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ABSTRACT

Climate-driven ice loss from glaciers and icebergs exacerbates sea-level rise and freshwater scarcity, yet the role of radiative forcing in regu-
lating melt dynamics remains poorly understood. Here, we investigate ice-melting patterns under mid-infrared (10.6 um) CO, laser irradia-
tion by combining experimental approaches, numerical simulations, and scaling analysis. We observe the spatiotemporal evolution of melt
ponds transitioning from concave to anomalous convex morphologies, driven by thermal Marangoni flows at the ice-water interface. Melt
pond patterns can be precisely controlled through premelting liquid layers (which favor convex patterns), laser power, or laser operation
modes (e.g., scanning mode for groove-shaped channels). At higher laser intensities, vaporization and bubble dynamics significantly influ-
ence ablation processes, replicating feedback mechanisms observed in natural ice-ocean systems such as marine ice cliff instability. Our
findings not only demonstrate the potential of radiative interventions for managing meltwater dynamics but also establish a crucial link
between microscale phase-change physics and macroscale ice-sheet responses, offering actionable insights for mitigating freshwater loss

under global climate change.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0325486

I. INTRODUCTION

Ice in nature, spanning from icebergs to ice sheets, covers nearly
one-tenth of Earth’s surface and serves as a vital freshwater reserve,
storing approximately 70% of the planet’s freshwater, primarily in
regions such as Greenland and Antarctica.” * Over the past two deca-
des, accelerated by climate change and global warming, the rapid
melting and mass loss of glaciers worldwide have exacerbated sea-
level rise and compromised coastal resilience.” ' To mitigate ice loss
and preserve glacial systems, intervention strategies such as glacier
covering, artificial snow production, water injection, and radiative
cooling materials have been implemented.”’l'1 However, these
approaches face challenges in scalability and long-term efficacy,
underscoring the critical need for a deeper understanding of ice-
melting processes, and such insights are essential to develop adaptive
strategies that address sea-level impacts and safeguard global water
resources in a warming climate.

From a fundamental scientific perspective, ice melting is often
simplified as a classical Stefan problem, ™'® yet it is in fact an extraor-
dinarily complex process involving multiphysics coupling—spanning
heat transfer, phase transitions, hydrodynamic flow, and ambient
environmental interactions—across scales from pore-sized brine

percolation to ice-sheet hydrofracture.'” ** Consequently, these cou-

pled interactions generate emergent, often intricate morphologies and
dynamic patterns.” For instance, submerged ice develops pinnacles
and scallops under convective flows driven by the 4 °C density anom-
aly of water, which creates unstable stratification.” Ice-water systems
further exhibit diverse flow regimes governed by ice-front geometry
and stratified boundary layers, modulated by thermophysical proper-
ties such as latent heat exchange and density gradients.”” *” Notably,
the release of trapped bubbles accelerates localized melting rates by
enhancing turbulent kinetic energy fluxes and buoyancy-driven mix-
ing, introducing nonlinear feedback into ablation processes.””

Despite significant advancements in understanding ice-melting
dynamics, the role of solar radiative heating—the primary driver of
melt pond formation—remains underexplored. This critical gap traces
back to foundational work by John Tyndall in the 1850s, who first
examined ice melting under solar radiation during clear-sky condi-
tions, observing inverse snowflake-like water structures.”’** Recent
studies demonstrate that near-infrared (1540nm) illumination,
strongly absorbed by ice, generates labyrinthine melt patterns in aque-
ous sucrose solutions, revealing a self-organizing interplay between
spectral absorption and hydrodynamic instabilities.”” Geometric
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models employing overlapping circular voids have further been pro-
posed to explain the spatial heterogeneity of Arctic melt ponds,™
while simulations identify bistable morphologies governed by nonlin-
ear couplings between radiative heat transfer and convective abla-
tion.”” Collectively, these works underscore the complexity of
radiative ice interactions, yet a systematic framework linking spectral
heating to emergent melt geometries, particularly under controlled
irradiation mimicking solar forcing, remains elusive, hindering pre-
dictive models of ice-sheet vulnerability.

In addition, as global climate change progresses and polar
resource exploration advances, the development of efficient deicing
and icebreaking technologies becomes crucial for ensuring the safety
and efficiency of polar navigational routes.”” In recent years, laser
technology, as an efficient and non-contact deicing method, has made
significant advancements in the fields of deicing and icebreaking.
Experimental studies on the melting and drilling effects of CO, lasers
on ice delve into the deicing mechanisms under different irradiation
intensities, ice densities, and beam angles.‘w’39 However, CO, laser
deicing technology has not been fully studied, especially the physical
mechanism of radiative heat transfer and convection in melt ponds.

