
• Lecture I

      - motivate/overview celestial objects where rotation influences buoyancy driven flows

        - discuss energetics, waves, geostrophy 


• Lecture II 
      - stability theory for rotating convection - what can we glean from it 

        - motivates non-hydrostatic quasi-geostrophy

        - derive and investigate semi-analytic solutions (skeleton for strongly NL flows)


  Lecture III 
        -  investigate fully NL rotating convection from QG perspective  

        -  assess how the theory holds up c.f. experiments and DNS 

        -  comments on broader view and future outlook 



The Galileo Project, 1995, Galileo 1613
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Solar differential rotation 

Helioseimology - acoustic inferences observe rotation 
rates constant along radial lines 

 - convective redistribution of angular mtm.
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Convective dynamo action - 22 yr magnetic cycle.



Solar Structure & Dynamics

Convective dynamo action - 22 yr magnetic cycle 

- Envelope exhibits chaotic overtones 



Giant (Jovian) Planets

Rapid rotators



Giant (Jovian) Planets

Convective motions under influence of rotation drive zonal jets. 

Cao & Stevenson 2017, Kaspi et al 2018



Giant (Jovian) Planets

Heimpel,  Aurnou & Wicht,  Nature 2005

Cao & Stevenson 2017, Kaspi et al 2018

Convective motions under influence of rotation drive zonal jets. JUNO mission- Jets  extend O(1000 km) into interior 

Kaspi et al , Nature 2018

Observed in simulations 



 NASA/JPL-Caltech/SwRI/ASI/INAF/JIRAM)

Giant (Jovian) Planets
JUNO observation: cyclonic vortical arrays at north and south poles 

Cassini observation: Hexagonal structure of jets and vortices 

Observation and theoretical investigations suggests

Convective driving is the source.

Siegelman et al.  PNAS, Nature Phys. 2022



Giant (Jovian) Planets

• Observations:  

• rotating convection primary driver for magnetic field generation



Earth

Image:  E. Garnero

Outer liquid iron core - rotating convective motions sustain dynamo action



Earth

Image:  E. Garnero

Outer liquid iron core - rotating convective motions sustain dynamo action, choatic reversals of 100K yr timescale 



Phases of Open Ocean Deep Convection



Meridional Overtuning Circulation



Subsurface off-world oceans

Europa

Titan

Magnetic measurements - existence of subsurface oceans O(100km) deep on two moons of Jupiter/Saturn. 

Fluids motions are buoyantly forced - rotation important to dynamics. 

120 km/1561 km 300 km/2631 km

40 km/252 km 300 km/2578 km

Soderlund et al.  GRL2019, Nature Geo. 2013



Navier-Stokes Equation

Cons. Mtm. 

Cons. Mass
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Cons. Mass

Incompressible fluid motions

Navier-Stokes Equation

inertia viscouspressure body force
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Navier-Stokes Equation

Euler ReynoldsStrouhal



Big whorls have little whorls
That feed on their velocity,

And little whorls have lesser whorls
And so on to viscosity.

Lewis F. Richardson, 1922

Nonlinear Energy Cascade
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Subsurface off-world oceans

Europa

Titan

120 km/1561 km 300 km/2631 km

40 km/252 km 300 km/2578 km

Soderlund et al.  GRL2019, Nature Geo. 2013
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<latexit sha1_base64="FUl5kWrQF6XPYiba3sC7euMsOTc=">AAACIHicbZDLSgMxFIYz9VbH26hLN8GiuLFMSqUui25cVrEX6Iwlk6ZtaOZCkhHKMI/ixldx40IR3enTmE4H1NYDIT//dw7J+b2IM6ls+9MoLC2vrK4V182Nza3tHWt3ryXDWBDaJCEPRcfDknIW0KZiitNOJCj2PU7b3vhyytv3VEgWBrdqElHXx8OADRjBSls9q3YMbzB0JPMhsu+Sip2eZnclhY5jakh/IMohQinsWSW7bGcFFwXKRQnk1ehZH04/JLFPA0U4lrKL7Ei5CRaKEU5T04kljTAZ4yHtahlgn0o3yRZM4ZF2+nAQCn0CBTP390SCfSknvqc7faxGcp5Nzf9YN1aDczdhQRQrGpDZQ4OYQxXCaVqwzwQlik+0wEQw/VdIRlhgonSmpg4Bza+8KFqVMqqWz66rpfpFHkcRHIBDcAIQqIE6uAIN0AQEPIAn8AJejUfj2Xgz3metBSOf2Qd/yvj6BqTmnlo=</latexit>

Ra ⇠ 1020 � 1024

Re ⇠ 1010 � 1012

<latexit sha1_base64="vDSCu8xfMZLG/1QPGoGzAtwG/Bw=">AAACIHicbZBNS8MwGMfT+TbrW9Wjl+BQvDjaMZnHoRePU9wLrHWkWbaFJW1JUmGUfhQvfhUvHhTRm34as66gbj4Q8uf/ex6S5+9HjEpl259GYWl5ZXWtuG5ubG5t71i7ey0ZxgKTJg5ZKDo+koTRgDQVVYx0IkEQ9xlp++PLKW/fEyFpGNyqSUQ8joYBHVCMlLZ6Vu0Y3iDoSsqhY98lFTs9ze5qCl3X1JD8QCeHTiWFPatkl+2s4KJwclECeTV61ofbD3HMSaAwQ1J2HTtSXoKEopiR1HRjSSKEx2hIuloGiBPpJdmCKTzSTh8OQqFPoGDm/p5IEJdywn3dyZEayXk2Nf9j3VgNzr2EBlGsSIBnDw1iBlUIp2nBPhUEKzbRAmFB9V8hHiGBsNKZmjoEZ37lRdGqlJ1q+ey6Wqpf5HEUwQE4BCfAATVQB1egAZoAgwfwBF7Aq/FoPBtvxvustWDkM/vgTxlf36mynl0=</latexit>



Nonlinear Energy Cascade

lk =
✓

⌫3

"

◆1/4

vk = (⌫")1/4

Tk =
⇣⌫

"

⌘1/2

Kolmogorov Scales

Length

Time

Velocity

L/lk ⇠ Re3/4

U/vk ⇠ Re1/4

T/Tk ⇠ Re1/2

Degrees of  Freedom

� N3 � Re
9
4

(106+)3 � (108+)
9
4

(103)3 � (104)
9
4

⇒ GAFD
⇒  Num Sim. 

Turbulence challenge



Coriolis Force: pseudo-force that appears in a rotating frame of reference w/ fixed rotation

acts to deflect fluid parcels perpendicular to their direction of motion  

Rotation/Coriolis Force Fc = 2⌦⇥ u
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Governing Equations: Effects of Rotation

inertia viscouspressure body force

incompressibility

L

UT

<latexit sha1_base64="6iCt91uzs0iaHnCliTIJqgjiNl4=">AAACAHicbVBNS8NAEN34WetX1EMRL4tF8FQSUeyx6MWDhwpNW2hC2Ww37dLNJuxuhBJy8a948aCIV3+FeNOLV3+Gm7YHbX0w8Hhvhpl5fsyoVJb1YSwsLi2vrBbWiusbm1vb5s5uU0aJwMTBEYtE20eSMMqJo6hipB0LgkKfkZY/vMz91i0Rkka8oUYx8ULU5zSgGCktdc2SGwiEU3idpY4bIjXAiKWNLOuaZatijQHniT0l5Vr16630+b1f75rvbi/CSUi4wgxJ2bGtWHkpEopiRrKim0gSIzxEfdLRlKOQSC8dP5DBI630YBAJXVzBsfp7IkWhlKPQ1535jXLWy8X/vE6igqqXUh4ninA8WRQkDKoI5mnAHhUEKzbSBGFB9a0QD5BOROnMijoEe/bledI8qdinlbMbncYFmKAADsAhOAY2OAc1cAXqwAEYZOAePIIn4854MJ6Nl0nrgjGd2QN/YLz+AKK9mtk=</latexit>

p

⇢0U2
UL

⌫

<latexit sha1_base64="wanKf+JHkxQm30QJnakuwemhLhI=">AAAB+HicbVC7SgNBFJ2NrxgfWbUQsRkMglXYFcWUQRsLiwhuEsguYXYymwyZnV3mIcQlX2JjoYitXyJ22tj6GU4ehSYeuHA4517uvSdMGZXKcT6s3MLi0vJKfrWwtr6xWbS3tusy0QITDycsEc0QScIoJ56iipFmKgiKQ0YaYf9i5DduiZA04TdqkJIgRl1OI4qRMlLbLvqRQDjzroYZ9Lketu2SU3bGgPPEnZJStfL1tvv5vVdr2+9+J8E6JlxhhqRsuU6qggwJRTEjw4KvJUkR7qMuaRnKUUxkkI0PH8JDo3RglAhTXMGx+nsiQ7GUgzg0nTFSPTnrjcT/vJZWUSXIKE+1IhxPFkWaQZXAUQqwQwXBig0MQVhQcyvEPWSSUCarggnBnX15ntSPy+5J+fTapHEOJsiDfXAAjoALzkAVXIIa8AAGGtyDR/Bk3VkP1rP1MmnNWdOZHfAH1usPTuyXRg==</latexit>

St @tu+ u ·ru+
1

Ro
ê⌦ ⇥ u = �Eurp+

1

Re
r2u+F

r · u = 0

<latexit sha1_base64="M2Q7AWraz5SgPxiQ+PFXc4obW90="></latexit>

Coriolis

U

2⌦L

<latexit sha1_base64="NRYUX0B3KZphkvq9jITvMaP0IP8=">AAAB/nicbVDLSsNAFJ3UV62vqIiIm8EiuCpJUeyy6MaFYAXTFppQJtNJO3QyCTMToYSAv+LGhSJu/Qxxpxu3fobTx0JbD1w4nHMv997jx4xKZVkfRm5ufmFxKb9cWFldW98wN7fqMkoEJg6OWCSaPpKEUU4cRRUjzVgQFPqMNPz++dBv3BIhacRv1CAmXoi6nAYUI6WltrnjBgLhFDpZWnavQtJF8BJmbbNolawR4CyxJ6RYrXy97X5+79Xa5rvbiXASEq4wQ1K2bCtWXoqEopiRrOAmksQI91GXtDTlKCTSS0fnZ/BQKx0YREIXV3Ck/p5IUSjlIPR1Z4hUT057Q/E/r5WooOKllMeJIhyPFwUJgyqCwyxghwqCFRtogrCg+laIe0jnoXRiBR2CPf3yLKmXS/Zx6eRap3EGxsiDfXAAjoANTkEVXIAacAAGKbgHj+DJuDMejGfjZdyaMyYz2+APjNcfjGOY+g==</latexit>

Ro =
inertia

Coriolis
=

U2/L

2⌦U
=

U/L

2⌦
=

U

2⌦L

<latexit sha1_base64="expNCrVq9B8jXiW3R66VaRKR7eU="></latexit>

Types of motion affected by the Coriolis force:  

       Relative vorticity  is less than planetary vorticity


        Vary on timescales greater than a planetary day 

          

Euler ReynoldsRossbyStrouhal



 Nondimensional Parameters: Extreme

Image:  E. 

Ro ⇠ 10�4

Fr = O(1)

Re ⇠ 1012
+

Ro ⇠ 10�6

Fr = O(1)

Re ⇠ 108
+

Ro ⇠ 10�3
�1

Fr = O(1)

Re ⇠ 1012+

Ro ⇠ 10�6

Fr = O(1)

Re ⇠ 108
+

St @tu+ u ·ru+
1

Ro
ê⌦ ⇥ u = �Eurp+

1

Re
r2u+F

r · u = 0

<latexit sha1_base64="M2Q7AWraz5SgPxiQ+PFXc4obW90="></latexit>

Ro ⇠ 10�6

<latexit sha1_base64="Wi1TcYSGINMSHtxatggEC1cWNzY=">AAAB/HicbVDLTsMwEHTKq5RXoEcuFhWIC1WCyuNYwYVjQfQhNaFyXKe16tiR7SBFUfkVLhxAiCsfwo2/wWl7gJaRVhrN7Gp3J4gZVdpxvq3C0vLK6lpxvbSxubW9Y+/utZRIJCZNLJiQnQApwignTU01I51YEhQFjLSD0XXutx+JVFTwe53GxI/QgNOQYqSN1LPLR/BOeIpG0HUespPzseeVenbFqToTwEXizkgFzNDo2V9eX+AkIlxjhpTquk6s/QxJTTEj45KXKBIjPEID0jWUo4goP5scP4aHRunDUEhTXMOJ+nsiQ5FSaRSYzgjpoZr3cvE/r5vo8NLPKI8TTTieLgoTBrWAeRKwTyXBmqWGICypuRXiIZIIa5NXHoI7//IiaZ1W3Vr17LZWqV/N4iiCfXAAjoELLkAd3IAGaAIMUvAMXsGb9WS9WO/Wx7S1YM1myuAPrM8fCsiTGQ==</latexit>

Ro ⇠ 10�2

<latexit sha1_base64="7oo1v2MQFTSbGIkkDWf045hRz5k=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovixpKUii6LblxWsQ9oYplMJ+3QmUyYmQgh1F9x40IRt36IO//GSduFth64cDjnXu69J4gZVdpxvq3Cyura+kZxs7S1vbO7Z+8ftJVIJCYtLJiQ3QApwmhEWppqRrqxJIgHjHSC8XXudx6JVFRE9zqNic/RMKIhxUgbqW+XT+Cd8BTl0HUesrPaxPNKfbviVJ0p4DJx56QC5mj27S9vIHDCSaQxQ0r1XCfWfoakppiRSclLFIkRHqMh6RkaIU6Un02Pn8BjowxgKKSpSMOp+nsiQ1yplAemkyM9UoteLv7n9RIdXvoZjeJEkwjPFoUJg1rAPAk4oJJgzVJDEJbU3ArxCEmEtckrD8FdfHmZtGtVt149v61XGlfzOIrgEByBU+CCC9AAN6AJWgCDFDyDV/BmPVkv1rv1MWstWPOZMvgD6/MHBKiTFQ==</latexit>

Ro ⇠ 10�2�1

<latexit sha1_base64="jSoiVmzIZC6K7nZkAqiIfeIc3Js=">AAACHHicbVDLSgMxFM3UV62vqks3waK46TBTK7osunFZxT6gM5ZMetuGJjNDkhHK0A9x46+4caGIGxeCf2P6WGjrgcC559zLzT1BzJnSjvNtZZaWV1bXsuu5jc2t7Z387l5dRYmkUKMRj2QzIAo4C6GmmebQjCUQEXBoBIOrsd94AKlYFN7pYQy+IL2QdRkl2kjt/Okxvo08xQR2nfu0WBp5fRUTCmnRsUsgRsW5Grue184XHNuZAC8Sd0YKaIZqO//pdSKaCAg15USpluvE2k+J1IxyGOW8RIFZMiA9aBkaEgHKTyfHjfCRUTq4G0nzQo0n6u+JlAilhiIwnYLovpr3xuJ/XivR3Qs/ZWGcaAjpdFE34VhHeJwU7jAJVPOhIYRKZv6KaZ9IQrXJM2dCcOdPXiT1ku2W7bObcqFyOYsjiw7QITpBLjpHFXSNqqiGKHpEz+gVvVlP1ov1bn1MWzPWbGYf/YH19QP7pZ93</latexit>

U ⇠ 0.1�10m/s

⌦ ⇠ 7⇥ 10�5 rad/s

L ⇠ 1�100 km

Ro � 10�7

U � 3� 10�4 m/s

� � 7� 10�5 rad/s

L � 2260 km

Ro � 10�2

U � 100m/s

� � 2� 10�4 rad/s

L � 15 Mm

U ⇠ 10� 100m/s

⌦ ⇠ 2⇥ 10�6 rad/s

L ⇠ 200 Mm

<latexit sha1_base64="lBKc0h/VATN0UqkecfRPUnPtUgI="></latexit>

Ro ⇠ 1�10�2

<latexit sha1_base64="DbkD56OajG7HrE80oVXwqvIjmic=">AAACIHicbVBNT8JAEN3iF+IX6tHLRqLxAmkJBo9ELx7RyEdCK9kuA2zYbZvdrQlp+Cle/CtePGiM3vTXuAUOCr5kkpf3ZjIzz484U9q2v6zMyura+kZ2M7e1vbO7l98/aKowlhQaNOShbPtEAWcBNDTTHNqRBCJ8Di1/dJX6rQeQioXBnR5H4AkyCFifUaKN1M1XT/Ft6ComsIPdoYoIhaRol8ogJri4pDj2fVIsT1w3180X7JI9BV4mzpwU0Bz1bv7T7YU0FhBoyolSHceOtJcQqRnlMMm5sQKza0QG0DE0IAKUl0wfnOATo/RwP5SmAo2n6u+JhAilxsI3nYLooVr0UvE/rxPr/oWXsCCKNQR0tqgfc6xDnKaFe0wC1XxsCKGSmVsxHRJJqDaZpiE4iy8vk2a55FRK5zeVQu1yHkcWHaFjdIYcVEU1dI3qqIEoekTP6BW9WU/Wi/VufcxaM9Z85hD9gfX9A2duoAk=</latexit>



Subsurface off-world oceans

Europa

Titan

120 km/1561 km 300 km/2631 km

40 km/252 km 300 km/2578 km

Soderlund et al.  GRL2019, Nature Geo. 2013

Ra ⇠ 1016 � 1019

Re ⇠ 108 � 109

<latexit sha1_base64="qrc70QOEcIhcCgNGVKuJjk+W6SM=">AAACHnicbZDLSsNAFIYn9VbjLerSzWBR3FgSabXuim5cVrEXaGKZTCft0MmFmYlQQp7Eja/ixoUigit9G6dpQG09MMzP/53DzPndiFEhTfNLKywsLi2vFFf1tfWNzS1je6clwphj0sQhC3nHRYIwGpCmpJKRTsQJ8l1G2u7ocsLb94QLGga3chwRx0eDgHoUI6msnlE9hDcI2oL60DLvEus0Pc7u8xTatq4g+YG1KVOoZ5TMspkVnBdWLkogr0bP+LD7IY59EkjMkBBdy4ykkyAuKWYk1e1YkAjhERqQrpIB8olwkmy9FB4opw+9kKsTSJi5vycS5Asx9l3V6SM5FLNsYv7HurH0ak5CgyiWJMDTh7yYQRnCSVawTznBko2VQJhT9VeIh4gjLFWiugrBml15XrROylalXL2ulOoXeRxFsAf2wRGwwBmogyvQAE2AwQN4Ai/gVXvUnrU37X3aWtDymV3wp7TPb9Lknf8=</latexit>

Ra ⇠ 1019 � 1023

Re ⇠ 109 � 1011

<latexit sha1_base64="7Nx9g7NUpKuWHl2XO4W/fClYGZ8=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2BR3Fgmtd52RTcuq9gLdMaSSTNtaOZCkhHKMG/ixldx40IRcde3MW0H1NYDIT//dw7J+d2IM6ksa2TkFhaXllfyq4W19Y3NLXN7pyHDWBBaJyEPRcvFknIW0LpiitNWJCj2XU6b7uB6zJuPVEgWBvdqGFHHx72AeYxgpa2OeXYI7zC0JfMhsh4SdJkej+/ySQptu6Ah/YEZQyiFHbNolaxJwXmBMlEEWdU65pfdDUns00ARjqVsIytSToKFYoTTtGDHkkaYDHCPtrUMsE+lk0z2S+GBdrrQC4U+gYIT9/dEgn0ph76rO32s+nKWjc3/WDtW3oWTsCCKFQ3I9CEv5lCFcBwW7DJBieJDLTARTP8Vkj4WmCgdaUGHgGZXnheNcglVSqe3lWL1KosjD/bAPjgCCJyDKrgBNVAHBDyBF/AG3o1n49X4MD6nrTkjm9kFf8oYfQNDzJ4x</latexit>

Ra ⇠ 1020 � 1022

Re ⇠ 1010 � 1011

<latexit sha1_base64="FUl5kWrQF6XPYiba3sC7euMsOTc=">AAACIHicbZDLSgMxFIYz9VbH26hLN8GiuLFMSqUui25cVrEX6Iwlk6ZtaOZCkhHKMI/ixldx40IR3enTmE4H1NYDIT//dw7J+b2IM6ls+9MoLC2vrK4V182Nza3tHWt3ryXDWBDaJCEPRcfDknIW0KZiitNOJCj2PU7b3vhyytv3VEgWBrdqElHXx8OADRjBSls9q3YMbzB0JPMhsu+Sip2eZnclhY5jakh/IMohQinsWSW7bGcFFwXKRQnk1ehZH04/JLFPA0U4lrKL7Ei5CRaKEU5T04kljTAZ4yHtahlgn0o3yRZM4ZF2+nAQCn0CBTP390SCfSknvqc7faxGcp5Nzf9YN1aDczdhQRQrGpDZQ4OYQxXCaVqwzwQlik+0wEQw/VdIRlhgonSmpg4Bza+8KFqVMqqWz66rpfpFHkcRHIBDcAIQqIE6uAIN0AQEPIAn8AJejUfj2Xgz3metBSOf2Qd/yvj6BqTmnlo=</latexit>

Ra ⇠ 1020 � 1024

Re ⇠ 1010 � 1012

<latexit sha1_base64="vDSCu8xfMZLG/1QPGoGzAtwG/Bw=">AAACIHicbZBNS8MwGMfT+TbrW9Wjl+BQvDjaMZnHoRePU9wLrHWkWbaFJW1JUmGUfhQvfhUvHhTRm34as66gbj4Q8uf/ex6S5+9HjEpl259GYWl5ZXWtuG5ubG5t71i7ey0ZxgKTJg5ZKDo+koTRgDQVVYx0IkEQ9xlp++PLKW/fEyFpGNyqSUQ8joYBHVCMlLZ6Vu0Y3iDoSsqhY98lFTs9ze5qCl3X1JD8QCeHTiWFPatkl+2s4KJwclECeTV61ofbD3HMSaAwQ1J2HTtSXoKEopiR1HRjSSKEx2hIuloGiBPpJdmCKTzSTh8OQqFPoGDm/p5IEJdywn3dyZEayXk2Nf9j3VgNzr2EBlGsSIBnDw1iBlUIp2nBPhUEKzbRAmFB9V8hHiGBsNKZmjoEZ37lRdGqlJ1q+ey6Wqpf5HEUwQE4BCfAATVQB1egAZoAgwfwBF7Aq/FoPBtvxvustWDkM/vgTxlf36mynl0=</latexit>

Ro ⇠ 10�5

<latexit sha1_base64="b6X3xYT3cuRu0GleTkAh4+G9Rm4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovixpJIiy6LblxWsQ9oYplMJ+3QmUyYmQgh1F9x40IRt36IO//GSduFth64cDjnXu69J4gZVdpxvq3Cyura+kZxs7S1vbO7Z+8ftJVIJCYtLJiQ3QApwmhEWppqRrqxJIgHjHSC8XXudx6JVFRE9zqNic/RMKIhxUgbqW+XT+Cd8BTl0HUesrP6xPNKfbviVJ0p4DJx56QC5mj27S9vIHDCSaQxQ0r1XCfWfoakppiRSclLFIkRHqMh6RkaIU6Un02Pn8BjowxgKKSpSMOp+nsiQ1yplAemkyM9UoteLv7n9RIdXvoZjeJEkwjPFoUJg1rAPAk4oJJgzVJDEJbU3ArxCEmEtckrD8FdfHmZtM+rbq1av61VGlfzOIrgEByBU+CCC9AAN6AJWgCDFDyDV/BmPVkv1rv1MWstWPOZMvgD6/MHCUCTGA==</latexit>

Ro ⇠ 10�5

<latexit sha1_base64="b6X3xYT3cuRu0GleTkAh4+G9Rm4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovixpJIiy6LblxWsQ9oYplMJ+3QmUyYmQgh1F9x40IRt36IO//GSduFth64cDjnXu69J4gZVdpxvq3Cyura+kZxs7S1vbO7Z+8ftJVIJCYtLJiQ3QApwmhEWppqRrqxJIgHjHSC8XXudx6JVFRE9zqNic/RMKIhxUgbqW+XT+Cd8BTl0HUesrP6xPNKfbviVJ0p4DJx56QC5mj27S9vIHDCSaQxQ0r1XCfWfoakppiRSclLFIkRHqMh6RkaIU6Un02Pn8BjowxgKKSpSMOp+nsiQ1yplAemkyM9UoteLv7n9RIdXvoZjeJEkwjPFoUJg1rAPAk4oJJgzVJDEJbU3ArxCEmEtckrD8FdfHmZtM+rbq1av61VGlfzOIrgEByBU+CCC9AAN6AJWgCDFDyDV/BmPVkv1rv1MWstWPOZMvgD6/MHCUCTGA==</latexit>

