
Subglacial Hydrodynamics & 
Ice-Water Interactions

Louis-Alexandre Couston

1

Laboratoire de Physique
Univ Lyon 1 & ENS de Lyon
louis.couston@ens-lyon.fr

credit ©Pete Bucktrout



2

Fluid Mechanics Research
PhD @ UC Berkeley (Californie)
Postdoc @ IRPHE (Marseille) & British Antarctic Survey (Cambridge)
MC @ Lyon 1 & ENS

Wave Resonance



3

Fluid Mechanics Research
PhD @ UC Berkeley (Californie)
Postdoc @ IRPHE (Marseille) & British Antarctic Survey (Cambridge)
MC @ Lyon 1 & ENS

Wave Resonance

Turbulence & HPC



4

Fluid Mechanics Research
PhD @ UC Berkeley (Californie)
Postdoc @ IRPHE (Marseille) & British Antarctic Survey (Cambridge)
MC @ Lyon 1 & ENS

Wave Resonance

Ice-Water 
Systems

Turbulence & HPC



5

I. Astrobiology
Subglacial hydrodynamics

A. On Earth
B. On Icy Moons



6

II. Climate change
Ice melting in polar oceans

A. Antarctica
B. Greenland
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• Life in extreme conditions…

• Subglacial lakes as analogues of icy moons

I.A. Sub. Hydro.: On Earth…
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I.A. Sub. Hydro.: On Earth. Subglacial lakes are within reach.
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I.A. Sub. Hydro.: On Earth. Are subglacial lakes dynamic environments?

• No wind, nor solar radiations…
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I.A. Sub. Hydro.: On Earth. Are subglacial lakes dynamic environments?

• No wind, nor solar radiations…

• But geothermal heating !

𝑇𝑓 ≈ −10−3(°C/dbar)𝑃

→ 1°C/km vertical drop

• And heterogeneous 
ice sheet… ⇒
horizontal 
temperature 
gradient !

WARM
COLD
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I.A. Sub. Hydro.: On Earth. Circulation due to geothermal heating.

Science Advances 7.8 (2021): eabc3972. Journal of Fluid Mechanics 915 (2021).
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I.A. Sub. Hydro.: On Earth. Circulation due to geothermal heating.

Stable diffusive state. 
No motion.

Unstable diffusive 
state. Circulation.

Science Advances 7.8 (2021): eabc3972. Journal of Fluid Mechanics 915 (2021).
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I.A. Sub. Hydro.: On Earth. Circulation due to geothermal heating.

Stable diffusive state. 
No motion.

Unstable diffusive 
state. Circulation.

Control Parameter
Rayleigh Number

𝑅𝑎 =
𝑔𝛼ℎ4𝐹

𝜈𝜅𝑘

Unstable when 𝑅𝑎 > 𝑅𝑎𝐶 =
𝑂(1000)

Science Advances 7.8 (2021): eabc3972. Journal of Fluid Mechanics 915 (2021).
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I.A. Sub. Hydro.: On Earth. Stability ? Water has a nonlinear equation of state. 
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I.A. Sub. Hydro.: On Earth. Stability ? Water has a nonlinear equation of state. 

𝑇 = 𝑇𝑓 +
𝑧𝐹

𝑘

ℎ𝜌 stable

1

1
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I.A. Sub. Hydro.: On Earth. Stability ? Water has a nonlinear equation of state. 

𝑇 = 𝑇𝑓 +
𝑧𝐹

𝑘

ℎ𝜌 stable

1

stable

unstable𝜌 ℎ

𝑇 = 𝑇𝑓 +
𝑧𝐹

𝑘

2

21

Instability: 𝛼𝑏𝑜𝑡 > 0 + 𝑅𝑎 large (forcing overcomes dissipation) 
+ 𝐹 > 𝐹𝑎𝑑 (compressibility effects)
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I.A. Sub. Hydro.: On Earth. Critical geothermal heat flux. 

Take home

We solved an EVP to 

find 𝐹𝑐 ≤ 50 𝑚𝑊/𝑚2

for most lakes.
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I.A. Sub. Hydro.: On Earth. Circulation due to geothermal heating.

