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❘és✉♠é

▲✬❤✉♠✐❞✐té ❞✉ s♦❧ à été ❞é❝❧❛ré❡ ❊ss❡♥t✐❛❧ ❈❧✐♠❛t❡ ❱❛r✐❛❜❧❡ ✭❊❈❱✮ ❡♥ ✷✵✶✵ ♣❛r ❧✬❊✉r♦✲
♣❡❛♥ ❙♣❛❝❡ ❆❣❡♥❝② ✭❊❙❆✮ ❡♥ s✉♣♣♦rt ❞✉ tr❛✈❛✐❧ ❞✉ ●r♦✉♣❡ ❞✬❡①♣❡rts ■♥t❡r❣♦✉✈❡r♥❡♠❡♥t❛❧ s✉r
❧✬➱✈♦❧✉t✐♦♥ ❞✉ ❈❧✐♠❛t ✭●■❊❈✮✳ ❉❛♥s ❞❡s ③♦♥❡s ✈✉❧♥ér❛❜❧❡s ❝♦♠♠❡ ❧✬❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st ✭❛❣r✐✲
❝✉❧t✉r❡ ❢❛✐❜❧❡♠❡♥t ✐rr✐❣✉é❡ ❡t ❞❡ s✉❜s✐st❛♥❝❡✱ t❡♠♣ér❛t✉r❡s ❡①trê♠❡s ❡t ❢♦rt❡ ✈❛r✐❛❜✐❧✐té ❞❡s
♣ré❝✐♣✐t❛t✐♦♥s✮✱ ❧❛ ✈❛❧❡✉r ❛❥♦✉té❡ ❞✬✐♥❢♦r♠❛t✐♦♥s ❝♦♥❝❡r♥❛♥t ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡st ✐♠♣♦rt❛♥t❡✱
s✉rt♦✉t ❞❛♥s ✉♥ ❝♦♥t❡①t❡ ❞❡ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡✳ ▲❛ ♣r❡♠✐èr❡ ♣❛rt✐❡ ❞❡ ❝❡s tr❛✈❛✉① ❞❡ t❤ès❡
❝♦♥❝❡r♥❡ ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❡♥ ♣r♦❢♦♥❞❡✉r à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❡♥ ✉t✐❧✐s❛♥t ❧❡ tr✐♣t②q✉❡
♠❡s✉r❡s ✐♥✲s✐t✉✴té❧é❞ét❡❝t✐♦♥✴♠♦❞é❧✐s❛t✐♦♥✳ ❈❡s ✸ ♠ét❤♦❞❡s ♣rés❡♥t❡♥t ❝❤❛❝✉♥❡ ❞❡s ❧✐♠✐t❡s ✿
✭✐✮ ❧❛ ❢❛✐❜❧❡ ❞❡♥s✐té ❞❡s rés❡❛✉① ✐♥✲s✐t✉ ✭✸ s✐t❡s ❞❡ ♠❡s✉r❡s s✉r t♦✉t❡ ❧✬❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✮✱ ✭✐✐✮
❧❡s ❡st✐♠❛t✐♦♥s ❞❡ ❙▼❖❙ ✉♥✐q✉❡♠❡♥t ❡♥ s✉r❢❛❝❡ ✭✵✲✺ ❝♠✮ ❡t ✭✐✐✐✮ ❧❡s ✐♥❝❡rt✐t✉❞❡s ❞❡s ❢♦rç❛❣❡s
❞❡ ♣ré❝✐♣✐t❛t✐♦♥ t❡♠♣s✲ré❡❧ ✉t✐❧✐sés ❞❛♥s ❧❡s ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡✳ ❆✜♥ ❞❡ ré❞✉✐r❡ ❝❡s ❧✐♠✐t❛t✐♦♥s✱
✉♥❡ ♠ét❤♦❞❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ✭✜❧tr❡ ♣❛rt✐❝✉❧❛✐r❡✮ ❞❡s ❞♦♥♥é❡s ❙▼❖❙ à été ✐♠♣❧é♠❡♥té❡ ❞❛♥s ✉♥
♠♦❞è❧❡ ❞❡ s✉r❢❛❝❡ ❡♠♣✐r✐q✉❡ ✭❆P■✮ ❡t ❝♦♠♣❛ré❡s ❛✉① ♠❡s✉r❡s ✐♥✲s✐t✉ ❆▼▼❆✲❈❆❚❈❍✳ ▲❡s
rés✉❧t❛ts ♠♦♥tr❡♥t ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s ❤✉♠✐❞✐tés ♠♦❞é❧✐sé❡ ❛♣rès ❛ss✐♠✐❧❛t✐♦♥✳ ▲❛ s❡❝♦♥❞❡
♣❛rt✐❡ ❝♦♥❝❡r♥❡ ❧✬✐♠♣❛❝t ❞❡s ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ s✉r ❧❡s r❡♥❞❡♠❡♥ts ❞❡ ♠✐❧✳ ❯♥❡ r❡❧❛✲
t✐♦♥ st❛t✐st✐q✉❡ ❛ t♦✉t ❞✬❛❜♦r❞ été ❞ét❡r♠✐♥é❡ à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ❞❡ r❡♥❞❡♠❡♥ts ♠❡s✉rés s✉r
✶✵ ✈✐❧❧❛❣❡s ❛✉t♦✉r ❞❡ ◆✐❛♠❡②✳ ▲❡s rés✉❧t❛ts ♠♦♥tr❡♥t q✉❡ ❧❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ s✉r ✷✵
❥♦✉rs ❞é❜✉t ❏✉✐❧❧❡t ❡t ✜♥ ❆♦ût ✲ ♠✐ ❙❡♣t❡♠❜r❡ ✭♣ér✐♦❞❡ r❡♣r♦❞✉❝t✐✈❡ ❡t ♣ér✐♦❞❡ ❞❡ r❡♠♣❧✐ss❛❣❡
❞✉ ❣r❛✐♥✮✱ à ✉♥❡ ♣r♦❢♦♥❞❡✉r ❞✬❡♥✈✐r♦♥ ✸✵ ❝♠✱ ❡①♣❧✐q✉❡♥t ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ r❡♥❞❡♠❡♥t ♠❡s✉ré à
❘✷❂✵✳✼✼ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ✾ ✈✐❧❧❛❣❡s✳ ❈❡tt❡ r❡❧❛t✐♦♥ à ❡♥s✉✐t❡ été ❛♣♣❧✐q✉é❡ à ❧✬é❝❤❡❧❧❡ ❞✉ ◆✐❣❡r
à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ❞❡ r❡♥❞❡♠❡♥t ✐ss✉❡s ❞❡ ❧❛ ❋❆❖ ❡t ❞❡ ❝❛rt❡s ❞✬❤✉♠✐❞✐té ❡♥ ♣r♦❢♦♥❞❡✉r ❞é✈❡✲
❧♦♣♣é❡s ❞❛♥s ❧❛ ♣r❡♠✐èr❡ ♣❛rt✐❡ ❞❡ ❧❛ t❤ès❡✳ ▲❡s rés✉❧t❛ts ♠♦♥tr❡♥t ✉♥❡ ❝♦rré❧❛t✐♦♥ à ❘✷❂✵✳✻✷
s✉r ❧❡s ❛♥♥é❡s ✶✾✾✽✲✷✵✶✹✳ P✉✐s ❧❛ ♠ét❤♦❞❡ ❛ été ❛♣♣❧✐q✉é❡ à ✸ ❛✉tr❡s ♣❛②s ❞✉ ❙❛❤❡❧✱ ♠♦♥tr❛♥t
✉♥❡ ❝♦rré❧❛t✐♦♥ ❞❡ ✵✳✼✼✳ ▲❛ ❞❡r♥✐èr❡ ♣❛rt✐❡ ❞❡ ❝❡s tr❛✈❛✉① ❝♦♥❝❡r♥❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❡s rés✐❞✉s
❞✉ s❝❤é♠❛ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❛✜♥ ❞❡ ré❞✉✐r❡ ❧❡s ✐♥❝❡rt✐t✉❞❡s s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ▲❡s ♣r♦❞✉✐ts ❞❡
♣ré❝✐♣✐t❛t✐♦♥s s❛t❡❧❧✐t❡s ❈▼❖❘P❍✱ ❚❘▼▼ ❡t P❊❘❙■❆◆◆✱ ❞❛♥s ❧❡✉r ✈❡rs✐♦♥ t❡♠♣s✲ré❡❧ ♦♥t été
❝♦♠♣❛ré❡s à ❞❡s ♣❧✉✈✐♦♠ètr❡s ❛✈❛♥t ❡t ❛♣rès ❛ss✐♠✐❧❛t✐♦♥✳ ▲❡ rés✉❧t❛t ❞❡ ❝❡tt❡ ét✉❞❡ ♠♦♥tr❡ ✉♥❡
♥❡tt❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s ✐♥t❡♥s✐tés ❡st✐♠é❡s✳ ▲❛ ♠ét❤♦❞❡ ❛ ❡♥s✉✐t❡ été ❛♣♣❧✐q✉é❡ à ✉♥ ♣r♦❞✉✐t ❞❡
♣ré❝✐♣✐t❛t✐♦♥ ✉t✐❧✐sé ❛✉ ❝❡♥tr❡ ré❣✐♦♥❛❧ ❆●❘❍❨▼❊❚ ♣♦✉r ❧❡ s✉✐✈✐ ❛❣r✐❝♦❧❡✱ ❧❡ ♣r♦❞✉✐t ❚❆▼❙❆❚✳

❈❡s tr❛✈❛✉① ❞❡ t❤ès❡ ♦♥t ♣❡r♠✐s ❞✬❛♣♣r♦❢♦♥❞✐r ❧❡s r❡❝❤❡r❝❤❡s ❝♦♥❝❡r♥❛♥t ❧❡ ♣♦t❡♥t✐❡❧ ❞❡s ❞♦♥♥é❡s
❞✬❤✉♠✐❞✐té ♣❛r s❛t❡❧❧✐t❡ ♣♦✉r ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ❛❣r♦♥♦♠✐q✉❡s✳ ▲❡s ♣❡rs♣❡❝t✐✈❡s ❞❡ ❝❡s tr❛✈❛✉①
♣♦rt❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r ✿ ✭✐✮ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬❛✉tr❡s ❝❛♣t❡✉rs ✭❙▼❆P✱ ❆❙❈❆❚✱ ❆▼❙❘✮ ♣♦✉r
❛✉❣♠❡♥t❡r ❧❛ ❢réq✉❡♥❝❡ ❞❡s ♦❜s❡r✈❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞❛♥s ❧✬❛ss✐♠✐❧❛t✐♦♥✱ ✭✐✐✮ s✉r ❞❡s ♠ét❤♦❞❡s
❞❡ ❞és❛❣ré❣❛t✐♦♥ ❞❡s ❝♦❡✣❝✐❡♥ts ♣♦✉r ❧❛ ❝♦rr❡❝t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s à ♣❧✉s ❤❛✉t❡ rés♦❧✉t✐♦♥
s♣❛t✐❛❧❡ ❡t ✭✐✐✐✮ s✉r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❞♦♥♥é❡s ♠✉❧t✐s♣❡❝tr❛❧❡s ✭✐♥❞✐❝❡s ❞❡ ✈é❣ét❛t✐♦♥✱ t❡♠♣ér❛t✉r❡
❞✉ s♦❧✱ ✳✳✳✮ ♣♦✉r ✉♥ ♠❡✐❧❧❡✉r s✉✐✈✐ ❞❡s r❡♥❞❡♠❡♥ts✳

▼♦ts✲❝❧és ✿ ❍✉♠✐❞✐té ❞✉ s♦❧✱ ♣ré❝✐♣✐t❛t✐♦♥✱ ❙▼❖❙✱ ❛ss✐♠✐❧❛t✐♦♥✱ ❛❣r♦♥♦♠✐❡✱ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✱
❋❆❖
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❙♦✐❧ ♠♦✐st✉r❡ ✇❛s ❞❡❝❧❛r❡❞ ❊ss❡♥t✐❛❧ ❈❧✐♠❛t❡ ❱❛r✐❛❜❧❡ ✭❊❈❱✮ ✐♥ ✷✵✶✵ ❜② t❤❡ ❊✉r♦♣❡❛♥
❙♣❛❝❡ ❆❣❡♥❝② ✭❊❙❆✮ ✐♥ s✉♣♣♦rt ♦❢ t❤❡ ✇♦r❦ ♦❢ t❤❡ ■♥t❡r❣♦✈❡r♥♠❡♥t❛❧ P❛♥❡❧ ♦♥ ❈❧✐♠❛t❡ ❈❤❛♥❣❡
✭■P❈❈✮✳ ■♥ ✈✉❧♥❡r❛❜❧❡ ❛r❡❛s s✉❝❤ ❛s ❲❡st ❆❢r✐❝❛ ✭♣♦♦r❧② ✐rr✐❣❛t❡❞ ❛♥❞ s✉❜s✐st❡♥❝❡ ❛❣r✐❝✉❧t✉r❡✱
❡①tr❡♠❡ t❡♠♣❡r❛t✉r❡s ❛♥❞ ❤✐❣❤ ✈❛r✐❛❜✐❧✐t② ♦❢ r❛✐♥❢❛❧❧✮✱ t❤❡ ❛❞❞❡❞ ✈❛❧✉❡ ♦❢ ✐♥❢♦r♠❛t✐♦♥s ♦♥ s♦✐❧
♠♦✐st✉r❡ ✐s ✐♠♣♦rt❛♥t✱ ❡s♣❡❝✐❛❧❧② ✐♥ ❛ ❝❤❛♥❣✐♥❣ ❝❧✐♠❛t❡✳ ❚❤❡ ✜rst ♣❛rt ♦❢ t❤✐s t❤❡s✐s ❝♦♥❝❡r♥s
t❤❡ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ r♦♦t✲③♦♥❡ s♦✐❧ ♠♦✐st✉r❡ ♦♥ ❛ ❧❛r❣❡ s❝❛❧❡ ✉s✐♥❣ t❤❡ tr✐♣t②❝❤ ✐♥✲s✐t✉ ♠❡❛✲
s✉r❡♠❡♥ts ✴ r❡♠♦t❡ s❡♥s✐♥❣ ✴ ♠♦❞❡❧✐♥❣✳ ❚❤❡s❡ ✸ ♠❡t❤♦❞s ❡❛❝❤ ❤❛✈❡ ❧✐♠✐t❛t✐♦♥s ✿ ✭✐✮ t❤❡ ❧♦✇
❞❡♥s✐t② ♦❢ ✐♥✲s✐t✉ ♥❡t✇♦r❦s ✭✸ ♠❡❛s✉r❡♠❡♥t s✐t❡s t❤r♦✉❣❤♦✉t ❲❡st ❆❢r✐❝❛✮✱ ✭✐✐✮ ❙▼❖❙ ❡st✐♠❛t❡s
♦♥❧② ❛t t❤❡ s✉r❢❛❝❡ ✭✵✲✺ ❝♠✮ ❛♥❞ ✭✐✐✐✮ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ♦❢ t❤❡ r❡❛❧✲t✐♠❡ ♣r❡❝✐♣✐t❛t✐♦♥ ❢♦r❝✐♥❣
✉s❡❞ ✐♥ s✉r❢❛❝❡ ♠♦❞❡❧s✳ ■♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡s❡ ❧✐♠✐t❛t✐♦♥s✱ ❛♥ ❛ss✐♠✐❧❛t✐♦♥ ♠❡t❤♦❞ ✭♣❛rt✐❝❧❡
✜❧t❡r✮ ♦❢ ❙▼❖❙ ❞❛t❛ ❤❛s ❜❡❡♥ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❛♥ ❡♠♣✐r✐❝❛❧ s✉r❢❛❝❡ ♠♦❞❡❧ ✭❆P■✮ ❛♥❞ ❝♦♠♣❛r❡❞
t♦ ❆▼▼❆✲❈❆❚❈❍ ✐♥✲s✐t✉ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ r❡s✉❧ts s❤♦✇ ❛♥ ✐♠♣r♦✈❡♠❡♥t ♦❢ t❤❡ ❤✉♠✐❞✐t✐❡s
♠♦❞❡❧❡❞ ❛❢t❡r ❛ss✐♠✐❧❛t✐♦♥✳ ❚❤❡ s❡❝♦♥❞ ♣❛rt ❝♦♥❝❡r♥s t❤❡ ✐♠♣❛❝t ♦❢ s♦✐❧ ♠♦✐st✉r❡ ✈❛r✐❛t✐♦♥s
♦♥ ♠✐❧❧❡t ②✐❡❧❞s✳ ❆ st❛t✐st✐❝❛❧ r❡❧❛t✐♦♥s❤✐♣ ✇❛s ✜rst ❞❡t❡r♠✐♥❡❞ ❢r♦♠ ②✐❡❧❞ ❞❛t❛ ♠❡❛s✉r❡❞ ✐♥
✶✵ ✈✐❧❧❛❣❡s ❛r♦✉♥❞ ◆✐❛♠❡②✳ ❚❤❡ r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ ✷✵✲❞❛② s♦✐❧ ♠♦✐st✉r❡ ❛♥♦♠❛❧✐❡s ❛t t❤❡
❜❡❣✐♥♥✐♥❣ ♦❢ ❏✉❧② ❛♥❞ t❤❡ ❡♥❞ ♦❢ ❆✉❣✉st ✲ ♠✐❞ ❙❡♣t❡♠❜❡r ✭r❡♣r♦❞✉❝t✐✈❡ ♣❡r✐♦❞ ❛♥❞ ❣r❛✐♥ ✜❧❧✐♥❣
♣❡r✐♦❞✮✱ ❛t ❛ ❞❡♣t❤ ♦❢ ❛❜♦✉t ✸✵ ❝♠✱ ❡①♣❧❛✐♥ t❤❡ ✈❛r✐❛t✐♦♥s ✐♥ ②✐❡❧❞ ♠❡❛s✉r❡❞ ❛t ❘✷❂✵✳✼✼✳ ❚❤✐s
r❡❧❛t✐♦♥s❤✐♣ ✇❛s t❤❡♥ ❛♣♣❧✐❡❞ t♦ t❤❡ ◆✐❣❡r✐❡♥ s❝❛❧❡ ❢r♦♠ ❋❆❖ ②✐❡❧❞ ❞❛t❛ ❛♥❞ ✐♥✲❞❡♣t❤ ♠♦✐s✲
t✉r❡ ♠❛♣s ❞❡✈❡❧♦♣❡❞ ✐♥ t❤❡ ✜rst ♣❛rt ♦❢ t❤❡ t❤❡s✐s✳ ❚❤❡ r❡s✉❧ts s❤♦✇ ❛ ❝♦rr❡❧❛t✐♦♥ ❛t ❘✷❂✵✳✻✷
♦✈❡r t❤❡ ②❡❛rs ✶✾✾✽✲✷✵✶✺✳ ❚❤❡♥✱ t❤❡ ♠❡t❤♦❞ ✇❛s ❛♣♣❧② t♦ ✸ ♦t❤❡r s❛❤❡❧✐❛♥ ❝♦✉♥tr✐❡s✱ s❤♦✇✐♥❣
❛ ❛❣r❡❡♠❡♥t ♦❢ ✵✳✼✼✳ ❚❤❡ ❧❛st ♣❛rt ♦❢ t❤✐s ✇♦r❦ ❝♦♥❝❡r♥s t❤❡ ❡①♣❧♦✐t❛t✐♦♥ ♦❢ t❤❡ r❡s✐❞✉❛❧s ♦❢
t❤❡ ❛ss✐♠✐❧❛t✐♦♥ s❝❤❡♠❡ ✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ♦♥ t❤❡ ♣r❡❝✐♣✐t❛t✐♦♥s✳ ❚❤❡ s❛t❡❧❧✐t❡
♣r❡❝✐♣✐t❛t✐♦♥ ♣r♦❞✉❝ts ❈▼❖❘P❍✱ ❚❘▼▼ ❛♥❞ P❊❘❙■❆◆◆✱ ✐♥ t❤❡✐r r❡❛❧✲t✐♠❡ ✈❡rs✐♦♥✱ ✇❡r❡
❝♦♠♣❛r❡❞ t♦ r❛✐♥ ❣❛✉❣❡s ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❛ss✐♠✐❧❛t✐♦♥✳ ❚❤❡ r❡s✉❧t ♦❢ t❤✐s st✉❞② s❤♦✇s ❛ ♠❛r❦❡❞
✐♠♣r♦✈❡♠❡♥t ✐♥ t❤❡ ❡st✐♠❛t❡❞ ♣r❡❝✐♣✐t❛t✐♦♥s ✐♥t❡♥s✐t✐❡s✳ ❚❤❡ ♠❡t❤♦❞ ✇❛s t❤❡♥ ❛♣♣❧✐❡❞ t♦ ❛
♣r❡❝✐♣✐t❛t✐♦♥ ♣r♦❞✉❝t ✉s❡❞ ❛t t❤❡ ❆●❘❍❨▼❊❚ r❡❣✐♦♥❛❧ ❝❡♥t❡r ❢♦r ❛❣r✐❝✉❧t✉r❛❧ ♠♦♥✐t♦r✐♥❣✱ t❤❡
❚❆▼❙❆❚ ♣r♦❞✉❝t✳

❚❤✐s t❤❡s✐s ✇♦r❦ ❤❛s ❧❡❞ t♦ ❢✉rt❤❡r r❡s❡❛r❝❤ ✐♥t♦ t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ s❛t❡❧❧✐t❡ ♠♦✐st✉r❡ ❞❛t❛ ❢♦r
❛❣r♦♥♦♠✐❝ ❛♣♣❧✐❝❛t✐♦♥s✳ ❚❤❡ ♣❡rs♣❡❝t✐✈❡s ♦❢ t❤✐s ✇♦r❦ ♠❛✐♥❧② ❝♦♥❝❡r♥ ✿ ✭✐✮ t❤❡ ✉s❡ ♦❢ ♦t❤❡r
s❡♥s♦rs ✭❙▼❆P✱ ❆❙❈❆❚✱ ❆▼❙❘✮ t♦ ✐♥❝r❡❛s❡ t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♦❜s❡r✈❛t✐♦♥s ♦❢ ❤✉♠✐❞✐t② ✐♥
t❤❡ ❛ss✐♠✐❧❛t✐♦♥✱ ✭✐✐✮ ♦♥ ♠❡t❤♦❞s ♦❢ ❞✐s❛❣❣r❡❣❛t✐♦♥ ♦❢ t❤❡ ❝♦❡✣❝✐❡♥ts ❢♦r t❤❡ ❝♦rr❡❝t✐♦♥ ♦❢ ♣r❡❝✐✲
♣✐t❛t✐♦♥ ❛t ❤✐❣❤❡r s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ❛♥❞ ✭✐✐✐✮ t❤❡ ✉s❡ ♦❢ ♠✉❧t✐s♣❡❝tr❛❧ ❞❛t❛ ✭✈❡❣❡t❛t✐♦♥ ✐♥❞✐❝❡s✱
s♦✐❧ t❡♠♣❡r❛t✉r❡✱ ✳✳✳✮ ❢♦r ❛ ❜❡tt❡r ♠♦♥✐t♦r✐♥❣ ♦❢ ②✐❡❧❞s✳

❑❡②✇♦r❞s ✿ ❙♦✐❧ ♠♦✐st✉r❡✱ ♣r❡❝✐♣✐t❛t✐♦♥✱ ❙▼❖❙✱ ❛ss✐♠✐❧❛t✐♦♥✱ ❛❣r♦♥♦♠②✱ ❲❡st ❆❢r✐❝❛✱ ❋❆❖



❘❡♠❡r❝✐❡♠❡♥ts

❚♦✉t ❞✬❛❜♦r❞✱ ❥❡ t✐❡♥s à r❡♠❡r❝✐❡r ❚❤✐❡rr② ♣♦✉r ♠✬❛✈♦✐r ❣✉✐❞é à tr❛✈❡rs ❧❡ ♠♦♥❞❡ ❞❡ ❧❛
r❡❝❤❡r❝❤❡✳ ❏❡ ✈♦✉❧❛✐s ♣❛rt✐❝✉❧✐èr❡♠❡♥t t❡ r❡♠❡r❝✐❡r ♣♦✉r t❛ ❝♦♥✜❛♥❝❡✱ t♦♥ ♦✉✈❡rt✉r❡✱ t❛ ❞✐s♣♦✲
♥✐❜✐❧✐té ❡t t❛ ❣r❛♥❞❡ ♣❛t✐❡♥❝❡✳ ❈❡❧❛ ♥✬❛ ♣❛s été ✉♥ ❧♦♥❣ ✢❡✉✈❡ tr❛♥q✉✐❧❧❡✱ ♠❛✐s t✉ ♠✬❛s ♣❡r♠✐s
❞❡ ❣❛r❞❡r ❧❡ ❝❛♣ ❞❛♥s ❧❡s ♠é❛♥❞r❡s ❞❡ ❧❛ t❤ès❡✳

▼❡r❝✐ à ❧✬❡♥s❡♠❜❧❡ ❞❡s ♠❡♠❜r❡s ❞✉ ❏✉r② ❞✬❛✈♦✐r ♣r✐s ❧❡ t❡♠♣s ❞✬é✈❛❧✉❡r ♠❡s tr❛✈❛✉①✳

▼❡r❝✐ à ❧✬❯♥✐✈❡rs✐té ❏♦s❡♣❤ ❋♦✉r✐❡r ✭❯❏❋✮✱ ❞❡✈❡♥✉❡ ❯♥✐✈❡rs✐té ●r❡♥♦❜❧❡ ❆❧♣❡s ✭❯●❆✮✱ ❡t ❧❡
❈❡♥tr❡ ◆❛t✐♦♥❛❧ ❞✬➱t✉❞❡s ❙♣❛t✐❛❧❡s ✭❈◆❊❙✮ ❞✬❛✈♦✐r ✜♥❛♥❝é ❝❡s tr❛✈❛✉①✳ ▼❡r❝✐ ❛✉ ▲❛❜♦r❛✲
t♦✐r❡ ❞✬ét✉❞❡s ❞❡s ❚r❛♥s❢❡rts ❡♥ ❍②❞r♦❧♦❣✐❡ ❡t ❊♥✈✐r♦♥♥❡♠❡♥t ✭▲❚❍❊✮✱ ❞❡✈❡♥✉ ■♥st✐t✉t ❞❡s
●é♦s❝✐❡♥❝❡s ❞❡ ❧✬❊♥✈✐r♦♥♥❡♠❡♥t ✭■●❊✮✱ ❞❡ ♠✬❛✈♦✐r ❛❝❝✉❡✐❧❧✐✳ ▼❡r❝✐ ♣❛rt✐❝✉❧✐èr❡♠❡♥t à ❧✬éq✉✐♣❡
P❍❨❘❊❱ ❞❡ ♠✬❛✈♦✐r ❞♦♥♥é ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ tr❛✈❛✐❧ ♠♦t✐✈❛♥t ❛✉ss✐ ❜✐❡♥ s❝✐❡♥t✐✜q✉❡♠❡♥t
q✉✬❤✉♠❛✐♥❡♠❡♥t✳

❏❡ t❡♥❛✐s ❛✉ss✐ à r❡♠❡r❝✐❡r t♦✉t❡ ❧✬éq✉✐♣❡ ❞✉ ❈❊❙❇■❖ à ❚♦✉❧♦✉s❡✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❨❛♥♥ ❑❡rr
❡t ❆r♥❛✉❞ ▼✐❛❧♦♥✳ ❈✬❡st ❛✈❡❝ ♠♦♥ ❡①♣ér✐❡♥❝❡ ❛✉ s❡✐♥ ❞❡ ❧✬éq✉✐♣❡ ❙▼❖❙ q✉✬❡st ♥é❡ ♠❛ ♠♦t✐✈❛✲
t✐♦♥ ♣♦✉r ❧❛ té❧é❞ét❡❝t✐♦♥✳ ❱♦✉s ♠✬❛✈❡③ ❞♦♥♥é ❣♦ût à ❧❛ r❡❝❤❡r❝❤❡ ❡t ❛✉ tr❛✈❛✐❧ ❞✬éq✉✐♣❡✳

▼❡r❝✐ ❛✉ ❈■❘❆❉ ♣♦✉r ❧❡✉rs ♣ré❝✐❡✉s❡s ❡①♣❡rt✐s❡s ❝♦♥❝❡r♥❛♥t ❧❡s ♣r♦❜❧é♠❛t✐q✉❡s ❛❣r✐❝♦❧❡s ❡♥
❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❈❤r✐st✐❛♥ ❇❛r♦♥ ❡t ❉❛♥♥② ▲♦❙❡❡♥✳ ▼❡r❝✐ ❛✉ss✐ à ❧✬éq✉✐♣❡
❆▼▼❆✲❈❆❚❈❍ ♣♦✉r ❧❡✉r ❣r❛♥❞❡ ♠♦t✐✈❛t✐♦♥ ❡t ❞②♥❛♠✐q✉❡✳

❏❡ t❡♥❛✐s à r❡♠❡r❝✐❡r ♠❡s ❝♦❜✉r❡❛✉① ❞❡ ♥♦✉s ❛✈♦✐r s✉♣♣♦rté ✭♠♦✐ ❡t ♠♦♥ ❜✉r❡❛✉✮ ♣❡♥❞❛♥t ❝❡s ✸
❛♥s✱ ♠❡r❝✐ ❈❛r❧♦s✱ ❈❛t❤❡r✐♥❡✱ ❚❛♥✐❛✱ ❆❧❜❛♥✱ ❡t ❙❡❜❛st✐❛♥✱ ♠♦♥ q✉♦t✐❞✐❡♥ ét❛✐t s✉♣❡r à ✈♦s ❝ôtés ✦

▼❡r❝✐ à t♦✉s✱ ❧❡s ❝♦♣❛✐♥s✴❝♦♣✐♥❡s ❞✉ ❧❛❜♦✱ ❞✬❛✈♦✐r ❛rr♦♥❞✐ ❧❡s ❛♥❣❧❡s ❞❡ ❧❛ t❤ès❡ ✿ ❆❜❞♦✉❧❛②❡✱
❆✉❞❡✱ ❇❛s✐❧❡✱ ❇❡♥✱ ❉❛♠✐❡♥✱ ❋❧♦✱ ❍é❧è♥❡✱ ▲♦✉✐s❡✱ ❏♦r❞②✱ ❏♦s❡♣❤✱ Pr❛❞❡❡❜❛♥✱ ❙❛ï❢✱ ✳✳✳

❈❡s ✸ ❛♥♥é❡s ♥✬❛✉r❛✐❡♥t ♣❛s été ❛✉ss✐ ❛❣ré❛❜❧❡s s❛♥s ❧❛ ♣rés❡♥❝❡✱ ❞❡♣✉✐s t♦✉❥♦✉rs✱ ❞❡ ❚✐❡♥✲
♥♦t ❡t ●r❡❣✱ ♠❡r❝✐ ❧❡s ❣❛rs✳ ▼❡r❝✐ ❛✉ss✐ à ♠❡s ❛♠✐s s✐ ❝❤❡rs ❞♦♥t ❧✬é♥✉♠ér❛t✐♦♥ ❛✉r❛✐t ♣❡✉ ❞❡
s❡♥s ❞❡ ♣❛r s♦♥ ♠❛♥q✉❡ ❞✬❡①❤❛✉st✐✈✐té✳

❏❡ t✐❡♥s ❛✉ss✐ à r❡♠❡r❝✐❡r ♠❡s ♣❛r❡♥ts✱ ♠♦♥ ❢rèr❡ ❡t ♠❛ ❢❛♠✐❧❧❡ ♣♦✉r t♦✉t ❧❡ ❜♦♥❤❡✉r ❡t ❧✬✐♥s♣✐✲
r❛t✐♦♥ q✉✬✐❧s ♠✬❛♣♣♦rt❡♥t ❛✉ ❥♦✉r ❧❡ ❥♦✉r✳

❊t ♣♦✉r ✜♥✐r✱ ♠❡r❝✐ à ▼❛r✐❡ ♣♦✉r t♦✉t✳





❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

❘és✉♠é✴❆❜str❛❝t ✶

❘❡♠❡r❝✐❡♠❡♥ts ✶

■♥tr♦❞✉❝t✐♦♥ ✾
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✶✳✸✳✶ ✳✳✳ ❧❡ ❝②❝❧❡ ❞❡ ❧✬❡❛✉ ❡t ❧❛ ❜❛❧❛♥❝❡ é♥❡r❣ét✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸
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✶✳✺ Pr♦❜❧é♠❛t✐q✉❡ ❞❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❡♥ ③♦♥❡ r❛❝✐♥❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✷ ❊st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st ✿
▲❡ tr✐♣t②q✉❡ ■♥✲s✐t✉✴❚é❧é❞ét❡❝t✐♦♥✴▼♦❞é❧✐s❛t✐♦♥ ✸✶
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✷✳✺ ▼♦❞é❧✐s❛t✐♦♥ ♥✉♠ér✐q✉❡ ✿ ❙❯❘❋❊❳ ❡t ❆P■ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❧❛r❣❡ é❝❤❡❧❧❡ ✳ ✳ ✳ ✺✻
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❚❆❇▲❊ ❉❊❙ ▼❆❚■➮❘❊❙

✸ ❆♠é❧✐♦r❛t✐♦♥ ❞❡s ❡st✐♠❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à tr❛✈❡rs ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡
❞♦♥♥é❡s ✼✸
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❞♦♥♥é❡s s❛t❡❧❧✐t❛✐r❡s ✭❙▼❖❙✮ ❞❛♥s ✉♥ ♠♦❞è❧❡ ❞❡ s✉r❢❛❝❡ ✭❙❯❘❋❊❳✮ ❡♥
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❞❡ s✉r❢❛❝❡ ❙❯❘❋❊❳ ❡♥ ré❣✐♦♥ s❛❤é❧✐❡♥♥❡✱ ❲♦r❦s❤♦♣ ▼♦❞é❧✐s❛t✐♦♥ ❞❡ s✉r✲
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▲✐st❡ ❞❡s ❆❝r♦♥②♠❡s

❆P■ ❆♥t❡❝❡❞❡♥t Pr❡❝✐♣✐t❛t✐♦♥ ■♥❞❡①

❈❆❚❉❙ ❈❡♥tr❡ ❆✈❛❧ ❞❡ ❚r❛✐t❡♠❡♥t ❞❡s ❉♦♥♥é❡s ❙▼❖❙

❈❊❉❊❆❖ ❈♦♠♠✉♥❛✉té ➱❝♦♥♦♠✐q✉❡ ❉❡s ➱t❛ts ❞❡ ❧✬❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st

❊❙❆ ❊✉r♦♣❡❛♥ ❙♣❛❝❡ ❆❣❡♥❝②

❊❈❱ ❊ss❡♥t✐❛❧ ❈❧✐♠❛t❡ ❱❛r✐❛❜❧❡

❋❆❖ ❋♦♦❞ ❛♥❞ ❆❣r✐❝✉❧t✉r❡ ❖r❣❛♥✐③❛t✐♦♥ ♦❢ t❤❡ ❯♥✐t❡❞ ◆❛t✐♦♥s

●P❈❈ ●❧♦❜❛❧ Pr❡❝✐♣✐t❛t✐♦♥ ❈❧✐♠❛t♦❧♦❣② ❈❡♥t❡r

■P❈❈ ■♥t❡r❣♦✈❡r♥♠❡♥t❛❧ P❛♥❡❧ ♦♥ ❈❧✐♠❛t❡ ❈❤❛♥❣❡

■❙▼◆ ■♥t❡r♥❛t✐♦♥❛❧ ❙♦✐❧ ▼♦✐st✉r❡ ◆❡t✇♦r❦

▲✲▼❊❇ ▲✲❜❛♥❞ ▼✐❝r♦✇❛✈❡ ❊♠✐ss✐♦♥ ♦❢ t❤❡ ❇✐♦s♣❤❡r❡

▲❙▼ ▲❛♥❞ ❙✉r❢❛❝❡ ▼♦❞❡❧
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❙❯❘❋❊❳ ❙❯❘❢❛❝❡ ❊❳t❡r♥❛❧✐sé❡
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❚❇ ❚❡♠♣ér❛t✉r❡ ❞❡ ❇r✐❧❧❛♥❝❡

❚❉❘ ❚✐♠❡ ❉♦♠❛✐♥ ❘❡✢❡❝t♦♠❡tr②

❯◆❋❈❈ ❯♥✐t❡❞ ◆❛t✐♦♥s ❋r❛♠❡✇♦r❦ ❈♦♥✈❡♥t✐♦♥ ♦♥ ❈❧✐♠❛t❡ ❈❤❛♥❣❡
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■♥tr♦❞✉❝t✐♦♥

✵✳✶ ❈♦♥t❡①t❡ ❣é♥ér❛❧

✓ ▲✬éq✉✐❧✐❜r❡ ❞❡ ❧❛ ✈✐❡ s❡ ❞é♣❧♦✐❡ ❞❛♥s ♣❧✉s✐❡✉rs ❞✐♠❡♥s✐♦♥s ❀ ❢r❛❣✐❧❡ ❡t ❝♦♠♣❧❡①❡✱ ✐❧ ♥❡ tr❛♥s✲
❣r❡ss❡ ♣❛s ❝❡rt❛✐♥❡s ❜♦r♥❡s✳ ■❧ ② ❛ ❝❡rt❛✐♥s s❡✉✐❧s à ♥❡ ♣❛s ❢r❛♥❝❤✐r✳ ✔✱ é❝r✐✈❛✐t ■✈❛♥ ■❧❧✐❝❤ ❞❛♥s
s♦♥ ÷✉✈r❡ ▲❛ ❈♦♥✈✐✈✐❛❧✐té ❡♥ ✶✾✼✸✳ ❉❡♣✉✐s ❧❡ ❞é❜✉t ❞❡ ❧❛ ré✈♦❧✉t✐♦♥ ✐♥❞✉str✐❡❧❧❡ ❞❛♥s ❧❡s ❛♥♥é❡s
✶✼✺✵✱ ❧❡s ✐♠♣❛❝ts ❞❡s ❛❝t✐✈✐tés ❤✉♠❛✐♥❡s s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t s♦♥t t❡❧s q✉✬✐❧s ♦♥t ❢❛✐t ❡♥tr❡r ❧✬❍✉✲
♠❛♥✐té ❞❛♥s ✉♥❡ ♥♦✉✈❡❧❧❡ èr❡ ❣é♦❧♦❣✐q✉❡✱ ❧✬❆♥t❤r♦♣♦❝è♥❡ ✭❬❙t❡✛❡♥ ❡t ❛❧✳✱ ✷✵✵✻❪✱❬❈r✉t③❡♥✱ ✷✵✵✷❪✮✳
❉✉r❛♥t ❧✬èr❡ ♣ré❝é❞❡♥t❡✱ ❧✬❍♦❧♦❝è♥❡✱ ❧❡s ✈❛r✐❛t✐♦♥s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ♥❛t✉✲
r❡❧❧❡s✱ r❡st❛✐❡♥t ❞❛♥s ❞❡s ♣r♦♣♦rt✐♦♥s ♣r♦♣✐❝❡s ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧✬❍✉♠❛♥✐té✳ ❈❡♣❡♥❞❛♥t✱
❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❡s é♥❡r❣✐❡s ❢♦ss✐❧❡s✱ ❝♦✉♣❧é❡ à ✉♥❡ ❝r♦✐ss❛♥❝❡ ♠✉❧t✐❢❛❝t♦r✐❡❧❧❡ ❡①♣♦♥❡♥t✐❡❧❧❡✱ s♦♥t
❞♦ré♥❛✈❛♥t s✉s❝❡♣t✐❜❧❡s ❞✬❡♥❞♦♠♠❛❣❡r ❧✬éq✉✐❧✐❜r❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ♥é❝❡ss❛✐r❡ à ❧❛ ✈✐❡✳ ❉❛♥s
❬❘♦❝❦strö♠ ❡t ❛❧✳✱ ✷✵✵✾❪✱ ❧❡s ❛✉t❡✉rs ❢♦♥t ✉♥ ét❛t ❞❡s ❧✐❡✉① ❞❡ ❝❡rt❛✐♥❡s ❧✐♠✐t❡s ❞✉ s②stè♠❡
❚❡rr❡ ❞♦♥t ❧❡s ❞é♣❛ss❡♠❡♥ts s♦♥t ❞❛♥❣❡r❡✉① ♣♦✉r ❧❡ ♠❛✐♥t✐❡♥ ❞✬✉♥ éq✉✐❧✐❜r❡ ♣r♦♣✐❝❡ ❛✉ ❞é✲
✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛ ✈✐❡✳ ❖r✱ ❧✬✉♥ ❞❡ ❝❡s s②stè♠❡s✱ ❧❡ s②stè♠❡ ❝❧✐♠❛t✐q✉❡✱ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t
✐♠♣❛❝té ♣❛r ❧✬❛❝t✐♦♥ ❤✉♠❛✐♥❡ ❞❡♣✉✐s ❧❡ ❞é❜✉t ❞❡ ❧✬èr❡ ✐♥❞✉str✐❡❧❧❡✱ ❡t t❡♥❞ à ❞é♣❛ss❡r ❞❡s ❧✐✲
♠✐t❡s ❝r✐t✐q✉❡s✳ ❊♥ ❡✛❡t✱ ❧❛ ❝♦♠❜✉st✐♦♥ ♠❛ss✐✈❡ ❞❡s é♥❡r❣✐❡s ❢♦ss✐❧❡s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❞❡♣✉✐s ❧❡s
❛♥♥é❡s ✶✾✺✵ ❛ ❣é♥éré ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❡①trê♠❡♠❡♥t r❛♣✐❞❡ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❞✐♦①②❞❡ ❞❡
❝❛r❜♦♥❡ ✭CO2✮ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡✳

▲❛ ❋✐❣✉r❡ ✶ r❡♣rés❡♥t❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❛t♠♦s♣❤ér✐q✉❡ ❞❡ CO2 ❞❡♣✉✐s ✺✺ ♠✐❧❧✐♦♥s
❞✬❛♥♥é❡s✳ ❉❡s ❡st✐♠❛t✐♦♥s ✐♥❞✐r❡❝t❡s ♣❛r ✐s♦t♦♣✐❡ ❞✉ ❜♦r❡ ✭❝❡r❝❧❡s ❜❧❡✉s✮✱ ♣❛r ❧✬ét✉❞❡ ❞✬❛❧❝é♥♦♥❡s
✭tr✐❛♥❣❧❡s ♥♦✐rs✮ ♦✉ ❡♥❝♦r❡ ♣❛r ❧✬ét✉❞❡ ❞❡s st♦♠❛t❡s ❞❡ ❢❡✉✐❧❧❡s ❢♦ss✐❧✐sé❡s ✭❧♦s❛♥❣❡s ✈❡rts✮ ♦♥t
♣❡r♠✐s ❞✬❡st✐♠❡r ❝❡tt❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♣♦✉r ❧❛ ♣ér✐♦❞❡ ❞❡♣✉✐s ✺✺ à ✶ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳ P✉✐s ❧❡s
♠❡s✉r❡s ❞❛♥s ❞❡s ❝❛r♦tt❡s ❞❡ ❣❧❛❝❡ ❡♥ ❆♥t❛r❝t✐q✉❡ ♦♥t ♣❡r♠✐s ❞❡ ❞ér✐✈❡r ❞❡s ❝❤r♦♥✐q✉❡s ❞❡
❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ CO2 ♣rés❡♥t ❞❛♥s ❧✬❛t♠♦s♣❤èr❡ ❞❡♣✉✐s ✽✵✵ ✵✵✵ ❛♥s ✭tr❛✐t ♣❧❡✐♥ ♥♦✐r✮✳ ❊♥✜♥
❞❡♣✉✐s ❧❡s ❛♥♥é❡s ✶✽✵✵ ❥✉sq✉✬à ❛✉❥♦✉r❞✬❤✉✐✱ ❞❡s ♠❡s✉r❡s ❛t♠♦s♣❤ér✐q✉❡s ❞✐r❡❝t❡s ✭❡♥ r♦s❡✮ ♣❡r✲
♠❡tt❡♥t ❞✬✐❧❧✉str❡r ❧❛ ❢♦rt❡ r✉♣t✉r❡ ❞❡ ✈❛r✐❛❜✐❧✐té ❞❡♣✉✐s ❧❡s ❛♥♥é❡s ✶✾✺✵✳

▲❡ CO2✱ ♥❛t✉r❡❧❧❡♠❡♥t ♣rés❡♥t ❞❛♥s ❧✬❛t♠♦s♣❤èr❡ ❡st ✉♥ ❞❡s ♣r✐♥❝✐♣❛✉① ❣❛③ à ❡✛❡t ❞❡ s❡rr❡
✭❛✈❡❝ ❧❛ ✈❛♣❡✉r ❞✬❡❛✉ ✭H2O✮✱ ❧❡ ♠ét❤❛♥❡ ✭CH4✮✱ ❧❡ ♣r♦t♦①②❞❡ ❞✬❛③♦t❡ ✭N2O✮ ❡t ❧✬♦③♦♥❡ ✭O3✮✮✳
❈✬❡st✲à✲❞✐r❡ q✉✬✐❧ ❝♦♥tr✐❜✉❡ à ✉♥❡ é❧é✈❛t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❡♥ réé♠❡tt❛♥t ❧❡
r❛②♦♥♥❡♠❡♥t ✐♥❢r❛r♦✉❣❡ t❡❧❧✉r✐q✉❡✱ ❡t ❝♦♥tr✐❜✉❡ ❞♦♥❝ à ❞✐s♣♦s❡r ❞✬✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❝♦♠♣❛t✐❜❧❡
❛✈❡❝ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛ ✈✐❡✳

▲❛ ❢♦rt❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ CO2 ✐❧❧✉stré❡ ❡♥ r♦s❡ ❋✐❣✉r❡ ✶ ❝♦♥tr✐❜✉❡ ❞♦♥❝ à
❛✉❣♠❡♥t❡r ❧✬❡✛❡t ❞❡ s❡rr❡✳ ❈❡tt❡ ❛✉❣♠❡♥t❛t✐♦♥ ❛ ♣♦✉r ❝♦♥séq✉❡♥❝❡ ✉♥❡ é❧é✈❛t✐♦♥ ❞❡ ❧❛ t❡♠♣é✲
r❛t✉r❡ à ❧✬é❝❤❡❧❧❡ ❣❧♦❜❛❧❡✳ ❉✐✛ér❡♥ts ♦r❣❛♥✐s♠❡s s❝✐❡♥t✐✜q✉❡s s❡ s♦♥t ré✉♥✐s s♦✉s ❧❡ ❝♦✉✈❡rt ❞❡
❧✬■♥t❡r❣♦✈❡r♥♠❡♥t❛❧ P❛♥❡❧ ♦♥ ❈❧✐♠❛t❡ ❈❤❛♥❣❡ ✭■P❈❈✮ ✭♦✉ ●■❊❈ ❡♥ ❢r❛♥ç❛✐s✮ ♣♦✉r r❡❣r♦✉♣❡r
t♦✉t❡s ❧❡s ✐♥❢♦r♠❛t✐♦♥s ❞✐s♣♦♥✐❜❧❡s ❝♦♥❝❡r♥❛♥t ❝❡ ré❝❤❛✉✛❡♠❡♥t ❡t s❡s ❝♦♥séq✉❡♥❝❡s✳ ➚ ❧✬❛✐❞❡
❞❡ ♥♦♠❜r❡✉① ♠♦❞è❧❡s ♥✉♠ér✐q✉❡s ❞❡ ❝✐r❝✉❧❛t✐♦♥ ❣é♥ér❛❧❡✱ ❝❡rt❛✐♥❡s ♣r♦❥❡❝t✐♦♥s ♦♥t ❞♦♥❝ ♣✉
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êtr❡ ét❛❜❧✐❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❞✐✛ér❡♥ts s❝é♥❛r✐♦s ❞❡ ❝❤❛♥❣❡♠❡♥t ♣♦ss✐❜❧❡ ❞✬é♠✐ss✐♦♥s ❞❡ CO2✳
❆✐♥s✐✱ ❧❡s ❝♦✉r❜❡s ❛♣rès ✷✵✶✼ s✉r ❧❛ ❋✐❣✉r❡ ✶✱ t✐ré❡ ❞❡ ❬▼❡❡❤❧ ❡t ❛❧✳✱ ❪✱ r❡♣rés❡♥t❡♥t ❧✬é✈❡♥t❛✐❧
❞❡ ♣♦ss✐❜✐❧✐tés ❞❡s é♠✐ss✐♦♥s ❞❡ CO2 ❢✉t✉r❡s s❡❧♦♥ ❞✐✛ér❡♥ts s❝é♥❛r✐♦s ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❞✐✛é✲
r❡♥ts ❢✉t✉rs ❡♥ t❡r♠❡s ❞✬é✈♦❧✉t✐♦♥ ❞é♠♦❣r❛♣❤✐q✉❡✱ ❞❡ ♣♦❧✐t✐q✉❡ ❞✬❛tté♥✉❛t✐♦♥ ♦✉ ❡♥❝♦r❡ ❞❡ ♠✐①
é♥❡r❣ét✐q✉❡✳

❋✐❣✉r❡ ✶ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ CO2 ❛t♠♦s♣❤ér✐q✉❡ ❞❡♣✉✐s ✺✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✱
❞✬❛♣rès ❧❡ ❜✉❧❧❡t✐♥ ❞❡ ❧✬❖r❣❛♥✐s❛t✐♦♥ ▼été♦r♦❧♦❣✐q✉❡ ▼♦♥❞✐❛❧❡ s✉r ❧❡s ❣❛③ à ❡✛❡t ❞❡ s❡rr❡✱ ✸✵
♦❝t♦❜r❡ ✷✵✶✼✳

▲❡ s②stè♠❡ ❚❡rr❡ ét❛♥t ✉♥ s②stè♠❡ ❝♦♠♣❧❡①❡✱ ❝❡tt❡ é❧é✈❛t✐♦♥ ❞❡s t❡♠♣ér❛t✉r❡s ❛✱ ❡t ❛✉r❛✱
❞❡ ♥♦♠❜r❡✉① ❡✛❡ts s✉r ❧❡s ❣r❛♥❞s ❝②❝❧❡s ❞❡ ❧✬❡❛✉✱ ❞✉ ❝❛r❜♦♥❡ ❡t ❞❡ ❧✬é♥❡r❣✐❡✱ ❡t ❞♦♥❝ s✉r ❧❛
❜✐♦s♣❤èr❡ ❡♥ ❣é♥ér❛❧✳ ▲✬■P❈❈ ✐♥✈❡♥t♦r✐❡ ♣❧✉s✐❡✉rs ❡✛❡ts ❛tt❡♥❞✉s ❛✈❡❝ ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞✬✐♠✲
♣♦rt❛♥❝❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬é❧é✈❛t✐♦♥ ❞❡ t❡♠♣ér❛t✉r❡ ❛tt❡♥❞✉❡✱ ❛✈❡❝ ♥♦t❛♠♠❡♥t ❞❡ ❢♦rts ✐♠♣❛❝ts
s✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❛❧✐♠❡♥t❛✐r❡ ♠♦♥❞✐❛❧❡✳

▲✬✐♠♣❛❝t ❞✉ ré❝❤❛✉✛❡♠❡♥t ❝❧✐♠❛t✐q✉❡ s✉r ❧✬❛❣r✐❝✉❧t✉r❡ à ❧✬é❝❤❡❧❧❡ ♠♦♥❞✐❛❧❡ ❡st r❡❧❛t✐✈❡♠❡♥t
❝♦♠♣❧❡①❡ à q✉❛♥t✐✜❡r ❝❛r ❢♦rt❡♠❡♥t ♠✉❧t✐❢❛❝t♦r✐❡❧✳ ❈❡♣❡♥❞❛♥t✱ ❝❡rt❛✐♥❡s ét✉❞❡s✱ ❡✛❡❝t✉é❡s à ♣❛r✲
t✐r ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❝❧✐♠❛t✐q✉❡ ✭●❈▼✮✱ s♦❝✐♦✲é❝♦♥♦♠✐q✉❡ ♦✉ ❡♥❝♦r❡ ❛❣r♦♥♦♠✐q✉❡✱ ♦♥t ét✉❞✐é ❧✬❡❢✲
❢❡t ❞✉ ré❝❤❛✉✛❡♠❡♥t ❝❧✐♠❛t✐q✉❡ s✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✳ ❉❛♥s ❬❘♦s❡♥③✇❡✐❣ ❛♥❞ P❛rr②✱ ✶✾✾✹❪✱
❧❡s ❛✉t❡✉rs ❡st✐♠❡♥t✱ à ♣❛rt✐r ❞❡ ❞✐✛ér❡♥ts s❝é♥❛r✐♦s ❞✬é♠✐ss✐♦♥ ❞❛♥s ❞❡s ●❈▼ ❝♦✉♣❧és à ❞❡s ♠♦✲
❞è❧❡s ❛❣r♦♥♦♠✐q✉❡s✱ q✉❡ ❞♦✉❜❧❡r ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ CO2 ✐♠♣❛❝t❡r❛✐t ♥é❣❛t✐✈❡♠❡♥t ❧❡s ❝✉❧t✉r❡s✳
❈❡♣❡♥❞❛♥t✱ t♦✉❥♦✉rs ❞✬❛♣rès ❧✬ét✉❞❡✱ ❞❡ ❢❛✐❜❧❡ ♠❡s✉r❡s ❞✬❛❞❛♣t❛t✐♦♥ ✭s✐♠✉❧é❡s✮ ♣❡r♠❡ttr❛✐❡♥t
❞❡ ♣❛❧❧✐❡r ❝❡tt❡ ré❞✉❝t✐♦♥✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ✿ ♠♦❞✐✜❝❛t✐♦♥ ❞❡s ❝❛❧❡♥❞r✐❡rs ❞❡s ❝✉❧t✉r❡s✱ ❝❤♦✐① ❞❡
✈❛r✐étés ❛❞❛♣té❡s✱ ✐rr✐❣❛t✐♦♥ ❡t ✉t✐❧✐s❛t✐♦♥ ❞❡ ❢❡rt✐❧✐s❛♥ts✳ ❉❛♥s ❬❋✐s❝❤❡r ❡t ❛❧✳✱ ✷✵✵✺❪✱ ❧❡s ❛✉t❡✉rs
♦♥t ✐♥té❣ré ✉♥❡ ❝♦♠♣♦s❛♥t❡ s♦❝✐♦✲é❝♦♥♦♠✐q✉❡ ❞✬♦✛r❡✴❞❡♠❛♥❞❡✳ ■❧ ❡♥ rés✉❧t❡ q✉❡ s❛♥s ❛❞❛♣t❛✲
t✐♦♥✱ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❝♦♥tr❛st❡s ♣r♦❞✉❝t✐♦♥✴❝♦♥s♦♠♠❛t✐♦♥ ❡♥tr❡ s♦❝✐étés ♣❧✉s ♦✉ ♠♦✐♥s
rés✐❧✐❡♥t❡s ❡st ❛tt❡♥❞✉❡✳ ❉❛♥s ❬P❛rr② ❡t ❛❧✳✱ ✷✵✵✺❪✱ ❧❡s ❛✉t❡✉rs s✬✐♥tér❡ss❡♥t ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t
❛✉ r✐sq✉❡ ❞❡ ❢❛♠✐♥❡✳ ❊♥ ✉t✐❧✐s❛♥t tr♦✐s s❝é♥❛r✐♦s ❞✬é♠✐ss✐♦♥s s✉r ❞❡s ♠♦❞è❧❡s ❛❣r♦♥♦♠✐q✉❡s✱ ✐❧s
✐❞❡♥t✐✜❡♥t tr♦✐s ♣r✐♥❝✐♣❛❧❡s ❝❛✉s❡s ❞❡ ❧✬✐♠♣❛❝t ❞✉ ré❝❤❛✉✛❡♠❡♥t s✉r ❧❡s r❡♥❞❡♠❡♥ts ✿ ✭✐✮ ✉♥❡
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ré❞✉❝t✐♦♥ ❞❡ ❧❛ ❞✉ré❡ ❞❡ ❧❛ ♣❤❛s❡ ♣❤é♥♦❧♦❣✐q✉❡ ❞❡ r❡♠♣❧✐ss❛❣❡ ❞❡ ❣r❛✐♥✱ ✭✐✐✮ ✉♥❡ ré❞✉❝t✐♦♥ ❞❡
❧✬❡❛✉ ❞✐s♣♦♥✐❜❧❡ ❞❛♥s ❝❡rt❛✐♥❡s ré❣✐♦♥s ❞✉ ♠♦♥❞❡ ❡t ✭✐✐✐✮ ✉♥❡ ❢❛✐❜❧❡ ✈❡r♥❛❧✐s❛t✐♦♥✳ ▲❡s ♣r✐♥❝✐♣❛❧❡s
❝♦♥❝❧✉s✐♦♥s ❞❡ ❝❡tt❡ ét✉❞❡ s♦♥t ✿ ✭✐✮ ❧❛ ré❣✐♦♥ ❧❛ ♣❧✉s à r✐sq✉❡ ❡st ❧✬❆❢r✐q✉❡✱ ✭✐✐✮ ✉♥❡ st❛❜✐❧✐s❛✲
t✐♦♥ ❞❡s ❝♦♥❝❡♥tr❛t✐♦♥s à ✺✺✵ ♣♣♠ ♣❡r♠❡ttr❛✐t ❞✬é✈✐t❡r ❧❛ ♠❛❥♦r✐té ❞❡s r✐sq✉❡s ❡t ✭✐✐✐✮ ❧✬✐♠♣❛❝t
❞✉ ré❝❤❛✉✛❡♠❡♥t s✉r ❧❡s r✐sq✉❡s ❞❡ ❢❛♠✐♥❡ ❡st ❢♦rt❡♠❡♥t ❞é♣❡♥❞❛♥t ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t✳ ❉❛♥s
❬▲♦❜❡❧❧ ❛♥❞ ❋✐❡❧❞✱ ✷✵✵✼❪✱ ❧❡s ❛✉t❡✉rs ❛❜♦r❞❡♥t ❧❡s ✐♠♣❛❝ts ❞✉ ré❝❤❛✉✛❡♠❡♥t s✉r ❧❡s r❡♥❞❡♠❡♥ts
❛✉ tr❛✈❡rs ❞❡s ♠♦❞è❧❡s st❛t✐st✐q✉❡s ❡♥tr❡ t❡♠♣ér❛t✉r❡✱ ♣ré❝✐♣✐t❛t✐♦♥ ❡t r❡♥❞❡♠❡♥t✳ ■❧s ❝♦♥❝❧✉❡♥t
q✉❡ ♠❛❧❣ré ❧❛ ❝♦♠♣❧❡①✐té ❞❡s ♣r♦❞✉❝t✐♦♥s ❛❣r✐❝♦❧❡s✱ ✸✵✪ ❞❡s ✈❛r✐❛t✐♦♥s ❛♥♥✉❡❧❧❡s ❞❡ r❡♥❞❡♠❡♥t
♣♦✉r ❧❡s s✐① ✈❛r✐étés ❞❡ ❝éré❛❧❡s ❧❡s ♣❧✉s ❝✉❧t✐✈é❡s ❞❛♥s ❧❡ ♠♦♥❞❡ ♣❡✉✈❡♥t êtr❡ ❡①♣❧✐q✉é❡s ♣❛r ❞❡s
✈❛r✐❛t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡ ❡t ❞❡ ♣ré❝✐♣✐t❛t✐♦♥✳ ❉❛♥s ❬▼ü❧❧❡r ❡t ❛❧✳✱ ✷✵✶✵❪✱ ❧❡s ❛✉t❡✉rs ♦♥t ❛♥❛❧②sé
❧✬✐♠♣❛❝t ❞❡ ❝❡tt❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ t❡♠♣ér❛t✉r❡ s✉r ❧❡ r❡♥❞❡♠❡♥t ❛❣r✐❝♦❧❡ à ❧✬❛✐❞❡ ❞❡ ♠♦❞è❧❡s
❞❡ ❝✐r❝✉❧❛t✐♦♥ ❣é♥ér❛❧❡ ❡t ❞❡ ♠♦❞è❧❡s ❛❣r♦♥♦♠✐q✉❡s ✭❋✐❣✉r❡ ✷✮✳ ▲❡s ❝♦✉❧❡✉rs ❞❡ ❧❛ ❝❛rt❡ ❋✐❣✉r❡
✷ ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ♣r♦❥❡❝t✐♦♥s ❞❡ ❝❤❛♥❣❡♠❡♥t ❞❡ r❡♥❞❡♠❡♥t ♣♦✉r ✶✶ ❝✉❧t✉r❡s ❞✐✛ér❡♥t❡s ✭❜❧é✱
r✐③✱ ♠❛ïs✱ ♠✐❧✱ ♣♦✐s✱ ❜❡tt❡r❛✈❡✱ ♣♦♠♠❡ ❞❡ t❡rr❡✱ s♦❥❛✱ ❛r❛❝❤✐❞❡✱ t♦✉r♥❡s♦❧ ❡t ❝♦❧③❛✮ ❞❡ ✷✵✹✻ à ✷✵✺✺
❡♥ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡s ❛♥♥é❡s ✶✾✾✻✕✷✵✵✺✳ ▲❡ rés✉❧t❛t ❞❡ ❝❡ ❝❤❛♥❣❡♠❡♥t rés✉❧t❡ ❞❡ ❧❛ ♠♦②❡♥♥❡
❞❡ tr♦✐s s❝é♥❛r✐♦s ❞✬é♠✐ss✐♦♥s ❛✉ tr❛✈❡rs ❞❡ ❝✐♥q ●❈▼✳ ❈❡s ❡st✐♠❛t✐♦♥s s♦♥t ❢❛✐t❡s ❛✈❡❝ ❧✬❤②♣♦✲
t❤ès❡ ❞❡ ♥♦♥ ❢❡rt✐❧✐s❛t✐♦♥ ❞❡ CO2 ♣❛r ❧❡s ♣❧❛♥t❡s✳ ❊♥ ❡✛❡t✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ♠❛ss✐✈❡ ❞❡ CO2 ♣❡✉t
♣♦t❡♥t✐❡❧❧❡♠❡♥t ❛♠é❧✐♦r❡r ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡s ♣❧❛♥t❡s ❛✐♥s✐ q✉❡ ❧❡✉r ❡✣❝❛❝✐té à ❡①tr❛✐r❡ ❧✬❡❛✉ ❞✉ s♦❧✳

❋✐❣✉r❡ ✷ ✕ ❊st✐♠❛t✐♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s r❡♥❞❡♠❡♥ts ❛❣r✐❝♦❧❡s ❡♥ ✷✵✺✵ ✭❛✈❡❝ ❧❛ ♣❛rt ❞❡ ❧❛
❝♦♥tr✐❜✉t✐♦♥ ❛❣r✐❝♦❧❡ ❞❛♥s ❧❡ P■❇ ❞❡ ❧❛ ré❣✐♦♥ ❡♥ ✪✮✱ ❬▼ü❧❧❡r ❡t ❛❧✳✱ ✷✵✶✵❪✳

▲❡s ♣♦✉r❝❡♥t❛❣❡s ❞❡s ré❣✐♦♥s ❝♦rr❡s♣♦♥❞❡♥t à ❧❛ ♣❛rt ❞❡ P■❇ ❞❡ ❧❛ ré❣✐♦♥ ❞é♣❡♥❞❛♥t ❞❡s
❛❝t✐✈✐tés ❛❣r✐❝♦❧❡s✳ ❖♥ ♦❜s❡r✈❡ ❛❧♦rs q✉❡ ❧❛ ♣❧✉♣❛rt ❞❡s ♣❛②s s♦✉✛r❛♥t ❞é❥à ❞✬✉♥❡ ❢❛✐❜❧❡ rés✐✲
❧✐❡♥❝❡ ❡t ❞♦♥t ❧✬é❝♦♥♦♠✐❡ ❡st ❢♦rt❡♠❡♥t ❞é♣❡♥❞❛♥t❡ ❞❡ ❧✬❛❝t✐✈✐té ❛❣r✐❝♦❧❡ r✐sq✉❡♥t ❞❡ ✈♦✐r ❧❡✉r
r❡♥❞❡♠❡♥t ❛❣r✐❝♦❧❡ ❞✐♠✐♥✉❡r ❞✬✐❝✐ ✷✵✺✵✳ ▲✬❆❢r✐q✉❡ s✉❜s❛❤❛r✐❡♥♥❡ ♥❡ ❞ér♦❣❡ ♣❛s ❛✉ ♣❤é♥♦♠è♥❡✳

▲❡ s✉✐✈✐ ❞❡s ❝✉❧t✉r❡s à ❧❛r❣❡ é❝❤❡❧❧❡ ❡t ❧✬❡st✐♠❛t✐♦♥ ❞❡s r❡♥❞❡♠❡♥ts ❛❣r✐❝♦❧❡s s♦♥t ❡ss❡♥t✐❡❧s
❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❡t à ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ é❝♦♥♦♠✐q✉❡ ❬❲❤✐t❝r❛❢t ❡t ❛❧✳✱ ✷✵✶✺❪✳ ❯♥❡ ❝♦♥♥❛✐ss❛♥❝❡
♣ré❝✐s❡ ❞✉ r❡♥❞❡♠❡♥t ❞❡s ❝✉❧t✉r❡s ❝♦♥tr✐❜✉❡ é❣❛❧❡♠❡♥t à ré❞✉✐r❡ ❧❡s r✐sq✉❡s ❞❡ ❝♦♠♣♦rt❡♠❡♥ts
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s♣é❝✉❧❛t✐❢s ❡t ❧✐♠✐t❡ ❛✐♥s✐ ❧❛ ✈♦❧❛t✐❧✐té ❞❡s ♣r✐① ❛❧✐♠❡♥t❛✐r❡s ❬❍♦✛♠❛♥ ❡t ❛❧✳✱ ✷✵✶✺❪✳ ❊♥ r❛✐s♦♥
❞✉ ré❝❤❛✉✛❡♠❡♥t ❝❧✐♠❛t✐q✉❡✱ ❧❛ ♣❧✉♣❛rt ❞❡s ♣❛②s ❡♥ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡✈r♦♥t ❢❛✐r❡ ❢❛❝❡ à ❞❡s
r✐sq✉❡s ❛❝❝r✉s ❧✐és ❛✉① é✈é♥❡♠❡♥ts ❝❧✐♠❛t✐q✉❡s ❡①trê♠❡s✱ ❝♦♠♠❡ ❧❡s sé❝❤❡r❡ss❡s✱ ❧❡s ✐♥♦♥❞❛t✐♦♥s
❡t ❧❡s ✈❛❣✉❡s ❞❡ ❝❤❛❧❡✉r ✭■P❈❈ ✷✵✶✷✱ ✷✵✶✹✮✱ ❞❡ s♦rt❡ q✉❡ ❧❡s ♣ré♦❝❝✉♣❛t✐♦♥s ❛❝t✉❡❧❧❡s ❝♦♥❝❡r✲
♥❛♥t ❧❛ ✈❛r✐❛❜✐❧✐té ♦❜s❡r✈é❡ ❞✉ r❡♥❞❡♠❡♥t ❞❡s ❝✉❧t✉r❡s ❞❡✈r❛✐❡♥t ❡♥❝♦r❡ s✬❛❝❝r♦îtr❡✳ ▲❛ ♠❡♥❛❝❡
❞✉ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡ s✉r ❧❛ sé❝✉r✐té ❛❧✐♠❡♥t❛✐r❡ ♠♦♥❞✐❛❧❡ ❡♥❣❡♥❞r❡ ❧✬✉♥ ❞❡s ❞é✜s ❧❡s ♣❧✉s
✐♠♣♦rt❛♥ts ❞✉ ❳❳■è♠❡ s✐è❝❧❡✱ ➚ s❛✈♦✐r ❢♦✉r♥✐r ✉♥❡ ♥♦✉rr✐t✉r❡ s✉✣s❛♥t❡ à ❧❛ ♣♦♣✉❧❛t✐♦♥ t♦✉❥♦✉rs
♣❧✉s ♥♦♠❜r❡✉s❡ ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❞é❥à str❡ssé✳

▲❛ ♣r♦❜❧é♠❛t✐q✉❡ ❞✉ r❡♥❞❡♠❡♥t ❡st é❣❛❧❡♠❡♥t très ✐♠♣♦rt❛♥t❡ ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧✬♦❝❝✉✲
♣❛t✐♦♥ ❞❡s s♦❧s✳ ❊♥ ❡✛❡t✱ ❧❛ s✉r❢❛❝❡ ❛❣r✐❝♦❧❡ ❛✉❣♠❡♥t❡ ❝♦♥t✐♥✉❡❧❧❡♠❡♥t✱ ♥♦t❛♠♠❡♥t à ❝❛✉s❡ ❞❡
❧❛ ❢♦rt❡ ❝♦♥s♦♠♠❛t✐♦♥ ❞❡ ✈✐❛♥❞❡ ❞❡s ♣❛②s ❢♦rt❡♠❡♥t ✐♥❞✉str✐❛❧✐sés✳ ❖r✱ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞✬✶ ❦❣
❞❡ ✈✐❛♥❞❡ ♥é❝❡ss✐t❡ ❡♥ ♠♦②❡♥♥❡ ✶✺ ✵✵✵ ▲ ❞✬❡❛✉✱ ✸✷✸ ♠✷ ❞❡ t❡rr❛✐♥ ✭s♦✉r❝❡ ❲❲❋✮ ❡t ✶✺ ❦❣ ❞❡
❝éré❛❧❡s ✭s♦✉r❝❡ P◆❯❊✮✳ ❈❡s s✉r❢❛❝❡s s♦♥t t❡❧❧❡s q✉❡ ❧✬❡①♣❛♥s✐♦♥ ❞❡s ③♦♥❡s ❛❣r✐❝♦❧❡s ❡♠♣✐èt❡ s✉r
❧❡s ❢♦rêts✱ ❡♥❣❡♥❞r❛♥t ❞♦♥❝ ✉♥❡ ❞é❢♦r❡st❛t✐♦♥ ♠❛ss✐✈❡ ✭q✉✐ ❡st ✉♥ ❛♠♣❧✐✜❝❛t❡✉r ❞✉ ré❝❤❛✉✛❡♠❡♥t
❝❧✐♠❛t✐q✉❡✮✳
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✵✳✷ ▲✬✐♥❝❡rt✐t✉❞❡ ❞❡ ❧✬❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st ❢❛❝❡ ❛✉ ré❝❤❛✉✛❡✲
♠❡♥t ❝❧✐♠❛t✐q✉❡

▲✬❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st ❡st ❧❛ ré❣✐♦♥ ♦❝❝✐❞❡♥t❛❧❡ ❞❡ ❧✬❆❢r✐q✉❡ s✉❜s❛❤❛r✐❡♥♥❡✳ ❘❡❣r♦✉♣é❡ ❛✉❥♦✉r✲
❞✬❤✉✐ s♦✉s ❧❛ ❈♦♠♠✉♥❛✉té ➱❝♦♥♦♠✐q✉❡ ❉❡s ➱t❛ts ❞❡ ❧✬❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st ✭❈❊❉❊❆❖✮✱ ❝❡tt❡
ré❣✐♦♥ ❝♦♥t✐❡♥t ❧❡s ♣❛②s ❞✉ ❇é♥✐♥✱ ❇✉r❦✐♥❛ ❋❛s♦✱ ❈❛♣✲❱❡rt✱ ❈♦t❡ ❞✬■✈♦✐r❡✱ ●❛♠❜✐❡✱ ●❤❛♥❛✱ ●✉✐✲
♥é❡✱ ●✉✐♥é❡✲❇✐ss❛✉✱ ▲✐❜ér✐❛✱ ▼❛❧✐✱ ◆✐❣❡r✱ ◆✐❣ér✐❛✱ ❙é♥é❣❛❧✱ ❙✐❡rr❛ ▲❡♦♥❡ ❡t ❚♦❣♦✳ ❆✈❡❝ ♣❧✉s ❞❡
✸✷✵ ♠✐❧❧✐♦♥s ❞✬❤❛❜✐t❛♥ts ❡t ✻ ✶✹✵ ✵✵✵ ❦♠✷✱ ❝✬❡st ❧❛ ré❣✐♦♥ ❛❢r✐❝❛✐♥❡ ❧❛ ♣❧✉s ❞❡♥sé♠❡♥t ♣❡✉♣❧é❡✳ ❊t
❝❡tt❡ ❞❡♥s✐✜❝❛t✐♦♥ ❞❡ ♣♦♣✉❧❛t✐♦♥ ✈❛ ❡♥❝♦r❡ ❛✉❣♠❡♥t❡r ❞❛♥s ❧❡s ♣r♦❝❤❛✐♥❡s ❞é❝❡♥♥✐❡s ❝❛r ❞✬❛♣rès
❧❡s ♣r♦❥❡❝t✐♦♥s ❞✉ s❡r✈✐❝❡ ❞é♠♦❣r❛♣❤✐q✉❡ ❞❡s ◆❛t✐♦♥s ❯♥✐❡s ✭❤tt♣s ✿✴✴❡s❛✳✉♥✳♦r❣✴✉♥♣❞✴✇♣♣✴✮✱
❝❡tt❡ ré❣✐♦♥ ❞❡ ❧✬❆❢r✐q✉❡ ❞❡✈r❛✐t ❛tt❡✐♥❞r❡ ✉♥ ♠✐❧❧✐❛r❞ ❞✬❤❛❜✐t❛♥ts ❞✬✐❝✐ ✷✶✵✵✱ s♦✐t tr♦✐s ❢♦✐s ♣❧✉s
q✉✬❛✉❥♦✉r❞✬❤✉✐✳

▲✬❛❣r✐❝✉❧t✉r❡ ❡st ❧✬❛❝t✐✈✐té ♣r✐♥❝✐♣❛❧❡ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ✭❃✼✵ ♣♦✉r ❝❡♥t ❬■❝❦♦✇✐❝③ ❡t ❛❧✳✱ ✷✵✶✷❪✮✱
r❡♣rés❡♥t❛♥t ❧❡s ♠♦②❡♥s ❞❡ s✉❜s✐st❛♥❝❡ ♣♦✉r ❞❡s ♠✐❧❧✐♦♥s ❞❡ ♣❡rs♦♥♥❡s q✉✐ ❡♥ ❞é♣❡♥❞❡♥t ♣♦✉r
❧❡s ❝éré❛❧❡s✱ ❧❛ ✈✐❛♥❞❡✱ ❧❡ ❧❛✐t✱ ❧❡ ❢✉♠✐❡r ❡t ❝♦♠♠❡ ✉♥ rés❡r✈♦✐r ❞❡ r✐❝❤❡ss❡ ❬▲② ❡t ❛❧✳✱ ✷✵✶✵❪✳ ❊♥
t❡r♠❡s ❞❡ s✉♣❡r✜❝✐❡ ❝✉❧t✐✈é❡✱ ❧❡s ❞✐① ♣r✐♥❝✐♣❛❧❡s ❝✉❧t✉r❡s s♦♥t ✿ ❧❡ ♠✐❧✱ ❧❡ s♦r❣❤♦✱ ❧❡ ♥✐é❜é✱ ❧❡
♠❛ïs✱ ❧✬❛r❛❝❤✐❞❡✱ ❧❡ ❝❛❝❛♦✱ ❧❡ ♠❛♥✐♦❝✱ ❧❡ r✐③✱ ❧✬✐❣♥❛♠❡ ❡t ❧❡ ♣❛❧♠✐❡r à ❤✉✐❧❡✳ ❈❡tt❡ ❛❣r✐❝✉❧t✉r❡
❡st ♠❛❥♦r✐t❛✐r❡♠❡♥t ♣❧✉✈✐❛❧❡✱ ❛✈❡❝ ♠♦✐♥s ❞❡ ✶✪ ❞✬✐rr✐❣❛t✐♦♥ s✉r ✉♥❡ s✉r❢❛❝❡ ❞❡ ✶✵ ♠✐❧❧✐♦♥s ❞✬❤❛
❝✉❧t✐✈és ❬●❛❞❡❧❧❡✱ ✷✵✵✶❪✳ ❖r ❝❡tt❡ ré❣✐♦♥ ❡st s♦✉♠✐s❡ à ✉♥❡ très ❢♦rt❡ s❛✐s♦♥♥❛❧✐té ❞❡s ♣ré❝✐♣✐t❛✲
t✐♦♥s✱ ❛✈❡❝ ❧❛ ♠♦✉ss♦♥✱ ❝♦♠♠❡ ❧❡ ♠♦♥tr❡ ❧❛ ❋✐❣✉r❡ ✸✳ ❙✉r ❧❛ ❋✐❣✉r❡ ✸✱ ♦♥ r❡♠❛rq✉❡ ❧❛ très ❢♦rt❡
s❛✐s♦♥♥❛❧✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞✉❡ à ❧❛ ♠♦✉ss♦♥ ❛❢r✐❝❛✐♥❡✳ ❈❡❧❛ ❛ ♣♦✉r ❝♦♥séq✉❡♥❝❡ ❞❡ ré♣❛rt✐r
❧✬❡♥s❡♠❜❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ✸✕✹ ♠♦✐s s❡✉❧❡♠❡♥t✳ ❙✐ ❧✬♦♥ ❛❥♦✉t❡ ❧❡s très ❢♦rt❡s t❡♠♣ér❛t✉r❡s
♣rés❡♥t❡s ❞❛♥s ❝❡tt❡ ré❣✐♦♥✱ ❧❛ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s ❡st ❞♦♥❝ ❝r✐t✐q✉❡ ♣♦✉r ❧✬❛❣r✐❝✉❧t✉r❡✳

  

Cumul saisonnier des precipitations
(Données 1998-2002 TRMM3B42V7)

Cumul des précipitations JFM Cumul des précipitations AMJ

Cumul des précipitations JAS Cumul des précipitations OND

❋✐❣✉r❡ ✸ ✕ ❈✉♠✉❧s s❛✐s♦♥♥✐❡rs ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s r❡♣rés❡♥t❛♥t ❧❡s ✈❛r✐❛t✐♦♥s ❧❛t✐t✉❞✐♥❛❧❡s ❞❡
❧❛ ❩❈■❚ ✭❞♦♥♥é❡s ❈▼❖❘P❍✮✳

✶✸



✵✳✷✳ ▲✬■◆❈❊❘❚■❚❯❉❊ ❉❊ ▲✬❆❋❘■◗❯❊ ❉❊ ▲✬❖❯❊❙❚ ❋❆❈❊ ❆❯ ❘➱❈❍❆❯❋❋❊▼❊◆❚
❈▲■▼❆❚■◗❯❊

✳ ❈❡♣❡♥❞❛♥t✱ ❧✬❛♠♣❧❡✉r ❡t ❧❡s ❝♦♥séq✉❡♥❝❡s ❞✉ ré❝❤❛✉✛❡♠❡♥t ❝❧✐♠❛t✐q✉❡ s✉r ❧❡s t❡♠♣ér❛✲
t✉r❡s ❡t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s r❡st❡♥t ❢♦rt❡♠❡♥t ✐♥❝❡rt❛✐♥❡s ❞❛♥s ❝❡tt❡ ré❣✐♦♥✳ ▲❛ ❋✐❣✉r❡ ✹✱ ❡①tr❛✐t❡
❞✉ r❛♣♣♦rt ❞❡ ❧✬■P❈❈ ✷✵✶✹ ❬❇❛rr♦s ❡t ❛❧✳✱ ✷✵✶✹❪✱ r❡♣rés❡♥t❡ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡ ❡t
❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✳ ▲❡s ❝♦✉r❜❡s r❡♣rés❡♥t❡♥t✱ ❡♥ ♥♦✐r✱ ❧❡s ♠❡s✉r❡s ♣❛ssé❡s
❡t ♣rés❡♥t❡s ❡t ❧❡s ❡♥✈❡❧♦♣♣❡s✱ ❧❡s ✻✸ s✐♠✉❧❛t✐♦♥s✳ ❖♥ ❞✐st✐♥❣✉❡ ✐❝✐ ✷ s❝é♥❛r✐♦s ❞✬é♠✐ss✐♦♥s✱ ✉♥
♣r❡♠✐❡r ❛✈❡❝ ❛✉❣♠❡♥t❛t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❞❡s é♠✐ss✐♦♥s ✭❡♥✈❡❧♦♣♣❡ r♦✉❣❡ ❘❈P✽✳✺✮ ❡t ✉♥ ❛✉tr❡
❛✈❡❝ ré❞✉❝t✐♦♥ ❞❡s é♠✐ss✐♦♥s ✭❡♥✈❡❧♦♣♣❡ ❜❧❡✉❡ ❘❈P✷✳✻✮✳ ❖♥ r❡♠❛rq✉❡ ❛❧♦rs q✉❡ ❧❡s ♣r♦❥❡❝t✐♦♥s
❞❡ t❡♠♣ér❛t✉r❡ ❞♦♥♥❡♥t ✉♥ s✐❣♥❛❧ ❛ss❡③ ❢♦rt✱ ❞❡ ✰✶ à ✰✺✝❈ ❡♥ ✷✶✵✵✳ ▲❡ s✐❣♥❛❧ s✉r ❧❡s ♣ré✲
❝✐♣✐t❛t✐♦♥s ♣❛r❛ît ❡♥ r❡✈❛♥❝❤❡ ❜❡❛✉❝♦✉♣ ♣❧✉s ✐♥❝❡rt❛✐♥ ❛✈❡❝ ± ✷✵✪ ❡♥ ✷✶✵✵✳ ❉❡ ♥♦♠❜r❡✉s❡s
ét✉❞❡s ❛✉t♦✉r ❞❡s ❡①trê♠❡s ❞❡ t❡♠♣ér❛t✉r❡s ❡t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♠♦♥tr❡♥t✱ q✉❛♥t à ❡❧❧❡s✱ ✉♥❡
t❡♥❞❛♥❝❡ à ❧✬❛✉❣♠❡♥t❛t✐♦♥ ✭❬P❛♥t❤♦✉ ❡t ❛❧✳✱ ✷✵✶✹❪✱ ❬❙②❧❧❛ ❡t ❛❧✳✱ ✷✵✶✵❪✮ ❣é♥ér❛♥t ✉♥❡ ❛✉❣♠❡♥t❛✲
t✐♦♥ ❞❡s é✈é♥❡♠❡♥ts ❡①trê♠❡s ✭✈❛❣✉❡s ❞❡ ❝❤❛❧❡✉rs✱ sé❝❤❡r❡ss❡s✱ ✐♥♦♥❞❛t✐♦♥s✱ ❡❝t✳✳✳✮ ❞❛♥s ❝❡tt❡
ré❣✐♦♥✳

❋✐❣✉r❡ ✹ ✕ ❱❛r✐❛t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡ ✭à ❣❛✉❝❤❡✮ ❡t ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ✭à ❞r♦✐t❡✮ ❡♥ ❆❢r✐q✉❡ ❞❡
❧✬❖✉❡st✱ ❞❡ ✶✾✺✵ à ❛✉❥♦✉r❞✬❤✉✐✱ ♣✉✐s ❧❡s ♣r♦❥❡❝t✐♦♥s ❞❡ ❧✬■P❈❈ ❥✉sq✉✬❡♥ ✷✶✵✵ ✭s❡❧♦♥ ✷ s❝é♥❛r✐♦s
❞✬é♠✐ss✐♦♥s✮ ❬❇❛rr♦s ❡t ❛❧✳✱ ✷✵✶✹❪✳

❈❡s ❢♦rt❡s ✐♥❝❡rt✐t✉❞❡s s❡ ré♣❡r❝✉t❡♥t s✉r ❧❡s ✐♠♣❛❝ts ♣♦t❡♥t✐❡❧s ❞✉ ré❝❤❛✉✛❡♠❡♥t s✉r ❧✬❛❣r✐✲
❝✉❧t✉r❡ ❞❛♥s ❝❡tt❡ ré❣✐♦♥✳ ❊♥ ❡✛❡t✱ ♠ê♠❡ s✐ ❧❛ t❡♥❞❛♥❝❡ s❡♠❜❧❡ ♠♦♥tr❡r ✉♥❡ ré❞✉❝t✐♦♥ ❞✬❡♥✈✐r♦♥
✶✵✪ ❞❡s r❡♥❞❡♠❡♥ts ❛❣r✐❝♦❧❡s ❬▼ü❧❧❡r ❡t ❛❧✳✱ ✷✵✶✵❪✱ ❞❛♥s ❬❘♦✉❞✐❡r ❡t ❛❧✳✱ ✷✵✶✶❪ ❧❡s ❛✉t❡✉rs ♠✐✲
t✐❣❡♥t ❝❡ rés✉❧t❛t✳ ❊♥ ❡✛❡t✱ ❡♥ ❝♦♠❜✐♥❛♥t ♠♦❞è❧❡ ❝❧✐♠❛t✐q✉❡ ❡t ♠♦❞é❧✐s❛t✐♦♥ ❛❣r♦♥♦♠✐q✉❡ s✉r
❧❡s ♣❛②s ❞✬❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st ✭◆✐❣❡r✱ ▼❛❧✐✱ ❇✉r❦✐♥❛ ❋❛s♦✱ ❙é♥é❣❛❧✱ ●❛♠❜✐❡✱ ❇é♥✐♥✱ ❚♦❣♦✱ ◆✐✲
❣❡r✐❛✱ ●❤❛♥❛✱ ▲✐❜❡r✐❛✱ ❙✐❡rr❛ ▲❡♦♥❡✱ ❈❛♠❡r♦✉♥✱ ●✉✐♥é❡✱ ●✉✐♥é❡ ❇✐ss❛✉ ❡t ❈ôt❡ ❞✬■✈♦✐r❡✮✱ ❧❡s
❛✉t❡✉rs ♦♥t ✐❞❡♥t✐✜é ❝✐♥q ♣❛r❛♠ètr❡s ♣♦✉r ❧❡sq✉❡❧s ❧❡ rés✉❧t❛t ❞❡s ♣r♦❥❡❝t✐♦♥s ❞✬é✈♦❧✉t✐♦♥ ❞❡
r❡♥❞❡♠❡♥t ét❛✐t très s❡♥s✐❜❧❡✳ ❉❛♥s ❝❡s ♣❛r❛♠ètr❡s✱ ♦♥ r❡tr♦✉✈❡ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ✈é❣ét❛t✐♦♥
♣❛r ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ CO2✱ ❧❡ s❝é♥❛r✐♦ ❞✬é♠✐ss✐♦♥s ❝❤♦✐s✐✱ ❧❡ ❝❤♦✐① ❞✉ ♠♦❞è❧❡ ❛❣r♦♥♦♠✐q✉❡✱ ❧❡
t②♣❡ ❞❡ ❝✉❧t✉r❡ ❡t ❧❛ ③♦♥❡ ❞✬ét✉❞❡✳ ❊♥ ❢❛✐s❛♥t ✈❛r✐❡r ❝❡s ♣❛r❛♠ètr❡s ❧❡s ❛✉t❡✉rs ♦♥t ♠♦♥tré q✉❡
♠ê♠❡ s✐ ❧❛ t❡♥❞❛♥❝❡ ét❛✐t à ❧❛ ❜❛✐ss❡✱ ❧❛ ❞✐s♣❡rs✐♦♥ ét❛✐t très ❣r❛♥❞❡✱ ❛❧❧❛♥t ❞❡ ✲✺✵✪ à ✰✾✵✪
❞✬é✈♦❧✉t✐♦♥ ❞❡s r❡♥❞❡♠❡♥ts ❞❛♥s ✉♥❡ ❝✐♥q✉❛♥t❛✐♥❡ ❞✬❛♥♥é❡s✳
❉❡ ♥♦♠❜r❡✉① ♣r♦❝❡ss✉s s♦♥t ✐♠♣❧✐q✉és ❞❛♥s ❧❡ ré❝❤❛✉✛❡♠❡♥t ❡t ❧❡s ❝♦✉♣❧❛❣❡s s♦♥t très ♥♦♠✲
❜r❡✉①✳ P❛r ❡①❡♠♣❧❡✱ ❞❛♥s ❬❉❡❢r❛♥❝❡ ❡t ❛❧✳✱ ✷✵✶✼❪✱ ❧❡s ❛✉t❡✉rs ét✉❞✐❡♥t ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞✉ ré❣✐♠❡
❞❡ ♠♦✉ss♦♥ ❧♦rs ❞✬✉♥❡ ❢♦♥t❡ r❛♣✐❞❡ ❞✉ ●r♦❡♥❧❛♥❞ ✭é✈é♥❡♠❡♥t ❞❡ ❍❡✐♥r✐❝❤✮ ❛✈❡❝ ✉♥ s❝é♥❛r✐♦
❞✬é♠✐ss✐♦♥ ❞❡ CO2 ❡♥ ❛✉❣♠❡♥t❛t✐♦♥ ✭❘❈P✽✳✺✮✳ ■❧s ♦♥t ❛❧♦rs ♦❜s❡r✈é ✉♥❡ ré❞✉❝t✐♦♥ ❞❡s ♣ré❝✐✲
♣✐t❛t✐♦♥s s✉r ❧❡ ❙❛❤❡❧✱ ❡♥❣❡♥❞r❛♥t ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❛♥s ❧❡s ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s✳ ■❧s ❝♦♥❝❧✉❡♥t
q✉❡ ✿ ❲❡ ❡st✐♠❛t❡ t❤❛t✱ ✇✐t❤♦✉t ❛♥② ❛❞❛♣t❛t✐♦♥ ♠❡❛s✉r❡s✱ t❡♥s t♦ ❤✉♥❞r❡❞s ♠✐❧❧✐♦♥ ♣❡♦♣❧❡ ❝♦✉❧❞
❜❡ ❢♦r❝❡❞ t♦ ❧❡❛✈❡ t❤❡ ❙❛❤❡❧ ❜② t❤❡ ❡♥❞ ♦❢ t❤✐s ❝❡♥t✉r②✳

✶✹
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✵✳✸ ▲✬♦❜s❡r✈❛t✐♦♥ ❝♦♠♠❡ ♠♦②❡♥ ❞✬❛❞❛♣t❛t✐♦♥

P♦✉r ❢❛✐r❡ ❢❛❝❡ ❛✉① r✐sq✉❡s ❛tt❡♥❞✉s ♣❛r ❧✬❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✱ ❞✐✛ér❡♥t❡s ✐♥✐t✐❛t✐✈❡s ❞✬❛❞❛♣t❛✲
t✐♦♥ s♦♥t ❛❝t✉❡❧❧❡♠❡♥t ♠✐s❡s ❡♥ ♣❧❛❝❡✳ ▲✬✉♥❡ ❞✬❡❧❧❡s✱ ❧✬✐♥✐t✐❛t✐✈❡ ♣♦✉r ❧✬❆❞❛♣t❛t✐♦♥ ❞❡ ❧✬❆❣r✐❝✉❧✲
t✉r❡ ❆❢r✐❝❛✐♥❡ ✭❆❆❆✮ ❛✉① ❝❤❛♥❣❡♠❡♥ts ❝❧✐♠❛t✐q✉❡s✱ ♣r♦♠❡✉t ❡t s♦✉t✐❡♥t tr♦✐s t②♣❡s ❞❡ s♦❧✉t✐♦♥s
❡♥ ♠❛t✐èr❡ ❞❡ ❣❡st✐♦♥ ❞❡s r✐sq✉❡s ❝❧✐♠❛t✐q✉❡s ✿ ✭✐✮ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❡t ❧✬❛♠é❧✐♦r❛t✐♦♥ ❞❡s s②s✲
tè♠❡s ❞✬♦❜s❡r✈❛t✐♦♥ ❡t ❞❡ ♣ré✈✐s✐♦♥✱ ✭✐✐✮ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧✬❛ss✉r❛♥❝❡ ❛❣r✐❝♦❧❡ ❡t ✭✐✐✐✮ ❧❡
❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s ♣r♦❣r❛♠♠❡s ❞❡ ❢♦r♠❛t✐♦♥✳ ❈✬❡st s✉r ❧❡ ♣r❡♠✐❡r ♣♦✐♥t✱ r❡❧❛t✐❢ à ❧✬❛♠é❧✐♦r❛✲
t✐♦♥ ❞❡s s②stè♠❡s ❞✬♦❜s❡r✈❛t✐♦♥✱ q✉❡ s✬✐♥s❝r✐t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ♣r♦❞✉✐ts s❛t❡❧❧✐t❛✐r❡s✳

▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ té❧é❞ét❡❝t✐♦♥ s❛t❡❧❧✐t❡ ❝♦♠♠❡ ♠♦②❡♥ ❞✬♦❜s❡r✈❛t✐♦♥ ♣♦✉r ❧❡ s✉✐✈✐ ❞❡ ❧❛ ❜✐♦✲
s♣❤èr❡ ❞❛t❡ ❞❡s ♣r❡♠✐❡rs s❛t❡❧❧✐t❡s ❝✐✈✐❧s ❞✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ ❚❡rr❡ ❞❛♥s ❧❡s ❛♥♥é❡s ✼✵✳ ❉✬❛❜♦r❞
❞❛♥s ❧❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ❞✉ ✈✐s✐❜❧❡✱ ❧❡s ❝❛♣t❡✉rs ❡♠❜❛rq✉és ♦♥t é✈♦❧✉é ❡t ♣❡r♠❡tt❡♥t ♠❛✐♥✲
t❡♥❛♥t ❞❡ ♠❡s✉r❡r ❞❡s r❛②♦♥♥❡♠❡♥ts ❞❛♥s ✉♥❡ ❧❛r❣❡ ♣❛❧❡tt❡ ❞❡ ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡✳ ❈❡s ❞❡r♥✐❡rs
s♦♥t ❝❤❛r❣és ❞✬❛❧✐♠❡♥t❡r ❧❡s ❜❛s❡s ❞❡ ❞♦♥♥é❡s ❞❡s s②stè♠❡s ❞✬❛❧❡rt❡ ♣ré❝♦❝❡ ❞❡ r✐sq✉❡s ❛❧✐♠❡♥✲
t❛✐r❡s✱ ❞✬❛ss✉r❛♥❝❡s ✐♥❞✐❝✐❡❧❧❡s✱ ❞❡ ❝❛❞❛str❡s✱ ❞✬❛❣r✐❝✉❧t✉r❡ ❞❡ ♣ré❝✐s✐♦♥ ❡t ♣❧✉s ❣❧♦❜❛❧❡♠❡♥t ♣♦✉r
❧❡ s✉✐✈✐ ❞❡s ❝✉❧t✉r❡s ❝✉❧t✐✈é❡s✳

❖♥ ♣❡✉t ❞✐✈✐s❡r ❡♥ ❞❡✉① ❣r♦✉♣❡s ❧❡s ♣r♦❞✉✐ts ✐ss✉s ❞✬♦❜s❡r✈❛t✐♦♥s s❛t❡❧❧✐t❛✐r❡s ♣♦✉✈❛♥t ré♣♦♥❞r❡
à ❧❛ ♣r♦❜❧é♠❛t✐q✉❡ ❞✉ s✉✐✈✐ ❞❡ ❝✉❧t✉r❡ ✿ ❧❡s ♣r♦❞✉✐ts r❡❧❛t✐❢s à ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❝❧✐♠❛t✐q✉❡ ❡t
❧❡s ♣r♦❞✉✐ts ♣❧✉s ❛①és s✉r ❧❛ ❜✐♦♣❤②s✐q✉❡ ❞❡ ❧❛ ✈é❣ét❛t✐♦♥✳ ❉❛♥s ❧❡ ♣r❡♠✐❡r ❣r♦✉♣❡ ♦♥ r❡tr♦✉✈❡
♣r✐♥❝✐♣❛❧❡♠❡♥t ❧❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥✱ ❞❡ r❛②♦♥♥❡♠❡♥t ❡t ❞❡ t❡♠♣ér❛t✉r❡✳ ❈❡s ❞❡r♥✐❡rs
♣❡r♠❡tt❡♥t ❞❡ ❞ér✐✈❡r ❞❡s ❛♥♦♠❛❧✐❡s ♣♦✉✈❛♥t ❛✈♦✐r ✉♥ ✐♠♣❛❝t s♦✐t ♣♦s✐t✐❢ ✭♣ré❝✐♣✐t❛t✐♦♥ ✐♠♣♦r✲
t❛♥t❡ ❝♦✉♣❧é❡ à ✉♥ ❜♦♥ r❛②♦♥♥❡♠❡♥t✱ ✳ ✳ ✳ ✮ ♦✉ ❛❧♦rs ♥é❣❛t✐❢ ✭sé❝❤❡r❡ss❡✱ ✈❛❣✉❡ ❞❡ ❝❤❛❧❡✉r✱ ✳ ✳ ✳ ✮✳
❉❛♥s ❧❡ s❡❝♦♥❞ ❣r♦✉♣❡✱ ♦♥ r❡tr♦✉✈❡ ❧❡s ♣r♦❞✉✐ts t❡❧s q✉❡ ❧❡s ✐♥❞✐❝❡s ❞✬❛❝t✐✈✐té ♣❤♦t♦s②♥t❤ét✐q✉❡
✭◆❉❱■✱ ❊❱■✱ ✢✉♦r❡s❝❡♥❝❡✱ ✳ ✳ ✳ ✮ ❡t ❧❡s s✉r❢❛❝❡s ❢♦❧✐❛✐r❡s ✭▲❆■✮✱ ❧✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ❡t ❧❛ t❡♠♣é✲
r❛t✉r❡ ❞❡ s✉r❢❛❝❡✱ ❧❛ ♣r♦❞✉❝t✐✈✐té ❡t ❜✐♦♠❛ss❡ ❡t ❡♥✜♥ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ✭❋✐❣✉r❡ ✺✮✳

▲❡s ❞♦♥♥é❡s ❧❡s ♣❧✉s ❝♦✉r❛♥t❡s r❡♣♦s❡♥t s✉r ❧❛ té❧é❞ét❡❝t✐♦♥ ♦♣t✐q✉❡ ❡t ♣r♦❝❤❡ ✐♥❢r❛r♦✉❣❡ ♣♦✉r
❞ér✐✈❡r ❧❡s ✐♥❞✐❝❡s ❞❡ ✈é❣ét❛t✐♦♥ ✭❱■s ♣♦✉r ❱❡❣❡t❛t✐♦♥ ■♥❞✐❝❡s✮ q✉✐ ❢♦✉r♥✐ss❡♥t ✉♥ ✐♥❞✐❝❛t❡✉r ❣❧♦✲
❜❛❧ ❞❡ ❧❛ ❝♦✉✈❡rt✉r❡ ❞❡ ❧❛ ❞❡ ♣❤♦t♦s②♥t❤ès❡ ♦✉ ❞❡ ❧✬✐♥❞✐❝❡ ❞❡ s✉r❢❛❝❡ ❢♦❧✐❛✐r❡ ✭❬❙❡❧❧❡rs ❡t ❛❧✳✱ ✶✾✾✷❪✱
❬●✉❛♥ ❡t ❛❧✳✱ ✷✵✶✺❪✮✳ ▲✬✐♥❞✐❝❡ ❞❡ ✈é❣ét❛t✐♦♥ ♥♦r♠❛❧✐sé ✭◆❉❱■✮ ❛ été ❧✬✉♥ ❞❡s ♣r❡♠✐❡rs ❱■s ❞é✈❡✲
❧♦♣♣és ❬❚✉❝❦❡r✱ ✶✾✼✾❪ ❡t ❛ été ❧❛r❣❡♠❡♥t ✉t✐❧✐sé ♣♦✉r ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ♦♣ér❛t✐♦♥♥❡❧❧❡ ❞❡s ❝✉❧t✉r❡s
✭❬▼❛s❡❧❧✐ ❡t ❛❧✳✱ ✶✾✾✷❪✱ ❬❋✉♥❦ ❛♥❞ ❇✉❞❞❡✱ ✷✵✵✾❪✮✳ ❉✐✈❡rs❡s ♠ét❤♦❞❡s ♣♦✉r ❡st✐♠❡r ❧❡ r❡♥❞❡♠❡♥t
❞❡s ❝✉❧t✉r❡s ♦♥t é❣❛❧❡♠❡♥t été ♣r♦♣♦sé❡s ❡♥ ✉t✐❧✐s❛♥t ❞❡s ♠❡s✉r❡s ❞❡ t❡♠♣ér❛t✉r❡ ❞❡ s✉r❢❛❝❡
✭▲❙❚✮✱ ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❡t ❞❡ r❛②♦♥♥❡♠❡♥t ♠✐❝r♦✲♦♥❞❡s✳ ▲❡s ♠❡s✉r❡s ❞❡ t❡♠♣ér❛t✉r❡ ❞❡ s✉r❢❛❝❡
♣❡✉✈❡♥t é❣❛❧❡♠❡♥t êtr❡ ✉t✐❧✐sé❡s ♣♦✉r ❡st✐♠❡r ❧✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥✱ ❝❡ q✉✐ ♣❡✉t êtr❡ étr♦✐t❡✲
♠❡♥t ❧✐é à ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❧✬❡❛✉ ❞❡ ❧❛ ♣❧❛♥t❡ ✭❬❆♥❞❡rs♦♥ ❡t ❛❧✳✱ ✷✵✶✸❪✮✳ ▲❛ ✢✉♦r❡s❝❡♥❝❡ ❛
é❣❛❧❡♠❡♥t été ✉t✐❧✐sé❡ ❝♦♠♠❡ ♣r♦①② ❞❡ ❧❛ ♣❤♦t♦s②♥t❤ès❡ ❞❡s ♣❧❛♥t❡s ✭❬●✉❛♥t❡r ❡t ❛❧✳✱ ✷✵✶✹❪✱
❬●✉❛♥ ❡t ❛❧✳✱ ✷✵✶✻❪✮✳ ❊♥✜♥✱ ❧❡s ♠✐❝r♦✲♦♥❞❡s ♦♥t été ✉t✐❧✐sé❡s ♣♦✉r ❞ér✐✈❡r ❧✬é♣❛✐ss❡✉r ♦♣t✐q✉❡ ❞❡
❧❛ ✈é❣ét❛t✐♦♥✱ q✉✐ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧✐é❡ à ❧❛ t❡♥❡✉r ❡♥ ❡❛✉ ❞❡ ❧❛ ✈é❣ét❛t✐♦♥ ❡t à ❧❛ ❜✐♦♠❛ss❡
✭❬▲✐✉ ❡t ❛❧✳✱ ✷✵✶✶❪✱ ❬●✉❛♥ ❡t ❛❧✳✱ ✷✵✶✹❪✮✳
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❋✐❣✉r❡ ✺ ✕ ❊①❡♠♣❧❡s ❞❡ ♣❛r❛♠ètr❡s ❞❡ ❧❛ ✈é❣ét❛t✐♦♥ ♠❡s✉r❛❜❧❡s ♣❛r té❧é❞ét❡❝t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❞✐✛ér❡♥t❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡✳

❇✐❡♥ q✉❡ ❞❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s ❛✐❡♥t ♠♦♥tré ❞❡ ❜♦♥♥❡s r❡❧❛t✐♦♥s ❡♥tr❡ ❞✐✛é✲
r❡♥ts ❱■s ❡t ❧❡ r❡♥❞❡♠❡♥t ❞❡s ❝✉❧t✉r❡s ✭❬❇♦❧t♦♥ ❛♥❞ ❋r✐❡❞❧✱ ✷✵✶✸❪✱ ❬▼❦❤❛❜❡❧❛ ❡t ❛❧✳✱ ✷✵✶✶❪✱
❬▲❡r♦✉① ❡t ❛❧✳✱ ✷✵✶✻❪✮✱ ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞✉ str❡ss ❤②❞r✐q✉❡ ❞❛♥s ❝❡tt❡ r❡❧❛t✐♦♥
✭❬■♥❡s ❡t ❛❧✳✱ ✷✵✶✸❪✱ ❬▼❝◆❛❧❧② ❡t ❛❧✳✱ ✷✵✶✺❪✮ ❡st r❡sté ♣❡✉ ❡①♣❧♦✐té✳ ❈❡❧❛ s✬❡①♣❧✐q✉❡ ♥♦t❛♠♠❡♥t
♣❛r ❧❛ ❧❛r❣❡ ✉t✐❧✐s❛t✐♦♥ ❞❡s ❞♦♥♥é❡s s❛t❡❧❧✐t❛✐r❡s ❞❛♥s ❧❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ❞✉ ✈✐s✐❜❧❡ ❡t ❞❡
❧✬✐♥❢r❛r♦✉❣❡ ❞❡♣✉✐s ❧❡ ❞é❜✉t ❞❡s ❛♥♥é❡s ✽✵ ✭t❡❧s q✉❡ ❆❱❍❘❘✱ ▼❖❉■❙✱ ❱■■❘❙ ❡t ❧❡s ❝❛♣t❡✉rs
s❛t❡❧❧✐t❡s ❣é♦st❛t✐♦♥♥❛✐r❡s✮✳ ▲❡s ♠❡s✉r❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧✱ ♥é❝❡ss✐t❛♥t ❧❛ ♠❡s✉r❡ ❞❡ ❧♦♥❣✉❡✉rs
❞✬♦♥❞❡ ♣❧✉s ❣r❛♥❞❡s ✭∼✸✵ ❝♠✮✱ s♦✉s✲❡♥t❡♥❞❡♥t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❣r❛♥❞❡s ❛♥t❡♥♥❡s ✭❞♦♥❝ ❞❡s t❡❝❤✲
♥♦❧♦❣✐❡s ♣❧✉s ❛✈❛♥❝é❡s✮ ♣♦✉r ❝❛♣t❡r ❧❡s ❢❛✐❜❧❡s é♠✐ss✐♦♥s ❞❡ ❧❛ t❡rr❡✳ P♦✉r ❝❡tt❡ r❛✐s♦♥✱ s❡✉❧s
❞❡✉① s❛t❡❧❧✐t❡s ♦♥t été s♣é❝✐✜q✉❡♠❡♥t ❞é✈❡❧♦♣♣és ♣♦✉r s✉r✈❡✐❧❧❡r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ✿ ❧❛ ♠✐ss✐♦♥
❞❡ ❙♦✐❧ ▼♦✐st✉r❡ ❛♥❞ ❖❝❡❛♥ ❙❛❧✐♥✐t② ✭❙▼❖❙✮ ❧❛♥❝é❡ ♣❛r ❧✬❊❙❆ ✜♥ ✷✵✵✾ ✭❬❑❡rr ❡t ❛❧✳✱ ✷✵✵✶❪✱
❬❑❡rr ❡t ❛❧✳✱ ✷✵✶✻❪✮ ❡t ❙♦✐❧ ▼♦✐st✉r❡ ❆❝t✐✈❡✴P❛ss✐✈❡ ✭❙▼❆P✮ ❧❛♥❝é❡ ♣❛r ❧❛ ◆❆❙❆ ❛✉ ❞é❜✉t ❞❡
✷✵✶✺ ✭❬❊♥t❡❦❤❛❜✐ ❡t ❛❧✳✱ ✷✵✶✵❛❪✮✳ ❆✉♣❛r❛✈❛♥t✱ ❧❡s ❛❧❣♦r✐t❤♠❡s ❞✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧
ét❛✐❡♥t ❜❛sés s✉r ❞❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ♣❧✉s ❝♦✉rt❡s✱ t❡❧s q✉❡ ❆▼❙❘✲❊ ♦✉ ❆❙❈❆❚ ♠❛✐s ❛✈❡❝
✉♥❡ ❛tté♥✉❛t✐♦♥ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ❞✉ s✐❣♥❛❧ é♠✐s ♣❛r ❧❡ s♦❧ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❝♦✉✈❡rt✉r❡ ✈é❣ét❛❧❡✳
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✵✳✹ ❖❜❥❡❝t✐❢s ❡t ♣❧❛♥ ❞❡ ❧❛ t❤ès❡

❉❛♥s ❞❡s ③♦♥❡s ✈✉❧♥ér❛❜❧❡s ❝♦♠♠❡ ❧✬❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✱ ❧❛ ✈❛❧❡✉r ❛❥♦✉té❡ ❞✬✐♥❢♦r♠❛t✐♦♥s
❝♦♥❝❡r♥❛♥t ❧❛ r❡♣rés❡♥t❛t✐♦♥ à ❧❛r❣❡ é❝❤❡❧❧❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡st ✐♠♣♦rt❛♥t❡✳ ❊♥ ❡✛❡t✱ ❧❡ ❢♦rt
r❛②♦♥♥❡♠❡♥t s♦❧❛✐r❡ ❝♦✉♣❧é à ❧❛ ❢♦rt❡ ✈❛r✐❛❜✐❧✐té ♣❧✉✈✐♦♠étr✐q✉❡ r❡♥❞ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✱ ❢❛❝t❡✉r
❧✐♠✐t❛♥t ❞❡ ♥♦♠❜r❡✉① ♣r♦❝❡ss✉s ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❝♦♥t✐♥❡♥t❛❧❡✱ ♥♦t❛♠♠❡♥t ❧❛ ❝r♦✐ss❛♥❝❡ ✈é❣ét❛❧❡✳
❈❡♣❡♥❞❛♥t✱ ❧❡ rés❡❛✉ ❞✬♦❜s❡r✈❛t✐♦♥s ✐♥✲s✐t✉ ♥❡ ♣❡r♠❡t ♣❛s ❞❡ r❡♣rés❡♥t❛t✐♦♥ à ❧❛r❣❡ é❝❤❡❧❧❡✳
▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ té❧é❞ét❡❝t✐♦♥ ❡t ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ s♦♥t ❞♦♥❝ ❞❡s s♦❧✉t✐♦♥s ♣r♦♣♦sé❡s✳

❆✜♥ ❞✬✐♥✈❡st✐❣✉❡r ❝❡s t❤é♠❛t✐q✉❡s✱ ❝❡tt❡ t❤ès❡ s✬❛rt✐❝✉❧❡ s❡❧♦♥ ✸ ♣r♦❜❧é♠❛t✐q✉❡s ✿

✶✳ ❈♦♠♠❡♥t ❡st✐♠❡r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st ❄
◆♦✉s ✈❡rr♦♥s ❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✶✱ ✉♥ ét❛t ❞❡ ❧✬❛rt s✉r ❧✬❡st✐♠❛t✐♦♥ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧✱ ❛✈❡❝ s❛
❞é✜♥✐t✐♦♥✱ s❡s ✐♥t❡r❛❝t✐♦♥s ❞❛♥s ❧❡ s②stè♠❡ ❚❡rr❡ ❡t ❧❡s ♠ét❤♦❞❡s ❝❧❛ss✐q✉❡s ❞✬❡st✐♠❛t✐♦♥✱
à s❛✈♦✐r ❧❛ ♠❡s✉r❡ ✐♥✲s✐t✉✱ ❧❛ té❧é❞ét❡❝t✐♦♥ ❡t ❧❛ ♠♦❞é❧✐s❛t✐♦♥✳ ❉❛♥s ❧❡ ❈❤❛♣✐tr❡ ✷✱ ♥♦✉s
❛♣♣❧✐q✉❡r♦♥s ❝❡s ♠ét❤♦❞❡s s♣é❝✐✜q✉❡♠❡♥t à ❧✬❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✳ ❈❡s ♠ét❤♦❞❡s ♦♥t ❝❡r✲
t❛✐♥❡s ❧✐♠✐t❡s ❡t ✐♥❝❡rt✐t✉❞❡s q✉✐ ❜r✐❞❡♥t ❧❡✉rs ✉t✐❧✐s❛t✐♦♥s✳ ❆✐♥s✐✱ ❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✸✱ ♥♦✉s
✈❡rr♦♥s ❝♦♠♠❡♥t ❝♦✉♣❧❡r ❧❡s ❞♦♥♥é❡s ❞❡ té❧é❞ét❡❝t✐♦♥ à ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❛✜♥ ❞❡ ré❞✉✐r❡
❧✬✐♥❝❡rt✐t✉❞❡ ❡t ❛♠é❧✐♦r❡r ❧❛ q✉❛❧✐té ❞❡s ❡st✐♠❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡♥ ③♦♥❡ r❛❝✐♥❛✐r❡ à
❧❛r❣❡ é❝❤❡❧❧❡✳

✷✳ ◗✉❡❧ ❡st ❧❡ ♣♦t❡♥t✐❡❧ ❞❡s ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à ❡①♣❧✐q✉❡r ❧❡s ✈❛r✐❛t✐♦♥s
❞❡ r❡♥❞❡♠❡♥t ❛❣r✐❝♦❧❡ ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st ❄
❉❛♥s ❧❡ ❈❤❛♣✐tr❡ ✹ ✉♥❡ ❛♥❛❧②s❡ ❡st ❡✛❡❝t✉é❡ ❛✜♥ ❞✬ét✉❞✐❡r ❧❡ ♣♦t❡♥t✐❡❧ ❞✉ ♣r♦❞✉✐t ❞✬❤✉♠✐✲
❞✐té ❞✉ s♦❧ à ❡st✐♠❡r ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ r❡♥❞❡♠❡♥ts ❝éré❛❧✐❡rs ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✳ P♦✉r
❝❡❧❛ ♥♦✉s ét✉❞✐❡r♦♥s t♦✉t ❞✬❛❜♦r❞ ✉♥ ❝❛s à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡ ❛✜♥ ❞❡ ❝❛r❛❝tér✐s❡r ❧❡ ❧✐❡♥ ❡♥tr❡
❧❡s ❞❡✉① ✈❛r✐❛❜❧❡s✳ ❉❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s✱ ♥♦✉s ✉t✐❧✐s❡r♦♥s ❧❡ ♣r♦❞✉✐t ❞✬❤✉♠✐❞✐té ❞✉ s♦❧
❞é✈❡❧♦♣♣é ❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✸ ❛✜♥ ❞✬❡st✐♠❡r ❧❡ ♣♦t❡♥t✐❡❧ à ❧❛r❣❡ é❝❤❡❧❧❡✳

✸✳ ❈♦♠♠❡♥t ❛♠é❧✐♦r❡r ❧✬❡st✐♠❛t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣❛r s❛t❡❧❧✐t❡ à ♣❛rt✐r ❞❡s
♦❜s❡r✈❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❙▼❖❙❄
▲❛ ♣r♦❜❧é♠❛t✐q✉❡ ❞❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ à ❧❛r❣❡ é❝❤❡❧❧❡ t✐❡♥t ❛✉ss✐ à ❧❛
q✉❛❧✐té ❞❡s ❡st✐♠❛t✐♦♥s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ❖r✱ ❞❛♥s ❧❛ ♠ét❤♦❞❡ ❞é✈❡❧♦♣♣é❡ ❈❤❛♣✐tr❡ ✸ ✐❧
❡st ♣♦ss✐❜❧❡ ❞✬✐♥té❣r❡r ❧❡s ✐♥❢♦r♠❛t✐♦♥ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ♣❛r té❧é❞ét❡❝t✐♦♥ ❞❛♥s ❧❡s ♣r♦❞✉✐ts
❞❡ ♣ré❝✐♣✐t❛t✐♦♥s s❛t❡❧❧✐t❛✐r❡s ❛✜♥ ❞❡ ré❞✉✐r❡ ❧❡✉rs ✐♥❝❡rt✐t✉❞❡s✱ ❡t ❛✐♥s✐ ❛♠é❧✐♦r❡r ❧❡✉rs
❡st✐♠❛t✐♦♥s✳ ❉❛♥s ❧❡ ❈❤❛♣✐tr❡ ✺✱ ♥♦✉s ✈❡rr♦♥s ❝♦♠♠❡♥t ✐♥té❣r❡r ❧❡s ❞♦♥♥é❡s ❞✬❤✉♠✐❞✐té
❞✉ s♦❧ ✐ss✉❡s ❞✉ s❛t❡❧❧✐t❡ ❙▼❖❙ ♣❛r ❛ss✐♠✐❧❛t✐♦♥ ♣✉✐s ❝♦♠♠❡♥t ❧❡s ❛♣♣❧✐q✉❡r à ✉♥ ♣r♦❞✉✐t
❞❡ ♣ré❝✐♣✐t❛t✐♦♥ à ❤❛✉t❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡✱ ❡t ✉t✐❧✐sé ♣❛r ❧❡s ❛❣❡♥❝❡s ❞❡ s✉✐✈✐ ❛❣r✐❝♦❧❡✱ ❧❡
♣r♦❞✉✐t ❚❆▼❙❆❚✳

✶✼



✵✳✹✳ ❖❇❏❊❈❚■❋❙ ❊❚ P▲❆◆ ❉❊ ▲❆ ❚❍➮❙❊

▼❡s tr❛✈❛✉① ❞❡ r❡❝❤❡r❝❤❡ ♠✬♦♥t ♣❡r♠✐s ❞❡ ❝♦♥tr✐❜✉❡r à ❞✐✛ér❡♥t❡s ♣✉❜❧✐❝❛t✐♦♥s ❞❛♥s ❞❡s
r❡✈✉❡s à ❝♦♠✐té ❞❡ r❡❧❡❝t✉r❡ ✿

P✉❜❧✐❝❛t✐♦♥s
✖ ➱t✉❞❡s ❞❡s ❡✛❡ts t♦♣♦❣r❛♣❤✐q✉❡s s✉r ❧❛ r❛❞✐♦♠étr✐❡ ❡♥ ❜❛♥❞❡ ▲ ✿

❚✳ P❡❧❧❛r✐♥✱ ❆✳ ▼✐❛❧♦♥✱ ❘✳ ❇✐r♦♥✱ ❈✳ ❈♦✉❧❛✉❞✱ ❋✳ ●✐❜♦♥✱ ❨✳ ❑❡rr✱ ▼✳ ▲❛✲
❢❛②ss❡✱ ❇✳ ▼❡r❝✐❡r✱ ❙✳ ▼♦r✐♥✱ ■✳ ❘❡❞♦r✱ ▼✳ ❙❝❤✇❛♥❦✱ ■✳ ❱ö❧❦s❝❤ ✿ ❚❤r❡❡ ②❡❛rs
♦❢ ▲✲❜❛♥❞ ❜r✐❣❤t♥❡ss t❡♠♣❡r❛t✉r❡ ♠❡❛s✉r❡♠❡♥ts ✐♥ ❛ ♠♦✉♥t❛✐♥♦✉s ❛r❡❛ ✿ ❚♦♣♦✲
❣r❛♣❤②✱ ✈❡❣❡t❛t✐♦♥ ❛♥❞ s♥♦✇♠❡❧t ✐ss✉❡s✱ ✷✵✶✻✱ ❘❡♠♦t❡ ❙❡♥s✐♥❣ ❢♦r ❊♥✈✐r♦♥♠❡♥t✱
❉❖■ ✿✶✵✳✶✵✶✻✴❥✳rs❡✳✷✵✶✻✳✵✷✳✵✹✼✳

✖ ❆ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ ❞❛♥s ✉♥ ♠♦❞è❧❡ ❤②❞r♦❧♦❣✐q✉❡ ❛✈❡❝ ét✉❞❡ ❧✬✐♠♣❛❝t
s✉r ❧❡s ❞é❜✐ts ✿
❉✳ ▲❡r♦✉①✱ ❚✳ P❡❧❧❛r✐♥✱ ❚✳ ❱✐s❝❤❡❧✱ ❏▼✳ ❈♦❤❛r❞✱ ❚✳ ●❛s❝♦♥✱ ❋✳ ●✐❜♦♥✱ ❆✳ ▼✐❛❧♦♥✱ ❙✳
●❛❧❧❡✱ ❈✳ P❡✉❣❡♦t ❡t ▲✳ ❙❡❣✉✐s✱ ❆ss✐♠✐❧❛t✐♦♥ ♦❢ ❙▼❖❙ s♦✐❧ ♠♦✐st✉r❡ ✐♥t♦ ❛ ❞✐str✐❜✉t❡❞
❤②❞r♦❧♦❣✐❝❛❧ ♠♦❞❡❧ ❛♥❞ ✐♠♣❛❝ts ♦♥ t❤❡ ✇❛t❡r ✈❛r✐❛❜❧❡ ♦✈❡r t❤❡ ❖✉é♠é ❝❛t❝❤♠❡♥t ✐♥
❇é♥✐♥✱ ✷✵✶✻✱ ❍❊❙❙✱ ❉❖■ ✿✶✵✳✺✶✾✹✴❤❡ss✲✷✵✲✷✽✷✼✲✷✵✶✻✳

✖ ❈♦♠♣❛r❛✐s♦♥ ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ ❞❛♥s ❞❡✉① ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡✱
❡t ❝♦rr❡❝t✐♦♥s ❞❡s ❡rr❡✉rs ❞❡ ♣❧✉✐❡s s❛t❡❧❧✐t❡ ✿
❈✳ ❘♦♠❛♥✲❈❛s❝♦♥✱ ❚✳ P❡❧❧❛r✐♥✱ ❋✳ ●✐❜♦♥✱ ▲✳ ❇r♦❝❝❛✱ ❊✳ ❈♦s♠❡✱ ❲✳ ❈r♦✇✱ ❉✳
❋❡r♥❛♥❞❡s✲P✐❡tr♦✱ ❨✳ ❑❡rr ❡t ❈✳ ▼❛ss❛r✐✱ ❈♦rr❡❝t✐♥❣ s❛t❡❧❧✐t❡✲❜❛s❡❞ ♣r❡❝✐♣✐t❛t✐♦♥ ♣r♦✲
❞✉❝ts t❤r♦✉❣❤ ❙▼❖❙ s♦✐❧ ♠♦✐st✉r❡ ❞❛t❛ ❛ss✐♠✐❧❛t✐♦♥ ✐♥ t✇♦ ❧❛♥❞✲s✉r❢❛❝❡ ♠♦❞❡❧s ♦❢
❞✐✛❡r❡♥t ❝♦♠♣❧❡①✐t② ✿ ❆P■ ❛♥❞ ❙❯❘❋❊❳✱ ✷✵✶✻✱ ❘❡♠♦t❡ ❙❡♥s✐♥❣ ❢♦r ❊♥✈✐r♦♥♥❡♠❡♥t✱
❉❖■ ✿✶✵✳✶✵✶✻✴❥✳rs❡✳✷✵✶✼✳✵✽✳✵✷✷✳

✖ ➱t✉❞❡ ❞❡ ❧✬✐♠♣❛❝t ❞❡s ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ s✉r ❧❡s r❡♥❞❡♠❡♥ts ❞❡
♠✐❧ ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st ✿
❋✳ ●✐❜♦♥✱ ❚✳ P❡❧❧❛r✐♥✱ ❈✳ ❘♦♠á♥✲❈❛s❝ó♥✱ ❆✳ ❆❧❤❛ss❛♥❡✱ ❙✳ ❚r❛♦ré✱ ❨✳ ❑❡rr✱ ❉✳ ▲♦
❙❡❡♥✱ ❈✳ ❇❛r♦♥✱▼✐❧❧❡t ❨✐❡❧❞ ❡st✐♠❛t✐♦♥s ✐♥ ❙❛❤❡❧ ✉s✐♥❣ s❛t❡❧❧✐t❡ ❞❡r✐✈❡❞ s♦✐❧ ♠♦✐st✉r❡
t✐♠❡ s❡r✐❡s✱ ✷✵✶✼✱ ❆❣r✐❝✉❧t✉r❛❧ ❛♥❞ ❋♦r❡st ▼❡t❡♦r♦❧♦❣② ✭✐♥ r❡✈✐❡✇✮

❙▼❖❙ s✉r✈♦❧❛♥t ❧❡ ❙❛❤❡❧ s✉r ❢♦♥❞ ❞❡ ❝❛rt❡ ❙❯❘❋❊❳✳
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❈❤❛♣✐tr❡ ✶

▲✬❤✉♠✐❞✐té ❞✉ s♦❧✱ ✈❛r✐❛❜❧❡ ❝❧é

✶✳✶ Pré❛♠❜✉❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✶✳✷ ◗✉✬❡st ❝❡ q✉❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❄ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✶✳✸ ▲✬❤✉♠✐❞✐té ❞✉ s♦❧ ✐♥t❡r✈✐❡♥t ❞❛♥s✳✳✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✶✳✸✳✶ ✳✳✳ ❧❡ ❝②❝❧❡ ❞❡ ❧✬❡❛✉ ❡t ❧❛ ❜❛❧❛♥❝❡ é♥❡r❣ét✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✶✳✸✳✶✳✶ ❘ô❧❡ ❞❛♥s ❧❡ ❝②❝❧❡ ❞❡ ❧✬❡❛✉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✶✳✸✳✶✳✷ ❘ô❧❡ ❞❛♥s ❧❛ ❜❛❧❛♥❝❡ é♥❡r❣ét✐q✉❡ ❞❡ s✉r❢❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✶✳✸✳✶✳✸ ▲❡s rétr♦❛❝t✐♦♥s ❤✉♠✐❞✐té ❞✉ s♦❧ ⇀↽ ❛t♠♦s♣❤èr❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✶✳✸✳✷ ✳✳✳ ❧❡s ❣r❛♥❞s ❝②❝❧❡s ❜✐♦❣é♦❝❤✐♠✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✶✳✹ ▼ét❤♦❞❡s ❞✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✶✳✹✳✶ ▲❛ ♠❡s✉r❡ ✐♥✲s✐t✉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✶✳✹✳✷ ▲❡s ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✶✳✹✳✸ ▲❛ té❧é❞ét❡❝t✐♦♥ s♣❛t✐❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✶✳✺ Pr♦❜❧é♠❛t✐q✉❡ ❞❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❡♥ ③♦♥❡ r❛❝✐♥❛✐r❡ ✳ ✳ ✸✵

✶✾



✶✳✶✳ P❘➱❆▼❇❯▲❊

✶✳✶ Pré❛♠❜✉❧❡

▲✬❤✉♠✐❞✐té ❞✉ s♦❧ ❛ été ❞é❝❧❛ré❡ ❊ss❡♥t✐❛❧ ❈❧✐♠❛t❡ ❱❛r✐❛❜❧❡ ✭❊❈❱✮ ❡♥ ✷✵✶✵ ♣❛r ❧✬❊✉r♦♣❡❛♥
❙♣❛❝❡ ❆❣❡♥❝② ✭❊❙❆✮ ❡♥ s✉♣♣♦rt ❞✉ tr❛✈❛✐❧ ❞❡ ❧✬❯♥✐t❡❞ ◆❛t✐♦♥s ❋r❛♠❡✇♦r❦ ❈♦♥✈❡♥t✐♦♥ ♦♥
❈❧✐♠❛t❡ ❈❤❛♥❣❡ ✭❯◆❋❈❈✮ ❡t ❞❡ ❧✬■P❈❈✳ ❈✬❡st ✉♥❡ ❞❡s ✈❛r✐❛❜❧❡s ❝❧és ❞❡ ❧✬✐♥t❡r❢❛❝❡ s♦❧✴❜✐♦s♣❤è✲
r❡✴❛t♠♦s♣❤èr❡✳ ▼❛❧❣ré s❛ ❢❛✐❜❧❡ ♣r♦♣♦rt✐♦♥ ♣❛r r❛♣♣♦rt à ❧❛ q✉❛♥t✐té t♦t❛❧❡ ❞✬❡❛✉ s✉r ❚❡rr❡
✭s❡✉❧❡♠❡♥t ✵✳✵✺✪ ❞❡ ❧✬❡❛✉ ❞♦✉❝❡ ❡t ✵✳✵✵✶✪ ❞❡ ❧✬❡❛✉ t♦t❛❧❡ ❬●❧❡✐❝❦✱ ✶✾✾✸❪✮✱ ❧❡s ✐♠♣❛❝ts ❞❡ s❡s
✈❛r✐❛t✐♦♥s s♦♥t très ❢♦rts s✉r ❧❡ ❝②❝❧❡ ❞❡ ❧✬❡❛✉✱ ❞✉ ❝❛r❜♦♥❡ ❡t ❞❡ ❧❛ ❜❛❧❛♥❝❡ é♥❡r❣ét✐q✉❡✳ ❊♥ ❡✛❡t✱
❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ✐♥t❡r✈✐❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡ ♥♦♠❜r❡✉① ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s t❡❧s q✉❡ ❧❡ ❞é✈❡❧♦♣✲
♣❡♠❡♥t ❞❡ ❧❛ ✈é❣ét❛t✐♦♥✱ ❧❡ r❡♠♣❧✐ss❛❣❡ ❞❡s ❛q✉✐❢èr❡s ♦✉ ❡♥❝♦r❡ ❧❡ r✉✐ss❡❧❧❡♠❡♥t ❞❡ s✉r❢❛❝❡✳ ▲❛
q✉❛❧✐té ❞❡s ♣ré✈✐s✐♦♥s ♠été♦r♦❧♦❣✐q✉❡s ♦✉ ❡♥❝♦r❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❝❧✐♠❛t✐q✉❡ ❞é♣❡♥❞❡♥t ❛✉ss✐ ❞❡
❧❛ q✉❛❧✐té ❞❡s r❡♣rés❡♥t❛t✐♦♥s ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❞❛♥s ❧❡s s❝❤é♠❛s ❞❡ s✉r❢❛❝❡✳ ❊♥ ❡✛❡t✱ ❞❛♥s
❬❇♦é ❛♥❞ ❚❡rr❛②✱ ✷✵✶✹❪✱ ❧❡s ❛✉t❡✉rs ♠♦♥tr❡♥t q✉❡ ❧✬✐♠♣❛❝t ❞✉ ré❝❤❛✉✛❡♠❡♥t ♣ré✈✉ s✉r ❧✬❊✉r♦♣❡
s❡ tr❛❞✉✐t✱ s✉✐✈❛♥t ❧❡s ♠♦❞è❧❡s ❞❡ ❝❧✐♠❛t ♣❛r ✿ ✉♥❡ ❢♦rt❡ ré❞✉❝t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣♦✉r ❧❡s
♠♦❞è❧❡s ❞♦♥t ❧✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ❡st ❧✐♠✐té❡ ♣❛r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✱ ♦✉ ❛✉ ❝♦♥tr❛✐r❡✱ ❞❡s ♣ré❝✐✲
♣✐t❛t✐♦♥s ✐♥❝❤❛♥❣é❡s ♣♦✉r ❧❡s ♠♦❞è❧❡s ♦✉ ❧✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ♥✬❡st ♣❛s ❧✐♠✐té❡ ♣❛r ❧✬❤✉♠✐❞✐té
❞✉ s♦❧✳ P♦✉✈♦✐r ét✉❞✐❡r ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ ❝❡ ♣❛r❛♠ètr❡ à ❧✬é❝❤❡❧❧❡ ❣❧♦❜❛❧❡ ❡st ❞♦♥❝ ♣r✐♠♦r❞✐❛❧
❞❛♥s ✉♥ ❝♦♥t❡①t❡ ❞❡ ❝❧✐♠❛t ❝❤❛♥❣❡❛♥t✳ ▲♦♥❣t❡♠♣s ❞✐✣❝✐❧❡ à ❡st✐♠❡r à ❧✬é❝❤❡❧❧❡ ♠♦♥❞✐❛❧❡ ❢❛✉t❡
❞❡ ❢❛✐❜❧❡ ❞❡♥s✐té ❞❡s rés❡❛✉① ✐♥✲s✐t✉ ♥é❝❡ss❛✐r❡s ♣♦✉r ♦❜s❡r✈❡r ❝❡s ✈❛r✐❛t✐♦♥s✱ ❧❡s é✈♦❧✉t✐♦♥s
t❡❝❤♥♦❧♦❣✐q✉❡s ❡♥ ♠❛t✐èr❡ ❞❡ té❧é❞ét❡❝t✐♦♥ s♣❛t✐❛❧❡ ❡t ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ♥✉♠ér✐q✉❡ ♣❡r♠✐r❡♥t ❞❡
❣r❛♥❞❡s ❛✈❛♥❝é❡s ❞❛♥s ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❧❛♥èt❡✳

✶✳✷ ◗✉✬❡st ❝❡ q✉❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❄

❆✈❛♥t t♦✉t✱ ❝♦♠♠❡♥ç♦♥s ♣❛r ✉♥❡ ❜rè✈❡ ❞é✜♥✐t✐♦♥ ❝♦♠♠❡ ❧❛ q✉❛♥t✐té ❞✬❡❛✉ ❝♦♥t❡♥✉❡ ❞❛♥s ❧❛
③♦♥❡ ♥♦♥ s❛t✉ré❡ ❞✉ s♦❧ ✭❛✉ss✐ ❛♣♣❡❧é❡ ③♦♥❡ ❞❡ ❱❛❞♦s❡✮✳❊❧❧❡ s✬❡①♣r✐♠❡ ❝♦♠♠❡ ❧❡ r❛♣♣♦rt ❡♥tr❡
❧❡ ✈♦❧✉♠❡ ❞✬❡❛✉ ❝♦♥t❡♥✉ ❞❛♥s ✉♥ ✈♦❧✉♠❡ ❞❡ s♦❧ ✭✈♦❧✉♠❡ ❆ ♦✉ ❇ ❞❡ ❋✐❣ ✶✳✶✮ ♦ù ❧✬❡❛✉ ♣❡✉t ❡♥❝♦r❡
s✬✐♥✜❧tr❡r ✭❬❍✐❧❧❡❧✱ ✶✾✾✽❪✱ ❊q✉❛t✐♦♥ ✭✶✳✶✮✮ ✿

θ =
❱♦❧✉♠❡ ❞✬❡❛✉ ❝♦♥t❡♥✉ ❞❛♥s ❱

❱♦❧✉♠❡ ❱
✭✶✳✶✮

❋✐❣✉r❡ ✶✳✶ ✕ ▲✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡st✱
q✉❡❧q✉❡ s♦✐t ❧❡ ✈♦❧✉♠❡ ❆ ♦✉ ❇✱ ❧❡
r❛♣♣♦rt ❡♥tr❡ ❧❛ q✉❛♥t✐té ❞✬❡❛✉ ❞❛♥s
❝❡ ✈♦❧✉♠❡ ❡t ❝❡ ✈♦❧✉♠❡ ✭t✐ré ❞❡
❬❙❡♥❡✈✐r❛t♥❡ ❡t ❛❧✳✱ ✷✵✶✵❪✮✳

❋✐❣✉r❡ ✶✳✷ ✕ ❆ ❧✬é❝❤❡❧❧❡ t❡♠♣♦r❡❧❧❡
❞✬✉♥ é✈é♥❡♠❡♥t ♣❧✉✈✐❡✉①✱ ❧❛ ♣r♦♣♦rt✐♦♥
♠✐♥ér❛❧✴♦r❣❛♥✐q✉❡ r❡st❡ ❧❛ ♠ê♠❡✱ ❧❛
✢è❝❤❡ r❡♣rés❡♥t❡ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡s ♣r♦✲
♣♦rt✐♦♥s ❡❛✉✴❛✐r ❧✐é❡s à ❧✬❤✉♠✐❞✐té ❞✉
s♦❧ ✭t✐ré ❞❡ ❤tt♣s ✿✴✴♣❛ss❡❧✳✉♥❧✳❡❞✉✴✮✳

✷✵



✶✳✷✳ ◗❯✬❊❙❚ ❈❊ ◗❯❊ ▲✬❍❯▼■❉■❚➱ ❉❯ ❙❖▲❄

❈❡ ✈♦❧✉♠❡ ❞✬❡❛✉ ❡st ❞♦♥❝ ✐♥t✐♠❡♠❡♥t ❧✐é ❛✉ s♦❧✳ ■♥tér❡ss♦♥s ♥♦✉s ❞♦♥❝ ❛✉ s♦❧✳ ▲❛ ❞é✜♥✐✲
t✐♦♥ ❞✉ ▲❛r♦✉ss❡ ✷✵✶✺ ❞é✜♥✐❡ ❧❡ s♦❧ ❝♦♠♠❡ ét❛♥t ✿ ✧❋♦r♠❛t✐♦♥ ♥❛t✉r❡❧❧❡ ❞❡ s✉r❢❛❝❡✱ ♠❡✉❜❧❡✱
rés✉❧t❛♥t ❞❡ ❧❛ tr❛♥s❢♦r♠❛t✐♦♥✱ ❛✉ ❝♦♥t❛❝t ❞❡ ❧✬❛t♠♦s♣❤èr❡✱ ❞❡ ❧❛ r♦❝❤❡ ♠èr❡ s♦✉s✲❥❛❝❡♥t❡✱ s♦✉s
❧✬✐♥✢✉❡♥❝❡ ❞❡s ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s✱ ❝❤✐♠✐q✉❡s ❡t ❜✐♦❧♦❣✐q✉❡s✳ ▲❡ s♦❧ s❡ ❝❛r❛❝tér✐s❡ ♣❛r ✉♥ ❡♥✲
s❡♠❜❧❡ ❞❡ ❝♦✉❝❤❡s✱ ♦✉ ❤♦r✐③♦♥s✱ q✉✐ tr❛❞✉✐s❡♥t ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ s❛ ❢♦r♠❛t✐♦♥✧✳

▲❡ s♦❧ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❝♦♠♣♦sé ❞✬é❧é♠❡♥ts ♠✐♥ér❛✉① ❡t ♦r❣❛♥✐q✉❡s✱ ♠❛✐s ❛✉ss✐ ❞✬❡❛✉✱ ❞✬❛✐r ❡t
❞❡ ❣❛③ ❝♦♥t❡♥✉ ❞❛♥s s❡s ❡s♣❛❝❡s ❧✐❜r❡s✱ ❧❡s ♣♦r❡s✳ ▲❡s é❧é♠❡♥ts ♠✐♥ér❛✉① ❝♦♥st✐t✉❡♥t ❧❛ ✧str✉❝✲
t✉r❡ ❞✉ s♦❧✧✱ ❧❛ ♠❛tr✐❝❡✱ ❡t ❧❡s ❝♦♠♣♦sés ♦r❣❛♥✐q✉❡s✱ ❧✬❤✉♠✉s✳ ■❧ ❡①✐st❡ ✉♥ très ❣r❛♥❞ ♥♦♠❜r❡
❞❡ ❝❧❛ss❡s ❞❡ s♦❧✳ ▲❛ ❢r❛❝t✐♦♥ ♠✐♥ér❛❧❡ ❞✉ s♦❧ ♣❡✉t êtr❡ ❝❧❛ssé❡ ❡♥ ✸ ❣r❛♥❞❡s ❢❛♠✐❧❧❡s ❞❡ ❣r❛✐♥✳
❙♦✐t✱ ❞✉ ♣❧✉s ✜♥ ❛✉ ♣❧✉s ❣r♦ss✐❡r✱ ❧✬❛r❣✐❧❡ ✭❁✷µ♠✮✱ ❧❡ ❧✐♠♦♥ ✭✷✲✷✵µ♠✮ ❡t ❧❡ s❛❜❧❡ ✭✷✵µ♠✲✷♠♠✮
✭◆❋ P✶✽✲✺✻✵✮✳ ▲❡s ♣r♦♣♦rt✐♦♥s ♠✐♥ér❛❧❡s✴♦r❣❛♥✐q✉❡s✴♣♦r❡s✱ ❋✐❣✉r❡ ✭✶✳✷✮✱ ❞é♣❡♥❞❡♥t ❢♦rt❡♠❡♥t
❞❡ ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❣é♦❣r❛♣❤✐q✉❡ ❡t ❞é✜♥✐ss❡♥t ❧❛ ♥❛t✉r❡ ❞✉ s♦❧✳ P❛r ❡①❡♠♣❧❡✱ ❧❡ s♦❧ ❞✬✉♥ ❞és❡rt
❛✉r❛ ✉♥❡ ♣r♦♣♦rt✐♦♥ ♠✐♥ér❛❧❡ très ❣r❛♥❞❡ ❝♦♠♣❛ré❡ à ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡✱ ❝❡❧❛
❞û à ❧✬❛❧tér❛t✐♦♥ ♣r✐♥❝✐♣❛❧❡♠❡♥t ♠é❝❛♥✐q✉❡ ❡♥❣❡♥❞ré❡ ♣❛r ❧❡s t❡♠♣ér❛t✉r❡s ❡①trê♠❡s✱ ✈❡♥ts✱
❡t ❛✉① ❢❛✐❜❧❡s ❛♣♣♦rts ❡♥ ❡❛✉ ❡t ❡♥ ♠❛t✐èr❡s ♦r❣❛♥✐q✉❡s✳ ❉❛♥s ❧❡s s♦❧s à ❢♦rt ❛♣♣♦rt ❞✬❡❛✉ ❡t
❞❡ ♠❛t✐èr❡s ♦r❣❛♥✐q✉❡s✱ ❧❛ ❞é❣r❛❞❛t✐♦♥ ❝❤✐♠✐q✉❡ ❡t ❜✐♦❧♦❣✐q✉❡ ❞✉ s♦❧ ❣é♥èr❡ ❞❡ ❧✬❤✉♠✉s ❡t ❧❛
♣r♦♣♦rt✐♦♥ ♦r❣❛♥✐q✉❡✴♠✐♥ér❛❧❡ ❡st ♣❧✉s éq✉✐❧✐❜ré❡✳ ❈❡ s♦♥t ❧❡s ♣r♦♣♦rt✐♦♥s ❡❛✉✴❛✐r ❞❡s ♣♦r❡s
q✉✐ ✈❛r✐❡♥t ❛✉ tr❛✈❡rs ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ✭✢è❝❤❡ s✉r ❋✐❣✉r❡ ✶✳✷✮✳

