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Motivations

Global warming and Arctic melt ponds
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e Eicken, H. et al. Tracer studies of pathways and rates of

meltwater transport through arctic summer sea ;
ice. J. Geophys. Res. C: Oceans, 107(10) (2012) warmer ~ 2°C

denser surface water

e (C.Polashenski et al. Percolation blockage: A process that l
enables melt pond formation on first year Arctic
sea ice JGR Oceans (2017)
Nimax~ 1 m
cold~0°C
lighter water and ice bottom
~ Arctic ice melt ponds are unstably stratified — Thermal convection speeds up melting |




The Rayleigh-Bénard model system

a successful prototype system
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onvective melting




Convective melting
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Equations of motion: Boussinesq system

0
PO (8—1:+U-'VU) = —-Vp+plu+prg,

V.-u=0,
pr = po (1 —B(T"—1To)),
OT

E—FH'VT:FCAT,

+ Boundary conditions
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lateral walls
periodic bc

Basal melting driven by turbulent thermal convection, B. Rabbanipour Esfahani, S. C. Hirata, S. Berti and E. Calzavarini, Phys. Rev. Fluids 3, 053501 (2018)

Rayleigh-Benard convection with a melting boundary B Favier, J Purseed, L Duchemin J. Fluid Mech 858, 437-473 (2019)



Control parameters

INPUT
Rayleigh Prandtl Aspect ratio Stefan
ATH vV L o AT
Rafma:n — Bg mcwc PT — Fmin= St = p
" & Hma,:c L
For water in melt ponds : St=0(102) , Pr ~ 0(10), Ramax = 0(103-9)

For melted rocks (lava,magmas): St=0(1-10) ,Pr~ 1048 , Ramax = 0(109-17)

Instantaneous average melt height

1
H(t):ﬁL¢l d35’3:Hma @

global
liquid fraction

Effective Rayleigh Effective Aspect ratio
_ BgATH(t)" 3 L L
Rae — Ralmaaj Fe t —_— " =

OUTPUT
Effective Nusselt number
ue 7 — _< z4 |z= > ,
1 /eAT/H(t) "/ A I
out Qout(t) 1 d <¢l>2
eff @) = = 5 =
kAT/H®) t o dt
Nueff = g}‘? + <¢l> (0T, Vi
>0

Nuer (Raesr, Pr, Ferr, St) = ?

Effective control parameters introduced in:
Davis, S.H. et al. J. Fluid Mech. 144, 133—-151 (1984). Pattern selection in single-
component systems coupling Bénard convection and solidification

Effective Nusselt used in :
Ulvrova, Labrosse, et al. Physics of the Earth and Planetary Interiors 206 (2012): 51-66.



Heat flux regimes

Conductive melting Convective melting
Stefan solution N Ueff (Rdeﬁ; P K St )
St
H(f) = 20kt Aexp(A\?) erf(A) = —— )
() i VT Nug"f“} ~ Rag s Pr® St > (@) ~ tﬁ P?‘ﬁ St2j—+T1a
erf (z/(2v/kt))
T.(z,t) =Ty — (Ty — Thy
(Z ) O ( : ) erf()\) Conductive case and St small
Ny, — 2_)‘2 o Ny Cut — &
/I St I St RB Classical (Malkus) scaling
%, "'1 B 7
inéépendengoftime a = 1/3 > Um — E <¢l> — CO’TLSt

RB Ultimate regime

oa=1/2 - dn = C%;(@) = const




Convective melting 2D =1, Pr=10, T =

x4 faster

MWWWW W — A ———

} —g’.‘“-\..-' PR ,--«\\\--..\,..--\s-.,,ﬁqo....s\\i1;‘-,‘.‘,-\\ll‘-..,,M....‘-\k'.’- g v ’ . ' - ’ - — O
y '
'_~\\ﬁ ‘\\\\I"l‘ &
'

e

~ /’/ \\\\0 -_—— \\'\“’1, \\‘ . - \\ r//.. . . '

