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• First tentative evidence for tidally-
driven orbital decay for WASP-12 b 
(Maciejewski et al. 2016; Patra et al. 2017)        

                                 =>

(see also WASP-4 b; Bouma et al. 2019)

• Evidence against rapid orbital decay 
for WASP-18 b (Wilkins et al. 2017)

• Further detections possible with 
TESS & PLATO…

• Tidally-driven orbital decay of hot 
Jupiters due to dissipation in the star 
=> what mechanisms are responsible?

Tides in stars: orbital decay of hot Jupiters 

Adrian Barker                   University of Leeds

Dimensionless measure of the 
efficiency of tidal dissipation

Ṗ = �29± 3msyr�1
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Wilkins, Delrez, Barker et al. (2017)
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Wilkins, Delrez, Barker et al. (2017)• First tentative evidence for tidally-
driven orbital decay for WASP-12 b 
(Maciejewski et al. 2016; Patra et al. 2017)        

                                 =>

(see also WASP-4 b; Bouma et al. 2019)

• Evidence against rapid orbital decay 
for WASP-18 b (Wilkins et al. 2017)

• Further detections possible with 
TESS & PLATO…

• Tidally-driven orbital decay of hot 
Jupiters due to dissipation in the star 
=> what mechanisms are responsible?



Tides in stars: mechanisms

Adrian Barker                   University of Leeds

Probably the most important for solar-type 
hosts currently. If WASP-12 b has a radiative 
core, this mechanism could neatly explain 
the observed     .  The absence of this 
mechanism may explain WASP-18 b.

• Hot Jupiters typically orbit much faster 
than the host star rotates => tidal 
dissipation inside the star leads to 
planetary inspiral

• Mechanisms of tidal dissipation in HJ host 
stars:

1. Internal gravity waves in radiative regions 
(e.g. Zahn 1977; Goodman & Dickson 1998; Barker & 
Ogilvie 2010; Barker 2011; Fuller & Lai 2012; Weinberg et 
al. 2017; Chernov et al. 2017)

2. Inertial waves in convective regions  
(e.g. Wu 2005; Ogilvie & Lin 2007; Goodman & Lackner 
2009; Ogilvie 2013; Favier, Barker et al. 2014; Barker 2016; 
Bolmont & Mathis 2016)

3. Interaction between tides & convection 
(e.g. Zahn 1966/1989; Goldreich & Nicholson 1977; Penev 
et al. 2008/9; Ogilvie & Lesur 2012) Barker & Ogilvie 

2010

Ṗ
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Tides in stars: mechanisms

Adrian Barker                   University of Leeds

Probably important in the past, but most HJ 
hosts rotate too slowly for this to operate at 
the present day.

• Hot Jupiters typically orbit much faster 
than the host star rotates => tidal 
dissipation inside the star leads to 
planetary inspiral

• Mechanisms of tidal dissipation in HJ host 
stars:

1. Internal gravity waves in radiative regions 
(e.g. Zahn 1977; Goodman & Dickson 1998; Barker & 
Ogilvie 2010; Barker 2011; Fuller & Lai 2012; Weinberg et 
al. 2017; Chernov et al. 2017)

2. Inertial waves in convective regions  
(e.g. Wu 2005; Ogilvie & Lin 2007; Goodman & Lackner 
2009; Ogilvie 2013; Favier, Barker et al. 2014; Barker 2016; 
Bolmont & Mathis 2016)

3. Interaction between tides & convection 
(e.g. Zahn 1966/1989; Goldreich & Nicholson 1977; Penev 
et al. 2008/9; Ogilvie & Lesur 2012)



Tides in stars: mechanisms

Adrian Barker                   University of Leeds

Focus of this talk.  Theoretically uncertain. 
Potentially important for MKG stars, probably 
less so for F stars (and not for A stars)

(Zahn 1989)

• Hot Jupiters typically orbit much faster 
than the host star rotates => tidal 
dissipation inside the star leads to 
planetary inspiral

• Mechanisms of tidal dissipation in HJ host 
stars:

1. Internal gravity waves in radiative regions 
(e.g. Zahn 1977; Goodman & Dickson 1998; Barker & 
Ogilvie 2010; Barker 2011; Fuller & Lai 2012; Weinberg et 
al. 2017; Chernov et al. 2017)

2. Inertial waves in convective regions  
(e.g. Wu 2005; Ogilvie & Lin 2007; Goodman & Lackner 
2009; Ogilvie 2013; Favier, Barker et al. 2014; Barker 2016; 
Bolmont & Mathis 2016)

3. Interaction between tides & convection 
(e.g. Zahn 1966/1989; Goldreich & Nicholson 1977; Penev 
et al. 2008/9; Ogilvie & Lesur 2012)



Interaction between tides & convection

Adrian Barker                   University of Leeds

• Turbulent convection is thought to act as an effective viscosity (     ) in 
damping large-scale tidal flows, but there is a long-standing controversy over 
the efficiency of this process for large ratios of tidal (                     ) to 
convective (     ) frequencies 

• Phenomenological arguments:                                             For  
Zahn (1966):  
 
Goldreich & Nicholson (1977): 

• Asymptotic linear analysis for high frequencies (applied to simple flows) 
predicts:                      (Ogilvie & Lesur 2012)

• Now possible to directly test with simulations: pioneering work by Penev et 
al. 2008/09 and Ogilvie & Lesur (2012), Braviner (PhD 2015)

• Why does it matter? Crude estimate for inspiral time of HJ on 1d orbit  
~10-100 Myr        (      const)  
~1Gyr                 (                  )  
>>10Gyr             (                 )  
=> essential to resolve this to predict/explain orbital decay of HJs
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⌫E / !�1
<latexit sha1_base64="ilQmIYIZkcpk5ea9SAO71pp1fNA=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCG8uMCLosiuCygn1AZxwyaaYNzSQhyQhlqBt/xY0LRdz6F+78G9N2Ftp6IHA4515uzoklo9p43rezsLi0vLJaWiuvb2xubbs7u00tMoVJAwsmVDtGmjDKScNQw0hbKoLSmJFWPLga+60HojQV/M4MJQlT1OM0oRgZK0XufsCz6DqQSkgjYCBS0kP3+Yk/ityKV/UmgPPEL0gFFKhH7lfQFThLCTeYIa07vidNmCNlKGZkVA4yTSTCA9QjHUs5SokO80mCETyyShcmQtnHDZyovzdylGo9TGM7mSLT17PeWPzP62QmuQhzymVmCMfTQ0nGoA07rgN2qSLYsKElCCtq/wpxHymEjS2tbEvwZyPPk+Zp1bf89qxSuyzqKIEDcAiOgQ/OQQ3cgDpoAAwewTN4BW/Ok/PivDsf09EFp9jZA3/gfP4ANoWWtw==</latexit><latexit sha1_base64="ilQmIYIZkcpk5ea9SAO71pp1fNA=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCG8uMCLosiuCygn1AZxwyaaYNzSQhyQhlqBt/xY0LRdz6F+78G9N2Ftp6IHA4515uzoklo9p43rezsLi0vLJaWiuvb2xubbs7u00tMoVJAwsmVDtGmjDKScNQw0hbKoLSmJFWPLga+60HojQV/M4MJQlT1OM0oRgZK0XufsCz6DqQSkgjYCBS0kP3+Yk/ityKV/UmgPPEL0gFFKhH7lfQFThLCTeYIa07vidNmCNlKGZkVA4yTSTCA9QjHUs5SokO80mCETyyShcmQtnHDZyovzdylGo9TGM7mSLT17PeWPzP62QmuQhzymVmCMfTQ0nGoA07rgN2qSLYsKElCCtq/wpxHymEjS2tbEvwZyPPk+Zp1bf89qxSuyzqKIEDcAiOgQ/OQQ3cgDpoAAwewTN4BW/Ok/PivDsf09EFp9jZA3/gfP4ANoWWtw==</latexit><latexit sha1_base64="ilQmIYIZkcpk5ea9SAO71pp1fNA=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCG8uMCLosiuCygn1AZxwyaaYNzSQhyQhlqBt/xY0LRdz6F+78G9N2Ftp6IHA4515uzoklo9p43rezsLi0vLJaWiuvb2xubbs7u00tMoVJAwsmVDtGmjDKScNQw0hbKoLSmJFWPLga+60HojQV/M4MJQlT1OM0oRgZK0XufsCz6DqQSkgjYCBS0kP3+Yk/ityKV/UmgPPEL0gFFKhH7lfQFThLCTeYIa07vidNmCNlKGZkVA4yTSTCA9QjHUs5SokO80mCETyyShcmQtnHDZyovzdylGo9TGM7mSLT17PeWPzP62QmuQhzymVmCMfTQ0nGoA07rgN2qSLYsKElCCtq/wpxHymEjS2tbEvwZyPPk+Zp1bf89qxSuyzqKIEDcAiOgQ/OQQ3cgDpoAAwewTN4BW/Ok/PivDsf09EFp9jZA3/gfP4ANoWWtw==</latexit><latexit sha1_base64="ilQmIYIZkcpk5ea9SAO71pp1fNA=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCG8uMCLosiuCygn1AZxwyaaYNzSQhyQhlqBt/xY0LRdz6F+78G9N2Ftp6IHA4515uzoklo9p43rezsLi0vLJaWiuvb2xubbs7u00tMoVJAwsmVDtGmjDKScNQw0hbKoLSmJFWPLga+60HojQV/M4MJQlT1OM0oRgZK0XufsCz6DqQSkgjYCBS0kP3+Yk/ityKV/UmgPPEL0gFFKhH7lfQFThLCTeYIa07vidNmCNlKGZkVA4yTSTCA9QjHUs5SokO80mCETyyShcmQtnHDZyovzdylGo9TGM7mSLT17PeWPzP62QmuQhzymVmCMfTQ0nGoA07rgN2qSLYsKElCCtq/wpxHymEjS2tbEvwZyPPk+Zp1bf89qxSuyzqKIEDcAiOgQ/OQQ3cgDpoAAwewTN4BW/Ok/PivDsf09EFp9jZA3/gfP4ANoWWtw==</latexit>

⌫E / !�2
<latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit>

!c
<latexit sha1_base64="Jsa28ecbYgb7YbKJHYoyWxq/U2Q=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk09k2NNmsSVYopX/CiwdFvPp3vPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCp5gw3IrsJ1qpDIS2IpGt7N66wm14Sp5sOMUQ0kHCY85o9ZZ7a6SOKA91itX/Ko/F1mFIIcK5Kr3yl/dvmKZxMQyQY3pBH5qwwnVljOB01I3M5hSNqID7DhMqEQTTub7TsmZc/okVtq9xJK5+3tiQqUxYxm5Tknt0CzXZuZ/tU5m4+twwpM0s5iwxUdxJohVZHY86XONzIqxA8o0d7sSNqSaMusiKrkQguWTV6F5UQ0c319Wajd5HEU4gVM4hwCuoAZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8kff5AwVgj/E=</latexit><latexit sha1_base64="Jsa28ecbYgb7YbKJHYoyWxq/U2Q=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk09k2NNmsSVYopX/CiwdFvPp3vPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCp5gw3IrsJ1qpDIS2IpGt7N66wm14Sp5sOMUQ0kHCY85o9ZZ7a6SOKA91itX/Ko/F1mFIIcK5Kr3yl/dvmKZxMQyQY3pBH5qwwnVljOB01I3M5hSNqID7DhMqEQTTub7TsmZc/okVtq9xJK5+3tiQqUxYxm5Tknt0CzXZuZ/tU5m4+twwpM0s5iwxUdxJohVZHY86XONzIqxA8o0d7sSNqSaMusiKrkQguWTV6F5UQ0c319Wajd5HEU4gVM4hwCuoAZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8kff5AwVgj/E=</latexit><latexit sha1_base64="Jsa28ecbYgb7YbKJHYoyWxq/U2Q=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk09k2NNmsSVYopX/CiwdFvPp3vPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCp5gw3IrsJ1qpDIS2IpGt7N66wm14Sp5sOMUQ0kHCY85o9ZZ7a6SOKA91itX/Ko/F1mFIIcK5Kr3yl/dvmKZxMQyQY3pBH5qwwnVljOB01I3M5hSNqID7DhMqEQTTub7TsmZc/okVtq9xJK5+3tiQqUxYxm5Tknt0CzXZuZ/tU5m4+twwpM0s5iwxUdxJohVZHY86XONzIqxA8o0d7sSNqSaMusiKrkQguWTV6F5UQ0c319Wajd5HEU4gVM4hwCuoAZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8kff5AwVgj/E=</latexit><latexit sha1_base64="Jsa28ecbYgb7YbKJHYoyWxq/U2Q=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk09k2NNmsSVYopX/CiwdFvPp3vPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCp5gw3IrsJ1qpDIS2IpGt7N66wm14Sp5sOMUQ0kHCY85o9ZZ7a6SOKA91itX/Ko/F1mFIIcK5Kr3yl/dvmKZxMQyQY3pBH5qwwnVljOB01I3M5hSNqID7DhMqEQTTub7TsmZc/okVtq9xJK5+3tiQqUxYxm5Tknt0CzXZuZ/tU5m4+twwpM0s5iwxUdxJohVZHY86XONzIqxA8o0d7sSNqSaMusiKrkQguWTV6F5UQ0c319Wajd5HEU4gVM4hwCuoAZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8kff5AwVgj/E=</latexit>

! � !c
<latexit sha1_base64="yA5wP/xpeJAimRxqrhfjpPtdHUc=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIrkoigi6LblxWsBdoQphMJ+nQmUyYmYil9FXcuFDErS/izrdx2mahrT8MfPznHM6ZP84508bzvp219Y3Nre3KTnV3b//g0D2qdbQsFKFtIrlUvRhryllG24YZTnu5oljEnHbj0e2s3n2kSjOZPZhxTkOB04wljGBjrcitBVLQFAdpihYUkcitew1vLrQKfgl1KNWK3K9gIEkhaGYIx1r3fS834QQrwwin02pQaJpjMsIp7VvMsKA6nMxvn6Iz6wxQIpV9mUFz9/fEBAutxyK2nQKboV6uzcz/av3CJNfhhGV5YWhGFouSgiMj0SwINGCKEsPHFjBRzN6KyBArTIyNq2pD8Je/vAqdi4Zv+f6y3rwp46jACZzCOfhwBU24gxa0gcATPMMrvDlT58V5dz4WrWtOOXMMf+R8/gC0OpQ1</latexit><latexit sha1_base64="yA5wP/xpeJAimRxqrhfjpPtdHUc=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIrkoigi6LblxWsBdoQphMJ+nQmUyYmYil9FXcuFDErS/izrdx2mahrT8MfPznHM6ZP84508bzvp219Y3Nre3KTnV3b//g0D2qdbQsFKFtIrlUvRhryllG24YZTnu5oljEnHbj0e2s3n2kSjOZPZhxTkOB04wljGBjrcitBVLQFAdpihYUkcitew1vLrQKfgl1KNWK3K9gIEkhaGYIx1r3fS834QQrwwin02pQaJpjMsIp7VvMsKA6nMxvn6Iz6wxQIpV9mUFz9/fEBAutxyK2nQKboV6uzcz/av3CJNfhhGV5YWhGFouSgiMj0SwINGCKEsPHFjBRzN6KyBArTIyNq2pD8Je/vAqdi4Zv+f6y3rwp46jACZzCOfhwBU24gxa0gcATPMMrvDlT58V5dz4WrWtOOXMMf+R8/gC0OpQ1</latexit><latexit sha1_base64="yA5wP/xpeJAimRxqrhfjpPtdHUc=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIrkoigi6LblxWsBdoQphMJ+nQmUyYmYil9FXcuFDErS/izrdx2mahrT8MfPznHM6ZP84508bzvp219Y3Nre3KTnV3b//g0D2qdbQsFKFtIrlUvRhryllG24YZTnu5oljEnHbj0e2s3n2kSjOZPZhxTkOB04wljGBjrcitBVLQFAdpihYUkcitew1vLrQKfgl1KNWK3K9gIEkhaGYIx1r3fS834QQrwwin02pQaJpjMsIp7VvMsKA6nMxvn6Iz6wxQIpV9mUFz9/fEBAutxyK2nQKboV6uzcz/av3CJNfhhGV5YWhGFouSgiMj0SwINGCKEsPHFjBRzN6KyBArTIyNq2pD8Je/vAqdi4Zv+f6y3rwp46jACZzCOfhwBU24gxa0gcATPMMrvDlT58V5dz4WrWtOOXMMf+R8/gC0OpQ1</latexit><latexit sha1_base64="yA5wP/xpeJAimRxqrhfjpPtdHUc=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIrkoigi6LblxWsBdoQphMJ+nQmUyYmYil9FXcuFDErS/izrdx2mahrT8MfPznHM6ZP84508bzvp219Y3Nre3KTnV3b//g0D2qdbQsFKFtIrlUvRhryllG24YZTnu5oljEnHbj0e2s3n2kSjOZPZhxTkOB04wljGBjrcitBVLQFAdpihYUkcitew1vLrQKfgl1KNWK3K9gIEkhaGYIx1r3fS834QQrwwin02pQaJpjMsIp7VvMsKA6nMxvn6Iz6wxQIpV9mUFz9/fEBAutxyK2nQKboV6uzcz/av3CJNfhhGV5YWhGFouSgiMj0SwINGCKEsPHFjBRzN6KyBArTIyNq2pD8Je/vAqdi4Zv+f6y3rwp46jACZzCOfhwBU24gxa0gcATPMMrvDlT58V5dz4WrWtOOXMMf+R8/gC0OpQ1</latexit>

