
• Lecture I 
      - motivate/discuss celestial objects where rotation influences buoyancy driven flows 
        - discuss energetics, waves, balance  

• Lecture II 
      - stability theory for rotating convection - what can we glean from it  
        - motivate non-hydrostatic quasi-geostrophy 
        - derive and investigate semi-analytic solutions (skeleton for strongly NL flows) 

  Lecture III 
        -  investigate fully NL rotating convection from QG perspective   
        -  assess how the theory holds up c.f. experiments and DNS  
        -  comments on broader view and future outlook 



Local Area Investigations 

Example: Convection in outer Core

Upright RRBC 
Lab - bounded domains

Rotating Rayleigh-Bénard convection (RRBC) - canonical paradigm for investigating 
influence of rotation on buoyantly-driven convection 

Upright RRBC 
Theory - plane parallel layers 



Local Area Investigations 

Tilted RRBC - the f-plane

Rotating Rayleigh-Bénard convection (RRBC) - canonical paradigm for investigating 
influence of rotation on buoyantly-driven convection 

Theory - plane parallel layer 



Local Area Investigations - Governing Equations

Tilted RRBC - f-plane

Rotating Rayleigh-Bénard convection (RRBC) - canonical paradigm for investigating 
influence of rotation on buoyantly-driven convection 
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Local Area Investigations - Governing Equations

Tilted RRBC - f-plane

Rotating Rayleigh-Bénard convection (RRBC) - canonical paradigm for investigating 
influence of rotation on buoyantly-driven convection 
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Local Area Investigations - Governing Equations

Tilted RRBC - f-plane

Rotating Rayleigh-Bénard convection (RRBC) - canonical paradigm for investigating 
influence of rotation on buoyantly-driven convection 
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Rotating Rayleigh-Bénard convection (RRBC) - canonical paradigm for investigating 
influence of rotation on buoyantly-driven convection 
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Local Area Investigations - Governing Equations

diffusive velocity scaling
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External parameters



Several objectives contribute to our understanding of GAFD

• Linear stability theory 

• Patterns: formation and selection 

• Turbulent scalings:
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Efficiency of heat and momentum transport 



Linear Stability Theory
v = (u, p, T ), v = vb + v0, |v0| ⌧ 1
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Linear Stability Theory
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Linear Stability Theory
)
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ẑ ⇥ u0 �rp0 +

Ra

Pr
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boundary conditions @ z=0,1

Impenetrable: 
no-slip:                   stress-free: 

fixed temp:                     fixed-flux:  T 0 = 0
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)<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

Normal mode ansatz  

<latexit sha1_base64="mq71L2HsxkBLtNeeOkFbjPDEvxg="></latexit>

v0 = ak?(z)e
(ik?·x?+st) + c.c.

ub = 0

Tb(z) = 1� z

pb(z) =
Ra

Pr

Z
Tb(z)dz

<latexit sha1_base64="Mwi7n+Rf/0DEJILfkb+TuEGmkFQ="></latexit>



Linear Stability Theory
)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

v = (u, p, T ), v = vb + v0, |v0| ⌧ 1

<latexit sha1_base64="S90NYlSfwb0NQ9jIublJ9if64Jw="></latexit>

@tu
0 = � 1

E
ẑ ⇥ u0 �rp0 +

Ra

Pr
T 0ẑ +r2u0

0 = r · u0

@tT
0 = �w0 +

1

Pr
r2T 0

<latexit sha1_base64="mEOnRriv+eneCICLaBrJM9Zohss="></latexit>

boundary conditions @ z=0,1

no-slip:                   stress-free: 

fixed temp:                     fixed-flux:  T 0 = 0

<latexit sha1_base64="qwPDjaw3qarg3bmnoBq7Sssm7Aw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbRU9mVFr0IRS8eK/QL2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+G7mt5+o0kyKhpnE1I/wULCQEWys1Gqc3yAX9Yslt+zOgVaJl5ESZKj3i1+9gSRJRIUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSgSOq/XR+7RSdWWWAQqlsCYPm6u+JFEdaT6LAdkbYjPSyNxP/87qJCa/9lIk4MVSQxaIw4chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLAheMsvr5LWZdmrlKsPlVLtNosjDydwChfgwRXU4B7q0AQCj/AMr/DmSOfFeXc+Fq05J5s5hj9wPn8Ar56N5g==</latexit>

@zT
0 = 0

<latexit sha1_base64="kCzK3JDjWpwYbPSbU1eJRV+HppA=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbRVUmkohuh6MZlhb6gDWEynbRDJw9mJkqN/RQ3LhRx65e482+ctFlo64ELh3Punbn3eDFnUlnWt1FYWV1b3yhulra2d3b3zPJ+W0aJILRFIh6Jrocl5SykLcUUp91YUBx4nHa88U3md+6pkCwKm2oSUyfAw5D5jGClJdcs92MsFMPcfUTNkytkIdesWFVrBrRM7JxUIEfDNb/6g4gkAQ0V4VjKnm3FykmzZwmn01I/kTTGZIyHtKdpiAMqnXS2+hQda2WA/EjoChWaqb8nUhxIOQk83RlgNZKLXib+5/US5V86KQvjRNGQzD/yE45UhLIc0IAJShSfaIKJYHpXREZYYKJ0WiUdgr148jJpn1XtWvX8rlapX+dxFOEQjuAUbLiAOtxCA1pA4AGe4RXejCfjxXg3PuatBSOfOYA/MD5/AGLHksc=</latexit>

w0 = u0 · ẑ = 0

<latexit sha1_base64="I0AzCrc+i85qUgYlPlaOa8rUPRg=">AAACDXicbVC7TsMwFHV4lvIqMLJYFFSmKkFFsCBVsDAWiT6kJqocx2mtOnFk34BK1B9g4VdYGECIlZ2Nv8F9DNByJMtH59yre+/xE8E12Pa3tbC4tLyymlvLr29sbm0XdnYbWqaKsjqVQqqWTzQTPGZ14CBYK1GMRL5gTb9/NfKbd0xpLuNbGCTMi0g35iGnBIzUKRzel/AFdn0pAj2IzJelJZcGErDbI4Afhsa1O4WiXbbHwPPEmZIimqLWKXy5gaRpxGKggmjdduwEvIwo4FSwYd5NNUsI7ZMuaxsak4hpLxtfM8RHRglwKJV5MeCx+rsjI5Ee7WoqIwI9PeuNxP+8dgrhuZfxOEmBxXQyKEwFBolH0eCAK0ZBDAwhVHGzK6Y9oggFE2DehODMnjxPGidlp1I+vakUq5fTOHJoHx2gY+SgM1RF16iG6oiiR/SMXtGb9WS9WO/Wx6R0wZr27KE/sD5/ADeCmmM=</latexit>

u0
? = 0

<latexit sha1_base64="F8oJlJ7YYaHcHY1lwXnXxiLGda0=">AAACAnicbVDLSgMxFM3UV62vUVfiJlhEV2VGKroRim5cVrAP6AxDJpO2oZlkSDJCGYobf8WNC0Xc+hXu/Bsz7Sy09UDI4Zx7ufeeMGFUacf5tkpLyyura+X1ysbm1vaOvbvXViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0glHN7nfeSBSUcHv9TghfowGnPYpRtpIgX3ghYJFahybL0tPAi8hMoFX0JkEdtWpOVPAReIWpAoKNAP7y4sETmPCNWZIqZ7rJNrPkNQUMzKpeKkiCcIjNCA9QzmKifKz6QkTeGyUCPaFNI9rOFV/d2QoVvmWpjJGeqjmvVz8z+ulun/pZ5QnqSYczwb1Uwa1gHkeMKKSYM3GhiAsqdkV4iGSCGuTWsWE4M6fvEjaZzW3Xju/q1cb10UcZXAIjsApcMEFaIBb0AQtgMEjeAav4M16sl6sd+tjVlqyip598AfW5w+qH5bz</latexit>

@zu
0
? = 0

<latexit sha1_base64="iWsPRIWu/qHpwaSGCzaSiVarIpI=">AAACDXicbVC7TsMwFHV4lvIKMLJYFARTlaAiWJAqWBiLRB9SE0WO47ZWndiyHaQS9QdY+BUWBhBiZWfjb3DaDNByJMtH59yre+8JBaNKO863tbC4tLyyWlorr29sbm3bO7stxVOJSRNzxmUnRIowmpCmppqRjpAExSEj7XB4nfvteyIV5cmdHgnix6if0B7FSBspsA89gaSmiAUP0As5i9QoNl+WHgeeIFLAS+iMA7viVJ0J4DxxC1IBBRqB/eVFHKcxSTRmSKmu6wjtZ/kkzMi47KWKCISHqE+6hiYoJsrPJteM4ZFRItjj0rxEw4n6uyNDscq3NJUx0gM16+Xif1431b0LP6OJSDVJ8HRQL2VQc5hHAyMqCdZsZAjCkppdIR4gibA2AZZNCO7syfOkdVp1a9Wz21qlflXEUQL74ACcABecgzq4AQ3QBBg8gmfwCt6sJ+vFerc+pqULVtGzB/7A+vwBOTKbow==</latexit>

Impenetrable: +

)<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

Normal mode ansatz  

onset of convection 
exp. growth monotonic 
exp. growth oscillatory

s = µ+ i!, µ(Rac) = 0

<latexit sha1_base64="w1LOgPgAJBveSTeEY21NwnQastk=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoKCWRim4KRTcuq9gHNCFMppM6dCYJMxOhhP6AG3/FjQtF3Lp35984abPQ1nO5cDjnXmbu8WNGpbKsb6OwsLi0vFJcLa2tb2xumds7bRklApMWjlgkuj6ShNGQtBRVjHRjQRD3Gen4w6vM7zwQIWkU3qlRTFyOBiENKEZKS555IGEdOjyBx5BCJ+JkgE6gkxVPKrfIw0d1C3pm2apaE8B5YuekDHI0PfPL6Uc44SRUmCEpe7YVKzdFQlHMyLjkJJLECA/RgPQ0DREn0k0n14zhoVb6MIiE7lDBifp7I0VcyhH39SRH6l7Oepn4n9dLVHDhpjSME0VCPH0oSBhUEcyigX0qCFZspAnCguq/QnyPBMJKB1jSIdizJ8+T9mnVrlXPbmrlxmUeRxHsgX1QATY4Bw1wDZqgBTB4BM/gFbwZT8aL8W58TEcLRr6zC/7A+PwBKUGYdw==</latexit>

Steady bif’n 
Hopf bif’n

<latexit sha1_base64="mq71L2HsxkBLtNeeOkFbjPDEvxg="></latexit>

v0 = ak?(z)e
(ik?·x?+st) + c.c.

ub = 0

Tb(z) = 1� z

pb(z) =
Ra

Pr

Z
Tb(z)dz

<latexit sha1_base64="Mwi7n+Rf/0DEJILfkb+TuEGmkFQ="></latexit>



Linear Stability Theory
)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

v = (u, p, T ), v = vb + v0, |v0| ⌧ 1

<latexit sha1_base64="S90NYlSfwb0NQ9jIublJ9if64Jw="></latexit>

@tu
0 = � 1

E
ẑ ⇥ u0 �rp0 +

Ra

Pr
T 0ẑ +r2u0

0 = r · u0

@tT
0 = �w0 +

1

Pr
r2T 0

<latexit sha1_base64="mEOnRriv+eneCICLaBrJM9Zohss="></latexit>

boundary conditions @ z=0,1

no-slip:                   stress-free: 

fixed temp:                     fixed-flux:  T 0 = 0

<latexit sha1_base64="qwPDjaw3qarg3bmnoBq7Sssm7Aw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbRU9mVFr0IRS8eK/QL2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+G7mt5+o0kyKhpnE1I/wULCQEWys1Gqc3yAX9Yslt+zOgVaJl5ESZKj3i1+9gSRJRIUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSgSOq/XR+7RSdWWWAQqlsCYPm6u+JFEdaT6LAdkbYjPSyNxP/87qJCa/9lIk4MVSQxaIw4chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLAheMsvr5LWZdmrlKsPlVLtNosjDydwChfgwRXU4B7q0AQCj/AMr/DmSOfFeXc+Fq05J5s5hj9wPn8Ar56N5g==</latexit>

@zT
0 = 0

<latexit sha1_base64="kCzK3JDjWpwYbPSbU1eJRV+HppA=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbRVUmkohuh6MZlhb6gDWEynbRDJw9mJkqN/RQ3LhRx65e482+ctFlo64ELh3Punbn3eDFnUlnWt1FYWV1b3yhulra2d3b3zPJ+W0aJILRFIh6Jrocl5SykLcUUp91YUBx4nHa88U3md+6pkCwKm2oSUyfAw5D5jGClJdcs92MsFMPcfUTNkytkIdesWFVrBrRM7JxUIEfDNb/6g4gkAQ0V4VjKnm3FykmzZwmn01I/kTTGZIyHtKdpiAMqnXS2+hQda2WA/EjoChWaqb8nUhxIOQk83RlgNZKLXib+5/US5V86KQvjRNGQzD/yE45UhLIc0IAJShSfaIKJYHpXREZYYKJ0WiUdgr148jJpn1XtWvX8rlapX+dxFOEQjuAUbLiAOtxCA1pA4AGe4RXejCfjxXg3PuatBSOfOYA/MD5/AGLHksc=</latexit>

w0 = u0 · ẑ = 0

<latexit sha1_base64="I0AzCrc+i85qUgYlPlaOa8rUPRg=">AAACDXicbVC7TsMwFHV4lvIqMLJYFFSmKkFFsCBVsDAWiT6kJqocx2mtOnFk34BK1B9g4VdYGECIlZ2Nv8F9DNByJMtH59yre+/xE8E12Pa3tbC4tLyymlvLr29sbm0XdnYbWqaKsjqVQqqWTzQTPGZ14CBYK1GMRL5gTb9/NfKbd0xpLuNbGCTMi0g35iGnBIzUKRzel/AFdn0pAj2IzJelJZcGErDbI4Afhsa1O4WiXbbHwPPEmZIimqLWKXy5gaRpxGKggmjdduwEvIwo4FSwYd5NNUsI7ZMuaxsak4hpLxtfM8RHRglwKJV5MeCx+rsjI5Ee7WoqIwI9PeuNxP+8dgrhuZfxOEmBxXQyKEwFBolH0eCAK0ZBDAwhVHGzK6Y9oggFE2DehODMnjxPGidlp1I+vakUq5fTOHJoHx2gY+SgM1RF16iG6oiiR/SMXtGb9WS9WO/Wx6R0wZr27KE/sD5/ADeCmmM=</latexit>

u0
? = 0

<latexit sha1_base64="F8oJlJ7YYaHcHY1lwXnXxiLGda0=">AAACAnicbVDLSgMxFM3UV62vUVfiJlhEV2VGKroRim5cVrAP6AxDJpO2oZlkSDJCGYobf8WNC0Xc+hXu/Bsz7Sy09UDI4Zx7ufeeMGFUacf5tkpLyyura+X1ysbm1vaOvbvXViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0glHN7nfeSBSUcHv9TghfowGnPYpRtpIgX3ghYJFahybL0tPAi8hMoFX0JkEdtWpOVPAReIWpAoKNAP7y4sETmPCNWZIqZ7rJNrPkNQUMzKpeKkiCcIjNCA9QzmKifKz6QkTeGyUCPaFNI9rOFV/d2QoVvmWpjJGeqjmvVz8z+ulun/pZ5QnqSYczwb1Uwa1gHkeMKKSYM3GhiAsqdkV4iGSCGuTWsWE4M6fvEjaZzW3Xju/q1cb10UcZXAIjsApcMEFaIBb0AQtgMEjeAav4M16sl6sd+tjVlqyip598AfW5w+qH5bz</latexit>

@zu
0
? = 0

<latexit sha1_base64="iWsPRIWu/qHpwaSGCzaSiVarIpI=">AAACDXicbVC7TsMwFHV4lvIKMLJYFARTlaAiWJAqWBiLRB9SE0WO47ZWndiyHaQS9QdY+BUWBhBiZWfjb3DaDNByJMtH59yre+8JBaNKO863tbC4tLyyWlorr29sbm3bO7stxVOJSRNzxmUnRIowmpCmppqRjpAExSEj7XB4nfvteyIV5cmdHgnix6if0B7FSBspsA89gaSmiAUP0As5i9QoNl+WHgeeIFLAS+iMA7viVJ0J4DxxC1IBBRqB/eVFHKcxSTRmSKmu6wjtZ/kkzMi47KWKCISHqE+6hiYoJsrPJteM4ZFRItjj0rxEw4n6uyNDscq3NJUx0gM16+Xif1431b0LP6OJSDVJ8HRQL2VQc5hHAyMqCdZsZAjCkppdIR4gibA2AZZNCO7syfOkdVp1a9Wz21qlflXEUQL74ACcABecgzq4AQ3QBBg8gmfwCt6sJ+vFerc+pqULVtGzB/7A+vwBOTKbow==</latexit>

Impenetrable: +

)<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

Normal mode ansatz  

onset of convection 
exp. growth monotonic 
exp. growth oscillatory

s = µ+ i!, µ(Rac) = 0

<latexit sha1_base64="w1LOgPgAJBveSTeEY21NwnQastk=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoKCWRim4KRTcuq9gHNCFMppM6dCYJMxOhhP6AG3/FjQtF3Lp35984abPQ1nO5cDjnXmbu8WNGpbKsb6OwsLi0vFJcLa2tb2xumds7bRklApMWjlgkuj6ShNGQtBRVjHRjQRD3Gen4w6vM7zwQIWkU3qlRTFyOBiENKEZKS555IGEdOjyBx5BCJ+JkgE6gkxVPKrfIw0d1C3pm2apaE8B5YuekDHI0PfPL6Uc44SRUmCEpe7YVKzdFQlHMyLjkJJLECA/RgPQ0DREn0k0n14zhoVb6MIiE7lDBifp7I0VcyhH39SRH6l7Oepn4n9dLVHDhpjSME0VCPH0oSBhUEcyigX0qCFZspAnCguq/QnyPBMJKB1jSIdizJ8+T9mnVrlXPbmrlxmUeRxHsgX1QATY4Bw1wDZqgBTB4BM/gFbwZT8aL8W58TEcLRr6zC/7A+PwBKUGYdw==</latexit>

Steady bif’n 
Hopf bif’n

sMak? = L(@z;k?)ak?

<latexit sha1_base64="hYMggVPig2aE6CjctIqv1kxMsTs="></latexit>

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

M =

0

BBBB@

1
1

1
0

1

1

CCCCA
, L =

0

BBBB@

@zz � k2? E�1 ikx
�E�1 @zz � k2? iky

@zz � k2? @z Ra/Pr
ikx iky @z

�1 Pr�1(@zz � k2?)

1

CCCCA

<latexit sha1_base64="bZZWLwCmWo2rRI6JnClMpnnH1Ac="></latexit>

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

<latexit sha1_base64="mq71L2HsxkBLtNeeOkFbjPDEvxg="></latexit>

v0 = ak?(z)e
(ik?·x?+st) + c.c.

ub = 0

Tb(z) = 1� z

pb(z) =
Ra

Pr

Z
Tb(z)dz

<latexit sha1_base64="Mwi7n+Rf/0DEJILfkb+TuEGmkFQ="></latexit>



Linear Stability Theory

ub = 0

Tb(z) = 1� z

pb(z) =
Ra

Pr

Z
Tb(z)dz

<latexit sha1_base64="Mwi7n+Rf/0DEJILfkb+TuEGmkFQ="></latexit>

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

v = (u, p, T ), v = vb + v0, |v0| ⌧ 1

<latexit sha1_base64="S90NYlSfwb0NQ9jIublJ9if64Jw="></latexit>

@tu
0 = � 1

E
ẑ ⇥ u0 �rp0 +

Ra

Pr
T 0ẑ +r2u0

0 = r · u0

@tT
0 = �w0 +

1

Pr
r2T 0

<latexit sha1_base64="mEOnRriv+eneCICLaBrJM9Zohss="></latexit>

boundary conditions @ z=0,1

Impenetrable: 

no-slip:                   stress-free: 

fixed temp:                     fixed-flux:  T 0 = 0

<latexit sha1_base64="qwPDjaw3qarg3bmnoBq7Sssm7Aw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbRU9mVFr0IRS8eK/QL2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+G7mt5+o0kyKhpnE1I/wULCQEWys1Gqc3yAX9Yslt+zOgVaJl5ESZKj3i1+9gSRJRIUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSgSOq/XR+7RSdWWWAQqlsCYPm6u+JFEdaT6LAdkbYjPSyNxP/87qJCa/9lIk4MVSQxaIw4chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLAheMsvr5LWZdmrlKsPlVLtNosjDydwChfgwRXU4B7q0AQCj/AMr/DmSOfFeXc+Fq05J5s5hj9wPn8Ar56N5g==</latexit>

@zT
0 = 0

<latexit sha1_base64="kCzK3JDjWpwYbPSbU1eJRV+HppA=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbRVUmkohuh6MZlhb6gDWEynbRDJw9mJkqN/RQ3LhRx65e482+ctFlo64ELh3Punbn3eDFnUlnWt1FYWV1b3yhulra2d3b3zPJ+W0aJILRFIh6Jrocl5SykLcUUp91YUBx4nHa88U3md+6pkCwKm2oSUyfAw5D5jGClJdcs92MsFMPcfUTNkytkIdesWFVrBrRM7JxUIEfDNb/6g4gkAQ0V4VjKnm3FykmzZwmn01I/kTTGZIyHtKdpiAMqnXS2+hQda2WA/EjoChWaqb8nUhxIOQk83RlgNZKLXib+5/US5V86KQvjRNGQzD/yE45UhLIc0IAJShSfaIKJYHpXREZYYKJ0WiUdgr148jJpn1XtWvX8rlapX+dxFOEQjuAUbLiAOtxCA1pA4AGe4RXejCfjxXg3PuatBSOfOYA/MD5/AGLHksc=</latexit>

w0 = u0 · ẑ = 0

<latexit sha1_base64="I0AzCrc+i85qUgYlPlaOa8rUPRg=">AAACDXicbVC7TsMwFHV4lvIqMLJYFFSmKkFFsCBVsDAWiT6kJqocx2mtOnFk34BK1B9g4VdYGECIlZ2Nv8F9DNByJMtH59yre+/xE8E12Pa3tbC4tLyymlvLr29sbm0XdnYbWqaKsjqVQqqWTzQTPGZ14CBYK1GMRL5gTb9/NfKbd0xpLuNbGCTMi0g35iGnBIzUKRzel/AFdn0pAj2IzJelJZcGErDbI4Afhsa1O4WiXbbHwPPEmZIimqLWKXy5gaRpxGKggmjdduwEvIwo4FSwYd5NNUsI7ZMuaxsak4hpLxtfM8RHRglwKJV5MeCx+rsjI5Ee7WoqIwI9PeuNxP+8dgrhuZfxOEmBxXQyKEwFBolH0eCAK0ZBDAwhVHGzK6Y9oggFE2DehODMnjxPGidlp1I+vakUq5fTOHJoHx2gY+SgM1RF16iG6oiiR/SMXtGb9WS9WO/Wx6R0wZr27KE/sD5/ADeCmmM=</latexit>

u0
? = 0

<latexit sha1_base64="F8oJlJ7YYaHcHY1lwXnXxiLGda0=">AAACAnicbVDLSgMxFM3UV62vUVfiJlhEV2VGKroRim5cVrAP6AxDJpO2oZlkSDJCGYobf8WNC0Xc+hXu/Bsz7Sy09UDI4Zx7ufeeMGFUacf5tkpLyyura+X1ysbm1vaOvbvXViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0glHN7nfeSBSUcHv9TghfowGnPYpRtpIgX3ghYJFahybL0tPAi8hMoFX0JkEdtWpOVPAReIWpAoKNAP7y4sETmPCNWZIqZ7rJNrPkNQUMzKpeKkiCcIjNCA9QzmKifKz6QkTeGyUCPaFNI9rOFV/d2QoVvmWpjJGeqjmvVz8z+ulun/pZ5QnqSYczwb1Uwa1gHkeMKKSYM3GhiAsqdkV4iGSCGuTWsWE4M6fvEjaZzW3Xju/q1cb10UcZXAIjsApcMEFaIBb0AQtgMEjeAav4M16sl6sd+tjVlqyip598AfW5w+qH5bz</latexit>

@zu
0
? = 0

<latexit sha1_base64="iWsPRIWu/qHpwaSGCzaSiVarIpI=">AAACDXicbVC7TsMwFHV4lvIKMLJYFARTlaAiWJAqWBiLRB9SE0WO47ZWndiyHaQS9QdY+BUWBhBiZWfjb3DaDNByJMtH59yre+8JBaNKO863tbC4tLyyWlorr29sbm3bO7stxVOJSRNzxmUnRIowmpCmppqRjpAExSEj7XB4nfvteyIV5cmdHgnix6if0B7FSBspsA89gaSmiAUP0As5i9QoNl+WHgeeIFLAS+iMA7viVJ0J4DxxC1IBBRqB/eVFHKcxSTRmSKmu6wjtZ/kkzMi47KWKCISHqE+6hiYoJsrPJteM4ZFRItjj0rxEw4n6uyNDscq3NJUx0gM16+Xif1431b0LP6OJSDVJ8HRQL2VQc5hHAyMqCdZsZAjCkppdIR4gibA2AZZNCO7syfOkdVp1a9Wz21qlflXEUQL74ACcABecgzq4AQ3QBBg8gmfwCt6sJ+vFerc+pqULVtGzB/7A+vwBOTKbow==</latexit>

+

)<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

Normal mode ansatz  

onset of convection 
exp. growth monotonic 
exp. growth oscillatory

s = µ+ i!, µ(Rac) = 0

<latexit sha1_base64="w1LOgPgAJBveSTeEY21NwnQastk=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoKCWRim4KRTcuq9gHNCFMppM6dCYJMxOhhP6AG3/FjQtF3Lp35984abPQ1nO5cDjnXmbu8WNGpbKsb6OwsLi0vFJcLa2tb2xumds7bRklApMWjlgkuj6ShNGQtBRVjHRjQRD3Gen4w6vM7zwQIWkU3qlRTFyOBiENKEZKS555IGEdOjyBx5BCJ+JkgE6gkxVPKrfIw0d1C3pm2apaE8B5YuekDHI0PfPL6Uc44SRUmCEpe7YVKzdFQlHMyLjkJJLECA/RgPQ0DREn0k0n14zhoVb6MIiE7lDBifp7I0VcyhH39SRH6l7Oepn4n9dLVHDhpjSME0VCPH0oSBhUEcyigX0qCFZspAnCguq/QnyPBMJKB1jSIdizJ8+T9mnVrlXPbmrlxmUeRxHsgX1QATY4Bw1wDZqgBTB4BM/gFbwZT8aL8W58TEcLRr6zC/7A+PwBKUGYdw==</latexit>

Steady bif’n 
Hopf bif’n

ub = 0

Tb(z) = 1� z

pb(z) =
Ra

Pr

Z
Tb(z)dz

<latexit sha1_base64="Mwi7n+Rf/0DEJILfkb+TuEGmkFQ="></latexit>

sMak? = L(@z;k?)ak?

<latexit sha1_base64="hYMggVPig2aE6CjctIqv1kxMsTs="></latexit>

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

<latexit sha1_base64="mq71L2HsxkBLtNeeOkFbjPDEvxg="></latexit>

v0 = ak?(z)e
(ik?·x?+st) + c.c.

M =

0

BBBB@

1
1

1
0

1

1

CCCCA
, L =

0

BBBB@

@zz � k2? E�1 ikx
�E�1 @zz � k2? iky

@zz � k2? @z Ra/Pr
ikx iky @z

�1 Pr�1(@zz � k2?)

1

CCCCA

<latexit sha1_base64="bZZWLwCmWo2rRI6JnClMpnnH1Ac="></latexit>

M =

0

BBBB@

1
1

1
0

1

1

CCCCA
, L =

0

BBBB@

@zz � k2? E�1 ikx
�E�1 @zz � k2? iky

@zz � k2? @z Ra/Pr
ikx iky @z

�1 Pr�1(@zz � k2?)