Ro ⇠ 10�4

<latexit sha1_base64="sxyVOrOcMaTKJjRfsed7yrRiIWc=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYFHcWBKp6LLoxmUV+4Amlsl00g6dyYSZiRBC/RU3LhRx64e482+ctFlo64ELh3Pu5d57gphRpR3n21paXlldWy9tlDe3tnd27b39thKJxKSFBROyGyBFGI1IS1PNSDeWBPGAkU4wvs79ziORioroXqcx8TkaRjSkGGkj9e3KMbwTnqIcus5DdlqfeF65b1edmjMFXCRuQaqgQLNvf3kDgRNOIo0ZUqrnOrH2MyQ1xYxMyl6iSIzwGA1Jz9AIcaL8bHr8BB4ZZQBDIU1FGk7V3xMZ4kqlPDCdHOmRmvdy8T+vl+jw0s9oFCeaRHi2KEwY1ALmScABlQRrlhqCsKTmVohHSCKsTV55CO78y4ukfVZz67Xz23q1cVXEUQIH4BCcABdcgAa4AU3QAhik4Bm8gjfryXqx3q2PWeuSVcxUwB9Ynz8HuJMX</latexit>

Ro ⇠ 10�6

<latexit sha1_base64="Wi1TcYSGINMSHtxatggEC1cWNzY=">AAAB/HicbVDLTsMwEHTKq5RXoEcuFhWIC1WCyuNYwYVjQfQhNaFyXKe16tiR7SBFUfkVLhxAiCsfwo2/wWl7gJaRVhrN7Gp3J4gZVdpxvq3C0vLK6lpxvbSxubW9Y+/utZRIJCZNLJiQnQApwignTU01I51YEhQFjLSD0XXutx+JVFTwe53GxI/QgNOQYqSN1LPLR/BOeIpG0HUespPzseeVenbFqToTwEXizkgFzNDo2V9eX+AkIlxjhpTquk6s/QxJTTEj45KXKBIjPEID0jWUo4goP5scP4aHRunDUEhTXMOJ+nsiQ5FSaRSYzgjpoZr3cvE/r5vo8NLPKI8TTTieLgoTBrWAeRKwTyXBmqWGICypuRXiIZIIa5NXHoI7//IiaZ1W3Vr17LZWqV/N4iiCfXAAjoELLkAd3IAGaAIMUvAMXsGb9WS9WO/Wx7S1YM1myuAPrM8fCsiTGQ==</latexit>

Bire & Marshall  et al.  GRL2022 



Inertial Oscillations

Consider case St Ro ~ 1,  Eu << 1/Ro,  inviscid motions Re >> 1
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<latexit sha1_base64="wFYOmoxL/dvPuP8T2EZswy7ttHY=">AAACWHicbVFdS8MwFE3r5rb6VeejL8EhCOJoZaIvwtAXH6e4D1jLSLN0C6ZNSdLBKP2Tgg/6V3wx6wa6zUsCh3Pu4eaeBAmjUjnOp2HulMq7lWrN2ts/ODyyj+s9yVOBSRdzxsUgQJIwGpOuooqRQSIIigJG+sHb40Lvz4iQlMevap4QP0KTmIYUI6Wpkc29UCCceQkSiiIG0/wXqxxeLWU3z154DuEMwnvoWNDz9LE2rLN16+W6NS2scGQ3nKZTFNwG7go0wKo6I/vdG3OcRiRWmCEph66TKD9bzMGM5JaXSpIg/IYmZKhhjCIi/awIJofnmhnDkAt9YwUL9q8jQ5GU8yjQnRFSU7mpLcj/tGGqwjs/o3GSKhLj5aAw1XtzuEgZjqkgWLG5BggLqt8K8RTpPJT+C0uH4G6uvA1610231bx5bjXaD6s4quAUnIEL4IJb0AZPoAO6AIMP8G2UjLLxZQKzYtaWraax8pyAtTLrP/hhsYs=</latexit>



Inertial Oscillations

Consider case St Ro ~ 1,  Eu << 1/Ro,  inviscid motions Re >> 1

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>
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<latexit sha1_base64="wFYOmoxL/dvPuP8T2EZswy7ttHY=">AAACWHicbVFdS8MwFE3r5rb6VeejL8EhCOJoZaIvwtAXH6e4D1jLSLN0C6ZNSdLBKP2Tgg/6V3wx6wa6zUsCh3Pu4eaeBAmjUjnOp2HulMq7lWrN2ts/ODyyj+s9yVOBSRdzxsUgQJIwGpOuooqRQSIIigJG+sHb40Lvz4iQlMevap4QP0KTmIYUI6Wpkc29UCCceQkSiiIG0/wXqxxeLWU3z154DuEMwnvoWNDz9LE2rLN16+W6NS2scGQ3nKZTFNwG7go0wKo6I/vdG3OcRiRWmCEph66TKD9bzMGM5JaXSpIg/IYmZKhhjCIi/awIJofnmhnDkAt9YwUL9q8jQ5GU8yjQnRFSU7mpLcj/tGGqwjs/o3GSKhLj5aAw1XtzuEgZjqkgWLG5BggLqt8K8RTpPJT+C0uH4G6uvA1610231bx5bjXaD6s4quAUnIEL4IJb0AZPoAO6AIMP8G2UjLLxZQKzYtaWraax8pyAtTLrP/hhsYs=</latexit>
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<latexit sha1_base64="t5tQaRPk2FQyHgl+B1gH3USrfNs=">AAACH3icbVDLSgNBEJz1GeMr6tFLYxAEIeyG+LgIQS8eoxgVsmuYncwmQ2YfzPQKYdk/8eKvePGgiHjzb5yNOWi0oKGo6qa7y0+k0Gjbn9bM7Nz8wmJpqby8srq2XtnYvNZxqhhvs1jG6tanmksR8TYKlPw2UZyGvuQ3/vCs8G/uudIijq5wlHAvpP1IBIJRNFK3cuhKHiB03IQqFFR2M8QcYB/cQFGWOXl2Gd/Vc3CV6A8QPEjhBOxyt1K1a/YY8Jc4E1IlE7S6lQ+3F7M05BEySbXuOHaCXlYsZZLnZTfVPKFsSPu8Y2hEQ669bPxfDrtG6UEQK1MRwlj9OZHRUOtR6JvOkOJAT3uF+J/XSTE49jIRJSnyiH0vClIJGEMRFvSE4gzlyBDKlDC3AhtQEwyaSIsQnOmX/5Lres1p1A4uGtXm6SSOEtkmO2SPOOSINMk5aZE2YeSBPJEX8mo9Ws/Wm/X+3TpjTWa2yC9Yn19H9KEx</latexit>



Inertial Oscillations

Consider case St Ro ~ 1,  Eu << 1/Ro,  inviscid motions Re >> 1
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<latexit sha1_base64="QFhfuGfwf+JhZAiuOoJSLGL6798="></latexit>

)

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

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>
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<latexit sha1_base64="wFYOmoxL/dvPuP8T2EZswy7ttHY=">AAACWHicbVFdS8MwFE3r5rb6VeejL8EhCOJoZaIvwtAXH6e4D1jLSLN0C6ZNSdLBKP2Tgg/6V3wx6wa6zUsCh3Pu4eaeBAmjUjnOp2HulMq7lWrN2ts/ODyyj+s9yVOBSRdzxsUgQJIwGpOuooqRQSIIigJG+sHb40Lvz4iQlMevap4QP0KTmIYUI6Wpkc29UCCceQkSiiIG0/wXqxxeLWU3z154DuEMwnvoWNDz9LE2rLN16+W6NS2scGQ3nKZTFNwG7go0wKo6I/vdG3OcRiRWmCEph66TKD9bzMGM5JaXSpIg/IYmZKhhjCIi/awIJofnmhnDkAt9YwUL9q8jQ5GU8yjQnRFSU7mpLcj/tGGqwjs/o3GSKhLj5aAw1XtzuEgZjqkgWLG5BggLqt8K8RTpPJT+C0uH4G6uvA1610231bx5bjXaD6s4quAUnIEL4IJb0AZPoAO6AIMP8G2UjLLxZQKzYtaWraax8pyAtTLrP/hhsYs=</latexit>
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Inertial Oscillations

Consider case St Ro ~ 1,  Eu << 1/Ro,  inviscid motions Re >> 1
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<latexit sha1_base64="jw6C1WiEi7L1Puvbpo5Zkxa+chA="></latexit>

)

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

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>
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<latexit sha1_base64="wFYOmoxL/dvPuP8T2EZswy7ttHY=">AAACWHicbVFdS8MwFE3r5rb6VeejL8EhCOJoZaIvwtAXH6e4D1jLSLN0C6ZNSdLBKP2Tgg/6V3wx6wa6zUsCh3Pu4eaeBAmjUjnOp2HulMq7lWrN2ts/ODyyj+s9yVOBSRdzxsUgQJIwGpOuooqRQSIIigJG+sHb40Lvz4iQlMevap4QP0KTmIYUI6Wpkc29UCCceQkSiiIG0/wXqxxeLWU3z154DuEMwnvoWNDz9LE2rLN16+W6NS2scGQ3nKZTFNwG7go0wKo6I/vdG3OcRiRWmCEph66TKD9bzMGM5JaXSpIg/IYmZKhhjCIi/awIJofnmhnDkAt9YwUL9q8jQ5GU8yjQnRFSU7mpLcj/tGGqwjs/o3GSKhLj5aAw1XtzuEgZjqkgWLG5BggLqt8K8RTpPJT+C0uH4G6uvA1610231bx5bjXaD6s4quAUnIEL4IJb0AZPoAO6AIMP8G2UjLLxZQKzYtaWraax8pyAtTLrP/hhsYs=</latexit>


@tt +

1

Ro2

�
u = 0

<latexit sha1_base64="t5tQaRPk2FQyHgl+B1gH3USrfNs=">AAACH3icbVDLSgNBEJz1GeMr6tFLYxAEIeyG+LgIQS8eoxgVsmuYncwmQ2YfzPQKYdk/8eKvePGgiHjzb5yNOWi0oKGo6qa7y0+k0Gjbn9bM7Nz8wmJpqby8srq2XtnYvNZxqhhvs1jG6tanmksR8TYKlPw2UZyGvuQ3/vCs8G/uudIijq5wlHAvpP1IBIJRNFK3cuhKHiB03IQqFFR2M8QcYB/cQFGWOXl2Gd/Vc3CV6A8QPEjhBOxyt1K1a/YY8Jc4E1IlE7S6lQ+3F7M05BEySbXuOHaCXlYsZZLnZTfVPKFsSPu8Y2hEQ669bPxfDrtG6UEQK1MRwlj9OZHRUOtR6JvOkOJAT3uF+J/XSTE49jIRJSnyiH0vClIJGEMRFvSE4gzlyBDKlDC3AhtQEwyaSIsQnOmX/5Lres1p1A4uGtXm6SSOEtkmO2SPOOSINMk5aZE2YeSBPJEX8mo9Ws/Wm/X+3TpjTWa2yC9Yn19H9KEx</latexit>



Inertial Oscillations

Consider case St Ro ~ 1,  Eu << 1/Ro,  inviscid motions Re >> 1
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<latexit sha1_base64="jw6C1WiEi7L1Puvbpo5Zkxa+chA="></latexit>

)

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

Inertial oscillation:  velocities oscillate with period  Ti = ⇡/⌦

<latexit sha1_base64="nwekvR5MqBwsGcLHgyCgmdnW6sM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDC2CINREFN0IRTfurNAXNCFMppN26EwSZiZCCAU3/oHf4MaFIm79CXf9GydtF1o9cOFwzr3ce48fMyqVZY2NwsLi0vJKcbW0tr6xuWVu77RklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q+vc799T4SkUdhQaUxcjvohDShGSkueuedwpAYYsawx8ii8hE5Mj51bTvrIMytW1ZoA/iX2jFRqZefoaVxL65755fQinHASKsyQlF3bipWbIaEoZmRUchJJYoSHqE+6moaIE+lmkx9G8EArPRhEQleo4ET9OZEhLmXKfd2ZXyznvVz8z+smKrhwMxrGiSIhni4KEgZVBPNAYI8KghVLNUFYUH0rxAMkEFY6tpIOwZ5/+S9pnVTt0+rZnU7jCkxRBPugDA6BDc5BDdyAOmgCDB7AM3gFb8aj8WK8Gx/T1oIxm9kFv2B8fgMr6Joy</latexit>

u = �U sin(�Ro�1t), v = U cos(�Ro�1t) �! ud = �Ud sin(�2⌦t), vd = Ud cos(�2⌦t)

<latexit sha1_base64="GGf+/i3KcBNNXZZM9ScvoFVqo8g="></latexit>
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<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>
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<latexit sha1_base64="wFYOmoxL/dvPuP8T2EZswy7ttHY=">AAACWHicbVFdS8MwFE3r5rb6VeejL8EhCOJoZaIvwtAXH6e4D1jLSLN0C6ZNSdLBKP2Tgg/6V3wx6wa6zUsCh3Pu4eaeBAmjUjnOp2HulMq7lWrN2ts/ODyyj+s9yVOBSRdzxsUgQJIwGpOuooqRQSIIigJG+sHb40Lvz4iQlMevap4QP0KTmIYUI6Wpkc29UCCceQkSiiIG0/wXqxxeLWU3z154DuEMwnvoWNDz9LE2rLN16+W6NS2scGQ3nKZTFNwG7go0wKo6I/vdG3OcRiRWmCEph66TKD9bzMGM5JaXSpIg/IYmZKhhjCIi/awIJofnmhnDkAt9YwUL9q8jQ5GU8yjQnRFSU7mpLcj/tGGqwjs/o3GSKhLj5aAw1XtzuEgZjqkgWLG5BggLqt8K8RTpPJT+C0uH4G6uvA1610231bx5bjXaD6s4quAUnIEL4IJb0AZPoAO6AIMP8G2UjLLxZQKzYtaWraax8pyAtTLrP/hhsYs=</latexit>
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Inertial Oscillations

Consider case St Ro ~ 1,  Eu << 1/Ro,  inviscid motions Re >> 1
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<latexit sha1_base64="jw6C1WiEi7L1Puvbpo5Zkxa+chA="></latexit>

)

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

Inertial oscillation:  velocities oscillate with period  Ti = ⇡/⌦

<latexit sha1_base64="nwekvR5MqBwsGcLHgyCgmdnW6sM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDC2CINREFN0IRTfurNAXNCFMppN26EwSZiZCCAU3/oHf4MaFIm79CXf9GydtF1o9cOFwzr3ce48fMyqVZY2NwsLi0vJKcbW0tr6xuWVu77RklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q+vc799T4SkUdhQaUxcjvohDShGSkueuedwpAYYsawx8ii8hE5Mj51bTvrIMytW1ZoA/iX2jFRqZefoaVxL65755fQinHASKsyQlF3bipWbIaEoZmRUchJJYoSHqE+6moaIE+lmkx9G8EArPRhEQleo4ET9OZEhLmXKfd2ZXyznvVz8z+smKrhwMxrGiSIhni4KEgZVBPNAYI8KghVLNUFYUH0rxAMkEFY6tpIOwZ5/+S9pnVTt0+rZnU7jCkxRBPugDA6BDc5BDdyAOmgCDB7AM3gFb8aj8WK8Gx/T1oIxm9kFv2B8fgMr6Joy</latexit>

u = �U sin(�Ro�1t), v = U cos(�Ro�1t) �! ud = �Ud sin(�2⌦t), vd = Ud cos(�2⌦t)

<latexit sha1_base64="GGf+/i3KcBNNXZZM9ScvoFVqo8g="></latexit>

Inertial circles: fluid parcels trace a circle of radius       in one inertial periodRi

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>
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<latexit sha1_base64="wFYOmoxL/dvPuP8T2EZswy7ttHY=">AAACWHicbVFdS8MwFE3r5rb6VeejL8EhCOJoZaIvwtAXH6e4D1jLSLN0C6ZNSdLBKP2Tgg/6V3wx6wa6zUsCh3Pu4eaeBAmjUjnOp2HulMq7lWrN2ts/ODyyj+s9yVOBSRdzxsUgQJIwGpOuooqRQSIIigJG+sHb40Lvz4iQlMevap4QP0KTmIYUI6Wpkc29UCCceQkSiiIG0/wXqxxeLWU3z154DuEMwnvoWNDz9LE2rLN16+W6NS2scGQ3nKZTFNwG7go0wKo6I/vdG3OcRiRWmCEph66TKD9bzMGM5JaXSpIg/IYmZKhhjCIi/awIJofnmhnDkAt9YwUL9q8jQ5GU8yjQnRFSU7mpLcj/tGGqwjs/o3GSKhLj5aAw1XtzuEgZjqkgWLG5BggLqt8K8RTpPJT+C0uH4G6uvA1610231bx5bjXaD6s4quAUnIEL4IJb0AZPoAO6AIMP8G2UjLLxZQKzYtaWraax8pyAtTLrP/hhsYs=</latexit>
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<latexit sha1_base64="t5tQaRPk2FQyHgl+B1gH3USrfNs=">AAACH3icbVDLSgNBEJz1GeMr6tFLYxAEIeyG+LgIQS8eoxgVsmuYncwmQ2YfzPQKYdk/8eKvePGgiHjzb5yNOWi0oKGo6qa7y0+k0Gjbn9bM7Nz8wmJpqby8srq2XtnYvNZxqhhvs1jG6tanmksR8TYKlPw2UZyGvuQ3/vCs8G/uudIijq5wlHAvpP1IBIJRNFK3cuhKHiB03IQqFFR2M8QcYB/cQFGWOXl2Gd/Vc3CV6A8QPEjhBOxyt1K1a/YY8Jc4E1IlE7S6lQ+3F7M05BEySbXuOHaCXlYsZZLnZTfVPKFsSPu8Y2hEQ669bPxfDrtG6UEQK1MRwlj9OZHRUOtR6JvOkOJAT3uF+J/XSTE49jIRJSnyiH0vClIJGEMRFvSE4gzlyBDKlDC3AhtQEwyaSIsQnOmX/5Lres1p1A4uGtXm6SSOEtkmO2SPOOSINMk5aZE2YeSBPJEX8mo9Ws/Wm/X+3TpjTWa2yC9Yn19H9KEx</latexit>



Inertial Oscillations

Consider case St Ro ~ 1,  Eu << 1/Ro,  inviscid motions Re >> 1
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<latexit sha1_base64="jw6C1WiEi7L1Puvbpo5Zkxa+chA="></latexit>

)

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

Inertial oscillation:  velocities oscillate with period  Ti = ⇡/⌦

<latexit sha1_base64="nwekvR5MqBwsGcLHgyCgmdnW6sM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDC2CINREFN0IRTfurNAXNCFMppN26EwSZiZCCAU3/oHf4MaFIm79CXf9GydtF1o9cOFwzr3ce48fMyqVZY2NwsLi0vJKcbW0tr6xuWVu77RklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q+vc799T4SkUdhQaUxcjvohDShGSkueuedwpAYYsawx8ii8hE5Mj51bTvrIMytW1ZoA/iX2jFRqZefoaVxL65755fQinHASKsyQlF3bipWbIaEoZmRUchJJYoSHqE+6moaIE+lmkx9G8EArPRhEQleo4ET9OZEhLmXKfd2ZXyznvVz8z+smKrhwMxrGiSIhni4KEgZVBPNAYI8KghVLNUFYUH0rxAMkEFY6tpIOwZ5/+S9pnVTt0+rZnU7jCkxRBPugDA6BDc5BDdyAOmgCDB7AM3gFb8aj8WK8Gx/T1oIxm9kFv2B8fgMr6Joy</latexit>

u = �U sin(�Ro�1t), v = U cos(�Ro�1t) �! ud = �Ud sin(�2⌦t), vd = Ud cos(�2⌦t)

<latexit sha1_base64="GGf+/i3KcBNNXZZM9ScvoFVqo8g="></latexit>

Inertial circles: fluid parcels trace a circle of radius       in one inertial periodRi
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<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>
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<latexit sha1_base64="wFYOmoxL/dvPuP8T2EZswy7ttHY=">AAACWHicbVFdS8MwFE3r5rb6VeejL8EhCOJoZaIvwtAXH6e4D1jLSLN0C6ZNSdLBKP2Tgg/6V3wx6wa6zUsCh3Pu4eaeBAmjUjnOp2HulMq7lWrN2ts/ODyyj+s9yVOBSRdzxsUgQJIwGpOuooqRQSIIigJG+sHb40Lvz4iQlMevap4QP0KTmIYUI6Wpkc29UCCceQkSiiIG0/wXqxxeLWU3z154DuEMwnvoWNDz9LE2rLN16+W6NS2scGQ3nKZTFNwG7go0wKo6I/vdG3OcRiRWmCEph66TKD9bzMGM5JaXSpIg/IYmZKhhjCIi/awIJofnmhnDkAt9YwUL9q8jQ5GU8yjQnRFSU7mpLcj/tGGqwjs/o3GSKhLj5aAw1XtzuEgZjqkgWLG5BggLqt8K8RTpPJT+C0uH4G6uvA1610231bx5bjXaD6s4quAUnIEL4IJb0AZPoAO6AIMP8G2UjLLxZQKzYtaWraax8pyAtTLrP/hhsYs=</latexit>
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<latexit sha1_base64="t5tQaRPk2FQyHgl+B1gH3USrfNs=">AAACH3icbVDLSgNBEJz1GeMr6tFLYxAEIeyG+LgIQS8eoxgVsmuYncwmQ2YfzPQKYdk/8eKvePGgiHjzb5yNOWi0oKGo6qa7y0+k0Gjbn9bM7Nz8wmJpqby8srq2XtnYvNZxqhhvs1jG6tanmksR8TYKlPw2UZyGvuQ3/vCs8G/uudIijq5wlHAvpP1IBIJRNFK3cuhKHiB03IQqFFR2M8QcYB/cQFGWOXl2Gd/Vc3CV6A8QPEjhBOxyt1K1a/YY8Jc4E1IlE7S6lQ+3F7M05BEySbXuOHaCXlYsZZLnZTfVPKFsSPu8Y2hEQ669bPxfDrtG6UEQK1MRwlj9OZHRUOtR6JvOkOJAT3uF+J/XSTE49jIRJSnyiH0vClIJGEMRFvSE4gzlyBDKlDC3AhtQEwyaSIsQnOmX/5Lres1p1A4uGtXm6SSOEtkmO2SPOOSINMk5aZE2YeSBPJEX8mo9Ws/Wm/X+3TpjTWa2yC9Yn19H9KEx</latexit>



Inertial Oscillations

Consider case St Ro ~ 1,  Eu << 1/Ro,  inviscid motions Re >> 1
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<latexit sha1_base64="jw6C1WiEi7L1Puvbpo5Zkxa+chA="></latexit>

)

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

Inertial oscillation:  velocities oscillate with period  Ti = ⇡/⌦

<latexit sha1_base64="nwekvR5MqBwsGcLHgyCgmdnW6sM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDC2CINREFN0IRTfurNAXNCFMppN26EwSZiZCCAU3/oHf4MaFIm79CXf9GydtF1o9cOFwzr3ce48fMyqVZY2NwsLi0vJKcbW0tr6xuWVu77RklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q+vc799T4SkUdhQaUxcjvohDShGSkueuedwpAYYsawx8ii8hE5Mj51bTvrIMytW1ZoA/iX2jFRqZefoaVxL65755fQinHASKsyQlF3bipWbIaEoZmRUchJJYoSHqE+6moaIE+lmkx9G8EArPRhEQleo4ET9OZEhLmXKfd2ZXyznvVz8z+smKrhwMxrGiSIhni4KEgZVBPNAYI8KghVLNUFYUH0rxAMkEFY6tpIOwZ5/+S9pnVTt0+rZnU7jCkxRBPugDA6BDc5BDdyAOmgCDB7AM3gFb8aj8WK8Gx/T1oIxm9kFv2B8fgMr6Joy</latexit>

u = �U sin(�Ro�1t), v = U cos(�Ro�1t) �! ud = �Ud sin(�2⌦t), vd = Ud cos(�2⌦t)

<latexit sha1_base64="GGf+/i3KcBNNXZZM9ScvoFVqo8g="></latexit>

Inertial circles: fluid parcels trace a circle of radius       in one inertial periodRi

DX?
Dt

= u?, X? = X0?

