡s ♣❛r ❧❡ r❛❞❛r✳

✷✳✷✳✶ ❆❧❣♦r✐t❤♠❡ ❩P❍■

❈♦♠♠❡ ♠❡♥t✐♦♥♥é ❛✉♣❛r❛✈❛♥t✱ ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■ t✐r❡ ♣❛rt✐ ❞❡ ❧❛ ❞♦✉❜❧❡ ♣♦❧❛✲
r✐s❛t✐♦♥ ✭❤♦r✐③♦♥t❛❧❡ ❡t ✈❡rt✐❝❛❧❡✮ ❞✉ ❢❛✐s❝❡❛✉ ♣♦✉r ❝♦rr✐❣❡r ❞❡ ❧✬❛tté♥✉❛t✐♦♥ ❡t ♣♦✉r
♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❡♥ t❛✐❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡✳ ❆✐♥s✐✱ ✐❧ ❞♦♥♥❡ ✉♥❡ ❡st✐♠❛t✐♦♥
❞❡ ❧❛ ♣❧✉✐❡ ♣❧✉s ♣ré❝✐s❡ q✉❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ r❡❧❛t✐♦♥ tr❛❞✐t✐♦♥♥❡❧❧❡ ❞❡ t②♣❡ ❩✲❘✳

❆✈❛♥t ❞❡ ❞é❝r✐r❡ ❧✬❛❧❣♦r✐t❤♠❡✱ ♥♦✉s ❛❧❧♦♥s ✐♥tr♦❞✉✐r❡ ✉♥ ♣❛r❛♠ètr❡ N∗

0 ✉t✐❧✐sé
♣♦✉r ét❛❜❧✐r ✉♥❡ r❡❧❛t✐♦♥ ❞❡ ❧❛ ❉❙❉ ♣❧✉s ❝♦♠♣❧❡①❡ q✉❡ ❝❡❧❧❡ ♣ré❝é❞❡♠♠❡♥t ét❛❜❧✐❡
✭N(D) = N0exp(−ΛD)✮ ✿

N∗

0 =
44

πρw

LWC

D4
m

✭✷✳✽✮

♦ù ρw ❡st ❧❛ ❞❡♥s✐té ❞❡ ❧✬❡❛✉ ❧✐q✉✐❞❡✱ LWC ❡st ❧❡ ❝♦♥t❡♥✉ ❡♥ ❡❛✉ ❧✐q✉✐❞❡ ❡t Dm

❡st ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❡ q✉❛tr✐è♠❡ ❡t ❧❡ tr♦✐s✐è♠❡ ♠♦♠❡♥t ❞❡ ❧❛ ❉❙❉✳ ❈❡ ♣❛r❛♠ètr❡
❡st très ✐♥tér❡ss❛♥t ❝❛r✱ ❝♦♠♠❡ ♦♥ ✈❛ ❧❡ ✈♦✐r ♣❛r ❧❛ s✉✐t❡✱ ❛♣rès ♥♦r♠❛❧✐s❛t✐♦♥ ♣❛r
❝❡ ♣❛r❛♠ètr❡✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬ét❛❜❧✐r ♣❧✉s✐❡✉rs r❡❧❛t✐♦♥s ❡♥tr❡ ❞✐✛ér❡♥t❡s ✈❛r✐❛❜❧❡s
r❛❞❛r ✭✈♦✐r éq✉❛t✐♦♥ ✷✳✶✶✮✳

▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞❡ ❧✬❛❧❣♦r✐t❤♠❡ ❝♦♥s✐st❡ à ❝❛❧❝✉❧❡r ❧✬❛tté♥✉❛t✐♦♥ ❞✉ s✐❣♥❛❧ r❛❞❛r
❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡✳ P♦✉r ❝❡❧❛✱ ♦♥ ❝♦♠♠❡♥❝❡ ♣❛r ❡①♣r✐♠❡r ❧❡s ♣❛r❛♠ètr❡s

✶✳ ▲❡ ♥♦♠ ❞❡ ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■ ✈✐❡♥t ❞✉ ❢❛✐t q✉✬✐❧ r❡st✐t✉❡ ❧❡ ♣r♦✜❧ ❞❡ ♣❧✉✐❡ ❧❡ ❧♦♥❣ ❞✉ ❢❛✐s❝❡❛✉
❡♥ ❝♦♠❜✐♥❛♥t Z ✿ ❧❛ ré✢❡❝t✐✈✐té ❡t ΦDP ✿ ❧❡ ❞é❝❛❧❛❣❡ ❞❡ ♣❤❛s❡ ❞✐✛ér❡♥t✐❡❧❧❡

▼❡s✉r❡ ❞❡ ❧❛ ♣❧✉✐❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐① ✹✶



▲❡ r❛❞❛r ❍②❞r✐①

r❛❞❛rs ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❛tté♥✉❛t✐♦♥s s♣é❝✐✜q✉❡s ❤♦r✐③♦♥t❛❧❡s AH ❡t ✈❡rt✐❝❛❧❡s AV ✿

ZaH = ZH ∗ 10−0,2
∫ r

0 AH(s)ds

ZaV = ZV ∗ 10−0,2
∫ r

0 AV (s)ds

ΦDP = δ + 2

∫ r

0

KDP (s)ds
✭✷✳✾✮

♦ù ZaH ❡t ZaV s♦♥t ❧❡s ré✢❡❝t✐✈✐tés ❛tté♥✉é❡s ❤♦r✐③♦♥t❛❧❡s ❡t ✈❡rt✐❝❛❧❡s ❡t ♦ù δ ❡st ❧❡
❞é❝❛❧❛❣❡ ❞❡ ♣❤❛s❡ ❞❡ rétr♦❞✐✛✉s✐♦♥ ❡t

∫ r

0
KDP (s)ds q✉✐ ❡①♣r✐♠❡ ❧❡ ❝❤❛♥❣❡♠❡♥t ❞❡

❧❛ ♣❤❛s❡ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❛✉ r❛❞❛r r✳ ❈♦♠♠❡ ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■ s✬❛♣♣❧✐q✉❡ ✐♥❞é♣❡♥✲
❞❛♠♠❡♥t s✉r ❧❛ ré✢❡❝t✐✈✐té ❛tté♥✉é❡ ❤♦r✐③♦♥t❛❧❡ ❡t ✈❡rt✐❝❛❧❡✱ ♦♥ ♥❡ ❝♦♥s✐❞èr❡ ♣❧✉s
❞❛♥s ❧❛ s✉✐t❡ q✉❡ ❧❛ ré✢❡❝t✐✈✐té ❛tté♥✉é❡ ❤♦r✐③♦♥t❛❧❡✱ ❞❡ ♣❧✉s✱ ♣❛r s♦✉❝✐ ❞❡ ❧✐s✐❜✐❧✐té✱
♦♥ ♥✬é❝r✐r❛ ♣❧✉s ❧❡ ❍ ✭ZaH 7→ Za✮✳

▲✬♦❜❥❡❝t✐❢ ❡st ❡♥s✉✐t❡ ❞✬❡st✐♠❡r ❧✬❛tté♥✉❛t✐♦♥✳ P♦✉r ❝❡❧❛✱ ❧❛ ♠ét❤♦❞❡ ❧❛ ♣❧✉s s✐♠♣❧❡
❝♦♥s✐st❡ à ❝♦♥s✐❞ér❡r q✉❡ ❧✬❛tté♥✉❛t✐♦♥ s✬é❝r✐t ❝♦♠♠❡ ✭▼❛r③♦✉❣ ❡t ❆♠❛②❡♥❝✱ ✶✾✾✶✱
✶✾✾✹✮ ✿

A(r) = ǫZ(r)ζ ✭✷✳✶✵✮

♦ù ǫ ❡t ζ s♦♥t ❞❡✉① ❝♦♥st❛♥t❡s✳ ❈❡tt❡ ♠ét❤♦❞❡ ♥✬❡st ✈❛❧❛❜❧❡ q✉❡ ❞❛♥s ❧❡ ❝❛s
♦ù ❧✬❛tté♥✉❛t✐♦♥ ❡st ❡ss❡♥t✐❡❧❧❡♠❡♥t ❧✐é❡ à ❧❛ ♣❧✉✐❡✳ ❖♥ ♣❡✉t ❞♦♥❝ r❡♠♣❧❛❝❡r ❧✬❛tté✲
♥✉❛t✐♦♥ ❞❛♥s ❧✬éq✉❛t✐♦♥ ✷✳✾ ♣❛r ❝❡tt❡ ❡①♣r❡ss✐♦♥ ❡t rés♦✉❞r❡ ❧✬éq✉❛t✐♦♥ ❞✐✛ér❡♥t✐❡❧❧❡
♣♦✉r ♦❜t❡♥✐r ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ ré✢❡❝t✐✈✐té ✭Z✮ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ré✢❡❝t✐✈✐té ❛tté♥✉é❡
✭Za✮ ✭✈♦✐r ❧✬❛❧❣♦r✐t❤♠❡ ❦❩ ❞❛♥s ▼❛r③♦✉❣ ❡t ❆♠❛②❡♥❝ ✭✶✾✾✶✮ ♣♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s✮✳
▼❛❧❤❡✉r❡✉s❡♠❡♥t✱ ❝❡tt❡ ♠ét❤♦❞❡ ♣rés❡♥t❡ ❧✬✐♥❝♦♥✈é♥✐❡♥t ♠❛❥❡✉r ❞✬êtr❡ ✐♥st❛❜❧❡✳ ❊♥
❡✛❡t✱ s✐ ❧❡ ♣❛r❛♠ètr❡ α ♥✬❡st ♣❛s ❝♦♥st❛♥t ❧❡ ❧♦♥❣ ❞✉ tr❛❥❡t ❞✉ ❢❛✐s❝❡❛✉ r❛❞❛r ❛❧♦rs ♦♥
✈❛ ❝♦♠♠❡ttr❡ ✉♥❡ ❡rr❡✉r s✉r ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ré✢❡❝t✐✈✐té q✉✐ ✈❛ s✬❛♠♣❧✐✜❡r ❛✉ ❢✉r
❡t à ♠❡s✉r❡ q✉❡ ❧✬♦♥ s✬é❧♦✐❣♥❡ ❞✉ r❛❞❛r✳ ❉❡ ♣❧✉s✱ ♥♦✉s s❛✈♦♥s q✉❡✱ ❞❡ ♣❛r ❧❛ ❢♦r♠❡
❞❡ ❧✬éq✉❛t✐♦♥ ✷✳✶✵✱ α ❞é♣❡♥❞ ❢♦r❝é♠❡♥t ❞❡ ❧❛ ❉❙❉ ❡t ❞♦♥❝ ❡st très ✈❛r✐❛❜❧❡✳ ■❧ ♥♦✉s
❢❛✉t ❞♦♥❝ tr♦✉✈❡r ✉♥❡ ❛✉tr❡ s♦❧✉t✐♦♥ ♣♦✉r ❡①♣r✐♠❡r ❧✬❛tté♥✉❛t✐♦♥✳

❈♦♠♠❡ ♦♥ ❧✬❛ ❡①♣❧✐q✉é ❞❛♥s ❧❛ s❡❝t✐♦♥ ✷✳✶✱ s✐ ♦♥ ❛ ✉♥❡ r❡❧❛t✐♦♥ ❞❡ ❧❛ ❢♦r♠❡
X = aY b ❡t q✉❡ ❧❛ ❉❙❉ ❡st s♦✉s ✉♥❡ ❢♦r♠❡ ❡①♣♦♥❡♥t✐❡❧❧❡ q✉❡❧❝♦♥q✉❡ ❛❧♦rs a ❡st
♣r♦♣♦rt✐♦♥♥❡❧ à N

(1−b)
0 ✭♦✉ N

∗(1−b)
0 ✮✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ✐❧ ❡st ❛♣♣❛r✉ ♦♣♣♦rt✉♥ ❞❡

❝❤❡r❝❤❡r à ❡①♣r✐♠❡r ❞❡s r❡❧❛t✐♦♥s ❡♥tr❡ ❧❡s ♣❛r❛♠ètr❡s r❛❞❛rs ❡t ❧✬❛tté♥✉❛t✐♦♥ s♦✉s
❝❡tt❡ ❢♦r♠❡✳ ❊t ✐❧ ❛ été ♠♦♥tré ✭✈♦✐r ❚❡st✉❞ ❡t ❛❧✳✱ ✷✵✵✵✮ q✉❡ ❧✬♦♥ ♣❡✉t é❝r✐r❡ ❧✬❛tté✲
♥✉❛t✐♦♥ A✱ ❧❛ ♣❤❛s❡ ❞✐✛ér❡♥t✐❡❧❧❡ s♣é❝✐✜q✉❡ KDP ❡t ❧❡ t❛✉① ❞❡ ♣❧✉✐❡ R ❡♥ ❢♦♥❝t✐♦♥
❞❡ N∗

0 s♦✉s ❧❛ ❢♦r♠❡ ✿

A = a[N∗

0 ]
1−bZb

R = c[N∗

0 ]
1−dAd

KDP = α[N∗

0 ]
1−βAβ

✭✷✳✶✶✮

♦ù ❛✱ ❜✱ α✱ β✱ ❝ ❡t ❞ s♦♥t ❞❡s ❝♦♥st❛♥t❡s ❡♠♣✐r✐q✉❡s✳ ▲❛ ❞❡r♥✐èr❡ r❡❧❛t✐♦♥ ❡st ❛♣♣❛r✉❡
♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡ss❛♥t❡ ♣✉✐sq✉✬✐❧ ❛ été ♠♦♥tré q✉❡ ♣♦✉r ❧❡s r❛❞❛rs ❜❛♥❞❡ ❳ ❡t
❜❛♥❞❡ ❈ ❧❡ ♣❛r❛♠ètr❡ β ❡st très ♣r♦❝❤❡ ❞❡ ✶✳ ❆✐♥s✐✱ ♦♥ ♣❡✉t é❝r✐r❡ ✿

A(r) = γKDP (r) ✭✷✳✶✷✮

✹✷ ▼❡s✉r❡ ❞❡ ❧❛ ♣❧✉✐❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐①



▲❡ r❛❞❛r ❍②❞r✐①

❈❡♣❡♥❞❛♥t✱ ♦♥ ♥❡ ♣❡✉t ♣❛s s❡ s❡r✈✐r ❞✐r❡❝t❡♠❡♥t ❞❡ ❝❡tt❡ éq✉❛t✐♦♥ ♣♦✉r ❡st✐♠❡r
❧✬❛tté♥✉❛t✐♦♥ ❝❛r ❧✬é✈❛❧✉❛t✐♦♥ ❞❡ KDP ❡st s♦✉✈❡♥t ❡♥t❛❝❤é❡ ❞✬✉♥❡ ✐♠♣♦rt❛♥t❡ ❡rr❡✉r
❞❡ ♠❡s✉r❡✳ ▼❛r③♦✉❣ ❡t ❆♠❛②❡♥❝ ✭✶✾✾✹✮✱ ❚❡st✉❞ ❡t ❛❧✳ ✭✷✵✵✵✮ ♦♥t ♣r♦♣♦sé ✉♥❡ ❛✉tr❡
❢♦r♠❡ ♣♦✉r ❧✬❛tté♥✉❛t✐♦♥ q✉✐ ❝♦♠❜✐♥❡ ❧❡s éq✉❛t✐♦♥s ✷✳✶✶ ❡t ✷✳✾ ❡t q✉✐ s✬é❝r✐t ✿

A(r) = A(r0)
Zb

a(r)

Zb
a(r0) + A(r0)I(r, r0)

✭✷✳✶✸✮

♦ù I(r, r0) ❡st ✉♥❡ ❢♦♥❝t✐♦♥ ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❛ ré✢❡❝t✐✈✐té ❛tté♥✉é❡ ✐♥té❣ré❡ ❡♥tr❡
❞❡✉① ❞✐st❛♥❝❡s ❛r❜✐tr❛✐r❡s r ❡t r0 ✭❞✐st❛♥❝❡ ❞❡ ré❢ér❡♥❝❡✮ ✿

I(r, r0) = 0, 46b

∫ r0

r

Zb
a(s)ds

❖♥ r❡♠❛rq✉❡ q✉❡ ❞❛♥s ❧✬éq✉❛t✐♦♥ ✷✳✶✸ A(r) ♥❡ ❞é♣❡♥❞ ♣❛s ❞❡ a ✭♦✉ ❞❡ N∗

0 ✮ ❡t ❞♦♥❝
♣❛s ❞❡ ❧❛ ❉❙❉✳ ❉❡ ♣❧✉s ❝❡tt❡ ❢♦r♠❡ ❛ ❛✉ss✐ ❧✬é♥♦r♠❡ ❛✈❛♥t❛❣❡ ❞❡ ♥❡ ♣❛s ❞é♣❡♥❞r❡
❞❡ ❧❛ ❝❛❧✐❜r❛t✐♦♥ ❞✉ r❛❞❛r ♣✉✐sq✉❡ ❧✬éq✉❛t✐♦♥ ✷✳✶✸ ♥❡ ❝❤❛♥❣❡ ♣❛s q✉❛♥❞ ♦♥ ♠✉❧t✐♣❧✐❡
Za ♣❛r ✉♥ ❢❛❝t❡✉r✳

■❧ ♥♦✉s r❡st❡ ❞♦♥❝ à ❝♦♥♥❛îtr❡ ❧❛ ✈❛❧❡✉r ❞❡ ❧✬❛tté♥✉❛t✐♦♥ ❡♥ r0 ✭❝✬❡st✲à✲❞✐r❡ A(r0)✮✳
P♦✉r ❝❡❧❛✱ ♦♥ ✐♥tè❣r❡ ❧✬éq✉❛t✐♦♥ ✷✳✶✷ ❡♥tr❡ ❞❡✉① ❞✐st❛♥❝❡s ❛r❜✐tr❛✐r❡s r1 ❡t r0 ❡t ♦♥
✉t✐❧✐s❡ ❧✬éq✉❛t✐♦♥ ✷✳✾ ✿

∫ r0

r1

A(s)ds = γ

∫ r0

r1

KDP (s)ds

= (γ/2)[ΦDP (r0)− ΦDP (r1)]− (γ/2)[δ(r0)− δ(r1)]

✭✷✳✶✹✮

❖♥ ♣r♦♣♦s❡ à ♣rés❡♥t ♣♦✉r s✐♠♣❧✐✜❡r ❞❡ ❝♦♥s✐❞ér❡r q✉❡ ❧❡s ❜♦r♥❡s r1 ❡t r0 s♦♥t
t❡❧❧❡s q✉❡ δ(r0)−δ(r1) ❡st ♥é❣❧✐❣❡❛❜❧❡ ❞❡✈❛♥t ΦDP (r0)−ΦDP (r1)✳ ❊♥ ♣r❛t✐q✉❡✱ ❝♦♠♠❡
♦♥ ♣❡✉t ❝❤♦✐s✐r ❧✐❜r❡♠❡♥t ❧❡s ❜♦r♥❡s r1 ❡t r0✱ ✐❧ ❡st ❣é♥ér❛❧❡♠❡♥t ♣♦ss✐❜❧❡ ❞❡ tr♦✉✈❡r
✉♥ ✐♥t❡r✈❛❧❧❡ ♣♦✉r ❧❡q✉❡❧ ❝❡tt❡ ❤②♣♦t❤ès❡ ❡st ✈ér✐✜é❡ ✭❚❡st✉❞ ❡t ❛❧✳✱ ✷✵✵✵✮✳ ▲✬éq✉❛t✐♦♥
✷✳✶✹ ❞❡✈✐❡♥t ❞♦♥❝ ✿

∫ r0

r1

A(s)ds =

∫ r0

r1

A(r0)
Zb

a(s)

Zb
a(r0) + A(r0)I(s, r0)

ds

= A(r0)

∫ r0

r1

Zb
a(s)

Zb
a(r0) + A(r0)0, 46b

∫ r0
r
Zb

a(s
′)ds′

ds

✭✷✳✶✺✮

■❧ ❡st à ♣rés❡♥t ♣♦ss✐❜❧❡ ❞✬✐♥té❣r❡r ❧❡ ♠❡♠❜r❡ ❞❡ ❞r♦✐t❡✳ P♦✉r ❝❡❧❛✱ ♦♥ ❞é✜♥✐t ✉♥❡
❢♦♥❝t✐♦♥ ❢✭r✮ t❡❧❧❡ q✉❡ ✿

f(r) = Zb
a(r0) + A(r0)0, 46b

∫ r0

r

Zb
a(s

′)ds′ ✭✷✳✶✻✮

▼❡s✉r❡ ❞❡ ❧❛ ♣❧✉✐❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐① ✹✸



▲❡ r❛❞❛r ❍②❞r✐①

❡t ♦♥ r❡♠❛rq✉❡ q✉❡ ❧✬éq✉❛t✐♦♥ ✷✳✶✺ s✬é❝r✐t s✐♠♣❧❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❝❡tt❡ r❡❧❛t✐♦♥ ✿

∫ r0

r1

A(s)ds = − 1

0, 46b

∫ r0

r1

df(s)
ds

f(s)
ds

= − 1

0, 2b
[log10f(r)]

r0
r1

= − 1

0, 2b

(

Zb
a(r0)

Zb
a(r0) + A(r0)0, 46b

∫ r0
r1
Zb

ads

)

✭✷✳✶✼✮

❊♥ ❝♦♠❜✐♥❛♥t ❧✬éq✉❛t✐♦♥ ♣ré❝é❞❡♥t❡ ❡t ❧✬éq✉❛t✐♦♥ ✷✳✶✹✱ ♦♥ ♣❡✉t ♦❜t❡♥✐r ✉♥❡ ❡①✲
♣r❡ss✐♦♥ ❞❡ ❆ ❡♥ r0 ✿

A(r0) =
Zb

a(r0)

I(r1, r0)
(100,1bγ∆Φ − 1) ✭✷✳✶✽✮

♦ù ∆Φ = ΦDP (r0) − ΦDP (r1)✳ ■❧ ❡st ❞♦♥❝ ♣♦ss✐❜❧❡ ❞❡ ❞♦♥♥❡r ✉♥❡ ❢♦r♠❡ ❛♥❛❧②t✐q✉❡
❞❡ ❆✭r✮ ❡♥ r❡♠♣❧❛ç❛♥t A(r0) ❞❛♥s ❧✬éq✉❛t✐♦♥ ✷✳✶✸ ✿

A(r) =
Zb

a(r)

I(r1, r0) + (100,1bγ∆Φ − 1)I(r, r0)
(100,1bγ∆Φ − 1) ✭✷✳✶✾✮

❈❡tt❡ éq✉❛t✐♦♥ ♣❡r♠❡t ❞♦♥❝ ❞✬✉t✐❧✐s❡r ΦDP ♣♦✉r ❝♦♥tr❛✐♥❞r❡ ❧❛ ♠❡s✉r❡ ❞❡ ❧✬❛tté♥✉❛✲
t✐♦♥ ✭❧❛ ✈❛❧❡✉r ❞❡ γ ❡♥ ❜❛♥❞❡ ❳ ❛ été ❡st✐♠é❡ à 3, 2.10−1 ♣❛r ❚❡st✉❞ ❡t ❛❧✳ ✭✷✵✵✵✮
❡♥ ✉t✐❧✐s❛♥t ✉♥ ♠♦❞è❧❡ ❞❡ rétr♦❞✐✛✉s✐♦♥✮✳ ▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞❡ ❧✬❛❧❣♦r✐t❤♠❡ ❡st
t❡r♠✐♥é❡✳

▲❛ ❞❡✉①✐è♠❡ ét❛♣❡ ❝♦♥s✐st❡ à tr♦✉✈❡r ✉♥ ♠♦②❡♥ ♣♦✉r ❞ét❡r♠✐♥❡r N∗

0 ✳ ❊♥ ❡✛❡t✱ ❡♥
❝♦♥♥❛✐ss❛♥tN∗

0 ✱ ♦♥ ♣♦✉rr❛ ét❛❜❧✐r ✉♥ ❧✐❡♥ ❡♥tr❡ ❧❛ ré✢❡❝t✐✈✐té ❝♦rr✐❣é❡ ❞❡ ❧✬❛tté♥✉❛t✐♦♥
❡t ❧❡ t❛✉① ❞❡ ♣❧✉✐❡ q✉✐ t✐❡♥❞r❛ ❝♦♠♣t❡ ❞❡ ❧❛ ❉❙❉✳ P♦✉r ❞ét❡r♠✐♥❡r N∗

0 ♦♥ ❝❤❡r❝❤❡
à ❡①♣r✐♠❡r Z ❡♥ r0✳ P♦✉r ❝❡❧❛✱ ♦♥ ❝❛❧❝✉❧❡ ❧❛ ♣r✐♠✐t✐✈❡ ✭❋✮ ❞❡ ❧✬éq✉❛t✐♦♥ ✷✳✶✸ ❡♥
❢♦♥❝t✐♦♥ ❞❡ r ✿

F (A(r)) = F

(

A(r0)
Zb

a(r)

Zb
a(r0) + A(r0)I(r, r0)

)

= F

(

A(r0)
Zb

a(r)

Zb
a(r0) + A(r0)0, 46b

∫ r

r1
Zb

a(s)ds

) ✭✷✳✷✵✮

❡t ♦♥ r❡♠❛rq✉❡ q✉❡ ❧❡ ♥✉♠ér❛t❡✉r ❡st é❣❛❧ à ❧❛ ❞ér✐✈é❡ ❞✉ ❞é♥♦♠✐♥❛t❡✉r ✿

A(r0)0, 46bZ
b
a(r) =

d

dr
(Zb

a(r0) + A(r0)0, 46b

∫ r

r1

Zb
a(s)ds) ✭✷✳✷✶✮

❉♦♥❝✱ ♦♥ ♣❡✉t réé❝r✐r❡ ❧✬éq✉❛t✐♦♥ ✷✳✷✵ ✿

F (A(r)) =
ln(Zb

a(r0) + A(r0)0, 46b
∫ r

r1
Zb

a(s)ds)

0, 46b
✭✷✳✷✷✮

✹✹ ▼❡s✉r❡ ❞❡ ❧❛ ♣❧✉✐❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐①



▲❡ r❛❞❛r ❍②❞r✐①

❊♥ ✉t✐❧✐s❛♥t ❝❡ rés✉❧t❛t ❡t ❡♥ ❝❤♦✐s✐ss❛♥t r1 ❝♦♠♠❡ ❧❛ ❞✐st❛♥❝❡ à ♣❛rt✐r ❞❡ ❧❛q✉❡❧❧❡
❧❡ ❢❛✐s❝❡❛✉ r❛❞❛r r❡♥❝♦♥tr❡ ❧❛ ♣r❡♠✐èr❡ ♣❧✉✐❡ ❡t ❞♦♥❝ ❝♦♠♠❡♥❝❡ à êtr❡ ❛tté♥✉é✱ ♦♥
♣❡✉t ❡①♣❧✐❝✐t❡r ❧✬éq✉❛t✐♦♥ ✷✳✾ s♦✉s ❧❛ ❢♦r♠❡ ✿

Z = Za ∗ 100,2
∫ r0
r1

A(s)ds

= Za ∗ 10
0,2

0,46b
ln

(

Zb
a(r0)+A(r0)0,46b

∫ r
r1

Zb
a(s)ds)

Zb
a(r0)

)

= Za(r0)

(

1 + A(r0)
I(r1, r0)

Za(r0)

)1/b

✭✷✳✷✸✮

❈♦♠♠❡ ❧✬❛tté♥✉❛t✐♦♥ s✬❡①♣r✐♠❡ ❝♦♠♠❡ ✿

A = a(N∗

0 )
1−bZb ✭✷✳✷✹✮

✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❞ét❡r♠✐♥❡r N∗

0 ✿

N∗

0 =

(

1

a

A(r0)

Za(r0)b + A(r0)I(r1, r0)

)1/(1−b)

=

(

1

a

(1− 10−0,1bγ∆Φ)

I(r1, r0)

)1/(1−b)
✭✷✳✷✺✮

■❧ ❢❛✉t ♥♦t❡r q✉❡ ❧❡ ♣❛r❛♠ètr❡ N∗

0 ❡st ❧✉✐ s❡♥s✐❜❧❡ à ❧❛ ❝❛❧✐❜r❛t✐♦♥ ❞❡ Z✳ ❉❡
♣❧✉s ♦♥ s✬❛♣❡rç♦✐t q✉❡ N∗

0 ❡st ❝♦♥s✐❞éré ❝♦♠♠❡ ❝♦♥st❛♥t ❡♥tr❡ r1 ❡t r0✳ ❊♥ ♣r❛t✐q✉❡
❚❡st✉❞ ❡t ❛❧✳ ✭✷✵✵✵✮ ❛ ♠♦♥tré q✉❡ ❝❡tt❡ ❤②♣♦t❤ès❡ ♣❡✉t êtr❡ ❡♥ ❣é♥ér❛❧ ❢❛✐t❡ ♣♦✉r ❞❡s
❞✐st❛♥❝❡s ✐♥❢ér✐❡✉r❡s à ✺✵ ❦♠✳ ◆♦✉s ♣♦ssé❞♦♥s ♠❛✐♥t❡♥❛♥t ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❛r❛♠ètr❡s
♣❡r♠❡tt❛♥t ❞❡ r❡st✐t✉❡r ❧❛ ♣❧✉✐❡ ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ r❡❧❛t✐♦♥ ❞❡ ❧❛ ❢♦r♠❡ ✿

R = a(N∗

0 )
1−bZb ✭✷✳✷✻✮

▲❡s ♣❛r❛♠ètr❡s ❛ ❡t ❜ ♣❡✉✈❡♥t êtr❡ ❞ét❡r♠✐♥és ❡♠♣✐r✐q✉❡♠❡♥t ❡t ♥❡ ❞é♣❡♥❞❡♥t
♣❛s ❞❡ ❧❛ ❉❙❉ ✭s❡✉❧ N∗

0 ❞é♣❡♥❞ ❞❡ ❧❛ ❉❙❉✮✳
❊♥ rés✉♠é✱ ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■ ❡st ❞♦♥❝ ❝♦♥st✐t✉é ❞❡ ❞❡✉① ♣❛rt✐❡s ✿ ❧❛ ♣r❡♠✐èr❡

♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r ❧✬❛tté♥✉❛t✐♦♥ ❡t ❞♦♥❝ ❞❡ ❝♦rr✐❣❡r ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ré✢❡❝t✐✈✐té
♠❡s✉ré❡ ♣❛r ❧❡ r❛❞❛r✳ ▲❛ ❞❡✉①✐è♠❡ ét❛♣❡ ❡①♣❧✐❝✐t❡ N∗

0 ❝❡ q✉✐ ♣❡r♠❡t ❞❡ r❡st✐t✉❡r ❧❛
♣❧✉✐❡ ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❧❛ ❉❙❉✳ ❆✐♥s✐✱ ♦♥ ♦❜t✐❡♥t ❜✐❡♥ ✉♥❡ r❡❧❛t✐♦♥ q✉✐ ❝♦♠❜✐♥❡
❧❡s ❛✈❛♥t❛❣❡s ❞❡ ❧❛ ♠ét❤♦❞❡ tr❛❞✐t✐♦♥♥❡❧❧❡ ✭r❡❧❛t✐♦♥ ❞❡ t②♣❡ ❩✲❘✮ ❡t ❞❡ ❧❛ ♠ét❤♦❞❡
♣♦❧❛r✐♠étr✐q✉❡ ♣✉✐sq✉✬❡❧❧❡ t✐❡♥t ❝♦♠♣t❡ ❞❡ ❧❛ ❉❙❉ ✭♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡ N∗

0 ✮✳
■❧ ❢❛✉t ♥♦t❡r q✉❡ ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■ ❡st é❣❛❧❡♠❡♥t ❝❛♣❛❜❧❡ ❞❡ ❝♦rr✐❣❡r ❞❡ ❧✬❡✛❡t

❞✉ ❞é❝❛❧❛❣❡ ❞❡ ♣❤❛s❡ ❞❡ rétr♦❞✐✛✉s✐♦♥ ✭δ✮ ♠❛✐s ♥♦✉s ♥✬❡①♣❧✐❝✐t❡r♦♥s ♣❛s ❧❡s ❝❛❧❝✉❧s
✐❝✐✳ ◆é❛♥♠♦✐♥s✱ ❝❡s ❝❛❧❝✉❧s ❡t ❞❡ ♥♦♠❜r❡✉① ❞ét❛✐❧s ❝♦♠♣❧é♠❡♥t❛✐r❡s s✉r ❧✬❛❧❣♦r✐t❤♠❡
❩P❍■ ♣❡✉✈❡♥t êtr❡ tr♦✉✈és ❞❛♥s ❚❡st✉❞ ❡t ❛❧✳ ✭✷✵✵✵✮ ❡t ▲❡ ❇♦✉❛r ❡t ❛❧✳ ✭✷✵✵✶✮✳

❊✈✐❞❡♠♠❡♥t ❝❡t ❛❧❣♦r✐t❤♠❡ ♥✬❡st ♣❛s ♣❛r❢❛✐t ❞❛♥s ❧❡ s❡♥s ♦ù ✐❧ ♥é❝❡ss✐t❡ ❞❡ ❢❛✐r❡
♣❧✉s✐❡✉rs ❤②♣♦t❤ès❡s ❢♦rt❡s✳ ▲❛ ♣❧✉s ✐♠♣♦rt❛♥t ♣♦✉rr❛✐t êtr❡ ❧✐é❡ à ❧✬✐♥✈❛r✐❛♥❝❡ ❧♦✲
❝❛❧❡ ❞✉ ♣❛r❛♠ètr❡ N∗

0 ✳ ◆♦t❛♠♠❡♥t✱ ♦♥ ✈♦✐t s✉r ❧❛ ✜❣✉r❡ ✻ ❞❡ ❚❡st✉❞ ❡t ❛❧✳ ✭✷✵✵✵✮
q✉❡ ❧❛ ✈❛❧❡✉r ❞❡ ❝❡ ♣❛r❛♠ètr❡ ♣rés❡♥t❡ ❞❡s s❛✉ts ✐♠♣♦rt❛♥ts ❞❛♥s ❝❡rt❛✐♥❡s ré❣✐♦♥s
✭à ❧✬✐♥t❡r❢❛❝❡ ❡♥tr❡ ❧❡s ③♦♥❡s str❛t✐❢♦r♠❡s ❡t ❝♦♥✈❡❝t✐✈❡s ♣❛r ❡①❡♠♣❧❡✮✳ ❯♥❡ ❛✉tr❡
❞✐✣❝✉❧té ❡st ❧✐é❡ à ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝❛❧✐❜r❛t✐♦♥ s✉r ❧❛ r❡st✐t✉t✐♦♥ ❞✉ ♣❛r❛♠ètr❡ N∗

0 ✳

▼❡s✉r❡ ❞❡ ❧❛ ♣❧✉✐❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐① ✹✺



▲❡ r❛❞❛r ❍②❞r✐①

❊♥✜♥✱ ❞❛♥s ❧❡ ❝❛s ❞✬❛tté♥✉❛t✐♦♥s très ✐♠♣♦rt❛♥t❡s✱ ❧❡ s✐❣♥❛❧ rétr♦❞✐✛✉sé ♣❡✉t êtr❡
tr♦♣ ❢❛✐❜❧❡ ♣♦✉r êtr❡ ❝♦rr✐❣é ♣❛r ❧✬❛❧❣♦r✐t❤♠❡✳

❊♥✜♥✱ ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■ ♥✬❡st ♣❛s ✉t✐❧✐s❛❜❧❡ q✉❛♥❞ ∆ΦDP ❡st ✐♥❢ér✐❡✉r à ✻✝❡♥
r❛✐s♦♥ ❞❡ ❧✬✐♥❝❡rt✐t✉❞❡ s✉r ❧❛ ♠❡s✉r❡ ✭▲❡ ❇♦✉❛r ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❉❛♥s ❝❡ ❝❛s ✉♥❡ s✐♠♣❧❡
r❡❧❛t✐♦♥ ❩✲❘ ♣❡✉t êtr❡ ✉t✐❧✐sé❡✳ ❈❡t ❛s♣❡❝t ♥✬❡st ♣❛s ♣r♦❜❧é♠❛t✐q✉❡ ♣✉✐sq✉❡ q✉❛♥❞
∆ΦDP ❡st ❢❛✐❜❧❡✱ ❝❡❧❛ s✐❣♥✐✜❡ q✉❡ ❧❡s ❣♦✉tt❡s ❞✬❡❛✉ s♦♥t ♣❡t✐t❡s ❡t ❞♦♥❝ q✉❡ ❧✬✐♠♣❛❝t
❞❡ ❧❛ ❉❙❉ ❡st ♣❧✉s ❢❛✐❜❧❡ ✭✈♦✐r s❡❝t✐♦♥ ✷✳✷✳✹✮ ✷✳ ❋✐♥❛❧❡♠❡♥t✱ ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■ ♣ré✲
s❡♥té ❝✐✲❞❡ss✉s ♥✬❡st ✉t✐❧✐s❛❜❧❡ q✉❡ ❞❛♥s ❧❛ ♣❤❛s❡ ❧✐q✉✐❞❡ ♠❛✐s ✉♥ ♥♦✉✈❡❧ ❛❧❣♦r✐t❤♠❡
❩P❍■ ❛❞❛♣té à ❧❛ ♥❡✐❣❡ ❡st ❡♥ ❝♦✉rs ❞❡ ✜♥❛❧✐s❛t✐♦♥✳

✷✳✷✳✷ ❊st✐♠❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ❛✉ s♦❧

▲✬❛❧❣♦r✐t❤♠❡ ❩P❍■ ♣❡r♠❡t ❞✬❡st✐♠❡r ❧❛ ♣❧✉✐❡ ✸❉ ❞❛♥s ❧❡ ✈♦❧✉♠❡ ❞✬❛✐r é❝❤❛♥✲
t✐❧❧♦♥♥é ♣❛r ❧❡ r❛❞❛r✳ ❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ♦♥ ❡①♣❧✐q✉❡ ❝♦♠♠❡♥t s♦♥t ❝♦♥✈❡rt✐❡s ❝❡s
❞♦♥♥é❡s ❡♥ ♣❧✉✐❡ ❛✉ s♦❧✳

❚♦✉t ❞✬❛❜♦r❞✱ ❧❛ ♣❧✉✐❡ ❡st ♣r♦❥❡té❡ s✉r ✉♥❡ ❣r✐❧❧❡ ❝❛rtés✐❡♥♥❡ ♣✉✐s ✉♥❡ ✐♥t❡r♣♦❧❛✲
t✐♦♥ ❤♦r✐③♦♥t❛❧❡ ❡st ré❛❧✐sé❡ ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡ ❈r❡ss♠❛♥ ❞❡ ♠❛♥✐èr❡ à ♦❜t❡♥✐r ✉♥❡
rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ré❣✉❧✐èr❡ ❞❡ ✶ ❦♠ ① ✶ ❦♠✳ ❋✐♥❛❧❡♠❡♥t✱ ❧❛ ♣❧✉✐❡ ❛✉ s♦❧ ❡st s✉♣♣♦sé❡
êtr❡ é❣❛❧❡ à ❧❛ s♦♠♠❡ ♣♦♥❞éré❡ ❞❡ ❧❛ ♣❧✉✐❡ ❡♥ ❛❧t✐t✉❞❡✳ ❈❡ q✉✐ s✉♣♣♦s❡ q✉❡ ❧❛ ♣❧✉✐❡
❞❛♥s ❧❛ ❝♦❧♦♥♥❡ ❞✬❛✐r ✈❛ r❛♣✐❞❡♠❡♥t t♦♠❜❡r ❛✉ s♦❧✳

R̄ =
Σi(1− qi)

−1Ri

Σi(1− qi)−1
✭✷✳✷✼✮

♦ù q ❡st ❧❛ ♣♦♥❞ér❛t✐♦♥ ✭♦✉ ❧✬✐♥❞✐❝❡ ❞❡ q✉❛❧✐té✮ ❡t i ✉♥ ✐♥❞✐❝❡ ❡t s✬❡①♣r✐♠❡ ❝♦♠♠❡ ✿

q = (1− σ2)− cpp ✭✷✳✷✽✮

♦ù cpp ❡st ✉♥ ❝♦❡✣❝✐❡♥t q✉✐ ❞✐♠✐♥✉❡ ❧❛ ✈❛❧❡✉r ❞❡ q q✉❛♥❞ ✉♥ ♠❛sq✉❡ ♣❛rt✐❡❧ ❞✉
❢❛✐s❝❡❛✉ ❡st s✉♣ér✐❡✉r à ✷✵ ✪ ❡t ❧✬❛♥♥✉❧❡ q✉❛♥❞ ❧❡ ♠❛sq✉❡ ♣❛rt✐❡❧ ❡st s✉♣ér✐❡✉r à ✺✵ ✪✳
σ2 ❝♦rr❡s♣♦♥❞ à ❧✬❡rr❡✉r ❞❡ ♠❡s✉r❡ ❡t ❞é♣❡♥❞ ❞❡ ❧✬❛❧t✐t✉❞❡✱ ❞✉ t❡♠♣s ❞✬✐♥té❣r❛t✐♦♥
❞❡ ❧❛ ♣❧✉✐❡ ✭❞❛♥s ❧❡ ❝❛s ❞✬❍②❞r✐① ❝❡ t❡♠♣s ❡st ❞❡ ✷✱✺ ♠✐♥✮✱ ❞❡ ❧✬❛❧❣♦r✐t❤♠❡ ✉t✐❧✐sé
♣♦✉r r❡st✐t✉❡r ❧❛ ♣❧✉✐❡ ✭❩P❍■ ♦✉ ❩✲❘✮ ❡t ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ ♠❡s✉r❡ ♣❛r r❛♣♣♦rt
à ❧❛ ❜❛♥❞❡ ❜r✐❧❧❛♥t❡ ✭❞❛♥s ❧❛ ❣❧❛❝❡ ♦✉ ❧❛ ♥❡✐❣❡ ❧✬❡rr❡✉r ❡st ❜✐❡♥ ♣❧✉s ✐♠♣♦rt❛♥t❡✮✳
▲❡ tr❛✐t❡♠❡♥t t✐❡♥t ❛✉ss✐ ❝♦♠♣t❡ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞✉ r❛②♦♥ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡ ✭❧❡
r❛②♦♥ ♣❡✉t êtr❡ ❝♦✉r❜é à ❝❛✉s❡ ❞❡s ❝♦✉❝❤❡s ❞❡ t❡♠♣ér❛t✉r❡s ❞✐✛ér❡♥t❡s✮✳ ■❧ ❢❛✉t ❜✐❡♥
✈♦✐r q✉❡ ❝❡tt❡ ♠ét❤♦❞❡ ❞❡ r❡st✐t✉t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ❛✉ s♦❧ ♣rés❡♥t❡ ❞❡ sér✐❡✉s❡s ❧✐♠✐t❡s ✿
q✉❛♥❞ ❧❡ ❢❛✐s❝❡❛✉ ❡st très ❤❛✉t ♣❛r r❛♣♣♦rt ❛✉ s♦❧✱ r✐❡♥ ♥❡ ❞✐t q✉❡ ❧❛ ♣❧✉✐❡ ❡♥ ❛❧t✐t✉❞❡
✈❛ ❛rr✐✈❡r ❛✉ s♦❧ ✭❡❧❧❡ ♣❡✉t s❡ réé✈❛♣♦r❡r✮✳ ❉❡ ♣❧✉s✱ ❧❡ tr❛✐t❡♠❡♥t ❞❡ ❧❛ ♠❡s✉r❡ ❞❛♥s
❧❛ ♥❡✐❣❡ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❞é❧✐❝❛t ♣✉✐sq✉✬✐❧ ❡st ❡♥t❛❝❤é ❞✬✉♥❡ ✐♠♣♦rt❛♥t❡ ❡rr❡✉r
❞❡ ♠❡s✉r❡ ❡t q✉✬✐❧ ❡st ❝♦♠♣❧✐q✉é ❞❡ ❝♦♥✈❡rt✐r ❧❛ ♥❡✐❣❡ ❡♥ ♣❧✉✐❡ ❛✉ s♦❧✳ P♦✉r ♣❧✉s ❞❡
❞ét❛✐❧s s✉r ❧❛ ♠ét❤♦❞❡ s❡ ré❢ér❡r à ▲❡ ❇♦✉❛r ❡t ❛❧✳ ✭✷✵✵✽✮✳

✷✳✷✳✸ ❈❛❧✐❜r❛t✐♦♥

▲❡ r❛❞❛r ♣❡✉t êtr❡ ❝❛❧✐❜ré ♣❛r ❞❡✉① ❛♣♣r♦❝❤❡s✳ ▲❛ ♣r❡♠✐èr❡ ❝♦♥s✐st❡ à ❝♦♠♣❛r❡r
KDP/Z ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ZDR ♣❛r r❛♣♣♦rt à ✉♥ ♠♦❞è❧❡ ❞❡ ♣❧✉✐❡ ✭❋✐❣✳ ✷✳✷✮✳ ▲❡ ❞é❝❛❧❛❣❡

✷✳ ❘é❝❡♠♠❡♥t ❧❡ r❛❞❛r ❍②❞r✐① ❛ ❝❤❛♥❣é ❞❡ ♠♦❞❡ ♦♣ér❛t♦✐r❡ ❡t ✉t✐❧✐s❡ à ♣rés❡♥t ✉♥❡ r❡❧❛t✐♦♥ ❞✉
t②♣❡ R(Z,ZDR) q✉❛♥❞ ❧❡ ❞é❝❛❧❛❣❡ ❞❡ ♣❤❛s❡ ❡st ✐♥❢ér✐❡✉r à ✻✝

✹✻ ▼❡s✉r❡ ❞❡ ❧❛ ♣❧✉✐❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐①



▲❡ r❛❞❛r ❍②❞r✐①

s✉r ❧✬❛①❡ y ❡♥tr❡ ❧❛ ❝♦✉r❜❡ t❤é♦r✐q✉❡ ❡t ❧❛ ❝♦✉r❜❡ ❡♠♣✐r✐q✉❡ ♣❡r♠❡t ❞❡ ❝♦♥♥❛îtr❡ ❧❛
❝♦rr❡❝t✐♦♥ ❞❡ ❝❛❧✐❜r❛t✐♦♥ à ❛♣♣❧✐q✉❡r✳ ▲❛ ❞❡✉①✐è♠❡ ♠ét❤♦❞❡ ❝♦♥s✐st❡ à ❝♦♠♣❛r❡r ❧❡
N∗

0 ❝❛❧❝✉❧é ♣❛r ❧❛ ♠ét❤♦❞❡ ❩P❍■ ❛✈❡❝ ❝❡❧✉✐ ❝❛❧❝✉❧é ♣❛r ✉♥ ❞✐s❞r♦♠ètr❡✳ ◗✉❛♥❞ ❝❡❧❛
❡st ♣♦ss✐❜❧❡ ❧❡s ❞❡✉① ♠ét❤♦❞❡s s♦♥t ✉t✐❧✐sé❡s ❡♥ ♣❛r❛❧❧è❧❡ ♣♦✉r ♦♣t✐♠✐s❡r ❧❛ ❝❛❧✐❜r❛t✐♦♥
❞✉ r❛❞❛r✳

❋✐❣✉r❡ ✷✳✷ ✿ ◆✉❛❣❡ ❞❡ ♣♦✐♥ts ❞❡ log10(KDP/Z) ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ZDR ❛♣rès
❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■✳ ▲❛ ❝♦✉r❜❡ ❣r✐s❡ r❡♣rés❡♥t❡ ❧❛ ♠♦②❡♥♥❡
❞❡s ♣♦✐♥ts t❛♥❞✐s q✉❡ ❧❛ ❝♦✉r❜❡ ♥♦✐r❡ r❡♣rés❡♥t❡ ❧❡ ♠♦❞è❧❡ ❞❡ ♣❧✉✐❡ ✭❞✬❛♣rès
▲❡ ❇♦✉❛r ❡t ❛❧✳ ✭✷✵✵✽✮✮

✷✳✷✳✹ ■❧❧✉str❛t✐♦♥ ❞✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■

▲❡ ❇♦✉❛r ❡t ❛❧✳ ✭✷✵✵✶✮ ♦♥t ❝♦♠♣❛ré ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■ ❛✈❡❝ ❧❛ r❡❧❛t✐♦♥ ❝❧❛ss✐q✉❡
❩✲❘ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ r❛❞❛r ❜❛♥❞❡ ❈ ♣♦✉r ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❝♦♥✈❡❝t✐✈❡s ✭❋✐❣✳ ✷✳✸✮✳
❈❡tt❡ ✜❣✉r❡ ♠♦♥tr❡ q✉❡ ❧❛ ❝♦rr❡❝t✐♦♥ ❞❡ ❧✬❛tté♥✉❛t✐♦♥ ❞❡✈✐❡♥t ✐♠♣♦rt❛♥t❡ ❛✉✲❞❡❧à
❞❡ ✺✵ ❦♠✳ ❖♥ ✈♦✐t q✉❡ ❧❡ ❞é❝❛❧❛❣❡ ❞❡ ♣❤❛s❡ ❞✐✛ér❡♥t✐❡❧❧❡ ❛✉❣♠❡♥t❡ ❢♦rt❡♠❡♥t q✉❛♥❞
✐❧ r❡♥❝♦♥tr❡ ❞❡s ③♦♥❡s ❞❡ ♣❧✉✐❡ ❝❡ q✉✐ s✐❣♥✐✜❡ q✉❡ ❧❡s ❣♦✉tt❡s s♦♥t très ❛♣❧❛t✐❡s ❡t
❞♦♥❝ très ❣r♦ss❡s✳ ❖♥ ✈♦✐t é❣❛❧❡♠❡♥t q✉❡ ❧❛ s♦✉s✲❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ❡t ❡♥ ♣❛rt✐✲
❝✉❧✐❡r ❞❡s ❡①trê♠❡s ❡st ❝♦♥s✐❞ér❛❜❧❡ q✉❛♥❞ ♦♥ ♥❡ t✐❡♥t ♣❛s ❝♦♠♣t❡ ❞❡ ❧✬❛tté♥✉❛t✐♦♥
❡t q✉❛♥❞ ♦♥ ✉t✐❧✐s❡ ✉♥❡ s✐♠♣❧❡ r❡❧❛t✐♦♥ ❩✲❘✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡ ❡st ♥❡tt❡♠❡♥t ♠♦✐♥s
♣r♦❜❧é♠❛t✐q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s str❛t✐❢♦r♠❡s ✭✈♦✐r ✜❣✉r❡ ✸ ❞❡ ▲❡ ❇♦✉❛r

❡t ❛❧✳ ✭✷✵✵✶✮✮✳ P♦✉r ❛✉t❛♥t✱ ❝❡tt❡ ✐❧❧✉str❛t✐♦♥ ♠♦♥tr❡ ❜✐❡♥ q✉❡ ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■
❛♠é❧✐♦r❡ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ♣❛r r❛❞❛r ❞❛♥s ❧❡ ❝❛s ❞✬é✈é♥❡✲
♠❡♥ts ❝♦♥✈❡❝t✐❢s✳

✷✳✸ ▼❡s✉r❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❉♦♣♣❧❡r

■❧ ♥♦✉s r❡st❡ à ♣rés❡♥t❡r ❧❡ ♣r✐♥❝✐♣❡ ❞❡ ❧❛ ♠❡s✉r❡ ❞❡ ❧❛ ✈✐t❡ss❡ r❛❞✐❛❧❡ ♣❛r r❛❞❛r✳
❈❡tt❡ ✈✐t❡ss❡ r❛❞✐❛❧❡ ✭vr✮ s❡r❛ ❡①♣❧♦✐té❡ ♣♦✉r ❧❛ ♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡
✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞é❝r✐t❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✻✳ ▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❧❛ ♠❡s✉r❡ ❞❡ ❧❛
✈✐t❡ss❡ r❛❞✐❛❧❡ ❡st ❜❛sé s✉r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡✛❡t ❉♦♣♣❧❡r✳ ◗✉❛♥❞ ✉♥❡ ❝✐❜❧❡ s❡ ❞é♣❧❛❝❡
❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ ♥♦♥ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉ ❢❛✐s❝❡❛✉ r❛❞❛r✱ ❛❧♦rs✱ ❧❛ ❢réq✉❡♥❝❡ ❞✉ s✐❣♥❛❧
rétr♦❞✐✛✉sé ✈❛r✐❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ❞é❝❛❧❛❣❡ ❡♥ ❢réq✉❡♥❝❡ ❡st très ❢❛✐❜❧❡ ❞❛♥s ❧❡ ❝❛s ❞❡s
❣♦✉tt❡s ❞❡ ♣❧✉✐❡ ❡t ❞♦♥❝ ❞✐✣❝✐❧❡♠❡♥t ♠❡s✉r❛❜❧❡✳ ❈✬❡st ♣♦✉rq✉♦✐ ♦♥ ✉t✐❧✐s❡ ♣❧✉tôt ❧❡

▼❡s✉r❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❉♦♣♣❧❡r ✹✼



▲❡ r❛❞❛r ❍②❞r✐①

❋✐❣✉r❡ ✷✳✸ ✿ ❆♥❛❧②s❡ ❞❡s ♣r♦✜❧s ❞❡ ♣❛r❛♠ètr❡s ♠❡s✉rés ♣❛r ❧❡ r❛❞❛r ❞❛♥s
❧❡ ❝❛s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❝♦♥✈❡❝t✐✈❡s ✿ ✭❛✮ ❘é✢❡❝t✐✈✐té ❛tté♥✉é❡ ✭Za✮ ❡t ❝♦rr✐✲
❣é❡ ✭Ze✮ ♣❛r ❩P❍■✱ ✭❜✮ ❘é✢❡❝t✐✈✐té ❞✐✛ér❡♥t✐❡❧❧❡ ❛tté♥✉é❡ ✭ZDRa

✮ ❡t ❝♦rr✐❣é❡
✭ZDRe

✮✱ ✭❝✮ ❞é❝❛❧❛❣❡ ❞❡ ♣❤❛s❡ ❞✐✛ér❡♥t✐❡❧❧❡ ✭ΦDP ✮ ♠❡s✉ré ❡t ❛❥✉sté ❛✉ ♠♦✲
❞è❧❡ ✭❧❡s ét♦✐❧❡s r❡♣rés❡♥t❡♥t ❧❡s s❡❣♠❡♥ts s✉r ❧❡sq✉❡❧s s♦♥t ❛♣♣❧✐q✉és ❩P❍■
✭♣♦✉r ❧❡sq✉❡❧s N∗

0 ❡st s✉♣♣♦sé ❝♦♥st❛♥t✮ ❡t ❧❡s ❝❤✐✛r❡s r❡♣rés❡♥t❡♥t ❧❛ ✈❛❧❡✉r
❞✉ ❧♦❣❛r✐t❤♠❡ ❞é❝✐♠❛❧ ❞❡ N∗

0 ♣❛r s❡❣♠❡♥t✮✱ ✭❞✮ ❚❛✉① ❞❡ ♣❧✉✐❡ r❡st✐t✉é ♣❛r
❩P❍■ ❡t ♣❛r ✉♥❡ r❡❧❛t✐♦♥ ❝❧❛ss✐q✉❡ ✭Za✲❘✮ ✭❞✬❛♣rès ▲❡ ❇♦✉❛r ❡t ❛❧✳ ✭✷✵✵✶✮✮✳

✹✽ ▼❡s✉r❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❉♦♣♣❧❡r



▲❡ r❛❞❛r ❍②❞r✐①

❞é❝❛❧❛❣❡ ❞❡ ♣❤❛s❡ ✭δΦ✮ ❡♥tr❡ ✷ ✐♠♣✉❧s✐♦♥s s✉❝❝❡ss✐✈❡s✳ ▲❛ ♣❤❛s❡ ❞✬✉♥❡ ♦♥❞❡ s✬é❝r✐t ✿

Φ = Φ0 + 2π

(

2r

λ

)

✭✷✳✷✾✮

♦ù Φ0 ❡st ❧❛ ♣❤❛s❡ à ❧✬♦r✐❣✐♥❡✱ r ❧❛ ❞✐st❛♥❝❡ ❞❡ ❧❛ ❝✐❜❧❡ ❡t λ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞✉
r❛❞❛r✳ ❙✐ ❧❛ ❝✐❜❧❡ ❜♦✉❣❡ ❧❡ ❧♦♥❣ ❞❡ ❧❛ r❛❞✐❛❧❡✱ ❛❧♦rs✱ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ♣❤❛s❡ ❡st ✿

dΦ

dt
=

4π

λ

dr

dt
=

4π

λ
vr ✭✷✳✸✵✮

♦ù dt ❡st ❧✬✐♥t❡r✈❛❧ ❞❡ t❡♠♣s ❡♥tr❡ ❞❡✉① ✐♠♣✉❧s✐♦♥s r❛❞❛rs✳ ◆♦✉s ♦❜s❡r✈♦♥s ❝❡♣❡♥❞❛♥t
q✉❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ❞é❝❛❧❛❣❡ ❞❡ ♣❤❛s❡ ♣❡✉t ♣♦s❡r ♣r♦❜❧è♠❡ s✐ ❧❛ ✈✐t❡ss❡ r❛❞✐❛❧❡ ❡st
✐♠♣♦rt❛♥t❡✳ ❊♥ ❡✛❡t✱ ✉♥❡ ✈✐t❡ss❡ tr♦♣ r❛♣✐❞❡ ♣❡✉t ❝♦♥❞✉✐r❡ à ❞❡s ❞é❝❛❧❛❣❡s ❞❡ ♣❤❛s❡
s✉♣ér✐❡✉rs à π✳ ❖♥ ♥❡ ♣❡✉t ❞♦♥❝ ❝♦♥♥❛îtr❡ ❛✈❡❝ ❝❡rt✐t✉❞❡ q✉❡ ❞❡s ✈✐t❡ss❡s ❝♦♠♣r✐s❡s
❡♥tr❡ − λ

4∆t
❡t + λ

4∆t
✳ ▲❛ ✈✐t❡ss❡ vrmax = λ

4∆t
s❡ ♥♦♠♠❡ ❧❛ ✈✐t❡ss❡ ❛♠❜✐❣✉ë✳ ❉❛♥s ❧❡

❝❛s ♦ù ❧❛ ✈✐t❡ss❡ r❛❞✐❛❧❡ ❡st ♣❧✉s ❣r❛♥❞❡ q✉❡ ❧❛ ✈✐t❡ss❡ ❛♠❜✐❣✉ë✱ ❛❧♦rs ♦♥ ♦❜t✐❡♥t ✉♥
r❡♣❧✐❡♠❡♥t ❞❡ ❧❛ ✈✐t❡ss❡✳ ❈❡ r❡♣❧✐❡♠❡♥t ❝♦♥s✐st❡ à ❛❥♦✉t❡r ♦✉ à s♦✉str❛✐r❡ ✉♥ ♠✉❧✲
t✐♣❧❡ ❞❡ 2vrmax à ❧❛ ✈✐t❡ss❡ r❛❞✐❛❧❡ ré❡❧❧❡✳ P♦✉r ❛✉❣♠❡♥t❡r ❧❛ ✈✐t❡ss❡ ❛♠❜✐❣✉ë ✐❧ ❢❛✉t
❞✐♠✐♥✉❡r ❧❡ t❡♠♣s ❡♥tr❡ ✷ ✐♠♣✉❧s✐♦♥s r❛❞❛r ♦✉ ❛✉❣♠❡♥t❡r ❧❛ ❢réq✉❡♥❝❡ ❞✬✐♠♣✉❧s✐♦♥
q✉❡ ❧✬♦♥ ❛♣♣❡❧❧❡ P❘❋ ✭P✉❧s❡ ❘❡♣❡t✐t✐♦♥ ❋r❡q✉❡♥❝②✮ ✭ét♦♥♥❛♠♠❡♥t ♥♦✉s r❡♣❛r❧❡r♦♥s
❞❡ ❝❡tt❡ P❘❋ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ s✉r ❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡ ✭❝❤❛♣✐tr❡ ✹✮✮✳
■❧ ❡st ♣♦ss✐❜❧❡ ❞✬❡①♣r✐♠❡r ❧❛ ✈✐t❡ss❡ ❛♠❜✐❣✉ë ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ P❘❋ s♦✉s ❧❛ ❢♦r♠❡ ✿

vrmax = ±PRF λ
4

✭✷✳✸✶✮

P♦✉r ❧❡ r❛❞❛r ❍②❞r✐① ❧❛ ✈✐t❡ss❡ ❛♠❜✐❣✉ë ❡st ❞❡ ✹✱ ✽ ♠✴s ♦✉ ✷✹ ♠✴s ✭s✉✐✈❛♥t ❧❡ ♠♦❞❡
s✐♠♣❧❡ ♦✉ ❞♦✉❜❧❡ P❘❋ ✉t✐❧✐sé✮✳

✷✳✹ ❈❛r❛❝tér✐st✐q✉❡s t❡❝❤♥✐q✉❡s

▲❡ r❛❞❛r ❍②❞r✐① ❡st ✉♥ r❛❞❛r ❡♥ ❜❛♥❞❡ ❳ ✭∼10GHz✮✱ ♣♦❧❛r✐♠étr✐q✉❡ ❡t ❉♦♣♣❧❡r✳
■❧ ❛ été ❞é✈❡❧♦♣♣é à ❧✬♦r✐❣✐♥❡ ♣❛r ❧❡ ❈❊❚P ✭❈❡♥tr❡ ❞✬❊t✉❞❡s ❞❡s ❊♥✈✐r♦♥♥❡♠❡♥ts
❚❡rr❡str❡ ❡t P❧❛♥ét❛✐r❡s✮ ♣✉✐s ♣❛r ❧❛ s♦❝✐été ◆♦✈✐♠❡t q✉✐ ❡♥ ❛ss✉r❡ ❛✉❥♦✉r❞✬❤✉✐ ❧❡
❢♦♥❝t✐♦♥♥❡♠❡♥t✳ ■❧ ❡st s✐t✉é ❞❡♣✉✐s ✷✵✵✼ s✉r ❧❡ ♠♦♥t ❱✐❛❧ ✭✶✺✺✵ ♠✱ ✼✝ ✵✾✬✵✾✱✼✑❊✱
✹✸✝ ✺✸✬✸✾✱✽✑✝◆✮ ❛✉ ♥♦r❞ ❞❡ ❧❛ ✈✐❧❧❡ ❞❡ ◆✐❝❡ ✭❋✐❣✳ ✷✳✹✮✳ ❈❡❧✉✐✲❝✐ ♥❡ ♣♦ssè❞❡ ♣❛s ❞❡
r❛❞ô♠❡ ❛✜♥ ❞✬é✈✐t❡r ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ♣❡❧❧✐❝✉❧❡ ❞✬❡❛✉ q✉✐ ❛tté♥✉❡ ❧❡ s✐❣♥❛❧ ✭●♦r❣✉❝❝✐

❡t ❛❧✳✱ ✷✵✶✸✮✳
▲❛ ♠❡s✉r❡ ♣❛r r❛❞❛r ❡♥ ③♦♥❡ ♠♦♥t❛❣♥❡✉s❡ ❡st ✉♥❡ ❣❛❣❡✉r❡✳ ❚♦✉t ❞✬❛❜♦r❞✱ ✐❧ ❡st

❞✐✣❝✐❧❡ ❞✬✐♥st❛❧❧❡r ❞❡s r❛❞❛rs ❡♥ ❜❛♥❞❡ ❙ ♦✉✱ ❞❛♥s ✉♥❡ ♠♦✐♥❞r❡ ♠❡s✉r❡✱ ❡♥ ❜❛♥❞❡ ❈ ❡♥
r❛✐s♦♥ ❞❡ ❧❡✉r ❡♥❝♦♠❜r❡♠❡♥t q✉✐ ♥é❝❡ss✐t❡ ✉♥❡ ✐♥❢r❛str✉❝t✉r❡ ✐♠♣♦s❛♥t❡✳ ▲✬✉t✐❧✐s❛t✐♦♥
❞❡ ❧❛ ❜❛♥❞❡ ❳ ♣❡r♠❡t ❞✬❛✈♦✐r ✉♥ r❛❞❛r ❞❡ t❛✐❧❧❡ ré❞✉✐t❡ ✭❛♥t❡♥♥❡ ❞❡ ✶✱✺ ♠✮ ❡t ❞❡ ♣♦✐❞s
❢❛✐❜❧❡ ✭∼✸✺✵ ❦❣✮ q✉✐ ❡st ♥❡tt❡♠❡♥t ♣❧✉s ❛❞❛♣té à ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞✐✣❝✐❧❡✳ ▲❛ ♠❡s✉r❡
❡♥ ③♦♥❡ ♠♦♥t❛❣♥❡✉s❡ ❡st é❣❛❧❡♠❡♥t ✉♥ ❞é✜ t❡❝❤♥♦❧♦❣✐q✉❡ ♣✉✐sq✉✬❡❧❧❡ ❞❡♠❛♥❞❡ ❞❡
tr❛✐t❡r ❞❡s ♣r♦❜❧è♠❡s t❡❧s q✉❡ ❧❡s é❝❤♦s ✜①❡s ✭q✉❛♥❞ ❧❡ s✐❣♥❛❧ r❛❞❛r r❡♥❝♦♥tr❡ ❧❡ s♦❧✮
✭✈♦✐r ●❡♦r❣✐s ❡t ❛❧✳✱ ✷✵✵✵✮ ♦✉ ❧❡ ♠❛sq✉❡ ❞❡s ♠♦♥t❛❣♥❡s q✉✐ ♦❜❧✐❣❡ à ✉t✐❧✐s❡r ❞❡s ❤❛✉t❡s
é❧é✈❛t✐♦♥s ♣♦✉r ❡st✐♠❡r ❧❛ ♣❧✉✐❡ ❛✉ s♦❧✳ ❆✐♥s✐✱ ✐❧ ❡①✐st❡ ❞❡ ♥♦♠❜r❡✉① tr❛✐t❡♠❡♥ts à
❛♣♣❧✐q✉❡r ♣♦✉r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❝❡ ♣r♦❜❧è♠❡✳ P❛r♠✐ ❧❡s s♦❧✉t✐♦♥s ♠✐s❡s ❡♥ ÷✉✈r❡✱
❧❡ r❛❞❛r ❍②❞r✐① tr❛✐t❡ ❧❡s é❝❤♦s ❞❡ s♦❧ ❣râ❝❡ à ❧❛ ♣♦❧❛r✐♠étr✐❡✳ ❉❡ ♣❧✉s✱ ❧✬✉t✐❧✐s❛t✐♦♥

❈❛r❛❝tér✐st✐q✉❡s t❡❝❤♥✐q✉❡s ✹✾
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❋✐❣✉r❡ ✷✳✹ ✿ P♦s✐t✐♦♥ ❡t ❝♦✉✈❡rt✉r❡ ❞✉ r❛❞❛r ❍②❞r✐①✳

❞❡s ❤❛✉t❡s ❢réq✉❡♥❝❡s ❡st é❣❛❧❡♠❡♥t ✉♥ ❛✈❛♥t❛❣❡ ♣✉✐sq✉❡ ❝❡❧❛ ♣❡r♠❡t ❞✬❛♠é❧✐♦r❡r
❧❡ ❝♦♥tr❛st❡ ❡♥tr❡ ❧❡s ❝✐❜❧❡s ♠été♦r♦❧♦❣✐q✉❡s ❡t ❧❡s é❝❤♦s ❞❡ s♦❧ ❡♥ 1/λ4 ✭♦ù λ ❡st ❧❛
❧♦♥❣✉❡✉r ❞✬♦♥❞❡✮ ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ❧❛ ✜❣✉r❡ ✷✳✺✮✳ ❊♥✜♥✱ ❧❡ r❛❞❛r ❍②❞r✐① ✉t✐❧✐s❡ ✉♥❡
❛♥t❡♥♥❡ ❞é❝❡♥tré❡ q✉✐ ♣❡r♠❡t ❞❡ ré❞✉✐r❡ ❧❡s ❧♦❜❡s s❡❝♦♥❞❛✐r❡s ✈❡rs ❧❡ ❜❛s ❡t ❞♦♥❝
❞✬❛♠é❧✐♦r❡r ❡♥❝♦r❡ ❧❡ ❝♦♥tr❛st❡ ❡♥tr❡ ❧❡s ❝✐❜❧❡s ♠été♦r♦❧♦❣✐q✉❡s ❡t ❧❡s é❝❤♦s ✜①❡s✳

❋✐❣✉r❡ ✷✳✺ ✿ ❘é✢❡❝t✐✈✐té à ❧✬é❧é✈❛t✐♦♥ ✵✱✼✺✝❡♥ ✉t✐❧✐s❛♥t ✭❛✮ ✉♥ r❛❞❛r ❜❛♥❞❡
❙ ❞✉ rés❡❛✉ ❞❡ ▼été♦ ❋r❛♥❝❡ ❡t ✭❜✮ ❧❡ r❛❞❛r ❍②❞r✐① ✭❜❛♥❞❡ ❳✮✳ ▲❡s ③♦♥❡s
♥♦✐r❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① é❝❤♦s ❞❡ s♦❧ ✭❞✬❛♣rès ✭❚❡st✉❞ ❡t ❛❧✳✱ ✷✵✵✼✮✮✳

❉❛♥s ❧❛ s✉✐t❡✱ s♦♥t rés✉♠é❡s ❧❡s ♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s t❡❝❤♥✐q✉❡s ❞❡ ❧✬✐♥s✲
tr✉♠❡♥t ✿

• ❋réq✉❡♥❝❡ ✿ 9375MHz
• ▲♦♥❣✉❡✉r ❞✬♦♥❞❡ ✿ ✸✱✷ ❝♠
• ❖s❝✐❧❧❛t❡✉r ✿ ▼❛❣♥étr♦♥
• P✉✐ss❛♥❝❡ ♠❛①✐♠❛❧❡ ✿ ✸✺ ❦❲

✺✵ ❈❛r❛❝tér✐st✐q✉❡s t❡❝❤♥✐q✉❡s



▲❡ r❛❞❛r ❍②❞r✐①

• ❉✐❛♠ètr❡ ❞❡ ❧✬❛♥t❡♥♥❡ ✿ ✶✱✺ ♠
• ●❛✐♥ ❞❡ ❧✬❛♥t❡♥♥❡ ✿ ✹✶ ❞❇❩
• ▲❛r❣❡✉r ❞✉ ❢❛✐s❝❡❛✉ ✿ ✶✱✺✝
• ◆✐✈❡❛✉ ❞❡s ❧♦❜❡s s❡❝♦♥❞❛✐r❡s ✿ ≤ 30 dBZ
• ❉✉ré❡ ❞❡s ♣✉❧s❡s ✿ 50 0− 2 000 ns
• P❘❋ ✭❢réq✉❡♥❝❡ ❞✬é♠✐ss✐♦♥ ❞❡s ♣✉❧s❡s✮ ✿ 10 00− 500Hz
• ■♥t❡r✈❛❧❧❡ ❞❡ t❡♠♣s ❡♥tr❡ ✷ ♣✉❧s❡s ✿ 1− 2ms
• ❉✐st❛♥❝❡ ❛♠❜✐❣✉ë ✿ 1 50− 300 km
• ❱✐t❡ss❡ ❛♠❜✐❣✉ë ✿ ±✹✱ ✽ ♦✉ ✷✹♠✴s
• ❙❡♥s✐❜✐❧✐té à ✶✵✵ ❦♠ ✿ ✵✲✺✱✷ ❞❇❩
• P♦❧❛r✐s❛t✐♦♥ ✿ ❱❡rt✐❝❛❧❡ ❡t ❍♦r✐③♦♥t❛❧❡
• ❱✐t❡ss❡ ❞❡ r♦t❛t✐♦♥ ♠❛①✐♠❛❧❡ ✿ ✸✱✸✸ r♣♠
• ❩♦♥❡ ❛✈❡✉❣❧❡ ✿ 75− 300m
• ❘és♦❧✉t✐♦♥ ❞✉ ❘❛❞❛r ✿ 75− 300m
• ❱✐t❡ss❡ ❞❡ s❝❛♥ ❞✉ r❛❞❛r ✿ ✶✹ ❞❡❣rés✴s ✭à ❧✬❛③✐♠✉t✮
• ❆❧❣♦r✐t❤♠❡ ❞❡ tr❛✐t❡♠❡♥t ✿ ❩P❍■

▲❡ ❝②❝❧❡ ❞✬❡①♣❧♦r❛t✐♦♥ ✈♦❧✉♠✐q✉❡ ❞✉ r❛❞❛r ❞✉r❡ 15min ❡t ❡st ❞é❝r✐t ❞❛♥s ❧❡
t❛❜❧❡❛✉ ✷✳✶✳

✲✶✝ ✵✱✹✝ ✶✱✷✝ ✷✱✹✝ ✹✝ ✻✱✺✝ ✶✵✝ ✶✼✝ ✸✵✝ ✻✵✝
✵ ♠✐♥ 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

❚❛❜❧❡ ✷✳✶ ✿ ❈②❝❧❡ ❞❡ ♠❡s✉r❡ ❞✉ ❘❆❉❆❘ ❍②❞r✐① ✭❛♥❣❧❡ ❞✬é❧é✈❛t✐♦♥ ❡♥ ❢♦♥❝✲
t✐♦♥ ❞✉ t❡♠♣s✮

❙❡✉❧s ❧❡s s♦✉s✲❝②❝❧❡s ❞❡ ❜❛ss❡s é❧é✈❛t✐♦♥s à ✵✱ ✺ ❡t ✶✵ ♠✐♥✉t❡s s♦♥t ✉t✐❧✐sés ♣♦✉r
❧❛ ♠❡s✉r❡ ❤②❞r♦❧♦❣✐q✉❡✳ ❆✐♥s✐✱ ❧❛ ♠❡s✉r❡ ♣♦ssè❞❡ ✉♥❡ rés♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ ✺
♠✐♥✉t❡s✳ ❊✈✐❞❡♠♠❡♥t✱ t♦✉t❡s ❧❡s é❧é✈❛t✐♦♥s ♥❡ ♣❡✉✈❡♥t ♣❛s êtr❡ ✉t✐❧✐sé❡s ❞❛♥s t♦✉t❡s
❧❡s ❞✐r❡❝t✐♦♥s à ❝❛✉s❡ ❞❡ ③♦♥❡ ♠❛sq✉é❡ ♣❛r ❧❡ r❡❧✐❡❢ ✭❋✐❣✳ ✷✳✻✮✳ ❈❡❝✐ ✐♠♣❧✐q✉❡ s✉r ❧❛
ré❣✐♦♥ ❞✬ét✉❞❡ ❝♦♥s✐❞éré❡ q✉❡ ❧❛ ♣❧✉✐❡ ❡st ♠❡s✉ré❡ ❜❡❛✉❝♦✉♣ ♣❧✉s ❤❛✉t ❡♥ ♠♦②❡♥♥❡
s✉r ❧✬❡st ❞❡ ❧❛ ré❣✐♦♥ ❝♦✉✈❡rt❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐① q✉❡ s✉r ❧✬♦✉❡st ❡t ❧❡ s✉❞✳

✷✳✺ ❊✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r

▲❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❝♦♥st✐t✉é❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐① s✬ét❡♥❞ ♣r❡sq✉❡ s❛♥s ✐♥t❡r✲
r✉♣t✐♦♥ ❞❡ ✷✵✵✾ à ❛✉❥♦✉r❞✬❤✉✐✳ ❊❧❧❡ ♣♦ssè❞❡ ✉♥❡ rés♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ ✺ ♠✐♥✉t❡s
❡t ✉♥❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡ 1 km2✳ ❈❡tt❡ ❜❛s❡ ❞❡ ❞♦♥♥é❡s s❡♠❜❧❡ ❞♦♥❝ ♣r♦♠❡tt❡✉s❡
♣♦✉r ét✉❞✐❡r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧❛ ré❣✐♦♥ ❞❡s ❆❧♣❡s✲▼❛r✐t✐♠❡s✳

❚♦✉t❡❢♦✐s✱ ❛✈❛♥t ❞❡ ♣♦✉✈♦✐r ✉t✐❧✐s❡r ❧❡s ❞♦♥♥é❡s ❞✉ r❛❞❛r ❍②❞r✐① ✐❧ ❡st ♥é❝❡ss❛✐r❡
❞❡ ❧❡s ✈❛❧✐❞❡r✳ P♦✉r ❝❡❧❛✱ ♣❧✉s✐❡✉rs q✉❡st✐♦♥s s❡ ♣♦s❡♥t ✿ ❧✬❛tté♥✉❛t✐♦♥ q✉❡ ❧✬♦♥ s❛✐t

❊✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r ✺✶



▲❡ r❛❞❛r ❍②❞r✐①

Longitude

La
tit

ud
e

43°N

43.5°N

44°N

44.5°N

45°N

6°E 7°E 8°E 9°E
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

❋✐❣✉r❡ ✷✳✻ ✿ ❊❧❡✈❛t✐♦♥ ♠✐♥✐♠❛❧❡ ❞✉ ❢❛✐s❝❡❛✉ r❛❞❛r ♣❛r r❛♣♣♦rt ❛✉ s♦❧ ✭✐ss✉
❞✬✉♥❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❊✳ ▼♦r❡❛✉✮

❢♦rt❡ ❡♥ ❜❛♥❞❡ ❳✱ ❡st✲❡❧❧❡ t♦t❛❧❡♠❡♥t ❝♦rr✐❣é❡ ❛✈❡❝ ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■ ❄ ❖❜s❡r✈❡✲t✲♦♥
✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞✉ s✐❣♥❛❧ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❄ ▲✬é❧é✈❛t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉ q✉✐ ♣❛ss❡ ♣❛r❢♦✐s
❛✉✲❞❡ss✉s ❞❡ ❧❛ ❜❛♥❞❡ ❜r✐❧❧❛♥t❡ ♣❡r♠❡t ❡❧❧❡ ❞✬❛✈♦✐r ✉♥❡ ♠❡s✉r❡ ✜❛❜❧❡ ❛✉ s♦❧ ❄ ▲❡
r❡❧✐❡❢ t♦✉r♠❡♥té ❞❡ ❧❛ ré❣✐♦♥ ♣♦s❡✲t✲✐❧ ♣r♦❜❧è♠❡ ❞❡ ♣❛r ❧❡s ♠❛sq✉❡s ♣❛rt✐❡❧s ♦✉ é❝❤♦s
❞❡ s♦❧ ❄ P❡✉t✲♦♥ ❡st✐♠❡r ✉♥❡ ❡rr❡✉r ❞❡ ♠❡s✉r❡ ❡t ❡st✲❡❧❧❡ s✉❥❡tt❡ à ❞❡s ✈❛r✐❛t✐♦♥s
s♣❛t✐❛❧❡s ❡t t❡♠♣♦r❡❧❧❡s ❄ ❯♥❡ ré♣♦♥s❡ s✐♠♣❧❡ à ❝❡s q✉❡st✐♦♥s ♥✬❡st ♣❛s ❝❤♦s❡ ❛✐sé❡✳
❊♥ ❡✛❡t✱ ❧❡ ♣r♦❞✉✐t ❞❡ ♣❧✉✐❡ ❛✉ s♦❧ q✉❡ ♥♦✉s ✉t✐❧✐s❡r♦♥s ❛ ❢❛✐t ❧✬♦❜❥❡t ❞❡ ♥♦♠❜r❡✉s❡s
tr❛♥s❢♦r♠❛t✐♦♥s ❝♦♠♠❡ ❡①♣❧✐q✉é ♣ré❝é❞❡♠♠❡♥t ✿ ❝♦♥✈❡rs✐♦♥ ❞❡ ❧❛ ré✢❡❝t✐✈✐té ❡♥ t❛✉①
❞❡ ♣❧✉✐❡ ❡t ❡①tr❛♣♦❧❛t✐♦♥ ❞❡ ❧❛ ❝♦❧♦♥♥❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ♣❧✉✐❡ ❛✉ s♦❧✳ ◆é❛♥♠♦✐♥s✱
✐❧ ❡st t♦✉t à ❢❛✐t ♣♦ss✐❜❧❡ ❞✬é✈❛❧✉❡r ❧❡ ♣r♦❞✉✐t ✜♥❛❧ ❞❡ ❢❛ç♦♥ st❛t✐st✐q✉❡ ❝♦♠♠❡ ♥♦✉s
❧❡ ♠♦♥tr♦♥s ❞❛♥s ❧❛ s✉✐t❡✳

▲✬é✈❛❧✉❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❢♦✉r♥✐ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐① ❛ ❞é❥à ❢❛✐t ❧✬♦❜❥❡t ❞❡ ❝♦♠✲
♣❛r❛✐s♦♥s r✐❣♦✉r❡✉s❡s ❛✈❡❝ ❞✬❛✉tr❡s r❛❞❛rs ✭❉✐ss ❡t ❛❧✳✱ ✷✵✵✾✮ ❡t ❞❡s ♣❧✉✈✐♦♠ètr❡s
✭▼♦r❡❛✉ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❉❡ ♣❧✉s✱ ❧❛ s♦❝✐été ◆♦✈✐♠❡t q✉✐ ❡①♣❧♦✐t❡ ❧❡ r❛❞❛r ❡✛❡❝t✉❡ ré✲
❣✉❧✐èr❡♠❡♥t ❞❡s ❝♦♠♣❛r❛✐s♦♥s ❛✈❡❝ ❞❡s ♣❧✉✈✐♦♠ètr❡s ❡t ❞✐s❞r♦♠ètr❡s ♣♦✉r s✬❛ss✉r❡r
❞❡ ❧❛ q✉❛❧✐té ❞❡s ♠❡s✉r❡s✳ ◆♦✉s ❛✈♦♥s ❝❡♣❡♥❞❛♥t✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ ét✉❞❡✱ ❝❤❡r✲
❝❤é à ♦❜t❡♥✐r ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡ ❞❡ ❧✬❡rr❡✉r ❡t✱ ♥♦t❛♠♠❡♥t✱ à
❞ét❡r♠✐♥❡r ♣ré❝✐sé♠❡♥t ❧❡s ré❣✐♦♥s ❡t ♣ér✐♦❞❡s ✉t✐❧✐s❛❜❧❡s ♣♦✉r ❧✬❛♥❛❧②s❡ ❞❡ ❞♦♥♥é❡s✳
■❧ ❡st ❛✐♥s✐ ✐♠♣♦rt❛♥t ❞❡ ❝♦♥♥❛îtr❡ ❧❛ ❞✐st❛♥❝❡ ❛✉✲❞❡❧à ❞❡ ❧❛q✉❡❧❧❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛
♣❧✉✐❡ ♥✬❡st ♣❧✉s ❛ss❡③ ❜♦♥♥❡✳ P♦✉r é✈❛❧✉❡r ❝❡tt❡ q✉❛❧✐té ❞✉ ♣r♦❞✉✐t r❛❞❛r✱ ♥♦✉s ❛✈♦♥s
✉t✐❧✐sé ❧❡s rés❡❛✉① ♣❧✉✈✐♦♠étr✐q✉❡s ❢r❛♥ç❛✐s ❡t ✐t❛❧✐❡♥ s✐t✉és ❥✉sq✉✬à ✶✺✵ ❦♠ ❛✉t♦✉r
❞✬❍②❞r✐① ❡t ❢♦✉r♥✐ss❛♥t ❞❡s ♠❡s✉r❡s ❛✈❡❝ ✉♥❡ rés♦❧✉t✐♦♥ ❥♦✉r♥❛❧✐èr❡ ✭❧✬❡♠♣❧❛❝❡♠❡♥t
❞❡s ♣❧✉✈✐♦♠ètr❡s ❡st r❡♣rés❡♥té ❡♥ ✜❣✉r❡ ✷✳✼✮✳

▲❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r ❛✈❡❝ ❧❡s ♣❧✉✈✐♦♠ètr❡s✱ ❜✐❡♥ q✉❡ ❝♦✉r❛♥t❡✱ ♣❡✉t
êtr❡ ❞é❧✐❝❛t❡ ♥♦t❛♠♠❡♥t ♣❛r ❧❡ ♠♦❞❡ ♦♣ér❛t♦✐r❡ ❞✐✛ér❡♥t ❡♥tr❡ ❧❡s ❞❡✉① ✐♥str✉♠❡♥ts
❡t ❧❡s q✉❡st✐♦♥s ❞❡ r❡♣rés❡♥t❛t✐✈✐té✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ♠♦❞❡ ♦♣ér❛t♦✐r❡✱ ❧❡ r❛❞❛r
é❝❤❛♥t✐❧❧♦♥♥❡ ✉♥❡ ❝♦❧♦♥♥❡ ❞✬❛✐r ❡t r❡st✐t✉❡ ❧❛ ♣❧✉✐❡ ❛✉ s♦❧ t❛♥❞✐s q✉❡ ❧❡ ♣❧✉✈✐♦♠ètr❡
♠❡s✉r❡ ❡✛❡❝t✐✈❡♠❡♥t ❧❛ ♣❧✉✐❡ q✉✐ t♦♠❜❡ ❛✉ s♦❧ ❝❡ q✉✐ ♠♦♥tr❡ q✉❡✱ ♠ê♠❡ s✬✐❧s ét❛✐❡♥t
♣❛r❢❛✐ts✱ ✉♥ r❛❞❛r ❡t ✉♥ ♣❧✉✈✐♦♠ètr❡ ♥❡ ❞♦♥♥❡r❛✐❡♥t ♣❛s ❧❡s ♠ê♠❡s rés✉❧t❛ts✳ ❈♦♥❝❡r✲
♥❛♥t ❧❛ r❡♣rés❡♥t❛t✐✈✐té✱ ❧❡ r❛❞❛r ♠❡s✉r❡ ❧❛ ♣❧✉✐❡ ♣♦✉r ❞❡s ✈♦❧✉♠❡s ❞✬❛✉ ♠♦✐♥s 1 km3

t❛♥❞✐s q✉❡ ❧❡ ♣❧✉✈✐♦♠ètr❡ ❝♦✉✈r❡ ✉♥❡ s✉r❢❛❝❡ ❞❡ t♦✉t ❛✉ ♣❧✉s ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s

✺✷ ❊✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r



▲❡ r❛❞❛r ❍②❞r✐①
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❋✐❣✉r❡ ✷✳✼ ✿ ❊♠♣❧❛❝❡♠❡♥t ❞❡s ♣❧✉✈✐♦♠ètr❡s ❡t ③♦♥❡ ❝♦✉✈❡rt❡ ♣❛r ❧❡ r❛❞❛r
❍②❞r✐①✳ ▲❡s ❝♦✉❧❡✉rs r❡♣rés❡♥t❡♥t ❧❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ♠♦②❡♥ ✭♠♠✴❥✮ ❡♥tr❡
✷✵✵✾✲✷✵✶✷✳ ▲❡s ♣❧✉✈✐♦♠ètr❡s ♣r♦✈✐❡♥♥❡♥t ❞✉ rés❡❛✉ ❞❡ ▼été♦ ❋r❛♥❝❡ ❡t ❞❡s
rés❡❛✉① ✐t❛❧✐❡♥s ❞❡ ❧✬❆r♣❛ P✐❡♠♦♥t❡ ❡t ❧✬❆r♣❛ ▲✐❣✉r✐❛

❞❡ ❝❡♥t✐♠ètr❡s ❝❛rrés✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ❞❡✉① ✐♥str✉♠❡♥ts ♥✬❡st
♣❛s ❛✉ss✐ tr✐✈✐❛❧❡ q✉✬✐❧ ② ♣❛r❛ît ✭✈♦✐r ❏❛✛r❛✐♥ ❡t ❛❧✳✱ ✷✵✶✶❀ P❡❞❡rs❡♥ ❡t ❛❧✳✱ ✷✵✶✵✮✳
❉❡s ♠ét❤♦❞❡s ♣r♦♠❡tt❡✉s❡s ♠♦♥tr❡♥t ✉♥ ♣♦t❡♥t✐❡❧ ♣♦✉r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❝❡s ❞✐❢✲
❢ér❡♥❝❡s ❞✬é❝❤❡❧❧❡s ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ▼♦r❡❛✉ ❡t ❛❧✳ ✭✷✵✵✾✮✱ ❱❡rr✐❡r ❡t ❛❧✳ ✭✷✵✶✸✮✮✳
❚♦✉t❡❢♦✐s✱ ♣♦✉r ❧✬✐♥st❛♥t✱ ❞❡ t❡❧❧❡s ♠ét❤♦❞❡s ♥❡ s♦♥t ♣❛s ❡♥❝♦r❡ ♦♣ér❛t✐♦♥♥❡❧❧❡s✳ ■❧
❛ ❞♦♥❝ été ♥é❝❡ss❛✐r❡ ❞❡ s❡ rés♦✉❞r❡ à ❝♦♠♣❛r❡r ❞✐r❡❝t❡♠❡♥t ❧❡s ♣✐①❡❧s r❛❞❛r ❡t ❧❡s
♣❧✉✈✐♦♠ètr❡s✳ ◆♦✉s ❛✈♦♥s sé❧❡❝t✐♦♥♥é ❧❡ ♣✐①❡❧ r❛❞❛r ❧❡ ♣❧✉s ♣r♦❝❤❡ ❞❡ ❝❤❛q✉❡ ♣❧✉✲
✈✐♦♠ètr❡ ♣✉✐s ♥♦✉s ❛✈♦♥s ❝❛❧❝✉❧é ❧❡s ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s ❞é❝r✐t ❝✐✲❞❡ss♦✉s ❛✜♥ ❞❡
t❡st❡r ❧❛ q✉❛❧✐té ❞❡ ❧❛ ♠❡s✉r❡ ❞✉ r❛❞❛r✳ ■❧ ❢❛✉t ♣ré❝✐s❡r q✉❡ t♦✉s ❝❡s ♣❛r❛♠ètr❡s ♦♥t
été ❝❛❧❝✉❧és ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ rés♦❧✉t✐♦♥ ❥♦✉r♥❛❧✐èr❡✳

• ▲✬✐♥❞✐❝❡ ❞❡ ❝♦rré❧❛t✐♦♥ ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r s✐ ❧❡s ♠❡s✉r❡s r❛❞❛r ❡t ❧❡s
♣❧✉✈✐♦♠étr✐q✉❡s é✈♦❧✉❡♥t ❞❡ ❧❛ ♠ê♠❡ ❢❛ç♦♥ ♣♦✉r ✉♥ ♣♦✐♥t ❞❡ ♠❡s✉r❡ ❞♦♥♥é✳
❙✐ ❧✬✐♥❞✐❝❡ ❡st ♣r♦❝❤❡ ❞❡ ③ér♦✱ ❝❡❧❛ s✐❣♥✐✜❡ q✉❡ ❧❛ ♣❧✉✐❡ ❡st✐♠é❡ ♣❛r ❧❡ r❛❞❛r ♥✬❛
❛✉❝✉♥ ❧✐❡♥ ❛✈❡❝ ❧❛ ♣❧✉✐❡ ❡st✐♠é❡ ♣❛r ❧❡ ♣❧✉✈✐♦♠ètr❡ ❡t q✉❡ ❧✬♦♥ ♥❡ ♣❡✉t ❞♦♥❝
♣❛s ❝♦♥s✐❞ér❡r ❝❡ ♣♦✐♥t ❞❛♥s ❧✬ét✉❞❡✳ ❆✉ ❝♦♥tr❛✐r❡ ✉♥❡ ❝♦rré❧❛t✐♦♥ ❢♦rt❡ ♠♦♥tr❡
q✉❡ ❧❡ r❛❞❛r ❡t ❧❡s ♣❧✉✈✐♦♠ètr❡s s♦♥t ❡♥ ❜♦♥ ❛❝❝♦r❞✳ ▲✬✐♥❞✐❝❡ ❞❡ ❝♦rré❧❛t✐♦♥ ❡st
❞é✜♥✐ ❝♦♠♠❡ ✿

r2 =
Σn

i=1(Pi − P̄ )(Ri − R̄)
√

Σn
i=1(Pi − P̄ )2

√

Σn
i=1(Ri − R̄)2

✭✷✳✸✷✮

♦ù P ✭R✮ ❡st ❧❛ ♣❧✉✐❡ ❡st✐♠é❡ ♣❛r ❧❡ ♣❧✉✈✐♦♠ètr❡ ✭r❛❞❛r✮✱ P̄ ✭R̄✮ ❡st ❧❛ ♣❧✉✐❡
♠♦②❡♥♥❡ ♣♦✉r ❧❡ ♣❧✉✈✐♦♠ètr❡ ✭r❛❞❛r✮ ❡t n ❧❡ ♥♦♠❜r❡ ❞❡ ♣❧✉✈✐♦♠ètr❡s✳

• ▲❡ ❜✐❛✐s ♥♦r♠❛❧✐sé ♣❡r♠❡t ❞❡ s❛✈♦✐r s✐ ❧❡s ♣✐①❡❧s r❛❞❛r q✉✐ s♦♥t ❝♦rré❧és ❛✈❡❝
❧❡s ♣❧✉✈✐♦♠ètr❡s ♦♥t t❡♥❞❛♥❝❡ à s✉r❡st✐♠❡r ♦✉ s♦✉s ❡st✐♠❡r ❧❛ ✈❛❧❡✉r ❞✉ ♣✐①❡❧✳

❊✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r ✺✸



▲❡ r❛❞❛r ❍②❞r✐①

■❧ ❡st ❞é✜♥✐ ❝♦♠♠❡ ✿

Biais =
Σn

i=1(Pi −Ri)

Σn
i=1Ri

✭✷✳✸✸✮

• ❊♥✜♥✱ ♣♦✉r ❧❛ s✉✐t❡ ❞❡ ❧✬❛♥❛❧②s❡ ✐❧ ❡st ✐♠♣♦rt❛♥t ❞✬❛✈♦✐r ✉♥❡ ✐❞é❡ ❞❡ ❧✬❡rr❡✉r
❞❡ ♠❡s✉r❡ ❝✬❡st ♣♦✉rq✉♦✐ ♦♥ ❛ é❣❛❧❡♠❡♥t ❝❛❧❝✉❧é ❧✬❡rr❡✉r r❡❧❛t✐✈❡ ❞❡ ♠❡s✉r❡✳
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✭❛✮ ✭❜✮

❋✐❣✉r❡ ✷✳✽ ✿ ✭❛✮ ■♥❞✐❝❡ ❞❡ ❝♦rré❧❛t✐♦♥ ❡t ✭❜✮ ❜✐❛✐s ♥♦r♠❛❧✐sé ❡♥tr❡ ❧❡s ♣❧✉✈✐♦✲
♠ètr❡s ❡t ❧❡ r❛❞❛r ❍②❞r✐① ❡♥tr❡ ✷✵✵✾✲✷✵✶✷✳ ▲❡ ❝❡r❝❧❡ ♠♦♥tr❡ ❧❛ ③♦♥❡ ❝♦✉✈❡rt❡
♣❛r ❧❡ r❛❞❛r ❥✉sq✉❡ ✶✺✵ ❦♠

❙✉r ❧❛ ✜❣✉r❡ ✷✳✽ ✭❛✮ ♥♦✉s r❡♠❛rq✉♦♥s q✉❡✱ ❞❛♥s ❧❛ ③♦♥❡ s✐t✉é❡ ❛✉ s✉❞✲❡st ❞✉ r❛❞❛r✱
❧❛ ❝♦rré❧❛t✐♦♥ ❡st très ❜♦♥♥❡ ✭s✉♣ér✐❡✉r❡ à ✵✱✽ ♣❛r ❡♥❞r♦✐t✱ ❧❡ s❡✉✐❧ ❞❡ s✐❣♥✐✜❝❛t✐♦♥ à
✾✾ ✪ ét❛♥t ❞❡ ✵✱✵✽✮✳ ❉❡ ♣❧✉s✱ ❧✬✐♥❞✐❝❡ ❞❡ ❝♦rré❧❛t✐♦♥ ❡st s✉♣ér✐❡✉r à 0, 4 ❞❛♥s t♦✉t❡ ❧❛
③♦♥❡ ❝♦✉✈r❛♥t ❧❛ Pr♦✈❡♥❝❡✱ ❧❛ ♣❛rt✐❡ ♦✉❡st ❞❡s ❆❧♣❡s ❡t s✉r ❧❛ ❝ôt❡✳ P❛r ❝♦♥tr❡✱ s✉r ❧❛
♣❛rt✐❡ ❡st ❞❡s ❆❧♣❡s ❡t s✉r ❧✬■t❛❧✐❡ ❧❡s s✐❣♥❛✉① ♥❡ s♦♥t ♣❧✉s ❝♦rré❧és s✐❣♥✐✜❝❛t✐✈❡♠❡♥t
❝❡ q✉✐ s✐❣♥✐✜❡ q✉❡ ❧✬♦♥ ❛ ❛✉❝✉♥ ❛❝❝♦r❞ ❡♥tr❡ ❧❡s ♠❡s✉r❡s ♣❛r ♣❧✉✈✐♦♠ètr❡ ❡t ♣❛r r❛❞❛r
s✉r ❝❡s ré❣✐♦♥s✳ ▲❡ ❜✐❛✐s ❡st ❡♥s✉✐t❡ ❝❛❧❝✉❧é ✭❋✐❣✳ ✷✳✽ ✭❜✮✮✳ ❊✈✐❞❡♠♠❡♥t✱ ❧❛ ✈❛❧❡✉r ❞✉
❜✐❛✐s ♥❡ ♣♦ssè❞❡ ✉♥ s❡♥s q✉❡ ❞❛♥s ❧❡s ré❣✐♦♥s ♦ù ❧❡ r❛❞❛r ❡t ❧❡s ♣❧✉✈✐♦♠ètr❡s s♦♥t
❝♦rré❧és✳ ◆♦✉s r❡♠❛rq✉♦♥s q✉❡ ❧❡s ré❣✐♦♥s ♣r♦❝❤❡s ❞✉ r❛❞❛r ♥❡ s♦♥t ♣❛s ✭♦✉ très ♣❡✉✮
❜✐❛✐sé❡s ❝❡ q✉✐ ❡st ✉♥❡ ❜♦♥♥❡ ♥♦✉✈❡❧❧❡ ♣♦✉r ❧❛ s✉✐t❡ ❞❡ ❧✬❛♥❛❧②s❡✳ P❛r ❝♦♥tr❡✱ ♥♦✉s
❝♦♥st❛t♦♥s q✉❡ ❧❡ ❜✐❛✐s ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❛✉ r❛❞❛r ♠ê♠❡ ❞❛♥s ❧❡s ③♦♥❡s
q✉✐ ♦♥t ✉♥ ❜♦♥ ✐♥❞✐❝❡ ❞❡ ❝♦rré❧❛t✐♦♥ ✭❝✬❡st✲à✲❞✐r❡ s✉r ❧❛ Pr♦✈❡♥❝❡✮✳ ❈❡❧❛ s✐❣♥✐✜❡
q✉❡ ❧❡ r❛❞❛r s♦✉s✲❡st✐♠❡ ❧❛ ♣❧✉✐❡ ♠❡s✉ré❡ ♣❛r ❧❡ ♣❧✉✈✐♦♠ètr❡✳ ❈❡s ❞❡✉① ✜❣✉r❡s ♥♦✉s
♠♦♥tr❡♥t ❞♦♥❝ q✉❡ ❧❛ ♠❡s✉r❡ r❛❞❛r r❡♥❝♦♥tr❡ ❞❡✉① ♣r♦❜❧è♠❡s ✿ ❧❡ ♣r❡♠✐❡r ❝♦♥❝❡r♥❡
❧✬❡✛❡t ❞❡ ♠❛sq✉❡ ♣❛r ❧❡s ❆❧♣❡s✱ ❧❛ ♣❧✉✐❡ ❛✉ s♦❧ ❡st✐♠é❡ ♣❛r ❧❡ r❛❞❛r ❡st ❡♥t❛❝❤é❡
❞✬✉♥❡ ❡rr❡✉r ✐♠♣♦rt❛♥t❡ s✉r ❧✬❡st ❞❡ ♥♦tr❡ ré❣✐♦♥✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♥♦✉s r❡♠❛rq✉♦♥s
q✉❡ ❞ès q✉❡ ❧❡ ❢❛✐s❝❡❛✉ r❛❞❛r ♣❛ss❡ ❧❛ ❝rêt❡ ❞❡s ❆❧♣❡s✱ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ❞❡✈✐❡♥t
très ♣r♦❜❧é♠❛t✐q✉❡✳ ❈❡❧❛ ré✈è❧❡ ❞♦♥❝ q✉❡ ❝❡ ♣r♦❜❧è♠❡ ❡st ❧✐é à ❧✬❛❧t✐t✉❞❡ ❞✉ ❢❛✐s❝❡❛✉
♣❛r r❛♣♣♦rt ❛✉ s♦❧ ✭✈♦✐r ❋✐❣✳ ✷✳✾ ✭❛✮✮✳ ❙✉r ❧✬❡st ❞❡ ❧❛ ③♦♥❡✱ ❧❡ ❢❛✐s❝❡❛✉ très ❤❛✉t ♣❛r
r❛♣♣♦rt ❛✉ s♦❧✱ s❡ tr♦✉✈❡ très s♦✉✈❡♥t ❛✉✲❞❡ss✉s ❞❡ ❧❛ ❜❛♥❞❡ ❜r✐❧❧❛♥t❡✳ ❈♦♥❝rèt❡♠❡♥t✱

✺✹ ❊✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r



▲❡ r❛❞❛r ❍②❞r✐①

❝❡❧❛ s✐❣♥✐✜❡ q✉✬❛✉✲❞❡ss✉s ❞❡ ❧❛ ♣❧❛✐♥❡ ❞✉ Pô ♦♥ ❝❤❡r❝❤❡ à ❡st✐♠❡r ❧❛ ♣❧✉✐❡ ❛✉ s♦❧ à
♣❛rt✐r ❞❡ ♠❡s✉r❡ ré❛❧✐sé❡s ❞❛♥s ❧❛ ❣❧❛❝❡ à ♣❧✉s ❞❡ ✼ ❦♠ ❞✬❛❧t✐t✉❞❡ ✭✈♦✐r ✜❣✉r❡ ✷✳✻✮ ✦
❉❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s✱ ✐❧ ♣❛r❛ît ❧♦❣✐q✉❡ ❞❡ ♥✬❛✈♦✐r q✉✬✉♥❡ ❝♦rré❧❛t✐♦♥ très ❢❛✐❜❧❡ ❛✈❡❝
❧❡s ♠❡s✉r❡s ♣❧✉✈✐♦♠étr✐q✉❡s ré❛❧✐sé❡s ❛✉ s♦❧✳

▲❛ s♦✉s✲❡st✐♠❛t✐♦♥ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ s✉r ❧✬♦✉❡st ❞❡ ❧❛ ③♦♥❡ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❞û à
❧✬❛tté♥✉❛t✐♦♥ ❞✉ s✐❣♥❛❧ ❧❡ ❧♦♥❣ ❞✉ tr❛❥❡t ❞✉ ❢❛✐s❝❡❛✉ ♠❛❧❣ré ❧❛ ❝♦rr❡❝t✐♦♥ ❛♣♣❧✐q✉é❡
♣❛r ❧✬❛❧❣♦r✐t❤♠❡ ❩P❍■✳ ❊♥✜♥✱ ❧❡ ❜✐❛✐s ❞❡ ♠❡s✉r❡ ❡st é❣❛❧❡♠❡♥t ❧✐é à ❧❛ ❧❛r❣❡✉r ❞✉
❢❛✐s❝❡❛✉ ♦✉ ❡♥❝♦r❡ à ❧✬❛❧t✐t✉❞❡ ❞✉ ❢❛✐s❝❡❛✉ q✉✐ ❛✉❣♠❡♥t❡♥t t♦✉s ❞❡✉① ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡
❛✉ r❛❞❛r ✭❋✐❣✳ ✷✳✾ ✭❜✮✮ ✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✷✳✾ ✿ ✭❛✮ ❱✐s✐❜✐❧✐té ❞✉ r❛❞❛r ❍②❞r✐① à ✷✱✹✝✳ ▲❡ ❜❧♦❝❛❣❡ ♣❛rt✐❡❧ ❞✉
❢❛✐s❝❡❛✉ ❡st ❡♥ ♣♦✉r❝❡♥t❛❣❡ ✭é❝❤❡❧❧❡ ❜❧❡✉❡✮ ❡t ❧✬é❝❤♦ ❞❡ s♦❧ s✐♠✉❧é ❡♥ ❞❇❩
♠♦②❡♥♥é à ❧❛ rés♦❧✉t✐♦♥ 1 km2 ❡t ✭❜✮ ❆❧t✐t✉❞❡ ❡t ❧❛r❣❡✉r ❞✉ ❢❛✐s❝❡❛✉ ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ ❛✉ r❛❞❛r ♣♦✉r ❞✐✛ér❡♥t❡s é❧é✈❛t✐♦♥ ✭✵✱✹ ❀ ✶✱✷ ❀ ✸ ❀ ✺✮
✭✐ss✉ ❞❡ s✐♠✉❧❛t✐♦♥s ❡✛❡❝t✉é❡s ♣❛r ❊✳ ▼♦r❡❛✉✮

■❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬❡st✐♠❡r ❧✬❡rr❡✉r r❡❧❛t✐✈❡ ❞❡ ♠❡s✉r❡ ✭❋✐❣✳ ✷✳✶✵✮✳ P♦✉r ❞❡s ❞✐s✲
t❛♥❝❡s ✐♥❢ér✐❡✉r❡s à ✷✵ ❦♠✱ ❡❧❧❡ r❡st❡ ❧✐♠✐té❡ à ♠♦✐♥s ❞❡ ✺✵ ✪✳ ❊❧❧❡ ❞❡✈✐❡♥t ✐♠♣♦rt❛♥t❡
✭❡♥tr❡ ✽✵ ❡t ✾✵ ✪✮ à ❧✬♦✉❡st ❞✉ r❛❞❛r ♣♦✉r ❞❡s ❞✐st❛♥❝❡s s✉♣ér✐❡✉r❡s à ✼✵ ❦♠✳ ❇✐❡♥
q✉❡ ❝❡tt❡ ❡rr❡✉r s♦✐t ✐♠♣♦rt❛♥t❡✱ ✐❧ ❢❛✉t r❛♣♣❡❧❡r ❡♥❝♦r❡ ✉♥❡ ❢♦✐s q✉❡ ♥♦✉s ❝♦♠♣❛r♦♥s
❞❡s ♣❧✉✈✐♦♠ètr❡s q✉✐ ♦♥t ✉♥❡ s✉r❢❛❝❡ ❞❡ ❝♦❧❧❡❝t❡ ❞❡ q✉❡❧q✉❡s ❝❡♥t✐♠ètr❡s ♣❛r r❛♣♣♦rt
à ✉♥ ✈♦❧✉♠❡ r❛❞❛r s✉♣ér✐❡✉r à 1 km3 ❝❡ q✉✐ ♣❡✉t ❡①♣❧✐q✉❡r ❡♥ ♣❛rt✐❡ ❝❡s ❞✐✛ér❡♥❝❡s✳

▲❛ ❞❡✉①✐è♠❡ ét❛♣❡ ❞❡ ❧✬é✈❛❧✉❛t✐♦♥ ❝♦♥s✐st❡ à ❞ét❡r♠✐♥❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬❡rr❡✉r
❞❡ ♠❡s✉r❡ ❛✈❡❝ ❧❛ s❛✐s♦♥✳ ❖♥ r❡♠❛rq✉❡ s✉r ❧❛ ✜❣✉r❡ ✷✳✶✶ q✉❡ ❧✬✐♥❞✐❝❡ ❞❡ ❝♦rré❧❛t✐♦♥
é✈♦❧✉❡ ❞✉r❛♥t ❧✬❛♥♥é❡✳ ■❧ ❡st ♥♦t❛♠♠❡♥t très ❜♦♥ ❡♥ ❞é❜✉t ❞✬été ✭♠❛✐s ♣❛s ❛✉ ♠♦✐s
❞✬❛♦ût✮ ❛✈❡❝ ✉♥❡ ❝♦rré❧❛t✐♦♥ s✉♣ér✐❡✉r❡ à 0, 8 ✈♦✐r 0, 9 s✉r t♦✉t ❧✬♦✉❡st ❞❡ ♥♦tr❡ ré❣✐♦♥
❞✬ét✉❞❡✳ ❊♥ ✜♥ ❞✬été ❡t ❛✉t♦♠♥❡✱ ✐❧ r❡st❡ ❛ss❡③ é❧❡✈é ✭0.7✮ t❛♥❞✐s q✉✬❡♥ ❤✐✈❡r ❡t ❛✉
♣r✐♥t❡♠♣s ✐❧ ❡st ♣❧✉s ❢❛✐❜❧❡ ❛✈❡❝ ❞❡s ✈❛❧❡✉rs ♣❧✉s ♣r♦❝❤❡s ❞❡ 0, 5 − 0, 6 s✉r t♦✉t❡ ❧❛
ré❣✐♦♥✳ ❈❡ ❝♦♠♣♦rt❡♠❡♥t ♣❡✉t êtr❡ ❧✐é à ❧✬✐♥t❡♥s✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ré❣✐♦♥✳
❊♥ ❡✛❡t✱ ♦♥ s❛✐t q✉✬❡♥ ❤✐✈❡r ❡t ❛✉ ♣r✐♥t❡♠♣s ❧❡s ♣❤é♥♦♠è♥❡s ♣ré❝✐♣✐t❛♥ts s♦♥t ♠♦✐♥s
✐♥t❡♥s❡s q✉✬❡♥ été ❡t ❛✉t♦♠♥❡ ✭✈♦✐r s❡❝t✐♦♥ ✸✳✶✳✷✮✳ ❆✐♥s✐✱ ❡♥ ❤✐✈❡r✱ ❧❡ r❛❞❛r ♣♦✉rr❛✐t
♠❛♥q✉❡r ❧❡s ♣❧✉✐❡s ❞❡ ❢❛✐❜❧❡ ✐♥t❡♥s✐té ♦✉ ❢♦✉r♥✐r ✉♥❡ ♠❛✉✈❛✐s❡ ❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ♥❡✐❣❡
❝❡ q✉✐ ❝♦♥❞✉✐t à ✉♥❡ ♠♦✐♥s ❜♦♥♥❡ ❝♦rré❧❛t✐♦♥ ❛✈❡❝ ❧❡s ♣❧✉✈✐♦♠ètr❡s✳

❙✐ ♦♥ r❡❣❛r❞❡ ♠❛✐♥t❡♥❛♥t ❧❡ ❜✐❛✐s ♣❛r ♠♦✐s ✭❋✐❣✳ ✷✳✶✷✮✱ ♦♥ ♦❜s❡r✈❡ tr♦✐s ❝♦♠♣♦r✲
t❡♠❡♥ts ❞✐✛ér❡♥ts✳ ❊♥ ❤✐✈❡r✱ ❧❡ r❛❞❛r ❛ t❡♥❞❛♥❝❡ à s✉r❡st✐♠❡r ❧❛ ♣❧✉✐❡ ♠❡s✉ré❡ ♣❛r
❧❡s ♣❧✉✈✐♦♠ètr❡s✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❡♥ ❛✉t♦♠♥❡✱ ✐❧ s♦✉s✲❡st✐♠❡ ❢♦rt❡♠❡♥t ❧❛ ♣❧✉✐❡✳ ❊♥✜♥✱

❊✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r ✺✺
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❋✐❣✉r❡ ✷✳✶✵ ✿ ❊rr❡✉r r❡❧❛t✐✈❡ ❞❡ ♠❡s✉r❡ ❡♥ ✪ ❡♥tr❡ ❧❡s ♣❧✉✈✐♦♠ètr❡s ❡t ❧❡
r❛❞❛r ❍②❞r✐① ❡♥tr❡ ✷✵✵✾✲✷✵✶✷✳

❡♥ été✱ ❧❡ s✐❣♥❛❧ ♥✬❡st ♣❛s ❛✛❡❝té ❞❡ ❜✐❛✐s✳ ❊♥ ❤✐✈❡r✱ ♦♥ tr♦✉✈❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
❞❡ t②♣❡ str❛t✐❢♦r♠❡ ♣❡✉ ✐♥t❡♥s❡s ♠❛✐s q✉✐ ❞✉r❡♥t ❧♦♥❣t❡♠♣s✳ ■❧ s❡♠❜❧❡r❛✐t ❞♦♥❝ q✉❡
❧❡ r❛❞❛r s✉r❡st✐♠❡ ❧é❣èr❡♠❡♥t ♠❛✐s ❝♦♥t✐♥✉❡❧❧❡♠❡♥t ❧❛ ♣❧✉✐❡ ❝❡ q✉✐ ❛ ✉♥ ✐♠♣❛❝t s✉r
❧❡s ❛❝❝✉♠✉❧❛t✐♦♥s ❥♦✉r♥❛❧✐èr❡s✳ ❊♥ ❛✉t♦♠♥❡✱ ✐❧ ❛♣♣❛r❛ît ✉♥ ❡✛❡t ✐♠♣♦rt❛♥t ❞❡ ❧❛
❞✐st❛♥❝❡ s✉r ❧❡ ❜✐❛✐s✱ ❧❡s ♣❧✉✐❡s ét❛♥t ✐♥t❡♥s❡s ❡t ♥♦♠❜r❡✉s❡s à ❝❡tt❡ ♣ér✐♦❞❡✳ ❈❡❧❛
♠♦♥tr❡ ❝❧❛✐r❡♠❡♥t q✉❡ ❧❛ s♦✉s✲❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ❞✉r❛♥t ❝❡tt❡ ♣ér✐♦❞❡ ❡st ❧✐é❡ à
✉♥❡ ❛tté♥✉❛t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉✳ ▲❡ ❜✐❛✐s ❡st ♣❡✉ ✐♠♣♦rt❛♥t ❡♥ été ❜✐❡♥ q✉❡ ❞❡s ♣❧✉✐❡s
✐♥t❡♥s❡s ❛♣♣❛r❛✐ss❡♥t ❞✉r❛♥t ❝❡tt❡ ♣ér✐♦❞❡✳ ◆é❛♥♠♦✐♥s✱ ❝❡s ♣ré❝✐♣✐t❛t✐♦♥s s♦♥t ❜❡❛✉✲
❝♦✉♣ ♠♦✐♥s ♥♦♠❜r❡✉s❡s q✉✬❡♥ ❛✉t♦♠♥❡ ✭✈♦✐r s❡❝t✐♦♥ ✸✳✶✳✷✮ ❝❡ q✉✐ ✐♠♣❧✐q✉❡ q✉❡ s✉r
✉♥ ♠♦✐s ❧❡ ❜✐❛✐s ♠♦②❡♥ ❡st ♣❧✉s ❢❛✐❜❧❡✳

▲❛ ❞❡r♥✐èr❡ ét❛♣❡ ❞❡ ❝❡tt❡ é✈❛❧✉❛t✐♦♥ ❝♦♥s✐st❡ ❞♦♥❝ à t❡st❡r ❧❛ ❞é♣❡♥❞❛♥❝❡ ❞❡
❧✬❡rr❡✉r ❞❡ ♠❡s✉r❡ ❛✈❡❝ ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ♣❧✉✐❡✳ P♦✉r ♥❡ q✉❛♥t✐✜❡r q✉❡ ❧❡ ❜✐❛✐s ❧✐é
à ❧✬✐♥t❡♥s✐té ✭❡t ♥♦♥ ❧✬❡✛❡t ❞✉ ❜✐❛✐s ❧✐é à ❧✬❛tté♥✉❛t✐♦♥✮ ♥♦✉s ❛✈♦♥s sé❧❡❝t✐♦♥♥é ❧❡s
♣❧✉✈✐♦♠ètr❡s q✉✐ ♣rés❡♥t❛✐❡♥t ✉♥ ❜✐❛✐s ❡♥tr❡ 0 ❡t 0, 4✳ P♦✉r ❝❡❧❛✱ ♦♥ ❛ r❡♣rés❡♥té ❧❡
♥✉❛❣❡ ❞❡ ♣♦✐♥ts ❞✉ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ♠❡s✉ré ♣❛r ❧❡s ♣❧✉✈✐♦♠ètr❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝✉♠✉❧
♠❡s✉ré ♣❛r ❍②❞r✐① ✭❋✐❣✳ ✷✳✶✸✮

❖♥ r❡♠❛rq✉❡ q✉❡ ❧❡ r❛❞❛r s❡♠❜❧❡ ❧é❣èr❡♠❡♥t s♦✉s✲❡st✐♠❡r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣♦✉r
❧❡s ❢♦rt❡s ✐♥t❡♥s✐tés ✭>✺✵ ♠♠✴❥✮ ❡t ❧é❣èr❡♠❡♥t s✉r❡st✐♠❡r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❡ ❢❛✐❜❧❡
✐♥t❡♥s✐té ✭<✶ ♠♠✴❥✮ ❛❧♦rs q✉❡ ❧❛ ♠❡s✉r❡ ♥✬❡st ♣❛s ❜✐❛✐sé ♣♦✉r ❧❡s ✐♥t❡♥s✐tés ✐♥t❡r✲
♠é❞✐❛✐r❡s✳ ■❧ ❢❛✉t ♥♦t❡r q✉❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❛✉t♦✉r ❞❡ ❧❛ ❞r♦✐t❡ y = x ❡st ❝❡♣❡♥❞❛♥t
✐♠♣♦rt❛♥t❡ ❝❡ q✉✐ ✐♠♣❧✐q✉❡ ✉♥ é❝❛rt t②♣❡ ❛ss❡③ ✐♠♣♦rt❛♥t ✭✈♦✐r ♣ré❝é❞❡♠♠❡♥t ❧❡
❝❛❧❝✉❧ ❞❡ ❧✬❡rr❡✉r ❞❡ ♠❡s✉r❡✮✳ ❙✐ ❧❛ s♦✉s✲❡st✐♠❛t✐♦♥ ❞❡s ❢♦rt❡s ✈❛❧❡✉rs ❞❡ ♣❧✉✐❡ ♣❡✉t
êtr❡ ❧✐é ❛✉① ♣r♦❜❧è♠❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥✱ ❛tté♥✉❛t✐♦♥✱ ❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ❛✉ s♦❧✱ ❧❛ s✉r✲
❡st✐♠❛t✐♦♥ ❞❡s ♣❧✉✐❡s ❢❛✐❜❧❡s ✭♦✉ ✐♥❡①✐st❛♥t❡s✮ ♣❡✉t êtr❡ ❧✐é❡ à ❞❡s ♣r♦❜❧è♠❡s ❞✬é❝❤♦s
❞❡ ❝✐❡❧ ❝❧❛✐r ♦✉ ❞✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ❛✉ s♦❧ à ♣❛rt✐r ❞❡s ♠❡s✉r❡s ❞✬❛❧t✐t✉❞❡✳ ❙✐ ❧✬♦♥
❛♥❛❧②s❡ ♠♦✐s ♣❛r ♠♦✐s ❧❡s ❞♦♥♥é❡s✱ ♦♥ s✬❛♣❡rç♦✐t q✉❡ ❧❡ ❜❛✐s s✉✐✈❛♥t ❧✬✐♥t❡♥s✐té r❡st❡
❢❛✐❜❧❡ ♣♦✉r ❧❡s ✐♥t❡♥s✐tés ✐♥t❡r♠é❞✐❛✐r❡s ✭>✶ ♠♠♠✴❥ ❡t <✺✵ ♠♠✴❥✮ ♠❛✐s q✉❡ ❧✬❛❝❝♦r❞

✺✻ ❊✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r
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❋✐❣✉r❡ ✷✳✶✶ ✿ ■♥❞✐❝❡ ❞❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡ r❛❞❛r ❡t ❧❡s ♣❧✉✈✐♦♠ètr❡s ♣❛r
♠♦✐s

❡♥tr❡ ♣❧✉✈✐♦♠ètr❡s ❡t r❛❞❛r s❡♠❜❧❡ ♠♦✐♥s ❜♦♥ ❡♥ ❛✉t♦♠♥❡ ❡t ❤✐✈❡r ♣❛r r❛♣♣♦rt à
❧✬été✳

■❧ ♥✬❛ ♠❛❧❤❡✉r❡✉s❡♠❡♥t ♣❛s été ♣♦ss✐❜❧❡ ❞✬❡st✐♠❡r ❧❡s ❡rr❡✉rs ❞❡ ♠❡s✉r❡ s✉r ❧❛
♠❡r ▼é❞✐t❡rr❛♥é❡ ❢❛✉t❡ ❞❡ ❞♦♥♥é❡s ♣❧✉✈✐♦♠étr✐q✉❡s à ❤❛✉t❡ rés♦❧✉t✐♦♥ s✉r ❝❡tt❡
ré❣✐♦♥✳ ❚♦✉t❡❢♦✐s✱ ♥♦✉s ❛✈♦♥s ✈✉ ♣ré❝é❞❡♠♠❡♥t q✉❡ ❧❡ ♣r✐♥❝✐♣❛❧ ♣r♦❜❧è♠❡ ❞❡ ♠❡s✉r❡
❞✉ r❛❞❛r ❍②❞r✐① ❡st ❧✐é ❛✉ ♠❛sq✉❡ ❞❡s ❆❧♣❡s✳ ❈❡ ♣r♦❜❧è♠❡ ♥✬❡①✐st❡ ♣❛s q✉❛♥❞ ❧❡
r❛❞❛r ✈✐s❡ ❡♥ ❞✐r❡❝t✐♦♥ ❞❡ ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡✳ ❉❡ ♣❧✉s✱ ❧❡ ❢❛✐s❝❡❛✉ r❛❞❛r s♦♥❞❡ ✉♥❡
❝♦✉❝❤❡ très ♣r♦❝❤❡ ❞✉ s♦❧ ❞❛♥s ❝❡tt❡ ré❣✐♦♥ ♣✉✐sq✉❡ ❧✬é❧é✈❛t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉ r❛❞❛r ❡st
❞❡−1✝❝❡ q✉✐ ❧❛✐ss❡ ♣❡♥s❡r q✉❡ ❧✬❡st✐♠❛t✐♦♥ ❛✉ s♦❧ ❡st ❞❡ ❜♦♥♥❡ q✉❛❧✐té ❜✐❡♥ q✉✬✐❧
s✉❜s✐st❡ ✉♥❡ ❛tté♥✉❛t✐♦♥ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡✳

❈❡tt❡ ♣❛rt✐❡ ♥♦✉s ❛ ♣❡r♠✐s ❞❡ t✐r❡r ♣❧✉s✐❡✉rs ❡♥s❡✐❣♥❡♠❡♥ts ✐♥tér❡ss❛♥ts ♣♦✉r ❧❛
s✉✐t❡✳ Pr❡♠✐èr❡♠❡♥t✱ ❧✬❡st ❞❡ ❧❛ ③♦♥❡ ❞✉ r❛❞❛r ✭s✉r ❧✬■t❛❧✐❡✮ ♥✬❡st ♣❛s r❛✐s♦♥♥❛❜❧❡✲
♠❡♥t ✉t✐❧✐s❛❜❧❡ ❡♥ ❣é♥ér❛❧ ♣♦✉r ré❛❧✐s❡r ❧❡s ❛♥❛❧②s❡s q✉✐ ✈♦♥t s✉✐✈r❡✳ ❊♥ ♣r❛t✐q✉❡ ❧❡s
s❡✉❧s é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡ ✈✐s✐❜❧❡s s✉r ❧✬❡st ❞❡ ♥♦tr❡ ré❣✐♦♥ s♦♥t ❧❡s é✈é♥❡♠❡♥ts ❞❡
t②♣❡ ❝♦♥✈❡❝t✐♦♥ ♣r♦❢♦♥❞❡ à ❢♦rt ❞é✈❡❧♦♣♣❡♠❡♥t ✈❡rt✐❝❛❧ q✉✐ ❛♣♣❛r❛✐ss❡♥t ❧✬été s✉r ❧❡
❜♦r❞ ❡st ❞❡s ❆❧♣❡s✳ ❈❡tt❡ é✈❛❧✉❛t✐♦♥ ❛ é❣❛❧❡♠❡♥t ♣❡r♠✐s ❞❡ ✈♦✐r q✉❡ s✉r ❧❡ r❡st❡ ❞❡
❧❛ ③♦♥❡ ♦♥ ♥❡ r❛t❡ ♣❛s ✭♦✉ ♣❡✉✮ ❞✬é✈é♥❡♠❡♥ts ♣ré❝✐♣✐t❛♥ts ✭❜♦♥ ✐♥❞✐❝❡ ❞❡ ❝♦rré❧❛✲

❊✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r ✺✼



▲❡ r❛❞❛r ❍②❞r✐①

Longitude

La
tit

ud
e

43.0
43.5
44.0
44.5
45.0

6 7 8 9

Septembre Octobre

6 7 8 9

Novembre Décembre

Mai Juin Juillet

43.0
43.5
44.0
44.5
45.0

Août

43.0
43.5
44.0
44.5
45.0

Janvier

6 7 8 9

Février Mars

6 7 8 9

Avril

−1.0

−0.5

0.0

0.5

1.0

❋✐❣✉r❡ ✷✳✶✷ ✿ ❇✐❛✐s ♥♦r♠❛❧✐sé ❡♥tr❡ ❧❡ r❛❞❛r ❡t ❧❡s ♣❧✉✈✐♦♠ètr❡s ♣❛r ♠♦✐s

t✐♦♥✮ ♠❛✐s q✉✬à ♣❛rt✐r ❞✬✉♥❡ ❝❡rt❛✐♥❡ ❞✐st❛♥❝❡ ❧❛ q✉❛❧✐té ❞❡s ♠❡s✉r❡s ❞✐♠✐♥✉❡ ❡t ❧❡
r❛❞❛r s♦✉s✲❡st✐♠❡ ❧❛ ♣❧✉✐❡✳ ❖♥ ❛ é❣❛❧❡♠❡♥t r❡♠❛rq✉é q✉❡✱ ♣♦✉r ❧❡s ré❣✐♦♥s ♣r♦❝❤❡s
❞✉ ▼♦♥t ❱✐❛❧✱ ❧❛ ♣❧✉✐❡ ❡st✐♠é❡ ♣❛r ❧❡ r❛❞❛r ❡st ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♣❧✉✈✐♦♠ètr❡s
q✉❡❧❧❡ q✉❡ s♦✐t ❧✬✐♥t❡♥s✐té ✭✉♥❡ ❧é❣èr❡ ❡rr❡✉r ❡st ❝♦♠♠✐s❡ ♣♦✉r ❧❡s é✈é♥❡♠❡♥ts très
✐♥t❡♥s❡s ♦✉ très ❢❛✐❜❧❡s✮ ♠❛✐s ♦♥ ♦❜s❡r✈❡ ♥é❛♥♠♦✐♥s ✉♥❡ ❞✐s♣❡rs✐♦♥ st❛t✐st✐q✉❡ ❛ss❡③
✐♠♣♦rt❛♥t❡✳ ❈❡tt❡ ❞✐s♣❡rs✐♦♥ st❛t✐st✐q✉❡ ✐♠♣❧✐q✉❡ ✉♥❡ ❡rr❡✉r r❡❧❛t✐✈❡ ❞❡ ♠❡s✉r❡ s♦✉✲
✈❡♥t s✉♣ér✐❡✉r❡ à ✺✵ ✪ s✉r ❧❛ ③♦♥❡ ❞✬♦❜s❡r✈❛t✐♦♥✳ ❊♥✜♥✱ ♦♥ ❛ ♠♦♥tré q✉❡ ❧✬❡rr❡✉r ❞❡
♠❡s✉r❡ ❛✈❛✐t é❣❛❧❡♠❡♥t ✉♥❡ ✈❛r✐❛❜✐❧✐té s❛✐s♦♥♥✐èr❡ ❞♦♥t ✐❧ ❢❛✉❞r❛ t❡♥✐r ❝♦♠♣t❡ ♣♦✉r
❧❛ s✉✐t❡ ❞❡ ❧✬ét✉❞❡✳ ■❧ ❛♣♣❛r❛ît ❞♦♥❝ q✉❡ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❞✉ r❛❞❛r ❍②❞r✐①
❡st ❞❡ ❜♦♥♥❡ q✉❛❧✐té ❡t ❡st ❡①♣❧♦✐t❛❜❧❡ ♣♦✉r ✉♥❡ ❛♥❛❧②s❡ ♣❤②s✐q✉❡ ♠❛❧❣ré
❝❡rt❛✐♥❡s r❡str✐❝t✐♦♥s é✈♦q✉é❡s ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥✳

✺✽ ❊✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r
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❋✐❣✉r❡ ✷✳✶✸ ✿ ❉❡♥s✐té ❞❡ ♣♦✐♥t ✭❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r✮ ❡♥tr❡ ❧❡ r❛❞❛r ❡t ❧❡s ♣❧✉✲
✈✐♦♠ètr❡s ❡♥tr❡ ✷✵✵✾ ❡t ✷✵✶✷ ❡t ♣❛r ♠♦✐s✳ ❙❡✉❧s ❧❡s ♣❧✉✈✐♦♠ètr❡s ♣rés❡♥t❛♥t
✉♥ ❜✐❛✐s ❡♥tr❡ 0 ❡t 0, 4 s♦♥t r❡t❡♥✉s

✺✾



▲❡ r❛❞❛r ❍②❞r✐①

✷✳✻ ❆✉tr❡s ❧✐♠✐t❛t✐♦♥s ❞❡ ❧❛ ♠❡s✉r❡ ♣❛r r❛❞❛r

❉✬❛✉tr❡s ❧✐♠✐t❛t✐♦♥s ❧✐é❡s à ❧❛ ♠❡s✉r❡ r❛❞❛r ♦♥t été ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ❧❡
❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡ ✿

• ▲❛ ré❣✐♦♥ ❞✬ét✉❞❡ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t t♦✉r♠❡♥té❡ ❝❡ q✉✐ ❝ré❡ ❞❡s ♣r♦❜❧è♠❡s
❞✬é❝❤♦s ✜①❡s✳ ▲❛ ♣❧✉♣❛rt ❞❡s é❝❤♦s ✜①❡s s♦♥t tr❛✐tés ❣râ❝❡ à ❧❛ ♣♦❧❛r✐♠étr✐❡
♥é❛♥♠♦✐♥s ✐❧ r❡st❡ q✉❡❧q✉❡s ③♦♥❡s ♥♦♥ tr❛✐té❡s ❝♦♠♠❡ ❧❡ ♠♦♥tr❡ ❧❛ ✜❣✉r❡ ✷✳✶✹✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✷✳✶✹ ✿ ✭❛✮ ◆♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡ ❡♥tr❡ ✷✵✵✾ ❡t ✷✵✶✷ s✉r ❧❛ ré❣✐♦♥
❡t ✭❜✮ ❝♦✉❧♦✐rs ❛ér✐❡♥s ✐t❛❧✐❡♥s✳ ▲❡s ❡①tré♠✐tés ❞❡s ❝♦✉❧♦✐rs ❛ér✐❡♥s ✭t✐rés ❞❡
❞♦♥♥é❡s ❢♦✉r♥✐❡s ♣❛r ❧✬❛✈✐♦♥ ❝✐✈✐❧❡ ✐t❛❧✐❡♥♥❡✮ s♦♥t s②♠❜♦❧✐sé ♣❛r ❧❡s ✷ ♣♦✐♥ts
♥♦✐rs s✉r ❧❛ ❝❛rt❡ ✭❛✮

❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♦♥ ✈♦✐t q✉❡✱ ♣r♦❝❤❡ ❞✉ r❛❞❛r ❡t s✉r ❧❛ ❝ôt❡✱ ❞❡s ③♦♥❡s ❞✬❡①t❡♥s✐♦♥
très ré❞✉✐t❡s ♣rés❡♥t❡♥t ✉♥ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡ très ✐♠♣♦rt❛♥t✳ P♦✉r
tr❛✐t❡r ❝❡ ♣r♦❜❧è♠❡ ❞❛♥s ❧✬ét✉❞❡ ♦♥ ❛♣♣❧✐q✉❡ ✉♥ ✜❧tr❛❣❡ ❞❡ t♦✉t❡s ❧❡s ③♦♥❡s
❞❡ ♣❧✉✐❡ ✐♥❢ér✐❡✉r❡s à 20 km2 ✭❝✬❡st✲à✲❞✐r❡ ✐♥❢ér✐❡✉r❡s à ❧❛ t❛✐❧❧❡ ♠✐♥✐♠❛❧❡ ❞✬✉♥❡
❝❡❧❧✉❧❡ ❞❡ ♣❧✉✐❡ ✭❖r❧❛♥s❦✐ ✱ ✶✾✼✺✮✮✳

• ▲❛ ✜❣✉r❡ ✷✳✶✹ ✭❛✮ ♠♦♥tr❡ ❞❡ ✜♥❡s ❜❛♥❞❡s ❞❡ s✐❣♥❛❧ ❢♦rt s✐t✉é❡s à ❡♥✈✐r♦♥
✶✵✵ ❦✐❧♦♠ètr❡s ❞✉ r❛❞❛r s✉r ❧❛ ré❣✐♦♥ ❞✉ Pô✳ ❈❡tt❡ ❞✐st❛♥❝❡ ❝♦rr❡s♣♦♥❞ à ✉♥❡
❛❧t✐t✉❞❡ ❞✬❡♥✈✐r♦♥ ✼✲✽ ❦✐❧♦♠ètr❡s ✭✈♦✐r ✜❣✉r❡ ✷✳✻✮✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❛ ❝❛rt❡
❞❡s ❝♦✉❧♦✐rs ❛ér✐❡♥s ✭❋✐❣✳ ✷✳✶✹ ✭❜✮✮ ❛ ♣❡r♠✐s ❞✬❡♥ ❡①♣❧✐q✉❡r ❧✬♦r✐❣✐♥❡✳ ❈❡s tr❛❝❡s
ré❝✉rr❡♥t❡s rés✉❧t❡♥t ❞✬é❝❤♦s s✉r ❧❡s ❛✈✐♦♥s q✉✐ s✉✐✈❡♥t t♦✉❥♦✉rs ❧❡ ♠ê♠❡ ❝♦✉❧♦✐r
❛✈❡❝ ✉♥❡ ❛❧t✐t✉❞❡ ❝♦♥st❛♥t❡ ♣♦✉r s❡ ❞✐r✐❣❡r s✉r ❧✬❛ér♦♣♦rt ❞❡ ●ê♥❡s✳ ❆✉ s✉❞✱
s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡✱ ✉♥❡ tr❛❝❡ s✐♠✐❧❛✐r❡ ❡①✐st❡ ♠❛✐s ❞❛♥s ❝❡tt❡ ❞✐r❡❝t✐♦♥
❧❡ ❢❛✐s❝❡❛✉ ✈✐s❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t à é❧é✈❛t✐♦♥ ♥é❣❛t✐✈❡✳ ■❧ s❡♠❜❧❡ ❞♦♥❝ ♣r♦❜❛❜❧❡
q✉❡ ❞❛♥s ❝❡ ❝❛s ❝❡tt❡ ❧✐❣♥❡ ❝♦rr❡s♣♦♥❞❡ à ✉♥ ❝♦✉❧♦✐r ♠❛r✐t✐♠❡✳

• ◆♦✉s ❛✈♦♥s ❞é❥à ❞✐s❝✉té ❞❡ ❧❛ s♦✉s✲❡st✐♠❛t✐♦♥ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❞❡ ❧❛ ♣❧✉✐❡✳
❯♥ ♠♦②❡♥ ❞❡ ♠✐❡✉① ❡st✐♠❡r ❝❡t ❡✛❡t ❡st ❞❡ ❝✉♠✉❧❡r ❧❛ ♣❧✉✐❡ s✉r ❞❡ ❧♦♥❣✉❡

✻✵ ❆✉tr❡s ❧✐♠✐t❛t✐♦♥s ❞❡ ❧❛ ♠❡s✉r❡ ♣❛r r❛❞❛r



▲❡ r❛❞❛r ❍②❞r✐①

♣ér✐♦❞❡ ✭❋✐❣✳ ✷✳✶✺✮✳ ❈♦♠♠❡ s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ ❧❡ ❢❛✐s❝❡❛✉ ❡st à ❜❛ss❡
é❧é✈❛t✐♦♥✱ ✐❧ ❡st ♣♦ss✐❜❧❡✱ s✉r ❝❡tt❡ ré❣✐♦♥✱ ❞❡ q✉❛♥t✐✜❡r ❝❡tt❡ s♦✉s✲❡st✐♠❛t✐♦♥
❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ✐♥❞é♣❡♥❞❛♠♠❡♥t ❞❡s ♣r♦❜❧è♠❡s ❞✬❛❧t✐t✉❞❡ ❞✉ ❢❛✐s❝❡❛✉✳ ❈❡❧❧❡✲
❝✐ ✈❛✉t ❡♥✈✐r♦♥ ✶✺✵✵ ♠♠ à ✶✵✵ ❦♠ s✉r ✹ ❛♥s ❞❡ ♠❡s✉r❡s ✭s♦✐t ❡♥✈✐r♦♥ ✶ ♠♠✴❥✮✳
❙✐ ❝❡t ❡✛❡t ♣❡✉t ♣❛r❛îtr❡ ❝♦♥s✐❞ér❛❜❧❡ s✉r ❧❡ ❧♦♥❣ t❡r♠❡✱ ✐❧ ❢❛✉t ♥♦t❡r q✉✬✐❧ ❡st
✐♥❞ét❡❝t❛❜❧❡ s✉r ❞❡s ❝❛rt❡s ❞❡ ♣❧✉✐❡ ❞❡ ❝✉♠✉❧ s✉r ✺ ♠✐♥✉t❡s ✭♦✉ ♠ê♠❡ ❞❡
❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r✮✳ ❊♥✜♥✱ ✐❧ ♥✬❡st ♣❛s ❡①❝❧✉ q✉❡ ❝❡tt❡ ❞✐♠✐♥✉t✐♦♥ s♦✐t ❡♥ ♣❛rt✐❡
♣❤②s✐q✉❡ ❡t q✉❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ♠♦②❡♥♥❡s ❞✐♠✐♥✉❡♥t ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ à ❧❛
❝ôt❡ ❝❡ q✉✐ ♣♦✉rr❛✐t ❝♦♥tr✐❜✉❡r à ❧❛ ❜❛✐ss❡ ♦❜s❡r✈é❡ ❞✉ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ s✉r ❧❛
▼é❞✐t❡rr❛♥é❡✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡ ♥♦✉s ❛✈♦♥s ❞♦♥❝ ❞é❝✐❞é ❛✉ ✜♥❛❧ ❞❡
♥♦✉s ❧✐♠✐t❡r à ❞❡s ❞✐st❛♥❝❡s ✐♥❢ér✐❡✉r❡s à ✶✵✵ ❦✐❧♦♠ètr❡s q✉❛♥❞ ❝✬ét❛✐t ♣♦ss✐❜❧❡
♣♦✉r ré❞✉✐r❡ ❝❡ ♣r♦❜❧è♠❡✳

❋✐❣✉r❡ ✷✳✶✺ ✿ ❈✉♠✉❧ ❞❡ ♣❧✉✐❡ ❡♥tr❡ ✷✵✵✾ ❡t ✷✵✶✷ s✉r ❧❛ ré❣✐♦♥

• ▲❡ ♠♦❞❡ ♦♣ér❛t♦✐r❡ ❞✉ r❛❞❛r ♣❡✉t é❣❛❧❡♠❡♥t ❛✛❡❝t❡r ❧❡ s✐❣♥❛❧ ❞❡ ♣❧✉✐❡✳

❋✐❣✉r❡ ✷✳✶✻ ✿ ❚❛✉① ❞❡ ♣❧✉✐❡ ✭♠♠✴❤✮ ❧❛ ❥♦✉r♥é❡ ❞✉ ✽ ❥❛♥✈✐❡r ✷✵✶✵

❆✐♥s✐✱ ❧❡s ❛♥❛❧②s❡s s♣❡❝tr❛❧❡s ré❛❧✐sé❡s ♣♦✉r ✐❞❡♥t✐✜❡r ❧❡s ❣❛♠♠❡s ❞✬✐♥✈❛r✐❛♥❝❡
❞✬é❝❤❡❧❧❡ ✭✈♦✐r ❝❤❛♣✐tr❡ ✹✮✱ ♦♥t ♠✐s ❡♥ é✈✐❞❡♥❝❡ ✉♥ ♣✐❝ ❞✬é♥❡r❣✐❡ ❝♦rr❡s♣♦♥❞❛♥t

❆✉tr❡s ❧✐♠✐t❛t✐♦♥s ❞❡ ❧❛ ♠❡s✉r❡ ♣❛r r❛❞❛r ✻✶



▲❡ r❛❞❛r ❍②❞r✐①

à ❧❛ ♣ér✐♦❞❡ ✶✺ ♠✐♥✉t❡s✳ ❆♣rès ✈ér✐✜❝❛t✐♦♥ ✐❧ s✬❡st ❛✈éré q✉❡ ❝❡ ♣✐❝ ét❛✐t ❧✐é à ❞❡s
♣ér✐♦❞❡s ❞❡ t❡st ♣♦✉r ❧❡sq✉❡❧❧❡s ❧❛ P❘❋ ét❛✐t ❞♦✉❜❧é❡ t♦✉t❡s ❧❡s ✶✺ ♠✐♥✉t❡s✳ ❈❡
❝❤❛♥❣❡♠❡♥t ❛✉❣♠❡♥t❡ ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ♣❧✉✐❡ ❞✬✉♥❡ ❝❛rt❡ r❛❞❛r à ❧✬❛✉tr❡ ❝♦♠♠❡
♦♥ ❧❡ ✈♦✐t s✉r ❧❛ ✜❣✉r❡ ✷✳✶✻✳ ❍❡✉r❡✉s❡♠❡♥t ❝❡s ♣ér✐♦❞❡s s♦♥t ♣❡✉ ♥♦♠❜r❡✉s❡s
❞❛♥s ❧❛ sér✐❡ t❡♠♣♦r❡❧❧❡ ✭♣r✐♥❝✐♣❛❧❡♠❡♥t ❡♥ ❞é❜✉t ❞✬❛♥♥é❡ ✷✵✶✵✮✳

• ❊♥✜♥✱ ❞❡s s✐❣♥❛✉① ♣❛r❛s✐t❡s ❛♣♣❛r❛✐ss❡♥t ❞❡ t❡♠♣s ❡♥ t❡♠♣s s✉r ❧❛ ③♦♥❡ r❛❞❛r✳
❈❡s s✐❣♥❛✉① s♦♥t ❢❛❝✐❧❡s à tr❛✐t❡r ♣✉✐sq✉✬✐❧s ♥✬❛✛❡❝t❡♥t ❡♥ ❣é♥ér❛❧ q✉✬✉♥ ♦✉ ✷
♣✐①❡❧s ❡t s♦♥t ❞♦♥❝ é❧✐♠✐♥és ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡ ✜❧tr❛❣❡ ♠✐s❡ ❡♥ ♣❧❛❝❡✳

▲❡s ♣r♦❜❧è♠❡s ❞é❝r✐ts ♣ré❝é❞❡♠♠❡♥t ♦♥t ❞♦♥❝ été ♣❛rt✐❡❧❧❡♠❡♥t tr❛✐tés✳ ❈❡♣❡♥❞❛♥t✱
✐❧ ❛ été ♥é❝❡ss❛✐r❡ ❞❡ ❣❛r❞❡r ✉♥ ÷✐❧ ❝r✐t✐q✉❡ s✉r ❧❡s rés✉❧t❛ts à ❧❛ ❧✉❡✉r ❞❡ ❝❡tt❡ ét✉❞❡
❞❡ q✉❛❧✐té ❛✜♥ ❞❡ ♠❡♥❡r à ❜✐❡♥ ❧❡ tr❛✈❛✐❧ q✉❡ ❧✬♦♥ ✈❛ ♠❛✐♥t❡♥❛♥t ♣rés❡♥t❡r✳

✻✷ ❆✉tr❡s ❧✐♠✐t❛t✐♦♥s ❞❡ ❧❛ ♠❡s✉r❡ ♣❛r r❛❞❛r



❈❤❛♣✐tr❡ ✸

❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

❉
❛♥s ❝❡ ❝❤❛♣✐tr❡ ♥♦✉s ❝❤❡r❝❤♦♥s à ✐❞❡♥t✐✜❡r ❧❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡
à ♣❡t✐t❡ ❡t ❣r❛♥❞❡ é❝❤❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳

❊♥ ❡✛❡t✱ ❣râ❝❡ à s❛ rés♦❧✉t✐♦♥ ✜♥❡ ❡t s♦♥ ét❡♥❞✉ t❡♠♣♦r❡❧❧❡ ✐♠♣♦rt❛♥t❡✱ ❧❛ ❜❛s❡ ❞❡
❞♦♥♥é❡s ❝♦♥st✐t✉é❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐① ♣❡r♠❡t ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❞❡s ♣r♦❝❡s✲
s✉s ❧♦❝❛✉① t❡❧ ❧✬❡✛❡t ❞❡ ❧❛ t♦♣♦❣r❛♣❤✐❡ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ♠❛✐s ❛✉ss✐ ❞✬✐❞❡♥t✐✜❡r
❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❣r❛♥❞❡s é❝❤❡❧❧❡s t❡❧s ❧❡ ❝②❝❧❡ s❛✐s♦♥♥✐❡r ♦✉ ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲
❛♥♥✉❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ❯♥❡ ♣✉❜❧✐❝❛t✐♦♥ s♦✉♠✐s❡ à ❆t♠♦s♣❤❡r✐❝ ❘❡s❡❛r❝❤ ❜❛sé❡
s✉r ❧❡s rés✉❧t❛ts ❞❡ ❝❡ ❝❤❛♣✐tr❡ s❡ tr♦✉✈❡ ❡♥ ❛♥♥❡①❡ ✭s❡❝t✐♦♥ ❆✳✶✳✮✳

Pluie
Précipita tions

Cumul de  pluie

Médite rranée

Alpes

Variabilité
Radar

Extrêmes  hydrologiques

Extrêmes  météorologiques

Saison
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Cycle  diurne
Cycle  annue l

Eche lles
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Evènements  intenses
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Occurrence  de  pluie

Convection
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Tendance  climatique
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Montagne

Déplacement des  précipita tions

Atmosphère

Inonda tions

Côte

Vosges

AtlantiqueBrise  de  mer

Cellule

Climat

Pré−Alpes

Spatio−Tempore l

S tra tiforme

Topographie

Altitude

Convergence
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Orographie

Sa te llite

Bouée

Ecla irs

Ins tabilité

Alpes−Maritimes

Mécanismes

Migra tion des  précipita tions

Russ ie

Subs idence

Tempéra ture

Advection

Antenne

Cyclones

Downsca ling

Dynamique

Languedoc Rouss illon

Ligurie

Lago Maggiore

Marse ille

Novimet

Nuage
H−picone t

Piémont

Contras te  thermique

Zphi

Régimes de temps

■♥tr♦❞✉❝t✐♦♥

▲✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ❝♦✉✈r❡ ♣❧✉s ❞❡ 110 000 km2 ❡t ❝♦♠♣t❡ ♣❧✉s ❞❡
✶✼ ♠✐❧❧✐♦♥s ❞✬❤❛❜✐t❛♥ts✳ ●❧♦❜❛❧❡♠❡♥t✱ ❡❧❧❡ ❡st s♦✉♠✐s❡ à ❞❡s ❛❧é❛s ❝❧✐♠❛t✐q✉❡s ✐♠✲



