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Abstract : 
 
Infragravity (hereafter IG) waves are surface ocean waves with frequencies below those of wind-
generated "short waves" (typically be- low 0.04 Hz). Here we focus on the most common type of IG 
waves, those induced by the presence of groups in incident short waves. Three related mechanisms 
explain their generation: (1) the development, shoaling and release of waves bound to the short-wave 
group envelopes (2) the modulation by these envelopes of the location where short waves break, and 
(3) the merging of bores (breaking wave front, resembling to a hydraulic jump) inside the surfzone. 
When reaching shallow water (O(1-10 m)), IG waves can transfer part of their energy back to higher 
frequencies, a process which is highly dependent on beach slope. On gently sloping beaches, IG waves 
can dissipate a substantial amount of energy through depth-limited breaking. When the bottom is very 
rough, such as in coral reef environments, a substantial amount of energy can be dissipated through 
bottom friction. IG wave energy that is not dissipated is reflected seaward, predominantly for the lowest 
IG frequencies and on steep bottom slopes. This reflection of the lowest IG frequencies can result in the 
development of standing (also known as stationary) waves. Reflected IG waves can be refractively 
trapped so that quasi-periodic along-shore patterns, also referred to as edge waves, can develop. IG 
waves have a large range of implications in the hydro-sedimentary dynamics of coastal zones. For 
example, they can modulate cur- rent velocities in rip channels and strongly influence cross-shore and 
longshore mixing. On sandy beaches, IG waves can strongly impact the water table and associated 
groundwater flows. On gently sloping beaches and especially under storm conditions, IG waves can 
dominate cross-shore sediment transport, generally promoting offshore transport inside the surfzone. 
Under storm conditions, IG waves can also induce overwash and eventually promote dune erosion and 
barrier breaching. In tidal inlets, IG waves can propagate into the back-barrier lagoon during the food 
phase and induce large modulations of currents and sediment transport. Their effect appears to be 
smaller during the ebb phase, due to blocking by countercurrents, particularly in shallow systems. On 
coral and rocky reefs, IG waves can dominate over short-waves and control the hydro-sedimentary 
dynamics over the reef flat and in the lagoon. In harbors and semi- enclosed basins, free IG waves can 
be amplified by resonance and induce large seiches (resonant oscillations). Lastly, free IG waves that 
are generated in the nearshore can cross oceans and they can also explain the development of the 
Earth's "hum" (background free oscillations of the solid earth). 
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s❤♦✇❡❞ t❤❛t ■● ✇❛✈❡s r❡✢❡❝t❡❞ ❛t t❤❡ s❤♦r❡❧✐♥❡ ❝❛♥ ❜❡ r❡❢r❛❝t✐✈❡❧② tr❛♣♣❡❞ ✐♥

t❤❡ ♥❡❛rs❤♦r❡✱ s♦ t❤❛t q✉❛s✐✲st❛t✐♦♥❛r② ❛❧♦♥❣✲s❤♦r❡ ♣❛tt❡r♥s✱ r❡❢❡rr❡❞ t♦ ❛s ❡❞❣❡

✼



✇❛✈❡s✱ ❝❛♥ ❞❡✈❡❧♦♣✳ ❚❤✐s ✜♥❞✐♥❣ ✇❛s ❧❛t❡r ❝♦rr♦❜♦r❛t❡❞ ❜② ❇♦✇❡♥ ❛♥❞ ●✉③❛

✭✶✾✼✽✮ ❛♥❞ ♠❛♥② ♦t❤❡rs✳ ❚❤❡ s♦✲❝❛❧❧❡❞ ♣❛tt❡r♥ t❤❡♦r② ✇❛s ❞❡✈❡❧♦♣❡❞ ✐♥ t❤❡

s❛♠❡ ♣❡r✐♦❞ ❛♥❞ ♣r♦♣♦s❡s t❤❛t s✉❝❤ ❡❞❣❡ ✇❛✈❡s ❝❛♥ ✐♠♣r✐♥t t❤❡ ♠♦r♣❤♦❧♦❣②

❛♥❞ ❡①♣❧❛✐♥ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ♣❡r✐♦❞✐❝ ✸❉ ♣❛tt❡r♥s ♦♥ s❛♥❞② ❜❡❛❝❤❡s ✭❇♦✇❡♥

❛♥❞ ■♥♠❛♥✱ ✶✾✼✶❀ ❍♦❧♠❛♥ ❛♥❞ ❇♦✇❡♥✱ ✶✾✽✷✮✳ ❆❧t❤♦✉❣❤ t❤✐s t❤❡♦r② ✇❛s ❝❤❛❧✲

❧❡♥❣❡❞ ❜② s❡❧❢✲♦r❣❛♥✐③❛t✐♦♥ t❤❡♦r✐❡s ♦✈❡r t❤❡ ❧❛st ✶✺ ②❡❛rs ✭❡✳❣✳ ❋❛❧q✉❡➧ ❡t ❛❧✳✱

✷✵✵✵❀ ❈♦❝♦ ❛♥❞ ▼✉rr❛②✱ ✷✵✵✽✮✱ ✐t ❢♦st❡r❡❞ ♠✉❝❤ r❡s❡❛r❝❤ ♦♥ ■● ✇❛✈❡s ✐♥ t❤❡

♣❡r✐♦❞ ✶✾✼✵✲✷✵✵✵✳ ■♥ t❤❛t ♣❡r✐♦❞✱ ❙②♠♦♥❞s ❡t ❛❧✳ ✭✶✾✽✷✮ ♣r♦♣♦s❡❞ ❛♥ ❛❞❞✐t✐♦♥❛❧

❣❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠ ❢♦r ■● ✇❛✈❡s✱ ✇❤❡r❡ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ❜r❡❛❦♣♦✐♥t ✭t❤❡

❧♦❝❛t✐♦♥ ✇❤❡r❡ s❤♦rt ✇❛✈❡s ❜r❡❛❦✮ ♦♥ t❤❡ t✐♠❡s❝❛❧❡ ♦❢ ✇❛✈❡ ❣r♦✉♣s r❡❧❡❛s❡s ❢r❡❡

❧♦♥❣ ✇❛✈❡s ❜♦t❤ s❤♦r❡✇❛r❞ ❛♥❞ s❡❛✇❛r❞ ♦❢ t❤❡ ❜r❡❛❦✐♥❣ ③♦♥❡✳ ❆ ❞❡❝❛❞❡ ❧❛t❡r✱

❙❝❤ä✛❡r ✭✶✾✾✸✮ ❝♦♠❜✐♥❡❞ t❤❡ t✇♦ ♠❛✐♥ ❣❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠s ♦❢ ■● ✇❛✈❡s ✭✐✳❡✳

❜♦✉♥❞ ✇❛✈❡ ❛♥❞ ✈❛r②✐♥❣ ❜r❡❛❦♣♦✐♥t✮ ✐♥t♦ ♦♥❡ s❡♠✐✲❛♥❛❧②t✐❝❛❧ ♠♦❞❡❧✳

❋✐❡❧❞ ❡①♣❡r✐♠❡♥ts ✐♥ t❤❡ ✽✵✬s ❛♥❞ ✾✵✬s ♣r♦✈✐❞❡❞ ✐♠♣♦rt❛♥t ♥❡✇ ✐♥s✐❣❤ts ✐♥t♦

■●✲✇❛✈❡ ❞②♥❛♠✐❝s✳ ❋♦❧❧♦✇✐♥❣ ▼✉♥❦ ✭✶✾✹✾✮ ❛♥❞ ❚✉❝❦❡r ✭✶✾✺✵✮✱ tr❡♥❞s ❜❡t✇❡❡♥

♦✛s❤♦r❡ s❤♦rt✲✇❛✈❡ ❤❡✐❣❤t ❛♥❞ ■●✲✇❛✈❡ ❤❡✐❣❤t ✇❡r❡ ✐❞❡♥t✐✜❡❞ ✐♥ t❤❡ ✜❡❧❞ ✭❡✳❣✳

❍♦❧♠❛♥✱ ✶✾✽✶❀ ●✉③❛ ❛♥❞ ❚❤♦r♥t♦♥✱ ✶✾✽✷✱ ✶✾✽✺❀ ❍✉♥t❧❡② ❡t ❛❧✳✱ ✶✾✾✸✮✳ ❚❤❡ ✜rst

♠❡t❤♦❞ ❢♦r s❡♣❛r❛t✐♥❣ t❤❡ ✐♥❝♦♠✐♥❣ ❛♥❞ ♦✉t❣♦✐♥❣ ✭❢r❡❡✮ ■●✲✇❛✈❡ s✐❣♥❛❧s ✇❛s

❞❡✈❡❧♦♣❡❞ ❜② ●✉③❛ ❡t ❛❧✳ ✭✶✾✽✹✮✱ ❛♥❞ tr✐❣❣❡r❡❞ t❤❡ st✉❞② ♦❢ r❡✢❡❝t✐♦♥ ♣❛tt❡r♥s

♦❢ ■● ✇❛✈❡s✳ ❆t t❤❡ s❛♠❡ t✐♠❡✱ ❜✐s♣❡❝tr❛❧ ❛♥❛❧②s✐s ✭❍❛ss❡❧♠❛♥♥ ❡t ❛❧✳✱ ✶✾✻✸✮

♦✛❡r❡❞ ❛ ♠♦r❡ ❞❡t❛✐❧❡❞ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ♠❡❝❤❛♥✐s♠s r❡s♣♦♥s✐❜❧❡ ❢♦r ■●✲

✇❛✈❡ ❣❡♥❡r❛t✐♦♥ ✭❡✳❣✳ ❊❧❣❛r ❛♥❞ ●✉③❛✱ ✶✾✽✺❀ ❍❡r❜❡rs ❡t ❛❧✳✱ ✶✾✾✹❀ ❍❡r❜❡rs ❛♥❞

❇✉rt♦♥✱ ✶✾✾✼❀ ◆♦r❤❡✐♠ ❡t ❛❧✳✱ ✶✾✾✽❀ ❘✉❡ss✐♥❦✱ ✶✾✾✽❛✮ ✇❤✐❝❤ ❞❡♠♦♥str❛t❡❞✱ ❢♦r
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✐♥st❛♥❝❡✱ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❞✐r❡❝t✐♦♥❛❧ s♣r❡❛❞✐♥❣ ❛♥❞ t❤❡ s♣❡❝tr❛❧ s❤❛♣❡ ♦❢ ✐♥✲

❝✐❞❡♥t s❤♦rt ✇❛✈❡s ♦♥ t❤❡ r❡s✉❧t✐♥❣ ■●✲✇❛✈❡ ❡♥❡r❣②✳ ❋✉rt❤❡r♠♦r❡✱ ✭❡✳❣✳✱ ●✉③❛

❛♥❞ ❚❤♦r♥t♦♥✱ ✶✾✽✷❀ ●✉③❛ ❡t ❛❧✳✱ ✶✾✽✹❀ ❍♦❧♠❛♥ ❛♥❞ ❙❛❧❧❡♥❣❡r✱ ✶✾✽✺❀ ❘❛✉❜❡♥✲

❤❡✐♠❡r ❡t ❛❧✳✱ ✶✾✾✻❀ ❘✉❡ss✐♥❦ ❡t ❛❧✳✱ ✶✾✾✽❛❀ ❘✉❣❣✐❡r♦ ❡t ❛❧✳✱ ✷✵✵✹✮ ❡st❛❜❧✐s❤❡❞

t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ■● ✇❛✈❡s ✐♥ r✉♥✉♣ ✭t❤❡ ♠❛①✐♠✉♠ ✈❡rt✐❝❛❧ ❡①t❡♥t ♦❢ ✇❛✈❡ ✉♣✲

r✉s❤ ♦♥ ❛ ❜❡❛❝❤✮✱ ✇✐t❤ ❛ ♣❛rt✐❝✉❧❛r❧② ❧❛r❣❡ ✐♥✢✉❡♥❝❡ ♦♥ ♠✐❧❞❧② s❧♦♣✐♥❣ ❜❡❛❝❤❡s

✉♥❞❡r ❡♥❡r❣❡t✐❝ ✇❛✈❡ ❝♦♥❞✐t✐♦♥s✳ ■♥ ❛❞❞✐t✐♦♥✱ ♠❛♥② ✜❡❧❞ st✉❞✐❡s ✐♥✈❡st✐❣❛t❡❞

t❤❡ s✉s♣❡♥s✐♦♥ ❛♥❞ ❝r♦ss✲s❤♦r❡ tr❛♥s♣♦rt ♦❢ s❛♥❞ ❜② ■● ✇❛✈❡s ✭❡✳❣✳ ❆❜❞❡❧r❛❤✲

♠❛♥ ❛♥❞ ❚❤♦r♥t♦♥✱ ✶✾✽✼❀ ❇❡❛❝❤ ❛♥❞ ❙t❡r♥❜❡r❣✱ ✶✾✽✽❀ ❘♦❡❧✈✐♥❦ ❛♥❞ ❙t✐✈❡✱ ✶✾✽✾❀

❙❤✐❜❛②❛♠❛ ❡t ❛❧✳✱ ✶✾✾✶❀ ❖s❜♦r♥❡ ❛♥❞ ●r❡❡♥✇♦♦❞✱ ✶✾✾✷❀ ❘✉ss❡❧❧✱ ✶✾✾✸✮✳ ❍♦✇✲

❡✈❡r✱ ❝♦♥tr❛st✐♥❣ ❝♦♥❝❧✉s✐♦♥s ✇❡r❡ r❡❛❝❤❡❞ ✐♥ t❡r♠s ♦❢ tr❛♥s♣♦rt ❞✐r❡❝t✐♦♥ ❛♥❞

t❤❡ r❡s♣❡❝t✐✈❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ■● ✇❛✈❡s✱ s✉❣❣❡st✐♥❣ t❤❛t ♣❛r❛♠❡t❡rs s✉❝❤ ❛s t❤❡

❜❡❛❝❤ ♣r♦✜❧❡ ♦r ✐♥❝✐❞❡♥t s❤♦rt✲✇❛✈❡ ❝♦♥❞✐t✐♦♥s ❛r❡ ❛❧s♦ ✐♠♣♦rt❛♥t✳

❋r♦♠ t❤❡ ❧❛t❡ ✾✵✬s ♦♥✇❛r❞s✱ ❧❛❜♦r❛t♦r② ❡①♣❡r✐♠❡♥ts ♦✛❡r❡❞ ❛ ♠♦r❡ ❞❡✲

t❛✐❧❡❞ ✈✐❡✇ ♦❢ ■● ✇❛✈❡s✳ ❚❤❡ ❇♦❡rs ✭✶✾✾✻✮ ❡①♣❡r✐♠❡♥t ❛♥❞✱ ♠♦r❡ r❡❝❡♥t❧②✱

t❤❡ ●▲❖❇❊❳ ❡①♣❡r✐♠❡♥t ✭❘✉❡ss✐♥❦ ❡t ❛❧✳✱ ✷✵✶✸✮✱ ❛♥❞ t❤❡ s✉❜s❡q✉❡♥t ❛♥❛❧②✲

s❡s r❡s✉❧t❡❞ ✐♥ str♦♥❣ ✐♠♣r♦✈❡♠❡♥ts ❝♦♥❝❡r♥✐♥❣ t❤❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ❣❡♥❡r❛t✐♦♥

♠❡❝❤❛♥✐s♠s✱ ♣r♦♣❛❣❛t✐♦♥ ✭s✉❝❤ ❛s ■● ✇❛✈❡ ❤❡✐❣❤t ❣r♦✇t❤ ❛♥❞ ♣❤❛s❡ ❝♦rr❡❧❛✲

t✐♦♥ ✇✐t❤ t❤❡ s❤♦rt✲✇❛✈❡ ❡♥✈❡❧♦♣❡✮ ❛♥❞ ❞✐ss✐♣❛t✐♦♥ tr❡♥❞s ❛♥❞ ♠❡❝❤❛♥✐s♠s ✭❡✳❣✳

❏❛♥ss❡♥ ❡t ❛❧✳✱ ✷✵✵✸❀ ❇❛tt❥❡s ❡t ❛❧✳✱ ✷✵✵✹❀ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳✱ ✷✵✵✼❀ ❉❡ ❇❛❦❦❡r

❡t ❛❧✳✱ ✷✵✶✺❛❀ ■♥❝❤ ❡t ❛❧✳✱ ✷✵✶✼❛✮✳

❖✈❡r t❤❡ ❧❛st ✶✺ ②❡❛rs✱ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧s ❝❛♣❛❜❧❡ ♦❢ s✐♠✲

✉❧❛t✐♥❣ t❤❡ ❣❡♥❡r❛t✐♦♥ ❛♥❞ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ■● ✇❛✈❡s ✐♥ t❤❡ ♥❡❛rs❤♦r❡ st❛rt❡❞
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t♦ ❡♠❡r❣❡ ✱ ❢♦❧❧♦✇✐♥❣ t✇♦ ❞✐st✐♥❝t ❛♣♣r♦❛❝❤❡s✳ ❚❤❡ ✜rst ❛♣♣r♦❛❝❤ ❝♦✉♣❧❡s ❛

❝✐r❝✉❧❛t✐♦♥ ♠♦❞❡❧ ✇✐t❤ ❛ s♣❡❝tr❛❧✱ ♣❤❛s❡✲❛✈❡r❛❣❡❞✱ ♠♦❞❡❧ r❡♣r❡s❡♥t✐♥❣ ❡♥❡r❣②

✢✉❝t✉❛t✐♦♥s ❛t t❤❡ s❝❛❧❡ ♦❢ s❤♦rt✲✇❛✈❡ ❣r♦✉♣s ✭❡✳❣✳ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳✱ ✷✵✵✸❀

❘❡♥✐❡rs ❡t ❛❧✳✱ ✷✵✵✹❀ ❘♦❡❧✈✐♥❦ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❚❤❡ s❡❝♦♥❞ ❛♣♣r♦❛❝❤✱ ❦♥♦✇♥ ❛s

♣❤❛s❡✲r❡s♦❧✈✐♥❣✱ ❡①♣❧✐❝✐t❧② r❡♣r❡s❡♥ts t❤❡ s❤♦rt ✇❛✈❡s ❛♥❞ t❤❡✐r ✐♥❞✉❝❡❞ ❝✐r❝✉✲

❧❛t✐♦♥✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ❞❡t❛✐❧❡❞ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ s❤♦rt ✇❛✈❡s ❛♥❞ ■● ✇❛✈❡s

✭❡✳❣✳ ❑❡♥♥❡❞② ❡t ❛❧✳✱ ✷✵✵✵❀ ❩✐❥❧❡♠❛ ❡t ❛❧✳✱ ✷✵✶✶❀ ❇♦♥♥❡t♦♥ ❡t ❛❧✳✱ ✷✵✶✶❀ ❙❤❡r❡♠❡t

❡t ❛❧✳✱ ✷✵✶✻✮✳

❖✈❡r t❤❡ ♣❛st ❞❡❝❛❞❡✱ ♠❛♥② st✉❞✐❡s ❤❛✈❡ ❝♦♠❜✐♥❡❞ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧❧✐♥❣

✇✐t❤ ✜❡❧❞ ♦r ❧❛❜♦r❛t♦r② ❡①♣❡r✐♠❡♥ts t♦ ✐♠♣r♦✈❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ♣r♦❝❡ss❡s

❝♦♥tr♦❧❧✐♥❣ t❤❡ ❣❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠s✱ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ❛♥❞ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥

♦❢ ■● ✇❛✈❡s ✭❡✳❣✳ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✺❜❀ ❘✐❥♥s❞♦r♣ ❡t ❛❧✳✱ ✷✵✶✺❀ ❇❡rt✐♥ ❛♥❞

❖❧❛❜❛rr✐❡t❛✱ ✷✵✶✻✮✱ ❛s ✇❡❧❧ ❛s t❤❡✐r ✐♠♣❛❝ts ♦♥ s❡❞✐♠❡♥t ❞②♥❛♠✐❝s ❛♥❞ ❜❛rr✐❡r

❜r❡❛❝❤✐♥❣ ✭❡✳❣✳ ❘♦❡❧✈✐♥❦ ❡t ❛❧✳✱ ✷✵✵✾✮✱ ❛♥❞ ♦♥ t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ❝✐r❝✉❧❛t✐♦♥ ✐♥

❝♦r❛❧ r❡❡❢s ✭❡✳❣✳ P♦♠❡r♦② ❡t ❛❧✳✱ ✷✵✶✷❀ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ■♥ ❛❞❞✐t✐♦♥✱

♦✈❡r t❤❡ ♣❛st ②❡❛rs t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ■● ✇❛✈❡s ✐♥ ♦t❤❡r ❡♥✈✐r♦♥♠❡♥ts ❤❛s ❜❡❡♥

✐❞❡♥t✐✜❡❞✱ ✈❛r②✐♥❣ ❢r♦♠ t❤❡✐r r♦❧❡ ✐♥ t❤❡ ❝r❡❛t✐♦♥ ♦❢ ❛❝♦✉st✐❝ ✇❛✈❡ ❛❝t✐✈✐t② ✐♥ t❤❡

t❤❡r♠♦s♣❤❡r❡ ✭●♦❞✐♥ ❡t ❛❧✳✱ ✷✵✶✺❀ ❩❛❜♦t✐♥ ❡t ❛❧✳✱ ✷✵✶✻✮✱ t❤❡✐r ✐♠♣❛❝t ♦♥ ❝❧✐✛ t♦♣

s❤❛❦✐♥❣ ✭❨♦✉♥❣ ❡t ❛❧✳✱ ✷✵✶✻❀ ❊❛r❧✐❡ ❡t ❛❧✳✱ ✷✵✶✺✮✱ t♦ t❤❡✐r ✐♥✢✉❡♥❝❡ ♦♥ ✐❝❡s❤❡❧❢

❝♦❧❧❛♣s❡ ✐♥ t❤❡ ❆♥t❛r❝t✐❝ ✭❡✳❣✳ ❇r♦♠✐rs❦✐ ❡t ❛❧✳✱ ✷✵✶✺✮✳

❚❤✐s ♣❛♣❡r r❡✈✐❡✇s t❤❡ st❛t❡✲♦❢✲t❤❡✲❛rt ✐♥ ❦♥♦✇❧❡❞❣❡ ❛❜♦✉t ■● ✇❛✈❡s ❛♥❞

❣✐✈❡s ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❧❛r❣❡ r❛♥❣❡ ♦❢ ✐♠♣❛❝ts ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤✐s ♣❤❡♥♦♠❡♥♦♥✳

❚❤✐s ✐♥✐t✐❛t✐✈❡ ❢♦❧❧♦✇s ❛ ✇♦r❦s❤♦♣ t❤❛t t♦♦❦ ♣❧❛❝❡ ✐♥ ▲❛ ❘♦❝❤❡❧❧❡ ✭❋r❛♥❝❡✮ ♦♥ t❤❡
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✶✼✲✶✽t❤ ▼❛r❝❤ ✷✵✶✻ ❛♥❞ ❣❛t❤❡r❡❞ ❛ s✉❜st❛♥t✐❛❧ ♣❛rt ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ❝♦♠♠✉♥✐t②

✇♦r❦✐♥❣ ♦♥ ■● ✇❛✈❡s✳ ❙❡❝t✐♦♥ ✷ r❡✈✐❡✇s t❤❡ ♠❛✐♥ ❣❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠s ❢♦r ■●

✇❛✈❡s✳ ❙❡❝t✐♦♥ ✸ s✉♠♠❛r✐③❡s t❤❡ ♠❛✐♥ tr❛♥s❢♦r♠❛t✐♦♥s t❤❛t ■● ✇❛✈❡s ❡①♣❡r✐❡♥❝❡

✐♥ t❤❡ ♥❡❛rs❤♦r❡✳ ❚❤❡ ♥❡①t s❡❝t✐♦♥ ♣r❡s❡♥ts ❛ ❧❛r❣❡ r❛♥❣❡ ♦❢ ❡✛❡❝ts ■● ✇❛✈❡s

❤❛✈❡ ✐♥ ✈❛r✐♦✉s ❝♦❛st❛❧ ❡♥✈✐r♦♥♠❡♥ts✱ s♣❛♥♥✐♥❣ ❢r♦♠ s❡❞✐♠❡♥t tr❛♥s♣♦rt t♦ t❤❡

❞❡✈❡❧♦♣♠❡♥t ♦❢ s❡✐❝❤❡s ✐♥ ❤❛r❜♦✉rs ♦r t❤❡ ❊❛rt❤✬s ❤✉♠✳ ❚❤❡ ❧❛st s❡❝t✐♦♥ ♣r♦✈✐❞❡s

❛ ❝♦♥❝❧✉s✐♦♥ ❛♥❞ ❞✐s❝✉ss❡s t❤❡ ❢✉t✉r❡ ❝❤❛❧❧❡♥❣❡s ❝♦♥❝❡r♥✐♥❣ r❡s❡❛r❝❤ ♦♥ ■● ✇❛✈❡s✳

✷✳ ●❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠s

✷✳✶✳ ❇♦✉♥❞ ✇❛✈❡

❇✐❡s❡❧ ✭✶✾✺✷✮✱ ❢♦❧❧♦✇❡❞ ❜② ▲♦♥❣✉❡t✲❍✐❣❣✐♥s ❛♥❞ ❙t❡✇❛rt ✭✶✾✻✷✮✱ ❞❡♠♦♥✲

str❛t❡❞ t❤❛t t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❣r♦✉♣s ✐♥ ✐♥❝✐❞❡♥t s❤♦rt ✇❛✈❡s ❝❛♥ ❢♦r❝❡ ❛ s❡❝♦♥❞❛r②

✇❛✈❡ ♦❢ ❛ s✐♠✐❧❛r ❢r❡q✉❡♥❝② ❛s t❤❡ ❣r♦✉♣✱ ❛ s♦✲❝❛❧❧❡❞ ❜♦✉♥❞ ✇❛✈❡✳ ❇♦✉♥❞ ■●

✇❛✈❡s ❛r❡ ❛❧r❡❛❞② ❣❡♥❡r❛t❡❞ ✐♥ ❞❡❡♣ ✇❛t❡r✱ ❛♥❞✱ ❛❧t❤♦✉❣❤ t❤❡② ❛r❡ s♠❛❧❧ ✭♦♥ t❤❡

♦r❞❡r ♦❢ ✶ ❝♠✮✱ t❤❡② ✉♥❞❡r❣♦ ❛ s✐❣♥✐✜❝❛♥t tr❛♥s❢♦r♠❛t✐♦♥ ❛♥❞ ❣r♦✇t❤ ✐♥ ❤❡✐❣❤t

✇❤❡♥ ♣r♦♣❛❣❛t✐♥❣ ❢r♦♠ ❞❡❡♣ ✇❛t❡r t♦ t❤❡ s❤♦r❡❧✐♥❡✳ ■♥ ❛ ❝♦♥❝❡♣t✉❛❧ ❞❡s❝r✐♣✲

t✐♦♥✱ ❝♦♥s✐❞❡r t✇♦ s❤♦rt ✇❛✈❡s ❛t ❞✐s❝r❡t❡ ❢r❡q✉❡♥❝✐❡s ✭❛ s♦✲❝❛❧❧❡❞ ❜✐❝❤r♦♠❛t✐❝

✇❛✈❡ ✜❡❧❞✮ ♣r♦♣❛❣❛t✐♥❣ ♦✈❡r ❛ ❤♦r✐③♦♥t❛❧ ❜❡❞ ✭❋✐❣✳ ✷✲❆✮✳ ❙✐♥❝❡ t❤❡ t✇♦ ✇❛✈❡s

tr❛✈❡❧ ❛t s❧✐❣❤t❧② ❞✐✛❡r❡♥t ❝❡❧❡r✐t✐❡s✱ t❤❡ ❛♠♣❧✐t✉❞❡s ♦❢ t❤❡ ✇❛✈❡s ❧♦❝❛❧❧② ❛❞❞ ✉♣

♦r ❝❛♥❝❡❧ ♦✉t✳ ❚❤✐s ♣❛tt❡r♥ ❝r❡❛t❡s ✇❛✈❡ ❣r♦✉♣s ✇❤♦s❡ ❢r❡q✉❡♥❝② ✐s ❡q✉❛❧ t♦

t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ t✇♦ ❝♦♥s✐❞❡r❡❞ s❤♦rt ✇❛✈❡s ✭❋✐❣✳

✷✲❇✮✳ ■♥ ❣❡♥❡r❛❧✱ t❤✐s ❢r❡q✉❡♥❝② ❞✐✛❡r❡♥❝❡ ✐s ❛❜♦✉t ♦♥❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ❧♦✇❡r

t❤❛♥ t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ s❤♦rt ✇❛✈❡s✳ ❚❤r♦✉❣❤ ♥♦♥❧✐♥❡❛r ✭s❡❝♦♥❞✲♦r❞❡r ❙t♦❦❡s✮
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✐♥t❡r❛❝t✐♦♥s✱ t❤❡ ✇❛✈❡s ❢♦r❝❡ ❛ s❧✐❣❤t ❞❡♣r❡ss✐♦♥ ❛♥❞ r✐s❡ ✐♥ t❤❡ ♠❡❛♥ s❡❛ ❧❡✈❡❧

❛t t❤❡ ✇❛✈❡ ❣r♦✉♣ ❧❡♥❣t❤✳ ❚❤✐s ✉♥❞✉❧❛t✐♦♥ ❝❛♥ ❜❡ s❡❡♥ ❛s ❛ ✇❛✈❡ ✐ts❡❧❢ ❛♥❞

✐t ✐s ✐♥ ❛♥t✐✲♣❤❛s❡ ✇✐t❤ t❤❡ ✇❛✈❡ ❣r♦✉♣s✳ ■♥ ♦t❤❡r ✇♦r❞s✱ ✇❛✈❡s ✇✐t❤ ❤✐❣❤❡r

❛♠♣❧✐t✉❞❡s tr❛♥s♣♦rt ♠♦r❡ ♠♦♠❡♥t✉♠ t❤❛♥ s♠❛❧❧ ✇❛✈❡s✱ t❤❡r❡❜② ♣✉s❤✐♥❣ t❤❡

♠❡❛♥ ✇❛t❡r ❧❡✈❡❧ ❞♦✇♥ ✉♥❞❡r ❤✐❣❤❡r ✇❛✈❡s ❛♥❞ ❝r❡❛t✐♥❣ ❛ r❡❧❛t✐✈❡ ✇❛t❡r ❧❡✈❡❧

s❡t✉♣ ❛t t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ s♠❛❧❧❡r ✇❛✈❡s ✭❋✐❣✳ ✷✲❇✮✳ ❚❤✐s ❧♦♥❣ ✇❛✈❡ tr❛✈❡❧s

♣❤❛s❡✲❧♦❝❦❡❞ t♦ t❤❡ ✇❛✈❡ ❣r♦✉♣✱ ❛♥❞ ✐s t❤❡r❡❢♦r❡ ❝❛❧❧❡❞ ❛ ❜♦✉♥❞ ✇❛✈❡ ✭❇✐❡s❡❧✱

✶✾✺✷❀ ▲♦♥❣✉❡t✲❍✐❣❣✐♥s ❛♥❞ ❙t❡✇❛rt✱ ✶✾✻✷✮✳ ▲♦♥❣✉❡t✲❍✐❣❣✐♥s ❛♥❞ ❙t❡✇❛rt ✭✶✾✻✷✮

❞❡r✐✈❡❞ ❛♥ ❡q✉✐❧✐❜r✐✉♠ s♦❧✉t✐♦♥ t❤❛t r❡❧❛t❡s t❤❡ ❜♦✉♥❞ ✇❛✈❡ ❛♠♣❧✐t✉❞❡ t♦ t❤❡

❡♥❡r❣② ♦❢ t❤❡ s❤♦rt ✇❛✈❡s✿

η (x, t) =
−Sxx (x, t)

ρ
(

gh− c2g
) +K ✭✶✮

■♥ t❤✐s ❡q✉❛t✐♦♥✱ Sxx ✐s t❤❡ ✇❛✈❡ r❛❞✐❛t✐♦♥ str❡ss✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡

♠♦♠❡♥t✉♠ ✢✉① ❛ss♦❝✐❛t❡❞ ✇✐t❤ s❤♦rt ✇❛✈❡s✱ h ✐s t❤❡ ♠❡❛♥ ✇❛t❡r ❞❡♣t❤✱ ρ

✐s t❤❡ ✇❛t❡r ❞❡♥s✐t②✱ ❣ ✐s t❤❡ ❣r❛✈✐t❛t✐♦♥❛❧ ❛❝❝❡❧❡r❛t✐♦♥✱ cg ✐s t❤❡ s❤♦rt ✇❛✈❡s

❣r♦✉♣ ✈❡❧♦❝✐t② ❛♥❞ K ✐s ❛ ❝♦♥st❛♥t✳ ❚❤❡ t❤❡♦r❡t✐❝❛❧ r❡s✉❧ts ✇❡r❡ ✈❛❧✐❞❛t❡❞ ✇✐t❤

♦❜s❡r✈❛t✐♦♥❛❧ ❞❛t❛ ✐♥ t❤❡ ❧❛❜♦r❛t♦r② ✭❡✳❣✳ ❑♦st❡♥s❡✱ ✶✾✽✹❀ ❇❛❧❞♦❝❦ ❡t ❛❧✳✱ ✷✵✵✵✮✳

■♥ ♥❛t✉r❡✱ t❤❡ s❤♦rt ✇❛✈❡ ✜❡❧❞ ✐s ❝♦♠♣♦s❡❞ ♦❢ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ r❛♥❞♦♠

❝♦♠♣♦♥❡♥ts ❛♥❞ t❤r♦✉❣❤ s✉❜✲❤❛r♠♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s✱ ❛ s♣❡❝tr✉♠ ♦❢ ❜♦✉♥❞ ✇❛✈❡

❝♦♠♣♦♥❡♥ts ✐s ❢♦r❝❡❞ ❛❝❝♦r❞✐♥❣ t♦ ♠❡❝❤❛♥✐s♠s ❞❡s❝r✐❜❡❞ ❜② ❍❛ss❡❧♠❛♥♥ ✭✶✾✻✷✮

❛♥❞ ❍❡r❜❡rs ❡t ❛❧✳ ✭✶✾✾✹✮✱ ✇❤✐❝❤ ✐♥ ❡✛❡❝t ✐s ❛ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ❣❡♥❡r❛❧✐③❛t✐♦♥

♦❢ ▲♦♥❣✉❡t✲❍✐❣❣✐♥s ❛♥❞ ❙t❡✇❛rt ✭✶✾✻✷✮✳ ❚❤❡s❡ ❜♦✉♥❞ ■● ✇❛✈❡s t②♣✐❝❛❧❧② ❤❛✈❡

❢r❡q✉❡♥❝✐❡s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✵✳✵✵✹✲✵✳✵✹ ❍③✱ ❛♥❞ ✐♥ ❞❡❡♣❡r ✇❛t❡r ❤❛✈❡ ❛♠♣❧✐t✉❞❡s

✶✷



0 50 100 150 200 250 300 350 400
18

19

20

21

22

W
a
te

r 
d
e
p
th

 (
m

)

 

 

Wave 1: A1=1 m, T1 = 14 s

Wave 2: A2=1 m, T2 = 15 s
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Instantaneous

Mean

❋✐❣✉r❡ ✷✿ ✭❆✮ ❚✐♠❡ s❡r✐❡s ♦❢ t✇♦ s✐♥✉s♦✐❞❛❧ ✇❛✈❡s ✇✐t❤ ♣❡r✐♦❞s ♦❢ ✶✹ s ✭❜❧✉❡✮ ❛♥❞ ✶✺ s ✭♣✐♥❦✮
tr❛✈❡❧❧✐♥❣ ♦✈❡r ❛ ✢❛t ❜♦tt♦♠ ❜② ✷✵ ♠ ✇❛t❡r ❞❡♣t❤✳ ✭❇✮ ❘❡s✉❧t✐♥❣ ❢r❡❡ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ ✭❜❧✉❡✮
❛♥❞ ❜♦✉♥❞ ✇❛✈❡ ✭r❡❞✮ ❛s ❝♦♠♣✉t❡❞ ❛❝❝♦r❞✐♥❣ t♦ ▲♦♥❣✉❡t✲❍✐❣❣✐♥s ❛♥❞ ❙t❡✇❛rt ✭✶✾✻✷✮✳

♦❢ ♠❡r❡ ❝❡♥t✐♠❡t❡rs✳ ❍♦✇❡✈❡r✱ t❤❡ ❡q✉✐❧✐❜r✐✉♠ s♦❧✉t✐♦♥ ♣r♦♣♦s❡❞ ❜② ▲♦♥❣✉❡t✲

❍✐❣❣✐♥s ❛♥❞ ❙t❡✇❛rt ✭✶✾✻✷✮ ✐s ♦♥❧② ✈❛❧✐❞ ❢♦r ❛ ✢❛t ❜♦tt♦♠✳ ❋♦r ❛ s❧♦♣✐♥❣ ❜♦tt♦♠✱

t❤❡ ❜♦✉♥❞ ✇❛✈❡ ✐s ♥♦ ❧♦♥❣❡r ✐♥ ❡q✉✐❧✐❜r✐✉♠ ✇✐t❤ t❤❡ ❡♥❡r❣② ❡♥✈❡❧♦♣❡ ♦❢ t❤❡ s❤♦rt

✇❛✈❡s✳ ❆s t❤❡ ✇❛✈❡ ❣r♦✉♣s ♣r♦♣❛❣❛t❡ ✐♥t♦ s❤❛❧❧♦✇❡r ✇❛t❡r✱ t❤❡ ♣❤❛s❡ ❞✐✛❡r❡♥❝❡

❜❡t✇❡❡♥ t❤❡ ✇❛✈❡ ❣r♦✉♣s ❛♥❞ t❤❡ ❜♦✉♥❞ ✇❛✈❡ s❤✐❢ts ❛✇❛② ❢r♦♠ ✶✽✵ ❞❡❣r❡❡s✱ s♦

t❤❛t t❤❡ ❧♦♥❣ ✇❛✈❡s ❧❛❣ ❜❡❤✐♥❞ t❤❡ ✇❛✈❡ ❣r♦✉♣s✳ ❚❤✐s ♣❤❡♥♦♠❡♥♦♥ ✇❛s ♦❜s❡r✈❡❞

✐♥ t❤❡ ✜❡❧❞ ✭❡✳❣✳ ▼❛ss❡❧✐♥❦✱ ✶✾✾✺❀ ■♥❝❤ ❡t ❛❧✳✱ ✷✵✶✼❛✮✱ ✇❛s r❡♣r♦❞✉❝❡❞ ♥✉♠❡r✲

✐❝❛❧❧② ❜② ▲✐st ✭✶✾✾✷✮✱ ✇❛s ♦❜s❡r✈❡❞ ❞✉r✐♥❣ ❧❛❜♦r❛t♦r② ❡①♣❡r✐♠❡♥ts ❜② ❇❛tt❥❡s

❡t ❛❧✳ ✭✷✵✵✹✮ ❛♥❞ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳ ✭✷✵✶✸✮ ❛♥❞ ✇❛s ❡①♣❧❛✐♥❡❞ t❤❡♦r❡t✐❝❛❧❧② ❜②

❏❛♥ss❡♥ ❡t ❛❧✳ ✭✷✵✵✸✮✳ ❚❤✐s ♣❤❛s❡ s❤✐❢t ❛❧❧♦✇s ❡♥❡r❣② tr❛♥s❢❡r ❢r♦♠ s❤♦rt ✇❛✈❡s

t♦ t❤❡ ❜♦✉♥❞ ❧♦♥❣ ✇❛✈❡ ✭❡✳❣✳ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳✱ ✷✵✵✼✮ ❛♥❞ t❤❡r❡❢♦r❡ ❛ ❣r♦✇t❤

♦❢ ■● ✇❛✈❡s✱ t❤❡ r❛t❡ ♦❢ ✇❤✐❝❤ ❧✐❡s ❜❡t✇❡❡♥ ❝♦♥s❡r✈❛t✐✈❡ s❤♦❛❧✐♥❣ ✭t❤❡ ❣r♦✇t❤
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✐♥ ❤❡✐❣❤t ❞✉❡ t♦ t❤❡ ❝♦♥s❡r✈❛t✐♦♥ ♦❢ t❤❡ ❡♥❡r❣② ✢✉① ✇❤❡♥ ■● ✇❛✈❡s s❧♦✇ ❞♦✇♥

✐♥ ❞❡❝r❡❛s✐♥❣ ✇❛t❡r ❞❡♣t❤s✱ ❛❧s♦ r❡❢❡rr❡❞ t♦ ❛s ●r❡❡♥✬ s ▲❛✇✮✱ h−1/4 ❛♥❞ t❤❡

❡q✉✐❧✐❜r✐✉♠ s♦❧✉t✐♦♥ ♦❢ ▲♦♥❣✉❡t✲❍✐❣❣✐♥s ❛♥❞ ❙t❡✇❛rt ✭✶✾✻✷✮ ✭h−5/2✮✳ ▲❛❜♦r❛✲

t♦r② ♦❜s❡r✈❛t✐♦♥s s❤♦✇ t❤✐s ♣❤❛s❡ s❤✐❢t t♦ ❜❡ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥t✱ ✇✐t❤ ❡✐t❤❡r ❛

❧❛r❣❡r ♣❤❛s❡ ❧❛❣ ❛♥❞ ❝♦♥s❡q✉❡♥t ❣r♦✇t❤ ♦❢ t❤❡ ❧♦✇❡st ✭❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✸✮ ♦r

❤✐❣❤❡st ✭❇❛tt❥❡s ❡t ❛❧✳✱ ✷✵✵✹✮ ■● ❢r❡q✉❡♥❝✐❡s✱ t❤❡ r❡❛s♦♥ ❢♦r t❤❡s❡ ❝♦♥tr❛❞✐❝t♦r②

✜♥❞✐♥❣s ❜❡✐♥❣ ❛s ②❡t ✉♥❝❧❡❛r✳ ❇❛tt❥❡s ❡t ❛❧✳ ✭✷✵✵✹✮ ❡st❛❜❧✐s❤❡❞ t❤❛t t❤✐s ❜♦✉♥❞

✇❛✈❡ s❤♦❛❧✐♥❣ ♠❡❝❤❛♥✐s♠ ✐s ❞♦♠✐♥❛♥t ✉♥❞❡r ❛ ♠✐❧❞ s❧♦♣❡ r❡❣✐♠❡✱ ✇❤✐❝❤ ♦❝❝✉rs

✇❤❡♥ t❤❡ ♥♦r♠❛❧✐③❡❞ ❜❡❞ s❧♦♣❡ ♣❛r❛♠❡t❡r βb ✭s❡❡ ❡q✳ ✷✮ ✐s t②♣✐❝❛❧❧② ❜❡❧♦✇ ✵✳✸✳

βb =
hx

ω

√

g

h
✭✷✮

■♥ t❤✐s ❡q✉❛t✐♦♥✱ hx ✐s t❤❡ ❜❡❞ s❧♦♣❡✱ ω ✐s t❤❡ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝②✱ g ✐s t❤❡

❣r❛✈✐t❛t✐♦♥❛❧ ❛❝❝❡❧❡r❛t✐♦♥✱ ❛♥❞ h ✐s t❤❡ ❞❡♣t❤ ❛t t❤❡ ♠❡❛♥ ❜r❡❛❦♣♦✐♥t ♣♦s✐t✐♦♥✳

❋♦r t②♣✐❝❛❧❧② βb ≥ 1✱ ❛ st❡❡♣✲s❧♦♣❡ r❡❣✐♠❡ ♣r❡✈❛✐❧s ❛♥❞ t❤❡ ❣r♦✇t❤ ♦❢ ■● ✇❛✈❡s

❞✉❡ t♦ t❤✐s ✜rst ♠❡❝❤❛♥✐s♠ ✐s ✇❡❛❦ ✇❤✐❧❡ t❤❡ ❜r❡❛❦♣♦✐♥t ♠❡❝❤❛♥✐s♠ ❜❡❝♦♠❡s

❞♦♠✐♥❛♥t ✭s❡❡ s❡❝t✐♦♥ ✷✳✷✮✳

❚❤❡ ❞❡♣t❤✲❧✐♠✐t❡❞ ❜r❡❛❦✐♥❣ ♦❢ t❤❡ ✐♥❞✐✈✐❞✉❛❧ s❤♦rt ✇❛✈❡s ❧❡❛✈❡s t♦ ❛ s❤♦r✇❛r❞

r❡❞✉❝t✐♦♥ ✐♥ t❤❡ ✇❛✈❡✲❣r♦✉♣ ❡♥✈❡❧♦♣❡✳ ❆s t❤❡② ❛r❡ ♥♦ ❧♦♥❣❡r ❜♦✉♥❞ t♦ t❤❡ ❣r♦✉♣✱

■● ✇❛✈❡s ❛r❡ r❡❧❡❛s❡❞ ❛♥❞ ♣r♦♣❛❣❛t❡ ❛s ❢r❡❡ ✇❛✈❡s ✭❡✳❣✳ ▼❛ss❡❧✐♥❦✱ ✶✾✾✺❀ ❏❛♥ss❡♥

❡t ❛❧✳✱ ✷✵✵✸❀ ❇❛tt❥❡s ❡t ❛❧✳✱ ✷✵✵✹✮✳ ❇❛s❡❞ ♦♥ s❡✈❡r❛❧ ❧❛❜♦r❛t♦r② ❞❛t❛s❡ts✱ ❇❛❧❞♦❝❦

✭✷✵✶✷✮ q✉❡st✐♦♥❡❞ t❤✐s s✐♠♣❧❡ r❡❧❡❛s❡ ♠❡❝❤❛♥✐s♠ ❛♥❞ ♣r♦♣♦s❡❞ t❤❛t ✐t ✐s ♦♥❧②

✈❛❧✐❞ ✐❢ t❤❡ s❤♦rt ✇❛✈❡s ❛r❡ ✐♥ t❤❡ s❤❛❧❧♦✇ ✇❛t❡r r❡❣✐♠❡ ❛r♦✉♥❞ t❤❡ ❜r❡❛❦♣♦✐♥t
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✭✐✳❡✳ kh < 0.3✮✳ ❈♦♥✈❡rs❡❧②✱ ❇❛❧❞♦❝❦ ✭✷✵✶✷✮ ♣r♦♣♦s❡❞ t❤❛t t❤❡ ❧♦♥❣ ❜♦✉♥❞ ✇❛✈❡

♠❛② s✉✛❡r ❛ s✉❜st❛♥t✐❛❧ ❞✐ss✐♣❛t✐♦♥ ✇❤❡♥ t❤❡ s❤♦rt✲✇❛✈❡ ❜r❡❛❦✐♥❣ ❝♦♠♠❡♥❝❡s ✐♥

✐♥t❡r♠❡❞✐❛t❡ ✇❛t❡r ❞❡♣t❤✱ ✇❤✐❝❤ r❛t❤❡r ♦❝❝✉rs ✉♥❞❡r s❤♦rt✲♣❡r✐♦❞ ✇❛✈❡s ❛♥❞✴♦r

st♦r♠ ❝♦♥❞✐t✐♦♥s✳

✷✳✷✳ ▼♦✈✐♥❣ ❜r❡❛❦♣♦✐♥t

■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ❝r❡❛t✐♦♥ ♦❢ ❛ ❜♦✉♥❞ ✇❛✈❡✱ t❤❡ ❣r♦✉♣✐♥❡ss ♦❢ t❤❡ ✐♥❝✐❞❡♥t

s❤♦rt ✇❛✈❡s ❛❧s♦ ❝❛✉s❡s t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ s❤♦rt✲✇❛✈❡ ❜r❡❛❦♣♦✐♥t t♦ ✈❛r② ✐♥ t✐♠❡

♦♥ t❤❡ t✐♠❡s❝❛❧❡ ♦❢ t❤❡ ✇❛✈❡ ❣r♦✉♣s✱ ❛s t❤❡ ❤✐❣❤❡r s❤♦rt ✇❛✈❡s ❜r❡❛❦ ❢✉rt❤❡r ♦✛✲

s❤♦r❡ t❤❛♥ t❤❡ ❧♦✇❡r ♦♥❡s✳ ❚❤❡ t✐♠❡✲✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ❜r❡❛❦♣♦✐♥t ♣♦s✐t✐♦♥ ❝❛✉s❡s

❛ t✐♠❡✲✈❛r✐❛t✐♦♥ ♦❢ t❤❡ r❛❞✐❛t✐♦♥ str❡ss ❣r❛❞✐❡♥t ✐♥ t❤❡ ③♦♥❡ ♦❢ ✐♥✐t✐❛❧ ❜r❡❛❦✐♥❣✱

✇❤✐❝❤ ✐s ❜❛❧❛♥❝❡❞ ❜② ❛ t✐♠❡✲✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ✇❛✈❡ s❡t✉♣✳

❚❤❡ ✜rst ❛♥❛❧②t✐❝❛❧ ❛♣♣r♦❛❝❤ t♦ st✉❞② t❤✐s ❜r❡❛❦♣♦✐♥t ♠❡❝❤❛♥✐s♠ ❛♥❞ t❤❡

r❡❧❛t❡❞ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡ ❞②♥❛♠✐❝s ✇❛s ♣❡r❢♦r♠❡❞ ❜② ❙②♠♦♥❞s ❡t ❛❧✳ ✭✶✾✽✷✮✱

✇❤♦ ❝♦♥s✐❞❡r❡❞ t❤❡ ❞❡♣t❤✲✐♥t❡❣r❛t❡❞✱ ❧✐♥❡❛r✐③❡❞ s❤❛❧❧♦✇ ✇❛t❡r ❡q✉❛t✐♦♥s ❢♦r t❤❡

✢♦✇ ❛✈❡r❛❣❡❞ ♦✈❡r t❤❡ ✐♥❝✐❞❡♥t s❤♦rt ✇❛✈❡ ♣❡r✐♦❞✱ ✇✐t❤ ❛ ❜r❡❛❦♣♦✐♥t ♣♦s✐t✐♦♥

❛ss✉♠❡❞ t♦ ✈❛r② s✐♥✉s♦✐❞❛❧❧② ✐♥ t✐♠❡✳ ❚❤✐s ❛♣♣r♦❛❝❤ ✇❛s r❡str✐❝t❡❞ t♦ ♥♦r♠❛❧❧②✲

✐♥❝✐❞❡♥t ✇❛✈❡s ♦♥ ❛ ❜❡❛❝❤ ✇✐t❤ ❛ ❝♦♥st❛♥t s❧♦♣❡✱ ❛♥❞ ✉s❡❞ ❛ ❝♦♥st❛♥t s❤♦rt ✇❛✈❡

❤❡✐❣❤t✲t♦✲✇❛t❡r ❞❡♣t❤ r❛t✐♦ γb = Hb/h ✭t❤❡ s♦✲❝❛❧❧❡❞ “❜r❡❛❦✐♥❣ ✐♥❞❡①”✮✱ ✇❤❡r❡

Hb ❛♥❞ h ❛r❡ r❡s♣❡❝t✐✈❡❧② t❤❡ s❤♦rt ✇❛✈❡ ❤❡✐❣❤t ❛♥❞ t❤❡ ✇❛t❡r ❞❡♣t❤ ❛t ✐♥✐t✐❛❧

❜r❡❛❦✐♥❣✳ ❋✐❣✳ ✸ s❤♦✇s ❛ s❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❝r♦ss✲s❤♦r❡ ✈❛r✐❛t✐♦♥

♦❢ t❤❡ ♠✐♥✐♠✉♠✱ ♠❡❛♥ ❛♥❞ ♠❛①✐♠✉♠ ✇❛✈❡ ❤❡✐❣❤t r❡❧❛t❡❞ t♦ t❤❡ ✐♥❝✐❞❡♥t ✇❛✈❡

❣r♦✉♣s✱ ❛s ✇❡❧❧ ❛s t❤❡ ❛ss♦❝✐❛t❡❞ ✭st❡❛❞② st❛t❡✮ s❡t✉♣ ♠♦❞✉❧❛t✐♦♥✳ ❆❝❝♦r❞✐♥❣

✶✺



t♦ t❤✐s ❛♣♣r♦❛❝❤✱ t❤❡ ✇❛✈❡ ❣r♦✉♣✐♥❡ss s❤♦✉❧❞ ✈❛♥✐s❤ ✐♥ t❤❡ s✉r❢ ③♦♥❡✳ ❍♦✇✲

❡✈❡r✱ ▲✐st ✭✶✾✾✶✮ s❤♦✇❡❞ t❤❛t ✇❛✈❡ ❣r♦✉♣s ❝❛♥ ✐♥ ❢❛❝t ♣❡rs✐st ✐♥t♦ t❤❡ s✉r❢ ③♦♥❡✳

❲❤❡♥ ❢♦❝✉s✐♥❣ ♦♥❧② ♦♥ t❤❡ ❢r❡❡ ✇❛✈❡ s♦❧✉t✐♦♥s r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡ ❜r❡❛❦✐♥❣ ♦❢

t❤❡ ✐♥❝♦♠✐♥❣ ✇❛✈❡s ✭✐✳❡✳ ♥❡❣❧❡❝t✐♥❣ t❤❡ ❢♦r❝❡❞ ❜♦✉♥❞ ✇❛✈❡ ♦✉ts✐❞❡ t❤❡ s✉r❢ ③♦♥❡

✐♥ t❤❡ ❡q✉❛t✐♦♥s✮ ❛♥❞ ❝♦♥s✐❞❡r✐♥❣ t❤❛t t❤❡r❡ ✐s ❛ s✉❜st❛♥t✐❛❧ s❤♦r❡❧✐♥❡ r❡✢❡❝t✐♦♥✱

❙②♠♦♥❞s ❡t ❛❧✳ ✭✶✾✽✷✮ ❢♦✉♥❞ t❤❛t ❛ st❛♥❞✐♥❣ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡ ❢♦r♠s s❤♦r❡✇❛r❞

♦❢ t❤❡ ❜r❡❛❦✐♥❣ ③♦♥❡ ✇❤✐❧❡ ❛♥ ♦✉t❣♦✐♥❣ ♣r♦❣r❡ss✐✈❡ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡ ❡①✐sts s❡❛✲

✇❛r❞ ♦❢ t❤✐s ❢♦r❝✐♥❣ r❡❣✐♦♥✳ ❙✐♥❝❡ ❢r❡❡ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡s ❛r❡ r❛❞✐❛t❡❞ ❛✇❛② ❢r♦♠

t❤❡ ❜r❡❛❦✐♥❣ ③♦♥❡ ✐♥ ❜♦t❤ t❤❡ ♦♥s❤♦r❡ ❛♥❞ ♦✛s❤♦r❡ ❞✐r❡❝t✐♦♥✱ t❤❡ r❡s✉❧t❛♥t ♦✉t✲

❣♦✐♥❣ ✇❛✈❡ ♦✉ts✐❞❡ t❤❡ s✉r❢ ③♦♥❡ ✐s t❤❡ s✉♠ ♦❢ t❤❡ s❡❛✇❛r❞ r❛❞✐❛t❡❞ ✇❛✈❡ ❛♥❞

t❤❡ ✐♥✐t✐❛❧❧② s❤♦r❡✇❛r❞ r❛❞✐❛t❡❞ ✇❛✈❡ ♦♥❝❡ r❡✢❡❝t❡❞ ❛t t❤❡ s❤♦r❡✳ ❚❤❡r❡❢♦r❡✱

t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤✐s r❡s✉❧t❛♥t ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡ ❞❡♣❡♥❞s ♦♥ t❤❡ r❡❧❛t✐✈❡ ♣❤❛s❡

❜❡t✇❡❡♥ t❤❡ t✇♦ ❢r❡❡ ✇❛✈❡s ♣r♦♣❛❣❛t✐♥❣ s❡❛✇❛r❞✳

❋✐❣✉r❡ ✸✿ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❝r♦ss✲s❤♦r❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ♠✐♥✐♠✉♠✱ ♠❡❛♥ ❛♥❞
♠❛①✐♠✉♠ s❤♦rt ✇❛✈❡ ❤❡✐❣❤t✱ ✇✐t❤ t❤❡ ❛ss♦❝✐❛t❡❞ st❡❛❞② st❛t❡ s❡t✉♣ t❤r♦✉❣❤ t❤❡ s✉r❢ ③♦♥❡✳
x1 ❛♥❞ x2 ❛r❡ t❤❡ ♠✐♥✐♠✉♠ ❛♥❞ ♠❛①✐♠✉♠ ♣♦s✐t✐♦♥s ♦❢ t❤❡ ❜r❡❛❦♣♦✐♥t✱ ❛♥❞ h ✐s t❤❡ ✇❛t❡r
❞❡♣t❤✳ ✭❋✐❣✉r❡ r❡♣r♦❞✉❝❡❞ ❢r♦♠ ❙②♠♦♥❞s ❡t ❛❧✳ ✭✶✾✽✷✮✳✮

✶✻



▲❛t❡r ♦♥✱ ❛ ♠♦r❡ ❝♦♠♣r❡❤❡♥s✐✈❡ ❛♣♣r♦❛❝❤ ✇❛s ♣r♦♣♦s❡❞ ❜② ❙❝❤ä✛❡r ✭✶✾✾✸✮

✇❤♦ ✐♥❝❧✉❞❡❞ ❛ ❢♦r❝✐♥❣ t❡r♠ ✐♥ t❤❡ ❞❡♣t❤✲✐♥t❡❣r❛t❡❞✱ ❧✐♥❡❛r✐③❡❞ s❤❛❧❧♦✇ ✇❛✲

t❡r ❡q✉❛t✐♦♥s✱ t❤✉s t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ✐♥❝✐❞❡♥t ❜♦✉♥❞ ✇❛✈❡ ✐♥ t❤❡ s♦❧✉t✐♦♥

❛❧♦♥❣ t❤❡ ❝r♦ss✲s❤♦r❡ ❞✐r❡❝t✐♦♥✳ ▼♦r❡♦✈❡r✱ t❤❡ ❜r❡❛❦♣♦✐♥t ♠❡❝❤❛♥✐s♠ ✐s ❤❛♥❞❧❡❞

✐♥ t❤✐s st✉❞② ✇✐t❤ ❛♥ ❤②❜r✐❞ ♠❡t❤♦❞ ❝♦♠❜✐♥✐♥❣ t❤❡ ❛♣♣r♦❛❝❤ ♦❢ ❙②♠♦♥❞s ❡t ❛❧✳

✭✶✾✽✷✮ ✇✐t❤ ❛ tr❡❛t♠❡♥t ♦❢ t❤❡ ❜r❡❛❦♣♦✐♥t ♣♦s✐t✐♦♥ t❤❛t ❛❧❧♦✇s t❤❡ ♣r♦♣❛❣❛t✐♦♥

♦❢ t❤❡ ✇❛✈❡ ❣r♦✉♣✐♥❡ss ✐♥t♦ t❤❡ s✉r❢ ③♦♥❡✳ ❚❤❡ r❡s✉❧t✐♥❣ s♦❧✉t✐♦♥ ❝♦rr❡s♣♦♥❞✐♥❣

t♦ t❤❡ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡ ❛t t❤❡ ❣r♦✉♣ ❢r❡q✉❡♥❝② s❤♦✇s ❛ ❣r❛❞✉❛❧ ❝❤❛♥❣❡ ❢r♦♠

