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B. Fox-Kemper, R. Lumpkin,

What does it take to parameterize eddies in il o e
In G. Siedler, J. Church,
J. Gould, and S. Giriffies,

an eddy-free model? A lot of scaling laws... e oerciciaion o

Climate - Observing and

Map shows elements for anisotropic GM/Redi, also air-sea fluxes? ~ [2ceing, fe.Gobe Doean
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Figure 4: Components of the R tensor at 318m depth, with the K4 part in the upper left 4 panels.
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Resolution of Ocean Component of Coupled IPCC models
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@ There are many, many processes left
unresolved or partially resolved

@ Eddy Less: For the unresolved (no eddies), need
Reynolds-Average Closures (e.g., KPP,
Gent-McWilliams/Redi)

@ Eddy Rich: eddy-permitting to resolving, need
Scale-Aware Large-Eddy-Simulation Closures
(e.g., Smagorinsky)

@ Some scale-aware hybrids, e.q.,
Mixed Layer Eddies: Fox-Kemper et al. 2011
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Truncation of Cascades

forcing range

E(k)
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Density
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1963: Smagorinsky Viscosity Scaling,
So the Energy Cascade is Preserved,

but order-1 gridscale Reynolds #: Re™
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Some MOLES
Truncation
Methods In Use

2D Navier-Stokes Homogeneous
f-plane Turbulence
81922 Truth=Black
10082 LES in color

. . : 10 100
@ Harmonic/Biharmonic/Numerical k

@ Many. Often not scale- or flow-aware Graham & Ringler, 2013 Ocean Modelling
@ Griffies & Hallberg, 2000, is one aware example
o Fox-Kemper & Menemenlis, 2008. ECCO?2.
@ Leith Viscosity (2d Enstrophy Scaling)
@ Chen, Q., Gunzburger, M., Ringler, T., 2011
@ Anticipated Potfential Vorticity of Sadourny

d

@ Stochastic & Statistical Parameterizations
See also Ramachandran et al, 2013

® Other session going on now in Y10 Ocean Modelling for SMOLES
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—

The Character of the ..
Mesoscale

(Capet et al., 2008) ® Boundary Currents
Eddies

Ro=0(0.1)
Ri=0(1000)

Full Depth
Quasi-2d

Eddies strain to
produce Fronts

® 100km, months

Eddy processes mainly
Quasigeostrophy is likely to be very accurate.
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3D Turbulence Cascade

forcing range
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Spectral +

Density
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1963: Smagorinsky Viscosity Scaling,
So the Energy Cascade is Preserved,

but order-1 gridscale Reynolds #: Re™

YpAx ou, OVs Ol
m > \/(3x_ 3y) +< "
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ZD Tu rb u le n Ce D i Ffe rs R. Kraichnan, 1967 JFM

forcing

E(k) A k'5/3 /
Spectral EEHH;;;;;EHEH“““mﬁ

Density Energy
of Cascade

Enstrophy
Cascade

Kinetic
Energy

1996: Leith Devises Viscosity Scaling,
So that the Enstrophy (vorticity?) Cascade is Preserved

OJu, Ov.
Vh( dy ax)
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QG Turbulence: Pot’l Enstrophy cascade
(potential vorticity?) J. Charney, 1971 JAS

forcing
E(k) A k303

spectral m Potential

Density Energy Enstrophy
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Kinetic
Energy
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F-K & Menemenlis ‘08: Revise Leith Viscosity Scaling,
So that diverging, vorticity-free, modes are also damped

B. Fox-Kemper and D. Menemenlis. Can large eddy

simulation techniques improve mesoscale-rich ocean
\/A6|vhq2d|2 + AS |vh(vh u*)lz models? In M. Hecht and H. Hasumi, editors, Ocean

Modeling in an Eddying Regime, volume 177, pages

319-338. AGU Geophysical Monograph Series, 2008.

Saturday, April 13, 13



Key Advantages
of LeithPlus

o Fox-Kemper & Menemenlis, 2008. ECCO2.
@ LeithPlus Viscosity (2d Enstrophy Scaling)

@ At low Rossby number, becomes same as Leith, which
is a good scaling for low Rossby

® LeithPlus Allows longer timesteps than Leith (by
damping converging motions-->smaller w).

@ Excellent numerical stability/damping properties
Leith does a good job for 2-d flows

More scale-selective than Smatorinsky or Biharmonic
Smagorinsky

2D Navier-Stokes Homogeneous
f-plane Turbulence
81922 Truth=Black
10082 LES in color

10 100
k

Graham & Ringler, 2013 Ocean Modelling
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Is 2D Turbulence a good
proxy for neutral flow?

e

Yes: Thermocline No:

Nurser & Marshall, 1991 JPO
@ Bolus Fluxes--
Divergent 2d flow

@ For a few eddy time-
scales QG & 2D AGREE
(Bracco et al. '04)

@ Sloped, not horiz.
@ Barotropic Flow-- P

Obvious 2d analogue o Surface Effects?



Movie: S. Bachman
Potential Temperature

Day 1

Zonal Average

S. Bachman and
B. Fox-Kemper.
Eddy
parameterization
challenge suite. I:
Eady spindown.
Ocean Modelling,
64:12-28, 2013.
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Cascade of Pot’l Enstrophy?

Spectral slopes: Red: -3, Green:-53 Movie: S. Bachman
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In real

Pierrehumbert, Held, Swanson, 1994 Chaos

S-I-ra-l-l -Fl ed Spectra of Local and Nonlocal Two-dimensional Turbulence

flows, Enstrophy Spectrum
things are

a bit more
complex
than in 2d

Even more
than QG...