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

♣♦rt❛♥ts ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r à ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ❡t ❞❡s ✐♥♦♥❞❛t✐♦♥s é❝❧❛✐rs✳
▲❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❝❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧❛ ♣❛rt✐❡ ❝❡♥tr❛❧❡ ❞❡ ❝❡tt❡ ❊✉r♦ré❣✐♦♥✱
❝✬❡st✲à✲❞✐r❡ ❧❛ ♣❛rt✐❡ ❡st ❞❡ ❧❛ ré❣✐♦♥ Pr♦✈❡♥❝❡✲❆❧♣❡s✲❈ôt❡s ❞✬❆③✉r ❡t ❧❛ ♣❛rt✐❡ ♦✉❡st
❞❡ ❧❛ ▲✐❣✉r✐❡ ❡t ❞✉ P✐é♠♦♥t ❛ été r❡❧❛t✐✈❡♠❡♥t ♣❡✉ ét✉❞✐é ❡♥ ❝♦♠♣❛r❛✐s♦♥ ❞✉ r❡st❡
❞❡ ❧✬❊✉r♦ré❣✐♦♥✳ ❊♥ ❡✛❡t✱ ❧❛ ♣❛rt✐❡ ❡st ♦ù s❡ tr♦✉✈❡ ❧❛ ré❣✐♦♥ ❞✉ ▲❛❣♦ ▼❛❣❣✐♦r❡ ❛
été ré❝❡♠♠❡♥t ❧❛ ❝✐❜❧❡ ❞❡ ❧❛ ❝❛♠♣❛❣♥❡ ▼❆P ✭▼❡s♦s❝❛❧❡ ❆❧♣✐♥❡ Pr♦❣r❛♠✮ ✭✈♦✐r ♣❛r
❡①❡♠♣❧❡ ❇♦✉❣❡❛✉❧t ❡t ❛❧✳✱ ✷✵✵✶❀ ❚❛❜❛r② ❡t ❙❝✐❛❧♦♠✱ ✷✵✵✶✮✳ ❈❡tt❡ ❝❛♠♣❛❣♥❡ ❛ ❝❤❡r❝❤é
à ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧✬♦r✐❣✐♥❡ ❡t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♦r♦❣r❛♣❤✐q✉❡s✳
◗✉❛♥t à ❧❛ ♣❛rt✐❡ ♦✉❡st✱ q✉✐ ❝♦✉✈r❡ ❧❛ ré❣✐♦♥ ❈é✈❡♥♥❡s✲❱✐✈❛r❛✐s✱ ❡❧❧❡ ❛ été ❧❛r❣❡♠❡♥t
ét✉❞✐é❡ ❝❡s ❞❡r♥✐èr❡s ❛♥♥é❡s ✭✈♦✐r ❆❧✜❡r✐ ❡t ❛❧✳✱ ✷✵✶✶❀ ❉❡❧r✐❡✉ ❡t ❛❧✳✱ ✷✵✵✺❀ ❑✐rst❡tt❡r
❡t ❛❧✳✱ ✷✵✶✵❀ ▼❛rt② ❡t ❛❧✳✱ ✷✵✶✸✮ ❡t ♣r♦✜t❡ ♥♦t❛♠♠❡♥t ❞✬✉♥ t♦✉t ♥♦✉✈❡❛✉ rés❡❛✉ ❞❡
♠❡s✉r❡ ❛♣♣❡❧é ❍✲♣✐❝♦♥❡t ✭✐♥st❛❧❧é ❡♥ ✷✵✶✵✮✳ P♦✉rt❛♥t✱ ❧❛ ré❣✐♦♥ ❝❡♥tr❛❧❡ ❞❡ ▲✬❊✉✲
r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ❡st é❣❛❧❡♠❡♥t s✉❥❡tt❡ à ❞❡s é✈é♥❡♠❡♥ts ♣ré❝✐♣✐t❛♥ts
♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥t❡♥s❡s q✉✐ ♣r♦✈♦q✉❡♥t ré❣✉❧✐èr❡♠❡♥t ❞❡s ✐♥♦♥❞❛t✐♦♥s✳ ❙♦✉✈❡♥t ❝❡s
é✈é♥❡♠❡♥ts ♣❧✉✈✐❡✉① s♦♥t très ❧♦❝❛❧✐sés ❞❛♥s ❧✬❡s♣❛❝❡ ❡t ❞❛♥s ❧❡ t❡♠♣s✳ ❈✬❡st ♣♦✉rq✉♦✐
✐❧ ✐♠♣♦rt❡ ❞✬ét✉❞✐❡r ❛✈❡❝ ✉♥❡ ✜♥❡ rés♦❧✉t✐♦♥ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡s
❞❡ ❧❛ ♣❧✉✐❡ s✉r ❝❡tt❡ ré❣✐♦♥✳ ●❧♦❜❛❧❡♠❡♥t✱ ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ♣♦ssè❞❡
❞❡✉① ③♦♥❡s ❣é♦❣r❛♣❤✐q✉❡s ❜✐❡♥ ❞✐st✐♥❝t❡s✱ ❧❡ s✉❞ ❞❡ ❧❛ ❝❤❛î♥❡ ❞❡s ❆❧♣❡s ✭❧❡s ❆❧♣❡s✲
▼❛r✐t✐♠❡s✮ ❡t ❧❡ ♥♦r❞✲♦✉❡st ❞❡ ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ ✿

• ▲❡ s✉❞ ❞❡s ❆❧♣❡s ❡st ✉♥❡ ré❣✐♦♥ q✉✐ ❝♦♥♥❛ît ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♠♣♦rt❛♥t❡s
à ❝❛✉s❡ à ❧❛ ❢♦✐s ❞❡ ❧✬❤✉♠✐❞✐té ❡♥ ♣r♦✈❡♥❛♥❝❡ ❞❡ ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ t♦✉t❡
♣r♦❝❤❡ ❡t ❞❡ ❧❛ t♦♣♦❣r❛♣❤✐❡ très ♠❛rq✉é❡✳ ▲❛ ❝❤❛î♥❡ ❞❡ ♠♦♥t❛❣♥❡ ❛❣✐t ❝♦♠♠❡
✉♥❡ ❜❛rr✐èr❡ ❛✉ ✢✉① ❞✬❤✉♠✐❞✐té q✉✐ s✬é❧è✈❡ s✉r ❧❡s ✢❛♥❝s ❞❡ ❧❛ ♠♦♥t❛❣♥❡ ❡t
❝♦♥❞❡♥s❡✳ ❊♥ ♦✉tr❡✱ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ♥♦♠❜r❡✉① ❜❛ss✐♥s ✈❡rs❛♥ts✱
❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ♦♥t t❡♥❞❛♥❝❡ à ♣r♦✈♦q✉❡r r❛♣✐❞❡♠❡♥t ❞❡s ✐♥♦♥❞❛✲
t✐♦♥s ❞❛♥s ❧❛ ré❣✐♦♥✳ ▲❛ ♠❡s✉r❡ ❞❡ ❧❛ ♣❧✉✐❡ ❞❛♥s ❝❡tt❡ ré❣✐♦♥ ❞❡s ❆❧♣❡s s❡ ❢❛✐t
♣r✐♥❝✐♣❛❧❡♠❡♥t ❣râ❝❡ à ✉♥ rés❡❛✉ ❞❡ ♣❧✉✈✐♦♠ètr❡s ♣♦ssé❞❛♥t ✉♥❡ rés♦❧✉t✐♦♥
s♣❛t✐❛❧❡ ✐♥❢ér✐❡✉r❡ à 25 km2 ❡t ✉♥❡ rés♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ ✶ ❤❡✉r❡ ♦✉ ✶ ❥♦✉r✳
❈❡♣❡♥❞❛♥t✱ ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ♣ré❝✐s❡ ❡t ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞❡ ♣❧✉✐❡
s✉r ❝❡tt❡ ré❣✐♦♥ ❞❡♠❛♥❞❡♥t ✉♥❡ rés♦❧✉t✐♦♥ ❜✐❡♥ ♣❧✉s ✜♥❡ à ❧❛ ❢♦✐s s♣❛t✐❛❧❡♠❡♥t
❡t t❡♠♣♦r❡❧❧❡♠❡♥t ❞✉ ❢❛✐t ❞❡ ❧❛ ❣r❛♥❞❡ ❤étér♦❣é♥é✐té ❞❡ s❛ s✉r❢❛❝❡✳

• ◆♦✉s ❝♦♥♥❛✐ss♦♥s ♠❛❧ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ♠❡r ▼é❞✐✲
t❡rr❛♥é❡✳ ❉❛♥s ❝❡tt❡ ré❣✐♦♥✱ ❧❛ ♣❧✉✐❡ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❡st✐♠é❡ ♣❛r s❛t❡❧❧✐t❡
♦✉ ♣❛r ❜♦✉é❡✳ ▲❡s s❛t❡❧❧✐t❡s ♣♦ssè❞❡♥t ✉♥❡ ❧❛r❣❡ ❝♦✉✈❡rt✉r❡ s♣❛t✐❛❧❡ ♠❛✐s ❛✈❡❝
✉♥❡ ♠❛✉✈❛✐s❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡ ✭t②♣✐q✉❡♠❡♥t ✵✱✺✝ ① ✵✱✺✝❡t ✻
❤❡✉r❡s✮✳ ▲❡s ❜♦✉é❡s q✉❛♥t à ❡❧❧❡s ♣❡r♠❡tt❡♥t ❞❡ ♠❡s✉r❡r ❞✐r❡❝t❡♠❡♥t ❧❛ ♣❧✉✐❡
s✉r ❧❛ ♠❡r ♠❛✐s s♦♥t ♣♦♥❝t✉❡❧❧❡s✳ P♦✉rt❛♥t✱ ✐❧ ❡st ✐♠♣♦rt❛♥t ❞✬❛✈♦✐r ✉♥❡ ❜♦♥♥❡
❝♦✉✈❡rt✉r❡ s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡ ❞❡s ♣❧✉✐❡s s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ ❝❛r ❧❡s
♣ré❝✐♣✐t❛t✐♦♥s ♠♦❞✐✜❡♥t ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ s✉r❢❛❝❡ ❞❡ ❧❛ ♠❡r q✉✐ ❡❧❧❡✲♠ê♠❡
✐♥✢✉❡♥❝❡ ❧❡s é❝❤❛♥❣❡s ❡♥tr❡ ❧❛ ♠❡r ❡t ❧✬❛t♠♦s♣❤èr❡ ❡t ❞♦♥❝ ✐♠♣❛❝t❡ ❧❡s ❢✉t✉r❡s
♣ré❝✐♣✐t❛t✐♦♥s✳ ❉❡ ♣❧✉s✱ ❧❛ ✈❛❧✐❞❛t✐♦♥ ❞❡s ♠♦❞è❧❡s ♥é❝❡ss✐t❡ ❞✬❛✈♦✐r ✉♥❡ ♠❡s✉r❡
❤②❞r♦❧♦❣✐q✉❡ ✜❛❜❧❡ s✉r ❧❛ ♠❡r✳

❈✬❡st ❞❛♥s ❝❡ ❝♦♥t❡①t❡ q✉❡ ♥♦✉s ❛✈♦♥s ét✉❞✐é ❧❡s ♣r♦♣r✐étés ✜♥❡s é❝❤❡❧❧❡s ❞❡s
♣ré❝✐♣✐t❛t✐♦♥s ❞❡ ❧❛ ré❣✐♦♥✳ ❆ ❝❡t ❡✛❡t✱ ♥♦✉s ❛✈♦♥s ❞✐✈✐sé ❧❛ ré❣✐♦♥ ❡♥ s♦✉s✲ré❣✐♦♥s
❛✜♥ ❞❡ ♣♦✉✈♦✐r ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡✉rs ❞✐✛ér❡♥❝❡s ♦✉ s✐♠✐❧✐t✉❞❡s✳ ❯♥❡ ❛tt❡♥t✐♦♥
♣❛rt✐❝✉❧✐èr❡ ❛ été ♣♦rté❡ ❛✉① é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡ ❡①trê♠❡s ❛✐♥s✐ q✉✬❛✉① ❝②❝❧❡s ❥♦✉r✲
♥❛❧✐❡rs ❡t s❛✐s♦♥♥✐❡rs✳ ◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ét✉❞✐é ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❞❡s

✻✹ ■♥tr♦❞✉❝t✐♦♥



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

♣ré❝✐♣✐t❛t✐♦♥s ❛✐♥s✐ q✉❡ ❧❡✉r ❞é♣❧❛❝❡♠❡♥t✳ ❊♥✜♥✱ ♥♦✉s ❛✈♦♥s ❝♦♠♣❛ré ❧❡s ♣r♦♣r✐étés
♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ❛✈❡❝ ❝❡❧❧❡s ❞❡s ❛✉tr❡s ré❣✐♦♥s ❢r❛♥ç❛✐s❡s ♣❛r ❧❡ ❜✐❛✐s ❞❡s ♠❡s✉r❡s
❞✉ rés❡❛✉ ❞❡ r❛❞❛rs ❆❘❆▼■❙✳

✸✳✶ ❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

Longitude

L
at
it
u
d
e

42.5°N

43°N

43.5°N

44°N

44.5°N

45°N

6°E 7°E 8°E 9°E

Méditerranée

Alpes

Côtes

Provence

Pô

Pré−Alpes

❋✐❣✉r❡ ✸✳✶ ✿ ❘é❣✐♦♥s ét✉❞✐é❡s

❈♦♠♠❡ s♦✉❧✐❣♥é ♣ré❝é❞❡♠♠❡♥t✱ ❧❛ t♦♣♦❣r❛♣❤✐❡ ❞❡ ❧❛ ré❣✐♦♥ ❡st ❝♦♠♣❧❡①❡✳ ❉❛♥s
❧✬❛♥❛❧②s❡ q✉✐ s✉✐t✱ ❧❛ ré❣✐♦♥ ❝♦✉✈❡rt❡ ♣❛r ❧❡ r❛❞❛r ❛ été ❞✐✈✐sé❡ ❡♥ s✐① s♦✉s✲ré❣✐♦♥s
❡♥ s❡ ❜❛s❛♥t s✉r ❧❡✉rs ♣r♦♣r✐étés ❣é♦♣❤②s✐q✉❡s ✭❋✐❣✳ ✸✳✶✮✳ P❛r♠✐ ❝❡s s♦✉s✲ré❣✐♦♥s
♦♥ ❝♦♠♣t❡ ❞❡✉① ré❣✐♦♥s ❞❡ ♣❧❛✐♥❡s ✭Pr♦✈❡♥❝❡ ❡t Pô✮✱ ❧❡s ❆❧♣❡s ♠❛r✐t✐♠❡s ✭❆❧♣❡s✮✱
❧❡s Pré✲❆❧♣❡s✱ ❧❛ ❝ôt❡ ❡♥tr❡ ▼❛rs❡✐❧❧❡ ❡t ●ê♥❡s ❡t ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡✳ ▲❛ ré❣✐♦♥
❆❧♣❡s ❝♦rr❡s♣♦♥❞ ❣❧♦❜❛❧❡♠❡♥t ❛✉① ❛❧t✐t✉❞❡s s✉♣ér✐❡✉r❡s à ✶✹✵✵ ♠✱ ❧❛ ré❣✐♦♥ Pré✲
❆❧♣❡s ❛✉① ❛❧t✐t✉❞❡s ❡♥tr❡ ✺✵✵ ❡t ✶✹✵✵ ♠ ❡t ❧❛ Pr♦✈❡♥❝❡ ❡t ❧❡ Pô ❝♦rr❡s♣♦♥❞❡♥t ❛✉①
❛❧t✐t✉❞❡s ✐♥❢ér✐❡✉r❡s à ✺✵✵ ♠✳ ❈❡tt❡ ❞✐st✐♥❝t✐♦♥ ♣❡r♠❡t ♥♦t❛♠♠❡♥t ❞✬ét✉❞✐❡r ♣❛r ❧❛
s✉✐t❡ ❧✬✐♠♣❛❝t ❞❡ ❧✬♦r♦❣r❛♣❤✐❡ s✉r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ❊♥✜♥✱ ✐❧ ❡st
✐♠♣♦rt❛♥t ❞❡ ❜✐❡♥ ♥♦t❡r q✉❡ ❧❡s rés✉❧t❛ts ❞❡ ❝❡ ❝❤❛♣✐tr❡ ♦♥t été ♦❜t❡♥✉ ✭s❛✉❢ ♠❡♥t✐♦♥
❝♦♥tr❛✐r❡✮ à ♣❛rt✐r ❞✉ t❛✉① ❞❡ ♣❧✉✐❡ ❛✉ s♦❧ ✐ss✉ ❞❡ ❧❛ ♠❡s✉r❡ ❞✉ r❛❞❛r ❍②❞r✐① s✉r ❧❛
♣ér✐♦❞❡ ❛✈r✐❧ ✷✵✵✾ à ❞é❝❡♠❜r❡ ✷✵✶✷ ❡t q✉❡ ❧❡s ♠❡s✉r❡s s✉r ❧❡ Pô s♦♥t ❞♦♥♥és à t✐tr❡
✐♥❞✐❝❛t✐❢ ❛✉ r❡❣❛r❞ ❞❡s sér✐❡✉s❡s r❡str✐❝t✐♦♥s ✐❞❡♥t✐✜é❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t✳

✸✳✶✳✶ ❈②❝❧❡ ❞✐✉r♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

■❧ ❡st ❝♦♥♥✉ q✉❡ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞é♣❡♥❞ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ♣❛✲
r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡s ❧♦❝❛✉① t❡❧s q✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡t ❧✬❤✉♠✐❞✐té ❡t ❞❡s ❝♦♥❞✐✲

❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✻✺



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

t✐♦♥s ❞❡ s✉r❢❛❝❡ ❛ss♦❝✐é❡s ✭❝❤❛❧❡✉r ❧❛t❡♥t❡ ❡t s❡♥s✐❜❧❡✮✳ ❚♦✉t❡❢♦✐s✱ ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡
❧❛ ✈❛r✐❛❜✐❧✐té ré❣✐♦♥❛❧❡ ♦✉ s❛✐s♦♥♥✐èr❡ ❞❡ ❝❡ ❝②❝❧❡ ♠❛♥q✉❡ ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❛♥s ❞❡s
ré❣✐♦♥s ❞✬ét✉❞❡s ❝♦♠♣❧❡①❡s ❝♦♠♠❡ ❝❡❧❧❡ ❞❡ ◆✐❝❡✳ ❈❡ ❝♦♥st❛t ❡st ❡♥❝♦r❡ ♣❧✉s ✈r❛✐ s✉r
❧❛ ❝ôt❡ ❡t ❛✉✲❞❡ss✉s ❞❡ ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡✳

❋✐❣✉r❡ ✸✳✷ ✿ ❘é❣✐♦♥ ❞✬ét✉❞❡ ❡t ♣❤é♥♦♠è♥❡s r❡s♣♦♥s❛❜❧❡s ❞❡s é✈é♥❡♠❡♥ts
❝♦♥✈❡❝t✐❢s ❡t ❞✉ ❝②❝❧❡ ❞✐✉r♥❡ s✉✐✈❛♥t ❧❛ ré❣✐♦♥ ✭❞✬❛♣rès ●❧❛❞✐❝❤ ❡t ❛❧✳ ✭✷✵✶✶✮✮

❘é❝❡♠♠❡♥t ❞❡✉① ét✉❞❡s ❞❡ ●❧❛❞✐❝❤ ❡t ❛❧✳ ✭✷✵✶✶✮ ❡t ▼❛♥❞❛♣❛❦❛ ❡t ❛❧✳ ✭✷✵✶✷❛✮
s❡ s♦♥t ✐♥tér❡ssé❡s ❛✉ ❝②❝❧❡ ❞✐✉r♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✭❡t ❞❡s é❝❧❛✐rs✮ s✉r ❞❡s ré❣✐♦♥s
♣r♦❝❤❡s ❞❡ ♥♦tr❡ ré❣✐♦♥ ❞✬ét✉❞❡ ✭❙✉✐ss❡ ❡t ♥♦r❞✲❡st ❞❡ ❧✬■t❛❧✐❡✮✳ ❈❡s ❞❡✉① ét✉❞❡s
♠♦♥tr❡♥t q✉❡ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❡st très ✈❛r✐❛❜❧❡ s✉✐✈❛♥t ❧❡s ré❣✐♦♥s ♠❛✐s ❛✉ss✐ s✉✐✈❛♥t ❧❡s
♣ér✐♦❞❡s ❞❡ ❧✬❛♥♥é❡✳ ▼❛♥❞❛♣❛❦❛ ❡t ❛❧✳ ✭✷✵✶✷❛✮ ♠♦♥tr❡♥t✱ ♣❛r ❡①❡♠♣❧❡✱ q✉❡ ❧✬❛❧t✐t✉❞❡
♦ù ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❡st ❧❡ ♣❧✉s ♠❛rq✉é ❞é♣❡♥❞ ❞❡ ❧❛ ré❣✐♦♥ ❡t ❧❛ s❛✐s♦♥✳ ●❧❛❞✐❝❤ ❡t ❛❧✳

✭✷✵✶✶✮ ❡①♣❧✐q✉❡♥t ✭s❛♥s ❧❡ ❞é♠♦♥tr❡r✮ q✉❡ ❞❡✉① ♠é❝❛♥✐s♠❡s s♦♥t à ❧✬♦r✐❣✐♥❡ ❞❡s
é✈é♥❡♠❡♥ts ❝♦♥✈❡❝t✐❢s s✉r ❧❡ ♥♦r❞✲❡st ❞❡ ❧✬■t❛❧✐❡ ❡t ♣❡r♠❡tt❡♥t ❞✬❡①♣❧✐q✉❡r ❧❡ ❝②❝❧❡
❞✐✉r♥❡ ♦❜s❡r✈é ❞❛♥s ❝❡tt❡ ré❣✐♦♥ ✭❋✐❣✳ ✸✳✷✮✳ ▲❡ ♣r❡♠✐❡r ❡st ❧❡ ♣r♦❝❡ss✉s ❞❡ ❜r✐s❡ ❞❡
♠❡r q✉✐ s❡ ♠❡t ❡♥ ♣❧❛❝❡ ❡♥ r❛✐s♦♥ ❞✉ ❝♦♥tr❛st❡ t❤❡r♠✐q✉❡ ❡♥tr❡ ❧❛ t❡rr❡ ❡t ❧❛ ♠❡r✳ ❈❡
♣❤é♥♦♠è♥❡ ❡①❡r❝❡ ✉♥ ❢♦rç❛❣❡ ❞②♥❛♠✐q✉❡ s✉r ❧❡s ♠❛ss❡s ❞✬❛✐r ❝❡ q✉✐ ♣❡✉t ❞é✈❡❧♦♣♣❡r
❧❛ ❝♦♥✈❡❝t✐♦♥✳ ▲❡ s❡❝♦♥❞ ❡st ❧✐é à ❧✬✐♥❝❧✐♥❛✐s♦♥ ❞❡s ♠♦♥t❛❣♥❡s q✉✐ ✐♠♣❧✐q✉❡ ✉♥ ♣❧✉s
❣r❛♥❞ ❛♣♣♦rt ❞✬é♥❡r❣✐❡ s♦❧❛✐r❡ ❡♥ ❛❧t✐t✉❞❡ q✉✬❡♥ ♣❧❛✐♥❡✳ ❈❡ ♣❤é♥♦♠è♥❡ ❣é♥èr❡ ✉♥
♣r♦❝❡ss✉s ❞❡ ❜r✐s❡ ❞❡ ✈❛❧❧é❡ ❡t ✉♥❡ ✐♥st❛❜✐❧✐té ❛t♠♦s♣❤ér✐q✉❡ ♣r♦♣✐❝❡ à ❧❛ ❝♦♥✈❡❝t✐♦♥
♣r♦❢♦♥❞❡ ✭✈♦✐r à ❝❡ s✉❥❡t ❧❛ s❡❝t✐♦♥ ✶✳✹✳✸✮✳ ❈♦♠♠❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❞❡ ❧❛ ré❣✐♦♥
ét✉❞✐é❡ ♣❛r ●❧❛❞✐❝❤ ❡t ❛❧✳ ✭✷✵✶✶✮ ❡st s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞❡ ♥♦tr❡ ré❣✐♦♥✱ ❞❡s ♣r♦❝❡ss✉s
✐❞❡♥t✐q✉❡s ♣♦✉rr❛✐❡♥t ❛✐♥s✐ s✬② ❞é✈❡❧♦♣♣❡r✳

◆♦✉s ❛✈♦♥s ❞♦♥❝ r❡♣rés❡♥té ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❞✉ t❛✉① ❞❡ ♣❧✉✐❡ ♣♦✉r ❧❡s ❞✐✛ér❡♥t❡s
s♦✉s✲ré❣✐♦♥s ét✉❞✐é❡s ❡♥ ✜❣✉r❡ ✸✳✸✳ ▲❛ ❝ôt❡ ❡t ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ ♥❡ ♣rés❡♥t❡♥t ♣❛s
❞❡ ❝②❝❧❡ ❞✐✉r♥❡ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ré❣✐♦♥s t❡rr❡str❡s✳ ❈❡s ❞❡r♥✐èr❡s s♦♥t ❝❛r❛❝tér✐sé❡s
♣❛r ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ t❛✉① ❞❡ ♣❧✉✐❡ ♠♦②❡♥ ❡♥tr❡ ✶✵ ❤ ❡t ✷✷ ❤ ❚❯✳ ▲❡ ♣✐❝ ❡st
❛tt❡✐♥t ❞❛♥s ❧✬❛♣rès✲♠✐❞✐ ❛✈❡❝ ✉♥ ♠❛①✐♠✉♠ é❣❛❧ à tr♦✐s ❢♦✐s ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ♦❜✲
s❡r✈é❡ ❞✉r❛♥t ❧❛ ♥✉✐t ❡t ❧❡ ❞é❜✉t ❞❡ ❧❛ ♠❛t✐♥é❡✳ ◆♦✉s r❡♠❛rq✉♦♥s q✉❡ ❝❡ ♠❛①✐♠✉♠
❛ ❧✐❡✉ à ❞✐✛ér❡♥t❡s ♣ér✐♦❞❡s ♣♦✉r ❧❡s ❞✐✛ér❡♥t❡s ré❣✐♦♥s ✭Pré✲❆❧♣❡s ✶✺ ❤✱ Pr♦✈❡♥❝❡
✶✺ ❤ ✸✵✱ ❆❧♣❡s ✶✻ ❤ ❡t Pô ✶✼ ❤✮✳

▲✬é✈♦❧✉t✐♦♥ s❛✐s♦♥♥✐èr❡ ❞✉ ❝②❝❧❡ ❞✐✉r♥❡ ❡st r❡♣rés❡♥té❡ s✉r ❧❡s ✜❣✉r❡s ✸✳✹ ❡t ✸✳✺✳
❖♥ r❡♠❛rq✉❡ q✉✬❡♥tr❡ ♦❝t♦❜r❡ ❡t ♠❛rs ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ❝②❝❧❡ ❞✐✉r♥❡✳ ❉✉r❛♥t ❝❡tt❡

✻✻ ❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
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❋✐❣✉r❡ ✸✳✸ ✿ ❈②❝❧❡ ❞✐✉r♥❡ ❞✉ t❛✉① ❞❡ ♣❧✉✐❡ ✭mm/h/km2✮ ♠♦②❡♥♥é ♣❛r
ré❣✐♦♥ ❡♥tr❡ ✷✵✵✾ ❡t ✷✵✶✷
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❋✐❣✉r❡ ✸✳✹ ✿ ❈②❝❧❡ ❞✐✉r♥❡ ❞✉ t❛✉① ❞❡ ♣❧✉✐❡ ✭mm/h/km2✮ ♠♦②❡♥♥é ♣❛r
ré❣✐♦♥ ❡t ♣❛r ♠♦✐s ✭❥❛♥✈✐❡r à ❥✉✐♥✮

♣ér✐♦❞❡✱ ❧❛ ♣❧✉✐❡ ❡st ♠❛①✐♠❛❧❡ s✉r ❧❛ ❝ôt❡ ❡t ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡✳ ❆ ♣❛rt✐r ❞✬❛✈r✐❧✱
✉♥ ❝②❝❧❡ ❞✐✉r♥❡ ✐♠♣♦rt❛♥t s❡ ♠❡t ❡♥ ♣❧❛❝❡ s✉r ❧❛ Pr♦✈❡♥❝❡ ❡t ❧❡s Pré✲❆❧♣❡s✳ ❊♥tr❡
♠❛✐ ❡t ❥✉✐♥✱ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ s❡ ♣r♦♣❛❣❡ à t♦✉t❡s ❧❡s ré❣✐♦♥s t❡rr❡str❡s ❛✈❡❝ ✉♥ ♣✐❝
très ♠❛rq✉é s✉r ❧❡s Pré✲❆❧♣❡s✳ ❊♥ ❥✉✐❧❧❡t✱ ❜✐❡♥ q✉✬✉♥ ❝②❝❧❡ ❞✐✉r♥❡ ❡①✐st❡✱ ✐❧ ❡st ♠♦✐♥s
❢♦rt q✉❡ ♣♦✉r ❧❡s ♠♦✐s ♣ré❝é❞❡♥ts s❛✉❢ ♣♦✉r ❧❛ ré❣✐♦♥ ❞✉ Pô✳ ❆✈❡❝ ❧❛ ✜♥ ❞❡ ❧✬été ❧❡
❝②❝❧❡ ❞✐✉r♥❡ ❛✐♥s✐ q✉❡ ❧❡ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ r❡❞❡✈✐❡♥t très ❢❛✐❜❧❡✳ ●❧♦❜❛❧❡♠❡♥t✱ ❧❡ ♣✐❝ ❞✉
t❛✉① ❞❡ ♣❧✉✐❡ ♠♦②❡♥ ❛ ❧✐❡✉ ❡♥✈✐r♦♥ tr♦✐s ❤❡✉r❡s ❛♣rès ❧✬é❧é✈❛t✐♦♥ s♦❧❛✐r❡ ♠❛①✐♠❛❧❡✳
◆é❛♥♠♦✐♥s✱ ✐❧ ♣❡✉t êtr❡ ♥♦té q✉✬❡♥ ❥✉✐♥ ❡t ❥✉✐❧❧❡t✱ ❧✬❤❡✉r❡ ❞✉ ♣✐❝ ♥✬❡st ♣❛s ❧❛ ♠ê♠❡
s✉✐✈❛♥t ❧❡s ré❣✐♦♥s✳ P❛r ❡①❡♠♣❧❡✱ ❡♥ ❏✉✐❧❧❡t✱ ❧❡ ♠❛①✐♠✉♠ ❛ ❧✐❡✉ s✉r ❧❡s Pré✲❆❧♣s ❞ès

❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✻✼



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡
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❋✐❣✉r❡ ✸✳✺ ✿ ❈②❝❧❡ ❞✐✉r♥❡ ❞✉ t❛✉① ❞❡ ♣❧✉✐❡ ✭mm/h/km2✮ ♠♦②❡♥♥é ♣❛r
ré❣✐♦♥ ❡t ♣❛r ♠♦✐s ✭❥✉✐❧❧❡t à ❞é❝❡♠❜r❡✮

✶✺ ❤✱ à ✶✺ ❤ ✸✵ ❡t ✶✻ ❤ s✉r ❧❛ Pr♦✈❡♥❝❡ ❡t ❧❡s ❆❧♣❡s ❡t ♠ê♠❡ à ✶✽ ❤ s✉r ❧❡ Pô✳

▲❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✉ ❝②❝❧❡ ❞✐✉r♥❡ ♦❜s❡r✈é❡s s✉r ♥♦tr❡ ré❣✐♦♥ ♣❡✉✈❡♥t êtr❡ ♠✐s❡s
❡♥ ♣❛r❛❧❧è❧❡ ❛✈❡❝ ❧❡s rés✉❧t❛ts ❞❡ ●❧❛❞✐❝❤ ❡t ❛❧✳ ✭✷✵✶✶✮ ✭◆♦r❞✲❊st ❞❡ ❧✬■t❛❧✐❡✮ ❡t ▼❛♥✲

❞❛♣❛❦❛ ❡t ❛❧✳ ✭✷✵✶✷❛✮ ✭❆❧♣❡s ❈❡♥tr❛❧❡s✮✳ ▼❛♥❞❛♣❛❦❛ ❡t ❛❧✳ ✭✷✵✶✷❛✮ ♦♥t ✐❞❡♥t✐✜é ✉♥
♠❛①✐♠✉♠ ✐♠♣♦rt❛♥t ❞✉ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ✭✵✳✷ ♠♠✴❤✮ ❡♥tr❡ ✶✵ ❤ ❡t ✷✹ ❤ ♣❡♥❞❛♥t
❧✬été ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ♥♦s rés✉❧t❛ts✳ P❡♥❞❛♥t ❧❡s ❛✉tr❡s s❛✐s♦♥s ❧❡ ❝②❝❧❡ ❡st q✉❛s✐♠❡♥t
♣❧❛t ❛✈❡❝ ✉♥❡ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞✬❡♥✈✐r♦♥ ✵✳✵✺ ♠♠✴❤ ❡♥❝♦r❡ ✉♥❡ ❢♦✐s s✐♠✐❧❛✐r❡ à ♥♦s
rés✉❧t❛ts✳ ❋✐♥❛❧❡♠❡♥t✱ ✐❧s ♦♥t ♠♦♥tré q✉❡ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❞❛♥s ❧❡s ❆❧♣❡s ❈❡♥tr❛❧❡s ❡st
♣r✐♥❝✐♣❛❧❡♠❡♥t ❧✐é ❛✉ ❢♦rç❛❣❡ ❧♦❝❛❧ ♦r♦❣r❛♣❤✐q✉❡✳ ●❧❛❞✐❝❤ ❡t ❛❧✳ ✭✷✵✶✶✮ ♦♥t tr♦✉✈é
✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ❡♥tr❡ ✾ ❤ ❡t ✷✹ ❤ ❡♥ ♠♦②❡♥♥❡ ❛♥♥✉❡❧❧❡ ✭✈❛✲
❧❡✉r ♠❛①✐♠❛❧❡ ❞❡ ✵✳✷✺ ♠♠✴❤✮ q✉✐ ❡st s✐♠✐❧❛✐r❡ à ♥♦s rés✉❧t❛ts✳ ■❧s ♦♥t ❛✉ss✐ ♠✐s ❡♥
é✈✐❞❡♥❝❡ ❞❡✉① ♣✐❝s ❞✐st✐♥❝ts ❞❛♥s ❧❛ ❥♦✉r♥é❡ ✭✶✸ ❤ ❡t ✷✶ ❤✮ q✉❡ ♥♦✉s ♥✬❛✈♦♥s ♣❛s
✐❞❡♥t✐✜és ❞❛♥s ♥♦tr❡ ❛♥❛❧②s❡✳

●❧♦❜❛❧❡♠❡♥t✱ ❧❡s rés✉❧t❛ts ❞❡ ❝❡tt❡ s❡❝t✐♦♥ ✐♥❞✐q✉❡♥t✱ q✉✬❡♥ ❤✐✈❡r✱ ❧❛ ♣❧✉✐❡ ♥✬❡st
♣❛s ✐♥✢✉❡♥❝é❡ ♣❛r ❧❡s ♣r♦❝❡ss✉s ❞✐✉r♥❡s t❛♥❞✐s q✉✬❡♥ été ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♣ré✲
❝✐♣✐t❛t✐♦♥s s❡♠❜❧❡ ❡♥ ♣❛rt✐❡ ✐♥✢✉❡♥❝é ♣❛r ❧❡s ♣❤é♥♦♠è♥❡s ❞❡ ❜r✐s❡ ♦✉ ❞✬✐♥st❛❜✐❧✐té
❛t♠♦s♣❤ér✐q✉❡✳ ❖♥ r❡♠❛rq✉❡ é❣❛❧❡♠❡♥t q✉❡ ❝❡s ♣r♦❝❡ss✉s s❡ ♠❡tt❡♥t très r❛♣✐❞❡✲
♠❡♥t ❡♥ ♣❧❛❝❡ ♣✉✐sq✉❡ ❧❡ t❛✉① ❞❡ ♣❧✉✐❡ ♠♦②❡♥ ❛✉❣♠❡♥t❡ ❞ès ✶✵ ❤ ❞✉ ♠❛t✐♥ ❡t q✉❡ ❧❛
✈❛❧❡✉r ♠❛①✐♠❛❧❡ ❛ ❧✐❡✉ ❡♥tr❡ ✸ ❡t ✺ ❤ ❛♣rès ❧✬é❧é✈❛t✐♦♥ s♦❧❛✐r❡ ♠❛①✐♠❛❧❡✳ ▲❡s rés✉❧t❛ts
♠♦♥tr❡♥t ❛✉ss✐ q✉✬❡♥ ❛✈r✐❧ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❡st ❢♦rt s✉r ❧❡s ♣ré✲❆❧♣❡s ❡t ❧❛ Pr♦✈❡♥❝❡
♠❛✐s ❢❛✐❜❧❡ s✉r ❧❡s ❆❧♣❡s✳ ❉❡ ♠❛✐ à ❥✉✐❧❧❡t✱ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❡♥ Pr♦✈❡♥❝❡ ❞❡✈✐❡♥t ♣❧✉s
❢❛✐❜❧❡ t❛♥❞✐s q✉✬✐❧ ❣❛❣♥❡ ❡♥ ✐♠♣♦rt❛♥❝❡ s✉r ❧❡s ❆❧♣❡s ❡t ❧❡ Pô✳ ❈❡ ❝♦♠♣♦rt❡♠❡♥t ♣❡✉t
êtr❡ ❡♥ ♣❛rt✐❡ ❧✐é à ❧✬❛❧t✐t✉❞❡ ♠♦②❡♥♥❡ ❞❡s ré❣✐♦♥s✳ ❊♥ ❡✛❡t✱ ❧❡s ré❣✐♦♥s ❛②❛♥t ✉♥❡
❛❧t✐t✉❞❡ ♠♦②❡♥♥❡ ♣❡✉ é❧❡✈é❡ ✭Pr♦✈❡♥❝❡✮ s❡ ré❝❤❛✉✛❡ ♣❧✉s ✈✐t❡ ❞❛♥s ❧❛ s❛✐s♦♥ q✉❡ ❧❡s
ré❣✐♦♥s ❛②❛♥t ✉♥❡ ❤❛✉t❡ ❛❧t✐t✉❞❡ ♠♦②❡♥♥❡ ✭❆❧♣❡s✮✳ ▲❛ ❞✐♠✐♥✉t✐♦♥ ❞✉ s✐❣♥❛❧ ❞✐✉r♥❡
s✉r ❧❛ Pr♦✈❡♥❝❡ ❡♥tr❡ ❧❡ ♣r✐♥t❡♠♣s ❡t ❧✬été ♣♦✉rr❛✐t êtr❡ ❧✐é❡ ❛✉① ❝♦♥❞✐t✐♦♥s ❛♥t✐❝②✲

✻✽ ❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

❝❧♦♥✐q✉❡s q✉✐ s✬✐♥st❛❧❧❡♥t ♣❡♥❞❛♥t ❧❡s ♠♦✐s ❞✬été✳ ❈❡s ❝♦♥❞✐t✐♦♥s ✈♦♥t ❛✈♦✐r t❡♥❞❛♥❝❡
à ✐♥❤✐❜❡r ❧❛ ❝♦♥✈❡❝t✐♦♥ ❡t ♣♦✉rr❛✐❡♥t ❡①♣❧✐q✉❡r ♣♦✉rq✉♦✐ ❧❡ ♣✐❝ ❡st ♣❧✉s ❢❛✐❜❧❡ ❞✉r❛♥t
❝❡tt❡ s❛✐s♦♥ ❡♥ Pr♦✈❡♥❝❡✳ ◆é❛♥♠♦✐♥s ❧❡s ❛✉tr❡s ré❣✐♦♥s ❝♦♥t✐♥❡♥t❛❧❡s ♣rés❡♥t❡♥t ✉♥
♣✐❝ r❡❧❛t✐✈❡♠❡♥t ❢♦rt ❞✉r❛♥t ❧✬été✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡ ❞❡ ❝♦♠♣♦rt❡♠❡♥t ♣♦✉rr❛✐t êtr❡
❧✐é❡ à ❧❛ t♦♣♦❣r❛♣❤✐❡ ♠❛rq✉é❡ ❞❡ ❝❡s ré❣✐♦♥s q✉✐ ❡st ❢❛✈♦r❛❜❧❡ à ❧✬❛❝t✐✈✐té ❝♦♥✈❡❝t✐✈❡
❡♥ été✳

▲❡s rés✉❧t❛ts ♦♥t ❛✉ss✐ ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉✬❡♥ ❥✉✐♥ ❡t ❥✉✐❧❧❡t ❧❡ ♠❛①✐♠✉♠ ❞✉
❝②❝❧❡ ❞✐✉r♥❡ ❛rr✐✈❡ à ❞✐✛ér❡♥t❡s ❤❡✉r❡s s✉✐✈❛♥ts ❧❡s ré❣✐♦♥s✳ ❈❡ ❝♦♠♣♦rt❡♠❡♥t ♣♦✉r✲
r❛✐t êtr❡ ❧✐é à ❧❛ ♣r♦①✐♠✐té ❞❡s ③♦♥❡s ❝♦♥✈❡❝t✐✈❡s ♣❛r r❛♣♣♦rt à ❧❛ ♠❡r✳ ❊♥ ❡✛❡t✱
❝♦♠♠❡ ♠❡♥t✐♦♥♥é ♣ré❝é❞❡♠♠❡♥t✱ ❡♥ été✱ ✉♥ ré❣✐♠❡ ❞❡ ❜r✐s❡ ❞❡ ♠❡r s❡ ❞é✈❡❧♦♣♣❡
❞❛♥s ❧✬❛♣rès✲♠✐❞✐ ❡t s❡ ❞é✈❡❧♦♣♣❡ ❞❡ ❧❛ ❝ôt❡ ✈❡rs ❧❡s ③♦♥❡s à ❧✬✐♥tér✐❡✉r ❞❡s t❡rr❡s✳
P❛r ❝♦♥séq✉❡♥t✱ ❧❡s ré❣✐♦♥s ♣r♦❝❤❡s ❞❡ ❧❛ ♠❡r ✭Pr♦✈❡♥❝❡ ❡t Pré✲❆❧♣❡s✮ ♣rés❡♥t❡♥t ✉♥
♠❛①✐♠✉♠ ❞❛♥s ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ♣❧✉s tôt ❞❛♥s ❧✬❛♣rès✲♠✐❞✐ q✉❡ ❧❡s ré❣✐♦♥s s✐t✉é❡s ❧♦✐♥
❞❡ ❧❛ ♠❡r ✭❆❧♣❡s✮✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ré❣✐♦♥ ❞✉ Pô✱ q✉✐ ❡st s✐t✉é❡ ❡♥ ♣❛rt✐❡ ♣rès
❞❡ ❧❛ ♠❡r ❡t ❡♥ ♣❛rt✐❡ ❧♦✐♥ ❞❡ ❧❛ ♠❡r✱ ♥♦✉s r❡♠❛rq✉♦♥s s✉r ❧❛ ✜❣✉r❡ ✸✳✽ q✉❡ ❧❛ ③♦♥❡
♦ù ♦♥t ❧✐❡✉ ❧❡s é✈è♥❡♠❡♥ts ❞❡ ♣❧✉✐❡ ✐♥t❡♥s❡ ✭❝✬❡st✲à✲❞✐r❡ ❧❡s é✈è♥❡♠❡♥ts ❝♦♥✈❡❝t✐❢s✮ s❡
tr♦✉✈❡ ❞❛♥s ❧❛ ♣❛rt✐r ♥♦r❞ ❞❡ ❝❡tt❡ ré❣✐♦♥ ❡t ❞♦♥❝ ❧♦✐♥ ❞❡ ❧❛ ♠❡r✳ ❈❡❧❛ ♣♦✉rr❛✐t ❡①✲
♣❧✐q✉❡r ♣♦✉rq✉♦✐ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ♠♦♥tr❡ ✉♥ ♠❛①✐♠✉♠ t❛r❞✐✈❡♠❡♥t ❞❛♥s ❧✬❛♣rès✲♠✐❞✐
❞❛♥s ❝❡tt❡ ré❣✐♦♥✳

❙✉r ❧❛ ❝ôt❡ ❡t ❧❛ ▼é❞✐t❡rr❛♥é❡✱ ✉♥ ♣✐❝ ❞❡ ♣❧✉✐❡ s❡❝♦♥❞❛✐r❡ ❛♣♣❛r❛ît ❡♥ t♦✉t ❞é❜✉t
❞❡ ♠❛t✐♥é❡ ❡♥tr❡ ❛♦ût ❡t ♥♦✈❡♠❜r❡✳ ■❧ ❢❛✉t ♥♦t❡r q✉❡ ❝❡ ♣✐❝ ♥✬❡st ♣❛s t♦✉❥♦✉rs s✐❣♥✐✲
✜❝❛t✐❢ ♣r♦❜❛❜❧❡♠❡♥t ❡♥ r❛✐s♦♥ ❞✬❛✉tr❡ ✈❛r✐❛❜✐❧✐tés q✉✐ ♣❡✉✈❡♥t ♠❛sq✉❡r ❧❡ s✐❣♥❛❧✳ ❈❡
❝♦♠♣♦rt❡♠❡♥t à ♣r❡♠✐èr❡ ✈✉❡ s✉r♣r❡♥❛♥t ❛ ❞é❥à été ❝♦♥st❛té ❞❛♥s ❞✐✛ér❡♥t❡s ré❣✐♦♥s
❞✉ ❣❧♦❜❡ ❝♦♠♠❡ ❧❛ ❈❛❧✐❢♦r♥✐❡ ✭▲❛♥❞✐♥ ❡t ❇♦s❛rt ✱ ✶✾✽✾✮✱ ❧❡ ❏❛♣♦♥ ✭❖❦✐ ❡t ▼✉s✐❛❦❡✱
✶✾✾✹✮ ♦✉ ❡♥❝♦r❡ ❧✬❊❝♦ss❡ ✭❙✈❡♥ss♦♥ ❡t ❏❛❦♦❜✱ ✷✵✵✷✮✳ ❈❡ ♣✐❝ ♣♦✉rr❛✐t êtr❡ ❧✐é ❛✉ r❡✲
❢r♦✐❞✐ss❡♠❡♥t ❞❡ ❧✬❛✐r ♣❡♥❞❛♥t ❧❛ ♥✉✐t s✉r ❧❛ ♠❡r ♦✉ ❧✬♦❝é❛♥✱ ❝❡ q✉✐ ❞é❝❧❡♥❝❤❡r❛✐t ✉♥❡
❜r✐s❡ ❞❡ t❡rr❡ ❡t ❝ré❡r❛✐t ✉♥ s♦✉❧è✈❡♠❡♥t ❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r s✐t✉é❡ à ♣r♦①✐♠✐té ❞❡ ❧❛
❝ôt❡✳ ❈❡tt❡ ❤②♣♦t❤ès❡ ❡st r❡♥❢♦r❝é❡ ♣❛r ❧❡ ❢❛✐t q✉❡ ❧❡ ♣✐❝ ❛♣♣❛r❛ît s❡✉❧❡♠❡♥t ♣♦✉r ❧❡s
ré❣✐♦♥s ❝ôt✐èr❡s ❡t ❞✉r❛♥t ❧❛ ✜♥ ❞✬été ❡t ❡♥ ❛✉t♦♠♥❡✱ ❝✬❡st✲à✲❞✐r❡ à ❧❛ ♣ér✐♦❞❡ ♦ù ❧❛
▼é❞✐t❡rr❛♥é❡ ❡st ♣❧✉s ❝❤❛✉❞❡ q✉❡ ❧❡ ❝♦♥t✐♥❡♥t✳

❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✻✾



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

✸✳✶✳✷ ❱❛r✐❛❜✐❧✐té s❛✐s♦♥♥✐èr❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

❉❛♥s ❝❡tt❡ s❡❝t✐♦♥✱ ♥♦✉s ❛✈♦♥s ❛♥❛❧②sé ❧❛ ✈❛r✐❛❜✐❧✐té s❛✐s♦♥♥✐èr❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
♠❡s✉ré❡s ♣❛r ❧❡ r❛❞❛r ❡♥ t❡r♠❡s ❞❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r✱ ❞✬♦❝❝✉rr❡♥❝❡ ❡t ❞✬é✈é♥❡♠❡♥ts
♣ré❝✐♣✐t❛♥ts ❡①trê♠❡s✳

❈✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s

▲❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣❧✉✐❡ ♣❛r ♠♦✐s ♠♦♥tr❡ ✉♥ ✈✐s❛❣❡ très ❝♦♥tr❛sté à ❧❛ ❢♦✐s
t❡♠♣♦r❡❧❧❡♠❡♥t ❡t s♣❛t✐❛❧❡♠❡♥t ✭❋✐❣✳ ✸✳✻ ✭❜✮✮✳ ❊♥ ♠♦②❡♥♥❡ ✐❧ ♣❧❡✉t ❡♥tr❡ ✵ ❡t ✼
♠♠✴❥ s✉r ❧❛ ré❣✐♦♥ ❝❤❛q✉❡ ♠♦✐s✳ ▲❡s ❝♦♥tr❡❢♦rts ❞❡s ❆❧♣❡s ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❛ ③♦♥❡
s✉❞✱ ♣r♦❝❤❡ ❞❡ ❧❛ ▼é❞✐t❡rr❛♥é❡✱ ♠♦♥tr❡♥t ❞❡s ✈❛❧❡✉rs ❥♦✉r♥❛❧✐èr❡s ❞❡ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡
très ✐♠♣♦rt❛♥t❡s✳ ❈❡❝✐ ❡st ✉♥❡ ♣r❡♠✐èr❡ ✐♥❞✐❝❛t✐♦♥ ❞✉ rô❧❡ ❞❡ ❧❛ ▼é❞✐t❡rr❛♥é❡ ❡t
❞❡s ❆❧♣❡s s✉r ❧❛ ❞✐str✐❜✉t✐♦♥ ❡t ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ♣❧✉✐❡✳ ▲❛ ✜❣✉r❡ ✸✳✻ ✭❜✮ ré✈è❧❡ ❞❡
♣❧✉s ✉♥❡ ♠✐❣r❛t✐♦♥ ♣r♦❣r❡ss✐✈❡ ❞❡ ❧❛ ♣❧✉✐❡ q✉✐ s❡ ❞é♣❧❛❝❡ ❞❡ ❧❛ ▼é❞✐t❡rr❛♥é❡ ✈❡rs ❧❡
❝♦♥t✐♥❡♥t ♣✉✐s ❡♥ s❡♥s ✐♥✈❡rs❡ ❞✉r❛♥t ❧✬❛♥♥é❡✳ ❊♥ ❡✛❡t✱ ❧❛ ♣❧✉✐❡ s❡ tr♦✉✈❡ ❧♦❝❛❧✐sé❡
s✉r ❧❡ s✉❞ ❞❡ ❧❛ ③♦♥❡ r❛❞❛r ❞✉r❛♥t ❧❡s ♠♦✐s ❞✬❛✉t♦♠♥❡ ❡t ❞✬❤✐✈❡r ♣✉✐s s❡ ❞é♣❧❛❝❡
♣r♦❣r❡ss✐✈❡♠❡♥t à ❧✬✐♥tér✐❡✉r ❞❡s t❡rr❡s ❡♥tr❡ ❛✈r✐❧ ❡t s❡♣t❡♠❜r❡✳ ▲❡ ♣r♦❝❡ss✉s à
❧✬♦r✐❣✐♥❡ ❞❡ ❝❡ ❞é♣❧❛❝❡♠❡♥t s❡♠❜❧❡ êtr❡ ❧❡ ♠ê♠❡ q✉❡ ❝❡❧✉✐ ❧✐é ❧❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞✉
❝②❝❧❡ ❞✐✉r♥❡ ♣✉✐sq✉✬✐❧ ❛ ❧✐❡✉ ❞✉r❛♥t ❧❛ ♠ê♠❡ ♣ér✐♦❞❡ ❞❡ ❧✬❛♥♥é❡✳ ❖♥ ♣❡✉t ♥♦t❛♠♠❡♥t
♣❡♥s❡r ❛✉ ré❝❤❛✉✛❡♠❡♥t ❝♦♥t✐♥❡♥t❛❧ ❡t ❛✉ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡ ♣❧✉✐❡s ❝♦♥✈❡❝t✐✈❡s ✭♣♦✉r
♣❧✉s ❞❡ ❞✐s❝✉ss✐♦♥ à ❝❡ s✉❥❡t ✈♦✐r ❧❡ ❝❤❛♣✐tr❡ ✺✮✳ ❈❡ ❞é♣❧❛❝❡♠❡♥t ❛ ❞é❥à ♣✉ êtr❡ ♠✐s
❡♥ é✈✐❞❡♥❝❡ ♣❛r ❞✐✛ér❡♥ts ❛✉t❡✉rs ✭❋r❡✐ ❡t ❙❝❤är ✱ ✶✾✾✽❀ ❋✉♥❛ts✉ ❡t ❛❧✳✱ ✷✵✵✾❀ ◆❛st♦s

❡t ❛❧✳✱ ✷✵✶✸✮ ❡t ❝♦♥❝❡r♥❡ ❡♥ ❢❛✐t ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ♣❛rt✐❡ ♥♦r❞ ❞❡ ❧❛ ▼é❞✐t❡rr❛♥é❡ ✭✈♦✐r
❧❛ ✜❣✉r❡ ✷ ❞❛♥s ◆❛st♦s ❡t ❛❧✳ ✭✷✵✶✸✮ ♣❛r ❡①❡♠♣❧❡✮✳

▲❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ♣❛r ♠♦✐s ❡t ♣❛r ré❣✐♦♥ ❡st r❡♣rés❡♥té s✉r ❧❛ ✜❣✉r❡ ✸✳✻ ✭❛✮✳
P❡♥❞❛♥t ❧✬❛✉t♦♠♥❡ ✭♦❝t♦❜r❡ à ❞é❝❡♠❜r❡✮ ❡t ❧✬❤✐✈❡r ✭❥❛♥✈✐❡r à ♠❛rs✮✱ ❧❡s ♠❛①✐♠✉♠s
❞❡ ♣❧✉✐❡ s❡ tr♦✉✈❡♥t s✉r ❧❛ ❝ôt❡ s✐t✉é❡ ❛✉ s✉❞ ❞❡s ❆❧♣❡s ✭❛✈❡❝ ❞❡s ✈❛❧❡✉rs ♠♦②❡♥♥❡s
❞❡ ❧✬♦r❞r❡ ❞❡ ✷ ♠♠✴❥ ❡t ✉♥ ♠❛①✐♠✉♠ ❡♥ ♥♦✈❡♠❜r❡ ❞❡ ✹ ♠♠✴❥✮✳ ❆✉ ♣r✐♥t❡♠♣s ✭❛✈r✐❧
à ❥✉✐♥✮✱ ✐❧ ♣❧❡✉t ♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r ❧❛ Pr♦✈❡♥❝❡ ❡t ❧❡s Pré✲❆❧♣❡s ✭❡♥tr❡ ✹ ❡t ✺ ♠♠✴❥✮✳
▲❛ s❛✐s♦♥ ❞✬été ✭❥✉✐❧❧❡t à s❡♣t❡♠❜r❡✮ ❡st q✉❛♥t à ❡❧❧❡ très sè❝❤❡ ❛✈❡❝ ❞❡s ✈❛❧❡✉rs
✐♥❢ér✐❡✉r❡s à ✶ ♠♠✴❥ s❛✉❢ s✉r ❧❛ ♣❧❛✐♥❡ ❞✉ Pô✳ ❚♦✉t❡s ❧❡s ré❣✐♦♥s à ❧✬❡①❝❡♣t✐♦♥ ❞❡s
❆❧♣❡s ♠♦♥tr❡♥t ✉♥ ré❣✐♠❡ ❜✐♠♦❞❛❧ ❛✈❡❝ ❞❡s ♠❛①✐♠✉♠s ❛✉ ♣r✐♥t❡♠♣s ❡t ❡♥ ❛✉t♦♠♥❡✳
❙✉r ❧❡s ❆❧♣❡s✱ ✐❧ ♣❧❡✉t très ♣❡✉ t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧✬❛♥♥é❡ ❡t ❧❡ ❝②❝❧❡ s❛✐s♦♥♥✐❡r ♥✬❡st
♣❛s ♠❛rq✉é✳

❈❡s rés✉❧t❛ts s♦♥t ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✉t❛♥t ❡♥ t❡r♠❡ ❞❡ ♣♦s✐t✐♦♥ q✉❡ ❞❡ ❝✉♠✉❧
❛✈❡❝ ❝❡✉① ❞❡ ❋r❡✐ ❡t ❙❝❤är ✭✶✾✾✽✮ ét❛❜❧✐s à ♣❛rt✐r ❞❡ ♠❡s✉r❡s ♣❧✉✈✐♦♠étr✐q✉❡s✳ ▲❡s
♠❡s✉r❡s s✉r ❧❛ ♠❡r✱ ❝♦♠♠❡ ✐♥❞✐q✉é ♣ré❝é❞❡♠♠❡♥t✱ ♥❡ ♣❡✉✈❡♥t êtr❡ ❝♦♠♣❛ré❡s q✉✬à
❞❡s ♦❜s❡r✈❛t✐♦♥s s❛t❡❧❧✐t❡s✳ ▲❡s ✈❛❧❡✉rs ❞❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ♠♦②❡♥ ❞♦♥♥és ♣❛r ❧❡
●P❈P ✭●❧♦❜❛❧ Pr❡❝✐♣✐t❛t✐♦♥ ❈❧✐♠❛t♦❧♦❣② Pr♦❥❡❝t✮ ✭❆❞❧❡r ❡t ❛❧✳✱ ✷✵✵✸✮ ♦✉ ♣❛r ◆❛st♦s

❡t ❛❧✳ ✭✷✵✶✸✮ ♣♦✉r ❧❛ ▼é❞✐t❡rr❛♥é❡ s♦♥t ❞❡ ❧✬♦r❞r❡ ❞❡ ✷ ♠♠✴❥✱ ✉♥❡ ✈❛❧❡✉r ❡♥ ❜♦♥
❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❡st✐♠❛t✐♦♥s ❞♦♥♥é❡s ♣❛r ❧❡ r❛❞❛r ❍②❞r✐①✳

❈❡s ♣r❡♠✐❡rs rés✉❧t❛ts à ❧✬é❝❤❡❧❧❡ s❛✐s♦♥♥✐èr❡ ✐❧❧✉str❡♥t ♥♦♥ s❡✉❧❡♠❡♥t ❧❛ ✈❛r✐❛❜✐✲
❧✐té ♣❡t✐t❡ é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡ s✉r ❧❛ ré❣✐♦♥ ♠❛✐s é❣❛❧❡♠❡♥t ❧❡s ✐♠♣♦rt❛♥ts ❝♦♥tr❛st❡s
ré❣✐♦♥❛✉①✳ ❆✐♥s✐✱ ❡♥ ❥✉✐♥✱ ❧❡ ❝✉♠✉❧ s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ ❞❡✈✐❡♥t ✐♥❢ér✐❡✉r à ✶ ♠♠✴❥
❛❧♦rs q✉❡✱ ❞❛♥s ❧❡ ♠ê♠❡ t❡♠♣s✱ ✐❧ ❡st s✉♣ér✐❡✉r à ✹ ♠♠✴❥ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ❦✐❧♦✲
♠ètr❡s ♣❧✉s ❛✉ ♥♦r❞ s✉r ❧❛ Pr♦✈❡♥❝❡✳ ▲❡s rés✉❧t❛ts ♠♦♥tr❡♥t ❛✉ss✐ q✉❡ ❧❡s ♠❛①✐♠✉♠s
❞❡ ♣❧✉✐❡ s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ♦❜s❡r✈és à ❧✬❡①trê♠❡ s✉❞ ❞❡s ❝♦♥tr❡❢♦rts ❞❡s ❆❧♣❡s✳ ▲❡s

✼✵ ❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
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❋✐❣✉r❡ ✸✳✻ ✿ ✭❛✮ ❍✐st♦❣r❛♠♠❡ ❞✉ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣❧✉✐❡ ✭♠♠✴❥✮ ♠♦②❡♥♥é
♣❛r ♠♦✐s ❡t ♣❛r ré❣✐♦♥✳ ▲❡s ❧✐❣♥❡s ✈❡rt❡s ❝♦rr❡s♣♦♥❞❡♥t à ❧✬é❝❛rt t②♣❡ s✉r ❧❡s
ré❣✐♦♥s ♣❛r ♠♦✐s✳ ✭❜✮ ❈✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣❧✉✐❡ ✭♠♠✴❥✮ ♠♦②❡♥♥é ♣❛r ♠♦✐s✳
▲❛ s❡❝t✐♦♥ s❛♥s ❞♦♥♥é❡ ❛✉ ❙✉❞✲❊st ❡st ❧✐é ❛✉ ♠❛sq✉❡ ♣❛r ✉♥❡ ❛♥t❡♥♥❡ s✐t✉é❡
à ♣r♦①✐♠✐té ❞✉ r❛❞❛r

❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✼✶
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❞❡✉① r❛✐s♦♥s ♣r✐♥❝✐♣❛❧❡s ❞✬✉♥❡ t❡❧❧❡ ❞✐str✐❜✉t✐♦♥ s❡♠❜❧❡♥t êtr❡ ❧❛ ♣r♦①✐♠✐té ❞❡ ❝❡s
ré❣✐♦♥s ❛✈❡❝ ✉♥❡ s♦✉r❝❡ ❞✬❤✉♠✐❞✐té ❡t ❧❛ ❢♦rt❡ ♣❡♥t❡ ❞✉ r❡❧✐❡❢✳ ▲❛ ❢♦r♠❡ ❞❡ ❝❡s ♠♦♥✲
t❛❣♥❡s ♣❡✉t ❛✉ss✐ ✐♥✢✉❡r s✉r ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ❧❛ ♣❧✉✐❡✳ ❈❡ ❞❡r♥✐❡r ♣♦✐♥t ❡st
s✉❣❣éré ♣❛r ❧❡s tr❛✈❛✉① ❞❡ ❲❛ts♦♥ ❡t ▲❛♥❡ ✭✷✵✶✷✮ q✉✐ ♦♥t ♠♦♥tré ♥✉♠ér✐q✉❡♠❡♥t
q✉✬✉♥❡ ❝❤❛î♥❡ ❞❡ ♠♦♥t❛❣♥❡ ❞❡ ❢♦r♠❡ ❝♦♥❝❛✈❡ ❝ré❡ ❡✣❝❛❝❡♠❡♥t ✉♥❡ ❝♦♥✈❡r❣❡♥❝❡ ❞❡
❧✬❛✐r ❡t✱ ❝♦♠♠❡ ♦❜s❡r✈é ❞❛♥s ♥♦tr❡ ❝❛s✱ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ s✉r
❝❤❛q✉❡ ❧✐❣♥❡ ❞❡ ❝rêt❡ ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡ ❞❡ ❧❛ ③♦♥❡ ❞❡ ❝♦♥✈❡r❣❡♥❝❡✳ ▲❡s rés✉❧t❛ts
♦♥t ❛✉ss✐ ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡ ❧❡ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ❡st ❧❛r❣❡♠❡♥t ♣❧✉s ✐♠♣♦rt❛♥t
❡♥ ♥♦✈❡♠❜r❡ q✉❡ ❞✉r❛♥t ❧❡s ❛✉tr❡s ♠♦✐s✳ ▲✬❡①♣❧✐❝❛t✐♦♥ ❞❡ ❝❡ ❝♦♠♣♦rt❡♠❡♥t ✈✐❡♥t
♣r❡♠✐èr❡♠❡♥t ❞✉ ❢❛✐t✱ q✉✬❡♥ ❛✉t♦♠♥❡✱ ❞❡ ♥♦♠❜r❡✉s❡s ♣❡rt✉r❜❛t✐♦♥s ❛t♠♦s♣❤ér✐q✉❡s
tr❛✈❡rs❡♥t ❧❛ ré❣✐♦♥ ❛✉ ❝♦♥tr❛✐r❡ ❞❡s ♠♦✐s ❞✬été ♦ù ❧❡s ❝♦♥❞✐t✐♦♥s s♦♥t ♣❧✉tôt ❛♥t✐❝②✲
❝❧♦♥✐q✉❡s✳ ❈❡s ♣❡rt✉r❜❛t✐♦♥s ❛t♠♦s♣❤ér✐q✉❡s s♦♥t ❛✐♥s✐ ❢❛✈♦r❛❜❧❡s ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t
❞❡ ♣❧✉✐❡s ✐♠♣♦rt❛♥t❡s✳ ❉❡ ♣❧✉s✱ ❡♥ été✱ ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ s❡ ré❝❤❛✉✛❡ ❡t ❛❝q✉✐èr❡
✉♥❡ é♥❡r❣✐❡ q✉✐ ❡st ❧✐❜éré❡ ❡♥ ❛✉t♦♠♥❡ q✉❛♥❞ ❧❡s t❡♠♣ér❛t✉r❡s ❞❡✈✐❡♥♥❡♥t ♣❧✉s
❢❛✐❜❧❡s s✉r ❧❡ ❝♦♥t✐♥❡♥t ❛❧♦rs q✉❡ ❧❛ ♠❡r r❡st❡ ❝❤❛✉❞❡✳ ▲❡ ❝✉♠✉❧ ❡st ♣❧✉s ✐♠♣♦rt❛♥t
❡♥ ♥♦✈❡♠❜r❡ ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s ♠♦✐s ❞✬❛✉t♦♠♥❡ ♣r♦❜❛❜❧❡♠❡♥t ❝❛r✱ ❞✉r❛♥t ❝❡
♠♦✐s✱ ❧❡s ❝♦♥❞✐t✐♦♥s ❛t♠♦s♣❤ér✐q✉❡s s♦♥t ♦♣t✐♠❛❧❡s ♣♦✉r ❧❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡ ♣❧✉✐❡s
✐♥t❡♥s❡s ✿ ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ ❡st ❝❤❛✉❞❡ ❡t ❞❡ ♥♦♠❜r❡✉① ❢r♦♥ts ❛t♠♦s♣❤ér✐q✉❡s
tr❛✈❡rs❡♥t ❧❛ ré❣✐♦♥✳

❖❝❝✉rr❡♥❝❡ ❞❡ ♣❧✉✐❡

▲❡ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡ ♣❛r ♠♦✐s ♠♦♥tr❡ é❣❛❧❡♠❡♥t ✉♥❡ ❢♦rt❡ ✈❛r✐❛❜✐❧✐té
s❛✐s♦♥♥✐èr❡ ♣♦✉r ❝❤❛q✉❡ ré❣✐♦♥ ✭❋✐❣✳ ✸✳✼✮✳ ▲❡s ❝❛rt❡s ❡t ❧❡s ❤✐st♦❣r❛♠♠❡s ♣❛r ♠♦✐s
s♦♥t ♦❜t❡♥✉❡s ❡♥ ❝❛❧❝✉❧❛♥t ♣♦✉r ❝❤❛q✉❡ ♣✐①❡❧ ❧❡ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ♦ù ❧❡ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡
♥✬❡st ♣❛s ♥✉❧✳ ❖♥ ♦❜s❡r✈❡✱ ❝♦♠♠❡ ♣♦✉r ❧❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣❧✉✐❡✱ ✉♥ ❞é♣❧❛❝❡♠❡♥t
❞❡ ❧❛ ♣❧✉✐❡ ❞❡ ❧❛ ♠❡r ✈❡rs ❧❛ t❡rr❡ ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡✳ ❙✉r ❧❛ ▼é❞✐t❡rr❛♥é❡ ❡t ❧❛
❝ôt❡✱ ❧❡ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡ ❡st ♠❛①✐♠❛❧ ❡♥tr❡ ❞é❝❡♠❜r❡ ❡t ♠❛rs ✭❡♥✈✐r♦♥ ✶✺
❥♦✉rs✴♠♦✐s✮ ❡t ♠✐♥✐♠❛❧ ❡♥ ❛♦ût ✭✐♥❢ér✐❡✉r à ✺ ❥♦✉rs✴♠♦✐s✮ ✭❋✐❣✳ ✸✳✼ ✭❛✮✮✳ ❊♥ Pr♦✈❡♥❝❡
❡t s✉r ❧❡s Pré✲❆❧♣❡s✱ ❝✬❡st ❡♥tr❡ ♠❛rs ❡t ♠❛✐ q✉❡ ❧✬♦❝❝✉rr❡♥❝❡ ❞❡ ♣❧✉✐❡ ❡st ❧❛ ♣❧✉s ❢♦rt❡
✭♣❛r ❡①❡♠♣❧❡ ✐❧ ② ❛ ♣rés ❞❡ ✷✵ ❥♦✉rs ❞❡ ♣❧✉✐❡ ❡♥ ♠♦②❡♥♥❡ ❡♥ ♠❛✐ s✉r ❧❡s Pré✲❆❧♣❡s✮
❡t ❧❛ ♣❧✉s ❢❛✐❜❧❡ ❡♥ ❛♦ût ✭✺ à ✶✵ ❥♦✉rs✮✳ ❉❛♥s ❧❡s ❆❧♣❡s ❧❡ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡
♠❛①✐♠✉♠ ❛ ❧✐❡✉ ❡♥ ♠❛✐ ✭✶✺ à ✷✵ ❥♦✉rs✮ ♠❛✐s ♦♥ ♥❡ ❞ét❡❝t❡ ❛✉❝✉♥ ♠✐♥✐♠✉♠ ❝❧❛✐r
♣❡♥❞❛♥t ❧✬❛♥♥é❡✳ ❙✉r ❝❡tt❡ ré❣✐♦♥ ❡t s✉r ❧❡s Pré✲❆❧♣❡s✱ ✐❧ ② ❛✱ ❞❡ ♣❧✉s✱ ✉♥ ♥♦♠❜r❡
s✐❣♥✐✜❝❛t✐❢ ❞✬é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡ ❡♥ été ❡♥ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡s ❛✉tr❡s ré❣✐♦♥s✳ ❖♥
✈♦✐t s✉r ❧❡s ❤✐st♦❣r❛♠♠❡s q✉✬❡♥ ♠♦②❡♥♥❡✱ ✐❧ ♣❧❡✉t ♣❡♥❞❛♥t ❧✬❛♥♥é❡ ❡♥tr❡ ✺ ✭❛♦ût✮ ❡t
✷✵ ❥♦✉rs ✭❞é❝❡♠❜r❡ à ♠❛✐✮ ♣❛r ♠♦✐s✳

■❧ ❡st ✐♥tér❡ss❛♥t ❞❡ ❝♦♠♣❛r❡r ❝❡s rés✉❧t❛ts ❛✈❡❝ ❧❛ ✜❣✉r❡ ✸✳✻✳ ❊♥ ❡✛❡t✱ ♦♥ ✈♦✐t
q✉❡ ❧❡s ♠♦✐s q✉✐ s✉❜✐ss❡♥t ❧❡s ❝✉♠✉❧s ❞❡ ♣❧✉✐❡ ❧❡s ♣❧✉s ✐♠♣♦rt❛♥t ♥❡ ❝♦rr❡s♣♦♥❞❡♥t
♣❛s t♦✉❥♦✉rs ❛✉① ♠♦✐s q✉✐ ♦♥t ❧❡ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡ ❧❡ ♣❧✉s ✐♠♣♦rt❛♥t✳ ❈❡
rés✉❧t❛t ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✈✐s✐❜❧❡ s✉r ❧❡s ❤✐st♦❣r❛♠♠❡s ✭❋✐❣✳ ✸✳✻ ✭❛✮ ❡t ✸✳✼ ✭❛✮✮✳
P❛r ❡①❡♠♣❧❡✱ ❧❡ ♠♦✐s ❞❡ ♠❛✐ ❡st très ♣❧✉✈✐❡✉① s✉r ❧❛ ❈ôt❡ ❡t ❧❛ ▼é❞✐t❡rr❛♥é❡ ♠❛✐s
♣rés❡♥t❡ ✉♥ ❝✉♠✉❧ ❣❧♦❜❛❧❡♠❡♥t ❛ss❡③ ❢❛✐❜❧❡ ❡♥ ❝♦♠♣❛r❛✐s♦♥ ❛✉① ♠♦✐s ❞✬♦❝t♦❜r❡ ♦✉
❞❡ ♥♦✈❡♠❜r❡✳ ◆♦✉s ♣♦✉✈♦♥s é❣❛❧❡♠❡♥t ♥♦t❡r q✉❡✱ s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡✱ ❜✐❡♥ q✉❡
❧❡s ❝✉♠✉❧s ❞❡ ♣❧✉✐❡ s♦✐❡♥t ❡①trê♠❡♠❡♥t ❢❛✐❜❧❡s✱ q✉❡❧q✉❡s ♣❧✉✐❡s s✉❜s✐st❡♥t ❞✉r❛♥t ❧❡s
♠♦✐s ❞✬été✳

✼✷ ❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡
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❋✐❣✉r❡ ✸✳✼ ✿ ✭❛✮ ❍✐st♦❣r❛♠♠❡ ❞✉ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡ ♣❛r ré❣✐♦♥ ❡t ♣❛r
♠♦✐s✳ ▲❡s ❧✐❣♥❡s ✈❡rt❡s ❝♦rr❡s♣♦♥❞❡♥t à ❧✬é❝❛rt t②♣❡ ♣❛r ♠♦✐s✳ ✭❜✮ ◆♦♠❜r❡
❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡ ♣❛r ♠♦✐s✳ ▲❡s ❧✐❣♥❡s ❞r♦✐t❡s q✉❡ ❧✬♦♥ ❛♣❡rç♦✐t à ❡♥✈✐r♦♥
✶✵✵ ❦♠ ❞✉ r❛❞❛r s♦♥t ❧✐é❡s ❛✉① ❝♦✉❧♦✐rs ❛ér✐❡♥s ✭✈♦✐r s❡❝t✐♦♥ ✷✳✺✮

❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✼✸



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

❊①trê♠❡s ❞❡ ♣❧✉✐❡

■♥tér❡ss♦♥s ♥♦✉s à ♣rés❡♥t ❛✉① ❡①trê♠❡s ❞❡ ♣❧✉✐❡ s✉r ❧❛ ré❣✐♦♥✳ ◆♦✉s ❛✈♦♥s ❝❤♦✐s✐
❞❡ ❞✐st✐♥❣✉❡r ❧❡s ❡①trê♠❡s ❡♥ t❡r♠❡ ❞✬✐♥t❡♥s✐té ✭t❛✉① ❞❡ ♣❧✉✐❡✮ ❡t ❡♥ t❡r♠❡ ❞✬✐♠♣❛❝t
✭❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ❥♦✉r♥❛❧✐❡r✮ ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❧❡s ré❣✐♦♥s s✉❥❡tt❡s ❛✉① é✈é♥❡♠❡♥ts
♠été♦r♦❧♦❣✐q✉❡s ❡①trê♠❡s ✭▼❊❊✮ ✭❝✬❡st✲à✲❞✐r❡ ❞❡ ❢♦rt❡ ✐♥t❡♥s✐té✮ ❡t ❧❡s ré❣✐♦♥s s✉✲
❥❡tt❡s ❛✉① é✈é♥❡♠❡♥ts ❤②❞r♦❧♦❣✐q✉❡s ❡①trê♠❡s ✭❍❊❊✮ ✭❝✬❡st✲à✲❞✐r❡ à ❢♦rt ✐♠♣❛❝t✮✳
P♦✉r ❝❡❧❛✱ ♦♥ ❛ ❞✐✈✐sé ❧❡s ré❣✐♦♥s ❡♥ ♣✐①❡❧s ❞❡ 4 km2 ✶ ♣♦✉r ❧❡sq✉❡❧s ♦♥ ❛ ❝❛❧❝✉❧é ❧❡s
✈❛❧❡✉rs ❞❡s ✾✾✱✾✾è♠❡s q✉❛♥t✐❧❡s ❞❡s P❉❋ ✭❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té✮ ❞✉ t❛✉①
❞❡ ♣❧✉✐❡ ❡t ❞❡s ✾✾è♠❡s q✉❛♥t✐❧❡s ❞❡s P❉❋ ❞✉ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣❧✉✐❡✳ ▲❡s ✈❛❧❡✉rs
❞❡s q✉❛♥t✐❧❡s ✭✾✾ ❡t ✾✾✱✾✾✮ ♦♥t été ❝❤♦✐s✐❡s ❞❡ ♠❛♥✐èr❡ à ❣❛r❞❡r ✉♥ ♥♦♠❜r❡ s✐❣♥✐✜❝❛t✐❢
❞❡ ♣♦✐♥ts s✉♣ér✐❡✉rs à ❝❡tt❡ ❧✐♠✐t❡ ✷✳

▲❛ ✜❣✉r❡ ✸✳✽ ♠♦♥tr❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ▼❊❊ ♦❜t❡♥✉❡✳ ▲❡s ré❣✐♦♥s ❛②❛♥t ❧❛ ♣r♦✲
❜❛❜✐❧✐té ❧❛ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞✬êtr❡ ❢r❛♣♣é❡s ♣❛r ❞❡s ▼❊❊ s♦♥t s✐t✉é❡s s✉r ❧❡ ❝♦♥t✐♥❡♥t
❡t ❡♥ ♣❛rt✐❝✉❧✐❡r s✉r ❧❡s ❝♦♥tr❡❢♦rts ❞❡s ❆❧♣❡s✳ ❈✬❡st ❡♥tr❡ ❧❡s ♠♦✐s ❞✬❛✈r✐❧ ❡t ❞✬❛♦ût
q✉❡ ❧✬♦♥ ❛ ❧❡ ♣❧✉s ❞❡ ♣r♦❜❛❜✐❧✐té ❞✬❛✈♦✐r ❞❡s ▼❊❊ ✭❛✈❡❝ ❞❡s t❛✉① ❞❡ ♣❧✉✐❡ ♣❛r❢♦✐s s✉✲
♣ér✐❡✉rs à ✶✻✵ ♠♠✴❤✮✳ ❊♥ ♦✉tr❡✱ ♦♥ ❝♦♥st❛t❡ q✉❡ q✉❡❧q✉❡s ▼❊❊ ♣❧✉s ❢❛✐❜❧❡s ❡①✐st❡♥t
❡♥ ▼é❞✐t❡rr❛♥é❡ ❞ès ❧❡ ♠♦✐s ❞✬❛♦ût ❡t ❡♥ ❛✉t♦♠♥❡✳ ❊♥✜♥✱ ❧❡ t❛✉① ❞❡ ♣❧✉✐❡ ❛ss♦❝✐é
❛✉① ▼❊❊ ❡st très ❢❛✐❜❧❡ ❡♥tr❡ ❧❡s ♠♦✐s ❞❡ ❞é❝❡♠❜r❡ ❡t ♠❛rs s✉r t♦✉t❡ ❧❛ ré❣✐♦♥✳
◆é❛♥♠♦✐♥s✱ ♦♥ ♣❡✉t r❡♠❛rq✉❡r q✉❡❧q✉❡s ✈❛❧❡✉rs ❢♦rt❡s ❡♥ ❞é❝❡♠❜r❡ ❡t ❥❛♥✈✐❡r s✉r
❧❛ ♣❛rt✐❡ ❡st ❞✉ ❞♦♠❛✐♥❡ r❛❞❛r✳ ■❧ ❢❛✉t s❡ r❛♣♣❡❧❡r q✉❡ s✉r ❝❡tt❡ ré❣✐♦♥ ❧❡ ❢❛✐s❝❡❛✉
r❛❞❛r ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t é❧❡✈é ❛❧♦rs q✉✬à ❝❡s ♣ér✐♦❞❡s ❞❡ ❧✬❛♥♥é❡ ❧❛ ❜❛♥❞❡ ❜r✐❧❧❛♥t❡
❡st à ❜❛ss❡ ❛❧t✐t✉❞❡✳ ❈❡s ❢♦rt❡s ✈❛❧❡✉rs s♦♥t ❞♦♥❝ ♣r♦❜❛❜❧❡♠❡♥t ❧✐é❡s à ❞❡s ❞✐✣❝✉❧tés
❞✬❡①tr❛♣♦❧❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ❛✉ s♦❧ ❞❛♥s ❝❡tt❡ ré❣✐♦♥✳ ◆♦✉s r❡♠❛rq✉♦♥s ❛✉ss✐ q✉❡ ❧❡s
✈❛❧❡✉rs s✉r ❧❛ ❢r♦♥t✐èr❡ ❡♥tr❡ ❧❛ ré❣✐♦♥ ❞✉ Pô ❡t ❞✉ ♥♦r❞ ❞❡s ❆❧♣❡s s♦♥t ♣❛rt✐❝✉❧✐èr❡✲
♠❡♥t ✐♠♣♦rt❛♥t❡s ❡♥ été✳ ❊♥❝♦r❡ ✉♥❡ ❢♦✐s✱ ❡♥ r❛✐s♦♥ ❞❡ ❧✬❛❧t✐t✉❞❡ ❞✉ ❢❛✐s❝❡❛✉ r❛❞❛r
s✉r ❝❡s ré❣✐♦♥s✱ ✐❧ ❡st t♦✉t à ❢❛✐t ♣♦ss✐❜❧❡ q✉❡ ❝❡s ✈❛❧❡✉rs ♣✉✐ss❡♥t êtr❡ s✉r❡st✐♠é❡s
♠ê♠❡ s✐ ❞✉r❛♥t ❝❡tt❡ ♣ér✐♦❞❡ ❧❡ ❢❛✐s❝❡❛✉ r❛❞❛r s❡ tr♦✉✈❡ ❡♥ ❣é♥ér❛❧ s♦✉s ❧❛ ❜❛♥❞❡
❜r✐❧❧❛♥t❡✳ ■❧ s❡r❛ ❞♦♥❝ ✐♥tér❡ss❛♥t ♣❛r ❧❛ s✉✐t❡ ❞❡ ❝♦♠♣❛r❡r ❝❡s ✈❛❧❡✉rs ❛✈❡❝ ❞✬❛✉tr❡s
♠♦②❡♥s ❞❡ ♠❡s✉r❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♥♦✉s ♣♦✉rr♦♥s ✉t✐❧✐s❡r ❧❡s r❛❞❛rs ❜❛♥❞❡ ❳ q✉✐
❡①✐st❡♥t ❞✉ ❝ôté ❞❡ ❧❛ ❢r♦♥t✐èr❡ ✐t❛❧✐❡♥♥❡✳

▲❡s é✈é♥❡♠❡♥ts ♠été♦r♦❧♦❣✐q✉❡s ❧❡s ♣❧✉s ❡①trê♠❡s ❞❡ ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲
▼é❞✐t❡rr❛♥é❡ s♦♥t ❧✐és ❛✉① ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s✳ ❆✐♥s✐✱ ♦♥ ✈♦✐t q✉❡ ❧❡s ré❣✐♦♥s ❧❡s
♣❧✉s t♦✉❝❤é❡s ♣❛r ❝❡s é✈é♥❡♠❡♥ts ❝♦♥✈❡❝t✐❢s ✐♥t❡♥s❡s s♦♥t ❧❡s ❝♦♥tr❡❢♦rts ❞❡s ❆❧♣❡s✳
▲❡s ♠❛①✐♠❛s s♦♥t très ❧♦❝❛❧✐sés ❝❡ q✉✐ t❡♥❞ à ♠♦♥tr❡r ❧✬✐♠♣♦rt❛♥❝❡ ❞❡s ❢♦rç❛❣❡s
❧♦❝❛✉① ✭t♦♣♦❣r❛♣❤✐❡✱ ③♦♥❡s ❞❡ ❝♦♥✈❡r❣❡♥❝❡✮✳ ❆ ❧❛ ✜♥ ❞❡ ❧✬été ❡t ❡♥ ❛✉t♦♠♥❡✱ ❧❡s
♣❧✉✐❡s ❝♦♥✈❡❝t✐✈❡s s❡ tr♦✉✈❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r ❧❛ ♠❡r ❡t ❧❛ ❝ôt❡ ❡♥ r❛✐s♦♥ ❞❡s
❢♦rts ❝♦♥tr❛st❡s ❡♥tr❡ ❧❛ ♠❡r ❝❤❛✉❞❡ ❡t ❧❡ ❝♦♥t✐♥❡♥t ♣❧✉s ❢r♦✐❞✳ P❧✉s✐❡✉rs ét✉❞❡s s✉r
❞❡s ré❣✐♦♥s ✈♦✐s✐♥❡s s❡♠❜❧❡♥t ❝♦♥✜r♠❡r ♥♦s ♦❜s❡r✈❛t✐♦♥s✳ P❛r ❡①❡♠♣❧❡✱ ❋✉♥❛ts✉ ❡t ❛❧✳

✭✷✵✵✾✮ ❡t ❍♦❧t ❡t ❛❧✳ ✭✷✵✵✶✮ ♠♦♥tr❡♥t q✉❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡s ③♦♥❡s ❝♦♥✈❡❝t✐✈❡s ❡t ❞❡s
③♦♥❡s ❞❡ ❢♦rt❡s ❛❝t✐✈✐tés é❧❡❝tr✐q✉❡s ✭❞♦♥❝ ♣r♦❜❛❜❧❡♠❡♥t ❞✬❡①trê♠❡s ❞❡ ♣❧✉✐❡✮ s❡ ❞é✲
♣❧❛❝❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ s❛✐s♦♥ ❞✬✉♥❡ ♠❛♥✐èr❡ ✐❞❡♥t✐q✉❡ à ❝❡ q✉❡ ❧✬♦♥ ♦❜s❡r✈❡ ❞❛♥s
♥♦tr❡ ét✉❞❡✳

❖♥ ❝♦♥st❛t❡ é❣❛❧❡♠❡♥t q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ▼❊❊ ❡st ❞✐✛ér❡♥t❡ ❞❡ ❧❛ ❞✐str✐✲

✶✳ ▲❡s ré❣✐♦♥s ♦♥t été ❞✐✈✐sé❡s ❡♥ ♣✐①❡❧s ❞❡ 4 km2 ✭❛✉ ❧✐❡✉ ❞❡ ✶ km2 ♣♦✉r ❞❡s r❛✐s♦♥s ❞❡ t❡♠♣s
❞❡ ❝❛❧❝✉❧

✷✳ ❝✬❡st✲à✲❞✐r❡ ♣♦✉r ❧❡s ▼❊❊ ✿ ✵✳✵✵✵✶✯✶✷ ✭♣♦✐♥ts ♣❛r ❤❡✉r❡✮ ✯ ✷✹ ✭❤❡✉r❡s ♣❛r ❥♦✉r✮ ✯ ✸✻✺ ✭❥♦✉rs✮
✯ ✹ ✭❛♥s✮ ✯ ✹ ✭♣✐①❡❧s✮ ∼ ✶✺✵ ❡t ♣♦✉r ❧❡s ❍❊❊ ✿ ✵✳✵✶✯✷✹✯✸✻✺✯✹ ∼ ✶✵✵✵

✼✹ ❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
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❋✐❣✉r❡ ✸✳✽ ✿ ✭❛✮ ❍✐st♦❣r❛♠♠❡ ❞✉ t❛✉① ❞❡ ♣❧✉✐❡ ✭♠♠✴❤✮ ❝♦rr❡s♣♦♥❞❛♥t ❛✉
✾✾✱✾✾è♠❡ q✉❛♥t✐❧❡ ❞❡s ▼❊❊ ♣❛r ré❣✐♦♥ ❡t ♣❛r ♠♦✐s✳ ▲❡s ❧✐❣♥❡s ✈❡rt❡s ❝♦rr❡s✲
♣♦♥❞❡♥t à ❧✬é❝❛rt t②♣❡ ♣❛r ♠♦✐s ❡t ♣❛r ré❣✐♦♥✳ ✭❜✮ ❚❛✉① ❞❡ ♣❧✉✐❡ ✭♠♠✴❤✮
❝♦rr❡s♣♦♥❞❛♥t ❛✉ ✾✾✱✾✾è♠❡ q✉❛♥t✐❧❡ ❞❡s ▼❊❊ ♣❛r ♠♦✐s

❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✼✺



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

❜✉t✐♦♥ ❞✉ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣❧✉✐❡ ✭✈♦✐r ❋✐❣✳ ✸✳✻✮✳ ❊♥✜♥✱ ❧❡s rés✉❧t❛ts ♠♦♥tr❡♥t
q✉❡ ❧❡s ▼❊❊ s♦♥t très ❧♦❝❛❧✐sés ❝❡ q✉✐ ❡①♣❧✐q✉❡ ❧❛ ❞✐✣❝✉❧té ♣♦✉r ❧❡s ♣ré✈♦✐r ❞❛♥s ❧❡s
♠♦❞è❧❡s ❞❡ ♣ré✈✐s✐♦♥s ❛②❛♥t ❞❡s ♠❛✐❧❧❡s tr♦♣ ❣r♦ss✐èr❡s✳

▲✬ét✉❞❡ ❞❡s ❍❊❊ ♣❡r♠❡t q✉❛♥t à ❡❧❧❡ ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s ré❣✐♦♥s ré❣✉✲
❧✐èr❡♠❡♥t t♦✉❝❤é❡s ♣❛r ❞❡s ❝✉♠✉❧s ❥♦✉r♥❛❧✐❡rs ✐♠♣♦rt❛♥ts ✭❝✬❡st✲à✲❞✐r❡ ❧❡s ré❣✐♦♥s
♣♦t❡♥t✐❡❧❧❡♠❡♥t ❡①♣♦sé❡s ❛✉① ✐♥♦♥❞❛t✐♦♥s✮ ✭❋✐❣✳ ✸✳✾✮✳ ▲❡s ❍❊❊ ♠♦♥tr❡♥t ✉♥ ✐♠♣♦r✲
t❛♥t ❝②❝❧❡ s❛✐s♦♥♥✐❡r s✉r ❧❡s ré❣✐♦♥s ❝ôt✐èr❡s ❡t ❧❛ ▼é❞✐t❡rr❛♥é❡ ❛✈❡❝ ✉♥ ♠❛①✐♠✉♠ ❡♥
❥❛♥✈✐❡r ✭∼✹✵ ♠♠✴❥✮ ❡t ✉♥ ♠✐♥✐♠✉♠ ❡♥ ❛♦ût ✭<✶✵ ♠♠✴❥✮ t❛♥❞✐s q✉❡ ❧❡s Pré✲❆❧♣❡s✱
❧❡s ❆❧♣❡s ❡t ❧❛ Pr♦✈❡♥❝❡ ♥❡ ♣rés❡♥t❡♥t ♣❛s ❞❡ ❝②❝❧❡ s❛✐s♦♥♥✐❡r ♠❛rq✉é✳ P♦✉r ❧❡s Pré✲
❆❧♣❡s ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❝♦rr❡s♣♦♥❞ à ✷✺ ♠♠✴❥✱ ♣♦✉r ❧❡s ❆❧♣❡s ✶✵ ♠♠✴❥ ❡t ♣♦✉r ❧❛
Pr♦✈❡♥❝❡ ✷✵ ♠♠✴❥✳ ▲❡s ♠❛①✐♠✉♠s s♦♥t ♠♦✐♥s ❧♦❝❛❧✐sés q✉❡ ♣♦✉r ❧❡s ▼❊❊✳

▲❡ ❢❛✐t q✉✬✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ❝②❝❧❡ s❛✐s♦♥♥✐❡r ♠❛rq✉é s✉r ❧❡ ❝♦♥t✐♥❡♥t ♣♦✉r ❧❡s
❍❊❊ ❝♦♥tr❛✐r❡♠❡♥t à t♦✉t❡s ❧❡s ❛✉tr❡s ✈❛r✐❛❜❧❡s ❛♥❛❧②sé❡s ✭❝✉♠✉❧✱ ♥♦♠❜r❡ ❞❡ ❥♦✉rs
❞❡ ♣❧✉✐❡ ❡t ❡①trê♠❡s ❞❡ ♣❧✉✐❡ ❡♥ t❡r♠❡s ❞✬✐♥t❡♥s✐té✮ ♣❡✉t s✬❡①♣❧✐q✉❡r ♣❛r ❧❡ ❢❛✐t
q✉❡ ❞✉r❛♥t ❧✬❤✐✈❡r✱ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❢r♦♥t❛❧❡s s♦♥t ❞❡ ❢❛✐❜❧❡s ✐♥t❡♥s✐tés ♠❛✐s ❞✉r❡♥t
❧♦♥❣t❡♠♣s ❝❡ q✉✐ ❝ré❡ ❞❡s ❝✉♠✉❧s ✐♠♣♦rt❛♥ts éq✉✐✈❛❧❡♥ts à ❝❡✉① ♠❡s✉rés ❡♥ été ♦ù
❝❡ s♦♥t ♣❧✉tôt ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❝♦♥✈❡❝t✐✈❡s q✉✐ ♣ré✈❛❧❡♥t ❡t q✉✐ ❣é♥èr❡♥t ❞❡s ♣❧✉✐❡s
très ✐♥t❡♥s❡s ♠❛✐s r❡❧❛t✐✈❡♠❡♥t ❝♦✉rt❡s✳

❯♥❡ ❝♦♥❝❧✉s✐♦♥ ❞❡ ❧✬❛♥❛❧②s❡ ❞❡ ❝❡s q✉❛tr❡ ♣❛r❛♠ètr❡s ✭❛❝❝✉♠✉❧❛t✐♦♥✱ ♦❝❝✉rr❡♥❝❡✱
▼❊❊ ❡t ❍❊❊✮ ❡st q✉❡ ❧❡ ❞é❝♦✉♣❛❣❡ ❞❡s ré❣✐♦♥s ✭❋✐❣✳ ✸✳✶✮ ♣❡r♠❡t ❣❧♦❜❛❧❡♠❡♥t ❞❡ ❢❛✐r❡
❛♣♣❛r❛îtr❡ tr♦✐s ❣r❛♥❞s ❣r♦✉♣❡s ✿ ❧❡s ré❣✐♦♥s ❝♦♥t✐♥❡♥t❛❧❡s ✭Pr♦✈❡♥❝❡✱ Pré✲❆❧♣❡s ❡t
❆❧♣❡s✮✱ ❧❡s ré❣✐♦♥s ♠❛r✐t✐♠❡s ✭❈ôt❡s ❡t ▼é❞✐t❡rr❛♥é❡✮ ❡t ❧❛ ré❣✐♦♥ ❞✉ Pô✳ ❖♥ r❛♣♣❡❧❧❡
♣❛r ❛✐❧❧❡✉rs q✉❡ ❝❡tt❡ ❞❡r♥✐èr❡ ❡st s✉❥❡tt❡ à ✉♥❡ ❣r❛♥❞❡ ✐♥❝❡rt✐t✉❞❡✳ ❉❡ ♥♦♠❜r❡✉s❡s
ét✉❞❡s s♦♥t ré❛❧✐sé❡s ✉♥✐q✉❡♠❡♥t s✉r ❧❛ t❡rr❡ ♠❛✐s ✐❧ ❛♣♣❛r❛ît q✉❡ ♣♦✉r ❛✈♦✐r ✉♥❡
✈✐s✐♦♥ ♣❧✉s ❝♦♠♣❧èt❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✱ ✐❧ ❡st ❛❜s♦❧✉♠❡♥t ♥é❝❡ss❛✐r❡
❞❡ ❞é✈❡❧♦♣♣❡r ❞❡s rés❡❛✉① ❞❡ ♠❡s✉r❡s ❞❡♥s❡s ❡t ❞❡ ✜♥❡s rés♦❧✉t✐♦♥s s✉r ❧❛ ♠❡r✳ ❈❡❧❛
♣❡✉t êtr❡ ♣❛r ❡①❡♠♣❧❡ ❡✛❡❝t✉é ❡♥ ✐♥st❛❧❧❛♥t ❞❡s r❛❞❛rs ♠été♦r♦❧♦❣✐q✉❡s s✉r ❧❛ ❝ôt❡✱
s✉r ❞❡s ♣❧❛t❡❢♦r♠❡s ♦✛s❤♦r❡ ♦✉ s✉r ❞❡s î❧❡s ♦✉ ❡♥ ❞é♣❧♦②❛♥t ❞❡ ♥♦♠❜r❡✉s❡s ❜♦✉é❡s
♠été♦r♦❧♦❣✐q✉❡s✳

■❧ ❡st é❣❛❧❡♠❡♥t ✐♥tér❡ss❛♥t ❞✬❛♥❛❧②s❡r ❧❡s r❡❧❛t✐♦♥s ❡♥tr❡ ❧❡s ❍❊❊ ❡t ❧❡s ▼❊❊ ♣❛r
♠♦✐s ✭❋✐❣✳ ✸✳✶✵✮✳ ❯♥❡ ❝♦rré❧❛t✐♦♥ q✉❛s✐♠❡♥t ❧✐♥é❛✐r❡ ❛♣♣❛r❛ît ❡♥ ❛✉t♦♠♥❡✳ ❈♦♠♠❡
❧❡s ❍❊❊ s♦♥t ❧✐és à ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛②❛♥t ✉♥ ❢♦rt ✐♠♣❛❝t ❤②❞r♦❧♦❣✐q✉❡ ❡t q✉❡ ❧❡s
▼❊❊ s♦♥t ❧✐é❡ à ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛②❛♥t ✉♥❡ ❢♦rt❡ ✐♥t❡♥s✐té ✐♥st❛♥t❛♥é✱ ❧❛ ❝♦rré❧❛t✐♦♥
s✐❣♥✐✜❡ q✉✬❡♥ ❛✉t♦♠♥❡ ❝❡rt❛✐♥❡s ré❣✐♦♥s ✭❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡s ré❣✐♦♥s ❝ôt✐èr❡s✮ s♦♥t à ❧❛
❢♦✐s s✉❥❡tt❡s à ❞❡s ✐♠♣♦rt❛♥ts ▼❊❊ ❡t ❍❊❊✳ ❈❡❧❛ ❡①♣❧✐q✉❡ ❧❡s ✐♥♦♥❞❛t✐♦♥s ❢réq✉❡♥t❡s
❞✉r❛♥t ❝❡tt❡ s❛✐s♦♥ ❞❛♥s ❝❡rt❛✐♥❡s ré❣✐♦♥s ✭♣❛r ❡①❡♠♣❧❡ ❧❡s ✐♥♦♥❞❛t✐♦♥s ❞❡ ◆✐❝❡ ❡♥
♥♦✈❡♠❜r❡ ✷✵✶✶✮✳ ❆✉ ♣r✐♥t❡♠♣s ❡t ❡♥ été✱ ❧❛ ❝♦rré❧❛t✐♦♥ ❡①✐st❡ ♠❛✐s ♥✬❡st ♣❛s ❛✉ss✐
♠❛rq✉é❡ q✉✬❡♥ ❛✉t♦♠♥❡ t❛♥❞✐s q✉✬❡♥ ❤✐✈❡r✱ ♦♥ ♥✬♦❜s❡r✈❡ ♣❛s ❞❡ r❡❧❛t✐♦♥ ❡♥tr❡ ❝❡s
❞❡✉① ✈❛r✐❛❜❧❡s✳

✼✻ ❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

0
10
20
30
40
50

Jan Mar May Jul Sep Nov
0

10
20
30
40
50

Jan Mar May Jul Sep Nov

0
10
20
30
40
50

Jan Mar May Jul Sep Nov

E
xt

re
m

e
in

ra
in

im
pa

ct
(m

m
/d

)

0
10
20
30
40
50

Jan Mar May Jul Sep Nov

0
10
20
30
40
50

Jan Mar May Jul Sep Nov
0

10
20
30
40
50

Jan Mar May Jul Sep Nov

Alpes Méditerranée

Provence Pô

Pré-Alpes Côtes

✭❛✮

✭❜✮

❋✐❣✉r❡ ✸✳✾ ✿ ✭❛✮ ❍✐st♦❣r❛♠♠❡ ❞✉ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣❧✉✐❡ ✭♠♠✴❥✮ ❝♦rr❡s✲
♣♦♥❞❛♥t ❛✉ ✾✾è♠❡ q✉❛♥t✐❧❡ ❞❡s ❍❊❊ ♣❛r ré❣✐♦♥ ❡t ♣❛r ♠♦✐s✳ ▲❡s ❧✐❣♥❡s ✈❡rt❡s
❝♦rr❡s♣♦♥❞❡♥t à ❧✬é❝❛rt t②♣❡ ♣❛r ♠♦✐s✳ ✭❜✮ ❈✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣❧✉✐❡ ✭♠♠✴❥✮
❝♦rr❡s♣♦♥❞❛♥t ❛✉ ✾✾è♠❡ q✉❛♥t✐❧❡ ❞❡s ❍❊❊ ♣❛r ♠♦✐s✳
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Short term extreme precipitation (mm/h)

❋✐❣✉r❡ ✸✳✶✵ ✿ ◆✉❛❣❡ ❞❡ ♣♦✐♥ts ❞❡s ▼❊❊ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❍❊❊ ♣❛r ♠♦✐s✳ ▲❡s
é❝❤❡❧❧❡s ✈❡rt✐❝❛❧❡s ❡t ❤♦r✐③♦♥t❛❧❡s ❝❤❛♥❣❡♥t ♣♦✉r ❝❤❛q✉❡ ♠♦✐s

✼✽



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

✸✳✶✳✸ ❱❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

❆♣rès ❛✈♦✐r ❡①♣❧♦ré ❧❡s é❝❤❡❧❧❡s ❥♦✉r♥❛❧✐èr❡s ❡t s❛✐s♦♥♥✐èr❡s✱ ✐❧ ❡st ❛♣♣❛r✉ ✐♥tér❡s✲
s❛♥t ❞✬ét✉❞✐❡r ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✉① é❝❤❡❧❧❡s ❛♥♥✉❡❧❧❡s ❛✜♥ ❞✬✐❞❡♥t✐✜❡r
❞✬é✈❡♥t✉❡❧❧❡s t❡♥❞❛♥❝❡s à ❧♦♥❣ t❡r♠❡✳ P♦✉r ❝❡❧❛✱ ♥♦✉s ❛✈♦♥s ❝❛❧❝✉❧é ❞❡s ❞✐❛❣r❛♠♠❡s
❞❡ ❍♦✈♠ö❧❧❡r ♣♦✉r ❝❤❛❝✉♥❡ ❞❡s ✈❛r✐❛❜❧❡s ❞é✜♥✐❡s ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡ ✭❝✉✲
♠✉❧✱ ♦❝❝✉rr❡♥❝❡ ❡t ❡①trê♠❡s ❞❡ ♣❧✉✐❡✮✳ ❉❛♥s ❧❡s s❡❝t✐♦♥s ♣ré❝é❞❡♥t❡s ♥♦✉s ❛✈✐♦♥s
❝♦♥st❛té q✉❡ ❧✬❛①❡ ♣r✐♥❝✐♣❛❧ ❞❡ ✈❛r✐❛❜✐❧✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❝♦rr❡s♣♦♥❞ ❛✉ ❞é♣❧❛❝❡✲
♠❡♥t ♠❡r✲t❡rr❡ s✉✐✈❛♥t ❧❛ s❛✐s♦♥✳ ◆♦✉s ♥♦✉s s♦♠♠❡s ❞♦♥❝ ❛ss✉ré q✉❡ ❧✬❛①❡ s♣❛t✐❛❧
❞❡ ♥♦s ❞✐❛❣r❛♠♠❡s ❞❡ ❍♦✈♠ö❧❧❡r s♦✐t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧❛ ❝ôt❡ ✭❝✬❡st✲à✲❞✐r❡ ❞❛♥s ❧❛
❞✐r❡❝t✐♦♥ ❞✉ ♥♦r❞✲❡st✮✳

❈✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s

▲❡ ❍♦✈♠ö❧❧❡r ❞✉ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❡st ♣rés❡♥té ❡♥ ✜❣✉r❡ ✸✳✶✶ ✭❛✮✳ ▲❡ ❝②❝❧❡ ❛♥✲
♥✉❡❧ ♠♦♥tr❡ ❞❡✉① ♠❛①✐♠✉♠s ❞✉r❛♥t ❧✬❛✉t♦♠♥❡ ❡t ❧✬❤✐✈❡r ❡t ✉♥ ♠✐♥✐♠✉♠ ❡♥ été✳
▲❡s ♠❛①✐♠✉♠s s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t s✐t✉és ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❝ôt❡✳ ❙✉r ❧❡s q✉❛tr❡ ❛♥s ❞❡
❞♦♥♥é❡s✱ ❧✬❛✉t♦♠♥❡ ✷✵✶✵ ❛ été ❝❡❧✉✐ ♣♦✉r ❧❡q✉❡❧ ❧❡ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ❛ été ❧❡ ♣❧✉s ✐♠✲
♣♦rt❛♥t ❛✈❡❝ ❞❡s ✈❛❧❡✉rs s✉♣ér✐❡✉r❡s à ✹✱✺ ♠♠✴❥✳ ▲❛ ♣♦s✐t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ♠❛①✐♠✉♠s
❡st ♣❧✉tôt ❝♦♥st❛♥t❡ ❞✉r❛♥t ❧✬❛♥♥é❡ ✭❜✐❡♥ q✉✬❡♥ ❥❛♥✈✐❡r ✷✵✶✷ ✐❧ s❡ s✐t✉❡ s✉r ❧❛ ♠❡r
❡t ♥♦♥ s✉r ❧❛ ❝ôt❡✮ t❛♥❞✐s q✉❡ ❧❛ ♣♦s✐t✐♦♥ t❡♠♣♦r❡❧❧❡ ♣❡✉t ✈❛r✐❡r ❞❡ q✉❡❧q✉❡s ♠♦✐s
✭♣❛r ❡①❡♠♣❧❡ ❧❡ ♠❛①✐♠✉♠ ❞✬❤✐✈❡r ❛ ❧✐❡✉ ❡♥ ❢é✈r✐❡r ✷✵✵✾ ❡t ✷✵✶✵ ♣✉✐s ♠❛rs ✷✵✶✶ ❡t
❛✈r✐❧ ✷✵✶✷✮✳ ❖♥ r❡♠❛rq✉❡ ❞❡ ♣❧✉s q✉❡ ❧✬✐♥t❡♥s✐té ✈❛r✐❡ ❢♦rt❡♠❡♥t ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡
❧✬❛✉t♦♠♥❡ ✷✵✵✾ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛✉t♦♠♥❡ ✷✵✶✵✮✳ ▲❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
✈❡rs ❧❡ ❝♦♥t✐♥❡♥t ❡st s❡✉❧❡♠❡♥t s✐❣♥✐✜❝❛t✐❢ ❡♥ ✷✵✵✾ ❡t ✷✵✶✵✳ ▲❡s étés ✷✵✶✶ ❡t ✷✵✶✷ ♦♥t
été très s❡❝s s✉r ❧❡ ❝♦♥t✐♥❡♥t ✭♣r❛t✐q✉❡♠❡♥t ♣❛s ❞❡ ♣❧✉✐❡ ❡♥ ❥✉✐❧❧❡t ✷✵✶✷✮✳ ■❧ ♥✬❡①✐st❡
♣❛s ❞❡ t❡♥❞❛♥❝❡ ❝❧❛✐r❡ à ❧❛ ❝r♦✐ss❛♥❝❡ ♦✉ ❞é❝r♦✐ss❛♥❝❡ ❞✉ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ s✉r ❧❡s ✹
❛♥♥é❡s✳

❖❝❝✉rr❡♥❝❡ ❞❡ ♣❧✉✐❡

▲❡ ❍♦✈♠ö❧❧❡r ❞✉ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡ ❡st ♣rés❡♥té ❡♥ ✜❣✉r❡ ✸✳✶✶ ✭❜✮✳ ▲❡ ❝②❝❧❡
s❛✐s♦♥♥✐❡r ❡st ♣❧✉tôt ❝❧❛✐r ✿ t♦✉t ❝♦♠♠❡ ❧❡ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ❧❡s ♠❛①✐♠✉♠s ❛♣♣❛r❛✐ss❡♥t
❡♥ ❛✉t♦♠♥❡ ❡t ❡♥ ❤✐✈❡r ✭❛✈❡❝ ❞❡s ♣♦✐♥t❡s à ♣❧✉s ❞❡ ✷✵ ❥♦✉rs✮ ❡t ❧❡s ♠✐♥✐♠✉♠s ❡♥ été✳ ❆
❧❛ ❢♦✐s ❧❡s ♠✐♥✐♠✉♠s ❡t ❧❡s ♠❛①✐♠✉♠s ❛♥♥✉❡❧s s❡ tr♦✉✈❡♥t s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡✳
❉✉r❛♥t ❧❡s ✹ ❛♥s✱ ✐❧ ❛ t♦✉❥♦✉rs ♣❧✉ ❛✉ ♠♦✐♥s ✺ ❥♦✉rs ♣❛r ♠♦✐s✳ ▲✬❛♥♥é❡ ✷✵✶✶ ❡st
r❡♠❛rq✉❛❜❧❡ ❛✈❡❝ très ♣❡✉ ❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡ ❡t ♣❛s ❞❡ ♠❛①✐♠✉♠ ❡♥ ❛✉t♦♠♥❡✳ ▲❛
✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❡st ♥é❛♥♠♦✐♥s ♣❧✉tôt ❢❛✐❜❧❡ ✿ ❧❛ ♣♦s✐t✐♦♥ ❞❡s ♠❛①✐♠✉♠s
✭❛✉t♦♠♥❡ ❡t ❤✐✈❡r✮ ❡st ♣❧✉tôt ❝♦♥st❛♥t❡ t♦✉t ❝♦♠♠❡ ❧❛ ♣♦s✐t✐♦♥ ❞✉ ♠✐♥✐♠✉♠ ✭été✮✳
❖♥ ♣❡✉t t♦✉t ❞❡ ♠ê♠❡ ♥♦t❡r q✉❡ ❧❡ ♠❛①✐♠✉♠ ❡♥ ❛✉t♦♠♥❡ ♥✬❛♣♣❛r❛ît ♣❛s t♦✉s ❧❡s
❛♥s✳

▲❛ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡ ❍♦✈♠ö❧❧❡r ❞✉ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ♠♦♥tr❡ q✉❡ ❝❡s ❞❡✉① ✈❛✲
r✐❛❜❧❡s ♥❡ s♦♥t ♣❛s t♦✉❥♦✉rs ❝♦rré❧é❡s✳ P❛r ❡①❡♠♣❧❡✱ ❡♥ ❛✈r✐❧ ✷✵✶✷✱ ♦♥ r❡tr♦✉✈❡ ✉♥
♠❛①✐♠✉♠ ❞✬♦❝❝✉rr❡♥❝❡s ♠❛✐s ✉♥ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ très ♠♦❞éré ❝❡ q✉✐ s✐❣♥✐✜❡ q✉❡ ❧❡s
♣❧✉✐❡s ♦♥t été ♣❡✉ ✐♥t❡♥s❡s✳ ❯♥❡ ❢♦✐s ❡♥❝♦r❡✱ ♦♥ ♥❡ ❞ét❡❝t❡ ♣❛s ❞❡ t❡♥❞❛♥❝❡ ♣❡♥❞❛♥t
❧❡s q✉❛tr❡ ❛♥♥é❡s ❞✬❛♥❛❧②s❡ ❝❡ q✉✐ ♣r♦✉✈❡ ❧❛ ❞✐✣❝✉❧té ❞❡ ❞é❣❛❣❡r ❞❡s t❡♥❞❛♥❝❡s s✉r
❞❡s ♣ér✐♦❞❡s ❝♦✉rt❡s✱ ❝❡❧❧❡✲❝✐ ♣♦✉✈❛♥t êtr❡ ♠❛sq✉é❡s ♣❛r ✉♥❡ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡
✭♦♥ r❡❞✐s❝✉t❡r❛ ❞❡ ❝❡ ♣♦✐♥t ❞❛♥s ❧❛ ♣❛rt✐❡ ✹✳✷✳✸✮ ✳

❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✼✾
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❋✐❣✉r❡ ✸✳✶✶ ✿ ❍♦✈♠ö❧❧❡r ❞✉ ✭❛✮ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ✭♠♠✴❥✮
❡t ✭❜✮ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡ ♣❛r ♠♦✐s✳ ▲✬❛①❡ s♣❛t✐❛❧ ❝♦rr❡s♣♦♥❞ à ❧❛
❞✐r❡❝t✐♦♥ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧❛ ❝ôt❡ ❡t ❧❛ ❧✐❣♥❡ ♥♦✐r❡ s②♠❜♦❧✐s❡ ❧❛ ❝ôt❡

✽✵



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

❊①trê♠❡s ❞❡ ♣❧✉✐❡

▲❡s ▼❊❊ ♠♦♥tr❡♥t ✉♥ ❝②❝❧❡ s❛✐s♦♥♥✐❡r très ♠❛rq✉é ✭❋✐❣✳ ✸✳✶✷ ✭❛✮✮✳ ◆♦✉s r❡♠❛r✲
q✉♦♥s très ❝❧❛✐r❡♠❡♥t ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ▼❊❊ ❞❡ ❧❛ t❡rr❡ ✈❡rs ❧❛ ♠❡r ❡♥tr❡ ❧✬été ❡t
❧✬❛✉t♦♠♥❡ ♣r♦❜❛❜❧❡♠❡♥t ❧✐é✱ ❝♦♠♠❡ ❞é❥à ❞✐s❝✉té✱ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❝♦♥✈❡❝t✐✈❡s✳ ❯♥
♠❛①✐♠✉♠ ❡st ♦❜s❡r✈é à ❧❛ ✜♥ ❞✉ ♣r✐♥t❡♠♣s s✉r ❧❡ ♥♦r❞ ❞❡ ❧❛ ré❣✐♦♥ ❡t ✉♥ ♠❛①✐♠✉♠
s❡❝♦♥❞❛✐r❡ ♣❧✉s ❢❛✐❜❧❡ s❡ tr♦✉✈❡ s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ ❡♥ ❛✉t♦♠♥❡✳ ▲❡s ♠✐♥✐♠✉♠s
❞❡ ▼❊❊ s❡ tr♦✉✈❡♥t s✉r ❧❛ ▼é❞✐t❡rr❛♥é❡ ❛✉ ♣r✐♥t❡♠♣s ❡t s✉r ❧❡ ❝♦♥t✐♥❡♥t ❡♥ ❤✐✈❡r✳
▲❡ ♠❛①✐♠✉♠ s✐t✉é s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ ❛♣♣❛r❛ît ❝❤❛q✉❡ ❛♥♥é❡ ♠❛✐s ♣rés❡♥t❡ ✉♥❡
✐♥t❡♥s✐té ✈❛r✐❛❜❧❡ ❛✈❡❝ ♥♦t❛♠♠❡♥t ✉♥ ♠❛①✐♠✉♠ ❡♥ ✷✵✶✵ ✭∼✺✵ ♠♠✴❤✮ à ❝♦♠♣❛r❡r à
❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞❡s ❛✉tr❡s ❛♥♥é❡s ✭∼ ✸✺ ♠♠✴❤✮✳ ▲❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❡st
❢♦rt❡ ✿ ❧✬✐♥t❡♥s✐té ❞✉ ♠❛①✐♠✉♠ q✉✬♦♥ ♦❜s❡r✈❡ ❡♥ ✜♥ ❞❡ ♣r✐♥t❡♠♣s s✉r ❧❡ ❝♦♥t✐♥❡♥t
❞✐♠✐♥✉❡ ❡♥tr❡ ✷✵✵✾ ✭❃✻✵ ♠♠✴❤✮ ❡t ✷✵✶✶ ✭✸✺ ♠♠✴❤✮ ♣✉✐s ❞✐s♣❛r❛ît ❝♦♠♣❧èt❡♠❡♥t
❡♥ ✷✵✶✷✳ ▲❛ t❡♥❞❛♥❝❡ ♦❜s❡r✈é❡ ♣❡♥❞❛♥t ❝❡s q✉❛tr❡ ❛♥♥é❡s ❡st à ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡
❧✬✐♥t❡♥s✐té ❞✉ ♠❛①✐♠✉♠ s✐t✉é s✉r ❧❡ ❝♦♥t✐♥❡♥t✳

▲❛ ✜❣✉r❡ ✸✳✶✷ ✭❜✮ ♠♦♥tr❡ ❧❡ ❍♦✈♠ö❧❧❡r ❞❡s ❍❊❊✳ ▲❡ ❝②❝❧❡ s❛✐s♦♥♥✐❡r ♥✬❡st ♣❛s
❛✉ss✐ ♠❛rq✉é q✉❡ ❝❡❧✉✐ ♦❜s❡r✈é ♣♦✉r ❧❡s ▼❊❊✳ ▲❡ ♠✐♥✐♠✉♠ ❛ ❧✐❡✉ ❡♥ été ✭<✶✵ ♠♠✴❥✮
t❛♥❞✐s q✉❡ ❧❡s ♠❛①✐♠✉♠s ❛♣♣❛r❛✐ss❡♥t ❡♥ ❣é♥ér❛❧ ❡♥tr❡ ❧✬❛✉t♦♠♥❡ ❡t ❧❡ ❞é❜✉t ❞✉
♣r✐♥t❡♠♣s ❡t s♦♥t s✐t✉és s✉r ❧❛ ❝ôt❡✳ ❯♥ ♠❛①✐♠✉♠ s❡❝♦♥❞❛✐r❡ ❛ t❡♥❞❛♥❝❡ à ❛♣♣❛r❛îtr❡
à ❧❛ ✜♥ ❞✉ ♣r✐♥t❡♠♣s s✉r ❧❡ ♥♦r❞ ❞❡ ❧❛ ré❣✐♦♥✳ ■❧ ♥✬❡st ♣❛s s✉r♣r❡♥❛♥t ❞❡ tr♦✉✈❡r
❧❡s ♠❛①✐♠✉♠s ♣r✐♥❝✐♣❛✉① s✉r ❧❛ ❝ôt❡ ♦ù ❧✬♦♥ r❡❧è✈❡ ❧❡s ❝♦♥tr❛st❡s t❤❡r♠✐q✉❡s ❧❡s
♣❧✉s ✐♠♣♦rt❛♥ts✳ P❡♥❞❛♥t ❧❡s q✉❛tr❡ ❛♥♥é❡s ❛♥❛❧②sé❡s✱ ❧❛ ♣♦s✐t✐♦♥ ❞❡s ♠❛①✐♠✉♠s ❡st
r❡sté❡ ❝♦♥st❛♥t❡ ♠❛✐s ❧✬✐♥t❡♥s✐té ❞❡ ❝❡s ♠❛①✐♠✉♠s ❛ ❜❡❛✉❝♦✉♣ ✈❛r✐é✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱
♣❡✉ ❞❡ ❍❊❊ ♦♥t ❡✉ ❧✐❡✉ ❞✉r❛♥t ❧❡s étés ✷✵✶✶ ❡t ✷✵✶✷✳ ❉✉r❛♥t ❧❡s q✉❛tr❡ ❛♥♥é❡s✱
❧❛ ♣ér✐♦❞❡ ❧❛ ♣❧✉s ❢❛✈♦r❛❜❧❡ ❛✉① ❍❊❊ ❛ été ❡♥tr❡ ❧✬❛✉t♦♠♥❡ ✷✵✶✶ ❡t ❧✬❤✐✈❡r ✷✵✶✷✳
❈❡tt❡ ♣ér✐♦❞❡ ❝♦rr❡s♣♦♥❞ ❞✬❛✐❧❧❡✉rs ❛✉① ✐♥♦♥❞❛t✐♦♥s ❞❡ ◆✐❝❡ ✭✶✲✻ ♥♦✈❡♠❜r❡✮✳ ❊♥✜♥
♦♥ ♥✬♦❜s❡r✈❡ ♣❛s ❞❡ t❡♥❞❛♥❝❡ ❝❧❛✐r❡ ♣❡♥❞❛♥t ❝❡s q✉❛tr❡ ❛♥♥é❡s✳

▲✬❛♥❛❧②s❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❛ ♠♦♥tré q✉❡ ❧❛ ♣❧✉✐❡ ❝❤❛♥❣❡ ❜❡❛✉❝♦✉♣
♣❧✉s ❞✬✉♥❡ ❛♥♥é❡ s✉r ❧✬❛✉tr❡ s✉r ❧❡ ❝♦♥t✐♥❡♥t q✉❡ s✉r ❧❛ ♠❡r ♣♦✉r ❧❡s q✉❛tr❡ ♣❛r❛✲
♠ètr❡s ét✉❞✐és✳ ❈❡❧❛ ré✈è❧❡ ❛✉ss✐ q✉❡ ❧❛ ✈❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡st
♣❧✉s ❢♦rt❡ s✉r ❧❡ ❝♦♥t✐♥❡♥t q✉❡ s✉r ❧❛ ♠❡r q✉✐✱ ❣râ❝❡ à s♦♥ ✐♥❡rt✐❡ t❤❡r♠✐q✉❡✱ ♥❡ ♣❡✉t
êtr❡ ❛✛❡❝té❡ q✉❡ ♣❛r ❞❡s t❡♥❞❛♥❝❡s à ❧♦♥❣ t❡r♠❡✳ ▲✬❛♥❛❧②s❡ ♣❡r♠❡t é❣❛❧❡♠❡♥t ❞❡
❝♦♥st❛t❡r q✉❡ ❧❡s ♠❛①✐♠✉♠s s♦♥t s✐t✉és ♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r ❧❛ ❝ôt❡ ♣♦✉r ❧❡ ❝✉♠✉❧ ❞❡
♣❧✉✐❡ ❡t ❧❡s ❍❊❊✱ s✉r ❧❡ ❝♦♥t✐♥❡♥t ♣♦✉r ❧❡s ▼❊❊ ❡t s✉r ❧❛ ♠❡r ♣♦✉r ❧✬♦❝❝✉rr❡♥❝❡ ❞❡
♣❧✉✐❡✳ ❈❡❧❛ s✐❣♥✐✜❡ q✉❡ ❧❡ ❝♦♥tr❛st❡ t❡rr❡✲♠❡r s❡♠❜❧❡ êtr❡ ✉♥ ❢❛❝t❡✉r ✐♠♣♦rt❛♥t ♣♦✉r
❧❡ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ❡t ❧❡s ❍❊❊✳ P♦✉r ❧❡s ▼❊❊✱ ❝✬❡st ❧✬♦r♦❣r❛♣❤✐❡ ❡t ❧❡ ré❝❤❛✉✛❡♠❡♥t
s❛✐s♦♥♥✐❡r ❞✉ ❝♦♥t✐♥❡♥t q✉✐ s❡♠❜❧❡♥t êtr❡ ♣ré♣♦♥❞ér❛♥ts✳ ❊♥✜♥✱ ♣♦✉r ❧✬♦❝❝✉rr❡♥❝❡
❞❡ ♣❧✉✐❡✱ ❧❡ ♣r✐♥❝✐♣❛❧ ❢❛❝t❡✉r ♣♦✉rr❛✐t êtr❡ ❧✬❛♣♣♦rt ❝♦♥st❛♥t ❞✬❤✉♠✐❞✐té ♣❛r ❧❛ ♠❡r
▼é❞✐t❡rr❛♥é❡ s♦✉s ❝♦♥❞✐t✐♦♥ ❞✬✉♥ ✈❡♥t ❞❡ s✉❞✳

❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✽✶
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❋✐❣✉r❡ ✸✳✶✷ ✿ ❍♦✈♠ö❧❧❡r ❞❡s ✭❛✮ ▼❊❊ ❡t ✭❜✮ ❍❊❊✳ ▲✬❛①❡ s♣❛t✐❛❧ ❝♦rr❡s♣♦♥❞
à ❧❛ ❞✐r❡❝t✐♦♥ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧❛ ❝ôt❡ ❡t ❧❛ ❧✐❣♥❡ ♥♦✐r❡ s②♠❜♦❧✐s❡ ❧❛ ❝ôt❡✽✷
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✸✳✶✳✹ ❆✉tr❡s ✈❛r✐❛❜✐❧✐tés t❡♠♣♦r❡❧❧❡s

❉❛♥s ❧❡s s❡❝t✐♦♥s ♣ré❝é❞❡♥t❡s✱ ♥♦✉s ❛✈♦♥s ♣✉ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ q✉✬✐❧ ❡①✐st❡ ✉♥❡
❣r❛♥❞❡ ✈❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡t q✉❡ ❞❡✉① ❝②❝❧❡s s❡♠❜❧❡♥t ♣r✐♥❝✐✲
♣❛❧❡♠❡♥t r❡s♣♦♥s❛❜❧❡s ❞✬✉♥❡ ♣❛rt✐❡ ❞❡ ❝❡tt❡ ✈❛r✐❛❜✐❧✐té ✿ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❡t ❧❡ ❝②❝❧❡
❛♥♥✉❡❧✳ P♦✉r ❛✉t❛♥t✱ ✐❧ r❡st❡ t♦✉t à ❢❛✐t ♣♦ss✐❜❧❡ q✉❡ ❞✬❛✉tr❡s ♣ér✐♦❞✐❝✐tés ♣❛rt✐❝✐♣❡♥t
à ❧❛ ✈❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡✳ ▲❡s ♣ér✐♦❞✐❝✐tés ♣♦✉✈❛♥t êtr❡ ❡①♣❧♦ré❡s✱ ❝♦rr❡s♣♦♥❞❡♥t
❛✉① é❝❤❡❧❧❡s ❝♦♠♣r✐s❡s ❡♥tr❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ♠✐♥✉t❡s ❡t ❧❡ ❝②❝❧❡ ❛♥♥✉❡❧✳ ❯♥❡
s♦❧✉t✐♦♥ ♣♦✉r r❡❝❤❡r❝❤❡r ❞❡s s✐❣♥❛✉① ♣ér✐♦❞✐q✉❡s ❞❛♥s ✉♥❡ sér✐❡ ❞❡ ❞♦♥♥é❡s ❡st ❞✬❡❢✲
❢❡❝t✉❡r ✉♥❡ ❛♥❛❧②s❡ ❞❡ ❋♦✉r✐❡r ❞❡ ❧❛ sér✐❡✳ ❯♥❡ t❡❧❧❡ ❛♥❛❧②s❡ ♥é❝❡ss✐t❡ ❝❡♣❡♥❞❛♥t
q✉❡ ❧❡s ♦s❝✐❧❧❛t✐♦♥s r❡❝❤❡r❝❤é❡s s♦✐❡♥t ❝♦♥t✐♥✉❡s✳ ❉❛♥s ❧❡ ❝❛s ♣rés❡♥t ✐❧ s✬❡st ❛✈éré
q✉❡ ❧❛ sér✐❡ t❡♠♣♦r❡❧❧❡ ♥❡ ❝♦♥t✐❡♥t ♣❛s ❞✬❛✉tr❡s ♣ér✐♦❞✐❝✐tés ré❣✉❧✐èr❡s q✉❡ ❝❡❧❧❡s
❞é❥à ét✉❞✐é❡s à s❛✈♦✐r ❧❡ ❝②❝❧❡ ❛♥♥✉❡❧ ❡t ❥♦✉r♥❛❧✐❡r ✭✈♦✐r à ❝❡ ♣r♦♣♦s ❧❡ s♣❡❝tr❡ ❞❡
❧❛ ✜❣✉r❡ ✹✳✸✮✳ ■❧ ❛ ❞♦♥❝ ❢❛❧❧✉ ✉t✐❧✐s❡r ❞✬❛✉tr❡s ❛♣♣r♦❝❤❡s ❝❛♣❛❜❧❡s ❞✬✐❞❡♥t✐✜❡r ❞❡s
♦s❝✐❧❧❛t✐♦♥s ✐♥t❡r♠✐tt❡♥t❡s✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ❝❤♦✐s✐ ❞✬❛♥❛❧②s❡r ❧❡ s✐❣♥❛❧ ❡♥ ✉t✐❧✐s❛♥t
✉♥❡ tr❛♥s❢♦r♠é❡ ❡♥ ♦♥❞❡❧❡tt❡s ♣♦✉r ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s é✈❡♥t✉❡❧❧❡s ♣ér✐♦❞✐❝✐tés
✐♥t❡r♠✐tt❡♥t❡s q✉✐ ♣♦✉rr❛✐❡♥t ♣❛rt✐❝✐♣❡r à ❧❛ ✈❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳

❖♥❞❡❧❡tt❡s

▲❡s ♦♥❞❡❧❡tt❡s t✐r❡♥t ❧❡✉r ♥♦♠ ❞❡ ❧❡✉r ❝♦♠♣♦rt❡♠❡♥t ♦s❝✐❧❧❛t♦✐r❡ q✉✐ s✬❛tté♥✉❡
très ✈✐t❡ ✭❞❛♥s ❧❡ t❡♠♣s ♦✉ ❧✬❡s♣❛❝❡✮✳ ❯♥❡ ♦♥❞❡❧❡tt❡ ❞♦✐t r❡s♣❡❝t❡r ❞❡✉① ♣r♦♣r✐étés
❡♥ ♣r✐♥❝✐♣❡ ✸ ✿

∫

∞

−∞

Ψ(t)dt = 0 ✭✸✳✶✮

❈❡tt❡ ❝♦♥❞✐t✐♦♥ ❛ss✉r❡ q✉❡ ❧✬♦♥❞❡❧❡tt❡ ❛ ✉♥❡ ❢♦r♠❡ ♦♥❞✉❧❛t♦✐r❡✳

∫

∞

−∞

|Ψ(t)|2dt = 1 ✭✸✳✷✮

❈❡tt❡ ❝♦♥❞✐t✐♦♥ ❛ss✉r❡ q✉❡ ❧✬♦♥❞❡❧❡tt❡ ❡st à s✉♣♣♦rt ❝♦♠♣❛❝t ❝✬❡st✲à✲❞✐r❡ q✉✬❡❧❧❡
❞é❝r♦✐t ✈✐t❡ ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡ ❞❡ s♦♥ ♠❛①✐♠✉♠✳ ▲❡s ♦♥❞❡❧❡tt❡s ♣❡✉✈❡♥t êtr❡ ❞✐❧❛té❡s
♦✉ ❝♦♥tr❛❝té❡s ❡t tr❛♥s❧❛té❡s à ♣❛rt✐r ❞❡ ❧❛ r❡❧❛t✐♦♥ s✉✐✈❛♥t❡ ✿

ψa,b(t) =
1√
a
Ψ(
t− b

a
) ✭✸✳✸✮

♦ù ψ ❡st ✉♥❡ ♦♥❞❡❧❡tt❡ ✧✜❧❧❡✧ ✭Ψ ét❛♥t ❧✬♦♥❞❡❧❡tt❡ ♠èr❡✮✱ a ❡st ❧❡ ❝♦❡✣❝✐❡♥t ❞✬é❝❤❡❧❧❡
❡t b ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ tr❛♥s❧❛t✐♦♥✳ ▲❡s ❝♦❡✣❝✐❡♥ts ❞✬♦♥❞❡❧❡tt❡s s❡ ❝❛❧❝✉❧❡♥t ♣❛r ❧❛
❝♦♥✈♦❧✉t✐♦♥ ✭♣❧✉s ✉♥❡ ❞✐❧❛t❛t✐♦♥ ♦✉ ❝♦♥tr❛❝t✐♦♥✮ ❞❡ ❧✬♦♥❞❡❧❡tt❡ ❛✈❡❝ ✉♥❡ ❢♦♥❝t✐♦♥
f(t) ✭q✉✐ ❝♦rr❡s♣♦♥❞ ❛✉ s✐❣♥❛❧ ❞❡ ♣❧✉✐❡ ❞❛♥s ♥♦tr❡ ❝❛s✮ ✿

C(a, b, f(t),Ψ(t)) =

∫

∞

−∞

f(t)
1√
a
Ψ(
t− b

a
)dt ✭✸✳✹✮

▲❡s ❝♦❡✣❝✐❡♥ts ♦❜t❡♥✉s ❞é♣❡♥❞❡♥t ❞♦♥❝ à ❧❛ ❢♦✐s ❞❡ ❧✬é❝❤❡❧❧❡ ✭a✮ ❡t ❞❡ ❧❛ ♣♦s✐t✐♦♥
s♣❛t✐❛❧❡ ♦✉ t❡♠♣♦r❡❧❧❡ ✭b✮✳

✸✳ ❊♥ ♣r✐♥❝✐♣❡ s❡✉❧❡♠❡♥t ❝❛r ❝❡rt❛✐♥❡s ❞✬❡♥tr❡ ❡❧❧❡s ♥❡ ❧❡s r❡s♣❡❝t❡♥t ♣❛s t♦✉t à ❢❛✐t

❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✽✸
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❋✐❣✉r❡ ✸✳✶✸ ✿ ▼♦❞✉❧❡ ❞❡s ❝♦❡✣❝✐❡♥ts ❞✬♦♥❞❡❧❡tt❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ❡t
❞❡ ❧❛ ♣ér✐♦❞❡ ♣♦✉r ✉♥ s✐❣♥❛❧ q✉✐ ❝♦♥s✐st❡ ❡♥ ✉♥❡ s✐♥✉s♦ï❞❡ ❞❡ ♣ér✐♦❞❡ ❞❡ ✸✵
❡♥tr❡ ❧❡ ♣❛s ✵ ❡t ✺✵✵ ♣✉✐s ❞✬✉♥❡ ♣ér✐♦❞❡ ❞❡ ✶✺ ❡♥tr❡ ✺✵✵ ❡t ✶✵✵✵ ❡t ❡♥✜♥
❞✬✉♥ ❜r✉✐t ❜❧❛♥❝

❖♥ ♣rés❡♥t❡ ✉♥ ❡①❡♠♣❧❡ ❞✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥❡ tr❛♥s❢♦r♠é❡ ❡♥ ♦♥❞❡❧❡tt❡ s✉r ❧❛ ✜❣✉r❡
✸✳✶✸✳ ❖♥ ❛ s✐♠✉❧é ✉♥ s✐❣♥❛❧ ♦♥❞✉❧❛t♦✐r❡ q✉✐ ❝❤❛♥❣❡ ❞❡ ❢réq✉❡♥❝❡ ❛♣rès ✺✵✵ ♣❛s ❞❡
t❡♠♣s ♣✉✐s ❡st s✉✐✈✐ ❞✬✉♥ ❜r✉✐t ❜❧❛♥❝✳ ❖♥ ✈♦✐t q✉❡ ❧✬❛♥❛❧②s❡ ❡♥ ♦♥❞❡❧❡tt❡ ♣❡r♠❡t ❞❡
❜✐❡♥ ❝❛r❛❝tér✐s❡r ❧❡s s✐❣♥❛✉① ♦♥❞✉❧❛t♦✐r❡s✳ ❆✉ ❝♦♥tr❛✐r❡ q✉❛♥❞ ♦♥ ❛ ❞✉ ❜r✉✐t ♦♥ ✈♦✐t
q✉❡ ❧✬♦♥ ❛ ✉♥ ♣❡✉ ❞✬é♥❡r❣✐❡ à t♦✉t❡s ❧❡s ❢réq✉❡♥❝❡s✳

❯♥❡ ❞❡s ❧✐♠✐t❡s ❞❡ ❧✬❛♥❛❧②s❡ ❡♥ ♦♥❞❡❧❡tt❡s ✭✐❞❡♥t✐q✉❡ ❛✉ ♣r✐♥❝✐♣❡ ❞✬✐♥❝❡rt✐t✉❞❡
❞❡ ❧❛ ♠é❝❛♥✐q✉❡ q✉❛♥t✐q✉❡✮ t✐❡♥t ❞❛♥s ❧❡ ❢❛✐t q✉❡ ❧✬♦♥ ♥❡ ♣❡✉t ❧♦❝❛❧✐s❡r q✉✬❛✈❡❝ ✉♥❡
r❡❧❛t✐✈❡ ♣ré❝✐s✐♦♥ ❧❛ ❢réq✉❡♥❝❡ ❡t ❧❛ ♣♦s✐t✐♦♥ ❞✬✉♥❡ ♦s❝✐❧❧❛t✐♦♥ ❞♦♥♥é❡✳ ❈❡tt❡ r❡❧❛t✐♦♥
s✬é❝r✐t ♠❛t❤é♠❛t✐q✉❡♠❡♥t ✿

∆~x∆~k ≥ 2π ✭✸✳✺✮

♦ù ∆~x ❡st ❧✬✐♥❝❡rt✐t✉❞❡ s✉r ❧❛ ♣♦s✐t✐♦♥ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ s♣❛t✐❛❧ ✭♦✉ t❡♠♣♦r❡❧✮ ❡t ∆~k
❡st ❧✬✐♥❝❡rt✐t✉❞❡ ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡s ❢réq✉❡♥❝❡s s♣❛t✐❛❧❡s ✭♦✉ t❡♠♣♦r❡❧❧❡s✮✳ P♦✉r ❧❡s
❣r❛♥❞❡s é❝❤❡❧❧❡s✱ ❝❡❧❛ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ✉♥❡ ❜♦♥♥❡ ♣ré❝✐s✐♦♥ s✉r ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡
♠❛✐s ✉♥❡ ♠❛✉✈❛✐s❡ ♣ré❝✐s✐♦♥ s✉r ❧❛ ♣♦s✐t✐♦♥ ❡t ✐♥✈❡rs❡♠❡♥t ❛✉① ♣❡t✐t❡s é❝❤❡❧❧❡s✳ ▲✬✉♥
❞❡s ♣r✐♥❝✐♣❛✉① ✐♥térêts ❞❡ ❧❛ tr❛♥s❢♦r♠é❡ ❡♥ ♦♥❞❡❧❡tt❡s ❡st s❛ ❝❛♣❛❝✐té à ❧♦❝❛❧✐s❡r r❡✲
❧❛t✐✈❡♠❡♥t ♣ré❝✐sé♠❡♥t ✉♥❡ ♦s❝✐❧❧❛t✐♦♥ ✭♦✉ ✉♥❡ ❞✐s❝♦♥t✐♥✉✐té✮ ❞❛♥s ❧❛ sér✐❡ t❡♠♣♦r❡❧❧❡
ét✉❞✐é❡✳ ❈❡tt❡ ❝❛r❛❝tér✐st✐q✉❡ ❡st ❣r❛♥❞❡♠❡♥t ❛♣♣ré❝✐❛❜❧❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞✉ ❝❧✐✲
♠❛t ♦✉ ❞❡ ❧❛ ♠été♦r♦❧♦❣✐❡✳ ❈♦♠♠❡ ❧❡s ♦♥❞❡❧❡tt❡s ♦♥t ✉♥❡ ❝❡rt❛✐♥❡ ❧❛r❣❡✉r ❡t q✉❡ ❧❛
sér✐❡ t❡♠♣♦r❡❧❧❡ ❡st ✜♥✐❡✱ ✐❧ ❛rr✐✈❡ ✉♥ ♠♦♠❡♥t ♦ù ❧❡s ❧♦❜❡s s❡❝♦♥❞❛✐r❡s ❞❡ ❧✬♦♥❞❡❧❡tt❡
s♦♥t s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❛✛❡❝tés ♣❛r ❧❡s ❡✛❡ts ❞❡ ❜♦r❞✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❛ ♠❡s✉r❡ ❞❡✈✐❡♥t
❜r✉✐té❡✳ ❖♥ s✐❣♥❛❧❡ ❤❛❜✐t✉❡❧❧❡♠❡♥t ❝❡tt❡ ③♦♥❡ ♣❛r ❧❡ ❝ô♥❡ ❞✬✐♥✢✉❡♥❝❡✳ ❊♥✜♥✱ ✐❧ ❡st
✐♠♣♦rt❛♥t ❞❡ ✈ér✐✜❡r s✐ ❧❡s ♠❛①✐♠✉♠s ❞❡ ❝♦❡✣❝✐❡♥t ❞✬♦♥❞❡❧❡tt❡ s♦♥t s✐❣♥✐✜❝❛t✐❢s ♦✉
s♦♥t s✐♠♣❧❡♠❡♥t ❧✐és à ❞✉ ❜r✉✐t✳ P♦✉r ❝❡❧❛✱ ✐❧ ❡①✐st❡ ✉♥❡ ✉♥✐q✉❡ ♠ét❤♦❞❡ ♣r♦♣♦sé❡ ♣❛r
❚♦rr❡♥❝❡ ❡t ❈♦♠♣♦ ✭✶✾✾✽✮✳ ❈❡tt❡ ♠ét❤♦❞❡ ♣❛rt ❞❡ ❧✬❤②♣♦t❤ès❡ ✭❞✐s❝✉t❛❜❧❡✮ q✉✬✉♥❡
sér✐❡ ❞❡ ❞♦♥♥é❡s ❣é♦♣❤②s✐q✉❡s ♣❡✉t êtr❡ ❛ss✐♠✐❧é❡ à ✉♥ ❜r✉✐t ❜❧❛♥❝ ✭♦✉ r♦✉❣❡✮✳ ■❧ ❡st

✽✹ ❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

❛❧♦rs ♣♦ss✐❜❧❡ ❞❡ ❝❛❧❝✉❧❡r ❧❡ s♣❡❝tr❡ ❞❡ ❋♦✉r✐❡r ❞✬✉♥ s✐❣♥❛❧ ❛✉t♦✲r❡❣r❡ss✐❢ ✭❆❘✲✷✮✳ ❖♥
❝♦♠♣❛r❡ ❡♥s✉✐t❡ ❧❡s ❝♦❡✣❝✐❡♥ts ❞✬♦♥❞❡❧❡tt❡s ❛✈❡❝ ❝❡ s♣❡❝tr❡ ❡t ♦♥ ❞é✜♥✐t ✉♥ s❡✉✐❧ ❞❡
s✐❣♥✐✜❝❛t✐♦♥✱ t②♣✐q✉❡♠❡♥t ❡♥tr❡ ✾✵ ❡t ✾✾✪✳

■❧ ❡①✐st❡ ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❢❛♠✐❧❧❡s ❞✬♦♥❞❡❧❡tt❡s q✉✐ ♣rés❡♥t❡♥t ❞❡s ❝❛r❛❝té✲
r✐st✐q✉❡s ❞✐✛ér❡♥t❡s ❡t ♣♦ssè❞❡♥t ❞♦♥❝ ❞❡s ❞♦♠❛✐♥❡s ❞✬❛♣♣❧✐❝❛t✐♦♥ ❞✐✛ér❡♥ts✳ ❉❛♥s
♥♦tr❡ ❝❛s ♦♥ ❝❤❡r❝❤❡ à ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ♦♥❞✉❧❛t♦✐r❡s ❞❛♥s ♥♦tr❡
sér✐❡ t❡♠♣♦r❡❧❧❡✳ ❈✬❡st ♣♦✉rq✉♦✐ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞✬✉t✐❧✐s❡r ❧❡s ♦♥❞❡❧❡tt❡s ❞❡ ▼♦r❧❡t
❞♦♥t ❧✬♦♥❞❡❧❡tt❡ ♠èr❡ s✬é❝r✐t ✿

Φ(t) = π−1/4(eiǫt − e−ǫ2/2)e−t2/2 ✭✸✳✻✮

♦ù ǫ ❡st ✉♥ ♥♦♠❜r❡ s❛♥s ❞✐♠❡♥s✐♦♥ q✉❡ ❧✬♦♥ ♣r❡♥❞ ❤❛❜✐t✉❡❧❧❡♠❡♥t é❣❛❧ à ✺ ♣♦✉r
s❛t✐s❢❛✐r❡ ❧❛ ❝♦♥❞✐t✐♦♥ ❞✬♦s❝✐❧❧❛t✐♦♥ ✭❊q✳ ✸✳✶✮✳ ❉❡ ♣❛r s❛ ❢♦r♠❡✱ ♦♥ ✈♦✐t q✉❡ ❧✬♦♥❞❡❧❡tt❡
❡st ❛❞❛♣té❡ ♣♦✉r ❞ét❡❝t❡r ❞❡s s✐❣♥❛✉① ♦♥❞✉❧❛t♦✐r❡s✳ ❉❡ ♣❧✉s ❝❡tt❡ ♦♥❞❡❧❡tt❡ ❛ ❧✬✐♥térêt
❞✬♦✛r✐r ❧❡ ♠❡✐❧❧❡✉r ❝♦♠♣r♦♠✐s ♣♦ss✐❜❧❡ ❡♥tr❡ ❧❡ t❡♠♣s ❡t ❧❛ ♣ér✐♦❞❡ ❡♥ t❡r♠❡ ❞❡
rés♦❧✉t✐♦♥ ✭✈♦✐r ❆❣✉✐❛r✲❈♦♥r❛r✐❛ ❡t ❙♦❛r❡s✱ ✷✵✶✶✮✳

❈♦♠♣♦rt❡♠❡♥t ♦s❝✐❧❧❛♥t

❋✐❣✉r❡ ✸✳✶✹ ✿ ❈♦❡✣❝✐❡♥ts ❞✬♦♥❞❡❧❡tt❡s ❝❛❧❝✉❧és à ♣❛rt✐r ❞❡ ❧❛ sér✐❡ t❡♠♣♦✲
r❡❧❧❡ ❞✉ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡✳ ▲❡s ③♦♥❡s ❞❡ ❢♦rt❡s é♥❡r❣✐❡ s♦♥t ❡♥ r♦✉❣❡
t❛♥❞✐s q✉❡ ❧❡s ③♦♥❡s ❞❡ ❢❛✐❜❧❡ é♥❡r❣✐❡ s♦♥t ❡♥ ❜❧❡✉✳ ▲❛ ③♦♥❡ ❤❛❝❤✉ré❡ ❝♦rr❡s✲
♣♦♥❞ ❛✉ ❝ô♥❡ ❞✬✐♥✢✉❡♥❝❡✳ ▲❡s ❧✐❣♥❡s ❞❡ ❝♦♥t♦✉r ✐♥❞✐q✉❡♥t s✐ ❧❡s ❝♦❡✣❝✐❡♥ts
❞✬♦♥❞❡❧❡tt❡ s♦♥t s✐❣♥✐✜❝❛t✐❢s ❛✉ s❡✉✐❧ ❞❡ ✾✺ ✪

❖♥ ♣rés❡♥t❡ ❧❡s ❝♦❡✣❝✐❡♥ts ❞✬♦♥❞❡❧❡tt❡ ♣♦✉r ❧❛ sér✐❡ t❡♠♣♦r❡❧❧❡ ❞✉ ♥♦♠❜r❡ ❞❡
❥♦✉rs ❞❡ ♣❧✉✐❡ ❡♥ ✜❣✉r❡ ✸✳✶✹✳ ❖♥ r❡♠❛rq✉❡ q✉❡ ❧✬♦s❝✐❧❧❛t✐♦♥ ♣r✐♥❝✐♣❛❧❡ ❞ét❡❝té❡ ❝♦rr❡s✲
♣♦♥❞ ❛✉ ❝②❝❧❡ ❛♥♥✉❡❧✳ ❚♦✉t❡❢♦✐s✱ ♦♥ ❞ét❡❝t❡ é❣❛❧❡♠❡♥t ❞❡s ♣ér✐♦❞✐❝✐tés ✐♥t❡r♠✐tt❡♥t❡s

