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Sea ice is a key component of Earth’s climate system, making its aging process an essential focus of
current research. The age of sea ice is closely linked to its thermal and mechanical properties, which govern
its interactions with the surrounding environment. In this study, we combine experimental techniques and
modeling to explore the full dynamical process of mushy ice growth and spontaneous aging in saline water,
within a natural convective flow system. We show that the aging of newly formed mushy ice in the present
system, characterized by a gradual long-term reduction in porosity, is controlled by diffusion-driven
desalination. Moreover, we observe that the system eventually transits into a dense freshwater ice layer
adjacent to a well-mixed saline water region. The shape of the ice layer in this asymptotic state is well
captured by numerical simulations of nonporous ice. Our findings improve the understanding of the
complex physics governing phase changes in aqueous systems and provide a framework for studying sea
ice aging in laboratory settings, with implications spanning diverse natural and industrial applications.
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In the cryosphere, sea ice evolves through distinct stages:
First-year ice becomes second-year ice and eventually
multiyear ice [1]. The stage of ice development (also called
the ice age) directly influences its thermal and mechanical
properties [2]. These properties play a critical role in how
sea ice responds to environmental forces [3–5]. Changes in
the spatial distribution of sea ice age [6,7] have important
implications for the ice’s melting rate, areal extent, and
surface albedo, which can significantly affect a variety of
climatic [8,9], environmental [10], and ecological [11,12]
processes.
One distinct difference between first-year sea ice and

older sea ice is their porosity. Porosity is positively correlated
with the salt content of the ice [2]. Previous studies have
shown that sea ice undergoes significant desalination as it
ages [13–15]. Mushy layer theories have been proposed to
describe the salt and heat transport as well as to estimate
effective thermal properties [13,16–18], which are applicable
to mushy sea ice. However, the dynamic aging process of
mushy ice and its relationship with ice desalination still

require further investigation, particularly through the inte-
gration of models and observations.
Laboratory studies have proven to be valuable for

understanding the coupled physics of phase change and
fluid flows in various scenarios [1,19–28]. Many studies
have explored the effects of brine convection in mushy ice
on its structure and dynamics [29–35]. These studies
focused primarily on the initial growth of ice and did
not examine the long-term aging process. More recently,
laboratory experiments and simulations have revealed the
rich dynamics of ice melting in salty water under various
conditions [36–38]. However, in these studies, a pure ice
state was adopted as an initial condition, and, as a
consequence, the desalination of mushy ice was not
involved.
In this work, we investigate the complete evolution of

mushy ice in salty water within a vertical convection
system using experiments and modeling. Our findings
reveal that ice desalination, driven primarily by salt
diffusion and only to a minor extent by brine convection
within the mushy ice, controls the aging process in the
experimental system. This is also reflected by the decrease
in the ice porosity. To quantify this mechanism, we adopt
an integral desalination model that captures well the
experimental measurements. Furthermore, we observe that
the system eventually reaches a state similar to that of the
solidification of a pure substance in the same configuration.
This work provides new measurements and insights to
model brine drainage and sea ice aging.
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Experimental setup—The experiments are performed in
a quasi-two-dimensional vertical convection system
[22,39–41] [Fig. 1(a)] with height H ¼ 0.24 m in the z
direction, length L ¼ 0.12 m in the x direction, and width
W ¼ 0.06 m. The temperatures of the left cold plate (Tc)
and right hot plate (Th) are maintained constant. The
system is initially filled with aqueous sodium chloride
(NaCl) solution. In the experiments, the bulk salinity Sbulk
is measured with a sensor, and the ice front is photographed
to determine the spatially averaged ice thickness in the x
direction, l. The spatially averaged ice porosity ϕ is
calculated from conservation of salt, similar to [29]. To
quantify the effect of temperature, an initial superheat
parameter is defined as Θi ¼ ½Th − T0ðSbulkjt¼0Þ�=
ðTh − TcÞ, where T0 denotes the freezing point (see
Supplemental Material [42] for details).
Measurement results—Figures 1(b)–1(f) display the ice

layer evolution in a typical case with Sbulkjt¼0 ¼ 3.44% and
Θi ≈ 1=2 (see Movie S1, Movie S2, and Supplemental
Material [42] for more information). The system first
experiences a fast icing process at the left cold plate
(purple regime in Fig. 1). The ice layer grows in about