1

CCCCA

<latexit sha1_base64="bZZWLwCmWo2rRI6JnClMpnnH1Ac="></latexit>



Linear Stability Theory
)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

v = (u, p, T ), v = vb + v0, |v0| ⌧ 1

<latexit sha1_base64="S90NYlSfwb0NQ9jIublJ9if64Jw="></latexit>

@tu
0 = � 1

E
ẑ ⇥ u0 �rp0 +

Ra

Pr
T 0ẑ +r2u0

0 = r · u0

@tT
0 = �w0 +

1

Pr
r2T 0

<latexit sha1_base64="mEOnRriv+eneCICLaBrJM9Zohss="></latexit>

boundary conditions @ z=0,1

no-slip:                   stress-free: 

fixed temp:                     fixed-flux:  T 0 = 0

<latexit sha1_base64="qwPDjaw3qarg3bmnoBq7Sssm7Aw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbRU9mVFr0IRS8eK/QL2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+G7mt5+o0kyKhpnE1I/wULCQEWys1Gqc3yAX9Yslt+zOgVaJl5ESZKj3i1+9gSRJRIUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSgSOq/XR+7RSdWWWAQqlsCYPm6u+JFEdaT6LAdkbYjPSyNxP/87qJCa/9lIk4MVSQxaIw4chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLAheMsvr5LWZdmrlKsPlVLtNosjDydwChfgwRXU4B7q0AQCj/AMr/DmSOfFeXc+Fq05J5s5hj9wPn8Ar56N5g==</latexit>

@zT
0 = 0

<latexit sha1_base64="kCzK3JDjWpwYbPSbU1eJRV+HppA=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbRVUmkohuh6MZlhb6gDWEynbRDJw9mJkqN/RQ3LhRx65e482+ctFlo64ELh3Punbn3eDFnUlnWt1FYWV1b3yhulra2d3b3zPJ+W0aJILRFIh6Jrocl5SykLcUUp91YUBx4nHa88U3md+6pkCwKm2oSUyfAw5D5jGClJdcs92MsFMPcfUTNkytkIdesWFVrBrRM7JxUIEfDNb/6g4gkAQ0V4VjKnm3FykmzZwmn01I/kTTGZIyHtKdpiAMqnXS2+hQda2WA/EjoChWaqb8nUhxIOQk83RlgNZKLXib+5/US5V86KQvjRNGQzD/yE45UhLIc0IAJShSfaIKJYHpXREZYYKJ0WiUdgr148jJpn1XtWvX8rlapX+dxFOEQjuAUbLiAOtxCA1pA4AGe4RXejCfjxXg3PuatBSOfOYA/MD5/AGLHksc=</latexit>

w0 = u0 · ẑ = 0

<latexit sha1_base64="I0AzCrc+i85qUgYlPlaOa8rUPRg=">AAACDXicbVC7TsMwFHV4lvIqMLJYFFSmKkFFsCBVsDAWiT6kJqocx2mtOnFk34BK1B9g4VdYGECIlZ2Nv8F9DNByJMtH59yre+/xE8E12Pa3tbC4tLyymlvLr29sbm0XdnYbWqaKsjqVQqqWTzQTPGZ14CBYK1GMRL5gTb9/NfKbd0xpLuNbGCTMi0g35iGnBIzUKRzel/AFdn0pAj2IzJelJZcGErDbI4Afhsa1O4WiXbbHwPPEmZIimqLWKXy5gaRpxGKggmjdduwEvIwo4FSwYd5NNUsI7ZMuaxsak4hpLxtfM8RHRglwKJV5MeCx+rsjI5Ee7WoqIwI9PeuNxP+8dgrhuZfxOEmBxXQyKEwFBolH0eCAK0ZBDAwhVHGzK6Y9oggFE2DehODMnjxPGidlp1I+vakUq5fTOHJoHx2gY+SgM1RF16iG6oiiR/SMXtGb9WS9WO/Wx6R0wZr27KE/sD5/ADeCmmM=</latexit>

u0
? = 0

<latexit sha1_base64="F8oJlJ7YYaHcHY1lwXnXxiLGda0=">AAACAnicbVDLSgMxFM3UV62vUVfiJlhEV2VGKroRim5cVrAP6AxDJpO2oZlkSDJCGYobf8WNC0Xc+hXu/Bsz7Sy09UDI4Zx7ufeeMGFUacf5tkpLyyura+X1ysbm1vaOvbvXViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0glHN7nfeSBSUcHv9TghfowGnPYpRtpIgX3ghYJFahybL0tPAi8hMoFX0JkEdtWpOVPAReIWpAoKNAP7y4sETmPCNWZIqZ7rJNrPkNQUMzKpeKkiCcIjNCA9QzmKifKz6QkTeGyUCPaFNI9rOFV/d2QoVvmWpjJGeqjmvVz8z+ulun/pZ5QnqSYczwb1Uwa1gHkeMKKSYM3GhiAsqdkV4iGSCGuTWsWE4M6fvEjaZzW3Xju/q1cb10UcZXAIjsApcMEFaIBb0AQtgMEjeAav4M16sl6sd+tjVlqyip598AfW5w+qH5bz</latexit>

@zu
0
? = 0

<latexit sha1_base64="iWsPRIWu/qHpwaSGCzaSiVarIpI=">AAACDXicbVC7TsMwFHV4lvIKMLJYFARTlaAiWJAqWBiLRB9SE0WO47ZWndiyHaQS9QdY+BUWBhBiZWfjb3DaDNByJMtH59yre+8JBaNKO863tbC4tLyyWlorr29sbm3bO7stxVOJSRNzxmUnRIowmpCmppqRjpAExSEj7XB4nfvteyIV5cmdHgnix6if0B7FSBspsA89gaSmiAUP0As5i9QoNl+WHgeeIFLAS+iMA7viVJ0J4DxxC1IBBRqB/eVFHKcxSTRmSKmu6wjtZ/kkzMi47KWKCISHqE+6hiYoJsrPJteM4ZFRItjj0rxEw4n6uyNDscq3NJUx0gM16+Xif1431b0LP6OJSDVJ8HRQL2VQc5hHAyMqCdZsZAjCkppdIR4gibA2AZZNCO7syfOkdVp1a9Wz21qlflXEUQL74ACcABecgzq4AQ3QBBg8gmfwCt6sJ+vFerc+pqULVtGzB/7A+vwBOTKbow==</latexit>

Impenetrable: +

)<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

Normal mode ansatz  

onset of convection 
exp. growth monotonic 
exp. growth oscillatory

s = µ+ i!, µ(Rac) = 0

<latexit sha1_base64="w1LOgPgAJBveSTeEY21NwnQastk=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoKCWRim4KRTcuq9gHNCFMppM6dCYJMxOhhP6AG3/FjQtF3Lp35984abPQ1nO5cDjnXmbu8WNGpbKsb6OwsLi0vFJcLa2tb2xumds7bRklApMWjlgkuj6ShNGQtBRVjHRjQRD3Gen4w6vM7zwQIWkU3qlRTFyOBiENKEZKS555IGEdOjyBx5BCJ+JkgE6gkxVPKrfIw0d1C3pm2apaE8B5YuekDHI0PfPL6Uc44SRUmCEpe7YVKzdFQlHMyLjkJJLECA/RgPQ0DREn0k0n14zhoVb6MIiE7lDBifp7I0VcyhH39SRH6l7Oepn4n9dLVHDhpjSME0VCPH0oSBhUEcyigX0qCFZspAnCguq/QnyPBMJKB1jSIdizJ8+T9mnVrlXPbmrlxmUeRxHsgX1QATY4Bw1wDZqgBTB4BM/gFbwZT8aL8W58TEcLRr6zC/7A+PwBKUGYdw==</latexit>

Steady bif’n 
Hopf bif’n

sMak? = L(@z;k?)ak?

<latexit sha1_base64="hYMggVPig2aE6CjctIqv1kxMsTs="></latexit>

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

M =

0

BBBB@

1
1

1
0

1

1

CCCCA
, L =

0

BBBB@

@zz � k2? E�1 ikx
�E�1 @zz � k2? iky

@zz � k2? @z Ra/Pr
ikx iky @z

�1 Pr�1(@zz � k2?)

1

CCCCA

<latexit sha1_base64="bZZWLwCmWo2rRI6JnClMpnnH1Ac="></latexit>

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

<latexit sha1_base64="mq71L2HsxkBLtNeeOkFbjPDEvxg="></latexit>

v0 = ak?(z)e
(ik?·x?+st) + c.c.

ub = 0

Tb(z) = 1� z

pb(z) =
Ra

Pr

Z
Tb(z)dz

<latexit sha1_base64="Mwi7n+Rf/0DEJILfkb+TuEGmkFQ="></latexit>



Linear Stability Theory
)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

v = (u, p, T ), v = vb + v0, |v0| ⌧ 1

<latexit sha1_base64="S90NYlSfwb0NQ9jIublJ9if64Jw="></latexit>

@tu
0 = � 1

E
ẑ ⇥ u0 �rp0 +

Ra

Pr
T 0ẑ +r2u0

0 = r · u0

@tT
0 = �w0 +

1

Pr
r2T 0

<latexit sha1_base64="mEOnRriv+eneCICLaBrJM9Zohss="></latexit>

boundary conditions @ z=0,1

Impenetrable: 

no-slip:                   stress-free: 

fixed temp:                     fixed-flux:  T 0 = 0

<latexit sha1_base64="qwPDjaw3qarg3bmnoBq7Sssm7Aw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbRU9mVFr0IRS8eK/QL2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+G7mt5+o0kyKhpnE1I/wULCQEWys1Gqc3yAX9Yslt+zOgVaJl5ESZKj3i1+9gSRJRIUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSgSOq/XR+7RSdWWWAQqlsCYPm6u+JFEdaT6LAdkbYjPSyNxP/87qJCa/9lIk4MVSQxaIw4chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLAheMsvr5LWZdmrlKsPlVLtNosjDydwChfgwRXU4B7q0AQCj/AMr/DmSOfFeXc+Fq05J5s5hj9wPn8Ar56N5g==</latexit>

@zT
0 = 0

<latexit sha1_base64="kCzK3JDjWpwYbPSbU1eJRV+HppA=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbRVUmkohuh6MZlhb6gDWEynbRDJw9mJkqN/RQ3LhRx65e482+ctFlo64ELh3Punbn3eDFnUlnWt1FYWV1b3yhulra2d3b3zPJ+W0aJILRFIh6Jrocl5SykLcUUp91YUBx4nHa88U3md+6pkCwKm2oSUyfAw5D5jGClJdcs92MsFMPcfUTNkytkIdesWFVrBrRM7JxUIEfDNb/6g4gkAQ0V4VjKnm3FykmzZwmn01I/kTTGZIyHtKdpiAMqnXS2+hQda2WA/EjoChWaqb8nUhxIOQk83RlgNZKLXib+5/US5V86KQvjRNGQzD/yE45UhLIc0IAJShSfaIKJYHpXREZYYKJ0WiUdgr148jJpn1XtWvX8rlapX+dxFOEQjuAUbLiAOtxCA1pA4AGe4RXejCfjxXg3PuatBSOfOYA/MD5/AGLHksc=</latexit>

w0 = u0 · ẑ = 0

<latexit sha1_base64="I0AzCrc+i85qUgYlPlaOa8rUPRg=">AAACDXicbVC7TsMwFHV4lvIqMLJYFFSmKkFFsCBVsDAWiT6kJqocx2mtOnFk34BK1B9g4VdYGECIlZ2Nv8F9DNByJMtH59yre+/xE8E12Pa3tbC4tLyymlvLr29sbm0XdnYbWqaKsjqVQqqWTzQTPGZ14CBYK1GMRL5gTb9/NfKbd0xpLuNbGCTMi0g35iGnBIzUKRzel/AFdn0pAj2IzJelJZcGErDbI4Afhsa1O4WiXbbHwPPEmZIimqLWKXy5gaRpxGKggmjdduwEvIwo4FSwYd5NNUsI7ZMuaxsak4hpLxtfM8RHRglwKJV5MeCx+rsjI5Ee7WoqIwI9PeuNxP+8dgrhuZfxOEmBxXQyKEwFBolH0eCAK0ZBDAwhVHGzK6Y9oggFE2DehODMnjxPGidlp1I+vakUq5fTOHJoHx2gY+SgM1RF16iG6oiiR/SMXtGb9WS9WO/Wx6R0wZr27KE/sD5/ADeCmmM=</latexit>

u0
? = 0

<latexit sha1_base64="F8oJlJ7YYaHcHY1lwXnXxiLGda0=">AAACAnicbVDLSgMxFM3UV62vUVfiJlhEV2VGKroRim5cVrAP6AxDJpO2oZlkSDJCGYobf8WNC0Xc+hXu/Bsz7Sy09UDI4Zx7ufeeMGFUacf5tkpLyyura+X1ysbm1vaOvbvXViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0glHN7nfeSBSUcHv9TghfowGnPYpRtpIgX3ghYJFahybL0tPAi8hMoFX0JkEdtWpOVPAReIWpAoKNAP7y4sETmPCNWZIqZ7rJNrPkNQUMzKpeKkiCcIjNCA9QzmKifKz6QkTeGyUCPaFNI9rOFV/d2QoVvmWpjJGeqjmvVz8z+ulun/pZ5QnqSYczwb1Uwa1gHkeMKKSYM3GhiAsqdkV4iGSCGuTWsWE4M6fvEjaZzW3Xju/q1cb10UcZXAIjsApcMEFaIBb0AQtgMEjeAav4M16sl6sd+tjVlqyip598AfW5w+qH5bz</latexit>

@zu
0
? = 0

<latexit sha1_base64="iWsPRIWu/qHpwaSGCzaSiVarIpI=">AAACDXicbVC7TsMwFHV4lvIKMLJYFARTlaAiWJAqWBiLRB9SE0WO47ZWndiyHaQS9QdY+BUWBhBiZWfjb3DaDNByJMtH59yre+8JBaNKO863tbC4tLyyWlorr29sbm3bO7stxVOJSRNzxmUnRIowmpCmppqRjpAExSEj7XB4nfvteyIV5cmdHgnix6if0B7FSBspsA89gaSmiAUP0As5i9QoNl+WHgeeIFLAS+iMA7viVJ0J4DxxC1IBBRqB/eVFHKcxSTRmSKmu6wjtZ/kkzMi47KWKCISHqE+6hiYoJsrPJteM4ZFRItjj0rxEw4n6uyNDscq3NJUx0gM16+Xif1431b0LP6OJSDVJ8HRQL2VQc5hHAyMqCdZsZAjCkppdIR4gibA2AZZNCO7syfOkdVp1a9Wz21qlflXEUQL74ACcABecgzq4AQ3QBBg8gmfwCt6sJ+vFerc+pqULVtGzB/7A+vwBOTKbow==</latexit>

+

)<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

Normal mode ansatz  

onset of convection 
exp. growth monotonic 
exp. growth oscillatory

s = µ+ i!, µ(Rac) = 0

<latexit sha1_base64="w1LOgPgAJBveSTeEY21NwnQastk=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoKCWRim4KRTcuq9gHNCFMppM6dCYJMxOhhP6AG3/FjQtF3Lp35984abPQ1nO5cDjnXmbu8WNGpbKsb6OwsLi0vFJcLa2tb2xumds7bRklApMWjlgkuj6ShNGQtBRVjHRjQRD3Gen4w6vM7zwQIWkU3qlRTFyOBiENKEZKS555IGEdOjyBx5BCJ+JkgE6gkxVPKrfIw0d1C3pm2apaE8B5YuekDHI0PfPL6Uc44SRUmCEpe7YVKzdFQlHMyLjkJJLECA/RgPQ0DREn0k0n14zhoVb6MIiE7lDBifp7I0VcyhH39SRH6l7Oepn4n9dLVHDhpjSME0VCPH0oSBhUEcyigX0qCFZspAnCguq/QnyPBMJKB1jSIdizJ8+T9mnVrlXPbmrlxmUeRxHsgX1QATY4Bw1wDZqgBTB4BM/gFbwZT8aL8W58TEcLRr6zC/7A+PwBKUGYdw==</latexit>

Steady bif’n 
Hopf bif’n

sMak? = L(@z;k?)ak?

<latexit sha1_base64="hYMggVPig2aE6CjctIqv1kxMsTs="></latexit>

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

M =

0

BBBB@

1
1

1
0

1

1

CCCCA
, L =

0

BBBB@

@zz � k2? E�1 ikx
�E�1 @zz � k2? iky

@zz � k2? @z Ra/Pr
ikx iky @z

�1 Pr�1(@zz � k2?)

1

CCCCA

<latexit sha1_base64="bZZWLwCmWo2rRI6JnClMpnnH1Ac="></latexit>

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

<latexit sha1_base64="mq71L2HsxkBLtNeeOkFbjPDEvxg="></latexit>

v0 = ak?(z)e
(ik?·x?+st) + c.c.

ub = 0

Tb(z) = 1� z

pb(z) =
Ra

Pr

Z
Tb(z)dz

<latexit sha1_base64="Mwi7n+Rf/0DEJILfkb+TuEGmkFQ="></latexit>



Rac =
27

4
⇡4 = 657.511

<latexit sha1_base64="TEDf/ERI0ecSIYuYYJ7KCwZ4Zo0=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZKSWjeFohuXVewD2lom00k7dDIJMxOhhKzd+CtuXCji1i9w5984abPQ1gMXDufcy733uCGjUlnWt5FbWV1b38hvFra2d3b3zP2DlgwigUkTBywQHRdJwignTUUVI51QEOS7jLTdyVXqtx+IkDTgd2oakr6PRpx6FCOlpYF5fIsGuNbzBMJxuZrETgJ7Ib13YO28Ui1VbLswMItWyZoBLhM7I0WQoTEwv3rDAEc+4QozJGXXtkLVj5FQFDOSFHqRJCHCEzQiXU058onsx7NXEniqlSH0AqGLKzhTf0/EyJdy6ru600dqLBe9VPzP60bKu+jHlIeRIhzPF3kRgyqAaS5wSAXBik01QVhQfSvEY6RjUTq9NAR78eVl0iqXbKdUuXGK9cssjjw4AifgDNigCurgGjRAE2DwCJ7BK3gznowX4934mLfmjGzmEPyB8fkDDM6X6Q==</latexit>

kc =
⇡p
2
= 2.22

<latexit sha1_base64="mqlOrVXNxt7npbWHysuFn7aLDkY=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuQhIquikU3bisYB/QhDCZTtqhk0mcmQglZOvGX3HjQhG3/oE7/8ZJ24W2HrhwOOde7r0nTBmVyra/jZXVtfWNzcpWdXtnd2/fPDjsyCQTmLRxwhLRC5EkjHLSVlQx0ksFQXHISDccX5d+94EISRN+pyYp8WM05DSiGCktBSYcB7jhRQLh3EtpkXvyXqjcLQrYgK7lutXArNmWPQVcJs6c1MAcrcD88gYJzmLCFWZIyr5jp8rPkVAUM1JUvUySFOExGpK+phzFRPr59JMCnmplAKNE6OIKTtXfEzmKpZzEoe6MkRrJRa8U//P6mYou/ZzyNFOE49miKGNQJbCMBQ6oIFixiSYIC6pvhXiEdCxKh1eG4Cy+vEw6ruXUrfPbeq15NY+jAo7BCTgDDrgATXADWqANMHgEz+AVvBlPxovxbnzMWleM+cwR+APj8wfJ0ZkV</latexit>

µ(Rac) = 0,! = 0

<latexit sha1_base64="5AVOA/tu+7AQjk8+8a66k2jNlA8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJpKKbQtGNyyr2AU0Ik+mkHTqTCTMTocQu/BU3LhRx62+4829M2iy09cCFwzn3cu89fsSo0pb1bRSWlldW14rrpY3Nre0dc3evrUQsMWlhwYTs+kgRRkPS0lQz0o0kQdxnpOOPrjO/80CkoiK81+OIuBwNQhpQjHQqeeaBw+PKHfLwSd06hY7gZIDqVskzy1bVmgIuEjsnZZCj6ZlfTl/gmJNQY4aU6tlWpN0ESU0xI5OSEysSITxCA9JLaYg4UW4yvX8Cj1OlDwMh0wo1nKq/JxLElRpzP+3kSA/VvJeJ/3m9WAeXbkLDKNYkxLNFQcygFjALA/apJFizcUoQljS9FeIhkgjrNLIsBHv+5UXSPqvater5ba3cuMrjKIJDcAQqwAYXoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz/+PJQo</latexit>

Convection 

Conduction 

Stress-Free, Fixed Temperature 
Ragafd = O(1020)

<latexit sha1_base64="7g08OrMahBRKd7qbboSq3ZGWgTQ=">AAACE3icbVC7SgNBFJ31GeMramkzGIRoEXZDRBshaGNnFPOAJC53Z2eTIbMPZmaFMOw/2PgrNhaK2NrY+TfuJik08cDAmXPu5d57nIgzqUzz21hYXFpeWc2t5dc3Nre2Czu7TRnGgtAGCXko2g5IyllAG4opTtuRoOA7nLac4WXmtx6okCwM7tQooj0f+gHzGAGVSnbh+BZs3fVBDYSv++C5SYLPx38CXF8nJcu81xUzOcJ5u1A0y+YYeJ5YU1JEU9TtwlfXDUns00ARDlJ2LDNSPQ1CMcJpku/GkkZAhtCnnZQG4FPZ0+ObEnyYKi72QpG+QOGx+rtDgy/lyHfSymxbOetl4n9eJ1beWU+zIIoVDchkkBdzrEKcBYRdJihRfJQSIIKlu2IyAAFEpTFmIVizJ8+TZqVsVcsnN9Vi7WIaRw7towNUQhY6RTV0heqogQh6RM/oFb0ZT8aL8W58TEoXjGnPHvoD4/MHgtKdPg==</latexit>

Stress-Free, Fixed Temperature: full analytic representation

)<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

Linear Stability Theory: Non-Rotating Convection

Rac,s =
(k2? + ⇡2)3

k2?

<latexit sha1_base64="HawvzqOk/+0BTCEOISG7QDUy6E0="></latexit>

Marginal Stability  

<latexit sha1_base64="clu6N9mnyalooFnOm6OLemla8kw="></latexit>

ak?(z) / {sinn⇡z, cosn⇡z}



Rac =
27

4
⇡4 = 657.511

<latexit sha1_base64="TEDf/ERI0ecSIYuYYJ7KCwZ4Zo0=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZKSWjeFohuXVewD2lom00k7dDIJMxOhhKzd+CtuXCji1i9w5984abPQ1gMXDufcy733uCGjUlnWt5FbWV1b38hvFra2d3b3zP2DlgwigUkTBywQHRdJwignTUUVI51QEOS7jLTdyVXqtx+IkDTgd2oakr6PRpx6FCOlpYF5fIsGuNbzBMJxuZrETgJ7Ib13YO28Ui1VbLswMItWyZoBLhM7I0WQoTEwv3rDAEc+4QozJGXXtkLVj5FQFDOSFHqRJCHCEzQiXU058onsx7NXEniqlSH0AqGLKzhTf0/EyJdy6ru600dqLBe9VPzP60bKu+jHlIeRIhzPF3kRgyqAaS5wSAXBik01QVhQfSvEY6RjUTq9NAR78eVl0iqXbKdUuXGK9cssjjw4AifgDNigCurgGjRAE2DwCJ7BK3gznowX4934mLfmjGzmEPyB8fkDDM6X6Q==</latexit>

kc =
⇡p
2
= 2.22

<latexit sha1_base64="mqlOrVXNxt7npbWHysuFn7aLDkY=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuQhIquikU3bisYB/QhDCZTtqhk0mcmQglZOvGX3HjQhG3/oE7/8ZJ24W2HrhwOOde7r0nTBmVyra/jZXVtfWNzcpWdXtnd2/fPDjsyCQTmLRxwhLRC5EkjHLSVlQx0ksFQXHISDccX5d+94EISRN+pyYp8WM05DSiGCktBSYcB7jhRQLh3EtpkXvyXqjcLQrYgK7lutXArNmWPQVcJs6c1MAcrcD88gYJzmLCFWZIyr5jp8rPkVAUM1JUvUySFOExGpK+phzFRPr59JMCnmplAKNE6OIKTtXfEzmKpZzEoe6MkRrJRa8U//P6mYou/ZzyNFOE49miKGNQJbCMBQ6oIFixiSYIC6pvhXiEdCxKh1eG4Cy+vEw6ruXUrfPbeq15NY+jAo7BCTgDDrgATXADWqANMHgEz+AVvBlPxovxbnzMWleM+cwR+APj8wfJ0ZkV</latexit>

µ(Rac) = 0,! = 0

<latexit sha1_base64="5AVOA/tu+7AQjk8+8a66k2jNlA8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJpKKbQtGNyyr2AU0Ik+mkHTqTCTMTocQu/BU3LhRx62+4829M2iy09cCFwzn3cu89fsSo0pb1bRSWlldW14rrpY3Nre0dc3evrUQsMWlhwYTs+kgRRkPS0lQz0o0kQdxnpOOPrjO/80CkoiK81+OIuBwNQhpQjHQqeeaBw+PKHfLwSd06hY7gZIDqVskzy1bVmgIuEjsnZZCj6ZlfTl/gmJNQY4aU6tlWpN0ESU0xI5OSEysSITxCA9JLaYg4UW4yvX8Cj1OlDwMh0wo1nKq/JxLElRpzP+3kSA/VvJeJ/3m9WAeXbkLDKNYkxLNFQcygFjALA/apJFizcUoQljS9FeIhkgjrNLIsBHv+5UXSPqvater5ba3cuMrjKIJDcAQqwAYXoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz/+PJQo</latexit>

Convection 

Conduction 

Stress-Free, Fixed Temperature 
Ragafd = O(1020)

<latexit sha1_base64="7g08OrMahBRKd7qbboSq3ZGWgTQ=">AAACE3icbVC7SgNBFJ31GeMramkzGIRoEXZDRBshaGNnFPOAJC53Z2eTIbMPZmaFMOw/2PgrNhaK2NrY+TfuJik08cDAmXPu5d57nIgzqUzz21hYXFpeWc2t5dc3Nre2Czu7TRnGgtAGCXko2g5IyllAG4opTtuRoOA7nLac4WXmtx6okCwM7tQooj0f+gHzGAGVSnbh+BZs3fVBDYSv++C5SYLPx38CXF8nJcu81xUzOcJ5u1A0y+YYeJ5YU1JEU9TtwlfXDUns00ARDlJ2LDNSPQ1CMcJpku/GkkZAhtCnnZQG4FPZ0+ObEnyYKi72QpG+QOGx+rtDgy/lyHfSymxbOetl4n9eJ1beWU+zIIoVDchkkBdzrEKcBYRdJihRfJQSIIKlu2IyAAFEpTFmIVizJ8+TZqVsVcsnN9Vi7WIaRw7towNUQhY6RTV0heqogQh6RM/oFb0ZT8aL8W58TEoXjGnPHvoD4/MHgtKdPg==</latexit>

Stress-Free, Fixed Temperature: full analytic representation

)<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

Linear Stability Theory: Non-Rotating Convection

Rac,s =
(k2? + ⇡2)3

k2?

<latexit sha1_base64="HawvzqOk/+0BTCEOISG7QDUy6E0="></latexit>

Marginal Stability  

<latexit sha1_base64="clu6N9mnyalooFnOm6OLemla8kw="></latexit>

ak?(z) / {sinn⇡z, cosn⇡z}



Rac =
27

4
⇡4 = 657.511

<latexit sha1_base64="TEDf/ERI0ecSIYuYYJ7KCwZ4Zo0=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZKSWjeFohuXVewD2lom00k7dDIJMxOhhKzd+CtuXCji1i9w5984abPQ1gMXDufcy733uCGjUlnWt5FbWV1b38hvFra2d3b3zP2DlgwigUkTBywQHRdJwignTUUVI51QEOS7jLTdyVXqtx+IkDTgd2oakr6PRpx6FCOlpYF5fIsGuNbzBMJxuZrETgJ7Ib13YO28Ui1VbLswMItWyZoBLhM7I0WQoTEwv3rDAEc+4QozJGXXtkLVj5FQFDOSFHqRJCHCEzQiXU058onsx7NXEniqlSH0AqGLKzhTf0/EyJdy6ru600dqLBe9VPzP60bKu+jHlIeRIhzPF3kRgyqAaS5wSAXBik01QVhQfSvEY6RjUTq9NAR78eVl0iqXbKdUuXGK9cssjjw4AifgDNigCurgGjRAE2DwCJ7BK3gznowX4934mLfmjGzmEPyB8fkDDM6X6Q==</latexit>

kc =
⇡p
2
= 2.22

<latexit sha1_base64="mqlOrVXNxt7npbWHysuFn7aLDkY=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuQhIquikU3bisYB/QhDCZTtqhk0mcmQglZOvGX3HjQhG3/oE7/8ZJ24W2HrhwOOde7r0nTBmVyra/jZXVtfWNzcpWdXtnd2/fPDjsyCQTmLRxwhLRC5EkjHLSVlQx0ksFQXHISDccX5d+94EISRN+pyYp8WM05DSiGCktBSYcB7jhRQLh3EtpkXvyXqjcLQrYgK7lutXArNmWPQVcJs6c1MAcrcD88gYJzmLCFWZIyr5jp8rPkVAUM1JUvUySFOExGpK+phzFRPr59JMCnmplAKNE6OIKTtXfEzmKpZzEoe6MkRrJRa8U//P6mYou/ZzyNFOE49miKGNQJbCMBQ6oIFixiSYIC6pvhXiEdCxKh1eG4Cy+vEw6ruXUrfPbeq15NY+jAo7BCTgDDrgATXADWqANMHgEz+AVvBlPxovxbnzMWleM+cwR+APj8wfJ0ZkV</latexit>

µ(Rac) = 0,! = 0

<latexit sha1_base64="5AVOA/tu+7AQjk8+8a66k2jNlA8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJpKKbQtGNyyr2AU0Ik+mkHTqTCTMTocQu/BU3LhRx62+4829M2iy09cCFwzn3cu89fsSo0pb1bRSWlldW14rrpY3Nre0dc3evrUQsMWlhwYTs+kgRRkPS0lQz0o0kQdxnpOOPrjO/80CkoiK81+OIuBwNQhpQjHQqeeaBw+PKHfLwSd06hY7gZIDqVskzy1bVmgIuEjsnZZCj6ZlfTl/gmJNQY4aU6tlWpN0ESU0xI5OSEysSITxCA9JLaYg4UW4yvX8Cj1OlDwMh0wo1nKq/JxLElRpzP+3kSA/VvJeJ/3m9WAeXbkLDKNYkxLNFQcygFjALA/apJFizcUoQljS9FeIhkgjrNLIsBHv+5UXSPqvater5ba3cuMrjKIJDcAQqwAYXoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz/+PJQo</latexit>

Convection 

Conduction 

Stress-Free, Fixed Temperature 
Ragafd = O(1020)

<latexit sha1_base64="7g08OrMahBRKd7qbboSq3ZGWgTQ=">AAACE3icbVC7SgNBFJ31GeMramkzGIRoEXZDRBshaGNnFPOAJC53Z2eTIbMPZmaFMOw/2PgrNhaK2NrY+TfuJik08cDAmXPu5d57nIgzqUzz21hYXFpeWc2t5dc3Nre2Czu7TRnGgtAGCXko2g5IyllAG4opTtuRoOA7nLac4WXmtx6okCwM7tQooj0f+gHzGAGVSnbh+BZs3fVBDYSv++C5SYLPx38CXF8nJcu81xUzOcJ5u1A0y+YYeJ5YU1JEU9TtwlfXDUns00ARDlJ2LDNSPQ1CMcJpku/GkkZAhtCnnZQG4FPZ0+ObEnyYKi72QpG+QOGx+rtDgy/lyHfSymxbOetl4n9eJ1beWU+zIIoVDchkkBdzrEKcBYRdJihRfJQSIIKlu2IyAAFEpTFmIVizJ8+TZqVsVcsnN9Vi7WIaRw7towNUQhY6RTV0heqogQh6RM/oFb0ZT8aL8W58TEoXjGnPHvoD4/MHgtKdPg==</latexit>

Stress-Free, Fixed Temperature: full analytic representation

)<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

Linear Stability Theory: Non-Rotating Convection

Rac,s =
(k2? + ⇡2)3

k2?