❛ st❛♥❞✐♥❣ ✇❛✈❡ ❛t t❤❡ s❤♦r❡❧✐♥❡ t♦ ❛ s❡❛✇❛r❞ ♣r♦❣r❡ss✐✈❡ ✇❛✈❡ ♦✛s❤♦r❡ ♦❢ t❤❡

❜r❡❛❦✐♥❣ ③♦♥❡✳ ❚❤✐s r❡s✉❧t ✐s ❣❡♥❡r❛❧❧② ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ r❡s✉❧ts ♦❢ ❙②♠♦♥❞s

❡t ❛❧✳ ✭✶✾✽✷✮✱ ❡①❝❡♣t t❤❛t t❤❡ ♥❛t✉r❡ ♦❢ t❤❡ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡ ❝❤❛♥❣❡s ♠♦r❡ ❣r❛❞✲

✉❛❧❧② ❜❡t✇❡❡♥ t❤❡ t✇♦ s✐❞❡s ♦❢ t❤❡ ❜r❡❛❦✐♥❣ ③♦♥❡ ❜❡❝❛✉s❡ t❤❡ ❡q✉❛t✐♦♥s ❛❝❝♦✉♥t

❢♦r t❤❡ ❢♦r❝❡❞ ❜♦✉♥❞ ✇❛✈❡✳ ❚❤✐s st✉❞② ❛❧s♦ ❝♦♥✜r♠❡❞ t❤❡ r♦✉❣❤❧② ❧✐♥❡❛r ❞❡♣❡♥✲

❞❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡ ❛♠♣❧✐t✉❞❡ ❛t t❤❡ s❤♦r❡❧✐♥❡ ❛♥❞ t❤❡ ♦✛s❤♦r❡

s❤♦rt✲✇❛✈❡ ❛♠♣❧✐t✉❞❡ ✐♥✐t✐❛❧❧② ♦❜s❡r✈❡❞ ❜② ▼✉♥❦ ✭✶✾✹✾✮ ❛♥❞ ❚✉❝❦❡r ✭✶✾✺✵✮✱ ❛♥❞

t❤❡♥ ❜② ●✉③❛ ❛♥❞ ❚❤♦r♥t♦♥ ✭✶✾✽✷✱ ✶✾✽✺✮✳

❚❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ❢r❡❡ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡s t❤r♦✉❣❤ t❤✐s ♠♦✈✐♥❣ ❜r❡❛❦♣♦✐♥t

♠❡❝❤❛♥✐s♠ ❤❛s ❜❡❡♥ ♣❛rt❧② ❝♦♥✜r♠❡❞ ❜② ❧❛❜♦r❛t♦r② ❞❛t❛ ✭❡✳❣✳ ❇❛❧❞♦❝❦ ❛♥❞

❍✉♥t❧❡②✱ ✷✵✵✷✮✱ ❛♥❞ ❜② ✜❡❧❞ ❡①♣❡r✐♠❡♥ts ❝♦♥❞✉❝t❡❞ ♦♥ ❛ s❛♥❞② ❜❛rr❡❞ ❜❡❛❝❤

✭❈♦♥t❛r❞♦ ❛♥❞ ❙②♠♦♥❞s✱ ✷✵✶✸✮ ❛♥❞ ♦♥ ❛ ❢r✐♥❣✐♥❣ ❝♦r❛❧ r❡❡❢ ✭P♦♠❡r♦② ❡t ❛❧✳✱

✷✵✶✷✮✳ ❆s ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥✱ t❤❡ r❡❧❛t✐✈❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❜♦✉♥❞

✇❛✈❡s ❛♥❞ ❜r❡❛❦♣♦✐♥t✲❣❡♥❡r❛t❡❞ ✇❛✈❡s ✇❛s st✉❞✐❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ❜② ❇❛tt❥❡s

✶✼



❡t ❛❧✳ ✭✷✵✵✹✮ ✇❤♦ ❝♦♥❝❧✉❞❡❞ t❤❛t t❤❡ ❜r❡❛❦♣♦✐♥t ❢♦r❝✐♥❣ ✐s ❡①♣❡❝t❡❞ t♦ ❜❡ ❞♦♠✲

✐♥❛♥t ♦♥ st❡❡♣❡r s❧♦♣❡s ✭✐✳❡✳ t②♣✐❝❛❧❧② βb ≥ 1✮✱ ✇❤✐❧❡ t❤❡ ❜♦✉♥❞ ✇❛✈❡ s❤♦❛❧✐♥❣

♠❡❝❤❛♥✐s♠ ✭s❡❡ s❡❝t✐♦♥ ✷✳✶✮ s❤♦✉❧❞ ❜❡ ♠♦r❡ ✐♠♣♦rt❛♥t ♦♥ ♠✐❧❞❡r s❧♦♣❡s ✭✐✳❡✳

t②♣✐❝❛❧❧② βb <∼ 0.3✮✳ ❚❤✐s ✐s ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ ▲✐st ✭✶✾✾✷✮✱ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳

✭✷✵✵✷✮ ❛♥❞ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳ ✭✷✵✶✺❜✮✱ ✇❤♦ ❢♦✉♥❞ t❤❛t t❤❡ ❜♦✉♥❞ ✇❛✈❡ ❛♣♣❡❛rs

♦♥❧② ✇❡❛❦❧② ❡♥❤❛♥❝❡❞ ♦♥ ❛ r❡❧❛t✐✈❡❧② st❡❡♣ s❧♦♣❡ ❜❡❝❛✉s❡ ♦❢ ✐♥❡✛❡❝t✐✈❡✱ t✐♠❡✲

❧✐♠✐t❡❞ ❡♥❡r❣② tr❛♥s❢❡r ❢r♦♠ t❤❡ s❤♦rt ✇❛✈❡s t♦ t❤❡ ■● ✇❛✈❡ ❞✉r✐♥❣ s❤♦❛❧✐♥❣✳

❇❛❧❞♦❝❦ ❛♥❞ ❍✉♥t❧❡② ✭✷✵✵✷✮ ♣r♦♣♦s❡❞ t❤❛t t❤❡ r❡❧❛t✐✈❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ❜r❡❛❦✲

♣♦✐♥t ♠❡❝❤❛♥✐s♠ ♠❛② ❜❡ ❣r❡❛t❡r ❢♦r st♦r♠ ❝♦♥❞✐t✐♦♥s ✭✐✳❡✳ st❡❡♣ ✐♥❝✐❞❡♥t s❤♦rt✲

♣❡r✐♦❞ ✇❛✈❡s✮✱ t❤❛♥ ❢♦r t♦ ♠✐❧❞❡r ❧♦♥❣✲♣❡r✐♦❞ s✇❡❧❧ ✇❛✈❡s✳

✷✳✸✳ ❇♦r❡ ♠❡r❣✐♥❣

❆❢t❡r ❜r❡❛❦✐♥❣✱ s❤♦rt ✇❛✈❡s r❡♦r❣❛♥✐③❡ t❤❡♠s❡❧✈❡s ✐♥ t❤❡ ✐♥♥❡r s✉r❢ ③♦♥❡

✐♥t♦ ❜♦r❡s ✭❜r❡❛❦✐♥❣ ✇❛✈❡ ❢r♦♥t✱ r❡s❡♠❜❧✐♥❣ t♦ ❛ ❤②❞r❛✉❧✐❝ ❥✉♠♣✮✳ ❋♦r r❛♥❞♦♠

✇❛✈❡ ✜❡❧❞s✱ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ❝❡❧❡r✐t② ❜❡t✇❡❡♥ ❝♦♥s❡❝✉t✐✈❡ ❜♦r❡s✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡

❡①♣❧❛✐♥❡❞ ❜❡❧♦✇✱ ❝❛♥ ❧❡❛❞ t♦ t❤❡ ❝♦♥✢✉❡♥❝❡ ♦❢ t❤❡ ✇❛✈❡ ❢r♦♥ts✳ ❲❤❡♥ t❤❡ ✐♥♥❡r

s✉r❢ ③♦♥❡ ✐s ❧❛r❣❡ ❡♥♦✉❣❤✱ ❛ ❜♦r❡ ❝❛♥ ♦✈❡rt❛❦❡ t❤❡ ❜♦r❡ ❛❤❡❛❞ ❛♥❞ ♠❡r❣❡ t♦❣❡t❤❡r

✐♥t♦ ❛ s✐♥❣❧❡ ✇❛✈❡ ❢r♦♥t ✭s❡❡ ❋✐❣✳ ✹✮✳ ❚❤✐s ♥♦♥❧✐♥❡❛r ♣r♦❝❡ss ❧❡❛❞s t♦ ❛♥ ✐♥❝r❡❛s❡

✐♥ t❤❡ ✇❛✈❡ ♣❡r✐♦❞ ✐♥ t❤❡ s✉r❢ ③♦♥❡✱ ❛♥❞ ❛s s✉❝❤ ❝♦♥tr✐❜✉t❡s t♦ ❛♥ ❡♥❡r❣② tr❛♥s❢❡r

❢r♦♠ s❤♦rt ✇❛✈❡ ❢r❡q✉❡♥❝✐❡s t♦ ■● ✇❛✈❡ ❢r❡q✉❡♥❝✐❡s✳

❇♦r❡ ♠❡r❣✐♥❣ ✇❛s ❝♦♠♠♦♥❧② ♦❜s❡r✈❡❞ ✐♥ t❤❡ ✜❡❧❞ ✭❍✉♥t❧❡② ❛♥❞ ❇♦✇❡♥✱ ✶✾✼✺✱

✶✾✼✹❀ ❇r❛❞s❤❛✇✱ ✶✾✽✵❀ ❙é♥é❝❤❛❧ ❡t ❛❧✳✱ ✷✵✵✶❜✮✱ ❜✉t ✈❡r② ❢❡✇ st✉❞✐❡s ❤❛✈❡ ❛♥❛❧✲

②s❡❞ t❤✐s ♣❤❡♥♦♠❡♥♦♥ ✐♥ ❞❡t❛✐❧✳ ❊❛r❧② ✜❡❧❞ ♦❜s❡r✈❛t✐♦♥s ✭❍✉♥t❧❡② ❛♥❞ ❇♦✇❡♥✱
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✶✾✼✺✱ ✶✾✼✹❀ ❇r❛❞s❤❛✇✱ ✶✾✽✵✮ s✉❣❣❡st❡❞ t❤❛t ❜♦r❡ ♠❡r❣✐♥❣ ♦❝❝✉rs ♠♦r❡ ❢r❡q✉❡♥t❧②

✐♥ t❤❡ s✉r❢ ③♦♥❡ ♦❢ ❣❡♥t❧② s❧♦♣✐♥❣ ❜❡❛❝❤❡s t❤❛♥ ♦♥ st❡❡♣❡r ❜❡❛❝❤❡s✳ ❚❤✐s s❧♦♣❡

❞❡♣❡♥❞❡♥❝❡ ✇❛s ❝♦♥✜r♠❡❞ ✐♥ t❤❡ ❧❛❜♦r❛t♦r② ❜② ▼❛s❡ ❛♥❞ ■✇❛❣❛❦✐ ✭✶✾✽✹✮✱ ✇❤♦

❝❛❧❝✉❧❛t❡❞ t❤❡ r❛t✐♦ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ✇❛✈❡ ❝r❡sts r✉♥♥✐♥❣✲✉♣ t❤❡ ❜❡❛❝❤ t♦ t❤❡

♥✉♠❜❡r ♦❢ ✐♥❝✐❞❡♥t ✇❛✈❡ ❝r❡sts ❢♦r ❛ s❡r✐❡s ♦❢ ✐rr❡❣✉❧❛r ✇❛✈❡ ❡①♣❡r✐♠❡♥ts✳ ❚❤❡②

s❤♦✇❡❞ t❤❛t t❤❡ ♥✉♠❜❡r ♦❢ ✇❛✈❡s r✉♥♥✐♥❣✲✉♣ ❛t t❤❡ ❜❡❛❝❤ ❞❡❝r❡❛s❡s ❛s t❤❡ s✉r❢

s✐♠✐❧❛r✐t② ♣❛r❛♠❡t❡r ✭■r✐❜❛rr❡♥ ❛♥❞ ◆♦❣❛❧❡s✱ ✶✾✹✾✮ ❞❡❝r❡❛s❡s✱ ✐✳❡✳ t❤❡② ♦❜s❡r✈❡❞

❛ str♦♥❣❡r ❢r❡q✉❡♥❝② ❞♦✇♥✲s❤✐❢t ♦♥ ❣❡♥t❧② s❧♦♣✐♥❣ ❞✐ss✐♣❛t✐✈❡ ❜❡❛❝❤❡s ✭s❡❡ ❛❧s♦

▼❛s❡✱ ✶✾✽✾✮✳ ❚❤❡ ✇♦r❦ ♦❢ ❙é♥é❝❤❛❧ ❡t ❛❧✳ ✭✷✵✵✶❛✱❜✮ ✐s ♦♥❡ ♦❢ t❤❡ ❢❡✇ ❛tt❡♠♣ts

t♦ q✉❛♥t✐❢② t❤❡ ♠♦❞✐✜❝❛t✐♦♥ ♦❢ t❤❡ ✇❛✈❡ ✜❡❧❞ ❛ss♦❝✐❛t❡❞ t♦ ❜♦r❡ ♠❡r❣✐♥❣ ✐♥ ❛

♥❛t✉r❛❧ s✉r❢ ③♦♥❡✳ ❚❤❡② ♦❜s❡r✈❡❞ ❛ s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ♦❢ t❤❡ ♠❡❛♥ ♣❡r✐♦❞ ✐♥

t❤❡ ✐♥♥❡r s✉r❢ ③♦♥❡ ♦❢ t❤❡✐r ❣❡♥t❧② s❧♦♣✐♥❣ ❜❡❛❝❤ ✭✰✸✵✪ ❛t t❤❡✐r s❤❛❧❧♦✇❡st ❧♦✲

❝❛t✐♦♥✮✳ ❚❤❡ ❧♦♥❣❡st ✇❛✈❡s r❡❝♦r❞❡❞ ❜② ❙é♥é❝❤❛❧ ❡t ❛❧✳ ✭✷✵✵✶❛✮ ✐♥ t❤❡ ✐♥♥❡r s✉r❢

③♦♥❡ ❤❛❞ ♣❡r✐♦❞s ❣r❡❛t❡r t❤❛♥ t✇♦ t✐♠❡s t❤❡ ♠❡❛♥ ♦✛s❤♦r❡ ♣❡r✐♦❞✱ ❛♥❞ ✇❡r❡

✇✐t❤✐♥ t❤❡ ■● ✇❛✈❡ ❜❛♥❞✳ ❚❤✐s s✉❣❣❡sts t❤❛t✱ ❢♦r t❤❡s❡ ✇❛✈❡ ❝♦♥❞✐t✐♦♥s✱ ❜♦r❡

♠❡r❣✐♥❣ ❧❡❛❞s t♦ ❛ ✇❡❛❦ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❡♥❡r❣② ✐♥ t❤❡ ■●✲❢r❡q✉❡♥❝② ❜❛♥❞✳

❇♦r❡ ♠❡r❣✐♥❣ ✐s ❣❡♥❡r❛❧❧② ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ♣❤❡♥♦♠❡♥♦♥ ♦❢ ❛♠♣❧✐t✉❞❡

❞✐s♣❡rs✐♦♥✱ ✐✳❡✳ t❤❡ ❢❛❝t t❤❛t ❧❛r❣❡r ❜♦r❡s ♣r♦♣❛❣❛t❡ ❢❛st❡r ❛♥❞ ✇✐❧❧ ❡✈❡♥t✉❛❧❧②

❝❛t❝❤ ✉♣ ✇✐t❤ t❤❡ s♠❛❧❧❡r ♦♥❡s ✐❢ t❤❡② ❛r❡ ❣✐✈❡♥ ❡♥♦✉❣❤ t✐♠❡ ✭❡✳❣✳✱ ❙é♥é❝❤❛❧ ❡t ❛❧✳✱

✷✵✵✶❛❀ ❇r♦❝❝❤✐♥✐ ❛♥❞ ❇❛❧❞♦❝❦✱ ✷✵✵✽✮✳ ❖✈❡r ❛ ❣❡♥t❧② s❧♦♣✐♥❣ ❜❡❛❝❤✱ ❤♦✇❡✈❡r✱

✇❛✈❡ ❣r♦✉♣✐♥❣ ✐s ❡①♣❡❝t❡❞ t♦ ❞❡❝r❡❛s❡ ❞✉❡ t♦ ❜r❡❛❦✐♥❣ ♦✈❡r t❤❡ ✇✐❞❡ s✉r❢ ③♦♥❡✱

❛♥❞ ❛❞❞✐t✐♦♥❛❧ ♠❡❝❤❛♥✐s♠s ♠❛② ♣❧❛② ❛ s✐❣♥✐✜❝❛♥t r♦❧❡✳ ❇❛s❡❞ ♦♥ t❤❡ ❛♥❛❧②s✐s

♦❢ s❡✈❡r❛❧ ❧❛❜♦r❛t♦r② ❞❛t❛s❡ts✱ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳ ✭✷✵✵✼✮ ❛♥❞ ❚✐ss✐❡r ❡t ❛❧✳

✶✾



−0.05

0

0.05

η
−
η̄
(m

)

d=7.2 cm

−0.05

0

0.05
η
−
η̄
(m

)

d=5.4 cm

−0.05

0

0.05

η
−
η̄
(m

)

d=3.7 cm

−0.05

0

0.05

η
−
η̄
(m

)

d=2.9 cm

−0.05

0

0.05

η
−
η̄
(m

)

d=2 cm

−0.05

0

0.05

η
−
η̄
(m

)

d=1.1 cm

−0.05

0

0.05

η
−
η̄
(m

)

d=0.3 cm

170 175 180 185 190 195 200
−0.05

0

0.05

η
−
η̄
(m

)

d=-0.6 cm

t (s)

h

g

f

e

d

c

b

a
T
IG

T
IG

❋✐❣✉r❡ ✹✿ ▼♦❞❡❧❧❡❞ ✭t❤✐❝❦ ❜❧✉❡ ❧✐♥❡s✮ ❛♥❞ ♠❡❛s✉r❡❞ ✭t❤✐♥ ❜❧❛❝❦ ❧✐♥❡s✮ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ t✐♠❡✲
s❡r✐❡s ❛t ❞✐✛❡r❡♥t ❧♦❝❛t✐♦♥s ✇✐t❤✐♥ t❤❡ s✉r❢ ③♦♥❡ ✭st✐❧❧ ✇❛t❡r ❞❡♣t❤ ✈❛r②✐♥❣ ❜❡t✇❡❡♥ d = 7.4 ❝♠
✭❛✮ t♦ ✲✵✳✻ ❝♠ ✭❤✮✮ ❢♦r t❤❡ ❜✐❝❤r♦♠❛t✐❝ ✇❛✈❡ ❝❛s❡ ❆✲✶ ❢r♦♠ ✈❛♥ ◆♦♦r❧♦♦s ✭✷✵✵✸✮ ❧❛❜ ❡①♣❡r✐♠❡♥t✳
❚❤❡ ♠♦❞❡❧ r❡s✉❧ts ✇❡r❡ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ❛ s❤♦❝❦✲❝❛♣t✉r✐♥❣ ◆❙❲❊ ♠♦❞❡❧ ✭▼❛r❝❤❡ ❡t ❛❧✳✱ ✷✵✵✼✮
❢♦r❝❡❞ ✉s✐♥❣ t❤❡ ♠❡❛s✉r❡❞ t✐♠❡✲s❡r✐❡s ❛t d = 8.9 ❝♠ ✭s❡❡ ❛❧s♦ ❚✐ss✐❡r ❡t ❛❧✳ ✭✷✵✶✼✮✮✳ ❚❤❡
t❤✐♥ ❜❧✉❡ ❧✐♥❡ ♦♥ ♣❛♥❡❧ ✭❛✮ ✐s t❤❡ ❧♦✇✲❢r❡q✉❡♥❝② ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ♠♦❞❡❧❧❡❞ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥
t✐♠❡✲s❡r✐❡s✳ ❚❤❡ ❤♦r✐③♦♥t❛❧ ❛rr♦✇ ✐♥❞✐❝❛t❡s t❤❡ ■● ✇❛✈❡ ♣❡r✐♦❞ TIG ❢♦r t❤✐s ❜✐❝❤r♦♠❛t✐❝ ✇❛✈❡
❝❛s❡✳

✷✵



✭✷✵✶✺✮ s✉❣❣❡st❡❞ t❤❛t ■● ✇❛✈❡s ❝♦✉❧❞ ❜❡ ✐♠♣♦rt❛♥t ❢♦r ❜♦r❡ ♠❡r❣✐♥❣✳ ▼♦r❡

s♣❡❝✐✜❝❛❧❧②✱ ❚✐ss✐❡r ❡t ❛❧✳ ✭✷✵✶✺✮ s❤♦✇❡❞ t❤❛t t❤❡ ✐♥tr❛✲✇❛✈❡ ✈❛r✐❛❜✐❧✐t② ✐♥ ❝❡❧❡r✐t②

♦❜s❡r✈❡❞ ✐♥ t❤❡✐r ❧❛❜♦r❛t♦r② s✉r❢ ③♦♥❡ ❝♦✉❧❞ ❧❛r❣❡❧② ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ■●✲✇❛✈❡

✐♥❞✉❝❡❞ ♠♦❞✉❧❛t✐♦♥ ♦❢ t❤❡ ✇❛t❡r ❧❡✈❡❧ ❛♥❞ ✈❡❧♦❝✐t② ✜❡❧❞ ✭✇❛✈❡s r✐❞✐♥❣ ♦♥ t❤❡ ■●

✇❛✈❡ ❝r❡sts ♣r♦♣❛❣❛t❡ ❢❛st❡r t❤❛♥ t❤♦s❡ r✐❞✐♥❣ ♦♥ t❤❡ ■● ✇❛✈❡ tr♦✉❣❤s✱ s❡❡ ❛❧s♦

❋✐❣✳ ✹❛✮✳ ▼♦r❡♦✈❡r✱ t❤❡② ❢♦✉♥❞ t❤❛t t❤❡ ❧♦❝❛t✐♦♥ ❛t ✇❤✐❝❤ ❜♦r❡s st❛rt ♠❡r❣✐♥❣

❝♦rr❡❧❛t❡s ✇✐t❤ t❤❡ r❡❧❛t✐✈❡ ■● ✇❛✈❡ ❤❡✐❣❤t✳

■♥ t❤❡ s✉r❢ ③♦♥❡ ♦❢ ❣❡♥t❧② s❧♦♣✐♥❣ ❜❡❛❝❤❡s✱ ❢r❡q✉❡♥❝②✲❞✐s♣❡rs✐♦♥ ✐s ✇❡❛❦ ❛♥❞

✇❛✈❡ ❞②♥❛♠✐❝s ❝❛♥ ❜❡ ✇❡❧❧ ❞❡s❝r✐❜❡❞ ❜② t❤❡ ♥♦♥❧✐♥❡❛r s❤❛❧❧♦✇ ✇❛t❡r ❡q✉❛t✐♦♥

✭❤❡r❡❛❢t❡r ◆❙❲❊✮ ✭❡✳❣✳✱ ❍✐❜❜❡r❞ ❛♥❞ P❡r❡❣r✐♥❡✱ ✶✾✼✾❀ ❇♦♥♥❡t♦♥✱ ✷✵✵✼✮✳ ❋♦❧✲

❧♦✇✐♥❣ t❤❡ ❝♦♥❝❡♣t ♦❢ ✇❡❛❦✲s♦❧✉t✐♦♥ ✭❲❤✐t❤❛♠✱ ✶✾✼✹✮✱ t❤❡ ❜r♦❦❡♥✲✇❛✈❡ ❢r♦♥ts

❝❛♥ ❜❡ ❛♣♣r♦①✐♠❛t❡❞ ❜② ❞✐s❝♦♥t✐♥✉✐t✐❡s ♦r s❤♦❝❦s✳ ❋♦r ♥♦♥✲♣❡r✐♦❞✐❝ ✇❛✈❡ ❢♦r❝✲

✐♥❣✱ s❤♦❝❦s ♣r♦♣❛❣❛t❡ ✇✐t❤ ❞✐✛❡r❡♥t ❝❡❧❡r✐t✐❡s✳ ❚❤✐s ✐s ❞✉❡ t♦ ❜♦t❤ t❤❡ s❤♦❝❦

str❡♥❣t❤ ✈❛r✐❛❜✐❧✐t② ✭✐✳❡✳ ❛♠♣❧✐t✉❞❡ ❞✐s♣❡rs✐♦♥✮ ❛♥❞✱ ❛s ❞✐s❝✉ss❡❞ ❛❜♦✈❡✱ t♦ t❤❡

♣r❡s❡♥❝❡ ♦❢ ■● ✇❛✈❡s✳ ❆ ❤✐❣❤✲❝❡❧❡r✐t② s❤♦❝❦ ❝❛♥ ♦✈❡rt❛❦❡ t❤❡ s❤♦❝❦ ❛❤❡❛❞ ❛♥❞

❝♦❛❧❡s❝❡ ✐♥t♦ ❛ s✐♥❣❧❡ s❤♦❝❦ ✭P❡r❡❣r✐♥❡✱ ✶✾✼✹✮✳ ◆✉♠❡r✐❝❛❧ ♥♦♥✲❧✐♥❡❛r s❤❛❧❧♦✇ ✇❛✲

t❡r ❡q✉❛t✐♦♥s ✭❤❡r❡❛❢t❡r ◆❙❲❊✮ s✐♠✉❧❛t✐♦♥s ❜❛s❡❞ ♦♥ s❤♦❝❦✲❝❛♣t✉r✐♥❣ s❝❤❡♠❡s

s❤♦✇ t❤❛t t❤✐s t❤❡♦r❡t✐❝❛❧ ❢r❛♠❡✇♦r❦ ❣✐✈❡s ❣♦♦❞ r❡s✉❧ts ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❜♦t❤

✜❡❧❞ ❞❛t❛ ✭❇♦♥♥❡t♦♥ ❛♥❞ ❉✉♣✉✐s✱ ✷✵✵✶✮ ❛♥❞ ❧❛❜♦r❛t♦r② ❞❛t❛ ✭s❡❡ ❋✐❣✳ ✹✮✳

❋✐❡❧❞ ❛♥❞ ❧❛❜♦r❛t♦r② ♦❜s❡r✈❛t✐♦♥s ❝❧❡❛r❧② s❤♦✇ t❤❛t ❜♦r❡ ♠❡r❣✐♥❣ ✐s ❛♥ ✉❜✐q✲

✉✐t♦✉s ♣❤❡♥♦♠❡♥♦♥ ✐♥ t❤❡ ✐♥♥❡r s✉r❢ ③♦♥❡ ♦❢ ❣❡♥t❧❡ ❞✐ss✐♣❛t✐✈❡ ❜❡❛❝❤❡s✳ ❚❤✐s

♥♦♥❧✐♥❡❛r ♣r♦❝❡ss ✐♥❞✉❝❡s ❛ r❡❞✉❝t✐♦♥ ♦❢ ✇❛✈❡ ❢r❡q✉❡♥❝② ❛❝r♦ss t❤❡ s✉r❢ ③♦♥❡

❛♥❞ t❤✉s ♣❛rt✐❝✐♣❛t❡s ✐♥ ❛♥ ❡♥❡r❣② tr❛♥s❢❡r ❢r♦♠ s❤♦rt ✇❛✈❡s t♦ ❧♦✇ ❢r❡q✉❡♥❝②

✷✶



✇❛✈❡s✳ ❍♦✇❡✈❡r✱ t❤✐s ♣r♦❝❡ss s❡❡♠ t♦ ❜❡ ❛ ❧❡ss ❞♦♠✐♥❛♥t ♠❡❝❤❛♥✐s♠ ❢♦r ■●

✇❛✈❡ ❣❡♥❡r❛t✐♦♥ ✭s❡❡ ❚✐ss✐❡r ❡t ❛❧✳✱ ✷✵✶✼✮ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❜♦✉♥❞ ✇❛✈❡ ❛♥❞ t❤❡

♠♦✈✐♥❣ ❜r❡❛❦♣♦✐♥t ❞✐s❝✉ss❡❞ ❛❜♦✈❡✳ ❇♦r❡ ❝♦♥✢✉❡♥❝❡ ❛♥❞ s✉❜s❡q✉❡♥t ♠❡r❣✐♥❣

❛r❡ str♦♥❣❧② ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ■● ✇❛✈❡ ✜❡❧❞ ❣❡♥❡r❛t❡❞ ♦✉ts✐❞❡ t❤❡ ✐♥♥❡r s✉r❢

③♦♥❡✳ ❚❤❡ str♦♥❣ ♥♦♥✲❧✐♥❡❛r ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ❧♦❝❛❧✐③❡❞ ✇❛✈❡ ❢r♦♥ts ❛♥❞ ■●

✇❛✈❡s ❛♥❞ t❤❡✐r ❝♦♥s❡q✉❡♥❝❡s ✐♥ t❡r♠s ♦❢ s♣❡❝tr❛❧ r❡♣r❡s❡♥t❛t✐♦♥ ❛r❡ ♥♦t ❢✉❧❧②

✉♥❞❡rst♦♦❞ ❛♥❞ s❤♦✉❧❞ ❜❡ ♠♦r❡ ❝❧♦s❡❧② ❡①❛♠✐♥❡❞✳

✸✳ Pr♦♣❛❣❛t✐♦♥ ❛♥❞ tr❛♥s❢♦r♠❛t✐♦♥

✸✳✶✳ ❊♥❡r❣② tr❛♥s❢❡rs

❙❡✈❡r❛❧ ✜❡❧❞ ❛♥❞ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧✐♥❣ st✉❞✐❡s ❤❛✈❡ ♦❜s❡r✈❡❞ t❤❛t ❞✉r✐♥❣ ♣r♦♣✲

❛❣❛t✐♦♥ t♦✇❛r❞s t❤❡ s❤♦r❡✱ ■● ✇❛✈❡s ❡①❝❤❛♥❣❡ ❡♥❡r❣② ♥♦t ♦♥❧② ✇✐t❤ t❤❡ s❤♦rt✲

✇❛✈❡ ❜❛♥❞ ❜✉t ❛❧s♦ ✇✐t❤✐♥ t❤❡ ■● ❢r❡q✉❡♥❝② ❜❛♥❞ ✐ts❡❧❢ ✭❚❤♦♠s♦♥ ❡t ❛❧✳✱ ✷✵✵✻❀

❍❡♥❞❡rs♦♥ ❡t ❛❧✳✱ ✷✵✵✻❀ ❘✉❥✉ ❡t ❛❧✳✱ ✷✵✶✷❀ ●✉❡❞❡s ❡t ❛❧✳✱ ✷✵✶✸❀ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱

✷✵✶✺❜❀ ❋✐❡❞❧❡r ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❖♥ st❡❡♣ ❜❡❛❝❤❡s ♦r ✐♥ t❤❡ ♦✉t❡r s✉r❢ ③♦♥❡ ♦❢ ♠✐❧❞

s❧♦♣✐♥❣ ❜❡❛❝❤❡s✱ ■● ✇❛✈❡ ❤❡✐❣❤ts ❛r❡ r❡❧❛t✐✈❡❧② s♠❛❧❧ ❝♦♠♣❛r❡❞ t♦ t❤❡ s❤♦rt✲✇❛✈❡

❤❡✐❣❤ts✳ ❍❡r❡✱ ■● ✇❛✈❡s ✐♥t❡r❛❝t ✇✐t❤ t❤❡ s❤♦rt ✇❛✈❡s ✭♣❛rt✐❝✉❧❛r❧② ❛r♦✉♥❞ t❤❡

❡♥❡r❣② s♣❡❝tr❛❧ ♣❡❛❦✮✱ ❛♥❞ t❤❡ ❡♥❡r❣② ❛t ■● ❢r❡q✉❡♥❝✐❡s ✐s s♣r❡❛❞ t♦ ❛ ✇✐❞❡ r❛♥❣❡

♦❢ ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s ✭❘✉❥✉ ❡t ❛❧✳✱ ✷✵✶✷❀ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✺❜✮✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱

♦♥ ❣❡♥t❧② s❧♦♣✐♥❣ ❜❡❛❝❤❡s✱ ■● ✇❛✈❡s ❛r❡ r❡❧❛t✐✈❡❧② ♠♦r❡ ✐♠♣♦rt❛♥t ❝♦♠♣❛r❡❞ t♦

s❤♦rt ✇❛✈❡s ❛♥❞ ❛r❡ ✐♥t❡r❛❝t✐♥❣ ♣r❡❞♦♠✐♥❛♥t❧② ✇✐t❤ t❤❡♠s❡❧✈❡s✱ t❤❡r❡❜② ❝r❡❛t✐♥❣

❤✐❣❤❡r ■● ❤❛r♠♦♥✐❝s ❛♥❞ ✐♥❞✉❝✐♥❣ t❤❡ ■● ✇❛✈❡ s❤❛♣❡ t♦ ❝❤❛♥❣❡ t♦ ❛s②♠♠❡tr✐❝✳

❚♦ ✐❧❧✉str❛t❡ t❤❡s❡ ❡♥❡r❣② tr❛♥s❢❡r tr❡♥❞s✱ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ ❜✐s♣❡❝tr❛ ♦❢
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f (Hz)

 

 

0   0.44 0.88 1.32
−3

−2

−1

0
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3
x 10−10

 

 

f
(H

z)

f (Hz)
0 0.44 0.88 1.32

0

0.44

0.88

1.32

−3

−2

−1

0

1

2

3
x 10−10

(b)(a)

❋✐❣✉r❡ ✺✿ ■♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ ❜✐s♣❡❝tr✉♠ ✐♥ m3 ✭① ✶✵−6✮ ♦❢ t❤❡ ✐♥❝♦♠✐♥❣ ✇❛✈❡ s✐❣♥❛❧ ✭η+✮
❢♦r ❛ ♥❛rr♦✇✲❜❛♥❞❡❞ ✇❛✈❡ ❝♦♥❞✐t✐♦♥ ♦✈❡r ✭❛✮ ❛ ✶✿✷✵ s❧♦♣❡ ❛♥❞ ✭❜✮ ❛ ✶✿✺✵ s❧♦♣❡ ✐♥ ❛ ✇❛t❡r ❞❡♣t❤
h ♦❢ ✺ ❝♠ ✭❡q✉❛❧ t♦ h ❂ ✶ ♠ ✐♥ t❤❡ ✜❡❧❞✮ ❢♦r ✈❛❧✉❡s ✇❤❡r❡ b2 > b95%✳ ❉❛s❤❡❞ ❧✐♥❡s ✐♥❞✐❝❛t❡
t❤❡ s♣❡❝tr❛❧ ♣❡❛❦ ✭f ❂ ✵✳✹✹ ❍③✮ ❛♥❞ ✐ts ❤✐❣❤❡r ❤❛r♠♦♥✐❝s ❛♥❞ t❤❡ s♦❧✐❞ ❧✐♥❡s ❝♦rr❡s♣♦♥❞ t♦
t❤❡ ❢r❡q✉❡♥❝② ❝✉t♦✛ ❜❡t✇❡❡♥ ■● ✇❛✈❡s ❛♥❞ s❤♦rt ✇❛✈❡s✳ ❆❢t❡r✿ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳ ✭✷✵✶✺❜✮

✇❛✈❡ ✜❡❧❞ s✐♠✉❧❛t✐♦♥s ♦✈❡r ❜♦t❤ ❛ st❡❡♣ ❛♥❞ ❛ ♠✐❧❞ s❧♦♣❡ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳

❈♦❧♦rs ✐♥❞✐❝❛t❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ❡♥❡r❣② tr❛♥s❢❡rs✱ ❛♥❞ ❝♦❧♦r ✐♥t❡♥s✐t② ✐s ❛ ♣r♦①②

♦❢ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❡♥❡r❣② tr❛♥s❢❡rs✳ P♦s✐t✐✈❡ ✈❛❧✉❡s ❛t Bf1,f2 ✐♥❞✐❝❛t❡ ❛

tr❛♥s❢❡r ❢r♦♠ f1 ❛♥❞ f2 t♦ f3✱ t❤❡ s✉♠ ❢r❡q✉❡♥❝②✳ ◆❡❣❛t✐✈❡ ✈❛❧✉❡s ✐♥❞✐❝❛t❡ ❛

tr❛♥s❢❡r ❢r♦♠ f3 t♦ ❜♦t❤ f1 ❛♥❞ f2✳ ❋♦r ❛♥ ✐♥tr♦❞✉❝t✐♦♥ t♦ ❜✐s♣❡❝tr❛❧ ❛♥❛❧②s✐s

♣❧❡❛s❡ s❡❡ ❆♣♣❡♥❞✐① ❇✳ ❖♥ t❤❡ st❡❡♣ s❧♦♣❡✱ t✇♦ ✐♥t❡r❛❝t✐♦♥ ♣❛tt❡r♥s ❞♦♠✐♥❛t❡

❞✉r✐♥❣ t❤❡ ❞❡❝r❡❛s❡ ✐♥ ■●✲✇❛✈❡ ❡♥❡r❣② ✭❋✐❣✳ ✺❛✮✳

❖♥❡ ✐s t❤❡ ♥❡❣❛t✐✈❡ ❜❛♥❞ r❛♥❣✐♥❣ ❢r♦♠ ❛❜♦✉t B✭✵✳✷✷✱✵✳✷✷✮ t♦ B✭✵✳✹✹✱✵✮✱

✇❤❡r❡ ❡♥❡r❣② ✐s tr❛♥s❢❡rr❡❞ ❢r♦♠ t❤❡ s♣❡❝tr❛❧ ♣❡❛❦ t♦ ❢r❡q✉❡♥❝✐❡s ❧♦✇❡r t❤❛♥ t❤❡

s♣❡❝tr❛❧ ♣❡❛❦✱ ✐♥❝❧✉❞✐♥❣ ■● ❢r❡q✉❡♥❝✐❡s✳ ❚❤❡ ♦t❤❡r ✐s ❛ ♣♦s✐t✐✈❡ ❜❛♥❞ r❛♥❣✐♥❣

❢r♦♠ B✭✵✳✹✹✱✵✮ t♦ B✭✵✱✹✹✱✵✳✹✹✮ ✇❤❡r❡ ❡♥❡r❣② ✐s tr❛♥s❢❡rr❡❞ t♦ ❢r❡q✉❡♥❝✐❡s ❤✐❣❤❡r

t❤❛♥ t❤❡ s♣❡❝tr❛❧ ♣❡❛❦ ❜② ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡ s♣❡❝tr❛❧ ♣❡❛❦ ❛♥❞ ❢r❡q✉❡♥✲

❝✐❡s ❧♦✇❡r t❤❛♥ t❤❡ s♣❡❝tr❛❧ ♣❡❛❦✱ ✐♥❝❧✉❞✐♥❣ ■● ❢r❡q✉❡♥❝✐❡s✳ ❚❤❡ ♣♦s✐t✐✈❡ ❜❛♥❞

r❛♥❣✐♥❣ ❢r♦♠ B✭✵✳✹✹✱✵✮ t♦ B✭✵✱✹✹✱✵✳✹✹✮ ✐♥ t❤❡ ❜✐s♣❡❝tr❛ ✭❋✐❣✳ ✺❛✮ ❞♦♠✐♥❛t❡s
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♦✈❡r t❤❡ ♥❡❣❛t✐✈❡ ❜❛♥❞ r❛♥❣✐♥❣ ❢r♦♠ ❛❜♦✉t B✭✵✳✷✷✱✵✳✷✷✮ t♦ B✭✵✳✹✹✱✵✮✱ ❧❡❛❞✐♥❣

t♦ ■● ✇❛✈❡ ❡♥❡r❣② ❞❡❝r❡❛s❡✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ ✐♥ t❤❡ s✉r❢ ③♦♥❡ ♦❢ ❣❡♥t❧② s❧♦♣✐♥❣

❜❡❛❝❤❡s✱ ♦r ✐♥ t❤❡ ✐♥♥❡r s✉r❢ ③♦♥❡ ♦❢ ♠✐❧❞ s❧♦♣✐♥❣ ❜❡❛❝❤❡s✱ ✐♥t❡r❛❝t✐♦♥s ✐♥✈♦❧✈✐♥❣

s❤♦rt ✇❛✈❡ ❢r❡q✉❡♥❝✐❡s ❤❛✈❡ ❛❧r❡❛❞② ❞✐s❛♣♣❡❛r❡❞ ❡♥t✐r❡❧② ❛♥❞ t❤❡ ✇❛✈❡ ✜❡❧❞ ✐s

❞♦♠✐♥❛t❡❞ ❜② ■● ✇❛✈❡ ❡♥❡r❣②✳ ❍❡r❡✱ t❤❡ ❜✐s♣❡❝tr✉♠ ✐s ❞♦♠✐♥❛t❡❞ ❜② ■●✲■●

✐♥t❡r❛❝t✐♦♥s ✭❋✐❣✳ ✺❜✮✱ ❧❡❛❞✐♥❣ t♦ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ■● ❤❛r♠♦♥✐❝s✱ ❛♥❞ t❤❡

st❡❡♣❡♥✐♥❣ ♦❢ t❤❡ ■● ✇❛✈❡ ❝❧♦s❡ t♦ s❤♦r❡ ✭s❡❡ s❡❝t✐♦♥ ✸✳✷✮✳

✸✳✷✳ ❉✐ss✐♣❛t✐♦♥

❙✐♥❝❡ t❤❡ ❧❛t❡ ✶✾✾✵s✱ s❡✈❡r❛❧ ✜❡❧❞ ✭❡✳❣✳✱ ❘✉❡ss✐♥❦✱ ✶✾✾✽❛❀ ❙❤❡r❡♠❡t ❡t ❛❧✳✱

✷✵✵✷❀ ❍❡♥❞❡rs♦♥ ❡t ❛❧✳✱ ✷✵✵✻❀ ●✉❡❞❡s ❡t ❛❧✳✱ ✷✵✶✸❀ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✹❀

■♥❝❤ ❡t ❛❧✳✱ ✷✵✶✼❛❀ ❋✐❡❞❧❡r ❡t ❛❧✳✱ ✷✵✶✺✮✱ ❧❛❜♦r❛t♦r② ✭❡✳❣✳✱ ❇❛tt❥❡s ❡t ❛❧✳✱ ✷✵✵✹❀

❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳✱ ✷✵✵✼❀ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✺❛✮ ❛♥❞ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧✐♥❣

✭❡✳❣✳✱ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳✱ ✷✵✵✼❀ ❘✉❥✉ ❡t ❛❧✳✱ ✷✵✶✷❀ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✺❜✮

st✉❞✐❡s ❤❛✈❡ ♦❜s❡r✈❡❞ t❤❛t ■●✲✇❛✈❡ ❡♥❡r❣② ♠❛② ❞❡❝r❡❛s❡ ❝♦♥s✐❞❡r❛❜❧② ♥❡❛r t❤❡

s❤♦r❡❧✐♥❡✳ ❘❡s❡❛r❝❤ ❝♦♥❞✉❝t❡❞ ✐♥ t❤❡ s✇❛s❤ ③♦♥❡ ❛❧s♦ ♦❜s❡r✈❡❞ ❡♥❡r❣② ❞✐ss✐♣❛✲

t✐♦♥ ❛t ■● ❢r❡q✉❡♥❝✐❡s✱ ❛s s✇❛s❤ ❡①❝✉rs✐♦♥ ❞✐❞ ♥♦t ✐♥❝r❡❛s❡ ✇✐t❤ ♠♦r❡ ❡♥❡r❣❡t✐❝

♦✛s❤♦r❡ ✇❛✈❡ ❝♦♥❞✐t✐♦♥s✱ ✐♥❞✐❝❛t✐♥❣ s❛t✉r❛t✐♦♥ ✭❡✳❣✳✱ ❘✉❡ss✐♥❦ ❡t ❛❧✳✱ ✶✾✾✽❜❀ ❘✉❣✲

❣✐❡r♦ ❡t ❛❧✳✱ ✷✵✵✹❀ ❙é♥é❝❤❛❧ ❡t ❛❧✳✱ ✷✵✶✶❀ ❋✐❡❞❧❡r ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❚❤❡ ✜rst st✉❞② t❤❛t

❛tt❡♠♣t❡❞ t♦ ❡①♣❧❛✐♥ t❤❡ s♦✉r❝❡ ♦❢ ■● ✇❛✈❡ ❡♥❡r❣② ❧♦ss ♣r♦♣♦s❡❞ ❜♦tt♦♠ ❢r✐❝t✐♦♥

❛s t❤❡ ❞♦♠✐♥❛♥t ❞✐ss✐♣❛t✐♦♥ ♠❡❝❤❛♥✐s♠ ✭❍❡♥❞❡rs♦♥ ❛♥❞ ❇♦✇❡♥✱ ✷✵✵✷✮✳ ▲❛t❡r

st✉❞✐❡s s❤♦✇❡❞ t❤❛t ❜♦tt♦♠ ❢r✐❝t✐♦♥ ✐s t♦♦ ❧♦✇ ♦♥ s❛♥❞② ❜❡❛❝❤❡s t♦ ❛❝❝♦✉♥t ❢♦r

❧❛r❣❡ ■● ✇❛✈❡ ❡♥❡r❣② ❧♦ss❡s✱ ❛♥❞ ✐s t❤❡r❡❢♦r❡ ♥♦✇ ❝♦♥s✐❞❡r❡❞ ♦♥❧② ❛s ❛ s❡❝♦♥❞❛r②

❞✐ss✐♣❛t✐♦♥ ♠❡❝❤❛♥✐s♠ ✭❍❡♥❞❡rs♦♥ ❡t ❛❧✳✱ ✷✵✵✻❀ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳✱ ✷✵✵✼❀ ▲✐♥
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❛♥❞ ❍✇✉♥❣✱ ✷✵✶✷❀ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳✱ ✷✵✶✸❀ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❖♥ t❤❡

❝♦♥tr❛r②✱ ❢♦r ❝♦r❛❧ r❡❡❢s✱ ✇❤❡r❡ t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ✐s ♦♥❡ ♦r❞❡r ♦❢ ♠❛❣♥✐✲

t✉❞❡ ❧❛r❣❡r ✭cf ≈ ✵✳✵✷✲✵✳✵✺✮ t❤❛♥ ♦♥ s❛♥❞② ❜❡❛❝❤❡s✱ ❜♦tt♦♠ ❢r✐❝t✐♦♥ ✐s ❝✉rr❡♥t❧②

❝♦♥s✐❞❡r❡❞ ❛s t❤❡ ♠❛✐♥ ❝❛✉s❡ ❢♦r ■●✲✇❛✈❡ ❡♥❡r❣② ❧♦ss ✭P♦♠❡r♦② ❡t ❛❧✳✱ ✷✵✶✷❀

❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ■t ✐s ♥♦✇ ❝❧❡❛r t❤❛t✱ ♦♥ s❛♥❞② ❜❡❛❝❤❡s✱ ♣❛rt ♦❢ t❤❡

❡♥❡r❣② ❧♦ss ❛t ■● ❢r❡q✉❡♥❝✐❡s ✐s ♥♦t ❞✐r❡❝t❧② ❞✐ss✐♣❛t❡❞✱ ❜✉t ✐s tr❛♥s❢❡rr❡❞ ❛✇❛②

❢r♦♠ t❤❡ ■● ❜❛♥❞✳ ❖♥ r❛t❤❡r st❡❡♣ s❧♦♣❡s✱ ✐t ✐s tr❛♥s❢❡rr❡❞ ❜❛❝❦ t♦ s❤♦rt ✇❛✈❡

❢r❡q✉❡♥❝✐❡s✱ ✇❤❡r❡❛s ♦♥ ❣❡♥t❧❡ s❧♦♣❡s ✐t ✐s tr❛♥s❢❡rr❡❞ t♦ ❤✐❣❤❡r ■● ❤❛r♠♦♥✐❝s✱ ♦❢

✇❤✐❝❤ ❛ ♣❛rt ♠❛② r❡❛❝❤ ✐♥t♦ t❤❡ s❤♦rt✲✇❛✈❡ ❜❛♥❞ ✭s❡❡ s❡❝t✐♦♥ ✸✳✶✮✳ ❚❤❡ ❞❡✈❡❧♦♣✲

♠❡♥t ♦❢ ■● ❤❛r♠♦♥✐❝s ❧❡❛❞s t♦ ✇❛✈❡ s❤❛♣❡ ❝❤❛♥❣❡ t♦ s❦❡✇❡❞ ✭♣❡❛❦❡❞ ✇❛✈❡ ❝r❡sts

❛♥❞ ❧♦♥❣❡r ✇❛✈❡ tr♦✉❣❤s✮ ❛♥❞ ❛s②♠♠❡tr✐❝ ✭s❛✇✲t♦♦t❤ s❤❛♣❡❞✮✱ ❛♥❞ ❧❡❛❞s t♦ t❤❡

st❡❡♣❡♥✐♥❣ ♦❢ t❤❡ ■● ✇❛✈❡✳ ▲❛❜♦r❛t♦r② ❛♥❞ ✜❡❧❞ ♦❜s❡r✈❛t✐♦♥s ♦♥ ❣❡♥t❧② s❧♦♣✐♥❣

❜❡❛❝❤❡s ✭✶✿✸✺✲✶✿✽✵✮ ♦❜s❡r✈❡ t❤✐s ✇❛✈❡ s❤❛♣❡ ❝❤❛♥❣❡ ❛♥❞ ✐❞❡♥t✐❢② ♣❛rt✐❝✉❧❛r❧②

str♦♥❣ ❞✐ss✐♣❛t✐♦♥ ❝❧♦s❡ t♦ t❤❡ s❤♦r❡❧✐♥❡✱ s✉❣❣❡st✐♥❣ ❜r❡❛❦✐♥❣ ❛s t❤❡ ❞♦♠✐♥❛♥t

❞✐ss✐♣❛t✐♦♥ ♠❡❝❤❛♥✐s♠ ✭❇❛tt❥❡s ❡t ❛❧✳✱ ✷✵✵✹❀ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳✱ ✷✵✵✼❀ ▲✐♥ ❛♥❞

❍✇✉♥❣✱ ✷✵✶✷❀ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✹✱ ✷✵✶✺❛✮✳ ❚❤✐s ♣❤❡♥♦♠❡♥♦♥ ✐s s✉♣♣♦rt❡❞

❜② ♦❜s❡r✈❛t✐♦♥s ♦❢ ❜♦r❡✲❧✐❦❡ ■● ✇❛✈❡s ✐♥ ❧❛❜♦r❛t♦r② ❡①♣❡r✐♠❡♥ts ♦❢ ◆❛③❛❦❛ ❛♥❞

❍✐♥♦ ✭✶✾✾✶✮ ❛♥❞ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳ ✭✷✵✵✼✮✱ ❛♥❞ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧❧✐♥❣ ❜② ❘✉❥✉

❡t ❛❧✳ ✭✷✵✶✷✮ ❛♥❞ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳ ✭✷✵✶✺❜✮✳

✸✳✸✳ ❘❡✢❡❝t✐♦♥

❆♥② ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♠❡❞✐✉♠ ✐♥ ✇❤✐❝❤ ✇❛✈❡s ♣r♦♣❛❣❛t❡✱

s✉❝❤ ❛s t❤❡ ❝✉rr❡♥ts ♦r t❤❡ ✇❛t❡r ❞❡♣t❤✱ ✇✐❧❧ ❝❛✉s❡ ♣❛rt✐❛❧ ✇❛✈❡ r❡✢❡❝t✐♦♥s✳

❚❤❡s❡ ♣❛rt✐❛❧ r❡✢❡❝t✐♦♥s ❜❡❝♦♠❡ s✐❣♥✐✜❝❛♥t ✇❤❡♥ t❤❡ ✈❛r✐❛t✐♦♥s ♦❢ t❤❡ ♠❡❞✐✉♠

✷✺



♣r♦♣❡rt✐❡s ❛r❡ ❧❛r❣❡ ❢♦r t❤❡ r❡♣r❡s❡♥t❛t✐✈❡ ✇❛✈❡❧❡♥❣t❤✱ ✇❤✐❝❤ ✐s ♣❛rt✐❝✉❧❛r❧② tr✉❡

❢♦r ■● ✇❛✈❡s ✐♥ ❝♦❛st❛❧ ✇❛t❡rs✳ ❚❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ✐♥❝✐❞❡♥t ❛♥❞ t❤❡

r❡✢❡❝t❡❞ ✇❛✈❡s ❣✐✈❡ r✐s❡ t♦ ❛ st❛♥❞✐♥❣ ✭♦r st❛t✐♦♥❛r②✮ ✇❛✈❡ ♣❛tt❡r♥✱ ✇❤✐❝❤✱ ❢♦r

❛ ♥♦r♠❛❧❧② ✐♥❝✐❞❡♥t ♠♦♥♦❝❤r♦♠❛t✐❝ ✇❛✈❡✱ ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s✿

η(x, t) = ηi(x, t) + ηr(x, t) = ai sin(ωt− kx) + ar sin(ωt+ kx) ✭✸✮

✇❤❡r❡ ai ❛♥❞ ar ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ❛♠♣❧✐t✉❞❡s ♦❢ t❤❡ ✐♥❝✐❞❡♥t ❛♥❞ r❡✢❡❝t❡❞

✇❛✈❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ■❢ ✶✵✵✪ ♦❢ t❤❡ ✐♥❝♦♠✐♥❣ ✇❛✈❡ ❡♥❡r❣② ✐s r❡✢❡❝t❡❞ ✭s✉❝❤ ❛s

❛❣❛✐♥st ❛ ✈❡rt✐❝❛❧ ✇❛❧❧✮✱ ai = ar = a ❛♥❞

η(x, t) = 2a sin(kx) cos(ωt) ✭✹✮

✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ ❛ st❛♥❞✐♥❣ ✇❛✈❡ ♦❢ ❛♠♣❧✐t✉❞❡ 2a ✇✐t❤ ♥♦❞❡s ❛t ❧♦❝❛t✐♦♥s

x = (1/4)λ + (n/2)λ ✭✇❤❡r❡ n ✐s ❛♥ ✐♥t❡❣❡r✮ ❛♥❞ ❛♥t✐♥♦❞❡s ❛t ❧♦❝❛t✐♦♥s x =

(n/2)λ✳ ❲❤❡♥ t❤❡ r❡✢❡❝t✐♦♥ ✐s ♥♦t t♦t❛❧ ✭R = ar/ai < 1✮✱ t❤❡ r❡s✉❧t✐♥❣ ✇❛✈❡

✐s ❛ ♣❛rt✐❛❧❧② st❛♥❞✐♥❣ ✇❛✈❡✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s t❤❡ s✉♠ ♦❢ ❛ ♣r♦❣r❡ss✐✈❡

✇❛✈❡ ❛♥❞ ❛ ❢✉❧❧② st❛♥❞✐♥❣ ✇❛✈❡✿

η(x, t) = (ai − ar) sin(ωt− kx) + 2ar cos(kx) sin(ωt) ✭✺✮

❚❤❡ ♣✐♦♥❡❡r✐♥❣ ✇♦r❦ ♦❢ ❚✉❝❦❡r ✭✶✾✺✵✮ ♦♥ ■● ✇❛✈❡s ✭✇❤✐❝❤ t❤❡② r❡❢❡rr❡❞ t♦

❛s ✧s✉r❢❜❡❛t✧ ❛t t❤❛t t✐♠❡✮ ✇❛s ♣r♦❜❛❜❧② t❤❡ ✜rst t♦ ♠❡♥t✐♦♥ t❤❡ r❡✢❡❝t✐♦♥ ♦❢

■● ✇❛✈❡s ❛t t❤❡ ❝♦❛st✳ ❙❡✈❡r❛❧ st✉❞✐❡s ❢♦❧❧♦✇❡❞ ✭❡✳❣✳ ❙✉❤❛②❞❛✱ ✶✾✼✹❀ ❍✉♥t❧❡②

✷✻



❡t ❛❧✳✱ ✶✾✽✶✮ ❛♥❞ ❞❡♠♦♥str❛t❡❞ t❤❛t ■● ✇❛✈❡s ✇❡r❡ ♣r❡❞♦♠✐♥❛♥t❧② st❛♥❞✐♥❣ ✐♥

t❤❡ ❝r♦ss✲s❤♦r❡ ❞✐r❡❝t✐♦♥✳ ❚❤❡ s❡♠✐♥❛❧ st✉❞② ❜② ●✉③❛ ❛♥❞ ❚❤♦r♥t♦♥ ✭✶✾✽✺✮ ✇❛s

♦♥❡ ♦❢ t❤❡ ✜rst t♦ ✐♥❞✐❝❛t❡ t❤❡ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥❝❡ ♦❢ ■● ✇❛✈❡ r❡✢❡❝t✐♦♥✱ ✇✐t❤

st❛♥❞✐♥❣ ✇❛✈❡s ❛t f < 0.03 ❍③ ❜✉t ❛♥ ✐♥❝r❡❛s✐♥❣❧② ♣r♦❣r❡ss✐✈❡ ✇❛✈❡ ♣❛tt❡r♥ ❢♦r

❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✱ ✇✐t❤ R ≈ 0.5✳ ❊❧❣❛r ❡t ❛❧✳ ✭✶✾✾✹✮ ❛♥❛❧②s❡❞ ♠❡❛s✉r❡♠❡♥ts

❢r♦♠ ❛♥ ❛rr❛② ♦❢ ❜♦tt♦♠✲♠♦✉♥t❡❞ ♣r❡ss✉r❡ s❡♥s♦rs ✐♥ ✶✸ ♠ ✇❛t❡r ❞❡♣t❤✱ ✷ ❦♠

♦✛ ❉✉❝❦ ❜❡❛❝❤✱ ◆♦rt❤ ❈❛r♦❧✐♥❛✱ ✇❤❡r❡ t❤❡ ❜❡❛❝❤ s❧♦♣❡ ✈❛r✐❡s ❜❡t✇❡❡♥ ✵✳✵✺ ❛♥❞

✵✳✶✹✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ t✐❞❛❧ st❛❣❡✳ ❙❡❛✇❛r❞ ♦❢ t❤❡ s✉r❢ ③♦♥❡✱ t❤❡ ♠❡❛s✉r❡❞ r❛t✐♦s

