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Brine Drainage from Sea Ice
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Optimal conversion of potential energy into kinetic energy (convection) if

Fundamentals of Convection in Mushy Layers
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Convection in a Mushy Layer

(Sea Ice)

Conservation of heat

Conservation of salt ignore diffusion of salt

Liquidus constraint

Darcy’s equation

for flow in a porous medium

Constitutive relation

Incompressibility
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Scaling

Suppose that system is solidifying at rate V  and scale

velocities with V time with κ /V 2lengths with κ /V pressure with with Δρgκ /V

Write where
<latexit sha1_base64="LumZC5g6kKno0vqJ/Tn42663vJU="></latexit>

✓ =
T � T0

�T
= �C � C0

�C

<latexit sha1_base64="ZCOe9e1gUPNMUt6DATLE7INmxbw=">AAAB/XicdZDLSgMxFIYz9Vbrbbzs3ASL4KokpfayEAp14bJCL0I7lEyaaUMzF5KMUIfiq7hxoYhb38Odb2OmraCiBwIf/38O5+R3I8GVRujDyqysrq1vZDdzW9s7u3v2/kFHhbGkrE1DEcoblygmeMDammvBbiLJiO8K1nUnjdTv3jKpeBi09DRijk9GAfc4JdpIA/uof8mEJrAFL6C/5MbAzqMCQghjDFPAlTIyUKtVi7gKcWqZyoNlNQf2e38Y0thngaaCKNXDKNJOQqTmVLBZrh8rFhE6ISPWMxgQnyknmV8/g6dGGUIvlOYFGs7V7xMJ8ZWa+q7p9Ikeq99eKv7l9WLtVZ2EB1GsWUAXi7xYQB3CNAo45JJRLaYGCJXc3ArpmEhCtQksZ0L4+in8HzrFAi4Xzq9L+XppGUcWHIMTcAYwqIA6uAJN0AYU3IEH8ASerXvr0XqxXhetGWs5cwh+lPX2CX1qk/I=</latexit>

�T = m�C

<latexit sha1_base64="LBlaYvOyMVczQu+PhF1pv7rwVbk="></latexit>

@✓

@t
+ u ·r✓ = r2✓ + S @�

@t
<latexit sha1_base64="Zplz7GUaTcyvs1UaKWBjfP/solM=">AAACbHicdVHLahsxFNVM+kjcR9y0i5RQEDUtDiVmFNLEWQQC2XSZQp0ELGPuaDSxiEYapDsFM8yqf9hdP6GbfkM0tkPb0F4QHM4596m01MpjkvyI4rUHDx89Xt/oPHn67Plm98XWhbeVE3IkrLbuKgUvtTJyhAq1vCqdhCLV8jK9OWv1y6/SeWXNF5yXclLAtVG5EoCBmna/9Rndo7ycqd2al+BQgeY4kwjchrw7imJDP9Capz mtGi4yi9xAqmFppSe0v0J7wbSYqnYyC86Qetb8Lr3odL/ytNtLBkmSMMZoC9jRYRLA8fFwnw0pa6UQPbKK82n3O8+sqAppUGjwfsySEid1W1Bo2XR45WUJ4gau5ThAA4X0k3oxVkPfBSajuXXhGaQL9s+MGgrv50UanAXgzN/XWvJf2rjCfDiplSkrlEYsG+VVWNDS9vI0U04K1PMAQDgVZqViBg4Ehv/phCPcbUr/Dy72B+xw8PHzQe/0YHWOdbJD3pI+YeSInJJP5JyMiCA/o81oO3od/YpfxTvxm6U1jlY5L8lfEb+/BWILu1k=</latexit>

(1� �)
@✓

@t
+ u ·r✓ = (✓ � C)@�

@t

<latexit sha1_base64="+IW/VdTO4YS6fDllH4gIvs7XYkA="></latexit>

u = Rm[�rp+ ✓k]

<latexit sha1_base64="8NrKiBhrIiGkhAIEcK/QXEourEY=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIrkpSah8LoeDGZQX7gE4pmTTThmYyQ5IRytiFv+LGhSJu/Q13/o2ZtoKKHrhwOOde7r3HiwTXBqEPJ7Oyura+kd3MbW3v7O7l9w/aOowVZS0ailB1PaKZ4JK1DDeCdSPFSOAJ1vEml6nfuWVK81DemGnE+gEZSe5zSoyVBvkjVxJPEJcOQ5O4ng/jGbyAaJAvoCJCCGMMU4KrFWRJvV4r4RrEqWVRAEs0B/l3dxjSOGDSUEG07mEUmX5ClOFUsFnOjTWLCJ2QEetZKknAdD+Z3z+Dp1YZQj9UtqSBc/X7REICraeBZzsDYsb6t5eKf3m92Pi1fsJlFBsm6WKRHwtoQpiGAYdcMWrE1BJCFbe3QjomilBjI8vZEL4+hf+TdqmIK8Xz63KhUV7GkQXH4AScAQyqoAGuQBO0AAV34AE8gWfn3nl0XpzXRWvGWc4cgh9w3j4BE4uVdw==</latexit>

