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Motivations

• More rigorously identified sudgrid dynamics effects  
 

• Quantification of modeling errors (UQ) 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Ensemble forecasts and data assimilation



• Models under location uncertainty (LU) 

• Some parameterization of the models under 
location uncertainty 

• A new energy-budget-based stochastic scheme:  
WaveHyperv 

• Numerical comparisons
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�Ḃ

a = a(x,x) =

E{�dB (�dB)T }
dt



Advection

Advection  
of tracer Θ

@t⇥+w? ·r⇥+ �Ḃ ·r⇥ = r ·
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�Ḃ

a = a(x,x) =

E{�dB (�dB)T }
dt



Advection
Diffusion

Advection  
of tracer Θ

Drift correction

Multiplicative 
random 
forcing

Balanced 
energy 

exchanges

@t⇥+w? ·r⇥+ �Ḃ ·r⇥ = r ·
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<latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit>

�Ḃ
<latexit sha1_base64="oSdG6VgVMsASl+mLPWpjbHFbqU4="></latexit><latexit sha1_base64="oSdG6VgVMsASl+mLPWpjbHFbqU4="></latexit><latexit sha1_base64="oSdG6VgVMsASl+mLPWpjbHFbqU4="></latexit><latexit sha1_base64="oSdG6VgVMsASl+mLPWpjbHFbqU4="></latexit>

           (filter)    (white noise)�Ḃ =
<latexit sha1_base64="1L0eoLDZQus/4Lt3o4EVUB1V/3g="></latexit><latexit sha1_base64="1L0eoLDZQus/4Lt3o4EVUB1V/3g="></latexit><latexit sha1_base64="1L0eoLDZQus/4Lt3o4EVUB1V/3g="></latexit><latexit sha1_base64="1L0eoLDZQus/4Lt3o4EVUB1V/3g="></latexit>