♦❢ s❡❛✇❛r❞ t♦ s❤♦r❡✇❛r❞ ■● ✇❛✈❡ ❡♥❡r❣② ✭R2✮ ✇❡r❡ ❜❡t✇❡❡♥ ✵✳✺✲✸✳✵✱ ✐♥❞✐❝❛t✐♥❣

t❤❛t ■● ✇❛✈❡s ✇❡r❡ ❣❛✐♥✐♥❣ ❡♥❡r❣② ✐♥ t❤❡ s✉r❢ ③♦♥❡✱ ❜❡❢♦r❡ ❜❡✐♥❣ r❡✢❡❝t❡❞ ❢r♦♠

t❤❡ st❡❡♣ ❜❡❛❝❤ ❢❛❝❡✳ ❚❤❡② ❛❧s♦ ❞❡♠♦♥str❛t❡❞ t❤❛t R2 ✐♥❝r❡❛s❡❞ ✇✐t❤ ♦✛s❤♦r❡

s✇❡❧❧ ❡♥❡r❣②✳ ❯s✐♥❣ ❝♦❧❧♦❝❛t❡❞ ♣r❡ss✉r❡ ❛♥❞ ✈❡❧♦❝✐t② s❡♥s♦rs ❞❡♣❧♦②❡❞ ❜❡t✇❡❡♥

✶✲✻ ♠ ✇❛t❡r ❞❡♣t❤ ♦✈❡r ❛ ❣❡♥t❧② s❧♦♣✐♥❣ ❜❡❛❝❤✱ ❙❤❡r❡♠❡t ❡t ❛❧✳ ✭✷✵✵✷✮ ❞❡❝♦♠✲

♣♦s❡❞ t❤❡ ■● ✇❛✈❡ ✜❡❧❞ ✐♥t♦ s❤♦r❡✇❛r❞ ❛♥❞ s❡❛✇❛r❞ ♣r♦♣❛❣❛t✐♥❣ ❝♦♠♣♦♥❡♥ts✳

❚❤❡② s❤♦✇❡❞ t❤❛t t❤❡ ❝r♦ss✲s❤♦r❡ s❡❛✇❛r❞ ❡♥❡r❣② ✢✉① ✇❛s ❧♦❝❛❧❧② ❧❛r❣❡r t❤❛♥

t❤❡ s❤♦r❡✇❛r❞ ❡♥❡r❣② ✢✉①✱ ✇✐t❤ ❝r♦ss✲s❤♦r❡ ✈❛r✐❛t✐♦♥ ♦❢ R2 r❛♥❣✐♥❣ ❢r♦♠ ✵✳✹

t♦ ✶✳✺✳ ❆t t❤❡ s❤♦r❡❧✐♥❡✱ ❛ R2 ❝❧♦s❡ t♦ ♦♥❡ ✐♥❞✐❝❛t❡❞ str♦♥❣ ■● ✇❛✈❡ r❡✢❡❝t✐♦♥✳

❚✐❞❛❧ ♠♦❞✉❧❛t✐♦♥ ♦❢ R2 ♦✉ts✐❞❡ ♦❢ t❤❡ s✉r❢ ③♦♥❡ ✇❛s r❡♣♦rt❡❞ ❜② ❖❦✐❤✐r♦ ❛♥❞

●✉③❛ ✭✶✾✾✺✮✱ ✇✐t❤ ❤✐❣❤❡r r❡✢❡❝t✐♦♥ ♦❝❝✉rr✐♥❣ ❛t ❤✐❣❤ t✐❞❡ ✇❤❡♥ t❤❡ ❜❡❛❝❤ s❧♦♣❡

✇❛s st❡❡♣❡r✳ ▼♦r❡ r❡❝❡♥t❧②✱ ❤♦✇❡✈❡r✱ ❛ st✉❞② ❜② ❚❤♦♠s♦♥ ❡t ❛❧✳ ✭✷✵✵✻✮ ♦❜s❡r✈❡❞

❛❧♠♦st ❢✉❧❧ s❤♦r❡❧✐♥❡ r❡✢❡❝t✐♦♥ ❛t ❜♦t❤ ❤✐❣❤ ❛♥❞ ❧♦✇ t✐❞❡s✳ ❚❤❡s❡ ❛✉t❤♦rs ❛t✲

tr✐❜✉t❡❞ t✐❞❛❧ ♠♦❞✉❧❛t✐♦♥ ♦❢ t❤❡ r❡✢❡❝t❡❞ ■● ❡♥❡r❣② ✢✉① ♦✛s❤♦r❡ t♦ s✉r❢ ③♦♥❡

♠♦❞✉❧❛t✐♦♥ ♦❢ t❤❡ ✐♥❝✐❞❡♥t ❡♥❡r❣② ✢✉①✳ ❍❡♥❞❡rs♦♥ ❡t ❛❧✳ ✭✷✵✵✵✮ ✐♥✈❡st✐❣❛t❡❞
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t❤❡ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❛♥t ❝r♦ss✲s❤♦r❡ ■● ✇❛✈❡ ♣❛tt❡r♥ ❢✉rt❤❡r ❜② ♣❡r❢♦r♠✐♥❣ ❛

❢r❡q✉❡♥❝②✲❞♦♠❛✐♥ ❊❖❋ ✭❊♠♣✐r✐❝❛❧ ❖rt❤♦❣♦♥❛❧ ❋✉♥❝t✐♦♥s✮ ❛♥❛❧②s✐s ♦❢ t❤❡ ♣r❡s✲

s✉r❡ ✢✉❝t✉❛t✐♦♥s ✐♥ t❤❡ ■● ❜❛♥❞✳ ❚❤❡② ♦❜s❡r✈❡❞ ❛ ❝❧❡❛r ♥♦❞❛❧ str✉❝t✉r❡ ❛t t❤❡

❧♦✇❡st ■● ❢r❡q✉❡♥❝✐❡s ✇✐t❤ ♣❤❛s❡ ❥✉♠♣s ♦❢ ±180◦ ❛t t❤❡ ♥♦❞❡s✱ t②♣✐❝❛❧ ♦❢ ❝r♦ss✲

s❤♦r❡ st❛♥❞✐♥❣ ✇❛✈❡s ❛♥❞ str♦♥❣ r❡✢❡❝t✐♦♥✳ ■♥ ❝♦♥tr❛st✱ ❤✐❣❤❡r ■● ❢r❡q✉❡♥❝✐❡s

❞✐s♣❧❛②❡❞ ♣❛rt✐❛❧ st❛♥❞✐♥❣ ♦r ♣r♦❣r❡ss✐✈❡ ✇❛✈❡ ♣❛tt❡r♥s ❛❧♦♥❣ ✇✐t❤ ❛♥ ❛♣♣r♦①✲

✐♠❛t❡❧② ❧✐♥❡❛r✱ s❤♦r❡✇❛r❞ ✐♥❝r❡❛s❡ ✐♥ ♣❤❛s❡ ❞✐✛❡r❡♥❝❡✳ ❲❤✐❧❡ ❍❡♥❞❡rs♦♥ ❡t ❛❧✳

✭✷✵✵✵✮ ❞✐❞ ♥♦t ✐♥✈❡st✐❣❛t❡ t❤❡ ♠❡❝❤❛♥✐s♠ r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ str♦♥❣❡r ❞✐ss✐♣❛✲

t✐♦♥ ♦❢ ❤✐❣❤❡r ❢r❡q✉❡♥❝② ■● ✇❛✈❡s✱ ✐t ✐s ❧✐❦❡❧② t❤❛t t❤✐s ❜❡❤❛✈✐♦r ✐s r❡❧❛t❡❞ t♦

❞❡♣t❤✲✐♥❞✉❝❡❞ ❜r❡❛❦✐♥❣✱ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✷

❚❤❡s❡ r❡s✉❧ts ✇❡r❡ r❡❝❡♥t❧② ❝♦rr♦❜♦r❛t❡❞ ❜② ❉❡ ❇❛❦❦❡r ❡t ❛❧✳ ✭✷✵✶✹✮ ✇❤♦

❛♥❛❧②s❡❞ ♥❡❛r✲❜❡❞ ♣r❡ss✉r❡ ❛♥❞ ✈❡❧♦❝✐t② ♠❡❛s✉r❡♠❡♥ts ♦♥ ❛ ✶✿✽✵ ❛♥❞ ❛ ✶✿✸✵

s❧♦♣✐♥❣ ❜❡❛❝❤❡s ✐♥ ❚❤❡ ◆❡t❤❡r❧❛♥❞s✳

▲❛❜♦r❛t♦r② ♦❜s❡r✈❛t✐♦♥s ❢r♦♠ ❇❛tt❥❡s ❡t ❛❧✳ ✭✷✵✵✹✮ s❤♦✇❡❞ t❤❛t t❤❡ ❤❡✐❣❤ts

♦❢ t❤❡ ✐♥❝✐❞❡♥t ❛♥❞ r❡✢❡❝t❡❞ ❧♦✇ ❢r❡q✉❡♥❝② ■● ✇❛✈❡s ✇❡r❡ ❛♣♣r♦①✐♠❛t❡❧② ❡q✉❛❧✱

✐♥❞✐❝❛t✐♥❣ ❛❧♠♦st ❢✉❧❧ s❤♦r❡❧✐♥❡ r❡✢❡❝t✐♦♥✱ ✇❤❡r❡❛s t❤❡ r❡✢❡❝t❡❞ ✇❛✈❡ ❤❡✐❣❤t ♦❢

❤✐❣❤❡r ❢r❡q✉❡♥❝② ■● ✇❛✈❡s ✇❛s ❛r♦✉♥❞ ♦♥❡ t❤✐r❞ ♦❢ t❤❡ ✐♥❝✐❞❡♥t ✇❛✈❡ ❤❡✐❣❤t✳

❚❤❡② ❛ttr✐❜✉t❡❞ t❤❡s❡ ❧♦✇❡r R ✭t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ♦✉t❣♦✐♥❣ ❛♥❞ ✐♥❝♦♠✐♥❣

■● ✇❛✈❡ ❤❡✐❣❤t✮ ✈❛❧✉❡s t♦ t❤❡ ❜r❡❛❦✐♥❣ ♦❢ t❤❡ ❤✐❣❤❡r✲❢r❡q✉❡♥❝② s✉❜❤❛r♠♦♥✐❝

✇❛✈❡s ✭s❡❡ s❡❝t✐♦♥ ✸✳✷✮✳ ■♥ ♦r❞❡r t♦ q✉❛♥t✐❢② t❤❡ ❝♦♥❞✐t✐♦♥s ✇❤❡r❡ r❡✢❡❝t✐♦♥ ✇❛s

♣r❡✈❛✐❧✐♥❣✱ t❤❡s❡ ❛✉t❤♦rs ❞❡✜♥❡❞ ❛♥♦t❤❡r ♥♦r♠❛❧✐③❡❞ ❜❡❞ s❧♦♣❡ ♣❛r❛♠❡t❡r✱ βH ✱
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❞❡✜♥❡❞ ❛s

βH =
hx

ω

√

g

H
, ✭✻✮

✇❤❡r❡✱ ✉♥❧✐❦❡ ✐♥ ❡q✉❛t✐♦♥ ✭✷✮✱ H ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ✐♥❝♦♠✐♥❣

■● ✇❛✈❡✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ s❛♠❡ ❛✉t❤♦rs✱ t❤❡ ♣r❡✈❛❧❡♥❝❡ ♦❢ ■● ✇❛✈❡ r❡✢❡❝t✐♦♥ ✐s

❝♦♥tr♦❧❧❡❞ ❜② βH ✱ ✇❤❡r❡ ❧❛r❣❡ r❡✢❡❝t✐♦♥ ♦❝❝✉rs ✉♥❞❡r ❛ st❡❡♣ s❧♦♣❡ r❡❣✐♠❡ ✭βH ❃

✶✮ ✇❤✐❧❡ ❧♦✇❡r r❡✢❡❝t✐♦♥ ♦❝❝✉rs ✉♥❞❡r ❛ ♠✐❧❞ s❧♦♣❡ r❡❣✐♠❡ ✭βH ❁ ✶✮✳ ❆ ❢♦❧❧♦✇ ✉♣

st✉❞② ❜② ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳ ✭✷✵✵✼✮ ❜❛s❡❞ ♦♥ ❜✐❝❤r♦♠❛t✐❝ ✇❛✈❡ ❡①♣❡r✐♠❡♥ts ❛♥❞

♥✉♠❡r✐❝❛❧ ♠♦❞❡❧❧✐♥❣ ✭❉❡❧❢t✸❉✲❙✉r❢❜❡❛t ♠♦❞❡❧✱ ✭❘♦❡❧✈✐♥❦✱ ✶✾✾✸✮✮ s❤♦✇❡❞ t❤❛t

t❤❡ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❛♥t r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t R ❛t t❤❡ s❤♦r❡❧✐♥❡ ✇❛s r❡❧❛t❡❞ t♦

βH ✭❊q✉❛t✐♦♥ ✻✮ ✇✐t❤ ❛ tr❛♥s✐t✐♦♥ ❛t βH ≈ 1.25✱ ❛❜♦✈❡ ✇❤✐❝❤ R ≈ ✶ ✭st❡❡♣✲

s❧♦♣✐♥❣ r❡❣✐♠❡✮ ❛♥❞✱ ❜❡❧♦✇ ✇❤✐❝❤ ✇❛✈❡ ❜r❡❛❦✐♥❣ ②✐❡❧❞❡❞ ❧♦✇❡r R ✈❛❧✉❡s ✭♠✐❧❞✲

s❧♦♣✐♥❣ r❡❣✐♠❡✱ s❡❡ s❡❝t✐♦♥ ✸✳✷✮ ✭❋✐❣✳✻✮✳ ❚❤❡s❡ r❡s✉❧ts ✇❡r❡ ❝♦rr♦❜♦r❛t❡❞ ❜②

❘✉❥✉ ❡t ❛❧✳ ✭✷✵✶✷✮✱ ✇❤♦ ✉s❡❞ t❤❡ ♣❤❛s❡✲r❡s♦❧✈✐♥❣ ❘❡②♥♦❧❞s ❆✈❡r❛❣❡❞ ◆❛✈✐❡r

✕❙t♦❦❡s ♠♦❞❡❧ ■❍✲✷❱❖❋ ✭▲❛r❛ ❡t ❛❧✳✱ ✷✵✶✵✮ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❧♦✇✲❢r❡q✉❡♥❝②

❡♥❡r❣② ❜❛❧❛♥❝❡ ✐♥ t❤❡ s✉r❢ ③♦♥❡ ❢♦r ❜♦tt♦♠ s❧♦♣❡s r❛♥❣✐♥❣ ❜❡t✇❡❡♥ ✶✿✷✵ ❛♥❞

✶✿✸✵✳

❍♦✇❡✈❡r✱ s❡✈❡r❛❧ ✜❡❧❞ ❡①♣❡r✐♠❡♥ts ✭❡✳❣✳ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✹❀ ■♥❝❤ ❡t ❛❧✳✱

✷✵✶✼❛✮ s✉❣❣❡st❡❞ t❤❛t t❤❡ tr❛♥s✐t✐♦♥ ❜❡t✇❡❡♥ st❡❡♣ s❧♦♣❡ ❛♥❞ ♠✐❧❞ s❧♦♣❡ r❡❣✐♠❡s

♦❝❝✉rs ❢♦r s✉❜st❛♥t✐❛❧❧② ❧❛r❣❡r βH ✱ t②♣✐❝❛❧❧② ❛r♦✉♥❞ ✸✳ ❚❤❡ ❞✐✛❡r❡♥t tr❛♥s✐t✐♦♥

✈❛❧✉❡s ❢♦✉♥❞ ❜② t❤❡s❡ ❛✉t❤♦rs ❛r❡ ❧✐❦❡❧② ❞✉❡ t♦ t❤❡ ❝r♦ss✲s❤♦r❡ ❧♦❝❛t✐♦♥s ❝❤♦s❡♥

t♦ ❝♦♠♣✉t❡ t❤❡ s❤♦r❡❧✐♥❡ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t✳ ■♥❞❡❡❞✱ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳ ✭✷✵✶✹✮

❛♥❞ ■♥❝❤ ❡t ❛❧✳ ✭✷✵✶✼❛✮ ❡st✐♠❛t❡❞ R ✇✐t❤✐♥ t❤❡ ✐♥♥❡r s✉r❢ ③♦♥❡ r❛t❤❡r t❤❛♥ ❛t
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❋✐❣✉r❡ ✻✿ ❘❡❧❛t✐♦♥s ❜❡t✇❡❡♥ t❤❡ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t R ❛♥❞ t❤❡ ♥♦r♠❛❧✐③❡❞ ❜❡❞ s❧♦♣❡ ♣❛r❛♠✲
❡t❡r βH ✱ ♠♦❞✐✜❡❞ ❢r♦♠ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳ ✭✷✵✵✼✮

✸✵



t❤❡ s❤♦r❡❧✐♥❡✱ s✐♥❝❡ ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤❡ ❡❞❣❡ ♦❢ t❤❡ s✇❛s❤ ③♦♥❡ ❛r❡ ❛❧♠♦st

✐♠♣♦ss✐❜❧❡ t♦ ❝♦❧❧❡❝t ✐♥ t❤❡ ✜❡❧❞✱ ❡s♣❡❝✐❛❧❧② ✇❤❡♥ ✉s✐♥❣ ❛♥ ❛rr❛② ♦❢ ♣r❡ss✉r❡

s❡♥s♦rs t♦ ❡st✐♠❛t❡ r❡✢❡❝t✐♦♥✳ ❆❧s♦✱ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳ ✭✷✵✵✼✮ ✉s❡❞ ❧❛❜♦r❛✲

t♦r② ❜✐❝❤r♦♠❛t✐❝ ✇❛✈❡ ❡①♣❡r✐♠❡♥ts✱ ✇❤❡r❡ t❤❡ tr❛♥s✐t✐♦♥ r❡❣✐♦♥ ✐s ❡①♣❡❝t❡❞ t♦

❜❡ st❛❜❧❡✱ ✇❤❡r❡❛s ❉❡ ❇❛❦❦❡r ❡t ❛❧✳ ✭✷✵✶✹✮ ❛♥❞ ■♥❝❤ ❡t ❛❧✳ ✭✷✵✶✼❛✮ ✐♥✈❡st✐❣❛t❡❞

♥❛t✉r❛❧ ❜❡❛❝❤❡s ✉♥❞❡r ✐rr❡❣✉❧❛r ✇❛✈❡ ✜❡❧❞s✱ ✇❤❡r❡ t❤❡ tr❛♥s✐t✐♦♥ r❡❣✐♦♥ ✐s ❡①✲

♣❡❝t❡❞ t♦ ✈❛r② ✐♥ s♣❛❝❡ ❛♥❞ t✐♠❡✳ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳ ✭✷✵✶✸✱ ✷✵✶✹✮ ♦❜s❡r✈❡❞ ❜✉❧❦

sq✉❛r❡❞ ■● r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥ts R2 ≈ 0.1 ❛t t❤❡ s❤♦r❡❧✐♥❡ ♦❢ ❛ ❧♦✇✲s❧♦♣✐♥❣ ❧❛❜✲

♦r❛t♦r② ❜❡❛❝❤ ✇✐t❤ r❛♥❞♦♠ ✇❛✈❡ ❝♦♥❞✐t✐♦♥s✳ ❊❖❋ ❛♥❛❧②s✐s ♦❢ t❤❡ ■● s❡❛✲s✉r❢❛❝❡

❡❧❡✈❛t✐♦♥s ❞❡♠♦♥str❛t❡❞ ❛ ✇❡❧❧✲❞❡✈❡❧♦♣❡❞ st❛♥❞✐♥❣ ✇❛✈❡ ♣❛tt❡r♥ ❛t ❧♦✇ ■● ❢r❡✲

q✉❡♥❝✐❡s✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ R2 ≈ 0.5✱ ✇❤❡r❡❛s ❤✐❣❤ ❢r❡q✉❡♥❝② ■● ✇❛✈❡s ✇❡r❡

♣r❡❞♦♠✐♥❛♥t❧② ♦♥s❤♦r❡ ♣r♦❣r❡ss✐✈❡✳

❘✐❥♥s❞♦r♣ ❡t ❛❧✳ ✭✷✵✶✺✮ ❛♣♣❧✐❡❞ t❤❡ ♣❤❛s❡✲r❡s♦❧✈✐♥❣ ✇❛✈❡ ♠♦❞❡❧ ❙❲❆❙❍ ✭❩✐✲

❥❧❡♠❛ ❡t ❛❧✳✱ ✷✵✶✶✮ t♦ ❛ ♥❛t✉r❛❧ ❜❡❛❝❤ ❛♥❞ s❤♦✇❡❞ t❤❛t ❙❲❆❙❍ t❡♥❞s t♦ ✉♥❞❡r✲

♣r❡❞✐❝t t❤❡ ■● r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t✱ ❜✉t st✐❧❧ r❡✈❡❛❧❡❞ ✐ts ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥t

❜❡❤❛✈✐♦✉r ✇✐t❤ ♥❡❛r✲③❡r♦ ✭r❡s♣❡❝t✐✈❡❧② ♥❡❛r✲♣❡r❢❡❝t✮ r❡✢❡❝t✐♦♥ ❢♦r ❤✐❣❤ ✭r❡s♣❡❝✲

t✐✈❡❧② ❧♦✇✮ ❢r❡q✉❡♥❝② ■● ✇❛✈❡s✳

❋✐♥❛❧❧②✱ ■♥❝❤ ❡t ❛❧✳ ✭✷✵✶✼❜✮ s❤♦✇❡❞ t❤❛t ❛♥② ✉♥❝♦rr❡❧❛t❡❞ s✐❣♥❛❧ ✐♥ s❡♥s♦r

❛rr❛②s ✭s❡❡ ❆♣♣❡♥❞✐① ❆✮ ❝❛♥ ❧❡❛❞ t♦ ❛♥ ♦✈❡r❡st✐♠❛t❡ ♦❢ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❝♦❡✣✲

❝✐❡♥t✳ ❆❧t❤♦✉❣❤ ❝♦rr❡❝t❛❜❧❡✱ t❤✐s ♣♦t❡♥t✐❛❧ ❜✐❛s ✐♥ ❘ ❤❛s ♥♦t ❜❡❡♥ ❛❝❝♦✉♥t❡❞ ❢♦r

✐♥ ♠❛♥② ♣r✐♦r st✉❞✐❡s✳

✸✶



✸✳✹✳ ❊❞❣❡ ✇❛✈❡s

❚❤❡ r❡✢❡❝t✐♦♥ ♦❢ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡s ❛t t❤❡ s❤♦r❡❧✐♥❡✱ ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥

✸✳✸✱ ❝❛♥ ❧❡❛❞ t♦ r❡❢r❛❝t✐✈❡❧② tr❛♣♣❡❞ ♠♦t✐♦♥s ✇❤✐❝❤ ❝♦✉❧❞ t✉r♥ ✐♥t♦ ♣❡r✐♦❞✐❝

❛❧♦♥❣s❤♦r❡✲tr❛✈❡❧❧✐♥❣ ♣❛tt❡r♥s✱ ❛❧s♦ r❡❢❡rr❡❞ t♦ ❛s ❡❞❣❡ ✇❛✈❡s✳ ❊❞❣❡ ✇❛✈❡s ❛r❡

❢r❡❡❧② ♣r♦♣❛❣❛t✐♥❣✱ ❛❧♦♥❣s❤♦r❡ ♣❡r✐♦❞✐❝ ✇❛✈❡s t❤❛t ❛r❡ tr❛♣♣❡❞ t♦ t❤❡ ❝♦❛st ♦♥

♦♥❡ s✐❞❡ ❜② r❡✢❡❝t✐♦♥ ❢r♦♠ t❤❡ s❤♦r❡❧✐♥❡ ❛♥❞ ♦♥ t❤❡ ♦t❤❡r s✐❞❡ ❜② r❡❢r❛❝t✐♦♥ ♦✈❡r ❛

s❧♦♣✐♥❣ ❜❛t❤②♠❡tr②✳ ▲❡❛❦② ✇❛✈❡s r❡♣r❡s❡♥t t❤❡ ❝♦♠♣❛♥✐♦♥ t♦ ❡❞❣❡ ✇❛✈❡s ❜✉t ❞♦

♥♦t r❡t✉r♥ t♦ t❤❡ ❝♦❛st ❜② r❡❢r❛❝t✐♦♥❀ ✐♥st❡❛❞✱ t❤❡② ❡s❝❛♣❡ t♦ ❞❡❡♣ ✇❛t❡r✳ ❲❤✐❧❡

❡❞❣❡ ✇❛✈❡s ❛r❡ st❛♥❞✐♥❣ ✐♥ t❤❡ ❝r♦ss✲s❤♦r❡ ❞✐r❡❝t✐♦♥✱ t❤❡✐r ❛❧♦♥❣s❤♦r❡ ❜❡❤❛✈✐♦✉r

✐s ✉s✉❛❧❧② ♣r♦❣r❡ss✐✈❡✳ ❊❛r❧② ♠♦❞❡❧s ♦❢ ❡❞❣❡ ✇❛✈❡ ❢♦r♠❛t✐♦♥ ❞❛t❡ ❜❛❝❦ t♦ ❙t♦❦❡s

✭✶✽✹✻✮ ❛♥❞ ❊❝❦❛rt ✭✶✾✺✶✮✱ ✇✐t❤ s❡✈❡r❛❧ ❢✉rt❤❡r r❡✜♥❡♠❡♥ts ♣r♦✈✐❞❡❞ ✐♥ ♠♦r❡

r❡❝❡♥t ②❡❛rs✳ ❚❤❡ ♠❡❝❤❛♥✐s♠ ❧❡❛❞✐♥❣ t♦ t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ❡❞❣❡ ✇❛✈❡s ✐s r❡❧❛t❡❞

t♦ ❛ ✇❡❛❦❧② r❡s♦♥❛♥t tr❛♥s❢❡r ♦❢ ❡♥❡r❣② ❢r♦♠ r❡✢❡❝t❡❞ ✐♥❝✐❞❡♥t ✇❛✈❡s ♦♥ ❛ ♣❧❛♥❛r

❜❡❛❝❤ t♦ ❡❞❣❡ ✇❛✈❡ ♣❡rt✉r❜❛t✐♦♥s✳ ❖♥ ❛ ♣❧❛♥❛r ❜❡❛❝❤ ✇✐t❤ s❧♦♣❡ β ❛ ❞✐s❝r❡t❡

♥✉♠❜❡r ♦❢ ❡❞❣❡ ✇❛✈❡ ♠♦❞❡s ❝❛♥ ❡①✐st✱ s❛t✐s❢②✐♥❣ t❤❡ ❞✐s♣❡rs✐♦♥ r❡❧❛t✐♦♥ ✭❊❝❦❛rt✱

✶✾✺✶✮✿

σe = gk2e sin (2n+ 1) tanβ, ✭✼✮

✇❤❡r❡ σe ❛♥❞ ke ❛r❡ t❤❡ r❛❞✐❛♥ ❢r❡q✉❡♥❝② ❛♥❞ ❛❧♦♥❣s❤♦r❡ ✇❛✈❡ ♥✉♠❜❡r ♦❢ t❤❡

❡❞❣❡ ✇❛✈❡s✱ g ✐s ❣r❛✈✐t❛t✐♦♥❛❧ ❛❝❝❡❧❡r❛t✐♦♥✱ ❛♥❞ n ✐s t❤❡ ❡❞❣❡ ♠♦❞❛❧ ♥✉♠❜❡r✱

✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♥✉♠❜❡r ♦❢ ③❡r♦✲❝r♦ss✐♥❣s ✭♥♦❞❡s✮ ✐♥ t❤❡ ❝r♦ss✲s❤♦r❡

❞✐r❡❝t✐♦♥ ❜❡❢♦r❡ t❤❡ ✜♥❛❧ ❛♠♣❧✐t✉❞❡ ❞❡❝❛② ❛t t❤❡ t✉r♥✐♥❣ ♣♦✐♥t✳ ▼♦❞❡ ✵ ❡❞❣❡

✇❛✈❡s ✭n = 0✮ ❤❛✈❡✱ ❢♦r ❛ ❣✐✈❡♥ Te✱ t❤❡ ❧❛r❣❡st ❛❧♦♥❣s❤♦r❡ ✇❛✈❡ ♥✉♠❜❡r✳ ❲✐t❤

❛♥ ✐♥❝r❡❛s❡ ✐♥ n✱ t❤❡ ✇❛✈❡ ♥✉♠❜❡r ❞❡❝r❡❛s❡s ✭✐✳❡✳✱ t❤❡ ❛❧♦♥❣s❤♦r❡ ✇❛✈❡ ❧❡♥❣t❤

✸✷



✐♥❝r❡❛s❡s✮ ✉♣ t♦ ♣♦✐♥t ✇❤❡r❡ ke = σ2
e/g✱ t❤❡ ❞❡❡♣✲✇❛t❡r ✇❛✈❡ ♥✉♠❜❡r✳ ❚❤❡ ❡❞❣❡

✇❛✈❡ ♠♦❞❡ t❤❛t s❛t✐s✜❡s t❤✐s r❡❧❛t✐♦♥ ✐s ❝❛❧❧❡❞ t❤❡ ❝✉t✲♦✛ ♠♦❞❡✳ ❋♦r k < σ2/g

❛ ❝♦♥t✐♥✉✉♠ ♦❢ ❧❡❛❦② ✇❛✈❡s ❡①✐sts✳ ❊❞❣❡ ✇❛✈❡s ❤❛✈❡ t❤❡✐r ❧❛r❣❡st ❛♠♣❧✐t✉❞❡ ❛t

t❤❡ s❤♦r❡❧✐♥❡ ❛♥❞ ❛ ❝r♦ss✲s❤♦r❡ ❛♠♣❧✐t✉❞❡ ❢✉♥❝t✐♦♥ Φn(x) t❤❛t ♦♥ ❛ ♣❧❛♥❛r ❜❡❛❝❤

✇✐t❤ s❧♦♣❡ β r❡❛❞s

Φn(x) = e−kexLn (kex) , ✭✽✮

✇❤❡r❡ Ln ✐s t❤❡ ▲❛❣✉❡rr❡ ♣♦❧②♥♦♠✐❛❧ ♦❢ ♦r❞❡r n✳ ❆♥❛❧②t✐❝❛❧ ❡①♣r❡ss✐♦♥s ❢♦r

Φn(x) ❛❧s♦ ❡①✐st ❢♦r ❛♥ ❡①♣♦♥❡♥t✐❛❧ ❜❡❛❝❤ ♣r♦✜❧❡✱ ❜✉t ♥✉♠❡r✐❝❛❧ ❛♣♣r♦❛❝❤❡s ♠✉st

❜❡ ✉s❡❞ ❢♦r ♠♦r❡ ❝♦♠♣❧❡① ❜❡❛❝❤ ♣r♦✜❧❡s ✭❍♦❧♠❛♥ ❛♥❞ ❇♦✇❡♥✱ ✶✾✼✾✮✳ ❙♦❧✉t✐♦♥s

❢♦r s✉❝❤ ❜❡❛❝❤ ♣r♦✜❧❡s ❛r❡ ❣❡♥❡r❛❧❧② r❡♠❛r❦❛❜❧② ❞✐✛❡r❡♥t ❢r♦♠ t❤❡ ❛♥❛❧②t✐❝❛❧

❡①♣r❡ss✐♦♥s ❢♦r s✐♠✐❧❛r❧② s❧♦♣✐♥❣ ❧✐♥❡❛r ❜❡❛❝❤❡s✱ ❤✐❣❤❧✐❣❤t✐♥❣ t❤❡ ♣r♦❢♦✉♥❞ ❡✛❡❝t

♦❢✱ ❢♦r ❡①❛♠♣❧❡✱ s❛♥❞❜❛rs ❛♥❞ tr♦✉❣❤s ♦♥ ❝r♦ss✲s❤♦r❡ ❡❞❣❡✲✇❛✈❡ str✉❝t✉r❡✳

❖❜s❡r✈❛t✐♦♥s ✐♥❞✐❝❛t❡ t❤❛t st❡❡♣ ❛♥❞ ❣❡♥t❧② s❧♦♣✐♥❣ ❜❡❛❝❤❡s ❤❛✈❡ ❞✐✛❡r❡♥t ❡❞❣❡✲

✇❛✈❡ ♣❡r✐♦❞s✳ ❖♥ st❡❡♣✱ r❡✢❡❝t✐✈❡ ❜❡❛❝❤❡s✱ t✇♦ t②♣❡s ♦❢ ❡❞❣❡ ✇❛✈❡s ❛r❡ ❝♦♥s✐❞✲

❡r❡❞ ❧✐❦❡❧② t♦ ❞❡✈❡❧♦♣✿ s②♥❝❤r♦♥♦✉s ❛♥❞ s✉❜❤❛r♠♦♥✐❝✱ ✇✐t❤ ♣❡r✐♦❞s t❤❡ s❛♠❡ ♦r

❞♦✉❜❧❡ t❤❡ ♣❡r✐♦❞ ♦❢ t❤❡ ✐♥❝✐❞❡♥t ✇❛✈❡ ✜❡❧❞✱ r❡s♣❡❝t✐✈❡❧②✱ ❛♥❞ ❛❝❝♦r❞✐♥❣❧②✱ t❤❡s❡

❡❞❣❡ ✇❛✈❡s ❛r❡ ♥♦t ♥❡❝❡ss❛r✐❧② ✐♥ t❤❡ ■● ❢r❡q✉❡♥❝② ❜❛♥❞✳ ■♥ ❧✐♥❡ ✇✐t❤ t❤❡♦✲

r❡t✐❝❛❧ ✜♥❞✐♥❣s✱ ❧❛❜♦r❛t♦r② ❡①♣❡r✐♠❡♥ts ❝♦♥❞✉❝t❡❞ ✉♥❞❡r ♥♦r♠❛❧❧② ❛♣♣r♦❛❝❤✐♥❣

♠♦♥♦❝❤r♦♠❛t✐❝ ✇❛✈❡s ❤❛✈❡ ❝♦♥❝❧✉s✐✈❡❧② s❤♦✇♥ t❤❛t s✉❜❤❛r♠♦♥✐❝s ♦❢ ♠♦❞❡ ✵

❛r❡ t❤❡ ♠♦st ❡❛s✐❧② ❡①❝✐t❡❞ ❡❞❣❡ ✇❛✈❡ ♠♦❞❡ ✭●✉③❛ ❛♥❞ ❉❛✈✐s✱ ✶✾✼✹✮✳ ❖♥ ♠♦r❡

❣❡♥t❧② s❧♦♣✐♥❣ ❜❡❛❝❤❡s✱ ✇❛✈❡ ❜r❡❛❦✐♥❣ ✐s s✉✣❝✐❡♥t❧② str♦♥❣ t♦ ❞❛♠♣❡♥ t❤❡ ❛❜♦✈❡✲

♠❡♥t✐♦♥❡❞ r❡s♦♥❛♥t tr❛♥s❢❡r ❛♥❞✱ ❛s ❛ r❡s✉❧t✱ s②♥❝❤r♦♥♦✉s ❛♥❞ s✉❜❤❛r♠♦♥✐❝ ❡❞❣❡

✇❛✈❡s ❞♦ ♥♦t ❢♦r♠✳ ■♥st❡❛❞✱ ❡❞❣❡ ✇❛✈❡s ❤❛✈❡ s✉❜st❛♥t✐❛❧❧② ❧❛r❣❡r ♣❡r✐♦❞s t❤❛♥
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t❤❡ ✐♥❝✐❞❡♥t ✇❛✈❡s✳ ❚❤❡s❡ ■● ❡❞❣❡ ✇❛✈❡s ❛r❡ ❧✐❦❡❧② t❤❡ r❡s✉❧t ♦❢ t❤❡ ❜♦✉♥❞

❧♦♥❣ ✇❛✈❡✱ ❣❡♥❡r❛t❡❞ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✳✶✳ ❆s ♣♦✐♥t❡❞ ♦✉t ❜② ❍❡r❜❡rs

❡t ❛❧✳ ✭✶✾✾✹✮✱ ❛ ♣❛✐r ♦❢ s❤♦rt✲✇❛✈❡ ❝♦♠♣♦♥❡♥ts ✇✐t❤ ❢r❡q✉❡♥❝✐❡s ❛♥❞ ✈❡❝t♦r ✇❛✈❡

♥✉♠❜❡rs (f1,k1) ❛♥❞ (f2,k2)✱ ✇❤❡r❡ f2 > f1✱ ❡①❝✐t❡ ❛ s❡❝♦♥❞❛r② ❜♦✉♥❞ ✇❛✈❡

✇✐t❤ ❞✐✛❡r❡♥❝❡ ❢r❡q✉❡♥❝② ❛♥❞ ✈❡❝t♦r ✇❛✈❡ ♥✉♠❜❡r (f2 − f1,k2 − k1)✳ ❉✉r✐♥❣

r❡❧❡❛s❡✱ t❤❡ ✇❛✈❡ ♥✉♠❜❡r ♦❢ ✈❡❝t♦r ♦❢ t❤❡ ❢r❡❡ ■● ✇❛✈❡s ❡q✉❛❧s t❤❡ ❞✐✛❡r❡♥❝❡

✐♥ ✈❡❝t♦r ✇❛✈❡ ♥✉♠❜❡rs ♦❢ t❤❡ t✇♦ ❢♦r❝✐♥❣ ✇❛✈❡s✳ ❇❡❝❛✉s❡ |k2 − k1| ✐s ♠✉❝❤

s♠❛❧❧❡r t❤❛♥ k1 ❛♥❞ k2✱ ❡✈❡♥ ♠♦❞❡r❛t❡ ♦❜❧✐q✉✐t② ✐♥ t❤❡ s❤♦rt ✇❛✈❡s ❛❧r❡❛❞②

r❡s✉❧ts ✐♥ ❧❛r❣❡ ■● ♣r♦♣❛❣❛t✐♦♥ ❛♥❣❧❡s ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ s❤♦r❡❧✐♥❡✳ ❈♦♥s✐st❡♥t

✇✐t❤ ♦❜s❡r✈❛t✐♦♥s✱ t❤❡ ■● ✇❛✈❡ ✜❡❧❞ ✐s t❤✉s ❞✐r❡❝t✐♦♥❛❧❧② ❢❛r ❜r♦❛❞❡r t❤❛♥ ✐s t❤❡

✐♥❝✐❞❡♥t ✇❛✈❡ ✜❡❧❞✳ ❚❤✐s ❛❧s♦ ✐♠♣❧✐❡s t❤❛t✱ ❡s♣❡❝✐❛❧❧② ♦♥ ❣❡♥t❧② s❧♦♣✐♥❣ ✇✐❞❡

s❤♦r❡❢❛❝❡s ❛♥❞ s❤❡❧✈❡s✱ t❤❡ ✈❛st ♠❛❥♦r✐t② ♦❢ ■● ♠♦t✐♦♥s ✇✐❧❧ ❜❡❝♦♠❡ ❡❞❣❡ r❛t❤❡r

t❤❛♥ ❧❡❛❦② ✇❛✈❡s ✭❍❡r❜❡rs ❡t ❛❧✳✱ ✶✾✾✺✮✳

■● ❡❞❣❡ ✇❛✈❡s ❛r❡ ✉❜✐q✉✐t♦✉s ✐♥ t❤❡ s✉r❢ ❛♥❞ s✇❛s❤ ③♦♥❡s ♦❢ ❣❡♥t❧② s❧♦♣✐♥❣

❜❡❛❝❤❡s✱ ❛♥❞ t❤❡✐r ❝❤❛r❛❝t❡r✐st✐❝s ❤❛✈❡ ❜❡❡♥ st✉❞✐❡❞ ❡①t❡♥s✐✈❡❧② ✉s✐♥❣ ❛❧♦♥❣✲

s❤♦r❡ ❛rr❛②s ♦❢ ❝✉rr❡♥t ♠❡t❡rs ♦r ✈✐❞❡♦❡❞ s✇❛s❤ ♠♦t✐♦♥s ✭❡✳❣✳✱ ❖❧t♠❛♥✲❙❤❛②

❛♥❞ ●✉③❛✱ ✶✾✽✼❀ ❍♦✇❞ ❛♥❞ ❍♦❧♠❛♥✱ ✶✾✾✶❀ ❖❧t♠❛♥✲❙❤❛② ❛♥❞ ❍♦✇❞✱ ✶✾✾✸❀ ❍♦❧✲

❧❛♥❞ ❛♥❞ ❍♦❧♠❛♥✱ ✶✾✾✾✮✳ ❚❤❡ ❞❛t❛ ❛r❡ ❣❡♥❡r❛❧❧② ❝♦♠♣✉t❡❞ ✐♥t♦ ❢r❡q✉❡♥❝②✲

❛❧♦♥❣s❤♦r❡ ✇❛✈❡♥✉♠❜❡r ✭f − ky✮ s♣❡❝tr❛✱ ✇❤✐❝❤ r❡✈❡❛❧ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❡♥❡r❣②

❛❧✐❣♥✐♥❣ ✇✐t❤ ❡❞❣❡✲✇❛✈❡ ❞✐s♣❡rs✐♦♥ ❧✐♥❡s ❢♦r ✈❛r✐♦✉s n✳ ❋♦r s✐t✉❛t✐♦♥s ✇✐t❤ ❛♣✲

♣r♦①✐♠❛t❡❧② s❤♦r❡✲♥♦r♠❛❧ ✐♥❝✐❞❡♥t ✇❛✈❡s✱ ■● ✇❛✈❡s ♣r♦❣r❡ss ❛❜♦✉t ❡q✉❛❧❧② ✐♥

❜♦t❤ ❞✐r❡❝t✐♦♥s ❛❧♦♥❣ t❤❡ ❝♦❛st✱ r❡s✉❧t✐♥❣ ✐♥ ❛❧♦♥❣s❤♦r❡ st❛♥❞✐♥❣ ♠♦t✐♦♥s ✇✐t❤✲

♦✉t ❛❧♦♥❣s❤♦r❡ r❡✢❡❝t♦rs✳ ❈♦♥s✐❞❡r❛❜❧❡ ❛s②♠♠❡tr② ✐♥ ✉♣✲ ❛♥❞ ❞♦✇♥❝♦❛st ❡❞❣❡
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✇❛✈❡s ❛r✐s❡s ✐♥ t❤❡ ❝❛s❡ ♦❢ ♦❜❧✐q✉❡❧② ✐♥❝✐❞❡♥t ✇❛✈❡s✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ♣♦❝❦❡t

❜❡❛❝❤❡s ✇❤❡r❡ ❧❛t❡r❛❧ ❜♦✉♥❞❛r✐❡s ❝❛♥ ✐♥❞✉❝❡ str♦♥❣ r❡✢❡❝t✐♦♥✱ ❡❞❣❡ ✇❛✈❡s ❛r❡

❣❡♥❡r❛❧❧② ❛❧♦♥❣s❤♦r❡ st❛♥❞✐♥❣ ✭Ö③❦❛♥✲❍❛❧❧❡r ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❚❤❡ ❜r❡❛❦✐♥❣✲✐♥❞✉❝❡❞

❛❧♦♥❣s❤♦r❡ ❝✉rr❡♥ts ❛❧s♦ ❞✐st♦rt t❤❡ ❞✐s♣❡rs✐♦♥ ❝✉r✈❡s ❛♥❞ ❝r♦ss✲s❤♦r❡ ❛♠♣❧✐t✉❞❡

❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❡❞❣❡ ✇❛✈❡s ✭❍♦✇❞ ❡t ❛❧✳✱ ✶✾✾✷❀ ❖❧t♠❛♥✲❙❤❛② ❛♥❞ ❍♦✇❞✱ ✶✾✾✸✮✳

■♥ ♣❛rt✐❝✉❧❛r✱ ke ✐♥❝r❡❛s❡s ✭✐✳❡✳✱ s❤♦rt❡r ✇❛✈❡ ❧❡♥❣t❤s✮ ❛♥❞ t❤❡ ♥♦❞❛❧ str✉❝t✉r❡

s❤✐❢ts ❧❛♥❞✇❛r❞ ❢♦r ❡❞❣❡ ✇❛✈❡s ♦♣♣♦s✐♥❣ t❤❡ ❝✉rr❡♥t✱ ✇❤✐❧❡ t❤❡ ♦♣♣♦s✐t❡ ❤❛♣♣❡♥s

❢♦r ❡❞❣❡ ✇❛✈❡s ♣r♦♣❛❣❛t✐♥❣ ✇✐t❤ t❤❡ ❝✉rr❡♥t✳ ❍♦✇❞ ❡t ❛❧✳ ✭✶✾✾✷✮ ♠♦❞❡❧❧❡❞ t❤❡s❡

❡✛❡❝ts ❜② ♠♦❞✐❢②✐♥❣ t❤❡ ❜♦tt♦♠ ♣r♦✜❧❡ ✐♥t♦ ❛♥ ❡✛❡❝t✐✈❡ ♣r♦✜❧❡✱ t❤❛t ✐s✱ t❤❡ ♣r♦✲

✜❧❡ ❛s ❢❡❧t ❜② ❡❞❣❡ ✇❛✈❡s ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡ ❝✉rr❡♥t✳ ❋✐♥❛❧❧②✱ f − ky s♣❡❝tr❛

❝♦♠♣✉t❡❞ ❢r♦♠ ✜❡❧❞ ✭❇r②❛♥ ❡t ❛❧✳✱ ✶✾✾✽✮ ❛♥❞ ♠♦❞❡❧ ✭❡✳❣✳✱ ❘✐❥♥s❞♦r♣ ❡t ❛❧✳✱ ✷✵✶✺✮

❞❛t❛ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ s❛♥❞❜❛rs r❡✈❡❛❧ ❡❞❣❡ ✇❛✈❡s t❤❛t ❛r❡ r❡❢r❛❝t✐✈❡❧② tr❛♣♣❡❞

♦♥ t❤❡ s❛♥❞❜❛r✳ ❚❤❡s❡ ❜❛r✲tr❛♣♣❡❞ ♠♦❞❡s ❝❛♥ ❛r✐s❡ ✇❤❡♥ t❤❡ ❡❞❣❡✲✇❛✈❡ ♣❤❛s❡

s♣❡❡❞ ✐s ❜❡t✇❡❡♥
√
ghbar ❛♥❞

√

ghtrough✱ ✇❤❡r❡ hbar ❛♥❞ htrough ❛r❡ t❤❡ ❡✛❡❝✲

t✐✈❡ ✇❛t❡r ❞❡♣t❤ ❛t t❤❡ ❜❛r ❛♥❞ ✐♥ t❤❡ tr♦✉❣❤✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥ ❘✐❥♥s❞♦r♣ ❡t ❛❧✳

✭✷✵✶✺✮✬s ♠♦❞❡❧❧✐♥❣ st✉❞②✱ t❤❡ ❜❛r✲tr❛♣♣❡❞ ♠♦❞❡s ❝♦♥tr✐❜✉t❡❞ ✉♣ t♦ ✺✵✪ ♦❢ t♦✲

t❛❧ ■● ✈❛r✐❛♥❝❡ ❛t♦♣ ❛♥ ❛♣♣r♦①✐♠❛t❡❧② ✸✲♠ ❤✐❣❤ ♦✉t❡r ❜❛r ❞✉r✐♥❣ ♠✐❧❞✲✇❛✈❡

❝♦♥❞✐t✐♦♥s✱ ❜✉t ❝♦♥tr✐❜✉t❡❞ s✉❜st❛♥t✐❛❧❧② ❧❡ss ❞✉r✐♥❣ st♦r♠ ❝♦♥❞✐t✐♦♥s ✇✐t❤ s✐❣✲

♥✐✜❝❛♥t ✇❛✈❡ ❜r❡❛❦✐♥❣ ♦♥ t❤❡ ❜❛r✳ ❇❛r✲tr❛♣♣❡❞ ♠♦❞❡s ✇❡r❡ ♥♦t ♣r❡❞✐❝t❡❞ ❢♦r

t❤❡ s✉❜st❛♥t✐❛❧❧② ❧❡ss ♣r♦♥♦✉♥❝❡❞ ✐♥♥❡r ❜❛r✳
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✹✳ ■♠♣❛❝ts

✹✳✶✳ ❙❛♥❞② ❜❡❛❝❤❡s ❛♥❞ ❞✉♥❡s

✹✳✶✳✶✳ ❘✐♣ ❝✉rr❡♥ts

❘✐♣ ❝✉rr❡♥ts ❛r❡ s♣❛t✐❛❧❧②✲❝♦♥❝❡♥tr❛t❡❞ s❡❛✇❛r❞ ✢♦✇s t❤❛t ❡①t❡♥❞ ❢r♦♠ ❝❧♦s❡

t♦ t❤❡ s❤♦r❡❧✐♥❡✱ t❤r♦✉❣❤ t❤❡ s✉r❢ ③♦♥❡✱ ❛♥❞ ❞❡❝❛② ✇✐t❤ ♦✛s❤♦r❡ ❞✐st❛♥❝❡ ✭▼❛❝▼❛✲

❤❛♥ ❡t ❛❧✳✱ ✷✵✵✻❀ ❉❛❧r②♠♣❧❡ ❡t ❛❧✳✱ ✷✵✶✶❀ ❈❛st❡❧❧❡ ❡t ❛❧✳✱ ✷✵✶✻❜✮✱ ✇❤✐❝❤ ❛r❡ ✉❜✐q✲

✉✐t♦✉s ❛❧♦♥❣ ✇❛✈❡✲❡①♣♦s❡❞ ❝♦❛sts✳ ❚❤❡② ❤❛✈❡ ❜❡❡♥ st✉❞✐❡❞ ❢♦r ❛❧♠♦st ❛ ❝❡♥✲

t✉r② ✭❉❛✈✐s✱ ✶✾✷✺✮✱ ♥♦t❛❜❧② ❜❡❝❛✉s❡ t❤❡② ❛r❡ ❛ ❦❡② ❞r✐✈❡r ❢♦r t❤❡ tr❛♥s♣♦rt ❛♥❞

❝r♦ss✲s❤♦r❡ ♠✐①✐♥❣ ♦❢ s❡❞✐♠❡♥t✱ ❤❡❛t✱ ♣♦❧❧✉t❛♥ts✱ ♥✉tr✐❡♥ts ❛♥❞ ❜✐♦❧♦❣✐❝❛❧ s♣❡❝✐❡s

✭❚❛❧❜♦t ❛♥❞ ❇❛t❡✱ ✶✾✽✼❀ ❙❤❛♥❦s ❡t ❛❧✳✱ ✷✵✶✵❀ ❙✐♥♥❡tt ❛♥❞ ❋❡❞❞❡rs❡♥✱ ✷✵✶✹✮ ❛♥❞

❜❡❝❛✉s❡ t❤❡② r❡♣r❡s❡♥t ❛♥ ✐♠♣♦rt❛♥t ❝♦❛st❛❧ ❤❛③❛r❞✳ ❋♦r ✐♥st❛♥❝❡✱ ❞✉r✐♥❣ s❡✈❡r❡

st♦r♠s t❤❡② ❝❛♥ ❞r✐✈❡ ❧♦❝❛❧✐s❡❞ ❜❡❛❝❤ ❛♥❞ ❞✉♥❡ ❡r♦s✐♦♥ ✭❚❤♦r♥t♦♥ ❡t ❛❧✳✱ ✷✵✵✼❀

▲♦✉r❡✐r♦ ❡t ❛❧✳✱ ✷✵✶✷❀ ❈❛st❡❧❧❡ ❡t ❛❧✳✱ ✷✵✶✺❀ ▼❝❈❛rr♦❧❧ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ▼♦r❡ r❡❝❡♥t❧②✱

r✐♣ ❝✉rr❡♥ts ❤❛✈❡ ❜❡❡♥ ♦❢ ❜♦t❤ s❝✐❡♥t✐✜❝ ❛♥❞ s♦❝✐❡t❛❧ ✐♥t❡r❡st ❜❡❝❛✉s❡ t❤❡② ❛r❡

♥♦✇ ❛❝❦♥♦✇❧❡❞❣❡❞ t♦ ❜❡ t❤❡ ❧❡❛❞✐♥❣ ❞❡❛❞❧② ❤❛③❛r❞ t♦ r❡❝r❡❛t✐♦♥❛❧ ❜❡❛❝❤ ✉s❡rs

✇✐t❤ ❤✉♥❞r❡❞s ♦❢ ❞r♦✇♥✐♥❣ ❞❡❛t❤s ❛♥❞ t❡♥s ♦❢ t❤♦✉s❛♥❞s ♦❢ r❡s❝✉❡s ♣❡r ②❡❛r ♦♥

❜❡❛❝❤❡s ✇♦r❧❞✇✐❞❡ ✭❡✳❣✳ ●❡♥s✐♥✐ ❛♥❞ ❆s❤❧❡②✱ ✷✵✵✾❀ ❇r❡✇st❡r✱ ✷✵✶✵❀ ❆r♦③❛r❡♥❛

❡t ❛❧✳✱ ✷✵✶✺❀ ❈❛st❡❧❧❡ ❡t ❛❧✳✱ ✷✵✶✻❛✮✳

❆❧t❤♦✉❣❤ ■● ✇❛✈❡s ♠❛② ♥♦t ❢✉♥❞❛♠❡♥t❛❧❧② ❞r✐✈❡ r✐♣ ❝✉rr❡♥t ❢♦r♠❛t✐♦♥✱ ❢♦r

s♦♠❡ t✐♠❡ t❤❡② ❛♣♣❡❛r❡❞ ❛s ❛ r❡❧❡✈❛♥t ❝❛♥❞✐❞❛t❡ t♦ ❡①♣❧❛✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ r✐♣

❝✉rr❡♥ts✳ ❇♦✇❡♥ ✭✶✾✻✾✮ ❛♥❞ ❙②♠♦♥❞s ❛♥❞ ❘❛♥❛s✐♥❣❤❡ ✭✷✵✵✵✮ ❞❡♠♦♥str❛t❡❞ t❤❛t

✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡ s❤♦rt✲✇❛✈❡ ❣r♦✉♣s ❛♥❞ s②♥❝❤r♦♥♦✉s st❛♥❞✐♥❣ ■● ❡❞❣❡

✇❛✈❡s ✭s❡❝t✐♦♥ ✸✳✹✮ ❝♦✉❧❞ ❢♦r❝❡ r✐♣ ❝✉rr❡♥ts✳ ■♥ t❤❡ ❢♦r♠❡r ♣❛♣❡r✱ t❤❡ ♠❡❝❤❛♥✐s♠
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✐s t❤❛t t❤❡ ❛❧♦♥❣s❤♦r❡ ✈❛r✐❛t✐♦♥ ✐♥ t♦t❛❧ ✇❛t❡r ❧❡✈❡❧s ✇♦✉❧❞ ❧❡❛❞ t♦ ❛♥ ❛❧♦♥❣s❤♦r❡

✈❛r✐❛t✐♦♥ ♦❢ ✇❛✈❡ ❤❡✐❣❤ts✱ ❛♥❞ t❤✉s ✐♥ s❡t✉♣✱ ❛♥❞ r✐♣ ❝✉rr❡♥t ✇♦✉❧❞ ♦❝❝✉r ❛t t❤❡

♠✐♥✐♠✉♠ ♦❢ t❤❡ s❡t✉♣✳ ■♥ t❤❡ ❧❛tt❡r ♣❛♣❡r✱ t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ❛❧♦♥❣s❤♦r❡ ✈❛r✐❛✲

t✐♦♥ ♦❢ t❤❡ ✇❛✈❡ ❤❡✐❣❤ts ❛♥❞ t❤❡ s❡t✉♣ ✇❛s r❡❧❡❛s❡❞ ❛♥❞ ❛ ♠❡❝❤❛♥✐s♠ ♣r❡s❡♥t❡❞

✐♥ ✇❤✐❝❤ t❤❡ s❧♦✇ ❛❧♦♥❣s❤♦r❡ ♠♦❞✉❧❛t✐♦♥ ♦❢ t❤❡ ✇❛t❡r ❧❡✈❡❧s ❝♦✉❧❞ ❢♦r❝❡ r✐♣ ❝✉r✲

r❡♥ts✳ ❍♦✇❡✈❡r✱ r✐♣ ❝✉rr❡♥ts ❛r❡ ♣❛rt ♦❢ t❤❡ ♥❡❛rs❤♦r❡ ❝✐r❝✉❧❛t✐♦♥ ❝❛✉s❡❞ ❜② t❤❡

❛❝t✐♦♥ ♦❢ ❜r❡❛❦✐♥❣ s❤♦rt ✇❛✈❡s✱ ❛♥❞ t❤❡✐r ❞❡✈❡❧♦♣♠❡♥t ❞♦❡s ♥♦t t❤❡♦r❡t✐❝❛❧❧②

r❡q✉✐r❡ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ■● ✇❛✈❡s✳ ❘✐♣ ❝✉rr❡♥ts ♦♥ ♥❛t✉r❛❧ ❜❡❛❝❤❡s s❤♦✇ ❛ ❝♦♥✲

s✐❞❡r❛❜❧❡ ✈❛r✐❛❜✐❧✐t② ✐♥ t❡r♠s ♦❢ ♦❝❝✉rr❡♥❝❡ ❛♥❞ ❧♦❝❛t✐♦♥ ❛❧♦♥❣ t❤❡ ❜❡❛❝❤✱ ♦✇✐♥❣

t♦ t❤❡ ✈❛r✐❛❜✐❧✐t② ♦❢ ❞r✐✈✐♥❣ ♠❡❝❤❛♥✐s♠s ✭s❡❡ ❈❛st❡❧❧❡ ❡t ❛❧✳✱ ✷✵✶✻❜✱ ❢♦r ❛ r❡✈✐❡✇✮✳