⌫E
<latexit sha1_base64="aEjvWu0MVQOSISPq1Zo/KMrXP3M=">AAAB7HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRYFMFjBdMW2lA22027dLMJuxOhhP4GLx4U8eoP8ua/cdvmoK0vLDy8M8POvGEqhUHX/XZKa+sbm1vl7crO7t7+QfXwqGWSTDPus0QmuhNSw6VQ3EeBkndSzWkcSt4Ox7ezevuJayMS9YiTlAcxHSoRCUbRWn5PZf27frXm1t25yCp4BdSgULNf/eoNEpbFXCGT1Jiu56YY5FSjYJJPK73M8JSyMR3yrkVFY26CfL7slJxZZ0CiRNunkMzd3xM5jY2ZxKHtjCmOzHJtZv5X62YYXQe5UGmGXLHFR1EmCSZkdjkZCM0ZyokFyrSwuxI2opoytPlUbAje8smr0Lqoe5YfLmuNmyKOMpzAKZyDB1fQgHtogg8MBDzDK7w5ynlx3p2PRWvJKWaO4Y+czx+kM46P</latexit><latexit sha1_base64="aEjvWu0MVQOSISPq1Zo/KMrXP3M=">AAAB7HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRYFMFjBdMW2lA22027dLMJuxOhhP4GLx4U8eoP8ua/cdvmoK0vLDy8M8POvGEqhUHX/XZKa+sbm1vl7crO7t7+QfXwqGWSTDPus0QmuhNSw6VQ3EeBkndSzWkcSt4Ox7ezevuJayMS9YiTlAcxHSoRCUbRWn5PZf27frXm1t25yCp4BdSgULNf/eoNEpbFXCGT1Jiu56YY5FSjYJJPK73M8JSyMR3yrkVFY26CfL7slJxZZ0CiRNunkMzd3xM5jY2ZxKHtjCmOzHJtZv5X62YYXQe5UGmGXLHFR1EmCSZkdjkZCM0ZyokFyrSwuxI2opoytPlUbAje8smr0Lqoe5YfLmuNmyKOMpzAKZyDB1fQgHtogg8MBDzDK7w5ynlx3p2PRWvJKWaO4Y+czx+kM46P</latexit><latexit sha1_base64="aEjvWu0MVQOSISPq1Zo/KMrXP3M=">AAAB7HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRYFMFjBdMW2lA22027dLMJuxOhhP4GLx4U8eoP8ua/cdvmoK0vLDy8M8POvGEqhUHX/XZKa+sbm1vl7crO7t7+QfXwqGWSTDPus0QmuhNSw6VQ3EeBkndSzWkcSt4Ox7ezevuJayMS9YiTlAcxHSoRCUbRWn5PZf27frXm1t25yCp4BdSgULNf/eoNEpbFXCGT1Jiu56YY5FSjYJJPK73M8JSyMR3yrkVFY26CfL7slJxZZ0CiRNunkMzd3xM5jY2ZxKHtjCmOzHJtZv5X62YYXQe5UGmGXLHFR1EmCSZkdjkZCM0ZyokFyrSwuxI2opoytPlUbAje8smr0Lqoe5YfLmuNmyKOMpzAKZyDB1fQgHtogg8MBDzDK7w5ynlx3p2PRWvJKWaO4Y+czx+kM46P</latexit><latexit sha1_base64="aEjvWu0MVQOSISPq1Zo/KMrXP3M=">AAAB7HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRYFMFjBdMW2lA22027dLMJuxOhhP4GLx4U8eoP8ua/cdvmoK0vLDy8M8POvGEqhUHX/XZKa+sbm1vl7crO7t7+QfXwqGWSTDPus0QmuhNSw6VQ3EeBkndSzWkcSt4Ox7ezevuJayMS9YiTlAcxHSoRCUbRWn5PZf27frXm1t25yCp4BdSgULNf/eoNEpbFXCGT1Jiu56YY5FSjYJJPK73M8JSyMR3yrkVFY26CfL7slJxZZ0CiRNunkMzd3xM5jY2ZxKHtjCmOzHJtZv5X62YYXQe5UGmGXLHFR1EmCSZkdjkZCM0ZyokFyrSwuxI2opoytPlUbAje8smr0Lqoe5YfLmuNmyKOMpzAKZyDB1fQgHtogg8MBDzDK7w5ynlx3p2PRWvJKWaO4Y+czx+kM46P</latexit>

!/!c ⇠ 40
<latexit sha1_base64="NHG4KpmqFxFhbRewUgqZMd1hf9w=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYBFd1Rgq6LLpxWcFeoDMMmTTThuYyJBmhjF34Km5cKOLW13Dn25i2s9DWAyEf/38OOfnjlFFtPO/bKa2srq1vlDcrW9s7u3vu/kFby0xh0sKSSdWNkSaMCtIy1DDSTRVBPGakE49upn7ngShNpbg345SEHA0ETShGxkqRexRITgbofH5FONCUw7oXuVWv5s0KLoNfQBUU1Yzcr6AvccaJMJghrXu+l5owR8pQzMikEmSapAiP0ID0LArEiQ7z2f4TeGqVPkykskcYOFN/T+SIaz3mse3kyAz1ojcV//N6mUmuwpyKNDNE4PlDScagkXAaBuxTRbBhYwsIK2p3hXiIFMLGRlaxIfiLX16G9kXNt3xXrzauizjK4BicgDPgg0vQALegCVoAg0fwDF7Bm/PkvDjvzse8teQUM4fgTzmfP//DlWs=</latexit><latexit sha1_base64="NHG4KpmqFxFhbRewUgqZMd1hf9w=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYBFd1Rgq6LLpxWcFeoDMMmTTThuYyJBmhjF34Km5cKOLW13Dn25i2s9DWAyEf/38OOfnjlFFtPO/bKa2srq1vlDcrW9s7u3vu/kFby0xh0sKSSdWNkSaMCtIy1DDSTRVBPGakE49upn7ngShNpbg345SEHA0ETShGxkqRexRITgbofH5FONCUw7oXuVWv5s0KLoNfQBUU1Yzcr6AvccaJMJghrXu+l5owR8pQzMikEmSapAiP0ID0LArEiQ7z2f4TeGqVPkykskcYOFN/T+SIaz3mse3kyAz1ojcV//N6mUmuwpyKNDNE4PlDScagkXAaBuxTRbBhYwsIK2p3hXiIFMLGRlaxIfiLX16G9kXNt3xXrzauizjK4BicgDPgg0vQALegCVoAg0fwDF7Bm/PkvDjvzse8teQUM4fgTzmfP//DlWs=</latexit><latexit sha1_base64="NHG4KpmqFxFhbRewUgqZMd1hf9w=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYBFd1Rgq6LLpxWcFeoDMMmTTThuYyJBmhjF34Km5cKOLW13Dn25i2s9DWAyEf/38OOfnjlFFtPO/bKa2srq1vlDcrW9s7u3vu/kFby0xh0sKSSdWNkSaMCtIy1DDSTRVBPGakE49upn7ngShNpbg345SEHA0ETShGxkqRexRITgbofH5FONCUw7oXuVWv5s0KLoNfQBUU1Yzcr6AvccaJMJghrXu+l5owR8pQzMikEmSapAiP0ID0LArEiQ7z2f4TeGqVPkykskcYOFN/T+SIaz3mse3kyAz1ojcV//N6mUmuwpyKNDNE4PlDScagkXAaBuxTRbBhYwsIK2p3hXiIFMLGRlaxIfiLX16G9kXNt3xXrzauizjK4BicgDPgg0vQALegCVoAg0fwDF7Bm/PkvDjvzse8teQUM4fgTzmfP//DlWs=</latexit><latexit sha1_base64="NHG4KpmqFxFhbRewUgqZMd1hf9w=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYBFd1Rgq6LLpxWcFeoDMMmTTThuYyJBmhjF34Km5cKOLW13Dn25i2s9DWAyEf/38OOfnjlFFtPO/bKa2srq1vlDcrW9s7u3vu/kFby0xh0sKSSdWNkSaMCtIy1DDSTRVBPGakE49upn7ngShNpbg345SEHA0ETShGxkqRexRITgbofH5FONCUw7oXuVWv5s0KLoNfQBUU1Yzcr6AvccaJMJghrXu+l5owR8pQzMikEmSapAiP0ID0LArEiQ7z2f4TeGqVPkykskcYOFN/T+SIaz3mse3kyAz1ojcV//N6mUmuwpyKNDNE4PlDScagkXAaBuxTRbBhYwsIK2p3hXiIFMLGRlaxIfiLX16G9kXNt3xXrzauizjK4BicgDPgg0vQALegCVoAg0fwDF7Bm/PkvDjvzse8teQUM4fgTzmfP//DlWs=</latexit>

⌦
<latexit sha1_base64="zVuNWxgl36bSDQ4EDcmM6cpaFeo=">AAAB7XicbZDLSgNBEEVrfMb4irp0MxgEV2FGBF0G3bgzgnlAMoSeTk3Sph9Dd48QQv7BjQtF3Po/7vwbO8ksNPFCw+FWFV1145QzY4Pg21tZXVvf2CxsFbd3dvf2SweHDaMyTbFOFVe6FRODnEmsW2Y5tlKNRMQcm/HwZlpvPqE2TMkHO0oxEqQvWcIosc5qdO4E9km3VA4qwUz+MoQ5lCFXrVv66vQUzQRKSzkxph0GqY3GRFtGOU6KncxgSuiQ9LHtUBKBJhrPtp34p87p+YnS7knrz9zfE2MijBmJ2HUKYgdmsTY1/6u1M5tcRWMm08yipPOPkoz7VvnT0/0e00gtHzkgVDO3q08HRBNqXUBFF0K4ePIyNM4roeP7i3L1Oo+jAMdwAmcQwiVU4RZqUAcKj/AMr/DmKe/Fe/c+5q0rXj5zBH/kff4AXzOO+w==</latexit><latexit sha1_base64="zVuNWxgl36bSDQ4EDcmM6cpaFeo=">AAAB7XicbZDLSgNBEEVrfMb4irp0MxgEV2FGBF0G3bgzgnlAMoSeTk3Sph9Dd48QQv7BjQtF3Po/7vwbO8ksNPFCw+FWFV1145QzY4Pg21tZXVvf2CxsFbd3dvf2SweHDaMyTbFOFVe6FRODnEmsW2Y5tlKNRMQcm/HwZlpvPqE2TMkHO0oxEqQvWcIosc5qdO4E9km3VA4qwUz+MoQ5lCFXrVv66vQUzQRKSzkxph0GqY3GRFtGOU6KncxgSuiQ9LHtUBKBJhrPtp34p87p+YnS7knrz9zfE2MijBmJ2HUKYgdmsTY1/6u1M5tcRWMm08yipPOPkoz7VvnT0/0e00gtHzkgVDO3q08HRBNqXUBFF0K4ePIyNM4roeP7i3L1Oo+jAMdwAmcQwiVU4RZqUAcKj/AMr/DmKe/Fe/c+5q0rXj5zBH/kff4AXzOO+w==</latexit><latexit sha1_base64="zVuNWxgl36bSDQ4EDcmM6cpaFeo=">AAAB7XicbZDLSgNBEEVrfMb4irp0MxgEV2FGBF0G3bgzgnlAMoSeTk3Sph9Dd48QQv7BjQtF3Po/7vwbO8ksNPFCw+FWFV1145QzY4Pg21tZXVvf2CxsFbd3dvf2SweHDaMyTbFOFVe6FRODnEmsW2Y5tlKNRMQcm/HwZlpvPqE2TMkHO0oxEqQvWcIosc5qdO4E9km3VA4qwUz+MoQ5lCFXrVv66vQUzQRKSzkxph0GqY3GRFtGOU6KncxgSuiQ9LHtUBKBJhrPtp34p87p+YnS7knrz9zfE2MijBmJ2HUKYgdmsTY1/6u1M5tcRWMm08yipPOPkoz7VvnT0/0e00gtHzkgVDO3q08HRBNqXUBFF0K4ePIyNM4roeP7i3L1Oo+jAMdwAmcQwiVU4RZqUAcKj/AMr/DmKe/Fe/c+5q0rXj5zBH/kff4AXzOO+w==</latexit><latexit sha1_base64="zVuNWxgl36bSDQ4EDcmM6cpaFeo=">AAAB7XicbZDLSgNBEEVrfMb4irp0MxgEV2FGBF0G3bgzgnlAMoSeTk3Sph9Dd48QQv7BjQtF3Po/7vwbO8ksNPFCw+FWFV1145QzY4Pg21tZXVvf2CxsFbd3dvf2SweHDaMyTbFOFVe6FRODnEmsW2Y5tlKNRMQcm/HwZlpvPqE2TMkHO0oxEqQvWcIosc5qdO4E9km3VA4qwUz+MoQ5lCFXrVv66vQUzQRKSzkxph0GqY3GRFtGOU6KncxgSuiQ9LHtUBKBJhrPtp34p87p+YnS7knrz9zfE2MijBmJ2HUKYgdmsTY1/6u1M5tcRWMm08yipPOPkoz7VvnT0/0e00gtHzkgVDO3q08HRBNqXUBFF0K4ePIyNM4roeP7i3L1Oo+jAMdwAmcQwiVU4RZqUAcKj/AMr/DmKe/Fe/c+5q0rXj5zBH/kff4AXzOO+w==</latexit>

⌫E / ul
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⌘2
�

<latexit sha1_base64="pMFqxRg3Ryc6DQvMbyZmHP/Rg8s="></latexit><latexit sha1_base64="pMFqxRg3Ryc6DQvMbyZmHP/Rg8s="></latexit><latexit sha1_base64="pMFqxRg3Ryc6DQvMbyZmHP/Rg8s="></latexit><latexit sha1_base64="pMFqxRg3Ryc6DQvMbyZmHP/Rg8s="></latexit>

⌫E / ul

3
min

h
1,

!c

!

i

<latexit sha1_base64="YuE45cF/avgGWJGkpBDgVO6rCV8="></latexit><latexit sha1_base64="YuE45cF/avgGWJGkpBDgVO6rCV8="></latexit><latexit sha1_base64="YuE45cF/avgGWJGkpBDgVO6rCV8="></latexit><latexit sha1_base64="YuE45cF/avgGWJGkpBDgVO6rCV8="></latexit>



• Small-patch of convection zone of star

• Rayleigh-Bénard (Boussinesq) non-
rotating convection subjected to an 
imposed oscillatory tidal (shear) flow

• => probe interaction between this flow 
and convective flow by analysing 
Reynolds stresses

• Similar setup to Ogilvie & Lesur (2012) 
& Braviner (2015), but we drive 
convection differently

• Cartesian spectral code Snoopy (G. Lesur), 
using a basis of shearing waves (i.e. shearing-
periodic boundary conditions in x)

• BCs: impenetrable, stress-free and fixed 
temperature in z. Periodic in y.