1.5 days to a maximal thickness [Figs. 1(b1), 1(b2), and
1(c)]. As water freezes into ice, salt is not dissolvable in it.
Part of the salt is expelled into the salty water reservoir
external to the ice layer, increasing the bulk salinity
[Fig. 1(d)]. The rest remains trapped in brine pockets in
the ice matrix, leading to a highly porous ice layer
[Fig. 1(e)] with a porosity roughly equivalent to that reported
in previous studies [29,35,48,49]. The rapid growth of
mushy ice is driven by heat transfer across the ice and is
controlled by the strength of the convection in bulk salty
water [21]. As the heat transfer on either side of the ice front
balances [35], the rapid growth of the ice ceases.
Unlike in the freezing of fresh water or other pure

liquids, the evolution of ice does not end here. Without any
change in the experimental conditions, the ice layer
spontaneously enters an aging process (green regime in
Fig. 1), which lasts until the system converges to the final
equilibrium state (about 2–3 weeks in the present case).
Local advancements and retreats of the ice front occur
[Figs. 1(b3)–1(b5)]; however, the average ice thickness
varies with time only gradually and with an overall weak
decreasing trend [Fig. 1(c)]. In contrast, the salinity of the

FIG. 1. Experiment on mushy ice evolution. (a) Sketch of the experimental setup. In the experiment, an ice layer, characterized by its
mean thickness l and mean porosity ϕ, forms and evolves in salty water within a vertical convection system. The temperatures of the left
cold plate and right hot plate are Tc and Th. A salinity sensor measures the bulk salinity Sbulk. The initial superheat parameter is defined
as Θi ¼ ½Th − T0ðSbulkjt¼0Þ�=ðTh − TcÞ, where T0 is the freezing point at the given salinity. (b)–(f) Mushy ice evolution with
Sbulkjt¼0 ¼ 3.44%, Tc ¼ −12.1° C, and Th ¼ 7.9° C (Θi ≈ 1=2). The ice layer undergoes first a fast icing process [(b1), (b2), and purple
regime in (c)–(e)], followed by a slow aging process [(b3)–(b5) and green regime in (c)–(e)]. (b) Snapshots of the ice layer correspond to
the blue stars in (c). (c)–(e) Temporal evolution of the spatially averaged ice layer thickness l made dimensionless by the system height
H [black circles in (c)], bulk salinity Sbulk [yellow triangles in (d)], and the spatially averaged ice layer porosity ϕ [red diamonds in (e)].
The top axes show time nondimensionalized by the solutal diffusion timescale tD ¼ l�2=D ≈ 1.1 × 106 s ≈ 12.7 days, where l� is the
mean ice thickness in the aging process and D is the salt diffusivity in the brine. (f) Space-time diagram for the ice layer profile along
z ¼ 0.5H from day 2 to day 5. The internal structures of the mushy ice appear to migrate with a typical velocity of 3.0 mm=day.
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bulk salty water increases [Fig. 1(d)]. The average ice
porosity exhibits a slow yet noticeable decline [Fig. 1(e)],
and the ice layer becomes gradually transparent, as is the
case for pure ice [Figs. 1(b3)–1(b5)].
Interestingly, the internal pore structures of the mushy

ice appear to evolve and migrate toward the ice front over
time (see Movie S1 [42]). Near the midheight of the ice
layer, such migration is relatively obvious and essentially in
the þx direction during day 2 to day 5 (see Movie S3 [42]
for an enlarged clip). Figure 1(f) shows how the photo-
graphed ice profile along z ¼ 0.5H varies over time. From
this space-time diagram, a typical migration velocity can be
identified to be about 3.0 mm=day.
Dynamics of ice aging—The small variation in the

average ice thickness suggests that the global thermal
balance of the ice layer is preserved throughout the aging
process. Since it is not driven by thermal factors, what
mechanism is responsible for the observed aging of
mushy ice?
As heat diffusion is much faster than mass diffusion in

salty water, mushy ice is in local thermal equilibrium [16]
during the aging process. Figures 2(a) and 2(b) show the
conceptual schematics of this process. The local temper-
ature always equals the local freezing and melting point.
The increase in temperature in the þx direction (gray line)
leads to a decrease in local salinity (yellow line). With such
a salinity gradient, the salt is expelled from the mushy ice.
The salinity of the bulk salty water increases. Meanwhile,