<latexit sha1_base64="HawvzqOk/+0BTCEOISG7QDUy6E0="></latexit>

Marginal Stability  

<latexit sha1_base64="clu6N9mnyalooFnOm6OLemla8kw="></latexit>

ak?(z) / {sinn⇡z, cosn⇡z}

<latexit sha1_base64="dQuY+mZKQR6COIuNFpal8N+MiKM=">AAACAHicbVA9T8MwEL2Ur1K+AgwMLBYVElOVIASMFSyMRaKlUhNFjuu0Vhwnsh1EFXXhr7AwgBArP4ONf4PbZoCWJ53u6b072ffCjDOlHefbqiwtr6yuVddrG5tb2zv27l5HpbkktE1SnspuiBXlTNC2ZprTbiYpTkJO78P4euLfP1CpWCru9CijfoIHgkWMYG2kwD6Ig0cPeSgORmjWvYzKDAV23Wk4U6BF4pakDiVagf3l9VOSJ1RowrFSPdfJtF9gqRnhdFzzckUzTGI8oD1DBU6o8ovpAWN0bJQ+ilJpSmg0VX9vFDhRapSEZjLBeqjmvYn4n9fLdXTpF0xkuaaCzB6Kco50iiZpoD6TlGg+MgQTycxfERliiYk2mdVMCO78yYukc9pwzxvu7Vm9eVXGUYVDOIITcOECmnADLWgDgTE8wyu8WU/Wi/VufcxGK1a5sw9/YH3+AKXclSk=</latexit>

kx ky k?

<latexit sha1_base64="dQuY+mZKQR6COIuNFpal8N+MiKM=">AAACAHicbVA9T8MwEL2Ur1K+AgwMLBYVElOVIASMFSyMRaKlUhNFjuu0Vhwnsh1EFXXhr7AwgBArP4ONf4PbZoCWJ53u6b072ffCjDOlHefbqiwtr6yuVddrG5tb2zv27l5HpbkktE1SnspuiBXlTNC2ZprTbiYpTkJO78P4euLfP1CpWCru9CijfoIHgkWMYG2kwD6Ig0cPeSgORmjWvYzKDAV23Wk4U6BF4pakDiVagf3l9VOSJ1RowrFSPdfJtF9gqRnhdFzzckUzTGI8oD1DBU6o8ovpAWN0bJQ+ilJpSmg0VX9vFDhRapSEZjLBeqjmvYn4n9fLdXTpF0xkuaaCzB6Kco50iiZpoD6TlGg+MgQTycxfERliiYk2mdVMCO78yYukc9pwzxvu7Vm9eVXGUYVDOIITcOECmnADLWgDgTE8wyu8WU/Wi/VufcxGK1a5sw9/YH3+AKXclSk=</latexit>

kx ky k?
<latexit sha1_base64="dQuY+mZKQR6COIuNFpal8N+MiKM=">AAACAHicbVA9T8MwEL2Ur1K+AgwMLBYVElOVIASMFSyMRaKlUhNFjuu0Vhwnsh1EFXXhr7AwgBArP4ONf4PbZoCWJ53u6b072ffCjDOlHefbqiwtr6yuVddrG5tb2zv27l5HpbkktE1SnspuiBXlTNC2ZprTbiYpTkJO78P4euLfP1CpWCru9CijfoIHgkWMYG2kwD6Ig0cPeSgORmjWvYzKDAV23Wk4U6BF4pakDiVagf3l9VOSJ1RowrFSPdfJtF9gqRnhdFzzckUzTGI8oD1DBU6o8ovpAWN0bJQ+ilJpSmg0VX9vFDhRapSEZjLBeqjmvYn4n9fLdXTpF0xkuaaCzB6Kco50iiZpoD6TlGg+MgQTycxfERliiYk2mdVMCO78yYukc9pwzxvu7Vm9eVXGUYVDOIITcOECmnADLWgDgTE8wyu8WU/Wi/VufcxGK1a5sw9/YH3+AKXclSk=</latexit>

kx ky k?

Unstable to all orientations: Rolls  



Rac =
27

4
⇡4 = 657.511

<latexit sha1_base64="TEDf/ERI0ecSIYuYYJ7KCwZ4Zo0=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZKSWjeFohuXVewD2lom00k7dDIJMxOhhKzd+CtuXCji1i9w5984abPQ1gMXDufcy733uCGjUlnWt5FbWV1b38hvFra2d3b3zP2DlgwigUkTBywQHRdJwignTUUVI51QEOS7jLTdyVXqtx+IkDTgd2oakr6PRpx6FCOlpYF5fIsGuNbzBMJxuZrETgJ7Ib13YO28Ui1VbLswMItWyZoBLhM7I0WQoTEwv3rDAEc+4QozJGXXtkLVj5FQFDOSFHqRJCHCEzQiXU058onsx7NXEniqlSH0AqGLKzhTf0/EyJdy6ru600dqLBe9VPzP60bKu+jHlIeRIhzPF3kRgyqAaS5wSAXBik01QVhQfSvEY6RjUTq9NAR78eVl0iqXbKdUuXGK9cssjjw4AifgDNigCurgGjRAE2DwCJ7BK3gznowX4934mLfmjGzmEPyB8fkDDM6X6Q==</latexit>

kc =
⇡p
2
= 2.22

<latexit sha1_base64="mqlOrVXNxt7npbWHysuFn7aLDkY=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuQhIquikU3bisYB/QhDCZTtqhk0mcmQglZOvGX3HjQhG3/oE7/8ZJ24W2HrhwOOde7r0nTBmVyra/jZXVtfWNzcpWdXtnd2/fPDjsyCQTmLRxwhLRC5EkjHLSVlQx0ksFQXHISDccX5d+94EISRN+pyYp8WM05DSiGCktBSYcB7jhRQLh3EtpkXvyXqjcLQrYgK7lutXArNmWPQVcJs6c1MAcrcD88gYJzmLCFWZIyr5jp8rPkVAUM1JUvUySFOExGpK+phzFRPr59JMCnmplAKNE6OIKTtXfEzmKpZzEoe6MkRrJRa8U//P6mYou/ZzyNFOE49miKGNQJbCMBQ6oIFixiSYIC6pvhXiEdCxKh1eG4Cy+vEw6ruXUrfPbeq15NY+jAo7BCTgDDrgATXADWqANMHgEz+AVvBlPxovxbnzMWleM+cwR+APj8wfJ0ZkV</latexit>

µ(Rac) = 0,! = 0

<latexit sha1_base64="5AVOA/tu+7AQjk8+8a66k2jNlA8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJpKKbQtGNyyr2AU0Ik+mkHTqTCTMTocQu/BU3LhRx62+4829M2iy09cCFwzn3cu89fsSo0pb1bRSWlldW14rrpY3Nre0dc3evrUQsMWlhwYTs+kgRRkPS0lQz0o0kQdxnpOOPrjO/80CkoiK81+OIuBwNQhpQjHQqeeaBw+PKHfLwSd06hY7gZIDqVskzy1bVmgIuEjsnZZCj6ZlfTl/gmJNQY4aU6tlWpN0ESU0xI5OSEysSITxCA9JLaYg4UW4yvX8Cj1OlDwMh0wo1nKq/JxLElRpzP+3kSA/VvJeJ/3m9WAeXbkLDKNYkxLNFQcygFjALA/apJFizcUoQljS9FeIhkgjrNLIsBHv+5UXSPqvater5ba3cuMrjKIJDcAQqwAYXoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz/+PJQo</latexit>

Convection 

Conduction 

Stress-Free, Fixed Temperature 
Ragafd = O(1020)

<latexit sha1_base64="7g08OrMahBRKd7qbboSq3ZGWgTQ=">AAACE3icbVC7SgNBFJ31GeMramkzGIRoEXZDRBshaGNnFPOAJC53Z2eTIbMPZmaFMOw/2PgrNhaK2NrY+TfuJik08cDAmXPu5d57nIgzqUzz21hYXFpeWc2t5dc3Nre2Czu7TRnGgtAGCXko2g5IyllAG4opTtuRoOA7nLac4WXmtx6okCwM7tQooj0f+gHzGAGVSnbh+BZs3fVBDYSv++C5SYLPx38CXF8nJcu81xUzOcJ5u1A0y+YYeJ5YU1JEU9TtwlfXDUns00ARDlJ2LDNSPQ1CMcJpku/GkkZAhtCnnZQG4FPZ0+ObEnyYKi72QpG+QOGx+rtDgy/lyHfSymxbOetl4n9eJ1beWU+zIIoVDchkkBdzrEKcBYRdJihRfJQSIIKlu2IyAAFEpTFmIVizJ8+TZqVsVcsnN9Vi7WIaRw7towNUQhY6RTV0heqogQh6RM/oFb0ZT8aL8W58TEoXjGnPHvoD4/MHgtKdPg==</latexit>

Stress-Free, Fixed Temperature: full analytic representation

)<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

Linear Stability Theory: Non-Rotating Convection

Rac,s =
(k2? + ⇡2)3

k2?

<latexit sha1_base64="HawvzqOk/+0BTCEOISG7QDUy6E0="></latexit>

Marginal Stability  

<latexit sha1_base64="clu6N9mnyalooFnOm6OLemla8kw="></latexit>

ak?(z) / {sinn⇡z, cosn⇡z}

<latexit sha1_base64="dQuY+mZKQR6COIuNFpal8N+MiKM=">AAACAHicbVA9T8MwEL2Ur1K+AgwMLBYVElOVIASMFSyMRaKlUhNFjuu0Vhwnsh1EFXXhr7AwgBArP4ONf4PbZoCWJ53u6b072ffCjDOlHefbqiwtr6yuVddrG5tb2zv27l5HpbkktE1SnspuiBXlTNC2ZprTbiYpTkJO78P4euLfP1CpWCru9CijfoIHgkWMYG2kwD6Ig0cPeSgORmjWvYzKDAV23Wk4U6BF4pakDiVagf3l9VOSJ1RowrFSPdfJtF9gqRnhdFzzckUzTGI8oD1DBU6o8ovpAWN0bJQ+ilJpSmg0VX9vFDhRapSEZjLBeqjmvYn4n9fLdXTpF0xkuaaCzB6Kco50iiZpoD6TlGg+MgQTycxfERliiYk2mdVMCO78yYukc9pwzxvu7Vm9eVXGUYVDOIITcOECmnADLWgDgTE8wyu8WU/Wi/VufcxGK1a5sw9/YH3+AKXclSk=</latexit>

kx ky k?

<latexit sha1_base64="dQuY+mZKQR6COIuNFpal8N+MiKM=">AAACAHicbVA9T8MwEL2Ur1K+AgwMLBYVElOVIASMFSyMRaKlUhNFjuu0Vhwnsh1EFXXhr7AwgBArP4ONf4PbZoCWJ53u6b072ffCjDOlHefbqiwtr6yuVddrG5tb2zv27l5HpbkktE1SnspuiBXlTNC2ZprTbiYpTkJO78P4euLfP1CpWCru9CijfoIHgkWMYG2kwD6Ig0cPeSgORmjWvYzKDAV23Wk4U6BF4pakDiVagf3l9VOSJ1RowrFSPdfJtF9gqRnhdFzzckUzTGI8oD1DBU6o8ovpAWN0bJQ+ilJpSmg0VX9vFDhRapSEZjLBeqjmvYn4n9fLdXTpF0xkuaaCzB6Kco50iiZpoD6TlGg+MgQTycxfERliiYk2mdVMCO78yYukc9pwzxvu7Vm9eVXGUYVDOIITcOECmnADLWgDgTE8wyu8WU/Wi/VufcxGK1a5sw9/YH3+AKXclSk=</latexit>

kx ky k?
<latexit sha1_base64="dQuY+mZKQR6COIuNFpal8N+MiKM=">AAACAHicbVA9T8MwEL2Ur1K+AgwMLBYVElOVIASMFSyMRaKlUhNFjuu0Vhwnsh1EFXXhr7AwgBArP4ONf4PbZoCWJ53u6b072ffCjDOlHefbqiwtr6yuVddrG5tb2zv27l5HpbkktE1SnspuiBXlTNC2ZprTbiYpTkJO78P4euLfP1CpWCru9CijfoIHgkWMYG2kwD6Ig0cPeSgORmjWvYzKDAV23Wk4U6BF4pakDiVagf3l9VOSJ1RowrFSPdfJtF9gqRnhdFzzckUzTGI8oD1DBU6o8ovpAWN0bJQ+ilJpSmg0VX9vFDhRapSEZjLBeqjmvYn4n9fLdXTpF0xkuaaCzB6Kco50iiZpoD6TlGg+MgQTycxfERliiYk2mdVMCO78yYukc9pwzxvu7Vm9eVXGUYVDOIITcOECmnADLWgDgTE8wyu8WU/Wi/VufcxGK1a5sw9/YH3+AKXclSk=</latexit>

kx ky k?

Unstable to all orientations: Rolls  



Rac =
27

4
⇡4 = 657.511

<latexit sha1_base64="TEDf/ERI0ecSIYuYYJ7KCwZ4Zo0=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZKSWjeFohuXVewD2lom00k7dDIJMxOhhKzd+CtuXCji1i9w5984abPQ1gMXDufcy733uCGjUlnWt5FbWV1b38hvFra2d3b3zP2DlgwigUkTBywQHRdJwignTUUVI51QEOS7jLTdyVXqtx+IkDTgd2oakr6PRpx6FCOlpYF5fIsGuNbzBMJxuZrETgJ7Ib13YO28Ui1VbLswMItWyZoBLhM7I0WQoTEwv3rDAEc+4QozJGXXtkLVj5FQFDOSFHqRJCHCEzQiXU058onsx7NXEniqlSH0AqGLKzhTf0/EyJdy6ru600dqLBe9VPzP60bKu+jHlIeRIhzPF3kRgyqAaS5wSAXBik01QVhQfSvEY6RjUTq9NAR78eVl0iqXbKdUuXGK9cssjjw4AifgDNigCurgGjRAE2DwCJ7BK3gznowX4934mLfmjGzmEPyB8fkDDM6X6Q==</latexit>

kc =
⇡p
2
= 2.22

<latexit sha1_base64="mqlOrVXNxt7npbWHysuFn7aLDkY=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuQhIquikU3bisYB/QhDCZTtqhk0mcmQglZOvGX3HjQhG3/oE7/8ZJ24W2HrhwOOde7r0nTBmVyra/jZXVtfWNzcpWdXtnd2/fPDjsyCQTmLRxwhLRC5EkjHLSVlQx0ksFQXHISDccX5d+94EISRN+pyYp8WM05DSiGCktBSYcB7jhRQLh3EtpkXvyXqjcLQrYgK7lutXArNmWPQVcJs6c1MAcrcD88gYJzmLCFWZIyr5jp8rPkVAUM1JUvUySFOExGpK+phzFRPr59JMCnmplAKNE6OIKTtXfEzmKpZzEoe6MkRrJRa8U//P6mYou/ZzyNFOE49miKGNQJbCMBQ6oIFixiSYIC6pvhXiEdCxKh1eG4Cy+vEw6ruXUrfPbeq15NY+jAo7BCTgDDrgATXADWqANMHgEz+AVvBlPxovxbnzMWleM+cwR+APj8wfJ0ZkV</latexit>

µ(Rac) = 0,! = 0

<latexit sha1_base64="5AVOA/tu+7AQjk8+8a66k2jNlA8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJpKKbQtGNyyr2AU0Ik+mkHTqTCTMTocQu/BU3LhRx62+4829M2iy09cCFwzn3cu89fsSo0pb1bRSWlldW14rrpY3Nre0dc3evrUQsMWlhwYTs+kgRRkPS0lQz0o0kQdxnpOOPrjO/80CkoiK81+OIuBwNQhpQjHQqeeaBw+PKHfLwSd06hY7gZIDqVskzy1bVmgIuEjsnZZCj6ZlfTl/gmJNQY4aU6tlWpN0ESU0xI5OSEysSITxCA9JLaYg4UW4yvX8Cj1OlDwMh0wo1nKq/JxLElRpzP+3kSA/VvJeJ/3m9WAeXbkLDKNYkxLNFQcygFjALA/apJFizcUoQljS9FeIhkgjrNLIsBHv+5UXSPqvater5ba3cuMrjKIJDcAQqwAYXoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz/+PJQo</latexit>

Convection 

Conduction 

Stress-Free, Fixed Temperature 
Ragafd = O(1020)

<latexit sha1_base64="7g08OrMahBRKd7qbboSq3ZGWgTQ=">AAACE3icbVC7SgNBFJ31GeMramkzGIRoEXZDRBshaGNnFPOAJC53Z2eTIbMPZmaFMOw/2PgrNhaK2NrY+TfuJik08cDAmXPu5d57nIgzqUzz21hYXFpeWc2t5dc3Nre2Czu7TRnGgtAGCXko2g5IyllAG4opTtuRoOA7nLac4WXmtx6okCwM7tQooj0f+gHzGAGVSnbh+BZs3fVBDYSv++C5SYLPx38CXF8nJcu81xUzOcJ5u1A0y+YYeJ5YU1JEU9TtwlfXDUns00ARDlJ2LDNSPQ1CMcJpku/GkkZAhtCnnZQG4FPZ0+ObEnyYKi72QpG+QOGx+rtDgy/lyHfSymxbOetl4n9eJ1beWU+zIIoVDchkkBdzrEKcBYRdJihRfJQSIIKlu2IyAAFEpTFmIVizJ8+TZqVsVcsnN9Vi7WIaRw7towNUQhY6RTV0heqogQh6RM/oFb0ZT8aL8W58TEoXjGnPHvoD4/MHgtKdPg==</latexit>

Stress-Free, Fixed Temperature: full analytic representation

)<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

Linear Stability Theory: Non-Rotating Convection

Rac,s =
(k2? + ⇡2)3

k2?

<latexit sha1_base64="HawvzqOk/+0BTCEOISG7QDUy6E0="></latexit>

Marginal Stability  

<latexit sha1_base64="clu6N9mnyalooFnOm6OLemla8kw="></latexit>

ak?(z) / {sinn⇡z, cosn⇡z}

Viscous boundaries delay convective onset 



Conduction 

Convection 

µ(Rac) = 0,! = 0

<latexit sha1_base64="5AVOA/tu+7AQjk8+8a66k2jNlA8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJpKKbQtGNyyr2AU0Ik+mkHTqTCTMTocQu/BU3LhRx62+4829M2iy09cCFwzn3cu89fsSo0pb1bRSWlldW14rrpY3Nre0dc3evrUQsMWlhwYTs+kgRRkPS0lQz0o0kQdxnpOOPrjO/80CkoiK81+OIuBwNQhpQjHQqeeaBw+PKHfLwSd06hY7gZIDqVskzy1bVmgIuEjsnZZCj6ZlfTl/gmJNQY4aU6tlWpN0ESU0xI5OSEysSITxCA9JLaYg4UW4yvX8Cj1OlDwMh0wo1nKq/JxLElRpzP+3kSA/VvJeJ/3m9WAeXbkLDKNYkxLNFQcygFjALA/apJFizcUoQljS9FeIhkgjrNLIsBHv+5UXSPqvater5ba3cuMrjKIJDcAQqwAYXoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz/+PJQo</latexit>

E = 10�4

<latexit sha1_base64="1YRGaxJlELtVe+uOU/Hed6ac5cE=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4sexKRS9CUQSPFewHtGvJptk2NJsNSVYoS/+GFw+KePXPePPfmG33oK0PBh7vzTAzL5CcaeO6387S8srq2npho7i5tb2zW9rbb+o4UYQ2SMxj1Q6wppwJ2jDMcNqWiuIo4LQVjG4yv/VElWaxeDBjSf0IDwQLGcHGSt1bdIU89zE9rU6KvVLZrbhToEXi5aQMOeq90le3H5MkosIQjrXueK40foqVYYTTSbGbaCoxGeEB7VgqcES1n05vnqBjq/RRGCtbwqCp+nsixZHW4yiwnRE2Qz3vZeJ/Xicx4aWfMiETQwWZLQoTjkyMsgBQnylKDB9bgoli9lZEhlhhYmxMWQje/MuLpHlW8aqV8/tquXadx1GAQziCE/DgAmpwB3VoAAEJz/AKb07ivDjvzsesdcnJZw7gD5zPHzoWj94=</latexit>

E = 10�6

<latexit sha1_base64="O1RXDTrNAnYkXxGxjvFDKYzorp0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgxpJIfWyEogguK9gHtLFMppN26GQSZiZCCfkNNy4UcevPuPNvnLRZaOuBC4dz7uXee7yIM6Vt+9sqLC2vrK4V10sbm1vbO+XdvZYKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vfFN5refqFQsFA96ElE3wEPBfEawNlLvFl0hx35MTs7TUr9csav2FGiRODmpQI5Gv/zVG4QkDqjQhGOluo4daTfBUjPCaVrqxYpGmIzxkHYNFTigyk2mN6foyCgD5IfSlNBoqv6eSHCg1CTwTGeA9UjNe5n4n9eNtX/pJkxEsaaCzBb5MUc6RFkAaMAkJZpPDMFEMnMrIiMsMdEmpiwEZ/7lRdI6rTq16tl9rVK/zuMowgEcwjE4cAF1uIMGNIFABM/wCm9WbL1Y79bHrLVg5TP78AfW5w89Io/g</latexit>

E = 10�10

<latexit sha1_base64="B1A3JNFuKLi95WMxkvmBQFmH4tw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRFr0IRRE8VrAf0May2W7apZtN3N0USujv8OJBEa/+GG/+GzdtDtr6YODx3gwz87yIM6Vt+9vKrayurW/kNwtb2zu7e8X9g6YKY0log4Q8lG0PK8qZoA3NNKftSFIceJy2vNFN6rfGVCoWigc9iagb4IFgPiNYG8m9RVfIsR+TM8eeFnrFkl22Z0DLxMlICTLUe8Wvbj8kcUCFJhwr1XHsSLsJlpoRTqeFbqxohMkID2jHUIEDqtxkdvQUnRilj/xQmhIazdTfEwkOlJoEnukMsB6qRS8V//M6sfYv3YSJKNZUkPkiP+ZIhyhNAPWZpETziSGYSGZuRWSIJSba5JSG4Cy+vEya52WnUq7eV0q16yyOPBzBMZyCAxdQgzuoQwMIPMEzvMKbNbZerHfrY96as7KZQ/gD6/MHpfiQFQ==</latexit>

Rac,s =
(k2? + ⇡2)3 + ⇡2E�2

k2?

<latexit sha1_base64="Fw8VzrkPT4wbh3E0IcsvQocyegM="></latexit>

Stress-Free, Fixed Temperature 

Linear Stability Theory: Rotating Convection
Stress-Free, Fixed Temperature: full analytic representation

<latexit sha1_base64="clu6N9mnyalooFnOm6OLemla8kw="></latexit>

ak?(z) / {sinn⇡z, cosn⇡z}



Conduction 

Convection 

µ(Rac) = 0,! = 0

<latexit sha1_base64="5AVOA/tu+7AQjk8+8a66k2jNlA8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJpKKbQtGNyyr2AU0Ik+mkHTqTCTMTocQu/BU3LhRx62+4829M2iy09cCFwzn3cu89fsSo0pb1bRSWlldW14rrpY3Nre0dc3evrUQsMWlhwYTs+kgRRkPS0lQz0o0kQdxnpOOPrjO/80CkoiK81+OIuBwNQhpQjHQqeeaBw+PKHfLwSd06hY7gZIDqVskzy1bVmgIuEjsnZZCj6ZlfTl/gmJNQY4aU6tlWpN0ESU0xI5OSEysSITxCA9JLaYg4UW4yvX8Cj1OlDwMh0wo1nKq/JxLElRpzP+3kSA/VvJeJ/3m9WAeXbkLDKNYkxLNFQcygFjALA/apJFizcUoQljS9FeIhkgjrNLIsBHv+5UXSPqvater5ba3cuMrjKIJDcAQqwAYXoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz/+PJQo</latexit>

E = 10�4

<latexit sha1_base64="1YRGaxJlELtVe+uOU/Hed6ac5cE=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4sexKRS9CUQSPFewHtGvJptk2NJsNSVYoS/+GFw+KePXPePPfmG33oK0PBh7vzTAzL5CcaeO6387S8srq2npho7i5tb2zW9rbb+o4UYQ2SMxj1Q6wppwJ2jDMcNqWiuIo4LQVjG4yv/VElWaxeDBjSf0IDwQLGcHGSt1bdIU89zE9rU6KvVLZrbhToEXi5aQMOeq90le3H5MkosIQjrXueK40foqVYYTTSbGbaCoxGeEB7VgqcES1n05vnqBjq/RRGCtbwqCp+nsixZHW4yiwnRE2Qz3vZeJ/Xicx4aWfMiETQwWZLQoTjkyMsgBQnylKDB9bgoli9lZEhlhhYmxMWQje/MuLpHlW8aqV8/tquXadx1GAQziCE/DgAmpwB3VoAAEJz/AKb07ivDjvzsesdcnJZw7gD5zPHzoWj94=</latexit>

E = 10�6

<latexit sha1_base64="O1RXDTrNAnYkXxGxjvFDKYzorp0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgxpJIfWyEogguK9gHtLFMppN26GQSZiZCCfkNNy4UcevPuPNvnLRZaOuBC4dz7uXee7yIM6Vt+9sqLC2vrK4V10sbm1vbO+XdvZYKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vfFN5refqFQsFA96ElE3wEPBfEawNlLvFl0hx35MTs7TUr9csav2FGiRODmpQI5Gv/zVG4QkDqjQhGOluo4daTfBUjPCaVrqxYpGmIzxkHYNFTigyk2mN6foyCgD5IfSlNBoqv6eSHCg1CTwTGeA9UjNe5n4n9eNtX/pJkxEsaaCzBb5MUc6RFkAaMAkJZpPDMFEMnMrIiMsMdEmpiwEZ/7lRdI6rTq16tl9rVK/zuMowgEcwjE4cAF1uIMGNIFABM/wCm9WbL1Y79bHrLVg5TP78AfW5w89Io/g</latexit>

E = 10�10

<latexit sha1_base64="B1A3JNFuKLi95WMxkvmBQFmH4tw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRFr0IRRE8VrAf0May2W7apZtN3N0USujv8OJBEa/+GG/+GzdtDtr6YODx3gwz87yIM6Vt+9vKrayurW/kNwtb2zu7e8X9g6YKY0log4Q8lG0PK8qZoA3NNKftSFIceJy2vNFN6rfGVCoWigc9iagb4IFgPiNYG8m9RVfIsR+TM8eeFnrFkl22Z0DLxMlICTLUe8Wvbj8kcUCFJhwr1XHsSLsJlpoRTqeFbqxohMkID2jHUIEDqtxkdvQUnRilj/xQmhIazdTfEwkOlJoEnukMsB6qRS8V//M6sfYv3YSJKNZUkPkiP+ZIhyhNAPWZpETziSGYSGZuRWSIJSba5JSG4Cy+vEya52WnUq7eV0q16yyOPBzBMZyCAxdQgzuoQwMIPMEzvMKbNbZerHfrY96as7KZQ/gD6/MHpfiQFQ==</latexit>

Rac,s =
(k2? + ⇡2)3 + ⇡2E�2

k2?