In this work, we investigate ice-melting dynamics by irradiating
transparent ice cubes with a mid-infrared 10.6 um CO, laser, enabling
direct observation of spatiotemporal melt-pattern evolution. By
leveraging the optical transparency of ice, we reveal microscopic
mechanisms governing these dynamics, including hydrodynamic flow
regimes and thermal gradients. Our experiments identify melt ponds
transitioning from concave to anomalous convex morphologies,
driven by thermal Marangoni flows at the ice-water interface. Melt
pond geometry is precisely controlled through two distinct strategies:
premelting liquid layers (which promote convex patterns) and laser
scanning modes (which generate groove-shaped channels reminiscent
of those observed in additive manufacturing). At elevated laser inten-
sities, vaporization and bubble dynamics perturb ablation processes,
replicating feedback mechanisms observed in natural ice-ocean sys-
tems, such as marine ice cliff instability. These findings not only dem-
onstrate the potential of radiative interventions to modulate
meltwater dynamics but also bridge microscale phase-change physics
with macroscale ice-sheet responses, thereby informing mitigation
strategies for freshwater loss in the context of global climate change.
Furthermore, these findings provide a deeper understanding of the
ice-melting process under laser irradiation and serve as a reference for
the optimization of CO, laser ice-melting technology.

Il. EXPERIMENTAL SETUP

For ice cube sample preparation, de-ionized water is first
degassed by heating to boiling. Then, the degassed de-ionized water is
stored in an open container (5 x 5 x 5cm® PMMA) wrapped with a
layer of insulating material (plastic foam) and cooled in a refrigerator
at —15°C over 24 h. Due to the single-direction cooling process, the
frozen ice is highly transparent without bubbles.

The experimental setup is shown in Fig. 1. The ice is impacted
from the top by a laser source with 10.6 um wavelength, a power of
20 W, and a beam diameter of about 3 mm. The dynamics of the melt
pond are captured by a high-speed camera at a frame rate of 125Hz
(Phantom V611). The temperature evolution of the melt pond is
acquired by an infrared thermal camera at a frame rate of 125Hz
(FLIR A6750sc).
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FIG. 1. Sketch of the experimental setup.

lll. PATTERN EVOLUTION FROM A CONCAVE CRATER
TO A CONVEX CRUST

When a continuous 10.6 um laser with a Gaussian-profile inten-
sity impacts ice [Fig. 2(a)], due to the strong absorption coefficient of
1580 and 870 cm ™" for ice and water,”” *” the rapid deposition of laser
energy results in localized violent vaporization. As the vapor is ejected
upward into the air, liquid is pushed downward by overcoming sur-
face tension to form a crater, an air-water depression, as shown in
Fig. 2(b) (Multimedia view). The morphology of the crater and the
melt pond is characterized by the air-water interface (the yellow line)
and the water—ice interface (the red line).

In previous work on near-infrared irradiation, a 1064 nm laser
beam at an intensity of 180 W/m” was used to create microchannels,**
and 1540 nm laser illumination at an intensity of 14 W/cm?® formed a
labyrinth ice pattern.”” Since the absorption coefficient of ice and
water in the mid-infrared is two or three orders of magnitude larger
than that at near-infrared wavelengths, both the strong absorption at
the mid-infrared wavelength of 10.6 um and the high laser intensity
of 280 W/cm® contribute to the generation of the crater and melt
pond in the ice.

Corresponding to the Gaussian profile of the stationary laser
beam intensity, the crater is characterized by a nearly semi-spherical
air-water interface, while the propagation of the melting front at the
central part is faster, resulting in a concave ice-water interface. At a
later stage (t = 0.96s), as more ice melts, the melt pool enlarges with
more water. Simultaneously, the heat accumulated within the pool is
rapidly dissipated into the surrounding water, ice, and air via heat
transfer. Consequently, the recoil pressure from evaporation becomes
insufficient to sustain the concave air-water interface. The previously
formed crater collapses, and the air-water interface eventually
becomes nearly flat. Subsequently, the melting front or the ice-water
interface has been transformed from a concave to convex shape
[Figs. 2(a) and 2(c)]. This anomalous convex shape of the melt pond
is distinct from the concave morphology, as the central part of melting
front becomes slower, which is opposed to the expectation of a faster
melting front at a higher temperature according to the laser intensity
distribution of a Gaussian beam.

Quantitatively, the morphology evolution of the crater and the
melt pond is presented [Figs. 3(a)-3(c)]. The depth of the crater at the
air-water interface (d,,) and that of the melt pond at the water—ice
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FIG. 2. Melt pond shape evolves from a
concave crater to a convex crust. (a)
Sketch of the Gaussian-profile laser
intensity and the anomalous convex melt
pond in ice. (b) High-speed side-view
images of the melt pond impacted a
10.6 um laser (P = 20 W, Dy,ger = 3 mm)
on the ice at the initial surface tempera-
ture (Ty = 0.1°C). Orange lines and red
lines correspond to the air—water inter-
face and the water—ice interface, respec-
tively. (c) Time-evolution of melting front
or the water-ice interface, illustrating the
morphological transition of the melt pond
from a concave to convex shape.
Multimedia available online.
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interface (d,;) are presented in Fig. 3(b). Initially, due to pronounced
vaporization, both d,, and d,,; increase rapidly until t, = 0.4s,
and the crater is formed. After t4.,, the crater collapses, and the
melting front continues growing slowly and reaches 2.5mm at 15s.
From the difference of these two depths, the thickness of water
(hy = d; — d,y) is obtained [Fig. 3(d)].