& I SN e s - e ¢ s AN P .- ———— 17

et e (W ff | SR\ R itfrn ® At 3
\,’,’I, “‘ _.,I’

o s TR Ty, PO IR SRR THR f{ . AL T

‘4 i . t 41:4‘ ;‘\' . \\ \ P . 4 '\\\\\\\" //(Ia; ‘ /J‘l“l"/[‘
\--_I‘ t‘\“-"" \.\\m" J \\“ ’ \b\\w, ' ‘\s-,lf ‘ N~ Y ‘\\\\\...I .."”’Io’?’\\\&-,‘} .lll' >y ‘\
’... ..--~--"‘\o-—o-o-.-,l‘\w"\“wf“\swo.’f -"4.\\~.-vvv-"¢"’ .“_1'._,_"_ ‘o RS ‘“o'\\wﬁc"\ S gy~ \ea o on .. \Wop'.\\s\

ey ¢ i 7 3 _a& &4k - J |
101 1072 103 104 10° 10° 10’ 108
Ra




Global scaling laws

5D vs. 3D @ St=1 Effect of Stefan number
' ~Reqfr 0-28
40 I I Illlll| I [ llllll I [ T T TTI | T T TTTI I Illlll|e.|‘-f 40 | I '7|T|I | ! ll””} | J 1""[ | I IT[ | | Tllllll
_Conductive ~~ _ 2D St=0.1 — _
2DCM  — 2D St=1 —
'2DRB ) 2D St=10 — i
3DCM  — 2D St=100
3DRB
GL theory ——
10 = = 10 [ L
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e Delayed onset compared to RB
® Nueft melting >= Nu RB up to Ra~107-8
e Nuet melting ~= Nu RB asymptotically in Ra
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Topography

Stefan effect?

o,/L.
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Multiple melt ponds

Sensitivity to small scale heat transfer mechanisms'g “ -

. Melting rate
oth = —f \
water thickness Pi
— _ V7. | _
(=pond depth) hw = —V - (uw) A f N £
! Pw ! S
Meltwater flux Seepage rate >
. a 1 if w e [0, W, w... ~0.1lm radiation-conduction
. . w :
f:mi+mp< ) ,  with a =
max 0 ifw>w,,, convection
Sl ——
50
1 .
c=3 classical o 40
C =
NueffNRaeff S |
9 V20 Modelling the evolution of melt
= anomalous ol ponds: sensitivity to microscale heat
transfer mechanisms, A. Scagliarini

o 5 10 15 20 2 0 35 ctal Springer INdAM Series, vol 38.
tt, (days) Springer, Cham (2020)



Convection and freezing




A step towards experiments

Experimentalists prefer freezing
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Experiments quasi-2D system
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Measured quantities: ice height spatial and temporal evolution
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Water iIs special

Adapting the simulations to freezing water

0 \%
altl F(u-V)u = . Ve VU pu(T)g » 1) Consider water equation of state
Po 1000 =
. p— cg-\ . I wzol— *Tb_ch7
V-u=0 sl [ pu=po(1 =o' T - TI7), |
0 3 ' !
E(pcpT) + V- (u pc,T) =V - (AVT) Y po = 999.972kg /m®
< | e
| a* =9.30 x 107%(K~9), ¢ = 1.895
4

999 4 e
0 8 12

Water/Ice interface condition T,=0°C ey T, =4°C
L Pice quw (t) =1 - )\iceVT‘xzx + n - )\wVT‘x:x _ ] ]
Pw Pm 2) Local properties of ice & water

p(x), cp(x), A(x)

Using enthalpy h to separate two phases Dices Cp(ice)’ )\ice Duw s Cp(w)’ )\w
Lo, + CpiT, when 1" < T}y,

h =< Loy + CpiTy, when T =Ty,
quw -+ CpITd) -+ pr(T — Tqﬁ)a when T > qu.