<latexit sha1_base64="Fw8VzrkPT4wbh3E0IcsvQocyegM="></latexit>

Stress-Free, Fixed Temperature 

Linear Stability Theory: Rotating Convection
Stress-Free, Fixed Temperature: full analytic representation

<latexit sha1_base64="clu6N9mnyalooFnOm6OLemla8kw="></latexit>

ak?(z) / {sinn⇡z, cosn⇡z}

As limE ! 0

<latexit sha1_base64="s7/quoFa/PEM+TnGiLiOYsDRN7c=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVEKrosiuCygn1AE8pkOmmHziPMTJQSuvFX3LhQxK2f4c6/cdJmoa0HLhzOuZd774kSRrXxvG9naXlldW29tFHe3Nre2XX39ltapgqTJpZMqk6ENGFUkKahhpFOogjiESPtaHSd++0HojSV4t6MExJyNBA0phgZK/Xcw4BRDuENDBQdDA1SSj5CD5Z7bsWrelPAReIXpAIKNHruV9CXOOVEGMyQ1l3fS0yYIWUoZmRSDlJNEoRHaEC6lgrEiQ6z6QMTeGKVPoylsiUMnKq/JzLEtR7zyHZyZIZ63svF/7xuauLLMKMiSQ0ReLYoThk0EuZpwD5VBBs2tgRhRe2tEA+RQtjYzPIQ/PmXF0nrrOrXqud3tUr9qoijBI7AMTgFPrgAdXALGqAJMJiAZ/AK3pwn58V5dz5mrUtOMXMA/sD5/AFgFJT7</latexit>

• Rotation imparts rigidity           increases 

• Onset Length scale of convection.           decreases 

• Asymptotic?

Rac,s =
(k2? + ⇡2)3 + ⇡2E�2

k2?

<latexit sha1_base64="Fw8VzrkPT4wbh3E0IcsvQocyegM="></latexit>

/ k�1
c,?

<latexit sha1_base64="KlHM8cEzl97BPf3Du6Qhli1zgv0=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZYZqeiy6MZlBfuAzjhk0rQNzWRCkhHKMODGX3HjQhG3/oQ7/8ZMOwutHggczrmXm3NCwajSjvNllRYWl5ZXyquVtfWNzS17e6et4kRi0sIxi2U3RIowyklLU81IV0iCopCRTji+yv3OPZGKxvxWTwTxIzTkdEAx0kYK7D1PyFjoGI7v0hM3C1J87AkiRQYrgV11as4U8C9xC1IFBZqB/en1Y5xEhGvMkFI91xHaT5HUFDOSVbxEEYHwGA1Jz1COIqL8dJohg4dG6cNBLM3jGk7VnxspipSaRKGZjJAeqXkvF//zeokeXPgp5SLRhOPZoUHCoMmcFwL7VBKs2cQQhCU1f4V4hCTC2tSWl+DOR/5L2qc1t147u6lXG5dFHWWwDw7AEXDBOWiAa9AELYDBA3gCL+DVerSerTfrfTZasoqdXfAL1sc3/jqXGQ==</latexit>



Conduction 

Convection 

E = 10�10

<latexit sha1_base64="B1A3JNFuKLi95WMxkvmBQFmH4tw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRFr0IRRE8VrAf0May2W7apZtN3N0USujv8OJBEa/+GG/+GzdtDtr6YODx3gwz87yIM6Vt+9vKrayurW/kNwtb2zu7e8X9g6YKY0log4Q8lG0PK8qZoA3NNKftSFIceJy2vNFN6rfGVCoWigc9iagb4IFgPiNYG8m9RVfIsR+TM8eeFnrFkl22Z0DLxMlICTLUe8Wvbj8kcUCFJhwr1XHsSLsJlpoRTqeFbqxohMkID2jHUIEDqtxkdvQUnRilj/xQmhIazdTfEwkOlJoEnukMsB6qRS8V//M6sfYv3YSJKNZUkPkiP+ZIhyhNAPWZpETziSGYSGZuRWSIJSba5JSG4Cy+vEya52WnUq7eV0q16yyOPBzBMZyCAxdQgzuoQwMIPMEzvMKbNbZerHfrY96as7KZQ/gD6/MHpfiQFQ==</latexit>

E = 10�2

<latexit sha1_base64="vaVDmqtNGkaWCq6jhjk4UxO2fq0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBiyUpFb0IRRE8VrAf0May2W7apZtN2N0IJeRvePGgiFf/jDf/jZs2B219MPB4b4aZeV7EmdK2/W0VVlbX1jeKm6Wt7Z3dvfL+QVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473uQm8ztPVCoWigc9jagb4JFgPiNYG6l/i66QYz8mZ7W0NChX7Ko9A1omTk4qkKM5KH/1hyGJAyo04VipnmNH2k2w1Ixwmpb6saIRJhM8oj1DBQ6ocpPZzSk6McoQ+aE0JTSaqb8nEhwoNQ080xlgPVaLXib+5/Vi7V+6CRNRrKkg80V+zJEOURYAGjJJieZTQzCRzNyKyBhLTLSJKQvBWXx5mbRrVadePb+vVxrXeRxFOIJjOAUHLqABd9CEFhCI4Ble4c2KrRfr3fqYtxasfOYQ/sD6/AE3Co/c</latexit>

µ(Rac) = 0,! = 0

<latexit sha1_base64="5AVOA/tu+7AQjk8+8a66k2jNlA8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJpKKbQtGNyyr2AU0Ik+mkHTqTCTMTocQu/BU3LhRx62+4829M2iy09cCFwzn3cu89fsSo0pb1bRSWlldW14rrpY3Nre0dc3evrUQsMWlhwYTs+kgRRkPS0lQz0o0kQdxnpOOPrjO/80CkoiK81+OIuBwNQhpQjHQqeeaBw+PKHfLwSd06hY7gZIDqVskzy1bVmgIuEjsnZZCj6ZlfTl/gmJNQY4aU6tlWpN0ESU0xI5OSEysSITxCA9JLaYg4UW4yvX8Cj1OlDwMh0wo1nKq/JxLElRpzP+3kSA/VvJeJ/3m9WAeXbkLDKNYkxLNFQcygFjALA/apJFizcUoQljS9FeIhkgjrNLIsBHv+5UXSPqvater5ba3cuMrjKIJDcAQqwAYXoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz/+PJQo</latexit>

k = ekE�1/3, Rac,s = fRac,sE
�4/3

<latexit sha1_base64="DjTTPS90LPJjBDZdPR9oMW8vo1I="></latexit>

Stress-Free, Fixed Temperature 

Rac,s =
(k2? + ⇡2)3 + ⇡2E�2

k2?

<latexit sha1_base64="Fw8VzrkPT4wbh3E0IcsvQocyegM="></latexit>

Asymptotic convergence for SF-FT as  limE ! 0

<latexit sha1_base64="s7/quoFa/PEM+TnGiLiOYsDRN7c=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVEKrosiuCygn1AE8pkOmmHziPMTJQSuvFX3LhQxK2f4c6/cdJmoa0HLhzOuZd774kSRrXxvG9naXlldW29tFHe3Nre2XX39ltapgqTJpZMqk6ENGFUkKahhpFOogjiESPtaHSd++0HojSV4t6MExJyNBA0phgZK/Xcw4BRDuENDBQdDA1SSj5CD5Z7bsWrelPAReIXpAIKNHruV9CXOOVEGMyQ1l3fS0yYIWUoZmRSDlJNEoRHaEC6lgrEiQ6z6QMTeGKVPoylsiUMnKq/JzLEtR7zyHZyZIZ63svF/7xuauLLMKMiSQ0ReLYoThk0EuZpwD5VBBs2tgRhRe2tEA+RQtjYzPIQ/PmXF0nrrOrXqud3tUr9qoijBI7AMTgFPrgAdXALGqAJMJiAZ/AK3pwn58V5dz5mrUtOMXMA/sD5/AFgFJT7</latexit>

Stress-Free, Fixed Temperature: full analytic representation
<latexit sha1_base64="clu6N9mnyalooFnOm6OLemla8kw="></latexit>

ak?(z) / {sinn⇡z, cosn⇡z}

Linear Stability Theory: Rotating Convection

Chandrasekhar H2S1961



fRac,s =
⇡2

ek2
+ ek4

<latexit sha1_base64="NRsLPQfxKHtJe4Atj4GGe8qzS4Y=">AAACMXicbVDJSgNBFOxxjXGLevTSGARBCTMhohch6CXHKGaBTAw9PW+SJj0L3T1KGOaXvPgn4iUHRbz6E3aWQxYLGoqqerx+5UScSWWaQ2NldW19YzOzld3e2d3bzx0c1mUYCwo1GvJQNB0igbMAaoopDs1IAPEdDg2nfzfyG88gJAuDRzWIoO2TbsA8RonSUidXsV+YC4pxF5IHknYSeiFTfINtTxCa2BF7KqbJTKafagGf43mphLOdXN4smGPgZWJNSR5NUe3k3m03pLEPgaKcSNmyzEi1EyIUoxzSrB1LiAjtky60NA2ID7KdjC9O8alWXOyFQr9A4bE6O5EQX8qB7+ikT1RPLnoj8T+vFSvvup2wIIoVBHSyyIs5ViEe1YddJoAqPtCEUMH0XzHtEd2V0iWPSrAWT14m9WLBKhUu70v58u20jgw6RifoDFnoCpVRBVVRDVH0ij7QJ/oy3oyh8W38TKIrxnTmCM3B+P0Dr2uqcw==</latexit>

Steady convection 

Oscillatory convection 

Conduction 

µ(Rac) = 0,! = 0

<latexit sha1_base64="5AVOA/tu+7AQjk8+8a66k2jNlA8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJpKKbQtGNyyr2AU0Ik+mkHTqTCTMTocQu/BU3LhRx62+4829M2iy09cCFwzn3cu89fsSo0pb1bRSWlldW14rrpY3Nre0dc3evrUQsMWlhwYTs+kgRRkPS0lQz0o0kQdxnpOOPrjO/80CkoiK81+OIuBwNQhpQjHQqeeaBw+PKHfLwSd06hY7gZIDqVskzy1bVmgIuEjsnZZCj6ZlfTl/gmJNQY4aU6tlWpN0ESU0xI5OSEysSITxCA9JLaYg4UW4yvX8Cj1OlDwMh0wo1nKq/JxLElRpzP+3kSA/VvJeJ/3m9WAeXbkLDKNYkxLNFQcygFjALA/apJFizcUoQljS9FeIhkgjrNLIsBHv+5UXSPqvater5ba3cuMrjKIJDcAQqwAYXoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz/+PJQo</latexit>

Stress-Free, Fixed Temperature 

fRac,min =
3

2
(2⇡4)1/3, ekc,min =

✓
⇡2

2

◆1/3

<latexit sha1_base64="rSeMhLurqfS2F+foIGMJI6qV4Ho="></latexit>

fRac,o = 2(1 + Pr)

✓
ek4 +

✓
Pr

1 + Pr

◆
⇡2

ek2

◆

<latexit sha1_base64="cEfSLIm7NoXVcj0f+9bGhIR6rdc="></latexit>

e!2
c,o = Pr2

✓
1� Pr

1 + Pr

◆
⇡2

ek2
� ek4

�

<latexit sha1_base64="VroTVw1oXXYAPNpgp7J+i/JO/V8="></latexit>

Steady:

Oscillatory: 

Linear Stability Theory: Rotating Convection

Asymptotic linear theory can be understood 
from a force-balance analysis

Chandrasekhar H2S1961



Linear Stability Theory: RRBC - Force Balance Analysis

Αsymptotic scalings can be understood as a VAC (Viscous-Archimedean-Coriolis) balance. 



Linear Stability Theory: RRBC - Force Balance Analysis

Αsymptotic scalings can be understood as a VAC (Viscous-Archimedean-Coriolis) balance. 

Geostrophy: Geostrophy: 2⌦ẑ ⇥ u ⇠ rp =) P ⇠ 2⌦U`?

<latexit sha1_base64="PTi8VjNKTwKlw2dqFLf+YXenfuo="></latexit>



Linear Stability Theory: RRBC - Force Balance Analysis

Αsymptotic scalings can be understood as a VAC (Viscous-Archimedean-Coriolis) balance. 

Geostrophy: Geostrophy: 2⌦ẑ ⇥ u ⇠ rp =) P ⇠ 2⌦U`?

<latexit sha1_base64="PTi8VjNKTwKlw2dqFLf+YXenfuo="></latexit>

T-P operates on scale: r? · u? ⇡ 0 =) @z ⇠ r? ⇡ 0

<latexit sha1_base64="9XNtPCQBjr0YoUBtlx+bmMFRh/c="></latexit>

3D must imply 
<latexit sha1_base64="sjbx8FApY4aDA5c5FnmiqOJl6l4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6s6imy4r2Ac0IUymN+3QyYOZiRBC/RU3LhRx64e482+ctFlo64ELh3Pu5d57/IQzqSzr26isrW9sblW3azu7e/sH5uFRT8apoNClMY/FwCcSOIugq5jiMEgEkNDn0Pend4XffwQhWRw9qCwBNyTjiAWMEqUlz6w7wLnnJCAS7HCO2/im5pkNq2nNgVeJXZIGKtHxzC9nFNM0hEhRTqQc2lai3JwIxSiHWc1JJSSETskYhppGJATp5vPjZ/hUKyMcxEJXpPBc/T2Rk1DKLPR1Z0jURC57hfifN0xVcO3mLEpSBRFdLApSjlWMiyTwiAmgimeaECqYvhXTCRGEKp1XEYK9/PIq6Z037cumfX/RaN2WcVTRMTpBZ8hGV6iF2qiDuoiiDD2jV/RmPBkvxrvxsWitGOVMHf2B8fkD5UmTnw==</latexit>

`? ⌧ H?`?

<latexit sha1_base64="vy3N9TK6dw37Fb1iETSzfqv9rcE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK9gOSUDbbSbt0s1l2N0IJ/RlePCji1V/jzX/jps1BWx8MPN6bYWZeJDnTxnW/ncra+sbmVnW7trO7t39QPzzq6jRTFDo05anqR0QDZwI6hhkOfamAJBGHXjS5K/zeEyjNUvFophLChIwEixklxkp+AJwPAglK1gb1htt058CrxCtJA5VoD+pfwTClWQLCUE609j1XmjAnyjDKYVYLMg2S0AkZgW+pIAnoMJ+fPMNnVhniOFW2hMFz9fdEThKtp0lkOxNixnrZK8T/PD8z8U2YMyEzA4IuFsUZxybFxf94yBRQw6eWEKqYvRXTMVGEGptSEYK3/PIq6V40vcvm1cNlo3VbxlFFJ+gUnSMPXaMWukdt1EEUpegZvaI3xzgvzrvzsWitOOXMMfoD5/MH6jKRBQ==</latexit>



Linear Stability Theory: RRBC - Force Balance Analysis

Αsymptotic scalings can be understood as a VAC (Viscous-Archimedean-Coriolis) balance. 

T-P operates on scale: r? · u? ⇡ 0 =) @z ⇠ r? ⇡ 0

<latexit sha1_base64="9XNtPCQBjr0YoUBtlx+bmMFRh/c="></latexit>

Geostrophy: 2⌦ẑ ⇥ u ⇠ rp =) P ⇠ 2⌦U`?

<latexit sha1_base64="PTi8VjNKTwKlw2dqFLf+YXenfuo="></latexit>

`?

<latexit sha1_base64="vy3N9TK6dw37Fb1iETSzfqv9rcE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK9gOSUDbbSbt0s1l2N0IJ/RlePCji1V/jzX/jps1BWx8MPN6bYWZeJDnTxnW/ncra+sbmVnW7trO7t39QPzzq6jRTFDo05anqR0QDZwI6hhkOfamAJBGHXjS5K/zeEyjNUvFophLChIwEixklxkp+AJwPAglK1gb1htt058CrxCtJA5VoD+pfwTClWQLCUE609j1XmjAnyjDKYVYLMg2S0AkZgW+pIAnoMJ+fPMNnVhniOFW2hMFz9fdEThKtp0lkOxNixnrZK8T/PD8z8U2YMyEzA4IuFsUZxybFxf94yBRQw6eWEKqYvRXTMVGEGptSEYK3/PIq6V40vcvm1cNlo3VbxlFFJ+gUnSMPXaMWukdt1EEUpegZvaI3xzgvzrvzsWitOOXMMfoD5/MH6jKRBQ==</latexit>

3D must imply 
<latexit sha1_base64="sjbx8FApY4aDA5c5FnmiqOJl6l4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6s6imy4r2Ac0IUymN+3QyYOZiRBC/RU3LhRx64e482+ctFlo64ELh3Pu5d57/IQzqSzr26isrW9sblW3azu7e/sH5uFRT8apoNClMY/FwCcSOIugq5jiMEgEkNDn0Pend4XffwQhWRw9qCwBNyTjiAWMEqUlz6w7wLnnJCAS7HCO2/im5pkNq2nNgVeJXZIGKtHxzC9nFNM0hEhRTqQc2lai3JwIxSiHWc1JJSSETskYhppGJATp5vPjZ/hUKyMcxEJXpPBc/T2Rk1DKLPR1Z0jURC57hfifN0xVcO3mLEpSBRFdLApSjlWMiyTwiAmgimeaECqYvhXTCRGEKp1XEYK9/PIq6Z037cumfX/RaN2WcVTRMTpBZ8hGV6iF2qiDuoiiDD2jV/RmPBkvxrvxsWitGOVMHf2B8fkD5UmTnw==</latexit>

`? ⌧ H?

Viscous-Coriolis (VC): 

2⌦@zw ⇠ ⌫r2
⇣ =) 2⌦U
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`
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=) `?
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=
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2⌦H2

⌘1/3
= E

1/3

<latexit sha1_base64="69tw8crNToxB4IDK6dlWx2yPElM="></latexit>

• Viscosity is crucial in setting characteristics length scale  
• Importantly, anisotropy enables 3D dynamics to overcome T-P constraint



Linear Stability Theory: RRBC - Force Balance Analysis

Αsymptotic scalings can be understood as a VAC (Viscous-Archimedean-Coriolis) balance. 

T-P operates on scale: r? · u? ⇡ 0 =) @z ⇠ r? ⇡ 0

<latexit sha1_base64="9XNtPCQBjr0YoUBtlx+bmMFRh/c="></latexit>

Geostrophy: 2⌦ẑ ⇥ u ⇠ rp =) P ⇠ 2⌦U`?

<latexit sha1_base64="PTi8VjNKTwKlw2dqFLf+YXenfuo="></latexit>

`?

<latexit sha1_base64="vy3N9TK6dw37Fb1iETSzfqv9rcE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK9gOSUDbbSbt0s1l2N0IJ/RlePCji1V/jzX/jps1BWx8MPN6bYWZeJDnTxnW/ncra+sbmVnW7trO7t39QPzzq6jRTFDo05anqR0QDZwI6hhkOfamAJBGHXjS5K/zeEyjNUvFophLChIwEixklxkp+AJwPAglK1gb1htt058CrxCtJA5VoD+pfwTClWQLCUE609j1XmjAnyjDKYVYLMg2S0AkZgW+pIAnoMJ+fPMNnVhniOFW2hMFz9fdEThKtp0lkOxNixnrZK8T/PD8z8U2YMyEzA4IuFsUZxybFxf94yBRQw6eWEKqYvRXTMVGEGptSEYK3/PIq6V40vcvm1cNlo3VbxlFFJ+gUnSMPXaMWukdt1EEUpegZvaI3xzgvzrvzsWitOOXMMfoD5/MH6jKRBQ==</latexit>

3D must imply 
<latexit sha1_base64="sjbx8FApY4aDA5c5FnmiqOJl6l4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6s6imy4r2Ac0IUymN+3QyYOZiRBC/RU3LhRx64e482+ctFlo64ELh3Pu5d57/IQzqSzr26isrW9sblW3azu7e/sH5uFRT8apoNClMY/FwCcSOIugq5jiMEgEkNDn0Pend4XffwQhWRw9qCwBNyTjiAWMEqUlz6w7wLnnJCAS7HCO2/im5pkNq2nNgVeJXZIGKtHxzC9nFNM0hEhRTqQc2lai3JwIxSiHWc1JJSSETskYhppGJATp5vPjZ/hUKyMcxEJXpPBc/T2Rk1DKLPR1Z0jURC57hfifN0xVcO3mLEpSBRFdLApSjlWMiyTwiAmgimeaECqYvhXTCRGEKp1XEYK9/PIq6Z037cumfX/RaN2WcVTRMTpBZ8hGV6iF2qiDuoiiDD2jV/RmPBkvxrvxsWitGOVMHf2B8fkD5UmTnw==</latexit>

`? ⌧ H?

Viscous-Coriolis (VC): 

2⌦@zw ⇠ ⌫r2
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`
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=) `?
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=
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⌫

2⌦H2
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<latexit sha1_base64="69tw8crNToxB4IDK6dlWx2yPElM="></latexit>

• Viscosity is crucial in setting characteristics length scale  
• Importantly, anisotropy enables 3D dynamics to overcome T-P constraint

Coriolis-Archimedean (AC) or Viscous-Archimedean (VA): 

RaE4/3 ⇠ 1

<latexit sha1_base64="vM+neopQetF0ttMrU6HRLXINew0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiZa0WVRBJdV7APaWCbTSTt0ZhJmJkII9VfcuFDErR/izr9x0mahrQcuHM65l3vv8SNGlXacb6uwtLyyulZcL21sbm3v2Lt7LRXGEpMmDlkoOz5ShFFBmppqRjqRJIj7jLT98VXmtx+JVDQU9zqJiMfRUNCAYqSN1LfLdwheP6S149MJ7CnKoQtLfbviVJ0p4CJxc1IBORp9+6s3CHHMidCYIaW6rhNpL0VSU8zIpNSLFYkQHqMh6RoqECfKS6fHT+ChUQYwCKUpoeFU/T2RIq5Uwn3TyZEeqXkvE//zurEOLryUiijWRODZoiBmUIcwSwIOqCRYs8QQhCU1t0I8QhJhbfLKQnDnX14krZOqW6ue3dYq9cs8jiLYBwfgCLjgHNTBDWiAJsAgAc/gFbxZT9aL9W59zFoLVj5TBn9gff4Ac2WStQ==</latexit>
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?

<latexit sha1_base64="yAb5YQBjwFWgYdenVzPTrc2kEJ4="></latexit>

@zp ⇠ g↵T 0 ⇠ ⌫r2w

w@zT ⇠ r2T 0

<latexit sha1_base64="eXDrrKt2r4KSiQAiY6s/Zcjb//k="></latexit>

2⌦ẑ ⇥ u ⇠ rp =) P ⇠ 2⌦U`?

<latexit sha1_base64="PTi8VjNKTwKlw2dqFLf+YXenfuo="></latexit>

2⌦ẑ ⇥ u ⇠ rp =) P ⇠ 2⌦U`?

<latexit sha1_base64="PTi8VjNKTwKlw2dqFLf+YXenfuo="></latexit>

• Buoyant driving must be sufficiently large  to overcome T-P constraint                                                                                                                      



RRBC is in the QG Regime

Αsymptotic scalings can be understood as a VAC (Viscous-Archimedean-Coriolis) balance. 

T-P operates on scale: r? · u? ⇡ 0 =) @z ⇠ r? ⇡ 0

<latexit sha1_base64="9XNtPCQBjr0YoUBtlx+bmMFRh/c="></latexit>

Geostrophy: 2⌦ẑ ⇥ u ⇠ rp =) P ⇠ 2⌦U`?

<latexit sha1_base64="PTi8VjNKTwKlw2dqFLf+YXenfuo="></latexit>

`?

<latexit sha1_base64="vy3N9TK6dw37Fb1iETSzfqv9rcE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK9gOSUDbbSbt0s1l2N0IJ/RlePCji1V/jzX/jps1BWx8MPN6bYWZeJDnTxnW/ncra+sbmVnW7trO7t39QPzzq6jRTFDo05anqR0QDZwI6hhkOfamAJBGHXjS5K/zeEyjNUvFophLChIwEixklxkp+AJwPAglK1gb1htt058CrxCtJA5VoD+pfwTClWQLCUE609j1XmjAnyjDKYVYLMg2S0AkZgW+pIAnoMJ+fPMNnVhniOFW2hMFz9fdEThKtp0lkOxNixnrZK8T/PD8z8U2YMyEzA4IuFsUZxybFxf94yBRQw6eWEKqYvRXTMVGEGptSEYK3/PIq6V40vcvm1cNlo3VbxlFFJ+gUnSMPXaMWukdt1EEUpegZvaI3xzgvzrvzsWitOOXMMfoD5/MH6jKRBQ==</latexit>

3D must imply 
<latexit sha1_base64="sjbx8FApY4aDA5c5FnmiqOJl6l4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6s6imy4r2Ac0IUymN+3QyYOZiRBC/RU3LhRx64e482+ctFlo64ELh3Pu5d57/IQzqSzr26isrW9sblW3azu7e/sH5uFRT8apoNClMY/FwCcSOIugq5jiMEgEkNDn0Pend4XffwQhWRw9qCwBNyTjiAWMEqUlz6w7wLnnJCAS7HCO2/im5pkNq2nNgVeJXZIGKtHxzC9nFNM0hEhRTqQc2lai3JwIxSiHWc1JJSSETskYhppGJATp5vPjZ/hUKyMcxEJXpPBc/T2Rk1DKLPR1Z0jURC57hfifN0xVcO3mLEpSBRFdLApSjlWMiyTwiAmgimeaECqYvhXTCRGEKp1XEYK9/PIq6Z037cumfX/RaN2WcVTRMTpBZ8hGV6iF2qiDuoiiDD2jV/RmPBkvxrvxsWitGOVMHf2B8fkD5UmTnw==</latexit>
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<latexit sha1_base64="69tw8crNToxB4IDK6dlWx2yPElM="></latexit>

• Viscosity is crucial in setting characteristics length scale  
• Importantly, anisotropy enables 3D dynamics to overcome T-P constraint

Coriolis-Archimedean (AC) or Viscous-Archimedean (VA): 

RaE4/3 ⇠ 1

<latexit sha1_base64="vM+neopQetF0ttMrU6HRLXINew0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiZa0WVRBJdV7APaWCbTSTt0ZhJmJkII9VfcuFDErR/izr9x0mahrQcuHM65l3vv8SNGlXacb6uwtLyyulZcL21sbm3v2Lt7LRXGEpMmDlkoOz5ShFFBmppqRjqRJIj7jLT98VXmtx+JVDQU9zqJiMfRUNCAYqSN1LfLdwheP6S149MJ7CnKoQtLfbviVJ0p4CJxc1IBORp9+6s3CHHMidCYIaW6rhNpL0VSU8zIpNSLFYkQHqMh6RoqECfKS6fHT+ChUQYwCKUpoeFU/T2RIq5Uwn3TyZEeqXkvE//zurEOLryUiijWRODZoiBmUIcwSwIOqCRYs8QQhCU1t0I8QhJhbfLKQnDnX14krZOqW6ue3dYq9cs8jiLYBwfgCLjgHNTBDWiAJsAgAc/gFbxZT9aL9W59zFoLVj5TBn9gff4Ac2WStQ==</latexit>
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<latexit sha1_base64="yAb5YQBjwFWgYdenVzPTrc2kEJ4="></latexit>
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<latexit sha1_base64="eXDrrKt2r4KSiQAiY6s/Zcjb//k="></latexit>
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<latexit sha1_base64="PTi8VjNKTwKlw2dqFLf+YXenfuo="></latexit>
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<latexit sha1_base64="PTi8VjNKTwKlw2dqFLf+YXenfuo="></latexit>
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<latexit sha1_base64="AXw2P7Inn5dr5xzsx2CvV0CWEzc="></latexit>

• Buoyant driving must be sufficiently large  to overcome T-P constraint                                                                                                                      



Steady convection 

Oscillatory convection 

Conduction 

µ(Rac) = 0,! = 0

<latexit sha1_base64="5AVOA/tu+7AQjk8+8a66k2jNlA8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJpKKbQtGNyyr2AU0Ik+mkHTqTCTMTocQu/BU3LhRx62+4829M2iy09cCFwzn3cu89fsSo0pb1bRSWlldW14rrpY3Nre0dc3evrUQsMWlhwYTs+kgRRkPS0lQz0o0kQdxnpOOPrjO/80CkoiK81+OIuBwNQhpQjHQqeeaBw+PKHfLwSd06hY7gZIDqVskzy1bVmgIuEjsnZZCj6ZlfTl/gmJNQY4aU6tlWpN0ESU0xI5OSEysSITxCA9JLaYg4UW4yvX8Cj1OlDwMh0wo1nKq/JxLElRpzP+3kSA/VvJeJ/3m9WAeXbkLDKNYkxLNFQcygFjALA/apJFizcUoQljS9FeIhkgjrNLIsBHv+5UXSPqvater5ba3cuMrjKIJDcAQqwAYXoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz/+PJQo</latexit>

Stress-Free, Fixed Temperature 

Linear Stability Theory: Rotating Convection
@ E = 10�15 =) Ra = 1022

<latexit sha1_base64="gOFPkHtuYbcEx5rdDdgxLX5iftY=">AAACDnicdZDLSsNAFIYn9VbrLerSzWApuDEkpUU3haIILqvYCzSxTKaTdujkwsxEKCFP4MZXceNCEbeu3fk2TtoUVPSHgZ/vnMOZ87sRo0Ka5qdWWFpeWV0rrpc2Nre2d/TdvY4IY45JG4cs5D0XCcJoQNqSSkZ6ESfIdxnpupPzrN69I1zQMLiR04g4PhoF1KMYSYUGegU2oQ0vGpZ5mxxb9RTa1Fd7iYDXCDZghqvVdKCXTaNuZoKmYS5MTqyclEGu1kD/sIchjn0SSMyQEH3LjKSTIC4pZiQt2bEgEcITNCJ9ZQPkE+Eks3NSWFFkCL2QqxdIOKPfJxLkCzH1XdXpIzkWv2sZ/KvWj6V36iQ0iGJJAjxf5MUMyhBm2cAh5QRLNlUGYU7VXyEeI46wVAmWVAiLS+H/plM1rJpRv6qVm2d5HEVwAA7BEbDACWiCS9ACbYDBPXgEz+BFe9CetFftbd5a0PKZffBD2vsXxYaY0Q==</latexit>

Appears there is an asymptotic linear reduction 

Can we go beyond linear theory?

