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How much physics needed? Results Discussion

Penitentes are 1—-6 meter snow blades observed in high-altitude re-

gions like the Andes or Himalaya. Sinusoidal surface over coordi-

 The question: What is the absolute minimum physics required nate /A

Surface height

| v % to describe this phenomenon?
Fig. 1: Photograph of the ~ 2m high blade- High aspect ratio regime:
like penitente structures in Chile. e The answer: Surprisingly little.
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— Just light, shadow, and geometry » Abrupt discontinuities from
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* Result: Initial surface roughness amplifies spontaneously into

Fig. 2: Solar trajectory and associated inten- glant blades. i
sity change on 2D snow surface sur- ! !
face profile. 35 1 T .

 Transitional behavior with
distinct localized peaks.

« Self-shadowing: Sharp peaks (crests) remain shaded at cer-
tain sun angles
— Slower ablation
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« Geometric tipping point:
Multireflections begin to dom-
Inate energy dissipation.
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The mathematical model
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estimation between two surface ele- 32 z 3 § — Strict boundary between
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3: Opening angle (F_» ~ §/7) Melting vs. sublimation and

mi, mo-. Slopes of connecting boundary lines gl dynamic solar angle:
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Shadowing & line-of-sight blocking (fig. 5): -20° . statie~" : sublimation share identi-
If an intermediate snow peak h(z) intersects the line of sight, the 0" Time dependent |~ 57| cal feedback mechanics at
view factor F' is forced to zero: 80° —20° different velocities
B -40°
h(z') — h(z") )| 8091  Dynamic path: Daily so-
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Fig. 5: Diagram of self-shadowing effects L L 0 | ' ' : - : : :
where an intermediate snow peak 0 50 100 150 0 50 100 150 200 accelerates net vertical growth
blocks the direct line of sight between Time (d) Time (d)
surface elements z' and z”. . _ y . '
Conclusions: It’s all about aspect ratio!
Total energy balance via unified multiple reflections: * No inherent length scale: penitente formation is determined by a cut-off aspect ratio, not a fixed
Tracks n reflection orders via a geometric series to avoid a costly matrix system (: = 0 seamlessly wavelength.
includes unreflected direct radiation):
» Too wide or flat structures get damped at a given sun angle.
P(z) = lsun (1 — @) iz S0 — 5y > (&' Fl_,.)
(L hy =0 o « If the critical structure matches the aspect ratio, it destabilizes and amplifies into penitentes.
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