❘✐♣ ❝✉rr❡♥ts ❛r❡ ❣❡♥❡r❛❧❧② ❝❛✉s❡❞ ❜② t❤❡ ❛❧♦♥❣s❤♦r❡ ✈❛r✐❛❜✐❧✐t② ♦❢ ❜r❡❛❦✐♥❣ ✇❛✈❡

❤❡✐❣❤t✱ ✇❤✐❝❤ ❝❛♥ ❛r✐s❡ ❢r♦♠ ❛ ♥✉♠❜❡r ♦❢ ❝❛✉s❡s✱ s✉❝❤ ❛s ✇❛✈❡ ❡♥❡r❣② ❢♦❝✉s✲

✐♥❣ ❡♥❢♦r❝❡❞ ❜② ♦✛s❤♦r❡ ✇❛✈❡ r❡❢r❛❝t✐♦♥ ✭▲♦♥❣ ❛♥❞ ❖③❦❛♥✲❍❛❧❧❡r✱ ✷✵✵✺✮✳ ❖t❤❡r

♠❡❝❤❛♥✐s♠s ✇❡r❡ ❛❧s♦ ♣r♦♣♦s❡❞✱ s✉❝❤ ❛s s❤❡❛r ✐♥st❛❜✐❧✐t② ♦❢ t❤❡ ❧♦♥❣s❤♦r❡ ❝✉r✲

r❡♥t ✭❖③❦❛♥✲❍❛❧❧❡r ❛♥❞ ❑✐r❜②✱ ✶✾✾✾✮✱ ❞❡✢❡❝t✐♦♥ ♦❢ t❤❡ ❧♦♥❣s❤♦r❡ ❝✉rr❡♥t ❛❣❛✐♥st

❛♥ ♦❜st❛❝❧❡ ✭❈❛st❡❧❧❡ ❛♥❞ ❈♦❝♦✱ ✷✵✶✸✮ ❛♥❞ ✈♦rt✐❝✐t② ✐♥❥❡❝t❡❞ ✇✐t❤ t❤❡ ♣❛ss❛❣❡ ♦❢

✐♥❞✐✈✐❞✉❛❧ ❜r❡❛❦✐♥❣ ✇❛✈❡s ❡✈♦❧✈✐♥❣ ✐♥t♦ ♠✐❣r❛t✐♥❣ s✉r❢✲③♦♥❡ ❡❞❞✐❡s ✭❋❡❞❞❡rs❡♥✱

✷✵✶✹✮✳ ❙✐♥❝❡ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ❡❧❛❜♦r❛t❡ ♦♥ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ■● ✇❛✈❡s ♦♥ ❛❧❧

r✐♣ t②♣❡s✱ ✇❡ ❢♦❝✉s ❤❡r❡ ♦♥ ❜❛t❤②♠❡tr✐❝❛❧❧②✲❝♦♥tr♦❧❧❡❞ r✐♣ ❝✉rr❡♥ts✱ ✇❤✐❝❤ ❛r❡

❞r✐✈❡♥ ❜② t❤❡ ❛❧♦♥❣s❤♦r❡ ✈❛r✐❛t✐♦♥ ✐♥ ❞❡♣t❤✲✐♥❞✉❝❡❞ ✇❛✈❡ ❞✐ss✐♣❛t✐♦♥✳ ❚❤✐s t②♣❡

✐s t❤❡ ♠♦st ❝♦♠♠♦♥ ✇♦r❧❞✇✐❞❡✱ t♦❣❡t❤❡r ✇✐t❤ r✐♣s ❝♦♥tr♦❧❧❡❞ ❜② ❤❡❛❞❧❛♥❞s ❛♥❞

❝♦❛st❛❧ str✉❝t✉r❡s✱ ❛♥❞ ❛r❡ ❢♦✉♥❞ ❛❧♦♥❣ ♦❝❡❛♥✐❝✱ s❡❛ ❛♥❞ ❧❛❝✉str✐♥❡ ❝♦❛sts✳

■● ✇❛✈❡s ❛✛❡❝t t❤❡ t❡♠♣♦r❛❧ ❜❡❤❛✈✐♦✉r ♦❢ r✐♣ ❝✉rr❡♥ts ✭❡✳❣✳ ❙❡♠❜✐r✐♥❣ ❡t ❛❧✳✱
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❋✐❣✉r❡ ✼✿ ◆✉♠❡r✐❝❛❧ ♠♦❞❡❧❧✐♥❣ ♦❢ ✇❛✈❡✲❞r✐✈❡♥ ❝✉rr❡♥ts ❛♥❞ ♣❛ss✐✈❡ ❞r✐❢t❡r ❡✈♦❧✉t✐♦♥ ❛t t❤❡ r✐♣✲
❝❤❛♥♥❡❧❧❡❞ ❜❡❛❝❤ ♦❢ ❇✐s❝❛rr♦ss❡✱ ❙❲ ❋r❛♥❝❡ ✭❇r✉♥❡❛✉ ❡t ❛❧✳✱ ✷✵✶✹✮ ❢♦r s✉♠♠❡r ✇❛✈❡ ❝♦♥❞✐t✐♦♥s
✭❍s ❂ ✶♠✱ ❚♣ ❂ ✶✵ s✱ s❤♦r❡✲♥♦r♠❛❧ ✐♥❝✐❞❡♥❝❡✮ ❛t ❛ t✐❞❛❧ ❧❡✈❡❧ ♠❛①✐♠✐③✐♥❣ r✐♣ ❝✉rr❡♥t ❛❝t✐✈✐t②
✭s❡❡ ❢♦r ♠♦r❡ ❞❡t❛✐❧ ♦♥ t❤❡ ♠♦❞❡❧❧✐♥❣ str❛t❡❣② ✐♥ ❈❛st❡❧❧❡ ❡t ❛❧✳✱ ✷✵✶✻❛✮✳ ✭❛✱❝✮ ▼❡❛♥ ✢♦✇
♣❛tt❡r♥s ✇✐t❤ t❤❡ ❝♦❧♦✉r ❜❛r ❛♥❞ t❤❡ ❜❧✉❡ ❜♦① ✐♥❞✐❝❛t❡ ✈❡❧♦❝✐t② ✐♥ ♠✴s ❛♥❞ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡
✐♥✐t✐❛❧❧② s❡❡❞❡❞ ♣❛ss✐✈❡ ❞r✐❢t❡rs✱ r❡s♣❡❝t✐✈❡❧②✳ ✭❜✱❞✮ ❉r✐❢t❡rs ✭❜❧❛❝❦ ❜✉❜❜❧❡s✮ ❛❢t❡r ✷✵ ♠✐♥✉t❡s
♦❢ s✐♠✉❧❛t✐♦♥s✳ ▲❡❢t✲❤❛♥❞ ❛♥❞ r✐❣❤t✲❤❛♥❞ ♣❛♥❡❧s ❛r❡ ✇✐t❤♦✉t ❛♥❞ ✇✐t❤ ✇❛✈❡✲❣r♦✉♣✲❢♦r❝❡❞ ■●
♠♦t✐♦♥s✱ r❡s♣❡❝t✐✈❡❧②✳

✷✵✶✻✮✳ ▼❛♥② ✜❡❧❞ st✉❞✐❡s s❤♦✇❡❞ t❤❛t r✐♣ ✢♦✇ ❦✐♥❡♠❛t✐❝s ❝❛♥ ❜❡ ♣❛rt✐t✐♦♥❡❞

✐♥t♦ ♠❡❛♥✱ ■● ✭✷✺ ✲ ✷✺✵ s✮ ❛♥❞ ✈❡r② ❧♦✇ ❢r❡q✉❡♥❝② ✭✹ ✲ ✸✵ ♠✐♥✱ ❱▲❋✮ ❝♦♠♣♦✲

♥❡♥ts✱ ✇✐t❤ t❤❡ t✐❞❡ ❢✉rt❤❡r ♠♦❞✉❧❛t✐♥❣ r✐♣ ✢♦✇ ✈❡❧♦❝✐t② ✭❡✳❣✳ ▼❛❝▼❛❤❛♥ ❡t ❛❧✳✱

✷✵✵✻❀ ❆✉st✐♥ ❡t ❛❧✳✱ ✷✵✶✵❀ ❇r✉♥❡❛✉ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ▼❛❝▼❛❤❛♥ ❡t ❛❧✳ ✭✷✵✵✹✮ ✉s❡❞

✜❡❧❞ ❞❛t❛ t♦ s❤♦✇ t❤❛t r✐♣ ❝✉rr❡♥t ♣✉❧s❛t✐♦♥s ❛t ■● ❢r❡q✉❡♥❝✐❡s ❛r❡ ❧✐♥❦❡❞ t♦

st❛♥❞✐♥❣ ■● ♠♦t✐♦♥s ❜✉t ♥♦t t♦ t❤❡ ♣♦♥❞✐♥❣ ❛♥❞ s✉❜s❡q✉❡♥t r❡❧❡❛s❡ ♦❢ ✇❛t❡r

❜② ✇❛✈❡ ❣r♦✉♣ ♣✉♠♣✐♥❣✳ ❚❤✐s st✐♠✉❧❛t❡❞ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ♥❡❛rs❤♦r❡ ♠♦❞❡❧s

❛❞❞r❡ss✐♥❣ ✇❛✈❡✲❞r✐✈❡♥ ❝✉rr❡♥ts ❛t t❤❡ s❝❛❧❡ ♦❢ ✇❛✈❡ ❣r♦✉♣s ✭❡✳❣✳ ❘❡♥✐❡rs ❡t ❛❧✳✱

✸✽



✷✵✵✹❀ ❘♦❡❧✈✐♥❦ ❡t ❛❧✳✱ ✷✵✵✾✮✱ ✇❤✐❝❤ ✇❡r❡ ❢♦✉♥❞ t♦ ❡①♣❧❛✐♥ ✉♣ t♦ ✽✵✪ ♦❢ t❤❡ ■●

✇❛✈❡ ❤❡✐❣❤t ❛♥❞ ✼✵✪ ♦❢ t❤❡ ■● ✈❡❧♦❝✐t✐❡s ♦❜s❡r✈❡❞ ♦♥ ❛ r✐♣✲❝❤❛♥♥❡❧❧❡❞ ❜❡❛❝❤

✭❘❡♥✐❡rs ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❘✐♣ ❝✉rr❡♥t ♣✉❧s✐♥❣ ❛♥❞ r❡s✉❧t✐♥❣ ❡❞❞✐❡s ❞❡t❛❝❤✐♥❣ ❢r♦♠

t❤❡ r✐♣ ✇❡r❡ ❢♦✉♥❞ t♦ ❜❡ ❛♥ ✐♠♣♦rt❛♥t ❡①✐t ♠❡❝❤❛♥✐s♠ ♦❢ ✢♦❛t✐♥❣ ♠❛t❡r✐❛❧ ❢r♦♠

t❤❡ s✉r❢ ③♦♥❡ t♦✇❛r❞s t❤❡ ✐♥♥❡r s❤❡❧❢ ✭❘❡♥✐❡rs ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❆❝❝♦r❞✐♥❣❧②✱ ■●

✇❛✈❡s ❞♦ ♥♦t ❛✛❡❝t ♠❡❛♥ r✐♣ ✢♦✇ ♣❛tt❡r♥s ❜✉t str♦♥❣❧② ✐♥✢✉❡♥❝❡ ❝r♦ss✲s❤♦r❡

❛♥❞ ❛❧♦♥❣s❤♦r❡ ♠✐①✐♥❣ ✭❋✐❣✳ ✼✮✳

✹✳✶✳✷✳ ●r♦✉♥❞ ✇❛t❡r ❞②♥❛♠✐❝s

❉❛r❝②✬s ❧❛✇ st❛t❡s t❤❛t✱ ✐♥ ✐s♦tr♦♣✐❝ ♣♦r♦✉s ♠❡❞✐❛✱ ✇❛t❡r ✢♦✇s ✐♥ t❤❡ ❞✐✲

r❡❝t✐♦♥ ♦❢ ❞❡❝r❡❛s✐♥❣ ♣♦t❡♥t✐❛❧ ✭❉❛r❝②✱ ✶✽✺✻✮✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ❛♥② ♣r❡ss✉r❡

❣r❛❞✐❡♥t ✇✐t❤✐♥ ❛ ♣♦r♦✉s s♦✐❧ ✇✐❧❧ ✐♥❞✉❝❡ ❛ ❣r♦✉♥❞✇❛t❡r ✢♦✇✳ ■♥ t❤❡ ❝♦♥t❡①t

♦❢ s❡❞✐♠❡♥t❛r② ❜❡❛❝❤❡s✱ t❤❡ ❦❡② s♦✐❧ ♣r♦♣❡rt✐❡s ❛✛❡❝t✐♥❣ t❤❡ ❣r♦✉♥❞✇❛t❡r ❝✐r❝✉✲

❧❛t✐♦♥ ❛r❡ t❤❡ ❤②❞r❛✉❧✐❝ ❝♦♥❞✉❝t✐✈✐t② ❛♥❞ t❤❡ s❛t✉r❛t✐♦♥✱ ✇❤❡r❡❛s ✐♥ ❢r❛❝t✉r❡❞

r♦❝❦s ♦r r❡❡❢ ❡♥✈✐r♦♥♠❡♥ts✱ t♦rt✉♦s✐t② ❛♥❞ s♣❡❝✐✜❝ s✉r❢❛❝❡ ✭●✉②♦♥ ❡t ❛❧✳✱ ✷✵✶✺✮

s❤♦✉❧❞ ❛❧s♦ ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✳ ❋♦r t❤❡ s❛❦❡ ♦❢ s✐♠♣❧✐❝✐t②✱ ♦♥❧② t❤❡ ❢♦r♠❡r

❝❛s❡ ✇✐❧❧ ❜❡ ❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s s❡❝t✐♦♥✳

■♥ t❤❡ ♣❡r♠❛♥❡♥t❧② s✉❜♠❡r❣❡❞ ③♦♥❡✱ ❡①t❡♥❞✐♥❣ ❢r♦♠ ❞❡❡♣ ✇❛t❡r t♦ t❤❡ ❡♥❞ ♦❢

t❤❡ ✐♥♥❡r s✉r❢ ③♦♥❡✱ ■● ✇❛✈❡s ✐♠♣❛❝t t❤❡ ❣r♦✉♥❞✇❛t❡r ❞②♥❛♠✐❝s ♠❛✐♥❧② t❤r♦✉❣❤✿

✭✐✮ t❤❡ ✢✉❝t✉❛t✐♦♥s ♦❢ ♣r❡ss✉r❡ ❛t t❤❡ s❡❛ ❜❡❞ ✐♥t❡r❢❛❝❡ ❞r✐✈❡♥ ❜② t❤❡ ■● ❝♦♥✲

t❡♥t✱ ❛♥❞ ✭✐✐✮ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ♣♦r♦✉s s♦✐❧ ✭♣♦ss✐❜❧② ❡✈♦❧✈✐♥❣ t❤r♦✉❣❤ t✐♠❡✮✳

❚❤❡ ❢♦r♠❡r ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣✱ ❡✳❣✳✱ ❧✐♥❡❛r ✇❛✈❡ t❤❡♦r② ✇❤✐❧❡ t❤❡ ❧❛tt❡r

❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ❢r♦♠ s♦♠❡ s♦✐❧ ♣r♦♣❡rt✐❡s ✭♣♦r♦s✐t②✱ s❛t✉r❛t✐♦♥✱ ❝♦♠♣❛❝t✐♦♥✱

❞❡♣t❤ ♦❢ t❤❡ ♣♦r♦✉s ❧❛②❡r✱ ❡t❝✮ ✉s✐♥❣ ♠♦❞❡❧s ♦❢ ♣♦r❡✲♣r❡ss✉r❡ tr❛♥s♠✐ss✐♦♥ ✐♥

✸✾



❤♦♠♦❣❡♥❡♦✉s s♦✐❧s ✭❙❛❦❛✐ ❡t ❛❧✳✱ ✶✾✾✷✮✳ ■♥ t❤❡ ❝♦♥t❡①t ♦❢ s❡❞✐♠❡♥t❛r② ❜❡❛❝❤❡s✱

♣♦r♦✲❡❧❛st✐❝ s♦✐❧ t❤❡♦r✐❡s r❡✈❡❛❧ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❡♥❝❛♣s✉❧❛t❡❞ ❣❛s ✐♥ t❤❡ s❛♥❞✱

❡✈❡♥ ❢♦r t❤❡ s♠❛❧❧ ❣❛s ❝♦♥t❡♥ts ✭❛ ❢❡✇ ♣❡r❝❡♥t✮ ♦❜s❡r✈❡❞ ✐♥ t❤❡ s✉♣❡r✜❝✐❛❧ ❧❛②❡r

✭0.5 − 1♠✮ ♦❢ ✐♥t❡rt✐❞❛❧ s❛♥❞s ✭❇♦♥❥❡❛♥ ❡t ❛❧✳✱ ✷✵✵✹✮✳ Pr❡ss✉r❡ ✇❛✈❡s ❛♣♣❧✐❡❞

♦♥ t❤❡ s❡❛ ❜❡❞ ❛r❡ ❜♦t❤ ❛tt❡♥✉❛t❡❞ ❛♥❞ ♣❤❛s❡ s❤✐❢t❡❞ ✇❤❡♥ ♣r♦♣❛❣❛t✐♥❣ ✇✐t❤✐♥

t❤❡ s♦✐❧✱ ✇❤✐❝❤ ✐♥❞✉❝❡s t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ✈❡rt✐❝❛❧ ♣r❡ss✉r❡ ❣r❛❞✐❡♥ts ✭▼✐❝❤❛❧❧❡t

❡t ❛❧✳✱ ✷✵✵✾✮✳ ❚❤❡s❡ ♣r♦❝❡ss❡s ❛r❡ str♦♥❣❧② ❞❡♣❡♥❞❡♥t ♦♥ ✇❛✈❡ ❢r❡q✉❡♥❝②✿ t❤❡

❧♦♥❣❡r t❤❡ ✇❛✈❡✱ t❤❡ str♦♥❣❡r t❤❡ ❣r♦✉♥❞✇❛t❡r ♣r❡ss✉r❡ ♦s❝✐❧❧❛t✐♦♥✳ ❚❤✐s ❡❢✲

❢❡❝t ✐s q✉❛♥t✐✜❡❞✱ ❛♠♦♥❣ ♦t❤❡rs✱ ✐♥ ♣♦r♦✲❡❧❛st✐❝ s♦✐❧ ♠♦❞❡❧s ✭❙❛❦❛✐ ❡t ❛❧✳✱ ✶✾✾✷✮✳

❚❤❡ r❡❧❛t❡❞ ❝②❝❧✐❝ ✈❡rt✐❝❛❧ ✢♦✇s✱ ✉♣✇❛r❞ ❡①✜❧tr❛t✐♦♥ ✉♥❞❡r t❤❡ ✇❛✈❡ tr♦✉❣❤ ❛♥❞

❞♦✇♥✇❛r❞ ✐♥✜❧tr❛t✐♦♥ ✉♥❞❡r t❤❡ ❝r❡st✱ ❛r❡ ❛t ♠♦st ♦❢ t❤❡ ♦r❞❡r ♦❢ ✵✳✵✶ ♠♠✴s ❢♦r

t②♣✐❝❛❧ s✉r❢ ③♦♥❡ ■● ✇❛✈❡s✳ ❍♦r✐③♦♥t❛❧ ❣r♦✉♥❞✇❛t❡r ✢♦✇s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❢r❡❡

s✉r❢❛❝❡ ❣r❛❞✐❡♥ts ♦❢ ■● ✇❛✈❡s ❛r❡ t✇♦ t♦ t❤r❡❡ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ s♠❛❧❧❡r✳

❆ ♠✉❝❤ ♠♦r❡ s✉❜st❛♥t✐❛❧ ■● ✇❛✈❡ ✐♠♣❛❝t ✐s ❡①♣❡❝t❡❞ ❛r♦✉♥❞ t❤❡ ❜❡❛❝❤❢❛❝❡✳

❙✉❜t❡rr❛♥❡❛♥ ✢✉①❡s t❤r♦✉❣❤ s❛♥❞② ❜❡❛❝❤❡s ❤❛✈❡ r❡❝❡♥t❧② ❜❡❡♥ t❤❡ ❢♦❝✉s ♦❢ ❛♥

✐♥❝r❡❛s✐♥❣ ✐♥t❡r❡st ❞✉❡ t♦ t❤❡✐r ✐♠♣❧✐❝❛t✐♦♥ ✐♥ t❤❡ ❡①❝❤❛♥❣❡s ♦❢ ❢r❡s❤✴s❛❧t ✇❛t❡r

❜❡t✇❡❡♥ ♦❝❡❛♥✱ ❝♦❛st❛❧ ❛q✉✐❢❡rs ❛♥❞ ❧❛❣♦♦♥s ✭❇✉r♥❡tt ❡t ❛❧✳✱ ✷✵✵✻❀ ●❡♥❣ ❛♥❞

❇♦✉❢❛❞❡❧✱ ✷✵✶✺✮✱ t❤❡ tr❛♥s♣♦rt ♦❢ ♥✉tr✐❡♥ts ♦r ♣♦❧❧✉t❛♥ts ✭❆♥s❝❤✉t③ ❡t ❛❧✳✱ ✷✵✵✾❀

❙❛✇②❡r ❡t ❛❧✳✱ ✷✵✶✹✮ ❛♥❞ ❜✐♦❣❡♦❝❤❡♠✐❝❛❧ ♣r♦❝❡ss❡s ✭▼❝❆❧❧✐st❡r ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❚❤❡

❡✛❡❝t ♦❢ ■● ✇❛✈❡s ♦♥ ❣r♦✉♥❞✇❛t❡r ❞②♥❛♠✐❝s ✐s ♠♦r❡ ✐♠♣♦rt❛♥t ♦♥ s❛♥❞② ❞✐ss✐♣❛✲

t✐✈❡ ❜❡❛❝❤❡s✱ ✇❤❡r❡ ■● ✇❛✈❡s ✉s✉❛❧❧② ❞♦♠✐♥❛t❡ t❤❡ ❞②♥❛♠✐❝s✳ ❆ ✜rst ✐♠♣♦rt❛♥t

♣❛r❛♠❡t❡r ✐s t❤❡ ❞❡❣r❡❡ ♦❢ s❛t✉r❛t✐♦♥ ♦❢ t❤❡ ❜❡❛❝❤✳ ❲❤✐❧❡ t❤❡ s❛♥❞ ❜❡❞ ✐♥ t❤❡

❧♦✇❡r ♣❛rt ♦❢ t❤❡ s✇❛s❤ ③♦♥❡ ✐s ❡①♣❡❝t❡❞ t♦ ❜❡ ♣❡r♠❛♥❡♥t❧② s❛t✉r❛t❡❞✱ ❧❛r❣❡
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BACKWASH (t=13 s)
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❋✐❣✉r❡ ✽✿ ●r♦✉♥❞✇❛t❡r ♣r❡ss✉r❡ ❤❡❛❞ ❛♥❞ ✈❡❧♦❝✐t② ✜❡❧❞s ❞✉r✐♥❣ ✉♣r✉s❤ ✭t♦♣ ♣❧♦t✮ ❛♥❞ ❜❛❝❦✲
✇❛s❤ ✭❜♦tt♦♠ ♣❧♦t✮ ♣❤❛s❡s ♦❢ ❛♥ ■●✲❞r✐✈❡♥ s✇❛s❤ ❡✈❡♥t ♠❡❛s✉r❡❞ ❞✉r✐♥❣ t❤❡ ❘♦✉st②✶✹✶✷ ✜❡❧❞
❝❛♠♣❛✐❣♥ ✐♥ t❤❡ ❘♦✉st② ❜❡❛❝❤ ✭❈❛♠❛r❣✉❡✱ ❋r❛♥❝❡✮✳ ❚❤❡ ❜❧✉❡ s♦❧✐❞ ❧✐♥❡ ✐♥❞✐❝❛t❡s t❤❡ ❢r❡❡
s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ ♠❡❛s✉r❡❞ ❜② t❡rr❡str✐❛❧ ▲✐❉❆❘ ✇❤✐❧❡ t❤❡ s♦❧✐❞ ❜❧❛❝❦ ❧✐♥❡ ✐♥❞✐❝❛t❡s t❤❡ s❛♥❞
❜❡❞✳ ❊❛❝❤ ✇❤✐t❡ ❝✐r❝❧❡ ✇✐t❤✐♥ t❤❡ s❛♥❞ s♦✐❧ ❝♦rr❡s♣♦♥❞s t♦ ❛ ❜✉r✐❡❞ ♣r❡ss✉r❡ s❡♥s♦r ✭✺❍③
❛❝q✉✐s✐t✐♦♥ ❢r❡q✉❡♥❝②✮✳ ❈♦❧♦r ❝♦♥t♦✉rs ✐♥❞✐❝❛t❡ t❤❡ ❣r♦✉♥❞✇❛t❡r ❤❡❛❞ ✜❡❧❞✱ ✐♥t❡r♣♦❧❛t❡❞ ❢r♦♠
♠❡❛s✉r❡♠❡♥ts ❛t ❡❛❝❤ s❡♥s♦r✳ ❱❡❝t♦rs ❛r❡ ❣r♦✉♥❞✇❛t❡r ✈❡❧♦❝✐t✐❡s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❤❡❛❞
✜❡❧❞ ✉s✐♥❣ t❤❡ ❉❛r❝②✬s ❧❛✇✳

■●✲❞r✐✈❡♥ ✉♣r✉s❤ ❡✈❡♥ts ❝❛♥ r❡❛❝❤ ✉♥s❛t✉r❛t❡❞ ❛r❡❛s ♦❢ t❤❡ ❜❡❛❝❤ ❢❛❝❡✱ ♣❛rt✐❝✲

✉❧❛r❧② ❞✉r✐♥❣ t❤❡ r✐s✐♥❣ ♣❤❛s❡ ♦❢ t❤❡ t✐❞❡ ❛♥❞ ❞✉r✐♥❣ st♦r♠ s✉r❣❡s✳ ❈♦♠♣❧❡①

❞②♥❛♠✐❝s ❞❡✈❡❧♦♣ ✉♥❞❡r t❤❡ ❜❡❛❝❤❢❛❝❡ ✇✐t❤ ❛s②♠♠❡tr✐❝ ♣r❡ss✉r❡ ✢✉❝t✉❛t✐♦♥s

✐♥ t❤❡ ❝❛♣✐❧❧❛r② ❢r✐♥❣❡ ✭❚✉r♥❡r ❛♥❞ ◆✐❡❧s❡♥✱ ✶✾✾✼❀ ❈❛rt✇r✐❣❤t ❡t ❛❧✳✱ ✷✵✵✻✮ ❛♥❞

❛ ❤✉♠♣✲s❤❛♣❡❞ ✇❛t❡rt❛❜❧❡ ✭❚✉r♥❡r ❡t ❛❧✳✱ ✶✾✾✼❀ ❙♦✉s ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❍♦✇❡✈❡r✱

❞✉❡ t♦ t❤❡ ❞✐✣❝✉❧t② ♦❢ ♣❡r❢♦r♠✐♥❣ ❞✐r❡❝t ❛♥❞ ♥♦♥✲✐♥tr✉s✐✈❡ ♠❡❛s✉r❡♠❡♥ts ✐♥

t❤❡ s❛♥❞ s♦✐❧✱ t❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ♣r❡ss✉r❡ ❛♥❞ s❛t✉r❛t✐♦♥ ❢❡❛t✉r❡s ✇✐t❤✐♥

t❤❡ ✈❛❞♦s❡ ③♦♥❡ ✭❧♦❝❛t❡❞ ❜❡t✇❡❡♥ t❤❡ ✇❛t❡rt❛❜❧❡ ❛♥❞ t❤❡ ❜❡❛❝❤❢❛❝❡✮ r❡♠❛✐♥s ❛

❝❤❛❧❧❡♥❣❡ ❛♥❞ ❛♥ ❛❝t✐✈❡ ✜❡❧❞ ♦❢ r❡s❡❛r❝❤ ✭❍♦r♥✱ ✷✵✵✻❀ ❍❡✐ss ❡t ❛❧✳✱ ✷✵✶✺✮✳

■♥s✐❞❡ t❤❡ s❛t✉r❛t❡❞ ♣❛rt ♦❢ t❤❡ s✇❛s❤ ③♦♥❡ ❣r♦✉♥❞✇❛t❡r✱ ♣❡r✐♦❞✐❝ ❝✐r❝✉❧❛✲

t✐♦♥s ❛r❡ ♦❜s❡r✈❡❞✿ ❡①✜❧tr❛t✐♦♥ ✉♥❞❡r t❤❡ ✐♥❝♦♠✐♥❣ ✉♣r✉s❤ ❜♦r❡ t♦❡✱ ✐♥✜❧tr❛t✐♦♥
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❞✉r✐♥❣ ❜❛❝❦✇❛s❤✳ ❚❤✐s ♣❛tt❡r♥ ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞ ❜♦t❤ ❢♦r s❤♦rt ✇❛✈❡ ❞r✐✈❡♥

s✇❛s❤ ✭▲✐ ❛♥❞ ❇❛rr②✱ ✷✵✵✵❀ ❇❛❦❤t②❛r ❡t ❛❧✳✱ ✷✵✶✶✮ ❛♥❞ ✐♥ t❤❡ ✜❡❧❞ ❢♦r ■● ✇❛✈❡✲

❞♦♠✐♥❛t❡❞ s✇❛s❤ ③♦♥❡ ✭❙♦✉s ❡t ❛❧✳✱ ✷✵✶✻✮✳ ❚❤❡ r❡s✉❧t✐♥❣ t✐♠❡✲❛✈❡r❛❣❡❞ ✢♦✇

✐s ❛ s❡❛✇❛r❞ ❣r♦✉♥❞✇❛t❡r ❝✐r❝✉❧❛t✐♦♥ ❝❡❧❧✱ ✇✐t❤ ❡①✜❧tr❛t✐♦♥✴✐♥✜❧tr❛t✐♦♥ ❛t t❤❡

❜❛s❡✴t♦♣ ♦❢ t❤❡ s✇❛s❤ ③♦♥❡ ✭❚✉r♥❡r ❡t ❛❧✳✱ ✷✵✶✺❀ ❙♦✉s ❡t ❛❧✳✱ ✷✵✶✻✮✳ ❚❤✐s ✢♦✇

♣❛tt❡r♥ ✐s ✐❧❧✉str❛t❡❞ ♦♥ ❋✐❣✳ ✽✱ ✇❤✐❝❤ s❤♦✇s t❤❡ ♠❡❛s✉r❡❞ ❣r♦✉♥❞✇❛t❡r ❤❡❛❞

✜❡❧❞ ❛♥❞ t❤❡ r❡s✉❧t✐♥❣ ❝♦♠♣✉t❡❞ ✈❡❧♦❝✐t✐❡s ❞r✐✈❡♥ ❜② ❛♥ ■● ✇❛✈❡ ❡✈❡♥t ❛t t❤❡

❘♦✉st② ♠✐❝r♦t✐❞❛❧ ❜❡❛❝❤ ✭❙❊ ❋r❛♥❝❡✮✳ ❙✉❝❤ ❝✐r❝✉❧❛t✐♦♥ ♣❛tt❡r♥s ❛r❡ ❡①♣❡❝t❡❞ t♦

❜❡ ♦❢ ❣r❡❛t ✐♠♣♦rt❛♥❝❡ ❢♦r ♠✐①✐♥❣ ❛♥❞ ❡①❝❤❛♥❣❡ ♣r♦❝❡ss❡s ❜❡t✇❡❡♥ ♦❝❡❛♥ ❛♥❞

❜❡❛❝❤ ❛q✉✐❢❡r✳ ■♥ t❤❡ ❝❛s❡ ♦❢ s❛♥❞② ❜❡❛❝❤❡s✱ t❤❡ ✐♥❧❛♥❞ ❜❛❝❦✲❜❛rr✐❡r ✇❛t❡rt❛❜❧❡

✢✉❝t✉❛t✐♦♥s ✭♦r r❡❧❛t❡❞ ❜❡❛❝❤ ❞r❛✐♥❛❣❡ s②st❡♠s✮ ♣❧❛② ❛ ✇❡❛❦ r♦❧❡ ♦♥ t❤❡ s✇❛s❤

❣r♦✉♥❞✇❛t❡r ❞②♥❛♠✐❝s ✭❚✉r♥❡r ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❚❤❡ ♣♦ss✐❜❧❡ ❡✛❡❝t ♦❢ ❣r♦✉♥❞✇❛t❡r

✢♦✇s ♦♥ ❜❡❞ st❛❜✐❧✐t② ❛♥❞ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❤❛s ❜❡❡♥ ❛♥ ❛❝t✐✈❡ ✜❡❧❞ ♦❢ r❡s❡❛r❝❤

♦✈❡r t❤❡ ❧❛st ❞❡❝❛❞❡s t♦ ❜❡tt❡r ✉♥❞❡rst❛♥❞ t❤❡ ♣r♦❜❧❡♠ ♦❢ s✇❛s❤ ③♦♥❡ ♠♦r♣❤♦✲

❞②♥❛♠✐❝s ✭❚✉r♥❡r ❛♥❞ ▼❛ss❡❧✐♥❦✱ ✶✾✾✽❀ ❇✉tt ❡t ❛❧✳✱ ✷✵✵✶❀ ❑❛r❛♠❜❛s✱ ✷✵✵✸✮✳ ■♥

t❤❡ ❝❛s❡ ♦❢ s❛♥❞② ❜❡❛❝❤❡s✱ s❡❡♣❛❣❡ ✭✐♥✴❡①✜❧tr❛t✐♦♥ t❤r♦✉❣❤ t❤❡ ❜❡❞✮ ✈❡❧♦❝✐t✐❡s

♦❢ ❛❜♦✉t ✵✳✶♠♠✴s ❛r❡ ♦♥❧② ❛❜❧❡ t♦ ❛✛❡❝t ❛ ❢❡✇ ♣❡r❝❡♥ts ♦❢ t❤❡ r❡❧❛t✐✈❡ s❡❞✐♠❡♥t

✇❡✐❣❤t✱ s♦ t❤❛t t❤❡ ❡✛❡❝t ♦❢ t❤r♦✉❣❤✲❜❡❞ ✢♦✇s ✐s ❡①♣❡❝t❡❞ t♦ ❜❡ r❛t❤❡r s♠❛❧❧

❝♦♠♣❛r❡❞ t♦ s✇❛s❤ ❤②❞r♦❞②♥❛♠✐❝s ✭s❤❡❛r str❡ss✱ t✉r❜✉❧❡♥❝❡✱ s❡❞✐♠❡♥t ❧♦❛❞ ❛❞✲

✈❡❝t❡❞ ❢r♦♠ t❤❡ s✉r❢ ③♦♥❡✮ ❛♥❞ ❧❛r❣❡r✲s❝❛❧❡ ♠♦r♣❤♦❞②♥❛♠✐❝ ♣r♦❝❡ss❡s✳ ❋✉rt❤❡r

✐♥❧❛♥❞✱ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ■● ✇❛✈❡s ✐s r❛♣✐❞❧② ❞❛♠♣❡❞ ❜② t❤❡ ❧♦✇✲♣❛ss ✜❧t❡r✐♥❣

❡✛❡❝t ♦❢ t❤❡ s❛♥❞② ❜❡❛❝❤ ✭◆✐❡❧s❡♥✱ ✶✾✾✵❀ ❚✉r♥❡r✱ ✶✾✾✽✮✳

❖♥ r❡✢❡❝t✐✈❡ ❣r❛✈❡❧ ❜❡❛❝❤❡s✱ t❤❡ ❡✛❡❝t ♦❢ ■● ✇❛✈❡s ♦♥ ❜❡❛❝❤ ❣r♦✉♥❞✇❛t❡r

✹✷



❞②♥❛♠✐❝s ✐s ❡①♣❡❝t❡❞ t♦ ❜❡ ♠✉❝❤ ✇❡❛❦❡r t❤❛♥ t❤❛t ♦❢ ❣r❛✈✐t② ✇❛✈❡s ❜❡❝❛✉s❡ t❤❡

s✇❛s❤ ③♦♥❡ ✐s ♠♦st❧② ❣♦✈❡r♥❡❞ ❜② s✇❡❧❧ ❛♥❞ ✇✐♥❞ ✇❛✈❡s✳ ❍♦✇❡✈❡r✱ ❝♦♠♣❛r❡❞ t♦

s❛♥❞② ❜❡❛❝❤❡s✱ s✇❛s❤ ✐♥✜❧tr❛t✐♦♥ ♦❝❝✉rs ♠♦r❡ r❛♣✐❞❧② ✭❙t❡❡♥❤❛✉❡r ❡t ❛❧✳✱ ✷✵✶✶✮

❧❡❛❞✐♥❣ t♦ ❛ ♥❡t ✈♦❧✉♠❡ ❧♦ss ❛♥❞ ❛ ♠♦❞✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r str✉❝t✉r❡

✭❇✉tt ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❋✐♥❛❧❧②✱ ✢✉①❡s t❤r♦✉❣❤ t❤❡ ❜❡❛❝❤❢❛❝❡ ❛r❡ ❛❧s♦ ♠♦r❡ s❡♥s✐t✐✈❡

t♦ ✐♥❧❛♥❞ ✇❛t❡rt❛❜❧❡ ✢✉❝t✉❛t✐♦♥s ✭▲❡❡ ❡t ❛❧✳✱ ✷✵✵✼❀ ❚✉r♥❡r ❛♥❞ ▼❛ss❡❧✐♥❦✱ ✷✵✶✷✮✳

✹✳✶✳✸✳ ❘✉♥✉♣ ❛♥❞ ♦✈❡r✇❛s❤✴♦✈❡rt♦♣♣✐♥❣

❲❛✈❡ r✉♥✲✉♣✱ ❞❡✜♥❡❞ ❛s t❤❡ s❡t ♦❢ ♠❛①✐♠❛ ♦❢ t❤❡ t✐♠❡✲✈❛r②✐♥❣ ✇❛t❡r❧✐♥❡

❡❧❡✈❛t✐♦♥ ❛❜♦✈❡ t❤❡ st✐❧❧ ✇❛t❡r ❧❡✈❡❧✱ ✐s t❤❡ ❝♦♠❜✐♥❡❞ r❡s✉❧t ♦❢ ✇❛✈❡ s❡t✲✉♣ ✐♥

t❤❡ s✉r❢ ③♦♥❡ ❛♥❞ ✈❛r✐❛♥❝❡ ✐♥ t❤❡ s✇❛s❤ ③♦♥❡ ✭✐✳❡✳✱ ✇❛✈❡ ✉♣r✉s❤ ❛♥❞ ❜❛❝❦✇❛s❤✱

❍♦❧♠❛♥ ❛♥❞ ❙❛❧❧❡♥❣❡r✱ ✶✾✽✺❀ ❙t♦❝❦❞♦♥ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❖♥ ❞✐ss✐♣❛t✐✈❡ ❜❡❛❝❤❡s✱

✇❛✈❡ r✉♥✉♣ ✐s ❞♦♠✐♥❛t❡❞ ❜② ■● ✇❛✈❡s ❞✉❡ t♦ t❤❡ s❛t✉r❛t✐♦♥ ♦❢ t❤❡ s❤♦rt✲✇❛✈❡

✐♥❝✐❞❡♥t✲❜❛♥❞ ✐♥ t❤❡ s✉r❢✲③♦♥❡ ✭●✉③❛ ❛♥❞ ❚❤♦r♥t♦♥✱ ✶✾✽✷✮ ❛♥❞ ■●✲❜❛♥❞ ❞♦♠✐✲

♥❛♥❝❡ ❛t t❤❡ s❡❛✇❛r❞ ❡❞❣❡ ♦❢ t❤❡ s✇❛s❤ ③♦♥❡ ✭❡✳❣✳✱ ●✉③❛ ❡t ❛❧✳✱ ✶✾✽✹❀ ❍♦❧♠❛♥

❛♥❞ ❙❛❧❧❡♥❣❡r✱ ✶✾✽✺❀ ❘❛✉❜❡♥❤❡✐♠❡r ❡t ❛❧✳✱ ✶✾✾✻❀ ❘✉❡ss✐♥❦ ❡t ❛❧✳✱ ✶✾✾✽❛❀ ❘✉❣❣✐❡r♦

❡t ❛❧✳✱ ✷✵✵✶✮✳ ❙✐♠✐❧❛r❧②✱ ✇❛✈❡ r✉♥✲✉♣ ♦♥ ❝♦❛sts ❢r♦♥t❡❞ ❜② ❝♦r❛❧ r❡❡❢s ✐s ♦❢t❡♥

❞♦♠✐♥❛t❡❞ ❜② ■● s✇❛s❤ ♠♦t✐♦♥s ❞✉❡ t♦ t❤❡ ❞♦♠✐♥❛♥❝❡ ♦❢ ■●✲❜❛♥❞ ❛♥❞ ♦t❤❡r

❧♦✇✲❢r❡q✉❡♥❝② ♠♦t✐♦♥s ♦♥ t❤❡ r❡❡❢ ✢❛t ✭❡✳❣✳✱ ❙❡❡❧✐❣✱ ✶✾✽✸❀ ◆✇♦❣✉ ❛♥❞ ❉❡♠✐r✲

❜✐❧❡❦✱ ✷✵✶✵❀ ❙❤✐♠♦③♦♥♦ ❡t ❛❧✳✱ ✷✵✶✺❀ ❇r✐❝❦❡r ❛♥❞ ❘♦❡❜❡r✱ ✷✵✶✺❀ ❈❤❡r✐t♦♥ ❡t ❛❧✳✱

✷✵✶✻✮✳ ❍♦✇❡✈❡r✱ ❡✈❡♥ ✐♥ ❝❛s❡s ✇✐t❤♦✉t ♥❡❛rs❤♦r❡ ■● ✇❛✈❡ ❞♦♠✐♥❛♥❝❡✱ s✉❝❤ ❛s

r❡✢❡❝t✐✈❡ s❛♥❞② ✭❡✳❣✳✱ ❱♦✉s❞♦✉❦❛s ❡t ❛❧✳✱ ✷✵✶✷❀ ❇❧❡♥❦✐♥s♦♣♣ ❡t ❛❧✳✱ ✷✵✶✻✮ ❛♥❞

❣r❛✈❡❧ ✭❆❧♠❡✐❞❛ ❡t ❛❧✳✱ ✷✵✶✺✮ ❜❡❛❝❤❡s✱ ■● s✇❛s❤ ♠♦t✐♦♥s ♠❛② ❝♦♥tr✐❜✉t❡ s✉❜✲

st❛♥t✐❛❧❧② t♦ ✇❛✈❡ r✉♥✲✉♣ ❞✉❡ t♦ t❤❡ s❛t✉r❛t✐♦♥ ♦❢ t❤❡ ✐♥❝✐❞❡♥t✲❜❛♥❞ ❢r❡q✉❡♥❝✐❡s

✹✸



✐♥ t❤❡ s✇❛s❤ ③♦♥❡ ✭✐✳❡✳✱ ✉♣r✉s❤✲❜❛❝❦✇❛s❤ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ s✉❝❝❡ss✐✈❡ ❜♦r❡s❀

▼❛s❡✱ ✶✾✾✺✮ ❛♥❞ t❤❡ ♣❡rs✐st❡♥❝❡ ♦❢ ✇❛✈❡ ❣r♦✉♣✐♥❡ss ✐♥t♦ t❤❡ s✇❛s❤ ③♦♥❡ ✭❇❛❧❞♦❝❦

❡t ❛❧✳✱ ✶✾✾✼✮✳ ❖♥ ❜♦t❤ ❞✐ss✐♣❛t✐✈❡ ❛♥❞ r❡✢❡❝t✐✈❡ ❜❡❛❝❤❡s✱ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡

■●✲❜❛♥❞ t♦ ✇❛✈❡ r✉♥✲✉♣ ✐s ♥❡❝❡ss❛r✐❧② ❛✛❡❝t❡❞ ❜② t❤❡ ✐♥❝✐❞❡♥t ■● ✇❛✈❡ ❤❡✐❣❤t

s❡❛✇❛r❞ ♦❢ t❤❡ s✇❛s❤✱ ❛♥❞ t❤✉s ❜② t❤❡ ✐♥❝✐❞❡♥t✲❜❛♥❞ ❞✐r❡❝t✐♦♥❛❧ ❛♥❞ ❢r❡q✉❡♥❝②

s♣r❡❛❞ ✭●✉③❛ ❛♥❞ ❋❡❞❞❡rs❡♥✱ ✷✵✶✷✮✳

❖✈❡r✇❛s❤ ♦❝❝✉rs ✇❤❡♥ t❤❡ r✉♥✲✉♣ ♦❢ ✐♥❞✐✈✐❞✉❛❧ s✇❛s❤❡s ❡①❝❡❡❞s t❤❡ ❤❡✐❣❤t ♦❢

t❤❡ ❝r❡st ♦❢ ❛ ❜❡❛❝❤ ♦r ✐s❧❛♥❞ ✭▼❛t✐❛s ❡t ❛❧✳✱ ✷✵✶✷✮ ❛♥❞ ❝❛♥ ❝❛✉s❡ ✢♦♦❞✐♥❣ ♦❢ t❤❡

❤✐♥t❡r❧❛♥❞ ❛♥❞ ❡r♦s✐♦♥ ♦❢ ❝♦❛st❛❧ ✐♥❢r❛str✉❝t✉r❡✳ ❉❡s♣✐t❡ t❤❡ ♦❜✈✐♦✉s s♦❝✐❡t❛❧

✐♠♣♦rt❛♥❝❡ ♦❢ ♦✈❡r✇❛s❤ ✇✐t❤ r❡s♣❡❝t t♦ ✢♦♦❞ s❛❢❡t② ❛♥❞ ❝♦❛st❧✐♥❡ ♠❛♥❛❣❡♠❡♥t✱

r❡❧❛t✐✈❡❧② ❢❡✇ st✉❞✐❡s ❤❛✈❡ ❜❡❡♥ ❝❛rr✐❡❞ ♦✉t r❡❣❛r❞✐♥❣ ♦✈❡r✇❛s❤ ♣r♦❝❡ss❡s✱ ❛♥❞

♣❛rt✐❝✉❧❛r❧② t❤❡ r♦❧❡ ♦❢ ■● ✇❛✈❡s ❞✉r✐♥❣ ♦✈❡r✇❛s❤ ❡✈❡♥ts✳

❇❛✉♠❛♥♥ ❡t ❛❧✳ ✭✷✵✶✼✮ ❝❛rr✐❡❞ ♦✉t ♠❡❛s✉r❡♠❡♥ts ♦❢ ♦✈❡r✇❛s❤ ♦♥ ❛ ♥❛t✉r❛❧

s❛♥❞② ❞✉♥❡ ✉♥❞❡r ❡♥❡r❣❡t✐❝ ✇❛✈❡ ❝♦♥❞✐t✐♦♥s ✭Hs = 6.0m ❛♥❞ Tp = 15s✮ ❝♦♠✲

❜✐♥❡❞ ✇✐t❤ ❤✐❣❤ s♣r✐♥❣ t✐❞❡s✳ ❋✐❣✳ ✾ s❤♦✇s t❤❛t ♦✈❡r✇❛s❤❡s ❝♦♥s✐st ♦❢ ❜♦r❡✲❧✐❦❡

❛s②♠♠❡tr✐❝ ✇❛✈❡s ✇✐t❤ ♣❡r✐♦❞s r❛♥❣✐♥❣ ❢r♦♠ ✼✵ t♦ ✶✵✵ s✳ ❙✉❝❤ ♣❡r✐♦❞s ❝♦rr❡✲

s♣♦♥❞ t♦ ■● ✇❛✈❡s ❛♥❞ t❤❡ s♣❡❝tr❛❧ ❛♥❛❧②s✐s ♦❢ t❤❡ ❞❛t❛ r❡✈❡❛❧❡❞ t❤❛t ❡♥❡r❣② ✐♥

t❤❡ s❤♦rt✲✇❛✈❡ ❜❛♥❞ ✐s ❛❧♠♦st ♥✐❧✳ ❚❤✐s str♦♥❣ ❞♦♠✐♥❛♥❝❡ ♦❢ ■● ✇❛✈❡s ✐♥ t❤❡

❜❡❛❝❤ ✉♣♣❡r ♣❛rt ✐s r❡❧❛t❡❞ t♦ t❤❡ ✈❡r② ❞✐ss✐♣❛t✐✈❡ ♠♦r♣❤♦❧♦❣② ♦❢ t❤❡ ❜❡❛❝❤✱ ✐♥

❛❣r❡❡♠❡♥t ✇✐t❤ ♣r❡✈✐♦✉s st✉❞✐❡s ❧✐st❡❞ ❛❜♦✈❡✳

▼❝❈❛❧❧ ✭✷✵✶✺✮ ❝♦♠❜✐♥❡❞ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧❧✐♥❣ ❛t ❛

st❡❡♣✱ r❡✢❡❝t✐✈❡✱ ❣r❛✈❡❧ ❜❛rr✐❡r ❛♥❞ s❤♦✇❡❞ t❤❛t✱ ❛❧t❤♦✉❣❤ t❤❡ ♠❛❥♦r✐t② ♦❢ ♦✈❡r✲

t♦♣♣✐♥❣ ❡✈❡♥ts ✇❡r❡ ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ s❤♦rt✲✇❛✈❡ ❜❛♥❞ ♠♦t✐♦♥s✱ ❧❛r❣❡ ♦✈❡r✇❛s❤
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❋✐❣✉r❡ ✾✿ ❚✐♠❡ s❡r✐❡s ♦❢ ✇❛t❡r ❞❡♣t❤ ♠❡❛s✉r❡❞ t♦ t❤❡ ❙❲ ♦❢ ❖❧ér♦♥ ■s❧❛♥❞ ✭❋r❛♥❝❡✮ ♦♥ t❤❡
✵✽✴✵✷✴✷✵✶✻✱ s❤♦✇✐♥❣ ♦✈❡r✇❛s❤ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ■● ✇❛✈❡s ✇✐t❤ ♣❡r✐♦❞s r❛♥❣✐♥❣ ❢r♦♠ ✼✵ t♦ ✶✵✵
s✳ ❆❞❛♣t❡❞ ❢r♦♠ ❇❛✉♠❛♥♥ ❡t ❛❧✳ ✭✷✵✶✼✮✳

❡✈❡♥ts ✉♥❞❡r ❧♦✇✲❢r❡❡❜♦❛r❞ ✭✐✳❡✳ t❤❡ ❤❡✐❣❤t ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠❡❛♥ ✇❛t❡r

❧❡✈❡❧ ❛♥❞ t❤❡ ❝r❡st ♦❢ t❤❡ ❜❛rr✐❡r✮ ❝♦♥❞✐t✐♦♥s ✇❡r❡ r❡❧❛t❡❞ t♦ ■● ✇❛✈❡ ♠♦t✐♦♥s✳

❉❡s♣✐t❡ t❤❡ s❝❛r❝✐t② ♦❢ ❞❛t❛✱ s✐♥❝❡ ♦✈❡r✇❛s❤ ✐s ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ s✇❛s❤ ③♦♥❡✱ ✐t

✐s ❣❡♥❡r❛❧❧② ❡①♣❡❝t❡❞ t❤❛t ■● ✇❛✈❡s ♣❧❛② ❛ s✐❣♥✐✜❝❛♥t r♦❧❡ ✐♥ ♦✈❡r✇❛s❤ ❝♦♥❞✐t✐♦♥s

❜② ✐♥❝r❡❛s✐♥❣ ✇❛✈❡ r✉♥✲✉♣ ❛♥❞ ❧♦✇❡r✐♥❣ ♦✈❡r✇❛s❤ t❤r❡s❤♦❧❞s✱ ❛♥❞ ✐♥❝r❡❛s✐♥❣ t❤❡

♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ♦✈❡r✇❛s❤ ❞✐s❝❤❛r❣❡ ✭❡✳❣✳✱ ❘♦❡❧✈✐♥❦ ❡t ❛❧✳✱ ✷✵✵✾❀ ▼❝❈❛❧❧ ❡t ❛❧✳✱

✷✵✶✵✮✳

✹✳✶✳✹✳ ❙❡❞✐♠❡♥t tr❛♥s♣♦rt

❉✉❡ t♦ t❤❡✐r ✐♠♣♦rt❛♥t ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ s✉r❢✲ ❛♥❞ s✇❛s❤ ③♦♥❡ ❤②❞r♦❞②✲

♥❛♠✐❝s✱ ■● ✇❛✈❡s ❤❛✈❡ ❧♦♥❣ ❜❡❡♥ t❤♦✉❣❤t t♦ ♣❧❛② ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ t❤❡

s❡❞✐♠❡♥t ❞②♥❛♠✐❝s ❛♥❞ s✉❜s❡q✉❡♥t ♠♦r♣❤♦❧♦❣✐❝❛❧ ❝❤❛♥❣❡s ♦❢ s❛♥❞② ❝♦❛sts ✭❡✳❣✳✱

❇♦✇❡♥ ❛♥❞ ❍✉♥t❧❡②✱ ✶✾✽✹❀ ❲r✐❣❤t ❛♥❞ ❙❤♦rt✱ ✶✾✽✹❀ ❙❛❧❧❡♥❣❡r ❡t ❛❧✳✱ ✶✾✽✺❀ ▲✐♣♣✲

♠❛♥♥ ❛♥❞ ❍♦❧♠❛♥✱ ✶✾✾✵✮✳ ❚❤❡ s✉s♣❡♥s✐♦♥ ❛♥❞ ❝r♦ss✲s❤♦r❡ tr❛♥s♣♦rt ♦❢ s❛♥❞

❜② ■● ✇❛✈❡s ❤❛✈❡✱ t❤❡r❡❢♦r❡✱ ❜❡❡♥ ✐♥✈❡st✐❣❛t❡❞ ✐♥ ♠❛♥② st✉❞✐❡s ✭❡✳❣✳ ❆❜❞❡❧r❛❤✲

♠❛♥ ❛♥❞ ❚❤♦r♥t♦♥✱ ✶✾✽✼❀ ❇❡❛❝❤ ❛♥❞ ❙t❡r♥❜❡r❣✱ ✶✾✽✽❀ ❘♦❡❧✈✐♥❦ ❛♥❞ ❙t✐✈❡✱ ✶✾✽✾❀

❙❤✐❜❛②❛♠❛ ❡t ❛❧✳✱ ✶✾✾✶❀ ❖s❜♦r♥❡ ❛♥❞ ●r❡❡♥✇♦♦❞✱ ✶✾✾✷❀ ❘✉ss❡❧❧✱ ✶✾✾✸❀ ❆❛❣❛❛r❞

✹✺



❛♥❞ ●r❡❡♥✇♦♦❞✱ ✶✾✾✹✱ ✶✾✾✺❀ ❘✉❡ss✐♥❦ ❡t ❛❧✳✱ ✷✵✵✵❀ ❙♠✐t❤ ❛♥❞ ▼♦❝❦❡✱ ✷✵✵✷❀ ❈♦♥✲

❧❡② ❛♥❞ ❇❡❛❝❤✱ ✷✵✵✸❀ ❍♦✉s❡r ❛♥❞ ●r❡❡♥✇♦♦❞✱ ✷✵✵✺❀ ❆❛❣❛❛r❞ ❛♥❞ ●r❡❡♥✇♦♦❞✱

✷✵✵✽❀ ❇❛❧❞♦❝❦ ❡t ❛❧✳✱ ✷✵✶✵❀ ❆❧s✐♥❛ ❛♥❞ ❈á❝❡r❡s✱ ✷✵✶✶❀ ❆❛❣❛❛r❞ ❡t ❛❧✳✱ ✷✵✶✸❀ ❑✉✲

❧❛r❛t♥❡ ❛♥❞ P❛tt✐❛r❛t❝❤✐✱ ✷✵✶✹❀ P♦♠❡r♦② ❡t ❛❧✳✱ ✷✵✶✺❀ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✻✮✳

❍♦✇❡✈❡r✱ t❤❡ ❞✐✈❡rs✐t② ✐♥ ❜❡❛❝❤ ♣r♦✜❧❡s ❛♥❞ ♦✛s❤♦r❡ ✇❛✈❡ ❝♦♥❞✐t✐♦♥s ❤❛s ❝r❡❛t❡❞

❝♦♥tr❛st✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✐♥ ❞✐r❡❝t✐♦♥ ❛♥❞ r❡❧❛t✐✈❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❝r♦ss✲s❤♦r❡ ■●

s❛♥❞ tr❛♥s♣♦rt ❛s ✇❡❧❧ ❛s t❤❡ s✉s♣❡♥s✐♦♥ ♠❡❝❤❛♥✐s♠✳

❙♦♠❡ st✉❞✐❡s ♦❜s❡r✈❡❞ t❤❛t s❤♦rt✲✇❛✈❡s ✇❡r❡ t❤❡ ♠❛✐♥ s❛♥❞ st✐rr✐♥❣ ♠❡❝❤✲

❛♥✐s♠✱ ✇❤❡r❡❛s ■● ✇❛✈❡s ♦♥❧② ❛❞✈❡❝t t❤✐s s✉s♣❡♥❞❡❞ s❛♥❞ ❡✐t❤❡r ♦♥s❤♦r❡ ♦r

♦✛s❤♦r❡ ✭❡✳❣✳ ▲❛rs❡♥✱ ✶✾✽✷❀ ❍✉♥t❧❡② ❛♥❞ ❍❛♥❡s✱ ✶✾✽✼❀ ❖s❜♦r♥❡ ❛♥❞ ●r❡❡♥✇♦♦❞✱

✶✾✾✷❀ ❘✉❡ss✐♥❦ ❡t ❛❧✳✱ ✶✾✾✽❛❀ ❙♠✐t❤ ❛♥❞ ▼♦❝❦❡✱ ✷✵✵✷✮✳ ❇❛s❡❞ ♦♥ ❤②❞r♦❞②♥❛♠✐❝

❞❛t❛✱ ❆❜❞❡❧r❛❤♠❛♥ ❛♥❞ ❚❤♦r♥t♦♥ ✭✶✾✽✼✮ ❛♥❞ ❘♦❡❧✈✐♥❦ ❛♥❞ ❙t✐✈❡ ✭✶✾✽✾✮ ♣r♦✲

♣♦s❡❞ ❛ ❞✐✛❡r❡♥t ❤②♣♦t❤❡s✐s ✇❤❡r❡ t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡ ❧❛r❣❡st s❤♦rt ✇❛✈❡s ❛t

❡✐t❤❡r t❤❡ ■●✲✇❛✈❡ tr♦✉❣❤ ✭❜♦✉♥❞ ✇❛✈❡✮ ♦r ❝r❡st ✭❢r❡❡ ✇❛✈❡✮ ❝♦✉❧❞ ❡①♣❧❛✐♥ t❤❡

t✐♠✐♥❣ ♦❢ s❡❞✐♠❡♥t s✉s♣❡♥s✐♦♥ r❡❧❛t✐✈❡ t♦ ■● ✇❛✈❡ ♣❤❛s❡✱ ❛♥❞ t❤❡ s✉❜s❡q✉❡♥t

tr❛♥s♣♦rt ❞✐r❡❝t✐♦♥✳ ❚❤✐s t✐♠✐♥❣ ♦❢ s✉s♣❡♥s✐♦♥ ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❝♦rr❡❧❛✲

t✐♦♥ r0 ❜❡t✇❡❡♥ t❤❡ s❤♦rt ✇❛✈❡ ❡♥✈❡❧♦♣❡ ❛♥❞ ■● ♠♦t✐♦♥✳ ■♥ t❤❡ s❤♦❛❧✐♥❣ ③♦♥❡

❛♥❞ ♦✉t❡r ♣❛rt ♦❢ t❤❡ s✉r❢ ③♦♥❡✱ ❧❛r❣❡r ✭❜r❡❛❦✐♥❣✮ s❤♦rt ✇❛✈❡s ❛r❡ ♣r❡s❡♥t ❛t

t❤❡ ■● ✇❛✈❡ tr♦✉❣❤ ✭t❤❡ ■● ✇❛✈❡ ❝❛♥ st✐❧❧ ❜❡ ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ❜♦✉♥❞✮✱ ❛♥❞ r0

✐s ♥❡❣❛t✐✈❡✳ ❈♦♥s❡q✉❡♥t❧②✱ ♥❡t tr❛♥s♣♦rts ❛r❡ ❞✐r❡❝t❡❞ s❡❛✇❛r❞✱ ❛s ♦❜s❡r✈❡❞ ❜②

❢♦r ❡①❛♠♣❧❡ ▲❛rs❡♥ ✭✶✾✽✷✮❀ ❍✉♥t❧❡② ❛♥❞ ❍❛♥❡s ✭✶✾✽✼✮❀ ❖s❜♦r♥❡ ❛♥❞ ●r❡❡♥✇♦♦❞

✭✶✾✾✷✮❀ ❘✉❡ss✐♥❦ ✭✶✾✾✽❜✮❀ ❙♠✐t❤ ❛♥❞ ▼♦❝❦❡ ✭✷✵✵✷✮✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛s ✇❛t❡r ❞❡♣t❤s

❛r❡ ❧♦✇❡r❡❞ ❧♦❝❛❧❧② ✐♥ t❤❡ ■● tr♦✉❣❤✱ s❤♦rt ✇❛✈❡ ♦r❜✐t❛❧ ✈❡❧♦❝✐t✐❡s ❛r❡ ❧❛r❣❡r ❝❧♦s❡