As shown in Fig. 3(c), the shape of the melt pond transforms
from a concave to a convex morphology at t;,,s = 4.5 s. Before t;qns,
the melt pond remains concave shaped, and its central depth (d,,;)
increases with time while the width r of the melt pond gradually
expands. After f;,,s, a pronounced convex shape is observed, and its
characterized depth d,, reaches 5mm at 15s.

Despite the complicated heat transfer process, the melting of ice
is driven by energy from laser irradiation. As the melt pond radius
grows substantially larger than the laser beam diameter (3 mm), the
laser is treated as a radial point heat source. The melt pool is assumed

to be hemispherical and dominated by thermal diffusion, with ice
melting occurring in both radial and axial directions. Under continu-
ous laser illumination, the energy consumed at the melting front in
the late stage [i.e., at the location indicated by the entire red dotted
curves in the lower panel of Fig. 2(b)] is approximately constant,

(pL,,0)r* ~ const (v = dr/dt). (1)

Here p, L,,, v are the density of water, the specific latent heat of melt-
ing from ice to water, and the velocity at the melting front, respec-
tively. Then, the following scaling laws are obtained:

-2/3.

ro<t1/3, vt

2

Indeed, this 1/3 scaling of length (h,,, r) and —2/3 scaling of velocity
(vr, Viw, Uyey) are in reasonable agreement with the experiment data in
the late stage [Figs. 3(d)-3(f)].
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IV. MECHANISM OF THE ANOMALOUS CONVEX
CRUST

The spatiotemporal evolution of temperature at the surface
or the air-water interface is captured by thermal images from the
top-down view [Fig. 4(a), Multimedia view]. Initially, correspond-
ing to the laser intensity, the temperature of the melt pond
decreases monotonically from the center to the circular rim. Then,
flows on the surface of the melt pond appear, and the circular
symmetry of the rim is broken, leading to irregular patterns.
Clearly, the water surface in the melt pond is in a superheated
state, and this peak temperature at the center gradually decays
with time [Fig. 4(b)].

By taking advantage of the transparency of ice and water, particle
image velocimetry (PIV) measurement is employed to check the
internal flow within the melt pond from the side view [Fig. 4(c),
Multimedia view]. For PIV measurement, after the molten pond is
formed by laser irradiation of ice, the laser is paused, and 10 um SiO,
particles are added into the melt pond. Then, the laser is turned on,
and the particle trajectories are captured by a high-speed camera at a
400 Hz frame rate. The velocity of the circulation flow at the surface
can be on the order of 0.1m/s as determined by particle tracing,
which is comparable to the estimated thermal Marangoni velocity or
thermocapillary velocity ug, "

_ AT|0y/0T|H

s ~ 10" ' m/s. (3)

U
Here, H = 10> m and R = 1072 m are the characteristic thickness
and radius of the melt pond, respectively; n = 1073 Pas is the vis-
cosity of water; and |9y/0T| = 1.4 x 107* N/(m K), where y is the
surface tension, AT = 10K is the characteristic temperature differ-
ence at the air-water interface. The radial flows varying along the
z-axis [Fig. 4(d)] show an outward flow in the upper part of the
melt pond and an inward flow in its lower part, with the velocity on
the order of 0.03 m/s, indicating a recirculation flow inside the melt
pond.
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FIG. 4. Temperature distribution and flow field. (a) Thermal images of the melt
pond from top-down view. (b) Temperature evolution along a centerline. (c) Side-
view snapshot of the melt pond by particle tracking (left) and PIV (right). (d)
Horizontal velocity of the internal flow as a function of depth, indicating a recircula-
tion flow. Multimedia available online.
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In order to understand the transition from the concave shape to
the convex profile at the melting front, we take into account thermo-
capillary convection in the heat transfer. Particularly, the dimension-
less Péclet number is applied to compare the conduction mode and
convection mode within the melt pond,

pe = Mt (4)
o
where uy, = O(1072) ~ O(107!) m/s is the typical thermocapillary
velocity, h,, is the thickness of water for the liquid layer, and
a=1/(pcy) = 1.4 x 1077 m?/s is the thermal diffusivity of water
(x, ¢y, p are the thermal conductivity, the specific heat, and the den-
sity of water, respectively, see supplementary material Table I).