Conjugate heat transfer

3) Neglect: Volume change; Gibbs-Thomson effect
(small interface curvature)

Wang, Calzavarini, Sun, Toschi, PNAS (2021) 15



Freezing study protocol

Starting situation Constant

Temperature
Ti< 0°C

lce water
interface

water T=0°C

Constant
Temperature
Tp>0°C

How the growth of ice depends on the fluid dynamics underneath,
Z. Wang, E. Calzavarini, C. Sun, F. Toschi, PNAS 118 (10) e2012870118
(2021)

Ice

water h 0

Equilibrium state

Here Ti = -10 oC
Tob = [0, 15] oC

ho = <h(x,t)> measured

Experiments + Numerical Simulations (DNS) + 1D Modelling

Ice

water

q:




Averaged ice thickness vs. Tpottom

1
0.8
. 0.6 @ E O2D-S *3D-S -
~— © |
QO 04 ® —— 1D model without anomaly (Tref fixed)
0.2 | T
0 , , .
0 5 10 15
Ty [°C]

- Ice thickness decreases with increasing T
- Experiments, 3D, and 2D simulations agree well

- 1D model without density anomaly not working

17



Averaged ice thickness vs. Tpottom

|
' %
0.8 :
:
1
an 0.6 . </ E O2D-S *3D-S
~ . = 1D model with water anomaly
S 0 4 ' — 1D model withoult anomaly Trer fixed
. === 1D model without anomaly Tref = Tmean
0.2 ] T, = -10°C
I Tper Ther ~ 5.1°C
O I !
0 5 10 15
Ty [°C]

- Ice thickness decreases with increasing T
- Experiments, 3D, and 2D simulations agree well

- 1D model with density anomaly agrees with EXP and DNS

It is crucial to consider the density anomaly
What happens in the system? 5



Coupled heat transfer dynamics of ice and water layers

Tb—-—

A Regime-1
Ty, = 3.8°C

ICE

Stably stratified (SSD)

111

B Regime-2
Ty, = 4.75°C

diffusion (USD)

H. Unstably-stratified

111

CONVECTION

\

C Regime-3
T, = 5.5°C

Unstably stratlﬁed

convection s ESC!

111

CONVECTION

The unstably-stratified layer can be
stable (diffusive) or unstable (convecting),
depending on the effective Rae of the layer vs. the
critical Rac for the onset of convection
(Ap/pO)g(h4)3 Ra'c'r ~

VK

1708

Ra, =

Ra > Ra.» Convection
Ra < Ra., Conduction

D Regime-4
T, = 10°C

During the experiment the unstably-stratified
layer even can switch from unstable to stable
due to he growth of the ice and decrease of hy4

Unstably stratified (USC)

19



hi height of ice layer

Freezing vs Melting
Bistability

1 | ! ! ' ' d 1 T—
"""" T O Freezing (Simulation) -
0.8 t- 0.8 O Melting (Simulation)
Freezing Melting ]
0.6 T, = 3°C - - - 0.6 |
T,=45C —— =--- = ]
0.4 o : 0.4 |
0.2 T, = 10°C  =—— =--- ] Conductive Convective |
¥ 0.2 equilibrium equilibrium
0 . - ' 0 - - —
0 2 4 8 10 0 5 o 10 15
t [day T, [°C]
5 Conductive 5 5 Convective
q [W/m~] equilibrium 4 (W/m?] q [W/m~] equilibrium
200 ' 11500 | : :
A : | —l'jll,
T, — (] - 90¢, || —ri'
I h. 1507 =4 \ L [ =
e . .| i [1ooof | -
. 7 100} i | 4_&_/,/"‘
Stably stratified =, \ :
T. Yl [ 500 | \
50 ¢ o
Unstably stratified L Ly e TR
0 L 1 I i i
— 1 0.2 0.22 0018 02 Y 0 005 o1
hi [m] hi [m)] hi |m]
Freezing Melting Freezing Melting Freezing Melting