X =
Ud

2⌦
(1� cos(�2⌦t) +X0

Y = �
Ud

2⌦
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<latexit sha1_base64="v+hmQZ0GYpmXEE2RDsUCJbHJJ8c="></latexit>

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>
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<latexit sha1_base64="wFYOmoxL/dvPuP8T2EZswy7ttHY=">AAACWHicbVFdS8MwFE3r5rb6VeejL8EhCOJoZaIvwtAXH6e4D1jLSLN0C6ZNSdLBKP2Tgg/6V3wx6wa6zUsCh3Pu4eaeBAmjUjnOp2HulMq7lWrN2ts/ODyyj+s9yVOBSRdzxsUgQJIwGpOuooqRQSIIigJG+sHb40Lvz4iQlMevap4QP0KTmIYUI6Wpkc29UCCceQkSiiIG0/wXqxxeLWU3z154DuEMwnvoWNDz9LE2rLN16+W6NS2scGQ3nKZTFNwG7go0wKo6I/vdG3OcRiRWmCEph66TKD9bzMGM5JaXSpIg/IYmZKhhjCIi/awIJofnmhnDkAt9YwUL9q8jQ5GU8yjQnRFSU7mpLcj/tGGqwjs/o3GSKhLj5aAw1XtzuEgZjqkgWLG5BggLqt8K8RTpPJT+C0uH4G6uvA1610231bx5bjXaD6s4quAUnIEL4IJb0AZPoAO6AIMP8G2UjLLxZQKzYtaWraax8pyAtTLrP/hhsYs=</latexit>
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<latexit sha1_base64="t5tQaRPk2FQyHgl+B1gH3USrfNs=">AAACH3icbVDLSgNBEJz1GeMr6tFLYxAEIeyG+LgIQS8eoxgVsmuYncwmQ2YfzPQKYdk/8eKvePGgiHjzb5yNOWi0oKGo6qa7y0+k0Gjbn9bM7Nz8wmJpqby8srq2XtnYvNZxqhhvs1jG6tanmksR8TYKlPw2UZyGvuQ3/vCs8G/uudIijq5wlHAvpP1IBIJRNFK3cuhKHiB03IQqFFR2M8QcYB/cQFGWOXl2Gd/Vc3CV6A8QPEjhBOxyt1K1a/YY8Jc4E1IlE7S6lQ+3F7M05BEySbXuOHaCXlYsZZLnZTfVPKFsSPu8Y2hEQ669bPxfDrtG6UEQK1MRwlj9OZHRUOtR6JvOkOJAT3uF+J/XSTE49jIRJSnyiH0vClIJGEMRFvSE4gzlyBDKlDC3AhtQEwyaSIsQnOmX/5Lres1p1A4uGtXm6SSOEtkmO2SPOOSINMk5aZE2YeSBPJEX8mo9Ws/Wm/X+3TpjTWa2yC9Yn19H9KEx</latexit>



Inertial Oscillations

Consider case St Ro ~ 1,  Eu << 1/Ro,  inviscid motions Re >> 1
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<latexit sha1_base64="jw6C1WiEi7L1Puvbpo5Zkxa+chA="></latexit>

)

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

Inertial oscillation:  velocities oscillate with period  Ti = ⇡/⌦

<latexit sha1_base64="nwekvR5MqBwsGcLHgyCgmdnW6sM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDC2CINREFN0IRTfurNAXNCFMppN26EwSZiZCCAU3/oHf4MaFIm79CXf9GydtF1o9cOFwzr3ce48fMyqVZY2NwsLi0vJKcbW0tr6xuWVu77RklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q+vc799T4SkUdhQaUxcjvohDShGSkueuedwpAYYsawx8ii8hE5Mj51bTvrIMytW1ZoA/iX2jFRqZefoaVxL65755fQinHASKsyQlF3bipWbIaEoZmRUchJJYoSHqE+6moaIE+lmkx9G8EArPRhEQleo4ET9OZEhLmXKfd2ZXyznvVz8z+smKrhwMxrGiSIhni4KEgZVBPNAYI8KghVLNUFYUH0rxAMkEFY6tpIOwZ5/+S9pnVTt0+rZnU7jCkxRBPugDA6BDc5BDdyAOmgCDB7AM3gFb8aj8WK8Gx/T1oIxm9kFv2B8fgMr6Joy</latexit>

u = �U sin(�Ro�1t), v = U cos(�Ro�1t) �! ud = �Ud sin(�2⌦t), vd = Ud cos(�2⌦t)

<latexit sha1_base64="GGf+/i3KcBNNXZZM9ScvoFVqo8g="></latexit>

Inertial circles: fluid parcels trace a circle of radius       in one inertial periodRi

DX?
Dt

= u?, X? = X0?

X =
Ud

2⌦
(1� cos(�2⌦t) +X0

Y = �
Ud

2⌦
sin(�2⌦t) + Y0

<latexit sha1_base64="v+hmQZ0GYpmXEE2RDsUCJbHJJ8c="></latexit>

)

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

@u

@t
� 1

Ro
v = 0

@v

@t
+

1

Ro
u = 0

<latexit sha1_base64="wFYOmoxL/dvPuP8T2EZswy7ttHY=">AAACWHicbVFdS8MwFE3r5rb6VeejL8EhCOJoZaIvwtAXH6e4D1jLSLN0C6ZNSdLBKP2Tgg/6V3wx6wa6zUsCh3Pu4eaeBAmjUjnOp2HulMq7lWrN2ts/ODyyj+s9yVOBSRdzxsUgQJIwGpOuooqRQSIIigJG+sHb40Lvz4iQlMevap4QP0KTmIYUI6Wpkc29UCCceQkSiiIG0/wXqxxeLWU3z154DuEMwnvoWNDz9LE2rLN16+W6NS2scGQ3nKZTFNwG7go0wKo6I/vdG3OcRiRWmCEph66TKD9bzMGM5JaXSpIg/IYmZKhhjCIi/awIJofnmhnDkAt9YwUL9q8jQ5GU8yjQnRFSU7mpLcj/tGGqwjs/o3GSKhLj5aAw1XtzuEgZjqkgWLG5BggLqt8K8RTpPJT+C0uH4G6uvA1610231bx5bjXaD6s4quAUnIEL4IJb0AZPoAO6AIMP8G2UjLLxZQKzYtaWraax8pyAtTLrP/hhsYs=</latexit>


@tt +

1

Ro2

�
u = 0

<latexit sha1_base64="t5tQaRPk2FQyHgl+B1gH3USrfNs=">AAACH3icbVDLSgNBEJz1GeMr6tFLYxAEIeyG+LgIQS8eoxgVsmuYncwmQ2YfzPQKYdk/8eKvePGgiHjzb5yNOWi0oKGo6qa7y0+k0Gjbn9bM7Nz8wmJpqby8srq2XtnYvNZxqhhvs1jG6tanmksR8TYKlPw2UZyGvuQ3/vCs8G/uudIijq5wlHAvpP1IBIJRNFK3cuhKHiB03IQqFFR2M8QcYB/cQFGWOXl2Gd/Vc3CV6A8QPEjhBOxyt1K1a/YY8Jc4E1IlE7S6lQ+3F7M05BEySbXuOHaCXlYsZZLnZTfVPKFsSPu8Y2hEQ669bPxfDrtG6UEQK1MRwlj9OZHRUOtR6JvOkOJAT3uF+J/XSTE49jIRJSnyiH0vClIJGEMRFvSE4gzlyBDKlDC3AhtQEwyaSIsQnOmX/5Lres1p1A4uGtXm6SSOEtkmO2SPOOSINMk5aZE2YeSBPJEX8mo9Ws/Wm/X+3TpjTWa2yC9Yn19H9KEx</latexit>



Inertial Oscillations; Oceanic Example 

Horizontal velocity profiles taken a half inertial period apart are near mirror-images of each other suggesting 
flows are dominated by inertial motions

Half the energy variance in the IW band is explained by inertial motions in the upper ocean (Ferrari & 
Wunsch. Ann. Rev. Fluid Mech 2008).



Inertial Waves

@tu +
1

Ro
bz ⇥ u ⇡ �Eurp

r · u = 0

Consider case  Eu ~ 1/Ro (incorporate mass cons) & inviscid motions (Re >>1), ⌦̂ ⇠ ẑ

<latexit sha1_base64="2ZYeGPkDuqWW6JFHG9GZBZYDP0Q=">AAACGnicbVDLSsNAFJ34rPEVdelmsAiuSiKKbsSiG3dWsA9oQplMJu3QmSTMTIQa8h1u3PkdblxYxJ0I4t84abvQ1gPDHM65l3vv8RNGpbLtb2NufmFxabm0Yq6urW9sWlvbDRmnApM6jlksWj6ShNGI1BVVjLQSQRD3GWn6/cvCb94RIWkc3apBQjyOuhENKUZKSx3Lcf2YBXLA9Ze5PaSge81JF+XQlZTDGfc+71hlu2KPAGeJMyHl86F5ljx9mbWO9eEGMU45iRRmSMq2YyfKy5BQFDOSm24qSYJwH3VJW9MIcSK9bHRaDve1EsAwFvpFCo7U3x0Z4rLYT1dypHpy2ivE/7x2qsJTL6NRkioS4fGgMGVQxbDICQZUEKzYQBOEBdW7QtxDAmGl0zR1CM70ybOkcVhxjirHN3a5egHGKIFdsAcOgANOQBVcgRqoAwwewDN4BUPj0Xgx3oz3cemcMenZAX9gfP4A30+lBg==</latexit>



Inertial Waves

@tu +
1

Ro
bz ⇥ u ⇡ �Eurp

r · u = 0

Consider plane waves thru the normal mode assumption: wavenumber    , frequency k

<latexit sha1_base64="fC4NNlvbDPJroEQ19qF2MhTIWGg=">AAAB9XicbVC7TsMwFL3hWcKrwMhiUSExVQkCwYKoYGEsEn1Ibagcx2mtOnFkO6Aq6n+wMPAQK5/BzoL4G5y2A7QcyfLROffKx8dPOFPacb6tufmFxaXlwoq9ura+sVnc2q4rkUpCa0RwIZs+VpSzmNY005w2E0lx5HPa8PuXud+4o1IxEd/oQUK9CHdjFjKCtZFu277ggRpE5sr6w06x5JSdEdAscSekdP5hnyUvX3a1U/xsB4KkEY014Viplusk2suw1IxwOrTbqaIJJn3cpS1DYxxR5WWj1EO0b5QAhUKaE2s0Un9vZDhSeTQzGWHdU9NeLv7ntVIdnnoZi5NU05iMHwpTjrRAeQUoYJISzQeGYCKZyYpID0tMtCnKNiW401+eJfXDsntUPr52SpULGKMAu7AHB+DCCVTgCqpQAwISHuAJnq1769F6td7Go3PWZGcH/sB6/wGhqpZB</latexit>

!

<latexit sha1_base64="ie/kWgPEbtAvRhh8ETtYZs+6Wz0=">AAAB/HicbVDNS8MwHE39nPWruqOX4BA8jVYUvYhDLx4nuA/YykjTdAtLmpKkQinzX/GgB0W8+i949yL+N6bbDrr5IOTx3u9HXl6QMKq0635bC4tLyyurpTV7fWNza9vZ2W0qkUpMGlgwIdsBUoTRmDQ01Yy0E0kQDxhpBcOrwm/dEamoiG91lhCfo35MI4qRNlLPKXcDwUKVcXPlXcFJH416TsWtumPAeeJNSeXiwz5PHr/ses/57IYCp5zEGjOkVMdzE+3nSGqKGRnZ3VSRBOEh6pOOoTHiRPn5OPwIHhglhJGQ5sQajtXfGzniqshnJjnSAzXrFeJ/XifV0Zmf0zhJNYnx5KEoZVALWDQBQyoJ1iwzBGFJTVaIB0girE1ftinBm/3yPGkeVb3j6smNW6ldgglKYA/sg0PggVNQA9egDhoAgww8gGfwYt1bT9ar9TYZXbCmO2XwB9b7D/NJmJ4=</latexit>

v / ei(k·x��!t), k · u = 0, k = (k?, kz) = |k|(cos�, sin�)

<latexit sha1_base64="g0e3WJvWnKi1wqE8bWE1x1Jd5cI="></latexit>

Consider case  Eu ~ 1/Ro (incorporate mass cons) & inviscid motions (Re >>1), ⌦̂ ⇠ ẑ

<latexit sha1_base64="2ZYeGPkDuqWW6JFHG9GZBZYDP0Q=">AAACGnicbVDLSsNAFJ34rPEVdelmsAiuSiKKbsSiG3dWsA9oQplMJu3QmSTMTIQa8h1u3PkdblxYxJ0I4t84abvQ1gPDHM65l3vv8RNGpbLtb2NufmFxabm0Yq6urW9sWlvbDRmnApM6jlksWj6ShNGI1BVVjLQSQRD3GWn6/cvCb94RIWkc3apBQjyOuhENKUZKSx3Lcf2YBXLA9Ze5PaSge81JF+XQlZTDGfc+71hlu2KPAGeJMyHl86F5ljx9mbWO9eEGMU45iRRmSMq2YyfKy5BQFDOSm24qSYJwH3VJW9MIcSK9bHRaDve1EsAwFvpFCo7U3x0Z4rLYT1dypHpy2ivE/7x2qsJTL6NRkioS4fGgMGVQxbDICQZUEKzYQBOEBdW7QtxDAmGl0zR1CM70ybOkcVhxjirHN3a5egHGKIFdsAcOgANOQBVcgRqoAwwewDN4BUPj0Xgx3oz3cemcMenZAX9gfP4A30+lBg==</latexit>



Inertial Waves

@tu +
1

Ro
bz ⇥ u ⇡ �Eurp

r · u = 0

Eliminate pressure term:              ,r⇥ r⇥r⇥

<latexit sha1_base64="1m6X+DzpfNiM9PvdmGI0VAGTbw8=">AAACIHicbVDLSgNBEJz1mcTXqkcvg0HwIGFXlHgMevEYwTwwG0LvZJIMmZ3dzMyKYcmHePDiD/gRXjwoojf9GZ08DiaxoKGo6qa7y484U9pxvqyFxaXlldVUOrO2vrG5ZW/vlFUYS0JLJOShrPqgKGeCljTTnFYjSSHwOa343YuhX7mlUrFQXOt+ROsBtAVrMQLaSA07n3gCfA6eZgFVA+xh7B2Z6vViaOIpc6qxYWednDMCnifuhGQL6ej+5unup9iwP71mSOKACk04KFVznUjXE5CaEU4HGS9WNALShTatGSrAbKknowcH+MAoTdwKpSmh8Uj9O5FAoFQ/8E1nALqjZr2h+J9Xi3XrrJ4wEcWaCjJe1Io51iEepoWbTFKied8QIJKZWzHpgASiTaYZE4I7+/I8KR/n3JPc6ZVJ4xyNkUJ7aB8dIhflUQFdoiIqIYIe0DN6RW/Wo/VivVsf49YFazKzi6Zgff8C79GnOw==</latexit>

⇣ = r⇥ u

<latexit sha1_base64="MS6ZT/Xy24PEGENXC84ar5cBGoQ=">AAACGXicbVDLSgNBEJyNrxhfUY9eBoPgKexKRC9C0IvHCOYB2RB6J5NkyOzsMtMrxCW/4cVf8eJBEY968m+cPA4xsWGYoqqa7q4glsKg6/44mZXVtfWN7GZua3tndy+/f1AzUaIZr7JIRroRgOFSKF5FgZI3Ys0hDCSvB4ObsV5/4NqISN3jMOatEHpKdAUDtFQ771I/iGTHDEP7pf4jRxjRK+orCCT4KEJu5g3JqJ0vuEV3UnQZeDNQILOqtPNffidiScgVMgnGND03xlYKGgWTfJTzE8NjYAPo8aaFCuzIVjq5bERPLNOh3Ujbp5BO2PmOFEIzXs06Q8C+WdTG5H9aM8HuZSsVKk6QKzYd1E0kxYiOY6IdoTlDObQAmBZ2V8r6oIGhDTNnQ/AWT14GtbOiVyqe35UK5etZHFlyRI7JKfHIBSmTW1IhVcLIE3khb+TdeXZenQ/nc2rNOLOeQ/KnnO9fFfGhow==</latexit>

Vorticity 

v / ei(k·x��!t), k · u = 0, k = (k?, kz) = |k|(cos�, sin�)

<latexit sha1_base64="g0e3WJvWnKi1wqE8bWE1x1Jd5cI="></latexit>

Consider case  Eu ~ 1/Ro (incorporate mass cons) & inviscid motions (Re >>1), ⌦̂ ⇠ ẑ

<latexit sha1_base64="2ZYeGPkDuqWW6JFHG9GZBZYDP0Q=">AAACGnicbVDLSsNAFJ34rPEVdelmsAiuSiKKbsSiG3dWsA9oQplMJu3QmSTMTIQa8h1u3PkdblxYxJ0I4t84abvQ1gPDHM65l3vv8RNGpbLtb2NufmFxabm0Yq6urW9sWlvbDRmnApM6jlksWj6ShNGI1BVVjLQSQRD3GWn6/cvCb94RIWkc3apBQjyOuhENKUZKSx3Lcf2YBXLA9Ze5PaSge81JF+XQlZTDGfc+71hlu2KPAGeJMyHl86F5ljx9mbWO9eEGMU45iRRmSMq2YyfKy5BQFDOSm24qSYJwH3VJW9MIcSK9bHRaDve1EsAwFvpFCo7U3x0Z4rLYT1dypHpy2ivE/7x2qsJTL6NRkioS4fGgMGVQxbDICQZUEKzYQBOEBdW7QtxDAmGl0zR1CM70ybOkcVhxjirHN3a5egHGKIFdsAcOgANOQBVcgRqoAwwewDN4BUPj0Xgx3oz3cemcMenZAX9gfP4A30+lBg==</latexit>

Consider plane waves thru the normal mode assumption: wavenumber    , frequency k

<latexit sha1_base64="fC4NNlvbDPJroEQ19qF2MhTIWGg=">AAAB9XicbVC7TsMwFL3hWcKrwMhiUSExVQkCwYKoYGEsEn1Ibagcx2mtOnFkO6Aq6n+wMPAQK5/BzoL4G5y2A7QcyfLROffKx8dPOFPacb6tufmFxaXlwoq9ura+sVnc2q4rkUpCa0RwIZs+VpSzmNY005w2E0lx5HPa8PuXud+4o1IxEd/oQUK9CHdjFjKCtZFu277ggRpE5sr6w06x5JSdEdAscSekdP5hnyUvX3a1U/xsB4KkEY014Viplusk2suw1IxwOrTbqaIJJn3cpS1DYxxR5WWj1EO0b5QAhUKaE2s0Un9vZDhSeTQzGWHdU9NeLv7ntVIdnnoZi5NU05iMHwpTjrRAeQUoYJISzQeGYCKZyYpID0tMtCnKNiW401+eJfXDsntUPr52SpULGKMAu7AHB+DCCVTgCqpQAwISHuAJnq1769F6td7Go3PWZGcH/sB6/wGhqpZB</latexit>

!

<latexit sha1_base64="ie/kWgPEbtAvRhh8ETtYZs+6Wz0=">AAAB/HicbVDNS8MwHE39nPWruqOX4BA8jVYUvYhDLx4nuA/YykjTdAtLmpKkQinzX/GgB0W8+i949yL+N6bbDrr5IOTx3u9HXl6QMKq0635bC4tLyyurpTV7fWNza9vZ2W0qkUpMGlgwIdsBUoTRmDQ01Yy0E0kQDxhpBcOrwm/dEamoiG91lhCfo35MI4qRNlLPKXcDwUKVcXPlXcFJH416TsWtumPAeeJNSeXiwz5PHr/ses/57IYCp5zEGjOkVMdzE+3nSGqKGRnZ3VSRBOEh6pOOoTHiRPn5OPwIHhglhJGQ5sQajtXfGzniqshnJjnSAzXrFeJ/XifV0Zmf0zhJNYnx5KEoZVALWDQBQyoJ1iwzBGFJTVaIB0girE1ftinBm/3yPGkeVb3j6smNW6ldgglKYA/sg0PggVNQA9egDhoAgww8gGfwYt1bT9ar9TYZXbCmO2XwB9b7D/NJmJ4=</latexit>



Inertial Waves
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<latexit sha1_base64="Hy48pyEm4gSLS8brsg/rT599hp0="></latexit>

v / ei(k·x��!t), k · u = 0, k = (k?, kz) = |k|(cos�, sin�)

<latexit sha1_base64="g0e3WJvWnKi1wqE8bWE1x1Jd5cI="></latexit>

Consider case  Eu ~ 1/Ro (incorporate mass cons) & inviscid motions (Re >>1), ⌦̂ ⇠ ẑ

<latexit sha1_base64="2ZYeGPkDuqWW6JFHG9GZBZYDP0Q=">AAACGnicbVDLSsNAFJ34rPEVdelmsAiuSiKKbsSiG3dWsA9oQplMJu3QmSTMTIQa8h1u3PkdblxYxJ0I4t84abvQ1gPDHM65l3vv8RNGpbLtb2NufmFxabm0Yq6urW9sWlvbDRmnApM6jlksWj6ShNGI1BVVjLQSQRD3GWn6/cvCb94RIWkc3apBQjyOuhENKUZKSx3Lcf2YBXLA9Ze5PaSge81JF+XQlZTDGfc+71hlu2KPAGeJMyHl86F5ljx9mbWO9eEGMU45iRRmSMq2YyfKy5BQFDOSm24qSYJwH3VJW9MIcSK9bHRaDve1EsAwFvpFCo7U3x0Z4rLYT1dypHpy2ivE/7x2qsJTL6NRkioS4fGgMGVQxbDICQZUEKzYQBOEBdW7QtxDAmGl0zR1CM70ybOkcVhxjirHN3a5egHGKIFdsAcOgANOQBVcgRqoAwwewDN4BUPj0Xgx3oz3cemcMenZAX9gfP4A30+lBg==</latexit>

Consider plane waves thru the normal mode assumption: wavenumber    , frequency k

<latexit sha1_base64="fC4NNlvbDPJroEQ19qF2MhTIWGg=">AAAB9XicbVC7TsMwFL3hWcKrwMhiUSExVQkCwYKoYGEsEn1Ibagcx2mtOnFkO6Aq6n+wMPAQK5/BzoL4G5y2A7QcyfLROffKx8dPOFPacb6tufmFxaXlwoq9ura+sVnc2q4rkUpCa0RwIZs+VpSzmNY005w2E0lx5HPa8PuXud+4o1IxEd/oQUK9CHdjFjKCtZFu277ggRpE5sr6w06x5JSdEdAscSekdP5hnyUvX3a1U/xsB4KkEY014Viplusk2suw1IxwOrTbqaIJJn3cpS1DYxxR5WWj1EO0b5QAhUKaE2s0Un9vZDhSeTQzGWHdU9NeLv7ntVIdnnoZi5NU05iMHwpTjrRAeQUoYJISzQeGYCKZyYpID0tMtCnKNiW401+eJfXDsntUPr52SpULGKMAu7AHB+DCCVTgCqpQAwISHuAJnq1769F6td7Go3PWZGcH/sB6/wGhqpZB</latexit>

!