✹✻



t♦ t❤❡ ❜❡❞✱ ❜② ✇❤✐❝❤ t❤❡ ❧❛r❣❡r ❜❡❞ s❤❡❛r str❡ss❡s ❝❛♥ s✉s♣❡♥❞ ❡✈❡♥ ♠♦r❡ s❛♥❞

t❤❡r❡✳ ■♥ t❤❡ ✐♥♥❡r s✉r❢ ③♦♥❡✱ t❤❡ ❧❛r❣❡r s❤♦rt ✇❛✈❡s ❛r❡ ♣r❡s❡♥t ♦♥ t❤❡ ■● ✇❛✈❡

❝r❡st ✭t❤❡ ■● ✇❛✈❡s ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛ ❢r❡❡ ✇❛✈❡✮✱ ❛♥❞ t❤❡ ❝♦rr❡❧❛t✐♦♥ ✐s ♣♦s✲

✐t✐✈❡✳ ❉✉❡ t♦ t❤❡ ❧♦❝❛❧❧② r❛✐s❡❞ ✇❛t❡r ❧❡✈❡❧s✱ s❤♦rt ✇❛✈❡s ❝❛♥ ♣❡rs✐st ❧♦♥❣❡r ❛t

t❤❡ ■●✲✇❛✈❡ ❝r❡st t❤❛♥ ✐♥ t❤❡ tr♦✉❣❤✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡② s✉s♣❡♥❞ ♠♦r❡ s❛♥❞ ❛t

t❤❡ ■●✲✇❛✈❡ ❝r❡st✱ ♣r♦✈✐❞✐♥❣ ❛ ♥❡t s❤♦r❡✇❛r❞ tr❛♥s♣♦rt ❛t ■●✲✇❛✈❡ t✐♠❡s❝❛❧❡✱

❛s ♦❜s❡r✈❡❞ ❜②✱ ❢♦r ❡①❛♠♣❧❡✱ ❖s❜♦r♥❡ ❛♥❞ ●r❡❡♥✇♦♦❞ ✭✶✾✾✷✮✳

❆ s❡❝♦♥❞ t❤❡♦r② ❤❛s ❜❡❡♥ ♣r♦♣♦s❡❞ ❜② ❆❛❣❛❛r❞ ❛♥❞ ●r❡❡♥✇♦♦❞ ✭✷✵✵✽✮ ✇❤♦

st✉❞✐❡❞ s❛♥❞ tr❛♥s♣♦rt ❞✐r❡❝t✐♦♥s ❛t t✇♦ ❜❛rr❡❞ ❜❡❛❝❤❡s✱ ❛♥❞ ♦❜s❡r✈❡❞ tr❛♥s♣♦rt

❞✐r❡❝t✐♦♥s t♦ ❜❡ r❡❧❛t❡❞ t♦ t❤❡ ♣♦s✐t✐♦♥ ✇✐t❤ r❡s♣❡❝t t♦ ❛ s✉s♣❡♥s✐♦♥ ♠❛①✐♠✉♠✳

❚❤❡s❡ s✉s♣❡♥s✐♦♥ ♠❛①✐♠❛ ♦❝❝✉r ❛t ♣♦s✐t✐♦♥s ✇✐t❤ r❡❧❛t✐✈❡ s❤♦rt ✇❛✈❡ ❤❡✐❣❤t

♠❛①✐♠❛ ✭✇❤✐❝❤ ❛t t❤❡✐r s✐t❡s t②♣✐❝❛❧❧② ♦❝❝✉rs ♦♥ ✉♣♣❡r s❡❛✇❛r❞ s❧♦♣❡s ♦r ❜❛r

❝r❡sts✮ ✇❤❡r❡ s❤♦rt ✇❛✈❡s s✉s♣❡♥❞ ❧❛r❣❡ ❛♠♦✉♥ts ♦❢ s❛♥❞ ✇❤✐❧❡ ❜r❡❛❦✐♥❣✳ ❚❤❡②

♦❜s❡r✈❡❞ ❛ s❤♦r❡✇❛r❞ tr❛♥s♣♦rt ♦❢ s❛♥❞ ❜② ■● ✇❛✈❡s ❛t t❤❡ ❧❛♥❞✇❛r❞ s✐❞❡ ♦❢

s✉❝❤ s✉s♣❡♥s✐♦♥ ♠❛①✐♠❛✱ ❛♥❞ ❛ s❡❛✇❛r❞ tr❛♥s♣♦rt ♦♥ t❤❡✐r s❡❛✇❛r❞ s✐❞❡ ♦❢ s✉❝❤

♠❛①✐♠❛✳ ❚❤❡✐r t❤❡♦r② ♠❛② ❜❡ r❡❧❛t❡❞ t♦ t❤❡ ❛❜♦✈❡ ❞❡s❝r✐❜❡❞ ❝♦rr❡❧❛t✐♦♥ t❤❡♦r②✳

❖t❤❡r ♦❜s❡r✈❛t✐♦♥s ❝♦♥tr❛❞✐❝t t❤❡s❡ t❤❡♦r✐❡s✱ ❛s ❢♦r ❝♦♥❞✐t✐♦♥s ✇❤❡r❡ ■●

✇❛✈❡s ❞♦♠✐♥❛t❡❞ t❤❡ ✇❛t❡r ♠♦t✐♦♥ ✐♥ t❤❡ ✐♥♥❡r s✉r❢ ③♦♥❡✱ t❤❡ ■● ✇❛✈❡ ✇❛s

s❡❡♥ t♦ s✉s♣❡♥❞ s❛♥❞ ❛s ✇❡❧❧ ✭❡✳❣✳ ❇❡❛❝❤ ❛♥❞ ❙t❡r♥❜❡r❣✱ ✶✾✽✽❀ ❘✉ss❡❧❧✱ ✶✾✾✸✮✳

◆♦ ♣r❡❢❡r❡♥t✐❛❧ ❧♦❝❛t✐♦♥ ♦❢ s❤♦rt ✇❛✈❡s ❝♦✉❧❞ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞ ❢♦r t❤✐s ❞❛t❛ ✭r0

✇♦✉❧❞ ❜❡ ♥❡❛r❧② ③❡r♦✮✱ ❛♥❞ s❛♥❞ ✇❛s ♠♦st❧② s✉s♣❡♥❞❡❞ ✉♥❞❡r t❤❡ ■● tr♦✉❣❤✱

❝r❡❛t✐♥❣ s❡❛✇❛r❞ ❞✐r❡❝t❡❞ s❛♥❞ tr❛♥s♣♦rt✳
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❘❡❝❡♥t❧②✱ ❜❛s❡❞ ♦♥ ♠❡❛s✉r❡♠❡♥ts ♦♥ ❜♦t❤ ❛ ❣❡♥t❧② ✭β ≈ ✶✿✽✵✮ ❛♥❞ ✐♥t❡r♠❡✲

❞✐❛t❡❧② ✭β ≈ ✶✿✸✺✮ s❧♦♣✐♥❣ ❜❡❛❝❤ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳ ✭✷✵✶✻✮ ♣r♦♣♦s❡❞ t❤❛t t❤❡ r❛t✐♦

♦❢ t❤❡ ■●✲✇❛✈❡ ❤❡✐❣❤t ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ s❤♦rt ✇❛✈❡ ❤❡✐❣❤t HIG✴HSW ❝♦✉❧❞

❡①♣❧❛✐♥ t❤❡ ♣r❡✈✐♦✉s ❝♦♥tr❛st✐♥❣ ♦❜s❡r✈❛t✐♦♥s✳ ❚❤❡ HIG✴HSW r❛t✐♦ ✇♦✉❧❞ ❜❡

❛ ❣♦♦❞ ♣❛r❛♠❡t❡r t♦ ❡st✐♠❛t❡ t❤❡ t②♣❡ ♦❢ st✐rr✐♥❣✱ ❛♥❞ ❝♦✉❧❞ ❛❧s♦ ❡①♣❧❛✐♥ t❤❡

r❡s✉❧t✐♥❣ ■●✲✇❛✈❡ s❛♥❞ tr❛♥s♣♦rt ❞✐r❡❝t✐♦♥ ❛♥❞ ♠❛❣♥✐t✉❞❡✳ ❖♥ st❡❡♣❡r s❧♦♣✐♥❣

❜❡❛❝❤❡s✱ ■● ✇❛✈❡s ✇❡r❡ r❡❧❛t✐✈❡❧② s♠❛❧❧ ❛♥❞ s❤♦rt ✇❛✈❡s ❞♦♠✐♥❛t❡❞ ❡✈❡r②✇❤❡r❡✱

❍■●✴❍❙❲ ✇❛s t②♣✐❝❛❧❧② ❧♦✇❡r t❤❛♥ ✵✳✹✱ ❛♥❞ s❛♥❞ ✇❛s s✉s♣❡♥❞❡❞ ♦♥ t❤❡ ■●

t✐♠❡s❝❛❧❡ ❜② s❤♦rt ✇❛✈❡s✳ ❍❡r❡✱ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s❤♦rt✲✇❛✈❡ ❣r♦✉♣

❛♥❞ ■● ♦r❜✐t❛❧ ✈❡❧♦❝✐t✐❡s ❞❡t❡r♠✐♥❡❞ ✇❤❡t❤❡r ■●✲✇❛✈❡ s❛♥❞ tr❛♥s♣♦rt ✇❛s s❡❛✲

✇❛r❞ ♦r s❤♦r❡✇❛r❞ ✭❡①❛♠♣❧❡ ✐♥ ❋✐❣✳ ✶✵ ❛✱❝✱❡✮ ❞✐r❡❝t❡❞✳ ❖♥ ❛✈❡r❛❣❡✱ t❤❡ ■●✲✇❛✈❡

❝♦♠♣♦♥❡♥t ❝♦♥tr✐❜✉t❡❞ ❢♦r ❧❡ss t❤❛♥ 20% t♦ t❤❡ t♦t❛❧ ❝r♦ss✲s❤♦r❡ tr❛♥s♣♦rt✳ ❖♥

t❤❡ ❝♦♥tr❛r②✱ ♦♥ t❤❡ ❣❡♥t❧② s❧♦♣✐♥❣ ❜❡❛❝❤✱ ✇❤❡r❡ ■● ✇❛✈❡s ❞♦♠✐♥❛t❡❞ t❤❡ ✇❛t❡r

♠♦t✐♦♥ ✐♥ t❤❡ ✐♥♥❡r s✉r❢ ③♦♥❡✱ t❤❡ r❛t✐♦ ❍■●✴❍❙❲ t②♣✐❝❛❧❧② ❡①❝❡❡❞❡❞ ✵✳✹✱ ❛♥❞

s❛♥❞ ✇❛s s✉s♣❡♥❞❡❞ ✉♥❞❡r ♦♥s❤♦r❡ ❞✐r❡❝t❡❞ ■●✲✇❛✈❡ ✈❡❧♦❝✐t✐❡s ✭❡①❛♠♣❧❡ ✐♥ ❋✐❣✳

✶✵ ❜✱❞✱❢✮✳ ❚❤❡ r❡s✉❧t✐♥❣ s❡❛✇❛r❞ ■● tr❛♥s♣♦rt ❝♦♥tr✐❜✉t❡❞ ✉♣ t♦ 60% ♦❢ t❤❡

t♦t❛❧ ❝r♦ss✲s❤♦r❡ tr❛♥s♣♦rt✳

❖✈❡r❛❧❧✱ st❡♣s ❤❛✈❡ ❜❡❡♥ ♠❛❞❡ t♦ ❡①tr❛❝t ❛ ❣❡♥❡r❛❧ tr❡♥❞ ❜❡❤✐♥❞ ■● s❛♥❞ s✉s✲

♣❡♥s✐♦♥ ❛♥❞ ❝r♦ss✲s❤♦r❡ tr❛♥s♣♦rt✱ ❜✉t ✈❛❧✐❞❛t✐♦♥ ♦♥ ♦t❤❡r ❜❡❛❝❤❡s ✐s ❝♦♥s✐❞❡r❡❞

♥❡❝❡ss❛r②✱ ❡s♣❡❝✐❛❧❧② ✉♥❞❡r st♦r♠ ❝♦♥❞✐t✐♦♥s ✇❤❡♥ t❤❡ ■● ✇❛✈❡ ❝♦♥tr✐❜✉t✐♦♥ t♦

t❤❡ t♦t❛❧ ❝r♦ss✲s❤♦r❡ tr❛♥s♣♦rt ❝❛♥ ❜❡ s✉❜st❛♥t✐❛❧✳ ❈♦♥❞✉❝t✐♥❣ ❡①♣❡r✐♠❡♥ts ✐♥

❧❛r❣❡✲s❝❛❧❡ ✢✉♠❡ ❢❛❝✐❧✐t✐❡s ❛♥❞ ❡①t❡♥❞✐♥❣ ♣❤❛s❡✲r❡s♦❧✈✐♥❣ ♠♦❞❡❧s s✉❝❤ ❛s ❙❲❆❙❍

✭❩✐❥❧❡♠❛ ❡t ❛❧✳✱ ✷✵✶✶✮ ✇✐t❤ ❛ s❡❞✐♠❡♥t tr❛♥s♣♦rt ♠♦❞✉❧❡ ❝♦✉❧❞ ❝♦♥s✐❞❡r❛❜❧② ❛❞❞
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❋✐❣✉r❡ ✶✵✿ ❊①❛♠♣❧❡ t✐♠❡s❡r✐❡s ♦❢ ❛ ♣♦s✐t✐✈❡ ❝♦rr❡❧❛t✐♦♥ r0 ✭❛✱❝✱❡✮ ✐♥ t❤❡ ✐♥♥❡r✲s✉r❢ ③♦♥❡ ♦❢ t❤❡
st❡❡♣❧② s❧♦♣✐♥❣ ❩❛♥❞♠♦t♦r ❜❡❛❝❤ ❛♥❞ ❛ ♥❡❣❛t✐✈❡ r0 ✭❜✱❞✱❢✮ ✐♥ t❤❡ ✐♥♥❡r✲s✉r❢ ③♦♥❡ ♦❢ t❤❡ ❣❡♥t❧②
s❧♦♣✐♥❣ ❆♠❡❧❛♥❞ ❜❡❛❝❤✳ P❧❡❛s❡ ♥♦t❡ t❤❡ ❞✐✛❡r❡♥t ②✲❛①✐s s❝❛❧❡s✳✭❛✱❜✮ s❡❛✲s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ ✭♠✮
❛♥❞ ✭❝✱❞✮ ❝r♦ss✲s❤♦r❡ ✈❡❧♦❝✐t② ✇✐t❤ ✐♥ ❜❧❛❝❦ t❤❡ t♦t❛❧ ✈❡❧♦❝✐t②✱ ❛♥❞ ✐♥ ❜❧✉❡ t❤❡ ■● ✈❡❧♦❝✐t②✱ ❛♥❞
✭❡✱❢✮ s❛♥❞ ❝♦♥❝❡♥tr❛t✐♦♥✳ ❋♦r ❆♠❡❧❛♥❞ ❧♦❝❛t✐♦♥ P✶✶✱ h ❂ ✶✳✵✵ ♠✱ r0 ❂ ✲✵✳✵✹✱ Htotal/h ❂ ✵✳✻✼✱
ū ❂ ✲✵✳✶✺ ♠✴s✱ HIG/HSW ❂ ✶✳✵✵✳ ❋♦r t❤❡ ❩❛♥❞♠♦t♦r ❧♦❝❛t✐♦♥ P✶✵✱ h ❂ ✵✳✺ ♠✱ r0 ❂ ✵✳✶✼✱
Htotal/h ❂ ✵✳✻✻✱ ū ❂ ✲✵✳✶✻ ♠✴s✱ HIG/HSW ❂ ✵✳✸✾✳ ❆❢t❡r ❉❡ ❇❛❦❦❡r ❡t ❛❧✳ ✭✷✵✶✻✮✳

t♦ t❤✐s✳ ❚❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ■● ✇❛✈❡s t♦ ❧♦♥❣s❤♦r❡ tr❛♥s♣♦rt s❤♦✉❧❞ ❛❧s♦ ❜❡

✐♥✈❡st✐❣❛t❡❞✳ ❚❤❡ ❣❡♥❡r✐❝ tr❡♥❞s ❝♦✉❧❞ t❤❡♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❛ ♣❛r❛♠❡t❡r✐③❡❞

✇❛② ✐♥ ♠♦r♣❤♦❞②♥❛♠✐❝ ♠♦❞❡❧s ✉s❡❞ t♦ ❛ss❡s ❝♦❛st❛❧ ❡✈♦❧✉t✐♦♥✳

✹✳✶✳✺✳ ❉✉♥❡ ❡r♦s✐♦♥ ❛♥❞ ❜❛rr✐❡r ❜r❡❛❝❤✐♥❣

■● ✇❛✈❡s ❛r❡ t❤♦✉❣❤t t♦ ❜❡ ♣❛rt✐❝✉❧❛r❧② ✐♠♣♦rt❛♥t ❢♦r ❜❡❛❝❤ ♠♦r♣❤♦❞②♥❛♠✐❝

r❡s♣♦♥s❡ t♦ st♦r♠s✱ ❜❡❝❛✉s❡ t❤❡ s✉r❢ ③♦♥❡ ❜❡❝♦♠❡s s❛t✉r❛t❡❞ ❢♦r s❤♦rt✲✇❛✈❡

❜❛♥❞✱ ❜✉t ♥♦t ❢♦r ■● ✇❛✈❡s✱ ❛♥❞ ❤❡♥❝❡ t❤❡ ✐♥♥❡r s✉r❢ ③♦♥❡ ❛♥❞ s✇❛s❤ ❛r❡ ❞♦♠✐✲

♥❛t❡❞ ❜② ❧♦✇✲❢r❡q✉❡♥❝② ✇❛✈❡ ♠♦t✐♦♥s ✭❡✳❣✳✱ ❖❧t♠❛♥✲❙❤❛② ❛♥❞ ❍❛t❤❛✇❛②✱ ✶✾✽✾❀

❘❛✉❜❡♥❤❡✐♠❡r ❛♥❞ ●✉③❛✱ ✶✾✾✻✮✳ ❘♦❡❧✈✐♥❦ ❡t ❛❧✳ ✭✷✵✵✾✮ ♣♦✐♥t❡❞ ♦✉t t❤❛t ❤✐❣❤

■● ✇❛✈❡s ♦❝❝❛s✐♦♥❛❧❧② r❡❛❝❤ t❤❡ ❞✉♥❡ ❢r♦♥t ❞✉r✐♥❣ st♦r♠s ❛♥❞ ❝❛✉s❡ s❧✉♠♣✐♥❣

✭❛✈❛❧❛♥❝❤✐♥❣✮ ♦❢ t❤❡ ✇❡tt❡❞ ♣❛rt ♦❢ t❤❡ ❞✉♥❡ ❢❛❝❡✱ ✇❤✐❝❤ s✉❜s❡q✉❡♥t❧② ❧❡❛❞s t♦

✹✾



❛✈❛❧❛♥❝❤✐♥❣ ♦❢ t❤❡ ❞r② ❞✉♥❡✳ ❚❤r♦✉❣❤ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧✐♥❣✱ t❤❡② s❤♦✇❡❞ t❤❛t

t❤✐s ♣r♦❝❡ss ♣❧❛②s ❛♥ ❡ss❡♥t✐❛❧ r♦❧❡ ✐♥ ❜r✐♥❣✐♥❣ s❛♥❞ ❢r♦♠ ❤✐❣❤❡r ♣❛rts ✐♥ t❤❡

❞✉♥❡ ✐♥t♦ t❤❡ s✇❛s❤ ③♦♥❡ ❛♥❞ ❢✉rt❤❡r ♦✛s❤♦r❡ ❢r♦♠ t❤❡r❡✳ ❍♦✇❡✈❡r✱ ❞✉❡ t♦ t❤❡

✐♥❤❡r❡♥t ❞✐✣❝✉❧t② ♦❢ s❡♣❛r❛t✐♥❣ ✐♥t❡r❛❝t✐♥❣ ■● ❛♥❞ s❤♦rt✲✇❛✈❡ ❞②♥❛♠✐❝s✱ t❤❡

♣r❡❝✐s❡ r♦❧❡ ♦❢ ■● ✇❛✈❡s ♦♥ ❝♦❛st❛❧ ♠♦r♣❤♦❞②♥❛♠✐❝s ❞✉r✐♥❣ st♦r♠s ✐s ❞✐✣❝✉❧t

t♦ ♣r♦✈❡ ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥❛❧ ✭❧❛❜♦r❛t♦r② ❛♥❞ ✜❡❧❞✮ ❞❛t❛✳ ■♥st❡❛❞ ♦❢ ✉s✐♥❣ ♦❜s❡r✲

✈❛t✐♦♥❛❧ ❞❛t❛✱ ❱❛♥ ❘✐❥♥ ✭✷✵✵✾✮ ❛♥❞ ❱❛♥ ❚❤✐❡❧ ❞❡ ❱r✐❡s ✭✷✵✵✾✮ ✉s❡❞ ❝❛❧✐❜r❛t❡❞

♣r♦❝❡ss✲❜❛s❡❞ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧s t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❡✛❡❝t ♦❢ ■● ✇❛✈❡s ♦♥ ❞✉♥❡

❡r♦s✐♦♥ ❞✉r✐♥❣ st♦r♠s✳ ❇② t✉r♥✐♥❣ ♦♥ ❛♥❞ ♦✛ ■● ✇❛✈❡ ♣r♦❝❡ss❡s ✐♥ ♥✉♠❡r✐❝❛❧

♠♦❞❡❧s✱ t❤❡s❡ st✉❞✐❡s ♣r♦♣♦s❡❞ t❤❛t ■● ✇❛✈❡s ♠❛② ❡♥❤❛♥❝❡ ❞✉♥❡ ❡r♦s✐♦♥ ♦♥ ❛

❞✐ss✐♣❛t✐✈❡ s❛♥❞② ❝♦❛st ❜② ❛♣♣r♦①✐♠❛t❡❧② ✷✵✕✸✵✪ ❞✉r✐♥❣ ❡①tr❡♠❡ st♦r♠ ❡✈❡♥ts✳

▼✉❧❧❡r ❡t ❛❧✳ ✭✷✵✶✻✮ s✐♠✉❧❛t❡❞ st♦r♠ ✐♠♣❛❝t ✐♥ t❤❡ ❛r❡❛ ♦❢ ▲❡s ❇♦✉❝❤♦❧❡✉rs

✭❲❡st❡r♥ ❋r❛♥❝❡✮✱ ❛♥ ❛r❡❛ ♦❢ ♠❛rs❤❧❛♥❞ ♣r♦t❡❝t❡❞ ❜② r❡❧❛t✐✈❡❧② ♥❛rr♦✇ ❞✉♥❡s✳

❚❤❡✐r ♠♦❞❡❧❧✐♥❣ r❡s✉❧ts s✉❣❣❡st t❤❛t✱ ❡✈❡♥ ✐♥ ❛♥ ❛r❡❛ r❡❧❛t✐✈❡❧② s❤❡❧t❡r❡❞ ❢r♦♠

❆t❧❛♥t✐❝ s✇❡❧❧s✱ ■● ✇❛✈❡s ❤❛❞ ❛♥ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ♠❡❛♥ ❡r♦s✐♦♥ ♦❢ t❤❡ ❞✉♥❡

❝r❡st✱ ❡s♣❡❝✐❛❧❧② ❛t t❤❡ ❧♦❝❛t✐♦♥s ♦❢ t❤❡ ❤✐❣❤❡st ❞✉♥❡s✳ ❍♦✇❡✈❡r✱ t❤❡s❡ ❛✉t❤♦rs

❢♦✉♥❞ t❤❛t t❤❡ ✜♥❛❧ ♣♦s✐t✐♦♥ ❛♥❞ ❣❡♦♠❡tr② ♦❢ ❜r❡❛❝❤❡s ✇❡r❡ ♥♦t ❝♦♥tr♦❧❧❡❞ ❜②

■● ✇❛✈❡s ❜✉t ❜② t✐❞❡ ❛♥❞ s✉r❣❡ ♦✈❡r✢♦✇✳

❚❤❡ ✜♥❞✐♥❣s ♦❢ t❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ ✐♥✈❡st✐❣❛t✐♦♥s ❞✐s❝✉ss❡❞ ❛❜♦✈❡ ❝❛♥ ❜❡

♣❧❛❝❡❞ ✐♥ ❛ ♠♦r❡ ❣❡♥❡r❛❧✐③❡❞ ❝♦♥t❡①t ✉s✐♥❣ t❤❡ ❙t♦r♠ ■♠♣❛❝t ❙❝❛❧❡ ♦❢ ❙❛❧❧❡♥❣❡r

✭✷✵✵✵✮✳ ❚❤❡ ❙t♦r♠ ■♠♣❛❝t ❙❝❛❧❡ r❡❧❛t❡s t❤❡ t②♣❡ ♦❢ ♠♦r♣❤♦❞②♥❛♠✐❝ r❡s♣♦♥s❡ ♦❢

❛ ♥❛t✉r❛❧ s❛♥❞② ❜❛rr✐❡r ✐s❧❛♥❞ t♦ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ s✇❛s❤ ③♦♥❡ ❞✉r✐♥❣ t❤❡ st♦r♠

✭✐✳❡✳✱ s✉r❣❡ ❧❡✈❡❧ ♣❧✉s ✇❛✈❡ r✉♥✲✉♣ ❛♥❞ ✇❛✈❡ r✉♥✲❞♦✇♥✮ r❡❧❛t✐✈❡ t♦ t❤❡ ❡❧❡✈❛t✐♦♥
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♦❢ t❤❡ ❜❡❛❝❤ ❛♥❞ ❞✉♥❡✳ ❚❤❡ ❢♦✉r r❡❣✐♠❡s ✐♥ t❤❡ ❙t♦r♠ ■♠♣❛❝t ❙❝❛❧❡ ❛r❡✿ ✭✶✮

t❤❡ s✇❛s❤ r❡❣✐♠❡✱ r❡❧❛t❡❞ t♦ ❜❡❛❝❤ ❡r♦s✐♦♥❀ ✭✷✮ t❤❡ ❝♦❧❧✐s✐♦♥ r❡❣✐♠❡✱ r❡❧❛t❡❞ t♦

❡r♦s✐♦♥ ♦❢ t❤❡ s❡❛✇❛r❞ ❢❛❝❡ ♦❢ t❤❡ ❞✉♥❡❀ ✭✸✮ t❤❡ ♦✈❡r✇❛s❤ r❡❣✐♠❡✱ ✐♥ ✇❤✐❝❤ ✇❛✈❡s

♦✈❡rt♦♣ t❤❡ ❞✉♥❡ ❛♥❞ ❞✉♥❡ ❧♦✇❡r✐♥❣ ❛♥❞ ✐s❧❛♥❞ r♦❧❧✲♦✈❡r ♠❛② t❛❦❡ ♣❧❛❝❡❀ ✭✹✮ ❛♥❞

t❤❡ ✐♥✉♥❞❛t✐♦♥ r❡❣✐♠❡✱ ✇❤❡r❡ t❤❡ s✉r❣❡ ❛♥❞ ✇❛✈❡ s❡t✲✉♣ ✐s s✉✣❝✐❡♥t t♦ ❡♥t✐r❡❧②

✐♥✉♥❞❛t❡ t❤❡ ❜❛rr✐❡r ✐s❧❛♥❞ ❛♥❞ t❤❡ ✐s❧❛♥❞ ♠❛② ❜❡❝♦♠❡ ❞r♦✇♥❡❞✳ ❆❧t❤♦✉❣❤ t❤❡

❙t♦r♠ ■♠♣❛❝t ❙❝❛❧❡ ✇❛s ♦r✐❣✐♥❛❧❧② ❞❡r✐✈❡❞ ❢♦r ❜❛rr✐❡r ✐s❧❛♥❞s✱ t❤❡ ❝♦♥❝❡♣ts ❛r❡

✈❛❧✐❞ ❢♦r ♠❛♥② ♥❛t✉r❛❧ s❛♥❞② ❝♦❛sts✳ ❚❤❡ s✐♠✉❧❛t❡❞ ♠♦r♣❤♦❞②♥❛♠✐❝ r❡s♣♦♥s❡

♦❢ ❛ ❜❛rr✐❡r ✐s❧❛♥❞ t♦ t❤❡ ❢♦✉r ✐♠♣❛❝t r❡❣✐♠❡s✱ ❜❛s❡❞ ♦♥ ✇♦r❦ ❜② ▼❝❈❛❧❧ ❡t ❛❧✳

✭✷✵✶✵✮✱ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✶ ❢♦r s✐♠✉❧❛t✐♦♥s ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ■● ✇❛✈❡ ♣r♦❝❡ss❡s

❝♦♠♣✉t❡❞ ✉s✐♥❣ t❤❡ ❳❇❡❛❝❤ ♠♦❞❡❧ ✭❘♦❡❧✈✐♥❦ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ■♥ t❤❡ s✇❛s❤ r❡❣✐♠❡

♦❢ t❤✐s s✐♠✉❧❛t❡❞ ❜❛rr✐❡r ✐s❧❛♥❞✱ t❤❡ ♠♦❞❡❧ s✉❣❣❡sts t❤❛t ■● ✇❛✈❡s ❧❡❛❞ t♦ ❣r❡❛t❡r

❜❡❛❝❤ ❡r♦s✐♦♥ ❛♥❞ ❛ q✉✐❝❦❡r tr❛♥s✐t✐♦♥ t♦ ❞✉♥❡ s❝❛r♣✐♥❣ ✭t♦♣ ❧❡❢t ♣❛♥❡❧ ✐♥ ❋✐❣✳

✶✶✮✱ ✇❤❡r❡ t❤❡ ✐♥❝r❡❛s❡ ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ r❡❧❛t✐✈❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ■● ✇❛✈❡s

t♦ t❤❡ ♥❡❛rs❤♦r❡ ✇❛✈❡ ❡♥❡r❣②✳ ■♥ t❤❡ ❝♦❧❧✐s✐♦♥ r❡❣✐♠❡✱ t❤❡ ♠♦❞❡❧ s✉❣❣❡sts t❤❛t

■● ✇❛✈❡s ❛❧❧♦✇ ❢♦r ❣r❡❛t❡r ✇❛t❡r ❞❡♣t❤✱ ❛♥❞ t❤✉s ♠♦r❡ s❤♦rt✲✇❛✈❡ ❡♥❡r❣②✱ ❛t

t❤❡ ❜❛s❡ ♦❢ t❤❡ ❞✉♥❡✱ ❛♥❞ ❡♥❤❛♥❝❡ t❤❡ ✉♥❞❡rt♦✇ ✐♥ t❤❡ s✉r❢ ③♦♥❡✱ ❧❡❛❞✐♥❣ t♦

❛ s✉❜st❛♥t✐❛❧ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❝♦♠♣✉t❡❞ ❡r♦❞❡❞ ✈♦❧✉♠❡ ♦❢ t❤❡ ❞✉♥❡ ✭❝❢✳ ❱❛♥

❚❤✐❡❧ ❞❡ ❱r✐❡s✱ ✷✵✵✾❀ ❱❛♥ ❘✐❥♥✱ ✷✵✵✾✱ ❛♥❞ t♦♣ r✐❣❤t ♣❛♥❡❧ ✐♥ ❋✐❣✳ ✶✶✮✳ ❚❤❡ ■●

❝♦♠♣♦♥❡♥ts ✐♥ t❤❡ s✇❛s❤✱ ✇❤✐❝❤ ❛r❡ ❞♦♠✐♥❛♥t ♦♥ t❤❡ ❞✐ss✐♣❛t✐✈❡ ❜❡❛❝❤ ♦❢ t❤❡

s✐♠✉❧❛t❡❞ ❜❛rr✐❡r ✐s❧❛♥❞ ❞✉r✐♥❣ ❤✐❣❤✲❡♥❡r❣② ❡✈❡♥ts✱ ❛r❡ t❤❡ ❦❡② ❢❛❝t♦r ❝❛✉s✐♥❣ t❤❡

tr❛♥s✐t✐♦♥ ❢r♦♠ t❤❡ s✇❛s❤ r❡❣✐♠❡ t♦ t❤❡ ❝♦❧❧✐s✐♦♥ r❡❣✐♠❡✱ ❛♥❞ ❢r♦♠ t❤❡ ❝♦❧❧✐s✐♦♥

r❡❣✐♠❡ t♦ t❤❡ ♦✈❡r✇❛s❤ r❡❣✐♠❡✱ ❛♥❞ t❤❡r❡❢♦r❡ str♦♥❣❧② ❞❡t❡r♠✐♥❡ ❜♦t❤ t❤❡ ♦♥s❡t

✺✶



1200 1300 1400 1500
−6

−4

−2

0

2

4 H
s

= 1.5m, T
p

= 6.9s

Swash regime

Cross−shore distance (m)

E
le

v
a
ti
o
n
 (

m
 +

 M
S

L
)

1200 1300 1400 1500
−6

−4

−2

0

2

4 H
s

= 3.0m, T
p

= 9.8s

Collision regime

Cross−shore distance (m)

1200 1300 1400 1500 1600 1700 1800 1900
−6

−4

−2

0

2

4 H
s

= 3.0m, T
p

= 9.8s

Overwash regime

E
le

v
a
ti
o
n
 (

m
 +

 M
S

L
)

1200 1300 1400 1500 1600 1700 1800 1900
−6

−4

−2

0

2

4 H
s

= 3.0m, T
p

= 9.8s

Inundation regime

Cross−shore distance (m)

E
le

v
a
ti
o
n
 (

m
 +

 M
S

L
)

Initial with IG waves without IG waves SWL

❋✐❣✉r❡ ✶✶✿ ❙✐♠✉❧❛t❡❞ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❝❤❛♥❣❡ ♦❢ ❛ ❝r♦ss✲s❤♦r❡ ♣r♦✜❧❡ ♦❢ ❛ ❜❛rr✐❡r ✐s❧❛♥❞ ❜❛s❡❞
♦♥ ▼❝❈❛❧❧ ❡t ❛❧✳ ✭✷✵✶✵✮ ✉s✐♥❣ t❤❡ ❳❇❡❛❝❤ ♠♦❞❡❧ ✇✐t❤ ✭♦r❛♥❣❡✮ ❛♥❞ ✇✐t❤♦✉t ✭❣r❡❡♥✮ ■● ✇❛✈❡s✳
❋♦✉r s✐♠✉❧❛t✐♦♥s ❛r❡ r✉♥ ✐♥ ✇❤✐❝❤ t❤❡ ❜❛rr✐❡r ✐s❧❛♥❞ ✐s ❡①♣♦s❡❞ t♦ ❢♦✉r ❞✐✛❡r❡♥t ✇❛t❡r ❧❡✈❡❧✱
✇❛✈❡ ❤❡✐❣❤t ❛♥❞ ✇❛✈❡ ♣❡r✐♦❞ ❢♦r❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❢♦r ❛ ❞✉r❛t✐♦♥ ♦❢ t❤r❡❡ ❤♦✉rs t♦ ❝❤❛r❛❝t❡r✐s❡
st♦r♠s ✐♥ t❤❡ s✇❛s❤✱ ❝♦❧❧✐s✐♦♥✱ ♦✈❡r✇❛s❤ ❛♥❞ ✐♥✉♥❞❛t✐♦♥ r❡❣✐♠❡s✱ ❛s ❞❡✜♥❡❞ ❜② ❙❛❧❧❡♥❣❡r ✭✷✵✵✵✮✳
❉✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ♠♦❞❡❧s ❛r❡ ♣❛rt✐❝✉❧❛r❧② ❛♣♣❛r❡♥t ✐♥ t❤❡ ❝♦❧❧✐s✐♦♥ ❛♥❞ ♦✈❡r✇❛s❤ r❡❣✐♠❡✳

♦❢ ❞✉♥❡ s❝❛r♣✐♥❣ ❛♥❞ ♦✈❡r✇❛s❤ ❛♥❞ ❧♦✇❡r✐♥❣ ✭❝❢✳ ❈❛ñ✐③❛r❡s ❛♥❞ ■r✐s❤✱ ✷✵✵✽

❛♥❞ ❝❡♥tr❡ ♣❛♥❡❧ ✐♥ ❋✐❣✳ ✶✶✮✳ ■♥ t❤❡ ✐♥✉♥❞❛t✐♦♥ r❡❣✐♠❡✱ st❡❛❞② ✢♦✇ ❞r✐✈❡♥ ❜②

❛ ♣r❡ss✉r❡ ❣r❛❞✐❡♥t ❛❝r♦ss t❤❡ s✐♠✉❧❛t❡❞ ❜❛rr✐❡r ✐s❧❛♥❞ ❜❡❝♦♠❡s t❤❡ ❞♦♠✐♥❛♥t

s❡❞✐♠❡♥t tr❛♥s♣♦rt ♠❡❝❤❛♥✐s♠✱ ❛♥❞ t❤❡r❡❜② r❡❞✉❝❡s t❤❡ r❡❧❛t✐✈❡ ❝♦♥tr✐❜✉t✐♦♥

♦❢ ■● ✇❛✈❡s t♦ t❤❡ ♣♦st✲st♦r♠ ❜❡❞ ♣r♦✜❧❡ ✭❝❢✳ ▼✉❧❧❡r ❡t ❛❧✳ ✷✵✶✻❀ ▼❝❈❛❧❧ ❡t ❛❧✳

✷✵✶✵✱ ❛♥❞ ❜♦tt♦♠ ♣❛♥❡❧ ✐♥ ❋✐❣✳ ✶✶✮✳

❚❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ ✐♥✈❡st✐❣❛t✐♦♥s ❞✐s❝✉ss❡❞ ✐♥ t❤✐s s❡❝t✐♦♥ s✉❣❣❡st t❤❛t ■●

✺✷



✇❛✈❡s ❝♦♥tr✐❜✉t❡ str♦♥❣❧② t♦ t❤❡ ♠♦r♣❤♦❞②♥❛♠✐❝ r❡s♣♦♥s❡ ♦❢ ❞✐ss✐♣❛t✐✈❡ s❛♥❞②

❝♦❛sts t♦ ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ st♦r♠ ❝♦♥❞✐t✐♦♥s✱ ✐♥ ♣❛rt✐❝✉❧❛r ✐♥ t❤❡ ❝♦❧❧✐s✐♦♥ ❛♥❞

♦✈❡r✇❛s❤ r❡❣✐♠❡s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡② ❤❛✈❡ t❤❡ ♣♦t❡♥t✐❛❧ t♦ ❝❤❛♥❣❡ t❤❡ t②♣❡ ♦❢

♠♦r♣❤♦❞②♥❛♠✐❝ r❡s♣♦♥s❡ ♦❢ t❤❡ ❝♦❛st ✭❡✳❣✳✱ ♦✈❡r✇❛s❤ ❛♥❞ ✢♦♦❞✐♥❣✱ ✐♥st❡❛❞ ♦❢

❞✉♥❡ s❝❛r♣✐♥❣✮ ❜② st❡❡r✐♥❣ t❤❡ tr❛♥s✐t✐♦♥ ❜❡t✇❡❡♥ t❤❡s❡ r❡❣✐♠❡s✳

✹✳✷✳ ❚✐❞❛❧ ✐♥❧❡ts

❖✈❡r t❤❡ ❧❛st ❞❡❝❛❞❡✱ s❡✈❡r❛❧ st✉❞✐❡s r❡❧②✐♥❣ ♦♥ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ✭❲❛r❣✉❧❛

❡t ❛❧✳✱ ✷✵✶✹❀ ❖r❡s❝❛♥✐♥ ❡t ❛❧✳✱ ✷✵✶✹✮ ❛♥❞✴♦r ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧❧✐♥❣ ✭❇❡rt✐♥ ❡t ❛❧✳✱

✷✵✵✾❀ ❇r✉♥❡❛✉ ❡t ❛❧✳✱ ✷✵✶✶❀ ◆❛❤♦♥ ❡t ❛❧✳✱ ✷✵✶✷❀ ❉♦❞❡t ❡t ❛❧✳✱ ✷✵✶✸✮ ❤❛✈❡ s❤♦✇♥

t❤❛t s❤♦rt ✇❛✈❡s ❝❛♥ ❤❛✈❡ ❛ r❡❧❡✈❛♥t ❝♦♥tr✐❜✉t✐♦♥ ✐♥ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r②

❞②♥❛♠✐❝s ♦❢ t✐❞❛❧ ✐♥❧❡ts t❤r♦✉❣❤ ❛ ❧❛r❣❡ r❛♥❣❡ ♦❢ ♣r♦❝❡ss❡s✳ ❈♦♥✈❡rs❡❧②✱ t❤❡

r❡❧❡✈❛♥❝❡ ♦❢ ■● ✇❛✈❡s ✐♥ t✐❞❛❧ ✐♥❧❡ts ✇❛s ♦♥❧② ✐♥✈❡st✐❣❛t❡❞ ✈❡r② r❡❝❡♥t❧② ✭❇❡rt✐♥

❛♥❞ ❖❧❛❜❛rr✐❡t❛✱ ✷✵✶✻❀ ❲✐❧❧✐❛♠s ❛♥❞ ❙t❛❝❡②✱ ✷✵✶✻✮✳ ❚❤❡ ❣❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠s

❛♥❞ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ■● ✇❛✈❡s ✐♥ t✐❞❛❧ ✐♥❧❡ts ♠✐❣❤t ❞✐✛❡r s✉❜st❛♥t✐❛❧❧② ❢r♦♠ t❤❡

❜❡❛❝❤ ❡♥✈✐r♦♥♠❡♥ts ❞✉❡ t♦ t❤❡ ❝♦♠♣❧❡① ♠♦r♣❤♦❧♦❣② ♦❢ t✐❞❛❧ ✐♥❧❡ts ✐♥❝❧✉❞✐♥❣

❧♦❝❛❧❧② ✈❡r② st❡❡♣ ❜♦tt♦♠s ✭❡✳❣✳ t❡r♠✐♥❛❧ ❧♦❜❡ ♦❢ t❤❡ ❡❜❜ ❞❡❧t❛✮ ❛♥❞ t❤❡ ♣r❡s❡♥❝❡

♦❢ str♦♥❣ t✐❞❛❧ ❝✉rr❡♥ts ✐♥ t❤❡ ♠❛✐♥ ❝❤❛♥♥❡❧s✳

❲✐❧❧✐❛♠s ❛♥❞ ❙t❛❝❡② ✭✷✵✶✻✮ ♣❡r❢♦r♠❡❞ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ❛t t❤❡ P❡s❝❛❞❡r♦

❊st✉❛r② ▼♦✉t❤✱ ❈❛❧✐❢♦r♥✐❛✱ ❛♥❞ ✐❞❡♥t✐✜❡❞ ✢✉❝t✉❛t✐♦♥s ✐♥ ✇❛t❡r ❧❡✈❡❧s ❛♥❞ ❝✉r✲

r❡♥t ✈❡❧♦❝✐t✐❡s ✐♥ t❤❡ ■● ❜❛♥❞✳ ❚❤❡s❡ ❛✉t❤♦rs ❞❡s❝r✐❜❡❞ t❤❡ ✇❛✈❡s ❛s ❜♦r❡s

♣r♦♣❛❣❛t✐♥❣ ✐♥s✐❞❡ t❤❡ ❧❛❣♦♦♥ t❤❛t ✇❡r❡ ❧❛r❣❡r ✇❤❡♥ t❤❡ ♦✛s❤♦r❡ s✐❣♥✐✜❝❛♥t

✇❛✈❡ ❤❡✐❣❤t ✐♥❝r❡❛s❡❞✳ ❲✐❧❧✐❛♠s ❛♥❞ ❙t❛❝❡② ✭✷✵✶✻✮ ❛❧s♦ s❤♦✇❡❞ t❤❛t ✈❡❧♦❝✐t✐❡s

❛ss♦❝✐❛t❡❞ ✇✐t❤ ■● ✇❛✈❡s ✇❡r❡ ♦❢ t❤❡ s❛♠❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ♦r ❡✈❡♥ ❧❛r❣❡r
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❋✐❣✉r❡ ✶✷✿ ❚✐♠❡✲s❡r✐❡s ♦❢ ♦❜s❡r✈❡❞ ✇❛t❡r ❞❡♣t❤s ✭t♦♣✮✱ Hm0 ✐♥ t❤❡ ❣r❛✈✐t② ✭❜❧✉❡✮ ❛♥❞ ✐♥ t❤❡
✭r❡❞✮ ■● ❜❛♥❞s ✭♠✐❞❞❧❡✮ ❛♥❞ ❢r❡q✉❡♥❝❡ r❡♣❛rt✐t✐♦♥ ♦❢ t❤❡ ❡♥❡r❣② ❞❡♥s✐t② ✐♥s✐❞❡ t❤❡ ❆❧❜✉❢❡✐r❛
▲❛❣♦♦♥ ✭P♦rt✉❣❛❧✮ ✐♥ ❙❡♣t❡♠❜❡r ✷✵✶✵

t❤❛♥ t✐❞❛❧ ❝✉rr❡♥ts✱ ❛❧t❤♦✉❣❤ t❤❡② r❛♣✐❞❧② ❞❡❝r❡❛s❡ ❛❢t❡r t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡

❡❜❜✳

❇❡rt✐♥ ❛♥❞ ❖❧❛❜❛rr✐❡t❛ ✭✷✵✶✻✮ ✐♥✈❡st✐❣❛t❡❞ t❤❡ r❡❧❡✈❛♥❝❡ ♦❢ ■● ✇❛✈❡s ❛t ❆❧✲

❜✉❢❡✐r❛ ▲❛❣♦♦♥ ■♥❧❡t✱ ❛ s❤❛❧❧♦✇ ✇❛✈❡✲❞♦♠✐♥❛t❡❞ ✐♥❧❡t ❧♦❝❛t❡❞ ♦♥ t❤❡ ❲❡st❡r♥

❈♦❛st ♦❢ P♦rt✉❣❛❧✳ ❋✐❡❧❞ ♠❡❛s✉r❡♠❡♥ts ♦❢ ✇❛t❡r ❧❡✈❡❧s ❛♥❞ ❝✉rr❡♥ts ❝❛rr✐❡❞

♦✉t ❜♦t❤ ✐♥s✐❞❡ ❛♥❞ ♦✉ts✐❞❡ t❤❡ ❧❛❣♦♦♥ ✉♥❞❡r ❛ ♠♦❞❡r❛t❡ ❡♥❡r❣② ❜✉t ❧♦♥❣ ♣❡✲

r✐♦❞ s✇❡❧❧ r❡✈❡❛❧❡❞ t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ ❧♦✇✲❢r❡q✉❡♥❝② ✢✉❝t✉❛t✐♦♥s ✐♥ t❤❡ ■● ❜❛♥❞✳

❖✉ts✐❞❡ t❤❡ ❧❛❣♦♦♥✱ t❤❡s❡ ✢✉❝t✉❛t✐♦♥s ✇❡r❡ ♣r❡s❡♥t ❛❧♦♥❣ t❤❡ ✇❤♦❧❡ t✐❞❛❧ ❝②✲

❝❧❡✱ ✇❤❡r❡❛s ✐♥s✐❞❡ t❤❡ ❧❛❣♦♦♥ t❤❡② ❞✐s❛♣♣❡❛r❡❞ ❛ ❢❡✇ ❤♦✉rs ❛❢t❡r t❤❡ ❜❡❣✐♥♥✐♥❣

♦❢ t❤❡ ❡❜❜ t✐❞❡ ✉♥t✐❧ t❤❡ ♥❡①t r✐s✐♥❣ t✐❞❡ ✭❋✐❣✳ ✶✷✮✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡s❡ ❛✉✲

t❤♦rs ✐♠♣❧❡♠❡♥t❡❞ t❤❡ ❳❇❡❛❝❤ ♠♦❞❡❧✐♥❣ s②st❡♠ ✭❘♦❡❧✈✐♥❦ ❡t ❛❧✳✱ ✷✵✵✾✮ ❛♥❞

r❡♣r♦❞✉❝❡❞ ❢❛✐r❧② ✇❡❧❧ t❤❡ ❣❡♥❡r❛t✐♦♥ ❛♥❞ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ■● ✇❛✈❡s✱ ✐♥❝❧✉❞✐♥❣

✺✹



t❤❡ ❞r♦♣ ♦❢ t❤❡✐r ❡♥❡r❣② ❞✉r✐♥❣ ❛ ❧❛r❣❡ ♣❛rt ♦❢ t❤❡ ❡❜❜✳ ❚❤✐s ❜❡❤❛✈✐♦r ✇❛s ❡①✲

♣❧❛✐♥❡❞ ❜② ❜❧♦❝❦✐♥❣ ❞✉❡ t♦ ♦♣♣♦s✐♥❣ t✐❞❛❧ ❝✉rr❡♥ts r❡❛❝❤✐♥❣ 2.5m.s−1 ✐♥ s❤❛❧❧♦✇

✇❛t❡r ❞❡♣t❤s✳ ❇❡rt✐♥ ❛♥❞ ❖❧❛❜❛rr✐❡t❛ ✭✷✵✶✻✮ ❛❧s♦ ♣❡r❢♦r♠❡❞ ♥✉♠❡r✐❝❛❧ ❡①♣❡r✐✲

♠❡♥ts ✇❤❡r❡ t❤❡② r❡♠♦✈❡❞ ✇❛✈❡ ❢♦r❝❡s ✐♥s✐❞❡ ❛♥❞ ♦✉ts✐❞❡ t❤❡ s✉r❢③♦♥❡✱ ✇❤✐❝❤

s❤♦✇❡❞ t❤❛t t❤❡ ❜r❡❛❦♣♦✐♥t ♠❡❝❤❛♥✐s♠ ❛♥❞ t❤❡ ❜♦✉♥❞ ✇❛✈❡ ♠❡❝❤❛♥✐s♠s ❜♦t❤

❝♦♥tr✐❜✉t❡❞ s✐❣♥✐✜❝❛♥t❧② t♦ t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ■● ✇❛✈❡s ✐♥ t❤❡ ✐♥❧❡t✳ ■♥s✐❞❡ t❤❡

❧❛❣♦♦♥✱ ■● ✇❛✈❡s ✐♥❞✉❝❡❞ ✢✉❝t✉❛t✐♦♥s ✐♥ ✢♦♦❞ ❝✉rr❡♥ts r❡❛❝❤✐♥❣ t❡♠♣♦r❛r✐❧②

✶✵✵ % ♦❢ t❤❡✐r ♠❛❣♥✐t✉❞❡✳ ❚❤❡ ❢❛❝t t❤❛t t❤❡s❡ ✢✉❝t✉❛t✐♦♥s ♦❝❝✉r ♠♦st❧② ❛t

✢♦♦❞ ❛♥❞ ♥♦t ❛t ❡❜❜ s❤♦✉❧❞ ♣r♦♠♦t❡ ✢♦♦❞ ❞♦♠✐♥❛♥❝❡ ✐♥ t❤❡ ❧❛❣♦♦♥ ❛♥❞ ♠✐❣❤t

❝♦♥tr✐❜✉t❡ t♦ t❤❡ s❤♦❛❧✐♥❣ ❛♥❞ ♣♦ss✐❜❧② t❤❡ ❝❧♦s✉r❡ ♦❢ s✉❝❤ s❤❛❧❧♦✇ ✐♥❧❡ts ❞✉r✐♥❣

✇✐♥t❡r st♦r♠s✳

❚❤❡s❡ ✜♥❞✐♥❣s ✇✐❧❧ ❤❛✈❡ t♦ ❜❡ ✈❡r✐✜❡❞ ❛t ♦t❤❡r ✐♥❧❡t s②st❡♠s ✉♥❞❡r ✈❛r✐♦✉s

✐♥❝✐❞❡♥t ✇❛✈❡ ❝♦♥❞✐t✐♦♥s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡s❡ st✉❞✐❡s ❞✐❞ ♥♦t ✐♥❝❧✉❞❡ s❡❞✐♠❡♥t

tr❛♥s♣♦rt ♠❡❛s✉r❡♠❡♥ts ❛♥❞ t❤❡ ♣♦ss✐❜❧❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ■● ✇❛✈❡s ✐♥ t❤❡ ❝❧♦s✉r❡

♦❢ s❤❛❧❧♦✇ s②st❡♠s ✇✐❧❧ ❤❛✈❡ t♦ ❜❡ ✐♥✈❡st✐❣❛t❡❞ ✐♥ ❞❡t❛✐❧✳ ❚❤❡s❡ st✉❞✐❡s s❤♦✇❡❞

t❤❛t ■● ✇❛✈❡s ❣❡t ❜❧♦❝❦❡❞ ❞✉r✐♥❣ t❤❡ ❡❜❜ ❞✉❡ t♦ str♦♥❣ ❝♦✉♥t❡r ❝✉rr❡♥ts ✐♥

s❤❛❧❧♦✇ ❞❡♣t❤✳ ❙✉❝❤ ❜❧♦❝❦✐♥❣ ❝♦✉❧❞ ❤❛r❞❧② ♦❝❝✉r ✐♥ ❞❡❡♣❡r ✐♥❧❡ts✱ ❡①❝❡♣t ✐❢ ❡❜❜

❞❡❧t❛s ❛r❡ t✐❧t❡❞ ❛♥❞ ❢❛❝❡ t❤❡ ♠❛✐♥ ❝❤❛♥♥❡❧ s♦ t❤❛t str♦♥❣ ❝♦✉♥t❡r ❝✉rr❡♥ts ❝❛♥

❧♦❝❛❧❧② ✢♦✇ ✐♥ s❤❛❧❧♦✇ ❞❡♣t❤s ❛❝r♦ss t❤❡ s✉r❢③♦♥❡✳

✹✳✸✳ ❘❡❡❢ ❤②❞r♦❞②♥❛♠✐❝s

✹✳✸✳✶✳ ❈♦r❛❧ r❡❡❢s

▼❛♥② tr♦♣✐❝❛❧ ✐s❧❛♥❞s ❛♥❞ ❝♦❛sts ❛r❡ ❧✐♥❡❞ ✇✐t❤ ❝♦r❛❧ r❡❡❢s✳ ❚❤❡s❡ r❡❡❢s ♥♦t

♦♥❧② ❤♦st ✈❛❧✉❛❜❧❡ ❡❝♦s②st❡♠s ❜✉t ❛❧s♦ ❛❝t ❛s ❛ ✢♦♦❞ ❞❡❢❡♥s❡ t♦ ♣r♦t❡❝t ❝♦❛st✲

✺✺



❧✐♥❡s ❢r♦♠ ❝♦❛st❛❧ st♦r♠ ❞❛♠❛❣❡ ❛♥❞ ✢♦♦❞✐♥❣✳ ❖✈❡r r❡❡❢s✱ ✐♥❝✐❞❡♥t✲❜❛♥❞ ✭❛♥❞

♣r❡❞♦♠✐♥❛♥t❧② r❡♠♦t❡❧②✲❣❡♥❡r❛t❡❞ s✇❡❧❧✮ ✇❛✈❡s ❜r❡❛❦ ✐♥ ❛ ♥❛rr♦✇ s✉r❢ ③♦♥❡ ♦♥

t❤❡ r❡❡❢ ❡❞❣❡✱ ✇❤❡r❡ ♠♦st ♦❢ t❤❡ ✇❛✈❡s ❛r❡ ❞✐ss✐♣❛t❡❞ ❛♥❞ ❧✐tt❧❡ ❡♥❡r❣② ✭t②♣✐✲

❝❛❧❧② ✷✪ ✐♥ t❤❡ s❤♦rt✲✇❛✈❡ ❜❛♥❞✱ ❋❡rr❛r✐♦ ❡t ❛❧✳ ✭✷✵✶✹✮✮ ✐s tr❛♥s♠✐tt❡❞ t♦ s❤♦r❡✳

❍♦✇❡✈❡r✱ ♣❛rt✐❝✉❧❛r❧② ❞✉r✐♥❣ st♦r♠ ❛♥❞ ❧❛r❣❡ s✇❡❧❧ ❝♦♥❞✐t✐♦♥s✱ ♦✈❡r✇❛s❤ ❛♥❞

❝♦❛st❛❧ ✢♦♦❞✐♥❣ st✐❧❧ ♦❝❝✉rs ❞✉❡ t♦ ❤✐❣❤ ✇❛t❡r ❧❡✈❡❧s ✭❏❛✛❡ ❛♥❞ ❘✐❝❤♠♦♥❞✱ ✶✾✾✷❀

❍♦❡❦❡ ❡t ❛❧✳✱ ✷✵✶✸✮✱ ♦✈❡rt♦♣♣✐♥❣ ❞✉❡ t♦ ❜♦t❤ s❤♦rt ✇❛✈❡s✱ ■● ✇❛✈❡s ❛♥❞✴♦r

❧♦✇✲❢r❡q✉❡♥❝② ✇❛✈❡ r❡s♦♥❛♥❝❡ ✭▼❡rr✐✜❡❧❞ ❡t ❛❧✳✱ ✷✵✶✹❀ ❈❤❡r✐t♦♥ ❡t ❛❧✳✱ ✷✵✶✻✮✳

❚❤❡ ♠❡❝❤❛♥✐s♠ ❜❡❤✐♥❞ t❤✐s ✐s r❛❞✐❛t✐♦♥ str❡ss ❣r❛❞✐❡♥ts ❛ss♦❝✐❛t❡❞ ✇✐t❤ ✇❛✈❡

❜r❡❛❦✐♥❣ t❤❛t ♥♦t ♦♥❧② ♣r♦❞✉❝❡s ❛ ✇❡❧❧✲❦♥♦✇♥ st❡❛❞② s❡t✲✉♣ ✇❤✐❝❤ ❝❛♥ ❜❡ q✉✐t❡

❧❛r❣❡ ♦♥ r❡❡❢s ✭♦♥ t❤❡ ♦r❞❡r ♦❢ ✶✳✵ ♠ ✭▼✉♥❦ ❛♥❞ ❙❛r❣❡♥t✱ ✶✾✹✽❀ ❱❡tt❡r ❡t ❛❧✳✱

✷✵✶✵✮✮✱ ❜✉t ❛❧s♦ ♣r♦❞✉❝❡s ❛ t✐♠❡✲✈❛r②✐♥❣ ❝♦♠♣♦♥❡♥t ❞✉❡ t❤❡ ❣r♦✉♣✐♥❡ss ♦❢ t❤❡

✐♥❝♦♠✐♥❣ ✇❛✈❡s✱ ✇❤✐❝❤ ❝❛✉s❡s t❤❡ ❜r❡❛❦♣♦✐♥t t♦ ✈❛r② ✐♥ t✐♠❡ ❛♥❞ s♣❛❝❡✱ ❛s ❡①✲

♣❧❛✐♥❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✷✳ ■♥ t❤❡ ❝❛s❡ ♦❢ r❡❡❢s✱ t❤❡s❡ ❜r❡❛❦♣♦✐♥t✲❣❡♥❡r❛t❡❞ ■● ✇❛✈❡s

✭❙②♠♦♥❞s ❡t ❛❧✳✱ ✶✾✽✷✮ ✉s✉❛❧❧② ❞♦♠✐♥❛t❡ ♦✈❡r ■● ✇❛✈❡s ❣❡♥❡r❛t❡❞ t❤r♦✉❣❤ t❤❡

❜♦✉♥❞✲✇❛✈❡ s❤♦❛❧✐♥❣ ♠❡❝❤❛♥✐s♠ ✐♥tr♦❞✉❝❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✶ ✭❇❛tt❥❡s ❡t ❛❧✳✱ ✷✵✵✹❀