❱❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✽✺



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

à ❡♥✈✐r♦♥ ✹✵ ❥♦✉rs ❡t ✾✵ ❥♦✉rs✳ ▲❛ ♣ér✐♦❞✐❝✐té à ✹✵ ❥♦✉rs ❛ ❧✐❡✉ ❞✉r❛♥t ❧❛ ♣r❡♠✐èr❡
♠♦✐t✐é ❞❡ ✷✵✶✵✱ ❧❛ s❡❝♦♥❞❡ ♠♦✐t✐é ❞❡ ✷✵✶✶ ❡t ❧❡ ❞é❜✉t ❞❡ ❧✬❛♥♥é❡ ✷✵✶✷ ❡t ♥❡ s❡♠❜❧❡ ♣❛s
❧✐é❡ à ✉♥ q✉❡❧❝♦♥q✉❡ ❝②❝❧❡ s❛✐s♦♥♥✐❡r✳ ❈❡tt❡ ♣ér✐♦❞✐❝✐té ♣♦✉rr❛✐t ❡♥ ❢❛✐t êtr❡ ❛ss♦❝✐é❡
❛✉① ✈❛r✐❛t✐♦♥s ❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡s ❝②❝❧♦♥❡s ❞❡s ♠♦②❡♥♥❡s ❧❛t✐t✉❞❡s ✭✈♦✐r ●❤✐❧ ❡t ❛❧✳✱
✷✵✵✸✮✳ ❋✉❦✉t♦♠✐ ❡t ❛❧✳ ✭✷✵✶✷✮ ❛ ♣❛r ❛✐❧❧❡✉rs ♠♦♥tré q✉❡ ❝❡tt❡ ♦s❝✐❧❧❛t✐♦♥ ❢❛✐t ❡♥ ré❛❧✐té
♣❛rt✐❡ ❞✬✉♥ tr❛✐♥ ❞✬♦♥❞❡s q✉✐ s✬ét❡♥❞ ❞✉ ♥♦r❞✲❡st ❞❡ ❧✬❆t❧❛♥t✐q✉❡ ❥✉sq✉✬à ❧❛ ❘✉ss✐❡
❡t q✉✐ ❛✛❡❝t❡ ❢♦rt❡♠❡♥t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ▲❛ ♣ér✐♦❞✐❝✐té à ✾✵ ❥♦✉rs ❛ ❧✐❡✉ ♣❡♥❞❛♥t
❧✬❛✉t♦♠♥❡ ❡t ❧✬❤✐✈❡r ❝❤❛q✉❡ ❛♥♥é❡ ❡t ❡st ♣r♦❜❛❜❧❡♠❡♥t ❧✐é❡ à ❧❛ ❞✉ré❡ t②♣✐q✉❡ ❞❡ ❧❛
s❛✐s♦♥ ♣❧✉✈✐❡✉s❡ ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳

✸✳✷ ❉é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

◆♦✉s ❝♦♥♥❛✐ss♦♥s ♠✐❡✉① à ♣rés❡♥t ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s
❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s t❡♠♣♦r❡❧❧❡s✳ ■❧ ❛♣♣❛r❛ît ✐❝✐ ✐♥tér❡ss❛♥t ❞✬♦❜t❡♥✐r ✉♥❡ ✐♥❢♦r♠❛t✐♦♥
s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ♣❧✉✐❡ ❞❛♥s ❧❛ ③♦♥❡ ❞✬ét✉❞❡✳ ❈❡❧❛ ❛✜♥ ❞❡ ♠✐❡✉①
❝♦♠♣r❡♥❞r❡ ❧✬♦r✐❣✐♥❡ ❣é♦❣r❛♣❤✐q✉❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡t ❞❡ ❞ét❡r♠✐♥❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡
❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡✳

◆♦✉s ❛✈♦♥s ❞♦♥❝ ❝❤❡r❝❤é à ❝❛❧❝✉❧❡r ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧❛
ré❣✐♦♥✳ P♦✉r ❝❡ ❢❛✐r❡✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ✉♥❡ ♠ét❤♦❞❡ ❞é✈❡❧♦♣♣é❡ ♣❛r ❧❛ s♦❝✐été
◆♦✈✐♠❡t q✉✐ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❧❡s ✈❡❝t❡✉rs ❞❡ ❞é♣❧❛❝❡♠❡♥t s✉r ❧❛ ③♦♥❡ ❞❡ ♣❧✉✐❡✳ ❈❡tt❡
♠ét❤♦❞❡ ♥é❝❡ss✐t❡ ❞❡ ❞é❝♦✉♣❡r ❧❛ ③♦♥❡ ❡♥ ♣❡t✐ts ❝❛rrés ❞❡ ✷✺ km2 ♣✉✐s ❞❡ ❝❤❡r❝❤❡r
à ♦❜t❡♥✐r ❧❡s ✈❡❝t❡✉rs ❞❡ ❞é♣❧❛❝❡♠❡♥t q✉✐ ❝♦rr❡s♣♦♥❞❡♥t à ❧❛ ♠❡✐❧❧❡✉r❡ ❝♦rré❧❛t✐♦♥
❡♥tr❡ ❞❡✉① ♣❛s ❞❡ t❡♠♣s✳ ■❧ ❢❛✉t ♥♦t❡r q✉❡ ❝❡tt❡ ♠ét❤♦❞❡ ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r
❣❧♦❜❛❧❡♠❡♥t ❧❡ ♠♦✉✈❡♠❡♥t ❞✉ s②stè♠❡ ♣❧✉✈✐❡✉①✱ ♣❛r ❝♦♥tr❡ ❡❧❧❡ ♥❡ ♣❡r♠❡t ♣❛s ❞❡
❝♦♥♥❛îtr❡ ❧❡ ♠♦✉✈❡♠❡♥t ✐♥❞✐✈✐❞✉❡❧ ❞❡ ❝❤❛q✉❡ ❝❡❧❧✉❧❡ ❞❡ ♣❧✉✐❡ ✭♣♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s
à ❝❡ ♣r♦♣♦s ✈♦✐r ❧❡ ❝❤❛♣✐tr❡ ✻✮✳
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❋✐❣✉r❡ ✸✳✶✺ ✿ ❱❛❧❡✉r ♠é❞✐❛♥❡ ♣❛r ❥♦✉r ❞❡ ✭❛✮ ❧❛ ♥♦r♠❡ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❞❡s
♣ré❝✐♣✐t❛t✐♦♥s ✭❦♠✴❤✮ ✭❡♥ r♦✉❣❡ ♦♥ ❛ ❧✐ssé ❝❡tt❡ ❝♦✉r❜❡✮ ❡t ✭❜✮ ❧✬❛♥❣❧❡ ❞✉
❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✭✵✝s✐❣♥✐✜❡ ✉♥ ❞é♣❧❛❝❡♠❡♥t ✈❡rs ❧❡ s✉❞ ❡t
✶✽✵✝✈❡rs ❧❡ ♥♦r❞✮

✽✻ ❉é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

◆♦✉s ❝♦♥st❛t♦♥s ❛✐♥s✐ s✉r ❧❛ ✜❣✉r❡ ✸✳✶✺ ✭❛✮ q✉❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t ♠♦②❡♥ ❞❡s ♣ré❝✐✲
♣✐t❛t✐♦♥s s✉r ❧❡s tr♦✐s ❛♥s ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ✷✻ ❦♠✴❤ ❡♥ ♠♦②❡♥♥❡✳ ▲❛ ✈✐t❡ss❡ ❞❡s ♣ré❝✐✲
♣✐t❛t✐♦♥s ♠♦♥tr❡ ✉♥ ❝②❝❧❡ ❛♥♥✉❡❧ ❛✈❡❝ ✉♥ ❞é♣❧❛❝❡♠❡♥t ♣❧✉s r❛♣✐❞❡ ❡♥ été ✭✹✵ ❦♠✴❤✮
q✉✬❡♥ ✜♥ ❞✬❤✐✈❡r✲❞é❜✉t ❞❡ ♣r✐♥t❡♠♣s ✭✷✵ ❦♠✴❤✮✳ ❈❡ ❝②❝❧❡ ❛♥♥✉❡❧ ❡st ♣❛r ❛✐❧❧❡✉rs
❝♦♥✜r♠é s✐ ❧✬♦♥ ❢❛✐t ✉♥❡ ❛♥❛❧②s❡ ❡♥ ♦♥❞❡❧❡tt❡s ❞✉ s✐❣♥❛❧✳ ❈❡ rés✉❧t❛t s✐❣♥✐✜❡ ♣r♦❜❛✲
❜❧❡♠❡♥t q✉❡ ❧❡s ❝❡❧❧✉❧❡s ❡♥ été ♣❧✉tôt ❝♦♥✈❡❝t✐✈❡s s❡ ❞é♣❧❛❝❡♥t ♣❧✉s r❛♣✐❞❡♠❡♥t q✉❡
❧❡s ❝❡❧❧✉❧❡s ❞✬❤✐✈❡r ♣❧✉tôt str❛t✐❢♦r♠❡s✳ ■❧ r❡st❡r❛ ♣❛r ❧❛ s✉✐t❡ à ❡①♣❧✐q✉❡r ♣♦✉rq✉♦✐ ♦♥
♦❜s❡r✈❡ ✉♥ t❡❧ ❝♦♠♣♦rt❡♠❡♥t✳ ❙✐ ❧✬♦♥ s✬✐♥tér❡ss❡ à ♣rés❡♥t à ❧✬❛♥❣❧❡ ❞✉ ❞é♣❧❛❝❡♠❡♥t
✭❋✐❣✳ ✸✳✶✺ ✭❜✮✮✱ ♥♦✉s ❝♦♥st❛t♦♥s q✉✬❡♥ ♠♦②❡♥♥❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❡st ❞✐r✐❣é ♣❧❡✐♥ ♥♦r❞✳
▲❡ ❢❛✐t q✉❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s❡ ❞✐r✐❣❡♥t ✈❡rs ❧❡ ♥♦r❞ ✐♠♣❧✐q✉❡ q✉✬❡❧❧❡s ♣r♦✈✐❡♥♥❡♥t ❞❡
❧❛ ▼é❞✐t❡rr❛♥é❡✳ ❈❡ q✉✐ ♥✬❡st ♣❛s ét♦♥♥❛♥t ♣✉✐sq✉❡ ❝✬❡st ❞❡ ❧à q✉❡ ♣r♦✈✐❡♥t é❣❛❧❡♠❡♥t
❧✬❤✉♠✐❞✐té q✉✐ ❛❧✐♠❡♥t❡ ❧❛ ♣❧✉✐❡✳ ◆é❛♥♠♦✐♥s✱ ♦♥ ♦❜s❡r✈❡ ✉♥❡ ✐♠♣♦rt❛♥t❡ ✈❛r✐❛❜✐❧✐té
❛✉t♦✉r ❞❡ ❧❛ ❞✐r❡❝t✐♦♥ ✈❡rs ❧❡ ♥♦r❞ ❝❡ q✉✐ ♠♦♥tr❡ q✉❡ ❧✬♦❝❝✉rr❡♥❝❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s
♣❡✉t êtr❡ ❛✉ss✐ ❧✐é❡ à ❞❡s ♣r♦❝❡ss✉s ❛✉tr❡s q✉❡ ❧❡ s✐♠♣❧❡ ❛♣♣♦rt ❞✬❤✉♠✐❞✐té ❞❡♣✉✐s
❧❛ ♠❡r ✭♣ré❝✐♣✐t❛t✐♦♥s ♦r♦❣r❛♣❤✐q✉❡s✱ ❢r♦♥t ♠été♦r♦❧♦❣✐q✉❡s✱ ✳✳✳✮✳ ❊♥ ♦✉tr❡✱ ✐❧ ♥✬② ❛
♣❛s ❞❡ ✈❛r✐❛❜✐❧✐té s❛✐s♦♥♥✐èr❡ ❛♣♣❛r❡♥t❡ ❞❡ ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐✲
t❛t✐♦♥s✳
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❋✐❣✉r❡ ✸✳✶✻ ✿ ❱❛❧❡✉r ♠é❞✐❛♥❡ ✭❧✐ssé❡✮ ♣❛r ❥♦✉r ❞❡ ❧❛ ♥♦r♠❡ ❞✉ ❞é♣❧❛❝❡♠❡♥t
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✭❦♠✴❤✮ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡

▲❛ st❛t✐♦♥♥❛r✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡st ✉♥ ❢❛❝t❡✉r ✐♠♣♦rt❛♥t à ❝♦♥♥❛îtr❡ ❝❛r ✐❧
❝♦♥tr✐❜✉❡ à ❛✉❣♠❡♥t❡r ❧❡s ❝✉♠✉❧s s✉r ✉♥❡ ré❣✐♦♥ ❞♦♥♥é❡ ❝♦♠♠❡ ❧✬♦♥t ♠♦♥tré ❞❡
♥♦♠❜r❡✉① ❝❛s ❞✬ét✉❞❡s ✭❉✉❝r♦❝q ❡t ❛❧✳✱ ✷✵✵✽✮✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ✈♦✉❧✉ ❞ét❡r♠✐♥❡r s✐✱
st❛t✐st✐q✉❡♠❡♥t✱ ✐❧ ❡①✐st❛✐t ✉♥❡ t❡❧❧❡ r❡❧❛t✐♦♥✳ P♦✉r ❝❡❧❛✱ ♥♦✉s ❛✈♦♥s ❝♦♠♣❛ré ❧❛ ♥♦r♠❡
❞✉ ❞é♣❧❛❝❡♠❡♥t ❛✉ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ✭❋✐❣✳ ✸✳✶✻✮✳ ▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❝♦♥❞✉✐s❛♥t ❛✉ ♣❧✉s
❢♦rt ❝✉♠✉❧ ♣rés❡♥t❡♥t q✉❛s✐✲s②sté♠❛t✐q✉❡♠❡♥t ✉♥❡ ✈✐t❡ss❡ ❞❡ ❞é♣❧❛❝❡♠❡♥t ♣❧✉s ❧❡♥t❡
❡t ✐♥✈❡rs❡♠❡♥t✳ P♦✉r ❧❡s ❢❛✐❜❧❡s ❝✉♠✉❧s✱ ❞❡s ❞é♣❧❛❝❡♠❡♥ts ❡♥tr❡ ✷✵ ❡t ✹✵ ❦♠✴❤ s♦♥t
♦❜s❡r✈és✳ ❚❛♥❞✐s q✉❡ ♣♦✉r ❧❡s ❝✉♠✉❧s ❧❡s ♣❧✉s ✐♠♣♦rt❛♥ts ❧❡s ❞é♣❧❛❝❡♠❡♥ts ✈❛❧❡♥t
❡♥ ♠♦②❡♥♥❡ ❡♥tr❡ ✵ ❡t ✹✵ ❦♠✴❤✳ ❉❡ ♣❧✉s✱ ❧❛ ✈✐t❡ss❡ ❞❡ ❞é♣❧❛❝❡♠❡♥t ❛ t❡♥❞❛♥❝❡ à
❛✉❣♠❡♥t❡r s✉r ❧❡s ✸ ❞❡r♥✐èr❡s ❛♥♥é❡s✳ ❈❡ rés✉❧t❛t✱ ♣♦✉✈❛♥t êtr❡ ❧✐é à ❧❛ ✈❛r✐❛❜✐❧✐té
✐♥t❡r✲❛♥♥✉❡❧❧❡✱ ❞♦✐t êtr❡ ❝♦♥✜r♠é ♦✉ ✐♥✜r♠é ❞❛♥s ❞❡ ♣r♦❝❤❛✐♥❡s ❛♥❛❧②s❡s✳

◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ ❡ss❛②é ❞❡ ❞ét❡r♠✐♥❡r s✐ ❧❡ ❝✉♠✉❧ ét❛✐t ❞é♣❡♥❞❛♥t ❞❡ ❧✬❛♥❣❧❡
❞✉ ❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♠❛✐s ♥♦✉s ♥✬❛✈♦♥s ♣❛s ❝♦♥st❛té ❞❡ ❧✐❡♥ ❡♥tr❡ ❝❡s

❉é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✽✼



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

❞❡✉① ✈❛r✐❛❜❧❡s✳ ❈❡ rés✉❧t❛t ❞♦✐t êtr❡ ♥✉❛♥❝é ♣❛r ❧❡ ❢❛✐t q✉❡ ❧❛ ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s
♣ré❝✐♣✐t❛t✐♦♥s s❡ ❞é♣❧❛ç❛♥t ✈❡rs ❧❡ ♥♦r❞✱ ✐❧ ❡st ❞✐✣❝✐❧❡ ❞❡ t✐r❡r ✉♥❡ st❛t✐st✐q✉❡ s✉r
tr♦✐s ❛♥s ❞❡ ❞♦♥♥é❡s✳

❊♥ ❝♦♥❝❧✉s✐♦♥ ♦♥ ✈♦✐t q✉❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s❡ ❢❛✐t ❧❛ ♣❧✉♣❛rt ❞✉
t❡♠♣s ❡♥ ❞✐r❡❝t✐♦♥ ❞✉ ♥♦r❞ ❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ ♠♦❞éré❡ q✉✐ ✈❛ ♠♦❞✉❧❡r ❧❛ q✉❛♥t✐té ❞❡
♣ré❝✐♣✐t❛t✐♦♥s q✉❡ ❧✬♦♥ ♦❜s❡r✈❡r❛ ❛✉ s♦❧✳ ▲❡ rô❧❡ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
s❡r❛ é❣❛❧❡♠❡♥t tr❛✐té ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ s✉r ❧❡s ♣r♦❝❡ss✉s✱ s❡❝t✐♦♥ ✺✳✷✳✷✳

✸✳✸ ❈❛r❛❝tér✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s ❢r❛♥ç❛✐s❡s

◆♦✉s ❛✈♦♥s à ♣rés❡♥t ❝❤❡r❝❤é à ❝♦♠♣❛r❡r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s ❞❡
♥♦tr❡ ③♦♥❡ ❞✬ét✉❞❡ à ❝❡❧❧❡s ♦❜s❡r✈é❡s s✉r ❧✬❡♥s❡♠❜❧❡ ❞✉ t❡rr✐t♦✐r❡ ❢r❛♥ç❛✐s✳ P♦✉r ❝❡❧❛✱
♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡ rés❡❛✉ r❛❞❛r ❢r❛♥ç❛✐s ❆❘❆▼■❙ ✭❆♣♣❧✐❝❛t✐♦♥ ❘❆❞❛r à ❧❛ ▼été♦✲
r♦❧♦❣✐❡ ■♥❢r❛✲❙②♥♦♣t✐q✉❡✮ ❝♦♥st✐t✉é ❛❝t✉❡❧❧❡♠❡♥t ❞❡ ✷✹ r❛❞❛rs ✭❋✐❣✳ ✸✳✶✼✮ q✉✐ ♣rés❡♥t❡
❧✬❛✈❛♥t❛❣❡ ❞❡ ❝♦✉✈r✐r ✉♥❡ ❧❛r❣❡ ③♦♥❡ ❛✈❡❝ ✉♥❡ rés♦❧✉t✐♦♥ ✐❞❡♥t✐q✉❡ à ❝❡❧❧❡ ❞✬❍②❞r✐①
✭1 km2 ❡t ✺ ♠✐♥✉t❡s✮✳ ❯♥❡ ❞❡s ♣r✐♥❝✐♣❛❧❡s ❞✐✛ér❡♥❝❡s ❛✈❡❝ ❧❡ r❛❞❛r ❍②❞r✐① ❡st q✉❡ ❧❡s
r❛❞❛rs ❞✉ rés❡❛✉ ❆❘❆▼■❙ ♥✬✉t✐❧✐s❡♥t ♣❛s ♦♣ér❛t✐♦♥♥❡❧❧❡♠❡♥t ❧❛ ♣♦❧❛r✐♠étr✐❡ ♣♦✉r
r❡st✐t✉❡r ❧❛ ♣❧✉✐❡✳ ■❧s r❡st✐t✉❡♥t ❞♦♥❝ ❧❛ ♣❧✉✐❡ ♣❛r ❧❛ r❡❧❛t✐♦♥ ❞❡ ▼❛rs❤❛❧❧✲P❛❧♠❡r✳ ❉❡
♥♦♠❜r❡✉s❡s ❛✉tr❡s ❞✐✛ér❡♥❝❡s ❡①✐st❡♥t ❝♦♠♠❡ ♣♦✉r ❧❡ tr❛✐t❡♠❡♥t ❞❡s é❝❤♦s ❞❡ s♦❧ ♦✉
❧✬❛❞✈❡❝t✐♦♥ ❞✉ ❝❤❛♠♣ ❞❡ ♣❧✉✐❡ ♣♦✉r ❝♦rr✐❣❡r ❞✉ s♦✉s✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡ s✉r ✺ ♠✐♥✉t❡s
♠❛✐s t♦✉t❡s ❧❡s ❝✐t❡r ❞é♣❛ss❡r❛✐t ❧❛r❣❡♠❡♥t ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✳ ❚♦✉t❡❢♦✐s✱ ♣♦✉r
♣❧✉s ❞✬✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡ rés❡❛✉ ❆❘❆▼■❙ ♦♥ ♣❡✉t s❡ ré❢ér❡r à P❛r❡♥t ❞✉ ❝❤ât❡❧❡t

✭✷✵✵✸✮✱ ❚❛❜❛r② ✭✷✵✵✼✮✱ ❚❛❜❛r② ❡t ❛❧✳ ✭✷✵✵✼✮✳ ❆✜♥ ❞❡ ✜❧tr❡r ❧❡s ❛rt❡❢❛❝ts ❞❡ ♠❡s✉r❡
❝♦♥st❛tés ❧♦rs ❞✬✉♥❡ ♣r❡♠✐èr❡ ❛♥❛❧②s❡✱ ❧❡s ③♦♥❡s ❞❡ ♣❧✉✐❡ ✐♥❢ér✐❡✉r❡s à 20 km2 ♦♥t été
❛ss✐♠✐❧é❡s à ❞✉ ❜r✉✐t ❡t ❞♦♥❝ r❡t✐ré❡s✳ ❊♥ ♦✉tr❡✱ ❝❡rt❛✐♥s r❛❞❛rs ✭♣❛r ❡①❡♠♣❧❡ ❝❡❧✉✐ ❞❡
❇♦r❞❡❛✉①✮ ♠♦♥tr❡♥t ❞❡s s✐❣♥❛✉① ✐♠♣♦rt❛♥ts ❡♥ ❛✐r ❝❧❛✐r q✉✐ ♣❡✉✈❡♥t êtr❡ ❝♦♥❢♦♥❞✉s
❞❛♥s ❝❡rt❛✐♥s ❝❛s ❛✈❡❝ ❞❡ ❧❛ ♣❧✉✐❡✳ ❈✬❡st ♣♦✉rq✉♦✐ ♥♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ❝❤♦✐s✐ ❞❡ ♥❡
♣❛s t❡♥✐r ❝♦♠♣t❡ ❞❡s t❛✉① ❞❡ ♣❧✉✐❡ ✐♥❢ér✐❡✉rs à ✶ ♠♠✴❤ ✭s✉r ✺ ♠✐♥✉t❡s✮✳ ❈❡ ❞❡r♥✐❡r
♣♦✐♥t ❡st ❞é❧✐❝❛t ❝❛r ❧❡s ♣❧✉✐❡s str❛t✐❢♦r♠❡s ♣❡✉✈❡♥t ♣rés❡♥t❡r ❞❡s ✈❛❧❡✉rs ✐♥❢ér✐❡✉r❡s
à ❝❡ t❛✉① ❞❡ ♣❧✉✐❡✳ ❈❡tt❡ s♦❧✉t✐♦♥ s✬❡st ♥é❛♥♠♦✐♥s ❛✈éré❡ ❡✣❝❛❝❡ ♣♦✉r s✉♣♣r✐♠❡r
❧❡s ❛rt❡❢❛❝ts ❞❡ ♠❡s✉r❡ ✐❞❡♥t✐✜és ✭❞✬❛✉tr❡s s♦❧✉t✐♦♥s ♦♥t été t❡sté❡s ♠❛✐s ❛✈❡❝ ❞❡s
rés✉❧t❛ts ♠♦✐♥s ♣r♦❜❛♥ts ♣♦✉r ét❛❜❧✐r ✉♥❡ ❝❧✐♠❛t♦❧♦❣✐❡✮✳

■❧ ❡st à ♥♦t❡r q✉❡ ❧❛ ♠♦s❛ïq✉❡ ❞❡ ♣❧✉✐❡ ❛✐♥s✐ ❝♦♥str✉✐t❡ ❡st ré❣✉❧✐èr❡♠❡♥t ❝♦♠✲
♣❛ré❡ à ❞❡s ♣❧✉✈✐♦♠ètr❡s ♣♦✉r ré❛❧✐s❡r ✉♥ ét❛❧♦♥♥❛❣❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r ✉♥ ❢❛❝t❡✉r ❞❡
❝♦rr❡❝t✐♦♥ ✉♥✐❢♦r♠❡ s✉r ❧❛ ③♦♥❡ ❡st ❛♣♣❧✐q✉é t♦✉t❡s ❧❡s ❤❡✉r❡s à ❝❤❛q✉❡ r❛❞❛r✳ P♦✉r
❛✈♦✐r ✉♥❡ ✐❞é❡ q✉❛❧✐t❛t✐✈❡ ❞❡ ❧❛ ✈❛❧✐❞✐té ❞✉ ❝✉♠✉❧ ❡st✐♠é ♣❛r ❧❡ rés❡❛✉ r❛❞❛r ❆❘❆✲
▼■❙✱ ♦♥ ♣❡✉t ❧❡ ❝♦♠♣❛r❡r ❛✈❡❝ ❝❡❧✉✐ ♦❜t❡♥✉ ♣❛r ❧❡ rés❡❛✉ ❞❡ ♣❧✉✈✐♦♠ètr❡s ✭❋✐❣✳
✸✳✶✽✮✳ ▲❡ ❝✉♠✉❧ ❞♦♥♥é ♣❛r ❧❡ rés❡❛✉ ❆❘❆▼■❙ ❡st ♣❧✉tôt ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡ ré✲
s❡❛✉ ❞❡ ♣❧✉✈✐♦♠ètr❡s✳ ▲❡s ré❣✐♦♥s sè❝❤❡s ✭❝ôt❡ ♠é❞✐t❡rr❛♥é❡♥♥❡ ❡t ❜❛ss✐♥ ♣❛r✐s✐❡♥✮
t♦✉t ❝♦♠♠❡ ❧❡s ré❣✐♦♥s ❤✉♠✐❞❡s ✭❢❛ç❛❞❡ ❛t❧❛♥t✐q✉❡✱ ❱♦s❣❡s✮ s❡ r❡tr♦✉✈❡♥t s✉r ❧❡s
❞❡✉① ❝❛rt❡s✳ ◆é❛♥♠♦✐♥s✱ ❧❛ ♣❧✉✐❡ s✉r ❝❡rt❛✐♥❡s ré❣✐♦♥s ❝♦♠♠❡ ❧❡ ♥♦r❞ ❞❡s ❆❧♣❡s ❡st
❝❧❛✐r❡♠❡♥t s♦✉s✲❡st✐♠é❡✳ ❋✐♥❛❧❡♠❡♥t✱ ✉♥❡ ❝♦♠♣❛r❛✐s♦♥ ♣❧✉s ♣ré❝✐s❡ ❡t q✉❛♥t✐t❛t✐✈❡
ré❛❧✐sé❡ ♣❛r ❊♠♠❛♥✉❡❧ ❡t ❛❧✳ ✭✷✵✶✷✮ ❛ ♠♦♥tré q✉❡ ❧❡ rés❡❛✉ ♥✬❡st ♣❛s ❡♥❝♦r❡ ♣rêt
♣♦✉r êtr❡ ✉t✐❧✐sé ❡♥ ❤②❞r♦❧♦❣✐❡ ✉r❜❛✐♥❡✳

✽✽ ❈❛r❛❝tér✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s ❢r❛♥ç❛✐s❡s
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Nîmes

Plabennec

Falaise

Trappes

Bourges

Arcis/Aube

Nancy

St Nizier

Grêzes

Bordeaux Sembadel

Toulouse

Opoul

Collobrieres

Abbeville

Nîmes

Treillières

Radars Thomson, Rodin (bande C)

Radars Gématronik (bande C)

Radars Oméra, Mélodi (bande S)

Radars Thomson, MTOS 2000 (bande S)

Bollène

Aléria

❋✐❣✉r❡ ✸✳✶✼ ✿ ❊♠♣❧❛❝❡♠❡♥t ❞❡s ♣r✐♥❝✐♣❛✉① r❛❞❛r ❞✉ rés❡❛✉ ❆❘❆▼■❙
✭❞✬❛♣rès ▼❛❧❛r❞❡❧ ✭✷✵✵✺✮✮

✸✳✸✳✶ ❈✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s

▲❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ♣❛r ♠♦✐s s✉r ❧❛ ❋r❛♥❝❡ ♠♦♥tr❡ ✉♥ ✈✐s❛❣❡ ❛ss❡③ ❝♦♥tr❛sté
s✉✐✈❛♥t ❧❛ ♣ér✐♦❞❡ ❡t ❧❛ ré❣✐♦♥ ✭❋✐❣✳ ✸✳✶✾✮✳ ■❧ ♣❧❡✉t ❜❡❛✉❝♦✉♣ ❡♥ ❛✉t♦♠♥❡ s✉r ❧❡ s✉❞✲
❡st ❞❡ ❧❛ ❋r❛♥❝❡ ✭♦❝t♦❜r❡ ❡t ♥♦✈❡♠❜r❡✮ ❡t s✉r ❧❛ ❢❛ç❛❞❡ ❛t❧❛♥t✐q✉❡ ✭❡♥ ♣❛rt✐❝✉❧✐❡r ❧❛
❇r❡t❛❣♥❡ ❡t ❧❡ P❛②s ❇❛sq✉❡✮ ❡t ❧❡s ❱♦s❣❡s ✭❞é❝❡♠❜r❡✮ ✭❡♥ ♠♦②❡♥♥❡ ♣❧✉s ❞❡ ✺ ♠♠✴❥✮✳
▲❡s ♠♦✐s ❞✬❤✐✈❡r q✉❛♥t à ❡✉① s♦♥t ♣❧✉tôt s❡❝s ❛✈❡❝ ✉♥❡ ♠♦②❡♥♥❡ ❞❡ ✷ ♠♠✴❥ ❡t
❡♥✈✐r♦♥ ✶ ♠♠✴❥ s✉r ❧❡ ❜❛ss✐♥ ♣❛r✐s✐❡♥✳ ▲❡ ♣r✐♥t❡♠♣s ❡st r❡❧❛t✐✈❡♠❡♥t ❤✉♠✐❞❡ ❡t
❤♦♠♦❣è♥❡ ❛✈❡❝ ❞❡s ✈❛❧❡✉rs ❛✉t♦✉r ❞❡ ✸ ♠♠✴❥ ❡t q✉❡❧q✉❡s ♠❛①✐♠✉♠s ❧♦❝❛✉① ❞❛♥s ❧❡

❈❛r❛❝tér✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s ❢r❛♥ç❛✐s❡s ✽✾
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❋✐❣✉r❡ ✸✳✶✽ ✿ ❆ ❣❛✉❝❤❡✱ ❤❛✉t❡✉r ❞✬❡❛✉ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥tr❡ ✶✾✼✵ ❡t ✷✵✵✵
❡st✐♠é❡ ♣❛r ♣❧✉✈✐♦♠ètr❡s ✭❞✬❛♣rès ✭❏♦❧② ✱ ✷✵✶✶✮✮ ❡t à ❞r♦✐t❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r
✭♠♠✴❥✮ ❞❡s ♣❧✉✐❡s ❡st✐♠é ♣❛r ❧❡ rés❡❛✉ r❛❞❛r ❆❘❆▼■❙

s✉❞ ✭✹ ♠♠✴❥✮✳ ❊♥✜♥✱ ❧✬été ❡st très s❡❝ s✉r ❧❛ ❝ôt❡ ♠é❞✐t❡rr❛♥é❡♥♥❡ ✭♠♦✐♥s ❞❡ ✶ ♠♠✴❥✮
❡t s✉r ❧✬♦✉❡st ❞❡ ❧❛ ❋r❛♥❝❡ ✭✷ ♠♠✴❥✮✳ P❛r ❝♦♥tr❡✱ ❧❡ ♥♦r❞✲❡st ❞❡ ❧❛ ❋r❛♥❝❡ r❡ç♦✐t ❞❡s
❝✉♠✉❧s ❥♦✉r♥❛❧✐❡rs ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡s ✭✸ à ✹ ♠♠✴❥✮✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✱ ❧❡s ♣❧✉✐❡s s♦♥t ❞❛♥s ❧❛
♠♦②❡♥♥❡ ❢r❛♥ç❛✐s❡ ✭✷✲✸ ♠♠✴❥✮✳ P❛r ❝♦♥tr❡✱ ❡❧❧❡ s♦♥t ♣❧✉s ❢❛✐❜❧❡s ❡♥ été ♦ù ❡❧❧❡s
s♦♥t ❝♦♠♣❛r❛❜❧❡s à ❝❡❧❧❡s ❞❡ ❧❛ ❝ôt❡ ♠é❞✐t❡rr❛♥é❡♥♥❡✳ ❊♥ ❛✉t♦♠♥❡✱ ❧❡s ♣❧✉✐❡s s✉r ❧❛
ré❣✐♦♥ s♦♥t ❛✉ ❝♦♥tr❛✐r❡ ♣❧✉s ❢♦rt❡s q✉❡ s✉r ❧❡ r❡st❡ ❞✉ t❡rr✐t♦✐r❡✳

✸✳✸✳✷ ❖❝❝✉rr❡♥❝❡ ❞❡ ♣❧✉✐❡

▲✬♦❝❝✉rr❡♥❝❡ ❞❡ ♣❧✉✐❡ ❡st ♣rés❡♥té❡ ❡♥ ✜❣✉r❡ ✸✳✷✵✳ ❆✈❛♥t t♦✉t❡ ❝❤♦s❡✱ ✐❧ ❢❛✉t r❛♣✲
♣❡❧❡r q✉❡ ❧✬♦♥ ♣rés❡♥t❡ ❧✬♦❝❝✉rr❡♥❝❡ ❞❡s ♣❧✉✐❡s ♠♦❞éré❡s à ✐♥t❡♥s❡s ♣✉✐sq✉❡ ❧✬♦♥ ♥✬❛
❣❛r❞é q✉❡ ❧❡s t❛✉① ❞❡ ♣❧✉✐❡ s✉♣ér✐❡✉rs à ✶ ♠♠✴❤ s✉r ✺ ♠✐♥✉t❡s✳ ▲✬♦❝❝✉rr❡♥❝❡ ❞❡ ♣❧✉✐❡
❡st ♠❛①✐♠❛❧❡ s✉r ❧❛ ❋r❛♥❝❡ ❞✉r❛♥t ❧❡s ♠♦✐s ❞❡ ♥♦✈❡♠❜r❡ ❡t ❞é❝❡♠❜r❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱
❧❛ ❢❛ç❛❞❡ ❛t❧❛♥t✐q✉❡ ✭❡t s✉rt♦✉t ❧❛ ❇r❡t❛❣♥❡ ❡t ❧❡ P❛②s ❇❛sq✉❡✮ ❛✐♥s✐ q✉❡ ❧❡s ❱♦s❣❡s
❡t ❧❡ ❏✉r❛ ♣rés❡♥t❡♥t ❞❡s ♦❝❝✉rr❡♥❝❡s ❞❡ ♣❧✉✐❡ s✉♣ér✐❡✉r❡s à ✼ ❥♦✉rs ✭❡t ❥✉sq✉❡ ✶✶
❥♦✉rs ♣❛r ❡♥❞r♦✐ts✮ ❞✉r❛♥t ❝❡tt❡ ♣ér✐♦❞❡✳ ▲❡s ♠♦✐s ❞✉r❛♥t ❧❡sq✉❡❧s ✐❧ ♣❧❡✉t ❧❡ ♠♦✐♥s
s♦♥t✱ s❛♥s s✉r♣r✐s❡✱ ❧❡s ♠♦✐s ❞✬été ❛✈❡❝ ♠♦✐♥s ❞✬✉♥ ❥♦✉r ❞❡ ♣❧✉✐❡ s✉r ❧❛ ❝ôt❡ ♠é❞✐t❡r✲
r❛♥é❡♥♥❡ t❛♥❞✐s q✉❡ s✉r ❧❡s ❛✉tr❡s ré❣✐♦♥s ✐❧ ♣❧❡✉t ❡♥✈✐r♦♥ ✶ à ✷ ❥♦✉rs✳ ▲❡s ré❣✐♦♥s
❞❡ ❧❛ ♣❛rt✐❡ ♥♦r❞ ❞❡ ❧❛ ❋r❛♥❝❡ ♣rés❡♥t❡♥t ✉♥ ♥♦♠❜r❡ ❞✬♦❝❝✉rr❡♥❝❡ ❞❡ ♣❧✉✐❡ ❛ss❡③ ♣❡✉
✈❛r✐❛❜❧❡ ♣❡♥❞❛♥t ❧✬❛♥♥é❡ ✭❡♥tr❡ ✶ ❡t ✸ ❥♦✉rs✮ s❛✉❢ ❡♥ ♥♦✈❡♠❜r❡ ❡t ❞é❝❡♠❜r❡ t❛♥❞✐s
q✉❡ ❧❡s ré❣✐♦♥s ❞✉ s✉❞ ♣rés❡♥t❡♥t ✉♥❡ s❛✐s♦♥♥❛❧✐té ❜✐❡♥ ♣❧✉s ✐♠♣♦rt❛♥t❡✳ ❊♥✜♥✱ ❧❡s
r❡❧✐❡❢s ✭▼❛ss✐❢ ❈❡♥tr❛❧✱ ❱♦s❣❡s✱ ❏✉r❛ ❡t ❈é✈❡♥♥❡s✮ s♦♥t ❢❛✈♦r❛❜❧❡s à ❧✬♦❝❝✉rr❡♥❝❡ ❞❡s
♣ré❝✐♣✐t❛t✐♦♥s✳ P❛r ❝♦♥tr❡✱ ♦♥ r❡♠❛rq✉❡ q✉❡ ❧❡s ❆❧♣❡s ♥❡ s❡♠❜❧❡♥t ♣❛s ♣❛rt✐❝✉❧✐è✲
r❡♠❡♥t ❢❛✈♦r❛❜❧❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s✳ P♦✉r ❛✉t❛♥t✱ ❝❡tt❡ ❞❡r♥✐èr❡ ♦❜s❡r✈❛t✐♦♥ ❞♦✐t
êtr❡ ♥✉❛♥❝é❡ ❝❛r ♦♥ s❛✐t q✉✬✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ r❛❞❛r ❛ss❡③ ♣r♦❝❤❡ ❞❡s ❆❧♣❡s ❛❝t✉❡❧❧❡✲
♠❡♥t ✐♥té❣ré ❞❛♥s ❧❛ ♠♦s❛ïq✉❡ ❝❡ q✉✐ ♣❡✉t ❡①♣❧✐q✉❡r ❝❡s ❢❛✐❜❧❡s ✈❛❧❡✉rs ✭❛❧t✐t✉❞❡ ❞✉
❢❛✐s❝❡❛✉ très ❤❛✉t❡✱ ♠❛sq✉❡ ❞❡s ❆❧♣❡s✮✳

●❧♦❜❛❧❡♠❡♥t✱ ✐❧ ♣❧❡✉t ♠♦✐♥s s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ q✉❡ s✉r ❧❡ r❡st❡
❞✉ t❡rr✐t♦✐r❡ ❢r❛♥ç❛✐s ❛✈❡❝ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❝♦♠♣❛r❛❜❧❡ à ❝❡❧✉✐ ❞✉ r❡st❡ ❧❛ ❝ôt❡ ♠é❞✐✲
t❡rr❛♥é❡♥♥❡✳ P❛r ❝♦♥tr❡✱ ❡♥ ❛✉t♦♠♥❡ ❡❧❧❡ s✉❜✐t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣❧✉s ré❣✉❧✐èr❡♠❡♥t

✾✵ ❈❛r❛❝tér✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s ❢r❛♥ç❛✐s❡s
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❋✐❣✉r❡ ✸✳✶✾ ✿ ❈✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣❧✉✐❡ ✭♠♠✴❥✮ ✭♣♦✉r ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
s✉♣ér✐❡✉r❡s à ✶♠♠✴❤ s✉r ✺ ♠✐♥✉t❡s✮ ♣❛r ♠♦✐s ❝❛❧❝✉❧é ❡♥tr❡ ❥✉✐❧❧❡t ✷✵✵✻ ❡t
❥✉✐♥ ✷✵✶✸

q✉❡ ❧❡ r❡st❡ ❞❡ ❧❛ ❝ôt❡ ♠é❞✐t❡rr❛♥é❡♥♥❡ ❡t ❛ ✉♥ ❝♦♠♣♦rt❡♠❡♥t q✉✐ s❡ r❛♣♣r♦❝❤❡ ❞❡
❝❡❧✉✐ ❞❡s ❈é✈❡♥♥❡s ❡t ❞✉ ❏✉r❛✳

❈❛r❛❝tér✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s ❢r❛♥ç❛✐s❡s ✾✶
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❋✐❣✉r❡ ✸✳✷✵ ✿ ❖❝❝✉rr❡♥❝❡ ❞❡ ♣❧✉✐❡ ❝✉♠✉❧é❡ s✉r ✺ ♠✐♥✉t❡s ✭♥♦♠❜r❡ ❞❡ ❥♦✉r✮
✭♣♦✉r ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉♣ér✐❡✉r❡s à ✶♠♠✴❤ s✉r ✺ ♠✐♥✉t❡s✮ ♣❛r ♠♦✐s ❝❛❧✲
❝✉❧é❡ ❡♥tr❡ ❥✉✐❧❧❡t ✷✵✵✻ ❡t ❥✉✐♥ ✷✵✶✸

✾✷



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

✸✳✸✳✸ ❊①trê♠❡s ❞❡ ♣❧✉✐❡

◆♦✉s ❛✈♦♥s✱ ❝♦♠♠❡ ♣♦✉r ❧❡ r❛❞❛r ❍②❞r✐①✱ ❝❤❡r❝❤é à ✐❞❡♥t✐✜❡r ❧❡s ③♦♥❡s s✉❥❡tt❡s
❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❡①trê♠❡s ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ♠été♦r♦❧♦❣✐q✉❡ ❡t ❤②❞r♦❧♦❣✐q✉❡✳ ▲❛
♣r❡♠✐èr❡ ét❛♣❡ ❛ été ❞❡ s✬✐♥tér❡ss❡r ❛✉① ❡①trê♠❡s ♠été♦r♦❧♦❣✐q✉❡s✳ ▲❛ ✜❣✉r❡ ✸✳✷✶
♠♦♥tr❡ à ♣r❡♠✐èr❡ ✈✉❡ ❞❡s ✈❛❧❡✉rs ❛ss❡③ ❢❛✐❜❧❡s ♣❛r r❛♣♣♦rt ❛✉① ▼❊❊ ✐❞❡♥t✐✜és
♣❛r ❧❡ r❛❞❛r ❍②❞r✐① ✭✈♦✐r ✜❣✉r❡ ✸✳✽✮✳ ❈❡ rés✉❧t❛t ❞♦✐t êtr❡ ♣r✐s ❛✈❡❝ ♣ré❝❛✉t✐♦♥
♣♦✉r ❧❡s tr♦✐s r❛✐s♦♥s s✉✐✈❛♥t❡s ✿ ❧❛ ♣r❡♠✐èr❡ ❡st ❧✬❛tté♥✉❛t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉ ✭♣♦✉r ❧❡s
r❛❞❛rs ❡♥ ❜❛♥❞❡ ❈✮✳ ❊♥ ❡✛❡t✱ ❝❡❧❧❡✲❝✐ ❡st ♥❡tt❡♠❡♥t ♣❧✉s ❢♦rt❡ ❞❛♥s ❧❡s ♣❧✉✐❡s ❢♦rt❡s
✭❝♦♥✈❡❝t✐✈❡s✮ q✉❡ ❞❛♥s ❧❡s ♣❧✉✐❡s str❛t✐❢♦r♠❡s ✭✈♦✐r à ❝❡ s✉❥❡t ❧❛ s❡❝t✐♦♥ ✷✳✷✳✹✮✳ ❊t ❞❡
♣❧✉s✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ r❛❞❛r ❍②❞r✐①✱ ❡❧❧❡ ♥✬❡st ♣❛s ❝♦rr✐❣é❡✳ ▲❡ s❡❝♦♥❞ ♣r♦❜❧è♠❡ ❡st
❧✐é à ❧❛ r❡❧❛t✐♦♥ ❞❡ ▼❛rs❤❛❧❧✲P❛❧♠❡r✳ ❊♥ ❡✛❡t✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré ❞❛♥s ❧❛ ♣❛rt✐❡ ✷✳✶
q✉✬❡♥ ✉t✐❧✐s❛♥t ✉♥❡ s✐♠♣❧❡ r❡❧❛t✐♦♥ ❩✲❘ ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡ ❧❛ ❉❙❉ ♥✬❡st ♣❛s ♣r✐s❡ ❡♥
❝♦♠♣t❡✳ ❈♦♠♠❡ ❧✬✐♠♣❛❝t ❞❡ ❧❛ ❉❙❉ ❡st très ✐♠♣♦rt❛♥t ♣♦✉r ❧❡s ♣❧✉✐❡s ❝♦♥✈❡❝t✐✈❡s✱
❧❛ ♠❡s✉r❡ r❛❞❛r ♣❡✉t êtr❡ ❞❛♥s ❝❡ ❝❛s ❧à ❞❡ ♠♦✐♥s ❜♦♥♥❡ q✉❛❧✐té✳ ❈❡ ♣r♦❜❧è♠❡ ❛
❞é❥à été s♦✉❧❡✈é ♣❛r ❊♠♠❛♥✉❡❧ ❡t ❛❧✳ ✭✷✵✶✷✮ q✉✐ ❛ ♠♦♥tré q✉❡ ❧❡ rés❡❛✉ r❛❞❛r ét❛✐t
❜✐❡♥ ♠❡✐❧❧❡✉r ❡♥ ❤✐✈❡r q✉❛♥❞ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s♦♥t ❞❡ t②♣❡ str❛t✐❢♦r♠❡✳ ❊♥✜♥✱ ❧❡
tr♦✐s✐è♠❡ ♣r♦❜❧è♠❡ ♣r♦✈✐❡♥t ❞✉ r❡❝❛❧✐❜r❛❣❡ ❞❡ ❧❛ ❧❛♠❡ ❞✬❡❛✉ ❛✈❡❝ ❧❡s ♣❧✉✈✐♦♠ètr❡s✳
❊♥ ❡✛❡t✱ ✉♥ ✉♥✐q✉❡ ❢❛❝t❡✉r ❡st ✉t✐❧✐sé s✉r ❧❛ ③♦♥❡ ❞✉ ♣❧✉✐❡ ♦ù ❧✬♦♥ ♣❡✉t tr♦✉✈❡r à
❧❛ ❢♦✐s ❞❡s ♣❧✉✐❡s str❛t✐❢♦r♠❡s ❡t ❝♦♥✈❡❝t✐✈❡s ❝❡ q✉✐ ♣❡✉t ❛✈♦✐r ♣♦✉r ❡✛❡t ❞❡ ❧✐ss❡r ❧❡
s✐❣♥❛❧ ❞❡ ♣❧✉✐❡✳ ◆é❛♥♠♦✐♥s✱ ❜✐❡♥ q✉❡ ❧❡s ✈❛❧❡✉rs ❞❡ ▼❊❊ s♦✐❡♥t ❢❛✐❜❧❡s✱ ❧❡ ❝❛❧❝✉❧ ❞❡s
q✉❛♥t✐❧❡s ♣❡r♠❡t ❝❡♣❡♥❞❛♥t ❞✬❛♣♣ré❝✐❡r ❧❡s ③♦♥❡s ❡t ❧❡s ♣ér✐♦❞❡s q✉✐ ♦♥t ❧❡s t❛✉① ❞❡
♣❧✉✐❡ ✐♥st❛♥t❛♥és ❧❡s ♣❧✉s ✐♠♣♦rt❛♥ts✳

▲❡ ❝②❝❧❡ s❛✐s♦♥♥✐❡r ❡st très ♠❛rq✉é ✿ ❧✬❤✐✈❡r ❡st é♣❛r❣♥é ♣❛r ❧❡s é✈é♥❡♠❡♥ts ✐♥✲
t❡♥s❡s s✉r t♦✉t❡ ❧❛ ❋r❛♥❝❡ ✭♣❛rt♦✉t ✐♥❢ér✐❡✉r à ✽ ♠♠✴❤✮✳ ▲❡ ♣r✐♥t❡♠♣s ❡st ✉♥❡ s❛✐s♦♥
❞❡ tr❛♥s✐t✐♦♥ ✿ ❡♥ ❛✈r✐❧ ❞❡s é✈é♥❡♠❡♥ts ✐♥t❡♥s❡s ❝♦♠♠❡♥❝❡♥t à ❛♣♣❛r❛îtr❡ s✉r ❧❡ s✉❞
❞❡ ❧❛ ❋r❛♥❝❡ ♣✉✐s r❡♠♦♥t❡♥t ❡t ❝♦✉✈r❡♥t ❧✬❡♥s❡♠❜❧❡ ❞✉ t❡rr✐t♦✐r❡ ❡♥ ❥✉✐♥ ❛✈❡❝ ❞❡s
♠❛①✐♠✉♠s ❛✉t♦✉r ❞❡ ✶✺ ♠♠✴❤✳ ❏✉✐❧❧❡t ❡st ❧❡ ♠♦✐s ♦ù ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬é✈é♥❡♠❡♥ts
✐♥t❡♥s❡s ❡st ❧❛ ♣❧✉s ❣é♥ér❛❧✐sé❡ s✉r ❧❡ t❡rr✐t♦✐r❡✳ ▲❡s ③♦♥❡s ❧❡s ♣❧✉s ❛✛❡❝té❡s ❝♦r✲
r❡s♣♦♥❞❡♥t ♣❧✉tôt à ❧❛ ♣❛rt✐❡ ❡st ❞❡ ❧❛ ❋r❛♥❝❡✳ ▲❛ ré❣✐♦♥ ♦ù ❧✬♦♥ ❛ ❧❛ ♣❧✉s ❢❛✐❜❧❡
♣r♦❜❛❜✐❧✐té ❞✬❛✈♦✐r ❞❡s é✈é♥❡♠❡♥ts ✐♥t❡♥s❡s ❡st ❧❛ ❝ôt❡ ♠é❞✐t❡rr❛♥é❡♥♥❡✳ ❈❡ ❞❡r♥✐❡r
rés✉❧t❛t ❡st s✉r♣r❡♥❛♥t ❝❛r ❜✐❡♥ q✉❡ ❧❛ ♣ér✐♦❞❡ s♦✐t sè❝❤❡ ❞❛♥s ❝❡tt❡ ré❣✐♦♥✱ ❞❡s ♦r❛❣❡s
✈✐♦❧❡♥ts é❝❧❛t❡♥t ❡♥ ✜♥ ❞✬❛♣rès✲♠✐❞✐ ❝♦♠♠❡ ♠♦♥tré ♣❛r ❧❡ r❛❞❛r ❍②❞r✐① ❞❛♥s ❧✬❊✉✲
r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳ ■❧ ❡st ♣♦ss✐❜❧❡ q✉❡ ❝❡s é✈é♥❡♠❡♥ts s♦✐❡♥t s♦✉s✲❡st✐♠és
❡♥ ✐♥t❡♥s✐té ♣❛r ❧❡ rés❡❛✉ r❛❞❛r ♦✉ q✉✬✐❧s s♦✐❡♥t très ♣❡✉ ♥♦♠❜r❡✉① ♣❛r r❛♣♣♦rt
❛✉① ♣ér✐♦❞❡s sè❝❤❡s ❡t ♥✬❛♣♣❛r❛✐ss❡♥t ♣❛s ❛✉ q✉❛♥t✐❧❡ ✾✾✳✾✪✳ ❊♥ ❛♦ût✱ ❧❡s ✈❛❧❡✉rs
❞❡s ▼❊❊ ❞✐♠✐♥✉❡♥t ♠❛✐s ❧❛ ♣♦s✐t✐♦♥ ❞❡s ♠❛①✐♠✉♠s r❡st❡ ❣❧♦❜❛❧❡♠❡♥t ❧❛ ♠ê♠❡✳
❆✉ ❝♦♥tr❛✐r❡✱ ❛✉ ♠♦✐s ❞❡ s❡♣t❡♠❜r❡ ✉♥ ❝❤❛♥❣❡♠❡♥t ❜r✉t❛❧ ❞❡ ré❣✐♠❡ ❡st ♦❜s❡r✈é
♣✉✐sq✉❡ ❝✬❡st s✉r ❧❛ ❝ôt❡ ♠é❞✐t❡rr❛♥é❡♥♥❡ q✉❡ ❧✬♦♥ r❡♥❝♦♥tr❡ ❧❡ ♣❧✉s ❞✬❡①trê♠❡s ❛❧♦rs
q✉❡ ❧❡ r❡st❡ ❞✉ t❡rr✐t♦✐r❡ ❡st é♣❛r❣♥é✳ ❈❡tt❡ s✐t✉❛t✐♦♥ ♥✬é✈♦❧✉❡ ♣❛s ❥✉sq✉✬à ❧❛ ✜♥ ❞✉
♠♦✐s ❞❡ ♥♦✈❡♠❜r❡✳ ❉✉r❛♥t ❝❡s tr♦✐s ♠♦✐s✱ ❧❛ ③♦♥❡ ❞❡s ❈é✈❡♥♥❡s✱ ❧❡ s✉❞ ❞❡s ❆❧♣❡s
❡t ❧✬❡st ❞❡ ❧❛ ❈♦rs❡ s♦♥t ❝♦♥st❛♠♠❡♥t ❢r❛♣♣és ♣❛r ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s très ✐♥t❡♥s❡s
✭♣❧✉s ❞❡ ✷✵ ♠♠✴❤ ❡t ❝♦♠♠❡ ❞✐s❝✉té ♣❧✉s ❤❛✉t ❝❡tt❡ ✈❛❧❡✉r ❡st ♣r♦❜❛❜❧❡♠❡♥t ❜✐❡♥
♣❧✉s ✐♠♣♦rt❛♥t❡ ❡♥ ré❛❧✐té✮✳ ❊♥✜♥✱ ❡♥ ❞é❝❡♠❜r❡ ❧❛ s✐t✉❛t✐♦♥ r❡❞❡✈✐❡♥t ❛ss❡③ ❝❛❧♠❡
s✉r ❧✬❡♥s❡♠❜❧❡ ❞✉ t❡rr✐t♦✐r❡✳

▲✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ♠♦♥tr❡ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❣❧♦❜❛❧❡♠❡♥t ✐❞❡♥✲
t✐q✉❡ ❛✉ r❡st❡ ❞❡ ❧❛ ❝ôt❡ ♠é❞✐t❡rr❛♥é❡♥♥❡ ❞✉r❛♥t ❧❛ ♣❧✉s ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡ ❧✬❛♥♥é❡✳
P❛r ❝♦♥tr❡✱ ❡♥ ❛✉t♦♠♥❡✱ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❡♥ t❡r♠❡ ❞✬❡①trê♠❡s ❡st ♣❧✉s ♣r♦❝❤❡ ❞❡

❈❛r❛❝tér✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s ❢r❛♥ç❛✐s❡s ✾✸



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡

❝❡❧✉✐ ♠✐s ❡♥ é✈✐❞❡♥❝❡ s✉r ❧❡s ❈é✈❡♥♥❡s✳
❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ❡①trê♠❡s ❤②❞r♦❧♦❣✐q✉❡s ✭❋✐❣✳ ✸✳✷✷✮✱ ❞✉r❛♥t ❧✬❤✐✈❡r✱ ♥♦✉s

❝♦♥st❛t♦♥s ✉♥❡ ❢♦rt❡ ♣r♦❜❛❜✐❧✐té ❞✬♦❜t❡♥✐r ❞❡s ❝✉♠✉❧s ❥♦✉r♥❛❧✐❡rs ✐♠♣♦rt❛♥ts s✉r ❧❡
s✉❞ ❞✉ ♣❛②s ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r s✉r ❧❡ P❛②s ❇❛sq✉❡✱ s✉r ❧❡ ▲❛♥❣✉❡❞♦❝✲❘♦✉ss✐❧❧♦♥✱ ❧❡ s✉❞
❞❡s ❆❧♣❡s ❡t ❧❛ ❈♦rs❡ ✭❥✉sq✉✬à ✶✵✵ ♠♠✴❥ à ❝❡rt❛✐♥s ❡♥❞r♦✐ts✮✳ ❆✉ ♥♦r❞ ❧❡s ✈❛❧❡✉rs
s♦♥t r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡s✳ ❆✉ ♣r✐♥t❡♠♣s✱ ♥♦✉s ♦❜s❡r✈♦♥s t♦✉❥♦✉rs ❞❡s ♠❛①✐♠✉♠s s✉r
❧❡ s✉❞ ♠❛✐s ♣❡✉ ✐♥t❡♥s❡s✳ ❊♥ été✱ ❧❡s ♠❛①✐♠✉♠s s❡ tr♦✉✈❡♥t ♣❧✉tôt s✉r ❧✬❡st ❞❡ ❧❛
❋r❛♥❝❡ ✭♥♦r❞ ❞❡ ▲②♦♥✮ ♠❛✐s ♥❡ s♦♥t ♣❛s ♥♦♥ ♣❧✉s très ❢♦rts✳ ❆ ♣❛rt✐r ❞❡ s❡♣t❡♠❜r❡ ❡t
s✉rt♦✉t ❞✉r❛♥t ❧❡s ♠♦✐s ❞✬♦❝t♦❜r❡ ❡t ♥♦✈❡♠❜r❡✱ ❞❡ ❢♦rts ❝✉♠✉❧s ❥♦✉r♥❛❧✐❡rs t♦✉❝❤❡♥t
❧❡ s✉❞✲❡st ❞❡ ❧❛ ❋r❛♥❝❡ ❛✈❡❝ ✉♥ ♠❛①✐♠✉♠ ❜✐❡♥ ✐❞❡♥t✐✜é s✉r ❧❡s ❈é✈❡♥♥❡s ❡t ❞❡s
♠❛①✐♠✉♠s s❡❝♦♥❞❛✐r❡s s✉r ❧❛ ❝ôt❡ ❜❛sq✉❡✱ ❧❛ ❝ôt❡ ♠é❞✐t❡rr❛♥é❡♥♥❡ ❡t ❧❛ ❈♦rs❡✳ ❊♥
❞é❝❡♠❜r❡✱ ❧❛ s✐t✉❛t✐♦♥ s❡ ❝❛❧♠❡ ❡♥ ❣é♥ér❛❧ ♠❛✐s ✐❧ r❡st❡ q✉❡❧q✉❡s ❢♦rt❡s ♣r♦❜❛❜✐❧✐tés
❞✬é✈é♥❡♠❡♥ts ✐♥t❡♥s❡s s✉r ❧❡s r❡❧✐❡❢s ❞❡s ❈é✈❡♥♥❡s ❡t ❧✬❡st ❞❡ ❧❛ ❝ôt❡ ♠é❞✐t❡rr❛♥é❡♥♥❡✳

▲❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ❡st ♣❧✉s ♣r♦❝❤❡ ❞❡s ❈é✲
✈❡♥♥❡s ♦✉ ❞✉ P❛②s ❇❛sq✉❡ q✉❡ ❞❡ ❝❡❧✉✐ ❞✉ r❡st❡ ❞❡ ❧❛ ❝ôt❡ ♠é❞✐t❡rr❛♥é❡♥♥❡✳ ◆♦✉s
♦❜s❡r✈♦♥s é❣❛❧❡♠❡♥t q✉❡ ❝✬❡st ✉♥❡ ré❣✐♦♥ s❡♥s✐❜❧❡♠❡♥t ♣❧✉s ❛✛❡❝té❡ ♣❛r ❧❡s ❡①trê♠❡s
❤②❞r♦❧♦❣✐q✉❡s q✉❡ ❧❡ r❡st❡ ❞❡ ❧❛ ❋r❛♥❝❡✳

✾✹ ❈❛r❛❝tér✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s ❢r❛♥ç❛✐s❡s
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❋✐❣✉r❡ ✸✳✷✶ ✿ ✾✾✱✾è♠❡ q✉❛♥t✐❧❡ ❞✉ t❛✉① ❞❡ ♣❧✉✐❡ ✭♣♦✉r ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
s✉♣ér✐❡✉r❡s à ✶♠♠✴❤ s✉r ✺ ♠✐♥✉t❡s✮ ♣❛r ♠♦✐s ❝❛❧❝✉❧é ❡♥tr❡ ❥✉✐❧❧❡t ✷✵✵✻ ❡t
❥✉✐♥ ✷✵✶✸

✾✺
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❋✐❣✉r❡ ✸✳✷✷ ✿ ✾✾è♠❡ q✉❛♥t✐❧❡ ❞✉ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣❧✉✐❡ ✭♣♦✉r ❞❡s ♣ré❝✐✲
♣✐t❛t✐♦♥s s✉♣ér✐❡✉r❡s à ✶♠♠✴❤ s✉r ✺ ♠✐♥✉t❡s✮ ♣❛r ♠♦✐s ❝❛❧❝✉❧é ❡♥tr❡ ❥✉✐❧❧❡t
✷✵✵✻ ❡t ❥✉✐♥ ✷✵✶✸

✾✻
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✸✳✸✳✹ ❈❛r❛❝tér✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s ❞❡ ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲

▼é❞✐t❡rr❛♥é❡

◆♦✉s ❛✈♦♥s ✈✉ ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡ q✉❡ ❝❡rt❛✐♥❡s ré❣✐♦♥s ❢r❛♥ç❛✐s❡s ♠♦♥tr❡♥t
❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❡♥ t❡r♠❡ ❞❡ ♣❧✉✈✐♦♠étr✐❡ ♣r♦❝❤❡s ❞❡ ❝❡❧✉✐ ♦❜s❡r✈é ❞❛♥s ❧❛ ré✲
❣✐♦♥ ❝♦✉✈❡rt❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐①✳ ■❧ ❡st ❛❧♦rs ❛♣♣❛r✉ ✐♥tér❡ss❛♥t ❞❡ ❞ét❡r♠✐♥❡r
♣ré❝✐sé♠❡♥t q✉❡❧❧❡s ét❛✐❡♥t ❝❡s ré❣✐♦♥s✳ ❊♥ ❡✛❡t✱ ❝❡rt❛✐♥❡s ré❣✐♦♥s ❢r❛♥ç❛✐s❡s ❜é♥é✲
✜❝✐❡♥t ❞✬✉♥❡ ❝♦✉✈❡rt✉r❡ ✐♥str✉♠❡♥t❛❧❡ très ❞❡♥s❡ ❝❡ q✉✐ ♣❡r♠❡t ❞✬ét✉❞✐❡r ❡♥ ❞ét❛✐❧
❧❡s ♣r♦❝❡ss✉s ❛ss♦❝✐és ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s✳ P❛r ❝♦♥séq✉❡♥t✱ s✐ ❧✬♦♥ ♣❡✉t ♠♦♥tr❡r q✉❡
❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ❛ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ♣❧✉✈✐♦♠étr✐q✉❡ ♣r♦❝❤❡ ❞❡ ❝❡❧✉✐
❞❡ t❡❧❧❡s ré❣✐♦♥s✱ ❝❡❧❛ ♣♦✉rr❛✐t ♣❡r♠❡ttr❡ ❞❡ ♠✐❡✉① ❛♣♣ré❤❡♥❞❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥ts
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✳

❆✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❧❡s ré❣✐♦♥s ❛②❛♥t ✉♥ ❝♦♠♣♦rt❡♠❡♥t ♣❧✉✈✐♦♠étr✐q✉❡ s✐♠✐❧❛✐r❡
à ❝❡❧✉✐ ❞❡ ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧✬❛❧❣♦r✐t❤♠❡ ❞❡s K −
means✳ ▲✬❛❧❣♦r✐t❤♠❡ ❞❡s ❑✲♠❡❛♥s ✭❑✲♠♦②❡♥♥❡s✮ ❡st ✉♥ ❛❧❣♦r✐t❤♠❡ st❛t✐st✐q✉❡ q✉✐✱
à ♣❛rt✐r ❞✬✉♥ ❡♥s❡♠❜❧❡ ❞✬♦❜s❡r✈❛t✐♦♥ ✭x1, ..., xm✮✱ ♣❡r♠❡t ❞❡ ré♣❛rt✐r ❧❡s ❞♦♥♥é❡s ❡♥
k ❣r♦✉♣❡s✳ ❈❡s ❣r♦✉♣❡s s♦♥t ❝♦♥st✐t✉és ❞❡ ♠❛♥✐èr❡ à ❝❡ q✉✬❛✉ s❡✐♥ ❞❡ ❝❡s ❣r♦✉♣❡s ❧❛
❞✐st❛♥❝❡ ♠♦②❡♥♥❡ ❡♥tr❡ ❧❡s ♣♦✐♥ts s♦✐t ♠✐♥✐♠❛❧❡ ✿

min(Σk
i=1Σ

n
j (xj − x̄i)

2) ✭✸✳✼✮

♦ù x̄i ❡st ❧❛ ♠♦②❡♥♥❡ ❞❡s n ♣♦✐♥ts ❞✉ ❣r♦✉♣❡ i✳ ■❧ ❢❛✉t ♥♦t❡r q✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ♣♦✐♥t
❞❛♥s ✉♥ ❣r♦✉♣❡ ❡st ✈❛r✐❛❜❧❡✳ ❆✐♥s✐✱ ❧❡s q✉❛tr❡ ♣❛r❛♠ètr❡s ♣rés❡♥tés ♣ré❝é❞❡♠♠❡♥t
✭❝✉♠✉❧✱ ♦❝❝✉rr❡♥❝❡✱ ▼❊❊ ❡t ❍❊❊✮ ♦♥t été ✉t✐❧✐sés ❛✜♥ ❞❡ ❝ré❡r k ❝❧❛ss❡s ❛②❛♥t ❞❡s
❝❛r❛❝tér✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s ❞✐st✐♥❝t❡s✳ ▲❛ ♠ét❤♦❞❡ ❞❡s ❑✲♠❡❛♥s ❞❡♠❛♥❞❡ ✉♥
♥♦♠❜r❡ à ♣r✐♦r✐ ❞❡ ❝❧❛ss❡s q✉✬✐❧ ❢❛✉t ❞ét❡r♠✐♥❡r✳ ❈❡ ♥♦♠❜r❡ ❞❡ ❝❧❛ss❡s ❞é✜♥✐r❛ ❞❛♥s
♥♦tr❡ ❝❛s ❧❡ ♥♦♠❜r❡ ❞❡ ❝❧✐♠❛ts ♣❧✉✈✐♦♠étr✐q✉❡s ❞✐✛ér❡♥ts q✉❡ ❧✬♦♥ tr♦✉✈❡ s✉r ❧❡
t❡rr✐t♦✐r❡ ❢r❛♥ç❛✐s✳ ▲❛ ♠ét❤♦❞❡ ❧❛ ♣❧✉s s✐♠♣❧❡ ♣♦✉r ❝❤♦✐s✐r ❧❡ ♥♦♠❜r❡ ❞❡ ❝❧❛ss❡ ❡st
❧❛ ♠ét❤♦❞❡ ✏❞✉ ❝♦✉❞❡✑ ✿ ♥♦✉s ❝❛❧❝✉❧♦♥s ❧❛ ✈❛r✐❛♥❝❡ ❛✉ s❡✐♥ ❞❡ ❝❤❛q✉❡ ❝❧❛ss❡ ♣❛r
r❛♣♣♦rt à ❧❛ ✈❛r✐❛♥❝❡ t♦t❛❧❡✳ P❧✉s ❧❛ ✈❛r✐❛♥❝❡ ❛✉ s❡✐♥ ❞✬✉♥❡ ❝❧❛ss❡ ❡st ♣❡t✐t❡ ♣❧✉s
❝❡❧❛ s✐❣♥✐✜❡ q✉❡ ❧✬❛❧❣♦r✐t❤♠❡ ❛ ♣❡r♠✐s ❞❡ tr♦✉✈❡r ❞❡s ❣r♦✉♣❡s ❞❡ ♣♦✐♥ts ❛②❛♥t ❞❡s
❝❛r❛❝tér✐st✐q✉❡s ♣r♦❝❤❡s✳ ◗✉❛♥❞ ♦♥ r❡♣rés❡♥t❡ ❧❛ ✈❛r✐❛♥❝❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡
❝❧❛ss❡✱ ♦♥ ❝❤❡r❝❤❡ à ❞ét❡r♠✐♥❡r ❧✬❡♥❞r♦✐t ♦ù ❧✬♦♥ tr♦✉✈❡ ✉♥❡ ❝❛ss✉r❡ ✐♠♣♦rt❛♥t❡ ✭❝✬❡st✲
à✲❞✐r❡ ✉♥ ✏❝♦✉❞❡✑✮✳ ❆ ♣❛rt✐r ❞❡ ❝❡t ❡♥❞r♦✐t✱ ❧❛ ✈❛r✐❛♥❝❡ ♥❡ ❜❛✐ss❡ ♣❧✉s s✐❣♥✐✜❝❛t✐✈❡♠❡♥t
❡♥ ❛❥♦✉t❛♥t ✉♥❡ ♥♦✉✈❡❧❧❡ ❝❧❛ss❡ ♠♦♥tr❛♥t q✉❡ ❧✬♦♥ ❛ ✐❞❡♥t✐✜é ❧❡ ♥♦♠❜r❡ ❞❡ ❝❧❛ss❡
♦♣t✐♠❛❧✳

▲❛ ✜❣✉r❡ ✸✳✷✸ ✭❛✮ r❡♣rés❡♥t❡ ❧❛ ✈❛r✐❛♥❝❡ ♠♦②❡♥♥❡ ♣❛r ❝❧❛ss❡✳ ■❧ s✬❛✈èr❡ ❞✐✣❝✐❧❡ ❞❡
❞ét❡❝t❡r ✉♥ ❝♦✉❞❡ ❞❛♥s ❧❛ sér✐❡ ❞❡ ✈❛r✐❛♥❝❡✱ ♥♦✉s ❛✈♦♥s ❛❧♦rs ❝❛❧❝✉❧é ❧❛ ❞ér✐✈é❡ ❞❡ ❧❛
✈❛r✐❛♥❝❡ ♠♦②❡♥♥❡ ♣❛r ❝❧❛ss❡ ✭❋✐❣✳ ✸✳✷✸ ✭❜✮✮✳ ❖♥ s✬❛♣❡rç♦✐t ❞❛♥s ❝❡ ❝❛s q✉❡ ❧❛ ❞ér✐✈é❡
❞✐♠✐♥✉❡ ♥♦♥ ré❣✉❧✐èr❡♠❡♥t✳ ❖♥ ❛ ❞♦♥❝ ❝❤♦✐s✐ ✉♥ s❡✉✐❧ à ✺ ✪ ❡♥✲❞❡ss♦✉s ❞✉q✉❡❧ ♦♥ ♥❡
❝♦♥s✐❞èr❡ ♣❧✉s ❧❡ ❝❤❛♥❣❡♠❡♥t ❞❡ ✈❛r✐❛♥❝❡ ❛ss❡③ s✐❣♥✐✜❝❛t✐❢ ♣♦✉r ❛❥♦✉t❡r ✉♥❡ ❝❧❛ss❡✳ ❈❡
s❡✉✐❧ ❝♦♥❞✉✐t ❛✐♥s✐ à ❝♦♥s❡r✈❡r s✐① ❝❧❛ss❡s✳ ❉✬❛✉tr❡s ♠ét❤♦❞❡s ♣❧✉s ❡✣❝❛❝❡s ♣❡✉✈❡♥t
êtr❡ ✉t✐❧✐sé❡s ♣♦✉r ❞ét❡r♠✐♥❡r ❧❡ ♥♦♠❜r❡ ♦♣t✐♠❛❧ ❞❡ ❝❧❛ss❡ à ❝♦♥s❡r✈❡r ✭♠ét❤♦❞❡
❞❡ ❧❛ s✐❧❤♦✉❡tt❡✱ ❝r✐tèr❡ ❞❡ ❈❛❧✐♥s❦✐ ✳✳✳✮ ♠❛✐s ✐❧ ❢❛✉t ♥♦t❡r q✉❡ ❝❤❡r❝❤❡r ❧❡ ♥♦♠❜r❡
❞❡ ❝❧❛ss❡ ❞❛♥s ♥♦tr❡ ❝❛s ♥✬❛ q✉✬✉♥ s❡♥s ❧✐♠✐té ♣✉✐sq✉✬✐❧ ❢❛✉❞r❛✐t ✜♥❛❧❡♠❡♥t ❛✈♦✐r
✉♥ ♥♦♠❜r❡ ❝♦♥s✐❞ér❛❜❧❡ ❞❡ ❝❧❛ss❡ ♣♦✉r ❝❛r❛❝tér✐s❡r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s
♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ❋r❛♥❝❡✳ ❆✐♥s✐ ♣♦✉r ❝❡tt❡ ❛♥❛❧②s❡✱ ❧✬✐❞é❡ ♥✬ét❛✐t ♣❛s ❞❡ ❞ét❡r♠✐♥❡r
❧❡ ♥♦♠❜r❡ ❞❡ ❣r♦✉♣❡ ♠✐♥✐♠❛❧ à ❝♦♥s❡r✈❡r ♣♦✉r ♠✐♥✐♠✐s❡r ❧❛ ♣❡rt❡ ❞❡ ✈❛r✐❛♥❝❡ ♠❛✐s

❈❛r❛❝tér✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s ❢r❛♥ç❛✐s❡s ✾✼



❱❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡
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✭❛✮ ✭❜✮

❋✐❣✉r❡ ✸✳✷✸ ✿ ▼ét❤♦❞❡ ❞❡ ❧❛ r❡❝❤❡r❝❤❡ ✧❞✉ ❝♦✉❞❡✧ ✿ ✭❛✮ ✈❛r✐❛♥❝❡ ♠♦②❡♥♥❡
♣❛r ❝❧❛ss❡ ♣❛r r❛♣♣♦rt à ❧❛ ✈❛r✐❛♥❝❡ t♦t❛❧❡ ✭❡♥ ✪✮ ❡t ✭❜✮ ❞ér✐✈é❡ ❞❡ ❧❛ ✈❛r✐❛♥❝❡
♠♦②❡♥♥❡ ♣❛r ❝❧❛ss❡

♣❧✉tôt ❞✬❛✈♦✐r ✉♥❡ ♣r❡♠✐èr❡ ✐♥❢♦r♠❛t✐♦♥ s✉r ❧❛ s✐♠✐❧✐t✉❞❡ ❞❡s ré❣✐♦♥s ❡♥tr❡ ❡❧❧❡s ❡♥
t❡r♠❡ ❞❡ ♣❧✉✈✐♦♠étr✐❡✳

▲❡ rés✉❧t❛t ❞❡ ❧✬❛❧❣♦r✐t❤♠❡ ❞❡s ❑✲♠❡❛♥s ❛♣♣❧✐q✉é ❛✉① q✉❛tr❡ ♣❛r❛♠ètr❡s ✭❝✉♠✉❧✱
♦❝❝✉rr❡♥❝❡ ❡t ❡①trê♠❡s ♠été♦r♦❧♦❣✐q✉❡s ❡t ❤②❞r♦❧♦❣✐q✉❡s✮ ❡st ♣rés❡♥té ❡♥ ✜❣✉r❡ ✸✳✷✹✳
▲❡ ♣r❡♠✐❡r ❝♦♥st❛t ❡st q✉❡ ❧✬❛❧❣♦r✐t❤♠❡ ❞✐s❝r✐♠✐♥❡ très ❡✣❝❛❝❡♠❡♥t ❧❡s ③♦♥❡s ✭❧✬❛❧✲
❣♦r✐t❤♠❡ ♥✬❛②❛♥t ❛✉❝✉♥ à ♣r✐♦r✐ s✉r ❧❛ ❝❧❛ss❡ à ❧❛q✉❡❧❧❡ ❛♣♣❛rt✐❡♥♥❡ ❝❤❛q✉❡ ♣♦✐♥t✮✳
▲❡s s✐① ❝❧❛ss❡s ❞ét❡❝té❡s ❝♦rr❡s♣♦♥❞❡♥t ✿

✶✳ ❆✉ ❜❛ss✐♥ ♣❛r✐s✐❡♥✱ ❛✉ ♥♦r❞✲♦✉❡st ❞❡ ❧❛ ❋r❛♥❝❡ ❡t ❛✉ ♥♦r❞ ❞❡s ❆❧♣❡s

✷✳ ❆✉ ❝❡♥tr❡ ❡t ❝❡♥tr❡✲❡st ❞❡ ❧❛ ❋r❛♥❝❡ ✭s❛✉❢ ❧❡s ❱♦s❣❡s ❡t ❏✉r❛✮

✸✳ ❆✉ P❛②s ❇❛sq✉❡✱ ❛✉① ❈é✈❡♥♥❡s✱ ❛✉ s✉❞ ❞❡s ❆❧♣❡s ❡t à ❧✬❡st ❞❡ ❧❛ ❈♦rs❡

✹✳ ❆✉ s✉❞ ❞❡ ❧❛ ❋r❛♥❝❡ ✭à ❧✬❡①❝❡♣t✐♦♥ ❞❡s ③♦♥❡s ❞é❥à ❝✐té❡ ❡♥ ✸✮

✺✳ ❆ ❧❛ ❢❛ç❛❞❡ ❛t❧❛♥t✐q✉❡ s❛✉❢ ❧❛ ❈❤❛r❡♥t❡ ❡t ❧❡ P❛②s ❇❛sq✉❡

✻✳ ❆✉ ❱♦s❣❡s ❡t ❛✉ ❏✉r❛

❈♦♠♠❡ ♥♦té ♣ré❝é❞❡♠♠❡♥t✱ ❧❡s rés✉❧t❛ts s✉r ❧❡ ♥♦r❞ ❞❡s ❆❧♣❡s ♥❡ s❡♠❜❧❡♥t ♣❛s
s✐❣♥✐✜❝❛t✐❢s✳ ▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ❝♦rr❡s♣♦♥❞❡♥t
à ❧❛ ❢♦✐s à ❧❛ ❝❧❛ss❡ ♥✝✸ ❡t à ❧❛ ❝❧❛ss❡ ♥✝✹✳ ▲❛ ③♦♥❡ ♥✝✹ ❝♦rr❡s♣♦♥❞ ❛✉ s✉❞ ❞❡
❧❛ ❋r❛♥❝❡✳ ▲❛ ❝❧❛ss❡ ♥✝✸ ❝♦rr❡s♣♦♥❞ q✉❛♥t à ❡❧❧❡ à ❞❡s ré❣✐♦♥s q✉✐ ♣♦ssè❞❡♥t ❞❡✉①
❝❛r❛❝tér✐st✐q✉❡s ✐♠♣♦rt❛♥t❡s ✿ ❡❧❧❡s s❡ s✐t✉❡♥t à ♣r♦①✐♠✐té ❞❡ ❧❛ ♠❡r ✭♦✉ ❞❡ ❧✬♦❝é❛♥✮
❡t ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ❝♦♥tr❡❢♦rts ❞✬✉♥❡ ❝❤❛î♥❡ ❞❡ ♠♦♥t❛❣♥❡✳ ❈❡s ❝♦♥❝❧✉s✐♦♥s s♦♥t
✐♥tér❡ss❛♥t❡s ❞❛♥s ❧❡ s❡♥s q✉✬✐❧ ❛♣♣❛r❛ît très ♣r♦❜❛❜❧❡ q✉❡ ❧❡s ♣r♦❝❡ss✉s ♠✐s ❡♥ ❥❡✉
❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ❧❡ s❡r♦♥t é❣❛❧❡♠❡♥t ❞❛♥s ❝❡s ré❣✐♦♥s✳

❈♦♥❝❧✉s✐♦♥

❈❡ ❝❤❛♣✐tr❡ ❛✈❛✐t ♣♦✉r ❛♠❜✐t✐♦♥ ❞❡ r❡♥s❡✐❣♥❡r s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ✜♥❡ é❝❤❡❧❧❡
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳ P♦✉r ❝❡❧❛ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé

✾✽ ❈♦♥❝❧✉s✐♦♥
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❋✐❣✉r❡ ✸✳✷✹ ✿ ▲❡s s✐① ❝❧❛ss❡s tr♦✉✈é❡s ♣❛r ❧✬❛❧❣♦r✐t❤♠❡ ❞❡s ❑✲♠❡❛♥s ♣♦✉r
❧❡s ♣❛r❛♠ètr❡s ❞❡ ❝✉♠✉❧✱ ❞✬♦❝❝✉rr❡♥❝❡ ❡t ❞✬❡①trê♠❡s ♠été♦r♦❧♦❣✐q✉❡s ❡t ❤②✲
❞r♦❧♦❣✐q✉❡s✳ ❖♥ ❛ ❛✉ss✐ r❡♣rés❡♥té❡ ❧❛ ③♦♥❡ ❝♦✉✈❡rt❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐①✳

❧❡s ♠❡s✉r❡s ✜♥❡s é❝❤❡❧❧❡s ❞✉ r❛❞❛r ❍②❞r✐① ❡♥tr❡ ✷✵✵✾ ❡t ✷✵✶✷✳ ◆♦✉s ❛✈♦♥s à ❧❛ ❢♦✐s
❝♦♥s✐❞éré ❧❡s ❝✉♠✉❧s ❞❡ ♣❧✉✐❡✱ ❧❡ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡ ❡t ❧❡s ✈❛❧❡✉rs ❡①trê♠❡s✳
❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ❡①trê♠❡s ♥♦✉s ❛✈♦♥s à ❧❛ ❢♦✐s ét✉❞✐é ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s
❡①trê♠❡s ❤②❞r♦❧♦❣✐q✉❡s ❡t ♠été♦r♦❧♦❣✐q✉❡s✳ ❆✜♥ ❞❡ ♠❡♥❡r à ❜✐❡♥ ❝❡tt❡ ❛♥❛❧②s❡ ♥♦✉s
❛✈♦♥s ❝❤♦✐s✐ ❞❡ ❝♦♠♠❡♥❝❡r ❝❡tt❡ ét✉❞❡ ♣❛r ❧❛ ♣❡t✐t❡ é❝❤❡❧❧❡ t❡♠♣♦r❡❧❧❡ ❝✬❡st✲à✲❞✐r❡
❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ♣✉✐s ❞❛♥s ✉♥ ❞❡✉①✐è♠❡ t❡♠♣s ♣❛r ❧❡s ♣❧✉s ♣❧✉s ❣r❛♥❞❡s é❝❤❡❧❧❡s
✭❝②❝❧❡ s❛✐s♦♥♥✐❡r ❡t ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡✮✳ ◆♦✉s ♥♦✉s s♦♠♠❡s ❛✉ss✐ ✐♥tér❡ssés ❛✉
❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✜♥ ❞❡ ❝❛r❛❝tér✐s❡r ❧❡✉r ♦r✐❡♥t❛t✐♦♥ ❡t ❧❡✉r ✈✐t❡ss❡
❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣ér✐♦❞❡ ❞❡ ❧✬❛♥♥é❡ ♠❛✐s ❛✉ss✐ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡✳
❊♥✜♥✱ ❞❛♥s ✉♥❡ ❞❡r♥✐èr❡ s❡❝t✐♦♥✱ ♥♦✉s ❛✈♦♥s ré❛❧✐sé ✉♥❡ ét✉❞❡ ✐❞❡♥t✐q✉❡ s✉r ❧❡s
❞♦♥♥é❡s ❞✉ rés❡❛✉ r❛❞❛r ❆❘❆▼■❙ ❞❡ ♠❛♥✐èr❡ à ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s ré❣✐♦♥s
♣rés❡♥t❛♥t ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s s✐♠✐❧❛✐r❡s à ❝❡❧❧❡ ❞❡ ❧✬❊✉r♦ré❣✐♦♥
❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳

❆✐♥s✐✱ ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s ❛✈♦♥s ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ❝②❝❧❡
❞✐✉r♥❡ s✉r ❧❡ ❝♦♥t✐♥❡♥t ❡♥tr❡ ❛✈r✐❧ ❡t ❛♦ût✳ ▲❡s ré❣✐♦♥s ❞❡s Pré✲❆❧♣❡s ❡t ❞❡ ❧❛ Pr♦✈❡♥❝❡
s♦♥t ❛✛❡❝té❡s ♣❛r ❝❡ ❝②❝❧❡ ❞ès ❧❡ ♠♦✐s ❞✬❛✈r✐❧ t❛♥❞✐s q✉❡ ❧❡s ❆❧♣❡s s♦♥t ❛✛❡❝té❡s ♣❧✉s
t❛r❞✐✈❡♠❡♥t ❞❛♥s ❧❛ s❛✐s♦♥✳ ●❧♦❜❛❧❡♠❡♥t✱ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❡st ❝❛r❛❝tér✐sé ♣❛r ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥tr❡ ✶✵ ❤ ❡t ✷✷ ❤ ♣r♦❜❛❜❧❡♠❡♥t ❧✐é❡ à ❧✬❛❝t✐✈✐té
❝♦♥✈❡❝t✐✈❡ s✉r ❧❛ ③♦♥❡ ✭à ❝❡ ♣r♦♣♦s ✈♦✐r ❧❡ ❝❤❛♣✐tr❡ ✺✮✳ ❯♥ ♣✐❝ s❡❝♦♥❞❛✐r❡ ❡st é❣❛❧❡✲
♠❡♥t ❞ét❡❝té ❡♥ ✜♥ ❞❡ ♥✉✐t ❞✉r❛♥t ❧❡s ♠♦✐s ❞✬❛✉t♦♠♥❡ ❡t ❞✬❤✐✈❡r✳ ❈❡❧✉✐✲❝✐ s❡♠❜❧❡
❧✐é ❛✉ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡ ❜r✐s❡ ❞❡ t❡rr❡✳ ❆ ♣❧✉s ❧❛r❣❡ é❝❤❡❧❧❡✱ ❧✬ét✉❞❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té
s❛✐s♦♥♥✐èr❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛ ré✈é❧é q✉❡ ❧❛ ♣❧✉✐❡ ♣rés❡♥t❡ ✉♥❡ ♠✐❣r❛t✐♦♥ ❞✉r❛♥t

❈♦♥❝❧✉s✐♦♥ ✾✾
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❧✬❛♥♥é❡ ❞❡ ❧❛ ♠❡r ✈❡rs ❧❛ t❡rr❡✳ ❈❡ ❝♦♠♣♦rt❡♠❡♥t ❡st très ♣r♦❜❛❜❧❡♠❡♥t ❧✐é à ❧❛ ✈❛✲
r✐❛t✐♦♥ s❛✐s♦♥♥✐èr❡ ❞❡s ♣r♦❝❡ss✉s ❞②♥❛♠✐q✉❡s ❞❛♥s ❧✬❛t♠♦s♣❤èr❡✳ ◆♦✉s ❛✈♦♥s ❛✉ss✐
♠♦♥tré✱ q✉✬❡♥ ♠♦②❡♥♥❡✱ ❧❡s ❡①trê♠❡s ♠été♦r♦❧♦❣✐q✉❡s ❛♣♣❛r❛✐ss❡♥t à ♣❛rt✐r ❞❡ ❧❛ ✜♥
❞✉ ♣r✐♥t❡♠♣s s✉r ❧❡ ❝♦♥t✐♥❡♥t ♣✉✐s s❡ ❞é♣❧❛❝❡♥t s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ ❡♥ ❛✉t♦♠♥❡✳
❈❡s é✈é♥❡♠❡♥ts ❡①trê♠❡s s♦♥t très ♣r♦❜❛❜❧❡♠❡♥t ❧✐és ❛✉① s②stè♠❡s ❝♦♥✈❡❝t✐❢s✳ ❊♥
❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬é❝❤❡❧❧❡ ✐♥t❡r✲❛♥♥✉❡❧❧❡✱ ❧❛ ♣❧✉✐❡ ♠♦♥tr❡ ✉♥❡ ✈❛r✐❛❜✐❧✐té ♠♦❞éré❡ ❡♥
t❡r♠❡ ❞❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❡t ❞✬é✈é♥❡♠❡♥ts ❤②❞r♦❧♦❣✐q✉❡s ❡①trê♠❡s ♠❛✐s ✉♥❡ ✐♠✲
♣♦rt❛♥t❡ ✈❛r✐❛❜✐❧✐té ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡ ❡t ❧❡s ❡①trê♠❡s
♠été♦r♦❧♦❣✐q✉❡s✳ ❊♥ ♣❛rt✐❝✉❧✐❡r ❧❡s ❛♥♥é❡s ✷✵✵✾ ❡t ✷✵✶✵ ♦♥t ré✈é❧é ✉♥❡ ❢♦rt❡ ♣r♦♣❡♥✲
s✐♦♥ à ❧✬♦❝❝✉rr❡♥❝❡ ❞✬❡①trê♠❡s ♠été♦r♦❧♦❣✐q✉❡s ❝♦♠♣❛ré ❛✉① ❛♥♥é❡s ✷✵✶✶ ❡t ✷✵✶✷✳
▲✬❛♥❛❧②s❡ ❡♥ ♦♥❞❡❧❡tt❡s à ♣❡r♠✐s ❞❡ ❞ét❡❝t❡r ❞✬❛✉tr❡s ✈❛r✐❛❜✐❧✐tés t❡♠♣♦r❡❧❧❡s ❝♦♠♠❡
❞❡s ♦s❝✐❧❧❛t✐♦♥s ❞❡ ♣ér✐♦❞✐❝✐tés ✹✵ ❥♦✉rs q✉✐ ♣♦✉rr❛✐t ❝♦rr❡s♣♦♥❞r❡ à ✉♥ tr❛✐♥ ❞✬♦♥❞❡s
s✬ét❡♥❞❛♥t s✉r ❧✬❊✉r♦♣❡ ❡t ❧❡ ♥♦r❞✲♦✉❡st ❞❡ ❧❛ ❘✉ss✐❡✳

▲✬ét✉❞❡ ❞✉ ❞é♣❧❛❝❡♠❡♥t ♥♦✉s ❛ ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❞é♣❧❛❝❡♠❡♥t
♠é❞✐❛♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡st ❞❡ ✷✻ ❦♠✴❤ ❛✈❡❝ ✉♥ ♠❛①✐♠✉♠ ❡♥ été ❞❡ ✹✵ ❦♠✴❤ ❡t
✉♥ ♠✐♥✐♠✉♠ ❡♥ ❤✐✈❡r ❞❡ ✷✵ ❦♠✴❤✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬♦r✐❡♥t❛t✐♦♥ ❞✉ ❞é♣❧❛❝❡♠❡♥t✱
♦♥ ❛ ❝♦♥st❛té q✉❡ ❝❡❧✉✐✲❝✐ ❡st ❞✐r✐❣é ♣❧❡✐♥ ♥♦r❞ s❛♥s ✈❛r✐❛❜✐❧✐té ❛♥♥✉❡❧❧❡✳ ❊♥✜♥✱ ♦♥ ❛
♣✉ ♠♦♥tr❡r q✉❡ ❧❡s ❝✉♠✉❧s ❧❡s ♣❧✉s ✐♠♣♦rt❛♥ts ❝♦rr❡s♣♦♥❞❛✐t ❡♥ ♠♦②❡♥♥❡ ❛✉ ✈✐t❡ss❡
❞❡ ❞é♣❧❛❝❡♠❡♥t ❧❡s ♣❧✉s ❧❡♥t❡s✳

❋✐♥❛❧❡♠❡♥t ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ❞♦♥♥é❡s ❞✉ r❛❞❛r ❍②❞r✐① ❛✈❡❝ ❝❡❧❧❡ ❞✉ rés❡❛✉
r❛❞❛r ❆❘❆▼■❙ ré✈è❧❡ q✉❡ ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ♣♦ssè❞❡ ❞❡s ❝❛r❛❝té✲
r✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s ♣r♦❝❤❡s ❞❡ ❝❡❧❧❡s ❞❡s ❈é✈❡♥♥❡s ♦✉ ❞✉ P❛②s ❇❛sq✉❡✳ ❈❡s
ré❣✐♦♥s ♦♥t ❧❛ ♣❛rt✐❝✉❧❛r✐té ❞✬êtr❡ s✐t✉é❡s à ♣r♦①✐♠✐té ❞❡ ❧❛ ♠❡r ♦✉ ❞❡ ❧✬♦❝é❛♥ ❡t
❞❡ ❝♦♥♥❛îtr❡ ✉♥ r❡❧✐❡❢ t♦✉r♠❡♥té✳ ❊♥ t❡r♠❡s ♣❧✉✈✐♦♠étr✐q✉❡s ❝❡s ré❣✐♦♥s s♦♥t ❛ss❡③
sè❝❤❡s ❞✉r❛♥t ❧✬été ♠❛✐s ❛ss❡③ ❤✉♠✐❞❡s ❡♥ ❛✉t♦♠♥❡ ♣❛r r❛♣♣♦rt ❛✉ r❡st❡ ❞✉ t❡rr✐t♦✐r❡✳
❉❡ ♣❧✉s✱ ❝❡s ré❣✐♦♥s s♦♥t ♠❛rq✉é❡s ♣❛r ❞❡s ❡①trê♠❡s ♠été♦r♦❧♦❣✐q✉❡s très ✐♠♣♦rt❛♥ts
q✉❛s✐♠❡♥t t♦✉t❡ ❧✬❛♥♥é❡✳ ❊♥✜♥✱ ❡♥ ❛✉t♦♠♥❡✱ ❡❧❧❡s ♦♥t ✉♥❡ ❢♦rt❡ ♣r♦❜❛❜✐❧✐té ❞✬❛✈♦✐r
❞❡s ❡①trê♠❡s ❤②❞r♦❧♦❣✐q✉❡s ✐♠♣♦rt❛♥ts✳

▲✬❛♥❛❧②s❡ ♣rés❡♥té❡ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ❡st ♦r✐❣✐♥❛❧❡ ❞❛♥s ❧❡ s❡♥s ♦ù ❡❧❧❡ s❡ ❜❛s❡ s✉r
❞❡s ❞♦♥♥é❡s à très ✜♥❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡ s✉r ✉♥❡ ré❣✐♦♥ ét❡♥❞✉❡✳ ❉❡
♣❧✉s✱ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ✉t✐❧✐sé❡s ❝♦✉✈r❛♥t q✉❛tr❡ ❛♥♥é❡s✱ ♥♦✉s ❛✈♦♥s ♣✉ ét❛❜❧✐r ✉♥❡
❛♥❛❧②s❡ st❛t✐st✐q✉❡ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧❛ ré❣✐♦♥✳ ❈❡ tr❛✈❛✐❧ ❛
❞♦♥❝ ♣❡r♠✐s ❞❡ ré♣♦♥❞r❡ ♣❛rt✐❡❧❧❡♠❡♥t à ♣❧✉s✐❡✉rs q✉❡st✐♦♥s s❝✐❡♥t✐✜q✉❡s é♥♦♥❝é❡s
❞❛♥s ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❝❡ ♠❛♥✉s❝r✐t ❞❡ t❤ès❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r ❡❧❧❡ ❛ ♣❡r♠✐s ❞❡ r❡♥✲
s❡✐❣♥❡r s✉r ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ t♦♣♦❣r❛♣❤✐❡ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ♠❛✐s ❛✉ss✐ ❞✬❛♣♣♦rt❡r
❞❡s r❡♥s❡✐❣♥❡♠❡♥ts s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡✳
▲❡s rés✉❧t❛ts ❞❡ ❝❡tt❡ ét✉❞❡ ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sés ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ✈❛❧✐❞❛t✐♦♥ ❞❡ ♠♦✲
❞è❧❡s à ✜♥❡ rés♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❡t s♣❛t✐❛❧❡ ♦✉ ❞✬❛❧❣♦r✐t❤♠❡ ❞❡ ❞❡s❝❡♥t❡ ❞✬é❝❤❡❧❧❡
✭❞♦✇♥s❝❛❧✐♥❣✮✳ ▲❡s ③♦♥❡s ✐❞❡♥t✐✜é❡s ❝♦♠♠❡ s✉❥❡tt❡s ❛✉① ❡①trê♠❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s
❞❡✈r♦♥t ❜é♥é✜❝✐❡r ❞✬✉♥❡ ♣❧✉s ❞❡♥s❡ ❝♦✉✈❡rt✉r❡ ❞✬✐♥str✉♠❡♥ts ❞❡ ♠❡s✉r❡s ❛✉ s♦❧ t❡❧s
❞❡s ♣❧✉✈✐♦♠ètr❡s ♦✉ ❞❡s r❛❞❛rs ♠♦❜✐❧❡s ❛✜♥ ❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❡t ❞♦♥❝ ♣ré✈♦✐r
❞❡ t❡❧s é✈é♥❡♠❡♥ts✳

✶✵✵ ❈♦♥❝❧✉s✐♦♥
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❉
❛♥s ❝❡ ❞❡✉①✐è♠❡ ❝❤❛♣✐tr❡ ❞❡ rés✉❧t❛t✱ ✐❧ ❡st ❛♣♣❛r✉ ✐♥tér❡ss❛♥t ❞❡ ❝♦♠✲
♣❧ét❡r ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ✐♥✐t✐é❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✸ ❡♥ ét✉❞✐❛♥t ❧❛

♣❧✉✐❡ ♥♦♥ ♣❧✉s à ✉♥❡ é❝❤❡❧❧❡ s♣❛t✐❛❧❡ ♦✉ t❡♠♣♦r❡❧❧❡ ❞♦♥♥é❡ ♠❛✐s ♣♦✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s
❣❛♠♠❡s ❞✬é❝❤❡❧❧❡ à ♥♦tr❡ ❞✐s♣♦s✐t✐♦♥✳ P♦✉r ❝❡❧❛ ♥♦✉s ❛✈♦♥s ❝❛r❛❝tér✐sé ❧❡s ♣r♦♣r✐étés
❞✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡ ❛✉ ♠♦②❡♥ ❞✬❛♥❛❧②s❡s s♣❡❝tr❛❧❡s ✭✉♥❡ ♣✉❜❧✐❝❛t✐♦♥ ❜❛sé❡ s✉r ❧❡s
❛♥❛❧②s❡s ♣rés❡♥té❡s ❞❛♥s ❝❡tt❡ ♣❛rt✐❡ s❡ tr♦✉✈❡ ❡♥ ❛♥♥❡①❡ ✭s❡❝t✐♦♥ ❆✳✷✳✮✮✳

Pluie

Proprié tés  d'éche lle

Spectre

Analyse  spa tio−tempore lle

Zéros

Fracta l

Analyse  spectra le

Pente  spectra le

Metéorologie

Comportement fracta l

Precipita tions

Régime fracta l

Convectif
Périodicités

Radar

Exposant β

Scaling break

Orage

Densité

Anisotropie

Corré la tion

Gamme d'éche lle

Eche lle  synoptique

Comportement s ta tis tique

Coefficient spectra l

Isotropie

Variance

Autos imila rite

Pla teau spectra l

Front météorologique

Kolmogorov

Nombre  de  Rossby

Saison

Autocorré la tion

Théorie  ce llula ire

Cycle

Dynamique

Unidimens ionne lle

Bruit blanc

Coriolis

Ellipse

Analyse  de  Fourie r
Symétrie  espace−temps

Turbulence

Mouvement brownien

Echantillonnage

Flux d'énergie

Champ géophys ique

Médite rranée

Multifracta l
Bidimens ionne lle

Décorre la tion

Downsca ling

Eau

Glace

Mecanismes  a tmosphériques

Navier−Stokes

Réflectivité

Stra tiforme

Bidimens ionne l

Cascades  d'énergie

Codimens ion

Corrs in−Obukhov

Météorologie  dé te rminis te

Filtrage

Gouttes

Hurs t

HydrixPRF

Variogrammes

■♥tr♦❞✉❝t✐♦♥

❚♦✉s ❧❡s ♣r♦❝❡ss✉s ♠été♦r♦❧♦❣✐q✉❡s ❞❡ ❧✬é❝❤❡❧❧❡ s②♥♦♣t✐q✉❡ ✭s②stè♠❡s ❞é♣r❡ss✐♦♥✲
♥❛✐r❡s✮ à ❧✬é❝❤❡❧❧❡ ♠✐❝r♦♠étr✐q✉❡ ✭❢♦r♠❛t✐♦♥ ❞❡s ❣♦✉tt❡s ❞✬❡❛✉✮ ✐♠♣❛❝t❡♥t ❧❡s ❝❛r❛❝té✲
r✐st✐q✉❡s s♣❛t✐❛❧❡s ❡t t❡♠♣♦r❡❧❧❡s ❞❡ ❧❛ ♣❧✉✐❡✳ ❆✐♥s✐✱ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s♦♥t ❡♥❣❡♥❞ré❡s
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❋✐❣✉r❡ ✹✳✶ ✿ ❘és✉♠é ❞❡s é❝❤❡❧❧❡s ❞❡ t❡♠♣s ❡t ❞✬❡s♣❛❝❡ ♣♦✉r ❧❛ ♣❧✉♣❛rt ❞❡s
♣❤é♥♦♠è♥❡s ♠été♦r♦❧♦❣✐q✉❡s ✐❞❡♥t✐✜és ✭❞✬❛♣rès ❏✉✈❛♥♦♥ ❞✉ ❱❛❝❤❛t ✱ ✶✾✾✹❀
❖r❧❛♥s❦✐ ✱ ✶✾✼✺✮

♣❛r ✉♥ ❧❛r❣❡ s♣❡❝tr❡ ❞❡ ♣❤é♥♦♠è♥❡s ❞♦♥t ❧❡s ❝♦♥tr✐❜✉t✐♦♥s s♦♥t ❞✐✣❝✐❧❡s à ❞ét❡r♠✐✲
♥❡r ❡t à q✉❛♥t✐✜❡r✳ ▲❡s ♣r❡♠✐❡rs ♠♦❞è❧❡s q✉✐ ♦♥t ❡ss❛②é ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❛
✈❛r✐❛❜✐❧✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ét❛✐❡♥t ❜❛sés s✉r ✉♥❡ ❛♣♣r♦❝❤❡ ❝❡❧❧✉❧❛✐r❡ ❞❡ ❧❛ ❞②♥❛✲
♠✐q✉❡ ❛t♠♦s♣❤ér✐q✉❡ ✭❆✉st✐♥ ❡t ❍♦✉③❡✱ ✶✾✼✷❀ ❍♦❜❜s ✱ ✶✾✼✽❀ ▼❛t❡❥❦❛ ❡t ❛❧✳✱ ✶✾✽✵✮✳
❈❡tt❡ ❛♣♣r♦❝❤❡✱ q✉❡ ❧✬♦♥ ♣❡✉t ❝♦♠♣❛r❡r ❛✉① ♣♦✉♣é❡s r✉ss❡s✱ ❝♦♥s✐st❡ à ❞é❝r✐r❡ ❧❛
✈❛r✐❛❜✐❧✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ❝♦♥s✐❞ér❛♥t ❞❡s ♣❤é♥♦♠è♥❡s ♠été♦r♦❧♦❣✐q✉❡s ❞❡ ♣❡✲
t✐t❡s t❛✐❧❧❡s ✭❝❡❧❧✉❧❡ ❝♦♥✈❡❝t✐✈❡✮ r❡❣r♦✉♣és ❛✉ s❡✐♥ ❞❡ s②stè♠❡s ♣ré❝✐♣✐t❛♥ts ❞❡ t❛✐❧❧❡s
♣❧✉s ✐♠♣♦rt❛♥t❡s ✭❝♦♥✈❡❝t✐♦♥ ♦r❣❛♥✐sé❡ ❞❡ ♠és♦✲é❝❤❡❧❧❡✮✱ ❡✉① ♠ê♠❡s ❢❛✐s❛♥t ♣❛r✲
t✐❡ ❞✬❡♥s❡♠❜❧❡s ❞❡ t❛✐❧❧❡s ❡♥❝♦r❡ ♣❧✉s ✐♠♣♦rt❛♥t❡s ✭❢r♦♥ts ♠été♦r♦❧♦❣✐q✉❡s✮ ❡t ❛✐♥s✐
❞❡ s✉✐t❡ ❥✉sq✉✬à ❧✬é❝❤❡❧❧❡ s②♥♦♣t✐q✉❡ ✈♦✐r❡ ♣❧❛♥ét❛✐r❡✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ❛ ❧✬❛✈❛♥t❛❣❡
❞❡ s✐♠♣❧✐✜❡r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ ❝✐r❝✉❧❛t✐♦♥ ❛t♠♦s♣❤ér✐q✉❡ ❡t ❞❡ ♣❡r♠❡ttr❡ ❞❡
s❡ r❛❝❝r♦❝❤❡r à ❞❡s ♣❤é♥♦♠è♥❡s ♠été♦r♦❧♦❣✐q✉❡s ❞♦♥♥és ♣♦✉r ✐♥t❡r♣rét❡r ❧❛ ❝♦♠✲
♣❧❡①✐té ❞❡ ❧✬❛t♠♦s♣❤èr❡✳ ❈❡♣❡♥❞❛♥t✱ ❡❧❧❡ ♥❡ ❝❛r❛❝tér✐s❡ q✉❡ ❞❡s é❝❤❡❧❧❡s ❞✐s❝rèt❡s ❡t
♥✬❡①♣❧✐q✉❡ ♣❛s ❧❡s ❧✐❡♥s ❡♥tr❡ ❝❡s é❝❤❡❧❧❡s✳ P♦✉rt❛♥t✱ ❛♣♣ré❤❡♥❞❡r ❝❡s ❧✐❡♥s ❡♥tr❡ ❧❡s
é❝❤❡❧❧❡s ❡st ✉♥ ❣r❛♥❞ ❞é✜ ❞❡ ❧❛ ♣❤②s✐q✉❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ♣✉✐sq✉✬✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡
♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❞✬é❝❤❡❧❧❡s ❛✜♥ ❞✬❛♠é❧✐♦r❡r ❧❛ ♣ré✈✐s✐♦♥ ❞✉ t❡♠♣s

✶✵✷ ■♥tr♦❞✉❝t✐♦♥



Pr♦♣r✐étés ❞✬é❝❤❡❧❧❡

❡t ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♠é❝❛♥✐s♠❡s ❛t♠♦s♣❤ér✐q✉❡s✳ ❯♥❡ ❜♦♥♥❡ ✐❧❧✉str❛t✐♦♥✱ ❜✐❡♥
q✉✬✉♥ ♣❡✉ ❛♥❝✐❡♥♥❡✱ ❞❡ ❧✬❛♣♣r♦❝❤❡ ❝❡❧❧✉❧❛✐r❡ q✉✐ ♠♦♥tr❡ ❧❛ ✈❛r✐❛❜✐❧✐té ✐♠♣r❡ss✐♦♥✲
♥❛♥t❡ q✉✬❡❧❧❡ s♦✐t t❡♠♣♦r❡❧❧❡ ♦✉ s♣❛t✐❛❧❡ ❞❡s ♣❤é♥♦♠è♥❡s ♠été♦r♦❧♦❣✐q✉❡s ♣r♦✈✐❡♥t
❞❡s tr❛✈❛✉① ❞❡ ❖r❧❛♥s❦✐ ✭✶✾✼✺✮ ✭❋✐❣✳ ✹✳✶✮✳

❯♥❡ ❛♣♣r♦❝❤❡ ❞✐✛ér❡♥t❡ ❞❡ ❧❛ t❤é♦r✐❡ ❝❡❧❧✉❧❛✐r❡ s✬❡st ❞é✈❡❧♦♣♣é❡ ❞❛♥s ❧❡s ❛♥♥é❡s
✽✵ q✉❛♥❞ ❞❡ ♥♦♠❜r❡✉① ❛✉t❡✉rs ✭❉❡✐❞❞❛✱ ✶✾✾✾❀ ❋❛❜r② ✱ ✶✾✾✻❀ ❋r❛❡❞r✐❝❤ ❡t ▲❛r♥❞❡r ✱
✶✾✾✸❀ ▲♦✈❡❥♦② ❡t ❙❝❤❡rt③❡r ✱ ✷✵✵✽❀ ▼❛♥❞❛♣❛❦❛ ❡t ❛❧✳✱ ✷✵✵✾❀ ◆②❦❛♥❡♥ ❡t ❍❛rr✐s✱ ✷✵✵✸❀
❖❧ss♦♥ ❡t ❛❧✳✱ ✶✾✾✸❀ ❖✈❡r ❡t ●✉♣t❛✱ ✶✾✾✻❀ ❚❡ss✐❡r ❡t ❛❧✳✱ ✶✾✾✸❀ ❱❡rr✐❡r ❡t ❛❧✳✱ ✷✵✶✶✮
♦♥t ♠♦♥tré ❡♠♣✐r✐q✉❡♠❡♥t q✉❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❝♦♠♣❧❡①❡ ❞❡ ❧❛ ♣❧✉✐❡ ♣❡✉t êtr❡ ❝❛✲
r❛❝tér✐sé ♣❛r ✉♥❡ ✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ✭❧❡s ét✉❞❡s s✉r ❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡s ❞❡ ❧❛
t✉r❜✉❧❡♥❝❡ s♦♥t ❜✐❡♥ ♣❧✉s ❛♥❝✐❡♥♥❡s ✭✈♦✐r ❑♦❧♠♦❣♦r♦✈ ✱ ✶✾✹✶✮✮✳ ▲✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡
✭♦✉ ❛✉t♦s✐♠✐❧❛r✐té✮ s❡ tr❛❞✉✐t ♣❛r ❧❡ ❢❛✐t q✉❡ ❧❡s ♠♦♠❡♥ts st❛t✐st✐q✉❡s ❞❡ ❧❛ ♣❧✉✐❡
s✉✐✈❡♥t ✉♥❡ ❧♦✐ ♣✉✐ss❛♥❝❡ ❞♦♥t ❧✬❡①♣♦s❛♥t r❡st❡ ❝♦♥st❛♥t s✉r ✉♥❡ ❣❛♠♠❡ ❞✬é❝❤❡❧❧❡s✳
❈❡tt❡ ❛♣♣r♦❝❤❡ ❛ ❝♦♥❞✉✐t à ✉♥ ❝❤❛♥❣❡♠❡♥t ❝♦♠♣❧❡t ❞❡ ♣❛r❛❞✐❣♠❡ ♣❛r r❛♣♣♦rt à ❧❛
t❤é♦r✐❡ ❝❡❧❧✉❧❛✐r❡ ♣✉✐sq✉✬❡❧❧❡ ♥❡ s❡ ❜❛s❡ ♣❧✉s s✉r ❧✬❛♥❛❧②s❡ ❞✬é❝❤❡❧❧❡s ❞✐s❝rèt❡s ♠❛✐s ❛✉
❝♦♥tr❛✐r❡ ❝♦♥s✐❞èr❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s é❝❤❡❧❧❡s ♠été♦r♦❧♦❣✐q✉❡s ❛✐♥s✐ q✉❡ ❧❡s ❧✐❡♥s ❡♥tr❡
❝❡s é❝❤❡❧❧❡s✳ ❉❡ ♣❧✉s✱ ♣❧✉s✐❡✉rs ét✉❞❡s ✭❍❛rr✐s ❡t ❛❧✳✱ ✶✾✾✻❀ ◆②❦❛♥❡♥✱ ✷✵✵✽❀ ◆②❦❛✲
♥❡♥ ❡t ❍❛rr✐s✱ ✷✵✵✸❀ ❖✈❡r ❡t ●✉♣t❛✱ ✶✾✾✹✱ ✶✾✾✻❀ P❡r✐❝❛ ❡t ❋♦✉❢♦✉❧❛✲●❡♦r❣✐♦✉✱ ✶✾✾✻❀
P✉r❞② ❡t ❛❧✳✱ ✷✵✵✶✮ ♦♥t ♠♦♥tré q✉❡ ❞✐✛ér❡♥ts ❡①♣♦s❛♥ts ❝❛r❛❝tér✐s❛♥t ❧✬✐♥✈❛r✐❛♥❝❡
❞✬é❝❤❡❧❧❡ s♦♥t ✐♥✢✉❡♥❝és ♣❛r ❧❡s ♣r♦❝❡ss✉s ♠été♦r♦❧♦❣✐q✉❡s s♦✉s✲❥❛❝❡♥ts ✭t❡♠♣s s②✲
♥♦♣t✐q✉❡✱ ❈❆P❊ ♦✉ ♦r♦❣r❛♣❤✐❡✮✳ ❈❡s ❝♦♥st❛t❛t✐♦♥s t❡♥❞❡♥t à ♠♦♥tr❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡s
♣❤é♥♦♠è♥❡s ❛t♠♦s♣❤ér✐q✉❡s s✉r ❧❡s ♣r♦♣r✐étés ❞✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛✲
t✐♦♥s✳

❈❡s ❞❡✉① t❤é♦r✐❡s ❜✐❡♥ q✉❡ très ❞✐✛ér❡♥t❡s s❡♠❜❧❡♥t êtr❡ ✐♥tr✐♥sèq✉❡♠❡♥t ❧✐é❡s✳
P❛r ❡①❡♠♣❧❡✱ ♦♥ ♦❜s❡r✈❡ ❞❡s ❝❛ss✉r❡s ❞❛♥s ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❢r❛❝t❛❧ ❞❡ ❧❛ ♣❧✉✐❡ à
❞❡s é❝❤❡❧❧❡s t②♣✐q✉❡s q✉✐ ♣♦✉rr❛✐❡♥t ❝♦rr❡s♣♦♥❞r❡ ❛✉① é❝❤❡❧❧❡s ❞❡ ❧❛ t❤é♦r✐❡ ❝❡❧❧✉✲
❧❛✐r❡ ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ❋❛❜r② ✱ ✶✾✾✻❀ ❋r❛❡❞r✐❝❤ ❡t ▲❛r♥❞❡r ✱ ✶✾✾✸❀ ❖❧ss♦♥ ❡t ❛❧✳✱ ✶✾✾✸✮✳
❈✬❡st ❞❛♥s ❝❡ ❝❛❞r❡ q✉❡ s✬ ✐♥s❝r✐t ❧❡ tr❛✈❛✐❧ ré❛❧✐sé ❞❛♥s ❝❡ ❝❤❛♣✐tr❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♦♥
❛ ❝❤❡r❝❤é ❛ ét✉❞✐❡r st❛t✐st✐q✉❡♠❡♥t ✭à tr❛✈❡rs ❧✬❛♥❛❧②s❡ ❞❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡✮ ❧❛ ✈❛✲
r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❡t s♣❛t✐❛❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❡ ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡
❡t à ✐♥t❡r♣rét❡r ❝❡tt❡ ✈❛r✐❛❜✐❧✐té ❡♥ t❡r♠❡ ❞❡ ♣r♦❝❡ss✉s ♠été♦r♦❧♦❣✐q✉❡s✳

✹✳✶ ■♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡

❈♦♠♠❡ ❡①♣❧✐q✉é ❞❛♥s ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❝❡ ❝❤❛♣✐tr❡✱ ❞❡ ♥♦♠❜r❡✉① ❛✉t❡✉rs ♦♥t
♠♦♥tré ❧❡s ♣r♦♣r✐étés ❞✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ❞❛♥s ✉♥❡ ♠✉❧t✐t✉❞❡ ❞❡ ❝❤❛♠♣s ❣é♦♣❤②✲
s✐q✉❡s✳ ❉❛♥s ❝❡tt❡ s❡❝t✐♦♥✱ ♥♦✉s ♣rés❡♥t♦♥s ❧✬❛♥❛❧②s❡ s♣❡❝tr❛❧❡ q✉✐ ♣❡r♠❡t ❞❡ ♠❡ttr❡
❡♥ é✈✐❞❡♥❝❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❢r❛❝t❛❧ ❞❡ ❧❛ ♣❧✉✐❡ ❡t ♥♦✉s ❡①♣❧✐q✉♦♥s ❝♦♠♠❡♥t ❛ss♦❝✐❡r
❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡s ❛✉① ♣r♦❝❡ss✉s ♠été♦r♦❧♦❣✐q✉❡s✳

✹✳✶✳✶ ❆♥❛❧②s❡ s♣❡❝tr❛❧❡

▲✬❛♥❛❧②s❡ s♣❡❝tr❛❧❡✱ t♦✉t ❝♦♠♠❡ ❞✬❛✉tr❡s ♦✉t✐❧s t❡❧s q✉❡ ❧❡s ✈❛r✐♦❣r❛♠♠❡s ❡t ❧✬❛✉✲
t♦❝♦rré❧❛t✐♦♥ ✭✈♦✐r ❇❛rr♦s ❡t ❛❧✳✱ ✷✵✵✹❀ ❇❡r♥❡ ❡t ❛❧✳✱ ✷✵✵✹✱ ✷✵✵✾❀ ❈r❡✉t✐♥ ❡t ❖❜❧❡❞ ✱
✶✾✽✷❀ ❑✐rst❡tt❡r ❡t ❛❧✳✱ ✷✵✶✵❀ ▲❡❜❡❧ ❡t ❛❧✳✱ ✶✾✽✼❀ ▼❛♥❞❛♣❛❦❛ ❡t ❛❧✳✱ ✷✵✶✷❛❀ ▼♦❧✐♥✐é

❡t ❛❧✳✱ ✷✵✶✷✮✱ ♣❡r♠❡t ❞✬ét✉❞✐❡r ❧❡s ♣r♦♣r✐étés ❞✉ ♠♦♠❡♥t ❞❡ ❞❡✉①✐è♠❡ ♦r❞r❡ ❞✬✉♥
❝❤❛♠♣ ❣é♦♣❤②s✐q✉❡✳ ■❧ ❛ été ♠♦♥tré q✉❡ s✐ ✉♥ ♣r♦❝❡ss✉s ♣❤②s✐q✉❡ ♣rés❡♥t❡ ✉♥❡ ✐♥✲

■♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ✶✵✸



Pr♦♣r✐étés ❞✬é❝❤❡❧❧❡

✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ❞❛♥s ❧❡ t❡♠♣s ♦✉ ❧✬❡s♣❛❝❡ ❛❧♦rs s❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡
❛ ❧❛ ❢♦r♠❡ ❞✬✉♥❡ ❧♦✐ ♣✉✐ss❛♥❝❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s ❢réq✉❡♥❝❡s ✭❊q✳ ✹✳✶✮ ✿

P (f) ∼ f−β ∼ T β ✭✹✳✶✮

♦ù f ❡st ❧❛ ❢réq✉❡♥❝❡ ❡t T ❧❛ ♣ér✐♦❞❡✳ ▲❛ ❞✐♠✐♥✉t✐♦♥ ✭❛✉❣♠❡♥t❛t✐♦♥✮ ❞❡ P (f) ❛✈❡❝ ❧❛
❢réq✉❡♥❝❡ ✭♣ér✐♦❞❡✮ ❡st ❧✐é❡ à ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ✈❛r✐❛♥❝❡ ♠♦②❡♥♥❡ ❛✈❡❝ ❧✬é❝❤❡❧❧❡✳
▲✬❡①♣♦s❛♥t β ♥♦✉s r❡♥s❡✐❣♥❡ s✉r ❧❛ r❛♣✐❞✐té ❞❡ ❝❡tt❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ✈❛r✐❛♥❝❡✳ ❊♥
❞✬❛✉tr❡s t❡r♠❡s✱ ✐❧ ♠♦♥tr❡ ❛✈❡❝ q✉❡❧❧❡ r❛♣✐❞✐té ❧✬❛✉t♦❝♦rré❧❛t✐♦♥ ✭❡♥ s❡ r❛♣♣❡❧❛♥t q✉❡
❧✬❛✉t♦❝♦rré❧❛t✐♦♥ ❡st ❧❛ tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ❞❡ ❧❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡✮
❞é❝r♦✐t ❛✈❡❝ ❧❡ ❞é❝❛❧❛❣❡ ✭t❡♠♣♦r❡❧ ♦✉ s♣❛t✐❛❧✮✳ P❧✉s ❧✬❛✉t♦❝♦rré❧❛t✐♦♥ ❞✐♠✐♥✉❡ r❛♣✐✲
❞❡♠❡♥t✱ ♣❧✉s ❧❛ ✈❛❧❡✉r ❞❡ ❧✬❡①♣♦s❛♥t β ❡st ♣❡t✐t❡✳ P♦✉r ✉♥ ❜r✉✐t ❜❧❛♥❝ ❧✬❡①♣♦s❛♥t β
✈❛✉t ❞♦♥❝ ✵ t❛♥❞✐s q✉✬✉♥ ♣r♦❝❡ss✉s très ♦r❣❛♥✐sé ✭❝♦rré❧é✮ ♣♦ssè❞❡ ✉♥ ❡①♣♦s❛♥t β
très ❣r❛♥❞✳ ❯♥ ♠♦②❡♥ ❞❡ ❜✐❡♥ ❝♦♠♣r❡♥❞r❡ ❝❡ ❝♦♥❝❡♣t ❡st ❞❡ ❝♦♥s✐❞ér❡r ✉♥ ♠♦✉✈❡✲
♠❡♥t ❜r♦✇♥✐❡♥ ✭♣❛r ❡①❡♠♣❧❡ ✉♥❡ ♠❛r❝❤❡ ❛❧é❛t♦✐r❡✮✳ ❯♥ ♠♦✉✈❡♠❡♥t ❜r♦✇♥✐❡♥ ❡st
très ❝♦rré❧é ❛✉ t❡♠♣s t+ 1 ❛✈❡❝ ❧❡ t❡♠♣s t ❡t ❞❡ ♠♦✐♥s ❡♥ ♠♦✐♥s ❝♦rré❧é ❛✉ ❢✉r ❡t à
♠❡s✉r❡ q✉❡ ❧❡ ❞é❝❛❧❛❣❡ ❛✉❣♠❡♥t❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ✈❛r✐❛♥❝❡ ♠♦②❡♥♥❡ ❛✉ ❞é❝❛❧❛❣❡
✶ ❡st ✐♥❢ér✐❡✉r❡ à ❧❛ ✈❛r✐❛♥❝❡ ♠♦②❡♥♥❡ ❛✉ ❞é❝❛❧❛❣❡ n ✭♥❃✶✮✳ ❉❡ ♣❧✉s✱ s✐ ❧❛ ❞✐✛✉s✐✲
✈✐té ❛ss♦❝✐é❡ à ✉♥ ♠♦✉✈❡♠❡♥t ❜r♦✇♥✐❡♥ ❡st très ✐♠♣♦rt❛♥t❡✱ ❛❧♦rs ❧✬❛✉t♦❝♦rré❧❛t✐♦♥
❞✐♠✐♥✉❡ ❢♦rt❡♠❡♥t ❛✈❡❝ ❧❡ ❞é❝❛❧❛❣❡ ❡t ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ ❡st ❢❛✐❜❧❡✳

▲❡ ❝♦♠♣♦rt❡♠❡♥t ❡♥ ❧♦✐ ♣✉✐ss❛♥❝❡ ❞❡ ❧❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ❛ été ❧❛r❣❡✲
♠❡♥t ✉t✐❧✐sé ♣♦✉r ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ❞❛♥s ❞❡s
❝❤❛♠♣s ❣é♦♣❤②s✐q✉❡s t❡❧s q✉❡ ❧❡s ❝❛ss✉r❡s ❞❛♥s ❧❡s r♦❝❤❡s ✭❙❝❤♠✐tt ❡t ❙❝❤♦❧③ ✱ ✶✾✾✺✮✱
❧❡ ✈❡♥t ❡t ❧❛ t❡♠♣ér❛t✉r❡ ✭●❛❣❡ ❡t ◆❛str♦♠✱ ✶✾✽✻✮✱ ❧❛ ré✢❡❝t✐✈✐té r❛❞❛r ✭❚❡ss✐❡r
❡t ❛❧✳✱ ✶✾✾✸✮ ♦✉ ❡♥❝♦r❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✉ ♣❤②t♦♣❧❛♥❝t♦♥ ✭❞❡ ▼♦♥t❡r❛ ❡t ❛❧✳✱ ✷✵✶✶✮✳
▲❛ ♣❧✉✐❡ ❛ été é❣❛❧❡♠❡♥t ❞é❥à ❧❛r❣❡♠❡♥t ét✉❞✐é❡ ❛✉ss✐ ❜✐❡♥ ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬❛s✲
♣❡❝t t❡♠♣♦r❡❧ ✭❋r❛❡❞r✐❝❤ ❡t ▲❛r♥❞❡r ✱ ✶✾✾✸✮ q✉❡ ❧✬❛s♣❡❝t s♣❛t✐❛❧ ✭▼❛♥❞❛♣❛❦❛ ❡t ❛❧✳✱
✷✵✵✾✮✳

■❧ ♥✬❡①✐st❡ ♣❛s ❞❡ t❤é♦r✐❡ q✉✐ ❡①♣❧✐q✉❡ r✐❣♦✉r❡✉s❡♠❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❢r❛❝t❛❧ ❞❡
❧❛ ♣❧✉✐❡ ♠❛✐s✱ ♣❛r❝❡ q✉❡ ❧❛ ♣❧✉✐❡ ❡st ❢♦rt❡♠❡♥t ❝♦✉♣❧é❡ ❛✈❡❝ ❧❡ ✈❡♥t✱ ❝❡ ❝♦♠♣♦rt❡♠❡♥t
♣♦✉rr❛✐t êtr❡ ❧✐é à ❧❛ t❤é♦r✐❡ ❞❡s ❝❤❛♠♣s t✉r❜✉❧❡♥ts ✭✈♦✐r ❈♦rrs✐♥✱ ✶✾✺✶❀ ❑♦❧♠♦❣♦r♦✈ ✱
✶✾✹✶✱ ✶✾✻✷❀ ❖❜✉❦❤♦✈ ✱ ✶✾✹✾✮✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤é♦r✐❡✱ ❑♦❧♠♦❣♦r♦✈ ❛ ♠♦♥tré
❡♥ ✶✾✹✶ q✉❡ ❧❡s ✐♥❝ré♠❡♥ts ❞❡ ✈✐t❡ss❡ ❛✉ s❡✐♥ ❞✬✉♥ ✢✉① ✐s♦tr♦♣❡ s♦♥t ❛✉t♦s✐♠✐❧❛✐r❡s
❡t q✉❡ ❧❡✉r s♣❡❝tr❡ s♣❛t✐❛❧ ♣♦ssè❞❡ ✉♥ ❡①♣♦s❛♥t β é❣❛❧ à ✺✴✸✳ P❧✉s t❛r❞✱ ❈♦rrs✐♥
❡t ❖❜✉❦❤♦✈ ♦♥t ♠♦♥tré q✉❡ ❧❡ s♣❡❝tr❡ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✬✉♥ s❝❛❧❛✐r❡ ♣❛ss✐❢ ❡st
é❣❛❧❡♠❡♥t ❛✉t♦s✐♠✐❧❛✐r❡ ❛✈❡❝ ❧❡ ♠ê♠❡ ❡①♣♦s❛♥t ✺✴✸✳ P♦✉r ✉♥❡ ❞✐s❝✉ss✐♦♥ ♣❧✉s ❞ét❛✐❧❧é
à ♣r♦♣♦s ❞✉ ❧✐❡♥ ❡♥tr❡ ♣❧✉✐❡ ❡t t✉r❜✉❧❡♥❝❡ ✈♦✐r ▲♦✈❡❥♦② ❡t ❙❝❤❡rt③❡r ✭✷✵✵✽✮✱ ❱❡rr✐❡r
✭✷✵✶✶✮✳

◗✉❛♥❞ ♦♥ ♦❜s❡r✈❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡✱ ♦♥ s❡ r❡♥❞ r❛♣✐❞❡♠❡♥t ❝♦♠♣t❡
q✉❡ ❧❡ t❡♠♣s ❡t ❧✬❡s♣❛❝❡ ♥❡ s♦♥t ♣❛s ✐♥❞é♣❡♥❞❛♥ts✳ P❛r ❡①❡♠♣❧❡✱ ✉♥❡ ❝❡❧❧✉❧❡ ❞❡
♣❧✉✐❡ ❛❞✈❡❝té❡ r❛♣✐❞❡♠❡♥t ♣❛r ❧❡ ✈❡♥t ✐♥❞✉✐t ✉♥❡ r❡❧❛t✐♦♥ ❡s♣❛❝❡✲t❡♠♣s✳ ❈✬❡st ♣♦✉r
❝❡❧❛ q✉❡ ❞❛♥s ❧❛ s✉✐t❡ ♦♥ ♣rés❡♥t❡r❛ é❣❛❧❡♠❡♥t ✉♥❡ ❛♥❛❧②s❡ s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡ ❞❡s
s♣❡❝tr❡s ✷❉✳ ❊♥ ❡✛❡t✱ ❧✬❛♥❛❧②s❡ ✷❉ ♠❡t ❡♥ é✈✐❞❡♥❝❡ ❧❡s r❡❧❛t✐♦♥s ❡♥tr❡ ❧✬❡s♣❛❝❡ ❡t ❧❡
t❡♠♣s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s ❢réq✉❡♥❝❡s✱ ❝❡ q✉✐ ❞♦♥♥❡ ❞❡s ✐♥❢♦r♠❛t✐♦♥s à ♣r♦♣♦s ❞❡s
❝❛r❛❝tér✐st✐q✉❡s s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡s ❞❡ ❧❛ ♣❧✉✐❡ ♣♦✉r ✉♥ ♣❤é♥♦♠è♥❡ ♠été♦r♦❧♦❣✐q✉❡
❞♦♥♥é ❛♥❛❧②sé ❞❛♥s ❧✬❡s♣❛❝❡ ré❡❧✳

❉❛♥s ❝❡tt❡ s❡❝t✐♦♥✱ ♦♥ s✬❡st ❛tt❛❝❤é à ❡①♣❧✐q✉❡r q✉❡ ❧✬❡①♣♦s❛♥t ❞✉ s♣❡❝tr❡ ❞é♣❡♥❞
❞❡ ❧❛ ✈❛r✐❛♥❝❡ ♠♦②❡♥♥❡ ❡♥tr❡ ❧❡s é❝❤❡❧❧❡s✳ ❉❛♥s ❧❛ s❡❝t✐♦♥ s✉✐✈❛♥t❡✱ ♦♥ ❡①♣❧✐q✉❡

✶✵✹ ■♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡



Pr♦♣r✐étés ❞✬é❝❤❡❧❧❡

❝♦♠♠❡♥t ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ r❡❧✐❡r ❧❛ ✈❛❧❡✉r ❞❡ ❝❡s ❡①♣♦s❛♥ts ❛✐♥s✐ q✉❡ ❧❡s ❣❛♠♠❡s
❞✬é❝❤❡❧❧❡s ❢r❛❝t❛❧❡s ❛✉① ♣❤é♥♦♠è♥❡s ♠été♦r♦❧♦❣✐q✉❡s✳

✹✳✶✳✷ Pr♦♣r✐étés ❢r❛❝t❛❧❡s ❡t ♣r♦❝❡ss✉s ♠été♦r♦❧♦❣✐q✉❡s

P♦✉r ré❛❧✐s❡r ❧✬❛♥❛❧②s❡ ❞❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡s ❞✬✉♥ ❝❤❛♠♣ ❞❡ ♣❧✉✐❡ ✐❧ ❢❛✉t ❡♥
♣r❡♠✐❡r ❧✐❡✉ s✉r♠♦♥t❡r q✉❡❧q✉❡s ❞✐✣❝✉❧tés ✐♥❤ér❡♥t❡s ❛✉ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡✳
❚♦✉t ❞✬❛❜♦r❞✱ ❧❛ ♣❧✉✐❡ ❡st ✐♥t❡r♠✐tt❡♥t❡✳ ❈❡ q✉✐ ✐♠♣❧✐q✉❡ q✉❡ ❧❡ s♣❡❝tr❡ ❞✬✉♥❡ sér✐❡
t❡♠♣♦r❡❧❧❡ ❞❡ ♣❧✉✐❡ ❝♦rr❡s♣♦♥❞ ❡♥ ❢❛✐t à ❧❛ s✉♣❡r♣♦s✐t✐♦♥ ❞✉ s✐❣♥❛❧ ❞❡ ♣❧✉✐❡ ❡t ❞❡ ❧✬❛❧✲
t❡r♥❛♥❝❡ ♣❧✉✐❡✴♥♦♥ ♣❧✉✐❡ ✭q✉❡ ❧✬♦♥ ❛♣♣❡❧❧❡ ❧❡ s✉♣♣♦rt✮✳ ▲✬❡✛❡t ❞❡s ❞❡✉① ❝♦♠♣♦s❛♥t❡s
♥❡ ♣❡✉t ♣❛s êtr❡ s✐♠♣❧❡♠❡♥t ❞✐st✐♥❣✉é❡ ✭❜✐❡♥ q✉❡ ❧✬♦♥ ♣✉✐ss❡ ✈♦✐r ❢❛❝✐❧❡♠❡♥t ❧✬❡✛❡t
❞✉ s✉♣♣♦rt s❡✉❧ ❡♥ r❛♠❡♥❛♥t t♦✉t❡ ❧❛ ♣❧✉✐❡ à ✉♥❡ sér✐❡ ❞❡ ③ér♦s ❡t ❞❡ ✉♥✮✳ ❆✐♥s✐✱ ❧❡
s❡✉❧ ♠♦②❡♥ ❞✬♦❜t❡♥✐r ❧❡s ♣r♦♣r✐étés ✐♥tr✐♥sèq✉❡s ❞❡ ❧❛ ♣❧✉✐❡ ❡st ❞✬❛♥❛❧②s❡r ❧❡ s✐❣♥❛❧
❞❡ ♣❧✉✐❡ ✉♥✐q✉❡♠❡♥t ♣♦✉r ❞❡s ♣ér✐♦❞❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❝♦♥t✐♥✉❡s✳ ❙✐ ♦♥ ❛♥❛❧②s❡ ❧❛
sér✐❡ t❡♠♣♦r❡❧❧❡ ♦✉ s♣❛t✐❛❧❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ✐♥❝❧✉❛♥t ❧❡s ♣ér✐♦❞❡s ❞❡ ♣❧✉✐❡s ♥♦♥
❝♦♥t✐♥✉❡s✱ ❛❧♦rs ❧❡ s✉♣♣♦rt ✐♠♣❛❝t❡ ❧❡ s♣❡❝tr❡ ❝♦♠♠❡ ❧✬♦♥t ♠♦♥tré ❞❡ ▼♦♥t❡r❛ ❡t ❛❧✳

✭✷✵✵✾✮✱ ❱❡rr✐❡r ❡t ❛❧✳ ✭✷✵✶✶✮✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❝❡s ❛✉t❡✉rs ❡①♣❧✐q✉❡♥t q✉❡ ❧❡s ♣ér✐♦❞❡s
sè❝❤❡s ✐♥❝❧✉s❡s ❞❛♥s ✉♥❡ sér✐❡ ❞❡ ♠❡s✉r❡s ♦♥t t❡♥❞❛♥❝❡ à ❞✐♠✐♥✉❡r ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡✳

❖♥ ♣❡✉t ♣❡♥s❡r q✉❡ ❝❡s ♣ér✐♦❞❡s sè❝❤❡s s♦♥t ❣♦✉✈❡r♥é❡s ♣❛r ❞❡s ♣r♦❝❡ss✉s ♣❤②✲
s✐q✉❡s ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❧❡s ♦♥❞❡s ❞❡ ❣r❛✈✐té q✉✐ ♣r♦❞✉✐s❡♥t ❞❡s s✐❣♥❛t✉r❡s t②♣✐q✉❡s
❞❡ ♣❧✉✐❡✴♥♦♥ ♣❧✉✐❡ ❝❡ q✉✐ ✐♠♣❛❝t❡ ❧❡s ♣ér✐♦❞❡s sè❝❤❡s ❡t ❞♦♥❝ s✉♣♣♦rt à ❞✐✛ér❡♥t❡s
é❝❤❡❧❧❡s✳ ❆✐♥s✐✱ ❧❡ s✉♣♣♦rt ❧✉✐✲♠ê♠❡ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❣♦✉✈❡r♥é ♣❛r ❧❡s ♣r♦❝❡ss✉s
♣❤②s✐q✉❡s s♦✉s✲❥❛❝❡♥ts✳ ❉❛♥s ❧❛ s✉✐t❡ ❞❡ ❧✬ét✉❞❡✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❛ sér✐❡ ❞❡ ❞♦♥✲
♥é❡s ❝♦♠♣❧èt❡ s❛♥s ❡♥❧❡✈❡r ❧❡s ♣ér✐♦❞❡s sè❝❤❡s✳

▲❛ ♠❛♥✐èr❡ ❞♦♥t ❧❡ r❛❞❛r ♠❡s✉r❡ ❧❛ ♣❧✉✐❡ ✐♥✢✉❡♥❝❡ ❛✉ss✐ ❧❡s ❞♦♥♥é❡s✳ P❛r ❡①❡♠♣❧❡✱
❝♦♠♠❡ ❧❛ ❧❛r❣❡✉r ❞✉ ❢❛✐s❝❡❛✉ r❛❞❛r ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡✱ ❧❛ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡
❡st ♠♦✐♥s ❜♦♥♥❡ ❧♦✐♥ ❞✉ r❛❞❛r ❡t ❞❡s ♣r♦❝é❞✉r❡s ❞✬✐♥t❡r♣♦❧❛t✐♦♥ s♦♥t ♥é❝❡ss❛✐r❡s
♣♦✉r ♦❜t❡♥✐r ✉♥ é❝❤❛♥t✐❧❧♦♥♥❛❣❡ s♣❛t✐❛❧ ❝♦♥st❛♥t ✭✈♦✐r ❧❛ ♠ét❤♦❞❡ ❞❡ ❈r❡ss♠❛♥
❞❛♥s ❧❛ s❡❝t✐♦♥ ✷✳✷✳✷✮✳ ▲✬✐♥t❡r♣♦❧❛t✐♦♥ ❛✉r❛ ❞♦♥❝ ✉♥ ✐♠♣❛❝t ✐♠♣♦rt❛♥t s✉r ❧❡s ♣❡t✐t❡s
é❝❤❡❧❧❡s✳ ▲❛ ♠❡s✉r❡ r❛❞❛r ♣♦s❡ ✉♥ ❛✉tr❡ ♣r♦❜❧è♠❡ q✉❛♥❞ ❧✬✐s♦✲✵✝❈ s❡ tr♦✉✈❡ à ❢❛✐❜❧❡
❛❧t✐t✉❞❡ ♣✉✐sq✉❡ ❧❡ r❛❞❛r ♥❡ ♠❡s✉r❡ ♣❧✉s ❞❡ ❧✬❡❛✉ ♠❛✐s ❞❡ ❧❛ ❣❧❛❝❡✳ ▲❛ q✉❡st✐♦♥ ❡st
❛❧♦rs ✿ ❊st✲❝❡✲q✉❡ ❧❛ ♣❧✉✐❡ ❡t ❧❛ ❣❧❛❝❡ s♦♥t ❜✐❡♥ éq✉✐✈❛❧❡♥t❡s ❡♥ t❡r♠❡ ❞❡ ❝♦♠♣♦rt❡✲
♠❡♥t ❛✉t♦s✐♠✐❧❛✐r❡ ❄ ❋❛❜r② ✭✶✾✾✻✮ ❛ ❛♣♣♦rté ✉♥❡ ♣r❡♠✐èr❡ ré♣♦♥s❡ à ❝❡tt❡ q✉❡st✐♦♥
❡♥ ❝♦♠♣❛r❛♥t ❞❡s s♣❡❝tr❡s ❞❡ ♣❧✉✐❡ ❡t ❞❡ ♥❡✐❣❡ ❛✉ ❈❛♥❛❞❛✳ ■❧ ❛ ♠♦♥tré q✉❡ ❝❡s
❞❡✉① ♣❛r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡s ♦♥t ❡♥ ❡✛❡t ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❢r❛❝t❛❧s ❞✐✛ér❡♥ts
♠❛✐s ✉♥✐q✉❡♠❡♥t à ❞❡s é❝❤❡❧❧❡s très ♣❡t✐t❡s ✭∼✶✵ s ❡t ∼✶✵✵ ♠✮ ❡♥ ❝♦♠♣❛r❛✐s♦♥ ❞❡s
é❝❤❡❧❧❡s ❝♦♥s✐❞éré❡s ❞❛♥s ❝❡ tr❛✈❛✐❧✳ ❋✐♥❛❧❡♠❡♥t ❞❡ ♥♦♠❜r❡✉① ❛✉tr❡s ❢❛❝t❡✉rs ♣❡✉✈❡♥t
✐♥✢✉❡♥❝❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❢r❛❝t❛❧ ❞❡ ❧❛ ♣❧✉✐❡ t❡❧s q✉❡ ❧❡s ❛rt❡❢❛❝ts ✐♥str✉♠❡♥t❛✉①
♦✉ ❧❡ ❜r✉✐t ♣❛r ❡①❡♠♣❧❡✱ ❡t ✐❧ ✐♠♣♦rt❡ ❞❡ ❧❡s ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ s♦✉s ♣❡✐♥❡ ❞❡ ❢❛✉ss❡r
❧✬❛♥❛❧②s❡✳

◆②❦❛♥❡♥ ✭✷✵✵✽✮✱ ◆②❦❛♥❡♥ ❡t ❍❛rr✐s ✭✷✵✵✸✮✱ P✉r❞② ❡t ❛❧✳ ✭✷✵✵✶✮ ♦♥t ♠♦♥tré ❡♠♣✐✲
r✐q✉❡♠❡♥t q✉❡ ❧✬❡①♣♦s❛♥t s♣❡❝tr❛❧ β ❞é♣❡♥❞ ❞✉ t②♣❡ ❞❡ ♣❧✉✐❡ ✭str❛t✐❢♦r♠❡ ✈s ❝♦♥✈❡❝✲
t✐❢✮✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❡s é✈é♥❡♠❡♥ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❝♦♥✈❡❝t✐✈❡s ♠♦♥tr❡♥t ✉♥ ❡①✲
♣♦s❛♥t β ♣❧✉s ✐♠♣♦rt❛♥t q✉❡ ❧❡s é✈é♥❡♠❡♥ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s str❛t✐❢♦r♠❡s✳ ❆✐♥s✐✱
❝❡❧❛ s✐❣♥✐✜❡ q✉❡ ❧❡s ré❣✐♠❡s ❞✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ❛ss♦❝✐és ❛✉ s♣❡❝tr❡ ❞❡ ❧❛ ♣❧✉✐❡
♣♦✉rr❛✐❡♥t êtr❡ ❡①♣❧✐q✉és ♣❛r ❧❛ ♣❤②s✐q✉❡ s♦✉s✲❥❛❝❡♥t❡✳ P♦✉r t❡st❡r ❝❡tt❡ ❤②♣♦t❤ès❡✱
✐❧ ❢❛✉t êtr❡ ❝❛♣❛❜❧❡ ❞❡ ❞ét❡r♠✐♥❡r ❧❡s é❝❤❡❧❧❡s t②♣✐q✉❡s ❛ss♦❝✐é❡s ❛✉① ❞✐✛ér❡♥ts ♣r♦✲

■♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ✶✵✺



Pr♦♣r✐étés ❞✬é❝❤❡❧❧❡

❝❡ss✉s ❞❡ ♣❧✉✐❡✳ ▲✬✉♥❡ ❞❡s ♣♦ss✐❜✐❧✐tés ❡st ❞❡ s❡ r❡♥s❡✐❣♥❡r s✉r ❧❡s é❝❤❡❧❧❡s t②♣✐q✉❡s
❞❡s ♣r♦❝❡ss✉s à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ♣❧✉✐❡ ❞❛♥s ❧❛ ré❣✐♦♥ ❞✬ét✉❞❡ ❝♦♠♠❡ ❧✬♦♥ ❢❛✐t ❋❛❜r②

✭✶✾✾✻✮✱ ❋r❛❡❞r✐❝❤ ❡t ▲❛r♥❞❡r ✭✶✾✾✸✮✱ ❖❧ss♦♥ ❡t ❛❧✳ ✭✶✾✾✸✮ ✭✈♦✐r ✜❣✉r❡ ✹✳✷✮✳

✭❛✮ ✭❜✮

✭❝✮

❋✐❣✉r❡ ✹✳✷ ✿ ✭❛✮ ❙❝❤é♠❛ ❞❡s ré❣✐♠❡s ❞✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡ s✉r
❧✬❊✉r♦♣❡ ❝♦♥t✐♥❡♥t❛❧❡ ✭❞✬❛♣rès ❋r❛❡❞r✐❝❤ ❡t ▲❛r♥❞❡r ✭✶✾✾✸✮✮✱ ✭❜✮ ▼ét❤♦❞❡
❞❡ ❜♦① ❝♦✉♥t✐♥❣ ♣❡r♠❡tt❛♥t ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡
❞✬✉♥❡ sér✐❡ ❞❡ ♣❧✉✐❡ ❡♥ ❙✉è❞❡ ♣♦✉r ❞✐✛ér❡♥ts s❡✉✐❧s ❞❡ ♣❧✉✐❡ ✭❚✮ ✭❞✬❛♣rès
❖❧ss♦♥ ❡t ❛❧✳ ✭✶✾✾✸✮✮ ✭♣♦✉r ✉♥❡ ❡①♣❧✐❝❛t✐♦♥ ❞✉ ♣r✐♥❝✐♣❡ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ❜♦①
❝♦✉♥t✐♥❣ ✈♦✐r ❱❡rr✐❡r ✭✷✵✶✶✮✮ ❡t ✭❝✮ ❙♣❡❝tr❡ t❡♠♣♦r❡❧ ✭❡t é❝❤❡❧❧❡s s♣❛t✐❛❧❡s
❛ss♦❝✐é❡s✮ ❞✬✉♥❡ sér✐❡ ❞❡ ♣❧✉✐❡ ❛✉ ❈❛♥❛❞❛ ✭❞✬❛♣rès ❋❛❜r② ✭✶✾✾✻✮✮✳

❯♥ ❛s♣❡❝t r❡♠❛rq✉❛❜❧❡ ❞❡ ❧❛ ✜❣✉r❡ ✹✳✷ ❡st q✉❡✱ ❜✐❡♥ q✉❡ ❧❡s ❛♥❛❧②s❡s ♦♥t été
❡✛❡❝t✉é❡s ❞❛♥s tr♦✐s ré❣✐♦♥s ❞✉ ♠♦♥❞❡ ❞✐✛ér❡♥t❡s✱ ❡❧❧❡s ♠♦♥tr❡♥t ❞❡s ❝♦♠♣♦rt❡✲
♠❡♥ts ❢r❛❝t❛❧s très s✐♠✐❧❛✐r❡s ♥♦t❛♠♠❡♥t ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ♣ér✐♦❞❡s ❛ss♦❝✐é❡s
❛✉① ❝❤❛♥❣❡♠❡♥ts ❞❡ ♣❡♥t❡✳ ❈❡ ❝♦♥st❛t ❡st à ❧❛ ❜❛s❡ ❞❡ ❧✬❛♥❛❧②s❡ ♣rés❡♥té❡ ❞❛♥s ❝❡
❝❤❛♣✐tr❡✳

P❧✉tôt q✉❡ ❞ét❡r♠✐♥❡r ❧❡s é❝❤❡❧❧❡s t②♣✐q✉❡s ♣❛r ❧✬♦❜s❡r✈❛t✐♦♥ ❝♦♠♠❡ ❧✬♦♥ ❢❛✐t
❧❡s ét✉❞❡s ♣ré❝é❞❡♥t❡s✱ ♦♥ ♣❡✉t ❡st✐♠❡r ❧❡s é❝❤❡❧❧❡s t②♣✐q✉❡s ❞❡s ♣r♦❝❡ss✉s ❞❡ ♣❧✉✐❡
♣❛r ❧✬❛♥❛❧②s❡ ❞❡ ❧✬éq✉❛t✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥t✳ ❙✐ ❧✬♦♥ ♥é❣❧✐❣❡ ❧❡s t❡r♠❡s ❞❡ ✈✐s❝♦s✐té✱ ❧❛
♣r♦❥❡❝t✐♦♥ s✉r ❧✬❛①❡ ① ❞❡ ❝❡tt❡ éq✉❛t✐♦♥ s✬é❝r✐t ✿

✶✵✻ ■♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡
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du

dt
= fv − 1

ρ

∂P

∂x
✭✹✳✷✮

♦ù u, v ❡st ❧❡ ✈❡♥t ❤♦r✐③♦♥t❛❧✱ P ❧❛ ♣r❡ss✐♦♥✱ ρ ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡
❡t f ❧❡ ❢❛❝t❡✉r ❞❡ ❈♦r✐♦❧✐s✳