At the initial stage (f < fgaer, by = 0.1 mm), as laser energy is
absorbed by ice, ice undergoes a phase transition and melts into water,
which subsequently undergoes rapid vaporization. However, at later
stages (f > terater, By = 2mm), due to the increased h,, and the ele-
vated temperature AT, the increased Pe = 0(10%) ~ O(10°) implies
heat convection becomes significant.

As the liquid is further illuminated by the laser, the temperature
of water is further elevated, and thermocapillary convection is trig-
gered at the air-water interface. Due to the negative surface tension
coefficient of water (9y/9T < 0), water on the surface of the melt
pond flows from higher-temperature regions (at the center of the laser
zone or the rim of the melt pond) to lower-temperature regions (the
periphery or edge of the melt pond). In this fashion, two recirculation
vortices accompanying this thermocapillary convection (or thermal
Marangoni convection) appear in the melt pond, which subsequently
affect the heat transfer and significantly sculpt the water—ice interface
to produce the anomalous convex melting front.

V. EFFECT OF PREMELTING ICE

This systematic understanding of the melt pond provides insight
into the modification of the melt pond by adjusting physical parame-
ters. This anomalous convex melt pond is determined by the strong
recirculation flow, which is sensitive to both heat transfer and ther-
mocapillary convection. Since the premelting liquid layer under laser
illumination enhances thermal convection via the thermal Marangoni
effect at the air-liquid interface, the convex shape has a greater ten-
dency to form.

Hence, here we investigate the effect of a premelting water
layer'® by considering two cases [Fig. 5(a), supplementary material
Note 3]. The initial ice at a high surface temperature Ty = 0.1°C is
covered by the premelting water layer [Fig. 5(b), top panel] or at a
low surface temperature Ty = —6.8 °C remains dry [Fig. 5(b), bot-
tom panel], while all the other parameters such as the laser power
remain the same. In experiments, by slightly changing the initial ice
surface temperature, we find the distinctive morphologies of the
melt pond, either a convex profile or a convex shape [Fig. 5(b)].
With the premelting liquid layer at Ty = 0.1°C, a noticeable pro-
trusion has occurred for a convex water—ice interface at t =9s
[Fig. 5(b), top panel]. Conversely, for the dry ice surface without a
premelting liquid layer at Ty = —6.8 °C, the melting surface shape
is still concave [Fig. 5(b), bottom panel, Multimedia view]. Initially,
both melt ponds show rapid deepening. The melt pond with
Ty = 0.1°C reaches a depth of d,,; = 2 mm at f.qr = 0.4, but the
melt pond at Ty = —6.8 °C continues to deepen until d,,; = 4.5mm
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FIG. 5. Effect of the initial surface temperature (Ty) on melt pond. (a) Sketch of the convex melt pond with a wet surface or premelting liquid layer at a high initial surface
temperature (Tp > Tp), and the concave melt pond with a dry surface at a low initial surface temperature (To < T,). (b) Side-view images of the melt pond at Tp = 0.1
and —6.8 °C. (c) Dynamics of the thickness of water layer hy, at Ty = 0.1 and —6.8 °C. (d) t.ar at different To. (e) Melt pond depth, di(terazer ), at terarer for various T. (f)
1D simulation of temperature distribution for a semi-infinite-thickness ice with time (at Ty = 1°C > Ty,). (9) 1D two-phase Stefan theory and simulation for the characteristic
thickness of premelting liquid film hg (at t = 10s) for various surface temperatures Ty. Multimedia available online.

at tergeer = 1. The dynamics of hy, with different initial surface tem-
peratures T, are also compared in Fig. 5(c). hy, of the melt pond
with Ty = 0.1°C increases from 0.1 to over 1mm rapidly at
terater = 0.4s, while hy, of the melt pond with T, =—-6.8°C
increases slowly after tcgpr = 1s.

Through more systematic experiments for different initial tem-
peratures Ty ranging from —6.8 to 0.4 °C, we further demonstrate the
robustness of the determination of the ice melt pond shape by the ini-
tial ice surface temperature. According to the shape of melt ponds at
t=10s, the melt ponds can be divided into two types: convex and
concave. Figures 5(e) and 5(f) show that when the initial surface tem-
perature is near the melting point Ty,, melt ponds are convex and will
reach a depth of d,,; =~ 2mm at f.,. = 0.3s. On the contrary, once
the initial surface temperature is much below Ty, (in our experiment,
the highest T of the concave melt pond is —1.5 °C), the depth of the
melt pond can continue increasing to d,; &~ 5mm at feue = 1s.
Both figter and diyi(t = terarer) concave melt ponds are nearly 2 to 3
times as large as those of convex melt ponds.