P♦♠❡r♦② ❡t ❛❧✳✱ ✷✵✶✷❀ ▼❡rr✐✜❡❧❞ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ◆✇♦❣✉ ❛♥❞ ❉❡♠✐r❜✐❧❡❦ ✭✷✵✶✵✮

❢♦✉♥❞✱ ♦♥ t❤❡ ❜❛s✐s ♦❢ ❧❛❜♦r❛t♦r② ❡①♣❡r✐♠❡♥ts ♦♥ ❛♥ ✐❞❡❛❧✐③❡❞ s♠♦♦t❤ r❡❡❢✱ t❤❛t

■● ❡♥❡r❣② ✐♥❝r❡❛s❡❞ ❛❝r♦ss t❤❡ r❡❡❢ ✢❛t t♦✇❛r❞s s❤♦r❡✳ ■♥ ❛♥♦t❤❡r ❧❛❜♦r❛t♦r②

st✉❞②✱ P♦♠❡r♦② ❡t ❛❧✳ ✭✷✵✶✺✮ ❢♦✉♥❞ t❤❛t ✐♥❝✐❞❡♥t✲❜❛♥❞ ✇❛✈❡s ❞❡❝r❡❛s❡❞ r❛♣✐❞❧②

❛t t❤❡ r❡❡❢ ❝r❡st✱ t❤❡♥ ♠♦r❡ ❣r❛❞✉❛❧❧② ❛❝r♦ss t❤❡ ✢❛t✳ ■● ✇❛✈❡s ❛❧s♦ s❤♦❛❧❡❞ ❛♥❞

t❤❡♥ r❛♣✐❞❧② ❞❡❝r❡❛s❡❞ ✐♥ ❤❡✐❣❤t ❛t t❤❡ ❝r❡st✱ ❜✉t ✐♥st❡❛❞ ❣r❡✇ ❤✐❣❤❡r ❛s t❤❡②

♣r♦♣❛❣❛t❡❞ ❛❝r♦ss t❤❡ r❡❡❢ ✢❛t✳

✺✻



C1 

C3 

C4 

C5 

(A) 

(B) 

(C) 

C6 

❋✐❣✉r❡ ✶✸✿ ✭❆✮ ❇❛t❤②♠❡tr② ♦❢ ◆✐♥❣❛❧♦♦ ❘❡❡❢ ✭❲❡st❡r♥ ❆✉str❛❧✐❛✮ ❛♥❞ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ s❡♥s♦rs✱
✭❇✮ ❝r♦ss✲s❤♦r❡ ♣r♦✜❧❡ ♦❢ t❤❡ r❡❡❢ ❛t t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ s❡♥s♦rs ❛♥❞ ✭❈✮ ❚✐♠❡ s❡r✐❡s ♦❢ t❤❡
♠❡❛♥ ✇❛t❡r ❧❡✈❡❧ ✭t✐❞❡✮ ♠❡❛s✉r❡❞ ♦♥ t❤❡ ❢♦r❡r❡❡❢ ❛t ❈✶ ❛♥❞ ❘♦♦t✲♠❡❛♥✲sq✉❛r❡ ✇❛✈❡ ❤❡✐❣❤ts
❢♦r t❤❡ ■● ✇❛✈❡ ❜❛♥❞ Hrms,IG ✭❜❧✉❡✮ ❛♥❞ s❤♦rt✲✇❛✈❡ ❜❛♥❞ Hrms,sw ✭r❡❞✮ ♠❡❛s✉r❡❞ ❛❝r♦ss
❛t ❈✶✱ ❈✸✱ ❈✹✱ ❈✺ ❛♥❞ ❈✻✮✳ ▼♦❞✐✜❡❞ ❢r♦♠ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳ ✭✷✵✶✸✮

❆s ❛ r❡s✉❧t ♦❢ t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ■● ✇❛✈❡s ♦♥ t❤❡ r❡❡❢ ❡❞❣❡✱ t❤❡ ✇❛✈❡ s♣❡❝tr❛

❜❡❝♦♠❡ ❜✐✲♠♦❞❛❧ ♦♥ t❤❡ r❡❡❢ ✢❛t ✭❨♦✉♥❣✱ ✶✾✽✾❀ ❍❛r❞② ❛♥❞ ❨♦✉♥❣✱ ✶✾✾✻✮✳ ❚❤❡r❡✱

t❤❡ r❡♠❛✐♥✐♥❣ ✐♥❝✐❞❡♥t ✇❛✈❡s ❛♥❞ t♦ ❛ ❧❡ss❡r ❡①t❡♥t ■● ✇❛✈❡s ✭P♦♠❡r♦② ❡t ❛❧✳✱

✷✵✶✷✮✮ ❛tt❡♥✉❛t❡ ❞✉❡ t♦ ❜♦tt♦♠ ❢r✐❝t✐♦♥ ❞✐ss✐♣❛t✐♦♥✱ ✇❤✐❝❤ ✐s ❧❛r❣❡r t❤❛♥ t❤❛t

t②♣✐❝❛❧❧② ❢♦✉♥❞ ♦♥ s❛♥❞② ❜❡❛❝❤❡s ✭▲♦✇❡ ❡t ❛❧✳✱ ✷✵✵✺❀ ▼♦♥✐s♠✐t❤ ❡t ❛❧✳✱ ✷✵✶✺✮✳

❚❤✐s ✐♠♣❧✐❡s t❤❛t ■● ✇❛✈❡s ❜❡❝♦♠❡ ♠♦r❡ ❛♥❞ ♠♦r❡ ❞♦♠✐♥❛♥t ❛✇❛② ❢r♦♠ t❤❡

r❡❡❢ ❡❞❣❡✱ ❛s ❝♦♥✜r♠❡❞ ❜② ♥✉♠❡r✐❝❛❧ ❛♥❛❧②s✐s ❜② ✭❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳✱ ✷✵✶✸✮

❢♦r ❛ ✇✐❞❡ ❢r✐♥❣✐♥❣ r❡❡❢ ✭❋✐❣✳ ✶✸✮✳ ❚❤❡s❡ ❛✉t❤♦rs s❤♦✇❡❞ t❤❛t t❤❡ ✐♥✢✉❡♥❝❡ ♦❢
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s❤♦rt ✇❛✈❡s ❞❡❝r❡❛s❡s ❞r❛♠❛t✐❝❛❧❧② ❛❝r♦ss t❤❡ r❡❡❢ ✢❛t ❛♥❞ ✇✐t❤✐♥ t❤❡ ❧❛❣♦♦♥✱

t②♣✐❝❛❧❧② ❛❝❝♦✉♥t✐♥❣ ❢♦r ❁ ✹✵✪ ♦❢ t❤❡ ❜❡❞ s❤❡❛r str❡ss❡s✱ ✇❤✐❧❡ t❤❡ ❝♦♥tr✐❜✉t✐♦♥

♦❢ ■● ✇❛✈❡s t♦ t❤❡ t♦t❛❧ ❜❡❞ s❤❡❛r str❡ss❡s ❣r❛❞✉❛❧❧② ✐♥❝r❡❛s❡s ❛❝r♦ss t❤❡ r❡❡❢

t♦✇❛r❞s t❤❡ ❧❛❣♦♦♥ ❛♥❞ ✉❧t✐♠❛t❡❧② t✉r♥s ❞♦♠✐♥❛♥t ✭❣❡♥❡r❛❧❧② ❛❝❝♦✉♥t✐♥❣ ❢♦r ✉♣

t♦ ✺✵✪ ♦❢ t❤❡ ❜❡❞ s❤❡❛r str❡ss ✐♥ t❤❡ ❧❛❣♦♦♥✮✳

❯s✐♥❣ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s✱ ❙❤✐♠♦③♦♥♦ ❡t ❛❧✳ ✭✷✵✶✺✮ s❤♦✇❡❞ t❤❛t✱ ❢♦r t❤❡

❝❛s❡ ♦❢ ❛ t②♣❤♦♦♥ ✐♠♣❛❝t ♦♥ ❛ ♥❛rr♦✇ r❡❡❢✲❧✐♥❡❞ ❝♦❛st ✐♥ t❤❡ P❤✐❧✐♣♣✐♥❡s✱ t❤❡

r✉♥✉♣ s♣❡❝tr✉♠ ✇❛s ♠♦r❡ ❞♦♠✐♥❛t❡❞ ❜② ■● ✇❛✈❡s ✐❢ t❤❡ r❡❡❢ ✇❛s ✇✐❞❡r✳ ❚❤❡

■● ✇❛✈❡ ❛tt❡♥✉❛t✐♦♥ ✐s ❝♦♥tr♦❧❧❡❞ ❜② ✇❛✈❡ s❤❛♣❡✱ ❜❡❞ r♦✉❣❤♥❡ss✱ ✇❛t❡r ❞❡♣t❤✱

❛♥❞ t❤❡ ✇✐❞t❤ ♦❢ t❤❡ r❡❡❢ ✢❛t ✭Péq✉✐❣♥❡t ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❋♦r ❧❛r❣❡ r♦✉❣❤♥❡ss✱ ✇✐❞❡

r❡❡❢s ❛♥❞✴♦r s♠❛❧❧ ✇❛t❡r ❞❡♣t❤s✱ ■● ✇❛✈❡s ❛r❡ s❤♦r❡✇❛r❞ ♣r♦♣❛❣❛t✐♥❣ ✇✐t❤ ❧✐tt❧❡

r❡✢❡❝t✐♦♥ ❢r♦♠ t❤❡ ❝♦❛st❧✐♥❡✳ ■♥ ❝♦♥tr❛st✱ ❢♦r s♠♦♦t❤ r❡❡❢s ❛♥❞ ❢♦r ❝❡rt❛✐♥ ❝♦♠✲

❜✐♥❛t✐♦♥s ♦❢ r❡❡❢ ✇✐❞t❤✱ ✇❛t❡r ❞❡♣t❤ ❛♥❞ ✐♥❝✐❞❡♥t ✇❛✈❡ ♣❡r✐♦❞✱ r❡s♦♥❛♥❝❡ ♠❛②

♦❝❝✉r ♦♥ t❤❡ r❡❡❢✱ ✇✐t❤ ❛ss♦❝✐❛t❡❞ ❧❛r❣❡ s❡❛ s✉r❢❛❝❡ ❛♠♣❧✐t✉❞❡s ❛t t❤❡ s❤♦r❡❧✐♥❡

✭❈❤❡r✐t♦♥ ❡t ❛❧✳✱ ✷✵✶✻❀ ●❛✇❡❤♥ ❡t ❛❧✳✱ ✷✵✶✻✮✳ ❋✉rt❤❡r♠♦r❡✱ ■● ✇❛✈❡s t❤❛t r❡✢❡❝t

❢r♦♠ t❤❡ s❤♦r❡ ♠❛② ❡s❝❛♣❡ t♦ ❞❡❡♣❡r ✇❛t❡r✱ ✇❤❡r❡ t❤❡② ❛r❡ ❤❛r❞❧② ❛tt❡♥✉❛t❡❞✱

❛♥❞ ✐♠♣❛❝t t❤❡ ♦♣♣♦s✐t❡ ❝♦❛st ✭❘❛✇❛t ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❋❡✇ st✉❞✐❡s s♦ ❢❛r ❤❛✈❡

✐♥❝❧✉❞❡❞ t❤❡ ❛❧♦♥❣s❤♦r❡ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ r❡❡❢ t♦♣♦❣r❛♣❤②✱ ✇❤✐❝❤ ♠❛② ❛♠♣❧✐❢②

✇❛✈❡ ❤❡✐❣❤ts ♦r s❡t✉♣ ✭❙♠✐t❤❡rs ❛♥❞ ❍♦❡❦❡✱ ✷✵✶✹❀ ❘♦❣❡rs ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❇❡❡t❤❛♠

❡t ❛❧✳ ✭✷✵✶✻✮ s✉❣❣❡st❡❞ t❤❛t t❤❡ ♦✈❡r♣r❡❞✐❝t✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧❧❡❞ ■● ✇❛✈❡s ♠❛②

❜❡ t❤❡ r❡s✉❧t ♦❢ ❡①❝❧✉❞✐♥❣ ❧♦♥❣s❤♦r❡ ✈❛r✐❛t✐♦♥s✳ ❆❧❧ ❢❛❝t♦rs ✲ s❡t✲✉♣✱ r❡s♦♥❛♥❝❡✱

■● ✇❛✈❡s ❛♥❞ s❤♦rt ✇❛✈❡s ✲ ❝♦♥tr✐❜✉t❡ t♦ ♣♦t❡♥t✐❛❧ ✢♦♦❞✐♥❣ ♦❢ t❤❡ ❝♦❛st❧✐♥❡ ❛♥❞

❞❛♠❛❣❡s ♦♥ ✐s❧❛♥❞s✳

✺✽



✹✳✸✳✷✳ ❘♦❝❦② s❤♦r❡ ♣❧❛t❢♦r♠s

❖✈❡r t❤❡ ❧❛st ❞❡❝❛❞❡✱ ❛ ♥✉♠❜❡r ♦❢ st✉❞✐❡s ❤❛✈❡ ♦❜s❡r✈❡❞ ■● ✇❛✈❡ ❝❤❛r❛❝✲

t❡r✐st✐❝s ♦♥ s❤♦r❡ ♣❧❛t❢♦r♠s✱ ♣❛rt✐❝✉❧❛r❧② ✐♥ t❤❡ ♠❡s♦✲ ❛♥❞ ♠✐❝r♦✲t✐❞❛❧ ❡♥✈✐r♦♥✲

♠❡♥ts ♦❢ ◆❡✇ ❩❡❛❧❛♥❞ ❛♥❞ ❆✉str❛❧✐❛ ✭❡✳❣✳ ❇❡❡t❤❛♠ ❛♥❞ ❑❡♥❝❤✱ ✷✵✶✶❀ ❖❣❛✇❛

❡t ❛❧✳✱ ✷✵✶✺✱ ✷✵✶✶❀ ▼❛rs❤❛❧❧ ❛♥❞ ❙t❡♣❤❡♥s♦♥✱ ✷✵✶✶✮✱ ❛♥❞ t❤❡✐r r❡s✉❧ts ❤❛✈❡ ♠♦st❧②

❛❣r❡❡❞ ✇✐t❤ t❤♦s❡ ❢r♦♠ ❝♦r❛❧ r❡❡❢s✳ ▼✐❝r♦t✐❞❛❧✱ r♦❝❦② s❤♦r❡ ♣❧❛t❢♦r♠s✱ s♦♠❡t✐♠❡s

r❡❢❡rr❡❞ t♦ ❛s ❚②♣❡ ❇ ♣❧❛t❢♦r♠s ✭❙✉♥❛♠✉r❛✱ ✶✾✾✷✮✱ ♣r♦✈✐❞❡ ❛ ♠♦r♣❤♦❧♦❣② t❤❛t

✐s ❛♥❛❧♦❣♦✉s t♦ ❝♦r❛❧ r❡❡❢s ✐♥ t❤❛t t❤❡② ❛r❡ ♥❡❛r✲❤♦r✐③♦♥t❛❧ ✇✐t❤ ❛ st❡❡♣ ❧♦✇✲t✐❞❡

❝❧✐✛✱ t❤❡ ✉♣♣❡r ♣❛rt ♦❢ ✇❤✐❝❤ ❝❛♥ s♦♠❡t✐♠❡s ❜❡ s❡❡♥ ❛t ❧♦✇ t✐❞❡✳ ❖❢ t❤❡s❡ st✉❞✲

✐❡s✱ t❤❡ ♦♥❧② ♦♥❡ t♦ ❢♦❝✉s ❡♥t✐r❡❧② ♦♥ ■● ✇❛✈❡s ✐s t❤❛t ♦❢ ❇❡❡t❤❛♠ ❛♥❞ ❑❡♥❝❤

✭✷✵✶✶✮ ✇❤♦ ♦❜s❡r✈❡❞ t❤❡ ■●✲✇❛✈❡ ❤❡✐❣❤t t♦ ❜❡ ❧✐♥❡❛r❧② ❞❡♣❡♥❞❛♥t ♦♥ t❤❡ ♦✛✲

s❤♦r❡ s❤♦rt✲✇❛✈❡ ❤❡✐❣❤t ❛♥❞ t♦ ✐♥❝r❡❛s❡ s❤♦r❡✇❛r❞ ✇✐t❤ ❛ ♠❛①✐♠✉♠ ■● ✇❛✈❡

❤❡✐❣❤t ♦❢ ✵✳✷✵ ♠ ♠❡❛s✉r❡❞ ❛t t❤❡ ❝❧✐✛ t♦❡✳ ❖❣❛✇❛ ❡t ❛❧✳ ✭✷✵✶✺✮ s❤♦✇❡❞ t❤❛t

t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ■● ✇❛✈❡s ♦♥ ❛ s❤♦r❡ ♣❧❛t❢♦r♠ ❝❛♥ ❜❡ ♣❛r❛♠❡t❡r✐③❡❞ ✉s✐♥❣

t❤❡ r❡❧❛t✐✈❡ ✇❛t❡r ❞❡♣t❤ ✭❤✴❍✮ ❛t t❤❡ ♣❧❛t❢♦r♠ ❡❞❣❡✳ ❆ t❤r❡s❤♦❧❞ ✈❛❧✉❡ ♦❢ ✶✳✶

✇❛s ♦❜s❡r✈❡❞✱ ❛❜♦✈❡ ✇❤✐❝❤ s❡❛✲s✇❡❧❧ ❢r❡q✉❡♥❝✐❡s ❞♦♠✐♥❛t❡ t❤❡ ✇❛✈❡ s♣❡❝tr❛✱ ❛♥❞

❜❡❧♦✇ ✇❤✐❝❤ ■● ❢r❡q✉❡♥❝✐❡s ❞♦♠✐♥❛t❡ t❤❡ ✇❛✈❡ s♣❡❝tr❛ ❛s s❤♦rt ✇❛✈❡s t②♣✐❝❛❧❧②

❜r❡❛❦ ♦♥ t❤❡ ♣❧❛t❢♦r♠ ❡❞❣❡✳

✹✳✹✳ ❙❡✐❝❤❡s ✐♥ s❡♠✐✲❡♥❝❧♦s❡❞ ❜❛s✐♥s ❛♥❞ ❤❛r❜♦rs

❙❡♠✐✲❡♥❝❧♦s❡❞ ❜❛s✐♥s ❛♥❞ ❤❛r❜♦rs ❤❛✈❡ ♥❛t✉r❛❧ r❡s♦♥❛♥t ♣❡r✐♦❞s r❛♥❣✐♥❣ ❢r♦♠

❛ ❢❡✇ t❡♥s ♦❢ s❡❝♦♥❞s t♦ ❛ ❢❡✇ ❤♦✉rs✳ ❚❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ s♠❛❧❧ ♦s❝✐❧❧❛t✐♦♥s ❝♦♠✐♥❣

❢r♦♠ t❤❡ ♦❝❡❛♥ ♠❛② ❜❡ str♦♥❣❧② ✐♥❝r❡❛s❡❞ ❜② r❡s♦♥❛♥t ♣r♦❝❡ss❡s ✭❘❛❜✐♥♦✈✐❝❤✱

✷✵✵✾✮✳ ❚❤✐s ♣❤❡♥♦♠❡♥♦♥ ✐s ❦♥♦✇♥ ❛s ❝♦❛st❛❧ s❡✐❝❤❡s ✭●✐❡s❡ ❛♥❞ ❈❤❛♣♠❛♥✱ ✶✾✾✸❀

✺✾



❘❛❜✐♥♦✈✐❝❤✱ ✷✵✵✾✮ ❛♥❞ ❝r❡❛t❡s ✐♠♣♦rt❛♥t ❤❛③❛r❞s ❢♦r ♣♦♣✉❧❛t✐♦♥ s❛❢❡t② ❛♥❞ ❡❝♦✲

♥♦♠✐❝ ❛❝t✐✈✐t✐❡s✳ ❍❛r❜♦rs ❛r❡ ♣❛rt✐❝✉❧❛r❧② ✈✉❧♥❡r❛❜❧❡ t♦ t❤❡s❡ ♣❤❡♥♦♠❡♥❛✱ ✇❤✐❝❤

❝❛♥ s❡r✐♦✉s❧② ❛✛❡❝t ♦♣❡r❛t✐♦♥s ❛♥❞ ❝❛✉s❡ s❡✈❡r❡ ❛♥❞ ❡①♣❡♥s✐✈❡ ❞❛♠❛❣❡s t♦ ❤❛r✲

❜♦r ❢❛❝✐❧✐t✐❡s ❛♥❞ ♠♦♦r❡❞ s❤✐♣s✳ ❆ss♦❝✐❛t❡❞ ❝✉rr❡♥ts ❝❛♥ ❛❧s♦ ❞r✐✈❡ s✉❜st❛♥t✐❛❧

s❡❞✐♠❡♥t tr❛♥s♣♦rt ❛♥❞ ♠❛② ♠♦❞✐❢② t❤❡ ❤❛r❜♦r ❜❛t❤②♠❡tr②✳ ❚❤❡s❡ ♣r♦❜❧❡♠s

❤❛✈❡ ❢♦st❡r❡❞ ♥✉♠❡r♦✉s st✉❞✐❡s ❛✐♠❡❞ t♦ ❜❡tt❡r ✉♥❞❡rst❛♥❞ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢

s✉❝❤ s❡✐❝❤❡s ✐♥ ❤❛r❜♦rs ✭❉❡ ❏♦♥❣ ❛♥❞ ❇❛tt❥❡s✱ ✷✵✵✹❀ ▲❡❡✱ ✶✾✼✶❀ ❖❦✐❤✐r♦ ❡t ❛❧✳✱

✶✾✾✸✱ ❛♠♦♥❣ ♦t❤❡rs✮✳

❚❤❡ ❧♦♥❣ ✇❛✈❡s r❡s♣♦♥s✐❜❧❡ ❢♦r s❡✐❝❤❡ ❞❡✈❡❧♦♣♠❡♥t ♠❛② ❜❡ ❣❡♥❡r❛t❡❞ ❜② ❛

❧❛r❣❡ r❛♥❣❡ ♦❢ ♠❡❝❤❛♥✐s♠s✱ ✐♥❝❧✉❞✐♥❣ s❡✐s♠✐❝ ♣❤❡♥♦♠❡♥♦♥✱ ✐♥t❡r♥❛❧ ✇❛✈❡s ❛♥❞

❥❡t✲❧✐❦❡ ❝✉rr❡♥ts✳ ❍♦✇❡✈❡r✱ t❤❡ ♠♦st ❝♦♠♠♦♥ ♠❡❝❤❛♥✐s♠s ❞r✐✈✐♥❣ ❝♦❛st❛❧ s❡✐❝❤❡s

✐♥ ❤❛r❜♦✉rs ❛r❡ r❡❧❛t❡❞ t♦ ❛t♠♦s♣❤❡r✐❝ ❞✐st✉r❜❛♥❝❡s ✭❱✐❧✐❜✐➣ ❡t ❛❧✳✱ ✷✵✵✽✮ ❛♥❞

■● ✇❛✈❡s ✭❆r❞❤✉✐♥ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❋♦r s♠❛❧❧✲s❝❛❧❡ ❜❛s✐♥s ✇✐t❤ r❡s♦♥❛♥t ♣❡r✐♦❞s

♦❢ ❛ ❢❡✇ ♠✐♥✉t❡s✱ ❖❦✐❤✐r♦ ❡t ❛❧✳ ✭✶✾✾✸✮ s❤♦✇❡❞ t❤❛t s❡✐❝❤❡s ❛r❡ ❢♦r❝❡❞ ♠❛✐♥❧② ❜②

■● ✇❛✈❡s✳

■♥ ♦r❞❡r t♦ ✐❧❧✉str❛t❡ t❤✐s ♣❤❡♥♦♠❡♥♦♥✱ ✇❡ ❢♦❝✉s ❤❡r❡ ♦♥ t❤❡ ❝❛s❡ st✉❞② ♦❢

P♦rt✲❚✉❞② ❤❛r❜♦✉r✱ ❧♦❝❛t❡❞ ♦♥ ●r♦✐① ■s❧❛♥❞ ♦♥ t❤❡ ❲❡st❡r♥ ❈♦❛st ♦❢ ❋r❛♥❝❡

✭s❡❡ ❋✐❣✳ ✶✹❛✮✳ ❙tr♦♥❣ s❡✐❝❤❡s r❡❣✉❧❛r❧② ❞❡✈❡❧♦♣ ✐♥ t❤✐s ❤❛r❜♦✉r✱ ✇✐t❤ s♦♠❡ ♦❢

t❤❡ ❤✐❣❤❡st ❛♠♣❧✐t✉❞❡s ♦❜s❡r✈❡❞ ❛❧♦♥❣ t❤❡ ❋r❡♥❝❤ ♠❡tr♦♣♦❧✐t❛♥ ❝♦❛st✳

✹✳✹✳✶✳ ❚❤❡ r❡s♦♥❛♥t ♣❡r✐♦❞s

❚❤❡ r❡s♦♥❛♥t ♣❡r✐♦❞s✱ ❛❧s♦ ❦♥♦✇♥ ❛s ❡✐❣❡♥ ♣❡r✐♦❞s✱ ♦❢ s❡♠✐✲❡♥❝❧♦s❡❞ ❜❛s✐♥s

✭s✉❝❤ ❛s ❣✉❧❢s✱ ❜❛②s✱ ❢❥♦r❞s✱ ✐♥❧❡ts✱ ♣♦rts✱ ♦r ❤❛r❜♦rs✮ ❛r❡ ❢✉❧❧② ❞❡t❡r♠✐♥❡❞ ❜②

t❤❡ ❜❛s✐♥ ❣❡♦♠❡tr②✳ ■♥ ♦r❞❡r t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ r❡s♦♥❛♥t ♣❡r✐♦❞s ♦❢ P♦rt✲❚✉❞②
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b)

c)

Groix Island

a)

Model spectra
Tide gauge

Port-Tudy

❋✐❣✉r❡ ✶✹✿ ❛✮ ▲♦❝❛t✐♦♥ ❛♥❞ ❜❛t❤②♠❡tr✐❝ ♠❛♣ ♦❢ ●r♦✐① ■s❧❛♥❞ ❛♥❞ P♦rt✲❚✉❞②✳ ❜✮ ❇❛❝❦❣r♦✉♥❞
s♣❡❝tr❛ ✭❣r❡② ❧✐♥❡s✮ ❛♥❞ ♠❡❛♥ ❜❛❝❦❣r♦✉♥❞ s♣❡❝tr✉♠ ✭❜❧❛❝❦ ❧✐♥❡✮ ❝♦♠♣✉t❡❞ ♦♥ t✐♠❡ s❡r✐❡s
✭❝❛❧♠ ♣❡r✐♦❞s✮ r❡❝♦r❞❡❞ ✇✐t❤ P♦rt✲❚✉❞② t✐❞❡ ❣❛✉❣❡✳ ❚❤❡ ❣r❡② ❜♦① r❡♣r❡s❡♥ts t❤❡ r❛♥❣❡ ♦❢
❡✐❣❡♥ ♣❡r✐♦❞s ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ♠♦❞❡❧✳ ❝✮ ❙✐❣♥✐✜❝❛♥t ❤❡✐❣❤t ♦❢ s❡✐❝❤❡ ✭HSeiche✮ ❛♥❞ ■● ✇❛✈❡s
✭HHasselmann✮ t✐♠❡✲s❡r✐❡s ❞✉r✐♥❣ t❤❡ ✇❤♦❧❡ ②❡❛r ✷✵✶✸ ❛♥❞ t❤❡ ✜rst ♠♦♥t❤ ♦❢ ✷✵✶✹✳

❤❛r❜♦✉r✱ t❤❡ ❜❛❝❦❣r♦✉♥❞ s♣❡❝tr✉♠ ✐s ❝♦♠♣✉t❡❞ ♦♥ t❤❡ ✇❛t❡r s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥s

t✐♠❡✲s❡r✐❡s ♦❜s❡r✈❡❞ ❞✉r✐♥❣ t❤❡ ❝❛❧♠ ♣❡r✐♦❞s ♦❢ t❤❡ ②❡❛r ✷✵✶✸✳ ❈❛❧♠ ♣❡r✐♦❞s

✇❡r❡ ❛r❜✐tr❛r✐❧② ❞❡✜♥❡❞ ❛s ♣❡r✐♦❞s ♦❢ ♠♦r❡ t❤❛♥ ✹ ❝♦♥s❡❝✉t✐✈❡ ❞❛②s ✇❤❡r❡ t❤❡

s✐❣♥✐✜❝❛♥t ❤❡✐❣❤t ♦❢ ❧♦✇✲❢r❡q✉❡♥❝② ♦s❝✐❧❧❛t✐♦♥s ✐♥ t❤❡ ❤❛r❜♦✉r ✇❛s ❧♦✇❡r t❤❛♥ ✵✳✶✺

♠✳ ❚❤❡ r❡s✉❧t✐♥❣ ❜❛❝❦❣r♦✉♥❞ s♣❡❝tr✉♠ ✭s❡❡ ❋✐❣✳ ✶✹❜✮ ❝❧❡❛r❧② s❤♦✇s ❛ ✉♥✐q✉❡

❜r♦❛❞❡♥❡❞ ♣❡❛❦✱ ✇✐t❤ ❛ ♣❡❛❦ ♣❡r✐♦❞ ❝❡♥tr❡❞ ❛r♦✉♥❞ ✺ ♠✐♥✉t❡s ❛♥❞ ❡①t❡♥❞✐♥❣

❢r♦♠ ✸ t♦ ✻ ♠✐♥✉t❡s✳ ❚❤❡ ❜r♦❛❞❡♥❡❞ ♣❡❛❦ ✐s ❡①♣❧❛✐♥❡❞ ❜② ❧❛r❣❡ t✐❞❛❧ ❧❡✈❡❧

✈❛r✐❛t✐♦♥s✱ ✇❤✐❝❤ ❝❛♥ r❡❛❝❤ ❛❜♦✉t ✺ ♠ ❞✉r✐♥❣ s♣r✐♥❣ t✐❞❡s ✐♥ t❤✐s ❛r❡❛✳ ❆s ✇❛✈❡

♣r♦♣❛❣❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ✇❛t❡r ❞❡♣t❤✱ t❤❡ r❡s♦♥❛♥t ♣❡r✐♦❞ ✈❛r✐❡s ❞✉r✐♥❣ t❤❡

t✐❞❛❧ ❝②❝❧❡✱ r❡s✉❧t✐♥❣ ✐♥ t❤❡ ♦❜s❡r✈❡❞ ❜r♦❛❞❡♥❡❞ ♣❡❛❦✳
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❍♦✇❡✈❡r✱ r❡s♦♥❛♥❝❡ ✐♠♣❧✐❡s t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ st❛♥❞✐♥❣ ✇❛✈❡s s♦ t❤❛t t❤❡

❡❧❡✈❛t✐♦♥ s✐❣♥❛❧ ♠❡❛s✉r❡❞ ❛t ❛ ✜①❡❞ t✐❞❡ ❣❛✉❣❡✱ ♣♦t❡♥t✐❛❧❧② ❝❧♦s❡ t♦ ❛♥ ♦s❝✐❧❧❛✲

t✐♦♥ ♥♦❞❡✱ ♠❛② ♥♦t ❜❡ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ ✇❤♦❧❡ ❤❛r❜♦✉r✳ ❚♦ ♦✈❡r❝♦♠❡ t❤✐s

♣r♦❜❧❡♠✱ t❤❡ t✐❞❡ ❣❛✉❣❡ ❛♥❛❧②s✐s ✇❛s ❝♦♠♣❧❡♠❡♥t❡❞ ✇✐t❤ ❛ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧

s♦❧✈✐♥❣ t❤❡ ❇❡r❦❤♦✛ ✭✶✾✼✷✮ ❡q✉❛t✐♦♥s t♦ ❝♦♠♣✉t❡ t❤❡ ❡✐❣❡♥ ♠♦❞❡s ♦❢ ♦s❝✐❧❧❛✲

t✐♦♥s ✐♥s✐❞❡ t❤❡ ❤❛r❜♦✉r✳ ▼♦❞❡❧ r❡s✉❧ts r❡✈❡❛❧❡❞ r❡s♦♥❛♥t ♣❡r✐♦❞s r❛♥❣✐♥❣ ❢r♦♠

✸✳✵✽ ♠✐♥✉t❡s ❢♦r t❤❡ ❤✐❣❤❡st ❛str♦♥♦♠✐❝❛❧ t✐❞❡ t♦ ✺✳✾✺ ♠✐♥✉t❡s ❢♦r t❤❡ ❧♦✇❡st

❛str♦♥♦♠✐❝❛❧ t✐❞❡✱ ✇❤✐❝❤ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♦❜s❡r✈❡❞ ❜❛❝❦❣r♦✉♥❞ s♣❡❝tr✉♠

✭❋✐❣✳ ✶✹❜✮✳

✹✳✹✳✷✳ ❋♦r❝✐♥❣ ♠❡❝❤❛♥✐s♠s

❚❤❡ s❡✐❝❤❡ ♠❛❣♥✐t✉❞❡✱ HSeiche✱ ✐s ❡st✐♠❛t❡❞ ❛t t❤❡ t✐❞❡ ❣❛✉❣❡ ❧♦❝❛t✐♦♥✱ ❛s

t❤❡ s✐❣♥✐✜❝❛♥t ✇❛✈❡ ❤❡✐❣❤t ❝♦♠♣✉t❡❞ ♦✈❡r ♣❡r✐♦❞s r❛♥❣✐♥❣ ❢r♦♠ ✸ t♦ ✻ ♠✐♥✉t❡s✳

❚❤❡ t✐♠❡ s❡r✐❡s ♦❢ ♦❜s❡r✈❡❞ HSeiche ✐s ♣❧♦tt❡❞ ✭❜❧❛❝❦ ❧✐♥❡✮ ♦♥ ❋✐❣✳ ✶✹❝ ❢♦r t❤❡

✇❤♦❧❡ ②❡❛r ✷✵✶✸ ❛♥❞ ✜rst ♠♦♥t❤ ♦❢ ✷✵✶✹✳ ❉✉r✐♥❣ t❤✐s ♣❡r✐♦❞✱ t❤❡ ♠❛①✐♠✉♠

♦❜s❡r✈❡❞ HSeiche r❡❛❝❤❡s ✶✳✶ ♠ ♦♥ t❤❡ ✻ ❏❛♥✉❛r② ✷✵✶✹✳

■♥ ♦r❞❡r t♦ ❡①♣❧❛✐♥ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡s❡ s❡✐❝❤❡s✱ t❤❡ s✐❣♥✐✜❝❛♥t ❤❡✐❣❤t

♦❢ t❤❡ ✐♥❝♦♠✐♥❣ ❜♦✉♥❞ ✇❛✈❡s HHasselmann ✇❛s ❝♦♠♣✉t❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❍❛ss❡❧✲

♠❛♥♥ ✭✶✾✻✷✮ ❢r♦♠ t✐♠❡ s❡r✐❡s ♦❢ ❞✐r❡❝t✐♦♥❛❧ s♣❡❝tr❛ ❝♦♠♣✉t❡❞ ♦✛s❤♦r❡ ♦❢ ●r♦✐①

■s❧❛♥❞ ✭✶✹❛✮ ❢r♦♠ ❛♥ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❲❲■■■ ♠♦❞❡❧ ❢♦r t❤❡ ❋r❡♥❝❤ ❈♦❛sts

❆r❞❤✉✐♥ ❛♥❞ ❘♦❧❛♥❞ ✭✷✵✶✸✮✳ ❋✐❣✳✶✹❝ s❤♦✇s ❛ str♦♥❣ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡

♦❜s❡r✈❡❞ s❡✐❝❤❡ ❤❡✐❣❤t ✐♥ t❤❡ ❤❛r❜♦✉r ❛♥❞ t❤❡ ♠♦❞❡❧❡❞ ✐♥❝♦♠✐♥❣ ❜♦✉♥❞ ✇❛✈❡✱

✇✐t❤ ❛ P❡❛rs♦♥ ❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥t r❡❛❝❤✐♥❣ ✵✳✽✺ ❢♦r t❤❡ ❝♦♥s✐❞❡r❡❞ ♣❡r✐♦❞✳

❇❛s❡❞ ♦♥ t❤✐s ❝♦rr❡❧❛t✐♦♥✱ t♦❣❡t❤❡r ✇✐t❤ r❡s✉❧ts ♣r❡s❡♥t❡❞ ❛❜♦✈❡✱ ✇❡ ♣r♦♣♦s❡
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t❤❛t t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ s❡✐❝❤❡s ✐♥ t❤❡ ❤❛r❜♦✉r r❡s✉❧ts ❢r♦♠ t❤❡ ❛♠♣❧✐✜❝❛t✐♦♥ ❜②

r❡s♦♥❛♥❝❡ ♦❢ ■● ✇❛✈❡s✱ r❡❧❡❛s❡❞ ❛r♦✉♥❞ t❤❡ ✐s❧❛♥❞ ❛♥❞ tr❛♣♣❡❞ ✐♥s✐❞❡ t❤❡ ❤❛r✲

❜♦✉r✳ ❚❤✐s ❤②♣♦t❤❡s✐s ✇✐❧❧ ❜❡ ✈❡r✐✜❡❞ ✐♥ t❤❡ ❢✉t✉r❡ ✉s✐♥❣ ♣r♦❝❡ss✲❜❛s❡❞ ♠♦❞❡❧s

❝❛♣❛❜❧❡ ♦❢ s✐♠✉❧❛t✐♥❣ ❝♦❛st❛❧ ■● ✇❛✈❡s ✭❡✳❣✳ ❘♦❡❧✈✐♥❦ ❡t ❛❧✳✱ ✷✵✵✾✮✳

✹✳✺✳ ❋r❡❡ ■● ✇❛✈❡s ❛♥❞ ❛ss♦❝✐❛t❡❞ s❡✐s♠✐❝ ✇❛✈❡s ✐♥ t❤❡ s♦❧✐❞ ❊❛rt❤✿ t❤❡ ❤✉♠

✹✳✺✳✶✳ Pr♦♣❡rt✐❡s ♦❢ t❤❡ ❤✉♠

◆❛✇❛ ❡t ❛❧✳ ✭✶✾✾✽✮ ❞✐s❝♦✈❡r❡❞ ❣r♦✉♥❞ ♦s❝✐❧❧❛t✐♦♥s ❛t ❧❛♥❞ s❡✐s♠✐❝ st❛t✐♦♥s

✇✐t❤ ♣❡r✐♦❞s ❧♦♥❣❡r t❤❛♥ ✸✵ s ❜✉t ✇❤✐❝❤ ❛r❡ ♥♦t ❝❛✉s❡❞ ❜② ❡❛rt❤q✉❛❦❡s✳ ❚❤✐s

✉♥❡①♣❡❝t❡❞ ❜❛❝❦❣r♦✉♥❞ s✐❣♥❛❧ ✈❛r✐❡s st♦❝❤❛st✐❝❛❧❧② ♦♥ t❤❡ s❤♦rt t❡r♠ ❜✉t ❤❛s

t✇♦ ②❡❛r❧② ♠❛①✐♠❛ ✭❚❛♥✐♠♦t♦✱ ✷✵✵✺✮ t❤❛t ❝♦rr❡s♣♦♥❞ t♦ t❤❡ st♦r♠ s❡❛s♦♥s ♦❢

❡❛❝❤ ❤❡♠✐s♣❤❡r❡✳ ❚❤❡ ♣r♦♣❛❣❛t✐♦♥ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡s❡ s❡✐s♠✐❝ ✇❛✈❡s ❝❧❡❛r❧② ❛s✲

s♦❝✐❛t❡s t❤✐s ✧❤✉♠✧ ❢r♦♠ ✸✵ t♦ ✸✵✵ s ✇✐t❤ ♦❝❡❛♥ ✇❛✈❡s ✭❘❤✐❡ ❛♥❞ ❘♦♠❛♥♦✇✐❝③✱

✷✵✵✹❀ ❇r♦♠✐rs❦✐✱ ✷✵✵✾❀ ◆✐s❤✐❞❛✱ ✷✵✶✸✮✳ ❆t ✸✵✵ s✱ t❤❡ s❡✐s♠✐❝ ✇❛✈❡❧❡♥❣t❤ ✐s ♦♥

t❤❡ ♦r❞❡r ♦❢ ✶✺✵✵ ❦♠✳ ❚❤❡s❡ ✇❛✈❡s ❛r❡ ❧♦♥❣ ❡♥♦✉❣❤ t❤❛t t❤❡✐r ✐♥t❡r❢❡r❡♥❝❡

❛r♦✉♥❞ t❤❡ ♣❧❛♥❡t ❡①❝✐t❡s t❤❡ ❊❛rt❤✬s ♥♦r♠❛❧ ♠♦❞❡s✱ ❢r❡q✉❡♥❝✐❡s s❡♣❛r❛t❡❞ ❜②

❛♣♣r♦①✐♠❛t❡❧② 10−4 ❍③ ❛t ✇❤✐❝❤ t❤❡ ❊❛rt❤ r✐♥❣s ❧✐❦❡ ❛ ❜❡❧❧✳ ❚❤❡ ✬t♦♥❡✬ ♦❢ t❤❡s❡

♦s❝✐❧❧❛t✐♦♥s ❝❛♥ ❜❡ ✉s❡❞ t♦ ✐♥❢❡r ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s♦❧✐❞ ❊❛rt❤✳

❲❤❡r❡❛s s❤♦rt❡r ♠✐❝r♦s❡✐s♠s✱ ✇✐t❤ ♣❡r✐♦❞s ✉♥❞❡r ✸✵ s✱ ❛r❡ ♥♦✇ r❡❧❛t✐✈❡❧②

✇❡❧❧ ✉♥❞❡rst♦♦❞✱ ❛ q✉❛♥t✐t❛t✐✈❡❧② ✈❡r✐✜❡❞ t❤❡♦r② ♦❢ t❤❡ ❤✉♠ ❣❡♥❡r❛t✐♦♥ ❜② ❢r❡❡

■● ✇❛✈❡s ✐s ✈❡r② r❡❝❡♥t ✭❆r❞❤✉✐♥ ❡t ❛❧✳✱ ✷✵✶✺✮✱ ❛♥❞ ♠❛♥② ❛❧t❡r♥❛t✐✈❡ t❤❡♦r✐❡s

❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞ ❜② ❚❛♥✐♠♦t♦ ✭✷✵✵✺✮❀ ❲❡❜❜ ✭✷✵✵✼✱ ✷✵✵✽✮❀ ❯❝❤✐②❛♠❛ ❛♥❞

▼❝❲✐❧❧✐❛♠s ✭✷✵✵✽✮❀ ❚r❛❡r ❛♥❞ ●❡rst♦❢t ✭✷✵✶✹✮✱ ❛♠♦♥❣ ♦t❤❡rs✳ ■♥ ❣❡♥❡r❛❧✱ ❛❧❧

t❤❡s❡ ❛✉t❤♦rs ❤❛✈❡ ❧✐♥❦❡❞ ♦❝❡❛♥✐❝ ■● ✇❛✈❡s ✇✐t❤ t❤❡ ❤✉♠✳ ❆ ❜❡tt❡r ✉♥❞❡rst❛♥❞✲
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✐♥❣ ♦❢ t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡ ❤✉♠ ❝♦✉❧❞ t❤✉s ♦✛❡r ❛ ♣♦ss✐❜❧❡ ✇❛② t♦ ♠❡❛s✉r❡ ■●

✇❛✈❡s ❢r♦♠ ❧❛♥❞✲❜❛s❡❞ s❡✐s♠♦♠❡t❡rs✱ ❛♥❞ ❤❡❧♣ r❡✜♥❡ t❤❡ ✉s❡ ♦❢ ♠✐❝r♦s❡✐s♠ ❜❛❝❦✲

❣r♦✉♥❞ s✐❣♥❛❧s t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ❊❛rt❤✳
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❋✐❣✉r❡ ✶✺✿ ▼❡❛s✉r❡❞ ❛♥❞ ♠♦❞❡❧❡❞ s❡✐s♠✐❝ s♣❡❝tr❛✳ ✭❛✮ ❱❡rt✐❝❛❧ ❛❝❝❡❧❡r❛t✐♦♥ ♣♦✇❡r s♣❡❝tr❛❧
❞❡♥s✐t② ✭P❙❉✮ ✐♥ ▼❛r❝❤ ✷✵✵✽ ❛t t❤❡ ❋r❡♥❝❤ ❙❙❇ s❡✐s♠✐❝ st❛t✐♦♥✱ ❧♦❝❛t❡❞ ♥❡❛r ❙❛✐♥t✲❊t✐❡♥♥❡✱
❋r❛♥❝❡✳ ✭❜✮ ♦❜s❡r✈❡❞ ❛♥❞ ✭❝✮ ♠♦❞❡❧❡❞ P❙❉s ✐♥ ▼❛r❝❤ ✷✵✵✽ ❢♦❧❧♦✇✐♥❣ ❍❛ss❡❧♠❛♥♥ ✭✶✾✻✸✮ ❛♥❞
❆r❞❤✉✐♥ ❡t ❛❧✳ ✭✷✵✶✺✮✳ ▲✐❣❤t ❜❧✉❡ t♦ r❡❞ ✈❡rt✐❝❛❧ str✐♣❡s ❝♦rr❡s♣♦♥❞ t♦ ❡❛rt❤q✉❛❦❡s ✭♥♦t ♠♦❞✲
❡❧❡❞✮✳ ❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ s❡♣❛r❛t❡s t❤❡ ❧♦✇ ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡ ♣r✐♠❛r② ♠❡❝❤❛♥✐s♠ ❞♦♠✐♥❛t❡s
❢r♦♠ t❤❡ ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s ❡①♣❧❛✐♥❡❞ ❜② t❤❡ s❡❝♦♥❞❛r② ♦r ✬❞♦✉❜❧❡✲❢r❡q✉❡♥❝②✬ ♠❡❝❤❛♥✐s♠✳ ❚❤❡
❏♦❤❛♥♥❛ st♦r♠✱ ♦♥ ▼❛r❝❤ ✶✵✱ ✐s ❝♦♥s♣✐❝✉♦✉s ✇✐t❤ ♣♦✇❡r❢✉❧ ❛♥❞ ❧♦✇❡r ❢r❡q✉❡♥❝② ♠✐❝r♦s❡✐s♠s✳

❆ ❋♦✉r✐❡r ❛♥❛❧②s✐s ♦❢ ♠♦t✐♦♥s ✐♥ t❤❡ s♦❧✐❞ ❊❛rt❤ ❛♥❞ ♦❝❡❛♥ ❧❛②❡r s❤♦✇s t❤❛t

t❤❡ tr❛♥s❢❡r ♦❢ ❡♥❡r❣② ❢r♦♠ ♦❝❡❛♥ ✇❛✈❡s t♦ s❡✐s♠✐❝ ✇❛✈❡s ✐s s✐❣♥✐✜❝❛♥t ♦♥❧② ✐❢

♦❝❡❛♥ ✇❛✈❡ ♠♦t✐♦♥s ♠❛t❝❤ ❜♦t❤ t❤❡ ✇❛✈❡❧❡♥❣t❤ ❛♥❞ ♣❡r✐♦❞s✱ ❛♥❞ ❤❡♥❝❡ t❤❡

s♣❡❡❞✱ ♦❢ s❡✐s♠✐❝ ✇❛✈❡s ✭❍❛ss❡❧♠❛♥♥✱ ✶✾✻✸✮✳ ❚❤✐s ♥❡❝❡ss❛r② ♠❛t❝❤✐♥❣ ♦❢ t❤❡

s♣❡❡❞s ♦❢ ❞✐✛❡r❡♥t ✇❛✈❡ tr❛✐♥s ❛♣♣❧✐❡s t♦ ❛❧❧ s♦rts ♦❢ ✇❛✈❡ ♠♦t✐♦♥s ✭❍❛ss❡❧♠❛♥♥✱

✶✾✻✻✮✱ ❢♦r ❡①❛♠♣❧❡ t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ❛t♠♦s♣❤❡r✐❝ ✇❛✈❡s ❜② ts✉♥❛♠✐s ✭❡✳❣✳ ❆rtr✉

❡t ❛❧✳✱ ✷✵✵✺✮✳ ❚✇♦ t②♣❡s ♦❢ ✐♥t❡r❛❝t✐♦♥s ❝❛♥ ❜❡ t❤❡ ♠❛t❝❤✲♠❛❦❡rs ❜❡t✇❡❡♥ ■●

✇❛✈❡s✱ ✇❤✐❝❤ tr❛✈❡❧ ❛t ❛ ❢❡✇ ❤✉♥❞r❡❞s ♦❢ ♠❡t❡rs ♣❡r s❡❝♦♥❞✱ ❛♥❞ ♠✉❝❤ ❢❛st❡r

s❡✐s♠✐❝ ✇❛✈❡s✱ ✇❤✐❝❤ r❡❛❝❤ ✺ ❦♠✴s ❛t t❤❡ s❡❛✢♦♦r✳ ❚❤❡ ♣r✐♠❛r② ♠❡❝❤❛♥✐s♠ ✐s ❛♥
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✐♥t❡r❢❡r❡♥❝❡ ♦❢ s✉r❢❛❝❡ ✇❛✈❡s ♦❢ ✇❛✈❡♥✉♠❜❡r kw ❛♥❞ ❢r❡q✉❡♥❝② fw ✇✐t❤ ❜♦tt♦♠

t♦♣♦❣r❛♣❤② kb✱ ✇❤✐❝❤ ♣r♦❞✉❝❡ s❡✐s♠✐❝ ✇❛✈❡s ♦❢ ✇❛✈❡♥✉♠❜❡r ks = kw + kb ❛♥❞

❢r❡q✉❡♥❝② fs = fw✳ ❚❤❡ s❡❝♦♥❞❛r② ♠❡❝❤❛♥✐s♠ ✐s t❤❡ ✐♥t❡r❢❡r❡♥❝❡ ♦❢ t✇♦ ✇❛✈❡

tr❛✐♥s ♦❢ ✇❛✈❡♥✉♠❜❡r ❛♥❞ ❢r❡q✉❡♥❝② (k1, f1)✱ (k2, f2)✱ ♣r♦❞✉❝✐♥❣ ❛ s❡✐s♠✐❝ ✇❛✈❡

♦❢ ✇❛✈❡♥✉♠❜❡r ks = k1 + k2 ❛♥❞ ❢r❡q✉❡♥❝② fs = f1 ± f2✳ ❇❡❝❛✉s❡ |ks|/(2πfs)

♠✉st ❜❡ ❡q✉❛❧ t♦ t❤❡ s❡✐s♠✐❝ ♣❤❛s❡ s♣❡❡❞✱ t❤❡s❡ r❡s♦♥❛♥❝❡ ❝♦♥❞✐t✐♦♥s ✐♠♣♦s❡

k2 ≃ −k1 ❛♥❞ t❤✉s f1 ≃ f2 ❛♥❞ fs ≃ 2f1✳ ❚❤❡s❡ ❝♦♥❞✐t✐♦♥s ♠❛❦❡ ✐t ✐♠♣♦ss✐❜❧❡

❢♦r t❤❡ ✐♥t❡r❛❝t✐♦♥ fs = f1 − f2 t♦ ♣r♦❞✉❝❡ ❛ s✐❣♥✐✜❝❛♥t s❡✐s♠✐❝ ✇❛✈❡ ❛♠♣❧✐t✉❞❡

✭❍❛ss❡❧♠❛♥♥✱ ✶✾✻✸❀ ❲❡❜❜✱ ✷✵✵✽✮✱ ❝♦♥tr❛r② t♦ t❤❡ ♣r♦♣♦s✐t✐♦♥s ❜② ❯❝❤✐②❛♠❛ ❛♥❞

▼❝❲✐❧❧✐❛♠s ✭✷✵✵✽✮ ❛♥❞ ❚r❛❡r ❛♥❞ ●❡rst♦❢t ✭✷✵✶✹✮✳

❲✐t❤♦✉t ❛♥② ♦❢ t❤❡s❡ t✇♦ ♠❡❝❤❛♥✐s♠s✱ ♦❝❡❛♥ ✇❛✈❡s ♣r♦♣❛❣❛t✐♥❣ ♦✈❡r ❛ ✢❛t

❜♦tt♦♠ ♦♥❧② ♣r♦❞✉❝❡ ♣r❡ss✉r❡ ♦s❝✐❧❧❛t✐♦♥s ✐♥ t❤❡ ✇❛t❡r ❛♥❞ ❛ ❞❡❢♦r♠❛t✐♦♥ ♦❢

t❤❡ ❜♦tt♦♠ t❤❛t ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❧♦❝❛❧ ♦❝❡❛♥ ✇❛✈❡ ❛♠♣❧✐t✉❞❡ ❜✉t ✇❤✐❝❤

❝❛♥♥♦t ♣r♦♣❛❣❛t❡ ❛s s❡✐s♠✐❝ ✇❛✈❡s✳ ❚❤✐s ❡✛❡❝t ✐s ❦♥♦✇♥ ❛s ❝♦♠♣❧✐❛♥❝❡ ❛♥❞

✐s ✉s❡❞ ✐♥ ❣❡♦♣❤②s✐❝❛❧ st✉❞✐❡s ♦❢ ♦❝❡❛♥✐❝ ❝r✉st❛❧ str✉❝t✉r❡ ✭❡✳❣✳ ❈r❛✇❢♦r❞ ❡t ❛❧✳✱

✶✾✾✶✮✳ ❆r❞❤✉✐♥ ❡t ❛❧✳ ✭✷✵✶✺✮ ❛♣♣❧✐❡❞ t❤❡ ✇❛✈❡✲✇❛✈❡ ❛♥❞ ✇❛✈❡✲❜♦tt♦♠ ✐♥t❡r❛❝t✐♦♥

t❤❡♦r✐❡s ♦❢ ❍❛ss❡❧♠❛♥♥ ✭✶✾✻✸✮✱ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ♥❡❝❡ss❛r② ❝♦rr❡❝t✐♦♥ ❢♦r

✜♥✐t❡ ❞❡♣t❤ ❣✐✈❡♥ ❜② ❆r❞❤✉✐♥ ❛♥❞ ❍❡r❜❡rs ✭✷✵✶✸✮✳ ❚❤❡ r❡s✉❧t ✐s s❤♦✇♥ ✐♥ ❋✐❣✳

✹✳✺✳✶✳ ❚❤❡ s❡❝♦♥❞❛r② ♠❡❝❤❛♥✐s♠ ✐s t♦♦ ✇❡❛❦ ❜② ✶✵ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ t♦

❡①♣❧❛✐♥ t❤❡ r❡❝♦r❞❡❞ ❤✉♠✱ ✇❤❡r❡❛s ❛ r❡❛s♦♥❛❜❧❡ ❣✉❡ss ♦❢ ❛♥ ❡✛❡❝t✐✈❡ ❜♦tt♦♠

s❧♦♣❡ ♦❢ ✻✪✱ ❝♦♠❜✐♥❡❞ ✇✐t❤ t❤❡ ❣❧♦❜❛❧ ■● ✇❛✈❡ ♠♦❞❡❧ ♦❢ ❆r❞❤✉✐♥ ❡t ❛❧✳ ✭✷✵✶✹✮

❣✐✈❡s ❛ ❣♦♦❞ ❛❣r❡❡♠❡♥t ❜❡t✇❡❡♥ ❜♦t❤ t❤❡ ♠❡❛♥ ♦❜s❡r✈❡❞ ❤✉♠ ❧❡✈❡❧ ✭❋✐❣✳ ✹✳✺✳✶✮

❛♥❞ ✐ts t❡♠♣♦r❛❧ ✈❛r✐❛❜✐❧✐t② ✭❆r❞❤✉✐♥ ❡t ❛❧✳✱ ✷✵✶✺✮✳
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✹✳✺✳✷✳ ❋r❡❡ ■● ✇❛✈❡s ✐♥ t❤❡ ♦♣❡♥ ♦❝❡❛♥

❆ss✉♠✐♥❣ ✉♥✐❢♦r♠ t♦♣♦❣r❛♣❤② ❛❧♦♥❣✲s❤♦r❡✱ ❆r❞❤✉✐♥ ❡t ❛❧✳ ✭✷✵✶✺✮ s❤♦✇❡❞

t❤❛t t❤❡ ✐♥t❡r❢❡r❡♥❝❡ ♦❢ ✇❛✈❡s ❛♥❞ ❜♦tt♦♠ t♦♣♦❣r❛♣❤② ✐s ❞♦♠✐♥❛t❡❞ ❜② ✇❤❛t

❤❛♣♣❡♥s ❛r♦✉♥❞ t❤❡ ♥♦♥✲❞✐♠❡♥s✐♦♥❛❧ ❞❡♣t❤ kD = 0.76 ✭✇❛✈❡ ♥✉♠❜❡rs t✐♠❡ ✇❛✲

t❡r ❞❡♣t❤✮✳ ❋♦r ♣❡r✐♦❞s ✺✵ t♦ ✸✵✵ s✱ ❤✉♠ s♦✉r❝❡s ❛r❡ t❤❡r❡❢♦r❡ ❡①♣❡❝t❡❞ t♦ ❜❡ ❛t

❞❡♣t❤s ♦❢ ✸✵✵✲✶✵✵✵ ♠✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ s❤❡❧❢ s❧♦♣❡✳ ❆❧t❤♦✉❣❤

t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❤✉♠ s♦✉r❝❡ ❞❡♣❡♥❞s ♦♥ t❤❡ ❣❡♥❡r❛❧❧② ♣♦♦r❧② ❝♦♥str❛✐♥❡❞

❡✛❡❝t✐✈❡ s❧♦♣❡✱ t❤❡ r❡❧❛t✐✈❡ ✈❛r✐❛t✐♦♥ ♦❢ ❤✉♠ ❛♠♣❧✐t✉❞❡s ❝♦✉❧❞ ♣r♦✈✐❞❡ ❛ ✉s❡❢✉❧

❝♦♠♣❧❡♠❡♥t t♦ t❤❡ ❢❡✇ ❛✈❛✐❧❛❜❧❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ ♦♣❡♥ ♦❝❡❛♥ ■● ✇❛✈❡ ♠❡❛✲

s✉r❡♠❡♥ts✳ ❱❡r② ❢❡✇ ❞❛t❛ ✇❡r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ♦♣❡♥ ♦❝❡❛♥ ✷✺ ②❡❛rs ❛❣♦ ✭❲❡❜❜

❡t ❛❧✳✱ ✶✾✾✶✮✱ ❜✉t ❛ ❢❡✇ r❡❛❧✲t✐♠❡ s❡❛✢♦♦r ❞❛t❛ s❡r✐❡s ❛r❡ ♥♦✇ ❛✈❛✐❧❛❜❧❡ ❢r♦♠ t❤❡