⇤<latexit sha1_base64="v//LS0nZAWkEUMFOPunsLTcwR08=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiCIh6EnRDO5Bb14jGIWSIbQ0+lJmvQsdPcIYcgfePGgiFf/yJt/Y2cRVPRBweO9Kqrq+YngSmP8YeVWVtfWN/Kbha3tnd294v5BS8WppKxJYxHLjk8UEzxiTc21YJ1EMhL6grX98dXMb98zqXgc3elJwryQDCMecEq0kW7PUL9Ywrbr1pyKi7Dt4FoVVwzBtfJF9Rw5Np6jBEs0+sX33iCmacgiTQVRquvgRHsZkZpTwaaFXqpYQuiYDFnX0IiETHnZ/NIpOjHKAAWxNBVpNFe/T2QkVGoS+qYzJHqkfnsz8S+vm+rA9TIeJalmEV0sClKBdIxmb6MBl4xqMTGEUMnNrYiOiCRUm3AKJoSvT9H/pFW2HcNvKqX65TKOPBzBMZyCA1WowzU0oAkUAniAJ3i2xtaj9WK9Llpz1nLmEH7AevsERUWNMA==</latexit><latexit sha1_base64="v//LS0nZAWkEUMFOPunsLTcwR08=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiCIh6EnRDO5Bb14jGIWSIbQ0+lJmvQsdPcIYcgfePGgiFf/yJt/Y2cRVPRBweO9Kqrq+YngSmP8YeVWVtfWN/Kbha3tnd294v5BS8WppKxJYxHLjk8UEzxiTc21YJ1EMhL6grX98dXMb98zqXgc3elJwryQDCMecEq0kW7PUL9Ywrbr1pyKi7Dt4FoVVwzBtfJF9Rw5Np6jBEs0+sX33iCmacgiTQVRquvgRHsZkZpTwaaFXqpYQuiYDFnX0IiETHnZ/NIpOjHKAAWxNBVpNFe/T2QkVGoS+qYzJHqkfnsz8S+vm+rA9TIeJalmEV0sClKBdIxmb6MBl4xqMTGEUMnNrYiOiCRUm3AKJoSvT9H/pFW2HcNvKqX65TKOPBzBMZyCA1WowzU0oAkUAniAJ3i2xtaj9WK9Llpz1nLmEH7AevsERUWNMA==</latexit><latexit sha1_base64="v//LS0nZAWkEUMFOPunsLTcwR08=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiCIh6EnRDO5Bb14jGIWSIbQ0+lJmvQsdPcIYcgfePGgiFf/yJt/Y2cRVPRBweO9Kqrq+YngSmP8YeVWVtfWN/Kbha3tnd294v5BS8WppKxJYxHLjk8UEzxiTc21YJ1EMhL6grX98dXMb98zqXgc3elJwryQDCMecEq0kW7PUL9Ywrbr1pyKi7Dt4FoVVwzBtfJF9Rw5Np6jBEs0+sX33iCmacgiTQVRquvgRHsZkZpTwaaFXqpYQuiYDFnX0IiETHnZ/NIpOjHKAAWxNBVpNFe/T2QkVGoS+qYzJHqkfnsz8S+vm+rA9TIeJalmEV0sClKBdIxmb6MBl4xqMTGEUMnNrYiOiCRUm3AKJoSvT9H/pFW2HcNvKqX65TKOPBzBMZyCA1WowzU0oAkUAniAJ3i2xtaj9WK9Llpz1nLmEH7AevsERUWNMA==</latexit><latexit sha1_base64="v//LS0nZAWkEUMFOPunsLTcwR08=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiCIh6EnRDO5Bb14jGIWSIbQ0+lJmvQsdPcIYcgfePGgiFf/yJt/Y2cRVPRBweO9Kqrq+YngSmP8YeVWVtfWN/Kbha3tnd294v5BS8WppKxJYxHLjk8UEzxiTc21YJ1EMhL6grX98dXMb98zqXgc3elJwryQDCMecEq0kW7PUL9Ywrbr1pyKi7Dt4FoVVwzBtfJF9Rw5Np6jBEs0+sX33iCmacgiTQVRquvgRHsZkZpTwaaFXqpYQuiYDFnX0IiETHnZ/NIpOjHKAAWxNBVpNFe/T2QkVGoS+qYzJHqkfnsz8S+vm+rA9TIeJalmEV0sClKBdIxmb6MBl4xqMTGEUMnNrYiOiCRUm3AKJoSvT9H/pFW2HcNvKqX65TKOPBzBMZyCA1WowzU0oAkUAniAJ3i2xtaj9WK9Llpz1nLmEH7AevsERUWNMA==</latexit>

Code online



Absolute Diffusivity 
Spectral Density 

(homogeneous but non-stationary and tuning-free       )

�

w w

Large scales:  

Small scales: 

Variance 
tensor: 

w

�Ḃ

a = a(x,x) =

E{�dB (�dB)T }
dt
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MU ADSD

Reference: 
Resseguier, Pan & Fox-Kemper 2019a

�Ḃ
<latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit>

KE Spectrum



Absolute Diffusivity 
Spectral Density 

(homogeneous but non-stationary and tuning-free       )

�

w w

Large scales:  

Small scales: 

Variance 
tensor: 

w

�Ḃ

a = a(x,x) =

E{�dB (�dB)T }
dt

Absolute Diffusivity 
Spectral Density A() = E()⌧()

<latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit>
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MU ADSD

Reference: 
Resseguier, Pan & Fox-Kemper 2019a

�Ḃ
<latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit>

KE Spectrum



Absolute Diffusivity 
Spectral Density 

(homogeneous but non-stationary and tuning-free       )

�

w w

Large scales:  

Small scales: 

Variance 
tensor: 

w

�Ḃ

a = a(x,x) =

E{�dB (�dB)T }
dt

Absolute Diffusivity 
Spectral Density A() = E()⌧()

<latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit>
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MU ADSD

Reference: 
Resseguier, Pan & Fox-Kemper 2019a

�Ḃ
<latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit>

KE Spectrum



Absolute Diffusivity 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w w
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Variance 
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w
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Absolute Diffusivity 
Spectral Density A() = E()⌧()

<latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit>
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MU ADSD