To quantify the thickness of the premelting liquid film, we build
a 1D theory based on a two-phase Stefan model for a semi-infinite-
thickness ice, and perform a 1D simulation for the evolution of tem-
perature for a finite-thickness ice [Fig. 5(f), supplementary material
Note 1]. At a high surface temperature Ty = 1°C > T, the thickness
of the premelting water layer of ice increases with time as h = 2+/Dt
[with diffusion coefficient D = 2k,,(T,, — To)/p, L), and exceeds
100 um at 10s. The characteristic thickness of the premelting liquid
film (ko) will reach O(10) ~ O(10?) um at Ty > T,, [Fig. 5(g)], three

orders of magnitude larger than the nanometer-scale premelting layer
at Ty = —6.8°C."°

VI. EFFECT OF LASER POWER

Furthermore, we experimentally investigate the effect of laser
power on the morphology of the melt pond. For the given initial sur-
face temperature Ty ~ 0.8°C, as the laser power increases, Tpex
increases with laser power [Fig. 6(a)], and three distinct modes of the
melt pond shape evolution have been identified [Fig. 6(b)]. At a lower
power density of 71 W/cm? (P = 5W, D = 3mm) with ice surface
temperature Ty = 0.8 °C, no significant vapor depression or evapora-
tion was observed, since the maximum temperature at the surface of
the melting pond Tpe,x = 70 °C remains below the evaporation tem-
perature of water, resulting in a convex pond [Fig. 6(b)]. At a high
power density of 454 W/em? (P = 32 W, D = 3 mm) with ice surface
temperature Ty = 0.6 °C, a pronounced crater formed due to signifi-
cant evaporation. At greater crater depths d,_;(toaer) = 7 mm, the
melt pond maintains a concave shape over 40 s [Fig. 6(b)]. At medium
power densities, under a laser intensity 284 W/em? (P=20W,
D = 3mm) and ice surface temperature T = 0.3 °C, the melt pond
evolution is characterized by a transition from a concave to a convex
profile.

Craters form only when the laser power is sufficiently high to
induce intense evaporation. With increasing laser power, both the cra-
ter lifetime f.qe, and its depth dyy—;(fyarer) increase [Figs. 6(c) and
6(d)]. Remarkably, the deeper crater [dy—;(tqaer) > 4 mm] under
high laser power inhibits the formation of a convex melt pool,
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FIG. 6. The effect of laser power on melt pond. (a) Variation of the peak temperature at the melt pond surface Tp.qx with laser power. Ice at Ty = +1°C. Red dashed line
for the vaporization temperature of water. (b) Side-view images of the melt pond formed by laser impacting (P = 5, 20, 32 W, Dj,..- = 3mm) on the ice at the initial surface
temperature (0 < Ty < 0.8°C). Scale bar for 4mm. In the convex-evolution region (yellow shaded), the melt pond retains a triangular-convex shape. In the transition-
evolution region (green shaded), the melt pond transitions from concave to convex. In the concave-evolution region (blue shaded), the melt pond is concave. (C) t.,qz, at dif-
ferent P. (d) Melt pond depth, dyi(tcrater), at teraeer for various P. () Phase diagram of melt pond shape (following 10's) under varying laser powers P and ice initial surface

temperatures Tp.

resembling the influence of low initial surface temperature T, on melt
pond shape.

Vil. PHASE DIAGRAM OF MELT POND

The shape of the melt pond can be controlled by adjusting the
initial ice surface temperature T; and the laser power P. The phase
diagram in Fig. 6(¢) shows ice melt pond shape evolution depending
on laser power P and initial ice surface temperature T,. At a low
power (P < 5W), the melt pond maintains a convex shape due to the
thermocapillary effects in the thick water layer and the absence of
evaporation. Conversely, at high power (P > 30 W), the recoil pres-
sure from intense evaporation stabilizes a deep vapor crater, overcom-
ing the influence of the pre-melting layer, resulting in a concave melt
pool profile that is independent of the initial temperature T,. Within
the intermediate power range (10 < P <20 W), the melt pond mor-
phology evolution is sensitive to the existence of the pre-melted layer
on the ice.

Vill. GROOVE-SHAPED MELT POND UNDER LASER
SCANNING MODE

After investigating the stationary laser impacting on the ice, we
proceed to explore melt pond sculpting by a scanning laser subjected
to a relative linear horizontal translation speed (v;ys) along a linear
axis beneath the fixed optical setup [Fig. 7(a)]. By means of a mirror
with a focal length of 500 mm, the laser beam (D = 3 mm) is focused

into a spot with D = 1 mm with a Gaussian-distribution intensity,
and then irradiates the ice surface.

