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Abstract

Ice in the environment plays a central role in both global-scale 
processes on Earth and many human activities. Issues related to its 
description, including the modelling of natural ice dynamics from the 
smallest to the largest scales, are of great importance. In the natural 
environment, melting or freezing processes are typically coupled to 
those of fluid flows. Therefore, the interplay between fluid mechanics 
and phase-change thermodynamics is a highly topical problem. 
In recent years, fluid–ice interface problems have been studied via not 
only field measurements but also laboratory experiments, numerical 
simulations and theoretical analyses. This Perspective considers the 
state-of-the-art knowledge of the phenomenology of fluid–ice coupling 
processes in standardized configurations. These include freezing 
and melting in thermally stratified natural convection of fresh water, 
double-diffusive convection and convection in the mushy ice of salty 
water in confined systems, as well as imposed flows moving along an 
ice layer or surrounding dispersed ice bodies. It also highlights open 
questions of geophysical interest that could benefit from fundamental 
studies with a physical and fluid dynamic approach.
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scaling analysis and by means of a vast set of dimensionless numbers 
characterizing the scales (Table 1).

Freezing and melting typically involve spatial temperature varia-
tions, which cause a gravity-induced buoyancy force and set the liquid 
into motion. This makes buoyancy-driven thermal convection, also 
known as natural convection, one of the most common types of flow 
coupled with phase change. An idealized model system for natural 
convection is the Rayleigh–Bénard convection (RB) system, a fluid 
layer typically enclosed in a cubic or cylindrical container heated 
from below and cooled from above. In such conditions, most fluids 
(with the notable exception of water, as discussed below) are unsta-
bly stratified. In this system, as the fluid at the bottom heats up and 
becomes less dense, buoyant forces push it upward toward the cooler 
part of the container. Meanwhile, the denser, cooler fluid at the top 
sinks, displacing the warmer fluid below. This process drives a cycli-
cal motion, forming convection rolls between the two boundaries. 
This closed system is very attractive for laboratory research because 
of its high degree of controllability. Many of its dynamical proper-
ties, in regimes from the onset of convection to the ultimate regime 
of turbulent convection, have been characterized in great detail33–37. 
Some other typical configurations are realized when the RB system is 
tilted, notably by 90° (vertical convection, VC)38,39, or flipped (flipped 
Rayleigh–Bénard convection, FRB). The detailed knowledge of fluid 
dynamic processes in these systems makes them perfect candidates 

Introduction
Ice, covering nearly one-tenth of Earth’s surface, forms and melts in 
response to changing environmental conditions. It is an important 
component of many geophysical processes on timescales ranging from 
hours to seasons, years and even geological ages1–5. Its evolution plays 
a crucial role in the global water cycle and global climate, influencing 
the sea level6–8, ocean circulation6,9,10, ocean surface temperature9,10 and 
land-surface albedo9,11,12. The current global decline of ice13 is already 
having important biological consequences14. Examples include altera-
tions in ecological niches, biodiversity15 and ocean productivity16,17, 
impact on the global carbon cycle18, and release of pathogens and 
microplastics into the oceans19–21. In addition, landforms and other 
geological patterns are shaped by the growth and melting of ice22. Ice 
is also a valuable freshwater resource23, and in high-latitude and polar 
regions it has a strong effect on human activities such as navigation 
and the fishery industry24,25.

The physics of freezing and melting has been extensively 
explored since the early work by Josef Stefan on the diffusive advance 
of a freezing front26–28. In most natural cases, however, ice interacts 
with fluid flows in the surrounding environment29–32. The coupling 
of fluid mechanics and phase change is nowadays explored in labo-
ratory studies. Such studies benefit from the rapid development of 
experimental, numerical and theoretical methods (Box 1). The connec-
tion with geophysical-scale processes is then performed by invoking 

Box 1 | Common methods in laboratory studies on freezing and melting in the presence 
of flows
 

Experimental approaches
Improved controllability and the use of advanced flow visualization 
and measurement techniques have greatly expanded the 
applicability of experiments. Some common techniques are as 
follows.

	• Schlieren, shadowgraph and interferometry techniques 
are based on the refraction of light as it passes through an 
inhomogeneous fluid. Changes in the density (temperature, 
concentration) field are converted into light intensity and can thus 
be measured.

	• Particle image velocimetry can measure the velocity field based 
on the correlation of tracer particle images photographed over a 
very short time interval.

	• Laser Doppler anemometry can measure the velocity at a specific 
location based on the frequency shift of light scattered by tracer 
particles (Doppler effect).

Numerical approaches
Several methods have been developed to deal with phase change at 
the solid–liquid interface. In numerical simulations, inaccuracies can 
result from simplifications and assumptions — for example ignoring 
the density difference between solid and liquid, adopting the 
Boussinesq approximation (which assumes constant density except 
for that in the buoyancy term) or assuming a diffusive interface. 
However, multiphase numerical simulation can generally provide rich 
and reliable information on the behaviours of the system.

	• The phase-field method treats the solid–liquid interface as a 
diffusive interface by introducing a phase-field variable. This 

allows the same set of equations to be solved for the entire 
computational domain.

	• The enthalpy method solves the enthalpy distribution with a 
unified energy equation over the entire domain to determine 
the interface and the temperature distribution. This method also 
introduces a thickness for a smooth solid–fluid interface.

	• The immersed boundary method treats the solid–fluid interface 
by applying localized volumetric forces.

Theoretical approaches
Some theoretical tools commonly used to predict the scaling 
relations among various properties are as follows.

	• Scaling analysis is a technique used to understand how different 
physical quantities change with the properties of the system or 
with different flow conditions, which helps to simplify complex 
problems by identifying the dominant factors and relevant 
dimensionless numbers. It includes force balance and energy 
budget analysis, dimensional analysis, the similarity principle and 
other methods in fluid dynamics.