excess water freezes inside the mushy ice, maintaining
local salinity and resulting in the shrinkage of porosity.
As salt mass transfer controls the aging of ice, the

characteristic timescale for this process is the solute
diffusion timescale tD ¼ l�2=D, where l� labels the spa-
tiotemporally averaged ice thickness during the desalina-
tion process andD is the salt diffusivity in the brine. For the
case withΘi ≈ 1=2, tD is about 1.1 × 106 s ≈ 12.7 days. As
mentioned above, mass diffusion is much slower than heat
diffusion. In fact, the Lewis number Le ¼ κ=D is roughly
200, where κ is the brine thermal diffusivity. This explains
the significant difference between the timescales of the
icing process and the aging process [see Figs. 1(c)–1(e)].
The apparent velocity scale for salt diffusion can be

estimated by dividing the diffusive salt fluxDðSc − SbulkÞ=l
with the reference salinity ðSc þ SbulkÞ=2, i.e., vD ¼
2DðSc − SbulkÞ=½lðSc þ SbulkÞ� [13,50], where Sc is the
salinity at the cold plate determined by its temperature
Tc and the bulk salinity Sbulk is approximately the salinity at
the ice front, assuming sufficiently strong convective
mixing in the bulk. Considering the pore structures inside
the mushy ice [Fig. 2(b)], the saltier (colder) side freezes
while the fresher (hotter) side melts with the diffusion of
salt. Therefore, the apparent velocity scale for salt diffusion
also reflects the typical migration velocity of internal pore
structures [51]. For the case in Fig. 1(f), it is about
1.8–2.3 mm=day, close to the observed migration velocity.
The remaining difference might come from the influence of

FIG. 2. Dynamics for mushy ice aging in salty water. (a),(b) Conceptual schematic of the desalination and aging of mushy ice for
illustrative purposes. (a) Sketch of the desalination of the whole ice layer. The reduction of salt in the mushy ice equals salt removed
through diffusion and advection. The gray line sketches the variation of local temperature in the x direction, while the yellow line
represents local salinity. The local temperature and salinity are related by the local thermal equilibrium in the mushy ice. (b) Enlarged
sketch of the migration of pores inside the mushy ice. With the transport of salt, the colder (saltier) side freezes while the hotter (fresher)
side melts, leading to the migration of ice internal structures. (c) Integral desalination model (solid lines) and experiment (diamonds)
results for the evolution of spatially averaged ice layer porosity ϕ, with initial superheat parameters Θi ≈ 1=2 (red) and 3=5 (blue). The
model predictions when advective transport is neglected by imposing Sh≡ 1 (dashed lines) are also attached for comparing the relative
role of diffusion and advection. For Θi ≈ 3=5, the blue dashed line overlaps largely with the blue solid line. The inset in (c) shows the
corresponding time evolution of Sh from the model (dotted lines).
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nonuniform ice thickness and porosity on the global and
local desalination characteristics, as well as the influence of
brine convection.
Noteworthily, the decrease in the global salt content in

the mushy layer is directly related to the salt released into
the bulk salty water as the pores migrate to the ice front, as
the result of an effective diffusive process controlled by the
evolving salinity gap across the also evolving ice layer [see
Fig. 2(a)]. The temporal evolution of this process can be
captured by the following integral desalination model:

d
dt

�
Sc þ Sbulk

2
ϕ

�
¼ −C ShvD ϕ

Sc þ Sbulk
2l

¼ −C ShϕD
Sc − Sbulk

l2
; ð1Þ

where Sc is the salinity at the cold plate determined by Tc in
the experiment; Sbulk is the bulk salty water salinity and l is
the average ice thickness, both extracted from experiments;
D is the salt diffusivity; Sh is the Sherwood number
representing the dimensionless mass transfer efficiency
due to convection in mushy ice, whose estimation is shown
in End Matter; parameter C compensates for influences of
nonuniform ice thickness and porosity (see details in
Supplemental Material [42]). With a given initial value
of porosity ϕ, the temporal evolution of ϕ can be explicitly
solved by the model.
We choose C ¼ 1.1 for Θi ≈ 1=2 (red) and C ¼ 2.2