<latexit sha1_base64="ie/kWgPEbtAvRhh8ETtYZs+6Wz0=">AAAB/HicbVDNS8MwHE39nPWruqOX4BA8jVYUvYhDLx4nuA/YykjTdAtLmpKkQinzX/GgB0W8+i949yL+N6bbDrr5IOTx3u9HXl6QMKq0635bC4tLyyurpTV7fWNza9vZ2W0qkUpMGlgwIdsBUoTRmDQ01Yy0E0kQDxhpBcOrwm/dEamoiG91lhCfo35MI4qRNlLPKXcDwUKVcXPlXcFJH416TsWtumPAeeJNSeXiwz5PHr/ses/57IYCp5zEGjOkVMdzE+3nSGqKGRnZ3VSRBOEh6pOOoTHiRPn5OPwIHhglhJGQ5sQajtXfGzniqshnJjnSAzXrFeJ/XifV0Zmf0zhJNYnx5KEoZVALWDQBQyoJ1iwzBGFJTVaIB0girE1ftinBm/3yPGkeVb3j6smNW6ldgglKYA/sg0PggVNQA9egDhoAgww8gGfwYt1bT9ar9TYZXbCmO2XwB9b7D/NJmJ4=</latexit>

Eliminate pressure term:              ,r⇥ r⇥r⇥

<latexit sha1_base64="1m6X+DzpfNiM9PvdmGI0VAGTbw8=">AAACIHicbVDLSgNBEJz1mcTXqkcvg0HwIGFXlHgMevEYwTwwG0LvZJIMmZ3dzMyKYcmHePDiD/gRXjwoojf9GZ08DiaxoKGo6qa7y484U9pxvqyFxaXlldVUOrO2vrG5ZW/vlFUYS0JLJOShrPqgKGeCljTTnFYjSSHwOa343YuhX7mlUrFQXOt+ROsBtAVrMQLaSA07n3gCfA6eZgFVA+xh7B2Z6vViaOIpc6qxYWednDMCnifuhGQL6ej+5unup9iwP71mSOKACk04KFVznUjXE5CaEU4HGS9WNALShTatGSrAbKknowcH+MAoTdwKpSmh8Uj9O5FAoFQ/8E1nALqjZr2h+J9Xi3XrrJ4wEcWaCjJe1Io51iEepoWbTFKied8QIJKZWzHpgASiTaYZE4I7+/I8KR/n3JPc6ZVJ4xyNkUJ7aB8dIhflUQFdoiIqIYIe0DN6RW/Wo/VivVsf49YFazKzi6Zgff8C79GnOw==</latexit>

Vorticity: ⇣ = r⇥ u

<latexit sha1_base64="MS6ZT/Xy24PEGENXC84ar5cBGoQ=">AAACGXicbVDLSgNBEJyNrxhfUY9eBoPgKexKRC9C0IvHCOYB2RB6J5NkyOzsMtMrxCW/4cVf8eJBEY968m+cPA4xsWGYoqqa7q4glsKg6/44mZXVtfWN7GZua3tndy+/f1AzUaIZr7JIRroRgOFSKF5FgZI3Ys0hDCSvB4ObsV5/4NqISN3jMOatEHpKdAUDtFQ771I/iGTHDEP7pf4jRxjRK+orCCT4KEJu5g3JqJ0vuEV3UnQZeDNQILOqtPNffidiScgVMgnGND03xlYKGgWTfJTzE8NjYAPo8aaFCuzIVjq5bERPLNOh3Ujbp5BO2PmOFEIzXs06Q8C+WdTG5H9aM8HuZSsVKk6QKzYd1E0kxYiOY6IdoTlDObQAmBZ2V8r6oIGhDTNnQ/AWT14GtbOiVyqe35UK5etZHFlyRI7JKfHIBSmTW1IhVcLIE3khb+TdeXZenQ/nc2rNOLOeQ/KnnO9fFfGhow==</latexit>
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<latexit sha1_base64="Hy48pyEm4gSLS8brsg/rT599hp0="></latexit>
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�
u = 0

<latexit sha1_base64="PkMRSpOTMTdrpuKNjhuWeuPr/do="></latexit>

=)

<latexit sha1_base64="yuJGccif+nJ405oSoSSU2xvM6y4=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+xdluztHrtzSgz5JTYWitj6U+z8N26SKzTxwcDjvRlm5oWp4AY879sprKyurW8UN0tb2zu7ZXdvv2lUpilrUCWUbofEMMElawAHwdqpZiQJBWuFw+up33pg2nAl72GUsiAhseQRpwSs1HPL3VslY83jARCt1WPPrXhVbwa8TPycVFCOes/96vYVzRImgQpiTMf3UgjGRAOngk1K3cywlNAhiVnHUkkSZoLx7PAJPrZKH0dK25KAZ+rviTFJjBkloe1MCAzMojcV//M6GUSXwZjLNAMm6XxRlAkMCk9TwH2uGQUxsoRQze2tmA6IJhRsViUbgr/48jJpnlb9s+r53VmldpXHUUSH6AidIB9doBq6QXXUQBRl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz9CsJN+</latexit>

v / ei(k·x��!t), k · u = 0, k = (k?, kz) = |k|(cos�, sin�)

<latexit sha1_base64="g0e3WJvWnKi1wqE8bWE1x1Jd5cI="></latexit>

Consider case  Eu ~ 1/Ro (incorporate mass cons) & inviscid motions (Re >>1), ⌦̂ ⇠ ẑ

<latexit sha1_base64="2ZYeGPkDuqWW6JFHG9GZBZYDP0Q=">AAACGnicbVDLSsNAFJ34rPEVdelmsAiuSiKKbsSiG3dWsA9oQplMJu3QmSTMTIQa8h1u3PkdblxYxJ0I4t84abvQ1gPDHM65l3vv8RNGpbLtb2NufmFxabm0Yq6urW9sWlvbDRmnApM6jlksWj6ShNGI1BVVjLQSQRD3GWn6/cvCb94RIWkc3apBQjyOuhENKUZKSx3Lcf2YBXLA9Ze5PaSge81JF+XQlZTDGfc+71hlu2KPAGeJMyHl86F5ljx9mbWO9eEGMU45iRRmSMq2YyfKy5BQFDOSm24qSYJwH3VJW9MIcSK9bHRaDve1EsAwFvpFCo7U3x0Z4rLYT1dypHpy2ivE/7x2qsJTL6NRkioS4fGgMGVQxbDICQZUEKzYQBOEBdW7QtxDAmGl0zR1CM70ybOkcVhxjirHN3a5egHGKIFdsAcOgANOQBVcgRqoAwwewDN4BUPj0Xgx3oz3cemcMenZAX9gfP4A30+lBg==</latexit>

Consider plane waves thru the normal mode assumption: wavenumber    , frequency k

<latexit sha1_base64="fC4NNlvbDPJroEQ19qF2MhTIWGg=">AAAB9XicbVC7TsMwFL3hWcKrwMhiUSExVQkCwYKoYGEsEn1Ibagcx2mtOnFkO6Aq6n+wMPAQK5/BzoL4G5y2A7QcyfLROffKx8dPOFPacb6tufmFxaXlwoq9ura+sVnc2q4rkUpCa0RwIZs+VpSzmNY005w2E0lx5HPa8PuXud+4o1IxEd/oQUK9CHdjFjKCtZFu277ggRpE5sr6w06x5JSdEdAscSekdP5hnyUvX3a1U/xsB4KkEY014Viplusk2suw1IxwOrTbqaIJJn3cpS1DYxxR5WWj1EO0b5QAhUKaE2s0Un9vZDhSeTQzGWHdU9NeLv7ntVIdnnoZi5NU05iMHwpTjrRAeQUoYJISzQeGYCKZyYpID0tMtCnKNiW401+eJfXDsntUPr52SpULGKMAu7AHB+DCCVTgCqpQAwISHuAJnq1769F6td7Go3PWZGcH/sB6/wGhqpZB</latexit>

!

<latexit sha1_base64="ie/kWgPEbtAvRhh8ETtYZs+6Wz0=">AAAB/HicbVDNS8MwHE39nPWruqOX4BA8jVYUvYhDLx4nuA/YykjTdAtLmpKkQinzX/GgB0W8+i949yL+N6bbDrr5IOTx3u9HXl6QMKq0635bC4tLyyurpTV7fWNza9vZ2W0qkUpMGlgwIdsBUoTRmDQ01Yy0E0kQDxhpBcOrwm/dEamoiG91lhCfo35MI4qRNlLPKXcDwUKVcXPlXcFJH416TsWtumPAeeJNSeXiwz5PHr/ses/57IYCp5zEGjOkVMdzE+3nSGqKGRnZ3VSRBOEh6pOOoTHiRPn5OPwIHhglhJGQ5sQajtXfGzniqshnJjnSAzXrFeJ/XifV0Zmf0zhJNYnx5KEoZVALWDQBQyoJ1iwzBGFJTVaIB0girE1ftinBm/3yPGkeVb3j6smNW6ldgglKYA/sg0PggVNQA9egDhoAgww8gGfwYt1bT9ar9TYZXbCmO2XwB9b7D/NJmJ4=</latexit>

Eliminate pressure term:              ,r⇥ r⇥r⇥

<latexit sha1_base64="1m6X+DzpfNiM9PvdmGI0VAGTbw8=">AAACIHicbVDLSgNBEJz1mcTXqkcvg0HwIGFXlHgMevEYwTwwG0LvZJIMmZ3dzMyKYcmHePDiD/gRXjwoojf9GZ08DiaxoKGo6qa7y484U9pxvqyFxaXlldVUOrO2vrG5ZW/vlFUYS0JLJOShrPqgKGeCljTTnFYjSSHwOa343YuhX7mlUrFQXOt+ROsBtAVrMQLaSA07n3gCfA6eZgFVA+xh7B2Z6vViaOIpc6qxYWednDMCnifuhGQL6ej+5unup9iwP71mSOKACk04KFVznUjXE5CaEU4HGS9WNALShTatGSrAbKknowcH+MAoTdwKpSmh8Uj9O5FAoFQ/8E1nALqjZr2h+J9Xi3XrrJ4wEcWaCjJe1Io51iEepoWbTFKied8QIJKZWzHpgASiTaYZE4I7+/I8KR/n3JPc6ZVJ4xyNkUJ7aB8dIhflUQFdoiIqIYIe0DN6RW/Wo/VivVsf49YFazKzi6Zgff8C79GnOw==</latexit>

Vorticity: ⇣ = r⇥ u

<latexit sha1_base64="MS6ZT/Xy24PEGENXC84ar5cBGoQ=">AAACGXicbVDLSgNBEJyNrxhfUY9eBoPgKexKRC9C0IvHCOYB2RB6J5NkyOzsMtMrxCW/4cVf8eJBEY968m+cPA4xsWGYoqqa7q4glsKg6/44mZXVtfWN7GZua3tndy+/f1AzUaIZr7JIRroRgOFSKF5FgZI3Ys0hDCSvB4ObsV5/4NqISN3jMOatEHpKdAUDtFQ771I/iGTHDEP7pf4jRxjRK+orCCT4KEJu5g3JqJ0vuEV3UnQZeDNQILOqtPNffidiScgVMgnGND03xlYKGgWTfJTzE8NjYAPo8aaFCuzIVjq5bERPLNOh3Ujbp5BO2PmOFEIzXs06Q8C+WdTG5H9aM8HuZSsVKk6QKzYd1E0kxYiOY6IdoTlDObQAmBZ2V8r6oIGhDTNnQ/AWT14GtbOiVyqe35UK5etZHFlyRI7JKfHIBSmTW1IhVcLIE3khb+TdeXZenQ/nc2rNOLOeQ/KnnO9fFfGhow==</latexit>
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<latexit sha1_base64="PkMRSpOTMTdrpuKNjhuWeuPr/do="></latexit>
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<latexit sha1_base64="yuJGccif+nJ405oSoSSU2xvM6y4=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+xdluztHrtzSgz5JTYWitj6U+z8N26SKzTxwcDjvRlm5oWp4AY879sprKyurW8UN0tb2zu7ZXdvv2lUpilrUCWUbofEMMElawAHwdqpZiQJBWuFw+up33pg2nAl72GUsiAhseQRpwSs1HPL3VslY83jARCt1WPPrXhVbwa8TPycVFCOes/96vYVzRImgQpiTMf3UgjGRAOngk1K3cywlNAhiVnHUkkSZoLx7PAJPrZKH0dK25KAZ+rviTFJjBkloe1MCAzMojcV//M6GUSXwZjLNAMm6XxRlAkMCk9TwH2uGQUxsoRQze2tmA6IJhRsViUbgr/48jJpnlb9s+r53VmldpXHUUSH6AidIB9doBq6QXXUQBRl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz9CsJN+</latexit>

! =
�

Ro
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|k| =
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Ro
sin�

<latexit sha1_base64="ZIyoKXc/cWXt7wfQl81kI5ENfTc="></latexit>

Dispersion relation

Consider case  Eu ~ 1/Ro (incorporate mass cons) & inviscid motions (Re >>1), ⌦̂ ⇠ ẑ

<latexit sha1_base64="2ZYeGPkDuqWW6JFHG9GZBZYDP0Q=">AAACGnicbVDLSsNAFJ34rPEVdelmsAiuSiKKbsSiG3dWsA9oQplMJu3QmSTMTIQa8h1u3PkdblxYxJ0I4t84abvQ1gPDHM65l3vv8RNGpbLtb2NufmFxabm0Yq6urW9sWlvbDRmnApM6jlksWj6ShNGI1BVVjLQSQRD3GWn6/cvCb94RIWkc3apBQjyOuhENKUZKSx3Lcf2YBXLA9Ze5PaSge81JF+XQlZTDGfc+71hlu2KPAGeJMyHl86F5ljx9mbWO9eEGMU45iRRmSMq2YyfKy5BQFDOSm24qSYJwH3VJW9MIcSK9bHRaDve1EsAwFvpFCo7U3x0Z4rLYT1dypHpy2ivE/7x2qsJTL6NRkioS4fGgMGVQxbDICQZUEKzYQBOEBdW7QtxDAmGl0zR1CM70ybOkcVhxjirHN3a5egHGKIFdsAcOgANOQBVcgRqoAwwewDN4BUPj0Xgx3oz3cemcMenZAX9gfP4A30+lBg==</latexit>

Consider plane waves thru the normal mode assumption: wavenumber    , frequency k

<latexit sha1_base64="fC4NNlvbDPJroEQ19qF2MhTIWGg=">AAAB9XicbVC7TsMwFL3hWcKrwMhiUSExVQkCwYKoYGEsEn1Ibagcx2mtOnFkO6Aq6n+wMPAQK5/BzoL4G5y2A7QcyfLROffKx8dPOFPacb6tufmFxaXlwoq9ura+sVnc2q4rkUpCa0RwIZs+VpSzmNY005w2E0lx5HPa8PuXud+4o1IxEd/oQUK9CHdjFjKCtZFu277ggRpE5sr6w06x5JSdEdAscSekdP5hnyUvX3a1U/xsB4KkEY014Viplusk2suw1IxwOrTbqaIJJn3cpS1DYxxR5WWj1EO0b5QAhUKaE2s0Un9vZDhSeTQzGWHdU9NeLv7ntVIdnnoZi5NU05iMHwpTjrRAeQUoYJISzQeGYCKZyYpID0tMtCnKNiW401+eJfXDsntUPr52SpULGKMAu7AHB+DCCVTgCqpQAwISHuAJnq1769F6td7Go3PWZGcH/sB6/wGhqpZB</latexit>

!

<latexit sha1_base64="ie/kWgPEbtAvRhh8ETtYZs+6Wz0=">AAAB/HicbVDNS8MwHE39nPWruqOX4BA8jVYUvYhDLx4nuA/YykjTdAtLmpKkQinzX/GgB0W8+i949yL+N6bbDrr5IOTx3u9HXl6QMKq0635bC4tLyyurpTV7fWNza9vZ2W0qkUpMGlgwIdsBUoTRmDQ01Yy0E0kQDxhpBcOrwm/dEamoiG91lhCfo35MI4qRNlLPKXcDwUKVcXPlXcFJH416TsWtumPAeeJNSeXiwz5PHr/ses/57IYCp5zEGjOkVMdzE+3nSGqKGRnZ3VSRBOEh6pOOoTHiRPn5OPwIHhglhJGQ5sQajtXfGzniqshnJjnSAzXrFeJ/XifV0Zmf0zhJNYnx5KEoZVALWDQBQyoJ1iwzBGFJTVaIB0girE1ftinBm/3yPGkeVb3j6smNW6ldgglKYA/sg0PggVNQA9egDhoAgww8gGfwYt1bT9ar9TYZXbCmO2XwB9b7D/NJmJ4=</latexit>

v / ei(k·x��!t), k · u = 0, k = (k?, kz) = |k|(cos�, sin�)

<latexit sha1_base64="g0e3WJvWnKi1wqE8bWE1x1Jd5cI="></latexit>

Eliminate pressure term:              ,r⇥ r⇥r⇥

<latexit sha1_base64="1m6X+DzpfNiM9PvdmGI0VAGTbw8=">AAACIHicbVDLSgNBEJz1mcTXqkcvg0HwIGFXlHgMevEYwTwwG0LvZJIMmZ3dzMyKYcmHePDiD/gRXjwoojf9GZ08DiaxoKGo6qa7y484U9pxvqyFxaXlldVUOrO2vrG5ZW/vlFUYS0JLJOShrPqgKGeCljTTnFYjSSHwOa343YuhX7mlUrFQXOt+ROsBtAVrMQLaSA07n3gCfA6eZgFVA+xh7B2Z6vViaOIpc6qxYWednDMCnifuhGQL6ej+5unup9iwP71mSOKACk04KFVznUjXE5CaEU4HGS9WNALShTatGSrAbKknowcH+MAoTdwKpSmh8Uj9O5FAoFQ/8E1nALqjZr2h+J9Xi3XrrJ4wEcWaCjJe1Io51iEepoWbTFKied8QIJKZWzHpgASiTaYZE4I7+/I8KR/n3JPc6ZVJ4xyNkUJ7aB8dIhflUQFdoiIqIYIe0DN6RW/Wo/VivVsf49YFazKzi6Zgff8C79GnOw==</latexit>

Vorticity: ⇣ = r⇥ u

<latexit sha1_base64="MS6ZT/Xy24PEGENXC84ar5cBGoQ=">AAACGXicbVDLSgNBEJyNrxhfUY9eBoPgKexKRC9C0IvHCOYB2RB6J5NkyOzsMtMrxCW/4cVf8eJBEY968m+cPA4xsWGYoqqa7q4glsKg6/44mZXVtfWN7GZua3tndy+/f1AzUaIZr7JIRroRgOFSKF5FgZI3Ys0hDCSvB4ObsV5/4NqISN3jMOatEHpKdAUDtFQ771I/iGTHDEP7pf4jRxjRK+orCCT4KEJu5g3JqJ0vuEV3UnQZeDNQILOqtPNffidiScgVMgnGND03xlYKGgWTfJTzE8NjYAPo8aaFCuzIVjq5bERPLNOh3Ujbp5BO2PmOFEIzXs06Q8C+WdTG5H9aM8HuZSsVKk6QKzYd1E0kxYiOY6IdoTlDObQAmBZ2V8r6oIGhDTNnQ/AWT14GtbOiVyqe35UK5etZHFlyRI7JKfHIBSmTW1IhVcLIE3khb+TdeXZenQ/nc2rNOLOeQ/KnnO9fFfGhow==</latexit>
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<latexit sha1_base64="ZIyoKXc/cWXt7wfQl81kI5ENfTc="></latexit>



Inertial Waves 
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<latexit sha1_base64="yuJGccif+nJ405oSoSSU2xvM6y4=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+xdluztHrtzSgz5JTYWitj6U+z8N26SKzTxwcDjvRlm5oWp4AY879sprKyurW8UN0tb2zu7ZXdvv2lUpilrUCWUbofEMMElawAHwdqpZiQJBWuFw+up33pg2nAl72GUsiAhseQRpwSs1HPL3VslY83jARCt1WPPrXhVbwa8TPycVFCOes/96vYVzRImgQpiTMf3UgjGRAOngk1K3cywlNAhiVnHUkkSZoLx7PAJPrZKH0dK25KAZ+rviTFJjBkloe1MCAzMojcV//M6GUSXwZjLNAMm6XxRlAkMCk9TwH2uGQUxsoRQze2tmA6IJhRsViUbgr/48jJpnlb9s+r53VmldpXHUUSH6AidIB9doBq6QXXUQBRl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz9CsJN+</latexit>

! =
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<latexit sha1_base64="ZIyoKXc/cWXt7wfQl81kI5ENfTc="></latexit>

|k|

<latexit sha1_base64="b3iROxorphDXzyLCH7A+o5FGzOE=">AAACA3icdVDLSgMxFM34rPU16k43wSK4Kkmptt0V3bisYB/QGUomk2lDMw+SjFCGght/xY0LRdz6E+78GzNtBRU9EHI4517uvcdLBFcaoQ9raXlldW29sFHc3Nre2bX39jsqTiVlbRqLWPY8opjgEWtrrgXrJZKR0BOs640vc797y6TicXSjJwlzQzKMeMAp0UYa2IeOcTV0vFj4ahKaLxtP4Uwc2CVURghhjGFOcO0cGdJo1Cu4DnFuGZTAAq2B/e74MU1DFmkqiFJ9jBLtZkRqTgWbFp1UsYTQMRmyvqERCZlys9kNU3hiFB8GsTQv0nCmfu/ISKjyBU1lSPRI/fZy8S+vn+qg7mY8SlLNIjofFKQC6hjmgUCfS0a1mBhCqORmV0hHRBKqTWxFE8LXpfB/0qmUcbV8dl0tNS8WcRTAETgGpwCDGmiCK9ACbUDBHXgAT+DZurcerRfrdV66ZC16DsAPWG+f6V+YXQ==</latexit>

kz

<latexit sha1_base64="O24ZszWP3Q6DdHuGQFObZ+sNi0s=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU9mUattb0YvHivYD2qVk02wbms0uSVaopT/BiwdFvPqLvPlvzLYVVPTBwOO9GWbm+bHg2rjuh5NZWV1b38hu5ra2d3b38vsHLR0lirImjUSkOj7RTHDJmoYbwTqxYiT0BWv748vUb98xpXkkb80kZl5IhpIHnBJjpZtx/76fL7hF13UxxigluHLuWlKrVUu4inBqWRRgiUY//94bRDQJmTRUEK272I2NNyXKcCrYLNdLNIsJHZMh61oqSci0N52fOkMnVhmgIFK2pEFz9fvElIRaT0LfdobEjPRvLxX/8rqJCarelMs4MUzSxaIgEchEKP0bDbhi1IiJJYQqbm9FdEQUocamk7MhfH2K/ietUhGXi2fX5UL9YhlHFo7gGE4BQwXqcAUNaAKFITzAEzw7wnl0XpzXRWvGWc4cwg84b5+2FI4a</latexit>

|k?|

<latexit sha1_base64="APC1FS6WVsy5U6BNWiRdkRp6jjs=">AAACCXicdVDLSgMxFM3UV62vUZdugkVwVSal2nZXdOOygn1AZxgymbQNzUyGJCOUoVs3/oobF4q49Q/c+Tdm2goqeiDkcM693HtPkHCmtON8WIWV1bX1jeJmaWt7Z3fP3j/oKpFKQjtEcCH7AVaUs5h2NNOc9hNJcRRw2gsml7nfu6VSMRHf6GlCvQiPYjZkBGsj+TZ0jauhGwgeqmlkvmziuwmVyWxh+XbZqTiOgxCCOUH1c8eQZrNRRQ2IcsugDJZo+/a7GwqSRjTWhGOlBshJtJdhqRnhdFZyU0UTTCZ4RAeGxjiiysvml8zgiVFCOBTSvFjDufq9I8ORytc0lRHWY/Xby8W/vEGqhw0vY3GSahqTxaBhyqEWMI8FhkxSovnUEEwkM7tCMsYSE23CK5kQvi6F/5NutYJqlbPrWrl1sYyjCI7AMTgFCNRBC1yBNugAAu7AA3gCz9a99Wi9WK+L0oK17DkEP2C9fQLDB5sL</latexit>

�

<latexit sha1_base64="rEBc/B+RE0FigEtNS5jlqWW1pTY=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4Kkmptt0V3bisYB/QDiWTZjqhSWZIMkIp/QU3LhRx6w+582/MtBVU9MCFwzn3cu89QSK4sQh9eLm19Y3Nrfx2YWd3b/+geHjUMXGqKWvTWMS6FxDDBFesbbkVrJdoRmQgWDeYXGd+955pw2N1Z6cJ8yUZKx5ySmwmDZKID4slVEYIYYxhRnDtEjnSaNQruA5xZjmUwAqtYfF9MIppKpmyVBBj+hgl1p8RbTkVbF4YpIYlhE7ImPUdVUQy488Wt87hmVNGMIy1K2XhQv0+MSPSmKkMXKckNjK/vUz8y+unNqz7M66S1DJFl4vCVEAbw+xxOOKaUSumjhCqubsV0ohoQq2Lp+BC+PoU/k86lTKuli9uq6Xm1SqOPDgBp+AcYFADTXADWqANKIjAA3gCz570Hr0X73XZmvNWM8fgB7y3T2MWjn0=</latexit>

dependent solely on orientation Dispersion relation
  freq. of oscill’n � ! 0

<latexit sha1_base64="WD7J1RUgBOTAGHSyhkQXUnBieuw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIRY9FLx4r2A9oQtlsN83SzSbsTpRQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzglRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY38z87gNTmifyHvKU+TEZSR5ySsBIA7vqpRHHnuKjCIhSySN28MCuOXVnDrxK3ILUUIHWwP7yhgnNYiaBCqJ133VS8CdEAaeCTStepllK6JiMWN9QSWKm/cn8+Ck+NcoQh4kyJQHP1d8TExJrnceB6YwJRHrZm4n/ef0Mwit/wmWaAZN0sSjMBIYEz5LAQ64YBZEbQqji5lZMI6IIBZNXxYTgLr+8SjrndbdRv7hr1JrXRRxldIxO0Bly0SVqolvUQm1EUY6e0St6s56sF+vd+li0lqxipor+wPr8AdyplEM=</latexit>

! ! 0

<latexit sha1_base64="vW0Lgh/+evWRhTsMFSIWRrS79GU=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWRii6LblxWsA9oQplMJ+nQeYSZiVJCwV9x40IRt36HO//GaZuFth64cDjnXu69J0oZ1cbzvp3Syura+kZ5s7K1vbO75+4ftLXMFCYtLJlU3QhpwqggLUMNI91UEcQjRjrR6Gbqdx6I0lSKezNOSchRImhMMTJW6rtHgeQkQTBQNBkapJR8hB7su1Wv5s0Al4lfkCoo0Oy7X8FA4owTYTBDWvd8LzVhjpShmJFJJcg0SREeoYT0LBWIEx3ms/Mn8NQqAxhLZUsYOFN/T+SIaz3mke3kyAz1ojcV//N6mYmvwpyKNDNE4PmiOGPQSDjNAg6oItiwsSUIK2pvhXiIFMLGJlaxIfiLLy+T9nnNr9cu7urVxnURRxkcgxNwBnxwCRrgFjRBC2CQg2fwCt6cJ+fFeXc+5q0lp5g5BH/gfP4AZZOVHw==</latexit>

� ! ⇡

2

<latexit sha1_base64="p9NfMSyFlwiLTHKcl1Cfxf7i9vA=">AAACCXicbVDLSgMxFM34rPU16tJNsAiuykyp6LLoxmUF+4DOUDJppg3NJCHJKGWYrRt/xY0LRdz6B+78G9N2Ftp64MLhnHu5955IMqqN5307K6tr6xubpa3y9s7u3r57cNjWIlWYtLBgQnUjpAmjnLQMNYx0pSIoiRjpROPrqd+5J0pTwe/MRJIwQUNOY4qRsVLfhYEcURgoOhwZpJR4gEGsEM4CSfOslkPYdyte1ZsBLhO/IBVQoNl3v4KBwGlCuMEMad3zPWnCDClDMSN5OUg1kQiP0ZD0LOUoITrMZp/k8NQqAxgLZYsbOFN/T2Qo0XqSRLYzQWakF72p+J/XS018GWaUy9QQjueL4pRBI+A0FjigimDDJpYgrKi9FeIRskkYG17ZhuAvvrxM2rWqX6+e39YrjasijhI4BifgDPjgAjTADWiCFsDgETyDV/DmPDkvzrvzMW9dcYqZI/AHzucPMyiaBA==</latexit>

  freq. of oscill’n ! ! 1

Ro
(⇠ 2⌦)