	• Stability analysis examines how the perturbation amplitude 
varies with time after a small perturbation is introduced 
into the system. It is commonly used to predict the interfacial  
dynamics and to analyse the onset conditions of flow  
instability.

	• Boundary-layer theory states that viscosity effect dominates in 
a thin region close to the solid phase for high-Reynolds-number 
flows (see Table 1 for the definition of the Reynolds number).
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for studying phase-change processes and their coupling with fluid 
flows. The most commonly used paradigm is the classical RB system, 
and its variations as VC and FRB, with the addition of a melting or 
freezing boundary.

Early experiments on liquid freezing from above demonstrated the 
effect of convective flows on the dynamics and morphology of the ice 
front40. Such couplings between flow and phase change have also been 
examined in detail using multiphase numerical simulations. In pure liq-
uids, the typical advection timescale of the flow is much faster than that 
associated with the phase change. As a consequence, the flow dynamics 
of the system are strikingly similar to those of the single-phase (that is, 
fluid-only) RB system and the interface evolution is closely tied to that 
of the fluid flow41–43. As important coherent structures in the system, 
plumes serve as the main heat carriers. Hot plumes detached from 
the bottom surface impact on the ice front, whereas the cold plumes 
ejected from the ice front move towards to the bottom surface. The 
heat-flux difference between the plume ejection regions and plume 
impact regions leads to an uneven ice front morphology44, which is 
rougher if the buoyant forcing is stronger41. Furthermore, in certain 
parameter regimes, bistable states can occur. The system establishes 
either a diffusive or a convective equilibrium, depending on the initial 
setup conditions45.

When considering ice in lakes, rivers and oceans, many other 
types of fluid flow and physical coupling are relevant (Fig. 1a,b). In this 
Perspective, we focus on the stratified convection in fresh water, 
double-diffusive convection in salty water, brine convection in mushy 
ice, and externally forced flows that are adjacent to ice layers or impact 
dispersed ice bodies. By reviewing recent laboratory results, we aim to 
reveal the intricate interaction mechanisms between fluid dynamics, 
heat and mass transfer, and solid–liquid phase-change processes. 
We also aim to highlight potential future research directions for the 
physics and fluid mechanics community to improve the quantitative 
description of ice and sea-ice melting in the current global warm-
ing era. We first review the role of stratified convection in freezing 
and melting in fresh water (Fig. 1c). We then move on to the effects of 
double-diffusive convection (Fig. 1d) and convection within mushy ice 
(Fig. 1e), both of which are typical of freezing and melting in salty water. 
Next, we focus on the situation where ice, either extended as a system 
boundary (Fig. 1f) or having a limited spatial size (Fig. 1g), is subject 
to external flows. After that, we discuss the implications of these fluid 
dynamic processes for phenomena in the natural world (cryosphere 
and hydrosphere). Finally, we offer our outlook on currently open issues 
that may be useful to guide research in the coming years.

Freezing and melting in thermally stratified  
fresh water
Water has unique chemical and physical properties. In its liquid phase, 
it shows a rare inversion of thermal expansion coefficient: the density 
of pure water at atmospheric pressure reaches an absolute maximum 
at about 4 °C (density-peak temperature) (Fig. 1c). As a result, above 
the density-peak temperature, water is positively buoyant (hot water 
is lighter than cold water), whereas water between the freezing point 
(~0 °C) and the density-peak temperature experiences a reversed buoy-
ancy force (water is lighter approaching the freezing temperature; ice 
floats on water). This fact is responsible for intricate nonlinear and 
non-monotonous phenomena in the freezing and melting of thermally 
stratified water layers.

The morphology of a melting ice block in a water tank var-
ies greatly in laboratory experiments, depending on the ambient 

temperature (Fig. 2a–c). As revealed by experiments and simulations, 
when the ambient water is at 4 °C, the water near the ice block flows 
upwards because it is lighter than ambient water, creating a down-
ward ice pinnacle (Fig. 2a,d). Conversely in an 8 °C environment, 
the water near the ice block is overall denser as the mass fraction 
of water in the 4–8 °C temperature interval is larger than that in 
the 0–4 °C range. The resulting downward water motion shapes an 
upward pinnacle (Fig. 2c,f). Interestingly, at an intermediate ambient 
temperature of 5.6 °C, the upward flow near the ice–water interface 
and the downward flow at about 4 °C are of comparable intensity. 
Therefore, convective rolls develop in the water region between 
0 and 4 °C and shape scallop patterns on the ice front46 (Fig. 2b,e). 
Likewise, the upward convective current (reversed-buoyant flow) of 
water between 0 and 4 °C plays a dominant role in shaping the lateral 
ice front in VC systems47,48.

Fluid convection coupled to phase change is also affected by 
the water density anomaly when the temperature gradient is in the 
vertical direction, as in the RB configuration. In such circumstances, 
whether the water layers are gravitationally stable or unstable depends 
on their temperature relative to the density-peak temperature.  
If an ice layer is located above a freshwater reservoir that is warmed 
from below (RB configuration), several coupling regimes are pos-
sible, depending on the intensity of thermal driving. The entire water 
region is stably stratified and motionless for water temperatures lower 
than 4 °C (upper-left panel in Fig. 2g). In this condition, heat transfer 

Table 1 | Important dimensionless numbers in the coupled 
physics of phase change and fluid flow

Dimensionless number Definition Physical meaning

Lewis number Le = α/D Ratio of thermal diffusivity 
to mass diffusivity

Nusselt number Nu = QH/(λΔT) Ratio of convective heat 
transfer to diffusive 
heat transfer

Péclet number Pe = UH/α Ratio of convection 
to thermal diffusion

Prandtl number Pr = ν/α Ratio of kinetic viscosity 
to thermal diffusivity

Rayleigh number Ra = gΔρ*H3/(να) Ratio of destabilizing 
buoyancy to diffusive 
resistance