for Θi ≈ 3=5 (blue) to best fit the experimental data.
Figure 2(c) compares the model (lines) and experimental
(diamonds) results for the average porosity ϕ over time.
The model agrees well with the experimental results,
demonstrating that it effectively captures the desalination
mechanism that governs the aging dynamics of the ice.
Convective salt transport inside the ice occurs only at the
beginning of the process and plays a much more limited
role in the desalination and ice aging within the parameter
regime of the current system. This is evident from the inset
in Fig. 2(c) and also from the small differences between the
solid lines (including advective transport) and the dashed
lines (assuming pure diffusion) in Fig. 2(c), main panel,
which is even negligible when Θi ≈ 3=5 (blue). This result
explains why the duration of the aging process and the
migration velocity of the observed patterns are comparable
to the timescale and the velocity scale of salt diffusion, as
shown in Figs. 1(c)–1(e) and discussed above. Aweakening
convection in mushy ice when Θi ≈ 1=2 also explains the
overall decrease in ice thickness through the aging process,
whereas the negligible convection in mushy ice explains
the very small changes in ice thickness for Θi ≈ 3=5 [35].
Naturally, the local formation and melting of more

porous or less porous regions within the ice layer influence
the average porosity. A detailed explanation of the ice
morphology evolution is highly challenging, as it requires
detailed and nonintrusive measurements of the velocity,
temperature, and salinity fields in the mushy ice and in the

bulk salty water. Still, it is worth pointing out that the final
form of the ice front (yellow dashed line in Fig. 3) overlaps
remarkably well with the one obtained from direct numeri-
cal simulations of the solidification of a pure liquid (thin
black line in Fig. 3). In the simulations, we use the same
physical properties (same salinity and same freezing point)
for the fluid as those of the salty water in the final state of
the experiment. The results suggest that the final ice layer in
the experiment is, in practice, a pure ice layer, and the bulk
salty water eventually becomes well mixed with uniform
salinity. Vertical convective flow dominates in the final bulk
salty water, with temperature imbalances being the sole
contributor to density differences and buoyancy. We refer to
Supplemental Material [42] for more details.
Overall, the combined experimental, theoretical, and

numerical results provide a consistent understanding of
the dynamics of ice aging in salty water. They highlight
the critical role of thermal gradients in salinity and ice
porosity evolution and the eventual transformation of mushy
ice into solid ice.
Conclusion and outlook—In summary, we study the

complete evolution of ice in salty water in a vertical
convective flow system, with a focus on the dynamics of
its spontaneous aging. We show that, in the present system
and parameter regime, the observed aging of mushy ice is
driven primarily by diffusive desalination and to a minor
extent by convective desalination. The long-term decline of
ice porosity can be well predicted using an integral model
that quantifies the salt flux out of the ice layer. In addition,

FIG. 3. Asymptotic equilibrium state of the system. The final
ice front morphologies from the experiment (yellow dashed line)
are compared with those from direct numerical simulation of a
positively buoyant pure liquid freezing under the same conditions
(thin black line). The color shows the temperature field in the
liquid phase, while the small black arrows indicate the velocity
field, both from the simulation. The “ad hoc” positively buoyant
liquid possess the same thermal properties as salty water with the
bulk salinity measured at the end of the experiments.
(a) Θi ≈ 1=2. (b) Θi ≈ 3=5.
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we find that the final state of the system, consisting of a
dense ice layer and a well-mixed salty water zone, is highly
consistent with the freezing of a positively buoyant pure
liquid under the same conditions.
Our results advance the understanding of the coupled

dynamics of fluid flow, mass and heat transfer, and phase
change in aqueous solution systems. In natural scenarios of
sea ice, rapid freezing and melting are dominating in the case
of drastic thermal disequilibrium, while diffusion-driven
desalination and aging of sea ice are slow and occur in
the long term. This indicates the need to adopt a multilayer
model for multiyear sea ice, as it may experience multiple
freezings and meltings during its aging. Noteworthily, there
can also exist stronger desalination processes such as
flushing or brine convection, accelerating the aging of sea
ice. Although the aging of real-world sea ice is more
complex, our findings provide a valuable example of how
this process can be investigated and parametrized through
laboratory studies. Future work could explore different flow
geometries and incorporate the effects of multicomponent
salts and impurities typically found in natural seawater. It
would also be important to investigate how the aging process
affects the overall heat transfer in ice and bulk salty water.
Combining field measurements with laboratory studies will
provide new insights into the natural aging of sea ice, refine
parametrizations, and enable more accurate integration into
climate models, helping bridge the gap between controlled
experiments and the complexities of sea ice dynamics in
natural environments.
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End Matter