<latexit sha1_base64="ChJJYsSKqNGV7fRmTiGs1HJNa1Q=">AAACG3icbVDLSgMxFM34rPVVdekmWIS6KTOlosuiG3dWsQ/oDCWTZqahyWRIMkoZ5j/c+CtuXCjiSnDh35i2s9DWA4HDOedyc48fM6q0bX9bS8srq2vrhY3i5tb2zm5pb7+tRCIxaWHBhOz6SBFGI9LSVDPSjSVB3Gek448uJ37nnkhFRXSnxzHxOAojGlCMtJH6pZorOAkRdCUNhxpJKR6gG0iEUydLb0UGK66iHNagez3JnUAI+6WyXbWngIvEyUkZ5Gj2S5/uQOCEk0hjhpTqOXasvRRJTTEjWdFNFIkRHqGQ9AyNECfKS6e3ZfDYKAMYCGlepOFU/T2RIq7UmPsmyZEeqnlvIv7n9RIdnHspjeJEkwjPFgUJg1rASVFwQCXBmo0NQVhS81eIh8g0o02dRVOCM3/yImnXqk69enpTLzcu8joK4BAcgQpwwBlogCvQBC2AwSN4Bq/gzXqyXqx362MWXbLymQPwB9bXD9OFn/g=</latexit>



Inertial Waves 

  freq. of oscill’n � ! 0

<latexit sha1_base64="WD7J1RUgBOTAGHSyhkQXUnBieuw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIRY9FLx4r2A9oQtlsN83SzSbsTpRQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzglRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY38z87gNTmifyHvKU+TEZSR5ySsBIA7vqpRHHnuKjCIhSySN28MCuOXVnDrxK3ILUUIHWwP7yhgnNYiaBCqJ133VS8CdEAaeCTStepllK6JiMWN9QSWKm/cn8+Ck+NcoQh4kyJQHP1d8TExJrnceB6YwJRHrZm4n/ef0Mwit/wmWaAZN0sSjMBIYEz5LAQ64YBZEbQqji5lZMI6IIBZNXxYTgLr+8SjrndbdRv7hr1JrXRRxldIxO0Bly0SVqolvUQm1EUY6e0St6s56sF+vd+li0lqxipor+wPr8AdyplEM=</latexit>

! ! 0

<latexit sha1_base64="vW0Lgh/+evWRhTsMFSIWRrS79GU=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWRii6LblxWsA9oQplMJ+nQeYSZiVJCwV9x40IRt36HO//GaZuFth64cDjnXu69J0oZ1cbzvp3Syura+kZ5s7K1vbO75+4ftLXMFCYtLJlU3QhpwqggLUMNI91UEcQjRjrR6Gbqdx6I0lSKezNOSchRImhMMTJW6rtHgeQkQTBQNBkapJR8hB7su1Wv5s0Al4lfkCoo0Oy7X8FA4owTYTBDWvd8LzVhjpShmJFJJcg0SREeoYT0LBWIEx3ms/Mn8NQqAxhLZUsYOFN/T+SIaz3mke3kyAz1ojcV//N6mYmvwpyKNDNE4PmiOGPQSDjNAg6oItiwsSUIK2pvhXiIFMLGJlaxIfiLLy+T9nnNr9cu7urVxnURRxkcgxNwBnxwCRrgFjRBC2CQg2fwCt6cJ+fFeXc+5q0lp5g5BH/gfP4AZZOVHw==</latexit>

� ! ⇡

2

<latexit sha1_base64="p9NfMSyFlwiLTHKcl1Cfxf7i9vA=">AAACCXicbVDLSgMxFM34rPU16tJNsAiuykyp6LLoxmUF+4DOUDJppg3NJCHJKGWYrRt/xY0LRdz6B+78G9N2Ftp64MLhnHu5955IMqqN5307K6tr6xubpa3y9s7u3r57cNjWIlWYtLBgQnUjpAmjnLQMNYx0pSIoiRjpROPrqd+5J0pTwe/MRJIwQUNOY4qRsVLfhYEcURgoOhwZpJR4gEGsEM4CSfOslkPYdyte1ZsBLhO/IBVQoNl3v4KBwGlCuMEMad3zPWnCDClDMSN5OUg1kQiP0ZD0LOUoITrMZp/k8NQqAxgLZYsbOFN/T2Qo0XqSRLYzQWakF72p+J/XS018GWaUy9QQjueL4pRBI+A0FjigimDDJpYgrKi9FeIRskkYG17ZhuAvvrxM2rWqX6+e39YrjasijhI4BifgDPjgAjTADWiCFsDgETyDV/DmPDkvzrvzMW9dcYqZI/AHzucPMyiaBA==</latexit>

  freq. of oscill’n ! ! 1

Ro
(⇠ 2⌦)

<latexit sha1_base64="ChJJYsSKqNGV7fRmTiGs1HJNa1Q=">AAACG3icbVDLSgMxFM34rPVVdekmWIS6KTOlosuiG3dWsQ/oDCWTZqahyWRIMkoZ5j/c+CtuXCjiSnDh35i2s9DWA4HDOedyc48fM6q0bX9bS8srq2vrhY3i5tb2zm5pb7+tRCIxaWHBhOz6SBFGI9LSVDPSjSVB3Gek448uJ37nnkhFRXSnxzHxOAojGlCMtJH6pZorOAkRdCUNhxpJKR6gG0iEUydLb0UGK66iHNagez3JnUAI+6WyXbWngIvEyUkZ5Gj2S5/uQOCEk0hjhpTqOXasvRRJTTEjWdFNFIkRHqGQ9AyNECfKS6e3ZfDYKAMYCGlepOFU/T2RIq7UmPsmyZEeqnlvIv7n9RIdnHspjeJEkwjPFgUJg1rASVFwQCXBmo0NQVhS81eIh8g0o02dRVOCM3/yImnXqk69enpTLzcu8joK4BAcgQpwwBlogCvQBC2AwSN4Bq/gzXqyXqx362MWXbLymQPwB9bXD9OFn/g=</latexit>

=)

<latexit sha1_base64="yuJGccif+nJ405oSoSSU2xvM6y4=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+xdluztHrtzSgz5JTYWitj6U+z8N26SKzTxwcDjvRlm5oWp4AY879sprKyurW8UN0tb2zu7ZXdvv2lUpilrUCWUbofEMMElawAHwdqpZiQJBWuFw+up33pg2nAl72GUsiAhseQRpwSs1HPL3VslY83jARCt1WPPrXhVbwa8TPycVFCOes/96vYVzRImgQpiTMf3UgjGRAOngk1K3cywlNAhiVnHUkkSZoLx7PAJPrZKH0dK25KAZ+rviTFJjBkloe1MCAzMojcV//M6GUSXwZjLNAMm6XxRlAkMCk9TwH2uGQUxsoRQze2tmA6IJhRsViUbgr/48jJpnlb9s+r53VmldpXHUUSH6AidIB9doBq6QXXUQBRl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz9CsJN+</latexit>

! =
�

Ro

(⌦̂·k)
|k| =

�

Ro
sin�

<latexit sha1_base64="ZIyoKXc/cWXt7wfQl81kI5ENfTc="></latexit>

vp =
!

|k|
k

|k| =
!

|k|2 (k?, kz) =
1

Ro

sin�

|k| (cos�, sin�)

<latexit sha1_base64="QMuPiX6xV/iKahxxjqqTi9I/yxU="></latexit>

Dispersion relation

Phase velocity of inertial plane waves:



Inertial Waves 

=)

<latexit sha1_base64="yuJGccif+nJ405oSoSSU2xvM6y4=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+xdluztHrtzSgz5JTYWitj6U+z8N26SKzTxwcDjvRlm5oWp4AY879sprKyurW8UN0tb2zu7ZXdvv2lUpilrUCWUbofEMMElawAHwdqpZiQJBWuFw+up33pg2nAl72GUsiAhseQRpwSs1HPL3VslY83jARCt1WPPrXhVbwa8TPycVFCOes/96vYVzRImgQpiTMf3UgjGRAOngk1K3cywlNAhiVnHUkkSZoLx7PAJPrZKH0dK25KAZ+rviTFJjBkloe1MCAzMojcV//M6GUSXwZjLNAMm6XxRlAkMCk9TwH2uGQUxsoRQze2tmA6IJhRsViUbgr/48jJpnlb9s+r53VmldpXHUUSH6AidIB9doBq6QXXUQBRl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz9CsJN+</latexit>

! =
�

Ro

(⌦̂·k)
|k| =

�

Ro
sin�

<latexit sha1_base64="ZIyoKXc/cWXt7wfQl81kI5ENfTc="></latexit>

� ! ⇡

2

<latexit sha1_base64="p9NfMSyFlwiLTHKcl1Cfxf7i9vA=">AAACCXicbVDLSgMxFM34rPU16tJNsAiuykyp6LLoxmUF+4DOUDJppg3NJCHJKGWYrRt/xY0LRdz6B+78G9N2Ftp64MLhnHu5955IMqqN5307K6tr6xubpa3y9s7u3r57cNjWIlWYtLBgQnUjpAmjnLQMNYx0pSIoiRjpROPrqd+5J0pTwe/MRJIwQUNOY4qRsVLfhYEcURgoOhwZpJR4gEGsEM4CSfOslkPYdyte1ZsBLhO/IBVQoNl3v4KBwGlCuMEMad3zPWnCDClDMSN5OUg1kQiP0ZD0LOUoITrMZp/k8NQqAxgLZYsbOFN/T2Qo0XqSRLYzQWakF72p+J/XS018GWaUy9QQjueL4pRBI+A0FjigimDDJpYgrKi9FeIRskkYG17ZhuAvvrxM2rWqX6+e39YrjasijhI4BifgDPjgAjTADWiCFsDgETyDV/DmPDkvzrvzMW9dcYqZI/AHzucPMyiaBA==</latexit>

vp ⇠ 1

Ro|k| (0, 1)

<latexit sha1_base64="l12l5RRhNN+ayWYybG2Nw9WEqCU="></latexit>

vp ⇠ 1

Ro|k|�� (1, 0)

<latexit sha1_base64="66BFoa/lMDiMy0MJfKAzOXNHOuc="></latexit>

� ! 0

<latexit sha1_base64="WD7J1RUgBOTAGHSyhkQXUnBieuw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIRY9FLx4r2A9oQtlsN83SzSbsTpRQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzglRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY38z87gNTmifyHvKU+TEZSR5ySsBIA7vqpRHHnuKjCIhSySN28MCuOXVnDrxK3ILUUIHWwP7yhgnNYiaBCqJ133VS8CdEAaeCTStepllK6JiMWN9QSWKm/cn8+Ck+NcoQh4kyJQHP1d8TExJrnceB6YwJRHrZm4n/ef0Mwit/wmWaAZN0sSjMBIYEz5LAQ64YBZEbQqji5lZMI6IIBZNXxYTgLr+8SjrndbdRv7hr1JrXRRxldIxO0Bly0SVqolvUQm1EUY6e0St6s56sF+vd+li0lqxipor+wPr8AdyplEM=</latexit>

“Slow” horiz. propagation 

“Fast” horiz. propagation 

vp =
!

|k|
k

|k| =
!

|k|2 (k?, kz) =
1

Ro

sin�

|k| (cos�, sin�)

<latexit sha1_base64="QMuPiX6xV/iKahxxjqqTi9I/yxU="></latexit>

Dispersion relation
  freq. of oscill’n � ! 0

<latexit sha1_base64="WD7J1RUgBOTAGHSyhkQXUnBieuw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIRY9FLx4r2A9oQtlsN83SzSbsTpRQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzglRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY38z87gNTmifyHvKU+TEZSR5ySsBIA7vqpRHHnuKjCIhSySN28MCuOXVnDrxK3ILUUIHWwP7yhgnNYiaBCqJ133VS8CdEAaeCTStepllK6JiMWN9QSWKm/cn8+Ck+NcoQh4kyJQHP1d8TExJrnceB6YwJRHrZm4n/ef0Mwit/wmWaAZN0sSjMBIYEz5LAQ64YBZEbQqji5lZMI6IIBZNXxYTgLr+8SjrndbdRv7hr1JrXRRxldIxO0Bly0SVqolvUQm1EUY6e0St6s56sF+vd+li0lqxipor+wPr8AdyplEM=</latexit>

! ! 0

<latexit sha1_base64="vW0Lgh/+evWRhTsMFSIWRrS79GU=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWRii6LblxWsA9oQplMJ+nQeYSZiVJCwV9x40IRt36HO//GaZuFth64cDjnXu69J0oZ1cbzvp3Syura+kZ5s7K1vbO75+4ftLXMFCYtLJlU3QhpwqggLUMNI91UEcQjRjrR6Gbqdx6I0lSKezNOSchRImhMMTJW6rtHgeQkQTBQNBkapJR8hB7su1Wv5s0Al4lfkCoo0Oy7X8FA4owTYTBDWvd8LzVhjpShmJFJJcg0SREeoYT0LBWIEx3ms/Mn8NQqAxhLZUsYOFN/T+SIaz3mke3kyAz1ojcV//N6mYmvwpyKNDNE4PmiOGPQSDjNAg6oItiwsSUIK2pvhXiIFMLGJlaxIfiLLy+T9nnNr9cu7urVxnURRxkcgxNwBnxwCRrgFjRBC2CQg2fwCt6cJ+fFeXc+5q0lp5g5BH/gfP4AZZOVHw==</latexit>

� ! ⇡

2

<latexit sha1_base64="p9NfMSyFlwiLTHKcl1Cfxf7i9vA=">AAACCXicbVDLSgMxFM34rPU16tJNsAiuykyp6LLoxmUF+4DOUDJppg3NJCHJKGWYrRt/xY0LRdz6B+78G9N2Ftp64MLhnHu5955IMqqN5307K6tr6xubpa3y9s7u3r57cNjWIlWYtLBgQnUjpAmjnLQMNYx0pSIoiRjpROPrqd+5J0pTwe/MRJIwQUNOY4qRsVLfhYEcURgoOhwZpJR4gEGsEM4CSfOslkPYdyte1ZsBLhO/IBVQoNl3v4KBwGlCuMEMad3zPWnCDClDMSN5OUg1kQiP0ZD0LOUoITrMZp/k8NQqAxgLZYsbOFN/T2Qo0XqSRLYzQWakF72p+J/XS018GWaUy9QQjueL4pRBI+A0FjigimDDJpYgrKi9FeIRskkYG17ZhuAvvrxM2rWqX6+e39YrjasijhI4BifgDPjgAjTADWiCFsDgETyDV/DmPDkvzrvzMW9dcYqZI/AHzucPMyiaBA==</latexit>

  freq. of oscill’n ! ! 1

Ro
(⇠ 2⌦)

<latexit sha1_base64="ChJJYsSKqNGV7fRmTiGs1HJNa1Q=">AAACG3icbVDLSgMxFM34rPVVdekmWIS6KTOlosuiG3dWsQ/oDCWTZqahyWRIMkoZ5j/c+CtuXCjiSnDh35i2s9DWA4HDOedyc48fM6q0bX9bS8srq2vrhY3i5tb2zm5pb7+tRCIxaWHBhOz6SBFGI9LSVDPSjSVB3Gek448uJ37nnkhFRXSnxzHxOAojGlCMtJH6pZorOAkRdCUNhxpJKR6gG0iEUydLb0UGK66iHNagez3JnUAI+6WyXbWngIvEyUkZ5Gj2S5/uQOCEk0hjhpTqOXasvRRJTTEjWdFNFIkRHqGQ9AyNECfKS6e3ZfDYKAMYCGlepOFU/T2RIq7UmPsmyZEeqnlvIv7n9RIdnHspjeJEkwjPFgUJg1rASVFwQCXBmo0NQVhS81eIh8g0o02dRVOCM3/yImnXqk69enpTLzcu8joK4BAcgQpwwBlogCvQBC2AwSN4Bq/gzXqyXqx362MWXbLymQPwB9bXD9OFn/g=</latexit>

Phase velocity of inertial plane waves:



Inertial Waves 

=)

<latexit sha1_base64="yuJGccif+nJ405oSoSSU2xvM6y4=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+xdluztHrtzSgz5JTYWitj6U+z8N26SKzTxwcDjvRlm5oWp4AY879sprKyurW8UN0tb2zu7ZXdvv2lUpilrUCWUbofEMMElawAHwdqpZiQJBWuFw+up33pg2nAl72GUsiAhseQRpwSs1HPL3VslY83jARCt1WPPrXhVbwa8TPycVFCOes/96vYVzRImgQpiTMf3UgjGRAOngk1K3cywlNAhiVnHUkkSZoLx7PAJPrZKH0dK25KAZ+rviTFJjBkloe1MCAzMojcV//M6GUSXwZjLNAMm6XxRlAkMCk9TwH2uGQUxsoRQze2tmA6IJhRsViUbgr/48jJpnlb9s+r53VmldpXHUUSH6AidIB9doBq6QXXUQBRl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz9CsJN+</latexit>

! =
�

Ro

(⌦̂·k)
|k| =

�

Ro
sin�

<latexit sha1_base64="ZIyoKXc/cWXt7wfQl81kI5ENfTc="></latexit>

� ! ⇡

2

<latexit sha1_base64="p9NfMSyFlwiLTHKcl1Cfxf7i9vA=">AAACCXicbVDLSgMxFM34rPU16tJNsAiuykyp6LLoxmUF+4DOUDJppg3NJCHJKGWYrRt/xY0LRdz6B+78G9N2Ftp64MLhnHu5955IMqqN5307K6tr6xubpa3y9s7u3r57cNjWIlWYtLBgQnUjpAmjnLQMNYx0pSIoiRjpROPrqd+5J0pTwe/MRJIwQUNOY4qRsVLfhYEcURgoOhwZpJR4gEGsEM4CSfOslkPYdyte1ZsBLhO/IBVQoNl3v4KBwGlCuMEMad3zPWnCDClDMSN5OUg1kQiP0ZD0LOUoITrMZp/k8NQqAxgLZYsbOFN/T2Qo0XqSRLYzQWakF72p+J/XS018GWaUy9QQjueL4pRBI+A0FjigimDDJpYgrKi9FeIRskkYG17ZhuAvvrxM2rWqX6+e39YrjasijhI4BifgDPjgAjTADWiCFsDgETyDV/DmPDkvzrvzMW9dcYqZI/AHzucPMyiaBA==</latexit>

vp ⇠ 1

Ro|k| (0, 1)

<latexit sha1_base64="l12l5RRhNN+ayWYybG2Nw9WEqCU="></latexit>

vp ⇠ 1

Ro|k|�� (1, 0)

<latexit sha1_base64="66BFoa/lMDiMy0MJfKAzOXNHOuc="></latexit>

� ! 0

<latexit sha1_base64="WD7J1RUgBOTAGHSyhkQXUnBieuw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIRY9FLx4r2A9oQtlsN83SzSbsTpRQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzglRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY38z87gNTmifyHvKU+TEZSR5ySsBIA7vqpRHHnuKjCIhSySN28MCuOXVnDrxK3ILUUIHWwP7yhgnNYiaBCqJ133VS8CdEAaeCTStepllK6JiMWN9QSWKm/cn8+Ck+NcoQh4kyJQHP1d8TExJrnceB6YwJRHrZm4n/ef0Mwit/wmWaAZN0sSjMBIYEz5LAQ64YBZEbQqji5lZMI6IIBZNXxYTgLr+8SjrndbdRv7hr1JrXRRxldIxO0Bly0SVqolvUQm1EUY6e0St6s56sF+vd+li0lqxipor+wPr8AdyplEM=</latexit>

“Slow” horiz. propagation 

“Fast” horiz. propagation 

Group velocity of inertial plane waves:

vg = rk! =
!

|k|2

✓
�|k?|,

|k?|2

kz

◆
=

�

Ro

sin� cos�

|k| (�1, cot�)

<latexit sha1_base64="FnS0LydebDT1n64qvo+5cqh8UWc="></latexit>

Deduction: wave packets propagate     ar to phase velocity vp · vg = 0

<latexit sha1_base64="FNxpv+csBWfqzXJCUA8bkCs7HaI=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZmRim6EohuXFewDOsOQyaRtaCYZkkyhDF268VfcuFDErZ/gzr8x085CWw+EHM65l3vvCRNGlXacb6u0srq2vlHerGxt7+zu2fsHbSVSiUkLCyZkN0SKMMpJS1PNSDeRBMUhI51wdJv7nTGRigr+oCcJ8WM04LRPMdJGCuxjLxQsUpPYfNk4SKCHI6HhOBhM4TWETmBXnZozA1wmbkGqoEAzsL+8SOA0JlxjhpTquU6i/QxJTTEj04qXKpIgPEID0jOUo5goP5sdMoWnRolgX0jzuIYz9XdHhmKV72oqY6SHatHLxf+8Xqr7V35GeZJqwvF8UD9lUAuYpwIjKgnWbGIIwpKaXSEeIomwNtlVTAju4snLpH1ec+u1i/t6tXFTxFEGR+AEnAEXXIIGuANN0AIYPIJn8ArerCfrxXq3PualJavoOQR/YH3+AJdkmQg=</latexit>

?

<latexit sha1_base64="cHwfcXpZsoMgygla1R6fGx73BV8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF0xbaUDbbSbt0s1l2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZeJDnTxvO+ndLa+sbmVnm7srO7t39QPTxq6TRTFAOa8lR1IqKRM4GBYYZjRyokScSxHY3vZn77CZVmqXg0E4lhQoaCxYwSY6WgJ1HJfrXm1b053FXiF6QGBZr96ldvkNIsQWEoJ1p3fU+aMCfKMMpxWullGiWhYzLErqWCJKjDfH7s1D2zysCNU2VLGHeu/p7ISaL1JIlsZ0LMSC97M/E/r5uZ+CbMmZCZQUEXi+KMuyZ1Z5+7A6aQGj6xhFDF7K0uHRFFqLH5VGwI/vLLq6R1Ufcv61cPl7XGbRFHGU7gFM7Bh2towD00IQAKDJ7hFd4c4bw4787HorXkFDPH8AfO5w/vgo7H</latexit>

vp =
!

|k|
k

|k| =
!

|k|2 (k?, kz) =
1

Ro

sin�

|k| (cos�, sin�)

<latexit sha1_base64="QMuPiX6xV/iKahxxjqqTi9I/yxU="></latexit>

Dispersion relation
  freq. of oscill’n � ! 0

<latexit sha1_base64="WD7J1RUgBOTAGHSyhkQXUnBieuw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIRY9FLx4r2A9oQtlsN83SzSbsTpRQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzglRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY38z87gNTmifyHvKU+TEZSR5ySsBIA7vqpRHHnuKjCIhSySN28MCuOXVnDrxK3ILUUIHWwP7yhgnNYiaBCqJ133VS8CdEAaeCTStepllK6JiMWN9QSWKm/cn8+Ck+NcoQh4kyJQHP1d8TExJrnceB6YwJRHrZm4n/ef0Mwit/wmWaAZN0sSjMBIYEz5LAQ64YBZEbQqji5lZMI6IIBZNXxYTgLr+8SjrndbdRv7hr1JrXRRxldIxO0Bly0SVqolvUQm1EUY6e0St6s56sF+vd+li0lqxipor+wPr8AdyplEM=</latexit>

! ! 0

<latexit sha1_base64="vW0Lgh/+evWRhTsMFSIWRrS79GU=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWRii6LblxWsA9oQplMJ+nQeYSZiVJCwV9x40IRt36HO//GaZuFth64cDjnXu69J0oZ1cbzvp3Syura+kZ5s7K1vbO75+4ftLXMFCYtLJlU3QhpwqggLUMNI91UEcQjRjrR6Gbqdx6I0lSKezNOSchRImhMMTJW6rtHgeQkQTBQNBkapJR8hB7su1Wv5s0Al4lfkCoo0Oy7X8FA4owTYTBDWvd8LzVhjpShmJFJJcg0SREeoYT0LBWIEx3ms/Mn8NQqAxhLZUsYOFN/T+SIaz3mke3kyAz1ojcV//N6mYmvwpyKNDNE4PmiOGPQSDjNAg6oItiwsSUIK2pvhXiIFMLGJlaxIfiLLy+T9nnNr9cu7urVxnURRxkcgxNwBnxwCRrgFjRBC2CQg2fwCt6cJ+fFeXc+5q0lp5g5BH/gfP4AZZOVHw==</latexit>

� ! ⇡

2

<latexit sha1_base64="p9NfMSyFlwiLTHKcl1Cfxf7i9vA=">AAACCXicbVDLSgMxFM34rPU16tJNsAiuykyp6LLoxmUF+4DOUDJppg3NJCHJKGWYrRt/xY0LRdz6B+78G9N2Ftp64MLhnHu5955IMqqN5307K6tr6xubpa3y9s7u3r57cNjWIlWYtLBgQnUjpAmjnLQMNYx0pSIoiRjpROPrqd+5J0pTwe/MRJIwQUNOY4qRsVLfhYEcURgoOhwZpJR4gEGsEM4CSfOslkPYdyte1ZsBLhO/IBVQoNl3v4KBwGlCuMEMad3zPWnCDClDMSN5OUg1kQiP0ZD0LOUoITrMZp/k8NQqAxgLZYsbOFN/T2Qo0XqSRLYzQWakF72p+J/XS018GWaUy9QQjueL4pRBI+A0FjigimDDJpYgrKi9FeIRskkYG17ZhuAvvrxM2rWqX6+e39YrjasijhI4BifgDPjgAjTADWiCFsDgETyDV/DmPDkvzrvzMW9dcYqZI/AHzucPMyiaBA==</latexit>

  freq. of oscill’n ! ! 1

Ro
(⇠ 2⌦)