r · u = 0

<latexit sha1_base64="TMuluXJKF5xlIEcamrYKHD2OdWQ="></latexit>

@�

@t
= � 1

C
D✓

Dt

<latexit sha1_base64="pu2j0oQSuy8IFRsZ837fhSUYLJw="></latexit>

⌦
D✓

Dt
= r2✓

<latexit sha1_base64="+IW/VdTO4YS6fDllH4gIvs7XYkA="></latexit>

u = Rm[�rp+ ✓k]

<latexit sha1_base64="8NrKiBhrIiGkhAIEcK/QXEourEY=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIrkpSah8LoeDGZQX7gE4pmTTThmYyQ5IRytiFv+LGhSJu/Q13/o2ZtoKKHrhwOOde7r3HiwTXBqEPJ7Oyura+kd3MbW3v7O7l9w/aOowVZS0ailB1PaKZ4JK1DDeCdSPFSOAJ1vEml6nfuWVK81DemGnE+gEZSe5zSoyVBvkjVxJPEJcOQ5O4ng/jGbyAaJAvoCJCCGMMU4KrFWRJvV4r4RrEqWVRAEs0B/l3dxjSOGDSUEG07mEUmX5ClOFUsFnOjTWLCJ2QEetZKknAdD+Z3z+Dp1YZQj9UtqSBc/X7REICraeBZzsDYsb6t5eKf3m92Pi1fsJlFBsm6WKRHwtoQpiGAYdcMWrE1BJCFbe3QjomilBjI8vZEL4+hf+TdqmIK8Xz63KhUV7GkQXH4AScAQyqoAGuQBO0AAV34AE8gWfn3nl0XpzXRWvGWc4cgh9w3j4BE4uVdw==</latexit>

r · u = 0

<latexit sha1_base64="wI9Fi431jiY6fw0CWoPfAJLLaQc=">AAACCnicdZDLSgMxFIYz9VbrbdSlm2gRXEjJ9N5doRuXFe0FOkPJpGkbmrmYZIQydO3GV3HjQhG3PoE738ZMW0FFfwj8fOccTs7vhpxJhdCHkVpZXVvfSG9mtrZ3dvfM/YO2DCJBaIsEPBBdF0vKmU9biilOu6Gg2HM57biTRlLv3FIhWeBfq2lIHQ+PfDZkBCuN+uZxbBPM4dXMHo2gdW7fRHiwQI0ZnLO+mUU5VC7VCgiiXAlZlVpNG4TK1UIeWtokyoKlmn3z3R4EJPKorwjHUvYsFConxkIxwuksY0eShphM8Ij2tPWxR6UTz0+ZwVNNBnAYCP18Bef0+0SMPSmnnqs7PazG8nctgX/VepEaVp2Y+WGkqE8Wi4YRhyqASS5wwAQlik+1wUQw/VdIxlhgonR6GR3C16Xwf9PO56xyrnRZzNaLyzjS4AicgDNggQqogwvQBC1AwB14AE/g2bg3Ho0X43XRmjKWM4fgh4y3T1XwmWE=</latexit>

S � 1, C � 1

<latexit sha1_base64="37AL6eG00OM3dzwMU27fq1yfkiQ="></latexit>

S
C = O(1)

<latexit sha1_base64="rx2nc3tXjc2Hrg75n2TzWtvBkwU="></latexit>

S =
L

cp�T

<latexit sha1_base64="+D5SBookEudDjFBSFH7jHNwIaKo=">AAACB3icdVDLSgMxFM34rPU16lKQYBFclUzfXQiFunBZwT6gMwyZNG1DMw+SjFCG7tz4K25cKOLWX3Dn35hpK6jogcDhnHO5uceLOJMKoQ9jZXVtfWMzs5Xd3tnd2zcPDjsyjAWhbRLyUPQ8LClnAW0rpjjtRYJi3+O0602aqd+9pUKyMLhR04g6Ph4FbMgIVlpyzZPEJpjD5gxewKTpIjvUaWhfUq6wVl0zh/KoUq4XEUT5MrKq9bomCFVqxQK0NEmRA0u0XPPdHoQk9mmgCMdS9i0UKSfBQjHC6Sxrx5JGmEzwiPY1DbBPpZPM75jBM60M4DAU+gUKztXvEwn2pZz6nk76WI3lby8V//L6sRrWnIQFUaxoQBaLhjGHKoRpKXDABCWKTzXBRDD9V0jGWGCidHVZXcLXpfB/0inkrUq+fF3KNUrLOjLgGJyCc2CBKmiAK9ACbUDAHXgAT+DZuDcejRfjdRFdMZYzR+AHjLdPFIiYKw==</latexit>