Ra =
�N2L4

z

⌫
<latexit sha1_base64="3WUOyxnzzCQR3qzzheswrMXvqmo=">AAACEHicbZDLSsNAFIYn9VbrLerSTbCIbixJKehGKLpxIVLFXqBpy8l00g6dTMLMRKghj+DGV3HjQhG3Lt35Nk4vC239YeDjP+cw5/xexKhUtv1tZBYWl5ZXsqu5tfWNzS1ze6cmw1hgUsUhC0XDA0kY5aSqqGKkEQkCgcdI3RtcjOr1eyIkDfmdGkakFUCPU59iUNrqmIduAKovguQW0jPXF4CT4+t28arz0C6lictjdwBRBGnHzNsFeyxrHpwp5NFUlY755XZDHAeEK8xAyqZjR6qVgFAUM5Lm3FiSCPAAeqSpkUNAZCsZH5RaB9rpWn4o9OPKGru/JxIIpBwGnu4crS9nayPzv1ozVv5pK6E8ihXhePKRHzNLhdYoHatLBcGKDTUAFlTvauE+6FSUzjCnQ3BmT56HWrHgaL4p5cvn0ziyaA/toyPkoBNURpeogqoIo0f0jF7Rm/FkvBjvxsekNWNMZ3bRHxmfPzTNnVA=</latexit><latexit sha1_base64="3WUOyxnzzCQR3qzzheswrMXvqmo=">AAACEHicbZDLSsNAFIYn9VbrLerSTbCIbixJKehGKLpxIVLFXqBpy8l00g6dTMLMRKghj+DGV3HjQhG3Lt35Nk4vC239YeDjP+cw5/xexKhUtv1tZBYWl5ZXsqu5tfWNzS1ze6cmw1hgUsUhC0XDA0kY5aSqqGKkEQkCgcdI3RtcjOr1eyIkDfmdGkakFUCPU59iUNrqmIduAKovguQW0jPXF4CT4+t28arz0C6lictjdwBRBGnHzNsFeyxrHpwp5NFUlY755XZDHAeEK8xAyqZjR6qVgFAUM5Lm3FiSCPAAeqSpkUNAZCsZH5RaB9rpWn4o9OPKGru/JxIIpBwGnu4crS9nayPzv1ozVv5pK6E8ihXhePKRHzNLhdYoHatLBcGKDTUAFlTvauE+6FSUzjCnQ3BmT56HWrHgaL4p5cvn0ziyaA/toyPkoBNURpeogqoIo0f0jF7Rm/FkvBjvxsekNWNMZ3bRHxmfPzTNnVA=</latexit><latexit sha1_base64="3WUOyxnzzCQR3qzzheswrMXvqmo=">AAACEHicbZDLSsNAFIYn9VbrLerSTbCIbixJKehGKLpxIVLFXqBpy8l00g6dTMLMRKghj+DGV3HjQhG3Lt35Nk4vC239YeDjP+cw5/xexKhUtv1tZBYWl5ZXsqu5tfWNzS1ze6cmw1hgUsUhC0XDA0kY5aSqqGKkEQkCgcdI3RtcjOr1eyIkDfmdGkakFUCPU59iUNrqmIduAKovguQW0jPXF4CT4+t28arz0C6lictjdwBRBGnHzNsFeyxrHpwp5NFUlY755XZDHAeEK8xAyqZjR6qVgFAUM5Lm3FiSCPAAeqSpkUNAZCsZH5RaB9rpWn4o9OPKGru/JxIIpBwGnu4crS9nayPzv1ozVv5pK6E8ihXhePKRHzNLhdYoHatLBcGKDTUAFlTvauE+6FSUzjCnQ3BmT56HWrHgaL4p5cvn0ziyaA/toyPkoBNURpeogqoIo0f0jF7Rm/FkvBjvxsekNWNMZ3bRHxmfPzTNnVA=</latexit><latexit sha1_base64="3WUOyxnzzCQR3qzzheswrMXvqmo=">AAACEHicbZDLSsNAFIYn9VbrLerSTbCIbixJKehGKLpxIVLFXqBpy8l00g6dTMLMRKghj+DGV3HjQhG3Lt35Nk4vC239YeDjP+cw5/xexKhUtv1tZBYWl5ZXsqu5tfWNzS1ze6cmw1hgUsUhC0XDA0kY5aSqqGKkEQkCgcdI3RtcjOr1eyIkDfmdGkakFUCPU59iUNrqmIduAKovguQW0jPXF4CT4+t28arz0C6lictjdwBRBGnHzNsFeyxrHpwp5NFUlY755XZDHAeEK8xAyqZjR6qVgFAUM5Lm3FiSCPAAeqSpkUNAZCsZH5RaB9rpWn4o9OPKGru/JxIIpBwGnu4crS9nayPzv1ozVv5pK6E8ihXhePKRHzNLhdYoHatLBcGKDTUAFlTvauE+6FSUzjCnQ3BmT56HWrHgaL4p5cvn0ziyaA/toyPkoBNURpeogqoIo0f0jF7Rm/FkvBjvxsekNWNMZ3bRHxmfPzTNnVA=</latexit>

R =
Ra

Rac
<latexit sha1_base64="JRGAbhjy3K5OO7FUDsPgQ3lbme4=">AAACDHicbVDLSsNAFL3xWeur6tJNsAiuSiKCboSiG5e12Ac0oUymk3bozCTMTIQS8gFu/BU3LhRx6we482+ctFnU1gMDZ865l3vvCWJGlXacH2tldW19Y7O0Vd7e2d3brxwctlWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxre533kkUtFIPOhJTHyOhoKGFCNtpH6l2rz2Qolw6nGkR5KnTZRl858+zkyVU3OmsJeJW5AqFGj0K9/eIMIJJ0JjhpTquU6s/RRJTTEjWdlLFIkRHqMh6RkqECfKT6fHZPapUQZ2GEnzhLan6nxHirhSEx6YynxLtejl4n9eL9HhlZ9SESeaCDwbFCbM1pGdJ2MPqCRYs4khCEtqdrXxCJlstMmvbEJwF09eJu3zmmv4/UW1flPEUYJjOIEzcOES6nAHDWgBhid4gTd4t56tV+vD+pyVrlhFzxH8gfX1C0M3nGI=</latexit><latexit sha1_base64="JRGAbhjy3K5OO7FUDsPgQ3lbme4=">AAACDHicbVDLSsNAFL3xWeur6tJNsAiuSiKCboSiG5e12Ac0oUymk3bozCTMTIQS8gFu/BU3LhRx6we482+ctFnU1gMDZ865l3vvCWJGlXacH2tldW19Y7O0Vd7e2d3brxwctlWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxre533kkUtFIPOhJTHyOhoKGFCNtpH6l2rz2Qolw6nGkR5KnTZRl858+zkyVU3OmsJeJW5AqFGj0K9/eIMIJJ0JjhpTquU6s/RRJTTEjWdlLFIkRHqMh6RkqECfKT6fHZPapUQZ2GEnzhLan6nxHirhSEx6YynxLtejl4n9eL9HhlZ9SESeaCDwbFCbM1pGdJ2MPqCRYs4khCEtqdrXxCJlstMmvbEJwF09eJu3zmmv4/UW1flPEUYJjOIEzcOES6nAHDWgBhid4gTd4t56tV+vD+pyVrlhFzxH8gfX1C0M3nGI=</latexit><latexit sha1_base64="JRGAbhjy3K5OO7FUDsPgQ3lbme4=">AAACDHicbVDLSsNAFL3xWeur6tJNsAiuSiKCboSiG5e12Ac0oUymk3bozCTMTIQS8gFu/BU3LhRx6we482+ctFnU1gMDZ865l3vvCWJGlXacH2tldW19Y7O0Vd7e2d3brxwctlWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxre533kkUtFIPOhJTHyOhoKGFCNtpH6l2rz2Qolw6nGkR5KnTZRl858+zkyVU3OmsJeJW5AqFGj0K9/eIMIJJ0JjhpTquU6s/RRJTTEjWdlLFIkRHqMh6RkqECfKT6fHZPapUQZ2GEnzhLan6nxHirhSEx6YynxLtejl4n9eL9HhlZ9SESeaCDwbFCbM1pGdJ2MPqCRYs4khCEtqdrXxCJlstMmvbEJwF09eJu3zmmv4/UW1flPEUYJjOIEzcOES6nAHDWgBhid4gTd4t56tV+vD+pyVrlhFzxH8gfX1C0M3nGI=</latexit><latexit sha1_base64="JRGAbhjy3K5OO7FUDsPgQ3lbme4=">AAACDHicbVDLSsNAFL3xWeur6tJNsAiuSiKCboSiG5e12Ac0oUymk3bozCTMTIQS8gFu/BU3LhRx6we482+ctFnU1gMDZ865l3vvCWJGlXacH2tldW19Y7O0Vd7e2d3brxwctlWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxre533kkUtFIPOhJTHyOhoKGFCNtpH6l2rz2Qolw6nGkR5KnTZRl858+zkyVU3OmsJeJW5AqFGj0K9/eIMIJJ0JjhpTquU6s/RRJTTEjWdlLFIkRHqMh6RkqECfKT6fHZPapUQZ2GEnzhLan6nxHirhSEx6YynxLtejl4n9eL9HhlZ9SESeaCDwbFCbM1pGdJ2MPqCRYs4khCEtqdrXxCJlstMmvbEJwF09eJu3zmmv4/UW1flPEUYJjOIEzcOES6nAHDWgBhid4gTd4t56tV+vD+pyVrlhFzxH8gfX1C0M3nGI=</latexit>

Pr =
⌫


= 1

<latexit sha1_base64="OWowQi+O0SnaEBBh1/lwaPgFU48=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgm4KRTcuK9gLdIaSSTNtaJIJSUYow2zd+CpuXCji1jdw59uYaWehrT8EPv5zDjnnjySj2njet7Oyura+sVnZqm7v7O7tuweHHZ2kCpM2TliiehHShFFB2oYaRnpSEcQjRrrR5Kaodx+I0jQR92YqScjRSNCYYmSsNXBhwJEZK561VN4IYoVwFog0z4IJkhLlDX/g1ry6NxNcBr+EGijVGrhfwTDBKSfCYIa07vueNGGGlKGYkbwapJpIhCdoRPoWBeJEh9nskhyeWmcI40TZJwycub8nMsS1nvLIdhZ768VaYf5X66cmvgozKmRqiMDzj+KUQZPAIhY4pIpgw6YWEFbU7grxGNk4jA2vakPwF09ehs553bd8d1FrXpdxVMAxOAFnwAeXoAluQQu0AQaP4Bm8gjfnyXlx3p2PeeuKU84cgT9yPn8AbCOaxQ==</latexit><latexit sha1_base64="OWowQi+O0SnaEBBh1/lwaPgFU48=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgm4KRTcuK9gLdIaSSTNtaJIJSUYow2zd+CpuXCji1jdw59uYaWehrT8EPv5zDjnnjySj2njet7Oyura+sVnZqm7v7O7tuweHHZ2kCpM2TliiehHShFFB2oYaRnpSEcQjRrrR5Kaodx+I0jQR92YqScjRSNCYYmSsNXBhwJEZK561VN4IYoVwFog0z4IJkhLlDX/g1ry6NxNcBr+EGijVGrhfwTDBKSfCYIa07vueNGGGlKGYkbwapJpIhCdoRPoWBeJEh9nskhyeWmcI40TZJwycub8nMsS1nvLIdhZ768VaYf5X66cmvgozKmRqiMDzj+KUQZPAIhY4pIpgw6YWEFbU7grxGNk4jA2vakPwF09ehs553bd8d1FrXpdxVMAxOAFnwAeXoAluQQu0AQaP4Bm8gjfnyXlx3p2PeeuKU84cgT9yPn8AbCOaxQ==</latexit><latexit sha1_base64="OWowQi+O0SnaEBBh1/lwaPgFU48=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgm4KRTcuK9gLdIaSSTNtaJIJSUYow2zd+CpuXCji1jdw59uYaWehrT8EPv5zDjnnjySj2njet7Oyura+sVnZqm7v7O7tuweHHZ2kCpM2TliiehHShFFB2oYaRnpSEcQjRrrR5Kaodx+I0jQR92YqScjRSNCYYmSsNXBhwJEZK561VN4IYoVwFog0z4IJkhLlDX/g1ry6NxNcBr+EGijVGrhfwTDBKSfCYIa07vueNGGGlKGYkbwapJpIhCdoRPoWBeJEh9nskhyeWmcI40TZJwycub8nMsS1nvLIdhZ768VaYf5X66cmvgozKmRqiMDzj+KUQZPAIhY4pIpgw6YWEFbU7grxGNk4jA2vakPwF09ehs553bd8d1FrXpdxVMAxOAFnwAeXoAluQQu0AQaP4Bm8gjfnyXlx3p2PeeuKU84cgT9yPn8AbCOaxQ==</latexit><latexit sha1_base64="OWowQi+O0SnaEBBh1/lwaPgFU48=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgm4KRTcuK9gLdIaSSTNtaJIJSUYow2zd+CpuXCji1jdw59uYaWehrT8EPv5zDjnnjySj2njet7Oyura+sVnZqm7v7O7tuweHHZ2kCpM2TliiehHShFFB2oYaRnpSEcQjRrrR5Kaodx+I0jQR92YqScjRSNCYYmSsNXBhwJEZK561VN4IYoVwFog0z4IJkhLlDX/g1ry6NxNcBr+EGijVGrhfwTDBKSfCYIa07vueNGGGlKGYkbwapJpIhCdoRPoWBeJEh9nskhyeWmcI40TZJwycub8nMsS1nvLIdhZ768VaYf5X66cmvgozKmRqiMDzj+KUQZPAIhY4pIpgw6YWEFbU7grxGNk4jA2vakPwF09ehs553bd8d1FrXpdxVMAxOAFnwAeXoAluQQu0AQaP4Bm8gjfnyXlx3p2PeeuKU84cgT9yPn8AbCOaxQ==</latexit>