<latexit sha1_base64="ChJJYsSKqNGV7fRmTiGs1HJNa1Q=">AAACG3icbVDLSgMxFM34rPVVdekmWIS6KTOlosuiG3dWsQ/oDCWTZqahyWRIMkoZ5j/c+CtuXCjiSnDh35i2s9DWA4HDOedyc48fM6q0bX9bS8srq2vrhY3i5tb2zm5pb7+tRCIxaWHBhOz6SBFGI9LSVDPSjSVB3Gek448uJ37nnkhFRXSnxzHxOAojGlCMtJH6pZorOAkRdCUNhxpJKR6gG0iEUydLb0UGK66iHNagez3JnUAI+6WyXbWngIvEyUkZ5Gj2S5/uQOCEk0hjhpTqOXasvRRJTTEjWdFNFIkRHqGQ9AyNECfKS6e3ZfDYKAMYCGlepOFU/T2RIq7UmPsmyZEeqnlvIv7n9RIdnHspjeJEkwjPFgUJg1rASVFwQCXBmo0NQVhS81eIh8g0o02dRVOCM3/yImnXqk69enpTLzcu8joK4BAcgQpwwBlogCvQBC2AwSN4Bq/gzXqyXqx362MWXbLymQPwB9bXD9OFn/g=</latexit>

Phase velocity of inertial plane waves:



Inertial Waves 

=)

<latexit sha1_base64="yuJGccif+nJ405oSoSSU2xvM6y4=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+xdluztHrtzSgz5JTYWitj6U+z8N26SKzTxwcDjvRlm5oWp4AY879sprKyurW8UN0tb2zu7ZXdvv2lUpilrUCWUbofEMMElawAHwdqpZiQJBWuFw+up33pg2nAl72GUsiAhseQRpwSs1HPL3VslY83jARCt1WPPrXhVbwa8TPycVFCOes/96vYVzRImgQpiTMf3UgjGRAOngk1K3cywlNAhiVnHUkkSZoLx7PAJPrZKH0dK25KAZ+rviTFJjBkloe1MCAzMojcV//M6GUSXwZjLNAMm6XxRlAkMCk9TwH2uGQUxsoRQze2tmA6IJhRsViUbgr/48jJpnlb9s+r53VmldpXHUUSH6AidIB9doBq6QXXUQBRl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz9CsJN+</latexit>

! =
�

Ro

(⌦̂·k)
|k| =

�

Ro
sin�

<latexit sha1_base64="ZIyoKXc/cWXt7wfQl81kI5ENfTc="></latexit>

vp =
!

|k|
k

|k| =
!

|k|2 (|k?|, kz) =
�

Ro

sin�

|k| (cos�, sin�)

<latexit sha1_base64="zpLDstaf9DaBzv7gMJ29lZQ3XX8="></latexit>

� ! ⇡

2

<latexit sha1_base64="p9NfMSyFlwiLTHKcl1Cfxf7i9vA=">AAACCXicbVDLSgMxFM34rPU16tJNsAiuykyp6LLoxmUF+4DOUDJppg3NJCHJKGWYrRt/xY0LRdz6B+78G9N2Ftp64MLhnHu5955IMqqN5307K6tr6xubpa3y9s7u3r57cNjWIlWYtLBgQnUjpAmjnLQMNYx0pSIoiRjpROPrqd+5J0pTwe/MRJIwQUNOY4qRsVLfhYEcURgoOhwZpJR4gEGsEM4CSfOslkPYdyte1ZsBLhO/IBVQoNl3v4KBwGlCuMEMad3zPWnCDClDMSN5OUg1kQiP0ZD0LOUoITrMZp/k8NQqAxgLZYsbOFN/T2Qo0XqSRLYzQWakF72p+J/XS018GWaUy9QQjueL4pRBI+A0FjigimDDJpYgrKi9FeIRskkYG17ZhuAvvrxM2rWqX6+e39YrjasijhI4BifgDPjgAjTADWiCFsDgETyDV/DmPDkvzrvzMW9dcYqZI/AHzucPMyiaBA==</latexit>

vp ⇠ 1

Ro|k| (0, 1)

<latexit sha1_base64="l12l5RRhNN+ayWYybG2Nw9WEqCU="></latexit>

vp ⇠ 1

Ro|k|�� (1, 0)

<latexit sha1_base64="66BFoa/lMDiMy0MJfKAzOXNHOuc="></latexit>

� ! 0

<latexit sha1_base64="WD7J1RUgBOTAGHSyhkQXUnBieuw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIRY9FLx4r2A9oQtlsN83SzSbsTpRQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzglRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY38z87gNTmifyHvKU+TEZSR5ySsBIA7vqpRHHnuKjCIhSySN28MCuOXVnDrxK3ILUUIHWwP7yhgnNYiaBCqJ133VS8CdEAaeCTStepllK6JiMWN9QSWKm/cn8+Ck+NcoQh4kyJQHP1d8TExJrnceB6YwJRHrZm4n/ef0Mwit/wmWaAZN0sSjMBIYEz5LAQ64YBZEbQqji5lZMI6IIBZNXxYTgLr+8SjrndbdRv7hr1JrXRRxldIxO0Bly0SVqolvUQm1EUY6e0St6s56sF+vd+li0lqxipor+wPr8AdyplEM=</latexit>

“Slow” horiz. propagation 

“Fast” horiz. propagation 

vg = rk! =
!

|k|2

✓
�|k?|,

|k?|2

kz

◆
=

�

Ro

sin� cos�

|k| (�1, cot�)

<latexit sha1_base64="FnS0LydebDT1n64qvo+5cqh8UWc="></latexit>

� ! ⇡

2

<latexit sha1_base64="p9NfMSyFlwiLTHKcl1Cfxf7i9vA=">AAACCXicbVDLSgMxFM34rPU16tJNsAiuykyp6LLoxmUF+4DOUDJppg3NJCHJKGWYrRt/xY0LRdz6B+78G9N2Ftp64MLhnHu5955IMqqN5307K6tr6xubpa3y9s7u3r57cNjWIlWYtLBgQnUjpAmjnLQMNYx0pSIoiRjpROPrqd+5J0pTwe/MRJIwQUNOY4qRsVLfhYEcURgoOhwZpJR4gEGsEM4CSfOslkPYdyte1ZsBLhO/IBVQoNl3v4KBwGlCuMEMad3zPWnCDClDMSN5OUg1kQiP0ZD0LOUoITrMZp/k8NQqAxgLZYsbOFN/T2Qo0XqSRLYzQWakF72p+J/XS018GWaUy9QQjueL4pRBI+A0FjigimDDJpYgrKi9FeIRskkYG17ZhuAvvrxM2rWqX6+e39YrjasijhI4BifgDPjgAjTADWiCFsDgETyDV/DmPDkvzrvzMW9dcYqZI/AHzucPMyiaBA==</latexit>

vp ⇠ 1

Ro|k| (0, 1)

<latexit sha1_base64="l12l5RRhNN+ayWYybG2Nw9WEqCU="></latexit>

vp ⇠ 1

Ro|k|�� (1, 0)

<latexit sha1_base64="66BFoa/lMDiMy0MJfKAzOXNHOuc="></latexit>

vg ⇠ 1

Ro|k| (0, 1)

<latexit sha1_base64="ujeiOTA7xVQLq2oog0Azw8vtYUo="></latexit>

vg ⇠ 1

Ro|k|��(�1, 0)

<latexit sha1_base64="zM11WZa5L03+J6pvflQljOCJw5g="></latexit>

Slow horiz. propag’n: axial wave energy transport� ! 0

<latexit sha1_base64="WD7J1RUgBOTAGHSyhkQXUnBieuw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIRY9FLx4r2A9oQtlsN83SzSbsTpRQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzglRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY38z87gNTmifyHvKU+TEZSR5ySsBIA7vqpRHHnuKjCIhSySN28MCuOXVnDrxK3ILUUIHWwP7yhgnNYiaBCqJ133VS8CdEAaeCTStepllK6JiMWN9QSWKm/cn8+Ck+NcoQh4kyJQHP1d8TExJrnceB6YwJRHrZm4n/ef0Mwit/wmWaAZN0sSjMBIYEz5LAQ64YBZEbQqji5lZMI6IIBZNXxYTgLr+8SjrndbdRv7hr1JrXRRxldIxO0Bly0SVqolvUQm1EUY6e0St6s56sF+vd+li0lqxipor+wPr8AdyplEM=</latexit>

Fast vert. propag’n: horiz wave energy transport

Dispersion relation
  freq. of oscill’n � ! 0

<latexit sha1_base64="WD7J1RUgBOTAGHSyhkQXUnBieuw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIRY9FLx4r2A9oQtlsN83SzSbsTpRQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzglRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY38z87gNTmifyHvKU+TEZSR5ySsBIA7vqpRHHnuKjCIhSySN28MCuOXVnDrxK3ILUUIHWwP7yhgnNYiaBCqJ133VS8CdEAaeCTStepllK6JiMWN9QSWKm/cn8+Ck+NcoQh4kyJQHP1d8TExJrnceB6YwJRHrZm4n/ef0Mwit/wmWaAZN0sSjMBIYEz5LAQ64YBZEbQqji5lZMI6IIBZNXxYTgLr+8SjrndbdRv7hr1JrXRRxldIxO0Bly0SVqolvUQm1EUY6e0St6s56sF+vd+li0lqxipor+wPr8AdyplEM=</latexit>

! ! 0

<latexit sha1_base64="vW0Lgh/+evWRhTsMFSIWRrS79GU=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWRii6LblxWsA9oQplMJ+nQeYSZiVJCwV9x40IRt36HO//GaZuFth64cDjnXu69J0oZ1cbzvp3Syura+kZ5s7K1vbO75+4ftLXMFCYtLJlU3QhpwqggLUMNI91UEcQjRjrR6Gbqdx6I0lSKezNOSchRImhMMTJW6rtHgeQkQTBQNBkapJR8hB7su1Wv5s0Al4lfkCoo0Oy7X8FA4owTYTBDWvd8LzVhjpShmJFJJcg0SREeoYT0LBWIEx3ms/Mn8NQqAxhLZUsYOFN/T+SIaz3mke3kyAz1ojcV//N6mYmvwpyKNDNE4PmiOGPQSDjNAg6oItiwsSUIK2pvhXiIFMLGJlaxIfiLLy+T9nnNr9cu7urVxnURRxkcgxNwBnxwCRrgFjRBC2CQg2fwCt6cJ+fFeXc+5q0lp5g5BH/gfP4AZZOVHw==</latexit>

� ! ⇡

2

<latexit sha1_base64="p9NfMSyFlwiLTHKcl1Cfxf7i9vA=">AAACCXicbVDLSgMxFM34rPU16tJNsAiuykyp6LLoxmUF+4DOUDJppg3NJCHJKGWYrRt/xY0LRdz6B+78G9N2Ftp64MLhnHu5955IMqqN5307K6tr6xubpa3y9s7u3r57cNjWIlWYtLBgQnUjpAmjnLQMNYx0pSIoiRjpROPrqd+5J0pTwe/MRJIwQUNOY4qRsVLfhYEcURgoOhwZpJR4gEGsEM4CSfOslkPYdyte1ZsBLhO/IBVQoNl3v4KBwGlCuMEMad3zPWnCDClDMSN5OUg1kQiP0ZD0LOUoITrMZp/k8NQqAxgLZYsbOFN/T2Qo0XqSRLYzQWakF72p+J/XS018GWaUy9QQjueL4pRBI+A0FjigimDDJpYgrKi9FeIRskkYG17ZhuAvvrxM2rWqX6+e39YrjasijhI4BifgDPjgAjTADWiCFsDgETyDV/DmPDkvzrvzMW9dcYqZI/AHzucPMyiaBA==</latexit>

  freq. of oscill’n ! ! 1

Ro
(⇠ 2⌦)

<latexit sha1_base64="ChJJYsSKqNGV7fRmTiGs1HJNa1Q=">AAACG3icbVDLSgMxFM34rPVVdekmWIS6KTOlosuiG3dWsQ/oDCWTZqahyWRIMkoZ5j/c+CtuXCjiSnDh35i2s9DWA4HDOedyc48fM6q0bX9bS8srq2vrhY3i5tb2zm5pb7+tRCIxaWHBhOz6SBFGI9LSVDPSjSVB3Gek448uJ37nnkhFRXSnxzHxOAojGlCMtJH6pZorOAkRdCUNhxpJKR6gG0iEUydLb0UGK66iHNagez3JnUAI+6WyXbWngIvEyUkZ5Gj2S5/uQOCEk0hjhpTqOXasvRRJTTEjWdFNFIkRHqGQ9AyNECfKS6e3ZfDYKAMYCGlepOFU/T2RIq7UmPsmyZEeqnlvIv7n9RIdnHspjeJEkwjPFgUJg1rASVFwQCXBmo0NQVhS81eIh8g0o02dRVOCM3/yImnXqk69enpTLzcu8joK4BAcgQpwwBlogCvQBC2AwSN4Bq/gzXqyXqx362MWXbLymQPwB9bXD9OFn/g=</latexit>

Phase velocity of inertial plane waves:

Group velocity of inertial plane waves: vp · vg = 0

<latexit sha1_base64="FNxpv+csBWfqzXJCUA8bkCs7HaI=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZmRim6EohuXFewDOsOQyaRtaCYZkkyhDF268VfcuFDErZ/gzr8x085CWw+EHM65l3vvCRNGlXacb6u0srq2vlHerGxt7+zu2fsHbSVSiUkLCyZkN0SKMMpJS1PNSDeRBMUhI51wdJv7nTGRigr+oCcJ8WM04LRPMdJGCuxjLxQsUpPYfNk4SKCHI6HhOBhM4TWETmBXnZozA1wmbkGqoEAzsL+8SOA0JlxjhpTquU6i/QxJTTEj04qXKpIgPEID0jOUo5goP5sdMoWnRolgX0jzuIYz9XdHhmKV72oqY6SHatHLxf+8Xqr7V35GeZJqwvF8UD9lUAuYpwIjKgnWbGIIwpKaXSEeIomwNtlVTAju4snLpH1ec+u1i/t6tXFTxFEGR+AEnAEXXIIGuANN0AIYPIJn8ArerCfrxXq3PualJavoOQR/YH3+AJdkmQg=</latexit>



Inertial Waves 

=)

<latexit sha1_base64="yuJGccif+nJ405oSoSSU2xvM6y4=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+xdluztHrtzSgz5JTYWitj6U+z8N26SKzTxwcDjvRlm5oWp4AY879sprKyurW8UN0tb2zu7ZXdvv2lUpilrUCWUbofEMMElawAHwdqpZiQJBWuFw+up33pg2nAl72GUsiAhseQRpwSs1HPL3VslY83jARCt1WPPrXhVbwa8TPycVFCOes/96vYVzRImgQpiTMf3UgjGRAOngk1K3cywlNAhiVnHUkkSZoLx7PAJPrZKH0dK25KAZ+rviTFJjBkloe1MCAzMojcV//M6GUSXwZjLNAMm6XxRlAkMCk9TwH2uGQUxsoRQze2tmA6IJhRsViUbgr/48jJpnlb9s+r53VmldpXHUUSH6AidIB9doBq6QXXUQBRl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz9CsJN+</latexit>

Phase velocity of inertial plane waves:

! =
�

Ro

(⌦̂·k)
|k| =

�

Ro
sin�

<latexit sha1_base64="ZIyoKXc/cWXt7wfQl81kI5ENfTc="></latexit>

vp =
!

|k|
k

|k| =
!

|k|2 (|k?|, kz) =
�

Ro

sin�

|k| (cos�, sin�)

<latexit sha1_base64="zpLDstaf9DaBzv7gMJ29lZQ3XX8="></latexit>

� ! ⇡

2

<latexit sha1_base64="p9NfMSyFlwiLTHKcl1Cfxf7i9vA=">AAACCXicbVDLSgMxFM34rPU16tJNsAiuykyp6LLoxmUF+4DOUDJppg3NJCHJKGWYrRt/xY0LRdz6B+78G9N2Ftp64MLhnHu5955IMqqN5307K6tr6xubpa3y9s7u3r57cNjWIlWYtLBgQnUjpAmjnLQMNYx0pSIoiRjpROPrqd+5J0pTwe/MRJIwQUNOY4qRsVLfhYEcURgoOhwZpJR4gEGsEM4CSfOslkPYdyte1ZsBLhO/IBVQoNl3v4KBwGlCuMEMad3zPWnCDClDMSN5OUg1kQiP0ZD0LOUoITrMZp/k8NQqAxgLZYsbOFN/T2Qo0XqSRLYzQWakF72p+J/XS018GWaUy9QQjueL4pRBI+A0FjigimDDJpYgrKi9FeIRskkYG17ZhuAvvrxM2rWqX6+e39YrjasijhI4BifgDPjgAjTADWiCFsDgETyDV/DmPDkvzrvzMW9dcYqZI/AHzucPMyiaBA==</latexit>

vp ⇠ 1

Ro|k| (0, 1)

<latexit sha1_base64="l12l5RRhNN+ayWYybG2Nw9WEqCU="></latexit>

vp ⇠ 1

Ro|k|�� (1, 0)

<latexit sha1_base64="66BFoa/lMDiMy0MJfKAzOXNHOuc="></latexit>

� ! 0

<latexit sha1_base64="WD7J1RUgBOTAGHSyhkQXUnBieuw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIRY9FLx4r2A9oQtlsN83SzSbsTpRQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzglRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY38z87gNTmifyHvKU+TEZSR5ySsBIA7vqpRHHnuKjCIhSySN28MCuOXVnDrxK3ILUUIHWwP7yhgnNYiaBCqJ133VS8CdEAaeCTStepllK6JiMWN9QSWKm/cn8+Ck+NcoQh4kyJQHP1d8TExJrnceB6YwJRHrZm4n/ef0Mwit/wmWaAZN0sSjMBIYEz5LAQ64YBZEbQqji5lZMI6IIBZNXxYTgLr+8SjrndbdRv7hr1JrXRRxldIxO0Bly0SVqolvUQm1EUY6e0St6s56sF+vd+li0lqxipor+wPr8AdyplEM=</latexit>

“Slow” horiz. propagation 

“Fast” horiz. propagation 

Group velocity of inertial plane waves:

vg = rk! =
!

|k|2

✓
�|k?|,

|k?|2

kz

◆
=

�

Ro

sin� cos�

|k| (�1, cot�)

<latexit sha1_base64="FnS0LydebDT1n64qvo+5cqh8UWc="></latexit>

vp · vg = 0

<latexit sha1_base64="FNxpv+csBWfqzXJCUA8bkCs7HaI=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZmRim6EohuXFewDOsOQyaRtaCYZkkyhDF268VfcuFDErZ/gzr8x085CWw+EHM65l3vvCRNGlXacb6u0srq2vlHerGxt7+zu2fsHbSVSiUkLCyZkN0SKMMpJS1PNSDeRBMUhI51wdJv7nTGRigr+oCcJ8WM04LRPMdJGCuxjLxQsUpPYfNk4SKCHI6HhOBhM4TWETmBXnZozA1wmbkGqoEAzsL+8SOA0JlxjhpTquU6i/QxJTTEj04qXKpIgPEID0jOUo5goP5sdMoWnRolgX0jzuIYz9XdHhmKV72oqY6SHatHLxf+8Xqr7V35GeZJqwvF8UD9lUAuYpwIjKgnWbGIIwpKaXSEeIomwNtlVTAju4snLpH1ec+u1i/t6tXFTxFEGR+AEnAEXXIIGuANN0AIYPIJn8ArerCfrxXq3PualJavoOQR/YH3+AJdkmQg=</latexit>

wave energy propag’n concentrates along rotation axis, associated with slowly propagating waves 

Vallls 2017

Dispersion relation
  freq. of oscill’n � ! 0

<latexit sha1_base64="WD7J1RUgBOTAGHSyhkQXUnBieuw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIRY9FLx4r2A9oQtlsN83SzSbsTpRQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzglRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY38z87gNTmifyHvKU+TEZSR5ySsBIA7vqpRHHnuKjCIhSySN28MCuOXVnDrxK3ILUUIHWwP7yhgnNYiaBCqJ133VS8CdEAaeCTStepllK6JiMWN9QSWKm/cn8+Ck+NcoQh4kyJQHP1d8TExJrnceB6YwJRHrZm4n/ef0Mwit/wmWaAZN0sSjMBIYEz5LAQ64YBZEbQqji5lZMI6IIBZNXxYTgLr+8SjrndbdRv7hr1JrXRRxldIxO0Bly0SVqolvUQm1EUY6e0St6s56sF+vd+li0lqxipor+wPr8AdyplEM=</latexit>

! ! 0

<latexit sha1_base64="vW0Lgh/+evWRhTsMFSIWRrS79GU=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWRii6LblxWsA9oQplMJ+nQeYSZiVJCwV9x40IRt36HO//GaZuFth64cDjnXu69J0oZ1cbzvp3Syura+kZ5s7K1vbO75+4ftLXMFCYtLJlU3QhpwqggLUMNI91UEcQjRjrR6Gbqdx6I0lSKezNOSchRImhMMTJW6rtHgeQkQTBQNBkapJR8hB7su1Wv5s0Al4lfkCoo0Oy7X8FA4owTYTBDWvd8LzVhjpShmJFJJcg0SREeoYT0LBWIEx3ms/Mn8NQqAxhLZUsYOFN/T+SIaz3mke3kyAz1ojcV//N6mYmvwpyKNDNE4PmiOGPQSDjNAg6oItiwsSUIK2pvhXiIFMLGJlaxIfiLLy+T9nnNr9cu7urVxnURRxkcgxNwBnxwCRrgFjRBC2CQg2fwCt6cJ+fFeXc+5q0lp5g5BH/gfP4AZZOVHw==</latexit>

� ! ⇡

2

<latexit sha1_base64="p9NfMSyFlwiLTHKcl1Cfxf7i9vA=">AAACCXicbVDLSgMxFM34rPU16tJNsAiuykyp6LLoxmUF+4DOUDJppg3NJCHJKGWYrRt/xY0LRdz6B+78G9N2Ftp64MLhnHu5955IMqqN5307K6tr6xubpa3y9s7u3r57cNjWIlWYtLBgQnUjpAmjnLQMNYx0pSIoiRjpROPrqd+5J0pTwe/MRJIwQUNOY4qRsVLfhYEcURgoOhwZpJR4gEGsEM4CSfOslkPYdyte1ZsBLhO/IBVQoNl3v4KBwGlCuMEMad3zPWnCDClDMSN5OUg1kQiP0ZD0LOUoITrMZp/k8NQqAxgLZYsbOFN/T2Qo0XqSRLYzQWakF72p+J/XS018GWaUy9QQjueL4pRBI+A0FjigimDDJpYgrKi9FeIRskkYG17ZhuAvvrxM2rWqX6+e39YrjasijhI4BifgDPjgAjTADWiCFsDgETyDV/DmPDkvzrvzMW9dcYqZI/AHzucPMyiaBA==</latexit>

  freq. of oscill’n ! ! 1

Ro
(⇠ 2⌦)

<latexit sha1_base64="ChJJYsSKqNGV7fRmTiGs1HJNa1Q=">AAACG3icbVDLSgMxFM34rPVVdekmWIS6KTOlosuiG3dWsQ/oDCWTZqahyWRIMkoZ5j/c+CtuXCjiSnDh35i2s9DWA4HDOedyc48fM6q0bX9bS8srq2vrhY3i5tb2zm5pb7+tRCIxaWHBhOz6SBFGI9LSVDPSjSVB3Gek448uJ37nnkhFRXSnxzHxOAojGlCMtJH6pZorOAkRdCUNhxpJKR6gG0iEUydLb0UGK66iHNagez3JnUAI+6WyXbWngIvEyUkZ5Gj2S5/uQOCEk0hjhpTqOXasvRRJTTEjWdFNFIkRHqGQ9AyNECfKS6e3ZfDYKAMYCGlepOFU/T2RIq7UmPsmyZEeqnlvIv7n9RIdnHspjeJEkwjPFgUJg1rASVFwQCXBmo0NQVhS81eIh8g0o02dRVOCM3/yImnXqk69enpTLzcu8joK4BAcgQpwwBlogCvQBC2AwSN4Bq/gzXqyXqx362MWXbLymQPwB9bXD9OFn/g=</latexit>



Inertial Waves 

=)

<latexit sha1_base64="yuJGccif+nJ405oSoSSU2xvM6y4=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+xdluztHrtzSgz5JTYWitj6U+z8N26SKzTxwcDjvRlm5oWp4AY879sprKyurW8UN0tb2zu7ZXdvv2lUpilrUCWUbofEMMElawAHwdqpZiQJBWuFw+up33pg2nAl72GUsiAhseQRpwSs1HPL3VslY83jARCt1WPPrXhVbwa8TPycVFCOes/96vYVzRImgQpiTMf3UgjGRAOngk1K3cywlNAhiVnHUkkSZoLx7PAJPrZKH0dK25KAZ+rviTFJjBkloe1MCAzMojcV//M6GUSXwZjLNAMm6XxRlAkMCk9TwH2uGQUxsoRQze2tmA6IJhRsViUbgr/48jJpnlb9s+r53VmldpXHUUSH6AidIB9doBq6QXXUQBRl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz9CsJN+</latexit>

