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Habitability of Ocean Worlds

• Ocean worlds are exciting prospects for habitability 



Habitability of Ocean Worlds

Credit: Pappalardo (2010), after Stevenson (2000)

• Oxidants are produced on the surface by ion 
irradiation 

• Reductants might be produced                            
at the seafloor if hydrothermal             
circulation is present

Credit: NASA
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Credit: Pappalardo (2010), after Stevenson (2000)Credit: NASA

➡ How are heat and materials 
transported across the oceans 
of icy satellites?



1) Theoretical Predictions for Convection

2) Numerical Convection Models

3) Boundary Layer Implications

4) Conclusions

Outline



1) Theoretical Predictions for Convection

2) Numerical Convection Models

3) Boundary Layer Implications

4) Conclusions

Outline



• Diversity of dynamical regimes in rotating spherical 
shell Rayleigh-Bénard convection 

Influence of Rotation

• Temperature fluctuations 
(Gastine et al. 2016)
(a) Non-rotating

(b) Weak rotational influence

(c) Moderate rotational influence

(d) Stronger rotational influence



• Gastine et al. (2016): Extensive suite of rotating 
spherical shell RBC models to study scaling behaviors
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• Gastine et al. (2016): Extensive suite of rotating 
spherical shell RBC models to study scaling behaviors
• Heat transfer efficiency (Nu) as a function of thermal 

forcing (Ra) and rotation rate (E) 

Convective Regimes

Ra =
Buoyancy
Di⇥usion

=
�go�TD3

⇤⇥

E =
Viscous force
Coriolis force

=
�

2�D2

Nu =

Total heat flux

Conductive heat flux

=

QD

⇢Cp�T
<latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit>

=
⌫

⌦D2
<latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit><latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit><latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit><latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit>



Convective Regimes

Ra =
Buoyancy
Di⇥usion

=
�go�TD3

⇤⇥

Nu =

Total heat flux

Conductive heat flux

=

QD

⇢Cp�T
<latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit>

Nu� 1 = 0.08(Ra/Rac � 1)
<latexit sha1_base64="MGs1b8GndcaDWhEQDJWMAcG3tbI=">AAACA3icbZC7SgNBFIbPxluMt1XLNINBiIVxVwQjKARsrCQG1wSSZZmdzMYhsxdmZoUQUtj4KjYWKra+hJ1v4yTZQhN/GPj5zjmcOb+fcCaVZX0buYXFpeWV/GphbX1jc8vc3rmTcSoIdUjMY9HysaScRdRRTHHaSgTFoc9p0+9fjuvNByoki6NbNUioG+JexAJGsNLIM4vX6aGNLpBVsaqo3MDoCDWwR5CGB55Z0ngiNG/szJQgU90zvzrdmKQhjRThWMq2bSXKHWKhGOF0VOikkiaY9HGPtrWNcEilO5wcMUL7mnRREAv9IoUm9PfEEIdSDkJfd4ZY3cvZ2hj+V2unKqi6QxYlqaIRmS4KUo5UjMaJoC4TlCg+0AYTwfRfEbnHAhOlcyvoEOzZk+eNc1w5q9g3J6XaeZZGHoqwB2Ww4RRqcAV1cIDAIzzDK7wZT8aL8W58TFtzRjazC39kfP4ASaaTkQ==</latexit><latexit sha1_base64="MGs1b8GndcaDWhEQDJWMAcG3tbI=">AAACA3icbZC7SgNBFIbPxluMt1XLNINBiIVxVwQjKARsrCQG1wSSZZmdzMYhsxdmZoUQUtj4KjYWKra+hJ1v4yTZQhN/GPj5zjmcOb+fcCaVZX0buYXFpeWV/GphbX1jc8vc3rmTcSoIdUjMY9HysaScRdRRTHHaSgTFoc9p0+9fjuvNByoki6NbNUioG+JexAJGsNLIM4vX6aGNLpBVsaqo3MDoCDWwR5CGB55Z0ngiNG/szJQgU90zvzrdmKQhjRThWMq2bSXKHWKhGOF0VOikkiaY9HGPtrWNcEilO5wcMUL7mnRREAv9IoUm9PfEEIdSDkJfd4ZY3cvZ2hj+V2unKqi6QxYlqaIRmS4KUo5UjMaJoC4TlCg+0AYTwfRfEbnHAhOlcyvoEOzZk+eNc1w5q9g3J6XaeZZGHoqwB2Ww4RRqcAV1cIDAIzzDK7wZT8aL8W58TFtzRjazC39kfP4ASaaTkQ==</latexit><latexit sha1_base64="MGs1b8GndcaDWhEQDJWMAcG3tbI=">AAACA3icbZC7SgNBFIbPxluMt1XLNINBiIVxVwQjKARsrCQG1wSSZZmdzMYhsxdmZoUQUtj4KjYWKra+hJ1v4yTZQhN/GPj5zjmcOb+fcCaVZX0buYXFpeWV/GphbX1jc8vc3rmTcSoIdUjMY9HysaScRdRRTHHaSgTFoc9p0+9fjuvNByoki6NbNUioG+JexAJGsNLIM4vX6aGNLpBVsaqo3MDoCDWwR5CGB55Z0ngiNG/szJQgU90zvzrdmKQhjRThWMq2bSXKHWKhGOF0VOikkiaY9HGPtrWNcEilO5wcMUL7mnRREAv9IoUm9PfEEIdSDkJfd4ZY3cvZ2hj+V2unKqi6QxYlqaIRmS4KUo5UjMaJoC4TlCg+0AYTwfRfEbnHAhOlcyvoEOzZk+eNc1w5q9g3J6XaeZZGHoqwB2Ww4RRqcAV1cIDAIzzDK7wZT8aL8W58TFtzRjazC39kfP4ASaaTkQ==</latexit><latexit sha1_base64="MGs1b8GndcaDWhEQDJWMAcG3tbI=">AAACA3icbZC7SgNBFIbPxluMt1XLNINBiIVxVwQjKARsrCQG1wSSZZmdzMYhsxdmZoUQUtj4KjYWKra+hJ1v4yTZQhN/GPj5zjmcOb+fcCaVZX0buYXFpeWV/GphbX1jc8vc3rmTcSoIdUjMY9HysaScRdRRTHHaSgTFoc9p0+9fjuvNByoki6NbNUioG+JexAJGsNLIM4vX6aGNLpBVsaqo3MDoCDWwR5CGB55Z0ngiNG/szJQgU90zvzrdmKQhjRThWMq2bSXKHWKhGOF0VOikkiaY9HGPtrWNcEilO5wcMUL7mnRREAv9IoUm9PfEEIdSDkJfd4ZY3cvZ2hj+V2unKqi6QxYlqaIRmS4KUo5UjMaJoC4TlCg+0AYTwfRfEbnHAhOlcyvoEOzZk+eNc1w5q9g3J6XaeZZGHoqwB2Ww4RRqcAV1cIDAIzzDK7wZT8aL8W58TFtzRjazC39kfP4ASaaTkQ==</latexit>