Potential for fully nonlinear model  
in GAFD regimes! At least for SF-FT

What about sensitivity to bc’s



Convergence to Asymptotic Limit?

• SF-FT: rapid convergence 
• NS-FT:  by comparison, slowly convergent, less stable (enhanced viscous drag relaxes T-P constraint. How? 
• NS bc’s are most destabilizing (opposite from non-rotating).
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<latexit sha1_base64="y1Uz2oQBaDov5bsOanzmgwKLcKE="></latexit>
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<latexit sha1_base64="y1Uz2oQBaDov5bsOanzmgwKLcKE="></latexit>

Asymptotic approx’n

Stress-Free’s BC’s
No-Slip BC’s

No-Slip BC’s
Stress-Free’s BC’s

@ E = 10�15 =) Ra = 1022

<latexit sha1_base64="gOFPkHtuYbcEx5rdDdgxLX5iftY=">AAACDnicdZDLSsNAFIYn9VbrLerSzWApuDEkpUU3haIILqvYCzSxTKaTdujkwsxEKCFP4MZXceNCEbeu3fk2TtoUVPSHgZ/vnMOZ87sRo0Ka5qdWWFpeWV0rrpc2Nre2d/TdvY4IY45JG4cs5D0XCcJoQNqSSkZ6ESfIdxnpupPzrN69I1zQMLiR04g4PhoF1KMYSYUGegU2oQ0vGpZ5mxxb9RTa1Fd7iYDXCDZghqvVdKCXTaNuZoKmYS5MTqyclEGu1kD/sIchjn0SSMyQEH3LjKSTIC4pZiQt2bEgEcITNCJ9ZQPkE+Eks3NSWFFkCL2QqxdIOKPfJxLkCzH1XdXpIzkWv2sZ/KvWj6V36iQ0iGJJAjxf5MUMyhBm2cAh5QRLNlUGYU7VXyEeI46wVAmWVAiLS+H/plM1rJpRv6qVm2d5HEVwAA7BEbDACWiCS9ACbYDBPXgEz+BFe9CetFftbd5a0PKZffBD2vsXxYaY0Q==</latexit>

KJ et al JFM 2016



Linear Stability Theory: Sensitivity btw NS & SF BC’s

• Geostrophic solution incompatible with no-slip boundaries. 
• Evidence for (Ekman) boundary layer solution s.t.
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<latexit sha1_base64="EYvcjeV44UAyBzYPdo9pvdKR0HY="></latexit>
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<latexit sha1_base64="q1rlAFJc/rP2Su/ORsdeXG8OAgk=">AAACInicbVDLSgMxFM34rPVVdekmWATdlBmpqLuiG5cVbBU6tdzJpG1oJglJRixDv8WNv+LGhaKuBD/GTK3g60LI4ZxzufeeSHFmrO+/eVPTM7Nz84WF4uLS8spqaW29aWSqCW0QyaW+jMBQzgRtWGY5vVSaQhJxehENTnL94ppqw6Q4t0NF2wn0BOsyAtZRndJRKCDi0AkV1QqHJJYWh5HksRkm7svS0VW209sdfRlAKS1vsI+LnVLZr/jjwn9BMAFlNKl6p/QSxpKkCRWWcDCmFfjKtjPQlhFOR8UwNVQBGUCPthwUkFDTzsYnjvC2Y2Lcldo9YfGY/d6RQWLylZ0zAds3v7Wc/E9rpbZ72M6YUKmlgnwO6qYcW4nzvHDMNCWWDx0AopnbFZM+aCDWpZqHEPw++S9o7lWCamX/rFquHU/iKKBNtIV2UIAOUA2dojpqIIJu0T16RE/enffgPXuvn9Ypb9KzgX6U9/4BP8SkDw==</latexit>
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<latexit sha1_base64="hOodAlycvyhQ/ajyuNWO7VJwqgE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIRTdC0Y3LCvYBTQiTyaQdOpkJMxOhhLrxV9y4UMStf+HOv3HSZqGtB4Y5nHMv994Tpowq7Tjf1tLyyuraemWjurm1vbNr7+13lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPRTeF3H4hUVPB7PU6Jn6ABpzHFSBspsA+9ULBIjRPz5dkk8FIiU3gFncCuOXVnCrhI3JLUQIlWYH95kcBZQrjGDCnVd51U+zmSmmJGJlUvUyRFeIQGpG8oRwlRfj69YAJPjBLBWEjzuIZT9XdHjhJVLGkqE6SHat4rxP+8fqbjSz+nPM004Xg2KM4Y1AIWccCISoI1GxuCsKRmV4iHSCKsTWhVE4I7f/Ii6ZzV3Ub9/K5Ra16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1npklX2HIA/sD5/AERllsI=</latexit>
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<latexit sha1_base64="hOodAlycvyhQ/ajyuNWO7VJwqgE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIRTdC0Y3LCvYBTQiTyaQdOpkJMxOhhLrxV9y4UMStf+HOv3HSZqGtB4Y5nHMv994Tpowq7Tjf1tLyyuraemWjurm1vbNr7+13lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPRTeF3H4hUVPB7PU6Jn6ABpzHFSBspsA+9ULBIjRPz5dkk8FIiU3gFncCuOXVnCrhI3JLUQIlWYH95kcBZQrjGDCnVd51U+zmSmmJGJlUvUyRFeIQGpG8oRwlRfj69YAJPjBLBWEjzuIZT9XdHjhJVLGkqE6SHat4rxP+8fqbjSz+nPM004Xg2KM4Y1AIWccCISoI1GxuCsKRmV4iHSCKsTWhVE4I7f/Ii6ZzV3Ub9/K5Ra16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1npklX2HIA/sD5/AERllsI=</latexit>
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<latexit sha1_base64="bDmSuNgw0BpNFHwkJAIv46oym/A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgmkLbSib7aRdutmE3Y1SSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8xGV5ol8MKMUg5j2JY84o8ZK/hO5Jm63XHGr7gxkmXg5qUCOerf81eklLItRGiao1m3PTU0wpspwJnBS6mQaU8qGtI9tSyWNUQfj2bETcmKVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD4lG4K3+PIyaZxVvfPqxf15pXaTx1GEIziGU/DgEmpwB3XwgQGHZ3iFN0c6L8678zFvLTj5zCH8gfP5A4QRjdg=</latexit>

w = 0

<latexit sha1_base64="bDmSuNgw0BpNFHwkJAIv46oym/A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgmkLbSib7aRdutmE3Y1SSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8xGV5ol8MKMUg5j2JY84o8ZK/hO5Jm63XHGr7gxkmXg5qUCOerf81eklLItRGiao1m3PTU0wpspwJnBS6mQaU8qGtI9tSyWNUQfj2bETcmKVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD4lG4K3+PIyaZxVvfPqxf15pXaTx1GEIziGU/DgEmpwB3XwgQGHZ3iFN0c6L8678zFvLTj5zCH8gfP5A4QRjdg=</latexit>



• Geostrophic solution incompatible with no-slip boundaries. 
• Evidence for (Ekman) boundary layer solution s.t.
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<latexit sha1_base64="VGI8dH77zZh3NC8S4HzAW8TAEAo=">AAACJXicbVDLSgMxFM34tr5GXboJFqGCtDNF0YULUYTurGCr0Kklk962oUlmSDJCGfozbvwVNy4UEVz5K6adCr4OBA7nnMvNPWHMmTae9+5MTc/Mzs0vLOaWlldW19z1jbqOEkWhRiMeqZuQaOBMQs0ww+EmVkBEyOE67J+N/Os7UJpF8soMYmgK0pWswygxVmq5x0EbuCEtwIFmAhcCmZTKwYWALtm9Tf1SebgX4K9MqZKlzjMHt9y8V/TGwH+JPyF5NEG15b4E7YgmAqShnGjd8L3YNFOiDKMchrkg0RAT2iddaFgqiQDdTMdXDvGOVdq4Eyn7pMFj9ftESoTWAxHapCCmp397I/E/r5GYzlEzZTJODEiaLeokHJsIjyrDbaaAGj6whFDF7F8x7RFFqLHF5mwJ/u+T/5J6uejvFw8u9/Mnp5M6FtAW2kYF5KNDdIIqqIpqiKJ79Iie0Yvz4Dw5r85bFp1yJjOb6Aecj09j1KKz</latexit>
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<latexit sha1_base64="hOodAlycvyhQ/ajyuNWO7VJwqgE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIRTdC0Y3LCvYBTQiTyaQdOpkJMxOhhLrxV9y4UMStf+HOv3HSZqGtB4Y5nHMv994Tpowq7Tjf1tLyyuraemWjurm1vbNr7+13lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPRTeF3H4hUVPB7PU6Jn6ABpzHFSBspsA+9ULBIjRPz5dkk8FIiU3gFncCuOXVnCrhI3JLUQIlWYH95kcBZQrjGDCnVd51U+zmSmmJGJlUvUyRFeIQGpG8oRwlRfj69YAJPjBLBWEjzuIZT9XdHjhJVLGkqE6SHat4rxP+8fqbjSz+nPM004Xg2KM4Y1AIWccCISoI1GxuCsKRmV4iHSCKsTWhVE4I7f/Ii6ZzV3Ub9/K5Ra16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1npklX2HIA/sD5/AERllsI=</latexit>
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Linear Stability Theory: Sensitivity btw NS & SF BC’s



• Geostrophic solution incompatible with no-slip boundaries. 
• Evidence for (Ekman) boundary layer solution s.t.
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<latexit sha1_base64="VGI8dH77zZh3NC8S4HzAW8TAEAo=">AAACJXicbVDLSgMxFM34tr5GXboJFqGCtDNF0YULUYTurGCr0Kklk962oUlmSDJCGfozbvwVNy4UEVz5K6adCr4OBA7nnMvNPWHMmTae9+5MTc/Mzs0vLOaWlldW19z1jbqOEkWhRiMeqZuQaOBMQs0ww+EmVkBEyOE67J+N/Os7UJpF8soMYmgK0pWswygxVmq5x0EbuCEtwIFmAhcCmZTKwYWALtm9Tf1SebgX4K9MqZKlzjMHt9y8V/TGwH+JPyF5NEG15b4E7YgmAqShnGjd8L3YNFOiDKMchrkg0RAT2iddaFgqiQDdTMdXDvGOVdq4Eyn7pMFj9ftESoTWAxHapCCmp397I/E/r5GYzlEzZTJODEiaLeokHJsIjyrDbaaAGj6whFDF7F8x7RFFqLHF5mwJ/u+T/5J6uejvFw8u9/Mnp5M6FtAW2kYF5KNDdIIqqIpqiKJ79Iie0Yvz4Dw5r85bFp1yJjOb6Aecj09j1KKz</latexit>

u? = 0

<latexit sha1_base64="hOodAlycvyhQ/ajyuNWO7VJwqgE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIRTdC0Y3LCvYBTQiTyaQdOpkJMxOhhLrxV9y4UMStf+HOv3HSZqGtB4Y5nHMv994Tpowq7Tjf1tLyyuraemWjurm1vbNr7+13lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPRTeF3H4hUVPB7PU6Jn6ABpzHFSBspsA+9ULBIjRPz5dkk8FIiU3gFncCuOXVnCrhI3JLUQIlWYH95kcBZQrjGDCnVd51U+zmSmmJGJlUvUyRFeIQGpG8oRwlRfj69YAJPjBLBWEjzuIZT9XdHjhJVLGkqE6SHat4rxP+8fqbjSz+nPM004Xg2KM4Y1AIWccCISoI1GxuCsKRmV4iHSCKsTWhVE4I7f/Ii6ZzV3Ub9/K5Ra16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1npklX2HIA/sD5/AERllsI=</latexit>

u? = 0

<latexit sha1_base64="hOodAlycvyhQ/ajyuNWO7VJwqgE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIRTdC0Y3LCvYBTQiTyaQdOpkJMxOhhLrxV9y4UMStf+HOv3HSZqGtB4Y5nHMv994Tpowq7Tjf1tLyyuraemWjurm1vbNr7+13lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPRTeF3H4hUVPB7PU6Jn6ABpzHFSBspsA+9ULBIjRPz5dkk8FIiU3gFncCuOXVnCrhI3JLUQIlWYH95kcBZQrjGDCnVd51U+zmSmmJGJlUvUyRFeIQGpG8oRwlRfj69YAJPjBLBWEjzuIZT9XdHjhJVLGkqE6SHat4rxP+8fqbjSz+nPM004Xg2KM4Y1AIWccCISoI1GxuCsKRmV4iHSCKsTWhVE4I7f/Ii6ZzV3Ub9/K5Ra16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1npklX2HIA/sD5/AERllsI=</latexit>

w = 0

<latexit sha1_base64="bDmSuNgw0BpNFHwkJAIv46oym/A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgmkLbSib7aRdutmE3Y1SSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8xGV5ol8MKMUg5j2JY84o8ZK/hO5Jm63XHGr7gxkmXg5qUCOerf81eklLItRGiao1m3PTU0wpspwJnBS6mQaU8qGtI9tSyWNUQfj2bETcmKVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD4lG4K3+PIyaZxVvfPqxf15pXaTx1GEIziGU/DgEmpwB3XwgQGHZ3iFN0c6L8678zFvLTj5zCH8gfP5A4QRjdg=</latexit>

w = 0

<latexit sha1_base64="bDmSuNgw0BpNFHwkJAIv46oym/A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgmkLbSib7aRdutmE3Y1SSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8xGV5ol8MKMUg5j2JY84o8ZK/hO5Jm63XHGr7gxkmXg5qUCOerf81eklLItRGiao1m3PTU0wpspwJnBS6mQaU8qGtI9tSyWNUQfj2bETcmKVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD4lG4K3+PIyaZxVvfPqxf15pXaTx1GEIziGU/DgEmpwB3XwgQGHZ3iFN0c6L8678zFvLTj5zCH8gfP5A4QRjdg=</latexit>

2⌦ẑ ⇥ u(e)
? ⇡ ⌫@µµu

(e)
?

<latexit sha1_base64="poC0MT0+hvhCJ8ghkZwM+ZyQKtA="></latexit>

u(c)
? = u(g)

? (0) + u(e)
? (µ)

<latexit sha1_base64="t282bI+MoAEIyq0G+9/KPH1pnUA=">AAACSnicbVDLSgMxFM3UqrW+Rl26CRahRSgzUtGNUHTjsoJ9QKeWTHrbhmYeJBmhDP0+N67c+RFuXCjixkw7+Gh7IeRwHuTmuCFnUlnWi5FZya6urec28ptb2zu75t5+QwaRoFCnAQ9EyyUSOPOhrpji0AoFEM/l0HRH14nefAAhWeDfqXEIHY8MfNZnlChNdU2CseMGvCfHnr7iaHIfF2lp0nVCECG+XBQHP2LRKuGTJXH4dTheVOqaBatsTQcvAjsFBZROrWs+O72ARh74inIiZdu2QtWJiVCMcpjknUhCSOiIDKCtoU88kJ14WsUEH2umh/uB0MdXeMr+TcTEk8my2ukRNZTzWkIu09qR6l90YuaHkQKfzh7qRxyrACe94h4TQBUfa0CoYHpXTIdEEKp0+3ldgj3/5UXQOC3blfLZbaVQvUrryKFDdISKyEbnqIpuUA3VEUWP6BW9ow/jyXgzPo2vmTVjpJkD9G8y2W+DObKQ</latexit>

zero on bnd exponentially decaying  
into interior

• Matches solution at bounding plate  
• Coriolis viscous balance implies �e ⇠ (⌫/2⌦)1/2, �e/H ⇠ E

1/2

<latexit sha1_base64="VGI8dH77zZh3NC8S4HzAW8TAEAo=">AAACJXicbVDLSgMxFM34tr5GXboJFqGCtDNF0YULUYTurGCr0Kklk962oUlmSDJCGfozbvwVNy4UEVz5K6adCr4OBA7nnMvNPWHMmTae9+5MTc/Mzs0vLOaWlldW19z1jbqOEkWhRiMeqZuQaOBMQs0ww+EmVkBEyOE67J+N/Os7UJpF8soMYmgK0pWswygxVmq5x0EbuCEtwIFmAhcCmZTKwYWALtm9Tf1SebgX4K9MqZKlzjMHt9y8V/TGwH+JPyF5NEG15b4E7YgmAqShnGjd8L3YNFOiDKMchrkg0RAT2iddaFgqiQDdTMdXDvGOVdq4Eyn7pMFj9ftESoTWAxHapCCmp397I/E/r5GYzlEzZTJODEiaLeokHJsIjyrDbaaAGj6whFDF7F8x7RFFqLHF5mwJ/u+T/5J6uejvFw8u9/Mnp5M6FtAW2kYF5KNDdIIqqIpqiKJ79Iie0Yvz4Dw5r85bFp1yJjOb6Aecj09j1KKz</latexit>

Linear Stability Theory: Sensitivity btw NS & SF BC’s
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• Geostrophic solution incompatible with no-slip boundaries. 
• Evidence for (Ekman) boundary layer solution s.t.

u(c)
? = u(g)

? (0) + u(e)
? (µ)

<latexit sha1_base64="t282bI+MoAEIyq0G+9/KPH1pnUA=">AAACSnicbVDLSgMxFM3UqrW+Rl26CRahRSgzUtGNUHTjsoJ9QKeWTHrbhmYeJBmhDP0+N67c+RFuXCjixkw7+Gh7IeRwHuTmuCFnUlnWi5FZya6urec28ptb2zu75t5+QwaRoFCnAQ9EyyUSOPOhrpji0AoFEM/l0HRH14nefAAhWeDfqXEIHY8MfNZnlChNdU2CseMGvCfHnr7iaHIfF2lp0nVCECG+XBQHP2LRKuGTJXH4dTheVOqaBatsTQcvAjsFBZROrWs+O72ARh74inIiZdu2QtWJiVCMcpjknUhCSOiIDKCtoU88kJ14WsUEH2umh/uB0MdXeMr+TcTEk8my2ukRNZTzWkIu09qR6l90YuaHkQKfzh7qRxyrACe94h4TQBUfa0CoYHpXTIdEEKp0+3ldgj3/5UXQOC3blfLZbaVQvUrryKFDdISKyEbnqIpuUA3VEUWP6BW9ow/jyXgzPo2vmTVjpJkD9G8y2W+DObKQ</latexit>

zero on bnd exponentially decaying  
into interior

2⌦ẑ ⇥ u(g)
? ⇡ �r?p

(g)

<latexit sha1_base64="EYvcjeV44UAyBzYPdo9pvdKR0HY="></latexit>

r? · u(g)
? ⇡ 0

<latexit sha1_base64="q1rlAFJc/rP2Su/ORsdeXG8OAgk=">AAACInicbVDLSgMxFM34rPVVdekmWATdlBmpqLuiG5cVbBU6tdzJpG1oJglJRixDv8WNv+LGhaKuBD/GTK3g60LI4ZxzufeeSHFmrO+/eVPTM7Nz84WF4uLS8spqaW29aWSqCW0QyaW+jMBQzgRtWGY5vVSaQhJxehENTnL94ppqw6Q4t0NF2wn0BOsyAtZRndJRKCDi0AkV1QqHJJYWh5HksRkm7svS0VW209sdfRlAKS1vsI+LnVLZr/jjwn9BMAFlNKl6p/QSxpKkCRWWcDCmFfjKtjPQlhFOR8UwNVQBGUCPthwUkFDTzsYnjvC2Y2Lcldo9YfGY/d6RQWLylZ0zAds3v7Wc/E9rpbZ72M6YUKmlgnwO6qYcW4nzvHDMNCWWDx0AopnbFZM+aCDWpZqHEPw++S9o7lWCamX/rFquHU/iKKBNtIV2UIAOUA2dojpqIIJu0T16RE/enffgPXuvn9Ypb9KzgX6U9/4BP8SkDw==</latexit>

• Matches solution at bounding plate  
• Coriolis viscous balance implies �e ⇠ (⌫/2⌦)1/2, �e/H ⇠ E

1/2

<latexit sha1_base64="VGI8dH77zZh3NC8S4HzAW8TAEAo=">AAACJXicbVDLSgMxFM34tr5GXboJFqGCtDNF0YULUYTurGCr0Kklk962oUlmSDJCGfozbvwVNy4UEVz5K6adCr4OBA7nnMvNPWHMmTae9+5MTc/Mzs0vLOaWlldW19z1jbqOEkWhRiMeqZuQaOBMQs0ww+EmVkBEyOE67J+N/Os7UJpF8soMYmgK0pWswygxVmq5x0EbuCEtwIFmAhcCmZTKwYWALtm9Tf1SebgX4K9MqZKlzjMHt9y8V/TGwH+JPyF5NEG15b4E7YgmAqShnGjd8L3YNFOiDKMchrkg0RAT2iddaFgqiQDdTMdXDvGOVdq4Eyn7pMFj9ftESoTWAxHapCCmp397I/E/r5GYzlEzZTJODEiaLeokHJsIjyrDbaaAGj6whFDF7F8x7RFFqLHF5mwJ/u+T/5J6uejvFw8u9/Mnp5M6FtAW2kYF5KNDdIIqqIpqiKJ79Iie0Yvz4Dw5r85bFp1yJjOb6Aecj09j1KKz</latexit>

u(e)
0 (x?, µ, t) = �e�

µp
2

✓
u(g)
0 (x?, 0, t) cos

µp
2
� u(g)

0 (x?, 0, t) sin
µp
2

◆

v(e)0 (x?, µ, t) = �e�
µp
2

✓
v(g)0 (x?, 0, t) cos

µp
2
+ v(g)0 (x?, 0, t) sin

µp
2

◆

<latexit sha1_base64="L4w9f1kPQmw2YoGxZRyCg4YWnmo="></latexit>

2⌦ẑ ⇥ u(e)
? ⇡ ⌫@µµu

(e)
?

<latexit sha1_base64="poC0MT0+hvhCJ8ghkZwM+ZyQKtA="></latexit>

EBL solutions�e ⇠ (⌫/2⌦)1/2, �e/H ⇠ E
1/2

<latexit sha1_base64="VGI8dH77zZh3NC8S4HzAW8TAEAo=">AAACJXicbVDLSgMxFM34tr5GXboJFqGCtDNF0YULUYTurGCr0Kklk962oUlmSDJCGfozbvwVNy4UEVz5K6adCr4OBA7nnMvNPWHMmTae9+5MTc/Mzs0vLOaWlldW19z1jbqOEkWhRiMeqZuQaOBMQs0ww+EmVkBEyOE67J+N/Os7UJpF8soMYmgK0pWswygxVmq5x0EbuCEtwIFmAhcCmZTKwYWALtm9Tf1SebgX4K9MqZKlzjMHt9y8V/TGwH+JPyF5NEG15b4E7YgmAqShnGjd8L3YNFOiDKMchrkg0RAT2iddaFgqiQDdTMdXDvGOVdq4Eyn7pMFj9ftESoTWAxHapCCmp397I/E/r5GYzlEzZTJODEiaLeokHJsIjyrDbaaAGj6whFDF7F8x7RFFqLHF5mwJ/u+T/5J6uejvFw8u9/Mnp5M6FtAW2kYF5KNDdIIqqIpqiKJ79Iie0Yvz4Dw5r85bFp1yJjOb6Aecj09j1KKz</latexit>

u? = 0

<latexit sha1_base64="hOodAlycvyhQ/ajyuNWO7VJwqgE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIRTdC0Y3LCvYBTQiTyaQdOpkJMxOhhLrxV9y4UMStf+HOv3HSZqGtB4Y5nHMv994Tpowq7Tjf1tLyyuraemWjurm1vbNr7+13lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPRTeF3H4hUVPB7PU6Jn6ABpzHFSBspsA+9ULBIjRPz5dkk8FIiU3gFncCuOXVnCrhI3JLUQIlWYH95kcBZQrjGDCnVd51U+zmSmmJGJlUvUyRFeIQGpG8oRwlRfj69YAJPjBLBWEjzuIZT9XdHjhJVLGkqE6SHat4rxP+8fqbjSz+nPM004Xg2KM4Y1AIWccCISoI1GxuCsKRmV4iHSCKsTWhVE4I7f/Ii6ZzV3Ub9/K5Ra16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1npklX2HIA/sD5/AERllsI=</latexit>

u? = 0

<latexit sha1_base64="hOodAlycvyhQ/ajyuNWO7VJwqgE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIRTdC0Y3LCvYBTQiTyaQdOpkJMxOhhLrxV9y4UMStf+HOv3HSZqGtB4Y5nHMv994Tpowq7Tjf1tLyyuraemWjurm1vbNr7+13lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPRTeF3H4hUVPB7PU6Jn6ABpzHFSBspsA+9ULBIjRPz5dkk8FIiU3gFncCuOXVnCrhI3JLUQIlWYH95kcBZQrjGDCnVd51U+zmSmmJGJlUvUyRFeIQGpG8oRwlRfj69YAJPjBLBWEjzuIZT9XdHjhJVLGkqE6SHat4rxP+8fqbjSz+nPM004Xg2KM4Y1AIWccCISoI1GxuCsKRmV4iHSCKsTWhVE4I7f/Ii6ZzV3Ub9/K5Ra16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1npklX2HIA/sD5/AERllsI=</latexit>

w = 0

<latexit sha1_base64="bDmSuNgw0BpNFHwkJAIv46oym/A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgmkLbSib7aRdutmE3Y1SSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8xGV5ol8MKMUg5j2JY84o8ZK/hO5Jm63XHGr7gxkmXg5qUCOerf81eklLItRGiao1m3PTU0wpspwJnBS6mQaU8qGtI9tSyWNUQfj2bETcmKVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD4lG4K3+PIyaZxVvfPqxf15pXaTx1GEIziGU/DgEmpwB3XwgQGHZ3iFN0c6L8678zFvLTj5zCH8gfP5A4QRjdg=</latexit>

w = 0

<latexit sha1_base64="bDmSuNgw0BpNFHwkJAIv46oym/A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgmkLbSib7aRdutmE3Y1SSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8xGV5ol8MKMUg5j2JY84o8ZK/hO5Jm63XHGr7gxkmXg5qUCOerf81eklLItRGiao1m3PTU0wpspwJnBS6mQaU8qGtI9tSyWNUQfj2bETcmKVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD4lG4K3+PIyaZxVvfPqxf15pXaTx1GEIziGU/DgEmpwB3XwgQGHZ3iFN0c6L8678zFvLTj5zCH8gfP5A4QRjdg=</latexit>

Linear Stability Theory: Sensitivity btw NS & SF BC’s

KJ et al JFM 2016



• Geostrophic solution incompatible with no-slip boundaries. 
• Evidence for (Ekman) boundary layer solution s.t.

u(c)
? = u(g)

? (0) + u(e)
? (µ)

<latexit sha1_base64="t282bI+MoAEIyq0G+9/KPH1pnUA=">AAACSnicbVDLSgMxFM3UqrW+Rl26CRahRSgzUtGNUHTjsoJ9QKeWTHrbhmYeJBmhDP0+N67c+RFuXCjixkw7+Gh7IeRwHuTmuCFnUlnWi5FZya6urec28ptb2zu75t5+QwaRoFCnAQ9EyyUSOPOhrpji0AoFEM/l0HRH14nefAAhWeDfqXEIHY8MfNZnlChNdU2CseMGvCfHnr7iaHIfF2lp0nVCECG+XBQHP2LRKuGTJXH4dTheVOqaBatsTQcvAjsFBZROrWs+O72ARh74inIiZdu2QtWJiVCMcpjknUhCSOiIDKCtoU88kJ14WsUEH2umh/uB0MdXeMr+TcTEk8my2ukRNZTzWkIu09qR6l90YuaHkQKfzh7qRxyrACe94h4TQBUfa0CoYHpXTIdEEKp0+3ldgj3/5UXQOC3blfLZbaVQvUrryKFDdISKyEbnqIpuUA3VEUWP6BW9ow/jyXgzPo2vmTVjpJkD9G8y2W+DObKQ</latexit>

zero on bnd exponentially decaying  
into interior

2⌦ẑ ⇥ u(g)
? ⇡ �r?p

(g)