! =
�

Ro

(⌦̂·k)
|k| =

�

Ro
sin�

<latexit sha1_base64="ZIyoKXc/cWXt7wfQl81kI5ENfTc="></latexit>

|k|

<latexit sha1_base64="b3iROxorphDXzyLCH7A+o5FGzOE=">AAACA3icdVDLSgMxFM34rPU16k43wSK4Kkmptt0V3bisYB/QGUomk2lDMw+SjFCGght/xY0LRdz6E+78GzNtBRU9EHI4517uvcdLBFcaoQ9raXlldW29sFHc3Nre2bX39jsqTiVlbRqLWPY8opjgEWtrrgXrJZKR0BOs640vc797y6TicXSjJwlzQzKMeMAp0UYa2IeOcTV0vFj4ahKaLxtP4Uwc2CVURghhjGFOcO0cGdJo1Cu4DnFuGZTAAq2B/e74MU1DFmkqiFJ9jBLtZkRqTgWbFp1UsYTQMRmyvqERCZlys9kNU3hiFB8GsTQv0nCmfu/ISKjyBU1lSPRI/fZy8S+vn+qg7mY8SlLNIjofFKQC6hjmgUCfS0a1mBhCqORmV0hHRBKqTWxFE8LXpfB/0qmUcbV8dl0tNS8WcRTAETgGpwCDGmiCK9ACbUDBHXgAT+DZurcerRfrdV66ZC16DsAPWG+f6V+YXQ==</latexit>

kz

<latexit sha1_base64="O24ZszWP3Q6DdHuGQFObZ+sNi0s=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU9mUattb0YvHivYD2qVk02wbms0uSVaopT/BiwdFvPqLvPlvzLYVVPTBwOO9GWbm+bHg2rjuh5NZWV1b38hu5ra2d3b38vsHLR0lirImjUSkOj7RTHDJmoYbwTqxYiT0BWv748vUb98xpXkkb80kZl5IhpIHnBJjpZtx/76fL7hF13UxxigluHLuWlKrVUu4inBqWRRgiUY//94bRDQJmTRUEK272I2NNyXKcCrYLNdLNIsJHZMh61oqSci0N52fOkMnVhmgIFK2pEFz9fvElIRaT0LfdobEjPRvLxX/8rqJCarelMs4MUzSxaIgEchEKP0bDbhi1IiJJYQqbm9FdEQUocamk7MhfH2K/ietUhGXi2fX5UL9YhlHFo7gGE4BQwXqcAUNaAKFITzAEzw7wnl0XpzXRWvGWc4cwg84b5+2FI4a</latexit>

|k?|

<latexit sha1_base64="APC1FS6WVsy5U6BNWiRdkRp6jjs=">AAACCXicdVDLSgMxFM3UV62vUZdugkVwVSal2nZXdOOygn1AZxgymbQNzUyGJCOUoVs3/oobF4q49Q/c+Tdm2goqeiDkcM693HtPkHCmtON8WIWV1bX1jeJmaWt7Z3fP3j/oKpFKQjtEcCH7AVaUs5h2NNOc9hNJcRRw2gsml7nfu6VSMRHf6GlCvQiPYjZkBGsj+TZ0jauhGwgeqmlkvmziuwmVyWxh+XbZqTiOgxCCOUH1c8eQZrNRRQ2IcsugDJZo+/a7GwqSRjTWhGOlBshJtJdhqRnhdFZyU0UTTCZ4RAeGxjiiysvml8zgiVFCOBTSvFjDufq9I8ORytc0lRHWY/Xby8W/vEGqhw0vY3GSahqTxaBhyqEWMI8FhkxSovnUEEwkM7tCMsYSE23CK5kQvi6F/5NutYJqlbPrWrl1sYyjCI7AMTgFCNRBC1yBNugAAu7AA3gCz9a99Wi9WK+L0oK17DkEP2C9fQLDB5sL</latexit>

�

<latexit sha1_base64="rEBc/B+RE0FigEtNS5jlqWW1pTY=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4Kkmptt0V3bisYB/QDiWTZjqhSWZIMkIp/QU3LhRx6w+582/MtBVU9MCFwzn3cu89QSK4sQh9eLm19Y3Nrfx2YWd3b/+geHjUMXGqKWvTWMS6FxDDBFesbbkVrJdoRmQgWDeYXGd+955pw2N1Z6cJ8yUZKx5ySmwmDZKID4slVEYIYYxhRnDtEjnSaNQruA5xZjmUwAqtYfF9MIppKpmyVBBj+hgl1p8RbTkVbF4YpIYlhE7ImPUdVUQy488Wt87hmVNGMIy1K2XhQv0+MSPSmKkMXKckNjK/vUz8y+unNqz7M66S1DJFl4vCVEAbw+xxOOKaUSumjhCqubsV0ohoQq2Lp+BC+PoU/k86lTKuli9uq6Xm1SqOPDgBp+AcYFADTXADWqANKIjAA3gCz570Hr0X73XZmvNWM8fgB7y3T2MWjn0=</latexit>

dependent solely on orientation 

Yarom & Sharom. Nature Phys 2014

Inertial weak wave turbulence 

Dispersion relation
  freq. of oscill’n � ! 0

<latexit sha1_base64="WD7J1RUgBOTAGHSyhkQXUnBieuw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JIRY9FLx4r2A9oQtlsN83SzSbsTpRQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzglRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo5NMUdamiUhULyCaCS5ZGzgI1ksVI3EgWDcY38z87gNTmifyHvKU+TEZSR5ySsBIA7vqpRHHnuKjCIhSySN28MCuOXVnDrxK3ILUUIHWwP7yhgnNYiaBCqJ133VS8CdEAaeCTStepllK6JiMWN9QSWKm/cn8+Ck+NcoQh4kyJQHP1d8TExJrnceB6YwJRHrZm4n/ef0Mwit/wmWaAZN0sSjMBIYEz5LAQ64YBZEbQqji5lZMI6IIBZNXxYTgLr+8SjrndbdRv7hr1JrXRRxldIxO0Bly0SVqolvUQm1EUY6e0St6s56sF+vd+li0lqxipor+wPr8AdyplEM=</latexit>

! ! 0

<latexit sha1_base64="vW0Lgh/+evWRhTsMFSIWRrS79GU=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWRii6LblxWsA9oQplMJ+nQeYSZiVJCwV9x40IRt36HO//GaZuFth64cDjnXu69J0oZ1cbzvp3Syura+kZ5s7K1vbO75+4ftLXMFCYtLJlU3QhpwqggLUMNI91UEcQjRjrR6Gbqdx6I0lSKezNOSchRImhMMTJW6rtHgeQkQTBQNBkapJR8hB7su1Wv5s0Al4lfkCoo0Oy7X8FA4owTYTBDWvd8LzVhjpShmJFJJcg0SREeoYT0LBWIEx3ms/Mn8NQqAxhLZUsYOFN/T+SIaz3mke3kyAz1ojcV//N6mYmvwpyKNDNE4PmiOGPQSDjNAg6oItiwsSUIK2pvhXiIFMLGJlaxIfiLLy+T9nnNr9cu7urVxnURRxkcgxNwBnxwCRrgFjRBC2CQg2fwCt6cJ+fFeXc+5q0lp5g5BH/gfP4AZZOVHw==</latexit>

� ! ⇡

2

<latexit sha1_base64="p9NfMSyFlwiLTHKcl1Cfxf7i9vA=">AAACCXicbVDLSgMxFM34rPU16tJNsAiuykyp6LLoxmUF+4DOUDJppg3NJCHJKGWYrRt/xY0LRdz6B+78G9N2Ftp64MLhnHu5955IMqqN5307K6tr6xubpa3y9s7u3r57cNjWIlWYtLBgQnUjpAmjnLQMNYx0pSIoiRjpROPrqd+5J0pTwe/MRJIwQUNOY4qRsVLfhYEcURgoOhwZpJR4gEGsEM4CSfOslkPYdyte1ZsBLhO/IBVQoNl3v4KBwGlCuMEMad3zPWnCDClDMSN5OUg1kQiP0ZD0LOUoITrMZp/k8NQqAxgLZYsbOFN/T2Qo0XqSRLYzQWakF72p+J/XS018GWaUy9QQjueL4pRBI+A0FjigimDDJpYgrKi9FeIRskkYG17ZhuAvvrxM2rWqX6+e39YrjasijhI4BifgDPjgAjTADWiCFsDgETyDV/DmPDkvzrvzMW9dcYqZI/AHzucPMyiaBA==</latexit>

  freq. of oscill’n ! ! 1

Ro
(⇠ 2⌦)

<latexit sha1_base64="ChJJYsSKqNGV7fRmTiGs1HJNa1Q=">AAACG3icbVDLSgMxFM34rPVVdekmWIS6KTOlosuiG3dWsQ/oDCWTZqahyWRIMkoZ5j/c+CtuXCjiSnDh35i2s9DWA4HDOedyc48fM6q0bX9bS8srq2vrhY3i5tb2zm5pb7+tRCIxaWHBhOz6SBFGI9LSVDPSjSVB3Gek448uJ37nnkhFRXSnxzHxOAojGlCMtJH6pZorOAkRdCUNhxpJKR6gG0iEUydLb0UGK66iHNagez3JnUAI+6WyXbWngIvEyUkZ5Gj2S5/uQOCEk0hjhpTqOXasvRRJTTEjWdFNFIkRHqGQ9AyNECfKS6e3ZfDYKAMYCGlepOFU/T2RIq7UmPsmyZEeqnlvIv7n9RIdnHspjeJEkwjPFgUJg1rASVFwQCXBmo0NQVhS81eIh8g0o02dRVOCM3/yImnXqk69enpTLzcu8joK4BAcgQpwwBlogCvQBC2AwSN4Bq/gzXqyXqx362MWXbLymQPwB9bXD9OFn/g=</latexit>



Taylor-Proudman Constraint

Consider case  Eu ~ 1/Ro, inviscid motions (Re >>1), and Str Ro << 1

Str@tu+
1

Ro
⌦̂⇥ u+ Eurp ⇡ 0

r · u = 0

<latexit sha1_base64="zt/PUxLJMDRb6jMREKjK3bLoqpo="></latexit>

=)

<latexit sha1_base64="yuJGccif+nJ405oSoSSU2xvM6y4=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+xdluztHrtzSgz5JTYWitj6U+z8N26SKzTxwcDjvRlm5oWp4AY879sprKyurW8UN0tb2zu7ZXdvv2lUpilrUCWUbofEMMElawAHwdqpZiQJBWuFw+up33pg2nAl72GUsiAhseQRpwSs1HPL3VslY83jARCt1WPPrXhVbwa8TPycVFCOes/96vYVzRImgQpiTMf3UgjGRAOngk1K3cywlNAhiVnHUkkSZoLx7PAJPrZKH0dK25KAZ+rviTFJjBkloe1MCAzMojcV//M6GUSXwZjLNAMm6XxRlAkMCk9TwH2uGQUxsoRQze2tmA6IJhRsViUbgr/48jJpnlb9s+r53VmldpXHUUSH6AidIB9doBq6QXXUQBRl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz9CsJN+</latexit>

 horiz. phase velocity of inertial plane waves:   

   slowly propagating i.w’s  



Taylor-Proudman Constraint

Str@tu+
1

Ro
⌦̂⇥ u+ Eurp ⇡ 0

r · u = 0

<latexit sha1_base64="zt/PUxLJMDRb6jMREKjK3bLoqpo="></latexit>

=)

<latexit sha1_base64="yuJGccif+nJ405oSoSSU2xvM6y4=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+xdluztHrtzSgz5JTYWitj6U+z8N26SKzTxwcDjvRlm5oWp4AY879sprKyurW8UN0tb2zu7ZXdvv2lUpilrUCWUbofEMMElawAHwdqpZiQJBWuFw+up33pg2nAl72GUsiAhseQRpwSs1HPL3VslY83jARCt1WPPrXhVbwa8TPycVFCOes/96vYVzRImgQpiTMf3UgjGRAOngk1K3cywlNAhiVnHUkkSZoLx7PAJPrZKH0dK25KAZ+rviTFJjBkloe1MCAzMojcV//M6GUSXwZjLNAMm6XxRlAkMCk9TwH2uGQUxsoRQze2tmA6IJhRsViUbgr/48jJpnlb9s+r53VmldpXHUUSH6AidIB9doBq6QXXUQBRl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz9CsJN+</latexit>

Consider case  Eu ~ 1/Ro, inviscid motions (Re >>1), and Str Ro << 1

 horiz. phase velocity of inertial plane waves:   

   slowly propagating i.w’s  



Taylor-Proudman Constraint

Str@tu+
1

Ro
⌦̂⇥ u+ Eurp ⇡ 0

r · u = 0

<latexit sha1_base64="zt/PUxLJMDRb6jMREKjK3bLoqpo="></latexit>

=)

<latexit sha1_base64="yuJGccif+nJ405oSoSSU2xvM6y4=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+xdluztHrtzSgz5JTYWitj6U+z8N26SKzTxwcDjvRlm5oWp4AY879sprKyurW8UN0tb2zu7ZXdvv2lUpilrUCWUbofEMMElawAHwdqpZiQJBWuFw+up33pg2nAl72GUsiAhseQRpwSs1HPL3VslY83jARCt1WPPrXhVbwa8TPycVFCOes/96vYVzRImgQpiTMf3UgjGRAOngk1K3cywlNAhiVnHUkkSZoLx7PAJPrZKH0dK25KAZ+rviTFJjBkloe1MCAzMojcV//M6GUSXwZjLNAMm6XxRlAkMCk9TwH2uGQUxsoRQze2tmA6IJhRsViUbgr/48jJpnlb9s+r53VmldpXHUUSH6AidIB9doBq6QXXUQBRl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz9CsJN+</latexit>

 Geostrophic balance  & Taylor-Proudman Theorem. 

J. Proudman 1888-1975 GI. Taylor 1886-1975

Proudman-Taylor Theorem (1916, 1923): ⌦̂ · and r⇥

<latexit sha1_base64="MkVLF0qf9IO5wUAbIVxiSZBsAYQ=">AAACK3icbVBLSwMxEM76tr6qHr0Ei+Cp7Iqix6IXbypYFbqlzGbTNpjHkswKZen/8eJf8aAHH3j1f5hte/A1IeTL980wM1+SSeEwDN+CqemZ2bn5hcXK0vLK6lp1fePKmdwy3mRGGnuTgONSaN5EgZLfZJaDSiS/Tm5PSv36jlsnjL7EQcbbCnpadAUD9FSnehwnRqZuoPxTxH1AGp8p3oNhzFLjP+VRgH2rCtDpcExoSCTEKBR3tFLpVGthPRwF/QuiCaiRSZx3qk9xaliuuEYmwblWFGbYLsCiYJIPK3HueAbsFnq85aEG36ddjHYd0h3PpLRrrL8a6Yj9XlGAcuU6PrOc2/3WSvI/rZVj96hdCJ3lyDUbN+rmkqKhpXE0FZYzlAMPgFnhZ6WsDxYYentLE6LfK/8FV3v1aL9+cLFfaxxP7FggW2Sb7JKIHJIGOSXnpEkYuSeP5IW8Bg/Bc/AefIxTp4JJzSb5EcHnF3lYpyI=</latexit>

⌦̂ ·r(u, p) ⇡ 0

<latexit sha1_base64="XYdRVJUP8IGXvpErxT6zZkDDY9c="></latexit>

fluid motions are inherently columnar, two-dimensional

Consider case  Eu ~ 1/Ro, inviscid motions (Re >>1), and Str Ro << 1



Taylor-Proudman Constraint

Str@tu+
1

Ro
⌦̂⇥ u+ Eurp ⇡ 0

r · u = 0

<latexit sha1_base64="zt/PUxLJMDRb6jMREKjK3bLoqpo="></latexit>

=)

<latexit sha1_base64="yuJGccif+nJ405oSoSSU2xvM6y4=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+xdluztHrtzSgz5JTYWitj6U+z8N26SKzTxwcDjvRlm5oWp4AY879sprKyurW8UN0tb2zu7ZXdvv2lUpilrUCWUbofEMMElawAHwdqpZiQJBWuFw+up33pg2nAl72GUsiAhseQRpwSs1HPL3VslY83jARCt1WPPrXhVbwa8TPycVFCOes/96vYVzRImgQpiTMf3UgjGRAOngk1K3cywlNAhiVnHUkkSZoLx7PAJPrZKH0dK25KAZ+rviTFJjBkloe1MCAzMojcV//M6GUSXwZjLNAMm6XxRlAkMCk9TwH2uGQUxsoRQze2tmA6IJhRsViUbgr/48jJpnlb9s+r53VmldpXHUUSH6AidIB9doBq6QXXUQBRl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz9CsJN+</latexit>

⌦̂ ·r(u, p) ⇡ 0

<latexit sha1_base64="XYdRVJUP8IGXvpErxT6zZkDDY9c="></latexit>

Consider case  Eu ~ 1/Ro, inviscid motions (Re >>1), and Str Ro << 1



Taylor-Proudman Constraint

Str@tu+
1

Ro
⌦̂⇥ u+ Eurp ⇡ 0

r · u = 0

<latexit sha1_base64="zt/PUxLJMDRb6jMREKjK3bLoqpo="></latexit>

=)

<latexit sha1_base64="yuJGccif+nJ405oSoSSU2xvM6y4=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFOFC2DNhYWEcwHJEfY2+xdluztHrtzSgz5JTYWitj6U+z8N26SKzTxwcDjvRlm5oWp4AY879sprKyurW8UN0tb2zu7ZXdvv2lUpilrUCWUbofEMMElawAHwdqpZiQJBWuFw+up33pg2nAl72GUsiAhseQRpwSs1HPL3VslY83jARCt1WPPrXhVbwa8TPycVFCOes/96vYVzRImgQpiTMf3UgjGRAOngk1K3cywlNAhiVnHUkkSZoLx7PAJPrZKH0dK25KAZ+rviTFJjBkloe1MCAzMojcV//M6GUSXwZjLNAMm6XxRlAkMCk9TwH2uGQUxsoRQze2tmA6IJhRsViUbgr/48jJpnlb9s+r53VmldpXHUUSH6AidIB9doBq6QXXUQBRl6Bm9ojfnyXlx3p2PeWvByWcO0B84nz9CsJN+</latexit>

⌦̂ ·r(u, p) ⇡ O(Ro)

<latexit sha1_base64="X0Hry18jBSrs/u1bwTBV2CXbP+A="></latexit>

Axial variations can occur if geometrically allowed

Consider case  Eu ~ 1/Ro, inviscid motions (Re >>1), and Str Ro << 1



Barotropic Vorticity Equation 
Axial variations geometrically disallowed L � H

<latexit sha1_base64="F/NTPOMUOdbSgzIHK5YAbPIb0h4=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQJoVFBPMByRH2NnuXNXu7x+6eEI78BxsLRWz9P3b+GzfJFZr4YODx3gwz84KEM21c99sprK1vbG4Vt0s7u3v7B+XDo7aWqSK0RSSXqhtgTTkTtGWY4bSbKIrjgNNOML6d+Z0nqjST4sFMEurHOBIsZAQbK7Xv+lGEGoNyxa26c6BV4uWkAjmag/JXfyhJGlNhCMda9zw3MX6GlWGE02mpn2qaYDLGEe1ZKnBMtZ/Nr52iM6sMUSiVLWHQXP09keFY60kc2M4Ym5Fe9mbif14vNeG1nzGRpIYKslgUphwZiWavoyFTlBg+sQQTxeytiIywwsTYgEo2BG/55VXSvqh6terlfa1Sv8njKMIJnMI5eHAFdWhAE1pA4BGe4RXeHOm8OO/Ox6K14OQzx/AHzucPxS2OnA==</latexit>

T-P                                        then u? = uG
? + uAG

? uG
? = �r⇥  bz, ⇣ = r2

? 

<latexit sha1_base64="wKP6PDARLxxJ0VvhK6DsoVuc3ck="></latexit>

ẑ ·r(uG
?, p) ⇡ 0

<latexit sha1_base64="gH/HxhD5IBj/CC6NxD4GM9pHzRY="></latexit>



Barotropic Vorticity Equation 
Axial variations geometrically disallowed L � H

<latexit sha1_base64="F/NTPOMUOdbSgzIHK5YAbPIb0h4=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQJoVFBPMByRH2NnuXNXu7x+6eEI78BxsLRWz9P3b+GzfJFZr4YODx3gwz84KEM21c99sprK1vbG4Vt0s7u3v7B+XDo7aWqSK0RSSXqhtgTTkTtGWY4bSbKIrjgNNOML6d+Z0nqjST4sFMEurHOBIsZAQbK7Xv+lGEGoNyxa26c6BV4uWkAjmag/JXfyhJGlNhCMda9zw3MX6GlWGE02mpn2qaYDLGEe1ZKnBMtZ/Nr52iM6sMUSiVLWHQXP09keFY60kc2M4Ym5Fe9mbif14vNeG1nzGRpIYKslgUphwZiWavoyFTlBg+sQQTxeytiIywwsTYgEo2BG/55VXSvqh6terlfa1Sv8njKMIJnMI5eHAFdWhAE1pA4BGe4RXeHOm8OO/Ox6K14OQzx/AHzucPxS2OnA==</latexit>

T-P                                        then u? = uG
? + uAG

? uG
? = �r⇥  bz, ⇣ = r2

? 

<latexit sha1_base64="wKP6PDARLxxJ0VvhK6DsoVuc3ck="></latexit>

ẑ ·r(uG
?, p) ⇡ 0

<latexit sha1_base64="gH/HxhD5IBj/CC6NxD4GM9pHzRY="></latexit>



Barotropic Vorticity Equation 
Axial variations geometrically disallowed L � H

<latexit sha1_base64="F/NTPOMUOdbSgzIHK5YAbPIb0h4=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQJoVFBPMByRH2NnuXNXu7x+6eEI78BxsLRWz9P3b+GzfJFZr4YODx3gwz84KEM21c99sprK1vbG4Vt0s7u3v7B+XDo7aWqSK0RSSXqhtgTTkTtGWY4bSbKIrjgNNOML6d+Z0nqjST4sFMEurHOBIsZAQbK7Xv+lGEGoNyxa26c6BV4uWkAjmag/JXfyhJGlNhCMda9zw3MX6GlWGE02mpn2qaYDLGEe1ZKnBMtZ/Nr52iM6sMUSiVLWHQXP09keFY60kc2M4Ym5Fe9mbif14vNeG1nzGRpIYKslgUphwZiWavoyFTlBg+sQQTxeytiIywwsTYgEo2BG/55VXSvqh6terlfa1Sv8njKMIJnMI5eHAFdWhAE1pA4BGe4RXeHOm8OO/Ox6K14OQzx/AHzucPxS2OnA==</latexit>

T-P                                        then u? = uG
? + uAG

? uG
? = �r⇥  bz, ⇣ = r2

? 

<latexit sha1_base64="wKP6PDARLxxJ0VvhK6DsoVuc3ck="></latexit>

ẑ ·r(uG
?, p) ⇡ 0

<latexit sha1_base64="gH/HxhD5IBj/CC6NxD4GM9pHzRY="></latexit>

D = �↵⇣ + ⌫r2
?⇣

<latexit sha1_base64="acUL/dNeFIpIPjFBDWbkz4x1dXM="></latexit>



Barotropic Vorticity Equation 
Axial variations geometrically disallowed L � H

<latexit sha1_base64="F/NTPOMUOdbSgzIHK5YAbPIb0h4=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQJoVFBPMByRH2NnuXNXu7x+6eEI78BxsLRWz9P3b+GzfJFZr4YODx3gwz84KEM21c99sprK1vbG4Vt0s7u3v7B+XDo7aWqSK0RSSXqhtgTTkTtGWY4bSbKIrjgNNOML6d+Z0nqjST4sFMEurHOBIsZAQbK7Xv+lGEGoNyxa26c6BV4uWkAjmag/JXfyhJGlNhCMda9zw3MX6GlWGE02mpn2qaYDLGEe1ZKnBMtZ/Nr52iM6sMUSiVLWHQXP09keFY60kc2M4Ym5Fe9mbif14vNeG1nzGRpIYKslgUphwZiWavoyFTlBg+sQQTxeytiIywwsTYgEo2BG/55VXSvqh6terlfa1Sv8njKMIJnMI5eHAFdWhAE1pA4BGe4RXeHOm8OO/Ox6K14OQzx/AHzucPxS2OnA==</latexit>

T-P                                        then u? = uG
? + uAG

? uG
? = �r⇥  bz, ⇣ = r2

? 