▲❡ ♣❛r❛♠ètr❡✱ q✉✐ ❝❛r❛❝tér✐s❡ ❝❡tt❡ ♣r♦♣♦rt✐♦♥ ❞✬❡s♣❛❝❡ ❧✐❜r❡ ♣♦✉r ❧✬❡❛✉ ❡t ❧✬❛✐r ❞❛♥s ✉♥❡ ♠❛tr✐❝❡
❞❡ s♦❧✱ ❡st ❛♣♣❡❧é ❧❛ ♣♦r♦s✐té✳ ❊❧❧❡ ♣❡✉t êtr❡ ❢❛✐❜❧❡ ❞❛♥s ❧❡ ❝❛s ❞❡s s♦❧s s❛❜❧❡✉① ✭✷✺ à ✹✵✪✮ ♦✉
é❧❡✈é❡ ❞❛♥s ❧❡ ❝❛s ❞❡s s♦❧s ❛r❣✐❧❡✉① ✭❞❡ ✹✵ à ✺✵✪✮✳ ▲❛ ❣r❛♥✉❧♦♠étr✐❡✱ ❧❛ str✉❝t✉r❡✱ ❧❛ ❝♦♠♣❛❝✐té
♦✉ ❡♥❝♦r❡ ❧❛ t❡♥❡✉r ✐♥✐t✐❛❧❡ ❡♥ ❡❛✉✱ ❝♦♥❞✐t✐♦♥♥❡ ❧❡ ✈♦❧✉♠❡ ❞✬❡s♣❛❝❡ ❧✐❜r❡✳ ▲❛ ❝❛♣❛❝✐té ❞❡ ❧✬❡❛✉
à s✬✐♥✜❧tr❡r ❞❛♥s ❧❡ s♦❧ ❞é♣❡♥❞ ❢♦rt❡♠❡♥t ❞❡ ❝❡ ✈♦❧✉♠❡ ❞✐s♣♦♥✐❜❧❡✳ ❯♥❡ ❢♦✐s ❞❛♥s ❧❡ s♦❧✱ ❧❡s
♣❛rt✐❝✉❧❡s ❞✬❡❛✉ s✉❜✐ss❡♥t ✸ ❢♦r❝❡s ♣r✐♥❝✐♣❛❧❡ ✿ ❧❛ ❣r❛✈✐té✱ ❧❛ ❝❛♣✐❧❧❛r✐té ❡t ❧❛ s✉❝❝✐♦♥ ✭❋✐❣✉r❡ ✶✳✸✮

❋✐❣✉r❡ ✶✳✸ ✕ ▲❛ ♣❛rt✐❝✉❧❡ ❞✬❡❛✉ s✉❜✐t ✸ ❢♦r❝❡s ♣r✐♥❝✐♣❛❧❡s ❞❛♥s ❧❡ s♦❧ ✿ s♦♥ ♣r♦♣r❡ ♣♦✐❞s (~P )✱
❧❛ ❢♦r❝❡ ❞❡ ❝❛♣✐❧❧❛r✐té ❞✉❡ à ❧❛ ♣r♦①✐♠✐té ❞✉ ❣r❛✐♥ (~F ) ❡t ❧❛ ❢♦r❝❡ ❞❡ s✉❝❝✐♦♥ ❞❡s r❛❞✐❝❡❧❧❡s ❞❡s
r❛❝✐♥❡s (~S) ✭❬❙♦❧t♥❡r✱ ✶✾✽✾❪✮✳

▲❡ r❛t✐♦ ❡♥tr❡ ❝❡s ✸ ❢♦r❝❡s ❞é✜♥✐t ❧✬ét❛t ❞❡ ❧✬❡❛✉ ❞❛♥s ❧❡ s♦❧✳ ▲♦rsq✉❡ ❧❛ q✉❛♥t✐té ❞✬❡❛✉ ❞❛♥s
❧❡ s♦❧ ❡st ❢❛✐❜❧❡✱ ❧❛ ♣❛rt✐❝✉❧❡ ❞✬❡❛✉ ❡st r❡t❡♥✉❡ à ❧❛ s✉r❢❛❝❡ ❞❡s ❣r❛✐♥s ❞❡ s♦❧ ♣❛r ❧❛ ❢♦r❝❡ ❞❡
❝❛♣✐❧❧❛r✐té ~F ✱ ❧✬❡❛✉ ❡st ❞✐t❡ ❧✐é❡ ❛✉ s♦❧✳ ❉❛♥s ❝❡t ét❛t ❤②❞r✐q✉❡ ❧❡s r❛❝✐♥❡s ♥✬♦♥t ♣❛s ✉♥❡ ❢♦r❝❡
❞❡ s✉❝❝✐♦♥ ~S s✉✣s❛♥t❡ ♣♦✉r ❡①tr❛✐r❡ ❧✬❡❛✉ ♥é❝❡ss❛✐r❡ à ❧❛ ♣❧❛♥t❡✱ ❝❡tt❡ ✈❛❧❡✉r ❞✬❤✉♠✐❞✐té ❞❛♥s
❧❡ s♦❧ ❡st ❛♣♣❡❧é❡ ❧❡ ♣♦✐♥t ❞❡ ✢étr✐ss❡♠❡♥t ✭♦✉ ✇✐❧t✐♥❣ ♣♦✐♥t✮✳ ▼❛✐♥t❡♥❛♥t s✐ ✐❧ ② ❛ s✉✣s❛♠♠❡♥t
❞✬❡❛✉ ♣♦✉r ♥❡ ♣❛s êtr❡ ✉♥✐q✉❡♠❡♥t ❡♥ ré❣✐♠❡ ❧✐é✱ ❛❧♦rs ❧✬❡❛✉ ❡st ❞✐t❡ ✉t✐❧✐s❛❜❧❡ ❡t ❧❛ ❢♦r❝❡ ❞❡
s✉❝❝✐♦♥ ❞❡s r❛❝✐♥❡s ❡st s✉✣s❛♥t❡ ♣♦✉r ❛❧✐♠❡♥t❡r ❧❛ ♣❧❛♥t❡ ❡♥ ❡❛✉✳ ▲❛ q✉❛♥t✐té ❞✬❡❛✉ q✉❡ ❧❡ s♦❧
❡st ❝❛♣❛❜❧❡ ❞❡ st♦❝❦❡r s❛♥s q✉✬✐❧ ♥✬② ❛✐t ❞✬é❝♦✉❧❡♠❡♥t ❣r❛✈✐t❛✐r❡ ❡st ❧❛ ❝❛♣❛❝✐té ❛✉ ❝❤❛♠♣s ✭♦✉
✜❡❧❞ ❝❛♣❛❝✐t②✮✳ ❆✉ ❞❡❧à ❞❡ ❝❡tt❡ ✈❛❧❡✉r ❞✬❤✉♠✐❞✐té ❞✉ s♦❧✱ ❧❛ ❣r❛✈✐té ♣❡r♠❡t à ❧✬❡❛✉ ❞❡ ♣❡r❝♦❧❡r
❞❛♥s ❧❡ s♦❧✳ ❯♥❡ ❢♦✐s ❧❡s ♣♦r❡s r❡♠♣❧✐s ❛rr✐✈❡ ❧❛ s❛t✉r❛t✐♦♥✳

✷✶



✶✳✷✳ ◗❯✬❊❙❚ ❈❊ ◗❯❊ ▲✬❍❯▼■❉■❚➱ ❉❯ ❙❖▲❄

❋✐❣✉r❡ ✶✳✹ ✕ ❉✐✛ér❡♥t❡s ♠étr✐q✉❡s s♦♥t ✉t✐❧✐sé❡s ♣♦✉r ❝❛r❛❝tér✐s❡r ❧✬ét❛t ❤②❞r✐q✉❡ ❞✉ s♦❧ ✭✜❣✉r❡
t✐ré❡ ❞❡ ❬❙❡♥❡✈✐r❛t♥❡ ❡t ❛❧✳✱ ✷✵✶✵❪✮✳

▲❛ ❋✐❣✉r❡ ✶✳✹ r❡♣rés❡♥t❡ ❧❡s ❣r❛♥❞❡✉rs ✉s✉❡❧❧❡♠❡♥t ✉t✐❧✐sé❡s ♣♦✉r ❝❛r❛❝tér✐s❡r ❧✬ét❛t ❞✉ s♦❧✳
❉❡ ❣❛✉❝❤❡ à ❞r♦✐t❡ ✿ ❧✬éq✉✐✈❛❧❡♥t ❞❡ ❧❛ ❝♦✉❝❤❡ ❞✬❡❛✉ ❞❛♥s ❧✬é♣❛✐ss❡✉r ❞♦♥♥é❡ ❀ ❧✬ét❛t ❞❡ s❛t✉r❛t✐♦♥
✭✶ ♣♦✉r s❛t✉ré ✵ ♣♦✉r s❡❝✮ ❀ ❧✬ét❛t ❞✉ s♦❧ s❡❧♦♥ ❧❡s ❞✐✛ér❡♥t❡s ✈❛❧❡✉rs s❡✉✐❧s ❀ ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ❧✐❛✐s♦♥
❞❡ ❧✬❡❛✉ ❛✈❡❝ ❧❡ s♦❧ ❀ ❧❡ ❙▼■ ✭♦✉ ❙❲■✮✱ éq✉✐✈❛❧❡♥t ❞❡ ❧✬ét❛t ❞❡ s❛t✉r❛t✐♦♥ ♠❛✐s ❡♥tr❡ ❧❡ ♣♦✐♥t
❞❡ ✢étr✐ss❡♠❡♥t ❡t ❧❛ ❝❛♣❛❝✐té ❛✉ ❝❤❛♠♣s✱ s♦✐t ❧❛ rés❡r✈❡ ✉t✐❧❡ ♣♦✉r ❧❛ ♣❧❛♥t❡✳ ❈♦♥s✐❞ér♦♥s
♠❛✐♥t❡♥❛♥t ❧❛ ❞é♣❡♥❞❛♥❝❡ ❞❡s ❢♦r❝❡s ✐♥❞✉✐t❡s s✉r ❧❡s ♣❛rt✐❝✉❧❡s ❞✬❡❛✉ à ❧❛ ❣r❛♥✉❧♦♠étr✐❡ ❞✉ s♦❧✱
❛❧♦rs ❧❡s ♣❛r❛♠ètr❡s ❞❡ ✇✐❧t✐♥❣ ♣♦✐♥t✱ ❝❛♣❛❝✐té ❞❡ ❝❤❛♠♣s ❡t ❞❡ s❛t✉r❛t✐♦♥ s♦♥t ✈❛r✐❛❜❧❡s ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♥❛t✉r❡ ❞✉ s♦❧ ✿

❋✐❣✉r❡ ✶✳✺ ✕ ▲❛ t❡①t✉r❡ ❞✉ s♦❧ ❝♦♥❞✐t✐♦♥♥❡ s❛ ❝❛♣❛❝✐té à r❡t❡♥✐r ❞❡ ❧✬❡❛✉ ❞❛♥s ❧❡ s♦❧
❬❘❡❜❡❝❝❛ ❡t ❛❧✳✱ ✷✵✶✺❪✳

❙✉r ❧❛ ❋✐❣✉r❡ ✶✳✺ ♦♥ ♣❡✉t ✈♦✐r ❧✬é✈♦❧✉t✐♦♥ ❞❡s ✷ ❣r❛♥❞❡✉rs ♣rés❡♥té❡s ♣ré❝é❞❡♠♠❡♥t✱ ❧❛
❝❛♣❛❝✐té ❛✉ ❝❤❛♠♣s ❡t ❧❡ ♣♦✐♥t ❞❡ ✢étr✐ss❡♠❡♥t✳ ❖♥ ♣❡✉t ❛❧♦rs r❡♠❛rq✉❡r q✉❡ ♣❧✉s ❧❡ s♦❧ ❡st
s❛❜❧❡✉①✱ ❞♦♥❝ ❛✈❡❝ ❞❡ ❣r❛✐♥ ❣r♦ss✐❡r✱ ♠♦✐♥s ✐❧ ♣❡✉t st♦❝❦❡r ❞✬❡❛✉✳ ❖♥ ♣❡✉t r❡♠❛rq✉❡r ❛✉ss✐ q✉❡
❧❛ q✉❛♥t✐té ❞✬❡❛✉ ❞✐s♣♦♥✐❜❧❡ ♣♦✉r ❧❛ ♣❧❛♥t❡ ❡st r❡❧❛t✐✈❡♠❡♥t ❤♦♠♦❣è♥❡ s❛✉❢ ♣♦✉r ❧❡s s♦❧ ❧✐♠♦♥❡✉①✳
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✶✳✸✳ ▲✬❍❯▼■❉■❚➱ ❉❯ ❙❖▲ ■◆❚❊❘❱■❊◆❚ ❉❆◆❙✳✳✳

✶✳✸ ▲✬❤✉♠✐❞✐té ❞✉ s♦❧ ✐♥t❡r✈✐❡♥t ❞❛♥s✳✳✳

✶✳✸✳✶ ✳✳✳ ❧❡ ❝②❝❧❡ ❞❡ ❧✬❡❛✉ ❡t ❧❛ ❜❛❧❛♥❝❡ é♥❡r❣ét✐q✉❡

✶✳✸✳✶✳✶ ❘ô❧❡ ❞❛♥s ❧❡ ❝②❝❧❡ ❞❡ ❧✬❡❛✉

✭❛✮ ▲❡ ❝②❝❧❡ ❞❡ ❧✬❡❛✉ ✭❜✮ P❛rt✐t✐♦♥♥❡♠❡♥t ❞❡ ❧✬❡❛✉ à ❧❛ s✉r❢❛❝❡✳

❋✐❣✉r❡ ✶✳✻ ✕ ●é♥ér❛❧✐tés s✉r ❧❡ ❝②❝❧❡ ❞❡ ❧✬❡❛✉✳

▲❡ ❝②❝❧❡ ❞❡ ❧✬❡❛✉✱ ❋✐❣✉r❡ ✶✳✻❛✱ r❡♣rés❡♥t❡ ❧❡s é❝❤❛♥❣❡s ❡♥tr❡ ✹ ♣r✐♥❝✐♣❛✉① rés❡r✈♦✐rs ❞❡ r❡s✲
s♦✉r❝❡ ❞✬❡❛✉ ✿ ❧❡s ♠❡rs ❡t ♦❝é❛♥s✱ ❧❡s ❡❛✉① ❝♦♥t✐♥❡♥t❛❧❡s✱ ❧❛ ❜✐♦s♣❤èr❡ ❡t ❧✬❛t♠♦s♣❤èr❡✳ ▲✬❡❛✉
rés✉❧t❛♥t ❞❡ ❧❛ ❢♦♥t❡ ❞❡s ❣❧❛❝❡s✴♥❡✐❣❡s ❡t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡st ❡♥ ♣❛rt✐❡ ✐♥✜❧tré❡ ❞❛♥s ❧❡ s♦❧✳
❯♥❡ ❛✉tr❡ ♣❛rt✐❡ r✉✐ss❡❧❧❡ ❧❡ ❧♦♥❣ ❞❡s ♣❡♥t❡s✱ ❛❧♦rs q✉✬✉♥❡ ❛✉tr❡ ❡st ❛❜s♦r❜é❡ ♣❛r ❧❛ ❜✐♦s♣❤èr❡
❧♦❝❛❧❡✳ ❯♥❡ ♣❛rt✐❡ ❞❡ ❧✬❡❛✉ r✉✐ss❡❧❛♥t❡ ♣❡✉t ❢♦r♠❡r ❞❡s ❝♦✉rs ❞✬❡❛✉ ❛❧❧❛♥t ❞✐r❡❝t❡♠❡♥t s❡ ❞é✈❡rs❡r
❥✉sq✉❡ ❞❛♥s ❞✬❛✉tr❡s rés❡r✈♦✐rs✱ ♦✉ ❜✐❡♥ ✐♥❞✐r❡❝t❡♠❡♥t ❡♥ s✬✐♥✜❧tr❛♥t ❞✬❛❜♦r❞ ❞❛♥s ❧❡ s♦❧ ♣✉✐s s❡
❞é✈❡rs❛♥t ❞❛♥s ❧❛❝s✱ ♠❡rs ❡t ♦❝é❛♥s✳
▲❡s ✢✉① ❞✬❡❛✉ ❞❡ ❝❡ ❝②❝❧❡ s♦♥t r❡♣rés❡♥tés ❋✐❣✉r❡ ✶✳✻❜ ✿

dS

dt
= P − ET −Rs −Rg ✭✶✳✷✮

❛✈❡❝ ❊❚ ♣♦✉r ❧✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥s✱ P ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✱ ❙ ❧❡s st♦❝❦s ❞❡ s✉❜s✉r❢❛❝❡✱ ❘s ❧❡s
é❝♦✉❧❡♠❡♥ts ❝♦♥t✐♥❡♥t❛✉① ❡t ❘❣ ❧❡ ❞r❛✐♥❛❣❡✳ ❊♥ t❡r♠❡ ❞❡ ♣r♦♣♦rt✐♦♥✱ ❡♥ ♠♦②❡♥♥❡ ❛♥♥✉❡❧❧❡ s✉r
❧✬❡♥s❡♠❜❧❡ ❞❡s s✉r❢❛❝❡s é♠❡r❣é❡s✱ ✻✺✪ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✬é✈❛♣♦r❡♥t✱ ✷✹✪ r✉✐ss❡❧❧❡♥t ❡t ✶✶✪
s✬✐♥✜❧tr❡♥t ✭❬❚r❡♥❜❡rt❤ ❡t ❛❧✳✱ ✷✵✵✼❪✮✳
▲✬❤✉♠✐❞✐té ❞✉ s♦❧ ✐♥t❡r✈✐❡♥t ❞❛♥s ❝❤❛❝✉♥❡ ❞❡s ❝♦♠♣♦s❛♥t❡ ❞❡ ❝❡tt❡ éq✉❛t✐♦♥ ✿

✖ ▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ✭P✮ ✿ ▲❡s ♣ré❝✐♣✐t❛t✐♦♥s s♦♥t ❧❡s ❤②❞r♦♠été♦r❡s s♦❧✐❞❡s ♦✉ ❧✐q✉✐❞❡s
t♦♠❜❛♥t à ❧❛ s✉r❢❛❝❡ ❞❡ ❧❛ ❚❡rr❡✳ ▲❡✉r ♣r♦♣♦rt✐♦♥ ❡st ❣❧♦❜❛❧❡♠❡♥t ❞❡ ✼✴✾ s✉r ❧❡s ♦❝é❛♥s
✭∼ ✸✽✻✸❦♠✸✮ ❡t ❞❡ ✷✴✾ ✭∼ ✶✶✹✸❦♠✸✮ s✉r ❧❡s s✉r❢❛❝❡s ❝♦♥t✐♥❡♥t❛❧❡s✳ ▲❡ ❧✐❡♥ ❡♥tr❡ ♣ré❝✐♣✐✲
t❛t✐♦♥ ❡t ❤✉♠✐❞✐té ❞✉ s♦❧ ❡st ❛ss❡③ ❞✐r❡❝t✱ ❝❛r s❛✉❢ é✈❛♣♦r❛t✐♦♥ ❛✈❛♥t ❧❡ s♦❧✱ r✉✐ss❡❧❧❡♠❡♥t
❞❡ s✉r❢❛❝❡ ♦✉ ❡♥❝♦r❡ ✐♥t❡r❝❡♣t✐♦♥ ♣❛r ❧❛ ❝❛♥♦♣é❡✱ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛❧✐♠❡♥t❡♥t ❧✬❤✉♠✐❞✐té
❞✉ s♦❧✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s rétr♦❛❝t✐♦♥s ❡♥tr❡ ❤✉♠✐❞✐tés ❞✉ s♦❧ ❡t ♣ré❝✐♣✐t❛t✐♦♥s s♦♥t
❡♥❝♦r❡ à ❧✬ét✉❞❡ ✭❛❜♦r❞é❡s ❞❛♥s ❧❛ s✉✐t❡ ✐❝✐✮✳

✖ ▲✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ✭❊❚✮ ✿ ▲✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ❡st ❧❡ ✈♦❧✉♠❡ ❞✬❡❛✉ tr❛♥s❢éré ❞❡ ❧❛
s✉r❢❛❝❡ ❞✉ s♦❧ ✈❡rs ❧✬❛t♠♦s♣❤èr❡ ✭∼ ✻✺✪ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❝♦♥t✐♥❡♥t❛❧❡s✮✳ ❊❧❧❡ ❡st ❝♦♠♣♦✲
sé❡ ❞❡ ❧✬é✈❛♣♦r❛t✐♦♥ ✐ss✉❡ ❞❡ ❧✬❡❛✉ ❞❡ s✉r❢❛❝❡ ✭❤✉♠✐❞✐té ❞✉ s♦❧✱ ✐♥t❡r❝❡♣t✐♦♥✱ ❡❛✉ ❧✐❜r❡✱✳✳✳✮

✷✸
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❡t ❞❡ ❧❛ tr❛♥s♣✐r❛t✐♦♥ ❞❡ ❧❛ ✈é❣ét❛t✐♦♥ ♣❛r ❧❡s st♦♠❛t❡s✳ ▲✬❤✉♠✐❞✐té ❞✉ s♦❧ ❝♦♥tr✐❜✉❡ ❞♦♥❝
❞✐r❡❝t❡♠❡♥t ❛✉ ♣♦t❡♥t✐❡❧ é✈❛♣♦r❛t✐❢ ❞✉ s♦❧ ❡♥ ❛❧✐♠❡♥t❛♥t ❧❡ ♣r♦❝❡ss✉s ❡♥ ❡❛✉✳ ❉❡ ♣❧✉s✱
❡♥ ❝♦♥❞✐t✐♦♥♥❛♥t ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡ ❧❛ ✈é❣ét❛t✐♦♥✱ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ♣❛rt✐❝✐♣❡ ❞✐r❡❝t❡✲
♠❡♥t ❛✉ ❜♦♥ ❞é✈❡❧♦♣♣❡♠❡♥t ❡t à ❧❛ tr❛♥s♣✐r❛t✐♦♥ ❞❡ ❝❡tt❡ ❞❡r♥✐èr❡✳

✖ ▲❡ r✉✐ss❡❧❧❡♠❡♥t ❞❡ s✉r❢❛❝❡ ✭❘s✮ ✿ ▲❡ r✉✐ss❡❧❧❡♠❡♥t ❞❡ s✉r❢❛❝❡ ❡st ❧❛ ♣❛rt✐❡ ❞❡ ❧✬❡❛✉
q✉✐ s✬é❝♦✉❧❡ à ❧❛ s✉r❢❛❝❡ ❞✉ s♦❧✱ ❞❛♥s ❧❡ s❡♥s ❞❡ ❧❛ ♣❡♥t❡✳ ❈❡ ✢✉① r✉✐ss❡❧❧❡ ❥✉sq✉✬à ❛t✲
t❡✐♥❞r❡ ✉♥ ❝♦✉rs ❞✬❡❛✉ ♦✉ ✉♥❡ ét❡♥❞✉❡ ❞✬❡❛✉ ❧✐❜r❡✱ ♣r♦♣♦rt✐♦♥ q✉✐ ✐♥t❡r✈✐❡♥t ♥♦t❛♠♠❡♥t
❞❛♥s ❧❡ ❞é❜✐t ❞❡s r✐✈✐èr❡s✳ ❖♥ ❞✐st✐♥❣✉❡ ✷ t②♣❡s ❞❡ r✉✐ss❡❧❧❡♠❡♥t ✿ ✭✐✮ ❧♦rsq✉❡ ❧❛ ❝❛♣❛❝✐té
❞✬✐♥✜❧tr❛t✐♦♥ ❞✉ s♦❧ ❡st ❛tt❡✐♥t❡ ✭❧❡ r✉✐ss❡❧❧❡♠❡♥t ❤♦rt♦♥✐❡♥✮ ❡t ✭✐✐✮ ❧♦rsq✉❡ ❧❡ s♦❧ ❡st s❛t✉ré✳

✖ ▲❡ ❞r❛✐♥❛❣❡ ✭❘❣✮ ✿ ▲❛ ♣❛rt✐❡ ❞❡ ❧✬❡❛✉ s✬ét❛♥t ✐♥✜❧tré❡ ❞❛♥s ❧❡ s♦❧✱ q✉✐ ♥✬❛ ♣❛s été é✈❛♣♦✲
ré❡ ❡♥ s✉r❢❛❝❡ ♦✉ ❛❜s♦r❜é❡ ♣❛r ❧❡s r❛❝✐♥❡s ♣✉✐s tr❛♥s♣✐ré❡✱ ♣❡✉t ❝♦♥tr✐❜✉❡r à ❧❛ r❡❝❤❛r❣❡
❞❡ ♥❛♣♣❡s s♦✉t❡rr❛✐♥❡s ❡t ❛✉ ❞é❜✐t ❞❡s r✐✈✐èr❡s ✭♥♦t❛♠♠❡♥t ❧❡ ♠❛✐♥t✐❡♥t ❞✉ ❞é❜✐t
❞✬ét✐❛❣❡✮✳ ❈❡ ♣r♦❝❡ss✉s ❡st ❞é♣❡♥❞❛♥t ❞❡ ❧❛ ❝♦♥❞✉❝t✐✈✐té ❤②❞r❛✉❧✐q✉❡ ❞✉ s✉❜str❛t✱ q✉✐
♣❡✉t êtr❡ ❣r❛♥❞❡ ✭❡♥tr❛î♥❛♥t ✉♥ ❞r❛✐♥❛❣❡ r❛♣✐❞❡✮ ❞❛♥s ❧❡ ❝❛s ❞❡ ♣rés❡♥❝❡s ❞❡ ♠❛❝r♦♣♦r❡s
❬❇❡✈❡♥ ❛♥❞ ●❡r♠❛♥♥✱ ✷✵✶✸❪✱ ♦✉ ❢❛✐❜❧❡ ✭❡♥tr❛î♥❛♥t ✉♥ ❞r❛✐♥❛❣❡ ❧❡♥t✮ ❧♦rs ❞❡ ❧❛ ♣rés❡♥❝❡
❞❡ ❧❡♥t✐❧❧❡s ❛r❣✐❧❡✉s❡s ❬P❛r❧❛♥❣❡ ❡t ❛❧✳✱ ✶✾✽✾❪✳

✶✳✸✳✶✳✷ ❘ô❧❡ ❞❛♥s ❧❛ ❜❛❧❛♥❝❡ é♥❡r❣ét✐q✉❡ ❞❡ s✉r❢❛❝❡

▲✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ✐♥t❡r✈✐❡♥t ❛✉ss✐ ❞❛♥s ❧❛ ❜❛❧❛♥❝❡ é♥❡r❣ét✐q✉❡ ✭éq✉❛t✐♦♥ ❞❡ ❧❛ ❋✐❣✉r❡
✶✳✽✮✳ ▼ê♠❡ s✐ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ♥✬❛♣♣❛r❛ît ♣❛s ❞✐r❡❝t❡♠❡♥t ❞❛♥s ❧✬éq✉❛t✐♦♥✱ ❡❧❧❡ ❝♦♥❞✐t✐♦♥♥❡
❞❡ ♥♦♠❜r❡✉① ♣r♦❝❡ss✉s ❞♦♥t ❧✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ✭❊✮✱ ❧❛ ❝❛♣❛❝✐té t❤❡r♠✐q✉❡ ❞✉ s♦❧ ♦✉ ❡♥❝♦r❡
❧✬❛❧❜é❞♦ ❞❡ s✉r❢❛❝❡✳

❋✐❣✉r❡ ✶✳✼ ✕ ■♥✢✉❡♥❝❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ s✉r ❧❛ ❢r❛❝t✐♦♥ é✈❛✲
♣♦r❛t✐✈❡

❋✐❣✉r❡ ✶✳✽ ✕ (
dH

dt
= Rn−λE−SH−G)

➱t✉❞✐♦♥s ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ s✉r ❧❛ ❢r❛❝t✐♦♥ ❞✬é✈❛♣♦r❛t✐♦♥ EF ✭♣♦✉r ❊✈❛♣♦r❛✲
t✐♦♥ ❢r❛❝t✐♦♥✱ r❛t✐♦ ❡♥tr❡ ❧✬é♥❡r❣✐❡ ❧❛t❡♥t❡ ✭λ❊✮ ❡t ❧❡ r❛②♦♥♥❡♠❡♥t ♥❡t Rn✮✳ ❈❡tt❡ ✐♥t❡r❛❝t✐♦♥
✐♥✐t✐❛❧❡♠❡♥t s♦✉❧❡✈é❡ ♣❛r ❬❇✉❞②❦♦✱ ✶✾✺✻❪✱ ♣✉✐s ré❝❡♠♠❡♥t r❡✈✉ ♣❛r ❬❙❡♥❡✈✐r❛t♥❡ ❡t ❛❧✳✱ ✷✵✶✵❪
r❡♣rés❡♥t❡ ❧❛ ♣❛rt ❞✬é♥❡r❣✐❡ ❧❛t❡♥t❡ ❞❛♥s ❧❡ tr❛♥s❢❡rt ❞✬é♥❡r❣✐❡ à ❧❛ s✉r❢❛❝❡ ❞✉ s♦❧✳ ❙✐ ❝❡tt❡
é❝❤❛♥❣❡ ❡st ✉♥✐q✉❡♠❡♥t s❡♥s✐❜❧❡ ✭é❝❤❛♥❣❡ ❞❡ ❝❤❛❧❡✉r ✉♥✐q✉❡♠❡♥t✮✱ ❛❧♦rs ❧✬❊❋ s❡r❛ ♣r♦❝❤❡ ❞❡ ✵✳
❙✐ ❛✉ ❝♦♥tr❛✐r❡ ✉♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡ ❝❡ tr❛♥s❢❡rt s❡ ❢❛✐t ♣❛r ❝❤❛♥❣❡♠❡♥t ❞✬ét❛t ❞❡ ❧✬❡❛✉✱ é♥❡r❣✐❡
❧❛t❡♥t❡✱ ❛❧♦rs ❧✬❊❋ ❛tt❡✐♥t ✉♥❡ ❧✐♠✐t❡ ❤❛✉t❡ ❧✬(EFmax)✳ ❖♥ ♣❡✉t ❛❧♦rs ♠❡ttr❡ ❡♥ ❛✈❛♥t ❞❡✉① t②♣❡s
❞❡ ré❣✐♠❡s✳ ▲❡ ♣r❡♠✐❡r✱ ❡♥ ❥❛✉♥❡ s✉r ❧❛ ❋✐❣✉r❡ ✶✳✼✱ r❡❧❛t✐❢ à ❞❡s ❝❧✐♠❛ts ♣❧✉tôt s❡❝s ❡t t❡♠♣érés✳
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❉❛♥s ❝❡tt❡ ❢♦✉r❝❤❡tt❡✱ ❧✬EF ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ♣✐❧♦té❡ ♣❛r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❝❛r ❝✬❡st ❧❡ ❢❛❝✲
t❡✉r ❧✐♠✐t❛♥t ✭❢♦rt r❛②♦♥♥❡♠❡♥t s♦❧❛✐r❡ ❡t ❢❛✐❜❧❡ ❝✉♠✉❧ ♣❧✉✈✐♦♠étr✐q✉❡✮✳ ▲❡ s❡❝♦♥❞ ré❣✐♠❡✱ ❡♥
❜❧❡✉✱ ❝♦♥❝❡r♥❡ ❧❡s ré❣✐♦♥s ♦✉ ❧✬❛♣♣♦rt ❡♥ ❡❛✉ ♥✬❡st ♣❛s ❧❡ ❢❛❝t❡✉r ❧✐♠✐t❛♥t ♠❛✐s ♣❧✉tôt ❧✬é♥❡r❣✐❡
❞❡ r❛②♦♥♥❡♠❡♥t ❞✐s♣♦♥✐❜❧❡✳ ▲✬❤✉♠✐❞✐té ❞✉ s♦❧ à ✉♥ ❢♦rt ✐♠♣❛❝t s✉r ❧❛ ❢r❛❝t✐♦♥ é✈❛♣♦r❛t✐✈❡✱ ❡t
❞♦♥❝ s✉r ❧❛ ❜❛❧❛♥❝❡ é♥❡r❣ét✐q✉❡✱ ❞❛♥s ❧❡s ré❣✐♦♥s à ❢♦rt r❛②♦♥♥❡♠❡♥t ❡t à ❝❧✐♠❛t s❡❝✳ ▲❛ ré❣✐♦♥
❙❛❤é❧✐❡♥♥❡ ❡st t②♣✐q✉❡♠❡♥t ✉♥ ré❣✐♠❡ ❞❡ tr❛♥s✐t✐♦♥ ❞✬✉♥ ❝❧✐♠❛t ❤✉♠✐❞❡ ✈❡rs ✉♥ ❝❧✐♠❛t s❡❝✳ ❆
❝❡ t✐tr❡✱ ❧❡ rô❧❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❞❛♥s ❝❡tt❡ ré❣✐♦♥ ❡st ✐♠♣♦rt❛♥t✳

✶✳✸✳✶✳✸ ▲❡s rétr♦❛❝t✐♦♥s ❤✉♠✐❞✐té ❞✉ s♦❧ ⇀↽ ❛t♠♦s♣❤èr❡

❉✐✛ér❡♥t❡s ❡①♣ér✐❡♥❝❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ♦♥t été ré❛❧✐sé❡s ♣♦✉r ét✉❞✐❡r ❧❛ s❡♥s✐❜✐❧✐té ❞❡s ♠♦✲
❞è❧❡s à ❞❡s ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té s✉r ❧✬❛t♠♦s♣❤èr❡✳ P❛r♠✐ ❝❡s ét✉❞❡s✱ ❧✬❡①♣ér✐❡♥❝❡ ●▲❆❈❊
✭●❧♦❜❛❧ ▲❛♥❞✲❆t♠♦s♣❤❡r❡ ❈♦✉♣❧✐♥❣ ❊①♣❡r✐♠❡♥t✱ ❬❑♦st❡r ❡t ❛❧✳✱ ✷✵✵✹❪✮ ❛ ♠♦♥tré q✉❡ ❝❡rt❛✐♥❡s
ré❣✐♦♥s ❞✉ ♠♦♥❞❡ ♠♦♥tr❛✐❡♥t ✉♥ ❢♦rt ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❤✉♠✐❞✐té ❞✉ s♦❧ ❡t ❛t♠♦s♣❤èr❡✳ ▲❛ ❋✐❣✉r❡
✶✳✾ r❡♣rés❡♥t❡ ❧❡s ③♦♥❡s ❣é♦❣r❛♣❤✐q✉❡s ♦ù ❧❛ s❡♥s✐❜✐❧✐té ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❛✉① ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐✲
❞✐té ❞✉ s♦❧ s♦♥t ✐♠♣♦rt❛♥t❡s✳ ❖♥ ♥♦t❡ q✉❡ ❧❡s ③♦♥❡s ❞❡ tr❛♥s✐t✐♦♥ ❝❧✐♠❛t s❡❝✴❤✉♠✐❞❡ ♦♥t ✉♥ ❢♦rt
❝♦✉♣❧❛❣❡ ✭✧❤♦ts♣♦t✧✱ tâ❝❤❡ r♦✉❣❡ ❡t ❥❛✉♥❡ s✉r ❋✐❣✉r❡ ✶✳✾✳ ✭❡①♣❧✐❝❛t✐♦♥ ❋✐❣✉r❡ ✶✳✼✮✳

❋✐❣✉r❡ ✶✳✾ ✕ ❘és✉❧t❛t ❞❡ ❧✬❡①♣ér✐❡♥❝❡ ●▲❆❈❊ q✉✐ ♠❡t ❡♥ ❛✈❛♥t ❧❡s ré❣✐♦♥s ❞✉ ♠♦♥❞❡ ♦ù ❧❡s
❝♦✉♣❧❛❣❡s s♦❧✴❛t♠♦s♣❤èr❡ s♦♥t ✐♠♣♦rt❛♥ts✱ ❬❑♦st❡r ❡t ❛❧✳✱ ✷✵✵✹❪

▲❡s ♣r♦❝❡ss✉s ♠✐s ❡♥ ❥❡✉ ✐❝✐ s♦♥t r❡❧❛t✐✈❡♠❡♥t ❝♦♠♣❧❡①❡s✱ ❝❡♣❡♥❞❛♥t✱ ❬❙❡♥❡✈✐r❛t♥❡ ❡t ❛❧✳✱ ✷✵✶✵❪
❡♥ ♣rés❡♥t❡ ✉♥❡ ❛♥❛❧②s❡ s✐♠♣❧✐✜é❡ ♣♦✉r ♠✐❡✉① ❛♣♣ré❤❡♥❞❡r ❧❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❤✉♠✐❞✐té ❞✉
s♦❧ ❡t t❡♠♣ér❛t✉r❡ ✭❡♥❝❛rt ❣❛✉❝❤❡✮ ♦✉ ♣ré❝✐♣✐t❛t✐♦♥ ✭❡♥❝❛rt ❞r♦✐t✮ ✿
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✭❛✮ ❯♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞❛♥s ❧❡ s♦❧
❛✉r❛ ✉♥ ❝♦✉♣❧❛❣❡ ♣♦s✐t✐❢ s✉r ❧✬❊❚ ❞❛♥s ❧❡ s❡♥s
♦✉ ❝❡❧❛ ❞✐♠✐♥✉❡r❛ ❧❛ q✉❛♥t✐té ❞✬❡❛✉ ♠✐s❡ à ❞✐s✲
♣♦s✐t✐♦♥ ♣♦✉r ❧✬❊❚ ✭✢è❝❤❡ r♦✉❣❡ ❧✐❡♥ ❆✮✳ ❙✐
❧✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ❞✐♠✐♥✉❡✱ ❧❛ ❝❤❛❧❡✉r ❧❛t❡♥t❡
❞✐♠✐♥✉❡ ❛✉ss✐ ❡t ❞♦♥❝ ❧❛ ❝❤❛❧❡✉r s❡♥s✐❜❧❡ ❛✉❣✲
♠❡♥t❡ ✭✢è❝❤❡ r♦✉❣❡ ❇✮✳ ❯♥❡ ❤❛✉ss❡ ❞❡ ❝❤❛❧❡✉r
s❡♥s✐❜❧❡ ❛✉r❛ ♣♦✉r ❝♦♥séq✉❡♥❝❡ ❞✬❛✉❣♠❡♥t❡r ❧❛
t❡♥s✐♦♥ ❞❡ ✈❛♣❡✉r s❛t✉r❛♥t❡ ✭▲♦✐ ❞❡ ❈❧❛✉s✐✉s
❈❧❛♣❡②r♦♥✮✱ ❡t ❞♦♥❝ ❧❡ ♣♦t❡♥t✐❡❧ ❞✬é✈❛♣♦tr❛♥s✲
♣✐r❛t✐♦♥ ❝❡ q✉✐ ✈❛ ❞✐♠✐♥✉❡r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✳✳

✭❜✮ ❯♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛✲
t✐♦♥ ❛✉❣♠❡♥t❡r❛ ✐♥❡①♦r❛❜❧❡♠❡♥t ❧✬❤✉♠✐✲
❞✐té ❞✉ s♦❧ ✭❧✐❡♥ ❈✮✳ ❯♥❡ ❛✉❣♠❡♥t❛t✐♦♥
❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❛✉r❛ ♣♦✉r ❝♦♥sé✲
q✉❡♥❝❡ ❞❡ ♠❡ttr❡ à ❞✐s♣♦s✐t✐♦♥ ♣❧✉s ❞✬❡❛✉
♣♦✉r ❧✬❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥✱ q✉✐ ❛✉❣♠❡♥✲
t❡r❛ ❞♦♥❝ s✐ ❧❡ r❛②♦♥♥❡♠❡♥t ❧❡ ♣❡r✲
♠❡t ✭❧✐❡♥ ❆ ✢è❝❤❡ ❜❧❡✉❡✮✳ ❙✐ ❧✬❊❚ ❛✉❣✲
♠❡♥t❡✱ ❝❡❧❛ ❛ssé❝❤❡r❛ ❧❡ s♦❧ ✭❧✐❡♥ ❆ ✢è❝❤❡
r♦✉❣❡✮✳ ▲✬✐♠♣❛❝t ❞❡ ❧✬❊❚ s✉r ❧❡s ♣ré✲
❝✐♣✐t❛t✐♦♥s ❡st ❡♥❝♦r❡ ♠❛❧ ❝♦♥♥✉ ✈✉ ❧❡
♥♦♠❜r❡ ❞❡ ♣r♦❝❡ss✉s ♠✐s ❡♥ ❥❡✉ ✭❧✐❡♥ ❇✮
❬❇♦é ❛♥❞ ❚❡rr❛②✱ ✷✵✶✹❪✳

❋✐❣✉r❡ ✶✳✶✵ ✕ ❘étr♦❛❝t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❛✈❡❝ ❧❛ t❡♠♣ér❛t✉r❡ ❡t ❧✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥✳

✶✳✸✳✷ ✳✳✳ ❧❡s ❣r❛♥❞s ❝②❝❧❡s ❜✐♦❣é♦❝❤✐♠✐q✉❡s

▲✬❤✉♠✐❞✐té ❞✉ s♦❧ ✐♥t❡r✈✐❡♥t ❡♥✜♥ ❛✉ ❝÷✉r ❞❡ ❧❛ ❜✐♦s♣❤èr❡✱ ❡t ✐♥✢✉❡ ❞♦♥❝ ❞❡ ♥♦♠❜r❡✉①
❝②❝❧❡s ❜✐♦❣é♦❝❤✐♠✐q✉❡s✳ ❊♥ ❛❣✐ss❛♥t s✉r ❧✬❛❝t✐✈✐té ♠✐❝r♦❜✐❡♥♥❡✱ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❛❣✐t ❞✐✲
r❡❝t❡♠❡♥t s✉r ❧❡s ❣r❛♥❞s ❝②❝❧❡s ❞❡ ❧✬❛③♦t❡ ✭◆✮ ❬P❛st♦r ❛♥❞ P♦st✱ ✶✾✽✻❪✱ ❞✉ ♣❤♦s♣❤♦r❡ ✭P✮
❬❙♣❛r❧✐♥❣ ❡t ❛❧✳✱ ✶✾✽✼❪ ❡t ❞✉ ♣♦t❛ss✐✉♠ ✭❑✮ ❬❑✉❝❤❡♥❜✉❝❤ ❡t ❛❧✳✱ ✶✾✽✻❪✱ ❡t s✉r ❧❡✉r ♣♦t❡♥t✐❡❧
❛ss✐♠✐❧❛❜❧❡ ♣❛r ❧❡s ♣❧❛♥t❡s ❬❉❛✈✐❞s♦♥✱ ✶✾✻✾❪✳

▲✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡st ❛✉ss✐ ✉♥ ❢❛❝t❡✉r ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❝②❝❧❡ ❞✉ ❝❛r❜♦♥❡✳ ▲❡ s♦❧ ❡st ✉♥
rés❡r✈♦✐r ✐♠♣♦rt❛♥t ❞❡ ❝❛r❜♦♥❡✱ ❛✈❡❝ ✉♥ st♦❝❦ ❡st✐♠é ❛✉t♦✉r ❞❡ ✷✺✵✵ ●t ❬▲❛❧✱ ✷✵✵✽❪✱ ❝♦♠♣♦sé
❞❡ ✶✺✺✵ ●t s♦✉s ❢♦r♠❡ ❞❡ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ❡t ✾✺✵ ●t s♦✉s ❢♦r♠❡ ✐♥♦r❣❛♥✐q✉❡✳ ▲❡ s♦❧ r❡♣rés❡♥t❡
❞♦♥❝ ✽✵✪ ❞✉ ❝❛r❜♦♥❡ ❝♦♥t❡♥✉ ❞❛♥s ❧✬é❝♦s②stè♠❡ t❡rr❡str❡ q✉✐ ❝♦♥t✐❡♥t ✸✶✼✵ ●t ✭❧❡s ❛✉tr❡s ✷✵✪
ét❛♥t ❝♦♥t❡♥✉ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ❧❡s ♣❧❛♥t❡s ❡t ❧❡s ❛♥✐♠❛✉①✮✳ ❊♥ ❛❣✐ss❛♥t s✉r ❧❛ ♣❤♦t♦s②♥✲
t❤ès❡ ❬❙❝❤♥❡✐❞❡r ❛♥❞ ❈❤✐❧❞❡rs✱ ✶✾✹✶❪✱ ❧❛ ❞é❝♦♠♣♦s✐t✐♦♥ ❞❡ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ♦✉ ❡♥❝♦r❡ ❧❡ t❛✉①
❞❡ r❡s♣✐r❛t✐♦♥ ❬❖r❝❤❛r❞ ❛♥❞ ❈♦♦❦✱ ✶✾✽✸❪✱ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡st ♣❛rt✐❡ ✐♥té❣r❛♥t❡ ❞✉ ❝②❝❧❡ ❞✉
❝❛r❜♦♥❡✳
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✶✳✹ ▼ét❤♦❞❡s ❞✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧

■❧ ❡①✐st❡ ✸ ♠ét❤♦❞❡s ♣r✐♥❝✐♣❛❧❡s ♣♦✉r ❡st✐♠❡r ❧❡ t❛✉① ❞✬❤✉♠✐❞✐té ❞❛♥s ❧❡ s♦❧ ✿ ❧❡s ♠❡s✉r❡s
t❡rr❛✐♥✱ ❧❡s ♠♦❞è❧❡s ♥✉♠ér✐q✉❡s ❡t ❧❛ té❧é❞ét❡❝t✐♦♥✳

✶✳✹✳✶ ▲❛ ♠❡s✉r❡ ✐♥✲s✐t✉

▲❛ ♠❡s✉r❡ ✐♥✲s✐t✉ ♣❡r♠❡t ❞✬❛✈♦✐r ❧❛ ♠❡✐❧❧❡✉r❡ ♣ré❝✐s✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❡t s❡rt s♦✉✈❡♥t ❞❡
ré❢ér❡♥❝❡✳ ■❧ ❡①✐st❡ ❞✐✛ér❡♥ts t②♣❡s ❞❡ ♠❡s✉r❡s ✐♥✲s✐t✉ ✿

✖ ▲❛ ♠ét❤♦❞❡ ❞✐r❡❝t❡ ✿ ▲❛ ♠ét❤♦❞❡ q✉✐ ♣❡r♠❡t ❞❡ ♠❡s✉r❡r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❛✈❡❝ ❧❛ ♠❡✐❧❧❡✉r❡
♣ré❝✐s✐♦♥ ❡st ❧❛ ❣r❛✈✐♠étr✐❡✳ ▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❝❡tt❡ ♠ét❤♦❞❡ ❡st ❞❡ ♣ré❧❡✈❡r ✉♥ é❝❤❛♥t✐❧❧♦♥
❞❡ s♦❧ ❞♦♥t ♦♥ ✈❡✉t ♠❡s✉r❡r ❧❡ ❝♦♥t❡♥✉ ❡♥ ❡❛✉ ✭❋✐❣✉r❡ ✶✳✶✶✮✳ ❖♥ ❧❡ ♣ès❡✱ ♦♥ ❧❡ sè❝❤❡ ✭❞❛♥s
✉♥❡ ét✉✈❡ à ✶✵✺✝❈ ♣❡♥❞❛♥t ✹✽❤✮ ❡t ♦♥ ❧❡ ♣ès❡ ❞❡ ♥♦✉✈❡❛✉✳ ▲❛ ❞✐✛ér❡♥❝❡ ❞❡ ♠❛ss❡ s❡r❛
❞♦♥❝ ❧✬❡❛✉ q✉✐ s✬❡st é✈❛♣♦ré❡✳ ▲✬❛✈❛♥t❛❣❡ ❡st ❞♦♥❝ s❛ ♣ré❝✐s✐♦♥✱ ♠❛✐s ❝❡tt❡ ♠ét❤♦❞❡ ❡st
r❡❧❛t✐✈❡♠❡♥t ❝♦ût❡✉s❡ ❡♥ t❡♠♣s ❡t s❛ ♠ét❤♦❞❡ ❡st ❞❡str✉❝t✐✈❡✳

✭❛✮ ❋♦ss❡ ♣♦✉r ♣ré❧è✈❡♠❡♥t ❞✬é❝❤❛♥t✐❧❧♦♥s✳ ✭❜✮ ▲❡s ♣ré❧è✈❡♠❡♥ts ❞❡ s♦❧ s♦♥t ❡✛❡❝t✉és à ❞✐✛é✲
r❡♥t❡s ♣r♦❢♦♥❞❡✉rs✳

❋✐❣✉r❡ ✶✳✶✶ ✕ ▼❡s✉r❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ♣❛r ❣r❛✈✐♠étr✐❡✳

✖ ▲❛ ♠ét❤♦❞❡ ✐♥❞✐r❡❝t❡ ✿ ▲❡ ♣r✐♥❝✐♣❡ ✐❝✐ ❡st ❞✬✉t✐❧✐s❡r ❞❡s ♣r♦①② ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❢❛❝✐✲
❧❡♠❡♥t ♠❡s✉r❛❜❧❡✳ ▲❛ ♣rés❡♥❝❡ ❞✬❡❛✉ ❞❛♥s ❧❡ s♦❧ ♠♦❞✐✜❡ s❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡✱ ❛✐♥s✐
❧❡s ♠ét❤♦❞❡s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s ♣❡✉✈❡♥t s❡r✈✐r à ❡st✐♠❡r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✳ ❖♥ ré❢ér❡♥❝❡
✉s✉❡❧❧❡♠❡♥t ✿ ❧❡s s♦♥❞❡s ❚✐♠❡ ❉♦♠❛✐♥ ❘❡✢❡❝t♦♠❡tr② ✭❚❉❘✮ q✉✐ ♠❡s✉r❡♥t ❧❡ t❡♠♣s ❞❡
♣❛r❝♦✉rs ❡♥tr❡ ✷ t✐❣❡s ♠ét❛❧❧✐q✉❡s ♣❧❛♥té❡s ❞❛♥s ❧❡ s♦❧✱ ♦✉ ❡♥❝♦r❡ ❧❡s s♦♥❞❡s ❝❛♣❛❝✐t✐✈❡s✳
▼❛✐s ✐❧ ❡①✐st❡ ❞✬❛✉tr❡s ♠ét❤♦❞❡s t❡❧❧❡s q✉❡ ❧❡s s♦♥❞❡s à ♥❡✉tr♦♥s✱ t❡♥s✐♦♠ètr❡s✳✳✳

▲✬✐♥térêt ❞❡ ❝❡s ♠ét❤♦❞❡s ❡st ❧❡✉r ♣ré❝✐s✐♦♥ ❡t s✉r ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❛✉t♦♠❛t✐s❡r ❞✬❛❝q✉✐s✐t✐♦♥✳
▲❡ ♣r♦❜❧è♠❡ ♠❛❥❡✉r ❡st q✉❡ ❝❡ s♦♥t ❞❡s ♠❡s✉r❡s ♣♦♥❝t✉❡❧❧❡s ❞♦♥❝ ❞✐✣❝✐❧❡s à s♣❛t✐❛❧✐s❡r✳ ■❧
❡①✐st❡ ✉♥ s✐t❡ ✜♥❛♥❝é ♣❛r ❧✬❊❙❆✱ ❧✬ ■♥t❡r♥❛t✐♦♥❛❧ ❙♦✐❧ ▼♦✐st✉r❡ ◆❡t✇♦r❦ ✭■❙▼◆✮✱ q✉✐ ❝❡♥tr❛✲
❧✐s❡ ❧❡s ❞♦♥♥é❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ✐ss✉❡s ❞❡ ♠❡s✉r❡s ✐♥✲s✐t✉ à tr❛✈❡rs ❧❡ ♠♦♥❞❡ ✭✈♦✐r ❋✐❣✉r❡ ✶✳✶✷✮✳
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❋✐❣✉r❡ ✶✳✶✷ ✕ ❊t❛t ❞✉ rés❡❛✉ ❞❡ ❧✬■❙▼◆ ❧❡ ✷✺ ❖❝t♦❜r❡ ✷✵✶✼✳

❖♥ r❡♠❛rq✉❡ ❛❧♦rs q✉❡ ❧❡s s♦♥❞❡s s♦♥t très ✐♥é❣❛❧❡♠❡♥t ré♣❛rt✐❡s s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❝♦♥t✐✲
♥❡♥ts ✭rés❡❛✉ très ❞❡♥s❡ ❛✉① ❊t❛ts✲❯♥✐s ❡t très ❢❛✐❜❧❡ ❡♥ ❆♠ér✐q✉❡ ❞✉ ❙✉❞✮✳ ❖r ♥♦✉s ❛✈♦♥s
✈✉ ♣ré❝é❞❡♠♠❡♥t q✉❡ ❧❡s ③♦♥❡s ♦ù ❧❡s ✈❛r✐❛❜✐❧✐tés ❞✉ s♦❧ ❛✈❛✐t ✉♥ ❢♦rt ✐♠♣❛❝t✱ ét❛✐❡♥t ❞❛♥s ❧❡s
ré❣✐♦♥s ❞❡ tr❛♥s✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s✳ ❖♥ r❡tr♦✉✈❡ ❜✐❡♥ ❧❡s s♦♥❞❡s ❆▼▼❆✲❈❆❚❈❍ ❛✉ ❇é♥✐♥ ❡t
◆✐❣❡r✱ ❡t ♣❧✉s ré❝❡♠♠❡♥t ❧❡s s♦♥❞❡s ❛✉ ❙é♥é❣❛❧ ❡t ❡♥ ➱t❤✐♦♣✐❡✱ ♠❛✐s ❝❡❧❛ r❡st❡ ♣❡✉ ❛✉ ✈✉❡ ❞❡
❧❛ s✉r❢❛❝❡ ❞❡s ✧❤♦ts♣♦t✧ ❞❡ ❧❛ ❋✐❣✉r❡ ✶✳✾✳

✶✳✹✳✷ ▲❡s ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡

▲❡s ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡✱ ✉s✉❡❧❧❡♠❡♥t ❛♣♣❡❧és ▲❛♥❞ ❙✉r❢❛❝❡ ▼♦❞❡❧ ✭▲❙▼✮✱ ♦♥t ♣♦✉r ♦❜❥❡❝t✐❢
❞❡ r❡♣rés❡♥t❡r ❧❡s ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s ❞✬é❝❤❛♥❣❡s ❡♥tr❡ ❧❡ s♦❧ ❡t ❧✬❛t♠♦s♣❤èr❡ ❡♥ ✐♠♣❧é♠❡♥t❛♥t
♥✉♠ér✐q✉❡♠❡♥t ❧❡s éq✉❛t✐♦♥s ♠❛t❤é♠❛t✐q✉❡s ❞❡s ❧♦✐s ♣❤②s✐q✉❡s ♦✉ ❞❡s ❞❡s❝r✐♣t✐♦♥s ❝♦♥❝❡♣✲
t✉❡❧❧❡s✳ ❈❡s s❝❤é♠❛s ♦♥t été ✐♥✐t✐❛❧❡♠❡♥t ❝réés ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s ✢✉① ❞✬❡❛✉ ❡t ❞✬é♥❡r❣✐❡ ❡♥tr❡
❧❛ s✉r❢❛❝❡ ❡t ❧✬❛t♠♦s♣❤èr❡✳ ■❧s s✬✐♥tér❡ss❡♥t ❣é♥ér❛❧❡♠❡♥t à ❧❛ ♣❛rt✐❡ s✉♣❡r✜❝✐❡❧❧❡ ❞✉ s♦❧ ✭❣é✲
♥ér❛❧❡♠❡♥t ❡♥tr❡ ❧❛ s✉r❢❛❝❡ ❡t ✷✲✺♠ ❞❡ ♣r♦❢♦♥❞❡✉r✮✳ ❖♥ ❝❧❛ss❡ ❝❡s ♠♦❞è❧❡s s❡❧♦♥ ✸ ❣r❛♥❞❡s
❣é♥ér❛t✐♦♥s✱ ❞❡ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❧❛ ♣❧✉s s✐♠♣❧❡ à ❧❛ ♣❧✉s ❞ét❛✐❧❧é❡✳

▲❡ ♣r❡♠✐❡r ♠♦❞è❧❡ ❞❡ s✉r❢❛❝❡ ❛ ❞✬❛❜♦r❞ été ✐♠♣❧é♠❡♥té ❞❛♥s ✉♥ ♠♦❞è❧❡ ❝❧✐♠❛t✐q✉❡ ❡♥ ✶✾✻✾ ♣❛r
❬▼❛♥❛❜❡✱ ✶✾✻✾❪✳ ❈❡ t②♣❡ ❞❡ ♠♦❞è❧❡✱ ❞✐t ❞❡ ♣r❡♠✐èr❡ ❣é♥ér❛t✐♦♥✱ ❡st s②♥t❤ét✐sé ♣❛r ❬P✐t♠❛♥✱ ✷✵✵✸❪
✭❋✐❣ ✶✳✶✸❛✮✳ ■❧ ❞é❝r✐t ❧❛ ❜❛❧❛♥❝❡ é♥❡r❣ét✐q✉❡ ♣❛r ❞❡s éq✉❛t✐♦♥s ❝♦♥❝❡♣t✉❡❧❧❡s ❡t ❝♦♥s✐❞èr❡ ❧❡ s♦❧
❝♦♠♠❡ ✉♥ s✐♠♣❧❡ rés❡r✈♦✐r t②♣❡ ✧❜✉❝❦❡t✧✳ ■❝✐✱ ✐❧ ② ❛ é✈❛♣♦r❛t✐♦♥ ❧♦rsq✉❡ ❧✬❡❛✉ ❞❛♥s ❧❡ s♦❧ ❡st
s✉✣s❛♥t❡ ❡t ❧❡ rés❡r✈♦✐r ♥❡ s❡ r❡♠♣❧✐t q✉❡ s✐ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s♦♥t s✉♣ér✐❡✉r❡s à ❧✬é✈❛♣♦r❛t✐♦♥✳
❙✐ ❧❡ rés❡r✈♦✐r ❡st tr♦♣ ♣❧❡✐♥✱ ✐❧ ✧❞é❜♦r❞❡✧ ❡t ♦♥ ❛ ❛❧♦rs ❞✉ r✉✐ss❡❧❧❡♠❡♥t ❞❡ s✉r❢❛❝❡✳

❊♥ ✶✾✼✽✱ ❧❡ ♠♦❞è❧❡ ❞❡ ❉❡❛r❞♦✛ ✭✶✾✼✼✮✱ ✐♥s♣✐ré ❞✉ ✧❢♦r❝❡✲r❡st♦r❡✧ ❞❡ ❬❇❧❛❝❦❛❞❛r✱ ✶✾✼✻❪✱ ✐♠♣❧é✲
♠❡♥t❡ ✉♥❡ ❝♦✉❝❤❡ ❤♦♠♦❣è♥❡ s✉r ❧❡ s♦❧ ♠♦❞é❧✐s❛♥t ❧❛ ✈é❣ét❛t✐♦♥✱ ❝❡ s♦♥t ❧❡s ♠♦❞è❧❡s ❞❡ s❡❝♦♥❞❡
❣é♥ér❛t✐♦♥ ✭❋✐❣ ✶✳✶✸❜✮✳ ❈❡s ❞❡r♥✐❡rs ♣❡r♠❡tt❡♥t ❞✬✐♥té❣r❡r ❧❡ ♣r♦❝❡ss✉s ❞❡ ♣❤♦t♦s②♥t❤ès❡ ❡t
❛✐♥s✐ ❞❡ ❞②♥❛♠✐s❡r ❧✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ♦✉ ❡♥❝♦r❡ ❧✬✐♥t❡r❝❡♣t✐♦♥ ❞✉ r❛②♦♥♥❡♠❡♥t ✐♥❝✐❞❡♥t ♣❛r
❧❛ ❝❛♥♦♣é❡✳ ❆✐♥s✐ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛♥♥é❡✱ ❧❛ rés✐st❛♥❝❡ st♦♠❛❝❛❧❡ ♦✉ ❡♥❝♦r❡ ❧❡ ▲❆■ é✈♦❧✉❡✳ ❖♥

✷✽



✶✳✹✳ ▼➱❚❍❖❉❊❙ ❉✬❊❙❚■▼❆❚■❖◆ ❉❊ ▲✬❍❯▼■❉■❚➱ ❉❯ ❙❖▲

♣❡✉t ❝✐t❡r ❝♦♠♠❡ ❡①❡♠♣❧❡ ❞❡ ♠♦❞è❧❡s ❞❡ s❡❝♦♥❞❡ ❣é♥ér❛t✐♦♥ ■❙❇❆✱ ❇❆❚❙✱ ❙✐❇✱ ✳✳✳ ▲❛ tr♦✐s✐è♠❡
❣é♥ér❛t✐♦♥ ❞❡ ♠♦❞è❧❡ ❡st ❛♣♣❛r✉t ✜♥ ✽✵✳ ❈❡s ❞❡r♥✐❡rs ♠♦❞é❧✐s❡♥t ❧❡s ❝②❝❧❡s é♥❡r❣ét✐q✉❡s✱ ❤②❞r♦✲
❧♦❣✐q✉❡s ❡t ❞✉ ❝❛r❜♦♥❡✱ ❛✐♥s✐ q✉❡ ❧❡s ✐♥tér❛❝t✐♦♥s ❡♥tr❡ ❡✉①✳ ❖♥ ❝✐t❡r❛ ♣♦✉r ❡①❡♠♣❧❡ ❧✬é✈♦❧✉t✐♦♥
■❙❇❆✲❆✲❣s✱ ❙✐❇✷ ♦✉ ❡♥❝♦r❡ ❖❘❈❍■❉❊❊✳

✭❛✮ ▼♦❞è❧❡ ❞❡ s✉r❢❛❝❡ ❞❡ ✶èr❡ ❣é♥ér❛t✐♦♥ ✭❜✮ ▼♦❞è❧❡ ❞❡ s✉r❢❛❝❡ ❞❡ ✷♥❞❡ ❣é♥ér❛t✐♦♥

❋✐❣✉r❡ ✶✳✶✸ ✕ ◆✐✈❡❛✉① ❞❡ ❝♦♠♣❧❡①✐té ❞✐✛ér❡♥t ❡♥tr❡ ✷ ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡ ✭s❝❤é♠❛ ❞❡
❬P✐t♠❛♥✱ ✷✵✵✸❪✮✳

✶✳✹✳✸ ▲❛ té❧é❞ét❡❝t✐♦♥ s♣❛t✐❛❧❡

▲❛ té❧é❞ét❡❝t✐♦♥ ❡st ❧✬♦❜s❡r✈❛t✐♦♥ ✭❞ét❡❝t✐♦♥✮ ❞✬✉♥ ♠✐❧✐❡✉✱ ✉♥ ♣r♦❝❡ss✉s✱ ✉♥ ♣❤é♥♦♠è♥❡✱ s❛♥s
❝♦♥t❛❝t ❞✐r❡❝t ✭té❧é✮✳ ❈❡tt❡ ♠ét❤♦❞❡ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ✉♥❡ ♥♦t✐♦♥ ❞❡ ❞✐st❛♥❝❡✱ ❞❡ ❝❤❛♥❣❡♠❡♥t
❞✬é❝❤❡❧❧❡✳ ❆✐♥s✐✱ ❞❛♥s ❧✬❡①❡♠♣❧❡ ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ ❚❡rr❡ ♣❛r s❛t❡❧❧✐t❡✱ ❧❡s ♣❤é♥♦♠è♥❡s ❡t
♣r♦❝❡ss✉s ♦❜s❡r✈és s♦♥t ❞✐✛ér❡♥ts ❞❡ ❝❡✉① ét✉❞✐és ❡♥ ❧❛❜♦r❛t♦✐r❡ ♦✉ s✉r ❧❡ t❡rr❛✐♥✳ ❈❡❧❛ ♣❡r♠❡t
❞❡ ♣r❡♥❞r❡ ❞✉ r❡❝✉❧ ❡t ❞✬❛♥❛❧②s❡r ❣❧♦❜❛❧❡♠❡♥t ❧❡s ♣r♦❝❡ss✉s✳ P♦✉r ❡✛❡❝t✉❡r ❝❡s ♦❜s❡r✈❛t✐♦♥s✱ ❞❡s
✐♥str✉♠❡♥ts ❞❡ ♠❡s✉r❡ ❡♠❜❛rq✉és s✉r s❛t❡❧❧✐t❡ ❡♥r❡❣✐str❡♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s ✈✐❛ ❞✐✛ér❡♥ts ❝❛♣✲
t❡✉rs ♠❡s✉r❛♥t ❧✬é♥❡r❣✐❡ ❞✬✉♥ r❛②♦♥♥❡♠❡♥t é❧❡❝tr♦♠❛❣♥ét✐q✉❡ é♠✐s ♦✉ ré✢é❝❤✐✱ ❝❡s ✐♥❢♦r♠❛t✐♦♥s
s♦♥t ❡♥s✉✐t❡ tr❛♥s♠✐s❡s s✉r ❚❡rr❡ ♣✉✐s tr❛✐té❡s ❡t ❛♥❛❧②sé❡s✳ ❖♥ ❝❧❛ss❡ ❧❛ ♥❛t✉r❡ ❞❡ ❧❛ ♠❡s✉r❡
s❡❧♦♥ s♦♥ ❝❛r❛❝tèr❡ ♣❛ss✐❢ ♦✉ ❛❝t✐❢✳ P❛ss✐❢ r❡✈✐❡♥t à ♦❜s❡r✈❡r ❧❡ r❛②♦♥♥❡♠❡♥t ♥❛t✉r❡❧ ❞❡ ❧❛ ❚❡rr❡
✭❡① ✿ r❛❞✐♦♠étr✐❡✮✱ ❛❧♦rs q✉✬❛❝t✐❢ ❡♠❡t ✉♥ s✐❣♥❛❧ ❡t ♦❜s❡r✈❡ ❝❡ q✉✐ ❧✉✐ r❡✈✐❡♥t ✭❡① ✿ ❘❆❉❆❘✮✳ ▲❡s
❞é❜✉ts ❞❡ ❧❛ té❧é❞ét❡❝t✐♦♥ ❛♣♣❧✐q✉é❡ à ❧❛ ♠❡s✉r❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❞❛t❡♥t ❞❡s ❛♥♥é❡s ✶✾✽✵
✭❋✐❣✉r❡ ✶✳✶✹✮✳ ▼❛❥♦r✐t❛✐r❡♠❡♥t ❜❛sé❡s s✉r ❞❡s r❛❞✐♦♠ètr❡s ✭♣❛ss✐❢✱ ❡♥ ❥❛✉♥❡ s✉r ❋✐❣✉r❡ ✶✳✶✹✮
❡t ❞❡s ❞✐✛✉s♦♠ètr❡s r❛❞❛r ✭❛❝t✐❢✱ ❡♥ ❜❧❡✉ s✉r ❋✐❣✉r❡ ✶✳✶✹✮ ❞❛♥s ❧❡s ♠✐❝r♦✲♦♥❞❡s✱ ❧❡s ❞✐✛ér❡♥t❡s
t❡❝❤♥♦❧♦❣✐❡s ❞❡ ❝❛♣t❡✉rs ♦♥t ♣❡r♠✐s ❞❡ ❣r❛♥❞❡s ❛✈❛♥❝é❡s ❞❛♥s ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉
s♦❧ ❞❛♥s ❧❛ ❝♦✉❝❤❡ s✉♣❡r✜❝✐❡❧❧❡ ✭✵✲✺ ❝♠✮✳ ❊♥ ❡✛❡t✱ ❧❡ r❛②♦♥♥❡♠❡♥t ♠✐❝r♦✲♦♥❞❡ ❡st s❡♥s✐❜❧❡ ❛✉①
✈❛r✐❛t✐♦♥s ❞✐é❧❡❝tr✐q✉❡s ❞✉ ♠✐❧✐❡✉✱ ♣❤é♥♦♠è♥❡ ♠✐s ❡♥ ❥❡✉ ❧♦rs ❞❡s ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧✳
P♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s s✉r ❧❛ t❤é♦r✐❡ ❞❡s r❛②♦♥♥❡♠❡♥ts ♠✐❝r♦✲♦♥❞❡s s❡ ré❢ér❡♥❝❡r à ❧✬❆♥♥❡①❡ ❆✳
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✶✳✺✳ P❘❖❇▲➱▼❆❚■◗❯❊ ❉❊ ▲✬❊❙❚■▼❆❚■❖◆ ❉❊ ▲✬❍❯▼■❉■❚➱ ❊◆ ❩❖◆❊ ❘❆❈■◆❆■❘❊

❋✐❣✉r❡ ✶✳✶✹ ✕ ❍✐st♦r✐q✉❡ ❞❡s ♠✐ss✐♦♥s s❛t❡❧❧✐t❛✐r❡s ❧✐é❡s à ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✳ ✭❤tt♣ ✿✴✴❡s❛✲
s♦✐❧♠♦✐st✉r❡✲❝❝✐✳♦r❣✴✮✳

✶✳✺ Pr♦❜❧é♠❛t✐q✉❡ ❞❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❡♥ ③♦♥❡
r❛❝✐♥❛✐r❡

▲❛ ❋✐❣✉r❡ ✶✳✶✺ r❡♣rés❡♥t❡ ❧❛ ♣r♦❜❧é♠❛t✐q✉❡ ❧✐é❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❡♥ ③♦♥❡ r❛❝✐✲
♥❛✐r❡✱ ❧❛ ③♦♥❡ ❞✬✐♥térêt ❞❡ ❝❡tt❡ ét✉❞❡ ✭r❡❝t❛♥❣❧❡ r♦✉❣❡✮✳ ❊♥ ❡✛❡t✱ ❧❡s ♠❡s✉r❡s ✐♥✲s✐t✉ ✭r❡❝t❛♥❣❧❡
✈❡rt✮ s♦♥t ♣♦♥❝t✉❡❧❧❡s ❡t ❧❛ té❧é❞ét❡❝t✐♦♥ ♠✐❝r♦✲♦♥❞❡ ✭r❡❝t❛♥❣❧❡ ❜❧❡✉✮ ♥✬❛❝❝è❞❡ q✉✬à ❧❛ ♣❛rt✐❡
s✉♣❡r✜❝✐❡❧❧❡ ❞✉ s♦❧✳ ❆✜♥ ❞✬❛❝❝é❞❡r à ❧✬❤✉♠✐❞✐té s✉r ❞❡s ❝♦✉❝❤❡s ♣❧✉s ♣r♦❢♦♥❞❡s✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡
❞✬✉t✐❧✐s❡r ❞❡s ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡ ✭③♦♥❡ ❤❛❝❤✉ré❡ ✈✐♦❧❡tt❡✮✳ ❖r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❛ ❛✉ss✐ s❡s ✐♥❝♦♥✲
✈é♥✐❡♥ts q✉✐ s♦♥t ❧✐és à s❡s ✐♥❝❡rt✐t✉❞❡s ✭♣❤②s✐q✉❡ ❞❡s éq✉❛t✐♦♥s✱ ♣❛r❛♠étr✐s❛t✐♦♥s✱✳✳✳✮ ❡t ❛✉①
✐♥❝❡rt✐t✉❞❡s s✉r ❧❡s ❢♦rç❛❣❡s q✉✐ ❧❡s ❛❧✐♠❡♥t❡♥t✳

Résolution spatiale

P
ro

fo
n
d
e
u
r

0 m

~ -2 m

~1 m2 ~1 km2~1 km2 ~1000 km2

Mesure In-situ

Télédétection micro-onde

Modèle de surface

~ -0.05 m

Zone d'intérêt de l'étude

?
?

❋✐❣✉r❡ ✶✳✶✺ ✕ Pr♦❜❧é♠❛t✐q✉❡ ❞❡ rés♦❧✉t✐♦♥ r❡❧❛t✐✈❡ ❛✉ ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ❞✬❡st✐♠❛t✐♦♥ ❞✬❤✉✲
♠✐❞✐té ❞✉ s♦❧✳
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❈❤❛♣✐tr❡ ✷

❊st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡♥
❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st ✿
▲❡ tr✐♣t②q✉❡
■♥✲s✐t✉✴❚é❧é❞ét❡❝t✐♦♥✴▼♦❞é❧✐s❛t✐♦♥

✷✳✶ ■♥tr♦❞✉❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✷✳✷ ❯♥❡ ✧❜♦♥♥❡ ❡st✐♠❛t✐♦♥✧ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❄ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✷✳✸ ▼❡s✉r❡s ✐♥✲s✐t✉ ✿ ❧✬♦❜s❡r✈❛t♦✐r❡ ❆▼▼❆✲❈❆❚❈❍ ❝♦♠♠❡ ré❢ér❡♥❝❡ ✸✹

✷✳✸✳✶ ❙✐t❡ ❞✉ ❇é♥✐♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✷✳✸✳✷ ❙✐t❡ ❞✉ ◆✐❣❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼
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✷✳✺ ▼♦❞é❧✐s❛t✐♦♥ ♥✉♠ér✐q✉❡ ✿ ❙❯❘❋❊❳ ❡t ❆P■ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥
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✷✳✶✳ ■◆❚❘❖❉❯❈❚■❖◆

✷✳✶ ■♥tr♦❞✉❝t✐♦♥

▲❛ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡s ❣r❛♥❞s rés❡r✈♦✐rs ❞✉ ❝②❝❧❡ ❞❡ ❧✬❡❛✉ ✭✈♦✐r ❋✐❣✉r❡ ❄❄ ❛✮✮ ❡st ✉♥ ✈ér✐t❛❜❧❡
❡♥❥❡✉✱ ❡t ❝❡ à ❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s✳ ❊st✐♠❡r ❧❡s rés❡r✈❡s ❡t ❧❡s tr❛♥s❢❡rts ❞❡ ❝❡s ❣r❛♥❞s rés❡r✈♦✐rs
❡st ✐♥❞✐s♣❡♥s❛❜❧❡ ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❧❡✉rs é✈♦❧✉t✐♦♥s✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❛♥s ❧❡ ❝♦♥t❡①t❡ ❛❝t✉❡❧ ❞❡
ré❝❤❛✉✛❡♠❡♥t ❝❧✐♠❛t✐q✉❡✳ ❈❡♣❡♥❞❛♥t✱ ♠ê♠❡ s✬✐❧ ❡st ❛✉❥♦✉r❞✬❤✉✐ ♣♦ss✐❜❧❡ ❞✬❡st✐♠❡r ❧♦❝❛❧❡♠❡♥t
❧❛ ♣❧✉♣❛rt ❞❡s ❝♦♠♣❛rt✐♠❡♥ts ❞❡ ❝❡ ❝②❝❧❡✱ ❧✬é❝❤❡❧❧❡ ré❣✐♦♥❛❧❡✱ ✈♦✐r❡ ❣❧♦❜❛❧❡✱ r❡st❡ ❡♥❝♦r❡ ✐♥❝❡r✲
t❛✐♥❡✳

▲❡s ♣r♦❜❧é♠❛t✐q✉❡s ❧✐é❡s à ❧❛ r❡♣rés❡♥t❛t✐♦♥ ré❣✐♦♥❛❧❡ s♦♥t ❞✬❛✉t❛♥t ♣❧✉s ✐♠♣♦rt❛♥t❡s ❡♥ ❆❢r✐q✉❡
❞❡ ❧✬❖✉❡st q✉❡ ❧❡s r❡ss♦✉r❝❡s ❡t ❧✬é❝♦♥♦♠✐❡ ❞❡ ❧❛ ré❣✐♦♥ s♦♥t très s❡♥s✐❜❧❡s ❛✉① ✈❛r✐❛❜✐❧✐tés ❝❧✐✲
♠❛t✐q✉❡s✳ ❊♥ ❡✛❡t✱ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡ ❞❡ ❧❛ ♠♦✉ss♦♥ ❛❢r✐❝❛✐♥❡ ♦♥t ✉♥
✐♠♣❛❝t très ✐♠♣♦rt❛♥t s✉r ❧❡s s♦❝✐étés s✉❜s❛❤❛r✐❡♥♥❡s✳ ▲❛ q✉❛♥t✐té ❛♥♥✉❡❧❧❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥
❡t s✉rt♦✉t ❧❛ ré♣❛rt✐t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡s ♣❧✉✐❡s ❥♦✉❡♥t ✉♥ rô❧❡ ❡ss❡♥t✐❡❧ s✉r ❧❡s r❡♥❞❡♠❡♥ts ❞❡s
❝✉❧t✉r❡s ❡t ❛ ❞♦♥❝ ✉♥ ✐♠♣❛❝t s♦❝✐♦✲é❝♦♥♦♠✐q✉❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧❛ ré❣✐♦♥✳

▲❛ ♣r♦❜❧é♠❛t✐q✉❡ ❞❡s ♦❜s❡r✈❛t✐♦♥s ❞❡ t❡rr❛✐♥ ❡st ✐♠♣♦rt❛♥t❡ ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✳ ◗✉❡ ❝❡
s♦✐t ❞✐r❡❝t❡♠❡♥t ❛✉ tr❛✈❡rs ❧❛ ♣❧✉✐❡ ❛✈❡❝ ❧❡s ♣❧✉✈✐♦♠ètr❡s ✭✶ ♣♦✉r ✶✵ ✵✵✵ ❦♠✷✮ ♦✉ ❜✐❡♥ ❧❡s
s♦♥❞❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ✭♠♦✐♥s ❞❡ ✶✵ s✐t❡s✮✱ ❝❡tt❡ ré❣✐♦♥ ❞✉ ♠♦♥❞❡ ❢❛✐t ❢❛❝❡ à ✉♥❡ ❢❛✐❜❧❡ ❞❡♥✲
s✐té ❞✬✐♥str✉♠❡♥t❛t✐♦♥ ✐♥✲s✐t✉✳ ❘❡♥s❡✐❣♥❡r ❧❡s ✈❛r✐❛t✐♦♥s ❞❡s ❝♦♠♣❛rt✐♠❡♥ts ❞✉ ❝②❝❧❡ ❞❡ ❧✬❡❛✉ à
❣r❛♥❞❡ é❝❤❡❧❧❡ ❞❛♥s ❝❡tt❡ ré❣✐♦♥ ❡st ❞♦♥❝ r❡❧❛t✐✈❡♠❡♥t ❝♦♠♣❧❡①❡ ♣❛r ♠❛♥q✉❡ ❞❡ ♠❡s✉r❡s ✐♥✲s✐t✉✳

❉❛♥s ❧❡s ré❣✐♦♥s s❡♠✐✲❛r✐❞❡s ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❡♥ ❡❛✉ ❡st très ✈❛r✐❛❜❧❡✱ t❡♠♣♦r❡❧❧❡♠❡♥t ❡t s♣❛✲
t✐❛❧❡♠❡♥t ✭♠♦✉ss♦♥ ❛❢r✐❝❛✐♥❡✮✳ ▲✬ét✉❞❡ ❞❡ ❧✬✐♠♣❛❝t ❞❡ ❝❡tt❡ ✈❛r✐❛❜✐❧✐té s✉r ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡ ❧❛
✈é❣ét❛t✐♦♥ ♥é❝❡ss✐t❡ ❞♦♥❝ ❛✉ ♣ré❛❧❛❜❧❡ ❞❡ ♣♦✉✈♦✐r r❡♣rés❡♥t❡r ❝❡tt❡ ❞✐s♣♦♥✐❜✐❧✐té ❡♥ ❡❛✉ à ❞✐✛é✲
r❡♥t❡s é❝❤❡❧❧❡s✳

▲✬✐❞é❡ ❞❡ ❝❡ ❝❤❛♣✐tr❡ ❡st ❞✬é✈❛❧✉❡r ❧❡s tr♦✐s ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ❞✬❡st✐♠❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉
s♦❧ q✉❡ s♦♥t ❧❛ ♠❡s✉r❡ ✐♥✲s✐t✉✱ ❧❛ té❧é❞ét❡❝t✐♦♥ s♣❛t✐❛❧❡ ❡t ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ♥✉♠ér✐q✉❡✳ ❚♦✉t
❞✬❛❜♦r❞✱ ❧❡s ♦✉t✐❧s st❛t✐st✐q✉❡s q✉✐ s♦♥t ✉t✐❧✐sés ❛✜♥ ❞❡ q✉❛♥t✐✜❡r ❧❡s ❝♦♠♣❛r❛✐s♦♥s ❡♥tr❡ s♦✉r❝❡s
❞❡ ❞♦♥♥é❡s s♦♥t ♣rés❡♥tés✳ P✉✐s✱ ❧❡s ❞♦♥♥é❡s ✐♥✲s✐t✉ ✐ss✉❡s ❞❡ ❧✬♦❜s❡r✈❛t♦✐r❡ ❆▼▼❆✲❈❆❚❈❍
s♦♥t ❛♥❛❧②sé❡s✳ ❊st ❡♥s✉✐t❡ ❛❜♦r❞é ❧❡ ♣r✐♥❝✐♣❡ ❞❡ ♠❡s✉r❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ♣❛r r❛❞✐♦♠étr✐❡
♠✐❝r♦✲♦♥❞❡ ♣❛r ❧❡ s❛t❡❧❧✐t❡ ❙▼❖❙ ❛✐♥s✐ q✉❡ s❡s ❧✐♠✐t❡s✳ ❊♥✜♥ ✉♥❡ ét✉❞❡ s✉r ❧❛ q✉❛❧✐té ❞❡s ♠♦✲
❞é❧✐s❛t✐♦♥s ♥✉♠ér✐q✉❡s ❡st ❡✛❡❝t✉é❡ ✈✐❛ ❞❡✉① ♠♦❞è❧❡s ❞❡ ❝♦♠♣❧❡①✐té ❞✐✛ér❡♥t❡ ✿ ❧❡ s❝❤é♠❛ ❞❡
s✉r❢❛❝❡ ❙❯❘❢❛❝❡ ❊❳t❡r♥❛❧✐sé❡ ✭❙❯❘❋❊❳✮ ❡t ❧❡ ♠♦❞è❧❡ ❆♥t❡❝❡❞❡♥t Pr❡❝✐♣✐t❛t✐♦♥ ■♥❞❡① ✭❆P■✮✳

✷✳✷ ❯♥❡ ✧❜♦♥♥❡ ❡st✐♠❛t✐♦♥✧ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❄

▲❛ ♠ét❤♦❞❡ ❞❡ ♠❡s✉r❡ ❧❛ ♣❧✉s ❞✐r❡❝t❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡st ❧❛ ♠❡s✉r❡ ♣❛r ♣ré❧è✈❡♠❡♥t
❞✬é❝❤❛♥t✐❧❧♦♥ ✭✈♦✐r ✶✳✹✳✶✮✳ ❈❡♣❡♥❞❛♥t ❝❡tt❡ ♠ét❤♦❞❡ ❡st ❧❡♥t❡✱ ❞❡str✉❝t✐✈❡✱ ❝♦♠♣♦rt❡ ❞❡s ✐♥✲
❝❡rt✐t✉❞❡s q✉❛♥t à ❧❛ ♠ét❤♦❞❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡✱ ❡❧❧❡ ♥✬❡st ♣❛s ❛✉t♦♠❛t✐s❛❜❧❡ ❡t s✉rt♦✉t✱ ❡❧❧❡
r❡st❡ très ❧♦❝❛❧❡✳ ❉✬❛✉tr❡s ♠ét❤♦❞❡s ✐♥✲s✐t✉✱ ❝♦♠♠❡ ❧❡s s♦♥❞❡s ❈❙✻✶✻ ✉t✐❧✐sé❡s s✉r ❧✬❖❜s❡r✈❛t♦✐r❡
❆▼▼❆✲❈❆❚❈❍ ♣❡r♠❡tt❡♥t ❞❡ ❢❛✐r❡ ✉♥❡ ❛❝q✉✐s✐t✐♦♥ t♦✉t❡s ❧❡s ✸✵ ♠✐♥✉t❡s✱ ❡t ❞❡ ♠❛♥✐èr❡ ❛✉t♦✲
♠❛t✐sé❡✳ ❈❡s s♦♥❞❡s ♣❡r♠❡tt❡♥t ❞❡ s✉✐✈r❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡
❞❛♥s ❧❡ s♦❧✱ ❡t ❞♦♥❝ ❞❡ r❡tr♦✉✈❡r ❧✬❤✉♠✐❞✐té✳ ▼❛❧❣ré q✉❡❧q✉❡s ❧✐♠✐t❛t✐♦♥s ✭❧✐♠✐t❡ ❞✉ ❝♦♥t❛❝t
t✐❣❡✴s♦❧ ♦✉ ❡♥❝♦r❡ ♣r♦❜❧è♠❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥✮✱ ❝❡ s♦♥t ❧❡s sér✐❡s t❡♠♣♦r❡❧❧❡s ✐ss✉❡s ❞❡ ❝❡s s♦♥❞❡s
q✉✐ s❡r✈✐r♦♥t ❞❡ ✧ré❢ér❡♥❝❡✧ ♣♦✉r é✈❛❧✉❡r ❧❡s ❞✐✛ér❡♥t❡s ❡st✐♠❛t✐♦♥s ❜❛sé❡s s✉r ❞❡s ♠♦❞è❧❡s ♦✉
❞❡ ❧❛ té❧é❞ét❡❝t✐♦♥ s♣❛t✐❛❧❡✳

✸✷
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▲❡s s❝♦r❡s st❛t✐st✐q✉❡s ♣❡r♠❡tt❛♥t ❞❡ ❝♦♠♣❛r❡r ❞❡✉① sér✐❡s t❡♠♣♦r❡❧❧❡s s♦♥t ❛ss❡③ ♥♦♠❜r❡✉①✳
❉❛♥s ❧❛ r❡✈✐❡✇ ❬▲♦❡✇ ❡t ❛❧✳✱ ✷✵✶✼❪✱ ❧❡s ❛✉t❡✉rs ❢♦♥t ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞ét❛✐❧❧é❡ ❞❡s ❞✐✛ér❡♥t❡s ❞é✜✲
♥✐t✐♦♥s ❞❡ ❝❡s ❞✐✛ér❡♥ts s❝♦r❡s✳ ❈❡♣❡♥❞❛♥t q✉❡❧q✉❡s✲✉♥s ❞✬❡♥tr❡ ❡✉① s♦♥t ✉s✉❡❧❧❡♠❡♥t ❡♠♣❧♦②és
♣♦✉r ❝❡ q✉✐ ❡st ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❬❊♥t❡❦❤❛❜✐ ❡t ❛❧✳✱ ✷✵✶✵❜❪ ✿

✖ ▲❡ ❝♦❡✣❝✐❡♥t ❞❡ ❝♦rré❧❛t✐♦♥ ❘
❙❡❧♦♥ ❧❡ ▲❛r♦✉ss❡ ✷✵✶✻ ✿ ▲❡ ❝♦❡✣❝✐❡♥t ❞❡ ❝♦rré❧❛t✐♦♥ ❡st ✉♥ ♥♦♠❜r❡ ♠❡s✉r❛♥t ❧❛ ❞é♣❡♥❞❛♥❝❡
❡♥tr❡ ❞❡✉① ❝❛r❛❝tèr❡s q✉❛♥t✐t❛t✐❢s✳ ❙❛ ❢♦r♠✉❧❡ ♠❛t❤é♠❛t✐q✉❡ ❡st ❧❛ s✉✐✈❛♥t❡ ✿

RXY =
Cov(XY )

σXσY
✭✷✳✶✮

❛✈❡❝ ✿

✖ Cov(XY ) ❧❛ ❝♦✈❛r✐❛♥❝❡ ❡♥tr❡ ❧❡s ❞❡✉① ✈❛r✐❛❜❧❡s ❳❨

✖ σX ❡t σY ❧❡s é❝❛rt✲t②♣❡s ❞❡ ❝❤❛❝✉♥❡ ❞❡s ✈❛r✐❛❜❧❡s✳

P❧✉s ❧❛ ✈❛❧❡✉r ❞❡ R ❡st ♣r♦❝❤❡ ❞❡ ✲✶ ♦✉ ❞❡ ✶✱ ♣❧✉s ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❡s ✷ ✈❛❧❡✉rs ❛♥❛❧②sé❡s
❡st ❧✐♥é❛✐r❡ ❞❛♥s ❧❡ ❝❛s ❞❡ P❡❛rs♦♥ ✭❝❛r ❞❛♥s ❧❡ ❝❛s ❞❡ ❙♣❡❛r♠❛♥ ❝✬❡st ❧❛ ♠♦♥♦t♦♥✐❡ ❞❡
❧❛ r❡❧❛t✐♦♥ q✉✐ ❡st t❡sté❡✮✳ ❆✐♥s✐ ❧♦rsq✉❡ ❧❡ ❘ ❡st ♣r♦❝❤❡ ❞❡ ✵✱ ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❡s ✷
✈❛r✐❛❜❧❡s t❡sté❡s ❡st ❢❛✐❜❧❡✳ ❯♥ ♣❛r❛♠ètr❡ très ✐♠♣♦rt❛♥t ❞❛♥s ❝❡ t②♣❡ ❞❡ r❡❧❛t✐♦♥ ❡st ❧❛
♣✲✈❛❧✉❡✳ ❈❡tt❡ ✈❛❧❡✉r t❡st❡ ❧✬❤②♣♦t❤ès❡ ❞❡ ♥♦♥✲❝♦rré❧❛t✐♦♥ ❞❛♥s ❝❡ ❝❛s✲❧à✳ ❙❛ ✈❛❧❡✉r ❡st
❧❛ ♣r♦❜❛❜✐❧✐té ❞✬❛✈♦✐r ✉♥❡ ❝♦rré❧❛t✐♦♥ ❛✉ss✐ ❣r❛♥❞❡ q✉❡ ❝❡❧❧❡ ♦❜t❡♥✉❡ s✐ ❧✬♦♥ ✉t✐❧✐s❛✐t ❞❡s
✈❛r✐❛❜❧❡s ❛❧é❛t♦✐r❡s✳ ❆✐♥s✐ ♣❧✉s ❧❛ ♣✲✈❛❧✉❡ ❡st ❢❛✐❜❧❡✱ ♣❧✉s ❧❛ r❡❧❛t✐♦♥ ❞❡ ❝♦rré❧❛t✐♦♥ ❡st
s✐❣♥✐✜❝❛t✐✈❡✳ ❉❛♥s ❝❡tt❡ ét✉❞❡ ✭s❛✉❢ ♣ré❝✐s✐♦♥✮ ❧❡s ❝♦rré❧❛t✐♦♥s ♣rés❡♥té❡s s♦♥t t♦✉t❡s à
✉♥❡ ♣✲✈❛❧✉❡ ✐♥❢ér✐❡✉r❡ à ✵✳✵✺✳
❖♥ ✉t✐❧✐s❡r❛ ❞♦♥❝ ❧❛ ❝♦rré❧❛t✐♦♥ ❝♦♠♠❡ ♦✉t✐❧ ♣♦✉r q✉❛♥t✐✜❡r ❧❛ s✐♠✐❧✐t✉❞❡ ❛✈❡❝ ❧❡s ♠❡s✉r❡s
✐♥✲s✐t✉✳

✖ ▲✬❡rr❡✉r q✉❛❞r❛t✐q✉❡ ♠♦②❡♥♥❡ ❘▼❙❊✱ ❡t s❛ ✈❡rs✐♦♥ ❞é❜✐❛✐sé❡ ✉❜❘▼❙❊
▲❡ ❘▼❙❊✱ ♣♦✉r ❘♦♦t ▼❡❛♥ ❙q✉❛r❡ ❊rr♦r✱ ❡st s♦✉✈❡♥t ✉t✐❧✐sé ♣♦✉r ét✉❞✐❡r ❧❡s ❞✐✛ér❡♥❝❡s
❡♥tr❡ ✉♥❡ ❡st✐♠❛t✐♦♥ ❡t ✉♥❡ ♦❜s❡r✈❛t✐♦♥✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✱ ❧❛ ❞✐✛ér❡♥❝❡
❡st ❞♦♥❝ ❢❛✐t❡ ♣♦✉r ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s t ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡ ♣♦✐♥ts n ✭✈♦✐r ✭✷✳✷✮✮✱ ❝❡s
❞✐✛ér❡♥❝❡s s♦♥t ❛♣♣❡❧é❡s ❧❡s rés✐❞✉s✳ ▲❛ ✈❛❧❡✉r ♦❜t❡♥✉❡ ❡st ❞❡ ❧❛ ♠ê♠❡ ✉♥✐té q✉❡ ❧❡s
❞♦♥♥é❡s ❝♦♠♣❛ré❡s ✭❧❛ ❝✐❜❧❡ ❞❡ ❙▼❖❙ ❡♥ t❡r♠❡s ❞❡ ❘▼❙❊ ❡st ❞❡ ✵✳✵✹ ♠✸✳♠✲✸✮✳

RMSEXY =

√
Σn

t=1(Xt − Yt)2

n
✭✷✳✷✮

❈❡♣❡♥❞❛♥t✱ ❧❡ ❘▼❙❊ ❡st très s❡♥s✐❜❧❡ ❛✉ ❜✐❛✐s ❝❛r ✐❧ ❝❛❧❝✉❧❡ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ♣♦✐♥ts✳
❯♥ ❛✉tr❡ s❝♦r❡✱ ❧❡ ✉❜❘▼❙❊✱ ♣♦✉r ✉♥❜✐❛s❡❞ ❘▼❙❊✱ ♣❡r♠❡t ❞❡ ❝♦♠♣❛r❡r ✷ sér✐❡s t❡♠♣♦✲
r❡❧❧❡s ❞♦♥t ❧❡ ❜✐❛✐s ❛ été r❡t✐ré ❛✉ ♣ré❛❧❛❜❧❡✳ ▲❛ r❡❧❛t✐♦♥ s✬é❝r✐t ✿

ubRMSEXY =

√
Σn

t=1((Xt − X̂t)− (Yt − Ŷt))2

n
✭✷✳✸✮

✖ ▲❡ ❜✐❛✐s
▲❡ ❜✐❛✐s ❡st ❞é✜♥✐ ❝♦♠♠❡ ét❛♥t ❧✬é❝❛rt à ❧❛ ♠♦②❡♥♥❡✳ ❉❛♥s ❧❡ ❝❛s ✐❝✐ ♦♥ ❧✬✉t✐❧✐s❡r❛ ♣♦✉r
q✉❛♥t✐✜❡r ❧✬é❝❛rt ❡♥tr❡ ❧❡s ♠♦②❡♥♥❡s ❞❡s sér✐❡s ❞✬❤✉♠✐❞✐tés ❡st✐♠é❡s ❡t ❧❡s ♠♦②❡♥♥❡s ❞❡s
♠❡s✉r❡s ✐♥✲s✐t✉ ❝♦rr❡s♣♦♥❞❛♥t❡s✳

BiaisXY = X̂t − Ŷt ✭✷✳✹✮

❈❡ s♦♥t ❞♦♥❝ ❝❡s s❝♦r❡s q✉✐ s❡r♦♥t ✉t✐❧✐sés t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❝❡tt❡ ét✉❞❡ ❛✜♥ ❞❡ ❝♦♠♣❛r❡r ❧❡s
❞♦♥♥é❡s ❡♥tr❡ ❡❧❧❡s✳

✸✸
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✷✳✸ ▼❡s✉r❡s ✐♥✲s✐t✉ ✿ ❧✬♦❜s❡r✈❛t♦✐r❡ ❆▼▼❆✲❈❆❚❈❍ ❝♦♠♠❡
ré❢ér❡♥❝❡

▲✬♦❜s❡r✈❛t♦✐r❡ ❆▼▼❆✲❈❆❚❈❍ ❡st ❧❛ ❝♦♠♣♦s❛♥t❡ ♦❜s❡r✈❛t✐♦♥ ❞❡ ❧♦♥❣ t❡r♠❡ ✭❃✶✵ ❛♥s✮ ❞✉
❝②❝❧❡ ❞❡ ❧✬❡❛✉ ❞✉ ♣r♦❣r❛♠♠❡ ❆▼▼❆✳ ▲❡s ♦❜❥❡❝t✐❢s ❞❡ ❝❡ s❡r✈✐❝❡ ❞✬♦❜s❡r✈❛t✐♦♥ s♦♥t ❞✐✈✐sés ❡♥
tr♦✐s ❞♦♠❛✐♥❡s✳ ▲❡ ♣r❡♠✐❡r ❝❤❡r❝❤❡ à ❞♦❝✉♠❡♥t❡r ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r❛♥♥✉❡❧❧❡ ❞❡s ❛❝t❡✉rs ❞❡ ❧❛
♠♦✉ss♦♥ ❛❢r✐❝❛✐♥❡✱ ♣❛r ❧✬ét✉❞❡ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞❡s s②stè♠❡s ❝♦♥✈❡❝t✐❢s ❡t ❞❡ ❧❡✉rs ✐♠♣❛❝ts s✉r
❧❡ ❝②❝❧❡ ❤②❞r♦❧♦❣✐q✉❡ ❝♦♥t✐♥❡♥t❛❧✳ ▲❡ s❡❝♦♥❞ ❝♦♥❝❡r♥❡ ❧✬ét✉❞❡ ❞❡ ♣r♦❝❡ss✉s ❞❡ ❧❛ ③♦♥❡ ❝r✐t✐q✉❡
♣❛r ❧❛ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡s ♠❡♠❜r❡s ❞❡ ❧✬éq✉❛t✐♦♥ ❞✉ ❜✐❧❛♥ ❤②❞r✐q✉❡ ✭✶✳✷✮✳ ❊♥✜♥ ✉♥ ❛❝❝❡♥t ♣❛rt✐✲
❝✉❧✐❡r ❡st ♠✐s s✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥✱ q✉❡ ❝❡ s♦✐t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ❞♦♥♥é❡s ❞✬♦❜s❡r✈❛t✐♦♥s à ❞❡s ✜♥s
❞❡ ✈❛❧✐❞❛t✐♦♥ ♦✉ ❞❡ ♣❛r❛♠étr✐s❛t✐♦♥ ❞❡s ♠♦❞è❧❡s✳

▲✬♦❜s❡r✈❛t♦✐r❡ ❡st ✐♠♣❧é♠❡♥té s✉r tr♦✐s s✐t❡s ❞❡ ♠és♦✲é❝❤❡❧❧❡ ✭❧❡s ③♦♥❡s ❡♥❝❛❞ré❡s ❡♥ ♥♦✐r s✉r ❧❛
❝❛rt❡ ❛✮ ❋✐❣✉r❡ ✷✳✶✮✱ ❛✉ ▼❛❧✐✱ ◆✐❣❡r ❡t ❇é♥✐♥✳ ▲✬✐♥térêt ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ❝❡s s✐t❡s ❞❡
♠❡s✉r❡ rés✐❞❡ ❞❛♥s ❧❛ ❞✐str✐❜✉t✐♦♥ ❧❛t✐t✉❞✐♥❛❧❡ ✭❡♥tr❡ ✽◦◆ ❡t ✶✼◦◆✮✱ ❝❡ q✉✐ ♣❡r♠❡t ❞❡ tr❛✈❛✐❧❧❡r
❧❡ ❧♦♥❣ ❞✉ très ❢♦rt ❣r❛❞✐❡♥t ❞û à ❧❛ ♠♦✉ss♦♥✳

❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✱ ❧✬♦❜s❡r✈❛t♦✐r❡ ❛ ✐♥str✉♠❡♥té s❡s tr♦✐s s✐t❡s ❡♥ s♦♥❞❡s
❞✬❤✉♠✐❞✐té ✭✈♦✐r ❧♦s❛♥❣❡ ✈✐♦❧❡t s✉r ❛✮ ❋✐❣✉r❡ ✷✳✶✮✳ ❈❡ s♦♥t ❝❡s ❞♦♥♥é❡s q✉✐ ✈♦♥t êtr❡ ✉t✐❧✐sé❡s
❝♦♠♠❡ ré❢ér❡♥❝❡s ✭❞♦♥♥é❡s ❛✈❡❝ ❧❡ ♠♦✐♥s ❞✬✐♥❝❡rt✐t✉❞❡s✮ ❞❛♥s ❝❡tt❡ ét✉❞❡✳ ▲❡s s♦♥❞❡s s♦♥t ❞✐s✲
♣♦sé❡s à ❞✐✛ér❡♥t❡s ♣r♦❢♦♥❞❡✉rs s✉r ❧❡s ♣r❡♠✐❡rs ✶✱✺ ♠ ❞✉ s♦❧✳ ▲✬♦❜s❡r✈❛t♦✐r❡ ❢❛✐t ♣❛rt✐❡ ❞✉
rés❡❛✉ ■❙▼◆ ✭❬❉♦r✐❣♦ ❡t ❛❧✳✱ ✷✵✶✶❪✮✱ ✈♦✐r ❝❛rt❡ ✶✳✶✷✳ ❈❡s s♦♥❞❡s ✭♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡s ❈❛♠♣❜❡❧❧
❈❙✻✶✻ ❡t ❈❙✻✶✺✮ ♣❡r♠❡tt❡♥t ❞✬♦❜s❡r✈❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞✬❡❛✉ à ❞✐✛ér❡♥t❡s ♣r♦❢♦♥✲
❞❡✉rs ✭❋✐❣✉r❡ ❜✮ ✷✳✶✮✳

  

a) b)

❋✐❣✉r❡ ✷✳✶ ✕ ❊♥ ❛✮ ▲✬♦❜s❡r✈❛t♦✐r❡ ❆▼▼❆✲❈❆❚❈❍ ❛✈❡❝ ❧❛ ❞✐s♣♦s✐t✐♦♥ ❞❡s tr♦✐s s✐t❡s ❞❡ ♠❡s✉r❡s
❧❡ ❧♦♥❣ ❞✉ ❣r❛❞✐❡♥t ❧❛t✐t✉❞✐♥❛❧ s❛❤é❧✐❡♥ ✭❢♦♥❞ ❞❡ ❝❛rt❡ ●♦♦❣❧❡▼❛♣s ❡t s❤❛♣❡✜❧❡ ✐ss✉❡ ❞❡ ❧❛
❇❉ ❆▼▼❆✲❈❆❚❈❍✮✳ ❊♥ ❜✮ ❊①❡♠♣❧❡ ❞❡ ❢♦ss❡ ♦✉ ❧❡s s♦♥❞❡s ♦♥t été ✐♥st❛❧❧é❡s à ❞✐✛ér❡♥t❡s
♣r♦❢♦♥❞❡✉rs ✭♣❤♦t♦ ✐ss✉❡ ❞✉ s✐t❡ ❆▼▼❆✲❈❆❚❈❍✮✳
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✷✳✸✳✶ ❙✐t❡ ❞✉ ❇é♥✐♥

▲❛ ❋✐❣✉r❡ ✷✳✷ r❡♣rés❡♥t❡ ❧❛ ❞✐s♣♦s✐t✐♦♥ ❞❡s ✸ s✐t❡s ✐♥str✉♠❡♥tés s✐t✉és ❛✉ ◆♦r❞ ❖✉❡st ❞✉
❇é♥✐♥ ✿ ❇é❧é❢♦✉♥❣♦✉ ❬✾✳✽✵✝◆ ❀ ✶✳✼✷✝❊❪✱ ❇✐r❛ ❬✾✳✽✸✝◆ ❀ ✶✳✼✷✝❊❪ ❡t ◆❛❧♦❤♦✉ ❬✾✳✼✺✝◆ ❀ ✶✳✻✝❊❪
✭❬●❛❧❧❡ ❡t ❛❧✳✱ ✷✵✵✹❪✱ ❬●❛❧❧❡ ❡t ❛❧✳✱ ✷✵✵✼❪✮✳ ▲❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❊❙❆ ❈❈■ ▲❛♥❞❈♦✈❡r✱ ❋✐❣✉r❡ ✷✳✸
❞é❝r✐t ❧❛ ③♦♥❡ ❝♦♠♠❡ ❝♦♠♣♦sé❡ ♠❛❥♦r✐t❛✐r❡♠❡♥t ❞✬❛r❜✉st❡s ✭s❤r✉❜❧❛♥❞✮✱ ❞❡ ❢♦rêts r❡❧❛t✐✈❡♠❡♥t
é♣❛rs❡s ✭♠♦s❛✐❝ tr❡❡✮ ❡t ❞❡ ❝✉❧t✉r❡s ♣❧✉✈✐❛❧❡s ✭❝r♦♣❧❛♥❞ r❛✐♥❢❡❞✮✳

    

Bira

BéléfoungouNalohou

❋✐❣✉r❡ ✷✳✷ ✕ ❉✐s♣♦s✐t✐♦♥ ❞❡s s✐t❡s ❆▼▼❆✲❈❛t❝❤ ❇é♥✐♥ ♦ù s♦♥t ♠❡s✉ré❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✳

  

ESA CCI Landcover

Bira

BéléfoungouNalohou

❋✐❣✉r❡ ✷✳✸ ✕ ❖❝❝✉♣❛t✐♦♥ ❞✉ s♦❧ ✐ss✉❡ ❞❡ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❊❙❆ ❈❈■ ▲❛♥❞❈♦✈❡r ♣♦✉r ❧❡ s✐t❡
❞❡ ❆▼▼❆✲❈❆❚❈❍ ❇é♥✐♥✳
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❙✉r ❝❤❛❝✉♥ ❞❡ ❝❡s s✐t❡s✱ ♣❧✉s✐❡✉rs tr❛♥s❡❝ts ♦♥t été ✐♥st❛❧❧és s❡❧♦♥ ❧❛ ♣❡♥t❡ ❞✬✉♥ ✈❡rs❛♥t✳
❉✐s♣♦sés à ❞❡s ♣r♦❢♦♥❞❡✉rs ❞✐✛ér❡♥t❡s✱ ❧✬❡♥s❡♠❜❧❡ ❞❡s ✽ ♣r♦✜❧s ♠❡s✉rés ✭◆❛❧♦❤♦✉ ❤❛✉t✱ ❜❛s
❡t ♠✐❧✐❡✉ ❀ ❇✐r❛ ❤❛✉t ❡t ♠✐❧✐❡✉ ❀ ❇é❧é❢♦✉♥❣♦✉ ❤❛✉t✱ ❜❛s ❡t ♠✐❧✐❡✉✮ ♣❡r♠❡tt❡♥t ❞✬❡✛❡❝t✉❡r ✉♥❡
r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ à ❧✬é❝❤❡❧❧❡ ❞✉ s✐t❡✳ ❋✐❣✉r❡ ✷✳✹ r❡♣rés❡♥t❡
❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡♥ ♠✸✳♠✲✸ ♣♦✉r ❧❡s ❞✐✛ér❡♥t❡s ♣r♦❢♦♥❞❡✉rs✳ ▲✬❡♥s❡♠❜❧❡ ❣r✐sé ❝♦rr❡s♣♦♥❞ à
❧✬❡♥s❡♠❜❧❡ ❞❡s s♦♥❞❡s✱ ❡t ❧❛ ❧✐❣♥❡ ♥♦✐r❡✱ à ❧❛ ♠♦②❡♥♥❡✳ ❊♥ s✉r❢❛❝❡✱ ❧❛ ❣❛♠♠❡ ❞✬❤✉♠✐❞✐té ✈❛r✐❡
❡♥tr❡ ✵✳✵✸ ♠✸✳♠✲✸ ♣❡♥❞❛♥t ❧❛ s❛✐s♦♥ sè❝❤❡ ❡t ❥✉sq✉✬à ✵✳✹✺ ♠✸✳♠✲✸ ♣❡♥❞❛♥t ❧❛ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s✳
P❧✉s ♦♥ ❞❡s❝❡♥❞ ❡♥ ♣r♦❢♦♥❞❡✉r ♣❧✉s ♦♥ ✈♦✐t ❛♣♣❛r❛îtr❡ ❞❡s ❜✐❛✐s ❡♥tr❡ ❧❡s s♦♥❞❡s ✭❧✬❡♥s❡♠❜❧❡ ❣r✐s
❡st ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❧❛r❣❡✮✳ ❖♥ ♦❜s❡r✈❡ ❞♦♥❝ q✉❡ ❧✬❡❛✉ s✬✐♥✜❧tr❡ à ♣❧✉s ❞✬✉♥ ♠ètr❡ ❞❡ ♣r♦❢♦♥❞❡✉r
❝❤❛q✉❡ ❛♥♥é❡✳
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❋✐❣✉r❡ ✷✳✹ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ à ❞✐✛ér❡♥t❡s ♣r♦❢♦♥❞❡✉rs ♣♦✉r ❧❡s ❤✉✐t ♣r♦✜❧s s✉r
❧❡s t❤r❡❡ s✐t❡s ❞✉ ❇é♥✐♥✳ ▲❛ ♠♦②❡♥♥❡ ❡st ♣rés❡♥té❡ ❡♥ ♥♦✐r❡ ❡t ❧✬❡♥✈❡❧♦♣♣❡ ❣r✐s❡ ❝♦rr❡s♣♦♥❞ à
❧✬❡♥s❡♠❜❧❡ ❞❡s s♦♥❞❡s✳
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✷✳✸✳✷ ❙✐t❡ ❞✉ ◆✐❣❡r

▲❡ s✐t❡ ❆▼▼❆✲❈❆❚❈❍ ❞✉ ◆✐❣❡r s❡ s✐t✉❡ à ✹✵ ❦♠ à ❧✬❊st ❞❡ ◆✐❛♠❡②✱ ❧❛ ❝❛♣✐t❛❧❡✳ ■❧ ❡st s✉❜❞✐✲
✈✐sé ❡♥ ✸ s✐t❡s ✿ ❲❛♥❦❛♠❛ ❬✶✸✳✻✺✝◆ ❀ ✷✳✻✸✝❊❪✱ ❚♦♥❞✐❦✐❜♦r♦ ❬✶✸✳✺✺✝◆ ❀ ✷✳✼✵✝❊❪ ❡t ❇❛♥✐③♦✉♠❜♦✉
❬✶✸✳✺✸✝◆ ❀ ✷✳✻✻✝❊❪ ✭❬P❡❧❧❛r✐♥ ❡t ❛❧✳✱ ✷✵✵✾❪✱ ❬❈❛♣♣❡❧❛❡r❡ ❡t ❛❧✳✱ ✷✵✵✾❪✮✳ ▲❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❊❙❆
❈❈■ ▲❛♥❞❈♦✈❡r✱ ❋✐❣✉r❡ ✷✳✻✱ ♣rés❡♥t❡ ❝❡tt❡ ré❣✐♦♥ ❞✉ ◆✐❣❡r ❝♦♠♠❡ ét❛♥t ❝♦♠♣♦sé❡ ♠❛❥♦r✐t❛✐✲
r❡♠❡♥t ❞❡ ♣r❛✐r✐❡s ❡t ❞❡ ♣ât✉r❛❣❡s ✭❣r❛ss❧❛♥❞✮✳

    

Niamey

Wankama

Tondikiboro

Banizoumbou

❋✐❣✉r❡ ✷✳✺ ✕ ❉✐s♣♦s✐t✐♦♥ ❞❡s s✐t❡s ❆▼▼❆✲❈❆❚❈❍ ◆✐❣❡r ♦ù s♦♥t ♠❡s✉ré❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✳

  

Niamey

Wankama

ESA CCI Landcover

Tondikiboro

Banizoumbou

❋✐❣✉r❡ ✷✳✻ ✕ ❖❝❝✉♣❛t✐♦♥ ❞✉ s♦❧ ✐ss✉❡ ❞❡ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❊❙❆ ❈❈■ ▲❛♥❞❈♦✈❡r ♣♦✉r ❧❡ s✐t❡
❞❡ ❆▼▼❆✲❈❆❚❈❍ ◆✐❣❡r✳
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▲❛ ❋✐❣✉r❡ ✷✳✼ ♣rés❡♥t❡ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ♠❡s✉ré❡s ❡♥tr❡ ✷✵✶✵ ❡t ✷✵✶✻ à
❞✐✛ér❡♥t❡s ♣r♦❢♦♥❞❡✉rs ✭❡♥tr❡ ✺ ❡t ✶✷✵ ❝♠✮✳ ■❝✐ ✉♥✐q✉❡♠❡♥t ❧❡s ♣r♦✜❧s ♣♦✉r ❧❡s ❝❤❛♠♣s ❡♥
❥❛❝❤èr❡ ✭❢❛❧❧♦✇✮ ♦✉ ❝✉❧t✐✈és ✭♠✐❧❧❡t✮ s♦♥t r❡♣rés❡♥tés✱ ❧❡s s♦♥❞❡s s✐t✉é❡s ❞❛♥s ❧❡s r❛✈✐♥❡s ♥❡ ❧❡
s♦♥t ♣❛s ✐❝✐ ✭✐♥✜❧tr❛t✐♦♥ ❃✶✵♠ ❬❉❡s❝r♦✐① ❡t ❛❧✳✱ ✷✵✶✷❪✮✳ ❖♥ ♦❜s❡r✈❡ ✐❝✐ q✉❡ ❧✬✐♥✜❧tr❛t✐♦♥ ❞❡ ❧✬❡❛✉
❡st ❛ss❡③ ✈❛r✐❛❜❧❡ ❞✬✉♥❡ ❛♥♥é❡ à ❧✬❛✉tr❡✳ ❊♥ ❡✛❡t✱ ♣♦✉r ❧❡s ❛♥♥é❡s ✷✵✶✵✱ ✷✵✶✶ ❡t ✷✵✶✺✱ ❧✬❡❛✉
♥✬❛tt❡✐♥t ♣❛s ❧❡s ✶✷✵ ❝♠✱ ❛❧♦rs q✉❡ ♣♦✉r ❧❡s ❛✉tr❡s ❛♥♥é❡s ❧❡ ❢r♦♥t ❞✬❤✉♠❡❝t❛t✐♦♥ ❞❡s❝❡♥❞ ♣❧✉s
❡♥ ♣r♦❢♦♥❞❡✉r✳ ❖♥ ♦❜s❡r✈❡ ❛✉ss✐ ❧❛ ♣rés❡♥❝❡ ❞❡ ✧♣❛✉s❡✧ ✐♥❢r❛✲s❛✐s♦♥♥✐èr❡ ♦ù ❧✬❤✉♠✐❞✐té ❞✐♠✐♥✉❡
❡♥ ♣❧❡✐♥❡ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s✱ ❝♦♠♠❡ ❡♥ ✷✵✶✷ ♦✉ ✷✵✶✺✳
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❋✐❣✉r❡ ✷✳✼ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ à ❞✐✛ér❡♥t❡ ♣r♦❢♦♥❞❡✉rs ♣♦✉r ❧❡s s✐① ♣r♦✜❧s s✉r ❧❡s
tr♦✐s s✐t❡s✳ ❊♥ ♥♦✐r ❧❛ ♠♦②❡♥♥❡ ❡t ❧✬❡♥✈❡❧♦♣♣❡ ❣r✐s❡ ❝♦rr❡s♣♦♥❞ à ❧✬❡♥s❡♠❜❧❡✳

✷✳✸✳✸ ◗✉❡❧❧❡ ✈❛r✐❛❜✐❧✐té ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡♥tr❡ ❧❡s s♦♥❞❡s ✐♥✲s✐t✉ ❄

❉❛♥s ❝❡tt❡ ♣❛rt✐❡ ♦♥ s❡ ♣r♦♣♦s❡ ❞✬❛♥❛❧②s❡r st❛t✐st✐q✉❡♠❡♥t ❧❛ ❞②♥❛♠✐q✉❡ s♣❛t✐❛❧❡ ❞❡ ❧✬❤✉♠✐✲
❞✐té ❞✉ s♦❧ à ♣❛rt✐r ❞❡s s♦♥❞❡s ✐♥✲s✐t✉✳ ▲❛ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡ ❧✬❤étér♦❣é♥é✐té s♣❛t✐❛❧❡ ❞❡ ❧❛ ✈❛r✐❛❜✐✲
❧✐té ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❞✬✉♥❡ s♦♥❞❡ à ❧✬❛✉tr❡ r❡st❡ ✉♥❡ q✉❡st✐♦♥ ❝r✐t✐q✉❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛
té❧é❞ét❡❝t✐♦♥ ❜❛ss❡ rés♦❧✉t✐♦♥✳ ❊♥ ❡✛❡t✱ ❧♦rsq✉❡ ❧✬♦♥ ♣❛r❧❡ ❞✬❤✉♠✐❞✐té ❡st✐♠é❡ à ♣❛rt✐r ❞✉ r❛②♦♥✲
♥❡♠❡♥t ♠✐❝r♦✲♦♥❞❡✱ ❧✬❤étér♦❣é♥é✐té ❞❡ ❧❛ s❝è♥❡ ♠❡s✉ré❡ ♣♦s❡ ❧❛ q✉❡st✐♦♥ ❞❡ ❧❛ r❡♣rés❡♥t❛t✐✈✐té
❞❡ ❧❛ ♠❡s✉r❡ s❛t❡❧❧✐t❡ ♠✐❝r♦✲♦♥❞❡ ✭✷✺ × ✷✺ ❦♠✮✳ ▲❛ ❧✐ttér❛t✉r❡ ❞♦❝✉♠❡♥t❡ ❛❜♦♥❞❛♠♠❡♥t ❧❡ s✉❥❡t
♣♦✉r ❞✐✛ér❡♥ts t②♣❡s ❞❡ s♦❧ ❡t ❞❡ ✈é❣ét❛t✐♦♥ ✭❬❙❤❛r♠❛ ❡t ❛❧✳✱ ✶✾✽✵❪✱ ❬❙✐ss♦♥ ❛♥❞ ❲✐❡r❡♥❣❛✱ ✶✾✽✶❪✱
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❬❱✐❡✐r❛ ❡t ❛❧✳✱ ✶✾✽✶❪✱ ❬❱❛❝❤❛✉❞ ❡t ❛❧✳✱ ✶✾✽✺❪✮✳ ▲❡s ♣r✐♥❝✐♣❛✉① ❢❛❝t❡✉rs ✐♥✢✉❡♥ç❛♥t ❧✬❤étér♦❣é♥é✐té
s♣❛t✐❛❧❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ s♦♥t ❛ttr✐❜✉és à ❧❛ t♦♣♦❣r❛♣❤✐❡✱ ❛✉① ♣r♦♣r✐étés ❤②❞r♦❞②♥❛♠✐q✉❡s
❞✉ s♦❧✱ à ❧❛ ♣rés❡♥❝❡ ❞❡ r✉✐ss❡❧❧❡♠❡♥t✱ ❞✬✐rr✐❣❛t✐♦♥ ♦✉ ❡♥❝♦r❡ à ❧❛ str✉❝t✉r❡ s♣❛t✐❛❧❡ ❞❡s é♣✐s♦❞❡s
♣❧✉✈✐❡✉① ✭❬❍✐❧❧❡❧✱ ✶✾✽✼❪✱ ❬❑❛❝❤❛♥♦s❦✐ ❛♥❞ ❏♦♥❣✱ ✶✾✽✽❪✱ ❬❏❛②♥❡s ❛♥❞ ❍✉♥s❛❦❡r✱ ✶✾✽✾❪✮✳

❈❡♣❡♥❞❛♥t✱ ❧❡s ❢❛❝t❡✉rs ♣ré❞♦♠✐♥❛♥ts s✉r ❧❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧
s♦♥t ❢♦rt❡♠❡♥t ❞é♣❡♥❞❛♥ts ❞❡ ❧✬é❝❤❡❧❧❡ ♦❜s❡r✈é❡✳ ▲❛ ❋✐❣✉r❡ ✷✳✽✱ t✐ré❡ ❞❡ ❬P❡♥❣ ❡t ❛❧✳✱ ✷✵✶✼❪✱ ♣ré✲
s❡♥t❡ ❧❡s ♣r✐♥❝✐♣❛✉① ❢❛❝t❡✉rs ❝♦♥trô❧❛♥t ❧❡s ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s é❝❤❡❧❧❡s
♦❜s❡r✈é❡s✳ ❆✐♥s✐ à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡✱ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ t❡①t✉r❡ ❞❡ s♦❧ ❡①♣❧✐q✉❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧❡s
✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✬✉♥ s✐t❡ à ❧✬❛✉tr❡✳ ❈✬❡st✲à✲❞✐r❡ q✉❡ ✷ ♣❛r❝❡❧❧❡s✱ sé♣❛ré❡s ❞✬✉♥❡ ❞✐③❛✐♥❡ ❞❡
♠ètr❡s ♥✬❛✉r♦♥t ♣❛s ❧❛ ♠ê♠❡ ❤✉♠✐❞✐té ♣r✐♥❝✐♣❛❧❡♠❡♥t à ❝❛✉s❡ ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ t❡①t✉r❡s ❞❡ s♦❧✳
▲♦rsq✉❡ ❧✬♦♥ ♣❛ss❡ à ❧✬é❝❤❡❧❧❡ ❞✬✉♥ ❜❛ss✐♥ ✈❡rs❛♥t✱ ❧❡s ✈❛r✐❛t✐♦♥s s♦♥t ❝♦♥trô❧é❡s ♣r✐♥❝✐♣❛❧❡♠❡♥t
♣❛r ❧❛ t♦♣♦❣r❛♣❤✐❡✳ ▲❡s ♣❡♥t❡s ❡t ❧❡s ♦r✐❡♥t❛t✐♦♥s ♠♦❞✐✜❡♥t ❧❡s é❝♦✉❧❡♠❡♥ts✱ ❧✬❡①♣♦s✐t✐♦♥ ❛✉①
r❛②♦♥♥❡♠❡♥ts✱ ❡t❝✳✳✳ ❊t ❧♦rsq✉❡ ❧✬♦♥ ♣❛ss❡ à ❧✬é❝❤❡❧❧❡ ré❣✐♦♥❛❧❡✱ ❝❡ s♦♥t ❧❡s ❢♦rç❛❣❡s ❛t♠♦s♣❤é✲
r✐q✉❡s q✉✐ ❡①♣❧✐q✉❡♥t ❧❡s ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧✳

❋✐❣✉r❡ ✷✳✽ ✕ Pr✐♥❝✐♣❛✉① ❢❛❝t❡✉rs ❝♦♥trô❧❛♥ts ❧❡s ✈❛r✐❛t✐♦♥s s♣❛t✐♦t❡♠♣♦r❡❧❧❡s ❞❡ ❧✬❤✉♠✐❞✐té ❞✉
s♦❧ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬é❝❤❡❧❧❡ ♦❜s❡r✈é❡ ❬P❡♥❣ ❡t ❛❧✳✱ ✷✵✶✼❪✳

▲❡s s♦♥❞❡s ❞✬❤✉♠✐❞✐té ❞❡s s✐t❡s ❞✉ ❇é♥✐♥ ❡t ❞✉ ◆✐❣❡r s♦♥t ❞♦♥❝ ✉t✐❧✐sé❡s ✐❝✐ ❛✜♥ ❞✬ét✉❞✐❡r
❝❡tt❡ ❤étér♦❣é♥é✐té ♣♦✉r ❧❛ ③♦♥❡ ❞✬ét✉❞❡✳ ❈❡❧❧❡s✲❝✐ s♦♥t ❞✐s♣♦sé❡s à ♣❧✉s✐❡✉rs ❦✐❧♦♠ètr❡s ❧❡s ✉♥❡s
❞❡s ❛✉tr❡s ✭✈♦✐r ❝❛rt❡ ✷✳✷ ❡t ✷✳✺✮✱ ❧❛ ♠ét❤♦❞❡ ❡♠♣❧♦②é❡ ❡st ✉♥❡ ✐♥t❡r❝♦♠♣❛r❛✐s♦♥ ✧s♦♥❞❡✲à✲
s♦♥❞❡✧ s❡❧♦♥ ❧❡s s❝♦r❡s ❞❡ ❝♦rré❧❛t✐♦♥✱ ❘▼❙❊ ❞é❜✐❛✐sé ❡t ❜✐❛✐s ♣♦✉r ❧❡s ❞❡✉① s✐t❡s✳ ▲❡ rés✉❧t❛t
❡st rés✉♠é ♣♦✉r ❧❡s ♥❡✉❢ ❛♥♥é❡s ❞❡ ❞♦♥♥é❡s à ✺ ❝♠✱ s✉r ❧❡s ♠❛tr✐❝❡s ❞❡ ❧❛ ❋✐❣✉r❡ ✷✳✾✳ ▲❡ ♥♦♠
❞❡s s♦♥❞❡s ❡st ❞é✜♥✐ ❞❡ ❧❛ s♦rt❡ ✿ ❧❡s ❞❡✉① ♣r❡♠✐èr❡s ❧❡ttr❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ❞❡✉① ♣r❡♠✐èr❡s
❧❡ttr❡s ❞✉ s✐t❡✱ ♣✉✐s ❧❛ tr♦✐s✐è♠❡ ❧❡ttr❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ s♦♥❞❡ ❞❛♥s ❧❡ s✐t❡✱ ❛✈❡❝ ❇
♣♦✉r ❇❛s✱ ▼ ♣♦✉r ▼♦②❡♥ ❡t ❍ ♣♦✉r ❍❛✉t✳

• ❙✐t❡ ❞✉ ❇é♥✐♥

✖ ❛✮ ▲❛ ❞✐❛❣♦♥❛❧❡ ❞❡ ❝♦rré❧❛t✐♦♥ à ✶ ❝♦rr❡s♣♦♥❞ ❛✉① ❛✉t♦✲❝♦rré❧❛t✐♦♥s ❡♥tr❡ ❧❡s s♦♥❞❡s✳
❖♥ r❡♠❛rq✉❡ q✉❡ ❣❧♦❜❛❧❡♠❡♥t ❧❡s s♦♥❞❡s s♦♥t ❢♦rt❡♠❡♥t ❝♦rré❧é❡s ❡♥tr❡ ❡❧❧❡s ✭❃✵✳✽✮✱
s❛✉❢ ❧❡s s♦♥❞❡s s✐t✉é❡s ❡♥ ❜❛s ❞❡ ♣❡♥t❡ ✭♣rès ❞❡s r✐✈✐èr❡s✮✳ ❙✉r ❝❡s ♣♦✐♥ts✱ ✐❧ ❛rr✐✈❡
q✉❡ ❧❡ s♦❧ s❡ s❛t✉r❡ ❡♥ ❡❛✉ ♣❡♥❞❛♥t ❞❡s ♣ér✐♦❞❡s ✈❛r✐❛♥t ❡♥tr❡ ✶ ❡t ✶✵ ❥♦✉rs ❛♣rès ✉♥
é✈é♥❡♠❡♥t ♣❧✉✈✐❡✉①✳ ▲❛ ❝♦rré❧❛t✐♦♥ ❛✈❡❝ ❧❡s ❛✉tr❡s s♦♥❞❡s ❡st ❡♥ ❝♦♥séq✉❡♥❝❡ ♣❧✉s
❢❛✐❜❧❡✳
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✖ ❜✮ ❊♥ t❡r♠❡s ❞❡ ✉❜❘▼❙❊✱ ❧❡ rés✉❧t❛t ❡st s✐♠✐❧❛✐r❡ à ❛✮✱ ❝✬❡st✲à✲❞✐r❡ ❣❧♦❜❛❧❡♠❡♥t
❢❛✐❜❧❡ ✭❁✵✳✵✹ ♠✸✳♠✲✸✮✱ ✐❧ ❛✉❣♠❡♥t❡ ♣♦✉r ❧❡s s♦♥❞❡s s✐t✉é❡s ❡♥ ❜❛s ❞❡ ♣❡♥t❡✳

✖ ❝✮ ▲❡ ❜✐❛✐s q✉❛♥t à ❧✉✐ ❡st ❛ss❡③ ✈❛r✐❛❜❧❡✱ ❡t ❝❡ ♠ê♠❡ ♣♦✉r ❞❡✉① s♦♥❞❡s ❞✉ ♠ê♠❡
s✐t❡✳ ❈❡❧❛ ♣❡✉t êtr❡ ❞û s♦✐t à ✉♥❡ ❞✐✛ér❡♥❝❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥ ❡♥tr❡ ❧❡s s♦♥❞❡s✱ s♦✐t à
✉♥❡ ❞✐✛ér❡♥❝❡ ❞❡ t❡①t✉r❡ ❞❡ s♦❧ très ♣r♦♥♦♥❝é❡ ♦✉ ❡♥❝♦r❡ à ✉♥ ♠❛✉✈❛✐s ❝♦♥t❛❝t ❡♥tr❡
✉♥❡ s♦♥❞❡ ❡t ❧❡ s♦❧✳

• ❙✐t❡ ❞✉ ◆✐❣❡r

✖ ❞✮ ●❧♦❜❛❧❡♠❡♥t ❧❛ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡s s♦♥❞❡s ♠♦♥tr❡ ❞❡s ✈❛r✐❛t✐♦♥s ❝♦♥s✐st❛♥t❡s
❡♥tr❡ ❧❡s s♦♥❞❡s s❛✉❢ ♣♦✉r ✉♥❡ ❞❡s s♦♥❞❡s ❞❡ ❚♦♥❞✐❦✐❜♦r♦✳

✖ ❡✮ ▲❡ ✉❜❘▼❙❊ ❡st ♣❧✉s é❧❡✈é ♣♦✉r ❧❡s s♦♥❞❡s ❞❡ ❲❛♥❦❛♠❛ ♠❛✐s r❡st❡ ❡♥ ❞❡ss♦✉s ❞❡
✵✳✵✷ ♠✸✳♠✲✸ ❞✬❤✉♠✐❞✐té✳

✖ ❢✮ ▲❡ ❜✐❛✐s ❡st ❛ss❡③ ♣r♦♥♦♥❝é ♣♦✉r ✉♥❡ ❞❡s s♦♥❞❡s ❞❡ ❇❛♥✐③♦✉♠❜♦✉ ✭❇❩✶✮ ❡t ❞❡
❚♦♥❞✐❦✐❜♦r♦ ✭❚❑✶✮ ♠❛✐s r❡st❡ ❛ss❡③ ❢❛✐❜❧❡ ❣❧♦❜❛❧❡♠❡♥t ✭❁✵✳✵✶ ♠✸✳♠✲✸✮✳ ■❧ ❡st ♣♦ss✐❜❧❡
q✉❡ ❧✬é♣❛✐ss❡✉r ❞✉ s♦❧ é✈♦❧✉❡ ❧♦❝❛❧❡♠❡♥t s♦✉s ❧✬❡✛❡t ❞✉ ✈❡♥t ❡t ❞❡ ❧✬ér♦s✐♦♥✱ ❡t ♣✉✐ss❡
❛✈♦✐r ✉♥ ❡✛❡t s✉r ❧❡ ❜✐❛✐s ❞❡ ❝❡rt❛✐♥❡s s♦♥❞❡s✳
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Site du Bénin Site du Niger
a)

b)

c)

d)

e)

f)

R R
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BIB BIM BLBBZ1 BZ2 TK1 WK2WK1TK2
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❋✐❣✉r❡ ✷✳✾ ✕ ■♥t❡r❝♦♠♣❛r❛✐s♦♥ ❞❡s s❝♦r❡s ❞❡s s♦♥❞❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à ✺ ❝♠ ♣♦✉r ❧❡s s✐t❡s ❞✉ ❇é♥✐♥
✭❝♦❧♦♥♥❡ ❞❡ ❣❛✉❝❤❡✮ ❡t ❞✉ ◆✐❣❡r ✭❝♦❧♦♥♥❡ ❞❡ ❞r♦✐t❡✮✳ ▲❛ ♣r❡♠✐èr❡ ❧✐❣♥❡ ❝♦rr❡s♣♦♥❞ ❛✉① ❝♦rré❧❛t✐♦♥s ❡♥tr❡
❧❡s s♦♥❞❡s✱ ❧❛ s❡❝♦♥❞❡✱ ❛✉ ❘▼❙❊ ❞é❜✐❛✐sé✱ ❡t ❧❛ ❞❡r♥✐èr❡ ❛✉ ❜✐❛✐s✳
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▲❛ q✉❡st✐♦♥ s♦✉s✲❥❛❝❡♥t❡ ❡st ✿ ✧q✉❡❧❧❡ ❡st ❧❛ r❡♣rés❡♥t❛t✐✈✐té s♣❛t✐❛❧❡ ❞✬✉♥❡ s♦♥❞❡ ❄✧ P♦✉r ❝❡❧❛
r❡♣r❡♥♦♥s ❧❡s ✐♥t❡r❝♦♠♣❛r❛✐s♦♥s ❞❡ s♦♥❞❡s ❡t r❡♣rés❡♥t♦♥s✲❧❡s s❡❧♦♥ ❧❛ ❞✐st❛♥❝❡ q✉✐ ❧❡s sé♣❛r❡ ✿

❋✐❣✉r❡ ✷✳✶✵ ✕ ■♥t❡r❝♦♠♣❛r❛✐s♦♥ ❞❡s s❝♦r❡s ❞❡s s♦♥❞❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à ✺ ❝♠ ♣♦✉r ❧❡s s✐t❡s ❞✉
❇é♥✐♥ ❡t ❞✉ ◆✐❣❡r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r ❞✐st❛♥❝❡ ❞✬é❧♦✐❣♥❡♠❡♥t✳

▲❛ ✜❣✉r❡ ✷✳✶✵ r❡♣rés❡♥t❡ ❛✐♥s✐ ❧❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡ s❝♦r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡✳ ❖♥ ❝♦♥st❛t❡
q✉❡ ❧❛ ♣❡♥t❡ ❡st ❛ss❡③ ❞✐✛ér❡♥t❡ ❡♥tr❡ ❧❡ ◆✐❣❡r ✭❡♥ ❜❧❡✉✮ ❡t ❧❡ ❇é♥✐♥ ✭❡♥ r♦✉❣❡✮✳ ▲❛ ♣❡♥t❡ ❞✉
◆✐❣❡r ❡st ❞❡ ✲✵✳✵✷ ♣♦✐♥ts ❞❡ ❝♦rré❧❛t✐♦♥ ♣❛r ❦✐❧♦♠ètr❡ ❞❡ ❞✐st❛♥❝❡✱ ❛❧♦rs q✉✬❡❧❧❡ ❡st ❞❡ ✲✵✳✵✵✹
♣♦✐♥ts ❞❡ ❘ ♣❛r ❦♠ ❛✉ ❇é♥✐♥✳

P❧✉s✐❡✉rs ❤②♣♦t❤ès❡s ♣❡✉✈❡♥t ❡①♣❧✐q✉❡r ❝❡s s❝♦r❡s✳ ❉✬✉♥❡ ♣❛rt✱ ❧❛ t❡①t✉r❡ ❞✉ s♦❧ ❡st r❡❧❛t✐✲
✈❡♠❡♥t ❤♦♠♦❣è♥❡ r❡s♣❡❝t✐✈❡♠❡♥t ❞❛♥s ❧❡s ❞❡✉① s✐t❡s ✭✈♦✐r ❝❛rt❡s ❞✬♦❝❝✉♣❛t✐♦♥s ✷✳✸ ❡t ✷✳✻✮✳ ▲❛
t❡①t✉r❡ ♣❧✉s s❛❜❧❡✉s❡ ❛✉ ◆✐❣❡r q✉✬❛✉ ❇é♥✐♥ ♣❡✉t ❡①♣❧✐q✉❡r ❧❡s ❞✐✛ér❡♥❝❡s ❞❡ ♣r♦♣r✐été ❞✬✐♥✜❧✲
tr❛t✐♦♥ ❞✉ s♦❧ ❡♥tr❡ ❧❡s ❞❡✉① s✐t❡s✳
❯♥❡ ❛✉tr❡ ♣✐st❡ rés✐❞❡r❛✐t ❞❛♥s ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s s②stè♠❡s ♣ré❝✐♣✐t❛♥t✳ ❉❡s s②stè♠❡s ♠♦✐♥s
❢réq✉❡♥ts ❡t ♠♦✐♥s ét❡♥❞✉s ❛✉ ◆✐❣❡r q✉✬❛✉ ❇é♥✐♥ ♣♦✉rr❛✐❡♥t ❡①♣❧✐q✉❡r ❝❡s ❞✐✛ér❡♥❝❡s ❞❡ ♣❡♥t❡✳
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✷✳✹ ❚é❧é❞ét❡❝t✐♦♥ s♣❛t✐❛❧❡ ✿ ❙▼❖❙ ♣♦✉r ❧❡s ♠❡s✉r❡s ❣❧♦✲
❜❛❧❡s

❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ❧❡s ♣r♦❞✉✐ts ❞❡ té❧é❞ét❡❝t✐♦♥ s♣❛t✐❛❧❡ s♦♥t ♣rés❡♥tés✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❧❛ ♠é✲
t❤♦❞❡ ❞✬❡st✐♠❛t✐♦♥ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ♣❛r ❙▼❖❙ ✭❞❡ ❧❛ ♥❛t✉r❡ ❞✉ r❛②♦♥♥❡♠❡♥t ♠❡s✉ré❡✱ ❥✉sq✉✬à
❧✬✐♥✈❡rs✐♦♥ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧✮ ❡st ❡①♣♦sé❡✱ ♣✉✐s ✉♥❡ é✈❛❧✉❛t✐♦♥ ❞❡s ♣r♦❞✉✐ts ❡st ❡♥s✉✐t❡ ❡✛❡❝t✉é❡✳

✷✳✹✳✶ ❈♦♠♠❡♥t ❡st✐♠❡r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❞❡♣✉✐s ❧✬❡s♣❛❝❡ ❄

❙▼❖❙ ❡st ❧✬✉♥❡ ❞❡s ♣r❡♠✐èr❡s ❛♣♣❧✐❝❛t✐♦♥s ❞❡ ❧❛ t❡❝❤♥✐q✉❡ ❞❡ r❛❞✐♦♠étr✐❡ à s②♥t❤ès❡ ❞✬♦✉✈❡r✲
t✉r❡✱ à ❞❡✉① ❞✐♠❡♥s✐♦♥s✱ ❡♠❜❛rq✉é❡ s✉r s❛t❡❧❧✐t❡ ♣♦✉r ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ ❚❡rr❡ ❬❑❡rr ❡t ❛❧✳✱ ✷✵✵✶❪✳
▲❛ ♠❡s✉r❡ r❛❞✐♦♠étr✐q✉❡ ❝♦♥s✐st❡ à ♠❡s✉r❡r ❧✬✐♥t❡♥s✐té ❞✬✉♥❡ ♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡✱ ❞❛♥s ❞✐✛é✲
r❡♥t❡s ♣♦❧❛r✐s❛t✐♦♥s ❡t ✉♥❡ ❜❛♥❞❡ ❞❡ ❢réq✉❡♥❝❡ ❞é✜♥✐❡✳ ▲❡ r❛②♦♥♥❡♠❡♥t ♠❡s✉ré ❡st ❧✐é à ❧❛ ♥❛t✉r❡
❞✉ ♠❛tér✐❛✉ ♦❜s❡r✈é ♣❛r ❧❛ r❡❧❛t✐♦♥ TB = e · T ✱ TB ét❛♥t ❧❛ ❚❡♠♣ér❛t✉r❡ ❞❡ ❇r✐❧❧❛♥❝❡ ✭❚❇✮✱ e
❧✬é♠✐ss✐✈✐té ❞✉ ♠❛tér✐❛✉ ❡t T s❛ t❡♠♣ér❛t✉r❡✳ ❊♥ ♠❡s✉r❛♥t ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❜r✐❧❧❛♥❝❡✱ ❧❡ r❛✲
❞✐♦♠ètr❡ ♣❡r♠❡t ❞❡ r❡tr♦✉✈❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s ♣❤②s✐q✉❡s ❝♦♥❝❡r♥❛♥t ❧❡ ♠❛tér✐❛✉ ♦❜s❡r✈é✳ P❧✉s
❞❡ ❞ét❛✐❧s s♦♥t ❞✐s♣♦♥✐❜❧❡s ❞❛♥s ❆♥♥❡①❡ ❆ ✿ ❚❤é♦r✐❡ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧✬é♠✐ss✐♦♥ ♥❛t✉r❡❧❧❡
❞❛♥s ❧❡s ♠✐❝r♦✲♦♥❞❡s✳

❋✐❣✉r❡ ✷✳✶✶ ✕ ❋❡♥êtr❡ ❞❡ tr❛♥s♣❛r❡♥❝❡ s♣❡❝tr❛❧❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ✿ ▲❡ ♠❛rr♦♥ s✉r ❧❛ ✜❣✉r❡ r❡♣rés❡♥t❡ ❧❡
t❛✉① ❞✬❛❜s♦r♣t✐♦♥ ❞✉ r❛②♦♥♥❡♠❡♥t ♣❛r ❧✬❛t♠♦s♣❤èr❡✳ ❈✬❡st✲à✲❞✐r❡ q✉❡ ❧✬❛t♠♦s♣❤èr❡ ♥✬❛❜s♦r❜❡ q✉❛s✐♠❡♥t
♣❛s ❧❡s ♦♥❞❡s r❛❞✐♦ ♠❛✐s ❛❜s♦r❜❡ ❧❡s ❯❱✳ ❙♦✉r❝❡ ✿ ✐♣❛❝✳❝❛❧t❡❝❤✳❡❞✉