For vyans = 0.2 mm/s, the melt pond becomes groove shaped
with a groove depth d, = 2.5 mm under a laser intensity of 284 W/cm”
(P=20W, D =3mm, with ice surface temperature T, =0.8°C)
[Fig. 7(b), Multimedia view]. Here, a ridge is generated around the
center of the groove, originating from thermocapillary convection
near the laser beam. This groove depth (d, = 1.5 mm) is reduced at
a faster speed of v,s = 0.5 mm/s due to weaker local laser energy
deposition [Fig. 7(c), Multimedia view]. Correspondingly, the ridge
becomes smaller or even disappears under higher vy,,s and lower
d,, because the position of the laser beam translates so fast that the
melt pond has insufficient time to be shaped by thermocapillary
convection before experiencing subsequent cooling.

Qualitatively, the input energy of the scanning laser over length
dl within the local dwelling time [(d])/vians] is dQin = P(dl)/Vtrans,
and the energy consumed by the melt pond is Quer = p(Lin
+ CPAT) cross (), Where Sgross X d for the cross sectional area of the
groove. ' By balancing the energy Qm = Qenr> the following scaling
is obtained:

dg O Vyyans /2. (5)

Indeed, this —1/2 scaling agrees well with the experimental measure-
ments [Fig. 7(d)].

Additionally, under the irradiation of a focused high-intensity
laser beam [Fig. 7(e)], the groove-shaped melt pond becomes more
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FIG. 7. Groove-shaped melt pond. (a) Sketch of the shaped melt pond formed by relative horizontal translation of the laser beam (beam size D = 3 mm). (b) and (c)
Snapshots for laser (P =20 W, D = 3 mm) at different translation speeds (v;ra,s = 0.2,0.5 mm/s), corresponding to groove depths dy = 2.5, 1.5 mm, respectively. (d) dg
follows a —1/2 scaling law with translation speed ;... (€) Sketch of deep ice penetration under strong laser intensity (focused beam size D = 1 mm). (f) Snapshots for
focused laser (P=20W, D= 1mm) at vy, = 0.5mmVs, resulting in deeper dy =7.5mm, more visible vaporization, and production of bubbles (T ~0.8°C).

Multimedia available online.

complex. At the laser intensity (2840 W/cm® with a spot diameter
D = 1 mm), violent vaporization of ice or water into air subsequently
causes the formation of a deeper crater with d, = 7.5 mm. This crater
then experiences instability, causing it to collapse and produce bub-
bles confined with the melt pond [Fig. 7(f), Multimedia view].

IX. NUMERICAL SIMULATIONS

To reveal the underlying physical mechanism of the melt pond
morphology transition, we perform numerical simulations of the cou-
pled equations for energy, momentum, and mass conservation, taking
into account heat transfer and hydrodynamic flow, as well as phase
change including both vaporization and melting due to laser heating.
The computational domain and boundary conditions are schemati-
cally illustrated in Fig. S2, with detailed descriptions provided in
supplementary material Note 2. The level-set model is implemented
to capture the air-water interface, while the effective heat capacity
method is applied to track the water—ice interface.

For laser impacting on the ice to form the melt pond, the gov-
erning equations for energy, momentum, and mass conservation are
expressed as follows:

pcp [% + 6 . (ﬁT):| = ﬁ . (kﬁT) + Slaser + Qvap7 (63)

o . = - = =,
AT IR o
i = () (p'p%p) (6¢)

For energy conservation [Eq. (6a)], T denotes the temperature, t
denotes time, p(T) is the density, ¢,(T) is the effective heat capacity,

2
k(T) is the thermal conductivity, Sjser = n”—;e_%éw) represents the
heat source of laser deposition at the surface of ice/water with negligi-
ble reflection loss (~1%),"" and Quap = —Lyh0(Pp)H(Tyap) repre-
sents energy loss due to evaporation.

For mass [Eq. (6¢)], both gas and liquid are considered as incom-
pressible Newtonian fluids, but at the air-water interface, an addi-
tional term representing a local interfacial mass transfer source due to
expansion upon liquid-gas phase change is introduced into the conti-
nuity equation [p = p(T) is the temperature-dependent density of
the different phase, and p; is the water density in the liquid phase].

The mass flux of evaporation (ri1) due to laser heating is given by

P mo Psat(T)
m = 27TkB \/T I (7)

where my is the molecular weight of water, kg is the Boltzmann
constant, Ty, s the evaporation temperature, and pe(T)

= paexp [kf;flp (1- T—;‘;")] is the saturated vapor pressure.

To solve the coupled equations for the three phases (gas, liquid,
and solid), the level-set method is applied to describe the phase
change process at the air-water interface,

Wi To=ino(o)(5) = nT - [aTo-g0-9)

V¢
IVoll’
®)
where a source term due to evaporation is added to track the air-
water interface (¢ = 0.5). Also, an effective heat capacity method is

employed to capture the phase change process at the water—ice inter-
face (fi = 0.5).
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For momentum [Eq. (6b)], i is the velocity vector, p is the pres-
sure, I is the identity matrix, u is the dynamic viscosity, and 7 is the
stress including contributions from gravitational force, buoyancy
force, the Darcy damping force, and surface tension force.
More details about the numerical simulation are provided in the
supplementary material.