We want to know…
• Turbulence
• Circulation
• Mean temperature

Δ𝑇

𝑣𝐿𝑆𝐶

𝑣

ℎ



extrapolation

22

I.A. Sub. Hydro.: On Earth. Circulation due to geothermal heating.

We want to know…
• Turbulence
• Circulation
• Mean temperature

Δ𝑇

𝑣𝐿𝑆𝐶

𝑣

ℎ

𝑅𝑒 =
𝑣ℎ

𝜈

Reynolds number

≈ 0.03𝑅𝑎
1
2
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I.A. Sub. Hydro.: On Earth. Circulation due to geothermal heating.

We want to know…
• Turbulence
• Circulation
• Mean temperature

Δ𝑇

𝑣𝐿𝑆𝐶

𝑣

ℎ

𝑅𝑒 =
𝑣ℎ

𝜈

Reynolds number

≈ 0.03𝑅𝑎
1
2

Take home

𝑣 up to few mm/s
𝑣 increases with ℎ
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I.A. Sub. Hydro.: On Earth. Convective transport of particles. 

Stokes (linear) drag

Gravity

Buoyancy
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I.A. Sub. Hydro.: On Earth. Convective transport of particles. 

Stokes (linear) drag

Gravity

Buoyancy

𝑤 =
2𝑔 𝜌𝑤 − 𝜌𝑝 𝑟2

9𝜂

Settling/sedimentation velocity
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I.A. Sub. Hydro.: On Earth. Convective transport of particles. 

Stokes (linear) drag

Gravity

Buoyancy

𝑤 =
2𝑔 𝜌𝑤 − 𝜌𝑝 𝑟2

9𝜂

Settling/sedimentation velocity

Suspended if 𝑣 > 𝑤 → 𝑟𝑚𝑎𝑥
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I.A. Sub. Hydro.: On Earth. Convective transport of particles. 
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I.A. Sub. Hydro.: On Earth. Convective transport of particles. 

Take home

Microorganisms & dust aggregates 
can be suspended and 
encapsulated within the ice through 
freezing → good news for accreted 
ice analysis.
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I.A. Sub. Hydro.: On Earth. Perspectives. Subglacial hydrodynamics research. 

• Horizontal temperature 
gradient*

• Advanced particle 
transport model

• Lake CECs**

*ongoing project (J. Nandaha M2 internship)
**in collaboration with CECs (Chile) and BAS (UK)
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• Global oceans; near-surface, small-scale 
water pockets lurking beneath crustal 
topography.

I.B. Sub. Hydro.: On Icy Moons

credit ©C. Michaut J.Geophys. Res. Planets, 119, 550–573, 2014
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Icarus 286 (2017) 261–269 

What about the 
water dynamics?

I.B. Sub. Hydro.: On Icy Moons. Crustal dynamics following intrusion. 



32Icarus 335 (2020) 113369 Is melting truly homogeneous ?

I.B. Sub. Hydro.: On Icy Moons. Longevity and cryovolcanism. 
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I.B. Sub. Hydro.: On Icy Moons. Preliminary results (C. De La Salle M2 internship). 

• Heterogeneous melting drives translation and deforms the initial shape.
• How does this affect longevity and crustal stability/fracturing ?

Stronger melting 
in the cavity 
upper half.
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• 1.5 x USA

• Age : 30 MY

• Thickness : 4 km

• Sea-level rise : 60 m

II.A. Ice melting: Antarctica
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II.A. Ice melting: Antarctica.
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II.A. Ice melting: Antarctica.



37NASA, Gudmundson et al. (2019), Smith et al. (2020)/NYT

II.A. Ice melting: Antarctica. Observations; large-scale mechanism.

Ice shelves

Grounding line
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39NASA, Gudmundson et al. (2019), Smith et al. (2020)/NYT

II.A. Ice melting: Antarctica. Observations; large-scale mechanism.

⇒ Basal melting is key

Ice shelves

Grounding line

What is the meter-scale 
boundary layer dynamics?
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II.A. Ice melting: Antarctica. Boundary layer thermodynamics.