• Gastine et al. (2016): Extensive suite of rotating 
spherical shell RBC models to study scaling behaviors
• Heat transfer efficiency (Nu) as a function of thermal 

forcing (Ra) and rotation rate (E) 

E =
Viscous force
Coriolis force

=
�

2�D2
=

⌫

⌦D2
<latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit><latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit><latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit><latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit>



Convective Regimes

Ra =
Buoyancy
Di⇥usion

=
�go�TD3

⇤⇥

Nu =

Total heat flux

Conductive heat flux

=

QD

⇢Cp�T
<latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit>

Nu� 1 = 0.08(Ra/Rac � 1)
<latexit sha1_base64="MGs1b8GndcaDWhEQDJWMAcG3tbI=">AAACA3icbZC7SgNBFIbPxluMt1XLNINBiIVxVwQjKARsrCQG1wSSZZmdzMYhsxdmZoUQUtj4KjYWKra+hJ1v4yTZQhN/GPj5zjmcOb+fcCaVZX0buYXFpeWV/GphbX1jc8vc3rmTcSoIdUjMY9HysaScRdRRTHHaSgTFoc9p0+9fjuvNByoki6NbNUioG+JexAJGsNLIM4vX6aGNLpBVsaqo3MDoCDWwR5CGB55Z0ngiNG/szJQgU90zvzrdmKQhjRThWMq2bSXKHWKhGOF0VOikkiaY9HGPtrWNcEilO5wcMUL7mnRREAv9IoUm9PfEEIdSDkJfd4ZY3cvZ2hj+V2unKqi6QxYlqaIRmS4KUo5UjMaJoC4TlCg+0AYTwfRfEbnHAhOlcyvoEOzZk+eNc1w5q9g3J6XaeZZGHoqwB2Ww4RRqcAV1cIDAIzzDK7wZT8aL8W58TFtzRjazC39kfP4ASaaTkQ==</latexit><latexit sha1_base64="MGs1b8GndcaDWhEQDJWMAcG3tbI=">AAACA3icbZC7SgNBFIbPxluMt1XLNINBiIVxVwQjKARsrCQG1wSSZZmdzMYhsxdmZoUQUtj4KjYWKra+hJ1v4yTZQhN/GPj5zjmcOb+fcCaVZX0buYXFpeWV/GphbX1jc8vc3rmTcSoIdUjMY9HysaScRdRRTHHaSgTFoc9p0+9fjuvNByoki6NbNUioG+JexAJGsNLIM4vX6aGNLpBVsaqo3MDoCDWwR5CGB55Z0ngiNG/szJQgU90zvzrdmKQhjRThWMq2bSXKHWKhGOF0VOikkiaY9HGPtrWNcEilO5wcMUL7mnRREAv9IoUm9PfEEIdSDkJfd4ZY3cvZ2hj+V2unKqi6QxYlqaIRmS4KUo5UjMaJoC4TlCg+0AYTwfRfEbnHAhOlcyvoEOzZk+eNc1w5q9g3J6XaeZZGHoqwB2Ww4RRqcAV1cIDAIzzDK7wZT8aL8W58TFtzRjazC39kfP4ASaaTkQ==</latexit><latexit sha1_base64="MGs1b8GndcaDWhEQDJWMAcG3tbI=">AAACA3icbZC7SgNBFIbPxluMt1XLNINBiIVxVwQjKARsrCQG1wSSZZmdzMYhsxdmZoUQUtj4KjYWKra+hJ1v4yTZQhN/GPj5zjmcOb+fcCaVZX0buYXFpeWV/GphbX1jc8vc3rmTcSoIdUjMY9HysaScRdRRTHHaSgTFoc9p0+9fjuvNByoki6NbNUioG+JexAJGsNLIM4vX6aGNLpBVsaqo3MDoCDWwR5CGB55Z0ngiNG/szJQgU90zvzrdmKQhjRThWMq2bSXKHWKhGOF0VOikkiaY9HGPtrWNcEilO5wcMUL7mnRREAv9IoUm9PfEEIdSDkJfd4ZY3cvZ2hj+V2unKqi6QxYlqaIRmS4KUo5UjMaJoC4TlCg+0AYTwfRfEbnHAhOlcyvoEOzZk+eNc1w5q9g3J6XaeZZGHoqwB2Ww4RRqcAV1cIDAIzzDK7wZT8aL8W58TFtzRjazC39kfP4ASaaTkQ==</latexit><latexit sha1_base64="MGs1b8GndcaDWhEQDJWMAcG3tbI=">AAACA3icbZC7SgNBFIbPxluMt1XLNINBiIVxVwQjKARsrCQG1wSSZZmdzMYhsxdmZoUQUtj4KjYWKra+hJ1v4yTZQhN/GPj5zjmcOb+fcCaVZX0buYXFpeWV/GphbX1jc8vc3rmTcSoIdUjMY9HysaScRdRRTHHaSgTFoc9p0+9fjuvNByoki6NbNUioG+JexAJGsNLIM4vX6aGNLpBVsaqo3MDoCDWwR5CGB55Z0ngiNG/szJQgU90zvzrdmKQhjRThWMq2bSXKHWKhGOF0VOikkiaY9HGPtrWNcEilO5wcMUL7mnRREAv9IoUm9PfEEIdSDkJfd4ZY3cvZ2hj+V2unKqi6QxYlqaIRmS4KUo5UjMaJoC4TlCg+0AYTwfRfEbnHAhOlcyvoEOzZk+eNc1w5q9g3J6XaeZZGHoqwB2Ww4RRqcAV1cIDAIzzDK7wZT8aL8W58TFtzRjazC39kfP4ASaaTkQ==</latexit>