Local model to study tides & convection

U0 = A!x cos!tey
<latexit sha1_base64="s5wwuOPOS4UlNo5wVZbCpWscMNM=">AAACIXicbVDLSgMxFM3UV62vqks3wSK4KjMi2I1QdeOygtMWOmXIpLdtaGYyJBlxGPorbvwVNy4U6U78GdN2FrX1QMjJueeSe08Qc6a0bX9bhbX1jc2t4nZpZ3dv/6B8eNRUIpEUXCq4kO2AKOAsAlczzaEdSyBhwKEVjO6m9dYTSMVE9KjTGLohGUSszyjRRvLLNS8QvKfS0FyZO/bt6xtPhDAg+Bl7VKj8ofGiD8Z+6pcrdtWeAa8SJycVlKPhlydeT9AkhEhTTpTqOHasuxmRmlEO45KXKIgJHZEBdAyNSAiqm802HOMzo/RwX0hzIo1n6mJHRkI1Hc44Q6KHark2Ff+rdRLdr3UzFsWJhojOP+onHGuBp3HhHpNANU8NIVQyMyumQyIJ1SbUkgnBWV55lTQvqo7hD5eV+m0eRxGdoFN0jhx0heroHjWQiyh6QW/oA31ar9a79WVN5taClfccoz+wfn4BmoykZw==</latexit><latexit sha1_base64="s5wwuOPOS4UlNo5wVZbCpWscMNM=">AAACIXicbVDLSgMxFM3UV62vqks3wSK4KjMi2I1QdeOygtMWOmXIpLdtaGYyJBlxGPorbvwVNy4U6U78GdN2FrX1QMjJueeSe08Qc6a0bX9bhbX1jc2t4nZpZ3dv/6B8eNRUIpEUXCq4kO2AKOAsAlczzaEdSyBhwKEVjO6m9dYTSMVE9KjTGLohGUSszyjRRvLLNS8QvKfS0FyZO/bt6xtPhDAg+Bl7VKj8ofGiD8Z+6pcrdtWeAa8SJycVlKPhlydeT9AkhEhTTpTqOHasuxmRmlEO45KXKIgJHZEBdAyNSAiqm802HOMzo/RwX0hzIo1n6mJHRkI1Hc44Q6KHark2Ff+rdRLdr3UzFsWJhojOP+onHGuBp3HhHpNANU8NIVQyMyumQyIJ1SbUkgnBWV55lTQvqo7hD5eV+m0eRxGdoFN0jhx0heroHjWQiyh6QW/oA31ar9a79WVN5taClfccoz+wfn4BmoykZw==</latexit><latexit sha1_base64="s5wwuOPOS4UlNo5wVZbCpWscMNM=">AAACIXicbVDLSgMxFM3UV62vqks3wSK4KjMi2I1QdeOygtMWOmXIpLdtaGYyJBlxGPorbvwVNy4U6U78GdN2FrX1QMjJueeSe08Qc6a0bX9bhbX1jc2t4nZpZ3dv/6B8eNRUIpEUXCq4kO2AKOAsAlczzaEdSyBhwKEVjO6m9dYTSMVE9KjTGLohGUSszyjRRvLLNS8QvKfS0FyZO/bt6xtPhDAg+Bl7VKj8ofGiD8Z+6pcrdtWeAa8SJycVlKPhlydeT9AkhEhTTpTqOHasuxmRmlEO45KXKIgJHZEBdAyNSAiqm802HOMzo/RwX0hzIo1n6mJHRkI1Hc44Q6KHark2Ff+rdRLdr3UzFsWJhojOP+onHGuBp3HhHpNANU8NIVQyMyumQyIJ1SbUkgnBWV55lTQvqo7hD5eV+m0eRxGdoFN0jhx0heroHjWQiyh6QW/oA31ar9a79WVN5taClfccoz+wfn4BmoykZw==</latexit><latexit sha1_base64="s5wwuOPOS4UlNo5wVZbCpWscMNM=">AAACIXicbVDLSgMxFM3UV62vqks3wSK4KjMi2I1QdeOygtMWOmXIpLdtaGYyJBlxGPorbvwVNy4U6U78GdN2FrX1QMjJueeSe08Qc6a0bX9bhbX1jc2t4nZpZ3dv/6B8eNRUIpEUXCq4kO2AKOAsAlczzaEdSyBhwKEVjO6m9dYTSMVE9KjTGLohGUSszyjRRvLLNS8QvKfS0FyZO/bt6xtPhDAg+Bl7VKj8ofGiD8Z+6pcrdtWeAa8SJycVlKPhlydeT9AkhEhTTpTqOHasuxmRmlEO45KXKIgJHZEBdAyNSAiqm802HOMzo/RwX0hzIo1n6mJHRkI1Hc44Q6KHark2Ff+rdRLdr3UzFsWJhojOP+onHGuBp3HhHpNANU8NIVQyMyumQyIJ1SbUkgnBWV55lTQvqo7hD5eV+m0eRxGdoFN0jhx0heroHjWQiyh6QW/oA31ar9a79WVN5taClfccoz+wfn4BmoykZw==</latexit>
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Local model to study tides & convection
•We define the effective viscosity by equating the volume-averaged rate at 

which the tidal shear does work on the convective flow with the viscous 
dissipation rate of the tidal flow, i.e.

•Time-averaging gives the effective viscosity at this frequency:

•Positive values indicate that the tidal flow is being damped by its interaction 
with the convection i.e. the classical picture.

•But it need not be positive! Negative values indicate tidal anti-dissipation: the 
convective flow transfers energy into the tidal flow.

/ Ṗ

P
<latexit sha1_base64="NN5tlv/ueBISxeT4Z2eDIilD3rw=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGBF0W3bisYB/QGUomzbShmUxI7ghlKG78FTcuFHHrV7jzb0zbWWjrgQuHc+4lOSdSghvwvG+ntLK6tr5R3qxsbe/s7rn7By2TZpqyJk1FqjsRMUxwyZrAQbCO0owkkWDtaHQz9dsPTBueynsYKxYmZCB5zCkBK/Xco0DpVEGKg1gTmgf9FPLGZGKn51a9mjcDXiZ+QaqoQKPnftlrmiVMAhXEmK7vKQhzooFTwSaVIDNMEToiA9a1VJKEmTCfRZjgU6v0cZxqOxLwTP19kZPEmHES2c2EwNAselPxP6+bQXwV5lyqDJik84fiTGAbedoH7nPNKIixJYRqbv+K6ZDYLsC2VrEl+IuRl0nrvOZbfndRrV8XdZTRMTpBZ8hHl6iOblEDNRFFj+gZvaI358l5cd6dj/lqySluDtEfOJ8/KBqX6A==</latexit><latexit sha1_base64="NN5tlv/ueBISxeT4Z2eDIilD3rw=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGBF0W3bisYB/QGUomzbShmUxI7ghlKG78FTcuFHHrV7jzb0zbWWjrgQuHc+4lOSdSghvwvG+ntLK6tr5R3qxsbe/s7rn7By2TZpqyJk1FqjsRMUxwyZrAQbCO0owkkWDtaHQz9dsPTBueynsYKxYmZCB5zCkBK/Xco0DpVEGKg1gTmgf9FPLGZGKn51a9mjcDXiZ+QaqoQKPnftlrmiVMAhXEmK7vKQhzooFTwSaVIDNMEToiA9a1VJKEmTCfRZjgU6v0cZxqOxLwTP19kZPEmHES2c2EwNAselPxP6+bQXwV5lyqDJik84fiTGAbedoH7nPNKIixJYRqbv+K6ZDYLsC2VrEl+IuRl0nrvOZbfndRrV8XdZTRMTpBZ8hHl6iOblEDNRFFj+gZvaI358l5cd6dj/lqySluDtEfOJ8/KBqX6A==</latexit><latexit sha1_base64="NN5tlv/ueBISxeT4Z2eDIilD3rw=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGBF0W3bisYB/QGUomzbShmUxI7ghlKG78FTcuFHHrV7jzb0zbWWjrgQuHc+4lOSdSghvwvG+ntLK6tr5R3qxsbe/s7rn7By2TZpqyJk1FqjsRMUxwyZrAQbCO0owkkWDtaHQz9dsPTBueynsYKxYmZCB5zCkBK/Xco0DpVEGKg1gTmgf9FPLGZGKn51a9mjcDXiZ+QaqoQKPnftlrmiVMAhXEmK7vKQhzooFTwSaVIDNMEToiA9a1VJKEmTCfRZjgU6v0cZxqOxLwTP19kZPEmHES2c2EwNAselPxP6+bQXwV5lyqDJik84fiTGAbedoH7nPNKIixJYRqbv+K6ZDYLsC2VrEl+IuRl0nrvOZbfndRrV8XdZTRMTpBZ8hHl6iOblEDNRFFj+gZvaI358l5cd6dj/lqySluDtEfOJ8/KBqX6A==</latexit><latexit sha1_base64="NN5tlv/ueBISxeT4Z2eDIilD3rw=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGBF0W3bisYB/QGUomzbShmUxI7ghlKG78FTcuFHHrV7jzb0zbWWjrgQuHc+4lOSdSghvwvG+ntLK6tr5R3qxsbe/s7rn7By2TZpqyJk1FqjsRMUxwyZrAQbCO0owkkWDtaHQz9dsPTBueynsYKxYmZCB5zCkBK/Xco0DpVEGKg1gTmgf9FPLGZGKn51a9mjcDXiZ+QaqoQKPnftlrmiVMAhXEmK7vKQhzooFTwSaVIDNMEToiA9a1VJKEmTCfRZjgU6v0cZxqOxLwTP19kZPEmHES2c2EwNAselPxP6+bQXwV5lyqDJik84fiTGAbedoH7nPNKIixJYRqbv+K6ZDYLsC2VrEl+IuRl0nrvOZbfndRrV8XdZTRMTpBZ8hHl6iOblEDNRFFj+gZvaI358l5cd6dj/lqySluDtEfOJ8/KBqX6A==</latexit>

For HJ 
orbital decay

�(A!) cos!thuxuyi = ⌫Eh|r⇥U0|2i
<latexit sha1_base64="tODgUmIsJ/WL2H2LVfxDSbkT9J0="></latexit><latexit sha1_base64="tODgUmIsJ/WL2H2LVfxDSbkT9J0="></latexit><latexit sha1_base64="tODgUmIsJ/WL2H2LVfxDSbkT9J0="></latexit><latexit sha1_base64="tODgUmIsJ/WL2H2LVfxDSbkT9J0="></latexit>

⌫E(!) =
�2

A!T

Z T0+T

T0

huxuyi cos!tdt
<latexit sha1_base64="8u6uV+ewuqJ9OMoUJHp/B1G12eE="></latexit><latexit sha1_base64="8u6uV+ewuqJ9OMoUJHp/B1G12eE="></latexit><latexit sha1_base64="8u6uV+ewuqJ9OMoUJHp/B1G12eE="></latexit><latexit sha1_base64="8u6uV+ewuqJ9OMoUJHp/B1G12eE="></latexit>
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⌫E / !�2
<latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit>

Analytical asymptotic 
theory prediction

x
<latexit sha1_base64="IArQpDG4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A5juM/A==</latexit><latexit sha1_base64="IArQpDG4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A5juM/A==</latexit><latexit sha1_base64="IArQpDG4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A5juM/A==</latexit><latexit sha1_base64="IArQpDG4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A5juM/A==</latexit>

y
<latexit sha1_base64="kBWpEtbVW3xlz0t9EJbdPDfcZn0=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD+gDWWznbRrN5uwuxFC6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMGySCa+O6387a+sbm1nZpp7y7t39wWDk6bus4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjerd55QaR7LB5Ml6Ed0JHnIGTXWamaDStWtuXORVfAKqEKhxqDy1R/GLI1QGiao1j3PTYyfU2U4Ezgt91ONCWUTOsKeRUkj1H4+X3RKzq0zJGGs7JOGzN3fEzmNtM6iwHZG1Iz1cm1m/lfrpSa88XMuk9SgZIuPwlQQE5PZ1WTIFTIjMguUKW53JWxMFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QPnv4z9</latexit><latexit sha1_base64="kBWpEtbVW3xlz0t9EJbdPDfcZn0=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD+gDWWznbRrN5uwuxFC6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMGySCa+O6387a+sbm1nZpp7y7t39wWDk6bus4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjerd55QaR7LB5Ml6Ed0JHnIGTXWamaDStWtuXORVfAKqEKhxqDy1R/GLI1QGiao1j3PTYyfU2U4Ezgt91ONCWUTOsKeRUkj1H4+X3RKzq0zJGGs7JOGzN3fEzmNtM6iwHZG1Iz1cm1m/lfrpSa88XMuk9SgZIuPwlQQE5PZ1WTIFTIjMguUKW53JWxMFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QPnv4z9</latexit><latexit sha1_base64="kBWpEtbVW3xlz0t9EJbdPDfcZn0=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD+gDWWznbRrN5uwuxFC6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMGySCa+O6387a+sbm1nZpp7y7t39wWDk6bus4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjerd55QaR7LB5Ml6Ed0JHnIGTXWamaDStWtuXORVfAKqEKhxqDy1R/GLI1QGiao1j3PTYyfU2U4Ezgt91ONCWUTOsKeRUkj1H4+X3RKzq0zJGGs7JOGzN3fEzmNtM6iwHZG1Iz1cm1m/lfrpSa88XMuk9SgZIuPwlQQE5PZ1WTIFTIjMguUKW53JWxMFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QPnv4z9</latexit><latexit sha1_base64="kBWpEtbVW3xlz0t9EJbdPDfcZn0=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD+gDWWznbRrN5uwuxFC6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMGySCa+O6387a+sbm1nZpp7y7t39wWDk6bus4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjerd55QaR7LB5Ml6Ed0JHnIGTXWamaDStWtuXORVfAKqEKhxqDy1R/GLI1QGiao1j3PTYyfU2U4Ezgt91ONCWUTOsKeRUkj1H4+X3RKzq0zJGGs7JOGzN3fEzmNtM6iwHZG1Iz1cm1m/lfrpSa88XMuk9SgZIuPwlQQE5PZ1WTIFTIjMguUKW53JWxMFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QPnv4z9</latexit>

z
<latexit sha1_base64="ZxpkeWP7OiuYrtNqeUSJ8s3zMA0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1QQ3+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A6UOM/g==</latexit><latexit sha1_base64="ZxpkeWP7OiuYrtNqeUSJ8s3zMA0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1QQ3+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A6UOM/g==</latexit><latexit sha1_base64="ZxpkeWP7OiuYrtNqeUSJ8s3zMA0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1QQ3+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A6UOM/g==</latexit><latexit sha1_base64="ZxpkeWP7OiuYrtNqeUSJ8s3zMA0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1QQ3+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A6UOM/g==</latexit>

Positive values for y-aligned convective rolls

Duguid, Barker & Jones, in prep            University of Leeds

MLT scaling 

(proportionality 
constant is 1/6)

⌫E ⇠ u`
<latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit><latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit><latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit><latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit>

!c
<latexit sha1_base64="Jsa28ecbYgb7YbKJHYoyWxq/U2Q=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk09k2NNmsSVYopX/CiwdFvPp3vPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCp5gw3IrsJ1qpDIS2IpGt7N66wm14Sp5sOMUQ0kHCY85o9ZZ7a6SOKA91itX/Ko/F1mFIIcK5Kr3yl/dvmKZxMQyQY3pBH5qwwnVljOB01I3M5hSNqID7DhMqEQTTub7TsmZc/okVtq9xJK5+3tiQqUxYxm5Tknt0CzXZuZ/tU5m4+twwpM0s5iwxUdxJohVZHY86XONzIqxA8o0d7sSNqSaMusiKrkQguWTV6F5UQ0c319Wajd5HEU4gVM4hwCuoAZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8kff5AwVgj/E=</latexit><latexit sha1_base64="Jsa28ecbYgb7YbKJHYoyWxq/U2Q=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk09k2NNmsSVYopX/CiwdFvPp3vPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCp5gw3IrsJ1qpDIS2IpGt7N66wm14Sp5sOMUQ0kHCY85o9ZZ7a6SOKA91itX/Ko/F1mFIIcK5Kr3yl/dvmKZxMQyQY3pBH5qwwnVljOB01I3M5hSNqID7DhMqEQTTub7TsmZc/okVtq9xJK5+3tiQqUxYxm5Tknt0CzXZuZ/tU5m4+twwpM0s5iwxUdxJohVZHY86XONzIqxA8o0d7sSNqSaMusiKrkQguWTV6F5UQ0c319Wajd5HEU4gVM4hwCuoAZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8kff5AwVgj/E=</latexit><latexit sha1_base64="Jsa28ecbYgb7YbKJHYoyWxq/U2Q=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk09k2NNmsSVYopX/CiwdFvPp3vPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCp5gw3IrsJ1qpDIS2IpGt7N66wm14Sp5sOMUQ0kHCY85o9ZZ7a6SOKA91itX/Ko/F1mFIIcK5Kr3yl/dvmKZxMQyQY3pBH5qwwnVljOB01I3M5hSNqID7DhMqEQTTub7TsmZc/okVtq9xJK5+3tiQqUxYxm5Tknt0CzXZuZ/tU5m4+twwpM0s5iwxUdxJohVZHY86XONzIqxA8o0d7sSNqSaMusiKrkQguWTV6F5UQ0c319Wajd5HEU4gVM4hwCuoAZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8kff5AwVgj/E=</latexit><latexit sha1_base64="Jsa28ecbYgb7YbKJHYoyWxq/U2Q=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk09k2NNmsSVYopX/CiwdFvPp3vPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCp5gw3IrsJ1qpDIS2IpGt7N66wm14Sp5sOMUQ0kHCY85o9ZZ7a6SOKA91itX/Ko/F1mFIIcK5Kr3yl/dvmKZxMQyQY3pBH5qwwnVljOB01I3M5hSNqID7DhMqEQTTub7TsmZc/okVtq9xJK5+3tiQqUxYxm5Tknt0CzXZuZ/tU5m4+twwpM0s5iwxUdxJohVZHY86XONzIqxA8o0d7sSNqSaMusiKrkQguWTV6F5UQ0c319Wajd5HEU4gVM4hwCuoAZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8kff5AwVgj/E=</latexit>