❖♥ ♣❡✉t ❞é✜♥✐r ✉♥ ♥♦♠❜r❡ s❛♥s ❞✐♠❡♥s✐♦♥ RO ♣♦✉r ❡st✐♠❡r ❧❡ r❛♣♣♦rt ❡♥tr❡
❧✬❛❝❝é❧ér❛t✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥t ❡t ❧❛ ❢♦r❝❡ ❞❡ ❈♦r✐♦❧✐s✳ ❈❡ ♥♦♠❜r❡ s✬❛♣♣❡❧❧❡ ❧❡ ♥♦♠❜r❡
❞❡ ❘♦ss❜② ✿

Ro =
du/dt

fv
∼ U

f0L
✭✹✳✸✮

♦ù L ❡st ❧❛ ❞✐♠❡♥s✐♦♥ ❤♦r✐③♦♥t❛❧❡ ❝❛r❛❝tér✐st✐q✉❡ ❡t U ❡st ❧❛ ✈✐t❡ss❡ ❤♦r✐③♦♥t❛❧❡ ❝❛r❛❝✲
tér✐st✐q✉❡ ✭♣♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s ✈♦✐r ❍♦❧t♦♥✱ ✶✾✾✷✮✳ ▲❡ ♥♦♠❜r❡ ❞❡ ❘♦ss❜② ❝❛r❛❝tér✐s❡
❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ r♦t❛t✐♦♥ ❞❡ ❧❛ ❚❡rr❡ s✉r ❧❡ ♠♦✉✈❡♠❡♥t ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s ♠é❝❛✲
♥✐s♠❡s ✭r❡♣rés❡♥tés ♣❛r ❧✬❛❝❝é❧ér❛t✐♦♥ ❤♦r✐③♦♥t❛❧❡✮✳ ❆✉① ❧❛t✐t✉❞❡s ♠é❞✐t❡rr❛♥é❡♥♥❡s✱
❧❡s ✈❛❧❡✉rs t②♣✐q✉❡s ♣♦✉r ❧❛ ✈✐t❡ss❡ ❤♦r✐③♦♥t❛❧❡ ❡t ♣♦✉r ❧❡ ❢❛❝t❡✉r ❞❡ ❈♦r✐♦❧✐s s♦♥t
U ∼✶✵ ♠✴s ❡t f0 ∼ 10−4 s−1✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ♦♥ ♣❡✉t ❡st✐♠❡r ❧❡s é❝❤❡❧❧❡s t❡♠♣♦✲
r❡❧❧❡s ❡t s♣❛t✐❛❧❡s t②♣✐q✉❡s ❞❡s ♣r♦❝❡ss✉s ♠été♦r♦❧♦❣✐q✉❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈❛❧❡✉r
❞✉ ♥♦♠❜r❡ ❞❡ ❘♦ss❜② ✭✈♦✐r ❆t❦✐♥s♦♥✱ ✶✾✽✶❀ ❖r❧❛♥s❦✐ ✱ ✶✾✼✺✮✳ ❯♥❡ ✈❛❧❡✉r ✐♠♣♦rt❛♥t❡
❞✉ ♥♦♠❜r❡ ❞❡ ❘♦ss❜② ✭❞❡ ❧✬♦r❞r❡ ❞❡ 10✮ s✐❣♥✐✜❡ q✉❡ ❧❛ r♦t❛t✐♦♥ ♥✬❛ ♣❛s ❞✬✐♥✢✉❡♥❝❡
s✉r ❧❡ ♠♦✉✈❡♠❡♥t✳ ❈❡tt❡ ✈❛❧❡✉r ❝♦rr❡s♣♦♥❞ à ❞❡s ❞✉ré❡s t②♣✐q✉❡s ❞❡ ✶✺ ♠✐♥✉t❡s ❡t
❞❡s ❞✐♠❡♥s✐♦♥s t②♣✐q✉❡s ❞❡ ✶✵ ❦♠ ❝❡ q✉✐ ❝❛r❛❝tér✐s❡ ❧❡s ❝❡❧❧✉❧❡s ♦r❛❣❡✉s❡s ✐s♦❧é❡s✳
❯♥❡ ❢❛✐❜❧❡ ✈❛❧❡✉r ❞✉ ♥♦♠❜r❡ ❞❡ ❘♦ss❜② ✭∼ 0, 1✮ s✐❣♥✐✜❡ ❛✉ ❝♦♥tr❛✐r❡ q✉❡ ❧❛ r♦t❛t✐♦♥
❥♦✉❡ ✉♥ rô❧❡ très ✐♠♣♦rt❛♥t s✉r ❧❡ ♠♦✉✈❡♠❡♥t ❡t ❝♦rr❡s♣♦♥❞ à ❧✬é❝❤❡❧❧❡ s②♥♦♣t✐q✉❡
✭❞é♣r❡ss✐♦♥s ❞❡s ♠♦②❡♥♥❡s ❧❛t✐t✉❞❡s✮✳ ▲❡s ❞✉ré❡s ❛ss♦❝✐é❡s s♦♥t ❞✬❡♥✈✐r♦♥ ✉♥ ❥♦✉r
❡t ❧❡s ❞✐♠❡♥s✐♦♥s s♣❛t✐❛❧❡s ❞✬❡♥✈✐r♦♥ ✶✵✵✵ ❦♠✳ ❊♥✜♥✱ ❧❡s ✈❛❧❡✉rs ✐♥t❡r♠é❞✐❛✐r❡s ❞✉
♥♦♠❜r❡ ❞❡ ❘♦ss❜② ✭∼ 1✮ s♦♥t ❛ss♦❝✐é❡s à ❧❛ ♠és♦✲é❝❤❡❧❧❡ ✭❝♦♥✈❡❝t✐♦♥ ♦r❣❛♥✐sé❡✱ ③♦♥❡
❢r♦♥t❛❧❡✮✳ ▲❡s ❞✉ré❡s ❡t ❞✐♠❡♥s✐♦♥s t②♣✐q✉❡s ❝♦rr❡s♣♦♥❞❛♥t❡s ✈❛❧❡♥t ✸ ❤ ❡t ✶✵✵ ❦♠
r❡s♣❡❝t✐✈❡♠❡♥t✳ P✉✐sq✉❡ ♣♦✉r ❧❡s é❝❤❡❧❧❡s ❝✐té❡s ❧❡s ❢♦r❝❡s ❡♥ ❥❡✉① ✭❈♦r✐♦❧✐s✱ ♣r❡ss✐♦♥✱
❣r❛✈✐té✱✳✳✳✮ ❡t ❧❡s ♣r♦❝❡ss✉s ❞②♥❛♠✐q✉❡s ❛ss♦❝✐és ♥❡ s♦♥t ♣❛s ❧❡s ♠ê♠❡s✱ ♦♥ ♣❡✉t
s✉♣♣♦s❡r q✉❡ ❧❡s str✉❝t✉r❡s ❞❡ ♣❧✉✐❡ ❛ss♦❝✐é❡s ♣rés❡♥t❡♥t ❞❡s ♣r♦♣r✐étés st❛t✐st✐q✉❡s
❞✐✛ér❡♥t❡s ✭❡♥ t❡r♠❡ ❞✬❡①trê♠❡s✱ ❞❡ ♠♦②❡♥♥❡s ❡t ❞❡ ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡s✮✳ ❙✐ ♦♥ ❢❛✐t
♠❛✐♥t❡♥❛♥t ❧✬❤②♣♦t❤ès❡ q✉✬✉♥❡ ♣❡♥t❡ ❝♦♥st❛♥t❡ ✭❝✬❡st✲à✲❞✐r❡ ✉♥ ré❣✐♠❡ ❢r❛❝t❛❧✮ ❝❛✲
r❛❝tér✐s❡ ✉♥ ✉♥✐q✉❡ ♣r♦❝❡ss✉s ❞②♥❛♠✐q✉❡✱ ❞❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ ♣❡♥t❡ s♦♥t ❛tt❡♥❞✉s
❞❛♥s ❧❡ s♣❡❝tr❡✱ ❝❤❛q✉❡ ✧❝❛ss✉r❡✧ ✭❝✬❡st✲à✲❞✐r❡ ❝❤❛q✉❡ ③♦♥❡ ♦ù ❧❛ ♣❡♥t❡ ♣❛ss❡ ❞✬✉♥
ré❣✐♠❡ à ❧✬❛✉tr❡✮ ❞♦♥♥❛♥t ❣r♦ss✐èr❡♠❡♥t ❧❡s é❝❤❡❧❧❡s t②♣✐q✉❡s ❞❡s ♣r♦❝❡ss✉s ❞❡ ♣❧✉✐❡✳
❊♥ ❝♦♥séq✉❡♥❝❡✱ ✐❧ ❛♣♣❛r❛ît ❞♦♥❝ ♣♦ss✐❜❧❡ ❞❡ ❝♦♥♥❡❝t❡r ❧❡s ❣❛♠♠❡s ❞✬✐♥✈❛r✐❛♥❝❡
❞✬é❝❤❡❧❧❡ ❡♥ t❡♠♣s ❡t ❡♥ ❡s♣❛❝❡ ❛✉① ♣r♦❝❡ss✉s ♠été♦r♦❧♦❣✐q✉❡s✳

❯♥❡ ❞❡r♥✐èr❡ ❥✉st✐✜❝❛t✐♦♥ ♣❡r♠❡tt❛♥t ❞❡ r❡❧✐❡r ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡s ❡t ♣r♦❝❡ss✉s
♠été♦r♦❧♦❣✐q✉❡s ❞é❝♦✉❧❡ ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s éq✉❛t✐♦♥s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s q✉✐ ré❣✐ss❡♥t
❧✬é❝♦✉❧❡♠❡♥t ❛t♠♦s♣❤ér✐q✉❡✳ ❊♥ ❡✛❡t✱ ✉♥❡ ♣r♦♣r✐été r❡♠❛rq✉❛❜❧❡ ❞❡s éq✉❛t✐♦♥s ❞❡
◆❛✈✐❡r✲❙t♦❦❡s ❡st q✉✬❡❧❧❡s ♣rés❡♥t❡♥t é❣❛❧❡♠❡♥t ✉♥❡ s②♠étr✐❡ ❞✬é❝❤❡❧❧❡ ♣❛r ❝♦♥tr❛❝✲
t✐♦♥ ♦✉ ❞✐❧❛t❛t✐♦♥✳ ◆♦t❛♠♠❡♥t✱ s✐ ♦♥ ❝♦♥tr❛❝t❡ ♦✉ ♦♥ ❞✐❧❛t❡ ❧✬❡s♣❛❝❡ ♣❛r ✉♥ ❢❛❝t❡✉r
λ ❛❧♦rs ❧❡s ❛✉tr❡s ❣r❛♥❞❡✉rs s♦♥t ❝♦♥tr❛❝té❡s ♦✉ ❞✐❧❛té❡s ♣❛r ✉♥ ❢❛❝t❡✉r ❞é♣❡♥❞❛♥t
❞❡ λ✳ P♦✉r ❧❡ t❡♠♣s t ♦♥ é❝r✐t ✿

t = λ1−Htt

■♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ✶✵✼
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♦ù Ht ❡st ❧❡ ❝♦❡✣❝✐❡♥t ❞✬❛♥✐s♦tr♦♣✐❡ ❡s♣❛❝❡✲t❡♠♣s ❞♦♥t ♦♥ r❡♣❛r❧❡r❛ ♣❧✉s t❛r❞ ❡t
♣♦✉r ❧❛ ✈✐t❡ss❡ ♦♥ é❝r✐t ✿

~v = λH~v

♦ù H ❡st ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❍✉rst✳ ❆✐♥s✐✱ ❧❡s r❡❧❛t✐♦♥s ❞✬é❝❤❡❧❧❡s s♦♥t ✐♠♣❧✐q✉é❡s ❞✐r❡❝✲
t❡♠❡♥t ♣❛r ❧❡s éq✉❛t✐♦♥s ❞❡ ❧❛ ❞②♥❛♠✐q✉❡✱ ❡t ❧❡s ♣r♦❝❡ss✉s ♠été♦r♦❧♦❣✐q✉❡s✱ ❞♦♥t
❧❡ ❝♦♠♣♦rt❡♠❡♥t ❡st ré❣✐ ♣❛r ❝❡s éq✉❛t✐♦♥s✱ ♣rés❡♥t❡♥t ❞♦♥❝ très ♣r♦❜❛❜❧❡♠❡♥t ❞❡s
♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡s✳

✹✳✷ ❆♥❛❧②s❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡

❈♦♠♠❡ ❡①♣❧✐q✉é ♣ré❝é❞❡♠♠❡♥t✱ ❧❛ ♣r❡♠✐èr❡ ♣❛rt✐❡ ❞❡ ❝❡ tr❛✈❛✐❧ ♣♦rt❡ s✉r ❧✬❛♥❛✲
❧②s❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡✳ ▲❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡
♣✉✐ss❛♥❝❡ ❞❡ ❧❛ ♣❧✉✐❡ ❛ été ❝❛❧❝✉❧é❡ ❡t ❝♦♠♣❛ré❡ ❛✈❡❝ ❞❡ ♣ré❝é❞❡♥t❡s ét✉❞❡s✳ ❊♥s✉✐t❡✱
❧❡s ré❣✐♠❡s ❞✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ✐❞❡♥t✐✜és ♦♥t été ✐♥t❡r♣rétés ❡♥ t❡r♠❡ ❞❡ ♣r♦❝❡ss✉s
♠été♦r♦❧♦❣✐q✉❡✳ ❉❛♥s ❧❛ s✉✐t❡ ❞❡ ❧✬❛♥❛❧②s❡✱ ❧❡s ❡①♣♦s❛♥ts β s♦♥t ❝❛❧❝✉❧és ♣❛r ré❣r❡s✲
s✐♦♥s ❧✐♥é❛✐r❡s ❞❡s s♣❡❝tr❡s ❞❛♥s ❞❡s ré❢ér❡♥t✐❡❧s ❧♦❣❛r✐t❤♠✐q✉❡s ✭à ❧❛ ❢♦✐s ♣♦✉r ❧❛
❢réq✉❡♥❝❡ ❡t ♣♦✉r ❧❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡✮✳ ◆♦✉s ✉t✐❧✐s♦♥s à ❞❡ ♥♦♠❜r❡✉s❡s
r❡♣r✐s❡s ❞❛♥s ❧❡s ♣❛rt✐❡s s✉✐✈❛♥t❡s ❧❡ t❡r♠❡ ❝❛ss✉r❡ ❝❛r ❝✬❡st ❝❡ t❡r♠❡ q✉✐ ❡st ✉t✐✲
❧✐sé ❞❛♥s ❧❛ ❝♦♠♠✉♥❛✉té ❞❡s ❢r❛❝t❛❧❡s ♣♦✉r ♣❛r❧❡r ❞❡ ❝❤❛♥❣❡♠❡♥t ❞❡ ♣❡♥t❡ ✭s❝❛❧✐♥❣
❜r❡❛❦✮✳ ❈❡ t❡r♠❡ ♥❡ ❞♦✐t ♣❛s êtr❡ ❝♦♠♣r✐s ❛✉ s❡♥s ❧✐ttér❛❧ ♠❛✐s s❡rt ♣❧✉tôt à ❞és✐❣♥❡r
❧❛ ③♦♥❡ ❞❡ ❝❤❛♥❣❡♠❡♥t ❞❡ ♣❡♥t❡ q✉✐ ❡st é✈✐❞❡♠♠❡♥t ❝♦♥t✐♥✉❡✳

✹✳✷✳✶ ❆♥❛❧②s❡ t❡♠♣♦r❡❧❧❡

▲❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ t❡♠♣♦r❡❧❧❡ ❡st ♦❜t❡♥✉❡ ❡♥ ♠♦②❡♥♥❛♥t ❝❤❛q✉❡
❝❛rt❡ r❛❞❛r ✭rés♦❧✉t✐♦♥ ✶ ① ✶ ❦♠✮ s✉r ✉♥❡ ❣r✐❧❧❡ à ❧❛ rés♦❧✉t✐♦♥ 5 km2 ♣♦✉r ❞❡s
r❛✐s♦♥s ❞❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧✳ P✉✐s✱ ♣♦✉r ❝❤❛q✉❡ ♣✐①❡❧ ❞❡ ❧❛ ❣r✐❧❧❡✱ ❧❛ tr❛♥s❢♦r♠é❡ ❞❡
❋♦✉r✐❡r ❡st ❝❛❧❝✉❧é❡✳ ❊♥✜♥✱ ❧❛ ♠♦②❡♥♥❡ ❞❡ t♦✉s ❧❡s s♣❡❝tr❡s ❡st ❝❛❧❝✉❧é❡✳ ■❧ ❢❛✉t ♥♦t❡r
q✉❡ ❧✬❛❣❣ré❣❛t✐♦♥ s♣❛t✐❛❧❡ ❛✉❣♠❡♥t❡ ❧❛ ❝♦rré❧❛t✐♦♥ ✭♦r❣❛♥✐s❛t✐♦♥✮ ❛✉ s❡✐♥ ❞✉ ❝❤❛♠♣
❝♦♠♠❡ ❧✬❛ ♠♦♥tré ❖❧ss♦♥ ❡t ❛❧✳ ✭✶✾✾✾✮ ❡t✱ ❡♥ ❝♦♥séq✉❡♥❝❡✱ ❛✉❣♠❡♥t❡ ❧❛ ♣❡♥t❡ ❞✉
s♣❡❝tr❡✳ ◆é❛♥♠♦✐♥s✱ ❞❛♥s ❧❡ ❝❛s ♣rés❡♥t ❧✬✐♠♣❛❝t s✉r ❧❛ ♣❡♥t❡ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❢❛✐❜❧❡✳
❊♥ ❡✛❡t✱ ❖❧ss♦♥ ❡t ❛❧✳ ✭✶✾✾✾✮ ❛ ♠♦♥tré q✉✬✉♥❡ ❛❣❣ré❣❛t✐♦♥ s✉r ✺✵✵ km2 ❞✬✉♥ ❝❤❛♠♣
❞❡ ♣❧✉✐❡ ✐♥✐t✐❛❧❡♠❡♥t à ❧❛ rés♦❧✉t✐♦♥ ❞❡ ✺✵ km2 ❛✉❣♠❡♥t❡ ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ ❞❡ ✸✵
✪✳

▲❡ s♣❡❝tr❡ t❡♠♣♦r❡❧ ❞❡ ❧❛ ♣❧✉✐❡ ❝❛❧❝✉❧é ❡♥tr❡ ✷✵✵✾ ❡t ✷✵✶✶ ❡st ♣rés❡♥té ❡♥ ✜❣✉r❡
✹✳✸✳ ▲❡ s♣❡❝tr❡ ♣♦ssè❞❡ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❛✉t♦s✐♠✐❧❛✐r❡s ♣❛r ♣❛rt✐❡ ❡♥tr❡ ✺ ♠✐♥✉t❡s
❡t ✶✵ ❥♦✉rs✳ ■❧ ♣rés❡♥t❡ ✺ ❞♦♠❛✐♥❡s ❞✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡s ❞✐st✐♥❝ts ✿ ❡♥tr❡ ✷✵ ♠✐♥✉t❡s
❡t ✹✺ ♠✐♥✉t❡s ✭❡①♣♦s❛♥t 1, 31✮✱ ❡♥tr❡ ✹✺ ♠✐♥✉t❡s ❡t ✸ ❤❡✉r❡s ✭1, 02✮✱ ❡♥tr❡ ✸ ❤❡✉r❡s
❡t ✶ ❥♦✉r ✭0, 79✮ ❡t ❡♥tr❡ ✶ ❥♦✉r ❡t ✶✵ ❥♦✉rs ✭0, 46✮✳ ❆✉✲❞❡❧à ❞❡ ✶✵ ❥♦✉rs✱ ❧❡ s♣❡❝tr❡
♣rés❡♥t❡ ✉♥ ♣❧❛t❡❛✉ s♣❡❝tr❛❧ ✭❡①♣♦s❛♥t 0, 09✮✳ ❈❡❧❛ s✐❣♥✐✜❡ q✉❡ ♣♦✉r ❞❡s ♣ér✐♦❞❡s
♣❧✉s ❧♦♥❣✉❡s q✉❡ ✶✵ ❥♦✉rs✱ ❧❛ ✈❛r✐❛♥❝❡ ♠♦②❡♥♥❡ ❡♥tr❡ ❞❡✉① ♣♦✐♥ts ♥✬❛✉❣♠❡♥t❡ ♣❧✉s✱
❝✬❡st✲à✲❞✐r❡ q✉✬✐❧ ♥✬② ❛ ♣❧✉s ❞❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡s é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡✳ ▲❛ ❝♦♠♣❛✲
r❛✐s♦♥ ❞❡s ❡①♣♦s❛♥ts s♣❡❝tr❛✉① ❝❛❧❝✉❧és ❛✈❡❝ ❝❡✉① ❞❡ ❧❛ ❧✐ttér❛t✉r❡ ♠♦♥tr❡ q✉❡ ❧❡s
rés✉❧t❛ts s♦♥t ❝♦♥❝♦r❞❛♥ts ✭❡✳❣✳ ❋❛❜r② ✱ ✶✾✾✻❀ ❋r❛❡❞r✐❝❤ ❡t ▲❛r♥❞❡r ✱ ✶✾✾✸❀ ❖❧ss♦♥✱
✶✾✾✺❀ ❱❡rr✐❡r ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❉❡ ♣❧✉s✱ ❧❡s ❞✐✛ér❡♥ts ré❣✐♠❡s ❞✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡s

✶✵✽ ❆♥❛❧②s❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡



Pr♦♣r✐étés ❞✬é❝❤❡❧❧❡

✷✵ ♠✐♥ ✹✺ ♠✐♥ ✸ ❤ ✶ ❞❛② ✶✵ ❞❛②s ✸✻✺ ❞❛②s

P
✭ω

✮

P❡r✐♦❞

❋✐❣✉r❡ ✹✳✸ ✿ ❉❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ✭mm2/h2✮ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
♣ér✐♦❞❡ t❡♠♣♦r❡❧❧❡ ❞❛♥s ✉♥ r❡♣èr❡ ❧♦❣✲❧♦❣

✐❞❡♥t✐✜és s♦♥t ❡♥ ❜♦♥ ❛❝❝♦r❞ ✭❡①❝❡♣té ♣♦✉r ❧❡ ré❣✐♠❡ ✷✵ à ✹✺ ♠✐♥✉t❡s q✉✐ ♥✬❡st ♣❛s
t♦✉❥♦✉rs ♠❡♥t✐♦♥♥é✮✳

P♦✉r ❧❡s é❝❤❡❧❧❡s ✐♥❢ér✐❡✉r❡s à ✶✺ ♠✐♥✉t❡s ♦♥ ♣❡✉t r❡♠❛rq✉❡r ✉♥ ❛♣❧❛t✐ss❡♠❡♥t ❞✉
s♣❡❝tr❡✳ ❈❡ ❝♦♠♣♦rt❡♠❡♥t ❡st ♣r♦❜❛❜❧❡♠❡♥t ❧✐é à ❧❛ ♣ré❝✐s✐♦♥ ✐♥str✉♠❡♥t❛❧❡ ❝♦♠♠❡
❧✬♦♥t ♠♦♥tré ❋❛❜r② ✭✶✾✾✻✮ ❡t ❞❡ ▼♦♥t❡r❛ ❡t ❛❧✳ ✭✷✵✵✾✮✳

▲❡ ♣✐❝ ❞❡ ✶✺ ♠✐♥✉t❡s ❡st q✉❛♥t à ❧✉✐ ❝❛✉sé ♣❛r ❧❡ ♠♦❞❡ ♦♣ér❛t♦✐r❡ ❞✉ r❛❞❛r✳ ❊♥
❡✛❡t✱ ❧❡ ❝②❝❧❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❡st ❝♦♠♣♦sé ❞❡ ✸ s♦✉s✲❝②❝❧❡s ❞❡ ✺ ♠✐♥✉t❡s✳ ▲♦rs ❞❡
♣❤❛s❡s ❞❡ t❡st✱ ❝♦♠♠❡ ❡①♣❧✐q✉é ❞❛♥s ❧❛ ♣❛rt✐❡ ✷✳✺✱ ❧❛ tr♦✐s✐è♠❡ ♣❛rt✐❡ ❞✉ ❝②❝❧❡ ❛
été ✉t✐❧✐sé❡ ❛✈❡❝ ❞✐✛ér❡♥ts ♠♦❞❡s ♦♣ér❛t♦✐r❡s q✉✐ ♠♦❞✐✜❡♥t ❧é❣èr❡♠❡♥t ❧✬❡st✐♠❛t✐♦♥
❞✉ t❛✉① ❞❡ ♣❧✉✐❡ ✭❝❤❛♥❣❡♠❡♥t ❞❡ ❧❛ P❘❋✮✳ ■❧ ❢❛✉t ♥♦t❡r q✉❡ ❝❡❧❛ ♥❡ ♠♦❞✐✜❡ ♣❛s ❧❡s
♣r♦♣r✐étés ❢r❛❝t❛❧❡s ♣♦✉r ❧❡s ❛✉tr❡s ❢réq✉❡♥❝❡s✳

▲❡s ♣r♦❝❡ss✉s ♠été♦r♦❧♦❣✐q✉❡s ❛ss♦❝✐és à ❧❛ ♣❧✉✐❡ ❞❛♥s ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡
❝❤❛♥❣❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡s s❛✐s♦♥s✳ ❆✜♥ ❞✬✐❞❡♥t✐✜❡r ❧✬❡✛❡t ❞❡ ❝❡s ♣r♦❝❡ss✉s s✉r ❧❡
s♣❡❝tr❡ ❞❡ ♣❧✉✐❡ ♥♦✉s ❛✈♦♥s ❝❛❧❝✉❧é ❧❡s s♣❡❝tr❡s t❡♠♣♦r❡❧s ♣❛r ♠♦✐s✳

▲❛ ✜❣✉r❡ ✹✳✹ ♠♦♥tr❡ q✉❡ ❧❡s s♣❡❝tr❡s ♠❡♥s✉❡❧s ♣❡✉✈❡♥t êtr❡ sé♣❛rés ❛♣♣r♦①✐♠❛t✐✲
✈❡♠❡♥t ❡♥ tr♦✐s ❝❧❛ss❡s ✿ ❧❡s ♠♦✐s ❞✬❤✐✈❡r ✭❥❛♥✈✐❡r à ♠❛rs✮✱ ❧❡s ♠♦✐s ❞✬été ✭❥✉✐♥ à ❛♦ût✮
❡t ❧❡s ♠♦✐s ❞✬❛✉t♦♠♥❡ ✭❞✬♦❝t♦❜r❡ à ❞é❝❡♠❜r❡✮✳ ▲❡s ♠♦✐s ♣r✐♥t❛♥✐❡rs ♦♥t ✉♥ ❝♦♠♣♦r✲
t❡♠❡♥t ✐♥t❡r♠é❞✐❛✐r❡✳ ❙✉r ❝❡tt❡ ✜❣✉r❡ ✐❧ ❡st ❞✐✣❝✐❧❡ ❞✬✐❞❡♥t✐✜❡r ❧❡s ❝❤❛♥❣❡♠❡♥ts ❞❡
♣❡♥t❡✱ ❝✬❡st ♣♦✉r ❝❡❧❛ q✉✬♦♥ ❛ r❡♣rés❡♥té ❡♥ ❛♥♥❡①❡ ❧❡ ♠♦✐s ❞❡ ❥✉✐♥ s❡✉❧ ❡♥ s♦✉❧✐❣♥❛♥t
❧❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ ♣❡♥t❡ ✭❆♥♥❡①❡ ❆✳✺✳✱ ✜❣✉r❡ ✶✼✮✳ ❊♥tr❡ ✷✵ ❡t ✹✺ ♠✐♥✉t❡s ❝❤❛q✉❡
s♣❡❝tr❡ ❛ ❧❡ ♠ê♠❡ ré❣✐♠❡ ❢r❛❝t❛❧ ❛✈❡❝ ✉♥❡ ♣❡♥t❡ ❞✬❡♥✈✐r♦♥ ✶✱✹✾ ± ✵✱✵✺ à ❧✬❡①❝❡♣t✐♦♥
❞❡s ♠♦✐s ❞✬❛✉t♦♠♥❡ q✉✐ ♦♥t ✉♥❡ ♣❡♥t❡ ♣❧✉s ❢❛✐❜❧❡ ✭✶✱✶✶ ± ✵✱✶✸✮✳ P♦✉r ❧❡s ♠♦✐s ❞✬été
♦♥ ♦❜s❡r✈❡ ✉♥❡ ❝❛ss✉r❡ à ✹✺ ♠✐♥✉t❡s ❡t ✉♥ s❡❝♦♥❞ ré❣✐♠❡ ❢r❛❝t❛❧ q✉✐ s✬ét❡♥❞ ❡♥tr❡ ✹✺
♠✐♥✉t❡s ❡t ✸ ❤❡✉r❡s ✭♣❡♥t❡ ✶✱✵✶ ± ✵✱✵✷✮✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ❛✉tr❡s ♠♦✐s✱ ❛✉❝✉♥❡
❝❛ss✉r❡ ♥✬❡st ♦❜s❡r✈❛❜❧❡✳ ❚♦✉t❡❢♦✐s✱ ❧❡s ♣❡♥t❡s s♦♥t ❧é❣èr❡♠❡♥t ♣❧✉s ❢❛✐❜❧❡s q✉❡ ♣♦✉r
❧❡ ré❣✐♠❡ ✷✵✲✹✺ ♠✐♥✉t❡s ✭✶✱✸✺ ± ✵✱✵✾ ♣♦✉r ❧✬❤✐✈❡r ❡t ✶✱✵✻ ± ✵✱✶✶ ♣♦✉r ❧✬❛✉t♦♠♥❡✮✳
❉❡✉① ❛✉tr❡s ❝❛ss✉r❡s à ✸ ❤❡✉r❡s ❡t à ✶ ❥♦✉r s♦♥t ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ♣♦✉r ❝❤❛❝✉♥ ❞❡s
s♣❡❝tr❡s ✭❜✐❡♥ q✉✬❡❧❧❡s ♥❡ s♦✐❡♥t ♣❛s t♦✉t❡s ❢♦r❝é♠❡♥t s✐❣♥✐✜❝❛t✐✈❡s ✭♣❛r ❡①❡♠♣❧❡ ❧❛

❆♥❛❧②s❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ✶✵✾
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20 min 45 min 3 h 1 day 10 days

P
(ω

)

Period

Summer

January

February

March

April

May

June

July

August

September

October

November

December

Winter

Fall

❋✐❣✉r❡ ✹✳✹ ✿ ❉❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ♣❛r ♠♦✐s ✭mm2/h2✮ ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ♣ér✐♦❞❡ t❡♠♣♦r❡❧❧❡ ❞❛♥s ✉♥ r❡♣èr❡ ❧♦❣✲❧♦❣✳ ▲❡s s♣❡❝tr❡s ❞❡ ❝❤❛q✉❡
♠♦✐s ♦♥t été ❛r❜✐tr❛✐r❡♠❡♥t ❞é❝❛❧és s✉✐✈❛♥t ❧✬❛①❡ ② ❞❡ ♠❛♥✐èr❡ à ❛♠é❧✐♦r❡r
❧❛ ❧✐s✐❜✐❧✐té ❞❡ ❧❛ ✜❣✉r❡

❝❛ss✉r❡ ✹✺ ♠✐♥✲✸❤✴✸❤✲✶❥ ♥✬❡st ♣❛s s✐❣♥✐✜❝❛t✐✈❡ ❡♥ ❤✐✈❡r ♠❛✐s ❡♥ ❛♥❛❧②s❛♥t ♠♦✐s ♣❛r
♠♦✐s ♦♥ s❡ r❡♥❞ ❝♦♠♣t❡ q✉✬❡❧❧❡ ❛♣♣❛r❛ît ❡♥ ❢❛✐t ❜✐❡♥ ❡♥ ❢é✈r✐❡r ❡t ♠❛rs ♠❛✐s ♣❛s
❡♥ ❥❛♥✈✐❡r✮✮ ✭♣❡♥t❡s ❝♦rr❡s♣♦♥❞❛♥t❡s ♣♦✉r ❧✬été ✿ ✵✱✼ ± ✵✱✵✼✱ ♣♦✉r ❧✬❤✐✈❡r ✿ ✶✱✶✾ ±
✵✱✷✸ ❡t ♣♦✉r ❧✬❛✉t♦♠♥❡ ✿ ✵✱✾✼ ± ✵✱✶✽✮✳ ❆✉✲❞❡❧à ❞✬✉♥❡ ❥♦✉r♥é❡✱ ❧❡ s♣❡❝tr❡ r❡st❡ ❢r❛❝t❛❧
❥✉sq✉✬à ❞✐① ❥♦✉rs ♣❡♥❞❛♥t ❧✬❤✐✈❡r ❡t ❧✬❛✉t♦♠♥❡ ✭♣❡♥t❡ ❞❡ ✵✱✻✼ ± ✵✱✸✮ ❛❧♦rs q✉✬❡♥ été
❧❛ ♣❡♥t❡ ❡st ♣r♦❝❤❡ ❞❡ ✵ ✭✵✱✶✷ ± ✵✱✵✻✮✳ ❆✉✲❞❡❧à ❞❡ ✶✵ ❥♦✉rs ❧❛ ♣❧✉♣❛rt ❞❡s s♣❡❝tr❡s
♠♦♥tr❡♥t ❧❡ ♣❧❛t❡❛✉ s♣❡❝tr❛❧✳ ❈❡s rés✉❧t❛ts s♦♥t rés✉♠és ❞❛♥s ❧❛ t❛❜❧❡ ✹✳✶✳

P♦✉r ✐♥t❡r♣rét❡r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❛✉t♦s✐♠✐❧❛✐r❡s ❞é❝r✐ts ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡
♣ré❝é❞❡♥t✱ ✐❧ ❢❛✉t t♦✉t ❞✬❛❜♦r❞ s❡ r❛♣♣❡❧❡r q✉❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✹✳✶✳✷ ♦♥ ❛ ♠♦♥tré q✉❡
❧❡s é❝❤❡❧❧❡s ♦❜s❡r✈é❡s ❞❛♥s ❝❡tt❡ ❛♥❛❧②s❡ ❝♦rr❡s♣♦♥❞❡♥t ❛✉① é❝❤❡❧❧❡s ❝♦♥✈❡❝t✐✈❡s ✭❡♥
♣❛rt✐❡✮✱ ♠és♦✲é❝❤❡❧❧❡s ❡t é❝❤❡❧❧❡s s②♥♦♣t✐q✉❡s✳ ❆✐♥s✐ ♦♥ r❡♠❛rq✉❡ ✉♥❡ ❝❛r❛❝tér✐st✐q✉❡
✐♥tér❡ss❛♥t❡ q✉✐ ❡st q✉✬❡♥tr❡ ✷✵ ❡t ✹✺ ♠✐♥✉t❡s ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ ❡st ✐♥❞é♣❡♥❞❛♥t❡
❞✉ ♠♦✐s s❛✉❢ ❡♥ ❛✉t♦♠♥❡✳ P❛r ❛✐❧❧❡✉rs✱ ❧❡s ✈❛❧❡✉rs ♦❜t❡♥✉❡s s♦♥t ♣r♦❝❤❡s ❞❡ ❧❛ ✈❛❧❡✉r
t❤é♦r✐q✉❡ ❞❡ ✺✴✸✱ ♠ê♠❡ s✐ ❡❧❧❡s s♦♥t ❡♥ ❣é♥ér❛❧ ✉♥ ♣❡✉ ♣❧✉s ❢❛✐❜❧❡s✳ ▲❛ ♣❡♥t❡ ❡st ✉♥
♣❡✉ ✐♥❢ér✐❡✉r❡ à ✺✴✸ ♣r♦❜❛❜❧❡♠❡♥t ❡♥ r❛✐s♦♥ ❞❡s ♥♦♠❜r❡✉① ③ér♦s ❞❛♥s ❧❛ sér✐❡ t❡♠✲
♣♦r❡❧❧❡ ❡t ❞❡s ❞é♣❧❛❝❡♠❡♥ts ❞❡ ♣❧✉✐❡ r❛♣✐❞❡s ✭❞❡✉① ♣♦✐♥ts s✉❝❝❡ss✐❢s ❞❛♥s ❧❡ t❡♠♣s à
✉♥❡ ♠ê♠❡ ♣♦s✐t✐♦♥ ♥❡ ❝♦rr❡s♣♦♥❞❡♥t ♣❛s ❡①❛❝t❡♠❡♥t à ❧❛ ♠ê♠❡ ❝❡❧❧✉❧❡ ❞❡ ♣❧✉✐❡ ❞❛♥s
❧❡ ❝❛s ❞✬✉♥ ❞é♣❧❛❝❡♠❡♥t ✐♠♣♦rt❛♥t✱ ❝❡ q✉✐ ❝ré❡ ✉♥❡ ❞é❝♦rré❧❛t✐♦♥✮✳ ❈❡ ré❣✐♠❡ ❢r❛❝t❛❧

✶✶✵ ❆♥❛❧②s❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡
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❙❛✐s♦♥ ✷✵✲✹✺ ♠✐♥ ✹✺ ♠✐♥✲✸ ❤ ✸ ❤✲✶ ❥♦✉r ✶ ❥♦✉r✲✶✵ ❥♦✉rs
❍✐✈❡r ✶✱✹✾ ± ✵✱✵✺ ✶✱✸✺ ± ✵✱✵✾ ✶✱✶✾ ± ✵✱✷✸ ✵✱✻✼ ± ✵✱✸
❊té ✶✱✹✾ ± ✵✱✵✺ ✶✱✵✶ ± ✵✱✵✷ ✵✱✼ ± ✵✱✵✼ ✵✱✶✷ ± ✵✱✵✻
❆✉t♦♠♥❡ ✶✱✶✶ ± ✵✱✶✸ ✶✱✵✻ ± ✵✱✶✶ ✵✱✾✼ ± ✵✱✶✽ ✵✱✻✼ ± ✵✱✸

❚❛❜❧❡ ✹✳✶ ✿ P❡♥t❡ s♣❡❝tr❛❧❡ t❡♠♣♦r❡❧❧❡ ♣♦✉r ❧✬❤✐✈❡r✱ ❧✬été ❡t ❧✬❛✉t♦♠♥❡ ♣❛r
❣❛♠♠❡ ❞✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡

✭✷✵✲✹✺ ♠✐♥✉t❡s✮ ♣❡✉t êtr❡ ❛ss♦❝✐é à ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ t❡♠♣s ♠✐♥✐♠✉♠ ❝♦rr❡s♣♦♥❞❛♥t à
✉♥ ✉♥✐q✉❡ é✈é♥❡♠❡♥t ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❝♦♥t✐♥✉❡s✳ ❆ ❧✬❡①❝❡♣t✐♦♥ ❞❡s ♠♦✐s ❞✬été ❝❡
ré❣✐♠❡ ❢r❛❝t❛❧ s✬ét❡♥❞ ❥✉sq✉✬à ✸ ❤❡✉r❡s✱ ♠❛❧❣ré ✉♥❡ ♣❡♥t❡ ❧é❣èr❡♠❡♥t ✐♥❢ér✐❡✉r❡ ♣♦✉r
❧❡s ♣ér✐♦❞❡s s✉♣ér✐❡✉r❡s à ✹✺ ♠✐♥✉t❡s✳ ❯♥❡ ❡①♣❧✐❝❛t✐♦♥ ♣♦✉rr❛✐t êtr❡ q✉❡✱ ❞✉r❛♥t ❧❡s
♠♦✐s ❞✬❤✐✈❡r✱ ♣r✐♥t❡♠♣s ❡t ❛✉t♦♠♥❡✱ ❧❛ ❞✉ré❡ t②♣✐q✉❡ ❞❡s é✈é♥❡♠❡♥ts ♣❧✉✈✐❡✉① ❡st
❝♦♠♣r✐s❡ ❡♥tr❡ q✉❡❧q✉❡s ♠✐♥✉t❡s ❡t tr♦✐s ❤❡✉r❡s✳ ■❧ ❡st ✐♥tér❡ss❛♥t ❞❡ s❡ r❛♣♣❡❧❡r q✉❡
✸ ❤❡✉r❡s ❡st ❧❛ ❞✉ré❡ t②♣✐q✉❡ ❞❡s é✈é♥❡♠❡♥ts ❞❡ ♠és♦✲é❝❤❡❧❧❡s ✭❝♦♥✈❡❝t✐♦♥ ♦r❣❛♥✐sé❡✱
❢r♦♥t✱ ✳✳✳✮ ❝♦♠♠❡ ❧✬❛ ♠♦♥tré ❧✬❛♥❛❧②s❡ ❞❡s éq✉❛t✐♦♥s ❞✉ ♠♦✉✈❡♠❡♥t ✭s❡❝t✐♦♥ ✹✳✶✳✷✮✳
▲❛ ♣❡♥t❡ ❡st ❧é❣èr❡♠❡♥t ♣❧✉s ❢❛✐❜❧❡ q✉❛♥❞ ❧❡s ♣ér✐♦❞❡s s♦♥t s✉♣ér✐❡✉r❡s à ✹✺ ♠✐♥✉t❡s
♣r♦❜❛❜❧❡♠❡♥t ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❞✉ré❡ ✈❛r✐❛❜❧❡ ❞❡s é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡✳ ❊♥ ❡✛❡t✱ ❛❧♦rs
q✉❡ ❧❛ ♣ér✐♦❞❡ t❡♠♣♦r❡❧❧❡ ❝♦♥s✐❞éré❡ ❞❡✈✐❡♥t ♣❧✉s ❣r❛♥❞❡✱ ✉♥ ♣❧✉s ❣r❛♥❞ ♥♦♠❜r❡ ❞❡
③ér♦s s♦♥t ✐♥té❣rés ❞❛♥s ❧❛ sér✐❡ t❡♠♣♦r❡❧❧❡ ❝❡ q✉✐ ✐♠♣❛❝t❡ ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬été✱ ♦♥ ❛ ♠♦♥tré q✉✬✉♥❡ ❝❛ss✉r❡ ❛♣♣❛r❛ît ❛✉t♦✉r ❞❡ ✹✺ ♠✐✲
♥✉t❡s✳ ❉❛♥s ❧❛ s❡❝t✐♦♥ ✹✳✶✳✷✱ ♥♦✉s ❛✈♦♥s ❝♦♥st❛té q✉❡ ✹✺ ♠✐♥✉t❡s ❡st ❧❡ t❡♠♣s t②♣✐q✉❡
❛ss♦❝✐é à ❧✬é❝❤❡❧❧❡ ❝♦♥✈❡❝t✐✈❡ ❡t ♥♦✉s s❛✈♦♥s q✉✬❡♥ été ❧❛ ♣❧✉♣❛rt ❞❡s é✈é♥❡♠❡♥ts ❞❡
♣❧✉✐❡ s♦♥t ❝♦♥✈❡❝t✐❢s ✭✈♦✐r ❝❤❛♣✐tr❡ ✸✮✳ ❆✐♥s✐✱ ❡♥✲❞❡ss♦✉s ❞❡ ✹✺ ♠✐♥✉t❡s✱ ❧❡ ré❣✐♠❡
❢r❛❝t❛❧ ♣♦✉rr❛✐t êtr❡ ❛ss♦❝✐é à ✉♥ ✉♥✐q✉❡ é✈é♥❡♠❡♥t ❞❡ ♣❧✉✐❡ ❛✉ s❡✐♥ ❞✬✉♥❡ ❝❡❧❧✉❧❡
❝♦♥✈❡❝t✐✈❡✳ ▲❛ ❝❛ss✉r❡ à ✸ ❤❡✉r❡s ♠♦♥tr❡ é❣❛❧❡♠❡♥t q✉❡✱ ❞✉r❛♥t ❧✬été✱ ❞❡s é✈é♥❡♠❡♥ts
❞❡ ♠és♦✲é❝❤❡❧❧❡s ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t ❛✈♦✐r ❧✐❡✉✳

▲❛ ❝❛ss✉r❡ à ✶ ❥♦✉r ❛♣♣❛r❛ît ❧❛ ♣❧✉♣❛rt ❞❡s ♠♦✐s ✭♠ê♠❡ s✬✐❧ ❡❧❧❡ ♥✬❡st ♣❛s ❛✉ss✐
❝❧❛✐r❡ ❡♥ ❛✉t♦♠♥❡ q✉❡ ❞✉r❛♥t ❧❡s ❛✉tr❡s s❛✐s♦♥s✮✳ ❊❧❧❡ ♣❡✉t êtr❡ ❛ss♦❝✐é❡ ❛✉ t❡♠♣s
♠♦②❡♥ ❡♥tr❡ ❧❡s é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡ ✭♣❛r ❡①❡♠♣❧❡ ❧❡ t❡♠♣s ❡♥tr❡ ❞❡✉① ❢r♦♥ts✮✳
❋✐♥❛❧❡♠❡♥t ❧❛ ❣❛♠♠❡ ❞✬é❝❤❡❧❧❡ ✶✲✶✵ ❥♦✉rs ❝♦rr❡s♣♦♥❞ à ❧❛ ❞✉ré❡ ❞❡ ✈✐❡ ❞❡s str✉❝t✉r❡s
s②♥♦♣t✐q✉❡s ✭❝✬❡st✲à✲❞✐r❡ ❧❡s ❞é♣r❡ss✐♦♥s ❞❡s ♠♦②❡♥♥❡s ❧❛t✐t✉❞❡s✮ ✭▼❝■❧✈❡❡♥✱ ✶✾✾✷✮✳
❆✉① é❝❤❡❧❧❡s s✉♣ér✐❡✉r❡s à ✶✵ ❥♦✉rs✱ ♦♥ ♦❜s❡r✈❡ ✉♥ ♣❧❛t❡❛✉ s♣❡❝tr❛❧✳ ❈❡❧❛ s✐❣♥✐✜❡ q✉✬✐❧
♥✬❡①✐st❡ ♣❧✉s ❞❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡s s②stè♠❡s ♣ré❝✐♣✐t❛♥ts q✉✐ ✈♦②❛❣❡♥t ❛✉✲❞❡ss✉s
❞❡ ❧❛ ré❣✐♦♥✳ ❯♥❡ ✐♥t❡r♣rét❛t✐♦♥ ♣♦ss✐❜❧❡ ❡st q✉✬✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ♣r♦❝❡ss✉s ♦r❣❛♥✐sé
❞❡ ♣❧✉s ❧♦♥❣✉❡ ❞✉ré❡ q✉❡ ❧❡s ♣r♦❝❡ss✉s ❞✬é❝❤❡❧❧❡ s②♥♦♣t✐q✉❡✳ ❈❡tt❡ ✐♥t❡r♣rét❛t✐♦♥
❡st ❛♣♣✉②é❡ ♣❛r ❧❡s tr❛✈❛✉① ❞❡ ✭▲♦✈❡❥♦② ❡t ❙❝❤❡rt③❡r ✱ ✷✵✶✵✮ q✉✐ ♠♦♥tr❡♥t ♣❛r ✉♥❡
❛♣♣r♦❝❤❡ s❡♠✐✲❡♠♣✐r✐q✉❡ q✉❡ ✶✵ ❥♦✉rs ❡st ❧✬é❝❤❡❧❧❡ ❛tt❡♥❞✉❡ ♣♦✉r ❧❛ tr❛♥s✐t✐♦♥ ❡♥tr❡
❧❡s é✈é♥❡♠❡♥ts s②♥♦♣t✐q✉❡s ❡t ❧❡ ♣❧❛t❡❛✉ s♣❡❝tr❛❧ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡✳

P❡♥❞❛♥t ❧✬❛✉t♦♠♥❡✱ ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ ❛✉① ❤❛✉t❡s ❢réq✉❡♥❝❡s ❡st ♣❧✉s ❢❛✐❜❧❡ q✉❡
♣♦✉r ❧❡s ❛✉tr❡s s❛✐s♦♥s✳ ❈❡ ❝♦♠♣♦rt❡♠❡♥t s✉r♣r❡♥❛♥t ❛♣♣❛r❛ît ❝❤❛q✉❡ ❛♥♥é❡ ♣r✐s❡
✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t ❡t s❡r❛ ❞✐s❝✉té ♣❧✉s ❡♥ ❞ét❛✐❧ ❞❛♥s ❧❛ ♣r♦❝❤❛✐♥❡ s❡❝t✐♦♥✳

✹✳✷✳✷ ❆♥❛❧②s❡ s♣❛t✐❛❧❡

▲✬❡①t❡♥s✐♦♥ s♣❛t✐❛❧❡ ✭❧❛ ❝♦✉✈❡rt✉r❡ r❛❞❛r✮ ❞❡ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❡st ❜✐❡♥ ♣❧✉s
ré❞✉✐t❡ q✉❡ ❧✬❡①t❡♥s✐♦♥ t❡♠♣♦r❡❧❧❡ ❡♥ ❝❡ s❡♥s q✉✬❡❧❧❡ ♥❡ ♣❡r♠❡t ❞❡ ❝♦✉✈r✐r q✉❡ ❞❡s

❆♥❛❧②s❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ✶✶✶
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é✈é♥❡♠❡♥ts ❞❡ ❞✐♠❡♥s✐♦♥ ♠és♦✲é❝❤❡❧❧❡ ❛✉ ♠❛①✐♠✉♠✳ P♦✉r ❛✉t❛♥t✱ ♥♦✉s ♣♦✉✈♦♥s é❣❛✲
❧❡♠❡♥t ét✉❞✐❡r ❧❡s ♣r♦♣r✐étés ❞✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣♦✉r t♦✉t❡s ❧❡s
♣ér✐♦❞❡s ❝♦♠♣r✐s❡s ❡♥tr❡ ❧❛ rés♦❧✉t✐♦♥ r❛❞❛r ✭1 km2✮ ❡t ❧❡ r❛②♦♥ ♠❛①✐♠❛❧ ✭✶✵✵ ❦♠✮✳
❆✈❛♥t ❞❡ ❝❛❧❝✉❧❡r ❧❡ s♣❡❝tr❡✱ ✐❧ ❢❛✉t s❛✈♦✐r q✉✬❛✉ s❡♥s ❞❡ ❑♦❧♠♦❣♦r♦✈✱ ❧❛ ❞❡♥s✐té s♣❡❝✲
tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ s♣❛t✐❛❧❡ ❡st ❞é✜♥✐❡ ❝♦♠♠❡ ❧❡ ❝❛rré ❞✉ s♣❡❝tr❡ ✷❉ s♣❛t✐❛❧ ✐♥té❣ré
s✉✐✈❛♥t ❧❡s ❛♥❣❧❡s✳ ◆é❛♥♠♦✐♥s✱ ❝❡tt❡ ❞é✜♥✐t✐♦♥ ♥✬❡st ♣❛s ❜✐❡♥ ❛❞❛♣té❡ à ♥♦tr❡ ❛♣✲
♣r♦❝❤❡✳ ❊♥ ❡✛❡t✱ ❧❡s s♣❡❝tr❡s s♣❛t✐❛✉① ✐♥té❣rés s✉✐✈❛♥t ❧❡s ❛♥❣❧❡s ♥❡ ♣❡✉✈❡♥t ♣❛s êtr❡
❞é✜♥✐s ❡♥ t❡r♠❡ ❞❡ ❝♦rré❧❛t✐♦♥ ❛✉ s❡✐♥ ❞✬✉♥ ❝❤❛♠♣ ❞♦♥♥é ❝❡ q✉✐ r❡♥❞ ♣r♦❜❧é♠❛t✐q✉❡
❧✬✐♥t❡r♣rét❛t✐♦♥ ❞✉ ❝♦♠♣♦rt❡♠❡♥t s♣❡❝tr❛❧ ❡♥ t❡r♠❡ ❞❡ ♣r♦❝❡ss✉s ♠été♦r♦❧♦❣✐q✉❡s✳
P❛r ❡①❡♠♣❧❡✱ ❡♥ ✉t✐❧✐s❛♥t ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❑♦❧♠♦❣♦r♦✈✱ ✉♥ ❜r✉✐t ✷❉ s♣❛t✐❛❧ ♠♦♥tr❡ ✉♥
❡①♣♦s❛♥t s♣❡❝tr❛❧ ❞❡ −1 ❝❡ q✉✐ ♥✬❛ ❛✉❝✉♥ s❡♥s ❡♥ t❡r♠❡ ❞❡ ❝♦rré❧❛t✐♦♥✳ ❈✬❡st ♣♦✉r
❝❡❧❛ q✉❡✱ ❞❛♥s ♥♦tr❡ ❛♥❛❧②s❡✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ✉♥❡ ❛✉tr❡ ❞é✜♥✐t✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té
s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❝♦♠♠❡ ❧❡ ❝❤❛♠♣ ❞❡ ♣❧✉✐❡ ❡st ❢r❛❝t❛❧❡♠❡♥t ✐s♦✲
tr♦♣❡ ✭✈♦✐r s❡❝t✐♦♥ ✹✳✸✮✱ ❧❡ s♣❡❝tr❡ ✶❉ s♣❛t✐❛❧ ♣❡✉t êtr❡ ❝❛❧❝✉❧é ♣♦✉r ♥✬✐♠♣♦rt❡ q✉❡❧❧❡
❞✐r❡❝t✐♦♥✳ ❈✬❡st ♣♦✉rq✉♦✐ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ♣♦✉r ❝❤❛q✉❡ ❝❛rt❡ r❛❞❛r✱ ❞❡ ♠♦②❡♥♥❡r
❞❡✉① s♣❡❝tr❡s ❝❡♥trés s✉r ❧❡ r❛❞❛r ✭❝❡♥trés ♣♦✉r ❛✈♦✐r ❧❡s ❞♦♥♥é❡s ❞❡ ♠❡✐❧❧❡✉r q✉❛❧✐té
♣r♦❝❤❡ ❞✉ r❛❞❛r✮✳ ❯♥ s♣❡❝tr❡ ❡st ❝❛❧❝✉❧é à ❧❛t✐t✉❞❡ ❝♦♥st❛♥t❡ ❡t ❧✬❛✉tr❡ à ❧♦♥❣✐t✉❞❡
❝♦♥st❛♥t❡✳ P✉✐s ♦♥ ♠♦②❡♥♥❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s s♣❡❝tr❡s ✶❉✳ ■❧ ❢❛✉t ❡♥❝♦r❡ ♥♦t❡r q✉❡✱
❝♦♠♠❡ ❧❡ s♣❡❝tr❡ ✷❉ ❞❡ ❧❛ ♣❧✉✐❡ ❡st ✐s♦tr♦♣❡✱ ✐❧ s✉✣t ❥✉st❡ ❞❡ ♠✉❧t✐♣❧✐❡r ❧❡s s♣❡❝tr❡s
❝❛❧❝✉❧és ❛✈❡❝ ♥♦tr❡ ♠ét❤♦❞❡ ♣❛r 2πf ♣♦✉r q✉✬✐❧s s♦✐❡♥t éq✉✐✈❛❧❡♥t à ❝❡✉① ❝❛❧❝✉❧és ❡♥
✉t✐❧✐s❛♥t ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❑♦❧♠♦❣♦r♦✈✳

✸ ❦♠ ✼ ❦♠ ✷✵ ❦♠ ✼✵ ❦♠

P
✭ω

✮

P❡r✐♦❞ ✭❦♠✮

❋✐❣✉r❡ ✹✳✺ ✿ ❉❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ✭mm2/h2✮ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
♣ér✐♦❞❡ s♣❛t✐❛❧❡ ❞❛♥s ✉♥ r❡♣èr❡ ❧♦❣✲❧♦❣

▲❡ s♣❡❝tr❡ ♦❜t❡♥✉ s❡ tr♦✉✈❡ ❡♥ ✜❣✉r❡ ✹✳✺✳ ❚r♦✐s ❣❛♠♠❡s ❞✬é❝❤❡❧❧❡s ❢r❛❝t❛❧❡s s♦♥t
♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ❡♥tr❡ ✸ ❡t ✼✵ ❦♠✳ ▲❛ ♣r❡♠✐èr❡ ❡♥tr❡ ✸ ❡t ✼ ❦♠ ❛✈❡❝ ✉♥ ❡①♣♦s❛♥t
β ❞❡ 2, 00✳ ❊♥tr❡ ✼ ❡t ✷✵ ❦♠ ❧✬❡①♣♦s❛♥t ❡st ❞✬❡♥✈✐r♦♥ ✶✱✺✵ ❡t ❡♥tr❡ ✷✵ ❡t ✼✵ ❦♠✱
❧✬❡①♣♦s❛♥t ❡st ❞❡ 1, 16✳ ❆✉✲❞❡❧à ❞❡ ✼✵ ❦♠✱ ❧❛ ♣❡♥t❡ ❞✉ s♣❡❝tr❡ ❞✐♠✐♥✉❡ ❧❡♥t❡♠❡♥t
✭β ∼ 0, 92 ❡♥tr❡ ✼✵ ❡t ✷✵✵ ❦♠✮ ❡t ♥❡ s❡♠❜❧❡ ♣❧✉s ❢r❛❝t❛❧❡ ✭❝✬❡st✲à✲❞✐r❡ q✉❡ ❧✬♦♥ ♥❡
tr♦✉✈❡ ♣❛s ❞❡ s❡❝t✐♦♥ ♦ù ❧❛ ♣❡♥t❡ ❡st ❝♦♥st❛♥t❡✮✳

✶✶✷ ❆♥❛❧②s❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡
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▲❡s ♣❡♥t❡s éq✉✐✈❛❧❡♥t❡s ❛✉ s❡♥s ❞❡ ❑♦❧♠♦❣♦r♦✈ ✈❛❧❡♥t 1✱ 0, 5 ❡t 0, 16✳ ❈❡s ✈❛❧❡✉rs
s♦♥t ♣❧✉s ❢❛✐❜❧❡s q✉❡ ❝❡❧❧❡s ♣ré❞✐t❡s ♣❛r ❑♦❧♠♦❣♦r♦✈ ✭✺✴✸✮ ❡t q✉❡ ❝❡❧❧❡s tr♦✉✈é❡s
♣❛r ❚❡ss✐❡r ❡t ❛❧✳ ✭✶✾✾✸✮ ✭1, 45 ❡♥tr❡ ✼✺ ♠ ❡t ✶✵ ❦♠ ♣♦✉r ❞❡s ❝❛rt❡s ❞❡ ré✢❡❝t✐✈✐té✮
❡t ❱❡rr✐❡r ❡t ❛❧✳ ✭✷✵✶✵✮ ✭1, 47 ❡♥tr❡ ✶ ❡t ✶✵ ❦♠ ♣♦✉r ❞❡s ♦r❛❣❡s ❞❡ ♠♦✉ss♦♥ ❡♥
❆❢r✐q✉❡✮✳ ❈❡s ❛✉t❡✉rs ♦♥t ❡st✐♠é ❧❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s s✉r ❞❡s ❝❛rt❡s r❛❞❛r r❡♠♣❧✐❡s ❞❡
♣❧✉✐❡✳ ❈❡❧❛ ❡①♣❧✐q✉❡ ♣r♦❜❛❜❧❡♠❡♥t ♣♦✉rq✉♦✐ ♦♥ tr♦✉✈❡ ✉♥❡ ♣❡♥t❡ s♣❡❝tr❛❧❡ ♣❧✉s ❢❛✐❜❧❡
♣✉✐sq✉❡ ❧✬❛♥❛❧②s❡ s♣❡❝tr❛❧❡ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❞❡s ❝❛rt❡s r❛❞❛r ❛✈❡❝ ✉♥❡ ❝♦✉✈❡rt✉r❡
♣❛rt✐❡❧❧❡ ❞❡ ♣❧✉✐❡✳

❙✉r ❧❛ ✜❣✉r❡ ✹✳✺✱ ♦♥ ♣❡✉t ❛✉ss✐ ❝♦♥st❛t❡r q✉✬❡♥✲❞❡ss♦✉s ❞❡ ✸ ❦♠ ❧❡ s♣❡❝tr❡ s✬❛♣❧❛✲
t✐t✳ ❈❡t ❡✛❡t ❡st ❝❛✉sé ♣❛r ❧❛ rés♦❧✉t✐♦♥ r❛❞❛r ❡t ♠♦♥tr❡ q✉❡ ✸ ❦♠ ❡st ♣r♦❜❛❜❧❡♠❡♥t
❧❛ rés♦❧✉t✐♦♥ ré❡❧❧❡ ❞✉ r❛❞❛r✳ ❖♥ ♣❡✉t ♦❜s❡r✈❡r ❧❡ ♠ê♠❡ ❡✛❡t s✉r ❧❡s s♣❡❝tr❡s s♣❛t✐❛✉①
❞❡ ❱❡rr✐❡r ✷✵✶✵ ♣❛r ❡①❡♠♣❧❡✳

10 100

P
(ω

)

Period (km)

Summer

January

February

March

April

May

June

July

August

September

October

November

December

Winter

❋✐❣✉r❡ ✹✳✻ ✿ ❉❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ♣❛r ♠♦✐s ✭mm2/h2✮ ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ♣ér✐♦❞❡ s♣❛t✐❛❧❡ ❞❛♥s ✉♥ r❡♣èr❡ ❧♦❣✲❧♦❣✳ ▲❡s s♣❡❝tr❡s ❞❡ ❝❤❛q✉❡ ♠♦✐s
♦♥t été ❛r❜✐tr❛✐r❡♠❡♥t ❞é❝❛❧és s✉✐✈❛♥t ❧✬❛①❡ ② ❞❡ ♠❛♥✐èr❡ à ❛♠é❧✐♦r❡r ❧❛
❧✐s✐❜✐❧✐té ❞❡ ❧❛ ✜❣✉r❡

❚♦✉t ❝♦♠♠❡ ♣♦✉r ❧❡s s♣❡❝tr❡s t❡♠♣♦r❡❧s✱ ♦♥ ♣❡✉t ❝♦♥❞✉✐r❡ ❧❛ ♠ê♠❡ ❛♥❛❧②s❡ ♣♦✉r
❝❤❛q✉❡ ♠♦✐s sé♣❛ré♠❡♥t ✭❋✐❣✳ ✹✳✻✮✳ ▲❡s ♠♦✐s ❞✬❤✐✈❡r ❡t ❞✬été ♦♥t ❞❡s ❝♦♠♣♦rt❡♠❡♥ts
❡①trê♠❡♠❡♥t ❞✐✛ér❡♥ts✳ ❊♥ ❤✐✈❡r✱ ❧❡s s♣❡❝tr❡s ♠♦♥tr❡♥t ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❢r❛❝t❛❧
❡♥tr❡ ✸ ❡t ✼✵ ❦♠ ❛✈❡❝ ✉♥❡ ♣❡♥t❡ ❞✬❡♥✈✐r♦♥ 1, 55± 0, 05 t❛♥❞✐s q✉✬❡♥ été ❧❡s s♣❡❝tr❡s
♠♦♥tr❡♥t ✷ ❝❛ss✉r❡s à ✼ ❦♠ ❡t ✷✵ ❦♠ ✭♣❡♥t❡ ❝♦rr❡s♣♦♥❞❛♥t❡ ✿ 2.29±0, 11✱ 1, 55±0, 03
❡t 0, 94±0, 07✮✳ ▲❡s ❛✉tr❡s s❛✐s♦♥s ♣rés❡♥t❡♥t ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ✐♥t❡r♠é❞✐❛✐r❡s ❡♥tr❡

❆♥❛❧②s❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ✶✶✸



Pr♦♣r✐étés ❞✬é❝❤❡❧❧❡

❙❛✐s♦♥ ✸✲✼ ❦♠ ✼✲✷✵ ❦♠ ✷✵✲✼✵ ❦♠
❍✐✈❡r ✶✱✺✺ ± ✵✱✵✺
❊té ✷✱✷✾ ± ✵✱✶✶ ✶✱✺✺ ± ✵✱✵✸ ✵✱✾✹ ± ✵✱✵✼

❚❛❜❧❡ ✹✳✷ ✿ P❡♥t❡ s♣❡❝tr❛❧❡ s♣❛t✐❛❧❡ ♣♦✉r ❧✬❤✐✈❡r ❡t ❧✬été ♣❛r ré❣✐♠❡ ❢r❛❝t❛❧

❧✬été ❡t ❧✬❤✐✈❡r✳ ▲❡s rés✉❧t❛ts s♦♥t s②♥t❤ét✐sés ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✹✳✷✳

▲❛ ❣❛♠♠❡ ❞✬é❝❤❡❧❧❡ ✐❝✐ ❛♥❛❧②sé❡ ❝♦rr❡s♣♦♥❞ à ❧✬é❝❤❡❧❧❡ ❝♦♥✈❡❝t✐✈❡ ❡t à ❧❛ ♠és♦✲
é❝❤❡❧❧❡✳ ❈♦♠♠❡ ♣♦✉r ❧❡s s♣❡❝tr❡s t❡♠♣♦r❡❧s✱ ✉♥❡ ♣❡♥t❡ ❝♦♥st❛♥t❡ ❡st tr♦✉✈é❡ q✉❡❧ q✉❡
s♦✐t ❧❡ ♠♦✐s ✿ ❡♥tr❡ ✼ ❡t ✷✵ ❦♠✳ ❉❡ ♣❧✉s✱ ♣♦✉r ❧❡s ♠♦✐s ❞✬❤✐✈❡r✱ ❧❛ ♣❡♥t❡ ✭∼ 1, 55✮ r❡st❡
❝♦♥st❛♥t❡ ❡♥tr❡ ✸ ❡t ✼✵ ❦♠✳ P❛r ❝♦♥séq✉❡♥t✱ ❡♥ ❤✐✈❡r✱ ✉♥ ✉♥✐q✉❡ ré❣✐♠❡ ❞✬✐♥✈❛r✐❛♥❝❡
❞✬é❝❤❡❧❧❡ ❝❛r❛❝tér✐s❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❢r❛❝t❛❧ ❞❡ ❧❛ ♣❧✉✐❡ ❡♥tr❡ ✸ ❡t ✼✵ ❦♠✳ ❈❡tt❡
❣❛♠♠❡ ❞✬é❝❤❡❧❧❡ ❢r❛❝t❛❧❡ ♣♦✉rr❛✐t ❞♦♥❝ ❝♦rr❡s♣♦♥❞r❡ à ✉♥❡ str✉❝t✉r❡ ❞❡ ♣❧✉✐❡ ♣❧✉s
❧❛r❣❡ q✉❡ ✼✵ ❦♠ ✭♣❛r ❡①❡♠♣❧❡ ✉♥ s②stè♠❡ ❢r♦♥t❛❧✮✳ ❊♥ été ❧❛ s✐t✉❛t✐♦♥ ❡st ♣❧✉s
❝♦♠♣❧❡①❡ ✿ tr♦✐s ré❣✐♠❡s ❢r❛❝t❛❧s s♦♥t ♦❜s❡r✈és ✭✸✲✼ ❦♠✱ ✼✲✷✵ ❦♠ ❡t ✷✵✲✼✵ ❦♠✮✳
❈♦♠♠❡ ❧❡ ré❣✐♠❡ ✸✲✼ ❦♠ ❛♣♣❛r❛ît ✉♥✐q✉❡♠❡♥t ❡♥ été✱ ✐❧ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❧✐é à ❧❛
❝♦♥✈❡❝t✐♦♥✳ ❈❡♣❡♥❞❛♥t✱ ✼ ❦♠ r❡st❡ ✐♥❢ér✐❡✉r à ❧❛ t❛✐❧❧❡ t②♣✐q✉❡ ❞❡s s②stè♠❡s ❝♦♥✈❡❝t✐❢s
❞❛♥s ❝❡tt❡ ré❣✐♦♥ ✭∼✷✵ ❦♠✮ ❡t ❧❛ ♣❡♥t❡ ❞❡ ❝❡ ré❣✐♠❡ ❢r❛❝t❛❧ ❡st ❜✐❡♥ ♣❧✉s ❣r❛♥❞❡
q✉❡ ❝❡❧❧❡ ❞✉ ré❣✐♠❡ ❢r❛❝t❛❧ ❝♦rr❡s♣♦♥❞❛♥t ❡♥ ❤✐✈❡r✳ ❯♥❡ ❡①♣❧✐❝❛t✐♦♥ ♣♦ss✐❜❧❡ ❡st q✉❡✱
❞✉r❛♥t ❧✬❛❝t✐✈✐té ❝♦♥✈❡❝t✐✈❡✱ ❧❡ ♣r✐♥❝✐♣❛❧ ✢✉① ❡st ❧✐é à ❧❛ ✢♦tt❛❜✐❧✐té ✭❡t ♥✬❡st ♣❧✉s
❧❡ ✢✉① ❞✬é♥❡r❣✐❡ ❝♦♠♠❡ ❞❛♥s ❧❛ t❤é♦r✐❡ ❞❡ ❑♦❧♠♦❣♦r♦✈✮ ❝❡ q✉✐ ♣❡✉t ❛✉❣♠❡♥t❡r ❧❛
♣❡♥t❡ s♣❡❝tr❛❧❡ ✭✈♦✐r ❙❝❤❡rt③❡r ❡t ▲♦✈❡❥♦② ✱ ✶✾✽✺✮✳ ❯♥❡ ❛✉tr❡ ❤②♣♦t❤ès❡ ❡st q✉❡ ❧❛
t✉r❜✉❧❡♥❝❡ ❛✉ s❡✐♥ ❞✬✉♥❡ ③♦♥❡ ❞✬❛s❝❡♥❞❛♥❝❡ ❡st ❢♦rt❡♠❡♥t ❛♥✐s♦tr♦♣❡ t❛♥❞✐s q✉❡ ❧❛
✈❛❧❡✉r ✺✴✸ ❡st ❛ss♦❝✐é❡ à ❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ ❛t♠♦s♣❤èr❡ ✐s♦tr♦♣❡✳ P❛r ❝♦♥séq✉❡♥t ❧❡
ré❣✐♦♥ ✸✲✼ ❦♠ ♣♦✉rr❛✐t ❝♦rr❡s♣♦♥❞r❡ à ❧❛ ③♦♥❡ ❞✬❛s❝❡♥❞❛♥❝❡ ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❝♦♥✈❡❝t✐✈❡✳

▲❡s ♣ré❝é❞❡♥t❡s ✐♥t❡r♣rét❛t✐♦♥s ❞♦✐✈❡♥t êtr❡ ♣r✐s❡s ❛✈❡❝ ♣ré❝❛✉t✐♦♥ ❝❛r ❧❡s ♠é✲
t❤♦❞❡s ❞❡ ✜❧tr❛❣❡ ❞❡ ❧❛ ❞♦♥♥é❡ r❛❞❛r ♣❡✉✈❡♥t ❛✉ss✐ ❛✛❡❝t❡r ❧❡ s♣❡❝tr❡ à ♣❡t✐t❡ é❝❤❡❧❧❡✳
❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❛ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❞✐♠✐♥✉❡ q✉❛♥❞ ♦♥ s✬é❧♦✐❣♥❡ ❞✉ r❛❞❛r ❝❡ q✉✐ ❧✐ss❡
❧❡ ❝❤❛♠♣ ❞❡ ♣❧✉✐❡ ❡t ♣❡✉t ❛✉❣♠❡♥t❡r ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ ❛✉① ♣❡t✐t❡s é❝❤❡❧❧❡s✳

❊♥ été✱ ✉♥❡ s❡❝♦♥❞❡ ❝❛ss✉r❡ ❛♣♣❛r❛ît à ✷✵ ❦♠✳ ❈❡❧❧❡✲❝✐ ❝♦rr❡s♣♦♥❞ ♣r♦❜❛❜❧❡♠❡♥t à
❧❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡s ré❣✐♠❡s ✐♥t❡r✲é✈é♥❡♠❡♥ts ❡t ✐♥tr❛✲é✈é♥❡♠❡♥ts✳ ❊♥ ❡✛❡t✱ ✷✵ ❦♠
❡st ❧❛ t❛✐❧❧❡ t②♣✐q✉❡ ❞❡s ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s ❞❛♥s ❧❛ ré❣✐♦♥✳ ❊♥ ❤✐✈❡r✱ ❝❡tt❡ ❝❛ss✉r❡
♥✬❡①✐st❡ ♣❛s ❝❛r ❧❡s ③♦♥❡s ♣❧✉✈✐❡✉s❡s s♦♥t ❜✐❡♥ ♣❧✉s ét❡♥❞✉❡s✳

❖♥ ❛ é❣❛❧❡♠❡♥t s♦✉❧✐❣♥é ✉♥ ♣❡✉ ♣❧✉s tôt q✉❡ ❧❡ s♣❡❝tr❡ ♥❡ ♣rés❡♥t❡ ♣❛s ❞❡ ré❣✐♠❡
❢r❛❝t❛❧ ❝❧❛✐r ❛✉✲❞❡ss✉s ❞❡ ✼✵ ❦♠ ✿ ❝❡ q✉✐ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❧✐é à ❧❛ ❜❛✐ss❡ ❞❡ ❧❛ q✉❛❧✐té
❞❡ ❧❛ ♠❡s✉r❡ r❛❞❛r ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡✳

▲❛ ♣❧✉♣❛rt ❞❡s ❛✉t❡✉rs ✭❡✳❣✳ ▼❡♥❛❜❞❡ ❡t ❛❧✳✱ ✶✾✾✼❀ ◆②❦❛♥❡♥✱ ✷✵✵✽❀ ◆②❦❛♥❡♥ ❡t

❍❛rr✐s ✱ ✷✵✵✸✮ q✉✐ ♦♥t ét✉❞✐é ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❢r❛❝t❛❧ ❞❡ ❧❛ ♣❧✉✐❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡
s♣❛t✐❛❧ ♥✬♦♥t ♣❛s ❞ét❡❝té ❞❡ ❝❛ss✉r❡ à ✼ ❡t ✷✵ ❦♠ ✭●✐r❡s ❡t ❛❧✳ ✭✷✵✶✶✮ ♦♥t ♠❡♥t✐♦♥♥é
❧❛ ❝❛ss✉r❡ à ✷✵ ❦♠✮✳ ❈❡❧❛ rés✉❧t❡ ❞✉ ❢❛✐t q✉❡ ❝❡s ét✉❞❡s s❡ s♦♥t r❡str❡✐♥t❡s à ❧✬❛♥❛❧②s❡
❞✬✉♥ s❡✉❧ s②stè♠❡ ❞❡ ♣❧✉✐❡ ❡t ♥♦♥ à ✉♥❡ s✉❝❝❡ss✐♦♥ ❞❡ s②stè♠❡s ♣ré❝✐♣✐t❛♥ts ❝♦♠♠❡
♦♥ ❧✬❛ ❢❛✐t ❞❛♥s ❝❡ tr❛✈❛✐❧✳

❉❛♥s ❧❛ ♣ré❝é❞❡♥t❡ s❡❝t✐♦♥✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧❡ s♣❡❝tr❡ t❡♠♣♦r❡❧ ❛✈❛✐t
✉♥ ❝♦♠♣♦rt❡♠❡♥t ♣❛rt✐❝✉❧✐❡r ❡♥ ❛✉t♦♠♥❡ ❛✉① ❤❛✉t❡s ❢réq✉❡♥❝❡s✳ P♦✉rt❛♥t✱ ❞❛♥s ❧❡
❞♦♠❛✐♥❡ s♣❛t✐❛❧ ❧❡s s♣❡❝tr❡s ❞✬❛✉t♦♠♥❡ s♦♥t très s✐♠✐❧❛✐r❡s à ❝❡✉① ♦❜s❡r✈és ❡♥ ❤✐✈❡r✳
❯♥❡ ❡①♣❧✐❝❛t✐♦♥ ❡st à ♣rés❡♥t ♣r♦♣♦sé❡✳ ◆♦✉s ❛✈♦♥s ♠♦♥tré ❞❛♥s ❧❛ s❡❝t✐♦♥ ✸✳✶✳✷ q✉✬❡♥
été ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛♣♣❛r❛✐ss❡♥t ♣❧✉tôt s✉r ❧❡ ❝♦♥t✐♥❡♥t✳ ❆✉ ❝♦♥tr❛✐r❡ ❡♥ ❛✉t♦♠♥❡

✶✶✹ ❆♥❛❧②s❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡
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❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛♣♣❛r❛✐ss❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r ❧❛ ❝ôt❡ ❡t s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡
❡t s♦♥t r❛♣✐❞❡♠❡♥t ❛❞✈❡❝té❡s ♣❛r❝❡ q✉✬✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ❜❛rr✐èr❡ t❡rr❡str❡✳ ❉♦♥❝ ✉♥❡
❡①♣❧✐❝❛t✐♦♥ ♣♦✉rr❛✐t êtr❡ q✉❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ❝❡❧❧✉❧❡s ❡st tr♦♣ ✐♠♣♦rt❛♥t ❞❡✈❛♥t ❧❡
t❡♠♣s ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❡t✱ q✉✬❡♥ ❝♦♥séq✉❡♥❝❡✱ ❞❡✉① ♣♦✐♥ts s✉❝❝❡ss✐❢s ❞❛♥s ❧❡ t❡♠♣s
s✉r ✉♥ ♣✐①❡❧ ❞♦♥♥é ♥✬❛♣♣❛rt✐❡♥♥❡♥t à ❧❛ ♠ê♠❡ ❝❡❧❧✉❧❡ ❞❡ ♣❧✉✐❡ ❝❡ q✉✐ ❞✐♠✐♥✉❡ ❧❛
❝♦rré❧❛t✐♦♥ ❡t ❞♦♥❝ ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡✳ ❆✜♥ ❞❡ ❝♦♥✜r♠❡r ♦✉ ♥♦♥ ❝❡tt❡ ❤②♣♦t❤ès❡ ✐❧
s❡r❛ ♥é❝❡ss❛✐r❡ ❞✬❡✛❡❝t✉❡r ❞❡ ♥♦✉✈❡❧❧❡s ❛♥❛❧②s❡s✳

✹✳✷✳✸ ❙②♥t❤ès❡ ❞❡ ❧✬❛♥❛❧②s❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡
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❋✐❣✉r❡ ✹✳✼ ✿ ❙❝❤é♠❛ ❞❡ s♣❡❝tr❡s s♣❛t✐❛✉① ❡t t❡♠♣♦r❡❧s ❞❡ ❧❛ ♣❧✉✐❡ ❛✈❡❝
❧❡s ♣❡♥t❡s ❡t ❝❛ss✉r❡s✳ ❖♥ ❛ ✐♥❞✐q✉é ❧❡s é❝❤❡❧❧❡s ♠été♦r♦❧♦❣✐q✉❡s ❛ss♦❝✐é❡s
❛✐♥s✐ q✉❡ ❞❡s ♣r♦❝❡ss✉s ♣♦ss✐❜❧❡s✳ ▲❡s ❧✐❣♥❡s ❡♥ ♣♦✐♥t✐❧❧é ❝♦rr❡s♣♦♥❞❡♥t à
❞❡s s♣❡❝tr❡s ❛❞❛♣tés ❞❡ ❋r❛❡❞r✐❝❤ ❡t ▲❛r♥❞❡r ✭✶✾✾✸✮✱ ❱❡rr✐❡r ❡t ❛❧✳ ✭✷✵✶✶✮✳
■❧ ❢❛✉t ♥♦t❡r q✉❡ ❧❡s ♣❡♥t❡s s♣❛t✐❛❧❡s s♦♥t ❡st✐♠é❡s ❡♥ ♠♦②❡♥♥❛♥t s✉r ❧❡s
❛♥❣❧❡s ❧❡s s♣❡❝tr❡s ✷❉

▲❡s ♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ❧❡s ❞❡✉① ♣ré❝é❞❡♥t❡s s❡❝✲
t✐♦♥s s♦♥t rés✉♠é❡s s✉r ❧❛ ✜❣✉r❡ ✹✳✼✳ ❙✉r ❝❡❧❧❡✲❝✐ ♥♦✉s ❛✈♦♥s ❛✉ss✐ ❛❥♦✉té ❞❡s ♠♦r✲
❝❡❛✉① ❞❡ s♣❡❝tr❡s ✐ss✉s ❞✬❛✉tr❡s ét✉❞❡s ♣♦✉r ❧❡s très ❜❛ss❡s ❡t très ❤❛✉t❡s ❢réq✉❡♥❝❡s
❛✜♥ ❞❡ ♣rés❡♥t❡r ❧❡ s♣❡❝tr❡ ❧❡ ♣❧✉s ❝♦♠♣❧❡t ♣♦ss✐❜❧❡ ❞❡ ❧❛ ♣❧✉✐❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♦♥
❛ ❛❥♦✉té ❧❛ ♣❛rt✐❡ ❜❛ss❡ ❢réq✉❡♥❝❡ ❞✉ s♣❡❝tr❡ ❞❡ ❋r❛❡❞r✐❝❤ ❡t ▲❛r♥❞❡r ✭✶✾✾✸✮ q✉✐
♠♦♥tr❡ q✉❡ ♣♦✉r ❧❡s ♣ér✐♦❞❡s ♣❧✉s ❧♦♥❣✉❡s q✉❡ ✸ ❛♥s✱ ❧❛ ♣❡♥t❡ ❞✉ s♣❡❝tr❡ ❛✉❣♠❡♥t❡
♠♦♥♦t♦♥❡♠❡♥t✳ ◆♦✉s ❛✈✐♦♥s ♣♦✉rt❛♥t ♠♦♥tré q✉❡ ♣♦✉r ❧❡s ♣ér✐♦❞❡s s✉♣ér✐❡✉r❡s à

❆♥❛❧②s❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ✶✶✺
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✶✵ ❥♦✉rs t♦✉t❡ ❝♦rré❧❛t✐♦♥ ❞✐s♣❛r❛ît ❡♥tr❡ ♥♦s ❞♦♥♥é❡s✳ ■❧ ♣❡✉t ❛❧♦rs ❛♣♣❛r❛îtr❡ s✉r✲
♣r❡♥❛♥t ❞❡ ✈♦✐r à ♥♦✉✈❡❛✉ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥ à ❞❡s é❝❤❡❧❧❡s ❜❡❛✉❝♦✉♣ ♣❧✉s ❣r❛♥❞❡s✳
❈❡❧❧❡✲❝✐ ♣♦✉rr❛✐t êtr❡ ❡♥ ❢❛✐t ❛ss♦❝✐é❡ à ✉♥❡ t❡♥❞❛♥❝❡ ❝❧✐♠❛t✐q✉❡✱ ❝✬❡st✲à✲❞✐r❡ à ✉♥❡
✈❛r✐❛❜✐❧✐té très ❧♦♥❣ t❡r♠❡ q✉✐ ♥❡ s❡r❛✐t ❞ét❡❝t❛❜❧❡ q✉❡ ♣♦✉r ❧❡s é❝❤❡❧❧❡s s✉♣ér✐❡✉r❡s à
✸ ❛♥s✳ ▲❡ ♣❧❛t❡❛✉ s♣❡❝tr❛❧ ❡♥tr❡ ✶✵ ❥♦✉rs ❡t ✸ ❛♥s ♣♦✉rr❛✐t ❝♦rr❡s♣♦♥❞r❡ à ✉♥❡ ré❣✐♦♥
✐♥t❡r♠é❞✐❛✐r❡ ♦ù ❧❛ ✈❛r✐❛♥❝❡ ❡♥tr❡ ❞❡✉① ♣♦✐♥ts ♥✬❛✉❣♠❡♥t❡ ♣❧✉s ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ t❡♠✲
♣♦r❡❧❧❡ ✭❝✬❡st✲à✲❞✐r❡ ❞❡s s②stè♠❡s ♠été♦r♦❧♦❣✐q✉❡s q✉✐ ♣❛ss❡♥t ❛✉✲❞❡ss✉s ❞❡ ❧❛ ré❣✐♦♥
à ✶✵ ❥♦✉rs ❞✬✐♥t❡r✈❛❧❧❡ ♥❡ ♠♦♥tr❡♥t ♣❧✉s ❞❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❡✉①✮ ❡t ♦ù ❧❛ t❡♥❞❛♥❝❡
❝❧✐♠❛t✐q✉❡ ❡st ❝❛❝❤é❡ ♣❛r ✉♥ ❜r✉✐t ♠été♦r♦❧♦❣✐q✉❡✳ ■❧ ❡st ♣❛r ❛✐❧❧❡✉rs ✐♥tér❡ss❛♥t ❞❡
♥♦t❡r q✉❡ ❝❡tt❡ ♣ér✐♦❞❡ ❞❡ ✶✵ ❥♦✉rs ❡st s♦✉✈❡♥t ❛✈❛♥❝é❡ ❝♦♠♠❡ ✉♥❡ ❧✐♠✐t❡ ♣♦✉r ❧❛
♣ré✈✐s✐♦♥ ❞ét❡r♠✐♥✐st❡ ♠été♦r♦❧♦❣✐q✉❡ ✭♦♥ ♣❛r❧❡ ♣❧✉tôt ❞❡ q✉❡❧q✉❡s s❡♠❛✐♥❡s ❞❛♥s
❧❡ ❝❛s ❞✬✉♥❡ ♣ré✈✐s✐♦♥ ❡♥s❡♠❜❧✐st❡✮✳ ◆♦✉s ❛✈♦♥s ❛✉ss✐ ♠♦♥tré q✉❡ ❧❡ ♣❧❛t❡❛✉ s♣❡❝tr❛❧
❛♣♣❛r❛ît ♣♦✉r ❞❡s ♣ér✐♦❞❡s ❜✐❡♥ ✐♥❢ér✐❡✉r❡s ❡♥ été ✭❡♥✈✐r♦♥ ✉♥ ❥♦✉r✮ ✿ ❝❡❧❛ ♣♦✉rr❛✐t
❡①♣❧✐q✉❡r ♣♦✉rq✉♦✐ ❧❛ ♣ré✈✐s✐♦♥ ♠été♦r♦❧♦❣✐q✉❡ ❡st ♠♦✐♥s ♣ré❝✐s❡ ❡♥ été q✉✬❡♥ ❤✐✈❡r
❞❛♥s ❧❛ ré❣✐♦♥✳ ◆♦✉s ♣♦✉✈♦♥s ❞✬❛✐❧❧❡✉rs r❡❧✐❡r ❝❡ ❞❡r♥✐❡r ♣♦✐♥t ❛✉① ❝♦♥❝❧✉s✐♦♥s ❞❡ ❧❛
♣❛rt✐❡ ✺ ♦ù ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧✬♦♥ ♥❡ tr♦✉✈❡ ♣❛s ❞❡ s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ✭❡t
❞♦♥❝ ❜❛ss❡ ❢réq✉❡♥❝❡✮ ❛ss♦❝✐é❡ à ❧❛ ♣❧✉✐❡ ❡♥ ❣é♥ér❛❧ ❡♥ été✳ ◆é❛♥♠♦✐♥s✱ ✐❧ ❢❛✉t ♥✉❛♥✲
❝❡r ❧❡ ♣r♦♣♦s ❝❛r ✐❧ ❡st é✈✐❞❡♠♠❡♥t ♣♦ss✐❜❧❡ ❞❡ ♣ré✈♦✐r ❧❡ t❡♠♣s ❛✉✲❞❡❧à ❞✬✉♥ ❥♦✉r ❡♥
été ✭♣❛r ❡①❡♠♣❧❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❛♥t✐❝②❝❧♦♥✐q✉❡s ♣❡✉✈❡♥t êtr❡ ♣ré❞✐t❡s ♣♦✉r ❞❡s ❞✉✲
ré❡s ❜✐❡♥ ♣❧✉s ❧♦♥❣✉❡s✮✱ ❧✬❛♥❛❧②s❡ s♣❡❝tr❛❧❡ ♣❡r♠❡tt❛♥t s✐♠♣❧❡♠❡♥t ❞❡ ♠♦♥tr❡r q✉✬✐❧
♥✬❡①✐st❡✱ ❡♥ ❣é♥ér❛❧✱ ♣❛s ❞✬é✈é♥❡♠❡♥t ♣❧✉✈✐❡✉① ♣❧✉s ❧♦♥❣ q✉✬✉♥ ❥♦✉r à ❝❡tt❡ ♣ér✐♦❞❡
❞❡ ❧✬❛♥♥é❡✳ ❊♥✜♥✱ ✐❧ ❢❛✉t r❛♣♣❡❧❡r q✉❡ ❧❛ ♣ré✈✐s✐♦♥ ♠été♦r♦❧♦❣✐q✉❡ ❞❛♥s ✉♥❡ ré❣✐♦♥
❞♦♥♥é❡ ♥é❝❡ss✐t❡ ❞✬♦❜s❡r✈❡r ❧✬❛t♠♦s♣❤èr❡ à ✉♥❡ é❝❤❡❧❧❡ s♣❛t✐❛❧❡ ❜✐❡♥ ♣❧✉s ❣r❛♥❞❡
✭s②♥♦♣t✐q✉❡✮ ❡t ❡♥ ✉t✐❧✐s❛♥t ❞✬❛✉tr❡s ✈❛r✐❛❜❧❡s ♠été♦r♦❧♦❣✐q✉❡s q✉❡ ❧❛ ♣❧✉✐❡✳

❋✐♥❛❧❡♠❡♥t✱ ❧❡s ✐♥t❡r♣rét❛t✐♦♥s ♣ré❝é❞❡♥t❡s s♦♥t ♣r♦♣♦sé❡s s❛♥s ❥✉st✐✜❝❛t✐♦♥s ❞é✲
✜♥✐t✐✈❡s ❡t ❞♦✐✈❡♥t êtr❡ ❝♦♥s✐❞éré❡s ❛✈❡❝ ♣ré❝❛✉t✐♦♥✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❞❛♥s ❧❡ ❝❛❞r❡
❞❡ ❝❡tt❡ t❤ès❡✱ ♥♦✉s ❛✈♦♥s s✐♠♣❧❡♠❡♥t ét✉❞✐é ❧❡s ♣r♦♣r✐étés ❞❡ ❧❛ ✈❛r✐❛♥❝❡ ✭s❡❝♦♥❞
♦r❞r❡✮✳ ■❧ ❢❛✉❞r❛✐t ❞♦♥❝ ❝♦♥✜r♠❡r ❝❡s ❝♦♠♣♦rt❡♠❡♥ts ❛✉① ❛✉tr❡s ♠♦♠❡♥ts st❛t✐s✲
t✐q✉❡s ❡t ♥♦t❛♠♠❡♥t ✈ér✐✜❡r q✉❡ ❧❡ s❡✉✐❧ ❞❡ ❞é❝♦rré❧❛t✐♦♥ ❛♣♣❛r❛ît ❜✐❡♥ à ✶✵ ❥♦✉rs
♣♦✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ♠♦♠❡♥ts✳ ❉❡ ♣❧✉s✱ ❞❡s ❛♥❛❧②s❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s ❞♦✐✈❡♥t êtr❡
♠❡♥é❡s s✉r ❞✬❛✉tr❡s ♣❛r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡ ❡t ❡♥ ✉t✐❧✐s❛♥t ❞✬❛✉tr❡s ♠ét❤♦❞❡s
♣♦✉r ❛✣♥❡r ❧❡s ❝♦♥❝❧✉s✐♦♥s ♣rés❡♥té❡s✳

✹✳✸ ❆♥❛❧②s❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡

❈♦♠♠❡ ♠♦♥tré ♣ré❝é❞❡♠♠❡♥t✱ ❧✬❛♥❛❧②s❡ s♣❡❝tr❛❧❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❡st ✉♥ ♦✉t✐❧
♣ré❝✐❡✉① ♣♦✉r ét✉❞✐❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❢r❛❝t❛❧ ❞❡ ❧❛ ♣❧✉✐❡✳ P♦✉r ❛✉t❛♥t✱ ❡❧❧❡ ♥❡
♣❡r♠❡t ♣❛s ❞✬❡①♣❧♦r❡r ❧❡s r❡❧❛t✐♦♥s ❡♥tr❡ ❧❡s é❝❤❡❧❧❡s t❡♠♣♦r❡❧❧❡s ❡t s♣❛t✐❛❧❡s✳ ❊♥ ❡✛❡t✱
❧✬❡s♣❛❝❡ ❡t ❧❡ t❡♠♣s ♥❡ s♦♥t ♣❛s ✐♥❞é♣❡♥❞❛♥ts ❛✉ s❡✐♥ ❞❡s ♣❤é♥♦♠è♥❡s ❞❡ ♣❧✉✐❡✳ P❛r
❡①❡♠♣❧❡✱ ✉♥❡ ❝❡❧❧✉❧❡ ❝♦♥✈❡❝t✐✈❡ ❛❞✈❡❝té❡ ♣❛r ❧❡ ✈❡♥t ✐♥❞✉✐t ✉♥❡ r❡❧❛t✐♦♥ ❡s♣❛❝❡✲t❡♠♣s✳
❈✬❡st ♣♦✉rq✉♦✐ ✐❧ ❡st ❛♣♣❛r✉ ✐♥tér❡ss❛♥t ❞❡ ♠❡♥❡r ✉♥❡ ❛♥❛❧②s❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞✉
❝❤❛♠♣ ❞❡ ♣❧✉✐❡✳

✹✳✸✳✶ ❙♣❡❝tr❡s s♣❛t✐♦✲t❡♠♣♦r❡❧s

P❡✉ ❞✬ét✉❞❡s ♦♥t ✉t✐❧✐sé ❞❡s s♣❡❝tr❡s ♠✉❧t✐❞✐♠❡♥s✐♦♥♥❡❧s ♣♦✉r ❞♦❝✉♠❡♥t❡r ❧❡
❝♦♠♣♦rt❡♠❡♥t ❛✉t♦s✐♠✐❧❛✐r❡ ❞❡ ❧❛ ♣❧✉✐❡✳ ◆♦✉s ♣♦✉✈♦♥s t♦✉t ❞❡ ♠ê♠❡ ❝✐t❡r q✉❡❧q✉❡s

✶✶✻ ❆♥❛❧②s❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡
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❡①❝❡♣t✐♦♥s ❝♦♠♠❡ ❈r❛♥❡ ✭✶✾✾✵✮ q✉✐ ❛ ❡st✐♠é ❧✬✐s♦tr♦♣✐❡ s♣❛t✐❛❧❡ ❞❡ ❧❛ ♣❧✉✐❡ s✉r
q✉❡❧q✉❡s é✈é♥❡♠❡♥ts✳ ❚❡ss✐❡r ❡t ❛❧✳ ✭✶✾✾✸✮ ♦♥t ét✉❞✐é ❧❡s r❡❧❛t✐♦♥s ❡s♣❛❝❡✲t❡♠♣s
✭z − t✮ ❞❡ ❧❛ ♣❧✉✐❡✱ ▼❛rs❛♥ ❡t ❛❧✳ ✭✶✾✾✻✮ ♦♥t ❝❛❧❝✉❧é ❞❡s s♣❡❝tr❡s ✷❉ ✭x− t ❡t y − t✮
❛✜♥ ❞❡ t❡st❡r ❧❡✉r ♠♦❞è❧❡ ❡s♣❛❝❡✲t❡♠♣s✳ ❊♥✜♥ ❞❡ ▼✐❝❤❡❧❡ ❡t ❇❡r♥❛r❞❛r❛ ✭✷✵✵✺✮ ♦♥t
♣r♦♣♦sé ✉♥❡ ❢♦r♠❡ ❣é♥ér❛❧✐sé❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té s♣❡❝tr❛❧❡ ♣♦✉r ♣r❡♥❞r❡ ❡♥
❝♦♠♣t❡ ❧✬❛♥✐s♦tr♦♣✐❡ ❡s♣❛❝❡✲t❡♠♣s ❡t ♦♥t ré❛❧✐sé ❞❡s ❛❥✉st❡♠❡♥ts ❞❡ ❝❡tt❡ ❢♦♥❝t✐♦♥
s✉r q✉❛tr❡ é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡✳

Space frequency (longitude) (km^−1)
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❋✐❣✉r❡ ✹✳✽ ✿ ❈❛rt❡ ❞❡ ❝♦♥t♦✉r ❞✉ ❧♦❣❛r✐t❤♠❡ ❞❡ ❧❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡
♣✉✐ss❛♥❝❡ ✭x−y✮ ❡♥tr❡ ❏✉✐♥ ✷✵✵✾ ❡t ❉é❝❡♠❜r❡ ✷✵✶✶✳ ▲✬✐♥t❡r✈❛❧❧❡ ❡♥tr❡ ❝❤❛q✉❡
❧✐❣♥❡ ❡st ❞✬✉♥ ❢❛❝t❡✉r ✶✵

❉❛♥s ❝❡ tr❛✈❛✐❧ ♥♦✉s ♥♦✉s s♦♠♠❡s ❛tt❛❝❤és à ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s r❡❧❛t✐♦♥s ❡♥
t❡r♠❡ ❞❡ ♣r♦♣r✐étés st❛t✐st✐q✉❡s q✉✐ ❡①✐st❡♥t ❡♥tr❡ ❧✬❡s♣❛❝❡ ❡t ❧❡ t❡♠♣s✳ ◆♦✉s ❛✈♦♥s
✉t✐❧✐sé ❧❛ ❧♦♥❣✐t✉❞❡ ♣♦✉r ❧❛ ❞✐♠❡♥s✐♦♥ s♣❛t✐❛❧❡ ♠❛✐s ♦♥ ❛✉r❛✐t t♦✉t ❛✉ss✐ ❜✐❡♥ ♣✉
✉t✐❧✐s❡r ❧❛ ❧❛t✐t✉❞❡ ❝❛r ♥♦tr❡ ❝❤❛♠♣ ♣rés❡♥t❡ ✉♥❡ ✐s♦tr♦♣✐❡ ❢r❛❝t❛❧❡ ♣♦✉r ❧❛ ❞✐♠❡♥s✐♦♥
s♣❛t✐❛❧❡ ✭✈♦✐r ❋✐❣✳ ✹✳✽✮✳ ❊♥ ♣r❛t✐q✉❡✱ ♥♦✉s ❛✈♦♥s ❝❛❧❝✉❧é ❧❛ tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ✷❉
s✉r ✉♥❡ ❢❡♥êtr❡ ❞❡ ✶✷✵ ❦♠ ❡t ✉♥ ❥♦✉r✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ♦♥ ❝♦♠❜✐♥❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t
❧✬é❝❤❡❧❧❡ ❝♦♥✈❡❝t✐✈❡ ❡t ❧❛ ♠és♦✲é❝❤❡❧❧❡ ♣♦✉r ❧❡s ❢réq✉❡♥❝❡s s♣❛t✐❛❧❡s ❡t ❧❛ ♠és♦✲é❝❤❡❧❧❡
❡t ❧✬é❝❤❡❧❧❡ s②♥♦♣t✐q✉❡ ♣♦✉r ❧❡s ❢réq✉❡♥❝❡s t❡♠♣♦r❡❧❧❡s✳ ❊♥s✉✐t❡✱ ♦♥ ❛ ♠♦②❡♥♥é ❝❤❛q✉❡
♠♦✐s s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s✳

▲❡s ✜❣✉r❡s ✹✳✾ ❡t ✹✳✶✵ r❡♣rés❡♥t❡♥t ❧❡s ❧✐❣♥❡s ❞❡ ❝♦♥t♦✉r ❞✉ ❧♦❣❛r✐t❤♠❡ ❞❡ ❧❛ ❞❡♥✲
s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ♣❛r ♠♦✐s✳ ■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ r❡♠❛rq✉❡r q✉❡ ❧❡s s♣❡❝tr❡s
❞❡ ❝❡s ✜❣✉r❡s ♥❡ s♦♥t ♣❛s t♦✉t à ❢❛✐t éq✉✐✈❛❧❡♥ts ❛✉① s♣❡❝tr❡s ✶❉ ♣✉✐sq✉❡ ❧❡s ❢ré✲
q✉❡♥❝❡s s♦♥t r❡♣rés❡♥té❡s ❧✐♥é❛✐r❡♠❡♥t✳ ❆ ❝❛✉s❡ ❞❡ ❝❡s ❛①❡s ❧✐♥é❛✐r❡s✱ ❧❡s ♣❡t✐t❡s
♣ér✐♦❞✐❝✐tés s♦♥t ❛✈❛♥t❛❣é❡s ✿ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❧✬♦♥ ♦❜s❡r✈❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧❡s ♣é✲
r✐♦❞❡s ❞❡ ✷ à ✸✵ ❦♠ s♣❛t✐❛❧❡♠❡♥t ❡t ❞❡ ✺ ♠✐♥✉t❡s à ✶ ❤❡✉r❡ t❡♠♣♦r❡❧❧❡♠❡♥t✳ ❈❡s
✜❣✉r❡s ♠♦♥tr❡♥t ✉♥❡ str✉❝t✉r❡ ❡❧❧✐♣t✐q✉❡ ❡t ✉♥❡ ✈❛r✐❛❜✐❧✐té ✐♠♣♦rt❛♥t❡ ❞✉r❛♥t ❧✬❛♥✲
♥é❡✳ ❊♥ ❤✐✈❡r✱ ♦♥ ♦❜s❡r✈❡ ✉♥❡ ✐s♦tr♦♣✐❡ ❢r❛❝t❛❧❡ ❡t ❡♥ été ♦♥ ♦❜s❡r✈❡ ✉♥❡ str❛t✐✜❝❛t✐♦♥

❆♥❛❧②s❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ✶✶✼
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❏❛♥✈✐❡r ❋é✈r✐❡r

▼❛rs ❆✈r✐❧

▼❛✐ ❏✉✐♥

❋✐❣✉r❡ ✹✳✾ ✿ ❈❛rt❡ ❞❡ ❝♦♥t♦✉r ❞✉ ❧♦❣❛r✐t❤♠❡ ❞❡ ❧❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡
♣✉✐ss❛♥❝❡ ✭x − t✮ ♣❛r ♠♦✐s ✭❏❛♥✈✐❡r à ❏✉✐♥✮ ❡♥tr❡ ❏✉✐♥ ✷✵✵✾ ❡t ❉é❝❡♠❜r❡
✷✵✶✶

✶✶✽
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❏✉✐❧❧❡t ❆♦ût

❙❡♣t❡♠❜r❡ ❖❝t♦❜r❡

◆♦✈❡♠❜r❡ ❉é❝❡♠❜r❡

❋✐❣✉r❡ ✹✳✶✵ ✿ ❈❛rt❡ ❞❡ ❝♦♥t♦✉r ❞✉ ❧♦❣❛r✐t❤♠❡ ❞❡ ❧❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡
♣✉✐ss❛♥❝❡ ✭x−t✮ ♣❛r ♠♦✐s ✭❏✉✐❧❧❡t à ❉é❝❡♠❜r❡✮ ❡♥tr❡ ❏✉✐♥ ✷✵✵✾ ❡t ❉é❝❡♠❜r❡
✷✵✶✶

✶✶✾



Pr♦♣r✐étés ❞✬é❝❤❡❧❧❡

s❡❧♦♥ ❧❡s ❢réq✉❡♥❝❡s t❡♠♣♦r❡❧❧❡s✳ ❈♦♠♠❡ ♦♥ ❧✬❛ ♠♦♥tré ♣♦✉r ❧✬❛♥❛❧②s❡ ✉♥✐❞✐♠❡♥s✐♦♥✲
♥❡❧❧❡✱ ❡♥ ❤✐✈❡r✱ ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ ❡♥ ❡s♣❛❝❡ ❡st ❞❡ 1, 55 ❡t ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ ❡♥
t❡♠♣s ❡st ❞❡ 1, 5✳ ▲❡ s♣❡❝tr❡ ✷❉ ❛♣♣❛r❛ît ❞♦♥❝ ✐s♦tr♦♣❡✳ ❊♥ été✱ ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡
t❡♠♣♦r❡❧❧❡ ❡st ❧❛ ♠ê♠❡ ♠❛✐s ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ s♣❛t✐❛❧❡ ❡st ♣❧✉s ❣r❛♥❞❡ ✭∼✶✱✽✸✮✳
❉♦♥❝ ❧❡ s♣❡❝tr❡ ❡st ♣❧✉s ❛♥✐s♦tr♦♣❡✳ ▲✬✐❞é❡ ♣r✐♥❝✐♣❛❧❡ ❞❡rr✐èr❡ ❝❡tt❡ r❡♣rés❡♥t❛t✐♦♥
❡st q✉❡ ❧❡ s♣❡❝tr❡ ✷❉ ♣❡r♠❡t ❞✬♦❜t❡♥✐r s✐♠♣❧❡♠❡♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡s ♣r♦♣r✐é✲
tés s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡s ❞❡ ❧❛ ♣❧✉✐❡✱ ❧❛ ❢♦r♠❡ ❞✉ s♣❡❝tr❡ ✷❉ ❞é♣❡♥❞❛♥t ❞❡s ♣r♦❝❡ss✉s
♠été♦r♦❧♦❣✐q✉❡s ✐♠♣❧✐q✉és✳

❈❡s ✜❣✉r❡s ♠♦♥tr❡♥t é❣❛❧❡♠❡♥t q✉❡ ❧❡s ❛①❡s ❞❡s ❡❧❧✐♣s❡s ♥❡ s♦♥t ♣❛s ❛❧✐❣♥és ❛✈❡❝
❧❡s ❛①❡s ❞❡s ❢réq✉❡♥❝❡s ❡♥ ♣❛rt✐❝✉❧✐❡r ❞✉r❛♥t ❧❡s ♠♦✐s ❞✬été✳ ❈♦♠♠❡ ❧❛ tr❛♥s❢♦r♠é❡
❞❡ ❋♦✉r✐❡r ♣r♦✈♦q✉❡ ✉♥❡ r♦t❛t✐♦♥ ❞✐r❡❝t❡ ❞❡ π/2✱ ❧❛ r♦t❛t✐♦♥ ❞❡ ❧✬❡❧❧✐♣s❡ ❞❛♥s ❧✬❡s♣❛❝❡
❞❡s ❢réq✉❡♥❝❡s ❝♦rr❡s♣♦♥❞ à ✉♥❡ r♦t❛t✐♦♥ +t ❡t −x ❞❛♥s ❧✬❡s♣❛❝❡ ré❡❧✳ ❈❡❝✐ s✐❣♥✐✜❡
❞♦♥❝ q✉❡ ❝❡tt❡ r♦t❛t✐♦♥ ❡st ❧✐é❡ à ✉♥ ❞é♣❧❛❝❡♠❡♥t ♠♦②❡♥ ✈❡rs ❧✬❡st ❞❡s ❝❡❧❧✉❧❡s ❞❡
♣❧✉✐❡ ❝♦♠♠❡ ♦♥ ❧✬❛ ♠♦♥tré ❞❛♥s ❧❛ s❡❝t✐♦♥ ✸✳✷✳

✹✳✸✳✷ ❆♥✐s♦tr♦♣✐❡ ❢r❛❝t❛❧❡ ❡s♣❛❝❡✲t❡♠♣s

0.6

0.8

1

1.2

1.4

1.6

1.8

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

β x
/β

t

7-20km/ 20-45min

20-70km/ 45min-3h

1

❋✐❣✉r❡ ✹✳✶✶ ✿ ❘❛♣♣♦rt ❞❡s ♣❡♥t❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♠♦✐s ♣♦✉r ❧❡s ❣❛♠♠❡s
❞✬é❝❤❡❧❧❡ ✼✲✷✵❦♠✴✷✵✲✹✺♠✐♥ ❡t ✷✵✲✼✵❦♠✴✹✺♠✐♥✲✸❤

▲❛ ❞❡r♥✐èr❡ ♣❛rt✐❡ ❞❡ ❝❡tt❡ ❛♥❛❧②s❡ ❝♦♥❝❡r♥❡ ❧✬❛♥✐s♦tr♦♣✐❡ ❢r❛❝t❛❧❡ ❡s♣❛❝❡✲t❡♠♣s✳
▲❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s r❡❧❛t✐♦♥s ❢r❛❝t❛❧❡s ❡♥tr❡ ❧✬❡s♣❛❝❡ ❡t ❧❡ t❡♠♣s ❡st ❞✬✉♥ ❣r❛♥❞
✐♥térêt ♣♦✉r ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ✐♥tr✐♥sèq✉❡ ❞❡ ❧❛ ♣❧✉✐❡ ❡t s♦♥ é✈♦✲
❧✉t✐♦♥✳ ▲❡ r❛♣♣♦rt ❞❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s βx/βt ❡st ❝❛❧❝✉❧é ♣♦✉r ❝❤❛q✉❡ ♠♦✐s s✉r ❞❡✉①
ré❣✐♠❡s ❢r❛❝t❛❧s ♣ré❝é❞❡♠♠❡♥t ✐❞❡♥t✐✜és ✿ ✼✲✷✵ ❦♠ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ✷✵ à ✹✺ ♠✐♥ ❡t ✷✵✲
✼✵ ❦♠ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ✹✺ ♠✐♥ à ✸ ❤✳ ▲❛ ✜❣✉r❡ ✹✳✶✶ ♠♦♥tr❡ ❧✬é✈♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ♣❛r
♠♦✐s ❞✉ r❛♣♣♦rt ❞❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s✳ ❈❡❧✉✐✲❝✐ ❡st ♣r♦❝❤❡ ❞❡ 1 ✭s❛✉❢ ❡♥ ❛✉t♦♠♥❡✮✳
▲❡ ❢❛✐t q✉❡ ❝❡ r❛♣♣♦rt s♦✐t ❝♦♥st❛♥t ♣❡♥❞❛♥t ❧✬❛♥♥é❡ ❝♦♥✜r♠❡ ✐♥❞✐r❡❝t❡♠❡♥t q✉❡ ❧❡s
❣❛♠♠❡s ❞✬é❝❤❡❧❧❡s ❢r❛❝t❛❧❡s ❝♦♥s✐❞éré❡s ❞❛♥s ❝❡tt❡ ❛♥❛❧②s❡ ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ♠ê♠❡s
♣r♦❝❡ss✉s ♠été♦r♦❧♦❣✐q✉❡s✳ ❉❡ ♣❧✉s✱ ❧❡ ❢❛✐t q✉❡ ❧❡ r❛♣♣♦rt ❞❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s ✈❛✉t
1 s✉❣❣èr❡ ✉♥❡ s✐♠✐❧✐t✉❞❡ ❞❛♥s ❧❡s ♣r♦♣r✐étés ❞❡ s❡❝♦♥❞ ♦r❞r❡ ❞❡ ❧❛ ♣❧✉✐❡✳

✶✷✵ ❆♥❛❧②s❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡
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P❡❝❦♥♦❧❞ ❡t ❛❧✳ ✭✷✵✵✶✮ ❛ ♠♦♥tré q✉❡ ❧❡ ❝♦❡✣❝✐❡♥t ❞✬❛♥✐s♦tr♦♣✐❡ ❢r❛❝t❛❧❡ Ht ♣❡✉t
êtr❡ ❝❛❧❝✉❧é à ♣❛rt✐r ❞❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s ♣❛r ❧❛ r❡❧❛t✐♦♥ ✿

1−Ht =
βx − 1

βt − 1

♦ù βx ❡st ❝❛❧❝✉❧é ❡♥ ❡✛❡❝t✉❛♥t ✉♥❡ ✐♥té❣r❛t✐♦♥ s✉✐✈❛♥t ❧✬❛♥❣❧❡ ❞✉ s♣❡❝tr❡ s♣❛t✐❛❧
❜✐❞✐♠❡♥s✐♦♥♥❡❧✳ Ht ❡st tr♦✉✈é é❣❛❧❡ à 2 ✭±0.08 ❡♥ été ❡t ±0.09 ❡♥ ❤✐✈❡r✮ s❛✉❢ ♣♦✉r ❧❡s
♠♦✐s ❞✬❛✉t♦♠♥❡✳ ❉✬❛✉tr❡s ❡st✐♠❛t✐♦♥s ❞❡ ❝❡ ❝♦❡✣❝✐❡♥t ✉t✐❧✐s❛♥t ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s
❞♦♥♥❡♥t ❞❡s ✈❛❧❡✉rs ♣❧✉s ❢❛✐❜❧❡s ✭❞❡ ▼♦♥t❡r❛ ❡t ❛❧✳✱ ✷✵✶✵❀ ❉❡✐❞❞❛✱ ✷✵✵✵❀ ▼❛rs❛♥

❡t ❛❧✳✱ ✶✾✾✻✮ ✭Ht ∼ −0, 1✱ Ht ∼ −0, 12 ❡t Ht ∼ 0, 37✮✳ ❈❡rt❛✐♥❡s ♠ét❤♦❞❡s ❞❡
❞♦✇♥s❝❛❧✐♥❣ ❜❛sé❡s s✉r ❞❡s ❝❛s❝❛❞❡s ♠✉❧t✐❢r❛❝t❛❧❡s ✉t✐❧✐s❡♥t ❞❡s s❝❤é♠❛s t❡❧s q✉❡
q✉❛♥❞ ❧❛ ❧♦♥❣✉❡✉r ❡st ❞✐✈✐sé❡ ♣❛r δxy✱ ❧❡ t❡♠♣s ❡st ❞✐✈✐sé ♣❛r δt = δ1−Ht

xy ❡t Ht =
1/3 ❡st ❧❛ ✈❛❧❡✉r ❤❛❜✐t✉❡❧❧❡♠❡♥t ✉t✐❧✐sé❡ ✭❇✐❛♦✉✱ ✷✵✵✹❀ ●✐r❡s ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❆✐♥s✐✱ ❧❛
✈❛❧❡✉r tr♦✉✈é❡ ❞❛♥s ❝❡tt❡ ét✉❞❡ ❡st ♣❧✉s ❣r❛♥❞❡ q✉❡ ❝❡❧❧❡s ❡st✐♠é❡s ♦✉ ✉t✐❧✐sé❡s✳ P❛r
❝♦♥séq✉❡♥t✱ ❡❧❧❡ ❞❡✈r❛ êtr❡ ❝♦♥✜r♠é❡ ♣❛r ❞✬❛✉tr❡s ét✉❞❡s✳

❈♦♥❝❧✉s✐♦♥

❉❛♥s ❝❡ ❝❤❛♣✐tr❡ ❞❡ ❧❛ t❤ès❡✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❛tt❛❝❤és à ❡①♣❧♦r❡r ❧❡s ♣r♦♣r✐étés
❞✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡ ♠❡s✉ré❡s ♣❛r ❧❡ r❛❞❛r ❍②❞r✐①✳ P♦✉r ❝❡❧❛✱ ♥♦✉s ❛✈♦♥s
✉t✐❧✐sé ❧✬❛♥❛❧②s❡ s♣❡❝tr❛❧❡ q✉✐ ♥♦✉s ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s ♣r♦♣r✐étés
❢r❛❝t❛❧❡s ❞✉ ❝❤❛♠♣ ❞❡ ♣❧✉✐❡ ❡♥tr❡ ✺ ♠✐♥✉t❡s ❡t ✶✵ ❥♦✉rs t❡♠♣♦r❡❧❧❡♠❡♥t ❡t ❡♥tr❡
✸ ❦♠ ❡t ✼✵ ❦♠ s♣❛t✐❛❧❡♠❡♥t✳ P❧✉s✐❡✉rs ré❣✐♠❡s ❢r❛❝t❛❧s ❞✐st✐♥❝ts s♦♥t ♦❜s❡r✈és ✿ ✶✺✲
✹✺ ♠✐♥✱ ✹✺ ♠✐♥✲✸ ❤✱ ✸ ❤✲✶ ❥♦✉r ❡t ✶✲✶✵ ❥♦✉rs t❡♠♣♦r❡❧❧❡♠❡♥t ❡t ✸✲✼ ❦♠✱ ✼✲✷✵ ❦♠ ❡t ✷✵✲
✼✵ ❦♠ s♣❛t✐❛❧❡♠❡♥t✳ ❆✜♥ ❞❡ ❝❛r❛❝tér✐s❡r ♣❧✉s ♣ré❝✐sé♠❡♥t ❝❡s ❣❛♠♠❡s ❞✬✐♥✈❛r✐❛♥❝❡
❞✬é❝❤❡❧❧❡✱ ♥♦✉s ❛✈♦♥s ❡✛❡❝t✉é ✉♥❡ ❛♥❛❧②s❡ s♣❡❝tr❛❧❡ s✐♠✐❧❛✐r❡ ♠♦✐s ♣❛r ♠♦✐s✳ ❆✐♥s✐✱
♥♦✉s ❛✈♦♥s ♣✉ ♠♦♥tr❡r q✉❡ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❢r❛❝t❛❧s ❞✐✛èr❡♥t s✉✐✈❛♥t ❧❡ ♠♦✐s ❞❡
❧✬❛♥♥é❡✱ ❝❡ q✉✐ ♥♦✉s ❛ ❛♠❡♥é à ♥♦✉s ✐♥t❡rr♦❣❡r s✉r ❧❡ ❧✐❡♥ ❡♥tr❡ ❧❡s ♣r♦❝❡ss✉s ❞❡
♣❧✉✐❡ ✭q✉✐ ❝❤❛♥❣❡♥t é❣❛❧❡♠❡♥t s✉✐✈❛♥t ❧❛ ♣ér✐♦❞❡ ❞❡ ❧✬❛♥♥é❡✮ ❡t ❧❡ ❝♦♠♣♦rt❡♠❡♥t
❢r❛❝t❛❧ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ●râ❝❡ à ❧✬❛♥❛❧②s❡ ❞❡s éq✉❛t✐♦♥s ❞✉ ♠♦✉✈❡♠❡♥t✱ ✐❧ ❛ été
♣♦ss✐❜❧❡ ❞❡ ❞ét❡r♠✐♥❡r ❧❡s é❝❤❡❧❧❡s t②♣✐q✉❡s ✭❝♦♥✈❡❝t✐✈❡✱ ♠és♦✲é❝❤❡❧❧❡ ❡t s②♥♦♣t✐q✉❡✮
q✉❡ ❧✬♦♥ r❡♥❝♦♥tr❡ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡✳ ◆♦✉s ❛✈♦♥s ❛❧♦rs ♠♦♥tré q✉❡ ❝❡s é❝❤❡❧❧❡s
t②♣✐q✉❡s ♣♦✉✈❛✐❡♥t êtr❡ ✐❞❡♥t✐✜é❡s ❞❛♥s ❧❡ s♣❡❝tr❡✱ ❛✉ss✐ ❜✐❡♥ t❡♠♣♦r❡❧❧❡♠❡♥t q✉❡
s♣❛t✐❛❧❡♠❡♥t✱ s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ❝❛ss✉r❡s✳ ❈❡s ♦❜s❡r✈❛t✐♦♥s ❡t ❛♥❛❧②s❡s ♥♦✉s ♦♥t ♣❡r♠✐s
❞❡ ♣r♦♣♦s❡r ✉♥❡ ✐♥t❡r♣rét❛t✐♦♥ ❞❡s ❝♦♠♣♦rt❡♠❡♥ts s♣❡❝tr❛✉① ❡♥ t❡r♠❡ ❞❡ ♣r♦❝❡ss✉s
♠été♦r♦❧♦❣✐q✉❡s ✭♣❛r ❡①❡♠♣❧❡ ❝♦♥✈❡❝t✐♦♥ ✐s♦❧é❡ ♦✉ ③♦♥❡ ❢r♦♥t❛❧❡✮✳ ▲❡s ❝♦♥❝❧✉s✐♦♥s
s♦♥t rés✉♠é❡s ❡♥ ✜❣✉r❡ ✹✳✼✳

❆♣rès ❝❡tt❡ ét✉❞❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ❝♦♠♣r❡♥❞r❡ ❧❡s r❡❧❛✲
t✐♦♥s ❢r❛❝t❛❧❡s ❡s♣❛❝❡✲t❡♠♣s✳ P♦✉r ❝❡❧❛✱ ♥♦✉s ❛✈♦♥s ❡✛❡❝t✉é ✉♥❡ ❛♥❛❧②s❡ s♣❡❝tr❛❧❡
❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ q✉✐ ❛ ré✈é❧é ❧✬ét♦♥♥❛♥t❡ ✈❛r✐❛❜✐❧✐té ❞❡s r❡❧❛t✐♦♥s ❡s♣❛❝❡✲t❡♠♣s ❞✉✲
r❛♥t ❧✬❛♥♥é❡✳ ❊♥✜♥✱ ❧❡ ❝❛❧❝✉❧ ❞❡ ❧✬❛♥✐s♦tr♦♣✐❡ ❢r❛❝t❛❧❡ ❡♥tr❡ ❧✬❡s♣❛❝❡ ❡t ❧❡ t❡♠♣s ❛
♣❡r♠✐s ❞❡ ❝♦♥st❛t❡r q✉❡ s✉r ❞❡✉① ❣❛♠♠❡s ❞✬é❝❤❡❧❧❡ ❞✐st✐♥❝t❡s✱ ❧❡ r❛♣♣♦rt ❞❡s ♣❡♥t❡s
s♣❡❝tr❛❧❡s ❡♥ ❡s♣❛❝❡ ❡t ❡♥ t❡♠♣s ❡st ♣r♦❝❤❡ ❞❡ ✶✳ ❈❡tt❡ ♦❜s❡r✈❛t✐♦♥ ♣❡r♠❡t ❞❡ ♣❡♥s❡r
q✉✬✉♥❡ ❝❡rt❛✐♥❡ s②♠étr✐❡ ❡①✐st❡✱ ❛✉ ♠♦✐♥s ♣♦✉r ❧❡ ♠♦♠❡♥t ❞❡ s❡❝♦♥❞ ♦r❞r❡✱ ❡♥tr❡
❧✬❡s♣❛❝❡ ❡t ❧❡ t❡♠♣s✳ ❉❡ ♣❧✉s✱ ❡❧❧❡ ♣❡r♠❡t ❞❡ s✬❛ss✉r❡r q✉❡ ❧❡s ré❣✐♠❡s ❢r❛❝t❛❧s ♠✐s ❡♥
é✈✐❞❡♥❝❡ ❞❛♥s ❧❛ ♣r❡♠✐èr❡ ♣❛rt✐❡ s♦♥t ❜✐❡♥ ❝♦❤ér❡♥ts✳ ❋✐♥❛❧❡♠❡♥t✱ ❧❡ ❝♦❡✣❝✐❡♥t ❞✬❛♥✐✲
s♦tr♦♣✐❡ ❝❛❧❝✉❧é ✈❛✉t ✷✳ ❈❡tt❡ ✈❛❧❡✉r ét♦♥♥❛♠♠❡♥t é❧❡✈é❡ ♣❛r r❛♣♣♦rt à ❧❛ ❧✐ttér❛t✉r❡

❆♥❛❧②s❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ✶✷✶



Pr♦♣r✐étés ❞✬é❝❤❡❧❧❡

❡t ♣❛r r❛♣♣♦rt à ❧❛ t❤é♦r✐❡ ❞❡✈r❛ êtr❡ ✈ér✐✜é❡ ❡t ✐♥t❡r♣rété❡✳
▲✬❛♣♣r♦❝❤❡ ✉t✐❧✐sé❡ ✐❝✐ ❡st ✐♥♥♦✈❛♥t❡ ♣❛r r❛♣♣♦rt ❛✉① ♣ré❝é❞❡♥t❡s ét✉❞❡s ✿ ♣❡✉

❞✬ét✉❞❡s ♦♥t ❝❤❡r❝❤é à ❝♦♠❜✐♥❡r ❧❡s s♣❡❝tr❡s t❡♠♣♦r❡❧s ❡t s♣❛t✐❛✉① ❞❡ ❧❛ ♣❧✉✐❡✳ ❉❡
♣❧✉s✱ ❣râ❝❡ à ❧✬❛♥❛❧②s❡ ❞❡s éq✉❛t✐♦♥s ❞✉ ♠♦✉✈❡♠❡♥t✱ ♥♦✉s ❛✈♦♥s ♣✉ ♣r♦♣♦s❡r ✉♥❡
❥✉st✐✜❝❛t✐♦♥ ❛✉① ❝❤❛♥❣❡♠❡♥ts ❞❡ ♣❡♥t❡ ❞❡s s♣❡❝tr❡s ❞❡ ❧❛ ♣❧✉✐❡✳ ❊♥✜♥✱ ❧❡ ❢❛✐t ❞✬❛✈♦✐r
❝❛❧❝✉❧é ♠♦✐s ♣❛r ♠♦✐s ❧❡s s♣❡❝tr❡s ❡st ♥♦✉✈❡❛✉ ❡t ♣❡r♠❡t ❞❡ ❞✐st✐♥❣✉❡r ♣❧✉s ❢❛❝✐✲
❧❡♠❡♥t ❧❡s ❞✐✛ér❡♥ts ♣r♦❝❡ss✉s ❞❡ ♣❧✉✐❡✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ♣❡r♠❡t ❞✬❛✈❛♥❝❡r s✉r ❧❡s
q✉❡st✐♦♥s s❝✐❡♥t✐✜q✉❡s q✉❡ ❧✬♦♥ ❛ ♠✐s ❡♥ ❛✈❛♥t ❞❛♥s ❧❡ ♣r❡♠✐❡r ❝❤❛♣✐tr❡ ❞❡ ❝❡tt❡
t❤ès❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❝❡tt❡ ét✉❞❡ ♥♦✉s ❛ ❢♦✉r♥✐ ❞❡s ♣✐st❡s ♣❡r♠❡tt❛♥t ❞❡ ♠✐❡✉① ❝♦♠✲
♣r❡♥❞r❡ ❧❡ ❧✐❡♥ ❡♥tr❡ ❧❛ ♣❤②s✐q✉❡ ❡t ❧❡s ♣r♦♣r✐étés ❢r❛❝t❛❧❡s ❞❡ ❧❛ ♣❧✉✐❡✱ ♠❛✐s ❛✉ss✐ s✉r
❧✬✐♠♣❛❝t ❞❡ ❧✬✐♥t❡r♠✐tt❡♥❝❡ ❞❡ ❧❛ ♣❧✉✐❡ s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t s♣❡❝tr❛❧✳ ▲❛ ❝♦♠♣ré❤❡♥✲
s✐♦♥ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♠♣♦rt❛♥t❡
♣♦✉r ❧❡s ❤②❞r♦❧♦❣✉❡s ❡t ❧❡s ♠été♦r♦❧♦❣✉❡s à ❧❛ ❢♦✐s ♣♦✉r ❛♥❛❧②s❡r ❧❡s ♣r♦❝❡ss✉s ❞❡
♣❧✉✐❡ ♠❛✐s ❛✉ss✐ ♣♦✉r ❞é✈❡❧♦♣♣❡r ❞❡s ♠ét❤♦❞❡s ❞❡ ❞❡s❝❡♥t❡s ❞✬é❝❤❡❧❧❡s ✭❞♦✇♥s❝❛❧✐♥❣✮
q✉✐ ♣❡r♠❡tt❡♥t ❞✬❛♠é❧✐♦r❡r ❧❛ rés♦❧✉t✐♦♥ ❞❡ ❥❡✉① ❞❡ ❞♦♥♥é❡s ❜❛ss❡s rés♦❧✉t✐♦♥s ❡t ❧❡s
s✐♠✉❧❛t✐♦♥s ❞❡ ♠♦❞è❧❡s ♥✉♠ér✐q✉❡s ✭✈♦✐r ❇✐❛♦✉ ✭✷✵✵✹✮✱ ❖❧ss♦♥ ✭✶✾✾✽✮✱ ❘❡❜♦r❛ ❡t ❛❧✳

✭✷✵✵✻✮✮✳ P❛r ❡①❡♠♣❧❡✱ ✉♥❡ ♠ét❤♦❞❡ t❡❧❧❡ q✉❡ ❘❛✐♥❋❆❘▼ ✭❘❡❜♦r❛ ❡t ❛❧✳✱ ✷✵✵✹✮ q✉✐
✉t✐❧✐s❡ ❧✬✐♥❢♦r♠❛t✐♦♥ s♣❡❝tr❛❧❡ à ❣r❛♥❞❡ é❝❤❡❧❧❡ ♣♦✉r ✐♥❢ér❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛
♣❧✉✐❡ à ♣❡t✐t❡ é❝❤❡❧❧❡ ♣♦✉rr❛✐t t✐r❡r ♣r♦✜t ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ré❣✐♠❡s ❢r❛❝t❛❧s ♠✐s
❡♥ é✈✐❞❡♥❝❡✳ ❯♥ ♣♦✐♥t ✐♠♣♦rt❛♥t ❞❡ ❧✬ét✉❞❡ ❡st q✉❡ ❧❡ r❛♣♣♦rt ❞❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s
❡st é❣❛❧ à ✶ s❛✉❢ ❡♥ ❛✉t♦♠♥❡✳ ▼ê♠❡ s✐ ❝❡tt❡ ♣r♦♣r✐été ❞♦✐t ❜✐❡♥ sûr êtr❡ ❝♦♥✜r♠é❡
♣❛r ❞✬❛✉tr❡s ét✉❞❡s ❡t ❡♥ ✉t✐❧✐s❛♥t ❞✬❛✉tr❡s ♠ét❤♦❞❡s ♦✉ ❞✬❛✉tr❡s ♦r❞r❡s ❞❡ ♠♦♠❡♥ts
st❛t✐st✐q✉❡s✱ ❡❧❧❡ s❡♠❜❧❡ ré✈é❧❡r ✉♥❡ r❡❧❛t✐♦♥ s✐♠♣❧❡ ❡♥tr❡ ❧❡ t❡♠♣s ❡t ❧✬❡s♣❛❝❡ ❡♥
t❡r♠❡ ❞❡ ❝♦♠♣♦rt❡♠❡♥t ❛✉t♦s✐♠✐❧❛✐r❡ ❞❡ ❧❛ ♣❧✉✐❡✳ ❯♥ ❡①❡♠♣❧❡ ❞✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥❡
t❡❧❧❡ ♣r♦♣r✐été ❝♦♥❝❡r♥❡ ❧❡s ♠♦❞è❧❡s ♥✉♠ér✐q✉❡s✳ P❛r ❡①❡♠♣❧❡✱ ❝❡tt❡ ♣r♦♣r✐été s❡♠❜❧❡
s✉❣❣ér❡r q✉❡ ❞❡s ♣❛r❛♠étr✐s❛t✐♦♥s ♣♦✉rr❛✐❡♥t s✬❛♣♣❧✐q✉❡r ✐❞❡♥t✐q✉❡♠❡♥t ❡♥ ❡s♣❛❝❡ ❡t
❡♥ t❡♠♣s ✭♦♥ ♣❡♥s❡ à ❝❡rt❛✐♥❡s r❡❧❛t✐♦♥s ♠✐❝r♦♣❤②s✐q✉❡s ❜❛sé❡s s✉r ✉♥ t❡♠♣s ❝❛r❛❝✲
tér✐st✐q✉❡ q✉✐ ♣♦✉rr❛✐❡♥t s②♠étr✐q✉❡♠❡♥t ✉t✐❧✐s❡r ✉♥❡ ❞✐st❛♥❝❡ ❝❛r❛❝tér✐st✐q✉❡✮✳ ▲❡
❢❛✐t q✉❡ ❝❡ r❛♣♣♦rt s♦✐t é❣❛❧ à ✶ ♣❡✉t ❛✉ss✐ ❛✈♦✐r ❞❡s ❝♦♥séq✉❡♥❝❡s s✉r ❧❛ ❝♦♠♣ré❤❡♥✲
s✐♦♥ ❞❡s r❡❧❛t✐♦♥s s♣❛t✐❛❧❡s ❡t t❡♠♣♦r❡❧❧❡s à tr❛✈❡rs ❧❡s é❝❤❡❧❧❡s✳ P❛r ❡①❡♠♣❧❡✱ ♦♥ s❛✐t
q✉❡ ❧❛ ❝♦♥✈❡❝t✐♦♥ ♦r❣❛♥✐sé❡ ❡st ❡♥ ❢❛✐t ❝♦♠♣♦sé❡ ❞❡ ♠✉❧t✐♣❧❡s ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s
✭✈♦✐r à ❝❡ ♣r♦♣♦s ❧❛ s❡❝t✐♦♥ ✶✳✹✳✺✮✳ ❈❤❛❝✉♥❡ ❞❡ ❝❡s ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s ♣♦ssè❞❡ ✉♥❡
♣❡t✐t❡ ❞✉ré❡ ❞❡ ✈✐❡ ❡t ✉♥❡ ❞✐♠❡♥s✐♦♥ ré❞✉✐t❡ t❛♥❞✐s q✉❡ ❧❡ s②stè♠❡ ❞❡ ❝♦♥✈❡❝t✐♦♥ ♦r✲
❣❛♥✐sé ♣❡r❞✉r❡ ❜✐❡♥ ♣❧✉s ❧♦♥❣t❡♠♣s ❡t ♣♦ssè❞❡ ✉♥❡ t❛✐❧❧❡ ❜✐❡♥ ♣❧✉s ✐♠♣♦rt❛♥t❡✳ ❈❡❧❛
♣r♦✉✈❡ ❞♦♥❝ q✉✬✐❧ ② ❛ ✉♥❡ r❡❧❛t✐♦♥ ❡♥tr❡ ❧✬❡s♣❛❝❡ ❡t ❧❡ t❡♠♣s ❛✉ s❡✐♥ ❞❡s ♣r♦❝❡ss✉s
♠été♦r♦❧♦❣✐q✉❡s q✉✐ ♣♦✉rr❛✐t êtr❡ ❧✐é❡ ❛✉① ♣r♦♣r✐étés ✐❞❡♥t✐✜é❡s ❞❛♥s ❝❡tt❡ ét✉❞❡✳

❆ ❧✬❛✈❡♥✐r✱ ♦♥ ❝♦♥s✐❞ér❡r❛ ❞❡s é❝❤❡❧❧❡s s♣❛t✐❛❧❡s ❡t t❡♠♣♦r❡❧❧❡s ♣❧✉s ✐♠♣♦rt❛♥t❡s
♣♦✉r ❛♥❛❧②s❡r ♣❧✉s ❡♥ ❞ét❛✐❧ ❧❡s ♣r♦❝❡ss✉s s②♥♦♣t✐q✉❡s✳ ❉❛♥s ❝❡ tr❛✈❛✐❧ ❡♥ ❝♦✉rs
❞❡ ré❛❧✐s❛t✐♦♥ ♥♦✉s ✉t✐❧✐s♦♥s ❧❡s ❞♦♥♥é❡s ❞✉ rés❡❛✉ r❛❞❛r ❆❘❆▼■❙✳ ▲✬❛♥❛❧②s❡ ❞❡s
♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡s ♣♦✉rr❛ é❣❛❧❡♠❡♥t ❜é♥é✜❝✐❡r ❞✉ ❢♦r♠❛❧✐s♠❡ ♠✉❧t✐❢r❛❝t❛❧ ❞♦♥t
❝❡rt❛✐♥s ♣❛r❛♠ètr❡s t❡❧s ❧❛ ❝♦❞✐♠❡♥s✐♦♥ ❛♣♣❛r❛✐ss❡♥t ♣❡rt✐♥❡♥ts ♣♦✉r ♠❡ttr❡ ❡♥ é✈✐✲
❞❡♥❝❡ ❧❡s ♣r♦❝❡ss✉s ♠été♦r♦❧♦❣✐q✉❡s s♦✉s✲❥❛❝❡♥ts✳

✶✷✷ ❆♥❛❧②s❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡
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❆
♣rès ❛✈♦✐r ❝❛r❛❝tér✐sé ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧✬❊✉✲
r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ❞❛♥s ❧❡s ❞❡✉① ❝❤❛♣✐tr❡s ♣ré❝é❞❡♥ts ♣❛r ❞❡✉① ❛♣✲

♣r♦❝❤❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é✱ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡✱ à ✐❞❡♥t✐✜❡r ❧❡s ❝♦♥❞✐✲
t✐♦♥s ❞②♥❛♠✐q✉❡s ❡t t❤❡r♠♦❞②♥❛♠✐q✉❡s r❡s♣♦♥s❛❜❧❡s ❞❡ ❝❡ ❝♦♠♣♦rt❡♠❡♥t✳ P♦✉r ❝❡❧❛
♥♦✉s ❛✈♦♥s ❝♦♥s✐❞éré à ❧❛ ❢♦✐s ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ❣r❛♥❞❡ é❝❤❡❧❧❡ ❡t ❞❡ ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡✳

Processus
Précipita tions

Tourbillon potentie l

Corré la tion

Méthode  des  ana logues

Synoptique

Humidité

Cumul de  pluie

cycle  diurne

Pente  du re lie f

Variabilité

Atmosphère

Médite rranée

Saison

Anomalie  de  tourbillon potentie l

Cisa illement vertica l

Divergence

Convection

Anticorré la tion

CAPE

Soulèvement

Alpes

Convergence

Vitesse  vertica le

Intrus ion s tra tosphérique

Hydrix

Réchauffement

Troposphère

Eurorégion Alpes−Médite rranée

Mécanisme a tmosphérique

Basse pression

Europe

Tempéra ture  potentie lle

Dynamique

Géopotentie l

Vent géos trophique

Montagne

Orographie

Radar

Analyse  s ta tis tique

Thermodynamique

Topographie

Dépress ion

Quas i−géos trophique

Vent zona l

Circula tion géos trophique

Vent méridien

Migra tion sa isonniè re

Réana lyses

Tourbillon re la tif

Nombre  de Richardson

Anticyclone

Zone  d'ascendance

Assèchement

Cyclone

Invers ibilité  du tourbillon

Meso−éche lle

Ondele tte
Pluie

Circula tion agéos trophique

Cellule  de  pluie

Contras te  thermique

ECMWF

Goutte  froide

Isentrope
Stra tosphère

Tropopause

Advection

Atlantique

Brise  de  mer

Front a tmosphérique

Ondes

Sécheresse

Corré la tion de  Spearman

Stabilité  a tmosphérique
Processus  adiaba tique

ARAMIS

Baromètre

Brise  de  te rre

Brunt−Väisä lä

MED−CORDEX

Coriolis

Cutoff

Processus  diaba tique

ERA−Inte rim

Evapora tion

Evènement pluvieux

Hydros ta tique

Hymex

Rayonnement

Refroidissement

Stra tiforme Thalwegs

■♥tr♦❞✉❝t✐♦♥

▲❡s ♣r♦❝❡ss✉s ♠été♦r♦❧♦❣✐q✉❡s ❛ss♦❝✐és ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ♦♥t été ❧❛r❣❡♠❡♥t ❞é✲
❝r✐s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✳ P❛r ❝♦♥séq✉❡♥t✱ ♥♦✉s ♥❡ r❛♣♣❡❧❧❡r♦♥s ❞❛♥s ❝❡tt❡ ✐♥tr♦❞✉❝✲
t✐♦♥ ❡t ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ q✉❡ ❧❡s q✉❡❧q✉❡s ♥♦t✐♦♥s ♥é❝❡ss❛✐r❡s à ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥
❞❡s rés✉❧t❛ts ♦❜t❡♥✉s✳ ▲❛ ♣r❡♠✐èr❡ ♣❛rt✐❡ ❞❡ ❝❡ ❝❤❛♣✐tr❡ ♣♦rt❡ s✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥
❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ ❣r❛♥❞❡ é❝❤❡❧❧❡ ❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧✬❊✉r♦ré❣✐♦♥
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❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳ P♦✉r ❝❡❧❛✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡s ré❛♥❛❧②s❡s ✭❊❘❆✲■♥t❡r✐♠✮ ❞✉
❈❡♥tr❡ ❊✉r♦♣é❡♥ ✭❊❈▼❲❋✮✳ ❉❛♥s ✉♥ ❞❡✉①✐è♠❡ t❡♠♣s✱ ❧❡s ♣❛r❛♠ètr❡s ❧♦❝❛✉① ❢❛✲
✈♦r❛❜❧❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s s♦♥t ét✉❞✐é❡s✳ ◆♦✉s ♠♦♥tr♦♥s ❝♦♠♠❡♥t ❧❡s ♣❛r❛♠ètr❡s
❧♦❝❛✉①✴ré❣✐♦♥❛✉① ❛✛❡❝t❡♥t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉✐✈❛♥t ❧✬❛❧t✐t✉❞❡✱ ❧❛ s❛✐s♦♥ ❡t ❧❛ ré❣✐♦♥
❣é♦❣r❛♣❤✐q✉❡✳ ❉❛♥s ✉♥ tr♦✐s✐è♠❡ t❡♠♣s✱ ♥♦✉s ❛♥❛❧②s♦♥s ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ t♦♣♦❣r❛♣❤✐❡
s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳

✺✳✶ ❙✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡

❈♦♠♠❡ ♠♦♥tré ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✱ ❧❛ s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ❛ ✉♥❡ ✐♥✢✉❡♥❝❡ ❝♦♥s✐✲
❞ér❛❜❧❡ s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝
❝❤❡r❝❤é à ❞ét❡r♠✐♥❡r✱ ❞❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❢❛✈♦r❛❜❧❡s ❛✉①
♣ré❝✐♣✐t❛t✐♦♥s ❞❡ ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳ P♦✉r ré❛❧✐s❡r ❝❡tt❡ ❛♥❛❧②s❡ st❛✲
t✐st✐q✉❡ s✉r ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❝❛s✱ ✐❧ ét❛✐t ♥é❝❡ss❛✐r❡ ❞❡ tr♦✉✈❡r ✉♥ ♣❛r❛♠ètr❡
♣❡r♠❡tt❛♥t ❞❡ ❜✐❡♥ ❞é❝r✐r❡ ❧❛ str✉❝t✉r❡ s②♥♦♣t✐q✉❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡✳ ◆♦✉s ❛✈♦♥s✱
❞❛♥s ❝❡ ❜✉t✱ ❝❤♦✐s✐ ❞✬✉t✐❧✐s❡r ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ à ✷✺✵ ❤P❛✳ ▲❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥✲
t✐❡❧ ♣rés❡♥t❡ ❡♥ ❡✛❡t ♣❧✉s✐❡✉rs ❝❛r❛❝tér✐st✐q✉❡s ✐♥tér❡ss❛♥t❡s ♣♦✉r ♥♦tr❡ ét✉❞❡ ✿ ❧❛
♣r❡♠✐èr❡ rés✐❞❡ ❞❛♥s ❧❡ ❢❛✐t q✉❡ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡st ✉♥❡ ✈❛r✐❛❜❧❡ ♣❡r♠❡tt❛♥t
t♦✉t à ❧❛ ❢♦✐s ❞❡ ❝❛r❛❝tér✐s❡r ❧✬❛s♣❡❝t ❞②♥❛♠✐q✉❡ ❡t ❧✬❛s♣❡❝t t❤❡r♠♦❞②♥❛♠✐q✉❡ ❞❡
❧✬❛t♠♦s♣❤èr❡✳ ❊♥ ❡✛❡t✱ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ s✬é❝r✐t ❡♥ ❝♦♦r❞♦♥♥é❡s ✐s❡♥tr♦♣✐q✉❡s ✿

PV = (ζθ + f)(−g ∂θ
∂P

) ✭✺✳✶✮

♦ù ζθ ❡st ❧❛ ❝♦♠♣♦s❛♥t❡ ✈❡rt✐❝❛❧❡ ❞✉ t♦✉r❜✐❧❧♦♥ r❡❧❛t✐❢ s✉r ✉♥❡ s✉r❢❛❝❡ ✐s❡♥tr♦♣❡✱
f ❡st ❧❡ ❢❛❝t❡✉r ❞❡ ❈♦r✐♦❧✐s✱ P ❡st ❧❛ ♣r❡ss✐♦♥ ❡t θ ❡st ❧❛ t❡♠♣ér❛t✉r❡ ♣♦t❡♥t✐❡❧❧❡✳
▲❛ ✈❛❧❡✉r ❞✉ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡st ❝♦♥s❡r✈é❡ ❡♥ ❝❛s ❞❡ ♠♦✉✈❡♠❡♥t ✐♥✈✐s❝✐❞❡s ❡t
❛❞✐❛❜❛t✐q✉❡s✳ ▲❡ ❢❛❝t❡✉r ❞❡ ❣❛✉❝❤❡ ✭ζθ + f✮ ❝♦rr❡s♣♦♥❞ à ❧❛ ♣❛rt✐❡ ❞②♥❛♠✐q✉❡ ❡t ❧❡
❢❛❝t❡✉r ❞❡ ❞r♦✐t❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ♣❛rt✐❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ ✭−g ∂θ

∂P
✮✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡

❧✬❛♣♣r♦①✐♠❛t✐♦♥ q✉❛s✐✲❣é♦str♦♣❤✐q✉❡✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❞é✜♥✐r ✉♥ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧
q✉❛s✐✲❣é♦str♦♣❤✐q✉❡ q✉✐ s✬é❝r✐t ✿

q = ζg + f + ∂P

(

f0
σ

∂Φ

∂P

)

✭✺✳✷✮

♦ù ζg ❡st ❧❡ t♦✉r❜✐❧❧♦♥ r❡❧❛t✐❢ ❣é♦str♦♣❤✐q✉❡✱ f = f0 + βy ✭❛♣♣r♦①✐♠❛t✐♦♥ ♣❧❛♥ β✮✱ Φ
❡st ❧❡ ❣é♦♣♦t❡♥t✐❡❧ ❡t σ = −RT0

P
dlnθ0
dP

❛✈❡❝ θ0 ❧❛ t❡♠♣ér❛t✉r❡ ♣♦t❡♥t✐❡❧❧❡ ❝♦rr❡s♣♦♥✲
❞❛♥t à ❧❛ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡ T0✳ ζg ❡t f ❝♦rr❡s♣♦♥❞❡♥t à ❧❛ ♣❛rt✐❡
❞②♥❛♠✐q✉❡ ❞✉ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ q✉❛s✐✲❣é♦str♦♣❤✐q✉❡ t❛♥❞✐s q✉❡ ❧❡ ✸è♠❡ t❡r♠❡ ❞❡
❞r♦✐t❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ♣❛rt✐❡ t❤❡r♠♦❞②♥❛♠✐q✉❡✳ ■❧ ❢❛✉t ♥♦t❡r q✉❡ ❧❡ t♦✉r❜✐❧❧♦♥ ❡st
♣r♦♣♦rt✐♦♥♥❡❧ à ✉♥❡ ❢♦r♠❡ ❧✐♥é❛r✐sé❡ ❞✉ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ PV ❞é✜♥✐ ♣ré❝é❞❡♠✲
♠❡♥t ✭❍♦❧t♦♥✱ ✶✾✾✷✮✳ ▲❡s éq✉❛t✐♦♥s q✉❛s✐✲❣é♦str♦♣❤✐q✉❡s ♣❡r♠❡tt❡♥t é❣❛❧❡♠❡♥t ❞❡
♠♦♥tr❡r q✉❡ ❧✬♦♥ ♣❡✉t é❝r✐r❡ ❧❡ t♦✉r❜✐❧❧♦♥ r❡❧❛t✐❢ s♦✉s ❧❛ ❢♦r♠❡ ✿

ζg =
1

f0
~∇2Φ ✭✺✳✸✮

❈❡tt❡ r❡❧❛t✐♦♥ s✬❛♣♣❡❧❧❡ ❧❡ ♣r✐♥❝✐♣❡ ❞✬✐♥✈❡rs✐❜✐❧✐té ❡t ♠♦♥tr❡ q✉❡ ❧❡ t♦✉r❜✐❧❧♦♥
r❡❧❛t✐❢ ✭❡t ❞♦♥❝ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ q✉❛s✐✲❣é♦str♦♣❤✐q✉❡✮ ❡st ❧✐é ❛✉ ❣é♦♣♦t❡♥t✐❡❧✳
❈♦♠♠❡ ❧❡ ❧❛♣❧❛❝✐❡♥ ❝♦rr❡s♣♦♥❞ à ✉♥ ♠❛①✐♠✉♠ q✉❛♥❞ ❧❛ ❢♦♥❝t✐♦♥ ❡st ♠✐♥✐♠✉♠✱ ❛❧♦rs