Reference: 
Resseguier, Pan & Fox-Kemper 2019a

�Ḃ
<latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit>
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(homogeneous but non-stationary and tuning-free       )
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w w
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Small scales: 

Variance 
tensor: 

w

�Ḃ

a = a(x,x) =

E{�dB (�dB)T }
dt

Absolute Diffusivity 
Spectral Density A() = E()⌧()

<latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit>
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MU ADSD

Reference: 
Resseguier, Pan & Fox-Kemper 2019a

�Ḃ
<latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit>

KE Spectrum
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(homogeneous but non-stationary and tuning-free       )

�

w w

Large scales:  

Small scales: 

Variance 
tensor: 

w

�Ḃ

a = a(x,x) =

E{�dB (�dB)T }
dt

Absolute Diffusivity 
Spectral Density A() = E()⌧()

<latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit>
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MU ADSD

Reference: 
Resseguier, Pan & Fox-Kemper 2019a

Residual 
non-stationary 

ADSD

�Ḃ
<latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit><latexit sha1_base64="P76uoFf63UH7r/8X+TFasoqD35o=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCpUoQEoxVWRiLRB9SE1WO47RWbSeyHaQqyjew8CssDCDEysTG3+C0GUrLkSwfnXOvfe8JEkaVdpwfq7K2vrG5Vd2u7ezu7R/Yh0ddFacSkw6OWSz7AVKEUUE6mmpG+okkiAeM9ILJbeH3HolUNBYPepoQn6ORoBHFSBtpaF94QcxCNeXmyjxFRxzl0AtjncFFp5XnQ7vuNJwZ4CpxS1IHJdpD+9u8g1NOhMYMKTVwnUT7GZKaYkbympcqkiA8QSMyMFQgTpSfzVbK4ZlRQhjF0hyh4Uxd7MgQV8VsppIjPVbLXiH+5w1SHd34GRVJqonA84+ilEEdwyIfGFJJsGZTQxCW1MwK8RhJhLVJsWZCcJdXXiXdy4Zr+P1Vvdkq46iCE3AKzoELrkET3IE26AAMnsALeAPv1rP1an1Yn/PSilX2HIM/sL5+AfTwnuU=</latexit>
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w w
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Variance 
tensor: 

w

�Ḃ

a = a(x,x) =
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dt

Absolute Diffusivity 
Spectral Density A() = E()⌧()

<latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit><latexit sha1_base64="PWsXr/FeIgTZ1EgDJzZiB731GGc="></latexit>
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MU ADSD

Reference: 
Resseguier, Pan & Fox-Kemper 2019a

           (filter)    (white noise)�Ḃ =
<latexit sha1_base64="1L0eoLDZQus/4Lt3o4EVUB1V/3g="></latexit><latexit sha1_base64="1L0eoLDZQus/4Lt3o4EVUB1V/3g="></latexit><latexit sha1_base64="1L0eoLDZQus/4Lt3o4EVUB1V/3g="></latexit><latexit sha1_base64="1L0eoLDZQus/4Lt3o4EVUB1V/3g="></latexit>

