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Old Bias—Reynolds Avg.—LowRes New Bias—Large Eddy Sims. (LES)
Questionable eddy parameterizations 
Diversity of approaches, no cross-evaluation  
Not much data to assess them 
Unclear relationship of key impacts to params.

Questionable subgrid parameterizations 
Diversity of approaches, no cross-evaluation 

Not much data to assess them 
Unclear relationship of key impacts to schemes.
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Largest (Mesoscale) Ocean Eddies are Small vs. Earth



Global Models have not resolved many, until now…
MITgcm LLC4320 (2km global) 

Courtesy:  
Menemenlis & Fenty



Absent realistic global models,  
We studied “Cascade” Scalings

3D: Richardson/Kolmogorov/Smagorinsky/Corrsin

2D: Barnier/Kraichnan/Leith

Submesoscale:  McWilliams/?/?F-K?

Quasigeostrophy: Barnier/Charney/QGLeith

SQG?



QG & 2D Leith

stretching—needs “taming” where QG is a bad 
approx (equator, boundary layers, etc.)

B. Pearson, BFK, S. D. Bachman, and F. O. Bryan, 2017: Evaluation of scale-aware subgrid mesoscale eddy models in a global eddy-rich 
model. Ocean Modelling, 115:42–58. 

Use gridscale nondims to 
determine when on the fly

* *

S. D. Bachman, BFK, and B. Pearson. A scale-aware subgrid model for quasigeostrophic turbulence. Journal of Geophysical Research-Oceans, 
122:1529-1554, March 2017.

Different (Pot’l) Vorticity Gradients:



Different (Pot’l) Vorticity Gradients:

Also, different implications, because relative vorticity, 
buoyancy, T, S dissipation now must be consistent with PV:

* *

S. D. Bachman, B. Fox-Kemper, and B. Pearson. A scale-aware subgrid model for quasigeostrophic turbulence. Journal of Geophysical 
Research-Oceans, 122:1529-1554, March 2017.

QG & 2D Leith* = as resolved



QG Turbulence: Pot’l Enstrophy cascade (potential vorticity2) 


S. D. Bachman, B. Fox-Kemper, and B. Pearson. A scale-aware subgrid model 
for quasigeostrophic turbulence. Journal of Geophysical Research-Oceans, 
122:1529-1554, March 2017.

Potential 
Enstrophy

Cascade

BFK, W. Pan and V. Resseguier. Data-driven versus self-similar 
parameterizations for Stochastic Lie Transport and Location Uncertainty. In 
preparation.

Inverse

Energy 
Cascade
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slope, in agreement with Large Scale QG (hereafter LSQG) as found by Smith et al. [2002]. These slopes are
also in agreement with observations by Le Traon et al. [2008], who found the sea surface height spectra to fol-
low k211=3, which would imply a KE slope of k25=3. They argued this is SQG, not large-scale QG, but both are
consistent.

The energy spectral performance of the dynamically prescribed QG Leith viscosity (Figure 6, top) is depen-
dent on the filter width !, consistent with previous studies on dynamical filters [e.g., Najjar and Tafti, 1996].
In these simulations a wider test filter (!5 8) reproduces the correct spectra more closely than the narrow
filter (!5 2), in contrast with previous studies which have found little sensitivity to the choice of ! [Lund,
1997]. Nonetheless, the performance by simply setting K 5 1 rivals that of the most expensive, large-stencil
filter and suggests that the extra computation cost of the dynamical scheme will outweigh its potential ben-
efits when used in a GCM. Avoiding the additional complexity of designing filters for use with complex
topography is a beneficial side benefit.

By contrast, both harmonic and biharmonic forms of the 2-D Leith viscosity underdamp energy (Figure 6,
middle row, left and center column) and are noisy at small scales with spectral slopes that are too shallow
and not in agreement with QG (or 2-D) theory. This underdamping is symptomatic of the difference
between the potential enstrophy cascade in these simulations and the enstrophy cascade that is assumed
in the 2-D Leith theory. Note that this underdamping persists even though Bu! is quite large, and thus the
modest differences between 2-D and QG Leith are significant even at high resolution.