Rayleigh–Darcy number RaD = KgΔρ*H/(να) Ratio of buoyancy to 
diffusive resistance in 
porous media

Reynolds number Re = UH/ν Ratio of inertial forces 
to viscous forces

Richardson number Ri = gΔρ*H/U2 Ratio of buoyancy to shear

Schmidt number Sc = ν/D Ratio of kinetic viscosity 
to mass diffusivity

Sherwood number Sh = JH/(DΔC) Ratio of convective mass 
transfer to diffusive 
mass transfer

Stefan number Ste = L/(CpΔT) Ratio of latent heat to 
sensible heat

α, thermal diffusivity; ΔC, concentration difference; Δρ*, dimensionless density difference; 
ΔT, temperature difference; λ, thermal conductivity; ν, kinetic viscosity; Cp, heat capacity 
of the solid; D, mass diffusivity; g, gravitational acceleration; H, length scale; J, mass flux; K, 
Darcy permeability coefficient; L, latent heat; Q, heat flux; U, velocity.
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through the water layer is weak, resulting in a thick ice layer in the 
asymptotic thermal equilibrium state (light red regime in Fig. 2h). At 
higher thermal driving (increased bottom temperature), an unstably 
stratified water layer appears beneath the stably stratified water layer 
that is in contact with the ice. Initially, the buoyancy in the unstably 
stratified water layer is insufficient to trigger the onset of convection 
(upper-right panel in Fig. 2g). The heat transfer in the water remains 
diffusive and the ice layer remains thick (dark grey regime in Fig. 2h). 
When the thermal driving is further enhanced such that the onset 
of convection is reached in the bottom water layer, the resulting ice 
layer thins abruptly (lower-left panel in Fig. 2g and light grey regime 
in Fig. 2h). Finally, with even greater basal thermal driving the strong 
buoyancy in the unstably stratified water layer generates hot plumes 
that can penetrate the stably stratified layer and curve the ice front 
(lower-right panel in Fig. 2g and blue regime in Fig. 2h). The stably 
stratified water layer becomes extremely thin and exerts negligible 
influence on the equilibrium ice thickness. The effect of the water 
density anomaly vanishes49 (Fig. 2g).

The multiple stratifications possible in water also allow for the 
existence of multi-equilibrium states depending on the initial condi-
tions of the system50. The influence of stratification on phase-change 
dynamics and ice front morphology also occurs in FRB configuration 

cases (ice at bottom, thermal warming at the top)47,51, in subglacial lakes 
under low ice overburden pressure52, in turbulent shear flows53 and in 
pipe flows54. Notably, there is an exchange in the gravitational stability 
of the water layers adhering to and away from the ice in FRB cases47.

Freezing and melting in salty water
Effects of double-diffusive convection
Dissolving salt in water changes its freezing and melting dynamics 
relative to fresh water. Sea water is a hypoeutectic aqueous solution, 
whereas salts are almost insoluble in ice. Therefore, the freezing of 
salty water expels the salt from the ice matrix, and the melting of ice 
releases fresh water. As a result, freezing and melting in salty water are 
accompanied by substantial salinity variations in the liquid close to the 
ice front (Fig. 1d). The coupled effect of temperature and concentration 
defines a peculiar equation of state for salty water. In particular, for mass 
salt concentrations above about 2.7% for NaCl solution (about 2.5% 
for sea water), the thermal anomaly disappears and the phenomenon 
of reversed buoyancy is not present. At thermal equilibrium without 
ongoing phase change, different stratification modes can be found in 
the salty water beneath an ice layer subject to a hot boundary (Fig. 3a). 
For a high salt concentration, the salty water behaves like a positively 
buoyant liquid. The entire liquid region is gravitationally unstable, and 
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Fig. 1 | Interactions between ice and some typical flow conditions in the 
nearby water environment. Flow determines the local and global heat transfer 
process, thereby affecting the phase transition kinetics and the morphology 
of the ice–water interface. This in turn can influence the flow characteristics. 
a, A small tidewater glacier in the Antarctic. b, Typical flow configurations include 
stratified convection in fresh water, double-diffusive convection in salty water, 
brine convection in mushy ice, external flows moving along an ice layer, and 
external flows surrounding dispersed ice bodies. c, The temperature-induced 
density anomaly of water (lower panel) causes water between the freezing point 
and the density-peak temperature to be subject to a reversed buoyancy force. 
d, Because salts (yellow dots) are almost insoluble in ice, freezing and melting 
in salty water leads to salinity variations in the surrounding water. When ice 

melts in salty water, double-diffusive convection and vertical double-diffusive 
convection can occur because of the competing contributions to density from 
temperature and concentration gradients, as well as the disparity between 
thermal and solutal diffusivities (high Schmidt number). e, When salty water 
freezes, the water solidifies into ice and the salt is excluded to form saltier brine. 
The ice layer forms a porous mushy layer with unfrozen brine trapped in cavities 
and channels. Convection inside mushy ice is possible if the ice is sufficiently 
porous and becomes permeable. f, The shearing effect caused by the mean flow 
competes with the buoyancy effect. Together they determine the phase-change 
dynamics of the ice. g, For ice of finite size or transported by the flow, such as 
icebergs, different ice fronts encounter distinct flow fields, leading to a complex 
range of phenomena. Part a adapted with permission from ref. 22, James Gardner.
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convection can occur under sufficient buoyancy driving because of a 
temperature difference between two boundaries (dark blue regime in 
Fig. 3a). For a low salt concentration, the density of salty water, like that 
of pure water, varies non-monotonically with increasing temperature. 
If the hot boundary is at a higher temperature than the density-peak 
temperature, the liquid region is composed of a stable stratification 
above an unstable one (light blue regime in Fig. 3a). Otherwise, the 
entire liquid region is gravitationally stable without convection55 
(dark grey regime in Fig. 3a).