Nu = 0.15Ra3/2E2
<latexit sha1_base64="GFwXfkerFoOz+FrIaJn3nLEMx2w=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tF8BSTqqigUBDBk1QxttCmZbPdtEs3m7C7EUrswb/ixYOKV3+HN/+N2zYHbX0w8Hhvhpl5fsyoVLb9beRmZufmF/KLhaXlldU1c33jXkaJwMTFEYtEzUeSMMqJq6hipBYLgkKfkarfuxj61QciJI34nerHxAtRh9OAYqS01DK3rhN4Dm3LOYK3qJke7JcG8LJZaplF27JHgNPEyUgRZKi0zK9GO8JJSLjCDElZd+xYeSkSimJGBoVGIkmMcA91SF1TjkIivXR0/wDuaqUNg0jo4gqO1N8TKQql7Ie+7gyR6spJbyj+59UTFZx4KeVxogjH40VBwqCK4DAM2KaCYMX6miAsqL4V4i4SCCsdWUGH4Ey+PE3cknVqOTeHxfJZlkYebIMdsAcccAzK4ApUgAsweATP4BW8GU/Gi/FufIxbc0Y2swn+wPj8Afrykws=</latexit><latexit sha1_base64="GFwXfkerFoOz+FrIaJn3nLEMx2w=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tF8BSTqqigUBDBk1QxttCmZbPdtEs3m7C7EUrswb/ixYOKV3+HN/+N2zYHbX0w8Hhvhpl5fsyoVLb9beRmZufmF/KLhaXlldU1c33jXkaJwMTFEYtEzUeSMMqJq6hipBYLgkKfkarfuxj61QciJI34nerHxAtRh9OAYqS01DK3rhN4Dm3LOYK3qJke7JcG8LJZaplF27JHgNPEyUgRZKi0zK9GO8JJSLjCDElZd+xYeSkSimJGBoVGIkmMcA91SF1TjkIivXR0/wDuaqUNg0jo4gqO1N8TKQql7Ie+7gyR6spJbyj+59UTFZx4KeVxogjH40VBwqCK4DAM2KaCYMX6miAsqL4V4i4SCCsdWUGH4Ey+PE3cknVqOTeHxfJZlkYebIMdsAcccAzK4ApUgAsweATP4BW8GU/Gi/FufIxbc0Y2swn+wPj8Afrykws=</latexit><latexit sha1_base64="GFwXfkerFoOz+FrIaJn3nLEMx2w=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tF8BSTqqigUBDBk1QxttCmZbPdtEs3m7C7EUrswb/ixYOKV3+HN/+N2zYHbX0w8Hhvhpl5fsyoVLb9beRmZufmF/KLhaXlldU1c33jXkaJwMTFEYtEzUeSMMqJq6hipBYLgkKfkarfuxj61QciJI34nerHxAtRh9OAYqS01DK3rhN4Dm3LOYK3qJke7JcG8LJZaplF27JHgNPEyUgRZKi0zK9GO8JJSLjCDElZd+xYeSkSimJGBoVGIkmMcA91SF1TjkIivXR0/wDuaqUNg0jo4gqO1N8TKQql7Ie+7gyR6spJbyj+59UTFZx4KeVxogjH40VBwqCK4DAM2KaCYMX6miAsqL4V4i4SCCsdWUGH4Ey+PE3cknVqOTeHxfJZlkYebIMdsAcccAzK4ApUgAsweATP4BW8GU/Gi/FufIxbc0Y2swn+wPj8Afrykws=</latexit><latexit sha1_base64="GFwXfkerFoOz+FrIaJn3nLEMx2w=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tF8BSTqqigUBDBk1QxttCmZbPdtEs3m7C7EUrswb/ixYOKV3+HN/+N2zYHbX0w8Hhvhpl5fsyoVLb9beRmZufmF/KLhaXlldU1c33jXkaJwMTFEYtEzUeSMMqJq6hipBYLgkKfkarfuxj61QciJI34nerHxAtRh9OAYqS01DK3rhN4Dm3LOYK3qJke7JcG8LJZaplF27JHgNPEyUgRZKi0zK9GO8JJSLjCDElZd+xYeSkSimJGBoVGIkmMcA91SF1TjkIivXR0/wDuaqUNg0jo4gqO1N8TKQql7Ie+7gyR6spJbyj+59UTFZx4KeVxogjH40VBwqCK4DAM2KaCYMX6miAsqL4V4i4SCCsdWUGH4Ey+PE3cknVqOTeHxfJZlkYebIMdsAcccAzK4ApUgAsweATP4BW8GU/Gi/FufIxbc0Y2swn+wPj8Afrykws=</latexit>