❉❛♥s ❧❡ ❝❛s ❞❡ ❙▼❖❙✱ ❧❛ ❜❛♥❞❡ ❞❡ ❢réq✉❡♥❝❡ ❝❤♦✐s✐❡ ♣♦✉r ♦❜s❡r✈❡r ❧❡ s♦❧ ❡st ❝♦♠♣r✐s❡ ❞❛♥s
❧❛ ❜❛♥❞❡ ▲ à ✶✱✹✶✼ ●❍③±✶✵ ▼❍③✭≈✷✶ ❝♠✮✳ ❈❡tt❡ ❜❛♥❞❡ ❞❡ ❢réq✉❡♥❝❡ ❡st ❛❞❛♣té❡ à ❧❛ ♠❡s✉r❡
❞❡ ❧✬❤✉♠✐❞✐té ❞❡s s♦❧s ♣❛r r❛❞✐♦♠étr✐❡ ♣♦✉r ♣❧✉s✐❡✉rs r❛✐s♦♥s✳ ▲✬✉♥❡ ❞❡s r❛✐s♦♥s ❡st ❧❛ ❢❛✐❜❧❡
❛❜s♦r♣t✐♦♥ ❛t♠♦s♣❤ér✐q✉❡ ❞❡s ♦♥❞❡s r❛❞✐♦s ✭❋✐❣✉r❡ ✷✳✶✶✮✱ ❝❡ q✉✐ ré❞✉✐t ❧❛ ❞é❣r❛❞❛t✐♦♥ ❞✉ s✐❣♥❛❧
♣❛r ❧✬❛t♠♦s♣❤èr❡✳ ❯♥❡ ❛✉tr❡ ❡st q✉❡ ❧❛ ❜❛♥❞❡ ❞❡ ❢réq✉❡♥❝❡ ▲ ❡st ✧♣r♦té❣é❡✧ ❬❆◆❋✱ ✷✵✶✹❪ ♣♦✉r ❧❛
té❧é♠❡s✉r❡ ❡t ❧❛ r❛❞✐♦❛str♦♥♦♠✐❡ ❛♠❛t❡✉r✳ ▲❡s ♦♥❞❡s ♠❡s✉ré❡s à ❝❡tt❡ ❢réq✉❡♥❝❡ ♥❡ ♣r♦✈✐❡♥♥❡♥t
❞♦♥❝ ✧t❤é♦r✐q✉❡♠❡♥t✧ q✉❡ ❞✉ r❛②♦♥♥❡♠❡♥t ♥❛t✉r❡❧❧❡♠❡♥t é♠✐s ♣❛r ❧❛ ❚❡rr❡ ❡t ❧✬❡s♣❛❝❡✳
P❛r ❛✐❧❧❡✉rs✱ ❧✬é♠✐ss✐♦♥ ❞✉ s♦❧ ❞❛♥s ❝❡tt❡ ❜❛♥❞❡ ❞❡ ❢réq✉❡♥❝❡ ❡st ❢♦rt❡♠❡♥t ❧✐é❡ à ❧❛ ❝♦♥st❛♥t❡
❞✐é❧❡❝tr✐q✉❡ ❞✉ s♦❧ ❡t ❞♦♥❝ à s♦♥ ét❛t ❤②❞r✐q✉❡ ✭❋✐❣✉r❡ ✷✳✶✷ ❡t ❋✐❣✉r❡ ❆✳✼ ❡♥ ❆♥♥❡①❡ ❆✮✳
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❈❡♣❡♥❞❛♥t✱ ❧❡ r❛②♦♥♥❡♠❡♥t ♠✐❝r♦✲♦♥❞❡ ❡st ❛✉ss✐ s❡♥s✐❜❧❡ ❛✉① ✈❛r✐❛t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡s ❞❡
❜r✐❧❧❛♥❝❡ é♠✐s❡s ♣❛r ❧❛ ✈é❣ét❛t✐♦♥✱ ❝❡ q✉✐ r❡♥❞ ❧❛ ♠❡s✉r❡ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❞✐✣❝✐❧❡ ❡♥ ❝❛s ❞❡
❢♦rt ❝♦✉✈❡rt ✈é❣ét❛❧✳

❋✐❣✉r❡ ✷✳✶✷ ✕ ❙❡♥s✐❜✐❧✐té ❞✉ r❛②♦♥♥❡♠❡♥t à ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s ❣é♦♣❤②s✐q✉❡s ✿ ❧❡ ♠❛rq✉❡✉r ✈❡rt✐❝❛❧
✭❜❛rr❡ ♥♦✐r❡✮ r❡♣rés❡♥t❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡ ♠❡s✉r❡ ❞❡ ❙▼❖❙✱ ❡t ❧❡s ✢è❝❤❡s✱ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧✬❤✉♠✐❞✐té ❡t
❞❡ ❧❛ ✈é❣ét❛t✐♦♥ à ❝❡tt❡ ❢réq✉❡♥❝❡✳ ❙♦✉r❝❡ ✿ ❑❡rr

▲✬✐♥str✉♠❡♥t ♣r✐♥❝✐♣❛❧ ❞❡ ❙▼❖❙ ❡st ✉♥ r❛✲
❞✐♦♠ètr❡ à s②♥t❤ès❡ ❞✬♦✉✈❡rt✉r❡✳ ❈❡ ❞❡r♥✐❡r
❡st ❝♦♠♣♦sé ❞❡ ✻✾ ❛♥t❡♥♥❡s ❞✐s♣♦sé❡s s✉r
✸ ❜r❛s ❡♥ ❨✱ ❝❤❛q✉❡ ❛♥t❡♥♥❡ ét❛♥t sé♣❛✲
ré❡ ❞❡ s❛ ✈♦✐s✐♥❡ ❞✬✉♥❡ ❞✐st❛♥❝❡ ❞❡ ✵✱✽✾ λ✳
❈❡s ❛♥t❡♥♥❡s ▲■❈❊❋✱ ♣♦✉r ▲■❣❤t ❈♦st ❊✛❡❝✲
t✐✈❡ ❋r♦♥t✲❡♥❞✱ s♦♥t ❞❡s ❞✐s♣♦s✐t✐❢s ❝♦♠♣♦sés
❞✬❛♥t❡♥♥❡s ♣❛t❝❤s ❝✐r❝✉❧❛✐r❡s ❞✐♠❡♥s✐♦♥♥é❡s
♣♦✉r ❧❛ ❜❛♥❞❡ ▲✳ ❇❛sé❡ s✉r ❧❡ ♣r✐♥❝✐♣❡ ❞❡
❧✬✐♥t❡r❢ér♦♠étr✐❡✱ ❝❡tt❡ t❡❝❤♥✐q✉❡ ♣❡r♠❡t ❞❡
ré❞✉✐r❡ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❛ t❛✐❧❧❡ ❞✉ ❝❛♣t❡✉r
t♦✉t ❡♥ ❣❛r❞❛♥t ❧❡s ♠ê♠❡s rés♦❧✉t✐♦♥s ❛♥❣✉✲
❧❛✐r❡ ❡t s♣❛t✐❛❧❡✳

❋✐❣✉r❡ ✷✳✶✸ ✕ ❱✉❡ ❛rt✐st✐q✉❡ ❞❡ ❧✬✐♥str✉♠❡♥t
▼■❘❆❙ ❊❙❆

▲♦rsq✉❡ ❙▼❖❙ ❢❛✐t ✉♥❡ ♠❡s✉r❡✱ ✐❧ ❡✛❡❝t✉❡ ❞❡ ♠✉❧t✐♣❧❡s ❝♦rré❧❛t✐♦♥s ❡♥tr❡ ❝❤❛❝✉♥❡ ❞❡ s❡s
❛♥t❡♥♥❡s✳ ❈❡s ❝♦rré❧❛t✐♦♥s ♣❡r♠❡tt❡♥t ❞❡ ❝ré❡r ❞❡s ❧♦❜❡s ❞✬❛♥t❡♥♥❡s s②♥t❤ét✐q✉❡s ❡t ❛✐♥s✐ ❞❡
r❡❝♦♥str✉✐r❡ ✉♥ ❝❤❛♠♣ ❞❡ t❡♠♣ér❛t✉r❡ ❞❡ ❜r✐❧❧❛♥❝❡ à ✉♥❡ rés♦❧✉t✐♦♥ ♠♦②❡♥♥❡ ❞❡ ✹✸ ❦♠ ✭❋✐❣✉r❡
✷✳✶✹✮ ❛♣♣❡❧é ✧s♥❛♣s❤♦t✧✳ ❈❤❛q✉❡ ♣♦✐♥t ❞❡ ❝❡ ✧s♥❛♣s❤♦t✧ ❡st ❛❧♦rs ✈✉ s❡❧♦♥ ✉♥ ❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡
❞✐✛ér❡♥t ✭❋✐❣✉r❡ ✷✳✶✺✮✳ ❊♥ ❛✈❛♥ç❛♥t s✉r s♦♥ ♦r❜✐t❡✱ ❧❡ s❛t❡❧❧✐t❡ ♦❜s❡r✈❡ ✉♥ ♥♦✉✈❡❛✉ ✧s♥❛♣s❤♦t✧
❞✐✛ér❡♥t ❞✉ ♣ré❝é❞❡♥t✳ ❉❡ ❝❡tt❡ ♠❛♥✐èr❡✱ ✉♥ ♣♦✐♥t ✜①❡ ❛✉ ♥✐✈❡❛✉ ❞✉ s♦❧ ❡st ✈✉ s♦✉s ❞✐✛ér❡♥ts
❛♥❣❧❡s ❞✬✐♥❝✐❞❡♥❝❡✳ ▲✬❛s♣❡❝t ♠✉❧t✐✲❛♥❣✉❧❛✐r❡ ❞❡ ❧❛ ♠❡s✉r❡ ❙▼❖❙ ❡st ✉♥❡ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s
✐♥♥♦✈❛♥t❡s ❞❡ ❝❡ ❝❛♣t❡✉r✳ ❊♥ ❡✛❡t✱ ❧❡s ❛♥t❡♥♥❡s ♣❛r❛❜♦❧✐q✉❡s ❝❧❛ss✐q✉❡s ♥❡ ♠❡s✉r❡♥t ❧✬é♠✐ss✐♦♥
❞❡ ❧❛ ❚❡rr❡ q✉❡ ♣♦✉r ✉♥ s❡✉❧ ❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡ ✭♣❛r ❡①❡♠♣❧❡ ❧❛ ♠✐ss✐♦♥ s❛t❡❧❧✐t❡ ❙▼❆P ♠❡s✉r❡
❧✬é♠✐ss✐♦♥ ❞❡ ❧❛ ❚❡rr❡ ❡♥ ❜❛♥❞❡ ▲ s❡✉❧❡♠❡♥t ♣♦✉r ✉♥ ❛♥❣❧❡ ❞❡ ✹✵◦✮✳ ▲✬❛s♣❡❝t ♠✉❧t✐✲❛♥❣✉❧❛✐r❡
❞❡ ❧❛ ♠❡s✉r❡ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ✉♥❡ s✐❣♥❛t✉r❡ t❡❧❧❡ q✉❡ ❝❡❧❧❡ ♣rés❡♥té❡ s✉r ❧❛ ❋✐❣✉r❡ ✷✳✶✻ ❡t
❞✬✉t✐❧✐s❡r ❝❡tt❡ ✐♥❢♦r♠❛t✐♦♥ ❛♥❣✉❧❛✐r❡ ♣♦✉r ♠✐❡✉① q✉❛♥t✐✜❡r ❧❛ ♣❛rt ❞✉ s✐❣♥❛❧ ♣r♦✈❡♥❛♥t ❞❡ ❧❛
s✉r❢❛❝❡ ✈é❣ét❛❧❡✳
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❋✐❣✉r❡ ✷✳✶✹ ✕ ✧s♥❛♣s❤♦t✧ ❞✉ ✷✷✴✵✻✴✶✸ ❋✐❣✉r❡ ✷✳✶✺ ✕ ❆♥❣❧❡s ❞✬✐♥❝✐❞❡♥❝❡

P♦✉r ✉♥ ♣♦✐♥t s✉r ❧❛ ❚❡rr❡✱ ❧❡s ♠❡✲
s✉r❡s ❞❡ t❡♠♣ér❛t✉r❡s ❞❡ ❜r✐❧❧❛♥❝❡ s♦♥t
r❡♣rés❡♥té❡s s♦✉s ❢♦r♠❡ ❞❡ ♣r♦✜❧ ❛♥✲
❣✉❧❛✐r❡✳ ❙✉r ❧❛ ❋✐❣✉r❡ ✷✳✶✻ ♦♥ ♣❡✉t
❛✐♥s✐ ♦❜s❡r✈❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬✐♥t❡♥s✐té
❞❡s t❡♠♣ér❛t✉r❡s ❞❡ ❜r✐❧❧❛♥❝❡ ❞❛♥s ❧❡
♣❧❛♥ ❞❡ ❧✬❛♥t❡♥♥❡ ❳❨✱ ❡♥ ♣♦❧❛r✐s❛t✐♦♥s
❳ ✭❡♥ r♦✉❣❡✮ ❡t ❨ ✭❡♥ ❜❧❡✉✮✱ ♠❡s✉r❡s
❛✉✲❞❡ss✉s ❞❡ ❚♦✉❧♦✉s❡ ❧❡ ✷✷✴✵✻✴✶✸✳

❋✐❣✉r❡ ✷✳✶✻ ✕ Pr♦✜❧s ❛♥❣✉❧❛✐r❡s ❞❡s ❚❇ ❛✉✲❞❡ss✉s ❞❡ ❚♦✉✲
❧♦✉s❡ ❧❡ ✷✷✴✵✻✴✶✸ TBY ❡♥ ❜❧❡✉ ❡t TBX ❡♥ r♦✉❣❡

P♦✉r ❡①tr❛✐r❡ ❧❡s ♣❛r❛♠ètr❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à ♣❛rt✐r ❞❡s t❡♠♣ér❛t✉r❡s ❞❡ ❜r✐❧❧❛♥❝❡✱ ✐❧
❢❛✉t s❡ ❜❛s❡r s✉r ❞❡s ♠♦❞è❧❡s t❤é♦r✐q✉❡s q✉✐ ♠❡tt❡♥t ❡♥ éq✉❛t✐♦♥s ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✉ s♦❧
❡t ❞❡ ❧❛ ✈é❣ét❛t✐♦♥✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s t❡♠♣ér❛t✉r❡s ❞❡ ❜r✐❧❧❛♥❝❡✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❙▼❖❙✱ ❞❡s t❡♠✲
♣ér❛t✉r❡s ❞❡ ❜r✐❧❧❛♥❝❡ s②♥t❤ét✐q✉❡s s♦♥t ♦❜t❡♥✉❡s à ❧✬❛✐❞❡ ❞✬✉♥ ♠♦❞è❧❡ ❞❡ tr❛♥s❢❡rt r❛❞✐❛t✐❢
❞✉ s♦❧ ✿ ❧❡ ▲✲❜❛♥❞ ▼✐❝r♦✇❛✈❡ ❊♠✐ss✐♦♥ ♦❢ t❤❡ ❇✐♦s♣❤❡r❡ ✭▲✲▼❊❇✮ ❬❲✐❣♥❡r♦♥ ❡t ❛❧✳✱ ✷✵✵✼❪✳ ❈❡
♠♦❞è❧❡ ♣❡r♠❡t ❞❡ ♠♦❞é❧✐s❡r ❧✬é♠✐ss✐♦♥ ❞✉ s♦❧ ❡t ❞❡ ❧❛ ✈é❣ét❛t✐♦♥ ❞❛♥s ❧❛ ❜❛♥❞❡ ▲✳ ❖♥ ❛♣♣❡❧❧❡
✐♥✈❡rs✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❧❡ ♣r♦❝❡ss✉s q✉✐ ♣❡r♠❡t ❞✬❡st✐♠❡r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ à ♣❛rt✐r ❞❡ ✈❛❧❡✉rs
❞❡ t❡♠♣ér❛t✉r❡s ❞❡ ❜r✐❧❧❛♥❝❡✱ ♣♦✉r ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞ét❛✐❧❧é❡ ✈♦✐r ❆♥♥❡①❡ ❇ ✿ ❉❡ ❧❛ ♠❡s✉r❡ ❞❡
r❛②♦♥♥❡♠❡♥t à ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✱ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧✬✐♥✈❡rs✐♦♥ ❞✬❤✉♠✐❞✐té✳

➚ ♣❛rt✐r ❞❡ ❝❡tt❡ ❝❤❛î♥❡ ❞❡ tr❛✐t❡♠❡♥t ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ♣r♦❞✉✐ts s♦♥t ❣é♥érés ♣❛r ❧✬❊❙❆
❡t ❧❡ ❈❡♥tr❡ ❆✈❛❧ ❞❡ ❚r❛✐t❡♠❡♥t ❞❡s ❉♦♥♥é❡s ❙▼❖❙ ✭❈❆❚❉❙✮ ❡t s♦♥t ❞✐s♣♦♥✐❜❧❡s s✉r ✐♥t❡r♥❡t ✿

• ▲❡✈❡❧ ✵ ✿ ❞♦♥♥é❡s ❜r✉t❡s ❞✉ s❛t❡❧❧✐t❡✳ ❈❡s ❞♦♥♥é❡s ♥✉♠ér✐q✉❡s✱ r❡ç✉❡s ♣❛r ♣❛q✉❡ts ❧♦rs ❞❡ ❧❛
❧✐❛✐s♦♥ ❞❡ ❙▼❖❙ ❛✈❡❝ ✉♥ s❡❣♠❡♥t t❡rr❡str❡✱ ❝♦♥t✐❡♥♥❡♥t t♦✉t❡s ❧❡s ❞♦♥♥é❡s ❞✬♦❜s❡r✈❛t✐♦♥
❡t ❞❡ té❧é♠étr✐❡✳

• ▲❡✈❡❧ ✶ ❛ ✿ ❞♦♥♥é❡s ❞❡ ✈✐s✐❜✐❧✐tés s♣❛t✐❛❧✐sé❡s ❞❛♥s ❧❡ ♣❧❛♥ ❞✬❛♥t❡♥♥❡ ✭✈♦✐r ❆♥♥❡①❡ ❇✮✳

• ▲❡✈❡❧ ✶ ❜ ✿ rés✉❧t❛t ❞❡ ❧❛ r❡❝♦♥str✉❝t✐♦♥ ❞❡s ✈✐s✐❜✐❧✐tés ❡♥ t❡♠♣ér❛t✉r❡s ❞❡ ❜r✐❧❧❛♥❝❡ ❛✉
♥✐✈❡❛✉ ❞✉ r❡♣èr❡ ❞✬❛♥t❡♥♥❡✳

• ▲❡✈❡❧ ✶ ❝ ✿ t❡♠♣ér❛t✉r❡s ❞❡ ❜r✐❧❧❛♥❝❡ s♦✉s ❢♦r♠❡ ❞❡ tr❛❝❡ ✭s♥❛♣s❤♦t t♦✉t ❧❡ ❧♦♥❣ ❞❡ ❧✬♦r❜✐t❡✮✳

✹✺
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• ▲❡✈❡❧ ✷ ✿ ✐♥✈❡rs✐♦♥s ❞❡s t❡♠♣ér❛t✉r❡s ❞❡ ❜r✐❧❧❛♥❝❡ ♣♦✉r ♦❜t❡♥✐r ❞❡s ❝❛rt❡s ❞✬❤✉♠✐❞✐té ❞❡s
s♦❧s ❡t ❞❡ s❛❧✐♥✐té ❞❡s ♦❝é❛♥s s✉r ❧❡s ♠ê♠❡s tr❛❝❡s ✭❞❡♠✐✲♦r❜✐t❡s✮ q✉❡ ❧❡s ▲✶❝ s✉r ✉♥❡ ❣r✐❧❧❡
à ✶✺ ❦♠ ✭❣r✐❧❧❡ ■❙❊❆✹❤✾✮✳

• ▲❡✈❡❧ ✸ ✿ ❝❛rt❡ ❞✬❤✉♠✐❞✐té ❞❡s s♦❧s ❡t ❞❡ s❛❧✐♥✐té ❞❡s ♦❝é❛♥s✱ ❛✈❡❝ ✐♥té❣r❛t✐♦♥ t❡♠♣♦r❡❧❧❡✱ ❡t
❞♦♥❝ ❛♥❣✉❧❛✐r❡✱ ♣r♦❥❡té❡ s✉r ✉♥❡ ❣r✐❧❧❡ ❝♦♠♠✉♥❡ ❛✉① s❛t❡❧❧✐t❡s ❞✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ ❚❡rr❡✱
❧✬❊❆❙❊●r✐❞✱ à ✷✺ ❦♠✳

• ▲❡✈❡❧ ✹ ✿ ❞♦♥♥é❡s tr❛♥s❢♦r♠é❡s ♣♦✉r ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ♦♣ér❛t✐♦♥♥❡❧❧❡s ❞❡ t②♣❡ ❤❛✉t❡✉r
❞✬❡❛✉✱ r✐sq✉❡ ❞❡ sé❝❤❡r❡ss❡✱ ✐♥♦♥❞❛t✐♦♥✱ ❡t❝✳

❈✬❡st ❧❡ ♣r♦❞✉✐t ▲❡✈❡❧ ✸ q✉❡ ❧✬♦♥ ✉t✐❧✐s❡r❛ ✐❝✐✳

❋✐❣✉r❡ ✷✳✶✼ ✕ ❘❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❧❡ ❧♦♥❣ ❞❡ ❧❛ tr❛❝❡ ❞❡ ❧✬♦r❜✐t❡ ❛s❝❡♥❞❛♥t❡ ❞❡
❙▼❖❙ ♣♦✉r ❧❡ ✷✹ ❥✉✐❧❧❡t ✷✵✶✵✱ ♣r♦❞✉✐t ▲✸❙▼✳

▲❡s ✐♥❞✐❝❡s ❞❡ q✉❛❧✐té
❉❛♥s ❧❡ ♣r♦❞✉✐t ▲❡✈❡❧ ✸✱ ❝❡❧✉✐ ✉t✐❧✐sé ✐❝✐✱ ❝❡rt❛✐♥s ❝❤❛♠♣s r❡♥s❡✐❣♥❡♥t s✉r ❧❛ q✉❛❧✐té ❞❡s ❡st✐♠❛✲
t✐♦♥s ❞✬❤✉♠✐❞✐té ❡✛❡❝t✉é❡s✳ P❛r♠✐ ❝❡s ✐♥❞✐❝❡s✱ ✐❧ ② ❛ ✿

• ❉◗❳ ✿ ❝❡tt❡ ✈❛❧❡✉r✱ ❡♥ ♠✸✳♠✲✸✱ ❡st r❡♣rés❡♥t❛t✐✈❡ ❞❡ ❧✬❡rr❡✉r r❛❞✐♦♠étr✐q✉❡✳ ❈✬❡st✲à✲❞✐r❡
❧❛ ♠♦②❡♥♥❡ ❞❡ ❧✬é❝❛rt ❞❡s ♠❡s✉r❡s ❞❡ ❚❇ ♣❛r r❛♣♣♦rt ❛✉ ♣r♦✜❧ s✐♠✉❧é ♣❛r ❧❡ ♠♦❞è❧❡ ❞❡
tr❛♥s❢❡rt r❛❞✐❛t✐❢✱ ❧❡ ▲✲▼❊❇✳✳

• ❈❍■✷ ✿ ❝❡tt❡ ✈❛❧❡✉r✱ ❞❡ ✵ à ✶✱ ❡st r❡♣rés❡♥t❛t✐✈❡ ❞❡ ❧❛ q✉❛❧✐té ❣❧♦❜❛❧❡ ❞❡ ❧✬✐♥✈❡rs✐♦♥✳

• ❘❋■❋r❛❝t✐♦♥ ✿ ■♥❞✐❝❡ ♣❡r♠❡tt❛♥t ❞❡ r❡♣rés❡♥t❡r ❧❡ ♥♦♠❜r❡ ❞❡ ♠❡s✉r❡s ❝♦♥t❛♠✐♥é❡s ♣❛r
❧❡s ✐♥t❡r❢ér❡♥❝❡s ❘❋■✳

✹✻
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✷✳✹✳✷ ➱✈❛❧✉❛t✐♦♥ ❞❡ ❙▼❖❙

❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ❧❡s ❞♦♥♥é❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❙▼❖❙ s♦♥t ❝♦♠♣❛ré❡s ❛✉① ❞♦♥♥é❡s ✐♥✲s✐t✉
♣♦✉r ❧❡s s✐t❡s ❞✉ ❇é♥✐♥ ❡t ❞✉ ◆✐❣❡r ✭❧❡ s✐t❡ ❞✉ ▼❛❧✐ s✬ét❛♥t ❛rrêté ❡♥ ✷✵✶✵ ✐❧ ♥✬❡st ♣❛s ♣r✐s ❡♥
❝♦♠♣t❡ ❞❛♥s ❝❡tt❡ ét✉❞❡✱ ✐❧ ❧✬❡st ❝❡♣❡♥❞❛♥t ❞❛♥s ❬▲♦✉✈❡t ❡t ❛❧✳✱ ✷✵✶✺❪✮✳

✷✳✹✳✷✳✶ ❙▼❖❙ ❛✉ ❇é♥✐♥

▲❛ ❋✐❣✉r❡ ✷✳✶✽ ♣rés❡♥t❡ ❧❛ s✉r❢❛❝❡ ❞✉ ♣✐①❡❧ ❙▼❖❙ ✭♣r♦❥❡té❡ s✉r ❧❛ ❣r✐❧❧❡ ❊❙❆❊●●❘■❉✷✮
q✉✐ ✐♥❝❧✉❡ ❧❡s st❛t✐♦♥s ❞❡ ♠❡s✉r❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ s✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥✳ ❖♥ r❡♠❛rq✉❡ q✉❡✱
♣❛r ❝❤❛♥❝❡✱ ❧❡ ♣✐①❡❧ ❝♦♥t✐❡♥t ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞✐✛ér❡♥t❡s st❛t✐♦♥s✳ ❖♥ ♣❡✉t ❛✉ss✐ r❡♠❛rq✉❡r ❧❛
♣rés❡♥❝❡ ❞❡ ❧❛ ✈✐❧❧❡ ❞❡ ❉❥♦✉❣♦✉ ❡t ❞❡ ❧❛ ❢♦rêt ❞❡ ❇é❧é❢♦✉♥❣♦✉ ❞❛♥s ❧❡ ♣✐①❡❧✳ ▲❛ s❝è♥❡ ♠❡s✉ré❡
❡st ❞♦♥❝ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ❧❛ ✈é❣ét❛t✐♦♥ ❜❛ss❡✱ ❛✈❡❝ ✉♥ ❢❛✐❜❧❡ ❢r❛❝t✐♦♥ ❞❡ ③♦♥❡ ✉r❜❛✐♥❡ ❡t ❞❡
❢♦rêt ❡t ♣❡✉ ❞❡ r❡❧✐❡❢✳

  0 km 10 km

Bira

Béléfoungou

Nalohou

❋✐❣✉r❡ ✷✳✶✽ ✕ ❘❡♣rés❡♥t❛t✐♦♥ ❞✉ ♣✐①❡❧ ❙▼❖❙ ✭❧❡ ❝❛rré ❜❧❡✉ tr❛♥s♣❛r❡♥t✮ ♣❛r r❛♣♣♦rt ❛✉① ✸
s✐t❡s ❆▼▼❆✲❈❆❚❈❍ ❇é♥✐♥ ✭❢♦♥❞ ❞❡ ❝❛rt❡ ✐♠❛❣❡s ▲❛♥❞s❛t ❈♦♣❡r♥✐❝✉s ✶✼ ♥♦✈❡♠❜r❡ ✷✵✶✻✮✳
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▲❡s sér✐❡s t❡♠♣♦r❡❧❧❡s ❡♥ tr❛✐t ♣❧❡✐♥ r❡♣rés❡♥t❡♥t ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❞❡ ❧✬❡♥✲
s❡♠❜❧❡ ❞❡s ❤✉✐t s♦♥❞❡s ❞✬❤✉♠✐❞✐té ❞❛♥s ❧❡ ♣✐①❡❧ ❙▼❖❙ ✭❞❡✉① s♦♥❞❡s à ❇✐r❛✱ tr♦✐s à ❇é❧é❢♦✉♥❣♦✉
❡t tr♦✐s à ◆❛❧♦❤♦✉✮✳ ▲✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡st✐♠é❡ ♣❛r ❙▼❖❙ ✭▲✸❙▼✮ ❡st r❡♣rés❡♥té❡ ♣❛r ❞❡s ♣♦✐♥ts
r♦✉❣❡s✳ ❖♥ ♦❜s❡r✈❡ q✉❡ ❧❛ ❞②♥❛♠✐q✉❡ ❣❧♦❜❛❧❡ ❞✉ ♣r♦❞✉✐t ❡st ❝♦❤ér❡♥t❡ ❛✈❡❝ ❧❛ ♠♦♥♦♠♦❞❛❧✐té
s❛✐s♦♥ sè❝❤❡✴❤✉♠✐❞❡ ❞❡ ❝❡tt❡ ré❣✐♦♥ ❞✉ ❇é♥✐♥✳ ❖♥ r❡♠❛rq✉❡ ❛✉ss✐ q✉❡ q✉❡❧q✉❡s ❞♦♥♥é❡s ❞✬❤✉✲
♠✐❞✐té ❙▼❖❙ s♦♥t ❧❛r❣❡♠❡♥t ❛✉✲❞❡ss✉s ❞❡s ♠❡s✉r❡s ✐♥✲s✐t✉ ✭♣r♦❜❛❜❧❡♠❡♥t ❞✉❡ à ❧❛ ❞✐✛ér❡♥❝❡
❞❡ ♣r♦❢♦♥❞❡✉r ♠❡s✉ré❡✮✳ P❡♥❞❛♥t ❧❛ s❛✐s♦♥ sè❝❤❡ ♦♥ ♥♦t❡r❛ ✉♥❡ ❞✐s♣❡rs✐♦♥ ❛ss❡③ ❢♦rt❡ ❞❡s ❡st✐✲
♠❛t✐♦♥s ❙▼❖❙ ❛✐♥s✐ q✉✬✉♥ ❜✐❛✐s ♣♦s✐t✐❢✳

❋✐❣✉r❡ ✷✳✶✾ ✕ Prés❡♥t❛t✐♦♥ ❞❡s ❞♦♥♥é❡s ❞✬❤✉♠✐❞✐té ❙▼❖❙ ▲✸❙▼ ❈❆❚❉❙ ✭♣♦✐♥ts r♦✉❣❡s✮ ♣❛r
r❛♣♣♦rt à ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ✺ ❝♠ ♠❡s✉ré❡s ❛✉ ❇é♥✐♥ ✭♠♦②❡♥♥❡ ❞❡s s♦♥❞❡s ❡♥ ♥♦✐r ❡t ❡♥s❡♠❜❧❡
❞❡s s♦♥❞❡s ❞❛♥s ❧✬❡♥✈❡❧♦♣♣❡ ❣r✐s❡✮✳

▲❛ ❋✐❣✉r❡ ✷✳✷✵ rés✉♠❡ ❧❡s s❝♦r❡s ❞❡ ❝♦rré❧❛t✐♦♥✱ ❞❡ ❘▼❙❊ ❞é❜✐❛✐sé ❡t ❞❡ ❜✐❛✐s ♣♦✉r ❝❤❛❝✉♥❡
❞❡s s♦♥❞❡s ❡t ♣♦✉r ❝❤❛❝✉♥❡ ❞❡s s✐① ❛♥♥é❡s ❞❡ ❞♦♥♥é❡s ❙▼❖❙✳ ❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧❛ ❝♦rré❧❛✲
t✐♦♥ ✭♣r❡♠✐❡r ❡♥❝❛❞ré✮✱ ❡❧❧❡ ❡st ❡♥ ♠♦②❡♥♥❡ ❞❡ R = 0.7 ♣♦✉r ❧❡s ❛♥♥é❡s ✷✵✶✵✕✷✵✶✷ ♣✉✐s ❝❤✉t❡ à
R = 0.45 ❡♥ ✷✵✶✸✱ R = 0.55 ❡♥ ✷✵✶✹ ♣✉✐s r❡✈✐❡♥t à R = 0.7 ❡♥ ✷✵✶✺ ✭❝❡tt❡ ✈❛r✐❛t✐♦♥ ❡st ❞✉❡ à
✉♥ ❘❋■ q✉✐ s❡r❛ ♣rés❡♥té ♣❧✉s ❧♦✐♥✮✳ ❊♥ t❡r♠❡ ❞❡ ✉❜❘▼❙❊✱ ❧✬❡♥s❡♠❜❧❡ ❞♦♥♥❡ ✉♥ ✉❜❘▼❙❊ ❞❡
✵✳✵✽ ♠✸✳♠✲✸ ♣♦✉r ✷✵✶✵✱ ✷✵✶✶✱ ✷✵✶✷ ❡t ✷✵✶✺✳ ❖♥ r❡tr♦✉✈❡ ❝❡tt❡ ❞é❣r❛❞❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧
❡st✐♠é❡ ♣❛r ❙▼❖❙ ❡♥ ✷✵✶✸ ❡t ✷✵✶✹ ❛✈❡❝ ✉♥ ✉❜❘▼❙❊ ❞❡ ✵✳✶✸ ❡t ✵✳✶✷ ♠✸✳♠✲✸✳ ❊♥ t❡r♠❡ ❞❡ ❜✐❛✐s✱
❧❛ ❞✐str✐❜✉t✐♦♥ ❡st très ❤étér♦❣è♥❡ ❡♥tr❡ ❧❡s s♦♥❞❡s✳ ❖♥ ♦❜s❡r✈❡✱ ♣❛r ❡①❡♠♣❧❡ ✉♥ ❜✐❛✐s ♠♦②❡♥
❞❡ ✵✳✵✽ ♠✸✳♠✲✸ ♣♦✉r ❧❛ s♦♥❞❡ ❇✐r❛✲❇❛s ✭❇■❇✮ ❛❧♦rs q✉✬✐❧ ❡st ❡♥ ♠♦②❡♥♥❡ ❞❡ ✵✳✵✹ ♠✸✳♠✲✸ ♣♦✉r ❧❛
s♦♥❞❡ ♣❧❛❝é❡ à ❇✐r❛✲▼♦②❡♥ ✭❇■▼✮✳

▲♦rsq✉✬♦♥ r❡❣❛r❞❡ ❧❛ ♠♦②❡♥♥❡ ❞❡s s♦♥❞❡s ❞❛♥s ❧❡ ♣✐①❡❧ ✭❜❛rr❡s r♦✉❣❡s s✉r ❧❛ ❋✐❣✉r❡ ✷✳✶✾✮✱ ♦♥
r❡♠❛rq✉❡ q✉✬♦♥ s❡ s✐t✉❡ t♦✉❥♦✉rs ♣❛r♠✐ ❧❡s ♠❡✐❧❧❡✉r❡s ❝♦rré❧❛t✐♦♥s ❡t ❧❡s ♣❧✉s ❢❛✐❜❧❡s ✉❜❘▼❙❊✳
❈♦♥❝❡r♥❛♥t ❧❡ ❜✐❛✐s✱ ✐❧ r❡st❡ ❛✉t♦✉r ❞❡ ✵✳✵✻ ♠✸✳♠✲✸✳

❈❡s rés✉❧t❛ts ♠♦♥tr❡♥t q✉❡ ❙▼❖❙ ❝❛♣t❡ ❧❡s ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡♥ ❝♦♠♣❛r❛✐s♦♥ ❛✉①
♠❡s✉r❡s ✐♥✲s✐t✉ ❛✉ ❇é♥✐♥✳ ◗✉❡ ❧✬❤étér♦❣é♥é✐té s♣❛t✐❛❧❡ ❡♥tr❡ ❧❡s s♦♥❞❡s s❡♠❜❧❡ ❛ss❡③ ❢❛✐❜❧❡ ❡♥
t❡r♠❡s ❞❡ ✈❛r✐❛t✐♦♥s ♠❛✐s ❛ss❡③ ❢♦rt❡ ❡♥ t❡r♠❡s ❞❡ ✈❛❧❡✉r ❛❜s♦❧✉❡ ✭❢♦rt❡ ❞✐s♣❡rs✐♦♥ ❞❡s ❜✐❛✐s✮✳
▲❡s ❞✐✛ér❡♥t❡s ❝❛❧✐❜r❛t✐♦♥s ❞❡s s♦♥❞❡s s♦♥t ✉♥❡ ❞❡s ❡①♣❧✐❝❛t✐♦♥s ❞❡ ❝❡s ✈❛r✐❛t✐♦♥s ❞❡ ❜✐❛✐s✳ ◗✉❛♥t
à ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡✱ ❛✈❡❝ ♥♦t❛♠♠❡♥t ❝❡tt❡ ❝❤✉t❡ ❞❡s s❝♦r❡s ❡♥ ✷✵✶✸✱ ❡❧❧❡ ❡st ♣r✐♥❝✐✲
♣❛❧❡♠❡♥t ❞✉❡ à ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ ❘❋■ q✉✐ ❡st ❛♣♣❛r✉ ❞é❜✉t ❏✉✐♥ ✷✵✶✸ ❛✉ ♥♦r❞ ❞✉ ●❤❛♥❛✱ ✈♦✐r
✷✳✹✳✸✳✶✳
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❋✐❣✉r❡ ✷✳✷✵ ✕ P♦✉r ❝❤❛❝✉♥❡ ❞❡s ❛♥♥é❡s ❡t ❝❤❛❝✉♥❡ ❞❡s s♦♥❞❡s ❞✉ s✐t❡ ❞✉ ❇é♥✐♥ ✭r❡♣rés❡♥té❡
♣❛r ❞❡s ❝♦✉❧❡✉rs ❞é❝r✐t❡s ❞❛♥s ❧❛ ❧é❣❡♥❞❡✮ ✿ ❧❡ ♣r❡♠✐❡r ❜❛r❣r❛♣❤ r❡♣rés❡♥t❡ ❧❡ ❝♦❡✣❝✐❡♥t ❞❡
❝♦rré❧❛t✐♦♥ ❛♥♥✉❡❧ ❡♥tr❡ ❝❤❛❝✉♥❡ ❞❡s s♦♥❞❡s ❡t ❧❡ ♣r♦❞✉✐t ❞✬❤✉♠✐❞✐té ❙▼❖❙✳ ▲❡ s❡❝♦♥❞ ❝❛❞r❡
r❡♣rés❡♥t❡ ❧❡ ❘▼❙❊ ❞é❜✐❛✐sé ❡t ❧❡ ❞❡r♥✐❡r ❧❡ ❜✐❛✐s ❞❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ✭❙▼❖❙✲✐♥s✐t✉✮✳

✷✳✹✳✷✳✷ ❙▼❖❙ ❛✉ ◆✐❣❡r

▲❛ ♠ê♠❡ ❞é♠❛r❝❤❡ q✉❡ ♣♦✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥ ❡st ❛♣♣❧✐q✉é❡ à ❝❡❧❧❡ ❞✉ ◆✐❣❡r✳ ▲❛ ❋✐❣✉r❡ ✷✳✷✶
r❡♣rés❡♥t❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡s s♦♥❞❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❆▼▼❆✲❈❆❚❈❍ ♣❛r r❛♣♣♦rt ❛✉ ♣✐①❡❧ ❙▼❖❙
✭r❡❝t❛♥❣❧❡ ❜❧❡✉ tr❛♥s♣❛r❡♥t✮✳ ❖♥ r❡♠❛rq✉❡ q✉❡ ❝♦♠♠❡ ♣♦✉r ❧❡ ❇é♥✐♥✱ t♦✉t❡s ❧❡s st❛t✐♦♥s ✐❝✐ s♦♥t
❝♦♠♣r✐s❡s ❞❛♥s ❧❡ ♣✐①❡❧✳ ▲❛ s❝è♥❡ ❡st ❛ss❡③ ❤♦♠♦❣è♥❡✱ q✉❡❧q✉❡s ❝✉✐r❛ss❡s✱ ✉♥ s♦❧ r❡❧❛t✐✈❡♠❡♥t
s❛❜❧❡✉① ❡t ♣❡✉ ❞❡ r❡❧✐❡❢✳

▲❡s sér✐❡s t❡♠♣♦r❡❧❧❡s ❋✐❣✉r❡ ✷✳✷✷ ♠♦♥tr❡♥t ❞❡s rés✉❧t❛ts s✐♠✐❧❛✐r❡s ❛✉ ❝❛s ❞✉ ❇é♥✐♥✳ ❊♥ ❡❢✲
❢❡t✱ ❙▼❖❙ r❡♣rés❡♥t❡ ❜✐❡♥ ❧❛ s❛✐s♦♥ sè❝❤❡ ❡t ❧❛ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s✱ ❧❡ t♦✉t ❛✈❡❝ ✉♥ ❧é❣❡r ❜✐❛✐s
♣❡♥❞❛♥t ❧❛ s❛✐s♦♥ sè❝❤❡✳ ❖♥ r❡tr♦✉✈❡ ❧à ❡♥❝♦r❡ ❞❡s ❞♦♥♥é❡s ❞✬❤✉♠✐❞✐té ❙▼❖❙ q✉✐ s♦♥t ❜✐❡♥ ❛✉
❞❡❧à ❞✉ ♠❛①✐♠✉♠ ♠❡s✉ré✳ P♦✉r ❝❡ q✉✐ ❡st ❞❡s s❝♦r❡s✱ ❧❛ ❋✐❣✉r❡ ✷✳✷✸ ♠♦♥tr❡ q✉❡ ❧❛ ♠♦②❡♥♥❡
❞❡s ❝♦rré❧❛t✐♦♥s ❡st ❞❡ ✵✳✼ ❛✈❡❝ ✉♥❡ ❜❛✐ss❡ s✐❣♥✐✜❝❛t✐✈❡ ❡♥ ✷✵✶✹✳ P♦✉r ❝❡ q✉✐ ❡st ❞✉ ✉❜❘▼❙❊ ✐❧
❡st ❡♥ ❞❡ss♦✉s ❞❡ ✵✳✵✺ ♠✸✳♠✲✸ s❛✉❢ ♣♦✉r ✷✵✶✸ ❡t ✷✵✶✹✳ ◗✉❛♥t ❛✉ ❜✐❛✐s✱ ✐❧ ❡st t♦✉❥♦✉rs ✐♥❢ér✐❡✉r
à ✵✳✵✷ ♠✸✳♠✲✸✳

❙▼❖❙ ❞♦♥♥❡ ❞❡ ❜♦♥s rés✉❧t❛ts ❞❛♥s ❝❡tt❡ ③♦♥❡✱ ❝♦♠♠❡ ♠♦♥tré ❞❛♥s ❬▲♦✉✈❡t ❡t ❛❧✳✱ ✷✵✶✺❪✳ ▲❡
❘▼❙❊ ❡st ❢❛✐❜❧❡ ❡t ❛✉① s♣é❝✐✜❝❛t✐♦♥s ❞❡ ❙▼❖❙ ✭✵✳✵✹ ♠✸✳♠✲✸✮✳ ❈❡♣❡♥❞❛♥t ♦♥ r❡♠❛rq✉❡✱ ❝♦♠♠❡
❛✉ ❇é♥✐♥✱ ✉♥❡ ❞é❣r❛❞❛t✐♦♥ ❞❡s s❝♦r❡s ♣♦✉r ✷✵✶✸✴✷✵✶✹✱ ✈♦✐r ✷✳✹✳✸✳✶✳
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Tondikiboro
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❋✐❣✉r❡ ✷✳✷✶ ✕ ❘❡♣rés❡♥t❛t✐♦♥ ❞✉ ♣✐①❡❧ ❙▼❖❙ ✭❧❡ ❝❛rré tr❛♥s♣❛r❡♥t✮ ♣❛r r❛♣♣♦rt ❛✉① tr♦✐s
st❛t✐♦♥s ❞✉ s✐t❡ ❆▼▼❆✲❈❆❚❈❍ ◆✐❣❡r ✭❢♦♥❞ ❞❡ ❝❛rt❡s ✐♠❛❣❡s ▲❛♥❞s❛t ❈♦♣❡r♥✐❝✉s ✶✼ ♥♦✈❡♠❜r❡
✷✵✶✻✮✳

❋✐❣✉r❡ ✷✳✷✷ ✕ Prés❡♥t❛t✐♦♥ ❞❡s ❞♦♥♥é❡s ❞✬❤✉♠✐❞✐té ❙▼❖❙ ✭♣♦✐♥ts r♦✉❣❡s✮ ♣❛r r❛♣♣♦rt à ❧✬❤✉✲
♠✐❞✐té ❞✉ s♦❧ ✺ ❝♠ ♠❡s✉ré❡ ❛✉ ◆✐❣❡r ✭♠♦②❡♥♥❡ ❞❡s s♦♥❞❡s ❡♥ ♥♦✐r ❡t ❡♥s❡♠❜❧❡ ❞❡s s♦♥❞❡s ❞❛♥s
❧✬❡♥✈❡❧♦♣♣❡ ❣r✐s❡✮✳
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❋✐❣✉r❡ ✷✳✷✸ ✕ P♦✉r ❝❤❛❝✉♥❡ ❞❡s ❛♥♥é❡s ❡t ❝❤❛❝✉♥❡ ❞❡s s♦♥❞❡s ❞✉ s✐t❡ ❞✉ ◆✐❣❡r ✭r❡♣rés❡♥té❡s
♣❛r ❞❡s ❝♦✉❧❡✉rs ❞é❝r✐t❡s ❞❛♥s ❧❛ ❧é❣❡♥❞❡s ✿ ❧❡ ♣r❡♠✐❡r ❜❛r❣r❛♣❤ r❡♣rés❡♥t❡ ❧❡ ❝♦❡✣❝✐❡♥t ❞❡
❝♦rré❧❛t✐♦♥ ❛♥♥✉❡❧ ❡♥tr❡ ❝❤❛❝✉♥❡ ❞❡s s♦♥❞❡s ❡t ❧❡ ♣r♦❞✉✐t ❞✬❤✉♠✐❞✐té ❙▼❖❙✳ ▲❡ s❡❝♦♥❞ ❝❛❞r❡
r❡♣rés❡♥t❡ ❧❡ ❘▼❙❊ ❞é❜✐❛✐sé ❡t ❧❡ ❞❡r♥✐❡r ❧❡ ❜✐❛✐s ❞❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ✭❙▼❖❙✲✐♥s✐t✉✮✳

✷✳✹✳✸ ▲✐♠✐t❛t✐♦♥s

✷✳✹✳✸✳✶ ■♠♣❛❝t ❞❡s ❘❋■

❇✐❡♥ q✉❡ ❧❛ ❜❛♥❞❡ ❞❡ ❢réq✉❡♥❝❡ ❞❡ ❙▼❖❙ s♦✐t ♣r♦té❣é❡✱ ✐❧ ❛rr✐✈❡ q✉❡ ❞❡s é♠✐ss✐♦♥s ❛♥✲
t❤r♦♣✐q✉❡s ré❛❧✐sé❡s ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡ ❞❡ ❧❛ ❜❛♥❞❡ ❞é❜♦r❞❡♥t ❧é❣èr❡♠❡♥t✱ ❝❡ s♦♥t ❧❡s ❘❛❞✐♦
❋r❡q✉❡♥❝② ■♥t❡r❢❡r❡♥❝❡ ✭❘❋■✮✳

❈❡s é♠✐ss✐♦♥s ❛♥t❤r♦♣✐q✉❡s ❞❡ ❢♦rt❡s ♣✉✐ss❛♥❝❡s ❝♦♠♣❛ré❡s ❛✉ s✐❣♥❛❧ é♠✐s ♥❛t✉r❡❧❧❡♠❡♥t ✈✐❡♥♥❡♥t
s❛t✉r❡r ❧❛ ♠❡s✉r❡ très s❡♥s✐❜❧❡✳ ❖♥ ♣❡✉t ♦❜s❡r✈❡r ♣❛r ❡①❡♠♣❧❡ ❧❡s ❝❛rt❡s ❞❡s ❘❋■ ❋✐❣✉r❡ ✷✳✷✹ ❞✉
✷✸ ♠❛✐ ❡t ✻ ❥✉✐♥ ✷✵✶✸✳ ▲❡s tâ❝❤❡s r♦✉❣❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ❘❋■✱ ♦♥ ❡♥ r❡tr♦✉✈❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t
❞❛♥s ❧❡s ③♦♥❡s ❞❡ ❝♦♥✢✐ts ♠✐❧✐t❛✐r❡s✱ ❛✉ ▼♦②❡♥✲❖r✐❡♥t✱ à ❧❛ ❢r♦♥t✐èr❡ ❡♥tr❡ ❧✬■♥❞❡ ❡t ❧❡ P❛❦✐st❛♥✱
♠❛✐s ❛✉ss✐ ❞❛♥s ✉♥❡ ❜♦♥♥❡ ♣❛rt✐❡ ❞❡ ❧❛ ❈❤✐♥❡✱ ♣r♦❜❛❜❧❡♠❡♥t ❞û ❛✉① é♠✐ss✐♦♥s ❞❡ té❧é❝♦♠♠✉✲
♥✐❝❛t✐♦♥s✳ ❙✉r ❝❡s ❞❡✉① ❝❛rt❡s ♦♥ ♣❡✉t ✈♦✐r ❛♣♣❛r❛îtr❡ ❧❡ ❘❋■ ❛✉ ♥♦r❞ ❞✉ ●❤❛♥❛ q✉✐ ♣r♦✈♦q✉❡
❧❛ ❞é❣r❛❞❛t✐♦♥ ❞❡s ❞♦♥♥é❡s ❙▼❖❙ ❡♥tr❡ ❧❡ ✶✾ ♠❛✐ ✷✵✶✸ ❡t ❧❡ ✷✸ ♠❛✐ ✷✵✶✺✳
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❋✐❣✉r❡ ✷✳✷✹ ✕ ▲❛ ♣r❡♠✐èr❡ ❝❛rt❡ ❡st ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ ❘❋■ ❛✉ ✷✸ ♠❛✐ ✷✵✶✸ ❡t ❧❛ s❡❝♦♥❞❡ ❧❡ ✻
❥✉✐♥ ✷✵✶✸✱ ♦♥ ♣❡✉t ✈♦✐r ❛♣♣❛r❛îtr❡ ❧❡ ❘❋■ ❛✉ ◆♦r❞ ❞✉ ●❤❛♥❛✳ ❈❡ ❞❡r♥✐❡r ♣❡rt✉r❜❡ ❧❡s ♠❡s✉r❡s
❙▼❖❙ ❛✉ ❇é♥✐♥ ❡t ♣❧✉s ❧é❣èr❡♠❡♥t ❛✉ ◆✐❣❡r✳

▲✬✐♠♣❛❝t ❞❡ ❝❡s ✐♥t❡r❢ér❡♥❝❡s s✉r ❧❡s ♣r♦❞✉✐ts ❞✬❤✉♠✐❞✐té ❡st ❞♦✉❜❧❡✳ ❚♦✉t ❞✬❛❜♦r❞ ❧❛ q✉❛♥✲
t✐té ❞❡ ❞♦♥♥é❡s ♦ù ❧✬❤✉♠✐❞✐té ❡st ✐♥✈❡rsé❡ ❡st ❜✐❡♥ ♣❧✉s ❢❛✐❜❧❡ q✉❡ ❧❛ ♥♦r♠❛❧❡✱ ❝♦♠♠❡ ❧❡ ♠♦♥tr❡
❧❡s ❝❛rt❡s ❞❡ ♥♦♠❜r❡ ❞❡ ✈✉❡s ❛♥♥✉❡❧❧❡s ❋✐❣✉r❡ ✷✳✷✺✳ ▲❡ ♥♦♠❜r❡ ❞❡ ✈❛❧❡✉rs ❞✬❤✉♠✐❞✐té ✐♥✈❡rsé❡
❛✉ ♥♦r❞ ❞✉ ●❤❛♥❛ ♣❛ss❡ ❞❡ ♣❧✉s ❞❡ ✸✵✵ ❡♥ ✷✵✶✷ à ✵ ❡♥ ✷✵✶✹ ❞❛♥s ❝❡tt❡ ré❣✐♦♥✳ ❉❡✉①✐è♠❡♠❡♥t✱
♠ê♠❡ s✐ ❧❡ ♥♦♠❜r❡ ❞❡ ✈✉❡s ♥❡ s❡♠❜❧❡ ♣❛s tr♦♣ ✐♠♣❛❝té ♣♦✉r ❧❡s ❞❡✉① s✐t❡s ❞✉ ◆✐❣❡r ❡t ❞✉ ❇é♥✐♥✱
❧❛ q✉❛❧✐té ❞❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ❡st ❡♥ r❡✈❛♥❝❤❡ ❞é❣r❛❞é❡✳ ▲❡s ✐♥❞✐❝❡s ❞❡ q✉❛❧✐té rés✉♠és ♣♦✉r
❧❡s ♣✐①❡❧s ❞✉ ❇é♥✐♥ ❋✐❣✉r❡ ✷✳✷✻ ❡t ❞✉ ◆✐❣❡r ❋✐❣✉r❡ ✷✳✷✼ ♠♦♥tr❡♥t ❜✐❡♥ ❧✬✐♥✢✉❡♥❝❡ ❞✉ ❘❋■ s✉r
❧❛ q✉❛❧✐té ❞✬✐♥✈❡rs✐♦♥ ❞✬❤✉♠✐❞✐té ✭❈❍■✷✮✱ ❝❡ q✉✐ ❡①♣❧✐q✉❡ ❧❛ ❜❛✐ss❡ ❞❡s s❝♦r❡s ❞❡ ✈❛❧✐❞❛t✐♦♥ ❞❡
❙▼❖❙ ♣♦✉r ❧❡s ❛♥♥é❡s ✷✵✶✸✴✷✵✶✹ r❡♠❛rq✉é❡ ❞❛♥s ❧❡s ♣❛rt✐❡s ✷✳✹✳✷✳✶ ❡t ✷✳✹✳✷✳✷✳ ❖♥ r❡♠❛rq✉❡
q✉❡ ❧❡ ❈❍■✷ ❡st très s❡♥s✐❜❧❡ à ❧❛ ♣rés❡♥❝❡ ❞❡ ❘❋■✱ ❝✬❡st ❡①♣❧✐❝❛❜❧❡ ♣❛r ❧❡ ❜✐❛✐s ✐♥❞✉✐t s✉r ❧❡s
TBSMOS ❡t ❞♦♥❝ ✐♠♣♦ss✐❜❧❡ à ♠♦❞é❧✐s❡r ♣❛r ❧❡ TBModele✳
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❋✐❣✉r❡ ✷✳✷✺ ✕ ◆♦♠❜r❡ ❞✬✐♥✈❡rs✐♦♥s ❙▼❖❙ ✭♦r❜✐t❡ ❛s❝❡♥❞❛♥t❡ ✉♥✐q✉❡♠❡♥t✮✳ ❖♥ ♦❜s❡r✈❡ ❧✬✐♠♣❛❝t
❞✉ ❘❋■ ❛✉ ◆♦r❞ ❞✉ ●❤❛♥❛ ♣♦✉r ❧❡s ❛♥♥é❡s ✷✵✶✷ ❡t ✷✵✶✹✳

❋✐❣✉r❡ ✷✳✷✻ ✕ ■♥❞✐❝❡s ❞❡ q✉❛❧✐té ❞❡ ❙▼❖❙ ♣♦✉r ❧❡ ♣✐①❡❧ ❞✉ s✐t❡ ❞✉ ❇é♥✐♥✳ ▲❡ ♣r❡♠✐❡r ❣r❛♣❤✐q✉❡
❝♦rr❡s♣♦♥❞ ❛✉ ❘❋■ ❋r❛❝t✐♦♥✱ ❝✬❡st✲à✲❞✐r❡ ❧❡ t❛✉① ❞❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞✉ ♣✐①❡❧ ♣❛r ❧❡ ❘❋■✳ ▲❡
s❡❝♦♥❞ ❝♦rr❡s♣♦♥❞ ❛✉ ❉◗❳ ✭q✉❛❧✐té ❞❡ ❧✬✐♥✈❡rs✐♦♥✮ ❡t ❧❡ tr♦✐s✐è♠❡ ❡st ❧❡ ❈❍■✷ ✭❊rr❡✉r ❛❜s♦❧✉❡
❞❡ TBSMOS − TBMODEL ❡♥tr❡ ❧❡s ❞❡✉① ♣r♦✜❧s ❛♥❣✉❧❛✐r❡s✮✳

✺✸
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❋✐❣✉r❡ ✷✳✷✼ ✕ ▼ê♠❡ ✜❣✉r❡ q✉❡ ♣ré❝é❞❡♠♠❡♥t ♠❛✐s ♣♦✉r ❧❡ s✐t❡ ❞✉ ◆✐❣❡r✳

✷✳✹✳✸✳✷ Pr♦❜❧é♠❛t✐q✉❡ ❞✉ s♦✉s é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❞❡ ❙▼❖❙

❯♥❡ ❛✉tr❡ ❧✐♠✐t❡ à ❙▼❖❙ ♣♦✉r r❡♣rés❡♥t❡r ❧❡s ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❡st s❛ ❢réq✉❡♥❝❡ ❞❡
r❡✈✐s✐t❡✳ ▲❡s s♣é❝✐✜❝❛t✐♦♥s ❞✉ s❛t❡❧❧✐t❡ ❞♦♥♥❡♥t ✉♥❡ ♣ér✐♦❞❡ ❞❡ r❡✈✐s✐t❡ ❞❡ tr♦✐s ❥♦✉rs ♠❛①✐♠✉♠✳
❆✜♥ ❞✬❛♥❛❧②s❡r ❝❡tt❡ ❢réq✉❡♥❝❡ ❞❡ r❡✈✐s✐t❡✱ ❧❛ ❋✐❣✉r❡ ✷✳✷✽ ♠♦♥tr❡ ❧❡s ♣r♦♣♦rt✐♦♥s ❞❡s ❞✉ré❡s
❡♥tr❡ ❞❡✉① ♦❜s❡r✈❛t✐♦♥s ❞❡ ❙▼❖❙✱ ♣♦✉r ❧❡ ❇é♥✐♥ ❡♥ ❛✮ ❡t ♣♦✉r ❧❡ ◆✐❣❡r ❡♥ ❜✮✳

Proportion du nombre d'heures entre 2 observations SMOS 

pour le site du Bénin sur les années 2010-2015

12h

24h

36h

48h
60h

72h>72h

✭❛✮

Proportion du nombre d'heures entre 2 observations SMOS 

pour le site du Niger sur les années 2010-2015

12h

24h

36h

48h

60h
>72h 72h

✭❜✮

❋✐❣✉r❡ ✷✳✷✽ ✕ Pr♦♣♦rt✐♦♥ ❞✉ ♥♦♠❜r❡ ❞✬❤❡✉r❡s ❡♥tr❡ ❞❡✉① ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ♣♦✉r ❧❡s s✐t❡s
❞✉ ❇é♥✐♥ ❡♥ ❛✮ ❡t ❞✉ ◆✐❣❡r ❡♥ ❜✮ s✉r ❧❡s ❛♥♥é❡s ✷✵✶✵✕✷✵✶✺✳

❖♥ r❡♠❛rq✉❡ ❛❧♦rs q✉❡ ❞❛♥s ✽✵✕✽✺✪ ❞❡s ❝❛s ❧❛ ❢réq✉❡♥❝❡ ❞❡ r❡✈✐s✐t❡ ❞❡ ❙▼❖❙ s✉r ❧❡ ♣♦✐♥t
❡st ✐♥❢ér✐❡✉r❡ ♦✉ é❣❛❧❡ à ✸✻ ❤❡✉r❡s✳ ▼ê♠❡ s✐ ❝❡s ❞é❧❛✐s ♣❛r❛✐ss❡♥t r❡❧❛t✐✈❡♠❡♥t ❧♦♥❣s ❝♦♠♣❛ré
❛✉ t❡♠♣s ❞✬✐♥✜❧tr❛t✐♦♥ ❡t ❞❡ r❡ss✉②❛❣❡ ❞✉ s♦❧ ❧♦rs ❞✬é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡ s✉❝❝❡ss✐❢s✱ ❝❡rt❛✐♥❡s
ét✉❞❡s✱ ♥♦t❛♠♠❡♥t ❬▼❝❈♦❧❧ ❡t ❛❧✳✱ ✷✵✶✼❪✱ ♠♦♥tr❡♥t q✉✬❡♥ ♠♦②❡♥♥❡ ❡t à ❧✬é❝❤❡❧❧❡ ❣❧♦❜❛❧❡✱ ❧❛ tr❛❝❡

✺✹
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❞✬❤✉♠✐❞✐té ❞✬✉♥ é✈é♥❡♠❡♥t ♣❧✉✈✐❡✉① ❡st ❡♥❝♦r❡ ✈✐s✐❜❧❡ tr♦✐s ❥♦✉rs ❛♣rès ✭s♦✐t ✼✷ ❤❡✉r❡s✮✳ ■❧ ❡st
♣♦ss✐❜❧❡ ❞❡ r❡♣rés❡♥t❡r ❧❛ ♣r♦❜❧é♠❛t✐q✉❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ♣♦✉r ❧❡s ❞❡✉① s✐t❡s ❞❡ ❧✬ét✉❞❡✳ ▲❡s
❋✐❣✉r❡s ✷✳✷✾ ❡t ✷✳✸✵✱ r❡♣rés❡♥t❡♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ♣r♦❜❧é♠❛t✐q✉❡s ❞❡ s♦✉s✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡
❞✉ s❛t❡❧❧✐t❡ ❡t ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ r❡♣rés❡♥t❡r ❧❡s ✈❛r✐❛t✐♦♥s ❧♦rsq✉❡ ❧❡ r❡ss✉②❛❣❡ ❞✉r❡ ❞❡ ❧✬♦r❞r❡
❞✬✉♥❡ s❡♠❛✐♥❡✳ ❊♥ ❡✛❡t✱ ❞❛♥s ❧❡ ♣r❡♠✐❡r ❝❛s✱ ❧❡s ✧♣✐❝s✧ ❞✬❤✉♠✐❞✐té ❡t ❧❛ ❝♦✉r❜❡ ❞❡ r❡ss✉②❛❣❡
s♦♥t ❞✐✣❝✐❧❡♠❡♥t ❝❛♣tés ♣❛r ❙▼❖❙ ❝❛r ❧❡s é✈é♥❡♠❡♥ts ♦♥t ✉♥❡ ❢réq✉❡♥❝❡ tr♦♣ é❧❡✈é❡✳ ❉❛♥s ❧❡
s❡❝♦♥❞ ❝❛s ❧❡s é✈é♥❡♠❡♥ts s♦♥t sé♣❛rés ❞✬✉♥❡ s❡♠❛✐♥❡✱ ❝❡ q✉✐ r❡♥❞ ❧❛ ❢réq✉❡♥❝❡ ❞❡ r❡✈✐s✐t❡ ❞❡
❙▼❖❙ ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧❡s ✧❧♦♥❣s✧ é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡✳

❋✐❣✉r❡ ✷✳✷✾ ✕ ❊①❡♠♣❧❡ ❞❡ s♦✉s✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❞❡ ❙▼❖❙✱ ❧❡s ✈❛r✐❛❜✐❧✐tés ❥♦✉r♥❛❧✐èr❡s ♥❡ s♦♥t ♣❛s
❝❛♣té❡s ♣❛r ❧❡ s❛t❡❧❧✐t❡✳

❋✐❣✉r❡ ✷✳✸✵ ✕ ▲♦rs ❞❡ ❣r♦s é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡ ❛✈❡❝ ♣❧✉s✐❡✉rs ❥♦✉rs ❞❡ r❡ss✉②❛❣❡✱ ❧❛ ✈❛r✐❛❜✐❧✐té ❡st
❜✐❡♥ ❝❛♣té❡ ♣❛r ❧❡ s❛t❡❧❧✐t❡✳

✺✺
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✷✳✺ ▼♦❞é❧✐s❛t✐♦♥ ♥✉♠ér✐q✉❡ ✿ ❙❯❘❋❊❳ ❡t ❆P■ ♣♦✉r ❧❛ s✐✲
♠✉❧❛t✐♦♥ ❧❛r❣❡ é❝❤❡❧❧❡

❉❛♥s ❝❡tt❡ ♣❛rt✐❡ s♦♥t ♣rés❡♥tés ❞❡✉① ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡ ❞❡ ❝♦♠♣❧❡①✐tés ❞✐✛ér❡♥t❡s✱ ✉♥
♠♦❞è❧❡ à ❜❛s❡ ♣❤②s✐q✉❡✱ ❙❯❘❋❊❳✱ ❡t ✉♥ ♠♦❞è❧❡ ❡♠♣✐r✐q✉❡✱ ❆P■✳ ❈❡ ❝❤♦✐① ❛ ♣♦✉r ❜✉t ❞✬é✈❛❧✉❡r
❧❡s ❞✐✛ér❡♥❝❡s ❞❡ q✉❛❧✐té ❞❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❧✬❤✉♠✐❞✐té ♣❛r r❛♣♣♦rt ❛✉ ♥✐✈❡❛✉ ❞❡ ❝♦♠♣❧❡①✐té ❡t
❞❡ r❡ss♦✉r❝❡ ♥é❝❡ss❛✐r❡ ✭t❡♠♣s ❞❡ ❝❛❧❝✉❧✱ ❝❤❛♠♣s ❞❡ ❢♦rç❛❣❡✱ ❡t❝✳ ✳ ✳ ✮✳ ◆♦✉s ✈❡rr♦♥s ♣❛r ❧❛ s✉✐t❡
❧❛ s❡♥s✐❜✐❧✐té ❞❡ ❝❡s ♠♦❞è❧❡s ❛✉① ✐♥❝❡rt✐t✉❞❡s ❞❡ ❢♦rç❛❣❡✳

✷✳✺✳✶ ❯♥ ♠♦❞è❧❡ à ❜❛s❡ ♣❤②s✐q✉❡ ✿ ❙❯❘❋❊❳

▲❡ ♠♦❞è❧❡ ❙❯❘❋❊❳✱ ♣♦✉r ❙❯❘❋❛❝❡ ❊❳t❡r♥❛❧✐sé❡ ✭❬▼❛rt✐♥ ❡t ❛❧✳✱ ✷✵✵✼❪ ❀ ❬▲❡ ▼♦✐❣♥❡✱ ✷✵✵✾❪✮✱
❡st ✉♥ s❝❤é♠❛ ❞❡ s✉r❢❛❝❡ ❣❧♦❜❛❧ ❞é✈❡❧♦♣♣é ♣♦✉r êtr❡ ❝♦✉♣❧é ❛✈❡❝ ❧❡s ♠♦❞è❧❡s ❛t♠♦s♣❤ér✐q✉❡s
❆❘P❊●❊ ❡t ❆❘❖▼❊✳ ❙❯❘❋❊❳ ♣❡r♠❡t ❞❡ ♠♦❞é❧✐s❡r ❧❡s ✢✉① ❞❡ s✉r❢❛❝❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❢♦r✲
ç❛❣❡s ❛t♠♦s♣❤ér✐q✉❡s✳ ■❧ ❞é❝r✐t ❧❡s ✐♥t❡r❛❝t✐♦♥s s✉r❢❛❝❡✲❛t♠♦s♣❤èr❡ ♣♦✉r ✹ s❝❤é♠❛s ♣❤②s✐q✉❡s
❞é❝r✐✈❛♥t ✹ ❡♥✈✐r♦♥♥❡♠❡♥ts ❞✐✛ér❡♥ts ✿

• ▲❡ s♦❧ ❡t ❧❛ ✈é❣ét❛t✐♦♥ ❛✈❡❝ ■❙❇❆ ❬◆♦✐❧❤❛♥ ❛♥❞ ▼❛❤❢♦✉❢✱ ✶✾✾✻❪✳

• ▲❡s ♠❡rs ❡t ❧❡s ♦❝é❛♥s ❛✈❡❝ ❙❊❆ ❬●❛s♣❛r ❡t ❛❧✳✱ ✶✾✾✵❪

• ▲❛ ✈✐❧❧❡ ❛✈❡❝ ❚❊❇ ❬▼❛ss♦♥✱ ✷✵✵✵❪

• ▲❡s ❧❛❝s ❛✈❡❝ ❋▲❆❑❊ ❬❙❛❧❣❛❞♦ ❛♥❞ ▲❡ ▼♦✐❣♥❡✱ ✷✵✶✵❪

❉❛♥s ❝❡tt❡ ét✉❞❡ ♥♦✉s ♥✬✉t✐❧✐s❡r♦♥s q✉❡ ❧❡ s❝❤é♠❛ ❞❡ ❞❡s❝r✐♣t✐♦♥ ❞✉ s♦❧ ❡t ❞❡ ❧❛ ✈é❣ét❛t✐♦♥✱ ❧❡
♠♦❞✉❧❡ ■❙❇❆✳ ■❙❇❆✱ ♣♦✉r ■♥t❡r❛❝t✐♦♥ ❙✉r❢❛❝❡ ❇✐♦s♣❤èr❡ ❆t♠♦s♣❤èr❡✱ ❡st ✉♥ ♠♦❞è❧❡ ❙✉r❢❛❝❡
❱❡❣❡t❛t✐♦♥ ❆t♠♦s♣❤❡r❡ ❚r❛♥s❢❡r ✭❙❱❆❚✮ ♠♦❞é❧✐s❛♥t ❧❡s ✢✉① ❞é❝r✐t ❋✐❣✉r❡ ✷✳✸✶ ✿

❋✐❣✉r❡ ✷✳✸✶ ✕ ❙②♥♦♣t✐q✉❡ ❞❡ ❧❛ s❝❤é♠❛t✐s❛t✐♦♥ ❞❡ s✉r❢❛❝❡ ❞❛♥s ■❙❇❆ ✭t❤ès❡ ❞❡ ❞♦❝t♦r❛t ❞❡
▼❛r✐❡ P❛rr❡♥s✮✳
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❉❛♥s ❧❛ ✈❡rs✐♦♥ ❞✬■❙❇❆ ❞é❝r✐t❡ ❋✐❣✉r❡ ✷✳✸✶✱ ❧❡ s♦❧ ❛ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❞❡ t②♣❡ ❜✉❝❦❡t ▼❛✲
♥❛❜❡✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❧❛ ❝♦✉❝❤❡ ❞❡ s♦❧ s❡ r❡♠♣❧✐t ✉♥✐q✉❡♠❡♥t ❧♦rsq✉❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s♦♥t
s✉♣ér✐❡✉r❡s à ❧✬é✈❛♣♦r❛t✐♦♥ ✭❧❛ ❞✐✛✉s✐♦♥ ❞❡ ❧✬❡❛✉ ❞❛♥s ❧❡ s♦❧ ♥✬ét❛♥t ♣❛s ♣r✐s❡ ❡♥ ❝♦♠♣t❡✮✳ ▲❡
❝♦♠♣♦rt❡♠❡♥t ❤②❞r♦❧♦❣✐q✉❡ q✉❛♥t à ❧✉✐ r❡s♣❡❝t❡ ❧❡ ❢♦r❝❡✲r❡st♦r❡ ❉❡❛r❞♦✛✳ ❈✬❡st✲à✲❞✐r❡ q✉❡ ❧❡
❞r❛✐♥❛❣❡ ❞❛♥s ❧❛ ❝♦✉❝❤❡ ✐♥❢ér✐❡✉r❡ ♥❡ s❡ ❢❛✐t q✉❡ ❧♦rsq✉❡ ❧✬❤✉♠✐❞✐té ❡st s✉♣ér✐❡✉r❡ à ❧❛ ❝❛♣❛❝✐té
❞❡ ❝❤❛♠♣ ❡t ❧❡ r✉✐ss❡❧❧❡♠❡♥t ❛♣♣❛r❛ît ❧♦rsq✉❡ ❧✬❤✉♠✐❞✐té ❞❡ ❧❛ ❝♦✉❝❤❡ ❞❡ s✉r❢❛❝❡ ❞é♣❛ss❡ ❧❛
❝❛♣❛❝✐té ❞✬✐♥✜❧tr❛t✐♦♥ ❞✉ s♦❧✳
❈❡♣❡♥❞❛♥t ❧❡s ❞❡✉① ❝♦✉❝❤❡s ❞❡ ❝❡tt❡ ✈❡rs✐♦♥ ♥❡ s♦♥t ♣❛s ❛❞❛♣té❡s à ❧✬♦❜s❡r✈❛t✐♦♥ ❞✉ ❢r♦♥t ❞✬✐♥✲
✜❧tr❛t✐♦♥ ♥é❝❡ss❛✐r❡ ♣♦✉r ❛❜♦r❞❡r ♥♦s q✉❡st✐♦♥s s❝✐❡♥t✐✜q✉❡s✳ P♦✉r ♠✐❡✉① r❡♣rés❡♥t❡r ❧❡ ♣r♦✜❧
❞✬✐♥✜❧tr❛t✐♦♥ ❞❡ ❧✬❡❛✉ ❞❛♥s ❧❡ s♦❧✱ ♥♦✉s ✉t✐❧✐s♦♥s ❧❛ ✈❡rs✐♦♥ ❞✐✛✉s✐✈❡ ❞❡ ❝❡ ♠♦❞è❧❡✱ ■❙❇❆✲❉■❋✱ q✉✐
♣r❡♥❞ ♠✐❡✉① ❡♥ ❝♦♠♣t❡ ❧❛ ❞✐✛✉s✐♦♥ ❞❛♥s ❧❡ s♦❧✱ ❛✉ tr❛✈❡rs ❧✬éq✉❛t✐♦♥ ❞❡ ❞✐✛✉s✐♦♥ ❞❡ ❘✐❝❤❛r❞s
✭❬❘✐❝❤❛r❞s✱ ✶✾✸✶❪✮ ✿

δθ

δt
=

δ

δz
[K(θ)(

δψ

δz
− 1)] ✭✷✳✺✮

❆✈❡❝ θ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ✭❡♥ ♠✸✳♠✲✸✮✱ t ❧❡ t❡♠♣s ✭❡♥ s✮✱ ③ ❧✬é♣❛✐ss❡✉r ❞❡ s♦❧ ❝♦♥s✐❞éré❡ ✭❡♥ ♠✮✱
❑ ❧❛ ❝♦♥❞✉❝t✐✈✐té ❤②❞r❛✉❧✐q✉❡ ❞✉ s♦❧ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ s♦♥ ❤✉♠✐❞✐té ✭❡♥ ♠✴s✮ ❡t ψ ❧❡ ♣♦t❡♥t✐❡❧
♠❛tr✐❝✐❡❧ ✭❡♥ ♠✮✳

❆✐♥s✐ ❧✬❡❛✉ ❡st ❞✐✛✉sé❡ ♣r♦❣r❡ss✐✈❡♠❡♥t ❞❛♥s ❧❡ s♦❧ t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧✬é♣❛✐ss❡✉r ③ ❝♦♥s✐❞éré❡✳
❈♦♥❝❡r♥❛♥t ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ❞❡ ❧❛ ❝♦❧♦♥♥❡ ❞❡ s♦❧ ✭❋✐❣ ✷✳✸✷✮✱ ❧❡s ♣❛r❛♠ètr❡s s♦♥t ✐ss✉s ❞❡s
❞♦♥♥é❡s ❢♦✉r♥✐❡s ❞❛♥s ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❊❈❖❈▲■▼❆P ✭❬❈❤❛♠♣❡❛✉① ❡t ❛❧✳✱ ✷✵✵✺❪✮✳ ❖♥ ✉t✐✲
❧✐s❡r❛ ❞♦♥❝ ✐❝✐ ❧❡s ❝❛rt❡s ❞❡ ♣r♦♣♦rt✐♦♥ s♦❧✴❛r❣✐❧❡✱ ♣rés❡♥té❡s s✉r ❧❛ ❋✐❣✉r❡ ✷✳✸✸✱ ✐ss✉❡s ❞❡ ❧❛
❜❛s❡ ❞❡ ❞♦♥♥é❡s ❋♦♦❞ ❛♥❞ ❆❣r✐❝✉❧t✉r❡ ❖r❣❛♥✐③❛t✐♦♥ ♦❢ t❤❡ ❯♥✐t❡❞ ◆❛t✐♦♥s ✭❋❆❖✮ ❙♦✐❧ ▼❛♣ ♦❢
t❤❡ ❲♦r❧❞ ✭❬❋❆❖✱ ✶✾✽✽❪✱ ❞é✈❡❧♦♣♣é❡s à ♣❛rt✐r ❞❡ ❝❛rt❡s ❡t ❞❡ ♣❧✉s ❞❡ ✶✸✵✵ é❝❤❛♥t✐❧❧♦♥s ❞❡ s♦❧s✳
❈❡s ❞❡✉① ❝❛rt❡s r❡♣rés❡♥t❡♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ♣r♦♣♦rt✐♦♥s ❞❡ s❛❜❧❡ ❡t ❞✬❛r❣✐❧❡ ❞❛♥s ❧❛ ❜❛♥❞❡
s❛❤é❧✐❡♥♥❡✳ ❖♥ r❡♠❛rq✉❡ ✉♥❡ ❢♦rt❡ ♣r♦♣♦rt✐♦♥ ❞❡ s❛❜❧❡ ❞❛♥s ❧❡ s✉❞ ❞✉ ◆✐❣❡r✱ ♣r♦♣♦rt✐♦♥ ♣❧✉s
❢❛✐❜❧❡ ❛✉ ❇é♥✐♥✳ ❈❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❛ t❡①t✉r❡ ❞✉ s♦❧ s♦♥t ✉t✐❧✐sé❡s ♣♦✉r ❝❛❧❝✉❧❡r ❧❡s ♣r♦♣r✐é✲
tés ❤②❞r♦❞②♥❛♠✐q✉❡s ❞❡s s♦❧s ✭à ♣❛rt✐r ❞❡ ❢♦♥❝t✐♦♥ ❞❡ ♣é❞♦tr❛♥s❢❡rt✮✳ ❈❡tt❡ ❜❛s❡ ❞❡ ❞♦♥♥é❡s
❢♦✉r♥✐❡ ❞❡s ♣❛r❛♠ètr❡s ❞✬♦❝❝✉♣❛t✐♦♥ ❞✉ s♦❧ s❡❧♦♥ ✷✼✷ ❝❧❛ss❡s ❞✐✛ér❡♥t❡s✳ ◆♦✉s ✉t✐❧✐s❡r♦♥s ✐❝✐
✉♥❡ ❛❣ré❣❛t✐♦♥ ❞❡ ❝❡s ❝❧❛ss❡s s❡❧♦♥ ❧❡s tr♦✐s ♣❛t❝❤s ✿ s♦❧ ♥✉✱ ✈é❣ét❛t✐♦♥ ❤❛✉t❡ ❡t ✈é❣ét❛t✐♦♥
❜❛ss❡✳ P♦✉r ❝❡ q✉✐ ❡st ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ r❛❝✐♥❛✐r❡✱ ✐ss✉❡ ❞✬❊❈❖❈▲■▼❆P✱ ❧❡ ♣r♦✜❧ ❡st r❡♣rés❡♥té
❋✐❣✉r❡ ✷✳✸✷✳ P♦✉r ♣❧✉s ❞✬✐♥❢♦r♠❛t✐♦♥s s✉r ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥✱ ✈♦✐r ❆♥♥❡①❡ ❈ ✿ ▲✐st✐♥❣ ❙❯❘❋❊❳✳

✺✼
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❋✐❣✉r❡ ✷✳✸✷ ✕ ▲❛ ❝♦❧♦♥♥❡ ❞❡ s♦❧ ❡st ❞✐✈✐sé❡ ❡♥ ✶✹ ❝♦✉❝❤❡s✱ ❛✈❡❝ ❧❡s ♣r♦♣r✐étés ❤②❞r♦❞②♥❛♠✐q✉❡s
✐ss✉❡s ❞❡ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❊❈❖❈▲■▼❆P✳ ▲❛ ③♦♥❡ ❤❛❝❤✉ré❡ r♦✉❣❡ ✭s❡❝♦♥❞❡ ❝♦✉❝❤❡✮ ❝♦rr❡s♣♦♥❞
à ❧❛ ③♦♥❡ ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❙▼❖❙✳ ▲❡s ♣♦✐♥ts r♦✉❣❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ♣r♦❢♦♥❞❡✉rs
❞❡s s♦♥❞❡s ✐♥✲s✐t✉ ❆▼▼❆✳

❋✐❣✉r❡ ✷✳✸✸ ✕ ❈❛rt❡ ❞❡ t❡①t✉r❡ ❞❡ s♦❧ ✉t✐❧✐sé❡ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ♣♦✉r ❝❛❧❝✉❧❡r ❧❡s ♣❛r❛♠ètr❡s
❤②❞r♦❞②♥❛♠✐q✉❡s ❞✉ s♦❧✳

✺✽
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✷✳✺✳✷ ❯♥ ♠♦❞è❧❡ ❡♠♣✐r✐q✉❡ ✿ ❧❡ ♠♦❞è❧❡ ❆P■

▲❡ ♠♦❞è❧❡ ❆P■ ✭❆♥t❡❝❡❞❡♥t Pr❡❝✐♣✐t❛t✐♦♥ ■♥❞❡①✮ ❡st ✉♥ ♠♦❞è❧❡ s✐♠♣❧❡ ❧✐❛♥t ❧❡s ♣ré❝✐♣✐t❛✲
t✐♦♥s à ✉♥ ✐♥❞✐❝❡ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❛✉ tr❛✈❡rs ✉♥❡ éq✉❛t✐♦♥ ❞❡ tr❛♥s❢❡rt✳ ▲♦rs ❞✬✉♥ é✈é♥❡♠❡♥t
♣❧✉✈✐❡✉①✱ ❧✬❤✉♠✐❞✐té ❛✉❣♠❡♥t❡ ♣✉✐s ❞✐♠✐♥✉❡ s❡❧♦♥ ✉♥❡ ❡①♣♦♥❡♥t✐❡❧❧❡ ❞é❝r♦✐ss❛♥t❡ ✿

API(t) = API(t−1).e

−∆t

τ + P(t) ✭✷✳✻✮

❆✈❡❝ P (t) ❧❛ ♣❧✉✐❡ ❝✉♠✉❧é❡ ✭❡♥ ♠♠✮ ♣❡♥❞❛♥t ❧❛ ❞✉ré❡ ∆ t ✭❡♥ ❤❡✉r❡✮✱ ❡t τ ❡st ❧❡ ♣❛r❛♠ètr❡
❞❡ r❡ss✉②❛❣❡ ✭❡♥ ❤❡✉r❡✮✳ ❆✜♥ ❞✬♦❜t❡♥✐r ✉♥❡ ❡st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té API(t) ❡♥ ✉♥✐té ✈♦❧✉✲
♠✐q✉❡✱ ❡♥ ♠✸✳♠✲✸✱ ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ✭✷✳✻✮ ❡st ♣r♦♣♦sé❡ ❞❛♥s ❬P❡❧❧❛r✐♥ ❡t ❛❧✳✱ ✷✵✶✸❪ ❀
❬▲♦✉✈❡t ❡t ❛❧✳✱ ✷✵✶✺❪✱ ❝♦♠♠❡ s✉✐t ✿

θ5cm(t) = (θ5cm(t−1) − θres).e

−∆t

τ + (θsat − (θ5cm(t−1) − θres)).(1− e

−P(t)

dsoil ) + θres ✭✷✳✼✮

❛✈❡❝ θsat ✭♠✸✳♠✲✸✮ ❧❛ ✈❛❧❡✉r ❞❡ s❛t✉r❛t✐♦♥ ❞✉ s♦❧✱ dsoil ❧✬é♣❛✐ss❡✉r ❞❡ s♦❧ ❝♦♥s✐❞éré❡ ✭❡♥ ♠♠✮
❡t θres ✭♠✸✳♠✲✸✮ ❧✬❤✉♠✐❞✐té rés✐❞✉❡❧❧❡ ❞❡ s✉r❢❛❝❡✳ ▲❛ r❡❧❛t✐♦♥ ❡st ❝♦♠♣♦sé❡ ❞❡ tr♦✐s t❡r♠❡s q✉✐
s✬❛❞❞✐t✐♦♥♥❡♥t✳ ▲❡ ♣r❡♠✐❡r t❡r♠❡ ❡st ❛♥❛❧♦❣✉❡ à ❧✬éq✉❛t✐♦♥ ✭✷✳✻✮ ✿ ❧♦rsq✉✬✐❧ ♥✬② ♣❛s ❞❡ ♣ré❝✐♣✐✲
t❛t✐♦♥ P(t)✱ θ5cm(t) ❞é❝r♦✐t ❡①♣♦♥❡♥t✐❡❧❧❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ❥✉sq✉✬à ❛tt❡✐♥❞r❡ ❧✬❤✉♠✐❞✐té
rés✐❞✉❡❧❧❡ θres ✭✐♥té❣r❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞✬✐♥✜❧tr❛t✐♦♥ ❡t ❞✬é✈❛♣♦r❛t✐♦♥✮✳ ◗✉❛♥❞ ✐❧ ② ❛ ✉♥ é✈é♥❡✲
♠❡♥t ♣❧✉✈✐❡✉①✱ ❧✬❤✉♠✐❞✐té θ5cm(t) ❛✉❣♠❡♥t❡ ♣r♦♣♦rt✐♦♥♥❡❧❧❡♠❡♥t à P (t) ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞❡❣ré ❞❡
s❛t✉r❛t✐♦♥ ❞✉ s♦❧ r❡♣rés❡♥té ♣❛r (θsat − (θ5cm(t−1) − θres))✳ ❘❡♠❛rq✉♦♥s ❛✉ss✐ q✉❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡
θ5cm(t) ❞é♣❡♥❞ é❣❛❧❡♠❡♥t ❞❡ ❧✬é♣❛✐ss❡✉r dsoil✳ P❧✉s dsoil ❡st ❣r❛♥❞✱ ♠♦✐♥s ❧✬✐♥❝ré♠❡♥t s❡r❛ ❣r❛♥❞✳
❖❜s❡r✈♦♥s ❧❛ s❡♥s✐❜✐❧✐té ❞✉ ♠♦❞è❧❡ à ❝❡s ❞❡✉① ♣❛r❛♠ètr❡s ✿

d
s
o

il 
(m

m
)

ta
u

 (
h
)

Sensibilité à dsoil (tau=80h)Sensibilité à tau (dsoil=100mm)

❋✐❣✉r❡ ✷✳✸✹ ✕ ➱t✉❞❡ ❞❡ s❡♥s✐❜✐❧✐té ❞✉ ♠♦❞è❧❡ ❆P■ ❛✉① ♣❛r❛♠ètr❡s τ ❡t dsoil

❈❡♣❡♥❞❛♥t✱ ❞❛♥s ❧❡ ❝❛s ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ❛❣r✐❝♦❧❡s✱ ❧✬✐♥❢♦r♠❛t✐♦♥ r❡❝❤❡r❝❤é❡ ♥✬❡st ♣❛s ✉♥✐q✉❡✲
♠❡♥t ❧✬❤✉♠✐❞✐té ❞❡ s✉r❢❛❝❡✱ ♠❛✐s ❞❡ ❧✬❤✉♠✐❞✐té ♣❧✉s ❡♥ ♣r♦❢♦♥❞❡✉r✳ P♦✉r ❝❡❧❛ ✉♥ ✜❧tr❡ ♣❛ss❡✲❜❛s
❡①♣♦♥❡♥t✐❡❧ ❡st ✉t✐❧✐sé ✭❬❲❛❣♥❡r ❡t ❛❧✳✱ ✶✾✾✾❪✱ ❬❆❧❜❡r❣❡❧ ❡t ❛❧✳✱ ✷✵✵✽❪✮✳ ❈❡ ✜❧tr❡ ♣❡r♠❡t ❧❛ ♣r♦♣❛✲
❣❛t✐♦♥ ❞❡ θ5cm(t) ♣❧✉s ❡♥ ♣r♦❢♦♥❞❡✉r✱ s♦✐t θXcm

(t) ✳ ❈❡ ✜❧tr❡ ❡st ❞é❝r✐t ❝♦♠♠❡ s✉✐t ✿

θXcm
(t) = θXcm

(t−1) +K(t).(θ
5cm
(t) − θXcm

(t−1)) ✭✷✳✽✮

✺✾
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❛✈❡❝ ❧❡ ❣❛✐♥ K(t) ✿

K(t) =
K(t−1)

K(t−1) + e

−∆t

T

✭✷✳✾✮

▲❡ ❣❛✐♥ K(t) ❞é♣❡♥❞ ✉♥✐q✉❡♠❡♥t ❞✉ t❡♠♣s ❡t é✈♦❧✉❡ ❡♥tr❡ ✵ ❡t ✶ ❞❛♥s ✉♥ ✐♥t❡r✈❛❧❧❡ T ❞♦♥♥é✳
❈❡t ✐♥t❡r✈❛❧❧❡ ♣❡r♠❡t ❞❡ ♠♦❞é❧✐s❡r ❧❡ t❡♠♣s ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞❡ ❧❛ s✉r❢❛❝❡ à ✉♥❡
❝❡rt❛✐♥❡ ♣r♦❢♦♥❞❡✉r ① ✭❬❈❡❜❛❧❧♦s ❡t ❛❧✳✱ ✷✵✵✺❪✮✳ ❆✐♥s✐ ❡♥ ♠♦❞✐✜❛♥t ❚ ✭❡♥ ❤✮✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡
♠♦❞✐✜❡r ❧❛ ♣r♦❢♦♥❞❡✉r s✐♠✉❧é❡✳

❋✐❣✉r❡ ✷✳✸✺ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té s✐♠✉❧é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣❛r❛♠ètr❡ ❚

✷✳✺✳✸ ❈♦♠♣❛r❛✐s♦♥ ❙❯❘❋❊❳✴❆P■

▲❡s ❞❡✉① ♠♦❞è❧❡s ♣rés❡♥tés ♣ré❝é❞❡♠♠❡♥t✱ ❙❯❘❋❊❳ ❡t ❆P■✱ ♣❡r♠❡tt❡♥t ❞❡ ♠♦❞é❧✐s❡r ❧✬❤✉✲
♠✐❞✐té ❞✉ s♦❧ ❡♥ s✉r❢❛❝❡✱ ❡t ❡♥ ♣r♦❢♦♥❞❡✉r✳ ❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ♥♦✉s ❛❧❧♦♥s ✈♦✐r ❧❛ q✉❛❧✐té ❞❡ ❧❡✉r
s✐♠✉❧❛t✐♦♥ ❡♥ ❧❡s ❝♦♠♣❛r❛♥ts ❛✉① ♠❡s✉r❡s ✐♥✲s✐t✉✳
P♦✉r ❝❡❧❛ ❧❡ ♠♦❞è❧❡ ❙❯❘❋❊❳ ❛ été ♣❛r❛♠étré à ♣❛rt✐r ❞✬❊❈❖❈▲■▼❆P ✭✈♦✐r ❧❡ ✜❝❤✐❡r ❞❡ ❝♦♥✜✲
❣✉r❛t✐♦♥ ❆♥♥❡①❡ ❈ ✿ ▲✐st✐♥❣ ❙❯❘❋❊❳✳✮✳
▲❡ ♠♦❞è❧❡ ❆P■✱ q✉❛♥t à ❧✉✐ ❛ été ♣❛r❛♠étré ❡t ❝❛❧✐❜ré à ♣❛rt✐r ❞❡s s♦♥❞❡s ✐♥✲s✐t✉✳ P♦✉r ❝❡❧❛✱
❧❡ ♠♦❞è❧❡ ❛ été ❢♦r❝é ♣❛r ❞❡s ❝❤❛♠♣s ❞❡ ❢♦rç❛❣❡s ❛t♠♦s♣❤ér✐q✉❡s ▼❊❘❘❆ ✭▼♦❞❡r♥✲❊r❛ ❘❡✲
tr♦s♣❡❝t✐✈❡ ❛♥❛❧②s✐s ❢♦r ❘❡s❡❛r❝❤ ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥s✮ ❬●❡❧❛r♦ ❡t ❛❧✳✱ ✷✵✶✼❪✱ ✈♦✐r ❆♥♥❡①❡ ❉ ▲❡s
❢♦rç❛❣❡s ❛t♠♦s♣❤ér✐q✉❡s✳ ❙✉r ❧❛ ❜❛s❡ ❞❡s ❝♦❡✣❝✐❡♥ts ♣ré❝é❞❡♥ts ✭❧❡ τ ✱ dsoil ❡t ❚✮ ✉♥❡ ❝❛❧✐❜r❛t✐♦♥
❛ été ❡✛❡❝t✉é❡ ❛✜♥ ❞❡ ♠❛①✐♠✐s❡r ❧❡s s❝♦r❡s ♣❛r r❛♣♣♦rt ❛✉① s♦♥❞❡s ❞❡s ♠❡s✉r❡s ✐♥✲s✐t✉ s✉r
❧❛ ❝♦❧♦♥♥❡ ❞❡ s♦❧ ♣♦✉r ❧❡s s✐t❡s ❞✉ ❇é♥✐♥ ❡t ❞✉ ◆✐❣❡r✳ ❙✉r ❧❡ t❛❜❧❡❛✉ ✷✳✶ s♦♥t r❡♣rés❡♥tés ❧❡s
♣❛r❛♠ètr❡s ♣♦✉r ❧✬❤✉♠✐❞✐té ❞❡ s✉r❢❛❝❡ θ5cm(t) ✳ ❙✉r ❧❛ ❋✐❣✉r❡ ✷✳✸✻✱ s♦♥t r❡♣rés❡♥tés ❧❡s ♣❛r❛♠ètr❡s
❚ ✉t✐❧✐sés ❞❛♥s ❝❡tt❡ ét✉❞❡ ♣♦✉r ❧❡ ◆✐❣❡r ❡t ♣♦✉r ❧❡ ❇é♥✐♥✳

❚❛❜❧❡ ✷✳✶ ✕ P❛r❛♠ètr❡s ♣r✐♥❝✐♣❛✉① ❞❡s éq✉❛t✐♦♥s ❞❡ ❧✬❆P■ ✭✷✳✺✳✷✮

◆✐❣❡r ❇é♥✐♥
θSat✴θRes ✭❡♥ ♠✸✳♠✲✸✮ ✵✳✹✺✴✵✳✵✷ ✵✳✹✺✴✵✳✵✹
τ ✭❡♥ ❤✮ ✾✵ ✶✷✵
❞s♦✐❧ ✭❡♥ ♠♠✮ ✶✵✵ ✸✺

✻✵
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T pour le Niger
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T pour le Bénin

❋✐❣✉r❡ ✷✳✸✻ ✕ P❛r❛♠ètr❡s ❚ ❞✉ ✜❧tr❡ ❡①♣♦♥❡♥t✐❡❧ ♣♦✉r ❧❡s s✐t❡s ❞✉ ◆✐❣❡r ❞✉ ❇é♥✐♥

❆✐♥s✐✱ à ♣❛rt✐r ❞❡s ✷ ♠♦❞è❧❡s ♣rés❡♥tés✱ ❡t ♣❛r❛♠étrés✱ ❧❡s s✐♠✉❧❛t✐♦♥s ♦♥t été ❡✛❡❝t✉é❡s
♣♦✉r ❧❡s s✐t❡s ❞✉ ❇é♥✐♥ ❡t ❞✉ ◆✐❣❡r✳ ▲❡s sér✐❡s t❡♠♣♦r❡❧❧❡s s♦♥t r❡♣rés❡♥té❡s ❋✐❣✉r❡ ✷✳✸✼ ❡t ✷✳✸✽
❛✈❡❝ ❡♥ ❜❧❡✉ ❧✬❆P■ ❡t ❡♥ r♦✉❣❡ ❙❯❘❋❊❳ ♣❧✉s ❧❛ ré❢ér❡♥❝❡ ✐♥✲s✐t✉ ✭❡♥ ♥♦✐r✮✱ ♣♦✉r ❧❡s ❞❡✉① s✐t❡s✱
à ✺ ❝♠✳ ▲❡s s❝♦r❡s s♦♥t ♣rés❡♥tés ❚❛❜❧❡❛✉ ✷✳✷✳ ❖♥ ♣❡✉t ❛❧♦rs ♦❜s❡r✈❡r q✉❡ ❧❡s ❞❡✉① ♠♦❞è❧❡s
❞♦♥♥❡♥t ❞❡ ❜♦♥s s❝♦r❡s ❡♥ ❝♦rré❧❛t✐♦♥✱ é❣❛✉① ♦✉ s✉♣ér✐❡✉rs à ✵✳✾✳ ▲❡ ❘▼❙❊ q✉❛♥t à ❧✉✐ ❡st
♠❡✐❧❧❡✉r ♣♦✉r ❧✬❆P■ q✉❡ ♣♦✉r ❙❯❘❋❊❳ ❞û ❛✉ ❢♦rt ❜✐❛✐s ❤✉♠✐❞❡ ❞❛♥s ❙❯❘❋❊❳✳

❋✐❣✉r❡ ✷✳✸✼ ✕ ❙✐t❡ ❞✉ ❇é♥✐♥ ✿ ➱✈❛❧✉❛t✐♦♥ ❞❡s ♠♦❞è❧❡s ❆P■ ✭❡♥ ❜❧❡✉✮ ❡t ❙❯❘❋❊❳ ✭❡♥ r♦✉❣❡✮✱ ❢♦r❝és ♣❛r
❞❡s ♣❧✉✐❡s ✐♥✲s✐t✉ ❡t ❝♦♠♣❛rés ❛✉① ♠❡s✉r❡s ❞✬❤✉♠✐❞✐té ❆▼▼❆✲❈❆❚❈❍ ✭❡♥ ♥♦✐r✮ à ✺ ❝♠ ❞❡ ♣r♦❢♦♥❞❡✉r✳

❋✐❣✉r❡ ✷✳✸✽ ✕ ❙✐t❡ ❞✉ ◆✐❣❡r ✿ ➱✈❛❧✉❛t✐♦♥ ❞❡s ♠♦❞è❧❡s ❆P■ ✭❡♥ ❜❧❡✉✮ ❡t ❙❯❘❋❊❳ ✭❡♥ r♦✉❣❡✮✱ ❢♦r❝és ♣❛r
❞❡s ♣❧✉✐❡s ✐♥✲s✐t✉ ❡t ❝♦♠♣❛rés ❛✉① ♠❡s✉r❡s ❞✬❤✉♠✐❞✐té ❆▼▼❆✲❈❆❚❈❍ ✭❡♥ ♥♦✐r✮ à ✺ ❝♠ ❞❡ ♣r♦❢♦♥❞❡✉r✳

✻✶
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❚❛❜❧❡ ✷✳✷ ✕ ➱✈❛❧✉❛t✐♦♥ ❞❡s s✐♠✉❧❛t✐♦♥s à ✺ ❝♠✳

◆✐❣❡r ❇é♥✐♥
❆P■ ❙❯❘❋❊❳ ❆P■ ❙❯❘❋❊❳

✺❝♠
❘ ✵✳✾✸✾ ✵✳✾✵ ✵✳✾✸✹ ✵✳✾✸

❘▼❙❊ ✵✳✵✶✸✻ ✵✳✵✽✵✺ ✵✳✵✸✷ ✵✳✶✶
❇✐❛✐s ✵✳✵✵✷✾ ✵✳✵✼✸ ✵✳✵✶✶ ✵✳✶✵✼

■♥tér❡ss♦♥s✲♥♦✉s ♠❛✐♥t❡♥❛♥t à ✉♥❡ ❛♥❛❧②s❡ q✉❛❧✐t❛t✐✈❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ❝♦❧♦♥♥❡ ❞❡ s♦❧✳
▲❛ ❋✐❣✉r❡ ✷✳✸✾ ❝♦♠♣❛r❡ ❧❡s ♠♦❞è❧❡s ❛✉① ♠❡s✉r❡s ♣♦✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥ ❡t ❧❛ ❋✐❣✉r❡ ✷✳✹✵ ♣♦✉r
❧❡ s✐t❡ ❞✉ ◆✐❣❡r✳ P✉✐s✱ ❋✐❣✉r❡ ✷✳✹✶✱ ❧❡s s✐♠✉❧❛t✐♦♥s s♦♥t é✈❛❧✉é❡s q✉❛♥t✐t❛t✐✈❡♠❡♥t✳

a)

b)

c)

❋✐❣✉r❡ ✷✳✸✾ ✕ ❘❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❞❡ ✵ à ✶ ♠ à ♣❛rt✐r ❞❡ ❛✮ ♠❡s✉r❡s ✐♥✲s✐t✉ ❆▼▼❆✲
❈❆❚❈❍ ❇é♥✐♥✱ ❜✮ ❡t ❝✮ ♠♦❞é❧✐s❛t✐♦♥ ❙❯❘❋❊❳ ❡t ❆P■ ❢♦r❝é❡ ♣❛r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❡s ♣❧✉✈✐♦♠ètr❡s
❆▼▼❆✲❈❆❚❈❍✳

▲❛ ❋✐❣✉r❡ ✷✳✸✾ ✐❧❧✉str❡ ❧❛ ♠❛♥✐èr❡ ❞♦♥t ❧✬❡❛✉ s✬✐♥✜❧tr❡ ❞❛♥s ❧❡ ♣r❡♠✐❡r ♠ètr❡ ❞❡ s♦❧✱ ♣♦✉r ❧❡s
❛♥♥é❡s ✷✵✶✵✕✷✵✶✺ ♣♦✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥ à ♣❛rt✐r ❞❡ ♠❡s✉r❡s ✐♥✲s✐t✉ ❡♥ ❛✮ ❡t ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥
❡♥ ❜✮ ❡t ❝✮✱ ♣♦✉r ❙❯❘❋❊❳ ❡t ❆P■✳ ❙✉r ❧❡ ♣r❡♠✐❡r ❣r❛♣❤✐q✉❡ à ♣❛rt✐r ❞❡s ♠❡s✉r❡s ✐♥✲s✐t✉✱ ❧❡ ❛✮✱
♦♥ r❡♠❛rq✉❡ q✉❡ ❧✬❡❛✉ s✬✐♥✜❧tr❡ ❝❤❛q✉❡ ❛♥♥é❡ à ♣❧✉s ❞✬✉♥ ♠ètr❡ ❞❡ ♣r♦❢♦♥❞❡✉r✳ ❖♥ r❡♠❛rq✉❡

✻✷
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❛✉ss✐ q✉✬à ♣❛rt✐r ❞❡ ✻✵ ❝♠ ❧❡ s♦❧ s❡♠❜❧❡ ♣❧✉s ❤✉♠✐❞❡ ♣❡♥❞❛♥t ❧❛ s❛✐s♦♥ sè❝❤❡ q✉❡ ❞❛♥s ❧❡s
❝♦✉❝❤❡s s✉♣ér✐❡✉r❡s✱ ❝ré❛♥t ❛✐♥s✐ ✉♥ ❣r❛❞✐❡♥t ❞✬❤✉♠✐❞✐té rés✐❞✉❡❧ ❡♥ ♣r♦❢♦♥❞❡✉r✳ P♦✉r ❧❛ ♠♦❞é✲
❧✐s❛t✐♦♥ ❙❯❘❋❊❳ ✭❧❡ s❡❝♦♥❞ ❣r❛♣❤✐q✉❡✮✱ ♦♥ ♦❜s❡r✈❡ ✉♥❡ ✐♥✜❧tr❛t✐♦♥ ❞❡ ❧✬❡❛✉ ❞é♣❛ss❛♥t ❧❡s ✶ ♠
❡♥ ♣❧❡✐♥❡ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s✳ ❖♥ ♦❜s❡r✈❡ ❛✉ss✐ ❧❛ ♠❛✉✈❛✐s❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❝❡tt❡ ❛✉❣♠❡♥t❛t✐♦♥
❞❡ ❧✬❤✉♠✐❞✐té ♦❜s❡r✈é❡ à ♣❛rt✐r ❞❡ ✻✵ ❝♠ ❞❡ ♣r♦❢♦♥❞❡✉r s✉r ❧❡ ♣r♦✜❧ ❛✮✳ ❙✉r ❧❡ ♣r♦✜❧ ❝✮✱ ♦♥ ♣❡✉t
♦❜s❡r✈❡r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ♠♦❞é❧✐sé❡ ♣❛r ❧❡ ♠♦❞è❧❡ ❆P■ ❡♥ s✉r❢❛❝❡ ♣✉✐s ♣r♦♣❛❣é❡ ❡♥ ♣r♦❢♦♥❞❡✉r
❛✉ tr❛✈❡rs ❧❡ ✜❧tr❡ ❡①♣♦♥❡♥t✐❡❧✳ ❖♥ r❡♠❛rq✉❡ q✉❡ ♣❡♥❞❛♥t ❧❛ s❛✐s♦♥ sè❝❤❡✱ ❧✬❤✉♠✐❞✐té ét❛♥t é❣❛❧❡
à ❧✬❤✉♠✐❞✐té rés✐❞✉❡❧❧❡ ❞❛♥s ❧✬❆P■✱ ✉♥ ❜✐❛✐s ♥é❣❛t✐❢ ✐♠♣♦rt❛♥t ❡st ❝réé ❛✉ ❞❡❧à ❞❡ ✹✵ ❝♠✳

▲✬❡①♣ér✐❡♥❝❡ ❛ ❡♥s✉✐t❡ été ré❛❧✐sé❡ ♣♦✉r ❧❡ ◆✐❣❡r✳ ❖♥ ♦❜s❡r✈❡ ❋✐❣✉r❡ ✷✳✹✵ ❡♥ ❛✮ ❧✬✐♥✜❧tr❛t✐♦♥
❞❡ ❧✬❡❛✉ à ♣❛rt✐r ❞❡s s♦♥❞❡s ✐♥✲s✐t✉✱ ❡♥ ❜✮ ❡t ❝✮✱ s✐♠✉❧é❡ ♣❛r ❙❯❘❋❊❳ ❡t ❧✬❆P■✳ ❆ ♣❛rt✐r ❞✉
❣r❛♣❤ ❛✮✱ ♦♥ ♦❜s❡r✈❡ q✉❡ ❝❡rt❛✐♥❡s ❛♥♥é❡s ❝♦♠♠❡ ✷✵✶✵ ♦✉ ✷✵✶✶ ❧✬❡❛✉ ♥❡ s❡♠❜❧❡ ♣❛s s✬✐♥✜❧tr❡r
❜❡❛✉❝♦✉♣ ♣❧✉s ♣r♦❢♦♥❞é♠❡♥t q✉❡ ✶ ♠✱ ♦♥ r❡♠❛rq✉❡ ❛✉ss✐ q✉❡ ❧❡s ❛♥♥é❡s ✷✵✶✷ ❡t ✷✵✶✺ ♠♦♥tr❡♥t
✉♥❡ ✧♣❛✉s❡✧ ❞❛♥s ❧❛ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s✳ ❙✉r ❧❡ ♣r♦✜❧ ❜✮✱ ♠♦❞é❧✐sé ♣❛r ❙❯❘❋❊❳✱ ♦♥ r❡♠❛rq✉❡
❛❧♦rs ✉♥❡ ❢♦rt❡ s✉r❡st✐♠❛t✐♦♥ ❞✉ t❛✉① ❞✬❤✉♠✐❞✐té ❞✉ s♦❧✳ ❙✉r ❧❡ ♣r♦✜❧ ❝✮✱ ♠♦❞é❧✐sé ♣❛r ❧✬❆P■✱ ❧❛
❞②♥❛♠✐q✉❡ ❞❡ ❧✬❤✉♠✐❞✐té s❡♠❜❧❡ ✉♥ ♣❡✉ ❢❛✐❜❧❡ ♣❛r r❛♣♣♦rt ❛✉① ♠❡s✉r❡s ❛✮✳

a)

b)

c)

❋✐❣✉r❡ ✷✳✹✵ ✕ ❘❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❞❡ ✵ à ✶ ♠ à ♣❛rt✐r ❞❡ ❛✮ ♠❡s✉r❡s ✐♥✲s✐t✉ ❆▼▼❆✲
❈❆❚❈❍ ◆✐❣❡r✱ ❜✮ ❡t ❝✮ ♠♦❞é❧✐s❛t✐♦♥ ❙❯❘❋❊❳ ❡t ❆P■ ❢♦r❝é❡ ♣❛r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❡s ♣❧✉✈✐♦♠ètr❡s
❆▼▼❆✲❈❆❚❈❍✳

✻✸
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■♥tér❡ss♦♥s✲♥♦✉s ♠❛✐♥t❡♥❛♥t ❛✉① s❝♦r❡s s✉r ❧❡s s✐① ❛♥♥é❡s ❝♦♠♣❛r❛♥t t♦✉t❡ ❧❛ ❝♦❧♦♥♥❡ ❞❡ s♦❧
s✐♠✉❧é❡ ❛✈❡❝ ❧❡s ♠❡s✉r❡s ✐♥✲s✐t✉✱ ♣♦✉r ❧❡s ❞❡✉① s✐t❡s ❡t ❧❡s ❞❡✉① ♠♦❞è❧❡s✱ ❋✐❣✉r❡ ✷✳✹✶✳
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❋✐❣✉r❡ ✷✳✹✶ ✕ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s ♠❡s✉r❡s ✐♥✲s✐t✉ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡t ❧❡s ♠♦❞é❧✐s❛t✐♦♥s ✐ss✉❡s
❞✉ ♠♦❞è❧❡ ❙❯❘❋❊❳✱ ❡♥ ♥♦✐r ❡t ❆P■ ❡♥ ❜❧❡✉✱ ❢♦r❝é❡s ❛✈❡❝ ❧❡s ♣❧✉✐❡s ✐♥✲s✐t✉✱ ♣♦✉r ❧❡ ❇é♥✐♥ ✭❡♥ ❤❛✉t✮ ❡t
♣♦✉r ❧❡ ◆✐❣❡r ✭❡♥ ❜❛s✮✳

P♦✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥✱ ❧❡s s❝♦r❡s ❞❡ ❝♦rré❧❛t✐♦♥ s♦♥t très ❜♦♥s✱ ❛✉t♦✉r ❞❡ R = 0.9✱ ♣♦✉r ❧❡s
❞❡✉① ♠♦❞è❧❡s à t♦✉t❡s ❧❡s ♣r♦❢♦♥❞❡✉rs✳ ▲❡ ❜✐❛✐s✱ q✉❛♥t à ❧✉✐✱ ♠♦♥tr❡ q✉❡ ❙❯❘❋❊❳ s✉r❡st✐♠❡ ❡♥
♠♦②❡♥♥❡ ❧✬❤✉♠✐❞✐té ❥✉sq✉✬à ✹✵ ❝♠ ♣✉✐s ❧❛ s♦✉s✲❡st✐♠❡ ❥✉sq✉✬à ✵✳✶ ♠✸✳♠✲✸ à ✶ ♠✳ P♦✉r ❧✬❆P■✱ ❧❡
❜✐❛✐s ❡st q✉❛s✐♠❡♥t ♥✉❧ ❡♥ s✉r❢❛❝❡✱ ♣✉✐s ❧❡ ♠♦❞è❧❡ s♦✉s✲❡st✐♠❡ ❧✬❤✉♠✐❞✐té ❞❡ ♠❛♥✐èr❡ ❝r♦✐ss❛♥t❡
❛✈❡❝ ❧❛ ♣r♦❢♦♥❞❡✉r✱ ❥✉sq✉ à ✵✳✷ ♠✸✳♠✲✸✳ ❈❡❧❛ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❝❛✉sé ♣❛r ❧❛ ♥❛t✉r❡ ❞✉ ✜❧tr❡ ❡①✲
♣♦♥❡♥t✐❡❧ ❝❛r ✐❧ ♣r♦♣❛❣❡ ❧✬✐♥té❣r❛❧✐té ❞❡ ❧✬❡❛✉ ❡♥ ♣r♦❢♦♥❞❡✉r✳ ▲❡ ❘▼❙❊ ❡st ❞✬❡♥✈✐r♦♥ ✵✳✶ ♠✸✳♠✲✸

❡♥ s✉r❢❛❝❡ ♣♦✉r ❙❯❘❋❊❳✱ ♣✉✐s ❞é❝r♦ît ❥✉sq✉✬à ✹✵ ❝♠✱ ❧à ♦✉ ❧❡ ❜✐❛✐s ❡st ♥✉❧✱ ❡t ré✲❛✉❣♠❡♥t❡
❝❛r ❧❡ ❜✐❛✐s ❛✉❣♠❡♥t❡✳ P♦✉r ❧✬❆P■ ❧❡ ❘▼❙❊ s❡ ❞é❣r❛❞❡ ❝❛r ❧❡ ❜✐❛✐s ❛✉❣♠❡♥t❡ t♦✉t ❧❡ ❧♦♥❣ ❞❡ ❧❛
❝♦❧♦♥♥❡✳ ❊♥ ❛♥❛❧②s❛♥t ❧❡ ❘▼❙❊ ❞é❜✐❛✐sé✱ ✉❜❘▼❙❊✱ ♦♥ ♦❜s❡r✈❡ ✉♥ ❝♦♠♣♦rt❡♠❡♥t r❡❧❛t✐✈❡♠❡♥t
s✐♠✐❧❛✐r❡ ♣♦✉r ❧❡s ❞❡✉① ♠♦❞è❧❡s✳
❙✉r ❧❡ s✐t❡ ❞✉ ◆✐❣❡r✱ ❧❡s ❝♦rré❧❛t✐♦♥s ❞é❝r♦✐ss❡♥t ❛✈❡❝ ❧❛ ♣r♦❢♦♥❞❡✉r ♣♦✉r ❧❡s ❞❡✉① ♠♦❞è❧❡s✳ P♦✉r
❧❡ ❜✐❛✐s✱ ❙❯❘❋❊❳ s♦✉✛r❡ ❞✬✉♥❡ s✉r❡st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té t♦✉t ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❝♦❧♦♥♥❡ ❛❧♦rs
q✉❡ ❧✬❆P■ ❛ q✉❛s✐♠❡♥t ✉♥ ❜✐❛✐s ♥✉❧✳ P♦✉r ❧❡ ❘▼❙❊✱ ✐❧ ❡st très ❜♦♥ ♣♦✉r ❧✬❆P■ ❡t ❛✉t♦✉r ❞❡
✵✳✶ ♠✸✳♠✲✸ ♣♦✉r ❙❯❘❋❊❳✳ ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❞✉ ✉❜❘▼❙❊✱ ✐❧ ❡st ❞❡ ✵✳✵✶ ♠✸✳♠✲✸ ♣♦✉r ❧✬❆P■ ❡t
❛✉t♦✉r ❞❡ ✵✳✵✸ ♠✸✳♠✲✸ ♣♦✉r ❙❯❘❋❊❳✳

❆✐♥s✐✱ ♠❛❧❣ré ❧❡✉rs ♥✐✈❡❛✉① ❞❡ ❝♦♠♣❧❡①✐té très ❞✐✛ér❡♥ts✱ ❆P■ ❡t ❙❯❘❋❊❳ ❞♦♥♥❡♥t ❞❡s
rés✉❧t❛ts ❝♦♠♣❛r❛❜❧❡s ❡t ❞❡ ❜♦♥♥❡ q✉❛❧✐té ♣♦✉r ❝❡ q✉✐ ❡st ❞❡ r❡♣rés❡♥t❡r ❧✬❤✉♠✐❞✐té ❞❛♥s ❧❡s ✺✵
♣r❡♠✐❡rs ❝❡♥t✐♠ètr❡s ❞❡ ♣r♦❢♦♥❞❡✉r ❞❡ s♦❧✳
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✷✳✺✳✹ ■♠♣❛❝t ❞❡s ✐♥❝❡rt✐t✉❞❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ❧❡s s✐♠✉❧❛t✐♦♥s
❞✬❤✉♠✐❞✐té

▲❡ ♣♦✐♥t ♣ré❝é❞❡♥t ❛ ♠♦♥tré ❧❛ q✉❛❧✐té ❞❡s s✐♠✉❧❛t✐♦♥s ❧♦rsq✉❡ ❧❡ ❢♦rç❛❣❡ ❞❡s ♣❧✉✐❡s ✉t✐❧✐sé❡s
❡st ✐ss✉ ❞❡ ♣❧✉✈✐♦♠ètr❡s ✭♠❡s✉r❡s ❞❡ ♣❧✉✐❡ ✐♥✲s✐t✉✮✳ ❈❡♣❡♥❞❛♥t✱ ❝♦♠♠❡ ❧❡ ♠♦♥tr❡ ❧❛ ❋✐❣✉r❡ ✷✳✹✷✱
✐❧ ❡st ❞✐✣❝✐❧❡ ❞❡ r❡♣rés❡♥t❡r ❧❛ ♣❧✉✐❡ s♣❛t✐❛❧❡♠❡♥t ❛✉ ✈✉ ❞❡ ❧❛ ❞❡♥s✐té ❞✉ rés❡❛✉ ❞❡ ♣❧✉✈✐♦♠ètr❡s✳
❉❡ ♣❧✉s✱ ❧✬é✈♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞✉ rés❡❛✉ ❛ ❞✐♠✐♥✉é ❞❡ ♠♦✐t✐é ❡♥ ✉♥❡ ✈✐♥❣t❛✐♥❡ ❞✬❛♥♥é❡s✱ ❡♥
♣❛ss❛♥t ❞❡ ✼✷✺ ♣❧✉✈✐♦♠ètr❡s ❡♥ ✶✾✽✺ à ✷✸✷ ❡♥ ✷✵✵✹ ❬❆❧✐ ❛♥❞ ▲❡❜❡❧✱ ✷✵✵✾❪✳

❋✐❣✉r❡ ✷✳✹✷ ✕ ❉❡♥s✐té ❞✉ rés❡❛✉ ❞❡ ♣❧✉✈✐♦♠ètr❡s ❡♥ ✶✾✽✺ ❡t ✷✵✶✹✳

❯♥❡ s♦❧✉t✐♦♥ rés✐❞❡ ❞❛♥s ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ✐ss✉s ❞✬♦❜s❡r✈❛t✐♦♥s s❛✲
t❡❧❧✐t❛✐r❡s✳ ❊♥ ❡✛❡t✱ à ♣❛rt✐r ❞❡ ♠❡s✉r❡s ✐♥❢r❛r♦✉❣❡s ❡t✴♦✉ ❞✉ ❝♦♥t❡♥✉ ❡♥ ❡❛✉ ❞❡ ❧✬❛t♠♦s♣❤èr❡
❛✈❡❝ ❞❡s ♠❡s✉r❡s ❞❛♥s ❧❡s ♠✐❝r♦✲♦♥❞❡s✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬♦❜t❡♥✐r ❞❡s ❡st✐♠❛t✐♦♥s s✉r ❧❡s ♣ré✲
❝✐♣✐t❛t✐♦♥s✳ ❈❡♣❡♥❞❛♥t✱ ❝❡s ♠❡s✉r❡s s♦♥t s♦✉♠✐s❡s à ❞❡ ♥♦♠❜r❡✉s❡s s♦✉r❝❡s ❞✬✐♥❝❡rt✐t✉❞❡s✱
♣❛r♠✐ ❧❡sq✉❡❧❧❡s ❧❡s ♣r♦❜❧è♠❡s ❞❡ r❡♠♣❧✐ss❛❣❡ ❞✉ ❢❛✐s❝❡❛✉ ❬❑✉♠♠❡r♦✇ ❡t ❛❧✳✱ ✶✾✾✽❪✱ ❞✬✐♥❝❡r✲
t✐t✉❞❡ s✉r ❧✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❬❙t❡✐♥❡r ❡t ❛❧✳✱ ✷✵✵✸❪ ♦✉ ❡♥❝♦r❡ ❞✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ♣❤❛s❡ ♥❡✐❣❡✴❣❧❛❝❡
❬❇❡♥♥❛rt③ ❛♥❞ P❡tt②✱ ✷✵✵✶❪✳ ❉❛♥s ❬❑✐❞❞ ❛♥❞ ▲❡✈✐③③❛♥✐✱ ✷✵✶✶❪✱ ✉♥❡ r❡✈✉❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ s✉r ❧❡s
♣r♦❣rès ❞❡s ❛❧❣♦r✐t❤♠❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ♣❛r s❛t❡❧❧✐t❡ ❡st ré❛❧✐sé❡✳ ▲❡s ❛✉t❡✉rs ♠♦♥tr❡♥t q✉❡ ❧❡s
♣r♦❞✉✐ts s❛t❡❧❧✐t❡s ♦♥t ❛tt❡✐♥t ✉♥ ❜♦♥ ♥✐✈❡❛✉ ❞❡ ♠❛t✉r✐té ❛✉ ❝♦✉rs ❞❡s ❞❡r♥✐èr❡s ❛♥♥é❡s ♠❛✐s
q✉❡ ❧❡s ❛♣♣❧✐❝❛t✐♦♥s ❡♥ ❤②❞r♦❧♦❣✐❡ ♦✉ ❡♥ ❛❣r♦♥♦♠✐❡ s♦♥t ❡♥❝♦r❡ ❧✐♠✐té❡s ✭♥♦t❛♠♠❡♥t ♣♦✉r ❞❡s
♣r♦❜❧é♠❛t✐q✉❡s ❞❡ ♣ré❝✐s✐♦♥ ❡t ❞❡ rés♦❧✉t✐♦♥s s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡✮✳

▲❡s ♣r♦❞✉✐ts ❝♦✉r❛♠♠❡♥t ✉t✐❧✐sés t❡❧ q✉❡ ❈▼❖❘P❍✱ ❚❘▼▼ ♦✉ ❡♥❝♦r❡ P❊❘❙■❆◆◆✱ ♦♥t ✉♥❡
rés♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ ✸ ❤ ❡t ✉♥❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ✵✳✷✺✝✳ ❉é❧✐✈rés ♣❛r ❞✐✛ér❡♥ts ♦r✲
❣❛♥✐s♠❡s ✐❧s s♦♥t ♣r❛t✐q✉❡♠❡♥t t♦✉s ❞✐s♣♦♥✐❜❧❡s ❡♥ ❞❡✉① ✈❡rs✐♦♥s✳ ❯♥❡ ✈❡rs✐♦♥ ❞✐t❡ r❡❛❧✲t✐♠❡
✭♦✉ ❘❛✇✮✱ ❝✬❡st✲à✲❞✐r❡ ❞✐s♣♦♥✐❜❧❡ ❛✈❡❝ ✉♥ ❞é❧❛✐ ❞❡ q✉❡❧q✉❡s ❤❡✉r❡s✳ ❈❡tt❡ ✈❡rs✐♦♥ ❡st ❝♦♥♥✉❡
❝♦♠♠❡ ét❛♥t ❞✬❛ss❡③ ❜♦♥♥❡ q✉❛❧✐té s✉r ❧❛ t❡♠♣♦r❛❧✐té ❞❡s é✈é♥❡♠❡♥ts ♣❧✉✈✐❡✉① ✭♦❝❝✉rr❡♥❝❡✮✱
♠❛✐s ♠❛✉✈❛✐s❡ s✉r ❧❡✉rs ✐♥t❡♥s✐tés✳ ❈❡❧❛ ❛ ❞❡s ❝♦♥séq✉❡♥❝❡s s✉r ❧❡s ❛♣♣❧✐❝❛t✐♦♥s✱ ❝♦♠♠❡ ♣❛r
❡①❡♠♣❧❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❤②❞r♦❧♦❣✐q✉❡ ❬●♦ss❡t ❡t ❛❧✳✱ ✷✵✶✸❪✳ ❯♥❡ s❡❝♦♥❞❡ ✈❡rs✐♦♥ ❡st ❞♦♥❝ ♣r♦✲
❞✉✐t❡✱ ❞✐t❡ ❛❞❥✉st❡❞✱ q✉✐ ❡st ❝♦rr✐❣é❡ ❛ ❧✬é❝❤❡❧❧❡ ♠❡♥s✉❡❧❧❡ ♣❛r ❧❡s ❞♦♥♥é❡s ✐♥✲s✐t✉✳ ❊❧❧❡ ❡st ❞♦♥❝
❞❡ ♠❡✐❧❧❡✉r❡ q✉❛❧✐té ♠❛✐s ❡st ❞é❧✐✈ré❡ ❛✈❡❝ ✉♥ ❝❡rt❛✐♥ ❞é❧❛✐ ✭∼✷ ♠♦✐s✮✳ ❈❡ ❞é❧❛✐ r❡♥❞ ❞✐✣❝✐❧❡
❧❡✉rs ✉t✐❧✐s❛t✐♦♥s ♣♦✉r ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ♦♣ér❛t✐♦♥♥❡❧❧❡s ♥é❝❡ss✐t❛♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❡♥ t❡♠♣s
ré❡❧✳
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❉❛♥s ❝❡tt❡ ét✉❞❡ tr♦✐s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡ ❞✐✛ér❡♥ts s♦♥t ✉t✐❧✐sés ✿ ✶✮ ❧❡ ♣r♦❞✉✐t ❈❧✐♠❛t❡ ♣r❡❞✐❝t✐♦♥
❝❡♥t❡r ▼❖❘P❍✐♥❣ ♠❡t❤♦❞ ✭❈▼❖❘P❍✮ ❬❏♦②❝❡ ❡t ❛❧✳✱ ✷✵✵✹❪ ✭❞❛♥s s ✈❡rs✐♦♥ ❛❥✉sté❡ ❈▼❖❘✲
P❍❆❉❏ ❡t t❡♠♣s✲ré❡❧ ❈▼❖❘P❍❘❆❲✮✱ ✷✮ ❧❡ Pr❡❝✐♣✐t❛t✐♦♥ ❊st✐♠❛t✐♦♥ ❢r♦♠ ❘❡♠♦t❡❧② ❙❡♥s❡❞
■♥❢♦r♠❛t✐♦♥ ✉s✐♥❣ ❆rt✐✜❝✐❛❧ ◆❡✉r❛❧ ◆❡t✇♦r❦s ✭P❊❘❙■❆◆◆✮ ❬❙♦r♦♦s❤✐❛♥ ❡t ❛❧✳✱ ✷✵✵✵❪ ✭✉♥✐q✉❡✲
♠❡♥t ❞❛♥s s❛ ✈❡rs✐♦♥ t❡♠♣s✲ré❡❧ ❝❛r ❧❛ ✈❡rs✐♦♥ ❛❥✉sté❡ ♥✬ét❛✐t ♣❛s ❞✐s♣♦♥✐❜❧❡ ❛✉ ♠♦♠❡♥t ❞❡ ❝❡s
tr❛✈❛✉①✮ ❡t ✸✮ ❧❡ ♣r♦❞✉✐t ❚r♦♣✐❝❛❧ ❘❛✐♥❢❛❧❧ ▼❡❛s✉r✐♥❣ ▼✐ss✐♦♥ ✭❚❘▼▼✮ ❬❍✉✛♠❛♥ ❡t ❛❧✳✱ ✷✵✶✵❪
✭❞❛♥s s❛ ✈❡rs✐♦♥ ❛❥✉sté❡ ❚❘▼▼❆❉❏ ❡t t❡♠♣s✲ré❡❧ ❚❘▼▼❘❆❲✮✳ ❈❡s ♣r♦❞✉✐ts ♣❡r♠❡tt❡♥t ❞❡
r❡♣rés❡♥t❡r s♣❛t✐❛❧❡♠❡♥t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧❡s ✸ ❞❡r♥✐èr❡s ❤❡✉r❡s à ✉♥❡ rés♦❧✉t✐♦♥ ❞❡ ✵✳✷✺◦✳
❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ✐♥tér❡ss♦♥s✲♥♦✉s à ❧✬é✈❛❧✉❛t✐♦♥ ❞❡ ❝❡s tr♦✐s ♣r♦❞✉✐ts s✉r ♥♦s ❞❡✉① s✐t❡s✱
❞✉ ❇é♥✐♥ ❡t ❞✉ ◆✐❣❡r✱ à ♣❛rt✐r ❞❡s ♣❧✉✈✐♦♠ètr❡s ❆▼▼❆✲❈❆❚❈❍✳

❋✐❣✉r❡ ✷✳✹✸ ✕ ▲❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡s s❛t❡❧❧✐t❡s t❡♠♣s✲ré❡❧ s♦♥t ♣rés❡♥té❡s ✐❝✐ s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ❝✉♠✉❧s
❛♥♥✉❡❧s✳ ■❧s s♦♥t ❝♦♠♣❛rés ❛✉① ♠❡s✉r❡s ✐♥✲s✐t✉ ✭❡♥ ♥♦✐r✮✱ ♣♦✉r ❧❡ ❇é♥✐♥ ❡♥ ❛✮ ❡t ❧❡ ◆✐❣❡r ❡♥ ❜✮✳

❙✉r ❧❛ ❋✐❣✉r❡ ✷✳✹✸ s♦♥t r❡♣rés❡♥tés ❧❡s ❝✉♠✉❧s ❛♥♥✉❡❧s ❞❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ✐ss✉❡s
❞❡s ♣❧✉✈✐♦♠ètr❡s ❆▼▼❆✲❈❆❚❈❍ ❡♥ ♥♦✐r ❡t ❞❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s s❛t❡❧❧✐t❡s ❞❛♥s ❧❡✉rs
✈❡rs✐♦♥ t❡♠♣s✲ré❡❧✱ ❛✈❡❝ ❚❘▼▼❘❆❲ ❡♥ ❜❧❡✉ ♣♦✐♥t✐❧❧é✱ ❈▼❖❘P❍❘❆❲ ❡♥ r♦✉❣❡ ♣♦✐♥t✐❧❧é ❡t
P❊❘❙■❆◆◆❘❆❲ ❡♥ ✈❡rt ♣♦✐♥t✐❧❧é✳ ❖♥ r❡♠❛rq✉❡ ❛❧♦rs t♦✉t ❞❡ s✉✐t❡ ✉♥❡ ❢♦rt❡ s✉r❡st✐♠❛t✐♦♥ ❞❡s
♣ré❝✐♣✐t❛t✐♦♥s✳ ■❧ ❡①✐st❡ ✉♥❡ ✈❡rs✐♦♥ ❞❡ ❝❡s ♣r♦❞✉✐ts ❞✐t ✧❛❥✉sté❡✧✱ q✉✐ ❝♦♠♣r❡♥❞ ✉♥❡ ❝♦rr❡❝t✐♦♥
à ♣❛rt✐r ❞❡ ♣❧✉✈✐♦♠ètr❡s✳ ❈❡♣❡♥❞❛♥t ✉♥ ❞é❧❛✐ ❞❡ q✉❡❧q✉❡s ♠♦✐s ❡st ♥é❝❡ss❛✐r❡ ❛✈❛♥t ❧❡✉rs ❞✐s✲
tr✐❜✉t✐♦♥s✱ ❝❡ q✉✐ ❡st ✉♥ ✈ér✐t❛❜❧❡ ❢r❡✐♥ ❛✉① ❛♣♣❧✐❝❛t✐♦♥s ♦♣ér❛t✐♦♥♥❡❧❧❡s✳ ❆♥❛❧②s♦♥s ❧❛ q✉❛❧✐té
❞❡ ❝❡s ❞♦♥♥é❡s ❋✐❣✉r❡ ✷✳✹✹✳
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❋✐❣✉r❡ ✷✳✹✹ ✕ ▲❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡s s❛t❡❧❧✐t❡s ❛❥✉sté❡s s♦♥t ♣rés❡♥tés ✐❝✐ s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ❝✉♠✉❧s
❛♥♥✉❡❧s✳ ■❧s s♦♥t ❝♦♠♣❛rés ❛✉① ♠❡s✉r❡s ✐♥✲s✐t✉ ✭❡♥ ♥♦✐r✮✱ ♣♦✉r ❧❡ ❇é♥✐♥ ❡♥ ❛✮ ❡t ❧❡ ◆✐❣❡r ❡♥ ❜✮✳

❙✉r ❧❛ ❋✐❣✉r❡ ✷✳✹✹ s♦♥t r❡♣rés❡♥tés ❧❡s ❝✉♠✉❧s ❛♥♥✉❡❧s ♣♦✉r ❧❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s
✐ss✉s ❞❡s ♣❧✉✈✐♦♠ètr❡s ❆▼▼❆✲❈❆❚❈❍ ❡♥ ♥♦✐r✱ ❡t ✐ss✉s ❞❡s ♣r♦❞✉✐ts s❛t❡❧❧✐t❛✐r❡s ❛❥✉stés ❚❘❘✲
▼❆❉❏ ❡t ❈▼❖❘P❍❆❉❏✱ ❡♥ r♦✉❣❡ ❡t ❡♥ ❜❧❡✉✳ ❖♥ r❡♠❛rq✉❡ q✉❡ ❧❡s ✷ ♣r♦❞✉✐ts s❛t❡❧❧✐t❡s s♦♥t
❞✐✛ér❡♥ts✱ ❛✈❡❝ ❞❡s ❝♦✉r❜❡s ❞❡ ❝✉♠✉❧s ❞✐✛ér❡♥t❡s ♣♦✉r ❝❤❛q✉❡ ❛♥♥é❡✳ ▲❛ q✉❛❧✐té ❞❡s ❡st✐♠❛t✐♦♥s
s❡♠❜❧❡ ❛ss❡③ ✈❛r✐❛❜❧❡ ❞✬✉♥❡ ❛♥♥é❡ à ❧✬❛✉tr❡ ❡t ❞✬✉♥ ♣r♦❞✉✐t à ❧✬❛✉tr❡✳ ❆✐♥s✐ ♣❛r ❡①❡♠♣❧❡ ❡♥ ✷✵✶✹
s✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥✱ ❧❡ ♣r♦❞✉✐t ❚❘▼▼❆❉❏ s✉✐t ♣❛r❢❛✐t❡♠❡♥t ❧❡ ❝✉♠✉❧ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥✲s✐t✉
❛❧♦rs q✉❡ ❧❡ ♣r♦❞✉✐t ❈▼❖❘P❍❆❉❏ s❡♠❜❧❡ s♦✉s ❡st✐♠❡r ❝❡rt❛✐♥s é✈é♥❡♠❡♥ts✳ ❘❡♠❛rq✉♦♥s q✉❡
❧❛ s✐t✉❛t✐♦♥ ✐♥✈❡rs❡ ❡st ❛✉ss✐ ♣rés❡♥t❡✱ s✉r ❧❡ s✐t❡ ❞✉ ◆✐❣❡r✱ ❧❛ ♠ê♠❡ ❛♥♥é❡✳

❆✜♥ ❞❡ ♠✐❡✉① ❝❛r❛❝tér✐s❡r q✉❛♥t✐t❛t✐✈❡♠❡♥t ❧❡s ✐♥❝❡rt✐t✉❞❡s ❞❡ ❝❡s ♣r♦❞✉✐ts✱ ❛♥❛❧②s♦♥s ❧❡s
s❝♦r❡s ❋✐❣✉r❡ ✷✳✹✺✳ ❙✉r ❝❡tt❡ ✜❣✉r❡✱ ❝❤❛q✉❡ ♣r♦❞✉✐t ❞❡ ♣❧✉✐❡ ❡st é✈❛❧✉é ♣♦✉r ❝❤❛q✉❡ ❛♥♥é❡ ❡♥
❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡s ♣❧✉✈✐♦♠ètr❡s✱ ♣♦✉r ❧❡s ❞❡✉① s✐t❡s✳ ▲❡s s❝♦r❡s ✉t✐❧✐sés ✐❝✐ s♦♥t ❧❛ ❝♦rré❧❛t✐♦♥
❥♦✉r♥❛❧✐èr❡✱ ❧❡ ❘▼❙❊ ❥♦✉r♥❛❧✐❡r ❡t ❧❡ ❜✐❛✐s ❛♥♥✉❡❧✳

❊♥ t❡r♠❡ ❞❡ ❝♦rré❧❛t✐♦♥✱ ❧❡s ♣r♦❞✉✐ts ❆❉❏ ✭♣♦✉r ❆❉❏✉st❡❞✮ ♣rés❡♥t❡♥t ❣❧♦❜❛❧❡♠❡♥t ❞❡ ♠❡✐❧❧❡✉rs
s❝♦r❡s q✉❡ ❧❡✉r ✈❡rs✐♦♥ ❘❆❲ ✭t❡♠♣s✲ré❡❧✮✱ ♠ê♠❡ s✐ ❝❡rt❛✐♥❡s ❛♥♥é❡s ✭✷✵✶✹ ♣♦✉r ❚❘▼▼ ❛✉ ◆✐✲
❣❡r ♣❛r ❡①❡♠♣❧❡✮ s❡♠❜❧❡♥t ♠♦❞ér❡r ❝❡ rés✉❧t❛t✳ ■♥tér❡ss♦♥s✲♥♦✉s ♣❧✉tôt ❛✉ ❘▼❙❊ ❥♦✉r♥❛❧✐❡r✱
s②♥♦♥②♠❡ ❞✬❡rr❡✉r ❥♦✉r♥❛❧✐èr❡ ♠♦②❡♥♥❡ ✭❡♥ ♠✐❧❧✐♠ètr❡s✮ ❡♥tr❡ ❧❡s ♣r♦❞✉✐ts s❛t❡❧❧✐t❡s ❡t ❧❡s ♣❧✉✲
✈✐♦♠ètr❡s✳ ❖♥ ♦❜s❡r✈❡ q✉❡ ❧❡s ♣r♦❞✉✐ts ❘❆❲ s♦♥t ❝❡tt❡ ❢♦✐s✲❝✐ ♥❡tt❡♠❡♥t ♠♦✐♥s ❜♦♥s q✉❡ ❧❡✉r
♣❡♥❞❛♥t ❆❉❏✳ ❖♥ r❡♠❛rq✉❡ ❛✉ss✐ q✉❡ ❧❡ ♣r♦❞✉✐t P❊❘❙■❆◆◆ ❡st ❧❡ ♣❧✉s ♠❛✉✈❛✐s s✉r ❧❡s ❞❡✉①
s✐t❡s✱ ❡t s✉r t♦✉t❡s ❧❡s ❛♥♥é❡s✳ P♦✉r ❧❡ ❜✐❛✐s ❛♥♥✉❡❧✱ ✐❝✐ éq✉✐✈❛❧❡♥t ❛✉ ❧❡ ❝✉♠✉❧ ❛♥♥✉❡❧ ❞❡s ♣❧✉✲
✈✐♦♠ètr❡s ♠♦✐♥s ❧❡ ❝✉♠✉❧ ❛♥♥✉❡❧ ❞❡s ♣r♦❞✉✐ts s❛t❡❧❧✐t❡s✱ ♦♥ ♦❜s❡r✈❡ q✉❡ ❧❡s ♣r♦❞✉✐ts ❘❆❲
s✉r❡st✐♠❡♥t t♦✉❥♦✉rs✳ P♦✉r ❧❡s ♣r♦❞✉✐ts ❆❉❏✱ ✐❧s s♦♥t très ❜♦♥s ❛✉ ◆✐❣❡r ♠❛✐s ♦♥t t❡♥❞❛♥❝❡ à
s♦✉s✲❡st✐♠❡r ❧❡s ♣❧✉✐❡s s✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥✳

✻✼
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a) Site du Bénin
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b) Site du Niger
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❋✐❣✉r❡ ✷✳✹✺ ✕ ❙❝♦r❡s ❞❡ ✈❛❧✐❞❛t✐♦♥ ❞❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡s s❛t❡❧❧✐t❡s ❝♦♠♣❛ré❡s ❛✉ ♣❧✉✈✐♦♠ètr❡s
❆▼▼❆✲❈❆❚❈❍ s✉r ❧❡s s✐t❡s ❞✉ ❇é♥✐♥ ✭❝♦❧♦♥♥❡ ❞❡ ❣❛✉❝❤❡✮ ❡t ❞✉ ◆✐❣❡r ✭❝♦❧♦♥♥❡ ❞❡ ❞r♦✐t❡✮ ♣♦✉r
❧❡s ❛♥♥é❡s ✷✵✶✵✲✷✵✶✺✳

▼❛✐♥t❡♥❛♥t q✉❡ ❧❡s ✐♥❝❡rt✐t✉❞❡s s✉r ❧❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡s ♦♥t été ❛♥❛❧②sé❡s✱ ♦❜s❡r✈♦♥s ❧✬❡✛❡t
❞❡ ❝❡s ❡rr❡✉rs ❡♥ t❡r♠❡ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ s✐♠✉❧é❡ ♣❛r ❧❡ ♠♦❞è❧❡ ❙❯❘❋❊❳ ❡t ❧❡ ♠♦❞è❧❡ ❆P■✳
P♦✉r ❝❤❛q✉❡ ❥❡✉ ❞❡ ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥✱ ❧❡s ♣r♦❞✉✐ts ❘❆❲ s✉r ❙❯❘❋❊❳ ❋✐❣✉r❡ ✷✳✹✻ ❡t
❧✬❆P■ ❋✐❣✉r❡ ✷✳✹✽✱ ♣✉✐s ❧❡s ♣r♦❞✉✐ts ❆❉❏ s♦♥t ✉t✐❧✐sés ❋✐❣✉r❡ ✷✳✹✼ ♣♦✉r ❙❯❘❋❊❳ ❡t ❋✐❣✉r❡ ✷✳✹✾
♣♦✉r ❧✬❆P■ ❡t ❧❡s ♣r♦✜❧s ❝♦♠♣❛rés à ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ré❢ér❡♥❝❡✱ ❝✬❡st✲à✲❞✐r❡ ❝❡❧❧❡ ❛✈❡❝ ❧❡ ♣r♦❞✉✐t
❞❡ ♣❧✉✐❡ ✐♥✲s✐t✉ ✭tr❛✐t ♥♦✐r✮✳

✻✽



✷✳✺✳ ▼❖❉➱▲■❙❆❚■❖◆ ◆❯▼➱❘■◗❯❊ ✿ ❙❯❘❋❊❳ ❊❚ ❆P■ P❖❯❘ ▲❆ ❙■▼❯▲❆❚■❖◆
▲❆❘●❊ ➱❈❍❊▲▲❊

0.4 0.6 0.8 1

R

0

0.2

0.4

0.6

0.8

1

P
ro

fo
n

d
e

u
r 

(m
)

INSITU RAINFALL CMORPH RAW TRMM RAW

-0.1 0 0.1
Biais (obs-model) (m 3.m -3 )

0

0.2

0.4

0.6

0.8

1

a) Site du Bénin

0 0.05 0.1
RMSE (m3.m -3 )

0

0.2

0.4

0.6

0.8

1
0 0.02 0.04

ubRMSE (m 3.m -3 )

0

0.2

0.4

0.6

0.8

1

0.4 0.6 0.8 1

R

0

0.2

0.4

0.6

0.8

1

1.2

P
ro

fo
n

d
e

u
r 

(m
)