Figure 6. Energy spectra for the simulations where the deformation radius is explicitly resolved, decreasing in resolution from Ds5Ld=10 (black), Ds5Ld=5 (blue), Ds5Ld=2:5 (blue), Ds5
Ld (green), to Ds52Ld (red). The dashed black lines show the k23 spectral slope of energy anticipated by theory in the LSQG forward potential enstrophy cascade regime. The gray shad-
ed area represents ‘‘truth,’’ which is the range of spectra covered by the highest-resolution simulations excluding Smagorinsky. Subpanels indicate the results for simulations using differ-
ent subgrid schemes: (top left) QG Leith, Kq51, (top center) dynamic QG Leith, filter width 52Ds, (top right) dynamic QG Leith, filter width 58Ds; (middle left) harmonic 2-D Leith,
K251, (middle center) biharmonic 2-D Leith, K451, (middle right) harmonic Smagorinsky !253:0; (bottom left) biharmonic Smagorinsky, !453:0, (bottom center) constant harmonic,
m25Ds2=Dt, (bottom right) constant biharmonic, m45Ds4=Dt. Vertical line indicates approximate fastest growing instability wave number of 2p=3:9Ld . The spectra are measured at the
simulation stopping time, which occurs before the edge of the front reaches the lateral boundary.
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models with increasing resolution
theory

S. D. Bachman, B. Fox-Kemper, and B. Pearson, 2017: A scale-aware subgrid model for quasi- geostrophic turbulence.  
Journal of Geophysical Research–Oceans, 122:1529–1554. URL http: //dx.doi.org/10.1002/2016JC012265.  

“Forcing Scale”

Where does ocean energy go?

Spectrally speaking
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Where does ocean energy go?

Spectrally speaking

theory

QG Leith:

Just Right!

2D Leith:

Too Noisy

3D Smagorinsky:

Too Smooth

S. D. Bachman, B. Fox-Kemper, and B. Pearson, 2017: A scale-aware subgrid model for quasi- geostrophic turbulence. 
Journal of Geophysical Research–Oceans, 122:1529–1554. URL http: //dx.doi.org/10.1002/2016JC012265.  



QG Leith:  
Works OK in an idealized flow: 
Let’s try it in a realistic, 10km 
CORE-forced global model!

B. Pearson, BFK, S. D. Bachman, and 
F. O. Bryan, 2017: Evaluation of scale-
aware subgrid mesoscale eddy 
models in a global eddy-rich model. 
Ocean Modelling, 115:42–58. 



LES for Pot’l 
Enstrophy

LES for EKE

Mesoscale Ocean LES: QGLeith

ACC in Global!

Channel:

100m Dissipation
Global:

Global, POP, realistic forcing 
10km (nominal) global 

42 vertical levels  
(most in upper 200m) 

B. Pearson, BFK, S. D. Bachman, and F. O. Bryan, 2017: 
Evaluation of scale-aware subgrid mesoscale eddy models in a 
global eddy-rich model. Ocean Modelling, 115:42–58. 

Traditional QG Leith 

Global Energy 
Budget STILL 
DEPENDS on 
subgrid, even 

at HI-RES.

(horiz.)



@100m 
 depth

Energy Dissipation is Approx. Lognormally distributed—
AND knows where the Gulf Stream is! 



B. Pearson and BFK. Log-normal 
turbulence dissipation in global 
ocean models. Physical Review 
Letters, 120(9):094501, March 2018.

A (weak)  
dissipation of  

energy  
with pot’l 
enstrophy 
cascade 

… 
 approx. 

lognormally 
distributed 

(super-Yaglom ‘66) 

… 
90% of KE 

dissipation in 
10% of ocean

Energy 
Dissipation Stats 
are Self-Similar



‘Observed’ scale-sensitivity?

J. Pearson, B. Fox-Kemper, R. Barkan, J. Choi, A. Bracco, and J. C. 
McWilliams. Impacts of convergence on Lagrangian statistics in the Gulf of 
Mexico. Journal of Physical Oceanography, 49(3):675-690, March 2019.

S. D. Bachman, B. Fox-Kemper, and B. Pearson, 2017: A 
scale-aware subgrid model for quasi-geostrophic turbulence. 
Journal of Geophysical Research–Oceans, 122:1529–1554.

Some Theory/Model combos 
 are inconsistent 

 (e.g., Smagorinsky in a QG regime)
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Under “Cascade” Scalings, 
new bias is a little different

Grounded Param: Following Smagorinsky’s 3D approach, 
we built schemes suitable for mesoscale-permitting 

ocean models, where 2D or QG cascades rule.  

Intercomparison: By comparing across schemes, the 
Goldilocks test, the self-consistent scaling test, and 

numerical robustness select QGLeith

Eval. Data (challenges): lognormal dissipation, together 
with limited observing platforms (e.g., drifters), makes 

observing dissipation & scalings challenging.

Key Impacts: Global KE budget, major currents, 
adiabatic scheme. Watermasses? Heat uptake?



On Redi-ness