• Gastine et al. (2016): Extensive suite of rotating 
spherical shell RBC models to study scaling behaviors
• Heat transfer efficiency (Nu) as a function of thermal 

forcing (Ra) and rotation rate (E) 

E =
Viscous force
Coriolis force

=
�

2�D2
=

⌫

⌦D2
<latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit><latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit><latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit><latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit>



Convective Regimes

Ra =
Buoyancy
Di⇥usion

=
�go�TD3

⇤⇥

Nu =

Total heat flux

Conductive heat flux

=

QD

⇢Cp�T
<latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit>

Nu� 1 = 0.08(Ra/Rac � 1)
<latexit sha1_base64="MGs1b8GndcaDWhEQDJWMAcG3tbI=">AAACA3icbZC7SgNBFIbPxluMt1XLNINBiIVxVwQjKARsrCQG1wSSZZmdzMYhsxdmZoUQUtj4KjYWKra+hJ1v4yTZQhN/GPj5zjmcOb+fcCaVZX0buYXFpeWV/GphbX1jc8vc3rmTcSoIdUjMY9HysaScRdRRTHHaSgTFoc9p0+9fjuvNByoki6NbNUioG+JexAJGsNLIM4vX6aGNLpBVsaqo3MDoCDWwR5CGB55Z0ngiNG/szJQgU90zvzrdmKQhjRThWMq2bSXKHWKhGOF0VOikkiaY9HGPtrWNcEilO5wcMUL7mnRREAv9IoUm9PfEEIdSDkJfd4ZY3cvZ2hj+V2unKqi6QxYlqaIRmS4KUo5UjMaJoC4TlCg+0AYTwfRfEbnHAhOlcyvoEOzZk+eNc1w5q9g3J6XaeZZGHoqwB2Ww4RRqcAV1cIDAIzzDK7wZT8aL8W58TFtzRjazC39kfP4ASaaTkQ==</latexit><latexit sha1_base64="MGs1b8GndcaDWhEQDJWMAcG3tbI=">AAACA3icbZC7SgNBFIbPxluMt1XLNINBiIVxVwQjKARsrCQG1wSSZZmdzMYhsxdmZoUQUtj4KjYWKra+hJ1v4yTZQhN/GPj5zjmcOb+fcCaVZX0buYXFpeWV/GphbX1jc8vc3rmTcSoIdUjMY9HysaScRdRRTHHaSgTFoc9p0+9fjuvNByoki6NbNUioG+JexAJGsNLIM4vX6aGNLpBVsaqo3MDoCDWwR5CGB55Z0ngiNG/szJQgU90zvzrdmKQhjRThWMq2bSXKHWKhGOF0VOikkiaY9HGPtrWNcEilO5wcMUL7mnRREAv9IoUm9PfEEIdSDkJfd4ZY3cvZ2hj+V2unKqi6QxYlqaIRmS4KUo5UjMaJoC4TlCg+0AYTwfRfEbnHAhOlcyvoEOzZk+eNc1w5q9g3J6XaeZZGHoqwB2Ww4RRqcAV1cIDAIzzDK7wZT8aL8W58TFtzRjazC39kfP4ASaaTkQ==</latexit><latexit sha1_base64="MGs1b8GndcaDWhEQDJWMAcG3tbI=">AAACA3icbZC7SgNBFIbPxluMt1XLNINBiIVxVwQjKARsrCQG1wSSZZmdzMYhsxdmZoUQUtj4KjYWKra+hJ1v4yTZQhN/GPj5zjmcOb+fcCaVZX0buYXFpeWV/GphbX1jc8vc3rmTcSoIdUjMY9HysaScRdRRTHHaSgTFoc9p0+9fjuvNByoki6NbNUioG+JexAJGsNLIM4vX6aGNLpBVsaqo3MDoCDWwR5CGB55Z0ngiNG/szJQgU90zvzrdmKQhjRThWMq2bSXKHWKhGOF0VOikkiaY9HGPtrWNcEilO5wcMUL7mnRREAv9IoUm9PfEEIdSDkJfd4ZY3cvZ2hj+V2unKqi6QxYlqaIRmS4KUo5UjMaJoC4TlCg+0AYTwfRfEbnHAhOlcyvoEOzZk+eNc1w5q9g3J6XaeZZGHoqwB2Ww4RRqcAV1cIDAIzzDK7wZT8aL8W58TFtzRjazC39kfP4ASaaTkQ==</latexit><latexit sha1_base64="MGs1b8GndcaDWhEQDJWMAcG3tbI=">AAACA3icbZC7SgNBFIbPxluMt1XLNINBiIVxVwQjKARsrCQG1wSSZZmdzMYhsxdmZoUQUtj4KjYWKra+hJ1v4yTZQhN/GPj5zjmcOb+fcCaVZX0buYXFpeWV/GphbX1jc8vc3rmTcSoIdUjMY9HysaScRdRRTHHaSgTFoc9p0+9fjuvNByoki6NbNUioG+JexAJGsNLIM4vX6aGNLpBVsaqo3MDoCDWwR5CGB55Z0ngiNG/szJQgU90zvzrdmKQhjRThWMq2bSXKHWKhGOF0VOikkiaY9HGPtrWNcEilO5wcMUL7mnRREAv9IoUm9PfEEIdSDkJfd4ZY3cvZ2hj+V2unKqi6QxYlqaIRmS4KUo5UjMaJoC4TlCg+0AYTwfRfEbnHAhOlcyvoEOzZk+eNc1w5q9g3J6XaeZZGHoqwB2Ww4RRqcAV1cIDAIzzDK7wZT8aL8W58TFtzRjazC39kfP4ASaaTkQ==</latexit>