More commonly, during the dynamical process of basal ice melting 
in salty water, both temperature and salt concentration increase with 
depth. The influence of salt concentration on density usually exceeds 
that of temperature, leading to a stable density background. Because 
the thermal diffusivity is much higher than the solutal diffusivity, a fluid 

parcel that is perturbed away from its neutral vertical position quickly 
adapts its temperature with negligible changes in its salt concentra-
tion. The difference between its density and that of its surroundings 
will thereby force it back to and even beyond its neutral position. 
This mechanism leads to an oscillatory process that characterizes the 
development of double-diffusive convection in the diffusive regime. 
The water layer is eventually destabilized into convectively mixed 
double-diffusive layers separated by sharp diffusive interfaces56–60. 
Similar double-diffusive layers are also observed in the solidification 
of hypereutectic aqueous solutions from below61,62. In such cases, the 
fresh and cold liquid rises with plumes and accumulates near the top 
to provide the downward temperature and concentration gradients63.

High-resolution large-eddy simulation shows that double-diffusive 
convection controls the oceanic mixing and basal melting of ice 
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Fig. 2 | Freezing and melting coupled to stratified convection in fresh water. 
a–c, Typical morphologies of melting ice blocks submerged in fresh water with 
different ambient temperatures: 4 °C (part a), 5.6 °C (part b) and 8 °C (part c). 
d–f, Temperature field (colour) and velocity field (arrows) from simulations 
corresponding to the cases in parts a–c at early stages (left side of each part) 
and late stages (right side of each part). Curves sketch density (pink) and flow 
velocity (yellow) profiles at early stages. g,h, Freezing dynamics of water layer 
in Rayleigh–Bénard configuration at various bottom-plate temperatures. Part g 
shows temperature fields when the freezing of water from above reaches thermal 
equilibrium at different bottom temperatures: 3.8 °C (upper-left panel), 4.75 °C 
(upper-right panel), 5.5 °C (lower-left panel) and 10 °C (lower-right panel). Black 
lines indicate the ice–water interface and red lines indicate the instantaneous 

4 °C isotherm. Coloured outlines correspond to the regions in part h. Part h 
shows average vertical positions of the ice front at equilibrium from experiments 
(brown triangles), 2D simulations (grey circles) and 3D simulations (red stars). 
A lower front corresponds to thicker ice. Blue line shows model predictions that 
account for thermal stratification within the water region due to the density 
anomaly. Red line shows model predictions without consideration of thermal 
stratification by neglecting the density anomaly. Shading indicates different flow 
dynamics regimes: weak heat transfer and thick ice (light red); stratification but 
not convection, with thick ice (dark grey); onset of convection and thinning of 
ice (light grey); strong buoyancy (blue). Parts a–f adapted with permission from 
ref. 46, APS. Parts g,h adapted with permission from ref. 49, PNAS.

http://www.nature.com/natrevphys


Nature Reviews Physics | Volume 6 | November 2024 | 676–690 681

Perspective

in a relatively warm and quiescent environment (Fig.  3b). The 
staircase-like structure controlled by temperature and salinity traps 
fresh and cold melt near the ice front as a stable diffusive sublayer. 
This diffusive sublayer grows over time, owing to the diffusion of 
salt, leading to a reduction in vertical transport and melting64. In 
the configuration of side melting of ice in salty water, the fresh melt 
ascends along the vertical ice front. It forms an upper stable zone 
where double-diffusive layers emerge from destabilization65 (Fig. 3c). 
The double-diffusive layers can shape the morphology of an ice front. 
Valleys on the ice front correspond to the centres of these layers, 
and ridges correspond to the interfaces between them66–69. When ice 
melts from above, the buoyancy of the melt can drive strong turbulent 
convection which shapes a ‘sharkskin’ ice interface70–72. The buoy-
ant convective motion of melt is also found to greatly enhance the 
melting71,73,74. That said, fresh and cold melt is not always lighter than 
its surroundings. Simulations on the lateral melting of an ice layer 
show that the competition between temperature-induced buoyancy 
and concentration-induced buoyancy can lead to the weakest flow 
being near the ice front and consequently a minimum melting rate68.

Effects of convection in mushy ice
As mentioned above, during the growth of sea ice, water freezes into 
pure ice while the salt is expelled into the unfrozen saltier brine pock-
ets. Sea ice, with brine trapped inside, is therefore a porous mushy 
layer (lower panel of Fig. 4a), in contrast to the dense and transparent 
ice layer formed in pure water (upper panel of Fig. 4a). Sufficiently 
porous mushy ice is permeable. With strong buoyancy driving, con-
vective motion can occur inside the mushy layer75,76 (Figs. 1e and 4b). 

The buoyancy-driven convection in the mushy ice causes the brine, 
which is saltier and of a lower freezing point than the bulk liquid, to flow 
out of the ice. This process promotes the formation of brine channels 
(chimneys) extending from the interior to the interface in the ice matrix, 
owing to a positive feedback mechanism involving increased local melt-
ing and reduced flow resistance in the outflow region. In the presence of 
chimneys, the liquid in a mushy layer initially flows uniformly toward the 
cold boundary. The liquid then moves horizontally towards the inlets 
of chimneys along the boundary and eventually drains into the liquid 
region through the chimneys. This phenomenon has been observed in 
the freezing of hypoeutectic solutions from above77 and in the solidi-
fication of hypereutectic solutions from below78. Schlieren and direct 
imaging of salty water freezing from above in a Hele–Shaw cell show 
that convective drainage through active long streamers accounts for 
a large part of the ice desalination process79,80.