⇤<latexit sha1_base64="v//LS0nZAWkEUMFOPunsLTcwR08=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiCIh6EnRDO5Bb14jGIWSIbQ0+lJmvQsdPcIYcgfePGgiFf/yJt/Y2cRVPRBweO9Kqrq+YngSmP8YeVWVtfWN/Kbha3tnd294v5BS8WppKxJYxHLjk8UEzxiTc21YJ1EMhL6grX98dXMb98zqXgc3elJwryQDCMecEq0kW7PUL9Ywrbr1pyKi7Dt4FoVVwzBtfJF9Rw5Np6jBEs0+sX33iCmacgiTQVRquvgRHsZkZpTwaaFXqpYQuiYDFnX0IiETHnZ/NIpOjHKAAWxNBVpNFe/T2QkVGoS+qYzJHqkfnsz8S+vm+rA9TIeJalmEV0sClKBdIxmb6MBl4xqMTGEUMnNrYiOiCRUm3AKJoSvT9H/pFW2HcNvKqX65TKOPBzBMZyCA1WowzU0oAkUAniAJ3i2xtaj9WK9Llpz1nLmEH7AevsERUWNMA==</latexit><latexit sha1_base64="v//LS0nZAWkEUMFOPunsLTcwR08=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiCIh6EnRDO5Bb14jGIWSIbQ0+lJmvQsdPcIYcgfePGgiFf/yJt/Y2cRVPRBweO9Kqrq+YngSmP8YeVWVtfWN/Kbha3tnd294v5BS8WppKxJYxHLjk8UEzxiTc21YJ1EMhL6grX98dXMb98zqXgc3elJwryQDCMecEq0kW7PUL9Ywrbr1pyKi7Dt4FoVVwzBtfJF9Rw5Np6jBEs0+sX33iCmacgiTQVRquvgRHsZkZpTwaaFXqpYQuiYDFnX0IiETHnZ/NIpOjHKAAWxNBVpNFe/T2QkVGoS+qYzJHqkfnsz8S+vm+rA9TIeJalmEV0sClKBdIxmb6MBl4xqMTGEUMnNrYiOiCRUm3AKJoSvT9H/pFW2HcNvKqX65TKOPBzBMZyCA1WowzU0oAkUAniAJ3i2xtaj9WK9Llpz1nLmEH7AevsERUWNMA==</latexit><latexit sha1_base64="v//LS0nZAWkEUMFOPunsLTcwR08=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiCIh6EnRDO5Bb14jGIWSIbQ0+lJmvQsdPcIYcgfePGgiFf/yJt/Y2cRVPRBweO9Kqrq+YngSmP8YeVWVtfWN/Kbha3tnd294v5BS8WppKxJYxHLjk8UEzxiTc21YJ1EMhL6grX98dXMb98zqXgc3elJwryQDCMecEq0kW7PUL9Ywrbr1pyKi7Dt4FoVVwzBtfJF9Rw5Np6jBEs0+sX33iCmacgiTQVRquvgRHsZkZpTwaaFXqpYQuiYDFnX0IiETHnZ/NIpOjHKAAWxNBVpNFe/T2QkVGoS+qYzJHqkfnsz8S+vm+rA9TIeJalmEV0sClKBdIxmb6MBl4xqMTGEUMnNrYiOiCRUm3AKJoSvT9H/pFW2HcNvKqX65TKOPBzBMZyCA1WowzU0oAkUAniAJ3i2xtaj9WK9Llpz1nLmEH7AevsERUWNMA==</latexit><latexit sha1_base64="v//LS0nZAWkEUMFOPunsLTcwR08=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiCIh6EnRDO5Bb14jGIWSIbQ0+lJmvQsdPcIYcgfePGgiFf/yJt/Y2cRVPRBweO9Kqrq+YngSmP8YeVWVtfWN/Kbha3tnd294v5BS8WppKxJYxHLjk8UEzxiTc21YJ1EMhL6grX98dXMb98zqXgc3elJwryQDCMecEq0kW7PUL9Ywrbr1pyKi7Dt4FoVVwzBtfJF9Rw5Np6jBEs0+sX33iCmacgiTQVRquvgRHsZkZpTwaaFXqpYQuiYDFnX0IiETHnZ/NIpOjHKAAWxNBVpNFe/T2QkVGoS+qYzJHqkfnsz8S+vm+rA9TIeJalmEV0sClKBdIxmb6MBl4xqMTGEUMnNrYiOiCRUm3AKJoSvT9H/pFW2HcNvKqX65TKOPBzBMZyCA1WowzU0oAkUAniAJ3i2xtaj9WK9Llpz1nLmEH7AevsERUWNMA==</latexit>

Residual 
non-stationary 

ADSD

�Ḃ
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Resseguier, Li, Jouan, Derian, Memin & Chapron 2019b
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�Ḃ

a = a(x,x) =

E{�dB (�dB)T }
dt

 10

�Ḃ
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�Ḃ

a = a(x,x) =

E{�dB (�dB)T }
dt

 10

�Ḃ
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Resseguier, Li, Jouan, Derian, Memin & Chapron 2019b
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Usual 
deterministic 

subgrid tensor  
  

e.g. Hyper-viscosity

L[q] = �⌫�4q
<latexit sha1_base64="kZiJX50R9g568GFWhW8L42C3QFw="></latexit><latexit sha1_base64="kZiJX50R9g568GFWhW8L42C3QFw="></latexit><latexit sha1_base64="kZiJX50R9g568GFWhW8L42C3QFw="></latexit><latexit sha1_base64="kZiJX50R9g568GFWhW8L42C3QFw="></latexit>