Stefan Problem
𝑆𝑡𝜕𝑡ℎ = 𝑞𝑙 − 𝑞𝑠

𝑞𝑙 = −𝜕𝑧𝑇, 𝑧 = ℎ−,

𝑞𝑠 = −𝜕𝑧𝑇, 𝑧 = ℎ+,

𝑆𝑡 =
𝐿

𝑐𝑝 𝑇 − 𝑇𝑓𝑟𝑒𝑒𝑧𝑒

𝑇 > 𝑇𝑓𝑟𝑒𝑒𝑧𝑒

Ocean current
𝑈

𝑞𝑙

𝑞𝑠

𝑧 = ℎ−

𝑧 = ℎ+
Latent heat

Sensible heat
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II.A. Ice melting: Antarctica. Boundary layer thermodynamics.

Stefan Problem
𝑆𝑡𝜕𝑡ℎ = 𝑞𝑙 − 𝑞𝑠

𝑞𝑙 = −𝜕𝑧𝑇, 𝑧 = ℎ−,

𝑞𝑠 = −𝜕𝑧𝑇, 𝑧 = ℎ+,

𝑆𝑡 =
𝐿

𝑐𝑝 𝑇 − 𝑇𝑓𝑟𝑒𝑒𝑧𝑒

𝑇 > 𝑇𝑓𝑟𝑒𝑒𝑧𝑒

Ocean current
𝑈

𝑞𝑙

𝑞𝑠

𝑧 = ℎ−

𝑧 = ℎ+

Conclusion
→ parametrized in ocean models ∼ 𝑂 10 𝑚

𝑞𝑠 = 0, 𝑞𝑙 = 𝐶𝑑
Τ1 2𝛤𝑇𝑈 𝑇 − 𝑇𝑓𝑟𝑒𝑒𝑧𝑒 (eq 1)

Observation
𝑞𝑙 , 𝑞𝑠 ≡ fluxes within a turbulent boundary layer ∼ 𝑂 1 𝑐𝑚

Latent heat

Sensible heat
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II.A. Ice melting: Antarctica. Boundary layer thermodynamics.

Stefan Problem
𝑆𝑡𝜕𝑡ℎ = 𝑞𝑙 − 𝑞𝑠

𝑞𝑙 = −𝜕𝑧𝑇, 𝑧 = ℎ−,

𝑞𝑠 = −𝜕𝑧𝑇, 𝑧 = ℎ+,

𝑆𝑡 =
𝐿

𝑐𝑝 𝑇 − 𝑇𝑓𝑟𝑒𝑒𝑧𝑒

Questions
Is (eq 1) reasonable ?
How do the problem parameters influence 𝐶𝑑 et 𝛤𝑇?

𝑇 > 𝑇𝑓𝑟𝑒𝑒𝑧𝑒

Ocean current
𝑈

𝑞𝑙

𝑞𝑠

𝑧 = ℎ−

𝑧 = ℎ+

Conclusion
→ parametrized in ocean models ∼ 𝑂 10 𝑚

𝑞𝑠 = 0, 𝑞𝑙 = 𝐶𝑑
Τ1 2𝛤𝑇𝑈 𝑇 − 𝑇𝑓𝑟𝑒𝑒𝑧𝑒 (eq 1)

Observation
𝑞𝑙 , 𝑞𝑠 ≡ fluxes within a turbulent boundary layer ∼ 𝑂 1 𝑐𝑚

Latent heat

Sensible heat

𝑈, 𝑇, local slope, …
Are hydraulically-smooth ice

surfaces morphologically stable ?
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II.A. Ice melting: Antarctica. Smooth to rough ice surfaces.

𝑞𝑙

Bushuk et al. (2019) Melting ←× 2

“Scallops”
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II.A. Ice melting: Antarctica. Smooth to rough ice surfaces.

Statistical approach:
𝑞𝑙 and ℎ out-of-phase 
such that max(𝑞𝑙) lies 
within a trough. 