The fluid mechanics of convection in mushy layers and brine drain-
age have been discussed elsewhere61,62,81–83. Various attempts have been 
made to mathematically model the growth of mushy ice84–87. In this 
section, we focus on how the convection affects the freezing process. 
Convection inside the mushy ice replaces the residual brine with fresher 
liquid that freezes at a higher temperature. This introduction of liquid 
that freezes more readily promotes further freezing and consequently 
lower porosity of the ice76,77. At the interface, numerical simulations 
show that the plumes through the chimneys into the liquid greatly 
alter the flow field and transform the local ice front from an undulate 
shape to a peak at the chimney outlet88. Meanwhile, the residual liquid 
carried by the plumes to the opposite boundary can possibly establish 
a concentration gradient there and induce double-diffusive layers77.
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Remarkably, combined experiments and theoretical modelling 
indicate that convection in the mushy ice enhances the heat transfer 
across the ice. The heat released from freezing can be transported more 
efficiently away from the ice–liquid interface towards the cold bound-
ary so the ice growth gets promoted. A thicker ice layer in turn increases 
the intensity of buoyancy driving and aids convection. The equilibrium 
ice thickness is determined by the mode of coupling between liquid 
motions inside the porous ice and in the stratified liquid layer. The 
former depends on the strength of buoyancy driving in the mushy 
phase. The latter, as mentioned in the previous subsection, depends 
on the salt concentration and the effective buoyancy driving in the 
unstable stratification55.

Freezing and melting with external flows
Ice layer subject to shearing flows
In the environmental context, an ice layer is often influenced by the 
movement of fluids beneath it: river flows, tides and large-scale ocean 
currents, among others (Fig. 1f). The dynamics of the water beneath the 
ice layer are governed both by buoyancy resulting from temperature 
variations and by shear stress from the externally imposed flow. The 
effect of shearing flows on the interface dynamics of an ice layer is 
typically investigated with numerical simulations in the following con-
figuration: a horizontally extended solid layer grows or melts above an 
externally imposed flow of its melt parallel to the solid–liquid interface 
(Fig. 5a). To elucidate the coupled effect of shear and buoyancy, these 
studies commonly use liquids with positive buoyancy, resulting in an 
unstably stratified liquid region beneath the solid layer. They often con-
sider a mean flow driven by either constant pressure gradient (Fig. 5a) 

or prescribed wall shear, known as Poiseuille–RB or Couette–RB with a 
melting or freezing boundary.

These studies reveal how the morphology of the solid–liquid 
interface varies depending on the relative magnitudes of buoyancy 
and shear in the liquid beneath53,89. As discussed above, in the absence 
of shear and when only natural convection is created by heating from 
below, the large-scale convecting cells create dome-like patterns on 
the underside of the solid layer (Fig. 5b,c). The organization of these 
dome-like patterns depends on the strength of the thermal driving, 
which is parameterized by the Rayleigh number (Ra) in the liquid layer. 
The patterns have a hexagonal-like horizontal tessellation at low Ra 
(ref. 41) and become larger and more irregular as Ra increases. If shear-
ing flow is present, the interface tends to be homogenized along the 
mean flow direction (Fig. 5d). At higher shear intensities, the formation 
of large-scale meandering rolls results in a quasi-2D pattern on the 
interface, characterized by ridges and grooves aligned with the mean 
flow direction (Fig. 5e). Finally, as shear intensity further increases, the 
patterns on the interface tend to disappear (Fig. 5f).

Another intriguing phenomenon observed on the solid–liquid 
interface under shearing flows is the presence of travelling interfacial 
waves (Fig. 5g,h). As already mentioned, large-scale circulations of 
the buoyancy-driven convection sculpt dome-like patterns on the 
solid–liquid interface in the absence of a mean flow. If the mean flow 
is enough to horizontally transport the convection rolls but not so 
strong as to break their structural coherence, the dome-like patterns 
can migrate in the downstream direction (Fig. 5g). This migration forms 
travelling interfacial waves and causes the local solid layer thickness to 
vary periodically over time and space90,91 (Fig. 5h). Travelling interfacial 
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Fig. 4 | Ice formation in pure water and salty water, and the convection 
motion inside porous ice. a, Comparison between the ice layer frozen in 
pure water (upper panel) and in salty water (lower panel). The insets show the 
results of adding dye to the ice layer: freshwater ice is dense and saltwater ice 
is porous. b, Schematic diagram indicating the convection types that occur 
during the freezing of salty water from above. Aside from convections driven 

by temperature and salinity gradients from the interface, convection can emerge 
from the interior of the mushy ice and release the residual saline into the liquid 
region with plumes, accompanied by a return flow of fresher water. Part a 
adapted with permission from ref. 55, CUP. Part b reprinted with permission from 
ref. 77, CUP.
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waves are experimentally observed on the ice front subject to a tur-
bulent flow (such as in pipe flows92) and predicted to most likely exist 
during melting or slow growing of ice93. Waves of large amplitude can 
further evolve into ripple or scallop patterns when flow separations 
occur near the crests93. Visualization of water flow over the upper 
surface of an ice layer highlights that these patterns arise from the 
positive feedback between the ice front morphology and the high level 
of turbulent kinetic energy production in the recirculating eddy down-
stream of the crest94. A similar mechanism accounts for the formation 
of the ripple or scallop patterns on the surface of a dissolving solid95,96.

The coupled effect of shear and buoyancy is also relevant for the 
heat transfer across the liquid layer and the phase-change dynamics. 

As the amplitude of horizontal shear increases from zero, vertical heat 
transfer across the liquid is initially suppressed and then reinforced97,98. 
This dependence of heat transfer on shear explains in turn how several 
other quantities depend non-monotonically on the shear intensity: the 
freezing and melting rates89, equilibrium solid layer thickness91 and 
solid–liquid interface roughness89,90.