-0.1 0 0.1
Biais (obs-model) (m 3.m -3 )

0

0.2

0.4

0.6

0.8

1

1.2

b) Site du Niger

0 0.05 0.1
RMSE (m3.m -3 )

0

0.2

0.4

0.6

0.8

1

1.2
0 0.02 0.04
ubRMSE (m 3.m -3 )

0

0.2

0.4

0.6

0.8

1

1.2

SURFEX

❋✐❣✉r❡ ✷✳✹✻ ✕ ■♠♣❛❝t ❞❡s ✐♥❝❡rt✐t✉❞❡s ❞❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s t❡♠♣s✲ré❡❧ s✉r ❧❡s s✐♠✉❧❛t✐♦♥s
❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❙❯❘❋❊❳✳

0.4 0.6 0.8 1

R

0

0.2

0.4

0.6

0.8

1

P
ro

fo
n

d
e

u
r 

(m
)

TRMM ADJ CMORPH ADJ INSITU RAINFALL

-0.1 0 0.1
Biais (obs-model) (m 3.m -3 )

0

0.2

0.4

0.6

0.8

1

a) Site du Bénin

0 0.05 0.1
RMSE (m3.m -3 )

0

0.2

0.4

0.6

0.8

1
0 0.05

ubRMSE (m 3.m -3 )

0

0.2

0.4

0.6

0.8

1

0.4 0.6 0.8 1

R

0

0.2

0.4

0.6

0.8

1

1.2

P
ro

fo
n

d
e

u
r 

(m
)

-0.1 0 0.1
Biais (obs-model) (m 3.m -3 )

0

0.2

0.4

0.6

0.8

1

1.2

b) Site du Niger

0 0.05 0.1
RMSE (m3.m -3 )

0

0.2

0.4

0.6

0.8

1

1.2
0 0.05
ubRMSE (m 3.m -3 )

0

0.2

0.4

0.6

0.8

1

1.2

SURFEX

❋✐❣✉r❡ ✷✳✹✼ ✕ ■♠♣❛❝t ❞❡s ✐♥❝❡rt✐t✉❞❡s ❞❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❛❥✉stés s✉r ❧❡s s✐♠✉❧❛t✐♦♥s
❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❙❯❘❋❊❳✳

✻✾



✷✳✺✳ ▼❖❉➱▲■❙❆❚■❖◆ ◆❯▼➱❘■◗❯❊ ✿ ❙❯❘❋❊❳ ❊❚ ❆P■ P❖❯❘ ▲❆ ❙■▼❯▲❆❚■❖◆
▲❆❘●❊ ➱❈❍❊▲▲❊

0.4 0.6 0.8 1

R

0

0.2

0.4

0.6

0.8

1

P
ro

fo
n

d
e

u
r 

(m
)

a) Site du Bénin

-0.2 0 0.2

Biais (obs-model) (m 3.m -3 )

0

0.2

0.4

0.6

0.8

1
0 0.1 0.2

RMSE (m3.m -3 )

0

0.2

0.4

0.6

0.8

1
0 0.02 0.04 0.06

ubRMSE (m 3.m -3 )

0

0.2

0.4

0.6

0.8

1

0.4 0.6 0.8 1

R

0

0.2

0.4

0.6

0.8

1

1.2

P
ro

fo
n

d
e

u
r 

(m
)

b) Site du Niger INSITU RAINFALL TRMM RAW CMORPH RAW

-0.2 0 0.2

Biais (obs-model) (m 3.m -3 )

0

0.2

0.4

0.6

0.8

1

1.2
0 0.1 0.2

RMSE (m3.m -3 )

0

0.2

0.4

0.6

0.8

1

1.2
0 0.02 0.04 0.06

ubRMSE (m 3.m -3 )

0

0.2

0.4

0.6

0.8

1

1.2

API

❋✐❣✉r❡ ✷✳✹✽ ✕ ■♠♣❛❝t ❞❡s ✐♥❝❡rt✐t✉❞❡s ❞❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s t❡♠♣s✲ré❡❧ s✉r ❧❡s s✐♠✉❧❛t✐♦♥s
❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❆P■✳

0.4 0.6 0.8 1
R

0

0.2

0.4

0.6

0.8

1

P
ro

fo
n

d
e

u
r 

(m
)

a) Site du Bénin

-0.2 0 0.2

Biais (obs-model) (m 3.m -3 )

0

0.2

0.4

0.6

0.8

1
0 0.1 0.2

RMSE (m3.m -3 )

0

0.2

0.4

0.6

0.8

1
0 0.025 0.05

ubRMSE (m 3.m -3 )

0

0.2

0.4

0.6

0.8

1

INSITU RAINFALL TRMM ADJ CMORPH ADJ

-0.2 0 0.2

0

0.2

0.4

0.6

0.8

1

1.2
0 0.1 0.2

0

0.2

0.4

0.6

0.8

1

1.2
0 0.025 0.05

0

0.2

0.4

0.6

0.8

1

1.2
0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

1.2

P
ro

fo
n

d
e

u
r 

(m
)

b) Site du Niger

R Biais (obs-model) (m 3.m -3 ) ubRMSE (m 3.m -3 )RMSE (m3.m -3 )

API

❋✐❣✉r❡ ✷✳✹✾ ✕ ■♠♣❛❝t ❞❡s ✐♥❝❡rt✐t✉❞❡s ❞❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❛❥✉stés s✉r ❧❡s s✐♠✉❧❛t✐♦♥s
❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❆P■✳
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▲❡s ❋✐❣✉r❡s ✷✳✹✻ ❡t ✷✳✹✼ r❡♣rés❡♥t❡♥t ❧✬✐♠♣❛❝t ❞❡s ❡rr❡✉rs ❞❡s ❞✐✛ér❡♥ts ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡s
s✉r ❧❡s s✐♠✉❧❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❙❯❘❋❊❳ ♣♦✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥ ❡t ❞✉ ◆✐❣❡r✳ ❖♥ ♦❜s❡r✈❡
s✉r ❧❛ ❋✐❣✉r❡ ✷✳✹✼✱ q✉❡ ❧❡s s❝♦r❡s ❞❡ ❝♦rré❧❛t✐♦♥ s♦♥t ❢❛✐❜❧❡♠❡♥t ❞é❣r❛❞és✱ ❞❡ ❧✬♦r❞r❡ ❞❡ ✺ à ✶✵✪✱
❧❡ ❜✐❛✐s ❡t ❧❡ ❘▼❙❊ ♥❡ ❝❤❛♥❣❡♥t ♣❛s é♥♦r♠é♠❡♥t✳ P♦✉r ❧❡ ✉❜❘▼❙❊ ♣❛r ❝♦♥tr❡ ✐❧ ❡st ❞é❣r❛❞é
❞✬❡♥✈✐r♦♥ ✵✳✵✶ ♠✸✳♠✲✸ t♦✉t ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❝♦❧♦♥♥❡✳ P♦✉r ❧❡ s✐t❡ ❞✉ ◆✐❣❡r✱ ❧❡s é✈♦❧✉t✐♦♥s s♦♥t r❡❧❛✲
t✐✈❡♠❡♥t s✐♠✐❧❛✐r❡s s❛✉❢ ♣♦✉r ❧❡ ♣r♦❞✉✐t ❚❘▼▼❆❉❏ ❛✉ ◆✐❣❡r q✉✐ ♥❡ ❣é♥èr❡ q✉✬✉♥❡ très ❢❛✐❜❧❡
❞é❣r❛❞❛t✐♦♥ ❞❡ ✉❜❘▼❙❊✳

❙✉r ❧❛ ❋✐❣✉r❡ ✷✳✹✻ ♦♥ ♦❜s❡r✈❡ ❧❛ ❢♦rt❡ ❞é❣r❛❞❛t✐♦♥ ❞❡s s❝♦r❡s✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥ ❡t
❞✉ ✉❜❘▼❙❊ ❧♦rs ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ♣r♦❞✉✐ts ❘❆❲✳ ❊♥ ❡✛❡t✱ ❧❡s ♣r♦✜❧s ❡♥ ♣♦✐♥t✐❧❧és s♦♥t ♣❧✉s
é❧♦✐❣♥és ❞✉ ♣r♦✜❧ ❞❡ ré❢ér❡♥❝❡ ♥♦✐r✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❈▼❖❘P❍❘❆❲ ❛✉ ❇é♥✐♥ ❣é♥èr❡
♣❛r ❡①❡♠♣❧❡ ✉♥❡ ❞é❣r❛❞❛t✐♦♥ ❞❡ ✵✳✵✷ ♠✸✳♠✲✸ s✉r t♦✉t ❧❛ ❝♦❧♦♥♥❡ ❞❡ s♦❧ ✭s♦✐t ✰✶✵✵✪ ❞✬❡rr❡✉r✮
❡t ❞❡ ♣❧✉s ❞❡ ✵✳✵✶ ♠✸✳♠✲✸ ❞❡ ✉❜❘▼❙❊ s✉r t♦✉t❡ ❧❛ ❝♦❧♦♥♥❡ ❞✉ ◆✐❣❡r ✭∼ ✺✵✪ ❞❡ ❞é❣r❛❞❛t✐♦♥✮✳

P♦✉r ❧❡ ♠♦❞è❧❡ ❆P■✱ ❝✬❡st✲à✲❞✐r❡ ❋✐❣✉r❡ ✷✳✹✽ ❡t ✷✳✹✾✱ ❧❡s ❝♦♥st❛ts s♦♥t r❡❧❛t✐✈❡♠❡♥t s✐♠✐❧❛✐r❡s✱
❝✬❡st✲à✲❞✐r❡ ✉♥❡ ❞é❣r❛❞❛t✐♦♥ ♠♦❞éré❡ ❞❡s s❝♦r❡s ❧♦rsq✉❡ ❧❡s ♣r♦❞✉✐ts ❆❉❏ s♦♥t ✉t✐❧✐sés✱ ❛❧♦rs
q✉❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ❞♦♥♥é❡s t❡♠♣s✲ré❡❧ ❘❆❲ ❞é❣r❛❞❡ ❢♦rt❡♠❡♥t ❧❡s s✐♠✉❧❛t✐♦♥s ❞✬❤✉♠✐❞✐té✳
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✷✳✻ ❘és✉♠é ❡t ❝♦♥❝❧✉s✐♦♥

❉❛♥s ❝❡ ❝❤❛♣✐tr❡ ❧❛ ❝❛♣❛❝✐té ❞❡ ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s à ❡st✐♠❡r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❛ été é✈❛✲
❧✉é❡✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ♥♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧❛ ♠❡s✉r❡ ❞✬❤✉♠✐❞✐té ✐♥✲s✐t✉ ♣❡r♠❡tt❛✐t ❞✬❛✈♦✐r
✉♥❡ ✐❞é❡ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r ❞✬✐♥✜❧tr❛t✐♦♥ ❞❡ ❧✬❡❛✉ à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡✳ ■❧ ❛ ❛✉ss✐ été ♠♦♥tré q✉❡ ❧❛
❞✐st❛♥❝❡ ❞❡ ❞é❝♦rré❧❛t✐♦♥ ét❛✐t r❡❧❛t✐✈❡♠❡♥t ❣r❛♥❞❡✱ ❛✈❡❝ ✲✵✳✶✺ ♣♦✐♥t✴✶✵ ❦♠ ♣♦✉r ❧❡ ◆✐❣❡r ❡t
♠♦✐t✐é ♠♦✐♥s✱ ✲✵✳✵✼✺ ♣♦✐♥t✴✶✵ ❦♠✱ ♣♦✉r ❧❡ ❇é♥✐♥✳

❉❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s✱ ♥♦✉s ❛✈♦♥s é✈❛❧✉é ❧❛ q✉❛❧✐té ❞❡s ♠❡s✉r❡s ❙▼❖❙✳ ❈❡ ❞❡r♥✐❡r ♣❡r♠❡t
✉♥❡ ♠❡s✉r❡ ❞❡ ❧✬❤✉♠✐❞✐té à ❧✬é❝❤❡❧❧❡ ❣❧♦❜❛❧❡ ♠❛✐s ✉♥✐q✉❡♠❡♥t ❡♥ s✉r❢❛❝❡✳ ▲❛ q✉❛❧✐té ❞❡s ❤✉♠✐✲
❞✐tés ❙▼❖❙ ❡st ❜♦♥♥❡ ✭R > 0.7✮ ♣♦✉r ❧❡s ❞❡✉① s✐t❡s ❧♦rsq✉✬❡❧❧❡s ♥❡ s♦♥t ♣❛s ♣❡rt✉r❜é❡s ♣❛r ❧❡s
❘❋■✱ ❝♦♠♠❡ ❞✉r❛♥t ❧❡s ❛♥♥é❡s ✷✵✶✸ ❡t ✷✵✶✹✳

❉❛♥s ✉♥ tr♦✐s✐è♠❡ t❡♠♣s✱ ♥♦✉s ❛✈♦♥s ❢❛✐t ✉♥ ❡①❡r❝✐❝❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❡♥ ❝♦♠♣❛r❛♥t ❞❛♥s
✉♥ ♣r❡♠✐❡r t❡♠♣s ❞❡✉① ♠♦❞è❧❡s✱ ❧✬❆P■ ❡t ❙❯❘❋❊❳✳ ❉❡ ❝❡tt❡ ❝♦♠♣❛r❛✐s♦♥ ♥♦✉s ❛✈♦♥s ✈✉ q✉❡
❧❡s s✐♠✉❧❛t✐♦♥s ❞♦♥♥❛✐❡♥t ❞❡ ❜♦♥s rés✉❧t❛ts s✉r t♦✉t ❧❛ ❝♦❧♦♥♥❡ ❞❡ s♦❧ ❡♥ t❡r♠❡ ❞❡ ✈❛r✐❛❜✐❧✐té
✭❝✬❡st✲à✲❞✐r❡ ❧❡s s❝♦r❡s ❞❡ ❝♦rré❧❛t✐♦♥ ❡t ❧❡ ✉❜❘▼❙❊✮ ❧♦rsq✉❡ ❧❡s ♠♦❞è❧❡s ét❛✐❡♥t ❢♦r❝és ♣❛r ❧❡s
♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡ ✐ss✉❡s ❞❡ ❧✬♦❜s❡r✈❛t♦✐r❡ ❆▼▼❆✲❈❆❚❈❍✳ ❚♦✉t❡❢♦✐s✱ ❙❯❘❋❊❳ ♣rés❡♥t❡ ✉♥ ❢♦rt
❜✐❛✐s ✭❡♥ ♠♦②❡♥♥❡ ✵✳✶ ♠✸✳♠✲✸✮✱ q✉✐ ♥✬❡st ♣❛s ♣rés❡♥t ❞❛♥s ❧❡s ♣r❡♠✐❡rs ✺✵ ❝♠ ❞❡ s♦❧ ❞❡ ❧✬❆P■✳
❈❡ ❜✐❛✐s ❛ ❞♦♥❝ ✉♥ ❢♦rt ✐♠♣❛❝t s✉r ❧❡ ❘▼❙❊✱ ❡t ❧✬❛✉❣♠❡♥t❡ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t✳

❈❡♣❡♥❞❛♥t✱ ❧❡s ♣❧✉✈✐♦♠ètr❡s ♥❡ s♦♥t ♣❛s ❞✐s♣♦♥✐❜❧❡s ♣❛rt♦✉t✱ ♥é❝❡ss✐t❛♥t ❞♦♥❝ ❧❡ r❡❝♦✉rs ❛✉①
♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡ s❛t❡❧❧✐t❡ ♣♦✉r ♣♦✉✈♦✐r s♣❛t✐❛❧✐s❡r ❧❡s s✐♠✉❧❛t✐♦♥s✳ ❈❡s ❞❡r♥✐❡rs s♦✉✛r❛♥t ❞✬✐♥✲
❝❡rt✐t✉❞❡s✱ ♥♦✉s ❛✈♦♥s ✈✉ q✉❡ ❝❡s ❡rr❡✉rs ❛✈❛✐❡♥t ✉♥ ❢♦rt ✐♠♣❛❝t s✉r ❧❡s s✐♠✉❧❛t✐♦♥s✱ ❡t ♣❧✉s
♣❛rt✐❝✉❧✐èr❡♠❡♥t ❞❛♥s ❧❡✉r ❢♦r♠❡ t❡♠♣s✲ré❡❧s✳

❈✐✲❞❡ss♦✉s ✉♥❡ s②♥t❤ès❡ ❞❡s ❛✈❛♥t❛❣❡s✱ ✐♥❝♦♥✈é♥✐❡♥ts ❡t ✐♥❝❡rt✐t✉❞❡s ❞❡ ❝❤❛q✉❡ ♠ét❤♦❞❡s ✿

❚❛❜❧❡ ✷✳✸ ✕ ❙②♥t❤ès❡ s✉r ❧❡s ♠ét❤♦❞❡s ❞✬❡st✐♠❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st

▼ét❤♦❞❡
▼❡s✉r❡s ✐♥✲s✐t✉
❆▼▼❆✲❈❛t❝❤

❚é❧é❞ét❡❝t✐♦♥
❙▼❖❙

▼♦❞é❧✐s❛t✐♦♥
❙❯❘❋❊❳✴❆P■

❆✈❛♥t❛❣❡
• Pré❝✐s✐♦♥ ♣❡r♠❡tt❛♥t
❞❡ s❡r✈✐r ❞❡ ré❢ér❡♥❝❡
• Pr♦✜❧s ❞✬✐♥✜❧tr❛t✐♦♥ ✭✵✲✶♠✮

• ▼❡s✉r❡ ❣❧♦❜❛❧❡ ✭✸ ❥♦✉rs✮
• ❇♦♥♥❡ q✉❛❧✐té ❞❛♥s ❧❛ ③♦♥❡ ❞✬ét✉❞❡

• ❊st✐♠❛t✐♦♥s ❣❧♦❜❛❧❡s
• ❘és♦❧✉t✐♦♥ s♣❛t✐❛❧❡✴t❡♠♣♦r❡❧❧❡
• Pr♦✜❧s ❞✬✐♥✜❧tr❛t✐♦♥s

■♥❝♦♥✈é♥✐❡♥t
• P❡✉ ❞❡ ♣♦✐♥ts ❞❡ ♠❡s✉r❡
• ❖❜s❡r✈❛t✐♦♥s ❧♦❝❛❧❡s
• Pr♦❜❧è♠❡s ❞❡ s❛t✉r❛t✐♦♥s

• ■♥❝❡rt✐t✉❞❡ ❞❡ ❝❡rt❛✐♥❡s s❝è♥❡s
✭✈é❣ét❛t✐♦♥s✱ t♦♣♦❣r❛♣❤✐❡s✱ ❡❛✉ ❧✐❜r❡✱✳✳✳✮
• ❖❜s❡r✈❛t✐♦♥s ❞✐s❝♦♥t✐♥✉❡s
• ❯♥✐q✉❡♠❡♥t ❡♥ s✉r❢❛❝❡ ✭✵✲✺❝♠✮
• ❘és♦❧✉t✐♦♥ ❧❛r❣❡ ✭✷✺①✷✺❦♠✮
• ❘❋■

• ■♥❝❡rt✐t✉❞❡s s✉r ❧❡s ♣❛r❛♠étr✐s❛t✐♦♥s
• ■♥❝❡rt✐t✉❞❡s s✉r ❧❡s ❢♦rç❛❣❡s
• Pr♦❜❧é♠❛t✐q✉❡ s✉r ❧❡s ✐♥❝❡rt✐t✉❞❡s
❞❡s ♣❧✉✐❡s s❛t❡❧❧✐t❛✐r❡ ❞❛♥s ❧❡✉r
✈❡rs✐♦♥ t❡♠♣s✲ré❡❧
• ❇✐❛✐s ✐♠♣♦rt❛♥t

Pr♦❝❤❛✐♥ ❝❤❛♣✐tr❡
❉❛♥s ❝❡ ❝❤❛♣✐tr❡ ❧❡s ❧✐♠✐t❛t✐♦♥s ❞❡s r❡♣rés❡♥t❛t✐♦♥s ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ♦♥t
été ♣rés❡♥té❡s✳ ❉❛♥s ❧❡ ♣r♦❝❤❛✐♥ ❝❤❛♣✐tr❡✱ ✉♥❡ ♠ét❤♦❞❡ ♣❡r♠❡tt❛♥t ❞❡ ❝♦♠❜✐✲
♥❡r ❝❡s tr♦✐s ♠ét❤♦❞❡s ❞✬❡st✐♠❛t✐♦♥s✱ ❛✉ tr❛✈❡rs ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❞♦♥♥é❡s
❡st ♣r♦♣♦sé❡✱ ❛✜♥ ❞✬♦❜t❡♥✐r ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ s♣❛t✐❛❧✐sé❡✱ ❡t ❡♥ ♣r♦❢♦♥❞❡✉r ❞❡
❧✬❤✉♠✐❞✐té ❞✉ s♦❧✳

✼✷



❈❤❛♣✐tr❡ ✸

❆♠é❧✐♦r❛t✐♦♥ ❞❡s ❡st✐♠❛t✐♦♥s ❞✬❤✉♠✐❞✐té
❞✉ s♦❧ à tr❛✈❡rs ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❞♦♥♥é❡s

✸✳✶ ■♥tr♦❞✉❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✸✳✷ ❈❤♦✐① ❞❡s ♠ét❤♦❞❡s ❞✬❛ss✐♠✐❧❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✸✳✸ ◆♦r♠❛❧✐s❛t✐♦♥ ❞❡s ❞♦♥♥é❡s à tr❛✈❡rs ❧❡ ❈❉❋✲▼❛t❝❤✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✸✳✹ ❆ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ ❡♥ ❝♦♥tr❛✐❣♥❛♥t ❧✬❤✉♠✐❞✐té ❛✈❡❝ ✉♥ ❙✐♠✲
♣❧✐✜❡❞ ❊①t❡♥❞❡❞ ❑❛❧♠❛♥ ❋✐❧t❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵

✸✳✹✳✶ Pr✐♥❝✐♣❡ ❞✉ ❙❊❑❋ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵

✸✳✹✳✷ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✸✳✺ ❆ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ ❡♥ ❝♦♥tr❛✐❣♥❛♥t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✈❡❝ ✉♥
✜❧tr❡ ♣❛rt✐❝✉❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✸✳✺✳✶ Pr✐♥❝✐♣❡ ❞✉ ✜❧tr❡ ♣❛rt✐❝✉❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✸✳✺✳✷ ➱✈❛❧✉❛t✐♦♥ s✉r ❧❡s s✐t❡s ❞✉ ❇é♥✐♥ ❡t ❞✉ ◆✐❣❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✽

✸✳✺✳✸ ❙♣❛t✐❛❧✐s❛t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶

✸✳✻ ❘és✉♠é ❡t ❝♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹

✼✸



✸✳✶✳ ■◆❚❘❖❉❯❈❚■❖◆

✸✳✶ ■♥tr♦❞✉❝t✐♦♥

❉❛♥s ❧❡ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t ♥♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞❛♥s ❧❡ s♦❧
à ❧❛r❣❡ é❝❤❡❧❧❡ ét❛✐t ✐♠♣❛❝té❡ ♣❛r ❧❡s ✐♥❝❡rt✐t✉❞❡s ❞❡ ❢♦rç❛❣❡ ❞❡s ♠♦❞è❧❡s✳ ❖r ❞❛♥s ✉♥ s♦✉❝✐
❞❡ s♣❛t✐❛❧✐s❛t✐♦♥ ❞❡s s✐♠✉❧❛t✐♦♥s ❧❡ r❡❝♦✉rs ❛✉① ❞♦♥♥é❡s ❞❡ ♣❧✉✐❡s s❛t❡❧❧✐t❡s ❡st ✐♥❞✐s♣❡♥s❛❜❧❡✳
❉❡ ❞✐✛ér❡♥t❡s q✉❛❧✐tés✱ ❝❡s ❞♦♥♥é❡s ♦♥t ❝♦♠♠❡ ♣♦✐♥t ❝♦♠♠✉♥ ❞❡ ❝♦♠♣♦rt❡r ❞❡ ❢♦rt❡s ✐♥❝❡r✲
t✐t✉❞❡s✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❛♥s ❧❡✉r ✈❡rs✐♦♥ t❡♠♣s✲ré❡❧✳ ❈❡s ✐♥❝❡rt✐t✉❞❡s ♦♥t ✉♥ ❢♦rt ✐♠♣❛❝t s✉r
❧❡s s✐♠✉❧❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧✳ ❯♥❡ ❞❡s s♦❧✉t✐♦♥s ♣♦✉r ré❞✉✐r❡ ❝❡s ✐♥❝❡rt✐t✉❞❡s ❡st ❞✬✉t✐❧✐s❡r
❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❞♦♥♥é❡s ♣♦✉r ✐♥té❣r❡r ❧❡s ❞♦♥♥é❡s ❞❡ té❧é❞ét❡❝t✐♦♥ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❞❛♥s ❧❡s
♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡✳

▲✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❞❛♥s ❞❡s ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡✱ ♦✉ ❤②❞r♦❧♦✲
❣✐q✉❡s✱ ❡st ✉♥❡ q✉❡st✐♦♥ ❛❜♦r❞é❡ ❞❡♣✉✐s ♣❧✉s✐❡✉rs ❛♥♥é❡s ❞❛♥s ❞❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s
✭❬❍♦✉s❡r ❡t ❛❧✳✱ ✶✾✾✽❪✱ ❬❲❛❧❦❡r ❛♥❞ ❍♦✉s❡r✱ ✷✵✵✶❪✱ ❬▼❛r❣✉❧✐s ❡t ❛❧✳✱ ✷✵✵✷❪✱ ❬❘❡✐❝❤❧❡ ❡t ❛❧✳✱ ✷✵✵✷❪✱
❬❘❡✐❝❤❧❡ ❛♥❞ ❑♦st❡r✱ ✷✵✵✸❪✱ ❬❈r♦✇ ❛♥❞ ❲♦♦❞✱ ✷✵✵✸❪✱ ❬❙❡✉✛❡rt ❡t ❛❧✳✱ ✷✵✵✸❪✮✳ ❊♥ ❡✛❡t✱ ❝♦♠♠❡
✈✉ ❋✐❣✉r❡ ✶✳✶✹✱ ❧❡s ❡st✐♠❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ♣❛r s❛t❡❧❧✐t❡ s♦♥t ❞✐s♣♦♥✐❜❧❡s ❞❡♣✉✐s
❧❡s ❛♥♥é❡s ✶✾✽✵ ❛✈❡❝ ❧❡s s❛t❡❧❧✐t❡s t❡❧s q✉❡ ❙▼▼❘✱ ❙❙▼✴■✱ ❚❘▼▼✲❚▼■✱ ❆▼❙❘✲❊✱ ❆❙✲
❈❆❚✱ ❲✐♥❞s❛t✱ ✳ ✳ ✳ ▲✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❝❡s ♣r♦❞✉✐ts ❛ ♣❡r♠✐s ❞✬❛♠é❧✐♦r❡r ❧❛ ♠♦❞é❧✐s❛t✐♦♥
❞❡s ❞é❜✐ts ❬P❛✉✇❡❧s ❡t ❛❧✳✱ ✷✵✵✶❪ ❬▲❡r♦✉①✱ ✷✵✶✻❪✱ ❞✬❛♠é❧✐♦r❡r ❧❡s ♣ré✈✐s✐♦♥s ❞✬✐♥♦♥❞❛t✐♦♥s
❬❇r♦❝❝❛ ❡t ❛❧✳✱ ✷✵✶✵❪ ❡t ❞❡ sé❝❤❡r❡ss❡ ❬❑✉♠❛r ❡t ❛❧✳✱ ✷✵✶✹❪ ♦✉ ❡♥❝♦r❡ ❧✬❤✉♠✐❞✐té ❡♥ ③♦♥❡ r❛❝✐✲
♥❛✐r❡ ❬❉r❛♣❡r ❡t ❛❧✳✱ ✷✵✶✷❪✳ ❉❛♥s ♥♦tr❡ ♣r♦❜❧é♠❛t✐q✉❡✱ ♥♦✉s ❛❧❧♦♥s ét✉❞✐❡r ❝♦♠♠❡♥t ❝♦♠❜✐♥❡r
❙▼❖❙ ❛✈❡❝ ❧❡s ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡✱ à ❧✬❛✐❞❡ ❞❡ ❞❡✉① ♠ét❤♦❞❡s ❞✬❛ss✐♠✐❧❛t✐♦♥ ❞✐✛ér❡♥t❡s ✿ ❧❡ ✜❧tr❡
❞❡ ❑❛❧♠❛♥ ét❡♥❞✉ s✐♠♣❧✐✜é ✭❙❊❑❋✮✱ ♣✉✐s à tr❛✈❡rs ❧❡ ✜❧tr❡ ♣❛rt✐❝✉❧❛✐r❡ ✭P❋✮✳

✸✳✷ ❈❤♦✐① ❞❡s ♠ét❤♦❞❡s ❞✬❛ss✐♠✐❧❛t✐♦♥

▲✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❞♦♥♥é❡s ❡st ❣é♥ér❛❧❡♠❡♥t ❞é✜♥✐❡ ❝♦♠♠❡ ✿ ❧✬❡♥s❡♠❜❧❡ ❞❡s t❡❝❤♥✐q✉❡s st❛t✐s✲
t✐q✉❡s q✉✐ ♣❡r♠❡tt❡♥t ❞✬❛♠é❧✐♦r❡r ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧✬ét❛t ❞✬✉♥ s②stè♠❡ à ♣❛rt✐r ❞❡ s❛ ❝♦♥♥❛✐s✲
s❛♥❝❡ t❤é♦r✐q✉❡ ❡t ❞❡s ♦❜s❡r✈❛t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s✳ ❆✉ ❞é❜✉t ❞✉ ✶✾è♠❡ s✐è❝❧❡✱ ❧❡s ♣r❡♠✐èr❡s
t❡❝❤♥✐q✉❡s ❞❡ ❢✉s✐♦♥ ❞❡s ❝❡s ❞❡✉① s♦✉r❝❡s ❞✬✐♥❢♦r♠❛t✐♦♥s s♦♥t ❛♣♣❛r✉❡s✱ ♣❡r♠❡tt❛♥t ❞❡ ❝♦♠❜✐✲
♥❡r ❧❡s ❛✈❛♥t❛❣❡s ❞❡s ♦❜s❡r✈❛t✐♦♥s ❡t ❞❡s ♠♦❞è❧❡s ♠❛t❤é♠❛t✐q✉❡s ♣♦✉r r❡♣rés❡♥t❡r ❛✉ ♠✐❡✉①
✉♥ ♣❤é♥♦♠è♥❡✳ ▲✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❞♦♥♥é❡s ❡st ✐ss✉❡ ❞❡ ❧❛ t❤é♦r✐❡ ❞✉ ❝♦♥trô❧❡ ✭●❡❧❜✱ ▲✐♦♥s✮✱ q✉✐
ét✉❞✐❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s s②stè♠❡s ❞②♥❛♠✐q✉❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉rs ♣❛r❛♠ètr❡s✱ ❡t ❞❡s st❛✲
t✐st✐q✉❡s✳

▲❡ ❝❤♦✐① ❞✉ s❝❤é♠❛ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❡st ❞é♣❡♥❞❛♥t ❞❡ ❧✬❛♣♣❧✐❝❛t✐♦♥✳ ❊♥ ❡✛❡t✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡
❧✬✐♥❢♦r♠❛t✐♦♥ r❡❝❤❡r❝❤é❡✱ q✉❡ ❝❡ s♦✐t ✉♥ ♣❛r❛♠ètr❡ ♦✉ ✉♥❡ ✈❛r✐❛❜❧❡ ❞✬ét❛t✱ ❧❡ s❝❤é♠❛ à ✉t✐❧✐s❡r
♥❡ s❡r❛ ♣❛s ❧❡ ♠ê♠❡✳ ❉❡ ♥♦♠❜r❡✉① ❛✉tr❡s ❢❛❝t❡✉rs r❡♥tr❡♥t ❡♥ ❥❡✉ ❞❛♥s ❝❡ ❝❤♦✐①✱ t❡❧s q✉❡ ❧❛
❝♦♠♣❧❡①✐té ❞✉ ♠♦❞è❧❡✱ ❧❡ t②♣❡ ❞✬♦❜s❡r✈❛t✐♦♥ à ❛♥❛❧②s❡r ♦✉ ❡♥❝♦r❡ ❧❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧✳ ■❧ ❡①✐st❡
❞❡ ♥♦♠❜r❡✉① s❝❤é♠❛s ❞✬❛ss✐♠✐❧❛t✐♦♥ ❞✐✛ér❡♥ts ♠❛✐s ❡♥ ❣é♥ér❛❧ ♦♥ ❧❡s ❞✐✈✐s❡ ❡♥ ❞❡✉① ❣r❛♥❞❡s
❝❧❛ss❡s✱ ❧❛ séq✉❡♥t✐❡❧❧❡ ❡t ❧❛ ✈❛r✐❛t✐♦♥♥❡❧❧❡✳ ▲❛ séq✉❡♥t✐❡❧❧❡ ✭❛✮ s✉r ❋✐❣ ✸✳✶✮ r❡✈✐❡♥t à ♣r❡♥❞r❡
❡♥ ❝♦♠♣t❡ ❧❡s ♦❜s❡r✈❛t✐♦♥s t❡♠♣♦r❡❧❧❡♠❡♥t ♣❛r❧❛♥t✱ ❛✉ ❢✉r ❡t à ♠❡s✉r❡ ❞❡ ❧❡✉r ❛♣♣❛r✐t✐♦♥✳
❈✬❡st✲à✲❞✐r❡ q✉❡ ❧❡s ♦❜s❡r✈❛t✐♦♥s s♦♥t ❝♦♥s✐❞éré❡s ❛♥tér✐❡✉r❡s ♦✉ é❣❛❧❡s ❛✉ t❡♠♣s ❞❡ ❧✬❛♥❛❧②s❡✳
▲❛ s❡❝♦♥❞❡ ♠ét❤♦❞❡ ❡st ❞✐t❡ ✈❛r✐❛t✐♦♥♥❡❧❧❡ ✭❜✮ s✉r ❋✐❣ ✸✳✶✮ ❡t ✉t✐❧✐s❡ t♦✉t❡s ❧❡s ♦❜s❡r✈❛t✐♦♥s
❞✐s♣♦♥✐❜❧❡s✱ ♣❛ssé❡s ❡t ❢✉t✉r❡s ❛✉ ♠♦♠❡♥t ❞❡ ❧✬❛♥❛❧②s❡✳

✼✹



✸✳✷✳ ❈❍❖■❳ ❉❊❙ ▼➱❚❍❖❉❊❙ ❉✬❆❙❙■▼■▲❆❚■❖◆

❋✐❣✉r❡ ✸✳✶ ✕ ❉✐✛ér❡♥ts t②♣❡s ❞❡ s❝❤é♠❛ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❬❍♦✉s❡r ❡t ❛❧✳✱ ✷✵✶✷❪✳

▲✬❛ss✐♠✐❧❛t✐♦♥ ❡st ❧❡ rés✉❧t❛t ❞✬✉♥❡ tr❛♥s❢♦r♠❛t✐♦♥ ♠❛t❤é♠❛t✐q✉❡✱ ❛♣♣❡❧é❡ ❧✬❛♥❛❧②s❡✱ à ♣❛r✲
t✐r ❞✬♦❜s❡r✈❛t✐♦♥s✱ y0✱ ❡t ❞❡ ♣ré✈✐s✐♦♥s ✐ss✉❡s ❞✬✉♥ ♠♦❞è❧❡✱ ❧✬é❜❛✉❝❤❡✱ xb✳ ▲✬♦❜❥❡❝t✐❢ ❡st ❞✬✉t✐❧✐s❡r
❧❡s ✐♥❢♦r♠❛t✐♦♥s ♣❡rt✐♥❡♥t❡s ❞❡ ❝❤❛❝✉♥❡ ❞❡s ❞❡✉① s♦✉r❝❡s ♣♦✉r r❡♣rés❡♥t❡r ❛✉ ♠✐❡✉① ❧✬ét❛t ré❡❧✱
xt✱ ❞✉ ♣❤é♥♦♠è♥❡ ét✉❞✐é✳ ❈❡♣❡♥❞❛♥t✱ ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ❝❛s ❧❡s ♦❜s❡r✈❛t✐♦♥s ❡t ❧❡ ♠♦❞è❧❡ ♥❡
s♦♥t ♣❛s à ❧❛ ♠ê♠❡ rés♦❧✉t✐♦♥ ✭s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡✮ ❡t ♥❡ r❡♣rés❡♥t❡♥t ♣❛s t♦✉❥♦✉rs ❞✐r❡❝✲
t❡♠❡♥t ❧❡s ♠ê♠❡s ♣❛r❛♠ètr❡s ♣❤②s✐q✉❡s✳ P♦✉r r❡♥❞r❡ ❧❡s ❞❡✉① ✐♥❢♦r♠❛t✐♦♥s ❝♦♠♣❛r❛❜❧❡s✱ ♦♥
✉t✐❧✐s❡ ❛❧♦rs ✉♥ ♦♣ér❛t❡✉r ♣❡r♠❡tt❛♥t ❞❡ ♣❛ss❡r ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ✈❛r✐❛❜❧❡s ❞✉ ♠♦❞è❧❡ à ❧✬❡s♣❛❝❡
❞❡s ✈❛r✐❛❜❧❡s ❞❡s ♦❜s❡r✈❛t✐♦♥s✱ ❧✬♦♣ér❛t❡✉r ❞✬♦❜s❡r✈❛t✐♦♥ ❍✳ ❈❡ ❞❡r♥✐❡r ♣❡✉t ❞♦♥❝ êtr❡ ✉♥
s✐♠♣❧❡ ✐♥t❡r♣♦❧❛t❡✉r ♣❡r♠❡tt❛♥t ❞❡ ❢❛✐r❡ ❝♦ï♥❝✐❞❡r ❧❡s rés♦❧✉t✐♦♥s ❞✉ ♠♦❞è❧❡ ❡t ❞❡s ♦❜s❡r✈❛t✐♦♥s✱
♦✉ ❜✐❡♥ ✉♥ ♠♦❞è❧❡ r❛❞✐❛t✐❢ ✭t❡❧ q✉❡ ❧❡ ▲✲▼❊❇ ♣rés❡♥té ♣ré❝é❞❡♠♠❡♥t✮ ♣❡r♠❡tt❛♥t ❞✬✐♥✈❡rs❡r
❧❡s r❛❞✐❛♥❝❡s ♠❡s✉ré❡s ♣❛r ❧❡s s❛t❡❧❧✐t❡s ❞✬♦❜s❡r✈❛t✐♦♥ ❡♥ ♣❛r❛♠ètr❡ ❞✉ ♠♦❞è❧❡✳

▲❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧✬♦❜s❡r✈❛t✐♦♥ ❡t ❧✬ét❛t ❡st✐♠é ❞✉ ♠♦❞è❧❡ ❡st ❛♣♣❡❧é❡ ❧✬✐♥♥♦✈❛t✐♦♥ ✿ y0 −
H(xb)✳ ▲✬✐♥♥♦✈❛t✐♦♥ r❡✢èt❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ r❡♣rés❡♥t❛t✐♦♥ ❡♥tr❡ ❧✬♦❜s❡r✈❛t✐♦♥ ❡t ❧❡ ♠♦❞è❧❡✳ ❖r
❝♦♠♠❡ t♦✉t❡ r❡♣rés❡♥t❛t✐♦♥✱ ❧✬♦❜s❡r✈❛t✐♦♥ ❡t ❧✬é❜❛✉❝❤❡ ♥❡ s♦♥t ♣❛s ♣❛r❢❛✐t❡s✳ ❊❧❧❡s s♦♥t ❞♦♥❝
❛❝❝♦♠♣❛❣♥é❡s ❞✬❡rr❡✉rs q✉✬✐❧ ❢❛✉t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ♣♦✉r ♣♦♥❞ér❡r ❧✬❛♥❛❧②s❡✳ ❖♥ ❝♦♥s✐❞èr❡
❛❧♦rs ❞❡✉① t②♣❡s ❞✬❡rr❡✉r ✿

• ❊rr❡✉r ❞✬é❜❛✉❝❤❡ ✿ ❧✬❡rr❡✉r ❞✬é❜❛✉❝❤❡✱ xb✲xt✱ ❡st ❧✬❡rr❡✉r ❞✉ ♠♦❞è❧❡ ♣❛r r❛♣♣♦rt à ❧❛ ré❛❧✐té✳
❖♥ ❝♦♥s✐❞èr❡ ❛✉ss✐ ❧❛ ❝♦✈❛r✐❛♥❝❡ ❞✬❡rr❡✉r ❞✬é❜❛✉❝❤❡ q✉✐ r❡♣rés❡♥t❡ ❧✬✐♥✢✉❡♥❝❡ s♣❛t✐❛❧❡
❡t t❡♠♣♦r❡❧❧❡ ❞✬✉♥❡ ❛♥❛❧②s❡ s✉r ❞✬❛✉tr❡s ♣♦✐♥ts ❞❡ ❣r✐❧❧❡ ♦✉ ♣❤②s✐q✉❡♠❡♥t à ❞✬❛✉tr❡s
✈❛r✐❛❜❧❡s✳ ❖♥ r❡❣r♦✉♣❡ ❝❡s ❝♦✈❛r✐❛♥❝❡s s♦✉s ❧❛ ♠❛tr✐❝❡ ❇✳

• ❊rr❡✉r ❞✬♦❜s❡r✈❛t✐♦♥ ✿ ❧✬❡rr❡✉r ❞✬♦❜s❡r✈❛t✐♦♥✱ y0 −H(xt)✱ r❡♣rés❡♥t❡ ❧✬❡rr❡✉r ❞❡ ♠❡s✉r❡✳
❙❛ ♠❛tr✐❝❡ ❞❡ ❝♦✈❛r✐❛♥❝❡ ❘ r❡♣rés❡♥t❡ ❧❡s ✐♥t❡r❞é♣❡♥❞❛♥❝❡s ♣♦t❡♥t✐❡❧❧❡s ❞✬✉♥❡ ❡rr❡✉r ❞❡
♠❡s✉r❡ s✉r ✉♥❡ ❛✉tr❡✳

▲❛ ❞é✜♥✐t✐♦♥ ❞❡s ❡rr❡✉rs ❡st ❞♦♥❝ ♣r✐♠♦r❞✐❛❧❡ ❞❛♥s ❧❡ s❝❤é♠❛ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❝❛r ❝❡ s♦♥t ❡❧❧❡s
q✉✐ ❞♦♥♥❡♥t ♣❧✉s ♦✉ ♠♦✐♥s ❞✬✐♠♣♦rt❛♥❝❡ à ❝❤❛❝✉♥❡ ❞❡s ❞❡✉① ✐♥❢♦r♠❛t✐♦♥s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r
q✉❛❧✐té✳

❉❛♥s ❧❡ ❝❛s séq✉❡♥t✐❡❧ ✭♣❛rt✐❡ ❛✮ ❞❡ ❧❛ ❋✐❣✉r❡ ✸✳✶✮✱ ❧❡ rés✉❧t❛t ❞❡ ❧✬❛♥❛❧②s❡ ✭❝r♦✐①✮ ❡st ✉♥
❝♦♠♣r♦♠✐s ❡♥tr❡ ❧❡ ♠♦❞è❧❡ ✭r♦♥❞ ♥♦✐r✮ ❡t ❧❡s ♦❜s❡r✈❛t✐♦♥s ✭r♦♥❞ ✈✐❞❡✮✳ ❊♥ r❡♣❛rt❛♥t ❞❡ ❝❡tt❡
❛♥❛❧②s❡✱ ❧❡ ♠♦❞è❧❡ ❧❛ ♣r♦♣❛❣❡ ❥✉sq✉✬à ❧❛ ♣r♦❝❤❛✐♥❡ ♦❜s❡r✈❛t✐♦♥✳ ▲❡ ❢♦r♠❛❧✐s♠❡ ♠❛t❤é♠❛t✐q✉❡
❡st ✿

xa = xb +K(yo − ❍(xb)) ✭✸✳✶✮

❛✈❡❝ ✿
K = ❇❍T (❍ ❇ ❍T +❘)−1 ✭✸✳✷✮

▲❡ ❝♦❡✣❝✐❡♥t ❑ ❞é✜♥✐ ❞❛♥s ❧✬éq✉❛t✐♦♥ ✭✸✳✷✮ ♣❡r♠❡t ❞❡ ♣♦♥❞ér❡r ❧✬✐♥♥♦✈❛t✐♦♥ ❞❛♥s ❧✬éq✉❛t✐♦♥
✭✸✳✶✮✳ ❖♥ q✉❛♥t✐✜❡ ❛❧♦rs ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ♣❛r ❧✬✐♥❝ré♠❡♥t ✿ xa✲xb✳ ❉❡ ❧✬éq✉❛✲

✼✺
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t✐♦♥ ✭✸✳✷✮ ♦♥ ♣❡✉t ❞é❞✉✐r❡ q✉❡ s✐ ❧❡ ♠♦❞è❧❡ ❡st très ♣ré❝✐s ♣❛r r❛♣♣♦rt à ❧✬♦❜s❡r✈❛t✐♦♥✱ ❛❧♦rs
❇❁❘ ❡t ❑ ❡st ♣❡t✐t✳ ❈❡ q✉✐ ❛ ♣♦✉r ✐♥❝✐❞❡♥❝❡ ❞❡ ♥❡ ♣❛s ❜❡❛✉❝♦✉♣ ♠♦❞✐✜❡r ❧✬❛♥❛❧②s❡ ❡t ❞♦♥❝ ✉♥
✐♥❝ré♠❡♥t ❢❛✐❜❧❡✳ ❆✉ ❝♦♥tr❛✐r❡✱ s✐ ❧✬♦❜s❡r✈❛t✐♦♥ s✬❛✈èr❡ ❞❡ ♠❡✐❧❧❡✉r❡ q✉❛❧✐té ❛❧♦rs ❘❁❇✱ ❑ s❡r❛
❣r❛♥❞✱ ❡t ❧✬✐♥❝ré♠❡♥t s❡r❛ ❣r❛♥❞✳ P❛r♠✐ ❝❡s ♠ét❤♦❞❡s séq✉❡♥t✐❡❧❧❡s ♦♥ ✐❞❡♥t✐✜❡ ❧✬✐♥t❡r♣♦❧❛t✐♦♥
♦♣t✐♠❛❧❡ ✭❖■✮ ♦✉ ❡♥❝♦r❡ ❧❡s ❞✐✛ér❡♥ts ✜❧tr❡s ❞❡ ❑❛❧♠❛♥✳

▲❡ ❝❛s ✈❛r✐❛t✐♦♥♥❡❧ r❡✈✐❡♥t q✉❛♥t à ❧✉✐ à ❝❤❡r❝❤❡r ❧✬ét❛t ❛♥❛❧②sé xa q✉✐ ♠✐♥✐♠✐s❡ ✉♥❡ ❢♦♥❝t✐♦♥
❞❡ ❝♦ût ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❝♦♠♣r✐s❡s ❞❛♥s ❧❛ ❢❡♥êtr❡ ✿

J(x) = J b(x− xb) + Jo(yo −H(x)) ✭✸✳✸✮

Jb ❡st ❧❛ ♠❡s✉r❡ ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧✬é❜❛✉❝❤❡ ❡t ❧✬ét❛t ❛♥❛❧②sé q✉❡ ❧✬♦♥ ❝❤❡r❝❤❡✳ Jo ❡st ❧❛
♠❡s✉r❡ ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧✬♦❜s❡r✈❛t✐♦♥ ❡t ❧✬ét❛t ♣r♦❥❡té ❞❡ ❧✬❛♥❛❧②s❡✳ ❆✐♥s✐ ❡♥ ❝❤❡r❝❤❛♥t ❧❛
❞ér✐✈é❡ é❣❛❧❡ à ✵ ❞❡ ✭✸✳✸✮ ♣❛r r❛♣♣♦rt à ❧❛ ✈❛r✐❛❜❧❡ q✉❡ ❧✬♦♥ ✈❡✉t ❛♥❛❧②s❡r ♦♥ ♦❜t✐❡♥t ❧✬❡st✐♠❛t✐♦♥
♦♣t✐♠❛❧❡✳ ❖♥ r❡tr♦✉✈❡ ❧❡s ❝é❧è❜r❡s ✸❉✲❱❆❘✱ ✹❉✲❱❆❘✱ ✳ ✳ ✳

▲❡ ❝❤♦✐① ❞❡ ❧❛ ♠ét❤♦❞❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❡st ❞é♣❡♥❞❛♥t ❞❡ ♥♦♠❜r❡✉① ♣❛r❛♠ètr❡s✱ t❡❧s q✉❡ ❧❛ ♣♦✲
t❡♥t✐❡❧❧❡ ♥♦♥✲❧✐♥é❛r✐té ❞✉ ♠♦❞è❧❡ ♦✉ ❡♥❝♦r❡ ❧❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧✳ ◆♦tr❡ ❝❤♦✐① s✬❡st ❞✬❛❜♦r❞ ♦r✐❡♥té
✈❡rs ❧❡ ❙✐♠♣❧✐✜❡❞ ❊①❡♥❞❡❞ ❑❛❧♠❛♥ ❋✐❧t❡r ✭❙❊❑❋✮✳ ❯t✐❧✐sé ❡♥ ♦♣ér❛t✐♦♥♥❡❧ ♣❛r ▼été♦ ❋r❛♥❝❡✱
✐❧ ❡st ❤✐st♦r✐q✉❡♠❡♥t ❧✐é à ❙❯❘❋❊❳✳ ◆♦✉s ✈❡rr♦♥s ♣❛r ❧❛ s✉✐t❡ q✉✬✐❧ ♣❡r♠❡t ❞❡ ❝♦♥tr❛✐♥❞r❡ ❧❛
tr❛❥❡❝t♦✐r❡ ❞✬❤✉♠✐❞✐té ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♦❜s❡r✈❛t✐♦♥s✳ ❈❡♣❡♥❞❛♥t ❝❡tt❡ ♠♦❞✐✜❝❛t✐♦♥ ✐♥t❡r♥❡ ❛✉
♠♦❞è❧❡ ❣é♥èr❡ ❞✬❛✉tr❡s ♣r♦❜❧é♠❛t✐q✉❡s✳ ▲❛ ♣r✐♥❝✐♣❛❧❡ s♦✉r❝❡ ❞✬❡rr❡✉r ét❛♥t ❧✐é❡ ❛✉① ✐♥❝❡rt✐✲
t✉❞❡s s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ✉♥❡ s❡❝♦♥❞❡ ♠ét❤♦❞❡ ❡st ❛❧♦rs t❡sté❡✱ ❧❡ ✜❧tr❡ ♣❛rt✐❝✉❧❛✐r❡ ✭P❋✮✳
▲❛ ♣r✐♥❝✐♣❛❧❡ ❞✐✛ér❡♥❝❡ ❝♦♥❝❡♣t✉❡❧❧❡ ❞❡ ❝❡s ✷ s❝❤é♠❛s rés✐❞❡ ❞❛♥s ❧❡ ❢❛✐t q✉❡ ❧❡ P❋ ✉t✐❧✐s❡ ❧❡s
♦❜s❡r✈❛t✐♦♥s ♣♦✉r ✧ré❞✉✐r❡✧ ❞✐r❡❝t❡♠❡♥t ❧❡s ❡rr❡✉rs ❞❡ ❢♦rç❛❣❡s ❛❧♦rs q✉❡ ❧❡ ❙❊❑❋ ✉t✐❧✐s❡ ❧❡s
♦❜s❡r✈❛t✐♦♥s ♣♦✉r ❝♦rr✐❣❡r ❧❛ tr❛❥❡❝t♦✐r❡ ❞❛♥s ❧❡ ♠♦❞è❧❡ ✭✈♦✐r ❋✐❣✉r❡ ✸✳✷✮✳

Forçages

Model de surface

Paramètres de sol

Ou

PF: Correction des erreurs de forçage

SEKF: Correction de l'humidité

Assimilation
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❋✐❣✉r❡ ✸✳✷ ✕ ❉❡✉① ❝♦♥❝❡♣ts ❞✐✛ér❡♥ts✱ s♦✐t ❧❡s ❡rr❡✉rs ❞❡ ❢♦rç❛❣❡ s♦♥t ❝♦rr✐❣é❡s ❛✈❡❝ ❧❡ P❋✱ s♦✐t ❧❡s
❤✉♠✐❞✐tés s♦♥t séq✉❡♥t✐❡❧❧❡♠❡♥t ❛❥✉sté❡s ❛✈❡❝ ❧❡ ❙❊❑❋✳
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❆✜♥ ❞❡ r❡♣rés❡♥t❡r ❝❡s ✷ ♠ét❤♦❞❡s✱ ❛♥❛❧②s♦♥s ❧❡ s❝❤é♠❛ ❋✐❣✉r❡ ✸✳✸✳ ❙✉r ❧❛ ♣❛rt✐❡ ❛✮✱ ♦♥
♦❜s❡r✈❡ ❧❡ ❙❊❑❋✱ ❛✈❡❝ ❧❛ tr❛❥❡❝t♦✐r❡ ❞✬❤✉♠✐❞✐té s✐♠✉❧é❡ séq✉❡♥t✐❡❧❧❡♠❡♥t ❛❥✉sté❡ à ❝❤❛q✉❡
♦❜s❡r✈❛t✐♦♥ ❞❡ ❙▼❖❙✳ ❙✉r ❧❡ s❝❤é♠❛ ❜✮✱ ❧❡ P❋✱ ❧✬é✈é♥❡♠❡♥t ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ❡st ♣❡rt✉r❜é ❞❡
♠❛♥✐èr❡ ❛ ❣é♥ér❡r ✉♥ ❡♥s❡♠❜❧❡ ❞❡ tr❛❥❡❝t♦✐r❡s ❞✬❤✉♠✐❞✐tés s✐♠✉❧é❡s✳ ❊♥s✉✐t❡✱ ❧❡s ♦❜s❡r✈❛t✐♦♥s
❙▼❖❙ s♦♥t ✉t✐❧✐sé❡s ♣♦✉r ❝❤♦✐s✐r ❧❛ tr❛❥❡❝t♦✐r❡ ❧❛ ♣❧✉s ♣❡rt✐♥❡♥t❡✳

  

Modèle

SMOS Obs.

Précipitation
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a) SEKF

b) PF
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❋✐❣✉r❡ ✸✳✸ ✕ ❙❝❤é♠❛t✐s❛t✐♦♥ ❞❡s ✷ ♠ét❤♦❞❡s ❞✬❛ss✐♠✐❧❛t✐♦♥✳ ❙♦✐t ❧❡ ❙❊❑❋ ❡♥ ❛✮✱ s♦✐t ❧❡ P❋ ❡♥ ❜✮✳
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✸✳✸ ◆♦r♠❛❧✐s❛t✐♦♥ ❞❡s ❞♦♥♥é❡s à tr❛✈❡rs ❧❡ ❈❉❋✲▼❛t❝❤✐♥❣

❆✈❛♥t ❞✬❛ss✐♠✐❧❡r ❧❡s ♦❜s❡r✈❛t✐♦♥s ❞❛♥s ❧❡ ♠♦❞è❧❡✱ ✐❧ ❡st ✐♠♣♦rt❛♥t ❞✬ét✉❞✐❡r ❧❡✉rs ❞②♥❛✲
♠✐q✉❡s r❡s♣❡❝t✐✈❡s✳ ❊♥ ❡✛❡t✱ ❝♦♠♠❡ ♠♦♥tré ♣ré❝é❞❡♠♠❡♥t✱ ✉♥ ❜✐❛✐s ✐♠♣♦rt❛♥t ❡①✐st❡ ❡♥tr❡
❧❡s ❞♦♥♥é❡s ❞❡ té❧é❞ét❡❝t✐♦♥ ❡t ❧❛ ♠♦❞é❧✐s❛t✐♦♥✳ ❈❡ ❜✐❛✐s ❢♦rt ❡st ✉♥ ♦❜st❛❝❧❡ à ❧✬❛ss✐♠✐❧❛t✐♦♥
❝❛r ✉♥❡ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞✬✉♥❡ ♦❜s❡r✈❛t✐♦♥ tr♦♣ ❤✉♠✐❞❡ ♣❛r r❛♣♣♦rt à ❧❛ ❞②♥❛♠✐q✉❡ ❞✉ ♠♦✲
❞è❧❡ ✈✐❡♥❞r❛✐t à ❞é❣r❛❞❡r ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té✱ ❡t ✈✐❝❡ ❡t ✈❡rs❛✳ P❧✉s✐❡✉rs ♠ét❤♦❞❡s
♣❡r♠❡tt❡♥t ❛❧♦rs ❞❡ ❝♦rr✐❣❡r ❝❡ ♣r♦❜❧è♠❡✳ ▲❛ ♣r❡♠✐èr❡ ❡st ❞❡ ❝❛❧✐❜r❡r ❧❡ ♠♦❞è❧❡ ❞❡ ♠❛♥✐èr❡
à ❝❡ q✉❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧✬❤✉♠✐❞✐té ♠♦❞é❧✐sé❡ ♣✉✐ss❡ êtr❡ ❝♦♠♣❛r❛❜❧❡ ❛✉① ♦❜s❡r✈❛t✐♦♥s s❛✲
t❡❧❧✐t❡ ✭❬❲❛♥❞❡rs ❡t ❛❧✳✱ ✷✵✶✹❛❪✱ ❬❲❛♥❞❡rs ❡t ❛❧✳✱ ✷✵✶✹❜❪✮✳ ❈❡♣❡♥❞❛♥t ❝❡tt❡ ♠ét❤♦❞❡ ❛ s♦✉✈❡♥t
❞❡s ❡✛❡ts ♥é❢❛st❡s s✉r ❧❡s ❛✉tr❡s ❝♦♠♣♦s❛♥t❡s ❞✉ ♠♦❞è❧❡✱ ❡t t❡♥❞ ❛✐♥s✐ à ❧❡ ✧❞éséq✉✐❧✐❜r❡r✧✳
❯♥❡ ❛✉tr❡ s♦❧✉t✐♦♥✱ ❛♣♣❡❧é❡ ❈❉❋ ▼❛t❝❤✐♥❣ ✭♣♦✉r ❈✉♠✉❧❛t✐✈❡ ❉✐str✐❜✉t✐♦♥ ❋♦♥❝t✐♦♥✮✱ rés✐❞❡ ❡♥
✉♥❡ ✧♠✐s❡ ❛ ❧✬é❝❤❡❧❧❡✧ ❞❡s ♦❜s❡r✈❛t✐♦♥s ❛✈❡❝ ❧❡ ♠♦❞è❧❡ ❛✈❛♥t q✉❡ ❝❡s ❞❡r♥✐èr❡s s♦✐❡♥t ❛ss✐♠✐❧é❡s
✭❬❘❡✐❝❤❧❡ ❛♥❞ ❑♦st❡r✱ ✷✵✵✹❪✱ ❬▲✐✉ ❡t ❛❧✳✱ ✷✵✵✾❪✮✳ ❈❡tt❡ ♠ét❤♦❞❡ ❝♦♥s✐st❡ ❛❥✉st❡r ❞❡ ❧❛ ♠♦②❡♥♥❡
❡t ❧✬é❝❛rt✲t②♣❡ ❞❡s ♦❜s❡r✈❛t✐♦♥s ❛✈❡❝ ❧❡ ♠♦❞è❧❡✳ ▲✬✉♥❡ ❞❡s ♣r✐♥❝✐♣❛❧❡s ❝r✐t✐q✉❡s ❞❡ ❝❡tt❡ ♠ét❤♦❞❡
❡st q✉❡ ❧✬♦❜s❡r✈❛t✐♦♥ ♣❡r❞ ❞♦♥❝ s❛ ✈❛❧❡✉r ❛❜s♦❧✉❡✳ P♦✉r ❡✛❡❝t✉❡r ❧❡ ❈❉❋ ▼❛t❝❤✐♥❣✱ ♦♥ ✉t✐❧✐s❡r❛
❧❡s ❞❡✉① ❝♦❡✣❝✐❡♥ts ❝✐✲❞❡ss♦✉s ✿

p2 =
std(InSitu)

std(SMOS)
✭✸✳✹✮

p1 = ¯InSitu− p2× ¯SMOS ✭✸✳✺✮

SMOSCDF = p1 + p2× SMOS ✭✸✳✻✮

❊♥ ❛♣♣❧✐q✉❛♥t ❧❡s ❝♦❡✣❝✐❡♥ts s✉r ❧❡s sér✐❡s t❡♠♣♦r❡❧❧❡s ❋✐❣✉r❡ ✸✳✹ ♦♥ ♦❜t✐❡♥t ❧❛ ❋✐❣✉r❡ ✸✳✺✳

❋✐❣✉r❡ ✸✳✹ ✕ ❙✉r ❧❛ ❣❛✉❝❤❡ ♦♥ ♦❜s❡r✈❡ ❧❡ ❜✐❛✐s ❡♥tr❡ ❧❡s ♠❡s✉r❡s ❙▼❖❙ ❡t ❧❡s s✐♠✉❧❛t✐♦♥s ❙❯❘❋❊❳✳
➚ ❞r♦✐t❡✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❝✉♠✉❧s ❞❡ ❝❤❛❝✉♥❡ ❞❡s sér✐❡s t❡♠♣♦r❡❧❧❡s✳

❋✐❣✉r❡ ✸✳✺ ✕ ▼ê♠❡ ✜❣✉r❡ q✉❡ ✸✳✹ ❛♣rès ❛♣♣❧✐❝❛t✐♦♥ ❞❡s ❝♦❡✣❝✐❡♥ts✳
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▲❛ q✉❡st✐♦♥ ❞❡ ❧❛ ♣ér✐♦❞❡ ✉t✐❧✐sé❡ ♣♦✉r ❢❛✐r❡ ❧❡ ❈❉❋✲♠❛t❝❤✐♥❣ ❛ ❛✉ss✐ s♦♥ ✐♠♣♦rt❛♥❝❡✳
P❛r ❡①❡♠♣❧❡ ❧à ♦ù ❝❡rt❛✐♥❡s ét✉❞❡s s❡ ❜❛s❡♥t s✉r ❧❛ ❝❧✐♠❛t♦❧♦❣✐❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s✱
❞✬❛✉tr❡s ♣ré❝♦♥✐s❡♥t ♣❧✉tôt ❞❡ ♣r♦❞✉✐r❡ ❞❡s ❝♦❡✣❝✐❡♥ts ♣❛r s❛✐s♦♥✱ ♠♦✐s✱ ✳ ✳ ✳ ❆♣rès ✉♥❡ ét✉❞❡ ❞❡
s❡♥s✐❜✐❧✐té✱ ♦♥ ✉t✐❧✐s❡r❛ ❞❛♥s ❝❡tt❡ ét✉❞❡ ✉♥ ❈❉❋ ▼❛t❝❤✐♥❣ ❜❛sé s✉r ❧❛ ❝❧✐♠❛t♦❧♦❣✐❡ ❣❧♦❜❛❧❡✳
❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ s♣❛t✐❛❧✐s❛t✐♦♥ ❞❡s s✐♠✉❧❛t✐♦♥s✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❝❛❧❝✉❧❡r ❧❡s ❝♦❡✣❝✐❡♥ts ♣✶✴♣✷
♣♦✉r ❝❤❛❝✉♥ ❞❡s ♣✐①❡❧s✳ ❖♥ ♣❡✉t ❛✐♥s✐ r❡♣rés❡♥t❡r ❧❡s ❝♦❡✣❝✐❡♥ts s♦✉s ❢♦r♠❡ ❞❡ ❝❛rt❡s ♣rés❡♥té❡s
❋✐❣✉r❡ ✸✳✻ ❡t ✸✳✼✳

❋✐❣✉r❡ ✸✳✻ ✕ ❈❛rt❡ ❞❡s ❝♦❡✣❝✐❡♥ts P✷ ❡♥tr❡ ❙▼❖❙ ❡t ❙❯❘❋❊❳ ✭❢♦r❝é ♣❛r ❞❡s ♣❧✉✐❡s ❈▼❖❘P❍
❆❞❥✮✳

❙✉r ❧❛ ❝❛rt❡ ✸✳✻ ❡st r❡♣rés❡♥té ❧❡ ❝♦❡✣❝✐❡♥t P✶ ♣♦✉r ❧✬❛♥♥é❡ ✷✵✶✵✳ ❖♥ ♦❜s❡r✈❡ ❞♦♥❝ ❧❡s
❞✐✛ér❡♥❝❡s ❞❡ ❞②♥❛♠✐q✉❡ ❡♥tr❡ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ❡t ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❙❯❘❋❊❳✱ ✐❝✐ ❢♦r❝é
❛✈❡❝ ❞❡s ♣❧✉✐❡s ❈▼❖❘P❍ ❆❉❏✳

❋✐❣✉r❡ ✸✳✼ ✕ ❈❛rt❡ ❞❡s ❝♦❡✣❝✐❡♥ts P✶✳
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✸✳✹ ❆ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ ❡♥ ❝♦♥tr❛✐❣♥❛♥t ❧✬❤✉♠✐❞✐té ❛✈❡❝
✉♥ ❙✐♠♣❧✐✜❡❞ ❊①t❡♥❞❡❞ ❑❛❧♠❛♥ ❋✐❧t❡r

✸✳✹✳✶ Pr✐♥❝✐♣❡ ❞✉ ❙❊❑❋

▲❡ s❝❤é♠❛ ❞✬❛ss✐♠✐❧❛t✐♦♥ ✉t✐❧✐sé ✐❝✐ ❡st ✉♥ ❙✐♠♣❧✐✜❡❞ ❊①t❡♥❞❡❞ ❑❛❧♠❛♥ ❋✐❧t❡r ✭❙❊❑❋✮✱
✐♥s♣✐ré ❞❡ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❝❡❧✉✐ ✉t✐❧✐sé ❞❛♥s ❧❛ t❤ès❡ ❞❡ ▼❛r✐❡ P❛rr❡♥s ✭✷✵✶✷✮✳ ❘❛♣♣❡❧♦♥s ✐❝✐
q✉❡❧q✉❡s éq✉❛t✐♦♥s ❡t ❧❡ ♣r✐♥❝✐♣❡ ❞❡ ❝❡ ✜❧tr❡✳ ❉❛♥s ❬▼❛❤❢♦✉❢ ❡t ❛❧✳✱ ✷✵✵✾❪ ❡st ♣rés❡♥té ✉♥ ✜❧tr❡
❞❡ ❑❛❧♠❛♥ ❊t❡♥❞✉ ❙✐♠♣❧✐✜é✳ ▲❛ ♣r✐♥❝✐♣❛❧❡ ❞✐✛ér❡♥❝❡ ❛✈❡❝ ✉♥ ✜❧tr❡ ❞❡ ❑❛❧♠❛♥ ✧❝❧❛ss✐q✉❡✧ ❡st
q✉❡ ❧❡s éq✉❛t✐♦♥s ❞❡ ♣r♦♣❛❣❛t✐♦♥ s♦♥t ♥♦♥✲❧✐♥é❛✐r❡s ✭➱t❡♥❞✉✮ ❡t q✉❡ ❧❛ ♠❛tr✐❝❡ ❞❡ ❝♦✈❛r✐❛♥❝❡
❞✬❡rr❡✉r ♠♦❞è❧❡ ❇ ♥✬é✈♦❧✉❡ ♣❛s ❛✉ ❝♦✉rs ❞✉ t❡♠♣s ✭❙✐♠♣❧✐✜❡❞✮✳ ❈❡tt❡ ❛❞❛♣t❛t✐♦♥ ❡st ♥é❝❡ss❛✐r❡
♣♦✉r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ♥♦♥✲❧✐♥é❛r✐tés ❞✉ ♠♦❞è❧❡ ❛✉ ❝♦✉rs ❞✉ t❡♠♣s✱ ✐❧ ❡st ✉t✐❧✐sé ✐❝✐ ✉♥❡
❧✐♥é❛r✐s❛t✐♦♥ ❞✉ ♠♦❞è❧❡ à tr❛✈❡rs ❧❡ t❛♥❣❡♥t ❧✐♥é❛✐r❡ ❍✳ ❱♦✐❧à ✉♥ s②♥♦♣t✐q✉❡ ❞✉ s❝❤é♠❛ ✉t✐❧✐sé ✿

❋✐❣✉r❡ ✸✳✽ ✕ ❉❡s❝r✐♣t✐♦♥ s②♥♦♣t✐q✉❡ ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ séq✉❡♥t✐❡❧❧❡ ❛✈❡❝ ❧❡ ❙❊❑❋✳

❉ét❛✐❧❧♦♥s ✉♥ ♣❡✉ ❝❡ s❝❤é♠❛✳ ▲❛ s✐♠✉❧❛t✐♦♥ ❡st ❞é❝♦✉♣é❡ ❡♥ ♥ ❢❡♥êtr❡s ❞✬❛ss✐♠✐❧❛t✐♦♥✳ ❈❡s
❢❡♥êtr❡s ❞✬❛ss✐♠✐❧❛t✐♦♥ s♦♥t ❝❛❧é❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣❛ss❛❣❡ ❞❡ ❙▼❖❙ s✉r ❧❛ ③♦♥❡ ✭♣♦✉r ✉♥❡
♠ê♠❡ ❥♦✉r♥é❡✮✱ ❧❡s ❢❡♥êtr❡s s♦♥t ❞♦♥❝ ❜♦r♥é❡s r❡s♣❡❝t✐✈❡♠❡♥t à ✻❤ ❡t ✶✽❤ ✭❤❡✉r❡ ❞❡ ♣❛ss❛❣❡ ❞✉
s❛t❡❧❧✐t❡✮✳ ▲❛ séq✉❡♥❝❡ s❡ ❞ér♦✉❧❡ ❛❧♦rs ❝♦♠♠❡ s✉✐t ✿

• P❛r❛♠étr✐s❛t✐♦♥ ❞✉ ♠♦❞è❧❡ ❡t ❞é❝♦✉♣❛❣❡ ❞❡s ❢♦rç❛❣❡s ❛ss♦❝✐és ❛✉ t❡♠♣s t ❞❡ ❧❛ ❢❡♥êtr❡

• ❚r♦✐s ❝❛s s❡ ♣rés❡♥t❡♥t ❛❧♦rs ✿

✖ ❙✐ t❂✵✱ ♣r❡♠✐❡r ♣❛s ❞❡ t❡♠♣s✱ ❛❧♦rs ♦♥ ✐♥✐t✐❛❧✐s❡ ❧❡ ♠♦❞è❧❡ ❛✈❡❝ ❧✬ét❛t ✜♥❛❧ ❞✬✉♥❡
s✐♠✉❧❛t✐♦♥ ❛♥tér✐❡✉r❡ ✭❙♣✐♥ ✉♣✮✳

✖ ❙✐ ♣❛s ❞✬♦❜s❡r✈❛t✐♦♥ ❙▼❖❙ ❛❧♦rs ♦♥ ✐♥✐t✐❛❧✐s❡ ❧❡ ♠♦❞è❧❡ ❛✈❡❝ ❧✬ét❛t ✜♥❛❧ ❞❡ ❧❛ ❢❡♥êtr❡
♣ré❝é❞❡♥t❡ xa(t) = xb(t− 1) ❡t ♦♥ ❧❛♥❝❡ ❧❡ ♠♦❞è❧❡ s✉r ❧❛ ❢❡♥êtr❡

xb(t+ 1) = ▼(t→ t+ 1)xa(t) ✭✸✳✼✮

✖ ❙✬✐❧ ② ❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ♦❜s❡r✈❛t✐♦♥ ❙▼❖❙✱ ♦♥ r❡❧❛♥❝❡ ❧❡ ❝❛❧❝✉❧ tr♦✐s ❢♦✐s ♣♦✉r ❧❛
❢❡♥êtr❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ♠❛♥✐èr❡ ❛ ❝❛❧❝✉❧❡r ❧❡ t❛♥❣❡♥t ❧✐♥é❛✐r❡ ♣❡r♠❡tt❛♥t ❞✬é✈❛❧✉❡r
❧❛ ❧✐♥é❛r✐té ❞✉ ♠♦❞è❧❡ ❡t ❞♦♥❝ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡ s❡s ❡rr❡✉rs ✿
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✶✳ Pr❡♠✐èr❡ s✐♠✉❧❛t✐♦♥✱ runref ✱ ✐♥✐t✐❛❧✐sé❡ ❛✈❡❝ ét❛t ✜♥❛❧ ❞❡ ❧❛ ❢❡♥êtr❡ ♣ré❝é❞❡♥t❡
xa(t) = xb(t− 1)✳

✷✳ ❙❡❝♦♥❞❡ s✐♠✉❧❛t✐♦♥✱ ♦♥ ♣❡rt✉r❜❡ ❧✬✐♥✐t✐❛❧✐s❛t✐♦♥ ❞❡ runref ❛✈❡❝ δx❂ ✵✱✵✵✵✶ ♠✸✳♠✲✸

✭❄❄✮ ❡t ♦♥ ❝❛❧❝✉❧ ❧❡ t❛♥❣❡♥t ❧✐♥é❛✐r❡ ✿

H =
❍(x+ δx)− ❍(x)

δx
✭✸✳✽✮

❖♥ ❝❛❧❝✉❧ ❡♥s✉✐t❡ ❧❡ ❣❛✐♥ ❞❡ ❑❛❧♠❛♥ ✿

K = B❍T (❍B❍T +R)−1 ✭✸✳✾✮

❖♥ ♣❡✉t ❞♦♥❝ ♠❛✐♥t❡♥❛♥t ❝❛❧❝✉❧❡r ❧✬❛♥❛❧②s❡ ✿

xa = xb +K(yo − ❍(xb)) ✭✸✳✶✵✮

P✉✐s ♦♥ ❧❛♥❝❡ ❧❡ ♠♦❞è❧❡ s✉r ❧❛ ❢❡♥êtr❡ ❞✬❛ss✐♠✐❧❛t✐♦♥✳

❆✐♥s✐✱ ❧❡ ♠♦❞è❧❡ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ à ❝❤❛q✉❡ ❢♦✐s q✉✬✐❧ ② ❡♥ ❛✱ à tr❛✈❡rs
❧❡ ♠❡♠❜r❡ yo −H(xb)✱ ❧✬✐♥♥♦✈❛t✐♦♥ ♣♦♥❞éré❡ ♣❛r ✉♥ ❣❛✐♥ ❑✳ ▲❡ t❛♥❣❡♥t ❧✐♥é❛✐r❡ ❍ ♣❡r♠❡t ❞❡
t❡st❡r ❧❛ ❧✐♥é❛r✐té ❞✉ ♠♦❞è❧❡ ❛✉ ❝♦✉rs ❞❡ ❧❛ ❢❡♥êtr❡✳ ❆✐♥s✐✱ s✐ ❧❛ ♣❡rt✉r❜❛t✐♦♥ ♥✬❛ r✐❡♥ ❝❤❛♥❣é✱
❛❧♦rs ❍❂✵ ❡t ❑❂✵✱ ❧✬✐♥♥♦✈❛t✐♦♥ ♥✬❛ ♣❛s ❞✬❡✛❡t✳ ❙✐ ❧❛ ♣❡rt✉r❜❛t✐♦♥ s✬❡st ♣r♦♣❛❣é❡ ❧✐♥é❛✐r❡♠❡♥t✱
❛❧♦rs ❍❂✶ ❡t ❑ ❞é♣❡♥❞ ✉♥✐q✉❡♠❡♥t ❞❡s ✐♥❝❡rt✐t✉❞❡s ✭❞❡s ♦❜s❡r✈❛t✐♦♥s ❡t ❞✉ ♠♦❞è❧❡✮✳ ❙✐ ❧❡
♠♦❞è❧❡ ❞✐✈❡r❣❡ ❧♦rs ❞❡ ❧✬✐♥❝ré♠❡♥t ❛❧♦rs ❑ ❞❡✈✐❡♥t très ♣❡t✐t ❡t ❧✬✐♥♥♦✈❛t✐♦♥ ♥✬❛ ♣❛s ❞✬❡✛❡t✳

▲✬éq✉❛t✐♦♥ ✭✸✳✾✮ ♣❡r♠❡t ❞❡ ❞♦♥♥❡r ♣❧✉s ♦✉ ♠♦✐♥s ❞✬✐♠♣♦rt❛♥❝❡ ❛✉① ♦❜s❡r✈❛t✐♦♥s✳ ❙✐ ♦♥
r❡♣r❡♥❞ s❝❤é♠❛t✐q✉❡♠❡♥t ❧✬❛ss✐♠✐❧❛t✐♦♥ ♣rés❡♥té❡ ✐❝✐ ✿

❋✐❣✉r❡ ✸✳✾ ✕ ▲♦rs ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥✱ ❧❡s ❡rr❡✉rs ❇ ❡t ❘ ♣♦♥❞èr❡♥t ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧✬✐♥❝ré♠❡♥t✱
❝❡ q✉✐ ♣❡r♠❡t ❞✬❛❥✉st❡r ❧❛ tr❛❥❡❝t♦✐r❡ s♦✐t ♣❧✉s ♣rès ❞❡s ♦❜s❡r✈❛t✐♦♥s✱ s♦✐t ♣❧✉s ♣rès ❞✉ ♠♦❞è❧❡✳

❆✐♥s✐✱ s✐ ❧❡ ♠♦❞è❧❡ ❛ ✉♥❡ ❡rr❡✉r ♣❧✉s ❣r❛♥❞❡ q✉❡ ❧✬♦❜s❡r✈❛t✐♦♥✱ ❧✬❛♥❛❧②s❡ s❡r❛ ♣❧✉s ♣r♦❝❤❡ ❞❡
❧✬♦❜s❡r✈❛t✐♦♥ q✉❡ ❞❡ ❧✬é❜❛✉❝❤❡✱ ❡t ✐♥✈❡rs❡♠❡♥t✳
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✸✳✹✳✷ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥

❯♥❡ ♣r❡♠✐èr❡ ❡①♣ér✐❡♥❝❡ ❛ été ré❛❧✐sé❡ ❡♥ ✐♠♣❧é♠❡♥t❛♥t ❧❡ ❙❊❑❋ ❞❛♥s ❙❯❘❋❊❳✳ ▲❡ ♣r❡♠✐❡r
t❡st ❛ ❝♦♥s✐sté ❡♥ ❧✬ét✉❞❡ ❞❡ ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ❞✉ ✜❧tr❡✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡s ♠❛tr✐❝❡s ❇ ❡t ❘✳ ❈❡s
❞❡✉① ♠❛tr✐❝❡s s♦♥t ❝r✐t✐q✉❡s ❞❛♥s ❧❡ ♠♦❞è❧❡ ❝❛r ❡❧❧❡s ❣èr❡♥t à ❧❛ ❢♦✐s ❧❛ ❜❛❧❛♥❝❡ ♦❜s❡r✈❛t✐♦♥✴✲
♠♦❞è❧❡ ♠❛✐s ❛✉ss✐ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❧✬✐♥❝ré♠❡♥t ❞❛♥s ❧❡ s♦❧✳ ❊♥ ❡✛❡t✱ ❞❛♥s ❧✬éq✉❛t✐♦♥ ✭✸✳✾✮✱ ❧❡
❝♦❡✣❝✐❡♥t ❑ q✉✐ ✈✐❡♥t ♣♦♥❞ér❡r ❧✬✐♥♥♦✈❛t✐♦♥✱ ❞é♣❡♥❞ ❞❡s ♠❛tr✐❝❡s ❞é❝r✐t❡s ❋✐❣✉r❡ ✸✳✽✳

❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ✐♥tér❡ss♦♥s✲♥♦✉s à ❧✬✐♠♣❛❝t ❞❡ ❧❛ ❝♦rr❡❝t✐♦♥ s✉r ❧❛ ❝♦✉❝❤❡ ❛ss✐♠✐❧é❡✱
❝✬❡st✲à✲❞✐r❡ ❧❛ s❡❝♦♥❞❡ ❝♦✉❝❤❡ ❞❡ ❙❯❘❋❊❳ ✭❲●✷✮✳ P♦✉r ♠✐❡✉① ♦❜s❡r✈❡r ❧✬❡✛❡t ❞❡ ❧❛ ❞é✜♥✐t✐♦♥
❞❡s ♠❛tr✐❝❡s ❞✬❡rr❡✉rs✱ ❧✬❤②♣♦t❤ès❡ ❞❡ ❧✐♥é❛r✐té ❡st ❡✛❡❝t✉é❡ ✐❝✐✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❧❡ t❛♥❣❡♥t ❧✐✲
♥é❛✐r❡ ♥✬❡st ♣❛s ❝❛❧❝✉❧é ❡t q✉❡ ❧✬♦♣ér❛t❡✉r ❞✬♦❜s❡r✈❛t✐♦♥ ❍ ❡st à ✶ s✉r ❧❛ s❡❝♦♥❞❡ ❝♦✉❝❤❡✳ ❈❡tt❡
❝♦✉❝❤❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ❝♦✉❝❤❡ ❞❡ ✵✳✵✶ ♠ à ✵✳✵✺ ♠ ❞❛♥s ❧❛ ❞✐s❝rét✐s❛t✐♦♥ ❞❡ ❧❛ ❝♦❧♦♥♥❡ ❞❡ s♦❧✳
❙✉r ❧❛ ❋✐❣✉r❡ ✸✳✶✵ ❡st r❡♣rés❡♥té❡ ❧✬✐♠♣❛❝t ❞❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ s✉r ❧❛ tr❛❥❡❝t♦✐r❡ ❞✬❤✉♠✐❞✐té
s✐♠✉❧é❡✳ ❖♥ r❡♠❛rq✉❡ q✉✬❡♥ ❞é✜♥✐ss❛♥t ✉♥❡ ♠❛tr✐❝❡ ❘ très ❢♦rt❡♠❡♥t s✉♣ér✐❡✉r❡ à ❇✱ ❝✬❡st✲à✲
❞✐r❡ ❡♥ ❞é✜♥✐ss❛♥t ❧✬❡rr❡✉r ❞❡ ❙▼❖❙ très s✉♣ér✐❡✉r❡ à ❧✬❡rr❡✉r ♠♦❞è❧❡ ✭❑ s♦✉✈❡♥t ♣r♦❝❤❡ ❞❡ ✵✮✱
❧✬❛♥❛❧②s❡ ♥❡ ♣r❡♥❞ ♣❛s ❡♥ ❝♦♠♣t❡ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ✭tr❛❥❡❝t♦✐r❡ ❜❧❡✉❡✮✳ ▲♦rsq✉❡ ❧✬♦♥ ♠❡t
❧❡s ♠ê♠❡s ❡rr❡✉rs à ❙▼❖❙ ❡t à ❙❯❘❋❊❳✱ ♦♥ ♦❜t✐❡♥t ❧❛ tr❛❥❡❝t♦✐r❡ ✈❡rt❡ ♣✉✐s ❧♦rsq✉❡ ❧✬❡rr❡✉r
❙▼❖❙ ❡st ❞é✜♥✐❡ ❝♦♠♠❡ très ❢❛✐❜❧❡ ♦♥ ♦❜t✐❡♥t ❧❛ tr❛❥❡❝t♦✐r❡ r♦✉❣❡✳ ❖♥ ♦❜s❡r✈❡ ❛❧♦rs q✉❡ ❧♦rsq✉❡
❧✬✐♥❝ré♠❡♥t ❡st ❡✛❡❝t✉é s✉r ❧❛ s❡❝♦♥❞❡ ❝♦✉❝❤❡✱ ❧❡ ♠♦❞è❧❡ ré❛❥✉st❡ très r❛♣✐❞❡♠❡♥t ❧❛ tr❛❥❡❝t♦✐r❡
❡t ❧✬❡✛❡t ❞❡ ❙▼❖❙ s✬❛♣♣❛r❡♥t❡ ♣❧✉s à ❞❡s ✧s❛✉ts✧ ❞✬❤✉♠✐❞✐té✳ ❈❡ ♣❤é♥♦♠è♥❡ ♣r♦✈✐❡♥t ❞❡ ❧❛
❞é✜♥✐t✐♦♥ ❞❡ ❧❛ str✉❝t✉r❡ ❞❡ ❧❛ ♠❛tr✐❝❡ ❇✳ ❊♥ ❡✛❡t✱ ❡♥ ❧❛ ❞é✜♥✐ss❛♥t ❞✐❛❣♦♥❛❧❡✱ ❧✬❡✛❡t ❞❡ ❧✬✐♥❝ré✲
♠❡♥t ♥❡ s✬❡✛❡❝t✉❡ q✉❡ s✉r ❧❛ s❡❝♦♥❞❡ ❝♦✉❝❤❡✳ ❈❡ q✉✐ s✐❣♥✐✜❡ q✉❡ ❧❡s ❝♦✉❝❤❡s ❡♥ ♣r♦❢♦♥❞❡✉r ♥❡
s♦♥t ♣❛s ❞✐r❡❝t❡♠❡♥t ✐♠♣❛❝té❡s ♣❛r ❝❡t ✐♥❝ré♠❡♥t ❡t q✉❡ ❧✬❡✛❡t ❡st ✈✐t❡ ❛tté♥✉é ♣❛r ❧❡ ♠♦❞è❧❡✳
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-3

SURFEX WG2 K<0.5

SURFEX WG2 K=0.5

SURFEX WG2 K>0.5

SMOS (cdfmatched)

❋✐❣✉r❡ ✸✳✶✵ ✕ ■♠♣❛❝t ❞❡ ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ❞❡s ♠❛tr✐❝❡s ❞✬❡rr❡✉rs s✉r ❧❡ s❝❤é♠❛ ❞✬❛ss✐♠✐❧❛t✐♦♥✳
❊♥ ❜❧❡✉ ❧♦rsq✉❡ ❧❡s ❡rr❡✉rs ❙▼❖❙ s♦♥t s✉♣♣♦sé❡s très ❢♦rt❡s✱ ❡♥ ✈❡rt é❣❛❧❡s à ❝❡❧❧❡ ❞✉ ♠♦❞è❧❡
❡t ❡♥ r♦✉❣❡ ♣❧✉s ❢❛✐❜❧❡s q✉❡ ❧❡ ♠♦❞è❧❡✳

❆✜♥ ❞❡ ♠✐❡✉① ♣r♦♣❛❣❡r ❝❡t ✐♥❝ré♠❡♥t✱ ✉♥❡ ♠❛tr✐❝❡ ❇✱ ❝❡tt❡ ❢♦✐s✲❝✐ ♣❧❡✐♥❡✱ ❛ été ❞é✜♥✐❡ ❡♥
❝❛❧❝✉❧❛♥t ❧❡s ❝♦✈❛r✐❛♥❝❡s ❡♥tr❡ ❝❤❛❝✉♥❡ ❞❡s ❝♦✉❝❤❡s ✿

B =




V ar(WG1) Cov(WG1,WG2) ...
Cov(WG2,WG1) V ar(WG2) ...

... ... ...




❉❡ ❝❡tt❡ ♠❛♥✐èr❡✱ ❧✬✐♥❝ré♠❡♥t s❡ ♣r♦♣❛❣❡ s✉r t♦✉t❡ ❧❛ ❝♦❧♦♥♥❡ ❞❡ s♦❧✳ ❖♥ ♦❜t✐❡♥t ❛❧♦rs ❧❛ ❋✐❣✉r❡
✸✳✶✶✳ ❈♦♥tr❛✐r❡♠❡♥t à ❧❛ ❋✐❣✉r❡ ✸✳✶✵ ❝❡tt❡ ❢♦✐s✲❝✐ ❧✬✐♥❝ré♠❡♥t s❡ ♠❛✐♥t✐❡♥t ❞❛♥s ❧❡ t❡♠♣s ❝❛r
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❝✬❡st t♦✉t❡ ❧❛ ❝♦❧♦♥♥❡ q✉✐ ❡st ✐♠♣❛❝té❡✳

Feb Mar Apr
0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

S
o
il 

M
o
is

tu
re

 m
3
.m

-3

SURFEX WG2 K<0.5

SURFEX WG2 K=0.5

SURFEX WG2 K>0.5

SMOS (cdfmatched)

❋✐❣✉r❡ ✸✳✶✶ ✕ ❙✐♠✐❧❛✐r❡ à ❧❛ ❋✐❣✉r❡ ✸✳✶✵ ♠❛✐s ❝❡tt❡ ❢♦✐s✱ ✐❧ ② ❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❧✬✐♥❝ré♠❡♥t ❡♥
♣r♦❢♦♥❞❡✉r✳

❆✜♥ ❞✬♦❜s❡r✈❡r ❧✬✐♠♣❛❝t ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥✱ ❡t ❞✉ ♣♦t❡♥t✐❡❧ ❝♦rr❡❝t✐❢ s✉r t♦✉t❡ ❧❛ ❝♦❧♦♥♥❡
❞❡ s♦❧✱ ♣r❡♥♦♥s ❧✬❡①❡♠♣❧❡ ❞❡ ❧✬❛♥♥é❡ ✷✵✶✶ ♣♦✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥✳ ❙✉r ❧❛ ❋✐❣✉r❡ ✸✳✶✷ ♦♥ ♣❡✉t
♦❜s❡r✈❡r✱ ✜❣✉r❡ ❞✉ ❤❛✉t ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ✷ s✐♠✉❧❛t✐♦♥s✱ ❧♦rsq✉❡ ❙❯❘❋❊❳ ❡st ❢♦r❝é ♣❛r ❧❡s
♣❧✉✐❡s ❈▼❖❘P❍❘❆❲ ❡t ❢♦r❝é ♣❛r ❧❡s ♣❧✉✐❡s ✐♥✲s✐t✉✳

❋✐❣✉r❡ ✸✳✶✷ ✕ Pr♦✜❧ ❞✬✐♥♥♦✈❛t✐♦♥ ❧♦rs ❞✬❛ss✐♠✐❧❛t✐♦♥ ✉♥✐q✉❡♠❡♥t s✉r ❧❛ s❡❝♦♥❞❡ ❝♦✉❝❤❡✱ ❡♥
❤❛✉t✱ ❡t s✉r t♦✉t❡ ❧❛ ❝♦❧♦♥♥❡✱ ❡♥ ❜❛s✳

❖♥ ♦❜s❡r✈❡ ✉♥ s✉r♣❧✉s ❞✬❡❛✉ ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ s♦❧ ✭❥✉sq✉✬à ♣❧✉s ❞❡ ✶✵✪✮✱ ♥♦t❛♠♠❡♥t ❡♥
❞é❜✉t ❞❡ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s✱ ❧♦rsq✉❡ ❙❯❘❋❊❳ ❡st ❛❧✐♠❡♥té ♣❛r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❈▼❖❘P❍❘❆❲
✭❝❡tt❡ ❡rr❡✉r ♣❡✉t ❛✈♦✐r ✉♥ ❢♦rt ✐♠♣❛❝t ❧♦rsq✉❡ ❧❛ ♠ét❤♦❞❡ ❡st ✉t✐❧✐sé❡ ♣♦✉r ❞❡s ❛♣♣❧✐❝❛t✐♦♥s
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❛❣r♦♥♦♠✐q✉❡s✮✳ ❙✉r ❧❛ ✜❣✉r❡ ❞✉ ❜❛s ♦♥ ♣❡✉t ♦❜s❡r✈❡r ❧❛ ❝♦❧♦♥♥❡ ❞❡ s♦❧ ❛♣rès ❛ss✐♠✐❧❛t✐♦♥✳ ❈❡tt❡
❢♦✐s ❝✐✱ ❧✬❡①❝ès ❞✬❡❛✉ à été ré❞✉✐t ❡t ♦♥ ♣❡✉t ✈♦✐r ❛♣♣❛r❛îtr❡ ✉♥ ❛ssè❝❤❡♠❡♥t ❡①❝❡ss✐❢ ❞❡ ❧✬❤✉♠✐❞✐té
✭♣❛rt✐❡ r♦✉❣❡✮✳

❉❡ ❝❡tt❡ ♣r❡♠✐èr❡ ❡①♣ér✐❡♥❝❡✱ ♣❧✉s✐❡✉rs ♣♦✐♥ts ♦♥t ❛rrêté ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❝❡ s❝❤é♠❛ ✿

• ▲❛ s❡♥s✐❜✐❧✐té ❛✉① ❡rr❡✉rs ❞✬♦❜s❡r✈❛t✐♦♥✳ ■❧ ♥♦✉s ❡st ♣❛r✉ ❝♦♠♣❧❡①❡ ❞❡ q✉❛♥t✐✜❡r ❧❡s ❡rr❡✉rs
❞✬♦❜s❡r✈❛t✐♦♥s ❙▼❖❙✳

• ▲❛ s❡♥s✐❜✐❧✐té ❞✉ s❝❤é♠❛ ❛✉① ✈❛r✐❛t✐♦♥s ❞❡ ❙▼❖❙ ♣❡♥❞❛♥t ❧❛ s❛✐s♦♥ sè❝❤❡ ❡st ❛ss❡③ ❢♦rt❡✳
❈❡❧❛ ❛ ♣♦✉r ❡✛❡t ❞✬❛❥♦✉t❡r ♦✉ ❞❡ r❡t✐r❡r ❞❡ ❧✬❡❛✉ ♣❡♥❞❛♥t ❧❛ s❛✐s♦♥ sè❝❤❡ ✭✈♦✐r ❋✐❣✉r❡
✸✳✶✷✮✳

• ▲❛ ❞✐✣❝✉❧té ❞❡ ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥ ❞✉ ✜❧tr❡ ✭✐♥❝ré♠❡♥t ♣♦✉r ❧❡ t❛♥❣❡♥t✲❧✐♥é❛✐r❡✱ ♠❛tr✐❝❡
❞❡ ♣r♦♣❛❣❛t✐♦♥✱ ✳ ✳ ✳ ✮✳

• ▲❡ s❝❤é♠❛ ♥❡ ♣r❡♥❞ ♣❛s ❡♥ ❝♦♠♣t❡ ❧❡s ❡rr❡✉rs ❞❡ ❢♦rç❛❣❡✱ ♦r ✐❝✐ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s♦♥t ❧❡s
♣r✐♥❝✐♣❛❧❡s s♦✉r❝❡s ❞✬✐♥❝❡rt✐t✉❞❡ ✭✈♦✐r ❧❡s s❝♦r❡s ✷✳✺✳✹✮✳
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✸✳✺ ❆ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ ❡♥ ❝♦♥tr❛✐❣♥❛♥t ❧❡s ♣ré❝✐♣✐t❛✲
t✐♦♥s ❛✈❡❝ ✉♥ ✜❧tr❡ ♣❛rt✐❝✉❧❛✐r❡

✸✳✺✳✶ Pr✐♥❝✐♣❡ ❞✉ ✜❧tr❡ ♣❛rt✐❝✉❧❛✐r❡

▲❛ s❡❝♦♥❞❡ ♠ét❤♦❞❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❞é❝r✐t❡ ✐❝✐ ❡st ✐♥s♣✐ré❡ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞✉ ✜❧tr❡ ♣❛rt✐❝✉✲
❧❛✐r❡✳ ▲❡ ✜❧tr❡ ♣❛rt✐❝✉❧❛✐r❡ ✭♦✉ ♠ét❤♦❞❡ ❞❡ ▼♦♥t❡ ❈❛r❧♦ séq✉❡♥t✐❡❧❧❡✮ ❡st ✉♥❡ ♠ét❤♦❞❡ ❞✬❛ss✐✲
♠✐❧❛t✐♦♥ séq✉❡♥t✐❡❧❧❡ ❜❛sé❡ s✉r ❧✬❡st✐♠❛t✐♦♥ ❞✬✉♥❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ❞✬ét❛t ❞✬✉♥❡ ✈❛r✐❛❜❧❡✳
❇✐❡♥ ❛❞❛♣té ♣♦✉r ❧❡s ♠♦❞è❧❡s ♥♦♥✲❧✐♥é❛✐r❡s✱ ❡❧❧❡ ❡st ❞❡ ♣❧✉s ❡♥ ♣❧✉s ✉t✐❧✐sé ❞❛♥s ❧❡s ❣é♦s❝✐❡♥❝❡s✳
❬❇❧❛②♦ ❡t ❛❧✳✱ ✷✵✶✹❪ ❡st ✉♥ ❞♦❝✉♠❡♥t s②♥t❤ét✐s❛♥t ❧❡s s♣é❝✐✜❝✐tés ❞❡ ❝❡ ✜❧tr❡✱ ❛✈❡❝ ❧❡ ❢♦r♠❛❧✐s♠❡
♠❛t❤é♠❛t✐q✉❡✱ ❧❡s ♣r♦❜❧é♠❛t✐q✉❡s ❞❡ réé❝❤❛♥t✐❧❧♦♥♥❛❣❡✱ ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡✳

▲❡ ♣r✐♥❝✐♣❡ ❞✉ ✜❧tr❡ ❞❛♥s ♥♦tr❡ ❝♦♥t❡①t❡ ❡st ❞❡ ♣❡rt✉r❜❡r ❧❡s ❢♦rç❛❣❡s ✐♥❝❡rt❛✐♥s ❞❡ ♠❛♥✐èr❡
à ❣é♥ér❡r ✉♥ ❡♥s❡♠❜❧❡ ❞❡ tr❛❥❡❝t♦✐r❡s ❞✉ ♠♦❞è❧❡ ré♣♦♥❞❛♥t à ❝❡t ❡♥s❡♠❜❧❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥s✳
❉❛♥s ♥♦tr❡ ❝❛s ❝❡❧❛ r❡✈✐❡♥t à ♣❡rt✉r❜❡r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥❝❡rt❛✐♥❡s ❛✜♥ ❞❡ ❣é♥ér❡r ✉♥ ❡♥s❡♠❜❧❡
❞❡ tr❛❥❡❝t♦✐r❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧✳ ▲✬ét❛♣❡ s✉✐✈❛♥t❡ ❝♦♥s✐st❡ à ❡①tr❛✐r❡ ❧❡s tr❛❥❡❝t♦✐r❡s ❧❡s ♣❧✉s
♣r♦❜❛❜❧❡s s❡❧♦♥ ❧❡✉r ♣r♦①✐♠✐té ❛✈❡❝ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙✳
▲❛ ❋✐❣✉r❡ ✸✳✶✸ r❡♣rés❡♥t❡ ❝❡s ✹ ét❛♣❡s q✉✐ s♦♥t ❞ét❛✐❧❧é❡s ♣❛r ❧❛ s✉✐t❡✳
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ff ff

ff fi

fi

fi

ff

ff

ff

ff ff
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a)

c)

b)
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fi fi

fi

fi
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❋✐❣✉r❡ ✸✳✶✸ ✕ ▲❛ ♠ét❤♦❞❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ♠✐s❡ ❡♥ ♣❧❛❝❡ ✐❝✐ s❡ ❞✐✈✐s❡ ❡♥ ✹ ét❛♣❡s ♣r✐♥❝✐♣❛❧❡s✳ ▲❛
♣r❡♠✐èr❡✱ ❛✮✱ ❡st ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ✭tr❛✐t ♣❧❡✐♥ ❜❧❡✉✮ à ♣❛rt✐r ❞✉ ♣r♦❞✉✐t ❞❡ ♣❧✉✐❡
✭❜❛rr❡s ❜❧❡✉❡s✮ à ❝♦rr✐❣❡r✳ ❈❡ ♣r♦❞✉✐t ❞❡ ♣❧✉✐❡ ❡st ❡♥s✉✐t❡ ♣❡rt✉r❜é ❛✜♥ ❞❡ ❝ré❡r ✉♥ ❡♥s❡♠❜❧❡ ❞❡
tr❛❥❡❝t♦✐r❡s ✭❝♦✉r❜❡s ❣r✐s❡s✮ ❡♥ ❜✮✱ ♣✉✐s é❝❤❛♥t✐❧❧♦♥♥é s❡❧♦♥ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ✭❝♦✉r❜❡s r♦✉❣❡s✮ ❡♥
❝✮ ❡t ❝♦rr✐❣é ✭❝♦✉r❜❡s ✈❡rt❡s✮ ❡♥ ❞✮✳
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❉❡s❝r✐♣t✐♦♥ s✐♠♣❧✐✜é❡ ❞❡ ❧❛ ❋✐❣✉r❡ ✸✳✶✸ ✿

• P❛rt✐❡ ❛✮ ✿
▲❡ ♠♦❞è❧❡ ✭❆P■ ♦✉ ❙❯❘❋❊❳✮ ❡st ❧❛♥❝é à ♣❛rt✐r ❞❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡s q✉❡ ❧✬♦♥ ✈❡✉t
❝♦rr✐❣❡r ✭❜❛rr❡s ❜❧❡✉❡s✮✱ ♣❛r ❡①❡♠♣❧❡ ❈▼❖❘P❍❘❆❲✳ ❈❡❧❛ ❣é♥èr❡ ❞♦♥❝ ✉♥❡ tr❛❥❡❝t♦✐r❡
❞✬❤✉♠✐❞✐té ❡♥ ré♣♦♥s❡ à ❝❡tt❡ ♣ré❝✐♣✐t❛t✐♦♥ ✭❝♦✉r❜❡ ❜❧❡✉❡✮✳

• P❛rt✐❡ ❜✮ ✿
❉❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s♦♥t ♣❡rt✉r❜é❡s ♣✉✐s ❧❡ ♠♦❞è❧❡ ❡st r❡❧❛♥❝é à
♣❛rt✐r ❞❡ ❝❤❛q✉❡ ♣ré❝✐♣✐t❛t✐♦♥ ♣❡rt✉r❜é❡✳ ❖♥ ♦❜t✐❡♥t ❛✐♥s✐ ✉♥ ❡♥s❡♠❜❧❡ ❞❡ tr❛❥❡❝t♦✐r❡s
❞✬❤✉♠✐❞✐té ✭❡♥ ❣r✐s s✉r ❧❛ ❋✐❣✉r❡ ✸✳✶✸✮✳

• P❛rt✐❡ ❝✮ ✿
❯♥❡ ❢♦✐s ❧✬❡♥s❡♠❜❧❡ ❝réé✱ ❧❡s ✧♠❡✐❧❧❡✉r❡s✧ tr❛❥❡❝t♦✐r❡s s♦♥t sé❧❡❝t✐♦♥♥é❡s ✭tr❛❥❡❝t♦✐r❡s r♦✉❣❡s✮✱
❝✬❡st✲à✲❞✐r❡ q✉✬✉♥ ❝❡rt❛✐♥ ♣♦✉r❝❡♥t❛❣❡ ❞❡ ❝❡❧❧❡s q✉✐ ♠✐♥✐♠✐s❡♥t ❧❡ ❘▼❙❊ ♣❛r r❛♣♣♦rt ❛✉①
♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ s♦♥t sé❧❡❝t✐♦♥♥é❡s✳ ❖♥ sé❧❡❝t✐♦♥♥❡ ❞♦♥❝ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❝♦rr❡s♣♦♥✲
❞❛♥t❡s à ❝❡s ✧♠❡✐❧❧❡✉r❡s✧ tr❛❥❡❝t♦✐r❡s ✭❜❛rr❡s r♦✉❣❡s✮✳

• P❛rt✐❡ ❞✮ ✿
➚ ♣❛rt✐r ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s sé❧❡❝t✐♦♥♥é❡s ✭❡♥ r♦✉❣❡✮✱ ❧❛ ♠♦②❡♥♥❡ ❡st ❝❛❧❝✉❧é❡✳ ❈❡tt❡ ♠♦②❡♥♥❡
♣❡r♠❡t ❞✬♦❜t❡♥✐r ✉♥ ♥♦✉✈❡❧ é✈é♥❡♠❡♥t ❞❡ ♣❧✉✐❡ ✭❜❛rr❡ ✈❡rt❡✮✳ ❈❡tt❡ ♥♦✉✈❡❧❧❡ ♣❧✉✐❡ ❡st
ré✐♥❥❡❝té❡ ❞❛♥s ❧❡ ♠♦❞è❧❡ ✭tr❛❥❡❝t♦✐r❡ ✈❡rt❡✮✳ ❖♥ ♦❜t✐❡♥t ❛✐♥s✐ ✉♥❡ ♥♦✉✈❡❧❧❡ tr❛❥❡❝t♦✐r❡
❞✬❤✉♠✐❞✐té✱ ❧✐❣♥❡ ✈❡rt❡✳ P✉✐s ♦♥ ♣❛ss❡ à ❧❛ ❢❡♥êtr❡ s✉✐✈❛♥t❡✳ ▲❛ ❢❡♥êtr❡ s✉✐✈❛♥t❡ ❡st ❞♦♥❝
✐♥✐t✐❛❧✐sé❡ ♣❛r ❧❛ ✈❛❧❡✉r ❞✬❤✉♠✐❞✐té ❝♦rr✐❣é❡ ❡♥ ✜♥ ❞❡ ❢❡♥êtr❡✳

❊♥ ❡✛❡❝t✉❛♥t ❝❡tt❡ ♦♣ér❛t✐♦♥✱ ❧❛ ♥♦✉✈❡❧❧❡ tr❛❥❡❝t♦✐r❡ ❞✬❤✉♠✐❞✐té r❡s♣❡❝t❡ ❧✬éq✉✐❧✐❜r❡ ❞✉ ♠♦✲
❞è❧❡ ❡t ✐♥tè❣r❡ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙✳ ❈❡♣❡♥❞❛♥t✱ ❝❡rt❛✐♥s ♣❛r❛♠ètr❡s s♦♥t à ❞é✜♥✐r ✿

• ❉✉ré❡ ❞❡ ❧❛ ❢❡♥êtr❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ✿
▲❛ ❞✉ré❡ ❞❡ ❧❛ ❢❡♥êtr❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❡st ❝♦♥❞✐t✐♦♥♥é❡ ♣❛r ❞❡✉① ❝r✐tèr❡s✳ ▲❡ ♣r❡♠✐❡r ❡st ❧❡
♥♦♠❜r❡ ❞✬♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ❡t ❧❡ s❡❝♦♥❞ ❡st ❧❡ ♥♦♠❜r❡ ❞❡ ❥♦✉rs✳ ❉❡s ét✉❞❡s ❞❡ s❡♥s✐❜✐❧✐té
♦♥t ♠♦♥tré q✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ♠❡s✉r❡s ❙▼❖❙ ♦♣t✐♠❛❧ ❡st ❞❡ ❝✐♥q ✭✈♦✐r ❋✐❣✉r❡ ✸✳✶✹✮✳ ❉❛♥s
❧❡ ❝❛s ♦ù ♣❡✉ ❞❡ ♠❡s✉r❡s ❙▼❖❙ s♦♥t ❞✐s♣♦♥✐❜❧❡s✱ ❧❛ ❢❡♥êtr❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ♠❛①✐♠❛❧❡ ❛ été
❞é✜♥✐❡ à ♥❡✉❢ ❥♦✉rs✳

❋✐❣✉r❡ ✸✳✶✹ ✕ ▲❡ ♥♦♠❜r❡ ❞✬♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ✉t✐❧✐sé❡s ❡st ✜①é à ❝✐♥q✳

• ▼ét❤♦❞❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ✿
▲❛ ♠ét❤♦❞❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥✱ ❝❛r❛❝tér✐sé❡ ♣❛r ❧❡ ♥♦♠❜r❡ ❞❡ ♠❡♠❜r❡s ❡t ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s
♣❡rt✉r❜❛t✐♦♥s✱ ❡st ❢♦♥❞❛♠❡♥t❛❧❡ ❞❛♥s ❝❡tt❡ ♠ét❤♦❞❡✱ ❡❧❧❡ ❡st ✐♥t✐♠❡♠❡♥t ❧✐é❡ à ❧❛ q✉❛❧✐té
❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥✳ ❊♥ ❡✛❡t✱ ✐❧ ❢❛✉t s✬❛ss✉r❡r q✉❡ ❧❡ ♥♦♠❜r❡ ❡t ❧✬❛♠♣❧✐t✉❞❡ ❞❡s ♣❡rt✉r❜❛t✐♦♥s
s♦✐❡♥t s✉✣s❛♥ts ♣♦✉r ✧❡♥✈❡❧♦♣♣❡r✧ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙✳
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▲✬❡♥s❡♠❜❧❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥s ♣❡✉t ❞♦♥❝ êtr❡ ❞é✜♥✐ ❝♦♠♠❡ ✿

Pi(t) = ki × P (t) avec i = 1 : 100 ✭✸✳✶✶✮

❛✈❡❝ P (t) ❧❛ ❝❤r♦♥✐q✉❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ s✉r ❧❛ ❢❡♥êtr❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❡t Pi(t) ❧✬❡♥s❡♠❜❧❡
❞❡s ✶✵✵ ♠❡♠❜r❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❛❧é❛t♦✐r❡♠❡♥t ♣❡rt✉r❜é❡s✳
▲❛ ❞é✜♥✐t✐♦♥ ❞✉ ❝♦❡✣❝✐❡♥t ♠✉❧t✐♣❧✐❝❛t❡✉r k ❡st ❧❛ s✉✐✈❛♥t❡ ✿

k = e(4rand)−2 ✭✸✳✶✷✮

❈❡❧❛ ♣❡r♠❡t ❞❡ ♠✉❧t✐♣❧✐❡r ❧❡s é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡s ❞❡ ✵✳✶✸✺✸ à ✼✳✸✽✾✶ ❢♦✐s✳ ◆♦✉s ✈❡rr♦♥s
♣❧✉s ❡♥ ❞ét❛✐❧ ❝❡tt❡ ♣❛rt✐❡ ❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✺✳

• ▼ét❤♦❞❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ✿
❈✬❡st ❧à q✉❡ ❧❛ q✉❛❧✐té ❞❡s ♦❜s❡r✈❛t✐♦♥s ❡♥tr❡ ❡♥ ❥❡✉✳ ❊♥ ❡✛❡t ❧❛ q✉❛❧✐té ❞❡ ❙▼❖❙ ❡st ❧❡
♣❛r❛♠ètr❡ q✉✐ ✈✐❡♥t ❞ét❡r♠✐♥❡r ❧❡ ♥♦♠❜r❡ ❞❡ tr❛❥❡❝t♦✐r❡s q✉❡ ❧✬♦♥ ✈❛ sé❧❡❝t✐♦♥♥❡r✳ P♦✉r
❞é✜♥✐r ❧❛ q✉❛❧✐té ❞❡ ❙▼❖❙ ✉♥ ✐♥❞✐❝❡ ❝♦♠♣♦s✐t❡ ❛ été ❝réé ♣♦✉r ❝❡tt❡ ❛♣♣❧✐❝❛t✐♦♥✱ ❧❡
QSMOS ✿

QSMOS =
(dqx/0.045) + (RFI/0.45) + (Chi2− 1)/(3.5− 1)

3
✭✸✳✶✸✮

❝❡t ✐♥❞✐❝❡ ✈❛r✐❡ ❞❡ ✵ à ✶ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ✈❛r✐❛t✐♦♥s ♥♦r♠❛❧✐sé❡s ❞❡s ✐♥❞✐❝❡s ❞❡ q✉❛❧✐té ❞❡
❙▼❖❙ ♣rés❡♥tés ❞❛♥s ❧❛ ♣❛rt✐❡ ■♥❞✐❝❡s ❞❡ q✉❛❧✐té ❞❡ ❙▼❖❙ ✭✵ ❡t ✶ r❡♣rés❡♥t❛♥t ❧❛ ♣❧✉s
❤❛✉t❡ ❡t ❧❛ ♣❧✉s ❜❛ss❡ q✉❛❧✐té✱ r❡s♣❡❝t✐✈❡♠❡♥t✮✳ ▲❡ ♣r✐♥❝✐♣❡ ❡st✱ ❝♦♠♠❡ ✈✉ ❛✉ ❞é❜✉t ❞❡
❝❡ ❝❤❛♣✐tr❡✱ ❞❡ ✈❡♥✐r ❛❝❝♦r❞❡r ♣❧✉s ❞❡ ❝♦♥✜❛♥❝❡ à ❧✬♦❜s❡r✈❛t✐♦♥ ❧♦rsq✉✬❡❧❧❡ ❡st ❞❡ ❜♦♥♥❡
q✉❛❧✐té ❡t ✈✐❝❡ ❡t ✈❡rs❛✳ P♦✉r ❝❡❧❛ ♦♥ ✉t✐❧✐s❡ ✐❝✐ ❧❛ ❢♦♥❝t✐♦♥ ❞é❝r✐t❡ ❋✐❣✉r❡ ✸✳✶✺✳ ▲❡ ♥♦♠❜r❡
❞❡ ♠❡♠❜r❡s sé❧❡❝t✐♦♥♥é ✈❛r✐❡ ❛❧♦rs ❞❡ ✶✵ à ✻✵ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬✐♥❞✐❝❡ ❞❡ q✉❛❧✐té ❞❡ ❙▼❖❙✳
P❧✉s ❙▼❖❙ ❡st ✧♠❛✉✈❛✐s✧✱ ♣❧✉s QSMOS s❡r❛ ♣r♦❝❤❡ ❞❡ ✶ ❡t ♣❧✉s ♦♥ ❛✉❣♠❡♥t❡r❛ ❧❡ ♥♦♠❜r❡
❞❡ ♠❡♠❜r❡s sé❧❡❝t✐♦♥♥és✳ ▲❡ ❢❛✐t ❞✬❛✉❣♠❡♥t❡r ❧❡ ♥♦♠❜r❡ ❞❡ ♠❡♠❜r❡ sé❧❡❝t✐♦♥♥é ♣❡r♠❡t
❞✬é❧❛r❣✐r ❧❡ ✧❝❤❛♠♣ ❞❡s ♣♦ss✐❜❧❡s✧ ❞❡ tr❛❥❡❝t♦✐r❡s ❞✬❤✉♠✐❞✐té✳

❋✐❣✉r❡ ✸✳✶✺ ✕ ◆♦♠❜r❡ ❞❡ ♠❡♠❜r❡s sé❧❡❝t✐♦♥♥és ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ q✉❛❧✐té ❞❡s ♦❜s❡r✈❛t✐♦♥s QSMOS ✳

• ■♥✐t✐❛❧✐s❛t✐♦♥ ❞❡s ❢❡♥êtr❡s
▲✬✐♥✐t✐❛❧✐s❛t✐♦♥ ❞❡ ❧❛ ❢❡♥êtr❡ s✉✐✈❛♥t ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♠❡♠❜r❡s ré✲é❝❤❛♥t✐❧❧♦♥♥és ♣❛r ✉♥❡
❞✐str✐❜✉t✐♦♥ ❣❛✉ss✐❡♥♥❡ ❛ été ✐♠♣❧é♠❡♥té❡ ❞❛♥s ✉♥❡ ❛✉tr❡ ✈❡rs✐♦♥ ❡♥❝♦r❡ à ❧✬ét✉❞❡ ❛✉
❧❛❜♦r❛t♦✐r❡✳ ❈❡❧❛ ♠♦❞✐✜❡ ❧❡s rés✉❧t❛ts ❞❡ ♠❛♥✐èr❡ très ✐♥✜♠❡✳ ▲❛ ♠♦②❡♥♥❡ ❞❡s tr❛❥❡❝t♦✐r❡s
♠✐♥✐♠✐s❛♥t ❧❡ ❘▼❙❊ ❡st ❞♦♥❝ ❝♦♥s❡r✈é❡ ✐❝✐✳
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✸✳✺✳✷ ➱✈❛❧✉❛t✐♦♥ s✉r ❧❡s s✐t❡s ❞✉ ❇é♥✐♥ ❡t ❞✉ ◆✐❣❡r

▲✬♦❜❥❡❝t✐❢ ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ♣❛r ❧❡ ✜❧tr❡ ♣❛rt✐❝✉❧❛✐r❡ ❞❛♥s ♥♦tr❡ ❝♦♥t❡①t❡ ❡st ❞❡ ré❞✉✐r❡ ❧❡s
✐♥❝❡rt✐t✉❞❡s ❞❡ ❢♦rç❛❣❡ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✜♥ ❞✬❛♠é❧✐♦r❡r ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉
s♦❧ ❡♥ ♣r♦❢♦♥❞❡✉r ❞❛♥s ❧❡s ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡✳

❆♣rès ❛✈♦✐r ❛ss✐♠✐❧é ❧❡s ❥❡✉① ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s✱ t❡❧ q✉❡ ❈▼❖❘P❍❘❆❲ ❞❛♥s ❧❡ s❝❤é♠❛ ❞✬❛ss✐✲
♠✐❧❛t✐♦♥ ♣ré❝é❞❡♥t✱ ❛♥❛❧②s♦♥s s♦♥ ❡✛❡t s✉r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✳ ❉❛♥s ❧✬❛rt✐❝❧❡ ✐ss✉ ❞❡ ❝❡s tr❛✈❛✉①
❬❘♦♠á♥✲❈❛s❝ó♥ ❡t ❛❧✳✱ ✷✵✶✼❪✱ ✉♥❡ ❝♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✉ P❋ ❞é❝r✐t ♣ré❝é❞❡♠♠❡♥t
❞❛♥s ❙❯❘❋❊❳ ❡t ❞❛♥s ❧✬❆P■ ❡st ❡✛❡❝t✉é❡✳ ▲✬ét✉❞❡ ♠♦♥tr❡ q✉❡ ❧❡ s❝❤é♠❛ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❡st
♣❧✉s ❡✣❝❛❝❡ ✈✐❛ ❧✬❆P■ q✉❡ ✈✐❛ ❙❯❘❋❊❳ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝♦rr❡❝t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ◆♦✉s
♣rés❡♥t❡r♦♥s ❞♦♥❝ ✐❝✐ ❧❡s rés✉❧t❛ts ✉♥✐q✉❡♠❡♥t ♣♦✉r ❧✬❆P■✳

❙✉r ❧❛ ❋✐❣✉r❡ ✸✳✶✻ ❡st r❡♣rés❡♥té ❧❡ rés✉❧t❛t ❞✬❛ss✐♠✐❧❛t✐♦♥ s✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥ ❡♥ ✷✵✶✶ ♣♦✉r
❧✬❆P■✳ ❙✉r ❧❡ ❣r❛♣❤✐q✉❡ ❞✉ ❤❛✉t✱ ♦♥ ♦❜s❡r✈❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ s✐♠✉❧é❡ ♣❛r ❧❡ ♠♦❞è❧❡
q✉❛♥❞ ✐❧ ❡st ❢♦r❝é ♣❛r ❧❡s ♣❧✉✐❡s ❈▼❖❘P❍❘❆❲ ❡t ❧❡s ♣❧✉✐❡s ✐♥✲s✐t✉✳ ❖♥ ♦❜s❡r✈❡✱ ❝♦♠♠❡ s✉r
❧❛ ❋✐❣✉r❡ ✸✳✶✷✱ ✉♥❡ s✉r❡st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❡♥ ❞é❜✉t ❞❡ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s✳ ❙✉r ❧❡ ❣r❛♣❤✐q✉❡
❞✉ ❜❛s ♦♥ ♣❡✉t ♦❜s❡r✈❡r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ s✐♠✉❧é❡ ♣❛r ❧❡ ♠♦❞è❧❡ q✉❛♥❞ ✐❧ ❡st ❢♦r❝é ♣❛r ❧❡s
♣❧✉✐❡s ❈▼❖❘P❍❘❆❲ ❛ss✐♠✐❧é❡s ❡t ❧❡s ♣❧✉✐❡s ✐♥✲s✐t✉✳ ❖♥ ♦❜s❡r✈❡ ❛❧♦rs ✉♥❡ ré❞✉❝t✐♦♥ ❞❡ ❝❡tt❡
s✉r❡st✐♠❛t✐♦♥ ❣❧♦❜❛❧❡✳

❋✐❣✉r❡ ✸✳✶✻ ✕ ❉✐✛ér❡♥❝❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❞❡ ✵ à ✶ ♠✱ s✐♠✉❧é❡ ♣❛r ❧✬❆P■✱ ❡♥tr❡ ❧❛ s✐♠✉❧❛t✐♦♥
à ♣❛rt✐r ❞❡s ♣❧✉✐❡s ✐♥✲s✐t✉ ❡t ❝❡❧❧❡ ❢♦ré ♣❛r ❈▼❖❘P❍❘❆❲ ❛✈❛♥t ❡t ❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ✭✜❣✉r❡
❞✉ ❤❛✉t ❡t ❞✉ ❜❛s✮✳

❆✜♥ ❞✬ét✉❞✐❡r ♣❧✉s ❡♥ ❞ét❛✐❧s ❧✬❛♣♣♦rt ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥✱ ❛♥❛❧②s♦♥s ❧❡s ♣r♦✜❧s ❞❡ s❝♦r❡s s✉r
❧❡s ❋✐❣✉r❡s ✸✳✶✼ ❡t ✸✳✶✽✳ ❙✉r ❝❡s ❋✐❣✉r❡s s♦♥t r❡♣rés❡♥tés ❧❡s s❝♦r❡s ❞✬❤✉♠✐❞✐té s✐♠✉❧é❡ s✉r ❧❛
❝♦❧♦♥♥❡ ❞❡ s♦❧ ♣♦✉r ❧❡s s✐t❡ ❞✉ ❇é♥✐♥ ❡♥ ❛✮ ❡t ❞✉ ◆✐❣❡r ❡♥ ❜✮ ♣❛r r❛♣♣♦rt ❛✉① s♦♥❞❡s ❞✬❤✉♠✐❞✐té
✐♥✲s✐t✉✳ ▲❡s ♣r♦✜❧s ❡♥ tr❛✐t ♥♦✐r ❝♦rr❡s♣♦♥❞❡♥t ❛✉① s❝♦r❡s q✉❛♥❞ ❧❡ ♠♦❞è❧❡ ❡st ❢♦r❝é ❛✈❡❝ ❧❡s
♣❧✉✐❡s ✐♥✲s✐t✉✳ ▲❡s ♣r♦✜❧s ❡♥ tr❛✐ts ♣♦✐♥t✐❧❧és ❞❡ ❝♦✉❧❡✉r s♦♥t ❧❡s s✐♠✉❧❛t✐♦♥s ❧♦rsq✉❡ ❧❡ ♠♦❞è❧❡
❡st ❢♦r❝é ♣❛r ❧❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡ t❡♠♣s✲ré❡❧ ✭❘❆❲✮✳ ▲❡s ♣r♦✜❧s ❡♥ tr❛✐t ♣❧❡✐♥ ❞❡ ❝♦✉❧❡✉r
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❝♦rr❡s♣♦♥❞❡♥t ❛✉① s✐♠✉❧❛t✐♦♥s ❢♦r❝é❡s ♣❛r ❧❡ ♣r♦❞✉✐t ❛❥✉stés ✭❆❉❏✮✳ ▲❡s ♣r♦✜❧s ✈✐♦❧❡ts ❡♥ tr❛✐t
♣❧❡✐♥ ❝♦rr❡s♣♦♥❞❡♥t ❛✉① s✐♠✉❧❛t✐♦♥s ❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙✳ P❧✉s ❧❡s ♣r♦✜❧s ❞❡ ❝♦✉❧❡✉rs s❡
r❛♣♣r♦❝❤❡♥t ❞✉ ♣r♦✜❧ ♥♦✐r✱ ♣❧✉s ✐❧ s❡ r❛♣♣r♦❝❤❡♥t ❞❡ ❧✬♦♣t✐♠❛❧ ❞❡ s✐♠✉❧❛t✐♦♥✳ ■♥tér❡ss♦♥s✲♥♦✉s
à ❧❛ ❝♦rr❡❝t✐♦♥ ❞❡s ♣r♦❞✉✐ts ❚❘▼▼❘❆❲✱ ❋✐❣✉r❡ ✸✳✶✼✱ ❡t ❈▼❖❘P❍❘❆❲✱ ❋✐❣✉r❡ ✸✳✶✽✳
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❋✐❣✉r❡ ✸✳✶✼ ✕ ❙❝♦r❡s ♣❛r ♣r♦❢♦♥❞❡✉r ❡♥tr❡ ❧❡s s♦♥❞❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ✐♥✲s✐t✉ ❡t ❧❡s ❤✉♠✐❞✐tés
s✐♠✉❧é❡s ♣❛r ❧✬❆P■ ❛✈❡❝ ❧❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡s ✐♥✲s✐t✉ ✭tr❛✐t ♣❧❡✐♥ ♥♦✐r✮✱ ❚❘▼▼❆❉❏ ✭tr❛✐t ♣❧❡✐♥ ❜❧❡✉✮
❡t ❚❘▼▼❘❆❲ ❛✈❛♥t✴❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ✭tr❛✐t ♣♦✐♥t✐❧❧é ❜❧❡✉✴tr❛✐t ♣❧❡✐♥ ✈✐♦❧❡t✮✳

❙✉r ❧❛ ❋✐❣✉r❡ ✸✳✶✼ ❧❡s ♣r♦✜❧s r❡♣rés❡♥t❡♥t ❧❡s s❝♦r❡s ♣♦✉r ❧❡ ♣r♦❞✉✐t ❚❘▼▼✳
P♦✉r ❧❡s s❝♦r❡s ❞❡ ❝♦rré❧❛t✐♦♥✱ ❛✉ ❇é♥✐♥✱ ❧❡s ♣r♦❞✉✐ts ❚❘▼▼❘❆❲ ❡t ❚❘▼▼❆❉❏ ♣r♦❞✉✐s❡♥t
s❡♥s✐❜❧❡♠❡♥t ❧❡s ♠ê♠❡s s❝♦r❡s✱ ❛❧♦rs q✉❡ ❧❡ ♣r♦❞✉✐t ❚❘▼▼❘❆❲ ❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ✭♣r♦✜❧ ✈✐♦✲
❧❡t✮ s❡ s✐t✉❡ ❡♥tr❡ ❝❡s ❞❡r♥✐❡rs ❡t ❧❡ ♣r♦✜❧ ❞❡ ré❢ér❡♥❝❡ ✭❡♥ ♥♦✐r✮✳ P♦✉r ❧❡ ◆✐❣❡r✱ ❧❡s ❝♦rré❧❛t✐♦♥s
❞❛♥s ❧✬♦r❞r❡ ❞é❝r♦✐ss❛♥t ✿ ❧❡s s✐♠✉❧❛t✐♦♥s ❛✈❡❝ ❧❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡ ✐♥✲s✐t✉ ✭tr❛✐t ♣❧❡✐♥ ♥♦✐r✮✱
♣✉✐s ❧❡ ♣r♦❞✉✐t ❚❘▼▼❘❆❲ ❛ss✐♠✐❧é✱ ❧❡ ♣r♦❞✉✐t ❚❘▼▼❆❉❏ ❡t ❡♥✜♥ ❧❡ ♣r♦❞✉✐t ❚❘▼▼❘❆❲
s❛♥s ❛ss✐♠✐❧❛t✐♦♥✳ ●❧♦❜❛❧❡♠❡♥t ❧✬❛ss✐♠✐❧❛t✐♦♥ ♣❡r♠❡t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ✰✵✳✵✺ ♣♦✐♥t ❞❡ ❝♦r✲
ré❧❛t✐♦♥ ♣♦✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥ ❡t ✰✵✳✶ ♣♦✉r ❧❡ ◆✐❣❡r✳
❈♦♥❝❡r♥❛♥t ❧❡ ❜✐❛✐s✱ ✐❧ r❡st❡ ❛ss❡③ ❢♦rt ♣♦✉r ❧❡ ❇é♥✐♥✱ ❛✈❡❝ ✉♥❡ s♦✉s✲❡st✐♠❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té
❝r♦✐ss❛♥t❡ ❛✈❡❝ ❧❛ ♣r♦❢♦♥❞❡✉r✳ P♦✉r ❧❡ ◆✐❣❡r✱ ❧❡ ♣r♦❞✉✐t ❚❘▼▼❘❆❲ s❛♥s ❛ss✐♠✐❧❛t✐♦♥ ♣❡r♠❡t
✉♥ ❜✐❛✐s ❧é❣èr❡♠❡♥t ♣❧✉s ❢❛✐❜❧❡ q✉❡ ❧❡s ❛✉tr❡s ♣r♦❞✉✐ts✳
▲❡ ❘▼❙❊✱ ét❛♥t ❞é♣❡♥❞❛♥t ❞✉ ❜✐❛✐s✱ ❡st ❞♦♥❝ ✐♠♣❛❝té ♣❛r ❝❡ ❞❡r♥✐❡r✱ ❛♥❛❧②s♦♥s ❛❧♦rs ❧❡
✉❜❘▼❙❊✳ P♦✉r ❧❡ ❇é♥✐♥✱ ❧✬❛ss✐♠✐❧❛t✐♦♥ ✭❡♥ ✈✐♦❧❡t✮ ♣❡r♠❡t ❞❡ s❡ r❛♣♣r♦❝❤❡r ❞❡s s❝♦r❡s ❛tt❡✐♥t
♣❛r ❧❡s s✐♠✉❧❛t✐♦♥s ❛✈❡❝ ❧❡s ♣❧✉✐❡s ✐♥✲s✐t✉✳ P♦✉r ❧❡ ◆✐❣❡r✱ ❧❡ ❝♦♥st❛t ❡st ❧❡ ♠ê♠❡✱ ♦♥ ♥♦t❡r❛
❝❡♣❡♥❞❛♥t ❧❛ ❢♦rt❡ ❛♠é❧✐♦r❛t✐♦♥ ❚❘▼▼❘❆❲ ❛✈❛♥t✴❛♣rès ❛ss✐♠✐❧❛t✐♦♥✳
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❋✐❣✉r❡ ✸✳✶✽ ✕ ❙❝♦r❡s ♣❛r ♣r♦❢♦♥❞❡✉r ❡♥tr❡ ❧❡s s♦♥❞❡s ❞✬❤✉♠✐❞✐tés ❞✉ s♦❧ ✐♥✲s✐t✉ ❡t ❧❡s ❤✉♠✐❞✐tés
s✐♠✉❧é❡s ♣❛r ❧✬❆P■ ❛✈❡❝ ❧❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡s ❈▼❖❘P❍❘❆❲ ❛✈❛♥t✴❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ✭tr❛✐t ♣❧❡✐♥✴✲
♣♦✐♥t✐❧❧é✮✳

❙✉r ❧❛ ❋✐❣✉r❡ ✸✳✶✽ ❧❡s ♣r♦✜❧s r❡♣rés❡♥t❡♥t ❧❡s s❝♦r❡s ♣♦✉r ❧❡ ♣r♦❞✉✐t ❈▼❖❘P❍✳ P♦✉r ❧❡s s❝♦r❡s
❞❡ ❝♦rré❧❛t✐♦♥✱ ❛✉ ❇é♥✐♥✱ ♦♥ r❡♠❛rq✉❡ q✉❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❈▼❖❘P❍❆❉❏ à ❧❛ ♣❧❛❝❡
❞✉ ♣r♦❞✉✐t ❈▼❖❘P❍❘❆❲ ❛♠é❧✐♦r❡ ❧❡s ❝♦rré❧❛t✐♦♥s ❞❡ ✰✵✳✶ ♣♦✐♥t✱ ❡t ❧✬❛ss✐♠✐❧❛t✐♦♥ ♣❡r♠❡t
❞✬❛✉❣♠❡♥t❡r ❧❡s ❝♦rré❧❛t✐♦♥s ❞❡ ✰✵✳✵✺ ♣♦✐♥t✳ P♦✉r ❧❡ s✐t❡ ❞✉ ◆✐❣❡r✱ ❧✬❛ss✐♠✐❧❛t✐♦♥ ♣❡r♠❡t ❞❡ s❡
r❛♣♣r♦❝❤❡r ❞✉ ♣r♦✜❧ ♥♦✐r✱ ❡t ❛✐♥s✐ ❞✬❛tt❡✐♥❞r❡ ❞❡ ♠❡✐❧❧❡✉rs s❝♦r❡s q✉❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ♣r♦❞✉✐t
❈▼❖❘P❍❆❉❏✳ P♦✉r ❧❡ ❜✐❛✐s✱ ❧❡s ✈❛❧❡✉rs ❛❜s♦❧✉❡s s♦♥t ❛ss❡③ ❢♦rt❡s ❡t ❧✐♠✐t❡♥t ❧✬✐♥t❡r♣rét❛t✐♦♥
❞❡ ❧❛ ❞✐✛ér❡♥❝❡ r❡❧❛t✐✈❡ ❡♥tr❡ ❧❡s ♣r♦❞✉✐ts✱ ♠ê♠❡ ❝♦♥st❛t ♣♦✉r ❧❡ ❘▼❙❊✳ P♦✉r ❧❡ ✉❜❘▼❙❊ ♦♥
♦❜s❡r✈❡ q✉❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❈▼❖❘P❍❘❆❲ ♣❡r♠❡t ❞✬❛tt❡✐♥❞r❡ ❧❡ ♠ê♠❡ ♥✐✈❡❛✉ q✉❡
❧❡s s❝♦r❡s ❧♦rs ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❛❥✉sté ❈▼❖❘P❍❆❉❏✳

✾✵



✸✳✺✳ ❆❙❙■▼■▲❆❚■❖◆ ❉❊ ❙▼❖❙ ❊◆ ❈❖◆❚❘❆■●◆❆◆❚ ▲❊❙ P❘➱❈■P■❚❆❚■❖◆❙ ❆❱❊❈
❯◆ ❋■▲❚❘❊ P❆❘❚■❈❯▲❆■❘❊

✸✳✺✳✸ ❙♣❛t✐❛❧✐s❛t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡

◆♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ♣❡r♠❡tt❛✐t ❞✬❛♠é❧✐♦r❡r ❧❡s s✐♠✉❧❛t✐♦♥s ❞✬❤✉♠✐❞✐té s✉r ❧❡s
s✐t❡s ❞✉ ❇é♥✐♥ ❡t ❞✉ ◆✐❣❡r✳ ▲✬♦❜❥❡❝t✐❢ ✐❝✐ ❡st ❞❡ ❣é♥ér❡r ❞❡s ❝❛rt❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à ♣❛rt✐r ❞❡
❧✬❆P■✳ ■♥tér❡ss♦♥s✲♥♦✉s à ❧❛ s♣❛t✐❛❧✐s❛t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ s✉r ❧❛ ré❣✐♦♥ ❞❡ ❧✬❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st
❬✲✷✵ ✿ ✷✵✝❊ ❀ ✵ ✿ ✷✹✝◆❪✳ P♦✉r ❝❡❧❛ ✐❧ ❡st ❞✬❛❜♦r❞ ♥é❝❡ss❛✐r❡ ❞❡ s♣❛t✐❛❧✐s❡r ❧❡s ♣❛r❛♠ètr❡s θsat✱
θres✱ τ ✱ dsoil ❡t T ✭♥é❝❡ss❛✐r❡ ❛✉① éq✉❛t✐♦♥s ✭✷✳✼✮✱ ✭✷✳✽✮ ❡t ✭✷✳✾✮✮✳

▲❛ ❧✐♠✐t❡ ❞❡ s❛t✉r❛t✐♦♥✱ θsat ❛ été ❞é✜♥✐❡ à ✵✳✹✺ ♠✸✳♠✲✸ s✉r t♦✉t❡ ❧❛ ③♦♥❡✳
▲✬❤✉♠✐❞✐té rés✐❞✉❡❧❧❡✱ θres✱ ❛ été ❞é✜♥✐❡ ❝♦♠♠❡ ❧❛ ♠♦②❡♥♥❡ ❞❡s sér✐❡s t❡♠♣♦r❡❧❧❡s ❞✬❤✉♠✐❞✐té
❞✉ s♦❧ s✉r ❝❤❛q✉❡ ♣✐①❡❧ s✐♠✉❧é❡s ❛✈❡❝ ✉♥ θres❂✵✳ ▲❛ ❋✐❣✉r❡ ✸✳✶✾ ❛✮ r❡♣rés❡♥t❡ ❝❡ ♣❛r❛♠ètr❡✳ ❖♥
r❡tr♦✉✈❡ ❛✐♥s✐✱ ❝♦♠♠❡ s✉r ❧❡s sér✐❡s t❡♠♣♦r❡❧❧❡s ❞❡ ♠❡s✉r❡s ✐♥✲s✐t✉✱ ✵✳✵✷ ♠✸✳♠✲✸ ♣♦✉r ❧❡ ◆✐❣❡r
❡t ✵✳✵✹ ♠✸✳♠✲✸ ♣♦✉r ❧❡ ❇é♥✐♥✳
▲❡ ♣❛r❛♠ètr❡ τ ✱ r❡♣rés❡♥t❛♥t ❧❡ t❡♠♣s ❞❡ r❡ss✉②❛❣❡ ❞✉ s♦❧✱ ❡st ❝❛❧❝✉❧é s❡❧♦♥ ❧✬éq✉❛t✐♦♥ t✐ré❡ ❞❡
❬▲♦✉✈❡t ❡t ❛❧✳✱ ✷✵✶✺❪ ✿

τ = 32× ln(clay) + 174 ✭✸✳✶✹✮

❛✈❡❝ clay ✐ss✉ ❞❡ ❧❛ ❝❛rt❡ ✷✳✸✸✳ ❈❡tt❡ éq✉❛t✐♦♥ ♣❡r♠❡t ❞✬❛❥✉st❡r ❧❡ t❡♠♣s ❞❡ r❡ss✉②❛❣❡ ❞✉ s♦❧
❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❛✉① ❞✬❛r❣✐❧❡ ✭♣❧✉s ❧❡ s♦❧ ❡st ❛r❣✐❧❡✉① ♣❧✉s ❧✬❛ssè❝❤❡♠❡♥t s❡r❛ ❧♦♥❣ ❡t ✈✐❝❡ ✈❡rs❛✮✳
❖♥ r❡tr♦✉✈❡ ❝❡ ❝♦❡✣❝✐❡♥t r❡♣rés❡♥té ❝❛rt❡ ✸✳✶✾ ❜✮✳
▲❡ dsoil✱ r❡♣rés❡♥t❛♥t ❧❛ ✧❝❛♣❛❝✐té✧ ❞✉ s♦❧ à st♦❝❦❡r ❞❡ ❧✬❡❛✉✱ ❡st ✐❝✐ ❝❛❧❝✉❧é à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s
❞❡ ✈é❣ét❛t✐♦♥ ✭▲❆■✮✳ ❊♥ ❡✛❡t✱ ❧✬❤②♣♦t❤ès❡ ❡st ❢❛✐t❡ q✉❡ ♣❧✉s ✐❧ ② ❛ ❞❡ ✈é❣ét❛t✐♦♥✱ ♠♦✐♥s ❧❡ s♦❧
♣❡✉t st♦❝❦❡r ❞❡ ❧✬❡❛✉ ✭♣❛r é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥✮✳ ❈❡ ♣❛r❛♠ètr❡ ❡st ❞♦♥❝ ❝❛❧❝✉❧é ❝♦♠♠❡ s✉✐t ✿

dsoil =





35 si LAI > 1.5
75× LAI + 142.5 si 0.6 > LAI > 1.5

100 si LAI < 0.6
✭✸✳✶✺✮

▲❛ ❋✐❣✉r❡ ✸✳✶✾ ❝✮ r❡♣rés❡♥t❡ ❝❡ ♣❛r❛♠ètr❡✳ ❖♥ r❡tr♦✉✈❡ ❧❡ ❢♦rt ❣r❛❞✐❡♥t ❧❛t✐t✉❞✐♥❛❧ ❡t ❧❛ ❜❛♥❞❡
❞❡ tr❛♥s✐t✐♦♥ s❛❤é❧✐❡♥♥❡✳

❆✐♥s✐✱ à ♣❛rt✐r ❞❡ ❝❡s ♣❛r❛♠ètr❡s s♣❛t✐❛❧✐sés✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❝❛❧❝✉❧❡r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ à
♣❛rt✐r ❞❡ ❧✬❆P■ s✉r ❧✬❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✳ ▲❛ ❋✐❣✉r❡ ✸✳✶✾ ❞✮ r❡♣rés❡♥t❡ ❧❛ ♠♦②❡♥♥❡ ❞❡ ❧✬❤✉♠✐❞✐té
à ✺ ❝♠ s✉r ❧✬❛♥♥é❡ ✷✵✵✷ ❧♦rsq✉❡ ❧❡ ♠♦❞è❧❡ ❡st ❢♦r❝é ♣❛r ❈▼❖❘P❍❘❆❲✳ Pré❝é❞❡♠♠❡♥t ♥♦✉s
❛✈♦♥s ✈✉ q✉❡ ❧❛ ♠ét❤♦❞❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ♣❛r ✜❧tr❡ ♣❛rt✐❝✉❧❛✐r❡ ♣❡r♠❡tt❛✐t ❞❡ ré❞✉✐r❡ ❧❡s ✐♥❝❡rt✐✲
t✉❞❡s s✉r ❝❡ t②♣❡ ❞❡ ♣r♦❞✉✐t ❞❡ ♣❧✉✐❡ s❛t❡❧❧✐t❡ t❡♠♣s✲ré❡❧✳ ❆♥❛❧②s♦♥s ❛❧♦rs ❧✬❛♣♣♦rt s♣❛t✐❛❧❡ ❞❡
❧✬❛ss✐♠✐❧❛t✐♦♥✱ ❋✐❣✉r❡ ✸✳✷✵✳

✾✶



✸✳✺✳ ❆❙❙■▼■▲❆❚■❖◆ ❉❊ ❙▼❖❙ ❊◆ ❈❖◆❚❘❆■●◆❆◆❚ ▲❊❙ P❘➱❈■P■❚❆❚■❖◆❙ ❆❱❊❈
❯◆ ❋■▲❚❘❊ P❆❘❚■❈❯▲❆■❘❊

❋✐❣✉r❡ ✸✳✶✾ ✕ ❙♣❛t✐❛❧✐s❛t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s θres ❡♥ ❛✮✱ τ ❡♥ ❜✮✱ dsoil ❡♥ ❝✮ ❡t ❡①❡♠♣❧❡ ❞✬❤✉♠✐❞✐té
♠♦②❡♥♥❡ s✐♠✉❧é❡ ❡♥ ❞✮✳

✾✷



✸✳✺✳ ❆❙❙■▼■▲❆❚■❖◆ ❉❊ ❙▼❖❙ ❊◆ ❈❖◆❚❘❆■●◆❆◆❚ ▲❊❙ P❘➱❈■P■❚❆❚■❖◆❙ ❆❱❊❈
❯◆ ❋■▲❚❘❊ P❆❘❚■❈❯▲❆■❘❊

❙✉r ❧❛ ❋✐❣✉r❡ ✸✳✷✵ s♦♥t r❡♣rés❡♥tés ❡♥ ❛✮ ❧❛ tr❛❝❡ ❙▼❖❙✱ ❡♥ ❜✮ ❧❡ ♠♦❞è❧❡ ❆P■ s❛♥s ❛ss✐♠✐❧❛✲
t✐♦♥✱ ❡t ❡♥ ❝✮✱ ❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ♣♦✉r ❧❡ ✶✸ ❆♦ût ✷✵✶✶ à ✶✽❤✳ ❖♥ r❡♠❛rq✉❡ ❛❧♦rs q✉❡ ❧❡s ♣❛tt❡r♥s
❞✬❤✉♠✐❞✐té ♠❡s✉rés ♣❛r ❙▼❖❙✱ ❡♥ ❛✮✱ s❡ r❡tr♦✉✈❡♥t ❜✐❡♥ s✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❛♣rès ❛ss✐♠✐❧❛t✐♦♥✱
❡♥ ❝✮✳

Surface soil moisture (2011/ 8/13 18:00)
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❋✐❣✉r❡ ✸✳✷✵ ✕ ➱✈❛❧✉❛t✐♦♥ ❞❡ ❧✬✐♠♣❛❝t s♣❛t✐❛❧ ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❧❛ tr❛❝❡ ❙▼❖❙ ✭❡♥ ❛✮✮✱ ❞❛♥s ❧✬❆P■
❛✈❛♥t ❛ss✐♠✐❧❛t✐♦♥ ✭❡♥ ❜✮✮ ❡t ❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ✭❡♥ ❝✮✮✳
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✸✳✻✳ ❘➱❙❯▼➱ ❊❚ ❈❖◆❈▲❯❙■❖◆

✸✳✻ ❘és✉♠é ❡t ❝♦♥❝❧✉s✐♦♥

❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛✈♦♥s ✈✉ ❝♦♠♠❡♥t ✐♥té❣r❡r ❙▼❖❙ ❞❛♥s ✉♥ ♠♦❞è❧❡ ❞❡ s✉r❢❛❝❡ ❞❡
♠❛♥✐èr❡ à ♣r♦✜t❡r à ❧❛ ❢♦✐s ❞❡ ❧❛ ♠❡s✉r❡ ❞✬❤✉♠✐❞✐té ❙▼❖❙ ❡t ❞❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❛tt❡✐♥❞r❡ ❧✬❤✉✲
♠✐❞✐té ❡♥ ③♦♥❡ r❛❝✐♥❛✐r❡ ❛✉ tr❛✈❡rs ❧❛ ♠♦❞é❧✐s❛t✐♦♥✳

❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ♥♦✉s ❛✈♦♥s ♦❜s❡r✈é ❧❡s ❧✐♠✐t❡s ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ❙✐♠♣❧✐✜❡❞ ❊①t❡♥✲
❞❡❞ ❑❛❧♠❛♥ ❋✐❧t❡r ❞❛♥s ❙❯❘❋❊❳ ♣♦✉r ❛♠é❧✐♦r❡r ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✳ ❊♥
❡✛❡t✱ ❞❛♥s ❝❡ ❝❛s✲❝✐ ❧❡s ❡rr❡✉rs ♣r♦✈✐❡♥♥❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡s ❢♦rç❛❣❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s✱ ♦r ❝❡
✜❧tr❡ ♥❡ ♣r❡♥❞ ♣❛s ❡♥ ❝♦♠♣t❡ ❧❡s ❡rr❡✉rs ❞❡ ❢♦rç❛❣❡✳ ❉❡ ♣❧✉s✱ ❧❡ ✜❧tr❡ à ✉♥❡ ❢♦rt❡ s❡♥s✐❜✐❧✐té ❛✉①
❡rr❡✉rs ❞❡s ♦❜s❡r✈❛t✐♦♥s✱ q✉✐ s♦♥t r❡❧❛t✐✈❡♠❡♥t ❝♦♠♣❧✐q✉é❡s à q✉❛♥t✐✜❡r✳ ❉❡ ♣❧✉s ❧❛ ♥♦♥✲❧✐♥é❛r✐té
❞✉ ♠♦❞è❧❡✱ ❛✐♥s✐ q✉❡ ❧✬❛❥♦✉t✴r❡tr❛✐t ❞✬❡❛✉ ♣❡♥❞❛♥t ❧❛ s❛✐s♦♥ sè❝❤❡ ❣é♥éré ♣❛r ❧❡ ❜r✉✐t ❙▼❖❙✱
❞é❣r❛❞❡ ❧❡s sér✐❡s t❡♠♣♦r❡❧❧❡s✳

❉❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s✱ ❧✬✐♠♣❧é♠❡♥t❛t✐♦♥ ❞✬✉♥ ❋✐❧tr❡ P❛rt✐❝✉❧❛✐r❡ s✬❡st ♠♦♥tré❡ r❡❧❛t✐✈❡♠❡♥t
❡✣❝❛❝❡ ♣♦✉r ♠♦❞✐✜❡r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛✜♥ ❞✬❛♠é❧✐♦r❡r ❧❡s ❤✉♠✐❞✐tés ❞✉ s♦❧ s✐♠✉❧é❡s✳ ❊♥ ❡✛❡t✱
❧❡s é✈❛❧✉❛t✐♦♥s ❞❡s ❤✉♠✐❞✐tés ❞✉ s♦❧ s✐♠✉❧é❡s s✉r ❧❡s ❞❡✉① s✐t❡s✱ ❞✉ ❇é♥✐♥ ❡t ❞✉ ◆✐❣❡r✱ ♦♥t
♠♦♥tré q✉❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ ♣❡r♠❡tt❛✐t ❞✬❛♠é❧✐♦r❡r ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❡s ❤✉♠✐❞✐tés ❞✉
s♦❧ ♠♦❞é❧✐sé❡s à ♣❛rt✐r ❞❡ ❢♦rç❛❣❡ ❞❡ ♣❧✉✐❡ t❡♠♣s✲ré❡❧ ✭❘❛✇✮✳ P♦✉r ❧❡s ❞❡✉① s✐t❡s✱ ❡t ♣♦✉r ❧❡s
♣r♦❞✉✐ts ❈▼❖❘P❍ ❡t ❚❘▼▼✱ ❧❡ s❝❤é♠❛ ❞✬❛ss✐♠✐❧❛t✐♦♥ ♣❡r♠❡t ❞✬❛tt❡✐♥❞r❡ ❞❡s s❝♦r❡s ❛✉ ♠✐✲
♥✐♠✉♠ é❣❛✉① à ❝❡✉① ♦❜t❡♥✉s ❛✈❡❝ ❧❡ ♣r♦❞✉✐t ❛❥✉sté✱ ♠❛✐s ❛✈❡❝ ❝❡❧✉✐ t❡♠♣s✲ré❡❧✳ ❈✬❡st ✉♥ ♣♦✐♥t
✐♠♣♦rt❛♥t ❝❛r ✐❧ s✐❣♥✐✜❡ q✉❡ ❧❡ t❡♠♣s ❞✬❛tt❡♥t❡ ❞❡ ♣❧✉s✐❡✉rs ♠♦✐s ❛✈❛♥t ❞✬❛✈♦✐r ❧❡s ♣r♦❞✉✐ts
❛❥✉stés ♣❛r ❧❡s ♣❧✉✈✐♦♠ètr❡s ♣❡✉✈t êtr❡ ré❞✉✐t à q✉❡❧q✉❡s ❤❡✉r❡s✳

Pr♦❝❤❛✐♥ ❝❤❛♣✐tr❡
❉❛♥s ❝❡ ❝❤❛♣✐tr❡ ♥♦✉s ❛✈♦♥s ✈✉ ❝♦♠♠❡♥t ❛ss✐♠✐❧❡r ❞❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙
❞❛♥s ❧❡s ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡ ❞❡ ♠❛♥✐èr❡ à ❣é♥ér❡r ❞❡s ❝❛rt❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧
❡♥ s✉♣❡r✜❝✐❡ ❡t ❡♥ ♣r♦❢♦♥❞❡✉r ❡♥ t❡♠♣s✲ré❡❧✳ ▼❛✐♥t❡♥❛♥t✱ ✐♥tér❡ss♦♥s✲♥♦✉s à
❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡ ❝❡s ❝❛rt❡s ❛✈❡❝ ✉♥❡ ét✉❞❡ s✉r ❧❡s ❛♥♦♠❛❧✐❡s ❞❡ r❡♥❞❡♠❡♥t
❞❡ ♠✐❧ ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✳

✾✹



❈❤❛♣✐tr❡ ✹

❙✉✐✈✐ ❞❡s r❡♥❞❡♠❡♥ts ❛❣r✐❝♦❧❡s ❡♥ ❆❢r✐q✉❡
❞❡ ❧✬❖✉❡st à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ❞✬❤✉♠✐❞✐té
❞✉ s♦❧

✹✳✶ ■♥tr♦❞✉❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✻

✹✳✷ ❩♦♥❡ ❞✬ét✉❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✼

✹✳✸ ▼ét❤♦❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽

✹✳✹ ➱t✉❞❡ à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾

✹✳✹✳✶ ❉♦♥♥é❡s ❞❡ r❡♥❞❡♠❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾

✹✳✹✳✷ ❉♦♥♥é❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✵

✹✳✹✳✸ ❘❡❧❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶

✹✳✺ ➱t✉❞❡ à ❧✬é❝❤❡❧❧❡ ♥❛t✐♦♥❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

✹✳✺✳✶ ❉♦♥♥é❡s ❞❡ r❡♥❞❡♠❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

✹✳✺✳✷ ❉♦♥♥é❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

✹✳✺✳✸ ❆♥❛❧②s❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✻

✹✳✺✳✹ ❆♥❛❧②s❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽

✹✳✻ ➱t✉❞❡ à ❧✬é❝❤❡❧❧❡ ré❣✐♦♥❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✵

✹✳✻✳✶ ❘❡❧❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ❜❛♥❞❡ s❛❤é❧✐❡♥♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✵

✹✳✻✳✷ ❱❡rs ❞❡s ❝❛rt❡s ❞❡ r❡♥❞❡♠❡♥t ❄ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✸

✹✳✼ ❘és✉♠é ❡t ❝♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✺

❈❡ ❝❤❛♣✐tr❡ ❢❛✐t ❧✐❡✉ ❞✬✉♥ ❛rt✐❝❧❡ ❡♥ r❡✈✐❡✇ ❞❛♥s ✿ ❏♦✉r♥❛❧ ♦❢ ❆❣r✐❝✉❧t✉r❛❧ ❛♥❞
❋♦r❡st ▼❡t❡♦r♦❧♦❣② s♦✉s ❧❛ ré❢ér❡♥❝❡ ✿

❋✳ ●✐❜♦♥✱ ❚✳ P❡❧❧❛r✐♥✱ ❈✳ ❘♦♠á♥✲❈❛s❝ó♥✱ ❆✳ ❆❧❤❛ss❛♥❡✱ ❙✳ ❚r❛♦ré✱ ❨✳ ❑❡rr✱ ❉✳ ▲♦ ❙❡❡♥✱
❈✳ ❇❛r♦♥✱ ▼✐❧❧❡t ②✐❡❧❞ ❡st✐♠❛t✐♦♥s ✐♥ ❙❛❤❡❧ ✉s✐♥❣ s❛t❡❧❧✐t❡✲❞❡r✐✈❡❞ s♦✐❧ ♠♦✐st✉r❡ t✐♠❡ s❡r✐❡s✱
✷✵✶✼✱ ❆❣r✐❝✉❧t✉r❛❧ ❛♥❞ ❋♦r❡st ▼❡t❡♦r♦❧♦❣②✳

✾✺



✹✳✶✳ ■◆❚❘❖❉❯❈❚■❖◆

✹✳✶ ■♥tr♦❞✉❝t✐♦♥

▲✬ét❛t ❤②❞r✐q✉❡ ❞✉ s♦❧ ❡st ❧✬✉♥ ❞❡s ❢❛❝t❡✉rs ❡ss❡♥t✐❡❧s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡s ♣❧❛♥t❡s✳ ▲❡ str❡ss
❣é♥éré ♣❛r ✉♥ ♠❛♥q✉❡ ❞✬❡❛✉ s✉r ❧❡s ❝✉❧t✉r❡s ❝éré❛❧✐èr❡s ❛❣ît s✉r ❧❡ r❡♥❞❡♠❡♥t ✭❡t ❣é♥èr❡ ❞♦♥❝
♣♦t❡♥t✐❡❧❧❡♠❡♥t ❞❡ ❢♦rt❡s ❝♦♥séq✉❡♥❝❡s s♦❝✐♦✲é❝♦♥♦♠✐q✉❡s✮✳ ❉❛♥s ❝❡rt❛✐♥❡s ré❣✐♦♥s ♦ù ❧✬✐rr✐✲
❣❛t✐♦♥ ❡st ♠♦♥♥❛✐❡ ❝♦✉r❛♥t❡✱ ❝❡ s♦✉❝✐ ❡st ❝♦♠♣❡♥sé ♣❛r ❧✬❛♣♣♦rt ❛rt✐✜❝✐❡❧ ❞✬❡❛✉ ✭✐rr✐❣❛t✐♦♥✮✳
❈❡♣❡♥❞❛♥t✱ ❝♦♠♠❡ ❧❡ ♠♦♥tr❡ ❧❛ ❝❛rt❡ ❞❡ ❧❛ ❋❆❖ ❋✐❣✉r❡ ✹✳✶✱ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ③♦♥❡s ✐rr✐❣✉é❡s ❡st
r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡ ❞❛♥s ❧❛ ♣❛rt✐❡ ♦r✐❡♥t❛❧❡ ❞❡ ❧✬❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st ❀ ❧❛ s✉r❢❛❝❡ ❞❡ ③♦♥❡s ❝✉❧t✐✈é❡s
✐rr✐❣✉é❡s ② r❡♣rés❡♥t❡ ❡♥ ❡✛❡t ♠♦✐♥s ❞❡ ✶✪✳ ❖r✱ ❞❛♥s ❝❡s ré❣✐♦♥s✱ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❡st très ❞é♣❡♥✲
❞❛♥t❡ ❞❡s ♣r♦❞✉❝t✐♦♥s ❛❣r✐❝♦❧❡s✱ ❞❡ ♣❛r ❧❛ ♣r❛t✐q✉❡ ♠❛❥♦r✐t❛✐r❡ ❞✬✉♥❡ ❛❣r✐❝✉❧t✉r❡ ❞❡ s✉❜s✐st❛♥❝❡
♠❛✐s ❛✉ss✐ ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ é❝♦♥♦♠✐q✉❡✳

Légende

Part de la superficie cultivée irriguée

FAO - AQUASTAT, 2015

± Scale ca. 1:140 000 000 at the equator
Geographic Projection, WGS 1984

Aucune donnée < 1 1 - 5 5 - 10 10 - 50 > 50 %

Source: AQUASTAT
Geographic Projection

Déni de responsabilité

Les appellations employées dans cette publication et la présentation des données qui y figurent 
n´impliquent de la part de l´Organisation des Nations Unies pour l´alimentation et l´agriculture aucune
prise de position quant au statut juridique des pays, territoires, villes ou zones, ou de leurs autorités, 
ni quant au tracé de leurs frontières ou limites.                                    