To confirm the effect of the premelting liquid layer, we simulate
two most extreme cases by introducing initial and boundary condi-
tions. In the first case, the upper layer of ice is covered by a water layer
with a thickness hy=03mm with initial surface temperature
Ty =5 °C. Here, the temperature distribution in the initial water layer
is assumed to be linear. The second case is bare ice with Ty = —10°C,
hy =0 mm (Multimedia view).

Figure 8(a) shows snapshots of the temperature distribution,
velocity field, and water-ice interface in the melt pond with
Ty=5°C. Clearly, at a late stage (such as t =5s), recirculation
flows—outward in the upper part of the melt pond and inward flow
in the lower part—significantly shape the melting front or the water—
ice interface, resulting in a transition from a concave profile to a con-
vex contour [Fig. 8(c)]. Due to convective heat transfer, the isotherm
lines are modified by the flows accordingly.

On the contrary, with To = —10°C, the thin water layer results
in the melt pond maintaining a concave rather than a convex shape
[Figs. 8(b) and 8(d)]. Figure 8(e) shows the dependence of the water
layer thickness h,, on time for various T in the simulation, consistent
with the experiment.

To demonstrate the coupling of convective flows and heat trans-
fer, Figs. 9(a) and 9(b) illustrate the horizontal velocity profile (vy)
and temperature (T) as a function of depth (h) at r = —R/3 inside the
laser zone at t = 0.3, 1, 3 s with T, =5 °C. Here, the region above the
red dashed line is water, and the region below is ice. Initially, say at
t =0.3s, owing to the constant heat flux of laser and small liquid

aT(“C}
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thickness, a large temperature gradient of O(10%) K/mm in the melt
pond indicates that the melt pond shape is dominated by heat con-
duction, which naturally generates the concave shape of the melt
pond as expected. However, at a later time, as h,, increases to millime-
ter scale, thermal convection becomes important, and the temperature
profile does not decrease monotonically with depth, but becomes
complicated due to the inward recirculation flow. Consequently, the
ice-water interface is distinctly shaped or sculpted by this convection.

Figures 9(c)-9(e) illustrate the evolution of temperature distribu-
tion of the air-water interface (h = 0mm) and the internal layer
(h = 0.8 mm) inside the melt pond Ty =5 °C. At the air-water inter-
face [h = 0 mm, Fig. 9(c)], arising from constant heat flux under laser
illumination, the temperature reaches its maximum at the center, and
decays away from the center. However, in the internal layer
[h = 0.8 mm, Figs. 9(d) and 9(e)], the temperature peak, at the center
due to heat conduction from high temperature, gradually evolves into
a temperature valley due to thermal convection, resulting in spatial
variation of melting at the water—ice interface. Eventually, the concave
water—ice interface of the melt pond transforms into a convex shape
[Fig. 8(c)]. Naturally, when h,, remains thin, approximately 0.1 mm
(Ty=5°C), the water-ice interface maintains a concave shape
[Fig. 8(d)].

It should be noted that the numerical model in this study does
not adopt a fully conservative formulation, which may affect interface
capturing in regions with drastic density variations, such as near the
phase interface. For future work aiming at more quantitatively accu-
rate simulations, implementing a fully conservative method is essen-
tial. In this regard, the hybrid approach for all-Mach-number
multiphase flows™ offers a particularly robust framework to address
such challenges. Addressing these limitations will help bridge the gap
between idealized laboratory studies and more complex natural or
industrial scenarios.

100 |

03s

T,=5C T5=-10%

-2 0 2 -2
r{mm)

r{mm) t(s)

FIG. 8. Simulation of the convex/concave melt pond. (a) and (b) Snapshots of temperature distribution and velocity fields of melt pond at To =5°C and Ty =—10°C,
respectively. The white lines on the left correspond to the isotherm (T = 10, 20, 50, 75 °C from bottom to top), and the red lines to the ice-water interface. (c) Melt pond
transition from concave to convex morphology at Tp =5°C (t = 0.1,0.2,0.3,1,3,5s). (d) Concave melt pond morphology at To =—10°C (t = 0.1,0.5,1,2,5s). ()
Thickness of the liquid layer (hy) increasing with time at Ty =5°C and Tp = —10 °C. Multimedia available online.
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FIG. 9. Flow and temperature with water layer depth h from simulation of convex pond. (a) and (b) Horizontal velocity and temperature distributions as a function of the liquid
depth (h) at r = R/3 = 0.5mm at various times (at t = 0.3, 1, 3s). Red dashed line correspond to water-ice interface. (c) For h = 0 mm, the evolution of radial tempera-
ture distribution in the air-water interface (at t = 0.1,0.3,0.5, 1,55s) with a central peak temperature, corresponding to the laser intensity. (d) and (e) For h = 0.8 mm, the
temperature transitions from a central peak to a central valley arising from recirculation flows [at { = 0.1,0.3,1,3,4,5s in (d), and t = 0.1,0.3,0.5,1,2s in (e)].