Flow structures in contact with ice and ice morphology resulting 
from melting are not only affected by externally imposed pressure gra-
dients and wall shear but also depend on system rotation. For example, 
rotation tends to produce thinner and many more dome-like patterns 
on the solid–liquid interface during the basal melting of a solid layer 
compared with the case without rotation99. In the presence of a strong 
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The arrow in part c indicates the direction of the mean flow. g,h, Travelling 
interfacial waves at the base of a melting solid layer above an unstably stratified 
shearing mean flow of its melt. The initial dimensionless thicknesses of the solid 
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mean flow, the introduction of system rotation affects the orientation 
of the ridges and grooves on the interface. For large shearing intensi-
ties, the introduction of system rotation can induce wavelike evolution 
of the interface89. These effects of rotation are relevant for understanding 
ice phenomena on Earth100 and other rotating celestial bodies101.

Dispersed ice in flows
So far, we have reviewed the freezing or melting in fresh water or 
salty water where an ice body is extended and fixed in space, serving 
as a system boundary. It is interesting to ask how the phenomenol-
ogy changes when the ice has a limited spatial size or is transported 
by the flow (Fig. 1g). This has been considered in laboratory studies 
on the melting of dispersed ice bodies subject to a flow far from any 
boundary102,103. For an ice block floating but held stationary in space in a 
uniform incoming flow of salty water (Fig. 6a) — modelling an iceberg —  
experiments, aided by numerical simulations, show that melting is 
faster on the vertical sides than on the bottom. At large relative ambient 
flow speeds, the external flow can detach the cold melt from the ice sur-
face, allowing the warm inflow water to contact the ice surface (Fig. 6b). 
Local melting on the bottom occurs faster in the region where the melt is 
detached than in the region with attached melt (Fig. 6b). The accelerated 
melting due to melt detachment also applies to the vertical surfaces. The 
greatest enhancement occurs on the upstream ice front directly facing 
the inflow. Consequently, the geometrically averaged melting rate per 

unit interface area increases with increasing ambient flow velocity but 
decreases with increasing length–height aspect ratio102,104 (Fig. 6c).

An orientation-dependent melting rate is also observed for the 
melting of spherical ice bodies submerged in uniform inflows of 
water105,106 (Fig. 6d). For a spheroidal ice body of a fixed volume, if the 
length–width aspect ratio is larger, then the surface area directly facing 
the inflow, with the most intense melting, is smaller, but the overall sur-
face area is larger. The reduction in surface area facing the inflow tends 
to decrease the overall melting, whereas the increase in total surface 
area tends to increase it. This competition leads to a non-monotonic 
trend in the melting rate for different shapes. The minimum melting 
rate is attained when the long body side is in the streamwise direction103. 
Interestingly, despite the complex morphology of the downstream ice 
front due to flow separation, in these experiments and simulations the 
upstream ice front always converges to a typical shape during the fusion 
of ice spheres103,106 (Fig. 6d). This self-similar evolution of ice front is the 
result of the coupling between its shape and the boundary-layer flow 
along it, as predicted by theoretical analysis107. Such a two-way coupling 
also explains the angular or rounded interface shape due to erosion 
or dissolution of a fixed solid body in fast unidirectional flows108–110 
(Fig. 6e,f). Similarly, the upper interface of a melting or dissolving 
solid is sculpted through its interaction with the buoyancy-driven 
boundary-layer flow. Theoretical analyses show that the interface uni-
versally takes the shape of a parabola sufficiently near its tip, whereas 
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its broader profile forms a rich variety of shapes. These findings are 
verified by experiments and numerical simulations111–113.

For ice spheres freely advected by a turbulent flow (as inertial 
particles), the possibility of rotating allows the spheres to maintain 
their spherical shape for a long time. This extra degree of freedom may 
also lead to stronger surface heat flux and melting as the dynamic and 
thermal boundary layers can fully develop114. The problem of melting 
objects under the Lagrangian representation at the laboratory scale 
has been studied114 but remains largely unexplored so far. We think 
that many other phenomena might be of interest, for instance the role 
of salinity on the melting of transported ice blocks and the collective 
effects arising from multibody interactions115.

Applications at the cryosphere and  
hydrosphere interface
In the natural environment, freezing and melting in the presence of 
flows occur at the interface between the cryosphere and hydrosphere116. 
These phenomena encompass a variety of processes involving sea ice, 
lake and river ice, snow covers and glaciers.

Melt ponds, under-ice melt ponds and false bottoms
Melt ponds are a distinctive feature of the summer polar sea-ice 
cover117 (Fig. 7a). They form owing to solar-radiation-induced melt-
ing of snow and ice. The accumulation of melt water into pre-existing 

uneven topography leads to the formation of typically shallow (≤1 m) 
freshwater reservoirs118. Melt ponds are important for the climate 
owing to their role in a positive feedback mechanism involving 
albedo119. As opposed to ice, the water masses of ponds are good 
absorbers of solar radiation. The presence of ponds reduces the 
terrestrial albedo, which in turn increases surface temperature and 
promotes further pond expansion. This phenomenon is responsible 
in the Arctic for a strong correlation between the area fraction cov-
ered by melt ponds in spring and the extent of sea ice in September120. 
Several models have been proposed for the evolution of single melt 
ponds121 and for the collective dynamics of melt pond networks122,123. 
Small-scale understandings of Arctic melt ponds are difficult, and 
a numerical modelling approach can provide useful information. 
Direct numerical simulation demonstrates the existence of an abrupt 
transition from a fully frozen equilibrium state to one featuring  
a distinct melt pond as the radiation intensity and initial depth of the 
melt pond increase124. This bifurcation is associated with the onset 
of turbulent convection in the melt pond, which complies with the 
dynamics and scaling relations of stratified convection in the FRB 
configuration. The water in melt ponds, slightly warmer on the top 
relative to 0 °C at the bottom, undergoes reversed-buoyant turbulent 
convection once the buoyancy is strong enough. Heat is effectively 
transported to the ice–water interface to maintain the depth of the 
melt pond (Fig. 7b). In addition, the importance of the geometry of 
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the melt pond in the evolution of a single melt pond has been exam-
ined with large-eddy simulations125. The impact of heat-flux scaling 
laws on the total surface ablation rate and the probability distribu-
tions of pond surface areas has been assessed with finite difference 
simulations126.