On bistability

For a positive buoyancy fluid:
Bistability in Rayleigh-Bénard
convection with a melting boundary,
J. Purseed, B. Favier, L. Duchemin,
E. W. Hester PRF (2020)

In water-ice

Equilibrium states of the ice-water
front in a differentially heated
rectangular cell, Z. Wang, E.
Calzavarini, C. Sun, EPL (2021)

In melt-ponds

Bistability in Radiatively Heated Melt
Ponds, R.Yang, C.J. Howland, H.
Liu, R. Verzicco, D. Lohse

PRL (2023)



Boxes of all kinds
RB varying the aspectratio I

-

Observation: the Large Scale Circulation determines the topography

Equilibrium states of the ice-water front in a differentially heated rectangular cell, Z. Wang, E. Calzavarini, C. Sun, Europhys. Lett. , 135 (2021) 54001

21



Boxes of all kinds

VC and effect of density anomaly on ice front

— QO
=
: &) :
—_—
= 11 |
5 | ||
X e B
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= g
<.
c_g 16
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Observation: Inflexion point due to density anomaly
Ice front shaping by upward convective current, Z. Wang, L. Jiang, Y. Du, C. Sun, E. Calzavarini Phys. Rev. Fluids 6, L091501(2021)

L-———————

8 12

Linear buoyancy
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Salt comes Iin

Equilibria not like before

Icing In pure water Icing In salty water
. T
lce lce

T=00C Tfreezing
Water Water + salt
I -

23

Water
3 [N
e
%, -
2t o Average salinity
%, of seawater
2

Temperature (deg C)

0 5 10 15 20 25 30 35 40
Salinity (g/kg)
metoffice.gov.uk/
Freezing point depends on salinity Tm(S)
Density depends on temperature and

salinity p(T,S)

Other differences?



Freezing of pure water vs. salty water

10OE.
T
T~
=
~ 10 |
S |
<
f Increasing T
ce layer growth; o sl
: : : 3 4 5 6
diffusion dominated at early stages 10 ?150[ | 10 10
S
h 0.5 x10° R-1 R-2R-3 R-4
Zce t m t 5| — 1 I | |
i ™ >2D-S = E
4t - ] D-M for water"
Saturates at later stages - 3- -
— 3}
—
= 2-
1 E
0 ' 2P P
0 5 10 15

24




Freezing of pure water vs. salty water

Salty Water

Ice layer growth In salty water Exceeds the diffusion
1 — 15 controlled growth rate
| —e—S,=3.5% | Why?

3600 s

- S, = 2%

| —a— S.= 0%
0.5}

Al

h(t) | H
-
|
|
|
|
|
|
|

(h(t)t™°) I (h(t)t ),

o
o
—

10 20

o
N
—
-
o
N
o
o
N
—

t/t* t/t*
25



Equilibrium ice thickness

h,!H

0.2

Measured average ice thickness in EXP

—— 9= 1/2

g 0o | 19 2. 25 3. 89

S, [%]

Salinity varied from 0 to 3.5% (fresh
water, harbours at river mouths to
sea water)

Top plate temperature fixed at -10 K
below freezing temperature at initial-
water-salinity

Bottom plate temperature varied

(parameter ©,)

26



Equilibrium ice thickness

Measured average ice thickness

1D model considering the shift of
the freezing point and salty-water
equation of state

Experiment:
® =173

® ©»=3/8

® ©=1/2
Model:
—©o—0.=1/3
—©— O, = 3/8
—£—0.=1/2

27



Equilibrium ice thickness

What is still missing”?