❋✐❣✉r❡ ✹✳✶ ✕ ❘é♣❛rt✐t✐♦♥ ❞❡s ♣❛rts ✐rr✐❣✉é❡s ❞❡s s✉r❢❛❝❡s ❝✉❧t✐✈é❡s✳

❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛❧❧♦♥s ét✉❞✐❡r ❧❡ ♣♦t❡♥t✐❡❧ ❞❡s ♠❡s✉r❡s ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ♣♦✉r ❢♦✉r✲
♥✐r ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡ r❡♥❞❡♠❡♥t ❞❡s ❝✉❧t✉r❡s ❞❡ ♠✐❧ ❛✉ ◆✐❣❡r✳ ▲❛ ♣r❡♠✐èr❡ ♣❛rt✐❡ ❝♦♥t✐❡♥t
✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡s ❧✐❡♥s st❛t✐st✐q✉❡s ❡♥tr❡ ❧❡ r❡♥❞❡♠❡♥t ❞❡s ❝✉❧t✉r❡s ♠❡s✉ré ✐♥✲s✐t✉ ❡t ❧❡s ♠❡✲
s✉r❡s ✐♥✲s✐t✉ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ s✉r ❞✐✈❡rs❡s ♣ér✐♦❞❡s t❡♠♣♦r❡❧❧❡s ❡t ❞✐✛ér❡♥t❡s ♣r♦❢♦♥❞❡✉rs
❞✉ s♦❧✳ ❉❛♥s ❧❛ s❡❝♦♥❞❡ ♣❛rt✐❡✱ ❧❡s ❝❛rt❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ♦❜t❡♥✉❡s ❛✉ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t s♦♥t
✉t✐❧✐sé❡s ♣♦✉r t❡♥t❡r ❞✬❡st✐♠❡r ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ r❡♥❞❡♠❡♥t ❞✉ ♠✐❧ à ❣r❛♥❞❡ é❝❤❡❧❧❡✳ ▲✬é✈❛❧✉❛t✐♦♥
❞❡ ❧❛ ♠ét❤♦❞❡ ❡st ❡✛❡❝t✉é❡ ❡♥ ✉t✐❧✐s❛♥t ❧❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡s r❡♥❞❡♠❡♥ts ❞✉ ♠✐❧ ❢♦✉r♥✐❡s ♣❛r
❧❛ ❋❆❖ ❞❡ ✶✾✾✽ à ✷✵✶✹✳

✾✻



✹✳✷✳ ❩❖◆❊ ❉✬➱❚❯❉❊

✹✳✷ ❩♦♥❡ ❞✬ét✉❞❡

▲❛ ③♦♥❡ ❞✬ét✉❞❡ ❡st s✐t✉é❡ ❛✉ ◆✐❣❡r✱ ♣❛②s ❞✉ ❙❛❤❡❧✱ ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✳ ▲❛ ♠❛❥❡✉r❡ ♣❛rt✐❡
❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❡st ❝♦♥❝❡♥tré❡ ❞❛♥s ❧❛ ♣❛rt✐❡ s✉❞ ❞✉ ♣❛②s✱ q✉✐ ❝♦♥❝❡♥tr❡ é❣❛❧❡♠❡♥t ❧❛ ♠❛❥♦r✐té
❞❡s ③♦♥❡s ❛❣r✐❝♦❧❡s✳ ▲❡ ré❣✐♠❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❡st ❝♦♥trô❧é ♣❛r ❧❛ ♠♦✉ss♦♥ ❞❡ ❧✬❆❢r✐q✉❡ ❞❡
❧✬❖✉❡st ❛✈❡❝ ✉♥❡ ♠♦♥♦✲♠♦❞❛❧✐té ❛♥♥✉❡❧❧❡ ❣é♥ér❛♥t ✉♥❡ s❛✐s♦♥ sè❝❤❡ ❡t ✉♥❡ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s
✭❞❡ ❥✉✐♥ à ♦❝t♦❜r❡✮✳ ❆✈❡❝ ✉♥❡ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ❛♥♥✉❡❧❧❡ ❞❡ ✷✾✝❈✱ ❧❡ ◆✐❣❡r ❡st ❝♦♥♥✉
❝♦♠♠❡ ❧✬✉♥ ❞❡s ❡♥❞r♦✐ts ❧❡s ♣❧✉s ❝❤❛✉❞s ❞❡ ❧❛ ❚❡rr❡✳ Pr✐♥❝✐♣❛❧❡♠❡♥t ❜❛sé s✉r ✉♥❡ ❛❣r✐❝✉❧t✉r❡
♣❧✉✈✐❛❧❡ ✭♠♦✐♥s ❞❡ ✶✪ ❞❡ ❧❛ s✉♣❡r✜❝✐❡ ❡st ✐rr✐❣✉é❡✮✱ ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✭s♣❛t✐❛❧❡ ❡t
t❡♠♣♦r❡❧❧❡✮ ❛✛❡❝t❡ ❢♦rt❡♠❡♥t ❧❛ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✳ ▲❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♠✐❧✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t s✐t✉é❡
❛✉ s✉❞ ✭✈♦✐r ❋✐❣✉r❡ ✹✳✷✮✱ ❡st ❧❛ ♣r✐♥❝✐♣❛❧❡ ❝✉❧t✉r❡ ❞❡ s✉❜s✐st❛♥❝❡ ❞✉ ◆✐❣❡r ❀ ❧❡ ♠✐❧ r❡♣rés❡♥t❡
∼✹✼✪ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❝éré❛❧✐èr❡ ❞❡s ♣❛②s ❞✉ ❙❛❤❡❧ ❬❖✉❡♥❞❡❜❛ ❛♥❞ ❙✐❛❦❛ ❙♦❣♦❜❛✱ ✷✵✵✹❪✮✳

❋✐❣✉r❡ ✹✳✷ ✕ ❘é♣❛rt✐t✐♦♥ ❞❡s s✉r❢❛❝❡s ❞❡ ❝✉❧t✉r❡s ❞❡ ♠✐❧ ✭③♦♥❡s ❝♦❧♦ré❡s✮ ❢♦✉r♥✐❡ ♣❛r ❧❛ ❋❆❖ ●❧♦❜❛❧
❆❣r♦✲❊❝♦❧♦❣✐❝❛❧ ❩♦♥❡ ✭●❆❊❩✮✳ ▲❡s ❝r♦✐① r♦✉❣❡s ❛✉t♦✉r ❞❡ ◆✐❛♠❡② s♦♥t ❧❡s ✶✵ ✈✐❧❧❛❣❡s ❞♦♥t ❧❡s ❞♦♥♥é❡s
❞❡ r❡♥❞❡♠❡♥ts s♦♥t ✉t✐❧✐sé❡s ❞❛♥s ❝❡tt❡ ét✉❞❡

▲❛ ré❣✐♦♥ ❛✉t♦✉r ❞❡ ◆✐❛♠❡② ✭❛♣♣❡❧é❡ ❉❡❣ré ❈❛rré ❞❡ ◆✐❛♠❡②✮ ❛ été ❧❛r❣❡♠❡♥t ✐♥str✉✲
♠❡♥té❡ ❧♦rs ❞❡ ❧✬❡①♣ér✐❡♥❝❡ s❝✐❡♥t✐✜q✉❡ ❆▼▼❆ ✭❆❢r✐❝❛♥ ▼♦♥s♦♦♥ ▼✉❧t✐❞✐s❝✐♣❧✐♥❛r② ❆♥❛❧②s✐s✮
✭❬❘❡❞❡❧s♣❡r❣❡r ❡t ❛❧✳✱ ✷✵✵✻❪✱ ❬▲❡❜❡❧ ❡t ❛❧✳✱ ✷✵✵✾❪✮✳ ❉❡ ♥♦♠❜r❡✉s❡s ✐♥st❛❧❧❛t✐♦♥s ❞❡ ♠❡s✉r❡s ❤②❞r♦✲
❧♦❣✐q✉❡s✱ ♠été♦r♦❧♦❣✐q✉❡s ❡t ❜✐♦❧♦❣✐q✉❡s ② ♦♥t été ét❛❜❧✐❡s ❡♥ ✷✵✵✺ ❡t s♦♥t ❛✉❥♦✉r❞✬❤✉✐ ❣éré❡s
♣❛r ❧✬❖❜s❡r✈❛t♦✐r❡ ❆▼▼❆✲❈❆❚❈❍✳ ❊♥ ♣❛r❛❧❧è❧❡✱ ❞❡s ♠❡s✉r❡s ❞❡ r❡♥❞❡♠❡♥t ❞❡ ❝✉❧t✉r❡s ♦♥t été
❡✛❡❝t✉é❡s à ❞✐✈❡rs ❡♥❞r♦✐ts ✭✶✵ ✈✐❧❧❛❣❡s✱ ❧❡s ❝r♦✐① r♦✉❣❡s ✹✳✷✮✱ ❡t ❢♦✉r♥✐❡s ♣❛r ❧❡ ❈■❘❆❉ ❡t ❧❡
❈❡♥tr❡ ré❣✐♦♥❛❧ ❆●❘❍❨▼❊❚ à ◆✐❛♠❡②✳

✾✼



✹✳✸✳ ▼➱❚❍❖❉❊

❯♥ ③♦♦♠ s✉r ❧❛ ③♦♥❡ ❛✉t♦✉r ❞❡ ◆✐❛♠❡② ❡st ❢❛✐t s✉r ❧❛ ❋✐❣✉r❡ ✹✳✸✳ ❙✉r ❝❡tt❡ ✜❣✉r❡ ♦♥ ♣❡✉t
② r❡tr♦✉✈❡r ❧❡s ✶✵ ✈✐❧❧❛❣❡s✱ ❛✉t♦✉r ❞❡ ◆✐❛♠❡② ✭① s✉r ❧❛ ❝❛rt❡✮✱ ♣♦✉r ❧❡sq✉❡❧s ❧❡s r❡♥❞❡♠❡♥ts ❞❡
♠✐❧ s♦♥t s✉✐✈✐s ✭✰ ❡t ♥♦♠s ❞✉ ✈✐❧❧❛❣❡ ❞❛♥s ❧❛ ❧é❣❡♥❞❡✮✳ ❖♥ r❡tr♦✉✈❡ ❧❡s s♦♥❞❡s ❞✬❤✉♠✐❞✐té ✭⋄✮
❡t ❧❡s ♣❧✉✈✐♦♠ètr❡s ✭♦✮ ✉t✐❧✐sés ❞❛♥s ❧✬ét✉❞❡✳
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❋✐❣✉r❡ ✹✳✸ ✕ ❘é♣❛rt✐t✐♦♥ ❞❡s ✈✐❧❧❛❣❡s ♦ù ❧❡ s✉✐✈✐ ❞❡s r❡♥❞❡♠❡♥t ❞❡ ♠✐❧ ❡st ❡✛❡❝t✉é ✭❝r♦✐① r♦✉❣❡s✮✱ ❞❡s
s♦♥❞❡s ❞✬❤✉♠✐❞✐té ✭❧♦s❛♥❣❡s ✈❡rts✮ ❡t ❞❡s ♣❧✉✈✐♦♠ètr❡s ✭r♦♥❞s ❜❧❡✉s✮✳

✹✳✸ ▼ét❤♦❞❡

▲❡s ❜❡s♦✐♥s ❡♥ ❡❛✉ ♥❡ s♦♥t ♣❛s ❧❡s ♠ê♠❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❞✐✛ér❡♥t❡s ♣ér✐♦❞❡s ❞❡ ❧❛ ♣❤é♥♦✲
❧♦❣✐❡ ❞❡ ❧❛ ♣❧❛♥t❡ ✭❬▼❛❤❛❧❛❦s❤♠✐ ❡t ❛❧✳✱ ✶✾✽✼❪✱ ❬❊❧❞✐♥✱ ✶✾✾✵❪✮✳ ❆✜♥ ❞✬é✈❛❧✉❡r ❧✬✐♠♣❛❝t t❡♠♣♦r❡❧
❞❡s ❞✐✈❡rs❡s ♣ér✐♦❞❡s✱ ♥♦✉s ❛✈♦♥s ❡✛❡❝t✉é ✉♥❡ ❛♥❛❧②s❡ ❜❛sé❡ s✉r ❧❛ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧✬❤✉♠✐❞✐té
❞✉ s♦❧ ❡t ❧❡ r❡♥❞❡♠❡♥t ❛♥♥✉❡❧ ❞✉ ♠✐❧✱ s❡❧♦♥ ✉♥❡ ❢❡♥êtr❡ t❡♠♣♦r❡❧❧❡ ❣❧✐ss❛♥t❡ ❡t à ❞✉ré❡ ✈❛r✐❛❜❧❡✳
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❋✐❣✉r❡ ✹✳✹ ✕ ❆✜♥ ❞❡ ❝❛❧❝✉❧❡r ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❤✉♠✐❞✐té ❞✉ s♦❧ ❡t r❡♥❞❡♠❡♥t✱ ❧❡s ❛♥♦♠❛❧✐❡s ♦♥t été
❝❛❧❝✉❧é❡s ♣♦✉r ❝❤❛q✉❡ ❥❡✉ ❞❡ ❞❛t❡s ✭t✶ ✿t✷✮✱ ③♦♥❡ r♦✉❣❡ s✉r ❧❡s sér✐❡s t❡♠♣♦r❡❧❧❡s✳

▲❛ ❋✐❣✉r❡ ✹✳✹ ♣rés❡♥t❡ ✉♥❡ sér✐❡ ❞✬❤✉♠✐❞✐té ❛✈❡❝ ✉♥❡ ❞✉ré❡ sé❧❡❝t✐♦♥♥é❡ ❡♥tr❡ t✶ ❡t t✷✳ ▲❡s
❞❛t❡s t✶ ❡t t✷ s♦♥t ❧❡s ♠ê♠❡s ♣♦✉r ❧❡s ❛♥♥é❡s ✷✵✵✻ à ✷✵✶✷✳ ▲❡s ❛♥♦♠❛❧✐❡s ❝❛❧❝✉❧é❡s SManomalie

✾✽



✹✳✹✳ ➱❚❯❉❊ ➚ ▲✬➱❈❍❊▲▲❊ ▲❖❈❆▲❊

s♦♥t r❛♣♣♦rté❡s ✐❝✐ ❡♥ ❞❡✉① ét❛♣❡s✳ ❉✬❛❜♦r❞ ❧❛ ♠♦②❡♥♥❡ ❞❡ ❧✬❤✉♠✐❞✐té SMperiode(y) ❡st ❝❛❧❝✉❧é❡
♣♦✉r t♦✉t❡s ❧❡s ❛♥♥é❡s y ❞❛♥s ❧❛ ♣ér✐♦❞❡ ❡♥tr❡ t✶ ❡t t✷ ✿

SMperiode(y) =
1

nt

t2∑

n=t1

SM(n, y) ✭✹✳✶✮

❛✈❡❝ nt ❧❡ ♥♦♠❜r❡ ❞❡ ♣♦✐♥ts ❡♥tr❡ ❧❡s ♣ér✐♦❞❡s t✶ ❡t t✷✳
❆✜♥ ❞✬é✈❛❧✉❡r ❧❡s ❞✐✛ér❡♥❝❡s ♥♦t❛❜❧❡s ❞✉❡s à ❧❛ ❝❧✐♠❛t♦❧♦❣✐❡✱ ❧✬❛♥♦♠❛❧✐❡ ❡st ❛❧♦rs ❝❛❧❝✉❧é❡✱ ❞é✜♥✐❡
❝♦♠♠❡ ét❛♥t ❧❛ ❞✐✛ér❡♥❝❡ à ❧❛ ♠♦②❡♥♥❡ ✿

SManomalie(y) = SMperiode(y)−
1

ny

y2∑

y=y1

SMperiode(y) ✭✹✳✷✮

❛✈❡❝ ny ❧❡ ♥♦♠❜r❡ ❞✬❛♥♥é❡s ❡♥tr❡ ❧❡s ❛♥♥é❡s ②✶ ❡t ②✷✳

✹✳✹ ➱t✉❞❡ à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡

✹✳✹✳✶ ❉♦♥♥é❡s ❞❡ r❡♥❞❡♠❡♥ts

❉❛♥s ❝❡tt❡ ♣r❡♠✐èr❡ ♣❛rt✐❡✱ ✉♥❡ ét✉❞❡ ❧♦❝❛❧❡ ❡st ❡✛❡❝t✉é❡ à ❧✬é❝❤❡❧❧❡ ❞❡s ✈✐❧❧❛❣❡s✳ ▲❡s ❞♦♥♥é❡s
❞❡ r❡♥❞❡♠❡♥t ❞❡ ♠✐❧ s♦♥t ♦❜t❡♥✉❡s à ♣❛rt✐r ❞❡ ♣ré❧è✈❡♠❡♥ts ❡✛❡❝t✉és ❞❛♥s ✶✵ ✈✐❧❧❛❣❡s ❛✉t♦✉r
❞❡ ◆✐❛♠❡② ✭❝r♦✐① r♦✉❣❡s s✉r ❧❛ ❋✐❣✉r❡ ✹✳✷✮✳ ▲❡ ♣r♦t♦❝♦❧❡ ✉t✐❧✐sé ❡st ❧❡ s✉✐✈✐ ❞✬✉♥❡ ❝✐♥q✉❛♥t❛✐♥❡
❞❡ ♣❛r❝❡❧❧❡s ❛❣r✐❝♦❧❡s ♣♦✉r ❝❤❛q✉❡ ✈✐❧❧❛❣❡✱ ❞❡ ✷✵✵✹ à ✷✵✶✷ ✭t♦t❛❧ ❞❡ ♣❧✉s ❞❡ ✺✵✵ ♣❛r❝❡❧❧❡s ❝❤❛q✉❡
❛♥♥é❡✮✳ P♦✉r s✉r✈❡✐❧❧❡r ❝❡s ♣❛r❝❡❧❧❡s✱ tr♦✐s ♣❧❛❝❡tt❡s ❡①♣ér✐♠❡♥t❛❧❡s ✭∼ ✺ ① ✺ ♠✮ ♦♥t été s✉✐✈✐❡s
❡♥ ♣❡s❛♥t✱ ❛♣rès sé❝❤❛❣❡✱ ❧❛ q✉❛♥t✐té ❞❡ ♠✐❧ ré❝♦❧té à ❧✬✐♥tér✐❡✉r✳ P✉✐s✱ ❧❛ q✉❛♥t✐té ❞❡ ❣r❛✐♥ ❛
été ♥♦r♠❛❧✐sé❡ ♣❛r ❧❛ s✉r❢❛❝❡ ♣♦✉r r❡tr♦✉✈❡r ❧❡ r❡♥❞❡♠❡♥t ❡♥ ❦❣✴❤❛✳ ❯♥❡ ❞❡s❝r✐♣t✐♦♥ ❞ét❛✐❧❧é❡
❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s ❞♦♥♥é❡s s❡ tr♦✉✈❡ ❞❛♥s ❬▼❛rt❡❛✉ ❡t ❛❧✳✱ ✷✵✶✶❪✳

❙✉r ❧❛ ❋✐❣✉r❡ ✹✳✺ s♦♥t r❡♣rés❡♥tés ❧❡s r❡♥❞❡♠❡♥ts ❞❡ ❝❤❛q✉❡ ♣❛r❝❡❧❧❡ ❞✉ ✈✐❧❧❛❣❡ ❞❡ ❲❛♥❦❛♠❛
❡♥ ✷✵✶✷✳ ❖♥ ♦❜s❡r✈❡ ❛❧♦rs ✉♥❡ ❛ss❡③ ❢♦rt❡ ✈❛r✐❛❜✐❧✐té ❝❛r ❧❡s ✈❛❧❡✉rs ✈♦♥t ❞❡ ✷✶✺ ❦❣✴❤❛ ♣♦✉r ❧❛
♣❛r❝❡❧❧❡ ✷✺ ❥✉sq✉✬à ✶✵✺✵ ❦❣✴❤❛ ♣♦✉r ❧❛ ♣❛r❝❡❧❧❡ ✸✾✳

❋✐❣✉r❡ ✹✳✺ ✕ ❘❡♥❞❡♠❡♥ts ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❛r❝❡❧❧❡s ❞✉ ✈✐❧❧❛❣❡ ❞❡ ❲❛♥❦❛♠❛ ❡♥ ✷✵✶✷✱ ❛✈❡❝ ❡♥ ♣♦✐♥t✐❧❧é
✈❡rt✱ ❧❛ ♠♦②❡♥♥❡✳

❉❡✈❛♥t ❝❡tt❡ ❢♦rt❡ ✈❛r✐❛❜✐❧✐té✱ ✉♥❡ ♠♦②❡♥♥❡ ❡st ❡✛❡❝t✉é❡ ✭❞♦♥❝ ✺✵✷ ❦❣✴❤❛ ❡♥ ✷✵✶✷ ♣♦✉r
❲❛♥❦❛♠❛✱ tr❛✐t ♣♦✐♥t✐❧❧é ✈❡rt s✉r ❋✐❣✉r❡ ✹✳✺✮ ❛✜♥ ❞✬♦❜t❡♥✐r ❞❡s ✈❛r✐❛❜✐❧✐tés ❡♥tr❡ ❧❡s ✈✐❧❧❛❣❡s✱
✈♦✐r ❋✐❣✉r❡ ✹✳✻✳
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❋✐❣✉r❡ ✹✳✻ ✕ ➱✈♦❧✉t✐♦♥ ❞❡s r❡♥❞❡♠❡♥ts ❞❡ ♠✐❧ ❞❡s ✶✵ ✈✐❧❧❛❣❡s ❛✉t♦✉r ❞❡ ❧❛ ré❣✐♦♥ ❞❡ ◆✐❛♠❡② ✭✈♦✐r
❝r♦✐① r♦✉❣❡s ❝❛rt❡ ✹✳✷✮✳

❙✉r ❧❛ ❋✐❣✉r❡ ✹✳✻ ♦♥ ♦❜s❡r✈❡ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ r❡♥❞❡♠❡♥ts ♣♦✉r ❧❡s ❛♥♥é❡s ✷✵✵✹ à ✷✵✶✷ ♣♦✉r
❧❡s ✶✵ ✈✐❧❧❛❣❡s ♣rés❡♥tés s✉r ❧❛ ❝❛rt❡ ✹✳✸✳ ❈❡s ❞❡r♥✐❡rs ♦♥t ✉♥❡ ❛ss❡③ ❣r❛♥❞❡ ✈❛r✐❛t✐♦♥ ❡♥tr❡ ❧❡s ✈✐❧✲
❧❛❣❡s✳ P❛r ❡①❡♠♣❧❡✱ ❡♥ ✷✵✵✼✱ ❆❧❦❛♠❛ ♣rés❡♥t❡ ✉♥ r❡♥❞❡♠❡♥t ❞❡ ✷✹✹✳✺ ❦❣✴❤❛ ❛❧♦rs q✉❡ ❚❛♥❛❜ér✐
❛tt❡✐♥t ❧❡s ✶✶✽✵ ❦❣✴❤❛✳ ❈❡❧❛ ♣❡✉t êtr❡ ♣❛rt✐❡❧❧❡♠❡♥t ❡①♣❧✐q✉é ♣❛r ❧❡s ❞✐✛ér❡♥❝❡s ❧❛t✐t✉❞✐♥❛❧❡s
❡♥tr❡ ❧❡s ✈✐❧❧❛❣❡s✳ ❊♥ ❡✛❡t✱ ❧❡s ✈✐❧❧❛❣❡s ❞❡ ❑❛ré✱ ❚❛♥❛❜ér✐✱ ❚♦r♦❞✐ ❡t ❙❛❞♦ré s♦♥t s✐t✉és ❛✉ ❙✉❞
❞✉ ❞♦♠❛✐♥❡ ❞✬ét✉❞❡ ♦ù ❧❡ ❝✉♠✉❧ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ❛♥♥✉❡❧ ❡st ❝♦♠♣r✐s ❡♥tr❡ ✺✵✵ ❡t ✼✵✵ ♠♠✴❛♥
❛❧♦rs q✉❡ ♣♦✉r ❧❡s ❛✉tr❡s ✈✐❧❧❛❣❡s ✐❧ ❡st ❝♦♠♣r✐s ❡♥tr❡ ✸✵✵ ❡t ✺✵✵ ♠♠✴❛♥✳

▲❡ r❡♥❞❡♠❡♥t ♠♦②❡♥ ❞❡s ✶✵ ✈✐❧❧❛❣❡s ❞❡ ✷✵✵✹ à ✷✵✶✷✱ ❡♥ ♥♦✐r ❡st ❞❡ ✻✽✵ ❦❣✴❤❛✱ ❝❡ q✉✐ ❡st
❛ss❡③ ❢❛✐❜❧❡ ♣❛r r❛♣♣♦rt ❛✉ r❡♥❞❡♠❡♥t ❞❡ ♠✐❧ ♦❜t❡♥✉ ❞❛♥s ❧❡s ❡①♣ér✐♠❡♥t❛t✐♦♥s ❡♥ ❡♥✈✐r♦♥♥❡✲
♠❡♥t ❝♦♥trô❧é❡s ✭♦ù ❧✬❛♣♣♦rt ❡♥ ❡❛✉ ♥✬❡st ♣❛s ❢❛❝t❡✉r ❧✐♠✐t❛♥t✮✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ✈❛❧❡✉r ❡st
❝♦✉r❛♥t❡ ❛✉ ◆✐❣❡r ✭s♦✉✈❡♥t ❛✈❡❝ ♠❛①✐♠✉♠ ❞❡ ✶✷✺✵ ❦❣✴❤❛✱ ❬❘♦❝❦strö♠✱ ✶✾✾✾❪ ❡t ❣é♥ér❛❧❡♠❡♥t
✐♥❢ér✐❡✉r❡ à ✶✵✵✵ ❦❣✴❤❛ ❬❏❆■❈❆❋✱ ✷✵✵✾❪✮ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ q✉❛s✐ ❛❜s❡♥❝❡ ❞✬✐♥tr❛♥ts✱ ❞✬❡♥❣r❛✐s ❡t
❞✬✐rr✐❣❛t✐♦♥✳

✹✳✹✳✷ ❉♦♥♥é❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧

▲❡s ❞♦♥♥é❡s ❞✬❤✉♠✐❞✐té ✉t✐❧✐sé❡s s♦♥t ✐ss✉❡s ❞❡s ♠❡s✉r❡s ✐♥✲s✐t✉✱ ❝♦♠♠❡ ❧❡ ♠♦♥tr❡ ❧❡ ♣r♦✜❧
✹✳✼ ♣♦✉r ❧❡ s✐t❡ ❞❡ ❲❛♥❦❛♠❛✳
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❋✐❣✉r❡ ✹✳✼ ✕ Pr♦✜❧s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ♦❜t❡♥✉s à ♣❛rt✐r ❞❡s s♦♥❞❡s ❞❡ ❲❛♥❦❛♠❛ ❛✉ ◆✐❣❡r ♣♦✉r ❧❡s
❛♥♥é❡s ✷✵✵✻✕✷✵✶✷✳
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❈♦♠♠❡ ✐❧ ♥✬② ❛ ♣❛s ❛✉ ♠♦✐♥s ✉♥❡ s♦♥❞❡ ♣♦✉r ❝❤❛q✉❡ ✈✐❧❧❛❣❡✱ ❧❡s ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té ♣♦✉r
❝❤❛❝✉♥ ❞❡s ✈✐❧❧❛❣❡s ♦♥t été ❡st✐♠é❡s à ❧✬❛✐❞❡ ❞❡s ♣❧✉✈✐♦♠ètr❡s ❆▼▼❆✲❈❆❚❈❍ ❞✐s♣♦♥✐❜❧❡s
❞❛♥s ✽ ❞❡s ✶✵ ✈✐❧❧❛❣❡s✳ P♦✉r ❝❡❧❛ ❧❡ ♠♦❞è❧❡ ❆P■ ✭✈♦✐r P❛rt✐❡ ✷✳✺✳✷✮ ❛ été ❢♦r❝é ❛✈❡❝ ❧❡s ♣❧✉✐❡s
❝♦rr❡s♣♦♥❞❛♥t❡s✳ P♦✉r ❙❛❞♦ré✱ ✐❧ ♥✬② ❛ ♣❛s ❞❡ ♣❧✉✈✐♦♠ètr❡✱ ❡t ♣♦✉r ❲❛♥❦❛♠❛ ❝✬❡st ❧❡ ♣❧✉✈✐♦♠ètr❡
❞❡ ❇❛♥✐③♦✉♠❜♦✉ q✉✐ ❡st ✉t✐❧✐sé✳ ❖♥ ♣❡✉t ❛✐♥s✐ ❞ér✐✈❡r ❞❡s ❝❤r♦♥✐q✉❡s ❞✬❤✉♠✐❞✐té ♣♦✉r ✾ ❞❡s ✶✵
✈✐❧❧❛❣❡s✳

✹✳✹✳✸ ❘❡❧❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡

▲❡ ❧✐❡♥ ♣♦t❡♥t✐❡❧ ❡♥tr❡ ❤✉♠✐❞✐té ❞✉ s♦❧ ❡t r❡♥❞❡♠❡♥t ❞❡ ♠✐❧ ❡st ét✉❞✐é à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡✳ ❉❛♥s
✉♥ ♣r❡♠✐❡r t❡♠♣s ✐♥tér❡ss♦♥s✲♥♦✉s à ❧✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞❡ ♠❡s✉r❡ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ✐♥✲s✐t✉
✭✈♦✐r ❋✐❣✉r❡ ✹✳✼✮ ❡t à ❧❡✉r ♣♦t❡♥t✐❡❧ ♣♦✉r ❡①♣❧✐q✉❡r ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ r❡♥❞❡♠❡♥ts ❞✉ ✈✐❧❧❛❣❡ ❞❡
❲❛♥❦❛♠❛✳

▲❛ ❋✐❣✉r❡ ✹✳✽ r❡♣rés❡♥t❡ ❧❡s ❝♦rré❧❛t✐♦♥s ❡♥tr❡ ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à ✹ ♣r♦❢♦♥❞❡✉rs
❞✐✛ér❡♥t❡s ✭✺✱ ✷✺✱ ✺✺ ❡t ✽✺ ❝♠✮ ❡t ❛♥♦♠❛❧✐❡s ❞❡ r❡♥❞❡♠❡♥t ♣♦✉r ❧❡s ❛♥♥é❡s ✷✵✵✻ à ✷✵✶✷✳ ▲❛
❢❡♥êtr❡ ❞✬❛♥❛❧②s❡ ✭t1 ✿t2 ❞❛♥s ❧❛ ♣❛rt✐❡ ▼ét❤♦❞❡✮ ❛ été ❞é✜♥✐❡ ❞❡ ✺ à ✹✵ ❥♦✉rs ✭❝♦rr❡s♣♦♥❞❛♥t à
❝❤❛❝✉♥❡ ❞❡s ✜❣✉r❡s✮✳ ▲❛ ♣❛rt✐❡ ♣❧✉s é♣❛✐ss❡ ❞❡s ❝♦✉r❜❡s ❝♦rr❡s♣♦♥❞ à ❞❡s ❝♦rré❧❛t✐♦♥s ❘✷ ❛✈❡❝
❞❡s ♣✲✈❛❧✉❡ ✐♥❢ér✐❡✉r❡s à ✵✳✶✳

❋✐❣✉r❡ ✹✳✽ ✕ ❆♥❛❧②s❡ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡s ❛♥♦♠❛❧✐❡s ❞❡ r❡♥❞❡♠❡♥t ❡t ❧❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té
❞✉ s♦❧ à ✺✱ ✷✺✱ ✺✺ ❡t ✽✺ ❝♠ ♣♦✉r ❞❡s ❢❡♥êtr❡s ❞✬❛♥❛❧②s❡ ❞❡ ✺ à ✹✵ ❥♦✉rs✳

❯♥❡ ❛♥❛❧②s❡ ❣❧♦❜❛❧❡ ❞❡s ✜❣✉r❡s ♠♦♥tr❡ q✉❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❡st ❢♦rt❡ ❛✈❡❝ ✉♥❡ ❢❡♥êtr❡ ❞❡ ✺
❥♦✉rs✱ ♣✉✐s s✬❛❞♦✉❝✐t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✉ré❡ ❞❡ ❧❛ ❢❡♥êtr❡✳ ❖♥ ♦❜s❡r✈❡ ❣❧♦❜❛❧❡♠❡♥t ✷ ✧❧♦❜❡s✧✱

✶✵✶
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✉♥ ♣r❡♠✐❡r s✐t✉é à ❧❛ ✜♥ ❞✉ ♠♦✐s ❞❡ ❥✉✐❧❧❡t ❡t ❧✬❛✉tr❡ ❝❡♥tré s✉r ❧❡ ❞é❜✉t ❞✉ ♠♦✐s ❞❡ s❡♣t❡♠❜r❡✳
▲✬❛♥❛❧②s❡ ❞❡ ❧❛ ❋✐❣✉r❡ ✹✳✽ ♠♦♥tr❡ ❞✐✛ér❡♥t❡s ✐♥❢♦r♠❛t✐♦♥s✳ ❚♦✉t ❞✬❛❜♦r❞✱ ✐♥tér❡ss♦♥s✲♥♦✉s ❛✉
s✐❣♥❛❧ à ✺ ❝♠ ✭❡♥ ❜❧❡✉✮✳ ❈❡ ❞❡r♥✐❡r s❡♠❜❧❡ ♠♦♥tr❡r ✉♥ s✐❣♥❛❧ ❛ss❡③ ❢♦rt✱ ❘✷❂✵✳✼✽ ❞✉ ✶❡r ❛✉ ✻
s❡♣t❡♠❜r❡ ✭❢❡♥êtr❡ ❞❡ ✺ ❥♦✉rs✮✳ ❈❡❧❛ s✐❣♥✐✜❡ q✉❡ ❧❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té à ✺ ❝♠ ♣❡♥❞❛♥t ❝❡tt❡
♣ér✐♦❞❡ r❡♣rés❡♥t❡♥t ✼✽✪ ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ r❡♥❞❡♠❡♥t s✉r ❧❡s ✼ ❛♥♥é❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ❝♦✉rt❡
❞✉ré❡✱ ❞❡ ✺ ❥♦✉rs✱ ❝♦♠❜✐♥é❡ ❛✉ ❢❛✐❜❧❡ ♥♦♠❜r❡ ❞❡ ♣♦✐♥ts ❛♥❛❧②sés✱ ♥❡ r❡♥❞ ♣❛s ❝❡ s✐❣♥❛❧ ❢♦rt❡✲
♠❡♥t s✐❣♥✐✜❝❛t✐❢✳ ❖♥ ♦❜s❡r✈❡ ❡♥s✉✐t❡ q✉❡ ❧❡s ❧♦❜❡s ❜❧❡✉s ❞✐♠✐♥✉❡♥t ❛✉ ❢✉r ❡t à ♠❡s✉r❡ q✉❡ ❧❛
❢❡♥êtr❡ ❝❤♦✐s✐❡ ❡st ❣r❛♥❞❡✳ ❈❡❧❛ ♣❡✉t êtr❡ ✐♥t❡r♣rété ♣❛r ❧❡ ❢❛✐t q✉❡ ❧✬❤✉♠✐❞✐té ❞❡ s✉r❢❛❝❡ ❝♦♥♥❛ît
✉♥❡ ❣r❛♥❞❡ ❞②♥❛♠✐q✉❡ t❡♠♣♦r❡❧❧❡✱ ❡t q✉✬❡❧❧❡ ♥✬❡st ♣❛s ❢♦r❝é♠❡♥t r❡♣rés❡♥t❛t✐✈❡ ❞❡ ❧✬❤✉♠✐❞✐té
❞✐s♣♦♥✐❜❧❡ ♣♦✉r ❧❡s r❛❝✐♥❡s ❞❡s ♣❧❛♥t❡s✳

▲❡s ❝♦✉r❜❡s à ✷✺ ❝♠ ♠♦♥tr❡♥t ❞❡s ❝♦rré❧❛t✐♦♥s s✐❣♥✐✜❝❛t✐✈❡s à ❝❤❛q✉❡ ❢♦✐s ♣♦✉r ❧❡s ✷ ♣ér✐♦❞❡s
✐❞❡♥t✐✜é❡s ♣ré❝é❞❡♠♠❡♥t✱ à ❡♥✈✐r♦♥ ❘✷❂✵✳✻ ❡t ❝❡ q✉❡❧❧❡ q✉❡ s♦✐t ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ❢❡♥êtr❡✳ ❈❡❧❛
s✐❣♥✐✜❡ q✉❡ ❧❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ♣❡♥❞❛♥t ❝❡s ♣ér✐♦❞❡s✱ à ✷✺ ❝♠ ❞❡ ♣r♦❢♦♥❞❡✉r✱ s❡♠❜❧❡♥t
✐♠♣❛❝t❡r ❧❡s r❡♥❞❡♠❡♥ts✳

P♦✉r ❧❡s ♣r♦❢♦♥❞❡✉rs ❞❡ ✺✺ ❡t ✽✺ ❝♠✱ ✉♥ ❧♦❜❡ ♣r✐♥❝✐♣❛❧✱ t♦✉❥♦✉rs ✜♥ ❥✉✐❧❧❡t✱ ♠♦♥tr❡ ✉♥ s✐✲
❣♥❛❧ ❛ss❡③ ❢♦rt✳ ❈❡ ❞❡r♥✐❡r ♣❡✉t êtr❡ ✐♥t❡r♣rété ❝♦♠♠❡ ét❛♥t ❧✬❛♥♦♠❛❧✐❡ ❞✉ ❢r♦♥t ❞✬❤✉♠❡❝t❛t✐♦♥
❞❡ ❧✬❡❛✉ ❞❛♥s ❧❛ ❝♦❧♦♥♥❡ ❞❡ s♦❧✳ ❊♥ ❡✛❡t✱ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❧✬❡❛✉ ❞❛♥s ❧❛ ③♦♥❡ r❛❝✐♥❛✐r❡ ❡st
❢♦rt❡♠❡♥t ❞é♣❡♥❞❛♥t❡ ❞✉ ❞é❜✉t ❞❡ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s✳ ❯♥ ❢♦rt ❞é❜✉t ❞❡ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s ♣❡r♠❡t
❧✬✐♥✜❧tr❛t✐♦♥ ❞❡ ❧✬❡❛✉ ❞❛♥s ❧❡ s♦❧ ❜❡❛✉❝♦✉♣ ♣❧✉s r❛♣✐❞❡♠❡♥t ❡♥ ♣r♦❢♦♥❞❡✉r✱ ✐♠♣❛❝t❛♥t ❞♦♥❝ ❧✬❡❛✉
❞✐s♣♦♥✐❜❧❡ ♣♦✉r ❧❡s ❝✉❧t✉r❡s✳

▲✬é✈♦❧✉t✐♦♥ ❜✐♠♦❞❛❧❡ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥✱ q✉✐ ♠♦♥tr❡ ✉♥❡ ♣ér✐♦❞❡ ❝r✐t✐q✉❡ ❡♥ ❥✉✐❧❧❡t ♣✉✐s ✉♥❡
❞❡✉①✐è♠❡ ♣ér✐♦❞❡ ❞✬✐♠♣♦rt❛♥❝❡ ❡♥ s❡♣t❡♠❜r❡ ♣❡✉t êtr❡ ❛✉ss✐ ✐♥t❡r♣rété❡ ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡
❧❛ ♣❤é♥♦❧♦❣✐❡ ❞✉ ♠✐❧✳ ❈❡s ❞❡✉① ♣ér✐♦❞❡s ❝♦rr❡s♣♦♥❞❡♥t r❡s♣❡❝t✐✈❡♠❡♥t à ❧❛ ♣ér✐♦❞❡ ❞❡ ✓r❡♠♣❧✐s✲
s❛❣❡ ❞✉ ❣r❛✐♥✔ ✭❞❡ ♠✐✲❛♦ût à ✜♥ s❡♣t❡♠❜r❡✮ ❡t à ❧❛ ♣ér✐♦❞❡ ✓r❡♣r♦❞✉❝t✐✈❡✔ ✭❥✉✐❧❧❡t✮ ❞❡ ❧❛ ❝✉❧t✉r❡
❞✉ ♠✐❧✳ ❆✉ ❝♦✉rs ❞❡ ❧❛ ♣r❡♠✐èr❡ ♣ér✐♦❞❡ ✭❥✉✐❧❧❡t✮✱ ❞❡ ❜♦♥♥❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❝r♦✐ss❛♥❝❡ ❞✉ ♠✐❧ s♦♥t
❛ss♦❝✐é❡s à ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❣r❛✐♥s✱ t❛♥❞✐s q✉❡ ♣❡♥❞❛♥t ❧❛ ❞❡✉①✐è♠❡ ♣ér✐♦❞❡ ✭s❡♣t❡♠❜r❡✮✱
❞❡ ❜♦♥♥❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❞✐s♣♦♥✐❜✐❧✐té ❡♥ ❡❛✉ ♠è♥❡♥t à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ r❛♣✐❞❡ ❞✉ ♣♦✐❞s ❞❡s
❣r❛✐♥s✳ ❈❡s rés✉❧t❛ts ❝♦♥✜r♠❡♥t q✉❡ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❧✬❡❛✉ ❥♦✉❡ ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❛✉ ❝♦✉rs
❞❡ ❝❡s ❞❡✉① ♣ér✐♦❞❡s✲❝❧és ❡t ❡st ❝♦♥❢♦r♠❡ à ❧❛ ♣❤é♥♦❧♦❣✐❡ ❞✉ ♠✐❧ ❞❛♥s ❝❡tt❡ ré❣✐♦♥✳ ❊♥✜♥✱ ❧❡
❝♦❡✣❝✐❡♥t ❞❡ ❝♦rré❧❛t✐♦♥ ♣❧✉s é❧❡✈é ♦❜t❡♥✉ à ✉♥❡ ♣r♦❢♦♥❞❡✉r ❞❡ ✷✺ ❝♠ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❞û à
❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s r❛❝✐♥❡s ❞✉ ♠✐❧✱ q✉✐ s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❝♦♥❝❡♥tré❡s ✭✾✵✪✮ ❞❛♥s ❧❡s ✽✵ ❝♠
s✉♣ér✐❡✉r ❞✉ ♣r♦✜❧ ❞✉ s♦❧ ✭❬❘♦❝❦strö♠ ❛♥❞ ❉❡ ❘♦✉✇✱ ✶✾✾✼❪ ❜✐❡♥ q✉❡ ❝❡rt❛✐♥❡s r❛❝✐♥❡s ❛✐❡♥t été
♦❜s❡r✈é❡s ❥✉sq✉✬à ✉♥❡ ♣r♦❢♦♥❞❡✉r ❞❡ ✷✹✵ ❝♠ ❞❛♥s ❝❡tt❡ ét✉❞❡✮✳

▲❛ ✈❛r✐❛❜✐❧✐té ❞❡ r❡♥❞❡♠❡♥t ❡♥tr❡ ❧❡s ✈✐❧❧❛❣❡s ét❛♥t ❛ss❡③ ✐♠♣♦rt❛♥t❡✱ ✈♦✐r ❋✐❣✉r❡ ✹✳✻✱ ❛♥❛✲
❧②s♦♥s ❧❡✉rs r❡♣rés❡♥t❛t✐♦♥s r❡s♣❡❝t✐✈❡s à ❧✬❛✐❞❡ ❞❡s ❤✉♠✐❞✐tés s✐♠✉❧é❡s à ✸✵ ❝♠✱ à ♣❛rt✐r ❞❡
❧✬❆P■✳ ❈♦♠♠❡ ✈✉ ♣ré❝é❞❡♠♠❡♥t✱ s✉r ❧❛ ❋✐❣✉r❡ ✷✳✹✶✱ ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ s♦♥t
❞❡ ❜♦♥♥❡ q✉❛❧✐té ❥✉sq✉✬à ✺✵ ❝♠ ❧♦rsq✉❡ ❧❡s ♣❧✉✐❡s ✉t✐❧✐sé❡s s♦♥t ✐ss✉❡s ❞❡ ♣❧✉✈✐♦♠ètr❡s✳ ❉❛♥s
♥♦tr❡ ét✉❞❡✱ ❞❡s ♣❧✉✈✐♦♠ètr❡s s♦♥t ✐♥st❛❧❧és ❞❛♥s ❝❤❛❝✉♥ ❞❡s ✈✐❧❧❛❣❡s✱ ♣❡r♠❡tt❛♥t ❛✐♥s✐ ❞❡ s✐✲
♠✉❧❡r ❧❡s ❤✉♠✐❞✐tés à ✸✵ ❝♠ ♣♦✉r ❝❤❛❝✉♥ ❞❡s ✈✐❧❧❛❣❡s✱ ❡t ♣♦✉r ❧❡s ❛♥♥é❡s ✷✵✵✹✕✷✵✶✷✳

▲❛ ❋✐❣✉r❡ ✹✳✾ r❡♣rés❡♥t❡ ❧❡s sér✐❡s ❞✬❤✉♠✐❞✐tés s✐♠✉❧é❡s ♣♦✉r ❝❤❛❝✉♥ ❞❡s ✈✐❧❧❛❣❡s ❡♥ ❜❧❡✉✱ ❡t ❧❡s
r❡♥❞❡♠❡♥ts r❡s♣❡❝t✐❢s ❡♥ r♦✉❣❡✳ ❖♥ r❡♠❛rq✉❡ ✉♥❡ ❝❡rt❛✐♥❡ ❝♦❤ér❡♥❝❡ ❡♥tr❡ ❧✬❛❧❧✉r❡ ❣❧♦❜❛❧❡ ❞❡
❧✬❤✉♠✐❞✐té ❡t ❧✬é✈♦❧✉t✐♦♥ ❞❡s r❡♥❞❡♠❡♥ts✳ P❛r ❡①❡♠♣❧❡✱ ♦♥ r❡♠❛rq✉❡ ✉♥❡ ❝❤✉t❡ ❞✬❡♥✈✐r♦♥ ✺✵✪
❞❡s r❡♥❞❡♠❡♥ts ♣♦✉r ❧❡s ❛♥♥é❡s ✷✵✵✾✱ ✷✵✶✵✱ ✷✵✶✶ ❡t ✷✵✶✷ à ❇❛♥✐③♦✉♠❜♦✉✱ q✉✐ s♦♥t s❡♥s✐❜❧❡♠❡♥t
❞❡s ❛♥♥é❡s ♣❧✉s sè❝❤❡s q✉❡ ❧❡s ❛✉tr❡s✳ ▲❡ ❝♦♥st❛t ❡st ❧❡ ♠ê♠❡ ♣♦✉r ❧❡ ✈✐❧❧❛❣❡ ❞❡ ❇❡r❦✐❛✇❡❧✳

✶✵✷
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❋✐❣✉r❡ ✹✳✾ ✕ ▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ à ✸✵ ❝♠ à ♣❛rt✐r ❞❡ ❧✬❆P■ ❢♦r❝é❡ ♣❛r ❧❡s ♣❧✉✈✐♦♠ètr❡s
❆▼▼❆✲❈❛t❝❤ ◆✐❣❡r ♣♦✉r ❧❡s ❛♥♥é❡s ✷✵✵✻✕✷✵✶✷ ❡t ♣♦✉r ❧❡s ✾ ✈✐❧❧❛❣❡s ✭♣❛s ❞❡ ♣❧✉✈✐♦♠ètr❡s ♣♦✉r ❙❛❞♦ré✮✳

❙✉r ❧❛ ❋✐❣✉r❡ ✹✳✶✵✱ ♦♥ ♣❡✉t ✈♦✐r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❤✉♠✐❞✐tés à ✸✵ ❝♠ s✐♠✉❧é❡s ♣♦✉r ❧❡s ✶✵
✈✐❧❧❛❣❡s ❛✈❡❝ ❧❛ ♠♦②❡♥♥❡ ✭❝♦✉r❜❡ ♥♦✐r❡✮✳

❋✐❣✉r❡ ✹✳✶✵ ✕ ❙✐♠✉❧❛t✐♦♥ ❞❡ ❧✬❤✉♠✐❞✐té à ✸✵ ❝♠ ♣♦✉r ❝❤❛❝✉♥ ❞❡s ✈✐❧❧❛❣❡s à ♣❛rt✐r ❞❡ ❧✬❆P■ ❡t ❞❡s
♣❧✉✈✐♦♠ètr❡s ❝♦rr❡s♣♦♥❞❛♥t✳

❊♥ ❛♥❛❧②s❛♥t ♣♦✉r ❝❤❛q✉❡ ✈✐❧❧❛❣❡ ❧❡s ❝♦rré❧❛t✐♦♥s ❡♥tr❡ ❝❡s ❞♦♥♥é❡s ❡t ❧❡s ❛♥♦♠❛❧✐❡s ❞❡ r❡♥✲
❞❡♠❡♥t✱ ♦♥ ♦❜t✐❡♥t ❧❛ ❝♦✉r❜❡ ✹✳✶✶✳ ❙✉r ❧❛ ❋✐❣✉r❡ ✹✳✶✶ ♦♥ r❡tr♦✉✈❡✱ ♣♦✉r ❝❤❛❝✉♥ ❞❡s ✈✐❧❧❛❣❡s✱ ❧❡s ✷
♣ér✐♦❞❡s ✐❞❡♥t✐✜é❡s ♣ré❝é❞❡♠♠❡♥t✱ ❝✬❡st✲à✲❞✐r❡ ❥✉✐❧❧❡t ❡t ❞é❜✉t s❡♣t❡♠❜r❡ ✭s❛✉❢ ♣♦✉r ❆❧❦❛♠❛ ❡t
❚♦r♦❞✐✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ❝♦rré❧❛t✐♦♥s s♦♥t ♣❧✉s ❢❛✐❜❧❡s ❡t ❧❡s ♣ér✐♦❞❡s ❧é❣èr❡♠❡♥t ❞é❝❛❧é❡s ❡♥tr❡
❧❡s ✈✐❧❧❛❣❡s✳ ❈❡ ❞é❝❛❧❛❣❡ s❡♠❜❧❡ ❝♦rré❧é à ❧❛ ♣♦s✐t✐♦♥ ❞❡s ✈✐❧❧❛❣❡s✱ s♣é❝✐✜q✉❡♠❡♥t à ❧❡✉r ❧❛t✐t✉❞❡✳
❖♥ r❡♠❛rq✉❡ ❛✉ss✐ q✉❡ ❝❡rt❛✐♥s ✈✐❧❧❛❣❡s ♥❡ ♣rés❡♥t❡♥t q✉✬✉♥ s❡✉❧ ❞❡s ❧♦❜❡s✳
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❋✐❣✉r❡ ✹✳✶✶ ✕ ❋❡♥êtr❡ ❣❧✐ss❛♥t❡ ❞❡ ✷✵ ❥♦✉rs ❞❡s ❝♦rré❧❛t✐♦♥s ❡♥tr❡ ❧❡s ❤✉♠✐❞✐tés ❞✉ s♦❧ s✐♠✉❧é❡s à
✸✵ ❝♠ ♣♦✉r ❝❤❛q✉❡ ✈✐❧❧❛❣❡ ❡t ❧❡s r❡♥❞❡♠❡♥ts r❡s♣❡❝t✐❢s✳

❊♥ ❛♥❛❧②s❛♥t ❧❛ ♠♦②❡♥♥❡ ❞❡s ❤✉♠✐❞✐tés ❡t ❧❛ ♠♦②❡♥♥❡ ❞❡s r❡♥❞❡♠❡♥ts ♣♦✉r ❧❡s ✾ ✈✐❧❧❛❣❡s
✭♣❛s ❞❡ ❞♦♥♥é❡s ❞✬❤✉♠✐❞✐té ♣♦✉r ❙❛❞♦ré✮✱ ♦♥ ♦❜t✐❡♥t ❧❛ ❋✐❣✉r❡ ✹✳✶✷ ✿

❋✐❣✉r❡ ✹✳✶✷ ✕ ❆ ❣❛✉❝❤❡✱ ❢❡♥êtr❡ ❣❧✐ss❛♥t❡ ❞❡ ✷✵ ❥♦✉rs ❞❡s ❝♦rré❧❛t✐♦♥s ❡♥tr❡ ❧❛ ♠♦②❡♥♥❡ ❞❡s ❤✉♠✐❞✐tés
❞✉ s♦❧ s✐♠✉❧é❡s à ✸✵ ❝♠ ♣♦✉r ❧❛ ♠♦②❡♥♥❡ ❞❡s ✈✐❧❧❛❣❡s ❡t ❧❛ ♠♦②❡♥♥❡ ❞❡ r❡♥❞❡♠❡♥ts ❞❡ ✈✐❧❧❛❣❡s✱ à ❞r♦✐t❡✱
ré❣r❡ss✐♦♥ ✈✐❧❧❛❣❡ ♣❛r ✈✐❧❧❛❣❡ ✭❡♥ ❝♦✉❧❡✉r✮ ❡t ♠♦②❡♥♥❡ ✭❡♥ ♥♦✐r✮✳

❙✉r ❧❛ ❋✐❣✉r❡ ✹✳✶✷✱ ♦♥ r❡tr♦✉✈❡ ❧✬❛♥❛❧②s❡ ❛✈❡❝ ❢❡♥êtr❡ ❣❧✐ss❛♥t❡ s✉r ✷✵ ❥♦✉rs✳ ▲❛ ✜❣✉r❡ ♠♦♥tr❡
très ♥❡tt❡♠❡♥t ❧❡s ✷ ❧♦❜❡s ❛✈❡❝ ✉♥ r❛t✐♦ ❞❡ ✹✵✪ ♣♦✉r ❧❡ ♠♦✐s ❞❡ ❥✉✐❧❧❡t ❡t ❞❡ ✻✵✪ ♣♦✉r ❧❡ ♠♦✐s
❞❡ s❡♣t❡♠❜r❡✳ ❊♥ ❛♥❛❧②s❛♥t ❞♦♥❝ ❧❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ♣❡♥❞❛♥t ✷✵ ❥♦✉rs✱ ❝❡♥tré❡s
s✉r ❧❡ ✷✸ ❥✉✐❧❧❡t ❡t ✷✵ ❥♦✉rs ❝❡♥tré❡s s✉r ❧❡ ✻ s❡♣t❡♠❜r❡✱ ❛✈❡❝ ✉♥ r❛♣♣♦rt ✵✳✹ ❡t ✵✳✻✱ ♦♥ ♦❜t✐❡♥t ❧❡
♥✉❛❣❡ ❞❡ ♣♦✐♥ts ♣rés❡♥té s✉r ❧❛ ❋✐❣✉r❡ ✹✳✶✷✳ ❙✉r ❝❡ ❣r❛♣❤✐q✉❡✱ ❧✬❛①❡ ❞❡s ❛❜s❝✐ss❡s r❡♣rès❡♥t❡ ❧❡s
❛♥♦♠❛❧✐❡s ❞❡ r❡♥❞❡♠❡♥ts ♣♦✉r t♦✉s ❧❡s ✈✐❧❧❛❣❡s✱ ❡t ❧✬❛①❡ ❞❡s ♦r❞♦♥♥é❡s ❧❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té
❞✉ s♦❧ à ✸✵ ❝♠ ♣❡♥❞❛♥t ❧❡s ✷ ♣ér✐♦❞❡s✱ ♣♦♥❞éré❡s ♣❛r ❧❡s ♣♦✐❞s ❞é✜♥✐s ♣ré❝é❞❡♠♠❡♥t✳ ❖♥
♣❡✉t ♦❜s❡r✈❡r ✉♥❡ ❛ss❡③ ❢♦rt❡ ❞✐s♣❡rs✐♦♥ ❞❡s ♣♦✐♥ts ❞❡ ❝♦✉❧❡✉rs✱ ❝♦rr❡s♣♦♥❞❛♥t à ❝❤❛❝✉♥ ❞❡s
✈✐❧❧❛❣❡s ✭❘✷❂✵✳✷✵✮✳ ▲♦rsq✉❡ ❧✬♦♥ ❝♦♥s✐❞èr❡ ❧❛ ♠♦②❡♥♥❡ ❞❡s ✾ ✈✐❧❧❛❣❡s ❡♥ t❡r♠❡ ❞✬❤✉♠✐❞✐té ❡t ❞❡
r❡♥❞❡♠❡♥t✱ ♦♥ ♦❜t✐❡♥t ❛❧♦rs ❧❡s ♣♦✐♥ts ♥♦✐rs ❛✈❡❝ ✉♥ ❘✷❂✵✳✼✼✳
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✹✳✺ ➱t✉❞❡ à ❧✬é❝❤❡❧❧❡ ♥❛t✐♦♥❛❧❡

✹✳✺✳✶ ❉♦♥♥é❡s ❞❡ r❡♥❞❡♠❡♥ts

▲❡ ❞❡✉①✐è♠❡ ❡♥s❡♠❜❧❡ ❞❡ ❞♦♥♥é❡s ❡st ❢♦✉r♥✐ ♣❛r ❧❡ ❞é♣❛rt❡♠❡♥t st❛t✐st✐q✉❡ ❞❡ ❧✬❖r❣❛♥✐s❛t✐♦♥
❞❡s ◆❛t✐♦♥s ❯♥✐❡s ♣♦✉r ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❡t ❧✬❛❣r✐❝✉❧t✉r❡ ✭❋❆❖❙❚❆❚✮ q✉✐ ❝♦❧❧❡❝t❡ ❞❡s ✐♥❢♦r♠❛t✐♦♥s
r❡❧❛t✐✈❡s à ❧✬❛❣r✐❝✉❧t✉r❡ ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ♣❛②s ❞✉ ♠♦♥❞❡✳ ▲❡s ❞♦♥♥é❡s s♦♥t ✐ss✉❡s ❞✬❡♥q✉êt❡s
❛♥♥✉❡❧❧❡s s♦✉♠✐s❡s ❛✉① ❣♦✉✈❡r♥❡♠❡♥ts✱ q✉✐ ❝♦♥t✐❡♥♥❡♥t ❞❡s st❛t✐st✐q✉❡s s✉r ❧❛ s✉♣❡r✜❝✐❡ ❡t ❧❛
♣r♦❞✉❝t✐♦♥ ré❝♦❧té❡ ♣♦✉r ❧❡ ❣r❛✐♥ s❡❝✳ ▲❛ ré♣❛rt✐t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ③♦♥❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ♠✐❧
❛✉ ◆✐❣❡r ❡st ✐❧❧✉stré❡ ❋✐❣✉r❡ ✹✳✷ ❡t s❡ s✐t✉❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ❧❛ ♣❛rt✐❡ s✉❞✲♦✉❡st ❞✉ ◆✐❣❡r✳
❈❡tt❡ ❝❛rt❡ rés✉❧t❡ ❞❡ ❧❛ ❢✉s✐♦♥ ❞❡ ♣❧✉s✐❡✉rs ❡♥s❡♠❜❧❡s ❞❡ ❞♦♥♥é❡s ❞✬♦❝❝✉♣❛t✐♦♥ ❞✉ s♦❧ ✿ ✭✐✮ ❧❛
❝❛rt❡ ●❧♦❜❛❧ ▲❛♥❞ ❈♦✈❡r ●▲❈✷✵✵✵✱ ✭✐✐✮ ✉♥❡ ❛✉tr❡ ❝♦♠♣✐❧é❡ ♣❛r ❧✬■❋P❘■ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❇❛s❡
❞❡ ❞♦♥♥é❡s s✉r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❝♦✉✈❡rt✉r❡ ❞✉ t❡rr✐t♦✐r❡ ♠♦♥❞✐❛❧ ✭●▲❈❈✮ ❡t ✭✐✐✐✮ ✉♥❡
❝♦✉❝❤❡ s✉♣♣❧é♠❡♥t❛✐r❡ ❞❡ ❧✬é✈❛❧✉❛t✐♦♥ ❞❡s r❡ss♦✉r❝❡s ❢♦r❡st✐èr❡s ♣❛r ❧❛ ❋❆❖✳ ❊❧❧❡ r❡♣rés❡♥t❡ ❧❛
s✉♣❡r✜❝✐❡ ❞❡s ❝✉❧t✉r❡s ❞❡ ♠✐❧ ❧✬❛♥♥é❡ ✷✵✵✵✳

❙✉r ❧❛ ❋✐❣✉r❡ ✹✳✶✸ ♦♥ ♣❡✉t ✈♦✐r ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❞♦♥♥é❡s ❞❡ r❡♥❞❡♠❡♥ts ❞❡ ♠✐❧ ❢♦✉r♥✐❡s ♣❛r
❧❛ ❋❆❖ ♣♦✉r ❧❡ ◆✐❣❡r ♣♦✉r ❧❡s ❛♥♥é❡s ✶✾✾✽ à ✷✵✶✹ ✭❡♥ tr❛✐t ♣❧❡✐♥ ♥♦✐r✮✳ ▲❡s ❞♦♥♥é❡s ♣❛r ❞✐str✐❝ts
❛❞♠✐♥✐str❛t✐❢s✱ ❡♥ ❝♦✉❧❡✉r✱ s♦♥t ✐ss✉❡s ❞❡ ❈♦✉♥tr②❙❚❆❚ ✭❞✐✈✐s✐♦♥ ❞❡ ❧❛ ❋❆❖✮✳ ❖♥ r❡♠❛rq✉❡
❛❧♦rs ✉♥❡ ✈❛r✐❛❜✐❧✐té ❛ss❡③ ✐♥é❣❛❧❡ ❡♥tr❡ ❧❡s ❞✐str✐❝ts ❛✉ ❝♦✉rs ❞✉ t❡♠♣s✳

❋✐❣✉r❡ ✹✳✶✸ ✕ ➱✈♦❧✉t✐♦♥ ❞❡s r❡♥❞❡♠❡♥ts ❞❡ ♠✐❧ ❞♦♥♥é❡s ♣❛r ❧❛ ❋❆❖ ♣♦✉r ❧❡ ◆✐❣❡r ❡t s❡s ✼ ❞✐str✐❝ts
♣♦✉r ❧❡s ❛♥♥é❡s ✶✾✾✽✕✷✵✶✹✳

✹✳✺✳✷ ❉♦♥♥é❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧

❆✜♥ ❞✬ét✉❞✐❡r ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ r❡♥❞❡♠❡♥t ❞❡ ♠✐❧ ❢❛❝❡ ❛✉① ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té à ❧✬é❝❤❡❧❧❡
ré❣✐♦♥❛❧❡✱ ❞❡s ❝❛rt❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ♦♥t été ❞ér✐✈é❡s ❞❡ ❧✬❆P■ ❛✈❡❝ ❧❡ ✜❧tr❡ ❡①♣♦♥❡♥t✐❡❧ ♣ré✲
s❡♥té ❞❛♥s ❧❛ P❛rt✐❡ ✷✳✺✳✷✳ ▲❡s ❝❛rt❡s ♦♥t été ♦❜t❡♥✉❡s ❡♥ ✷ ét❛♣❡s ✿ t♦✉t ❞✬❛❜♦r❞ ❞❡s ❝❛rt❡s
❞✬❤✉♠✐❞✐té ❡♥ s✉r❢❛❝❡ θ5cm(t) s♦♥t ❞ér✐✈é❡s ❞❡ ❧✬éq✉❛t✐♦♥ ✭✷✳✼✮ ❛✈❡❝ ❧❡ ♣r♦❞✉✐t ❈▼❖❘P❍❆❉❏✳
P✉✐s✱ à ♣❛rt✐r ❞❡ θ5cm(t) ✱ ❧✬❤✉♠✐❞✐té à ✸✵ ❝♠ ❞❡ ♣r♦❢♦♥❞❡✉r✱ θ30cm(t) ✱ ❡st ❡♥s✉✐t❡ ❝❛❧❝✉❧é❡ à ♣❛rt✐r ❞❡
❧✬éq✉❛t✐♦♥ ✭✷✳✽✮✳ ▲❛ ❋✐❣✉r❡ ✹✳✶✹ r❡♣rés❡♥t❡ ❧❡s ❝❛rt❡s ❞❡ ♠♦②❡♥♥❡ ❛♥♥✉❡❧❧❡ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à
✸✵ ❝♠✳
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1998 1999 2000

2001 2002 2003

2004 2005 2006

2007 2008 2009

2010 2011 2012

2013 2014

❋✐❣✉r❡ ✹✳✶✹ ✕ ❈❛rt❡s ❞✬❛♥♦♠❛❧✐❡s ❛♥♥✉❡❧❧❡s ❞✬❤✉♠✐❞✐té à ✸✵ ❝♠✱ θ30cm(t) ✱ ♣❡♥❞❛♥t ❧❡s ❛♥♥é❡s ✶✾✾✽✕✷✵✶✹✳
▲❡ ❝❛rré ♥♦✐r ❡st ❧❛ ③♦♥❡ ❛✉t♦✉r ❞❡ ◆✐❛♠❡② ❛♥❛❧②sé❡ ❞❛♥s ❧✬ét✉❞❡ ❧♦❝❛❧❡✳

✹✳✺✳✸ ❆♥❛❧②s❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té t❡♠♣♦r❡❧❧❡

■♥tér❡ss♦♥s✲♥♦✉s à ❧✬❛s♣❡❝t t❡♠♣♦r❡❧ ❞❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à ❧✬é❝❤❡❧❧❡ ❞✉ ◆✐❣❡r✳
P♦✉r ❝❡❧❛ ♥♦✉s ❛❧❧♦♥s ✉t✐❧✐s❡r ❧❡s ❝❛rt❡s ❞✬❤✉♠✐❞✐té à ✸✵ ❝♠ ♣♦✉r ét✉❞✐❡r ❧✬✐♠♣❛❝t ❞❡ ❝❡s ✈❛r✐❛✲
t✐♦♥s ✐♥t❡r✲❛♥♥✉❡❧❧❡s s✉r ❧❡s r❡♥❞❡♠❡♥ts ❞❡ ♠✐❧ ❢♦✉r♥✐s ♣❛r ❧❛ ❋❆❖ ✭❞♦♥♥é❡s ❞✐s♣♦♥✐❜❧❡s ❞❡♣✉✐s
✶✾✻✶✮✳

❆✜♥ ❞✬❡st✐♠❡r ❧✬❤✉♠✐❞✐té s✉r ❧❛ ③♦♥❡ ❞❡ ❝✉❧t✉r❡ ❞❡ ♠✐❧✱ ❧❡s ❝❛rt❡s ❞✬❤✉♠✐❞✐té ♦♥t été ♠❛s✲
q✉é❡s ❛✈❡❝ ❧❛ ③♦♥❡ ❞❡ ♠✐❧ ✭❋✐❣✉r❡ ✹✳✷✮✳ ❉❡ ❝❡s ❝❛rt❡s ✧♠❛sq✉é❡s✧✱ ❧❛ ♠♦②❡♥♥❡ s♣❛t✐❛❧❡ ❛ été
❝❛❧❝✉❧é❡ à ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s ✭✸❤✮ ❛✜♥ ❞✬♦❜t❡♥✐r ✉♥❡ sér✐❡ t❡♠♣♦r❡❧❧❡ s✉r ✶✼ ❛♥s✳ ❈❡tt❡ sér✐❡
t❡♠♣♦r❡❧❧❡ ❡st r❡♣rés❡♥té❡ ❋✐❣✉r❡ ✹✳✶✺ ❛✈❡❝✱ ♣♦✉r ❝❤❛q✉❡ ❛♥♥é❡✱ ❧❛ ❝❧✐♠❛t♦❧♦❣✐❡ s✉r ❧❡s ✶✼ ❛♥s
✭❝♦✉r❜❡ ♥♦✐r❡✮✱ ❡t✱ s✉♣❡r♣♦sé❡s✱ ❧❡s ❛♥♦♠❛❧✐❡s ♣♦s✐t✐✈❡s ❝♦❧♦r✐é❡s ❡♥ ✈❡rt ❡t ♥é❣❛t✐✈❡s ❡♥ r♦✉❣❡✳

▲✬❛♥❛❧②s❡ t❡♠♣♦r❡❧❧❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ à ✸✵ ❝♠ ❞❛♥s t♦✉t❡ ❧❛ ③♦♥❡ ♣❡r♠❡t ❞✬✐❞❡♥t✐✜❡r ❧❡s ❛♥♦✲
♠❛❧✐❡s ❞❡ ❧❛ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s ✭❞é♠❛rr❛❣❡ t❛r❞✐❢✱ ♣❛✉s❡s✱ ✜♥ ♣ré❝♦❝❡✱ ✳ ✳ ✳ ✮✳ ❈❡s ❛♥♦♠❛❧✐❡s s♦♥t ✐♠✲
♣♦rt❛♥t❡s ❝❛r ❡❧❧❡s ♦♥t ✉♥ ✐♠♣❛❝t s✉r ❧❡s r❡♥❞❡♠❡♥ts ❞❡ ♠✐❧ ✭❬❘♦❝❦strö♠ ❛♥❞ ❉❡ ❘♦✉✇✱ ✶✾✾✼❪✮✳
❊♥ ❡✛❡t✱ ✉♥ ♠❛✉✈❛✐s ❞é♠❛rr❛❣❡✱ ❝✬❡st✲à✲❞✐r❡ ❛✈❡❝ ❞❡s ♣❤❛s❡s ❞❡ sé❝❤❡r❡ss❡✱ ♣❡♥❞❛♥t ❧❛ ♣❤❛s❡
r❡♣r♦❞✉❝t✐✈❡ ♣❡✉t ❛✈♦✐r ✉♥ ✐♠♣❛❝t ♥é❣❛t✐❢ s✉r ❧❡s r❡♥❞❡♠❡♥ts ✜♥❛✉①✳ ❈❡rt❛✐♥❡s ❛♥♥é❡s✱ ♣❛r
❡①❡♠♣❧❡ ✶✾✾✽✱ ✶✾✾✾✱ ✷✵✵✷ ❡t ✷✵✵✻ ♦♥t ✉♥ ❞é♠❛rr❛❣❡ ❛ss❡③ t❛r❞✐❢✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❧❡s ❛♥♥é❡s ✷✵✵✸✱
✷✵✵✺✱ ✷✵✵✽✱ ✷✵✶✵ ❡t ✷✵✶✷ ♦♥t ✉♥ ❞é♠❛rr❛❣❡ ♣ré❝♦❝❡✳ ❖♥ ♣❡✉t ❛✉ss✐ ✐❞❡♥t✐✜❡r ❝❡rt❛✐♥❡s ❛♥♥é❡s
❛✈❡❝ ❣❧♦❜❛❧❡♠❡♥t ❞❡s ❞é✜❝✐ts ❞✬❡❛✉✱ ❝♦♠♠❡ ✷✵✵✵✱ ✷✵✵✹✱ ✷✵✵✾✱ ♦✉ ❞✬❛✉tr❡s ét❛♥t ❛♥♦r♠❛❧❡♠❡♥t
❤✉♠✐❞❡s✱ ❝♦♠♠❡ ✷✵✵✸✱ ✷✵✶✵ ♦✉ ❡♥❝♦r❡ ✷✵✶✷✳

✶✵✻
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❙✉r ❧❛ ❋✐❣✉r❡ ✹✳✶✺ s♦♥t r❡♣rés❡♥té❡s✱ ❡♥ ♣♦✐♥t✐❧❧és✱ ❧❡s ✷ ♣ér✐♦❞❡s✱ P✶ ❡t P✷✱ ✐❞❡♥t✐✜é❡s à ❧✬é❝❤❡❧❧❡
❧♦❝❛❧❡✳ ❆✐♥s✐✱ ❡♥ ❛♥❛❧②s❛♥t ❧❛ r❡❧❛t✐♦♥ ✉♥✐q✉❡♠❡♥t ♣❡♥❞❛♥t P✷✱ ❧❛ ♣ér✐♦❞❡ ✐❞❡♥t✐✜é❡ ❝♦♠♠❡ ❧❛
♣❧✉s s❡♥s✐❜❧❡ à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡✱ ♦♥ ♦❜t✐❡♥t ❧❛ ❋✐❣✉r❡ ✹✳✶✻ ❛✮✱ ❛✈❡❝ ✉♥ ❘✷ ❞❡ ✵✳✺✺ ❡♥tr❡ ❧❡s ❛♥♦✲
♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à ✸✵ ❝♠ ❡t ❧❡s ❛♥♦♠❛❧✐❡s ❋❆❖ ❞❡ r❡♥❞❡♠❡♥t ❞❡ ♠✐❧✳ ◗✉❡❧q✉❡s ❛♥♥é❡s
s❡♠❜❧❡♥t ❛❧♦rs ♠❛❧ ❡①♣❧✐q✉é❡s✱ ♣❛r ❡①❡♠♣❧❡ ❧❡s ❛♥♥é❡s ✷✵✵✻✱ ✷✵✵✼✱ ✷✵✶✸ ♦✉ ❡♥❝♦r❡ ✷✵✶✹✳ P♦✉r
✷✵✵✻✱ ✷✵✵✼ ❡t ✷✵✶✸✱ ❧✬❛♥♦♠❛❧✐❡ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ s❡♠❜❧❡ tr♦♣ ❤❛✉t❡✳ ❖r✱ ❡♥ ❝♦♥s✐❞ér❛♥t ❛✉ss✐
❧❛ ♣r❡♠✐èr❡ ♣ér✐♦❞❡ P✶✱ ♦♥ r❡♠❛rq✉❡ q✉✬❡❧❧❡ ❡st ❛♥♦r♠❛❧❡♠❡♥t sè❝❤❡✳ P♦✉r ✷✵✶✹ ❝✬❡st ❧✬✐♥✈❡rs❡✱
P✷ ❡st très sè❝❤❡ ❛❧♦rs q✉❡ P✶ ❡st ❤✉♠✐❞❡✳
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❋✐❣✉r❡ ✹✳✶✺ ✕ ➱t✉❞❡ ❝❧✐♠❛t♦❧♦❣✐q✉❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ s✐♠✉❧é❡ à ✸✵ ❝♠ ❞❛♥s ❧❛ ③♦♥❡ ❞❡ ❝✉❧t✉r❡
❞✉ ♠✐❧ ❛✉ ◆✐❣❡r ♣♦✉r ❧❡s ✶✽ ❛♥♥é❡s ❞❡ ✶✾✾✽ à ✷✵✶✺✳ ❘❡s♣❡❝t✐✈❡♠❡♥t✱ ❧❡s ♣ér✐♦❞❡s ♣❧✉s ❤✉♠✐❞❡s q✉❡ ❧❛
❝❧✐♠❛t♦❧♦❣✐❡ s♦♥t ❡♥ ✈❡rt ❡t ❧❡s ♣❧✉s sè❝❤❡s s♦♥t ❡♥ r♦✉❣❡✳
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❆✐♥s✐✱ ❡♥ ❝♦♠❜✐♥❛♥t ❧❡s ♣ér✐♦❞❡s P✶ ❡t P✷ ✭❛✈❡❝ r❡s♣❡❝t✐✈❡♠❡♥t ✉♥❡ ♣♦♥❞ér❛t✐♦♥ ✵✳✹ ❡t ✵✳✻✮✱
❧❛ r❡❧❛t✐♦♥ ♣❛ss❡ à ❘✷❂✵✳✻✷✳ ▲❛ ❋✐❣✉r❡ ✹✳✶✻ ♠♦♥tr❡ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥❡ s❡✉❧❡✱
♣❛rt✐❡ ❛✮✱ ♦✉ ❞❡s ❞❡✉① ♣ér✐♦❞❡s✱ ♣❛rt✐❡ ❜✮✳ ❖♥ r❡♠❛rq✉❡ ❛❧♦rs q✉❡ ❧❡s ❛♥♦♠❛❧✐❡s ♣♦✉r ❧❡s ❛♥♥é❡s
❛✈❡❝ ✉♥ ❞é♠❛rr❛❣❡ t❛r❞✐❢ ❞❡ ❧❛ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s ✭✶✾✾✽✱ ✶✾✾✾✱ ✷✵✵✷ ❡t ✷✵✵✻✮ ♠♦♥tr❡♥t ♠❛✐♥t❡♥❛♥t
✉♥❡ ♠❡✐❧❧❡✉r❡ ♣r♦♣♦rt✐♦♥ à ❡st✐♠❡r ❧❡ r❡♥❞❡♠❡♥t ❛♥♥✉❡❧ ❞❡ ♠✐❧ ❛ ◆✐❣❡r✳ ❈❡tt❡ ❞✐♠✐♥✉t✐♦♥ ❛ ♣♦✉r
❝♦♥séq✉❡♥❝❡ ❞❡ s❡ r❛♣♣r♦❝❤❡r ❞❡s ❛♥♦♠❛❧✐❡s ❞❡ r❡♥❞❡♠❡♥ts✳ ❊t ❞❡ ♠ê♠❡ ♣♦✉r ❧❡s ❛♥♥é❡s ❛✈❡❝
✉♥ ❞é♠❛rr❛❣❡ ♣ré❝♦❝❡ ❞❡ ❧❛ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s ✭✷✵✵✸✱ ✷✵✵✺✱ ✷✵✵✽✱ ✷✵✶✵ ❡t ✷✵✶✷✮✱ ❧✬❛❥♦✉t ❞❡ ❧❛
♣r❡♠✐èr❡ ♣ér✐♦❞❡ t❡♥❞ à ❛✉❣♠❡♥t❡r ♣♦s✐t✐✈❡♠❡♥t ❧❡s ❛♥♦♠❛❧✐❡s✳

❋✐❣✉r❡ ✹✳✶✻ ✕ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❝❛❧❝✉❧é❡s à ♣❛rt✐r ❞✬✉♥❡ s❡✉❧ ♣ér✐♦❞❡
✭❡♥ ❛✮✮ ❡t ❞❡s ❞❡✉① ♣ér✐♦❞❡s ✭❡♥ ❜✮✮✳ ▲❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧❛ ♣ér✐♦❞❡ r❡♣r♦❞✉❝t✐✈❡ ❡♥ ♣❧✉s ❞❡ ❧❛ ♣ér✐♦❞❡
❞❡ r❡♠♣❧✐ss❛❣❡ ❞❡ ❣r❛✐♥ ♣❡r♠❡t ❧✬❡①♣❧✐❝❛t✐♦♥ ❞❡ ✻✷✪ ❞❡ ❧❛ ✈❛r✐❛♥❝❡ ❛♥♥✉❡❧❧❡ ❞❡s r❡♥❞❡♠❡♥ts ❞❡ ♠✐❧ ❛✉
◆✐❣❡r ✭❞♦♥♥é❡s ❋❆❖✮✳

✹✳✺✳✹ ❆♥❛❧②s❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐❛❧❡

▲❡s ❝❛rt❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à ✸✵ ❝♠✱ θ30cm(t) ✱ ❞é✈❡❧♦♣♣é❡s ❞❛♥s ❧❡s ♣❛rt✐❡s ♣ré❝é❞❡♥t❡s✱ à ✉♥❡
rés♦❧✉t✐♦♥ ❞❡ ✵✳✷✺◦✴✸❤✱ ♣❡r♠❡tt❡♥t ✉♥❡ ❛♥❛❧②s❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉✲
♠✐❞✐té✳ ❙✉r ❧❛ ❋✐❣✉r❡ ✹✳✶✼ s♦♥t r❡♣rés❡♥té❡s ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té
❞✉ s♦❧ ♣♦✉r ❧❡s ✶✼ ❛♥♥é❡s à ♣❛rt✐r ❞❡s ✷ ♣ér✐♦❞❡s ✭✹✵✪ ❞❡ ♣ér✐♦❞❡ r❡♣r♦❞✉❝t✐✈❡ ❡t ✻✵✪ ❞❡ ❧❛
♣ér✐♦❞❡ ❞❡ r❡♠♣❧✐ss❛❣❡✮✳ ▲❡ r❡❝t❛♥❣❧❡ ♥♦✐r r❡♣rés❡♥t❡ ❧❛ ③♦♥❡ ♦ù ❧✬ét✉❞❡ ✐♥✲s✐t✉ ❛ été ré❛❧✐sé❡✳

❆ ♣❛rt✐r ❞❡ ❧✬❛♥❛❧②s❡ ❞❡ ❝❡s ❝❛rt❡s✱ ♦♥ ♣❡✉t ❡①♣❧✐q✉❡r ❝❡rt❛✐♥❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ ❧❡s ✈❛r✐❛t✐♦♥s
❞❡ r❡♥❞❡♠❡♥t ♠❡s✉ré❡s ❧♦❝❛❧❡♠❡♥t ❡t ❝❡❧❧❡ ❞♦♥♥é❡s ♣❛r ❧❛ ❋❆❖✳ ❊♥ ❡✛❡t✱ ♣♦✉r ❧✬❛♥♥é❡ ✷✵✵✹✱ ❧❡
r❡♥❞❡♠❡♥t ♠❡s✉ré ❧♦❝❛❧❡♠❡♥t ❡st ❧❡ ♠❡✐❧❧❡✉r ❞❡s ✾ ❛♥♥é❡s ✭✈♦✐r ❋✐❣✉r❡ ✹✳✻✮ ❛✈❡❝ ✽✽✶ ❦❣✴❤❛ ♣♦✉r
✉♥❡ ♠♦②❡♥♥❡ ❞❡ ✻✻✺ ❦❣✴❤❛✱ s♦✐t ✷✶✻ ❦❣✴❤❛ ❞❡ ♣❧✉s q✉❡ ❧❛ ♠♦②❡♥♥❡✱ ❛❧♦rs q✉❡ ❧❛ ❋❆❖ r❛♣♣♦rt❡
✉♥ r❡♥❞❡♠❡♥t ✐♥❢ér✐❡✉r✱ à s❛✈♦✐r ✸✻✹ ❦❣✴❤❛ ♣♦✉r ✉♥❡ ♠♦②❡♥♥❡ ❞❡ ✹✹✽ ❦❣✴❤❛✱ s♦✐t ✲✽✹ ❦❣✴❤❛✮✳
❈❡❧❛ ♣❡✉t êtr❡ ❡①♣❧✐q✉é ♣❛r ❧✬❛♥♦♠❛❧✐❡ ♣♦s✐t✐✈❡ ❞✬❤✉♠✐❞✐té ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ré❣✐♦♥ ❞❡ ◆✐❛♠❡②
✭r❡❝t❛♥❣❧❡ ♥♦✐r✮ ❛❧♦rs q✉❡ ❧❡ r❡st❡ ❞❡ ❧❛ ❝❛rt❡ ❡st ❡♥ ❛♥♦♠❛❧✐❡ ♥é❣❛t✐✈❡✳ ▲❛ s✐t✉❛t✐♦♥ ✐♥✈❡rs❡ ❡st
✐❞❡♥t✐✜❛❜❧❡ ♣♦✉r ❧✬❛♥♥é❡ ✷✵✶✷✳ ❊♥ ❡✛❡t✱ ❧❡s ♠❡s✉r❡s ✐♥✲s✐t✉ ❞♦♥♥❡♥t ✉♥ r❡♥❞❡♠❡♥t ✐♥❢ér✐❡✉r ✭❞❡
✶✽✽ ❦❣✴❤❛✮ à ❧❛ ♠♦②❡♥♥❡ ❛❧♦rs q✉❡ ❧❛ ❋❆❖ ❞♦♥♥❡ ✉♥ r❡♥❞❡♠❡♥t s✉♣ér✐❡✉r ✭❞❡ ✺✻ ❦❣✴❤❛✮ à ❧❛
♠♦②❡♥♥❡✳ ❈❡❧❛ ♣❡✉t êtr❡ ❡①♣❧✐q✉é ♣❛r ♣❛r ❧❛ ③♦♥❡ sè❝❤❡ ❛✉t♦✉r ❞❡ ◆✐❛♠❡② ❛❧♦rs q✉❡ ❧❡ r❡st❡ ❞❡
❧❛ ❝❛rt❡ ❡st ❡①❝❡♣t✐♦♥♥❡❧❧❡♠❡♥t ❤✉♠✐❞❡✳

✶✵✽
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1998 1999 2000

2001 2002 2003

2004 2005 2006

2007 2008 2009

2010 2011 2012

2013 2014

❋✐❣✉r❡ ✹✳✶✼ ✕ ❈❛rt❡s ❞✬❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té à ✸✵ ❝♠✱ θ30cm(t) ✱ s✉r ❧❡s ♣ér✐♦❞❡s ✵✳✹✯P✶✰❖✳✻✯P✷✱
♣❡♥❞❛♥t ❧❡s ❛♥♥é❡s ✶✾✾✽✕✷✵✶✹✳ ▲❡ ❝❛rré ♥♦✐r ❡st ❧❛ ③♦♥❡ ❛✉t♦✉r ❞❡ ◆✐❛♠❡② ❛♥❛❧②sé❡ ❞❛♥s ❧✬ét✉❞❡ ❧♦❝❛❧❡✳

❈❡s ❝❛rt❡s ♣❡r♠❡tt❡♥t ❛✉ss✐ ❞✬❛♥❛❧②s❡r ❧❡s ❞✐s❝♦r❞❛♥❝❡s ❡♥tr❡ ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❡t ❛♥♦✲
♠❛❧✐❡s ❞❡ r❡♥❞❡♠❡♥t ♦❜s❡r✈é ♣❛r ❡①❡♠♣❧❡ ♣♦✉r ❧❡s ❛♥♥é❡s ✷✵✵✸ ❡t ✷✵✵✽✳ ❊♥ ❡✛❡t✱ ❧✬❛♥♥é❡ ✷✵✵✸
❡st ♣❧✉s ❤✉♠✐❞❡ q✉❡ ✷✵✵✽✱ ❛❧♦rs q✉❡ ❧❛ ❋❆❖ ✐♥❞✐q✉❡ ✉♥ r❡♥❞❡♠❡♥t ♠❡✐❧❧❡✉r ❡♥ ✷✵✵✽ q✉✬❡♥ ✷✵✵✸✳
❖r✱ ❛♣rès ❛♥❛❧②s❡ ❞❡ ❧❛ ❝❛rt❡ ❞❡ ✷✵✵✸✱ ♦♥ ♦❜s❡r✈❡ q✉✬❡❧❧❡ ❡st ❛♥♦r♠❛❧❡♠❡♥t ❤✉♠✐❞❡ ❞❛♥s ❧❛
♣❛rt✐❡ s✉❞ ❛❧♦rs q✉✬❡♥ ✷✵✵✽ ❡❧❧❡ ❧✬❡st ❞❛♥s ❧❛ ♣❛rt✐❡ ♥♦r❞✳ ▲❡ ❣r❛❞✐❡♥t ♣❧✉✈✐♦♠étr✐q✉❡ ❧❛t✐t✉❞✐✲
♥❛❧ r❡♥❞ ❧❛ ③♦♥❡ s✉❞ ♠♦✐♥s s❡♥s✐❜❧❡ ❛✉① ❛♥♦♠❛❧✐❡s ♥é❣❛t✐✈❡s q✉❡ ❧❛ ③♦♥❡ ♥♦r❞✳ ❯♥❡ ❛♥♦♠❛❧✐❡
♥é❣❛t✐✈❡ ❞✬❤✉♠✐❞✐té ❞❛♥s ❧❛ ③♦♥❡ s✉❞ ♥✬❡st ♣❛s ❢♦r❝é♠❡♥t s②♥♦♥②♠❡ ❞❡ str❡ss ❤②❞r✐q✉❡ ♣♦✉r
❧❡s ❝✉❧t✉r❡s✱ ❛❧♦rs q✉✬❛✉ ❝♦♥tr❛✐r❡✱ ❧❛ ③♦♥❡ ♥♦r❞ ❡st ❣❧♦❜❛❧❡♠❡♥t ♣❧✉s sè❝❤❡✱ ❞♦♥❝ ✉♥❡ ❛♥♦♠❛❧✐❡
♥é❣❛t✐✈❡ t❡♥❞ ❧♦❣✐q✉❡♠❡♥t ♣❧✉s ❢❛❝✐❧❡♠❡♥t ✈❡rs ❞✉ str❡ss ❤②❞r✐q✉❡✳ ❈❡❧❛ ❡st ❛✉ss✐ ✈r❛✐ ♣♦✉r ❧❡s
❛♥♦♠❛❧✐❡s ♣♦s✐t✐✈❡s✳ ❉❛♥s ❧❡ ♥♦r❞✱ ✉♥❡ ❛♥♦♠❛❧✐❡ ♣♦s✐t✐✈❡ ❛ sûr❡♠❡♥t ♣❧✉s ❞✬✐♠♣❛❝t ✭♣♦s✐t✐❢✮ q✉❡
❞❛♥s ❧❡ s✉❞✳ ▲❡ ❣r❛❞✐❡♥t t❡♥❞ ❞♦♥❝ ✈❡rs ✉♥❡ ♣❧✉s ❣r❛♥❞❡ s❡♥s✐❜✐❧✐té ❞✉ ♥♦r❞ ❞❡ ❧❛ ré❣✐♦♥ ❛✉①
❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té✳

❯♥❡ ét✉❞❡ à ❧✬é❝❤❡❧❧❡ ❞❡s ❞✐str✐❝ts ❛❞♠✐♥✐str❛t✐❢s à été ❡✛❡❝t✉é❡ ✿ ✈♦✐r ❆♥♥❡①❡ ❊ ✿ ❆♥❛❧②s❡ à
❧✬é❝❤❡❧❧❡ ❞❡s ❞✐str✐❝ts ❛❞♠✐♥✐str❛t✐❢s✳

✶✵✾



✹✳✻✳ ➱❚❯❉❊ ➚ ▲✬➱❈❍❊▲▲❊ ❘➱●■❖◆❆▲❊

✹✳✻ ➱t✉❞❡ à ❧✬é❝❤❡❧❧❡ ré❣✐♦♥❛❧❡

✹✳✻✳✶ ❘❡❧❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ❜❛♥❞❡ s❛❤é❧✐❡♥♥❡

▼❛✐♥t❡♥❛♥t q✉❡ ♥♦✉s ❛✈♦♥s ét✉❞✐é ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❤✉♠✐❞✐té ❞✉ s♦❧ ❡t r❡♥❞❡♠❡♥t ❞❡ ♠✐❧ ❛✉
◆✐❣❡r✱ ❡ss❛②♦♥s ❞✬❛♣♣❧✐q✉❡r ❝❡tt❡ r❡❧❛t✐♦♥ à ❞✬❛✉tr❡s ♣❛②s ❞✉ ❙❛❤❡❧✳ ▲❛ ❝❛rt❡ ❞❡ ❧❛ ❋✐❣✉r❡ ✹✳✶✽
♠♦♥tr❡ ❧❡s s✉r❢❛❝❡s ❝✉❧t✐✈é❡s ❞❡ ♠✐❧ ♣♦✉r ❧❛ ❜❛♥❞❡ s❛❤é❧✐❡♥♥❡✳

Surface de culture de mil (x103 ha)

0        0.5                1                1.5                2                 2.5               3

❋✐❣✉r❡ ✹✳✶✽ ✕ ❈❛rt❡ ❞❡s s✉r❢❛❝❡s ❝✉❧t✐✈é❡s ❞❡ ♠✐❧ ♣♦✉r ❧✬❛♥♥é❡ ✷✵✵✵ ✭❞♦♥♥é❡s ●❧♦❜❛❧ ❆❣r♦✲❊❝♦❧♦❣✐❝❛❧
❩♦♥❡s✱ ●❆❊❩✮✳

▲❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❞❡ ❧❛ ❋❆❖ ♥♦✉s ❢♦✉r♥✐t ❞❡s ❞♦♥♥é❡s ❞❡ r❡♥❞❡♠❡♥t ♣♦✉r ❞✬❛✉tr❡s ♣❛②s
q✉❡ ❧❡ ◆✐❣❡r✱ à s❛✈♦✐r ♣♦✉r ❝❡tt❡ ét✉❞❡ ✿ ❧❡ ❙é♥é❣❛❧✱ ❧❡ ❇✉r❦✐♥❛ ❋❛s♦ ❡t ❧❡ ▼❛❧✐✳ ▲❡s ❞♦♥♥é❡s ❞❡
r❡♥❞❡♠❡♥ts s♦♥t r❡♣rés❡♥té❡s ❋✐❣✉r❡ ✹✳✶✾✳ ❖♥ ♦❜s❡r✈❡ ❛❧♦rs ✉♥❡ ❞✐✛ér❡♥❝❡ ❞❛♥s ❧❡s r❡♥❞❡♠❡♥ts
♠♦②❡♥s ❞❡ ❝❤❛❝✉♥ ❞❡s ♣❛②s✱ ❛✈❡❝ ❞❛♥s ❧✬♦r❞r❡ ❝r♦✐ss❛♥t ✿ ❧❡ ◆✐❣❡r✱ ❧❡ ❙é♥é❣❛❧✱ ❧❡ ▼❛❧✐ ❡t ❧❡
❇✉r❦✐♥❛ ❋❛s♦✳

❋✐❣✉r❡ ✹✳✶✾ ✕ ➱✈♦❧✉t✐♦♥ ❞❡s r❡♥❞❡♠❡♥ts ❞❡ ♠✐❧ s❡❧♦♥ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❋❆❖❙❚❆❚ ♣♦✉r ❧❡s ♣❛②s
❞✉ ◆✐❣❡r ✭❡♥ ❜❧❡✉✮✱ ❞✉ ❇✉r❦✐♥❛ ❋❛s♦ ✭❡♥ r♦✉❣❡✮✱ ❞✉ ▼❛❧✐ ✭❡♥ ❥❛✉♥❡✮ ❡t ❞✉ ❙é♥é❣❛❧ ✭❡♥ ✈✐♦❧❡t✮✳
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▲❛ ❋✐❣✉r❡ ✹✳✶✾ ♠♦♥tr❡ ❞❡s ✈❛❧❡✉rs ❞❡ r❡♥❞❡♠❡♥t ♠♦②❡♥ très ✈❛r✐❛❜❧❡s ❞✬✉♥ ♣❛②s à ❧✬❛✉tr❡ ❀
❞❛♥s ❧✬♦r❞r❡ ❝r♦✐ss❛♥t ✿ ❧❡ ◆✐❣❡r ❛✈❡❝ ✹✹✾ ❦❣✴❤❛✱ ❧❡ ❙é♥é❣❛❧ ❛✈❡❝ ✻✻✶ ❦❣✴❤❛✱ ❧❡ ▼❛❧✐ ❛✈❡❝ ✼✽✾ ❦❣✴❤❛
❡t ❧❡ ❇✉r❦✐♥❛ ❋❛s♦ ❛✈❡❝ ✼✾✼ ❦❣✴❤❛✳ ❖♥ ♦❜s❡r✈❡ ❛✉ss✐ q✉❡ ❧❡s ✈❛r✐❛❜✐❧✐tés ❛♥♥✉❡❧❧❡s s♦♥t ❛ss❡③
é❧❡✈é❡s ❡♥tr❡ ❧❡s ♣❛②s✱ ❛✈❡❝ ✉♥❡ ❛♠♣❧✐t✉❞❡ ❞❡ ± ✸✵✵ ❦❣✴❤❛ ♣♦✉r ❧❡ ❇✉r❦✐♥❛ ❋❛s♦✱ ❧❡ ▼❛❧✐✱ ❧❡
❙é♥é❣❛❧ ❡t ± ✷✵✵ ❦❣✴❤❛ ♣♦✉r ❧❡ ◆✐❣❡r✳

❆✜♥ ❞✬ét✉❞✐❡r ❧❛ r❡❧❛t✐♦♥ à ❝❡tt❡ é❝❤❡❧❧❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ♠♦❞é❧✐s❡r ❧✬❤✉♠✐❞✐té à ✸✵ ❝♠
s✉r t♦✉t❡ ❧❡s ③♦♥❡s ❝✉❧t✐✈é❡s✳ P♦✉r ❝❡❧❛✱ t♦✉t❡s ❧❛ ③♦♥❡ r❡♣rés❡♥té❡ ❋✐❣✉r❡ ✹✳✶✽ ❛ été ♠♦❞é❧✐sé❡
❛✈❡❝ ❧✬❆P■✱ ♣✉✐s ❧❡s ❤✉♠✐❞✐tés ♠♦②❡♥♥❡s ❝❛❧❝✉❧é❡s s✉r ❧❡s ♣ér✐♦❞❡s P✶ ❡t P✷ s♦♥t r❡♣rés❡♥té❡s
❋✐❣✉r❡ ✹✳✷✵✳

1998 1999 2000

2001 2002 2003

2004 2005 2006

2007 2008 2009

2010 2011 2012

2013 2014

❋✐❣✉r❡ ✹✳✷✵ ✕ ▼♦②❡♥♥❡ ❞❡s ❤✉♠✐❞✐tés ❞✉ s♦❧ à ✸✵ ❝♠ ✭❡♥ ♠✸✳♠✲✸✮ s✉r ❧❡s ♣ér✐♦❞❡s P✶ ✭✶✸✴✵✼✕✷✴✵✽✮
❡t P✷ ✭✷✼✴✵✽✕✶✻✴✵✾✮✱ ❛✈❡❝ ✉♥❡ ♣♦♥❞ér❛t✐♦♥ ❞❡ ✹✵ ❡t ✻✵✪ r❡s♣❡❝t✐✈❡♠❡♥t✳

❙✉r ❧❛ ❋✐❣✉r❡ ✹✳✷✵✱ ♦♥ r❡♠❛rq✉❡ q✉❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ♣❡♥❞❛♥t ❝❡s ♣ér✐♦❞❡s ❡st très ♠❛rq✉é❡
♣❛r ❧❡ ❣r❛❞✐❡♥t ❧❛t✐t✉❞✐♥❛❧✳ ❊♥ ❡✛❡t✱ s✉r ❧❡s ✶✼ ❛♥♥é❡s✱ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡st ❛✉t♦✉r ❞❡ ✵✳✷ ♠✸✳♠✲✸

♣♦✉r ❧❡ s✉❞ ❞✉ ❇✉r❦✐♥❛ ❋❛s♦ ❡t ❧❡ s✉❞ ❞✉ ▼❛❧✐ ❛❧♦rs q✉✬❡❧❧❡ ♦s❝✐❧❧❡ ❛✉t♦✉r ❞❡ ✵✳✵✽ ♠✸✳♠✲✸ ❞❛♥s
❧❛ ♣❛rt✐❡ ♥♦r❞ ❞❡ ❧❛ ③♦♥❡ ❞❡ ❝✉❧t✉r❡✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ ❡st ❞✐✣❝✐❧❡ ❞✬✐♥t❡r♣rét❡r ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡ ❝❡s
❝❛rt❡s s♦✉s ❝❡ ❢♦r♠❛t✳ ▲❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ♦♥t ❞♦♥❝ été ❝❛❧❝✉❧é❡s ❋✐❣✉r❡ ✹✳✷✶✳

❙✉r ❧❛ ❋✐❣✉r❡ ✹✳✷✶✱ ❧❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❞ér✐✈é❡s s✉r ❧❡s ✹ ♣❛②s ♥♦✉s ♣❡r♠❡tt❡♥t ❞✬❛♥❛❧②s❡r
s♣❛t✐❛❧❡♠❡♥t ❧❡s ❞é✜❝✐ts ❤②❞r✐q✉❡s ♣❡♥❞❛♥t ❧❡s ✶✼ ❛♥♥é❡s s✉r ❧❡s ✷ ♣ér✐♦❞❡s ❧❡s ♣❧✉s s❡♥s✐❜❧❡s✳
❖♥ r❡tr♦✉✈❡ ❛✐♥s✐ ❧❡s ❛♥♥é❡s ❣❧♦❜❛❧❡♠❡♥t sè❝❤❡s ✭✷✵✵✵✱ ✷✵✵✷✮✱ ❡t ❤✉♠✐❞❡s ✭✷✵✵✽✱ ✷✵✶✵ ❡t ✷✵✶✷✮✳
❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡s r❡♥❞❡♠❡♥ts✱ ❛♥❛❧②s♦♥s ❝❤❛❝✉♥ ❞❡s ♣❛②s✳ P♦✉r ❧❡ ❙é♥é❣❛❧✱ ❧❛ ré♣❛rt✐t✐♦♥
❞❡s ❝✉❧t✉r❡s ❡st ♣❧✉tôt ❝♦♥❝❡♥tré❡ ❞❛♥s ❧❛ ♣❛rt✐❡ ♦✉❡st ❞✉ ♣❛②s ✭✈♦✐r ❝❛rt❡ ❋✐❣✉r❡ ✹✳✶✽✮✳ ❆✐♥s✐✱
❡♥ ❛♥❛❧②s❛♥t ❧❡s ❝❛rt❡s ❞✬❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❋✐❣✉r❡ ✹✳✷✶✱ ♦♥ s✬❛♣❡rç♦✐t q✉❡ ❧❡s ❛♥♥é❡s ♦ù ❧❡s
r❡♥❞❡♠❡♥ts s♦♥t ❧❡s ♣❧✉s ❢❛✐❜❧❡s ✭✶✾✾✽✱ ✷✵✵✷✱ ✷✵✵✹✱ ✷✵✵✼ ❡t ✷✵✶✹✮ ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ❛♥♥é❡s
♦✉ ❧❡s ❛♥♦♠❛❧✐❡s ♥é❣❛t✐✈❡s ❞✬❤✉♠✐❞✐té ❞é♣❛ss❡♥t ❧❡s ✲✵✳✵✸ ♠✸✳♠✲✸ ❞❛♥s ❧✬♦✉❡st ❞✉ ♣❛②s✳ P♦✉r
❧❡ ▼❛❧✐✱ ❧❡s r❡♥❞❡♠❡♥ts s♦♥t r❡❧❛t✐✈❡♠❡♥t ❜❛s ♣♦✉r ❧❛ ♣ér✐♦❞❡ ✷✵✵✵✕✷✵✵✼ ♣✉✐s s♦♥t ♣❧✉s ❤❛✉t
s✉r ❧❛ ♣ér✐♦❞❡ ✷✵✵✽✕✷✵✶✹✱ ♦♥ ♣❡✉t ❛❧♦rs r❡tr♦✉✈❡r ✉♥❡ t❡♥❞❛♥❝❡ ✭r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡✮ s✉r ❧❡s
❝❛rt❡s ❞✬❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❝♦rr❡s♣♦♥❞❛♥t❡s✳ P♦✉r ❧❡ ❇✉r❦✐♥❛ ❋❛s♦✱ ❧❛ ③♦♥❡ ❝✉❧t✐✈é❡ s❡ s✐t✉❡
❛✉ ❝❡♥tr❡ ❞✉ ♣❛②s✳ ❖♥ ♣❡✉t ❛❧♦rs ✐❞❡♥t✐✜❡r ❧❡s ♠❛✉✈❛✐s❡s ❛♥♥é❡s ❞❡ r❡♥❞❡♠❡♥t à ♣❛rt✐r ❞❡s
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❝❛rt❡s ❞✬❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❡♥ ✷✵✵✵✱ ✷✵✵✷ ❡t ✷✵✶✶✳ P♦✉r ❧❡ ◆✐❣❡r✱ ❧❡s ❞ét❛✐❧s ♦♥t été ♣rés❡♥tés
❞❛♥s ❧❡s ♣❛rt✐❡s ♣ré❝é❞❡♥t❡s✳

1998 1999 2000

2001 2002 2003

2004 2005 2006

2007 2008 2009

2010 2011 2012

2013 2014

❋✐❣✉r❡ ✹✳✷✶ ✕ ❆♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ s✉r ❧❡s ♣ér✐♦❞❡s P✶ ❡t P✷ s✉r ❧❛ ❜❛♥❞❡ ❙❛❤é❧✐❡♥♥❡ ✭❇✉r❦✐♥❛
❋❛s♦✱ ▼❛❧✐✱ ◆✐❣❡r ❡t ❙é♥é❣❛❧✳

❆✜♥ ❞✬❛❧❧❡r ♣❧✉s ❧♦✐♥ ❞❛♥s ❧✬❛♥❛❧②s❡✱ ✉♥❡ ré❣r❡ss✐♦♥ ❡♥tr❡ ❧❡s ❤✉♠✐❞✐tés s✉r ❧❡s ③♦♥❡s ❞❡
❝✉❧t✉r❡ ✭❝❛rt❡ ✹✳✶✽✮ ♣❡♥❞❛♥t ❧❡s ♣ér✐♦❞❡s✱ P✶ ❡t P✷✱ ❡t ❧❡s ✈❛❧❡✉rs ❞❡ r❡♥❞❡♠❡♥t ❞❡ ❧❛ ❋❆❖
♣♦✉r ❝❤❛❝✉♥ ❞❡s ♣❛②s ❛ été ré❛❧✐sé❡✳ ▲❡ rés✉❧t❛t✱ ❋✐❣✉r❡ ✹✳✷✷ ♠♦♥tr❡ ✉♥ s❝♦r❡ ❘✷❂✵✳✼✺ ♣♦✉r
❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❛②s✳

❋✐❣✉r❡ ✹✳✷✷ ✕ ➱✈♦❧✉t✐♦♥ ❞❡s r❡♥❞❡♠❡♥ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❤✉♠✐❞✐tés ♠♦②❡♥♥❡s s✉r ❧❡s ♣ér✐♦❞❡s
✵✳✹✯P✶✰✵✳✻✯P✷✱ ♣♦✉r ❧❡ ◆✐❣❡r✱ ❧❡ ▼❛❧✐✱ ❧❡ ❇✉r❦✐♥❛ ❋❛s♦ ❡t ❧❡ ❙é♥é❣❛❧✳

✶✶✷
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✹✳✻✳✷ ❱❡rs ❞❡s ❝❛rt❡s ❞❡ r❡♥❞❡♠❡♥t ❄

◆♦✉s ❛✈♦♥s ✈✉ ♣ré❝é❞❡♠♠❡♥t ❧❡ ♣♦t❡♥t✐❡❧ ❡①♣❧✐❝❛t✐❢ ❞❡s ❛♥♦♠❛❧✐❡s ❞❡ r❡♥❞❡♠❡♥t ♣❛r ❧❡s
❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧✳ ▲✬✐❞é❡ q✉✐ ❞é❝♦✉❧❡ ❞❡ ❝❡s ♦❜s❡r✈❛t✐♦♥s ❡st ❝❡❧❧❡ ❞❡ ❞é✈❡❧♦♣♣❡r ✉♥
♠♦❞è❧❡ ❡♥tr❡ ❧❛ ✈❛❧❡✉r ❛❜s♦❧✉❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡t ❧❡s ✈❛❧❡✉rs ❛❜s♦❧✉❡s ❞❡ r❡♥❞❡♠❡♥t✳ P♦✉r
❝❡❧❛✱ ✉♥ ♠♦❞è❧❡ ❞❡ ré❣r❡ss✐♦♥ ❡st ❞é✜♥✐❡ à ♣❛rt✐r ❞❡ ❧❛ ❝♦✉r❜❡ ❡♥ ♣♦✐♥t✐❧❧és ♥♦✐rs ❞❡ ❧❛ ❋✐❣✉r❡
✹✳✷✺✳

❋✐❣✉r❡ ✹✳✷✸ ✕ ▼♦❞è❧❡ ❡♥ ♣✉✐ss❛♥❝❡ ❘❡♥❞❡♠❡♥t❂❢✭❤✉♠✐❞✐té✮✳

❈❡tt❡ ❝♦✉r❜❡ ❞❡ ré❣r❡ss✐♦♥ ✭❘✷❂✵✳✽✶✮✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ♣✉✐ss❛♥❝❡✱ ❡st ❞é✜♥✐❡ ♣❛r ✿

Y ield = 3265.1× θ0.735130cm ✭✹✳✸✮

❛✈❡❝ Y ield ❧❡ r❡♥❞❡♠❡♥t ❡st✐♠é ❡t θ30cm ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ s✐♠✉❧é❡ à ✸✵ ❝♠ ✭❡t ♠♦②❡♥♥é❡ s✉r ❧❡s
♣ér✐♦❞❡s P✶ ❡t P✷ ❛✈❡❝ ✉♥❡ ♣♦♥❞ér❛t✐♦♥ ❞❡ ✹✵ ❡t ✻✵✪ r❡s♣❡❝t✐✈❡♠❡♥t✮✳
❉❡s ❝❛rt❡s ❞❡ r❡♥❞❡♠❡♥t à ❧✬é❝❤❡❧❧❡ ❞✉ ❙❛❤❡❧ ♦♥t ❡♥s✉✐t❡ été ❝❛❧❝✉❧é❡s à ♣❛rt✐r ❞❡s ❝❛rt❡s ❞✬❤✉✲
♠✐❞✐té ❋✐❣✉r❡ ✹✳✷✵ ❡t ❞❡ ❧✬éq✉❛t✐♦♥ ✭✹✳✸✮✳ ❈❡s ❝❛rt❡s✱ ❋✐❣✉r❡ ✹✳✷✹✱ r❡♣rés❡♥t❡♥t ❧❛ ❞✐str✐❜✉t✐♦♥
s♣❛t✐❛❧❡ ❞✉ r❡♥❞❡♠❡♥t ❡st✐♠é à ♣❛rt✐r ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ♣♦✉r ❧❡s ❛♥♥é❡s ✶✾✾✽ à ✷✵✶✹✳ ❖♥
② ♦❜s❡r✈❡ ❞❡s r❡♥❞❡♠❡♥ts ❛✉t♦✉r ❞❡ ✶✵✵✵ ❦❣✴❤❛ ❞❛♥s ❧❡ s✉❞ ❞✉ ❇✉r❦✐♥❛ ❋❛s♦ ❡t ❛✉t♦✉r ❞❡
✹✵✵ ❦❣✴❤❛ ❛✉ ◆✐❣❡r✳ ❙✉r ❝❡s ❝❛rt❡s✱ ♦♥ ♣❡✉t é❣❛❧❡♠❡♥t ❞✐st✐♥❣✉❡r ❧❡s ❛♥♥é❡s ♣♦✉r ❧❡sq✉❡❧❧❡s ❧❡s
r❡♥❞❡♠❡♥ts ❡st✐♠és s♦♥t ❛ss❡③ ❜❛s ✿ ✷✵✵✵✱ ✷✵✵✹ ❡t ✷✵✵✾ ♣♦✉r ❧❡ ◆✐❣❡r✳ ❈❡s ❛♥♥é❡s ❝♦rr❡s♣♦♥❞❡♥t
❜✐❡♥ ❛✉① ♣❧✉s ❜❛ss❡s ✈❛❧❡✉rs ❞❡ r❡♥❞❡♠❡♥ts s❡❧♦♥ ❧❛ ❋❆❖✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ ❡st ❞✐✣❝✐❧❡ ❞✬❛♣♣ré❝✐❡r
❡♥ ❞ét❛✐❧ ❧❡s r❡♥❞❡♠❡♥ts s✉r ❝❡s ❝❛rt❡s✳

✶✶✸



✹✳✻✳ ➱❚❯❉❊ ➚ ▲✬➱❈❍❊▲▲❊ ❘➱●■❖◆❆▲❊

1998 1999 2000

2001 2002 2003

2004 2005 2006

2007 2008 2009

2010 2011 2012

2013 2014

❋✐❣✉r❡ ✹✳✷✹ ✕ ➚ ♣❛rt✐r ❞✉ ♠♦❞è❧❡ ❞é❝r✐t ❞❛♥s ❧✬éq✉❛t✐♦♥ ✭✹✳✸✮ ❞é✜♥✐ ❡♥tr❡ ❤✉♠✐❞✐té ❞✉ s♦❧ ❡t r❡♥✲
❞❡♠❡♥t✱ ❞❡s ❝❛rt❡s ❞❡ r❡♥❞❡♠❡♥ts ♦♥t été ❝❛❧❝✉❧é❡s ♣♦✉r ❧❡s ✶✼ ❛♥♥é❡s✳ ▲❡ ❝❛rré ♥♦✐r ❝♦rr❡s♣♦♥❞ à ❧❛
③♦♥❡ ❞❡ ◆✐❛♠❡②✳

❆✜♥ ❞✬é✈❛❧✉❡r ❧❛ ♣ré❝✐s✐♦♥ ❞❡ ❝❡s ❡st✐♠❛t✐♦♥s ❞❡ r❡♥❞❡♠❡♥t✱ ❧❛ ♠♦②❡♥♥❡ s♣❛t✐❛❧❡ ❛ été ré❛❧✐sé❡
s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ③♦♥❡ ❝✉❧t✐✈é❡ ♣♦✉r ❝❤❛q✉❡ ♣❛②s ❡t ♣♦✉r ❧❡s ✶✼ ❛♥♥é❡s✳ ▲❛ ❋✐❣✉r❡ ✹✳✷✺ ❝♦♠♣❛r❡
❛✐♥s✐ ❧❡s r❡♥❞❡♠❡♥ts ❡st✐♠és ❡t ❧❡s r❡♥❞❡♠❡♥ts ❋❆❖✳ ❖♥ r❡♠❛rq✉❡ q✉❡ ❧❡s r❡♥❞❡♠❡♥ts s♦♥t ❛ss❡③
❜✐❡♥ ❡st✐♠és ❛✈❡❝ ✉♥ ❘✷❂✵✳✼✼ ❡t ✉♥ ❘▼❙❊ ❞❡ ✽✷✳✶ ❦❣✴❤❛ ♣♦✉r ❧❡s ✹ ♣❛②s✳ ❈❡♣❡♥❞❛♥t✱ ❝❡rt❛✐♥❡s
❛♥♥é❡s s❡♠❜❧❡♥t ❛ss❡③ ♠❛❧ ❡①♣❧✐q✉é❡s ♣❛r ❧❛ ♠ét❤♦❞❡✱ ❛✈❡❝ ❞❡s ❡rr❡✉rs ❞✬❡st✐♠❛t✐♦♥s ♣♦✉✈❛♥t
❛tt❡✐♥❞r❡ ± ✷✵✵ ❦❣✴❤❛ ♣♦✉r ❧❡ ❙é♥é❣❛❧ ❡t ❧❡ ▼❛❧✐ ♣❛r ❡①❡♠♣❧❡✳

❋✐❣✉r❡ ✹✳✷✺ ✕ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ r❡♥❞❡♠❡♥t ❢♦✉r♥✐ ♣❛r ❧❛ ❋❆❖ ♣♦✉r ❧❡s ✹ ♣❛②s ❡t ❧❡s r❡♥❞❡♠❡♥ts
❡st✐♠és ♣❛r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✳

✶✶✹



✹✳✼✳ ❘➱❙❯▼➱ ❊❚ ❈❖◆❈▲❯❙■❖◆

✹✳✼ ❘és✉♠é ❡t ❝♦♥❝❧✉s✐♦♥

▲❡s ✐♠♣❛❝ts ❞❡s ❝❤❛♥❣❡♠❡♥ts ❝❧✐♠❛t✐q✉❡s s✉r ❧✬❛❣r✐❝✉❧t✉r❡ s♦♥t ❡♥❝♦r❡ ❞✐✣❝✐❧❡s à é✈❛❧✉❡r✳
❈❡♣❡♥❞❛♥t✱ ❝❡rt❛✐♥❡s ré❣✐♦♥s✱ ❝♦♠♠❡ ❧✬❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✱ ❝♦♥♥❛✐ss❡♥t ❞é❥à ❞❡s ❝♦♥tr❛✐♥t❡s
♠✉❧t✐❢❛❝t♦r✐❡❧❧❡s très ❢♦rt❡s ✭❝❧✐♠❛t✱ ❞é♠♦❣r❛♣❤✐❡✱ ❛❣r✐❝✉❧t✉r❡ ♣❧✉✈✐❛❧❡ ❡t ❞❡ s✉❜s✐st❛♥❝❡✱ ✳ ✳ ✳ ✮✳
❖❜s❡r✈❡r ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ r❡♥❞❡♠❡♥t à ❧✬é❝❤❡❧❧❡ ré❣✐♦♥❛❧❡ ♣❡r♠❡t ❞✬❛❧✐♠❡♥t❡r ❧❡s ❞♦♥♥é❡s ❞✐s♣♦✲
♥✐❜❧❡s ♣♦✉r ❧❡s ❞é❝✐s✐♦♥♥❛✐r❡s✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡ ❝❤❛♣✐tr❡ ét❛✐t ❞✬ét✉❞✐❡r ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ❧✬❤✉♠✐❞✐té
❞✉ s♦❧ à ❡①♣❧✐q✉❡r ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ r❡♥❞❡♠❡♥t ❞❡ ♠✐❧ ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✳

❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ✉♥❡ é✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❤✉♠✐❞✐té ❞✉ s♦❧ ❡t r❡♥❞❡♠❡♥ts
❛❣r✐❝♦❧❡s à été ❡✛❡❝t✉é❡ à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ✐♥✲s✐t✉ ❛✉t♦✉r ❞❡ ◆✐❛♠❡②✱ ❛✉ ◆✐❣❡r✳ P♦✉r ❝❡❧❛ ❧❡s
❞♦♥♥é❡s ✐♥✲s✐t✉ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ♦♥t été ❝♦♠♣❛ré❡s ❡♥ t❡r♠❡s ❞✬❛♥♦♠❛❧✐❡s✱ ❛✉① ❛♥♦♠❛❧✐❡s ❞❡
r❡♥❞❡♠❡♥ts ❛❣r✐❝♦❧❡s ❞✉ ✈✐❧❧❛❣❡ ❧❡ ♣❧✉s ♣r♦❝❤❡✳ ■❧ ❡♥ ❛ rés✉❧té ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ✷ ♣ér✐♦❞❡s ❞❡
✷✵ ❥♦✉rs ♦ù ❧❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à ✸✵ ❝♠ ❡①♣❧✐q✉❛✐❡♥t ❧❡s ❛♥♦♠❛❧✐❡s ❞❡ r❡♥❞❡♠❡♥ts✱
❝♦✉r❛♥t ❥✉✐❧❧❡t ❡t ✜♥✲❛♦ût✴♠✐✲s❡♣t❡♠❜r❡✱ ❛✈❡❝ ✉♥ ❘✷ ❞❡ ✵✳✻✳ ❈❡s ✷ ♣ér✐♦❞❡s ❝♦rr❡s♣♦♥❞❡♥t✱ ♣♦✉r
❧❡s ♣❧❛♥t❡s✱ ❛✉① ♣ér✐♦❞❡s ♣❤é♥♦❧♦❣✐q✉❡s ❞❡ r❡♣r♦❞✉❝t✐♦♥ ❡t ❞❡ r❡♠♣❧✐ss❛❣❡ ❞❡ ❣r❛✐♥s✳
❉❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s✱ ✾ ✈✐❧❧❛❣❡s ❛✉ ◆✐❣❡r ♦♥t été ét✉❞✐és✳ P♦✉r ❝❡❧❛ ❧❡s ❤✉♠✐❞✐tés ❞✉ s♦❧ à ✸✵ ❝♠
♦♥t été s✐♠✉❧é❡s à ♣❛rt✐r ❞❡ ♠♦❞é❧✐s❛t✐♦♥s ❢♦r❝é❡s ♣❛r ❞❡s ♣❧✉✐❡s ✐ss✉❡s ❞❡ ♣❧✉✈✐♦♠ètr❡s✳ ▲❡s ré✲
s✉❧t❛ts ♠♦♥tr❡♥t ✉♥❡ ❝❡rt❛✐♥❡ ✈❛r✐❛❜✐❧✐té ❞❡s ♣ér✐♦❞❡s✱ ✈✐❧❧❛❣❡ ♣❛r ✈✐❧❧❛❣❡✱ ♠❛✐s ❡♥ ❝♦♥s✐❞ér❛♥t
❧✬❡♥s❡♠❜❧❡ ❞❡s ✈✐❧❧❛❣❡s✱ ❧❡ s✐❣♥❛❧ ❡st r❡❧❛t✐✈❡♠❡♥t ❢♦rt ✭❘✷❂✵✳✼✼✮ s✉r ❧❡s ♣ér✐♦❞❡s ✶✸✴✵✼✕✷✴✵✽ ❡t
✷✼✴✵✽✕✶✻✴✵✾✳

❯♥❡ ét✉❞❡ à ❧✬é❝❤❡❧❧❡ ❞✉ ◆✐❣❡r ❛ ❡♥s✉✐t❡ été ❡✛❡❝t✉é❡✳ P♦✉r ❝❡❧❛✱ ❧❡s ❝❛rt❡s ❞✬❤✉♠✐❞✐té ❞✉
s♦❧ ♦♥t été s✐♠✉❧é❡s à ♣❛rt✐r ❞❡ ❧✬❆P■ ❢♦r❝é ♣❛r ❧❡ ♣r♦❞✉✐t ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ❈▼❖❘P❍✲❆❉❏✳ ❙✉r
❝❡s ❝❛rt❡s✱ ❧❡s ❤✉♠✐❞✐tés ♣❡♥❞❛♥t ❧❡s ✷ ♣ér✐♦❞❡s ✐❞❡♥t✐✜é❡s ♣ré❝é❞❡♠♠❡♥t ♦♥t été ❛♥❛❧②sé❡s ❡t
❝♦♠♣❛ré❡s ❛✉ r❡♥❞❡♠❡♥t ❢♦✉r♥✐ ♣❛r ❧❛ ❋❆❖✳ ▲❡s s❝♦r❡s ♠♦♥tr❡♥t ✉♥❡ ❜♦♥♥❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡s
✈❛r✐❛t✐♦♥s à ❧✬é❝❤❡❧❧❡ ♥❛t✐♦♥❛❧❡ s✉r ✶✼ ❛♥s ✭❘✷❂✵✳✻✷✮✳ ❆ ❧✬é❝❤❡❧❧❡ ❞❡s ❞✐str✐❝ts ❛❞♠✐♥✐str❛t✐❢s✱ ❧❡s
rés✉❧t❛ts ♠♦♥tr❡♥t ✉♥❡ ❞é♣❡♥❞❛♥❝❡ à ❧❛ ♣r♦❞✉❝t✐♦♥✱ ❛✈❡❝ ✉♥❡ r❡❧❛t✐♦♥ ❞❡ ♠❡✐❧❧❡✉r❡ q✉❛❧✐té ❞❛♥s
❧❡s ③♦♥❡s ♣r♦❞✉✐s❛♥t ❧❡ ♣❧✉s✳

❈❡tt❡ ♠ét❤♦❞❡ ❛ ❡♥s✉✐t❡ été ❛♣♣❧✐q✉é❡ à ❞✬❛✉tr❡s ♣❛②s ❞✉ ❙❛❤❡❧✳ ▲❡s rés✉❧t❛ts ♠♦♥tr❡♥t ✉♥❡
❜♦♥♥❡ ❝♦❤ér❡♥❝❡ ❡♥tr❡ ❧❡s ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❛✉ ◆✐❣❡r✱ ❛✉ ▼❛❧✐✱ ❛✉ ❇✉r❦✐♥❛ ❋❛s♦
❡t ❛✉ ❙é♥é❣❛❧ ✭❘✷❂✵✳✼✺✮✳ ❉❡ ❝❡tt❡ ét✉❞❡✱ ✉♥ ♠♦❞è❧❡ st❛t✐st✐q✉❡ ❘❡♥❞❡♠❡♥t❂❢✭❤✉♠✐❞✐té✮ à été
♣r♦♣♦sé ❛✜♥ ❞❡ ❣é♥ér❡r ❞❡s ❝❛rt❡s ❞❡ r❡♥❞❡♠❡♥ts s✉r t♦✉t❡ ❧❛ ③♦♥❡ ❞✉ ❙❛❤❡❧✳ ▲❛ ré❣r❡ss✐♦♥ ❡♥tr❡
❧❡s ♠♦②❡♥♥❡s ❞❡s r❡♥❞❡♠❡♥ts ❡st✐♠é❡s ♣❛r ♣❛②s ❡t ❧❡s ❞♦♥♥é❡s ❞❡ ❧❛ ❋❆❖ ♣♦✉r ❧❡s ✶✼ ❛♥♥é❡s✱
❞♦♥♥❡♥t ✉♥❡ ❝♦rré❧❛t✐♦♥ ❞❡ ❘✷❂✵✳✼✼ ❛✈❡❝ ✉♥❡ ❡rr❡✉r ❞❡ ❘▼❙❊❂✽✷✳✶ ❦❣✴❤❛✳

Pr♦❝❤❛✐♥ ❝❤❛♣✐tr❡
❉❛♥s ❝❡ ❝❤❛♣✐tr❡ ♥♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧❡s ❡st✐♠❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ♣❡r✲
♠❡tt❛✐❡♥t ❞✬❡①♣❧✐q✉❡r ✉♥❡ ❝❡rt❛✐♥❡ ✈❛r✐❛❜✐❧✐té ❞❡s r❡♥❞❡♠❡♥ts ❛❣r✐❝♦❧❡s ❞❡ ♠✐❧
❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✳ ❈❡♣❡♥❞❛♥t ❧❛ q✉❡st✐♦♥ ❞❡ ❧❛ q✉❛❧✐té ❞❡s ❢♦rç❛❣❡s ❞❡
♣ré❝✐♣✐t❛t✐♦♥s✱ ❡t ❞❡ ❧❡✉rs ❞é❧❛✐s ❞❡ ❞✐str✐❜✉t✐♦♥ r❡st❡♥t ✉♥ ✈❡rr♦✉ ♣♦✉r ❝❡
t②♣❡ ❞✬ét✉❞❡✳ ❉❛♥s ❧❡ ♣r♦❝❤❛✐♥ ❝❤❛♣✐tr❡ ♥♦✉s ✈❡rr♦♥s ❞♦♥❝ ❝♦♠♠❡♥t ✉t✐❧✐s❡r
❧❛ ♠ét❤♦❞❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ♣♦✉r ❝♦rr✐❣❡r ❧❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ❡♥ q✉❛s✐
t❡♠♣s✲ré❡❧✳

✶✶✺





❈❤❛♣✐tr❡ ✺

❈♦rr❡❝t✐♦♥ ❞❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡s s❛t❡❧❧✐t❡
♣❛r ❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ ❞❛♥s ✉♥ ♠♦❞è❧❡
❞❡ s✉r❢❛❝❡