<latexit sha1_base64="EYvcjeV44UAyBzYPdo9pvdKR0HY="></latexit>

r? · u(g)
? ⇡ 0

<latexit sha1_base64="q1rlAFJc/rP2Su/ORsdeXG8OAgk=">AAACInicbVDLSgMxFM34rPVVdekmWATdlBmpqLuiG5cVbBU6tdzJpG1oJglJRixDv8WNv+LGhaKuBD/GTK3g60LI4ZxzufeeSHFmrO+/eVPTM7Nz84WF4uLS8spqaW29aWSqCW0QyaW+jMBQzgRtWGY5vVSaQhJxehENTnL94ppqw6Q4t0NF2wn0BOsyAtZRndJRKCDi0AkV1QqHJJYWh5HksRkm7svS0VW209sdfRlAKS1vsI+LnVLZr/jjwn9BMAFlNKl6p/QSxpKkCRWWcDCmFfjKtjPQlhFOR8UwNVQBGUCPthwUkFDTzsYnjvC2Y2Lcldo9YfGY/d6RQWLylZ0zAds3v7Wc/E9rpbZ72M6YUKmlgnwO6qYcW4nzvHDMNCWWDx0AopnbFZM+aCDWpZqHEPw++S9o7lWCamX/rFquHU/iKKBNtIV2UIAOUA2dojpqIIJu0T16RE/enffgPXuvn9Ypb9KzgX6U9/4BP8SkDw==</latexit>

• Matches solution at bounding plate  
• Coriolis viscous balance implies �e ⇠ (⌫/2⌦)1/2, �e/H ⇠ E

1/2

<latexit sha1_base64="VGI8dH77zZh3NC8S4HzAW8TAEAo=">AAACJXicbVDLSgMxFM34tr5GXboJFqGCtDNF0YULUYTurGCr0Kklk962oUlmSDJCGfozbvwVNy4UEVz5K6adCr4OBA7nnMvNPWHMmTae9+5MTc/Mzs0vLOaWlldW19z1jbqOEkWhRiMeqZuQaOBMQs0ww+EmVkBEyOE67J+N/Os7UJpF8soMYmgK0pWswygxVmq5x0EbuCEtwIFmAhcCmZTKwYWALtm9Tf1SebgX4K9MqZKlzjMHt9y8V/TGwH+JPyF5NEG15b4E7YgmAqShnGjd8L3YNFOiDKMchrkg0RAT2iddaFgqiQDdTMdXDvGOVdq4Eyn7pMFj9ftESoTWAxHapCCmp397I/E/r5GYzlEzZTJODEiaLeokHJsIjyrDbaaAGj6whFDF7F8x7RFFqLHF5mwJ/u+T/5J6uejvFw8u9/Mnp5M6FtAW2kYF5KNDdIIqqIpqiKJ79Iie0Yvz4Dw5r85bFp1yJjOb6Aecj09j1KKz</latexit>
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2

◆

v(e)0 (x?, µ, t) = �e�
µp
2

✓
v(g)0 (x?, 0, t) cos

µp
2
+ v(g)0 (x?, 0, t) sin

µp
2
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<latexit sha1_base64="L4w9f1kPQmw2YoGxZRyCg4YWnmo="></latexit>
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<latexit sha1_base64="poC0MT0+hvhCJ8ghkZwM+ZyQKtA="></latexit>

EBL solutions�e ⇠ (⌫/2⌦)1/2, �e/H ⇠ E
1/2

<latexit sha1_base64="VGI8dH77zZh3NC8S4HzAW8TAEAo=">AAACJXicbVDLSgMxFM34tr5GXboJFqGCtDNF0YULUYTurGCr0Kklk962oUlmSDJCGfozbvwVNy4UEVz5K6adCr4OBA7nnMvNPWHMmTae9+5MTc/Mzs0vLOaWlldW19z1jbqOEkWhRiMeqZuQaOBMQs0ww+EmVkBEyOE67J+N/Os7UJpF8soMYmgK0pWswygxVmq5x0EbuCEtwIFmAhcCmZTKwYWALtm9Tf1SebgX4K9MqZKlzjMHt9y8V/TGwH+JPyF5NEG15b4E7YgmAqShnGjd8L3YNFOiDKMchrkg0RAT2iddaFgqiQDdTMdXDvGOVdq4Eyn7pMFj9ftESoTWAxHapCCmp397I/E/r5GYzlEzZTJODEiaLeokHJsIjyrDbaaAGj6whFDF7F8x7RFFqLHF5mwJ/u+T/5J6uejvFw8u9/Mnp5M6FtAW2kYF5KNDdIIqqIpqiKJ79Iie0Yvz4Dw5r85bFp1yJjOb6Aecj09j1KKz</latexit>

u? = 0

<latexit sha1_base64="hOodAlycvyhQ/ajyuNWO7VJwqgE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIRTdC0Y3LCvYBTQiTyaQdOpkJMxOhhLrxV9y4UMStf+HOv3HSZqGtB4Y5nHMv994Tpowq7Tjf1tLyyuraemWjurm1vbNr7+13lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPRTeF3H4hUVPB7PU6Jn6ABpzHFSBspsA+9ULBIjRPz5dkk8FIiU3gFncCuOXVnCrhI3JLUQIlWYH95kcBZQrjGDCnVd51U+zmSmmJGJlUvUyRFeIQGpG8oRwlRfj69YAJPjBLBWEjzuIZT9XdHjhJVLGkqE6SHat4rxP+8fqbjSz+nPM004Xg2KM4Y1AIWccCISoI1GxuCsKRmV4iHSCKsTWhVE4I7f/Ii6ZzV3Ub9/K5Ra16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1npklX2HIA/sD5/AERllsI=</latexit>

u? = 0

<latexit sha1_base64="hOodAlycvyhQ/ajyuNWO7VJwqgE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIRTdC0Y3LCvYBTQiTyaQdOpkJMxOhhLrxV9y4UMStf+HOv3HSZqGtB4Y5nHMv994Tpowq7Tjf1tLyyuraemWjurm1vbNr7+13lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPRTeF3H4hUVPB7PU6Jn6ABpzHFSBspsA+9ULBIjRPz5dkk8FIiU3gFncCuOXVnCrhI3JLUQIlWYH95kcBZQrjGDCnVd51U+zmSmmJGJlUvUyRFeIQGpG8oRwlRfj69YAJPjBLBWEjzuIZT9XdHjhJVLGkqE6SHat4rxP+8fqbjSz+nPM004Xg2KM4Y1AIWccCISoI1GxuCsKRmV4iHSCKsTWhVE4I7f/Ii6ZzV3Ub9/K5Ra16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1npklX2HIA/sD5/AERllsI=</latexit>

w = 0

<latexit sha1_base64="bDmSuNgw0BpNFHwkJAIv46oym/A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgmkLbSib7aRdutmE3Y1SSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8xGV5ol8MKMUg5j2JY84o8ZK/hO5Jm63XHGr7gxkmXg5qUCOerf81eklLItRGiao1m3PTU0wpspwJnBS6mQaU8qGtI9tSyWNUQfj2bETcmKVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD4lG4K3+PIyaZxVvfPqxf15pXaTx1GEIziGU/DgEmpwB3XwgQGHZ3iFN0c6L8678zFvLTj5zCH8gfP5A4QRjdg=</latexit>

w = 0

<latexit sha1_base64="bDmSuNgw0BpNFHwkJAIv46oym/A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgmkLbSib7aRdutmE3Y1SSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8xGV5ol8MKMUg5j2JY84o8ZK/hO5Jm63XHGr7gxkmXg5qUCOerf81eklLItRGiao1m3PTU0wpspwJnBS6mQaU8qGtI9tSyWNUQfj2bETcmKVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD4lG4K3+PIyaZxVvfPqxf15pXaTx1GEIziGU/DgEmpwB3XwgQGHZ3iFN0c6L8678zFvLTj5zCH8gfP5A4QRjdg=</latexit>
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<latexit sha1_base64="IwL60zyyopJIXXmOYJwspQQC9/Q="></latexit>

Ekman pumping and suction 
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• Geostrophic solution incompatible with no-slip boundaries. 
• Evidence for (Ekman) boundary layer solution s.t.

u(c)
? = u(g)

? (0) + u(e)
? (µ)

<latexit sha1_base64="t282bI+MoAEIyq0G+9/KPH1pnUA=">AAACSnicbVDLSgMxFM3UqrW+Rl26CRahRSgzUtGNUHTjsoJ9QKeWTHrbhmYeJBmhDP0+N67c+RFuXCjixkw7+Gh7IeRwHuTmuCFnUlnWi5FZya6urec28ptb2zu75t5+QwaRoFCnAQ9EyyUSOPOhrpji0AoFEM/l0HRH14nefAAhWeDfqXEIHY8MfNZnlChNdU2CseMGvCfHnr7iaHIfF2lp0nVCECG+XBQHP2LRKuGTJXH4dTheVOqaBatsTQcvAjsFBZROrWs+O72ARh74inIiZdu2QtWJiVCMcpjknUhCSOiIDKCtoU88kJ14WsUEH2umh/uB0MdXeMr+TcTEk8my2ukRNZTzWkIu09qR6l90YuaHkQKfzh7qRxyrACe94h4TQBUfa0CoYHpXTIdEEKp0+3ldgj3/5UXQOC3blfLZbaVQvUrryKFDdISKyEbnqIpuUA3VEUWP6BW9ow/jyXgzPo2vmTVjpJkD9G8y2W+DObKQ</latexit>

zero on bnd exponentially decaying  
into interior
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<latexit sha1_base64="EYvcjeV44UAyBzYPdo9pvdKR0HY="></latexit>
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<latexit sha1_base64="q1rlAFJc/rP2Su/ORsdeXG8OAgk=">AAACInicbVDLSgMxFM34rPVVdekmWATdlBmpqLuiG5cVbBU6tdzJpG1oJglJRixDv8WNv+LGhaKuBD/GTK3g60LI4ZxzufeeSHFmrO+/eVPTM7Nz84WF4uLS8spqaW29aWSqCW0QyaW+jMBQzgRtWGY5vVSaQhJxehENTnL94ppqw6Q4t0NF2wn0BOsyAtZRndJRKCDi0AkV1QqHJJYWh5HksRkm7svS0VW209sdfRlAKS1vsI+LnVLZr/jjwn9BMAFlNKl6p/QSxpKkCRWWcDCmFfjKtjPQlhFOR8UwNVQBGUCPthwUkFDTzsYnjvC2Y2Lcldo9YfGY/d6RQWLylZ0zAds3v7Wc/E9rpbZ72M6YUKmlgnwO6qYcW4nzvHDMNCWWDx0AopnbFZM+aCDWpZqHEPw++S9o7lWCamX/rFquHU/iKKBNtIV2UIAOUA2dojpqIIJu0T16RE/enffgPXuvn9Ypb9KzgX6U9/4BP8SkDw==</latexit>

• Matches solution at bounding plate  
• Coriolis viscous balance implies �e ⇠ (⌫/2⌦)1/2, �e/H ⇠ E

1/2

<latexit sha1_base64="VGI8dH77zZh3NC8S4HzAW8TAEAo=">AAACJXicbVDLSgMxFM34tr5GXboJFqGCtDNF0YULUYTurGCr0Kklk962oUlmSDJCGfozbvwVNy4UEVz5K6adCr4OBA7nnMvNPWHMmTae9+5MTc/Mzs0vLOaWlldW19z1jbqOEkWhRiMeqZuQaOBMQs0ww+EmVkBEyOE67J+N/Os7UJpF8soMYmgK0pWswygxVmq5x0EbuCEtwIFmAhcCmZTKwYWALtm9Tf1SebgX4K9MqZKlzjMHt9y8V/TGwH+JPyF5NEG15b4E7YgmAqShnGjd8L3YNFOiDKMchrkg0RAT2iddaFgqiQDdTMdXDvGOVdq4Eyn7pMFj9ftESoTWAxHapCCmp397I/E/r5GYzlEzZTJODEiaLeokHJsIjyrDbaaAGj6whFDF7F8x7RFFqLHF5mwJ/u+T/5J6uejvFw8u9/Mnp5M6FtAW2kYF5KNDdIIqqIpqiKJ79Iie0Yvz4Dw5r85bFp1yJjOb6Aecj09j1KKz</latexit>
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<latexit sha1_base64="L4w9f1kPQmw2YoGxZRyCg4YWnmo="></latexit>
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<latexit sha1_base64="poC0MT0+hvhCJ8ghkZwM+ZyQKtA="></latexit>
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<latexit sha1_base64="IwL60zyyopJIXXmOYJwspQQC9/Q="></latexit>

EBL solutions

Ekman pumping and suction 

w(e)(x?, Z±, t) = ⌥E1//6
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<latexit sha1_base64="fPVgfAQXjZJKskY9BbY8NSOaN5k="></latexit>

�e ⇠ (⌫/2⌦)1/2, �e/H ⇠ E
1/2

<latexit sha1_base64="VGI8dH77zZh3NC8S4HzAW8TAEAo=">AAACJXicbVDLSgMxFM34tr5GXboJFqGCtDNF0YULUYTurGCr0Kklk962oUlmSDJCGfozbvwVNy4UEVz5K6adCr4OBA7nnMvNPWHMmTae9+5MTc/Mzs0vLOaWlldW19z1jbqOEkWhRiMeqZuQaOBMQs0ww+EmVkBEyOE67J+N/Os7UJpF8soMYmgK0pWswygxVmq5x0EbuCEtwIFmAhcCmZTKwYWALtm9Tf1SebgX4K9MqZKlzjMHt9y8V/TGwH+JPyF5NEG15b4E7YgmAqShnGjd8L3YNFOiDKMchrkg0RAT2iddaFgqiQDdTMdXDvGOVdq4Eyn7pMFj9ftESoTWAxHapCCmp397I/E/r5GYzlEzZTJODEiaLeokHJsIjyrDbaaAGj6whFDF7F8x7RFFqLHF5mwJ/u+T/5J6uejvFw8u9/Mnp5M6FtAW2kYF5KNDdIIqqIpqiKJ79Iie0Yvz4Dw5r85bFp1yJjOb6Aecj09j1KKz</latexit>

As in atmos. and ocean applications filter 
Ekman layers by pumping/suction BC

u? = 0

<latexit sha1_base64="hOodAlycvyhQ/ajyuNWO7VJwqgE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIRTdC0Y3LCvYBTQiTyaQdOpkJMxOhhLrxV9y4UMStf+HOv3HSZqGtB4Y5nHMv994Tpowq7Tjf1tLyyuraemWjurm1vbNr7+13lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPRTeF3H4hUVPB7PU6Jn6ABpzHFSBspsA+9ULBIjRPz5dkk8FIiU3gFncCuOXVnCrhI3JLUQIlWYH95kcBZQrjGDCnVd51U+zmSmmJGJlUvUyRFeIQGpG8oRwlRfj69YAJPjBLBWEjzuIZT9XdHjhJVLGkqE6SHat4rxP+8fqbjSz+nPM004Xg2KM4Y1AIWccCISoI1GxuCsKRmV4iHSCKsTWhVE4I7f/Ii6ZzV3Ub9/K5Ra16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1npklX2HIA/sD5/AERllsI=</latexit>

u? = 0

<latexit sha1_base64="hOodAlycvyhQ/ajyuNWO7VJwqgE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIRTdC0Y3LCvYBTQiTyaQdOpkJMxOhhLrxV9y4UMStf+HOv3HSZqGtB4Y5nHMv994Tpowq7Tjf1tLyyuraemWjurm1vbNr7+13lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPRTeF3H4hUVPB7PU6Jn6ABpzHFSBspsA+9ULBIjRPz5dkk8FIiU3gFncCuOXVnCrhI3JLUQIlWYH95kcBZQrjGDCnVd51U+zmSmmJGJlUvUyRFeIQGpG8oRwlRfj69YAJPjBLBWEjzuIZT9XdHjhJVLGkqE6SHat4rxP+8fqbjSz+nPM004Xg2KM4Y1AIWccCISoI1GxuCsKRmV4iHSCKsTWhVE4I7f/Ii6ZzV3Ub9/K5Ra16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1npklX2HIA/sD5/AERllsI=</latexit>

w = 0

<latexit sha1_base64="bDmSuNgw0BpNFHwkJAIv46oym/A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgmkLbSib7aRdutmE3Y1SSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8xGV5ol8MKMUg5j2JY84o8ZK/hO5Jm63XHGr7gxkmXg5qUCOerf81eklLItRGiao1m3PTU0wpspwJnBS6mQaU8qGtI9tSyWNUQfj2bETcmKVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD4lG4K3+PIyaZxVvfPqxf15pXaTx1GEIziGU/DgEmpwB3XwgQGHZ3iFN0c6L8678zFvLTj5zCH8gfP5A4QRjdg=</latexit>

w = 0

<latexit sha1_base64="bDmSuNgw0BpNFHwkJAIv46oym/A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgmkLbSib7aRdutmE3Y1SSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8xGV5ol8MKMUg5j2JY84o8ZK/hO5Jm63XHGr7gxkmXg5qUCOerf81eklLItRGiao1m3PTU0wpspwJnBS6mQaU8qGtI9tSyWNUQfj2bETcmKVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD4lG4K3+PIyaZxVvfPqxf15pXaTx1GEIziGU/DgEmpwB3XwgQGHZ3iFN0c6L8678zFvLTj5zCH8gfP5A4QRjdg=</latexit>
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<latexit sha1_base64="q1rlAFJc/rP2Su/ORsdeXG8OAgk=">AAACInicbVDLSgMxFM34rPVVdekmWATdlBmpqLuiG5cVbBU6tdzJpG1oJglJRixDv8WNv+LGhaKuBD/GTK3g60LI4ZxzufeeSHFmrO+/eVPTM7Nz84WF4uLS8spqaW29aWSqCW0QyaW+jMBQzgRtWGY5vVSaQhJxehENTnL94ppqw6Q4t0NF2wn0BOsyAtZRndJRKCDi0AkV1QqHJJYWh5HksRkm7svS0VW209sdfRlAKS1vsI+LnVLZr/jjwn9BMAFlNKl6p/QSxpKkCRWWcDCmFfjKtjPQlhFOR8UwNVQBGUCPthwUkFDTzsYnjvC2Y2Lcldo9YfGY/d6RQWLylZ0zAds3v7Wc/E9rpbZ72M6YUKmlgnwO6qYcW4nzvHDMNCWWDx0AopnbFZM+aCDWpZqHEPw++S9o7lWCamX/rFquHU/iKKBNtIV2UIAOUA2dojpqIIJu0T16RE/enffgPXuvn9Ypb9KzgX6U9/4BP8SkDw==</latexit>
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<latexit sha1_base64="L4w9f1kPQmw2YoGxZRyCg4YWnmo="></latexit>
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<latexit sha1_base64="IwL60zyyopJIXXmOYJwspQQC9/Q="></latexit>

EBL solutions

Ekman pumping and suction 

w(e)(x?, Z±, t) = ⌥E1//6
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<latexit sha1_base64="fPVgfAQXjZJKskY9BbY8NSOaN5k="></latexit>

�e ⇠ (⌫/2⌦)1/2, �e/H ⇠ E
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<latexit sha1_base64="VGI8dH77zZh3NC8S4HzAW8TAEAo=">AAACJXicbVDLSgMxFM34tr5GXboJFqGCtDNF0YULUYTurGCr0Kklk962oUlmSDJCGfozbvwVNy4UEVz5K6adCr4OBA7nnMvNPWHMmTae9+5MTc/Mzs0vLOaWlldW19z1jbqOEkWhRiMeqZuQaOBMQs0ww+EmVkBEyOE67J+N/Os7UJpF8soMYmgK0pWswygxVmq5x0EbuCEtwIFmAhcCmZTKwYWALtm9Tf1SebgX4K9MqZKlzjMHt9y8V/TGwH+JPyF5NEG15b4E7YgmAqShnGjd8L3YNFOiDKMchrkg0RAT2iddaFgqiQDdTMdXDvGOVdq4Eyn7pMFj9ftESoTWAxHapCCmp397I/E/r5GYzlEzZTJODEiaLeokHJsIjyrDbaaAGj6whFDF7F8x7RFFqLHF5mwJ/u+T/5J6uejvFw8u9/Mnp5M6FtAW2kYF5KNDdIIqqIpqiKJ79Iie0Yvz4Dw5r85bFp1yJjOb6Aecj09j1KKz</latexit>

As in atmos. and ocean applications filter 
Ekman layers by pumping/suction BC
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<latexit sha1_base64="hOodAlycvyhQ/ajyuNWO7VJwqgE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIRTdC0Y3LCvYBTQiTyaQdOpkJMxOhhLrxV9y4UMStf+HOv3HSZqGtB4Y5nHMv994Tpowq7Tjf1tLyyuraemWjurm1vbNr7+13lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPRTeF3H4hUVPB7PU6Jn6ABpzHFSBspsA+9ULBIjRPz5dkk8FIiU3gFncCuOXVnCrhI3JLUQIlWYH95kcBZQrjGDCnVd51U+zmSmmJGJlUvUyRFeIQGpG8oRwlRfj69YAJPjBLBWEjzuIZT9XdHjhJVLGkqE6SHat4rxP+8fqbjSz+nPM004Xg2KM4Y1AIWccCISoI1GxuCsKRmV4iHSCKsTWhVE4I7f/Ii6ZzV3Ub9/K5Ra16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1npklX2HIA/sD5/AERllsI=</latexit>

u? = 0

<latexit sha1_base64="hOodAlycvyhQ/ajyuNWO7VJwqgE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JIRTdC0Y3LCvYBTQiTyaQdOpkJMxOhhLrxV9y4UMStf+HOv3HSZqGtB4Y5nHMv994Tpowq7Tjf1tLyyuraemWjurm1vbNr7+13lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPRTeF3H4hUVPB7PU6Jn6ABpzHFSBspsA+9ULBIjRPz5dkk8FIiU3gFncCuOXVnCrhI3JLUQIlWYH95kcBZQrjGDCnVd51U+zmSmmJGJlUvUyRFeIQGpG8oRwlRfj69YAJPjBLBWEjzuIZT9XdHjhJVLGkqE6SHat4rxP+8fqbjSz+nPM004Xg2KM4Y1AIWccCISoI1GxuCsKRmV4iHSCKsTWhVE4I7f/Ii6ZzV3Ub9/K5Ra16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1npklX2HIA/sD5/AERllsI=</latexit>

w = 0

<latexit sha1_base64="bDmSuNgw0BpNFHwkJAIv46oym/A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgmkLbSib7aRdutmE3Y1SSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8xGV5ol8MKMUg5j2JY84o8ZK/hO5Jm63XHGr7gxkmXg5qUCOerf81eklLItRGiao1m3PTU0wpspwJnBS6mQaU8qGtI9tSyWNUQfj2bETcmKVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD4lG4K3+PIyaZxVvfPqxf15pXaTx1GEIziGU/DgEmpwB3XwgQGHZ3iFN0c6L8678zFvLTj5zCH8gfP5A4QRjdg=</latexit>

w = 0

<latexit sha1_base64="bDmSuNgw0BpNFHwkJAIv46oym/A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgmkLbSib7aRdutmE3Y1SSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hZXVtfaO4Wdra3tndK+8fNHSSKYY+S0SiWiHVKLhE33AjsJUqpHEosBkOb6d+8xGV5ol8MKMUg5j2JY84o8ZK/hO5Jm63XHGr7gxkmXg5qUCOerf81eklLItRGiao1m3PTU0wpspwJnBS6mQaU8qGtI9tSyWNUQfj2bETcmKVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD4lG4K3+PIyaZxVvfPqxf15pXaTx1GEIziGU/DgEmpwB3XwgQGHZ3iFN0c6L8678zFvLTj5zCH8gfP5A4QRjdg=</latexit>

Linear Stability Theory: Sensitivity btw NS & SF BC’s

KJ et al JFM 2016



Convergence to Asymptotic Limit

• Ekman pumping/suction accounts for the slow convergence 
• Complete asymptotic picture for linear dynamics. 

lim
E!0

Rac,min(E) · E4/3 =
3

2
(2⇡4)1/3 = 8.7

lim
E!0

kc,min(E) · E1/3 =

✓
⇡2

2

◆1/3

= 1.3

<latexit sha1_base64="y1Uz2oQBaDov5bsOanzmgwKLcKE="></latexit>

lim
E!0

Rac,min(E) · E4/3 =
3

2
(2⇡4)1/3 = 8.7

lim
E!0

kc,min(E) · E1/3 =

✓
⇡2

2

◆1/3

= 1.3

<latexit sha1_base64="y1Uz2oQBaDov5bsOanzmgwKLcKE="></latexit>

Asymptotic approx’n

Stress-Free’s BC’s
No-Slip BC’s

No-Slip BC’s
Stress-Free’s BC’s

w(e)(x?, Z±, t) = ⌥E1//6

p
2

⇣(g)0 (x?, Z±, t)

<latexit sha1_base64="fPVgfAQXjZJKskY9BbY8NSOaN5k="></latexit>

O(E1/6)

<latexit sha1_base64="BbShaFZN1dwnzpuPZebT4VmGTdA="></latexit>

O(E1/6)

<latexit sha1_base64="BbShaFZN1dwnzpuPZebT4VmGTdA="></latexit>

 J. et al JFM ‘16



Linear Stability Theory: Sensitivity btw FT-FF BC’s

• Evidence for thermal (wind) boundary layer solution s.t.

exponentially decaying  
into interior

2⌦ẑ ⇥ u(g)
? ⇡ �r?p

(g)

<latexit sha1_base64="EYvcjeV44UAyBzYPdo9pvdKR0HY="></latexit>

r? · u(g)
? ⇡ 0

<latexit sha1_base64="q1rlAFJc/rP2Su/ORsdeXG8OAgk=">AAACInicbVDLSgMxFM34rPVVdekmWATdlBmpqLuiG5cVbBU6tdzJpG1oJglJRixDv8WNv+LGhaKuBD/GTK3g60LI4ZxzufeeSHFmrO+/eVPTM7Nz84WF4uLS8spqaW29aWSqCW0QyaW+jMBQzgRtWGY5vVSaQhJxehENTnL94ppqw6Q4t0NF2wn0BOsyAtZRndJRKCDi0AkV1QqHJJYWh5HksRkm7svS0VW209sdfRlAKS1vsI+LnVLZr/jjwn9BMAFlNKl6p/QSxpKkCRWWcDCmFfjKtjPQlhFOR8UwNVQBGUCPthwUkFDTzsYnjvC2Y2Lcldo9YfGY/d6RQWLylZ0zAds3v7Wc/E9rpbZ72M6YUKmlgnwO6qYcW4nzvHDMNCWWDx0AopnbFZM+aCDWpZqHEPw++S9o7lWCamX/rFquHU/iKKBNtIV2UIAOUA2dojpqIIJu0T16RE/enffgPXuvn9Ypb9KzgX6U9/4BP8SkDw==</latexit>

• Correction drives thermal wind BL 

@z✓
(c) = @Z✓

(g)(0) + @⌘ ✓(w)(⌘) ⇠ O(E1/3), ✓(w)(⌘) ⇠ E2/3

<latexit sha1_base64="afW5yKKhKHAeSjpGQWt04AL+iL4="></latexit>

zero on bnd

2⌦ẑ ⇥ u(w)
? ⇡ �rp(w) + g↵✓(w)ẑ

r? · uw
? ⇡ 0

<latexit sha1_base64="n9a+Ic1TgVcw3zGkSURLf7lyXmw="></latexit>

�w/H ⇠ E
1/3

<latexit sha1_base64="NRGDbVRe4FKwfik9KF0UV5XCn5s=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqk20osuiCF1WsA9oYphMJu3QySTMTJQSiht/xY0LRdz6Fe78G6dtFtp64MLhnHu59x4/YVQqy/o2FhaXlldWC2vF9Y3NrW1zZ7cl41Rg0sQxi0XHR5IwyklTUcVIJxEERT4jbX9wNfbb90RIGvNbNUyIG6EepyHFSGnJM/ehExCmkPdQqUNH0ghe32V25XQEPbNkla0J4Dyxc1ICORqe+eUEMU4jwhVmSMqubSXKzZBQFDMyKjqpJAnCA9QjXU05ioh0s8kLI3iklQCGsdDFFZyovycyFEk5jHzdGSHVl7PeWPzP66YqvHAzypNUEY6ni8KUQRXDcR4woIJgxYaaICyovhXiPhIIK51aUYdgz748T1onZbtaPruplmqXeRwFcAAOwTGwwTmogTpogCbA4BE8g1fwZjwZL8a78TFtXTDymT3wB8bnD7JhlbM=</latexit>

@z✓
= 0

<latexit sha1_base64="hYPBKCG5PVOdl/stvNpcPsdx6Q4=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVEKroRim5cVrAPaEKYTCft0MkkzNwItXTjr7hxoYhbP8Odf+OkzUJbD1w4nHPvzL0nTAXX4Djf1tLyyuraemmjvLm1vbNr7+23dJIpypo0EYnqhEQzwSVrAgfBOqliJA4Fa4fDm9xvPzCleSLvYZQyPyZ9ySNOCRgpsA+9lCjgRASP2IMBA4LxFXZwYFecqjMFXiRuQSqoQCOwv7xeQrOYSaCCaN11nRT8cf44FWxS9jLNUkKHpM+6hkoSM+2PpwdM8IlRejhKlCkJeKr+nhiTWOtRHJrOmMBAz3u5+J/XzSC69MdcphkwSWcfRZnAkOA8DdzjilEQI0MIVdzsiumAKELBZFY2IbjzJy+S1lnVrVXP72qV+nURRwkdoWN0ilx0geroFjVQE1E0Qc/oFb1ZT9aL9W59zFqXrGLmAP2B9fkDynmVOg==</latexit>

 J. et al JFM ‘16



Suggestion of  a NL Asymptotic Theory



QG Derivation - Unified View



 QG System (Ro << 1) Unified View 

Damtp, Cambridge, May 2004 
 

Keith Julien                                                     University of Colorado 

Rotationally constrained flows and aspect ratio  

QG Intermediate  Convection 

! 