Claudin et al. (2017)

𝑞𝑙

Bushuk et al. (2019) Melting ←× 2

“Scallops”
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II.A. Ice melting: Antarctica. Modelling strategy; first objectives.

solid

liq
u

id

2 discontinuous domains

𝜕𝑡𝑇𝑠 = 𝛻2𝑇𝑠

𝑇𝑙 = 𝑇𝑠 = 𝑇𝑓𝑟𝑒𝑒𝑧𝑒
𝑆𝑡𝜕𝑡ℎ = 𝜕𝑧𝑇𝑠 − 𝜕𝑧𝑇𝑙

interface

𝐷𝑡𝑇𝑙 = 𝛻2𝑇𝑙
𝛻 ⋅ 𝑢𝑙 = 0
𝐷𝑡𝑢𝑙 = 𝑃𝑟𝛻2𝑢𝑙 −𝛻𝑝𝑙 − 𝑃𝑟𝑅𝑖𝑇𝑙 Ƹ𝑧 + 2𝑃𝑟2𝑅𝑒 ො𝑥

𝜖

hot

cold

J. Fluid Mech. (2021), vol. 911, A44
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II.A. Ice melting: Antarctica. Modelling strategy; first objectives.

solid

liq
u

id

2 discontinuous domains

𝜕𝑡𝑇𝑠 = 𝛻2𝑇𝑠

𝑇𝑙 = 𝑇𝑠 = 𝑇𝑓𝑟𝑒𝑒𝑧𝑒
𝑆𝑡𝜕𝑡ℎ = 𝜕𝑧𝑇𝑠 − 𝜕𝑧𝑇𝑙

interface

𝐷𝑡𝑇𝑙 = 𝛻2𝑇𝑙
𝛻 ⋅ 𝑢𝑙 = 0
𝐷𝑡𝑢𝑙 = 𝑃𝑟𝛻2𝑢𝑙 −𝛻𝑝𝑙 − 𝑃𝑟𝑅𝑖𝑇𝑙 Ƹ𝑧 + 2𝑃𝑟2𝑅𝑒 ො𝑥

𝜕𝑡𝜙 = 𝐴 𝜖 𝛻2𝜙 + 𝑔 𝜙

1 diffuse 2-phase (porous) domain

𝐷𝑡𝑇 = 𝛻2𝑇 − 𝑆𝑡𝜕𝑡𝜙
𝛻 ⋅ 𝑢 = 0

𝐷𝑡𝑢 = 𝑃𝑟𝛻2𝑢 −𝛻𝑝 − 𝑃𝑟𝑅𝑖𝑇 Ƹ𝑧 + 2𝑃𝑟2𝑅𝑒 ො𝑥 − 𝑃𝑟
1−𝜙

Γ 𝜖
𝑢

solid & liquid

Gov. eq. for phase var. 𝜙

𝜖

hot

cold

J. Fluid Mech. (2021), vol. 911, A44
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II.A. Ice melting: Antarctica. Modelling strategy; first objectives.

solid

liq
u

id

2 discontinuous domains

𝜕𝑡𝑇𝑠 = 𝛻2𝑇𝑠

𝑇𝑙 = 𝑇𝑠 = 𝑇𝑓𝑟𝑒𝑒𝑧𝑒
𝑆𝑡𝜕𝑡ℎ = 𝜕𝑧𝑇𝑠 − 𝜕𝑧𝑇𝑙

interface

𝐷𝑡𝑇𝑙 = 𝛻2𝑇𝑙
𝛻 ⋅ 𝑢𝑙 = 0
𝐷𝑡𝑢𝑙 = 𝑃𝑟𝛻2𝑢𝑙 −𝛻𝑝𝑙 − 𝑃𝑟𝑅𝑖𝑇𝑙 Ƹ𝑧 + 2𝑃𝑟2𝑅𝑒 ො𝑥

𝜕𝑡𝜙 = 𝐴 𝜖 𝛻2𝜙 + 𝑔 𝜙

1 diffuse 2-phase (porous) domain

𝐷𝑡𝑇 = 𝛻2𝑇 − 𝑆𝑡𝜕𝑡𝜙
𝛻 ⋅ 𝑢 = 0

𝐷𝑡𝑢 = 𝑃𝑟𝛻2𝑢 −𝛻𝑝 − 𝑃𝑟𝑅𝑖𝑇 Ƹ𝑧 + 2𝑃𝑟2𝑅𝑒 ො𝑥 − 𝑃𝑟
1−𝜙

Γ 𝜖
𝑢

solid & liquid

Gov. eq. for phase var. 𝜙

𝜖

Obj.: Effect of current
and stratification

hot

cold

J. Fluid Mech. (2021), vol. 911, A44
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II.A. Ice melting: Antarctica. Modelling strategy; first objectives.

neutral

𝑅𝑖 = 0

stable

𝑅𝑖 = 4.5 105

𝑅𝑖∗ = 40
𝑅𝑖 = −4.5 105

𝑅𝑎 = 4.5 105

unstable

Stratification effects
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II.A. Ice melting: Antarctica. First results: streamwise channels and keels.