Reference: 
Resseguier, Li, Jouan, Derian, Memin & Chapron 2019b



WaveHyperv
Transport 
equation
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Dq

Dt
= L[q] + ⌘

<latexit sha1_base64="Lvx+SFHvcpyOt4pPNAyaahHGkhs=">AAACFnicbVA9SwNBEN3zM8avqKXNYBAEMdyJoI0Q1MLCIoJJhNwR9jZ7urj3kd05IRz3K2z8KzYWitiKnf/GTXKFRh/s8nhvhpl5fiKFRtv+sqamZ2bn5ksL5cWl5ZXVytp6S8epYrzJYhmra59qLkXEmyhQ8utEcRr6krf9u9Oh377nSos4usJBwr2Q3kQiEIyikbqVPQBwA0VZdgb93HyYw7GRQoq3jMrsIu/0PYBdcDlS6Faqds0eAf4SpyBVUqDRrXy6vZilIY+QSap1x7ET9DKqUDDJ87Kbap5QdkdveMfQiIZce9norBy2jdKDIFbmRQgj9WdHRkOtB6FvKofr6klvKP7ndVIMjrxMREmKPGLjQUEqAWMYZgQ9oThDOTCEMiXMrsBuqQkJTZJlE4IzefJf0tqvOYZfHlTrJ0UcJbJJtsgOccghqZNz0iBNwsgDeSIv5NV6tJ6tN+t9XDplFT0b5Besj28y/Zzj</latexit><latexit sha1_base64="Lvx+SFHvcpyOt4pPNAyaahHGkhs=">AAACFnicbVA9SwNBEN3zM8avqKXNYBAEMdyJoI0Q1MLCIoJJhNwR9jZ7urj3kd05IRz3K2z8KzYWitiKnf/GTXKFRh/s8nhvhpl5fiKFRtv+sqamZ2bn5ksL5cWl5ZXVytp6S8epYrzJYhmra59qLkXEmyhQ8utEcRr6krf9u9Oh377nSos4usJBwr2Q3kQiEIyikbqVPQBwA0VZdgb93HyYw7GRQoq3jMrsIu/0PYBdcDlS6Faqds0eAf4SpyBVUqDRrXy6vZilIY+QSap1x7ET9DKqUDDJ87Kbap5QdkdveMfQiIZce9norBy2jdKDIFbmRQgj9WdHRkOtB6FvKofr6klvKP7ndVIMjrxMREmKPGLjQUEqAWMYZgQ9oThDOTCEMiXMrsBuqQkJTZJlE4IzefJf0tqvOYZfHlTrJ0UcJbJJtsgOccghqZNz0iBNwsgDeSIv5NV6tJ6tN+t9XDplFT0b5Besj28y/Zzj</latexit><latexit sha1_base64="Lvx+SFHvcpyOt4pPNAyaahHGkhs=">AAACFnicbVA9SwNBEN3zM8avqKXNYBAEMdyJoI0Q1MLCIoJJhNwR9jZ7urj3kd05IRz3K2z8KzYWitiKnf/GTXKFRh/s8nhvhpl5fiKFRtv+sqamZ2bn5ksL5cWl5ZXVytp6S8epYrzJYhmra59qLkXEmyhQ8utEcRr6krf9u9Oh377nSos4usJBwr2Q3kQiEIyikbqVPQBwA0VZdgb93HyYw7GRQoq3jMrsIu/0PYBdcDlS6Faqds0eAf4SpyBVUqDRrXy6vZilIY+QSap1x7ET9DKqUDDJ87Kbap5QdkdveMfQiIZce9norBy2jdKDIFbmRQgj9WdHRkOtB6FvKofr6klvKP7ndVIMjrxMREmKPGLjQUEqAWMYZgQ9oThDOTCEMiXMrsBuqQkJTZJlE4IzefJf0tqvOYZfHlTrJ0UcJbJJtsgOccghqZNz0iBNwsgDeSIv5NV6tJ6tN+t9XDplFT0b5Besj28y/Zzj</latexit><latexit sha1_base64="Lvx+SFHvcpyOt4pPNAyaahHGkhs=">AAACFnicbVA9SwNBEN3zM8avqKXNYBAEMdyJoI0Q1MLCIoJJhNwR9jZ7urj3kd05IRz3K2z8KzYWitiKnf/GTXKFRh/s8nhvhpl5fiKFRtv+sqamZ2bn5ksL5cWl5ZXVytp6S8epYrzJYhmra59qLkXEmyhQ8utEcRr6krf9u9Oh377nSos4usJBwr2Q3kQiEIyikbqVPQBwA0VZdgb93HyYw7GRQoq3jMrsIu/0PYBdcDlS6Faqds0eAf4SpyBVUqDRrXy6vZilIY+QSap1x7ET9DKqUDDJ87Kbap5QdkdveMfQiIZce9norBy2jdKDIFbmRQgj9WdHRkOtB6FvKofr6klvKP7ndVIMjrxMREmKPGLjQUEqAWMYZgQ9oThDOTCEMiXMrsBuqQkJTZJlE4IzefJf0tqvOYZfHlTrJ0UcJbJJtsgOccghqZNz0iBNwsgDeSIv5NV6tJ6tN+t9XDplFT0b5Besj28y/Zzj</latexit>