✺✳✶ ■♥tr♦❞✉❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✽

✺✳✷ ❈♦rr❡❝t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✈✐❛ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ ✳ ✳ ✳ ✳ ✳ ✶✷✵

✺✳✷✳✶ ❉❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✵

✺✳✷✳✷ ➱✈❛❧✉❛t✐♦♥ s✉r ❧❡s s✐t❡s ❞✉ ◆✐❣❡r ❡t ❞✉ ❇é♥✐♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✷

✺✳✷✳✸ ◗✉❡❧ ❡st ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ❝♦rr❡❝t✐♦♥ ♠❛①✐♠❛❧ ❞❡ ❧❛ ♠ét❤♦❞❡ ❄ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✺

✺✳✷✳✸✳✶ ❊①♣ér✐❡♥❝❡ ✶ ✿ ■♠♣❛❝t ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ s✉r ❧❡s ♣❧✉✐❡s ✐♥✲s✐t✉ ✳ ✶✷✺

✺✳✷✳✸✳✷ ❊①♣ér✐❡♥❝❡ ✷ ✿ ❖❜s❡r✈❛t✐♦♥s ✧♣❛r❢❛✐t❡s✧ ❡t ❢♦rç❛❣❡s ✐♥❝❡rt❛✐♥s ✶✷✺

✺✳✷✳✸✳✸ ▲✐♠✐t❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✻

✺✳✸ ❱❡rs ✉♥ ♣r♦❞✉✐t ❤❛✉t❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❛✈❡❝ ❧❡ ♣r♦❞✉✐t ❚❆▼❙❆❚✶✷✼

✺✳✸✳✶ ▲❡ ♣r♦❞✉✐t ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ❚❆▼❙❆❚ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✼

✺✳✸✳✷ ❉ét❛✐❧ ❞❡ ❧❛ ❝❤❛î♥❡ ❞❡ tr❛✐t❡♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✽

✺✳✸✳✸ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✶

✺✳✸✳✸✳✶ ➱✈❛❧✉❛t✐♦♥ ❧♦❝❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✶

✺✳✸✳✸✳✷ ➱✈❛❧✉❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞✉ ❝♦♥t✐♥❡♥t ❛❢r✐❝❛✐♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✺

✺✳✹ ❘és✉♠é ❡t ❝♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✼

✶✶✼



✺✳✶✳ ■◆❚❘❖❉❯❈❚■❖◆

✺✳✶ ■♥tr♦❞✉❝t✐♦♥

▲✬❡st✐♠❛t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s à ❧✬é❝❤❡❧❧❡ ❣❧♦❜❛❧❡ à ❤❛✉t❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡
❡st ✉♥ ✈ér✐t❛❜❧❡ ❝❤❛❧❧❡♥❣❡✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✳ ▲❛ ❢♦rt❡ ✈❛r✐❛❜✐❧✐té ❞❡s ♣ré✲
❝✐♣✐t❛t✐♦♥s ❞✉❡ à ❧❛ ♠♦✉ss♦♥ ❛✐♥s✐ q✉❡ ❧❡✉r ❢♦rt ✐♠♣❛❝t s✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s r❡♥❞ ❧❡✉r s✉✐✈✐
♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♠♣♦rt❛♥t ✭❬▲❡s❦ ❡t ❛❧✳✱ ✷✵✶✻❪✮✳ ❊st✐♠❡r ❧❡ ré❣✐♠❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣❛ssé❡s✱
♣rés❡♥t❡s ❡t ❢✉t✉r❡s ♣❡r♠❡ttr❛ ❞♦♥❝ ❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝ ❧❛ ❜✐♦s♣❤èr❡
❡t ❛✐♥s✐ ♠✐❡✉① ❞✐r✐❣❡r ❧❡s ❛❝t✐♦♥s ❣❛r❛♥t✐ss❛♥t ✉♥❡ ♠❡✐❧❧❡✉r❡ ❛❞❛♣t❛❜✐❧✐té ❛✉① ❝❤❛♥❣❡♠❡♥ts ❝❧✐✲
♠❛t✐q✉❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ❞❡♥s✐té ❞✉ rés❡❛✉ ❞❡ ♣❧✉✈✐♦♠ètr❡s ❡st ❛ss❡③ ❢❛✐❜❧❡ ❞❛♥s ❝❡tt❡ ré❣✐♦♥
✭✶✴✶✵✵✵ ❦♠✷✮ ❡t ♥❡ ♣❡r♠❡t q✉✬✉♥❡ ❞❡s❝r✐♣t✐♦♥ très ✐♥❝❡rt❛✐♥❡ ❞❡ ❧❛ str✉❝t✉r❡ s♣❛t✐❛❧❡ ❡t t❡♠✲
♣♦r❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ▲❡s r❛❞❛rs ♠été♦✱ ❞♦♥t ❧✬❡♠♣❧♦✐ ❡st ✉♥❡ ❛✉tr❡ s♦❧✉t✐♦♥ ✉♥ ♣❡✉ ♣❧✉s
✐♥té❣r❛tr✐❝❡ ❡♥ t❡r♠❡s ❞❡ r❡♣rés❡♥t❛t✐✈✐té s♣❛t✐❛❧❡✱ s♦♥t ❡♥❝♦r❡ ♠♦✐♥s ♥♦♠❜r❡✉① ❞❛♥s ❝❡tt❡ ré✲
❣✐♦♥✳ ❘❡st❡♥t ❞♦♥❝ ❧❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ✐ss✉s ❞✬✐♥❢♦r♠❛t✐♦♥ s❛t❡❧❧✐t❛✐r❡✳ ❈❡s ♣r♦❞✉✐ts
s♦♥t ❜❛sés s✉r ❞✐✛ér❡♥t❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♥❝❡r♥❛♥t ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ s♦♠♠❡t ❞✉ ♥✉❛❣❡ ✭✐♥✲
❢r❛r♦✉❣❡✮ ❡t ❧❡ ❝♦♥t❡♥✉ ❡♥ ❡❛✉ ❞❛♥s ❧❛ ❝♦❧♦♥♥❡ ❛t♠♦s♣❤ér✐q✉❡ ✭♠✐❝r♦✲♦♥❞❡✮✳ ❘❡♣rés❡♥t❛♥t ❧❡s
♣ré❝✐♣✐t❛t✐♦♥s à ❧✬é❝❤❡❧❧❡ ❣❧♦❜❛❧❡✱ ❝❡s ❞❡r♥✐❡rs ♦♥t ❝❡♣❡♥❞❛♥t ❞❡ ❢♦rt❡s ✐♥❝❡rt✐t✉❞❡s s✉r ❧❡s ✐♥t❡♥✲
s✐tés ❞❡ ♣❧✉✐❡s ❡st✐♠é❡s✳ ❊♥ ❞✬❛✉tr❡s t❡r♠❡s✱ ❧❡s é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡ ✭♦❝❝✉rr❡♥❝❡s✮ s♦♥t ✈✉s ♠❛✐s
❧❡s ✐♥t❡♥s✐tés ♠❛❧ ❡st✐♠é❡s ❬▼❛✐❞♠❡♥t ❡t ❛❧✳✱ ✷✵✶✼❪✳ ❉❡ ♠❛✉✈❛✐s❡s ❡st✐♠❛t✐♦♥s s✉r ❧❛ q✉❛♥t✐té
❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ♣❡✉✈❡♥t ❛✈♦✐r ❞❡s ✐♥❝✐❞❡♥❝❡s s✉r ❧❡s ♠♦❞è❧❡s ❛❣r♦♥♦♠✐q✉❡s✱ ✈♦✐r ❋✐❣✉r❡ ✺✳✶
t✐ré❡ ❞❡ ❬❘❛♠❛r♦❤❡tr❛ ❡t ❛❧✳✱ ✷✵✶✸❪✳

❋✐❣✉r❡ ✺✳✶ ✕ ❙❡♥s✐❜✐❧✐té ❞✉ ♠♦❞è❧❡ ❙❆❘❘❆❍ ❛✉① ❡rr❡✉rs ❞❡ ❞✐✛ér❡♥ts ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡s s❛t❡❧❧✐t❡s
✭✜❣✉r❡ ❞❡ ❬❘❛♠❛r♦❤❡tr❛ ❡t ❛❧✳✱ ✷✵✶✸❪✮✳

❙✉r ❝❡tt❡ ✜❣✉r❡✱ ❡st r❡♣rés❡♥té ❧❡ ❜✐❛✐s ❞❡ r❡♥❞❡♠❡♥ts ❞❡ ❞✐✛ér❡♥t❡s ❝✉❧t✉r❡s✱ s✐♠✉❧és ♣❛r ❧❡
♠♦❞è❧❡ ❙❆❘❘❆✲❍ ♣♦✉r ❞✐✛ér❡♥ts ❢♦rç❛❣❡s ♣❧✉✈✐♦♠étr✐q✉❡s✳ ❖♥ ♦❜s❡r✈❡ q✉❡ ❧❛ s❡♥s✐❜✐❧✐té ❞❡s
r❡♥❞❡♠❡♥ts s✐♠✉❧és ❡st ❛ss❡③ ❢♦rt❡ ❛✉ ❝❤♦✐① ❞✉ ♣r♦❞✉✐t ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ✉t✐❧✐sé✱ ❣é♥ér❛♥t ❞❡s
❜✐❛✐s ✐♠♣♦rt❛♥ts ❞❛♥s ❧❡s ❡st✐♠❛t✐♦♥s ❞❡s r❡♥❞❡♠❡♥ts ✜♥❛✉①✳

❯♥❡ ❛✉tr❡ ♣r♦❜❧é♠❛t✐q✉❡ rés✐❞❡ ❛✉ss✐ ❞❛♥s ❧❛ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥✳
❊♥ ❡✛❡t✱ ❧❛ ♣❧✉♣❛rt ❞❡s ♣r♦❞✉✐ts ❝✐tés ♦♥t ❞❡s rés♦❧✉t✐♦♥s s♣❛t✐❛❧❡s très ❧❛r❣❡s ✭✵✳✷✺✝✮✳ ❖r✱ ❝❡tt❡
❧❛r❣❡ é❝❤❡❧❧❡✱ q✉❡ ❝❡ s♦✐t ❛✉ ♥✐✈❡❛✉ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s q✉❡ ❞❡s ❡st✐♠❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à
❧✬é❝❤❡❧❧❡ ❣❧♦❜❛❧❡✱ ❡st s♦✉✈❡♥t ✉♥ ❢r❡✐♥ à ❧❡✉r ✉t✐❧✐s❛t✐♦♥✳ ▲❛ q✉❡st✐♦♥ ❞❡ ❧❛ ❞és❛❣ré❣❛t✐♦♥ s♣❛t✐❛❧❡
❡st ✉♥❡ q✉❡st✐♦♥ ❝r✐t✐q✉❡ ♣♦✉r ❧❡s ♣r♦❜❧é♠❛t✐q✉❡s ❛❣r✐❝♦❧❡s✳ ❉❛♥s ❧❛ r❡✈✐❡✇ ❬P❡♥❣ ❡t ❛❧✳✱ ✷✵✶✼❪✱
❧❡s ❛✉t❡✉rs ❢♦♥t ✉♥ ét❛t ❞❡ ❧✬❛rt ❞❡s ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ❞✬❡st✐♠❛t✐♦♥ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❤❛✉t❡
rés♦❧✉t✐♦♥✱ ❝✬❡st✲à✲❞✐r❡ ✿ ❧❛ té❧é❞ét❡❝t✐♦♥ r❛❞❛r✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♣r♦①✐❡s ♣❤②s✐q✉❡s ✭t❡♠♣ér❛t✉r❡
❞❡ s✉r❢❛❝❡ ✭▲❙❚✮✱ ✈é❣ét❛t✐♦♥ ✭◆❉❱■✮✱ é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ✭❊❚✮✱✳ ✳ ✳ ✮✱ ♠ét❤♦❞❡s ♠❛t❤é♠❛t✐q✉❡s
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✭tr❛♥s❢♦r♠❛t✐♦♥ ♦♥❞❡❧❡tt❡✱ ❢r❛❝t❛❧❡s✮✱ ✉t✐❧✐s❛t✐♦♥ ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡ ❛✐♥s✐ q✉✬❛ss✐♠✐❧❛t✐♦♥ ❞❡
❞♦♥♥é❡s✳ ❈✬❡st ❝❡ ❞❡r♥✐❡r ♣♦✐♥t q✉❡ ♥♦✉s ❛❧❧♦♥s ❛❜♦r❞❡r ✐❝✐✳

▲❛ ♣r♦♣♦rt✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s q✉✐ s✬✐♥✜❧tr❡♥t ❞❛♥s ❧❡ s♦❧ ❝♦♥tr✐❜✉❡ ❛✉① ✈❛r✐❛t✐♦♥s ❞❡
s♦♥ ❤✉♠✐❞✐té✱ q✉✐ ❣❛r❞❡ ❛✐♥s✐ ✉♥❡ ✧♠é♠♦✐r❡✧ ❞❡ ❧❛ q✉❛♥t✐té ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ t♦♠❜é❡✱ ❡t ❝❡✱
♠ê♠❡ ❛♣rès ♣❧✉s✐❡✉rs ❥♦✉rs ✭❬❙❡♥❡✈✐r❛t♥❡ ❡t ❛❧✳✱ ✷✵✵✻❪✱ ❬▼❝❈♦❧❧ ❡t ❛❧✳✱ ✷✵✶✼❪✮✳ ❈❡rt❛✐♥❡s ét✉❞❡s
♠♦♥tr❡♥t q✉✬✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ s❡ ❜❛s❡r s✉r ❧❡s ❞♦♥♥é❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à ♣❛rt✐r ❞❡ té❧é❞ét❡❝t✐♦♥
♣♦✉r ❡st✐♠❡r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ✭❬❈r♦✇ ❡t ❛❧✳✱ ✷✵✶✶❪✱ ❬P❡❧❧❛r✐♥ ❡t ❛❧✳✱ ✷✵✶✸❪✱ ❬❇r♦❝❝❛ ❡t ❛❧✳✱ ✷✵✶✹❪✱
❬❘♦♠á♥✲❈❛s❝ó♥ ❡t ❛❧✳✱ ✷✵✶✼❪✮✳ ▲❡ ❈❤❛♣✐tr❡ ✸ ♣rés❡♥t❡ ✉♥❡ ♠ét❤♦❞❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ♣❡r♠❡tt❛♥t
❞✬❛♠é❧✐♦r❡r ❧❡s ❤✉♠✐❞✐tés ❞✉ s♦❧ s✐♠✉❧é❡s à ♣❛rt✐r ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s✳ ❖r ❝❡tt❡ ♠ét❤♦❞❡ ❛❣✐ss❛♥t
❞✐r❡❝t❡♠❡♥t s✉r ❧❡ t❛✉① ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s✱ ♠♦❞✐✜❡ ❧✬✐♥t❡♥s✐té ❞❡s é✈é♥❡♠❡♥ts✳
❉❛♥s ❬❘♦♠á♥✲❈❛s❝ó♥ ❡t ❛❧✳✱ ✷✵✶✼❪ ♥♦✉s ❛✈♦♥s é✈❛❧✉é ❧❡s q✉❛❧✐tés ❞❡ ❝♦rr❡❝t✐♦♥s ❞❡s ♣ré❝✐♣✐✲
t❛t✐♦♥s ❞❡ ❧❛ ♠ét❤♦❞❡ s✉r ✶✵ s✐t❡s à tr❛✈❡rs ❧❡ ♠♦♥❞❡ ✭❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣r♦❥❡t ❊❙❆ ❙▼❖❙
❘❆■◆❋❆▲▲✮✳

❉❛♥s ❧❛ s❡❝♦♥❞❡ ♣❛rt✐❡ ❞❡ ❝❡ ❝❤❛♣✐tr❡ ♥♦✉s ❛❧❧♦♥s ✈♦✐r ❝♦♠♠❡♥t ❛♣♣❧✐q✉❡r ❧❛ ♠ét❤♦❞❡ ❞❡
❝♦rr❡❝t✐♦♥ ❞❡s ♣❧✉✐❡s à ✉♥ ♣r♦❞✉✐t ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ s♣é❝✐✜q✉❡ ❛✉ ❝♦♥t✐♥❡♥t ❆❢r✐❝❛✐♥ ✿ ❚r♦♣✐❝❛❧
❆♣♣❧✐❝❛t✐♦♥ ♦❢ ▼❡t❡♦r♦❧♦❣② ✉s✐♥❣ ❙❆❚❡❧❧✐t❡ ❛♥❞ ❣r♦✉♥❞ ❜❛s❡❞ ♦❜s❡r✈❛t✐♦♥ ✭❚❆▼❙❆❚✮✳ ❉❛♥s ❧❡
❝❤❛♣✐tr❡ s✉r ❧✬❛ss✐♠✐❧❛t✐♦♥ ♥♦✉s ❛✈♦♥s ✈✉ ✉♥❡ ♠ét❤♦❞❡ ❡♥s❡♠❜❧✐st❡ ✈✐s❛♥t à ♦❜t❡♥✐r ✉♥❡ ♠❡✐❧❧❡✉r❡
❤✉♠✐❞✐té ❞✉ s♦❧ à ♣❛rt✐r ❞✬✉♥❡ ✐♥❢♦r♠❛t✐♦♥ ❞❡ ♣❧✉✐❡ ♣❡rt✉r❜é❡✳ ▲✬✐❞é❡ ❞❡ ❝❡ ❝❤❛♣✐tr❡ ❡st ❞♦♥❝
❞❡ ❝ré❡r ✉♥ ♣r♦❞✉✐t ❝♦♠♣♦s✐t❡ ❚❆▼❙❆❚ ❡♥ ✐♥té❣r❛♥t ❙▼❖❙✳ P♦✉r ❝❡❧❛ ♥♦✉s ❛❜♦r❞❡r♦♥s t♦✉t
❞✬❛❜♦r❞ ❧❡s ❣r❛♥❞❡s ❧✐❣♥❡s ❞❡ ❧❛ ♠ét❤♦❞❡✳ P✉✐s ❞❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s ♣❧✉s s♣é❝✐✜q✉❡ ❛✉ ♣r♦❞✉✐t
❚❆▼❙❆❚✱ ♥♦✉s ❛❜♦r❞❡r♦♥s ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ❝❤❛î♥❡ ❞❡ tr❛✐t❡♠❡♥t ❛✈❡❝ ❧❡ ❞ét❛✐❧ ❞❡ ❝❤❛❝✉♥❡
❞❡s ét❛♣❡s✳ ❊♥✜♥✱ ♥♦✉s é✈❛❧✉❡r♦♥s ❧❡ ♣r♦❞✉✐t ♦❜t❡♥✉ à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡ ❡t ré❣✐♦♥❛❧❡✳
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✺✳✷ ❈♦rr❡❝t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✈✐❛ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙

✺✳✷✳✶ ❉❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡

❉❛♥s ❝❡tt❡ ♣❛rt✐❡ ♥♦✉s ❛❧❧♦♥s ✈♦✐r ❝♦♠♠❡♥t✱ ❡♥ ♠♦❞✐✜❛♥t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✱ ❧❡ ✜❧tr❡ ♣❛rt✐✲
❝✉❧❛✐r❡ ♠✐s ❡♥ ♣❧❛❝❡ ✐❝✐ ♣❡r♠❡t ❞❡ ré❞✉✐r❡ ❧❡s ✐♥❝❡rt✐t✉❞❡s s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ❘❡♣r❡♥♦♥s ❧❛
❋✐❣✉r❡ ❞❡ ❧✬❛rt✐❝❧❡ ❬❘♦♠á♥✲❈❛s❝ó♥ ❡t ❛❧✳✱ ✷✵✶✼❪✱ ❋✐❣✉r❡ ✺✳✷✳
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❋✐❣✉r❡ ✺✳✷ ✕ ▲❛ ♠ét❤♦❞❡ s❡ ❞✐✈✐s❡ ❡♥ ✹ ét❛♣❡s ♣r✐♥❝✐♣❛❧❡s✳ ▲❛ ♣r❡♠✐èr❡✱ ❛✮✱ ❡st ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡
❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ✭tr❛✐t ♣❧❡✐♥ ❜❧❡✉✮ à ♣❛rt✐r ❞✉ ♣r♦❞✉✐t ❞❡ ♣❧✉✐❡ ✭❜❛rr❡s ❜❧❡✉❡s✮ à ❝♦rr✐❣❡r ❞❛♥s ❧❡
♠♦❞è❧❡ ❞❡ s✉r❢❛❝❡✳ ❈❡ ♣r♦❞✉✐t ❞❡ ♣❧✉✐❡ ❡st ❡♥s✉✐t❡ ♣❡rt✉r❜é ❛✜♥ ❞❡ ❝ré❡r ✉♥ ❡♥s❡♠❜❧❡ ❞❡ tr❛❥❡❝t♦✐r❡
✭tr❛✐ts ❣r✐s✮ ❡♥ ❜✮✱ ♣✉✐s é❝❤❛♥t✐❧❧♦♥♥é ✭tr❛✐ts r♦✉❣❡s✮ ❡♥ ❝✮ ❡t ❝♦rr✐❣é ✭tr❛✐ts ✈❡rt✮ ❡♥ ❞✮✳

▲❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ séq✉❡♥❝❡ ❡st ❡✛❡❝t✉é❡ ❛✉ ❈❤❛♣✐tr❡ ✸ ❋✐❧tr❡ ♣❛rt✐❝✉❧❛✐r❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❡
❝❛r❛❝tèr❡ ♥♦♥✲❧✐♥é❛✐r❡ ❞❡ ❧❛ r❡❧❛t✐♦♥ ♣ré❝✐♣✐t❛t✐♦♥✲❤✉♠✐❞✐té ❡st à ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ✐❝✐✳ ❊♥ ❡✛❡t✱
s✉r ❧❛ ❋✐❣✉r❡ ✺✳✸✱ ♦♥ ♣❡✉t ♦❜s❡r✈❡r ❧❛ ré♣♦♥s❡ ❞❡ ❧✬❆P■ à ❞✐✛ér❡♥t❡s ✈❛❧❡✉rs ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s✳ ❖♥
r❡♠❛rq✉❡ ❛❧♦rs q✉❡ ❧♦rsq✉❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡①❝è❞❡♥t ✸✵✲✹✵ ♠♠ ✭❛✉ ❞❡❧à ❞✉ r♦✉❣❡✴♦r❛♥❣❡✮✱ ❧❛
s❡♥s✐❜✐❧✐té ❞❡ ❧✬❤✉♠✐❞✐té ❡st ❛ss❡③ ❢❛✐❜❧❡✳ ❈❡❧❛ ♣♦s❡ ❧❛ q✉❡st✐♦♥ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡s ♣❡rt✉r❜❛t✐♦♥s✳
❊♥ ❡✛❡t✱ ❧♦rs ❞❡ ❧❛ ❝ré❛t✐♦♥ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡ tr❛❥❡❝t♦✐r❡ ❞✬❤✉♠✐❞✐té✱ q✉❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s♦✐❡♥t
❞❡ ✹✵ ♦✉ ✷✵✵ ♠♠✴❤✱ ❧❡s ❞✐✛ér❡♥❝❡s s✉r ❧❡s ❤✉♠✐❞✐tés s♦♥t r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡✳ ❖r✱ s✐ ❧✬❛♠♣❧✐t✉❞❡
❞❡ ❧✬❡♥s❡♠❜❧❡ ❡st ❢❛✐❜❧❡✱ ❧❛ ❞✐s❝rét✐s❛t✐♦♥ ♣❛r ❧❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ❞❡✈✐❡♥t très s❡♥s✐❜❧❡ ❡t ❧❡s
♣❧✉✐❡s sé❧❡❝t✐♦♥♥é❡s ♣❡✉✈❡♥t êtr❡ très ✐♥t❡♥s❡s✳
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❋✐❣✉r❡ ✺✳✸ ✕ ❘é♣♦♥s❡ ♥♦♥✲❧✐♥é❛✐r❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ à ✉♥ é✈é♥❡♠❡♥t ♣❧✉✈✐❡✉① ✭❞❡ ✵ à ✷✵✵ ♠♠✴❤✮
à t ❂ ✶✵ ❤✳

P♦✉r ♣❛❧❧✐❡r ❝❡ ♣r♦❜❧è♠❡✱ ❞❡✉① ♠♦❞❡s ❞❡ ♣❡rt✉r❜❛t✐♦♥s ♦♥t été ❞é✈❡❧♦♣♣és ♣♦✉r ❞✐✛ér❡♥t❡s
❣❛♠♠❡s ❞❡ ♣❧✉✐❡s✳ ▲❡s ♣❡rt✉r❜❛t✐♦♥s ♦♥t été ✐❝✐ ❞ét❡r♠✐♥é❡s ❡♥ ❛♥❛❧②s❛♥t ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s
r❛♣♣♦rts ❡♥tr❡ ❧❡s é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡s ✐♥✲s✐t✉ ❡t ❞❡ ♣❧✉✐❡s s❛t❡❧❧✐t❡s✳ ❉❡✉① ✧é✈é♥❡♠❡♥ts✧ ❞❡
♣❧✉✐❡ s♦♥t ❞é✜♥✐❡s ❝♦♠♠❡ ✐♥❞é♣❡♥❞❛♥t ❧♦rsq✉✬✐❧s s♦♥t sé♣❛rés ♣❛r ✶✷ ❤ s❛♥s ♣❧✉✐❡ ✭♦♥ ❛ ❞♦♥❝
❞❡✉① é✈é♥❡♠❡♥ts s✉r ❧❛ ❋✐❣✉r❡ ✸✳✶✸✮✳ ❈❡s é✈é♥❡♠❡♥ts ♦♥t été ❝❧❛ssés ❡♥ ❞❡✉① ❞✐✛ér❡♥t❡s ❣❛♠♠❡s✱
✐♥❢ér✐❡✉r❡ ❡t s✉♣ér✐❡✉r❡ à ✸✵ ♠♠✳ ❈❡ s❡✉✐❧ ❞❡ ✸✵ ♠♠ ❛ été ❞é✜♥✐ ❝♦♠♠❡ ét❛♥t ✼✵✪ ❞❡ ❧❛ ❝❞❢
❞❡s ♣❧✉✐❡s✱ ✈♦✐r ❛✮ ❞❡ ❧❛ ❋✐❣✉r❡ ✺✳✹✳

❋✐❣✉r❡ ✺✳✹ ✕ ❊♥ ❛✮ ❉✐str✐❜✉t✐♦♥ ❞❡s ♣❧✉✐❡s ❈▼❖❘P❍ ❘❆❲✳ ❊♥ ❜✮ ❡t ❡♥ ❝✮ ❡st r❡♣rés❡♥té ❡♥ r♦✉❣❡ ❧❡
r❛t✐♦ ❡♥tr❡ ❧❡s é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡ s❛t❡❧❧✐t❡ ❡t ✐♥✲s✐t✉ ❡t ❡♥ ❜❧❡✉ ❧❛ ❢♦♥❝t✐♦♥ ✉t✐❧✐sé❡ ♣♦✉r ❧❡ ❝♦❡✣❝✐❡♥t
♠✉❧t✐♣❧✐❝❛t❡✉r k✳

◆❡ ♣❛s ❛♣♣❧✐q✉❡r ❧❛ ♠ê♠❡ ♣❡rt✉r❜❛t✐♦♥ s✉r t♦✉t❡ ❧❛ ❣❛♠♠❡ ❞❡ ♣❧✉✐❡ é✈✐t❡ ❞❡ ♠✉❧t✐♣❧✐❡r ❧❡s
é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡s ❢♦rts ♣❛r ✉♥ ❢♦rt ❝♦❡✣❝✐❡♥t ❡t ✈❡♥✐r s❛t✉r❡r ❧❡ ♠♦❞è❧❡✳ P♦✉r ❧❡s ♣❧✉✐❡s
✐♥❢ér✐❡✉r❡s ❡t s✉♣ér✐❡✉r❡s à ✸✵ ♠♠ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✉ r❛t✐♦ ❡♥tr❡ ❧❡s ♣❧✉✐❡s ✐♥✲s✐t✉ ❡t s❛t❡❧❧✐t❡
❛ été ❛♥❛❧②sé❡✱ ❜❛rr❡s r♦✉❣❡s s✉r ❜✮ ❡t ❝✮ ❞❡ ❧❛ ❋✐❣✉r❡ ✺✳✹✳ ❈❡ r❛t✐♦✱ s✉r ❧✬❛①❡ ❞❡s ①✱ ♣❡r♠❡t
❞❡ ❝♦♥♥❛îtr❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✉ ❝♦❡✣❝✐❡♥t ♠✉❧t✐♣❧✐❝❛t❡✉r à ❛♣♣❧✐q✉❡r à ❧❛ ♣❧✉✐❡ s❛t❡❧❧✐t❡ ♣♦✉r
♦❜t❡♥✐r ❧❛ ♣❧✉✐❡ ✐♥ s✐t✉✳ ❆✐♥s✐ ❞❡✉① ❢♦♥❝t✐♦♥s ♦♥t été ét❛❜❧✐❡s✱ ✈♦✐r éq✉❛t✐♦♥ ✭✺✳✶✮✳ ❈❡s ❞❡✉①
❢♦♥❝t✐♦♥s s♦♥t r❡♣rés❡♥té❡s ♣❛r ❧❡s ❜❛rr❡s ❜❧❡✉❡s ❋✐❣✉r❡ ✺✳✹✳ ❊❧❧❡s ❞é❝r✐✈❡♥t ❧❡ t✐r❛❣❡ ❛❧é❛t♦✐r❡
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❞✬✉♥ ❝♦❡✣❝✐❡♥t ♠✉❧t✐♣❧✐❝❛t❡✉r k q✉✐ s✉✐t ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s r❛t✐♦s✳

k =

{
e(4rand)−2 si P ≤ 30mm

0.145randg(5.43) si P > 30mm
✭✺✳✶✮

❦ ❡st ❧❡ ❝♦❡✣❝✐❡♥t ♠✉❧t✐♣❧✐❝❛t❡✉r ❛♣♣❧✐q✉é à ❝❤❛q✉❡ é✈é♥❡♠❡♥t ❞❡ ♣❧✉✐❡ ❝♦♠♠❡ ❞é❝r✐t ✐❝✐ ✿

Pi(t) = ki × P (t) avec i = 1 : 100 ✭✺✳✷✮

P (t) ❡st ❧❛ ❝❤r♦♥✐q✉❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ s✉r ❧❛ ❢❡♥êtr❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❡t Pi(t) ❧✬❡♥s❡♠❜❧❡ ❞❡s ✶✵✵
❝❤r♦♥♦❧♦❣✐❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❛❧é❛t♦✐r❡♠❡♥t ♣❡rt✉r❜é❡✳
P♦✉r ❧❡s ♣❧✉✐❡s s✉♣ér✐❡✉r❡s à ✸✵♠♠ ♦♥ ✉t✐❧✐s❡ ✉♥❡ ❧♦✐ ❣❛♠♠❛ ❛✈❡❝ ❧❡s ♣❛r❛♠ètr❡s ❞❡ ❢♦r♠❡
α = 0.145 ❡t β = 5.43 ❬▼❛rs❛❣❧✐❛ ❛♥❞ ❚s❛♥❣✱ ✷✵✵✵❪✳ ❖♥ r❡tr♦✉✈❡ ❧❡s ✷ ❝❛s ❋✐❣✉r❡ ✸✳✶✸✱ ❧❡ ♣r❡♠✐❡r
é✈é♥❡♠❡♥t ✭✷✵ ♠❛✐✮ ❡st s✉♣ér✐❡✉r à ✸✵♠♠ ❡t ❞♦♥❝ s✉❜✐t ❧❡ s❡❝♦♥❞ ❝❛s ❞❡ ❧✬éq✉❛t✐♦♥ ✭✺✳✶✮ ❡t ❧❡
s❡❝♦♥❞ é✈é♥❡♠❡♥t ✭✷✹ ♠❛✐✮ ❡st ✐♥❢ér✐❡✉r à ✸✵♠♠✱ ✐❧ s✉❜✐t ❞♦♥❝ ❧❛ ♣❡rt✉r❜❛t✐♦♥ ❡①♣♦♥❡♥t✐❡❧❧❡✳

✺✳✷✳✷ ➱✈❛❧✉❛t✐♦♥ s✉r ❧❡s s✐t❡s ❞✉ ◆✐❣❡r ❡t ❞✉ ❇é♥✐♥

▲❡s ❋✐❣✉r❡s ✺✳✺ ❡t ✺✳✻ r❡♣rés❡♥t❡♥t ❧❡s ❝✉♠✉❧s ❛♥♥✉❡❧s ❞❡s ♣r♦❞✉✐ts ❛✈❛♥t ❡t ❛♣rès ❛ss✐♠✐❧❛✲
t✐♦♥✱ ♣♦✉r ❧❡s s✐t❡s ❞✉ ◆✐❣❡r ❡t ❞✉ ❇é♥✐♥✳ ▲❡s ❝✉♠✉❧s ❡♥ ♣♦✐♥t✐❧❧és s♦♥t ✐ss✉s ❞❡s ♣r♦❞✉✐ts ❜r✉ts✱
s❛♥s ❛ss✐♠✐❧❛t✐♦♥✱ ❡t ❡♥ tr❛✐t ♣❧❡✐♥ ❛♣rès ❛ss✐♠✐❧❛t✐♦♥✳ ▲❡s ❝✉♠✉❧s s♦♥t ❝♦♠♣❛rés ❛✉① ré❢ér❡♥❝❡s✱
❧❡s tr❛✐ts ♥♦✐rs✱ ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ♠❡s✉r❡s ❞❡s ♣❧✉✈✐♦♠ètr❡s✳

❋✐❣✉r❡ ✺✳✺ ✕ ▲❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡s s❛t❡❧❧✐t❡ s♦♥t ♣rés❡♥tés ✐❝✐ s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ❝✉♠✉❧s ❛♥♥✉❡❧s✳ ■❧s
s♦♥t ❝♦♠♣❛rés ❛✉① ♠❡s✉r❡s ✐♥✲s✐t✉ ✭❡♥ ♥♦✐r✮✱ ♣♦✉r ❧❡ ◆✐❣❡r✳ ▲❡s ♣r♦❞✉✐ts ❘❆❲ ✭t❡♠♣s✲ré❡❧✮ s♦♥t ❡♥
♣♦✐♥t✐❧❧és ❡t ❧❡s ♣r♦❞✉✐ts ✐♥té❣r❛♥t ❙▼❖❙ ❡♥ tr❛✐t ♣❧❡✐♥✳
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▲❛ ❋✐❣✉r❡ ✺✳✺ ♠♦♥tr❡ ❧✬✐♠♣❛❝t ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ s✉r ❧❡s ❞✐✛ér❡♥ts ♣r♦❞✉✐ts t❡♠♣s✲ré❡❧ s♦✉s
❢♦r♠❡ ❞❡ ❝✉♠✉❧s ❛♥♥✉❡❧s ♣♦✉r ❧❡ s✐t❡ ❞✉ ◆✐❣❡r✳ ▲✬♦❜❥❡❝t✐❢ ❡st ❞❡ s❡ r❛♣♣r♦❝❤❡r ❞✉ ❝✉♠✉❧ ❡♥
♥♦✐r✱ ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ❝✉♠✉❧ ❞❡s ♣r♦❞✉✐ts ✐♥✲s✐t✉ ✐ss✉ ❞❡s ♣❧✉✈✐♦♠ètr❡s✳ ❖♥ r❡♠❛rq✉❡ ❛❧♦rs
q✉❡✱ q✉❡❧ q✉❡ s♦✐t ❧❡ ♣r♦❞✉✐t✱ ❚❘▼▼ ✭❡♥ ❜❧❡✉✮✱ ❈▼❖❘P❍ ✭❡♥ r♦✉❣❡✮ ♦✉ P❊❘❙■❆◆◆ ✭❡♥ ✈❡rt✮✱
❧❡ ♣r♦❞✉✐t ❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ✭❡♥ ♣♦✐♥t✐❧❧é✮ ❡st ♣❧✉s ♣r♦❝❤❡ q✉❡ ❧❡ ♣r♦❞✉✐t ✐♥✐t✐❛❧ ✭❡♥ tr❛✐t ♣❧❡✐♥✮✳
▲❡ ❝♦♥st❛t ❡st ❧❡ ♠ê♠❡ q✉❡ ♣♦✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥✱ à s❛✈♦✐r ✉♥❡ ♠❛❥♦r✐té ❞❡ ❝✉♠✉❧s s❡ r❛♣✲
♣r♦❝❤❛♥t ❞❡s ❝✉♠✉❧s ✐♥✲s✐t✉ ❛✈❡❝ q✉❡❧q✉❡s ❛♥♥é❡s s❡♠❜❧❛♥t ♣❡✉ ✐♠♣❛❝té❡s ✭❈▼❖❘P❍ ✷✵✶✶ ❡t
✷✵✶✸ ♣❛r ❡①❡♠♣❧❡✮✳

❈❡♣❡♥❞❛♥t✱ r❡♣rés❡♥té❡s s♦✉s ❝❡tt❡ ❢♦r♠❡✱ ❝❡rt❛✐♥❡s ❛♥♥é❡s s❡♠❜❧❡♥t ♣❡✉ ✐♠♣❛❝té❡s ♣❛r ❧✬❛ss✐✲
♠✐❧❛t✐♦♥✱ ❝♦♠♠❡ ❧✬❛♥♥é❡ ✷✵✶✺ ♣♦✉r ❧❡s ♣r♦❞✉✐ts ❈▼❖❘P❍❘❆❲ ❡t P❊❘❙■❆◆◆ ❛✉ ❇é♥✐♥ ♦✉
❡♥❝♦r❡ ❈▼❖❘P❍ ❡♥ ✷✵✶✶ ❛✉ ◆✐❣❡r✳ ❖r ♥♦✉s ✈❡rr♦♥s ♣❛r ❧❛ s✉✐t❡ q✉❡ ♠ê♠❡ s✐ ❧❡ ❝✉♠✉❧ ❛♥♥✉❡❧
♥✬❛ ♣❛s s❡♥s✐❜❧❡♠❡♥t ❝❤❛♥❣é✱ ❧❛ ❞②♥❛♠✐q✉❡ ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❛ ❜✐❡♥ été ✐♠♣❛❝té❡✱ ❡t ❛♠é❧✐♦ré❡✳

❋✐❣✉r❡ ✺✳✻ ✕ ▲❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡s s❛t❡❧❧✐t❡ s♦♥t ♣rés❡♥tés ✐❝✐ s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ❝✉♠✉❧ ❛♥♥✉❡❧✳ ■❧s
s♦♥t ❝♦♠♣❛rés ❛✉① ♠❡s✉r❡s ✐♥✲s✐t✉ ✭❡♥ ♥♦✐r✮✱ ♣♦✉r ❧❡ ❇é♥✐♥✳ ▲❡s ♣r♦❞✉✐ts ❘❆❲ ✭t❡♠♣s✲ré❡❧✮ s♦♥t ❡♥
♣♦✐♥t✐❧❧és ❡t ❧❡s ♣r♦❞✉✐ts ✐♥té❣r❛♥t ❙▼❖❙ ❡♥ tr❛✐t ♣❧❡✐♥✳

❆✜♥ ❞✬é✈❛❧✉❡r ❧✬❛♣♣♦rt ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥✱ ❧❡ ❘▼❙❊✱ ❧❡ ❘✷ ❡t ❧❡ ❜✐❛✐s s♦♥t ❝❛❧❝✉❧és ❛✈❛♥t ❡t
❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ❡t r❡♣rés❡♥tés ❡♥ ✈❛❧❡✉rs r❡❧❛t✐✈❡s ∆❘▼❙❊✱ ∆❘✷ ❡t ∆|biais| s✉r ❧❛ ❋✐❣✉r❡ ✺✳✼✱
t✐ré❡ ❞❡ ❬❘♦♠á♥✲❈❛s❝ó♥ ❡t ❛❧✳✱ ✷✵✶✼❪✳ ▲❡s ❜❛rr❡s ❝♦rr❡s♣♦♥❞❡♥t à ❧✬❛ss✐♠✐❧❛t✐♦♥ à tr❛✈❡rs ❧✬❆P■
❡t ❧❡s ♣♦✐♥ts à tr❛✈❡rs ❙❯❘❋❊❳✳ ❈❡s ❞✐✛ér❡♥❝❡s ❝♦rr❡s♣♦♥❞❡♥t à ❧❛ s♦✉str❛❝t✐♦♥ ❞❡s s❝♦r❡s ❡♥tr❡
♣r♦❞✉✐t ♥♦♥ ❛ss✐♠✐❧é ✈s✳ ✐♥✲s✐t✉ ❡t ♣r♦❞✉✐t ❛ss✐♠✐❧é ✈s✳ ✐♥✲s✐t✉✳ ❆✐♥s✐ ❡♥ ✈❡rt s♦♥t r❡♣rés❡♥té❡s

✶✷✸
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❧❡s ❛♠é❧✐♦r❛t✐♦♥s ❡t ❡♥ r♦✉❣❡ ❧❡s ❞é❣r❛❞❛t✐♦♥s ✭rés✉❧t❛ts s✐♠✐❧❛✐r❡s ♣♦✉r ❧❡s ♣♦✐♥ts✮✳

P♦✉r ❧❡ ❘▼❙❊ ❥♦✉r♥❛❧✐❡r✱ ❋✐❣✉r❡ ✺✳✼ ❛✮✱ ❧✬❛♣♣♦rt ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❡st très ❝❧❛✐r✱ ❛✈❡❝ ✉♥❡ ❛♠é❧✐♦✲
r❛t✐♦♥ ♣♦✉r ❧❡s ❞❡✉① s✐t❡s✱ q✉❡❧❧❡s q✉❡ s♦✐❡♥t ❧❡s ❛♥♥é❡s ✭✉♥❡ ❞✐✛ér❡♥❝❡ ♥é❣❛t✐✈❡ r❡♣rés❡♥t❡ ✉♥❡
❛♠é❧✐♦r❛t✐♦♥ ❞✉ ❘▼❙❊ ❛♣rès ❛ss✐♠✐❧❛t✐♦♥✮✳ ❖♥ r❡♠❛rq✉❡ q✉❡ ❧❡s ❞✐✛ér❡♥❝❡s s♦♥t ♣❧✉s ❣r❛♥❞❡s
♣♦✉r P❊❘❙■❆◆◆✱ ✐♥✐t✐❛❧❡♠❡♥t ♣❧✉s ♠❛✉✈❛✐s q✉❡ ❧❡s ❛✉tr❡s ♣r♦❞✉✐ts✱ ❥✉sq✉✬à ✉♥ ❘▼❙❊ ❞❡
✹ ♠♠✴❥♦✉r✳ P♦✉r ❧❛ ❝♦rré❧❛t✐♦♥✱ ❋✐❣✉r❡ ✺✳✼ ❜✮✱ ❡❧❧❡s s♦♥t ❣❧♦❜❛❧❡♠❡♥t ♠❡✐❧❧❡✉r❡s✳ ❈❡♣❡♥❞❛♥t✱
q✉❡❧q✉❡s ❛♥♥é❡s ❝♦♠♠❡ ✷✵✶✵ ❛✉ ◆✐❣❡r ♦✉ ✷✵✶✶ ❛✉ ❇é♥✐♥ ✈♦✐❡♥t ❧❡✉rs ❝♦rré❧❛t✐♦♥s ❞étér✐♦ré❡s
❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ❛❧♦rs q✉❡ ❧❡s ❛✉tr❡s ❛♥♥é❡s s♦♥t ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❛♠é❧✐♦ré❡s ✭❥✉sq✉✬à ✰✵✳✶✽
❞❡ ❝♦rré❧❛t✐♦♥✮✳ P♦✉r ❧❡s ❝✉♠✉❧s ❛♥♥✉❡❧s✱ ❋✐❣✉r❡ ✺✳✼ ❝✮✱ ❧❡s ❜✐❛✐s s♦♥t ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ré❞✉✐ts✱
♣❛r ❡①❡♠♣❧❡✱ ❞✬❡♥✈✐r♦♥ ✺✵✵ ♠♠ ❛✉ ◆✐❣❡r ❡♥ ✷✵✶✵ ❛✈❡❝ P❊❘❙■❆◆◆✳ ❖♥ r❡tr♦✉✈❡ ❝❡s ❛♠é❧✐♦r❛✲
t✐♦♥s s✉r ❧❡s ❝✉♠✉❧s ❋✐❣✉r❡ ✺✳✺✳

  

a)

b)

c)

CMORPHRAW PERSIANN TRMM-3B42RT

❋✐❣✉r❡ ✺✳✼ ✕ ➱✈❛❧✉❛t✐♦♥ ❞❡ ❧✬❛♣♣♦rt ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❡♥ t❡r♠❡ ❞❡ ❞✐✛ér❡♥❝❡s ❞❡ s❝♦r❡s ❡♥tr❡ ❧❡ ♣r♦❞✉✐t
❛✈❛♥t ❡t ❛♣rès ❛ss✐♠✐❧❛t✐♦♥✳

▲❛ ❋✐❣✉r❡ ✺✳✼ ♣rés❡♥t❡ ❛✉ss✐ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ♠♦❞è❧❡s ❆P■ ❡t ❙❯❘❋❊❳✳ ❈❡s
❞❡✉① ♠♦❞è❧❡s ♦♥t été ✉t✐❧✐sés sé♣❛ré♠❡♥t ❞❛♥s ❧❡ s❝❤é♠❛ ❞✬❛ss✐♠✐❧❛t✐♦♥✳ ▲❛ ♣r❡♠✐èr❡ ❡①♣ér✐❡♥❝❡✱
❡♥ ❛ss✐♠✐❧❛♥t ❛✉ tr❛✈❡rs ❙❯❘❋❊❳ ❞♦♥♥❡ ❧❡s ♣♦✐♥ts ❞❡ ❝♦✉❧❡✉r ❡t ❧❛ s❡❝♦♥❞❡✱ ❡♥ ❛ss✐♠✐❧❛♥t
❛✈❡❝ ❧✬❆P■✱ ❞♦♥♥❡ ❧❡s ❜❛rr❡s✳ ❖♥ r❡♠❛rq✉❡ ❛❧♦rs q✉❡ ❧❡s ❞✐✛ér❡♥❝❡s ❞❡ s❝♦r❡s s❡♠❜❧❡♥t ❛❧❧❡r à
❧✬❛✈❛♥t❛❣❡ ❞❡ ❧✬❆P■✱ q✉✐ ♠♦♥tr❡ ♠❛❥♦r✐t❛✐r❡♠❡♥t ❞❡ ♠❡✐❧❧❡✉rs rés✉❧t❛ts✳

✶✷✹
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✺✳✷✳✸ ◗✉❡❧ ❡st ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ❝♦rr❡❝t✐♦♥ ♠❛①✐♠❛❧ ❞❡ ❧❛ ♠ét❤♦❞❡ ❄

▲❡s ❝♦rr❡❝t✐♦♥s ❡✛❡❝t✉é❡s ♣❛r ❧❡ ✜❧tr❡ ♠♦♥tr❡♥t ✉♥ ✐♠♣❛❝t ♣♦s✐t✐❢ s✉r ❧❛ ré❞✉❝t✐♦♥ ❞❡s ❡rr❡✉rs
❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❡t s✉r ❧❡s s✐♠✉❧❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❛ss♦❝✐é❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ♣♦t❡♥t✐❡❧
❝♦rr❡❝t✐❢ ❞✉ s❝❤é♠❛ ❞♦✐t êtr❡ ❝❛r❛❝tér✐sé ❛✜♥ ❞✬❛♥❛❧②s❡r ❧❡ ♣♦t❡♥t✐❡❧ ♠❛①✐♠❛❧ ❞❡ ❝♦rr❡❝t✐♦♥ ❡t
❧❡s ❧✐♠✐t❡s ❞✉ s❝❤é♠❛✳ P♦✉r ❝❡❧❛ ♥♦✉s ♣rés❡♥t♦♥s ✐❝✐ ✷ ❡①♣ér✐❡♥❝❡s ✿

✶✳ ➱t✉❞❡ ❞❡ ❧❛ ❞é❣r❛❞❛t✐♦♥ ❞❡s ❞♦♥♥é❡s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥✲s✐t✉ ♣❛r ❛ss✐♠✐❧❛t✐♦♥ ❞✬♦❜s❡r✲
✈❛t✐♦♥s ❙▼❖❙✳

✷✳ ❆ss✐♠✐❧❛t✐♦♥ ❞✬♦❜s❡r✈❛t✐♦♥s ✧♣❛r❢❛✐t❡s✧ ❞❡ ❙▼❖❙ ❛✜♥ ❞✬é✈❛❧✉❡r ❧❡ ♣♦t❡♥t✐❡❧ ♠❛①✐♠❛❧ ❞❡
❝♦rr❡❝t✐♦♥ ❞✉ ✜❧tr❡✳

✺✳✷✳✸✳✶ ❊①♣ér✐❡♥❝❡ ✶ ✿ ■♠♣❛❝t ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ s✉r ❧❡s ♣❧✉✐❡s ✐♥✲s✐t✉

▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡tt❡ ♣❛rt✐❡ ❡st ❞❡ q✉❛♥t✐✜❡r ❝♦♠♠❡♥t ❧❛ ♠ét❤♦❞❡ ❞étér✐♦r❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s
❞❡ ré❢ér❡♥❝❡✳ ❊♥ ❡✛❡t✱ ❞✐✛ér❡♥ts é❧é♠❡♥ts✱ t❡❧ q✉❡ ❧❡ ❝❛r❛❝tèr❡ ❡♥s❡♠❜❧✐st❡ ❞❡ ❧❛ ♠ét❤♦❞❡✱ ❧❡s
♥♦♥✲❧✐♥é❛r✐tés ♦✉ ❡♥❝♦r❡ ❧❡s ❡rr❡✉rs ❞✬♦❜s❡r✈❛t✐♦♥s ❢♦♥t q✉❡ ❧❛ ♠ét❤♦❞❡ ♣❡✉t ❞étér✐♦r❡r ❧❡ ♣r♦❞✉✐t
❞❡ ré❢ér❡♥❝❡✳ P♦✉r ❝❡❧❛✱ ✐❧ ❡st ♣r♦♣♦sé ✐❝✐ ❞✬❛♥❛❧②s❡r ❧❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ ❧❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡ ✐♥✲
s✐t✉ ❛✈❛♥t ❡t ❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙✳ ◆♦t♦♥s q✉✬✐❧ ♥❡ ♣❡✉t ❡♥ rés♦✉❞r❡ q✉✬✉♥❡ ❞é❣r❛❞❛t✐♦♥
❞✉ ♣r♦❞✉✐t✳ ▲❡s rés✉❧t❛ts s♦♥t ♣rés❡♥tés ❋✐❣✉r❡ ✺✳✽ ♣♦✉r ❧❡s ❛♥♥é❡s ✷✵✶✵✕✷✵✶✺ s✉r ❧❡s s✐t❡s ❞✉
◆✐❣❡r ❡t ❞✉ ❇é♥✐♥✳

❋✐❣✉r❡ ✺✳✽ ✕ ■♠♣❛❝t ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥✲s✐t✉ ❡♥ t❡r♠❡s ❞❡ ❘▼❙❊
❥♦✉r♥❛❧✐❡r✱ ❞❡ ❝♦rré❧❛t✐♦♥ ❡t ❞❡ ❝✉♠✉❧ ❛♥♥✉❡❧✳

❖♥ ♦❜s❡r✈❡ s✉r ❧❛ ❋✐❣✉r❡ ✺✳✽ q✉❡ ❧❛ ❞é❣r❛❞❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❞❡ ♣❧✉✐❡ ❡♥ t❡r♠❡ ❞❡ ❘▼❙❊ ❡st
❞❡ ✶✳✽✻ ♠♠✴❥♦✉r ❡♥ ♠♦②❡♥♥❡ ❛✉ ◆✐❣❡r ❡t ❞❡ ✶✳✾✽ ♠♠✴❥♦✉r ❛✉ ❇é♥✐♥✳ P♦✉r ❧❡s ❝♦rré❧❛t✐♦♥s✱ ❝❡s
❞❡r♥✐èr❡s s♦♥t ❞é❣r❛❞é❡s ❞❡ ✲✵✳✺✶ ♣♦✐♥t ❛✉ ◆✐❣❡r ❡t ❞❡ ✲✵✳✹✻ ♣♦✐♥t ❛✉ ❇é♥✐♥✳ P♦✉r ❧❡s ❝✉♠✉❧s
❛♥♥✉❡❧s✱ ✐❧s ♦♥t t❡♥❞❛♥❝❡ à êtr❡ s♦✉s✲❡st✐♠és ❞❡ ✲✺✻✳✹ ♠♠✴❛♥ ❛✉ ◆✐❣❡r ❡t ❞❡ ✲✺✻✳✹ ♠♠✴❛♥ ❛✉
❇é♥✐♥✳
▲✬❛ss✐♠✐❧❛t✐♦♥ ❞é❣r❛❞❡ ❞♦♥❝ ❜✐❡♥ ❧❡ ♣r♦❞✉✐t ❞❡ ré❢ér❡♥❝❡ ❞❛♥s ❞❡s ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r q✉✐ s♦♥t
r❛✐s♦♥♥❛❜❧❡ ❛✈❡❝ ♠♦✐♥s ❞❡ ✶✵✪ s✉r ❧❡s ❝✉♠✉❧s ❛♥♥✉❡❧s✳

✺✳✷✳✸✳✷ ❊①♣ér✐❡♥❝❡ ✷ ✿ ❖❜s❡r✈❛t✐♦♥s ✧♣❛r❢❛✐t❡s✧ ❡t ❢♦rç❛❣❡s ✐♥❝❡rt❛✐♥s

❈❡tt❡ s❡❝♦♥❞❡ ❡①♣ér✐❡♥❝❡ ❛ ♣♦✉r ❜✉t ❞✬ét✉❞✐❡r ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ❝♦rr❡❝t✐♦♥ ♠❛①✐♠❛❧ ❞✉ s❝❤é♠❛
❞✬❛ss✐♠✐❧❛t✐♦♥✳ P♦✉r ❝❡❧❛✱ ❧❡s ❞♦♥♥é❡s ❞✬♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ s♦♥t r❡♠♣❧❛❝é❡s ♣❛r ❞❡s ❞♦♥♥é❡s
s②♥t❤ét✐q✉❡s✳ ❈✬❡st✲à✲❞✐r❡ ❞❡ ❢❛✉ss❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ❣é♥éré❡s à ♣❛rt✐r ❞❡ ❧✬❤✉♠✐❞✐té s✐♠✉❧é❡
♣❛r ❧❡ ♠♦❞è❧❡ ❛✈❡❝ ❧❡ ♣r♦❞✉✐t ❞❡ ré❢ér❡♥❝❡ ❡t é❝❤❛♥t✐❧❧♦♥♥é❡s ❛✉ ♣❛ss❛❣❡ ❞❡ ❙▼❖❙✳ ❉❛♥s ❧❛ t❤é♦✲
r✐❡✱ ❝❡s ♥♦✉✈❡❧❧❡s ♦❜s❡r✈❛t✐♦♥s✱ ❛♣♣❡❧és ✐❝✐ ♦❜s❡r✈❛t✐♦♥s ✧♣❛r❢❛✐t❡s✧✱ s✐♠✉❧❡♥t ❞❡s ♦❜s❡r✈❛t✐♦♥s
❙▼❖❙ s❛♥s ❡rr❡✉rs✳ ❆✜♥ ❞❡ s✐♠✉❧❡r ❧❡ ✜❧tr❛❣❡ ♥♦✉s ♥❡ ❣❛r❞❡r♦♥s q✉❡ ✸✵✵ ❞❡ ❝❡s ♦❜s❡r✈❛t✐♦♥s✳

✶✷✺
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❈❡s ♦❜s❡r✈❛t✐♦♥s ✧♣❛r❢❛✐t❡s✧ s♦♥t ✉t✐❧✐sé❡s ✐❝✐ ♣♦✉r ❛ss✐♠✐❧❡r ❧❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡ s❛t❡❧❧✐t❡ ✐♥✲
❝❡rt❛✐♥s✳ ▲✬♦❜❥❡❝t✐❢ ❡st ❞♦✉❜❧❡ ✿ ✭✐✮ ét✉❞✐❡r ❧❡ ♣♦t❡♥t✐❡❧ ❝♦rr❡❝t✐❢ ♠❛①✐♠❛❧ ❞❡ ❧❛ ♠ét❤♦❞❡ ❡t ✭✐✐✮
ét✉❞✐❡r ❧✬✐♠♣❛❝t ❞❡ ❧❛ ré❞✉❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ✉t✐❧✐sé❡s à ❝❛✉s❡ ❞✉ ✜❧tr❛❣❡✳
P♦✉r ❝❡ s❡❝♦♥❞ ♦❜❥❡❝t✐❢✱ ✉♥ ❥❡✉ ❞✬♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ✧♣❛r❢❛✐t❡s✧ ❞❡ ✼✸✵ é❝❤❛♥t✐❧❧♦♥s ❛ été ❣é✲
♥éré ✭✼✸✵ ❝♦rr❡s♣♦♥❞ ❛✉ ♥♦♠❜r❡ ♠❛①✐♠✉♠ ❞❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ❞❛♥s ✉♥❡ ❛♥♥é❡✮✳
▲❛ ❋✐❣✉r❡ ✺✳✾ r❡♣rés❡♥t❡ ❧✬✐♠♣❛❝t ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ s✉r ❧❡ ♣r♦❞✉✐t ❈▼❖❘P❍❘❆❲ ❛ss✐♠✐❧é ♣❛r
❧❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ✧♣❛r❢❛✐t❡s✧ ♣♦✉r ❧❡s s✐t❡s ❞✉ ◆✐❣❡r ❡t ❞✉ ❇é♥✐♥ ♣♦✉r ❧❡s ❛♥♥é❡s ✷✵✶✵✕
✷✵✶✺✳ ▲❡s ❜❛rr❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① rés✉❧t❛ts ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❛✈❡❝ ❞❡s ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙
✧♣❛r❢❛✐t❡s✧✱ ❧❡s ♣♦✐♥ts ❜❧❡✉s ❛✉① ♦❜s❡r✈❛t✐♦♥s ✧♣❛r❢❛✐t❡s✧ ✼✸✵ ♦❜s✳ ❡t ❧❡s ❝r♦✐① ❛✉① ♦❜s❡r✈❛t✐♦♥s
❙▼❖❙ ré❡❧❧❡s✳ ▲❡s ❜❛rr❡s ♠♦♥tr❡♥t ❜✐❡♥ ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s s❝♦r❡s ❧♦rs ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s
♦❜s❡r✈❛t✐♦♥s ❙▼❖❙ ✧♣❛r❢❛✐t❡s✧✳
▲♦rsq✉❡ ❧✬♦♥ ❞♦✉❜❧❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡s ♦❜s❡r✈❛t✐♦♥s ✧♣❛r❢❛✐t❡s✧ ♦♥ ♦❜t✐❡♥t ❧❡s ♣♦✐♥ts ❜❧❡✉s ❀ rés✉❧✲
t❛t ✐♠♣♦rt❛♥t q✉✐ ♠♦♥tr❡ ❧✬✐♥térêt ❞❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡s ❞♦♥♥é❡s✳ ❖♥ ♦❜s❡r✈❡ ❛❧♦rs q✉❡ ❧❡ ❢❛✐t ❞❡
❞♦✉❜❧❡r ❧❡ ♥♦♠❜r❡ ❞✬♦❜s❡r✈❛t✐♦♥s ❛✉❣♠❡♥t❡ ❛✉ ♠❛①✐♠✉♠ ❞❡ ✷✺✪ ❧❡ s❝♦r❡ ♦❜s❡r✈é✳
▲♦rs ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ♦❜s❡r✈❛t✐♦♥s ré❡❧❧❡s ❞❡ ❙▼❖❙✱ ♦♥ ♦❜t✐❡♥t ❧❡s ❝r♦✐① r♦✉❣❡s✳ ❈❡s ❝r♦✐①
♠♦♥tr❡♥t ✉♥❡ ❝♦rr❡❝t✐♦♥ ✧♥♦♥✲♦♣t✐♠❛❧❡✧ ❞✉❡ ❛✉① ❡rr❡✉rs ❛ss♦❝✐é❡s ❛✉① ♦❜s❡r✈❛t✐♦♥s ❙▼❖❙✳

a) b) c)

❋✐❣✉r❡ ✺✳✾ ✕ ❛✮✱ ❜✮ ❡t ❝✮ r❡♣rés❡♥t❡♥t ❧❡ ♣♦t❡♥t✐❡❧ ♠❛①✐♠❛❧ q✉✬❛ ❧❡ s❝❤é♠❛ ❞✬❛ss✐♠✐❧❛t✐♦♥ à ❝♦rr✐❣❡r
❧❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❈▼❖❘P❍❘❆❲✳ ▲❡s ❜❛rr❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉ ❝❛s ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞✬♦❜✲
s❡r✈❛t✐♦♥s ✧♣❛r❢❛✐t❡s✧✱ ❧❡s ♣♦✐♥ts ❜❧❡✉s ❧♦rsq✉❡ ❝❡s ♦❜s❡r✈❛t✐♦♥s s♦♥t ♦♣t✐♠✐sé❡s ❡♥ t❡r♠❡s ❞❡ ❢réq✉❡♥❝❡
❞❡ ♣❛ss❛❣❡ ❡t ❧❡s ❝r♦✐① r♦✉❣❡s s♦♥t ❧❡ ❝❛s ♦ù ❧❡s ❞♦♥♥é❡s ❙▼❖❙ ré❡❧❧❡s s♦♥t ✉t✐❧✐sé❡s✳

✺✳✷✳✸✳✸ ▲✐♠✐t❛t✐♦♥s

❈❡tt❡ ♠ét❤♦❞❡ ♥❡ ♣❡r♠❡t ♣❛s ❞❡ ❣é♥ér❡r✱ ♥✐ ❞❡ s✉♣♣r✐♠❡r ❧❡s é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡✱ ❝❡ q✉✐
♣❡✉t êtr❡ ♣r♦❜❧é♠❛t✐q✉❡ ♣♦✉r ❧❡s ❢❛✉ss❡s ❛❧❡rt❡s ✭❢❛❧s❡✲❛❧❛r♠✮ ♦✉ ❡♥❝♦r❡ ❧❡s é✈é♥❡♠❡♥ts ❞❡ ♣❧✉✐❡
♠❛♥q✉és✳ ❯♥❡ ❛✉tr❡ ❧✐♠✐t❡ s✉r✈✐❡♥t ❝❡tt❡ ❢♦✐s✲❝✐ ❧♦rsq✉❡ ❧❡ t❛✉① ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡st ♣r♦❝❤❡
❞❡ ❧❛ s❛t✉r❛t✐♦♥ ♦✉ s✉r ❧❡s ③♦♥❡s ✐rr✐❣✉é❡s✳ ❊♥ ❡✛❡t✱ ❧✬✐rr✐❣❛t✐♦♥ ❛✉❣♠❡♥t❡ ❧✬❤✉♠✐❞✐té ❞❛♥s ❧❡ s♦❧
s❛♥s q✉❡ ❝❡❧❛ ♥❡ s♦✐t ❧✐é ❛✉① é✈é♥❡♠❡♥ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s✳

▲❡s ❧✐♠✐t❡s ❞✉ ♠♦❞è❧❡ rés✐❞❡♥t ❛✉ss✐ ❞❛♥s ❧❡s ♥♦♥✲❧✐♥é❛r✐tés ❡♥tr❡ ♣ré❝✐♣✐t❛t✐♦♥s ❡t ❤✉♠✐❞✐té✳ P❛r
❡①❡♠♣❧❡✱ ❧♦rsq✉❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡st ♣r♦❝❤❡ ❞❡ ❧❛ ❝❛♣❛❝✐té ❞✬✐♥✜❧tr❛t✐♦♥ ❞✉ s♦❧✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥
❞✬✉♥ é✈é♥❡♠❡♥t ♣❧✉✈✐❡✉① s❡r❛ ♣❧✉s ❢❛✐❜❧❡ q✉❡ ❧♦rsq✉❡ s✐ ❧❡ s♦❧ ét❛✐t ♣❧✉s s❡❝✳ ❆✐♥s✐✱ ♠❛❧❣ré ❧❡s
♣❡rt✉r❜❛t✐♦♥s ❞é♣❡♥❞❛♥t❡s ❞❡ ❧✬✐♥t❡♥s✐té ❞❡s é✈é♥❡♠❡♥ts ♣❧✉✈✐❡✉① ✭✈♦✐r ❋✐❣✉r❡ ✺✳✹✮✱ ❝❡❧❛ r❡st❡
✉♥❡ ❧✐♠✐t❡ ❢♦rt❡✳

✶✷✻
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✺✳✸ ❱❡rs ✉♥ ♣r♦❞✉✐t ❤❛✉t❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❛✈❡❝ ❧❡ ♣r♦✲
❞✉✐t ❚❆▼❙❆❚

▼❛✐♥t❡♥❛♥t q✉❡ ♥♦✉s ❛✈♦♥s ✈✉ ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ❙▼❖❙ ♣♦✉r ✈❡♥✐r ❛♠é❧✐♦r❡r ❧❡s ♣r♦❞✉✐ts ❞❡
♣ré❝✐♣✐t❛t✐♦♥s✱ ✐♥tér❡ss♦♥s✲♥♦✉s à ❧❛ ❝♦rr❡❝t✐♦♥ ❞✉ ♣r♦❞✉✐t ❚❆▼❙❆❚✳

✺✳✸✳✶ ▲❡ ♣r♦❞✉✐t ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ❚❆▼❙❆❚

❚❆▼❙❆❚ ❡st ✉♥ ♣r♦❞✉✐t ❞❡ ♣❧✉✐❡ ✉t✐❧✐sé ♣❛r ❧❡ ❝❡♥tr❡ ré❣✐♦♥❛❧ ❆●❘❍❨▼❊❚✱ ❡♥ ♣❛rt✐❝✉❧✐❡r
♣♦✉r s✉✐✈r❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s r❡♥❞❡♠❡♥ts ❛❣r✐❝♦❧❡s✳ ■❧ ❢❛✐t ♣❛rt✐❡ ❞❡ ❝❡s ♣r♦❞✉✐ts ré♣♦♥❞❛♥t ❛✉①
❡①✐❣❡♥❝❡s ❞❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ✵✳✵✸✼✺✝① ✵✳✵✸✼✺✝✭s♦✐t ✹ ❦♠ ① ✹ ❦♠✮ ❡t t❡♠♣♦r❡❧❧❡ ✭❥♦✉r♥❛❧✐❡r✮
♥é❝❡ss❛✐r❡ ❛✉① ❛♣♣❧✐❝❛t✐♦♥s ❛❣r✐❝♦❧❡s ❬❇❧❛❝❦ ❡t ❛❧✳✱ ✷✵✶✻❪✳ ▲❡ ♣r✐♥❝✐♣❡ ❞✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ♣❧✉✐❡
✉t✐❧✐sé ♣❛r ❚❆▼❙❆❚ ❡st ❜❛sé s✉r ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ s♦♠♠❡t ❞✉ ♥✉❛❣❡ ✈✐❛ ❧❛
♠❡s✉r❡ ❞✉ r❛②♦♥♥❡♠❡♥t ✐♥❢r❛r♦✉❣❡ ♣❛r ❧❡ s❛t❡❧❧✐t❡ ▼❙●✳ P♦✉r ❝❤❛q✉❡ ♣✐①❡❧ ❧❡ ❝❛❧❝✉❧ ❞✉ ✧❈♦❧❞
❈❧♦✉❞ ❉✉r❛t✐♦♥✧ ✭❈❈❉✮ ❡st ❡✛❡❝t✉é✱ ❝♦rr❡s♣♦♥❞❛♥t ❛✉ t❡♠♣s ❞❡ ♣rés❡♥❝❡ ❞✉ ♥✉❛❣❡ ❢r♦✐❞ ❞❛♥s
❧❡ ♣✐①❡❧✳ ❊♥s✉✐t❡✱ ✉♥❡ ❝❛❧✐❜r❛t✐♦♥ ❡st ❡✛❡❝t✉é❡ ❡♥tr❡ ❧❛ t❡♠♣ér❛t✉r❡✱ ❧❡ t❡♠♣s ❞❡ ♣❛ss❛❣❡ ❡t ❧❛
q✉❛♥t✐té ❞❡ ♣❧✉✐❡ ♠❡s✉ré❡ ♣❛r ❧❡ rés❡❛✉ ❞❡ ♣❧✉✈✐♦♠ètr❡s ❋✐❣✉r❡ ✺✳✶✵ ❛✮✳ ❈❡tt❡ ❝❛❧✐❜r❛t✐♦♥ ♣❡r♠❡t
❞❡ ❝❧❛ss✐✜❡r ❝❡rt❛✐♥❡s ③♦♥❡s ❛✈❡❝ ❧❡s ♠ê♠❡s ♣❛r❛♠ètr❡s ❋✐❣✉r❡ ✺✳✶✵ ❜✮✳ ❈❡♣❡♥❞❛♥t✱ t♦✉t ❝♦♠♠❡
❧❡s ♣r♦❞✉✐ts ❞❡ ♣❧✉✐❡ s❛t❡❧❧✐t❛✐r❡s ❜❛ss❡ rés♦❧✉t✐♦♥ ✭✵✳✷✺ ✝✮✱ ❚❆▼❙❆❚ ❝❛♣t❡ ❛ss❡③ ❜✐❡♥ ❧❡s é✈é✲
♥❡♠❡♥ts ❞❡ ♣❧✉✐❡ ♠❛✐s s♦✉✛r❡ ❞✬✐♥❝❡rt✐t✉❞❡s s✉r ❧❡s q✉❛♥t✐tés é✈❛❧✉é❡s ❬▼❛✐❞♠❡♥t ❡t ❛❧✳✱ ✷✵✶✼❪✳

✭❛✮ ❈❛rt❡ ❞❡s ♣❧✉✈✐♦♠ètr❡s ✉t✐❧✐sés ♣♦✉r ❧❛ ❝❛❧✐❜r❛✲
t✐♦♥ ❞❡ ❚❆▼❙❆❚✳

✭❜✮ ❈❛rt❡ ❞❡s ③♦♥❡s ❝❧✐♠❛t✐q✉❡s ❛②❛♥t ❧❡s ♠ê♠❡ ❝♦✲
❡✣❝✐❡♥ts✳

❋✐❣✉r❡ ✺✳✶✵ ✕ ❉♦♥♥é❡s t❡rr❛✐♥s ✉t✐❧✐sé❡s ❞❛♥s ❧❛ ❝❛❧✐❜r❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❚❆▼❙❆❚
❬▼❛✐❞♠❡♥t ❡t ❛❧✳✱ ✷✵✶✼❪✳

✶✷✼
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✺✳✸✳✷ ❉ét❛✐❧ ❞❡ ❧❛ ❝❤❛î♥❡ ❞❡ tr❛✐t❡♠❡♥t

▲❛ ❝❤❛î♥❡ ❞❡ tr❛✐t❡♠❡♥t q✉✐ ♣❡r♠❡t ❧❛ ❝♦rr❡❝t✐♦♥ ❞✉ ♣r♦❞✉✐t ❚❆▼❙❆❚ ❡st ❞é❝r✐t❡ ♣❛r ❧❡
s②♥♦♣t✐q✉❡ ❋✐❣✉r❡ ✺✳✶✶✳ ▲❡ ♣r✐♥❝✐♣❡ ❡st ❞❡ tr❛♥s❢♦r♠❡r ❧❛ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡ ❞✉
♣r♦❞✉✐t ❚❆▼❙❆❚ ❛✉ ❢♦r♠❛t ❝♦♠♣❛t✐❜❧❡ ♣♦✉r ❧❛ ♠ét❤♦❞❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❞é❝r✐t❡ P❛rt✐❡ ✸✳✺✳✶✱
ét❛♣❡s ✶ à ✸✳ P✉✐s✱ ❧❡s ét❛♣❡s ✹ ❡t ✺ ♦♥t ♣♦✉r rô❧❡ ❞❡ r❛♠❡♥❡r ❚❆▼❙❆❚ à s❛ rés♦❧✉t✐♦♥ ❞✬♦r✐❣✐♥❡✳

TAMSAT  Original

TAMSAT  + SMOS

❋✐❣✉r❡ ✺✳✶✶ ✕ ❈❤❛î♥❡ ❞❡ tr❛✐t❡♠❡♥t ♣♦✉r ❧❛ ❝♦rr❡❝t✐♦♥ ❞❡ ❚❆▼❙❆❚ ♣❛r ❙▼❖❙✳

✶✷✽
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❉ét❛✐❧❧♦♥s ♠❛✐♥t❡♥❛♥t ❝❤❛❝✉♥❡ ❞❡ ❝❡s ét❛♣❡s ✿

• ➱t❛♣❡ ✶ ✿
❈❡tt❡ ♣r❡♠✐èr❡ ét❛♣❡ ❛ ♣♦✉r ♦❜❥❡❝t✐❢ ❞❡ ❞és❛❣ré❣❡r s♣❛t✐❛❧❡♠❡♥t ❚❆▼❙❆❚ ✵✳✵✸✼✺✝s✉r ❧❛
❣r✐❧❧❡ ❞❡ ❈▼❖❘P❍ ✵✳✷✺✝✳ P♦✉r ❝❡❧❛✱ ♦♥ ❝❛❧❝✉❧❡ ❧❛ ♠♦②❡♥♥❡ ❞❡s ♣✐①❡❧s ❚❆▼❙❆❚ ❝♦♠♣r✐s
❞❛♥s ✉♥❡ ♠❛✐❧❧❡ ❞❡ ❧❛ ❣r✐❧❧❡ ❈▼❖❘P❍✱ ❝♦♠♠❡ s✉r ❧❛ ❋✐❣✉r❡ ✺✳✶✷ ✿

❋✐❣✉r❡ ✺✳✶✷ ✕ ❆❣ré❣❛t✐♦♥ s♣❛t✐❛❧❡ ❞✉ ♣r♦❞✉✐t ❚❆▼❙❆❚✳

• ➱t❛♣❡ ✷ ✿
❈❡tt❡ s❡❝♦♥❞❡ ét❛♣❡ ❛ ♣♦✉r ♦❜❥❡❝t✐❢ ❞❡ ❞és❛❣ré❣❡r t❡♠♣♦r❡❧❧❡♠❡♥t ❚❆▼❙❆❚✱ ❞❡ ✷✹ ❤
à ✸ ❤✳ P♦✉r ❝❡❧❛ ♥♦✉s ✉t✐❧✐s❡r♦♥s ✐❝✐ ❧❛ ❞②♥❛♠✐q✉❡ t❡♠♣♦r❡❧❧❡ ✭✸ ❤✮ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s
❢♦✉r♥✐❡ ♣❛r ❈▼❖❘P❍✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ♥♦r♠❛❧✐sé❡ ❞❡s é✈❡♥❡♠❡♥ts ❈▼❖❘P❍ ❝♦♥t❡♥✉s
❞❛♥s ✉♥ ♣❛s ❞❡ t❡♠♣s ❚❆▼❙❆❚ ❡st ♠✉❧t✐♣❧✐é❡ ♣❛r ❧✬✐♥t❡♥s✐té ❞❡ ❝❡ ❞❡r♥✐❡r✳ ▲❛ ❋✐❣✉r❡
✺✳✶✸ r❡♣rés❡♥t❡ ❝❡tt❡ ♦♣ér❛t✐♦♥✳ ▲❡s ❜❛rr❡s tr❛♥s♣❛r❡♥t❡s s♦♥t ❧❡s é✈é♥❡♠❡♥ts ❈▼❖❘P❍✳
▲♦rsq✉✬❡❧❧❡s s❡ tr♦✉✈❡♥t ❞❛♥s ✉♥ é✈é♥❡♠❡♥t ❚❆▼❙❆❚✱ ❡❧❧❡s s♦♥t ♥♦r♠❛❧✐sé❡s✱ ♣r❡♠✐èr❡
♣❛rt✐❡ ❞❡ ❧✬éq✉❛t✐♦♥ ✭✺✳✸✮✱ ♣✉✐s ♠✉❧t✐♣❧✐é❡s ♣❛r ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ❜❛rr❡ ❜❧❡✉❡✳

TAMSAT25km/3h =
CMORPH25km/3h

6h+24h∑
i=6h

CMORPH25km/3h

× TAMSAT25km/24h ✭✺✳✸✮

❋✐❣✉r❡ ✺✳✶✸ ✕ ❉és❛❣ré❣❛t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ ❚❆▼❙❆❚✱ ❞❡ ✷✹ ❤ à ✸ ❤ ❡♥ ✉t✐❧✐s❛♥t ❧❛ t❡♠♣♦r❛❧✐té
❞❡ ❈▼❖❘P❍✳
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• ➱t❛♣❡ ✸ ✿
▼❛✐♥t❡♥❛♥t q✉❡ ❧❡ ♣r♦❞✉✐t ❚❆▼❙❆❚ ❡st ❛✉ ❢♦r♠❛t ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ✉t✐❧✐sé❡s ❞❛♥s ❧❡
s❝❤é♠❛ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❞é✈❡❧♦♣♣é ❈❤❛♣✐tr❡ ✸✱ ❝✬❡st✲à✲❞✐r❡ ✭✵✳✷✺✝✱ ✸ ❤✮✳ ▲❛ ♠ét❤♦❞❡ ❞❡
❝♦rr❡❝t✐♦♥ à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❙▼❖❙ ❡st ❡♥s✉✐t❡ ❛♣♣❧✐q✉é❡ ❡t ❧❡ rés✉❧t❛t ❡st ✉♥ ♣r♦❞✉✐t
❚❆▼❙❆❚ ❝♦rr✐❣é à ✵✳✷✺✝❡t ✸ ❤✳

• ➱t❛♣❡ ✹ ✿
❈❡tt❡ ét❛♣❡ r❡✈✐❡♥t à r❡♣❛ss❡r à ❧❛ rés♦❧✉t✐♦♥ ❞❡ ✷✹ ❤✱ ❞❡ ♠❛♥✐èr❡ à s❡ r❡♠❡ttr❡ ❛✉ ❢♦r♠❛t
♦r✐❣✐♥❛❧ ❞❡ ❚❆▼❙❆❚✳ P♦✉r ❝❡❧❛ ❧❡ ♣r♦❞✉✐t ❡st ❛❣ré❣é ❞❡ ✻❤ à ✻❤✳

• ➱t❛♣❡ ✺ ✿
❈❡tt❡ ét❛♣❡ ❝♦♥❝❡r♥❡ ❧❛ ❞és❛❣ré❣❛t✐♦♥ s♣❛t✐❛❧❡ ❞✉ ♣r♦❞✉✐t ❞❡ ♣❧✉✐❡ ❛♣rès ❛ss✐♠✐❧❛t✐♦♥✱ ♣♦✉r
❧❡ ♣❛ss❡r ❞❡ ✵✳✷✺✝❛ ✵✳✵✸✼✺✝✳ P♦✉r ❝❡❧❛ ✉♥❡ ❞✐✈✐s✐♦♥ ❞✉ ♣r♦❞✉✐t ❛✈❛♥t ❡t ❛♣rès ❛ss✐♠✐❧❛t✐♦♥
❢♦✉r♥✐t ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ s✉r ❧❛ ♣♦t❡♥t✐❡❧❧❡ ❛✉❣♠❡♥t❛t✐♦♥✱ ♦✉ ❞✐♠✐♥✉t✐♦♥✱ ❞❛♥s ❧❡ ♣✐①❡❧ ❞❡
✵✳✷✺ ① ✵✳✷✺✝✳ ❙✉r ❧❛ ❝❛rt❡ ❞✉ ❤❛✉t✱ ❋✐❣✉r❡ ✺✳✶✹✱ ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❡ ♣r♦❞✉✐t ❥✉st❡ ❛✈❛♥t ❡t
❛♣rès ❧✬ét❛♣❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❡st r❡♣rés❡♥té ✭❝✉♠✉❧ ❞❡ ❧✬❛♥♥é❡ ✷✵✶✵✮✳ ❖♥ r❡tr♦✉✈❡ ❡♥ r♦✉❣❡
❧❡s ③♦♥❡s ♦ù ❣❧♦❜❛❧❡♠❡♥t ❧❛ ♣❧✉✐❡ ❛ été ❛✉❣♠❡♥té❡ ❡t ❡♥ ❜❧❡✉ ♦ù ❡❧❧❡ ❛ été ❞✐♠✐♥✉é❡✳

Coefficient multiplicateur - Résolution 0.25°

Coefficient multiplicateur - Résolution 0.0375°

❋✐❣✉r❡ ✺✳✶✹ ✕ ■♥t❡r♣♦❧❛t✐♦♥ ❞❡s ❝❛rt❡s ❞❡ ❝♦❡✣❝✐❡♥t ♠✉❧t✐♣❧✐❝❛t❡✉r ✭✵✳✷✺◦✜❣✉r❡ ❞✉ ❤❛✉t ❡t
✵✳✵✸✼✺◦✭rés♦❧✉t✐♦♥ ❚❆▼❙❆❚ ❖r✐❣✐♥❛❧✮ ✜❣✉r❡ ❞✉ ❜❛s✮✱ ❛♥♥é❡ ✷✵✶✵✳
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✺✳✸✳✸ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥

❆✜♥ ❞✬é✈❛❧✉❡r ❧✬❛♣♣♦rt ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❞♦♥♥é❡s ❞❡ ❙▼❖❙ ❞❛♥s ❧❡ ♣r♦❞✉✐t ❞❡ ♣ré❝✐♣✐t❛t✐♦♥
s❛t❡❧❧✐t❡ ❚❆▼❙❆❚✱ ❝♦♠♣❛r♦♥s✲❧❡ ❛✈❡❝ ❞✐✛ér❡♥ts ❥❡✉① ❞❡ ❞♦♥♥é❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❞❡ ré❢ér❡♥❝❡✳
❚♦✉t ❞✬❛❜♦r❞ à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡✱ ♣✉✐s à ❧✬é❝❤❡❧❧❡ ❞✉ ❝♦♥t✐♥❡♥t ❛❢r✐❝❛✐♥✳

✺✳✸✳✸✳✶ ➱✈❛❧✉❛t✐♦♥ ❧♦❝❛❧❡

▲❛ ♣♦s✐t✐♦♥ ❞❡s ♣❧✉✈✐♦♠ètr❡s ✉t✐❧✐sés ♣♦✉r ❧❛ ✈❛❧✐❞❛t✐♦♥ ❞❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❚❆▼✲
❙❆❚✱ ❛✈❛♥t ❡t ❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ❡st r❡♣rés❡♥té❡ ❋✐❣✉r❡ ✺✳✶✺✳ ❈❡ rés❡❛✉ ❡st ❝♦♠♣♦sé ❞✉ rés❡❛✉
❞❡ ♣❧✉✈✐♦♠ètr❡s ❆▼▼❆✲❈❆❚❈❍ ♣♦✉r ❧❡ ❇é♥✐♥ ❡t ❧❡ ◆✐❣❡r✱ ❡t ❞✉ rés❡❛✉ ❆●❘❍❨▼❊❚ ♣♦✉r ❧❡
❇✉r❦✐♥❛ ❋❛s♦✳

   6 oE 

Pluviomètres utilisés pour validation TAMSAT

   3 oW 

   6 oN 

   9 oN 

  12 oN 

  15 oN 

  18 oN 

   6 oW    0 o     3 oE 

❋✐❣✉r❡ ✺✳✶✺ ✕ ❘és❡❛✉ ❞❡ ♣❧✉✈✐♦♠ètr❡s ✉t✐❧✐sés ❞❛♥s ❧✬é✈❛❧✉❛t✐♦♥ ❞✉ ♣r♦❞✉✐t ❚❆▼❙❆❚ ❡t ❚❆▼✲
❙❆❚ ❝♦rr✐❣é✳

❈❡s ♣❧✉✈✐♦♠ètr❡s ❢♦✉r♥✐ss❡♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❤♦r❛✐r❡s s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ❈❡s ❞♦♥♥é❡s
✈♦♥t ❞♦♥❝ s❡r✈✐r ❞❡ ré❢ér❡♥❝❡ ♣♦✉r ✉♥❡ é✈❛❧✉❛t✐♦♥ ❧♦❝❛❧❡ ❡♥ é❝❤❛♥t✐❧❧♦♥♥❛♥t ❧❡ ♣r♦❞✉✐t ❚❆▼❙❆❚
❛✈❛♥t ❡t ❛♣rès ❛ss✐♠✐❧❛t✐♦♥ s✉r ❧❡s ❞✐✛ér❡♥ts ♣♦✐♥ts ❞❡s ♣❧✉✈✐♦♠ètr❡s ✭❝r♦✐① ❞❡ ❧❛ ❋✐❣✉r❡ ✺✳✶✺✮✳
❆✜♥ ❞✬é✈❛❧✉❡r ❧✬❛♣♣♦rt ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ ❞❛♥s ❚❆▼❙❆❚✱ ♦❜s❡r✈♦♥s ❧❡s ❞✐✛ér❡♥❝❡s ❞❡
❝✉♠✉❧s ❛♥♥✉❡❧s ♣♦✉r ❧❡s tr♦✐s ♣❛②s✳ ▲❛ ❋✐❣✉r❡ ✺✳✶✻ r❡♣rés❡♥t❡ ❡♥ ♥♦✐r ❧❛ ♠♦②❡♥♥❡ ❞❡s ♣❧✉✈✐♦✲
♠ètr❡s ♣♦✉r ❧❡ ❇é♥✐♥ ✭✜❣✉r❡ ❞✉ ❤❛✉t✮✱ ❧❡ ◆✐❣❡r ✭✜❣✉r❡ ❞✉ ♠✐❧✐❡✉✮ ❡t ❧❡ ❇✉r❦✐♥❛ ❋❛s♦ ✭✜❣✉r❡
❞✉ ❜❛s✮✳ ❙✉r ❝❤❛q✉❡ ✜❣✉r❡ s♦♥t r❡♣rés❡♥té❡s ❧❡s ♠♦②❡♥♥❡s ❞❡s s♦♥❞❡s ✐♥✲s✐t✉ ✭❡♥ ♥♦✐r ❛✈❡❝ ❧✬❡♥✲
s❡♠❜❧❡ ❞❡s s♦♥❞❡s ❞❛♥s ❧✬❡♥✈❡❧♦♣♣❡✮✱ ❧❡s ♣❧✉✐❡s ❚❆▼❙❆❚ ❛✈❛♥t ❛ss✐♠✐❧❛t✐♦♥ ✭❡♥ ✈❡rt✮ ❡t ❛♣rès
❛ss✐♠✐❧❛t✐♦♥ ✭❡♥ r♦✉❣❡✮✳

❙✉r ❧❛ ❋✐❣✉r❡ ✺✳✶✻ ♦♥ ♣❡✉t ♦❜s❡r✈❡r ❧✬✐♠♣❛❝t ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ♣❛r s✐t❡ ❞✬ét✉❞❡ ❡♥ t❡r♠❡s ❞❡
❝✉♠✉❧✳ ▲✬♦❜❥❡❝t✐❢ ét❛♥t ❞❡ s❡ r❛♣♣r♦❝❤❡r ❞❡s ❝♦✉r❜❡s ♥♦✐r❡s✱ ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ♠❡s✉r❡s ✐♥✲s✐t✉✳
P♦✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥✱ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❡st très ❡✣❝❛❝❡ ♣♦✉r ❧✬❛♥♥é❡ ✷✵✶✷ ❡t ❛♠é❧✐♦r❡ ♣❧✉s ❧é❣è✲
r❡♠❡♥t ♣♦✉r ❧❡s ❛✉tr❡s ❛♥♥é❡s✳ P♦✉r ❧❡ s✐t❡ ❞✉ ◆✐❣❡r✱ ❧✬❛ss✐♠✐❧❛t✐♦♥ s❡♠❜❧❡ ❞é❣r❛❞❡r ❧❡ ♣r♦❞✉✐t
♣♦✉r ❧✬❛♥♥é❡ ✷✵✶✵✱ ♣♦✉r ❧❡s ❛✉tr❡s ❛♥♥é❡s ❡❧❧❡ ❧✬❛♠é❧✐♦r❡✳ P♦✉r ❧❡ s✐t❡ ❞✉ ❇✉r❦✐♥❛ ❋❛s♦✱ ❧❡s
rés✉❧t❛ts s♦♥t très ❜♦♥s s❛✉❢ ❡♥ ✷✵✶✶ ♦ù ❧✬❡✛❡t s❡♠❜❧❡ r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡✳

✶✸✶
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Burkina Faso

Bénin

Niger

❋✐❣✉r❡ ✺✳✶✻ ✕ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ❝✉♠✉❧s ❛♥♥✉❡❧s ♣❛r ré❣✐♦♥ ✭♠♦②❡♥♥❡ ❡t ❡♥✈❡❧♦♣♣❡ ❞❡s ♣❧✉✲
✈✐♦♠ètr❡s ♣❛r ♣❛②s✮ à ♣❛rt✐r ❞❡s ♣❧✉✈✐♦♠ètr❡s ❡♥ ♥♦✐r✱ ❞❡ ❚❆▼❙❆❚ ❖r✐❣✐♥❛❧ ❡♥ ✈❡rt ❡t ❛♣rès
❛ss✐♠✐❧❛t✐♦♥ ❡♥ r♦✉❣❡✳

❆✜♥ ❞❡ ♠✐❡✉① q✉❛♥t✐✜❡r ❧✬❛♣♣♦rt ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥✱ ✉t✐❧✐s♦♥s ❧❡s s❝♦r❡s ❞❡ ♠♦②❡♥♥❡ ❞❡ ❘▼❙❊
s✉r ❧✬❛♥♥é❡✱ ❞❡ ❜✐❛✐s ❛♥♥✉❡❧ ❡t ❞❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡s ♣♦✐♥ts ❚❆▼❙❆❚ ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ❞✐✛é✲
r❡♥ts ♣❧✉✈✐♦♠ètr❡s✳

✶✸✷
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▲❛ ❋✐❣✉r❡ ✺✳✶✼ ♣rés❡♥t❡ ❧❡s s❝♦r❡s ❛✈❛♥t✴❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ♣♦✉r ❧❡s ❞❡✉① s✐t❡s r❡s♣❡❝t✐❢s ❞✉
❇é♥✐♥ ❡t ❞✉ ◆✐❣❡r✱ ♣♦✉r t♦✉t❡s ❧❡s st❛t✐♦♥s ♣❧✉✈✐♦♠étr✐q✉❡s✳ ▲❡s rés✉❧t❛ts s♦♥t ♣rés❡♥tés s♦✉s
❧❛ ❢♦r♠❡ ❞❡ ❞✐✛ér❡♥❝❡s ❞❡ s❝♦r❡s ❡♥tr❡ ❧❡ ♣r♦❞✉✐t ❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ❡t ❧❡ ♣r♦❞✉✐t ♦r✐❣✐♥❛❧✱ ♣♦✉r
❧❡s ❛♥♥é❡s ✷✵✶✵✕✷✵✶✹ ♣♦✉r ❧❡s tr♦✐s s✐t❡s ❞❡ ♠❡s✉r❡s ✭s♦✉s ❢♦r♠❡ ❞❡ ❜♦ît❡s à ♠♦✉st❛❝❤❡s ❛✜♥ ❞❡
r❡♣rés❡♥t❡r ❧✬❡♥s❡♠❜❧❡ ❞❡s st❛t✐♦♥s✮✳

▲❡s ❞✐✛ér❡♥❝❡s ❞❡ ❝♦rré❧❛t✐♦♥ s♦♥t ♣rés❡♥té❡s s✉r ❧❛ ♣r❡♠✐èr❡ ❧✐❣♥❡✳ ❖♥ r❡♠❛rq✉❡ q✉❡ ❧✬❡♥✲
s❡♠❜❧❡ ❞❡s ❛♥♥é❡s✱ s✉r t♦✉s ❧❡s s✐t❡s✱ ❛✣❝❤❡ ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥
✭❡♥tr❡ ✰✵✳✶ ❡t ✰✵✳✷✺ ♣♦✐♥t ❞❡ ❝♦rré❧❛t✐♦♥✮✱ s❛✉❢ ♣♦✉r ❧✬❛♥♥é❡ ✷✵✶✶ ♣♦✉r ❧❡s s✐t❡s ❞✉ ❇é♥✐♥ ❡t ❞✉
◆✐❣❡r ✭♣r♦❜❛❜❧❡ ❡rr❡✉r ❞❛♥s ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s✳ ✳ ✳ ✮✳
▲❡s ❞✐✛ér❡♥❝❡s ❞❡ ❘▼❙❊ ❥♦✉r♥❛❧✐❡rs s♦♥t ❡❧❧❡s ❛✉ss✐ ❣❧♦❜❛❧❡♠❡♥t ♣♦s✐t✐✈❡s ❛✈❡❝ ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥
❞❡s s❝♦r❡s ❛❧❧❛♥t ❥✉sq✉✬à ✲✶ ♠♠✴❥♦✉r ❞✬❡rr❡✉r ♣♦✉r ❧❡s s✐t❡s ❞✉ ❇é♥✐♥ ❡t ❞✉ ◆✐❣❡r ✭♦♥ ♥♦t❡r❛
t♦✉❥♦✉rs ❧✬❛♥♥é❡ ✷✵✶✶ q✉✐ s❡♠❜❧❡ ❞é❣r❛❞é❡✮✳ P♦✉r ❧❡ ❇✉r❦✐♥❛ ❋❛s♦ ❧✬❡✛❡t s❡♠❜❧❡ ❛ss❡③ ❢❛✐❜❧❡✳
▲❡s ❞✐✛ér❡♥❝❡s ❞❡ ❜✐❛✐s ❛♥♥✉❡❧ s♦♥t ❣❧♦❜❛❧❡♠❡♥t ♥é❣❛t✐✈❡s✱ s✐❣♥✐✜❛♥t q✉❡ ❧❡ ❜✐❛✐s ❡st ré❞✉✐t ❛♣rès
❛ss✐♠✐❧❛t✐♦♥✳ ❖♥ r❡♠❛rq✉❡ q✉❡ ♣♦✉r ❧❡ ❇é♥✐♥✱ ❧❡s ❜✐❛✐s s♦♥t ré❞✉✐ts ❡♥tr❡ ✲✺✵ ❡t ✲✸✺✵ ♠♠✴❛♥✳
P♦✉r ❧❡ ◆✐❣❡r ❡t ❧❡ ❇✉r❦✐♥❛✱ ❞❡ ♣❛r ❧❡✉r ♣❧✉✈✐♦♠étr✐❡ ❣❧♦❜❛❧❡♠❡♥t ♣❧✉s ❢❛✐❜❧❡✱ ❧❡s ✈❛❧❡✉rs s♦♥t
❞♦♥❝ ♣❧✉s ❢❛✐❜❧❡s✱ ❞❡ ✰✷✵ ✭♣♦✉r ❧✬❛♥♥é❡ ✷✵✶✶✳ ✳ ✳ ✮ à ✲✶✵✵ ♠♠✴❛♥✳
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❋✐❣✉r❡ ✺✳✶✼ ✕ ➱✈❛❧✉❛t✐♦♥ ❞❡ ❚❆▼❙❆❚ ❛✈❛♥t✴❛♣rès ❛ss✐♠✐❧❛t✐♦♥✱ ♣♦✉r ❧❡s ❛♥♥é❡s ✷✵✶✵✕✷✵✶✹✱
❡♥ t❡r♠❡s ❞❡ ❞✐✛ér❡♥❝❡ ❞❡ ❝♦rré❧❛t✐♦♥✱ ❞❡ ❞✐✛ér❡♥❝❡ ❞❡ ❘▼❙❊ ❡t ❞❡ ❜✐❛✐s ❛♥♥✉❡❧✱ ♣♦✉r ❧❡s s✐t❡s
❞✉ ❇é♥✐♥✱ ❞✉ ◆✐❣❡r ❡t ❞✉ ❇✉r❦✐♥❛ ❋❛s♦✳
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✺✳✸✳ ❱❊❘❙ ❯◆ P❘❖❉❯■❚ ❍❆❯❚❊ ❘➱❙❖▲❯❚■❖◆ ❙P❆❚■❆▲❊ ❆❱❊❈ ▲❊ P❘❖❉❯■❚
❚❆▼❙❆❚

❖♥ ♣❡✉t ❛✉ss✐ ♦❜s❡r✈❡r ❧✬❛♣♣♦rt ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ s✉r ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ♣ré❝✐♣✐t❛✲
t✐♦♥s ❡♥ ♦❜s❡r✈❛♥t ❧❡s ❝❤❛♠♣s ❞❡ ♣❧✉✐❡ ❛✈❛♥t ❡t ❛♣rès ❛ss✐♠✐❧❛t✐♦♥✳ ▲❛ ❋✐❣✉r❡ ✺✳✶✽ ♠♦♥tr❡ ✉♥
❝❤❛♠♣ ❞❡ ♣❧✉✐❡ ❥♦✉r♥❛❧✐❡r ♣❛r ❧❡ ♣r♦❞✉✐t ❚❆▼❙❆❚ ❖r✐❣✐♥❛❧ ✭❤❛✉t✮ ❡t ❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ♣❛r
❙▼❖❙ ✭❜❛s✮✳ ❖♥ ♦❜s❡r✈❡ ❛❧♦rs ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐❛❧❡ ❞❡s ❝❤❛♠♣s ❞❡ ♣❧✉✐❡✳
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❋✐❣✉r❡ ✺✳✶✽ ✕ ■♠♣❛❝t s♣❛t✐❛❧ ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ ❞❛♥s ❚❆▼❙❆❚✱ ❧❡ ✶✵ ❥✉✐❧❧❡t ✷✵✶✵✳

▲❡ ❝❤❛♠♣ ❞❡ ♣❧✉✐❡ ♦❜s❡r✈é ♣❛r ❚❆▼❙❆❚ à tr❛✈❡rs s♦♥ ♦❜s❡r✈❛t✐♦♥ ✐♥❢r❛r♦✉❣❡ ♥❡ ❢❛✐t ét❛t
q✉❡ ❞✉ ✧♣♦t❡♥t✐❡❧✧ ♣❧✉✈✐❡✉① ❞❡ ❝❡ ❞❡r♥✐❡r✳ ❊♥ ❛❥♦✉t❛♥t ❧✬✐♥❢♦r♠❛t✐♦♥ ❞❡s ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té
❞✉ s♦❧ ❢♦✉r♥✐❡ ♣❛r ❙▼❖❙ ❛✉ tr❛✈❡rs ❧✬❛ss✐♠✐❧❛t✐♦♥ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬❛♣♣♦rt❡r ❧✬✐♥❢♦r♠❛t✐♦♥ ❞❡ ❝❡
q✉✐ ❡st ✧ré❡❧❧❡♠❡♥t✧ t♦♠❜é ❛✉ s♦❧✳ ❈❡♣❡♥❞❛♥t ✐❧ ❡st ❞✐✣❝✐❧❡ ❞✬é✈❛❧✉❡r s♣❛t✐❛❧❡♠❡♥t ❧✬❛♣♣♦rt ❞❡
❧✬❛ss✐♠✐❧❛t✐♦♥✳
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✺✳✸✳ ❱❊❘❙ ❯◆ P❘❖❉❯■❚ ❍❆❯❚❊ ❘➱❙❖▲❯❚■❖◆ ❙P❆❚■❆▲❊ ❆❱❊❈ ▲❊ P❘❖❉❯■❚
❚❆▼❙❆❚

✺✳✸✳✸✳✷ ➱✈❛❧✉❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞✉ ❝♦♥t✐♥❡♥t ❛❢r✐❝❛✐♥

❆✜♥ ❞✬é✈❛❧✉❡r ❧✬❛♣♣♦rt ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❣❧♦❜❛❧❡✱ ❧❡s ♣r♦❞✉✐ts ❚❆▼❙❆❚ ❛✈❛♥t ❡t
❛♣rès ❛ss✐♠✐❧❛t✐♦♥ s♦♥t ❝♦♠♣❛rés ❛✉ ♣r♦❞✉✐t ●❧♦❜❛❧ Pr❡❝✐♣✐t❛t✐♦♥ ❈❧✐♠❛t♦❧♦❣② ❈❡♥t❡r ✭●P❈❈✮
❬❍✉✛♠❛♥ ❡t ❛❧✳✱ ✷✵✵✶❪✳ ❈❡ ♣r♦❞✉✐t✱ ●P❈❈✱ ❞✬✉♥❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ✶✝ ① ✶✝✱ ❡t t❡♠♣♦r❡❧❧❡
❞❡ ✶ ❥♦✉r✱ ❡st ❝♦♥st❛♥t à ♣❛rt✐r ❞❡ ❧❛ s♣❛t✐❛❧✐s❛t✐♦♥ ❞❡s ❝❤❛♠♣s ❞❡ ♣❧✉✐❡s ♠❡s✉rés ♣❛r ❞❡s
♣❧✉✈✐♦♠ètr❡s✳ ▲❡s ❋✐❣✉r❡s ✺✳✶✾ ❛✮ ❡t ✺✳✶✾ ❜✮ r❡♣rés❡♥t❡♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ❞✐✛ér❡♥❝❡s ❞❡
s❝♦r❡s ❞❡ ❘▼❙❊ ❥♦✉r♥❛❧✐❡r ❡t ❞❡ ❜✐❛✐s ❛♥♥✉❡❧✱ ❛✈❛♥t ❡t ❛♣rès ❛ss✐♠✐❧❛t✐♦♥✳
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✭❜✮ ❉✐✛ér❡♥❝❡s ❞❡ ❝✉♠✉❧ ❛♥♥✉❡❧ ❡♥tr❡ ❚❆▼✲
❙❆❚✴●P❈❈ ❡t ❚❆▼❙❆❚❙▼❖❙✴●P❈❈✳

❋✐❣✉r❡ ✺✳✶✾ ✕ ➱✈❛❧✉❛t✐♦♥ ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ ❞❛♥s ❚❆▼❙❆❚ à ❧✬é❝❤❡❧❧❡ ❣❧♦❜❛❧❡✳

❙✉r ❧❛ ❋✐❣✉r❡ ✺✳✶✾ ❛✮ ❡st r❡♣rés❡♥té❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❘▼❙❊ ❥♦✉r♥❛❧✐❡r ❡♥tr❡ ❚❆▼❙❆❚ s❛♥s
❛ss✐♠✐❧❛t✐♦♥ ❡t ❚❆▼❙❆❚ ❛♣rès ❛ss✐♠✐❧❛t✐♦♥✱ ❡♥ ré❢ér❡♥❝❡ à ●P❈❈✳ ❊♥ ❜❧❡✉ q✉❛♥❞ ❧✬❛ss✐♠✐❧❛t✐♦♥
❞✐♠✐♥✉❡ ❧❡ ❘▼❙❊ ❡t ❡♥ r♦✉❣❡ q✉❛♥❞ ❡❧❧❡ ❧✬❛✉❣♠❡♥t❡✳ ❖♥ r❡♠❛rq✉❡ ❛❧♦rs q✉❡ ❧❡ ❘▼❙❊ ❞✐♠✐♥✉❡
❢♦rt❡♠❡♥t ❡♥ ❆❢r✐q✉❡ ❝❡♥tr❛❧❡ ❡t à ❧✬❡st ❞✉ ❙♦✉❞❛♥ ✭❡♥tr❡ ✲✶ ❡t ✲✶✳✺ ♠♠✴❥♦✉r✮✳ ▲✬❤✐st♦❣r❛♠♠❡
♠♦♥tr❡ q✉❡ ✼✵✪ ❞❡s ♣✐①❡❧s ♦♥t ❧❡✉r ❘❙▼❊ ❥♦✉r♥❛❧✐❡r ❞✐♠✐♥✉é ❡t ✷✾✪ ❛✉❣♠❡♥té✳

❙✉r ❧❛ ❋✐❣✉r❡ ✺✳✶✾ ❜✮ ❡st r❡♣rés❡♥té❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❝✉♠✉❧ ❛♥♥✉❡❧ ❡♥tr❡ ❚❆▼❙❆❚ s❛♥s ❛s✲
s✐♠✐❧❛t✐♦♥ ❡t ❚❆▼❙❆❚ ❛♣rès ❛ss✐♠✐❧❛t✐♦♥✱ ❡♥ ré❢ér❡♥❝❡ à ●P❈❈✳ ❊♥ ❜❧❡✉ q✉❛♥❞ ❧✬❛ss✐♠✐❧❛t✐♦♥
❞✐♠✐♥✉❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❝✉♠✉❧ ❛♥♥✉❡❧ ❡t ❡♥ r♦✉❣❡ q✉❛♥❞ ❡❧❧❡ ❧✬❛✉❣♠❡♥t❡✳ ❖♥ r❡♠❛rq✉❡ ❛❧♦rs
q✉❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❛✉❣♠❡♥t❡ ❢♦rt❡♠❡♥t ❧❡ ❜✐❛✐s s✉r ❧❛ ❝ôt❡ ❣✉✐♥é❡♥♥❡✱ ❧❡ ◆✐❣❡r✐❛ ❡t ❛✉ s✉❞ ❞❡ ❧❛
❘é♣✉❜❧✐q✉❡ ❞é♠♦❝r❛t✐q✉❡ ❞✉ ❈♦♥❣♦✳ ●❧♦❜❛❧❡♠❡♥t✱ ✺✷✪ ❞❡s ♣✐①❡❧s ♦♥t ✈✉ ❧❡✉r ❜✐❛✐s ❛✉❣♠❡♥t❡r
❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ❡t ✹✼✪ ❧✬♦♥t ✈✉ ❞✐♠✐♥✉❡r✳

✶✸✺



✺✳✸✳ ❱❊❘❙ ❯◆ P❘❖❉❯■❚ ❍❆❯❚❊ ❘➱❙❖▲❯❚■❖◆ ❙P❆❚■❆▲❊ ❆❱❊❈ ▲❊ P❘❖❉❯■❚
❚❆▼❙❆❚

❯♥❡ ❡①♣❧✐❝❛t✐♦♥ ♣♦t❡♥t✐❡❧❧❡ ❞❡ ❝❡tt❡ ❞étér✐♦r❛t✐♦♥ ❞✉ ❜✐❛✐s ❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ ✭③♦♥❡
r♦✉❣❡ ❋✐❣✉r❡ ✺✳✶✾ ❜✮✮ rés✐❞❡ ❞❛♥s ❧❛ ♣rés❡♥❝❡ ❞❡ ❢♦rêt ❞❡♥s❡✳ ❊♥ ❡✛❡t✱ ❧❛ ♣rés❡♥❝❡ ❞❡ ✈é❣ét❛t✐♦♥
❛✉❣♠❡♥t❡ ❧✬✐♥❝❡rt✐t✉❞❡ ❞❡s ♠❡s✉r❡s ❙▼❖❙ ❡t✱ ♣❛r ❝♦♥séq✉❡♥t✱ ❞étér✐♦r❡ ❧❛ q✉❛❧✐té ❞❡s ❝♦rr❡❝✲
t✐♦♥s ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ❯♥❡ ❛✉tr❡ ❡①♣❧✐❝❛t✐♦♥ ♣♦✉rr❛✐t ✈❡♥✐r ❞❡ ❧❛ ❢❛✐❜❧❡ ❞❡♥s✐té ❞✉ rés❡❛✉ ❞❡
♣❧✉✈✐♦♠ètr❡s s✉r ❝❡s ré❣✐♦♥s✳ ❊♥ ❡✛❡t✱ ❧❡ ♣r♦❞✉✐t ❞❡ ré❢ér❡♥❝❡✱ ●P❈❈✱ ❡st ✉♥✐q✉❡♠❡♥t ❜❛sé s✉r
❞❡s rés❡❛✉① ❞❡ ♣❧✉✈✐♦♠ètr❡s✳ ❖r✱ ❧❡ rés❡❛✉ ❡♥ ❆❢r✐q✉❡ ❡st r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡✱ ❝♦♠♠❡ r❡♣rés❡♥té
❋✐❣✉r❡ ✺✳✷✵✳ ❙✉r ❝❡tt❡ ❋✐❣✉r❡✱ r❡♣rés❡♥t❛♥t ❧❡ ♥♦♠❜r❡ ❞❡ ♣❧✉✈✐♦♠ètr❡s ♣❛r ♠❛✐❧❧❡ ❞❡ ✶✝ ① ✶✝✉t✐✲
❧✐sé ❡♥ ❥✉✐♥✴❥✉✐❧❧❡t✴❛♦ût ✷✵✶✼✱ ♦♥ ♦❜s❡r✈❡ q✉❡ ❧❛ ❞❡♥s✐té ❞✉ rés❡❛✉ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❢❛✐❜❧❡
s✉r ❧❡s ③♦♥❡s ❞❡ ❣r❛♥❞❡ ❞✐✛ér❡♥❝❡ ❞❡ ❝✉♠✉❧ ❋✐❣✉r❡ ✺✳✶✾ ❜✮✳

❋✐❣✉r❡ ✺✳✷✵ ✕ ◆♦♠❜r❡ ❞❡ ♣❧✉✈✐♦♠ètr❡s ✉t✐❧✐sés ❞❛♥s ●P❈❈✱ ❝♦♥t❡♥✉s ❞❛♥s ✉♥❡ ❣r✐❧❧❡ ❞❡ ✶✝♣❡♥✲
❞❛♥t ❥✉✐♥✴❥✉✐❧❧❡t✴❛♦ût ✷✵✶✼✳

✶✸✻



✺✳✹✳ ❘➱❙❯▼➱ ❊❚ ❈❖◆❈▲❯❙■❖◆

✺✳✹ ❘és✉♠é ❡t ❝♦♥❝❧✉s✐♦♥

▲✬❡st✐♠❛t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s à ❧❛r❣❡ é❝❤❡❧❧❡ ❡♥ t❡♠♣s✲ré❡❧ ❡st ❝r✐t✐q✉❡ ♣♦✉r ❧❡s ❛♣♣❧✐❝❛t✐♦♥s
❤②❞r♦❧♦❣✐q✉❡s ♦♣ér❛t✐♦♥♥❡❧❧❡s ✭♣ré✈✐s✐♦♥ ❞❡s ❝r✉❡s✱ ❣❧✐ss❡♠❡♥ts ❞❡ t❡rr❛✐♥✱✳ ✳ ✳ ✮ ❛✐♥s✐ q✉✬❛❣r♦♥♦✲
♠✐q✉❡ ✭❛❧❡rt❡s ♣ré❝♦❝❡s s✉r ❧❛ ♣r♦❞✉❝t✐♦♥✱ q✉❛❧✐té ❞❡s ❝✉❧t✉r❡s✱✳ ✳ ✳ ✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ q✉❛❧✐té ❞❡ ❝❡s
❞❡r♥✐èr❡s r❡♥❞ ❧❡✉r ✉t✐❧✐s❛t✐♦♥ ❝♦♠♣❧❡①❡ ❝❛r très ✐♥❝❡rt❛✐♥❡✳ ➚ ♣❛rt✐r ❞✉ s❝❤é♠❛ ❞✬❛ss✐♠✐❧❛t✐♦♥
❜❛sé s✉r ❧❡ ❋✐❧tr❡ P❛rt✐❝✉❧❛✐r❡✱ ✐❧ ❛ été ♠♦♥tré q✉❡ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣♦✉✈❛✐❡♥t êtr❡ ❝♦rr✐❣é❡s
❡♥ ✉t✐❧✐s❛♥t ❧❡s ❞♦♥♥é❡s ❙▼❖❙✳ ▲❡s rés✉❧t❛t ♠♦♥tr❡♥t ✉♥❡ ❢♦rt❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s s❝♦r❡s✳ ❉❡
♣❧✉s✱ ❧❡s ❡①♣ér✐❡♥❝❡s ❞✬❛ss✐♠✐❧❛t✐♦♥ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s s②♥t❤ét✐q✉❡s ♦♥t ♠♦♥tré q✉❡ ❧❡ ❝❛r❛❝tèr❡
❡♥s❡♠❜❧✐st❡ ❞✉ s❝❤é♠❛ ♥❡ ❞é❣r❛❞❛✐t ♣❛s s✉❜st❛♥t✐❡❧❧❡♠❡♥t ❧❡s ❞♦♥♥é❡s ✐♥✐t✐❛❧❡s ✭✰✵✳✷ ♠♠✴❞❛②
❞❡ ❘▼❙❊ ♣♦✉r ✹✵ ♠❡♠❜r❡s sé❧❡❝t✐♦♥♥és✮✳ ❊❧❧❡s ♦♥t ❛✉ss✐ ♠♦♥tré q✉❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ♥♦♠❜r❡
❞❡ ❞♦♥♥é❡s ❛ss✐♠✐❧é❡s ét❛✐t ✉♥ ❢❛❝t❡✉r ✐♠♣♦rt❛♥t ❡t ♣❡r♠❡tt❛✐t ❞✬❛♠é❧✐♦r❡r ❡♥❝♦r❡ ❧✬❛ss✐♠✐❧❛t✐♦♥
✭❞❡ ✰✵ à ✰✷✺✪ s✉r ❧❡s s❝♦r❡s ❧♦rsq✉❡ ❧❛ ❢réq✉❡♥❝❡ ❡st ❞♦✉❜❧é❡✮✳ ❈❡❧❛ s✬✐♥tè❣r❡ ❝❧❛✐r❡♠❡♥t ❞❛♥s
❧✬✉t✐❧✐s❛t✐♦♥ ❢✉t✉r❡ ❞❡s ❞♦♥♥é❡s ❞✉ s❛t❡❧❧✐t❡ ❙▼❆P✳

❈❡tt❡ ♠ét❤♦❞❡ ❛ ❡♥s✉✐t❡ été ✉t✐❧✐sé❡ ♣♦✉r ❝♦rr✐❣❡r ✉♥ ♣r♦❞✉✐t ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ❞❡st✐♥é ❛ ❞❡s
❛♣♣❧✐❝❛t✐♦♥s ❛❣r♦♥♦♠✐q✉❡✱ ❚❆▼❙❆❚✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❞❡s rés❡❛✉① ❞❡ ♣❧✉✈✐♦♠ètr❡s ❛✉ ❇é✲
♥✐♥✱ ❛✉ ❇✉r❦✐♥❛ ❋❛s♦ ❡t ❛✉ ◆✐❣❡r ♠♦♥tr❡ ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ✭s❛✉❢ ♣♦✉r ✷✵✶✶✮ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥
✭❡♥tr❡ ✰✵ ❡t ✰✵✳✷✺✮✱ ❞✉ ❘▼❙❊ ❥♦✉r♥❛❧✐❡r ✭❡♥tr❡ ✲✵ ❡t✲✶ ♠♠✴❥♦✉r✮ ❡t ❞✉ ❜✐❛✐s ❛♥♥✉❡❧✱ s✉r ❧❡s
tr♦✐s s✐t❡s✳ ❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ s♣❛t✐❛❧✱ ❧✬❛♣♣♦rt ❞❡ ❙▼❖❙ s❡♠❜❧❡ ✐♥tér❡ss❛♥t ❝❛r ✐❧ r❡❞♦♥♥❡ ❞❡ ❧❛
❞②♥❛♠✐q✉❡ s♣❛t✐❛❧❡ ❛✉① str✉❝t✉r❡s ❞❡ s②stè♠❡s ♣ré❝✐♣✐t❛♥t✱ ❝❡♣❡♥❞❛♥t ✐❧ ❡st ❞✐✣❝✐❧❡ ❞❡ q✉❛♥t✐✲
✜❡r ❧❛ q✉❛❧✐té ❞❡ ❝❡t ❛♣♣♦rt✳
▲❡s é✈❛❧✉❛t✐♦♥s à ❧✬é❝❤❡❧❧❡ ❣❧♦❜❛❧❡ ♠♦♥tr❡♥t q✉❡ ✼✵✪ ❞❡s ♣✐①❡❧s s❡ r❛♣♣r♦❝❤❡♥t ❞❡ ❧❛ ré❢ér❡♥❝❡
✉t✐❧✐sé❡✱ ●P❈❈✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ❞❡♥s✐té ❞✉ rés❡❛✉ ✉t✐❧✐sé ❞❛♥s ●P❈❈ ❡t ❧❛ ♣rés❡♥❝❡ ❞❡ ❢♦rêt
♠♦❞èr❡ ❧❛ q✉❛❧✐té ❞❡ ❝❡s rés✉❧t❛ts✳ ▲✬✉♥❡ ❞❡s s♦❧✉t✐♦♥s ✉t✐❧✐sé❡s ✐❝✐ ❡st ❞❡ s❡ ❜❛s❡r ❞✐r❡❝t❡♠❡♥t
s✉r ❧❡s ♣❧✉✈✐♦♠ètr❡s✳

✶✸✼





❈♦♥❝❧✉s✐♦♥ ●é♥ér❛❧❡

▲✬❤✉♠✐❞✐té ❞✉ s♦❧ ❛ été ❞é❝❧❛ré❡ ❝♦♠♠❡ ✈❛r✐❛❜❧❡ ❡ss❡♥t✐❡❧❧❡ ❞✉ ❝❧✐♠❛t ✭❊ss❡♥t✐❛❧ ❈❧✐♠❛t❡
❱❛r✐❛❜❧❡✱ ❊❈❱✮ ❡♥ ✷✵✶✵ ♣❛r ❧✬❆❣❡♥❝❡ s♣❛t✐❛❧❡ ❡✉r♦♣é❡♥♥❡ ✭❊❙❆✮✱ ❡♥ s✉♣♣♦rt ❞✉ tr❛✈❛✐❧ ❞✉
●r♦✉♣❡ ❞✬❡①♣❡rts ■♥t❡r❣♦✉✈❡r♥❡♠❡♥t❛❧ s✉r ❧✬➱✈♦❧✉t✐♦♥ ❞✉ ❈❧✐♠❛t ✭●■❊❈✮✳ ❈❡tt❡ ✐♥✜♠❡ ♣r♦✲
♣♦rt✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ❧✬❡❛✉ ✭✵✳✵✵✺✪ ❞✉ t♦t❛❧ ❞❡s rés❡r✈♦✐rs ❞❡ ❧✬❤②❞r♦s♣❤èr❡✮ ❛❣✐t ❡♥ ❡✛❡t s✉r ❧❡
❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❧❛ ❜✐♦s♣❤èr❡ ✭❡♥ ❝♦♥❞✐t✐♦♥♥❛♥t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛ ✈é❣ét❛t✐♦♥✱ ❧✬é✈❛♣♦✲
tr❛♥s♣✐r❛t✐♦♥✱✳ ✳ ✳ ✮ ❛✐♥s✐ q✉❡ s✉r ❞❡ ♥♦♠❜r❡✉① ♣r♦❝❡ss✉s ❤②❞r♦❧♦❣✐q✉❡s ✭r✉✐ss❡❧❧❡♠❡♥t ❞❡ s✉r❢❛❝❡✱
r❡❝❤❛r❣❡ ❞❡s ❛q✉✐❢èr❡s✱ ♠❛✐♥t✐❡♥ ❞✉ ❞é❜✐t ❞✬ét✐❛❣❡✱✳ ✳ ✳ ✮✳ ❉❛♥s ❧❡s ❝❧✐♠❛ts ❛r✐❞❡s ❡t s❡♠✐✲❛r✐❞❡s✱
❝♦♠♠❡ ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st✱ ❧❡s ✐♠♣❛❝ts ❞❡s ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ s♦♥t ❞✬❛✉t❛♥t ♣❧✉s
❢♦rts q✉✬✐❧s s♦♥t s♦✉✈❡♥t ❢❛❝t❡✉rs ❧✐♠✐t❛♥ts ❞❡ ♣r♦❝❡ss✉s ❝♦♠♠❡ ❧❛ ❝r♦✐ss❛♥❝❡ ✈é❣ét❛❧❡ ✭❞♦♥t ❧❛
♣r♦❞✉❝t✐♦♥ ❢♦✉rr❛❣èr❡ ❡t ❝éré❛❧✐èr❡✮✳

▲✬♦❜s❡r✈❛t✐♦♥ ❡st ✉♥ é❧é♠❡♥t ❢♦♥❞❛♠❡♥t❛❧ ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❡t ❝❛r❛❝tér✐s❡r ❧❡s ✈❛r✐❛t✐♦♥s ❞❡s
❣r❛♥❞s ♣r♦❝❡ss✉s ❡♥ ❝❤❛♥❣❡♠❡♥t ❞❛♥s ♥♦tr❡ ❡♥✈✐r♦♥♥❡♠❡♥t✳ ▲✬❛rr✐✈é❡ ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❧❛
❚❡rr❡ ♣❛r s❛t❡❧❧✐t❡ ❛ ♣❡r♠✐s ❞✬❛♣♣♦rt❡r ❞❡ ♥♦♠❜r❡✉s❡s ✐♥❢♦r♠❛t✐♦♥s ❞❛♥s ❞❡ ♥♦♠❜r❡✉① ❞♦♠❛✐♥❡s
❞✐✛ér❡♥ts✳ ❉❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞✉ s✉✐✈✐ ❞❡s ❝✉❧t✉r❡s ❛❣r✐❝♦❧❡s✱ ❧❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s✱ ❞✬✐♥✲
❞✐❝❡s ❞✬❛❝t✐✈✐tés ♣❤♦t♦s②♥t❤ét✐q✉❡s✱ ❞❡ t❡♠♣ér❛t✉r❡ ❞❡ s✉r❢❛❝❡ ♦✉ ❡♥❝♦r❡ ❞❡ s✉r❢❛❝❡ ❢♦❧✐❛✐r❡✱
♣❡r♠❡tt❡♥t ❛✉❥♦✉r❞✬❤✉✐ ❞❡ s✉✐✈r❡✱ ❛✈❡❝ ♣❧✉s ♦✉ ♠♦✐♥s ❞❡ s✉❝❝ès✱ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈é❣ét❛t✐♦♥✳
❈❡♣❡♥❞❛♥t✱ très ♣❡✉ ❞✬ét✉❞❡s s❡ s♦♥t ✐♥tér❡ssé❡s à ❧✬❛♣♣♦rt ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ♣♦✉r ❧✬❡st✐♠❛✲
t✐♦♥ ❞❡s r❡♥❞❡♠❡♥ts✳ ▲❛ r❛✐s♦♥ ♣r✐♥❝✐♣❛❧❡ ❡st ❧✐é❡ à ❧✬❛❜s❡♥❝❡ ❞❡ ♠❡s✉r❡s s✉✣s❛♠♠❡♥t ♣ré❝✐s❡s
❞❡ ❝❡tt❡ ✈❛r✐❛❜❧❡ ❥✉sq✉✬❛✉ ❧❛♥❝❡♠❡♥t ❡♥ ✷✵✵✾ ❞❡ ❧❛ ♣r❡♠✐èr❡ ♠✐ss✐♦♥ s♣❛t✐❛❧❡ s♣é❝✐✜q✉❡♠❡♥t
❞é❞✐é❡ à ❧❛ ♠❡s✉r❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ✿ ❧❛ ♠✐ss✐♦♥ ❙▼❖❙✳

▲❡ ♣r❡♠✐❡r ♦❜❥❡❝t✐❢ ❞❡ ❝❡ tr❛✈❛✐❧ ❞❡ ❞✐ss❡rt❛t✐♦♥ ❛ été ❞✬é✈❛❧✉❡r ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ❞✬❡st✐✲
♠❛t✐♦♥s ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❛✜♥ ❞✬❛❜♦r❞❡r ❧❛ ♣r♦❜❧é♠❛t✐q✉❡ ✿
❈♦♠♠❡♥t ❡st✐♠❡r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st ❄✳
▲❡ ❈❤❛♣✐tr❡ ✶ ❞❡ ❧❛ t❤ès❡ ❛ été ❝♦♥s❛❝ré à ❞é✜♥✐r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡t ❧❡s ❞✐✛ér❡♥ts ♠♦②❡♥s
❞❡ ❧✬❡st✐♠❡r à ♣❛rt✐r ❞❡ s♦♥❞❡s ❞❡ t❡rr❛✐♥ ✭✐♥✲s✐t✉✮✱ ❞❡ ❞♦♥♥é❡s s❛t❡❧❧✐t❡s ♦✉ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡
❞✬✉♥ ♠♦❞è❧❡ ♥✉♠ér✐q✉❡✳ ❉❛♥s ❧❡ ❈❤❛♣✐tr❡ ✷✱ ❧❡s ♠❡s✉r❡s ❞✬❤✉♠✐❞✐té ✐♥✲s✐t✉ ✐ss✉❡s ❞❡ ❧✬♦❜s❡r✈❛✲
t♦✐r❡ ❆▼▼❆✲❈❆❚❈❍ ♦♥t été ❛♥❛❧②sé❡s✳ ❈❡s ❞♦♥♥é❡s ♣❡r♠❡tt❡♥t ❞❡ r❡♣rés❡♥t❡r ❧❡s ✈❛r✐❛t✐♦♥s
❞✬❤✉♠✐❞✐té ❥✉sq✉✬à ✶ ♠ ❞❡ ♣r♦❢♦♥❞❡✉r s✉r ✷ s✐t❡s✱ ❛✉ ❇é♥✐♥ ❡t ❛✉ ◆✐❣❡r✳ ▲❡s ♣r♦✜❧s ❞✬❤✉♠✐❞✐tés
♦♥t ♠♦♥tré ✉♥❡ ✐♥✜❧tr❛t✐♦♥ s②sté♠❛t✐q✉❡ ❞❡ ❧✬❡❛✉ à ♣❧✉s ❞❡ ✶ ♠ ❛✉ ❇é♥✐♥✱ ❛❧♦rs q✉✬❛✉ ◆✐❣❡r✱ ❧❡s
❛♥♥é❡s ✷✵✶✵ ❡t ✷✵✶✶ ♠♦♥tr❡♥t ✉♥❡ ♣r♦❢♦♥❞❡✉r ❞✬✐♥✜❧tr❛t✐♦♥ ❛tt❡✐❣♥❛♥t ❞✐✣❝✐❧❡♠❡♥t ✶ ♠✳ ◆é❛♥✲
♠♦✐♥s✱ ❧❛ ❞❡♥s✐té ❞✉ rés❡❛✉ ❞❡ ♠❡s✉r❡s ❡st tr♦♣ ❢❛✐❜❧❡ ♣♦✉r ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ s♣❛t✐❛❧✐sé❡✳ ❯♥❡
❞❡s s♦❧✉t✐♦♥s rés✐❞❡ ❞❛♥s ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♠ét❤♦❞❡s à ✧❣r❛♥❞❡ é❝❤❡❧❧❡✧ ❝♦♠♠❡ ❧❛ té❧é❞ét❡❝t✐♦♥
❛✈❡❝ ❙▼❖❙ ♦✉ ❧❡s ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡✳
▲❡ s❛t❡❧❧✐t❡ ❙▼❖❙ ♣❡r♠❡t ❞❡ ❢❛✐r❡ ❞❡s ❡st✐♠❛t✐♦♥s ❞✬❤✉♠✐❞✐té s✉♣❡r✜❝✐❡❧❧❡ ❞❡s s♦❧s ✭t②♣✐q✉❡✲
♠❡♥t ∼✺ ❝♠✮ ❛✈❡❝ ✉♥❡ rés♦❧✉t✐♦♥ ❞❡ ✷✺ ♣❛r ✷✺ ❦♠ ✭✵✳✷✺① ✵✳✷✺✝✮✳ ▲❡s ♠❡s✉r❡s ❙▼❖❙ ♦♥t été
❝♦♠♣❛ré❡s ❛✉① ♠❡s✉r❡s ✐♥✲s✐t✉ ❡t ♠♦♥tr❡♥t ✉♥❡ ❜♦♥♥❡ q✉❛❧✐té ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡ ❧✬❤✉♠✐❞✐té
✭✉❜❘▼❙❊ ❞❡ ✵✳✵✼ ♠✸✳♠✲✸ ♣♦✉r ❧❡ ❇é♥✐♥ ❡t ✵✳✵✹ ♠✸✳♠✲✸ ♣♦✉r ❧❡ ◆✐❣❡r✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ♣r♦❢♦♥❞❡✉r
❡st✐♠é❡✱ ❧✬✐♠♣❛❝t ❞❡s ✐♥t❡r❢ér❡♥❝❡s ✭❘❋■✮ ♦✉ ❡♥❝♦r❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡ r❡✈✐s✐t❡ ❧✐♠✐t❡♥t ❧✬✉t✐❧✐s❛t✐♦♥
❞✐r❡❝t❡ ❞❡ ❝❡ ♣r♦❞✉✐t✳

✶✸✾
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▲❛ ❞❡r♥✐èr❡ ♠ét❤♦❞❡ q✉✐ ❢✉t ét✉❞✐é❡ ✐❝✐ ❡st ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ s✉r❢❛❝❡✳ ▲✬❤✉♠✐❞✐té ❞✉ s♦❧ ❛
été s✐♠✉❧é❡ à ❞✐✛ér❡♥t❡s ♣r♦❢♦♥❞❡✉rs à ❧✬❛✐❞❡ ❞❡ ✷ ♠♦❞è❧❡s✱ ❞❡ ♥✐✈❡❛✉① ❞❡ ❝♦♠♣❧❡①✐tés ❞✐✛ér❡♥ts ✿
❧❡ ♠♦❞è❧❡ ❆P■ ❡t ❧❡ s❝❤é♠❛ ❞❡ s✉r❢❛❝❡ ❙❯❘❋❊❳✳ ▲❛ q✉❛❧✐té ❞❡s s✐♠✉❧❛t✐♦♥s ♠♦♥tr❡♥t ❞❡s ❡st✐✲
♠❛t✐♦♥s ❞❡ ❜♦♥♥❡ q✉❛❧✐té ❞❛♥s ❧❡s ✺✵ ♣r❡♠✐❡rs ❝❡♥t✐♠ètr❡s ❞✉ s♦❧ ❧♦rsq✉❡ ❧❡s ♠♦❞è❧❡s s♦♥t ❢♦r❝és
♣❛r ❞❡s ♣❧✉✐❡s ✐ss✉❡s ❞❡ ♣❧✉✈✐♦♠ètr❡s✳ ❈❡♣❡♥❞❛♥t✱ ❝♦♠♠❡ ♣♦✉r ❧❡s ♠❡s✉r❡s ✐♥✲s✐t✉ ❞✬❤✉♠✐❞✐té
❞✉ s♦❧✱ ❧❡ rés❡❛✉ ❞❡ ♣❧✉✈✐♦♠ètr❡s ♥✬❡st ♣❛s s✉✣s❛♥t ♣♦✉r r❡♣rés❡♥t❡r ❧❛ ❣r❛♥❞❡ ✈❛r✐❛❜✐❧✐té s♣❛✲
t✐❛❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♣r♦❞✉✐ts s❛t❡❧❧✐t❛✐r❡s ❞❡ ♣❧✉✐❡ ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡ ♣♦✉r
❛❧✐♠❡♥t❡r ❝❡s ✷ ♠♦❞è❧❡s✳ ▲❛ q✉❛❧✐té ❞❡s ♣r♦❞✉✐ts ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❞❛♥s ❧❡✉r ✈❡rs✐♦♥ t❡♠♣s✲ré❡❧
♦♥t ♠♦♥tré ❞❡s ❧✐♠✐t❡s à ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❝♦rr❡❝t❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ s✉r ❧❡s
s✐t❡s ❞✉ ◆✐❣❡r ❡t ❞✉ ❇é♥✐♥✳ ❈✬❡st ♣♦✉rq✉♦✐ ❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✸✱ ❞❡s ♠ét❤♦❞❡s ❞✬✐♥té❣r❛t✐♦♥ ❞❡s
❞♦♥♥é❡s s❛t❡❧❧✐t❡s ❙▼❖❙ ❞❛♥s ❧❡s ✷ ♠♦❞è❧❡s ❞❡ s✉r❢❛❝❡ ♦♥t été ét✉❞✐é❡s ✈✐❛ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡
❞♦♥♥é❡s✳ ■❧ ❡♥ ❛ rés✉❧té ✉♥❡ ♠ét❤♦❞❡ ✭✜❧tr❡ ♣❛rt✐❝✉❧❛✐r❡✮ ♣❡r♠❡tt❛♥t ❞❡ ❝♦rr✐❣❡r ❡♥ ❛♠♦♥t ❧❡s
✐♥❝❡rt✐t✉❞❡s s✉r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❡ ♠❛♥✐èr❡ à ❛♠é❧✐♦r❡r ❧❡s s✐♠✉❧❛t✐♦♥s ❞✬❤✉♠✐❞✐té✳

▲❡ ❈❤❛♣✐tr❡ ✹ ❛ été ❝♦♥s❛❝ré à ❧✬ét✉❞❡ ❞✉ ❧✐❡♥ ❡♥tr❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡t ❧❡ r❡♥❞❡♠❡♥t ❞❡s
❝✉❧t✉r❡s ❞❡ ♠✐❧ ❛✉ ❙❛❤❡❧ ❛✜♥ ❞✬❛♣♣♦rt❡r ❞❡s é❧é♠❡♥ts ❞❡ ré♣♦♥s❡ à ❧❛ ♣r♦❜❧é♠❛t✐q✉❡ ✿
◗✉❡❧ ❡st ❧❡ ♣♦t❡♥t✐❡❧ ❞❡s ✈❛r✐❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à ❡①♣❧✐q✉❡r ❧❡s ✈❛r✐❛t✐♦♥s ❞❡
r❡♥❞❡♠❡♥ts ❛❣r✐❝♦❧❡ ❡♥ ❆❢r✐q✉❡ ❞❡ ❧✬❖✉❡st ❄
❯♥❡ ét✉❞❡ ré❛❧✐sé❡ à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡ ✭✶✵ ✈✐❧❧❛❣❡s s✐t✉és ❞❛♥s ❧❛ ré❣✐♦♥ ❞❡ ◆✐❛♠❡② ❛✉ ◆✐❣❡r✮ ❛
♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡ rô❧❡ ✐♠♣♦rt❛♥t ❞✉ t❛✉① ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ à ✸✵ ❝♠ ❞❡ ♣r♦❢♦♥❞❡✉r
♣❡♥❞❛♥t ✷ ♣ér✐♦❞❡s ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛ ♣❧❛♥t❡ ✿ ❧❛ ♣ér✐♦❞❡ r❡♣r♦❞✉❝t✐✈❡ ✭♠♦✐s ❞❡ ❥✉✐❧❧❡t✮
❡t ❧❛ ♣ér✐♦❞❡ ❞❡ r❡♠♣❧✐ss❛❣❡ ❞❡s ❣r❛✐♥s ✭❞❡ ✜♥ ❛♦ût à ♠✐✲s❡♣t❡♠❜r❡✮✳ ▲✬ét✉❞❡ ❛ ♠♦♥tré q✉❡ ❧❛
♠♦②❡♥♥❡ ❞❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐tés s✉r ❧❡s ✷ ♣ér✐♦❞❡s✱ ♣♦✉r ❧❡s ✾ ✈✐❧❧❛❣❡s ♣❡r♠❡t ❞✬❡①♣❧✐q✉❡r
✼✼✪ ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ r❡♥❞❡♠❡♥ts ♠♦②❡♥s ❞❡ ❝❡s ✈✐❧❧❛❣❡s✳
❈❡tt❡ r❡❧❛t✐♦♥ ❛ ❡♥s✉✐t❡ été ❡①tr❛♣♦❧é❡ ❛ ❧✬é❝❤❡❧❧❡ ♥❛t✐♦♥❛❧❡ ❞✉ ◆✐❣❡r✳ P♦✉r ❝❡❧❛✱ ❞❡s ❝❛rt❡s ❞✬❤✉✲
♠✐❞✐té ❞✉ s♦❧ à ✸✵ ❝♠ ♦♥t été ❝❛❧❝✉❧é❡s ✭❞ér✐✈é❡s ❞❡s ♠ét❤♦❞❡s ❞é❝r✐t❡s ❈❤❛♣✐tr❡ ✷ ❡t ❈❤❛♣✐tr❡
✸✮✳ ▲❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té s✉r ❧❡s ✷ ♣ér✐♦❞❡s ✐❞❡♥t✐✜é❡s à ❧✬é❝❤❡❧❧❡ ❧♦❝❛❧❡ ♦♥t ♣❡r♠✐s ❞✬❡①✲
♣❧✐q✉❡r ✻✷✪ ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡s r❡♥❞❡♠❡♥ts ❢♦✉r♥✐s ♣❛r ❧❛ ❋❆❖ ♣♦✉r ❧❡ ◆✐❣❡r ♣♦✉r ❧❡s ❛♥♥é❡s
✶✾✾✽✕✷✵✶✷✳
❈❡tt❡ r❡❧❛t✐♦♥ ❛ ❡♥s✉✐t❡ été ❛♣♣❧✐q✉é❡ à ❧❛ ❜❛♥❞❡ s❛❤é❧✐❡♥♥❡✳ ▲❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❤✉♠✐❞✐té ❞✉ s♦❧
à ✸✵ ❝♠ s✉r ❧❡s ✷ ♣ér✐♦❞❡s ❡①♣❧✐q✉❡ ✼✻✪ ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ r❡♥❞❡♠❡♥t s✉r ❧❡s ♣❛②s ❞✉ ◆✐❣❡r✱
❇✉r❦✐♥❛✱ ▼❛❧✐ ❡t ❙é♥é❣❛❧ ♣♦✉r ❧❡s ❛♥♥é❡s ✶✾✾✽✕✷✵✶✹✳ ➚ ♣❛rt✐r ❞❡ ❝❡tt❡ r❡❧❛t✐♦♥✱ ✉♥ ♠♦❞è❧❡
r❡♥❞❡♠❡♥t✴❤✉♠✐❞✐té ❛ été ét❛❜❧✐ ❡t ❛♣♣❧✐q✉é ❛✜♥ ❞❡ ❞ér✐✈❡r ❞❡s ❝❛rt❡s ❞❡ r❡♥❞❡♠❡♥t✳ ▲❛ ❝♦♠✲
♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s r❡♥❞❡♠❡♥ts ❡st✐♠és s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❛②s ❡t ❧❡s ❞♦♥♥é❡s ❞❡ ❧❛ ❋❆❖ ♠♦♥tr❡
✉♥ ❘✷ ❞❡ ✵✳✼✼✱ ❡t✱ ♠❛❧❣ré ❧❡ ♠❛♥q✉❡ ❞❡ ♣♦✐♥ts ❞❡ ✈❛❧✐❞❛t✐♦♥✱ ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡s r❡♥✲
❞❡♠❡♥ts r❡tr♦✉✈és ❛ ♣♦t❡♥t✐❡❧❧❡♠❡♥t ✉♥❡ ✈❛❧❡✉r ❛❥♦✉té❡ ✐♠♣♦rt❛♥t❡ ❞❛♥s ✉♥ ❝❛❞r❡ ♦♣ér❛t✐♦♥♥❡❧✳

❊♥✜♥ ❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✺✱ ❧❛ ❞❡r♥✐èr❡ ♣r♦❜❧é♠❛t✐q✉❡ ❡st ❛❜♦r❞é❡ ✿
❈♦♠♠❡♥t ❛♠é❧✐♦r❡r ❧✬❡st✐♠❛t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ♣❛r s❛t❡❧❧✐t❡ à ♣❛rt✐r ❞❡s ♦❜s❡r✲
✈❛t✐♦♥s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❙▼❖❙❄✳
❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❤❛♣✐tr❡✱ ❧❡ ♣♦t❡♥t✐❡❧ ❝♦rr❡❝t✐❢ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞✬❛ss✐♠✐❧❛t✐♦♥ ❞é✈❡❧♦♣♣é❡ ❛✉
❈❤❛♣✐tr❡ ✸ ❡st ❛♥❛❧②sé❡✳ ▲❡s rés✉❧t❛ts ♠♦♥tr❡♥t ✉♥❡ ❝♦rr❡❝t✐♦♥ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❡ ❧✬♦r❞r❡ ❞❡
✲✷ ♠♠✴❥♦✉r ❞❡ ❘▼❙❊ ♣❛r r❛♣♣♦rt à ❞❡s ♣❧✉✈✐♦♠ètr❡s s♦❧✳ ▲✬❡①♣ér✐❡♥❝❡ s②♥t❤ét✐q✉❡ ❛ ❛✉ss✐
♠♦♥tré q✉❡ ❞♦✉❜❧❡r ❧❡ ♥♦♠❜r❡ ❞✬♦❜s❡r✈❛t✐♦♥s ❛ss✐♠✐❧é❡s ♣❡r♠❡ttr❛✐t ❞✬❛✉❣♠❡♥t❡r ❧❡s s❝♦r❡s ❞❡
✰✷✺✪✳
❈❡tt❡ ♠ét❤♦❞❡ ❛ ❡♥s✉✐t❡ été ❛♣♣❧✐q✉é❡ ❛✉ ♣r♦❞✉✐t ❚❆▼❙❆❚✳ ❈❡ ♣r♦❞✉✐t ❤❛✉t❡ rés♦❧✉t✐♦♥
✭✹ ❦♠ ① ✹ ❦♠✮✱ ❢❛✐t ♣❛rt✐❡ ❞❡s ♣r♦❞✉✐ts ✉t✐❧✐sés ❡♥ ♦♣ér❛t✐♦♥♥❡❧ ♣❛r ❧❡s ❛❣❡♥❝❡s ❞❡ s✉✐✈✐ ❛❣r✐❝♦❧❡
♣♦✉r ❡✛❡❝t✉❡r ❞❡s ❞✐❛❣♥♦st✐❝s ❞❡ ❞é✜❝✐t ❤②❞r✐q✉❡ à ❞❡st✐♥❛t✐♦♥ ❞❡s ❞é❝✐s✐♦♥♥❛✐r❡s✳ ▲❡ ♣r♦❞✉✐t ❞❡
♣❧✉✐❡ ❛ s✉❜✐ t♦✉t ❞✬❛❜♦r❞ ✉♥ tr❛✐t❡♠❡♥t✱ ❞❡ ♠❛♥✐èr❡ à ❧❡ r❡♥❞r❡ ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧❡s rés♦❧✉t✐♦♥s
s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡ ❞✉ s❝❤é♠❛ ❞✬❛ss✐♠✐❧❛t✐♦♥✱ ♣✉✐s ✐❧ ❛ été é✈❛❧✉é✳