Nu = 0.15Ra3/2E2
<latexit sha1_base64="GFwXfkerFoOz+FrIaJn3nLEMx2w=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tF8BSTqqigUBDBk1QxttCmZbPdtEs3m7C7EUrswb/ixYOKV3+HN/+N2zYHbX0w8Hhvhpl5fsyoVLb9beRmZufmF/KLhaXlldU1c33jXkaJwMTFEYtEzUeSMMqJq6hipBYLgkKfkarfuxj61QciJI34nerHxAtRh9OAYqS01DK3rhN4Dm3LOYK3qJke7JcG8LJZaplF27JHgNPEyUgRZKi0zK9GO8JJSLjCDElZd+xYeSkSimJGBoVGIkmMcA91SF1TjkIivXR0/wDuaqUNg0jo4gqO1N8TKQql7Ie+7gyR6spJbyj+59UTFZx4KeVxogjH40VBwqCK4DAM2KaCYMX6miAsqL4V4i4SCCsdWUGH4Ey+PE3cknVqOTeHxfJZlkYebIMdsAcccAzK4ApUgAsweATP4BW8GU/Gi/FufIxbc0Y2swn+wPj8Afrykws=</latexit><latexit sha1_base64="GFwXfkerFoOz+FrIaJn3nLEMx2w=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tF8BSTqqigUBDBk1QxttCmZbPdtEs3m7C7EUrswb/ixYOKV3+HN/+N2zYHbX0w8Hhvhpl5fsyoVLb9beRmZufmF/KLhaXlldU1c33jXkaJwMTFEYtEzUeSMMqJq6hipBYLgkKfkarfuxj61QciJI34nerHxAtRh9OAYqS01DK3rhN4Dm3LOYK3qJke7JcG8LJZaplF27JHgNPEyUgRZKi0zK9GO8JJSLjCDElZd+xYeSkSimJGBoVGIkmMcA91SF1TjkIivXR0/wDuaqUNg0jo4gqO1N8TKQql7Ie+7gyR6spJbyj+59UTFZx4KeVxogjH40VBwqCK4DAM2KaCYMX6miAsqL4V4i4SCCsdWUGH4Ey+PE3cknVqOTeHxfJZlkYebIMdsAcccAzK4ApUgAsweATP4BW8GU/Gi/FufIxbc0Y2swn+wPj8Afrykws=</latexit><latexit sha1_base64="GFwXfkerFoOz+FrIaJn3nLEMx2w=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tF8BSTqqigUBDBk1QxttCmZbPdtEs3m7C7EUrswb/ixYOKV3+HN/+N2zYHbX0w8Hhvhpl5fsyoVLb9beRmZufmF/KLhaXlldU1c33jXkaJwMTFEYtEzUeSMMqJq6hipBYLgkKfkarfuxj61QciJI34nerHxAtRh9OAYqS01DK3rhN4Dm3LOYK3qJke7JcG8LJZaplF27JHgNPEyUgRZKi0zK9GO8JJSLjCDElZd+xYeSkSimJGBoVGIkmMcA91SF1TjkIivXR0/wDuaqUNg0jo4gqO1N8TKQql7Ie+7gyR6spJbyj+59UTFZx4KeVxogjH40VBwqCK4DAM2KaCYMX6miAsqL4V4i4SCCsdWUGH4Ey+PE3cknVqOTeHxfJZlkYebIMdsAcccAzK4ApUgAsweATP4BW8GU/Gi/FufIxbc0Y2swn+wPj8Afrykws=</latexit><latexit sha1_base64="GFwXfkerFoOz+FrIaJn3nLEMx2w=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tF8BSTqqigUBDBk1QxttCmZbPdtEs3m7C7EUrswb/ixYOKV3+HN/+N2zYHbX0w8Hhvhpl5fsyoVLb9beRmZufmF/KLhaXlldU1c33jXkaJwMTFEYtEzUeSMMqJq6hipBYLgkKfkarfuxj61QciJI34nerHxAtRh9OAYqS01DK3rhN4Dm3LOYK3qJke7JcG8LJZaplF27JHgNPEyUgRZKi0zK9GO8JJSLjCDElZd+xYeSkSimJGBoVGIkmMcA91SF1TjkIivXR0/wDuaqUNg0jo4gqO1N8TKQql7Ie+7gyR6spJbyj+59UTFZx4KeVxogjH40VBwqCK4DAM2KaCYMX6miAsqL4V4i4SCCsdWUGH4Ey+PE3cknVqOTeHxfJZlkYebIMdsAcccAzK4ApUgAsweATP4BW8GU/Gi/FufIxbc0Y2swn+wPj8Afrykws=</latexit>