Usual 
deterministic 

subgrid tensor  
  

e.g. Hyper-viscosity

L[q] = �⌫�4q
<latexit sha1_base64="kZiJX50R9g568GFWhW8L42C3QFw="></latexit><latexit sha1_base64="kZiJX50R9g568GFWhW8L42C3QFw="></latexit><latexit sha1_base64="kZiJX50R9g568GFWhW8L42C3QFw="></latexit><latexit sha1_base64="kZiJX50R9g568GFWhW8L42C3QFw="></latexit>

Random forcing 
  

built to meet the energy budget: 
  

(Random energy intake) =   x Dissipation  ⇣
<latexit sha1_base64="Bwy/r3GmpLhcRSCMIfUUQ1x+gv4=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6at2u6KblxWsA9oh5JJM21sJhmSjFCH/oMbF4q49X/c+Tdm2goqeuDC4Zx7ufeeIOZMG4Q+nKXlldW19dxGfnNre2e3sLff0jJRhDaJ5FJ1AqwpZ4I2DTOcdmJFcRRw2g7Gl5nfvqNKMyluzCSmfoSHgoWMYGOlVu+eGpzvF4rILdUQqpQhcr3SabVas6SCymflEvRcNEMRLNDoF957A0mSiApDONa666HY+ClWhhFOp/leommMyRgPaddSgSOq/XR27RQeW2UAQ6lsCQNn6veJFEdaT6LAdkbYjPRvLxP/8rqJCat+ykScGCrIfFGYcGgkzF6HA6YoMXxiCSaK2VshGWGFibEBZSF8fQr/J62S61l+XSnWLxZx5MAhOAInwAPnoA6uQAM0AQG34AE8gWdHOo/Oi/M6b11yFjMH4Aect0+CdY8V</latexit><latexit sha1_base64="Bwy/r3GmpLhcRSCMIfUUQ1x+gv4=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6at2u6KblxWsA9oh5JJM21sJhmSjFCH/oMbF4q49X/c+Tdm2goqeuDC4Zx7ufeeIOZMG4Q+nKXlldW19dxGfnNre2e3sLff0jJRhDaJ5FJ1AqwpZ4I2DTOcdmJFcRRw2g7Gl5nfvqNKMyluzCSmfoSHgoWMYGOlVu+eGpzvF4rILdUQqpQhcr3SabVas6SCymflEvRcNEMRLNDoF957A0mSiApDONa666HY+ClWhhFOp/leommMyRgPaddSgSOq/XR27RQeW2UAQ6lsCQNn6veJFEdaT6LAdkbYjPRvLxP/8rqJCat+ykScGCrIfFGYcGgkzF6HA6YoMXxiCSaK2VshGWGFibEBZSF8fQr/J62S61l+XSnWLxZx5MAhOAInwAPnoA6uQAM0AQG34AE8gWdHOo/Oi/M6b11yFjMH4Aect0+CdY8V</latexit><latexit sha1_base64="Bwy/r3GmpLhcRSCMIfUUQ1x+gv4=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6at2u6KblxWsA9oh5JJM21sJhmSjFCH/oMbF4q49X/c+Tdm2goqeuDC4Zx7ufeeIOZMG4Q+nKXlldW19dxGfnNre2e3sLff0jJRhDaJ5FJ1AqwpZ4I2DTOcdmJFcRRw2g7Gl5nfvqNKMyluzCSmfoSHgoWMYGOlVu+eGpzvF4rILdUQqpQhcr3SabVas6SCymflEvRcNEMRLNDoF957A0mSiApDONa666HY+ClWhhFOp/leommMyRgPaddSgSOq/XR27RQeW2UAQ6lsCQNn6veJFEdaT6LAdkbYjPRvLxP/8rqJCat+ykScGCrIfFGYcGgkzF6HA6YoMXxiCSaK2VshGWGFibEBZSF8fQr/J62S61l+XSnWLxZx5MAhOAInwAPnoA6uQAM0AQG34AE8gWdHOo/Oi/M6b11yFjMH4Aect0+CdY8V</latexit><latexit