✶✷✹ ❙✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡



Pr♦❝❡ss✉s

❝❡❧❛ s✐❣♥✐✜❡ q✉✬✉♥ ♠❛①✐♠✉♠ ❞❡ t♦✉r❜✐❧❧♦♥ r❡❧❛t✐❢ ✭❡t ❞♦♥❝ ✉♥ ♠❛①✐♠✉♠ ❞❡ q ❡t PV ✮
✈❛ êtr❡ ❛ss♦❝✐é à ✉♥ ♠❛①✐♠✉♠ ❞❡ ❣é♦♣♦t❡♥t✐❡❧ ✭❡♥ s❡ r❛♣♣❡❧❛♥t q✉❡ ❧❡ ❣é♦♣♦t❡♥t✐❡❧ ❡st
t♦✉❥♦✉rs ♣♦s✐t✐❢✮✳ ❊♥✜♥✱ ♣❛r ❞é✜♥✐t✐♦♥✱ ✉♥❡ ③♦♥❡ ❞❡ ❜❛ss❡ ♣r❡ss✐♦♥ ❡st ❛ss♦❝✐é❡ à ✉♥
♠❛①✐♠✉♠ ❞❡ ❣é♦♣♦t❡♥t✐❡❧ à ✉♥❡ ♣r❡ss✐♦♥ ❞♦♥♥é❡✱ ❞♦♥❝ ✉♥ ❢♦rt t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧
s❡r❛ ❛ss♦❝✐é à ✉♥❡ ③♦♥❡ ❞❡ ❜❛ss❡ ♣r❡ss✐♦♥✳ ❈❡tt❡ ③♦♥❡ ❞❡ ❜❛ss❡ ♣r❡ss✐♦♥ ❡t ❞♦♥❝ ❝❡tt❡
❛♥♦♠❛❧✐❡ ♣♦s✐t✐✈❡ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡♥❣❡♥❞r❡ ✉♥❡ ❝✐r❝✉❧❛t✐♦♥ ❣é♦str♦♣❤✐q✉❡
❛✉t♦✉r ❞❡ s♦♥ ❛①❡ ❡t ✉♥❡ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ♣♦s✐t✐✈❡ à ❧✬❛✈❛♥t ❝♦♠♠❡ ♠♦♥tré ❞❛♥s
❧❛ ♣❛rt✐❡ ✶✳✹✳✸✳ ❆✐♥s✐✱ ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞✉ ❝❤❛♠♣ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ♣❡r♠❡t ❞❡
❞✐❛❣♥♦st✐q✉❡r ❧❛ ❝✐r❝✉❧❛t✐♦♥ ❛t♠♦s♣❤ér✐q✉❡ ❞❡ ❣r❛♥❞❡ é❝❤❡❧❧❡✳ ❉❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s
♦♥t ♣❛r ❛✐❧❧❡✉rs ♠♦♥tré ❧✬✐♥✢✉❡♥❝❡ ❞✉ t♦✉r❜✐❧❧♦♥ à ❧❛ ❣r❛♥❞❡ é❝❤❡❧❧❡ s✉r ❧✬♦❝❝✉rr❡♥❝❡
❡t ❧✬✐♥t❡♥s✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧❛ ③♦♥❡ ♠é❞✐t❡rr❛♥é❡♥♥❡ ✭❋✉♥❛ts✉ ❡t ❛❧✳✱ ✷✵✵✽❀
▼❛rt✐✉s ❡t ❛❧✳✱ ✷✵✵✻❀ ▼❛ss❛❝❛♥❞ ❡t ❛❧✳✱ ✶✾✾✽✮✳ ❊♥ ♦✉tr❡✱ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡st
✉♥ ❜♦♥ tr❛❝❡✉r ❞❡s ✐♥tr✉s✐♦♥s str❛t♦s♣❤ér✐q✉❡s q✉✐ s♦♥t ✉♥❡ ❞❡s ❝❛✉s❡s ✐❞❡♥t✐✜é❡s
❞❡s ❢♦rt❡s ♣ré❝✐♣✐t❛t✐♦♥s ✭❍♦✐♥❦❛ ❡t ❉❛✈✐❡s✱ ✷✵✵✼❀ ▼❛ss❛❝❛♥❞ ❡t ❛❧✳✱ ✶✾✾✽✮✳

P♦✉r ❝♦♥♥❛îtr❡ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ à ❣r❛♥❞❡ é❝❤❡❧❧❡✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡s
ré❛♥❛❧②s❡s ❞✉ ❈❡♥tr❡ ❊✉r♦♣é❡♥ ✭❉❡❡ ❡t ❛❧✳✱ ✷✵✶✶❀ ❙✐♠♠♦♥s ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❈❡s ré✲
❛♥❛❧②s❡s ♣❡r♠❡tt❡♥t ❞✬♦❜t❡♥✐r ❞✐r❡❝t❡♠❡♥t ✉♥ ♥♦♠❜r❡ ❝♦♥s✐❞ér❛❜❧❡ ❞❡ ♣❛r❛♠ètr❡s
♠été♦r♦❧♦❣✐q✉❡s à ❧❛ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ✵✱✷✺✝① ✵✱✷✺✝❡t t❡♠♣♦r❡❧❧❡ ❞❡ ✻ ❤❡✉r❡s✳

❆♣rès ❛✈♦✐r ♠♦♥tré q✉❡ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ♣❡r♠❡t ❞❡ ❞é❝r✐r❡ ❡✣❝❛❝❡♠❡♥t ❧❛
s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡✱ ✐❧ ❡st à ♣rés❡♥t ♥é❝❡ss❛✐r❡ ❞❡ ❞ét❡r♠✐♥❡r ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣✲
t✐q✉❡s ❢❛✈♦r❛❜❧❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s✳ ❈♦♠♠❡ ♦♥ ❧✬❛ ✈✉ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✱ ❞✐✛ér❡♥t❡s
♠ét❤♦❞❡s ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sé❡s✳ ▲✬❛♣♣r♦❝❤❡ ❧❛ ♣❧✉s s✐♠♣❧❡ ❝♦♥s✐st❡ à ❝❛❧❝✉❧❡r ✉♥
❝♦♠♣♦s✐t❡ ❞❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❛ss♦❝✐é❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s✳ ❈❡tt❡ ♠ét❤♦❞❡
♣rés❡♥t❡ ❧❡ r✐sq✉❡ ❞❡ ♠ê❧❡r ♣❧✉s✐❡✉rs s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❞✐st✐♥❝t❡s✳ ■❧ s❡♠❜❧❡
❞♦♥❝ ♣ré❢ér❛❜❧❡ ❞✬✉t✐❧✐s❡r ❞❡s ♠ét❤♦❞❡s ♦❜❥❡❝t✐✈❡s ❞❡ ❣r♦✉♣❡♠❡♥t ❞❡s s✐t✉❛t✐♦♥s s②✲
♥♦♣t✐q✉❡s ❞❡ ♣❧✉✐❡✳ ❈✬❡st ❞❛♥s ❝❡ ❜✉t q✉❡ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é ✉♥❡ ❛♣♣r♦❝❤❡ ❞ér✐✈é❡
❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡s ❛♥❛❧♦❣✉❡s✳

✺✳✶✳✶ ▼✐s❡ ❡♥ ♣❧❛❝❡ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡s ❛♥❛❧♦❣✉❡s

▲❛ ♠ét❤♦❞❡ ❞❡s ❛♥❛❧♦❣✉❡s ❡st ❛✈❛♥t t♦✉t ✉♥❡ ♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ♠ê♠❡ s✬✐❧ ❡❧❧❡
♥❡ s❡r❛ ♣❛s ✉t✐❧✐sé❡ ❞❛♥s ❝❡t ♦♣t✐q✉❡ ✐❝✐✳ ❊❧❧❡ ❝♦♥s✐st❡ ❡♥ ♣r❡♠✐❡r ❧✐❡✉ à r❡❝❤❡r❝❤❡r
❞❛♥s ❧❡ ♣❛ssé ✉♥❡ s✐t✉❛t✐♦♥ ♣rés❡♥t❛♥t ❞❡s ❝❛r❛❝tér✐st✐q✉❡s s✐♠✐❧❛✐r❡s ✭❝✬❡st✲à✲❞✐r❡
✉♥ ❛♥❛❧♦❣✉❡✮ à ❝❡❧❧❡ q✉❡ ❧✬♦♥ ♦❜s❡r✈❡ ❛❝t✉❡❧❧❡♠❡♥t✳ ▲✬✐❞é❡ ét❛♥t q✉❡ s✐ ❞❡✉① s✐✲
t✉❛t✐♦♥s s♦♥t très s✐♠✐❧❛✐r❡s✱ ❛❧♦rs ✐❧ ❡st ♣r♦❜❛❜❧❡ q✉✬❡❧❧❡s é✈♦❧✉❡r♦♥t ❞❡ ❧❛ ♠ê♠❡
♠❛♥✐èr❡✳ ▼❛❧❤❡✉r❡✉s❡♠❡♥t ❧✬❛♥❛❧♦❣✉❡ ♣❛r❢❛✐t ♥✬❡①✐st❡ ♣❛s✳ ❊♥ ❡✛❡t✱ ❧✬❛t♠♦s♣❤èr❡
❡st t❡❧❧❡♠❡♥t ❝♦♠♣❧❡①❡ q✉✬✐❧ ❡st ♣❡✉ ♣r♦❜❛❜❧❡ q✉✬✐❧ s❡ ♣r♦❞✉✐s❡ ❞❡✉① ❢♦✐s ❡①❛❝t❡♠❡♥t
❧❛ ♠ê♠❡ s✐t✉❛t✐♦♥ ♠été♦r♦❧♦❣✐q✉❡✳ ❉❡ ♣❧✉s✱ ❧❡s ♠♦②❡♥s ❞✬♦❜s❡r✈❛t✐♦♥ é✈♦❧✉❡♥t ❛✉
✜❧ ❞✉ t❡♠♣s ❝❡ q✉✐ ✐♠♣❧✐q✉❡ q✉❡ ♠ê♠❡ s✐ ❞❛♥s ❧✬❤✐st♦✐r❡ ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥ ♠été♦r♦✲
❧♦❣✐q✉❡✱ ✐❧ s❡ ♣r♦❞✉✐s❛✐t ❡①❛❝t❡♠❡♥t ❧❛ ♠ê♠❡ s✐t✉❛t✐♦♥ ♠été♦r♦❧♦❣✐q✉❡✱ ✐❧ ❡st très
♣❡✉ ♣r♦❜❛❜❧❡ q✉❡ ♥♦✉s ❧❡ r❡♠❛rq✉✐♦♥s t❛♥t ❧❡s ♠♦②❡♥s ❞❡ ♠❡s✉r❡ ❡t ❧❡s rés♦❧✉t✐♦♥s
✉t✐❧✐sé❡s ❝❤❛♥❣❡♥t r❛♣✐❞❡♠❡♥t✳ ❈❡tt❡ ♠ét❤♦❞❡ ♥✬❡st ❞✬❛✐❧❧❡✉rs ♣❧✉s ✉t✐❧✐sé❡ ♣♦✉r ❧❛
♣ré✈✐s✐♦♥ ♠été♦r♦❧♦❣✐q✉❡ ❝❛r ❡❧❧❡ ❡st ❜✐❡♥ ♠♦✐♥s ♣ré❝✐s❡ q✉❡ ❧❡s ♠♦❞è❧❡s ❞❡ ♣ré✈✐s✐♦♥
♥✉♠ér✐q✉❡✳ P❛r ❝♦♥tr❡✱ ♦♥ ❧✬✉t✐❧✐s❡ t♦✉❥♦✉rs ♣♦✉r ❧❛ ♣ré✈✐s✐♦♥ s❛✐s♦♥♥✐èr❡✳ ❊❧❧❡ ♣❡r✲
♠❡t ♣❛r ❡①❡♠♣❧❡ ❞❡ ♠♦♥tr❡r q✉❡ ❞❛♥s ✻✵✪ ❞❡s ❝❛s ✉♥ été ♣❧✉✈✐❡✉① ❡st s✉✐✈✐ ❞✬✉♥
❛✉t♦♠♥❡ ♣❧✉✈✐❡✉① ♦✉ ❡♥❝♦r❡ q✉❡ s✐ ❧✬♦♥ ♣❛ss❡ ◆♦ë❧ ❛✉ ❜❛❧❝♦♥✱ ♦♥ r✐sq✉❡ ❞❡ ♣❛ss❡r
Pâq✉❡s ❛✉ t✐s♦♥✳ ❉❛♥s ♥♦tr❡ ❝❛s ♥♦✉s ♥✬❛❧❧♦♥s ♣❛s ❝❤❡r❝❤❡r à ♣ré✈♦✐r ❧✬é✈♦❧✉t✐♦♥ ❞✉

❙✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ✶✷✺
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t❡♠♣s ❛✈❡❝ ❧❛ ♠ét❤♦❞❡ ❞❡s ❛♥❛❧♦❣✉❡s ♠❛✐s ♣❧✉tôt à ✐❞❡♥t✐✜❡r ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣✲
t✐q✉❡s ❛♥❛❧♦❣✉❡s q✉✐ s❡r♦♥t s②sté♠❛t✐q✉❡♠❡♥t ❛ss♦❝✐é❡s à ❞❡s é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡✳
❆✐♥s✐✱ ♥♦✉s ♣♦✉rr♦♥s ❞ét❡r♠✐♥❡r ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s t②♣✐q✉❡s ❢❛✈♦r❛❜❧❡s ❛✉①
♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ré❣✐♦♥✳ ▲❛ ♠ét❤♦❞❡ ❝♦♥s✐st❡ ❞♦♥❝ à ✿

✶✳ ❉ét❡r♠✐♥❡r ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❛♥❛❧♦❣✉❡s ❡♥ t❡r♠❡ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥✲
t✐❡❧ s✉r ❧❛ ♣ér✐♦❞❡ ✷✵✵✾✲✷✵✶✷

✷✳ ❆❣ré❣❡r ❧❛ ♣❧✉✐❡ ♠❡s✉ré❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐① ♣♦✉r ❧❛ ♣ér✐♦❞❡ ✷✵✵✾✲✷✵✶✷ ❞❡
♠❛♥✐èr❡ à ♦❜t❡♥✐r ✉♥❡ rés♦❧✉t✐♦♥ ✐❞❡♥t✐q✉❡ à ❝❡❧❧❡ ❞✉ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ✭✻
❤❡✉r❡s ❡t ✵✱✷✺✝① ✵✱✷✺✝✮

✸✳ ❘❡❝❤❡r❝❤❡r ❧❡s ❛♥❛❧♦❣✉❡s q✉✐ s♦♥t s②sté♠❛t✐q✉❡♠❡♥t ❛ss♦❝✐és à ❞❡s ❝✉♠✉❧s ❞❡
♣ré❝✐♣✐t❛t✐♦♥s ✐♠♣♦rt❛♥ts

❘❡❝❤❡r❝❤❡ ❞❡s ❛♥❛❧♦❣✉❡s

❊♥ ♣r❡♠✐❡r ❧✐❡✉✱ ♣♦✉r ❞ét❡r♠✐♥❡r ❧❡s ❛♥❛❧♦❣✉❡s ❡♥ t❡r♠❡ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧✱
✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ q✉❛♥t✐✜❡r ❧✬❛♥❛❧♦❣✐❡ ❡♥tr❡ ❞❡✉① s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❞♦♥♥é❡s✳
P♦✉r ❝❡❧❛✱ ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ❡①✐st❡♥t ❝♦♠♠❡ ❧❡ ❝❛❧❝✉❧ ❞❡ ❧❛ ❞✐st❛♥❝❡ ❡✉❝❧✐❞✐❡♥♥❡
♦✉ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥✳ ◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞✬✉t✐❧✐s❡r ❧❛ ❝♦rré❧❛t✐♦♥ ❝❛r ❡❧❧❡ ❡st ♣❧✉s ❢❛✲
❝✐❧❡ à ✐♥t❡r♣rét❡r q✉❡ ❧❛ ❞✐st❛♥❝❡ ❡✉❝❧✐❞✐❡♥♥❡✳ ▲❛ ♠ét❤♦❞❡ ❝♦♥s✐st❡ ❞♦♥❝ à ❝❛❧❝✉❧❡r
♣♦✉r ❝❤❛q✉❡ ❛♥♥é❡ ❡t ❝❤❛q✉❡ ♣✐①❡❧ ❞❡ ❧❛ ❝❛rt❡ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ✉♥ ✐♥❞✐❝❡ ❞❡
❝♦rré❧❛t✐♦♥ ✭❛✉ s❡♥s ❞❡ ❙♣❡❛r♠❛♥✮✳ ❉❡ ♣❧✉s✱ ♥♦✉s ♥♦✉s s♦♠♠❡s r❡str❡✐♥t ❛✉ ❝❛❧✲
❝✉❧ ❞❡s ✐♥❞✐❝❡s ❞❡ ❝♦rré❧❛t✐♦♥ ❞❛♥s ✉♥ ✐♥t❡r✈❛❧❧❡ ❞❡ ❞❡✉① ♠♦✐s ❛✉t♦✉r ❞❡ ❧❛ ❞❛t❡
❝♦♥s✐❞éré❡✳ ❈✬❡st✲à✲❞✐r❡ q✉❡ s✐ ❧✬♦♥ ❝❤❡r❝❤❡ ❧❡s ❛♥❛❧♦❣✉❡s ❞✉ ✶ ❥❛♥✈✐❡r ✷✵✶✵✱ ♦♥ ✈❛
t❡st❡r t♦✉s ❧❡s ❥♦✉rs ❝♦♠♣r✐s ❡♥tr❡ ❧❡ ✶ ♥♦✈❡♠❜r❡ ❡t ❧❡ ✶ ♠❛rs ❞❡s ❛♥♥é❡s ✷✵✵✾✲
✷✵✶✷✳ ▲✬✐♥t❡r✈❛❧❧❡ ❞❡ r❡❝❤❡r❝❤❡ ❡st ❞❡ ❞❡✉① ♠♦✐s ❝❛r ♠ê♠❡ ❡♥ ❢❛✐s❛♥t ❧✬❤②♣♦t❤ès❡
q✉❡ ❞❡✉① s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ✐❞❡♥t✐q✉❡s ♣✉✐ss❡♥t êtr❡ sé♣❛ré❡s ❞❡ ♣❧✉s ❞❡ q✉❛tr❡
♠♦✐s✱ ❧❡✉r ❡✛❡t ❡♥ t❡r♠❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s s❡r❛ très ♣r♦❜❛❜❧❡♠❡♥t ❞✐✛ér❡♥t ❝❛r ❧❡s
❝♦♥❞✐t✐♦♥s ♠été♦r♦❧♦❣✐q✉❡s ❝❤❛♥❣❡♥t ❛✈❡❝ ❧❛ s❛✐s♦♥ ✭✉♥ ❢r♦♥t ♥✬❛✉r❛ ♣❛s ❧❡ ♠ê♠❡
❡✛❡t ❡♥ ❞é❝❡♠❜r❡ ❡t ❛✉ ♠✐❧✐❡✉ ❞❡ ❧✬été✮✳ ❋✐♥❛❧❡♠❡♥t✱ ♥♦✉s ♥❡ ❣❛r❞♦♥s q✉❡ ❧❡s ✈✐♥❣t
♣r❡♠✐❡rs ❛♥❛❧♦❣✉❡s ❝❛r ❧✬❡①♣ér✐❡♥❝❡ ♠♦♥tr❡ q✉✬❛✉ ❞❡❧à✱ ❧❡s ❛♥❛❧♦❣✉❡s ♥❡ s♦♥t ♣❧✉s
très s❡♠❜❧❛❜❧❡s à ❧❛ ❝❛rt❡ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❞❡ ❞é♣❛rt✳ ▲❛ ♠ét❤♦❞❡ ♣❡r♠❡t
❞♦♥❝ ❞✬♦❜t❡♥✐r ✉♥❡ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❝♦♥st✐t✉é❡s ❞❡ ❢❛♠✐❧❧❡s ❞✬❛♥❛❧♦❣✉❡s ❝♦♠♣r❡♥❛♥t
❝❤❛❝✉♥❡ ✈✐♥❣t ♠❡♠❜r❡s ❛✐♥s✐ q✉❡ ❧❡s ✐♥❞✐❝❡s ❞❡ ❝♦rré❧❛t✐♦♥ ♣♦✉r ❝❡s ✈✐♥❣ts ♠❡♠❜r❡s✳
■❧ ❢❛✉t ♥♦t❡r q✉❡ ❝❡rt❛✐♥❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ♣❡✉✈❡♥t s❡ r❡tr♦✉✈❡r ❞❛♥s ♣❧✉✲
s✐❡✉rs ❢❛♠✐❧❧❡s ❞✬❛♥❛❧♦❣✉❡s ❞✐✛ér❡♥t❡s✳ ❙✉r ❧❛ ✜❣✉r❡ ✺✳✶ ❡st ♣rés❡♥té❡ ✉♥ ❡①❡♠♣❧❡
❞✬✉♥❡ ❝❛rt❡ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡t ❞❡ s❡s ❛♥❛❧♦❣✉❡s ❝❛❧❝✉❧és✳ ◆♦✉s ❝♦♥st❛t♦♥s ♣❛r
❡①❡♠♣❧❡ q✉❡ ❧❛ ♠ét❤♦❞❡ ♣❡r♠❡t ❜✐❡♥ ❞❡ tr♦✉✈❡r ❞❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s s✐♠✐❧❛✐r❡s
❛✈❡❝ ❝❡♣❡♥❞❛♥t ❝❡rt❛✐♥❡s ❞✐✛ér❡♥❝❡s ❡♥ ✐♥t❡♥s✐té ❡t ❡♥ ♣♦s✐t✐♦♥✳

▲✐❡♥ ♣ré❝✐♣✐t❛t✐♦♥s✲❛♥❛❧♦❣✉❡s

❊♥s✉✐t❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬✐❞❡♥t✐✜❡r ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❛②❛♥t ♣r♦✈♦q✉é
♦✉ ❞✉ ♠♦✐♥s ❢❛✈♦r✐sé ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s✳ P♦✉r ❝❡ ❢❛✐r❡✱ ♥♦✉s ❛✈♦♥s t♦✉t
❞✬❛❜♦r❞ ❝❛❧❝✉❧é ❧❛ s♦♠♠❡ ✭♦✉ s❝♦r❡✮ S ❞❡s ❝✉♠✉❧s ❞❡ ♣❧✉✐❡s ♣♦♥❞érés ♣❛r ❧❡s ✐♥❞✐❝❡s
❞❡ ❝♦rré❧❛t✐♦♥s ♣♦✉r ❝❤❛q✉❡ ❢❛♠✐❧❧❡ ❞✬❛♥❛❧♦❣✉❡ ✿

S = Σn
i γiRi ✭✺✳✹✮

✶✷✻ ❙✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡
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❋✐❣✉r❡ ✺✳✶ ✿ ❈❛rt❡ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ à ✷✺✵ ❤P❛ ✭Km2s−1kg−1✮ ❞✉ ✷✵
❛✈r✐❧ ✷✵✵✾ à ✶✽ ❤ ✭❡♥ ❤❛✉t à ❣❛✉❝❤❡✮ ❡t s❡s ♦♥③❡ ♣r❡♠✐❡rs ❛♥❛❧♦❣✉❡s✳ ❆✉
❞❡ss✉s ❞❡ ❝❤❛q✉❡ ❝❛rt❡ ♦♥ ❛ ♣ré❝✐sé ❧✬✐♥❞✐❝❡ ❞❡ ❝♦rré❧❛t✐♦♥

♦ù n ❡st ❧❡ ♥♦♠❜r❡ ❞✬❛♥❛❧♦❣✉❡s✱ γ ❧✬✐♥❞✐❝❡ ❞❡ ❝♦rré❧❛t✐♦♥ ❡t R ❧❡ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ s✉r
s✐① ❤❡✉r❡s✳ ❈❡ s❝♦r❡ ❛ ♣❡r♠✐s ❞✬ét❛❜❧✐r ✉♥ ❝❧❛ss❡♠❡♥t ♦❜❥❡❝t✐❢ ❞❡s ❢❛♠✐❧❧❡s ❞✬❛♥❛✲
❧♦❣✉❡s ❢❛✈♦r❛❜❧❡s à ❧❛ ♣❧✉✐❡✳ ❈♦♠♠❡ ❝❡rt❛✐♥❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s s❡ r❡tr♦✉✈❡♥t
❞❛♥s ♣❧✉s✐❡✉rs ❢❛♠✐❧❧❡s ❞✬❛♥❛❧♦❣✉❡s✱ ❧❛ ♠ét❤♦❞❡ ♣rés❡♥t❡ ✉♥ r✐sq✉❡ ❞❡ sé❧❡❝t✐♦♥♥❡r
♣❧✉s✐❡✉rs ❢♦✐s ❧❡s ♠ê♠❡s s✐t✉❛t✐♦♥s très ❢❛✈♦r❛❜❧❡s à ❧❛ ♣❧✉✐❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❛✉
❢✉r ❡t à ♠❡s✉r❡ ❞❡ ❧✬❛♥❛❧②s❡✱ ♥♦✉s ❛✈♦♥s r❡t✐ré ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❡t ❧❡✉rs
❛♥❛❧♦❣✉❡s ❛②❛♥t ❞é❥à été sé❧❡❝t✐♦♥♥és✳ ❊♥✜♥✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❛tt❛❝❤és à ✈ér✐✜❡r
q✉❡ ❝❤❛q✉❡ ❢❛♠✐❧❧❡ ❞✬❛♥❛❧♦❣✉❡s sé❧❡❝t✐♦♥♥é❡ ♣rés❡♥t❛✐t ❛✉ ♠♦✐♥s ✺✵ ✪ ❞✬♦❝❝✉rr❡♥❝❡
❞❡ ♣ré❝✐♣✐t❛t✐♦♥s s✉♣ér✐❡✉r❡s à ✶ ♠♠✴❥ ♣♦✉r é✈✐t❡r q✉✬✉♥❡ s✐t✉❛t✐♦♥ ❡①❝❡♣t✐♦♥♥❡❧❧❡
♣✉✐ss❡ à ❡❧❧❡ s❡✉❧❡ ❢❛✐r❡ r❡ss♦rt✐r ✉♥❡ ❢❛♠✐❧❧❡✳

✺✳✶✳✷ ❙✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ t②♣✐q✉❡

▲❡s s✐① ♣r❡♠✐❡rs ❝♦♠♣♦s✐t❡s ❝❧❛ssés ♣❛r ♦r❞r❡ ❞❡ s❝♦r❡ ❞é❝r♦✐ss❛♥t s♦♥t r❡♣rés❡♥tés
❡♥ ✜❣✉r❡ ✺✳✷✳ ▲❡s s✐① s✐t✉❛t✐♦♥s s♦♥t s❛♥s s✉r♣r✐s❡ ❛❝❝♦♠♣❛❣♥é❡s ❞✬✉♥ ✐♠♣♦rt❛♥t
♠❛①✐♠✉♠ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ✭❛✉ ♠♦✐♥s s✉♣ér✐❡✉r à ✹ P❱❯✮✳ ❉❡ ♣❧✉s✱ ❧❛ ré❣✐♦♥
❝♦✉✈❡rt❡ ♣❛r ❧❡ r❛❞❛r s❡ tr♦✉✈❡ ♣♦✉r ❧❡s ❝✐♥q ♣r❡♠✐èr❡s s✐t✉❛t✐♦♥s s✉r ❧❡ ❜♦r❞ ❡st ❞❡
❧✬❛♥♦♠❛❧✐❡ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧✳ ❈❡tt❡ ❝♦♥✜❣✉r❛t✐♦♥ ❡st ❛ss♦❝✐é❡✱ ❝♦♠♠❡ ♠♦♥tré
❞❛♥s ❧❛ ♣❛rt✐❡ ✶✳✹✳✸✱ à ✉♥❡ ❝✐r❝✉❧❛t✐♦♥ ❛❣é♦str♦♣❤✐q✉❡ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r à ✉♥❡ ✈✐t❡ss❡
✈❡rt✐❝❛❧❡ ♣♦s✐t✐✈❡ à ❧✬❛✈❛♥t✱ s❡❧♦♥ s♦♥ ❞é♣❧❛❝❡♠❡♥t✳ P❛r ❛✐❧❧❡✉rs✱ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧
❞ét❡r♠✐♥❡ ❧❛ ❢♦r♠❡ ❞✉ ❣é♦♣♦t❡♥t✐❡❧ à ✺✵✵ ❤P❛✳ ❈❡ q✉✐ s✐❣♥✐✜❡ q✉❡ ❝❡s ❛♥♦♠❛❧✐❡s ❞❛♥s

❙✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ✶✷✼
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❋✐❣✉r❡ ✺✳✷ ✿ ❈♦♠♣♦s✐t❡s ❞❡s ❝❛rt❡s ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ✭P❱❯✮ ♣♦✉r
❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❛ss♦❝✐é❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s s✉r ❧✬❊✉r♦✲
ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳ ◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ❛❥♦✉té ❧❡ ❝♦♠♣♦s✐t❡ ❞✉
❣é♦♣♦t❡♥t✐❡❧ à ✺✵✵ ❤P❛ ✭❡♥ t✐r❡t ✈✐♦❧❡t t♦✉s ❧❡s 500m2/s2✮ ❡t ❧❡ ❝♦♠♣♦s✐t❡
❞✉ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ❥♦✉r♥❛❧✐❡r ❡♥ ✈❡rt ✐ss✉ ❞❡ ❧❛ ♠♦s❛ïq✉❡ r❛❞❛r ✭❜✐❡♥ ♥♦t❡r
♥é❛♥♠♦✐♥s q✉❡ ♥♦✉s ❛✈♦♥s ✉♥✐q✉❡♠❡♥t ✉t✐❧✐sé ❧❡s ❞♦♥♥é❡s ❞✉ r❛❞❛r ❍②❞r✐①
❞❛♥s ❧❛ ♠ét❤♦❞❡ ❞❡s ❛♥❛❧♦❣✉❡s✮✳

✶✷✽
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❧❡s ❤❛✉t❡s ❝♦✉❝❤❡s ❞❡ ❧✬❛t♠♦s♣❤èr❡ ✐♠♣❛❝t❡♥t é❣❛❧❡♠❡♥t ❢♦rt❡♠❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t
❞❡ ❧❛ ♠♦②❡♥♥❡ ❛t♠♦s♣❤èr❡✳ ❈❡♣❡♥❞❛♥t✱ ♣rès ❞✉ s♦❧✱ ❧❡ ✢✉① ♥❡ s✉✐t ♣❛s t♦✉❥♦✉rs ❧❛
❝✐r❝✉❧❛t✐♦♥ ❞❡s ❤❛✉t❡s ❡t ♠♦②❡♥♥❡s ❝♦✉❝❤❡s ✭❧❡ ✢✉① ♥✬❡st ♣❛s ♠♦♥tré s✉r ❝❡s ✜❣✉r❡s
♣♦✉r ❞❡s r❛✐s♦♥s ❞❡ ❧✐s✐❜✐❧✐té ♠❛✐s ✐❧ ❡st ❞✐s❝✉té ❞❛♥s ❧❛ s✉✐t❡✮✳

▲✬❛♥❛❧②s❡ ♣❧✉s ❞ét❛✐❧❧é❡ ❞❡s ❞✐✛ér❡♥t❡s s✐t✉❛t✐♦♥s ♠♦♥tr❡ q✉❡ ❧❛ ♣r❡♠✐èr❡ s✐t✉❛t✐♦♥
❝♦rr❡s♣♦♥❞ à ✉♥❡ ❛♥♦♠❛❧✐❡ ✐s♦❧é❡ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❝✬❡st✲à✲❞✐r❡ à ✉♥❡ ❣♦✉tt❡
❢r♦✐❞❡ ✭❝✉t♦✛ ✮✳ ❈❡❧❧❡✲❝✐ ❡st ❝❡♥tré❡ s✉r ❧❡ s✉❞✲♦✉❡st ❞❡ ❧❛ ❋r❛♥❝❡ ❡t ❧❡ ♥♦r❞✲❡st ❞❡
❧✬❊s♣❛❣♥❡✳ ❊❧❧❡ ❡st très ♠❛rq✉é❡ ❛✈❡❝ ❞❡s ✈❛❧❡✉rs s✉♣ér✐❡✉r❡s à ✼ P❱❯ ❡♥ s♦♥ ❝❡♥tr❡
❡t é❣❛❧❡♠❡♥t très ❧♦❝❛❧✐sé❡ ❝❡ q✉✐ ❝ré❡ ❞❡s ❣r❛❞✐❡♥ts ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♠♣♦rt❛♥ts s✉r
❧❡s ré❣✐♦♥s ❛❧❡♥t♦✉rs✳ ❉❡ ♣❧✉s✱ ❧❛ ré❣✐♦♥ ❞✬❍②❞r✐① ❡st s♦✉♠✐s❡ à ✉♥ ✢✉① ✈❡♥❛♥t ❞✉ s✉❞
q✉✐ ❛♣♣♦rt❡ ❞❡ ❧✬❤✉♠✐❞✐té ♥♦✉rr✐ss❛♥t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ▲❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s
s✉✐✈❛♥t❡s ✭❇✱ ❉✮ ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s ❧❛♥❣✉❡s ❞✬❛♥♦♠❛❧✐❡ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ q✉✐
s✬ét✐r❡♥t ❞✉ ♥♦r❞ ❞❡ ❧✬❊✉r♦♣❡ ❥✉sq✉✬❛✉① ❝ôt❡s ❛❢r✐❝❛✐♥❡s✳ ▲❡s ③♦♥❡s ❞❡ ♠❛①✐♠✉♠s
❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ s♦♥t ❞✬✐♥t❡♥s✐tés ♠♦❞éré❡s✳ ▲❡ ✢✉① ❡st ❢❛✈♦r❛❜❧❡ à ❧✬❛♣♣♦rt
❞✬❤✉♠✐❞✐té ❞❛♥s ❧❛ s✐t✉❛t✐♦♥ ❇ ❡t ❞é❢❛✈♦r❛❜❧❡ ❞❛♥s ❧❛ s✐t✉❛t✐♦♥ ❉✳ ▲❛ s✐t✉❛t✐♦♥ ❈
❝♦rr❡s♣♦♥❞ à ✉♥❡ très ✈❛st❡ ③♦♥❡ ❞✬❛♥♦♠❛❧✐❡ ♣♦s✐t✐✈❡ ❞❡ t♦✉r❜✐❧❧♦♥✳ ❈❡tt❡ ❛♥♦♠❛❧✐❡
❡st ❛ss♦❝✐é❡ à ✉♥ ✢✉① ♣r♦✈❡♥❛♥t ❞❡ ❧❛ ▼é❞✐t❡rr❛♥é❡ ❡t ❛♣♣♦rt❛♥t ❞❡ ❧✬❤✉♠✐❞✐té
s✉r ❧❛ ③♦♥❡ ❞✬❍②❞r✐①✳ ▲❛ ❝✐♥q✉✐è♠❡ s✐t✉❛t✐♦♥ ✭❊✮ ❝♦rr❡s♣♦♥❞ à ✉♥ ♠❛①✐♠✉♠ très
♣r♦♥♦♥❝é ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ s✐t✉é s✉r ❧❡ ♥♦r❞✲♦✉❡st ❞❡ ❧✬❊✉r♦♣❡✳ ▲❡ ✢✉① ❡st ❞✐r✐❣é
♣❛r❛❧❧è❧❡♠❡♥t à ❧❛ ❝ôt❡✳ ▲❛ ❞❡r♥✐èr❡ s✐t✉❛t✐♦♥ ✭❋✮ ❡st très ❞✐✛ér❡♥t❡✳ ❊♥ ❡✛❡t✱ ❡❧❧❡
♠♦♥tr❡ ✉♥ ♠❛①✐♠✉♠ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ s✉r ❧✬❡st ❞❡ ❧❛ ❋r❛♥❝❡ ❡t ❧✬❆❧❧❡♠❛❣♥❡✳
❈❡tt❡ ❝♦♥✜❣✉r❛t✐♦♥ ♥✬❡st ♣❛s ❢❛✈♦r❛❜❧❡ ❛✉ s♦✉❧è✈❡♠❡♥t ❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r s✉r ❧❛
③♦♥❡ ❞✬❍②❞r✐①✳ ◆é❛♥♠♦✐♥s✱ ❧✬❛♥♦♠❛❧✐❡ s❡ s✐t✉❡ très ♣rès ❞❡ ❧❛ ③♦♥❡ ❞✬ét✉❞❡ ❡t ♣❛r
❝♦♥séq✉❡♥t ❡❧❧❡ ❛ t❡♥❞❛♥❝❡ à ❞✐♠✐♥✉❡r ❧❛ st❛❜✐❧✐té ❞❡ ❧✬❛✐r ❡♥ ❞❡ss♦✉s ♣❛r ❛❞✈❡❝t✐♦♥
❞✐✛ér❡♥t✐❡❧❧❡ ❝❡ q✉✐ ❢❛✈♦r✐s❡ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s✳

■❧ ♥✬❡st ♣❛s t♦✉❥♦✉rs é✈✐❞❡♥t ❞❡ ❝♦♠♣❛r❡r ♥♦s rés✉❧t❛ts ❛✉① ♣ré❝é❞❡♥t❡s ét✉❞❡s
❝❛r ❧❛ ♣❧✉♣❛rt ✉t✐❧✐s❡♥t ❞✬❛✉tr❡s ✈❛r✐❛❜❧❡s à ❞✬❛✉tr❡s ❛❧t✐t✉❞❡s✱ ♣♦✉r ❞✐✛ér❡♥t❡s ♣é✲
r✐♦❞❡s ❞❡ t❡♠♣s✱ ♣♦✉r ❝❛r❛❝tér✐s❡r ❞✐✛ér❡♥t❡s ré❣✐♦♥s ❡t ❛✈❡❝ ❞❡s ♠ét❤♦❞❡s é❣❛❧❡♠❡♥t
❞✐✛ér❡♥t❡s✳ ◆é❛♥♠♦✐♥s✱ ❞❛♥s ❝❡s ét✉❞❡s ❝♦♠♠❡ ♣♦✉r ❧❛ ♥♦tr❡✱ ♥♦✉s r❡tr♦✉✈♦♥s ré✲
❣✉❧✐èr❡♠❡♥t ❝❡rt❛✐♥❡s str✉❝t✉r❡s s②♥♦♣t✐q✉❡s ❝♦♠♠❡ ❧❡s t❤❛❧✇❡❣s s✉r ❧✬❆t❧❛♥t✐q✉❡ ❡t
❞❡s ❣♦✉tt❡s ❢r♦✐❞❡s s✉r ❧✬❊s♣❛❣♥❡ ✭❋✉♥❛ts✉ ❡t ❛❧✳✱ ✷✵✵✾❀ ❏♦❧② ❡t ❛❧✳✱ ✷✵✵✼❀ ▼❛rtí♥❡③

❡t ❛❧✳✱ ✷✵✵✽❀ ▼❛rt✐✉s ❡t ❛❧✳✱ ✷✵✵✻❀ P❧❛✉t ❡t ❙✐♠♦♥♥❡t ✱ ✷✵✵✶❀ P❧❛✉t ❡t ❛❧✳✱ ✷✵✵✶❀ ❘✐❝❛r❞
❡t ❛❧✳✱ ✷✵✶✷❀ ❱r❛❝ ❡t ❨✐♦✉✱ ✷✵✶✵✮✳ P❛r ❝♦♥tr❡✱ ♥♦✉s ♥✬❛✈♦♥s ♣❛s ✐❞❡♥t✐✜é ❞❡ s✐t✉❛t✐♦♥
s②♥♦♣t✐q✉❡ ❝♦rr❡s♣♦♥❞❛♥t à ❞❡s ❝②❝❧♦♥❡s ♠é❞✐t❡rr❛♥é❡♥s ❝♦♥tr❛✐r❡♠❡♥t à ❞✬❛✉tr❡s
ét✉❞❡s ✭♣❛r ❡①❡♠♣❧❡ ❋✉♥❛ts✉ ❡t ❛❧✳✱ ✷✵✵✾✮✳

▲❛ ✜❣✉r❡ ✺✳✸ ♠♦♥tr❡ ❧❛ ♣ér✐♦❞❡ ❞❡ ❧✬❛♥♥é❡ ❝♦rr❡s♣♦♥❞❡♥t ❛✉① s✐t✉❛t✐♦♥s s②♥♦♣✲
t✐q✉❡s ✐❞❡♥t✐✜é❡s ♣ré❝é❞❡♠♠❡♥t✳ ❈❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s s♦♥t ré♣❛rt✐❡s ❤♦♠♦❣è✲
♥❡♠❡♥t ❡♥tr❡ ❞é❜✉t ♦❝t♦❜r❡ ❡t ✜♥ ❥✉✐♥✳ ■❧ ❡st ✐♥tér❡ss❛♥t ❞❡ ♥♦t❡r q✉✬❛✉❝✉♥❡ s✐t✉❛t✐♦♥
s②♥♦♣t✐q✉❡ t②♣✐q✉❡ ♥✬❛ ❧✐❡✉ ❡♥ été✳ ❈❡ rés✉❧t❛t ♠♦♥tr❡ q✉❡ ❝❡ s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t
❧❡s ❝♦♥❞✐t✐♦♥s ❧♦❝❛❧❡s q✉✐ s♦♥t à ❧✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ été ✭✈♦✐r à ❝❡ ♣r♦♣♦s
❧❛ s❡❝t✐♦♥ ✺✳✷✮✳

▲❛ ❞❡r♥✐èr❡ ét❛♣❡ ❞❡ ❝❡tt❡ ❛♥❛❧②s❡ ❝♦♥s✐st❡ à ❞ét❡r♠✐♥❡r ❧❡ ❧✐❡♥ ❡♥tr❡ ❧❡ ♣♦✉r✲
❝❡♥t❛❣❡ ❞✬♦❝❝✉rr❡♥❝❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡t ❧❡ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ s✉r s✐① ❤❡✉r❡s ♣♦✉r ❧❡s
s✐① s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ✭❋✐❣✳ ✺✳✹✮✳ ▲❡s ❝♦♠♣♦rt❡♠❡♥ts s♦♥t très
❝♦♥tr❛stés ✿ ❧❡s s✐t✉❛t✐♦♥s ❆ ❡t ❇ s♦♥t très ❢❛✈♦r❛❜❧❡s à ❧❛ ♣❧✉✐❡ ✭✽✵ ❡t ✽✺ ✪ ❞✬♦❝❝✉r✲
r❡♥❝❡✮ ❡t é❣❛❧❡♠❡♥t ❛✉① ❝✉♠✉❧s ✐♠♣♦rt❛♥ts✳ ❆✉ ❝♦♥tr❛✐r❡ ❧❡s s✐t✉❛t✐♦♥s ❉ ❡t ❊ s♦♥t
♠♦✐♥s ❢❛✈♦r❛❜❧❡s à ❧✬♦❝❝✉rr❡♥❝❡ ❞❡ ♣❧✉✐❡ ❡t ❛✉① ❝✉♠✉❧s ✐♠♣♦rt❛♥ts✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡

❙✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ✶✷✾
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❋✐❣✉r❡ ✺✳✸ ✿ ❉❛t❡ ❞❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❛ss♦❝✐é❡s à ❧❛ ♣❧✉✐❡ s✉r ❧❛
ré❣✐♦♥✳ ▲✬❛①❡ ✈❡rt✐❝❛❧ ❝♦rr❡s♣♦♥❞ ❛✉ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ s✉r ✻ ❤ s✉r ❧❛ ③♦♥❡
❞✬❍②❞r✐① ♣♦✉r ✉♥❡ s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ❞♦♥♥é❡

♣❡✉t s✬❡①♣❧✐q✉❡r ❝♦♠♠❡ ✐♥❞✐q✉é ♣ré❝é❞❡♠♠❡♥t ♣❛r ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ✢✉① ❞❡ ❜❛ss❡
❝♦✉❝❤❡ ❢❛✈♦r❛❜❧❡ ♣♦✉r ❧❡s s✐t✉❛t✐♦♥s ❆ ❡t ❇ ❡t ❞é❢❛✈♦r❛❜❧❡ ♣♦✉r ❧❡s s✐t✉❛t✐♦♥s ❉ ❡t
❊✳ ▲❡s s✐t✉❛t✐♦♥s ❈ ❡t ❋ s♦♥t s✐♥❣✉❧✐èr❡s ♣✉✐sq✉❡ ❧❛ ♣r❡♠✐èr❡ s❡♠❜❧❡ ❛ss❡③ ♣❡✉ ❢❛✈♦✲
r❛❜❧❡ à ❧✬♦❝❝✉rr❡♥❝❡ ❞❡ ♣❧✉✐❡ ✭✺✺ ✪✮ ♠❛✐s très ❢❛✈♦r❛❜❧❡ ❛✉① ❝✉♠✉❧s ✐♠♣♦rt❛♥ts ✭❡♥
♠♦②❡♥♥❡ ✽✵ ♠♠✴✻ ❤❡✉r❡s à ❝❤❛q✉❡ ❢♦✐s q✉✬✐❧ ♣❧❡✉t✮ ❡t ❧❛ ❞❡✉①✐è♠❡ ❡st ❡①trê♠❡♠❡♥t
❢❛✈♦r❛❜❧❡ à ❧✬♦❝❝✉rr❡♥❝❡ ❞❡ ♣❧✉✐❡ s✉r ❧❛ ré❣✐♦♥ ✭✾✵ ✪✮ ♠❛✐s ❞♦♥♥❡ ❞❡s ❝✉♠✉❧s ♠♦②❡♥s
r❡❧❛t✐✈❡♠❡♥t ♠♦❞❡st❡s ✭❡♥✈✐r♦♥ ✸✵ ♠♠✴✻ ❤❡✉r❡s✮✳ ▲❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ s✐t✉❛t✐♦♥
❋ s✬❡①♣❧✐q✉❡ ♣❛r ❧❡ ❢❛✐t q✉✬❡❧❧❡ ❝♦rr❡s♣♦♥❞ à ✉♥ ♠❛①✐♠✉♠ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ s✉r
❧❛ ③♦♥❡ ❞✬ét✉❞❡ ❝❡ q✉✐ ✐♠♣❧✐q✉❡ ✉♥❡ ❞ést❛❜✐❧✐s❛t✐♦♥ s②sté♠❛t✐q✉❡ ❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r ❡t
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❢réq✉❡♥t❡s✳ ◆é❛♥♠♦✐♥s✱ ❧❡s ❝✉♠✉❧s r❡st❡♥t ❛ss❡③ ❢❛✐❜❧❡s ❝❛r ❝❡tt❡
s✐t✉❛t✐♦♥ ♥❡ ♣❡r♠❡t ♣❛s ❞✬❛❞✈❡❝t❡r ❞❡ ❧✬❤✉♠✐❞✐té ❡♥ ♣r♦✈❡♥❛♥❝❡ ❞❡ ❧❛ ♠❡r ▼é❞✐t❡r✲
r❛♥é❡✳ ▲❡s ❝✉♠✉❧s ✐♠♣♦rt❛♥ts ❛ss♦❝✐és à ❧❛ s✐t✉❛t✐♦♥ ❈ s✬❡①♣❧✐q✉❡♥t ♣r♦❜❛❜❧❡♠❡♥t
♣❛r ❧❡ ❢❛✐t q✉❡ ❝❡tt❡ s✐t✉❛t✐♦♥ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ✈❛st❡ ③♦♥❡ ❞✬❛♥♦♠❛❧✐❡ ❞❡ t♦✉r❜✐❧❧♦♥
♣♦t❡♥t✐❡❧ ❝✬❡st✲à✲❞✐r❡ à ✉♥❡ ❞é♣r❡ss✐♦♥✳ ❊♥ ❡✛❡t✱ ❧❛ ♣❧✉♣❛rt ❞❡s ❛✉tr❡s s✐t✉❛t✐♦♥s ❝♦r✲
r❡s♣♦♥❞❡♥t à ❞❡s t❤❛❧✇❡❣s étr♦✐ts ❝✬❡st✲à✲❞✐r❡ à ❞❡s ③♦♥❡s ❢r♦♥t❛❧❡s✳ ❈❡s ❞❡r♥✐èr❡s ♦♥t
t❡♥❞❛♥❝❡ à s❡ ❞é♣❧❛❝❡r r❡❧❛t✐✈❡♠❡♥t r❛♣✐❞❡♠❡♥t ❝♦♥tr❛✐r❡♠❡♥t à ✉♥❡ ❞é♣r❡ss✐♦♥ q✉✐
♣❡✉t r❡st❡r ❡♥ ♣❧❛❝❡ ♣❧✉s✐❡✉rs ❥♦✉rs✳ ❆✐♥s✐✱ ❧❡s ❝✉♠✉❧s ✐♠♣♦rt❛♥ts ♣♦✉r ❧❛ s✐t✉❛t✐♦♥
❈ s❡♠❜❧❡♥t êtr❡ ❛ss♦❝✐és à ✉♥❡ st❛t✐♦♥♥❛r✐té ❞❡s ❝♦♥❞✐t✐♦♥s ❢❛✈♦r❛❜❧❡s à ❧❛ ♣❧✉✐❡ s✉r
✉♥❡ ❧♦♥❣✉❡ ♣ér✐♦❞❡✳ ❈❡❧❛ ♣♦✉rr❛✐t é❣❛❧❡♠❡♥t ❡①♣❧✐q✉❡r q✉❡ ❝❡tt❡ s✐t✉❛t✐♦♥ ♥✬❡st ♣❛s
s②sté♠❛t✐q✉❡♠❡♥t ❛ss♦❝✐é❡ à ❞❡ ❧❛ ♣❧✉✐❡ ✭✺✺ ✪ ❞✉ t❡♠♣s✮ ❝❛r ❛✉ ❝♦♥tr❛✐r❡ ❞✬✉♥ ❢r♦♥t
q✉✐ ✈❛ q✉❛s✐♠❡♥t t♦✉❥♦✉rs ♣r♦❞✉✐r❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ré❣✐♦♥✱ ✉♥❡ ❞é♣r❡ss✐♦♥
✈❛ s✐♠♣❧❡♠❡♥t ❛♣♣♦rt❡r ❞❡s ❝♦♥❞✐t✐♦♥s ❢❛✈♦r❛❜❧❡s✳

✶✸✵ ❙✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡
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❋✐❣✉r❡ ✺✳✹ ✿ ❘❛♣♣♦rt ❡♥tr❡ ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞✬♦❝❝✉rr❡♥❝❡ ❞❡ ❧❛ ♣❧✉✐❡ ♣♦✉r
✉♥❡ s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ❞♦♥♥é❡ ❡t ❧❡ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ♠♦②❡♥ s✉r ✻ ❤❡✉r❡s
✭s❛❝❤❛♥t q✉✬✐❧ ♣❧❡✉t✮

✺✳✷ ❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡

❉❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡✱ ♥♦✉s ❛✈♦♥s ♣✉ ✐❞❡♥t✐✜❡r ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❛s✲
s♦❝✐é❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ✐♠♣♦rt❛♥t❡s s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳ ■❧ r❡st❡
à ♣rés❡♥t à ✐❞❡♥t✐✜❡r ❧❡s ♣r♦❝❡ss✉s ❞✬é❝❤❡❧❧❡ ♣❧✉s ❧♦❝❛❧❡ q✉✐ ❣♦✉✈❡r♥❡♥t ❧✬♦❝❝✉rr❡♥❝❡
❡t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ré❣✐♦♥✳ P♦✉r ❝❡❧❛✱ ♥♦✉s ✐❞❡♥t✐✜♦♥s ❞❛♥s
✉♥❡ ♣r❡♠✐èr❡ ♣❛rt✐❡ ❧❡s ✈❛r✐❛❜❧❡s ❛t♠♦s♣❤ér✐q✉❡s ❢❛✈♦r❛❜❧❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ♣✉✐s✱
❞❛♥s ✉♥❡ ❞❡✉①✐è♠❡ ♣❛rt✐❡✱ ♥♦✉s ❝❤❡r❝❤♦♥s à ❝❛r❛❝tér✐s❡r ❧❡ ❧✐❡♥ é✈❡♥t✉❡❧ ❡♥tr❡ ❧❛
t♦♣♦❣r❛♣❤✐❡ ❡t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✳

✺✳✷✳✶ P❛r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡s

▲❡s ♣❛r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡s ❡①♣❧♦✐tés ❞❛♥s ❝❡tt❡ ét✉❞❡ s♦♥t ✐ss✉s ❞✬✉♥❡ s✐✲
♠✉❧❛t✐♦♥ ✜♥❡ é❝❤❡❧❧❡ ✭❢♦✉r♥✐❡ ♣❛r ❙♦♣❤✐❡ ❇❛st✐♥✮ ❞✉ ♠♦❞è❧❡ ❲❡❛t❤❡r ❘❡s❡❛r❝❤ ❛♥❞

❋♦r❡❝❛st✐♥❣ ✭❲❘❋✮ ❞✉ ◆❛t✐♦♥❛❧ ❈❡♥t❡r ❢♦r ❆t♠♦s♣❤❡r✐❝ ❘❡s❡❛r❝❤ ✭◆❈❆❘✮ ✭❙❦❛✲
♠❛r♦❝❦ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❈❡ ♠♦❞è❧❡ ❝♦✉✈r❡ ❧✬❊✉r♦♣❡ ❡t ❧❡ ❜❛ss✐♥ ♠é❞✐t❡rr❛♥é❡♥ ❛✈❡❝
✉♥❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❤♦r✐③♦♥t❛❧❡ ❞❡ ✷✵ ❦♠ ❡t ✉♥❡ rés♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ tr♦✐s
❤❡✉r❡s✳ ■❧ ♣♦ssè❞❡ é❣❛❧❡♠❡♥t ✷✽ ♥✐✈❡❛✉① ✈❡rt✐❝❛✉① ❞é✜♥✐s ❡♥ ❝♦♦r❞♦♥♥é❡s σ ✭❝✬❡st✲à✲
❞✐r❡ ❞é✜♥✐s à ♣r❡ss✐♦♥ ❤②❞r♦st❛t✐q✉❡ ❝♦♥st❛♥t❡✮✳ ❈❡tt❡ s✐♠✉❧❛t✐♦♥ ❛ été ré❛❧✐sé❡ ❞❛♥s
❧❡ ❝❛❞r❡ ❞❡s ♣r♦❥❡ts ❍②▼❡❳ ❡t ▼❊❉✲❈❖❘❉❊❳ s✉r ✉♥❡ ❣❛♠♠❡ t❡♠♣♦r❡❧❧❡ ❛❧❧❛♥t ❞❡
❥❛♥✈✐❡r ✶✾✽✾ à ♥♦✈❡♠❜r❡ ✷✵✶✶✳ ▲❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s ❛✐♥s✐ q✉❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❛✉①
❢r♦♥t✐èr❡s s♦♥t ❞ét❡r♠✐♥é❡s ❣râ❝❡ ❛✉① ré❛♥❛❧②s❡s ❊❘❆✲■♥t❡r✐♠ ❞✉ ❈❡♥tr❡ ❊✉r♦♣é❡♥
✭❊❈▼❲❋✮ ✭❉❡❡ ❡t ❛❧✳✱ ✷✵✶✶❀ ❙✐♠♠♦♥s ❡t ❛❧✳✱ ✷✵✵✼✮✳ P♦✉r ♣❧✉s ❞❡ r❡♥s❡✐❣♥❡♠❡♥ts
s✉r ❝❡tt❡ s✐♠✉❧❛t✐♦♥ ♦♥ ♣❡✉t s❡ ré❢ér❡r à ❙té❢❛♥♦♥ ❡t ❛❧✳ ✭✷✵✶✸✮✳

▲✬❛♥❛❧②s❡ ❛ ❝♦♥s✐sté à ❝♦rré❧❡r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ré❣✐♦♥ ❝♦✉✈❡rt❡ ♣❛r ❍②✲
❞r✐① ❛✈❡❝ ❞✐✛ér❡♥t❡s ✈❛r✐❛❜❧❡s ❞✉ ♠♦❞è❧❡✳ ▲❡s ♥♦♠❜r❡✉s❡s ét✉❞❡s ❞❡ ❝❛s ❝♦♥❞✉✐t❡s
❞❛♥s ❞❡s ré❣✐♦♥s ♣r♦❝❤❡s ❞❡ ❧❛ ♥♦tr❡ ♦♥t ♣❡r♠✐s ❞✬✐❞❡♥t✐✜❡r ♣❧✉s✐❡✉rs ✈❛r✐❛❜❧❡s ❝❧és
❛ss♦❝✐é❡s ❛✉ ❝♦♠♣♦rt❡♠❡♥t ❧♦❝❛❧ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✿ ❧❛ ♣r❡ss✐♦♥ ✭P✮✱ ❧❡ t♦✉r❜✐❧❧♦♥
♣♦t❡♥t✐❡❧ ✭P❱✮✱ ❧✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡ ✭q✮✱ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❡t ❝♦♥✈❡r❣❡♥❝❡ ❞✉ ✢✉① ❞✬❤✉✲

❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡ ✶✸✶
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♠✐❞✐té ✭❞✐✈✭✈q✮ ❡t ❝♦♥✈✭✈q✮✮✱ ❧❡ ✈❡♥t ✭◆♦r❞◆✱ ❊st ❊✱ ❙✉❞ ❙ ❡t ❖✉❡st ❖✮✱ ❧❛ ❞✐✈❡r✲
❣❡♥❝❡ ❡t ❝♦♥✈❡r❣❡♥❝❡ ❞✉ ✈❡♥t ✭❞✐✈✭✈✮ ❡t ❝♦♥✈✭✈✮✮✱ ❧✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡ ❝♦♥✈❡❝t✐✈❡
❞✐s♣♦♥✐❜❧❡ ✭❈❆P❊✮✱ ❧❡ ♥♦♠❜r❡ ❞❡ ❘✐❝❤❛r❞s♦♥ ❣❧♦❜❛❧ ✭❘✐✮ ❡t ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ✈❡r✲
t✐❝❛❧ ❡♥tr❡ ✵ ❡t ✻ ❦♠ ✭❝✐s✮✳ ▲❛ ❝♦rré❧❛t✐♦♥ ❛ été ❝❛❧❝✉❧é❡ ❛✉ ♠♦②❡♥ ❞✉ ❝♦❡✣❝✐❡♥t
❞❡ ❝♦rré❧❛t✐♦♥ ❞❡ ❙♣❡❛r♠❛♥ ♣♦✉r t❡♥✐r ❝♦♠♣t❡ ❞❡s ❝♦rré❧❛t✐♦♥s ♥♦♥ ❧✐♥é❛✐r❡s✳ ❉❡
♣❧✉s✱ ♥♦✉s ❛✈♦♥s ♣r✐s ❧❛ ✈❛❧❡✉r ❛❜s♦❧✉❡ ♣♦✉r t♦✉t❡s ❧❡s ✈❛r✐❛❜❧❡s ❛②❛♥t ❞❡s ✈❛❧❡✉rs
str✐❝t❡♠❡♥t ♥é❣❛t✐✈❡s ✭❝♦♥✈✭✈✮✱ ❞✐✈✭✈✮✱ ❙✱ ❖✮ ❝❡❝✐ ❛✜♥ ❞❡ ❢❛❝✐❧✐t❡r ❧✬✐♥t❡r♣rét❛t✐♦♥✳
❊♥✜♥✱ ❧❛ s✐❣♥✐✜❝❛t✐♦♥ ❞✉ ❝♦❡✣❝✐❡♥t ❞❡ ❝♦rré❧❛t✐♦♥ ❛ été ❞ét❡r♠✐♥é❡ ♣❛r ✉♥ t❡st ❞❡
♣❡r♠✉t❛t✐♦♥✳ ▲❛ ❝♦rré❧❛t✐♦♥ ❡st s✐❣♥✐✜❝❛t✐✈❡ à ✾✾✪ s✐ ❡❧❧❡ ❡st s✉♣ér✐❡✉r❡ à ✵✱✶ ♣♦✉r
✉♥❡ sér✐❡ ❞❡ ✺✵✵ ♣♦✐♥ts ❝❡ q✉✐ ❡st ❧❡ ♥♦♠❜r❡ ♠✐♥✐♠✉♠ ❞❡ ♣♦✐♥ts ✉t✐❧✐sés ❞❛♥s ❧❛
s✉✐t❡✳ ■❧ ❢❛✉t ✜♥❛❧❡♠❡♥t ♥♦t❡r q✉✬✉♥❡ ❝♦rré❧❛t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❡♥tr❡ ❧❛ ♣❧✉✐❡ ❡st ✉♥
♣❛r❛♠ètr❡ ♠été♦r♦❧♦❣✐q✉❡ ♥❡ ✈❡✉t ♣❛s ❢♦r❝é♠❡♥t ❞✐r❡ q✉✬✐❧ ❝♦rr❡s♣♦♥❞ ❛✉ ♣r♦❝❡ss✉s
à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ♣❧✉✐❡ ♠❛✐s ♣❧✉tôt q✉❡✱ q✉❛♥❞ s❛ ✈❛❧❡✉r ❡st ✐♠♣♦rt❛♥t❡✱ ❧❛ ♣❧✉✐❡ ❛
t❡♥❞❛♥❝❡ à êtr❡ ✐♠♣♦rt❛♥t❡✳ ❆✐♥s✐ ❝❡tt❡ ❛♥❛❧②s❡ ❡st ✉♥❡ ♣r❡♠✐èr❡ ét❛♣❡ ♣❡r♠❡tt❛♥t
❞❡ ❞é❣❛❣❡r ❧❡s ♣❛r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡s ❢❛✈♦r❛❜❧❡s à ❧❛ ♣❧✉✐❡✳ ❯♥❡ ét✉❞❡ ❞❡ ❝❛s
♣❡r♠❡ttr❛ ♣❛r ❧❛ s✉✐t❡ ❞✬✐❞❡♥t✐✜❡r ♣ré❝✐sé♠❡♥t ❧✬✐♥✢✉❡♥❝❡ ❞❡s ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s✳

■♥✢✉❡♥❝❡ ❞❡ ❧✬❛❧t✐t✉❞❡

Altitude (m)

V
ar

ia
b

le

div(vq)

conv(vq)

PV

P

div(v)

conv(v)

E

O

N

S

q

5000 10000

−0.4

−0.2

0.0

0.2

0.4

❋✐❣✉r❡ ✺✳✺ ✿ ❈♦rré❧❛t✐♦♥ s✉✐✈❛♥t ❧❛ ✈❡rt✐❝❛❧❡ ❡♥tr❡ ❧❛ ♣❧✉✐❡ ❡t ❧❡s ❞✐✛ér❡♥t❡s
✈❛r✐❛❜❧❡s t❡sté❡s✳ ◗✉❛♥❞ ❧❛ ❝♦✉❧❡✉r ❡st r♦✉❣❡ ❝❡❧❛ s✐❣♥✐✜❡ q✉✬✉♥ ♠❛①✐♠✉♠ ❞❡
♣❧✉✐❡ ❡st ❧✐é à ✉♥ ♠❛①✐♠✉♠ ❞✬✉♥❡ ✈❛r✐❛❜❧❡✱ q✉❛♥❞ ❡❧❧❡ ❡st ❜❧❡✉❡ ❝❡❧❛ s✐❣♥✐✜❡
q✉✬✉♥ ♠❛①✐♠✉♠ ❞❡ ♣❧✉✐❡ ❡st ❧✐é à ✉♥ ♠✐♥✐♠✉♠ ❞✬✉♥❡ ✈❛r✐❛❜❧❡

▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞❡ ❝❡tt❡ ❛♥❛❧②s❡ ❝♦♥s✐st❡ à ❞ét❡r♠✐♥❡r ❧❛ ❝♦rré❧❛t✐♦♥ ❞❡s ❞✐❢✲
❢ér❡♥ts ♣❛r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡s ❛✈❡❝ ❧❛ ♣❧✉✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛❧t✐t✉❞❡ ✭❋✐❣✳ ✺✳✺✮✳
■❧ ❢❛✉t ♥♦t❡r q✉❡ ❧❛ ❝♦rré❧❛t✐♦♥ ❛✉① très ❜❛ss❡s ❛❧t✐t✉❞❡s ♥❡ ❝♦♥❝❡r♥❡ q✉❡ ❧❡s ♠❡s✉r❡s
s✉r ❧❛ ♠❡r ❞✉ ❢❛✐t ❞✉ r❡❧✐❡❢ s✉r ❧❡ ❝♦♥t✐♥❡♥t ✶✳

✶✳ ❊♥ ❡✛❡t✱ ❧❡ ♠♦❞è❧❡ ❞♦♥♥❡ ❧❡s ✈❛r✐❛❜❧❡s s✉✐✈❛♥t ❧✬❛❧t✐t✉❞❡✱ à ❧✬❛❧t✐t✉❞❡ ✵ ♥♦✉s ♥✬❛✈♦♥s ❞♦♥❝ q✉❡
❞❡s ♠❡s✉r❡s s✉r ❧❛ ♠❡r

✶✸✷ ❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡
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• ▲❛ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✢✉① ❞✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡ ❡st ♠♦❞éré♠❡♥t ❝♦rré❧é❡ à ❧❛ ♣❧✉✐❡
❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s s❛✉❢ très ♣rès ❞✉ s♦❧ ✭❝✬❡st✲à✲❞✐r❡ s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛✲
♥é❡✮ ❡t ❛♥t✐✲❝♦rré❧é❡ ❞❛♥s ❧❡s très ❤❛✉t❡s ❝♦✉❝❤❡s ❞❡ ❧✬❛t♠♦s♣❤èr❡✳ ❈♦♠♠❡ ❧❡s
♣ré❝é❞❡♥t❡s ét✉❞❡s ♦♥t ♠♦♥tré q✉❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✢✉① ❞✬❤✉♠✐❞✐té ♥✬❡st ♣❛s
❤❛❜✐t✉❡❧❧❡♠❡♥t ❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s✱ ♥♦✉s ❛✈♦♥s s✉♣♣♦sé q✉❡ ❧❛ ❝♦r✲
ré❧❛t✐♦♥ ♣♦s✐t✐✈❡ ❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s ❞❡✈❛✐t êtr❡ ♣r♦❜❛❜❧❡♠❡♥t ❧✐é❡ à ✉♥❡
❛✉tr❡ ✈❛r✐❛❜❧❡✳ ◆♦✉s ❛✈♦♥s✱ ❡♥ ❡✛❡t✱ ♣✉ ♠♦♥tr❡r q✉✬✉♥❡ ❝♦rré❧❛t✐♦♥ très s✐❣♥✐✲
✜❝❛t✐✈❡ ❛♣♣❛r❛✐ss❛✐t ❛✈❡❝ ❧❛ ✈❛r✐❛❜❧❡ ❞✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡ ✭✈♦✐r ❧❛ ✜❣✉r❡ ✶✾ ❡♥
❛♥♥❡①❡✱ s❡❝t✐♦♥ ❆✳✺✳✮✳ ❈❡❧❛ s✐❣♥✐✜❡ ❞♦♥❝ q✉❡✱ ❞❛♥s ❧❡ ❝❛❧❝✉❧ ❞❡ ❧❛ ❞✐✈❡r❣❡♥❝❡

❞✉ ✢✉① ❞✬❤✉♠✐❞✐té ✭~∇(qv) = v~∇(q) + q~∇(~v)✮✱ ❝✬❡st ❧❡ ❞❡✉①✐è♠❡ t❡r♠❡ ❧✐é à
❧✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡ q✉✐ ❞♦♠✐♥❡✳ ❈❡❧❛ ♣❡r♠❡t ❞♦♥❝ ❞✬❡①♣❧✐q✉❡r ❧❛ ❝♦rré❧❛t✐♦♥
♣♦s✐t✐✈❡ ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡✳ ❈✬❡st ❧❛ ♠ê♠❡ r❛✐s♦♥ q✉✐ ❡①♣❧✐q✉❡ ❧✬❛♥t✐❝♦rré❧❛t✐♦♥
♦❜s❡r✈é❡ ❞❛♥s ❧❡s ❤❛✉t❡s ❝♦✉❝❤❡s✳ ◆♦✉s r❡❞✐s❝✉t❡r♦♥s ♣❧✉s ❡♥ ❞ét❛✐❧ ❝❡ ❞❡r♥✐❡r
♣♦✐♥t ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ❝♦♥s❛❝ré ❛✉ rô❧❡ ❞❡ ❧✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡✳

• ▲❛ ❝♦♥✈❡r❣❡♥❝❡ ❞✉ ✢✉① ❞✬❤✉♠✐❞✐té ♠♦♥tr❡ ✉♥❡ ❝♦rré❧❛t✐♦♥ ♣♦s✐t✐✈❡ ❞❛♥s ❧❡s
❜❛ss❡s ❝♦✉❝❤❡s✳ ❈❡ rés✉❧t❛t ♥✬❡st ♣❛s s✉r♣r❡♥❛♥t ♣✉✐sq✉❡ ❧✬❛♣♣♦rt ❞✬❤✉♠✐❞✐té
❡st ❧✬✉♥❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❞✉ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❝♦♠♠❡ s♦✉❧✐❣♥é
❞❛♥s ❧❡s ♣ré❝é❞❡♥t❡s s❡❝t✐♦♥s ❡t ❞❛♥s ❞❡ ♣ré❝é❞❡♥t❡s ét✉❞❡s ✭❇♦✉❞❡✈✐❧❧❛✐♥ ❡t ❛❧✳✱
✷✵✵✾❀ ❉✉❝r♦❝q ❡t ❛❧✳✱ ✷✵✵✽❀ ◆✉✐ss✐❡r ❡t ❛❧✳✱ ✷✵✵✽✮✳

• ▲❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ♣rés❡♥t❡ ✉♥❡ ❧é❣èr❡ ❛♥t✐❝♦rré❧❛t✐♦♥ ❞❛♥s ❧❡s très ❜❛ss❡s
❝♦✉❝❤❡s ✭❝✬❡st✲à✲❞✐r❡ s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡✮ ♣✉✐s ✉♥❡ ❝♦rré❧❛t✐♦♥ ❧é❣èr❡♠❡♥t
♣♦s✐t✐✈❡ ✈❡rs ✺✵✵✵ ♠ ❡t r❡❧❛t✐✈❡♠❡♥t ❢♦rt❡ ❞❛♥s ❧❛ ❤❛✉t❡ ❛t♠♦s♣❤èr❡✳ ▲❛ ❝♦rré✲
❧❛t✐♦♥ ♣♦s✐t✐✈❡ ❞❛♥s ❧❡s ❤❛✉t❡s ❝♦✉❝❤❡s ♠♦♥tr❡ q✉✬✐❧ ét❛✐t ♦♣♣♦rt✉♥ ❞❡ ♣r❡♥❞r❡
❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ à ✷✺✵ ❤P❛ ♣♦✉r ❞é❝r✐r❡ ❧❛ s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ❝♦♠♠❡
♥♦✉s ❧✬❛✈♦♥s ❢❛✐t ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡✳ ❙✐ ❧❛ ❝♦rré❧❛t✐♦♥ ❞❛♥s ❧❡s ❤❛✉t❡s
❝♦✉❝❤❡s ét❛✐t ❛tt❡♥❞✉❡ ✭✈♦✐r ❋✉♥❛ts✉ ❡t ❛❧✳✱ ✷✵✵✾❀ ▼❛rt✐✉s ❡t ❛❧✳✱ ✷✵✵✻✮✱ ❧❛ ❝♦r✲
ré❧❛t✐♦♥ ❞❛♥s ❧❡s ♠♦②❡♥♥❡s ❝♦✉❝❤❡s ❡st ♣❧✉s ✐♥❛tt❡♥❞✉❡✳ ▲❡ ❞♦✉❜❧❡ ♠❛①✐♠✉♠
❞❡ ❝♦rré❧❛t✐♦♥ ♣♦✉rr❛✐t s✬❡①♣❧✐q✉❡r ♣❛r ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ❧❛♥❣✉❡ ❞❡ ❢♦rt t♦✉r✲
❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡♥ ♣r♦✈❡♥❛♥❝❡ ❞❡ ❧❛ ❤❛✉t❡ ❛t♠♦s♣❤èr❡ q✉✐ s✬ét✐r❡ ♦❜❧✐q✉❡♠❡♥t
s✉r ❧❛ ré❣✐♦♥ ❡t ❛✛❡❝t❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧❡s ❝♦✉❝❤❡s ❞❡ ♠♦②❡♥♥❡ ❛❧t✐t✉❞❡✳ ◆é❛♥✲
♠♦✐♥s✱ s✐ ♥♦✉s t❡st♦♥s ❧❛ ❝♦rré❧❛t✐♦♥ à ✶✹✵✵✵ ♠ ❛✈❡❝ ❧❡s ❛❧t✐t✉❞❡s ✐♥❢ér✐❡✉r❡s✱
♥♦✉s ✈♦②♦♥s q✉❡ ❧❛ ❝♦rré❧❛t✐♦♥ ❞é❝r♦✐t ré❣✉❧✐èr❡♠❡♥t ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ à ❧❛ ❤❛✉t❡
❛t♠♦s♣❤èr❡ ✭✵✳✸✷ à ✼✵✵✵ ♠ ❡t ✵✳✶✼ à ✹✵✵✵ ♠✮ ♠♦♥tr❛♥t q✉❡ ❝❡tt❡ ✐♥t❡r♣rét❛✲
t✐♦♥ ♥✬❡st ♣❛s ❝♦rr❡❝t❡✳ ■❧ s❡♠❜❧❡ ❞♦♥❝ q✉❡ ❧❡ ♠❛①✐♠✉♠ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧
❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s s♦✐t ✉♥ ♣r♦❝❡ss✉s ✐♥❞é♣❡♥❞❛♥t ❞❡s ✐♥tr✉s✐♦♥s str❛t♦✲
s♣❤ér✐q✉❡s✳ ❈❡tt❡ ✐♥t❡r♣rét❛t✐♦♥ ❛♣♣❛r❛ît ❝♦♥✜r♠é❡ ♣❛r ❧❛ s❡❝t✐♦♥ ✈❡rt✐❝❛❧❡
♣rés❡♥té❡ ❡♥ ✜❣✉r❡ ✺✳✻ ♦ù ❧✬♦♥ ♦❜s❡r✈❡ ❞❡s ♠❛①✐♠✉♠s ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥✲
t✐❡❧ ❞❛♥s ❧❡s ❜❛ss❡s ❡t ♠♦②❡♥♥❡s ❝♦✉❝❤❡s ✭❥✉sq✉✬à ✻✵✵✵ ♠✮ ✐♥❞é♣❡♥❞❛♥ts ❞❡s
✐♥tr✉s✐♦♥s ❞❛♥s ❧❡s ❤❛✉t❡s ❛❧t✐t✉❞❡s✳ ❉❡ ♣❧✉s✱ ❝❡s ❢♦rt❡s ✈❛❧❡✉rs ❞❡ t♦✉r❜✐❧❧♦♥
♣♦t❡♥t✐❡❧ ❞❛♥s ❧❡s ❜❛ss❡s ❡t ♠♦②❡♥♥❡s ❝♦✉❝❤❡s s❡♠❜❧❡♥t ❧✐é❡s à ❞❡s ♣ré❝✐♣✐t❛✲
t✐♦♥s ✐♠♣♦rt❛♥t❡s✳ ■❧ ❡①✐st❡ é❣❛❧❡♠❡♥t ❡♥tr❡ ✼✵✵✵ ♠ ❡t ✶✵✵✵✵ ♠ ✉♥❡ ③♦♥❡ ❞❡
♠✐♥✐♠✉♠ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ q✉✐ ♣♦✉rr❛✐t ❝♦rr❡s♣♦♥❞r❡ ❛✉ ♠✐♥✐♠✉♠ ❞❡
❝♦rré❧❛t✐♦♥ ♦❜s❡r✈é ❡♥ ✜❣✉r❡ ✺✳✺✳ ❉✬❛✉tr❡s ❛♥❛❧②s❡s ❡✛❡❝t✉é❡s ❞❛♥s ❧❛ s❡❝t✐♦♥
s✉r ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥ ♥♦✉s ♣❡r♠❡ttr♦♥s ❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧❡

❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡ ✶✸✸
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❋✐❣✉r❡ ✺✳✻ ✿ ❙❡❝t✐♦♥ ✈❡rt✐❝❛❧❡ ❞✉ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡♥ ❞é❝❡♠❜r❡ ✷✵✵✾ ❡t
❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ✭❡♥ ✈❡rt✮

• ▲❛ ♣r❡ss✐♦♥ ♠♦♥tr❡ ❝❧❛✐r❡♠❡♥t ✉♥ ❡✛❡t ❞ét❡r♠✐♥❛♥t s✉r ❧❛ ♣❧✉✐❡ ✿ ❡♥ ❡✛❡t✱ ✉♥
♠✐♥✐♠✉♠ ❞❡ ♣r❡ss✐♦♥ ❡st très ❝♦rré❧é ❛✈❡❝ ✉♥ ♠❛①✐♠✉♠ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❡t
❝❡ s✉r t♦✉t❡ ❧❛ ❝♦❧♦♥♥❡ ❞✬❛✐r✳ ❈❡t ❡✛❡t ♥✬❡st ♣❛s s✉r♣r❡♥❛♥t ❡t ♠♦♥tr❡ q✉❡ ❧❡
❜❛r♦♠ètr❡ ❡st ✉♥ très ❜♦♥ ✐♥str✉♠❡♥t ♣♦✉r ♣ré✈♦✐r ❧❛ ♣❧✉✐❡✳ ▲❡ ❢❛✐t q✉❡ ❧✬❛♥t✐✲
❝♦rré❧❛t✐♦♥ s♦✐t q✉❛s✐♠❡♥t ❝♦♥st❛♥t❡ s✉r ❧❛ ✈❡rt✐❝❛❧❡ ♠♦♥tr❡ q✉❡ ❧✬♦❝❝✉rr❡♥❝❡
❞✬✉♥❡ ❜❛ss❡ ♣r❡ss✐♦♥ ✐♥✢✉❡♥❝❡ t♦✉t❡ ❧❛ ❤❛✉t❡✉r ❞❡ ❧❛ tr♦♣♦s♣❤èr❡ ❡t ❞♦♥❝ q✉❡
❧❛ ♣r❡ss✐♦♥ ❡st ♣❧✉tôt ❣♦✉✈❡r♥é❡ ♣❛r ❧❛ ❣r❛♥❞❡ é❝❤❡❧❧❡✳ ■❧ ❢❛✉t ♥♦t❡r q✉❡ ❧✬♦♥
❛✉r❛✐t ♦❜t❡♥✉ ✉♥❡ ❝♦rré❧❛t✐♦♥ ✐❞❡♥t✐q✉❡ ❡♥ ❛♥❛❧②s❛♥t ❧❡ ❣é♦♣♦t❡♥t✐❡❧✳

• ▲❛ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✈❡♥t ❥♦✉❡ ✉♥ rô❧❡ ♣♦s✐t✐❢ s✉r ❧✬♦❝❝✉rr❡♥❝❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s à
♠♦②❡♥♥❡ ❛❧t✐t✉❞❡ ✭∼✼✺✵✵ ♠✮✳ ❈❡t ❡✛❡t ♣♦s✐t✐❢ ♣♦✉rr❛✐t êtr❡ ❧✐é ❛✉ s♦✉❧è✈❡♠❡♥t
❞❡ ❧❛ ♠❛ss❡ ❞✬❛✐r✳ ❊♥ ❡✛❡t✱ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✈❡♥t ❝ré❡ ✉♥❡ ❞é♣r❡ss✐♦♥ ❧♦❝❛❧❡ q✉✐
✈❛ ❢❛✈♦r✐s❡r ❧❡s ♠é❝❛♥✐s♠❡s ❞✬❛s❝❡♥❞❛♥❝❡s ❢❛✈♦r❛❜❧❡s à ❧❛ ♣❧✉✐❡✳ ❈❡t ❡✛❡t ❡st
❝♦♥✜r♠é ♣❛r ❧❡ ❝❛❧❝✉❧ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❛ ♣r❡ss✐♦♥ ❡t ❧❛ ❞✐✈❡r❣❡♥❝❡ ✭✈♦✐r
❧❛ ✜❣✉r❡ ✶✽ ❡♥ ❛♥♥❡①❡✱ s❡❝t✐♦♥ ❆✳✺✳✮✮✳ ▲❛ ❝✐r❝✉❧❛t✐♦♥ ❛❣é♦str♦♣❤✐q✉❡ ❣r❛♥❞❡
é❝❤❡❧❧❡ ♣❡✉t êtr❡ à ❧✬♦r✐❣✐♥❡ ❞❡ ❝❡tt❡ ❞✐✈❡r❣❡♥❝❡ ♠❛✐s ❛✉ss✐ ❞❡s ❡✛❡ts ♣❧✉s ❧♦✲
❝❛✉① t❡❧s ❧❡s ♠♦✉✈❡♠❡♥ts ❝♦♥✈❡❝t✐❢s✳

• ▲❛ ❝♦♥✈❡r❣❡♥❝❡ ❞✉ ✈❡♥t ❛ ✉♥ ❡✛❡t s✐❣♥✐✜❝❛t✐❢ s✉r ❧❛ ♣❧✉✐❡ ✉♥✐q✉❡♠❡♥t ❞❛♥s ❧❡s
très ❜❛ss❡s ❝♦✉❝❤❡s✳ ❈❡❧❛ ♠♦♥tr❡ q✉❡ ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ❡st ❢❛✈♦r❛❜❧❡ à ❧❛ ♣❧✉✐❡
s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ ❛❧♦rs q✉✬❡❧❧❡ ♥❡ ♣❛r❛ît ♣❛s ❞ét❡r♠✐♥❛♥t❡ s✉r ❧❡ ❝♦♥t✐✲
♥❡♥t✳ ❙✉r ❝❡❧✉✐✲❝✐✱ ✐❧ s❡♠❜❧❡ q✉✬✐❧ ❢❛✐❧❧❡ ② ❛ss♦❝✐❡r ✉♥ ❛♣♣♦rt ❞✬❤✉♠✐❞✐té ♣♦✉r
❞é❝❧❡♥❝❤❡r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❝♦♠♠❡ ❧✬❛ ♠♦♥tré ❧✬❛♥❛❧②s❡ ❞❡ ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ❞✉
✢✉① ❞✬❤✉♠✐❞✐té✳

• ▲❡ ✈❡♥t ③♦♥❛❧ ❛✱ à ♣r❡♠✐èr❡ ✈✉❡✱ ✉♥ ✐♠♣❛❝t ♠♦❞éré s✉r ❧✬✐♥t❡♥s✐té ❞❡s ♣ré❝✐✲
♣✐t❛t✐♦♥s✳ ❈❡♣❡♥❞❛♥t✱ ❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s ✉♥ ✈❡♥t ❢♦rt ❞✐r✐❣é ✈❡rs ❧✬♦✉❡st
♣❡✉t êtr❡ ✉♥ ❢❛❝t❡✉r ❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s✳ ▲✬❛♥❛❧②s❡ ♣❛r s❛✐s♦♥ ❞❡ ❧❛
❝♦rré❧❛t✐♦♥ ✭❋✐❣✳ ✺✳✽✮ ♥♦✉s ❞♦♥♥❡r❛ ♣❧✉s ❞✬✐♥❢♦r♠❛t✐♦♥ s✉r ❧❡ rô❧❡ ❞❡ ❝❡ ♣❛r❛✲

✶✸✹ ❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡
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♠ètr❡✳

• ▲❛ ✈✐t❡ss❡ ♠ér✐❞✐❡♥♥❡ ❡st ❝♦rré❧é❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s q✉❛♥❞ ❡❧❧❡ ❡st ❞✐r✐❣é❡
✈❡rs ❧❡ ♥♦r❞✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❛ ❝♦rré❧❛t✐♦♥ ❡st ❢♦rt❡♠❡♥t ♣♦s✐t✐✈❡ s✉r t♦✉t❡ ❧❛
tr♦♣♦s♣❤èr❡ ❛✈❡❝ ✉♥ ♠❛①✐♠✉♠ ❛✉t♦✉r ❞❡ ✹✵✵✵ ♠✳ ❈❡ rés✉❧t❛t ét❛✐t ❛tt❡♥❞✉
♣✉✐sq✉❡ ❧✬♦♥ ❛ ❞é❥à ❝♦♥st❛té à ♣❧✉s✐❡✉rs r❡♣r✐s❡s ✭♣❛r ❡①❡♠♣❧❡ ♣♦✉r ❧❡s s✐✲
t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s t②♣✐q✉❡s✮ q✉❡ ❧❡ ✢✉① ❞✉ s✉❞ ❛❧✐♠❡♥t❡ ❡♥ ❤✉♠✐❞✐té ❧❡s
s②stè♠❡s ♣ré❝✐♣✐t❛♥ts✳ ❈❡ ♣❛r❛♠ètr❡ ♣♦✉rr❛✐t ❞♦♥❝ ❝❧❛✐r❡♠❡♥t êtr❡ ❧✬✉♥ ❞❡s
❢❛❝t❡✉rs ❞ét❡r♠✐♥❛♥ts ♣♦✉r ❡①♣❧✐q✉❡r ❧❛ ♣❧✉✐❡ s✉r ❧❛ ré❣✐♦♥ ❝♦♠♠❡ ❞é❥à ♥♦té
♣❛r ❘✐❝❛r❞ ❡t ❛❧✳ ✭✷✵✶✷✮ ❞❛♥s ❧❛ ré❣✐♦♥ ❞❡s ❈é✈❡♥♥❡s✳

• ▲❡ ❧✐❡♥ ❡♥tr❡ ❤✉♠✐❞✐té ❡t ♣ré❝✐♣✐t❛t✐♦♥s ❡st é✈✐❞❡♥t✳ P❛r ❝♦♥tr❡✱ ✐❧ ♣❡✉t ❛♣♣❛✲
r❛îtr❡ ét♦♥♥❛♥t ❞✬♦❜s❡r✈❡r ✉♥❡ ❛♥t✐❝♦rré❧❛t✐♦♥ ❞❛♥s ❧❡s ❤❛✉t❡s ❝♦✉❝❤❡s✳ P♦✉r
❝♦♠♣r❡♥❞r❡ ❝❡ ♣r♦❝❡ss✉s✱ ♥♦✉s ❛✈♦♥s t♦✉t ❞✬❛❜♦r❞ t❡sté ❧✬❡①✐st❡♥❝❡ ❞✬✉♥❡ ❝♦r✲
ré❧❛t✐♦♥ ❡♥tr❡ ✉♥ ♠❛①✐♠✉♠ ❞✬❤✉♠✐❞✐té ❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s ❡t ✉♥ ♠✐♥✐♠✉♠
❞❛♥s ❧❡s ❤❛✉t❡s ❝♦✉❝❤❡s✳ ◆é❛♥♠♦✐♥s✱ ❧✬✐♥❞✐❝❡ ❞❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧✬❤✉♠✐❞✐té à
✸✵✵✵ ♠ ✭♠❛①✐♠✉♠ ❞❡ ❝♦rré❧❛t✐♦♥✮ ❡t ✶✹✵✵✵ ♠ ✭♠❛①✐♠✉♠ ❞✬❛♥t✐❝♦rré❧❛t✐♦♥✮
s✬❛✈èr❡ êtr❡ ♣♦s✐t✐❢ ✭✵✳✸✺✮ ❡t ♥❡ ♣❡r♠❡t ❞♦♥❝ ♣❛s ❞✬❡①♣❧✐q✉❡r ❧✬❛♥t✐❝♦rré❧❛t✐♦♥
♦❜s❡r✈é❡✳ ▲✬❛❧t✐t✉❞❡ à ❧❛q✉❡❧❧❡ s❡ tr♦✉✈❡ ❝❡tt❡ ❛♥t✐❝♦rré❧❛t✐♦♥ ❧❛✐ss❡ à ♣❡♥s❡r q✉❡
❧❡ ♣r♦❝❡ss✉s ❞✬❛ssè❝❤❡♠❡♥t s❡ s✐t✉❡ ❞❛♥s ❧❛ ❜❛ss❡ str❛t♦s♣❤èr❡ ❡t ♥♦♥ ♣❛s ❞❛♥s
❧❛ tr♦♣♦s♣❤èr❡✳ ❉❛♥s ✉♥ ❞❡✉①✐è♠❡ t❡♠♣s✱ ♥♦✉s ❛✈♦♥s ❞♦♥❝ ❝❤❡r❝❤é à s❛✈♦✐r s✐
❝❡t ❛ssè❝❤❡♠❡♥t str❛t♦s♣❤ér✐q✉❡ ♥✬ét❛✐t ♣❛s ❧✐é à ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ✐♥tr✉s✐♦♥
❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❞❛♥s ❧❛ tr♦♣♦s♣❤èr❡ ✭❋✐❣✳ ✺✳✼✮✳ ▲❛ ✜❣✉r❡ ♠♦♥tr❡ q✉❡
❧♦rsq✉❡ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡st ♠❛①✐♠❛❧ ✭✐♥tr✉s✐♦♥✮✱ ❧✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡
❡st ♠✐♥✐♠❛❧❡✳ ❉❡ ♣❧✉s✱ ✐❧ ❡st ✐♥tér❡ss❛♥t ❞❡ ♥♦t❡r q✉❡ ❝❡ ♠❛①✐♠✉♠ ❞✬❛♥t✐❝♦r✲
ré❧❛t✐♦♥ ❛♣♣❛r❛ît ♣❧✉tôt ✈❡rs ✶✶✵✵✵✲✶✷✵✵✵ ♠✳ P❛r ❝♦♥séq✉❡♥t✱ ♥♦tr❡ ❤②♣♦t❤ès❡
❞❡ ❧✐❡♥ ❡♥tr❡ ❧✬✐♥tr✉s✐♦♥ ❡t ❧✬❛ssè❝❤❡♠❡♥t str❛t♦s♣❤ér✐q✉❡ s❡♠❜❧❡ ✈ér✐✜é❡✳ ❯♥
❞❡r♥✐❡r ♣♦✐♥t à ♣r♦♣♦s ❞❡ ❧✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡ ❡st q✉✬❡❧❧❡ ♥❡ ♠♦♥tr❡ ♣❛s ❞❡
❝♦rré❧❛t✐♦♥ ❞❛♥s ❧❡s très ❜❛ss❡s ❝♦✉❝❤❡s✳ ❈❡❧❛ s❡♠❜❧❡ ❝♦♥✜r♠❡r q✉❡✱ s✉r ❧❛ ♠❡r
▼é❞✐t❡rr❛♥é❡✱ ❧✬❤✉♠✐❞✐té ét❛♥t ❝♦♥t✐♥✉❡❧❧❡♠❡♥t ❞✐s♣♦♥✐❜❧❡✱ ❡❧❧❡ ♥✬❡st ♣❛s ✉♥
❢❛❝t❡✉r ♣❡r♠❡tt❛♥t ❡①♣❧✐q✉❡r ❧✬♦❝❝✉rr❡♥❝❡ ❡t ❧✬✐♥t❡♥s✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r
❝❡tt❡ ③♦♥❡✳
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❋✐❣✉r❡ ✺✳✽ ✿ ❈♦rré❧❛t✐♦♥ s✉✐✈❛♥t ❧✬❛❧t✐t✉❞❡ ❡t ♣❛r s❛✐s♦♥ ❞❡s ❞✐✛ér❡♥t❡s
✈❛r✐❛❜❧❡s ♠été♦r♦❧♦❣✐q✉❡s ❡t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ▲❡s ③♦♥❡s ❜❧❛♥❝❤❡s ❝♦rr❡s✲
♣♦♥❞❡♥t ❛✉① ❛❧t✐t✉❞❡s ♣♦✉r ❧❡sq✉❡❧❧❡s ✐❧ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡ ❞❡ ❝❛❧❝✉❧❡r ✉♥❡
❝♦rré❧❛t✐♦♥ st❛t✐st✐q✉❡♠❡♥t s✐❣♥✐✜❝❛t✐✈❡

❱❛r✐❛❜✐❧✐té s❛✐s♦♥♥✐èr❡

❆♣rès ❛✈♦✐r ét✉❞✐é ❧❛ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❛ ♣❧✉✐❡ ❡t ❧❡s ♣❛r❛♠ètr❡s ❞②♥❛♠✐q✉❡s ❡t
t❤❡r♠♦❞②♥❛♠✐q✉❡s à ❞✐✛ér❡♥t❡s ❛❧t✐t✉❞❡s✱ ✐❧ ❡st ✐♥tér❡ss❛♥t ❞❡ r❡♥s❡✐❣♥❡r ❧❛ ✈❛r✐❛✲
❜✐❧✐té s❛✐s♦♥♥✐èr❡ ❞❡ ❝❡tt❡ ❝♦rré❧❛t✐♦♥ ✭❋✐❣✳ ✺✳✽✮✳ ❊♥ ❡✛❡t✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré ❞❛♥s
❧❡s ♣ré❝é❞❡♥ts ❝❤❛♣✐tr❡s q✉❡ ❧❛ ♣❧✉✐❡ ét❛✐t très ✈❛r✐❛❜❧❡ s✉✐✈❛♥t ❧❛ s❛✐s♦♥ ❞❛♥s ❧✬❊✉✲
r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ❡t ✐❧ ❡st ❞♦♥❝ ✐♥tér❡ss❛♥t ❞✬✐❞❡♥t✐✜❡r ❧❡s ♣❛r❛♠ètr❡s
♠été♦r♦❧♦❣✐q✉❡s q✉✐ s♦♥t ❛ss♦❝✐és à ❝❡tt❡ ✈❛r✐❛❜✐❧✐té✳ ▲❡s ❝❛r❛❝tér✐st✐q✉❡s ♠✐s❡s ❡♥
é✈✐❞❡♥❝❡ s♦♥t ❧❡s s✉✐✈❛♥t❡s ✿

• ▲❛ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✢✉① ❞✬❤✉♠✐❞✐té ♣rés❡♥t❡ ✉♥ rô❧❡ ♠♦❞éré ❞✉r❛♥t ❧✬❛♥♥é❡ ❡t
✉♥❡ ❝♦rré❧❛t✐♦♥ ♣♦s✐t✐✈❡ ♠❛①✐♠❛❧❡ ❡♥tr❡ ✹✵✵✵ ❡t ✺✵✵✵ ♠✳

• ▲❛ ❝♦♥✈❡r❣❡♥❝❡ ❞✉ ✢✉① ❞✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡ ❥♦✉❡ ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❛✉ ♠♦✐♥s
❥✉sq✉✬à ✽✵✵✵ ♠ ❡t ♠ê♠❡ ❛✉ ❞❡❧à ❛✉ ♣r✐♥t❡♠♣s ❡t ❡♥ ❛✉t♦♠♥❡✳ ❙♦♥ ✐♥✢✉❡♥❝❡
❡st ♠♦✐♥s ❢♦rt❡ ❡♥ été✳

• ▲✬❡✛❡t ❞✉ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡st r❡❧❛t✐✈❡♠❡♥t ✐♠♣♦rt❛♥t s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s
♣❡♥❞❛♥t ❧✬❛♥♥é❡ ❜✐❡♥ q✉✬ét❛♥t ❛ss❡③ ❢❛✐❜❧❡ ❡♥ été ✐♥❞✐q✉❛♥t q✉❡ ❧❡s ❢♦rç❛❣❡s ❧♦✲

✶✸✻ ❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡
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❝❛✉① s♦♥t ♣❧✉s ✐♠♣♦rt❛♥ts q✉❡ ❧❡s ❢♦rç❛❣❡s s②♥♦♣t✐q✉❡s à ❝❡tt❡ ♣ér✐♦❞❡✳ ❯♥❡
❡①♣❧✐❝❛t✐♦♥ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❡st q✉✬✐❧ ② ❛ ♠♦✐♥s ❞✬✐♥tr✉s✐♦♥s str❛t♦s♣❤ér✐q✉❡s ❞❡
t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡♥ été ✭❋✐❣✳ ✺✳✾✮✳ ❈♦♠♠❡ ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡✱ ❧❡s ré✲
s✉❧t❛ts ♠♦♥tr❡♥t ❞❡✉① ♠❛①✐♠✉♠s ❞✐st✐♥❝ts ❞❡ ❝♦rré❧❛t✐♦♥ ♣♦s✐t✐✈❡ s✉r ❧✬❛❧t✐t✉❞❡
❞❡ ❧❛ tr♦♣♦s♣❤èr❡ ✭à ❡♥✈✐r♦♥ ✺✵✵✵ ❡t ✶✷✵✵✵ ♠✮✳ ◆♦✉s r❡♠❛rq✉♦♥s é❣❛❧❡♠❡♥t
q✉❡ ❧❡s ❞❡✉① ♠❛①✐♠✉♠s s✬é❧è✈❡♥t ❛✈❡❝ ❧✬été ♣✉✐s r❡❞❡s❝❡♥❞❡♥t ❡♥s✉✐t❡✳ ■❧ ♥♦✉s
♠❛♥q✉❡ ❡♥❝♦r❡ ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥ ✭♣rés❡♥té
❞❛♥s ❧❛ s❡❝t✐♦♥ ✺✳✷✳✶✮ ♣♦✉r ♣♦✉✈♦✐r ❛♣♣♦rt❡r ✉♥❡ ❡①♣❧✐❝❛t✐♦♥ ❝♦♠♣❧èt❡ à ❝❡
♣❤é♥♦♠è♥❡✳
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❋✐❣✉r❡ ✺✳✾ ✿ ❚♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ♠♦②❡♥ ✭P❱❯✮ à ❧✬❛❧t✐t✉❞❡ ✶✷✵✵✵ ♠ ❡♥ ❜❧❡✉
❡t s❛ ♠♦②❡♥♥❡ ❣❧✐ss❛♥t ❡♥ r♦✉❣❡

• ▲❛ ♣r❡ss✐♦♥ ❥♦✉❡ ✉♥ rô❧❡ très ✐♠♣♦rt❛♥t s✉r ❧✬♦❝❝✉rr❡♥❝❡ ❡t ❧✬✐♥t❡♥s✐té ❞❡s ♣ré✲
❝✐♣✐t❛t✐♦♥s✳ ◆♦✉s ✈♦②♦♥s q✉❡ s♦♥ ❛❝t✐♦♥ ❡st ❢♦rt❡ ❡♥ ❤✐✈❡r ❡t ❛✉ ♣r✐♥t❡♠♣s ❡t
❞ét❡r♠✐♥❛♥t❡ ❡♥ ❛✉t♦♠♥❡✳ P❛r ❝♦♥tr❡✱ ❡♥ été✱ t♦✉t ❝♦♠♠❡ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦✲
t❡♥t✐❡❧✱ ❡❧❧❡ ♠♦♥tr❡ ✉♥❡ ❛♥t✐❝♦rré❧❛t✐♦♥ ♠♦✐♥s ✐♠♣♦rt❛♥t❡ ✭❡❧❧❡ ♥✬❡st ♣❧✉s ❞✉
t♦✉t ❝♦rré❧é❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ❥✉✐❧❧❡t ❡t ❛♦ût✮✳ ❈❡t ❡✛❡t ♣♦✉rr❛✐t êtr❡ ❧✐é❡
à ❧✬❛❝t✐♦♥ ❞❡ ❧✬❛♥t✐❝②❝❧♦♥❡ ❞❡s ❆ç♦r❡s q✉✐ ❞é♣❧❛❝❡ ❧❡s ❝❡♥tr❡s ❞é♣r❡ss✐♦♥♥❛✐r❡s
✈❡rs ❧❡s très ❤❛✉t❡s ❧❛t✐t✉❞❡s ❡♥ été✳

• ▲❛ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✈❡♥t ❡st ❝♦rré❧é❡ ♣♦s✐t✐✈❡♠❡♥t ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❛✉ ♣r✐♥✲
t❡♠♣s✱ ❛✉t♦♠♥❡ ❡t ❤✐✈❡r✳ ❊♥ été ❧❛ ❝♦rré❧❛t✐♦♥ ❡st ♠♦✐♥s ♠❛rq✉é❡✳ ❉❡ ♣❧✉s✱
❧✬❛❧t✐t✉❞❡ ❞✉ ♠❛①✐♠✉♠ ❞❡ ❝♦rré❧❛t✐♦♥ ✭✼✺✵✵ ♠✮ ♥❡ ✈❛r✐❡ ♣❛s s✉✐✈❛♥t ❧❛ s❛✐s♦♥✳

• ▲❛ ❝♦♥✈❡r❣❡♥❝❡ ❞✉ ✈❡♥t ❛ ✉♥ très ❧é❣❡r ❡✛❡t ❛✉ ♣r✐♥t❡♠♣s ❡t ❡♥ ❛✉t♦♠♥❡
à ❤❛✉t❡ ❛❧t✐t✉❞❡ ✭♣r♦❜❛❜❧❡♠❡♥t ❛✉✲❞❡ss✉s ❞❡ ❧❛ tr♦♣♦♣❛✉s❡✮ ❡t à très ❜❛ss❡
❛❧t✐t✉❞❡✳ ❆ ❤❛✉t❡ ❛❧t✐t✉❞❡✱ ❧❛ ❝♦rré❧❛t✐♦♥ ♣♦✉rr❛✐t êtr❡ ❧✐é❡ ❛✉① ✐♥tr✉s✐♦♥s str❛✲
t♦s♣❤ér✐q✉❡s✱ ♥é❛♥♠♦✐♥s✱ ♥♦✉s ♥✬❛✈♦♥s ♣❛s tr♦✉✈é ❞❡ ❝♦rré❧❛t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡
❛✈❡❝ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧✳

• ▲❡ ✈❡♥t ③♦♥❛❧ ♣rés❡♥t❡ ✉♥❡ ✐♥✢✉❡♥❝❡ ❛ss❡③ ✈❛r✐❛❜❧❡ s✉✐✈❛♥t ❧❛ ♣ér✐♦❞❡ ❞❡ ❧✬❛♥✲
♥é❡✳ ▲❡ ✈❡♥t ❞✐r✐❣é ✈❡rs ❧✬❡st ❛ ✉♥ ❡✛❡t à ♣❡✐♥❡ ♣♦s✐t✐❢ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✉
♣r✐♥t❡♠♣s ❡t ❡♥ ❤✐✈❡r✱ ✐♥❡①✐st❛♥t ❡♥ été ❡t r❡❧❛t✐✈❡♠❡♥t ✐♠♣♦rt❛♥t ❡♥ ❛✉t♦♠♥❡✳
▲❛ ❝♦rré❧❛t✐♦♥ ❡st ❛♣♣❛r❡♥t❡ s✉r t♦✉t❡ ❧❛ ❝♦✉❝❤❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❡♥ ❛✉t♦♠♥❡✳
▲❡ ❝♦♠♣♦rt❡♠❡♥t ❞✉ ✈❡♥t ❞✐r✐❣é ✈❡rs ❧✬♦✉❡st ❡st é❣❛❧❡♠❡♥t très ❝♦♠♣❧❡①❡✳
❆✉ ♣r✐♥t❡♠♣s ❡t ❡♥ ❛✉t♦♠♥❡ ✐❧ ❡st ❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s s✉r t♦✉t❡ ❧❛
❝♦✉❝❤❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❥✉sq✉✬à ✶✵✵✵✵ ♠✱ ❡♥ ❤✐✈❡r ✐❧ ❡st ❢❛✈♦r❛❜❧❡ ❞❛♥s ❧❡s

❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡ ✶✸✼
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❜❛ss❡s ❝♦✉❝❤❡s ❡t ❞é❢❛✈♦r❛❜❧❡ ❛✉✲❞❡ss✉s ❞❡ ❧❛ tr♦♣♦♣❛✉s❡✳ ❊♥ été✱ ✐❧ ♥✬❡st ♣❛s
s✐❣♥✐✜❝❛t✐❢✳
▲❡ ✈❡♥t ❞✬❡st ❡st✱ ❝♦♠♠❡ ❧❡ ✈❡♥t ❞✬♦✉❡st✱ ❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s✱ ❝❡❧❛
s✐❣♥✐✜❡ q✉❡ ❞❡✉① ♣r♦❝❡ss✉s ❞✐✛ér❡♥ts s♦♥t r❡s♣♦♥s❛❜❧❡s ❞❡ ❝❡s ❝♦♠♣♦rt❡♠❡♥ts✳
▲✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❧✬❛♥✐♠❛t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ③♦♥❡ ❞✬❍②❞r✐①✱ ♥♦✉s ❛✐❞❡
à ♣r♦♣♦s❡r ✉♥❡ ❡①♣❧✐❝❛t✐♦♥ à ❝❡s ♣r♦❝❡ss✉s✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ✈❡♥t ❞✐r✐❣é
✈❡rs ❧✬❡st✱ ✐❧ s❡♠❜❧❡ q✉✬✐❧ s♦✐t ❛ss♦❝✐é à ❞❡s ❢r♦♥ts ❡♥ ♣r♦✈❡♥❛♥❝❡ ❞❡ ❧✬❆t❧❛♥t✐q✉❡
q✉✐ ♣rés❡♥t❡♥t ✉♥❡ ♦r✐❡♥t❛t✐♦♥ ♦❜❧✐q✉❡ ✭✈♦✐r ❧❛ ✜❣✉r❡ ✺✳✷✮✳ ❉❛♥s ❧❡ ❝❛s ♦ù ❝✬❡st
❧❡ ✈❡♥t ③♦♥❛❧ ♥é❣❛t✐❢ q✉✐ ❛✈❛♥t❛❣❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✱ ❧❡ ♣r♦❝❡ss✉s ❛ss♦❝✐é ♣♦✉r✲
r❛✐t êtr❡ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ ❝②❝❧♦♥❡ ♠é❞✐t❡rr❛♥é❡♥✳

• ▲❡ ✈❡♥t ♠ér✐❞✐❡♥ ❡st ✉♥ é❧é♠❡♥t ❝❧é q✉❡❧❧❡ q✉❡ s♦✐t ❧❛ s❛✐s♦♥ ❡t q✉❡❧❧❡ q✉❡ s♦✐t
❧✬❛❧t✐t✉❞❡✳ ❈✬❡st é❣❛❧❡♠❡♥t ❧❛ s❡✉❧❡ ✈❛r✐❛❜❧❡ ✭❛✈❡❝ ❧✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡✮ q✉✐
♣rés❡♥t❡ ✉♥ ❧✐❡♥ ❢♦rt ❛✈❡❝ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ été✳ ❈❡❧❛ ♠♦♥tr❡ q✉❡ ❞✉r❛♥t
❝❡tt❡ s❛✐s♦♥✱ ♠ê♠❡ s✬✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ❢❛✈♦r❛❜❧❡ ✭✈♦✐r s❡❝✲
t✐♦♥ ✺✳✶ ❡t ❧❡s ❝♦♠♠❡♥t❛✐r❡s ♣❧✉s ❤❛✉t s✉r ❧❛ ♣r❡ss✐♦♥✮✱ ✉♥ ✢✉① ❞✬❤✉♠✐❞✐té ✭qv✮
✐♠♣♦rt❛♥t ❞û à ❞❡s ❡✛❡ts ❧♦❝❛✉① ✭❜r✐s❡ ❞❡ ♠❡r ♣❛r ❡①❡♠♣❧❡✮ ♣❡✉t êtr❡ s✉✣s❛♥t
♣♦✉r ❣é♥ér❡r ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ❘✐❡s❝♦ ▼❛rtí♥ ❡t ❛❧✳✱ ✷✵✶✸✮✳

• ❊♥✜♥✱ s✐ ♥♦✉s ❛♥❛❧②s♦♥s ❧✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡✱ ✐❧ ❛♣♣❛r❛ît ❝❧❛✐r q✉✬❡❧❧❡ ❡st très
❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s ❡t ❞é❢❛✈♦r❛❜❧❡ ❞❛♥s ❧❡s
❤❛✉t❡s ❝♦✉❝❤❡s✳ ❉❛♥s ❧❛ s❡❝t✐♦♥ ♣ré❝é❞❡♥t❡✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧✬❛ssè✲
❝❤❡♠❡♥t ❞❛♥s ❧❡s ❤❛✉t❡s ❝♦✉❝❤❡s rés✉❧t❡ ❡♥ ❢❛✐t ❞✬✉♥❡ ✐♥tr✉s✐♦♥ ❞❡ t♦✉r❜✐❧❧♦♥
♣♦t❡♥t✐❡❧ s✉r ❧❛ ré❣✐♦♥✳ ❈❡t ❛r❣✉♠❡♥t ❡st ❛♣♣✉②é ♣❛r ❧❡ ❢❛✐t q✉✬❡♥ été ❝❡tt❡ ❛♥t✐✲
❝♦rré❧❛t✐♦♥ ❞✐s♣❛r❛ît q✉❛s✐♠❡♥t ❝♦♠♣❧èt❡♠❡♥t ♣✉✐sq✉❡ ❧❛ tr♦♣♦♣❛✉s❡ s❡ tr♦✉✈❡
à ♣❧✉s ❤❛✉t❡ ❛❧t✐t✉❞❡ ✭❞✬❛✐❧❧❡✉rs ♦♥ r❡tr♦✉✈❡ ❜✐❡♥ ✉♥❡ ❛♥t✐❝♦rré❧❛t✐♦♥ ❡♥ été
q✉❛♥❞ ♦♥ r❡❣❛r❞❡ ❧❡s ♣❧✉s ❤❛✉t❡s ❝♦✉❝❤❡s ❞✉ ♠♦❞è❧❡✮✳ ❊♥✜♥✱ ❧❛ sé❝❤❡r❡ss❡ ❞❡
❧✬❛t♠♦s♣❤èr❡ ❞❛♥s ❧❡s ❤❛✉t❡s ❝♦✉❝❤❡s ♣❡✉t ❛✈♦✐r ✉♥ ❡✛❡t ✐♥❞✐r❡❝t s✉r ❧❡s ♣ré✲
❝✐♣✐t❛t✐♦♥s✳ ❊♥ ❡✛❡t✱ ❝♦♠♠❡ ♦♥ ❧✬❛ ✈✉ ❞❛♥s ❧❡ ♣r❡♠✐❡r ❝❤❛♣✐tr❡ ❞❡ ❝❡tt❡ t❤ès❡✱
✉♥ ❛✐r s❡❝ ♣❡✉t ❢❛✈♦r✐s❡r ❧✬é✈❛♣♦r❛t✐♦♥ ❞❛♥s ❧✬❛✐r ❡♥✈✐r♦♥♥❛♥t ❞❡s ♣ré❝✐♣✐t❛✲
t✐♦♥s ✐ss✉❡s ❞❡s ❛s❝❡♥❞❛♥❝❡s ❝♦♥✈❡❝t✐✈❡s✳ ❯♥ ❝♦✉r❛♥t ❞❡ ❞❡♥s✐té ♣✉✐s ✉♥❡ ❝♦❧❞

♣♦♦❧ ♣❡✉✈❡♥t ❛❧♦rs s❡ ❞é✈❡❧♦♣♣❡r ❝❡ q✉✐ ❝♦♥tr✐❜✉❡ à ❧✬❡♥tr❡t✐❡♥ ❞❡ ❧❛ ❝♦♥✈❡❝t✐♦♥✳

▲❡s ❛♥❛❧②s❡s ❞❡ ❝♦rré❧❛t✐♦♥ ❛✉① ❞✐✛ér❡♥t❡s ❛❧t✐t✉❞❡s ♦♥t ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡ ❧❡s
❛❧t✐t✉❞❡s ❝❧és ❛ss♦❝✐é❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s s❡ tr♦✉✈❡♥t ❛✉ s♦❧✱ ❡♥tr❡ ✷✵✵✵ ❡t ✺✵✵✵ ♠ ❡t
❞❛♥s ✉♥❡ ♠♦✐♥❞r❡ ♠❡s✉r❡ ✈❡rs ✶✶✵✵✵ ♠✳ ❉❛♥s ❧❛ ♣❛rt✐❡ s✉✐✈❛♥t❡✱ ♥♦✉s ❛♥❛❧②s♦♥s ❧❛
✈❛r✐❛❜✐❧✐té ❤♦r✐③♦♥t❛❧❡ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥ à ❧✬❛❧t✐t✉❞❡ ✸✺✵✵ ♠ ❛✜♥ ❞✬✐❞❡♥t✐✜❡r ❧❡s ré❣✐♦♥s
♦ù ❧❡s ♣❛r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡s ♦♥t ❧✬✐♠♣❛❝t ❧❡ ♣❧✉s ✐♠♣♦rt❛♥t s✉r ❧❛ ♣❧✉✐❡✳

❱❛r✐❛❜✐❧✐té s♣❛t✐❛❧❡

▲✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ❞❡ ❢♦rts ❝♦♥tr❛st❡s ❣é♦✲
❣r❛♣❤✐q✉❡s ✭t❡rr❡✲♠❡r ♦✉ ♣❧❛✐♥❡✲♠♦♥t❛❣♥❡✮ q✉✐✱ ❝♦♠♠❡ ♦♥ ❧✬❛ ✈✉ ♣ré❝é❞❡♠♠❡♥t✱
✐♥✢✉❡♥❝❡♥t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ❆✐♥s✐✱ ❞❛♥s ❝❡tt❡ ♣❛rt✐❡ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ❞ét❡r♠✐✲
♥❡r ❧❡s ♣r♦❝❡ss✉s ❛ss♦❝✐és à ❧❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐❛❧❡ ❞❡ ❧❛ ♣❧✉✐❡✳ ▲❛ ✈❛r✐❛t✐♦♥ ❤♦r✐③♦♥t❛❧❡
❞❡ ❧❛ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡s ✈❛r✐❛❜❧❡s ❡t ❧❛ ♣❧✉✐❡ à ✸✺✵✵ ♠ ❡st ♣rés❡♥té❡ ❡♥ ✜❣✉r❡ ✺✳✶✵✳
■❧ ❢❛✉t r❛♣♣❡❧❡r q✉❡ ❧❛ ♣❛rt✐❡ ♥♦r❞✲❡st ❞✉ ❞♦♠❛✐♥❡ ❡st ♠❛❧ é❝❤❛♥t✐❧❧♦♥♥é❡ ♣❛r ❧❡
r❛❞❛r ❡t✱ ♣❛r ❝♦♥séq✉❡♥t✱ ❧❡s rés✉❧t❛ts ❞❛♥s ❝❡tt❡ ③♦♥❡ ❞♦✐✈❡♥t êtr❡ ❝♦♥s✐❞érés ❛✈❡❝

✶✸✽ ❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡
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Longitude

L
at

it
u
d
e

43°N
43.5°N

44°N
44.5°N

45°N

PV P

43°N
43.5°N

44°N
44.5°N

45°N

q CAPE

6°E 7°E 8°E 9°E

Ri cis

−0.6

−0.4

−0.2

0.0

0.2

0.4

0.6

div(qv) conv(qv)

div(v) conv(v) E O

N S

❋✐❣✉r❡ ✺✳✶✵ ✿ ❈♦rré❧❛t✐♦♥ s✉r ❧❡s tr♦✐s ❛♥s ❞❡ ❞♦♥♥é❡s ❡♥tr❡ ❧❡s ✈❛r✐❛❜❧❡s à
✸✺✵✵ ♠ ❡t ❧❛ ♣❧✉✐❡

♣ré❝❛✉t✐♦♥✳ ▲❡s ♣r✐♥❝✐♣❛✉① rés✉❧t❛ts s♦♥t ❧❡s s✉✐✈❛♥ts ✿

• ▲❛ ❝♦rré❧❛t✐♦♥ ❛ss♦❝✐é❡ à ❧❛ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✢✉① ❞✬❤✉♠✐❞✐té ♥❡ ♣rés❡♥t❡ ♣❛s ❞❡
♣ré❢ér❡♥❝❡ s♣❛t✐❛❧❡ ♠❛rq✉é❡ ❛✉ ❝♦♥tr❛✐r❡ ❞❡ ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ❞✉ ✢✉① ❞✬❤✉♠✐❞✐té
q✉✐ ❡st ✐♠♣♦rt❛♥t❡ s✉r ❧❡ ❝♦♥t✐♥❡♥t ❡t ❢❛✐❜❧❡ s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡✳ ❈❡ ❝♦♠✲
♣♦rt❡♠❡♥t s✬❡①♣❧✐q✉❡ ❢❛❝✐❧❡♠❡♥t ♣✉✐sq✉❡ ❧✬❛♣♣♦rt ❞✬❤✉♠✐❞✐té ❡st ❞ét❡r♠✐♥❛♥t
✉♥✐q✉❡♠❡♥t s✉r ❧❡ ❝♦♥t✐♥❡♥t✳

• ▲❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ♠♦♥tr❡ ✉♥❡ ❝♦rré❧❛t✐♦♥ ♥é❣❧✐❣❡❛❜❧❡ à ✸✺✵✵ ♠✳

• ▲❛ ♣r❡ss✐♦♥ ♣rés❡♥t❡ ✉♥❡ ❝♦rré❧❛t✐♦♥ ♥é❣❛t✐✈❡ s✉r t♦✉t❡ ❧❛ ③♦♥❡ s❛♥s s✉r♣r✐s❡✳

• ▲❛ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✈❡♥t ❥♦✉❡ ✉♥ rô❧❡ ❛ss❡③ ❢❛✐❜❧❡ s❛♥s ♣ré❢ér❡♥❝❡ ❝❧❛✐r❡♠❡♥t ♠❛r✲
q✉é❡✳

• ▲❛ ❝♦♥✈❡r❣❡♥❝❡ ❞✉ ✈❡♥t ❥♦✉❡ ✉♥ rô❧❡ ✉♥✐q✉❡♠❡♥t s✉r ❧❛ ♠❡r✳ ❈❡ ❝♦♠♣♦rt❡♠❡♥t

❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡ ✶✸✾
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♥✬❡st ♣❛s ét♦♥♥❛♥t ❝❛r ❝✬❡st s✉r ❧❛ ♠❡r ❧✬✉♥ ❞❡s ♣r✐♥❝✐♣❛✉① ♠é❝❛♥✐s♠❡s ❞❡ s♦✉✲
❧è✈❡♠❡♥t✳ ❉✬✉♥ ❛✉tr❡ ❝ôté ❝❡❧❛ ♠♦♥tr❡ q✉❡ s✉r ❧❡ ❝♦♥t✐♥❡♥t ❧❡ ♠é❝❛♥✐s♠❡ ❞❡
❝♦♥✈❡r❣❡♥❝❡ ❞✉ ✈❡♥t ♥✬❡st ♣❛s ✉♥ ❢❛❝t❡✉r ♣❡r♠❡tt❛♥t ❞❡ ❞é❝❧❡♥❝❤❡r ❞❡s ♣ré❝✐✲
♣✐t❛t✐♦♥s✳

• ▲❡ ✈❡♥t ③♦♥❛❧ ❞✐r✐❣é ✈❡rs ❧✬❡st ♠♦♥tr❡ ✉♥ rô❧❡ ♣❡✉ s✐❣♥✐✜❝❛t✐❢ s✉r ❧❡s ♣ré❝✐♣✐t❛✲
t✐♦♥s s❛♥s ré❣✐♦♥ ♣ré❢ér❡♥t✐❡❧❧❡✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❧❡ ✈❡♥t ❞✐r✐❣é ✈❡rs ❧✬♦✉❡st ♠♦♥tr❡
✉♥ ❡✛❡t ♠♦❞éré s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ♠❛✐s ♣♦✉r ✉♥❡ ③♦♥❡ ❝❡♥tr❛❧❡ ❞❡ ❧❛ ré❣✐♦♥✳
■❧ ❡st ❞✐✣❝✐❧❡ ❞❡ ❞♦♥♥❡r ✉♥❡ ❡①♣❧✐❝❛t✐♦♥ à ❝❡tt❡ ❝♦rré❧❛t✐♦♥ ♠ê♠❡ s✐ ♦♥ ♣❡✉t
♣❡♥s❡r à ✉♥ ❧✐❡♥ ❛✈❡❝ ❧❡s s②stè♠❡s ❢r♦♥t❛✉① ♦✉ ❧❡s ❝②❝❧♦♥❡s ♠é❞✐t❡rr❛♥é❡♥s
❝♦♠♠❡ ✐♥❞✐q✉é ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡✳ ▲❡ ❢❛✐t q✉❡ ❧❡s ③♦♥❡s ❞❡ ❢♦rt❡s ❝♦r✲
ré❧❛t✐♦♥s s♦✐❡♥t s✐ ❧♦❝❛❧✐sé❡s ♣❡✉t s✬❡①♣❧✐q✉❡r é✈❡♥t✉❡❧❧❡♠❡♥t ♣❛r ❧❡ ❢❛✐t q✉❡ ❧❛
ré❣✐♦♥ ❡st ❢❛✈♦r❛❜❧❡ ❛✉① s♦✉❧è✈❡♠❡♥ts ♦r♦❣r❛♣❤✐q✉❡s✳ ❙✐ ❧✬♦♥ r❡❣❛r❞❡ ❧✬é✈♦❧✉✲
t✐♦♥ ❞❡ ❝❡tt❡ ❝♦rré❧❛t✐♦♥ ♠♦✐s ♣❛r ♠♦✐s ♦♥ ♦❜s❡r✈❡ q✉✬❡❧❧❡ ✈❛r✐❡ ❢♦rt❡♠❡♥t s❛♥s
❝②❝❧❡ s❛✐s♦♥♥✐❡r ✐❞❡♥t✐✜❛❜❧❡✳ P♦✉r ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧❡ rô❧❡ ❞✉ ✈❡♥t ③♦♥❛❧✱ ✐❧
s❡r❛ ♣❛r ❝♦♥séq✉❡♥t ✐♠♣♦rt❛♥t ❞❡ ❢❛✐r❡ ❧✬❛♥❛❧②s❡ s✉r ✉♥❡ ♣❧✉s ❧♦♥❣✉❡ ❞✉ré❡ ❡t
❞❡ r❡❣❛r❞❡r ❧❡ ❧✐❡♥ é✈❡♥t✉❡❧ ❛✈❡❝ ❧❡ r❡❧✐❡❢ ❛✜♥ ❞✬♦❜t❡♥✐r ♣❧✉s ❞✬✐♥❢♦r♠❛t✐♦♥s à
❝❡ ♣r♦♣♦s✳

• ◗✉❛♥❞ ❧❡ ✈❡♥t ❡st ❞✐r✐❣é ✈❡rs ❧❡ ♥♦r❞✱ ✐❧ ② ❛ ✉♥❡ très ❢♦rt❡ ♣r♦❜❛❜✐❧✐té ❞❡ ✈♦✐r
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣❛rt♦✉t s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳

• ▲✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡ ❡st très ❝❧❛✐r❡♠❡♥t ❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❡
❝♦♥t✐♥❡♥t ❛❧♦rs q✉✬❡❧❧❡ ♥✬❡st q✉❡ ♣❡✉ s✐❣♥✐✜❝❛t✐✈❡ s✉r ❧❛ ♠❡r✳

• ▲❛ ❈❆P❊ ♠♦♥tr❡ é❣❛❧❡♠❡♥t ✉♥❡ ❢♦rt❡ ❝♦rré❧❛t✐♦♥ ❛✈❡❝ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❡
❝♦♥t✐♥❡♥t ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r s✉r ❧❛ ③♦♥❡ ♥♦r❞ ♦ù ❧❡s ❆❧♣❡s s♦♥t ❧❡s ♣❧✉s é❧❡✈é❡s✳ ❈❡
♣❛r❛♠ètr❡ ❛ ❞é❥à ✐❞❡♥t✐✜é ❝♦♠♠❡ ét❛♥t ❛ss♦❝✐é ❛✉ ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s ❞❛♥s
❞❡ ♥♦♠❜r❡✉① é✈é♥❡♠❡♥ts ♣❧✉✈✐❡✉① ✐♥t❡♥s❡s s✉r ❞❡s ré❣✐♦♥s ✈♦✐s✐♥❡s ✭❉✉❝r♦❝q
❡t ❛❧✳✱ ✷✵✵✽❀ ◆✉✐ss✐❡r ❡t ❛❧✳✱ ✷✵✵✽✮✳ ■❧ ❡st ✐♥tér❡ss❛♥t ❞❡ ♥♦t❡r q✉❡ ❧✬✐♥t❡♥s✐té
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ♠❡r ❡t ❧❛ ❝ôt❡ ♥❡ ❞é♣❡♥❞ ♣❛s ❞❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛
❈❆P❊✳ ❈❡ ❝♦♠♣♦rt❡♠❡♥t ♣❡✉t s✐❣♥✐✜❡r q✉❡ s✉r ❝❡s ré❣✐♦♥s✱ ❧✬❛✐r ❡st très ♣r♦❝❤❡
❞❡ ❧❛ s❛t✉r❛t✐♦♥ ❡t ♥❡ ♥é❝❡ss✐t❡ ♣❛s ❢♦r❝é♠❡♥t ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ❈❆P❊ ♣♦✉r
♣r♦❞✉✐r❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♠♣♦rt❛♥t❡s✳

• ▲❡ ♥♦♠❜r❡ ❞❡ ❘✐❝❤❛r❞s♦♥ ♣rés❡♥t❡ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s éq✉✐✈❛❧❡♥t❡s à ❝❡❧❧❡ ❞❡
❧❛ ❈❆P❊✳ ◆♦✉s ❛✈♦♥s ❞✬❛✐❧❧❡✉rs ❝♦♥st❛té ❧♦rs ❞❡ ❝❡tt❡ ét✉❞❡ q✉✬✐❧ ♥✬❛♣♣♦rt❡
❛✉❝✉♥❡ ✐♥❢♦r♠❛t✐♦♥ s✉♣♣❧é♠❡♥t❛✐r❡ à ❝❡❧❧❡ ❞♦♥♥é❡ ♣❛r ❧❛ ❈❆P❊ ♣♦✉r ❧✬❛♥❛❧②s❡
st❛t✐st✐q✉❡✳ ■❧ r❡st❡ ♥é❛♥♠♦✐♥s ✉♥ ♦✉t✐❧ très ✐♥tér❡ss❛♥t ♣♦✉r ❧❡s ét✉❞❡s ❞❡ ❝❛s
❡t ♣♦✉r ❞ét❡r♠✐♥❡r ❧❡ t②♣❡ ❞❡ ❝♦♥✈❡❝t✐♦♥ ✭❲❡✐s♠❛♥ ❡t ❑❧❡♠♣✱ ✶✾✽✷❀ ❲❡✐s♠❛♥

❡t ❑❧❡♠♣✱ ✶✾✽✻✮✳

• ❊♥✜♥✱ ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ♣rés❡♥t❡ ✉♥❡ ❝❛r❛❝tér✐st✐q✉❡ très ♣❛rt✐❝✉❧✐èr❡✳ ▲✬❛♥❛❧②s❡
♠♦♥tr❡ ✉♥ rô❧❡ ❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ❝ôt❡✳ ▲❡ ❢❛✐t q✉❡ ❧✬✐♥✢✉❡♥❝❡
❞✉ ❝✐s❛✐❧❧❡♠❡♥t s♦✐t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧♦❝❛❧✐sé❡ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❝ôt❡ ❡st très ✐♥té✲
r❡ss❛♥t ❝❛r ✐❧ s✉❣❣èr❡ ✉♥ rô❧❡ ♣♦ss✐❜❧❡ ❞❡s ❜r✐s❡s ❞❡ ♠❡r ❡t ❞❡ t❡rr❡ s✉r ❧❡
❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳

✶✹✵ ❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡
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❋✐❣✉r❡ ✺✳✶✶ ✿ ❈♦rré❧❛t✐♦♥ s✉r ❧❡s tr♦✐s ❛♥s ❞❡ ❞♦♥♥é❡s ❡♥tr❡ ❧❡s ✈❛r✐❛❜❧❡s à
✸✺✵✵ ♠ ❡t ❧❛ ♣❧✉✐❡ ♣❛r s❛✐s♦♥

▲❡ ♣r✐♥❝✐♣❛❧ ❝②❝❧❡ ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ s✉r ❧❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐♦✲
t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡st ❧❡ ❝②❝❧❡ s❛✐s♦♥♥✐❡r✳ ❉❛♥s ❧❛ s❡❝t✐♦♥ ✺✳✷✳✶✱ ♥♦✉s
❛✈✐♦♥s ❛♥❛❧②sé ❧✬é✈♦❧✉t✐♦♥ s❛✐s♦♥♥✐èr❡ ❞❡s ❝♦rré❧❛t✐♦♥s s❡❧♦♥ ❧❛ ✈❡rt✐❝❛❧❡✳ ❉❛♥s ❝❡tt❡
♣❛rt✐❡✱ ♥♦✉s ❛✈♦♥s ❛♥❛❧②sé ❧✬é✈♦❧✉t✐♦♥ s❛✐s♦♥♥✐èr❡ ❞❡s ❝♦rré❧❛t✐♦♥s ❤♦r✐③♦♥t❛❧❡♠❡♥t
♣♦✉r ❧❡s ✈❛r✐❛❜❧❡s ♣rés❡♥t❛♥t ✉♥ ❝②❝❧❡ s❛✐s♦♥♥✐❡r r❡♠❛rq✉❛❜❧❡ ✭❋✐❣✳ ✺✳✶✶✮✳

• ▲❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ♠♦♥tr❡ ✉♥ rô❧❡ ❧é❣èr❡♠❡♥t ♣♦s✐t✐❢ s✉r ❧❛ ♠❡r ❛✉ ♣r✐♥✲
t❡♠♣s ♠❛✐s s✉rt♦✉t ✉♥ rô❧❡ ❢❛✈♦r❛❜❧❡ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ③♦♥❡ ❡♥ ❤✐✈❡r ❛✈❡❝
✉♥ ♠❛①✐♠✉♠ ❧♦❝❛❧✐sé s✉r ❧❛ ❝ôt❡ ❡t ❧❛ ♠❡r✳ P❛r ❝♦♥tr❡ ❡♥ été s♦♥ ✐♠♣❛❝t ♥✬❡st
♣❛s s✐❣♥✐✜❝❛t✐❢✳ ▲❡ rô❧❡ ❞✉ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛ ❞é❥à
été ❡①♣❧✐q✉é ❡t ✐❧ ❛♣♣❛r❛ît s✉r♣r❡♥❛♥t q✉❡ s♦♥ ❡✛❡t s♦✐t ♣❧✉s ✐♠♣♦rt❛♥t s✉r ❧❛
♠❡r q✉❡ s✉r ❧❡ ❝♦♥t✐♥❡♥t ❛✉ ♣r✐♥t❡♠♣s✳ ❉❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡✱ ♥♦✉s ❛✈♦♥s
♠♦♥tré q✉❡ ❧✬❛♥♦♠❛❧✐❡ ♣♦s✐t✐✈❡ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s
❡st ❧✐é❡ à ✉♥ ♣r♦❝❡ss✉s ✈❡♥❛♥t ❞❡s ♣❧✉s ❜❛ss❡s ❝♦✉❝❤❡s ❡t ♥♦♥ à ✉♥❡ ✐♥tr✉s✐♦♥
str❛t♦s♣❤ér✐q✉❡✳ ❆✐♥s✐✱ ❧❛ ♠❡r ❞♦✐t ✐♠♣❛❝t❡r ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❞❛♥s ❧❡s
❜❛ss❡s ❝♦✉❝❤❡s ♣r♦❜❛❜❧❡♠❡♥t ❡♥ ❥♦✉❛♥t s✉r ❧❡ t❡r♠❡ ❧✐é ❛✉ ❣r❛❞✐❡♥t ✈❡rt✐❝❛❧ ❞❡
t❡♠♣ér❛t✉r❡ ♣♦t❡♥t✐❡❧❧❡ ❛✉ tr❛✈❡rs ❞❡s ✢✉① ❞❡ ❝❤❛❧❡✉r s❡♥s✐❜❧❡✳

• ▲❛ ❝♦♥✈❡r❣❡♥❝❡ ❞✉ ✈❡♥t ❡st ❝❧❛✐r❡♠❡♥t ✉♥ é❧é♠❡♥t ❞ét❡r♠✐♥❛♥t ♣♦✉r ❡①♣❧✐q✉❡r

❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡ ✶✹✶
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❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ s❛✉❢ ❡♥ été ♦ù ❡❧❧❡ ♥❡ ❥♦✉❡ ♣❧✉s ❞✉
t♦✉t ❞❡ rô❧❡✳ ◆♦✉s ♣♦✉✈♦♥s ♥♦✉s ♣♦s❡r ❧❛ q✉❡st✐♦♥ ❞❡ ❧✬♦r✐❣✐♥❡ ❞✬✉♥ ❝❤❛♥❣❡♠❡♥t
s✐ ❜r✉t❛❧ ❞❡ ❝♦♠♣♦rt❡♠❡♥t✳ ▲❛ r❛✐s♦♥ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❧✐é❡ ❛✉① ❝♦♥❞✐t✐♦♥s ❛♥✲
t✐❝②❝❧♦♥✐q✉❡s q✉✐ ✐♥❤✐❜❡ ❞✉r❛♥t ❝❡tt❡ s❛✐s♦♥ t♦✉t ♠♦✉✈❡♠❡♥t ❛s❝❡♥❞❛♥t s✉r ❧❛
ré❣✐♦♥✳ ❊t ❝♦♠♠❡ ❧❛ ♠❡r ♥✬❡st ♣❛s s♦✉♠✐s❡ ❛✉ ❝②❝❧❡ ❞✐✉r♥❡ ❞❡ t❡♠♣ér❛t✉r❡✱
✐❧ ♥✬② ❛ ♣❛s ❞✬❛✉tr❡s ♠é❝❛♥✐s♠❡s ❞❡ s♦✉❧è✈❡♠❡♥t q✉✐ ♣❡r♠❡tt❡♥t ❞❡ ❢❛✈♦r✐s❡r
✉♥❡ ❛s❝❡♥❞❛♥❝❡ ❞❡ ❧✬❛✐r✳

• ▲❡ ✈❡♥t ❞✉ ♥♦r❞ ❛♣♣❛r❛ît s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❞é❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❡♥
❤✐✈❡r✳ ◆♦✉s ❛✈♦♥s ♠♦♥tré q✉✬❡♥ ❤✐✈❡r ❧❡ ✢✉① ❞✬❤✉♠✐❞✐té ✈❡rs ❧❡ ♥♦r❞ ❡st ❧✬✉♥❡
❞❡s ♣r✐♥❝✐♣❛❧❡s ❝❛✉s❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ❆✐♥s✐✱ ❞✉r❛♥t ❝❡tt❡ ♣ér✐♦❞❡ ✉♥ ✈❡♥t
❞✐r✐❣é ✈❡rs ❧❡ s✉❞ ❡st très ❞é❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s✳ ❆ ❞✬❛✉tr❡s ♣ér✐♦❞❡s
❞❡ ❧✬❛♥♥é❡✱ ❞✬❛✉tr❡s ♠é❝❛♥✐s♠❡s s♦♥t ❡♥ ❥❡✉ ❝❡ q✉✐ r❡♥❞ ❧❛ ❞é♣❡♥❞❛♥❝❡ ❛✉ ✈❡♥t
♠♦✐♥s ✐♠♣♦rt❛♥t❡✳

• ▲❛ ❈❆P❊ ♣rés❡♥t❡ ✉♥ ❝②❝❧❡ s❛✐s♦♥♥✐❡r très ✐♥tér❡ss❛♥t ❛✈❡❝ ✉♥❡ ❝♦rré❧❛t✐♦♥
♣♦s✐t✐✈❡ s✉r ❧❡ ❝♦♥t✐♥❡♥t ❛✉ ♣r✐♥t❡♠♣s ❡t ❡♥ été✳ ❆ ♣❛rt✐r ❞❡ ❧✬❛✉t♦♠♥❡✱ ❧❛ ❝♦r✲
ré❧❛t✐♦♥ ♣♦s✐t✐✈❡ s❡ s✐t✉❡ s✉r ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡✳ ❈❡ ♠é❝❛♥✐s♠❡ ❡st ♣r♦❜❛❜❧❡✲
♠❡♥t ❧✐é ❛✉ ❢❛✐t q✉❡ ❧✬é♥❡r❣✐❡ ❝♦♥✈❡❝t✐✈❡ ❞✐s♣♦♥✐❜❧❡ ♣❛rt♦✉t ❞❛♥s ❧✬❛t♠♦s♣❤èr❡✱
❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧✐❜éré❡ s✉r ❧❛ ré❣✐♦♥ ❧❛ ♣❧✉s ✐♥st❛❜❧❡✳

• ❋✐♥❛❧❡♠❡♥t ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ♠♦♥tr❡ ✉♥❡ ✐♥✢✉❡♥❝❡ ✐♠♣♦rt❛♥t❡ s✉r ❧❡ ❝♦♥t✐♥❡♥t ❡t
s✉r ❧❛ ❝ôt❡✳ ■❧ ❡st ✐♥tér❡ss❛♥t ❞✬♦❜s❡r✈❡r q✉❡ ❧❡s ♣❛r❛♠ètr❡s ❧♦❝❛✉① à ❧✬♦r✐❣✐♥❡
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❝♦♥t✐♥❡♥t❛❧❡s ❝❤❛♥❣❡♥t s✉✐✈❛♥t ❧❛ s❛✐s♦♥ ✿ ❛✉ ♣r✐♥t❡♠♣s ❡t ❡♥
été ❝✬❡st ❧❛ ❈❆P❊ q✉✐ ❡st ❧❡ ♣r✐♥❝✐♣❛❧ ♣r♦❝❡ss✉s ❧♦❝❛❧ ❛ss♦❝✐é ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s
t❛♥❞✐s q✉✬❡♥ ❛✉t♦♠♥❡ ❡t ❡♥ ❤✐✈❡r ❝✬❡st ♣❧✉tôt ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ❞✉ ✈❡♥t q✉✐ ❡st
✐♠♣♦rt❛♥t✳

❈②❝❧❡ ❞✐✉r♥❡

▲❛ ❞❡r♥✐èr❡ ♣❛rt✐❡ ❞❡ ❝❡tt❡ ❛♥❛❧②s❡ ❝♦♥❝❡r♥❡ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡✳ ❊♥ ❡✛❡t ❞❛♥s ❧❡
❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t✱ ♥♦✉s ❛✈♦♥s ❝♦♥st❛té q✉❡ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡st
r❡s♣♦♥s❛❜❧❡ ❞✬✉♥❡ ✈❛r✐❛❜✐❧✐té ✐♠♣♦rt❛♥t❡ ❞✉ t❛✉① ❞❡ ♣❧✉✐❡ s✉r ❧❡ ❝♦♥t✐♥❡♥t✳ ■❧ ét❛✐t
❞♦♥❝ ✐♥tér❡ss❛♥t ❞❡ ❝♦♥♥❛îtr❡ ❧✬♦r✐❣✐♥❡ ❞❡ ❝❡tt❡ ✈❛r✐❛❜✐❧✐té✳ ❙✉r ❧❛ ✜❣✉r❡ ✺✳✶✷ ❡st
r❡♣rés❡♥té ❧❛ ❝♦rré❧❛t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✈❡❝ ❧❛ ❈❆P❊ ❡t ❧❡ ❝✐s❛✐❧❧❡♠❡♥t✳ ▲❡ ❝②❝❧❡
❞✐✉r♥❡ ❡st très ❝❧❛✐r ❛✈❡❝✱ ♣♦✉r ❧❛ ❈❆P❊ ❡t ❞ès ✾ ❤ ❞✉ ♠❛t✐♥ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡
❧❛ ❝♦rré❧❛t✐♦♥ ❛✈❡❝ ❧❛ ♣❧✉✐❡✳ ▲❛ ❝♦rré❧❛t✐♦♥ ♠❛①✐♠❛❧❡ ❛♣♣❛r❛ît ❡♥tr❡ ✶✷ ❤ ❡t ✶✽ ❤ s✉r
❧❡s ❆❧♣❡s ♣✉✐s ❞✐♠✐♥✉❡ ♣♦✉r ❞❡✈❡♥✐r ♥é❣❧✐❣❡❛❜❧❡ ✈❡rs ♠✐♥✉✐t✳ ◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡
♣rés❡♥t❡r ❧❡s rés✉❧t❛ts ❞✉r❛♥t ❧✬été✱ t♦✉t❡❢♦✐s✱ ❧❡ ♣r✐♥t❡♠♣s ♠♦♥tr❡ ✉♥ ❝♦♠♣♦rt❡♠❡♥t
s✐♠✐❧❛✐r❡ ❜✐❡♥ q✉❡ ❧❡ ♠❛①✐♠✉♠ ❞❡ ❝♦rré❧❛t✐♦♥ s❡ s✐t✉❡ ♣❧✉tôt s✉r ❧❡ s✉❞ ❞❡s ❆❧♣❡s
❡t ❧❛ Pr♦✈❡♥❝❡✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ❞✉ ✈❡♥t✱ ❧❛ ❝♦rré❧❛t✐♦♥ ❡st ♣❧✉s
♠♦❞éré❡ ❜✐❡♥ q✉❡ s✐❣♥✐✜❝❛t✐✈❡✳ ▲❡ ♠❛①✐♠✉♠ ❞❡ ❝♦rré❧❛t✐♦♥ s❡ ♣r♦❞✉✐t ❡♥tr❡ ♠✐♥✉✐t
❡t s✐① ❤❡✉r❡s ❞✉ ♠❛t✐♥✳ ❈❡tt❡ ❝♦rré❧❛t✐♦♥ s❡ s✐t✉❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r ❧❛ ❝ôt❡✳ ▲❡ r❡st❡
❞❡ ❧❛ ❥♦✉r♥é❡ ♥❡ ♣rés❡♥t❡ ♣❛s ❞❡ s✐❣♥❛❧ ❝❧❛✐r✳

◗✉❛s✐♠❡♥t ❧✬❡♥s❡♠❜❧❡ ❞❡s ✈❛r✐❛❜❧❡s ♠♦♥tr❡♥t ❛✉ss✐ ✉♥ ❝②❝❧❡ ❞✐✉r♥❡ q✉✐ ✈❛r✐❡
à ❧❛ ❢♦✐s ❛✈❡❝ ❧✬❛❧t✐t✉❞❡✱ ❧❛ s❛✐s♦♥ ❡t ❧❛ ♣♦s✐t✐♦♥ s♣❛t✐❛❧❡✳ ▲✬❛♥❛❧②s❡ ❡t ❧❛ s②♥t❤ès❡
❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s rés✉❧t❛ts ❢❡r♦♥t ❧✬♦❜❥❡t ❞✬✉♥❡ ét✉❞❡ ♣❧✉s ❞ét❛✐❧❧é❡ ❞❛♥s ❧❡ ❢✉t✉r✳
◆é❛♥♠♦✐♥s✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ ♣rés❡♥t❡r ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s ♣♦✉r ✉♥❡ ✈❛r✐❛❜❧❡ ❡♥

✶✹✷ ❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡



Pr♦❝❡ss✉s

❋✐❣✉r❡ ✺✳✶✷ ✿ ❈♦rré❧❛t✐♦♥ ❞❡ ❧❛ ❈❆P❊ ✭❡♥ ❤❛✉t✮ ❡t ❞✉ ❝✐s❛✐❧❧❡♠❡♥t ✭❡♥ ❜❛s✮
❛✈❡❝ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣♦✉r ❧❡s ♠♦✐s ❞✬été

♣❛rt✐❝✉❧✐❡r ✿ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧✳ ❊♥ ❡✛❡t✱ à ♣❧✉s✐❡✉rs r❡♣r✐s❡s ♥♦✉s ❛✈♦♥s ♠♦♥tré
q✉❡ ❝❡tt❡ ✈❛r✐❛❜❧❡ ♣rés❡♥t❛✐t ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❝♦♠♣❧❡①❡ ❡t ♥♦✉s ❛✈♦♥s ♠❛✐♥t❡♥❛♥t
❛ss❡③ ❞✬é❧é♠❡♥ts ♣♦✉r ❡①♣❧✐q✉❡r s❛ ❝♦rré❧❛t✐♦♥ ❛✈❡❝ ❧❛ ♣❧✉✐❡✳ ▲❛ ✜❣✉r❡ ✺✳✶✸ ♠♦♥tr❡
q✉✬✐❧ ❡①✐st❡ tr♦✐s ❛❧t✐t✉❞❡s ♦ù ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ♠♦♥tr❡ ✉♥❡ ✐♥✢✉❡♥❝❡ ❢❛✈♦r❛❜❧❡
♦✉ ❞é❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❝♦♠♠❡ ❞é❥à s♦✉❧✐❣♥é ❞❛♥s ❧❡s ♣ré❝é❞❡♥t❡s s❡❝t✐♦♥s✳
❈❡tt❡ ✜❣✉r❡ ♠♦♥tr❡ é❣❛❧❡♠❡♥t q✉❡ ❝❡tt❡ ❝♦rré❧❛t✐♦♥ ♣rés❡♥t❡ ✉♥ ❝②❝❧❡ ❞✐✉r♥❡✳ ❆✉ s♦❧✱
❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡st ❝♦rré❧é ♥é❣❛t✐✈❡♠❡♥t ❛✈❡❝ ❧❛ ♣❧✉✐❡ ❡♥ ❤✐✈❡r ❡t ❛✉ ♣r✐♥t❡♠♣s
❛✈❡❝ ✉♥❡ ❛♥t✐❝♦rré❧❛t✐♦♥ ♠❛①✐♠❛❧❡ ❡♥tr❡ ✶✼ ❤ ❡t ✼ ❤ ❞✉ ♠❛t✐♥✳ ❉❡ ♣❧✉s✱ ❝❡ ♠❛①✐♠✉♠
s❡ tr♦✉✈❡ s✉r ❧❛ ♠❡r ✭❧❛ ❝♦rré❧❛t✐♦♥ ❡st ♥✉❧❧❡ s✉r ❧❡ ❝♦♥t✐♥❡♥t à ❜❛ss❡ ❛❧t✐t✉❞❡✮ ✭❋✐❣✳
✷✶ ❡♥ ❛♥♥❡①❡✱ s❡❝t✐♦♥ ❆✳✺✳✮✳ ▲❡ ❢❛✐t ❞✬♦❜s❡r✈❡r ❝❡s ❛♥t✐❝♦rré❧❛t✐♦♥s ❧❛ ♥✉✐t ❡t s✉r ❧❛
♠❡r ♣❡♥❞❛♥t ❧❡s s❛✐s♦♥s ❢r♦✐❞❡s ❧❛✐ss❡ à ♣❡♥s❡r q✉❡ ❝✬❡st ❧❡ ❣r❛❞✐❡♥t ✈❡rt✐❝❛❧ ❞❡ t❡♠✲
♣ér❛t✉r❡ ♥é❣❛t✐❢ ♦✉ ♥✉❧ q✉✐ ♣r♦✈♦q✉❡ ❞❡s ♠✐♥✐♠✉♠s ❧♦❝❛✉① ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧✳
❊♥ ❡✛❡t✱ ❧❛ ♥✉✐t ❞✉r❛♥t ❝❡s s❛✐s♦♥s✱ ❧❛ ♠❡r ♥❡ s✉❜✐t ♣❛s ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❞✐✉r♥❡ ❛✉
❝♦♥tr❛✐r❡ ❞✉ ❝♦♥t✐♥❡♥t✳ ❯♥ t❡❧ ❣r❛❞✐❡♥t ✐♠♣❧✐q✉❡r❛✐t q✉❡ ❧✬❛t♠♦s♣❤èr❡ ❞❛♥s ❧❡s ❜❛ss❡s
❝♦✉❝❤❡s ❡st ❧é❣èr❡♠❡♥t ✐♥st❛❜❧❡ ❝❡ q✉✐ ♣♦✉rr❛✐t ❡①♣❧✐q✉❡r ❧❛ ❝♦rré❧❛t✐♦♥ ♦❜s❡r✈é❡✳

▲❡ ♠❛①✐♠✉♠ à ✶✷✵✵✵ ♠ ❝♦rr❡s♣♦♥❞ ❛✉① ✐♥tr✉s✐♦♥s str❛t♦s♣❤ér✐q✉❡s✳ ❈❡s ✐♥tr✉✲
s✐♦♥s s♦♥t ❧✐é❡s à ❧❛ ❞②♥❛♠✐q✉❡ ❛t♠♦s♣❤ér✐q✉❡✳ ▲❡ ❝②❝❧❡ ❞✐✉r♥❡ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥ à
✶✷✵✵✵ ♠ ❡st ❧✐é à ❧✬❛❜s♦r♣t✐♦♥ ❞✉ r❛②♦♥♥❡♠❡♥t s♦❧❛✐r❡ ♣❛r ❧❛ ❝♦✉❝❤❡ ❞✬♦③♦♥❡ ✭❉❡❧♠❛s

❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡ ✶✹✸
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❆✉t♦♠♥❡ ❍✐✈❡r

❋✐❣✉r❡ ✺✳✶✸ ✿ ❈♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s
❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❤❡✉r❡ ❞❡ ❧❛ ❥♦✉r♥é❡ ❡t ❞❡ ❧❛ s❛✐s♦♥

❡t ❛❧✳✱ ✷✵✵✺✮✳ ❈❡t ❛♣♣♦rt ❞❡ ❝❤❛❧❡✉r ❛✉❣♠❡♥t❡ ❧❡ ❣r❛❞✐❡♥t ❞❡ t❡♠♣ér❛t✉r❡ ♣♦t❡♥t✐❡❧❧❡
❡♥tr❡ ❧❛ tr♦♣♦s♣❤èr❡ ❡t ❧❛ str❛t♦s♣❤èr❡ ❝❡ q✉✐ ❛✉❣♠❡♥t❡ ❧❛ ✈❛❧❡✉r ❞✉ t♦✉r❜✐❧❧♦♥ ♣♦✲
t❡♥t✐❡❧ ❡t ❞♦♥❝ ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❝♦rré❧❛t✐♦♥✳

❆ ✺✵✵✵ ♠✱ ❧❛ ❝♦rré❧❛t✐♦♥ ♣♦s✐t✐✈❡ rés✉❧t❡ ❞✬✉♥ ♣r♦❝❡ss✉s ♣❧✉s ❝♦♠♣❧❡①❡✳ ▲❛ ❝ré❛✲
t✐♦♥ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ♣❡✉t êtr❡ ❧✐é❡ à ✉♥ ré❝❤❛✉✛❡♠❡♥t ❧♦❝❛❧ ❞❡ ❧✬❛t♠♦s♣❤èr❡✳
❯♥❡ ❞❡s ❝❛✉s❡s ❞❡ ré❝❤❛✉✛❡♠❡♥t ❞❛♥s ❧❛ tr♦♣♦s♣❤èr❡ ♣r♦✈✐❡♥t ❞❡ ❧✬❛s❝❡♥s✐♦♥ ❞✐❛✲
❜❛t✐q✉❡ ❞❡ ♠❛ss❡s ❞✬❛✐r ❤✉♠✐❞❡ q✉✐ ❧✐❜èr❡♥t ❞❡ ❧❛ ❝❤❛❧❡✉r ❞❛♥s ❧✬❛t♠♦s♣❤èr❡✳ ❉❡s
♠é❝❛♥✐s♠❡s t❡❧s q✉❡ ❧✬✐♥st❛❜✐❧✐té ❛t♠♦s♣❤ér✐q✉❡ ♦✉ ❧❡ s♦✉❧è✈❡♠❡♥t à ❧✬❛✈❛♥t ❞✬✉♥❡
③♦♥❡ ❢r♦♥t❛❧❡ s♦♥t à ❧✬♦r✐❣✐♥❡ ❞❡ t❡❧s ♠♦✉✈❡♠❡♥ts ✈❡rt✐❝❛✉①✳ ▲❡ ❝②❝❧❡ ❞✐✉r♥❡ ❞❡ ❝♦rré✲
❧❛t✐♦♥ ♥✬❡①✐st❡ ♣❛s ❡♥ ❤✐✈❡r✱ ❧❛ ❝♦rré❧❛t✐♦♥ ❛✈❡❝ ❧❛ ♣❧✉✐❡ ét❛♥t ✐♠♣♦rt❛♥t❡ à ♥✬✐♠♣♦rt❡
q✉❡❧ ♠♦♠❡♥t ❞❡ ❧❛ ❥♦✉r♥é❡ ❞✉r❛♥t ❝❡tt❡ ♣ér✐♦❞❡ ❞❡ ❧✬❛♥♥é❡✳ ❈❡❧❛ s✉❣❣èr❡ q✉❡ ❝❡ s♦♥t
❧❡s s♦✉❧è✈❡♠❡♥ts ❢r♦♥t❛✉① q✉✐ ❝ré❡♥t ❝❡ ré❝❤❛✉✛❡♠❡♥t ❞❛♥s ❧❛ ❤❛✉t❡ tr♦♣♦s♣❤èr❡✳
❉✉r❛♥t ❧❡ r❡st❡ ❞❡ ❧✬❛♥♥é❡✱ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥ s✉❣❣èr❡ q✉❡ ❧❡s ♠♦✉✈❡✲
♠❡♥ts ❝♦♥✈❡❝t✐❢s ❧✐és à ❧✬✐♥st❛❜✐❧✐té ❞♦✐✈❡♥t✱ ❛✉ ♠♦✐♥s ❡♥ ♣❛rt✐❡✱ êtr❡ à ❧✬♦r✐❣✐♥❡ ❞✉
ré❝❤❛✉✛❡♠❡♥t ❡♥ ❛❧t✐t✉❞❡✳

P♦✉r ❝♦♠♣r❡♥❞r❡ ❝♦♠♠❡♥t ✉♥ t❡❧ ré❝❤❛✉✛❡♠❡♥t ❞❛♥s ❧❛ ♠♦②❡♥♥❡ ♦✉ ❤❛✉t❡ ❛t✲
♠♦s♣❤èr❡ ♣❡✉t êtr❡ à ❧✬♦r✐❣✐♥❡ ❞❡ ✈❛❧❡✉rs ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ♣♦s✐t✐✈❡s ❞❛♥s ❧❛
♠♦②❡♥♥❡ tr♦♣♦s♣❤èr❡✱ ✐❧ ❢❛✉t ❝♦♠♣r❡♥❞r❡ ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❝ré❛t✐♦♥ ❞❡ ❝❡ t♦✉r❜✐❧❧♦♥
♣♦t❡♥t✐❡❧✳ ❊♥ ♣r❡♠✐❡r ❧✐❡✉✱ ✉♥ ♣r♦❝❡ss✉s ❞❡ ré❝❤❛✉✛❡♠❡♥t ✈❛ ❛✈♦✐r ♣♦✉r ❡✛❡t ❞❡ r❡s✲
s❡rr❡r ❧❡s ✐s❡♥tr♦♣❡s ✭✐s♦✲θ✮ s♦✉s ❧❛ ③♦♥❡ ❞❡ ré❝❤❛✉✛❡♠❡♥t ❡t ✐♥✈❡rs❡♠❡♥t ❛✉ ❞❡ss✉s✳
❈❡❧❛ ✈❛ ❛✈♦✐r ♣♦✉r ❡✛❡t ❞✬❛✉❣♠❡♥t❡r ❧❡s ❣r❛❞✐❡♥ts ❞❡ t❡♠♣ér❛t✉r❡ ♣♦t❡♥t✐❡❧❧❡ ❡♥ ❞❡s✲
s♦✉s ❡t ❞❡ ❧❡s ❞✐♠✐♥✉❡r ❛✉✲❞❡ss✉s✳ ❉❡ ♣❧✉s✱ ❧❡ ré❝❤❛✉✛❡♠❡♥t ✈❛ ❝ré❡r ✉♥❡ ❛♥♦♠❛❧✐❡

✶✹✹ ❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡



Pr♦❝❡ss✉s

❞❡ ♣r❡ss✐♦♥ ♣♦s✐t✐✈❡ ❛✉✲❞❡ss✉s ❞❡ ❧❛ ③♦♥❡ ❞❡ ré❝❤❛✉✛❡♠❡♥t ❡t ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛
♣r❡ss✐♦♥ s♦✉s ❧❛ ③♦♥❡ ❞❡ ré❝❤❛✉✛❡♠❡♥t✳ ❈❡s ❛♥♦♠❛❧✐❡s ✈♦♥t ❞♦♥❝ ❝ré❡r ✉♥ t♦✉r❜✐❧❧♦♥
❛♥t✐❝②❝❧♦♥✐q✉❡ ❛✉✲❞❡ss✉s ❡t ❝②❝❧♦♥✐q✉❡ ❡♥ ❞❡ss♦✉s✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦✲
t❡♥t✐❡❧ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❡♥tr❡ ❧❡ t♦✉r❜✐❧❧♦♥ ❡t ❧❡ ❣r❛❞✐❡♥t ✈❡rt✐❝❛❧ ❞❡
t❡♠♣ér❛t✉r❡ ♣♦t❡♥t✐❡❧✱ ✉♥ ré❝❤❛✉✛❡♠❡♥t ✈❛ ❛✉❣♠❡♥t❡r ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ s♦✉s
❧✬❛♥♦♠❛❧✐❡ ❞❡ ❝❤❛❧❡✉r ❡t ❧❡ ❞✐♠✐♥✉❡r ❛✉✲❞❡ss✉s✳ ❆✐♥s✐✱ ❧❡s ♣r♦❝❡ss✉s ❞✐❛❜❛t✐q✉❡s ❛ss♦✲
❝✐és ❛✉① ♣❧✉✐❡s ❝♦♥✈❡❝t✐✈❡s ❡t str❛t✐❢♦r♠❡s ♣♦✉rr❛✐❡♥t ♣❡r♠❡ttr❡ ❞✬❡①♣❧✐q✉❡r ❧❡ ❝②❝❧❡
❞✐✉r♥❡ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧✬❛♥♦♠❛❧✐❡ ♣♦s✐t✐✈❡ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡t ❧❛ ♣❧✉✐❡
✈❡rs ✺✵✵✵ ♠✳

✺✳✷✳✷ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ t♦♣♦❣r❛♣❤✐❡

▲✬♦r♦❣r❛♣❤✐❡ ❥♦✉❡ ✉♥ rô❧❡ ❝♦♥s✐❞ér❛❜❧❡ s✉r ❧❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❡t ❧✬✐♥t❡♥s✐✜❝❛t✐♦♥
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ♣❡rt✉r❜❛♥t ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❡ ✢✉① ❛t♠♦s♣❤ér✐q✉❡✳ ❉❡ ♣❧✉s ❧❡s
❝❛r❛❝tér✐st✐q✉❡s ❧♦❝❛❧❡s ❞❡ ❧❛ t♦♣♦❣r❛♣❤✐❡ ♠♦❞✉❧❡♥t ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡✳ ❊♥✜♥✱
❧✬❛❧t✐t✉❞❡ ❞✉ r❡❧✐❡❢✱ ❧❛ ♣❡♥t❡ ♦✉ ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡s ✈❡rs❛♥ts ♣❡✉✈❡♥t ✐♥✢✉❡♥❝❡r ❧❡s ♣ré❝✐✲
♣✐t❛t✐♦♥s ❝❡ q✉✐ r❡♥❞ ❧❛ s✐t✉❛t✐♦♥ ♠été♦r♦❧♦❣✐q✉❡ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❝♦♠♣❧❡①❡ ❞❛♥s ❧❡s
ré❣✐♦♥s ♠♦♥t❛❣♥❡✉s❡s✳ ◆♦tr❡ ❜❛s❡ ❞❡ ❞♦♥♥é❡s à très ✜♥❡ rés♦❧✉t✐♦♥ ❛ ❞♦♥❝ été ✉t✐❧✐sé❡
❞❛♥s ❝❡tt❡ s❡❝t✐♦♥ ♣♦✉r ♠✐❡✉① ✐❞❡♥t✐✜❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡s str✉❝t✉r❡s ♦r♦❣r❛♣❤✐q✉❡s ❞❡
♣❡t✐t❡ é❝❤❡❧❧❡ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✳

P♦✉r ❛♥❛❧②s❡r ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❡ r❡❧✐❡❢ ❡t ❧❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣❧✉✐❡✱ ❞❡s ❝♦✉r❜❡s
❞❡ ❞❡♥s✐té ❡♥tr❡ ❝❡s ❞❡✉① ✈❛r✐❛❜❧❡s ♣♦✉r ❝❤❛q✉❡ ♠♦✐s ♦♥t été ré❛❧✐sé❡s ✭❋✐❣✳ ✺✳✶✹✮✳
▲❛ ❝♦rré❧❛t✐♦♥ ❡st ✉♥✐✈♦q✉❡ ❡♥ été ❥✉sq✉✬à ✷✵✵✵ ♠✱ ❧❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣ré❝✐♣✐t❛✲
t✐♦♥s ❛✉❣♠❡♥t❛♥t ❡♥ ♠♦②❡♥♥❡ ❞❡ ✵✱✺ ♠✐❧❧✐♠ètr❡ ♣❛r ❦♠✳ ❊♥ ❤✐✈❡r ❡t ❛✉ ♣r✐♥t❡♠♣s
✉♥❡ r❡❧❛t✐♦♥ ❡①✐st❡ ❡♥tr❡ ❧❡ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ❡t ❧✬❛❧t✐t✉❞❡ ❞✉ r❡❧✐❡❢ ❥✉sq✉✬à ✶✵✵✵ ♠
✭+1 mm/j/km✮ ♠❛✐s ♥✬❡st ♣❛s ❛✉ss✐ ♠❛rq✉é❡ q✉✬❡♥ été✳ ❊♥ ❛✉t♦♠♥❡ ♦♥ ♥❡ tr♦✉✈❡
♣❛s ❞❡ r❡❧❛t✐♦♥ ❝❧❛✐r❡ ❡♥tr❡ ❝❡s ❞❡✉① ✈❛r✐❛❜❧❡s✳ ❋r❡✐ ❡t ❙❝❤är ✭✶✾✾✽✮ ❛ ♠♦♥tré ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❛✈❡❝ ✉♥ ♣❧✉s ✐♠♣♦rt❛♥t ✭✬+2 mm/j/km✮ s✉r ✉♥❡
♣❛rt✐❡ ❞❡s ❆❧♣❡s s✐t✉é❡s ✉♥ ♣❡✉ ♣❧✉s à ❧✬❡st✳

▲❛ ❝♦rré❧❛t✐♦♥ ❢♦rt❡ ❡♥tr❡ ❧❛ ♣❧✉✐❡ ❡t ❧✬❛❧t✐t✉❞❡ ❞✉ r❡❧✐❡❢ ♣♦✉r ❧❡s ♠♦✐s ❞✬été t❡♥❞
à ❝♦♥✜r♠❡r ❧❡ rô❧❡ ❞✉ ♣r♦❝❡ss✉s ❞❡ s♦✉❧è✈❡♠❡♥t ♣❛r ❧❡ r❡❧✐❡❢✳ P❡♥❞❛♥t ❝❡tt❡ s❛✐s♦♥✱
à ❝❛✉s❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❛♥t✐❝②❝❧♦♥✐q✉❡s✱ ❝✬❡st ❧❡ s❡✉❧ ♠é❝❛♥✐s♠❡ q✉✐ ♣❡✉t ❣é♥ér❡r
❞✉r❛❜❧❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡✳ P❡♥❞❛♥t ❧❡s ❛✉tr❡s s❛✐s♦♥s✱ ❧❛ ✜❣✉r❡ ✺✳✶✹ s✉❣❣èr❡ q✉❡ ❧❡
r❡❧✐❡❢ ♥✬❡st ♣❛s ❧❡ s❡✉❧ ❢❛❝t❡✉r ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❧✉✐❡✳

◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ ❛♥❛❧②sé ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ♣❡♥t❡ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ P♦✉r
❞ét❡r♠✐♥❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ♣❡♥t❡✱ ♦♥ ❛ ❝♦♥s✐❞éré ❞❡✉① ♣❛r❛♠ètr❡s ✿ ❧❛ ❞✐r❡❝t✐♦♥
❞❡ ❧❛ ♣❡♥t❡ ♣❛r r❛♣♣♦rt ❛✉ s❡♥s ❞❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✭❋✐❣✳ ✺✳✶✺✮ ❡t
❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞❡ ❧❛ ♣❡♥t❡ ✭❋✐❣✳ ✺✳✶✼✮✳ ▲❛ ✜❣✉r❡ ✺✳✶✺ ♠❡t ❡♥ é✈✐❞❡♥❝❡ ✉♥ ❧✐❡♥ s✐✲
❣♥✐✜❝❛t✐❢ ❡♥tr❡ ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❞é♣❧❛❝❡♠❡♥t ❡t ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡ ❧✬♦r♦❣r❛♣❤✐❡ ✭❧✬❛♥❣❧❡
✶✽✵✝❝♦rr❡s♣♦♥❞ à ✉♥ ❞é♣❧❛❝❡♠❡♥t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧✬❛①❡ ❞✉ r❡❧✐❡❢✮✳ ❊t♦♥♥❛♠♠❡♥t
❧❡ ♠❛①✐♠✉♠ ❞❡ ❝✉♠✉❧ ♥❡ ❝♦rr❡s♣♦♥❞ ♣❛s à ✉♥ ✢✉① q✉✐ s❡ ❞✐r✐❣❡ ❞✐r❡❝t❡♠❡♥t ✈❡rs ❧❡
r❡❧✐❡❢ ♠❛✐s ♣❧✉tôt ❛✈❡❝ ✉♥ ❛♥❣❧❡ ❞✬❡♥✈✐r♦♥ ✶✶✵✝✭❝✬❡st✲à✲❞✐r❡ q✉✬✐❧ ② ❛ ✉♥ ❛♥❣❧❡ ❞✬❡♥✲
✈✐r♦♥ ✼✵✝❡♥tr❡ ❧❛ ♣❡♥t❡ ❡t ❧❡ ❞é♣❧❛❝❡♠❡♥t✮✳ ❉❡ ♣❧✉s ❝❡t ❡✛❡t ♥✬❡st ♣❛s s②♠étr✐q✉❡
♣❛r r❛♣♣♦rt à ❧❛ ❞✐r❡❝t✐♦♥ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉ r❡❧✐❡❢✳ ❈✬❡st✲à✲❞✐r❡ q✉❡ ❧✬♦♥ ♥✬❛ ♣❛s ✉♥
♣✐❝ à ✷✺✵✝✳

P♦✉r ♣ré❝✐s❡r ❝❡ ❧✐❡♥✱ ♥♦✉s ❛✈♦♥s ré❛❧✐sé ✉♥❡ ❛♥❛❧②s❡ ♣❛r ♠♦✐s ✭❋✐❣✳ ✺✳✶✻✮✳ ▲❡
rés✉❧t❛t ❡st ✐♥❛tt❡♥❞✉ ♣✉✐sq✉❡ ❝❡ ❝♦♠♣♦rt❡♠❡♥t ❡st très ✈❛r✐❛❜❧❡ s❡❧♦♥ ❧❡ ♠♦✐s✳ ❊♥

❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡ ✶✹✺
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❋✐❣✉r❡ ✺✳✶✹ ✿ ❉❡♥s✐té ❞❡ ♣♦✐♥t ♣♦✉r ❧❡ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ❥♦✉r♥❛❧✐❡r ✭♠♠✴❥✮
♣❛r ♠♦✐s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛❧t✐t✉❞❡ ❞✉ r❡❧✐❡❢✳ ▲✬é❝❤❡❧❧❡ ② ❡st ❞✐✛ér❡♥t❡ ❞✬✉♥
♣❛♥♥❡❛✉ à ❧✬❛✉tr❡

❛✉t♦♠♥❡✱ ❤✐✈❡r ❡t ♣r✐♥t❡♠♣s ❧❛ ❞✐r❡❝t✐♦♥ ♣r✐✈✐❧é❣✐é ❡st ❝❡♥tré❡ ❛✉t♦✉r ❞❡ ✶✽✵✝✱ t❛♥❞✐s
q✉✬❡♥ été ❧❛ ❞✐r❡❝t✐♦♥ ♣r✐✈✐❧é❣✐é❡ ❡st ❞❡ ✶✵✵✝✳ ■❧ ❢❛✉t é❣❛❧❡♠❡♥t ♥♦t❡r q✉❡ ❝❡tt❡ ❞✐r❡❝✲
t✐♦♥ ❞❡ ✶✵✵✝❡①✐st❡ q✉❡❧❧❡ q✉❡ s♦✐t ❧✬❛❧t✐t✉❞❡ ❞✉ r❡❧✐❡❢ ❡t ♣♦✉r t♦✉t❡s ❧❡s ❛♥♥é❡s ♣r✐s❡s
✐♥❞é♣❡♥❞❛♠♠❡♥t✳ ❉❡ ♣❧✉s✱ ❧❡s ♣♦✐♥ts ❞❡ ♠❡s✉r❡ ❛ss♦❝✐és à ❝❡tt❡ ❞✐r❡❝t✐♦♥ s❡♠❜❧❡♥t
êtr❡ ré♣❛rt✐s ❛❧é❛t♦✐r❡♠❡♥t ❞❛♥s ❧❛ ré❣✐♦♥✳ ❙✐ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❡♥tr❡ s❡♣t❡♠❜r❡ ❡t
♠❛✐ s❡♠❜❧❡ ❛ss❡③ s✐♠♣❧❡ à ✐♥t❡r♣rét❡r ✭❡✛❡t ❞✉ s♦✉❧è✈❡♠❡♥t ♦r♦❣r❛♣❤✐q✉❡✮✱ ❧❡ ❝♦♠✲
♣♦rt❡♠❡♥t ❞✬été ❡st ♥❡tt❡♠❡♥t ♠♦✐♥s ✐♥t✉✐t✐❢ ❛✈❡❝ ❧❡s é❧é♠❡♥ts ❡♥ ♥♦tr❡ ♣♦ss❡ss✐♦♥✳
P❧✉s✐❡✉rs q✉❡st✐♦♥s s❡ ♣♦s❡♥t à ❝❡ s✉❥❡t ✿ ♣♦✉rq✉♦✐ ❝❡ ♣r♦❝❡ss✉s ❛✲t✲✐❧ ❧✐❡✉ ✉♥✐q✉❡♠❡♥t
❡♥ été ✭♦♥ s❡ ❞♦✉t❡ é✈✐❞❡♠♠❡♥t q✉❡ ❧❡ ❝❛r❛❝tèr❡ ❝♦♥✈❡❝t✐❢ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞♦✐t ✐♥✲
✢✉❡♥❝❡r ❝❡ ♣r♦❝❡ss✉s ♠❛✐s ❝♦♠♠❡♥t ❄✮ ❄ P♦✉rq✉♦✐ tr♦✉✈❡ t✲♦♥ ❝❡tt❡ ❞✐ss②♠étr✐❡ ❞❛♥s
❧❡ ♠❛①✐♠✉♠ ❞❡ ❝✉♠✉❧ ❄ ▲❛ ré♣♦♥s❡ à ❝❡s ❞❡✉① q✉❡st✐♦♥s ♥❡ s❡r❛ ♣❛s ❢♦✉r♥✐❡ ❞❛♥s ❧❡
❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✳ ▼❛✐s ✐❧ s❡r❛ ✐♥tér❡ss❛♥t ❞❡ s❡ ♣❡♥❝❤❡r s✉r ❧❛ q✉❡st✐♦♥ ❞❛♥s ❧❡
❢✉t✉r✳ ❯♥ ♠♦②❡♥ ♣♦✉r ❛♥❛❧②s❡r ❝❡ ♣r♦❜❧è♠❡ ♣❛ss❡r❛ ♣❛r ❧❛ s✐♠✉❧❛t✐♦♥ à très ❤❛✉t❡
rés♦❧✉t✐♦♥ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❛✉✲❞❡ss✉s ❞❡ ❧❛ ré❣✐♦♥✳ ◆♦t❛♠♠❡♥t✱ ♦♥ ♣♦✉rr❛ r❡❣❛r❞❡r
❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ✢✉① à ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ♣❛r r❛♣♣♦rt à ❧❛ ♣❡♥t❡ ❞✉ r❡❧✐❡❢✳ ❊♥ ❡✛❡t✱
❞❛♥s ❝❡tt❡ ét✉❞❡✱ ♥♦✉s ♥✬❛✈♦♥s ♣❛s ❛♥❛❧②sé ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ✢✉① ♠❛✐s ❧❡ ❞é♣❧❛❝❡♠❡♥t
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s q✉✐ ♥✬❡st ♣❛s t♦✉❥♦✉rs ❧❡ ♠ê♠❡ q✉❡ ❧❡ ✢✉① ✭✈♦✐r s❡❝t✐♦♥ ✶✳✹✳✹✮✳

▲❡ ❞❡✉①✐è♠❡ ♣❛r❛♠ètr❡ ❛♥❛❧②sé ❡st ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞❡ ❧❛ ♣❡♥t❡ ✭❋✐❣✳ ✺✳✶✼✮✳ ❙❛♥s

✶✹✻ ❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡
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❋✐❣✉r❡ ✺✳✶✺ ✿ ❚❛✉① ❞❡ ♣❧✉✐❡ ♠❡❞✐❛♥ ♣❛r ❥♦✉r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❡♥tr❡ ❧❡
❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡t ❧❛ ♣❡♥t❡ ✭✶✽✵✝❝♦rr❡s♣♦♥❞ à ❞❡s ♣ré❝✐♣✐✲
t❛t✐♦♥s q✉✐ s❡ ❞✐r✐❣❡♥t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡♠❡♥t à ❧✬❛①❡ ❞✉ r❡❧✐❡❢✮

s✉r♣r✐s❡✱ ✐❧ ❡①✐st❡ ✉♥ ❧✐❡♥ très ❝❧❛✐r ❡♥tr❡ ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞❡ ❧❛ ♣❡♥t❡ ❡t ❧❡ ❝✉♠✉❧✳
❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❝✉♠✉❧ ❡st s✐❣♥✐✜❝❛t✐✈❡ ❥✉sq✉✬à ✉♥❡ ♣❡♥t❡ ❞❡ ✶✵✪
✭❡♥✈✐r♦♥ ✵✱✶✺ ♠♠ ♣♦✉r ✶✪✮✳ ❆✉✲❞❡❧à ✐❧ ♥❡ s❡♠❜❧❡ ♣❧✉s ② ❛✈♦✐r ❞❡ ❧✐❡♥ ❡♥tr❡ ❧❡s
❞❡✉① ✈❛r✐❛❜❧❡s✳ ❈❡❧❛ s✐❣♥✐✜❡ q✉❡ ❝✬❡st ♣❧✉tôt ❧❛ ♣rés❡♥❝❡ ❞✉ r❡❧✐❡❢ q✉✐ ❡st ✉♥ é❧é♠❡♥t
✐♠♣♦rt❛♥t ❛✉ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣❧✉tôt q✉❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ ♣❡♥t❡✳
■❧ s❡♠❜❧❡ ✭♠ê♠❡ s✐ ❝❡❧❛ ♥❡ ❝♦♥❝❡r♥❡ q✉❡ ♣❡✉ ❞❡ ♣♦✐♥ts✮ q✉✬❛✉✲❞❡❧à ❞❡ ✷✵ ✪ ❞❡ ♣❡♥t❡
✉♥❡ ❝♦rré❧❛t✐♦♥ ♥é❣❛t✐✈❡ ❡♥tr❡ ❧❡s ✈❛r✐❛❜❧❡s ❛♣♣❛r❛ît✳ ❯♥❡ ✐♥t❡r♣rét❛t✐♦♥ ♣♦✉rr❛✐t
êtr❡ q✉❡ q✉❛♥❞ ❧❡ ❣r❛❞✐❡♥t ❞❡ ♣❡♥t❡ ❡st tr♦♣ é❧❡✈é✱ ❧❡ ✢✉① ♥✬❛rr✐✈❡ ♣❛s à ♣❛ss❡r ❛✉✲
❞❡ss✉s ❞❡ ❧❛ ♠♦♥t❛❣♥❡ ♠❛✐s ❞♦✐t ❧❛ ❝♦♥t♦✉r♥❡r ✭✈♦✐r ❧❡s ❞✐s❝✉ss✐♦♥s s✉r ❧❡ ♥♦♠❜r❡ ❞❡
❋r♦✉❞❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✶✳✹✳✸✮✳

✺✳✸ ❈♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡ s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲

▼é❞✐t❡rr❛♥é❡

▲✬❛♥❛❧②s❡ st❛t✐st✐q✉❡ ❞✉ ❧✐❡♥ ❡♥tr❡ ❧❛ ♣❧✉✐❡ ❡t ❧❡s ✈❛r✐❛❜❧❡s ♠été♦r♦❧♦❣✐q✉❡s ♦✉
t♦♣♦❣r❛♣❤✐q✉❡s ❛ ♣❡r♠✐s ❞❡ ❞ét❡r♠✐♥❡r ❧❡s ❝♦♥❞✐t✐♦♥s ❞②♥❛♠✐q✉❡s ❡t t❤❡r♠♦❞②✲
♥❛♠✐q✉❡s ❢❛✈♦r❛❜❧❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧❛ ré❣✐♦♥✳ ❉❛♥s ❝❡tt❡ ❞❡r♥✐èr❡ ♣❛rt✐❡✱
♥♦✉s ❝❤❡r❝❤♦♥s à ❞ét❡r♠✐♥❡r ❝♦♠♠❡♥t ❝❡s ♣r♦❝❡ss✉s ♣❡✉✈❡♥t ❡①♣❧✐q✉❡r ❧❡s ❞✐✛é✲
r❡♥t❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛ ♣❧✉✐❡ ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ❧❡s ❝❤❛♣✐tr❡s ❝♦♥❝❡r♥❛♥t
❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳

✺✳✸✳✶ ❈②❝❧❡ ❞✐✉r♥❡

◆♦✉s ❛✈✐♦♥s ♠♦♥tré✱ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t✱ q✉✬✉♥ ❝②❝❧❡ ❞✐✉r♥❡ ❞❡s ♣ré❝✐✲
♣✐t❛t✐♦♥s ❡①✐st❡ s✉r ❧❡ ❝♦♥t✐♥❡♥t ❞✉r❛♥t ❧❡s ♠♦✐s ❞✬été✳ ▲❡s ❛♥❛❧②s❡s ❞❡s ♣r♦❝❡ss✉s
s❡♠❜❧❡♥t ♠♦♥tr❡r q✉❡ ❝✬❡st ❧❛ ❈❆P❊ q✉✐ ❡st r❡s♣♦♥s❛❜❧❡ ❞❡ ❝❡ ❝♦♠♣♦rt❡♠❡♥t✳ ❊♥
❡✛❡t✱ ❧❡s ❝♦rré❧❛t✐♦♥s ♦♥t ♠♦♥tré ✉♥ ❧✐❡♥ ❝❧❛✐r ❞ès ✾ ❤ ❞✉ ♠❛t✐♥ ❞✉r❛♥t ❧❡s ♠♦✐s ❞❡
♣r✐♥t❡♠♣s ❡t ❞✬été✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ♣✐❝ s❡❝♦♥❞❛✐r❡ ❞❡ ♣❧✉✐❡ tôt ❧❡ ♠❛t✐♥✱ ✐❧
❡st ✈r❛✐s❡♠❜❧❛❜❧❡♠❡♥t ❧✐é à ❧✬❡①✐st❡♥❝❡ ❞✬✉♥❡ ❜r✐s❡ ❞❡ t❡rr❡ ♣❡♥❞❛♥t ❧❛ ♥✉✐t ❝♦♠♠❡
♠♦♥tré ♣❛r ❧❛ ❝♦rré❧❛t✐♦♥ ♣♦s✐t✐✈❡ ❡♥tr❡ ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ❞✉ ✈❡♥t ❡t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s

❈♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡ s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ✶✹✼
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❋✐❣✉r❡ ✺✳✶✻ ✿ ❚❛✉① ❞❡ ♣❧✉✐❡ ♠❡❞✐❛♥ ♣❛r ❥♦✉r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❡♥tr❡ ❧❡
❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡t ❧❛ ♣❡♥t❡ ♣❛r ♠♦✐s ✭✶✽✵✝❝♦rr❡s♣♦♥❞ à ❞❡s
♣ré❝✐♣✐t❛t✐♦♥s q✉✐ s❡ ❞✐r✐❣❡ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡♠❡♥t à ❧✬❛①❡ ❞✉ r❡❧✐❡❢✮

♣❡♥❞❛♥t ❧❛ ♥✉✐t✳

✺✳✸✳✷ ▼✐❣r❛t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

❯♥❡ ✈❛r✐❛❜✐❧✐té très ✐♠♣♦rt❛♥t❡ ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t ❝♦r✲
r❡s♣♦♥❞ à ❧❛ ♠✐❣r❛t✐♦♥ ❞❡s ❡①trê♠❡s ♠été♦r♦❧♦❣✐q✉❡s ✭▼❊❊✮ ❞❡ ❧❛ ♠❡r ✈❡rs ❧❛ t❡rr❡
❡♥tr❡ ❧❡ ♣r✐♥t❡♠♣s ❡t ❧✬été ❡t ❞❡ ❧❛ t❡rr❡ ✈❡rs ❧❛ ♠❡r ❡♥tr❡ ❧✬été ❡t ❧✬❤✐✈❡r✳ ❈❡tt❡ ❛♥❛✲
❧②s❡ ❛ ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡ ❧❡ r❡s♣♦♥s❛❜❧❡ ❞❡ ❝❡tt❡ ♠✐❣r❛t✐♦♥ s❡♠❜❧❡ ❧✐é à ❧❛ ❈❆P❊✳
❊♥ ❡✛❡t✱ ❝❡❧❧❡✲❝✐ ❢❛✈♦r✐s❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣r♦❝❤❡ ❞❡ ❧❛ ❝ôt❡ ❛✉ ♣r✐♥t❡♠♣s ♣✉✐s s✉r
❧❡ ♥♦r❞ ❞❡ ❧❛ ③♦♥❡ ❡♥ été ❡t ❡♥✜♥ s✉r ❧❛ ♠❡r ❡♥ ❛✉t♦♠♥❡ ❡t ❡♥ ❤✐✈❡r✳ ❈❡ ❞é♣❧❛❝❡♠❡♥t
❝♦rr❡s♣♦♥❞ ❜✐❡♥ à ❧❛ ♠✐❣r❛t✐♦♥ ❞❡s ▼❊❊ ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ♣ré❝é❞❡♠♠❡♥t✳

✺✳✸✳✸ ❱❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡

▲✬❛♥❛❧②s❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✈❛✐t ♣❡r♠✐s ❞❡ ♠♦♥tr❡r ✉♥❡ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡
❡♥ t❡r♠❡ ❞❡ ❝✉♠✉❧ ❞❡ ♣❧✉✐❡ ♦✉ ❞✬❡①trê♠❡s ❞❡ ♣❧✉✐❡✳ P♦✉r ❝♦♠♣r❡♥❞r❡ ❝❡tt❡ ✈❛r✐❛❜✐✲
❧✐té✱ ✐❧ ❢❛✉t ét✉❞✐❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❞✐✛ér❡♥t❡s ✈❛r✐❛❜❧❡s ❛t♠♦s♣❤ér✐q✉❡s ❞♦♥t
♥♦✉s ❛✈♦♥s ♣✉ ♠♦♥tr❡r q✉✬❡❧❧❡s ♣rés❡♥t❡♥t ✉♥❡ ❝♦rré❧❛t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❛✈❡❝ ❧❡s ♣ré✲
❝✐♣✐t❛t✐♦♥s ❡t ❞ét❡r♠✐♥❡r ❧❡s ♣ér✐♦❞❡s ♦ù ❡❧❧❡s ♦♥t ♠♦♥tré ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ❢❛✈♦r❛❜❧❡
♦✉ ♥♦♥ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s✳ ■❧ ❛ ❞♦♥❝ été ♥é❝❡ss❛✐r❡ ❞❡ tr♦✉✈❡r ✉♥ ♠♦②❡♥ ♣♦✉r ❞ét❡r✲
♠✐♥❡r s✐ ✉♥❡ ✈❛r✐❛❜❧❡ ❛ été ♣❧✉s ♦✉ ♠♦✐♥s ❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❞✉r❛♥t ✉♥❡
♣ér✐♦❞❡ ❞♦♥♥é❡✳ P♦✉r ❝❡❧❛ ♥♦✉s ❛✈♦♥s t♦✉t ❞✬❛❜♦r❞ sé❧❡❝t✐♦♥♥é ❧❡s ✈❛r✐❛❜❧❡s q✉✐ ♦♥t

✶✹✽ ❈♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡ s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡
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❋✐❣✉r❡ ✺✳✶✼ ✿ ▼é❞✐❛♥❡ ❞✉ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ✭♠♠✴❥✮ ♣❛r ♠♦✐s ❡♥ ❢♦♥❝t✐♦♥ ❞❡
❧❛ ♣❡♥t❡ ♣♦✉r ❝❤❛q✉❡ ♠♦✐s

♠♦♥tré ✉♥ ✐♠♣❛❝t s✐❣♥✐✜❝❛t✐❢ ✭♣♦s✐t✐❢ ♦✉ ♥é❣❛t✐❢✮ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ✿ ❧❡ t♦✉r❜✐❧❧♦♥
♣♦t❡♥t✐❡❧ à ❤❛✉t❡ ❡t ♠♦②❡♥♥❡ ❛t♠♦s♣❤èr❡ ✭P❱t✱ P❱♠✮✱ ❧✬❤✉♠✐❞✐té ❞❛♥s ❧❡s ❜❛ss❡s
❝♦✉❝❤❡s ✭q❜✮✱ ❧❛ ✈✐t❡ss❡ ♠ér✐❞✐❡♥♥❡ ❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s ✭✈❜✮✱ ❧✬é♥❡r❣✐❡ ❝♦♥✈❡❝✲
t✐✈❡ ❞✐s♣♦♥✐❜❧❡ ✭❈❆P❊✮ ❡t ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ❞❡ ✈❡♥t ✭❝✐s✮✳ ❖♥ ❛ ❛✉ss✐ sé❧❡❝t✐♦♥♥é ❧❛
♣r❡ss✐♦♥ ❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s ✭P❜✮ ♠❛✐s ♦♥ ❛✉r❛✐t ♣✉ ❧❛ ♣r❡♥❞r❡ à ♥✬✐♠♣♦rt❡
q✉❡❧❧❡ ❛❧t✐t✉❞❡ ❝❛r ❡❧❧❡ ❛ ✉♥❡ ✐♥✢✉❡♥❝❡ s✉r t♦✉t❡ ❧❛ ❝♦✉❝❤❡ ❞❡ ❧❛ tr♦♣♦s♣❤èr❡ ❝♦♠♠❡
♠♦♥tré ❞❛♥s ❧❡s ♣ré❝é❞❡♥t❡s s❡❝t✐♦♥s✳ P✉✐s ♥♦✉s ❛✈♦♥s ❞ét❡r♠✐♥é à ❝❤❛q✉❡ ♣❛s ❞❡
t❡♠♣s ✭❝✬❡st✲à✲❞✐r❡ t♦✉t❡s ❧❡s ✸ ❤❡✉r❡s✮ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❝❡s ✈❛r✐❛❜❧❡s s✉r ❧❛ ♣❧✉✐❡✳ ◆♦✉s
❛✈♦♥s ❝♦♥s✐❞éré q✉❡ ❧✬✐♥✢✉❡♥❝❡ ét❛✐t ♣♦s✐t✐✈❡ q✉❛♥❞ ✐❧ ♣❧❡✉✈❛✐t ❡t q✉❡ ❧❛ ✈❛❧❡✉r ❞❡ ❧❛
✈❛r✐❛❜❧❡ ét❛✐t s✉♣ér✐❡✉r❡ à s♦♥ q✉❛♥t✐❧❡ ✼✺✪✳ ❆✉ ❝♦♥tr❛✐r❡✱ ♥♦✉s ❛✈♦♥s ❝♦♥s✐❞éré q✉❡
❧✬✐♥✢✉❡♥❝❡ ét❛✐t ♥é❣❛t✐✈❡ q✉❛♥❞ ✐❧ ♥❡ ♣❧❡✉✈❛✐t ♣❛s ❡t q✉❡ ❧❛ ✈❛❧❡✉r ❞❡ ❝❡tt❡ ✈❛r✐❛❜❧❡
ét❛✐t ✐♥❢ér✐❡✉r❡ à s♦♥ q✉❛♥t✐❧❡ ✷✺✪✳ ❙✐ ❧✬♦♥ ♥❡ s❡ tr♦✉✈❛✐t ❞❛♥s ❛✉❝✉♥❡ ❞❡ ❝❡s ❞❡✉①
s✐t✉❛t✐♦♥s✱ ♦♥ ❡st✐♠❛✐t q✉❡ ❧❛ ✈❛r✐❛❜❧❡ ❛✈❛✐t ✉♥❡ ✐♥✢✉❡♥❝❡ ♥✉❧❧❡ s✉r ❧✬é♣✐s♦❞❡ ♣❧✉✈✐❡✉①
♦✉ s❡❝✳ ❆ ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s✱ ✉♥ s❝♦r❡ ❛ été ❝❛❧❝✉❧é ❡♥ ❛❥♦✉t❛♥t ✶ q✉❛♥❞ ❧❛ ✈❛r✐❛❜❧❡
❛✈❛✐t ✉♥❡ ✐♥✢✉❡♥❝❡ ♣♦s✐t✐✈❡✱ ✲✶ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ✐♥✢✉❡♥❝❡ ♥é❣❛t✐✈❡ ❡t ✵ s✐ ❧✬✐♥✢✉❡♥❝❡
ét❛✐t ♥✉❧❧❡✳ ❆✐♥s✐✱ ♦♥ ❛ ♣✉ ❞ét❡r♠✐♥❡r q✉❛♥❞ ❧❛ ♣❧✉✐❡ ♦✉ ❧✬❛❜s❡♥❝❡ ❞❡ ♣❧✉✐❡ ❛✈❛✐t été
✐♥✢✉❡♥❝é❡ ♣❛r ❧❛ ♣rés❡♥❝❡ ♦✉ ❧✬❛❜s❡♥❝❡ ❞✬✉♥❡ ✈❛r✐❛❜❧❡✳

▲❡s rés✉❧t❛ts s❡ tr♦✉✈❡♥t ❡♥ ✜❣✉r❡ ✺✳✶✽✳ ▲❡s s❝♦r❡s ❞❡s ✈❛r✐❛❜❧❡s ♣ré❞✐❝t✐✈❡s ❛✐♥s✐
q✉❡ ❧❛ ♣❧✉✐❡ ♦♥t été ❝✉♠✉❧é❡s ❡t ❝❡♥tré❡s ♣❛r ♠♦✐s✳ ❆✐♥s✐✱ ♦♥ ♣❡✉t ♦❜s❡r✈❡r ❧❡s
♠♦✐s ❛②❛♥t été ❞é✜❝✐t❛✐r❡s ♦✉ ❡①❝é❞❡♥t❛✐r❡s ❡♥ ♣❧✉✐❡ ❡t ❛ss♦❝✐❡r ❝❡s ❛♥♦♠❛❧✐❡s ❞❡
♣ré❝✐♣✐t❛t✐♦♥s ❛✉① ❛♥♦♠❛❧✐❡s ❞❡ ❝❤❛q✉❡ ✈❛r✐❛❜❧❡✳ ●❧♦❜❛❧❡♠❡♥t✱ ♦♥ ♦❜s❡r✈❡ q✉❡ tr♦✐s
✈❛r✐❛❜❧❡s ❣♦✉✈❡r♥❡♥t ❢♦rt❡♠❡♥t ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✿ ❧❡
t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ à ❤❛✉t❡ ❡t ♠♦②❡♥♥❡ ❛❧t✐t✉❞❡✱ ❧❛ ♣r❡ss✐♦♥ ❡t ❧❡ ✈❡♥t ♠ér✐❞✐❡♥✳ ❊♥
❡✛❡t ❞❡s ♣ér✐♦❞❡s sè❝❤❡s ❝♦♠♠❡ ❝❡❧❧❡s ❞❡ ♠❛✐ à ♥♦✈❡♠❜r❡ ✷✵✵✾ ♦✉ ❧✬❛♥♥é❡ ✷✵✶✶ s♦♥t

❈♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡ s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ✶✹✾
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❋✐❣✉r❡ ✺✳✶✽ ✿ ❙❝♦r❡ ❝✉♠✉❧é ♣❛r ♠♦✐s ❞❡s ❞✐✛ér❡♥t❡s ✈❛r✐❛❜❧❡s ✐♥✢✉❡♥ç❛♥t
❞✐r❡❝t❡♠❡♥t ❧❛ ♣❧✉✐❡ ▲✬é❝❤❡❧❧❡ ♣♦✉r ❧❛ ♣❧✉✐❡ ❡st ❛r❜✐tr❛✐r❡

❛ss♦❝✐é❡s à ❞❡s s❝♦r❡s ♠✐♥✐♠✉♠s ❞❡ ❝❡s ✈❛r✐❛❜❧❡s✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❧✬❛♥♥é❡ ✷✵✶✵ très
♣❧✉✈✐❡✉s❡ ❡st ❛ss♦❝✐é❡ à ❞❡s s❝♦r❡s très ♣♦s✐t✐❢s ❞❡ ♣r❡ss✐♦♥✱ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧
❡t ❞❡ ✈❡♥t ♠ér✐❞✐❡♥✳ ❈♦♠♠❡ ❝❡s ✈❛r✐❛❜❧❡s s♦♥t t♦✉t❡s ❧❡s tr♦✐s ❧✐é❡s à ❧❛ ❣r❛♥❞❡
é❝❤❡❧❧❡✱ ❝❡❧❛ ♥♦✉s ❛♠è♥❡ à ♣❡♥s❡r q✉❡ ❝✬❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧❛ s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡
q✉✐ ❣♦✉✈❡r♥❡ ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ■❧ ❢❛✉t ❜✐❡♥ ♥♦t❡r q✉❡ ❝❡
rés✉❧t❛t ♥❡ s✐❣♥✐✜❡ ♣❛s q✉❡ ❧❡s ❛✉tr❡s ✈❛r✐❛❜❧❡s ♥✬✐♠♣❛❝t❡♥t ♣❛s ❧❛ ♣❧✉✐❡ ♠❛✐s ♣❧✉tôt
q✉✬❡❧❧❡s ♥❡ ❣♦✉✈❡r♥❡♥t ♣❛s ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡✳

■❧ ❡st ❡♥s✉✐t❡ ❛♣♣❛r✉ ✐♥tér❡ss❛♥t ❞✬✐❞❡♥t✐✜❡r ♣❛r♠✐ ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s
♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡s ❛♥❛❧♦❣✉❡s ❝❡❧❧❡s q✉✐ ❛✈❛✐❡♥t ♣✉ ✐♥✢✉❡♥❝❡r
❢♦rt❡♠❡♥t ❧❡ ❝✉♠✉❧ ♠❡♥s✉❡❧ ❞❡ ♣❧✉✐❡✳ ▲❛ ✜❣✉r❡ ✺✳✶✾ r❡♣rés❡♥t❡♥t ❧❛ ❞❛t❡ à ❧❛q✉❡❧❧❡
❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❛ss♦❝✐é❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ✐♠♣♦rt❛♥t❡s s✉r ❧✬❊✉r♦ré❣✐♦♥
❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ♦♥t ❡✉ ❧✐❡✉✳ ◆♦✉s ❛✈✐♦♥s ♣ré❝é❞❡♠♠❡♥t ♠♦♥tré ✭❋✐❣✳ ✺✳✹✮ q✉❡
❝❡rt❛✐♥❡s ❞❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ét❛✐❡♥t ❢❛✈♦r❛❜❧❡s ❛✉① ❝✉♠✉❧s ✐♠♣♦rt❛♥ts ✭❈✮✱ à
❧✬♦❝❝✉rr❡♥❝❡ ❞❡ ♣❧✉✐❡ ✭❋✮ ♦✉ ❛✉① ❞❡✉① ✭❆✱ ❇✮✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ r❡ss♦rt ❞❡ ❝❡tt❡ ❛♥❛❧②s❡
q✉❡ ❝❡ ♥✬❡st q✉❡ ❝❡ ♥✬❡st ♣❛s t❛♥t ❧❡ t②♣❡ ❞❡ s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s q✉✐ ♣❡r♠❡t
❞✬❡①♣❧✐q✉❡r ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❞❡s ❝✉♠✉❧s q✉❡ ❧❡ ♥♦♠❜r❡ ❞✬♦❝❝✉rr❡♥❝❡ ❞❡
s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❢❛✈♦r❛❜❧❡s ❝❤❛q✉❡ ♠♦✐s✳

■❧ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡ ❞❡ ré❛❧✐s❡r ✉♥❡ ❛♥❛❧②s❡ s✐♠✐❧❛✐r❡ s✉r ❧❡s ❡①trê♠❡s ❞❡ ♣❧✉✐❡
❝❛r ✐❧s s♦♥t très ❧♦❝❛❧✐sés s♣❛t✐❛❧❡♠❡♥t ❡t ♥❡ ♣❡✉✈❡♥t ♣❛s êtr❡ ❞✐r❡❝t❡♠❡♥t ❝♦♠♣❛rés
❛✈❡❝ ❧❡s ♣❛r❛♠ètr❡s ❞✉ ♠♦❞è❧❡ q✉✐ r❡♣rés❡♥t❡♥t ❞❡s str✉❝t✉r❡s ♠♦✐♥s ✜♥❡s q✉❡ ❝❡❧❧❡s
✈✉❡s ♣❛r ❧❡ r❛❞❛r✳ ❖♥ ♣❡✉t t♦✉t ❞❡ ♠ê♠❡ ❝♦♥st❛t❡r q✉❡ ❝❡ s♦♥t ❧❡s ✈❛r✐❛❜❧❡s ❧♦❝❛❧❡s
q✉✐ s♦♥t à ❧✬♦r✐❣✐♥❡ ❞❡s ♣❧✉✐❡s très ✐♥t❡♥s❡s✳ ❊♥ ❡✛❡t✱ ❧❡s ❡①trê♠❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s
♦♥t ❧✐❡✉ ❡♥ été ♦ù ❧✬♦♥ ❛ ♠♦♥tré✱ ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡s ❛♥❛❧♦❣✉❡s✱ q✉❡ ❧❛ s✐t✉❛t✐♦♥
s②♥♦♣t✐q✉❡ ♥❡ ❣♦✉✈❡r♥❛✐t ♣❛s ❧❛ ♣❧✉✐❡✳

✶✺✵ ❈♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡ s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡
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❋✐❣✉r❡ ✺✳✶✾ ✿ ◆♦♠❜r❡ ❞✬♦❝❝✉rr❡♥❝❡ ❡♥tr❡ ✷✵✵✾ ❡t ✷✵✶✷ ❞❡s s✐t✉❛t✐♦♥s s②✲
♥♦♣t✐q✉❡s ✐❞❡♥t✐✜é❡s ❝♦♠♠❡ ét❛♥t à ❧✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♠♣♦rt❛♥t❡s
s✉r ❧❛ ré❣✐♦♥✳ ❖♥ ❛ r❛❥♦✉té ❧❛ ✜❣✉r❡ ❞❡ ❞r♦✐t❡ ❞✉ ❍♦✈♠ö❧❧❡r ❞✉ ❝✉♠✉❧ ❞❡
♣❧✉✐❡ ♣♦✉r r❛♣♣❡❧ ✭✉♥❡ ✈❡rs✐♦♥ ♣❧✉s ❣r❛♥❞❡ ❡st ✈✐s✐❜❧❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✸✳✶✳✸
✭❋✐❣✳ ✸✳✶✶✮✮

✺✳✸✳✹ ❖s❝✐❧❧❛t✐♦♥s ❣r❛♥❞❡s é❝❤❡❧❧❡s

❯♥❡ ❛✉tr❡ ✈❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ❛♥❛❧②sé❡ ♣ré❝é❞❡♠♠❡♥t ❝♦rr❡s♣♦♥❞ à ❧✬♦❝❝✉r✲
r❡♥❝❡ ❞❡ ♣ér✐♦❞✐❝✐tés ✐♥t❡r♠✐tt❡♥t❡s ❡t ❞❡ ❣r❛♥❞❡ é❝❤❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣♦✉r ❞❡s
♣ér✐♦❞❡s ❞❡ ✹✵ ❡t ✾✵ ❥♦✉rs✳ ◆♦✉s ❛✈✐♦♥s ♥♦t❛♠♠❡♥t s✉❣❣éré q✉❡ ❧❡ ❝②❝❧❡ à ✹✵ ❥♦✉rs
❞é♣❡♥❞❛✐t ❞✬✉♥ tr❛✐♥ ❞✬♦♥❞❡ ❝♦✉✈r❛♥t ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧✬❊✉r♦♣❡ ❡t ❧✬♦✉❡st ❞❡ ❧❛ ❘✉s✲
s✐❡✳ ❆✜♥ ❞❡ t❡st❡r ❝❡tt❡ ❤②♣♦t❤ès❡✱ ♥♦✉s ❛✈♦♥s ré❛❧✐sé ✉♥❡ ❛♥❛❧②s❡ ❡♥ ♦♥❞❡❧❡tt❡s
❞❡s ❞♦♥♥é❡s ❞❡ ♣r❡ss✐♦♥ s✉r ❧❛ ③♦♥❡ ✭❋✐❣✳ ✺✳✷✵ ✭❛✮✮✳ ❖♥ ❝♦♥st❛t❡ ❧✬❡①✐st❡♥❝❡ ❞❡ ♠✉❧✲
t✐♣❧❡s ♦s❝✐❧❧❛t✐♦♥s ❞❛♥s ❧❡s ❞♦♥♥é❡s ❞❡ ♣r❡ss✐♦♥✳ ◆é❛♥♠♦✐♥s✱ ✐❧ ❡st ❞✐✣❝✐❧❡ ❞✬❛ss♦❝✐❡r
❝❡s ♦s❝✐❧❧❛t✐♦♥s ❛✈❡❝ ❝❡❧❧❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ❆✜♥ ❞❡ ❞ét❡r♠✐♥❡r q✉❛♥❞ ❧❡s s✐❣♥❛✉①
♦s❝✐❧❧❡♥t ❡♥ ♣❤❛s❡✱ ♥♦✉s ❛✈♦♥s ♥♦r♠❛❧✐sé ❡t ♠✉❧t✐♣❧✐é ❧❡s ❞❡✉① s✐❣♥❛✉① ❡t ❛♣♣❧✐q✉é
❧✬❛❧❣♦r✐t❤♠❡ ❞❡ tr❛♥s❢♦r♠é❡ ❡♥ ♦♥❞❡❧❡tt❡s ✭❋✐❣✳ ✺✳✷✵ ✭❜✮✮✳ ❆✐♥s✐ ❧❡s s✐❣♥❛✉① ❝♦♠✲
♠✉♥s s♦♥t ❛♠♣❧✐✜és✳ ▲❡s ♦s❝✐❧❧❛t✐♦♥s à ✹✵ ❡t ✾✵ ❥♦✉rs ❛✐♥s✐ q✉❡ ❧❡ ❝②❝❧❡ ❛♥♥✉❡❧ s♦♥t
❝♦♠♠✉♥s ❛✉① ❞❡✉① sér✐❡s t❡♠♣♦r❡❧❧❡s✳ ❈❡❧❛ ♥♦✉s ❞♦♥♥❡ ♣❧✉s ❞❡ ❝❡rt✐t✉❞❡ s✉r ❧✬✐♥✲
t❡r♣rét❛t✐♦♥ ❞❡ ❝❡ ♣r♦❝❡ss✉s✳ ❚♦✉t❡❢♦✐s✱ ✐❧ ❢❛✉❞r❛ ❛♥❛❧②s❡r ❞❛♥s ❧❡ ❢✉t✉r ❧❡s ❞♦♥♥é❡s
s✉r ✉♥❡ ♣❧✉s ❣r❛♥❞❡ ③♦♥❡ ❛✜♥ ❞❡ ✈ér✐✜❡r ❧❛ ré❝✉rr❡♥❝❡ ❞❡ ❧❛ s✐❣♥❛t✉r❡ ❞❡ ❝❡ tr❛✐♥
❞✬♦♥❞❡s ❞❡ ♣r❡ss✐♦♥✳

❈♦♥❝❧✉s✐♦♥

❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❛tt❛❝❤és à ❞ét❡r♠✐♥❡r ❧❡s ♣r♦❝❡ss✉s ❣r❛♥❞❡s
❡t ✜♥❡s é❝❤❡❧❧❡s ❛ss♦❝✐és ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳
P♦✉r ❝❡❧❛ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé✱ ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ❧❡s ♣❛r❛♠ètr❡s ❣r❛♥❞❡s é❝❤❡❧❧❡s
❞❡s ré❛♥❛❧②s❡s ❞✉ ❈❡♥tr❡ ❊✉r♦♣é❡♥✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡ t♦✉r❜✐❧❧♦♥
♣♦t❡♥t✐❡❧ à ✷✺✵ ❤P❛ ❝♦♠♠❡ ✈❛r✐❛❜❧❡ ♣ré❞✐❝t✐✈❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ré❣✐♦♥✳ ❉❡

❈♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡ s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ✶✺✶



Pr♦❝❡ss✉s

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✺✳✷✵ ✿ ❉é✈❡❧♦♣♣❡♠❡♥t ❡♥ ♦♥❞❡❧❡tt❡s ❞✉ s✐❣♥❛❧ ✭❛✮ ❞❡ ♣r❡ss✐♦♥ ❡t ✭❜✮
❞❡ ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡ ❧❛ ♣r❡ss✐♦♥ ❡t ❞❡ ❧❛ ♣❧✉✐❡✳ ▲❡s ❛①❡s ❝♦rr❡s♣♦♥❞❡♥t à ❧❛
❞❛t❡ ✭①✮ ❡t à ❧❛ ♣ér✐♦❞❡ ❡♥ ❥♦✉r ✭②✮

♣❧✉s✱ ♣♦✉r ❝❛r❛❝tér✐s❡r ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❢❛✈♦r❛❜❧❡s ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s✱ ♥♦✉s
❛✈♦♥s ✉t✐❧✐sé ❧❛ ♠ét❤♦❞❡ ❞❡s ❛♥❛❧♦❣✉❡s✳ ▲❡s rés✉❧t❛ts ♦♥t ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡ ❧❛
♣❧✉✐❡ ❡st s②sté♠❛t✐q✉❡♠❡♥t ❛ss♦❝✐é❡s à ❞❡s ❢♦rt❡s ✈❛❧❡✉rs ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧✱ ❧❛
♣❧✉♣❛rt ❞✉ t❡♠♣s ❧♦❝❛❧✐sé❡s s✉r ❧✬♦✉❡st ❞❡ ❧❛ ③♦♥❡ ❞✬ét✉❞❡✳ ❋✐♥❛❧❡♠❡♥t✱ ♥♦✉s ❛✈♦♥s
♠✐s ❡♥ é✈✐❞❡♥❝❡ ❧✬❛❜s❡♥❝❡ ❞❡ s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s t②♣✐q✉❡s ❞✉r❛♥t ❧❡s ♠♦✐s ❞✬été
❝❡ q✉✐ t❡♥❞ à ♠♦♥tr❡r q✉❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❧♦❝❛❧❡s s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t à ❧✬♦r✐❣✐♥❡ ❞❡s
é✈é♥❡♠❡♥ts ♣ré❝✐♣✐t❛♥ts ❞✉r❛♥t ❝❡tt❡ ♣ér✐♦❞❡ ❞❡ ❧✬❛♥♥é❡✳

❆ ♣❧✉s ✜♥❡ é❝❤❡❧❧❡✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡ ♠♦❞è❧❡ ❲❘❋ ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r st❛t✐s✲
t✐q✉❡♠❡♥t ❝♦♠♠❡♥t ❝❡rt❛✐♥s ♣❛r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡s✱ ❝♦♥♥✉s ♣♦✉r êtr❡ ❛ss♦❝✐és
❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s s✉r ❧❛ ré❣✐♦♥✱ ♠♦❞✉❧❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛✲
t✐♦♥s✳ P♦✉r ❝❡❧❛✱ ♥♦✉s ❛✈♦♥s ❝❛❧❝✉❧é ❧❡s ❝♦rré❧❛t✐♦♥s ❡♥tr❡ ❝❡s ❞✐✛ér❡♥t❡s ✈❛r✐❛❜❧❡s ❡t ❧❛
♣❧✉✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛❧t✐t✉❞❡✱ ❞❡ ❧❛ ♣♦s✐t✐♦♥ s♣❛t✐❛❧❡ ❡t ❞✉ t❡♠♣s✳ ❈❡tt❡ ét✉❞❡ ❛ ♣❡r✲
♠✐s ❞❡ ♠♦♥tr❡r q✉❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡s ✈❛r✐❛❜❧❡s ❞é♣❡♥❞ ❞❡ ❧✬❛❧t✐t✉❞❡ ❛✈❡❝✱ ♣❛r ❡①❡♠♣❧❡
❧✬❤✉♠✐❞✐té q✉✐ ♠♦♥tr❡ ✉♥❡ ❝♦rré❧❛t✐♦♥ ♣♦s✐t✐✈❡ ❡♥ ❜❛ss❡ ❝♦✉❝❤❡ ❡t ♥é❣❛t✐✈❡ ❞❛♥s ❧❡s
❤❛✉t❡s ❝♦✉❝❤❡s✳ ▲✬é✈♦❧✉t✐♦♥ s❛✐s♦♥♥✐èr❡ ❞❡ ❝❡tt❡ ❝♦rré❧❛t✐♦♥ s✉✐✈❛♥t ❧✬❛❧t✐t✉❞❡ ❛ ♠✐s
❡♥ é✈✐❞❡♥❝❡ ✉♥❡ ✈❛r✐❛❜✐❧✐té ✐♠♣♦rt❛♥t❡✳ ◆♦✉s ❛✈♦♥s ❛✐♥s✐ ♠♦♥tré q✉❡ ❧❡ ✈❡♥t ③♦♥❛❧
✈❡rs ❧✬♦✉❡st ❡st ❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❛✉ ♣r✐♥t❡♠♣s ❡t ❡♥ ❛✉t♦♠♥❡ ❞❛♥s ❧❡s
❜❛ss❡s ❝♦✉❝❤❡s ♠❛✐s ♥✬❛ ❛✉❝✉♥❡ ✐♥✢✉❡♥❝❡ ❡♥ été✳ ❉❛♥s ❧❛ ♣❛rt✐❡ s✉✐✈❛♥t❡✱ ♥♦✉s ❛✈♦♥s
♠♦♥tré q✉✬✉♥❡ ✐♠♣♦rt❛♥t❡ ✈❛r✐❛❜✐❧✐té s♣❛t✐❛❧❡ ❡①✐st❡ ❛✈❡❝ ✉♥ ❝♦♥tr❛st❡ t❡rr❡✲♠❡r très
♥❡t✳ P❛r ❡①❡♠♣❧❡✱ ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ❞✉ ✈❡♥t ❡st très ❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛
♠❡r t❛♥❞✐s q✉❡ s♦♥ ❡✛❡t ❡st ♥é❣❧✐❣❡❛❜❧❡ s✉r ❧❛ t❡rr❡✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❧✬❤✉♠✐❞✐té s♣é❝✐✲
✜q✉❡ ♣rés❡♥t❡ ✉♥❡ ❢♦rt❡ ❝♦rré❧❛t✐♦♥ ❛✈❡❝ ❧❛ ♣❧✉✐❡ s✉r ❧❡ ❝♦♥t✐♥❡♥t ♠❛✐s ♣❛s s✉r ❧❛ ♠❡r✳
▲✬ét✉❞❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té s❛✐s♦♥♥✐èr❡ ❞❡s ♠♦t✐❢s s♣❛t✐❛✉① ✐❞❡♥t✐✜és ❛ ♣❡r♠✐s ❞❡ ♠♦♥✲
tr❡r ✉♥ ❞é♣❧❛❝❡♠❡♥t ❞❡s ③♦♥❡s ❞❡ ❝♦rré❧❛t✐♦♥ ❢❛✈♦r❛❜❧❡s✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❛ ❈❆P❊
♣rés❡♥t❡ ✉♥❡ ✐♥✢✉❡♥❝❡ très ✐♠♣♦rt❛♥t❡ s✉r ❧❡ ❝♦♥t✐♥❡♥t ❞✉r❛♥t ❧❡ ♣r✐♥t❡♠♣s ❡t ❧✬été ❡t
s✉r ❧❛ ♠❡r ❡♥ ❛✉t♦♠♥❡ ❡t ❤✐✈❡r✳ ❋✐♥❛❧❡♠❡♥t✱ ♥♦✉s ❛✈♦♥s ❛♥❛❧②sé ❧✬✐♥✢✉❡♥❝❡ ❞✉ ❝②❝❧❡
❞✐✉r♥❡ s✉r ❧❛ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡s ✈❛r✐❛❜❧❡s ♠été♦r♦❧♦❣✐q✉❡s ❡t ❧❛ ♣❧✉✐❡✳ ▲❡s ❝②❝❧❡s
❧❡s ♣❧✉s ♠❛rq✉❛♥ts s♦♥t ❧✐és à ❧✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡ ❞✐s♣♦♥✐❜❧❡ ❡t ❛✉ ❝✐s❛✐❧❧❡♠❡♥t✳ ■❧

✶✺✷ ❈♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡ s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡



Pr♦❝❡ss✉s

❢❛✉t ❜✐❡♥ ♥♦t❡r ✐❝✐ q✉❡✱ ❜✐❡♥ q✉❡ ❧✬❛♥❛❧②s❡ ❞❡ ❝♦rré❧❛t✐♦♥ ♥♦✉s ❞♦♥♥❡ ❞❡s ✐♥❢♦r♠❛✲
t✐♦♥s ✐♥tér❡ss❛♥t❡s s✉r ❧✬✐♥✢✉❡♥❝❡ ❞❡s ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡s s✉r ❧❛
♣❧✉✐❡✱ s❡✉❧ ✉♥❡ ❛♥❛❧②s❡ ❞❡ ♣r♦❝❡ss✉s ♥♦✉s ♣❡r♠❡ttr❛ ❞❡ ❞é✜♥✐t✐✈❡♠❡♥t ❡①♣❧✐q✉❡r ❧❡s
♠é❝❛♥✐s♠❡s ♠été♦r♦❧♦❣✐q✉❡s ♠✐s ❡♥ ❥❡✉ ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳

◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ❝❤❡r❝❤é à ❞ét❡r♠✐♥❡r ❧✬✐♠♣❛❝t ❞❡ ❧✬♦r♦❣r❛♣❤✐❡ s✉r ❧❡s ♣ré✲
❝✐♣✐t❛t✐♦♥s✳ ◆♦✉s ❛✈♦♥s ♣✉ ♠♦♥tr❡r✱ ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ q✉❡ ❧❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r
❞❡ ♣❧✉✐❡ ❛✉❣♠❡♥t❡ ❧✐♥é❛✐r❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛❧t✐t✉❞❡ ❡♥ été✳ ❉✉r❛♥t ❧❡s ❛✉tr❡s
s❛✐s♦♥s✱ ❜✐❡♥ q✉✬✉♥❡ r❡❧❛t✐♦♥ ❡①✐st❡ ❡♥tr❡ ❧❛ ♣❧✉✐❡ ❡t ❧✬❛❧t✐t✉❞❡✱ ❡❧❧❡ ♥✬❡st ♣❛s ❛✉ss✐
♥❡tt❡ q✉✬❡♥ été✳ ▲✬❛♥❣❧❡ ❡♥tr❡ ❧❛ ♣❡♥t❡ ❞✉ r❡❧✐❡❢ ❡t ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
✐♥✢✉❡♥❝❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉✬❡♥tr❡ ❧✬❛✉t♦♠♥❡ ❡t
❧❡ ♣r✐♥t❡♠♣s✱ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s♦♥t ♠❛①✐♠❛❧❡s ❞❛♥s ❧❡ ❝❛s ♦ù ❡❧❧❡s s❡ ❞é♣❧❛❝❡♥t ❡♥
❞✐r❡❝t✐♦♥ ❞❡ ❧❛ ♣❡♥t❡ ♠❛①✐♠❛❧❡✳ ❊♥ été✱ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ♣❧✉s s✉r♣r❡♥❛♥t ♠♦♥tr❡
q✉❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s♦♥t ❧❡s ♣❧✉s ❢♦rt❡s q✉❛♥❞ ❡❧❧❡s s❡ ❞é♣❧❛❝❡♥t ❛✈❡❝ ✉♥ ❛♥❣❧❡ ❞❡
✼✵✲✽✵✝♣❛r r❛♣♣♦rt ❛✉ ❣r❛❞✐❡♥t ❞❡ ♣❡♥t❡ ♠❛①✐♠❛❧✳

❉❛♥s ❧❛ ❞❡r♥✐èr❡ s❡❝t✐♦♥✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ❡①♣❧✐q✉❡r ❧❡s ❞✐✛ér❡♥t❡s ❝❛r❛❝té✲
r✐st✐q✉❡s ♣❧✉✈✐♦♠étr✐q✉❡s ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳
◆♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡st ❧✐é à ❧❛ ❢♦✐s ❛✉ ❝②❝❧❡
❞✐✉r♥❡ ❞❡ ❧✬é♥❡r❣✐❡ ❝♦♥✈❡❝t✐✈❡ ❞✐s♣♦♥✐❜❧❡ ❡t ❞✉ ❝✐s❛✐❧❧❡♠❡♥t ✈❡rt✐❝❛❧ ❞✉ ✈❡♥t✳ ▲❛ ♠✐✲
❣r❛t✐♦♥ s❛✐s♦♥♥✐èr❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡st q✉❛♥t à ❡❧❧❡ ❧✐é❡ à ❧❛ ❈❆P❊✳ ◆♦✉s ❛✈♦♥s
é❣❛❧❡♠❡♥t ❝❤❡r❝❤é à ❞ét❡r♠✐♥❡r ❧❡s ♣r♦❝❡ss✉s r❡s♣♦♥s❛❜❧❡s ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲
❛♥♥✉❡❧❧❡ q✉✬♦♥ ❛✈❛✐t ♦❜s❡r✈é ❞❛♥s ❧❛ s❡❝t✐♦♥ ✸✳✶✳✸✳ P♦✉r ❝❡❧❛ ♥♦✉s ❛✈♦♥s t❡sté ❧❡s
✈❛r✐❛❜❧❡s ❛②❛♥t ♠♦♥tré ✉♥❡ ❝♦rré❧❛t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❛✈❡❝ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧❡s
s❡❝t✐♦♥s ♣ré❝é❞❡♥t❡s✳ ▲❡s rés✉❧t❛ts ♦♥t ♠♦♥tré q✉❡ ❝❡ s♦♥t ❧❡s ✈❛r✐❛❜❧❡s ❣r❛♥❞❡ é❝❤❡❧❧❡
t❡❧❧❡ ❧❛ ♣r❡ss✐♦♥ q✉✐ s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡
s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳ ❊♥✜♥ ♥♦✉s ❛✈✐♦♥s ❞ét❡❝té ❞❡s ♦s❝✐❧❧❛t✐♦♥s ❞❡
❣r❛♥❞❡s ♣ér✐♦❞✐❝✐tés ❞❛♥s ❧❡ s✐❣♥❛❧ ❞❡ ♣❧✉✐❡ q✉✐ ♣♦✉✈❛✐❡♥t êtr❡ ❛ss♦❝✐é❡s à ✉♥ tr❛✐♥
❞✬♦♥❞❡s ♣♦s✐t✐♦♥♥é s✉r ❧✬❊✉r♦♣❡ ❡t ❧✬♦✉❡st ❞❡ ❘✉ss✐❡✳ ▲✬❛♥❛❧②s❡ ❡♥ ♦♥❞❡❧❡tt❡s ❞✉ s✐✲
❣♥❛❧ ❞❡ ♣r❡ss✐♦♥ ❛ ♣❡r♠✐s ❞❡ ❝♦♥✜r♠❡r ❝❡tt❡ ❤②♣♦t❤ès❡ ❡♥ ♠♦♥tr❛♥t ❞❡s ♦s❝✐❧❧❛t✐♦♥s
s✐♠✐❧❛✐r❡s✳

❈❡tt❡ ♣❛rt✐❡ ❛ ♣❡r♠✐s ❞❡ ré♣♦♥❞r❡ ❡♥ ♣❛rt✐❡ à ♣❧✉s✐❡✉rs q✉❡st✐♦♥s s❝✐❡♥t✐✜q✉❡s
q✉❡ ♥♦✉s ❛✈✐♦♥s ♣♦sé ❞❛♥s ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❝❡tt❡ t❤ès❡✳ ◆♦t❛♠♠❡♥t✱ ♥♦✉s ❛✈♦♥s ♠✐s
❡♥ é✈✐❞❡♥❝❡ ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❛ss♦❝✐é❡s à ❧❛ ♣❧✉✐❡ ❡♥ ✉t✐❧✐s❛♥t ❧❡ t♦✉r❜✐❧❧♦♥
♣♦t❡♥t✐❡❧ ❝❡ q✉✐ ♥♦✉s ❛ ♣❡r♠✐s ❞❡ ❝♦♥s✐❞ér❡r à ❧❛ ❢♦✐s ❧✬❛s♣❡❝t ❞②♥❛♠✐q✉❡ ❡t t❤❡r♠♦✲
❞②♥❛♠✐q✉❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡✳ ◆♦✉s ❛✈♦♥s ✉t✐❧✐sé ✉♥❡ ❛♣♣r♦❝❤❡ ✐♥♥♦✈❛♥t❡ ❜❛sé❡ s✉r ❧❛
♠ét❤♦❞❡s ❞❡s ❛♥❛❧♦❣✉❡s ♣♦✉r ❞ét❡❝t❡r ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❛ss♦❝✐é❡s ❛✉① ♣ré✲
❝✐♣✐t❛t✐♦♥s✳ ▲✬✉♥ ❞❡s ❛✈❛♥t❛❣❡s ❞❡ ❝❡tt❡ ♠ét❤♦❞❡ ❡st q✉✬❡❧❧❡ ♥❡ ❞❡♠❛♥❞❡ ♣❛s ❞✬❛✈♦✐r
✉♥ ♥♦♠❜r❡ à ♣r✐♦r✐ ❞❡ ❣r♦✉♣❡s ❝♦♠♠❡ ❧❡s ♠ét❤♦❞❡s ❜❛sé❡s s✉r ❧❡s ❑✲♠❡❛♥s✳ ❉❡ ♣❧✉s
❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ s❝♦r❡ ♣❡r♠❡t ❞❡ ❝❧❛ss❡r ♦❜❥❡❝t✐✈❡♠❡♥t ❧❡s ❣r♦✉♣❡s✳ P❛r ❝♦♥tr❡ ♣♦✉r
♦❜t❡♥✐r ❞❡s rés✉❧t❛ts ♣❧✉s r♦❜✉st❡s ✐❧ s❡r❛ ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❢✉t✉r ❞❡ ❧✬❛♣♣❧✐q✉❡r s✉r
✉♥❡ sér✐❡ t❡♠♣♦r❡❧❧❡ ♣❧✉s ❧♦♥❣✉❡✳ ■❧ ❡st é❣❛❧❡♠❡♥t ♣♦ss✐❜❧❡ ❞❡ ♠♦❞✐✜❡r ❧❛ ❢❛ç♦♥ ❞♦♥t
♥♦✉s ❝❛❧❝✉❧♦♥s ❧❡ s❝♦r❡ ❞❡ ♠❛♥✐èr❡ à ♣r✐✈✐❧é❣✐❡r ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s ❛ss♦❝✐é❡s
❛✉① é✈é♥❡♠❡♥ts ❧❡s ♣❧✉s ❡①trê♠❡s ♦✉ ❝❡❧❧❡s q✉✐ ❞♦♥♥❡♥t s②sté♠❛t✐q✉❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡✳
▲✬❛♥❛❧②s❡ ❞❡s ❝♦rré❧❛t✐♦♥s ❧♦❝❛❧❡s ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s ✈❛r✐❛❜❧❡s ♠été♦r♦❧♦❣✐q✉❡s ❡t
❧❛ ♣❧✉✐❡ ❛ ♣❡r♠✐s ❞❡ ré✈é❧❡r st❛t✐st✐q✉❡♠❡♥t ❧❡s ♣r♦❝❡ss✉s ❛ss♦❝✐és ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s
s✉r ❧❛ ③♦♥❡✳ ◆é❛♥♠♦✐♥s✱ ✐❧ r❡st❡ à ❛♥❛❧②s❡r ❝❡rt❛✐♥s rés✉❧t❛ts ❡t ❡♥ ♣❛rt✐❡ ❝❡✉① q✉✐
❞é♣❡♥❞❡♥t ❞✉ ❝②❝❧❡ ❞✐✉r♥❡✳ ❉❡ ♣❧✉s✱ ❝♦♠♠❡ ♣♦✉r ❧❛ s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡✱ ❧✬❛♥❛❧②s❡
❞❡ ❝♦rré❧❛t✐♦♥ s❡r❛ ♣❧✉s r♦❜✉st❡ ❛✉ ❢✉r ❡t à ♠❡s✉r❡ q✉❡ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❞❡✈✐❡♥❞r❛

❈♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡ s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ✶✺✸



Pr♦❝❡ss✉s

♣❧✉s ❧♦♥❣✉❡ ❜✐❡♥ q✉❡ ❧❡s rés✉❧t❛ts ♣rés❡♥tés s♦✐❡♥t ❞é❥à s✐❣♥✐✜❝❛t✐❢s✳ ❊♥✜♥✱ ♥♦✉s ❛✈♦♥s
♣✉ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡ ❧✐❡♥ ❡♥tr❡ ❧❛ t♦♣♦❣r❛♣❤✐❡ ❡t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ❢♦♥❝t✐♦♥ ❞✉
♠♦✐s✳ ▲❡ ❢❛✐t q✉❡ ❝❡tt❡ r❡❧❛t✐♦♥ é✈♦❧✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♠♦✐s ♠♦♥tr❡ q✉❡ ❧❡s ♣r♦❝❡ss✉s
❛ss♦❝✐és ❝❤❛♥❣❡♥t ❞✉r❛♥t ❧✬❛♥♥é❡✳

❉❛♥s ❧❡s ♣❡rs♣❡❝t✐✈❡s ❞❡ ❝❡tt❡ ♣❛rt✐❡✱ ✐❧ s❡r❛ ✐♥tér❡ss❛♥t ❞✬✉t✐❧✐s❡r ❧❡s ❞♦♥♥é❡s
❞✉ rés❡❛✉ r❛❞❛r ❆❘❆▼■❙ ♣♦✉r ❛♥❛❧②s❡r ❧❡s ♣r♦❝❡ss✉s s✉r ✉♥❡ ♣❧✉s ❧❛r❣❡ ré❣✐♦♥ ❡t
♥♦t❛♠♠❡♥t ét✉❞✐❡r ❧✬✐♠♣❛❝t ❞✉ ❝❧✐♠❛t ✭♠é❞✐t❡rr❛♥é❡♥✱ ❛t❧❛♥t✐q✉❡✱ ✳✳✳✮ s✉r ❝❡✉①✲❝✐✳
❯♥❡ ❛✉tr❡ ♣❡rs♣❡❝t✐✈❡ ❡st ❞✬✉t✐❧✐s❡r ❞✬❛✉tr❡s ✈❛r✐❛❜❧❡s q✉✐ ♣♦✉rr❛✐❡♥t ❛✈♦✐r ✉♥ ❡✛❡t
st❛t✐st✐q✉❡ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ✭♣❛r ❡①❡♠♣❧❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡ ❇r✉♥t✲❱ä✐sä❧ä✮✳ ❊♥✲
✜♥✱ ✐❧ ❢❛✉❞r❛ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧✬❡✛❡t ❞❡ ❧❛ t♦♣♦❣r❛♣❤✐❡ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡t
♥♦t❛♠♠❡♥t ❡①♣❧✐q✉❡r ❧❡ ❧✐❡♥ ❡♥tr❡ ❧✬❛♥❣❧❡ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❡t ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞❡ ❧❛
♣❡♥t❡ ❞✉ r❡❧✐❡❢✳ ■❧ ❢❛✉t ♥♦t❡r q✉❡ ❞❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ♥♦✉s ❛✈♦♥s ♣✉ ét✉❞✐❡r ❧✬❡♥s❡♠❜❧❡
❞❡s ♣r♦❝❡ss✉s ❞❡ s♦✉❧è✈❡♠❡♥t à ❧✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s q✉✬♦♥ ❛✈❛✐t ❧✐sté ❞❛♥s ❧❡
❝❤❛♣✐tr❡ ✶ à ❧✬❡①❝❡♣t✐♦♥ ❞✉ s♦✉❧è✈❡♠❡♥t ❧✐é à ❧❛ ♣rés❡♥❝❡ ❞❡ ❝♦❧❞ ♣♦♦❧✳ P♦✉r ❝❛r❛❝té✲
r✐s❡r ❝❡ ♣❤é♥♦♠è♥❡✱ ✉♥❡ ét✉❞❡ s✉r ❧❛ ✈❛r✐❛❜✐❧✐té très ✜♥❡ é❝❤❡❧❧❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡
❞❡ s✉r❢❛❝❡ ♣♦✉rr❛ êtr❡ ♠❡♥é❡✳

✶✺✹ ❈♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡ s✉r ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡



❈❤❛♣✐tr❡ ✻

Pré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s

♣ré❝✐♣✐t❛t✐♦♥s

❆
♣rès ❛✈♦✐r ❝❛r❛❝tér✐sé ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣✉✐s ✐❞❡♥t✐✜é ❧❡s ♣r♦❝❡ss✉s ❢❛✈♦✲
r❛❜❧❡s à ❧❛ ♣❧✉✐❡ ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❛t✲

t❛❝❤és à ❞é✈❡❧♦♣♣❡r ✉♥❡ ♠ét❤♦❞❡ ♣❡r♠❡tt❛♥t ❞❡ ♣ré✈♦✐r ❧❡ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡ ❝❡s ♣ré✲
❝✐♣✐t❛t✐♦♥s✳ ◆♦✉s ♣r♦♣♦s♦♥s ✉♥❡ ♥♦✉✈❡❧❧❡ ❛♣♣r♦❝❤❡ s✬❛♣♣✉②❛♥t s✉r ❧❛ ♠❡s✉r❡ r❛❞❛r
❉♦♣♣❧❡r ❡t ♣❡r♠❡tt❛♥t ❞✬❛♥t✐❝✐♣❡r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❡t ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐✲
t❛t✐♦♥s✳

■♥tr♦❞✉❝t✐♦♥

▲❡s t♦✉t❡s ♣r❡♠✐èr❡s ♠ét❤♦❞❡s ❞❡ ♣ré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
♦♥t été ♠✐s❡s ❡♥ ÷✉✈r❡ ❛✉ ❞é❜✉t ❞❡s ❛♥♥é❡s ✻✵ ❡♥ ♣❛r❛❧❧è❧❡ ❛✈❡❝ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t
❞❡s r❛❞❛rs ♠été♦r♦❧♦❣✐q✉❡s✳ ❈❡s ♠ét❤♦❞❡s s♦♥t ❜❛sé❡s s✉r ❧❡ ❝❛❧❝✉❧ ❞✬✉♥ ✈❡❝t❡✉r ❞❡
❞é♣❧❛❝❡♠❡♥t ❞ét❡r♠✐♥é ❞❡ ♠❛♥✐èr❡ à ♦❜t❡♥✐r ✉♥❡ ❝♦rré❧❛t✐♦♥ s♣❛t✐❛❧❡ ♠❛①✐♠❛❧❡ ❡♥tr❡
❞❡✉① ✐♠❛❣❡s r❛❞❛r s✉❝❝❡ss✐✈❡s ✶✳ ❈❡ ✈❡❝t❡✉r ❞é♣❧❛❝❡♠❡♥t ♣❡r♠❡t ❡♥s✉✐t❡ ❞✬❡①tr❛♣♦❧❡r
❧✬é❝❤♦ r❛❞❛r ✭✈♦✐r ❍✐❧st ❡t ❘✉ss♦✱ ✶✾✻✵❀ ◆♦❡❧ ❡t ❋❧❡✐s❤❡r ✱ ✶✾✻✵✮✳ ❈❡tt❡ ❢❛♠✐❧❧❡ ❞❡
♠ét❤♦❞❡ ✭❞✐t❡ ❞✬❛r❡❛ tr❛❝❦✐♥❣✮ ❛ ♣❛r ❧❛ s✉✐t❡ été r❛✣♥é❡ ♣♦✉r ♣♦✉✈♦✐r ❞ét❡r♠✐♥❡r
❞❡s ♠♦✉✈❡♠❡♥ts ❞✐✛ér❡♥t✐❡❧s s✉r ❧❛ ③♦♥❡ r❛❞❛r ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ❚❘❊❈ ✭❘✐♥❡❤❛rt ❡t
●❛r✈❡② ✱ ✶✾✼✽❀ ❚✉tt❧❡ ❡t ❇r❛♥t ❋♦♦t❡✱ ✶✾✾✵✮✱ ❈❖❚❘❊❈ ✭▲✐ ❡t ❛❧✳✱ ✶✾✾✺✮✱ ●r♦✇t❤ ❛♥❞
❉❡❝❛② ❚r❛❝❦❡r ✭❲♦❧❢s♦♥ ❡t ❛❧✳✱ ✶✾✾✾✮✱ ❈❊▲▲❚❘❆❈❑ ✭❑②③♥❛r♦✈á ❡t ◆♦✈á❦ ✱ ✷✵✵✾✮✱
❚❘❆❈❊❘ ✭❍♦♥❣♣✐♥❣ ❡t ❛❧✳✱ ✷✵✵✽✮✱ ❙✲P❘❖● ✭❙❡❡❞ ✱ ✷✵✵✸✮✮✳

❉✬❛✉tr❡s tr❛✈❛✉① s❡ s♦♥t ❞é✈❡❧♦♣♣és ✉♥ ♣❡✉ ♣❧✉s t❛r❞ ❛✈❡❝ ✉♥❡ ❛♣♣r♦❝❤❡ ❞✐✛ér❡♥t❡
q✉✐ ❝♦♥s✐st❡ à ❞ét❡❝t❡r ❧❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡ ✐♥❞✐✈✐❞✉❡❧❧❡s ♣✉✐s ❡①tr❛♣♦❧❡r ❧❡✉rs ❞é♣❧❛✲
❝❡♠❡♥ts ♠❛✐s ❛✉ss✐ ❧❡✉rs ❛♠♣❧✐✜❝❛t✐♦♥s ♦✉ ❞é❝r♦✐ss❛♥❝❡s ✭♠ét❤♦❞❡ ❞❡ ❝❡❧❧ tr❛❝❦✐♥❣✮✳
▲❛ ♠ét❤♦❞❡ ❞❡ ❝❡❧❧ tr❛❝❦✐♥❣ s✬❛♣♣✉✐❡ ❤❛❜✐t✉❡❧❧❡♠❡♥t s✉r ❧❡ s❡✉✐❧❧❛❣❡ ❞✉ ❝❤❛♠♣ ❞❡ ré✲
✢❡❝t✐✈✐té ♣♦✉r ✐❞❡♥t✐✜❡r ❧❡s ❝❡❧❧✉❧❡s ♣✉✐s s✉r ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ❝♦ût ✭❛✈❡❝
❞❡s ❝r✐tèr❡s t❡❧s q✉❡ ❧❛ ♠✐♥✐♠✐s❛t✐♦♥ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❞✬✉♥❡ ❝❡❧❧✉❧❡ ♦✉ ❞✉ ❝❤❛♥❣❡♠❡♥t
❞❡ s❛ t❛✐❧❧❡ ♦✉ ❡♥❝♦r❡ ❧❛ ♠❛①✐♠✐s❛t✐♦♥ ❞❡ s❛ ❞✉ré❡ ❞❡ ✈✐❡✮ ✭♣❛r ❡①❡♠♣❧❡ ❙❈■❚ ✭❏♦❤♥✲
s♦♥ ❡t ❛❧✳✱ ✶✾✾✽✮✱ ❚❘❆❈❊✸❉ ✭❍❛♥❞✇❡r❦❡r ✱ ✷✵✵✷✮✱ ▼❘❚ ✭❈♦① ❡t ❍✐♥❣♦r❛♥✐ ✱ ✶✾✾✻✮✱
▼❆P▲❊ ✭●❡r♠❛♥♥ ❡t ❩❛✇❛❞③❦✐ ✱ ✷✵✵✷✮✱ ❉❇❙❈❆◆ ✭▼❛tt❤❡✇s ❡t ❚r♦st❡❧ ✱ ✷✵✶✵✮✮✳
❈❡rt❛✐♥❡s ♠ét❤♦❞❡s ❞✐t❡s ❞❡ s✉♣❡r♣♦s✐t✐♦♥ ✭s✐ ❞❡✉① ③♦♥❡s ❞❡ ré✢❡❝t✐✈✐té ❢♦rt❡s s❡
s✉♣❡r♣♦s❡♥t s✉r ❞❡✉① ✐♠❛❣❡s ❝♦♥sé❝✉t✐✈❡s ❛❧♦rs ❡❧❧❡s s♦♥t s✉♣♣♦sé❡s ❛♣♣❛rt❡♥✐r à ❧❛

✶✳ ❈❡tt❡ ♠ét❤♦❞❡ ❡st t♦✉t à ❢❛✐t ✐❞❡♥t✐q✉❡ à ❝❡❧❧❡ ✉t✐❧✐sé❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✸✳✷



Pré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

♠ê♠❡ ❝❡❧❧✉❧❡ ❞❡ ♣❧✉✐❡✮ s♦♥t é❣❛❧❡♠❡♥t ✉t✐❧✐sé❡s ✭✈♦✐r ❈❜❚❘❆▼ ✭❩✐♥♥❡r ❡t ❛❧✳✱ ✷✵✵✽✮✱
❖❱ ✭▼♦r❡❧ ❡t ❛❧✳✱ ✶✾✾✼✮✮✳

❉✬❛✉tr❡s ♠ét❤♦❞❡s t❡♥t❡♥t ❞❡ ❝♦♠❜✐♥❡r ❧❡s ❞❡✉① ❛♣♣r♦❝❤❡s ✭♣❛r ❡①❡♠♣❧❡ ❚■❚❆◆
✭❉✐①♦♥ ❡t ❲✐❡♥❡r ✱ ✶✾✾✸✮✱ ❚❘❚ ✭❍❡r✐♥❣ ❡t ❛❧✳✱ ✷✵✵✹✮✱ ❈❜❚❘❆▼ ✭❩✐♥♥❡r ❡t ❛❧✳✱ ✷✵✵✽✮✱
❘❛❞❚r❛♠ ✭❑♦❜❡r ❡t ❚❛✛❡r♥❡r ✱ ✷✵✵✾✮ ❊❚■❚❆◆ ✭❍❛♥ ❡t ❛❧✳✱ ✷✵✵✾✮✱ ❈❆❘❉❙ ✭P❛tr✐❝❦
❡t ▼❝❈❛rt❤② ✱ ✷✵✵✽✮✱ ❈❊▲▲❚❘❆❈❑ ✭❑②③♥❛r♦✈á ❡t ◆♦✈á❦ ✱ ✷✵✵✾✮✮✳

❊♥✜♥✱ ❝❡rt❛✐♥❡s ♣r♦❝é❞✉r❡s ✐♥♥♦✈❛♥t❡s ❝❤❡r❝❤❡♥t à ❝♦♠❜✐♥❡r ♣❧✉s✐❡✉rs t②♣❡s ❞❡
❞♦♥♥é❡s ✭ré✢❡❝t✐✈✐té✱ é❝❧❛✐rs ✳✳✳✮ ❡♥ ✉t✐❧✐s❛♥t ❞❡s ❛❧❣♦r✐t❤♠❡s ❞❡ t②♣❡ ❧♦❣✐q✉❡ ✢♦✉❡
✭❛r❜r❡ ❞❡ ❞é❝✐s✐♦♥✮ ♦✉ ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❛ ✈✐t❡ss❡ ❉♦♣♣❧❡r ♣♦✉r r❛✣♥❡r ❧❡s
rés✉❧t❛ts ♦❜t❡♥✉s ♣❛r ❧❡s ❛❧❣♦r✐t❤♠❡s ❞é❝r✐ts ♣ré❝é❞❡♠♠❡♥t ✭❆◆❈ ✭▼✉❡❧❧❡r ❡t ❛❧✳✱
✷✵✵✸✮ ❡t ✭❘✐❣♦ ❡t ❛❧✳✱ ✷✵✶✵✮✮ ✷✳

▲❡s ♠ét❤♦❞❡s ❞❡ ❝❡❧❧ tr❛❝❦✐♥❣ ❡t ❞✬❛r❡❛ tr❛❝❦✐♥❣ ♦♥t ❧❡✉rs ❛✈❛♥t❛❣❡s ❡t ✐♥❝♦♥✈é✲
♥✐❡♥ts✳ ▲❡s ♠ét❤♦❞❡s ❞✬❛r❡❛ tr❛❝❦✐♥❣ t❡♥❞❡♥t à ❞♦♥♥❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s ♣❧✉s ♣ré❝✐s❡s
s✉r ❧❛ ✈✐t❡ss❡ ❡t ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❧❛r❣❡s ③♦♥❡s ❞❡ ré✢❡❝t✐✈✐té ❡t ❝❡ ♣♦✉r t♦✉t❡s ❧❡s é❝❤❡❧❧❡s
♠❛✐s ♥❡ s♦♥t ♣❛s ❝❛♣❛❜❧❡s ❞✬✐❞❡♥t✐✜❡r ❞❡s ❝❡❧❧✉❧❡s ✐♥❞✐✈✐❞✉❡❧❧❡s✳ ▲❡s ♠ét❤♦❞❡s ❞❡ ❝❡❧❧
tr❛❝❦✐♥❣ ♣❡r♠❡tt❡♥t ❞❡ s✉✐✈r❡ ❞❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡ ✐♥❞✐✈✐❞✉❡❧❧❡s ❝❡ q✉✐ ❡st ♣❛rt✐❝✉❧✐è✲
r❡♠❡♥t ✐♥tér❡ss❛♥t q✉❛♥❞ ❝❡s ❝❡❧❧✉❧❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ♥❡ s❡ ❞é♣❧❛❝❡♥t ♣❛s ❞❛♥s ❧❡ ♠ê♠❡
s❡♥s q✉❡ ❧❡ r❡st❡ ❞✉ s②stè♠❡ ♣ré❝✐♣✐t❛♥t ✭t②♣✐q✉❡♠❡♥t ❧❡ ❝❛s ❞✬✉♥❡ s✉♣❡r ❝❡❧❧✉❧❡ ♦r❛✲
❣❡✉s❡✮ ♠❛✐s ♥❡ ♠❡tt❡♥t ❡♥ é✈✐❞❡♥❝❡ q✉❡ ❧❡s ♠♦✉✈❡♠❡♥ts ❞❡ ♣❡t✐t❡s é❝❤❡❧❧❡s ❡t ♥♦♥
❧❡ ❞é♣❧❛❝❡♠❡♥t ❣❧♦❜❛❧ s✉r ❧❛ ③♦♥❡ r❛❞❛r✳ ❉❡ ♣❧✉s✱ ❧❡s ♠ét❤♦❞❡s ❞❡ ❝❡❧❧ tr❛❝❦✐♥❣ s♦♥t
♣❧✉s ❝♦♠♣❧❡①❡s q✉❡ ❧❡s ♠ét❤♦❞❡s ❞✬❛r❡❛ tr❛❝❦✐♥❣ ❝❛r ❡❧❧❡s ♥é❝❡ss✐t❡♥t ❞✬êtr❡ ❝❛♣❛❜❧❡s
❞❡ ❣ér❡r ❧❡s ❝❛s ❞❡ ❞✐ss✐♣❛t✐♦♥✱ ♥❛✐ss❛♥❝❡✱ ❞✐✈✐s✐♦♥ ❡t ❢✉s✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ✐♥❞✐✈✐❞✉❡❧❧❡s
❞❡ ♣❧✉✐❡✳

P❧✉s ré❝❡♠♠❡♥t✱ ❣râ❝❡ à ❧✬❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❧❛ ♣✉✐ss❛♥❝❡ ❞❡ ❝❛❧❝✉❧ ♥✉♠ér✐q✉❡ ✐❧ ❛
été ♣♦ss✐❜❧❡ ❞✬✉t✐❧✐s❡r ❞❡s ♠♦❞è❧❡s ♥✉♠ér✐q✉❡s à très ✜♥❡ é❝❤❡❧❧❡ ♣♦✉r t❡♥t❡r ❞✬❛♠é✲
❧✐♦r❡r ❧❛ ♣ré✈✐s✐♦♥ ✭❈❖❙▼❖✷ P❛♥③✐❡r❛ ❡t ❛❧✳ ✭✷✵✶✶✮ ❡t ▼❛♥❞❛♣❛❦❛ ❡t ❛❧✳ ✭✷✵✶✷❜✮✮✳
❚♦✉t❡❢♦✐s✱ ❧❡s ♠♦❞è❧❡s ♥✉♠ér✐q✉❡s ♥❡ ❞❡✈✐❡♥♥❡♥t ♠❡✐❧❧❡✉rs q✉❡ ❧❡s ❛♣♣r♦❝❤❡s ❞❡ t②♣❡
❡①tr❛♣♦❧❛t✐♦♥ ✉♥✐q✉❡♠❡♥t ♣♦✉r ❞❡s ♣ré✈✐s✐♦♥s ❛✉① é❝❤é❛♥❝❡s s✉♣ér✐❡✉r❡s à ✸✲✹❤ ✭▲✐♥
❡t ❛❧✳✱ ✷✵✵✺❀ P❛♥③✐❡r❛ ❡t ❛❧✳✱ ✷✵✶✶❀ ❱❛s✐➣ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❈✬❡st ♣♦✉rq✉♦✐ ❝❡rt❛✐♥❡s ❛♣✲
♣r♦❝❤❡s t❡♥t❡♥t ❞❡ ❝♦♠❜✐♥❡r ❧❡s ♠ét❤♦❞❡s ❞✬❡①tr❛♣♦❧❛t✐♦♥s ❝❧❛ss✐q✉❡s ❛✈❡❝ ❧✬✉t✐❧✐s❛✲
t✐♦♥ ❞❡ ♠♦❞è❧❡s ✜♥❡s é❝❤❡❧❧❡s ♣♦✉r ♦♣t✐♠✐s❡r ❧❛ ♣ré✈✐s✐♦♥ ✭◆✐♠r♦❞ ✭●♦❧❞✐♥❣ ✱ ✶✾✾✽✮✱
●❛♥❞♦❧❢ ✭P✐❡r❝❡ ❡t ❛❧✳✱ ✷✵✵✵✮✮✳ ❊♥✜♥✱ ❞❡s ❞✐③❛✐♥❡s ❞✬❛✉tr❡s ❛♣♣r♦❝❤❡s ❡①✐st❡♥t ❜❛sé❡s
♣❛r ❡①❡♠♣❧❡ s✉r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ rés❡❛✉ ❞❡ ♥❡✉r♦♥❡s ✭❋r❡♥❝❤✱ ✶✾✾✷✮ ♦✉ s✉r ❧✬✉t✐❧✐s❛t✐♦♥
❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡s ❛♥❛❧♦❣✉❡s ✭◆❖❘❆ ✭P❛♥③✐❡r❛ ❡t ❛❧✳✱ ✷✵✶✶✮✮✳

▲❡s r❛❞❛rs ❛✉ s♦❧ s♦♥t ❧❡s ✐♥str✉♠❡♥ts ❤❛❜✐t✉❡❧❧❡♠❡♥t ✉t✐❧✐sés ♣♦✉r ♠❡ttr❡ ❡♥
÷✉✈r❡ ❧❡s ❛❧❣♦r✐t❤♠❡s ❞❡ ♣ré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ❊♥ ❡✛❡t✱ ❧❡
r❛❞❛r ♣❡r♠❡t ❞❡ ❝♦✉✈r✐r ✉♥❡ ✈❛st❡ ③♦♥❡ ❞✉ t❡rr✐t♦✐r❡ ❛✈❡❝ ✉♥❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❡t
t❡♠♣♦r❡❧❧❡ très ✜♥❡ t♦✉t à ❢❛✐t ❛❞❛♣té❡ à ❧✬♦❜s❡r✈❛t✐♦♥ ❡t à ❧❛ ♣ré✈✐s✐♦♥ ❞❡s ❝❡❧❧✉❧❡s
❞❡ ♣❧✉✐❡✳ ❉❡ ♣❧✉s✱ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ ❉♦♣♣❧❡r ❛ ♣❡r♠✐s ❞✬♦❜t❡♥✐r ❞❡s ✐♥❢♦r♠❛t✐♦♥s
s✉r ❧❡ ✈❡♥t q✉✐ ♣❡r♠❡tt❡♥t ❞❡ ♠✐❡✉① ❝♦♥♥❛îtr❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ♦r❛❣❡✉s❡s✳ ❈❡✲
♣❡♥❞❛♥t✱ ✐❧ ❡st é❣❛❧❡♠❡♥t ♣♦ss✐❜❧❡ ❞✬✉t✐❧✐s❡r ❞❡s ✐♥str✉♠❡♥ts ❡♠❜❛rq✉és s✉r s❛t❡❧❧✐t❡s
♣♦✉r ❢❛✐r❡ ❞❡ ❧❛ ♣ré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❞❡s ♣❤é♥♦♠è♥❡s
❞❡ très ❣r❛♥❞❡ ❛♠♣❧❡✉r t❡❧s q✉❡ ❧❡s s②stè♠❡s ❝♦♥✈❡❝t✐❢s tr♦♣✐❝❛✉① ❞❡ ♠és♦✲é❝❤❡❧❧❡
✭❚❖❖❈❆◆ ✭❝❛♥❛❧ ✐♥❢r❛r♦✉❣❡ ▼❡t❡♦s❛t✮ ❋✐♦❧❧❡❛✉ ❡t ❘♦❝❛ ✭✷✵✵✾✮✮✳

✷✳ ❈❡rt❛✐♥❡s ❛♣♣r♦❝❤❡s ❝✐té❡s ❞❛♥s ❝❡ ♣❛r❛❣r❛♣❤❡ ♥✬♦♥t ❥✉sq✉✬à ♠❛✐♥t❡♥❛♥t été ❛♣♣❧✐q✉é❡s q✉✬❛✉
tr❛❝❦✐♥❣ ♠❛✐s ❡❧❧❡s s♦♥t é✈✐❞❡♠♠❡♥t t♦✉t❡s ❛♣♣❧✐❝❛❜❧❡s à ❧❛ ♣ré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐✲
t❛t✐♦♥s✳

✶✺✻



Pré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

❉❛♥s ❧❛ ❧✐ttér❛t✉r❡✱ ❧❛ ♣ré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡✱ s♦✉✈❡♥t
❛♣♣❡❧é❡ ♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡ ✭♥♦✇❝❛st✐♥❣✮✱ ❡st ❞é✜♥✐❡ ❝♦♠♠❡ ❧❛ ♣ré✈✐s✐♦♥ ❞❡ ❧✬é✈♦✲
❧✉t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡ ♣♦✉r ❞❡s é❝❤é❛♥❝❡s ❛❧❧❛♥t ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ♠✐♥✉t❡s
à q✉❡❧q✉❡s ❤❡✉r❡s ✭< ✻ ❤✮✳ ❋✐♥❛❧❡♠❡♥t✱ ❧✬✐♥térêt ❞❡ ❧❛ ♣ré✈✐s✐♦♥ à ❝♦✉rt t❡r♠❡ ❡st
é✈✐❞❡♥t ❞❛♥s ❧❡ ❝❛s ❞❡ r✐sq✉❡ ❞✬♦r❛❣❡s ✈✐♦❧❡♥ts ♦✉ ❞✬✐♥♦♥❞❛t✐♦♥s s♦✉❞❛✐♥❡s ♣✉✐sq✉✬❡❧❧❡
♣❡r♠❡t ❞✬❛❧❡rt❡r ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ❞❛♥❣❡rs ✐♠♠✐♥❡♥ts✳ ❖♥ ♣❡✉t ♣❡♥s❡r ❛✉① r❛♥❞♦♥✲
♥❡✉rs ❡♥ ♠♦♥t❛❣♥❡ ♦✉ ❛✉① t❡❝❤♥✐❝✐❡♥s q✉✐ tr❛✈❛✐❧❧❡♥t ❞❛♥s ❧❡s é❣♦✉ts ❡t ♣❡✉✈❡♥t êtr❡
s✉r♣r✐s ♣❛r ✉♥❡ ❜r✉sq✉❡ ♠♦♥té❡ ❞❡s ❡❛✉①✳

❈✬❡st ❞❛♥s ❝❡ ❝♦♥t❡①t❡ q✉❡ ❧❡ ❞❡r♥✐❡r ❝❤❛♣✐tr❡ ❞❡ ❝❡tt❡ t❤ès❡ ♣rés❡♥t❡ ✉♥❡ ♠é✲
t❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ▲❡ ❜❡s♦✐♥ ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t
❞✬✉♥❡ t❡❧❧❡ ♠ét❤♦❞❡ ♣r♦✈✐❡♥t ❞❡s ♦❜s❡r✈❛t✐♦♥s ré❛❧✐sé❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡
❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❡s ❝♦♥❝❧✉s✐♦♥s ❞✉ ❝❤❛♣✐tr❡ s✉r ❧❡s ♣r♦❝❡ss✉s✳ ❊♥ ❡✛❡t✱ ❝❡ ❝❤❛♣✐tr❡
❛ ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s♦♥t ✐♠♣❛❝té❡s ♣❛r ❞❡s ✈❛r✐❛❜❧❡s ❣r❛♥❞❡
é❝❤❡❧❧❡ ♠❛✐s é❣❛❧❡♠❡♥t ♣❛r ❞❡s ✈❛r✐❛❜❧❡s ❧♦❝❛❧❡s✳ ■❧ ❛ ♥♦t❛♠♠❡♥t été ♠✐s ❡♥ é✈✐✲
❞❡♥❝❡ q✉❡ ❧❛ ❈❆P❊ ❡t ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ✈❡rt✐❝❛❧ ✐♠♣❛❝t❡♥t ❢♦rt❡♠❡♥t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s
❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳ ❈✬❡st ♣♦✉rq✉♦✐ ✐❧ ❡st ❛♣♣❛r✉ ✐♥tér❡ss❛♥t ❞❡
❞é✈❡❧♦♣♣❡r ✉♥❡ ♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❝❡s ♣❛r❛♠ètr❡s✳ ❉❡ ♣❧✉s✱
❧❛ ♥é❝❡ss✐té ❞❡ ♠❡ttr❡ ❡♥ ÷✉✈r❡ ♦♣ér❛t✐♦♥♥❡❧❧❡♠♠❡♥t ❝❡t ❛❧❣♦r✐t❤♠❡ ♣❛r ❧❡ r❛❞❛r
❍②❞r✐① s❡✉❧ ❛ ❛❥♦✉té ❞❡s ❝♦♥tr❛✐♥t❡s s✉♣♣❧é♠❡♥t❛✐r❡s✳

❉❛♥s ❧❛ ♣r❡♠✐èr❡ ♣❛rt✐❡✱ ♥♦✉s ♣rés❡♥t❡r♦♥s ❧❡ ♣r✐♥❝✐♣❡ ❞❡ ❧❛ ♠ét❤♦❞❡ ♣r♦♣♦sé❡
♣✉✐s ♥♦✉s t❡st❡r♦♥s ❝❡❧❧❡✲❝✐ s✉r ✉♥❡ s✐♠✉❧❛t✐♦♥ à très ✜♥❡ rés♦❧✉t✐♦♥ ❞✬✉♥ é✈é♥❡♠❡♥t
❝♦♥✈❡❝t✐❢ ❛②❛♥t ❡✉ ❧✐❡✉ ❛✉ s✉❞ ❞❡s ❈é✈❡♥♥❡s ❡♥ ♦❝t♦❜r❡ ✷✵✵✽✳

✻✳✶ ❏✉st✐✜❝❛t✐♦♥ ❡t ♣r✐♥❝✐♣❡ ❞❡ ❧❛ ♠ét❤♦❞❡

▲❛ ♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡ ♣rés❡♥té❡ ❞❛♥s ❝❡tt❡ t❤ès❡ ❛ été ✐♠❛❣✐♥é❡
♣❛r ❨✈♦♥ ▲❡♠❛îtr❡ ❡t s❡ ❜❛s❡ s✉r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❡t
❞❡ ❧❛ ❝❛♣❛❝✐té ❉♦♣♣❧❡r ❞✬✉♥ r❛❞❛r ♠été♦r♦❧♦❣✐q✉❡✳ ▲❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❡st ✉♥ ❜♦♥
tr❛❝❡✉r ❞❡s ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s ❞❡ ♣❧✉✐❡✳ ❊♥ ❡✛❡t✱ ✉♥❡ ❝❡❧❧✉❧❡ ❝♦♥✈❡❝t✐✈❡ ❝♦rr❡s♣♦♥❞
à ✉♥❡ ❝♦♥✈❡r❣❡♥❝❡ ❡♥ ❜❛ss❡ ❝♦✉❝❤❡ q✉✐ ❝ré❡ ✉♥ ♠❛①✐♠✉♠ ❞❡ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❡t ✉♥❡
❞✐✈❡r❣❡♥❝❡ ❛✉ s♦♠♠❡t ❞❡ ❧❛ ❝❡❧❧✉❧❡✳ ▲✬✐❞é❡ ❡st ❞♦♥❝ q✉❡ ♣♦✉r ♣ré✈♦✐r ❧✬é✈♦❧✉t✐♦♥
❞✬✉♥❡ ❝❡❧❧✉❧❡ ❞❡ ♣❧✉✐❡✱ ✐❧ ❢❛✉t ❝♦♥♥❛îtr❡ ❧✬é✈♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡✳
❉❡✉① ❛s♣❡❝ts ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞✬✉♥❡ ❝❡❧❧✉❧❡ ❞❡ ♣❧✉✐❡ ❞♦✐✈❡♥t êtr❡ ♣r✐s ❡♥ ❝♦♠♣t❡ ✿
❧✬❛♠♣❧✐✜❝❛t✐♦♥ ✭♦✉ ❧❛ ❞✐♠✐♥✉t✐♦♥✮ ❞❡ ❧✬✐♥t❡♥s✐té ❡t ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡ ❧❛ ❝❡❧❧✉❧❡✳ ❈❡s
❞❡✉① ❛s♣❡❝ts ♣❡✉✈❡♥t êtr❡ ❞✐❛❣♥♦st✐q✉és ♣❛r ❧✬❛❝❝é❧ér❛t✐♦♥ ✈❡rt✐❝❛❧❡✳ ❖♥ ❛ ✐❧❧✉stré
s❝❤é♠❛t✐q✉❡♠❡♥t ❝❡tt❡ ✐❞é❡ s✉r ❧❛ ✜❣✉r❡ ✻✳✶✳

❙✉r ❧❛ ✜❣✉r❡ ❞❡ ❣❛✉❝❤❡ ❡st s❝❤é♠❛t✐sé❡ ✉♥❡ ❝❡❧❧✉❧❡ ❝♦♥✈❡❝t✐✈❡ q✉✐ ♣♦ssè❞❡ ✉♥❡
✈✐t❡ss❡ ❛s❝❡♥❞❛♥t❡ w ❡t q✉✐ ❡st ❝❛r❛❝tér✐sé❡ à ✉♥ ✐♥st❛♥t t ♣❛r ✉♥❡ ❛❝❝é❧ér❛t✐♦♥
✈❡rt✐❝❛❧❡ ♣♦s✐t✐✈❡ à ❧✬❛✈❛♥t ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❡t ♥é❣❛t✐✈❡ à ❧✬❛rr✐èr❡✳ ▲❛ ❝❡❧❧✉❧❡ ✈❛ ❞♦♥❝ ❛✈♦✐r
t❡♥❞❛♥❝❡ à s❡ ❞é♣❧❛❝❡r ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ ♦ù ❧✬❛❝❝é❧ér❛t✐♦♥ ❡st ♣♦s✐t✐✈❡✳ ❖♥ ♦❜s❡r✈❡
❞♦♥❝ q✉❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡ ❧❛ ❝❡❧❧✉❧❡ ✐♠♣❧✐q✉❡ ✉♥❡ ❛❝❝é❧ér❛t✐♦♥ ✈❡rt✐❝❛❧❡ ❞é❝❡♥tré❡
♣❛r r❛♣♣♦rt à ❧❛ ❝❡❧❧✉❧❡ ✭❛✉ ♠❛①✐♠✉♠ ❞❡ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡✮✳ ❙✐ ♦♥ ❡st ❞❛♥s ❧❡ ❝❛s
❞✬✉♥❡ ❛❝❝é❧ér❛t✐♦♥ ✈❡rt✐❝❛❧❡ ❝❡♥tré❡✱ ❝♦♠♠❡ s✉r ❧❛ ✜❣✉r❡ ❞❡ ❞r♦✐t❡✱ ❛❧♦rs ♦♥ ❛ss✐st❡ à
✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❞❡ ♣❧✉✐❡✳ ❈❡s ❞❡✉① ❡①❡♠♣❧❡s ♠♦♥tr❡♥t
q✉❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❡st ✉♥ ♣ré❝✐❡✉① ✐♥❞✐❝❛t❡✉r ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞✬✉♥❡
❝❡❧❧✉❧❡ ❞❡ ♣❧✉✐❡ ❛✉ss✐ ❜✐❡♥ ❡♥ t❡r♠❡ ❞✬✐♥t❡♥s✐✜❝❛t✐♦♥ q✉❡ ❞❡ ❞é♣❧❛❝❡♠❡♥t✳

❚❡❝❤♥✐q✉❡♠❡♥t ❧✬❛❧❣♦r✐t❤♠❡ ❞❡ ♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡ ❡♥✈✐s❛❣é ♣♦ssè❞❡ ❞❡✉① ♣❛r✲

❏✉st✐✜❝❛t✐♦♥ ❡t ♣r✐♥❝✐♣❡ ❞❡ ❧❛ ♠ét❤♦❞❡ ✶✺✼



Pré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

❋✐❣✉r❡ ✻✳✶ ✿ ❙❝❤é♠❛ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡ ❜❛sé❡ s✉r ❧✬é✈♦✲
❧✉t✐♦♥ ❞❡ ∂w/∂t✳ ❆ ❣❛✉❝❤❡✱ ♦♥ ♠♦♥tr❡ ❝♦♠♠❡♥t ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡
✈❡rt✐❝❛❧❡ ♣r♦✈♦q✉❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞✬✉♥❡ ❝❡❧❧✉❧❡✱ à ❞r♦✐t❡ ♦♥ ♠♦♥tr❡ ❝♦♠✲
♠❡♥t ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ♣r♦✈♦q✉❡ ❧✬❛♠♣❧✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❝❡❧❧✉❧❡
❞❡ ♣❧✉✐❡✳

✶✺✽ ❏✉st✐✜❝❛t✐♦♥ ❡t ♣r✐♥❝✐♣❡ ❞❡ ❧❛ ♠ét❤♦❞❡



Pré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

t✐❡s✳ ▲❛ ♣r❡♠✐èr❡ ❝♦♥s✐st❡ à r❡st✐t✉❡r ❧❡ ✈❡♥t ❡♥ ✸ ❞✐♠❡♥s✐♦♥s à ♣❛rt✐r ❞❡ ❧❛ ✈✐t❡ss❡
r❛❞✐❛❧❡ ❡t ❧❛ ❞❡✉①✐è♠❡ ✉t✐❧✐s❡ ❧✬éq✉❛t✐♦♥ ✈❡rt✐❝❛❧❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ♣♦✉r ♣ré✈♦✐r ❧✬é✈♦✲
❧✉t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s✳ ▲❛ ♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡ ♦❜t❡♥✉❡ ❡st ❛✐♥s✐ ❞✐r❡❝t❡♠❡♥t
❛♣♣❧✐❝❛❜❧❡ ♣❛r ✉♥ ♦✉ ♣❧✉s✐❡✉rs r❛❞❛rs ❛②❛♥t ✉♥❡ ❝❛♣❛❝✐té ❉♦♣♣❧❡r✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡
❝❡tt❡ t❤ès❡✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❝♦♥❝❡♥tré s✉r ❧❛ ❞❡✉①✐è♠❡ ♣❛rt✐❡ ❝✬❡st✲à✲❞✐r❡ ❧❡ ❞é✈❡✲
❧♦♣♣❡♠❡♥t ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ✸✳

✻✳✷ Pré✈✐s✐♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡

P♦✉r ét❛❜❧✐r ❧✬éq✉❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡✱ ♦♥ ♣❛rt ❞❡ ❧✬éq✉❛t✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥t
✐♥✈✐s❝✐❞❡ s❛♥s r♦t❛t✐♦♥ ✿

D~v

Dt
= −1

ρ
~∇(P ) + ~g ✭✻✳✶✮

♦ù ~v ❡st ❧❡ ✈❡❝t❡✉r ✈✐t❡ss❡✱ ρ ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡✱ P ❧❛ ♣r❡ss✐♦♥ ❡t g ❧✬❛❝❝é❧ér❛t✐♦♥
❞❡ ❧❛ ❣r❛✈✐té✳ ❙✐ ❧✬♦♥ ♣r♦❥❡tt❡ ❝❡tt❡ éq✉❛t✐♦♥ s✉r ❧❛ ✈❡rt✐❝❛❧❡✱ ♦♥ ❛ ✿

Dw

Dt
= −1

ρ

∂P

∂z
− g ✭✻✳✷✮

❖♥ ❝❤♦✐s✐t ❡♥s✉✐t❡ ❞❡ ❝♦♥s✐❞ér❡r q✉❡ ❧❡s ✈❛r✐❛❜❧❡s t❤❡r♠♦❞②♥❛♠✐q✉❡s ✭P ❡t ρ✮
♣❡✉✈❡♥t êtr❡ é❝r✐t❡s ❝♦♠♠❡ ❧❛ s♦♠♠❡ ❞✬✉♥ ét❛t ❞❡ ré❢ér❡♥❝❡ ✭P0✱ ρ0✮ ❡t ❞✬✉♥ é❝❛rt ✭P ′

❡t ρ′✮ ♣❛r r❛♣♣♦rt à ❧✬ét❛t ❞❡ ré❢ér❡♥❝❡✳ ❉❛♥s ❧✬❛t♠♦s♣❤èr❡ ❞❡ ré❢ér❡♥❝❡✱ ❧❛ ♣r❡ss✐♦♥
❡t ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ♥❡ ❞é♣❡♥❞❡♥t q✉❡ ❞❡ ❧✬❛❧t✐t✉❞❡ ✭éq✉✐❧✐❜r❡ ❤②❞r♦st❛t✐q✉❡✮✳ ❖♥
❛ ❞♦♥❝ ✿

P (x, y, z, t) = P0(z) + P ′(x, y, z, t)

ρ(x, y, z, t) = ρ0(z) + ρ′(x, y, z, t)
✭✻✳✸✮

❖♥ ♣❡✉t ❞♦♥❝ réé❝r✐r❡ ❧❡ ♠❡♠❜r❡ ❞❡ ❞r♦✐t❡ ❞❡ ❧✬éq✉❛t✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥t ✈❡rt✐❝❛❧ ✿

1

ρ

∂P

∂z
− g = − 1

ρ0 + ρ′
∂

∂z
(P0 + P ′)− g ✭✻✳✹✮

❈♦♠♠❡ ρ′ ❡st ♣❡t✐t ❞❡✈❛♥t ρ0✱ ♦♥ ♣❡✉t ❡st✐♠❡r 1
ρ0+ρ′

♣❛r ✉♥ ❞é✈❡❧♦♣♣❡♠❡♥t ❧✐♠✐té ✿

1

ρ0 + ρ′
=

1

ρ0
(1− ρ′

ρ0
)

❉✬♦ù ✿

1

ρ

∂P

∂z
− g = − 1

ρ0

∂P0

∂z
− 1

ρ0

∂P ′

∂z
+
ρ′

ρ20

∂P0

∂z
+
ρ′

ρ20

∂P ′

∂z
− g ✭✻✳✺✮

❈♦♠♠❡ ❧✬❛t♠♦s♣❤èr❡ ❞❡ ré❢ér❡♥❝❡ ❡st à ❧✬éq✉✐❧✐❜r❡ ❤②❞r♦st❛t✐q✉❡ ✭∂P
∂z

= −ρg✮✱ ♦♥
♦❜t✐❡♥t ✿

1

ρ

∂P

∂z
− g = − 1

ρ0

∂P ′

∂z
− g

ρ′

ρ0
+
ρ′

ρ20

∂P ′

∂z
✭✻✳✻✮

✸✳ ❖♥ ❞✐s❝✉t❡ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ r❡st✐t✉t✐♦♥ ❞✉ ✈❡♥t ❞❛♥s ❧❛ ❝♦♥❝❧✉s✐♦♥ ❞❡ ❝❡ ❝❤❛♣✐tr❡

Pré✈✐s✐♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ✶✺✾
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❊♥✜♥✱ ❝♦♠♠❡ ρ′ << ρ0✱ ♦♥ ♣❡✉t ♥é❣❧✐❣❡r ❧❡ ❞❡r♥✐❡r t❡r♠❡✳ ▲✬éq✉❛t✐♦♥ ❞✉ ♠♦✉✲
✈❡♠❡♥t ✈❡rt✐❝❛❧ s✬é❝r✐t ❛❧♦rs ✿

Dw

Dt
= − 1

ρ0

∂P ′

∂z
+B ✭✻✳✼✮

♦ù B = −g ρ′

ρ0
❡st ❧❡ t❡r♠❡ ❞❡ ✢♦tt❛❜✐❧✐té q✉❡ ❧✬♦♥ ♣❡✉t ❛✉ss✐ é❝r✐r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡

❧❛ t❡♠♣ér❛t✉r❡ ♣♦t❡♥t✐❡❧❧❡ θ ✿ B = g θ′

θ0
✳ ❊♥ ✉t✐❧✐s❛♥t ❧❡ ♠ê♠❡ r❛✐s♦♥♥❡♠❡♥t✱ ✐❧ ❡st

♣♦ss✐❜❧❡ ❞❡ réé❝r✐r❡ ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧✬éq✉❛t✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥t ❡t ♦♥ ♦❜t✐❡♥t ✿

ρ0
D~v

Dt
= −~∇P ′ + ρ0 ~B ✭✻✳✽✮

▲❡ ❣r❛❞✐❡♥t ❞❡ ♣r❡ss✐♦♥ ❞é♣❡♥❞ à ❧❛ ❢♦✐s ❞❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ❞②♥❛♠✐q✉❡ ❞❡ ❧✬❛t♠♦✲
s♣❤èr❡ ♠❛✐s ❛✉ss✐ ❞❡ ❧❛ ❝♦♠♣♦s❛♥t❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡✳ ❖♥ ✈❛ ❞♦♥❝
❝❤❡r❝❤❡r ✐❝✐ à sé♣❛r❡r ❧❡s ❝♦♥tr✐❜✉t✐♦♥s r❡s♣❡❝t✐✈❡s ❞❡ ❝❡s ❞❡✉① t❡r♠❡s✳ P♦✉r ❝❡❧❛✱ ♦♥
❝❛❧❝✉❧❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❞❡ ❧✬éq✉❛t✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥t ✿

∂~∇(ρ0~v)

∂t
+ ~∇(ρ0~v.~∇.~v) = −~∇2P ′ + ~∇(ρ0 ~B) ✭✻✳✾✮

❙✐ ♦♥ ❝♦♥s✐❞èr❡ ♠❛✐♥t❡♥❛♥t q✉❡ ❧✬♦♥ s❡ tr♦✉✈❡ ❞❛♥s ✉♥❡ ❛t♠♦s♣❤èr❡ ✐♥❝♦♠♣r❡s✲
s✐❜❧❡ ✭éq✉❛t✐♦♥ ❞❡ ❝♦♥t✐♥✉✐té ❛♥é❧❛st✐q✉❡✮ ❝❡ q✉✐ ✐♠♣❧✐q✉❡ q✉❡ ~∇( ~ρ0v) = 0✱ ❧❡ ♣r❡♠✐❡r
t❡r♠❡ ❞❡ ❧✬éq✉❛t✐♦♥ ✻✳✾ ❡st ♥✉❧✳ ■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♥♦t❡r q✉❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❧✬❛t✲
♠♦s♣❤èr❡ ✐♥❝♦♠♣r❡ss✐❜❧❡ ❡st ✈ér✐✜é❡ s❡✉❧❡♠❡♥t s✐ ❧✬é❝❤❡❧❧❡ ❞✉ ♠♦✉✈❡♠❡♥t ét✉❞✐é ❡st
s✉♣ér✐❡✉r❡ à q✉❡❧q✉❡s ♠✐♥✉t❡s ❡t q✉❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t ✈❡rt✐❝❛❧ ✭❞✬✉♥❡ ♠❛ss❡ ❞✬❛✐r✮
❡st ♣❡t✐t ♣❛r r❛♣♣♦rt à ❧❛ ❞✐♠❡♥s✐♦♥ ❤♦r✐③♦♥t❛❧❡ ❞✉ ♠♦✉✈❡♠❡♥t✳ ❈❡tt❡ ❞❡✉①✐è♠❡
❝♦♥❞✐t✐♦♥ ♣❡✉t ♣♦s❡r ♣r♦❜❧è♠❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ❝♦♥✈❡❝t✐♦♥ très ♣r♦❢♦♥❞❡ ♠❛✐s ❡st
♥é❛♥♠♦✐♥s ❛♣♣❧✐❝❛❜❧❡ ♣♦✉r ❞❡s ♠♦✉✈❡♠❡♥ts ❝♦♥✈❡❝t✐❢s ❞✬❡①t❡♥s✐♦♥s ♠♦❞éré❡s ✭✈♦✐r
❲❡✐s♠❛♥ ❡t ❘♦t✉♥♥♦ ✭✷✵✵✵✮✮✳

❖♥ ❝❤❡r❝❤❡ à ♣rés❡♥t à ❞é✈❡❧♦♣♣❡r ❧❡ ✷è♠❡ t❡r♠❡ ❞✉ ♠❡♠❜r❡ ❞❡ ❣❛✉❝❤❡ ❞❡ ❧✬éq✉❛✲
t✐♦♥ ✻✳✾ ✿

~∇(ρ0~v.~∇.~v) =~∇ρ0





u∂xu+ v∂yu+ w∂zu
u∂xv + v∂yv + w∂zv
u∂xw + v∂yw + w∂zw





=ρ0((∂xu)
2 + (∂yv)

2 + (∂zw)
2)+

2ρ0(∂xv∂yu+ ∂xw∂zu+ ∂zv∂yw)+

~v.~∇w.∂zρ0+
uρ0∂x(∂xu+ ∂yv + ∂zw)+

vρ0∂y(∂xu+ ∂yv + ∂zw)+

wρ0∂z(∂xu+ ∂yv + ∂zw)

✭✻✳✶✵✮

▲❡s tr♦✐s ❞❡r♥✐❡rs t❡r♠❡s ❞❡ ❧✬éq✉❛t✐♦♥ ✻✳✶✵ s✬❛♥♥✉❧❡♥t ❣râ❝❡ à ❧✬éq✉❛t✐♦♥ ❞❡
❝♦♥t✐♥✉✐té ❛♥é❧❛st✐q✉❡✳ ❖♥ ♦❜t✐❡♥t ❞♦♥❝ ✿

✶✻✵ Pré✈✐s✐♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡



Pré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

~∇(ρ0~v.~∇.~v) =ρ0
(

(∂xu)
2 + (∂yv)

2 + (∂zw)
2 + ~v.~∇w∂ln(ρ0)

∂z

)

+

2ρ0(∂xv∂yu+ ∂xw∂zu+ ∂zv∂yw)

✭✻✳✶✶✮

▲❡ ♣r❡♠✐❡r t❡r♠❡ ❞❡ ❧✬éq✉❛t✐♦♥ ✻✳✶✶ ❡st ❧✐é à ❧✬ét✐r❡♠❡♥t ❞❡ ❧❛ ❝♦❧♦♥♥❡ ❞✬❛✐r t❛♥❞✐s
q✉❡ ❧❡ ❞❡✉①✐è♠❡ t❡r♠❡ ❡st ❧✐é ❛✉ ❝✐s❛✐❧❧❡♠❡♥t ❞✉ ✈❡♥t✳ ❊♥ ❣é♥ér❛❧✱ ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡
❧❡ t❡r♠❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t✱ ❧❡s t❡r♠❡s ♣ré♣♦♥❞ér❛♥ts s♦♥t ❝❡✉① ❧✐és ❛✉ ❝✐s❛✐❧❧❡♠❡♥t
✈❡rt✐❝❛❧ ❞✉ ✈❡♥t ❤♦r✐③♦♥t❛❧ ✭✈♦✐r s❡❝t✐♦♥ ✶✳✹✳✹✮✳

▲❡ ❞❡r♥✐❡r t❡r♠❡ ❞❡ ❧✬éq✉❛t✐♦♥ ✻✳✾ s✬é❝r✐t s✐♠♣❧❡♠❡♥t ✿

∂(ρ0B)

∂z
✭✻✳✶✷✮

❈❡ q✉✐ ❞♦♥♥❡ ❛✉ ✜♥❛❧ ✿

~∇2P ′ =− ρ0

(

(∂xu)
2 + (∂yv)

2 + (∂zw)
2 + ~v.~∇w∂ln(ρ0)

∂z

)

−

2ρ0(∂xv∂yu+ ∂xw∂zu+ ∂zv∂yw)+

∂(ρ0B)

∂z

✭✻✳✶✸✮

❖♥ r❡♠❛rq✉❡ q✉❡ ❞é❝♦♠♣♦s❡r ❧❛ ♣r❡ss✐♦♥ ❡♥ ✉♥ t❡r♠❡ ❞②♥❛♠✐q✉❡ ✭q✉✐ ❡st ❡♥❣❡♥✲
❞ré❡ ♣❛r ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞✉ ✢✉✐❞❡✮ ❡t ✉♥ t❡r♠❡ ❞❡ ✢♦tt❛❜✐❧✐té ✿ P ′ = P ′

d+P
′

b ✭q✉✐ ❡st
❡♥❣❡♥❞ré ♣❛r ❧❡s ❛♥♦♠❛❧✐❡s ❞✉ ❝❤❛❧❡✉r ✭❝✬❡st✲à✲❞✐r❡ ♣❛r ❧❡s ❛♥♦♠❛❧✐❡s ❞❡ ❞❡♥s✐té✮✮
♣❡r♠❡t ❞✬♦❜t❡♥✐r ❞❡✉① éq✉❛t✐♦♥s ✐♥❞é♣❡♥❞❛♥t❡s à ♣❛rt✐r ❞❡ ❧✬éq✉❛t✐♦♥ ✻✳✶✸ ✿

~∇2P ′

b =
∂(ρ0B)

∂z
✭✻✳✶✹✮

❊t ✿

~∇2P ′

d =− ρ0

(

(∂xu)
2 + (∂yv)

2 + (∂zw)
2 + ~v.~∇w∂ln(ρ0)

∂z

)

−

2ρ0(∂xv∂yu+ ∂xw∂zu+ ∂zv∂yw)

✭✻✳✶✺✮

❉❡ ♣❧✉s✱ ❝♦♠♠❡ ♦♥ s❛✐t q✉❡ P ′ ❡st ✉♥❡ ♣❡t✐t❡ ♣❡rt✉r❜❛t✐♦♥ ❞❡ ♣r❡ss✐♦♥✱ ✐❧ ❡st
♣♦ss✐❜❧❡ ❞✬é❝r✐r❡ ✿

P ′

b ≃ − ~∇2P ′

b = −∂(ρ0B)

∂z
✭✻✳✶✻✮

❊t ✿

P ′

d ≃ − ~∇2P ′

d =ρ0

(

(∂xu)
2 + (∂yv)

2 + (∂zw)
2 + ~v.~∇w∂ln(ρ0)

∂z

)

+

2ρ0(∂xv∂yu+ ∂xw∂zu+ ∂zv∂yw)

✭✻✳✶✼✮
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❖♥ ♣❡✉t ♠❛✐♥t❡♥❛♥t réé❝r✐r❡ ❧✬éq✉❛t✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥t ✈❡rt✐❝❛❧ ❡♥ ♠❡tt❛♥t ❡♥
é✈✐❞❡♥❝❡ ❧❡s ❝♦♥tr✐❜✉t✐♦♥s ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❡t ❞❡ ❧❛ ✢♦tt❛❜✐❧✐té à ❧✬❛❝❝é❧ér❛t✐♦♥ ✈❡r✲
t✐❝❛❧❡ ✿

∂w

∂t
=− ~v.~∇w − 1

ρ0

∂P ′

d

∂z
+ (− 1

ρ0

∂P ′

b

∂z
+B)

=− ~v.~∇w − 1

ρ0
∂z(ρ0

(

(∂xu)
2 + (∂yv)

2 + (∂zw)
2 + ~v.~∇w∂ln(ρ0)

∂z

)

+

2ρ0(∂xv∂yu+ ∂xw∂zu+ ∂zv∂yw))+

(
1

ρ0

∂2ρ0B

∂z2
+B)

✭✻✳✶✽✮

❈❡tt❡ ❞❡r♥✐èr❡ éq✉❛t✐♦♥ ré✈è❧❡ q✉❡ ❧❡s t❡r♠❡s ❞✬❛❞✈❡❝t✐♦♥ ~v.~∇w ❡t ❞❡ ❝✐s❛✐❧❧❡♠❡♥t
❞✉ ✈❡♥t ✈♦♥t êtr❡ ✐♠♣♦rt❛♥ts s✉r ❧❡s ❜♦r❞s ❞❡ ❧❛ ❝❡❧❧✉❧❡ ✭t❡r♠❡s ❞é❝❡♥trés✮ ❝❛r ❧❡
❣r❛❞✐❡♥t ❤♦r✐③♦♥t❛❧ ❞❡ w ② ❡st ♠❛①✐♠❛❧ t❛♥❞✐s q✉❡ ❧❡s t❡r♠❡s ❧✐és à ❧❛ ✢♦tt❛❜✐❧✐té

(B − 1
ρ0

∂P ′

b

∂z
) ❡t à ❧✬ét✐r❡♠❡♥t ❞❡ ❧❛ ❝♦❧♦♥♥❡ ❞✬❛✐r ✈♦♥t êtr❡ ✐♠♣♦rt❛♥ts s✉r ❧❛ ❝❡❧❧✉❧❡

✭t❡r♠❡s ❝❡♥trés✮ ❝❛r ❧❡s ❣r❛❞✐❡♥ts ✈❡rt✐❝❛✉① ❞❡ w ❡t ❞❡ B ② s♦♥t ♠❛①✐♠❛✉①✳ ❆✐♥s✐✱
❝❡s ❞❡✉① ❢❛♠✐❧❧❡s ❞❡ t❡r♠❡s ❛✉r♦♥t ✉♥ rô❧❡ s♦✐t ❞❡ ❞é♣❧❛❝❡♠❡♥t✱ s♦✐t ❞✬❛♠♣❧✐✜❝❛t✐♦♥
❞❡ ❧❛ ❝❡❧❧✉❧❡ ❝♦♠♠❡ ❡①♣❧✐q✉é ❞❛♥s ❧❛ s❡❝t✐♦♥ ♣ré❝é❞❡♥t❡✳ ❖♥ r❡♠❛rq✉❡ q✉❡ ❧✬❡♥s❡♠❜❧❡
❞❡s t❡r♠❡s ❧✐és à ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❧❛ ❝❡❧❧✉❧❡ ♣❡✉✈❡♥t êtr❡ ❡①♣r✐♠és à ♣❛rt✐r ❞✉ ✈❡♥t
s❛✉❢ ρ0 q✉✐ ❞é♣❡♥❞ s✐♠♣❧❡♠❡♥t ❞✉ ♣r♦✜❧ ♠♦②❡♥ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ✿

ρ0 = ρse
−z/H ✭✻✳✶✾✮

♦ù ρs ❡st ❧❛ ❞❡♥s✐té ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❛✉ s♦❧✱ H ∼ 7, 64km ❡st ❧❛ ❤❛✉t❡✉r ❞✬é❝❤❡❧❧❡ ❞❡
❧✬❛t♠♦s♣❤èr❡ ❞é✜♥✐❡ ❝♦♠♠❡ H = RTm

gM0
❛✈❡❝ R ❧❛ ❝♦♥st❛♥t❡ ❞❡s ❣❛③ ♣❛r❢❛✐ts✱ Tm ❧❛

t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡✱ g ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ❧❛ ❣r❛✈✐té ❡t M0 ❧❛ ♠❛ss❡
♠♦❧é❝✉❧❛✐r❡ ♠♦②❡♥♥❡✳

❆✐♥s✐✱ ♦♥ ❛ ♠♦♥tré q✉✬✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬❡①♣❧♦✐t❡r ❞✐r❡❝t❡♠❡♥t ❧❡s éq✉❛t✐♦♥s ❞❡ ❧❛
❞②♥❛♠✐q✉❡ ♣♦✉r ✐♥❢ér❡r ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡✳ ❈❡rt❛✐♥❡s ♠ét❤♦❞❡s ❞❡
♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡ ✉t✐❧✐s❡♥t ❞é❥à ❧✬❛❞✈❡❝t✐♦♥ ❞✉ ✈❡♥t s✉r ❞❡s ③♦♥❡s ❞❡ ♣❧✉✐❡ ✭♦✉
ré✢❡❝t✐✈✐té✮ ♣♦✉r ♣ré❞✐r❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ❝❡❧❧✉❧❡s✳ ▲✬❛✈❛♥t❛❣❡ ❞❡ ♥♦tr❡ ♠ét❤♦❞❡
❡st q✉✬❡❧❧❡ ✉t✐❧✐s❡ ❞✐r❡❝t❡♠❡♥t ❧❡s éq✉❛t✐♦♥s ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ♣♦✉r ❧❛ ♣ré✈✐s✐♦♥ ✐♠✲
♠é❞✐❛t❡ ❡♥ ♣r❡♥❛♥t w ❝♦♠♠❡ tr❛❝❡✉r ❞❡s ❝❡❧❧✉❧❡s ❝❡ q✉✐ ♣❡r♠❡t ❞❡ t❡♥✐r ❝♦♠♣t❡
❞❡ ❧✬❛❞✈❡❝t✐♦♥ ♠❛✐s ❛✉ss✐ ❞✉ rô❧❡ ❞✉ ❝✐s❛✐❧❧❡♠❡♥t ✈❡rt✐❝❛❧ ❞✉ ✈❡♥t✳ ❈❡ ❞❡r♥✐❡r ♣♦✐♥t
❡st ❝r✐t✐q✉❡ ♣✉✐sq✉❡ ❧✬♦♥ s❛✐t q✉❡ ❧✬✉♥ ❞❡s ♣r✐♥❝✐♣❛✉① ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s q✉✐ ♣❡r✲
♠❡t ❧✬❛♠♣❧✐✜❝❛t✐♦♥ ❡t ❧❛ st❛❜✐❧✐té ❞❡s s✉♣❡r ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s ❡st ❧❡ ❝✐s❛✐❧❧❡♠❡♥t
✈❡rt✐❝❛❧ ❞✉ ✈❡♥t ❤♦r✐③♦♥t❛❧ ✭✈♦✐r s❡❝t✐♦♥ ✶✳✹✳✹ ❡t ❑❧❡♠♣ ✭✶✾✽✼✮✱ ❘♦t✉♥♥♦ ❡t ❑❧❡♠♣

✭✶✾✽✷✮✱ ❲❡✐s♠❛♥ ❡t ❘♦t✉♥♥♦ ✭✷✵✵✵✮✮✳ ▲❛ ♥♦♥ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞✉ ❝✐s❛✐❧❧❡♠❡♥t ✈❡rt✐✲
❝❛❧ ❞✉ ✈❡♥t ❤♦r✐③♦♥t❛❧ ❞❛♥s ❧❡s ♠ét❤♦❞❡s tr❛❞✐t✐♦♥♥❡❧❧❡s ❞❡ ♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡ ❡st✱
❞❡ ♣❧✉s✱ ❧✬✉♥ ❞❡s ♣♦✐♥ts ❞é❧✐❝❛ts s♦✉❧❡✈é ❧♦rs ❞❡ ❧✬❡①♣ér✐❡♥❝❡ ❙②❞♥❡② ✷✵✵✵ ❋♦r❡❝❛st
❉❡♠♦♥str❛t✐♦♥ Pr♦❥❡❝t ✭❋❉P✮ ✭❲✐❧s♦♥ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ▲❛ ♠ét❤♦❞❡ ♣r♦♣♦sé❡ ❞♦♥♥❡
é❣❛❧❡♠❡♥t ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ♣ré✈♦✐r ❧✬✐♥✐t✐❛t✐♦♥✱ ❧❛ ❝r♦✐ss❛♥❝❡ ❡t ❧❛ ❞✐ss✐♣❛t✐♦♥ ❞❡s
❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s ❝❡ q✉✐ ♥✬❡st ♣❛s ❢❛✐t ❞❛♥s ❧❡s ♠ét❤♦❞❡s ❞❡ ♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡
❛❝t✉❡❧❧❡s ✭❲✐❧s♦♥ ❡t ❛❧✳✱ ✶✾✾✽✮ ✹✳

✹✳ ❈❡rt❛✐♥❡s ♠ét❤♦❞❡s s♦♥t ❝❛♣❛❜❧❡s ❞✬✐♥❢ér❡r ❧✬❛♠♣❧✐✜❝❛t✐♦♥✱ ❧❛ ❞✐♠✐♥✉t✐♦♥ ✈♦✐r ❧❛ ❞✐ss✐♣❛t✐♦♥

✶✻✷ Pré✈✐s✐♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡



Pré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

▲❛ ♣r♦❝❤❛✐♥❡ ét❛♣❡ ❞✉ tr❛✈❛✐❧ ❡st ❞♦♥❝ ❞❡ t❡st❡r ❧❛ ♠ét❤♦❞❡✳ P♦✉r s✐♠♣❧✐✜❡r
❧✬❛♥❛❧②s❡ ❡t ♥♦t❛♠♠❡♥t ♥❡ ♣❛s ❛✈♦✐r à r❡st✐t✉❡r ❧❡ ✈❡♥t ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s
❛✈♦♥s t❡sté ❧❛ ♠ét❤♦❞❡ s✉r ✉♥❡ s✐♠✉❧❛t✐♦♥✳

✻✳✸ ❚❡st ❞❡ ❧❛ ♠ét❤♦❞❡ s✉r ✉♥❡ s✐♠✉❧❛t✐♦♥ ❞✬é✈é♥❡✲

♠❡♥t ❝♦♥✈❡❝t✐❢

▲❛ s✐♠✉❧❛t✐♦♥ ✉t✐❧✐sé❡ ❡st ✐ss✉❡ ❞✉ ♠♦❞è❧❡ ♥♦♥ ❤②❞r♦st❛t✐q✉❡ ▼❡s♦✲◆❍ ❣é♥éré
♣❛r ✭❙❡✐t② ❡t ❛❧✳✱ ✷✵✶✶✮ ✭❢♦✉r♥✐❡ ♣❛r ❖❧✐✈✐❡r ❈❛✉♠♦♥t✮✳ ❊❧❧❡ ♣♦ssè❞❡ ✉♥❡ rés♦❧✉t✐♦♥
t❡♠♣♦r❡❧❧❡ ❞❡ ✶✺ ♠✐♥✉t❡s ❡t ✉♥❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ✺✵✵ ♠✳ ❈❡tt❡ s✐♠✉❧❛t✐♦♥
❝♦rr❡s♣♦♥❞ à ✉♥ é✈é♥❡♠❡♥t ❞❡ ❝♦♥✈❡❝t✐♦♥ ♦r❣❛♥✐sé❡ ❞❛t❛♥t ❞✉ ✷✵ ♦❝t♦❜r❡ ✷✵✵✽ q✉✐
s✬❡st ♣r♦❞✉✐t s✉r ❧❛ ré❣✐♦♥ ❞❡ ❧✬❍ér❛✉❧t✳ ❆ ❧✬é❝❤❡❧❧❡ s②♥♦♣t✐q✉❡ ❝❡t é✈é♥❡♠❡♥t ❡st
❧✐é à ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ t❤❛❧✇❡❣ ❝❡♥tré s✉r ❧✬❆t❧❛♥t✐q✉❡ ❊st q✉✐ ❛ ♣r♦✈♦q✉é ✉♥ ✢✉①
❞✬❤✉♠✐❞✐té ❡♥ ♣r♦✈❡♥❛♥❝❡ ❞❡ ❧❛ ▼é❞✐t❡rr❛♥é❡✳ ▲✬é✈é♥❡♠❡♥t ❛ ❝♦♠♠❡♥❝é ✈❡rs ✼❤
♣♦✉r ✜♥✐r ✈❡rs ✷✶❤✳ ■❧ s✬❡st ♣r♦♣❛❣é ❞❡ ❧❛ ❝ôt❡ ✈❡rs ❧❡s ❝♦♥tr❡❢♦rts ❈é✈❡♥♥❡s ♣✉✐s ❡st
r❡❞❡s❝❡♥❞✉ s✉r ❧❛ ♣❧❛✐♥❡ ✭✈♦✐r ✜❣✉r❡ ✻✳✷✮✳ P♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s s✉r ❝❡t é✈é♥❡♠❡♥t
✈♦✐r ❇❡ss♦♥ ❡t ❛❧✳ ✭✷✵✶✷✮✱ ❉✉✛♦✉r❣ ❡t ❉✉❝r♦❝q ✭✷✵✶✶✮✱ ❱✐é ❡t ❛❧✳ ✭✷✵✶✶✮✳

▲❛ ✜❣✉r❡ ✻✳✷ ✭❛✮ ♠♦♥tr❡ q✉❡ ❧✬é✈é♥❡♠❡♥t s✬♦r❣❛♥✐s❡ ❡♥ ❧✐❣♥❡ ❝♦♥✈❡❝t✐✈❡ ❧❡ ❧♦♥❣
❞❡ ❧❛ ❝ôt❡ ❞ès ✼ ❤ ❞✉ ♠❛t✐♥✳ ❈❡t é✈é♥❡♠❡♥t ❡st ❛ss♦❝✐é à ❞❡s ✈✐t❡ss❡s ✈❡rt✐❝❛❧❡s
é❧❡✈é❡s ✭❥✉sq✉✬à ✶✵ ♠✴s✮ ❡t é❣❛❧❡♠❡♥t à q✉❡❧q✉❡s ③♦♥❡s ❞✬❛s❝❡♥❞❛♥❝❡s à ❧✬❛rr✐èr❡ ❞✉
s②stè♠❡ s✉r ❧❛ ♠❡r✱ ❛✐♥s✐ q✉✬à ❞❡s ③♦♥❡s ❞❡ ré✢❡❝t✐✈✐tés s✉r ❧❡s ❈é✈❡♥♥❡s ♠❛✐s s❛♥s
✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❛s❝❡♥❞❛♥t❡ ♠❛rq✉é❡✳ ❈❡s ③♦♥❡s ❞❡ ré✢❡❝t✐✈✐tés s♦♥t ♣r♦❜❛❜❧❡♠❡♥t
❧❡ rés✉❧t❛t ❞❡ ♠♦✉✈❡♠❡♥ts ✈❡rt✐❝❛✉① ❧✐és à ❧✬♦r♦❣r❛♣❤✐❡✳ ❈♦♥❝❡r♥❛♥t ❧❛ ❧✐❣♥❡ ❝♦♥✈❡❝✲
t✐✈❡✱ ♦♥ ✈♦✐t q✉✬❡❧❧❡ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ③♦♥❡ ❞❡ ❝♦♥✈❡r❣❡♥❝❡ ❞❡s ✈❡♥ts ❛✈❡❝ ❧❛ ✈✐t❡ss❡
♠ér✐❞✐❡♥♥❡ q✉✐ ❝❤❛♥❣❡ ❞❡ s✐❣♥❡ s✉r ❝❡tt❡ ③♦♥❡ ✭✈♦✐r ❋✐❣✳ ✻✳✸✮✳