Nu = 0.07Ra1/3
<latexit sha1_base64="5xIjVYi71IT6PwdfvC3QmvFcqNc=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBbBVU1UqIJCwY0rqWJsoY1lMp20QycPZiZiCfkVNy5U3Pol7vwbp20W2nrgwplz7mXuPV7MmVSW9W0UFhaXlleKq6W19Y3NLXO7fC+jRBDqkIhHouVhSTkLqaOY4rQVC4oDj9OmN7wc+81HKiSLwjs1iqkb4H7IfEaw0lLXLF8n6AJZVauGbvFDah8eZ12zot8ToHli56QCORpd86vTi0gS0FARjqVs21as3BQLxQinWamTSBpjMsR92tY0xAGVbjrZPUP7WukhPxK6QoUm6u+JFAdSjgJPdwZYDeSsNxb/89qJ8k/dlIVxomhIph/5CUcqQuMgUI8JShQfaYKJYHpXRAZYYKJ0XCUdgj178jxxjqpnVfvmpFI/z9Mowi7swQHYUIM6XEEDHCDwBM/wCm9GZrwY78bHtLVg5DM78AfG5w/fkJHu</latexit><latexit sha1_base64="5xIjVYi71IT6PwdfvC3QmvFcqNc=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBbBVU1UqIJCwY0rqWJsoY1lMp20QycPZiZiCfkVNy5U3Pol7vwbp20W2nrgwplz7mXuPV7MmVSW9W0UFhaXlleKq6W19Y3NLXO7fC+jRBDqkIhHouVhSTkLqaOY4rQVC4oDj9OmN7wc+81HKiSLwjs1iqkb4H7IfEaw0lLXLF8n6AJZVauGbvFDah8eZ12zot8ToHli56QCORpd86vTi0gS0FARjqVs21as3BQLxQinWamTSBpjMsR92tY0xAGVbjrZPUP7WukhPxK6QoUm6u+JFAdSjgJPdwZYDeSsNxb/89qJ8k/dlIVxomhIph/5CUcqQuMgUI8JShQfaYKJYHpXRAZYYKJ0XCUdgj178jxxjqpnVfvmpFI/z9Mowi7swQHYUIM6XEEDHCDwBM/wCm9GZrwY78bHtLVg5DM78AfG5w/fkJHu</latexit><latexit sha1_base64="5xIjVYi71IT6PwdfvC3QmvFcqNc=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBbBVU1UqIJCwY0rqWJsoY1lMp20QycPZiZiCfkVNy5U3Pol7vwbp20W2nrgwplz7mXuPV7MmVSW9W0UFhaXlleKq6W19Y3NLXO7fC+jRBDqkIhHouVhSTkLqaOY4rQVC4oDj9OmN7wc+81HKiSLwjs1iqkb4H7IfEaw0lLXLF8n6AJZVauGbvFDah8eZ12zot8ToHli56QCORpd86vTi0gS0FARjqVs21as3BQLxQinWamTSBpjMsR92tY0xAGVbjrZPUP7WukhPxK6QoUm6u+JFAdSjgJPdwZYDeSsNxb/89qJ8k/dlIVxomhIph/5CUcqQuMgUI8JShQfaYKJYHpXRAZYYKJ0XCUdgj178jxxjqpnVfvmpFI/z9Mowi7swQHYUIM6XEEDHCDwBM/wCm9GZrwY78bHtLVg5DM78AfG5w/fkJHu</latexit><latexit sha1_base64="5xIjVYi71IT6PwdfvC3QmvFcqNc=">AAAB+nicbVDLSsNAFL2pr1pfsS7dDBbBVU1UqIJCwY0rqWJsoY1lMp20QycPZiZiCfkVNy5U3Pol7vwbp20W2nrgwplz7mXuPV7MmVSW9W0UFhaXlleKq6W19Y3NLXO7fC+jRBDqkIhHouVhSTkLqaOY4rQVC4oDj9OmN7wc+81HKiSLwjs1iqkb4H7IfEaw0lLXLF8n6AJZVauGbvFDah8eZ12zot8ToHli56QCORpd86vTi0gS0FARjqVs21as3BQLxQinWamTSBpjMsR92tY0xAGVbjrZPUP7WukhPxK6QoUm6u+JFAdSjgJPdwZYDeSsNxb/89qJ8k/dlIVxomhIph/5CUcqQuMgUI8JShQfaYKJYHpXRAZYYKJ0XCUdgj178jxxjqpnVfvmpFI/z9Mowi7swQHYUIM6XEEDHCDwBM/wCm9GZrwY78bHtLVg5DM78AfG5w/fkJHu</latexit>