✶✹✵



✺✳✹✳ ❘➱❙❯▼➱ ❊❚ ❈❖◆❈▲❯❙■❖◆

▲✬é✈❛❧✉❛t✐♦♥ ❧♦❝❛❧❡✱ ❜❛sé❡ s✉r ✉♥ rés❡❛✉ ❞❡ ♣❧✉✈✐♦♠ètr❡s ✭❛✉ ◆✐❣❡r✱ ❛✉ ❇é♥✐♥ ❡t ❛✉ ❇✉r❦✐♥❛ ❋❛s♦✮
❛ été ❡✛❡❝t✉é❡✳ ▲❡s rés✉❧t❛ts ♠♦♥tr❡♥t ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ✭❡♥tr❡ ✲✵ ❡t ✲✷ ♠♠✴❥♦✉r ❞❡ ❘▼❙❊✮ ❞✉
♣r♦❞✉✐t ❚❆▼❙❆❚ ❛♣rès ❛ss✐♠✐❧❛t✐♦♥ ♣♦✉r ❧❡s s✐t❡s ❞✉ ❇é♥✐♥✱ ❞✉ ◆✐❣❡r ❡t ❞✉ ❇✉r❦✐♥❛ ❋❛s♦✳
❊♥✜♥✱ ✉♥❡ ❞❡r♥✐èr❡ é✈❛❧✉❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞✉ ❝♦♥t✐♥❡♥t ❛❢r✐❝❛✐♥✱ à ♣❛rt✐r ❞✉ ♣r♦❞✉✐t ❞❡ ♣❧✉✐❡
❞❡ ré❢ér❡♥❝❡ ●P❈❈✱ ♠♦♥tr❡ ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❣é♥ér❛❧❡ ❞✉ ❘▼❙❊ ❥♦✉r♥❛❧✐❡r ❞❛♥s ✷✴✸ ❞❡s ❝❛s✳
❈❡♣❡♥❞❛♥t ❧❡ ♣r♦❞✉✐t ❞❡ ré❢ér❡♥❝❡ s♦✉✛r❡ ❞❡ ❣r❛♥❞❡s ✐♥❝❡rt✐t✉❞❡s ❞❡ ♣❛r ❧❛ ré♣❛rt✐t✐♦♥ ❞❡s
♣❧✉✈✐♦♠ètr❡s s✉r ❧❡sq✉❡❧s ✐❧ ❡st ❜❛sé✳ ▲✬❛♣♣♦rt ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ s✉r ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞✉
♣r♦❞✉✐t ♣❡✉t ❞♦♥❝ êtr❡ ❞✐✣❝✐❧❡♠❡♥t ✈❛❧✐❞é❡✳

✶✹✶





P❡rs♣❡❝t✐✈❡s

▲❡ ♥✐✈❡❛✉ ❞❡ rés✐❧✐❡♥❝❡ ❞❡s s♦❝✐étés ❡st ✉♥ ❢❛❝t❡✉r ❢♦♥❞❛♠❡♥t❛❧ ♣♦✉r ❧❡ ❢✉t✉r ❞❡ ❧✬❍✉♠❛♥✐té✳
▲✬é✈♦❧✉t✐♦♥ ❞✉ ❝❧✐♠❛t ❞❛♥s ❧❡s ❛♥♥é❡s ❢✉t✉r❡s ♠♦❞✐✜❡r❛ ♥♦s ♠♦❞❡s ❞❡ ✈✐❡ ❞❡ ♠❛♥✐èr❡ ♣❧✉s ♦✉
♠♦✐♥s ✐♠♣♦rt❛♥t❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ♥♦tr❡ s✐t✉❛t✐♦♥ ❣é♦❣r❛♣❤✐q✉❡✱ é❝♦♥♦♠✐q✉❡✱ s♦❝✐❛❧❡✱✳ ✳ ✳ ❈❡rt❛✐♥❡s
ré❣✐♦♥s ❞✉ ♠♦♥❞❡ s♦♥t ❝❡♣❡♥❞❛♥t ♣r❡ss❡♥t✐❡s ❝♦♠♠❡ ♣❧✉s ✧✈✉❧♥ér❛❜❧❡s✧ q✉❡ ❞✬❛✉tr❡s ♣♦✉r ❞❡s
r❛✐s♦♥s ♠✉❧t✐❢❛❝t♦r✐❡❧❧❡s ✭❝❧✐♠❛t ❡①trê♠❡✱ ❝r♦✐ss❛♥❝❡ ❞é♠♦❣r❛♣❤✐q✉❡✱ ❛❝❝ès à ❧✬❡❛✉ ♣♦t❛❜❧❡✱✳ ✳ ✳ ✮ ❀
❧❛ ré❣✐♦♥ ❞✉ ❙❛❤❡❧ ❡♥ ❢❛✐t ♣❛rt✐❡✳ ▲❡s r❡❝❤❡r❝❤❡s ✐♥t❡r❞✐s❝✐♣❧✐♥❛✐r❡s ❞❛♥s ❝❡s ré❣✐♦♥s s♦♥t ♣❛rt✐❝✉✲
❧✐èr❡♠❡♥t s❡♥s✐❜❧❡s ❞❛♥s ❧❡ ❝♦♥t❡①t❡ ❞❡ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡✳ ❖r✱ ❝❡s r❡❝❤❡r❝❤❡s s♦♥t ❢♦rt❡♠❡♥t
❞é♣❡♥❞❛♥t❡s ❞❡ ❞♦♥♥é❡s✱ ❡t ❞♦♥❝ ❞✬♦❜s❡r✈❛t✐♦♥s✳

●❧♦❜❛❧❡♠❡♥t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♠♦②❡♥s ❞✬♦❜s❡r✈❛t✐♦♥ ❡st ❢♦♥❞❛♠❡♥t❛❧ ♣♦✉r ❛❧✐♠❡♥t❡r ❧❡s
ré✢❡①✐♦♥s s✉r ❧❡s ❝❤❛♥❣❡♠❡♥ts ❢✉t✉rs✳ ❈❡♣❡♥❞❛♥t✱ ❧✬✐♥térêt ❞❡s s❛t❡❧❧✐t❡s ❞✬♦❜s❡r✈❛t✐♦♥s ♦✉ ❞❡s
♠♦❞è❧❡s ♥✉♠ér✐q✉❡s ❡st très ❢❛✐❜❧❡ s✐ ❧❡s rés❡❛✉① ❞❡ ♠❡s✉r❡ ✐♥ s✐t✉ ♥❡ s♦♥t ♣❛s ❞é✈❡❧♦♣♣és ❡t
♠❛✐♥t❡♥✉s ❞❡ ♠❛♥✐èr❡ ♣ér❡♥♥❡✳ ❊♥ ❡✛❡t✱ ❝❡s ❞♦♥♥é❡s ❞❡ ♠❡s✉r❡s s❡r✈❡♥t ❝♦✉r❛♠♠❡♥t ❞❡ ré❢é✲
r❡♥t✐❡❧ ❛✉① ❛✉tr❡s ♠♦②❡♥s ❞✬♦❜s❡r✈❛t✐♦♥s✳ ❉✬✉♥ ❛✉tr❡ ❝ôté✱ ❞❡ ❢♦rt❡s ❧✐♠✐t❡s✱ t❡❧❧❡s q✉❡ ❧❡✉r ❢❛✐❜❧❡
r❡♣rés❡♥t❛t✐✈✐té s♣❛t✐❛❧❡ ♦✉ ❧❡✉r ❝♦ût ❞❡ ♠❛✐♥t❡♥❛♥❝❡ é❧❡✈é ✭é❝♦♥♦♠✐q✉❡ ❡t ♠❛✐♥ ❞✬♦❡✉✈r❡✮✱ ❧❡✉r
♣♦rt❡♥t ❢♦rt❡♠❡♥t ♣ré❥✉❞✐❝❡✳ ▲❡s ❛✉tr❡s ♠♦②❡♥s ❞✬♦❜s❡r✈❛t✐♦♥ ♦✉ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞é♣❡♥❞❛♥t
❞❡ ❝❡s ❞♦♥♥é❡s✱ ❧❛ ❢♦rt❡ ✐♥t❡r❞é♣❡♥❞❛♥❝❡ ❞✉ tr✐♣t②q✉❡ ✐♥s✐t✉✴♠♦❞é❧✐s❛t✐♦♥✴té❧é❞❡❝t✐♦♥ ❡st t❡❧❧❡
q✉❡ ❧❡✉r ❞é✈❡❧♦♣♣❡♠❡♥t ❞♦✐t s✬❡✛❡❝t✉❡r ❞❡ ♠❛♥✐èr❡ ❤♦♠♦❣è♥❡ ❡t ❞❡ ♠❛♥✐èr❡ ♣ér❡♥♥❡✳

▲❡ ♥♦♠❜r❡ ❞❡ s❛t❡❧❧✐t❡s ❞✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ ❚❡rr❡ ♥❡ ❝❡ss❡ ❞❡ ❝r♦îtr❡✱ ❞❡ ✶✷✵ ❡♥ ✷✵✶✶✱ ❧❡s ❡st✐♠❛✲
t✐♦♥s ❞♦♥♥❡♥t ✷✺✵ ❡♥ ✷✵✷✵ ✭❞♦♥♥é❡s ❊✉r♦❝♦♥s✉❧t✮✳ ▲❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s ❝❛♣t❡✉rs ❞é♠✉❧t✐♣❧✐❡
❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❡ ♣♦t❡♥t✐❡❧ ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ❡♥✈✐s❛❣❡❛❜❧❡s ❞❛♥s ❧❡ ❢✉t✉r✳ ❋❛❝❡ à ❝❡ ✈♦❧✉♠❡
❝r♦✐ss❛♥t ❞❡ ❞♦♥♥é❡s✱ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♠ét❤♦❞❡s ♥✉♠ér✐q✉❡s ♣♦✉r ❧❡ tr❛✐t❡♠❡♥t ❞✉ ❇✐❣
❉❛t❛ ❡st ❞❡✈❡♥✉ ❧❡ ♥♦✉✈❡❛✉ ♣❛r❛❞✐❣♠❡ ❞❡ ❧❛ té❧é❞ét❡❝t✐♦♥✳ ❖r✱ ❧❛ q✉❡st✐♦♥ ❞✉ tr❛✐t❡♠❡♥t ❞❡
❝❡s ❞❡r♥✐èr❡s ❡st ❢♦♥❞❛♠❡♥t❛❧❡✳ ❊♥ ❡✛❡t ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ✈✐t❡ss❡ ❡♥tr❡ ❧❡ tr❛✐t❡♠❡♥t ✭❛♥❛❧②s❡✱
r❡❝❤❡r❝❤❡✱ ✐♥t❡r♣rét❛t✐♦♥ ❡t ✉t✐❧✐s❛t✐♦♥✮ ❡t ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❝❡s ❞♦♥♥é❡s ❡st très ❣r❛♥❞❡✳ ■❧ ❢❛✉t
❞♦♥❝ êtr❡ très ❛tt❡♥t✐❢ ❛✉ ♠❛✐♥t✐❡♥ ❞❡ ❧❛ ❝♦❤ér❡♥❝❡ ❡♥tr❡ ❝❡s ❞♦♥♥é❡s ❡t ❧❡s r❡❝❤❡r❝❤❡s ❡♥ s❝✐❡♥❝❡s
❞❡ ❧❛ ❚❡rr❡✳ ▲✬❛♥❛❧♦❣✐❡ ❛✈❡❝ ❧❛ ♠♦❞é❧✐s❛t✐♦♥✱ ❡st ❛ss❡③ ❝❧❛✐r❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡
♠ét❤♦❞❡s ❞❡ ❝❛❧❝✉❧ ❞❡ ♣❧✉s ❡♥ ♣❧✉s ♣❡r❢♦r♠❛♥t❡s ♣♦✉r ❞❡s ♠♦❞è❧❡s ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❝♦♠♣❧❡①❡s✳

❯♥ ♣♦✐♥t ✐♠♣♦rt❛♥t ❡st ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ✐♥t❡r❞✐s❝✐♣❧✐♥❛✐r❡ ❞❡ ❧❛ s②♥❡r❣✐❡ ❡♥tr❡ tr✐♣t②q✉❡ ✐♥✲
s✐t✉✴♠♦❞é❧✐s❛t✐♦♥✴té❧é❞ét❡❝t✐♦♥ ✈✐❛ ❧✬❛ss✐♠✐❧❛t✐♦♥✳ ▲❡s ♠ét❤♦❞❡s ♠❛t❤é♠❛t✐q✉❡s ❝♦✉♣❧é❡s ❛✉①
❞é✈❡❧♦♣♣❡♠❡♥ts ✐♥❢♦r♠❛t✐q✉❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ r❡❝❤❡r❝❤❡ ❡♥ ❣é♦s❝✐❡♥❝❡s ♣❡r♠❡tt❡♥t ❞❡ ♣r♦❞✉✐r❡
❞❡s ❞♦♥♥é❡s à très ❢♦rt❡ ✈❛❧❡✉r ❛❥♦✉té❡✳

✶✹✸



✺✳✹✳ ❘➱❙❯▼➱ ❊❚ ❈❖◆❈▲❯❙■❖◆

❈❡tt❡ ét✉❞❡ ♠♦♥tr❡ q✉✬✐❧ ② ❛ ✉♥ ❣r❛♥❞ ♣♦t❡♥t✐❡❧ ❞✬❡①♣❧♦✐t❛t✐♦♥ ❞❡s ❞♦♥♥é❡s ❡t ❞❡s ♠ét❤♦❞❡s
❞é❥à ❡①✐st❛♥t❡s✳ ❱♦✐❝✐ ♣♦✉r ❝❤❛q✉❡ t❤é♠❛t✐q✉❡ ❛❜♦r❞é❡ ❞❛♥s ❝❡s tr❛✈❛✉①✱ ❞❡s ♣✐st❡s ❞❡ ré✢❡①✐♦♥s
♣♦✉r ❧❡s ♣♦✉rs✉✐✈r❡ ✿

▼❡s✉r❡s ✐♥✲s✐t✉

• ■❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞❡ r❡❢❛✐r❡ ❧❡s ❝❛❧✐❜r❛t✐♦♥s ❞❡s s♦♥❞❡s ❛✈❡❝ ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ s♦❧ ♣♦✉r
❞✐✛ér❡♥❝✐❡r ❧✬♦r✐❣✐♥❡ ❞❡s ❜✐❛✐s ❡♥tr❡ ❧❡s s♦♥❞❡s ✭t❡①t✉r❡s ❞✉ s♦❧ ❄✱ ❞❡ ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛
♣r♦❢♦♥❞❡✉r ❄✮✳

• ▲✬❛♥❛❧②s❡ ❞❡ t❡♥❞❛♥❝❡ ✭❛✈❡❝ ❛✉ ♠♦✐♥s ✶✵ ❛♥s ❞❡ ❞♦♥♥é❡s✮ à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ✐♥✲s✐t✉
♣❡r♠❡ttr❛✐t ❞❡ ❝♦♥tr✐❜✉❡r à ❧✬ét✉❞❡ ❞❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ ré❣✐♠❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ❝♦✉rs
❞❛♥s ❝❡tt❡ ré❣✐♦♥✳

• ❉❛♥s ✉♥❡ ♦♣t✐q✉❡ ❞✬ét✉❞✐❡r ❧✬✐♥✜❧tr❛t✐♦♥ ❞❡ ❧✬❡❛✉ s✉r ❧❡s s✐t❡s ❞✉ ❇é♥✐♥ ❡t ❞✉ ◆✐❣❡r✱ ✐❧ s❡r❛✐t
✐♥tér❡ss❛♥t ❞❡ ❝♦✉♣❧❡r ❧❡s ❞♦♥♥é❡s à ❞❡s ❞♦♥♥é❡s ❞❡ t❡♥s✐♦♠ètr❡s ❡t ❞✬❛♥❛❧②s❡r ❧✬✐♠♣❛❝t
❞❡ ❧✬❤✉♠✐❞✐té s✉r ❧❡s r❡❝❤❛r❣❡s ❞❡ ♥❛♣♣❡s✳

• ▲❛ ♣r♦❢♦♥❞❡✉r ❞✉ ❢r♦♥t ❞✬❤✉♠❡❝t❛t✐♦♥ ♠♦❞✐✜❡ ❧✬✐♥✜❧tr❛t✐♦♥ ❞❡ ❧✬❡❛✉ t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧❛
s❛✐s♦♥ ❞❡s ♣❧✉✐❡s✳ ▲❡s sér✐❡s ❞✬❤✉♠✐❞✐té à ❞✐✛ér❡♥t❡s ♣r♦❢♦♥❞❡✉rs ♣❡r♠❡tt❡♥t ❞❡ ✈✐s✉❛❧✐s❡r
❝❡ ❢r♦♥t✳ ❯♥❡ ❛♥❛❧②s❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ✐♥t❡r❛♥♥✉❡❧❧❡ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞✉ ❢r♦♥t ❞✬❤✉♠❡❝t❛t✐♦♥
s❡r❛✐t ✐♥tér❡ss❛♥t✳

❚é❧é❞ét❡❝t✐♦♥

• ❯♥ ♥♦✉✈❡❛✉ s❛t❡❧❧✐t❡ ❞é❞✐é à ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✱ ❙▼❆P✱ ❛ été ❧❛♥❝é ❡♥ ✷✵✶✺✱ ❧✬✉t✐❧✐s❛t✐♦♥
❞❡ s❡s ❞♦♥♥é❡s ❢❛✐t ♣❛rt✐❡ ❞❡s ♣❡rs♣❡❝t✐✈❡s ❞❡ ❝❡s tr❛✈❛✉①✳

• P♦✉r ❧❡s ♣r♦❞✉✐ts ❙▼❖❙✱ ✷ ♥♦✉✈❡❛✉① ❛❧❣♦r✐t❤♠❡s s♦♥t ❡♥ ❞é✈❡❧♦♣♣❡♠❡♥t ✿ ❙▼❖❙✲■❈ ✭❛✈❡❝
✉♥ ♥♦✉✈❡❛✉ ♠♦❞è❧❡ ❞✬✐♥✈❡rs✐♦♥ ✈♦✐r ❬❋❡r♥❛♥❞❡③✲▼♦r❛♥ ❡t ❛❧✳✱ ✷✵✶✼❪✮ ❡t ❙▼❖❙✲♥♥ ✭❛✈❡❝ ✉♥
rés❡❛✉ ❞❡ ♥❡✉r♦♥❡s✱ ✈♦✐r ❬❘♦❞r✐❣✉❡③✲❋❡r♥❛♥❞❡③ ❡t ❛❧✳✱ ✷✵✶✹❪✮✳

• ▲❛ s②♥❡r❣✐❡ ❡♥tr❡ ❧❡s s❛t❡❧❧✐t❡s ❞é❞✐és à ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✱ ❙▼❖❙ ❡t ❙▼❆P ❞❡✈r❛✐t ♠♦♥tr❡r
❛✉ss✐ ✉♥ ❣r❛♥❞ ♣♦t❡♥t✐❡❧✳

▼♦❞é❧✐s❛t✐♦♥

• ▲✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ st❛t✐st✐q✉❡ ✧s✐♠♣❧❡✧ s❡♠❜❧❡ ❛ss❡③ ❜✐❡♥ ❛❞❛♣té❡ ❛✉① é❝❤❡❧❧❡s ❞❡
❧❛ té❧é❞ét❡❝t✐♦♥ ♠✐❝r♦✲♦♥❞❡✳ ❈❡♣❡♥❞❛♥t✱ ❝❡s tr❛✈❛✉① ♦♥t ♠♦♥tré q✉❡ ❧❡ ✜❧tr❡ ✉t✐❧✐sé ♣♦✉r
♣r♦♣❛❣❡r ❧✬✐♥❢♦r♠❛t✐♦♥ ❡♥ ♣r♦❢♦♥❞❡✉r ❛✈❛✐t ❞❡s ❧✐♠✐t❡s✱ s✉rt♦✉t ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ q✉❛♥t✐té
❞✬❡❛✉ ✐♥✜❧tré❡✳ ■♥✈❡st✐❣✉❡r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❝❡tt❡ ✐♥✜❧tr❛t✐♦♥ ❡♥ ✉t✐❧✐s❛♥t ❧❡s ❞♦♥♥é❡s
✐♥✲s✐t✉ ❝♦♠♠❡ s✉♣♣♦rt s❡r❛✐t ✐♥tér❡ss❛♥t✳

• ▲❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♠♦❞è❧❡s à ❜❛s❡ ♣❤②s✐q✉❡ ❤❛✉t❡ rés♦❧✉t✐♦♥✱ t②♣❡ P❛r✢♦✇✲❈▲▼✱
s❡♠❜❧❡ très ♣r♦♠❡tt❡✉r ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ s②♥❡r❣✐❡ ❛✈❡❝ ❞❡s ♣r♦❞✉✐ts s❛t❡❧❧✐t❡s✳

❆ss✐♠✐❧❛t✐♦♥

• ■❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞✬✉t✐❧✐s❡r ❞✬❛✉tr❡s ❞♦♥♥é❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ♣❛r s❛t❡❧❧✐t❡ t❡❧❧❡s q✉❡
❙▼❆P✱ ❆▼❙❘ ♦✉ ❡♥❝♦r❡ ❆❙❈❆❚✳ ❊♥ ❡✛❡t✱ ♣❧✉s ✐❧ ② ❛✉r❛ ❞✬♦❜s❡r✈❛t✐♦♥s ❞❛♥s ❧❡ s❝❤é♠❛
❞✬❛ss✐♠✐❧❛t✐♦♥✱ ♣❧✉s ✐❧ s❡r❛ ❡✣❝❛❝❡✳

• P♦✉r ❧❡ ✜❧tr❡ ♣❛rt✐❝✉❧❛✐r❡✱ ✐❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞❡ ❢❛✐r❡ ❞❡s ♣❡rt✉r❜❛t✐♦♥s ♣❧✉s ♣r♦❣r❡ss✐✈❡s
❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❣❛♠♠❡s ❞❡ ♣❧✉✐❡ ♦✉ ❡♥❝♦r❡ ❞✬② ❛❥♦✉t❡r ❞❡ ❧❛ ❝♦❤ér❡♥❝❡ s♣❛t✐❛❧❡ ❞❡s ❡rr❡✉rs
❞❡ ♣ré❝✐♣✐t❛t✐♦♥s✳

• ❯♥❡ ❡①♣ér✐❡♥❝❡ ré❛❧✐s❛❜❧❡ s❡r❛✐t ❞✬❛ss✐♠✐❧❡r ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡♥ ❛♠♦♥t ❛✈❡❝ ❧✬❆P■✱ ♣✉✐s
❞❡ ❧❡s ✉t✐❧✐s❡r ❡♥ t❛♥t q✉❡ ❢♦rç❛❣❡ ❞❛♥s ❙❯❘❋❊❳✳

✶✹✹



✺✳✹✳ ❘➱❙❯▼➱ ❊❚ ❈❖◆❈▲❯❙■❖◆

❊st✐♠❛t✐♦♥ ❞✉ r❡♥❞❡♠❡♥t

• ◆♦✉s ❛✈♦♥s ✈✉ ♣ré❝é❞❡♠♠❡♥t ❧❡ ♣♦t❡♥t✐❡❧ ❞❡s ❝❛rt❡s ❞✬❤✉♠✐❞✐té à ❡st✐♠❡r ❧❡s ✈❛r✐❛t✐♦♥s
❞❡ r❡♥❞❡♠❡♥t✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ❝❛❧❡♥❞r✐❡r ❞❡s ❝✉❧t✉r❡s ét❛♥t ❜❛sé s✉r ❧❛ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s✱
❡t ét❛♥t ❞♦♥♥é ❧❡ ❝❛r❛❝tèr❡ ♣❤♦t♦♣ér✐♦❞✐q✉❡ ❞❡s ❝✉❧t✉r❡s ❞❡ ♠✐❧✱ ♣♦✉✈♦✐r ♠✐❡✉① ❞é✜♥✐r ❝❡
❝❛❧❡♥❞r✐❡r ♣❡r♠❡ttr❛✐t ❞✬❛✣♥❡r ❧❡s ❡st✐♠❛t✐♦♥s✳

• ▲❡ ♣♦t❡♥t✐❡❧ ♣ré❞✐❝t✐❢ s❡r❛✐t à é✈❛❧✉❡r ✭❞❛♥s ✉♥❡ ♦♣t✐q✉❡ ❞✬❛♠é❧✐♦r❡r ❧❡s ❛❧❡rt❡s ♣ré❝♦❝❡s✮✳

• ▲✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ ❡st ❛✉ss✐ ❡♥✈✐s❛❣❡❛❜❧❡ s✉r ❞✬❛✉tr❡s ♣❛②s ❞❡ ❧❛ ❜❛♥❞❡ s❛❤é✲
❧✐❡♥♥❡✳ ❈❡♣❡♥❞❛♥t✱ ✉♥❡ ❝❛❧✐❜r❛t✐♦♥ ❞❡s ♣ér✐♦❞❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s t②♣❡s ❞❡ ❝✉❧t✉r❡s ❛✐♥s✐
q✉❡ ❞✉ ré❣✐♠❡ ❞❡ ♣❧✉✐❡ ❡st à ❡♥✈✐s❛❣❡r✳

• ❯♥❡ ét✉❞❡ ♠✉❧t✐✈❛r✐é❡ ❝♦♠❜✐♥❛♥t ▲❙❚✱ ◆❉❱■ ❡t ❤✉♠✐❞✐té ♣❡r♠❡ttr❛✐t ❞❡ r❡♥❞r❡ ♣❧✉s
r♦❜✉st❡ ❧❡s r❡❧❛t✐♦♥s✳
❯♥ ♣r❡♠✐❡r ❡ss❛✐✱ ❜❛sé s✉r ❧❡s ❛♥♦♠❛❧✐❡s ❞❡ t❡♠♣ér❛t✉r❡ ❞❡ s✉r❢❛❝❡ ✭▲❙❚ ▼❖❉■❙✮ s✉r
❧❡s ③♦♥❡s ❞❡ ❝✉❧t✉r❡s ❛ été ré❛❧✐sé✳ ▲❛ ❋✐❣✉r❡ ✺✳✷✶ ♣rés❡♥t❡ ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❤✉♠✐❞✐té ❞✉
s♦❧✱ t❡♠♣ér❛t✉r❡ ❞❡ s✉r❢❛❝❡ ❡t r❡♥❞❡♠❡♥ts ❞❡ ♠✐❧✱ ❧❡s ♣r❡♠✐❡rs rés✉❧t❛ts s❡♠❜❧❡♥t très
❡♥❝♦✉r❛❣❡❛♥ts✳

❋✐❣✉r❡ ✺✳✷✶ ✕ ❘❡❧❛t✐♦♥ ❝♦✉♣❧é❡ ❤✉♠✐❞✐té ❞✉ s♦❧ ❡t ❛♥♦♠❛❧✐❡ ▲❙❚ ✭▼♦❞✐s ❚❊❘❘❆✰❆◗❯❆✮
s✉r ❧❡s r❡♥❞❡♠❡♥ts ❞❡ ♠✐❧ à ❧✬é❝❤❡❧❧❡ ❞✉ ◆✐❣❡r✳

• ■❧ s❡r❛✐t ❛✉ss✐ ✐♥tér❡ss❛♥t ❞✬ét✉❞✐❡r ❧❡ ❝❛r❛❝tèr❡ ❧✐♥é❛✐r❡ ✈s✳ ♥♦♥✲❧✐♥é❛✐r❡ ❞❡ ❧❛ r❡❧❛t✐♦♥
❤✉♠✐❞✐té ❞✉ s♦❧ ✈s✳ r❡♥❞❡♠❡♥t

❚❆▼❙❆❚

• ❉❛♥s ❧❡ ❝❛s ❞❡ ❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❚❆▼❙❆❚✱ ✐❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞✬ét✉❞✐❡r ♣❧✉s ❡♥ ♣r♦❢♦♥❞❡✉r
❧❡s ❞❡s❝❡♥t❡s ❞✬é❝❤❡❧❧❡ ❡t ❧❡s ❞és❛❣ré❣❛t✐♦♥s ✭❡♥ ♣❛rt✐❝✉❧✐❡r ❧✬✐♥t❡r♣♦❧❛t✐♦♥ ❞❡s ❝♦❡✣❝✐❡♥ts✮✳

• ■❧ s❡r❛✐t ❛✉ss✐ ✐♥tér❡ss❛♥t ❞❡ ❝♦♠♣❛r❡r ❧❡ ♣r♦❞✉✐t ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❤❛✉t❡ rés♦❧✉t✐♦♥ ❛✈❡❝
❞✬❛✉tr❡s ♣r♦❞✉✐ts ✭❉■❙P❆❚❈❍✮✳

• ❊♥✜♥✱ ❛✜♥ ❞✬é✈❛❧✉❡r ❧❡s ❞✐✛ér❡♥❝❡s ❞❡ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ❚❆▼❙❆❚ ❛✈❛♥t ❡t ❛♣rès
❛ss✐♠✐❧❛t✐♦♥✱ ✐❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞❡ ❧❡ ❝♦♠♣❛r❡r ❛✈❡❝ ❞❡s r❛❞❛rs s♦❧ ♣♦✉r ✈♦✐r ❧✬❛♣♣♦rt ❞❡
❧✬❛ss✐♠✐❧❛t✐♦♥ ❞❡ ❙▼❖❙ à ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡✳

✶✹✺





❇✐❜❧✐♦❣r❛♣❤✐❡

❬❆◆❋✱ ✷✵✶✹❪ ✭✷✵✶✹✮✳ ❆❣❡♥❝❡ ♥❛t✐♦♥❛❧❡ ❞❡s ❢réq✉❡♥❝❡s✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✳ ❈♦♥tr✐❜✉t✐♦♥ ❛✉ ❣r♦✉♣❡
❞✬❛❝t✐♦♥ ♠✐①t❡ ●❆▼✹✲✺✲✻✲✼ ❞❡ ❧✬❯■❚ s✉r ❧❛ ♣r♦t❡❝t✐♦♥ ❞❡ ❧❛ r❛❞✐♦❛str♦♥♦♠✐❡ ❞❛♥s ❧❛ ❜❛♥❞❡
✶✹✵✵✲✶✹✷✼ ▼❍③✳

❬❆❧❜❡r❣❡❧ ❡t ❛❧✳✱ ✷✵✵✽❪ ❆❧❜❡r❣❡❧✱ ❈✳✱ ❘ü❞✐❣❡r✱ ❈✳✱ P❡❧❧❛r✐♥✱ ❚✳✱ ❈❛❧✈❡t✱ ❏✳✲❈✳✱ ❋r✐t③✱ ◆✳✱ ❋r♦✐ss❛r❞✱
❋✳✱ ❙✉q✉✐❛✱ ❉✳✱ P❡t✐t♣❛✱ ❆✳✱ P✐❣✉❡t✱ ❇✳✱ ❛♥❞ ▼❛rt✐♥✱ ❊✳ ✭✷✵✵✽✮✳ ❋r♦♠ ♥❡❛r✲s✉r❢❛❝❡ t♦ r♦♦t✲
③♦♥❡ s♦✐❧ ♠♦✐st✉r❡ ✉s✐♥❣ ❛♥ ❡①♣♦♥❡♥t✐❛❧ ✜❧t❡r ✿ ❛♥ ❛ss❡ss♠❡♥t ♦❢ t❤❡ ♠❡t❤♦❞ ❜❛s❡❞ ♦♥ ✐♥✲s✐t✉
♦❜s❡r✈❛t✐♦♥s ❛♥❞ ♠♦❞❡❧ s✐♠✉❧❛t✐♦♥s✳ ❍②❞r♦❧♦❣② ❛♥❞ ❊❛rt❤ ❙②st❡♠ ❙❝✐❡♥❝❡s ❉✐s❝✉ss✐♦♥s✱
✶✷ ✿✶✸✷✸✕✶✸✸✼✳

❬❆❧✐ ❛♥❞ ▲❡❜❡❧✱ ✷✵✵✾❪ ❆❧✐✱ ❆✳ ❛♥❞ ▲❡❜❡❧✱ ❚✳ ✭✷✵✵✾✮✳ ❚❤❡ s❛❤❡❧✐❛♥ st❛♥❞❛r❞✐③❡❞ r❛✐♥❢❛❧❧ ✐♥❞❡①
r❡✈✐s✐t❡❞✳ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ❈❧✐♠❛t♦❧♦❣②✱ ✷✾✭✶✷✮ ✿✶✼✵✺✕✶✼✶✹✳

❬❆♥❞❡rs♦♥ ❡t ❛❧✳✱ ✷✵✶✸❪ ❆♥❞❡rs♦♥✱ ▼✳ ❈✳✱ ❍❛✐♥✱ ❈✳✱ ❖t❦✐♥✱ ❏✳✱ ❩❤❛♥✱ ❳✳✱ ▼♦✱ ❑✳✱ ❙✈♦❜♦❞❛✱ ▼✳✱
❲❛r❞❧♦✇✱ ❇✳✱ ❛♥❞ P✐♠st❡✐♥✱ ❆✳ ✭✷✵✶✸✮✳ ❆♥ ✐♥t❡r❝♦♠♣❛r✐s♦♥ ♦❢ ❞r♦✉❣❤t ✐♥❞✐❝❛t♦rs ❜❛s❡❞
♦♥ t❤❡r♠❛❧ r❡♠♦t❡ s❡♥s✐♥❣ ❛♥❞ ♥❧❞❛s✲✷ s✐♠✉❧❛t✐♦♥s ✇✐t❤ ✉s ❞r♦✉❣❤t ♠♦♥✐t♦r ❝❧❛ss✐✜❝❛t✐♦♥s✳
❏♦✉r♥❛❧ ♦❢ ❍②❞r♦♠❡t❡♦r♦❧♦❣②✱ ✶✹✭✹✮ ✿✶✵✸✺✕✶✵✺✻✳
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♠étr✐❡✱ r❛♣♣❡❧♦♥s ❧❡s ❣r❛♥❞❡s ❧✐❣♥❡s t❤é♦r✐q✉❡s ❞❡ ❧✬♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡✳

❆✳✶ ●é♥ér❛❧✐té s✉r ❧✬♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡

❋✐❣✉r❡ ❆✳✶ ✕ ❘❡♣rés❡♥t❛t✐♦♥ ❝❧❛ss✐q✉❡ ❞✬✉♥❡ ♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡✳ ❙♦✉r❝❡ ✿ ❤❡❛❧t❤✳❜❡❧❣✐✉♠✳❜❡

▲✬♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❡st ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❞✉ ♣❤é♥♦♠è♥❡ ❞❡ r❛②♦♥♥❡♠❡♥t é❧❡❝tr♦♠❛❣♥é✲
t✐q✉❡✳ ❈❡ ♣❤é♥♦♠è♥❡ ♣❤②s✐q✉❡ r❡♣rés❡♥t❡ ✉♥ tr❛♥s❢❡rt ❞✬é♥❡r❣✐❡ ❞❛♥s ✉♥ ♠✐❧✐❡✉✳ ❈❡ tr❛♥s❢❡rt
❞✬é♥❡r❣✐❡ ❡st ❝❛r❛❝tér✐sé ♣❛r ✉♥❡ ✈❛r✐❛t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡t é❧❡❝tr✐q✉❡ ❞❛♥s ❧✬❡s♣❛❝❡ ❡t
❧❡ t❡♠♣s✳
❈❤❛q✉❡ ♦♥❞❡ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r s♦♥ ❞é♣❤❛s❛❣❡ ❡♥tr❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❡t ♠❛❣♥ét✐q✉❡ ✭♣♦✲
❧❛r✐s❛t✐♦♥✮✱ s❛ ❢réq✉❡♥❝❡✱ s♦♥ ❛♠♣❧✐t✉❞❡ ❡t s❛ ❞✐r❡❝t✐♦♥ ❞❡ ♣r♦♣❛❣❛t✐♦♥✳ ▲❡s ♣r♦♣r✐étés ❞✬✉♥❡
♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ♣❛r r❛♣♣♦rt à s♦♥ ♠✐❧✐❡✉ ❞❡ ♣r♦♣❛❣❛t✐♦♥ s♦♥t ré❣✐❡s ♣❛r ❞❡s ❧♦✐s ✿ ❧❡s
éq✉❛t✐♦♥s ❞❡ ▼❛①✇❡❧❧✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ♣r♦♣❛❣❛t✐♦♥ ❞❛♥s ✉♥ ♠✐❧✐❡✉ ♥❛t✉r❡❧ t❡❧ q✉❡ ❧✬❛t♠♦✲
s♣❤èr❡✱ ❧❡ s♦❧ ♦✉ ❡♥❝♦r❡ ❧❛ ✈é❣ét❛t✐♦♥✱ ♦♥ ❝♦♥s✐❞èr❡ ❧❡ ♠✐❧✐❡✉ s❛♥s ❝❤❛r❣❡s✱ ♥♦♥✲❝♦♥❞✉❝t❡✉r ❡t
♥♦♥✲♠❛❣♥ét✐q✉❡✳

✶✺✼
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▲❡s éq✉❛t✐♦♥s ❞❡ ▼❛①✇❡❧❧ ❛❞❛♣té❡s à ❝❡s ♠✐❧✐❡✉① ❞❡✈✐❡♥♥❡♥t ❛❧♦rs ✿




∇ · ~E = 0

∇ · ~B = 0

∇× ~E + δ ~B
δt

= 0

∇× ~B − µrεr
c2

· δ ~E
δt

= 0

✭❆✳✶✮

❆✈❡❝ ✿

• ~E✱ ~B ✿ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❡t ♠❛❣♥ét✐q✉❡ ❞❡ ❧✬♦♥❞❡

• εr✱µr ✿ ♣❡r♠✐tt✐✈✐té é❧❡❝tr✐q✉❡ ❡t ♠❛❣♥ét✐q✉❡ r❡❧❛t✐✈❡ ❛✉ ♠✐❧✐❡✉

• ε0✱µ0 ✿ ♣❡r♠✐tt✐✈✐té é❧❡❝tr✐q✉❡ ❡t ♠❛❣♥ét✐q✉❡ r❡❧❛t✐✈❡ ❛✉ ♠✐❧✐❡✉

• ❝ ✿ ✈✐t❡ss❡ ❞❡ ❧❛ ❧✉♠✐èr❡

◆♦t♦♥s q✉❡ ❧❡s ♣❡r♠✐tt✐✈✐tés é❧❡❝tr✐q✉❡s ❡t ♠❛❣♥ét✐q✉❡s ❞✉ ♠✐❧✐❡✉ s♦♥t ❝❛❧❝✉❧é❡s à ♣❛rt✐r ❞❡
ε = εrε0 ❡t ❞❡ µ = µrµ0✳ ❊❧❧❡s r❡♣rés❡♥t❡♥t ❧✬✐♥✢✉❡♥❝❡ ❞✉ ♠✐❧✐❡✉ s✉r ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❝❡s
❝❤❛♠♣s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s✳
➚ ♣❛rt✐r ❞❡ ❝❡s ✹ éq✉❛t✐♦♥s ❢♦♥❞❛♠❡♥t❛❧❡s s♦♥t ❞é❞✉✐t❡s ❧❡s éq✉❛t✐♦♥s ❞✬♦♥❞❡s ❝❛r❛❝tér✐s❛♥t ❧❛
♣r♦♣❛❣❛t✐♦♥ ❞❡ ❧✬♦♥❞❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ♥❛t✉r❡❧✱ s♣❛t✐❛❧❡♠❡♥t ❡t t❡♠♣♦r❡❧❧❡♠❡♥t ✿

{
∇2 · ~E − µε

c2
δ2 ~E
δt2

= 0

∇2 · ~B − µε
c2

δ2 ~B
δt2

= 0
✭❆✳✷✮

▲❛ rés♦❧✉t✐♦♥ ♠❛t❤é♠❛t✐q✉❡ ❞❡ ❝❡s éq✉❛t✐♦♥s ♣❡r♠❡t ❞❡ ❞é❝r✐r❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❧✬♦♥❞❡ s❡❧♦♥
❧✬éq✉❛t✐♦♥ ❞✬♦♥❞❡ s✉✐✈❛♥t❡ ✭♠♦♥♦❝❤r♦♠❛t✐q✉❡ ❡t ♣r♦♣❛❣❛t✐♦♥ s❡❧♦♥ ❧✬❛①❡ ~z✮ ✿

~Ex(t, ~z) = ~E0 cos(ωc · t− ~k · ~z + ϕ) ✭❆✳✸✮

❆✈❡❝ ✿

• ωc ✿ ♣✉❧s❛t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ ❧✬♦♥❞❡ é❣❛❧❡ à 2πf ♦✉ 2πT−1

• ❦ ✿ ♥♦♠❜r❡ ❞✬♦♥❞❡✱ ♥♦♠❜r❡ ❞❡ ♣✉❧s❛t✐♦♥ s♣❛t✐❛❧❡ é❣❛❧❡ à 2πλ−1

• ϕ ✿ ♣❤❛s❡ à ❧✬♦r✐❣✐♥❡

❆✐♥s✐✱ ❛✈❡❝ ❧❡s ➱q✉❛t✐♦♥ ✭❆✳✶✮ ❡t ✭❆✳✸✮✱ ♦♥ r❡tr♦✉✈❡ ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❡s ♣✉❧s❛t✐♦♥s s♣❛t✐❛❧❡s
❡t t❡♠♣♦r❡❧❧❡s r❡❧❛t✐✈❡s ❛✉① ♣❡r♠✐tt✐✈✐tés ✿

ωc

k
=

1√
εµ

✭❆✳✹✮

❖♥ ❞é✜♥✐t ❛✉ss✐ ❧❛ ♥♦t✐♦♥ ❞❡ ✈✐t❡ss❡ ❞❡ ♣❤❛s❡ Vϕ ❝♦♠♠❡ ét❛♥t ❧❛ ✈✐t❡ss❡ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞❡
❧✬♦♥❞❡ ❞❛♥s ✉♥ ♠✐❧✐❡✉ ❞♦♥♥é ✭✐❝✐ s❡❧♦♥ ❧✬❛①❡ ~z✮ ✿

Vϕ =
dz

dt
=
ωc

k
✭❆✳✺✮

❙♦✐t ❞❛♥s ❧❡ ❝❛s ❞✉ ✈✐❞❡ ❡t à ♣❛rt✐r ❞❡ ➱q✉❛t✐♦♥ ✭❆✳✹✮ ❡t ✭❆✳✺✮✱ ♦♥ r❡tr♦✉✈❡ ❜✐❡♥ ❧❛ ✈✐t❡ss❡ ❞❡
♣r♦♣❛❣❛t✐♦♥ é❣❛❧ à ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ❧✉♠✐èr❡ ✿

Vϕ =
ωc0

k0
=

1√
ε0µ0

= c ✭❆✳✻✮

✶✺✽
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❯♥❡ ♥♦t✐♦♥ très ✐♠♣♦rt❛♥t❡ ❡♥ té❧é❞ét❡❝t✐♦♥✱ ♣❛ss✐✈❡ ♦✉ ❛❝t✐✈❡✱ ❡st ❧❛ ♥♦t✐♦♥ ❞❡ ♣♦❧❛r✐s❛t✐♦♥✳
❈♦♥s✐❞ér♦♥s ❧❡ ❝❛s ❞✬✉♥❡ ♦♥❞❡ ♣❧❛♥❡✳ ❈❡tt❡ ♦♥❞❡ à ❧❛ ♣❛rt✐❝✉❧❛r✐té ❞❡ ❝♦♥s❡r✈❡r s❡s ❝❤❛♠♣s ~E ❡t
~B ❞❛♥s ❧❡✉rs ♣❧❛♥s r❡s♣❡❝t✐❢s✱ ❧❡s ♣❧❛♥s ❞❡ ♣♦❧❛r✐s❛t✐♦♥s✳ ❈❤❛q✉❡ ❝❤❛♠♣✱ ~E ♦✉ ~B✱ ♣❡✉t ❛❧♦rs êtr❡
❞é❝♦♠♣♦sé ❝♦♠♠❡ ❧❛ s♦♠♠❡ ❞❡ ❞❡✉① ❝♦♠♣♦s❛♥t❡s ♦rt❤♦❣♦♥❛❧❡s✳ ❙♦✐t ✉♥❡ ♦♥❞❡ s❡ ♣r♦♣❛❣❡❛♥t
s❡❧♦♥ ~z ❞❛♥s ✉♥ r❡♣èr❡ ♦rt❤♦♥♦r♠é xyz ✿

~E = ~E⊥ + ~E|| = ~EV + ~EH ✭❆✳✼✮

❆✈❡❝ ✿
~E⊥(t, ~z) = E0xcos(ωct− ~k~z + ϕ1(t))
~E||(t, ~z) = E0ycos(ωct− ~k~z + ϕ2(t))

✭❆✳✽✮

P❧✉s✐❡✉rs ❝❛s s❡ ♣rés❡♥t❡♥t ❛❧♦rs✳ ❈♦♥s✐❞ér♦♥s ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ♣❤❛s❡ δϕ = ϕ2(t) − ϕ1(t) ❡♥tr❡
❧❡s ✷ ❝♦♠♣♦s❛♥t❡s ❞✉ ❝❤❛♠♣s é❧❡❝tr✐q✉❡✱ ~E⊥ ❡t ~E||✳
❙✐ δϕ ✿

❋✐❣✉r❡ ❆✳✷ ✕ ❉✐✛ér❡♥ts ❝❛s ❞❡ ♣♦❧❛r✐s❛t✐♦♥

❈❡♣❡♥❞❛♥t✱ ❞❛♥s ❧❡ ❝❛s ❞❡ r❛②♦♥♥❡♠❡♥t ♥❛t✉r❡❧✱ ❧❡s ♦♥❞❡s ♥❡ s♦♥t ♣❛s ♣♦❧❛r✐sé❡s✳ ■❧ ♥✬② ❛
♣❛s ❞❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ~E⊥ ❡t ~E||✱ s♦✐t 〈 ~E⊥ · ~E||∗〉 = 0✳
❖♥ ❞é✜♥✐t ❛❧♦rs ❧❡s ♣❛r❛♠ètr❡s ❞❡ ❙t♦❦❡s ❯ ❡t ❱ ❝♦♠♠❡ ét❛♥t ❧❛ ♠♦②❡♥♥❡ t❡♠♣♦r❡❧❧❡ ❞❡s
❝♦rré❧❛t✐♦♥s ❛✉ tr❛✈❡rs ✉♥ ❛♥❣❧❡ s♦❧✐❞❡ dΩ✱ ❞❛♥s ✉♥ ♠✐❧✐❡✉ ❞✬✐♠♣é❞❛♥❝❡ η ✿

U =
2ℜ〈 ~E⊥· ~E||∗〉

ηΩ
= 0 et V =

2ℑ〈 ~E⊥· ~E||∗〉
ηΩ

= 0 ✭❆✳✾✮

✶✺✾
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❆✳✷ ■♥t❡r❛❝t✐♦♥ ♦♥❞❡✲♠❛t✐èr❡

❈♦♥s✐❞ér♦♥s ♠❛✐♥t❡♥❛♥t ❧❡ ❝❛s ♦ù ❧✬♦♥❞❡ ❡st ✐♥❝✐❞❡♥t❡ à ✉♥❡ s✉r❢❛❝❡✳ ❈✬❡st ❥✉st❡♠❡♥t ❧❡ ❝❛s
❞❛♥s ❧❡q✉❡❧ s❡ ♣❧❛❝❡ ❧✬ét✉❞❡ ❧♦rs ❞❡s ✐♥t❡r❢❛❝❡s ❛t♠♦s♣❤èr❡✲✈é❣ét❛t✐♦♥✲s♦❧✳ ▲♦rsq✉✬✉♥❡ ♦♥❞❡ ❡st
✐♥❝✐❞❡♥t❡ à ✉♥ ♣❧❛♥✱ ❝❡❧❛ s✐❣♥✐✜❡ q✉✬✐❧ ② ❛ ❞✐s❝♦♥t✐♥✉✐té ❞❡ ❧❛ ♣❡r♠✐tt✐✈✐té ❞✐é❧❡❝tr✐q✉❡ ❡♥tr❡ ❞❡✉①
♠✐❧✐❡✉①✱ ❡t ❞♦♥❝ q✉❡ ❧✬♦♥ ♣❡✉t ❛♣♣❧✐q✉❡r ❧❡s ❞❡✉① ❧♦✐s ❞❡ ❙♥❡❧❧✲❉❡s❝❛rt❡s✳ ❈♦♥s✐❞ér♦♥s ❛❧♦rs ❧❡
❝❛s ❞❡ ❧❛ ❋✐❣✉r❡ ❆✳✸

❋✐❣✉r❡ ❆✳✸ ✕ ■♥t❡r❛❝t✐♦♥ ♦♥❞❡✲♠❛t✐èr❡

❙♦✐t ✉♥❡ ♦♥❞❡ ✐♥❝✐❞❡♥t❡ ■✱ ✐ss✉❡ ❞✬✉♥
♠✐❧✐❡✉ ❞✬✐♥❞✐❝❡ nI ✱ ❞❡ ✈❡❝t❡✉r ❞✐r❡❝✲
t❡✉r ~kI ✱ ✐♥❝✐❞❡♥t❡ ❛✈❡❝ ✉♥ ❛♥❣❧❡ αI ✳
❯♥❡ ♣❛rt✐❡ ❞❡ ❝❡tt❡ ♦♥❞❡ ❡st ré✢é❝❤✐❡✱
s❡❧♦♥ ❧❛ ❞✐r❡❝t✐♦♥ ~kR✱ ❡t ✉♥ ❛♥❣❧❡ αR✳
❯♥❡ ❛✉tr❡ ♣❛rt✐❡ ❡st ❛❧♦rs tr❛♥s♠✐s❡
s❡❧♦♥ ❧❛ ❞✐r❡❝t✐♦♥ ~kT ❡t ❧✬❛♥❣❧❡ αT ✳ ▲❡s
❧♦✐s ❞❡ ❙♥❡❧❧✲❉❡s❝❛rt❡s ❞♦♥♥❡♥t ❛❧♦rs ✿

αI = αR

nI sinαI = nT sinαT
✭❆✳✶✵✮

❛✈❡❝ n ❧✬✐♥❞✐❝❡ ❞✉ ♠✐❧✐❡✉✱ r❛♣♣♦rt ❡♥tr❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ❧✉♠✐èr❡ ❡t ❧❛ ✈✐t❡ss❡ ❞❡ ♣❤❛s❡ ❞❡ ❧✬♦♥❞❡
❞❛♥s ❧❡ ♠✐❧✐❡✉ ✭❝✬❡st à ❞✐r❡ ❧✬❡✣❝❛❝✐té ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞❛♥s ❧❡ ♠✐❧✐❡✉✮✱ ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à s❛
❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ εr✳

n =
c

Vϕ
=

√
εµ

ε0µ0

=
√
εr ✭❆✳✶✶✮

❉❡ ❝❡s ❧♦✐s ❛♣♣❛r❛✐ss❡♥t ❧❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❋r❡s♥❡❧ ❞❡ ré✢❡❝t✐✈✐té Rp ✭❛✈❡❝ ♣ ❧❡ t②♣❡ ❞❡ ♣♦❧❛✲
r✐s❛t✐♦♥✱ ✈❡rt✐❝❛❧❡ ❱ ♦✉ ❤♦r✐③♦♥t❛❧❡ ❍✮✱ ❞é♣❡♥❞❛♥t ❞❡ ❧✬❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡ θ ❡t ❞❡ ❧❛ ❝♦♥st❛♥t❡
❞✐é❧❡❝tr✐q✉❡ ε ❞✉ ♠✐❧✐❡✉✳ ❈❡s ❝♦❡✣❝✐❡♥ts r❡♣rés❡♥t❡♥t ❧❛ ♣♦rt✐♦♥ ❞❡ ❝❤❛♠♣ ré✢é❝❤✐❡ ❞✉ r❛②♦♥✲
♥❡♠❡♥t s❡❧♦♥ ❧❡s ✷ ♣❧❛♥s ❞❡ ♣♦❧❛r✐s❛t✐♦♥ ✿

RH =
[
cos θ−

√
ε−sin2θ

cos θ+
√
ε−sin2θ

]2
RV =

[
ε cos θ−

√
ε−sin2θ

ε cos θ+
√
ε−sin2θ

]2
✭❆✳✶✷✮

❊t ❞✬❛♣rès ❧❛ ❧♦✐ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡✱ t♦✉t ❝❡ q✉✐ ♥✬❡st ♣❛s ré✢é❝❤✐ ❡st s♦✐t ❛❜s♦r❜é s♦✐t
tr❛♥s♠✐s ✿ Rp + Ap + Tp = 1
❈❡tt❡ ré✢❡①✐♦♥ ❡st ❢♦rt❡♠❡♥t ❝♦rré❧é❡ à ❧❛ str✉❝t✉r❡ ❞❡ ❧❛ s✉r❢❛❝❡✳ ▲❡s s✉r❢❛❝❡s ♣❧❛♥❡s✱ ♦ù ❧❡
r❛②♦♥♥❡♠❡♥t ❡st ♣✉r❡♠❡♥t s♣é❝✉❧❛✐r❡✱ r❡♥✈♦✐❡♥t ❧❡ r❛②♦♥ s❡❧♦♥ ❧❛ ♠ê♠❡ ✐♥t❡♥s✐té ❡t ❞❛♥s ✉♥❡
s❡✉❧❡ ❞✐r❡❝t✐♦♥✳ ▲❡ r❛②♦♥♥❡♠❡♥t ♥❛t✉r❡❧✱ r❡♥✈♦✐❡ ❧❡ r❛②♦♥ s❡❧♦♥ ✉♥❡ ❞✐r❡❝t✐♦♥ ♣r✐♥❝✐♣❛❧❡ ♠❛✐s
❧✬✐♥t❡♥s✐té ❡st ❛❧téré❡ ♣❛r ❧❛ ❞✐✛✉s✐♦♥ ❞✉❡ à ❧❛ r✉❣♦s✐té ❞❡ ❧❛ s✉r❢❛❝❡✳ ❊t ❡♥✜♥✱ ❧♦rsq✉❡ ❧❡ r❛②♦♥✲
♥❡♠❡♥t ❡st ❝♦♠♣❧❡t❡♠❡♥t ❞✐✛✉sé✱ ❧❛ s✉r❢❛❝❡ ❡st ❞✐t❡ ▲❛♠❜❡rt✐❡♥♥❡ ✭✈♦✐r ❋✐❣✉r❡ ❆✳✹✮✳

❋✐❣✉r❡ ❆✳✹ ✕ ❉✐✛ér❡♥ts t②♣❡ ❞❡ ré✢❡①✐♦♥ à ❣❛✉❝❤❡✱ s♣é❝✉❧❛✐r❡✱ ♣❛s ❞❡ ❞✐✛✉s✐♦♥ ❀ ❛✉ ♠✐❧✐❡✉✱ ♥❛t✉r❡❧✱
❞✐✛✉s✐♦♥ ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❛ r✉❣♦s✐té ❀ à ❞r♦✐t❡✱ ▲❛♠❜❡rt✐❡♥✱ ❞✐✛✉s✐♦♥ ♣✉r❡✳
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❆✳✸ ➱♠✐ss✐✈✐té ❡t t❡♠♣ér❛t✉r❡ ❞❡ ❜r✐❧❧❛♥❝❡

❚♦✉t ❝♦♠♠❡ ❧✬✐♠❛❣❡ ❞✉ ❣r❛❞✐❡♥t ❞❡ ❝♦✉❧❡✉r ❞✬✉♥
♠ét❛❧ ❡♥ ❢✉s✐♦♥✱ ❧❛ ♥❛t✉r❡ ❞✉ r❛②♦♥♥❡♠❡♥t é♠✐s
♣❛r ✉♥ ♠❛tér✐❛✉ ❡st ❝♦rré❧é❡ à s❛ t❡♠♣ér❛t✉r❡✳
▲✬✐♥t❡♥s✐té ❞❡ ❝❡ r❛②♦♥♥❡♠❡♥t✱ à ✉♥❡ ❢réq✉❡♥❝❡
❞♦♥♥é❡✱ ✈❛r✐❡ s❡❧♦♥ ❧❛ ♥❛t✉r❡ ❡t ❧❛ t❡♠♣ér❛t✉r❡ ❞✉
♠❛tér✐❛✉✳ ❈❡tt❡ ✐♥t❡♥s✐té ❡st r❡♣rés❡♥té❡ ♣❛r ❧❛ ♥♦✲
t✐♦♥ ❞❡ ❜r✐❧❧❛♥❝❡ ✭♦✉ ❧✉♠✐♥❛♥❝❡✮ Lf ✱ ♦✉ Lλ✱ q✉✐
❞é✜♥✐t ❧❛ q✉❛♥t✐té ❞✬é♥❡r❣✐❡ é♠✐s❡ à ✉♥❡ ❢réq✉❡♥❝❡
❞♦♥♥é❡ ❡t ♣❛r ✉♥✐té ❞❡ s✉r❢❛❝❡ ✭dω✮ ✭✈♦✐r ❋✐❣✉r❡
❆✳✺✮✳ ❋✐❣✉r❡ ❆✳✺ ✕ ▲❛ ❧✉♠✐♥❛♥❝❡ q✉❛♥t✐té

❞✬é♥❡r❣✐❡✱ à ✉♥❡ ❢réq✉❡♥❝❡ ❞♦♥♥é❡✱ ♣❛r
✉♥✐té ❞❡ s✉r❢❛❝❡

❉✬❛♣rès ❧❛ ❧♦✐ ❞❡ ❑✐r❝❤❤♦✛✱ ✉♥ ❝♦r♣s ♥♦✐r ❡st ✉♥ s♦❧✐❞❡ ❛❜s♦r❜❛♥t t♦✉t ❧❡ r❛②♦♥♥❡♠❡♥t q✉✬✐❧
r❡ç♦✐t ✭❞✬♦ù ❧❛ ❝♦✉❧❡✉r ♥♦✐r❡✮✳ ❊♥ s❡ ❜❛s❛♥t s✉r ❝❡t ♦❜❥❡t ✐❞é❛❧ ❡t s✉r ❧❡ ❢❛✐t q✉❡ ❝❡t ♦❜❥❡t é♠❡t
❞❡ ❢❛ç♦♥ ✐s♦tr♦♣❡ ✭r❛②♦♥♥❡♠❡♥t ✐♥❞é♣❡♥❞❛♥t ❞❡ ❧❛ ❞✐r❡❝t✐♦♥✮✱ P❧❛♥❝❦ ❛ ❝❛❧❝✉❧é ❧✬✐♥t❡♥s✐té ❞✉
r❛②♦♥♥❡♠❡♥t é♠✐s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ s❛ t❡♠♣ér❛t✉r❡ Lf ✭❡♥ W.m−2.sr−1.Hz−1) ♣♦✉r ✉♥ ❝♦r♣s ❞❡
t❡♠♣ér❛t✉r❡ ❚ ❝♦♠♠❡ ét❛♥t ✿

Lf =
2hf 2

c2
· 1

e
hf

kT − 1
✭❆✳✶✸✮

❆✈❡❝ ✿
• ❤ ✿ ❝♦♥st❛♥t❡ ❞❡ P❧❛♥❝❦ ✭6, 63.10−34J✮
• ❤ ✿ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥ ✭1, 38.10−29J.K−1✮

❋✐❣✉r❡ ❆✳✻ ✕ ■♥t❡♥s✐té s♣❡❝tr❛❧❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡

▲✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬✐♥t❡♥s✐té ❞❡ ❝❡tt❡ ❜r✐❧❧❛♥❝❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❢réq✉❡♥❝❡ ❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡
❞✉ s♦❧✐❞❡ r❛②♦♥♥❛♥t ❡st r❡♣rés❡♥té❡ s✉r ❧❛ ❋✐❣✉r❡ ❆✳✻✳ ❖♥ r❡♠❛rq✉❡ ❛❧♦rs q✉❡ ❞❛♥s ❧❡s ♠✐❝r♦✲
♦♥❞❡s✱ ③♦♥❡s r♦✉❣❡ ❞❡ ❧❛ ❋✐❣✉r❡ ❆✳✻✱ ❧❡ r❛②♦♥♥❡♠❡♥t s♦❧❛✐r❡ ✭≈ ✻✵✵✵❑✮ ♣❡✉t êtr❡ ♥é❣❧✐❣é ❞❛♥s
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❧❡ ❝❛s ♦✉ ❧✬♦♥ ♥❡ ❧❡ ✈✐s❡ ♣❛s ❞✐r❡❝t❡♠❡♥t✳ ❊♥ ❡✛❡t✱ ❧❡s r❛❞✐❛t✐♦♥s s♦❧❛✐r❡s r❡ç✉❡s ♣❛r ❧❛ ❚❡rr❡
s♦♥t ❝♦♠♣r✐s❡s ❞❛♥s ✉♥ très ♣❡t✐t ❛♥❣❧❡ s♦❧✐❞❡✳ ❈❡❧❛ ♣❡r♠❡t ❛✉① ❢❛✐❜❧❡s ✈❛❧❡✉rs ❞❡ r❛②♦♥♥❡♠❡♥t
t❡❧❧✉r✐q✉❡ ✭≈ ✸✵✵❑✮ ❞❡ ♥❡ ♣❛s êtr❡ r❡❝♦✉✈❡rt❡s ♣❛r ❧❡ r❛②♦♥♥❡♠❡♥t s♦❧❛✐r❡✳

▲✬ ❊q✉❛t✐♦♥ ✭❆✳✶✸✮ ♣❡✉t êtr❡ ❛♣♣r♦①✐♠é❡ ♣❛r ❧❛ ❧♦✐ ❞❡ ❘❛②❧❡✐❣❤ ❏❡❛♥s q✉✐ st✐♣✉❧❡ q✉❡ ❞❛♥s
❧❡s ❜❛ss❡s ❢réq✉❡♥❝❡s ✭❤❢✴❦❚ ✓ ✶✮✱ ❧✬é♠✐ss✐♦♥ ❞✬✉♥ ❝♦r♣s ♥♦✐r Lfn ❡st ❞✐r❡❝t❡♠❡♥t ♣r♦♣♦rt✐♦♥♥❡❧❧❡
à s❛ t❡♠♣ér❛t✉r❡ Tn s❡❧♦♥ ❧❛ r❡❧❛t✐♦♥ ✿

Lfn =
2k

λ2
· Tn = C · Tn ✭❆✳✶✹✮

▲❛ ♥♦t✐♦♥ ❞❡ t❡♠♣ér❛t✉r❡ ❞❡ ❜r✐❧❧❛♥❝❡ TB ❡st ❞é✜♥✐❡ à ♣❛rt✐r ❞❡ ❝❡tt❡ ❡①♣r❡ss✐♦♥ ✿

TB =
Lf

C
✭❆✳✶✺✮

❆✐♥s✐✱ ♣♦✉r ✉♥ ❝♦r♣s ♥♦✐r ❛❜s♦r❜❛♥t t♦✉t ❧❡ r❛②♦♥♥❡♠❡♥t✱ TBn = TB
❖♥ ♣❡✉t ❛❧♦rs ❞é✜♥✐r ❧❛ ♥♦t✐♦♥ ❞✬é♠✐ss✐✈✐té ❝♦♠♠❡ ét❛♥t ❧❛ ♣❛rt✐❡ ❞❡ r❛②♦♥♥❡♠❡♥t réé♠✐s❡ ❛♣rès
❛❜s♦r♣t✐♦♥✳ ❈✬❡st à ❞✐r❡ ❧❡ r❡♥❞❡♠❡♥t é♥❡r❣ét✐q✉❡✱ ✶ s✐ t♦✉t ❡st réé♠✐s✱ ✵ s✐ t♦✉t ❡st ❛❜s♦r❜é✳
❉❛♥s ❧❡ ❝❛s ❞✬✉♥ ❝♦r♣s q✉✐ ♥✬❡st ♣❛s ❛❜s♦r❜❛♥t ♣❛r❢❛✐t✱ ♦♥ ❛ ❛❧♦rs ✿

TB = e · T ✭❆✳✶✻✮

❈❡tt❡ é♠✐ss✐✈✐té ❡st ♣r♦♣r❡ à ❝❤❛q✉❡ ♠❛tér✐❛✉ ❡t ❞é♣❡♥❞ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡✱ ❞❡ ❧❛ ❢réq✉❡♥❝❡ ❡t
❞❡ ❧❛ ❞✐r❡❝t✐♦♥ ♦❜s❡r✈é❡✳ ❊❧❧❡ ❡st ♣❛r ❡①❡♠♣❧❡ ❞❡ ✶ ♣♦✉r ✉♥ ❝♦r♣s ♥♦✐r✱ ✵✱✾✾ ♣♦✉r ❧❛ ♥❡✐❣❡ ❡t ✵✱✽
♣♦✉r ❧❡ ❣❛③♦♥✳
➚ ❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡✱ ♦♥ ❝♦♥s✐❞èr❡ q✉❡ t♦✉t ❝❡ q✉✬❛❜s♦r❜❡ ✉♥ ♠❛tér✐❛✉ ❡st réé♠✐s✱
s♦✐t Ap = e✱ ❡t q✉❡ ♣♦✉r ✉♥ ♠✐❧✐❡✉ ♦♣❛q✉❡ à ❧❛ ❢réq✉❡♥❝❡ ♦❜s❡r✈é❡✱ ❧❛ tr❛♥s♣❛r❡♥❝❡ TP = 0✱
❛✐♥s✐ ✿

Rp = 1− Ap = 1− e ✭❆✳✶✼✮

❉❡ ❧✬❊q✉❛t✐♦♥ ❆✳✶✼✱ ♦♥ r❡t✐❡♥❞r❛ ❧❛ ❞é♣❡♥❞❛♥❝❡ ❞❡ ❧✬é♠✐ss✐✈✐té ❡ à ❧❛ ré✢❡❝t✐✈✐té Rp✱ ❡t ❞♦♥❝
à ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ε✳ ✭✈♦✐r ❊q✉❛t✐♦♥ ✭❆✳✶✷✮✮✳

❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❜✐♦s♣❤èr❡✱ ❝❡tt❡ ✈❛r✐❛t✐♦♥
❞❡ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❡st ❢♦rt❡♠❡♥t ❝♦r✲
ré❧é❡ ❛✉ ♣❛r❛♠ètr❡s ♣❤②s✐q✉❡s ❞✉ ♠✐❧✐❡✉✳ P❛r
❡①❡♠♣❧❡✱ ❞❛♥s ❧❡ ❝❛s ❞✉ s♦❧✱ s❡s ♣r♦♣♦rt✐♦♥s
❡♥ ❛r❣✐❧❡✱ s❛❜❧❡ ❡t ❧✐♠♦♥ ❝♦♥❞✐t✐♦♥♥❡r♦♥t ❧❛
❝❛♣❛❝✐té q✉✬✐❧ ❛✉r❛ à r❡t❡♥✐r ❧❡s ♣❛rt✐❝✉❧❡s
❞✬❡❛✉ ♠❛✐s ❛✉ss✐ s❡s ❝❛♣❛❝✐tés ❞❡ st♦❝❦❛❣❡
❞✬❡❛✉✳ ❖r ❝✬❡st ❥✉st❡♠❡♥t ❝❡tt❡ ❝❛♣❛❝✐té q✉✐
r❡♥❞ ❧❡ s♦❧ ♣❧✉s ♦✉ ♠♦✐♥s ❤✉♠✐❞❡ ❡t ❞♦♥❝
♠♦❞✐✜❡ s❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡✱ ❡t ❛✉ ✜✲
♥❛❧ s♦♥ é♠✐ss✐✈✐té✳ ▲✬é♠✐ss✐✈✐té é✈♦❧✉❡ ❞♦♥❝
❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝♦♥t❡♥✉ ❡♥ ❡❛✉✳ ❊♥ ❡✛❡t✱ ♣❧✉s
✐❧ ② ❛ ❞✬❡❛✉ ❞❛♥s ❧❛ ❢❡✉✐❧❧❡ ♦✉ ❧❡ s♦❧✱ ♠♦✐♥s
✐❧ ② ❛ ❞✬é♠✐ss✐✈✐té✱ ❡t ❞♦♥❝ ✉♥❡ t❡♠♣ér❛t✉r❡
❞❡ ❜r✐❧❧❛♥❝❡ ♣❧✉s ❢❛✐❜❧❡✳ ❈❡tt❡ ❞②♥❛♠✐q✉❡ ❞❡
✈❛r✐❛t✐♦♥ ❡st ❞✬❛✉t❛♥t ♣❧✉s ❢♦rt❡ à ✶✱✹●❍③
✭❋✐❣✉r❡ ❆✳✼✮✳ ❋✐❣✉r❡ ❆✳✼ ✕ ❙❡♥s✐❜✐❧✐té ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞✐✲

é❧❡❝tr✐q✉❡ à ♣❧✉s✐❡✉rs ❢réq✉❡♥❝❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡
❧✬❤✉♠✐❞✐té ❞✉ s♦❧

✶✻✷



❆♥♥❡①❡ ❇

❉❡ ❧❛ ♠❡s✉r❡ ❞❡ r❛②♦♥♥❡♠❡♥t à ❧✬❤✉♠✐❞✐té
❞✉ s♦❧✱ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧✬✐♥✈❡rs✐♦♥
❞✬❤✉♠✐❞✐té

❉❛♥s ❝❡tt❡ ❛♥♥❡①❡ ♥♦✉s ❛❧❧♦♥s ✈♦✐r ❝♦♠♠❡♥t ♣❛ss❡r ❞❡s ♠❡s✉r❡s ❞❡ r❛②♦♥♥❡♠❡♥t ♠✐❝r♦✲♦♥❞❡
♠❡s✉rés ♣❛r ❙▼❖❙ ❛✉ ✈❛❧❡✉rs ❞✬❤✉♠✐❞✐té ❞✉ s♦❧✳ ❯♥❡ ❢♦✐s ❧❡ r❛②♦♥♥❡♠❡♥t ♠✐❝r♦✲♦♥❞❡ ♠❡s✉ré
s✉r ❞✐✛ér❡♥ts ❛♥❣❧❡s✱ ✉♥ ♠♦❞è❧❡ s✐♠✉❧❛♥t ❧❛ ♠❡s✉r❡ ❙▼❖❙ ❡st ✉t✐❧✐sé✱ ❧❡ ▲✲▼❊❇✳ ❉❛♥s ✉♥ s❡✲
❝♦♥❞ t❡♠♣s✱ ♥♦✉s ✈❡rr♦♥s ❧❡ ♣r♦❝❡ss✉s ❞✬✐♥✈❡rs✐♦♥ ❞✬❤✉♠✐❞✐té✳

❇✳✶ ❧❡ ▲✲▼❊❇

❈❡ ♠♦❞è❧❡ ❡st ❜❛sé s✉r ✸ s♦✉r❝❡s ♣r✐♥❝✐♣❛❧❡s ❞❡ r❛②♦♥♥❡♠❡♥t ✿ ❧✬❛t♠♦s♣❤èr❡✱ TAtm✱ ❧❛ ✈é✲
❣ét❛t✐♦♥✱ TV eg✱ ❡t ❧❡ s♦❧ TSol✳ ❈❤❛❝✉♥❡ ❞❡ ❝❡s s♦✉r❝❡s r❛②♦♥♥❡♥t✳ ▲❡ r❛②♦♥♥❡♠❡♥t tr❛✈❡rs❡ ❞❡s
♠✐❧✐❡✉① ❞✐✛ér❡♥ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ q✉✬✐❧ ♣❛r❝♦✉rt ✭❋✐❣✉r❡ ❇✳✶✮✳ ❖♥ ❝♦♥s✐❞ér❡r❛ ❧❡s
♠✐❧✐❡✉① ❤♦♠♦❣è♥❡s ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❡t ♣❡r♠✐tt✐✈✐té ❝♦♠♠❡ ♣❧❛♥s ❡t
✐♥✜♥✐♠❡♥t ét❡♥❞✉s✳ ❖♥ s❡ r❡tr♦✉✈❡ ❛✐♥s✐ ❞❛♥s ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ❛✈❡❝ ❞❡s ♠✐❧✐❡✉① ❞❡ ♥❛t✉r❡s
❞✐✛ér❡♥t❡s ❡t ❞❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ ♣r♦♣r✐étés ❞✐é❧❡❝tr✐q✉❡s ❞é❧✐♠✐tés ♣❛r ❞❡s ✐♥t❡r❢❛❝❡s✳ ■❧ ② ❛
❞♦♥❝ ❞❡s ♣❤é♥♦♠è♥❡s ❞✬❛❜s♦r♣t✐♦♥✱ ❞❡ ré✢❡①✐♦♥ ❡t ❞❡ ré❢r❛❝t✐♦♥ ✭✈♦✐r ❆♥♥❡①❡ ❆✳✷✮✳

❈❤❛q✉❡ ♠✐❧✐❡✉ ❡st ❝❛r❛❝tér✐sé ♣❛r s❡s ♣r♦♣r✐étés ♣❤②s✐q✉❡s ❡t ❡st s✉s❝❡♣t✐❜❧❡ ❞❡ ♠♦❞✐✜❡r ❧❛
♥❛t✉r❡ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞✉ r❛②♦♥♥❡♠❡♥t✱ ❡♥ ❧✬❛tté♥✉❛♥t✱ ❡♥ ❧❡ ❞é♣♦❧❛r✐s❛♥t✱ ❡t❝✳ ❆✐♥s✐✱ à ♣❛rt✐r
❞❡ ❝❡s ✸ s♦✉r❝❡s ❞❡ r❛②♦♥♥❡♠❡♥t✱ ♦♥ ♣❡✉t ❝❛❧❝✉❧❡r ❧❡ ✢✉① ❞❡ r❛②♦♥♥❡♠❡♥t ♦❜s❡r✈é ♣❛r ❙▼❖❙ ✿
➱q✉❛t✐♦♥ ❞✉ ❜✐❧❛♥ r❛❞✐❛t✐❢ ✿

TBTotal = TBAtm · (1− ωV eg)︸ ︷︷ ︸
✶

+TBAtm · γV eg · 2 · (1− eSol)︸ ︷︷ ︸
✷

+TBSol · γV eg︸ ︷︷ ︸
✸

+TBV eg︸ ︷︷ ︸
✹

+TBV eg · (1− eSol) · γV eg︸ ︷︷ ︸
✺

✭❇✳✶✮

• ✶ ✿ ❘é✢❡①✐♦♥ ❞✉ r❛②♦♥♥❡♠❡♥t ❛t♠♦s♣❤ér✐q✉❡ s✉r ❧❛ ❝❛♥♦♣é❡ ❀

• ✷ ✿ ▲❡ r❛②♦♥♥❡♠❡♥t ❛t♠♦s♣❤ér✐q✉❡ ♣é♥ètr❡ ❧❛ ✈é❣ét❛t✐♦♥✱ ❧❛ tr❛✈❡rs❡ ✭γV eg✮ ✉♥❡ ❢♦✐s✱ s❡
r❡✢èt❡ s✉r ❧❡ s♦❧ ✭✶✲eSol✮✱ ♣✉✐s r❡tr❛✈❡rs❡ ❧❛ ❝♦✉❝❤❡ ❞❡ ✈é❣ét❛t✐♦♥ ❀

• ✸ ✿ ▲❡ r❛②♦♥♥❡♠❡♥t ♣r♦✈❡♥❛♥t ❞✉ s♦❧ tr❛✈❡rs❡ ❧❛ ❝♦✉❝❤❡ ❞❡ ✈é❣ét❛t✐♦♥ ✭γV eg✮ ❀

• ✹ ✿ ▲❛ ✈é❣ét❛t✐♦♥ r❛②♦♥♥❡ ❞✐r❡❝t❡♠❡♥t ❡♥ ❞✐r❡❝t✐♦♥ ❞❡ ❙▼❖❙ ❀

✶✻✸



❇✳✶✳ ▲❊ ▲✲▼❊❇

❋✐❣✉r❡ ❇✳✶ ✕ ▲❡ ▲✲▼❊❇ ✿ ❇❛sé s✉r ✸ s♦✉r❝❡s ♣r✐♥❝✐♣❛❧❡s ✿ ❧❡ s♦❧✱ ❧❛ ✈é❣ét❛t✐♦♥ ❡t ❧✬❛t♠♦s♣❤èr❡✱ ❧❡
▲✲▼❊❇ ♣❡r♠❡t ❞❡ s✐♠✉❧❡r ❧❡ r❛②♦♥♥❡♠❡♥t é♠✐s ♣❛r ✉♥ s❝è♥❡ ♦s❜❡r✈é❡ ♣❛r ❙▼❖❙

• ✺ ✿ ▲❛ ✈é❣ét❛t✐♦♥ r❛②♦♥♥❡ ❡♥ ❞✐r❡❝t✐♦♥ ❞✉ s♦❧✱ s❡ r❡✢èt❡ (1− eSol) ♣✉✐s tr❛✈❡rs❡ ❧❛ ❝♦✉❝❤❡
❞❡ ✈é❣ét❛t✐♦♥ ✭γV eg✮✳

❊♥ s✐♠✉❧❛♥t ❧✬éq✉❛t✐♦♥ ✭❇✳✶✮ ♣♦✉r ❞✐✛ér❡♥ts ❛♥❣❧❡s ❞✬✐♥❝✐❞❡♥❝❡s✱ ♦♥ ♣❡✉t ❛❧♦rs r❡♣r♦❞✉✐r❡
❞❡s ♣r♦✜❧s ❛♥❣✉❧❛✐r❡s ❞❡ t❡♠♣ér❛t✉r❡ ❞❡ ❜r✐❧❧❛♥❝❡ ❡t ét✉❞✐❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡s ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s
s✉r ❧✬❛❧❧✉r❡ ❞❡ ❝❡s ♣r♦✜❧s ✿

❋✐❣✉r❡ ❇✳✷ ✕ ❘é♣♦♥s❡ ❞✉ ▲✲▼❊❇ à
❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❝♦✉✈❡rt ✈é❣ét❛❧ ✿ ♣❧✉s
τ ✭❚❛✉❂τ✮ ❛✉❣♠❡♥t❡✱ ♣❧✉s ❧❡ r❛②♦♥♥❡♠❡♥t
❡st ❢♦rt

❋✐❣✉r❡ ❇✳✸ ✕ ❘é♣♦♥s❡ ❞✉ ▲✲▼❊❇ à
❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ♣❧✉s
❧✬❤✉♠✐❞✐té ✭❙▼✮ ❡st ❢♦rt❡✱ ♠♦✐♥s ✐❧ ② ❛ ❞❡
r❛②♦♥♥❡♠❡♥t

❖♥ r❡♠❛rq✉❡ s✉r ❧❛ ❋✐❣✉r❡ ❇✳✷ q✉❡ s✐ ❧✬é♣❛✐ss❡✉r ❞✉ ❝♦✉✈❡rt ✈é❣ét❛❧ ❛✉❣♠❡♥t❡ ✭τ✮✱ ❧❛ t❡♠✲
♣ér❛t✉r❡ ❣❧♦❜❛❧❡ ❛✉❣♠❡♥t❡ ♠❛✐s s✉rt♦✉t q✉✬✐❧ ② ❛ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ t❡♠♣ér❛t✉r❡
❡♥tr❡ ❧❡s ✷ ♣♦❧❛r✐s❛t✐♦♥s ♣♦✉r ❧❡s ❣r❛♥❞s ❛♥❣❧❡s✳ ❙✐ ♦♥ ❛✉❣♠❡♥t❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ✭❙▼ ♣♦✉r ❙♦✐❧
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▼♦✐st✉r❡✮✱ ❋✐❣✉r❡ ❇✳✸✱ ❧❡s t❡♠♣ér❛t✉r❡s ❞❡ ❜r✐❧❧❛♥❝❡ ❞✐♠✐♥✉❡♥t✱ ❝❛r ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡
❛✉❣♠❡♥t❡ ❡t ❞♦♥❝ ❧✬é♠✐ss✐♦♥ ❞✐♠✐♥✉❡✳ P♦✉r s②♥t❤ét✐s❡r ✿

❋✐❣✉r❡ ❇✳✹ ✕ ❘é♣♦♥s❡ ❞✉ ▲✲▼❊❇ ❛✉① ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s ♣❤②s✐q✉❡s

▲❛ ❋✐❣✉r❡ ❇✳✹ r❡♣rés❡♥t❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡s ♣❛r❛♠ètr❡s ❞✉ ♠♦❞è❧❡ s✉r ❧✬❛❧❧✉r❡ ❞❡s ♣r♦✜❧s
❞❡ t❡♠♣ér❛t✉r❡s ❞❡ ❜r✐❧❧❛♥❝❡✳ ➚ s❛✈♦✐r✱ ♣❧✉s ❧✬❤✉♠✐❞✐té ❡st é❧❡✈é❡✱ ♠♦✐♥s ❧❛ t❡♠♣ér❛t✉r❡ ❞❡
❜r✐❧❧❛♥❝❡ s❡r❛ ❣r❛♥❞❡✳ ▲❛ ✈é❣ét❛t✐♦♥ ❡t ❧❛ r✉❣♦s✐té ❡♥❣❡♥❞r❡♥t ❞❡s ♠é❧❛♥❣❡s ❞❡ ♣♦❧❛r✐s❛t✐♦♥✳ ▲❛
t♦♣♦❣r❛♣❤✐❡ ❞é❝❛❧❡ ❧❡s ♣r♦✜❧s ❛♥❣✉❧❛✐r❡s ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ♦r✐❡♥t❛t✐♦♥ ❞❡ ❧❛ ❢❛❝❡tt❡ ❞❛♥s ❧❡ ♣❧❛♥
❞✬♦❜s❡r✈❛t✐♦♥ ✭❡rr❡✉r ❛♥❣✉❧❛✐r❡✮✱ ♦✉ ❜✐❡♥ ♠é❧❛♥❣❡ ❧❡s ♣♦❧❛r✐s❛t✐♦♥s ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ r♦t❛t✐♦♥
❛✉tr❡✳

❇✳✷ ▲✬✐♥✈❡rs✐♦♥ ❞✬❤✉♠✐❞✐té

▲✬♦♣ér❛t✐♦♥ ❞✬✐♥✈❡rs✐♦♥ r❡✈✐❡♥t à ❝♦♠♣❛r❡r ❧❡ ♠♦❞è❧❡ ✐ss✉ ❞❡ ❧✬éq✉❛t✐♦♥ ✭❇✳✶✮✱ ❛✉① ♠❡s✉r❡s
❙▼❖❙ ❡t à ❛❥✉st❡r ❧❡s ♣❛r❛♠ètr❡s ♣❤②s✐q✉❡s ❞✉ ♠♦❞è❧❡ ♣♦✉r ❡ss❛②❡r ❞✬❡①♣❧✐q✉❡r ❛✉ ♠✐❡✉① ❧❡s
♠❡s✉r❡s ✿

❋✐❣✉r❡ ❇✳✺ ✕ ❙❝❤é♠❛ ❞✉ ♣r♦❝❡ss✉s ❞✬✐♥✈❡rs✐♦♥ ✿ ➚ ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ❣é♦♣❤②s✐q✉❡s ✭t❡♠♣ér❛t✉r❡✱
r✉❣♦s✐té✱✳✳✮✱ ❧❡ ♠♦❞è❧❡ s✐♠✉❧❡ ❧❡ r❛②♦♥♥❡♠❡♥t s✉s❝❡♣t✐❜❧❡ ❞✬êtr❡ ♠❡s✉ré ♣❛r ❙▼❖❙✳ ❊♥ ✉t✐❧✐s❛♥t ✉♥❡
❢♦♥❝t✐♦♥ ❞❡ ❝♦ût✱ ❡t ❡♥ ❧❛ ♠✐♥✐♠✐s❛♥t✱ ✐❧ ❡st ❛❧♦rs ♣♦ss✐❜❧❡ ❞❡ r❡♠♦♥t❡r ❥✉sq✉✬à ❝❡rt❛✐♥s ♣❛r❛♠ètr❡s
♣❤②s✐q✉❡s t❡❧s q✉❡ ❧✬❤✉♠✐❞✐té ❞✉ s♦❧ ♦✉ ❧✬é♣❛✐ss❡✉r ❞❡ ✈é❣ét❛t✐♦♥✳

P♦✉r ❛❥✉st❡r ❧❡ ♠♦❞è❧❡ ❛✉① ♠❡s✉r❡s✱ ❧✬♦♣ér❛t✐♦♥ à ❡✛❡❝t✉❡r ❡st ❞❡ ♠✐♥✐♠✐s❡r ✉♥❡ ❢♦♥❝t✐♦♥

✶✻✺
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❞❡ ❝♦ût ✭❇✳✷✮✱ ❡t ❞❡ tr♦✉✈❡r ❧❡s ♠✐♥✐♠✉♠s ❧♦❝❛✉① ❞❡s ♣❛r❛♠ètr❡s q✉❡ ❧✬♦♥ ✈❡✉t ✐♥✈❡rs❡r ✿

∑ (TBSMOS − TBSimul)
2

σMesure

+
∑ (ParametreCherch − ParametreInitial)

2

σPrcision inversion

✭❇✳✷✮

❆✈❡❝ ✿ σ ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ♣ré❝✐s✐♦♥ s✉r ❧❡s ♣❛r❛♠ètr❡s ✐♥✈❡rsés✳

❙✐♠✉❧❛t✐♦♥ ❢r❛❝t✐♦♥♥é❡ ✿
▲♦rsq✉❡ ❙▼❖❙ ❢❛✐t ✉♥❡ ♠❡s✉r❡✱ ❧❡ ❝❤❛♠♣
❞❡ ✈✉❡ ❡st ♣♦♥❞éré ♣❛r ❧❡ ❣❛✐♥ s②♥t❤ét✐q✉❡
❞❡ ❧✬❛♥t❡♥♥❡✳ ❖r ❧❛ s❝è♥❡ ♦❜s❡r✈é❡ ❛ ✉♥❡ s✉r✲
❢❛❝❡ ❞✬❡♥✈✐r♦♥ ✹✵①✹✵❦♠✱ ❡t ❞♦♥❝ ♥✬❡st ❥❛♠❛✐s
❤♦♠♦❣è♥❡✱ ❡❧❧❡ ♣❡✉t êtr❡ ❝♦♠♣♦sé❡✱ ❝♦♠♠❡
s✉r ❧❛ ❋✐❣✉r❡ ❇✳✻✱ ❞✬✉♥❡ ❢r❛❝t✐♦♥ ❞❡ ❢♦rêt✱
✉♥❡ ❛✉tr❡ ❞✬❡❛✉ ❧✐❜r❡✱ ✉♥❡ ❛✉tr❡ ❞❡ s♦❧ ♥✉✱
❡t ✉♥ ♣❡✉ ❞❡ ✈é❣ét❛t✐♦♥ ❜❛ss❡✳ ▲❡ ♠♦❞è❧❡ ▲✲
▼❊❇ s✐♠✉❧❡ ❛❧♦rs ❧❡ ♣r♦✜❧ ♣♦✉r ❝❤❛❝✉♥❡ ❞❡s
❢r❛❝t✐♦♥s s✉♣♣♦sé❡s ✈✉❡s ♣❛r ❙▼❖❙✳ ❈❤❛❝✉♥❡
❞❡ ❝❡s s✐♠✉❧❛t✐♦♥s ét❛♥t ❛✐♥s✐ ❝♦♥✜❣✉ré❡ ♣♦✉r
♠♦❞é❧✐s❡r ❛✉ ♠✐❡✉① ❧❡ ♠✐❧✐❡✉ ♦❜s❡r✈é✳ ❈❡♣❡♥✲
❞❛♥t✱ ❧✬✐♥✈❡rs✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ♥❡ s❡ ❢❛✐t q✉❡
s✉r ❧❛ ❢r❛❝t✐♦♥ ♠❛❥♦r✐t❛✐r❡ ❬❑❡rr ❡t ❛❧✳✱ ✷✵✶✷❪
❬❑❡rr ❡t ❛❧✳✱ ✷✵✶✶❪ ✭❧❛ ❢♦rêt ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛
❋✐❣✉r❡ ❇✳✻✮✳

❋✐❣✉r❡ ❇✳✻ ✕ ❖❜s❡r✈❛t✐♦♥ ❞✬✉♥❡
s❝è♥❡ ❤étér♦❣è♥❡
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✫◆❆▼❴❋❘❆❈ ▲❊❈❖❈▲■▼❆P ❂ ❚

✴

✫◆❆▼❴❈❖❱❊❘ ❨❈❖❱❊❘ ❂ ✬❊❈❖❈▲■▼❆P❴■❴●▲❖❇❆▲✬✱

❨❈❖❱❊❘❋■▲❊❚❨P❊ ❂ ✬❉■❘❊❈❚✬

✴

✫◆❆▼❴P●❉❴●❘■❉ ❈●❘■❉ ❂ ✬▲❖◆▲❆❚ ❘❊● ✬

✴

✫◆❆▼❴▲❖◆▲❆❚❴❘❊●

❳▲❖◆▼■◆ ❂✶✳✺✾✸✼✱

❳▲❖◆▼❆❳ ❂✶✳✽✺✸✱

❳▲❆❚▼■◆ ❂✾✳✹✺✾✹✱

❳▲❆❚▼❆❳ ❂✾✳✻✻✶✱

◆▲❖◆ ❂ ✶ ✱

◆▲❆❚ ❂ ✶

✴

✫◆❆▼❴P●❉❴❙❈❍❊▼❊❙ ❈◆❆❚❯❘❊ ❂ ✬■❙❇❆ ✬ ✱

❈❙❊❆ ❂ ✬◆❖◆❊✬ ✱

❈❚❖❲◆ ❂ ✬◆❖◆❊ ✬ ✱

❈❲❆❚❊❘ ❂ ✬◆❖◆❊✬

✴

✫◆❆▼❴❩❙ ❳❯◆■❋❴❩❙ ❂ ✶✵✵✳

✴

✫◆❆▼❴■❙❇❆ ❨❈▲❆❨ ❂ ✧❝❧❛②❴❢❛♦✧✱
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❨❙❆◆❉❋■▲❊❚❨P❊ ❂ ✧❉■❘❊❈❚✧✱

❳❯◆■❋❴❘❯◆❖❋❋❇ ❂✵✳✺✱

❈■❙❇❆ ❂ ✬❉■❋✬ ✱

❈P❍❖❚❖ ❂ ✬◆❖◆✬ ✱

◆P❆❚❈❍ ❂ ✸ ✱

◆●❘❖❯◆❉❴▲❆❨❊❘ ❂ ✶✹ ✱

❈P❊❉❖❴❋❯◆❈❚■❖◆❂✬❈❍✼✽✬

✴

✫◆❆▼❴■❖❴❖❋❋▲■◆❊ ▲P❘■◆❚ ❂ ❚ ✱

▲❲❘■❚❊❴❈❖❖❘❉ ❂ ❋ ✱

❈❋❖❘❈■◆●❴❋■▲❊❚❨P❊ ❂ ✬❆❙❈■■✬ ✱
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▲❘❊❙❚❆❘❚❂❚✱
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✴
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◆▼❖◆❚❍ ❂✶✱

◆❉❆❨ ❂✶✱

❳❚■▼❊ ❂✸✻✵✵✳

✴
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◆❨❊❆❘ ❂✷✵✶✵✱

◆▼❖◆❚❍ ❂✶✱

◆❉❆❨ ❂✶✱

❳❚■▼❊ ❂✸✻✵✵✳

✴

✫◆❆▼❴P❘❊P❴❲❆❚❋▲❯❳ ❳❚❙❴❲❆❚❊❘❴❯◆■❋ ❂ ✷✽✺✳✱

◆❨❊❆❘ ❂✷✵✶✵✱

◆▼❖◆❚❍ ❂✶✱

◆❉❆❨ ❂✶✱

❳❚■▼❊ ❂✸✻✵✵✳

✴

✫◆❆▼❴P❘❊P❴❚❊❇ ❳❚■❴❘❖❆❉❂ ✷✽✺✳✱

❳❚■❴❇▲❉ ❂ ✷✽✺✳

❳❚❙❴❘❖❆❉❂ ✷✽✺✳

❳❚❙❴❘❖❖❋❂ ✷✽✺✳✱

❳❚❙❴❲❆▲▲❂ ✷✽✺✳✱

❳❲❙❴❘❖❆❉❂ ✵✳✱

❳❲❙❴❘❖❖❋❂ ✵✳✱

◆❨❊❆❘ ❂✷✵✶✵✱

◆▼❖◆❚❍ ❂✶✱

◆❉❆❨ ❂✶✱

❳❚■▼❊ ❂✸✻✵✵✳

✴

✫◆❆▼❴P❘❊P❴■❙❇❆ ❳❍❯●❴❙❯❘❋ ❂ ✲✵✳✽✱

❳❍❯●❴❘❖❖❚ ❂✲✵✳✽✱

❳❍❯●❴❉❊❊P ❂ ✲✵✳✽✱

❳❚●❴❙❯❘❋ ❂ ✸✵✵✱

❳❚●❴❘❖❖❚ ❂ ✸✵✵✱

❳❚●❴❉❊❊P ❂ ✸✵✵✱

◆❨❊❆❘ ❂✷✵✶✵✱

◆▼❖◆❚❍ ❂✶✱

◆❉❆❨ ❂✶✱

❳❚■▼❊ ❂✸✻✵✵✳

✴

✫◆❆▼❴P❘❊P❴■❙❇❆❴❙◆❖❲ ❈❙◆❖❲ ❂ ✬✸✲▲✬

✴

✶✻✽



✫◆❆▼❴❉■❆●❴❙❯❘❋♥ ▲❙❯❘❋❴❇❯❉●❊❚ ❂ ❚ ✱

◆✷▼ ❂ ✷ ✱

▲❈❖❊❋ ❂ ❋ ✱

▲❙❯❘❋❴❱❆❘❙ ❂ ❋ ✱

▲❙❯❘❋❴❇❯❉●❊❚❈ ❂ ❋

✴

✫◆❆▼❴❉■❆●❴❙❯❘❋❴❆❚▼♥ ▲❋❘❆❈ ❂ ❋

✴

✫◆❆▼❴❉■❆●❴■❙❇❆♥ ▲P●❉ ❂ ❋ ✱

▲❙❯❘❋❴❊❱❆P❴❇❯❉●❊❚ ❂ ❋ ✱

▲❙❯❘❋❴▼■❙❈❴❇❯❉●❊❚ ❂ ❋ ✱

▲❲❆❚❊❘❴❇❯❉●❊❚ ❂ ❋

✴

✫◆❆▼❴❙●❍❴■❙❇❆♥ ❈❑❙❆❚ ❂ ✬❙●❍✬✱

❈❘❯◆❖❋❋❂✬❉❚✾✷✬

✴

✶✻✾





❆♥♥❡①❡ ❉

▲❡s ❢♦rç❛❣❡s ❛t♠♦s♣❤ér✐q✉❡s

▲❛ ❝❛♣❛❝✐té ❞❡s ♠♦❞è❧❡s à r❡♣r♦❞✉✐r❡ ✉♥❡ ✈❛r✐❛❜❧❡ ❞é✜♥✐❡ ❡st ✐♥t✐♠❡♠❡♥t ❧✐é❡ à ❧✬✐♥❝❡rt✐✲
t✉❞❡ s✉r ❧❡s ❞♦♥♥é❡s ❞✬❡♥tré❡s✳ ❉❛♥s ❝❡tt❡ ét✉❞❡ ♥♦✉s ✉t✐❧✐s❡r♦♥s ❞❡s ❢♦rç❛❣❡s ❛t♠♦s♣❤ér✐q✉❡s
❡①tr❛✐t❡s ❞❡ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ▼❊❘❘❆ ✭❬●❡❧❛r♦ ❡t ❛❧✳✱ ✷✵✶✼❪✳ ▼❊❘❘❆ ✭▼♦❞❡r♥✲❊r❛ ❘❡tr♦s✲
♣❡❝t✐✈❡ ❛♥❛❧②s✐s ❢♦r ❘❡❛s❡❛r❝❤ ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥s✮ ❡st ✉♥ ♣r♦❞✉✐t ❞❡ ❞♦♥♥é❡s ❛t♠♦s♣❤ér✐q✉❡s
❞ér✐✈é ❛ss✐♠✐❧é❡s ♣❛r ✉♥❡ ❣r❛♥❞❡ q✉❛♥t✐té ❞❡ s❛t❡❧❧✐t❡s ❞❛♥s ❧❡ ❆t♠♦s♣❤❡r✐❝ ❉❛t❛ ❆ss✐♠✐❧❛t✐♦♥
❙②st❡♠ ✭❆❉❆❙✮ ❞❡ ❧❛ ◆❆❙❆✳ ▲❛ rés♦❧✉t✐♦♥ ❡st ❞❡ ✶✴✷①✶✴✸◦✱ ✉♥❡ s✐♠♣❧❡ ✐♥t❡r♣♦❧❛t✐♦♥ ❧✐♥é❛✐r❡
❡st ❛♣♣❧✐q✉é❡ ♣♦✉r ♣♦✉r r❛♠❡♥❡r ❧❛ rés♦❧✉t✐♦♥ à ✵✳✷✺①✵✳✷✺◦❡t ♣❡r♠❡ttr❡ ❛✐♥s✐ ❞❡ ❢♦✉r♥✐r ❧❡ ❢♦r✲
ç❛❣❡ ❛t♠♦s♣❤ér✐q✉❡ ❞❡ ❙❯❘❋❊❳✳

▲❡s ❢♦rç❛❣❡s ✉t✐❧✐sés ♣♦✉r ❧❡s s✐t❡s ❞✉ ◆✐❣❡r ❡t ❞✉ ❇é♥✐♥ s♦♥t r❡♣rés❡♥té ❋✐❣✉r❡ ❉✳✶ ❡t ❋✐✲
❣✉r❡ ❉✳✷✳ ❉❡s s❝♦r❡s st❛t✐st✐q✉❡s ♦♥t été ❝❛❧❝✉❧és ♣♦✉r ❝❤❛❝✉♥ ❞❡ ❝❡s ❣r♦✉♣❡s ❞❡ ❢♦rç❛❣❡✱ ✈♦✐r
❚❛❜❧❡❛✉ ❉✳✶✳ ❆♥❛❧②s♦♥s ❣❧♦❜❛❧❡♠❡♥t ❧✬❛❧❧✉r❡ ❞❡ ❝❡s ❢♦rç❛❣❡s ✭❞❛♥s ❧✬♦r❞r❡ ❞✬❛♣♣❛r✐t✐♦♥ s✉r ❧❡s
❋✐❣✉r❡✮ ✿

• ▲❡s r❛②♦♥♥❡♠❡♥ts s♦❧❛✐r❡ ✐♥❝✐❞❡♥t ❞❛♥s ❧❡s ❣r❛♥❞❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ✭■♥❢r❛r♦✉❣❡✮ ♦♥t ✉♥❡
❢♦rt❡ s❛✐s♦♥♥❛❧✐té ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ s❛✐s♦♥ ❞❡s ♣❧✉✐❡✴s❛✐s♦♥ sè❝❤❡✳ ❉✉r❛♥t ❧❛ s❛✐s♦♥ ❞❡s
♣❧✉✐❡s✱ ❧❛ ❢♦rt❡s ♥é❜✉❧♦s✐té ❡①♣❧✐q✉❡ ❝❡tt❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ r❛②♦♥♥❡♠❡♥t ✐♥❝✐❞❡♥t ❞❛♥s
❧❡s ❣r❛♥❞ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡✱ ❡♥ ❡✛❡t ❧❡s ♥✉❛❣❡s réé♠❡tt❡♥t ❢♦rt❡♠❡♥t ❞❛♥s ❝❡ s♣❡❝tr❡✳ ▲❡s
❞✐✛ér❡♥❝❡s s♦♥t r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡ ❡♥tr❡ ❧❡s s✐t❡ ❞✉ ◆✐❣❡r ❡t ❞✉ ❇é♥✐♥✳

• ▲❡s r❛②♦♥♥❡♠❡♥ts ❞❛♥s ❧❡s ♣❡t✐t❡s ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ♦♥t ✉♥❡ s❛✐s♦♥♥❛❧✐té ❡♥ ❢♦♥❝t✐♦♥ ❞❡
❧❛ s❛✐s♦♥ ❞❡s ♣❧✉✐❡✴s❛✐s♦♥ sè❝❤❡✱ ♠❛✐s ❛✉ss✐ ✉♥ ❝②❝❧❡ ❞✐✉r♥❡✳ ❉✉r❛♥t ❧❛ s❛✐s♦♥ ❞❡s ♣❧✉✐❡s✱
❧❛ ❢♦rt❡s ♥é❜✉❧♦s✐té ❡①♣❧✐q✉❡ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ r❛②♦♥♥❡♠❡♥t ❞✐r❡❝t ❞✉ ❙♦❧❡✐❧ s✉r ❧❡ s♦❧✳ ▲❡
❝②❝❧❡ ❞✐✉r♥❡ ❡①♣❧✐q✉❡ ❧❡ r❡t♦✉r à ✵ W.m2 ❞❡s ✈❛❧❡✉rs ❧❛ ♥✉✐t✳

• ▲❛ ♣r❡ss✐♦♥ à ✷♠ ❞✉ ♥✐✈❡❛✉ ❞✉ s♦❧ ❡st ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡ ❧❛ s❛✐s♦♥♥❛❧✐té ❡t ❞✉ ❢❛✐t❡ q✉❡
❧❛ ♣r❡ss✐♦♥ ❡st ♣❧✉s ❢❛✐❜❧❡ ♣❡♥❞❛♥t ❧❛ ♠♦✉ss♦♥✳ ▲❡s ❞✐✛ér❡♥❝❡ ❞❡ ♠✐♥✴♠❛① s♦♥t ❛ss❡③
✐♠♣♦rt❛♥t ❡♥tr❡ ❧❡ ❇é♥✐♥ ❡t ❧❡ ◆✐❣❡r✳

• ▲❛ t❡♠♣ér❛t✉r❡ à ✷♠ ❞✉ ♥✐✈❡❛✉ ❞✉ s♦❧ ❡st ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡ ❧❛ s❛✐s♦♥♥❛❧✐té ❡t ❞✉ ❢❛✐t❡
q✉✬✐❧ ❢❛✐t ♣❧✉s ❢r♦✐❞ ♣❡♥❞❛♥t ❧❛ ♠♦✉ss♦♥✳ ■❧ ❢❛✐t ♣❧✉s ❝❤❛✉❞ ❞❡ ✷❑ ✭♦✉ ✷◦❈✮ ❡♥ ♠♦②❡♥♥❡
s✉r ❧❡ s✐t❡ ❞✉ ◆✐❣❡r q✉❡ s✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥✳ ❖♥ r❡♠❛rq✉❡r❛ ❧❡ ❢♦rt ♠❛①✐♠✉♠ ❞❡ ✹✺✳✺✷◦❈
❛✉ ◆✐❣❡r✳

• ▲✬❤✉♠✐❞✐té ❞❡ ❧✬❛✐r à ✷♠ ❡st ❢❛✐❜❧❡ ♣❡♥❞❛♥t ❧❛ s❛✐s♦♥ sè❝❤❡ ❡t ❤❛✉t❡ ♣❡♥❞❛♥t ❧❛ s❛✐s♦♥
❞❡s ♣❧✉✐❡s✳ ❖♥ r❡♠❛rq✉❡r❛ q✉❡ ❧❛ s❛✐s♦♥ sè❝❤❡ ❡st ❜✐❡♥ ♣❧✉s ♣r♦♥♦♥❝é ❛✉ ◆✐❣❡r ❛✈❡❝ ✉♥
♠✐♥✐♠✉♠ q✉✐ ❞✉r❡ ♣❧✉s ❧♦♥❣t❡♠♣s q✉✬❛✉ ❇é♥✐♥✳

• ▲❛ ❞✐r❡❝t✐♦♥ ❞✉ ✈❡♥t ❡st ❡❧❧❡ ❛✉ss✐ très ✐♥✢✉❡♥❝é ♣❛r ❧❛ ❩❈■❚✳ ❆✈❡❝ ✉♥ ✈❡♥❛♥t ♣❧✉tôt ❞✉
◆♦r❞✲❊st ♣❡♥❞❛♥t ❧❛ s❛✐s♦♥ sè❝❤❡ ✭❡♥tr❡ ✵ ❡t ✶✵✵◦✮✱ ❛✈❡❝ ✉♥ ✈❡♥t ❝❤❛✉❞ ❡t s❡❝ ♥♦♠♠é
❍❛r♠❛tt❛♥✱ ❧❛ ♠♦♥té❡ ❞❡ ❩❈■❚ ♠♦❞✐✜❡ ❧❛ ❞✐r❡❝t✐♦♥ ❣❧♦❜❛❧❡ ❞❡s ✈❡♥ts ❡♥ ✈❡♥❛♥t ❞✉ ❙✉❞✲
❖✉❡st✳

✶✼✶



• ▲❛ ✈✐t❡ss❡ ❞✉ ✈❡♥t ❡st ❢♦rt❡ ♣❡♥❞❛♥t ❧❛ s❛✐s♦♥ sè❝❤❡ ♣✉✐s ❞✐♠✐♥✉❡ ♣❡♥❞❛♥t ❧❛ ♠♦✉ss♦♥✳

• ▲❡ s✐❣♥❛❧ s❛✐s♦♥♥✐❡r ❡st ❧♦❣✐q✉❡♠❡♥t très ♠❛rq✉é❡ s✉r ❧❛ ♣❧✉✈✐♦♠étr✐❡✳ ❖♥ r❡tr♦✉✈❡ ♣r❛✲
t✐q✉❡♠❡♥t ❞❡✉① ❢♦✐s ♣❧✉s ❞❡ ♣❧✉✐❡✱ ❡♥ ♠♦②❡♥♥❡✱ ❛✉ ❇é♥✐♥ ✭✵✳✹✸✼ ♠♠✴✸❤✮ q✉✬❛✉ ◆✐❣❡r
✭✵✳✷✷✻ ♠♠✴✸❤✮✳ P♦✉r ❧❡s ❝✉♠✉❧s ❛♥♥✉❡❧s✱ ✐❧s s♦♥t ❡♥ ♠♦②❡♥♥❡ ❞❡ ✶✷✵✵ ♠♠ ♣♦✉r ❧❡ ❇é♥✐♥
❡t ❞❡ ✻✵✵ ♠♠ ♣♦✉r ❧❡ ◆✐❣❡r✳ ❆✉ ◆✐❣❡r✱ ❧❡ ❝✉♠✉❧ ❛♥♥✉❡❧ ♣❡✉t ❛❧❧❡r ❞❡ ✹✵✵♠♠ ✭❡♥ ✷✵✶✶✮ à
✻✽✵♠♠ ✭❡♥ ✷✵✶✺✮✳ P♦✉r ❧❡ ❇é♥✐♥✱ ❧❡s ♣❧✉s ❢❛✐❜❧❡ ❝✉♠✉❧ s♦♥t ❛✉t♦✉r ❞❡ ✶✵✺✵♠♠ ✭✷✵✶✶ ❡t
✷✵✶✸✮ ❡t ❧❡s ♣❧✉s ❢♦rt à ✶✺✵✵♠♠ ✭✷✵✶✵ ❡t ✷✵✶✷✮✳

❚❛❜❧❡ ❉✳✶ ✕ ❙t❛t✐st✐q✉❡s s✉r ❧❡s ❢♦rç❛❣❡s ❛t♠♦s♣❤ér✐q✉❡s ✉t✐❧✐sés✱ ♣♦✉r ❧❡s s✐t❡s ❞✉ ❇é♥✐♥ ❡t
❞✉ ◆✐❣❡r✳

❇é♥✐♥ ◆✐❣❡r
▼♦②✳ ❙t❞✳ ▼✐♥✳ ▼❛①✳ ▼♦②✳ ❙t❞✳ ▼✐♥✳ ▼❛①✳

▲❲ ❘❛❞✐❛t✐♦♥
W.m−2 ✸✽✷✳✻✻ ✸✶✳✹✹ ✷✻✹✳✹✾ ✹✺✼✳✽✹ ✸✼✵✳✻✺ ✹✶✳✼✶ ✷✹✹✳✾✾ ✹✺✻✳✶✶

❙❲ ❘❛❞✐❛t✐♦♥
W.m−2 ✷✶✻✳✺✹ ✷✾✶✳✷✹ ✵ ✶✵✻✺ ✷✹✶✳✻✻ ✷✶✽✳✽✼ ✵ ✶✵✽✾

✷♠ ❆✐r Pr❡s✳
Pa

✶✵✶✵✷✵ ✷✶✹✳✸✽ ✶✵✵✶✷✵ ✶✵✶✽✼✵ ✶✵✵✵✾✼✵ ✷✼✵✳✸✸ ✾✾✷✽✵ ✶✵✷✶✵✵

✷♠ ❆✐r ❚❡♠♣✳
K

✷✾✾✳✶✼ ✹✳✼✾ ✷✽✹✳✶✺✺ ✸✶✹✳✸✼ ✸✵✶✳✾✷ ✻✳✶✸ ✷✽✷✳✼✼ ✸✶✽✳✻✼

✷♠ ❆✐r ❍✉♠✐✳
kg.kg−1 ✵✳✵✶✹✶ ✵✳✵✵✹✹ ✵✳✵✵✶✻ ✵✳✵✷✶ ✵✳✵✶✵✶ ✵✳✵✵✻✶ ✵✳✵✵✵✼ ✵✳✵✷✶

❲✐♥❞ ❉✐r❡❝t✳
◦N

✶✻✹✳✵✾ ✽✵✳✼✼ ✵✳✵✶✸✽ ✸✺✾✳✾✻ ✶✺✶✳✸✸ ✽✽✳✾✻ ✵✳✵✹✽✶ ✸✺✾✳✾✾

❲✐♥❞ ❙♣❡❡❞
m.s−1 ✷✳✼✽ ✶✳✷✾ ✵✳✵✷✷ ✶✵✳✼✺ ✸✳✻✻ ✶✳✻✷ ✵✳✷✹✼ ✶✶✳✻✷

❘❛✐♥❢❛❧❧
mm/3h

✵✳✹✸✼ ✷✳✷✼ ✵ ✹✽✳✹✼ ✵✳✷✷✻ ✶✳✽ ✵ ✹✹✳✷✾
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Bénin Niger

❋✐❣✉r❡ ❉✳✶ ✕ ❋♦rç❛❣❡s ❛t♠♦s♣❤ér✐q✉❡✱ ✐ss✉❡ ❞❡s ré❛♥❛❧②s❡s ▼❊❘❘❆✱ ✉t✐❧✐sés ♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥
s✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥ à ❣❛✉❝❤❡ ❡t ❧❡ ◆✐❣❡r à ❞r♦✐t❡✳ ❉❛♥s ❧✬♦r❞r❡ ❧❡s r❛②♦♥♥❡♠❡♥ts ✐♥❝✐❞❡♥t ❣r❛♥❞❡ ❡t
♣❡t✐t❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡✱ ❧❛ ♣r❡ss✐♦♥ ❛t♠♦s♣❤ér✐q✉❡ à ✷♠ ❡t ❧❛ t❡♠♣ér❛t✉r❡ à ✷♠✳
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Bénin Niger

❋✐❣✉r❡ ❉✳✷ ✕ ❋♦rç❛❣❡s ❛t♠♦s♣❤ér✐q✉❡✱ ✐ss✉❡ ❞❡s ré❛♥❛❧②s❡s ▼❊❘❘❆✱ ❡t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ✐♥✲
s✐t✉ ✉t✐❧✐sés ♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ s✉r ❧❡ s✐t❡ ❞✉ ❇é♥✐♥ à ❣❛✉❝❤❡ ❡t ❧❡ ◆✐❣❡r à ❞r♦✐t❡✳ ❉❛♥s ❧✬♦r❞r❡
❧✬❤✉♠✐❞✐té ❞❡ ❧✬❛✐r à ✷♠✱ ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ✈❡♥t✱ ❧❛ ✈✐t❡ss❡ ❞✉ ✈❡♥t ❡t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥ ✐ss✉❡s ❞❡
♠❡s✉r❡s ✐♥✲s✐t✉✳

✶✼✹



❆✐♥s✐✱ à ♣❛rt✐r ❞❡s ❢♦rç❛❣❡s ❞é❝r✐t ❝✐ ❞❡ss✉s✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬❛❧✐♠❡♥t❡r ❧❡s ♠♦❞è❧❡s ♣♦✉r
s✐♠✉❧❡r ❧✬❤✉♠✐❞✐té ❞✉ s♦❧✳
▲❡s ✈❛❧❡✉rs ❞❡s ♣❛r❛♠ètr❡s ❞❡s ♠♦❞è❧❡s s♦♥t ♣rés❡♥té❡s ❝✐ ❞❡ss♦✉s ✿

❚❛❜❧❡ ❉✳✷ ✕ P❛r❛♠étr✐s❛t✐♦♥ ♣r✐♥❝✐♣❛❧❡ ❞✉ ❙❯❘❋❊❳
✭✯ ❞♦♥♥é❡s ❋❆❖✱ ✯✯ ✐ss✉❡ ❞❡ ❊❈❖❈▲■▼❆P ❡t ✯✯✯ à ♣❛rt✐r ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♣é❞♦tr❛♥s❢❡rt ✿
❬❈❧❛♣♣ ❛♥❞ ❍♦r♥❜❡r❣❡r✱ ✶✾✼✽❪✮

◆✐❣❡r ❇é♥✐♥
❈❧❛②✴❙❛♥❞ ✭❡♥ ✪✮ ✯ ✼✳✽✴✼✼ ✶✾✴✹✸
❙♦❧ ♥✉✴
❱❡❣✳ ❜❛ss❡✴
❱❡❣✳❤❛✉t❡ ✭❡♥ ✪✮ ✯✯

✹✻✴
✺✶✴
✸

✶✺✴
✼✵
✶✺

θSat✴θFC✴θWilt ✭❡♥ m3.m−3✮ ✯✯✯ ✵✳✹✶✴✵✳✷✶✴✵✳✶ ✵✳✹✺✴✵✳✸✷✴✵✳✶✻

❆✈❡❝ ❧❛ ♣r❡♠✐èr❡ ❧✐❣♥❡ ❧❡s ♣r♦♣♦rt✐♦♥s ❞❡ ❞✬❛r❣✐❧❡ ❡t ❞❡ s❛❜❧❡✱ ❡♥ s❡❝♦♥❞❡ ❧✐❣♥❡ ❧❡s ♣r♦♣♦rt✐♦♥s
❞❡ ❝♦✉✈❡rts ♣r♦♣♦sé ♣❛❡ ❊❈❖❈▲■▼❆P ❡t ❡♥ tr♦✐s✐è♠❡ ❧✐❣♥❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❤②❞r♦❣é♦❧♦✲
❣✐q✉❡✳

✶✼✺





❆♥♥❡①❡ ❊

❆♥❛❧②s❡ à ❧✬é❝❤❡❧❧❡ ❞❡s ❞✐str✐❝ts
❛❞♠✐♥✐str❛t✐❢s

❉❛♥s ❝❡tt❡ ♣❛rt✐❡ ✉♥ ❛✉tr❡ ❥❡✉ ❞❡ ❞♦♥♥é❡s ❞❡ r❡♥❞❡♠❡♥t ❡st ✉t✐❧✐sé✳ ❈❡ ❞❡r♥✐❡r✱ ✐ss✉❡ ❞❡ ❧❛
❜❛s❡ ❞❡ ❞♦♥♥é❡ ❈♦✉♥tr②❙t❛t✱ ❢♦✉r♥✐ ❞❡s ❞♦♥♥é❡s à ❧✬é❝❤❡❧❧❡ ❞❡s ❞✐str✐❝ts ❛❞♠✐♥✐str❛t✐❢s ♣♦✉r ❧❡s
❛♥♥é❡s ✷✵✵✵✲✷✵✶✶✳ ❆ ♣❛rt✐r ❞❡s ❝❛rt❡s ❞✬❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ θ30cm(t) ✱ ❞ér✐✈é❡s s✉r ❧❡s ✷
♣ér✐♦❞❡s✱ ❝❤❛q✉❡ ❞✐str✐❝t ❛ été ♣♦♥❞éré ♣❛r ❧❛ ❝❛rt❡ ✹✳✷✳ ❆✐♥s✐✱ ❧❡s ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐tés ♣♦✉r
❧❡s ✶✷ ❛♥♥é❡s ♦♥t été ❝❛❧❝✉❧é❡s ♣♦✉r ❝❤❛q✉❡ ❞✐str✐❝t✳ ▲❛ ❋✐❣✉r❡ ❊✳✶ r❡♣rés❡♥t❡ ❧❡s ré❣r❡ss✐♦♥s
♥♦r♠❛❧✐sé❡s ❡♥tr❡ ❛♥♦♠❛❧✐❡s ❞✬❤✉♠✐❞✐té ❞✉ s♦❧ ❡t ❞❡ r❡♥❞❡♠❡♥t ♣♦✉r ❝❤❛❝✉♥ ❞❡s ❞✐str✐❝ts✳

❋✐❣✉r❡ ❊✳✶ ✕ ▲❡s ré❣r❡ss✐♦♥s ♦♥t été ré❛❧✐sé❡s ♣❛r ❞✐str✐❝ts ❛❞♠✐♥✐str❛t✐❢s ✭❞♦♥♥é❡s ❈♦✉♥tr②❙t❛t✮✳

✶✼✼



▲❡s ❛♥♦♠❛❧✐❡s ♦♥t été ♥♦r♠❛❧✐sé❡s ♣♦✉r ♥✬ét✉❞✐❡r q✉❡ ❧❡s ✈❛r✐❛t✐♦♥s✳ ▲❛ ✈❛❧❡✉r ❞❡ ❧❛ ❝♦r✲
ré❧❛t✐♦♥ ✭❘✮ ❡st r❡♣rés❡♥té❡ à ❝♦té ❞✉ ♥♦♠ ❞✉ ❞✐str✐❝t✳ ▲❛ ❝♦✉❧❡✉r ❞❡ ❧❛ ❝❛rt❡ ❝♦rr❡s♣♦♥❞ à
❧❛ ♣r♦❞✉❝t✐♦♥ ❛♥♥✉❡❧❧❡ ♠♦②❡♥♥❡✳ ❊❧❧❡ ✈❛ ❞❡ ♠♦✐♥s ❞❡ ✶✵✵✵ t♦♥♥❡s ♣♦✉r ❧❛ ré❣✐♦♥ ❞✬❆❣❛❞❡③✱
❛✉ ♥♦r❞✱ à ♣❧✉s ❞❡ ✺✺✵ ✵✵✵ t♦♥♥❡s ♣♦✉r ❧❛ ré❣✐♦♥ ❞❡ ▼❛r❛❞✐✳ ❖♥ ♦❜s❡r✈❡ ❛❧♦rs q✉❡ ❧♦rsq✉❡ ❧❛
♣r♦❞✉❝t✐♦♥ ❡st très ❢❛✐❜❧❡✱ ❝✬❡st ❧❡ ❝❛s ❞❡ ❆❣❛❞❡③ ❡t ❞❡ ❉✐✛❛✱ ❧❛ r❡❧❛t✐♦♥ ❡st ♠é❞✐♦❝r❡✱ ❛✈❡❝
r❡s♣❡❝t✐✈❡♠❡♥t ✉♥ ❘ à ✲✵✳✶✸ ❡t ✵✳✸✻✳ P♦✉r ❧❡s ❞✐str✐❝ts ❛✈❡❝ ✉♥❡ ♣r♦❞✉❝t✐♦♥ ♣❧✉s ✐♠♣♦rt❛♥t❡✱ ❧❛
r❡❧❛t✐♦♥ ❡st ❜✐❡♥ ♠❡✐❧❧❡✉r❡✱ ❥✉sq✉✬à ✵✳✽✺ ♣♦✉r ❧❡ ❞✐str✐❝t ❞❡ ❚❛❤♦✉❛✳

▲❡s ❞♦♥♥é❡s ❞❡ r❡♥❞❡♠❡♥t ♣❛r ❞✐str✐❝ts ♦♥t ❧✬❛✈❛♥t❛❣❡ ❞❡ ❢♦✉r♥✐r ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ♣♦✐♥ts✱
❝✬❡st à ❞✐r❡ ✼ ❢♦✐s ✶✶ ❛♥♥é❡s✳ ▲✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s ✼✼ ♣♦✐♥ts ♦♥t été ♣rés❡♥tés ❋✐❣✉r❡ ❊✳✷✱ ❛✈❡❝
❡♥ ❛❜s❝✐ss❡✱ ❧✬❛♥♦♠❛❧✐❡ s✉r ❧❛ ♣ér✐♦❞❡ r❡♣r♦❞✉❝t✐✈❡✱ ❡t ❡♥ ♦r❞♦♥♥é❡ ❧✬❛♥♦♠❛❧✐❡ s✉r ❧❛ ♣ér✐♦❞❡ ❞❡
r❡♠♣❧✐ss❛❣❡ ❞❡ ❣r❛✐♥✳ ▲❛ t❛✐❧❧❡ ❞❡s ♣♦✐♥ts ❝♦rr❡s♣♦♥❞ à ❧❛ ♣r♦❞✉❝t✐♦♥ ❡t ❧❛ ❝♦✉❧❡✉r à ❧✬❛♥♦♠❛❧✐❡
❞❡ r❡♥❞❡♠❡♥t✳ ❖♥ ♦❜t✐❡♥t ❛❧♦rs ✉♥ ♥✉❛❣❡ ❞❡ ♣♦✐♥ts✱ ❛✈❡❝ ❧♦❣✐q✉❡♠❡♥t ❧❡s ♠❛✉✈❛✐s r❡♥❞❡♠❡♥ts
q✉❛♥❞ ❧❡s ✷ ♣ér✐♦❞❡s s♦♥t sè❝❤❡s ✭♣♦✐♥ts r♦✉❣❡s ❡♥ ❜❛s à ❣❛✉❝❤❡✮ ❡t ❧❡s ❜♦♥s r❡♥❞❡♠❡♥ts q✉❛♥❞
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L-band passive measurements (1.4 GHz) over continental areas are known to be related to surface soil moisture.

Two satellite missions were recently launched tomeasure land surface emissions at this frequency band (SMOS-

Soil Moisture and Ocean Salinity in 2009 and SMAP-Soil Moisture Active/Passive in 2015). In order to improve

soil moisture retrievals from satellite data, ground-based radiometer systems operating at the same frequency

were deployed over specified areas to investigate the L-band emission of various land covers under various cli-

matological conditions. In this study, three years of L-band passive measurements from a radiometer installed

on top of a steep mountain in the French Alps were analyzed and compared to L-band passive simulations. The

innovative radiometer location led to large footprints due to the distance between the radiometer and the area

under study. This experiment also produced microwave measurements affected by various potential difficulties

typically encountered in SMOS/SMAP satellite missions: topography, heterogeneous footprints, dry/wet snow

events, dew and vegetation litter. Based on in situ and modeling data, this paper investigates the potential of a

radiative transfer model (L-band Microwave Emission of the Biosphere, L-MEB) to simulate L-band measure-

ments and analyzes the differences with ELBARA observations. First, it was found that the topography generated

amixing of the horizontal and vertical polarizations. In addition, a large positive biaswas found on ELBARAmea-

surements (31 K and 12 K in horizontal and vertical polarizations respectively). Investigations showed that the

sky reflection measured by the radiometer was partially substituted by land reflection coming from the sur-

rounding topography. Second, the low-vegetation emission was investigated and highlighted the inability of

the MODIS NDVI product to correctly represent the vegetation dynamics. Finally, dry snow conditions were

found to have non-negligible impact at L-band and a particular signaturewas foundduring snowmelting periods,

with potential applications at the SMOS/SMAP spatial scales (~40 km).

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Since the launch of the European Space Agency (ESA) SMOS satellite
mission (Soil Moisture and Ocean Salinity, Kerr et al., 2010) in Novem-
ber 2009, numerous studies have been devoted to assessing the perfor-
mance of the Level 2 and 3 SMOS soil moisture products using in situ soil
moisture stations at various locations (Peischl et al., 2012; Bircher, Skou,
Jensen, Walker, & Rasmussen, 2012; Jackson et al., 2012; Louvet et al.,
2015). To make more advanced assessments, some experimental sites
were also designed to measure brightness temperature and soil mois-
ture in order to evaluate the representativeness of SMOS soil moisture
retrievals at a smaller spatial scale than that actually used in themission.
In this context, various long-term experiments were carried out using

tower-based L-band radiometers. One year before the SMOS launch,
ESA proposed the setting up of three L-band radiometers (ELBARA-II
systems) for land or sea, local, long-term observations. In 2009, three
ELBARA-II systems were installed. The first (Schwank et al., 2010) was
near Valencia, Spain (Wigneron et al., 2012 and Schwank et al., 2012),
on a site with mainly natural Mediterranean vegetation, including
vineyards and other agricultural fields; the second was deployed in
the boreal and subarctic region (Finland) to study the effects of the
soil freeze/thaw process on the L-band signature (Rautiainen et al.,
2012; Lemmetyinen et al., 2015; Rautiainen et al., 2015); and the third
was on an experimental farm in southern Germany over a temperate
agricultural area (Schlenz, dall'Amico, Loew, & Mauser, 2012;
dall'Amico, Schlenz, Loew, & Mauser, 2012). Other L-band radiometers
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were also deployed in various locations, such as Antarctica (Macelloni
et al., 2013), the South-West of France (de Rosnay et al., 2006),
Belgium (Jonard et al., 2011) and Germany (Jonard et al., 2015). Lastly,
various L-band airborne radiometric experiments were conducted
(Zribi et al., 2011; Albergel et al., 2011; Bircher Skou & Kerr, 2013;
Skou, Misra, Balling, Kristensen, & Sobjaerg, 2010; Rudiger, Walker, &
Kerr, 2011).

Ground-based radiometer experiments provided brightness tem-
perature measurements over a relatively small area (usually 5 to
20 m2) due to the proximity of the radiometer (tower of 5 m in
Finland and 17 m in Valencia) and the antenna field of view (≈24° at
−10 dB sensitivity, ELBARA-II). These experiments were dedicated to
analyzing specific soil and vegetation microwave emissions in some
particular climatic regions. In contrast, airborne radiometric experi-
ments were able to acquire microwave measurements over large
areas in order to investigate the spatial variability of the soil moisture
within an SMOS pixel (about 43 km). The main drawbacks of airborne
experiments are their almost prohibitive cost compared to ground-
based experiments, and the usually restricted possibilities for verifying
the statistics obtained for the overflown footprints due to the limited
availability of in situ information.

An alternative to airborne experiments is to install a radiometer on
top of a steep mountain in order to obtain continuous measurements
over a large footprint area (comparable in size to that of airborne exper-
iments). In 2011, one ELBARA-II radiometer was installed in the Vercors
region of the French Alps at 1585mabove sea level in order to acquire L-
band passive measurements of an area located 600 m below. The area
studied was composed of grassland, and broadleaf and coniferous for-
ests. It offered various climatological conditions such as dry/wet snow
events, soil freezing and dew events. In addition, the selected site was
strongly affected by the topography.

This experimentwas also designed to investigate potential improve-
ments of the SMOS L2SM algorithm since the current version is de-
signed to retrieve soil moisture over the dominant kind of land cover
at the pixel scale (Kerr et al., 2010). In addition, there is currently no
SMOS soil moisture retrieval on topographic areas and under snow con-
ditions (these areas are masked prior to the retrieval process).

The objective of the present paper is to analyze three years of L-band
passive measurements together with coinciding in situ measurements
and modeling data and to focus on three main topics: the topography,
which plays a significant role in passive microwave remote sensing
(Utku & Le Vine, 2011); the dynamics of the two main vegetation land
covers on this site (grassland and forest); and the impact of snow
cover on the brightness temperature measurements at L-band, particu-
larly during snow melting periods.

2. Experimental setup and measurements

The Vercors region is located in the western part of the French Alps
near the city of Grenoble. Thismountainous, limestone region hasmany
vertical cliffs. One of these was chosen in 2011 to receive the ELBARA-II
system. This site was also selected in order to allow rapid access to the
radiometer location at all times, either by car (most of the year) or by
using the ski resort facilities in winter. The radiometer coordinates
were 45.1304°N, 5.4913°E, alt = 1585 m. Five in situ soil moisture sta-
tions were installed in the target area in 2009, followed by a meteoro-
logical station in 2010.

2.1. ELBARA-II measurements

The ELBARA-II system is a Dicke-type radiometer operating at 1400–
1427 MHz (L-band). It is equipped with a Pickett-horn antenna with
two ports, one for horizontal (H) and one for vertical (V) polarization
(Schwank et al., 2010). The antenna diameter is 1.4 m and its length is
2.7 m. The beam widths are ±6° around the main antenna direction
at−3 dB, ±9° at−6 dB, and ±12° at−10 dB.

The ELBARA-II radiometer was installed at its operational location in
the Vercors site on June 24th, 2011 and the experiment ended on De-
cember 12th, 2014. After a short test period of the three solar panels,
the operational experiment started on August 20th, 2011. Brightness
temperature measurements at horizontal and vertical polarizations
were obtained every 30 min for five observation angles (55°, 60°, 65°,
70°, 75°) relative to the nadir (Fig. 1). The footprint of measurements
ranged from 120,800 m2 to 166,000 m2 (at 3 dB) depending on the
angle of incidence. In addition, once a week, external calibration sky
measurements were performed for one hour, starting at 12:00 UTC at
135° relative to nadir (West direction) to recalibrate the Active Cold
Source (ACS) and to check the “health” of the radiometer. Analysis of
the sky measurements confirmed the excellent temporal stability of
the ELBARA-II radiometer during the approximately three-year cam-
paign performed at the Vercors site (Fig. 2). The average values were
4.44 and 4.46 K respectively for H and V polarizations and the standard
deviation values were 0.27 and 0.29 K.

Similarly, problems internal and external to the instrument and af-
fecting the quality of the measured brightness temperature were ana-
lyzed in detail by Schwank, Wiesmann, and Wegmüller (2014), in
order to identify and eliminate outlying brightness temperature mea-
surements from the time-series. Instrument internal distortions could
occur because of deficient stabilization of the actual radiometer internal
temperature with respect to the corresponding set-point temperature.
These events were present during times of little incident solar radiation,
when insufficient electrical power was generated to accurately stabilize
the instrument temperature. External distortions were associated with
non-thermal emissions of the scenes observed (radio frequency inter-
ferences, RFI). This procedure resulted in about 25% of the ELBARA-II
measurements being rejected.

2.2. In situ measurements

The target area is presented in Fig. 3-a with a picture taken from
the radiometer location. The target area has three kinds of vegeta-
tion: grassland and coniferous forest located on the East side of the
valley and broadleaf forest on the west. In situ soil moisture and
soil temperature measurements were set up prior to the ELBARA-II
radiometer installation at various locations in the target area. Four
stations were installed in the grassland area and one in the broadleaf
forest. Micro-acquisition stations were Onset HOBO H21 002 with
four inputs. Soil moisture probes were Decagon impedance sensors
type ECH2O EC20 (Fig. 3-b). On each of the five sites, two soil mois-
ture probes were installed at 5 cm depth. The other two inputs
were used to record either soil temperature at 10 and 40 cm depth
or soil moisture at 20 and 50 cm depth. Finally, meteorological mea-
surements were obtained at the Grassland2 site (air temperature, air
specific humidity, atmospheric pressure and precipitation since No-
vember 2011 (Fig. 3-c)).

2.2.1. Soil moisture

Soil moisture measurements were automatically obtained at a
30-min time step. Fig. 4 presents the evolution of the surface soil
moisture (5 cm depth) during the ELBARA-II Vercors experiment
from June 2011 to December 2014, and daily rainfall measurements
since the installation of the meteorological station in November
2011. All soil moisture sensors located at 5 cm depth are plotted in
Fig. 4 (i.e. min/max and mean) separately for the grassland (gray)
and forest (green) sites. The averaged values (black curves) for the
grassland and the forest site are plotted separately and the overall
variability of the two time-series is presented with the minimum
andmaximum values of all sensors. It can be observed that soil mois-
ture is generally 10% lower under broadleaf forest than under grass-
land except during some short periods in summer. This is mostly due
to the rain being intercepted by the vegetation (over- and
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understory) and also by the litter, which intercepts some of the
water during rain or snow events.

2.2.2. Meteorology

Accumulated precipitation (solid or liquid water) and precipitation
intensity were measured by GEONOR T-200B series precipitation
gauges (see Fig. 3-c). Other atmospheric variables (air temperature,
specific humidity of the air and atmospheric pressure) were monitored
with a simple meteorological station and archived on a CR1000 Camp-
bell scientific datalogger located at the Grassland2 site.

2.2.3. Vegetation dynamics

The vegetation layer attenuates soil emission and adds its own con-
tribution to the emitted radiation (Wigneron et al., 2007). In this study,
we used different in situ and satellite products to study the vegetation
temporal dynamics. First, we used the MODIS Normalized Difference
Vegetation Index (NDVI), which is computed from atmospherically
corrected bi-directional surface reflectances masked for water, clouds,
heavy aerosols, and cloud shadows (MOD13Q1, 250 m 16 day L3 NDVI
product). Second, we collected in situ measurements of the vegetation
water content (VWc) at various locations within the footprint area

Fig. 1. (a) Location of the ELBARA-II radiometer in the French Alps and (b) its location in the Vercors massif. (c) Picture of the radiometer with solar panels and (d) scanning procedure

looking toward five footprints (observation angles 55°, 60°, 65°, 70°, 75° from nadir) every 30 min (Google Earth®).
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(grassland sites, from April to November 2013). This was done on
30 cm × 30 cm quadrants where the vegetation was entirely cut,
weighed, dried in an oven, and weighed again to obtain the VWc in
kg/m2 (fresh and dry weighing method). Finally, we benefited from
the SPOT-Take5 experiment (Hagolle et al., 2015). On January 29th,
2013, the orbit of SPOT4was lowered by 3 km to put it on a 5 day repeat
cycle orbit, which made NDVI measurements available every 5 days
from February to June 2013 (except when clouds were present) with
a 20 m spatial resolution.

2.2.4. Automatic pictures of the target area

In order to check the presence of snow in the target area, pictures
were taken automatically every 30 min from the radiometer location
(Fig. 5). They were useful to detect harvest dates, to assess the presence
of snow or to estimate the areal percentage of the snow cover at the tar-
get area.

2.3. SAFRAN–Crocus snowpack simulations

The physical properties of snow were not monitored in situ during
the measurement campaign. Instead, snow properties were simulated

using the Crocus snowpack model coupled to the land surface scheme
SURFEX (Vionnet et al., 2012; Masson et al., 2013), fed by the regional
reanalysis SAFRAN (Durand et al., 2009). SAFRAN–Crocus (Vionnet
et al., 2012) has been used for several decades to analyze and predict
the physical state of snow in French mountainous regions. Notwith-
standing the large spatial variability of snow properties at all scales,
SAFRAN–Crocus is assumed to provide a reasonable representation of
the time evolution of the snowpack in the Vercors massif (Lafaysse
et al., 2013; Durand et al., 2009).

Crocus is a detailed, multilayer model representing most of the phys-
ical processes occurring in snow (surface energy and mass balance, com-
paction, freeze/thaw and percolation, metamorphism), which is coupled
to themulti-layer, land surfacemodel SURFEX. In Frenchmountainous re-
gions, the model is typically driven by the output of the SAFRAN system
(Durand et al., 1993). SAFRAN combines the output of large scale meteo-
rological reanalyses with in situ snow and meteorological observations,
radiosonde data and remotely sensed cloudiness, to provide hourly re-
analysis of the meteorological variables needed by Crocus (near surface
air temperature, relative humidity, incoming shortwave and longwave ra-
diation, wind speed, snow and rain precipitation). SAFRAN outputs are
provided over geographical areas assumed to be meteorologically homo-
geneous but take the elevation dependence of the meteorological condi-
tions into account. In addition, the model can account for the particular
slope and aspect of the simulation conditions. The internal model time
step is 15min, and the output time step is 1 h. In the standard configura-
tion of Crocus, up to 50 layers can be used to represent the vertical profile
of snow properties and their time evolution. A constant number of 20
layers are used to represent ground layers down to 10 m. For this study,
the temperature of all ground layers of SURFEX was initialized with the
SAFRAN mean temperature for the period between 1/8/2001 and 1/8/
2014, and a full spin-up was run from 1/8/2001 to 1/8/2011 in order to
ensure that near surface ground layers were consistent with the physical
setting of the simulation points. The simulation used in this article
spanned the period from 1/8/2011 to 31/12/2014.

Of the many variables predicted by SAFRAN-Crocus, total snow
depth, snow water equivalent (SWE), bulk snow density, total liquid
water content and mean snow temperature were considered to be of
particular interest. The bulk density was computed as the ratio between
SWE and snow depth. Total liquid water content was computed as the
sum of the liquid water contents of the individual layers, and mean
snow temperature was computed as the mean of the temperature of
all layers, weighted by the mass of each layer.

Fig. 2. Measured brightness temperatures (horizontal (blue squares) and vertical (red

triangles) polarizations) derived from the raw-data measured for the sky-looking

radiometer configuration and theoretical TBsky (gray continuous line). (For

interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

Fig. 3. Illustration of the study area and a soil moisture/temperature station and meteorological station.
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Finally, snow depth comparisons were made over various sites lo-
cated in the Vercors massif and showed good accuracy of the SAFRAN-
Crocus model chain (5 to 10% error on the snow depth for example).
In addition, outputs of the model chain were qualitatively assessed
using automatic pictures and confirmed the good reliability of the
model results for the purposes of our experiment.

In what follows, the model outputs at altitudes 900 m (grassland)
and 1200 m (forest) are used, with their orientation (east and west)
and slopes of 0° (grassland) and 20° (forest).

3. Brightness temperature simulations

Themicrowave emission from a land surface depends on various spa-
tial and temporal characteristics. In passivemicrowave, the signal emitted
from a land surface (upwelling brightness temperature — TB

p at polariza-
tion p=H, V) is generally written as a function of the ground emissivity
(e) and the effective soil temperature (Teff). At L-band, atmospheric condi-
tions can be ignored as the atmosphere ismostly transparent at the obser-
vation wavelength of λ = 21 cm (f = 1.4 GHz). On the other hand, the
vegetation layer is known to add a non-negligible effect to the soil emis-
sion through (i) an attenuation of the signal emitted by the soil (propor-
tional to the density and type of the vegetation cover), (ii) a volume
scattering effect within the canopy layer, and (iii) its own contribution
to the emitted radiation (Mo, Choudhury, Schmugge, Wang, & Jackson,
1982). Ground emissivity mainly depends on dielectric constant, which
is principally determined by the soilmoisture content and, to a somewhat
smaller extent, by soil density, soil roughness, and textural and structural
properties. Finally, although the impact of dry snow cover is known to be
weak at L-band, recent studies suggest that even dry snow with mostly
negligible absorption can have significant impact on the L-band emission
of winter landscapes (Schwank et al., 2014).

3.1. L-MEB model

The L-MEB model (L-band Microwave Emission of the Biosphere)
was developed to process the SMOS Level 2 soil moisture product.

Based on an extensive review of current knowledge of the microwave
emission of various land cover types (herbaceous and woody vegeta-
tion, frozen and unfrozen bare soil, snow, etc.), the L-MEBmodel is cur-
rently used in forward mode to simultaneously retrieve soil moisture
and vegetation optical depth from SMOS TB

p measurements in areas
without snow cover (Kerr et al., 2010). A detailed description of the L-
MEB model can be found in Wigneron et al. (2007). Originally, the L-
MEB model included a single dielectric mixing model (Dobson) for the
computation of the soil dielectric constant. Recently, Mialon et al.
(2015) have evaluated a newmodel of the soil dielectric constant devel-
oped byMironov, Kerr, Wigneron, Kosolapova, and Demontoux (2013),
which has been included in the L-MEB model. Similarly, the vegetation
contribution can be modeled using the τ-Ω approach (Wigneron,
Chanzy, Calvet, & Bruguier, 1995) or the Kirdyashev vegetation model
(Kirdyashev, Chukhlantsev, & Shutko, 1979). In this paper, we used
the Mironov dielectric model and the zero-order τ-Ω emission model.
Finally, the snow contribution was modeled using the HUT (Helsinki
University of Technology) snow emission model (Pulliainen, Grandell,
& Hallikainen, 1999) in its one-layer configuration.

3.2. Inclusion of the topography

Angles of incidence can play a significant role in passive microwave
emission (Utku & Le Vine, 2011; Mialon, Coret, Kerr, Secherre, &
Wigneron, 2008; Monerris et al., 2008; Pierdicca, Pulvirenti, &
Marzano, 2010). In flat areas, angles of incidence depend only on the
angle relative to the vertical direction from the radiometer location.
However, in some topographic areas, it is also essential to consider the
inclination angle perpendicularly to the radiometer view, which can
strongly modify the L-band emission. In that aim, high resolution
(1 m2) 3D laser scanning of the target area was performed with a lidar
system to take the complex topography into account. The lidar was op-
erated from the radiometer location in order to have the same viewing
direction toward the footprints as the ELBARA-II instrument. Based on
the lidar measurements, we obtained a digitalized elevation model
(DEM) of the study area (Fig. 6).