◆❡♣t✉♥❡ ♥❡t✇♦r❦ ♦✛ t❤❡ ❝♦❛st ♦❢ ❇r✐t✐s❤ ❈♦❧✉♠❜✐❛ ❛♥❞ ♠♦r❡ ❛♥❞ ♠♦r❡ ❜♦tt♦♠

♣r❡ss✉r❡ r❡❝♦r❞❡rs ❛r❡ ❜❡✐♥❣ ❞❡♣❧♦②❡❞ ❢♦r ♠❛r✐♥❡ ❣❡♦♣❤②s✐❝s ❡①♣❡r✐♠❡♥ts ✭❉❛✈②

❡t ❛❧✳✱ ✷✵✶✹❀ ●♦❞✐♥ ❡t ❛❧✳✱ ✷✵✶✹✮ ❛♥❞ t❤❡ ts✉♥❛♠✐ ✇❛r♥✐♥❣ s②st❡♠ ✭❡✳❣✳ ❆✉❝❛♥ ❛♥❞

❆r❞❤✉✐♥✱ ✷✵✶✸✮✳ ❆ ❜❡tt❡r ❦♥♦✇❧❡❞❣❡ ♦❢ s♦✉r❝❡s ❛♥❞ ♣r♦♣❛❣❛t✐♦♥ ♣❛tt❡r♥s ♦❢ ■●

✇❛✈❡s ❛❝r♦ss ♦❝❡❛♥s ✐s t❤✉s ❡♠❡r❣✐♥❣✳ ❚❤❡ ❣❧♦❜❛❧ ■● ✇❛✈❡ ✜❡❧❞ ❝♦♠❜✐♥❡s str♦♥❣

s♦✉r❝❡s ♦♥ ✇❡st ❝♦❛sts t❤❛t r❛❞✐❛t❡ t♦✇❛r❞s t❤❡ ❡❛st ✭❘❛✇❛t ❡t ❛❧✳✱ ✷✵✶✹✮✱ ✇✐t❤

s♦♠❡ ♦❝❝❛s✐♦♥❛❧ ❢r❡❡ ✇❛✈❡s ❛rr✐✈✐♥❣ ❢r♦♠ t❤❡ ♦♣❡♥ ♦❝❡❛♥ ✭◆❡❛❧❡ ❡t ❛❧✳✱ ✷✵✶✺✮✳

▼✐❞✲♦❝❡❛♥ ♦❜s❡r✈❛t✐♦♥s ✐♥ t❤❡ ◆♦rt❤ ❆t❧❛♥t✐❝ ❜② ❈r❛✇❢♦r❞ ❡t ❛❧✳ ✭✷✵✶✺✮ s✉❣❣❡st

t❤❛t s✉♠♠❡r ■● ❡✈❡♥ts ❝❛♥ ❤❛✈❡ s✐❣♥✐✜❝❛♥t s♦✉r❝❡s ✐♥ t❤❡ s♦✉t❤❡r♥ ❤❡♠✐s♣❤❡r❡✳

❆❧t❤♦✉❣❤ s♦♠❡ ❞❡t❛✐❧s ❛r❡ st✐❧❧ ✉♥❝❧❡❛r✱ t❤❡s❡ ❢❡❛t✉r❡s ❛r❡ ❣❡♥❡r❛❧❧② ❝♦♥s✐st❡♥t

✇✐t❤ ❛ ❣❧♦❜❛❧ ♠♦❞❡❧ ❢❡❞ ❜② ❡♠♣✐r✐❝❛❧ s♦✉r❝❡s ♦❢ ❢r❡❡ ■● ✇❛✈❡s ❛t t❤❡ ❝♦❛st ❣✐✈✐♥❣

❛✈❡r❛❣❡ ■● ✇❛✈❡ ❤❡✐❣❤ts s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✻✳
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❋✐❣✉r❡ ✶✻✿ ▼❡❛♥ ✈❛❧✉❡s ♦❢ HIG ♦✈❡r ✭❛✮ ❏❛♥✉❛r② ❛♥❞ ❋❡❜r✉❛r② ✷✵✵✽✱ ✭❜✮ ❏✉♥❡ ❛♥❞ ❏✉❧② ✷✵✵✽✳
❙♠❛❧❧ sq✉❛r❡ ✇✐t❤ ♥✉♠❜❡rs ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ ❉❆❘❚ st❛t✐♦♥s ✉s❡❞ ❤❡r❡ ❢♦r ♠♦❞❡❧
✈❛❧✐❞❛t✐♦♥✳ ❚❛❦❡♥ ❢r♦♠ ❆r❞❤✉✐♥ ❡t ❛❧✳ ✭✷✵✶✹✮✳

●✐✈❡♥ t❤❡ ❧❛r❣❡ s❝❛❧❡ ❡①t❡♥s✐♦♥ ♦❢ ❢r❡❡ ■● s♦✉r❝❡s ❛❧♦♥❣ t❤❡ ❝♦❛st✱ ✐t s❡❡♠s

✉♥❧✐❦❡❧② t❤❛t ❤✉♠ ♦r ♦♣❡♥ ♦❝❡❛♥ ■● ✇❛✈❡ r❡❝♦r❞✐♥❣s ✇✐❧❧ ♣r♦✈✐❞❡ ❞❡t❛✐❧❡❞ ✐♥✲

❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ■● ✇❛✈❡ ❣❡♥❡r❛t✐♦♥ ♣r♦❝❡ss❡s✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡s❡ ♠❡❛✲

s✉r❡♠❡♥ts ♣r♦✈✐❞❡ ❛ ❣❡♥❡r❛❧ ❝♦♥str❛✐♥t ♦♥ t❤❡ ■● ❡♥❡r❣② ❜❛❧❛♥❝❡ ❛♥❞ r❡❣✐♦♥❛❧

❛✈❡r❛❣❡❞ ❧❡✈❡❧s ♦❢ ❢r❡❡ ■● ✇❛✈❡s ❣❡♥❡r❛t❡❞ ❛t t❤❡ ❝♦❛st✳

✺✳ ❈♦♥❝❧✉s✐♦♥s ❛♥❞ ❢✉t✉r❡ ❝❤❛❧❧❡♥❣❡s

✺✳✶✳ ❋✉t✉r❡ ❝❤❛❧❧❡♥❣❡s ❢♦r ❦♥♦✇❧❡❞❣❡ ✐♠♣r♦✈❡♠❡♥t

❖✈❡r t❤❡ ♣❛st ❢❡✇ ❞❡❝❛❞❡s✱ ■● ✇❛✈❡s ❤❛✈❡ r❡❝❡✐✈❡❞ ❝♦♥s✐❞❡r❛❜❧❡ ❛tt❡♥t✐♦♥

❢r♦♠ t❤❡ ❝♦❛st❛❧ ❝♦♠♠✉♥✐t②✱ ✇❤✐❝❤ ❤❛s ❧❡❞ t♦ ✐♠♣♦rt❛♥t ♣r♦❣r❡ss ✐♥ ✉♥❞❡rst❛♥❞✲

✐♥❣ t❤❡✐r ❣❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠s✱ tr❛♥s❢♦r♠❛t✐♦♥s ❛♥❞ ✐♠♣❛❝ts ✐♥ t❤❡ ♥❡❛rs❤♦r❡✳
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❉❡s♣✐t❡ t❤❡s❡ ❛❞✈❛♥❝❡s✱ ♥✉♠❡r♦✉s q✉❡st✐♦♥s r❡♠❛✐♥ t♦ ❜❡ ❡①♣❧♦r❡❞✱ ❛♥❞ ♥❡✇

❝❤❛❧❧❡♥❣❡s ❤❛✈❡ ❛❧s♦ ❡♠❡r❣❡❞✳ ■♥ ❛❞❞✐t✐♦♥ t♦ ❝❤❛❧❧❡♥❣❡s ❧✐st❡❞ ❛t t❤❡ ❡♥❞ ♦❢ ❡❛❝❤

s✉❜s❡❝t✐♦♥ ❛❜♦✈❡✱ ✇❡ s✉♠♠❛r✐③❡ ❜❡❧♦✇ t❤❡ ♠♦st r❡❧❡✈❛♥t ♦♥❡s ✭✐♥ ♦✉r ♦♣✐♥✐♦♥✮

❢♦r t❤❡ ❝♦❛st❛❧ s❝✐❡♥t✐✜❝ ❝♦♠♠✉♥✐t②✳

❘❡❣❛r❞✐♥❣ ■● ✇❛✈❡ ❣❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠s✱ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ♣❤❛s❡

❧❛❣ ❜❡t✇❡❡♥ t❤❡ ❧♦♥❣ ❜♦✉♥❞ ✇❛✈❡ ❛♥❞ t❤❡ ✇❛✈❡ ❡♥❡r❣② ❡♥✈❡❧♦♣❡ s❤♦✉❧❞ r❡❝❡✐✈❡

♠♦r❡ ❛tt❡♥t✐♦♥✳ ❊✈❡♥ t❤♦✉❣❤ t❤✐s ♣❤❡♥♦♠❡♥♦♥ ✇❛s ♦❜s❡r✈❡❞ s❡✈❡r❛❧ t✐♠❡s ✐♥

t❤❡ ✜❡❧❞ ✭❡✳❣✳ ▼❛ss❡❧✐♥❦✱ ✶✾✾✺❀ ■♥❝❤ ❡t ❛❧✳✱ ✷✵✶✼❛✮✱ ✐ts ❞❡t❛✐❧❡❞ ❛♥❛❧②s✐s ✐s r❡✲

str✐❝t❡❞ t♦ ❛ ❢❡✇ ❧❛❜ ❡①♣❡r✐♠❡♥ts ✭❡✳❣✳ ❏❛♥ss❡♥ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✐ts

❞❡♣❡♥❞❡♥❝❡ ♦♥ t❤❡ ✐♥❝✐❞❡♥t ✇❛✈❡ s♣❡❝tr❛ ❛s ✇❡❧❧ ❛s t❤❡ ❜❡❛❝❤ s❧♦♣❡ s❤♦✉❧❞ ❜❡

❢✉rt❤❡r ✐♥✈❡st✐❣❛t❡❞✳ ❚❤❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ❜r❡❛❦♣♦✐♥t ♠❡❝❤❛♥✐s♠ s❤♦✉❧❞

❛❧s♦ ❜❡ ✐♠♣r♦✈❡❞✱ t❤r♦✉❣❤ ♥❡✇ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ❝♦❧❧❡❝t❡❞ ♦✈❡r st❡❡♣ ❜♦t✲

t♦♠s✱ ✇❤✐❝❤ ❛r❡ s❝❛r❝❡ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳ ❆❧s♦✱ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡

❢r❡q✉❡♥❝② ♦❢ ■● ✇❛✈❡s ❛♥❞ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ✐♥❝✐❞❡♥t s❤♦rt ✇❛✈❡ s♣❡❝tr❛ ✐s ♥♦t

t♦t❛❧❧② ✉♥❞❡rst♦♦❞✱ ❛s ❜♦t❤ r❡❧❛t✐✈❡❧② s❤♦rt ♣❡r✐♦❞ ■● ✇❛✈❡s ✭❡✳❣✳ T < 60s✮

✇❡r❡ ♦❜s❡r✈❡❞ ✉♥❞❡r ♥❛rr♦✇ ❜❛♥❞❡❞ ❧♦♥❣ ♣❡r✐♦❞ ✐♥❝✐❞❡♥t ✇❛✈❡s ✭❡✳❣✳ ❇❡rt✐♥ ❛♥❞

❖❧❛❜❛rr✐❡t❛✱ ✷✵✶✻✮ ❛♥❞ ❧❛r❣❡r ♣❡r✐♦❞ ■● ✇❛✈❡s ✇❡r❡ ♦❜s❡r✈❡❞ ✉♥❞❡r s❤♦rt❡r ♣❡✲

r✐♦❞ ✐♥❝✐❞❡♥t s❤♦rt✲✇❛✈❡s ✭❡✳❣✳ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❙✉❝❤ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts

❝♦✉❧❞ ❜❡ ❝♦♠♣❧❡♠❡♥t❡❞ ✇✐t❤ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧✐♥❣ ✉s✐♥❣ s✉r❢ ❜❡❛t ♠♦❞❡❧s✱ ✇❤❡r❡

✇❛✈❡ ❢♦r❝❡s ❝❛♥ ❜❡ t✉r♥❡❞ ♦✛ ♦✉ts✐❞❡ ❛♥❞ ✐♥s✐❞❡ t❤❡ s✉r❢③♦♥❡ t♦ ❛♥❛❧②s❡ t❤❡

r❡s♣❡❝t✐✈❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡s❡ ♠❡❝❤❛♥✐s♠s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ tr❛♥s❢❡rs ♦❢ ■●

✇❛✈❡ ❡♥❡r❣② ❜❛❝❦ t♦ s❤♦rt ✇❛✈❡s ❛♥❞ t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ■● ❤❛r♠♦♥✐❝s ❛♥❞ s✉❜✲

s❡q✉❡♥t ❞❡♣t❤ ❧✐♠✐t❡❞ ❜r❡❛❦✐♥❣ ♥❡❡❞s t♦ ❜❡ st✉❞✐❡❞ ❢♦r ♠♦r❡ t②♣❡s ♦❢ ❝♦❛sts

✻✽



✭❡✳❣✳ ❣r❛✈❡❧ ❜❡❛❝❤❡s✱ r♦❝❦② s❤♦r❡s✱ t✐❞❛❧ ✐♥❧❡ts ❛♥❞ ❡st✉❛r✐❡s ❛♥❞ ❝♦r❛❧ r❡❡❢s✮✳

■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ r❡s♣❡❝t✐✈❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❜♦t❤ ♠❡❝❤❛♥✐s♠s t♦ t❤❡ ♦❜s❡r✈❡❞

■● ✇❛✈❡ ❡♥❡r❣② ❧♦ss ✐♥ t❤❡ ♥❡❛rs❤♦r❡ s❤♦✉❧❞ ❜❡ ❜❡tt❡r q✉❛♥t✐✜❡❞✳ ■♥ ♦r❞❡r t♦

❜❡tt❡r ✉♥❞❡rst❛♥❞ t❤❡ ❢❛t❡ ♦❢ ■● ✇❛✈❡s ✐♥ t❤❡ ✈❡r② ♥❡❛rs❤♦r❡✱ ✐♥t❡r❝♦♠♣❛r✐s♦♥s

♦❢ s❡♣❛r❛t✐♦♥ t❡❝❤♥✐q✉❡s s❤♦✉❧❞ ❜❡ ♣r♦♠♦t❡❞✱ ♥❛♠❡❧② t♦ ❜❡tt❡r ❡✈❛❧✉❛t❡ t❤❡ ✉♥✲

❝❡rt❛✐♥t② ❛ss♦❝✐❛t❡❞ ✇✐t❤ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s ✭❡✳❣✳ ■♥❝❤ ❡t ❛❧✳✱ ✷✵✶✼❜✮✳

▼❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ ✇✐t❤ ♣❤♦t♦❣r❛♠♠❡tr② ✭❡✳❣✳ ❞❡ ❱r✐❡s

❡t ❛❧✳✱ ✷✵✶✶✮ ♦r ▲✐❉❆❘ s❝❛♥♥❡rs ✭▼❛rt✐♥s ❡t ❛❧✳✱ ✷✵✶✼✮ t❡❝❤♥✐q✉❡s ❝♦♠❜✐♥❡❞ ✇✐t❤

t❤❡ ❘❛❞♦♥ s❡♣❛r❛t✐♦♥ t❡❝❤♥✐q✉❡ ✭❆❧♠❛r ❡t ❛❧✳✱ ✷✵✶✸✮ ❛♣♣❡❛rs t♦ ❜❡ ❛ ♣r♦♠✐s✐♥❣

♣❡rs♣❡❝t✐✈❡✳

❚❤❡ r❡✈✐❡✇ ♦❢ t❤❡ st✉❞✐❡s ❛❜♦✉t t❤❡ ✐♠♣❛❝t ♦❢ ■● ✇❛✈❡s ♦♥ s❡❞✐♠❡♥t tr❛♥s✲

♣♦rt r❡✈❡❛❧❡❞ ❝♦♥tr❛st✐♥❣ ♦❜s❡r✈❛t✐♦♥s✳ ❚❤❡ r❛t✐♦ ♦❢ ■● ✇❛✈❡ ❤❡✐❣❤t t♦ s❤♦rt

✇❛✈❡ ❤❡✐❣❤t ✭❤✐❣❤❧② ❞❡♣❡♥❞❡♥t ♦♥ ❜❡❛❝❤ s❧♦♣❡ ❛♥❞ ♦✛s❤♦r❡ ✇❛✈❡ ❝♦♥❞✐t✐♦♥s✮

✇❛s s❤♦✇♥ ❛t s❡✈❡r❛❧ s✐t❡s t♦ ❡①♣❧❛✐♥ t❤❡ t②♣❡ ♦❢ s❛♥❞ s✉s♣❡♥s✐♦♥ ♠❡❝❤❛♥✐s♠

❛♥❞ t❤❡r❡❜② s✉❜s❡q✉❡♥t s❛♥❞ tr❛♥s♣♦rt ♠❛❣♥✐t✉❞❡ ❛♥❞ ❞✐r❡❝t✐♦♥✳ ❚❤✐s ❤②♣♦t❤✲

❡s✐s ♥❡❡❞s t♦ ❜❡ ✈❡r✐✜❡❞ ❢♦r ✈❛r✐♦✉s ❜❡❛❝❤ ♠♦r♣❤♦❧♦❣✐❡s ❛♥❞ ✉♥❞❡r ❛ ✇✐❞❡ r❛♥❣❡

♦❢ ✐♥❝✐❞❡♥t ✇❛✈❡ ❝♦♥❞✐t✐♦♥s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ❤✐❣❤✲r❡s♦❧✉t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ✉♥✲

❞❡r ❤✐❣❤ ❡♥❡r❣② ❝♦♥❞✐t✐♦♥s ❛r❡ ♣❛rt✐❝✉❧❛r❧② ♥❡❡❞❡❞✱ ❛❧♦♥❣ tr❛♥s❡❝ts s♣❛♥♥✐♥❣

❢r♦♠ t❤❡ s❤♦❛❧✐♥❣ ③♦♥❡ ✭✇✐t❤ str✉❝t✉r❡s ❞❡♣❧♦②❡❞ ♦✛s❤♦r❡ ❛♥❞ ❝♦♠❜✐♥✐♥❣ ♣r❡s✲

s✉r❡✴✈❡❧♦❝✐t② s❡♥s♦rs✮✱ t♦ ✇❡❧❧ ✇✐t❤✐♥ t❤❡ s✇❛s❤ ③♦♥❡✳ ■♥ ❛❞❞✐t✐♦♥✱ ❢♦r ❛ ❣✐✈❡♥ s✐t❡

❛♥❞ ❧❡✈❡❧ ♦❢ ■● ✇❛✈❡ ❡♥❡r❣②✱ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❛ss♦❝✐❛t❡❞ ❝✉rr❡♥ts ❛♥❞ s✉❜s❡✲

q✉❡♥t s❛♥❞ ✢✉①❡s s❤♦✉❧❞ ❜❡ str♦♥❣❧② ✐♠♣❛❝t❡❞ ❜② t❤❡ ♣❡r✐♦❞ ♦❢ ■● ✇❛✈❡s✳ ❚❤✐s

❤②♣♦t❤❡s✐s s❤♦✉❧❞ ❜❡ ✈❡r✐✜❡❞ ✐♥ t❤❡ ✜❡❧❞✱ ♠❡❛s✉r✐♥❣ s❛♥❞ ✢✉①❡s ✉♥❞❡r ■● ✇❛✈❡s
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♦❢ s✐♠✐❧❛r ❡♥❡r❣② ❜✉t ✇✐t❤ ❞✐✛❡r❡♥t ♣❡r✐♦❞s✳ ❚❤❡s❡ ✐♠♣r♦✈❡♠❡♥ts ✇♦✉❧❞ ❛❧s♦

❜❡♥❡✜t ♣r♦❝❡ss✲❜❛s❡❞ ♠♦r♣❤♦❞②♥❛♠✐❝ ♠♦❞❡❧s ✭❡✳❣✳ ❳❇❡❛❝❤✱ ❘♦❡❧✈✐♥❦ ❡t ❛❧✳✱

✷✵✵✾✮✱ ✇❤✐❝❤ ✉s❡ ♣❛r❛♠❡t❡r✐③❡❞ ❛♣♣r♦❛❝❤❡s ❢♦r s❛♥❞ ✢✉①❡s ✇✐t❤ ❧✐tt❧❡ ✈❛❧✐❞❛t✐♦♥

✉♥❞❡r ❡①tr❡♠❡ ❡✈❡♥ts✳

✺✳✷✳ ❇r♦❛❞❡r ✐♠♣❧✐❝❛t✐♦♥s

❚❤❡ ❢✉rt❤❡r ✐♠♣r♦✈❡♠❡♥t ♦❢ ❦♥♦✇❧❡❞❣❡ ♦♥ ■●✲✇❛✈❡ ❞②♥❛♠✐❝s ✇✐❧❧ ❛❧s♦ ❜❡♥✲

❡✜t ♦t❤❡r s❝✐❡♥t✐✜❝ ❝♦♠♠✉♥✐t✐❡s✳ ❆s ♠❡♥t✐♦♥❡❞ ❜r✐❡✢② ✐♥ t❤❡ ■♥tr♦❞✉❝t✐♦♥✱

r❡❝❡♥t st✉❞✐❡s ♣♦✐♥t ♦✉t t❤❡ ✐♠♣♦rt❛♥t r♦❧❡ ♦❢ ■● ✇❛✈❡s ❛t t❤❡ ✈❛r✐♦✉s s❡❛✲

✐♥t❡r❢❛❝❡s✿ t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ❛❝♦✉st✐❝ ✇❛✈❡s ✐♥ t❤❡ t❤❡r♠♦s♣❤❡r❡✱ t❤❡ ❝r❡❛t✐♦♥

♦❢ t❤❡ ❡❛rt❤✬s ❤✉♠ ❛t t❤❡ s❡❛✢♦♦r✱ ❛s ✇❡❧❧ ❛s t❤❡✐r ✐♥✢✉❡♥❝❡ ♦♥ ✐❝❡✲s❤❡❧❢ ❝♦❧❧❛♣s❡✳

■♥ ❛❞❞✐t✐♦♥✱ ❢♦r t❤❡ ✜❡❧❞ ♦❢ s❡❞✐♠❡♥t♦❧♦❣② s♣❡❝✐✜❝ t♦ ❝♦❛st❧✐♥❡ ❡✈♦❧✉t✐♦♥✱ t❤❡ ■●

❡r♦s✐♦♥❛❧✴❞❡♣♦s✐t✐♦♥❛❧ ✐♠♣r✐♥ts ❛r❡ ❡①♣❡❝t❡❞ t♦ ❜❡ ❝♦♥s✐❞❡r❛❜❧❡✳ ❋✉rt❤❡r♠♦r❡✱

t❤❡ ■● ✇❛✈❡ ✐♠♣❛❝ts✱ ❡s♣❡❝✐❛❧❧② ❞✉r✐♥❣ st♦r♠s✱ ♥❡❡❞ t♦ ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t

✇❤❡♥ ♣r♦✈✐❞✐♥❣ ♦♣❡r❛t✐♦♥❛❧ ❢♦r❡❝❛sts✱ ❛♥❞ ✇❤❡♥ ❛ss❡ss✐♥❣ ❧♦♥❣❡r✲t❡r♠ ❝♦❛st❧✐♥❡

st❛❜✐❧✐t②✳ ■● ✇❛✈❡s s❤♦✉❧❞ ❛❧s♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ❞✉r✐♥❣ ❤❛r❜♦r ❞❡s✐❣♥✱ ❛s t❤❡② ❝❛♥

❡✛❡❝t ❤❛r❜♦r ♦♣❡r❛t✐♦♥s s✉❜st❛♥t✐❛❧❧② t❤r♦✉❣❤ r❡s♦♥❛♥❝❡✳

✻✳ ❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

❚❤❡ r❡✈✐❡✇ ♣❛♣❡r ✇❛s ❢♦st❡r❡❞ ❞✉r✐♥❣ ❛ ✇♦r❦s❤♦♣ ♦♥ ■● ✇❛✈❡s ♦r❣❛♥✐③❡❞

✐♥ ▲❛ ❘♦❝❤❡❧❧❡ ✭❋r❛♥❝❡✮ ♦♥ t❤❡ ✶✼✲✶✽t❤ ▼❛r❝❤ ✷✵✶✻✱ ✇❤✐❝❤ ✇❛s s♣♦♥s♦r❡❞ ❜②

❘é❣✐♦♥ P♦✐t♦✉✲❈❤❛r❡♥t❡s✱ t❤❡ ❈❤❛r❡♥t❡✲▼❛r✐t✐♠❡ ❈♦✉♥❝✐❧ ❛♥❞ t❤❡ ♠✉♥✐❝✐♣❛❧✐t②

❝♦♠♠✉♥✐t✐❡s ♦❢ ▲❛ ❘♦❝❤❡❧❧❡✳ ❳❇✱ ❚● ❛♥❞ ❆❉❇ ✇❡r❡ ❢✉♥❞❡❞ ❜② t❤❡ ❈❤❛✐r❡ ❘❡✲

❣✐♦♥❛❧ Pr♦❣r❛♠ ❊❱❊❳ ❛♥❞ ❆❉❇ r❡❝❡✐✈❡❞ ✐♥ ❛❞❞✐t✐♦♥ ❛ P❘❊❙❚■●❊ ✐♥❝♦♠✐♥❣

✼✵



♠♦❜✐❧✐t② ❣r❛♥t✱ ❝♦✲✜♥❛♥❝❡❞ ❜② t❤❡ ❋P✼ ▼❛r✐❡ ❈✉r✐❡ ❆❝t✐♦♥s✲❈❖❋❯◆❉ ✭❣r❛♥t

❛❣r❡❡♠❡♥t ♥➦P❈❖❋❯◆❉✲●❆✲✷✵✶✸✲✻✵✾✶✵✷✮✳ ●✳❉✳ ✇❛s ❢✉♥❞❡❞ ❜② t❤❡ r❡s❡❛r❝❤

♣r♦❣r❛♠ P❘❖❚❊❱❙ ✭✶✷❈❘✻✮ ❝♦♥❞✉❝t❡❞ ❜② t❤❡ ❋r❡♥❝❤ ◆❛✈❛❧ ❖❝❡❛♥♦❣r❛♣❤✐❝

❛♥❞ ❍②❞r♦❣r❛♣❤✐❝ ❉❡♣❛rt♠❡♥t ✭❙❍❖▼✮✳ ●❘ ✇❛s ❢✉♥❞❡❞ ❜② t❤❡ ❉✉t❝❤ ❚❡❝❤✲

♥♦❧♦❣② ❋♦✉♥❞❛t✐♦♥ ❙❚❲ ✭❱✐❝✐ ♣r♦❥❡❝t ✶✸✼✵✾✮✳

✼✳ ❘❡❢❡r❡♥❝❡s

❆❛❣❛❛r❞✱ ❚✳✱ ●r❡❡♥✇♦♦❞✱ ❇✳✱ ✶✾✾✹✳ ❙✉s♣❡♥❞❡❞ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❛♥❞ t❤❡ r♦❧❡

♦❢ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡s ✐♥ ❛ ❜❛rr❡❞ s✉r❢ ③♦♥❡✳ ▼❛r✐♥❡ ●❡♦❧♦❣② ✶✶✽✱ ✷✸✕✹✽✳

❆❛❣❛❛r❞✱ ❚✳✱ ●r❡❡♥✇♦♦❞✱ ❇✳✱ ✶✾✾✺✳ ▲♦♥❣s❤♦r❡ ❛♥❞ ❝r♦ss✲s❤♦r❡ s✉s♣❡♥❞❡❞ s❡❞✐✲

♠❡♥t tr❛♥s♣♦rt ❛t ❢❛r ✐♥❢r❛❣r❛✈✐t② ❢r❡q✉❡♥❝✐❡s ✐♥ ❛ ❜❛rr❡❞ ❡♥✈✐r♦♥♠❡♥t✳ ❈♦♥✲

t✐♥❡♥t❛❧ ❙❤❡❧❢ ❘❡s❡❛r❝❤ ✶✺✱ ✶✷✸✺✕✶✷✹✾✳

❆❛❣❛❛r❞✱ ❚✳✱ ●r❡❡♥✇♦♦❞✱ ❇✳✱ ✷✵✵✽✳ ■♥❢r❛❣r❛✈✐t② ✇❛✈❡ ❝♦♥tr✐❜✉t✐♦♥ t♦ s✉r❢ ③♦♥❡

s❡❞✐♠❡♥t tr❛♥s♣♦rt ✲ t❤❡ r♦❧❡ ♦❢ ❛❞✈❡❝t✐♦♥✳ ▼❛r✐♥❡ ●❡♦❧♦❣② ✷✺✶✱ ✶✕✶✹✳

❆❛❣❛❛r❞✱ ❚✳✱ ●r❡❡♥✇♦♦❞✱ ❇✳✱ ❍✉❣❤❡s✱ ▼✳✱ ✷✵✶✸✳ ❙❡❞✐♠❡♥t tr❛♥s♣♦rt ♦♥ ❞✐ss✐✲

♣❛t✐✈❡✱ ✐♥t❡r♠❡❞✐❛t❡ ❛♥❞ r❡✢❡❝t✐✈❡ ❜❡❛❝❤❡s✳ ❊❛rt❤✲❙❝✐❡♥❝❡ ❘❡✈✐❡✇s ✶✷✹✱ ✸✷✕

✺✵✱ ❞♦✐✿✶✵✳✶✵✶✻✴❥✳❡❛rs❝✐r❡✈✳✷✵✶✸✳✵✺✳✵✵✷✳ ❞♦✐✿✶✵✳✶✵✶✻✴❥✳❡❛rs❝✐r❡✈✳✷✵✶✸✳✵✺✳

✵✵✷✳

❆❜❞❡❧r❛❤♠❛♥✱ ❙✳▼✳✱ ❚❤♦r♥t♦♥✱ ❊✳❇✳✱ ✶✾✽✼✳ ❈❤❛♥❣❡s ✐♥ t❤❡ s❤♦rt ✇❛✈❡ ❛♠♣❧✐✲

t✉❞❡ ❛♥❞ ✇❛✈❡♥✉♠❜❡r ❞✉❡ t♦ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡s✱ ✐♥✿ Pr♦❝✳ ♦❢

❙♣❡❝✐❛❧t② ❈♦♥❢❡r❡♥❝❡ ♦♥ ❈♦❛st❛❧ ❍②❞r♦❞②♥❛♠✐❝s✱ ❆♠❡r✐❝❛♥ ❙♦❝✐❡t② ♦❢ ❈✐✈✐❧

❊♥❣✐♥❡❡rs✱ ◆❡✇ ❨♦r❦✳ ♣♣✳ ✹✺✽✕✹✼✽✳
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❆❧♠❛r✱ ❘✳✱ ❇♦♥♥❡t♦♥✱ P✳✱ ▼✐❝❤❛❧❧❡t✱ ❍✳✱ ❈✐❡♥❢✉❡❣♦s✱ ❘✳✱ ❘✉❡ss✐♥❦✱ ❇✳●✳✱ ❚✐ss✐❡r✱

▼✳❋✳❙✳✱ ✷✵✶✸✳ ❖♥ t❤❡ ✉s❡ ♦❢ t❤❡ r❛❞♦♥ tr❛♥s❢♦r♠ ✐♥ st✉❞②✐♥❣ ♥❡❛rs❤♦r❡ ✇❛✈❡

❞②♥❛♠✐❝s✿ ❛♣♣❧✐❝❛t✐♦♥ t♦ ❣❧♦❜❡① ❧❛❜♦r❛t♦r② ❞❛t❛✳✱ ✐♥✿ Pr♦❝✳ ❈♦❛st❛❧ ❉②♥❛♠✲

✐❝s✳

❆❧♠❛r✱ ❘✳✱ ▼✐❝❤❛❧❧❡t✱ ❍✳✱ ❈✐❡♥❢✉❡❣♦s✱ ❘✳✱ ❇♦♥♥❡t♦♥✱ P✳✱ ❚✐ss✐❡r✱ ▼✳❋✳❙✳✱

❘✉❡ss✐♥❦✱ ❇✳●✳✱ ✷✵✶✹✳ ❖♥ t❤❡ ✉s❡ ♦❢ t❤❡ r❛❞♦♥ tr❛♥s❢♦r♠ ✐♥ st✉❞②✐♥❣ ♥❡❛rs❤♦r❡

✇❛✈❡ ❞②♥❛♠✐❝s✳ ❈♦❛st❛❧ ❊♥❣✐♥❡❡r✐♥❣ ✾✷✱ ✷✹✕✸✵✳

❆❧♠❡✐❞❛✱ ▲✳✱ ▼❛ss❡❧✐♥❦✱ ●✳✱ ❘✉ss❡❧❧✱ P✳✱ ❉❛✈✐❞s♦♥✱ ▼✳✱ ✷✵✶✺✳ ❖❜s❡r✈❛t✐♦♥s

♦❢ ❣r❛✈❡❧ ❜❡❛❝❤ ❞②♥❛♠✐❝s ❞✉r✐♥❣ ❤✐❣❤ ❡♥❡r❣② ✇❛✈❡ ❝♦♥❞✐t✐♦♥s ✉s✐♥❣ ❛ ❧❛s❡r

s❝❛♥♥❡r✳ ●❡♦♠♦r♣❤♦❧♦❣② ✷✷✽✱ ✶✺ ✕ ✷✼✳ ❞♦✐✿❤tt♣✿✴✴❞①✳❞♦✐✳♦r❣✴✶✵✳✶✵✶✻✴❥✳

❣❡♦♠♦r♣❤✳✷✵✶✹✳✵✽✳✵✶✾✳

❆❧s✐♥❛✱ ❏✳▼✳✱ ❈á❝❡r❡s✱ ■✳✱ ✷✵✶✶✳ ❙❡❞✐♠❡♥t s✉s♣❡♥s✐♦♥ ❡✈❡♥ts ✐♥ t❤❡ ✐♥♥❡r s✉r❢

❛♥❞ s✇❛s❤ ③♦♥❡✳ ♠❡❛s✉r❡♠❡♥ts ✐♥ ❧❛r❣❡✲s❝❛❧❡ ❛♥❞ ❤✐❣❤✲❡♥❡r❣② ✇❛✈❡ ❝♦♥❞✐t✐♦♥s✳

❈♦❛st❛❧ ❊♥❣✐♥❡❡r✐♥❣ ✺✽✱ ✻✺✼✕✻✼✵✳ ❞♦✐✿✶✵✳✶✵✶✻✴❥✳❝♦❛st❛❧❡♥❣✳✷✵✶✶✳✵✸✳✵✵✷✳

❆♥s❝❤✉t③✱ P✳✱ ❙♠✐t❤✱ ❚✳✱ ▼♦✉r❡t✱ ❆✳✱ ❉❡❜♦r❞❡✱ ❏✳✱ ❇✉❥❛♥✱ ❙✳✱ P♦✐r✐❡r✱ ❉✳✱

▲❡❝r♦❛rt✱ P✳✱ ✷✵✵✾✳ ❚✐❞❛❧ s❛♥❞s ❛s ❜✐♦❣❡♦❝❤❡♠✐❝❛❧ r❡❛❝t♦rs✳ ❊st✉❛r✐♥❡✱ ❈♦❛st❛❧

❛♥❞ ❙❤❡❧❢ ❙❝✐❡♥❝❡ ✽✹✱ ✽✹✕✾✵✳

❆r❞❤✉✐♥✱ ❋✳✱ ❉❡✈❛✉①✱ ❊✳✱ P✐♥❡❛✉✲●✉✐❧❧♦✉✱ ▲✳✱ ✷✵✶✵✳ ❖❜s❡r✈❛t✐♦♥ ❡t ♣ré✈✐s✐♦♥ ❞❡s

s❡✐❝❤❡s s✉r ❧❛ ❝ôt❡ ❛t❧❛♥t✐q✉❡ ❢r❛♥ç❛✐s❡✳ ❳■✐è♠❡s ❏♦✉r♥é❡s ◆❛t✐♦♥❛❧❡s✧ ●é♥✐❡

❈✐✈✐❧✲●é♥✐❡ ❈ôt✐❡r ✱ ✷✷✕✷✹✳

❆r❞❤✉✐♥✱ ❋✳✱ ●✉❛❧t✐❡r✐✱ ▲✳✱ ❙t✉t③♠❛♥✱ ❊✳✱ ✷✵✶✺✳ ❍♦✇ ♦❝❡❛♥ ✇❛✈❡s r♦❝❦ t❤❡ ❡❛rt❤✿
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❚✇♦ ♠❡❝❤❛♥✐s♠s ❡①♣❧❛✐♥ ♠✐❝r♦s❡✐s♠s ✇✐t❤ ♣❡r✐♦❞s ✸ t♦ ✸✵✵ s✳ ●❡♦♣❤②s✳ ❘❡s✳

▲❡tt✳ ✹✷✳ ❞♦✐✿✶✵✳✶✵✵✷✴✷✵✶✹●▲✵✻✷✼✽✷✳

❆r❞❤✉✐♥✱ ❋✳✱ ❍❡r❜❡rs✱ ❚✳❍✳❈✳✱ ✷✵✶✸✳ ◆♦✐s❡ ❣❡♥❡r❛t✐♦♥ ✐♥ t❤❡ s♦❧✐❞ ❡❛rt❤✱ ♦❝❡❛♥s

❛♥❞ ❛t♠♦s♣❤❡r❡✱ ❢r♦♠ ♥♦♥❧✐♥❡❛r ✐♥t❡r❛❝t✐♥❣ s✉r❢❛❝❡ ❣r❛✈✐t② ✇❛✈❡s ✐♥ ✜♥✐t❡

❞❡♣t❤✳ ❏♦✉r♥❛❧ ♦❢ ❋❧✉✐❞ ▼❡❝❤❛♥✐❝s ✼✶✻✱ ✸✶✻✕✸✹✽✳ ❯❘▲✿ ❤tt♣✿✴✴❞①✳❞♦✐✳♦r❣✴

✶✵✳✶✵✶✼✴❥❢♠✳✷✵✶✷✳✺✹✽✳
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❚❤❡ ❡✛❡❝t✐✈❡♥❡ss ♦❢ ❝♦r❛❧ r❡❡❢s ❢♦r ❝♦❛st❛❧ ❤❛③❛r❞ r✐s❦ r❡❞✉❝t✐♦♥ ❛♥❞ ❛❞❛♣t❛✲

t✐♦♥✳ ◆❛t✉r❡ ❈♦♠♠✉♥✐❝❛t✐♦♥s ✺✳ ❞♦✐✿✶✵✳✶✵✸✽✴♥❝♦♠♠s✹✼✾✹✳

✽✸

http://dx.doi.org/10.1175/1520-0485(1994)024<1503:ROOSGW>2.0.CO;2
http://dx.doi.org/10.1038/ncomms4794


❋✐❡❞❧❡r✱ ❏✳❲✳✱ ❇r♦❞✐❡✱ ❑✳▲✳✱ ▼❝◆✐♥❝❤✱ ❏✳❊✳✱ ●✉③❛✱ ❘✳❚✳✱ ✷✵✶✺✳ ❖❜s❡r✈❛t✐♦♥s

♦❢ r✉♥✉♣ ❛♥❞ ❡♥❡r❣② ✢✉① ♦♥ ❛ ❧♦✇✲s❧♦♣❡ ❜❡❛❝❤ ✇✐t❤ ❤✐❣❤✲❡♥❡r❣②✱ ❧♦♥❣✲♣❡r✐♦❞

♦❝❡❛♥ s✇❡❧❧✳ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ▲❡tt❡rs ✹✷✱ ❞♦✐✿✶✵✳✶✵✵✷✴✷✵✶✺●▲✵✻✻✶✷✹✳

❋r❡✐❧✐❝❤✱ ▼✳❍✳✱ ●✉③❛✱ ❘✳❚✳✱ ✶✾✽✹✳ ◆♦♥❧✐♥❡❛r ❡✛❡❝ts ♦♥ s❤♦❛❧✐♥❣ s✉r❢❛❝❡ ❣r❛✈✐t②

✇❛✈❡s✳ P❤✐❧✳ ❚r❛♥s✳ ❘✳ ❙♦❝✳ ▲♦♥❞✳ ❆✸✶✶✱ ✶✕✹✶✳

❋r✐❣❛❛r❞✱ P✳✱ ❇r♦rs❡♥✱ ▼✳✱ ✶✾✾✺✳ ❆ t✐♠❡✲❞♦♠❛✐♥ ♠❡t❤♦❞ ❢♦r s❡♣❛r❛t✐♥❣ ✐♥❝✐❞❡♥t

❛♥❞ r❡✢❡❝t❡❞ ✐rr❡❣✉❧❛r ✇❛✈❡s✳ ❈♦❛st❛❧ ❊♥❣✐♥❡❡r✐♥❣ ✷✹✱ ✷✵✺✕✷✶✺✳ ❞♦✐✿✶✵✳✶✵✶✻✴

✵✸✼✽✲✸✽✸✾✭✾✹✮✵✵✵✸✺✲❱✳

●❛✐❧❧❛r❞✱ P✳✱ ●❛✉t❤✐❡r✱ ▼✳✱ ❍♦❧❧②✱ ❋✳✱ ✶✾✽✵✳ ▼❡t❤♦❞ ♦❢ ❛♥❛❧②s✐s ♦❢ r❛♥❞♦♠

✇❛✈❡ ❡①♣❡r✐♠❡♥ts ✇✐t❤ r❡✢❡❝t✐♥❣ ❝♦❛st❛❧ str✉❝t✉r❡s✱✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ✶✼t❤

❈♦♥❢❡r❡♥❝❡ ♦♥ ❈♦❛st❛❧ ❊♥❣✐♥❡❡r✐♥❣✱ ❆❙❈❊✱ ◆❡✇ ❨♦r❦ ✳

●❛❧❧❛❣❤❡r✱ ❇✳✱ ✶✾✼✶✳ ●❡♥❡r❛t✐♦♥ ♦❢ s✉r❢ ❜❡❛t ❜② ♥♦♥✲❧✐♥❡❛r ✇❛✈❡ ✐♥t❡r❛❝t✐♦♥s✳

❏♦✉r♥❛❧ ♦❢ ❋❧✉✐❞ ▼❡❝❤❛♥✐❝s ✹✾✱ ✶✕✷✵✳

●❛✇❡❤♥✱ ▼✳✱ ✈❛♥ ❉♦♥❣❡r❡♥✱ ❆✳✱ ✈❛♥ ❘♦♦✐❥❡♥✱ ❆✳✱ ❙t♦r❧❛③③✐✱ ❈✳✱ ❈❤❡r✐t♦♥✱ ❖✳✱

❘❡♥✐❡rs✱ ❆✳✱ ✷✵✶✻✳ ■❞❡♥t✐✜❝❛t✐♦♥ ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ✈❡r② ❧♦✇ ❢r❡q✉❡♥❝② ✇❛✈❡s

♦♥ ❛ ❝♦r❛❧ r❡❡❢ ✢❛t✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤✿ ❖❝❡❛♥s ✶✷✶✱ ✼✺✻✵✕✼✺✼✹✳

❞♦✐✿✶✵✳✶✵✵✷✴✷✵✶✻❏❈✵✶✶✽✸✹✳

●❡♥❣✱ ❳✳✱ ❇♦✉❢❛❞❡❧✱ ▼✳❈✳✱ ✷✵✶✺✳ ◆✉♠❡r✐❝❛❧ st✉❞② ♦❢ s♦❧✉t❡ tr❛♥s♣♦rt ✐♥ s❤❛❧❧♦✇

❜❡❛❝❤ ❛q✉✐❢❡rs s✉❜❥❡❝t❡❞ t♦ ✇❛✈❡s ❛♥❞ t✐❞❡s✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤✿

❖❝❡❛♥s ✶✷✵✱ ✶✹✵✾✕✶✹✷✽✳

✽✹

http://dx.doi.org/10.1016/0378-3839(94)00035-V
http://dx.doi.org/10.1016/0378-3839(94)00035-V
http://dx.doi.org/10.1002/2016JC011834


●❡♥s✐♥✐✱ ❱✳❆✳✱ ❆s❤❧❡②✱ ❲✳❙✳✱ ✷✵✵✾✳ ❆♥ ❡①❛♠✐♥❛t✐♦♥ ♦❢ r✐♣ ❝✉rr❡♥t ❢❛t❛❧✐t✐❡s ✐♥

t❤❡ ✉♥✐t❡❞ st❛t❡s✳ ◆❛t✉r❛❧ ❍❛③❛r❞s ✺✹✱ ✶✺✾✕✶✼✺✳

●✐❡s❡✱ ●✳❙✳✱ ❈❤❛♣♠❛♥✱ ❉✳❈✳✱ ✶✾✾✸✳ ❈♦❛st❛❧ s❡✐❝❤❡s✳ ❖❝❡❛♥✉s ✸✻✱ ✸✽✕✹✻✳

●♦❞❛✱ ❨✳✱ ❙✉③✉❦✐✱ ❨✳✱ ✶✾✼✻✳ ❊st✐♠❛t✐♦♥ ♦❢ ✐♥❝✐❞❡♥t ❛♥❞ r❡✢❡❝t❡❞ ✇❛✈❡s ✐♥

r❛♥❞♦♠ ✇❛✈❡ ❡①♣❡r✐♠❡♥ts✱✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ✶✺t❤ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❈♦❛st❛❧

❊♥❣✐♥❡❡r✐♥❣✱ ❆❙❈❊✱ ◆❡✇ ❨♦r❦✳ ✳

●♦❞✐♥✱ ❖✳❆✳✱ ❩❛❜♦t✐♥✱ ◆✳❆✳✱ ❇✉❧❧❡tt✱ ❚✳❲✳✱ ✷✵✶✺✳ ❆❝♦✉st✐❝✲❣r❛✈✐t② ✇❛✈❡s ✐♥

t❤❡ ❛t♠♦s♣❤❡r❡ ❣❡♥❡r❛t❡❞ ❜② ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡s ✐♥ t❤❡ ♦❝❡❛♥✱✳ ❊❛rt❤ P❧❛♥❡ts

❙♣❛❝❡ ✹✼✱ ❞♦✐✿✶✵✳✶✶✽✻✴s✹✵✻✷✸✕✵✶✺✕✵✷✶✷✕✹✳

●♦❞✐♥✱ ❖✳❆✳✱ ❩❛❜♦t✐♥✱ ◆✳❆✳✱ ❙❤❡❡❤❛♥✱ ❆✳❋✳✱ ❈♦❧❧✐♥s✱ ❏✳❆✳✱ ✷✵✶✹✳ ■♥t❡r❢❡r♦♠❡tr②

♦❢ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡s ♦✛ ♥❡✇ ③❡❛❧❛♥❞✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✶✶✾✱

✶✶✵✸✕✶✶✷✷✳ ❞♦✐✿✶✵✳✶✵✵✷✴✷✵✶✸❏❈✵✵✾✸✾✺✳

●✉❡❞❡s✱ ▼✳❈✳✱ ❇r②❛♥✱ ❑✳❘✳✱ ❈♦❝♦✱ ●✳✱ ✷✵✶✸✳ ❖❜s❡r✈❛t✐♦♥s ♦❢ ✇❛✈❡ ❡♥❡r❣② ✢✉①❡s

❛♥❞ s✇❛s❤ ♠♦t✐♦♥s ♦♥ ❛ ❧♦✇✲s❧♦♣✐♥❣✱ ❞✐ss✐♣❛t✐✈❡ ❜❡❛❝❤✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧

❘❡s❡❛r❝❤ ✶✶✽✱ ✸✻✺✶✕✸✻✻✾✱ ❞♦✐✿ ✶✵✳✶✵✵✷✴❥❣r❝✳✷✵✷✻✼✳ ❞♦✐✿✶✵✳✶✵✵✷✴❥❣r❝✳✷✵✷✻✼✳

●✉②♦♥✱ ❊✳✱ ❍✉❧✐♥✱ ❏✳P✳✱ P❡t✐t✱ ▲✳✱ ▼✐t❡s❝✉✱ ❈✳❉✳✱ ✷✵✶✺✳ P❤②s✐❝❛❧ ❤②❞r♦❞②♥❛♠✐❝s✳

❖❯P ❖①❢♦r❞✳

●✉③❛✱ ❘✳❚✳✱ ❉❛✈✐s✱ ❘✳❊✳✱ ✶✾✼✹✳ ❊①❝✐t❛t✐♦♥ ♦❢ ❡❞❣❡ ✇❛✈❡s ❜② ✇❛✈❡s ✐♥❝✐❞❡♥t ♦♥

❛ ❜❡❛❝❤✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✼✾✱ ✶✷✽✺✕✶✷✾✶✳

●✉③❛✱ ❘✳❚✳✱ ❋❡❞❞❡rs❡♥✱ ❋✳✱ ✷✵✶✷✳ ❊✛❡❝t ♦❢ ✇❛✈❡ ❢r❡q✉❡♥❝② ❛♥❞ ❞✐r❡❝t✐♦♥❛❧

✽✺

http://dx.doi.org/10.1002/2013JC009395
http://dx.doi.org/10.1002/jgrc.20267


s♣r❡❛❞ ♦♥ s❤♦r❡❧✐♥❡ r✉♥✉♣✳ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ▲❡tt❡rs ✸✾✱ ▲✶✶✻✵✼✱

❞♦✐✿✶✵✳✶✵✷✾✴✷✵✶✷●▲✵✺✶✾✺✾✳

●✉③❛✱ ❘✳❚✳✱ ❚❤♦r♥t♦♥✱ ❊✳❇✳✱ ✶✾✽✷✳ ❙✇❛s❤ ♦s❝✐❧❧❛t✐♦♥s ♦♥ ❛ ♥❛t✉r❛❧ ❜❡❛❝❤✳ ❏♦✉r✲

♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✽✼✱ ✹✽✸✕✹✾✶✳

●✉③❛✱ ❘✳❚✳✱ ❚❤♦r♥t♦♥✱ ❊✳❇✳✱ ✶✾✽✺✳ ❖❜s❡r✈❛t✐♦♥s ♦❢ s✉r❢ ❜❡❛t✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦✲

♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✽✼✱ ✹✽✸✕✹✾✶✳

●✉③❛✱ ❘✳❚✳✱ ❚❤♦r♥t♦♥✱ ❊✳❇✳✱ ❍♦❧♠❛♥✱ ❘✳❆✳✱ ✶✾✽✹✳ ❙✇❛s❤ ♦♥ st❡❡♣ ❛♥❞ s❤❛❧❧♦✇

❜❡❛❝❤❡s✱ ✐♥✿ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ✶✾t❤ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❈♦❛st❛❧

❊♥❣✐♥❡❡r✐♥❣✱ ❆❙❈❊✱ ✼✵✽✲✼✷✸✳

❍❛r❞②✱ ❚✳✱ ❨♦✉♥❣✱ ■✳✱ ✶✾✾✻✳ ❋✐❡❧❞ st✉❞② ♦❢ ✇❛✈❡ ❛tt❡♥✉❛t✐♦♥ ♦♥ ❛♥ ♦✛s❤♦r❡ ❝♦r❛❧

r❡❡❢✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ❈✿ ❖❝❡❛♥s ✶✵✶✱ ✶✹✸✶✶✕✶✹✸✷✻✳ ❈✐t❡❞ ❇②

✽✷✳

❍❛ss❡❧♠❛♥♥✱ ❑✳✱ ✶✾✻✷✳ ❖♥ t❤❡ ♥♦♥✲❧✐♥❡❛r ❡♥❡r❣② tr❛♥s❢❡r ✐♥ ❛ ❣r❛✈✐t②✲✇❛✈❡
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❙❡❞✐♠❡♥t♦❧♦❣② ✷✾✱ ✷✼✾✕✷✽✸✳

▲❡❡✱ ❏✳❏✳✱ ✶✾✼✶✳ ❲❛✈❡✲✐♥❞✉❝❡❞ ♦s❝✐❧❧❛t✐♦♥s ✐♥ ❤❛r❜♦✉rs ♦❢ ❛r❜✐tr❛r② ❣❡♦♠❡tr②✳

❏♦✉r♥❛❧ ♦❢ ❋❧✉✐❞ ▼❡❝❤❛♥✐❝s ✹✺✱ ✸✼✺✕✸✾✹✳

▲❡❡✱ ❑✳❍✳✱ ▼✐③✉t❛♥✐✱ ◆✳✱ ❍✉r✱ ❉✳❙✳✱ ❑❛♠✐②❛✱ ❆✳✱ ✷✵✵✼✳ ❚❤❡ ❡✛❡❝t ♦❢ ❣r♦✉♥❞✇❛t❡r

♦♥ t♦♣♦❣r❛♣❤✐❝ ❝❤❛♥❣❡s ✐♥ ❛ ❣r❛✈❡❧ ❜❡❛❝❤✳ ❖❝❡❛♥ ❊♥❣✐♥❡❡r✐♥❣ ✸✹✱ ✻✵✺✕✻✶✺✳

▲✐✱ ▲✳✱ ❇❛rr②✱ ❉✳✱ ✷✵✵✵✳ ❲❛✈❡✲✐♥❞✉❝❡❞ ❜❡❛❝❤ ❣r♦✉♥❞✇❛t❡r ✢♦✇✳ ❆❞✈❛♥❝❡s ✐♥

❲❛t❡r ❘❡s♦✉r❝❡s ✷✸✱ ✸✷✺✕✸✸✼✳

▲✐♥✱ ❨✳❍✳✱ ❍✇✉♥❣✱ ❍✳❍✳✱ ✷✵✶✷✳ ■♥❢r❛✲❣r❛✈✐t② ✇❛✈❡ ❣❡♥❡r❛t✐♦♥ ❜② t❤❡ s❤♦❛❧✐♥❣

✇❛✈❡ ❣r♦✉♣s ♦✈❡r ❜❡❛❝❤❡s✳ ❈❤✐♥❛ ❖❝❡❛♥ ❊♥❣✐♥❡❡r✐♥❣ ✷✻✱ ✶✕✶✽✳

▲✐♣♣♠❛♥♥✱ ❚✳❈✳✱ ❍♦❧♠❛♥✱ ❘✳❆✳✱ ✶✾✾✵✳ ❚❤❡ s♣❛t✐❛❧ ❛♥❞ t❡♠♣♦r❛❧ ✈❛r✐❛❜✐❧✐t② ♦❢

s❛♥❞ ❜❛r ♠♦r♣❤♦❧♦❣②✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✾✺✱ ✶✶✺✼✺✕✶✶✺✾✵✳

▲✐st✱ ❏✳✱ ✶✾✾✷✳ ❆ ♠♦❞❡❧ ❢♦r t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ s✉r❢ ❜❡❛t✳ ❏♦✉r♥❛❧

♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✾✼✱ ✺✻✷✸✕✺✻✸✺✳ ❈✐t❡❞ ❇② ✵✳

▲✐st✱ ❏✳❍✳✱ ✶✾✾✶✳ ❲❛✈❡ ❣r♦✉♣✐♥❡ss ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ♥❡❛rs❤♦r❡✳ ❈♦❛st❛❧ ❊♥❣✐✲

♥❡❡r✐♥❣ ✶✺✱ ✹✼✺✕✹✾✻✳

▲♦♥❣✱ ❏✳❲✳✱ ❖③❦❛♥✲❍❛❧❧❡r✱ ❍✳❚✳✱ ✷✵✵✺✳ ❖✛s❤♦r❡ ❝♦♥tr♦❧s ♦♥ ♥❡❛rs❤♦r❡ r✐♣ ❝✉r✲

r❡♥ts✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✶✶✵✳ ❞♦✐✿✶✵✳✶✵✷✾✴✷✵✵✺❏❈✵✵✸✵✶✽✳

▲♦♥❣✉❡t✲❍✐❣❣✐♥s✱ ▼✳✱ ❙t❡✇❛rt✱ ❘✳✱ ✶✾✻✷✳ ❘❛❞✐❛t✐♦♥ str❡ss ❛♥❞ ♠❛ss tr❛♥s♣♦rt ✐♥

❣r❛✈✐t② ✇❛✈❡s✱ ✇✐t❤ ❛♣♣❧✐❝❛t✐♦♥ t♦ s✉r❢ ❜❡❛ts✳ ❏♦✉r♥❛❧ ♦❢ ❋❧✉✐❞ ▼❡❝❤❛♥✐❝s ✶✸✱

✹✽✶✕✺✵✹✳ ❞♦✐✿✶✵✳✶✵✶✼✴❙✵✵✷✷✶✶✷✵✻✷✵✵✵✽✼✼✳

✾✷
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▲♦✉r❡✐r♦✱ ❈✳✱ ❋❡rr❡✐r❛✱ ❖✳✱ ❈♦♦♣❡r✱ ❏✳❆✳●✳✱ ✷✵✶✷✳ ❊①tr❡♠❡ ❡r♦s✐♦♥ ♦♥ ❤✐❣❤✲❡♥❡r❣②

❡♠❜❛②❡❞ ❜❡❛❝❤❡s✿ ■♥✢✉❡♥❝❡ ♦❢ ♠❡❣❛r✐♣s ❛♥❞ st♦r♠ ❣r♦✉♣✐♥❣✳ ●❡♦♠♦r♣❤♦❧♦❣②

✶✸✾✲✶✹✵✱ ✶✺✺✕✶✼✶✳

▲♦✇❡✱ ❘✳✱ ❋❛❧t❡r✱ ❏✳✱ ❇❛♥❞❡t✱ ▼✳✱ P❛✇❧❛❦✱ ●✳✱ ❆t❦✐♥s♦♥✱ ▼✳✱ ▼♦♥✐s♠✐t❤✱ ❙✳✱

❑♦s❡✛✱ ❏✳✱ ✷✵✵✺✳ ❙♣❡❝tr❛❧ ✇❛✈❡ ❞✐ss✐♣❛t✐♦♥ ♦✈❡r ❛ ❜❛rr✐❡r r❡❡❢✳ ❏♦✉r♥❛❧ ♦❢

●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ❈✿ ❖❝❡❛♥s ✶✶✵✱ ✶✕✶✻✳ ❞♦✐✿✶✵✳✶✵✷✾✴✷✵✵✹❏❈✵✵✷✼✶✶✳

▼❛❝▼❛❤❛♥✱ ❏✳✱ ❚❤♦r♥t♦♥✱ ❊✳✱ ❘❡♥✐❡rs✱ ❆✳✱ ✷✵✵✻✳ ❘✐♣ ❝✉rr❡♥t r❡✈✐❡✇✳ ❈♦❛st❛❧

❊♥❣✐♥❡❡r✐♥❣ ✺✸✱ ✶✾✶✕✷✵✽✳ ❞♦✐✿✶✵✳✶✵✶✻✴❥✳❝♦❛st❛❧❡♥❣✳✷✵✵✺✳✶✵✳✵✵✾✳

▼❛❝▼❛❤❛♥✱ ❏✳❍✳✱ ❘❡♥✐❡rs✱ ❆✳❏✳❍✳▼✳✱ ❚❤♦r♥t♦♥✱ ❊✳❇✳✱ ❙t❛♥t♦♥✱ ❚✳P✳✱ ✷✵✵✹✳

■♥❢r❛❣r❛✈✐t② r✐♣ ❝✉rr❡♥t ♣✉❧s❛t✐♦♥s✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✶✵✾✳