• Gastine et al. (2016): Extensive suite of rotating 
spherical shell RBC models to study scaling behaviors
• Heat transfer efficiency (Nu) as a function of thermal 

forcing (Ra) and rotation rate (E) 

E =
Viscous force
Coriolis force

=
�

2�D2
=

⌫

⌦D2
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• Convective regimes and their predicted boundaries

Convective Regime Transitions

Credit: Gastine et al. (2016)
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• Convective regimes and their predicted boundaries

Convective Regime Transitions

Credit: Gastine et al. (2016)
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(Julien et al. 2012)

Intersection between 
shallow and steep Nu-
Ra scalings

Ra =
Buoyancy
Di⇥usion

=
�go�TD3

⇤⇥

E =
Viscous force
Coriolis force

=
�

2�D2
=

⌫

⌦D2
<latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit><latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit><latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit><latexit sha1_base64="bkBEWHKDR7wdX9VKJFKbiJHEWYo=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSIqgHoaAHb1YwttDEstlu2qW7m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmhQmjSjvOt1VaWFxaXimvVtbWNza37O2dOxWnEhMPxyyW7RApwqggnqaakXYiCeIhI61weDH2Ww9EKhqLWz1KSMBRX9CIYqSN1LX3zqEfSYQzX6R55l9z0kfw8r6ed+2qU3MmgPPELUgVFGh27S+/F+OUE6ExQ0p1XCfRQYakppiRvOKniiQID1GfdAwViBMVZJMPcnholB6MYmlKaDhRf09kiCs14qHp5EgP1Kw3Fv/zOqmOToOMiiTVRODpoihlUMdwHAfsUUmwZiNDEJbU3ArxAJlAtAmtYkJwZ1+eJ169dlZzb46rjXqRRhnsgwNwBFxwAhrgCjSBBzB4BM/gFbxZT9aL9W59TFtLVjGzC/7A+vwBAQSWHA==</latexit>



• Convective regimes and their predicted boundaries

Credit: Gastine et al. (2016)
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• Application to icy ocean worlds

Credit: Gastine et al. (2016)
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Credit: Gastine et al. (2016)

Convective Regime Predictions

• Application to icy ocean worlds
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Credit: Gastine et al. (2016)

Convective Regime Predictions

• Application to icy ocean worlds

Rayleigh number is 
harder to estimate, 
use Nu-Ra scalings

Ra =
Buoyancy
Di⇥usion

=
�go�TD3

⇤⇥

E =
Viscous force
Coriolis force

=
�

2�D2
=

⌫
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Total heat flux

Conductive heat flux

=

QD

⇢Cp�T
<latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit><latexit sha1_base64="aYwn0NVht0YS6LMIr4n9p7prm8I="></latexit>



• Weak rotational influence predicted for their oceans
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Convective Regime Predictions



1) Theoretical Predictions for Convection

2) Numerical Convection Models

3) Boundary Layer Implications

4) Conclusions
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➡ How does the mantle 
influence the ocean?

➡ How does the ocean 
influence the ice shell?

Seafloor

Isotherms Chaos Terrains

Ice-
Ocean

Interface

• Numerical models of global ocean convection

Motivation



• Numerical models of global ocean convection

• Boussinesq thermal convection in a rotating spherical shell 
(ocean tides and salinity gradients are not considered)
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Numerical Model: MagIC
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• Numerical models of global ocean convection

• Boussinesq thermal convection in a rotating spherical shell 
(ocean tides and salinity gradients are not considered) 

• Transitional regime chosen a priori

Numerical Model: MagIC
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Shell geometry 0.9 0.94

Ekman number E = ⌫

2⌦D

2
Viscous force

Coriolis force
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Prandtl number Pr = ⌫



Viscous di↵usivity

Thermal di↵usivity
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Rayleigh number Ra = ↵g�TD
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• Numerical models of global ocean convection

• Boussinesq thermal convection in a rotating spherical shell 
(ocean tides and salinity gradients are not considered) 

• Transitional regime chosen a priori

• Three mantle heat flow patterns imposed

Numerical Model: MagIC

Case 3: Hot PolesCase 1: Isothermal
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Case 2: Cold Poles

Obliquity-driven 
tidal heating
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Eccentricity-driven 
tidal heatingRadiogenic heating 

Seafloor
Ice-

Ocean
Interface

e.g., Buethe (2013)
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Case 3: Hot PolesCase 1: Isothermal Case 2: Cold Poles