◆♦✉s ❛✈♦♥s ❞♦♥❝ ❝❤❡r❝❤é à ❞ét❡r♠✐♥❡r ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡ ❧❛ ❧✐❣♥❡ ❝♦♥✈❡❝t✐✈❡ ❡♥
♠❡tt❛♥t ❡♥ ♣❧❛❝❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡ ♣r♦♣♦sé❡✳ ❈❡❧❛ ♥é❝❡ss✐t❡ ❞❡
s❡ r❡♥s❡✐❣♥❡r s✉r ❧❛ ✈❛r✐❛❜✐❧✐té ✈❡rt✐❝❛❧❡ ❞❡ ❧❛ ❧✐❣♥❡ ❝♦♥✈❡❝t✐✈❡✳ ❆✜♥ ❞✬é✈❛❧✉❡r ❞❛♥s
q✉❡❧❧❡s ❝♦♥❞✐t✐♦♥s ❧❛ ♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡ ❢♦♥❝t✐♦♥♥❡ ♦✉ ♥♦♥✱ ♦♥ ❛ ❝❤♦✐s✐
❞❡ s❡ ❝♦♥❝❡♥tr❡r s✉r ❞❡✉① ♣❛rt✐❡s ❜✐❡♥ ❞✐st✐♥❝t❡s ❞❡ ❧❛ ❧✐❣♥❡ ❝♦♥✈❡❝t✐✈❡ ✿ s✉r ❧❛ ③♦♥❡
❞✬❛s❝❡♥❞❛♥❝❡ ♣r✐♥❝✐♣❛❧❡ ✭♣♦✐♥t ❆✮ ❡t ❧❛ ③♦♥❡ à ❧✬❛✈❛♥t ❞❡ ❧✬❛s❝❡♥❞❛♥❝❡ ✭♣♦✐♥t ❇✮ ❞❛♥s
❧❡ s❡♥s ❞❡ ❞é♣❧❛❝❡♠❡♥t ✭q✉✐ ✈❛ ❞❡✈❡♥✐r ❛s❝❡♥❞❛♥t❡ ✶✺ ♠✐♥✉t❡s ♣❧✉s t❛r❞✮ ✭✈♦✐r ✜❣✉r❡
✻✳✹✮✳

▲❛ ✜❣✉r❡ ✻✳✺ ♣rés❡♥t❡ ✉♥ ♣r♦✜❧ ✈❡rt✐❝❛❧ ❞❡s ♣❛r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡s ❛✉ ♣♦✐♥t
❆ ✭✈❡rt s✉r ❧❛ ✜❣✉r❡ ✻✳✹✮ ❛✐♥s✐ q✉✬✉♥ ❤♦❞♦❣r❛♣❤❡ ❞✉ ✈❡♥t ❡♥ ❝❡ ♠ê♠❡ ♣♦✐♥t✳ ▲❡
♣♦✐♥t ❆ ❡st s✐t✉é s✉r ❧❡ ❝÷✉r ❞❡ ❧❛ ❧✐❣♥❡ ❝♦♥✈❡❝t✐✈❡✳ ❖♥ ✈♦✐t t♦✉t ❞✬❛❜♦r❞ q✉❡ ❧❡
✈❡♥t ❤♦r✐③♦♥t❛❧ ❡st ❝✐s❛✐❧❧é ❛✈❡❝ ❧✬❛❧t✐t✉❞❡✱ v ❛✉❣♠❡♥t❡ ✭✵ à ✶✺ ♠✴s✮ ❡t u ❞✐♠✐♥✉❡
✭✶✵ à ✲✺ ♠✴s✮ ❝❡ q✉✐ ❝ré❡ ✉♥❡ ❧é❣èr❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♥♦r♠❡ ✭✶✷ à ✶✻ ♠✴s✮ ❡t
s✉rt♦✉t ✉♥❡ ❢♦rt❡ r♦t❛t✐♦♥ ❡♥tr❡ ✉♥❡ ❞✐r❡❝t✐♦♥ s✉❞✲❡st ♣rès ❞✉ s♦❧ ❡t ♣❧❡✐♥ ♥♦r❞ à ❧❛
tr♦♣♦♣❛✉s❡✳ ❈♦♥❝❡r♥❛♥t ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ♦♥ ✈♦✐t q✉✬❡❧❧❡ ❝❤❛♥❣❡ ❢♦rt❡♠❡♥t ❡♥tr❡
✼ ❤ ❡t ✼ ❤✶✺ ✭w1 ❡t w2✮✳ ❆ ✼ ❤ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❡st ❛s❝❡♥❞❛♥t❡ s✉r t♦✉t❡ ❧❛
❝♦❧♦♥♥❡ ❞✬❛✐r ❡t ❛✉❣♠❡♥t❡ ❢♦rt❡♠❡♥t ❛✈❡❝ ❧✬❛❧t✐t✉❞❡ ♣♦✉r ❛tt❡✐♥❞r❡ ♣rès ❞❡ ✶✵ ♠✴s à
✶✵ ❦♠✳ ◗✉✐♥③❡ ♠✐♥✉t❡s ♣❧✉s t❛r❞✱ ❧❛ ❝♦❧♦♥♥❡ ❞✬❛✐r ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ❤♦♠♦❣è♥❡ ❡t ❧❛

❞❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡ ♣❛r r❛♣♣♦rt ❛✉① t❡♥❞❛♥❝❡s ♠❛✐s ❛✉❝✉♥❡ ✭à ♥♦tr❡ ❝♦♥♥❛✐ss❛♥❝❡ ❡t ♠✐s à ♣❛rt
é✈✐❞❡♠♠❡♥t ❧❡s ♠ét❤♦❞❡s ❞❡ ♣ré✈✐s✐♦♥ ♥✉♠ér✐q✉❡✮ ♥❡ s♦♥t ❝❛♣❛❜❧❡ ❞❡ ♣ré✈♦✐r ❧❛ ♥❛✐ss❛♥❝❡ ❞❡
♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡ ❝♦♠♠❡ ♣❡✉t ❧❡ ♣❡r♠❡ttr❡ ♥♦tr❡ ♠ét❤♦❞❡✳

❚❡st ❞❡ ❧❛ ♠ét❤♦❞❡ s✉r ✉♥❡ s✐♠✉❧❛t✐♦♥ ❞✬é✈é♥❡♠❡♥t ❝♦♥✈❡❝t✐❢ ✶✻✸
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✼ ❤ ✶✺

✾ ❤ ✸✵ ✶✶ ❤ ✺✺

❋✐❣✉r❡ ✻✳✷ ✿ ❱✐t❡ss❡ ✈❡rt✐❝❛❧❡ ✭❡♥ ❜❧❡✉ ❡t r♦✉❣❡✮ ✭♠✴s✮ ❡t ré✢❡❝t✐✈✐té s✉♣é✲
r✐❡✉r❡ à ✶✵ ❞❇❩ ✭❡♥ ✈❡rt✮ ✭❞❇❩✮ à ❡♥✈✐r♦♥ ✶✽✵✵ ♠ ❧❡ ✷✵ ♦❝t♦❜r❡ ✷✵✵✽ à ✼ ❤✱
✾ ❤ ✸✵ ❡t ✶✶ ❤ ✹✺ ✭s✐♠✉❧❛t✐♦♥ ▼❡s♦✲◆❍✮

✶✻✹
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❋✐❣✉r❡ ✻✳✸ ✿ ❱✐t❡ss❡ ♠ér✐❞✐❡♥♥❡ ✭✈✮ ✭❡♥ ❜❧❡✉ ❡t r♦✉❣❡✮ ✭♠✴s✮✱ ré✢❡❝t✐✈✐té
s✉♣ér✐❡✉r❡ à 10 dBZ ✭❡♥ ✈❡rt✮ ❡t ❝❤❛♠♣ ❞❡ ✈❡♥t à ❡♥✈✐r♦♥ 1800m ❧❡ ✷✵
❖❝t♦❜r❡ ✷✵✵✽ à ✼ ❤ ✭s✐♠✉❧❛t✐♦♥ ▼❡s♦✲◆❍✮
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❋✐❣✉r❡ ✻✳✹ ✿ ❱✐t❡ss❡ ✈❡rt✐❝❛❧❡ à ✺✵✵✵ ♠ ✭♠✴s✮ ❧❡ ✷✵ ❖❝t♦❜r❡ ✷✵✵✽ à ✼ ❤ ❡t
♣♦s✐t✐♦♥ ❞❡s ♣♦✐♥ts ❆ ❡t ❇ ✭❡♥ ✈❡rt ❡t ✈✐♦❧❡t✮ ♣♦✉r ❧❡sq✉❡❧s ♦♥ r❡❣❛r❞❡ ✉♥
♣r♦✜❧ ✈❡rt✐❝❛❧ ❞❡s ♣❛r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡s✳

✶✻✺
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❋✐❣✉r❡ ✻✳✺ ✿ P♦✉r ❧❡ ♣♦✐♥t ❆ ✭✈❡rt s✉r ❧❛ ✜❣✉r❡ ✻✳✹✮ ✿ ✭❛✮ ❱❛r✐❛❜❧❡s s✉✐✈❛♥t
❧✬❛❧t✐t✉❞❡ ✿ w1 ❝♦rr❡s♣♦♥❞ à ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❛✉ t❡♠♣s t1 ✭✼ ❤✮✱ w2 ❝♦r✲
r❡s♣♦♥❞ à ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❛✉ t❡♠♣s t2 ✭✼ ❤✶✺✮✱ w2 − w1 ❝♦rr❡s♣♦♥❞ à
❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ✈✐t❡ss❡s ❛✉ t❡♠♣s t2 ❡t t1✱ dw ❝♦rr❡s♣♦♥❞ à ❧✬❛❝❝é❧é✲
r❛t✐♦♥ ❝❛❧❝✉❧é❡ ♣❛r ♥♦tr❡ ♠♦❞è❧❡✱ dPde ❝♦rr❡s♣♦♥❞ ❛✉ t❡r♠❡ ❞✬ét✐r❡♠❡♥t ❞❡
❧✬éq✉❛t✐♦♥ ✻✳✶✽✱ dPdc ❝♦rr❡s♣♦♥❞ ❛✉ t❡r♠❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❡t adv ❝♦rr❡s♣♦♥❞
à ❧✬❛❞✈❡❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ✭✐❧ ❢❛✉t ❜✐❡♥ ♥♦t❡r q✉❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ♣❛r
ét✐r❡♠❡♥t ❡st ✐❝✐ ❞♦♥♥é❡ ❥✉st❡ ♣♦✉r ✐♥❢♦r♠❛t✐♦♥ ❡t ♥✬❡st ♣❛s ♣r✐s❡ ❡♥ ❝♦♠♣t❡
❞❛♥s ❧❡ ♠♦❞è❧❡✮✳ ▲❡s ✈✐t❡ss❡s s♦♥t ❡♥ ♠✴s✱ ❧❡s ❛❝❝é❧ér❛t✐♦♥s s♦♥t ❡♥ m/s2 ❡t
✭❜✮ ❍♦❞♦❣r❛♣❤❡ ❞✉ ✈❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛❧t✐t✉❞❡ ✭❡♥ ❝♦✉❧❡✉r✮✳

✶✻✻



Pré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❡st ❧é❣èr❡♠❡♥t s✉❜s✐❞❡♥t❡ ✭s❛✉❢ ❛✉ s♦♠♠❡t✮✳ ❈❡ ❜r✉sq✉❡ ❝❤❛♥❣❡♠❡♥t
♥✬❡st ♣❛s s✉r♣r❡♥❛♥t ♣✉✐sq✉✬✐❧ ré✈è❧❡ q✉❡ ❧❡ ❢r♦♥t ❡st ♣❛ssé s✉r ❝❡tt❡ ré❣✐♦♥ ❡t q✉❡
❧✬❛t♠♦s♣❤èr❡ r❡tr♦✉✈❡ s♦♥ ét❛t ❞❡ r❡♣♦s ✐♥✐t✐❛❧✳ ▲❛ ❞✐✛ér❡♥❝❡ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡
❡♥tr❡ ❧❡s ❞❡✉① ✐♥st❛♥ts ré✈è❧❡ ✉♥❡ ❛❝❝é❧ér❛t✐♦♥ ♥é❣❛t✐✈❡ ✭✲✶✺ ♠✴s✮ ❡t ♠❛①✐♠❛❧❡ ✭❡♥
✈❛❧❡✉r ❛❜s♦❧✉❡✮ ✉♥ ♣❡✉ ❛✉✲❞❡ss✉s ❞❡ ✺✵✵✵ ♠✳

▲❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❛✈❡❝ ♥♦tr❡ ♠♦❞è❧❡ ❞❡ ♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡
♠♦♥tr❡ q✉❡ ❧✬♦♥ r❡tr♦✉✈❡ ❜✐❡♥ ❧❛ ❞é❝é❧ér❛t✐♦♥ ♦❜s❡r✈é❡ ❡t ❧❡ ♠❛①✐♠✉♠ ❛✉✲❞❡ss✉s
❞❡ ✺✵✵✵ ♠ ❡st ❜✐❡♥ r❡♣r♦❞✉✐t ✺✳ ❈❡ ♣r❡♠✐❡r ❝♦♥st❛t ♣❡r♠❡t ❞❡ ❞✐r❡ q✉❡ ❧✬é✈♦❧✉t✐♦♥
❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❞❛♥s ❝❡tt❡ ③♦♥❡ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✉❡ ❛✉① t❡r♠❡s ❞❡ ♣r♦♣❛✲
❣❛t✐♦♥✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♥♦✉s ❝♦♥st❛t♦♥s q✉❡ ❝✬❡st ❧❡ t❡r♠❡ ❞✬❛❞✈❡❝t✐♦♥ q✉✐ ❡①♣❧✐q✉❡
❧❛ ❞é❝é❧ér❛t✐♦♥ ♦❜s❡r✈é❡✳ ❈❡❧❛ ✈❡✉t ❞✐r❡ q✉❡ ❧❡ t❡r♠❡ ❧✐é ❛✉ ❝✐s❛✐❧❧❡♠❡♥t ❞✉ ✈❡♥t
♥✬❡st ♣❛s ❛ss❡③ ❢♦rt ♣♦✉r ❝♦♥tr❡❜❛❧❛♥❝❡r ✭♦✉ r❡♥❢♦r❝❡r✮ ❧❡ t❡r♠❡ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❧✐é à
❧✬❛❞✈❡❝t✐♦♥ ♠❛❧❣ré ✉♥ ❝✐s❛✐❧❧❡♠❡♥t ✈❡rt✐❝❛❧ ❞✉ ✈❡♥t ❤♦r✐③♦♥t❛❧ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡✳

▲✬❛♥❛❧②s❡ ❞❡ ❧❛ ✜❣✉r❡ ✻✳✻ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥ ♣r♦✜❧ ✈❡rt✐❝❛❧ ❡t à ✉♥ ❤♦❞♦❣r❛♣❤❡
❛✉✲❞❡ss✉s ❞✉ ♣♦✐♥t ❇ ✭✈✐♦❧❡t s✉r ❧❛ ✜❣✉r❡ ✻✳✹✮ ♠♦♥tr❡ q✉❡ ❧❡ ✈❡♥t ❤♦r✐③♦♥t❛❧ ❛✉❣♠❡♥t❡
❞❛♥s ❝❡ ❝❛s ❛✈❡❝ ❧✬❛❧t✐t✉❞❡ ✭❞❡ ✵ à ✶✺ ♠✴s ❡♥tr❡ ✵ ❡t ✶✵ ❦♠✮ ♣♦✉r u ❡t v✳ ❈❡t ❡✛❡t ♣❡✉t
êtr❡ é❣❛❧❡♠❡♥t ♥♦té s✉r ❧❛ ♥♦r♠❡✳ P❛r ❝♦♥tr❡✱ ❧❡ ✈❡♥t r❡st❡ ♦r✐❡♥té ✈❡rs ❧❡ ♥♦r❞✲❡st s✉r
t♦✉t❡ ❧❛ ❝♦❧♦♥♥❡ ❞✬❛✐r✳ ❈❡ ♥✬❡st ♣❛s s✉r♣r❡♥❛♥t ♣✉✐sq✉❡ ❧❡ ♣♦✐♥t ❇ ❡st s✐t✉é à ❧✬❛✈❛♥t
❞❡ ❧❛ ❧✐❣♥❡ ❞❡ ❣r❛✐♥ ❡t q✉❡ ❧❡ ✢✉① ♣r✐♥❝✐♣❛❧ ❡st ❞✐r✐❣é ✈❡rs ❧❡ ♥♦r❞✲❡st ✭✈♦✐r ✜❣✉r❡ ✻✳✸✮✳
▲❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ à ✼ ❤ ❡st ❢❛✐❜❧❡ ❡t ♥é❣❛t✐✈❡ ❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s ♠❛✐s ❞❡✈✐❡♥t
r❡❧❛t✐✈❡♠❡♥t ✐♠♣♦rt❛♥t❡ ❡t ♣♦s✐t✐✈❡ q✉❛♥❞ ♦♥ ❞é♣❛ss❡ ✺✵✵✵ ♠ ✭❥✉sq✉✬à ✼✱✺ ♠✴s✮✳
❆✉ ♣❛s ❞❡ t❡♠♣s s✉✐✈❛♥t ✭✼ ❤✶✺✮ ❧❛ ✈✐t❡ss❡ ❛✉❣♠❡♥t❡ ❡t ❞❡✈✐❡♥t ♣♦s✐t✐✈❡ ❡t ❢♦rt❡
s✉r q✉❛s✐♠❡♥t t♦✉t❡ ❧❛ ❝♦✉❝❤❡ ❞✬❛t♠♦s♣❤èr❡ ✭❥✉sq✉✬à ✶✵ ♠✴s✮ ✿ ❧❡ ♣♦✐♥t ❇ s❡ tr♦✉✈❡
❛❧♦rs s♦✉s ❧❛ ❧✐❣♥❡ ❝♦♥✈❡❝t✐✈❡✳ ❙✐ ♠❛✐♥t❡♥❛♥t ♦♥ ❛♥❛❧②s❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ✈✐t❡ss❡ ❡♥tr❡
❧❡s ❞❡✉① ♣❛s ❞❡ t❡♠♣s✱ ♦♥ ✈♦✐t q✉❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❛ ❜❡❛✉❝♦✉♣ ❛✉❣♠❡♥té ❡♥tr❡ ✵
❡t ✷✺✵✵ ♠ ✭✰ ✺ à ✼ ♠✴s✮ ❡t ✉♥ ♣❡✉ ❛✉✲❞❡ss✉s ✭✰ ✷ ♠✴s✮✳ ▲❡ ♠♦❞è❧❡ ♣ré❞✐t ❜✐❡♥ ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ✭✰ ✵✱✵✶ à 0.04m/s2✮✳ ◆é❛♥♠♦✐♥s✱ ❧❡ ♠❛①✐♠✉♠
♣ré✈✉ s❡ tr♦✉✈❡ ❛✉t♦✉r ❞❡ ✺✵✵✵ ♠ ❛❧♦rs q✉✬✐❧ ❡st ♦❜s❡r✈é ✈❡rs ✸✵✵✵ ♠✳ ❙✐ ♦♥ r❡❣❛r❞❡
❧❡s ❝♦♠♣♦s❛♥t❡s ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡✱ ♦♥ ✈♦✐t q✉❡ ❝✬❡st à ♥♦✉✈❡❛✉ ❧✬❛❞✈❡❝t✐♦♥ q✉✐ ❡st
r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❧❛ ❧✐❣♥❡ ❞❡ ❣r❛✐♥ ✭❡t ♣❛s ❧❡ t❡r♠❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t✮✳
❇✐❡♥ q✉❡ ❧❛ t❡♥❞❛♥❝❡ ❞✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ s♦✐t r❡s♣❡❝té❡✱ ❧❡ ♠♦❞è❧❡ ❞❡
♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡ ❡st ♠♦✐♥s ♣r♦❝❤❡ ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥ q✉❡ ♣♦✉r ❧❡ ♣♦✐♥t ❆ s✐t✉é
✐♥✐t✐❛❧❡♠❡♥t s✉r ❧❛ ❝❡❧❧✉❧❡✳ ■❧ s❡♠❜❧❡ ❞♦♥❝ q✉❡✱ à ❧✬❛✈❛♥t ❞❡ ❧❛ ❝❡❧❧✉❧❡✱ ❧❡s t❡r♠❡s ❞❡
♣r♦♣❛❣❛t✐♦♥ ♥❡ ♣❡r♠❡tt❡♥t q✉✬❡♥ ♣❛rt✐❡ ❞✬❡①♣❧✐q✉❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡
t❛♥❞✐s q✉❡ s✉r ❧❛ ❝❡❧❧✉❧❡ ❝❡s t❡r♠❡s ❡①♣❧✐q✉❡♥t ❛ss❡③ ❜✐❡♥ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡
✈❡rt✐❝❛❧❡✳ P♦✉r ✈♦✐r s✐ ❝❡tt❡ ❞✐✛ér❡♥❝❡ ❡st s②sté♠❛t✐q✉❡✱ ♦♥ ❛ tr❛❝é ❧❡s ❝❛rt❡s s♣❛t✐❛❧❡s
à ✉♥❡ ❛❧t✐t✉❞❡ ❞♦♥♥é❡ ✭❋✐❣✳ ✻✳✼✮✳ ◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❧✬❛❧t✐t✉❞❡ ✺✵✵✵ ♠ ❝❛r ♥♦✉s ❛✈♦♥s
r❡♠❛rq✉é q✉❡✱ s✉r ❧❡s ❝♦✉♣❡s ✈❡rt✐❝❛❧❡s✱ ❝✬❡st ❧❛ ③♦♥❡ ♦ù ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡ ❧❛ ✈✐t❡ss❡
✈❡rt✐❝❛❧❡ ❡st ❧❛ ♣❧✉s ✐♠♣♦rt❛♥t❡✳

▲❛ ✜❣✉r❡ ✻✳✼ ♠♦♥tr❡ s✉r ❧❡s ❞❡✉① ♣❛♥♥❡❛✉① ❞✉ ❜❛s ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡
✈❡rt✐❝❛❧❡ ❝❛❧❝✉❧é❡ ❡♥tr❡ ✼ ❤✶✺ ❡t ✼ ❤ ❡t ❝❡❧❧❡ ✐ss✉❡ ❞✉ ♠♦❞è❧❡✳ ❆✈❛♥t t♦✉t❡ ✐♥t❡r♣ré✲
t❛t✐♦♥✱ ✐❧ ❢❛✉t ♥♦t❡r q✉❡ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s ✜❣✉r❡s ✭❝✮ ❡t ✭❞✮ ❡st ❛✈❛♥t t♦✉t
q✉❛❧✐t❛t✐✈❡✳ ❊♥ ❡✛❡t✱ ❧❡ ♠♦❞è❧❡ ❞❡ ♣ré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s
✭❞✮ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ❛❝❝é❧ér❛t✐♦♥ ✐♥st❛♥t❛♥é❡ t❛♥❞✐s q✉❡ ❧❛ ✜❣✉r❡ ✭❝✮ ❞♦♥♥❡ ❧❛ ❞✐❢✲
❢ér❡♥❝❡ ❞❡ ✈✐t❡ss❡ s✉r ✶✺ ♠✐♥✉t❡s✳ ◆♦✉s ♦❜s❡r✈♦♥s q✉❡ ❧❡s ③♦♥❡s ❞❡ ❞é❝é❧ér❛t✐♦♥ ❞❡

✺✳ ✐❧ ❢❛✉t ❜✐❡♥ ♥♦t❡r q✉❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ♣❛r ét✐r❡♠❡♥t ❡st ✐❝✐ ❞♦♥♥é❡ ❥✉st❡ ♣♦✉r ✐♥❢♦r♠❛t✐♦♥ ❡t
♥✬❡st ♣❛s ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡ ♠♦❞è❧❡

❚❡st ❞❡ ❧❛ ♠ét❤♦❞❡ s✉r ✉♥❡ s✐♠✉❧❛t✐♦♥ ❞✬é✈é♥❡♠❡♥t ❝♦♥✈❡❝t✐❢ ✶✻✼
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❋✐❣✉r❡ ✻✳✻ ✿ P♦✉r ❧❡ ♣♦✐♥t ❇ ✭✈✐♦❧❡t s✉r ❧❛ ✜❣✉r❡ ✻✳✹✮ ✿ ✭❛✮ ❱❛r✐❛❜❧❡s s✉✐✲
✈❛♥t ❧✬❛❧t✐t✉❞❡ ✿ w1 ❝♦rr❡s♣♦♥❞ à ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❛✉ t❡♠♣s t1 ✭✼ ❤✮✱ w2
❝♦rr❡s♣♦♥❞ à ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❛✉ t❡♠♣s t✷ ✭✼ ❤✶✺✮✱ w2 − w1 ❝♦rr❡s♣♦♥❞
à ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ✈✐t❡ss❡s ❛✉ t❡♠♣s t2 ❡t t1✱ dw ❝♦rr❡s♣♦♥❞ à ❧✬❛❝❝é❧é✲
r❛t✐♦♥ ❝❛❧❝✉❧é❡ ♣❛r ♥♦tr❡ ♠♦❞è❧❡✱ dPde ❝♦rr❡s♣♦♥❞ ❛✉ t❡r♠❡ ❞✬ét✐r❡♠❡♥t ❞❡
❧✬éq✉❛t✐♦♥ ✻✳✶✽✱ dPdc ❝♦rr❡s♣♦♥❞ ❛✉ t❡r♠❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❡t adv ❝♦rr❡s♣♦♥❞
à ❧✬❛❞✈❡❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ✭✐❧ ❢❛✉t ❜✐❡♥ ♥♦t❡r q✉❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ♣❛r
ét✐r❡♠❡♥t ❡st ✐❝✐ ❞♦♥♥é❡ ❥✉st❡ ♣♦✉r ✐♥❢♦r♠❛t✐♦♥ ❡t ♥✬❡st ♣❛s ♣r✐s❡ ❡♥ ❝♦♠♣t❡
❞❛♥s ❧❡ ♠♦❞è❧❡✮✳ ▲❡s ✈✐t❡ss❡s s♦♥t ❡♥ ♠✴s✱ ❧❡s ❛❝❝é❧ér❛t✐♦♥s s♦♥t ❡♥ m/s2 ❡t
✭❜✮ ❍♦❞♦❣r❛♣❤❡ ❞✉ ✈❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛❧t✐t✉❞❡ ✭❡♥ ❝♦✉❧❡✉r✮✳
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❋✐❣✉r❡ ✻✳✼ ✿ ❱✐t❡ss❡ ✈❡rt✐❝❛❧❡ à ✺✵✵✵ ♠ ❧❡ ✷✵ ♦❝t♦❜r❡ ✷✵✵✽ à ✭❛✮ ✼ ❤ ❡t
✭❜✮ ✼ ❤✶✺✳ ✭❝✮ ❉✐✛ér❡♥❝❡ ❡♥tr❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ à ✼ ❤✶✺ ❡t à ✼ ❤✳ ✭❞✮
❆❝❝é❧ér❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❞♦♥♥é❡ ♣❛r ❧✬éq✉❛t✐♦♥ ✻✳✶✽ ❡♥ t❡♥❛♥t
❝♦♠♣t❡ ✉♥✐q✉❡♠❡♥t ❞❡s t❡r♠❡s ❞❡ ♣r♦♣❛❣❛t✐♦♥✳
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❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ✭❡♥ ❜❧❡✉✮ s❡ r❡tr♦✉✈❡♥t ❜✐❡♥ s✉r ❧❡s ❞❡✉① ♣❛♥♥❡❛✉①✳ ◆é❛♥♠♦✐♥s✱
♠ê♠❡ s✐ ❧❡s ③♦♥❡s ❞❡ s✉❜s✐❞❡♥❝❡ s♦♥t ❜✐❡♥ ♣❧❛❝é❡s✱ ❧❡s ③♦♥❡s ❞✬❛s❝❡♥❞❛♥❝❡s ♥❡ s❡
tr♦✉✈❡♥t ♣❛s ❛ss❡③ ❛✉ ♥♦r❞ q✉❛♥❞ ❡❧❧❡s s♦♥t ♣ré✈✉❡s ♣❛r ❧❡ ♠♦❞è❧❡ ❡t s♦♥t s♦✉✈❡♥t
très ❢❛✐❜❧❡s✳ ■❧ ♣❡✉t ❡①✐st❡r ❞❡✉① ❡①♣❧✐❝❛t✐♦♥s à ❝❡ ♣r♦❜❧è♠❡✳ ▲❛ ♣r❡♠✐èr❡ ❡st q✉❡ ❧❡
♣❛s t❡♠♣♦r❡❧ ✭✶✺ ♠✐♥✮ ❡st tr♦♣ ✐♠♣♦rt❛♥t ♣♦✉r ♣♦✉✈♦✐r ♣ré✈♦✐r ❧❡s ③♦♥❡s ❞✬❛s❝❡♥✲
❞❛♥❝❡s à s✐ ❧♦♥❣ t❡r♠❡✳ ❈❡♣❡♥❞❛♥t ❝❡tt❡ ❤②♣♦t❤ès❡ ❡st ♣❡✉ ♣r♦❜❛❜❧❡ ❝❛r ❧❡s ③♦♥❡s ❞❡
s✉❜s✐❞❡♥❝❡ s♦♥t ❜✐❡♥ ♣ré✈✉❡s ❡t q✉❡ ❧❡s ♠♦✉✈❡♠❡♥ts ❛t♠♦s♣❤ér✐q✉❡s à ❝❡tt❡ é❝❤❡❧❧❡
♥❡ s♦♥t ♣❛s s✐ r❛♣✐❞❡s ✭✉♥❡ ❝❡❧❧✉❧❡ ♦r❛❣❡✉s❡ s✐♠♣❧❡ ❞✉r❡ t♦✉❥♦✉rs ♣❧✉s ❞❡ ✷✵ ♠✐♥✉t❡s✮✳
▲❛ ❞❡✉①✐è♠❡ ❤②♣♦t❤ès❡ ❡st ❧✐é❡ ❛✉ ❢❛✐t q✉❡ ❧❡ t❡r♠❡ ❞❡ ✢♦tt❛❜✐❧✐té ❡st ✐♠♣♦rt❛♥t ❞❛♥s
❧❛ ❞②♥❛♠✐q✉❡ ♦r❛❣❡✉s❡✳ ❊♥ ❡✛❡t✱ ❧❛ ♠❛ss❡ ❞✬❛✐r s❡ ❞é♣❧❛❝❡ ❡t ❝ré❡ ❞❡s ♠♦✉✈❡♠❡♥ts
❛s❝❡♥❞❛♥ts ✭♣ré✈✉s ♣❛r ❧❡ t❡r♠❡ ❞❡ ♣r♦♣❛❣❛t✐♦♥✮ ❝❡ q✉✐ ♣❡✉t✱ s✐ ❧✬❛t♠♦s♣❤èr❡ ❡st
❝♦♥❞✐t✐♦♥♥❡❧❧❡♠❡♥t ✐♥st❛❜❧❡✱ ❞♦♥♥❡r ❧✐❡✉ à ✉♥❡ ✢♦tt❛❜✐❧✐té ♣♦s✐t✐✈❡✳ ❈❡tt❡ ✢♦tt❛❜✐✲
❧✐té ♣❡r♠❡t ❛✉① ❝❡❧❧✉❧❡s ❞✬❛♠♣❧✐✜❡r ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❛s❝❡♥❞❛♥t❡✳
❆✐♥s✐✱ ♠ê♠❡ s✐ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❝ré❡ s✐♠♣❧❡♠❡♥t ✉♥❡ ❧é❣èr❡ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ♣♦s✐t✐✈❡
❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s✱ ❡❧❧❡ ❡st s♦✉✈❡♥t s✉✣s❛♥t❡ ♣♦✉r ❞é❝❧❡♥❝❤❡r ❞❡s é✈é♥❡♠❡♥ts
❞❡ ❝♦♥✈❡❝t✐♦♥ ♣r♦❢♦♥❞❡ à ❧✬❛✈❛♥t ❞✉ s②stè♠❡✳ ❙✐ ♦♥ r❡✈✐❡♥t ♠❛✐♥t❡♥❛♥t ❛✉ t❡r♠❡ ❞❡
❝✐s❛✐❧❧❡♠❡♥t✱ ♦♥ ❛ ✈✉ q✉✬✐❧ ét❛✐t très ❢❛✐❜❧❡✳ ❈❡ ♥✬❡st ❛✉ ✜♥❛❧ ♣❛s s✐ s✉r♣r❡♥❛♥t ❝❛r
♦♥ s❛✐t q✉❡ ❝❡ t❡r♠❡ ❡st ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❝❛s ❞❡ s✉♣❡r✲❝❡❧❧✉❧❡s q✉✐ ♥❡ s❡ ❞é♣❧❛❝❡♥t
♣❛s ❛✈❡❝ ❧❡ ✈❡♥t ✭✈♦✐r s❡❝t✐♦♥ ✶✳✹✳✹✮ ❝♦♥tr❛✐r❡♠❡♥t à ♥♦tr❡ ❝❛s ❞✬ét✉❞❡✳

❈♦♥❝❧✉s✐♦♥

❉❛♥s ❧❡ ❞❡r♥✐❡r ❝❤❛♣✐tr❡ ❞❡ ❝❡tt❡ t❤ès❡ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ❞é✈❡❧♦♣♣❡r ✉♥❡
♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡ ❞❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡ ♣♦✉✈❛♥t êtr❡ ♠✐s❡ ❡♥ ÷✉✈r❡
♦♣ér❛t✐♦♥♥❡❧❧❡♠♠❡♥t ♣❛r ✉♥ r❛❞❛r ♠été♦r♦❧♦❣✐q✉❡✳ P♦✉r ❝❡❧❛✱ ♥♦✉s ❛✈♦♥s ❞é❝✐❞é
❞✬✉t✐❧✐s❡r ❧❛ ❝❛♣❛❝✐té ❉♦♣♣❧❡r ❞✉ r❛❞❛r q✉✐ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❧❛ ✈✐t❡ss❡ ✸❉✳ ▲❛ r❡s✲
t✐t✉t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✸❉ à ♣❛rt✐r ❞❡ ❧❛ ✈✐t❡ss❡ r❛❞✐❛❧❡ ❡st ❝♦♠♣❧❡①❡ ❡t ♥✬❛ ♣❛s été
ré❛❧✐sé❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✳ ❚♦✉t❡❢♦✐s✱ ✉♥❡ ❛♣♣r♦❝❤❡ ❡st ♣r♦♣♦sé❡ ❞❛♥s ❝❡tt❡
❝♦♥❝❧✉s✐♦♥✳ ▲❛ r❡st✐t✉t✐♦♥ ✸✲❉ ❞✉ ✈❡♥t ♣❛r ✉♥ s❡✉❧ r❛❞❛r s❡ ❤❡✉rt❡ à ✉♥❡ ❝♦♥tr❛❞✐❝✲
t✐♦♥ ❝❡rt❛✐♥❡✳ ❊♥ ❡✛❡t✱ ❝♦♠♠❡♥t r❡st✐t✉❡r tr♦✐s ❝♦♠♣♦s❛♥t❡s ❞✉ ✈❡♥t à ♣❛rt✐r ❞✬✉♥❡
s❡✉❧❡ ✈✐t❡ss❡ r❛❞✐❛❧❡ ❡t s❛♥s ❛✉tr❡ ♦❜s❡r✈❛t✐♦♥ ♥♦♥ ❝♦❧✐♥é❛✐r❡ ❄ ❉❡✉① ❤②♣♦t❤ès❡s ♣❡r✲
♠❡tt❡♥t ❞❡ s✬❛✛r❛♥❝❤✐r ❞❡ ❝❡ ♣r♦❜❧è♠❡✳ ▲❛ ♣r❡♠✐èr❡ ❝♦♥s✐st❡ à ✉t✐❧✐s❡r ❧✬éq✉❛t✐♦♥ ❞❡
❝♦♥t✐♥✉✐té ❛♥é❧❛st✐q✉❡ ✭✐♥❝♦♠♣r❡ss✐❜❧❡✮ ❝❡ q✉✐ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❧❛ tr♦✐s✐è♠❡ ❝♦♠✲
♣♦s❛♥t❡ ❞✉ ✈❡♥t à ♣❛rt✐r ❞❡s ❞❡✉① ❛✉tr❡s✳ ▲❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❡st ❤❛❜✐t✉❡❧❧❡♠❡♥t
❝❛❧❝✉❧é❡ ♣❛r ❝❡tt❡ ♠ét❤♦❞❡ ❝❛r ❡❧❧❡ ❡st ❞✐✣❝✐❧❡ à ♠❡s✉r❡r ♣❛r ✉♥ r❛❞❛r q✉✐ t✐r❡✱ ❡♥
❣é♥ér❛❧✱ à ❞❡s é❧é✈❛t✐♦♥s ❢❛✐❜❧❡s✳ ▲❛ ❞❡✉①✐è♠❡ ❤②♣♦t❤ès❡ ♣❡r♠❡tt❛♥t ❞❡ r❡st✐t✉❡r ❧❡
✈❡♥t ✸❉ ❞é♣❡♥❞ ❞❡ ❧❛ st❛t✐♦♥♥❛r✐té ❞✉ s②stè♠❡ ♦❜s❡r✈é✳ ❊❧❧❡ ♣❡✉t s♦✐t s✬✉t✐❧✐s❡r t❡♠✲
♣♦r❡❧❧❡♠❡♥t ✭st❛t✐♦♥♥❛r✐té ❡♥tr❡ ❞❡✉① ♣❛s ❞❡ t❡♠♣s✮ s♦✐t s♣❛t✐❛❧❡♠❡♥t ✭st❛t✐♦♥♥❛r✐té
❡♥tr❡ ❞❡✉① r❛❞✐❛❧❡s ❞✉ r❛❞❛r✮✳ ❚❡♠♣♦r❡❧❧❡♠❡♥t✱ ❡❧❧❡ ❝♦♥s✐st❡ à ❡st✐♠❡r q✉❡ ❧❡s ❝❡❧✲
❧✉❧❡s ❞❡ ♣❧✉✐❡ ♥✬é✈♦❧✉❡♥t ♣❛s ❡♥tr❡ ❞❡✉① ♣❛s ❞❡ t❡♠♣s✳ ❆✐♥s✐✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬❡st✐♠❡r
q✉❡ ❞❡✉① ♠❡s✉r❡s r❛❞❛r ❡s♣❛❝é❡s ❞❡ δt ❝♦rr❡s♣♦♥❞❡♥t ❡♥ ❢❛✐t à ❞❡✉① ♠❡s✉r❡s ✈✉❡s
❛✉ ♠ê♠❡ ✐♥st❛♥t ♠❛✐s ♣❛r ❞❡✉① r❛❞❛rs ✐♥❞é♣❡♥❞❛♥ts sé♣❛rés ❞❡ vδt✳ ❈❡❧❛ ♣❡r♠❡t
❞♦♥❝ ❞✬♦❜t❡♥✐r ✉♥ s②stè♠❡ ❞❡ tr♦✐s éq✉❛t✐♦♥s q✉✬✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ rés♦✉❞r❡ ✭♠ét❤♦❞❡
❱❆❉ ✭❇r♦✇♥✐♥❣ ❡t ❲❡①❧❡r ✱ ✶✾✻✽✮✱ ❉❚❈❖❘ ✭❑❛❜❡❝❤❡✱ ✷✵✵✾✮✮✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ s✉❜s✐st❡
✉♥❡ ✐♠♣♦rt❛♥t❡ ❞✐✣❝✉❧té q✉✐ ❡st ❧✐é❡ ❛✉ r❡♣❧✐❡♠❡♥t ❞✉ ✈❡♥t ✭✈♦✐r s❡❝t✐♦♥ ✷✳✸✮✳ ❈❡
♣r♦❜❧è♠❡ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♠♣♦rt❛♥t ❛✈❡❝ ❧❡ r❛❞❛r ❍②❞r✐① ♣✉✐sq✉❡ ❧❛ ✈✐t❡ss❡ ❞❡
r❡♣❧✐❡♠❡♥t ❞é♣❡♥❞ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞✉ s✐❣♥❛❧ é❧❡❝tr♦♠❛❣♥ét✐q✉❡✳ ❆✐♥s✐✱ ❧❛ ✈✐✲

✶✼✵ ❚❡st ❞❡ ❧❛ ♠ét❤♦❞❡ s✉r ✉♥❡ s✐♠✉❧❛t✐♦♥ ❞✬é✈é♥❡♠❡♥t ❝♦♥✈❡❝t✐❢
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t❡ss❡ ♣❡✉t êtr❡ r❡♣❧✐é❡ ♣❧✉s✐❡✉rs ❢♦✐s ❞❛♥s ❧❡ ♣✐r❡ ❞❡s ❝❛s ✭✈♦✐r ✜❣✉r❡ ✻✳✽✮ ❝❡ q✉✐ r❡♥❞
❡♥❝♦r❡ ♣❧✉s ❝♦♠♣❧✐q✉é ❧❛ r❡st✐t✉t✐♦♥ ❞✉ ✈❡♥t✳ ❈❡ r❡♣❧✐❡♠❡♥t r❡♥❞ ❞✐✣❝✐❧❡ ❧✬❛♣♣❧✐❝❛✲
t✐♦♥ ❞❡ ♠ét❤♦❞❡s ❞❡ t②♣❡ ❱❆❉ ❡♥ t❡♠♣s ré❡❧✳ ❈✬❡st ♣♦✉rq✉♦✐ ✐❧ ❛♣♣❛r❛ît ♣❧✉s ❡✣❝❛❝❡
❞✬✉t✐❧✐s❡r ❞❡s ❛♣♣r♦❝❤❡s ✈❛r✐❛t✐♦♥♥❡❧❧❡s ♣♦✉r r❡st✐t✉❡r ❧❡ ✈❡♥t✳ ❈❡s ♠ét❤♦❞❡s ❜❛sé❡s
s✉r ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ❝♦ût ♦♥t ❧✬❛✈❛♥t❛❣❡ ❞❡ ♣♦✉✈♦✐r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡
❝❡ r❡♣❧✐❡♠❡♥t✳ ❉❡ ♣❧✉s✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ♣❛r❛♠étr❡r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❝♦ût ❞❡ ♠❛♥✐èr❡
à ❡①♣❧✐❝✐t❡r ❧✬éq✉❛t✐♦♥ ❞❡ ❝♦♥t✐♥✉✐té ♦✉ ❞❡ ❢♦r❝❡r ✉♥ ❝❡rt❛✐♥ ❧✐ss❛❣❡ ❞✉ ❝❤❛♠♣ ✭●❛♦

❡t ❛❧✳✱ ✶✾✾✾✱ ✷✵✵✹✱ ✷✵✵✻✮✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ s❡r❛ ♠✐s❡ ❡♥ ÷✉✈r❡ ♣r♦❝❤❛✐♥❡♠❡♥t✳

❋✐❣✉r❡ ✻✳✽ ✿ ❱✐t❡ss❡ r❛❞✐❛❧❡ ✐ss✉❡ ❞✉ r❛❞❛r ❍②❞r✐① ❞❛♥s ✉♥ ❝❛s ♣❛rt✐❝✉❧✐èr❡✲
♠❡♥t ❞é❢❛✈♦r❛❜❧❡ ✭❧❡ ✶✹ ♦❝t♦❜r❡ ✷✵✶✷ à ✷✷ ❤✹✵✮✳ ❖♥ ❛♣❡rç♦✐t ❧❡s r❡♣❧✐❡♠❡♥ts
❞❡ ❧❛ ✈✐t❡ss❡ ✭♣❛ss❛❣❡ ❜❧❡✉ ✭♣♦s✐t✐❢✮ ❛✉ r♦✉❣❡ ✭♥é❣❛t✐❢✮✮✳

❆♣rès ❛✈♦✐r r❡st✐t✉é ❧❡ ✈❡♥t ✸✲❉ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬✉t✐❧✐s❡r ❞✐r❡❝t❡♠❡♥t ❧❡s éq✉❛t✐♦♥s
❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ♣♦✉r ♣ré✈♦✐r ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s✳ P♦✉r ❝❡❧❛✱ ♥♦✉s
❛✈♦♥s ✉t✐❧✐sé ❧✬éq✉❛t✐♦♥ ✈❡rt✐❝❛❧❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ à ❧❛q✉❡❧❧❡ ♦♥ ❛ ❛♣♣❧✐q✉é q✉❡❧q✉❡s
tr❛♥s❢♦r♠❛t✐♦♥s ❞❡ ♠❛♥✐èr❡ à sé♣❛r❡r ❧❡s t❡r♠❡s ❧✐és à ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❧❛ ❝❡❧❧✉❧❡ q✉✐
s♦♥t ❞é❝❡♥trés ❡t ❧❡s t❡r♠❡s ❧✐és à ❧✬❛✉❣♠❡♥t❛t✐♦♥ ♦✉ à ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬✐♥t❡♥s✐té
❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ q✉✐ s♦♥t ❝❡♥trés s✉r ❧❛ ❝❡❧❧✉❧❡✳ ◆♦✉s ❛✈♦♥s ♣✉ ♠♦♥tr❡r q✉❡
❧✬❡♥s❡♠❜❧❡ ❞❡s t❡r♠❡s ❧✐és à ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞✉ ✈❡♥t ♣♦✉✈❛✐❡♥t êtr❡ ❡①♣r✐♠és ❡♥
❢♦♥❝t✐♦♥ ❞✉ ✈❡♥t✳ ❆✐♥s✐✱ ❡♥ ❛ss✐♠✐❧❛♥t ❧❡s ③♦♥❡s ❞❡ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ❛s❝❡♥❞❛♥t❡ ❛✉①
❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡✱ ✐❧ ❡st ❛♣♣❛r✉ ♣♦ss✐❜❧❡ ❞❡ ❞ét❡r♠✐♥❡r ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ❞❡
♣❧✉✐❡✳

◆♦✉s ❛✈♦♥s ❛❧♦rs ❝❤❡r❝❤é à t❡st❡r ❧❛ ♠ét❤♦❞❡ s✉r ✉♥ ❝❛s ✐❞é❛❧✐sé✳ P♦✉r ❝❡❧❛✱ ♦♥ ❛
✉t✐❧✐sé ❞❡s s✐♠✉❧❛t✐♦♥s très ✜♥❡s é❝❤❡❧❧❡s ✭✷✺✵ ♠ ❡t ✶✺ ♠✐♥✮ ✐ss✉❡s ❞✉ ♠♦❞è❧❡ ▼❡s♦✲
◆❍ q✉✐ r❡♣r♦❞✉✐s❡♥t ✉♥ é✈é♥❡♠❡♥t ❞❡ ♣❧✉✐❡ q✉✐ ❛ ❡✉ ❧✐❡✉ ❧❡ ✷✵ ♦❝t♦❜r❡ ✷✵✵✽ s✉r ❧❡
s✉❞ ❞❡s ❈é✈❡♥♥❡s✳ ❈❡t é✈é♥❡♠❡♥t ❝♦♥s✐st❡ ❡♥ ✉♥❡ ❧✐❣♥❡ ❞❡ ❣r❛✐♥ q✉✐ s✬❡st ❞é♣❧❛❝é❡
❞❡ ❧❛ ♠❡r ❥✉sq✉✬❛✉① ❝♦♥tr❡❢♦rts ❞❡s ❈é✈❡♥♥❡s ♣✉✐s ❡♥ s❡♥s ✐♥✈❡rs❡✳ ▲❛ ♠ét❤♦❞❡ ❞❡
♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡ ❛ ♠♦♥tré ✉♥❡ ❜♦♥♥❡ ❝❛♣❛❝✐té à ♣ré✈♦✐r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❝❡tt❡ ❧✐❣♥❡
❞❡ ❢r♦♥t✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧❡ t❡r♠❡ ❞✬❛❞✈❡❝t✐♦♥ ❡st ❧❡ ♣r✐♥❝✐♣❛❧
✈❡❝t❡✉r ❞❡ ❞é♣❧❛❝❡♠❡♥t ❞❡ ❧❛ ❧✐❣♥❡ ❞❡ ❣r❛✐♥✳ ◆é❛♥♠♦✐♥s✱ ❧❛ ♠ét❤♦❞❡ ❛ t❡♥❞❛♥❝❡ à
s♦✉s✲❡st✐♠❡r ❧❡s ③♦♥❡s ❞✬❛s❝❡♥❞❛♥❝❡s t❛♥❞✐s q✉❡ ❧❡s ③♦♥❡s ❞❡ s✉❜s✐❞❡♥❝❡s s♦♥t ❜✐❡♥

❚❡st ❞❡ ❧❛ ♠ét❤♦❞❡ s✉r ✉♥❡ s✐♠✉❧❛t✐♦♥ ❞✬é✈é♥❡♠❡♥t ❝♦♥✈❡❝t✐❢ ✶✼✶
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♣ré✈✉❡s✳ ■❧ s❡♠❜❧❡r❛✐t q✉❡ ❧❛ ❞✐✣❝✉❧té à r❡♣r♦❞✉✐r❡ ❧❡s ③♦♥❡s ❞✬❛s❝❡♥❞❛♥❝❡s s♦✐t ❧✐é❡
à ❧❛ ♥♦♥ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞✉ t❡r♠❡ ❞❡ ✢♦tt❛❜✐❧✐té ❞❛♥s ❧❛ ♠ét❤♦❞❡✳ ▲❛ s✐♠✉❧❛t✐♦♥ ♥✬❛
♠❛❧❤❡✉r❡✉s❡♠❡♥t ♣❛s ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧✬❡✛❡t ❞✉ ❝✐s❛✐❧❧❡♠❡♥t ❞✉ ✈❡♥t ❝❛r
❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ ✉t✐❧✐sé❡ ét❛✐t q✉❛s✐♠❡♥t ❝♦♠♣❧èt❡♠❡♥t
❞✐❝té ♣❛r ❧❡ ✈❡♥t✳ P❛r ❝♦♥séq✉❡♥t✱ ✐❧ s❡r❛ ✐♥tér❡ss❛♥t ❞❡ t❡st❡r ❧❛ ♠ét❤♦❞❡ à ❧✬❛✈❡♥✐r
s✉r ❞❡s ❝❛s ❝♦♠♣❧é♠❡♥t❛✐r❡s✳

❈❡tt❡ ❛♣♣r♦❝❤❡ ♣rés❡♥t❡ ❞❡s ❧✐♠✐t❡s ♣✉✐sq✉❡ ♣♦✉r ❧✬✐♥st❛♥t ❡❧❧❡ ♥❡ ♣r❡♥❞ ♣❛s ❡♥
❝♦♠♣t❡ ❧❡s t❡r♠❡s ❝❡♥trés s✉r ❧❛ ❝❡❧❧✉❧❡ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❛ ✢♦tt❛❜✐❧✐té✳ P♦✉r ❛♠é❧✐♦r❡r
❝❡ ♣♦✐♥t ♣❧✉s✐❡✉rs s♦❧✉t✐♦♥s s❡♠❜❧❡♥t ♣♦ss✐❜❧❡s✱ ❝♦♠♠❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❞♦♥♥é❡s ✐ss✉❡s
❞✬✉♥ ♠♦❞è❧❡ ❛✜♥ ❞✬♦❜t❡♥✐r ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ✭❝♦♠♠❡ ❧❡ ❢♦♥t ❞é❥à
❝❡rt❛✐♥❡s ♠ét❤♦❞❡s ❞❡ ♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡✮✳ ❚♦✉t❡❢♦✐s✱ ❝❡tt❡ ♠ét❤♦❞❡ ❡st ❞é❧✐❝❛t❡
à ♠❡ttr❡ ❡♥ ÷✉✈r❡ ♦♣ér❛t✐♦♥♥❡❧❧❡♠❡♥t✳ ❯♥❡ ❛✉tr❡ s♦❧✉t✐♦♥ ♦r✐❣✐♥❛❧❡ s❡r❛✐t ❞✬✉t✐❧✐s❡r
❧❛ ré❢r❛❝t✐✈✐té ❞✉ ❢❛✐s❝❡❛✉ r❛❞❛r ✭✈♦✐r ❇❡ss♦♥ ❡t ❛❧✳✱ ✷✵✶✷❀ ❋❛❜r② ✱ ✷✵✵✹❀ ❋❛❜r② ❡t ❛❧✳✱
✶✾✾✼✮ ♣♦✉r ♦❜t❡♥✐r ❞❡s ♣❛r❛♠ètr❡s ❞❡ t❡♠♣ér❛t✉r❡✱ ❞❡ ♣r❡ss✐♦♥ ❡t ❞✬❤✉♠✐❞✐té q✉✬✐❧
s❡r❛✐t ❛❧♦rs ♣♦ss✐❜❧❡ ❞✬✉t✐❧✐s❡r ❞❛♥s ❧❡ ♠♦❞è❧❡✳ ❊♥✜♥✱ ❧❡ t❡r♠❡ ❞❡ ✢♦tt❛❜✐❧✐té ♣♦✉rr❛✐t
êtr❡ ♣❛r❛♠étré ❡♥ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥ ✭✈♦✐r ▲❛❣♦✉✈❛r❞♦s ❡t ❛❧✳✱ ✶✾✾✸✮✳ ■❧ ❡st
é❣❛❧❡♠❡♥t ❜✐❡♥ sûr ♣♦ss✐❜❧❡ ❞❡ ❝♦✉♣❧❡r ❝❡tt❡ ♠ét❤♦❞❡ à ❞✬❛✉tr❡s ♠ét❤♦❞❡s ❡①✐st❛♥t❡s
❝❡ q✉✐ ♣❡r♠❡ttr❛ ❞✬❛♠é❧✐♦r❡r ❧❛ ♣ré✈✐s✐♦♥✳ ❊♥✜♥✱ ❞✬❛✉tr❡s ❛♠é❧✐♦r❛t✐♦♥s t❡❧❧❡s q✉❡ ❧❛
♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧✬♦r♦❣r❛♣❤✐❡ s♦♥t ❛♣♣❧✐❝❛❜❧❡s à ❝❡tt❡ ♠ét❤♦❞❡✳

✶✼✷ ❚❡st ❞❡ ❧❛ ♠ét❤♦❞❡ s✉r ✉♥❡ s✐♠✉❧❛t✐♦♥ ❞✬é✈é♥❡♠❡♥t ❝♦♥✈❡❝t✐❢
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▲❛ ♣❧✉✐❡ ❡st ✉♥❡ ✈❛r✐❛❜❧❡ ♠été♦r♦❧♦❣✐q✉❡ ❡t ❝❧✐♠❛t✐q✉❡ ♣♦ssé❞❛♥t ✉♥❡ ✐♥✢✉❡♥❝❡
❝♦♥s✐❞ér❛❜❧❡ s✉r ♥♦s ❝✐✈✐❧✐s❛t✐♦♥s✳ ❊♥ ❡✛❡t✱ ❡❧❧❡ ♣❡✉t r❡♥❞r❡ ✉♥❡ ③♦♥❡ ♣r♦♣✐❝❡ à ❧✬❛❣r✐✲
❝✉❧t✉r❡ ❡t ✉♥❡ ❛✉tr❡ ❞és❡rt✐q✉❡✳ ❊❧❧❡ ❛ ❞♦♥❝ ♠♦❞❡❧é ❡t ♠♦❞è❧❡ ❡♥❝♦r❡ ❧❡s ③♦♥❡s ❞✬❤❛✲
❜✐t❛t✐♦♥s ❤✉♠❛✐♥❡s✳ ❉❛♥s ❧❛ ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡✱ ❝❡tt❡ ✈❛r✐❛❜❧❡ ♠été♦r♦❧♦❣✐q✉❡
❡st très ✐♥é❣❛❧❡♠❡♥t ré♣❛rt✐❡ ❡♥ ét❛♥t ❛❜♦♥❞❛♥t❡ ❛✉ ♥♦r❞ ❡t r❛r❡ ❛✉ s✉❞✳ ▲❛ ♣❧✉✐❡
❡st ❛✉ss✐ très ✈❛r✐❛❜❧❡ à ✉♥❡ é❝❤❡❧❧❡ ♣❧✉s ❧♦❝❛❧❡ ❡♥ r❛✐s♦♥ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ❧✬✐♠♣❛❝t
❞❡ ❧✬♦r♦❣r❛♣❤✐❡ s✉r ❧❡s ♠♦✉✈❡♠❡♥ts ❛t♠♦s♣❤ér✐q✉❡s✳ ❉❡ ♣❧✉s✱ ❧❛ ♣❧✉✐❡ ❡st é❣❛❧❡♠❡♥t
❝❛r❛❝tér✐sé❡ ♣❛r ❧❛ ✈❛r✐❛❜✐❧✐té s❛✐s♦♥♥✐èr❡ ✐♠♣♦rt❛♥t❡ ❞❛♥s ❝❡tt❡ ré❣✐♦♥✳ ❊♥ ❡✛❡t✱ ❧❛
ré❣✐♦♥ ♠é❞✐t❡rr❛♥é❡♥♥❡ s❡ tr♦✉✈❡ à ✉♥ ❝❛rr❡❢♦✉r ❡♥tr❡ ❧❡s tr♦♣✐q✉❡s ❡t ❧❡s ♠♦②❡♥♥❡s
❧❛t✐t✉❞❡s✳ ❈❡tt❡ ❝♦♥✜❣✉r❛t✐♦♥ ❡①♣❧✐q✉❡ q✉✬❡❧❧❡ s✉❜✐t ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧✬✉♥❡ ♦✉ ❧✬❛✉tr❡
❞❡s ré❣✐♦♥s s✉✐✈❛♥t ❧❛ s❛✐s♦♥✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❡♥ ❤✐✈❡r ❧❡ ♥♦r❞✲♦✉❡st ❞❡ ❧❛ ré❣✐♦♥
❡st s♦✉♠✐s à ❧✬✐♥✢✉❡♥❝❡ ❞❡s ❞é♣r❡ss✐♦♥s ❆t❧❛♥t✐q✉❡ t❛♥❞✐s q✉✬❡♥ été ❝✬❡st ♣❧✉tôt ❧❛
❜r❛♥❝❤❡ ❞❡s❝❡♥❞❛♥t❡ ❞❡s ❝❡❧❧✉❧❡s ❞❡ ❍❛❞❧❡② q✉✐ ❣♦✉✈❡r♥❡ ❧❡ t❡♠♣s ❛✈❡❝ ❞❡s s✐t✉❛t✐♦♥s
❛♥t✐❝②❝❧♦♥✐q✉❡s q✉✐ ♣r♦✈♦q✉❡♥t sé❝❤❡r❡ss❡s ❡t ❢♦rt❡s ❝❤❛❧❡✉rs✳

▲✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ❡st s✐t✉é❡ ❛✉ ♥♦r❞✲♦✉❡st ❞❡ ❧❛ ré❣✐♦♥ ♠é❞✐t❡r✲
r❛♥é❡♥♥❡✳ ❊❧❧❡ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ t♦♣♦❣r❛♣❤✐❡ très ❛❝❝✐❞❡♥té❡ ♣✉✐sq✉✬❡❧❧❡ ❡st
tr❛✈❡rsé❡ ❡♥ s♦♥ ❝❡♥tr❡ ♣❛r ❧❡ s✉❞ ❞❡ ❧❛ ❝❤❛î♥❡ ❞❡s ❆❧♣❡s✳ ❈❡tt❡ s✐t✉❛t✐♦♥ ✐♠♣❛❝t❡
❢♦rt❡♠❡♥t ❧✬✐♥t❡♥s✐té ❡t ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✈❡❝ ♥♦t❛♠♠❡♥t ❧❡ ❞é✈❡✲
❧♦♣♣❡♠❡♥t ❞✬♦r❛❣❡s ♦r♦❣r❛♣❤✐q✉❡s ✈✐♦❧❡♥ts s✉r ❧❡s ❝♦♥tr❡❢♦rts ❞❡s ❆❧♣❡s✳ ❉❡ ♣❧✉s✱ ❧❛
♣r♦①✐♠✐té ❞❡ ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡ ❛ss✉r❡ à ❧❛ ré❣✐♦♥ ✉♥ ❛♣♣♦rt ré❣✉❧✐❡r ❞✬❤✉♠✐❞✐té
❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s✳

❆✜♥ ❞✬ét✉❞✐❡r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❝❡tt❡ ré❣✐♦♥✱ ✉♥ r❛❞❛r ❡♥ ❜❛♥❞❡ ❳✱ ♣♦❧❛r✐♠é✲
tr✐q✉❡ ❡t ❉♦♣♣❧❡r ❛ été ✐♥st❛❧❧é s✉r ❧❡ ♠♦♥t ❱✐❛❧ ❞❛♥s ❧❛ ré❣✐♦♥ ❞❡s ❆❧♣❡s✲▼❛r✐t✐♠❡s✳
■❧ ♠❡s✉r❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✈❡❝ ✉♥❡ rés♦❧✉t✐♦♥ ❞❡ 1 km2 ❡t ✺ ♠✐♥✉t❡s ❡♥ ❝♦♥t✐♥✉
❞❡♣✉✐s ✷✵✵✾ ❥✉sq✉✬à ❛✉❥♦✉r❞✬❤✉✐✳ ❈❡t ❛♣♣❛r❡✐❧ ❞❡ ♠❡s✉r❡ ❡st ✐♥♥♦✈❛♥t ♣♦✉r ❞❡✉①
r❛✐s♦♥s ♣r✐♥❝✐♣❛❧❡s ✿ ❧❛ ♣r❡♠✐èr❡ ❡st q✉✬✐❧ ❡st ✐♥st❛❧❧é ❞❛♥s ✉♥❡ ré❣✐♦♥ ❢♦rt❡♠❡♥t ❛❝❝✐✲
❞❡♥té❡ ❥✉sq✉✬à ♠❛✐♥t❡♥❛♥t ♣❡✉ ❞♦❝✉♠❡♥té❡ ❝❛r ❧❡s ♠♦♥t❛❣♥❡s r❡♥❞❡♥t très ❞✐✣❝✐❧❡
❧❛ ♠❡s✉r❡ ❞❡ ❧❛ ♣❧✉✐❡ ♣❛r r❛❞❛r✳ ▲❛ ❞❡✉①✐è♠❡ r❛✐s♦♥ ✈✐❡♥t ❞❡ ❧✬❛❧❣♦r✐t❤♠❡ ❞❡ tr❛✐✲
t❡♠❡♥t ❛♣♣❡❧é ❩P❍■✳ ❈❡❧✉✐✲❝✐ t✐r❡ ♣❛rt✐ ❞❡ ❧❛ ♣♦❧❛r✐♠étr✐❡ ❞✉ r❛❞❛r ♣♦✉r ❝♦rr✐❣❡r
❞❡ ❧✬❛tté♥✉❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ❢♦rt❡ ❡♥ ❜❛♥❞❡ ❳ ♠❛✐s ❛✉ss✐ ♣♦✉r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡
❧❛ ✈❛r✐❛❜✐❧✐té ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❡♥ t❛✐❧❧❡ ❞❡s ❣♦✉tt❡s ❞❡ ♣❧✉✐❡ ✭❉❙❉✮✳ ❊♥ ♣❧✉s ❞❡
❝❡s ✐♥♥♦✈❛t✐♦♥s ♣r♦♣r❡s ❛✉ r❛❞❛r ❍②❞r✐①✱ ❧❡ r❛❞❛r ♠été♦r♦❧♦❣✐q✉❡ ❡st ✉♥ ♦✉t✐❧ ♣❛r✲
t✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡ss❛♥t ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ ♣❧✉✐❡ ❝❛r ✐❧ r❡♥s❡✐❣♥❡ s✉r s❛ ❞✐str✐❜✉t✐♦♥
❛✈❡❝ ✉♥❡ rés♦❧✉t✐♦♥ très ✜♥❡ s✉r ✉♥❡ ❧❛r❣❡ ③♦♥❡ ❝❡ q✉✐ ❡♥ ❢❛✐t ✉♥ ❝♦♠♣r♦♠✐s très
✐♥tér❡ss❛♥t ❡♥tr❡ ❧❛ ♣ré❝✐s✐♦♥ ❞❡s ♣❧✉✈✐♦♠ètr❡s ❡t ❧❛ ❧❛r❣❡ ❝♦✉✈❡rt✉r❡ s♣❛t✐❛❧❡ ❞❡s
✐♥str✉♠❡♥ts s♣❛t✐❛✉①✳ ❈✬❡st ❞❛♥s ❝❡ ❝♦♥t❡①t❡ q✉❡ s✬✐♥s❝r✐t ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡✳

❆✐♥s✐✱ ❧✬♦❜❥❡❝t✐❢ ❞❡ ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ét❛✐t ❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❡t ❞❡ ♠✐❡✉①
♣ré✈♦✐r ❧❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲



❙②♥t❤ès❡ ❡t P❡rs♣❡❝t✐✈❡s

▼é❞✐t❡rr❛♥é❡✳ P♦✉r ❝❡❧❛✱ ❝❡ ♣r♦❥❡t ❞❡ t❤ès❡ s✬❡st ré❛❧✐sé s❡❧♦♥ q✉❛tr❡ ❛①❡s ✿

✶✳ ▲✬é✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ q✉❛❧✐té ❡t ❞❡ ❧✬✐♥térêt ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ r❛❞❛r ❡♥ ❜❛♥❞❡ ❳
❡♥ ③♦♥❡ ♠♦♥t❛❣♥❡✉s❡✳

✷✳ ▲❛ ❞♦❝✉♠❡♥t❛t✐♦♥ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥
❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳

✸✳ ▲✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s à ❧❛ ❢♦✐s ❣r❛♥❞❡ é❝❤❡❧❧❡ ❡t ♣❡t✐t❡ é❝❤❡❧❧❡ ❛ss♦❝✐és
❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✳

✹✳ ▲❛ ♣ré✈✐s✐♦♥ à ❝♦✉rt t❡r♠❡ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s à ❧✬❛✐❞❡ ❞✬✉♥
r❛❞❛r ❉♦♣♣❧❡r✳

Pr✐♥❝✐♣❛❧❡s ❝♦♥❝❧✉s✐♦♥s

P♦✉r ré♣♦♥❞r❡ ❛✉ ♣r❡♠✐❡r ♦❜❥❡❝t✐❢ ❞❡ ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡✱ ♥♦✉s ❛✈♦♥s ❝♦♠♣❛ré ❧❛
♣❧✉✐❡ ♠❡s✉ré❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐① ❛✈❡❝ ❝❡❧❧❡ ♠❡s✉ré❡ ♣❛r ❧❡s ♣❧✉✈✐♦♠ètr❡s ❞❡s ré✲
s❡❛✉① ❢r❛♥ç❛✐s ❡t ✐t❛❧✐❡♥✳ ❈❡tt❡ ét✉❞❡ ❛ ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡ ❧❡ r❛❞❛r ❡st ❛♣♣r♦♣r✐é
♣♦✉r ❡✛❡❝t✉❡r ✉♥❡ ét✉❞❡ ♠été♦r♦❧♦❣✐q✉❡ ❡t ❝❧✐♠❛t♦❧♦❣✐q✉❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s
❧❛ ré❣✐♦♥✳ ❊♥ ❡✛❡t✱ ❧❛ ♣❧✉♣❛rt ❞❡ ❧❛ ③♦♥❡ ❝♦✉✈❡rt❡ ♣❛r ❧❡ r❛❞❛r ♠♦♥tr❡ ✉♥❡ ❜♦♥♥❡
❝♦rré❧❛t✐♦♥ ❛✈❡❝ ❧❡s ♣❧✉✈✐♦♠ètr❡s✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ❝♦♠♣❛r❛✐s♦♥ ❛ ❛✉ss✐ ♠♦♥tré ❧❡s
❧✐♠✐t❡s ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ r❛❞❛r✳ ❚♦✉t ❞✬❛❜♦r❞✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❣❧♦❜❛❧❡♠❡♥t
❧❛ ♠❡s✉r❡ ❡✛❡❝t✉é❡ ♣❛r ❧❡ r❛❞❛r ❡st ❡♥t❛❝❤é❡ ❞✬✉♥❡ ✐♥❝❡rt✐t✉❞❡ ❞✬❛✉ ♠♦✐♥s ✺✵✪✳
❇✐❡♥ q✉✬✉♥❡ ♣❛rt✐❡ ❞❡ ❝❡❧❧❡✲❝✐ s♦✐t ❧✐é❡ à ❞❡s ♣r♦❜❧è♠❡s ❞❡ r❡♣rés❡♥t❛t✐✈✐té ❡♥tr❡ ❧❡s
♣❧✉✈✐♦♠ètr❡s ❡t ❧❡ r❛❞❛r✱ ✐❧ r❡st❡ ✉♥❡ ✐♥❝❡rt✐t✉❞❡ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ❧✐é❡ à ❧❛ ♠ét❤♦❞❡
❞✬❡①tr❛♣♦❧❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ❛✉ s♦❧✳ ◆♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❝❡rt❛✐♥❡s ③♦♥❡s ❝♦✉✈❡rt❡s
♣❛r ❧❡ r❛❞❛r ♥❡ s♦♥t ♣❛s ❡①♣❧♦✐t❛❜❧❡s ❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s ❝❛r ❧❡s ♠❡s✉r❡s s♦♥t ré❛✲
❧✐sé❡s à tr♦♣ ❤❛✉t❡s é❧é✈❛t✐♦♥s ✿ ❝✬❡st ♣❛r ❡①❡♠♣❧❡ ❧❡ ❝❛s ❞❡ ❧❛ ♣❧❛✐♥❡ ❞✉ Pô q✉✐
❡st ♠❛sq✉é❡ ♣❛r ❧❡s ❆❧♣❡s✳ ❯♥ ❛✉tr❡ ♣r♦❜❧è♠❡✱ ❜✐❡♥ q✉❡ ♠♦✐♥s ❝r✐❛♥t✱ ❡st ❧✐é à ❧❛
s♦✉s✲❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡✳ ❈❡t ❡✛❡t ♣❡✉t êtr❡ ❧✐é à ❞❡ ❧✬❛tté♥✉❛t✐♦♥
rés✐❞✉❡❧❧❡ ❞✉ s✐❣♥❛❧ r❛❞❛r ♦✉ ❧❛ ❧❛r❣❡✉r ✐♠♣♦rt❛♥t❡ ❞✉ ❢❛✐s❝❡❛✉ ❧♦✐♥ ❞✉ r❛❞❛r ✭♣❧✉s
❞❡ ✷ ❦♠ ❞❡ ❧❛r❣❡ à ✶✺✵ ❦♠✮✳ ❈❡tt❡ s♦✉s✲❡st✐♠❛t✐♦♥ ❞✉ t❛✉① ❞❡ ♣❧✉✐❡ ❡st ♥é❣❧✐❣❡❛❜❧❡ à
❧✬é❝❤❡❧❧❡ ❞❡ ✺ ♠✐♥✉t❡s ♠❛✐s ♥é❛♥♠♦✐♥s ♣❡✉t ❛✈♦✐r ✉♥ ❡✛❡t ✐♠♣♦rt❛♥t ❧♦rsq✉✬♦♥ ré❛❧✐s❡
❞❡s ❝✉♠✉❧s ❞❡ ♣❧✉✐❡ s✉r ❞❡s ❧♦♥❣✉❡s ♣ér✐♦❞❡s✳ ❋✐♥❛❧❡♠❡♥t✱ ❝❡ tr❛✈❛✐❧ ❞❡ ✈❛❧✐❞❛t✐♦♥ ❛
♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❞✐✛ér❡♥ts ❛rt❡❢❛❝ts r❛❞❛r ❞♦♥t ✐❧ ❛ ❢❛❧❧✉ t❡♥✐r ❝♦♠♣t❡
❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❧✬ét✉❞❡✳

▲❡ ❞❡✉①✐è♠❡ ♦❜❥❡❝t✐❢ ❞❡ ❝❡tt❡ t❤ès❡✱ ❝✬❡st✲à✲❞✐r❡ ❧❛ ❞♦❝✉♠❡♥t❛t✐♦♥ ❞❡s ♣ré❝✐♣✐✲
t❛t✐♦♥s s✉r ❧❛ ré❣✐♦♥✱ ♥♦✉s ❛ ❝♦♥❞✉✐t à ❡①♣❧♦r❡r ❞❡✉① ❛s♣❡❝ts ✿ ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡
❧❛ ♣❧✉✐❡ ♣♦✉r ❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s t❡♠♣♦r❡❧❧❡s ❡t ❞✐✛ér❡♥t❡s ré❣✐♦♥s ❡t ❧❡s ♣r♦♣r✐étés
❞✬é❝❤❡❧❧❡s t❡♠♣♦r❡❧❧❡s ❡t s♣❛t✐❛❧❡s ❞❡ ❧❛ ♣❧✉✐❡✳ ▲❡ ♣r❡♠✐❡r ❛s♣❡❝t ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡
❡♥ é✈✐❞❡♥❝❡ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s q✉✐ ❛♣♣❛r❛ît ✉♥✐q✉❡♠❡♥t s✉r ❧❡s ③♦♥❡s
❝♦♥t✐♥❡♥t❛❧❡s ❡♥tr❡ ✶✵ ❤ ❡t ✷✷ ❤ ❡t ❛tt❡✐♥t s♦♥ ♠❛①✐♠✉♠ ✈❡rs ✶✺ ❤✳ ❉❡ ♣❧✉s✱ ❝❡
❝②❝❧❡ ❛♣♣❛r❛ît ❛✉ ♣r✐♥t❡♠♣s ❡t ❞✐s♣❛r❛ît ❛✈❡❝ ❧❛ ✜♥ ❞❡ ❧✬été s✉❣❣ér❛♥t ✉♥ ❧✐❡♥ ❛✈❡❝
❧❡s ♣❧✉✐❡s ❝♦♥✈❡❝t✐✈❡s✳ ❊♥ ♦✉tr❡✱ ✉♥ ♠❛①✐♠✉♠ s❡❝♦♥❞❛✐r❡ ❞❛♥s ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❞❡ ❧❛
♣❧✉✐❡ ❛♣♣❛r❛ît ❡♥tr❡ ❛♦ût ❡t ♥♦✈❡♠❜r❡ ❡♥tr❡ ✹ ❡t ✻ ❤✳ ❈❡ ♠❛①✐♠✉♠ ♣♦✉rr❛✐t êtr❡ ❞û
❛✉ ♣❤é♥♦♠è♥❡ ❞❡ ❜r✐s❡ ❞❡ t❡rr❡ ❧✐é ❛✉ ❝♦♥tr❛st❡ t❤❡r♠✐q✉❡ ❡♥tr❡ ❧❛ ♠❡r ▼é❞✐t❡rr❛♥é❡
❡t ❧❡ ❝♦♥t✐♥❡♥t✳

✶✼✹ ❙②♥t❤ès❡ ❡t P❡rs♣❡❝t✐✈❡s
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❆ ❧✬é❝❤❡❧❧❡ s❛✐s♦♥♥✐èr❡✱ ♥♦✉s ❛✈♦♥s ✐❞❡♥t✐✜é ✉♥ ❞é♣❧❛❝❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡ ❞❡ ❧❛ ♠❡r
✈❡rs ❧✬✐♥tér✐❡✉r ❞❡s t❡rr❡s ❞✉r❛♥t ❧❛ ♣r❡♠✐èr❡ ♣❛rt✐❡ ❞❡ ❧✬❛♥♥é❡✱ ♣✉✐s ❞❛♥s ❧❡ s❡♥s
✐♥✈❡rs❡ ♣❡♥❞❛♥t ❧❛ s❡❝♦♥❞❡ ♣❛rt✐❡ ❞❡ ❧✬❛♥♥é❡✳ ❈❡tt❡ ✈❛r✐❛❜✐❧✐té s❛✐s♦♥♥✐èr❡ ❝♦♥❝❡r♥❡
❛✉ss✐ ❜✐❡♥ ❧❡ ❝✉♠✉❧✱ q✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ♣❧✉✐❡ ❡t ❧❡s ❡①trê♠❡s✳ ▲❡s ③♦♥❡s ❧❡s
♣❧✉s ❛rr♦sé❡s ❝♦rr❡s♣♦♥❞❡♥t à ❧❛ ♠❡r ❡t ❛✉① Pré✲❆❧♣❡s ❡t ❧❡ ♠♦✐s ❧❡ ♣❧✉s ❢❛✈♦r❛❜❧❡
❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❡st ❧❡ ♠♦✐s ❞❡ ♥♦✈❡♠❜r❡✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ❡①trê♠❡s ♠é✲
té♦r♦❧♦❣✐q✉❡s✱ ✐❧s s❡ s✐t✉❡♥t s✉r ❧❡ ❜♦r❞ ❞❡s Pré✲❆❧♣❡s ❛✐♥s✐ q✉❡ s✉r ❧❛ Pr♦✈❡♥❝❡✳
▲❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡st r❡❧❛t✐✈❡♠❡♥t ✐♠♣♦rt❛♥t❡ ♠❛✐s ❧❛
♠✐❣r❛t✐♦♥ s✉❞✲♥♦r❞ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s❡ ré♣èt❡ q✉❛s✐♠❡♥t ❝❤❛q✉❡ ❛♥♥é❡✳ ❉✬❛✉tr❡s
✈❛r✐❛❜✐❧✐tés ❞❡ ❣r❛♥❞❡ é❝❤❡❧❧❡ ♦♥t été ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ à ✹✵ ❡t ✾✵ ❥♦✉rs✳ ❊♥ ❝❡ q✉✐
❝♦♥❝❡r♥❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✱ ♥♦✉s ♦❜s❡r✈♦♥s q✉❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s
✈✐❡♥♥❡♥t ❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s ❞✉ s✉❞✲♦✉❡st✳ P❧✉s ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s❡ ❞é♣❧❛❝❡♥t ❧❡♥✲
t❡♠❡♥t ♣❧✉s ❧❡ ❝✉♠✉❧ s✉r ❧❛ ré❣✐♦♥ ❡st ✐♠♣♦rt❛♥t✳

▲✬✉t✐❧✐s❛t✐♦♥ ❞❡s ❞♦♥♥é❡s ❞✉ rés❡❛✉ ❆❘❆▼■❙ ❛ ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡ ❧❡s ♣ré❝✐✲
♣✐t❛t✐♦♥s ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ♦♥t ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ♣r♦❝❤❡s ❞❡
❝❡❧❧❡s ❞✉ s✉❞ ❞❡ ❧❛ ❋r❛♥❝❡ ❡t ❞❡ ❝❡❧❧❡s ❞❡s ré❣✐♦♥s ♠♦♥t❛❣♥❡✉s❡s ♣r♦❝❤❡s ❞❡ ❧❛ ❝ôt❡
✭❈é✈❡♥♥❡s✱ P❛②s ❇❛sq✉❡✮✳

❆♣rès ❛✈♦✐r ❞é❝r✐t ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛ ♣❧✉✐❡ à ♣❧✉s✐❡✉rs é❝❤❡❧❧❡s s♣❛t✐❛❧❡s
❡t t❡♠♣♦r❡❧❧❡s✱ ✐❧ ❡st ❛♣♣❛r✉ ✐♥tér❡ss❛♥t ❞❡ ❝♦♠♣❧ét❡r ❝❡tt❡ ❛♥❛❧②s❡ ❡♥ ❝❛r❛❝tér✐s❛♥t
❧❛ ♣❧✉✐❡ ♥♦♥ ♣❧✉s à ✉♥❡ é❝❤❡❧❧❡ ❞♦♥♥é❡ ♠❛✐s s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❣❛♠♠❡s ❞✬é❝❤❡❧❧❡s à
♥♦tr❡ ❞✐s♣♦s✐t✐♦♥✳ ❉❡ ♣❧✉s✱ ✐❧ ❡st ✐♠♣♦rt❛♥t ❞✬✐❞❡♥t✐✜❡r ❧✬❡✛❡t ❞❡s ♣r♦❝❡ss✉s à ❧✬♦r✐✲
❣✐♥❡ ❞❡ ❧❛ ♣❧✉✐❡ ✭❝♦♥✈❡❝t✐♦♥✱ ❢r♦♥t✮ q✉✐ s❡ ♣r♦❞✉✐s❡♥t à ❞❡s é❝❤❡❧❧❡s ❜✐❡♥ ❞é✜♥✐❡s s✉r
❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡✳ ▲❛ ♣❧✉✐❡ ❞❛♥s ❧❛ ré❣✐♦♥ ♣rés❡♥t❡ ✉♥ ❝❛r❛❝tèr❡ ❛✉✲
t♦s✐♠✐❧❛✐r❡ s✉r ♣❧✉s✐❡✉rs ❣❛♠♠❡s ❞✬é❝❤❡❧❧❡s ❞✐st✐♥❝t❡s✳ ❚❡♠♣♦r❡❧❧❡♠❡♥t✱ ❝❡s ❣❛♠♠❡s
❞✬é❝❤❡❧❧❡ s✬ét❡♥❞❡♥t ❡♥tr❡ ✷✵ ❡t ✹✺ ♠✐♥✱ ❡♥tr❡ ✹✺ ♠✐♥ ❡t ✸ ❤✱ ❡♥tr❡ ✸ ❤ ❡t ✶ ❥♦✉r ❡t
❡♥tr❡ ✶ ❥♦✉r ❡t ✶✵ ❥♦✉rs✳ ❙♣❛t✐❛❧❡♠❡♥t✱ ❡❧❧❡s s✬ét❡♥❞❡♥t ❡♥tr❡ ✸ ❡t ✼ ❦♠✱ ✼ ❡t ✷✵ ❦♠ ❡t
✷✵ ❡t ✼✵ ❦♠✳ ▲❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡ ❞é♣❡♥❞❡♥t ♣❛r ❛✐❧❧❡✉rs ❞✉ ♠♦✐s ♣❡♥✲
❞❛♥t ❧❡q✉❡❧ ❡st ré❛❧✐sé❡ ❧✬❛♥❛❧②s❡✳ ❊♥ ♥♦✉s ❜❛s❛♥t s✉r ❧❡s éq✉❛t✐♦♥s ❞✉ ♠♦✉✈❡♠❡♥t✱
♥♦✉s ❛✈♦♥s ♣✉ ♠♦♥tr❡r q✉❡ ❧❡s ❞✐✛ér❡♥t❡s ❣❛♠♠❡s ❞✬é❝❤❡❧❧❡s ♣♦✉r ❧❡sq✉❡❧❧❡s ❧❛ ♣❧✉✐❡
♣rés❡♥t❡ ✉♥ ❝❛r❛❝tèr❡ ❛✉t♦s✐♠✐❧❛✐r❡ ♣♦✉✈❛✐❡♥t êtr❡ ❛ss♦❝✐é❡s à ❞✐✛ér❡♥ts ♣r♦❝❡ss✉s
♠été♦r♦❧♦❣✐q✉❡s à ❧✬é❝❤❡❧❧❡ ❝♦♥✈❡❝t✐✈❡✱ à ❧❛ ♠és♦✲é❝❤❡❧❧❡ ❡t à ❧✬é❝❤❡❧❧❡ s②♥♦♣t✐q✉❡✳ ▲❡
s♣❡❝tr❡ ❞❡ ❧❛ ♣❧✉✐❡ ♣rés❡♥t❡✱ ❞❡ ♣❧✉s✱ ✉♥ ♣❧❛t❡❛✉ s♣❡❝tr❛❧ à ♣❛rt✐r ❞❡ ❞✐① ❥♦✉rs✳ ❈❡❧❛
s✐❣♥✐✜❡ q✉✬❛✉✲❞❡❧à ❞❡ ✶✵ ❥♦✉rs ❞❡✉① é✈é♥❡♠❡♥ts ♣❧✉✈✐❡✉① ♥❡ ♣rés❡♥t❡♥t ♣❧✉s ❞❡ ❝♦r✲
ré❧❛t✐♦♥ ❡♥tr❡ ❡✉①✳ ❆✐♥s✐✱ ❝❡tt❡ é❝❤❡❧❧❡ ♣❡✉t êtr❡ ✐❞❡♥t✐✜é❡ ❝♦♠♠❡ ❧❛ ❢r♦♥t✐èr❡ ❡♥tr❡
❧❛ ♠été♦r♦❧♦❣✐❡ ❞ét❡r♠✐♥✐st❡ ❡t ❧❡ ❜r✉✐t ♠été♦r♦❧♦❣✐q✉❡ ♦ù ✐❧ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡ ❞❡
♣ré✈♦✐r ❧❡ t❡♠♣s✳ P❛r ❛✐❧❧❡✉rs✱ ❞❡ ♣ré❝é❞❡♥t❡s ét✉❞❡s ♦♥t ♠♦♥tré q✉✬❛✉✲❞❡❧à ❞❡ tr♦✐s
❛♥s✱ ♦♥ r❡tr♦✉✈❡ ✉♥❡ ♣❡♥t❡ s♣❡❝tr❛❧❡ ♥♦♥ ♥✉❧❧❡ ❝❡ q✉✐ s✐❣♥✐✜❡ q✉✬✉♥❡ t❡♥❞❛♥❝❡ ❝❧✐♠❛✲
t✐q✉❡ ❡st ♦❜s❡r✈é❡ ❞❛♥s ❧❡ s♣❡❝tr❡✳ ❆✐♥s✐✱ ❝❡tt❡ é❝❤❡❧❧❡ ❝♦rr❡s♣♦♥❞r❛✐t à ❧❛ ❢r♦♥t✐èr❡
✐♥❢ér✐❡✉r❡ ❞❡ ❧✬❛♥❛❧②s❡ ❝❧✐♠❛t✐q✉❡ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡✳

❉❛♥s ❧❛ s❡❝♦♥❞❡ ♣❛rt✐❡ ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡✱ ♥♦✉s
❛✈♦♥s ❝❤❡r❝❤é à ✐❞❡♥t✐✜❡r ✉♥ ❧✐❡♥ ♣♦ss✐❜❧❡ ❡♥tr❡ ❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡s s♣❛t✐❛❧❡s ❡t
t❡♠♣♦r❡❧❧❡s✳ ▲✬❛♥❛❧②s❡ ❞❡s s♣❡❝tr❡s ✷❉ ❛ ♣❡r♠✐s ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ❞❡ ♠♦♥tr❡r
q✉❡ ❧❡ ❝❤❛♠♣ ❞❡ ♣❧✉✐❡ ❡st ❢r❛❝t❛❧❡♠❡♥t ✐s♦tr♦♣❡ ♣✉✐s ❧✬❛♥❛❧②s❡ ❞❡s s♣❡❝tr❡s ❡s♣❛❝❡✲
t❡♠♣s ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡ ❞✉r❛♥t
❧✬❛♥♥é❡✳ ❊♥✜♥✱ ✉♥ rés✉❧t❛t ✐♠♣♦rt❛♥t ❡st q✉❡ ❧❡ r❛♣♣♦rt ❞❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s ❡s♣❛❝❡
❡t t❡♠♣s r❡st❡ é❣❛❧ à ✶ t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧✬❛♥♥é❡ s❛✉❢ ❡♥ ❛✉t♦♠♥❡✳ ❈❡❧❛ s✉❣❣èr❡ ✉♥❡

❙②♥t❤ès❡ ❡t P❡rs♣❡❝t✐✈❡s ✶✼✺



❙②♥t❤ès❡ ❡t P❡rs♣❡❝t✐✈❡s

❢♦rt❡ s✐♠✐❧❛r✐té ❡♥tr❡ ❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡ ❞❡ ❧✬❡s♣❛❝❡ ❡t ❞✉ t❡♠♣s ♣♦✉r ❧❛ ♣❧✉✐❡✳

❆✜♥ ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ♣❛r
❧❡s ♣ré❝é❞❡♥ts rés✉❧t❛ts✱ ❧❡s ♣r♦❝❡ss✉s ❛ss♦❝✐és ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥
❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ♦♥t été ❛♥❛❧②sé ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✺✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s
❛✈♦♥s ❝❤❡r❝❤é à ❞ét❡r♠✐♥❡r ❧❡s s✐t✉❛t✐♦♥s s②♥♦♣t✐q✉❡s t②♣✐q✉❡s ét❛♥t à ❧✬♦r✐❣✐♥❡ ❞❡s
♣ré❝✐♣✐t❛t✐♦♥s✳ P♦✉r ❝❡❧❛ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ✉♥❡ ♠ét❤♦❞❡ ❞❡ r❡❝❤❡r❝❤❡ ❞✬❛♥❛❧♦❣✉❡s
q✉✐ ♥♦✉s ❛ ♣❡r♠✐s ❞✬✐❞❡♥t✐✜❡r s✐① s✐t✉❛t✐♦♥s ❢❛✈♦r❛❜❧❡s à ❧❛ ♣❧✉✐❡✳ ❈✐♥q ❞❡ ❝❡s s✐t✉❛✲
t✐♦♥s ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s ❛♥♦♠❛❧✐❡s ♣♦s✐t✐✈❡s ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ♣♦s✐t✐♦♥♥é❡s
s✉r ❧✬♦✉❡st ❞❡ ♥♦tr❡ ré❣✐♦♥ ❞✬ét✉❞❡✳ ❈❡tt❡ ❝♦♥✜❣✉r❛t✐♦♥ ♣❡r♠❡t ❞❡ ❝ré❡r ❞❡s s♦✉✲
❧è✈❡♠❡♥ts s✉r ❝❡tt❡ ré❣✐♦♥ ♠❛✐s ❛✉ss✐ ❞✬❛♣♣♦rt❡r ❞❡ ❧✬❤✉♠✐❞✐té ❡♥ ♣r♦✈❡♥❛♥❝❡ ❞❡
❧❛ ▼é❞✐t❡rr❛♥é❡✳ ◆♦✉s ❛✈♦♥s ❛❧♦rs ♠♦♥tré q✉❡ ❧❡s ❞✐✛ér❡♥t❡s s✐t✉❛t✐♦♥s ♠✐s❡s ❡♥
é✈✐❞❡♥❝❡ ét❛✐❡♥t ♣❧✉s ♦✉ ♠♦✐♥s ❢❛✈♦r❛❜❧❡s ❛✉① ❝✉♠✉❧s ✐♠♣♦rt❛♥ts s✉✐✈❛♥t ❧❡✉r ❝❛r❛❝✲
tér✐st✐q✉❡s ✭❧❛♥❣✉❡ étr♦✐t❡ ❞❡ ❢♦rt t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧✱ ③♦♥❡ ❞✬❛♥♦♠❛❧✐❡ ❞❡ t♦✉r❜✐❧❧♦♥
♣♦t❡♥t✐❡❧ ❛✉✲❞❡ss✉s ❞❡ ❧❛ ré❣✐♦♥✮✳ ◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ❞é♠♦♥tré q✉✬❛✉❝✉♥❡ s✐t✉❛✲
t✐♦♥ t②♣✐q✉❡ ♥✬ét❛✐t ❛ss♦❝✐é❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ été ré✈é❧❛♥t q✉❡ ❝❡ s♦♥t ♣❧✉tôt
❧❡s ❝♦♥❞✐t✐♦♥s ❧♦❝❛❧❡s q✉✐ s♦♥t à ❧✬♦r✐❣✐♥❡ ❞❡s é✈é♥❡♠❡♥t ♣ré❝✐♣✐t❛♥ts ✐♥t❡♥s❡s ❞✉r❛♥t
❝❡tt❡ ♣ér✐♦❞❡✳

❉❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s✱ ♥♦✉s ❛✈♦♥s ♣✉ ❡①♣❧♦r❡r ❝❡s ❝♦♥❞✐t✐♦♥s ❧♦❝❛❧❡s ❡♥ ✉t✐❧✐✲
s❛♥t ❧❡s s♦rt✐❡s ❞❡ ♠♦❞è❧❡s à ✜♥❡ rés♦❧✉t✐♦♥✳ ◆♦✉s ❛✈♦♥s ❞ét❡r♠✐♥é ❧❡s ❝♦rré❧❛t✐♦♥s
q✉✐ ♣♦✉✈❛✐❡♥t ❡①✐st❡r ❡♥tr❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡t ❞✐✛ér❡♥t❡s ✈❛r✐❛❜❧❡s ❞②♥❛♠✐q✉❡s ♦✉
t❤❡r♠♦❞②♥❛♠✐q✉❡s✱ ❛✜♥ ❞✬✐❞❡♥t✐✜❡r ❧❡s ♣r♦❝❡ss✉s à ❧✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛
ré❣✐♦♥✳ ◆♦✉s ❛✈♦♥s t♦✉t ❞✬❛❜♦r❞ ❛♥❛❧②sé ❝❡s ❝♦rré❧❛t✐♦♥s ♣♦✉r ❞✐✛ér❡♥t❡s ❛❧t✐t✉❞❡s✳
■❧ ❛ été ♣❛r ❡①❡♠♣❧❡ ♣♦ss✐❜❧❡ ❞❡ ♠♦♥tr❡r q✉❡ ❧✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡ ❡st ❢❛✈♦r❛❜❧❡ ❛✉①
♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s ♠❛✐s ❞é❢❛✈♦r❛❜❧❡s ❞❛♥s ❧❡s ❤❛✉t❡s ❝♦✉❝❤❡s✳ ❈❡s
❝♦rré❧❛t✐♦♥s ♣rés❡♥t❡♥t ❛✉ss✐ ✉♥❡ ✈❛r✐❛❜✐❧✐té s❛✐s♦♥♥✐èr❡ ✐♠♣♦rt❛♥t❡✳ P❛r ❡①❡♠♣❧❡✱ ❧❡
✈❡♥t ❞✐r✐❣é ✈❡rs ❧❡ s✉❞ s❡ ♠♦♥tr❡ ❞é❢❛✈♦r❛❜❧❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ❤✐✈❡r ♠❛✐s ♥❡
❥♦✉❡ ♣❛r ❝♦♥tr❡ ♣❛s ❞❡ rô❧❡ ❞✉r❛♥t ❧❡ r❡st❡ ❞❡ ❧✬❛♥♥é❡✳ P❛r ❧❛ s✉✐t❡✱ ♥♦✉s ❛✈♦♥s ❞é✲
t❡r♠✐♥é ❧❛ ✈❛r✐❛❜✐❧✐té ❤♦r✐③♦♥t❛❧❡ à ✸✺✵✵ ♠ ❞❡ ❝❡s ❝♦rré❧❛t✐♦♥s✳ ❈❡rt❛✐♥s ♣❛r❛♠ètr❡s
t❡❧ ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ♠♦♥tr❡♥t ✉♥❡ ❝♦rré❧❛t✐♦♥ ❛✈❡❝ ❧❛ ♣❧✉✐❡ q✉✐ ❞é♣❡♥❞ ❞❡ ❧❛ ré❣✐♦♥✳
❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ❡st ❢♦rt❡♠❡♥t ❝♦rré❧é ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ❝ôt❡✱
s✐❣♥❛t✉r❡ ♣r♦❜❛❜❧❡ ❞❡ ❧✬♦❝❝✉rr❡♥❝❡ ❞❡ ❜r✐s❡s ❞❡ ♠❡r ♦✉ ❞❡ t❡rr❡✳ ▲❡ ❝②❝❧❡ s❛✐s♦♥♥✐❡r
❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❤♦r✐③♦♥t❛❧❡ ❞❡ ❝❡s ❝♦rré❧❛t✐♦♥s ❛ ❛❧♦rs ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ ❧✉♠✐èr❡
♣❧✉s✐❡✉rs ❝♦♠♣♦rt❡♠❡♥ts ✐♥tér❡ss❛♥ts✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❛ ❝♦rré❧❛t✐♦♥ ❛✈❡❝ ❧❛ ❈❆P❊
♣rés❡♥t❡ ✉♥ ❞é♣❧❛❝❡♠❡♥t ❞❡ ❧❛ t❡rr❡ ✈❡rs ❧❛ ♠❡r ❡♥tr❡ ❧❡ ♣r✐♥t❡♠♣s ❡t ❧✬❤✐✈❡r✳ ❋✐♥❛❧❡✲
♠❡♥t✱ ❝❡s ❝♦rré❧❛t✐♦♥s ♠❡tt❡♥t ❡♥ é✈✐❞❡♥❝❡ ✉♥ ❝②❝❧❡ ❞✐✉r♥❡ ✐♠♣♦rt❛♥t ♣♦✉r ❝❡rt❛✐♥s
❞❡s ♣❛r❛♠ètr❡s✳ ▲❛ ❝♦rré❧❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡ ❛✈❡❝ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ♠♦♥tr❡ ♣❛r
❡①❡♠♣❧❡ ✉♥ ❝②❝❧❡ ❞✐✉r♥❡ ✈❛r✐❛❜❧❡ s❡❧♦♥ ❧✬❛❧t✐t✉❞❡ ❛✈❡❝ ✉♥❡ ❛♥t✐❝♦rré❧❛t✐♦♥ ❛✉ s♦❧ ❡t
❞❡✉① ré❣✐♦♥s ❞✐st✐♥❝t❡s ❞❡ ❝♦rré❧❛t✐♦♥ ♣♦s✐t✐✈❡s à ✺✵✵✵ ❡t ✶✵✵✵✵ ♠✳

◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ ét✉❞✐é ❧✬✐♥✢✉❡♥❝❡ ❞✉ r❡❧✐❡❢ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ◆♦✉s ❛✈♦♥s
❛✐♥s✐ ❞ét❡r♠✐♥é ❧❡ ❧✐❡♥ ❛✈❡❝ ❧✬❛❧t✐t✉❞❡ ❞✉ r❡❧✐❡❢ ♠❛✐s ❛✉ss✐ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣❡♥t❡
❡t ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞❡ ❧❛ ♣❡♥t❡✳ ❈❡s tr♦✐s ♣❛r❛♠ètr❡s ✐♥✢✉❡♥❝❡♥t ❢♦rt❡♠❡♥t ❧❛ ♣❧✉✐❡✳
P❧✉s ❧✬❛❧t✐t✉❞❡ ❡t ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞❡ ♣❡♥t❡ s♦♥t ✐♠♣♦rt❛♥ts ❡t ♣❧✉s ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s
♠♦②❡♥♥❡s s♦♥t é❧❡✈é❡s✳ ❉❡ ♣❧✉s✱ ❧❡ t❛✉① ❞❡ ♣❧✉✐❡ ❡st ♠❛①✐♠❛❧ s✐ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s
♣ré❝✐♣✐t❛t✐♦♥s s❡ ❞✐r✐❣❡ ❞❡ ❜✐❛✐s ♣❛r r❛♣♣♦rt à ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣❡♥t❡✳ ▲✬❛♥❛❧②s❡
♣❛r ♠♦✐s ❛ ré✈é❧é q✉❡✱ ❞✉r❛♥t ❧❛ ♣❧✉♣❛rt ❞❡ ❧✬❛♥♥é❡✱ ❧❡ t❛✉① ❞❡ ♣❧✉✐❡ ❡st ♠❛①✐♠❛❧
❧♦rsq✉❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡st ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧❛ ♠♦♥t❛❣♥❡ ♠❛✐s

✶✼✻ ❙②♥t❤ès❡ ❡t P❡rs♣❡❝t✐✈❡s



❙②♥t❤ès❡ ❡t P❡rs♣❡❝t✐✈❡s

q✉✬❡♥ été✱ ❧❡ t❛✉① ❞❡ ♣❧✉✐❡ ❡st ♠❛①✐♠❛❧ q✉❛♥❞ ❧❡ ❞é♣❧❛❝❡♠❡♥t ♠♦♥tr❡ ✉♥ ❛♥❣❧❡ ❞❡
✽✵✝❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣❡♥t❡✳

❊♥✜♥ ❞❛♥s ❧❛ ❞❡r♥✐èr❡ ♣❛rt✐❡ ❞❡ ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ❡①♣❧✐q✉❡r ❧❡s
❝❛r❛❝tér✐st✐q✉❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ❧❡s ❝❤❛♣✐tr❡s ♣ré❝é❞❡♥ts✳
◆♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧❡ ❝②❝❧❡ ❞✐✉r♥❡ ❡t s❛✐s♦♥♥✐❡r ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s❡♠❜❧❡ êtr❡
❧✐é à ❧❛ ✈❛r✐❛❜✐❧✐té ❥♦✉r♥❛❧✐èr❡ ❡t s❛✐s♦♥♥✐èr❡ ❞❡ ❧❛ ❈❆P❊ t❛♥❞✐s q✉❡ ❧❛ ✈❛r✐❛❜✐❧✐té
✐♥t❡r✲❛♥♥✉❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣❡✉t êtr❡ ❡①♣❧✐q✉é❡ ♣❛r ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡
❞❡ ❧❛ ♣r❡ss✐♦♥✱ ❞✉ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡t ❞✉ ✢✉① ♠ér✐❞✐❡♥✳

❆♣rès ❛✈♦✐r ❝❛r❛❝tér✐sé ❧❛ ♣❧✉✐❡ ❞❛♥s ✉♥❡ ♣r❡♠✐èr❡ ♣❛rt✐❡ ♣✉✐s ❛✈♦✐r ✐❞❡♥t✐✜é ❧❡s
♣r♦❝❡ss✉s r❡s♣♦♥s❛❜❧❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ❞❛♥s
✉♥❡ s❡❝♦♥❞❡ ♣❛rt✐❡✱ ♥♦✉s ❛✈♦♥s✱ ❞❛♥s ✉♥❡ ❞❡r♥✐èr❡ ♣❛rt✐❡ ❝❤❡r❝❤é à ❞é✈❡❧♦♣♣❡r ✉♥❡
♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s à ❧✬❛✐❞❡ ❞✬✉♥ r❛❞❛r
❉♦♣♣❧❡r✳ ◆♦✉s ❛✈✐♦♥s ♠♦♥tré ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✺ q✉❡ ❧❡s ❞❡✉① ♣r✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s
❣♦✉✈❡r♥❛♥t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡ s♦♥t ❧❛ ❈❆P❊ ✭❧✐é❡ à ❧❛ st❛❜✐❧✐té ❞❡
❧✬❛✐r✮ ❡t ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ✈❡rt✐❝❛❧ ❞❡ ✈❡♥t✳ P♦✉rt❛♥t ❧❛ ❧✐ttér❛t✉r❡ ✭✈♦✐r ❲✐❧s♦♥ ❡t ❛❧✳✱
✶✾✾✽✱ ✷✵✵✹✮ ❛ ♠♦♥tré q✉❡ ❝❡s ♣❛r❛♠ètr❡s s♦♥t ❡♥❝♦r❡ ♠❛❧ ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡s
♠ét❤♦❞❡s ❞❡ ♣ré✈✐s✐♦♥ à ❝♦✉rt t❡r♠❡ ✭❤♦rs s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s✮✳ ❈✬❡st ♣♦✉rq✉♦✐
♥♦✉s ❛✈♦♥s ♣r♦♣♦sé ✉♥❡ ♥♦✉✈❡❧❧❡ ♠ét❤♦❞❡ s✬❛♣♣✉②❛♥t s✉r ❧✬éq✉❛t✐♦♥ ✈❡rt✐❝❛❧❡ ❞❡
❧❛ ❞②♥❛♠✐q✉❡ ❡t ♣❡r♠❡tt❛♥t ❞❡ t❡♥✐r ❝♦♠♣t❡ ❞❡ ❝❡s ❞❡✉① ♣❛r❛♠ètr❡s✳ ◆♦✉s ❛✈♦♥s
♠♦♥tré q✉❡ ❝❡tt❡ éq✉❛t✐♦♥ ♣❡✉t s❡ ❞é❝♦♠♣♦s❡r ❡♥ ♣❧✉s✐❡✉rs t❡r♠❡s ✿ ❞❡✉① t❡r♠❡s
❣♦✉✈❡r♥❛♥t ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡ ❡t ❞é♣❡♥❞❛♥t r❡s♣❡❝t✐✈❡♠❡♥t ❞✉
❝✐s❛✐❧❧❡♠❡♥t ✈❡rt✐❝❛❧ ❡t ❞❡ ❧✬❛❞✈❡❝t✐♦♥ ❡t ❞❡✉① t❡r♠❡s ❣♦✉✈❡r♥❛♥t ❧✬✐♥t❡♥s✐✜❝❛t✐♦♥ ❞❡s
❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡ ❡t ❞é♣❡♥❞❛♥t ❞❡ ❧❛ ✢♦tt❛❜✐❧✐té ❡t ❞❡ ❧✬ét✐r❡♠❡♥t ❞❡ ❧❛ ❝♦❧♦♥♥❡ ❞✬❛✐r✳
❆✐♥s✐✱ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s ❝❡❧❧✉❧❡s ♣❡✉t êtr❡ ✐♥❢éré ❞✐r❡❝t❡♠❡♥t à ♣❛rt✐r ❞✉ ✈❡♥t ✸❉✳
▲✬✐♥t❡♥s✐✜❝❛t✐♦♥ ♥é❝❡ss✐t❡ ❞❡ ♣❛r❛♠étr❡r ❧❛ ✢♦tt❛❜✐❧✐té ♣❛r ❧❡ ✈❡♥t✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝
❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ❝❤♦✐s✐ ❞❡ ❝♦♥s✐❞ér❡r ✉♥✐q✉❡♠❡♥t ❧❡s t❡r♠❡s r❡s♣♦♥s❛❜❧❡s ❞✉
❞é♣❧❛❝❡♠❡♥t ❡t ♥♦✉s ❛✈♦♥s t❡sté ❝❡tt❡ ♠ét❤♦❞❡ s✉r ✉♥❡ s✐♠✉❧❛t✐♦♥ très ✜♥❡ rés♦❧✉t✐♦♥
❞✬✉♥ é✈é♥❡♠❡♥t ❞❡ ♣❧✉✐❡ q✉✐ s✬❡st ❞ér♦✉❧é ❛✉ s✉❞ ❞❡ ❧❛ ré❣✐♦♥ ❞❡s ❈é✈❡♥♥❡s ❡♥ ♦❝t♦❜r❡
✷✵✵✽✳ ▲❡s rés✉❧t❛ts ♠♦♥tr❡♥t q✉❡ ❧❡s ③♦♥❡s ❞❡ s✉❜s✐❞❡♥❝❡ s♦♥t ❜✐❡♥ ♣ré✈✉❡s ♣❛r ❧❛
♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥✳ P❛r ❝♦♥tr❡✱ ❧❡s ③♦♥❡s ❞✬❛s❝❡♥❞❛♥❝❡ ♥❡ s♦♥t ♣❛s ❜✐❡♥ r❡♣r♦❞✉✐t❡s
❝❛r ❡❧❧❡s s♦♥t ❧✐é❡s à ❧❛ ✢♦tt❛❜✐❧✐té q✉✐ ♥✬❡st ♣❛s ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ♣♦✉r ❧✬✐♥st❛♥t✳

◗✉❡st✐♦♥s s❝✐❡♥t✐✜q✉❡s

◆♦✉s ❛✈✐♦♥s é♥♦♥❝é ❛✉ t♦✉t ❞é❜✉t ❞❡ ❝❡tt❡ t❤ès❡ ❧❡s q✉❡st✐♦♥s s❝✐❡♥t✐✜q✉❡s q✉✐
s❡ r❛♣♣♦rt❡♥t à ❝❡ tr❛✈❛✐❧✳ ◆♦✉s ♣♦✉✈♦♥s à ♣rés❡♥t rés✉♠❡r ❧❡s ♣♦✐♥ts ❛✉①q✉❡❧s ♥♦✉s
❛✈♦♥s ❛♣♣♦rté ✉♥❡ ré♣♦♥s❡ ♦✉ ✉♥ ❞é❜✉t ❞❡ ré♣♦♥s❡✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡
❧❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✱ ♥♦✉s ❛✈✐♦♥s s♦✉❧✐❣♥é ❧❛ ♥é❝❡ss✐té
❞✬♦❜t❡♥✐r ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t à ✜♥❡ é❝❤❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
s✉r ✉♥❡ ❧❛r❣❡ ③♦♥❡✳ ❈❡ tr❛✈❛✐❧ ❛ ♣✉ êtr❡ ré❛❧✐sé ❣râ❝❡ à ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s à ✜♥❡
rés♦❧✉t✐♦♥ ✉t✐❧✐sé❡✳ ❉❡ ♣❧✉s✱ ♥♦✉s ❛✈✐♦♥s s♦✉❧✐❣♥é q✉❡ ❧❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❡ s✉❞ ❞❡s ❆❧♣❡s ❛✐♥s✐ q✉❡ s✉r ❧❛ ♠❡r ❡st ♠❛❧ ❝♦♥♥✉❡✳ ◆♦✉s
♥♦✉s s♦♠♠❡s ❞♦♥❝ ❛tt❛❝❤é à ❝❛r❛❝tér✐s❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ♣❧✉✐❡ à ✜♥❡ é❝❤❡❧❧❡
s✉r ❝❡s ré❣✐♦♥s✳ ◆♦✉s ❛✈✐♦♥s é❣❛❧❡♠❡♥t ✐♥❞✐q✉é ❧❛ ♥é❝❡ss✐té ❞✬✐❞❡♥t✐✜❡r ❧❡s ❡✛❡ts ❞✉
❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ▼é❞✐t❡rr❛♥é❡✳ ❇✐❡♥ q✉❡ ♥♦✉s ❛②♦♥s
ét✉❞✐é ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✱ ✐❧ ♥✬❡st ♣❛s ❡♥❝♦r❡ ♣♦ss✐❜❧❡ ❞❡

❙②♥t❤ès❡ ❡t P❡rs♣❡❝t✐✈❡s ✶✼✼



❙②♥t❤ès❡ ❡t P❡rs♣❡❝t✐✈❡s

❝❛r❛❝tér✐s❡r ❞❡s t❡♥❞❛♥❝❡s ❝❧✐♠❛t✐q✉❡s✳ ❈❡❝✐ ❡st ❝♦♥✜r♠é ♣❛r ❧✬❛♥❛❧②s❡ ❞❡s ♣r♦♣r✐étés
❞✬é❝❤❡❧❧❡ q✉✐ ♠♦♥tr❡ q✉✬✐❧ ❢❛✉t ❞❡s sér✐❡s t❡♠♣♦r❡❧❧❡s s✉♣ér✐❡✉r❡s à tr♦✐s ❛♥s ♣♦✉r
❞ét❡❝t❡r ❞❡ t❡❧❧❡s t❡♥❞❛♥❝❡s✳ ◆é❛♥♠♦✐♥s✱ ❧❡ r❛❞❛r ❝♦♥t✐♥✉❡ à ❛❧✐♠❡♥t❡r ❧❛ ❜❛s❡ ❞❡
❞♦♥♥é❡s ❞♦♥t ✐❧ s❡r❛ ♣♦ss✐❜❧❡ ❞❡ s❡ s❡r✈✐r ❞❛♥s ❧❡ ❢✉t✉r ♣♦✉r ❡✛❡❝t✉❡r ❝❡ tr❛✈❛✐❧✳

▲❡s ♣r♦♣r✐étés ❢r❛❝t❛❧❡s ❞❡ ❧❛ ♣❧✉✐❡ ♦♥t✱ q✉❛♥t à ❡❧❧❡s✱ ❞♦♥♥é ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r
❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡ ❞✉ ❝❤❛♠♣ ❞❡ ♣❧✉✐❡ ❡t é❣❛❧❡♠❡♥t ❝❡rt❛✐♥❡s ♣✐st❡s ❞❡ ré♣♦♥s❡
❛✉① q✉❡st✐♦♥s s❝✐❡♥t✐✜q✉❡s ✐♥✐t✐❛❧❡♠❡♥t ♣♦sé❡s✳ ◆♦✉s ❛✈✐♦♥s ♥♦t❛♠♠❡♥t s♦✉❧✐❣♥é
❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❡ ❧✐❡♥ ❡♥tr❡ ❧❛ ♣❤②s✐q✉❡ ❡t ❧❡s ♣r♦♣r✐étés ❢r❛❝t❛❧❡s ❞❡ ❧❛
♣❧✉✐❡✳ ❇✐❡♥ q✉❡ s❡✉❧❡ ✉♥❡ ❛♣♣r♦❝❤❡ t❤é♦r✐q✉❡ ♣❡r♠❡ttr❛ ❞❡ ❞é✜♥✐t✐✈❡♠❡♥t ❝❧❛r✐✜❡r ❝❡
❧✐❡♥✱ ❧❡s rés✉❧t❛ts ♣rés❡♥tés ❞❛♥s ❝❡tt❡ t❤ès❡ s♦♥t ✐♠♣♦rt❛♥ts ♣♦✉r ♠✐❡✉① ❝♦♠♣r❡♥❞r❡
❧✬✐♥✢✉❡♥❝❡ ❞❡s ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s s✉r ❧❡s ❧✐❡♥s ❡♥tr❡ ❧❡s é❝❤❡❧❧❡s✳ ❉❡ ♣❧✉s✱ ♥♦✉s ❛✈♦♥s
❛♣♣♦rté ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♠♣❧é♠❡♥t❛✐r❡s ❛✉① tr❛✈❛✉① ♣ré❝é❞❡♥ts ♠❡♥és ❛✉ ▲❆❚✲
▼❖❙ s✉r ❧✬✐♥✢✉❡♥❝❡ ❞✉ s✉♣♣♦rt s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❛✉t♦s✐♠✐❧❛✐r❡ ❞❡ ❧❛ ♣❧✉✐❡✳ ❯♥
❛♣♣♦rt ✐♠♣♦rt❛♥t ❞❡ ❝❡ tr❛✈❛✐❧ rés✐❞❡ ❛✐♥s✐ ❞❛♥s ❧❡ ❢❛✐t q✉❡ ♥♦✉s ❛✈♦♥s ♣✉ ♠♦♥tr❡r
q✉❡ ❧❡s t❤é♦r✐❡s ❝❡❧❧✉❧❛✐r❡s ❡t ❢r❛❝t❛❧❡s s❡♠❜❧❡♥t ✜♥❛❧❡♠❡♥t ❝♦♠♣❧é♠❡♥t❛✐r❡s✳ ▲❛ ♣r❡✲
♠✐èr❡ ♣❡r♠❡tt❛♥t ❞❡ ❞é✜♥✐r ❧❡s é❝❤❡❧❧❡s ❞❡s ♣r♦❝❡ss✉s ❞②♥❛♠✐q✉❡s ❞❛♥s ❧✬❛t♠♦s♣❤èr❡
❡t ❧❛ s❡❝♦♥❞❡ ♣❡r♠❡tt❛♥t ❞❡ ❝❛r❛❝tér✐s❡r ❧❡s ❧✐❡♥s ❡♥tr❡ ❝❡s é❝❤❡❧❧❡s✳ ◆♦✉s ❛✈♦♥s ♣✉
♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ✉♥❡ s✐♠✐❧❛r✐té ❡♥tr❡ ❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡s s♣❛t✐❛❧❡s ❡t t❡♠♣♦✲
r❡❧❧❡s ❞❡ ❧❛ ♣❧✉✐❡✳ ❈❡ rés✉❧t❛t ❡st ✐♠♣♦rt❛♥t ❝❛r ✐❧ ✐♥❞✐q✉❡ q✉❡ ❧❛ ♣❧✉✐❡ ♣rés❡♥t❡ ❧❡s
♠ê♠❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡ ❡♥ ❡s♣❛❝❡ ❡t ❡♥ t❡♠♣s ❝❡ q✉✐ s♦✉❧è✈❡ ❞❡s q✉❡st✐♦♥s s✉r
❧❡s ♣r♦❝❡ss✉s à ❧✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ♣r♦❝❡ss✉s ♠été♦r♦❧♦❣✐q✉❡s✱ ♥♦✉s ❛✈✐♦♥s ✐❞❡♥t✐✜é ♣❧✉s✐❡✉rs
q✉❡st✐♦♥s s❝✐❡♥t✐✜q✉❡s ♣❛r♠✐ ❧❡sq✉❡❧❧❡s ♥♦✉s ❛✈✐♦♥s s♦✉❧✐❣♥é ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ♠✐❡✉①
❝♦♥♥❛îtr❡ ❧❡s ♣r♦❝❡ss✉s à ❧✬♦r✐❣✐♥❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♠é❞✐t❡rr❛♥é❡♥♥❡s à ❧❛ ❢♦✐s à
❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡ ❡t s②♥♦♣t✐q✉❡✳ ❆ ❧✬é❝❤❡❧❧❡ s②♥♦♣t✐q✉❡✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❛ ♠ét❤♦❞❡
❞❡s ❛♥❛❧♦❣✉❡s s✉r ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ♣♦✉r ❞ét❡r♠✐♥❡r ❧❡s ré❣✐♠❡s ❞❡ t❡♠♣s t②✲
♣✐q✉❡s ❞❛♥s ❧❛ ré❣✐♦♥✳ ▲❡s rés✉❧t❛ts ♣♦✉rr❛✐❡♥t ♣❡r♠❡ttr❡ ❞❛♥s ❧❡ ❢✉t✉r ❞❡ ♠✐❡✉①
❛♥t✐❝✐♣❡r ❧❡s r✐sq✉❡s ❤②❞r♦❧♦❣✐q✉❡s s✉r ❧❛ ré❣✐♦♥✳ ❆ ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡✱ ❧❡s ♣r♦❝❡ss✉s ♠✐s
❡♥ ❥❡✉ ❞❛♥s ❧❡s ♣❤é♥♦♠è♥❡s ♠été♦r♦❧♦❣✐q✉❡s ♠❡♥❛♥t à ❞❡s ♣❧✉✐❡s ✐♥t❡♥s❡s ♦♥t ♣✉
êtr❡ ❝❛r❛❝tér✐sés ❞❡ ♠❛♥✐èr❡ st❛t✐st✐q✉❡✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ❛ ❛✐♥s✐ ♣❡r♠✐s ❞❡ ré✈é❧❡r
♣❧✉s✐❡✉rs ❝❛r❛❝tér✐st✐q✉❡s ✐♥tér❡ss❛♥t❡s q✉✐ ♣♦✉rr♦♥t êtr❡ ✉t✐❧✐sé❡s à ❧✬❛✈❡♥✐r ❞❛♥s ❧❡
❝❛❞r❡ ❞✬ét✉❞❡ ❞❡ ❝❛s✳

❊♥✜♥✱ ❝♦♥❝❡r♥❛♥t ❧❛ ♣ré✈✐s✐♦♥ ✐♠♠é❞✐❛t❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✱ ♥♦✉s ❛✈♦♥s ♣✉ ♠♦♥✲
tr❡r q✉✬✐❧ ét❛✐t ❡♥✈✐s❛❣❡❛❜❧❡✱ à ♣❛rt✐r ❞❡ ❧❛ ♠❡s✉r❡ ❉♦♣♣❧❡r✱ ❞❡ ❞✐❛❣♥♦st✐q✉❡r ❧❡
❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ❝❡❧❧✉❧❡s✳ ◆♦✉s ❛✈♦♥s ♥♦t❛♠♠❡♥t ♠♦♥tré q✉✬✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬✐♥té❣r❡r
❧❡s éq✉❛t✐♦♥s ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞✐r❡❝t❡♠❡♥t ❛✉① ♠ét❤♦❞❡s ❞❡ ♣ré✈✐s✐♦♥s à ❝♦✉rt❡s
é❝❤é❛♥❝❡s ❡t ❛✐♥s✐ ❞❡ ❞♦♥♥❡r ❞❡s ❝♦♥tr❛✐♥t❡s ♣❤②s✐q✉❡s à ❝❡s ♠ét❤♦❞❡s✳ ❊♥✜♥✱ ♥♦✉s
❛✈✐♦♥s s♦✉❧✐❣♥é ❞❛♥s ❧❡s ♣r♦❜❧é♠❛t✐q✉❡s s❝✐❡♥t✐✜q✉❡s q✉❡ ❧✬✐♥✐t✐❛t✐♦♥ ❡t ❧❛ ❞✐ss✐♣❛t✐♦♥
❞❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡ r❡st❛✐❡♥t ♠❛❧ ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❝❡s ♠ét❤♦❞❡s✳ ◆♦tr❡ ❛♣♣r♦❝❤❡
❞♦♥♥❡ ❞❡s ♣✐st❡s ♣❡r♠❡tt❛♥t ❞❡ t❡♥✐r ❝♦♠♣t❡ ❞❡ ❝❡s ♣r♦❝❡ss✉s✳

P❡rs♣❡❝t✐✈❡s

◆♦✉s ❛❧❧♦♥s à ♣rés❡♥t ♣rés❡♥t❡r ❧❡s ♣❡rs♣❡❝t✐✈❡s ❞❡ ❝❡ tr❛✈❛✐❧✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❧❡s
♠ét❤♦❞❡s ❞é✈❡❧♦♣♣é❡s ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡
♣♦✉rr♦♥t êtr❡ ♠✐s❡s ❡♥ ÷✉✈r❡ ♣♦✉r ❛♥❛❧②s❡r ❧❡s ❞♦♥♥é❡s ❞✉ rés❡❛✉ ❆❘❆▼■❙✳ ◆♦✉s

✶✼✽ ❙②♥t❤ès❡ ❡t P❡rs♣❡❝t✐✈❡s



❙②♥t❤ès❡ ❡t P❡rs♣❡❝t✐✈❡s

♣♦✉rr♦♥s ♣❛r ❡①❡♠♣❧❡ ❛♥❛❧②s❡r ❧❛ ✈❛r✐❛❜✐❧✐té ré❣✐♦♥❛❧❡ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ♣ré✲
❝✐♣✐t❛t✐♦♥s✳ ❉❡ ♣❧✉s✱ ✐❧ s❡r❛ ✐♥tér❡ss❛♥t ❞✬❛♥❛❧②s❡r ❞❡s é❝❤❡❧❧❡s s♣❛t✐❛❧❡s ♣❧✉s ét❡♥❞✉❡s
q✉❡ ❝❡❧❧❡s ❝♦♥s✐❞éré❡s ❛✈❡❝ ❧❡ r❛❞❛r ❍②❞r✐①✳

❋✐❣✉r❡ ✻✳✾ ✿ ❖♥❞❡❧❡tt❡ ✷❉ ❞❡ ▼♦r❧❡t

❯♥❡ ♣r❡♠✐èr❡ ét✉❞❡ ✭❞é❥à ❡♥ ❝♦✉rs✮
❡t ❡①♣❧♦✐t❛♥t ❝❡ rés❡❛✉ ❝♦♥❝❡r♥❡ ❧❛ ❞é✲
t❡❝t✐♦♥ ❞✬♦s❝✐❧❧❛t✐♦♥s ❛✉ ♠♦②❡♥ ❞✬♦♥✲
❞❡❧❡tt❡s ✷❉ ✭❡s♣❛❝❡✲❡s♣❛❝❡ ♦✉ ❡s♣❛❝❡✲
t❡♠♣s✮ ✭❋✐❣✳✻✳✾✮✳ ❈❡t ♦✉t✐❧ ✐♥♥♦✈❛♥t
♣♦✉rr❛✐t ♥♦✉s ♣❡r♠❡ttr❡ ❞✬✐❞❡♥t✐✜❡r ❞❡s
s✐❣♥❛t✉r❡s ❞✬♦♥❞❡ ❞❡ ❣r❛✈✐té ♦✉ ❞❡ ♣r♦✲
❝❡ss✉s t❡❧s q✉❡ ❧✬✐♥st❛❜✐❧✐té s②♠étr✐q✉❡
❝♦♥❞✐t✐♦♥♥❡❧❧❡ ✭▲❡♠❛îtr❡ ❡t ❛❧✳✱ ✷✵✵✶✮✳

❯♥❡ ❛✉tr❡ ♣❡rs♣❡❝t✐✈❡ ✐♥tér❡ss❛♥t❡ ❡st ❧✐é❡ ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ ❛❧❣♦r✐t❤♠❡ ❞❡
s✉✐✈✐ ❞❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡ ❛✜♥ ❞❡ r❡♥s❡✐❣♥❡r ❧❡ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡ ❝❡s ❝❡❧❧✉❧❡s✳ P♦✉r ❝❡❧❛✱
♥♦✉s s♦♠♠❡s ❡♥ tr❛✐♥ ❞✬❛❞❛♣t❡r ✉♥ ❛❧❣♦r✐t❤♠❡ ❝♦♥ç✉ ✐♥✐t✐❛❧❡♠❡♥t ♣♦✉r ❧❡ s✉✐✈✐ ❞✉ ❞é✲
♣❧❛❝❡♠❡♥t ❞❡ ✈é❤✐❝✉❧❡s ♣❛r ✈✐❞é♦✲s✉r✈❡✐❧❧❛♥❝❡ ✭❋✐❣✳ ✻✳✶✵✮✳
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❋✐❣✉r❡ ✻✳✶✵ ✿ ❊①❡♠♣❧❡ ❞❡ s✉✐✈✐ ❞❡s
❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s✳ ▲❡s ❡❧❧✐♣s❡s ❝♦rr❡s✲
♣♦♥❞❡♥t ❛✉① ❝❡❧❧✉❧❡s s✉✐✈✐❡s ❛✉ ❞é❜✉t ❡t
à ❧❛ ✜♥ ❞❡ ❧❡✉r ❝②❝❧❡ ❞❡ ✈✐❡✱ ❧❛ t❛✐❧❧❡ ❞❡s
❡❧❧✐♣s❡s ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❛ t❛✐❧❧❡ ❞❡s
❝❡❧❧✉❧❡s✳ ▲❡s ❧✐❣♥❡s ❡♥tr❡ ❞❡✉① ❡❧❧✐♣s❡s ❝♦r✲
r❡s♣♦♥❞❡♥t ❛✉① ❞é♣❧❛❝❡♠❡♥t ❞❡s ❝❡❧❧✉❧❡s

❈❡t ❛❧❣♦r✐t❤♠❡ r❡♣♦s❡ s✉r ❧❛ ❞ét❡❝✲
t✐♦♥ ❞❡s ❝♦♥t♦✉rs ❞❡ ♠❛♥✐èr❡ à ✐❞❡♥t✐✲
✜❡r ❧❡s ❝❡❧❧✉❧❡s ❞❡ ♣❧✉✐❡ ❡t s✉r ❧✬✉t✐❧✐s❛✲
t✐♦♥ ❞✬✉♥ ✜❧tr❡ ❞❡ ❑❛❧♠❛♥ ❛✜♥ ❞✬✐♥❢é✲
r❡r ❧❡ ❞é♣❧❛❝❡♠❡♥t ❡t ❧✬é✈♦❧✉t✐♦♥ ❡♥ t❛✐❧❧❡
❞❡s ❝❡❧❧✉❧❡s✳ ❯♥ t❡❧ ❛❧❣♦r✐t❤♠❡ ♣❡r♠❡ttr❡
❞❡ s✉✐✈r❡ ❧❡s ❝❡❧❧✉❧❡s ♣❡♥❞❛♥t ❧✬❡♥s❡♠❜❧❡
❞❡ ❧❡✉r ❝②❝❧❡ ❞❡ ✈✐❡ ❡t ❛✐♥s✐ ❞✬✐❞❡♥t✐✲
✜❡r ♣❛r ❡①❡♠♣❧❡ ❧❡ ♠♦♠❡♥t ♦ù ❡❧❧❡s ❛t✲
t❡✐❣♥❡♥t ❧❡✉r ♠❛①✐♠✉♠ ❞✬✐♥t❡♥s✐té ❡t
❝♦♠♠❡♥❝❡♥t ❧❡✉r ❞é❝r♦✐ss❛♥❝❡✳ ❉❡ ♣❧✉s✱
✐❧ s❡r❛✐t ♣♦ss✐❜❧❡ ❞❡ ❝♦♠❜✐♥❡r ❝❡tt❡ ❛♥❛✲
❧②s❡ ❛✈❡❝ ❧❡s s♦rt✐❡s ❞✬✉♥ ♠♦❞è❧❡ ♣♦✉r
❝❛r❛❝tér✐s❡r ❧❡s ♣r♦❝❡ss✉s ❧❡ ❧♦♥❣ ❞✉ tr❛✲
❥❡t ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❞❡ ♣❧✉✐❡✳

❊♥✜♥✱ ❛✉ ❢✉r ❡t à ♠❡s✉r❡ q✉❡ ❧❛ ❜❛s❡
❞❡ ❞♦♥♥é❡s ❞✉ r❛❞❛r ❍②❞r✐① s✬❡♥r✐❝❤✐r❛✱ ✐❧ s❡r❛ ✐♥tér❡ss❛♥t ❞✬✐❞❡♥t✐✜❡r ❞❡ ♣♦ss✐❜❧❡s
t❡♥❞❛♥❝❡s ❝❧✐♠❛t✐q✉❡s s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♥♦✉s ♣♦✉rr♦♥s ❝❤❡r❝❤❡r à
✐❞❡♥t✐✜❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❡①trê♠❡s ❞❡ ♣❧✉✐❡ ♣♦✉r ❞ét❡r♠✐♥❡r s✐ ❧❡✉r ♦❝❝✉rr❡♥❝❡ ❡t ❧❡✉r
✐♥t❡♥s✐té ❛✉❣♠❡♥t❡ ❝♦♠♠❡ ❧❡ ♣ré✈♦✐❡♥t ❧❡s ♠♦❞è❧❡s ❝❧✐♠❛t✐q✉❡s✳ ■❧ s❡r❛ é❣❛❧❡♠❡♥t
✐♥tér❡ss❛♥t ❞❡ ✈♦✐r s✐ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❝❡s ❡①trê♠❡s é✈♦❧✉❡ ❛✈❡❝ ❧❡ t❡♠♣s✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡✱ ✐❧ s❡r❛ ✐♥tér❡ss❛♥t ❞✬❛♣♣❧✐q✉❡r ❧❛
♠ét❤♦❞❡ ❞é✈❡❧♦♣♣é❡ ❞❛♥s ❝❡ tr❛✈❛✐❧ s✉r ❧❡s ❞♦♥♥é❡s ❞✉ rés❡❛✉ r❛❞❛r ❢r❛♥ç❛✐s✳ ❊♥
❡✛❡t✱ ❝❡❧❛ ♣❡r♠❡ttr❛ ❞✬❡①♣❧♦r❡r ❞❡s é❝❤❡❧❧❡s s♣❛t✐❛❧❡s ❥❛♠❛✐s ❝♦♥s✐❞éré❡s ❥✉sq✉✬à ♣ré✲
s❡♥t✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♥♦✉s ♣♦✉rr♦♥s ét✉❞✐❡r ❧❡s ♣r♦♣r✐étés ❢r❛❝t❛❧❡s ❝♦rr❡s♣♦♥❞❛♥t à
❧✬é❝❤❡❧❧❡ s②♥♦♣t✐q✉❡✳ ■❧ s❡r❛ ❞✬❛✐❧❧❡✉rs ✐♥tér❡ss❛♥t ❞❡ ❞ét❡r♠✐♥❡r s✐ ❧❡ r❛♣♣♦rt ❡♥tr❡
❧❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s t❡♠♣♦r❡❧❧❡s ❡t s♣❛t✐❛❧❡s ❡st t♦✉❥♦✉rs é❣❛❧❡ à ✶ à ❝❡s ❣r❛♥❞❡s
é❝❤❡❧❧❡s✳ ❉❡ ♣❧✉s✱ ♦♥ ♣♦✉rr❛ ❛♣♣❧✐q✉❡r ❧❡ ❢♦r♠❛❧✐s♠❡ ♠✉❧t✐❢r❛❝t❛❧ à ❧❛ ❢♦✐s ❛✉① ❞♦♥✲
♥é❡s ❞✉ r❛❞❛r ❍②❞r✐① ♠❛✐s ❛✉ss✐ à ❝❡❧❧❡ ❞✉ rés❡❛✉ ❆❘❆▼■❙✳ ❈❡ ❢♦r♠❛❧✐s♠❡ ♣❡r♠❡t✲
tr❛ ❞✬♦❜t❡♥✐r ❞❡s ♣❛r❛♠ètr❡s ♣❡r♠❡tt❛♥t ❞❡ ❞é❝r✐r❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s st❛t✐st✐q✉❡s
❞❡ ❧❛ ♣❧✉✐❡ ❝♦♠♠❡ ❧✬♦♥t ♠♦♥tré ◆②❦❛♥❡♥ ✭✷✵✵✽✮✱ ◆②❦❛♥❡♥ ❡t ❍❛rr✐s ✭✷✵✵✸✮✱ P✉r❞②

❙②♥t❤ès❡ ❡t P❡rs♣❡❝t✐✈❡s ✶✼✾



❙②♥t❤ès❡ ❡t P❡rs♣❡❝t✐✈❡s

❡t ❛❧✳ ✭✷✵✵✶✮✳ ■❧ s❡r❛ ❞♦♥❝ ✐♥tér❡ss❛♥t ❞❡ ✈♦✐r ❝♦♠♠❡♥t ❧❡s ♣❤é♥♦♠è♥❡s à ❧✬♦r✐❣✐♥❡
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥✢✉❡♥❝❡♥t ❝❡s ♣❛r❛♠ètr❡s ❝❡ q✉✐ ♣❡r♠❡ttr❛ ❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡
❧✬✐♥✢✉❡♥❝❡ ❞❡s ♣r♦❝❡ss✉s s♦✉s✲❥❛❝❡♥ts s✉r ❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡✳ ❆ ♣❧✉s
❧♦♥❣✉❡ é❝❤é❛♥❝❡✱ ❧❡s rés✉❧t❛ts ♣rés❡♥tés ❞❛♥s ❝❡tt❡ t❤ès❡ ♦✉✈r❡♥t ❞❡s ♣❡rs♣❡❝t✐✈❡s
♣♦✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♠ét❤♦❞❡s ❞❡ ❞❡s❝❡♥t❡ ❞✬é❝❤❡❧❧❡s ❡♥ ♠♦♥tr❛♥t ♣❛r ❡①❡♠♣❧❡
q✉✬✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❝♦♥s✐❞ér❡r ♣❧✉s✐❡✉rs ❣❛♠♠❡s ❞✬é❝❤❡❧❧❡ ❞✐st✐♥❝t❡s ♣♦✉r ❞❡s✲
❝❡♥❞r❡ ❡♥ é❝❤❡❧❧❡ ✭❞❡s tr❛✈❛✉① ♠❡♥és ❞❛♥s ❝❡ s❡♥s ❡t ré❛❧✐sés ♣❛r ❙é❜❛st✐❡♥ ❱❡rr✐❡r
s♦♥t ❡♥ ❝♦✉rs✮✳ ◆♦s rés✉❧t❛ts ♣♦✉rr❛✐❡♥t é❣❛❧❡♠❡♥t êtr❡ ✉t✐❧✐sé❡s ♣♦✉r ré♣♦♥❞r❡ ❛✉①
q✉❡st✐♦♥s ❞❡ r❡♣rés❡♥t❛t✐✈✐té ❞❡s ♠❡s✉r❡s✳ P❛r ❡①❡♠♣❧❡✱ ♥♦✉s ❛✈♦♥s ❞é❥à s♦✉❧✐❣♥é ❧❛
❞✐✣❝✉❧té ❞❡ ❝❛❧✐❜r❛t✐♦♥ ❞❡s ❧❛♠❡s ❞✬❡❛✉ r❛❞❛r ❛✈❡❝ ❧❡s ♣❧✉✈✐♦♠ètr❡s ❝❛r ❧❡s é❝❤❡❧❧❡s
❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ s♦♥t très ❞✐✛ér❡♥t❡s✳ ■❧ s❡r❛✐t ❛✐♥s✐ ♣♦ss✐❜❧❡ ❞✬✉t✐❧✐s❡r ❧❡s r❡❧❛t✐♦♥s
❞✬é❝❤❡❧❧❡ ♣♦✉r t❡♥t❡r ❞❡ rés♦✉❞r❡ ❝❡ ♣r♦❜❧è♠❡✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ♣r♦❝❡ss✉s✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬❡♥✈✐s❛❣❡r ❞❡ ♥♦♠❜r❡✉s❡s ❛♥❛✲
❧②s❡s✳ P❛r ❡①❡♠♣❧❡✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ ❝❛♠♣❛❣♥❡ ❍②▼❡❳ ♣❧✉s✐❡✉rs é✈é♥❡♠❡♥ts
❞❡ ♣ré❝✐♣✐t❛t✐♦♥s très ✐♥t❡♥s❡s ♦♥t été é❝❤❛♥t✐❧❧♦♥♥és ♣❛r ❞✐✛ér❡♥ts ✐♥str✉♠❡♥ts ❞❡
♠❡s✉r❡ ❛✐♥s✐ q✉❡ ♣❛r ❧❡ r❛❞❛r ❍②❞r✐①✳ ■❧ s❡r❛✱ ♣❛r ❝♦♥séq✉❡♥t✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥té✲
r❡ss❛♥t ❞❡ ❝♦♠❜✐♥❡r ❧❡s ✐♥❢♦r♠❛t✐♦♥s ❞❡ ❝❡s ❞✐✛ér❡♥ts ✐♥str✉♠❡♥ts ♣♦✉r ❛♥❛❧②s❡r ❝❡s
❝❛s ❞❡ ♣❧✉✐❡ ✐♥t❡♥s❡s✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♥♦✉s ♣♦✉rr♦♥s ✉t✐❧✐s❡r ❞❡s ♦✉t✐❧s ❞❡ ❞✐❛❣♥♦st✐❝
✐♥♥♦✈❛♥ts t❡❧s ❧❡ ✈❡❝t❡✉r ~J ✭✈♦✐r ▲❡♠❛îtr❡ ❡t ❇❡ss♦♥❀ ❙❝❤är ✱ ✶✾✾✸✮ q✉✐ ♣❡r♠❡t ❞❡
❞ét❡r♠✐♥❡r ❧❡s ③♦♥❡s ❞❡ ❝ré❛t✐♦♥ ♦✉ ❞❡ ❞❡str✉❝t✐♦♥ ❞✉ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡t ❛✐♥s✐
❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧❡s ♣r♦❝❡ss✉s ♠✐s ❡♥ ÷✉✈r❡✳ ▲❡s s✐♠✉❧❛t✐♦♥s ❞✉ ♠♦❞è❧❡ ❲❘❋
✉t✐❧✐sé❡s ❞❛♥s ❝❡tt❡ t❤ès❡ ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t ❛♣♣♦rt❡r ❞❡ ♥♦♠❜r❡✉s❡s ✐♥❢♦r♠❛t✐♦♥s
❝♦♠♣❧é♠❡♥t❛✐r❡s s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s é✈é♥❡♠❡♥ts ♣❧✉✈✐❡✉① s✉r ❧❛ ré❣✐♦♥✳ ■❧ ❡st
♣❛r ❡①❡♠♣❧❡ ✐♥tér❡ss❛♥t ❞❡ ♣♦✉rs✉✐✈r❡ ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ❝♦rré❧❛t✐♦♥s ❡♥tr❡ ❧❡s ✈❛r✐❛❜❧❡s
♠été♦r♦❧♦❣✐q✉❡s ❡t ❧❛ ♣❧✉✐❡ s✉r ❧❡ ♣❧✉s ❧♦♥❣ t❡r♠❡✳ ❊♥✜♥✱ ✐❧ s❡r❛ t♦✉t à ❢❛✐t ♣♦s✲
s✐❜❧❡ ❞✬❡✛❡❝t✉❡r ✉♥❡ ❛♥❛❧②s❡ ❞❡ ♣r♦❝❡ss✉s s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❡✛❡❝t✉é❡ s✉r ❧✬❊✉r♦ré❣✐♦♥
❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡ ♣♦✉r ❧✬❡♥s❡♠❜❧❡ ❞✉ t❡rr✐t♦✐r❡ ❢r❛♥ç❛✐s✳ ■❧ s❡r❛ ❛❧♦rs ✐♥tér❡ss❛♥t
❞✬✐❞❡♥t✐✜❡r q✉❡❧s s♦♥t ❧❡s ♣r♦❝❡ss✉s ❧❡s ♣❧✉s ❢❛✈♦r❛❜❧❡s à ❧❛ ♣❧✉✐❡ s✉✐✈❛♥t ❧❡s ré❣✐♦♥s✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✱ ✐❧
s❡r❛ ❡♥ ♣r❡♠✐❡r ❧✐❡✉ ✐♥tér❡ss❛♥t ❞❡ ❧✬❛♣♣❧✐q✉❡r à ❞✬❛✉tr❡s s✐♠✉❧❛t✐♦♥s✳ P❛r ❡①❡♠♣❧❡✱
♥♦✉s ♣♦✉rr♦♥s t❡st❡r ❧❛ ♠ét❤♦❞❡ s✉r ❞❡s s✐♠✉❧❛t✐♦♥s ❞✬♦r❛❣❡s ♠✉❧t✐❝❡❧❧✉❧❛✐r❡s ♣♦✉r
❧❡sq✉❡❧s ❧❡ ❝✐s❛✐❧❧❡♠❡♥t ❥♦✉❡ ✉♥ rô❧❡ très ✐♠♣♦rt❛♥t✳ ❉❡ ♣❧✉s✱ ✐❧ ❢❛✉❞r❛ ♣❛r❛♠étr❡r
❧❡s t❡r♠❡s ❧✐és à ❧❛ ✢♦tt❛❜✐❧✐té ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ✈❡rt✐❝❛❧❡ ♣♦✉r ♠✐❡✉① ♣ré✈♦✐r
❧❛ ♥❛✐ss❛♥❝❡ ❡t ❧✬❛♠♣❧✐✜❝❛t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ❝♦♥✈❡❝t✐✈❡s ✭✈♦✐r à ❝❡ ♣r♦♣♦s ▲❛❣♦✉✈❛r❞♦s
❡t ❛❧✳ ✭✶✾✾✸✮✮✳ P❛r ❛✐❧❧❡✉rs✱ ♣♦✉r ❛♣♣❧✐q✉❡r ❧❛ ♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ❛✉① ❞♦♥♥é❡s
r❛❞❛r✱ ✐❧ s❡r❛ ♥é❝❡ss❛✐r❡ ❞❡ r❡st✐t✉❡r ❧❡ ✈❡♥t ❡♥ tr♦✐s ❞✐♠❡♥s✐♦♥s✳ ◆♦✉s ❛✈✐♦♥s ❞é❥à
é✈♦q✉é ❝❡t ❛s♣❡❝t ❞❛♥s ❧❛ ❝♦♥❝❧✉s✐♦♥ ❞✉ ❝❤❛♣✐tr❡ ✻ ❡♥ ♣r♦♣♦s❛♥t ❞✬✉t✐❧✐s❡r ✉♥❡ ❛♣✲
♣r♦❝❤❡ ✈❛r✐❛t✐♦♥♥❡❧❧❡ q✉✐ ♣❡r♠❡ttr❛ ❞❡ t❡♥✐r ❝♦♠♣t❡ ❞✉ r❡♣❧✐❡♠❡♥t ❞✉ ✈❡♥t ✭●❛♦

❡t ❛❧✳✱ ✷✵✵✻✮✳ ■❧ s❡r❛ ❡♥s✉✐t❡ ♣r♦❜❛❜❧❡♠❡♥t ❛✈❛♥t❛❣❡✉① ❞❡ ❝♦✉♣❧❡r ❝❡tt❡ ♠ét❤♦❞❡ à
❞✬❛✉tr❡s ♠ét❤♦❞❡s ❞❡ ♣ré✈✐s✐♦♥ à très ❝♦✉rt t❡r♠❡ ❛✜♥ ❞✬❛♠é❧✐♦r❡r ❧❛ ♣ré✈✐s✐♦♥✳ ◆♦✉s
♣♦✉rr✐♦♥s ♣❛r ❡①❡♠♣❧❡ ❝♦✉♣❧❡r ❧❛ ♠ét❤♦❞❡ ❞❡ tr❛❝❦✐♥❣ ❞✐s❝✉té❡ ♣ré❝é❞❡♠♠❡♥t ❛✈❡❝
❧❛ ♠ét❤♦❞❡ ❞❡ ♣ré✈✐s✐♦♥ ♦✉ ❡♥❝♦r❡ ✉t✐❧✐s❡r ❧❡s ❞♦♥♥é❡s ❞❡ ❞é♣❧❛❝❡♠❡♥t ♠♦②❡♥ ❝❛❧❝✉✲
❧é❡s ♣❛r ❧❡ r❛❞❛r ❍②❞r✐① ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣♦✉r ❝♦♥tr❛✐♥❞r❡ ❧❡s ♣ré✈✐s✐♦♥s✳

❈✬❡st s✉r ❝❡tt❡ ❞❡r♥✐èr❡ ♣❡rs♣❡❝t✐✈❡ q✉❡ s✬❛❝❤è✈❡ ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ✐♥t✐t✉❧é ✿ ✧❱❛✲
r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧✬❊✉r♦ré❣✐♦♥ ❆❧♣❡s✲▼é❞✐t❡rr❛♥é❡✧
q✉✐ ❥❡ ❧✬❡s♣èr❡ ✈♦✉s ❛✉r❛ ✐♥tér❡ssé✳

✶✽✵ ❙②♥t❤ès❡ ❡t P❡rs♣❡❝t✐✈❡s



❇✐❜❧✐♦❣r❛♣❤✐❡

❆❞❧❡r✱ ❘✳ ❋✳ ❡t ❛❧✳✱ ❚❤❡ ❱❡rs✐♦♥✲✷ ●❧♦❜❛❧ Pr❡❝✐♣✐t❛t✐♦♥ ❈❧✐♠❛t♦❧♦❣② Pr♦❥❡❝t ✭●P❈P✮
▼♦♥t❤❧② Pr❡❝✐♣✐t❛t✐♦♥ ❆♥❛❧②s✐s ✭✶✾✼✾ Pr❡s❡♥t✮✱ ❏♦✉r♥❛❧ ♦❢ ❍②❞r♦♠❡t❡♦r♦❧♦❣②✱ ✹✱ ✶✶✹✼✱
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✈❛r✐❛t✐♦♥❛❧ s✐♥❣❧❡✲❉♦♣♣❧❡r ✈❡❧♦❝✐t② r❡tr✐❡✈❛❧ ♠❡t❤♦❞ ✇✐t❤ s✐♠♣❧❡ ❝♦♥s❡r✈❛t✐♦♥ ❡q✉❛t✐♦♥
❝♦♥str❛✐♥t✱ ▼❡t❡♦r♦❧♦❣② ❛♥❞ ❆t♠♦s♣❤❡r✐❝ P❤②s✐❝s✱ ✾✹✱ ✶✶✕✷✻✱ ❞♦✐ ✿✶✵✳✶✵✵✼✴s✵✵✼✵✸✲✵✵✺✲
✵✶✼✵✲✼✱ ✷✵✵✻✳

✶✽✹ ❇✐❜❧✐♦❣r❛♣❤✐❡



❇✐❜❧✐♦❣r❛♣❤✐❡

●❡♦r❣✐s✱ ❏✳ ✱ ❋✳ ❘♦✉① ❡t P✳ ❍✐❧❞❡❜r❛♥❞✱ ❖❜s❡r✈❛t✐♦♥ ♦❢ ♣r❡❝✐♣✐t❛t✐♥❣ s②st❡♠s ♦✈❡r ❝♦♠♣❧❡①
♦r♦❣r❛♣❤② ✇✐t❤ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ❞♦♣♣❧❡r r❛❞❛rs ✿ ❆ ❢❡❛s✐❜✐❧✐t② st✉❞②✱ ▼❡t❡♦r♦❧♦❣② ❛♥❞
❆t♠♦s♣❤❡r✐❝ P❤②s✐❝s✱ ✼✷ ✭✷✲✹✮✱ ✶✽✺✕✷✵✷✱ ✷✵✵✵✳

●❡♦r❣✐s✱ ❏✳✲❢✳ ✱ ❋✳ ❘♦✉①✱ ▼✳ ❈❤♦♥❣ ❡t ❙✳ Pr❛❞✐❡r✱ ❚r✐♣❧❡✲❞♦♣♣❧❡r r❛❞❛r ❛♥❛❧②s✐s ♦❢ t❤❡
❤❡❛✈② r❛✐♥ ❡✈❡♥t ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❧❛❣♦ ♠❛❣❣✐♦r❡ r❡❣✐♦♥ ❞✉r✐♥❣ ♠❛♣ ✐♦♣ ✷❜✱ ◗✉❛rt❡r❧②
❏♦✉r♥❛❧ ♦❢ t❤❡ ❘♦②❛❧ ▼❡t❡♦r♦❧♦❣✐❝❛❧ ❙♦❝✐❡t②✱ ✶✷✾ ✭✺✽✽✮✱ ✹✾✺✕✺✷✷✱ ✷✵✵✸✳