Fig. 4. Temporal evolution of in situ soil moisture measurements (5 cm depth) over the grassland (8 probes, gray envelope) and forest (2 probes, green envelope) sites, and daily

precipitation (since Nov. 2011). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Automatic pictures of the footprint area taken every 30 min (from left to right: Nov. 12 2013 2 pm; Nov. 26 2013 2 pm; Dec. 02 2013 3 pm; Jan. 08 2014 4 pm).
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From the DEM information and knowing the position of the radiom-
eter, it was possible to accurately define the position of each footprint at
the ground level. Fig. 6 presents the −3 dB footprint position on the
DEM for the third angle of incidence of the ELBARA-II radiometer
(65°). Colors represent the percentage of the energy measured by the
radiometer according to the directivity pattern of the ELBARA-II an-
tenna, which can be approximated byD(ω)= exp(−0.01781 ⋅ω2),
whereΩ is the angle in degrees with respect to the antennamain direc-
tion (Schwank et al., 2010). At the border of the footprint, sensitivity is
half the sensitivity (−3 dB) at the center of the footprint. At the foot-
print scale, most of the energy (about 80%) comes from the −3 dB
footprint.

In the L-MEB model, only the angle of incidence θF is taken into ac-
count (see Fig. 6). However, the topography does not act as a simple
modification of the angle θF. A significant effect comes from the angle
α, which describes the tilt of a facet with respect to the horizontal
plane and perpendicularly to the radiometer view.When theα angle in-
creases, the horizontal polarization measurement of the radiometer re-
ceives a small contribution from the vertical emission and, similarly, the
vertical polarizationmeasurement receives a contribution from the hor-
izontal emission. This results in amixing of the two polarizations, which
can be observed with various satellite passive microwave observations
over topographic areas at the global scale (Pellarin, Kerr, & Wigneron,
2006).

To account for this effect, the L-MEB model was modified to handle
complex topographywithin the footprint. A facetmodel developed dur-
ing Völksch's PhD thesis (Völksch, 2011), published in Völksch,
Schwank, Stähli, and Mätzler (2015) and based on Mätzler and
Standley's (2000) work was implemented in the L-MEB model. The lo-
cation of each 1 m2 small planar surface element (facet) is given by its
spatial coordinates (x, y, z), and the inclination (tilt) and orientation

(exposition) of the facet are described by their surface normal as
shown in Fig. 6. In a first step, local reflectivities of the individual facets
toward ELBARA-II (RF

H and RF
V) were calculated using the L-MEB model.

Inputs to the model were the soil moisture, soil temperature, wave-
length, polarization, observation angle, soil texture, vegetation water
content and, potentially, snow properties.

To calculate overall reflectivities (RRM
H and RRM

V ) describing the reflec-
tivity of a given surface facet at horizontal polarization, Völksch pro-
posed the following formula:

RH
RM ¼ cos2ϕ cos2φþ sin2

ϕ cos2θVD sin
2
φ

� �

RH
F

þ cos2ϕ sin2
φþ sin2

ϕ cos2θVD cos
2φ

� �

RV
F : ð1Þ

where RF
p is the local facet reflectivity at p-polarization, assuming a flat

surface observed from the angle of incidence θF, and ∅, θVD and φ are
shown in Fig. 6. It is worth noting that the overall reflectivities RRM

H at
H polarization depend on both H and V polarizations of local facet
reflectivities. This is mainly due to the rotation of the plane of linear po-
larization resulting from the tilt (α) of the facets and the deviation of the
facet viewing directions from the antenna main axis (ϕ). In a similar
way, the overall reflectivities RRM

V describing the reflectivity of a consid-
ered surface facet at vertical polarization can be calculated as:

RV
RM ¼

�

sin2
ϕ cos2θRM cos2φ

þ sinθRM sinθVD þ cosϕ cosθRM cosθVDð Þ2 sin2
φ
�

RH
F

þ
�

sin2
ϕ cos2θRM sin2

φ

þ sinθRM sinθVD þ cosϕ cosθRM cosθVDð Þ2 cos2φ
�

RV
F : ð2Þ

Fig. 6. Left, digitalized elevationmodel (DEM, Romeyeres valley) and calculated location of the 65° footprint (−3 dB, i.e.−50% of the energy at the border and 80% of the footprint energy).

The radiometer location is (X= 1930m, Y= 1090m, Z = 1585m). Right, sketch of the geometrical angles required to calculate the microwave emission of each facet (1 m2) within the

footprint (from Völksch et al., 2015).
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Then, the signal emitted by each facet (i.e., the antenna brightness
temperature) can be calculated using:

TB
p
RM ¼ 1� Rp

RM

� �

:Teff þ Rp
RM:T in ð3Þ

where Teff is the effective physical temperature considered to contribute
to the soil emission, which is a combination of deep (T2) and near-
surface (T1) temperatures, modified by a factor dependent on the sur-
face soil moisture (SSM), and two calibrated parameters w0 and bw0

(Wigneron, Laguerre, & Kerr, 2001):

Teff ¼ T2 þ T1 � T2ð Þ
SSM

w0

� �bw0

ð4Þ

and Tin is the radiation incident on the facet that is specularly reflected
toward ELBARA-II. The Tinradiation is either the sky radiation Tsky =
5K=2.7 K+ atmospheric contribution (Pellarin et al., 2006) or the ra-
diation coming from the surrounding landscape, Teff for facets that are
obscured from the sky by their surroundings. This point will be
discussed in Section 4.2.

Finally, the antenna brightness temperature TB ,tot
p is the sum of con-

tributions of all facets within the footprint area considered, taking the
antenna's directivity pattern into account.

3.3. Calibration and TB simulations using the L-MEB model

Brightness temperatures were simulated using the L-MEB model
from August 2011 to December 2014. Table 1 presents the variables
and parameters required for the L-MEB model. The parameter values
presented in Table 1were eithermeasured at ground level (soil texture)
or obtained using the calibration procedure described below (vegeta-
tion characteristics, soil roughness, soil effective temperature). The
methodology consisted in simulating each TBi at the facet scale
(1 m2), knowing its geometrical characteristics and its soil and vegeta-
tion characteristics. A given pixel belonged to one of three kinds of
land-cover (grassland, broadleaf forest or coniferous forest). The spatial
distribution of the three kinds of land-cover is illustrated in Fig. 7. Then
it was assumed that soil and vegetation characteristics were

homogeneous over the three kinds of land-cover, i.e. given by in situ

soil moisture (5 cm) and soil temperature (10 and 40 cm) measure-
ments recorded in the grassland area or broadleaf forest. The vegetation
characteristics are also given in Table 1. Lastly, the brightness tempera-
ture at the footprint scale was calculated as the average over all facets
TBi, according to the radiation pattern of the ELBARA-II antenna. The
calibration procedure consisted in simulating TB footprints for various
values of soil (w0; bw0; Hsoil; Qsoil) and vegetation characteristics
(bgrassland; ωgrassland; bforest; ωforest). To avoid too many simulations, we
first exploited the diurnal TB cycle (observed and simulated) in order
to fix parameters w0 and bw0 based on a minimization of the RMSE
score. Then, various soil roughness parameters (Hsoil; Qsoil) were tested
and fixed at 0.1 and 0.2 respectively using the same minimization
method. For the vegetation parameter, we concentrated on the forest
footprint (75°) to determine the bforest and ωforest parameters while the
grassland footprint (60°) was used to determine the bgrassland and
ωgrassland parameters. Finally, mixed footprints (55°, 65° and 70°) were
used to check and slightly modify (if necessary) the chosen parameters.

4. Results

Fig. 8 presents the ELBARA-II brightness temperatures TB
p (p = H,

V) measured at two different angles of incidence (55° and 75°) at hori-
zontal (p = H, blue) and vertical (p = V, red) polarizations. The foot-
print area related to the 55° incidence angle was predominantly
composed of grassland (62%) and coniferous forest (38%) whereas the
footprint area related to the 75° incidence angle was mostly composed
of broadleaf forest (79%). Gray dots representmeasurements suspected
of internal or external distortions, which were eliminated. Both graphs
illustrate the seasonal variation of brightness temperature measure-
ments TB

p (p = H, V) with higher TB
p in summer and lower TB

p in winter.
In addition, the long- and short-term dynamics of TB

p was significantly
higher over the grassland footprint (about 40 K at polarization p = H)
whereas the dynamics was weaker (about 20 K) over the forest foot-
print. This well-known behavior was due to the variation of vegetation
optical depth, which was found to be closely related to the vegetation
water content for crops and to the total branchwater content for forests
(Ferrazzoli, Guerriero, & Wigneron, 2002). Also shown in Fig. 8 is the
snow depth derived from SAFRAN-Crocus simulations. This point will
be discussed in Section 4.5.

4.1. Impact of the topography

In topographic areas, angles of incidence in the target area could not
be derived solely from the radiometer observation angle. Based on the
DEM and the radiometer location, it was possible to calculate the local
angles of incidence (θF, cf. Fig. 6). Fig. 9 shows the distribution of these
local angles θF within five radiometer footprints (55°, 60°, 65°, 70° and
75°). The mean local angles of incidence in these five footprints were
71.7°, 71.3°, 66.1°, 60.1° and 59.4° respectively. In addition to these an-
gles of incidence, the inclinations of the facets with respect to the hori-
zontal plane and perpendicularly to the radiometer line of view (tilt, α,
see Fig. 6) were also computed and tended tomix the two polarizations.
To illustrate this behavior, the L-MEB model was used to simulate
brightness temperature for all local facetswithin a radiometer footprint.
Fig. 10 was obtained for the 65° radiometer footprint using a uniform
soil moisture value for all facets (0.35 m3/m3). These two graphs show
that the presence of topography generates amixing of the two polariza-
tions. Without inclination angles (α), brightness temperatures follow
the well-known relationship between TB

p and angle of incidence indi-
cated by the two black curves in Fig. 10. The difference between the
two TB polarizations (with or without accounting for inclination angles)
could reach 30 K. Nevertheless, at the footprint scale, the difference be-
tween TB

p whether Eqs. (1) and (2) were taken into account or not was
quite small (1 K in V-pol and 2 K in H-pol). This was due to the config-
uration of the experiment, where the radiometer viewing direction was

Table 1

Main input variables and parameters of the L-Band Microwave Emission of Biosphere (L-

MEB)Model. The parameter values (lower part of the table)were obtainedwith a calibra-

tion procedure.

Symbol Definition Value/unit Origin

Variables

T1 Surface temperature (10 cm) K In situ

T2 Soil temperature (50 cm) K In situ

SSM Surface soil moisture m3·m−3 In situ

HS Snow depth m SAFRAN–Crocus

ρsnow Bulk snow density kg m−3 SAFRAN–Crocus

LWCsnow Liquid water content of the snow

pack

kg m−2 SAFRAN–Crocus

Tsnow Snow temperature K SAFRAN–Crocus

VWc Vegetation water content

-Grassland

-Coniferous

-Broadleaf

kg/m2

2.5 × NDVI +

0.05

3 kg/m2

4 kg/m2

f(NDVI-MODIS)

f(Spot-Take5)

In situ

Parameters (soil and vegetation)

ωgrassland;

ωforest

Vegetation L-band single

scattering albedo

0.10; 0.10 Calibration

bgrassland;

bforest

Ratio τ/VWc 0.15/0.15 m2

kg−1

Calibration

w0; bw0 Effective temperature

parameters

0.5 m3 m−3;

0.8 [–]

Calibration

Clay; Sand Soil texture 30.8%; 36.8% In-situ

hsoil; qsoil;

nsoil

Soil effective roughness

parameters

0.1; 0.2; 0 Calibration

7T. Pellarin et al. / Remote Sensing of Environment xxx (2016) xxx–xxx

Please cite this article as: Pellarin, T., et al., Three years of L-band brightness temperature measurements in a mountainous area: Topography,
vegetation and snowmelt issues, Remote Sensing of Environment (2016), http://dx.doi.org/10.1016/j.rse.2016.02.047



the same for the two slopes, which led to rather small inclination angles,
α, ranging between−1.8° and 0.9°.

4.2. Impact of the surrounding reflection

As discussed in Section 3.2, a small portion of the signal (RRM
p .Tin in

eq. 3) usually comes from the sky radiation reflected in the radiometer
direction by the ground. This quantity is the contribution of both the ga-
lactic emission (2.7 K) and the atmosphere (more or less 1.5 K at L-band,
Pellarin et al., 2006). However, in the ELBARA-II configuration on the

experimental site of this study, the “sky” reflection could potentially
come from the surrounding landscape, particularly from the opposite
slope. In this case, the Tin value in eq. 3 (about 4.5 K, see Fig. 2) should
be replaced by the radiation coming from the surrounding landscape,
which was generally between 180 K and 250 K in H-pol and between
250 K and 280 K in V-pol (cf. Fig. 10). The DEM was used to identify
facets affected by the surrounding reflection. The result showed that
84% of facets located on the radiometer side of the slope (i.e. right
slope in Fig. 11) were affected. An illustration of the impact on bright-
ness temperature simulation is given in Fig. 11. The left graph shows

Fig. 7. Spatial distribution of the three kinds of land cover.

Fig. 8.ELBARA-IImeasured brightness temperatures (H-pol in blue andV-pol in red) for two incidence angles (55 and75°) fromAugust 2011 toNovember 2014. Snowdepth derived from

SAFRAN-CROCUS simulations is also presented. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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local facets TBH assuming that Tin comes from the sky, and the right
graph presents local TBH taking the surrounding reflection into account.
In this example, the difference between the TBp of the two footprints is
31 K and 12 K in horizontal and vertical polarization respectively (for
the 65° ELBARA-II footprint). This behavior is taken into account in the
following.

4.3. Vegetation water content

Vegetation plays a significant role in the land surface emission at L-
band. In the L-MEB model, the vegetation contribution is modeled
using the zero-order τ − Ω approach. This model is based on two pa-
rameters, the optical depth τp and the single scattering albedo ΩP,
which are used to parameterize the vegetation attenuation properties
and the scattering effects within the canopy layer, respectively (Mo
et al., 1982). The optical depth τp is sensitive to the vegetation water
content (kg/m2) and to a structure parameter (b-factor) depending on
the vegetation as: τ=b×VWc (Jackson & Schmugge, 1991; Van de
Griend & Wigneron, 2004). For coniferous and broadleaf forest, VWc is
assumed to be constant in time and equal to 3 and 4 kg/m2 respectively
(Pellarin, Calvet, & Wigneron, 2003). In contrast, for crop and grassland
land covers, the VWc is generally assumed to be linearly related to the
LAI (Leaf Area Index) or NDVI (Saleh et al., 2007).

As specified in Section 2.2.3, we used various approaches to derive
VWc observations. First, we compared in situ VWc measurements (ob-
tained over 30 cm × 30 cm quadrants in various locations) with the
MODIS 250 m L3 NDVI product. A temporal shift of 1.5 months was ob-
served between NDVI increase (in March–April) and VWc increase (in

April–May). To understand this, we took advantage of the high resolu-
tion NDVI product provided by the SPOT-Take5 experiment (from Feb-
ruary to June 2013). Fig. 12 shows a comparison of the three products
(two different NDVI products and in situ VWc measurements). Error
bars related to VWc measurements describe the minimum and maxi-
mum values of VWc obtained over three 30 cm × 30 cm quadrants for
each of the eight measurement dates. It can be noted that the SPOT-
Take5 dynamics is in agreement with the in situ VWc measurements.
The dashed curve is an interpolation of the VWc measurements.

4.4. L-MEB simulations versus ELBARA TB measurements

A first simulationwasmadewith theMODIS 250m L3NDVI product
and the results are reported in Fig. 13-b. As discussed in Section 3.3, a
calibration procedure based on minimizing the RMSE between
ELBARA-II TB

p (p = H, V) measurements and L-MEB TB simulation was
used to estimate both the vegetation parameters (b and Ω for forest
and grassland vegetation types respectively) and the evolution of VWc

based on MODIS-NDVI product. The best result was obtained with
grassland VWc [kg/m2] = 2.5 × NDVI-MODIS + 0.05 and is plotted in
Fig. 13-b (grassland: lower dashed line, forest: upper dashed line).
Note that periods with snow cover were removed from the R2 and the
RMSE score presented in the scatterplots. During these periods, TB

p are
plotted in gray in the scatterplot. Major discrepancies relative to
ELBARA-II measurements (Fig. 13-a), occur during spring,
when the early grassland vegetation growth (lower black dashed
curve in Fig. 13-b) leads to incorrect TB

p simulations, particularly in H-
polarization. Similarly, during fall, the decrease of simulated
TB
H due to the grassland senescence is in advance compared to TB

H

measurements.
A second simulation was run using the VWc projection derived from

in situmeasurements and presented in Fig. 12 (black dashed curve). The
results are presented in Fig. 13-c. Good overall agreement can be ob-
served during spring, when the simulated TB

H are close to the observed
TB
H. On the other hand, the fall is still not in agreement with ELBARA-II
measurements.

Thus, two other factors were assumed to be potentially responsible
for this behavior. The first was related to a potential evolution of the
soil roughness parameter (hsoil) but the sensitivity analysis conducted
led to high, and unrealistic, values of the hsoil parameter in fall. The sec-
ond hypothesis was related to an evolution of the structural parameter
of the grassland vegetation (bgrassland). This suggested an evolution of
the grassland vegetation structure from spring to autumn. Ground ob-
servation showed standing grassland vegetation from April to June
and slanting vegetation in autumn, which could be responsible for an
evolution of the bgrassland parameter as demonstrated by Schwank,
Mätzler, Guglielmetti, and Flühler (2005). In a last simulation, the

Fig. 9. Local facet incidence angles within the 3 radiometer footprints (60, 65 and 70°). Y-

axis is a number of facets.

Fig. 10. Reflectivity and brightness temperature simulation for all individual facets seen from the radiometer location (65° footprint). Without taking into account facet inclination,

individual TBs should follow the two black lines corresponding to RF
H, RF

V and TBF
H and TBF

V respectively.
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bgrassland parameter was changed from 0.15 to 0.25 in September–Octo-
ber andNovember. The value of 0.25was simply calibrated tomatch ob-
served and simulated TB during this period. The results are presented in
Fig. 13-d and show relatively good agreementwith ELBARA-II measure-
ments (R2 = 0.84 and RMSE = 5.4 K).

To sum up, the last simulation (Fig. 13-d) was run using the follow-
ing soil and vegetation parameters: w0 = 0.5 m3·m−3; bw0 = 0.8;
Hsoil=0.1;Qsoil=0.2;nsoil=0;Clay=30.8%, Sand=36.8%; bgrassland=
0.15 or 0.25 (Sept–Nov), ωgrassland = 0.10; bforest = 0.15, ωforest = 0.10
(see Table 1). The corresponding statistical scores are presented in
Table 2.

Similarly, simulations were run over the other four footprints (55,
60, 70 and 75°) using the same soil and vegetation parameters, and
the statistical scores are presented in Table 2. To avoid toomany graphs,
we decided to present L-MEB TB simulations corresponding to the 55°
and 75° radiometer angles of incidence (Fig. 14), for comparison with
the TB measurements presented in Fig. 8. The radiometer footprint at
55° observation angle is composed of 38% of coniferous forest
(VWc = 3 kg/m2) and 62% of grassland (VWc value between 0.2 and
2.2 kg/m2). Local angles of incidence within the footprint are almost
grazing (60° to 80°). Statistical scores are slightly better than at 65°;
R2 = 0.83, RMS = 4.4 K and bias =−0.3 K. On the other hand, the ra-
diometer footprint at 75° observation angle is composed of 79% broad-
leaf forest (VWc = 4 kg/m2) and 21% grassland. Since the radiometer
footprint at 75° observation angle is mainly located on the slope oppo-
site the radiometer, many local angles of incidence range from 30° to
65°. These smaller local angles automatically increase the mean TB

H

values as illustrated in Fig. 10 but generate only a small effect on TB
V

values. On the other hand, the presence of 79% of forest leads to a reduc-
tion in the difference between the two polarizations. Statistical scores
are weaker in terms of correlation (R2 = 0.61) but the RMS and bias
values are better (5.0 K and 0.8 K respectively). Similar statistical scores
can be observed (Table 2) on the two radiometer footprints (60 and
70°).

4.5. Wet and dry snow

The altitude of the footprint area ranges from 950 to 1350 m above
sea level. Consequently, snow occurs approximately from December to
April each year as illustrated in Figs. 5 and 8. Snow depth and snow liq-
uidwater content (LWC) extracted from the SAFRAN-Crocus simulation
over the grassland site (1200m)are shown as anexample in Fig. 15 for a
2-month period (February andMarch 2012). Early Februarywas partic-
ularly cold in Western Europe that year and 2-m air temperature mea-
surements recorded at the meteorological station were negative from
January 27th to February 16th, reaching a minimum on February 5th
(9:30 UTC) of −19.8 °C. During this period, the simulated snow depth
was stable (about 50 cm) and totally dry as shown in Fig. 15. Corre-
sponding ELBARA-II TB

p were also quite constant with TB
V
≈ 260 K ±

2 K and TB
H
≈ 240 K ± 3 K which is quite similar to the results obtained

by Rautiainen et al. (2012) in Finland under dry snow pack conditions.
FromFebruary 16th, 2-m air temperature returned to positive values

and SAFRAN-Crocus results indicated a partial melting of the snow pack
at the surface (0–10 cm) in the afternoons (see Fig. 15). The snow liquid
water content was observed to have a strong impact on ELBARA-II TB

p

measurements, particularly at horizontal polarization, which decreased
significantly, by about 20 K compared to the previous days. Similar be-
havior of TB

H at horizontal polarization in snow melting conditions has
been observed by Rautiainen et al. (2012) in Boreal regions. This behav-
ior is different from that at higher frequency bands. Usually, passive mi-
crowaves are known to saturate (i.e. increase) when snow liquid water
occurs in the surface snow-pack. For instance, this was observed in
Antarctica with SSM/I satellite sensors (18–19 GHz) by Ridley (1993)
and Picard and Fily (2006), or in Greenland by Abdalati and Steffen
(1997). In contrast, at lower frequencies (4.9 GHz), Hofer and Good
(1979) and Hofer and Mätzler (1980) observed a strong decrease of
the TB H-pol measurements for an increase of the snow LWC from 0
to 2% by volume. This behavior seems to be similar at 1.4 GHz. An expla-
nation for this is that the reflectivity increases with increasing LWC at
low frequencies (1–5 GHz), whereas for a wet surface, the snow-pack
is almost a black body at higher frequencies (18–90 GHz, Hofer &
Mätzler, 1980).

Fig. 15 shows various TB
H behaviors during the 2-month period. First,

two periods similar to early February can be identified: March 5–7th
and March 18–19th. During these two periods, 2-m air temperature
measurements fell below 0 °C and TB

H increased by 20 K, becoming

Fig. 11.H-pol brightness temperature simulation (K) of all individual facets within the 65° footprint (a) assuming that Tin comes from the sky and (b) accounting for facets affected with

surrounding reflection. In this example, the overall contribution is 31 K in H-pol and 12 K in V-pol.

Fig. 12. Temporal evolution of various vegetation products on the grassland site (2013).

The vegetation growth is not observed at the same date using MODIS-250m (March–

April) or SPOT-Take5-20m and in-situ VWc measurements (April–May).
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quite stable. Alongwith low air temperature onMarch 5–7th, the simu-
lated snow depth remained stable and the surface snow layer (0–
10 cm) was completely refrozen at night. Similarly, a small snow
event occurred on March 18th (confirmed by automatic pictures taken
from the radiometer location) and led to similar TB

H behavior. Note
that soil temperature monitored at 10 and 40 cm during the entire 2-
month period never fell below 0 °C. During snow melting periods

(mainly from February 22nd to March 4th), TB
H values in the afternoon

were always lower than in the morning. Fig. 15 distinguishes morning
(06:00) from afternoon (18:00) TB

p by using open and filled symbols.
Usually, a typical daily evolution of brightness temperature measure-
ment shows a minimal value of TB

p at the end of the night (06:00) and
a maximum value in the afternoon (16:00 to 18:00). This can be ob-
served when no snow is present, from March 14th onwards, with the
exception of a short cold period on March 18–19th. Conversely, during
snow melting periods, a minimal value of TB

H can be observed in the
afternoon.

The snow melting signature at L-band can potentially be useful for
the SMOS (or SMAP) mission to detect snow melting areas since as-
cending and descending orbits are frequently available on the same
day, particularly at high latitudes. Fig. 16 illustrates this potential appli-
cation, focusing on two periods in 2013:November 28–29th (left graph)
and a few days later, December 3–4th (right graph). Snow cover
(25 cm) is present during both periods (confirmed by automatic pic-
tures and SAFRAN-Crocus model) but the ELBARA-II TB

p signature is
quite different from the first period to the second. During the first

Fig. 13.Measured (a) and simulated TBp (b, c, d) after calibration ofw0, bw0, b, ω, Hsoil and Qsoil parameters. Vertical (red plots) and horizontal (blue plots). Simulations were performed

using (b)MODIS-derived VWc (VWc=2.5NDVI+ 0.05), (c) in situ derived VWc and (d) same as (c)with amodification of the bgrassland parameter in autumn. Dashed lines correspond to

the VWc for the grassland landcover and the forest landcover (4 kg/m2). Squares correspond to VWc in situ measurements. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Table 2

Statistical scores associated with TB (H, V and both) simulations shown on Fig. 13d (65°)

and for the four other incidence angles (55, 60, 70 and 75°).

Obs. angle (deg) R2 RMSE (K) Bias (K)

TBV TBH TB TBV TBH TB TBV TBH TB

55° 0.78 0.71 0.83 3.1 5.4 4.4 −1.5 0.9 −0.3

60° 0.79 0.75 0.84 3.3 6.0 4.8 −0.1 0.1 0.0

65° 0.81 0.78 0.84 4.5 6.2 5.4 −3.6 −0.6 −2.1

70° 0.77 0.74 0.81 3.1 4.2 3.7 −1.4 −0.1 −0.7

75° 0.45 0.62 0.61 5.4 4.6 5.0 0.2 1.3 0.8
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period, 2-m air temperature is below 0 °C and the snow pack is dry; the
corresponding TB

p shows the usual daily evolution (max in the after-
noon). However, 2-m air temperature is positive during the second pe-
riod. The snow pack is melting and a strong decrease of the TB

H can be
easily observed in the afternoon. Note that soil temperature measure-
ments (10 cm depth) recorded during this period (and reported in Fig.
16) indicate that the soil was not frozen at 10 cm depth (+2.3 °C for
the two periods). Theoretically, by considering two successive SMOS
TB measurements at 06:00 and 18:00 (SMOS overpass symbolized
with circles in Fig. 16), it should be possible to detect areas undergoing
daily snow freeze/thaw cycles. Further investigations are needed to de-
velop this last point.

5. Conclusions

This paper presents three years of passive L-bandmeasurements ob-
tained in a mountainous region from an ESA radiometer (ELBARA-II)
installed on top of a steep mountain. The originality of this experiment
is that the radiometer was located at a considerable distance from the
target area, which led to relatively large footprints at ground level,

ranging from 120,800 m2 to 166,000 m2 (at 3 dB) depending on the
angle of incidence.

First, the complex topography of the studied area was based on a
digitalized elevation model (1m2) obtained using Lidar measurements.
It was shown that the topography generated a mixing of the horizontal
and vertical polarizations due to inclination angles, i.e. facet angles per-
pendicular to the radiometer view direction. Itwas also found that a sig-
nificant part of the signal measured by the radiometer came from
reflection from the slope opposite to the radiometer. The overall contri-
bution was found to be equal to 31 K in H-pol and 12 K in V-pol. Taking
the inclination angles and the potential reflection from surrounding to-
pography into account might have an impact at the SMOS/SMAP spatial
scale and should be further investigated to improve soil moisture re-
trievals over topographic areas. In a previous study, Pellarin et al.
(2006) showed that the influence of topography was found to increase
from X-band to C-band, and was expected to be more significant at L-
band.

Second, the MODIS-250 m NDVI product, used in initial L-MEB sim-
ulations, was found to be inadequate to represent the seasonal evolu-
tion of ELBARA-II measurements. The use of in situ measurements,

Fig. 14. same as Fig. 13d but for incidence angles 55 and 75°. Scatterplots present the comparisons with corresponding ELBARA TB measurements (55 and 75°) shown in Fig. 8.

Fig. 15. Evolution of snow depth and liquidwater content during February–March 2012. The ELBARA-II (65° footprint) measured TBH (blue) and TBV (red) are also indicated on right axis.

Open andfilled-in symbols illustrate TBPmeasured in themorning (06:00) or in the afternoon (18:00) corresponding to SMOS overpass time. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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consistent with the SPOT-Take5–20mNDVI product, strongly improved
the L-MEB simulation, mainly during the spring. Finally, it was not pos-
sible to reproduce the vegetation signal measured at the end of each
year (October–November) with the L-MEB model without assuming a
temporal evolution of the b-factor parameter. This could be due to a
change in the grassland structure (standing vegetation in spring and
summer and slanting vegetation in fall). In the SMOS retrieval algo-
rithm, the MODIS LAI product was only used to initialize the value of
the vegetation optical depth (which was estimated together with soil
moisture). It was thus expected that the uncertainties on the LAI (or
NDVI) values would have a relatively low impact on the soil moisture
retrievals (Wigneron et al., 2007). In contrast, the effect of vegetation
structure on vegetation optical depthwas found to be significant in sev-
eral studies and might play a role in soil moisture retrieval quality. Fur-
ther studies are needed to develop this point.

Third, an interesting signature was found under snow conditions.
Dry snow conditions were found to have non-negligible impact at L-
band, mostly for the horizontal polarization. It was shown that a short
snow event could cause a strong increase of TB

H by about 20 K. Soil tem-
perature sensors at 10 cmdepth ruled out the possibility of a frozen soil
effect. Conversely, in snow melting conditions, TB

H were found to de-
crease by about 20 K in the afternoon. No clear signal could be observed
in vertical polarization. A potential applicationwith SMOS or SMAP pas-
sivemicrowavemeasurements using two successive SMOS/SMAP orbits
at 06:00 and 18:00 might be proposed to detect areas where snow un-
dergoes daily freeze–thaw cycles.
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Abstract. Precipitation forcing is usually the main source of
uncertainty in hydrology. It is of crucial importance to use
accurate forcing in order to obtain a good distribution of the
water throughout the basin. For real-time applications, satel-
lite observations allow quasi-real-time precipitation monitor-
ing like the products PERSIANN (Precipitation Estimation
from Remotely Sensed Information using Artificial Neural
Networks, TRMM (Tropical Rainfall Measuring Mission) or
CMORPH (CPC (Climate Prediction Center) MORPHing).
However, especially in West Africa, these precipitation satel-
lite products are highly inaccurate and the water amount can
vary by a factor of 2. A post-adjusted version of these prod-
ucts exists but is available with a 2 to 3 month delay, which
is not suitable for real-time hydrologic applications. The pur-
pose of this work is to show the possible synergy between
quasi-real-time satellite precipitation and soil moisture by
assimilating the latter into a hydrological model. Soil Mois-
ture Ocean Salinity (SMOS) soil moisture is assimilated into
the Distributed Hydrology Soil Vegetation Model (DHSVM)
model. By adjusting the soil water content, water table depth
and streamflow simulations are much improved compared
to real-time precipitation without assimilation: soil moisture
bias is decreased even at deeper soil layers, correlation of
the water table depth is improved from 0.09–0.70 to 0.82–
0.87, and the Nash coefficients of the streamflow go from
negative to positive. Overall, the statistics tend to get closer

to those from the reanalyzed precipitation. Soil moisture as-
similation represents a fair alternative to reanalyzed rainfall
products, which can take several months before being avail-
able, which could lead to a better management of available
water resources and extreme events.

1 Introduction

Surface soil moisture, as well as soil properties and precipi-
tation intensity, is involved in the partitioning of rainfall into
surface runoff and infiltration (water cycle), and also in the
partitioning of the incoming solar and atmospheric radiations
into latent, sensible and ground heat fluxes (energy cycle). It
is therefore essential to correctly represent this amount of
water contained in the soil in hydrological models.

Ground measurements of soil moisture are broadly used
to monitor the hydrological cycle of a specific region. Like
all in situ stations, the soil moisture probes need to be main-
tained and are most of the time installed for a limited amount
of time. Moreover, the number of in situ measurements stays
scarce, especially in tropical regions where the maintenance
is even more complicated. Soil moisture monitoring from
space has thus been developed for a larger/wider spatial cov-
erage and assures continuity in time as long as the space mis-
sion is still operating. These two types are very complemen-
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tary with in situ stations being able to directly measure soil
moisture profiles at different depths and also used for satellite
soil moisture validation.

In order to take advantage of these dedicated space mis-
sions, the hydrological model simulations can be merged
with available observations through data assimilation. This
technique has already been widely used by weather forecast
models at regional and global scales, using remote sensing
observations and ground measurements to improve weather
forecasting.

Numerous studies have been devoted to use soil mois-
ture assimilation into hydrological and land surface models
for various applications. With the availability of more than
35 years of soil moisture at the global scale derived from
a series of satellites (SMMR, SSM/I, TRMM-TMI, AMSR-
E, ASCAT, Windsat; Liu et al., 2011, 2012; Wagner et al.,
2012), the soil moisture CCI (Climate Change Initiative by
ESA; Hollmann et al., 2013) has been assimilated in many
models for hydrological purposes such as streamflow simu-
lation (Pauwels et al., 2001, 2002), flood events prediction
via runoff simulation (Brocca et al., 2010, 2012), drought
prediction (Kumar et al., 2014) and root zone soil moisture
simulations (Draper et al., 2012; Renzullo et al., 2014; Par-
rens et al., 2014) for a better prediction of agricultural yields
(Chakrabarti et al., 2014). Han et al. (2012) voluntarily de-
graded the precipitation input and showed that soil moisture,
water table depth (WTD) and evapotranspiration simulations
could be improved by assimilating surface soil moisture. As
in most of the soil moisture assimilation studies, Ridler et al.
(2014) have also found that it improves the distribution of the
soil moisture simulations.

More recently, Wanders et al. (2014) and Lievens et al.
(2015) assimilated the Soil Moisture Ocean Salinity (SMOS)
soil moisture product into hydrological models. The first
study assessed the impact of the joint assimilation of re-
motely sensed soil moisture (ASCAT (Advanced SCAT-
terometer), AMSR-E (Advanced Microwave Scanning Ra-
diometer - Earth observing system) and SMOS (Soil Mois-
ture and Ocean Salinity)) on the flood predictions over the
upper Danube basin using the distributed hydrological LIS-
FLOOD model for operational services. They showed that
soil moisture observations improved the quality of flood
alerts, both in terms of timing and of peak heights. They
also reduced the number of false flood alarms. Lievens et al.
(2015) assimilated the SMOS soil moisture product into the
VIC (Variable Infiltration Capacity) model over the Murray–
Darling basin, Australia, which is around 1 million km2.
While the model was calibrated using 169 discharge stations,
the streamflow simulations were good at the monthly scale
but poor on a daily basis. Assimilation of soil moisture im-
proved the soil moisture simulations, and hence the runoff
generation, which finally had a positive impact on the stream-
flow simulations, especially during the runoff peak time pe-
riods.

Assimilation is of particular interest for regions where wa-
ter management is vital, whereas in situ hydrological data
are scarce. This is the case in the West African region, which
faces major water-related risks (drought, floods, famine, dis-
eases) threatening the population safety and slowing down
the economical development. At the same time, the region
is notoriously known to be lacking in in situ hydrological
data, which limits the possibility to properly address the wa-
ter management issues.

For operational applications, real-time hydrological mod-
eling is needed and this requires one to have real-time obser-
vations and information. Various real-time observations exist
but may lack accuracy with biases that will impact all the hy-
drologic variables, and reanalyzed versions are made avail-
able several weeks to months after the actual observations.
Precipitation forcing is the main source of uncertainty in hy-
drological modeling.

We propose a methodology to correct for the inaccurate
amount of water brought by the real-time precipitation forc-
ing by assimilating the SMOS soil moisture products. They
are available within 10 days after the observations, and could
be used for hydrological applications until the reanalyzed
precipitation are released. This work will focus on the Ouémé
catchment located in Benin, West Africa, which is presented
in the first part along with the rainfall and soil moisture
satellite products. The second part describes the hydrologi-
cal model and the data assimilation method. Then the impact
on the simulations of the soil moisture, the water table depth
and the streamflow is discussed.

2 Study area and satellite data

2.1 The Ouémé catchment and the in situ

measurements

The Ouémé catchment is located in Benin, West Africa, and
is part of the AMMA-CATCH observatory (African Mon-
soon Multidisciplinary Analysis – Coupling the Tropical At-
mosphere and the Hydrological Cycle; Lebel et al. (2009);
http://www.amma-catch.org), whose objective is to study the
hydrological impact of climate and anthropogenic changes.
With a size of 12 000 km2, the Ouémé catchment is mainly
covered by savanna, forests and cultures. The rainy sea-
son spreads from April to October for an annual amount
of around 1250 mm. Streamflow is permanent from July to
November. The basin is on basement. The hard-rock aquifer
is unconfined and its recharge is annual. This basin is highly
instrumented in order to monitor the water cycle and the veg-
etation dynamic in this sub-humid region.

Soil moisture is measured at three locations indicated by
red crosses in Fig. 1: Nalohou, Belefoungou and Bira. Every
hour, time-domain reflectometry sensors measure the soil re-
sponse to an electric pulse at various depths (from 5 cm to
1.2 m). Soil moisture values can be retrieved after correc-
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Figure 1. The Ouémé catchment is located in Benin, West Africa. Indicated on the right panel is the location of three soil moisture stations
in the northwestern part (red crosses) where water table depth is also measured, and two streamflow sensors installed in the southern part
(red circles, the outlet total streamflow being the sum of the two stations measurements).

tion for the soil temperature impact and by using wet and
dry samples from the different ground sites. For two of these
sites, flux stations are also installed measuring the evapotran-
spiration every 30 min using eddy correlation sensors.

The water table, which is defined as the interface between
unsaturated and saturated soil, is measured manually every
2 days on a network of observation wells close to the soil
moisture sites (Seguis et al., 2011).

Water levels from the rivers are measured every hour at
two locations (indicated by the two red circles in Fig. 1)
representing the outlets of the two sub-basins of the Ouémé
catchment: Cote 238 and Beterou. For each site, a calibration
has been realized to convert the water level into a streamflow
value using an acoustics Doppler current profiler. The total
streamflow is supposed to be the sum of the measurements at
these two points as the contribution between the real outlet of
the whole basin and the points of measurement is negligible.

The rainfall monitoring is ensured by a dense network of
rain gauges (tipping bucket). For the study of years 2010–
2012, 33 evenly distributed rain gauges were operating. Their
measurements have been treated in order to produce 1 h rain-
fall series that have then been spatially interpolated over a
regular 0.05◦ resolution grid based on Lagrangian kriging
(Vischel et al., 2011). Since the rain gauge network is dense
enough, the use of interpolated rain fields to force hydrologi-
cal models is relevant and can help to produce simulations of
reference (Vischel and Lebel, 2007; Gascon et al., 2015).

2.2 Satellite rainfall products

In most cases and more particularly for tropical and semi-
arid regions, there are not enough rain gauges to cover the
entire basin and precipitation observed by satellite can be
used. Many satellite products are available and three have
been used in this study.

The PERSIANN (Precipitation Estimation from Remotely
Sensed Information using Artificial Neural Networks, v. 300
and 301; Hsu et al., 1997; Sorooshian et al., 2000) product is

an estimation of the rainfall rate, used here at a 0.25◦ reso-
lution every 3 h, based on infrared satellite observations cou-
pled to ground observations from gauges and radars operat-
ing at various frequencies. Some studies have already shown
that this rainfall product does not perform well everywhere
(Ward et al., 2011; Thiemig et al., 2012).

A second satellite product has been used for precipitation
forcing data: the TRMM (Tropical Rainfall Measuring Mis-
sion) Near-Real-Time 3B42RT (v7; Huffman et al., 2007),
which combines microwave and infrared satellite observa-
tions and is available at a 0.25◦ resolution and a 3 h time
step. This product has been widely used in various hydrolog-
ical studies (Khan et al., 2011; Li et al., 2012) and has the
advantage to combine two sources of data compared to the
PERSIANN product. For the sake of simplicity, the TRMM
Near-Real-Time 3B42RT product is referred as the TRMM
product in the following.

CMORPH (CPC MORPHing from NOAA; Joyce et al.,
2004) is the third precipitation product used here. This
method uses rainfall estimates that have been derived from
low-orbit satellite microwave observations, and infrared ob-
servations from geostationary satellites in order to produce a
merged and unique rainfall data set. The CMORPH product
that has been selected is available at a 0.25◦ resolution and a
3 h time step.

PERSIANN, TRMM and CMORPH are the quasi-real-
time precipitation forcing products used in this study (ref-
erenced as RT). They usually are available within a few
hours after the actual observations. Their post-adjusted
or reanalyzed versions (PERSIANN-CDR, TRMM-v7 and
CMORPH-v1) are generated by adding external information
like in situ rain gauge measurements or soil radar observa-
tions (referenced as RE). They are generally more accurate
but are only available 2 to 3 months after the actual obser-
vations, which is not compatible with real-time applications
most of the time. Figure 2 shows the cumulative amounts of
water brought by the different satellite products compared to
the in situ measurements in average over the whole basin.
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Figure 2. Cumulative average precipitation amount over the whole basin from the in situ network (black) and the three satellite product from
quasi-real-time versions (left panel) and their reanalyzed versions (right panel): PERSIANN (blue), TRMM (green) and CMORPH (red).

While the RT products (left panel) overestimate the precip-
itation amount, the reanalyzed products slightly underesti-
mate (right panel). The largest difference between in situ and
satellite rainfall occurs in the second quarter of the year for
the PERSIANN and CMORPH products, which is just before
the monsoon period and might saturate the soil earlier than
it should, leading to high values of runoff and discharge. For
all the RT products, the dry season is not well represented
even if the rainfall amount is much lower than during the
rainy season. These positive biases were already identified in
Gosset et al. (2013) and Casse et al. (2015). The distribution
of the precipitation of the reanalyzed products is, however,
much improved in the reanalyzed products (not shown here).

2.3 SMOS soil moisture product

The SMOS mission has been producing soil moisture prod-
ucts for more than 5 years, observing the entire globe ev-
ery 3 days at a resolution of around 40 km. Thanks to the
multi-angular observations and the sensitivity of the L-band
frequency to the soil water content, the soil moisture is re-
trieved with a target accuracy of 0.04 m3 m−3. More details
can be found about the soil moisture retrieval algorithm in
Kerr et al. (2012).

The SMOS level 3 soil moisture product (second repro-
cessing, v. 2.7, 1-day product; Jacquette et al., 2010) used
in this study is provided by CNES-CATDS (Centre Aval
de Traitement des Données SMOS) on the EASE-Grid 2.0
(Equal-Area Scalable Earth) at 25 km resolution. This prod-
uct is usually available within 10 days. In Louvet et al.
(2015), it was found that the SMOS L3 product is the
most suitable and available satellite soil moisture product
compared to in situ measurements collected in West Africa
from 2010 to 2012.

3 Model and data assimilation

3.1 DHSVM model

For the Ouémé catchment, Seguis et al. (2011) shows a major
contribution of lateral water flows in the hydrological pro-
cesses, especially during the spring season. The Distributed
Hydrology Soil Vegetation Model (DHSVM, developed at

the University of Washington; Wigmosta et al., 1994) has
been selected for its capability of water lateral redistribution
from and to the neighboring pixels.

DHSVM solves the energy and water balances at each grid
cell and time step with a physically based model represent-
ing the effect of topography, soil and vegetation. The outputs
are the soil moisture, the snow quantity (not used nor showed
here), the streamflow, the evapotranspiration and the runoff.
This model has already been used in many previous studies
(Whitaker et al., 2003; Cuo et al., 2006; Cuartas et al., 2012;
Du et al., 2014; Gascon et al., 2015) showing its capabil-
ity to simulate various hydrological components such as the
snowpack, the streamflow, the water table depths or the soil
moisture. All these studies also emphasized the importance
of the model parameter calibration step and the accuracy of
the meteorological input data.

DHSVM has been used in this study at a resolution of 1 km
with an hourly time step and four soil layers at the follow-
ing depths: 1, 5, 40 and 80 cm. The first layer has been set
for numerical reasons, the second is used for the assimila-
tion, and the two deeper layers are used for validation with
in situ measurements. It also needs meteorological inputs for
the following variables: relative humidity, air temperature,
wind speed, pressure, shortwave and longwave radiation. The
reanalysis MERRA (Modern-Era Retrospective analysis for
Research and Applications) products from NASA have been
used in this study (Rienecker et al., 2011). These products are
available hourly at a 1/2 and 2/3◦ resolution in latitude and
longitude, and have been produced using the Goddard Earth
Observing System Model (GEOS-5, version 5) and the At-
mospheric Data Assimilation System (ADAS, version 5.2.0).

The DHSVM model has many parameters, which could be
measured in situ or, if no measurement is available, can be
estimated based on soil characteristics and vegetation cov-
ers. Previous studies (Whitaker et al., 2003; Cuo et al., 2006;
Cuartas et al., 2012; Du et al., 2014) described precisely
their DHSVM model parameter values using in situ radia-
tion, soil moisture and streamflow measurements for cali-
bration. It was often noticed that it was difficult to obtain
good soil moisture and streamflow simulations simultane-
ously, and that streamflow simulations could be improved
at the expense of the soil moisture simulations (Cuo et al.,
2006).
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Table 1. DHSVM soil and vegetation parameter values (understory and overstory) after calibration. The marker ∗ indicates the parameters
that have been re-estimated for the whole basin compared to Gascon et al. (2015).

Soil parameters Vegetation parameters

Under. Over.

Lateral saturated hydraulic 5 × 10−2 Canopy coverage [fraction] 0.9
conductivity∗ [m s−1] trunk space [fraction] 0.4

Exponential decrease rate 2 Aerodynamic extinction 3.5
of lateral saturated factor for wind through
hydraulic conductivity∗ [–] overstory [fraction]

Max. infiltration rate∗ [m s−1] 2 × 10−4 Radiation attenuation by 0.5

Soil surface albedo [–] 0.1 Vegetation [fraction]

Porosity∗ [fraction, 4 layers] 0.5, 0.5, 0.5, 0.5 Vegetation height [m] 0.5 6

Bulk density 1485, 1485, Fraction of shortwave 0.108 0.108
[kg m−3, 4 layers] 1485, 1485 radiation photosynthetically
Field capacity∗ 0.15, 0.20, active (Rpc)
[m3 m−3, 4 layers] 0.25, 0.35 Root zone depths [m] 0.01, 0.05, 0.40, 1.0

Wilting point∗ 0.02, 0.04 SM threshold above which 0.10 0.30
[m3 m−3, 4 layers] 0.08, 0.12 transpiration is not

Vertical saturated hydraulic 10−7, 10−6, Restricted [m3 m−3]

conductivity∗ [m s−1, 4 layers] 10−6, 10−6 vapor pressure deficit 3000 2500

Thermal conductivity 7.114, 7.114, Threshold above which
[W m−1 K−1, 4 layers] 7.114, 7.114 stomatal closure occurs [Pa]

Thermal capacity 1.4 × 106, 1.4 × 106,
[J m−3 K−1, 4 layers] 1.4 × 106, 1.4 × 106

In Gascon et al. (2015), DHSVM parameterization was re-
alized using in situ streamflow measurements at the Cote 238
station for 2005, which represents 25 % of the whole basin
(Beterou station being on the main course of the Ouémé
river). This parameterization has been used as a starting
point for this study. Here, the model has different soil lay-
ers and has been calibrated using in situ measurements
from 2010 (soil moisture from the three stations, stream-
flow at the outlet, and evapotranspiration from one sta-
tion). In order to ingest the correct amount of water for
the calibration process, the interpolated in situ rainfall data
have been used. Table 1 represents the main soil and veg-
etation characteristics used in this study for the DHSVM
model after calibration for the whole basin. These param-
eter values have been optimized using a semi-automatic
protocol; i.e., multiple sets of values have been tested
and the one giving the best performance has been cho-
sen. Model outputs have been evaluated at different loca-
tions in the basin (from various stations) using soil moisture
(R = 0.81, RMSE = 0.084 m3 m−3), streamflow (R = 0.94,
RMSE = 81.7 m3 s−1, Nash = 0.87) and evapotranspiration
(R = 0.81, RMSE = 166.7 W m2) in situ measurements.

As mentioned in Bitew and Gebremichael (2011), calibrat-
ing a model using biased satellite precipitation will lead to
a set of parameters that will compensate for the modified
runoff generated by the under or overestimated volume of
water brought by the satellite product compared to the in situ
measurements. Adjusting the model parameters can compen-
sate for the rainfall errors but the global water budget will be
deteriorated and the other hydrological processes will be dis-
turbed. For this reason, the model calibration has only been
performed with the in situ precipitation, which leads to a
correct partitioning of the precipitation between infiltration
and runoff. Similar results were found when adjusted satellite
products were used and close statistic scores were obtained
(see Fig. 3 for water table depth and Fig. 4 for streamflow
simulations). The term open-loop refers to simulations with
no assimilation.

One of the five outputs of DHSVM is the water table
depth. Groundwater is an important resource, especially in
West Africa where most of the drinking water comes from
the ground. Moreover, the precipitation interannual variabil-
ity can be important (1560 mm in 2010 followed by only
1100 mm in 2011 and 1450 mm in 2012 from the in situ rain
gauge measurements), which has a strong impact on ground-
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Figure 3. Open-loop (OL) water table depth simulations using the RT (top panel) and reanalyzed (bottom panel) satellite precipitation prod-
ucts as forcing compared to in situ measurements at Nalohou. For comparison, the water table depth simulations using in situ precipitation
as forcing (not shown here) lead to a correlation of 0.76.

Figure 4. Open-loop (OL) streamflow simulations using the RT and reanalyzed satellite precipitation products as forcing. Statistics are given
on the right panel. For comparison, the streamflow simulations using in situ precipitation as forcing (not shown here) lead to a correlation
of 0.92 for a bias of 32 m3 s−1.

water recharge. The water table depth can vary between the
soil depth and the ground surface (in the latest case, an exfil-
tration or a flooding can happen). Sensitivity tests have been
realized for the Ouémé catchment with many years of spin-
up for various soil depth values and the maximum water table
depth was always found around 1.90 m. After these yearly
spin-ups, water was filling the soil until its natural equilib-
rium. The water table depth does not depend on the soil depth
but on the ability of the model to evacuate this saturated wa-
ter through the defined hydrological network, the root den-
sity and the topography (physical processes are explained in
Seguis et al., 2011).

Figure 3 shows the simulations of the water table depth
using the different precipitation products at Nalohou (sta-

tion selected for the availability of its measurements along
the three years of study, and can be compared to simulations
from the closest model 1 km2 pixel). Simulated water table
depths and water levels from wells are not quite comparable
but they should follow the same time evolution (certainly be-
cause of the difference in porosity values set in the model and
what is observed in reality). In order to compare both quan-
tities, they are represented on the same graph but not at the
same scale. The left y axis represents the depth of the water
as simulated by the model, whereas the right y axis repre-
sents the in situ water level as measured in the observation
well with a maximum of 5.40 m. Correlation scores are not
impacted by scaling and they are indicated directly on the
figure.
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Using the RT precipitation (top panel), the water table
depth is correctly simulated until the first rainfalls when the
soil is quickly saturated due to the inaccurately high amount
of water brought by the RT products, which then percolates
to the deep soil layers. The soil is completely saturated in
early May with a simulated water table reaching the sur-
face. The correlation scores are very low for PERSIANN
and CMORPH (0.09 and 0.33), whereas the TRMM prod-
uct gives fair simulations with a correlation of 0.70. Us-
ing the reanalyzed precipitation (bottom panel), the time
evolution is improved and most of the early peaks are
smoothed. The correlations are higher for PERSIANN (0.79)
and CMORPH (0.84), whereas it is lower for TRMM (0.48)
due to inaccurate precipitation event in spring 2011 and in
winter–spring 2012.

Figure 4 shows the simulations of the streamflow at the
outlet of the basin compared to the in situ measurements. Us-
ing the RT precipitation (top panel), the streamflow is highly
impacted by the runoff caused by the saturated soil from the
inaccurate rainfall events, and it becomes very sensitive to
any additional amount of water. This is the reason for these
high and quick changes in the streamflow time series. When
the reanalyzed precipitation is used (bottom panel), the time
evolution is much closer to the in situ measurements. The
simulations are a bit underestimated in 2010, but then cor-
rect for 2011 and 2012. PERSIANN and CMORPH sim-
ulations are improved by the reanalysis with a correlation
from 0.39 and 0.64 to 0.78 and 0.88, respectively, with a bias
divided by 10. Correlation using TRMM is a bit lower us-
ing the reanalyzed product (from 0.86 to 0.82) but the bias is
still divided by 3. The simulations using the in situ precipi-
tation (not shown here) give a correlation of 0.92 for a bias
of 32 m3 s−1, which is a bit higher than the reanalyzed pre-
cipitation products for the correlation but a bit lower for the
bias. The statistics’ performances from the reanalyzed prod-
ucts and from the in situ precipitation are about the same,
showing that the parameterization of the model is adequate
for both forcing.

It is not expected from the RT precipitation products to
generate simulations as good as the reanalyzed precipitation,
but Figs. 3 and 4 show the room for improvement that can be
realized between the two versions of the satellite precipita-
tion products by the assimilation.

3.2 Assimilation method: the optimal interpolation

SMOS soil moisture is assimilated into the DHSVM model
using an optimal interpolation method (simplification of the
Kalman filter where the errors are assumed to be known).
In this study, the “3D-Cm” method proposed in De Lannoy
et al. (2010) and successfully used in Sahoo et al. (2013), is
applied here. The “3D-Cm” scheme consists in assimilating
multiple coarse-scale observations (25 km), which implies
an aggregation of the model from the fine scale (1 km) to
the SMOS scale but avoids artificial transitions at the pixel

boundaries by using multiple coarse-scale observations to
update the finer-scale simulations. Some of the key equa-
tions of the assimilation method are detailed in this article but
more information can be found in De Lannoy et al. (2010) or
in Sahoo et al. (2013).

Based on the difference between the simulations and the
observations, the model background predictions are updated
depending on their respective error covariances. Ensem-
ble methods can estimate these error covariances from a
Monte Carlo ensemble generation but in this study, a sim-
pler method has been applied and fixed values of the error
covariances are used.

Before being assimilated and for an optimal analysis (Yil-
maz and Crow, 2013), the SMOS soil moisture product has
been rescaled to remove any systematic bias using the open-
loop model simulations. In this study, a CDF (cumulative
density function) matching at SMOS scale has been applied
for each pixel independently for each year according to the
open-loop variability. Also, the ascending (06:00 LST – lo-
cal solar time) and the descending (18:00 LST) observations
have been treated separately.

At each time step i a SMOS observation is available, the
forecast state vector x̂

−
i including the soil moisture at the four

model soil depths (1, 5, 40 and 80 cm) is mapped from the
fine model scale (1 km) to the coarse SMOS scale (25 km)
to calculate the prediction at the observation scale H x̂

−
i ,

where H is called the observation operator. As in De Lan-
noy et al. (2010) or Sahoo et al. (2013), a simple spatial
mean is applied here. The difference between the observa-
tion and the prediction at the coarse scale, called the innova-
tion (yi − H x̂

−
i ), is used to update the finer model pixels x̂+

i

called the analysis using a gain matrix K. The update equa-
tion at time step i for a given fine-scale pixel k is as follows:

x̂k+
i = x̂k−

i + Kk
i

[

yi − H x̂
−
i

]

, (1)

where the gain matrix K depends on the model error co-
variance B and the observation error covariance after rescal-
ing R:

K =
BH T

HBH T + R
. (2)

The model error covariance matrix B is calculated sepa-
rately for each pixel of the model grid based on the DHSVM
open-loop simulations (Bij = Cov(SMi , SMj )). The average
B matrix is as follows:

B =









0.022 0.015 0.010 0.003
0.015 0.019 0.011 0.003
0.010 0.011 0.012 0.005
0.003 0.003 0.005 0.006









(

m3 m3
)2

. (3)

The SMOS observation error covariance matrix R is eval-
uated for each node of the SMOS grid using all the available
SMOS observations. R is supposed to be diagonal and repre-
sents the variance of the observations. The average variance
of the SMOS observations is 0.017 (m3 m−3)2.
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Finally, the observation matrix H consists of four columns
(for the four soil layers) times the number of available obser-
vations for the number of lines. Since the assimilation is per-
formed on the second soil layer, the second column H should
be filled with the same equal value if all SMOS observations
had the same influence on the model grid point of interest
(sum of these values equal to 1). For this reason, a weigh-
ing function is used depending on the distance between the
SMOS observation and the concerned model point such as
shown in Fig. 5.

Here, yi contains as many SMOS observations as are
within a given radius (60 km) and those observations have a
larger impact if they are closer to the considered model pixel
to update. As in Reichle and Koster (2003) and De Lannoy
et al. (2010), a fifth-order polynomial function (Eq. (4.10) of
Gaspari and Cohn, 1999) based on the distance between two
points and on a compact support radius is applied to weigh
the influence of SMOS observations in H (Gaspari function,
red line in Fig. 5). This equation is really close to the SMOS
mean weighting function used to model the antenna pattern
in the SMOS retrieval algorithm (Kerr et al. (2015), blue line
in Fig. 5).

The SMOS observations are assimilated in the second soil
layer of the model (1–5 cm) since it is more representative
of what is observed by the SMOS instrument (Kerr et al.,
2012). The correlations between the different soil layers be-
ing contained in K , the other soil layers (1, 40 and 80 cm) are
also updated during the same time step but with a lower in-
fluence from the SMOS observations. The other model vari-
ables such as the evapotranspiration and the streamflow are
not updated through the assimilation step but are updated
with the propagation of these modifications in the model,
i.e., if water is removed from the ground, the lateral subsur-
face flow and the streamflow should decrease too.

3.3 Statistics metrics

In order to quantify the performances of the model sim-
ulations and the impact of the SMOS soil moisture as-
similation, five statistics metrics have been chosen in this
study: the temporal correlation R, the bias, the standard de-
viation of the difference between the simulations and the
in situ measurements (sdd), the root mean square errors

(RMSE =
√

bias2 + sdd2) and the Nash model efficiency co-
efficient as defined in Nash and Sutcliffe (1970) for stream-
flow simulation skill. These statistics have been computed
using all common dates available.

4 Results and discussion

This section presents the impact of the SMOS soil moisture
assimilation on different variables: soil moisture at multi-
ple depths (control variables) at the Bira station, water ta-
ble depth at the Nalohou station, and streamflow at the out-

Figure 5. Weighing functions for the observation matrix H compar-
ing the function used for the SMOS antenna pattern and the Gaspari
function used in this study.

let. The simulations and performances after assimilation are
compared to the open-loop simulations in the objective to
reach those from the reanalyzed precipitation products.

4.1 Correction of the control variable: the soil moisture

The first variables to be impacted by the assimilation of
SMOS products are the ones directly contained in the state
vector of the assimilation scheme; i.e., the soil moisture
of the four defined soil layers at 1, 5, 40 and 80 cm. Soil
moisture simulations are shown in Fig. 6 at 5 cm depth for
two time periods: the upper panel represents the time se-
ries of March–April 2011 (beginning of the rain season),
and the lower panel May–June 2012 (wet season). The left
side shows the open-loop simulations, whereas the after-
assimilation results are on the right side. For visual clarity,
the 3 years of simulations are not shown here but these two
time periods are representative of the effect of the assimila-
tion on the soil moisture variable.

As mentioned before, the RT satellite rainfall products
bring too much water during the winter and spring seasons.
The first time period (top panel of Fig. 6) is a good exam-
ple of a soil moisture increase after a rainfall detected by
the satellite product (at the beginning of March for exam-
ple), which has not happened in reality. The simulated soil
moisture is thus impacted by this fake rain event with an in-
crease. By assimilating SMOS soil moisture product at the
surface, the impact of this wrong rainfall event is smoothed
but has not completely disappeared. The wet season example
also shows the same process. These wrong increases cannot
be corrected by the assimilation but the drying phases can be
fastened as post-event corrections.

Table 2 gathers the statistic scores of all the precipitation
cases (RT, RT after assimilation, and RE) for the 3 years and
the three layers at the Bira station. As it can be seen in Fig. 6,
the continuity in the soil moisture time series cannot always
be preserved by the assimilation method applied here, which
results in abrupt changes before and after the time step when
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Table 2. Statistics of the simulated soil moisture at 3 depths (5, 40 and 80 cm) compared to the in situ measurements at the Bira station
for 2010–2012. Three cases are considered: open-loop simulations using real-time satellite precipitation (RT), assimilation of SMOS soil
moisture with real-time precipitation (RT + SMOS) and open-loop simulation using reanalyzed precipitation (RE). Bias, standard deviation
of the difference (sdd) and root mean square error (RMSE) are in m3 m−3, the correlation (R) is dimensionless. Bold font is used when the
bias is improved by the assimilation.

SM PERSIANN TRMM CMORPH

RT RT + SMOS RE RT RT + SMOS RE RT RT + SMOS RE

(5 cm)

R 0.60 0.73 0.81 0.72 0.81 0.54 0.76 0.78 0.76
bias 0.091 0.062 0.073 0.051 0.051 0.123 0.089 0.056 0.041
sdd 0.119 0.091 0.091 0.098 0.082 0.102 0.102 0.086 0.088
RMSE 0.150 0.110 0.117 0.110 0.096 0.160 0.136 0.103 0.097

(40 cm)

R 0.62 0.65 0.89 0.75 0.72 0.65 0.76 0.67 0.87
bias 0.119 0.052 0.056 0.086 0.071 0.129 0.128 0.064 0.033
sdd 0.085 0.099 0.058 0.068 0.094 0.064 0.072 0.101 0.058
RMSE 0.146 0.112 0.081 0.110 0.117 0.144 0.147 0.120 0.067

(80 cm)

R 0.64 0.49 0.63 0.52 0.42 0.36 0.69 0.50 0.57
bias 0.194 0.102 0.114 0.154 0.136 0.192 0.200 0.131 0.068
sdd 0.064 0.126 0.084 0.083 0.115 0.088 0.056 0.119 0.097
RMSE 0.204 0.162 0.142 0.175 0.178 0.211 0.208 0.177 0.119

Figure 6. Comparison between the simulations of soil moisture at 5 cm depth at the Bira station at two different time periods: dry season
in 2011 (upper panel), and the beginning of the raining season in 2012 (lower panel). The open-loop simulations are represented on the
left whereas the simulated soil moisture after assimilation are on the right. The different rainfall products are indicated with various colors.
Assimilated SMOS observations are indicated by yellow triangles on the left panel.

the assimilation is performed. This discontinuity has a nega-
tive artificial impact on the correlation, the standard deviation
and the root mean square error. The bias is the only statistical
metric that can be used to truly assess the impact of the as-

similation on the soil moisture variable. The other statistics
are shown for indication in Table 2.

Using the RT satellite precipitation products, the bias is
always reduced after the assimilation. At 5 cm depth, it is
improved by 0 % (TRMM) to 37 % (CMORPH), at 40 cm
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Table 3. Statistics of the simulated water table depth (WTD) compared to the in situ measurements at the Nalohou station for 2010–2012.
Three cases are considered: open-loop simulations using real-time satellite precipitation (RT), assimilation of SMOS soil moisture with
real-time precipitation (RT + SMOS), and open-loop simulation using reanalyzed precipitation (RE). Since the simulations and the in situ
measurements are not directly comparable, only the correlation (R) is shown here. Improvement of the correlation is indicated in bold font.

WTD PERSIANN TRMM CMORPH

RT RT + SMOS RE RT RT + SMOS RE RT RT + SMOS RE

R 0.09 0.87 0.79 0.70 0.84 0.48 0.33 0.82 0.84

Figure 7. Simulations of the water table depth at the Nalohou station (in situ measurements in black) using RT precipitation for after SMOS
assimilation (in colors). Correlations are also indicated in the figure.

depth by 17 % (TRMM) up to 56 % (PERSIANN), and at
80 cm, by 12 % (TRMM) up to 47 % (PERSIANN). The bi-
ases are even lower than with PERSIANN and TRMM re-
analyzed products. This shows that the assimilation and the
model are able to propagate the information from the 5 cm
layer to the deeper layers of the soil. The largest improve-
ments are naturally obtained when the PERSIANN and the
CMORPH products are used as precipitation forcing since
there are the ones bringing the most extra water in the model.
This proves that assimilation can correct for this additional
amount of water. Moreover, the open-loop simulations show
unrealistic soil saturation at the 5 cm layer during the rain
season (soil moisture value is equal to porosity, see Fig. 6),
which is also the case at deeper layers later in the season (not
shown here). This saturation issue is improved after assimi-
lation, but can still happen.

Assimilation does not correct directly the precipitation:
neither for the amount of water nor for the time of the event
itself. So the volume of water given to the model remains the
same and the peaks in the soil moisture simulations cannot
be corrected until a SMOS observation becomes available,
and only the drying phase can then be modified.

The impact of the assimilation on the evapotranspira-
tion variable has also been studied but not shown here.
The changes in evapotranspiration were very small after
the assimilation using the real-time precipitation products:
it was overestimated before (+3 to +9 %) and was still after
(around +9 %) for all products.

4.2 Impact on the water table depth simulations

Figure 7 shows the simulations of the WTD after SMOS as-
similation. Only the correlation is calculated because of the
scale difference.

There is a clear benefit from the SMOS soil assimilation
even at deeper layers than the ones used for the assimila-
tion directly. The peaks in the period from April to June are
strongly reduced and the temporal behavior is in line with the
in situ time evolution. The correlation scores are also a good
indicator of the improvement brought by the assimilation and
it is improved for all the precipitation products. Compared to
Fig. 3, the seasonal behavior of the water table depth is much
more respected with smoother peaks during the dry season.
The statistics performances are summarized in Table 3 for all
the options: RT precipitation only, SMOS assimilation using
RT forcing, and RE precipitation only. After assimilation, the
performances are either even better or equivalent compared
to RE simulations.

4.3 Impact on the streamflow simulations

Finally, Fig. 8 shows the simulations of the streamflow at
the outlet of the basin after assimilation. Compared to the
open-loop simulations in Fig. 4, improvements can clearly
be identified: the rises are smoother, the dry season is more
respected, and the time evolution is much more in line with
the in situ observations than using RT precipitation alone. Ta-
ble 4 shows the statistics of the streamflow simulations using
the three satellite products.

Except for the TRMM product, all the streamflow statis-
tics are improved by the assimilation, especially the error
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Table 4. Statistics of the simulated streamflow (Q) compared to the in situ measurements at the outlet of the basin for 2010–2012. Three
cases are considered: open-loop simulations using real-time satellite precipitation (RT), assimilation of SMOS soil moisture with real-time
precipitation (RT + SMOS) and open-loop simulation using reanalyzed precipitation (RE). Improvements are indicated in bold font.

Q PERSIANN TRMM CMORPH

RT RT + SMOS RE RT RT + SMOS RE RT RT + SMOS RE

R 0.39 0.78 0.78 0.86 0.81 0.82 0.64 0.81 0.88
bias 147.2 4.5 −15.6 44.4 40.9 −15.5 214.6 47.8 −19.9
sdd 292.2 111.2 112.2 120.3 131.4 105.2 356.6 134.2 85.8
RMSE 327.2 111.3 113.3 128.3 137.6 106.3 416.2 142.5 88.0
Nash −2.45 0.60 0.59 0.47 0.39 0.64 −4.59 0.35 0.75

Figure 8. Simulations of the streamflow at the outlet after SMOS soil moisture assimilation with real-time precipitation forcing (indicated in
colors for PERSIANN, TRMM and CMORPH) compared to in situ measurements (black line).

Figure 9. Taylor diagrams of the streamflow performances for the three rainfall products (PERSIANN on the left, TRMM in the middle,
CMORPH on the right) using their real-time version only (RT), their reanalyzed version (RE), and the RT version after SMOS assimilation
(RT + SMOS). The arrow shows the changes in the statistics before and after SMOS assimilation.

(divided by 3), and the Nash coefficient (from negative to
positive). Even if the reanalyzed precipitation produce bet-
ter performances, the improvement using SMOS assimilation
with RT precipitation is important. The TRMM case is dif-
ferent from the other two products since the RT version al-
ready gives fair performances, and the assimilation degrades
these performances a little bit, whereas the reanalyzed ver-
sion slightly improves them.

Another representation of these statistics is the Taylor di-
agram in Fig. 9. It shows in a more graphical way the im-
provement brought by the assimilation of SMOS soil mois-
ture products. The in situ circle on the bottom axis repre-
sents the point to be reached by the simulations, which would
mean that there is a temporal correlation of 1 (blue radial axis
on the right), the standard deviation is the same as the in situ
(temporal variability, gray circular axis), the standard devia-
tion of the difference between the simulations and the in situ

is null (green semi-circular axis) and the bias would also be
null (point circle filled with colors indicated by the color bar
on the right for the absolute value of the bias). In other words,
the closer to the in situ point, the better.

The arrows on the diagram show the impact of the assim-
ilation on the statistics using RT precipitation. For TRMM,
the after-assimilation point is not much closer indicating no
clear evidence of improvement from the assimilation. As
mentioned before, the TRMM precipitation product already
gave the proper amount of water, so SMOS assimilation can-
not improve it very much. However, simulations using PER-
SIANN and CMORPH products are greatly improved by the
assimilation attested by the long arrows ending much closer
to the RE and in situ points.
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5 Conclusions

Precipitation forcing is generally the main driver in hydro-
logical models and it is generally not simple nor immediate
to collect and distribute in situ measurements in sufficient
number and of quality. If in situ precipitation can be used for
model calibration, real-time or quasi-real-time applications
require forcing and observations quickly in order to react ac-
cordingly, such as in the case of a flooding event. Accurate
rainfall products from satellite observations are usually rean-
alyzed data sets available 2 to 3 months after. Although real-
time precipitation products are expected to be biased, they
are available a few hours to a couple of days after the ob-
servations. Three satellite rainfall products have been tested:
PERSIANN, TRMM and CMORPH.

The study shows the benefit of the assimilation of the
SMOS soil moisture products on three hydrological vari-
ables: the soil moisture, the water table depth and the stream-
flow, which are key variables in the hydrological processes.

By assimilating SMOS soil moisture, the first impacted
variables were naturally the soil moisture of the different soil
layers of the model. Here, we have showed that, even us-
ing a very simplistic methodology of assimilation, the bias
in the simulated soil moisture has decreased significantly af-
ter the assimilation using the real-time precipitation product.
At deeper ground, the simulations of the water table depth
showed a much better correlation after the assimilation when
compared to in situ measurements (from 0.09–0.70 to 0.82–
0.87). These scores were either higher or equivalent to those
from the reanalyzed rainfall products. This positive impact
of the assimilation on these hydrological variables can lead
to a better simulation and management of the actual ground
water resources.

The inaccurate amount of water brought by the real-time
rainfall products also has a substantial impact on the stream-
flow. The extra water can saturate the soil faster, thus increase
the runoff and the subsurface lateral flow, and be finally in-
tercepted by the water channel. This whole sequence of pro-
cesses is also positively impacted by the soil moisture assim-
ilation. The streamflow at the outlet of the basin has been
much improved for the PERSIANN and CMORPH rainfall
products with errors divided by a factor 3 and a Nash co-
efficient going from negative to positive (TRMM real-time
product was already fairly good compared to the other real-
time products). After assimilation, the performances were
either slightly lower or equivalent to those using the reana-
lyzed products. Again, this positive impact of the assimila-
tion can lead to a better simulation and management of ex-
treme events such as floods during the monsoon period in this
case.

This work shows the possibility to implement a near-real-
time hydrologic framework for real-time application wher-
ever it is possible to obtain a proper calibration of the hy-
drological model beforehand, which is one limitation of this
method but this can be overcome by using reanalyzed satel-

lite precipitation. Optionally, the real-time rainfall products
could be directly corrected using SMOS observations and
following current methodologies (Crow et al., 2011; Pellarin
et al., 2013; Brocca et al., 2014; Wanders et al., 2015). An-
other limitation comes from the choice of the assimilation
method. Optimal interpolation relies on assumptions about
the error covariances of the model and the observations. In
this study, these two matrices have been over-simplified. By
implementing ensemble technics, these assumptions could be
avoided and the impact of the soil moisture assimilation on
the other hydrological variables would be enhanced.
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A B S T R A C T

Global rainfall information is useful for many applications. However, real-time versions of satellite-based rainfall

products are known to contain errors. Recent studies have demonstrated how the information about rainfall

intrinsically contained in soil moisture data can be utilised for improving rainfall estimates. That is, soil moisture

dynamics are impacted for several days by the accumulated amount of rainfall following within a particular

event. In this context, soil moisture data from the Soil Moisture Ocean Salinity (SMOS) satellite is used in this

study to correct rainfall accumulation estimates provided by satellite-based real-time precipitation products such

as CMORPH, TRMM-3B42RT or PERSIANN. An algorithm based on the SMOS measurements data assimilation is

tested in two land-surface models of different complexity: a simple hydrological model (Antecedent Precipitation

Index (API)) and a more sophisticated state-of-the-art land-surface model (SURFEX (Surface Externalisée)). We

show how the assimilation technique, based on a particle filter method, generally leads to a significant im-

provement in rainfall estimates, with slightly better results for the simpler (and less computationally demanding)

API model. This methodology has been evaluated for six years at ten sites around the world with different land

use and climatological features. The results also show the limitations of the methodology in regions highly

affected by mountainous terrain, forest or intense radio-frequency interference (RFI), which can notably affect

the quality of the retrievals. The satisfactory results shown here invite the future operational application of the

methodology in near-real time on a global scale.

1. Introduction

Precipitation is a key variable of the water cycle, whose estimation

is crucial for many applications (Brocca et al., 2016). Accurate esti-

mates of the amount of water which reaches the ground at specific areas

in near-real time are needed for hydrological applications, including

flood (Wake, 2013; Jongman et al., 2014; Casse et al., 2015; Lievens

et al., 2015) or landslide (Van Asch et al., 1999; Guzzetti et al., 2007;

Iverson, 2000; Pennington et al., 2014) emergency response planning.

Rainfall accumulation estimates are also very important for agricultural

strategy and modelling (Fisher, 1925; French and Schultz, 1984;

Akponikpe et al., 2011; Ramarohetra et al., 2013). Besides, accurate

precipitation data is certainly decisive for data assimilation in

numerical weather prediction models, since it highly affects surface

energy fluxes that will drive the evolution of the planetary boundary

layer (Pielke et al., 1998) which is linked to the formation of mesoscale

and/or synoptic weather systems. Finally, the link between the spatio-

temporal distribution of precipitation and the freshwater availability at

several regions of the Earth is crucial for decision-making to mitigate

extreme situations (Hou et al., 2014; Shannon et al., 2008), such as

intense droughts.

Rain gauges provide the most accurate and reliable data to obtain

the amount of rainfall at a point on the Earth's surface (Lanza and

Vuerich, 2009). However, the heterogeneous (temporal and spatial)

characteristic of rainfall makes the use of the information provided by

one (or a few) station(s) not sufficient to address the large-scale
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applications listed above. Therefore, very extensive deployment of rain

gauges is needed to appropriately quantify rainfall accumulation over

relatively-large areas using spatial analysis techniques (Creutin and

Obled, 1982; Jones et al., 2009). This is possible in some areas of

economically developed countries, such as in the United States (e.g.

Allen and Naney, 1991) or France (e.g. Delrieu et al., 2004). However,

in developing regions (especially those in Africa), the number of

available rain gauges has decreased over the last two decades (Ali and

Lebel, 2009), mainly due to maintenance costs or political unrest. In

order to improve the spatial coverage of rainfall information in areas

with a limited number of rain gauges, the complementary use of

ground-based weather radar data is a very useful technique. However,

weather radars suffer from many issues that affect the reliability of the

estimates (Krajewski and Smith, 2002) and are not available every-

where in the world.

To address these issues, important efforts have devoted during the

last few years to develop and improve precipitation estimates from

satellites (Ebert et al., 2007). These satellite-based precipitation pro-

ducts (SPPs) are based on the use of infrared (IR) sensors on-board

geostationary satellites and/or microwave (MW) sensors on polar sa-

tellites. IR sensors use cloud-top temperatures to indirectly infer the

associated precipitation and have the advantage of a larger spatial and

denser temporal coverage, but they suffer from accuracy and false-

alarm issues due to the indirect retrieval of precipitation (which is not

always in accordance with the brightness temperature of the cloud top).

MW sensors are more accurate, since they are based on the direct signal

of hydrometeors (rain, drizzle, snow or haze) falling from the cloud

base, but they have a significantly lower spatio-temporal resolution

(Pellarin et al., 2013). To solve this issue, information provided by IR

sensors is combined with MW sensors to generate improved multi-

sensor SPP. However, even using this combination, several studies have

demonstrated how precipitation from these products is biased when

compared to real (and spatially averaged) values observed at ground

level (e.g. Prasetia et al., 2013; Cai et al., 2015). These issues can be

addressed in a post-processing step by correcting the real-time SPP data

with ground-based observations, such as for example in the Global

Precipitation Climatology Project (GPCP) (Huffman et al., 1997; Adler

et al., 2003). However, due to lags in the availability of rain gauges

observations, these adjusted products are available only after several

days (or even several weeks/months). Moreover, even the adjusted

products can be inaccurate in some cases (e.g. Yin and Gruber, 2010).

In this context, the use of near real-time soil moisture retrieved from

satellites has been demonstrated as a very promising tool to improve

precipitation estimates (Pellarin et al., 2008; Brocca et al., 2013). Soil

moisture has the advantage of having a useful memory of rainfall events

occurring several days in the past (Seneviratne et al., 2006; McColl

et al., 2017). Hence, several studies have recently used this relation

with the aim of improving precipitation estimates using different

methodologies. Crow and Bolten (2007) used a Kalman filter for the

assimilation of soil moisture data from the Advanced Microwave

Scanning Radiometer - Earth Observing Systems (AMSR-E) within an

Antecedent Precipitation Index (API) model, in order to estimate errors

of different SPPs in the Southern United States. Pellarin et al. (2008)

also used soil moisture data from AMSR-E to remove erroneous rain

events from an IR satellite sensor using the API model. Almost si-

multaneously, Crow et al. (2009) used a conceptually similar approach

to directly correct rainfall events of several SPPs and, later, Crow et al.

(2011) improved their assimilation and modelling techniques to create

the Soil Moisture Analysis Rainfall Tool (SMART). A similar metho-

dology was applied in Wanders et al. (2015), by using a particle-filter

assimilation technique for correcting precipitation over the US. In a

different approach, Brocca et al. (2013) and Brocca et al. (2014) used

satellite soil moisture data to directly infer rainfall quantities by in-

verting the soil-water balance equation via the so-called SM2RAIN

methodology. SMART, SM2RAIN and the API-based methodologies

were recently tested in Australia in the study of Brocca et al. (2016),

where soil moisture data from the Soil Moisture and Ocean Salinity

(SMOS) satellite was used to correct the real-time Tropical Rainfall

Measuring Mission (TRMM) Multi-satellite Precipitation Analysis

(TMPA) product.

In the present study, a particle-filter (DeChant and Moradkhani,

2011; Yan et al., 2015) assimilation technique, similar - but not iden-

tical - to the one applied by Wanders et al. (2015) is applied in two

models of different complexity: an API model (an improved version of

the one presented in Pellarin et al. (2008)) and the more complex

Surface Externalisée (SURFEX) land-surface model (Masson et al., 2013).

To our knowledge, this is the first time that a complex state-of-the-art

land-surface model is compared to a simple one for the aim of cor-

recting rainfall by assimilating satellite soil moisture data. It is hy-

pothesised that the use of a more complex model would improve upon

the API model in some conditions (e.g., under large run-off after intense

rain events or in dense-vegetated areas highly affected by evapo-

transpiration). The results provided by using these two models are

evaluated in terms of correction for three different real-time SPPs over

ten sites around the world with different land cover and climate fea-

tures (e.g., surface and vegetation characteristics, rainfall climatology,

latitude, and closeness to mountainous areas). Past correlation ap-

proaches were typically tested in only a few specific locations or regions

(e.g. in Australia, US and/or West Africa). In this work, reliable and

extensive ground-based precipitation datasets from rain gauges are

available at ten diverse sites, providing an excellent framework to test

the methodology under different conditions and therefore strengthen

the final conclusion of a potential real-time application at ungauged

locations worldwide.

The paper is organised as follows: Section 2 details the data used,

the API and SURFEX models and the particle filter assimilation tech-

nique. Results are presented in Section 3 and the discussion of these

results is provided in Section 4. Finally, the main conclusions are

summarised in Section 5.

2. Data, models and methodology

This section is divided in three main parts. The observational data

needed to perform this work are described in the first one. The second

part provides a brief description of the two land surface models used

and compared in this study. In the third part, the land-surface model

assimilation algorithm (LMAA) is described with equations, references

and an example figure.

2.1. Observational data

This study aims at improving precipitation estimates by using SMOS

soil moisture retrievals combined with data from a SPP (the correction

is tested for three different ones). Spatially-averaged in situ rainfall data

from different hydrological networks are used as the reference for the

evaluation of the methodology at ten sites around the world. Some

additional data were also needed to initialize or to force the land-sur-

face models. All these datasets are explained in the following subsec-

tions.

2.1.1. Satellite-based precipitation products (SPPs)

Three different satellite-based precipitation products are used: 1)

The Climate Prediction Center morphing method (CMORPH) product

(Joyce et al., 2004), 2) the Precipitation Estimation from Remotely

Sensed Information using Artificial Neural Networks (PERSIANN) pro-

duct (Sorooshian et al., 2000), and 3) the TRMM-3B42RT from the

Tropical Rainfall Measuring Mission real-time product (Huffman et al.,

2010).

All of these products combine information from IR and MW sensors

to estimate precipitation accumulation with a resolution of 3 h and

0.25°. Due to the spatial mismatch between the grid of these rainfall

products and the SMOS grid, the SPP pixels which ar closest to the
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respective SMOS pixel (comparing the centre points) are selected to

combine both data in the assimilation procedure. The climatology (6-

years from 2010 to 2015) of the adjusted versions of CMORPH and

TRMM-3B42 are also used to calculate the parameters needed to rescale

the SMOS data (see below for details). These adjusted versions use in-

formation from other sources (rain gauges) to improve the first esti-

mation given by their respective real-time versions in a posterior step.

2.1.2. Soil moisture from SMOS

The methodology used to correct the rainfall from the real-time

version of the selected SPP is based on the assimilation of soil moisture

data from the SMOS satellite. This satellite was launched by the

European Space Agency (ESA) in 2009 with the main objective of

measuring soil moisture between 0 and 5 cm soil depth and ocean

salinity at the sea surface with unprecedented accuracy with an hor-

izontal resolution of 25×25 km. The radiometer of this polar-orbiting

satellite is composed of 69 antennas in 3 arms, measuring brightness

temperatures at 1.417 GHz (L band), with a 19 MHz bandwidth. This

range of frequencies is protected from anthropogenic emission, mini-

mally affected by the atmosphere and very sensitive to changes in the

soil moisture content of the ground (Kerr et al., 2012). In this work, the

level-3 RE04 SMOS dataset provided by CATDS (Centre Aval de Traite-

ment des Données SMOS) from 2010 to the end of 2015 is used for the

SMOS pixels corresponding to the study area. Soil moisture estimates

from SMOS are affected by the accuracy of the retrieval, being lower in

complex/mountainous terrain, due to the effect of the different topo-

graphic slopes at the surface. L-band emission is also affected by

changes in brightness temperatures generated by vegetation, which

reduce the accuracy of the retrieval in areas covered by very dense

vegetation. In general SMOS multi-angular measurements enables ac-

counting for vegetation contribution to the signal. In addition, SMOS

estimates can be significantly affected by anthropogenic emissions in

the protected L-band, especially emitted by civil or military services in

some areas of the World. The CATDS-SMOS dataset includes different

quality indexes, which are useful to estimate the quality of this soil

moisture data. In this work, three of these quality indexes were used: 1)

dqx, which is related to the radiometric uncertainty of the measure, 2)

RFI fraction, which reflects the estimates contamination by radio fre-

quency interferences, and 3) Chi2, which represents a measure of the

quality of the retrieval fit between observed and modelled brightness

temperatures (Kerr et al., 2012). These quality indexes are used in this

work to determine the quality of each SMOS measurement, but before,

all SMOS data with dqx, RFI or Chi2 above respectively 0.045, 0.45 and

3.5 are filtered and not used.

Soil moisture time series from SMOS have systematic differences

relative to soil moisture simulated by the two models used in this work.

Therefore, a pre-processing step is needed to remove these differences

before the application of the assimilation procedure (Plaza et al., 2012).

Therefore, all SMOS data have been re-scaled using a Cumulative Dis-

tribution Function (CDF) matching procedure (Brocca et al., 2011), in

order to remove the systematic bias between SMOS and model time

series. Although this technique is not the optimal solution (Yilmaz and

Crow, 2013), it has been widely used in similar studies and it is con-

venient when the model error and the satellite data errors are not well

known and can be variable between sites. The parameters used from the

CDF matching re-scaling procedure in Brocca et al. (2011) have been

obtained using 6 years (from 2010 to 2015) of soil moisture simulated

by each model when forced with the adjusted (i.e., non-real-time)

version of the SPP (CMORPH and TRMM-3B42). These parameters have

been applied to the SMOS time series before the assimilation. Following

this strategy, the same parameters could be used for an operational

application. Besides, these parameters can be easily obtained in all the

pixels at the global scale. Since the adjusted version of PERSIANN does

not exist from 2011 onwards, the coefficients for SMOS rescaling when

correcting this product have been obtained with the adjusted version of

TRMM-3B42 product. As it will be shown later, in this case, the use of

an independent product (TRMM-3B42 adjusted) for the parameters

calculation when correcting a real-time product (PERSIANN) also pro-

vides very good results, suggesting that independent products (e.g.

GPCP) could be also used for the calculation of the CDF-matching

parameters with satisfactory performance.
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Fig. 1. Location of the ten sites used for the evaluation.
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2.1.3. In situ precipitation data

In situ precipitation data from ten different sites around the world

(Fig. 1) are considered as the reference data and used to evaluate LMAA

methodology. These sites exhibit a wide range of different land covers

and climatological characteristics (Table 1) and have the advantage of

being extensively instrumented with numerous quality-controlled rain

gauges. In addition, some of these sites have been intentionally chosen

because they capture features that could limit the potential of the

methodology (high RFI, mountainous terrain or high vegetation den-

sity, see Table 1).

The in situ data was averaged following a kriging procedure at all

the sites with high availability of rain gauges in an extensive area

surrounding the SMOS pixel (25×25 km). At the Italy and Australia

sites, not enough reliable rain gauges were available around the SMOS

pixel to apply kriging. Instead, an arithmetic mean was calculated with

all the available stations within the SMOS pixel (6 in Italy and 4 in

Australia (Smith et al., 2012)). All the data are available at the ten sites

for 6 years (from 2010 to 2015) except for USA 4, where there is no

data for years 2014 and 2015.

Additionally, in situ soil moisture measurements from different soil

moisture probes are used in Section 4.3 to analyse which land surface

model better captures observed soil moisture dynamics. These instru-

ments belong to the same hydrological networks as the rainfall datasets.

2.1.4. Additional forcing and static data

A range of atmospheric variables (2-m air temperature, 2-m specific

humidity, long-wave radiation, short-wave radiation, 10-m wind speed,

wind direction and surface pressure) acquired from the Modern-ERA

Retrospective Analysis for Research and Applications Version 2

(MERRA-2, Bosilovich et al., 2016) are also used in this work to force

the SURFEX model. The 2-m air temperature data are used in the API

model to take into account the effect of this variable in the exponential

decrease of the soil moisture, related to the different rate of evapo-

transpiration (i.e., higher air temperature will lead to a more rapid

decrease of the surface soil moisture).

Soil type and land use information represent static inputs for the

SURFEX model. This information is taken from the ECOCLIMAP dataset

(Champeaux et al., 2005), which provides global information of the

land cover with a resolution of 1 km.

2.2. Land-surface models

In this section, the two land-surface models used in this study are

briefly explained (API and SURFEX). It should be noted that their large

differences in complexity cause important differences in the computa-

tional time required by each model, which is a factor to take into ac-

count if there is an intention to apply each methodology globally.

2.2.1. API

The Antecedent Precipitation Index (API) model used in this work is

a modification of the one used in Pellarin et al. (2009) and Brocca et al.

(2016). The API model simulates the soil moisture in a thin layer close

to the surface using only the previous (antecedent) value of soil

moisture and the amount of incident rainfall. In this version of the

model (Eq. (1)), the exponential decrease of the soil moisture slightly

depends on the air temperature, but there is no dependency on the soil

type:

= + − −− − − −sm sm e sm e[ ] [Θ ][1 ],t t
t τ

sat t
P h

( ) ( 1)
∆ /

( 1)
/t( ) (1)

where sm(t) is the modelled soil moisture for each time step (Δt, 1 h in

this study), which depends on two different terms. The first term re-

presents the exponential decrease of the soil moisture with time, based

on the previous soil moisture value (sm(t−1)) and on τ, which modifies

the exponential decrease of sm(t) depending on the air temperature

following Eq. (2). τ represents the main modification from the versions

in Pellarin et al. (2009) and Brocca et al. (2016). Eq. (2) has been de-

rived experimentally in an independent study using air temperature and

in situ soil moisture probes:

= − + − − +−τ e T T T T( 7 ) (0.006 ) (0.03 ) (9.5 ) 287,5 4 3 2 (2)

where T is the air temperature (in this study approximated by the

temperature (°C) at 2 m above ground level from MERRA-2 dataset,

smoothed on 25 days). This approach allows for the global application

of the methodology based on knowledge of the air temperature and

without necessity of soil type information for the calibration of τ. The

second term in Eq. (1) represents the potential increase of soil moisture

due to the new rain accumulated at time t. This possible increase of soil

moisture depends on the hourly rainfall (P in mm/h) and in the sa-

turation parameter (Θsat), which is the difference between the soil

moisture saturation value (fixed to 0.45 m3 m−3) and the precedent

value of this variable (sm(t−1)). h is the depth of the soil layer, fixed to

35 mm, which is similar to the sensing depth of SMOS observations.

Table 1

Information of 10 sites used in this study. Coordinates indicate the centre of the SMOS pixel. The number of rain gauges within the SMOS pixel and averaging technique are included in

the last column.

Name Site and coordinates Climate and mean annual rainfall (mm) Land cover/topography/RFI
N
o
of rain gauges/averaging

Niger SW of Niger Semi-arid Semi-arid vegetation/ 5

13.56°N/2.72°E (509) flat/no RFI kriging

Benin Central Benin Sub-humid Wooded savannah, crops/ 10

9.76°N/1.69°E (1267) flat/no RFI kriging

Australia Yanco Semi-arid to template Crop, grazing/ 4

34.70°S/146.15°E (420) flat/no RFI arithmetic mean

USA 1 Little Washita Sub-humid Range, wheat/ 20

34.93°N/98.17°W (797) rolling/no RFI kriging

USA 2 Little River Humid Row crop, forest/ 12

31.66°N/83.64°W (1095) flat/no RFI kriging

USA 3 Walnut Gulch Semi-arid Range/ 88

31.66°N/110.10°W (229) rolling/no RFI kriging

USA 4 Reynolds Creek Semi-arid Range/ 26

43.24°N/116.84°W (472) mountainous/no RFI kriging

Italy Umbria Mediterranean Woods, crops/ 6

42.97°N/12.32°E (872) rolling/RFI yes arithmetic mean

France 1 Anduze Mediterranean Range, crop, urban, forest/ 5

44.05°N/4.20°E (1207) rolling/RFI yes kriging

France 2 Saint Joseph Mediterranean Range, crop, urban, forest/ 7

44.05°N/4.80°E (745) mountainous/RFI yes kriging
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2.2.2. SURFEX

SURFEX (SURface EXternalisée) is a platform developed by Meteo

France and the scientific community to model soil-atmosphere pro-

cesses. It is composed of different physical models for different surfaces:

nature, urban, ocean and lakes. Here, we focus on the use of the physical

model representing the interactions between soil, vegetation and at-

mosphere over natural surfaces, which is the Interaction Sol-Biosphère-

Atmosphère (ISBA) land-surface model, developed by CNRM-GAME.

One of the numerous outputs of the ISBA model is the soil moisture.

It is simulated for different sub-definition of tiles within the natural

surfaces. In this work, the model has been configured with 3 of these

sub-definitions for natural surfaces: bare soil, low vegetation and high

vegetation (forest). Thus, the model simulates a different evolution of

the soil moisture depending on the tile. After different sensitivity ex-

periments (not shown here), we decided to use the low vegetation tile

to apply the assimilation technique, since in general it provided the best

results for most of the sites. SURFEX is a multi-layer model and,

therefore, it simulates the diffusion of temperature and humidity be-

tween adjacent layers, providing different values at different depths. In

this work, we use the two first layers of the models (from 0 to 1 cm and

from 1 to 4 cm) and we apply a weighted average to these two values,

which represents the depth most similar to the SMOS data. As com-

mented above, the model is forced with the SPP-based rainfall (which

we aim to correct via the assimilation process) and atmospheric and

static forcing datasets, obtained from MERRA-2 and ECOCLIMAP.

2.3. Land-surface model assimilation algorithm (LMAA)

The land-surface model assimilation algorithm (LMAA) is based on

the application of a particle filter (PF) assimilation method in the two

models previously described. For a mathematical or formal description

of PF, the reader is referred to Yan et al. (2015).

All the parameters, threshold values and specifications of the

methodology here presented have been chosen following comparison of

d)

a)

c)

b)

Fig. 2. Graphical representation of LMAA method. The figures show an illustrative and real example for USA 1 site in 2011, from 20 May to 25 May. a) Original rainfall (blue bars) from

the SPP to be corrected (CMORPH in this example) and its associated soil moisture (blue line) simulated by the model (SURFEX in this example). b) Including 100 simulations with

artificially modified rainfall data (grey bars) and their associated soil moisture (grey lines). c) As in b but including in red the 30 soil moisture time series with the lowest RMSE compared

to SMOS (kept) (the associated rainfall bars are marked in red). d) As in c but with the mean value of red-marked rainfall (green bar) and its associated soil moisture (green line). The green

bar is considered as the corrected rainfall, i.e., the final LMAA product. The in situ rainfall (reference) is shown with purple stars, as well as the soil moisture obtained when the model is

forced with this rainfall (purple line), for reference. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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numerous sensitivity experiments (not shown). Among these experi-

ments, we tested: 1) The choice of the multiplicative factor applied to

every SPP rain value (k, see Eq. (3)), which is especially important in

cases of large rain events, as it will be discussed later; 2) The best CDF-

matching procedure (see discussion in Section 2.1.2); 3) The length and

the number of SMOS data within each assimilated sub-period, which

needs to have a trade-off between time distance to the rain event and

large enough number of SMOS acquisitions. For values ranging between

4 and 7 SMOS acquisitions reasonable results were obtained. Less of 4

acquisitions can lead to degradation in terms of results, since more

SMOS samples are necessary to compensate the possible uncertainties

of individual SMOS data (we obtained the best results with 6 SMOS

acquisitions); 4) The number of the ensemble of simulations (we tested

100, 200 and 300 with very similar results and selected 100 to limit

computation cost); 5) The number of best simulations used to calculate

the main rainfall (kept), see synthetic experiments in Section 4.4; 6) The

threshold values of dqx, RFI and Chi2 for filtering SMOS data (see also

discussion in Section 2.1.2), looking for a trade-off between number of

SMOS acquisitions and data quality; 7) The suitability or not of

smoothing SMOS (finally not appropriate for LMAA because of the loss

of rainfall information). Additionally, other more technical experiments

were performed for the different models, especially for SURFEX (for

example regarding the depth of the layers used and the most appro-

priate sub-definition of tile to be used, see discussion in Section 2.2.2).

This technical configuration is not the most appropriate for certain

specific sites (i.e., a different and more optimal configuration exists for

some specific sites). However, we have selected the configuration which

offered the best possible general rainfall correction based on the results

obtained at the ten sites. Therefore, the same configuration could be

applied for every pixel at the worldwide scale without necessity of

specifying differences between contrasting areas.

Hereinafter, the procedure applied in our case is briefly explained as

follows (see also Fig. 2):

1. The model (API or SURFEX) is initially forced with the SPP that we

aim to correct (original rainfall, blue bars in Fig. 2a). The assim-

ilation window (period) is defined by 6 SMOS acquisitions in a

maximum of 9 days, i.e., if there are not 6 SMOS acquisitions in

9 days, the maximum possible number of SMOS in that period will

be used (most appropriate numbers obtained after sensitivity ex-

periments, not shown). The blue line in Fig. 2a represents the soil

moisture simulated by the model forced with this original rainfall.

2. The original rainfall is modified 100 times (number tested in sen-

sitivity experiments). This new artificial rainfall is used to force the

model in 100 new simulations, obtaining an ensemble of predictions

(i.e., 100 soil moisture possibilities associated to 100 different

rainfall time series). For the modification of rainfall, the following

distributions are used, based on the generation of random numbers:

= ⎧
⎨⎩

≤
>

−
k

e P

randg P

if 30 mm

0.145 (5.43) if 30 mm

rand
event

event

(4 ) 2

(3)

where k is the multiplicative factor applied to every SPP rain value,

calculated for every rain event. Two rain events are considered as

independent when they are separated by more than 12 h, i.e., when

they are separated by more than 12 h without rainfall. For rain

events of less than 30 mm, the altered rain will have the form ex-

pressed in the upper part of Eq. (3), following an exponential

function determined by the generation of uniformly distributed

random numbers (rand). For large rain events of more than 30 mm,

k will change, using in this case a gamma distribution to generate

the random numbers (randg), defined by two shape parameters

(0.145 and 5.43) (Marsaglia and Tsang, 2000). This change was

made after observing how large rain events were problematic when

using the exponential function at several sites. With the gamma-

distributed function, we avoid large potential errors for intense rain

events, improving overall results for the ten sites. In the example

shown in Fig. 2b, the first rain event is larger than 30 mm and the

lower part of Eq. (3) is applied, while the upper one is used for the

second event of 24th May as it is lower than 30 mm.

3. We compute the root mean squared error (RMSE) of every simulated

soil moisture time series (for a total of 100 RMSE) compared to the

SMOS measurements in each period (black stars in Fig. 2b).

4. Based on the previously calculated 100 RMSE values associated to

the 100 simulations, only a subset (kept) of them are selected (red

lines in Fig. 2c), corresponding to the 30 simulations with the lowest

RMSE. This kept number is variable depending on the quality of

SMOS (Eq. (4)), since the more reliable SMOS is in a specific period,

a lower number of kept will be needed (i.e., a kept of 10), meaning
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Cumulative precipitation comparison
Fig. 3. Example of one of the results of LMAA (with SURFEX)

applied to CMORPH real-time product, shown with cumulative

rainfall during year 2012 at USA 1 site. CMORPH is shown in

blue, in situ in black and the corrected amount obtained after

the application of LMAA is shown in green. The differences

between 24h-RMSE (mm/day), 24h-Pearson correlation and

annual cumulative error (mm/year) are indicated with text.

(For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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that we will trust more the correction provided by the assimilation.

On the other hand, the lower the quality of SMOS is, the higher this

number will be (i.e., a kept of up to 60), meaning that the correction

will be less accurate and therefore we will give more importance to

the original soil moisture value (blue line in Fig. 2).

The quality of SMOS is determined for every period (Qperiod) based

on the mean of the quality of every SMOS measurement (QSMOS) in

the period, which will depend on the value of dqx, Chi2 and RFI

normalized by their minimum and maximum values (Eq. (4)):

= + + − −
Q

dqx RFI Chi( /0.045) ( /0.45) ( 2 1/3.5 1)

3
.SMOS (4)

Since QSMOS and Qperiod range between 0 and 1 (1 for the worst

quality and 0 for the best one), we fixed a kept value of 10 if Qperiod is

lower than 0.1, 20 if it is between 0.1 and 0.2, 30 when it is between

0.2 and 0.3, 40 for values between 0.3 and 0.5, 50 for values be-

tween 0.5 and 0.7 and 60 when Qperiod is larger than 0.7. This is one

of the many different possible ways of taking into account the SMOS

quality for the correction provided by the assimilation technique.

5. From the red lines in Fig. 2c, their associated rainfall time series (red

bars in Fig. 2c) are averaged (green bar in Fig. 2d) to provide a

corrected rainfall estimate. The green line in Fig. 2d represents the

corrected soil moisture associated with the corrected rainfall, which

final value will be used to initialize the next simulated period.

Here, LMAA is applied on a yearly basis to every site, dividing each

year into sub-periods containing 6 unique SMOS retrievals in a 9 days

maximum period following the beginning of a rain event. However, the

assimilation is not applied when no SMOS data are available or during

periods without rain. In these cases, the simulation continues in order

to provide the initial value of soil moisture for the next assimilated

period, which will start just before the starting of a new rain event. This

configuration could be easily applied operationally and will provide a

new corrected rainfall within a maximum of 9 days after the start of

every rain event (less if there are 6 SMOS data before).

3. Results: LMAA evaluation

Fig. 3 shows an example of the correction performed by LMAA for

USA 1 site in 2012. The blue line in this figure shows the annual cu-

mulative rainfall originally provided by CMORPH, while the black line

shows the real rainfall observed at this site based on in situ rain gauges.

The green line shows the final results obtained after the application of

LMAA (in this example with SURFEX), showing how the methodology

provides a successful correction of the initial product (for the annual

cumulative rainfall, for the 24h-RMSE and for the 24h-Pearson

NIGER BENIN AUSTRALIA USA1 USA2 USA3 USA4 ITALY FRANCE1 FRANCE2

−4

−2

0

2

4

24h RMSE change after LMAA (RMSE new − RMSE orig)

Site (for different years starting in 2010)

2
4
h
 R

M
S

E
 c

h
a
n
g
e
 (

m
m

/d
a
y
)

NIGER BENIN AUSTRALIA USA1 USA2 USA3 USA4 ITALY FRANCE1 FRANCE2
−0.2

−0.1

0

0.1

0.2

0.3
24h Pearson correlation (R) change after LMAA (R new − R orig)

Site (for different years starting in 2010)

C
o
rr

e
la

ti
o
n
 c

h
a
n
g
e

NIGER BENIN AUSTRALIA USA1 USA2 USA3 USA4 ITALY FRANCE1 FRANCE2
−600

−400

−200

0

200

400
Absolute cumulative rainfall error change after LMAA [abs(Cum new − Cum in situ)] − [abs(Cum orig − Cum in situ)]     

Site (for different years starting in 2010)

A
b
s
o
lu

te
 c

u
m

u
. 
ra

in
fa

ll 
e
rr

o
r

c
h
a
n
g
e
 a

ft
e
r 

a
s
s
im

ila
ti
o
n
 (

m
m

/y
e
a
r)

a)

b)

c)

Fig. 4. Results of LMAA applied to CMORPH real-time product (bars for API and circles for SURFEX). a) 24h RMSE change (mm/day). b) 24h Pearson correlation change. c) Absolute

cumulative error change (mm/year). The results are shown for 10 sites (separated by vertical dashed lines) and for years from 2010 to 2015 (except USA 4, which is only from 2010 to

2013). Green colours indicate improvements and red ones worsening regarding the performance scores of the original products (see Fig. 8 for information about the initial quality of the

used SPP and Fig. 9 for the final performance scores obtained after the LMAA application). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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correlation).

The results for the rest of the sites and years are shown in Figs. 4, 5

and 6 with the performance scores changes obtained after the appli-

cation of LMAA for each particular site and year to the CMORPH,

PERSIANN and TRMM-3B42RT real-time datasets respectively. The

evaluation of the methodology is performed in terms of changes be-

tween original and new 24h-RMSE, 24h-Pearson correlation (R) and

absolute error in the annual cumulative rainfall. All these performance

indicators have been calculated using in situ rainfall information as the

reference benchmark, which is not used at all in the LMAA application.

It should be noted that all zero values are included in the rainfall

time series used for the computation of R and RMSE. In the case of the

RMSE, we also computed the unbiased RMSE changes (not shown) and

we obtained very similar results than with RMSE. This result suggests

that the RMSE is mainly driven by the random error and, therefore, the

bias (or systematic error) is less important. If we remove the values with

zero in both time series for the RMSE computation, the RMSE values are

logically larger, since we do not include the zero-zero correspondences

which decrease the mean error. In this case, the differences between the

changes obtained by using RMSE or unbiased RMSE are slightly more

appreciable but still low, indicating again that the main contribution to

the errors is due to the random errors. This motivated us to use the

RMSE (not unbiased) including the zero values in the rainfall time

series.

In Figs. 4, 5 and 6, the upper panels (a) show the 24h RMSE change

(original minus corrected) after the LMAA application, i.e., it will be

negative when the corrected rainfall has a lower 24h-RMSE than the

original one (marked in green, improvement). The middle panels (b)

show the same but for the 24h-Pearson correlation change, being now

positive when there is an increase of the correlation with the in situ data

after the application of the LMAA. Finally, the bottom panels (c) show

the change in the absolute error of the cumulative total annual rainfall

when compared to the in situ data. That is, one bar will be negative and

green (improvement) if the cumulative rainfall bias (absolute value) is

larger for the original real-time SPP than for the corrected one. The use

of absolute error values is just a matter of making comparable biases of

different signs. In order to illustrate the differences obtained between

models, the results shown with bars are those obtained with the API

model while the ones obtained with SURFEX are shown with circles.

In general, green colours dominate over red ones in these figures,

meaning that the methodology is able to correct and improve the ori-

ginal RMSE, correlation and annual cumulative rainfall provided by the

three SPPs. The correction is substantial in sites like Niger, Benin, USA

1 and USA 3 and satisfactory, but limited, at USA 2 and the Australia

sites. However, the results are worse in other sites, such as USA 4, Italy,

France 1 and France 2. As it will be discussed in the next section, these

results are linked to the limitations of the methodology in sites affected

by RFI, mountains or extensive forest cover. In fact, as commented in

Section 2, some of these sites were intentionally chosen because these

conditions represent a stern test for the inversion of SMOS surface soil

moisture retrievals.

The potential of the methodology is strengthened due to the fact
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Fig. 5. As in Fig. 4, but for PERSIANN real-time product.
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that the improvements are observed in many of the evaluated sites for

the three different SPPs. It is worth noting that the correction is more

powerful for some products than for others, which indicates that a

dependency could also exist with the features of the original rainfall

dataset aimed to be corrected. For example, the increase in the 24h-

RMSE error (worsening) of around +2 mm/day observed in USA2 in

2014 for CMORPH (Fig. 4) is not observed for the other products

(Figs. 5 and 6), since it is partly caused by a quite large and prominent

error of the real time version of this product in a rain event. It should

also be noted that the correction for the PERSIANN dataset (Fig. 5) is

better than for the other datasets in general. This is related to the worse

initial performance scores of PERSIANN compared to the other products

in these 10 sites, which allows for a more substantial correction. On the

other hand, the bias in the annual cumulative rainfall are also corrected

for the three different SPPs (Figs. 45–6(c)), indicating that the correc-

tion in all three products converges to the desired real value (in situ

rainfall). This means that the correction offered by the methodology

always tends to the reference value despite the initial product.

The comparison between both models (bars for API and stars for

SURFEX) reveals how, in general, the API model produces slightly

better results than the more-complex SURFEX model. The exceptions to

this tendency are, for example, in 2010 and 2013 at the USA2 site when

correcting TRMM-3B42RT (Fig. 5a,b) or at USA 3 site, where the cor-

rection offered by the two models is slightly better for SURFEX. In other

cases, SURFEX can lead to much larger errors than API, such as for

example in Niger 2011 correcting CMORPH (Fig. 4), when SURFEX

worsens the RMSE and R results. The comparison between models is

analysed in detail in Section 4.3.

4. Discussion: analysis of data, models and LMAA

The accuracy of the correction performed by LMAA is primarily

affected by the initial quality of the two main datasets: soil moisture

from SMOS and the SPP to be corrected. The quality of these two da-

tasets is analysed in this section in order to determine their influences

on the observed corrections (improvement or worsening). Possible error

in the model simulating the soil moisture evolution is a third source of

error and, in fact, out rationale for comparing two models of different

soil moisture process complexity with different soil moisture re-

presentation. A fourth source of errors could be the assimilation tech-

nique, which is also studied via an experiment using synthetically gen-

erated SMOS data.

We are aware that there could be also some uncertainty in the in situ

rainfall data used as reference. However, it is not possible to check the

accuracy of these datasets and they constitute the most accurate

available dataset to be considered as the reality. Some uncertainty

could also exist in the additional atmospheric data used to force the

models (from MERRA-2), nonetheless, the effect of these variables in

the soil moisture evolution can be assumed as less important compared

to the impact of rainfall.

4.1. SMOS information

Figs. 4–6 demonstrate that sites exist where the correction of LMAA
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Fig. 6. As in Fig. 4, but for TRMM-3B42RT real-time product.

C. Román-Cascón et al. Remote Sensing of Environment 200 (2017) 295–310

303



is not successful for any of the SPPs (USA 4, Italy, France 1 and France

2). This suggests that the main problem at these sites is errors in the

SMOS soil moisture retrieval used in the assimilation. Fig. 7a shows

how the number of SMOS used for each site differs, especially due to the

application of the filtering previously performed to remove suspicious

data (see Section 2). The European sites (especially Italy and France 2)

are the sites most affected by this filtering and therefore, insufficient

SMOS data are available to effectively correct rainfall. At these sites,

even the data used (after the filtering process) still presents the highest

RFI values used in the evaluation (Fig. 7b) - thus reducing the accuracy

of the assimilation. On the other hand, Fig. 7c shows the correlation of

SMOS data (before and after filtering) with the soil moisture simulated

by the API model when forced with the in situ rainfall. The correlation

normally increases for the filtered data (red circles) and is precisely

lower in sites highly affected by RFI filtering (Italy, France 1 and France

2), not especially high in USA 4 (mountains) or in USA 2 (high per-

centage of forest) - further indicating the relatively lower accuracy of

SMOS at these sites. The correlation values for Niger, Benin, USA 1,

USA 3 and Australia are quite good in comparison with the other sites,

in accordance with the LMAA results.

On the other hand, the SMOS quality in Niger and Benin sites is also

lower during 2013, 2014 and 2015 due to a temporal source of RFI in

the area. However, enough SMOS data remain after the filtering pro-

cedure that results are minimally affected. In fact, the variable number

of kept ensemble members depending on the SMOS quality is precisely

designed to give more importance to the rainfall value from the original

product when the quality of SMOS data is low (see Section 2). The same

thing happens in USA 2, where the correlation shown in Fig. 7c is re-

latively low but there is still a sufficient number of SMOS data after the

filtering process, since the SMOS quality indices are not related to the

amount of vegetation. For this reason, the observed correction at this

site is not always successful.

4.2. Real-time SPP information

The quality and number of SMOS retrievals is not the only factor

impacting the success of the LMAA method. The other main datasets

used for the assimilation correction are the real-time SPPs we are trying

to correct. Thus, if these datasets present remarkable differences with

the in situ data, the expected correction can be limited, since the LMAA

methodology cannot create new rain events nor totally remove them -

even if the SMOS data suggest it. That is, LMAA can only modify the

initial rainfall amount provided by SPP.

Fig. 8 shows RMSE, R and annual cumulative rainfall error metric

values for the CMORPH (bars), TRMM-3B42RT (squares) and PER-

SIANN (circles) real-time products before the application of LMAA.

These values show how there are some sites with problems for the re-

trieval of rainfall from satellite, like USA 4, where the initial correlation

is noticeable low (normally less than 0.4). There is also a negative

rainfall bias at this site for some products (approximately −200 mm for
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CMORPH, shown with bars in Fig. 8c), which is a markedly large value

compared to the mean cumulative annual rainfall of this site (472 mm

as shown in Table 1). This suggest that the real-time SPP is missing an

important amount of precipitation - likely due to the inability of the SPP

to detect snow precipitation during the winter months (USA 4 site is

located in the Rocky Mountains (Reynolds Creek)). In any case, it

should be noted that the rainfall correction based on SMOS data is not

applicable during snowy periods, since soil moisture retrieval from

SMOS in snow-covered surfaces is not possible, representing a limita-

tion of the presented LMAA methodology.

On the other hand, the relatively low values of the initial bias of the

cumulative annual rainfall (more accurate) in Australia and USA 2 re-

duce the need for correction in these sites, except at USA 2 for TRMM-

3B42RT, where there are initial biases of around +300 mm/year

(Fig. 8c), values that are normally successfully corrected (see Fig. 6c).

Table 2 shows the comparison between the initial (original values)

and the corrected (new values) RMSE, R and annual cumulative error

for the three different products, based on a mean performed for all the

sites and years. The SPP with lower initial scores is PERSIANN and this

product shows better corrections. The same conclusion can be extracted

from a quick comparison between the values shown in Figs. 8 and 9,

which represent the final performance indicators after the LMAA ap-

plication with the API model. That is, Fig. 9 and Table 2 show how

there exists a convergence towards the in situ values after correction of

the three products (i.e., generally decreasing the RMSE, increasing the

correlation and correcting the annual cumulative rainfall). The cor-

rection is successful for all the real-time products assimilated, although

there also exists a dependency on the initial quality of the original SPP,

as it has been shown in this subsection.

4.3. Model analysis: API versus SURFEX

Figs. 45–6 show slightly better results for LMAA using API model

than SURFEX. This is a very interesting result, since it suggests that the

use of a more sophisticated (and more expensive computationally)

model is not necessary to correct rainfall with the LMAA methodology

and SMOS data. This result does not necessarily mean that SURFEX

does a worse job simulating the soil moisture dynamics. Table 3 shows

the correlation of in situ soil moisture from several soil moisture stations

available at each site and the simulated values of this variable by API
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Fig. 8. Information about the three SPPs tried to be corrected. a) Initial 24h-RMSE before the assimilation. b) Initial 24h-Pearson correlation before the assimilation. c) Initial annual

cumulative rainfall bias before the assimilation. CMORPH values are represented with bars, TRMM-3B42RT with blue squares and PERSIANN with red circles. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Mean scores calculated from 10 sites and 6 years data for the three different SPPs. First

values indicate the initial values (original real-time products) and second values the final

ones obtained after the LMAA correction (final product) with the API model.

24h RMSE (mm/day) R Abs. cum. error (mm/year)

CMORPH 5.1/4.4 0.73/0.75 254/183

TRMM-3B42RT 5.5/4.8 0.66/0.69 153/127

PERSIANN 6.5/5.3 0.58/0.64 332/227
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and SURFEX forced with in situ rainfall. The intention of this table is not

to analyse the absolute values, which can be influenced by uncertainties

in the in situ rainfall and by the real representativeness of the soil

moisture probes, factors out of the scope of this study. The only in-

tention of Table 3 is to compare the correlation between both models, in

order to have an idea about which model is more realistically re-

presenting the soil moisture evolution.

The high values shown in Table 3 strengthen the conclusion that

both models are able to correctly represent the soil moisture. However,

in some cases, important differences are observed between the models

when the LMAA methodology is applied (Figs. 45–6). The values in

Table 3 are slightly better for API in sites where the LMAA correction is

also slightly favourable for this model (Niger, Benin and Australia). The

results of the correction are similar when both land-surface models

have the same skill simulating the soil moisture (USA 1 and USA 2).

Some advantage is observed for SURFEX in USA 3, leading to very slight

improvements compared to the results of API, especially for the cor-

relation values. This comparison is not useful in sites with limited SMOS

data quality (USA 4, Italy, France 1 and France 2), since the observed

corrections are not successful.

4.4. Analysis of assimilation algorithm: synthetic experiments

Finally, it is worthwhile to analyse the accuracy and the limitations

of the LMAA technique itself by means of synthetic experiments. One

limitation is that LMAA uses artificial rain perturbations within a lim-

ited range of values, which can either be too small or too large in some

cases. A second limitation is related to the definition of the particle

filter, which uses the mean of an ensemble of simulations to correct the

initial values and not discrete and absolute values like for example the

Kalman Filter. For the sake of clarity, the analysis shown in this section

is performed using only the API model. The procedure is as follows:

perfect (synthetic) soil moisture data are extracted from soil moisture

time series simulated by the API model when forced with in situ rainfall

(considered as the synthetic truth). The frequency of these data is set to

the same number of the real SMOS (and at the same time) before fil-

tering, i.e., between 300 to 400 data per year. In doing so, we remove
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Fig. 9. As in Fig. 8 but for the products obtained after the correction performed by LMAA (final results offered in this study).

Table 3

Correlation between in situ soil moisture and soil moisture simulated by API and

SURFEX when forced with in situ rainfall. The most appreciable differences are

marked in bold.

Site R R

API SURFEX

Benin 0.98 0.89

Niger 0.95 0.91

Australia 0.89 0.81

USA1 0.89 0.89

USA2 0.92 0.92

USA3 0.80 0.86

USA4 0.84 0.81

Italy 0.75 0.88

France 1 0.89 0.89

France 2 0.78 0.78
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the uncertainties of the SMOS accuracy, creating the perfect SMOS.

These data are used in LMAA in two synthetic experiments.

4.4.1. Synthetic experiment I: perfect SMOS correcting perfect rain

In this experiment, perfect SMOS data are used in LMAA to correct

the in situ rainfall itself, removing also the uncertainties of the SPP

(since in this case the original rainfall is the same than the one used as

reference for the evaluation). Thus, if the methodology is perfect, the

correction applied after LMAA should be null and the new corrected

value should be equal to the original one. However, the methodology

itself can artificially change the rainfall, slightly decreasing the corre-

lation and slightly increasing the RMSE and the annual cumulative

error of the rainfall time series obtained after the assimilation when

compared to the in situ original ones. These changes are caused by the

fact that LMAA uses the mean of limited number of kept particles (a

fixed number in this synthetic experiment). These artificial variations of

the rainfall amount are especially important in sites with a larger

number of intense rain events (e.g. USA 1 or USA 2, not shown), since

larger rain event can lead to larger modification of the rain estimates.

This is especially important when the soil moisture after the original

rain event is close to the saturation, i.e., the soil moisture will not in-

crease more above a rainfall threshold, since all the extra rain will be

converted in runoff. In these circumstances, some of the new artificially

generated rain amounts produce approximately the same soil moisture,

being impossible to increase more this variable. These soil moisture

time-series will have the same error when compared to the assimilated

data (perfect SMOS) and, finally the lines used for the mean computa-

tion (kept) will form an asymmetric distribution (slightly shifted to

larger values), resulting in an artificial increase of the rainfall. The same

effect is also observed under conditions close to the minimum soil

moisture possible, but with less effect, since the change in rainfall will

be lower than in the saturation case. These limitations of the metho-

dology can be especially problematic in the real experiment when

SMOS soil moisture retrievals are above the soil moisture obtained with

the original rainfall. In these real cases, LMAA can predict unrealistic

overestimation in the corrected rainfall, although in other cases this

increase in the rain amount was needed to apply successful corrections.

One possible solution is to exclude large rain events (e.g. above

100 mm/event) from the correction, but after several sensitivity ex-

periments, it was seen how the best solution was to limit the possibility

of increase, as explained in Section 2 and in Eq. (3), providing the best

results for all the evaluated sites. Other optimal solutions could improve

the results when LMAA is applied over specific regions with particular

precipitation regimes.

Coming back to the errors associated to the LMAA correction in

synthetic experiment I, Fig. 10a shows the mean RMSE obtained in the

evaluation of the rainfall obtained using different number of kept. This

figure indicates how the lower the numbers of kept is, the lower the

error is, tending to RMSE of 0 mm/day with only 1 line, since that line

would be the original one, i.e., the soil moisture produced by the in situ
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Fig. 10. 24-h RMSE change after the assimilation (bars). Note how the original product starts with a RMSE value of 0 mm h−1. a) Perfect SMOS, including the bias in 6-year cumulative

rainfall (mm/6 years, mean for all sites), indicated with stars. b) Perfect SMOS + noise, i.e., with a controlled noise of 0.04 m3 m−3.
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rainfall in this synthetic experiment. The same tendency is observed in

this figure for the total bias of the cumulative rainfall (indicated with

stars in Fig. 10a) in the six years evaluated (mean for all sites), with

positive bias values, indicating the tendency to overestimate the rainfall

due to the commented effect. These results are in accordance to the

argument of the previous paragraph, since less kept lines means that

they will be closer to the original one (and less of them will be affected

by the saturation problem), resulting in a mean close to the original

one. This represents a limitation of the PF method in comparison with a

Kalman Filter one, which could be more appropriate when assimilating

extremely accurate data, but which is not the case for SMOS soil

moisture retrievals.

On the other hand, Fig. 10b shows the same than in Fig. 10a, but

using a variation of perfect SMOS. In this case, a controlled noise has

been introduced in perfect SMOS, named now perfect SMOS + noise,

which is somehow closer to the real SMOS data but with a controlled

error of 0.04 m3 m−3. In this case, the RMSE is higher (as expected)

compared to the one shown in Fig. 10a, but it is also observed that the

RMSE tends to decrease when the number of kept increases. That is, if

SMOS were perfect (Fig. 10a), it would be appropriate to select a low

number of kept. However, Fig. 10b suggests that it would be better to

select a higher number of kept when a systematic error is introduced in

the assimilated soil moisture data. The quality and accuracy of the real

SMOS data is highly variable depending on the site, surface conditions,

RFI, etc. This motivates our application of a variable number of kept

depending on the quality of SMOS (see Section 2), evaluated with dqx,

RFI and Chi2 parameters. Note how the bias is not included in Fig. 10b

because the noise makes its analysis more difficult due to the com-

pensating effect (positive and negative) of this score.

4.4.2. Synthetic experiment II: perfect SMOS correcting SPP

The previous synthetic experiment has shown how LMAA can

slightly degrade the results, but this degradation is partially controlled

through the use of a variable number of kept and changing the per-

turbation distribution for large rain events. On the other hand, this

degradation does not necessary exist in the real world (using real

SMOS), since the real application of LMAA is based on an ensemble

distribution of the assimilated variable. In this second synthetic ex-

periment, perfect SMOS is applied directly to the SPP, with the objective

of analysing the maximum correction possible with the methodology

(i.e., if SMOS were perfect and using a fixed kept value of 10).

Results of a hypothetical rainfall correction using perfect SMOS are

shown in Fig. 11 with bars for CMORPH, achieving very good results for

almost all the sites/years in comparison with the results obtained in

Fig. 4 using real SMOS (also indicated in Fig. 11 with red x symbols for

comparison). In general, the results obtained with synthetic experiment

II are much better in sites highly affected by RFI (Italy, France 1 and

France 2), since the undesired effect of RFI and SMOS filtering is re-

moved in these cases. In the other sites, the results are obviously better

with perfect SMOS but it can be seen how real SMOS offers good results
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when compared to the maximum correction possible (if SMOS were

perfect).

Lastly, in order to investigate the possible effect of SMOS frequency

in the correction, we tested the results obtained by increasing artifi-

cially the frequency of perfect SMOS time series, now with two SMOS

per day (named perfect SMOS-730, since there will be 730 data for each

year (732 for 2012)), shown in Fig. 11 with blue circles. It is shown how

the results could be even better, representing a potential improvement

by utilising, for example, a combination of measurements from SMOS

and SMAP (Soil Moisture Active Passive from NASA).

5. Conclusions

This study evaluates the ability of the LMAA methodology to correct

satellite-derived real-time rainfall estimates through the assimilation of

SMOS soil moisture into two models of different complexity (API and

SURFEX). LMAA has been optimized based on numerous sensitivity

experiments to provide the best results in terms of rainfall correction.

These sensitivity experiments are not shown in this study, but the final

technical configuration and the description of LMAA is extensively

explained in Section 2 to facilitate its potential application to other

datasets. The evaluation of LMAA is performed using quality-controlled

in situ rainfall data from ten locations worldwide with different land

cover and climate features. Results demonstrate how the approach is

able to improve the rainfall accumulation estimates acquired from three

different real-time SPP (CMORPH, PERSIANN and TRMM-3B42RT). It

is also shown how the methodology is limited in sites affected by an-

thropogenic RFI emission and/or complex topography. In these areas,

the two main datasets used in the methodology (SMOS and SPP) present

difficulties. Although highly vegetated sites were a priori also difficult

sites for the lower-accuracy of the SMOS retrieval, the results suggest

that this feature does not significantly affect the correction of rainfall.

Finally, large rain events leading to saturation conditions could also be

problematic in some specific cases. Although the methodology has been

adapted to take into account this problem, extreme rain events should

be treated with care in real applications. On the other hand, this is the

first time that a simple land-surface model (API) is compared to a state-

of-the-art and more sophisticated one (SURFEX) for the correction of

rainfall through satellite soil moisture assimilation. The results show

how API provides slightly better results than SURFEX in general, which

is a very important finding due to the much larger computational costs

of SURFEX. The promising findings of this study open an ambitious line

of future work through the application of the methodology in near real-

time at the global scale.
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Improvements to the Use of Satellite Soil Moisture 

Measurements in an Operational Land Data 

Assimilation System 

Candy, B. 

Met Office (United Kingdom) 

 

The Met Office runs as  a land data assimilation 

scheme, as part of the operational NWP suite, 

principally to provide an updated soil moisture 

analysis.  Satellite estimates of near surface soil 

moisture are a critical observational dataset for this 

scheme. An important aspect of satellite usage is the 

conversion of the satellite retrieval to an equivalent 

value that represents the near surface soil moisture. 

In this poster we will examine the impact of updating 

this method of conversion for ASCAT via a new 

climatology generated from the latest version of the 

JULES land surface model, with updated soil 

parameters. SMOS level 2 data will be used as an 

independent assessment of the resulting soil 

moisture analyses. In addition future improvements 

to the land data assimilation scheme will be 

presented, such as plans to test the impact of SMOS 

data and improved treatment of observation errors. 
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INTRODUCTION 

In West-Africa, land surface modelling (LSM) suffers 

from strong uncertainties related to the 

precipitation rate. The low density of the rain gauge 

network associated with almost no weather radar in 

this area imposes the use of satellite-based 

precipitation products which are known to be 

particularly inaccurate quantitatively. Consequently, 

LSM outputs exhibits some large discrepancies with 

in-situ soil moisture and associated fluxes. To 

improve land surface simulations, a solution lies in 

assimilating surface soil moisture estimates from the 

SMOS satellite. In a recent paper, Louvet et al. 

(2014) show that surface soil moisture simulated 

with a simple one-layer model (5 cm depth) can be 

strongly improved using SMOS measurements in 

West Africa. In the present paper, the methodology 

is applied to a more sophisticated land surface 

model (SURFEX from Meteo-France) in order to 

observe the benefit on both the root-zone soil 

moisture and the associated sensible and latent 

fluxes. 

 

METHOD 

SURFEX is a physical surface modelling platform 

designed to represent the surface processes exposed 

to an atmospheric forcing. The option ISBA-DIF 

allows a soil multi-layer simulation of a natural area. 

A first simulation is done at the West Africa scale 

(0.25° resolution) for the 2010-2013 period. Then, 

SMOS soil moisture product (L3SM) is assimilated 

into the SURFEX model using a Kalman filter scheme. 

Outputs of both simulations are compared together 

and assessed using in-situ data provided by the 

AMMA-CATCH observatory. Finally, an attempt to 

link soil moisture profiles with measured crop 

production is done in the Niamey region in Niger. 

 

RESULTS & DISCUSSION 

LSM results show some differences whether SMOS is 

used or not. Main differences concern the spatial 

distribution as well as the water infiltration depth. 

These two characteristics are closely linked to the 

crop production since the soil water content is the 

main limitation of the plant growth in this region. 

Crop measurements were obtained over 10 farms 

located in the Niamey region in Niger from 2005 to 

2012. The mean production (8 years) is 690 kg/ha, 

and was equal to 765/381/506 kg/ha in 

2010/2011/2012 respectively.  

Most studies dedicated to crop monitoring are based 

on thermal infrared (e.g. MODIS) or rainfall 

measurements (e.g. CMORPH). Here, we focus on 

the soil water content which is the main limitation to 

crop production. 
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Results & DiscussionsResults & Discussions

Summary & conclusionSummary & conclusion

Soil Moisture at 5cm depth from SURFEX Open Loop on the 1st September 2010

↑ :The difference between the two cumulative 
rainfalls shows a strong quantitative error of 
the satelite product; letting the model without 
soil moisture observation leads to inaccurate 
soil moisture estimation.
← :The difference between the two maps  
shows that even if the global trend is keeped, 
the spatial distribution is much more 
contrasted in the SMOS observations.

● Process hourly soil moisture West-Africa maps for severeal soil depths from LSM (SURFEX) 

assimilated with SMOS Soil Moisture products :

What is the spatial distribution difference between LSM and the SMOS Obs ?

● What is the impact of assimilation of surface layer on the root-zone soil moisture ?

0,25°
0,25°

A
s
s
im

ila
te
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r

Profil soil moisture repartition for 3 years in Niamey from SURFEX ISBA-DIF assimilated

Soil moisture estimation for the 0-5 cm  soil depth, assimilation comparaison

Root zone Soil moisture vs. Crop yield ?Root zone Soil moisture vs. Crop yield ?

Soil moisture estimation for the 25 cm  soil depth, assimilation comparaison

Crop yield is mainly limited by water in West Africa. As the figure above shows, the link 
between soil moisture anomalies, in the useful water reserve of the root zone (~25cm) 
during the period of half August – September, and the anomalies of culture yield (CIRAD 
data around the 1° square of Niamey) is significant compare to the link with the annual 
rainfall anomalies.

On the first layers (0-5cm), the estimation of soil moisture made by the LSM SURFEX ISBA-DIF, forcing with 
MERRA atmospheric products and CMOPRH rainfalls products shows a good approximation in Open-Loop 
(blue line), and even better after assimilation (green line) of SMOS L3 products (black cross, after CDF 
matching). The SMOS assimilation trend to dry the model and correct the infiltration slope.

On the 25cm layer, the estimation of soil moisture is biaised but the dynamic dry/wet is respected. The dates 
of start and end of the infiltration are correct (unless for the end of 2012 because of CMORPH rains does not 
saw in in-situ). The SMOS assimilation improve the estimation by drying the soil.

Soil moisture measurement at 25 cm soil depth (useful water reserve)

Root-zone soil moisture, annual rainfall and crop yield anomalies

Cumulative rainfall – Niamey (Niger)

Same map as left but stacked with SMOS L3 Observation

Surface soil moisture estimation in West Africa can be improved by SMOS observation assimilation (Louvet et 
al. 2014). In the present study the assimilation is done in a multilayer LSM. The result of this assimilation 
shows a significant correction in surface layers and an improvement in the root-zone. By assimilate the SMOS 
observation it is expected to provide a better soil moisture spatial variability. In West-Africa, the root-zone soil 
moisture tends to be directly linked to the agricultural yield, a correct representation of this available water 
seems interesting to monitor crop yield.
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SMOS assimilation into SURFEX land surface model: 
Application to Sahelian crop yield estimation

MethodsMethods

Mainly dependant on rainfed agriculture, the Sahelian region is known to be vulnerable to climate 
change and particularly to precipitation variability. In this context, national and regional 
institutions are interested in obtaining soil wetness conditions at the regional scale in order to 
derive/forecast crop yield estimations. To fulfill this objective, classical methods are based on 
daily precipitation measurements from the raingauge network. However, they suffer from the 
poor density of the raingauge network in Africa (1/10000 km²). In this study we propose using 
one rainfall-proxy, soil moisture, in order to identify a relation with crop yields. First, the spatio-
temporal scale variations of soil moisture anomalies is characterised in order to define the most 
relevant scale for representing crop yield anomalies, then the representation of soil moisture 
variation is addressed.

François Gibon1*, Thierry Pellarin1, Christian Baron2, Danny Lo Seen2, Seydou Traore2

1 LTHE, Grenoble, France, *francois.gibon@ujf-grenoble.fr
 2 CIRAD, Montpellier, France

● How does the space-time variation of soil moisture impact crop 
yield ?

● How to represent these soil moisture variations at a large scale ?

 Introduction - background Introduction - background QuestionsQuestions

Summary & conclusionSummary & conclusion

● How does the space-time variation of soil moisture impact crop yield ?

● How to represent these soil moisture variations at a large scale ?
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● Soil moisture anomalies is promising as a first-order approach to consider crop yield anomalies. 
The period highlighted in this study is mid-August to mid-Septembre. During this period, which 
correspond to the « grain filling » period, crop yield appears particularly sensitive to the soil 
moisture deficit (R²>0.9). The same approach was conducted with rainfall, which gives lower 
correlation.

● To spatialize this approach, several solutions exist. First, anomalies directly derived from microwave 
remote sensing appears consistent and features strong spatial heterogeniety. However the one-
point study shows better results at 25 cm than at 5 cm. To reach this depth, a Land Surface Model, 
SURFEX, constrained by remotely sensed soil moisture to correct forcing uncertainties, is been 
processed.

Results & DiscussionsResults & Discussions

Studied areaStudied area

SMOS vs Irrigated area ?SMOS vs Irrigated area ?

The Sahelian region is well know for its strong climatic gradient (from tropical 
to arid climate), its high rainfall variability and its strong radiance. These 
properties induce a strong impact of soil moisture on the water/energy/carbon 
balance. The specific area of this study is located around Niamey, the capital 
of Niger. This area have been strongly instrumented in recent decades, 
thanks to the AMMA program. Long term surveys of crop yields for the 
surrounding villages are also available.

SM vs Crop Yield ?SM vs Crop Yield ?

When & where ?When & where ?
What about rain ?What about rain ?

Bla bla bla

← Millet yield values have been collected for 
10 villages around Niamey (black stars on the 
left map). Here are the mean annual values. 
Quantities looks stable from 2006 to 2010, 
then drop dramatically during the 2011 
drought and improve slightly the next year.

← AMMA CATCH Observatory has been 
developped to store long-term meteo, hydro 
and ecological data in West Africa. Based on 
3 sites (Bénin, Mali, Niger) strongly 
intrumented, this observatory contains soil 
moisture probes at different depths. The 
figure on the left ← represents the evolution 
of the soil moisture profile in Niger.

Impact ?

Rainfall products are often used to derive crop yield 
estimates. However, due to its high spatio-temporal 
variability and high frequency, this processus is 
complex to represent. The graph below compares the 
crop yield estimation quality between soil moisture 
and rainfall as proxies.

Even if the maximum determination coefficient is 
almost the same (R²~0.9), the time stabilty of soil 
moisture is a strong advantage. Soil moisture reacts 
as a low-pass filter and takes into account only the 
precipitation portion which is available for plants. . 

The above figure visualises results at four depths ↑. The 
results show that the strongest correlation seems to be at 
25 cm. Composed of two peaks, the first peak correspond 
to the period after sowing, and the second grain filling. 
Soil moisture anomalies (at 25 cm) during mid-August and 
mid-September are displayed below ↓

Microwave Remote SensingMicrowave Remote Sensing

By analysing the mean soil moisture estimated from the L3SM SMOS 
during the dry season (Nov → Feb), some patterns appear much 
wetter. These patterns can be due to topography, vegetation effect,...  
or irrigated areas such as the Khartoum area (Sudan) !

ModelisationModelisation

Models suffer from high uncertainties of 
forcing, especially rainfall with regard to soil 
moisture. A solution is to use an 
assimilation system to constrain the model 
using SMOS satellite measurements.

Soil Moisture infiltration from insitu probes

Crop yield anomalies
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Another way to estimate soil moisture is to 
directly use microwave remote sensing, as 
the satellite SMOS. The main difficulty is the 
depth of estimation which is considered 
around 5 cm depth. However, the anomalies 
computed directly from the SMOS L3SM 
product, for the period define above seem 
give a raw idea of the crop yield state.
The spatial soil moisture anomalies for the 
identified period (fig →) show a good 
consistency with the crop yield anomalies 
for 2011 and 2012 (fig ↓).

Annual crop yield anomalies
Annual Soil Moisture anomalies
Optimized Soil Moisture anomalies
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SMOS Measurment

Background state

Analysed state

Remotely sensed soil 
moisture can constraint 
the model  by either : 
● Correcting soil moisture 

through a Kalman Filter
● Correcting the rainfall 

errors through a 
Particle Filter 

In order to determine the most influential period of 
soil wetness anomaly, a rolling mean is computed 
over 7 years at 4 differents depths (5, 25, 55, 85 cm). 
Results are resumed on the figure on the top right. 
This figure represents the determination 
coefficient (R²) between the soil moisture 
anomalies and the crop yield anomalies. The 
beginning of the time window is on the x-axis, and 
the y-axis represents the end of the window. A spot is 
strongly marked between mid-August and end of 
September, which corresponds to the period of 
grain filling → 

Annual crop yield anomalies
In-situ Soil Moisture anomalies
SMOS Soil Moisture anomalies
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Crop yield monitoring in the Sahel using root zone soil moisture

anomalies derived from SMOS soil moisture data assimilation

François Gibon (1), Thierry Pellarin (1), Agali Alhassane (2), Seydou Traoré (2), and Christian Baron (3)
(1) Univ. Grenoble Alpes, CNRS, IRD, Grenoble INP, IGE, F-38000 Grenoble, France, (2) AGRYMHET Regional Center, BP
11011 Niamey, Niger, (3) Centre de coopération internationale en recherche agronomique pour le développement, CIRAD,
Montpellier, France

West Africa is greatly vulnerable, especially in terms of food sustainability. Mainly based on rainfed agriculture,
the high variability of the rainy season strongly impacts the crop production driven by the soil water availability
in the soil. To monitor this water availability, classical methods are based on daily precipitation measurements.
However, the raingauge network suffers from the poor network density in Africa (1/10000km2). Alternatively,
real-time satellite-derived precipitations can be used, but they are known to suffer from large uncertainties which
produce significant error on crop yield estimations.
The present study proposes to use root soil moisture rather than precipitation to evaluate crop yield variations. First,
a local analysis of the spatiotemporal impact of water deficit on millet crop production in Niger was done, from
in-situ soil moisture measurements (AMMA-CATCH/OZCAR (French Critical Zone exploration network)) and
in-situ millet yield survey. Crop yield measurements were obtained for 10 villages located in the Niamey region
from 2005 to 2012. The mean production (over 8 years) is 690 kg/ha, and ranges from 381 to 872 kg/ha during this
period. Various statistical relationships based on soil moisture estimates were tested, and the most promising one
(R>0.9) linked the 30-cm soil moisture anomalies from mid-August to mid-September (grain filling period) to the
crop yield anomalies.
Based on this local study, it was proposed to derive regional statistical relationships using 30-cm soil moisture maps
over West Africa. The selected approach was to use a simple hydrological model, the Antecedent Precipitation
Index (API), forced by real-time satellite-based precipitation (CMORPH, PERSIANN, TRMM3B42). To reduce
uncertainties related to the quality of real-time rainfall satellite products, SMOS soil moisture measurements were
assimilated into the API model through a Particular Filter algorithm. Then, obtained soil moisture anomalies were
compared to 17 years of crop yield estimates from the FAOSTAT database (1998-2014). Results showed that the
30-cm soil moisture anomalies explained 89% of the crop yield variation in Niger, 72% in Burkina Faso, 82% in
Mali and 84% in Senegal.
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Correcting satellite-based precipitation products from SMOS soil

moisture data assimilation using two models of different complexity

Carlos Román-Cascón, Thierry Pellarin, and François Gibon
Univ. Grenoble Alpes, CNRS, IRD, Grenoble INP, IGE, F-38000 Grenoble, France

Real-time precipitation information at the global scale is quite useful information for many applications. However,
satellite-based precipitation products in real time are known to be biased from real values observed in situ. On the
other hand, the information about precipitation contained in soil moisture data can be very useful to improve pre-
cipitation estimation, since the evolution of this variable is highly influenced by the amount of rainfall at a certain
area after a rain event. In this context, the soil moisture data from the Soil Moisture Ocean Salinity (SMOS) satel-
lite is used to correct the precipitation provided by real-time satellite-based products such as CMORPH, TRMM-
3B42RT or PERSIANN. In this work, we test an assimilation algorithm based on the data assimilation of SMOS
measurements in two models of different complexity: a simple hydrological model (Antecedent Precipitation In-
dex (API)) and a state-of-the-art complex land-surface model (Surface Externalisée (SURFEX)). We show how the
assimilation technique, based on a particle filter method, leads to the improvement of correlation and root mean
squared error (RMSE) of precipitation estimates, with slightly better results for the simpler (and less expensive
computationally) API model. This methodology has been evaluated for six years in ten sites around the world
with different features, showing the limitations of the methodology in regions affected by mountainous terrain or
by high radio-frequency interferences (RFI), which notably affect the quality of the soil moisture retrievals from
brightness temperatures by SMOS. The presented results are promising for a potential near-real time application
at the global scale.
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