H /L <<1

! 

H /L =O(1)

! 

H /L >>1

! 

Ro =U /2"L # Ro = $" /$U <<1

  

! 

2
! 
" #
! 

U $ %&0
%1'pGeostrophic balance: 

Rossby #: 

Coriolis           Pressure  

Charney (1948) Embid & Majda (1998) Julien et al. (1998) 

<latexit sha1_base64="oRk1u5tT13P9ZaN7wmUnTcD1nwg=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIosuimy4r2Ac0oUymN+3QySTMTIQagr/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwprTjfFulldW19Y3yZmVre2d3z94/aKs4lRRaNOax7AZEAWcCWpppDt1EAokCDp1gfDv1Ow8gFYvFvZ4k4EdkKFjIKNFG6ttHXigJzTzgPM8aOfaGQ+z27apTc2bAy8QtSBUVaPbtL28Q0zQCoSknSvVcJ9F+RqRmlENe8VIFCaFjMoSeoYJEoPxsdn2OT40ywGEsTQmNZ+rviYxESk2iwHRGRI/UojcV//N6qQ6v/YyJJNUg6HxRmHKsYzyNAg+YBKr5xBBCJTO3YjoiJg5tAquYENzFl5dJ+7zmXtacu4tq/aaIo4yO0Qk6Qy66QnXUQE3UQhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4A6GKU2w==</latexit>

`

H
� 1

<latexit sha1_base64="7XmO1GO/aJtH0ryE7qaovfH2N2g=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyCp5KIoseilx4r2A9oQtlsN+3S3U3Y3QglFPwrXjwo4tXf4c1/47bNQVsfDDzem2FmXpRypo3nfTsrq2vrG5ulrfL2zu7evntw2NJJpghtkoQnqhNhTTmTtGmY4bSTKopFxGk7Gt1N/fYjVZol8sGMUxoKPJAsZgQbK/Xc4yBWmOQB5XyS1yco0Ewgv+dWvKo3A1omfkEqUKDRc7+CfkIyQaUhHGvd9b3UhDlWhhFOJ+Ug0zTFZIQHtGupxILqMJ+dP0FnVumjOFG2pEEz9fdEjoXWYxHZToHNUC96U/E/r5uZ+CbMmUwzQyWZL4ozjkyCplmgPlOUGD62BBPF7K2IDLHNw9jEyjYEf/HlZdK6qPpXVe/+slK7LeIowQmcwjn4cA01qEMDmkAgh2d4hTfnyXlx3p2PeeuKU8wcwR84nz/QKZVg</latexit>

`

H
⇠ 1

<latexit sha1_base64="V9OWU/++x7YsDTEhyP7rIDTeK0I=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIosuimy4r2Ac0oUymN+3QySTMTIQagr/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwprTjfFulldW19Y3yZmVre2d3z94/aKs4lRRaNOax7AZEAWcCWpppDt1EAokCDp1gfDv1Ow8gFYvFvZ4k4EdkKFjIKNFG6ttHXigJzTzgPM8aOfY4x27frjo1Zwa8TNyCVFGBZt/+8gYxTSMQmnKiVM91Eu1nRGpGOeQVL1WQEDomQ+gZKkgEys9m1+f41CgDHMbSlNB4pv6eyEik1CQKTGdE9EgtelPxP6+X6vDaz5hIUg2CzheFKcc6xtMo8IBJoJpPDCFUMnMrpiNi4tAmsIoJwV18eZm0z2vuZc25u6jWb4o4yugYnaAz5KIrVEcN1EQtRNEjekav6M16sl6sd+tj3lqyiplD9AfW5w/3o5Tl</latexit>

`

H
⌧ 1

Non-Hydrostatic-QG 

Charney (1948) Embid & Majda (1998) Julien  et al (2006)

Hydrostatic-QG Hydrostatic-QG 

 All cases must satisfy a leading order geostrophic balance 

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

Eu =
1

Ro

<latexit sha1_base64="CIYfFXIanTn7ni8RI0vYv3je4qE=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRS0Y1QFMFlFfuANpTJdNIOncyEmYkQQvwVNy4UceuHuPNvnLRZaOuBC4dz7uXee/yIUaUd59sqrayurW+UNytb2zu7e/b+QUeJWGLSxoIJ2fORIoxy0tZUM9KLJEGhz0jXn17nfveRSEUFf9BJRLwQjTkNKEbaSEO7ehPDSzgIJMKpm6X3IoOVoV1z6s4McJm4BamBAq2h/TUYCRyHhGvMkFJ914m0lyKpKWYkqwxiRSKEp2hM+oZyFBLlpbPjM3hslBEMhDTFNZypvydSFCqVhL7pDJGeqEUvF//z+rEOLryU8ijWhOP5oiBmUAuYJwFHVBKsWWIIwpKaWyGeIBOENnnlIbiLLy+TzmndbdTP7hq15lURRxkcgiNwAlxwDprgFrRAG2CQgGfwCt6sJ+vFerc+5q0lq5ipgj+wPn8A7kCTrA==</latexit>

<latexit sha1_base64="h0VW4OZ0TEwV1j6DWGtC3B2jcYY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9eKxiv2ANpTNdtMu3WzC7kQoof/AiwdFvPqPvPlv3LY5aPXBwOO9GWbmBYkUBl33yyksLa+srhXXSxubW9s75d29polTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDP1W49cGxGrBxwn3I/oQIlQMIpWur+67JUrbtWdgfwlXk4qkKPeK392+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26YQcWaVPwljbUkhm6s+JjEbGjKPAdkYUh2bRm4r/eZ0Uwws/EypJkSs2XxSmkmBMpm+TvtCcoRxbQpkW9lbChlRThjackg3BW3z5L2meVL2zqnt3Wqld53EU4QAO4Rg8OIca3EIdGsAghCd4gVdn5Dw7b877vLXg5DP78AvOxzcV140Q</latexit>

A =

1

Ro
ẑ ⇥ u ⇡ �Eurp

<latexit sha1_base64="4i+a7VqJ6XPF5HMC0upEoZMH4O4="></latexit>

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

2⌦ẑ ⇥ u ⇡ �rp

<latexit sha1_base64="fIerjs7wYIM2xzRYJhCFZQp+9vc="></latexit>

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

p =  , u? = �r⇥  ẑ, ⇣ = r2
? 

<latexit sha1_base64="UMtV4W/iWPmTObIIvFv8wLZQUJY="></latexit>



 Governing Equations (dimensional)

<latexit sha1_base64="h5u/xUMciefSrnSNmLO+Ez44VME="></latexit>

u? ⇠ [U ], x? ⇠ [`]

w ⇠ [W ], z ⇠ [H]

<latexit sha1_base64="JboRyG7zfgymKgB89AUnf1T73u4=">AAACKHicbVDLSiwxEE37dq5XR126CQ6CIAzdF0U3oqgLlwqOCtNzm+p0RoPpJCTVwtDM57jxV9yIKOLWLzE9MwtfBSGnTp2iqk5qpHAYhm/B2PjE5NT0zGztz9zf+YX64tK504VlvMW01PYyBcelULyFAiW/NJZDnkp+kd4cVvWLW26d0OoMe4Z3crhSoisYoKeS+t7R/9hwaxKkuzQ2YFGA9MkGjVMtM9fL/VcW/WSgilmmMVaQShgSNKk3wmY4CPoTRCPQIKM4SepPcaZZkXOFTIJz7Sg02CmrwUzyfi0uHDfAbuCKtz1UkHPXKQeH9umaZzLa1dY/hXTAfu4oIXfVyl6ZA16777WK/K3WLrC70ymFMgVyxYaDuoWkqGnlGs2E5QxlzwNgVvhdKbsGCwy9tzVvQvT95J/g/F8z2mqGp5uN/YORHTNkhaySdRKRbbJPjskJaRFG7sgDeSYvwX3wGLwGb0PpWDDqWSZfInj/AMw9pxU=</latexit>

D?
t = @t + u? ·r?

<latexit sha1_base64="Gc2E7PcMxXYKZ+Jp5epM213VHDM="></latexit>�
D?

t + w@z
�0
u? + 2⌦ẑ ⇥ u? = � 1

⇢0
r?p

0 + ⌫
�
r2

? + @zz
�
u?

�
D?

t + w@z
�0
w = � 1

⇢0
@zp

0 + g↵#0ẑ + ⌫
�
r2

? + @zz
�
w

r? · u? + @zw = 0

�
D?

t + w@z
�0
#0 + w@zT = 

�
r2

? + @zz
�
#0

@tT + @z
�
w#0

�
= @zzT

h. mtm 

v. mtm 

mass cons. 

fluct. temp 

Horizontal material advection: 

mean temp  

Incompressible Navier-Stokes Equations (iNSE): buoyantly driven

Assume anisotropy btw horizontal & vertical Characteristic Thermodynamic scales

<latexit sha1_base64="f7mzpi05O8dkl8m3C6Z9pNCD0oI="></latexit>

p ⇠ [P ], T ⇠ [�T ], #0 ⇠ [#⇤]



Non-dimensional iNSE:

Non-dimensional parameters:

Anisotropy parameters:
<latexit sha1_base64="N3WVO6szoszLotZtw8s1GRU/EDo="></latexit>
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Non-dimensional iNSE:

Aspect ratio of energetic scales: 

 Governing Equations (Energetic Scales)

Damtp, Cambridge, May 2004 
 

Keith Julien                                                     University of Colorado 

Rotationally constrained flows and aspect ratio  

QG Intermediate  Convection 
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Non-dimensional iNSE:

Aspect ratio of energetic scales: 

 Governing Equations (Energetic Scales)

Damtp, Cambridge, May 2004 
 

Keith Julien                                                     University of Colorado 

Rotationally constrained flows and aspect ratio  

QG Intermediate  Convection 
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Non-dimensional iNSE:

 Governing Equations (Geostrophy)

Geostrophy enforced as the dominant balance?
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?? For arbitrary A determine the criteria for Quasi-Geostrophic dynamics!!!

 Find the distinguished limits  - (relationship to Ro) 

Assess the hallmark characteristics of QG dynamics



 Return to Governing Equations (dimensional)
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�
r2

? + @zz
�
w

r? · u? + @zw = 0

�
D?

t + w@z
�0
#0 + w@zT = 

�
r2

? + @zz
�
#0

@tT + @z
�
w#0

�
= @zzT

h. mtm 

v. mtm 

mass cons. 

fluct. temp 

Horizontal material advection: 

mean temp  

Incompressible Navier-Stokes Equations (iNSE): buoyantly driven

Assess the hallmark characteristics of QG dynamics



 Hallmarks of QG Theory

Coriolis-Inertia-Archemedean (CIA) balance 

b) C~A: Axial planetary vortex stretching balances buoyant forcing 

c) buoyant tendencies driven by advection of mean temperature

a) C~I: Axial planetary vortex stretching balanced by vortical advection 
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=) <latexit sha1_base64="cHgvvBl35vhHNOmP6tSflvGqCOk=">AAACJHicbVDLTgIxFO3gC/GFunTTSExckRmj0cQN6sYlGnkkDCGdcoGGziPtHZRM+Bg3/oobFz7iwo3fYoFZKHiSJqfn3Nt7e7xICo22/WVlFhaXlleyq7m19Y3Nrfz2TlWHseJQ4aEMVd1jGqQIoIICJdQjBcz3JNS8/tXYrw1AaREGdziMoOmzbiA6gjM0Uit/7iI84OSdxJMxjBK3DRJZyx0whT1ARl0tfJqq9/Rieqe34aiVL9hFewI6T5yUFEiKciv/7rZDHvsQIJdM64ZjR9hMzCDBJYxybqwhYrzPutAwNGA+6GYyWW5ED4zSpp1QmRMgnai/OxLmaz30PVPpM+zpWW8s/uc1YuycNRMRRDFCwKeDOrGkGNJxYrQtFHCUQ0MYV8LsSnmPKcbR5JozITizX54n1aOic1K0b44Lpcs0jizZI/vkkDjklJTINSmTCuHkkTyTV/JmPVkv1of1OS3NWGnPLvkD6/sHGhylnQ==</latexit>
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<latexit sha1_base64="1CS91x2SaN2Gt9wq4XErEkXmuZ0="></latexit>
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d) ** buoyancy flux feedback to mean temperature **
<latexit sha1_base64="O2LpsHP86zVK9D9wJLMtFIsOY4M="></latexit>
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<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=)
<latexit sha1_base64="/s0tpAiHxdernPIKLdXnPHrg2qI=">AAACJXicbVDLSsNAFJ34rPUVdelmsAiuSiKKLlz42LisYFuhCWUyvbGDkwczN2oJ+Rk3/oobFxYRXPkrTtsstHpg4HDOfc0JUik0Os6nNTM7N7+wWFmqLq+srq3bG5stnWSKQ5MnMlE3AdMgRQxNFCjhJlXAokBCO7i7GPnte1BaJPE1DlLwI3Ybi1Bwhkbq2icewiOO5+SBzKDIvR5IZF3vninsAzJaCg+eFhH1QsV4flbkDSiKrl1z6s4Y9C9xS1IjJRpde+j1Ep5FECOXTOuO66To52aT4BKKqpdpSBm/Y7fQMTRmEWg/H19X0F2j9GiYKPNipGP1Z0fOIq0HUWAqI4Z9Pe2NxP+8TobhsZ+LOM0QYj5ZFGaSYkJHkdGeUMBRDgxhXAlzK+V9ZnJAE2zVhOBOf/kvae3X3cO6c3VQOz0v46iQbbJD9ohLjsgpuSQN0iScPJEX8kaG1rP1ar1bH5PSGavs2SK/YH19A/uSp14=</latexit>
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<latexit sha1_base64="QlGsgyJuZsmWhf8SCRymilQ6WG4="></latexit>
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 Hallmarks of QG Theory (Ro<<1)

Coriolis-Inertia-Archemedean (CIA) balance 

b) C~A: Axial planetary vortex stretching balances buoyant forcing 

c) buoyant tendencies driven by advection of mean temperature

a) C~I: Axial planetary vortex stretching balanced by vortical advection 

<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=)

<latexit sha1_base64="arQ/iJBKBc0rG2pMkU5Vg9//G+Q=">AAACFnicbVDJSgNBEO1xjXGLevTSGAQvhhlR9Bj14jGKWSATQk+nJmnSs9Bdo4ZhvsKLv+LFgyJexZt/Y2c5aOKDgsd7Vd1Vz4ul0Gjb39bc/MLi0nJuJb+6tr6xWdjarukoURyqPJKRanhMgxQhVFGghEasgAWehLrXvxz69TtQWkThLQ5iaAWsGwpfcIZGahcOXYQHHL2TejKBLHU7IJG176mrRUBdXzGe3kRZep7RrF0o2iV7BDpLnAkpkgkq7cKX24l4EkCIXDKtm44dYytlCgWXkOXdREPMeJ91oWloyALQrXS0Tkb3jdKhfqRMhUhH6u+JlAVaDwLPdAYMe3raG4r/ec0E/bNWKsI4QQj5+CM/kRQjOsyIdoQCjnJgCONKmF0p7zETBJok8yYEZ/rkWVI7KjknJfv6uFi+mMSRI7tkjxwQh5ySMrkiFVIlnDySZ/JK3qwn68V6tz7GrXPWZGaH/IH1+QPxQaB0</latexit>

�w ⇠ Ro

A

<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=)

<latexit sha1_base64="7kBDoklkEus8XoR53Cn1XcHe5zo="></latexit>

��# ⇠ A

Ro

<latexit sha1_base64="ThQW2NHGKX/Mv8+7f898s80l1UQ="></latexit>
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<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=) <latexit sha1_base64="cHgvvBl35vhHNOmP6tSflvGqCOk=">AAACJHicbVDLTgIxFO3gC/GFunTTSExckRmj0cQN6sYlGnkkDCGdcoGGziPtHZRM+Bg3/oobFz7iwo3fYoFZKHiSJqfn3Nt7e7xICo22/WVlFhaXlleyq7m19Y3Nrfz2TlWHseJQ4aEMVd1jGqQIoIICJdQjBcz3JNS8/tXYrw1AaREGdziMoOmzbiA6gjM0Uit/7iI84OSdxJMxjBK3DRJZyx0whT1ARl0tfJqq9/Rieqe34aiVL9hFewI6T5yUFEiKciv/7rZDHvsQIJdM64ZjR9hMzCDBJYxybqwhYrzPutAwNGA+6GYyWW5ED4zSpp1QmRMgnai/OxLmaz30PVPpM+zpWW8s/uc1YuycNRMRRDFCwKeDOrGkGNJxYrQtFHCUQ0MYV8LsSnmPKcbR5JozITizX54n1aOic1K0b44Lpcs0jizZI/vkkDjklJTINSmTCuHkkTyTV/JmPVkv1of1OS3NWGnPLvkD6/sHGhylnQ==</latexit>
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<latexit sha1_base64="1CS91x2SaN2Gt9wq4XErEkXmuZ0="></latexit>
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d) ** buoyancy flux feedback to mean temperature **
<latexit sha1_base64="O2LpsHP86zVK9D9wJLMtFIsOY4M="></latexit>
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<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=)
<latexit sha1_base64="/s0tpAiHxdernPIKLdXnPHrg2qI=">AAACJXicbVDLSsNAFJ34rPUVdelmsAiuSiKKLlz42LisYFuhCWUyvbGDkwczN2oJ+Rk3/oobFxYRXPkrTtsstHpg4HDOfc0JUik0Os6nNTM7N7+wWFmqLq+srq3bG5stnWSKQ5MnMlE3AdMgRQxNFCjhJlXAokBCO7i7GPnte1BaJPE1DlLwI3Ybi1Bwhkbq2icewiOO5+SBzKDIvR5IZF3vninsAzJaCg+eFhH1QsV4flbkDSiKrl1z6s4Y9C9xS1IjJRpde+j1Ep5FECOXTOuO66To52aT4BKKqpdpSBm/Y7fQMTRmEWg/H19X0F2j9GiYKPNipGP1Z0fOIq0HUWAqI4Z9Pe2NxP+8TobhsZ+LOM0QYj5ZFGaSYkJHkdGeUMBRDgxhXAlzK+V9ZnJAE2zVhOBOf/kvae3X3cO6c3VQOz0v46iQbbJD9ohLjsgpuSQN0iScPJEX8kaG1rP1ar1bH5PSGavs2SK/YH19A/uSp14=</latexit>
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<latexit sha1_base64="QlGsgyJuZsmWhf8SCRymilQ6WG4="></latexit>
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 Hallmarks of QG Theory

Coriolis-Inertia-Archemedean (CIA) balance 

b) C~A: Axial planetary vortex stretching balances buoyant forcing 

c) buoyant tendencies driven by advection of mean temperature

a) C~I: Axial planetary vortex stretching balanced by vortical advection 

<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=)

<latexit sha1_base64="arQ/iJBKBc0rG2pMkU5Vg9//G+Q=">AAACFnicbVDJSgNBEO1xjXGLevTSGAQvhhlR9Bj14jGKWSATQk+nJmnSs9Bdo4ZhvsKLv+LFgyJexZt/Y2c5aOKDgsd7Vd1Vz4ul0Gjb39bc/MLi0nJuJb+6tr6xWdjarukoURyqPJKRanhMgxQhVFGghEasgAWehLrXvxz69TtQWkThLQ5iaAWsGwpfcIZGahcOXYQHHL2TejKBLHU7IJG176mrRUBdXzGe3kRZep7RrF0o2iV7BDpLnAkpkgkq7cKX24l4EkCIXDKtm44dYytlCgWXkOXdREPMeJ91oWloyALQrXS0Tkb3jdKhfqRMhUhH6u+JlAVaDwLPdAYMe3raG4r/ec0E/bNWKsI4QQj5+CM/kRQjOsyIdoQCjnJgCONKmF0p7zETBJok8yYEZ/rkWVI7KjknJfv6uFi+mMSRI7tkjxwQh5ySMrkiFVIlnDySZ/JK3qwn68V6tz7GrXPWZGaH/IH1+QPxQaB0</latexit>
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<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=)

<latexit sha1_base64="7kBDoklkEus8XoR53Cn1XcHe5zo="></latexit>
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<latexit sha1_base64="ThQW2NHGKX/Mv8+7f898s80l1UQ="></latexit>
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<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=) <latexit sha1_base64="cHgvvBl35vhHNOmP6tSflvGqCOk=">AAACJHicbVDLTgIxFO3gC/GFunTTSExckRmj0cQN6sYlGnkkDCGdcoGGziPtHZRM+Bg3/oobFz7iwo3fYoFZKHiSJqfn3Nt7e7xICo22/WVlFhaXlleyq7m19Y3Nrfz2TlWHseJQ4aEMVd1jGqQIoIICJdQjBcz3JNS8/tXYrw1AaREGdziMoOmzbiA6gjM0Uit/7iI84OSdxJMxjBK3DRJZyx0whT1ARl0tfJqq9/Rieqe34aiVL9hFewI6T5yUFEiKciv/7rZDHvsQIJdM64ZjR9hMzCDBJYxybqwhYrzPutAwNGA+6GYyWW5ED4zSpp1QmRMgnai/OxLmaz30PVPpM+zpWW8s/uc1YuycNRMRRDFCwKeDOrGkGNJxYrQtFHCUQ0MYV8LsSnmPKcbR5JozITizX54n1aOic1K0b44Lpcs0jizZI/vkkDjklJTINSmTCuHkkTyTV/JmPVkv1of1OS3NWGnPLvkD6/sHGhylnQ==</latexit>
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<latexit sha1_base64="1CS91x2SaN2Gt9wq4XErEkXmuZ0="></latexit>
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d) ** buoyancy flux feedback to mean temperature **
<latexit sha1_base64="O2LpsHP86zVK9D9wJLMtFIsOY4M="></latexit>
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<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=)
<latexit sha1_base64="/s0tpAiHxdernPIKLdXnPHrg2qI=">AAACJXicbVDLSsNAFJ34rPUVdelmsAiuSiKKLlz42LisYFuhCWUyvbGDkwczN2oJ+Rk3/oobFxYRXPkrTtsstHpg4HDOfc0JUik0Os6nNTM7N7+wWFmqLq+srq3bG5stnWSKQ5MnMlE3AdMgRQxNFCjhJlXAokBCO7i7GPnte1BaJPE1DlLwI3Ybi1Bwhkbq2icewiOO5+SBzKDIvR5IZF3vninsAzJaCg+eFhH1QsV4flbkDSiKrl1z6s4Y9C9xS1IjJRpde+j1Ep5FECOXTOuO66To52aT4BKKqpdpSBm/Y7fQMTRmEWg/H19X0F2j9GiYKPNipGP1Z0fOIq0HUWAqI4Z9Pe2NxP+8TobhsZ+LOM0QYj5ZFGaSYkJHkdGeUMBRDgxhXAlzK+V9ZnJAE2zVhOBOf/kvae3X3cO6c3VQOz0v46iQbbJD9ohLjsgpuSQN0iScPJEX8kaG1rP1ar1bH5PSGavs2SK/YH19A/uSp14=</latexit>
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<latexit sha1_base64="QlGsgyJuZsmWhf8SCRymilQ6WG4="></latexit>
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 Hallmarks of QG Theory

Coriolis-Inertia-Archemedean (CIA) balance 

b) C~A: Axial planetary vortex stretching balances buoyant forcing 

c) buoyant tendencies driven by advection of mean temperature

a) C~I: Axial planetary vortex stretching balanced by vortical advection 

<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=)

<latexit sha1_base64="arQ/iJBKBc0rG2pMkU5Vg9//G+Q=">AAACFnicbVDJSgNBEO1xjXGLevTSGAQvhhlR9Bj14jGKWSATQk+nJmnSs9Bdo4ZhvsKLv+LFgyJexZt/Y2c5aOKDgsd7Vd1Vz4ul0Gjb39bc/MLi0nJuJb+6tr6xWdjarukoURyqPJKRanhMgxQhVFGghEasgAWehLrXvxz69TtQWkThLQ5iaAWsGwpfcIZGahcOXYQHHL2TejKBLHU7IJG176mrRUBdXzGe3kRZep7RrF0o2iV7BDpLnAkpkgkq7cKX24l4EkCIXDKtm44dYytlCgWXkOXdREPMeJ91oWloyALQrXS0Tkb3jdKhfqRMhUhH6u+JlAVaDwLPdAYMe3raG4r/ec0E/bNWKsI4QQj5+CM/kRQjOsyIdoQCjnJgCONKmF0p7zETBJok8yYEZ/rkWVI7KjknJfv6uFi+mMSRI7tkjxwQh5ySMrkiFVIlnDySZ/JK3qwn68V6tz7GrXPWZGaH/IH1+QPxQaB0</latexit>

�w ⇠ Ro

A

<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=)

<latexit sha1_base64="7kBDoklkEus8XoR53Cn1XcHe5zo="></latexit>

��# ⇠ A

Ro

<latexit sha1_base64="ThQW2NHGKX/Mv8+7f898s80l1UQ="></latexit>
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<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=) <latexit sha1_base64="cHgvvBl35vhHNOmP6tSflvGqCOk=">AAACJHicbVDLTgIxFO3gC/GFunTTSExckRmj0cQN6sYlGnkkDCGdcoGGziPtHZRM+Bg3/oobFz7iwo3fYoFZKHiSJqfn3Nt7e7xICo22/WVlFhaXlleyq7m19Y3Nrfz2TlWHseJQ4aEMVd1jGqQIoIICJdQjBcz3JNS8/tXYrw1AaREGdziMoOmzbiA6gjM0Uit/7iI84OSdxJMxjBK3DRJZyx0whT1ARl0tfJqq9/Rieqe34aiVL9hFewI6T5yUFEiKciv/7rZDHvsQIJdM64ZjR9hMzCDBJYxybqwhYrzPutAwNGA+6GYyWW5ED4zSpp1QmRMgnai/OxLmaz30PVPpM+zpWW8s/uc1YuycNRMRRDFCwKeDOrGkGNJxYrQtFHCUQ0MYV8LsSnmPKcbR5JozITizX54n1aOic1K0b44Lpcs0jizZI/vkkDjklJTINSmTCuHkkTyTV/JmPVkv1of1OS3NWGnPLvkD6/sHGhylnQ==</latexit>
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<latexit sha1_base64="1CS91x2SaN2Gt9wq4XErEkXmuZ0="></latexit>
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d) ** buoyancy flux feedback to mean temperature **
<latexit sha1_base64="O2LpsHP86zVK9D9wJLMtFIsOY4M="></latexit>
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<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=)
<latexit sha1_base64="/s0tpAiHxdernPIKLdXnPHrg2qI=">AAACJXicbVDLSsNAFJ34rPUVdelmsAiuSiKKLlz42LisYFuhCWUyvbGDkwczN2oJ+Rk3/oobFxYRXPkrTtsstHpg4HDOfc0JUik0Os6nNTM7N7+wWFmqLq+srq3bG5stnWSKQ5MnMlE3AdMgRQxNFCjhJlXAokBCO7i7GPnte1BaJPE1DlLwI3Ybi1Bwhkbq2icewiOO5+SBzKDIvR5IZF3vninsAzJaCg+eFhH1QsV4flbkDSiKrl1z6s4Y9C9xS1IjJRpde+j1Ep5FECOXTOuO66To52aT4BKKqpdpSBm/Y7fQMTRmEWg/H19X0F2j9GiYKPNipGP1Z0fOIq0HUWAqI4Z9Pe2NxP+8TobhsZ+LOM0QYj5ZFGaSYkJHkdGeUMBRDgxhXAlzK+V9ZnJAE2zVhOBOf/kvae3X3cO6c3VQOz0v46iQbbJD9ohLjsgpuSQN0iScPJEX8kaG1rP1ar1bH5PSGavs2SK/YH19A/uSp14=</latexit>
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<latexit sha1_base64="QlGsgyJuZsmWhf8SCRymilQ6WG4="></latexit>
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 Hallmarks of QG Theory

Coriolis-Inertia-Archemedean (CIA) balance 

b) C~A: Axial planetary vortex stretching balances buoyant forcing 

c) buoyant tendencies driven by advection of mean temperature

a) C~I: Axial planetary vortex stretching balanced by vortical advection 

<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=)