●❡r♠❛♥♥✱ ❯✳ ❡t ■✳ ❩❛✇❛❞③❦✐✱ ❙❝❛❧❡✲❉❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ Pr❡❞✐❝t❛❜✐❧✐t② ♦❢ Pr❡❝✐♣✐t❛t✐♦♥
❢r♦♠ ❈♦♥t✐♥❡♥t❛❧ ❘❛❞❛r ■♠❛❣❡s✳ P❛rt ■ ✿ ❉❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ▼❡t❤♦❞♦❧♦❣②✱ ▼♦♥t❤❧② ❲❡❛✲
t❤❡r ❘❡✈✐❡✇✱ ✶✸✵✱ ✷✽✺✾✱ ❞♦✐ ✿✶✵✳✶✶✼✺✴✶✺✷✵✲✵✹✾✸✭✷✵✵✷✮✶✸✵❁✷✽✺✾ ✿❙❉❖❚P❖❃✷✳✵✳❈❖ ❀✷✱
✷✵✵✷✳

●❤✐❧✱ ▼✳ ✱ ❉✳ ❑♦♥❞r❛s❤♦✈✱ ❋✳ ▲♦tt ❡t ❘✳ ❆✳❲✳✱ ■♥tr❛s❡❛s♦♥❛❧ ❖s❝✐❧❧❛t✐♦♥s ✐♥ t❤❡
▼✐❞✲▲❛t✐t✉❞❡s ✿ ❖❜s❡r✈❛t✐♦♥s✱ ❚❤❡♦r② ❛♥❞ ●❈▼ ❘❡s✉❧ts✱ ❞❛♥s Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡
❊❈▼❲❋✴❈▲■❱❆❘ ❲♦r❦s❤♦♣ ♦♥ ❙✐♠✉❧❛t✐♦♥ ❛♥❞ Pr❡❞✐❝t✐♦♥ ♦❢ ■♥tr❛✲❙❡❛s♦♥❛❧ ❱❛r✐❛✲
❜✐❧✐t②✱ ✷✵✵✸✳

●✐♦r❣✐✱ ❋✳ ✱ ❈❧✐♠❛t❡ ❝❤❛♥❣❡ ❤♦t✲s♣♦ts✱ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ▲❡tt❡r✱ ✱ ✸✸✱ ▲✵✽✼✵✼✱ ❞♦✐ ✿
✶✵✳✶✵✷✾✴✷✵✵✻●▲✵✷✺✼✸✹✱ ✷✵✵✻✳

●✐r❡s✱ ❆✳ ✱ ■✳ ❚❝❤✐❣✉✐r✐♥s❦❛✐❛✱ ❉✳ ❙❝❤❡rt③❡r ❡t ❙✳ ▲♦✈❡❥♦②✱ ❆♥❛❧②s❡s ♠✉❧t✐❢r❛❝t❛❧❡s
❡t s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞✉ ♠♦❞è❧❡ ▼és♦✲◆❍ ❡t ❞❡s ❞♦♥♥é❡s r❛❞❛r✱
❍②❞r♦❧♦❣✐❝❛❧ ❙❝✐❡♥❝❡s ❏♦✉r♥❛❧✲❏♦✉r♥❛❧ ❉❡s ❙❝✐❡♥❝❡s ❍②❞r♦❧♦❣✐q✉❡s✱ ✺✻✱ ✸✽✵✕✸✾✻✱ ❞♦✐ ✿
✶✵✳✶✵✽✵✴✵✷✻✷✻✻✻✼✳✷✵✶✶✳✺✻✹✶✼✹✱ ✷✵✶✶✳

●✐r❡s✱ ❆✳ ✱ ❈✳ ❖♥♦❢✱ ❈✳ ▼❛❦s✐♠♦✈✐❝✱ ❉✳ ❙❝❤❡rt③❡r✱ ■✳ ❚❝❤✐❣✉✐r✐♥s❦❛✐❛ ❡t ◆✳ ❙✐♠♦❡s✱
◗✉❛♥t✐❢②✐♥❣ t❤❡ ✐♠♣❛❝t ♦❢ s♠❛❧❧ s❝❛❧❡ ✉♥♠❡❛s✉r❡❞ r❛✐♥❢❛❧❧ ✈❛r✐❛❜✐❧✐t② ♦♥ ✉r❜❛♥ r✉♥♦✛
t❤r♦✉❣❤ ♠✉❧t✐❢r❛❝t❛❧ ❞♦✇♥s❝❛❧✐♥❣ ✿ ❆ ❝❛s❡ st✉❞②✱ ❏♦✉r♥❛❧ ♦❢ ❍②❞r♦❧♦❣②✱ ✹✹✷✱ ✶✶✼✕✶✷✽✱
❞♦✐ ✿✶✵✳✶✵✶✻✴❥✳❥❤②❞r♦❧✳✷✵✶✷✳✵✹✳✵✵✺✱ ✷✵✶✷✳

●❧❛❞✐❝❤✱ ■✳ ✱ ■✳ ●❛❧❧❛✐✱ ❉✳ ❇✳ ●✐❛✐♦tt✐ ❡t ❋✳ ❙t❡❧✱ ❖♥ t❤❡ ❞✐✉r♥❛❧ ❝②❝❧❡ ♦❢ ❞❡❡♣ ♠♦✐st
❝♦♥✈❡❝t✐♦♥ ✐♥ t❤❡ s♦✉t❤❡r♥ s✐❞❡ ♦❢ t❤❡ ❆❧♣s ❛♥❛❧②s❡❞ t❤r♦✉❣❤ ❝❧♦✉❞✲t♦✲❣r♦✉♥❞ ❧✐❣❤t♥✐♥❣
❛❝t✐✈✐t②✱ ❆t♠♦s♣❤❡r✐❝ ❘❡s❡❛r❝❤✱ ✶✵✵✱ ✸✼✶✕✸✼✻✱ ✷✵✶✶✳

●♦❞❞❛r❞✱ ❏✳ ❲✳ ❋✳ ✱ ❙✳ ▼✳ ❈❤❡rr② ❡t ❱✳ ◆✳ ❇r✐♥❣✐✱ ❈♦♠♣❛r✐s♦♥ ♦❢ ❉✉❛❧✲P♦❧❛r✐③❛t✐♦♥
❘❛❞❛r ▼❡❛s✉r❡♠❡♥ts ♦❢ ❘❛✐♥ ✇✐t❤ ●r♦✉♥❞✲❇❛s❡❞ ❉✐s❞r♦♠❡t❡r ▼❡❛s✉r❡♠❡♥ts✳✱ ❏♦✉r✲
♥❛❧ ♦❢ ❆♣♣❧✐❡❞ ▼❡t❡♦r♦❧♦❣②✱ ✷✶✱ ✷✺✷✕✷✺✻✱ ❞♦✐ ✿✶✵✳✶✶✼✺✴✶✺✷✵✲✵✹✺✵✭✶✾✽✷✮✵✷✶❁✵✷✺✷ ✿❈❖❉✲
P❘▼❃✷✳✵✳❈❖ ❀✷✱ ✶✾✽✷✳

●♦❧❞✐♥❣✱ ❇✳ ❲✳ ✱ ◆✐♠r♦❞ ✿ ❆ s②st❡♠ ❢♦r ❣❡♥❡r❛t✐♥❣ ❛✉t♦♠❛t❡❞ ✈❡r② s❤♦rt r❛♥❣❡ ❢♦r❡❝❛sts✱
▼❡t❡♦r♦❧♦❣✐❝❛❧ ❆♣♣❧✐❝❛t✐♦♥s✱ ✺✱ ✶✕✶✻✱ ✶✾✾✽✳

●♦r❣✉❝❝✐✱ ❊✳ ✱ ❱✳ ❈❤❛♥❞r❛s❡❦❛r ❡t ●✳ ❙❝❛r❝❤✐❧❧✐✱ ❘❛❞❛r ❛♥❞ ❙✉r❢❛❝❡ ▼❡❛s✉r❡♠❡♥t ♦❢
❘❛✐♥❢❛❧❧ ❞✉r✐♥❣ ❈❛P❊ ✿ ✷✻ ❏✉❧② ✶✾✾✶ ❈❛s❡ ❙t✉❞②✳✱ ❏♦✉r♥❛❧ ♦❢ ❆♣♣❧✐❡❞ ▼❡t❡♦r♦❧♦❣②✱ ✸✹✱
✶✺✼✵✕✶✺✼✼✱ ❞♦✐ ✿✶✵✳✶✶✼✺✴✶✺✷✵✲✵✹✺✵✲✸✹✳✼✳✶✺✼✵✱ ✶✾✾✺✳

●♦r❣✉❝❝✐✱ ❊✳ ✱ ●✳ ❙❝❛r❝❤✐❧❧✐ ❡t ❱✳ ❈❤❛♥❞r❛s❡❦❛r✱ ❆ t❡❝❤♥✐q✉❡ t♦ ♦❜t❛✐♥ ❛ ♠✉❧t✐♣❛r❛♠❡t❡r
r❛❞❛r r❛✐♥❢❛❧❧ ❛❧❣♦r✐t❤♠ ✉s✐♥❣ t❤❡ ♣r♦❜❛❜✐❧✐t② ♠❛t❝❤✐♥❣ ♣r♦❝❡❞✉r❡✱ ◆✉♦✈♦ ❈✐♠❡♥t♦ ❈
●❡♦♣❤②s✐❝s ❙♣❛❝❡ P❤②s✐❝s ❈✱ ✷✵✱ ✶✹✼✱ ✶✾✾✼✳

●♦r❣✉❝❝✐✱ ❊✳ ✱ ❘✳ ❇❡❝❤✐♥✐✱ ▲✳ ❇❛❧❞✐♥✐✱ ❘✳ ❈r❡♠♦♥✐♥✐ ❡t ❱✳ ❈❤❛♥❞r❛s❡❦❛r✱ ❚❤❡ ■♥✢✉❡♥❝❡ ♦❢
❆♥t❡♥♥❛ ❘❛❞♦♠❡ ♦♥ ❲❡❛t❤❡r ❘❛❞❛r ❈❛❧✐❜r❛t✐♦♥ ❛♥❞ ■ts ❘❡❛❧✲❚✐♠❡ ❆ss❡ss♠❡♥t✱ ❏♦✉r✲
♥❛❧ ♦❢ ❆t♠♦s♣❤❡r✐❝ ❛♥❞ ❖❝❡❛♥✐❝ ❚❡❝❤♥♦❧♦❣②✱ ✸✵✱ ✻✼✻✕✻✽✾✱ ❞♦✐ ✿✶✵✳✶✶✼✺✴❏❚❊❈❍✲❉✲✶✷✲
✵✵✵✼✶✳✶✱ ✷✵✶✸✳

❇✐❜❧✐♦❣r❛♣❤✐❡ ✶✽✺



❇✐❜❧✐♦❣r❛♣❤✐❡

❍❛♥✱ ▲✳ ✱ ❙✳ ❋✉✱ ▲✳ ❩❤❛♦✱ ❨✳ ❩❤❡♥❣✱ ❍✳ ❲❛♥❣ ❡t ❨✳ ▲✐♥✱ ✸❉ ❈♦♥✈❡❝t✐✈❡ ❙t♦r♠ ■❞❡♥t✐✜❝❛✲
t✐♦♥✱ ❚r❛❝❦✐♥❣✱ ❛♥❞ ❋♦r❡❝❛st✐♥❣ ❆♥ ❊♥❤❛♥❝❡❞ ❚■❚❆◆ ❆❧❣♦r✐t❤♠✱ ❏♦✉r♥❛❧ ♦❢ ❆t♠♦s♣❤❡r✐❝
❛♥❞ ❖❝❡❛♥✐❝ ❚❡❝❤♥♦❧♦❣②✱ ✷✻✱ ✼✶✾✱ ❞♦✐ ✿✶✵✳✶✶✼✺✴✷✵✵✽❏❚❊❈❍❆✶✵✽✹✳✶✱ ✷✵✵✾✳

❍❛♥❞✇❡r❦❡r✱ ❏✳ ✱ ❈❡❧❧ tr❛❝❦✐♥❣ ✇✐t❤ tr❛❝❡✸❞✖❛ ♥❡✇ ❛❧❣♦r✐t❤♠✱ ❆t♠♦s♣❤❡r✐❝ ❘❡s❡❛r❝❤✱
✻✶ ✭✶✮✱ ✶✺✕✸✹✱ ✷✵✵✷✳

❍❛rr✐s✱ ❉✳ ✱ ▼✳ ▼❡♥❛❜❞❡✱ ❆✳ ❙❡❡❞ ❡t ●✳ ❆✉st✐♥✱ ▼✉❧t✐❢r❛❝t❛❧ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ r❛✐♥
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❛♥❛❧②s✐s ♦❢ ❤✐❣❤ r❡s♦❧✉t✐♦♥ s♣❛❝❡✲t✐♠❡ ❧✐❞❛r✲r❛✐♥❢❛❧❧✱ ◆♦♥❧✐♥❡❛r Pr♦❝❡ss❡s ✐♥ ●❡♦♣❤②s✐❝s✱
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▼❛t❡❥❦❛✱ ❚✳ ❏✳ ✱ ❘✳ ❆✳ ❍♦✉③❡ ❡t P✳ ❱✳ ❍♦❜❜s✱ ▼✐❝r♦♣❤②s✐❝s ❛♥❞ ❞②♥❛♠✐❝s ♦❢ ❝❧♦✉❞s
❛ss♦❝✐❛t❡❞ ✇✐t❤ ♠❡s♦s❝❛❧❡ r❛✐♥❜❛♥❞s ✐♥ ❡①tr❛tr♦♣✐❝❛❧ ❝②❝❧♦♥❡s✱ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ t❤❡
❘♦②❛❧ ▼❡t❡♦r♦❧♦❣✐❝❛❧ ❙♦❝✐❡t②✱ ✶✵✻✱ ✷✾✕✺✻✱ ❞♦✐ ✿✶✵✳✶✵✵✷✴q❥✳✹✾✼✶✵✻✹✹✼✵✹✱ ✶✾✽✵✳

▼❛tt❤❡✇s✱ ❏✳ ❡t ❏✳ ❚r♦st❡❧✱ ❆♥ ✐♠♣r♦✈❡❞ st♦r♠ ❝❡❧❧ ✐❞❡♥t✐✜❝❛t✐♦♥ ❛♥❞ tr❛❝❦✐♥❣ ✭s❝✐t✮
❛❧❣♦r✐t❤♠ ❜❛s❡❞ ♦♥ ❞❜s❝❛♥ ❝❧✉st❡r✐♥❣ ❛♥❞ ❥♣❞❛ tr❛❝❦✐♥❣ ♠❡t❤♦❞s✱ ❞❛♥s ✷✻t❤ ❈♦♥❢❡r❡♥❝❡
♦♥ ■♥t❡r❛❝t✐✈❡ ■♥❢♦r♠❛t✐♦♥ ❛♥❞ Pr♦❝❡ss✐♥❣ ❙②st❡♠s✱ ✷✵✶✵✳

▼❝■❧✈❡❡♥✱ ❘✳ ✱ ❋✉♥❞❛♠❡♥t❛❧s ♦❢ ✇❡❛t❤❡r ❛♥❞ ❝❧✐♠❛t❡✱ ❈❤❛♣♠❛♥ ✫ ❍❛❧❧✱ ✶✾✾✷✳

▼❡❤t❛✱ ❆✳ ❱✳ ❡t ❙✳ ❨❛♥❣✱ Pr❡❝✐♣✐t❛t✐♦♥ ❝❧✐♠❛t♦❧♦❣② ♦✈❡r ▼❡❞✐t❡rr❛♥❡❛♥ ❇❛s✐♥ ❢r♦♠ t❡♥
②❡❛rs ♦❢ ❚❘▼▼ ♠❡❛s✉r❡♠❡♥ts✱ ❆❞✈❛♥❝❡s ✐♥ ●❡♦s❝✐❡♥❝❡s✱ ✶✼✱ ✽✼✕✾✶✱ ✷✵✵✽✳

❇✐❜❧✐♦❣r❛♣❤✐❡ ✶✽✾



❇✐❜❧✐♦❣r❛♣❤✐❡

▼❡♥❛❜❞❡✱ ▼✳ ✱ ❆✳ ❙❡❡❞✱ ❉✳ ❍❛rr✐s ❡t ●✳ ❆✉st✐♥✱ ❙❡❧❢✲s✐♠✐❧❛r r❛♥❞♦♠ ✜❡❧❞s ❛♥❞
r❛✐♥❢❛❧❧ s✐♠✉❧❛t✐♦♥✱ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤✱ ✱ ✶✵✷✱ ✶✸✱✺✵✾✕✶✸✱✺✶✻✱ ❞♦✐ ✿
✶✵✳✶✵✷✾✴✾✼❏❉✵✵✾✶✺✱ ✶✾✾✼✳

▼✐tt❡r♠❡✐❡r✱ ❘✳ ✱ P✳ ●✐❧✱ ▼✳ ❍♦✛♠❛♥✱ ❏✳ P✐❧❣r✐♠✱ ❚✳ ❇r♦♦❦s✱ ❈✳ ▼✐tt❡r♠❡✐❡r✱ ❏✳ ▲❛♠♦✲
r❡✉① ❡t ●✳ ❋♦♥s❡❝❛✱ ❍♦ts♣♦ts r❡✈✐s✐t❡❞ ✿ ❊❛rt❤✬s ❜✐♦❧♦❣✐❝❛❧❧② r✐❝❤❡st ❛♥❞ ♠♦st ❡♥❞❛♥❣❡r❡❞
t❡rr❡str✐❛❧ ❡❝♦r❡❣✐♦♥s ✭❝❡♠❡①✴❛❣r✉♣❛❝✐ó♥ s✐❡rr❛ ♠❛❞r❡✱ ♠❡①✐❝♦ ❝✐t②✱ ♠❡①✐❝♦✮✱ ❍♦ts♣♦ts r❡✲
✈✐s✐t❡❞ ✿ ❡❛rt❤✬s ❜✐♦❧♦❣✐❝❛❧❧② r✐❝❤❡st ❛♥❞ ♠♦st ❡♥❞❛♥❣❡r❡❞ t❡rr❡str✐❛❧ ❡❝♦r❡❣✐♦♥s✳ ❈❊▼❊❳
✫ ❆❣r✉♣❛❝✐♦♥ ❙✐❡rr❛ ▼❛❞r❡✱ ▼❡①✐❝♦ ❝✐t②✱ ✷✵✵✹✳

▼♦❧✐♥✐é✱ ●✳ ✱ ❉✳ ❈❡r❡s❡tt✐✱ ❙✳ ❆♥q✉❡t✐♥✱ ❏✳ ❉✳ ❈r❡✉t✐♥ ❡t ❇✳ ❇♦✉❞❡✈✐❧❧❛✐♥✱ ❘❛✐♥❢❛❧❧ ❘❡❣✐♠❡
♦❢ ❛ ▼♦✉♥t❛✐♥♦✉s ▼❡❞✐t❡rr❛♥❡❛♥ ❘❡❣✐♦♥ ✿ ❙t❛t✐st✐❝❛❧ ❆♥❛❧②s✐s ❛t ❙❤♦rt ❚✐♠❡ ❙t❡♣s✱ ❏♦✉r✲
♥❛❧ ♦❢ ❆♣♣❧✐❡❞ ▼❡t❡♦r♦❧♦❣② ❛♥❞ ❈❧✐♠❛t♦❧♦❣②✱ ✺✶✱ ✹✷✾✕✹✹✽✱ ❞♦✐ ✿✶✵✳✶✶✼✺✴✷✵✶✶❏❆▼❈✷✻✾✶✳✶✱
✷✵✶✷✳

▼♦r❡❛✉✱ ❊✳ ✱ ❏✳ ❚❡st✉❞ ❡t ❊✳ ▲❡ ❇♦✉❛r✱ ❘❛✐♥❢❛❧❧ s♣❛t✐❛❧ ✈❛r✐❛❜✐❧✐t② ♦❜s❡r✈❡❞ ❜② ❳✲❜❛♥❞
✇❡❛t❤❡r r❛❞❛r ❛♥❞ ✐ts ✐♠♣❧✐❝❛t✐♦♥ ❢♦r t❤❡ ❛❝❝✉r❛❝② ♦❢ r❛✐♥❢❛❧❧ ❡st✐♠❛t❡s✱ ❆❞✈❛♥❝❡s ✐♥
❲❛t❡r ❘❡s♦✉r❝❡s✱ ✸✷✱ ✶✵✶✶✕✶✵✶✾✱ ✷✵✵✾✳

▼♦r❡❧✱ ❈✳ ✱ ❋✳ ❖r❛✐♥ ❡t ❙✳ ❙❡♥❡s✐✱ ❆✉t♦♠❛t❡❞ ❞❡t❡❝t✐♦♥ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ▼❈❙
✉s✐♥❣ t❤❡ ♠❡t❡♦s❛t ✐♥❢r❛r❡❞ ❝❤❛♥♥❡❧✱ ❞❛♥s Pr♦❝✳ ▼❡t❡♦✳ ❙❛t❡❧❧✐t❡ ❉❛t❛ ❯s❡rs ❈♦♥❢✱ ♣♣✳
✷✶✸✕✷✷✵✱ ✶✾✾✼✳

▼✉❡❧❧❡r✱ ❈✳ ✱ ❚✳ ❙❛①❡♥✱ ❘✳ ❘♦❜❡rts✱ ❏✳ ❲✐❧s♦♥✱ ❚✳ ❇❡t❛♥❝♦✉rt✱ ❙✳ ❉❡tt❧✐♥❣✱ ◆✳ ❖✐❡♥
❡t ❏✳ ❨❡❡✱ ◆❈❆❘ ❆✉t♦✲◆♦✇❝❛st ❙②st❡♠✱ ❲❡❛t❤❡r ❛♥❞ ❋♦r❡❝❛st✐♥❣✱ ✶✽✱ ✺✹✺✕✺✻✶✱ ❞♦✐ ✿
✶✵✳✶✶✼✺✴✶✺✷✵✲✵✹✸✹✭✷✵✵✸✮✵✶✽❁✵✺✹✺ ✿◆❆❙❃✷✳✵✳❈❖ ❀✷✱ ✷✵✵✸✳

◆❛st♦s✱ P✳ ✱ ❏✳ ❑❛♣s♦♠❡♥❛❦✐s ❡t ❑✳ ❉♦✉✈✐s✱ ❆♥❛❧②s✐s ♦❢ ♣r❡❝✐♣✐t❛t✐♦♥ ❡①tr❡♠❡s ❜❛s❡❞
♦♥ s❛t❡❧❧✐t❡ ❛♥❞ ❤✐❣❤✲r❡s♦❧✉t✐♦♥ ❣r✐❞❞❡❞ ❞❛t❛ s❡t ♦✈❡r ♠❡❞✐t❡rr❛♥❡❛♥ ❜❛s✐♥✱ ❆t♠♦s♣❤❡r✐❝
❘❡s❡❛r❝❤✱ ✭✵✮✱ ✕✱ ✷✵✶✸✳

◆♦❡❧✱ ❚✳ ▼✳ ❡t ❆✳ ❋❧❡✐s❤❡r✱ ❚❤❡ ❧✐♥❡❛r ♣r❡❞✐❝t❛❜✐❧✐t② ♦❢ ✇❡❛t❤❡r r❛❞❛r s✐❣♥❛❧s✱ ❚❡❝❤✳ r❡♣✳✱
❉❚■❈ ❉♦❝✉♠❡♥t✱ ✶✾✻✵✳

◆♦rr❛♥t✱ ❈✳ ❡t ❆✳ ❉♦✉❣✉é❞r♦✐t✱ ▼♦♥t❤❧② ❛♥❞ ❞❛✐❧② ♣r❡❝✐♣✐t❛t✐♦♥ tr❡♥❞s ✐♥ t❤❡ ▼❡❞✐t❡rr❛✲
♥❡❛♥ ✭✶✾✺✵✲✷✵✵✵✮✱ ❚❤❡♦r❡t✐❝❛❧ ❛♥❞ ❆♣♣❧✐❡❞ ❈❧✐♠❛t♦❧♦❣②✱ ✽✸✱ ✽✾✕✶✵✻✱ ❞♦✐ ✿✶✵✳✶✵✵✼✴s✵✵✼✵✹✲
✵✵✺✲✵✶✻✸✲②✱ ✷✵✵✻✳

◆✉✐ss✐❡r✱ ❖✳ ✱ ❱✳ ❉✉❝r♦❝q✱ ❉✳ ❘✐❝❛r❞✱ ❈✳ ▲❡❜❡❛✉♣✐♥ ❡t ❙✳ ❆♥q✉❡t✐♥✱ ❆ ♥✉♠❡r✐❝❛❧ st✉❞② ♦❢
t❤r❡❡ ❝❛t❛str♦♣❤✐❝ ♣r❡❝✐♣✐t❛t✐♥❣ ❡✈❡♥ts ♦✈❡r s♦✉t❤❡r♥ ❋r❛♥❝❡✳ ■ ✿ ◆✉♠❡r✐❝❛❧ ❢r❛♠❡✇♦r❦
❛♥❞ s②♥♦♣t✐❝ ✐♥❣r❡❞✐❡♥ts✱ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ t❤❡ ❘♦②❛❧ ▼❡t❡♦r♦❧♦❣✐❝❛❧ ❙♦❝✐❡t②✱ ✶✸✹✱
✶✶✶✕✶✸✵✱ ❞♦✐ ✿✶✵✳✶✵✵✷✴q❥✳✷✵✵✱ ✷✵✵✽✳

◆✉✐ss✐❡r✱ ❖✳ ✱ ❇✳ ❏♦❧②✱ ❆✳ ❏♦❧②✱ ❱✳ ❉✉❝r♦❝q ❡t P✳ ❆r❜♦❣❛st✱ ❆ st❛t✐st✐❝❛❧ ❞♦✇♥s❝❛❧✐♥❣ t♦
✐❞❡♥t✐❢② t❤❡ ❧❛r❣❡✲s❝❛❧❡ ❝✐r❝✉❧❛t✐♦♥ ♣❛tt❡r♥s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❤❡❛✈② ♣r❡❝✐♣✐t❛t✐♦♥ ❡✈❡♥ts
♦✈❡r s♦✉t❤❡r♥ ❋r❛♥❝❡✱ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ t❤❡ ❘♦②❛❧ ▼❡t❡♦r♦❧♦❣✐❝❛❧ ❙♦❝✐❡t②✱ ✶✸✼✱ ✶✽✶✷✕
✶✽✷✼✱ ❞♦✐ ✿✶✵✳✶✵✵✷✴q❥✳✽✻✻✱ ✷✵✶✶✳

◆②❦❛♥❡♥✱ ❉✳ ❑✳ ✱ ▲✐♥❦❛❣❡s ❜❡t✇❡❡♥ ❖r♦❣r❛♣❤✐❝ ❋♦r❝✐♥❣ ❛♥❞ t❤❡ ❙❝❛❧✐♥❣ Pr♦♣❡rt✐❡s ♦❢
❈♦♥✈❡❝t✐✈❡ ❘❛✐♥❢❛❧❧ ✐♥ ▼♦✉♥t❛✐♥♦✉s ❘❡❣✐♦♥s✱ ❏♦✉r♥❛❧ ♦❢ ❍②❞r♦♠❡t❡♦r♦❧♦❣②✱ ✾✱ ✸✷✼✕✸✹✼✱
❞♦✐ ✿✶✵✳✶✶✼✺✴✷✵✵✼❏❍▼✽✸✾✳✶✱ ✷✵✵✽✳

◆②❦❛♥❡♥✱ ❉✳ ❑✳ ❡t ❉✳ ❍❛rr✐s✱ ❖r♦❣r❛♣❤✐❝ ✐♥✢✉❡♥❝❡s ♦♥ t❤❡ ♠✉❧t✐s❝❛❧❡ st❛t✐st✐❝❛❧ ♣r♦✲
♣❡rt✐❡s ♦❢ ♣r❡❝✐♣✐t❛t✐♦♥✱ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✭❆t♠♦s♣❤❡r❡s✮✱ ✶✵✽✱ ✽✸✽✶✱ ❞♦✐ ✿
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❖❜✉❦❤♦✈✱ ❆✳ ✱ ❙tr✉❝t✉r❡ ♦❢ t❤❡ t❡♠♣❡r❛t✉r❡ ✜❡❧❞ ✐♥ ❛ t✉r❜✉❧❡♥t ✢♦✇✱ ■③✈✳ ❆❦❛❞✳ ◆❛✉❦
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❖❦✐✱ ❚✳ ❡t ❑✳ ▼✉s✐❛❦❡✱ ❙❡❛s♦♥❛❧ ❈❤❛♥❣❡ ♦❢ t❤❡ ❉✐✉r♥❛❧ ❈②❝❧❡ ♦❢ Pr❡❝✐♣✐t❛t✐♦♥ ♦✈❡r
❏❛♣❛♥ ❛♥❞ ▼❛❧❛②s✐❛✳✱ ❏♦✉r♥❛❧ ♦❢ ❆♣♣❧✐❡❞ ▼❡t❡♦r♦❧♦❣②✱ ✸✸✱ ✶✹✹✺✕✶✹✻✸✱ ❞♦✐ ✿✶✵✳✶✶✼✺✴✶✺✷✵✲
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❖❧ss♦♥✱ ❏✳ ✱ ▲✐♠✐ts ❛♥❞ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ♠✉❧t✐❢r❛❝t❛❧ ❜❡❤❛✈✐♦✉r ♦❢ ❛ ❤✐❣❤✲r❡s♦❧✉t✐♦♥
r❛✐♥❢❛❧❧ t✐♠❡ s❡r✐❡s✱ ◆♦♥❧✐♥❡❛r Pr♦❝❡ss❡s ✐♥ ●❡♦♣❤②s✐❝s✱ ✷✱ ✷✸✕✷✾✱ ✶✾✾✺✳

❖❧ss♦♥✱ ❏✳ ✱ ❊✈❛❧✉❛t✐♦♥ ♦❢ ❛ s❝❛❧✐♥❣ ❝❛s❝❛❞❡ ♠♦❞❡❧ ❢♦r t❡♠♣♦r❛❧ r❛✐♥✲ ❢❛❧❧ ❞✐s❛❣❣r❡❣❛t✐♦♥✱
❍②❞r♦❧♦❣② ❛♥❞ ❊❛rt❤ ❙②st❡♠ ❙❝✐❡♥❝❡s✱ ✷✱ ✶✾✕✸✵✱ ✶✾✾✽✳

❖❧ss♦♥✱ ❏✳ ✱ ❏✳ ◆✐❡♠❝③②♥♦✇✐❝③ ❡t ❘✳ ❇❡r♥❞tss♦♥✱ ❋r❛❝t❛❧ ❛♥❛❧②s✐s ♦❢ ❤✐❣❤✲r❡s♦❧✉t✐♦♥
r❛✐♥❢❛❧❧ t✐♠❡ s❡r✐❡s✱ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤✱ ✱ ✾✽✱ ✷✸✱✷✻✺✕✷✸✱✷✼✹✱ ❞♦✐ ✿
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❖❧ss♦♥✱ ❏✳ ✱ ❱✳ P✳ ❙✐♥❣❤ ❡t ❑✳ ❏✐♥♥♦✱ ❊✛❡❝t ♦❢ s♣❛t✐❛❧ ❛✈❡r❛❣✐♥❣ ♦♥ t❡♠♣♦r❛❧ st❛t✐st✐❝❛❧
❛♥❞ s❝❛❧✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ r❛✐♥❢❛❧❧✱ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤✱ ✶✵✹✱ ✶✾✱✶✶✼✕✶✾✱✶✷✻✱
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❖r❧❛♥s❦✐✱ ■✳ ✱ ❆ r❛t✐♦♥❛❧ s✉❜❞✐✈✐s✐♦♥ ♦❢ s❝❛❧❡s ❢♦r ❛t♠♦s♣❤❡r✐❝ ♣r♦❝❡ss❡s✱ ❇✉❧❧❡t✐♥ ♦❢ t❤❡
❆♠❡r✐❝❛♥ ▼❡t❡♦r♦❧♦❣✐❝❛❧ ❙♦❝✐❡t②✱ ✺✻ ✭✺✮✱ ✺✷✼✕✺✸✵✱ ✶✾✼✺✳

❖✈❡r✱ ❚✳ ▼✳ ❡t ❱✳ ❑✳ ●✉♣t❛✱ ❙t❛t✐st✐❝❛❧ ❆♥❛❧②s✐s ♦❢ ▼❡s♦s❝❛❧❡ ❘❛✐♥❢❛❧❧ ✿ ❉❡♣❡♥❞❡♥❝❡ ♦❢
❛ ❘❛♥❞♦♠ ❈❛s❝❛❞❡ ●❡♥❡r❛t♦r ♦♥ ▲❛r❣❡✲❙❝❛❧❡ ❋♦r❝✐♥❣✳✱ ❏♦✉r♥❛❧ ♦❢ ❆♣♣❧✐❡❞ ▼❡t❡♦r♦❧♦❣②✱
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❖✈❡r✱ ❚✳ ▼✳ ❡t ❱✳ ❑✳ ●✉♣t❛✱ ❆ s♣❛❝❡✲t✐♠❡ t❤❡♦r② ♦❢ ♠❡s♦s❝❛❧❡ r❛✐♥❢❛❧❧ ✉s✐♥❣ r❛♥❞♦♠ ❝❛s✲
❝❛❞❡s✱ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤✱ ✱ ✶✵✶✱ ✷✻✱✸✶✾✕✷✻✱✸✸✷✱ ❞♦✐ ✿✶✵✳✶✵✷✾✴✾✻❏❉✵✷✵✸✸✱
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P❛♥③✐❡r❛✱ ▲✳ ❡t ❯✳ ●❡r♠❛♥♥✱ ❚❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❛✐r✢♦✇ ❛♥❞ ♦r♦❣r❛♣❤✐❝ ♣r❡❝✐♣✐t❛t✐♦♥
♦♥ t❤❡ s♦✉t❤❡r♥ s✐❞❡ ♦❢ t❤❡ ❆❧♣s ❛s r❡✈❡❛❧❡❞ ❜② ✇❡❛t❤❡r r❛❞❛r✱ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ t❤❡
❘♦②❛❧ ▼❡t❡♦r♦❧♦❣✐❝❛❧ ❙♦❝✐❡t②✱ ✶✸✻✱ ✷✷✷✕✷✸✽✱ ❞♦✐ ✿✶✵✳✶✵✵✷✴q❥✳✺✹✹✱ ✷✵✶✵✳

P❛♥③✐❡r❛✱ ▲✳ ✱ ❯✳ ●❡r♠❛♥♥✱ ▼✳ ●❛❜❡❧❧❛ ❡t P✳ ❱✳ ▼❛♥❞❛♣❛❦❛✱ ◆❖❘❆✲◆♦✇❝❛st✐♥❣ ♦❢ ❖r♦✲
❣r❛♣❤✐❝ ❘❛✐♥❢❛❧❧ ❜② ♠❡❛♥s ♦❢ ❆♥❛❧♦❣✉❡s✱ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ t❤❡ ❘♦②❛❧ ▼❡t❡♦r♦❧♦❣✐❝❛❧
❙♦❝✐❡t②✱ ✶✸✼✱ ✷✶✵✻✕✷✶✷✸✱ ❞♦✐ ✿✶✵✳✶✵✵✷✴q❥✳✽✼✽✱ ✷✵✶✶✳

P❛r❡♥t ❞✉ ❝❤ât❡❧❡t✱ ❏✳ ✱ ❆r❛♠✐s✱ ❧❡ rés❡❛✉ ❢r❛♥ç❛✐s ❞❡ r❛❞❛rs ♣♦✉r ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ❞❡s
♣ré❝✐♣✐t❛t✐♦♥s✱ ✷✵✵✸✳

P❛tr✐❝❦✱ ❉✳ ❡t P✳ ▼❝❈❛rt❤②✱ ■♠♣r♦✈❡❞ t❤✉♥❞❡rst♦r♠ ❞❡t❡❝t✐♦♥✱ tr❛❝❦✐♥❣ ❛♥❞ ❛ss❡ss♠❡♥t
♣r♦❞✉❝ts ❢♦r ❡♥✈✐r♦♥♠❡♥t ❝❛♥❛❞❛ r❛❞❛rs✱ ❞❛♥s ✷✹t❤ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❙❡✈❡r❡ ▲♦❝❛❧ ❙t♦r♠s✱
✷✵✵✽✳

P❡❝❦♥♦❧❞✱ ❙✳ ✱ ❙✳ ▲♦✈❡❥♦② ❡t ❉✳ ❙❝❤❡rt③❡r✱ ❙tr❛t✐✜❡❞ ♠✉❧t✐❢r❛❝t❛❧ ♠❛❣♥❡t✐③❛t✐♦♥ ❛♥❞
s✉r❢❛❝❡ ❣❡♦♠❛❣♥❡t✐❝ ✜❡❧❞s✲■■✳ ▼✉❧t✐❢r❛❝t❛❧ ❛♥❛❧②s✐s ❛♥❞ s✐♠✉❧❛t✐♦♥s✱ ●❡♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧
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P❡❞❡rs❡♥✱ ▲✳ ✱ ◆✳ ❊✳ ❏❡♥s❡♥✱ ▲✳ ❊♥❣❜♦ ❈❤r✐st❡♥s❡♥ ❡t ❍✳ ▼❛❞s❡♥✱ ◗✉❛♥t✐✜❝❛t✐♦♥ ♦❢
t❤❡ s♣❛t✐❛❧ ✈❛r✐❛❜✐❧✐t② ♦❢ r❛✐♥❢❛❧❧ ❜❛s❡❞ ♦♥ ❛ ❞❡♥s❡ ♥❡t✇♦r❦ ♦❢ r❛✐♥ ❣❛✉❣❡s✱ ❆t♠♦s♣❤❡r✐❝
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P❡r✐❝❛✱ ❙✳ ❡t ❊✳ ❋♦✉❢♦✉❧❛✲●❡♦r❣✐♦✉✱ ▲✐♥❦❛❣❡ ♦❢ ❙❝❛❧✐♥❣ ❛♥❞ ❚❤❡r♠♦❞②♥❛♠✐❝ P❛r❛♠❡✲
t❡rs ♦❢ ❘❛✐♥❢❛❧❧ ✿ ❘❡s✉❧ts ❋r♦♠ ▼✐❞❧❛t✐t✉❞❡ ▼❡s♦s❝❛❧❡ ❈♦♥✈❡❝t✐✈❡ ❙②st❡♠s✱ ❏♦✉r♥❛❧ ♦❢
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P❤✐❧❛♥❞r❛s✱ ❈✳ ▼✳ ✱ P✳ ❚✳ ◆❛st♦s✱ ❏✳ ❑❛♣s♦♠❡♥❛❦✐s✱ ❑✳ ❈✳ ❉♦✉✈✐s✱ ●✳ ❚s❡❧✐♦✉❞✐s ❡t ❈✳ ❙✳
❩❡r❡❢♦s✱ ▲♦♥❣ t❡r♠ ♣r❡❝✐♣✐t❛t✐♦♥ tr❡♥❞s ❛♥❞ ✈❛r✐❛❜✐❧✐t② ✇✐t❤✐♥ t❤❡ ♠❡❞✐t❡rr❛♥❡❛♥ r❡❣✐♦♥✱
◆❛t✉r❛❧ ❍❛③❛r❞s ❛♥❞ ❊❛rt❤ ❙②st❡♠ ❙❝✐❡♥❝❡✱ ✶✶ ✭✶✷✮✱ ✸✷✸✺✕✸✷✺✵✱ ❞♦✐ ✿✶✵✳✺✶✾✹✴♥❤❡ss✲✶✶✲
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P✐❡r❝❡✱ ❈✳ ❊✳ ✱ P✳ ❏✳ ❍❛r❞❛❦❡r✱ ❈✳ ●✳ ❈♦❧❧✐❡r ❡t ❈✳ ▼✳ ❍❛❣❣❡tt✱ ●❆◆❉❖▲❋ ✿ ❛ s②st❡♠ ❢♦r
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Abstract

The article presents an analysis of diurnal, seasonal and inter-annual variability of

rainfall over the Alps-Mediterranean Euroregion from 2009 to 2012. We use data from

an X-band radar located at Mont Vial (Nice, France). Rainfall data have temporal and

spatial resolutions of 5 mins and 1 km2. The radar area covers six sub-regions: two

plains regions (Pô and Provence), the Maritime Alps, the pre-Alps, the coast and the

Mediterranean sea. The objective of this paper is to characterize the rain distribution

from small to large temporal scales in the six sub-regions. The analysis of rainfall at fine

spatial and temporal scales in a mountainous and maritime region is innovative.

The diurnal cycle presents a peak in land regions during summer from 10 to 22 UTC.

At larger scale, the analysis of seasonal cycle of rainfall reveals that rain displaces from

sea to land during the year. Moreover it shows that Alps foothills and the coast are

prone to the most extreme precipitation. Finally, results show that rain distribution and

intensity varies strongly between the four investigated years. In particular, the probability

of extreme rain events tend to reduce in the north part of the studied area (Maritime Alps

and Pre-Alps) during these years.

These results help to improve the knowledge of fine scale rainfall variability in the

Alps-Mediterranean Euroregion.
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1. Introduction1

Precipitation are unevenly spread spatially and temporally over the Mediterranean2

region (Nastos et al., 2013). The areal distribution of precipitation is controlled both3

by small scale and large-scale processes. In particular, at large scale, the Mediterranean4

region has the particularity to be under influence of both mid-latitude cyclones and sub-5

tropical highs (Lionello et al., 2006). The mid-latitude cyclones favor precipitation during6

winter while the subtropical highs (e.g., Azores high) inhibit the precipitation during sum-7

mer. The heaviest precipitation and floods are found in the fall (Tarolli et al., 2012) and8

are typically associated with the presence of a trough over the western Europe, which9

induces a southwesterly flow (coming from the Mediterranean) (Boudevillain et al., 2009;10

Nuissier et al., 2011; Ricard et al., 2012; Melani et al., 2013). Moreover Jansa et al. (2001)11

showed that for 90% of heavy rain events in the western Mediterranean there is a cyclone12

center in the vicinity. Additional large scale features such as ENSO and NAO impact13

the rain intensity and distribution (Price et al., 1998; Mariotti et al., 2002b; Haylock and14

Goodess, 2004; Karagiannidis et al., 2008; Boccolari and Malmusi, 2013). At regional15

scale, local forcing such as topography (e.g., the South of the Alps) also control the rain16

variability (MAP campaign, Bougeault et al. (2001)). Indeed mountains strongly affect17

the atmospheric circulation what impact the average rainfall distribution (Smith et al.,18

2003; Walser and Schar, 2004; Panziera and Germann, 2010; Molinié et al., 2012).19

This paper analyzes the areal distribution of precipitation over the Alps-Mediterranean20

Euroregion. This Euroregion encompasses two French regions (Provence-Alpes-Côtes21
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d’Azur and Rhône-Alpes) and three Italian regions (Piedmont, Aosta Valley and Lig-22

uria). It has an area of 110,000 km2 and more than 17 million inhabitants. Its central23

part (i.e., the east part of Provence-Alpes-Côtes d’Azur region and west part of Linguria24

and Piedmont regions) is prone to heavy precipitation events and floods but have been25

poorly studied compared with the eastern part, i.e., Lago Maggiore region (Mesoscale26

Alpine Program campaign Bougeault et al. (2001); Tabary and Scialom (2001)) and the27

western part, i.e., Cévennes-Vivarais region (e.g., Delrieu et al., 2005; Kirstetter et al.,28

2010; Alfieri et al., 2011; Marty et al., 2013). This central part presents two major geo-29

graphical characteristics: the south of the Alps (Maritime Alps) and the northwest of the30

Mediterranean sea.31

• The south of the Alps is a region prone to heavy precipitation due to its proximity32

to a source of moisture (i.e., the Mediterranean sea) and due to a steep topography.33

Moreover, because of numerous river catchments, heavy rainfall frequently leads to34

flash floods in the region (e.g., Draguignan 2010, Nice-Gênes 2011). In this region,35

rain is mainly measured using the rain gauge network, which has an average spatial36

resolution of 5x5 km and a hourly or daily temporal resolution. Nevertheless the37

accurate understanding and forecasting of rain processes over this region requires a38

much finer spatial scale. Indeed Walser and Schar (2004) demonstrated with non-39

hydrostatic numerical models a very low predictability for some convective rainfall40

even in catchments as big as 50 000 km2 over this region and Smith et al. (2003)41

showed that the rainfall field depends on some local scale characteristics down to42

10 km. Small spatial rainfall characteristics are needed for downscaling procedure43

assessment purpose (e.g., Lavaysse et al. (2012)). A finer temporal resolution is44

also requested to study some regional extreme events such as thunderstorms, which45

have a life cycle of about 30 minutes. Finally, the rain gage are not homogeneous46
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distribute in the Alpine region what is an important problem for the statistical study47

of this region, which has an highly inhomogeneous topography.48

• We do not know much about the rain behavior over the Mediterranean sea. In49

this region the rain is mainly estimated with satellites (e.g., Mariotti et al. (2002a);50

Funatsu et al. (2009); Claud et al. (2012); Nastos et al. (2013)) and instrumented51

buoys (e.g., Nittis et al. (2007)). The former provide large range information but has52

coarse spatial and temporal resolutions (typically 0.5˚x 0.5˚and 6 hours). The later53

provide in-situ rain measurement but has a sparse spatial coverage. Nevertheless,54

this is important to get accurate and dense rain measurements over this region. In-55

deed precipitation modifies sea surface temperature that affects exchanges between56

sea and atmosphere that in turn impacts atmospheric processes. It is also worth57

recalling that the evaporation from the Mediterranean sea accounts for 40 to 60 %58

of the water vapor feeding the heavy convective systems in the southeastern part of59

France indicating its major impact on Alps-Mediterranean Euroregion climate.60

In this context an X-band radar, called Hydrix, has been installed in the central part61

of the Alps-Mediterranean Euroregion for the purpose to better quantify and understand62

the hydrological cycle and related processes in this region. The radar is located close to63

Nice (East of the French Mediterranean coast) and collects in an operational way since64

2008 reflectivity, Doppler and polarimetric data over a region of about 50,000 km2. The65

spatial and temporal resolutions are 5 minutes and 1 km2. The radar range encompasses66

the South of the Alps and a part of the North of the Mediterranean sea. This region is67

particularly attractive for rainfall studies because it covers a great number of basins with68

various geophysical characteristics (e.g., the Alps, the Provence and the Mediterranean69

sea). So far few studies of long-term radar rain observations in mountainous region has70

been conducted (e.g, Wüest et al., 2010; Rudolph et al., 2011). It is mainly due to logistic71
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and signal treatment issue. The logistic problems is related to the installation and the72

maintenance in a hard to access region. This problem is reduced with X-band radars,73

which have a small antenna size (1.5 m for Hydrix antenna) in comparison to S-band74

or C-band radar. The signal treatment issue is mainly related to the ground clutter75

occurrence in mountainous region. This difficulty has been partially overcome with the76

development of Doppler and polarimetric capacities, which offers an improved detection77

of ground clutters. The use of X-band frequency rather than C and S-band also improves78

the contrast between meteorological targets and ground clutter (Testud et al., 2007).79

Moreover, in the case of Hydrix radar, the offset antenna reduces the level of side lobes,80

which improves the radar visibility.81

The present work is devoted to the temporal and spatial characterization of the pre-82

cipitation that affect the Alps-Mediterranean Euroregion. We investigated the rainfall83

variability in several sub-regions to highlight the fine scale features that affect the rainfall84

intensity and distribution. A particular attention has been paid to extreme rain events.85

This characterization is important because it will help to better know regions and periods86

prone to heavy precipitations and potential floods. Specifically, we studied the diurnal87

cycle of rainfall, the seasonal cycle of rain accumulation, rain occurrence and extreme rain88

events and the inter-annual variability of rainfall. Some possible mechanisms that explain89

this variability are given in the paper.90

In the section 2, we present some technical information about the Hydrix radar and the91

used dataset. In section 3 we present the studied region. The fourth section is dedicated to92

the results. Results are presented from small temporal scale (diurnal cycle) to large scale93

(inter-annual variability). The discussion and conclusion are given in the last section.94
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2. Radar characteristics95

The rainfall dataset used in this study originates from an X-band polarimetric and96

Doppler radar. The radar measure reflectivity at five elevations from -1˚to 4˚. Then the97

ZPHI algorithm (Testud et al., 2000) is applied to convert radar reflectivity into rainfall98

intensity. This algorithm corrects from beam attenuation along each radial and computes99

a N∗

0 parameter derived from the drop size distribution N(d) in order to retrieve the rain100

rate through the relation (Eq. 1):101

R = a(N∗

0 )
1−bZb (1)

where R is the rain rate, a and b are two constant and empirical coefficients and Z is102

the reflectivity. Therefore the ZPHI algorithm takes into account the drop size distri-103

bution variability to estimate rain rate. When the beam is above the bright band or104

when the differential phase shift (φDP ) is lower than 6˚a classical Z-R relation is used.105

The rainfall rate initially given in polar coordinates is then projected onto a Extended106

Lambert II Cartesian grid. The horizontal interpolation is performed through Cressman107

method, with a 1.33 km cut-off length (i.e., 0.66 km Cressman radius) for 1x1 km reso-108

lution. Finally, the surface rain rate is estimated using a weight average of the rainfall109

obtained at multiple elevations. Weights are function of the altitude of measurements,110

the precipitation type (snow, hail, liquid) 1 and the beam masking. For a more detailed111

description of this method and of the radar see Le Bouar et al. (2008); Moreau et al.112

(2009); Rysman (2013). Rainfall data evaluations have been performed by comparison113

with S-Band radar observations (Diss et al., 2009) and rain gauge measurements (Moreau114

1The precipitation phase is inferred using a fuzzy logic classification that takes advantage of polariza-

tion
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et al., 2009; Rysman, 2013). Main results show that the overall quality of rain data is115

good but depends on the region and the period of the year. In particular, radar data116

are significantly correlated with rain gage data in the west part of the region. On the117

contrary, the quality of the data is low in the north part of the radar domain (for distance118

larger than 110 km from radar) and in the Po region (except the coast line). In this last119

region the signal is only significantly correlated during summer months that is why we120

only keep the data during this period of the year in the present study. Overall the main121

problem of radar data is related to the mountain mask that forces to estimate rain at high122

elevations. This leads to a large uncertainty on the estimation of surface rain rate. It is123

not possible to check the data quality in the maritime part of the radar coverage because124

no fine scale measurement network exists over the Mediterranean Sea. However, data are125

believed to be of good quality in this region since rainfall estimation is done at very low126

altitude.127

The beam attenuation is corrected along each radial but the rainfall can remain under-128

estimated at large distances. Other problems are specifically related to radar measurement129

such as bright band effects, hardware calibration errors, anomalous propagation and re-130

maining ground clutters. These various problems have been taken into account to achieve131

this study.132

The rainfall database extends almost continuously from March 2009 until today (only133

few days of interruption). The spatial resolution is 1 km2 and the temporal resolution134

is 5 minutes. The high spatial and temporal resolutions and the range of measurements135

offer a great opportunity to study the rain processes in the region.136
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Figure 1: Area covered by the radar Hydrix (elevation in color (m)). Main cities are indicated in black

and regions are indicated blue

3. Studied region137

The radar is located on top of a mountain called Mont Vial (1550 m). The area138

covered by the Hydrix radar range (150-km radius) encompasses the Provence to the Pô139

region from West to East (see Fig. 1). North of the radar domain encompasses the South140

of the Alps (Ubaye / Orrenaye region) whereas south of the radar domain encompasses141

the north of Mediterranean sea.142

The regional topography strongly affects the rain distribution and intensity in the143

Alps-Mediterranean Euroregion. Moreover rain is subject to a large seasonal variability144

in this region. During winter, successive frontal disturbances impact the region because145

of low pressure over the east Atlantic. During the summer the Azores high prevents large146

scale disturbances in the region but, in the afternoon, because of strong temperature147
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contrasts between land and sea, sea breezes tend to develop. This circulation brings148

moisture over land and lifts air resulting in strong convective systems. During the fall,149

the Mediterranean sea remains rather hot, which ensures large water vapor availability150

in the air. These conditions associated to favorable synoptic conditions such as frontal151

environment, low pressure over the Gulf of Genoa and Medicanes (Mediterranean tropical-152

like cyclones) can lead to devastating organized convection during this period (e.g., Delrieu153

et al., 2005; Nuissier et al., 2008).154

4. Results155
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Figure 2: Studied regions

As already mentioned, the topography of the region is complex. In the following analy-156
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sis, the region is divided in 6 distinct sub-regions based on geophysical properties (Fig. 2).157

These sub-regions are 2 plain regions (Pô and Provence), the Maritime Alps (Alpes), the158

pre-Alps (Pré-Alpes), the coast (Côte) and the Mediterranean Sea (Méditerranée). In the159

following, rainfall variability is investigated from small scale (diurnal cycle) to large scale160

(inter-annual variability). Main features are described then possible associated mecha-161

nisms are explained.162

4.1. Diurnal variability163

The diurnal cycle of rain is essentially controlled by meteorological parameters such164

as temperature, humidity and surface fluxes such as evaporation. These meteorological165

parameters and fluxes strongly depend on local features and vary during the year yet the166

impact of this variability on diurnal cycle of rain is not well documented and understand.167

In this section, we investigate the variability of the diurnal cycle of rain. Specifically, we168

average rain rate as a function of the time of day with a resolution of 5 minutes first from169

2009 to 2012 then per month for the 6 sub-regions previously defined.170

Results show that the diurnal cycle is highly contrasted for the 6 sub-regions (Fig. 3).171

In particular, rainfall in the coast and the Mediterranean do not show any diurnal signal172

whereas the inland regions show an increase of average rain rate from 10 UTC to 22 UTC.173

The maximum of rain rate in these regions occurs between 15 UTC and 1630 UTC with174

a peak value three times greater than the night and early morning value. A surprising175

feature is that the diurnal signal peaks at different times for different regions (pre-Alps176

15 UTC, Provence 1530 UTC, Alps 16 UTC, Pô 17 UTC).177

The average diurnal cycle per month and per region is shown in figures 4 and 5. There178

is no rain diurnal signal from October to March. During this period, rainfall is maximal179

in the coast and the Mediterranean Sea (∼0.12 mm/h). In April, a strong diurnal signal180

is found in pre-Alps and Provence regions (peak value: 0.25 mm/h, 16 UTC). In May181
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in UTC

and June a diurnal signal is found in every land regions and is maximal in the pre-Alps182

(0.28 mm/h, 15 UTC). For July month, the diurnal cycle occurs but is weaker except for183

the Pô region (where it remains very strong 0.17 mm/h, 18 UTC). During late summer,184

the diurnal signal and the overall rain accumulation is very weak. It can be noticed that185

in June and July, time of the peak differs between the regions. For instance Pre-Alps186

peaks first at 15 UTC, Provence and Alps peak at 1530 UTC and 16 UTC and Po peaks187

at 18 UTC.188

The highlighted diurnal cycle can be compared with results of Mandapaka et al. (2012)189

(Switzerland) and Gladich et al. (2011) (Italy). The region studied by Mandapaka et al.190

(2012) correspond to the Central Alps and can be mainly compared with the Alps region191

of our study. Mandapaka et al. (2012) revealed an important peak in rain accumulation192

(about 0.2 mm/h) during summer from 10 UTC to 24 UTC similar with our results.193

During other seasons, the diurnal cycle is rather flat and the average value is about194
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Figure 4: Diurnal cycle of average rain rate (mm/h/km2) per region and per month (January-June)

0.05 mm/h again similar with our results. They also showed that the diurnal cycle in the195

Central Alps is mainly related to the local orographic forcing. Gladich et al. (2011) studied196

a region in southeastern very similar to the Euroregion Alps-Mediterranean. They found197

an increase in rainfall accumulation from 9 UTC to 24 UTC in annual average in this198

region (peak value of 0.25 mm/h) that is similar with our results. They also highlighted199

two distinct peaks in the journey (13 UTC and 21 UTC) that we did not noticed.200

Overall, these results highlight that, during winter, rainfall is not driven by diurnal201

processes. During summer, the temperature contrast between land and sea can be im-202

portant. It generates sea breezes, which bring moist air from the Mediterranean. Then203

the warm air rises over land and because the warming of land tends to cause atmospheric204

instability, convective cells develop. This process is very efficient because the rain rate205

begins to increase as soon as 10 UTC in the investigated region. The peak value is found206
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Figure 5: Diurnal cycle of average rain rate (mm/h/km2) per region and per month (July-December)

about 3 hours after the sun maximal elevation. Results also show that in April, the diur-207

nal cycle is strong in pre-Alps and Provence regions but weak in Alps. From May to July,208

the diurnal cycle in Provence is getting gradually weaker, while the diurnal cycles in Alps209

and Po regions gains strength. This behavior could be partially related to the altitude210

of regions. Regions with low average altitudes (Provence) warm up earlier in the season211

(April) than regions with high average altitudes (i.e., Alps). Therefore convective activity212

is more likely earlier in season for Provence than for Alps. The diminution of diurnal213

signal in Provence from spring to summer could be related to anticyclonic conditions214

found during summer months. These conditions tend to inhibit convection and could215

explain why peak is weaker during this season in Provence. Other land regions present216

higher peak value during this season probably because they have a steeper orographic217

more favorable to convective activity during summer.218
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Results also show that during June and July, the diurnal cycle peaks at different times219

for different land regions. This behavior could be related to the proximity of convective220

areas to the sea. Indeed, as already mentioned, during summer, a sea breeze regime221

develops in the afternoon and progress from the coast to inland regions. Therefore close-222

to-sea regions (i.e., Provence and pre-Alps) present a peak in early afternoon on the223

contrary to far-from-sea regions (i.e., Alps). Concerning Po region, which has a part close224

to the sea and a part far from the sea, we see in figure 9 that intense events (i.e., convective225

events) occur in the north part of this region thus far from the sea. It could explain why226

the diurnal cycle peaks late in the afternoon in this region.227

A secondary peak occurs in the early morning in coastal and Mediterranean regions228

from August to November. Note that this peak is not always significant probably because229

other variabilities can hide this signal. This surprising effect has already been noticed230

for various regions in the world: in California (Landin and Bosart, 1989), in Japan (Oki231

and Musiake, 1994) and in Scotland (Svensson and Jakob, 2002) and might be related232

to both the cooling of air during night and a land breeze convergence along the coast.233

The land breeze hypothesis is reinforced by the fact that the peak occurs only during234

late summer and fall, period where the Mediterranean is warmer than the land. Finally,235

a complementary analysis (not shown) revealed that wind shear from 0 to 6 km (i.e., ∼236

land breeze) is strongly correlated to rainfall from 0 UTC to 6 UTC (Rysman, 2013).237
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4.2. Seasonal variability238

In this section, we investigate the seasonal variability of precipitation in terms of239

accumulation, occurrence and extreme events from 2009 to 2012.240

4.2.1. Daily rain accumulation241

The daily rainfall accumulation per month shows up as a very contrasted pattern242

spatially and temporally (Fig. 6 (a) and (b)). Overall the rainfall accumulation lies243

between 0 and 7 mm/d with a strong variability between regions. In particular the244

foothills of the extreme south of the Alps facing the Mediterranean show very important245

daily rainfall accumulation. It is a first indication of the impact of both the Mediterranean246

sea and the Alps in the rainfall distribution and intensity. Figure 6 (a) and (b) also247

reveals a displacement of rain from sea to land during the year: during fall and winter248

months the rainfall maximal accumulations are mainly located in the south of the region249

but from April to September the rainfall maximal accumulations move inland. This250

displacement has also been noticed by Frei and Schär (1998); Funatsu et al. (2009) and251

appears in the whole northern part of the Mediterranean region (see figure 2 in Nastos252

et al. (2013)). Specifically, during the fall (October-December) and winter (January-253

March), rain maxima occur over the sea and over the coast (typical value is 4 mm/day254

and a maximum in November of about 7 mm/day). During spring (April-June), rain255

occurs mainly in Provence and pre-Alps regions (between 4 and 5 mm/day). The summer256

season (July-September) is very dry (less than 2 mm/d). Every region except the Alps257

exhibits a bimodal regime with maxima during spring and fall. In Alps, very low rain258

amount is registered all along the year without a marked annual cycle.259

These results are consistent in terms of location and rain amount with those of Frei260

and Schär (1998) established with rain-gauge measurements. Measurements obtained for261

the Mediterranean Sea can be compared with satellite observations. Average daily rain262
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accumulation given by Global Precipitation Climatology Project (GPCP) (Adler et al.,263

2003) is about 2 mm/d (annual average), which is in agreement with our measurements.264

These results highlight the small scale variability of rainfall accumulation over the265

region but also the regional dependency of rain. For example, in June, the rain accu-266

mulation is lower than 1 mm/d over the Mediterranean but larger than 4 mm/d over267

the Provence located a few kilometers to the North. Results also highlight a rain accu-268

mulation significantly higher in November compared to other months. The explanation269

of this behavior is first that during the fall, there are lot of atmospheric perturbations270

that travel in this region on the contrary to summer season where atmospheric conditions271

are mainly anticyclonic. These atmospheric perturbations are thus favorable to heavy272

rainfall. Moreover, during summer, the Mediterranean warms up and gains lot of energy273

that is released in the fall when temperature is higher in the Mediterranean sea than in274

the land. The rain accumulation is higher in November compared to other fall months275

probably because during this month conditions are optimal: Mediterranean sea is warm276

and there are lot of atmospheric fronts that cross the region. Results also show that the277

rain maxima are observed over the foothills of the southern side of the Alps. It is due to278

the proximity to the source of moisture and to the steepness of this region. The shape279

of this mountainous region also appears to decisively impact the rain distribution. It is280

confirmed by Watson and Lane (2012) who showed numerically that concave shape for281

a mountain barrier tends to create surface air confluence and, as observed here, increase282

precipitation on each ridge arm.283

To investigate the relationship between elevation and daily rain accumulation, we284

computed a density plot of daily rain accumulation versus elevation over land per month285

(Fig. 7). The correlation is clear during summer up to 2000 m. On average the rain286

accumulation increases by 0.5 mm/d/km. During winter and spring a relation exists but287

16



only up to about 1000 m (increase of about 1 mm/d/km). Moreover the relation is not288

as clear as for summer. During the fall no clear relation can be found.289

During summer the strong correlation of rain with elevation confirmed the typical290

scheme of the air mass that rises and condensates on mountain foothills. During this291

season, because of the anticyclonic conditions, it is one main mechanism to produce rain.292

During the other seasons these results suggest that elevation is not the only driver of293

intense rains.294
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Figure 6: (a) Bar plot of daily rain accumulation (mm/d) averaged per month and per region. The green

bars correspond to standard deviation over the region per month. (b) Daily rain accumulation (mm/d)

averaged per month. The section without data is due to a mask from an antenna located close to the

radar
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Figure 7: Density plot of daily rain accumulation (mm/d) averaged per month versus elevation. The

y-scale is free.
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4.2.2. Rain occurrence295

The number of rainy day (i.e., a day for which rain occurs) show a strong seasonal296

variability for every region (Fig. 8 (a) and (b)). During the year, it rains from 5 (August)297

to 20 days (December to May). There is a displacement of rain occurrence from sea to298

land during the year. During summer very few rainy days occurs in the region. Over the299

Mediterranean and the coast, the number of rainy day is maximal between December and300

March (∼15 days) and minimal in August (<5 days) (Fig. 8 (a)). In the Provence and301

pre-Alps, the occurrence is maximum between March and May (more than 20 rainy days302

in May for the pre-Alps) and minimum in August (5-10 days). In the Alps, the maximum303

occurs in May (15-20 days), no clear minimum is detected during the year and there is a304

significant number of rain events in summer compared with other regions.305

It is worth comparing these figures with figures 6 and 8. Indeed months with higher306

daily rain accumulation do not always correspond to months with higher number of rainy307

days. This result is particularly clear for bar plots (Fig. 6 (a) and 8 (b)). For example308

May is a very rainy month but with a overall rain amount rather weak compared with309

November. It means that rain processes over the region are different during the year.310

During spring, most of meteorological events are frontal systems whereas in the fall most311

of meteorological events are organized deep convective systems. During summer, the rain312

accumulation is very weak for the Mediterranean sea nevertheless few rain events occur313

in this region (Fig. 8).314
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Figure 8: (a) Bar plot of number of rainy day per region and per month. The green bars correspond to

standard deviation over the region per month. (b) Number of rainy day per month. Straight lines can

be seen on these maps. They are related to airways
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4.2.3. Extreme rain events315

In the following, we study the extreme events both in terms of instantaneous rain rate316

and in terms of daily rain accumulation. This distinction is valuable because it gives us317

the possibility to detect regions prone to meteorological extreme events (MEE) (i.e., high318

intensity rain events) and regions prone to hydrological extreme events (HEE) (i.e., high319

impact rain events). The MEE refers to heavy rainfall events such as thunderstorms, the320

HEE refers to rainfall events with important daily accumulations that can trigger floods.321

Obviously a rainfall event can be both a MEE and a HEE. Specifically, the area is divided322

in pixels of 4 km2 and for each pixel the probability distribution function (PDF) of rain323

rate and daily rain accumulation is computed. We select the value corresponding to the324

99.99th quantile (Q99.99) of rain rate PDF and to the 99th quantile (Q99) for daily rain325

accumulation PDF.326

Figure 9 (a) and (b) show the location of MEE. The MEE occur between April and327

August (rain rate above 160 mm/h). Regions with the highest probability to be struck328

by MEE are located inland and especially over the foothills of the Alps. The probability329

of MEE is moderate during the fall on Mediterranean and the coast. The probability of330

MEE is very weak everywhere between December and March.331

The most extreme rain events of the Alps-Mediterranean Euroregion are related to332

convective cells. It partially explains the observed pattern in figure 9. The maxima are333

very localized highlighting the impact of local forcing (topography, convergence zone) in334

this region, which strongly controls the location of very intense rainfall.335

During late summer and the fall, convective rains occur mainly on sea and coast be-336

cause of the strong contrast between warm sea and cold land. Some studies on neighbour-337

ing regions confirm this interpretation: Funatsu et al. (2009), using satellite instrument338

and Holt et al. (2001), using lightning activity measurements.339
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It is interesting to notice that the MEE do not explain the daily rain accumulation340

pattern (see Fig. 6). They highlight the small scale variability of extreme rain events341

explaining the difficulty to forecast rainfall location and intensity accurately during sum-342

mer.343
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Figure 9: (a) Bar plot of rain rate (mm/h) corresponding to Q99.99 of MEE per region and per month.

The green bars correspond to standard deviation per region and per month. (b) Rain rate (mm/h)

corresponding to Q99.99 of MEE per month

24



We also study HEE in order to highlight the regions frequently impacted by important344

daily rain accumulation (i.e., regions with a potential risk of flood) (Fig. 10 (a) and (b)).345

The coast and the Mediterranean show a strong seasonal signal with a maximum in346

January (∼40 mm/d) and minimum in August (<10 mm/d) whereas pre-Alps, Alps and347

Provence do not show any seasonal cycle. For the pre-Alps the average value is about348

25 mm/d, for the Provence about 20 mm/d and for the Alps about 10 mm/d. The maxima349

are less localized for HEE than for MEE.350

No pronounced seasonal cycle occurs on land for HEE. Nevertheless, previous sections351

showed that other parameters (accumulation, number of rainy days and MEE) have a sea-352

sonal cycle. A possible explanation is that during winter, frontal precipitation is moderate353

in intensity but has a long duration, which implies important rain accumulation. During354

summer frontal systems are rare but convective activity triggers heavy precipitation with355

on relatively short duration resulting in an important accumulation.356

We compute a scatter plot of MEE versus HEE per month to investigate the relation-357

ship between both variables (Fig. 11). The correlation is clear during the fall. Because358

HEE are related to rainy events with strong hydrological impact whereas MEE are related359

to rainy events with strong intensity, the scatter plot reveals that during the fall some360

regions (in particular coastal regions) are both prone to heavy MEE and heavy HEE.361

This explains the frequent floods in these regions (for instance Nice, 1-6 November 2012).362

During spring and summer the correlation exists but is not as clear as in the fall. During363

winter, no obvious relationship is found.364
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Figure 10: (a) Bar plot of rain daily amount (mm/d) corresponding to Q99 of HEE per region. The

green bars correspond to standard deviation over the region per month. (b) Rain daily amount (mm/d)

corresponding to Q99 of HEE per month
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Figure 11: Scatter plot of MEE versus HEE per month. The scales are free.
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4.3. Inter-annual variability365

The last aspect explored is the inter-annual variability of rain intensity and distribution366

from 2009 and 2012. To this aim, we compute Hovmöller diagrams and ensure that the367

spatial axis of Hovmöller diagram is perpendicular to the coast (i.e., SW-NE direction)368

as we showed in previous sections that the main seasonal variability corresponds to the369

sea-land displacement of rain.370

4.3.1. Daily rain accumulation371

Figure 12 (a) shows the Hovmöller diagram for daily rain accumulation. The annual372

cycle shows a maximum during the fall (October-November), a maximum during the373

winter (between January and April) and a minimum during summer (July-August). The374

maxima are mainly located along the coast except for January 2012 where a maximum375

value is observed in the Mediterranean Sea region. For the temporal period investigated,376

the main maximum corresponds to the fall 2010 and January 2012 with rain accumulation377

higher than 4.5 mm/d. Overall the position of maxima of rain accumulation is rather378

constant over the year during the four years investigated but intensity varies strongly379

(e.g., fall 2009 vs fall 2010). The migration of rain to the North is only significant in 2009380

and 2010 and the summer 2011 and 2012 appear very dry (nearly no rain in July 2012).381

No clear tendency is found.382

4.3.2. Rain occurrence383

The Hovmöller diagram for number of rainy days is shown in figure 12 (b). The384

seasonal cycle is rather clear: as for rain accumulation, the maxima are found during385

the fall and winter (from October to March) (more than 20 days) and the minimum386

during summer (July-August). Both annual minimum and maximum are located over the387

Mediterranean. During the 4 years, it rained at least 5 days per month. Year 2011 is388
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noticeable with very few rainy days and without a maximum during the fall. The inter389

annual variability is low: the position of maxima (fall and winter) is rather constant so390

is the minimum (summer). Nevertheless the maximum during the fall does not always391

occur.392

The comparison between the Hovmöller diagram for daily rain accumulation and rain393

occurrence reveals that both parameters are not always correlated. For example, the local394

maxima of rain accumulation during the fall 2011 is related to few rainy days meaning395

that only few rain events provided a large amount of rain. On the contrary strong rain396

accumulation during winter and fall 2010 is related to a local maximum of rainy days.397

Moreover the position of maxima are different: in the coast region for rain accumulation398

and in the Mediterranean Sea region for rain occurrence. Finally, once again no tendency399

is observed during the four years of the analysis.400
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Figure 12: Hovmöller diagram for (a) daily rain accumulation (mm/d) and (b) number of rainy day per

month. The x-axis corresponds to a direction parallel to the coast. The black line symbolized the coast
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4.3.3. Extreme rain events401

A pronounced seasonal cycle is found for the MEE (Fig. 13 (a)). The main pattern402

observed is the displacement of MEE from sea to land during the year related, as already403

discussed, to convective rain. A maximum is found during the late spring over the North404

part of the region and a secondary weaker maximum is found over the Mediterranean405

during the fall. The minima of MEE are found over the Mediterranean during spring and406

over the land during winter. The inter-annual variability is high: the intensity of the late407

spring maxima decreases between 2009 (>60 mm/h) and 2011 (∼35 mm/h). In 2012 no408

late spring maximum is found. The maximum over sea during the fall occurs every year409

but varies in intensity: it has a higher value in 2010 (∼50 mm/h) than other years (∼35410

mm/h). Overall the position of maxima is constant year after year (expect during spring411

2012). The tendency observed for these four years is a decrease of maximal intensity over412

land.413

Figure 13 (b) shows a Hovmöller of HEE. The seasonal cycle is not regular probably414

meaning that HEE are less correlated with seasonal cycle than MEE. A minimum is found415

in summer (<10 mm/d). The maxima occur between the fall and early spring along the416

coast. Secondary maximum occurs during late spring in the north of the region. It is not417

surprising to find maxima along the coast where thermal contrast are the highest. The418

location of maxima remains constant during the 3 years nevertheless intensity of those419

maxima is variable. In particular 2011 and 2012 have a summer with few HEE. The420

period where most HEE occurred is the fall 2011. These events are responsible of floods421

over the Nice region (1-6 November). No obvious tendency is found over the 4 years. A422

striking feature is highlight when comparing figures 13 and 13: if the pattern is rather423

similar in 2009 for both parameters, the pattern is reverse in 2010 and 2011. Specifically,424

the HEE displace from sea to land between January and June whereas the MEE displace425
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from land to sea between June and December.426

We showed that inter-annual variability of daily rain accumulation, rain occurrence,427

MEE and HEE is much more important on land than on sea. It shows that the land is428

much more sensitive to processes with small temporal scales whereas sea is only affected429

by long term tendencies thank to its inertia. Another point is that maxima are located430

along the coast for rain accumulation and HEE, over the land for MEE and over the sea431

for rain occurrence. It means that, for rain accumulation and HEE, the strong contrast432

between land and sea is an important factor. For MEE, the main factor is the orography433

and seasonal warming of land. Finally for rain occurrence, the main factor might be the434

moisture brings by the Mediterranean.435
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Figure 13: Hovmöller diagram for (a) rain rate (mm/h) corresponding to Q99.99 of MEE and (b) rain

daily amount (mm/d) corresponding to Q99 of HEE per month. The x-axis corresponds to a direction

parallel to the coast. The black line symbolized the coast
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5. Conclusion436

The aim of the paper was to characterize the local scale variability of rainfall distribu-437

tion and intensity in the Alps-Mediterranean Euroregion. We analyzed a 4-year rainfall438

time series measured by an X-band polarimetric and Doppler radar called Hydrix. This439

radar presents a spatial resolution of 1 km and a temporal resolution of 5 minutes and440

is located close to Nice, France. Specifically, the radar range encompasses 6 sub-regions:441

two plain regions (Pô and Provence), the Maritime Alps, the pre-Alps, the coast and the442

Mediterranean sea.443

In this study, we described the rainfall variability from small scale (diurnal cycle) to444

large scale (inter-annual variability) with a particular attention given to extreme events.445

At small temporal scale, we showed that the diurnal cycle occurs during summer in land446

regions. In particular, the maximal rain accumulation occurs between 10 and 22 UTC and447

is related to convective processes. We also detected a secondary peak in the early morning448

for regions close to the sea during fall and winter. This peak is probably the signature of449

a land breeze convergence along the coast. The exact time of the afternoon peak depends450

to the proximity from the sea and the month of the year. Moreover the intensity of451

the peak is higher in the Provence in the spring than during summer on the contrary452

to the Alps where the peak intensity gets in strength from May to July. The behavior453

of the diurnal cycle in the Provence could be related to the early warming of the land454

(in comparison to mountain area) during spring then the establishment of anticyclonic455

conditions during summer that attenuates the intensity of the peak. For the Alps, the456

increase of the peak intensity could be related both to the warming of this region and the457

orographic convection that lead to heavy rain in the afternoon during summer.458

At seasonal scale, we studied the variability of daily rain accumulation, rainy days459

occurrence and extreme rain events. The main seasonal variability is related to the rain460
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displacement from land to sea between late spring and fall. Overall, November is the most461

favorable month to important rainfall accumulation but May is the month where rain is462

the more likely to occur and June is the most favorable month to MEE. Moreover regions463

prone to MEE are very localized and are mainly located in the pre-Alps and Po regions.464

Regions impacted by the HEE are the coast, the south of the Alps and the Mediterranean465

Sea. We also showed that during fall months coastal regions are prone to heavy HEE and466

heavy MEE thus likely to important floods. We also studied the relationship between daily467

rain accumulation and topography elevation. Moreover results show linear relationship468

between both parameters during summer months from 0 to 1500 m indicating that rainy469

events are mainly driven by orographic forcing during this period.470

The last part of the study focus on the inter-annual variability. The time series showed471

a moderate inter-annual variability in terms of daily rain accumulation and extreme rain472

events in terms of impact and an important variability of the number of rainy days and473

MEE. In particular the years 2009 and 2010 showed a strong probability of MEE compared474

to 2011 and 2012. We also showed that the position of maxima for the various parameters475

depends on the time of the year and on the parameter. The position of the maxima476

can possibly be explained by the regional properties (for instance land region warms up477

quickly in summer and thus are more favorable to MEE than maritime regions). The next478

step of the analysis of inter-annual variability will be to explain its origin. Preliminary479

results using WRF (Weather Research and Forecasting) model outputs suggests that this480

variability is mainly related to three meteorological parameters: potential vorticity at 250481

hPa and 500 hPa, pressure in the whole troposphere and wind direction.482

This analysis highlighted the extremely high rain variability over a complex region.483

The analysis of rainfall at very small scale in a mountainous region and over the sea is484

new. Results showed that rain events can be very localized, which makes them difficult485
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to represent in models with coarse resolution. The results of this study can be used to486

evaluate downscaled or small scale models and in particular to test if each component487

of rainfall (accumulation, extreme) are well reproduced. These results can also be used488

to identify regions where the probability of extreme rain events is maximum in order489

to deploy rain gages or mobile stations. The diurnal cycle section can also be used to490

evaluate numerical weather prediction models and underlying parametrization schemes.491

The methodologies followed in this paper are transposable to other radars. This study has492

been conducted for some given temporal scales (daily, seasonal, annual). A complementary493

analysis has also been conducted using the same dataset to analyze relationship between494

these scales (Rysman et al., 2013).495

Future works will be done to understand meso and large scales processes that lead to496

intense precipitation in the region. In particular we will use meteorological parameters497

(e.g., humidity flux and CAPE) to characterize their impact on precipitation intensity498

and to explain some of the feature that we characterized in this study. Moreover as long499

as the database will extend, it will be interesting to check if the highlighted patterns in500

the inter-annual variability section are recurrent.501
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origines et caractéristiques. La Météorologie 66, 18–28. doi:10.4267/2042/28828.526

Bougeault, P., Binder, P., Buzzi, A., Dirks, R., Houze, R., Kuettner, J., Smith,527

R.B., Steinacker, R., Volkert, H., 2001. The MAP Special Observing Period.528

Bulletin of the American Meteorological Society 82, 433–462. doi:10.1175/1520-529

0477(2001)082¡0433:TMSOP¿2.3.CO;2.530

37



❆♥♥❡①❡

❆✳✷✳ ❙♣❛❝❡✲t✐♠❡ ✈❛r✐❛❜✐❧✐t② ♦❢ t❤❡ r❛✐♥❢❛❧❧ ♦✈❡r t❤❡

✇❡st❡r♥ ▼❡❞✐t❡rr❛♥❡❛♥ r❡❣✐♦♥ ✿ ❛ st❛t✐st✐❝❛❧ ❛♥❛✲

❧②s✐s

❈❡t ❛rt✐❝❧❡ ❡st ❜❛sé s✉r ❧❡s rés✉❧t❛ts ❞✉ ✺è♠❡ ❝❤❛♣✐tr❡ ❞❡ ❝❡tt❡ t❤ès❡✳

❙♣❛❝❡✲t✐♠❡ ✈❛r✐❛❜✐❧✐t② ♦❢ t❤❡ r❛✐♥❢❛❧❧ ♦✈❡r t❤❡ ✇❡st❡r♥ ▼❡❞✐t❡rr❛♥❡❛♥ r❡❣✐♦♥ ✿ ❛ st❛t✐st✐❝❛❧
❛♥❛❧②s✐s

✷✸✼



JOURNAL OF GEOPHYSICAL RESEARCH: ATMOSPHERES, VOL. 118, 1–12, doi:10.1002/jgrd.50656, 2013

Space-time variability of the rainfall over the western Mediterranean

region: A statistical analysis
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[1] This study aims at better understanding the space-time statistical properties of rain
over a Mediterranean region. To this end we analyzed temporal, spatial, and
spatio-temporal spectra of rain field maps provided by an X-band radar situated in the
southeast part of France. The database extends from 2009 to 2012 and has a spatial and
temporal resolution of 1 km2 and 5 min. The analysis highlights several scaling regimes,
which are interpreted in terms of meteorological structures (convective cells, mesoscale
structures, and midlatitude cyclones). The analysis of spectra per month confirms the
dependency of the spectral signature to the underlying meteorological process.
Nevertheless, our results also reveal that for a given range of scales (20–45 min in time
and 7–20 km in space), spectral slope is monthly invariant. It means that rain behaves
identically, in terms of scaling, whatever the mechanism that generated it (convection,
front). Moreover, spectral analysis shows that the temporal decorrelation scale is 10 days,
which can possibly be related to the longest lifetime of a meteorological phenomenon in
the region (i.e., about 10 days). An approach to compute the scaling anisotropy between
space and time is proposed. It reveals that, over two distinct ranges of scales (7–20
km/20–45 min and 20–70 km/45 min–3 h), the scaling anisotropic coefficient is equal to
2. It also reveals that the ratio of spectral slope of 2-D angle averaged spatial spectrum
versus 1-D temporal spectrum is equal to 1 over these ranges of scales. It suggests a
similarity in the second-order properties (e.g., correlation) of temporal and spatial rain
field. All these results are important to better understand rainfall statistical behavior and
could also be used for the development of downscaling schemes and the validation of
numerical weather models.

Citation: Rysman, J.-F., S. Verrier, Y. Lemaître, and E. Moreau, (2013), Space-time variability of the rainfall over the western

Mediterranean region: A statistical analysis, J. Geophys. Res. Atmos., 118, doi:10.1002/jgrd.50656.

1. Introduction

[2] Rainfall processes in the western part of the Mediter-
ranean region are characterized by an important spatial and
temporal variability. Because of its latitude (between 36ıN
and 44ıN), the region is affected both by the midlatitude
low-pressure belt and by the subtropical highs. In particu-
lar, during winter, the region is constantly affected by frontal
precipitations generated by midlatitude disturbances. During
the summer, the weather is drier because of the Azores anti-
cyclone. Nevertheless, deep convection frequently occurs
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during the afternoon [Funatsu et al., 2009]. Other fac-
tors such as North Atlantic Oscillation, convergence zones,
and mountains influence the precipitation of this region
[see Boudevillain et al., 2009]. The western Mediterranean
region has also one of the world’s highest density of cyclo-
genesis [Pettersen, 1956; Hoskins and Hodges, 2002; Wernli
and Schwierz, 2006].

[3] All these processes influence the rainfall and can cause
dryness or severe floods over this region. For instance, the
Draguignan region in the south of France was affected by
a recent flood (15–16 June 2010) that caused 20 casual-
ties and damages estimated at more than 500 million euros
[Moreau and Roumagnac, 2010]. Since more than 150 mil-
lions people live in the Mediterranean region, study and
prevention of such disasters are crucial. For this purpose,
an X-band polarimetric and Doppler radar called Hydrix has
been installed close to Nice (southeastern France) in 2007
in the frame of FRAMEA project (Flood forecasting using
Radars in Alpine and Mediterranean Areas) [Testud et al.,
2007]. This radar measures rain with spatial and temporal
resolutions of respectively, 1 km2 and 5 min. The established
database extends from 2009 to 2012. The high resolution and
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wide temporal extension of measurements associated to the
diversity of rainfall processes found in this region make this
data set particularly valuable and gives the possibility to ana-
lyze statistically the space-time variability of precipitation
under various meteorological conditions.

[4] Every meteorological process from the synoptic scale
to the scale of droplets formation impacts the temporal and
spatial characteristics of rain. Thus, precipitation involve a
large spectrum of phenomena whose respective contribu-
tions are extremely difficult to diagnose and for some of
them to forecast. However, numerous authors [Fraedrich
and Larnder, 1993; Olsson et al., 1993; Tessier et al.,
1993; Fabry, 1996; Over and Gupta, 1996; Deidda, 1999;
Nykanen and Harris, 2003; Lovejoy and Schertzer, 2008;
Mandapaka et al., 2009; Verrier et al., 2011] showed
that despite this complexity, rainfall variability is charac-
terized by an empirical scale-invariance. Scale-invariance
(or self-similarity) implies that the statistical moments of
rainfall follow a power law whose exponent remains con-
stant over a range of scales. Moreover, several studies [Over
and Gupta, 1994, 1996; Perica and Foufoula-Georgiou,
1996; Harris et al., 1996; Purdy et al., 2001; Nykanen and
Harris, 2003; Nykanen, 2008] showed that various scal-
ing exponents are influenced by the implied meteorological
processes (synoptic weather, CAPE, orography).

[5] In this context, this paper aims at investigating statis-
tically the spatial and temporal variability of rain in terms
of meteorological processes over the western Mediterranean
region. Understanding of the space-time variability of rain-
fall over various ranges of scales is particularly valuable
for meteorologists and hydrologists either to analyze the
involved processes or to develop downscaling methods for
local rain estimate from space-borne observations or large-
scale numerical models [see Olsson, 1998; Biaou, 2004;
Rebora et al., 2006].

[6] The paper is organized as follows. Section 2 presents
the data set used in this study. Section 3 introduces the
analysis tools. Section 4 highlights the main characteris-
tics of the precipitation observed by the radar. First, we
present and interpret in terms of meteorological processes
the one-dimensional temporal and spatial spectra of rain-
fall. Then we analyze the spatio-temporal field by computing
two-dimensional space-time spectra and scaling anisotropy
coefficient. The discussion and conclusion are given in
section 6.

2. Data

[7] The rainfall dataset is derived from radar measure-
ments performed by an X-band polarimetric and Doppler
radar, called Hydrix, located at Mont Vial (1500 m) close to
Nice in the southeastern France (Figure1). Technical infor-
mation about this radar can be found in Le Bouar et al.
[2008] and Moreau et al. [2009]. In order to convert the
radar reflectivity (i.e., the reflected electromagnetic signal)
into rainfall intensity, the ZPHI algorithm [Testud et al.,
2000] is applied. This algorithm corrects from beam attenu-
ation along each radial and then computes the N*

0 parameter
derived from the drop size distribution N(d) in order to
retrieve the rain rate through the relation (equation (1)):

R = a(N*
0)1–bZb (1)

where R is the rain rate (mm/h), a and b are two constant
empirical coefficients, and Z is the reflectivity (dBz). An esti-
mation of rain at ground is performed using a weight average
of the rainfall obtained at multiple elevations. Weights take
into account the altitude of measurements, the precipitation
phase, and the beam masking. For a more detailed descrip-
tion of this method. see Le Bouar et al. [2008]. Rainfall
data validation has been performed by comparison with S-
band radar observations [Diss et al., 2009] and rain gage
measurements [Moreau et al., 2009].

[8] The rainfall database extends continuously from
March 2009 until today. The spatial resolution is 1 � 1 km
and the temporal resolution is 5 min. Most of interruptions
last only a few hours (the longest six interruptions lasted
between 3 and 7 days). In order to get a regular sampling,
linear interpolation was performed for interruptions shorter
than 1 h and rain was set to zero for interruptions longer
than 1 h. This method does not impact significantly the sta-
tistical properties because missing data represent less than
5% of the full time series. Another issue comes from the
radar signal attenuation with distance. Indeed, in spite of
the correction of radar attenuation along each radial beam,
the rainfall measurement can be affected by remaining atten-
uation in case of strong rain. As a result, in order to minimize
errors on the highlighted rainfall statistical properties, radar
measurements are restricted to a 100 km radius.

3. Scaling Behavior

[9] As discussed above, numerous authors demonstrated
the presence of scale invariance in various meteorological
fields. This section describes the spectral analysis, which
permits to highlight the scaling behavior of rain and shows
how to link scaling properties and meteorological processes.

3.1. Spectral Analysis

[10] Spectral analysis, just like other tools such as auto-
correlation and variograms [see Creutin and Obled, 1982;
Lebel et al., 1987; Berne et al., 2004; Barros et al., 2004;
Berne et al., 2009; Kirstetter et al., 2010; Molinié et al.,
2012; Mandapaka et al., 2012], allows to investigate the
second-order properties of a field. It has been shown that if
a physical process presents a scale-invariance in the time or
space domain, its power spectral density exhibits a power
law behavior in the frequency domain (equation (2)):

P( f ) � f –ˇ
� Tˇ (2)

where f is the frequency and T the period.
[11] Decrease of P( f ) with frequency is related to the

increase of the mean variance with period. The ˇ value
shows how fast this increase is. In other words, it shows how
fast the autocorrelation (the autocorrelation is the Fourier
transform of the power spectral density) decreases with lag.
The faster the autocorrelation decreases, the lower the ˇ
value is. In the limit, a white noise has a ˇ exponent equal to
zero whereas a highly correlated process has a high ˇ value.
A way to understand this concept is to consider a Brownian
motion. For example, a Brownian motion is highly corre-
lated at a given time t + 1 with time t and is less and less
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Figure 1. Area covered by the radar Hydrix.

correlated as far as the lag increases. As a result, mean vari-
ance at lag(1) is lower than mean variance at lag(n > 1).
Moreover, if diffusivity coefficient associated to a Brownian
motion is very important, then the autocorrelation decreases
strongly with lag and the spectral slope is low.

[12] The power law behavior of power spectral density
has been widely used to highlight the scaling behavior of
various geophysical fields such as morphology of fractured
rock surfaces [Schmitt and Scholz, 1995], wind and tempera-
ture [Gage and Nastrom, 1986] or radar reflectivity [Tessier
et al., 1993]. Concerning rainfall, temporal [Fraedrich and
Larnder, 1993] and spatial [Mandapaka et al., 2009] spec-
tral analysis revealed a scaling behavior over a wide range
of scales.

[13] No theory fully explains the observed scaling
behavior of rain, but because rain is strongly coupled with
wind, the rainfall scaling behavior could be related to the
theory of turbulent fields [see Kolmogorov, 1941; Obukhov,
1949; Corrsin, 1951; Kolmogorov, 1962]. In the framework
of this theory, Kolmogorov showed in 1941, that the spec-
trum of velocity increments within an isotropic turbulent
flow has a ˇ exponent equal to 5/3. Later, Corrsin and
Obukhov showed that the spectrum of the concentration of
a passive scalar is also scaling with the same 5/3 exponent.
For a more detailed discussion about rain and turbulence, see
Lovejoy and Schertzer [2008].

[14] Space and time are not independent for rainfall pro-
cesses. For example, a rain cell advected by winds induces
a space and time relationship. It is why we conducted
a space-time spectral analysis. Indeed, 2-D analysis high-
lights the relations between space and time in the frequency
domain through their respective scaling behavior and gives
information about the space-time characteristics of a given
meteorological situation in the real space.

[15] In the present study, the ˇ spectral exponent is com-
puted by performing a linear regression of the logarithm of
the frequency versus the logarithm of the power spectral
density over a range of scales (temporal or spatial).

[16] In this section, we explained that the value of the
exponent of the power law depends on the mean variance
between scales. In the next section, we explain that it is
possible to link this exponent and the scaling regimes to
meteorological processes.

3.2. Scaling Properties and Meteorological Processes

[17] The main objective of this section is to relate empiri-
cal scaling behavior of rainfall to meteorological processes.

[18] First, we have to overcome some difficulties related
to rainfall behavior. Indeed, the rainfall is very often inter-
mittent. It means that the measured signal is the superposi-
tion of the rain signal and the so-called support (meaning the
combination of rain and no rain). These two components of
the spectrum cannot be easily separated. The only way to get
the intrinsic statistical properties of the rain is to extract and
to analyze the rainfall signal only for periods of continuous
rain. If we do not, the support impacts the spectra as shown
by de Montera et al. [2009] and Verrier et al. [2011]. In par-
ticular, these authors showed that dry periods in time series
of rain tend to decrease spectral slope. These dry periods are
governed by physical processes. For instance, gravity waves
can produce periodic patterns of rain/no rain areas. Obvi-
ously, this has a signature on the support. Thus, the support
itself is related to the underlying physical processes. In this
study we kept the full time series including the zero rain data,
i.e., both rain and support signature.

[19] The instrumental approach to measure rainfall is also
important: for example, radar measurements have a decreas-
ing spatial resolution with distance because of the increasing

Table 1. Spatial and Temporal Typical Scales Depending on Rossby Number

Meteorological Scale Rossby Number Spatial Scale Temporal Scale

Front � 10–1 1000 km 30 h
Mesoscale convective system � 1 100 km 3 h
Storm � 10 10 km 15 min

3
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Figure 2. Energy spectral density versus temporal period
in a log-log plot.

beam width. It means that the analysis of small scales must
be handled with care and that a critical eye on results is
important before any conclusion. Concerning radar, another
problem appears when the freezing level is at low altitude
because radar does not measure rain anymore but snow.
Therefore, the question is as follows: Are snow and rain
equivalent in terms of scaling properties? Fabry [1996]
showed that snow and rain have a different scaling behavior
but for very small scales (�100 m and �10 sec) compared
to the resolutions considered in this study.

[20] Eventually, various other processes can impact rain-
fall scaling behavior such as instrumental artifact or noise,
which must be taken into account.

[21] Purdy et al. [2001], Nykanen and Harris [2003],
and Nykanen [2008] showed experimentally that the ˇ
spectral exponent depends of the meteorological processes.
They showed in particular that rain events associated to
convective processes have higher ˇ exponents than those
associated to stratiform processes. Thus, it means that the
scaling regimes of rainfall spectra could be explained by the
underlying dynamical processes that generate rain and that
we need to know the typical scales of these processes. A
possibility is to observe the typical scales of meteorological
processes that occur over the studied region as did Fraedrich
and Larnder [1993], Olsson et al. [1993], and Fabry [1996].

[22] It is also possible to estimate the typical scales of
these processes through a scale analysis of the equations
of motion. The horizontal motions are governed by the
horizontal momentum equations. If the viscosity terms are
neglected, the horizontal projection on the x axis is

du

dt
= fv –

1

�

@P

@x

where u, v is the horizontal velocity, P the pressure, � the
atmospheric density, and f the Coriolis factor.

[23] The Rossby number allowing this scale analysis is
defined by the ratio between the acceleration and the Coriolis
force:

Ro =
du/dt

fv
�

U

foL

where U is the characteristic horizontal velocity and L
is the characteristic horizontal dimension (for details, see
Holton [1992]). It characterizes the influence on motion of

the Earth’s rotation with respect to other processes. At the
Mediterranean latitude, typical values for wind velocity and
Coriolis factor are U � 10 m/s and fo � 10–4 s–1. There-
fore, typical temporal and spatial scales of meteorological
processes with respect to Rossby value can be estimated
(see Orlanski [1975], Atkinson [1981] and Table 1). A high
value of the Rossby number (order of magnitude �10) cor-
responds to storm scale (or convective scale). It is the size
of isolated thunderstorms with typical temporal and spa-
tial scales of about 15 min and 10 km, respectively. A low
value of the Rossby number (OoM �0.1) corresponds to
synoptic scales (midlatitude cyclones) with typical tempo-
ral and spatial scales of 30 h and 1000 km. Intermediate
values of the Rossby number (OoM �1) correspond to the
mesoscale (convective clusters) with typical temporal and
spatial scales of 3 h and 100 km. Since for these different
scales the primary forces (Coriolis, pressure, gravity,...) and
thus the associated dynamical processes are not the same, we
might expect the corresponding rainy structures to show dif-
ferent statistical properties. If we now make the hypothesis
that a constant slope (i.e., a scaling regime) is associated to a
dynamical process, breaks are expected in the spectra, each
break giving roughly the typical scale of the rainfall process.
Therefore, we can link the different scale ranges in space and
in time of the spectra with meteorological processes.

4. One Dimensional Spectral Analysis

[24] As explained in the introduction, the first part of
this work is devoted to one-dimensional analyses for time
and space separately. The power spectral density of rain-
fall is computed and compared to previous works. Then
the identify scaling regimes are interpreted in terms of
meteorological processes.

4.1. Temporal Analysis

[25] The temporal power spectral density is obtained as
follows: each radar map (resolution 1 � 1 km) is uniformly
averaged on a grid with a resolution of 5 km2. Then, for each
grid box, the temporal Fourier transform (5 min resolution)
is computed. Finally the mean of all the temporal spectra
obtained is computed.

20 min 45 min 3 h 1 day 10 days
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Period

Summer

January

February
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May
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Figure 3. Energy spectral density versus temporal period
in a log-log plot by month.
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Table 2. Temporal Spectral Slopes for Winter, Summer, and Fall

Per Scaling Range

Season 20–45 min 45 min–3 h 3 h–1 day 1–10 days

Winter 1.49 ˙ 0.05 1.35 ˙ 0.09 1.19 ˙ 0.23 0.67 ˙ 0.3
Summer 1.49 ˙ 0.05 1.01 ˙ 0.02 0.7 ˙ 0.07 0.12 ˙ 0.06
Fall 1.11 ˙ 0.13 1.06 ˙ 0.11 0.97 ˙ 0.18 0.67 ˙ 0.3

[26] The aggregation results in increasing correlation
(organization) within the field as shown by Olsson et al.
[1999], and as a result, it increases the slope of the com-
puted spectrum. Nevertheless, in the present case, the impact
of this aggregation is certainly weak. Indeed, Olsson et al.
[1999] found that the increase of spectral slope was about
30% for an aggregation of the rainfall field over 500 km2

area.
[27] The resulting temporal spectrum is shown in

Figure 2. The reader must note that the abscissa corresponds
to the time period. The spectrum is scaling down to 10
days and shows five different domains of scale invariance.
Between 20 and 45 min, the spectrum presents a power law
with an exponent of about 1.31, between 45 min and 3 h
of about 1.02, between 3 h and 1 day of about 0.79 and
between 1 and 10 days of about 0.46. For periods greater
than 10 days, the spectrum presents a spectral plateau (expo-
nent 0.09). It means that, for periods larger than 10 days,
mean variance between 2 points does not increase anymore,
i.e., correlation between rain events does not exist anymore.
Comparison with past studies shows that these exponents
agree with those previously found [e.g., Fraedrich and
Larnder, 1993; Olsson, 1995; Fabry, 1996; Verrier et al.,
2011]. The different regimes (domains of scale invariance)
also match well with those previously found except that the
20–45 min regime is not always highlighted in these studies.

[28] For scales lower than 15 min, we can notice the
flattening of the spectrum. This behavior is probably due
to instrumental accuracy and has already been noticed by
Fabry [1996] and de Montera et al. [2009].

[29] The 15 min peak is related to the scanning strategy
of the radar. Indeed, the radar scanning cycle is composed
of three subcycles of 5 min in order to produce 5 min rain-
fall estimation. During test phases, the third part of the
cycle is used with various operational modes, which slightly
modifies the rain rate estimation. Concretely, this effect
corresponds to the multiplication of the signal by a value
slightly higher than 1 per 15 min. It does not impact the
scaling properties of rainfall at other frequencies.

[30] Meteorological processes associated to rainfall in
the Mediterranean region vary during the year. In order to
see their effects on rainfall spectra, we computed tempo-
ral spectra per month. Figure 3 shows that the spectra can
be split roughly in three classes: winter months (January to
March), summer months (June to August) and fall months
(October to December). Spring months show a mix signal
between winter and summer months. Between 20 and 45 min
every spectrum has roughly the same scaling regime with a
slope of about 1.49 ˙ 0.05 except for fall months, which
have a lower slope (1.11 ˙ 0.13). For summer months, a
break occurs at 45 min and a second scaling regime extends
between 45 min and 3 h (slope �1.01 ˙ 0.02). For other
months, no break occurs but the slopes are slightly lower
than for 20–45 min period (1.35 ˙ 0.09 for winter and
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Figure 4. Level map of the logarithm of the power spectral
density (x-y) computed between June 2009 and December
2011.

1.06 ˙ 0.11 for the fall). Two other breaks are found for
every spectra at 3 h and 1 day (corresponding slope for sum-
mer: 0.7 ˙ 0.07, winter: 1.19 ˙ 0.23 and fall: 0.97˙ 0.18).
Greater than 1 day, the spectra remains scaling up to 10 days
during winter and fall months (0.67 ˙ 0.3) whereas in sum-
mer the slope is close to zero (0.12 ˙ 0.06). Higher than 10
days, every spectra show the spectral plateau. These results
are summarized in Table 2.

[31] The previous discussion on dynamical scale (section
3.2), indicates that the accessible scales in the present
analysis cover convective scale (partially), mesoscale, and
synoptic scale.

[32] An interesting feature is that, between 20 and 45 min,
the spectral slope is independent of the month (except during
the fall). Moreover, the obtained value is close to 5/3, which
is the expected value for velocity within a turbulent flow. It
could indicate that rain at small scales rain is driven by tur-
bulence. The value is a bit lower than 5/3 possibly because
of some zero rain data in time series or because of strong rain
cell displacement (two successive points in time at a constant
location do not correspond exactly to the same rain cell).
This time scale regime (20–45 min) can be related to the
minimal time interval encompassing a single and continuous
rainfall event. Except for summer months, this scaling range

Figure 5. Energy spectral density versus spatial period in
a log-log plot.
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Figure 6. Energy spectral density versus spatial period in
a log-log plot by month.

extends until about 3 h despite a slightly lower slope for
periods higher than 45 min. An interpretation could be that,
during those months, typical duration of rainfall is between
a few minutes and 3 h. It is interesting to note that 3 h is
the typical duration of mesoscale events (organized convec-
tion, front, etc.) as revealed by the analysis of the equations
of motion (section 3.2). The slope is slightly lower when
periods are higher than 45 min that could be related to the
variable duration of rainfall and that, as the period con-
sidered becomes longer, more zero rain points are taking
into account.

[33] Concerning the summer spectra, we showed that a
break appears at 45 min. In section 3.2, we argued that
45 min is the typical time associated to convective scale,
and we know that, in summer, most of rain events cor-
respond to convective rain. Thus, lower than 45 min, the

Table 3. Spatial Spectral Slopes for Winter and Summer Per

Scaling Range

Season 3–7 km 7–20 km 20–70 km

Winter 1.55 ˙ 0.05 1.55 ˙ 0.05 1.55 ˙ 0.05
Summer 2.29 ˙ 0.11 1.55 ˙ 0.03 0.94 ˙ 0.07

scaling range could correspond to a single rainfall events
within a convective cell and, between 45 min and 3 h, the
scaling range could correspond to the time between consec-
utive convective cells. Eventually, the break at 3 h could
show that, during the summer, mesoscale rain structures
also occur.

[34] The break at 1 day appears each month and can be
related to the mean time between large scale rain events
(for example the time between two fronts on the region).
Eventually, the scale range 1–10 days corresponds to the life-
time of synoptical scale structures (i.e., midlatitude cyclone)
[McIlveen, 1992]. At longer scales than 10 days, the spectral
plateau implies that we do not have any correlation between
weather precipitating systems, which travel on the region.
A possible interpretation is that organized rainfall processes
do not exist longer than the synoptical scale processes. This
interpretation is supported by the fact that Lovejoy and
Schertzer [2010] showed, by a semi-empirical approach,
that the 10 day scale is the expected value for the transi-
tion between synoptical events and spectral plateau in the
atmosphere.

[35] During the fall, slope is lower at high frequency.
This surprising behavior appears each year taken individu-
ally and will be discussed in detail in the next section.

4.2. Spatial Analysis

[36] The spatial extension (the radar coverage) of our
data set is much smaller than the temporal one. It is still

Figure 7. Scheme of spatial and temporal spectra of rainfall with slopes and breaks. We indicated some
possible meteorological scales and processes. Dashed lines of the spectra are adapted from Fraedrich and
Larnder [1993] & Verrier et al. [2011]. Note that spatial slopes are estimated by averaging over angles in
the 2-D spectra.
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Figure 8. Level map of the logarithm of the power spectral density (x-t) computed between June 2009
and December 2011 (January to June).

possible to study the rainfall scaling behavior for scales
lower than the radar area (40, 000 km2) and higher than the
minimal resolution 1 km2. As the rainfall field shows a
spatial scaling isotropy (see Figure 4), it is equivalent to
compute the one-dimensional Fourier spectrum whatever
the direction (for any combination of the latitude and lon-
gitude). In the present case, for each radar map, two 1D
spectra centered on the radar are computed. One along a

direction of constant latitude, and one along a direction of
constant longitude. Then, the mean of both 1-D spectra for
all the radar maps is computed. In the Kolmogorov sense, the
power spectrum is defined as the square of the 2-D Fourier
spectrum integrated over all angles. It means that for an
angle averaged isotropic 2-D spectrum, an extra factor of
2� f is needed. Nevertheless, this definition can not be inter-
preted in terms of correlation within the field that makes

7
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Figure 9. Level map of the logarithm of the power spectral density (x-t) computed between June 2009
and December 2011 (July to December).

difficult an interpretation in terms of meteorological pro-
cesses. For instance, using this definition, a 2-D spatial noise
shows a spectral exponent of –1 without meaning in terms
of correlation.

[37] The obtained spatial spectrum is shown in Figure 5.
Three scaling regimes are identified between 3 and 70 km.
The first one extends from 3 to 7 km with a ˇ exponent of
about 2.00. Between 7 and 20 km, the exponent is about

1.50. Between 20 and 70 km, the slope is equal to 1.16.
For larger scales, the slope of the spectrum decreases slowly
(ˇ � 0.92 between 70 and 200 km) and does not appear to
be scaling anymore.

[38] As previously discussed, the equivalent slopes in a
Kolmogorov sense are 1, 0.50, and 0.16. These values are
lower than the one predicted by Kolmogorov (5/3) and the
one computed by Tessier et al. [1993], who found a ˇ equal

8
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to 1.45 between 75 m and 10 km for radar reflectivity,
and Verrier et al. [2010] who reported that the spectrum of
African monsoon storms is scaling between 1 and 10 km
with a ˇ exponent of 1.47. These authors estimated this
exponent on full rain maps. Therefore, the observed slopes
are lower probably because of zero rain data effect (radar
maps with partial rain coverage).

[39] In Figure 5, we can also see that for scales lower than
3 km, the spectrum becomes flatter. This is related to the
minimum scale reachable by the radar resolution (see, for
example, the spatial spectrum in Verrier et al. [2010]).

[40] As for the temporal analysis, each month is analyzed
separately (Figure6). Winter and summer months show very
different behaviors. Winter months are scaling from 3 to 70
km with a slope of about 1.55 ˙ 0.05, whereas summer
months show two breaks at 7 and 20 km (slope: 2.29 ˙ 0.11,
1.55 ˙ 0.03, and 0.94 ˙ 0.07). Other months show a mix
signal between winter and summer months. These results are
summarized in Table 3.

[41] Spatial scales analyzed correspond to convective
scale and mesoscale. As for temporal spectra, the slope of
a scaling regime (i.e., 7–20 km) is found to be constant
whatever the month. Moreover, for winter months, the slope
(� 1.55) remains constant between 3 and 70 km. Thus, in
winter, a unique scaling regime characterizes the rainfall
scaling behavior from 3 to 70 km. This scaling range could
be related to the size of a continuous rainfall events (i.e.,
frontal system), which is wider than 70 km in winter. In sum-
mer, the situation is more complex: three scaling regimes are
observed (3–7 km, 7–20 km, and 20–70 km). Because 3–
7 km scaling regime occurs only in summer, it is probably
related to convection. Nevertheless 3–7 km is smaller than
the typical size of a convective system in this region (�20
km), and the slope of this scaling regime is much greater
than the slope of the corresponding scaling regime in winter.
A possible explanation can be that during convective activ-
ity, the main flux is buoyancy variance flux [see Schertzer
and Lovejoy, 1985] (not the energy flux), which can increase
the spectral slope. Another explication could be that turbu-
lence within updraft area is strongly anisotropic. Therefore,
the 3 to 7 km scaling regime could be related to the updraft
region of the convective cell where atmosphere is strongly
anisotropic.

[42] However, the previous interpretations must be han-
dled with care because filtering methods can also affect spec-
tra at small scales. In particular, spatial resolution decreases
with distance from the radar. As a result, rain field is
smoother when it is far from the radar that can increase
spectral slope for small scales.

[43] Another break occurs at 20 km in summer. It prob-
ably corresponds to the transition between intra-events and
inter-events regimes. Indeed 20 km is the typical size of
convective cells in the region. In winter, no break occurs
because rainfall is more widespread.

[44] Eventually, the fact that the spectra does not show a
clear scaling regime for larger scale than 70 km probably
results from radar attenuation.

[45] Most of the authors [e.g., Menabde et al., 1997;
Nykanen and Harris, 2003; Nykanen, 2008] who studied the
spatial scaling of the rainfall did not discuss the breaks at
7 and 20 km (Gires et al. [2011] mentioned the break at
20 km). It is probably related to the fact that most of the

Figure 10. Spectral exponent ratios for each month for
scale range 7–20 km/20–45 min and 20–70 km/45 min–3 h.

previous studies focused on particular convective storms and
not on successive convective precipitating systems including
their stratiform zones as we did here.

[46] In the previous section, we showed that temporal
spectra have a surprising behavior for small periods during
the fall. On the other hand, in this section, we showed that
spatial spectra in the fall are very similar to winter spectra.
A possible explanation of this behavior follows.

[47] Rysman et al. [2012] showed that, in the fall, since
the Mediterranean is warmer than land, convection occurs on
the Mediterranean and is quickly advected by wind because
there is no land barrier. So, a possible explanation could be
that cell displacement is too quick relative to sampling time
which does not permit to sample a continuous rain cell, and
as a result, two successive points in time are not strongly
correlated and spectral slope is lower.

[48] As a conclusion, Figure 7 summarizes the main
characteristics of the one-dimensional temporal and spa-
tial spectra described in this section. In this figure, we
added some part of spectra extracted from other stud-
ies at larger and lower scales. In particular, Fraedrich
and Larnder [1993] showed that for periods greater than
3 years, the spectra rises monotonically. As we showed, for
periods greater than 10 days, we do not have any correla-
tion among the data and it could appear surprising to have
a correlation at much more larger scales. A possible expla-
nation could be that this correlation is related to the climatic
tendency. This tendency could be part of a long-term cycle
and be significantly detectable only for time scales greater
than 3 years. The spectral plateau between 10 days and 3
years could correspond to an intermediate region where vari-
ance between two points does not increase as the temporal
lag increases (i.e., successive weather systems do not show
any correlation above the region) and where climate ten-
dency is hidden by meteorological noise. As a consequence,
we could fix the limit of deterministic meteorology analysis
at a period lower than 10 days and the lower boundary of
climate analysis at 3 years. It would imply that trying to fore-
cast weather at higher ranges than 10 days based on actual
observations might be hopeless. Moreover, we showed that
the spectral plateau occurs for periods lower than 10 days in
summer. It could explain why forecasts are less accurate in
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summer than in winter in the region. Nevertheless, previous
interpretations must be handled with care. In particular, we
only studied the second-order properties of the rain signal.
Additional analysis for other moments are needed in order
to check that the decorrelation at 10 days appears for every
moment. Moreover, complementary analyses must be con-
ducted on other meteorological parameters and with other
methods.

5. Two Dimensional Spectral Analysis

5.1. Space-Time Spectra

[49] As shown previously, one-dimensional analysis is
a precious tool to explore the rainfall scaling behavior.
However, it does not allow investigations of the relation-
ship between spatial and temporal scales. Few studies used
multi-dimension spectral analyses to document rainfall scal-
ing behavior. For instance, Crane [1990] evaluated the
spatial isotropy of rain for several events. Tessier et al.
[1993] studied the rain space-time relationship (z-t) using
a two-dimensional Fourier transform. Marsan et al. [1996]
computed x-t and y-t spectra on rainfall data to test their
space-time model. de Michele and Bernardara [2005] pro-
posed a generalized form of the spectral density function to
take into account the space-time anisotropy and to realize a
3-D (x-y-t) fit on four rainfall events.

[50] In the present study, we were interested in the statis-
tical properties that exist between space and time. We used
longitude for space component, but latitude could have been
identically used because of the spatial scaling isotropy (see
Figure 4). We investigated these properties in relation to
meteorological processes and their evolution during the year.
Note that contrary to previous studies [e.g., Marsan et al.,
1996; Venugopal et al., 1999], we do not aim at proposing a
model that links space and time.

[51] A two-dimensional fast Fourier transform algorithm
is applied on a window of 120 km versus 1 day. As a result,
the spectra mainly combine convective scale and mesoscale
structures for spatial frequencies and mesoscale and syn-
optic scale structures for temporal frequencies. The energy
spectral density is averaged for every month of the 3 year
database.

[52] Figures 8 and 9 present a level map of the logarithm
of the obtained power spectral density averaged by month.
Note that spectra shown on these maps are not equivalent to
1-D spectra because frequencies are plotted on linear axes.
Because of linear axes, most of the periodicities observed
on those maps are short (mainly between 2 and 30 km spa-
tially and between 5 min and 2 h temporally). The figures
show an elliptical structure and important variability during
the year. The pattern evolves during the year from a strong
stratification in temporal frequency, for winter months, to an
isotropy for summer. As shown in previous sections, in win-
ter, the spatial spectral slope is equal to 1.55 and the temporal
slope is equal to 1.5. The spectra appear deformed because
of the chosen axis. In summer, the temporal slope is the same
but the spatial slope is higher (� 1.83). Hence, the spectra
look rather isotropic. The main idea here is that computing
a 2-D spectrum provides a straightforward way of getting
information on rainfall space-time properties and the shape

of the 2-D spectra depends on the involved meteorological
processes.

[53] These figures reveal another feature: the overall rota-
tion of ellipses. As the Fourier transform results in a � /2
direct rotation, the ellipse rotation in the frequency space
corresponds to a rotation in the real space that is related to
the eastward displacement of rain. This can be easily verified
using time series of reflectivity map (not shown).

5.2. Space-Time Scaling Anisotropy

[54] The last part of this work is devoted to space-time
scaling anisotropy. The knowledge of space-time scaling
relationships is of primer interest to understand rainfall
internal behavior and evolution.

[55] We computed the spectral exponent ratio for every
month for two scaling regimes. The two scaling regimes
investigated are 7–20 km versus 20–45 min and 20–70 km
versus 45 min–3 h. Figure 10 gives the time evolution of the
obtained ratios during the year. The spectral exponent ratio
is shown to be equal to 1 (except during the fall). This con-
stancy during the year confirms in an indirect way that the
scaling ranges considered in this analysis are part of the same
meteorological processes. Moreover, the fact that the ratio
equals 1 suggests a similarity in the second-order properties
(e.g., correlation) of rainfall.

[56] Marsan et al. [1996] and Pecknold et al. [2001]
showed that the scaling anisotropy coefficient Ht can be
derived from spectral slopes ˇx and ˇt using the following
equation:

1 – Ht =
ˇx – 1

ˇt – 1
(3)

where ˇx is computed with integration over angle of 2-D
spectrum. Ht is found to be equal to 2 except in the fall.
Some other estimations of this coefficient based on different
methods gave different values [Marsan et al., 1996; Deidda,
2000; de Montera et al., 2010] (Ht � –0.1, Ht � –0.12
and Ht � 0.37). Some downscaling approaches based on
scaling space-time cascades assume that when lengths are
divided by ıxy, then duration is divided by ıt = ı1–Ht

xy and
Ht = 1/3 is the usual value used [e.g., Biaou, 2004; Gires
et al., 2012]. The value obtained in this study is larger than
these values possibly because of the zero effect and this must
be confirmed in future studies.

6. Conclusion

[57] A 3-year rainfall time series of radar maps obtained
from an X-band, polarimetric, and Doppler radar was ana-
lyzed. The spatial and temporal resolutions are 1 km and 5
min, respectively. These data were analyzed using temporal,
spatial, and spatio-temporal power spectral analyses.

[58] One-dimension power spectra in space and time
was used to highlight the well-known power law scaling
behavior from 5 min to 10 days. Several scaling regimes
were found for time and space. Based on meteorologi-
cal arguments, we interpreted each scaling regimes found
with the spectral analysis. In particular, the convective,
mesoscale, and synoptic scale regimes impact the tempo-
ral spectra whereas the convective and mesoscale regimes
impact the spatial spectra. Temporal spectra also showed that
the longest period where we found temporal correlation in
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rainfall is 10 days. Climatic fluctuations are only detectable
for periodicities higher than 3 years. In the second part
of the study, we used space-time spectra to investigate the
scaling relationship between space and time. We showed
that the high variability of 2-D scaling behavior from month
to month was due to the various rainfall processes during
the year. Moreover, we were able to compute space-time
anisotropy coefficient per and we showed that it is equal
to 0.

[59] This analysis provides precious information on spa-
tial and temporal variability of rainfall events in the west-
ern Mediterranean region. It suggests that rainfall scaling
relationship strongly depends on the encountered weather
regime and on the scale. Various weather regimes occur
in this region and have clear spectral signatures in space
and time. As a result, it seems interesting to check that
outputs from weather model are in agreement with each
part of the observed rainfall spectrum. Indeed, even if rain-
fall accumulation seems well-forecasted, one has also to
verify that the involved processes are consistent with the
simulated field [see Koh et al., 2012; Gires et al., 2012,
for examples].

[60] Space-time spectrum appears to be valuable to the
investigation of statistical properties and space-time rela-
tionships. It can be valuable to statistical downscaling, which
is essential to disaggregate spatial and temporal outputs of
climate models. In particular, we identified several scaling
regimes in time and space. Some downscaling method, such
as RainFARM [Rebora et al., 2004], use the spectral infor-
mation at large scales to infer rain at small scale. They
could benefit from the highlighted scaling regimes to be
improved. Moreover, we showed that the spectral ratio is
equal to 1 except in the fall. This property, if confirmed for
other moments and other studies, reveals a straightforward
relationship between spatial and temporal scaling behav-
ior of rain, which can be important for numerical model
schemes. Indeed, it reveals that relation between scales is
identical, in terms of second-order properties, for space and
time, which suggests that some parameterizations could be
applied identically in space and time (for example, micro-
physical relations based on a characteristic time could be
symmetrically associated to microphysical relations based
on characteristic length). It has also implications for the
understanding of rainfall spatial and temporal relations over
scale. For example, organized convection is a combination
of convective cells. All these convective cells have a short
lifetime and size, whereas the organized system has a larger
lifetime and size. It reveals a relation between space and time
properties of rain that depends on the scale and that could
be related to the properties identified in this study (spectral
ratio equal to 1 for two scaling regimes).

[61] In a future work, larger spatial scales will be consid-
ered to study processes at synoptical scales. Moreover, the
multiscaling framework will be useful to improve the anal-
ysis of this data set. In particular, some parameters of this
model, such as codimension, will be helpful in understand-
ing the involved meteorological processes.

[62] Acknowledgments. We would like to thank Aymeric Chazottes
and Georges Scialom for their insightful comments and for the careful
proofreading of this paper. We also thank the three referees for their helpful
comments and suggestions, which improved the paper.
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❡①♣❧✐q✉❡r ❧❛ s✉r❡st✐♠❛t✐♦♥ ❞✉ ♠♦❞è❧❡✳ ▲❛ ♣r❡♠✐èr❡ ❞é❥à ✈✉❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✷✳✺ ❡st
q✉❡ ❧❡ r❛❞❛r ❍②❞r✐① ♥❡ ❢♦✉r♥✐t ♣❛s ❞❡s ❡st✐♠❛t✐♦♥s très ♣ré❝✐s❡s ❛✉✲❞❡ss✉s ❞❡s ❆❧♣❡s✳
▲❛ ❞❡✉①✐è♠❡ ✈✐❡♥t ❞✉ ♠♦❞è❧❡ ♣✉✐sq✉✬✐❧ ❛ t❡♥❞❛♥❝❡ à s✉r❡st✐♠❡r ❧❛ ♣❧✉✐❡ s✉r ❧❡s ③♦♥❡s
♠♦♥t❛❣♥❡✉s❡s✳

❖♥ ❛ ❛✉ss✐ ✉t✐❧✐sé ❧❡s s♦rt✐❡s ❞✉ ♠♦❞è❧❡ ♣♦✉r ❝♦♠♣❛r❡r ❧❡s ♣r♦♣r✐étés ❞✬é❝❤❡❧❧❡s
❛✈❡❝ ❝❡❧❧❡ ❞✉ r❛❞❛r ❍②❞r✐① ✭❋✐❣✳ ✶✸✮✳ ❚♦✉t ❞✬❛❜♦r❞ ♦♥ s✬❛♣❡rç♦✐t q✉❡ ❧❡ ♠♦❞è❧❡ r❡♣r♦✲
❞✉✐t ❜✐❡♥ ❧❡s ❝②❝❧❡s ❞✐✉r♥❡s ❡t ❛♥♥✉❡❧s✳ ❉❡ ♣❧✉s ❧❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s s♦♥t s✐♠✐❧❛✐r❡s
♣♦✉r ❧❡s ❣❛♠♠❡s ❞✬é❝❤❡❧❧❡s s✉♣ér✐❡✉r❡s à ✶ ❥♦✉r✳ P❛r ❝♦♥tr❡✱ ♦♥ ❝♦♥st❛t❡ q✉❡ ❧❛ ♣❡♥t❡
❡st ♣❧✉s ✐♠♣♦rt❛♥t❡ ♣♦✉r ❧❡ ♠♦❞è❧❡ q✉❡ ♣♦✉r ❧❡s ♠❡s✉r❡s ❞✉ r❛❞❛r ♣♦✉r ❧❡s ♣ér✐♦❞❡s

✷✺✵ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❍②❞r✐① ❡t ❧❡ ♠♦❞è❧❡ ❲❘❋



❆♥♥❡①❡

Longitude

La
tit

ud
e

43°N
43.5°N

44°N
44.5°N

45°N
janvier février mars avril

mai juin juillet août

43°N
43.5°N

44°N
44.5°N

45°N

5°E 7°E

septembre octobre

5°E 7°E

novembre décembre

−1.0

−0.5

0.0

0.5

❋✐❣✉r❡ ✶✷ ✿ ❉✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡ ❝✉♠✉❧ ❥♦✉r♥❛❧✐❡r ❞❡ ♣❧✉✐❡ ♦❜s❡r✈é ♣❛r ❧❡
r❛❞❛r ❍②❞r✐① ❡t ❝❡❧✉✐ s✐♠✉❧é ♣❛r ❧❡ ♠♦❞è❧❡ ❲❘❋ ✭s✐♠✉❧❛t✐♦♥s ❢♦✉r♥✐❡s ♣❛r
❙♦♣❤✐❡ ❇❛st✐♥✮

✐♥❢ér✐❡✉r❡s à ✶ ❥♦✉r✳ ❉❛♥s ❧❡ ❝❤❛♣✐tr❡ ✹✱ ♦♥ ❛ ♠♦♥tré q✉❡ ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ ❡st ❧✐é❡
à ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞✉ ❝❤❛♠♣ ❞❡ ♣❧✉✐❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❝❡tt❡ ❢♦rt❡ ♣❡♥t❡ s♣❡❝tr❛❧❡ ✐♥✲
❞✐q✉❡ q✉❡ ❧❡ ❝❤❛♠♣ ❡st ♣❧✉s ✧❧✐ss❡✧ ❞❛♥s ❧❡ ♠♦❞è❧❡✳ ❈❡❧❛ s✐❣♥✐✜❡ ♣r♦❜❛❜❧❡♠❡♥t q✉❡
❧❡ ♠♦❞è❧❡ ♥❡ rés♦✉t ♣❛s ❧❛ ✈❛r✐❛❜✐❧✐té ♣❡t✐t❡ é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡✳

❆✳✹✳ Pr♦❝❡ss✉s ▼és♦✲é❝❤❡❧❧❡

❉❛♥s ❧❡ ❝❤❛♣✐tr❡ ✺ ♥♦✉s ❛✈♦♥s ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❧❡s ♣r♦❝❡ss✉s ❞✬é❝❤❡❧❧❡s ❧♦❝❛❧❡s
✐♠♣❛❝t❛♥t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ P♦✉r ❝❡❧❛✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡s s✐♠✉❧❛t✐♦♥s ❞✉ ♠♦❞è❧❡
❲❘❋ q✉✐ ♣rés❡♥t❡♥t ❞❡s rés♦❧✉t✐♦♥s ❞❡ ✸ ❤❡✉r❡s ❡t ✷✵ ❦♠✳ ❉❛♥s ❝❡tt❡ ❛♥♥❡①❡✱ ♥♦✉s
❛✈♦♥s ❡✛❡❝t✉é ✉♥❡ ét✉❞❡ ✐❞❡♥t✐q✉❡ s✉r ❧❡s ❞♦♥♥é❡s ❞✉ ❈❡♥tr❡ ❊✉r♦♣é❡♥✳ ❈❡s ❞♦♥♥é❡s
♦♥t ❞❡s rés♦❧✉t✐♦♥s ♣❧✉s ❣r♦ss✐èr❡s ✭✵✱✷✺✝① ✵✱✷✺✝❡t ✻ ❤❡✉r❡s✮ ♠❛✐s s♦♥t ♥é❛♥♠♦✐♥s
✈❛❧✐❞❡s ♣♦✉r ét✉❞✐❡r ❧❡s ♣r♦❝❡ss✉s ❧♦❝❛✉①✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ sé❧❡❝t✐♦♥♥é ❝❡rt❛✐♥❡s ✈❛✲
r✐❛❜❧❡s ♠été♦r♦❧♦❣✐q✉❡s ✿ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ à ✾✷✺✱ ✺✵✵ ❡t ✷✵✵ ❤P❛✱ ❧❛ ❞✐✈❡r❣❡♥❝❡
❤♦r✐③♦♥t❛❧❡ ❞✉ ✈❡♥t à ✾✷✺ ❡t ✷✵✵ ❤P❛ ❡t ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ❞✉ ✢✉① ❞✬❤✉♠✐❞✐té s♣é❝✐✲
✜q✉❡ à ✾✷✺ ❤P❛✳ ▲❛ r❡st✐t✉t✐♦♥ ❞❡ ❧❛ ❈❆P❊ s✬❡st ❛✈éré❡ ♣r♦❜❧é♠❛t✐q✉❡ à ♣❛rt✐r ❞❡s
✈❛r✐❛❜❧❡s ❢♦✉r♥✐❡s ♣❛r ❧✬❊❈▼❲❋✱ ♥♦✉s ❛✈♦♥s ❞♦♥❝ ❞é❝✐❞é ❞❡ ❧✬❡①❝❧✉r❡ ❞❡ ❧✬❛♥❛❧②s❡✳
❈♦♠♠❡ ❧❛ rés♦❧✉t✐♦♥ ❞❡s ré❛♥❛❧②s❡s ♥✬❡st ♣❛s très ✜♥❡✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❧✐♠✐té à

Pr♦❝❡ss✉s ▼és♦✲é❝❤❡❧❧❡ ✷✺✶



❆♥♥❡①❡

Période

D
en

si
té

 s
p
ec

tr
al

e 
d
e 

p
u
is

sa
n
ce

108.5

109

109.5

1010

1010.5

1 10 100 1000

❋✐❣✉r❡ ✶✸ ✿ ❉❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ✭mm2/h2✮ ♣♦✉r ❧❡ r❛❞❛r ❍②❞r✐①
✭❡♥ ✈❡rt✮ ❡t ❧❡ ♠♦❞è❧❡ ✭❡♥ r♦✉❣❡✮ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣ér✐♦❞❡ t❡♠♣♦r❡❧❧❡ ✭❥♦✉r✮

✉♥❡ ❝♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❛ ③♦♥❡ t❡rr❡ ❡t ❧❛ ③♦♥❡ ♠❡r✳

❙✉r ❧❛ ✜❣✉r❡ ✶✹✱ ✉♥❡ ♣❛rt✐❡ ❞❡ ❧❛ sér✐❡ t❡♠♣♦r❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡ ❝♦❧♦❝❛❧✐sé❡ ❛✈❡❝ ❧❛
sér✐❡ ❞❡ ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ❞✉ ✢✉① ❞✬❤✉♠✐❞✐té ❡st ♣rés❡♥té❡✳ ■❧ ❛♣♣❛r❛ît ❝❧❛✐r q✉✬✐❧ ❡①✐st❡
✉♥❡ ❝♦rré❧❛t✐♦♥ ♥é❣❛t✐✈❡ ❡♥tr❡ ❝❡s ❞❡✉① ✈❛r✐❛❜❧❡s✳ ❈❡ rés✉❧t❛t ♠♦♥tr❡ ❧✬✐♠♣♦rt❛♥❝❡
❞✉ ✢✉① ❞❡ ❜❛ss❡ ❝♦✉❝❤❡ ❞✬❤✉♠✐❞✐té s✉r ❧❛ ♣❧✉✐❡ ❞❛♥s ❧❛ ré❣✐♦♥✳

❙✉r ❧❛ ✜❣✉r❡ ✶✺✱ ♦♥ ❛ r❡♣rés❡♥té ❧❛ ❝♦rré❧❛t✐♦♥ ❞❡s ❞✐✛ér❡♥t❡s ✈❛r✐❛❜❧❡s ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞✉ ♣✐①❡❧ ét✉❞✐é ✭t❡rr❡ ♦✉ ♠❡r✮✳ ■❧ ❡①✐st❡ ✉♥❡ ❝♦rré❧❛t✐♦♥ ♥é❣❛t✐✈❡ ❞❡ ❧❛
♣❧✉✐❡ ❛✈❡❝ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❞❡ ❜❛ss❡ ❝♦✉❝❤❡✱ ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ❞✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡ ❡t ❧❡
t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❞❡ ❜❛ss❡ ❝♦✉❝❤❡✳ ▲❛ ❝♦rré❧❛t✐♦♥ ❡st ♣♦s✐t✐✈❡ ❛✈❡❝ ❧❛ ❞✐✈❡r❣❡♥❝❡
❤♦r✐③♦♥t❛❧❡ ❞✉ ✈❡♥t à ✷✺✵ ❤P❛ ❡t ❛✈❡❝ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ à ✷✵✵ ❤P❛✳ ❊♥✜♥✱ ❧❛
❝♦rré❧❛t✐♦♥ ❛✈❡❝ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ à ✺✵✵ ❤P❛ ❡st très ❢❛✐❜❧❡✳ ❚♦✉t ❞✬❛❜♦r❞ ✐❧
❢❛✉t ♥♦t❡r q✉❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❤♦r✐③♦♥t❛❧❡ ❞✉ ✈❡♥t à ✾✷✺ ❤P❛ ❡t ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ❞✉
✢✉① ❞✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡ s♦♥t très ❧✐és ✭à ❡♥✈✐r♦♥ ✽✵ ✪✮✳ ❖♥ ✈♦✐t q✉❡ ❧✬❛♣♣♦rt
❞✬❤✉♠✐❞✐té ❡st ❝❧❛✐r❡♠❡♥t ✉♥ é❧é♠❡♥t ❞é❝❧❡♥❝❤❡✉r ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❛ ③♦♥❡ ❞✉
r❛❞❛r t♦✉t ❝♦♠♠❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❛✉ s♦♠♠❡t✳ ❈❡tt❡ ❞❡r♥✐èr❡ ✈❛r✐❛❜❧❡ ❡st ❧✐é❡ à ❞❡s
♠♦✉✈❡♠❡♥ts ❛s❝❡♥❞❛♥ts ❧♦❝❛✉① ✭t②♣❡ ❝❡❧❧✉❧❡ ❝♦♥✈❡❝t✐✈❡✮ ♦✉ ❞❡ ♣❧✉s ❣r❛♥❞❡ é❝❤❡❧❧❡
✭t②♣❡ ❢r♦♥t ❢r♦✐❞✮✳ ❇✐❡♥ q✉✬✉♥ ❧✐❡♥ ❛♣♣❛r❛✐ss❡ ❛✈❡❝ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❞❡ ❜❛ss❡
❝♦✉❝❤❡✱ ✐❧ s❡♠❜❧❡ q✉❡ ❝❡ ♣❛r❛♠ètr❡ s♦✐t r❡❧❛t✐✈❡♠❡♥t ♣❡✉ ❧✐é à ❧❛ ♣❧✉✐❡ s✉r ❧❛ ré❣✐♦♥✳
❈❡ rés✉❧t❛t ♥✬❡st ♣❛s ét♦♥♥❛♥t ❞❛♥s ❧❡ s❡♥s ♦ù ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡st ♣❧✉s ✉♥
♣❛r❛♠ètr❡ ❞❡ ❣r❛♥❞❡ é❝❤❡❧❧❡✳ P❛r ❡①❡♠♣❧❡✱ ♦♥ s❛✐t q✉❡ ❧❛ ♣♦s✐t✐♦♥ ❞✬✉♥ t❤❛❧✇❡❣
à ❣r❛♥❞❡ é❝❤❡❧❧❡ ✭❡t ❞♦♥❝ ❞✬✉♥❡ ❛♥♦♠❛❧✐❡ ❞❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧✮ s✉r ❧✬♦✉❡st ❞❡ ❧❛
ré❣✐♦♥ ❡st ✉♥ ❢❛❝t❡✉r ❞❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s❡s s✉r ❧❛ ré❣✐♦♥✳ ❊♥✜♥✱
✐❧ ♥✬② ❛ ♣❛s ❞❡ ❞✐✛ér❡♥❝❡ ♠❛rq✉é❡ ❡♥tr❡ ❧❛ t❡rr❡ ❡t ❧❛ ♠❡r✳

❙✉r ❧❛ ré❣✐♦♥✱ ❧❡s ♣r♦❝❡ss✉s q✉✐ ❣é♥èr❡♥t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✈❛r✐❡♥t s✉✐✈❛♥t ❧❛
♣ér✐♦❞❡ ❞❡ ❧✬❛♥♥é❡✱ ❝✬❡st ♣♦✉rq✉♦✐ ♥♦✉s ♥♦✉s s♦♠♠❡s ✐♥tér❡ssé à ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛
❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s ♠été♦r♦❧♦❣✐q✉❡s ❡t ❧❛ ♣❧✉✐❡ s❡❧♦♥ ❧❡ ♠♦✐s
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❋✐❣✉r❡ ✶✹ ✿ ❙ér✐❡ t❡♠♣♦r❡❧❧❡ ❞❡ ❧❛ ♣❧✉✐❡ ✐ss✉❡ ❞❡ ❍②❞r✐① ❡t ❞❡ ❧❛ ❝♦♥✈❡r❣❡♥❝❡
❞✉ ✢✉① ❞✬❤✉♠✐❞✐té

❞❡ ❧✬❛♥♥é❡✳

❙✉r ❧❛ ✜❣✉r❡ ✶✻✱ ✉♥ ❝②❝❧❡ s❛✐s♦♥♥✐❡r ❛♣♣❛r❛ît ❝❧❛✐r❡♠❡♥t✳ ▲❡s ✈❛r✐❛❜❧❡s s♦♥t ♣❧✉s
❝♦rré❧é❡s ❛✈❡❝ ❧❛ ♣❧✉✐❡ ❞✉r❛♥t ❧❡s ♠♦✐s ❞✬été ❡t ❞✬❛✉t♦♠♥❡✳ ❈❡❧❛ ✈❡✉t ♣r♦❜❛❜❧❡♠❡♥t
❞✐r❡ q✉❡ ❧❡s ♣r♦❝❡ss✉s ❧♦❝❛✉① ♦♥t ✉♥ ✐♠♣❛❝t ♣❧✉s ♠❛rq✉é à ❝❡s ♣ér✐♦❞❡s ❞❡ ❧✬❛♥♥é❡✳ ❊♥
♣❛rt✐❝✉❧✐❡r✱ s✉r t❡rr❡✱ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✈❡♥t ❞❛♥s ❧❡s ❤❛✉t❡s ❝♦✉❝❤❡s ❡st très ❝♦rré❧é❡
à ❧❛ ♣❧✉✐❡ ❞✉r❛♥t ❧❡s ♠♦✐s ❞✬été✳ ❊♥ ❛✉t♦♠♥❡✱ t♦✉❥♦✉rs s✉r ❧❛ t❡rr❡✱ ❝✬❡st ♣❧✉tôt ❧❛
❝♦♥✈❡r❣❡♥❝❡ ❞✉ ✢✉① ❞✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡ q✉✐ ❛♣♣❛r❛ît ❝♦♠♠❡ ❧❡ ♣r✐♥❝✐♣❛❧ ❢❛❝t❡✉r
❛❧♦rs q✉❡ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ♥✬❡st ❛❜s♦❧✉♠❡♥t ♣❧✉s ❝♦rré❧é à ❧❛ ♣❧✉✐❡✳ ❙✉r ❧❛ ♠❡r✱
❧❡s ✈❛r✐❛❜❧❡s ❛t♠♦s♣❤ér✐q✉❡s s♦♥t ♣❡✉ ❝♦rré❧é❡s à ❧❛ ♣❧✉✐❡ ♣❡♥❞❛♥t t♦✉t❡ ❧❛ ♣r❡♠✐èr❡
♣❛rt✐❡ ❞❡ ❧✬❛♥♥é❡✳ ❊♥ été✱ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❛✉ s♦♠♠❡t ❡t ❞✉ t♦✉r❜✐❧❧♦♥
♣♦t❡♥t✐❡❧ ❛✉❣♠❡♥t❡♥t✳ ▲❛ ❝♦♥✈❡r❣❡♥❝❡ ❞✬❤✉♠✐❞✐té ❞❛♥s ❧❡s ❜❛ss❡s ❝♦✉❝❤❡s ❛✉❣♠❡♥t❡
é❣❛❧❡♠❡♥t ❧é❣èr❡♠❡♥t ♣❡♥❞❛♥t ❝❡tt❡ ♣ér✐♦❞❡✳

❊♥ été✱ ♦♥ ♣❡✉t ❧✐❡r ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✈❡♥t ❛✉
s♦♠♠❡t ❛✈❡❝ ❧❡s ♣❤é♥♦♠è♥❡s ❝♦♥✈❡❝t✐❢s q✉✐ ♣❡✉✈❡♥t ❛tt❡✐♥❞r❡ ❧❛ tr♦♣♦♣❛✉s❡ ❡t s♦♥t
❧❛ ♣r✐♥❝✐♣❛❧❡ s♦✉r❝❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ s✉r ❧❛ ré❣✐♦♥✳ ▲✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥
❛✈❡❝ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ ❡st ♣❧✉s ❞✐✣❝✐❧❡ à ❝♦♠♣r❡♥❞r❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ✐❧ ❡st
ét♦♥♥❛♥t q✉❡ ❝❡tt❡ ❛✉❣♠❡♥t❛t✐♦♥ ❛✐t ❧✐❡✉ ✉♥✐q✉❡♠❡♥t s✉r ❧❛ ♠❡r✳ ❯♥❡ ❛♥❛❧②s❡ ♣❧✉s
♣♦✉ssé❡ ❡st ♥é❝❡ss❛✐r❡ ♣♦✉r ❝♦♥❝❧✉r❡ s✉r ❝❡ ♣♦✐♥t ✭♥♦t❛♠♠❡♥t ❡♥ r❡❣❛r❞❛♥t à ✉♥❡ ♣❧✉s
✜♥❡ é❝❤❡❧❧❡ ♠❛✐s ❛✉ss✐ ❡♥ ❛♥❛❧②s❛♥t ❧❛ sér✐❡ t❡♠♣♦r❡❧❧❡ ♣♦✉r ✈♦✐r à q✉❡❧❧❡ s✐t✉❛t✐♦♥
❝♦rr❡s♣♦♥❞ ❝❡ ♠❛①✐♠✉♠✮✳ ❊♥✜♥✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❧✐❡♥ ❡♥tr❡ ❧❛ ♣❧✉✐❡ ❡t ❧❡ ✢✉①
❡♥ ❛✉t♦♠♥❡ s✬❡①♣❧✐q✉❡ ♣❛r ✉♥❡ s✐t✉❛t✐♦♥ s②♥♦♣t✐q✉❡ ♣❧✉s ❢❛✈♦r❛❜❧❡ ❛✈❡❝ ❧❡ r❡❝✉❧
❞❡ ❧✬❛♥t✐❝②❝❧♦♥❡ ❞❡s ❆ç♦r❡s ❡t ❧❡ r❡t♦✉r ❞❡ s②stè♠❡s ❢r♦♥t❛✉① q✉✐ ❛❞✈❡❝t❡♥t ❞❡ ❧✬❛✐r
❤✉♠✐❞❡ ❡♥ ♣r♦✈❡♥❛♥❝❡ ❞❡ ❧❛ ▼é❞✐t❡rr❛♥é❡✳ ❈❡ ✢✉① ❡♥r✐❝❤✐t ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❛ ♠❛ss❡
❞✬❛✐r ❡♥ ❤✉♠✐❞✐té ❝❡ q✉✐ ♣r♦✈♦q✉❡ ❞❡s é✈é♥❡♠❡♥ts ❞❡ ♣❧✉s ❡①trê♠❡♠❡♥t ✐♥t❡♥s❡s à
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❋✐❣✉r❡ ✶✺ ✿ ❈♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❛ ♣❧✉✐❡ ♠❡s✉ré❡ ♣❛r ❍②❞r✐① ❡t ❧❡s ❞✐✛ér❡♥t❡s
✈❛r✐❛❜❧❡s ♠été♦r♦❧♦❣✐q✉❡s ✐ss✉❡s ❞❡s ré❛♥❛❧②s❡s ❞❡ ❧✬❊❈▼❲❋✳ ❖♥ ❛ sé♣❛ré
❧❡s ❝♦rré❧❛t✐♦♥s ♣♦✉r ❧❡s ✈❛r✐❛❜❧❡s s✉r ❧❛ ♠❡r ❡t s✉r ❧❛ t❡rr❡✳ ❞✐✈q r❡♣rés❡♥t❡
❧❡ ✢✉① ❞✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡ à ✾✷✺ ❤P❛✱ ❞✐✈❜ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❤♦r✐③♦♥t❛❧❡ ❞✉
✈❡♥t à ✾✷✺ ❤P❛✱ ❞✐✈t ❧❛ ❞✐✈❡r❣❡♥❝❡ ❤♦r✐③♦♥t❛❧ ❞✉ ✈❡♥t à ✷✺✵ ❤P❛✱ P❱❜ ❧❡
t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ à ✾✷✺ ❤P❛✱ P❱♠ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ à ✺✵✵ ❤P❛ ❡t
P❱t ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ à ✷✵✵ ❤P❛

❝❡tt❡ ♣ér✐♦❞❡ ❞❡ ❧✬❛♥♥é❡ ✭✈♦✐r s❡❝t✐♦♥ ✸✳✶✳✷✮✳
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❋✐❣✉r❡ ✶✻ ✿ ❈♦rré❧❛t✐♦♥ ♣❛r ♠♦✐s ❡♥tr❡ ❧❛ ♣❧✉✐❡ s✉r ❧❛ ré❣✐♦♥ ❞✬❍②❞r✐① ❡t
❧❡s ✈❛r✐❛❜❧❡s ♠été♦r♦❧♦❣✐q✉❡s ✐ss✉❡ ❞❡s ré❛♥❛❧②s❡s ❞❡ ❧✬❊❈▼❲❋✳ ❞✐✈q r❡♣ré✲
s❡♥t❡ ❧❡ ✢✉① ❞✬❤✉♠✐❞✐té s♣é❝✐✜q✉❡✱ ❞✐✈❜ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❤♦r✐③♦♥t❛❧❡ ❞✉ ✈❡♥t
à ✾✷✺ ❤P❛✱ ❞✐✈t ❧❛ ❞✐✈❡r❣❡♥❝❡ ❤♦r✐③♦♥t❛❧ ❞✉ ✈❡♥t à ✷✺✵ ❤P❛✱ P❱❜ ❧❡ t♦✉r✲
❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ à ✾✷✺ ❤P❛✱ P❱♠ ❧❡ t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ à ✺✵✵ ❤P❛ ❡t P❱t ❧❡
t♦✉r❜✐❧❧♦♥ ♣♦t❡♥t✐❡❧ à ✷✵✵ ❤P❛

Pr♦❝❡ss✉s ▼és♦✲é❝❤❡❧❧❡ ✷✺✺



❆♥♥❡①❡

❆✳✺✳ ❋✐❣✉r❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s

0 .0 0 1 0 .0 1 0 .1 1 1 0 1 0 0

Période 

D
e
n

si
té

 s
p

e
c
tr

a
le

 d
e
 p

u
is

sa
n

c
e

❋✐❣✉r❡ ✶✼ ✿ ❉❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ♣♦✉r ❧❡s ♠♦✐s ❞❡ ❏✉✐♥ ❡♥tr❡ ✷✵✵✾
❡t ✷✵✶✷

✷✺✻ ❋✐❣✉r❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s
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❋✐❣✉r❡ ✶✽ ✿ ❈♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ à ✺✵✵✵ ♠ ❡t ❧❛ ♣r❡ss✐♦♥ à ✺✵✵✵ ♠✳
❖♥ ✈♦✐t q✉✬✉♥❡ ❞✐✈❡r❣❡♥❝❡ ❢♦rt❡ ❝ré❡ ❜✐❡♥ ✉♥ ♠✐♥✐♠✉♠ ❞❡ ♣r❡ss✐♦♥
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Variabilité spatio-temporelle des précipitations dans l’Eurorégion Alpes-

Méditerranée

Résumé 

L’objectif  de  cette  thèse  est  d’améliorer  notre  compréhension  et  la  prévision  des

précipitations  dans  l’Eurorégion  Alpes-Méditerranée,  une  région  aux  caractéristiques

topographiques particulièrement complexes. Pour cela, nous avons utilisé les données d’un

radar bande X, polarimétrique et Doppler appelé Hydrix. Ce radar est situé depuis 2007 sur le

Mont Vial dans la région des Alpes-Maritimes. Il mesure en continu les précipitations au-

dessus de cette région avec une résolution spatiale de 1 km2 et temporelle de 5 minutes. Grâce

à la base de données constituée, nous avons pu étudier la variabilité spatio-temporelle à fine

échelle des précipitations. Nous avons notamment analysé les cycles diurnes et saisonniers

ainsi que la variabilité inter-annuelle des précipitations. La suite de ce travail a été consacré à

l’identification  des  propriétés  d’échelle  des  précipitations  spatialement  et  temporellement.

Ensuite,  les processus responsables  de la variabilité  de la  pluie  dans la région à l’échelle

synoptique ainsi qu’à l’échelle locale ont été identifiés. Pour finir la faisabilité d’une méthode

de prévision du cycle de vie des précipitations à court-terme utilisant un radar Doppler a été

étudiée. 

Mots clés :  Pluie,  Méditerranée,  Radar Hydrix,  Variabilité spatio-temporelle,  Processus,  Propriétés

d'échelle, Analyse spectrale, Prévision à court terme

Abstract 

The aim of this thesis is to improve the understanding and forecasting of rainfall small scale

variability in  the  Alps-Mediterranean Euroregion.  In  this  purpose,  we used measurements

from an X-band, polarimetric and Doppler radar called Hydrix. This radar is located since

2007 at Mont Vial (Nice, France) and continuously measures rainfall since 2009, with a 1 km2

spatial  resolution  and  a  5  minutes  temporal  resolution.  This  database  provides  useful

information  to  study  fine  scale  space-time  variability  of  rainfall.  First,  the  diurnal  and

seasonal cycles, as well as rainfall inter-annual  variability, are analysed. Then, rainfall scale

relationships are spatially and temporally characterised and the processes associated to rainfall

at both synoptical and local scales in the region are identified. Finally, a new nowcasting

method suitable for a single Doppler radar is evaluated.

Keywords :  Rainfall,  Mediterranean,  Hydrix  radar  Spatio-temporal  variability,  Process,  Spectrum

analysis, Scaling, Nowcasting 