Measured average ice thickness

A drop of ink In ice, after 5 minutes

-

Experiment:
® ©=1/3

® ©=3/8

® =12
Model:
—-6—0.=1/3
—— @ =3/8
——-0.=1/2 Salty Water

— — — — — — — — — — — — — — o— o— —

The ice is porous,
IS a mushy layer

28



Equilibrium ice thickness

. . i O
Measured average ice thickness What is still MISSING :

1

A drop of ink In ice, after 5 minutes

0.8 Experiment: '
o =13  W_____________ |
® ©=23/8
T 0.6 i
= e =12
< 0.4 Model:
_ | —O—®=1/3
O.ZN —©—-6,=3/8
| —O— 0 =1/2 Salty Water
0 . ] , 1 " ] . ] . ] . ] .
0 0.5 1 1.5 2 2.5 3 3.5

The ice is porous,
IS a mushy layer

S; [%]
The model with convection in mushy ice

captures better the “jumps” in ice thickness

29



Simulations of porous ice growth

A Unified Numerical Framework for Turbulent Convection and Phase-Change Dynamics in Coupled Fluid-Porous Systems
Rongfu Guo and Yantao Yang https://arxiv.org/abs/2510.22730

1
w--u-v(Y)-

Pref

[VP,] +v (V2U _ %U) _8op
Pref

0y (cwT) =—c/U-VT +V - (k,VT) — L0O;¢

—— Simulation (S; = 20psu) _
: —— Simulation (S; = 35psu) :
[ _=Z $ Du .et.al (S; = 20psu)

. v Du .et.al (S; = 35psu)

8, (S¢) = —U-VS +V - (V)

010 +U-Vo =5V + G (T - Tp)

- 10° 10° 10°
+ parametrizations

Effective porosity of mushy-ice # phase field

0 for ¢ < der,
be =a(Pp— Pper)? for ¢or < <y, With ¢, = Per a:l(’g¢cr)l_ﬂ
e e o <9 =P Ti-p “TB\I-8
\¢ for ¢x<¢,

permeability K(¢) = Kof(#)  f(¢e) = 63/ (1 - 4.)°

Thermal conductivity mushy-ice # mixture conductivity

ke = ki + kais = ¢k; + (1 - ¢)ks + fdis(¢)cm |U| .

f

€40 for 0 < ¢ < ¢pn,

Edis(¢) = 1 —
o

& 2
1_¢bn) for ¢gp, < p <1



State modes for icing In salty water

|dentification of five out of six possible
modes in the experiments

Phase space diagram

1x10° . -
MD+LC ____MD+LC MCHLC
O "_"_‘____‘_D\.f_f_._'__'; —
iffusion .
O %6 | Convection
Mushy layer O Convecton | L__ _--
? ©9q mciLe & | 00000 A TALTo
Ra @ Convection
1x106 | 0O :
4] MD+LPC
Y
O Gl
4 L - . . '\ h ksral ' I -
3 [ - . . -
1x10 s Ra, = 1708 Penetrative Convection| [Penetrative Convection
MD+LD MC+LD

O Ra_ =4n?
1x1 OO l . : Loy . .

0 10 50 100 500

Ra,, W Diffusion
Diffusion
S, [%] = e —— ——

Du, Wang, Jiang, Calzavarini, Sun, JFM (2023) s



Ice aging

A very long time scale

Saline water

Salinity probe

Rapid formation of ice layer is followed by a

16 days experiment slow decrease of the ice thickness



Ice aging

A very long time scale

Rapid formation of ice

|;'> Saline layer is followed by a
water slow decrease of the ice
thickness

\

Salinity probe

24 days experiment



Long time evolution

Ice thickness Bulk salinity Ilce Porosity

t/tD t/tD t/tD

0.63 1.26 1.89 0.63 1.26 1.89 0.63 1.26 1.89

o2 44— 0.3
Aging process | 0 [
| 0.2f 9 ]

© %%
Q
0.1} 0%
| | - &
<— |cing process %% ::%@Q&w o
O . : - 3 4 : : J L : :
0 8 16 24 0 8 16 24 0 8 16 24

t (day) t (day) t (day)

34



Asymptotic equilibrium state of the system

DNS with buoyant pure

liquid freezing under the

same conditions

Yellow line: Final state of

experiment

| £ lce Porosity
2p 9 ]

t/tD

0.63 1.26 1.89

%% Final
O porosity ~
0
O%W’wof

3
 day)

The system converges to a dense freshwater ice layer
adjacent to a well-mixed highly saline water region.