Besides collecting into melt ponds, surface melt water can drain 
under the ice through pores, cracks and edges127 and accumulate 
into under-ice melt ponds (under-ice meltwater layers). Such an under- 
ice melt pond and the ocean beneath, separated by a diffusive interface, 
form a similar structure to the double-diffusive layer discussed above. 
Further, a secondary ice layer (also known as a false bottom) can grow at 
the diffusive interface128 (Fig. 7c). Its formation is the combined result of 
both double-diffusion at the interface and the reversed-buoyant convec-
tion in the under-ice melt pond. When the sea water below the under-ice 
meltwater layer is colder than 0 °C, the more rapid diffusion of heat 
relative to salt cools the fresh water near the interface while maintain-
ing the salt concentration at a low level. Supercooled water rises owing 
to the density anomaly, and freezes at the bottom of the old ice layer.  

Vertical platelet ice then grows downward to the interfacial region, 
where it triggers the refreezing of supercooled meltwater and serves 
as anchor points in the lateral growth of the false bottom129 (Fig. 7c). 
Under-ice melt ponds and false bottoms isolate the old ice layer from the 
ocean. This isolation reduces the transport of heat, mass and momen-
tum and leads to a thicker ice layer, longer sea-ice lifespan and larger 
sea-ice coverage area130,131. However, the latent heat released during the 
formation of a false bottom brings new effects. It results in upward heat 
flux into the old ice layer130 and downward heat flux into the mixed layer  
in the ocean, having regional consequences for the overall ice pack131. 
Laboratory results on the influences of double-diffusive layers can 
be extended to under-ice melt ponds and false bottoms, subject to 
the caveats discussed below. Laboratory studies at controlled condi-
tions allow for isolating individual forces and effects. Despite smaller 
scales and differing control parameters from large-scale geophysical 
phenomena, laboratory experiments and simulations are essential 
for understanding small-scale processes needing parameterization in 
global and regional models.

Glossary

Advection
The transport of a substance or quantity 
by fluid motion.

Albedo
The ratio of solar radiation reflected 
from the Earth’s surface to the solar 
radiation received by the Earth’s surface.

Convection
The relative motion of different parts 
of a fluid. When temperature or 
concentration gradient exists in the 
fluid, convection caused by buoyancy 
due to density inhomogeneity is called 
natural convection. Forced convection 
is driven by external forces, such as a 
pump or a fan.

Couette
Couette flow is the flow of a viscous 
fluid between two parallel surfaces 
moving relative to each other.

Cryosphere
The part of the Earth’s surface where 
water exists in solid form. In this 
Perspective, we refer in particular to sea 
ice, river and lake ice, snow covers and 
glaciers.

Diffusion
The transport of mass or energy from a 
region of high concentration to a region 
of low concentration due to the thermal 
motion of atoms, ions and molecules.

Diffusivity
The rate at which mass or energy can 
diffuse in a substance.

Double-diffusive convection
Double-diffusive convection occurs 
when the fluid density in a system is 
affected by two components; often the 
diffusivities of the two components are 
different.

Equation of state
The equation of state characterizes the 
relationship between the density of a 
fluid and its pressure and temperature.

First-year sea ice
First-year ice is typically thicker than 
30 cm but has not survived a summer 
melt season.

Hele–Shaw cell
Hele–Shaw flow refers to the slow 
flow of a fluid between two parallel 
flat plates separated by a narrow gap. 
In certain specific configurations, 
Hele–Shaw cells can be used for the 
visualization of the flow field in 2D.

Hydrosphere
The sum of water on, under, and 
above the Earth’s surface in forms of 
gas, liquid and solid. In this Perspective, 
we refer in particular to water in 
liquid form.

Hypereutectic
In a liquid eutectic system, solute and 
solvent solidify simultaneously into 
a mixture as the temperature drops. 
A hypereutectic composition, having 
more solute and less solvent than the 
eutectic, causes solute to solidify first.

Hypoeutectic
A hypoeutectic composition has less 
solute and more solvent, resulting 
in the solvent solidifying first as the 
temperature drops.

Lagrangian representation
Lagrangian representations focus 
on the properties of fluid parcels or 
objects that move in space with time. 
Conversely, Eulerian representation 
focuses on the properties at specific 
locations in space.

Latent heat
The energy released or absorbed by a 
substance as it changes from one phase 
to another in a constant-temperature 
process, for example by freezing or 
melting.

Multi-year sea ice
Ice that has survived a summer melt 
season and is much thicker than 
younger ice, typically 2–4 m thick.

Permeability
The ability of a porous material to allow 
fluids to pass through it.

Poiseuille
Poiseuille flow refers to the flow of a 
viscous fluid in a channel or pipe driven 
by pressure difference.

Porosity
The ratio of void volume to total volume 
of a material.

Rayleigh–Bénard convection
An idealized model of natural 
convection. The fluid is confined 
between a hotter bottom boundary 
and a parallel colder top boundary. The 
temperature difference leads to density 
difference, inducing buoyancy that 
drives the convection.

Supercooled water
Liquid water with a temperature below 
the freezing point.