<latexit sha1_base64="arQ/iJBKBc0rG2pMkU5Vg9//G+Q=">AAACFnicbVDJSgNBEO1xjXGLevTSGAQvhhlR9Bj14jGKWSATQk+nJmnSs9Bdo4ZhvsKLv+LFgyJexZt/Y2c5aOKDgsd7Vd1Vz4ul0Gjb39bc/MLi0nJuJb+6tr6xWdjarukoURyqPJKRanhMgxQhVFGghEasgAWehLrXvxz69TtQWkThLQ5iaAWsGwpfcIZGahcOXYQHHL2TejKBLHU7IJG176mrRUBdXzGe3kRZep7RrF0o2iV7BDpLnAkpkgkq7cKX24l4EkCIXDKtm44dYytlCgWXkOXdREPMeJ91oWloyALQrXS0Tkb3jdKhfqRMhUhH6u+JlAVaDwLPdAYMe3raG4r/ec0E/bNWKsI4QQj5+CM/kRQjOsyIdoQCjnJgCONKmF0p7zETBJok8yYEZ/rkWVI7KjknJfv6uFi+mMSRI7tkjxwQh5ySMrkiFVIlnDySZ/JK3qwn68V6tz7GrXPWZGaH/IH1+QPxQaB0</latexit>

�w ⇠ Ro

A

<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=)

<latexit sha1_base64="7kBDoklkEus8XoR53Cn1XcHe5zo="></latexit>
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<latexit sha1_base64="ThQW2NHGKX/Mv8+7f898s80l1UQ="></latexit>
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<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=) <latexit sha1_base64="cHgvvBl35vhHNOmP6tSflvGqCOk=">AAACJHicbVDLTgIxFO3gC/GFunTTSExckRmj0cQN6sYlGnkkDCGdcoGGziPtHZRM+Bg3/oobFz7iwo3fYoFZKHiSJqfn3Nt7e7xICo22/WVlFhaXlleyq7m19Y3Nrfz2TlWHseJQ4aEMVd1jGqQIoIICJdQjBcz3JNS8/tXYrw1AaREGdziMoOmzbiA6gjM0Uit/7iI84OSdxJMxjBK3DRJZyx0whT1ARl0tfJqq9/Rieqe34aiVL9hFewI6T5yUFEiKciv/7rZDHvsQIJdM64ZjR9hMzCDBJYxybqwhYrzPutAwNGA+6GYyWW5ED4zSpp1QmRMgnai/OxLmaz30PVPpM+zpWW8s/uc1YuycNRMRRDFCwKeDOrGkGNJxYrQtFHCUQ0MYV8LsSnmPKcbR5JozITizX54n1aOic1K0b44Lpcs0jizZI/vkkDjklJTINSmTCuHkkTyTV/JmPVkv1of1OS3NWGnPLvkD6/sHGhylnQ==</latexit>
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<latexit sha1_base64="1CS91x2SaN2Gt9wq4XErEkXmuZ0="></latexit>
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d) ** buoyancy flux feedback to mean temperature **
<latexit sha1_base64="O2LpsHP86zVK9D9wJLMtFIsOY4M="></latexit>
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<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=)
<latexit sha1_base64="/s0tpAiHxdernPIKLdXnPHrg2qI=">AAACJXicbVDLSsNAFJ34rPUVdelmsAiuSiKKLlz42LisYFuhCWUyvbGDkwczN2oJ+Rk3/oobFxYRXPkrTtsstHpg4HDOfc0JUik0Os6nNTM7N7+wWFmqLq+srq3bG5stnWSKQ5MnMlE3AdMgRQxNFCjhJlXAokBCO7i7GPnte1BaJPE1DlLwI3Ybi1Bwhkbq2icewiOO5+SBzKDIvR5IZF3vninsAzJaCg+eFhH1QsV4flbkDSiKrl1z6s4Y9C9xS1IjJRpde+j1Ep5FECOXTOuO66To52aT4BKKqpdpSBm/Y7fQMTRmEWg/H19X0F2j9GiYKPNipGP1Z0fOIq0HUWAqI4Z9Pe2NxP+8TobhsZ+LOM0QYj5ZFGaSYkJHkdGeUMBRDgxhXAlzK+V9ZnJAE2zVhOBOf/kvae3X3cO6c3VQOz0v46iQbbJD9ohLjsgpuSQN0iScPJEX8kaG1rP1ar1bH5PSGavs2SK/YH19A/uSp14=</latexit>
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<latexit sha1_base64="QlGsgyJuZsmWhf8SCRymilQ6WG4="></latexit>
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 Hallmarks of QG Theory (Distinguish limits determined)

Coriolis-Inertia-Archemedean (CIA) balance 

b) C~A: Axial planetary vortex stretching balances buoyant forcing 

c) buoyant tendencies driven by advection of mean temperature

a) C~I: Axial planetary vortex stretching balanced by vortical advection 

<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>

=)

<latexit sha1_base64="arQ/iJBKBc0rG2pMkU5Vg9//G+Q=">AAACFnicbVDJSgNBEO1xjXGLevTSGAQvhhlR9Bj14jGKWSATQk+nJmnSs9Bdo4ZhvsKLv+LFgyJexZt/Y2c5aOKDgsd7Vd1Vz4ul0Gjb39bc/MLi0nJuJb+6tr6xWdjarukoURyqPJKRanhMgxQhVFGghEasgAWehLrXvxz69TtQWkThLQ5iaAWsGwpfcIZGahcOXYQHHL2TejKBLHU7IJG176mrRUBdXzGe3kRZep7RrF0o2iV7BDpLnAkpkgkq7cKX24l4EkCIXDKtm44dYytlCgWXkOXdREPMeJ91oWloyALQrXS0Tkb3jdKhfqRMhUhH6u+JlAVaDwLPdAYMe3raG4r/ec0E/bNWKsI4QQj5+CM/kRQjOsyIdoQCjnJgCONKmF0p7zETBJok8yYEZ/rkWVI7KjknJfv6uFi+mMSRI7tkjxwQh5ySMrkiFVIlnDySZ/JK3qwn68V6tz7GrXPWZGaH/IH1+QPxQaB0</latexit>
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<latexit sha1_base64="m5KDl3ebhlbf1lcat8z7OvFkaWA=">AAAB+HicbVA9SwNBEJ2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY22wuS/Z2j909JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd2y+7eflPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF1P/dYDVZpJcW/GCQ1iHAk2YAQbK/XccvdWikixaGiwUvKx51a8qjcDWiZ+TiqQo95zv7p9SdKYCkM41rrje4kJMqwMI5xOSt1U0wSTEY5ox1KBY6qDbHb4BB1bpY8GUtkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVIzuAwyJpLUUEHmiwYpR0aiaQqozxQlho8twUQxeysiQ6wwMTarkg3BX3x5mTRPq/551bs7q9Su8jiKcAhHcAI+XEANbqAODSCQwjO8wpvz5Lw4787HvLXg5DMH8AfO5w9BapN6</latexit>
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<latexit sha1_base64="7XmO1GO/aJtH0ryE7qaovfH2N2g=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyCp5KIoseilx4r2A9oQtlsN+3S3U3Y3QglFPwrXjwo4tXf4c1/47bNQVsfDDzem2FmXpRypo3nfTsrq2vrG5ulrfL2zu7evntw2NJJpghtkoQnqhNhTTmTtGmY4bSTKopFxGk7Gt1N/fYjVZol8sGMUxoKPJAsZgQbK/Xc4yBWmOQB5XyS1yco0Ewgv+dWvKo3A1omfkEqUKDRc7+CfkIyQaUhHGvd9b3UhDlWhhFOJ+Ug0zTFZIQHtGupxILqMJ+dP0FnVumjOFG2pEEz9fdEjoXWYxHZToHNUC96U/E/r5uZ+CbMmUwzQyWZL4ozjkyCplmgPlOUGD62BBPF7K2IDLHNw9jEyjYEf/HlZdK6qPpXVe/+slK7LeIowQmcwjn4cA01qEMDmkAgh2d4hTfnyXlx3p2PeeuKU8wcwR84nz/QKZVg</latexit>

`
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<latexit sha1_base64="V9OWU/++x7YsDTEhyP7rIDTeK0I=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIosuimy4r2Ac0oUymN+3QySTMTIQagr/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwprTjfFulldW19Y3yZmVre2d3z94/aKs4lRRaNOax7AZEAWcCWpppDt1EAokCDp1gfDv1Ow8gFYvFvZ4k4EdkKFjIKNFG6ttHXigJzTzgPM8aOfY4x27frjo1Zwa8TNyCVFGBZt/+8gYxTSMQmnKiVM91Eu1nRGpGOeQVL1WQEDomQ+gZKkgEys9m1+f41CgDHMbSlNB4pv6eyEik1CQKTGdE9EgtelPxP6+X6vDaz5hIUg2CzheFKcc6xtMo8IBJoJpPDCFUMnMrpiNi4tAmsIoJwV18eZm0z2vuZc25u6jWb4o4yugYnaAz5KIrVEcN1EQtRNEjekav6M16sl6sd+tj3lqyiplD9AfW5w/3o5Tl</latexit>

`

H
⌧ 1

<latexit sha1_base64="3+U0b1ddZ7IiOhapdphdOD8gcow=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9VLx6r2A/oLiWbZtvQbLIm2UJZ+ju8eFDEqz/Gm//GtN2Dtj4YeLw3w8y8MOFMG9f9dgorq2vrG8XN0tb2zu5eef+gqWWqCG0QyaVqh1hTzgRtGGY4bSeK4jjktBUOb6d+a0SVZlI8mnFCgxj3BYsYwcZKwbWvWYwepM858rrlilt1Z0DLxMtJBXLUu+UvvydJGlNhCMdadzw3MUGGlWGE00nJTzVNMBniPu1YKnBMdZDNjp6gE6v0UCSVLWHQTP09keFY63Ec2s4Ym4Fe9Kbif14nNdFVkDGRpIYKMl8UpRwZiaYJoB5TlBg+tgQTxeytiAywwsTYnEo2BG/x5WXSPKt6F1X3/rxSu8njKMIRHMMpeHAJNbiDOjSAwBM8wyu8OSPnxXl3PuatBSefOYQ/cD5/AIvBkUw=</latexit>

A ⇠ Ro ⌧ 1
<latexit sha1_base64="FDYQo85Jcf35glM7yzm0lR0nObg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPVi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSwzXplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt0Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhlZ8JlaTIFZsvClNJMCbTt0lfaM5Qji2hTAt7K2FDqilDG07JhuAtvrxMmmdV76Lq3p9Xajd5HEU4gmM4BQ8uoQZ3UIcGMAjhGV7hzRk5L8678zFvLTj5zCH8gfP5A+nUjPM=</latexit>

A
<latexit sha1_base64="FDYQo85Jcf35glM7yzm0lR0nObg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPVi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSwzXplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt0Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhlZ8JlaTIFZsvClNJMCbTt0lfaM5Qji2hTAt7K2FDqilDG07JhuAtvrxMmmdV76Lq3p9Xajd5HEU4gmM4BQ8uoQZ3UIcGMAjhGV7hzRk5L8678zFvLTj5zCH8gfP5A+nUjPM=</latexit>

A

Hydrostatic Hydrostatic Non-Hydrostatic Vertical advection subdominant 

Mean dynamics evolves on slow timescale 

Project onto geostrophic manifold - curl mtm eqn

Dynamics of energetic scales: 

p =  , u? = �r⇥  ẑ, ⇣ = r2
? 

<latexit sha1_base64="UMtV4W/iWPmTObIIvFv8wLZQUJY="></latexit>



Non-dimensional iNSE:

 QG Equations for arbitrary A and Ro << 1
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<latexit sha1_base64="pwvTb9AcNXoKOs3XaaKJovOln5U="></latexit>

Damtp, Cambridge, May 2004 
 

Keith Julien                                                     University of Colorado 

Rotationally constrained flows and aspect ratio  

QG Intermediate  Convection 
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H /L <<1
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H /L =O(1)

! 

H /L >>1

! 

Ro =U /2"L # Ro = $" /$U <<1

  

! 

2
! 
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! 

U $ %&0
%1'pGeostrophic balance: 

Rossby #: 

Coriolis           Pressure  

Charney (1948) Embid & Majda (1998) Julien et al. (1998) 

<latexit sha1_base64="oRk1u5tT13P9ZaN7wmUnTcD1nwg=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIosuimy4r2Ac0oUymN+3QySTMTIQagr/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwprTjfFulldW19Y3yZmVre2d3z94/aKs4lRRaNOax7AZEAWcCWpppDt1EAokCDp1gfDv1Ow8gFYvFvZ4k4EdkKFjIKNFG6ttHXigJzTzgPM8aOfaGQ+z27apTc2bAy8QtSBUVaPbtL28Q0zQCoSknSvVcJ9F+RqRmlENe8VIFCaFjMoSeoYJEoPxsdn2OT40ywGEsTQmNZ+rviYxESk2iwHRGRI/UojcV//N6qQ6v/YyJJNUg6HxRmHKsYzyNAg+YBKr5xBBCJTO3YjoiJg5tAquYENzFl5dJ+7zmXtacu4tq/aaIo4yO0Qk6Qy66QnXUQE3UQhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4A6GKU2w==</latexit>

`

H
� 1

<latexit sha1_base64="7XmO1GO/aJtH0ryE7qaovfH2N2g=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyCp5KIoseilx4r2A9oQtlsN+3S3U3Y3QglFPwrXjwo4tXf4c1/47bNQVsfDDzem2FmXpRypo3nfTsrq2vrG5ulrfL2zu7evntw2NJJpghtkoQnqhNhTTmTtGmY4bSTKopFxGk7Gt1N/fYjVZol8sGMUxoKPJAsZgQbK/Xc4yBWmOQB5XyS1yco0Ewgv+dWvKo3A1omfkEqUKDRc7+CfkIyQaUhHGvd9b3UhDlWhhFOJ+Ug0zTFZIQHtGupxILqMJ+dP0FnVumjOFG2pEEz9fdEjoXWYxHZToHNUC96U/E/r5uZ+CbMmUwzQyWZL4ozjkyCplmgPlOUGD62BBPF7K2IDLHNw9jEyjYEf/HlZdK6qPpXVe/+slK7LeIowQmcwjn4cA01qEMDmkAgh2d4hTfnyXlx3p2PeeuKU8wcwR84nz/QKZVg</latexit>

`

H
⇠ 1

<latexit sha1_base64="V9OWU/++x7YsDTEhyP7rIDTeK0I=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIosuimy4r2Ac0oUymN+3QySTMTIQagr/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwprTjfFulldW19Y3yZmVre2d3z94/aKs4lRRaNOax7AZEAWcCWpppDt1EAokCDp1gfDv1Ow8gFYvFvZ4k4EdkKFjIKNFG6ttHXigJzTzgPM8aOfY4x27frjo1Zwa8TNyCVFGBZt/+8gYxTSMQmnKiVM91Eu1nRGpGOeQVL1WQEDomQ+gZKkgEys9m1+f41CgDHMbSlNB4pv6eyEik1CQKTGdE9EgtelPxP6+X6vDaz5hIUg2CzheFKcc6xtMo8IBJoJpPDCFUMnMrpiNi4tAmsIoJwV18eZm0z2vuZc25u6jWb4o4yugYnaAz5KIrVEcN1EQtRNEjekav6M16sl6sd+tj3lqyiplD9AfW5w/3o5Tl</latexit>

`

H
⌧ 1

<latexit sha1_base64="3+U0b1ddZ7IiOhapdphdOD8gcow=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9VLx6r2A/oLiWbZtvQbLIm2UJZ+ju8eFDEqz/Gm//GtN2Dtj4YeLw3w8y8MOFMG9f9dgorq2vrG8XN0tb2zu5eef+gqWWqCG0QyaVqh1hTzgRtGGY4bSeK4jjktBUOb6d+a0SVZlI8mnFCgxj3BYsYwcZKwbWvWYwepM858rrlilt1Z0DLxMtJBXLUu+UvvydJGlNhCMdadzw3MUGGlWGE00nJTzVNMBniPu1YKnBMdZDNjp6gE6v0UCSVLWHQTP09keFY63Ec2s4Ym4Fe9Kbif14nNdFVkDGRpIYKMl8UpRwZiaYJoB5TlBg+tgQTxeytiAywwsTYnEo2BG/x5WXSPKt6F1X3/rxSu8njKMIRHMMpeHAJNbiDOjSAwBM8wyu8OSPnxXl3PuatBSefOYQ/cD5/AIvBkUw=</latexit>

A ⇠ Ro ⌧ 1
<latexit sha1_base64="FDYQo85Jcf35glM7yzm0lR0nObg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPVi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSwzXplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt0Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhlZ8JlaTIFZsvClNJMCbTt0lfaM5Qji2hTAt7K2FDqilDG07JhuAtvrxMmmdV76Lq3p9Xajd5HEU4gmM4BQ8uoQZ3UIcGMAjhGV7hzRk5L8678zFvLTj5zCH8gfP5A+nUjPM=</latexit>

A
<latexit sha1_base64="FDYQo85Jcf35glM7yzm0lR0nObg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPVi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSwzXplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt0Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhlZ8JlaTIFZsvClNJMCbTt0lfaM5Qji2hTAt7K2FDqilDG07JhuAtvrxMmmdV76Lq3p9Xajd5HEU4gmM4BQ8uoQZ3UIcGMAjhGV7hzRk5L8678zFvLTj5zCH8gfP5A+nUjPM=</latexit>

A

Hydrostatic Hydrostatic Non-Hydrostatic Vertical advection subdominant 

Mean dynamics evolves on slow timescale 

Project onto geostrophic manifold - curl mtm eqn

Dynamics of energetic scales: 

<latexit sha1_base64="LKzNUVkH7uNh7xjulCHYOFs39OE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBemuMuA==</latexit>

0

<latexit sha1_base64="LKzNUVkH7uNh7xjulCHYOFs39OE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBemuMuA==</latexit>

0

<latexit sha1_base64="LKzNUVkH7uNh7xjulCHYOFs39OE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBemuMuA==</latexit>

0

p =  , u? = �r⇥  ẑ, ⇣ = r2
? 

<latexit sha1_base64="UMtV4W/iWPmTObIIvFv8wLZQUJY="></latexit>



Non-dimensional iNSE:

 QG Equations for arbitrary A and Ro << 1

Geostrophy: p =  , u? = �r⇥  ẑ, ⇣ = r2
? 

<latexit sha1_base64="UMtV4W/iWPmTObIIvFv8wLZQUJY="></latexit>
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Weiss & McWilliams 1994



Non-dimensional iNSE:

Vertical advection subdominant 

<latexit sha1_base64="G59oLzaF2JdbK7k5IYe9r2EXm3o="></latexit>
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 QG Observations for arbitrary A and Ro << 1

h. mtm 

v. mtm 

mass cons. 

fluct. temp 

mean temp  

Geostrophy:

Mean dynamics evolves on slow timescale 

Project onto geostrophic manifold - curl mtm eqn

p =  , u? = �r⇥  ẑ, ⇣ = r2
? 

<latexit sha1_base64="UMtV4W/iWPmTObIIvFv8wLZQUJY="></latexit>

Damtp, Cambridge, May 2004 
 

Keith Julien                                                     University of Colorado 

Rotationally constrained flows and aspect ratio  

QG Intermediate  Convection 
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U $ %&0
%1'pGeostrophic balance: 

Rossby #: 

Coriolis           Pressure  

Charney (1948) Embid & Majda (1998) Julien et al. (1998) 

<latexit sha1_base64="oRk1u5tT13P9ZaN7wmUnTcD1nwg=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIosuimy4r2Ac0oUymN+3QySTMTIQagr/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwprTjfFulldW19Y3yZmVre2d3z94/aKs4lRRaNOax7AZEAWcCWpppDt1EAokCDp1gfDv1Ow8gFYvFvZ4k4EdkKFjIKNFG6ttHXigJzTzgPM8aOfaGQ+z27apTc2bAy8QtSBUVaPbtL28Q0zQCoSknSvVcJ9F+RqRmlENe8VIFCaFjMoSeoYJEoPxsdn2OT40ywGEsTQmNZ+rviYxESk2iwHRGRI/UojcV//N6qQ6v/YyJJNUg6HxRmHKsYzyNAg+YBKr5xBBCJTO3YjoiJg5tAquYENzFl5dJ+7zmXtacu4tq/aaIo4yO0Qk6Qy66QnXUQE3UQhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4A6GKU2w==</latexit>

`
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<latexit sha1_base64="7XmO1GO/aJtH0ryE7qaovfH2N2g=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyCp5KIoseilx4r2A9oQtlsN+3S3U3Y3QglFPwrXjwo4tXf4c1/47bNQVsfDDzem2FmXpRypo3nfTsrq2vrG5ulrfL2zu7evntw2NJJpghtkoQnqhNhTTmTtGmY4bSTKopFxGk7Gt1N/fYjVZol8sGMUxoKPJAsZgQbK/Xc4yBWmOQB5XyS1yco0Ewgv+dWvKo3A1omfkEqUKDRc7+CfkIyQaUhHGvd9b3UhDlWhhFOJ+Ug0zTFZIQHtGupxILqMJ+dP0FnVumjOFG2pEEz9fdEjoXWYxHZToHNUC96U/E/r5uZ+CbMmUwzQyWZL4ozjkyCplmgPlOUGD62BBPF7K2IDLHNw9jEyjYEf/HlZdK6qPpXVe/+slK7LeIowQmcwjn4cA01qEMDmkAgh2d4hTfnyXlx3p2PeeuKU8wcwR84nz/QKZVg</latexit>
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<latexit sha1_base64="V9OWU/++x7YsDTEhyP7rIDTeK0I=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIosuimy4r2Ac0oUymN+3QySTMTIQagr/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwprTjfFulldW19Y3yZmVre2d3z94/aKs4lRRaNOax7AZEAWcCWpppDt1EAokCDp1gfDv1Ow8gFYvFvZ4k4EdkKFjIKNFG6ttHXigJzTzgPM8aOfY4x27frjo1Zwa8TNyCVFGBZt/+8gYxTSMQmnKiVM91Eu1nRGpGOeQVL1WQEDomQ+gZKkgEys9m1+f41CgDHMbSlNB4pv6eyEik1CQKTGdE9EgtelPxP6+X6vDaz5hIUg2CzheFKcc6xtMo8IBJoJpPDCFUMnMrpiNi4tAmsIoJwV18eZm0z2vuZc25u6jWb4o4yugYnaAz5KIrVEcN1EQtRNEjekav6M16sl6sd+tj3lqyiplD9AfW5w/3o5Tl</latexit>
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Mean dynamics evolves on slow timescale 
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 NH-Quasi-Geostrophic (RRBC) Ro! 0 limit

Vert.  Vorticity 

Vert.  Velocity 

Temp.  Fluct. 

Mean.  Temp. 

Balance: 

Two control parameters

p0 =  , u = (�@y , @x , w), ⇣ = bz ·r⇥u = r2
? , T = T (Z)+E1/3#.
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 NH-Quasi-Geostrophic (RRBC)



Ro! 0 limit

Vert.  Vorticity 

Vert.  Velocity 

Temp.  Fluct. 

Mean.  Temp. 

Balance: 

• Isotropic velocity magnitudes (non-hydrostatic dynamics)

• No vertical inertial advection (hallmark of QG theory)   

• Horizontal dissipation only (no vertical dissipation - filtered mtm.  Ekman bl’s)   

• Vertical diffusion for mean temperature only (TBL can develop)

• Slow inertial waves only. No fast (unbalanced) waves !2
wave =

k2Z
k2?

2 (c,1)

Two control parameters

p0 =  , u = (�@y , @x , w), ⇣ = bz ·r⇥u = r2
? , T = T (Z)+E1/3#.
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• Horizontal dissipation only (no vertical dissipation - filtered mtm.  Ekman bl’s)   

• Vertical diffusion for mean temperature only (TBL can develop)
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 NH-Quasi-Geostrophic (RRBC)

w = 0, T (0) = 1, T (1) = 0

Reduced BCs. 



Ro! 0 limit

Vert.  Vorticity 

Vert.  Velocity 

Temp.  Fluct. 

Mean.  Temp. 

Balance: 

• Isotropic velocity magnitudes (non-hydrostatic dynamics)

• No vertical inertial advection (hallmark of QG theory)   

• Horizontal dissipation only (no vertical dissipation - filtered mtm.  Ekman bl’s)   

• Vertical diffusion for mean temperature only (TBL can develop)

• Slow inertial waves only. No fast (unbalanced) waves

Two control parameters

w = 0, T (0) = 1, T (1) = 0

Reduced BCs. 

p0 =  , u = (�@y , @x , w), ⇣ = bz ·r⇥u = r2
? , T = T (Z)+E1/3#.
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Ro! 0 limit

w = 0, T (0) = 1, T (1) = 0

Reduced BCs. 
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Temp.  Fluct. 

Mean.  Temp. 

Balance: 

• Isotropic velocity magnitudes (non-hydrostatic dynamics)

• No vertical inertial advection (hallmark of QG theory)   

• Horizontal dissipation only (no vertical dissipation - filtered mtm.  Ekman bl’s)   

• Vertical diffusion for mean temperature only (TBL can develop)

• Slow inertial waves only. No fast (unbalanced) waves !2
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Ro! 0 limit

w = 0, T (0) = 1, T (1) = 0

Reduced BCs. 

Vert.  Vorticity 

Vert.  Velocity 

Temp.  Fluct. 

Mean.  Temp. 

Balance: 

Conserved quantities:  Energy (volume averaged)  and Potential  Vorticity (pointwise)

Enstrophy not conserved. Forward cascade? 

p0 =  , u = (�@y , @x , w), ⇣ = bz ·r⇥u = r2
? , T = T (Z)+E1/3#.
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Single-Mode solutions:

Pose:

Quasilinear PDE
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?h+ k2?h = 0

<latexit sha1_base64="M0v4jmyY79LaxBCXEKDWYqdvMA8="></latexit>

J [h, h] = 0

<latexit sha1_base64="ZjoQVUOCO3Taqw1QCAnXCJHFQjg="></latexit>

k2?@t ̂+ @ZŴ = �k4? ̂

@tŴ + @Z ̂ = �k2?Ŵ +
fRa

Pr
⇥̂

@t⇥̂+ w@ZT = � 1

Pr
k2?⇥̂

@Z(Ŵ ⇥̂) =
1

Pr
@ZZT

Steady convection 

 Quasi-Geostrophic RBC
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w = A(Z)h(x, y), r2
?h+ k2?h = 0

  Spatially Extended (SE) 

top view 

Pose:

Find: 

consequence of no vertical advection! u? ·r?h = 0

<latexit sha1_base64="m54PW8ZPMDYW4G4hjQVWFGQ+nGA="></latexit>

w = Ŵ (Z)h(x, y), r2
?h+ k2?h = 0

<latexit sha1_base64="kwTlzxOtntMkdUY1/7xsTCdle1Y="></latexit>

@ZZŴ � k2?

h
fRa@ZT + k4?

i
Ŵ = 0, @ZT = �

 
k2?

k2? + Pr2Ŵ 2

!
Nu

<latexit sha1_base64="bmltTYp7yXjUW3ewU4qWwW3a6H0="></latexit>

Nu =

"Z 1

0

 
k2?

k2? + Pr2Ŵ 2

!
dZ

#�1
<latexit sha1_base64="kwTlzxOtntMkdUY1/7xsTCdle1Y="></latexit>

@ZZŴ � k2?

h
fRa@ZT + k4?

i
Ŵ = 0, @ZT = �

 
k2?

k2? + Pr2Ŵ 2

!
Nu
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w = A(Z)h(x, y), r2
?h+ k2?h = 0

  Spatially Extended (SE) 

top view 

Pose:

Find: 

consequence of no vertical advection! u? ·r?h = 0

<latexit sha1_base64="/IYLSb7vZauapiwRV5jyrSGOLGM="></latexit>

@ZZŴ � k2?

✓
i!

Pr
+ k2?

◆"✓
i!

Pr
+ k2?

◆
+

�
k2? � i!

�

(!2 + k4?)
fRa@ZT

#
Ŵ = 0

<latexit sha1_base64="ovY/4CMnUoEKFECJ0ViuCdF8pW4="></latexit>

@ZT = �
 

!2 + k4?
!2 + k4? + Pr2k6?|Ŵ |2

!
Nu

<latexit sha1_base64="2m0A/8He88KM+cgkRrNZFm647qw="></latexit>

w = Ŵ (Z)h(x, y)ei!t + c.c., r2
?h+ k2?h = 0
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Sinusoidal vertical structure  
For both steady and oscillatory convection 
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Sinusoidal vertical structure  
For both steady and oscillatory convection 

Development of TBL +Isothermal Interior  
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Oscillations saturate 
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 Dynamics - Exact Coherent Structures (ECS)   

w = A(Z)h(x, y), r2
?h+ k2?h = 0

@ZZA� k2?

h
(RaE4/3)@ZT + k4?

i
A = 0, @ZTSE = �

✓
k2?

k2? + Pr2A2

◆
Nu

Unstable solutions form a skeleton that impact the terrain of phase space 

(open questions) potential to use as basis functions for further reduction 