Carving from BL-attached streamwise vortices to domain-scale Rayleigh-Benard rolls.
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II.A. Ice melting: Antarctica. First results: streamwise channels and keels.

Carving from BL-attached streamwise vortices to domain-scale Rayleigh-Benard rolls.
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II.A. Ice melting: Antarctica. First results: no clear effect on 𝐶𝑑.

𝐶𝑑 = 2
𝑢∗
𝑢𝑏

2
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II.A. Ice melting: Antarctica. Perspectives.

→ consider stronger currents to get to « scallops ».

→ consider ice melting in saltwater (numerical and experimental work
possible).
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• 0.2 x USA

• Age : 3 MY

• Thickness : 1,5 km

• Sea-level rise : 6 m

II.B. Ice melting: Greenland

Holocene (10k)

Last Ice Age (50k)

Eemian (100k)
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II.B. Ice melting: Greenland.



55
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→ current parameterization predicts only 1%
observed melt rate!

→ because buoyancy-controlled melting (not 
shear)

→ horizontal circulation in the “fjord” could play 
an important role.

II.B. Ice melting: Greenland. New set-up, similar questions.

Upright 
boundary 

layer with no 
rest state !

Combined sims & experiments approach with R. 
Volk and S. Joubaud in preparation!

The need for a grand parameterization.



Conclusions
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Ice melting and 
morphological stability 

using phase field models.

Subglacial 
hydrodynamics 

(buoyancy 
driven) on Earth 
and Icy Moons.
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APPENDICES
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I.B. Sub. Hydro.: On Icy Moons. Expected dynamics is heterogeneous. 
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II.A. Ice melting: Antarctica. Observation of Thwaites glacier and cavity.

+ simulations 
with 𝑂 1 𝑘𝑚
horizontal --
𝑂 10 𝑚
vertical 

resolution

What is the 
𝑂 1 𝑐𝑚

boundary 
layer dynamic 

???
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I.A. Ice melting: Antarctica. First results: asymmetric melt-rate PDF!

However, no phase-change origin…
Same asymmetry exists for the heat flux at a 
smooth boundary.

→Not due to coupling… but an intrinsic 
property of wall-bounded flows. 

Upwellings (hot) have a high probability of 
being intense, while downwellings (cold) are 
always weak.

P
D

F
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I.A. Ice melting: Antarctica. Perspectives.

→ consider stronger
currents to get to 
« scallops ».

→ consider ice melting in an 
ambiant at rest but stratified
in temperature and salt.

→ go back to 2-domain 
approach.

*interested? Send me an 
email! louis.couston@ens-
lyon.fr

Physical Review Fluids 6.2 (2021): 023802.
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II.A. Astrobiologie: Sur Terre. 

credit ©Pierre Thomas

Occuper l’espace.

Physique du 
transport

cellules

Ressources
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𝑣𝐿𝑆𝐶

𝑣

𝑁𝑢 =
𝐹ℎ

𝑘Δ𝑇

ℎ

Nombre de Nusselt

Δ𝑇

≈ 0.2𝑅𝑎
2
7

II.A. Astrobiologie: Sur Terre. Propriétés de la circulation due au flux géothermique. 

𝑅𝑒 =
𝑣ℎ

𝜈
≈ 0.03𝑅𝑎

1
2

On aimerait savoir…
• Intensité de la turbulence
• Vitesses grandes échelles
• Température moyenne

Nombre de Reynolds
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credit ExOW

https://www.whoi.edu/press-room/news-release/nasa-makes-dual-investment-in-ocean-worlds-research/
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• The Astrobiology Primer v2

• NASA roadmap to astrobiology

• IPCC’s special report on The Ocean and Cryosphere in a Changing 
Climate

69



• Christopher German Exploring Ocean Worlds (ExOW) project at WHOI

• Thwaites 

70

https://oceanworlds.whoi.edu/exploring-ocean-worlds/
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Motivation: Extreme Antarctic subglacial lakes (ASL)