! � !c
<latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit><latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit><latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit><latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit>

! . !c
<latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit><latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit><latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit><latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit>

103
<latexit sha1_base64="BQzf8mB8k9QKi14rpAYBy9pm2uM=">AAAB63icbZDLSgMxFIZPvNZ6q7p0EyyCqzKjgi6LblxWsBdox5JJM21okhmSjFCGvoIbF4q49YXc+TZm2llo6w+Bj/+cQ875w0RwYz3vG62srq1vbJa2yts7u3v7lYPDlolTTVmTxiLWnZAYJrhiTcutYJ1EMyJDwdrh+Davt5+YNjxWD3aSsECSoeIRp8Tmlu89XvQrVa/mzYSXwS+gCoUa/cpXbxDTVDJlqSDGdH0vsUFGtOVUsGm5lxqWEDomQ9Z1qIhkJshmu07xqXMGOIq1e8rimft7IiPSmIkMXackdmQWa7n5X62b2ug6yLhKUssUnX8UpQLbGOeH4wHXjFoxcUCo5m5XTEdEE2pdPGUXgr948jK0zmu+4/vLav2miKMEx3ACZ+DDFdThDhrQBAojeIZXeEMSvaB39DFvXUHFzBH8Efr8AQ9EjZQ=</latexit><latexit sha1_base64="BQzf8mB8k9QKi14rpAYBy9pm2uM=">AAAB63icbZDLSgMxFIZPvNZ6q7p0EyyCqzKjgi6LblxWsBdox5JJM21okhmSjFCGvoIbF4q49YXc+TZm2llo6w+Bj/+cQ875w0RwYz3vG62srq1vbJa2yts7u3v7lYPDlolTTVmTxiLWnZAYJrhiTcutYJ1EMyJDwdrh+Davt5+YNjxWD3aSsECSoeIRp8Tmlu89XvQrVa/mzYSXwS+gCoUa/cpXbxDTVDJlqSDGdH0vsUFGtOVUsGm5lxqWEDomQ9Z1qIhkJshmu07xqXMGOIq1e8rimft7IiPSmIkMXackdmQWa7n5X62b2ug6yLhKUssUnX8UpQLbGOeH4wHXjFoxcUCo5m5XTEdEE2pdPGUXgr948jK0zmu+4/vLav2miKMEx3ACZ+DDFdThDhrQBAojeIZXeEMSvaB39DFvXUHFzBH8Efr8AQ9EjZQ=</latexit><latexit sha1_base64="BQzf8mB8k9QKi14rpAYBy9pm2uM=">AAAB63icbZDLSgMxFIZPvNZ6q7p0EyyCqzKjgi6LblxWsBdox5JJM21okhmSjFCGvoIbF4q49YXc+TZm2llo6w+Bj/+cQ875w0RwYz3vG62srq1vbJa2yts7u3v7lYPDlolTTVmTxiLWnZAYJrhiTcutYJ1EMyJDwdrh+Davt5+YNjxWD3aSsECSoeIRp8Tmlu89XvQrVa/mzYSXwS+gCoUa/cpXbxDTVDJlqSDGdH0vsUFGtOVUsGm5lxqWEDomQ9Z1qIhkJshmu07xqXMGOIq1e8rimft7IiPSmIkMXackdmQWa7n5X62b2ug6yLhKUssUnX8UpQLbGOeH4wHXjFoxcUCo5m5XTEdEE2pdPGUXgr948jK0zmu+4/vLav2miKMEx3ACZ+DDFdThDhrQBAojeIZXeEMSvaB39DFvXUHFzBH8Efr8AQ9EjZQ=</latexit><latexit sha1_base64="BQzf8mB8k9QKi14rpAYBy9pm2uM=">AAAB63icbZDLSgMxFIZPvNZ6q7p0EyyCqzKjgi6LblxWsBdox5JJM21okhmSjFCGvoIbF4q49YXc+TZm2llo6w+Bj/+cQ875w0RwYz3vG62srq1vbJa2yts7u3v7lYPDlolTTVmTxiLWnZAYJrhiTcutYJ1EMyJDwdrh+Davt5+YNjxWD3aSsECSoeIRp8Tmlu89XvQrVa/mzYSXwS+gCoUa/cpXbxDTVDJlqSDGdH0vsUFGtOVUsGm5lxqWEDomQ9Z1qIhkJshmu07xqXMGOIq1e8rimft7IiPSmIkMXackdmQWa7n5X62b2ug6yLhKUssUnX8UpQLbGOeH4wHXjFoxcUCo5m5XTEdEE2pdPGUXgr948jK0zmu+4/vLav2miKMEx3ACZ+DDFdThDhrQBAojeIZXeEMSvaB39DFvXUHFzBH8Efr8AQ9EjZQ=</latexit>101

<latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit>

Effective viscosity for laminar convection

[~ constant tidal 
lag-time (e.g. 
Darwin 1879; 
Alexander 1973; 
Mignard 1979; Hut 
1981)]

[Neither constant 
lag-time nor 
constant Q’ is 
appropriate]



⌫E / !�2
<latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit>

Analytical asymptotic 
theory prediction

Duguid, Barker & Jones, in prep            University of Leeds

MLT scaling 

(proportionality 
constant is 1/6)

⌫E ⇠ u`
<latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit><latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit><latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit><latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit>

!c
<latexit sha1_base64="Jsa28ecbYgb7YbKJHYoyWxq/U2Q=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk09k2NNmsSVYopX/CiwdFvPp3vPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCp5gw3IrsJ1qpDIS2IpGt7N66wm14Sp5sOMUQ0kHCY85o9ZZ7a6SOKA91itX/Ko/F1mFIIcK5Kr3yl/dvmKZxMQyQY3pBH5qwwnVljOB01I3M5hSNqID7DhMqEQTTub7TsmZc/okVtq9xJK5+3tiQqUxYxm5Tknt0CzXZuZ/tU5m4+twwpM0s5iwxUdxJohVZHY86XONzIqxA8o0d7sSNqSaMusiKrkQguWTV6F5UQ0c319Wajd5HEU4gVM4hwCuoAZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8kff5AwVgj/E=</latexit><latexit sha1_base64="Jsa28ecbYgb7YbKJHYoyWxq/U2Q=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk09k2NNmsSVYopX/CiwdFvPp3vPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCp5gw3IrsJ1qpDIS2IpGt7N66wm14Sp5sOMUQ0kHCY85o9ZZ7a6SOKA91itX/Ko/F1mFIIcK5Kr3yl/dvmKZxMQyQY3pBH5qwwnVljOB01I3M5hSNqID7DhMqEQTTub7TsmZc/okVtq9xJK5+3tiQqUxYxm5Tknt0CzXZuZ/tU5m4+twwpM0s5iwxUdxJohVZHY86XONzIqxA8o0d7sSNqSaMusiKrkQguWTV6F5UQ0c319Wajd5HEU4gVM4hwCuoAZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8kff5AwVgj/E=</latexit><latexit sha1_base64="Jsa28ecbYgb7YbKJHYoyWxq/U2Q=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk09k2NNmsSVYopX/CiwdFvPp3vPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCp5gw3IrsJ1qpDIS2IpGt7N66wm14Sp5sOMUQ0kHCY85o9ZZ7a6SOKA91itX/Ko/F1mFIIcK5Kr3yl/dvmKZxMQyQY3pBH5qwwnVljOB01I3M5hSNqID7DhMqEQTTub7TsmZc/okVtq9xJK5+3tiQqUxYxm5Tknt0CzXZuZ/tU5m4+twwpM0s5iwxUdxJohVZHY86XONzIqxA8o0d7sSNqSaMusiKrkQguWTV6F5UQ0c319Wajd5HEU4gVM4hwCuoAZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8kff5AwVgj/E=</latexit><latexit sha1_base64="Jsa28ecbYgb7YbKJHYoyWxq/U2Q=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvYD2qVk09k2NNmsSVYopX/CiwdFvPp3vPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCp5gw3IrsJ1qpDIS2IpGt7N66wm14Sp5sOMUQ0kHCY85o9ZZ7a6SOKA91itX/Ko/F1mFIIcK5Kr3yl/dvmKZxMQyQY3pBH5qwwnVljOB01I3M5hSNqID7DhMqEQTTub7TsmZc/okVtq9xJK5+3tiQqUxYxm5Tknt0CzXZuZ/tU5m4+twwpM0s5iwxUdxJohVZHY86XONzIqxA8o0d7sSNqSaMusiKrkQguWTV6F5UQ0c319Wajd5HEU4gVM4hwCuoAZ3UIcGMBDwDK/w5j16L96797FoLXj5zDH8kff5AwVgj/E=</latexit>

! � !c
<latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit><latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit><latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit><latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit>

! . !c
<latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit><latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit><latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit><latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit>

Negative values for x-aligned convective rolls!

103
<latexit sha1_base64="BQzf8mB8k9QKi14rpAYBy9pm2uM=">AAAB63icbZDLSgMxFIZPvNZ6q7p0EyyCqzKjgi6LblxWsBdox5JJM21okhmSjFCGvoIbF4q49YXc+TZm2llo6w+Bj/+cQ875w0RwYz3vG62srq1vbJa2yts7u3v7lYPDlolTTVmTxiLWnZAYJrhiTcutYJ1EMyJDwdrh+Davt5+YNjxWD3aSsECSoeIRp8Tmlu89XvQrVa/mzYSXwS+gCoUa/cpXbxDTVDJlqSDGdH0vsUFGtOVUsGm5lxqWEDomQ9Z1qIhkJshmu07xqXMGOIq1e8rimft7IiPSmIkMXackdmQWa7n5X62b2ug6yLhKUssUnX8UpQLbGOeH4wHXjFoxcUCo5m5XTEdEE2pdPGUXgr948jK0zmu+4/vLav2miKMEx3ACZ+DDFdThDhrQBAojeIZXeEMSvaB39DFvXUHFzBH8Efr8AQ9EjZQ=</latexit><latexit sha1_base64="BQzf8mB8k9QKi14rpAYBy9pm2uM=">AAAB63icbZDLSgMxFIZPvNZ6q7p0EyyCqzKjgi6LblxWsBdox5JJM21okhmSjFCGvoIbF4q49YXc+TZm2llo6w+Bj/+cQ875w0RwYz3vG62srq1vbJa2yts7u3v7lYPDlolTTVmTxiLWnZAYJrhiTcutYJ1EMyJDwdrh+Davt5+YNjxWD3aSsECSoeIRp8Tmlu89XvQrVa/mzYSXwS+gCoUa/cpXbxDTVDJlqSDGdH0vsUFGtOVUsGm5lxqWEDomQ9Z1qIhkJshmu07xqXMGOIq1e8rimft7IiPSmIkMXackdmQWa7n5X62b2ug6yLhKUssUnX8UpQLbGOeH4wHXjFoxcUCo5m5XTEdEE2pdPGUXgr948jK0zmu+4/vLav2miKMEx3ACZ+DDFdThDhrQBAojeIZXeEMSvaB39DFvXUHFzBH8Efr8AQ9EjZQ=</latexit><latexit sha1_base64="BQzf8mB8k9QKi14rpAYBy9pm2uM=">AAAB63icbZDLSgMxFIZPvNZ6q7p0EyyCqzKjgi6LblxWsBdox5JJM21okhmSjFCGvoIbF4q49YXc+TZm2llo6w+Bj/+cQ875w0RwYz3vG62srq1vbJa2yts7u3v7lYPDlolTTVmTxiLWnZAYJrhiTcutYJ1EMyJDwdrh+Davt5+YNjxWD3aSsECSoeIRp8Tmlu89XvQrVa/mzYSXwS+gCoUa/cpXbxDTVDJlqSDGdH0vsUFGtOVUsGm5lxqWEDomQ9Z1qIhkJshmu07xqXMGOIq1e8rimft7IiPSmIkMXackdmQWa7n5X62b2ug6yLhKUssUnX8UpQLbGOeH4wHXjFoxcUCo5m5XTEdEE2pdPGUXgr948jK0zmu+4/vLav2miKMEx3ACZ+DDFdThDhrQBAojeIZXeEMSvaB39DFvXUHFzBH8Efr8AQ9EjZQ=</latexit><latexit sha1_base64="BQzf8mB8k9QKi14rpAYBy9pm2uM=">AAAB63icbZDLSgMxFIZPvNZ6q7p0EyyCqzKjgi6LblxWsBdox5JJM21okhmSjFCGvoIbF4q49YXc+TZm2llo6w+Bj/+cQ875w0RwYz3vG62srq1vbJa2yts7u3v7lYPDlolTTVmTxiLWnZAYJrhiTcutYJ1EMyJDwdrh+Davt5+YNjxWD3aSsECSoeIRp8Tmlu89XvQrVa/mzYSXwS+gCoUa/cpXbxDTVDJlqSDGdH0vsUFGtOVUsGm5lxqWEDomQ9Z1qIhkJshmu07xqXMGOIq1e8rimft7IiPSmIkMXackdmQWa7n5X62b2ug6yLhKUssUnX8UpQLbGOeH4wHXjFoxcUCo5m5XTEdEE2pdPGUXgr948jK0zmu+4/vLav2miKMEx3ACZ+DDFdThDhrQBAojeIZXeEMSvaB39DFvXUHFzBH8Efr8AQ9EjZQ=</latexit>