Surface
Effects may
dominate w’s?venumber‘oo
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SQG Turbulence: Surface Buoyancy & Velocity - Blumen. 1978 JAS

cascade Held et al 1995, JEM.
Smith et al. 2002, JEM

forcing
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Many observations tell us:

The spectrum of potential density and buoyancy
often scales as k2, which isnt too far from k-3

B. Fox-Kemper,

G. Danabasoglu,

R. Ferrari, S. M. Giriffies,
R. W. Hallberg, M. M.
Holland, M. E. Maltrud,
S. Peacock, and B. L. . —
Samuels. Parameterization 10 .
of mixed layer eddies. IIl: Wavenumber [cpm]
Implementation and impact
in global ocean climate
simulations. Ocean
Modelling, 39:61-78, 2011.
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Figure 1: Observed spectra of mixed layer potential density variance (green), temperature
contribution to potential density (blue), and temperature-density co-spectrum (red) from
SeaSoar towed CTD and shipboard ADCP sections (data from Ferrari and Rudnick, 2000).
A dashed line indicates k2 scaling.




Examples: Jan 5, 07 East of Argentina

MODIS on Aqua Chl
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Examples: Jan 5, 07 East of Argentina
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Remote Sensing Systems Inc. (www.remss.com) Blended SST blended
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http://www.remss.com
http://www.remss.com

Spectra: Jan 5, 07 East of Argentina
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It is not clear
that inertial
ranges exist.

This spectrum
shows that

topographic
intferactions
change the
spectrum at
depth
dramatically
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Nikurashin, Vallis, Adcroft, 2013 Nature Geoscience
Routes to energy dissipation for geostrophic flows in the Southern Ocean
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Figure 4 | Horizontal wavenumber kinetic energy spectra. Spectra




Reynolds vs. Peclet:
Prandtl=1?

@ In all cascade examples, the truncation
occurs at large Reynolds and Peclet, so it is
reasonable fo assume diffusivity=viscosity

@ In the QG framework, diffusivity *must*
equal viscosity to avoid spurious generation
of potential vorticity by the subgrid model

@ In the SQG framework, it is surface
diffusivity of buoyancy that rules--
associating viscosity is only convenient
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A Prescription for Parameterization...
Accuracy TBD

@ QG Leith & Potential Vorticity to generate #1 viscosity

@ 2D Leith & Barotropic Vorticity to generate #2 viscosity

@ SQG Leith & Surf. Buoyancy fo generate #3 diffusivity

® Take max(#1, #2, #3) as viscosity, Redi diffusivity,
*Clnd* as GM franSFer COQFF. Nearly suggested by Roberts & Marshall, 98, JPO

@ Note: Unlike Eddy-Free closures, e.g., Visbeck et al (97),
Eddy-Rich closures take advantage of resolved eddies &
instabilities, only need a boost from eddy-permitting to
eddy-resolving (and for numerical stability)
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Extrapolate for historical perspective:
The Golden Era of Subgrid Modeling is Now!
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All papers at: fox-kemper.com/research
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Conclusions

@ Climate modeling is challenging partly due to the
vast and diverse scales of fluid motions

@ Physically-motivated subgrid models result when the
gridscale is in an approximate inertial range

@ E.g., Leith Family are good for MOLES

o Viscosity, diffusivity, and streamfunction closures
can be found in this case

@ Improved Large Eddy Simulations will* result:
boundary current separation, SSH & SST variance,
spectral properties, tracer transport, fewer

arbitrary parameters *my conjecture

All papers at: fox-kemper.com/research
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FiG. 2. Time mean, spectral kinetic energy flux II(X) vs total wavenumber K in a homo-
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B. Fox-Kemper, R. Ferrari,
and R. W. Hallberg.
Parameterization of mixed
layer eddies. Part |: Theory
and diagnosis. Journal of
200 S00 400 Physical Oceanography,
along—channel (km) 38(6):1145-1165, 2008.
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A Global Parameterization of Mixed Layer Eddy
Flow & Scale Aware Restratification

B. Fox-Kemper, G. Danabasoglu, R. Ferrari, S. M. Griffies, R. W. Hallberg, M. M. Holland, M. E. Maltrud, S. Peacock, and B. L.
Samuels. Parameterization of mixed layer eddies. lll: Implementation and impact in global ocean climate simulations. Ocean
Modelling, 39:61-78, 2011.

uwdt =W x Vb

v = \Vi D/

Compare to the original singular, unrescaled version

2
v _Ice[j![ff(Z) Vb X 7

New version handles the equator, and averages over many fronts
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Physical Sensitivity of to MLE:

CM2M H__ Control-deBM (m) FEB CM2M H_ Control-deBM (m) SEP

e -
~

e Improves CFCs
(water masses)

CM2M H__ Submeso-deBM (m) FEB CM2M H,, Submeso-deBM (m) SEP Bias with MLE Bias w/o MLE

max=2528m, min=-1560m max=2050m, min=-320m

max=2888m, min=-397m

B. Fox-Kemper, G. Danabasoglu, R. Ferrari, S. M. Griffies, R. W. Hallberg,
M. M. Holland, M. E. Maltrud, S. Peacock, and B. L. Samuels.
Parameterization of mixed layer eddies. lll: Implementation and impact in

200°E  JO0°E  310°E

global ocean climate simulations. Ocean Modelling, 39:61-78, 2011.
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