Derivation of the integral model—Neglecting salt
dissolution in ice and the density difference between
brine and ice, the governing equation for the local salt
conservation in the porous ice reads [13,16]

∂ðSlocϕlocÞ=∂t ¼ ∇ · ðϕlocD∇SlocÞ − ϕlocu ·∇Sloc; ðA1Þ

where Sloc is the local salinity in the brine, ϕloc is the
local porosity, D is the salt diffusivity, and u is the
brine velocity. While solving Eq. (A1) directly is
complex, its physical interpretation is straightforward:
The rate of change for the mass of salt is determined by
the diffusive and advective transport of salt.
We estimate the rate of change for the total mass of salt in

ice as

d
dt

�
Sc þ Sbulk

2
ϕ

�
ρmlHW; ðA2Þ

where ðSc þ SbulkÞ=2 is approximately the average salinity
of the brine in the mushy ice and ϕρmlHW is the mass of
brine in the mushy ice. Here, we neglect the time
dependence of ρm and l, since their variations are small.
Assuming that Sbulk is roughly the salinity at the ice

front, the diffusive and advective transport of salt from ice
into bulk salty water are estimated jointly as

CShϕD
Sc − Sbulk

l
ρmHW; ðA3Þ

where parameter C is introduced to compensate for the
nonuniform ice thickness and porosity. The Sherwood
number Sh ¼ Jl=½DðSc − SbulkÞ� quantifies the

dimensionless mass transport efficiency due to convection
(sum of diffusion and advection), where J is the salt flux.
Finally, by equating Eqs. (A2) and (A3), we obtain the

integral model [Eq. (1)].

Estimation of the Sherwood number—The convection
in mushy ice in our study is mainly driven by salinity
gradient. The scaling of mass transfer is comparable to
that of heat transfer for convection driven by
temperature gradient [53]. We obtain the estimation for
Sh by fitting the experimental data in [54]:

Sh ¼ 1þ 0.04 ðl=HÞ2LeRa: ðB1Þ
Le is the Lewis number, representing the ratio of thermal

diffusivity κ to the mass diffusivity of salt D:

Le ¼ κ=D: ðB2Þ

Ra is the Rayleigh number, which parametrizes the
relative role of the buoyancy intensity driving the con-
vection with respect to the thermal and kinetic dissipation:

Ra ¼ KgH
κν

ρc − ρ0
ρ0

; ðB3Þ

where g is gravitational acceleration, H is the system
height, ν is the kinetic viscosity, ρc is the brine density
at the cold plate, and ρ0 is the brine density at the ice front.
The permeability K (unit m2) in the definition of Ra

depends on the structure of the ice. It is estimated as a
function of the average ice porosity ϕ, modified from the
empirical equation in a previous study [48]:
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TABLE I. Summary of symbols and their physical meanings.

Symbol Physical meaning

C Correcting coefficient
D Diffusivity of salt in brine
g Gravitational acceleration
H Height of experiment system
J Salt flux
K Permeability
L Length of experiment system
l Spatially averaged ice layer thickness
l� Mean ice thickness in aging process
Le Lewis number
Ra Rayleigh number in mushy ice
Sbulk Salinity of bulk salty water
Sc Salinity at the cold plate
Sloc Local salinity
Sh Sherwood number
Tc Left cold plate temperature
Th Right hot plate temperature
T0ðSÞ Freezing and melting point at salinity S
t Time
tD Solutal diffusion time scale
u Local velocity in brine in mushy ice
vD Apparent velocity scale of salt diffusion
W Width of experiment system
κ Brine thermal diffusivity
ν Brine kinetic viscosity
ϕ Spatially averaged ice layer porosity
ϕloc Local ice porosity
ρ0 Salty water density at ice front
ρc Brine density at the cold plate
ρm Brine density in the mushy ice
Θi Initial hot plate superheat parameter

K ¼
�
0; ϕ < 0.054;
2 × 10−11ðϕ − 0.054Þ1.2; ϕ > 0.054:

; ðB4Þ

This estimate is in good agreement with previous laboratory and field results [48].

Table of symbols—A summary of the symbols and their physical meanings are provided in Table I, for convenience
of reading.
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