X. DISCUSSION AND OUTLOOK

We acknowledge several limitations in the present experimental
study. First, temperature measurements were restricted to the surface
using an infrared camera, which precludes direct access to the tem-
perature distribution within the melt pool—a key factor to compre-
hensively understand coupled heat transfer and flow dynamics.
Second, the initial thickness of the water film that forms on the ice
surface upon melting was not directly measured experimentally. This
parameter is critical for the validation of melt layer dynamics in simu-
lations, and, consequently, its absence causes uncertainty in the quan-
titative comparison between experiments and simulations. Third, a
number of experimental parameters—including the initial surface
morphology of the ice sample and the laser beam size—were not sys-
tematically investigated in this work. A more systematic exploration
of how these factors influence the critical conditions for morphologi-
cal evolution (e.g., the transition criteria for interface shape) warrants
future research.

The melting dynamics of ice are further complicated by saline
environments, where dissolved salts depress the freezing point and
alter seawater density gradients, accelerating ablation rates and
reshaping ice morphology through double-diffusive convection.* >*
These microscale phenomena—premelting layers and bubble

dynamics—are closely analogous to natural ice-ocean interactions,
such as marine ice cliff instability, a process where tall ice cliffs formed
at marine-terminating glaciers become unstable and collapse.””*

Our study of laser-irradiated ice melting provides critical insights
into iceberg dynamics under radiative forcing, with direct relevance
to global climate change. By linking microscale phase-change mecha-
nisms to macroscale ice-sheet responses, these findings suggest prom-
ising avenues for future research into radiative strategies for
mitigating freshwater loss and sea-level rise.

In real systems, multiple physical mechanisms may coexist
and interact. Unlike recent observations of melt pond shape transi-
tions dependent on its initial depth under solar radiation from a
stable fully frozen state to another stable equilibrium state consider-
ing the natural convection induced by density difference,”” here the
melt pond formed under strong laser intensity is shaped by strong
photo-thermocapillary convection, leading to an anomalous convex
shape. Considering the dynamic Bond number Bo = £& = 22 o2
~ 10* here, which expresses the competition between Marangoni
stress and gravity [with characteristic scale [ ~ O(107 ~ 1072) m
in this work and ! ~ O(10™! ~ 10°) m in Ref. 35], the Marangoni
convection is dominant in our system rather than Rayleigh
convection.
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Additionally, specific laser parameters (280 W/cm® intensity,
3mm spot diameter) render the melt pond morphology highly
responsive to variations in ice surface temperature. This sensitivity
was obscured at higher laser power intensities, which are common in
conventional laser processing and drilling applications. Under such
conditions, disentangling the individual contributions of Marangoni
stress, buoyancy, and bubble-induced stirring remains a non-trivial
task and represents a complex multi-physics coupling that warrants
further investigation.

In contrast, natural solar radiation (approximately 0.1 W/cm?),
characterized by its multispectral nature and significantly lower and
uniform intensity, induces a considerably more gradual ablation pro-
cess in ice. However, the physical picture differs significantly in natu-
ral systems characterized by much lower thermal inputs. If the
magnitude of thermal Marangoni flows is comparable, it can be easily
suppressed by the ubiquitous presence of trace surface
contaminants.”””°

Therefore, while our high-energy system provides a clear plat-
form to observe robust Marangoni-dominated patterns, applying
these findings to quiescent natural settings—such as understanding
transport processes at ice—ocean interfaces—requires careful consider-
ation of the delicate balance between thermocapillarity and contami-
nation effects. Future work bridging this gap between idealized
high-flux experiments and realistic low-flux natural conditions will be
valuable.

XI. CONCLUSION

In this work, by investigating ice-melting dynamics by irradiat-
ing transparent ice cubes with a mid-infrared 10.6 um CO, laser, we
have identified melt ponds transitioning from concave to anomalous
convex morphologies, driven by thermal Marangoni flows at the ice-
water interface. The melt pond pattern can be precisely controlled
through premelting liquid layers (which favor convex patterns), laser
power, or laser operation modes (e.g., scanning mode for groove-
shaped channels). At elevated laser intensities, vaporization and
bubble dynamics perturb ablation processes, replicating feedback
mechanisms observed in natural ice-ocean systems, such as marine
ice cliff instability. These findings not only demonstrate the potential
of radiative interventions to modulate meltwater dynamics but also
provide a deeper understanding of the ice-melting process by laser
irradiation.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional details on the
model, simulations, and table in support of this manuscript.
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