101
<latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit>

x
<latexit sha1_base64="IArQpDG4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A5juM/A==</latexit><latexit sha1_base64="IArQpDG4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A5juM/A==</latexit><latexit sha1_base64="IArQpDG4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A5juM/A==</latexit><latexit sha1_base64="IArQpDG4Gw7Ax+5Wri9CZWKD4Bo=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A5juM/A==</latexit>

y
<latexit sha1_base64="kBWpEtbVW3xlz0t9EJbdPDfcZn0=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD+gDWWznbRrN5uwuxFC6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMGySCa+O6387a+sbm1nZpp7y7t39wWDk6bus4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjerd55QaR7LB5Ml6Ed0JHnIGTXWamaDStWtuXORVfAKqEKhxqDy1R/GLI1QGiao1j3PTYyfU2U4Ezgt91ONCWUTOsKeRUkj1H4+X3RKzq0zJGGs7JOGzN3fEzmNtM6iwHZG1Iz1cm1m/lfrpSa88XMuk9SgZIuPwlQQE5PZ1WTIFTIjMguUKW53JWxMFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QPnv4z9</latexit><latexit sha1_base64="kBWpEtbVW3xlz0t9EJbdPDfcZn0=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD+gDWWznbRrN5uwuxFC6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMGySCa+O6387a+sbm1nZpp7y7t39wWDk6bus4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjerd55QaR7LB5Ml6Ed0JHnIGTXWamaDStWtuXORVfAKqEKhxqDy1R/GLI1QGiao1j3PTYyfU2U4Ezgt91ONCWUTOsKeRUkj1H4+X3RKzq0zJGGs7JOGzN3fEzmNtM6iwHZG1Iz1cm1m/lfrpSa88XMuk9SgZIuPwlQQE5PZ1WTIFTIjMguUKW53JWxMFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QPnv4z9</latexit><latexit sha1_base64="kBWpEtbVW3xlz0t9EJbdPDfcZn0=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD+gDWWznbRrN5uwuxFC6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMGySCa+O6387a+sbm1nZpp7y7t39wWDk6bus4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjerd55QaR7LB5Ml6Ed0JHnIGTXWamaDStWtuXORVfAKqEKhxqDy1R/GLI1QGiao1j3PTYyfU2U4Ezgt91ONCWUTOsKeRUkj1H4+X3RKzq0zJGGs7JOGzN3fEzmNtM6iwHZG1Iz1cm1m/lfrpSa88XMuk9SgZIuPwlQQE5PZ1WTIFTIjMguUKW53JWxMFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QPnv4z9</latexit><latexit sha1_base64="kBWpEtbVW3xlz0t9EJbdPDfcZn0=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD+gDWWznbRrN5uwuxFC6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMGySCa+O6387a+sbm1nZpp7y7t39wWDk6bus4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjerd55QaR7LB5Ml6Ed0JHnIGTXWamaDStWtuXORVfAKqEKhxqDy1R/GLI1QGiao1j3PTYyfU2U4Ezgt91ONCWUTOsKeRUkj1H4+X3RKzq0zJGGs7JOGzN3fEzmNtM6iwHZG1Iz1cm1m/lfrpSa88XMuk9SgZIuPwlQQE5PZ1WTIFTIjMguUKW53JWxMFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QPnv4z9</latexit>

z
<latexit sha1_base64="ZxpkeWP7OiuYrtNqeUSJ8s3zMA0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1QQ3+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A6UOM/g==</latexit><latexit sha1_base64="ZxpkeWP7OiuYrtNqeUSJ8s3zMA0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1QQ3+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A6UOM/g==</latexit><latexit sha1_base64="ZxpkeWP7OiuYrtNqeUSJ8s3zMA0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1QQ3+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A6UOM/g==</latexit><latexit sha1_base64="ZxpkeWP7OiuYrtNqeUSJ8s3zMA0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9mE3Y1QQ3+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A6UOM/g==</latexit>

Effective viscosity for laminar convection



Transition to negative values for high frequencies

Effective viscosity for “turbulent” convection (R=100)

Duguid, Barker & Jones, in prep            University of Leeds

101
<latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit>

⌫E / !�2
<latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit>

! � !c
<latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit><latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit><latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit><latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit>

MLT scaling  

(proportionality 
constant < 1/6)

⌫E ⇠ u`
<latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit><latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit><latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit><latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit>

! . !c
<latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit><latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit><latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit><latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit>

10�3
<latexit sha1_base64="lmEPsdYEEewUZBa9xCdouYdvCG4=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJVNBj0YvHCvYD2lg22027dLMJuxOhhP4ILx4U8erv8ea/cdvmoK0vLDy8M8POvEEihUHX/XYKK6tr6xvFzdLW9s7uXnn/oGniVDPeYLGMdTughkuheAMFSt5ONKdRIHkrGN1O660nro2I1QOOE+5HdKBEKBhFa7U89zE7u5j0yhW36s5ElsHLoQK56r3yV7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LCoaceNns3Un5MQ6fRLG2j6FZOb+nshoZMw4CmxnRHFoFmtT879aJ8Xw2s+ESlLkis0/ClNJMCbT20lfaM5Qji1QpoXdlbAh1ZShTahkQ/AWT16G5nnVs3x/Wand5HEU4QiO4RQ8uIIa3EEdGsBgBM/wCm9O4rw4787HvLXg5DOH8EfO5w8+dY7X</latexit><latexit sha1_base64="lmEPsdYEEewUZBa9xCdouYdvCG4=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJVNBj0YvHCvYD2lg22027dLMJuxOhhP4ILx4U8erv8ea/cdvmoK0vLDy8M8POvEEihUHX/XYKK6tr6xvFzdLW9s7uXnn/oGniVDPeYLGMdTughkuheAMFSt5ONKdRIHkrGN1O660nro2I1QOOE+5HdKBEKBhFa7U89zE7u5j0yhW36s5ElsHLoQK56r3yV7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LCoaceNns3Un5MQ6fRLG2j6FZOb+nshoZMw4CmxnRHFoFmtT879aJ8Xw2s+ESlLkis0/ClNJMCbT20lfaM5Qji1QpoXdlbAh1ZShTahkQ/AWT16G5nnVs3x/Wand5HEU4QiO4RQ8uIIa3EEdGsBgBM/wCm9O4rw4787HvLXg5DOH8EfO5w8+dY7X</latexit><latexit sha1_base64="lmEPsdYEEewUZBa9xCdouYdvCG4=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJVNBj0YvHCvYD2lg22027dLMJuxOhhP4ILx4U8erv8ea/cdvmoK0vLDy8M8POvEEihUHX/XYKK6tr6xvFzdLW9s7uXnn/oGniVDPeYLGMdTughkuheAMFSt5ONKdRIHkrGN1O660nro2I1QOOE+5HdKBEKBhFa7U89zE7u5j0yhW36s5ElsHLoQK56r3yV7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LCoaceNns3Un5MQ6fRLG2j6FZOb+nshoZMw4CmxnRHFoFmtT879aJ8Xw2s+ESlLkis0/ClNJMCbT20lfaM5Qji1QpoXdlbAh1ZShTahkQ/AWT16G5nnVs3x/Wand5HEU4QiO4RQ8uIIa3EEdGsBgBM/wCm9O4rw4787HvLXg5DOH8EfO5w8+dY7X</latexit><latexit sha1_base64="lmEPsdYEEewUZBa9xCdouYdvCG4=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJVNBj0YvHCvYD2lg22027dLMJuxOhhP4ILx4U8erv8ea/cdvmoK0vLDy8M8POvEEihUHX/XYKK6tr6xvFzdLW9s7uXnn/oGniVDPeYLGMdTughkuheAMFSt5ONKdRIHkrGN1O660nro2I1QOOE+5HdKBEKBhFa7U89zE7u5j0yhW36s5ElsHLoQK56r3yV7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LCoaceNns3Un5MQ6fRLG2j6FZOb+nshoZMw4CmxnRHFoFmtT879aJ8Xw2s+ESlLkis0/ClNJMCbT20lfaM5Qji1QpoXdlbAh1ZShTahkQ/AWT16G5nnVs3x/Wand5HEU4QiO4RQ8uIIa3EEdGsBgBM/wCm9O4rw4787HvLXg5DOH8EfO5w8+dY7X</latexit>

10�1
<latexit sha1_base64="UKbwS1Ie99APchL93wQrL+utz3o=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJpKDHohePFewHtLFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxrezevsJleaxfDCTBP2IDiUPOaPGWm3PfcwuvGm/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/N152SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsdjLgCpkREwuUKW53JWxEFWXGJlSyIXjLJ69C67LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/JHz+QM7a47V</latexit><latexit sha1_base64="UKbwS1Ie99APchL93wQrL+utz3o=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJpKDHohePFewHtLFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxrezevsJleaxfDCTBP2IDiUPOaPGWm3PfcwuvGm/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/N152SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsdjLgCpkREwuUKW53JWxEFWXGJlSyIXjLJ69C67LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/JHz+QM7a47V</latexit><latexit sha1_base64="UKbwS1Ie99APchL93wQrL+utz3o=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJpKDHohePFewHtLFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxrezevsJleaxfDCTBP2IDiUPOaPGWm3PfcwuvGm/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/N152SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsdjLgCpkREwuUKW53JWxEFWXGJlSyIXjLJ69C67LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/JHz+QM7a47V</latexit><latexit sha1_base64="UKbwS1Ie99APchL93wQrL+utz3o=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJpKDHohePFewHtLFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxrezevsJleaxfDCTBP2IDiUPOaPGWm3PfcwuvGm/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/N152SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsdjLgCpkREwuUKW53JWxEFWXGJlSyIXjLJ69C67LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/JHz+QM7a47V</latexit>

[Neither constant 
lag-time nor 
constant Q’ is 
appropriate]

10�1
<latexit sha1_base64="UKbwS1Ie99APchL93wQrL+utz3o=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJpKDHohePFewHtLFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxrezevsJleaxfDCTBP2IDiUPOaPGWm3PfcwuvGm/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/N152SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsdjLgCpkREwuUKW53JWxEFWXGJlSyIXjLJ69C67LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/JHz+QM7a47V</latexit><latexit sha1_base64="UKbwS1Ie99APchL93wQrL+utz3o=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJpKDHohePFewHtLFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxrezevsJleaxfDCTBP2IDiUPOaPGWm3PfcwuvGm/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/N152SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsdjLgCpkREwuUKW53JWxEFWXGJlSyIXjLJ69C67LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/JHz+QM7a47V</latexit><latexit sha1_base64="UKbwS1Ie99APchL93wQrL+utz3o=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJpKDHohePFewHtLFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxrezevsJleaxfDCTBP2IDiUPOaPGWm3PfcwuvGm/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/N152SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsdjLgCpkREwuUKW53JWxEFWXGJlSyIXjLJ69C67LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/JHz+QM7a47V</latexit><latexit sha1_base64="UKbwS1Ie99APchL93wQrL+utz3o=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJpKDHohePFewHtLFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxrezevsJleaxfDCTBP2IDiUPOaPGWm3PfcwuvGm/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/N152SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsdjLgCpkREwuUKW53JWxEFWXGJlSyIXjLJ69C67LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/JHz+QM7a47V</latexit>

101
<latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit>

[~ constant tidal 
lag-time (e.g. 
Darwin 1879; 
Alexander 1973; 
Mignard 1979; Hut 
1981)]



Duguid, Barker & Jones, in prep            University of Leeds

⌫E / !�2
<latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit><latexit sha1_base64="pg9OeZrSNLnzlqkn9EFDmq1P+jQ=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuLHMFEGXRRFcVrAP6IxDJs20oXmRZIQy1I2/4saFIm79C3f+jeljoa0HAodz7uXmnERSoo3vfzuFpeWV1bXiemljc2t7x93da2qRKYQbSFCh2gnUmBKOG4YYittSYcgSilvJ4Grstx6w0kTwOzOUOGKwx0lKEDRWit2DkGfxdSiVkEZ4oWC4B+/z0+oodst+xZ/AWyTBjJTBDPXY/Qq7AmUMc4Mo1LoT+NJEOVSGIIpHpTDTWEI0gD3csZRDhnWUTxKMvGOrdL1UKPu48Sbq740cMq2HLLGTDJq+nvfG4n9eJzPpRZQTLjODOZoeSjPq2bDjOrwuURgZOrQEIkXsXz3UhwoiY0sr2RKC+ciLpFmtBJbfnpVrl7M6iuAQHIETEIBzUAM3oA4aAIFH8AxewZvz5Lw4787HdLTgzHb2wR84nz84Cpa4</latexit>

! � !c
<latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit><latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit><latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit><latexit sha1_base64="dOogePx4scAXZQ7vec2Yv2WRAOM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURQZdFNy4r2As0IUymk3ToXMLMRAihvoobF4q49UHc+TZO2yy09YeBj/+cwznzxxmj2njet7O2vrG5tV3bqe/u7R8cukfHPS1zhUkXSybVIEaaMCpI11DDyCBTBPGYkX48uZ3V+49EaSrFgykyEnKUCppQjIy1IrcRSE5SBIM0hQuMcOQ2vZY3F1wFv4ImqNSJ3K9gJHHOiTCYIa2HvpeZsETKUMzItB7kmmQIT1BKhhYF4kSH5fz4KTyzzggmUtknDJy7vydKxLUueGw7OTJjvVybmf/VhrlJrsOSiiw3RODFoiRn0Eg4SwKOqCLYsMICworaWyEeI4WwsXnVbQj+8pdXoXfR8i3fXzbbN1UcNXACTsE58MEVaIM70AFdgEEBnsEreHOenBfn3flYtK451UwD/JHz+QMN05Rf</latexit>

MLT scaling  

(proportionality 
constant < 1/6)

⌫E ⇠ u`
<latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit><latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit><latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit><latexit sha1_base64="eiGm5chX3f2rXqyTe+7ixTU8w1I=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0WRXBZwV6gCWEyPWmHTiZhLoUS+iZuXCji1jdx59s4bbPQ6g8DH/85h3Pmj3POlPa8L6eytr6xuVXdru3s7u0fuIdHHZUZSaFNM57JXkwUcCagrZnm0MslkDTm0I3Ht/N6dwJSsUw86mkOYUqGgiWMEm2tyHUDYaK7QLEUGxwA55Fb9xreQvgv+CXUUalW5H4Gg4yaFISmnCjV971chwWRmlEOs1pgFOSEjskQ+hYFSUGFxeLyGT6zzgAnmbRPaLxwf04UJFVqmsa2MyV6pFZrc/O/Wt/o5DosmMiNBkGXixLDsc7wPAY8YBKo5lMLhEpmb8V0RCSh2oZVsyH4q1/+C52Lhm/54bLevCnjqKITdIrOkY+uUBPdoxZqI4om6Am9oFencJ6dN+d92Vpxyplj9EvOxzfX15Mh</latexit>

! . !c
<latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit><latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit><latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit><latexit sha1_base64="6oNBxyWuw3J9fCgbCs3ufcw8kbk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRgRdFt24rGAv0BmGTHqmDU0yQ5IRSqkbX8WNC0Xc+hbufBvTdhba+kPgy3/OITl/nHGmjed9O6WV1bX1jfJmZWt7Z3fP3T9o6TRXFJo05anqxEQDZxKahhkOnUwBETGHdjy8mdbbD6A0S+W9GWUQCtKXLGGUGGtF7lGQCugTHHDQWjOB5/eIRm7Vq3kz4WXwC6iiQo3I/Qp6Kc0FSEM50brre5kJx0QZRjlMKkGuISN0SPrQtSiJAB2OZxtM8Kl1ejhJlT3S4Jn7e2JMhNYjEdtOQcxAL9am5n+1bm6Sq3DMZJYbkHT+UJJzbFI8jQP3mAJq+MgCoYrZv2I6IIpQY0Or2BD8xZWXoXVe8y3fXVTr10UcZXSMTtAZ8tElqqNb1EBNRNEjekav6M15cl6cd+dj3lpyiplD9EfO5w9GY5bD</latexit>

Effective viscosity for “turbulent” convection (R=1000)