❞♦✐✿✶✵✳✶✵✷✾✴✷✵✵✸❏❈✵✵✷✵✻✽✳

▼❛♥s❛r❞✱ ❊✳✱ ❋✉♥❦❡✱ ❊✳✱ ✶✾✽✵✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ ✐♥❝✐❞❡♥t ❛♥❞ r❡✢❡❝t❡❞ s♣❡❝tr❛

✉s✐♥❣ ❛ ❧❡❛st sq✉❛r❡s ♠❡t❤♦❞✱✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ✶✼t❤ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❈♦❛st❛❧

❊♥❣✐♥❡❡r✐♥❣✱ ❆❙❈❊✱ ◆❡✇ ❨♦r❦ ✳

▼❛r❝❤❡✱ ❋✳✱ ❇♦♥♥❡t♦♥✱ P✳✱ ❋❛❜r✐❡✱ P✳✱ ❙❡❣✉✐♥✱ ◆✳✱ ✷✵✵✼✳ ❊✈❛❧✉❛t✐♦♥ ♦❢ ✇❡❧❧✲

❜❛❧❛♥❝❡❞ ❜♦r❡✲❝❛♣t✉r✐♥❣ s❝❤❡♠❡s ❢♦r ✷❞ ✇❡tt✐♥❣ ❛♥❞ ❞r②✐♥❣ ♣r♦❝❡ss❡s✳ ■♥t❡r✲

♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ❢♦r ◆✉♠❡r✐❝❛❧ ▼❡t❤♦❞s ✐♥ ❋❧✉✐❞s ✺✸✱ ✽✻✼✕✽✾✹✳

▼❛rs❤❛❧❧✱ ❘✳✱ ❙t❡♣❤❡♥s♦♥✱ ❲✳✱ ✷✵✶✶✳ ❚❤❡ ♠♦r♣❤♦❞②♥❛♠✐❝s ♦❢ s❤♦r❡ ♣❧❛t❢♦r♠s

✐♥ ❛ ♠✐❝r♦✲t✐❞❛❧ s❡tt✐♥❣✿ ■♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ✇❛✈❡s ❛♥❞ ♠♦r♣❤♦❧♦❣②✳ ▼❛r✐♥❡

●❡♦❧♦❣② ✷✽✽✱ ✶✽✕✸✶✳ ❞♦✐✿✶✵✳✶✵✶✻✴❥✳♠❛r❣❡♦✳✷✵✶✶✳✵✻✳✵✵✼✳ ❝✐t❡❞ ❇② ✷✸✳

▼❛rt✐♥s✱ ❑✳✱ ❇❧❡♥❦✐♥s♦♣♣✱ ❈✳✱ P♦✇❡r✱ ❍✳✱ ❇r✉❞❡r✱ ❇✳✱ P✉❧❡♦✱ ❏✳✱ ❇❡r❣s♠❛✱ ❊✳✱

✾✸
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✷✵✶✼✳ ❍✐❣❤✲r❡s♦❧✉t✐♦♥ ♠♦♥✐t♦r✐♥❣ ♦❢ ✇❛✈❡ tr❛♥s❢♦r♠❛t✐♦♥ ✐♥ t❤❡ s✉r❢ ③♦♥❡

✉s✐♥❣ ❛ ❧✐❞❛r s❝❛♥♥❡r ❛rr❛② ✶✷✽✱ ✸✼✕✹✸✳

▼❛s❡✱ ❍✳✱ ✶✾✽✾✳ ❘❛♥❞♦♠ ✇❛✈❡ r✉♥✉♣ ❤❡✐❣❤t ♦♥ ❣❡♥t❧❡ s❧♦♣❡✳ ❏♦✉r♥❛❧ ♦❢ ❲❛t❡r✲

✇❛②✱ P♦rt✱ ❈♦❛st❛❧✱ ❛♥❞ ❖❝❡❛♥ ❊♥❣✐♥❡❡r✐♥❣ ✶✶✺✱ ✻✹✾✕✻✻✶✳

▼❛s❡✱ ❍✳✱ ✶✾✾✺✳ ❋r❡q✉❡♥❝② ❞♦✇♥✲s❤✐❢t ♦❢ s✇❛s❤ ♦s❝✐❧❧❛t✐♦♥s ❝♦♠♣❛r❡❞ t♦ ✐♥✲

❝✐❞❡♥t ✇❛✈❡s✳ ❏♦✉r♥❛❧ ♦❢ ❍②❞r❛✉❧✐❝ ❘❡s❡❛r❝❤ ✸✸✱ ✸✾✼✕✹✶✶✳ ❞♦✐✿✶✵✳✶✵✽✵✴

✵✵✷✷✶✻✽✾✺✵✾✹✾✽✺✽✵✳

▼❛s❡✱ ❍✳✱ ■✇❛❣❛❦✐✱ ❨✳✱ ✶✾✽✹✳ ❘✉♥✲✉♣ ♦❢ r❛♥❞♦♠ ✇❛✈❡s ♦♥ ❣❡♥t❧❡ s❧♦♣❡s✳ ❈♦❛st❛❧

❊♥❣✐♥❡❡r✐♥❣ Pr♦❝❡❡❞✐♥❣s ✶✱ ✺✾✸✕✻✵✾✳

▼❛ss❡❧✐♥❦✱ ●✳✱ ✶✾✾✺✳ ●r♦✉♣ ❜♦✉♥❞ ❧♦♥❣ ✇❛✈❡s ❛s ❛ s♦✉r❝❡ ♦❢ ✐♥❢r❛❣r❛✈✐t② ❡♥❡r❣②

✐♥ t❤❡ s✉r❢ ③♦♥❡✳ ❈♦♥t✐♥❡♥t❛❧ ❙❤❡❧❢ ❘❡s❡❛r❝❤ ✶✺✱ ✶✺✷✺✕✶✺✹✼✳ ❞♦✐✿✶✵✳✶✵✶✻✴

✵✷✼✽✲✹✸✹✸✭✾✺✮✵✵✵✸✼✲✷✳ ❝✐t❡❞ ❇② ✵✳

▼❛t✐❛s✱ ❆✳✱ ❲✐❧❧✐❛♠s✱ ❏✳✱ ▼❛ss❡❧✐♥❦✱ ●✳✱ ❋❡rr❡✐r❛✱ ❖✳✱ ✷✵✶✷✳ ❖✈❡r✇❛s❤ t❤r❡s❤♦❧❞

❢♦r ❣r❛✈❡❧ ❜❛rr✐❡rs✳ ❈♦❛st❛❧ ❊♥❣✐♥❡❡r✐♥❣ ✻✸✱ ✹✽ ✕ ✻✶✳
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❆s t❤❡ ✐♥❝♦♠✐♥❣ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡ ❝❛♥ ✭♣❛rt❧②✮ r❡✢❡❝t ❢r♦♠ t❤❡ ❜❡❛❝❤ ❛♥❞

tr❛✈❡❧ ♦✛s❤♦r❡✱ t❤❡ s❡❛✲s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ t✐♠❡s❡r✐❡s η ✐s ❛ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ ❜♦t❤

t❤❡ ✐♥❝♦♠✐♥❣ ❛♥❞ ♦✉t❣♦✐♥❣ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡✳ ❚♦ ❞❡t❡r♠✐♥❡ t❤❡ ❛♠♦✉♥t ♦❢

r❡✢❡❝t✐♦♥ ♦❢ t❤❡ ✐♥❝♦♠✐♥❣ ✐♥❢r❛❣r❛✈✐t②✲✇❛✈❡ ❡♥❡r❣②✱ ❛♥❞ t♦ st✉❞② t❤❡ ✐♥❝♦♠✐♥❣

✐♥❢r❛❣r❛✈✐t②✲✇❛✈❡ tr❛♥s❢♦r♠❛t✐♦♥✱ ♦♥❡ ♥❡❡❞s t♦ s❡♣❛r❛t❡ t❤❡ t✇♦ s✐❣♥❛❧s✳ ❙❡✈❡r❛❧

t❡❝❤♥✐q✉❡s ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ t♦ s❡♣❛r❛t❡ t❤❡ ✐♥❝♦♠✐♥❣ ❢r♦♠ t❤❡ ♦✉t❣♦✐♥❣

✐♥❢r❛❣r❛✈✐t② ✇❛✈❡✱ ✈❛r②✐♥❣ ❢r♦♠ ❛ t✐♠❡✲❞♦♠❛✐♥ ♠❡t❤♦❞ ✭●✉③❛ ❡t ❛❧✳✱ ✶✾✽✹✮ ❛♥❞

t✇♦ s♣❡❝tr❛❧✲❞♦♠❛✐♥ ✭❙❤❡r❡♠❡t ❡t ❛❧✳✱ ✷✵✵✷❀ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳✱ ✷✵✵✼✮ ♠❡t❤♦❞s✱

❜❛s❡❞ ♦♥ t❤❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ♦❢ t❤❡ ✇❛✈❡✲✜❡❧❞✱ t♦ t❤❡ ❘❛❞♦♥ ❚r❛♥s❢♦r♠ ❢♦r

t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ✇❛✈❡ ✜❡❧❞s ✭❘❛❞♦♥✱ ✶✾✶✼❀ ❆❧♠❛r ❡t ❛❧✳✱ ✷✵✶✸✱ ✷✵✶✹✮✳

❚❤❡ ✜rst t❤r❡❡ ♠❡t❤♦❞s ❛ss✉♠❡ ♥♦r♠❛❧❧② ✐♥❝✐❞❡♥t ✇❛✈❡s ♦♥ ✢❛t ❜❡❞s✱ ❜✉t ❛s

❜♦t❤ ❛ss✉♠♣t✐♦♥s ❛r❡ ✉s✉❛❧❧② ✈✐♦❧❛t❡❞ ✐♥ s❤❛❧❧♦✇ ❝♦❛st❛❧ ✇❛t❡rs t❤✐s ♠✐❣❤t ✐♥✲

tr♦❞✉❝❡ ❝♦♥s✐❞❡r❛❜❧❡ ❡rr♦rs✳ ❙❤❡r❡♠❡t ❡t ❛❧✳ ✭✷✵✵✷✮ ❤❛✈❡ ✐♥✈❡st✐❣❛t❡❞ t❤❡ ❡✛❡❝t

♦❢ t❤❡s❡ ❛ss✉♠♣t✐♦♥s ♦♥ t❤❡✐r ♠❡t❤♦❞ ❛♥❞ ❝♦♥❝❧✉❞❡❞ t❤❛t t❤❡ r❡❧❛t✐✈❡ ❡rr♦rs ♦❢

❜♦t❤ ❡♥❡r❣② ✢✉①❡s ❛♥❞ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥ts ❢♦r t❤❡✐r ✜❡❧❞ ❞❛t❛ ❞♦ ♥♦t ❡①❝❡❡❞

✷✵✪✳ ❆ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❙❤❡r❡♠❡t ❡t ❛❧✳ ✭✷✵✵✷✮s ♠❡t❤♦❞ ❛♥❞ t❤❡ ❛rr❛②

♠❡t❤♦❞ ♦❢ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳ ✭✷✵✵✼✮ s❤♦✇s t❤❛t ❛t t❤❡ ❧♦✇ ❡♥❞ ♦❢ t❤❡ ✐♥❢r❛✲

❣r❛✈✐t② ❢r❡q✉❡♥❝② ❜❛♥❞✱ ✇❤✐❝❤ ✐s ❝❤❛r❛❝t❡r✐s❡❞ ❜② ❧♦♥❣ ✇❛✈❡❧❡♥❣t❤s✱ r❡✢❡❝t✐♦♥

❡st✐♠❛t❡s ❛r❡ ❤✐❣❤❧② ❡✛❡❝t❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♥s❡❝✉t✐✈❡ s❡♥s♦rs ✭❉❡ ❇❛❦❦❡r

❡t ❛❧✳✱ ✷✵✶✹✮✳ ■♥ ❛❞❞✐t✐♦♥✱ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥ts ❢r♦♠ ✬♥♦✐s② ✬✜❡❧❞ ❞❛t❛ ♠❛② ❜❡

❜✐❛s❡❞ ❤✐❣❤ ✭❚❛t❛✈❛rt✐ ❡t ❛❧✳✱ ✶✾✽✽❀ ❍✉♥t❧❡② ❡t ❛❧✳✱ ✶✾✾✾❀ ■♥❝❤ ❡t ❛❧✳✱ ✷✵✶✼❜✮✳
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❚❤❡ t✐♠❡✲❞♦♠❛✐♥ ❛♣♣r♦❛❝❤ ❞❡✈❡❧♦♣❡❞ ❜② ●✉③❛ ❡t ❛❧✳ ✭✶✾✽✹✮ ✉s❡s ❝♦✲❧♦❝❛t❡❞

✇❛✈❡ ❣❛✉❣❡s ❛♥❞ ✈❡❧♦❝✐t② ♠❡t❡rs t♦ ❝♦♥str✉❝t s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ t✐♠❡ s❡r✐❡s ♦❢ t❤❡

✐♥❝♦♠✐♥❣ η+ ❛♥❞ ♦✉t❣♦✐♥❣ η− s✐❣♥❛❧s✱

η± =
η ±

(

h
g

)1/2

u

2
, ✭✾✮

✇❤❡r❡ h ✐s ✇❛t❡r ❞❡♣t❤ ❛♥❞ g ✐s ❣r❛✈✐t❛t✐♦♥❛❧ ❛❝❝❡❧❡r❛t✐♦♥✳

❆✳✶✳✷✳ ❙♣❡❝tr❛❧✲❞♦♠❛✐♥ ♠❡t❤♦❞ ❜② ❙❤❡r❡♠❡t ❡t ❛❧ ✷✵✵✷

❚❤❡ s♣❡❝tr❛❧✲❞♦♠❛✐♥ ♠❡t❤♦❞ ♦❢ ❙❤❡r❡♠❡t ❡t ❛❧✳ ✭✷✵✵✷✮ ❛❧s♦ ✉s❡s ❝♦✲❧♦❝❛t❡❞

✇❛✈❡ ❣❛✉❣❡s ❛♥❞ ✈❡❧♦❝✐t② ♠❡t❡rs✱ ❜✉t ❤❛s ✐♥❝♦♠✐♥❣ ❛♥❞ ♦✉t❣♦✐♥❣ ❡♥❡r❣② ✢✉①❡s

F±

f ❛s ♦✉t♣✉t ❢♦r s❡♣❛r❛t❡ ❢r❡q✉❡♥❝✐❡s ❢♦❧❧♦✇✐♥❣✱

F±

f = N±

f

√

gh, ✭✶✵✮

N±

f =
1

4

[

Cηη,f +
h

g
Cuu,f ±

(

2

√

h

g

)

Cηu,f

]

, ✭✶✶✮

✇❤❡r❡ N ✐s t❤❡ ❡♥❡r❣②✱ Cηu ✐s t❤❡ η−u ❝♦✲s♣❡❝tr✉♠ ❛♥❞ Cηη ❛♥❞ Cuu ❛r❡ η ❛♥❞

u ❛✉t♦✲s♣❡❝tr❛✱ r❡s♣❡❝t✐✈❡❧②✳ ❙✉♠♠❛t✐♦♥ ♦✈❡r ✐♥❢r❛❣r❛✈✐t② ❢r❡q✉❡♥❝✐❡s ❣✐✈❡s t❤❡

❜✉❧❦ ✐♥❢r❛❣r❛✈✐t② ❡♥❡r❣② ✢✉①✱ F±

b ✳ ❚❤❡ ❜✉❧❦ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t✱ R2
b ✱ ✐s ❞❡✜♥❡❞

❛s t❤❡ r❛t✐♦ ♦❢ t❤❡ ♦✛s❤♦r❡ t♦ ♦♥s❤♦r❡ ♣r♦♣❛❣❛t✐♥❣ ❜✉❧❦ ✐♥❢r❛❣r❛✈✐t② ❡♥❡r❣② ✢✉①✱

R2
b = F−

b /F+
b ✳

✶✶✸



❆✳✷✳ ❆rr❛② ♠❡t❤♦❞s

❆rr❛② ♠❡t❤♦❞s ❞❡❝♦♠♣♦s❡ ❛ ✇❛✈❡ s✐❣♥❛❧ ✐♥t♦ ✐ts s❤♦r❡✇❛r❞ ❛♥❞ s❡❛✇❛r❞

♣r♦♣❛❣❛t✐♥❣ ❝♦♠♣♦♥❡♥ts ❜② ✉s✐♥❣ ❛ ❝r♦ss✲s❤♦r❡ ❛rr❛② ♦❢ s♣❛t✐❛❧❧② s❡♣❛r❛t❡❞ ♣r❡s✲

s✉r❡ s❡♥s♦rs ♦♥❧② ✭✐✳❡✳✱ ✇✐t❤♦✉t ✈❡❧♦❝✐t② ❞❛t❛✮ ❛♥❞ r❡❧② ♦♥ t❤❡ ♣❤❛s❡ ❞✐✛❡r❡♥❝❡

♦❢ ✇❛✈❡s ❜❡t✇❡❡♥ ✐♥❞✐✈✐❞✉❛❧ s❡♥s♦rs✳ ❆rr❛② ♠❡t❤♦❞s ♣r♦✈✐❞❡ ❛♥ ❡st✐♠❛t❡ ♦❢ t❤❡

✐♥❝✐❞❡♥t ❛♥❞ r❡✢❡❝t❡❞ ✐♥❢r❛❣r❛✈✐t② ❝♦♠♣♦♥❡♥ts ❛t t❤❡ ❝❡♥tr❡ ♦❢ t❤❡ ✐♥str✉♠❡♥t

❛rr❛② ✉s❡❞ ✐♥ t❤❡ ❛♥❛❧②s✐s✳ ❆ ♥✉♠❜❡r ♦❢ t❤❡s❡ ♠❡t❤♦❞s ❡①✐st✱ ♦♣❡r❛t✐♥❣ ✐♥ ❜♦t❤

t❤❡ t✐♠❡ ✭❡✳❣✳ ❋r✐❣❛❛r❞ ❛♥❞ ❇r♦rs❡♥✱ ✶✾✾✺✮ ❛♥❞ ❢r❡q✉❡♥❝② ✭❡✳❣✳ ●♦❞❛ ❛♥❞ ❙✉③✉❦✐✱

✶✾✼✻❀ ▼❛♥s❛r❞ ❛♥❞ ❋✉♥❦❡✱ ✶✾✽✵❀ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳✱ ✷✵✵✼✮ ❞♦♠❛✐♥s✳ Pr❡ss✉r❡

s❡♥s♦rs ❛r❡ t②♣✐❝❛❧❧② ♠♦r❡ ❡❝♦♥♦♠✐❝❛❧ t❤❛♥ ✈❡❧♦❝✐t② s❡♥s♦rs ❛❧❧♦✇✐♥❣ ❛ ✇✐❞❡r

r❛♥❣❡ ♦❢ s♣❛t✐❛❧ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ❧♦✇❡r ❝♦st✱ t❤✉s ♦❜t❛✐♥✐♥❣ ❛ ❜❡tt❡r ❛♣♣r❡✲

❝✐❛t✐♦♥ ♦❢ t❤❡ s♣❛t✐❛❧ ✈❛r✐❛❜✐❧✐t② ✐♥ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡ ❞②♥❛♠✐❝s✳ ❋✉rt❤❡r♠♦r❡✱

♣r❡ss✉r❡ s❡♥s♦rs ❧❡ss ♦❜tr✉s✐✈❡ ❛♥❞ ♠♦r❡ r♦❜✉st s♦ ❝❛♥ ❜❡ ❞❡♣❧♦②❡❞ ❢♦r ❧♦♥❣❡r

t✐♠❡ ♣❡r✐♦❞s✱ ❡ss❡♥t✐❛❧ ✇❤❡♥ ✐♥✈❡st✐❣❛t✐♥❣ t❤❡ ❝❧✐♠❛t♦❧♦❣② ♦❢ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡s✳

▼♦st ❛rr❛② ♠❡t❤♦❞s ❛r❡ ✐♥t❡♥❞❡❞ ❢♦r t❤❡ st✉❞② ♦❢ t✇♦ ❞✐♠❡♥s✐♦♥❛❧ ✇❛✈❡s

♣r♦♣❛❣❛t✐♥❣ ♦✈❡r ❛ ❤♦r✐③♦♥t❛❧ ❜❡❞ ❛♥❞ ❛r❡ ♥♦t ❞❡s✐❣♥❡❞ ❢♦r ✉s❡ ♦♥ ❛ s❧♦♣✐♥❣✱

♥❛t✉r❛❧ ❜❡❛❝❤✳ ❇❛❧❞♦❝❦ ❛♥❞ ❙✐♠♠♦♥❞s ✭✶✾✾✾✮✱ ✉s✐♥❣ t❤❡ ♠❡t❤♦❞ ♦❢ ❋r✐❣❛❛r❞

❛♥❞ ❇r♦rs❡♥ ✭✶✾✾✺✮✱ s❤♦✇❡❞ t❤❛t ✐❣♥♦r✐♥❣ t❤❡ ❡✛❡❝ts ♦❢ ✇❛✈❡ s❤♦❛❧✐♥❣ ❝❛♥ ❧❡❛❞ t♦

❡rr♦rs ♦❢ ✉♣ t♦ ✾✵✪ ✐♥ t❤❡ ❡st✐♠❛t✐♦♥ ♦♥ ✐♥❝✐❞❡♥t ❛♥❞ r❡✢❡❝t❡❞ ✇❛✈❡ ❛♠♣❧✐t✉❞❡s✳

❍♦✇❡✈❡r✱ t❤❡② ❛❧s♦ ❞❡♠♦♥str❛t❡ t❤❛t r❡❧❛t✐✈❡❧② s✐♠♣❧❡ ♠♦❞✐✜❝❛t✐♦♥s ❛r❡ ♥❡❡❞❡❞

t♦ ❛❞❛♣t ❛rr❛② s❡♣❛r❛t✐♦♥ ♠❡t❤♦❞s ❢♦r ✉s✐♥❣ ♦♥ s❧♦♣✐♥❣ ❜❡❞s✳ ■♥❞❡❡❞✱ t❤❡ ♠❡t❤♦❞

♦❢ ❱❛♥ ❉♦♥❣❡r❡♥ ❡t ❛❧✳ ✭✷✵✵✼✮ ✐s ❛❞❛♣t❡❞ ❢r♦♠ t❤❛t ♦❢ ❇❛tt❥❡s ❡t ❛❧✳ ✭✷✵✵✹✮ ✇✐t❤

♠♦❞✐✜❝❛t✐♦♥s ❢♦r s❤♦❛❧✐♥❣ ❛♥❞ ♣❤❛s❡ s♣❡❡❞ ❡✛❡❝ts✳

✶✶✹



❆♥ ✐♠♣♦rt❛♥t ❝♦♥s✐❞❡r❛t✐♦♥ ✐♥ t❤❡ st✉❞② ♦❢ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡s ✐s t❤❛t ❛rr❛②

♠❡t❤♦❞s r❡q✉✐r❡ ❛ str❛t❡❣✐❝ ❛♣♣r♦❛❝❤ t♦ t❤❡ s❡♣❛r❛t✐♦♥ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ♣r❡s✲

s✉r❡ s❡♥s♦rs t♦ ❛✈♦✐❞ s✐♥❣✉❧❛r✐t✐❡s ♦❝❝✉rr✐♥❣ ❛t ❞✐s❝r❡t❡ ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡

s❡♥s♦r s♣❛❝✐♥❣ ✐s t②♣✐❝❛❧❧② ❡q✉❛❧ t♦ ❛♥ ✐♥t❡❣❡r ♥✉♠❜❡r ♦❢ ❤❛❧❢ ✇❛✈❡❧❡♥❣t❤s✳ ❋♦r

t❤✐s r❡❛s♦♥✱ ❛rr❛② ♠❡t❤♦❞s ♣❡r❢♦r♠ ❜❡st ✇✐t❤ t❤r❡❡ ♦r ♠♦r❡ ♣r❡ss✉r❡ s❡♥s♦rs

s♣❛❝❡❞ ✉♥❡✈❡♥❧② t♦ ♣r♦✈✐❞❡ ❛ ❣r❡❛t❡r r❛♥❣❡ ♦❢ s❡♣❛r❛t✐♦♥ ❞✐st❛♥❝❡s ❢♦r ✉s❡ ✐♥

t❤❡ ❛♥❛❧②s✐s✳ ❆❧t❤♦✉❣❤✱ ❛s ♠♦r❡ ♣r❡ss✉r❡ s❡♥s♦rs ❛r❡ ✉s❡❞✱ t❤❡ s✉❜s❡q✉❡♥t ✇❛✈❡

r❡✢❡❝t✐♦♥ ❡st✐♠❛t❡s ❛r❡ ❛✈❡r❛❣❡❞ ♦✈❡r ❛ ❧❛r❣❡r ❝r♦ss✲s❤♦r❡ r❛♥❣❡✳

❆ st✉❞② ❜② ■♥❝❤ ❡t ❛❧✳ ✭✷✵✶✼❜✮ s❤♦✇❡❞ t❤❛t ❛♥ ❛❞❞✐t✐♦♥❛❧ s♦✉r❝❡ ♦❢ ❡rr♦r

t❤❛t ❝❛♥ ❛✛❡❝t ❛rr❛② ♠❡t❤♦❞s✱ ♣❛rt✐❝✉❧❛r❧② ✐♥ t❤❡ ✜❡❧❞✱ ✐s r❛♥❞♦♠ s✐❣♥❛❧ ♥♦✐s❡✳

❯s✐♥❣ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s✱ t❤❡② s❤♦✇ t❤❛t t❤❡ ♣r❡s❡♥❝❡ ♦❢ ♥♦✐s❡ ✐♥tr♦❞✉❝❡s ❛

s✐❣♥✐✜❝❛♥t ♣♦s✐t✐✈❡ ❜✐❛s t♦ ✐♥❝✐❞❡♥t ❛♥❞ r❡✢❡❝t❡❞ s♣❡❝tr❛ ❡st✐♠❛t❡s✱ ❛♥❞ ❝♦rr❡✲

s♣♦♥❞✐♥❣ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥ts✳ ❆ t❡❝❤♥✐q✉❡ ✐s ✐♥tr♦❞✉❝❡❞ t❤❛t ❝❛♥ ❜❡ ❛♣♣❧✐❡❞

t♦ ❛♥② ❛rr❛② ♠❡t❤♦❞ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ✐♠♣❛❝t ♦❢ ♥♦✐s❡ ❛♥❞ ❞❡✈❡❧♦♣ ❛ ❝♦rr❡❝t✐♦♥

❢✉♥❝t✐♦♥ ❢♦r s✉❝❤ ♥♦✐s❡✳ ❆♣♣❧②✐♥❣ t❤✐s t❡❝❤♥✐q✉❡ t♦ t❤❡ ❛rr❛② ♠❡t❤♦❞ ♦❢ ●❛✐❧❧❛r❞

❡t ❛❧✳ ✭✶✾✽✵✮✱ ❛ ❝♦rr❡❝t✐♦♥ ❢✉♥❝t✐♦♥ ✐s ❞❡✈❡❧♦♣❡❞ t❤❛t✱ ✇❤❡♥ ❛♣♣❧✐❡❞ t♦ ✜❡❧❞ ❞❛t❛

❢r♦♠ ❛ ❞✐ss✐♣❛t✐✈❡ ❜❡❛❝❤✱ s✉❣❣❡sts t❤❛t ✐♥❢r❛❣r❛✈✐t② r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥ts ♠❛②

❜❡ ♦✈❡r❡st✐♠❛t❡❞ ❜② ❛s ♠✉❝❤ ❛s ✺✵✪ ❜❡❝❛✉s❡ ♦❢ ♥♦✐s❡✳

❆✳✸✳ ❘❛❞♦♥ tr❛♥s❢♦r♠

❆ ❢♦✉rt❤ ♠❡t❤♦❞ ✐s t❤❡ r❡❝❡♥t❧② r❡✈✐s✐t❡❞ ❘❛❞♦♥ tr❛♥s❢♦r♠ ✭❆❧♠❛r ❡t ❛❧✳✱

✷✵✶✸✱ ✷✵✶✹✮✳ ❙♦ ❢❛r ✐t ❤❛s ♦♥❧② ❜❡❡♥ t❡st❡❞ ♦♥ s②♥t❤❡t✐❝ ❝❛s❡s ❛♥❞ ❧❛❜♦r❛t♦r②

❞❛t❛✱ ❜✉t ✐t s❤♦✇s ❣♦♦❞ ♣♦t❡♥t✐❛❧✳ ■t ♣r♦❥❡❝ts t❤❡ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ✇❛✈❡ ✜❡❧❞

✶✶✺



✐♥t♦ ♣♦❧❛r s♣❛❝❡ ❢♦❧❧♦✇✐♥❣✱

R(ρ, θ) =

‹

η(x, y) d(xcosθ + ysinθ − ρ) dx dy ✭✶✷✮

✇❤❡r❡ δ ✐s t❤❡ ❉✐r❛❝ ❞❡❧t❛ ❢✉♥❝t✐♦♥✱ θ ❛♥❞ ρ ❛r❡ t❤❡ ❛♥❣❧❡ ❛♥❞ ❞✐st❛♥❝❡ ❢r♦♠ ♦r✐❣✐♥

♦❢ t❤❡ ✐♥t❡❣r❛t✐♦♥ ❧✐♥❡ ❞❡✜♥❡❞ ❛s ρ ❂ xcosθ ✰ ysinθ✳ ❚❤❡ ♦r✐❣✐♥ ✐s t❤❡ ❝❡♥t❡r ♦❢

t❤❡ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ✭x✱t✮ ✇❛✈❡ ✜❡❧❞✳ ❲❛✈❡ ❝r❡sts ❛r❡ ✐❞❡♥t✐✜❡❞ ❛s ❞❡♥s✐t② ♣❡❛❦s

✐♥ t❤❡ ♣♦❧❛r s♣❛❝❡✳ ❚❤❡ ✇❛✈❡ ✜❡❧❞ ❝❛♥ ❜❡ ❞❡❝♦♠♣♦s❡❞ ♦✈❡r t❤❡ ✇❤♦❧❡ x✲t ✇❛✈❡

✜❡❧❞ ❛s t❤❡ ✐♥❝♦♠✐♥❣ ❛♥❞ ♦✉t❣♦✐♥❣ ✇❛✈❡ tr❛✐♥s ❛♣♣❡❛r ✐♥ t❤❡ ❘❛❞♦♥ s♣❛❝❡ ✇✐t❤✐♥

t❤❡ θ ❂ ❬1◦ − 89◦❪ ❛♥❞ θ ❂ ❬91◦ − 179◦❪ ✐♥t❡r✈❛❧s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ♦r✐❣✐♥❛❧

✇❛✈❡ ✜❡❧❞ ❝❛♥ t❤❡♥ ❜❡ ❜❛❝❦ ♣r♦❥❡❝t❡❞ ✇✐t❤ t❤❡ ■♥✈❡rs❡ ❘❛❞♦♥ ❚r❛♥s❢♦r♠ ❛♣♣❧✐❡❞

s❡♣❛r❛t❡❧② t♦ t❤❡ ❞✐✛❡r❡♥t ❛♥❣❧❡s ❛s✱

η+(x, t) =

ˆ +∞

−∞

ˆ 89

1

R(ρ, θ) dθ dρ ✭✶✸✮

η−(x, t) =

ˆ +∞

−∞

ˆ 179

91

R(ρ, θ) dθ dρ ✭✶✹✮

❚❤❡ ♠❡t❤♦❞ s❡❡♠s r❡❧❛t✐✈❡❧② ✐♥s❡♥s✐t✐✈❡ t♦ ✇❛✈❡ ❝❤❛r❛❝t❡r✐st✐❝s✱ ❜✉t ✐s ♣r♦♥❡

t♦ t❤❡ s❛♠♣❧✐♥❣ s❝❤❡♠❡ ❛♥❞ t❤❡ ♥✉♠❜❡r ❛♥❞ ❞❡♥s✐t② ♦❢ ✇❛✈❡ ❣❛✉❣❡s✳ ✭❚❤❡

❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ❣❛✉❣❡s s❤♦✉❧❞ ❜❡ ❧❡ss t❤❛♥ ♦♥❡ t❤✐r❞ ♦❢ t❤❡ s❤♦rt❡st ✇❛✈❡❧❡♥❣t❤✱

✇❤✐❧❡ t❤❡ ❛rr❛② s❤♦✉❧❞ ❝♦✈❡r ♠♦r❡ t❤❛♥ ♦♥❡ t❤✐r❞ ♦❢ t❤❡ ❧♦♥❣❡st ✇❛✈❡❧❡♥❣t❤

✭❆❧♠❛r ❡t ❛❧✳✱ ✷✵✶✹✮✳✮

✶✶✻



❇✳ ❇✐s♣❡❝tr❛

❙✐♥❝❡ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❜✐s♣❡❝tr❛❧ ❛♥❛❧②s✐s ❜② ❍❛ss❡❧♠❛♥♥ ❡t ❛❧✳ ✭✶✾✻✸✮✱ ✐t

❤❛s ❜❡❡♥ ✉s❡❞ ✐♥ ♥✉♠❡r♦✉s st✉❞✐❡s t♦ ✐♥✈❡st✐❣❛t❡ ♥♦♥❧✐♥❡❛r✐t✐❡s ♦❢ ✇❛✈❡ ✜❡❧❞s

✭❡✳❣✳ ❋r❡✐❧✐❝❤ ❛♥❞ ●✉③❛✱ ✶✾✽✹❀ ❊❧❣❛r ❛♥❞ ●✉③❛✱ ✶✾✽✺❀ ❍❡r❜❡rs ❡t ❛❧✳✱ ✶✾✾✹✱ ✶✾✾✺❀

◆♦r❤❡✐♠ ❡t ❛❧✳✱ ✶✾✾✽❀ ❍❡r❜❡rs ❡t ❛❧✳✱ ✷✵✵✵❀ ❚❤♦♠s♦♥ ❡t ❛❧✳✱ ✷✵✵✻❀ ❉❡ ❇❛❦❦❡r

❡t ❛❧✳✱ ✷✵✶✺❛✱❜✮✳ ■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ♣♦✇❡r s♣❡❝tr✉♠✱ ✇❤✐❝❤ ❝♦♥t❛✐♥s ♥♦ ♣❤❛s❡

✐♥❢♦r♠❛t✐♦♥✱ t❤❡ ❜✐s♣❡❝tr✉♠ Bf1,f2 ❞❡t❡❝ts ♣❤❛s❡✲❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ ❢r❡q✉❡♥❝②

❝♦♠♣♦♥❡♥ts✱ ♠♦r❡ s♣❡❝✐✜❝❛❧❧② t❤r❡❡ ❢r❡q✉❡♥❝✐❡s✳ ❚❤❡s❡ tr✐❛❞ ✐♥t❡r❛❝t✐♦♥s ❛r❡ r❡✲

s♣♦♥s✐❜❧❡ ❢♦r t❤❡ tr❛♥s❢❡r ♦❢ ❡♥❡r❣② ✭♣r❡ss✉r❡ ❢♦r❝❡ t✐♠❡s ✈❡❧♦❝✐t②✮ ❢r♦♠ t❤❡ ♣♦✇❡r

s♣❡❝tr❛❧ ♣❡❛❦ t♦ s✉❜✲ ❛♥❞ s✉♣❡r❤❛r♠♦♥✐❝s✱ ✇❤✐❝❤ ❧❡❛❞ t♦ ❛ ❝❤❛♥❣❡ ✐♥ ✇❛✈❡s❤❛♣❡

t♦ s❦❡✇❡❞ ❛♥❞ ❛s②♠♠❡tr✐❝ ❝❧♦s❡ t♦ s❤♦r❡ ✭❡✳❣✳ ❊❧❣❛r ❛♥❞ ●✉③❛✱ ✶✾✽✺✮✳ ❚❤❡s❡

❡♥❡r❣② tr❛♥s❢❡rs ♦❝❝✉r ❣r❛❞✉❛❧❧② t♦ ❛❞❥✉st t♦ t❤❡ ❞❡❝r❡❛s❡ ✐♥ ✇❛t❡r ❞❡♣t❤✱ ❛♥❞

❛r❡ str♦♥❣❡r ✇❤❡♥ ✇❛t❡r ❞❡♣t❤s ❛r❡ s❤❛❧❧♦✇❡r ❛s ✇❛✈❡s ❛r❡ ❝❧♦s❡r t♦ r❡s♦♥❛♥❝❡✳

❚❤❡ ❞✐s❝r❡t❡ ❜✐s♣❡❝tr✉♠ ✐s ❞❡✜♥❡❞ ❛s✱

Bf1,f2 = E[Af1Af2A
∗

f1+f2 ], ✭✶✺✮

✇❤❡r❡ E❬ ❪ ✐s t❤❡ ❡♥s❡♠❜❧❡ ❛✈❡r❛❣❡ ♦❢ t❤❡ tr✐♣❧❡ ♣r♦❞✉❝t ♦❢ ❝♦♠♣❧❡① ❋♦✉r✐❡r

❝♦❡✣❝✐❡♥ts A ❛t t❤❡ ❢r❡q✉❡♥❝✐❡s f1✱ f2 ❛♥❞ t❤❡✐r s✉♠ f1 + f2✱ ❛♥❞ t❤❡ ❛st❡r✐s❦

✐♥❞✐❝❛t❡s ❝♦♠♣❧❡① ❝♦♥❥✉❣❛t✐♦♥✳ ❙✐♠✐❧❛r❧②✱ t❤❡ ♣♦✇❡r s♣❡❝tr✉♠ ✐s ❞❡✜♥❡❞ ❛s✱

Pf1 =
1

2
E[Af1A

∗

f1 ]. ✭✶✻✮

❚❤❡ ✈❛r✐❛♥❝❡ ♦❢ t❤❡ ❜✐s♣❡❝tr❛❧ ❡st✐♠❛t❡s ✐s ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ♣♦✇❡r s♣❡❝tr❛❧ ♣r♦♣✲

✶✶✼



❡rt✐❡s ♦❢ t❤❡ s✐❣♥❛❧✱ ✐❢ ♥♦t ❡♥♦✉❣❤ ❛✈❡r❛❣✐♥❣ ✐s ♣❡r❢♦r♠❡❞ ✭❜② ✉s✐♥❣ ❜❧♦❝❦s ❛♥❞

❢r❡q✉❡♥❝② ♠❡r❣✐♥❣✮✱ t❤❡ ❜✐s♣❡❝tr❛❧ ❡st✐♠❛t❡s ♠✐❣❤t ❛♣♣❡❛r ❧❛r❣❡ ❥✉st ❜❡❝❛✉s❡

✐t ✐s ❤✐❣❤❧② ✈❛r✐❛❜❧❡✳ ❆ ♥♦r♠❛❧✐③❡❞ ♠❡❛s✉r❡ ♦❢ t❤❡ str❡♥❣t❤ ♦❢ t❤❡ ❝♦✉♣❧✐♥❣ ♦❢

t❤❡ ✐♥t❡r❛❝t✐♥❣ ✇❛✈❡ ❝♦♠♣♦♥❡♥ts✱ ✇❤✐❝❤ r❡♠♦✈❡s t❤✐s ✈❛r✐❛♥❝❡✱ t❤❡ ❜✐❝♦❤❡r❡♥❝❡

b2f1,f2 ✱ ✐s ❤❡r❡ ❞❡✜♥❡❞ ❛s✱

b2f1,f2 =
|Bf1,f2 |2

Pf1Pf2Pf1+f2

, ✭✶✼✮

❢♦❧❧♦✇✐♥❣ ❈♦❧❧✐s ❡t ❛❧✳ ✭✶✾✾✽✮✱ ❊q✳ ❬✷✼❪✱ ❛♥❞ ✐s t❤❡ ♠♦st ❝♦♠♠♦♥❧② ✉s❡❞ ♥♦r✲

♠❛❧✐③❛t✐♦♥ ♠❡t❤♦❞ ❢♦r st❛t✐st✐❝❛❧ t❡sts✱ ❛❧t❤♦✉❣❤ ✐t ❝♦♥t❛✐♥s ♥♦ ✉♣♣❡r ❜♦✉♥❞✳

❙❡✈❡r❛❧ ♦t❤❡r ✇❛②s ❡①✐st ✐♥ ✇❤✐❝❤ ❜✐❝♦❤❡r❡♥❝❡ ❝❛♥ ❜❡ q✉❛♥t✐✜❡❞✱ s❡❡ ❢♦r ✐♥st❛♥❝❡

❍❛✉❜r✐❝❤ ✭✶✾✻✺✮ ❛♥❞ ❑✐♠ ❛♥❞ P♦✇❡rs ✭✶✾✼✾✮✱ t❤❡ ❧❛tt❡r ♠❡t❤♦❞ ❤❛✈✐♥❣ ❛♥ ✉♣✲

♣❡r ❜♦✉♥❞ ♦❢ ✶✱ ✇❤❡♥ t❤❡r❡ ✐s ♥♦t ❛✈❡r❛❣❡❞ ♦✈❡r ❢r❡q✉❡♥❝②✳ ❋♦r ❛ ❝♦♠♣❛r✐s♦♥

❜❡t✇❡❡♥ t❤❡ ♥♦r♠❛❧✐③❛t✐♦♥ ♠❡t❤♦❞s✱ s❡❡ ❢♦r ❡①❛♠♣❧❡ ❊❧❣❛r ❛♥❞ ●✉③❛ ✭✶✾✽✽✮ ❛♥❞

❈♦❧❧✐s ❡t ❛❧✳ ✭✶✾✾✽✮✳ ❚❤❡ ✾✺✪ s✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ♦♥ ③❡r♦ ❜✐❝♦❤❡r❡♥❝❡ ✐s ❞❡✜♥❡❞ ❛s

✻✴❞✳♦✳❢✳✱ ✇❤❡r❡ ❞✳♦✳❢✳ ✐s t❤❡ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠✳

❚❤❡ ♥♦r♠❛❧✐③❡❞ ♣❤❛s❡ ♦❢ t❤❡ ❜✐s♣❡❝tr✉♠✱ ❝❛❧❧❡❞ t❤❡ ❜✐♣❤❛s❡ βf1,f2 ❣✐✈❡s ❛

♥♦r♠❛❧✐③❡❞ ♠❡❛s✉r❡ ♦❢ t❤❡ ♣❤❛s❡ r❡❧❛t✐♦♥s❤✐♣ ❛♥❞ ✐s ❞❡✜♥❡❞ ❛s✱

βf1,f2 = arctan

[ I{Bf1,f2}
R{Bf1,f2}

]

, ✭✶✽✮

❢♦❧❧♦✇✐♥❣ ❑✐♠ ❛♥❞ P♦✇❡rs ✭✶✾✼✾✮✱ ✇❤❡r❡ I ❛♥❞ R ❛r❡ t❤❡ ✐♠❛❣✐♥❛r② ❛♥❞ r❡❛❧

♣❛rt ♦❢ t❤❡ ❜✐s♣❡❝tr✉♠✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ st❛❜✐❧✐t② ♦❢ t❤❡ ❜✐♣❤❛s❡ ❡st✐♠❛t❡s

✐s ❤✐❣❤❧② ❞❡♣❡♥❞❡♥t ♦♥ ❜✐❝♦❤❡r❡♥❝❡ ✈❛❧✉❡s❀ ❢♦r ❧♦✇ ❜✐❝♦❤❡r❡♥❝❡✱ t❤❡ ❜✐♣❤❛s❡ ✐s

✶✶✽



r❛♥❞♦♠❧② ❞✐str✐❜✉t❡❞ ❜❡t✇❡❡♥ π ❛♥❞ ✲π✳ ❚❤❡ ❜✐♣❤❛s❡ ❝❛♥ ❜❡ r❡❧❛t❡❞ t♦ t❤❡ ✇❛✈❡

s❤❛♣❡✱ ✇✐t❤ ✈❛❧✉❡s ❝❧♦s❡ t♦ ③❡r♦ ✭✐♠❛❣✐♥❛r② ♣❛rt ✐s ❝❧♦s❡ t♦ ③❡r♦✮ ✐♥❞✐❝❛t✐♥❣ ❛

s❦❡✇❡❞ ✇❛✈❡✱ ❛♥❞ ✈❛❧✉❡s ❝❧♦s❡ t♦ ✲✾✵ ✭r❡❛❧ ♣❛rt ✐s ❝❧♦s❡ t♦ ③❡r♦✮ ✐♥❞✐❝❛t✐♥❣ ❛♥

❛s②♠♠❡tr✐❝ ✭❡✳❣✳ ❊❧❣❛r ❛♥❞ ●✉③❛✱ ✶✾✽✺✮✳ ❚❤❡ ❜✐♣❤❛s❡ ❝❛♥ ❜❡ ✐♥t❡❣r❛t❡❞ ♦✈❡r

s❡♣❛r❛t❡ ❢r❡q✉❡♥❝② ❜❛♥❞s✱ t♦ s✐♥❣❧❡ ♦✉t t❤❡ ✇❛✈❡ s❤❛♣❡ ♦❢ t❤❡ ❜♦✉♥❞ ✐♥❢r❛❣r❛✈✐t②

✇❛✈❡ ✭❜✐♣❤❛s❡ ≈ ✶✽✵ ❞❡❣r❡❡s✮ ✭❡✳❣✳ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✺❛✮✳

❆s t❤❡ ❜✐s♣❡❝tr✉♠ ❤❛s s②♠♠❡tr✐❝❛❧ ♣r♦♣❡rt✐❡s✱ ✐t ✐s ♦♥❧② ♥❡❝❡ss❛r② t♦ ❡✈❛❧✲

✉❛t❡ t❤❡ ❜✐s♣❡❝tr✉♠ ✐♥ t❤❡ ♣r✐♥❝✐♣❛❧ ❞♦♠❛✐♥ ✇❤❡r❡ f1✱ f2 > ✵✱ f2 < f1 ❛♥❞

f1 + f2 < fN✴✷✱ ✇❤❡r❡ fN ✐s t❤❡ ◆②q✉✐st ❢r❡q✉❡♥❝② ✭s❡❡ ❢♦r ❡①❛♠♣❧❡ ❍❡r❜❡rs

❡t ❛❧✳ ✭✷✵✵✸✮✮✳ ❚❤❡ ❜✐s♣❡❝tr✉♠ ✐s ③❡r♦ ✐❢ t❤❡ t❤r❡❡ ❢r❡q✉❡♥❝✐❡s ❛r❡ ✐♥❞❡♣❡♥❞❡♥t

♦❢ ❡❛❝❤ ♦t❤❡r✱ ✇✐t❤ r❛♥❞♦♠ ♣❤❛s❡ r❡❧❛t✐♦♥s❤✐♣s ✐♥ ❛ ❧✐♥❡❛r ✇❛✈❡ ✜❡❧❞✳

❚❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ ❜✐s♣❡❝tr✉♠ s❤♦✇s r❡❧❛t✐✈❡ ❡♥❡r❣② tr❛♥s❢❡rs ❜❡✲

t✇❡❡♥ t❤❡ ♣❤❛s❡✲❝♦✉♣❧❡❞ ❢r❡q✉❡♥❝✐❡s✳ ❋✐❣✉r❡ ✶✼ s❤♦✇s ❛♥ ❡①❛♠♣❧❡ ♦❢ ❛ ❜✐s♣❡❝✲

tr✉♠ ✐♥ t❤❡ ♦✉t❡r s✉r❢ ③♦♥❡ ♦❜t❛✐♥❡❞ ♦✈❡r ❛ ❧♦✇ s❧♦♣✐♥❣ ❧❛❜♦r❛t♦r② ❜❡❛❝❤ ✇✐t❤ ❛

r❛t❤❡r ♥❛rr♦✇ ❜❛♥❞❡❞ s♣❡❝tr✉♠✳ P♦s✐t✐✈❡ ✭r❡❞✮ ✈❛❧✉❡s ❛t Bf1,f2 ✐♥❞✐❝❛t❡ ❛ tr❛♥s✲

❢❡r ❢r♦♠ f1 ❛♥❞ f2 t♦ f3✱ t❤❡ s✉♠ ❢r❡q✉❡♥❝②✳ ◆❡❣❛t✐✈❡ ✭❜❧✉❡✮ ✈❛❧✉❡s ✐♥❞✐❝❛t❡ ❛

tr❛♥s❢❡r ❢r♦♠ f3 t♦ f1 ❛♥❞ f2✳ ❆ ♣♦s✐t✐✈❡ ✐♥t❡r❛❝t✐♦♥ ✐s ♣r❡s❡♥t ❛t B(0.44, 0.44)

✇❤❡r❡ ❡♥❡r❣② ✐s tr❛♥s❢❡rr❡❞ ❢r♦♠ t❤❡ s♣❡❝tr❛❧ ♣❡❛❦ t♦ ✐ts ❤✐❣❤❡r ❤❛r♠♦♥✐❝ ❛t f

❂ ✵✳✽✽ ❍③✳ ❆♥♦t❤❡r ♣♦s✐t✐✈❡✱ ❧❡ss str♦♥❣ ✐♥t❡r❛❝t✐♦♥✱ ✐s ♣r❡s❡♥t ❛t B(0.88, 0.44)

✇❤❡r❡ ❡♥❡r❣② ✐s tr❛♥s❢❡rr❡❞ ❢r♦♠ t❤❡ s♣❡❝tr❛❧ ♣❡❛❦ ❛♥❞ ✐ts ✜rst ❤❛r♠♦♥✐❝ t♦ t❤❡

s❡❝♦♥❞ ❤❛r♠♦♥✐❝ ❛t f ❂ ✶✳✸✷ ❍③✳ ❆t t❤❡ s❛♠❡ t✐♠❡✱ ♥❡❣❛t✐✈❡ ✐♥t❡r❛❝t✐♦♥s ❛r❡

♣r❡s❡♥t ❛t B(0.42, 0.04) ✇✐t❤ ❡♥❡r❣② tr❛♥s❢❡rs ❢r♦♠ f3 ❂ ✵✳✹✻ ❍③ t♦ ❜♦t❤ f1 ❂

✵✳✹✷ ❍③ ❛♥❞ f2 ❂ ✵✳✵✹ ❍③✱ ❛♥❞ ❛t B(0.86, 0.04) ✇✐t❤ ❡♥❡r❣② tr❛♥s❢❡rs ❢r♦♠ f3
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❋✐❣✉r❡ ✶✼✿ ■♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ ❜✐s♣❡❝tr✉♠ ✐♥ m3 ✭① 10
−8✮ ♦❢ t❤❡ ✐♥❝♦♠✐♥❣ ✇❛✈❡ s✐❣♥❛❧ ✭η+✮

♦✈❡r ❛ ✶✿✽✵ ❧❛❜♦r❛t♦r② s❧♦♣❡✱ ❛t x ❂ ✼✵ ♠✱ h ❂ ✵✳✶✽ ♠✳ ❇❧❛❝❦ s♦❧✐❞ ❧✐♥❡s ✐♥❞✐❝❛t❡ t❤❡ ❝✉t♦✛
❜❡t✇❡❡♥ ✐♥❢r❛❣r❛✈✐t② ❛♥❞ s❡❛✲s✇❡❧❧ ✇❛✈❡ ❢r❡q✉❡♥❝✐❡s✱ fIG✳ ❉❛s❤❡❞ ❧✐♥❡s ✐♥❞✐❝❛t❡ t❤❡ s♣❡❝tr❛❧
♣❡❛❦ ✭f ❂ ✵✳✹✹ ❍③✮ ❛♥❞ ✐ts ❤✐❣❤❡r ❤❛r♠♦♥✐❝s✳ ❆❢t❡r ❉❡ ❇❛❦❦❡r ❡t ❛❧✳ ✭✷✵✶✺❛✮✳

❂ ✵✳✾✵ ❍③ t♦ ❜♦t❤ f1 ❂ ✵✳✽✻ ❍③ ❛♥❞ f2 ❂ ✵✳✵✹ ❍③✳ ❚❤❡s❡ t✇♦ ✐♥t❡r❛❝t✐♦♥s ❛r❡

r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ❣r♦✇t❤ ♦❢ t❤❡ ❜♦✉♥❞ ✐♥❢r❛❣r❛✈✐t② ✇❛✈❡✱ ✇❤✐❧❡ ❛t t❤❡ s❛♠❡

t✐♠❡ ❝❛✉s✐♥❣ t❤❡ ❡♥❡r❣② ❛r♦✉♥❞ t❤❡ s♣❡❝tr❛❧ ♣❡❛❦ ❛♥❞ ✐ts ❤❛r♠♦♥✐❝s t♦ s❤✐❢t t♦

s❧✐❣❤t❧② ❧♦✇❡r ❢r❡q✉❡♥❝✐❡s✱ s❡❡ ❛❧s♦ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳ ✭✷✵✶✺❛✮✳

❇② ✐♥t❡❣r❛t✐♥❣ ♦✈❡r t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ ❜✐s♣❡❝tr✉♠ ❛♥❞ ❤❡r❡❜② ❝♦♠❜✐♥✲

✐♥❣ ❛❧❧ t❤❡ s❡♣❛r❛t❡ ✐♥t❡r❛❝t✐♦♥s✱ ❛♥❞ ♠✉❧t✐♣❧②✐♥❣ t❤❛t ✇✐t❤ ❛ ❝♦✉♣❧✐♥❣ ❝♦❡✣❝✐❡♥t✱

♥❡t ♥♦♥❧✐♥❡❛r ❡♥❡r❣② tr❛♥s❢❡rs ❜❡t✇❡❡♥ ❢r❡q✉❡♥❝✐❡s Snl ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✭❡✳❣✳

❍❡r❜❡rs ❡t ❛❧✳✱ ✷✵✵✵❀ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✺❛✮✳ ❚❤❡ ❝✉rr❡♥t❧② ❞❡✜♥❡❞ ❝♦✉♣❧✐♥❣

❝♦❡✣❝✐❡♥ts ✈❛r② ❢r♦♠ t❤❡ ❇♦✉ss✐♥❡sq s❝❛❧✐♥❣ ✭❡✳❣✳ ❍❡r❜❡rs ❛♥❞ ❇✉rt♦♥✱ ✶✾✾✼✮

✈❛❧✐❞ ❢♦r r❡s♦♥❛♥t ✇❛✈❡s ✐♥ s❤❛❧❧♦✇ ✇❛t❡r✱ ✉♣ t♦ t❤❡ ♠♦r❡ ❣❡♥❡r❛❧✐③❡❞ t❤❡♦r②

✭❡✳❣✳ ❏❛♥ss❡♥✱ ✷✵✵✻✮✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ❢✉❧❧ ❧✐♥❡❛r ❞✐s♣❡rs✐✈❡ ❡✛❡❝ts✳ ■♥ s❤❛❧❧♦✇ ✇❛✲

t❡r ❞✉r✐♥❣ ❜♦t❤ s❤♦❛❧✐♥❣ ❛♥❞ ❜r❡❛❦✐♥❣ s❡❛✲s✇❡❧❧✲✇❛✈❡ ❝♦♥❞✐t✐♦♥s✱ t❤❡ ❇♦✉ss✐♥❡sq

❛♣♣r♦①✐♠❛t✐♦♥ ②✐❡❧❞s t❤❡ ♠♦st r❡❧✐❛❜❧❡ r❡s✉❧ts ✭❍❡r❜❡rs ❛♥❞ ❇✉rt♦♥✱ ✶✾✾✼❀ ❍❡r✲

❜❡rs ❡t ❛❧✳✱ ✷✵✵✵❀ ❙♠✐t ❡t ❛❧✳✱ ✷✵✶✹✮✱ ❛❧t❤♦✉❣❤ t❤❡ str♦♥❣ ♥♦♥❧✐♥❡❛r✐t✐❡s ♦❝❝✉rr✐♥❣

✐♥ t❤❡ s✉r❢ ③♦♥❡ ❛r❡ s♦♠❡✇❤❛t ✉♥r❡♣r❡s❡♥t❡❞✱ ❛♥❞ t❤✐r❞✲ ❛♥❞ ❤✐❣❤❡r✲♦r❞❡r ✐♥✲

✶✷✵



t❡r❛❝t✐♦♥s ✇♦✉❧❞ ♥❡❡❞ t♦ ❜❡ ✐♥❝♦r♣♦r❛t❡❞ ❢♦r ♠♦r❡ r❡❧✐❛❜❧❡ ❡st✐♠❛t❡s ✭❚❤♦♠s♦♥

❡t ❛❧✳✱ ✷✵✵✻❀ ❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✺❛✮✳ ❯s✐♥❣ t❤❡ st♦❝❤❛st✐❝ ❢♦r♠✉❧❛t✐♦♥ ♦❢ t❤❡

s❡❝♦♥❞✲♦r❞❡r ♥♦♥❧✐♥❡❛r ✇❛✈❡ ✐♥t❡r❛❝t✐♦♥ t❤❡♦r② ♦❢ ❍❡r❜❡rs ❡t ❛❧✳ ✭✷✵✵✵✮ ✭t❤❡✐r

❊q✳✭✹✮✮ Snl ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞ ❞✐s❝r❡t❡❧② ❜②✿

Snl,f =
3πf

h
I











f
∑

f ′=0

∆fBf ′,f−f ′ − 2

fN−f
∑

f ′=0

∆fBf ′,f











. ✭✶✾✮

❚❤❡ t❡r♠
f
∑

f ′=0

Bf ′,f−f ′ ❛❝❝♦✉♥ts ❢♦r t❤❡ s✉♠ ✐♥t❡r❛❝t✐♦♥s ✐♥ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt

♦❢ t❤❡ ❜✐s♣❡❝tr✉♠✱ ❛♥❞ t❤❡ t❡r♠ −2
∞
∑

f ′=0

Bf ′,f ❛❝❝♦✉♥ts ❢♦r t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥✲

t❡r❛❝t✐♦♥s✱ ❛s ❡❛❝❤ ♣❛rt✐❝✉❧❛r ❢r❡q✉❡♥❝② ❝❛♥ ♣❛rt✐❝✐♣❛t❡ s✐♠✉❧t❛♥❡♦✉s❧② ✐♥ ❜♦t❤

❞✐✛❡r❡♥❝❡ ❛♥❞ s✉♠ ✐♥t❡r❛❝t✐♦♥s✳ ❚♦ st✉❞② ✐♥t❡r❛❝t✐♦♥s ✐♥❝❧✉❞✐♥❣ ✐♥❢r❛❣r❛✈✐t②

❢r❡q✉❡♥❝✐❡s ✐♥ ♠♦r❡ ❞❡t❛✐❧✱ t❤❡ ❜✐s♣❡❝tr✉♠ ❝❛♥ ❜❡ ❢✉rt❤❡r ❞✐✈✐❞❡❞ ✐♥t♦ ③♦♥❡s

✇✐t❤ ❞✐✛❡r❡♥t ❝♦♥tr✐❜✉t✐♦♥s ♦❢ ✐♥❢r❛❣r❛✈✐t② ❢r❡q✉❡♥❝✐❡s✱ ❛❢t❡r ✇❤✐❝❤ Snl ❝❛♥ ❜❡

❞❡t❡r♠✐♥❡❞ ❢♦r t❤♦s❡ s❡♣❛r❛t❡ ③♦♥❡s ✭❉❡ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✺❛✮✳
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