• Three zonal jets develop with retrograde eqtr. flow 

Steady Zonal Ocean Currents

Reynolds number, Re =  UD/ν



• Strong upwelling develops at low latitudes
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Case 3: Hot PolesCase 1: Isothermal Case 2: Cold Poles

Steady Radial Ocean Currents

Reynolds number, Re =  UD/ν
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Reynolds number, Re =  UD/ν
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Case 3: Hot PolesCase 1: Isothermal Case 2: Cold Poles

Radial Ocean Currents

• Instantaneous radial velocity is faster, smaller scale
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Case 3: Hot PolesCase 1: Isothermal

• Thermal plumes are mixed into the bulk ocean

T0 T0+∆T

Case 2: Cold Poles

Temperature



0.75 1.25

• Ice-ocean interface heat flux peaks near equator, 
pattern mimics the mantle heat flow at high latitudes

Case 1: Isothermal
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Convective Heat Transfer

Case 3: Hot PolesCase 2: Cold Poles



• Heat flux decomposition: total = mean + turbulent
• Mean heat flux due to meridional 

overturning circulations

• Turbulent heat flux due to 
fluctuating motions 

hVrT i = hVr T i+ hV 0
rT

0i{ { {
Total Mean Turbulent

(All variables are dimensionless)

(Overbars denote temporal averages; primes denote fluctuations from the mean; 
brackets denote spatial averages)

Convective Heat Transfer
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overturning circulations (red)

• Turbulent heat flux due to 
fluctuating motions (blue)

• Heat flux decomposition: total = mean + turbulent
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Convective Heat Transfer



Mean 
heat flux

-40 40 0 40

C
as

e 
2:

 H
ot

 E
qu

at
or

Turbulent 
heat flux

0 40 80

-80

-60

-40

-20

0

20

40

60

80

Dimensionless Heat Flow
La

tit
ud

e
-40
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overturning circulations (red)

• Turbulent heat flux due to 
fluctuating motions (blue)
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Convective Heat Transfer

• Heat flux decomposition: total = mean + turbulent
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• Turbulent heat flux due to 
fluctuating motions (blue)
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Convective Heat Transfer

• Heat flux decomposition: total = mean + turbulent



Global Oceanographic Models

• Zonal Flows 
• Zonal jets with westward flow near equator, eastward flow at high 

latitudes are not sensitive to mantle heat flow variations

• Radial Velocity 
• Mean equatorial upwelling and mid-latitude downwelling are not 

strongly dependent on mantle heating

• Convective Heat Transfer 
• Heat flux peak at low latitudes is robust to mantle heating 

heterogeneities

• Polar heat flux behavior depends on mantle heat flow pattern



1) Theoretical Predictions for Convection

2) Numerical Convection Models

3) Boundary Layer Implications

4) Conclusions

Outline



• Oceanic heat transfer may strongly influence any ice-
ocean material exchange

• Ice shell thickness
• Exchange mechanisms
• Geologic activity
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Ice Shell Implications

Isothermal Cold Poles Hot Poles
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• Latitudinal heterogeneity in heat flux should intensify 
regional melting, reducing ice thickness

Ice Shell Thickness



• Thin Ice Shell: melting of the ice shell 
may enable direct ocean access through 
cracks and/or local melt-through events
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Exchange Mechanisms

Cracks / Melt-through 
most likely near 

equator

Cracks / Melt-through 
most likely near 

equator and poles



Continental Shelf

Ice Shelf

Mean 
Sea Level

Ice Melt

Accreted Marine Ice

Marine Ice Accretion

• Variations in ice thickness can lead to relatively pure 
“marine” ice accretion via an ice pump
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• Variations in ice thickness can lead to relatively pure 
“marine” ice accretion via an ice pump

Marine Ice Accretion



• Thick Ice Shell: thermo-compositional 
diapirism may occur with any substantial 
thickness of relatively pure marine ice
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• Europa’s surface is young and riddled with many 
unique geologic features 

Geologic Activity

USGS



• Europa’s surface is young and riddled with many 
unique geologic features, such as chaos terrains 

Geologic Activity

Conamara Chaos

Thera and Thrace Macula

USGS



NASA/Erin Leonard, Alex Patthoff, and Dave Senske, building on work by Ron Greeley, Thomas Doggett and Melissa Bunte via EOS

• Chaos terrains are most prevalent at low and polar 
latitudes

Geologic Activity



• Salts with endogenic origin are coincident with 
leading hemisphere chaos terrains

Rischer et al. 2015 
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• Heterogeneous heating of the ice shell may promote 
exchange processes in locally thinned areas

• Fractures and melt-through (thin shell)

• Diapirism via marine ice accretion (thick shell)

• Chaos terrains suggest eccentricity tidal heating of the mantle 
(“hot poles” case)

Implications for Europa



1) Theoretical Predictions for Convection

2) Numerical Convection Models

3) Boundary Layer Implications

4) Conclusions

Outline



Habitability of Ocean Worlds

➡ Oceans of Europa, Ganymede, Enceladus, and Titan 
predicted to be weakly influenced by rotation 
• 3D turbulence, three zonal jets, and an equatorial upwelling

• Convective heat transfer has a maxima near the equator; 
high latitudes are sensitive to mantle heat flow distribution

➡ Oceanic heat transfer may strongly influence any ice-
ocean material exchange

Vφ Vr T drTωz