35



Dynamics of “salty”

ice aging

Zoomed In
5 days record

Profile at z= H/2

-

1

A

4

l
l
I
l
l
l
l
l
l
l
l
l
I
l
|

3.4 x 1078 m/s

1 | 1

0.05 0.1 0.15 0.2
x/'H
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Dynamics of “salty” ice aging

Two different experiments with different AT

0.3r v ' T ; ! 1
1.4 ; '

0.25 T

d ,Sc+ Spuik
4

Aging due to Desalination

— —C- ShoD -

1D model

INPUT liquid salinity Seui(t) , ice layer hice(t)

_ | o Experiment @I.=1/2 ¢ Experiment @i=3/5
OUTPUT porosity ¢(t) [compared to the one measured in EXP] Model © =1/2 Model © =3/5
— — Pure diffusion @,.=1/2 — — Pure diffusion @,.=3/5
= Aging of mushy ice is driven primarily by | Sho=12 o Sh ©,=3/5

diffusive desalination (Sherwood number ~ 1) Du, Wang, Calzavarini, Sun, PRL (2025) 37



The ice blocks cut from the glacier are full
of bubbles.

(National Geographic —— By Douglas Fox)

Can bubbles within ice
significantly alter/
accelerate melting ?

t =0.05h

With bubbles

No bubbles

Natural ice has bubbles

t ¢ v o
.

Ongoing Work!

Normalized liquid fraction

uolloed) 8




) g ja—

Conclusions

Rich problem: closed system, simple geometry & bc = complex dynamics

Adding realism: water eqg-of-state, salt, air inclusions = make it challenging



My works on melting/freezing (mostly) in a box

MELTING

*Basal melting driven by turbulent thermal convection, B. Rabbanipour Esfahani, S. C. Hirata, S. Berti and E. Calzavarini, Phys. Rev. Fluids 3, 053501 (2018)
*Modelling the evolution of melt ponds: sensitivity to microscale heat transfer mechanisms, A. Scagliarini, E. Calzavarini, D. Mansutti, F. Toschi, In
Mathematical Approach to Climate Change and its Impacts. Springer INdAAM Series, vol 38. Springer, Cham (2020)

FREEZING

*How the growth of ice depends on the fluid dynamics underneath, Z. Wang, E. Calzavarini, C. Sun, F. Toschi, PNAS 118 (10) e2012870118 (2021)
*/ce front shaping by upward convective current, Z. Wang, L. Jiang, Y. Du, C. Sun, E. Calzavarini Phys. Rev. Fluids 6, L091501(2021)
*Equilibrium states of the ice-water front in a differentially heated rectangular cell, Z. Wang, E. Calzavarini, C. Sun, Europhys. Lett. , 135 (2021) 54001

SALTY WATER

*Sea Water Freezing Modes in a Natural Convection System, Y. Du, Z. Wang, L. Jiang, E. Calzavarini, C. Sun, J. Fluid Mech. (2023), vol. 960, A35
*Sea ice aging by diffusion-driven desalination, Y. Du, F. Wang, E. Calzavarini, C. Sun, Phys. Rev. Lett. 135, 104201 (2025)
*Freezing and ice aging dynamics in saline water under natural convection, F. Wang, Y. Du, X. Xie, E. Calzavarini, C. Sun, Phys. Rev. Fluids 11, 013504 (2026)
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L
R EVI EW Thermally stratified Double-diffusive Convectionin Ice layer subject to Dispersed ice bodies
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