<latexit sha1_base64="wKP6PDARLxxJ0VvhK6DsoVuc3ck="></latexit>

ẑ ·r(uG
?, p) ⇡ 0

<latexit sha1_base64="gH/HxhD5IBj/CC6NxD4GM9pHzRY="></latexit>

D = �↵⇣ + ⌫r2
?⇣

<latexit sha1_base64="acUL/dNeFIpIPjFBDWbkz4x1dXM="></latexit>

Two conserved quantities:  Energy                              ,        EnstrophyE =
⌦
|r? |2

↵

Z =
⌦
|⇣|2

↵

<latexit sha1_base64="c6aqoUHcw6bQdIOM6VNhBrsuZVk="></latexit>

E =
⌦
|r? |2

↵

Z =
⌦
|⇣|2

↵

<latexit sha1_base64="c6aqoUHcw6bQdIOM6VNhBrsuZVk="></latexit>



Barotropic Vorticity Equation 
Axial variations geometrically disallowed L � H

<latexit sha1_base64="F/NTPOMUOdbSgzIHK5YAbPIb0h4=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQJoVFBPMByRH2NnuXNXu7x+6eEI78BxsLRWz9P3b+GzfJFZr4YODx3gwz84KEM21c99sprK1vbG4Vt0s7u3v7B+XDo7aWqSK0RSSXqhtgTTkTtGWY4bSbKIrjgNNOML6d+Z0nqjST4sFMEurHOBIsZAQbK7Xv+lGEGoNyxa26c6BV4uWkAjmag/JXfyhJGlNhCMda9zw3MX6GlWGE02mpn2qaYDLGEe1ZKnBMtZ/Nr52iM6sMUSiVLWHQXP09keFY60kc2M4Ym5Fe9mbif14vNeG1nzGRpIYKslgUphwZiWavoyFTlBg+sQQTxeytiIywwsTYgEo2BG/55VXSvqh6terlfa1Sv8njKMIJnMI5eHAFdWhAE1pA4BGe4RXeHOm8OO/Ox6K14OQzx/AHzucPxS2OnA==</latexit>

T-P                                        then u? = uG
? + uAG

? uG
? = �r⇥  bz, ⇣ = r2

? 

<latexit sha1_base64="wKP6PDARLxxJ0VvhK6DsoVuc3ck="></latexit>

ẑ ·r(uG
?, p) ⇡ 0

<latexit sha1_base64="gH/HxhD5IBj/CC6NxD4GM9pHzRY="></latexit>

D = �↵⇣ + ⌫r2
?⇣

<latexit sha1_base64="acUL/dNeFIpIPjFBDWbkz4x1dXM="></latexit>

Two conserved quantities:  Energy                              ,        EnstrophyE =
⌦
|r? |2

↵

Z =
⌦
|⇣|2

↵

<latexit sha1_base64="c6aqoUHcw6bQdIOM6VNhBrsuZVk="></latexit>

E =
⌦
|r? |2

↵

Z =
⌦
|⇣|2

↵

<latexit sha1_base64="c6aqoUHcw6bQdIOM6VNhBrsuZVk="></latexit>



Barotropic Vorticity Equation 
Axial variations geometrically disallowed L � H

<latexit sha1_base64="F/NTPOMUOdbSgzIHK5YAbPIb0h4=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQJoVFBPMByRH2NnuXNXu7x+6eEI78BxsLRWz9P3b+GzfJFZr4YODx3gwz84KEM21c99sprK1vbG4Vt0s7u3v7B+XDo7aWqSK0RSSXqhtgTTkTtGWY4bSbKIrjgNNOML6d+Z0nqjST4sFMEurHOBIsZAQbK7Xv+lGEGoNyxa26c6BV4uWkAjmag/JXfyhJGlNhCMda9zw3MX6GlWGE02mpn2qaYDLGEe1ZKnBMtZ/Nr52iM6sMUSiVLWHQXP09keFY60kc2M4Ym5Fe9mbif14vNeG1nzGRpIYKslgUphwZiWavoyFTlBg+sQQTxeytiIywwsTYgEo2BG/55VXSvqh6terlfa1Sv8njKMIJnMI5eHAFdWhAE1pA4BGe4RXeHOm8OO/Ox6K14OQzx/AHzucPxS2OnA==</latexit>

T-P                                        then u? = uG
? + uAG

? uG
? = �r⇥  bz, ⇣ = r2

? 

<latexit sha1_base64="wKP6PDARLxxJ0VvhK6DsoVuc3ck="></latexit>

ẑ ·r(uG
?, p) ⇡ 0

<latexit sha1_base64="gH/HxhD5IBj/CC6NxD4GM9pHzRY="></latexit>

D = �↵⇣ + ⌫r2
?⇣

<latexit sha1_base64="acUL/dNeFIpIPjFBDWbkz4x1dXM="></latexit>

Two conserved quantities:  Energy                              ,        EnstrophyE =
⌦
|r? |2

↵

Z =
⌦
|⇣|2

↵

<latexit sha1_base64="c6aqoUHcw6bQdIOM6VNhBrsuZVk="></latexit>

E =
⌦
|r? |2

↵

Z =
⌦
|⇣|2

↵

<latexit sha1_base64="c6aqoUHcw6bQdIOM6VNhBrsuZVk="></latexit>

"2/3k�5/3

⌘ 2/3
k �

3

"↵

<latexit sha1_base64="XlN7Y3JLgvTWKStOVMaZudRXaDc=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRS0WXRjcsK9gFNKDfTSTt0Mgkzk0II9VfcuFDErR/izr9x2mahrQcunDnnXubeEyScKe0431ZpY3Nre6e8W9nbPzg8so9POipOJaFtEvNY9gJQlDNB25ppTnuJpBAFnHaDyd3c706pVCwWjzpLqB/BSLCQEdBGGthVbwqSJopx8/KAJ2PAA7vm1J0F8DpxC1JDBVoD+8sbxiSNqNCEg1J910m0n4PUjHA6q3ipogmQCYxo31ABEVV+vlh+hs+NMsRhLE0JjRfq74kcIqWyKDCdEeixWvXm4n9eP9XhjZ8zkaSaCrL8KEw51jGeJ4GHTFKieWYIEMnMrpiMQQLRJq+KCcFdPXmddC7rbqN+9dCoNW+LOMroFJ2hC+Sia9RE96iF2oigDD2jV/RmPVkv1rv1sWwtWcVMFf2B9fkD6b2U8Q==</latexit>

⌘⌫

<latexit sha1_base64="bfJ4PyD000twBfPMxXxW+XvoysY=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7Ac0oWy2k3bpZhN3J0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKWOD8h6vsp65Ypbdeegq8TLSYXkaPTKX34/4VkMCrlkxnQ9N8VgwjQKLmFa8jMDKeMjNoCupYrFYILJ/N4pPbNKn0aJtqWQztXfExMWGzOOQ9sZMxyaZW8m/ud1M4yug4lQaYag+GJRlEmKCZ09T/tCA0c5toRxLeytlA+ZZhxtRCUbgrf88ippXVS9WvXyvlap3+RxFMkJOSXnxCNXpE7uSIM0CSeSPJNX8uY8Oi/Ou/OxaC04+cwx+QPn8wcbbpAG</latexit>

"I , ⌘I

<latexit sha1_base64="2+a9zPOy3ikUc8eRqgws8+pjkko=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXEhJpKLLohu7q2Af0IQwmd60QycPZiaFErvwV9y4UMStv+HOv3HaZqGtBy6cOede5t7jJ5xJZVnfRmFldW19o7hZ2tre2d0z9w9aMk4FhSaNeSw6PpHAWQRNxRSHTiKAhD6Htj+8nfrtEQjJ4uhBjRNwQ9KPWMAoUVryzCNnRAQkknH9qp9jBxTx6tgzy1bFmgEvEzsnZZSj4ZlfTi+maQiRopxI2bWtRLkZEYpRDpOSk0pICB2SPnQ1jUgI0s1m+0/wqVZ6OIiFrkjhmfp7IiOhlOPQ150hUQO56E3F/7xuqoJrN2NRkiqI6PyjIOVYxXgaBu4xAVTxsSaECqZ3xXRABKFKR1bSIdiLJy+T1kXFrlYu76vl2k0eRxEdoxN0hmx0hWroDjVQE1H0iJ7RK3oznowX4934mLcWjHzmEP2B8fkDGEKVgA==</latexit>

"I = "↵ + "⌫

⌘I = ⌘↵ + ⌘⌫

<latexit sha1_base64="R9JtTc0Z47Cmjzk+JqE8r4fov40=">AAACRXicbVBNSwMxFMz6WetX1aOXYFEEoexKRS9C0YveKthW6JbyNn21wWx2SbKFUvrnvHj35j/w4kERr5rdVvwcCMybN0OSCWLBtXHdB2dqemZ2bj63kF9cWl5ZLayt13WUKIY1FolIXQWgUXCJNcONwKtYIYSBwEZwc5ruG31Umkfy0gxibIVwLXmXMzBWahd8vw8KY82Fnc7pDj2m3xUfRNwDuvdTlAn1/byPBj4jKf3yZpM1tQtFt+RmoH+JNyFFMkG1Xbj3OxFLQpSGCdC66bmxaQ1BGc4EjvJ+ojEGdgPX2LRUQoi6NcxaGNFtq3RoN1L2SEMz9XtiCKHWgzCwzhBMT//epeJ/u2ZiuketIZdxYlCy8UXdRFAT0bRS2uEKmREDS4Apbt9KWQ8UMGOLz9sSvN9f/kvq+yWvXDq4KBcrJ5M6cmSTbJFd4pFDUiFnpEpqhJFb8kieyYtz5zw5r87b2DrlTDIb5Aec9w9fArBW</latexit>

`2↵ =
"↵
⌘↵

, `2⌫ =
"⌫
⌘⌫

,

<latexit sha1_base64="TNUH/+843+bJTEwusvIzK9Mc4Pg="></latexit>

Bofetta & Ecke, Ann. Rev. Fluid Mech. 2012

dual cascade



Barotropic Vorticity Equation 
Axial variations geometrically disallowed L � H

<latexit sha1_base64="F/NTPOMUOdbSgzIHK5YAbPIb0h4=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQJoVFBPMByRH2NnuXNXu7x+6eEI78BxsLRWz9P3b+GzfJFZr4YODx3gwz84KEM21c99sprK1vbG4Vt0s7u3v7B+XDo7aWqSK0RSSXqhtgTTkTtGWY4bSbKIrjgNNOML6d+Z0nqjST4sFMEurHOBIsZAQbK7Xv+lGEGoNyxa26c6BV4uWkAjmag/JXfyhJGlNhCMda9zw3MX6GlWGE02mpn2qaYDLGEe1ZKnBMtZ/Nr52iM6sMUSiVLWHQXP09keFY60kc2M4Ym5Fe9mbif14vNeG1nzGRpIYKslgUphwZiWavoyFTlBg+sQQTxeytiIywwsTYgEo2BG/55VXSvqh6terlfa1Sv8njKMIJnMI5eHAFdWhAE1pA4BGe4RXeHOm8OO/Ox6K14OQzx/AHzucPxS2OnA==</latexit>

T-P                                        then u? = uG
? + uAG

? uG
? = �r⇥  bz, ⇣ = r2

? 

<latexit sha1_base64="wKP6PDARLxxJ0VvhK6DsoVuc3ck="></latexit>

ẑ ·r(uG
?, p) ⇡ 0

<latexit sha1_base64="gH/HxhD5IBj/CC6NxD4GM9pHzRY="></latexit>

D = �↵⇣ + ⌫r2
?⇣

<latexit sha1_base64="acUL/dNeFIpIPjFBDWbkz4x1dXM="></latexit>

Two conserved quantities:  Energy                              ,        EnstrophyE =
⌦
|r? |2

↵

Z =
⌦
|⇣|2

↵

<latexit sha1_base64="c6aqoUHcw6bQdIOM6VNhBrsuZVk="></latexit>

E =
⌦
|r? |2

↵

Z =
⌦
|⇣|2

↵

<latexit sha1_base64="c6aqoUHcw6bQdIOM6VNhBrsuZVk="></latexit>

"2/3k�5/3

⌘ 2/3
k �

3

"↵

<latexit sha1_base64="XlN7Y3JLgvTWKStOVMaZudRXaDc=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRS0WXRjcsK9gFNKDfTSTt0Mgkzk0II9VfcuFDErR/izr9x2mahrQcunDnnXubeEyScKe0431ZpY3Nre6e8W9nbPzg8so9POipOJaFtEvNY9gJQlDNB25ppTnuJpBAFnHaDyd3c706pVCwWjzpLqB/BSLCQEdBGGthVbwqSJopx8/KAJ2PAA7vm1J0F8DpxC1JDBVoD+8sbxiSNqNCEg1J910m0n4PUjHA6q3ipogmQCYxo31ABEVV+vlh+hs+NMsRhLE0JjRfq74kcIqWyKDCdEeixWvXm4n9eP9XhjZ8zkaSaCrL8KEw51jGeJ4GHTFKieWYIEMnMrpiMQQLRJq+KCcFdPXmddC7rbqN+9dCoNW+LOMroFJ2hC+Sia9RE96iF2oigDD2jV/RmPVkv1rv1sWwtWcVMFf2B9fkD6b2U8Q==</latexit>

⌘⌫

<latexit sha1_base64="bfJ4PyD000twBfPMxXxW+XvoysY=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7Ac0oWy2k3bpZhN3J0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKWOD8h6vsp65Ypbdeegq8TLSYXkaPTKX34/4VkMCrlkxnQ9N8VgwjQKLmFa8jMDKeMjNoCupYrFYILJ/N4pPbNKn0aJtqWQztXfExMWGzOOQ9sZMxyaZW8m/ud1M4yug4lQaYag+GJRlEmKCZ09T/tCA0c5toRxLeytlA+ZZhxtRCUbgrf88ippXVS9WvXyvlap3+RxFMkJOSXnxCNXpE7uSIM0CSeSPJNX8uY8Oi/Ou/OxaC04+cwx+QPn8wcbbpAG</latexit>

"I , ⌘I

<latexit sha1_base64="2+a9zPOy3ikUc8eRqgws8+pjkko=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXEhJpKLLohu7q2Af0IQwmd60QycPZiaFErvwV9y4UMStv+HOv3HaZqGtBy6cOede5t7jJ5xJZVnfRmFldW19o7hZ2tre2d0z9w9aMk4FhSaNeSw6PpHAWQRNxRSHTiKAhD6Htj+8nfrtEQjJ4uhBjRNwQ9KPWMAoUVryzCNnRAQkknH9qp9jBxTx6tgzy1bFmgEvEzsnZZSj4ZlfTi+maQiRopxI2bWtRLkZEYpRDpOSk0pICB2SPnQ1jUgI0s1m+0/wqVZ6OIiFrkjhmfp7IiOhlOPQ150hUQO56E3F/7xuqoJrN2NRkiqI6PyjIOVYxXgaBu4xAVTxsSaECqZ3xXRABKFKR1bSIdiLJy+T1kXFrlYu76vl2k0eRxEdoxN0hmx0hWroDjVQE1H0iJ7RK3oznowX4934mLcWjHzmEP2B8fkDGEKVgA==</latexit>

"I = "↵ + "⌫

⌘I = ⌘↵ + ⌘⌫

<latexit sha1_base64="R9JtTc0Z47Cmjzk+JqE8r4fov40=">AAACRXicbVBNSwMxFMz6WetX1aOXYFEEoexKRS9C0YveKthW6JbyNn21wWx2SbKFUvrnvHj35j/w4kERr5rdVvwcCMybN0OSCWLBtXHdB2dqemZ2bj63kF9cWl5ZLayt13WUKIY1FolIXQWgUXCJNcONwKtYIYSBwEZwc5ruG31Umkfy0gxibIVwLXmXMzBWahd8vw8KY82Fnc7pDj2m3xUfRNwDuvdTlAn1/byPBj4jKf3yZpM1tQtFt+RmoH+JNyFFMkG1Xbj3OxFLQpSGCdC66bmxaQ1BGc4EjvJ+ojEGdgPX2LRUQoi6NcxaGNFtq3RoN1L2SEMz9XtiCKHWgzCwzhBMT//epeJ/u2ZiuketIZdxYlCy8UXdRFAT0bRS2uEKmREDS4Apbt9KWQ8UMGOLz9sSvN9f/kvq+yWvXDq4KBcrJ5M6cmSTbJFd4pFDUiFnpEpqhJFb8kieyYtz5zw5r87b2DrlTDIb5Aec9w9fArBW</latexit>

`2↵ =
"↵
⌘↵

, `2⌫ =
"⌫
⌘⌫

,

<latexit sha1_base64="TNUH/+843+bJTEwusvIzK9Mc4Pg="></latexit>

Bofetta & Ecke, Ann. Rev. Fluid Mech. 2012

dual cascade



Barotropic Vorticity Equation 
Axial variations geometrically disallowed L � H

<latexit sha1_base64="F/NTPOMUOdbSgzIHK5YAbPIb0h4=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQJoVFBPMByRH2NnuXNXu7x+6eEI78BxsLRWz9P3b+GzfJFZr4YODx3gwz84KEM21c99sprK1vbG4Vt0s7u3v7B+XDo7aWqSK0RSSXqhtgTTkTtGWY4bSbKIrjgNNOML6d+Z0nqjST4sFMEurHOBIsZAQbK7Xv+lGEGoNyxa26c6BV4uWkAjmag/JXfyhJGlNhCMda9zw3MX6GlWGE02mpn2qaYDLGEe1ZKnBMtZ/Nr52iM6sMUSiVLWHQXP09keFY60kc2M4Ym5Fe9mbif14vNeG1nzGRpIYKslgUphwZiWavoyFTlBg+sQQTxeytiIywwsTYgEo2BG/55VXSvqh6terlfa1Sv8njKMIJnMI5eHAFdWhAE1pA4BGe4RXeHOm8OO/Ox6K14OQzx/AHzucPxS2OnA==</latexit>

T-P                                        then u? = uG
? + uAG

? uG
? = �r⇥  bz, ⇣ = r2

? 

<latexit sha1_base64="wKP6PDARLxxJ0VvhK6DsoVuc3ck="></latexit>

ẑ ·r(uG
?, p) ⇡ 0

<latexit sha1_base64="gH/HxhD5IBj/CC6NxD4GM9pHzRY="></latexit>

D = �↵⇣ + ⌫r2
?⇣

<latexit sha1_base64="acUL/dNeFIpIPjFBDWbkz4x1dXM="></latexit>

Two conserved quantities:  Energy                              ,        EnstrophyE =
⌦
|r? |2

↵

Z =
⌦
|⇣|2

↵

<latexit sha1_base64="c6aqoUHcw6bQdIOM6VNhBrsuZVk="></latexit>

E =
⌦
|r? |2

↵

Z =
⌦
|⇣|2

↵

<latexit sha1_base64="c6aqoUHcw6bQdIOM6VNhBrsuZVk="></latexit>

"2/3k�5/3

⌘ 2/3
k �

3

"↵

<latexit sha1_base64="XlN7Y3JLgvTWKStOVMaZudRXaDc=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRS0WXRjcsK9gFNKDfTSTt0Mgkzk0II9VfcuFDErR/izr9x2mahrQcunDnnXubeEyScKe0431ZpY3Nre6e8W9nbPzg8so9POipOJaFtEvNY9gJQlDNB25ppTnuJpBAFnHaDyd3c706pVCwWjzpLqB/BSLCQEdBGGthVbwqSJopx8/KAJ2PAA7vm1J0F8DpxC1JDBVoD+8sbxiSNqNCEg1J910m0n4PUjHA6q3ipogmQCYxo31ABEVV+vlh+hs+NMsRhLE0JjRfq74kcIqWyKDCdEeixWvXm4n9eP9XhjZ8zkaSaCrL8KEw51jGeJ4GHTFKieWYIEMnMrpiMQQLRJq+KCcFdPXmddC7rbqN+9dCoNW+LOMroFJ2hC+Sia9RE96iF2oigDD2jV/RmPVkv1rv1sWwtWcVMFf2B9fkD6b2U8Q==</latexit>

⌘⌫

<latexit sha1_base64="bfJ4PyD000twBfPMxXxW+XvoysY=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7Ac0oWy2k3bpZhN3J0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKWOD8h6vsp65Ypbdeegq8TLSYXkaPTKX34/4VkMCrlkxnQ9N8VgwjQKLmFa8jMDKeMjNoCupYrFYILJ/N4pPbNKn0aJtqWQztXfExMWGzOOQ9sZMxyaZW8m/ud1M4yug4lQaYag+GJRlEmKCZ09T/tCA0c5toRxLeytlA+ZZhxtRCUbgrf88ippXVS9WvXyvlap3+RxFMkJOSXnxCNXpE7uSIM0CSeSPJNX8uY8Oi/Ou/OxaC04+cwx+QPn8wcbbpAG</latexit>

"I , ⌘I

<latexit sha1_base64="2+a9zPOy3ikUc8eRqgws8+pjkko=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXEhJpKLLohu7q2Af0IQwmd60QycPZiaFErvwV9y4UMStv+HOv3HaZqGtBy6cOede5t7jJ5xJZVnfRmFldW19o7hZ2tre2d0z9w9aMk4FhSaNeSw6PpHAWQRNxRSHTiKAhD6Htj+8nfrtEQjJ4uhBjRNwQ9KPWMAoUVryzCNnRAQkknH9qp9jBxTx6tgzy1bFmgEvEzsnZZSj4ZlfTi+maQiRopxI2bWtRLkZEYpRDpOSk0pICB2SPnQ1jUgI0s1m+0/wqVZ6OIiFrkjhmfp7IiOhlOPQ150hUQO56E3F/7xuqoJrN2NRkiqI6PyjIOVYxXgaBu4xAVTxsSaECqZ3xXRABKFKR1bSIdiLJy+T1kXFrlYu76vl2k0eRxEdoxN0hmx0hWroDjVQE1H0iJ7RK3oznowX4934mLcWjHzmEP2B8fkDGEKVgA==</latexit>

`⌫ ⌧ `f =) "⌫
"↵

! 0

`↵ � `f =) ⌘↵
⌘⌫

! 0

<latexit sha1_base64="y3h1+tCKt8FvT38toUTOXGXmen8="></latexit>

"I = "↵ + "⌫

⌘I = ⌘↵ + ⌘⌫

<latexit sha1_base64="R9JtTc0Z47Cmjzk+JqE8r4fov40=">AAACRXicbVBNSwMxFMz6WetX1aOXYFEEoexKRS9C0YveKthW6JbyNn21wWx2SbKFUvrnvHj35j/w4kERr5rdVvwcCMybN0OSCWLBtXHdB2dqemZ2bj63kF9cWl5ZLayt13WUKIY1FolIXQWgUXCJNcONwKtYIYSBwEZwc5ruG31Umkfy0gxibIVwLXmXMzBWahd8vw8KY82Fnc7pDj2m3xUfRNwDuvdTlAn1/byPBj4jKf3yZpM1tQtFt+RmoH+JNyFFMkG1Xbj3OxFLQpSGCdC66bmxaQ1BGc4EjvJ+ojEGdgPX2LRUQoi6NcxaGNFtq3RoN1L2SEMz9XtiCKHWgzCwzhBMT//epeJ/u2ZiuketIZdxYlCy8UXdRFAT0bRS2uEKmREDS4Apbt9KWQ8UMGOLz9sSvN9f/kvq+yWvXDq4KBcrJ5M6cmSTbJFd4pFDUiFnpEpqhJFb8kieyYtz5zw5r87b2DrlTDIb5Aec9w9fArBW</latexit>

`2↵ =
"↵
⌘↵

, `2⌫ =
"⌫
⌘⌫

,

<latexit sha1_base64="TNUH/+843+bJTEwusvIzK9Mc4Pg="></latexit>

Bofetta & Ecke, Ann. Rev. Fluid Mech. 2012

dual cascade



Barotropic Vorticity Equation: β - plane

u? = �r⇥  bz, ⇣ = r2
? 

Two conserved quantities:  Energy                              ,        EnstrophyE =
⌦
|r? |2

↵

Z =
⌦
|⇣|2

↵

<latexit sha1_base64="c6aqoUHcw6bQdIOM6VNhBrsuZVk="></latexit>

E =
⌦
|r? |2

↵

Z =
⌦
|⇣a|2

↵

<latexit sha1_base64="XRA6laAyThsSHrxm4TF0hh/AXwM="></latexit>

Dispersion Rel’n Mechanism

westward propagation

Rossby wave

! =
�kx

k2
x + k2

y



Barotropic Vorticity Equation: β - plane

u? = �r⇥  bz, ⇣ = r2
? 

Two conserved quantities:  Energy                              ,        EnstrophyE =
⌦
|r? |2

↵

Z =
⌦
|⇣|2

↵

<latexit sha1_base64="c6aqoUHcw6bQdIOM6VNhBrsuZVk="></latexit>

E =
⌦
|r? |2

↵

Z =
⌦
|⇣a|2

↵

<latexit sha1_base64="XRA6laAyThsSHrxm4TF0hh/AXwM="></latexit>

Dispersion Rel’n Mechanism

westward propagation

Rossby wave

! =
�kx

k2
x + k2

y



Barotropic Vorticity Equation: β - plane

Inverse energy cascade is suppressed by low wavenumber Rossby waves (Rhines JFM 1975)

Inverse cascade barrier



Barotropic Vorticity Equation: β - plane

Inverse cascade barrier

Beta-plane spectrum

Gurarie 2004

Inverse energy cascade is suppressed by low wavenumber Rossby waves (Rhines JFM 1975)



Barotropic Vorticity Equation: β - plane

Inverse energy cascade is suppressed by low wavenumber Rossby waves (Rhines JFM 1975)

Maltrud & Vallis JFM 1992,  Gurarie 2004