C =
C0

�C

<latexit sha1_base64="mzCAgRjpR3hUwXfcFc0inE3JjO0="></latexit>

⌦ = 1 +
S
C

<latexit sha1_base64="kHkXWdu58O91LXPrOwag7VVmufA="></latexit>

Rm =
��Cg⇧(/V )

⌫



Indicative Stability Analysis
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+=∇2θ

u = Rm −∇p+θk[ ]

T0

T0 +ΔT

h =κ /V

θ = 0

θ =1
z = 0

z =1

Write
θ =1− z+θ̂ z( )eiαx+σ t

w =          ŵ z( )eiαx+σ t
u = u,w( )

Substitute, linearize and look for marginal (steady) states with σ = 0

−Ωŵ = D2 −α2( )θ̂
D2 −α2( ) ŵ =α2Rmθ̂

D2 −α2( )2 ŵ = −α2ΩRmŵ⇒
D ≡

d
dz



Marginal Stability Results

D2 −α2( )2 ŵ = −α2ΩRmŵ

ŵ = 0 θ̂ = 0⇒ D2ŵ = 0

Dŵ = 0 Dθ̂ = 0⇒ D3ŵ = 0

No flow, constant temperature

Constant pressure and heat flux
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Marginal Stability Results

No flow, constant temperature

Constant pressure and heat flux

α

Rc

Instability if

D✓̂ = 0Dŵ = 0

ŵ = 0 ✓̂ = 0

✓ = 1� z + ✓̂(z)ei↵x+�t

w = ŵ(z)ei↵x+�t

Unstable
σ > 0

Stable σ < 0

αc
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Fixed-temperature

heat exchangers

Directional Solidification



Dynamic Control of Brine Rejection

Rm =
��C g⇧ (/V )

⌫
V = 2µm s�1 ! 0.5µm s�1 ! 2µm s�1



MRI study of structure and flow in convecting sea ice

Horizontal cross-section of

platelets and brine channels

Vertical cross-section through

an evolving brine channel

Aussillous, Sederman, Gladden, Huppert & Worster



3.8 h < t < 8 h (7)
1.5 h < t < 3 h (7)

9 h < t < 15 h (7)

z
h(t)

Evolution of Solid Fraction

Porosity



Van Mijen Fjord, Svalbard 2001



Field Experiments

John Wettlaufer

Dirk Notz
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Field Measurements of Porosity and Salinity

Impedance measurement of solid fraction

Notz, Wettlaufer & Worster
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Derived Measurements of Local Rayleigh Number
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�g[C(z)� C0]�(z)h
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2D Numerical Modelling
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CAP Model of Convection with Brine Channels

z = 0

z = zc

z = h

w(z)w(x, z)

stagnant

passive active

ch
im

n
ey

Rees Jones & Worster

Determine channel spacing by optimising the buoyancy flux (Wells & Wettlaufer)

w = �
�g⇧

⌫
[Sbr(zc)� S0]

z � zc
h� zc

Which gives
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Stagnant

Convecting w(z)

z = 0

z = zc

One-Dimensional Model of Convecting Sea Ice

Depth of convecting region set by critical Rayleigh number

z = H
h

�g[C(zc) � C0]⇥�⇤h
⇥⇤

= Rc

T

One-dimensional modelling of convecting mushy layer



Evolution of Convecting Sea Ice



Evolution of Convecting Sea Ice



Capabilities and Characteristics of

1-D Convection Schemes

Capture delay in onset of convection seen in some experiments.

Predict enhancement or re-initiation of brine drainage during 

periods of warming.

Straightforwardly adjust to different ocean salinities.

Buoyancy flux determined dynamically – not thermodynamically 

tied to growth rate.



Summary

Convection begins at a critical value of the Rayleigh number

Convective fluxes (eg brine fluxes) are best parameterized in terms of a Rayleigh number

The Rayleigh number for a mushy layer (sea ice) depends on permeability and solutal 
buoyancy but thermal diffusivity

Convection in sea ice causes formation of brine channels by dissolution 

Convection in a mushy layer is confined to a region near the ice–ocean interface.