10�3
<latexit sha1_base64="lmEPsdYEEewUZBa9xCdouYdvCG4=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJVNBj0YvHCvYD2lg22027dLMJuxOhhP4ILx4U8erv8ea/cdvmoK0vLDy8M8POvEEihUHX/XYKK6tr6xvFzdLW9s7uXnn/oGniVDPeYLGMdTughkuheAMFSt5ONKdRIHkrGN1O660nro2I1QOOE+5HdKBEKBhFa7U89zE7u5j0yhW36s5ElsHLoQK56r3yV7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LCoaceNns3Un5MQ6fRLG2j6FZOb+nshoZMw4CmxnRHFoFmtT879aJ8Xw2s+ESlLkis0/ClNJMCbT20lfaM5Qji1QpoXdlbAh1ZShTahkQ/AWT16G5nnVs3x/Wand5HEU4QiO4RQ8uIIa3EEdGsBgBM/wCm9O4rw4787HvLXg5DOH8EfO5w8+dY7X</latexit><latexit sha1_base64="lmEPsdYEEewUZBa9xCdouYdvCG4=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJVNBj0YvHCvYD2lg22027dLMJuxOhhP4ILx4U8erv8ea/cdvmoK0vLDy8M8POvEEihUHX/XYKK6tr6xvFzdLW9s7uXnn/oGniVDPeYLGMdTughkuheAMFSt5ONKdRIHkrGN1O660nro2I1QOOE+5HdKBEKBhFa7U89zE7u5j0yhW36s5ElsHLoQK56r3yV7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LCoaceNns3Un5MQ6fRLG2j6FZOb+nshoZMw4CmxnRHFoFmtT879aJ8Xw2s+ESlLkis0/ClNJMCbT20lfaM5Qji1QpoXdlbAh1ZShTahkQ/AWT16G5nnVs3x/Wand5HEU4QiO4RQ8uIIa3EEdGsBgBM/wCm9O4rw4787HvLXg5DOH8EfO5w8+dY7X</latexit><latexit sha1_base64="lmEPsdYEEewUZBa9xCdouYdvCG4=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJVNBj0YvHCvYD2lg22027dLMJuxOhhP4ILx4U8erv8ea/cdvmoK0vLDy8M8POvEEihUHX/XYKK6tr6xvFzdLW9s7uXnn/oGniVDPeYLGMdTughkuheAMFSt5ONKdRIHkrGN1O660nro2I1QOOE+5HdKBEKBhFa7U89zE7u5j0yhW36s5ElsHLoQK56r3yV7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LCoaceNns3Un5MQ6fRLG2j6FZOb+nshoZMw4CmxnRHFoFmtT879aJ8Xw2s+ESlLkis0/ClNJMCbT20lfaM5Qji1QpoXdlbAh1ZShTahkQ/AWT16G5nnVs3x/Wand5HEU4QiO4RQ8uIIa3EEdGsBgBM/wCm9O4rw4787HvLXg5DOH8EfO5w8+dY7X</latexit><latexit sha1_base64="lmEPsdYEEewUZBa9xCdouYdvCG4=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJVNBj0YvHCvYD2lg22027dLMJuxOhhP4ILx4U8erv8ea/cdvmoK0vLDy8M8POvEEihUHX/XYKK6tr6xvFzdLW9s7uXnn/oGniVDPeYLGMdTughkuheAMFSt5ONKdRIHkrGN1O660nro2I1QOOE+5HdKBEKBhFa7U89zE7u5j0yhW36s5ElsHLoQK56r3yV7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LCoaceNns3Un5MQ6fRLG2j6FZOb+nshoZMw4CmxnRHFoFmtT879aJ8Xw2s+ESlLkis0/ClNJMCbT20lfaM5Qji1QpoXdlbAh1ZShTahkQ/AWT16G5nnVs3x/Wand5HEU4QiO4RQ8uIIa3EEdGsBgBM/wCm9O4rw4787HvLXg5DOH8EfO5w8+dY7X</latexit>

10�1
<latexit sha1_base64="UKbwS1Ie99APchL93wQrL+utz3o=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJpKDHohePFewHtLFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxrezevsJleaxfDCTBP2IDiUPOaPGWm3PfcwuvGm/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/N152SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsdjLgCpkREwuUKW53JWxEFWXGJlSyIXjLJ69C67LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/JHz+QM7a47V</latexit><latexit sha1_base64="UKbwS1Ie99APchL93wQrL+utz3o=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJpKDHohePFewHtLFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxrezevsJleaxfDCTBP2IDiUPOaPGWm3PfcwuvGm/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/N152SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsdjLgCpkREwuUKW53JWxEFWXGJlSyIXjLJ69C67LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/JHz+QM7a47V</latexit><latexit sha1_base64="UKbwS1Ie99APchL93wQrL+utz3o=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJpKDHohePFewHtLFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxrezevsJleaxfDCTBP2IDiUPOaPGWm3PfcwuvGm/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/N152SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsdjLgCpkREwuUKW53JWxEFWXGJlSyIXjLJ69C67LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/JHz+QM7a47V</latexit><latexit sha1_base64="UKbwS1Ie99APchL93wQrL+utz3o=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8GJJpKDHohePFewHtLFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVtfWHh4Z4adeYNEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxrezevsJleaxfDCTBP2IDiUPOaPGWm3PfcwuvGm/XHGr7lxkFbwcKpCr0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrUdIItZ/N152SM+sMSBgr+6Qhc/f3REYjrSdRYDsjakZ6uTYz/6t1UxNe+xmXSWpQssVHYSqIicnsdjLgCpkREwuUKW53JWxEFWXGJlSyIXjLJ69C67LqWb6vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/JHz+QM7a47V</latexit>

[Neither constant 
lag-time nor 
constant Q’ is 
appropriate]

101
<latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit><latexit sha1_base64="A5KFiaj0x93Ry9cFWcmPH5059bQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoTEXRZdOOygr1AO5ZMmmlDk8yQZIQy9BXcuFDErS/kzrcx085CW38IfPznHHLOHyaCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2caspaNBax7obEMMEVa1luBesmmhEZCtYJJ7d5vfPEtOGxerDThAWSjBSPOCU2t7D/iAfVml/350KrgAuoQaHmoPrVH8Y0lUxZKogxPewnNsiItpwKNqv0U8MSQidkxHoOFZHMBNl81xk6c84QRbF2T1k0d39PZEQaM5Wh65TEjs1yLTf/q/VSG10HGVdJapmii4+iVCAbo/xwNOSaUSumDgjV3O2K6JhoQq2Lp+JCwMsnr0L7oo4d31/WGjdFHGU4gVM4BwxX0IA7aEILKIzhGV7hzZPei/fufSxaS14xcwx/5H3+AAw8jZI=</latexit>

Transition to negative values for high frequencies

[~ constant tidal 
lag-time (e.g. 
Darwin 1879; 
Alexander 1973; 
Mignard 1979; Hut 
1981)]



• Idealised homogeneous ~spherical star 
with (Boussinesq) convection driven by 
internal heating

• Study non-wave-like tidal flow, in the 
fluid frame:

• Analyse Reynolds stresses and define 
the effective viscosity similarly

• Spectral element code Nek5000, with 
no-slip impenetrable (spherical) 
boundaries for small tidal amplitudes 
(typically A=0.01 to 0.05)

Pr =
⌫


= 1

<latexit sha1_base64="OWowQi+O0SnaEBBh1/lwaPgFU48=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgm4KRTcuK9gLdIaSSTNtaJIJSUYow2zd+CpuXCji1jdw59uYaWehrT8EPv5zDjnnjySj2njet7Oyura+sVnZqm7v7O7tuweHHZ2kCpM2TliiehHShFFB2oYaRnpSEcQjRrrR5Kaodx+I0jQR92YqScjRSNCYYmSsNXBhwJEZK561VN4IYoVwFog0z4IJkhLlDX/g1ry6NxNcBr+EGijVGrhfwTDBKSfCYIa07vueNGGGlKGYkbwapJpIhCdoRPoWBeJEh9nskhyeWmcI40TZJwycub8nMsS1nvLIdhZ768VaYf5X66cmvgozKmRqiMDzj+KUQZPAIhY4pIpgw6YWEFbU7grxGNk4jA2vakPwF09ehs553bd8d1FrXpdxVMAxOAFnwAeXoAluQQu0AQaP4Bm8gjfnyXlx3p2PeeuKU84cgT9yPn8AbCOaxQ==</latexit><latexit sha1_base64="OWowQi+O0SnaEBBh1/lwaPgFU48=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgm4KRTcuK9gLdIaSSTNtaJIJSUYow2zd+CpuXCji1jdw59uYaWehrT8EPv5zDjnnjySj2njet7Oyura+sVnZqm7v7O7tuweHHZ2kCpM2TliiehHShFFB2oYaRnpSEcQjRrrR5Kaodx+I0jQR92YqScjRSNCYYmSsNXBhwJEZK561VN4IYoVwFog0z4IJkhLlDX/g1ry6NxNcBr+EGijVGrhfwTDBKSfCYIa07vueNGGGlKGYkbwapJpIhCdoRPoWBeJEh9nskhyeWmcI40TZJwycub8nMsS1nvLIdhZ768VaYf5X66cmvgozKmRqiMDzj+KUQZPAIhY4pIpgw6YWEFbU7grxGNk4jA2vakPwF09ehs553bd8d1FrXpdxVMAxOAFnwAeXoAluQQu0AQaP4Bm8gjfnyXlx3p2PeeuKU84cgT9yPn8AbCOaxQ==</latexit><latexit sha1_base64="OWowQi+O0SnaEBBh1/lwaPgFU48=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgm4KRTcuK9gLdIaSSTNtaJIJSUYow2zd+CpuXCji1jdw59uYaWehrT8EPv5zDjnnjySj2njet7Oyura+sVnZqm7v7O7tuweHHZ2kCpM2TliiehHShFFB2oYaRnpSEcQjRrrR5Kaodx+I0jQR92YqScjRSNCYYmSsNXBhwJEZK561VN4IYoVwFog0z4IJkhLlDX/g1ry6NxNcBr+EGijVGrhfwTDBKSfCYIa07vueNGGGlKGYkbwapJpIhCdoRPoWBeJEh9nskhyeWmcI40TZJwycub8nMsS1nvLIdhZ768VaYf5X66cmvgozKmRqiMDzj+KUQZPAIhY4pIpgw6YWEFbU7grxGNk4jA2vakPwF09ehs553bd8d1FrXpdxVMAxOAFnwAeXoAluQQu0AQaP4Bm8gjfnyXlx3p2PeeuKU84cgT9yPn8AbCOaxQ==</latexit><latexit sha1_base64="OWowQi+O0SnaEBBh1/lwaPgFU48=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgm4KRTcuK9gLdIaSSTNtaJIJSUYow2zd+CpuXCji1jdw59uYaWehrT8EPv5zDjnnjySj2njet7Oyura+sVnZqm7v7O7tuweHHZ2kCpM2TliiehHShFFB2oYaRnpSEcQjRrrR5Kaodx+I0jQR92YqScjRSNCYYmSsNXBhwJEZK561VN4IYoVwFog0z4IJkhLlDX/g1ry6NxNcBr+EGijVGrhfwTDBKSfCYIa07vueNGGGlKGYkbwapJpIhCdoRPoWBeJEh9nskhyeWmcI40TZJwycub8nMsS1nvLIdhZ768VaYf5X66cmvgozKmRqiMDzj+KUQZPAIhY4pIpgw6YWEFbU7grxGNk4jA2vakPwF09ehs553bd8d1FrXpdxVMAxOAFnwAeXoAluQQu0AQaP4Bm8gjfnyXlx3p2PeeuKU84cgT9yPn8AbCOaxQ==</latexit>

Global model to study tides & convection

R =
Ra

Rac
<latexit sha1_base64="JRGAbhjy3K5OO7FUDsPgQ3lbme4=">AAACDHicbVDLSsNAFL3xWeur6tJNsAiuSiKCboSiG5e12Ac0oUymk3bozCTMTIQS8gFu/BU3LhRx6we482+ctFnU1gMDZ865l3vvCWJGlXacH2tldW19Y7O0Vd7e2d3brxwctlWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxre533kkUtFIPOhJTHyOhoKGFCNtpH6l2rz2Qolw6nGkR5KnTZRl858+zkyVU3OmsJeJW5AqFGj0K9/eIMIJJ0JjhpTquU6s/RRJTTEjWdlLFIkRHqMh6RkqECfKT6fHZPapUQZ2GEnzhLan6nxHirhSEx6YynxLtejl4n9eL9HhlZ9SESeaCDwbFCbM1pGdJ2MPqCRYs4khCEtqdrXxCJlstMmvbEJwF09eJu3zmmv4/UW1flPEUYJjOIEzcOES6nAHDWgBhid4gTd4t56tV+vD+pyVrlhFzxH8gfX1C0M3nGI=</latexit><latexit sha1_base64="JRGAbhjy3K5OO7FUDsPgQ3lbme4=">AAACDHicbVDLSsNAFL3xWeur6tJNsAiuSiKCboSiG5e12Ac0oUymk3bozCTMTIQS8gFu/BU3LhRx6we482+ctFnU1gMDZ865l3vvCWJGlXacH2tldW19Y7O0Vd7e2d3brxwctlWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxre533kkUtFIPOhJTHyOhoKGFCNtpH6l2rz2Qolw6nGkR5KnTZRl858+zkyVU3OmsJeJW5AqFGj0K9/eIMIJJ0JjhpTquU6s/RRJTTEjWdlLFIkRHqMh6RkqECfKT6fHZPapUQZ2GEnzhLan6nxHirhSEx6YynxLtejl4n9eL9HhlZ9SESeaCDwbFCbM1pGdJ2MPqCRYs4khCEtqdrXxCJlstMmvbEJwF09eJu3zmmv4/UW1flPEUYJjOIEzcOES6nAHDWgBhid4gTd4t56tV+vD+pyVrlhFzxH8gfX1C0M3nGI=</latexit><latexit sha1_base64="JRGAbhjy3K5OO7FUDsPgQ3lbme4=">AAACDHicbVDLSsNAFL3xWeur6tJNsAiuSiKCboSiG5e12Ac0oUymk3bozCTMTIQS8gFu/BU3LhRx6we482+ctFnU1gMDZ865l3vvCWJGlXacH2tldW19Y7O0Vd7e2d3brxwctlWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxre533kkUtFIPOhJTHyOhoKGFCNtpH6l2rz2Qolw6nGkR5KnTZRl858+zkyVU3OmsJeJW5AqFGj0K9/eIMIJJ0JjhpTquU6s/RRJTTEjWdlLFIkRHqMh6RkqECfKT6fHZPapUQZ2GEnzhLan6nxHirhSEx6YynxLtejl4n9eL9HhlZ9SESeaCDwbFCbM1pGdJ2MPqCRYs4khCEtqdrXxCJlstMmvbEJwF09eJu3zmmv4/UW1flPEUYJjOIEzcOES6nAHDWgBhid4gTd4t56tV+vD+pyVrlhFzxH8gfX1C0M3nGI=</latexit><latexit sha1_base64="JRGAbhjy3K5OO7FUDsPgQ3lbme4=">AAACDHicbVDLSsNAFL3xWeur6tJNsAiuSiKCboSiG5e12Ac0oUymk3bozCTMTIQS8gFu/BU3LhRx6we482+ctFnU1gMDZ865l3vvCWJGlXacH2tldW19Y7O0Vd7e2d3brxwctlWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxre533kkUtFIPOhJTHyOhoKGFCNtpH6l2rz2Qolw6nGkR5KnTZRl858+zkyVU3OmsJeJW5AqFGj0K9/eIMIJJ0JjhpTquU6s/RRJTTEjWdlLFIkRHqMh6RkqECfKT6fHZPapUQZ2GEnzhLan6nxHirhSEx6YynxLtejl4n9eL9HhlZ9SESeaCDwbFCbM1pGdJ2MPqCRYs4khCEtqdrXxCJlstMmvbEJwF09eJu3zmmv4/UW1flPEUYJjOIEzcOES6nAHDWgBhid4gTd4t56tV+vD+pyVrlhFzxH8gfX1C0M3nGI=</latexit>