Seismic sounding
50s

Radar
Vehicles, then planes

60s

First detection
1970

unusually flat & bright 
subglacial radio-echo surface
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State-of-the-art: Heating or Rayleigh-Bénard convection

What we want to know
• Thermal structure
• Turbulence intensity
• Speed of overturning

𝑣𝐿𝑆𝐶

𝑣

𝑁𝑢 =
𝐹ℎ

𝑘Δ𝑇

ℎ

Nusselt number

Δ𝑇

≈ 0.2𝑅𝑎
2
7
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Result #1: Are ASL stable, or unstable?

𝑅𝑎 =
𝑔𝛼ℎ4𝐹

𝜈𝜅𝑘
> O 1000

𝑇 = 𝑇𝑓 +
𝑧𝐹

𝑘

ℎ

But…
• The equation of state for 

water is nonlinear

𝜌 stableRB instability for a simple fluid:
(overcome viscous/thermal dissipation)
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Result #1: Are ASL stable, or unstable?

𝑅𝑎 =
𝑔𝛼ℎ4𝐹

𝜈𝜅𝑘
> O 1000

𝑇 = 𝑇𝑓 +
𝑧𝐹

𝑘

ℎ

stable

unstable

⊕𝛼𝑏𝑜𝑡 > 0 (thin ice)

RB instability for a simple fluid:
(overcome viscous/thermal dissipation)

But…
• The equation of state for 

water is nonlinear

𝜌

𝑝∗
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Result #1: Are ASL stable, or unstable?

𝑅𝑎 =
𝑔𝛼ℎ4𝐹

𝜈𝜅𝑘
> O 1000

But…
• The equation of state for 

water is nonlinear
• ASL can be 1km deep and 

experience compressibility

𝑇 = 𝑇𝑓 +
𝑧𝐹

𝑘

ℎ

⊕𝛼𝑏𝑜𝑡 > 0 (thin ice) 

Hydrostatic pressure 𝑃

Adiabatic temp. gradient 𝐹𝑎𝑑

RB instability for a simple fluid:
(overcome viscous/thermal dissipation)

⊕𝐹 > 𝐹𝑎𝑑 (thick ice)
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Result #1: Are ASL stable, or unstable?

𝑅𝑎 =
𝑔𝛼ℎ4𝐹

𝜈𝜅𝑘
> O 1000

But…
• The equation of state for 

water is nonlinear
• ASL can be 1km deep and 

experience compressibility

⊕𝛼𝑏𝑜𝑡 > 0 (thin ice) 

Recipe
❑Compressible rotating Boussinesq equations
❑ Linear perturbations around the base 

hydrostatic/diffusive state 
❑Growth rate 𝜎 from the eigenvalue problem

➢We search for 𝐹𝑐 such that 𝜎 > 0 for a bunch 
of ice pressures and water depths.

❖We use the open-source pseudo-spectral 
code Dedalus with the eigentools package. 

RB instability for a simple fluid:
(overcome viscous/thermal dissipation)

⊕𝐹 > 𝐹𝑎𝑑 (thick ice)
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Implications for future lake exploration

❖ Go for large water depth

❖ Upwelling is where there is melting
❖ Don’t use accreted ice if you’re sampling 

a lake with a thin ice cover

Remember the nonlinear equation of state…

ℎIf fully 
unstable

𝑇 𝑧
stable

𝑇 𝑧

Thickness of the stable layer

Lake CECs will be 
explored in 2023!
→ sample at least over 
10 m (300 m deep)

7.7 m
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What’s next… 

WARM

COLD

𝐹

circulation

7.7m with 
stable density??

Lake CECs

159 m

300 m

10 km

sample here
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What’s next…
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What’s next… 

Take home

• Definitely worth considering variable freezing point for tilted roofs.

• However, the horizontal flow is likely weaker than the heat-flux 
induced vertical circulation. 
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𝑅𝑜𝑐
𝑒 = 𝑅𝑎𝐸𝑘2/𝑃𝑟 𝑅𝑜𝑔

𝑒 = 𝑅𝑎𝐸𝑘1.5/𝑃𝑟0.5
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