Vertical convection
Vertical convection models natural 
convection confined between two 
parallel vertical boundaries with 
different temperatures.
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Ice covers, ice shelves and icebergs
The ice–water coupling processes discussed above are also encoun-
tered on the surfaces of ice covers, ice shelves and icebergs. For exam-
ple, the basal melting and refreezing of the Ross Ice Shelf is controlled 
by ocean mixing and transport via tidally modulated double-diffusive 
convection132. In a permeable ice layer, full-depth desalination due to 
gravitational brine convection can occur. It promotes the transition 
from first-year sea ice to multi-year sea ice and leads to anomalies of 
seawater salinity133–136. As demonstrated in laboratory studies, different 
levels of couplings of buoyancy and shear produce different interface 
morphologies. This result can help to understand how fine-scale flow 
conditions in the ocean determine the scallops, ripples and other pat-
terns observed at different locations in a basal crevasse (crack) at the 
Ross Ice Shelf137. The ablation of swiftly shearing flow also explains  
the scallop patterns observed on the sides of melting icebergs (Fig. 7d), 
within water-filled ice caves and on the lower surface of ice cover in 
rivers138,139. The mixing and heat transfer relevant for these systems are 
intensified by rapid turbulent flow. Hence, faster flow of water limits 
the thickness of local river ice cover compared with where the flow is 
slower. As a result, ice thickness on meandering rivers varies laterally140. 
The study of ice body transportation in flows is also tightly related  
to the description of iceberg life cycles141, understanding the trajectories 
of isolated ice floes142, and investigating under-ice eddy fields and their 
connections to large-scale ocean currents143 (Fig. 7e).

There are even more complicated interactions between ice and 
the surrounding water flow, interactions that involve gases and air 
(multiphase and multicomponent phenomena). These interactions 
are not reviewed in detail in this Perspective, but we note here that 
understanding them also benefits from laboratory studies. One exam-
ple is the acceleration of natural glacier melting due to the release of 
compressed air bubbles. As snow compacts to form glacial ice, air is 
trapped within the ice as bubbles. The bubbles are compressed as the 
ice descends within the glacier. The pressurized bubbles are ejected 
into the ocean as the extremity of glacial ice melts in the ocean. Labora-
tory experiments and theoretical analysis find that the ejection and 
rise of bubbles add to the turbulent kinetic energy in the boundary 
layer by providing additional impulse and buoyancy. As a result, the 
melting rate is much faster for natural glacier with bubbles (right 
panel of Fig. 7f) than for clear ice without bubbles144 (left panel of 
Fig. 7f). In addition, the collective dynamics of sea-ice floes in open 
water involves processes such as collisions, rafting, ridging, fractur-
ing and welding. These processes are currently parameterized in 
geophysical-scale sea-ice codes115,145 but they still need fundamental, 
that is, small-scale, understanding. Some successful examples of 
investigations include experiments on pancake ice rafting due to wind 
and wave146, the wave-induced breaking of freshwater ice covers147 and 
the initial sea-ice growth influenced by wind148.

Discussion
Clearly, terrain measurements remain the most suitable method for 
investigating ice-related geophysical processes. This is because the 
variety and complexity of these phenomena, involving wide scale 
ranges, multiple components and intricate feedbacks, cannot be eas-
ily schematized. Laboratory studies, conversely, allow for optimally 
controlled conditions. They often work in closed systems (such as the 
RB cell and other relevant systems) with well-prescribed boundary 
conditions or with flows whose spatial and temporal dependence is 
imposed by the experimenter. This makes it possible to isolate and 
evaluate the impact of individual forces and effects.

Evidently, any extrapolation to the environmental scale must 
be done with caution. First of all, because one is dealing with non-
linear phenomena, the principle of superposition of effects does 
not apply. Second, the scales in the laboratory are smaller. They 
correspond to dimensionless control parameters that often differ 
by many orders of magnitude from large-scale geophysical phe-
nomena. However, laboratory experiments and fully resolved 
simulations seem to be suitable tools for understanding processes 
that take place at small scales (smaller than those of global and 
regional numerical models) that require parameterization. This is 
the case, for example, with the problem of melt ponds as discussed 
above.

For the purpose of weather or climate prediction, substantial 
effort has been devoted to incorporating ice into coarse-grained geo-
physical models149–158. Controlled and repeatable laboratory studies on 
the coupled physical mechanisms of freezing and melting in complex 
flow conditions can contribute to a further understanding of the phys-
ics underlying relevant geophysical processes. This understanding, in 
turn, would promote the parameterization of the ice–water interac-
tions and aid the development of large-scale ice models141,159–163, as well 
as aiding in comprehending, parameterizing, predicting and possibly 
using these natural processes164.

Outlook
The field of fluid dynamics is characterized by a rich phenomenology, 
which is ultimately linked to its equations — that is, the Navier–Stokes 
equations, which are nonlinear and can have a large number of degrees 
of freedom. When fluid flows are coupled to other physical processes, 
such as heat and mass transport, they lead to an even greater variety 
of phenomena. Phase-change processes build on this rich landscape 
because, in the fluid dynamics context, they are unavoidably coupled 
to flows driven by temperature and salinity gradients. We have 
focused on reviewing melting and freezing processes in canonical 
flow configurations, but much remains to be explored.

Collaborative efforts are needed in experiments, numerical simu-
lations and model development to better understand the following 
issues:

•	 Broad characterization of the role of ice body shape in melting and 
freezing processes in fresh and salty water flows. Understanding 
the formation of morphological patterns on ice interfaces with 
water and air.

•	 The role of inclusions and impurities, such as particles and bubbles 
in the ice matrix, and gases dissolved in the liquid, on the freezing 
and melting dynamics.

•	 Lagrangian transport properties of ice bodies in flows, encompass-
ing laminar, wavy and turbulent flows, and the study of mechani-
cal properties of ice (ice–water as a flow–structure interaction 
problem).

•	 Improved characterization of the dynamical role of radiative 
transfer in melting and freezing dynamics under different flow 
conditions.

•	 Freezing and melting processes under extreme thermody-
namic conditions, such as high pressure and low temperatures. 
This is relevant not only for the understanding of subglacial 
terrestrial lakes but also for ice on extraterrestrial planets and 
icy moons.
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