sha1_base64="Bwy/r3GmpLhcRSCMIfUUQ1x+gv4=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6at2u6KblxWsA9oh5JJM21sJhmSjFCH/oMbF4q49X/c+Tdm2goqeuDC4Zx7ufeeIOZMG4Q+nKXlldW19dxGfnNre2e3sLff0jJRhDaJ5FJ1AqwpZ4I2DTOcdmJFcRRw2g7Gl5nfvqNKMyluzCSmfoSHgoWMYGOlVu+eGpzvF4rILdUQqpQhcr3SabVas6SCymflEvRcNEMRLNDoF957A0mSiApDONa666HY+ClWhhFOp/leommMyRgPaddSgSOq/XR27RQeW2UAQ6lsCQNn6veJFEdaT6LAdkbYjPRvLxP/8rqJCat+ykScGCrIfFGYcGgkzF6HA6YoMXxiCSaK2VshGWGFibEBZSF8fQr/J62S61l+XSnWLxZx5MAhOAInwAPnoA6uQAM0AQG34AE8gWdHOo/Oi/M6b11yFjMH4Aect0+CdY8V</latexit>

Reference: 
Resseguier, Li, Jouan, Derian, Memin & Chapron 2019b



Summary of UQ methods
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Name Method

MU Spec LU with homogeneous and stationary  
small-scale velocity

MU ADSD LU with homogeneous, non-stationary  
and tuning-free small-scale velocity

MU SVD LU with inhomogeneous and non-stationary  
small-scale velocity

WaveHyperv Energy-budget-based stochastic scheme

PIC Spec Perturbed initial conditions with homogeneous noise

PIC SVD Perturbed initial conditions with inhomogeneous noise



Part IV 
Numerical comparisons
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UQ metrics
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Metric Meaning

RMSE Error of ensemble members

Talagrand 
histogram (TH)

Capacity of the ensemble to explore all reference possible 
values

Bias^2-spread Capacity of the ensemble to explore all reference possible 
values

CRPS Point-wise distance between the ensemble CFD and the 
indicator function of the event 

Energy Score
(ES) Generalized CRPS for multivariate ensemble
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Ensemble 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Conclusion
RMSE

(errors)
B^2-Var
(spread)

CRPS
(point-wise)

ES
(global)

MU Spec + + + +

MU ADSD ++ + + +

MU SVD - ++ + + ++

WaveHyperv - + ++ + +

PIC Spec - - - - - - -

PIC SVD - - - + +
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