Ra =
(Q/3)R4

⌫2
<latexit sha1_base64="Q/2wAsif1jsBHE8Fc1wVYfa+Uhs=">AAACEnicbVBNS8NAFNz4WetX1aOXxSK0l5rUgl6EohePrVgVmrS8bDd16WYTdjdCCfkNXvwrXjwo4tWTN/+Nm9qDWgcWhpn3eDvjx5wpbduf1tz8wuLScmGluLq2vrFZ2tq+UlEiCe2QiEfyxgdFORO0o5nm9CaWFEKf02t/dJb713dUKhaJSz2OqRfCULCAEdBG6peqbgj6VobpBWQn2A0kkLTSPjisXvQaWeqKxB1BHEOvnvVLZbtmT4BniTMlZTRFq1/6cAcRSUIqNOGgVNexY+2lIDUjnGZFN1E0BjKCIe0aKiCkyksnkTK8b5QBDiJpntB4ov7cSCFUahz6ZjIPoP56ufif1010cOylTMSJpoJ8HwoSjnWE837wgElKNB8bAkQy81dMbsHUok2LRVOC8zfyLLmq1xzD241y83RaRwHtoj1UQQ46Qk10jlqogwi6R4/oGb1YD9aT9Wq9fY/OWdOdHfQL1vsXTvOdOg==</latexit><latexit sha1_base64="Q/2wAsif1jsBHE8Fc1wVYfa+Uhs=">AAACEnicbVBNS8NAFNz4WetX1aOXxSK0l5rUgl6EohePrVgVmrS8bDd16WYTdjdCCfkNXvwrXjwo4tWTN/+Nm9qDWgcWhpn3eDvjx5wpbduf1tz8wuLScmGluLq2vrFZ2tq+UlEiCe2QiEfyxgdFORO0o5nm9CaWFEKf02t/dJb713dUKhaJSz2OqRfCULCAEdBG6peqbgj6VobpBWQn2A0kkLTSPjisXvQaWeqKxB1BHEOvnvVLZbtmT4BniTMlZTRFq1/6cAcRSUIqNOGgVNexY+2lIDUjnGZFN1E0BjKCIe0aKiCkyksnkTK8b5QBDiJpntB4ov7cSCFUahz6ZjIPoP56ufif1010cOylTMSJpoJ8HwoSjnWE837wgElKNB8bAkQy81dMbsHUok2LRVOC8zfyLLmq1xzD241y83RaRwHtoj1UQQ46Qk10jlqogwi6R4/oGb1YD9aT9Wq9fY/OWdOdHfQL1vsXTvOdOg==</latexit><latexit sha1_base64="Q/2wAsif1jsBHE8Fc1wVYfa+Uhs=">AAACEnicbVBNS8NAFNz4WetX1aOXxSK0l5rUgl6EohePrVgVmrS8bDd16WYTdjdCCfkNXvwrXjwo4tWTN/+Nm9qDWgcWhpn3eDvjx5wpbduf1tz8wuLScmGluLq2vrFZ2tq+UlEiCe2QiEfyxgdFORO0o5nm9CaWFEKf02t/dJb713dUKhaJSz2OqRfCULCAEdBG6peqbgj6VobpBWQn2A0kkLTSPjisXvQaWeqKxB1BHEOvnvVLZbtmT4BniTMlZTRFq1/6cAcRSUIqNOGgVNexY+2lIDUjnGZFN1E0BjKCIe0aKiCkyksnkTK8b5QBDiJpntB4ov7cSCFUahz6ZjIPoP56ufif1010cOylTMSJpoJ8HwoSjnWE837wgElKNB8bAkQy81dMbsHUok2LRVOC8zfyLLmq1xzD241y83RaRwHtoj1UQQ46Qk10jlqogwi6R4/oGb1YD9aT9Wq9fY/OWdOdHfQL1vsXTvOdOg==</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="thwC5U5tEAhvEvcf4Xhdjmkv4uk=">AAACB3icbZDNSgMxFIXv1L9aq1a3boJFqJs6UwXdCIIbl1VsLXTacifNaGgmMyQZoQzzDG58FTcuFPEN3Pk2pj8L/y4EPs5JuDknSATXxnU/ncLC4tLySnG1tFZe39isbJXbOk4VZS0ai1h1AtRMcMlahhvBOoliGAWC3QSj84l/c8+U5rG8NuOE9SK8lTzkFI2VBpV9P0Jzp6LsCvNT4ocKaVa7PDjcv+of5ZkvU3+ESYL9Rj6oVN26Ox3yF7w5VGE+zUHlwx/GNI2YNFSg1l3PTUwvQ2U4FSwv+almCdIR3rKuRYkR071sGikne1YZkjBW9khDpur3FxlGWo+jwN6cBNC/vYn4n9dNTXjSy7hMUsMknS0KU0FMTCb9kCFXjBoxtoBUcftXQu/Q1mJsiyVbgvc78l9oN+qe5UsXirADu1ADD47hDC6gCS2g8ABP8AKvzqPz7LzN6io489624cc471+PIJu9</latexit><latexit sha1_base64="thwC5U5tEAhvEvcf4Xhdjmkv4uk=">AAACB3icbZDNSgMxFIXv1L9aq1a3boJFqJs6UwXdCIIbl1VsLXTacifNaGgmMyQZoQzzDG58FTcuFPEN3Pk2pj8L/y4EPs5JuDknSATXxnU/ncLC4tLySnG1tFZe39isbJXbOk4VZS0ai1h1AtRMcMlahhvBOoliGAWC3QSj84l/c8+U5rG8NuOE9SK8lTzkFI2VBpV9P0Jzp6LsCvNT4ocKaVa7PDjcv+of5ZkvU3+ESYL9Rj6oVN26Ox3yF7w5VGE+zUHlwx/GNI2YNFSg1l3PTUwvQ2U4FSwv+almCdIR3rKuRYkR071sGikne1YZkjBW9khDpur3FxlGWo+jwN6cBNC/vYn4n9dNTXjSy7hMUsMknS0KU0FMTCb9kCFXjBoxtoBUcftXQu/Q1mJsiyVbgvc78l9oN+qe5UsXirADu1ADD47hDC6gCS2g8ABP8AKvzqPz7LzN6io489624cc471+PIJu9</latexit><latexit sha1_base64="RJ5H8aFaLGZiy0agNFC8mE/VeG4=">AAACEnicbVBNS8NAFNz4WetX1KOXxSLopSYq6EUQvXhsi7VC05aX7aZdutmE3Y1QQn6DF/+KFw+KePXkzX/jpuag1oGFYeY93s74MWdKO86nNTM7N7+wWFoqL6+srq3bG5s3KkokoU0S8Uje+qAoZ4I2NdOc3saSQuhz2vJHl7nfuqNSsUhc63FMOyEMBAsYAW2knr3vhaCHMkwbkJ1hL5BA0r36wdF+o3ucpZ5IvBHEMXQPs55dcarOBHiauAWpoAK1nv3h9SOShFRowkGptuvEupOC1IxwmpW9RNEYyAgGtG2ogJCqTjqJlOFdo/RxEEnzhMYT9edGCqFS49A3k3kA9dfLxf+8dqKD007KRJxoKsj3oSDhWEc47wf3maRE87EhQCQzf8VkCKYWbVosmxLcv5Gnyc1h1TW87lTOL4o6Smgb7aA95KITdI6uUA01EUH36BE9oxfrwXqyXq2379EZq9jZQr9gvX8BTbOdNg==</latexit><latexit sha1_base64="Q/2wAsif1jsBHE8Fc1wVYfa+Uhs=">AAACEnicbVBNS8NAFNz4WetX1aOXxSK0l5rUgl6EohePrVgVmrS8bDd16WYTdjdCCfkNXvwrXjwo4tWTN/+Nm9qDWgcWhpn3eDvjx5wpbduf1tz8wuLScmGluLq2vrFZ2tq+UlEiCe2QiEfyxgdFORO0o5nm9CaWFEKf02t/dJb713dUKhaJSz2OqRfCULCAEdBG6peqbgj6VobpBWQn2A0kkLTSPjisXvQaWeqKxB1BHEOvnvVLZbtmT4BniTMlZTRFq1/6cAcRSUIqNOGgVNexY+2lIDUjnGZFN1E0BjKCIe0aKiCkyksnkTK8b5QBDiJpntB4ov7cSCFUahz6ZjIPoP56ufif1010cOylTMSJpoJ8HwoSjnWE837wgElKNB8bAkQy81dMbsHUok2LRVOC8zfyLLmq1xzD241y83RaRwHtoj1UQQ46Qk10jlqogwi6R4/oGb1YD9aT9Wq9fY/OWdOdHfQL1vsXTvOdOg==</latexit><latexit sha1_base64="Q/2wAsif1jsBHE8Fc1wVYfa+Uhs=">AAACEnicbVBNS8NAFNz4WetX1aOXxSK0l5rUgl6EohePrVgVmrS8bDd16WYTdjdCCfkNXvwrXjwo4tWTN/+Nm9qDWgcWhpn3eDvjx5wpbduf1tz8wuLScmGluLq2vrFZ2tq+UlEiCe2QiEfyxgdFORO0o5nm9CaWFEKf02t/dJb713dUKhaJSz2OqRfCULCAEdBG6peqbgj6VobpBWQn2A0kkLTSPjisXvQaWeqKxB1BHEOvnvVLZbtmT4BniTMlZTRFq1/6cAcRSUIqNOGgVNexY+2lIDUjnGZFN1E0BjKCIe0aKiCkyksnkTK8b5QBDiJpntB4ov7cSCFUahz6ZjIPoP56ufif1010cOylTMSJpoJ8HwoSjnWE837wgElKNB8bAkQy81dMbsHUok2LRVOC8zfyLLmq1xzD241y83RaRwHtoj1UQQ46Qk10jlqogwi6R4/oGb1YD9aT9Wq9fY/OWdOdHfQL1vsXTvOdOg==</latexit><latexit sha1_base64="Q/2wAsif1jsBHE8Fc1wVYfa+Uhs=">AAACEnicbVBNS8NAFNz4WetX1aOXxSK0l5rUgl6EohePrVgVmrS8bDd16WYTdjdCCfkNXvwrXjwo4tWTN/+Nm9qDWgcWhpn3eDvjx5wpbduf1tz8wuLScmGluLq2vrFZ2tq+UlEiCe2QiEfyxgdFORO0o5nm9CaWFEKf02t/dJb713dUKhaJSz2OqRfCULCAEdBG6peqbgj6VobpBWQn2A0kkLTSPjisXvQaWeqKxB1BHEOvnvVLZbtmT4BniTMlZTRFq1/6cAcRSUIqNOGgVNexY+2lIDUjnGZFN1E0BjKCIe0aKiCkyksnkTK8b5QBDiJpntB4ov7cSCFUahz6ZjIPoP56ufif1010cOylTMSJpoJ8HwoSjnWE837wgElKNB8bAkQy81dMbsHUok2LRVOC8zfyLLmq1xzD241y83RaRwHtoj1UQQ46Qk10jlqogwi6R4/oGb1YD9aT9Wq9fY/OWdOdHfQL1vsXTvOdOg==</latexit><latexit sha1_base64="Q/2wAsif1jsBHE8Fc1wVYfa+Uhs=">AAACEnicbVBNS8NAFNz4WetX1aOXxSK0l5rUgl6EohePrVgVmrS8bDd16WYTdjdCCfkNXvwrXjwo4tWTN/+Nm9qDWgcWhpn3eDvjx5wpbduf1tz8wuLScmGluLq2vrFZ2tq+UlEiCe2QiEfyxgdFORO0o5nm9CaWFEKf02t/dJb713dUKhaJSz2OqRfCULCAEdBG6peqbgj6VobpBWQn2A0kkLTSPjisXvQaWeqKxB1BHEOvnvVLZbtmT4BniTMlZTRFq1/6cAcRSUIqNOGgVNexY+2lIDUjnGZFN1E0BjKCIe0aKiCkyksnkTK8b5QBDiJpntB4ov7cSCFUahz6ZjIPoP56ufif1010cOylTMSJpoJ8HwoSjnWE837wgElKNB8bAkQy81dMbsHUok2LRVOC8zfyLLmq1xzD241y83RaRwHtoj1UQQ46Qk10jlqogwi6R4/oGb1YD9aT9Wq9fY/OWdOdHfQL1vsXTvOdOg==</latexit><latexit sha1_base64="Q/2wAsif1jsBHE8Fc1wVYfa+Uhs=">AAACEnicbVBNS8NAFNz4WetX1aOXxSK0l5rUgl6EohePrVgVmrS8bDd16WYTdjdCCfkNXvwrXjwo4tWTN/+Nm9qDWgcWhpn3eDvjx5wpbduf1tz8wuLScmGluLq2vrFZ2tq+UlEiCe2QiEfyxgdFORO0o5nm9CaWFEKf02t/dJb713dUKhaJSz2OqRfCULCAEdBG6peqbgj6VobpBWQn2A0kkLTSPjisXvQaWeqKxB1BHEOvnvVLZbtmT4BniTMlZTRFq1/6cAcRSUIqNOGgVNexY+2lIDUjnGZFN1E0BjKCIe0aKiCkyksnkTK8b5QBDiJpntB4ov7cSCFUahz6ZjIPoP56ufif1010cOylTMSJpoJ8HwoSjnWE837wgElKNB8bAkQy81dMbsHUok2LRVOC8zfyLLmq1xzD241y83RaRwHtoj1UQQ46Qk10jlqogwi6R4/oGb1YD9aT9Wq9fY/OWdOdHfQL1vsXTvOdOg==</latexit><latexit sha1_base64="Q/2wAsif1jsBHE8Fc1wVYfa+Uhs=">AAACEnicbVBNS8NAFNz4WetX1aOXxSK0l5rUgl6EohePrVgVmrS8bDd16WYTdjdCCfkNXvwrXjwo4tWTN/+Nm9qDWgcWhpn3eDvjx5wpbduf1tz8wuLScmGluLq2vrFZ2tq+UlEiCe2QiEfyxgdFORO0o5nm9CaWFEKf02t/dJb713dUKhaJSz2OqRfCULCAEdBG6peqbgj6VobpBWQn2A0kkLTSPjisXvQaWeqKxB1BHEOvnvVLZbtmT4BniTMlZTRFq1/6cAcRSUIqNOGgVNexY+2lIDUjnGZFN1E0BjKCIe0aKiCkyksnkTK8b5QBDiJpntB4ov7cSCFUahz6ZjIPoP56ufif1010cOylTMSJpoJ8HwoSjnWE837wgElKNB8bAkQy81dMbsHUok2LRVOC8zfyLLmq1xzD241y83RaRwHtoj1UQQ46Qk10jlqogwi6R4/oGb1YD9aT9Wq9fY/OWdOdHfQL1vsXTvOdOg==</latexit>

Vidal & Barker, in prep                  University of Leeds



Preliminary results: negative values for high frequency tides

Effective viscosity from global simulations
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[Similar to 
approach Barker 
& Lithwick 2013]

Adrian Barker                   University of Leeds

Laminar
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“Turbulent”



Future work
• Much future work is needed to address:

1. Simulate “more turbulent” convection both 
locally and globally

2. Explore the effects of rotation on       : does 
it behave as predicted by rotating mixing-
length theory? (e.g. Stevenson 1979; Barker et al. 
2014; Mathis et al. 2016; Currie, Barker, Lithwick & 
Browning, in prep)

3. Adopt more realistic density profiles and 
study density-stratified convection. 
Dependence on properties of convection 
zone?

4. How does convection interact with tidally-
excited inertial waves?

Adrian Barker                   University of Leeds
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• Tidal dissipation in stars produces orbital decay of hot Jupiters.  Transit observations are 
now potentially able to test tidal theories

• I have presented idealised local and global simulations to study the interaction between tidal 
flows and convection in stars (or giant planets) from first principles:

1.  For small tidal frequencies (          ) we obtain a frequency-independent effective viscosity 
(~constant tidal lag-time)

2.  For large tidal frequencies (          ) we find strong evidence in favour of                  
(neither constant Q’ nor constant lag-time)

3.  Negative effective viscosities (suggesting tidal anti-dissipation) are possible

4.  These results have been confirmed by an independent asymptotic linear analysis

• Quadratic reduction agrees with Ogilvie & Lesur (2012), Braviner (2015, PhD) & Goldreich 
& Nicholson (1977) but not with Zahn (1966, 1989)

• Much further work is required to study tidal flows in more realistic stellar/planetary models 
and to incorporate additional effects omitted here (e.g. rotation, density stratification)

Conclusions

Adrian Barker                   University of Leeds
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