|'Reactions of

?~2,lence

’? Baylor Fox-Kemper
| (Brown University,
Temporarily UCSB KITP)

' CalTech: Atmosphere,
Oceans, and Computational

Infrastructure
Pasadena, 5/16/18

with Brodie
Pearson, Jenna

Palmer (Brown),

Sponsors: NSF Arin Nelson (U.

1245944, 1258907, SR ot SO AR T ich.), Jeff Weiss,
1350795, ONR - :. ' o o Woke 8/ Peter Hamlington
A NO0014-17-1-2963, (s (CU), Royce Zia,

A

. Tech.), & ilh
GOoMRI/CARTHE ;ﬁ"; (Va. Tech.), &

Smith (Cambridt



1 we wanted a new
(ocean) climate model—

3 Cap&biii&j of refinement—in place and on-
line with realistic forcing down ko scales
we “trust’~then ML or parameter ad just
back to global scale

o Parameterization consequence tool. 1f I
change a parame&enaa&om abt one scale,
what are global consequences?

o KRegiownal modewa»\g t:&pabiti;&v

/}
~
\

D
\

4!
?

4 E
g [E°



News from Brown

News For Journalists Featured Events Search Brown News

New understanding
of ocean turbulence
could improve

February 26, 2018 Media contact: Kevin Stacey
401-863-3766

Researchers have developed a new
statistical understanding of how
turbulent flows called mesoscale
eddies dissipate their energy,
which could be helpful in creating
better ocean and climate models.

PROVIDENCE, R.l. [Brown University] — Brown
University researchers have made a key insight
into how high-resolution ocean models simulate
the dissipation of turbulence in the global
ocean. Their research, published in Physical

Hotspots Review Letters, could be helpful in developing new climate models that better capture
Brown University researchers have made a new ocean dynamics.

B. Pearson and BFK. Log-normal turbulence dissipation in global ocean models.

Physical Review Letters, 120(9):094501, March 2018.
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Estimating the Circulation & Climate of the Ocean

Viscosity Scheme: BFK and D. Menemenlis. Can large eddy simulation techniques improve mesoscale-
rich ocean models? In M. Hecht and H. Hasumi, editors, Ocean Modeling in an Eddying Regime, volume

177, pages 319-338. AGU Geophysical Monograph Series, 2008. A
18km resolution
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What about modeling important processes in climate models?
Dont we have big enough computers? or wont we soon?

Resolution of Ocean Component of Coupled IPCC models
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Estimating the Circulation & Climate of the Ocean

2km
Movie:
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B. Fox-Kemper, S. Bachman, B. Pearson, and S. Reckinger. Principles and advances in subgrid
modeling for eddy-rich simulations. CLIVAR Exchanges, 19(2):42-46, July 2014.
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Estimating the Circulation & Climate of the Ocean
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Local Analysis: Z. Jing, Y. Qi, B. Fox-Kemper, Y. Du, and S. Lian. Seasonal thermal fronts and their associations with monsoon forcing on

the continental shelf of northern South China Sea: Satellite measurements and three repeated field surveys in winter, spring and

summer. Journal of Geophysical Research-Oceans, 121:1914-1930, April 2016.
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Global Ocean Climate is SENSITIVE to these
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Implemented in IPCC AR5 & 6: NCAR, GFDL, Hadley, NEMQ,...
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BFK, 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 eddie

lll: Implementation and impact in global ocean climate simulations. Ocean Modelling, 39:61-78, 2011.



e
-
\

)
|

91,
7

Global Ocean Climate is SENSITIVE to these

\BBK

42 E

Implemented in IPCC AR5 & 6: NCAR, GFDL, Hadley, NEMQ,...

CM2M Il Control-deBM (m) MFCB

Temperature on day 17.375

February
Mixed layer
depth Bias w/o
MLE

max=2bZEm, min=-1560m

CM2M Hrnl Submeso-daBM (m) FEB

February
MLD Bias

With MLE
Parameterization

max=1422m, min=-1600m

BFK, 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 eddie

lll: Implementation and impact in global ocean climate simulations. Ocean Modelling, 39:61-78, 2011.



NS
-1.0Ke-02 -2.16e-013 216203 H.4¥e03

20km x 20km x 150m oy
domain |

15 Day Simulation

4m X 4m X 1lm resolution

Limited Domain &
Duration=
Still Very Expensive!!

Cleverness required to

capture 2 separate scales:
submeso & boundary layer LES

P. E. Hamlington, L. P. Van Roekel, BFK, K. Julien, and G. P.
Chini. Langmuir-submesoscale interactions: Descriptive analysis
of multiscale frontal spin-down simulations. Journal of Physical -100

Oceanography, 44(9):2249-2272, September 2014. nbvie credit: >
P. Hamlington

'.

ll_.ll




NS
-1.0Ke-02 -2.16e-013 216203 H.4¥e03

20km x 20km x 150m oy
domain |

15 Day Simulation

4m X 4m X 1lm resolution

Limited Domain &
Duration=
Still Very Expensive!!

Cleverness required to

capture 2 separate scales:
submeso & boundary layer LES

P. E. Hamlington, L. P. Van Roekel, BFK, K. Julien, and G. P.
Chini. Langmuir-submesoscale interactions: Descriptive analysis
of multiscale frontal spin-down simulations. Journal of Physical -100

Oceanography, 44(9):2249-2272, September 2014. nbvie credit: >
P. Hamlington

'.

ll_.ll




Climate Model Resolution: an issue for centuries to come!
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Biological Reactions?
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Ocean color image
showing submesoscale
structure in chlorophyll
concentration near
Tasmania
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> 20 m/day  Submesoscale-Biology Damkoelher = 1



Chemical Reactions?
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turbulence on upper ocean carbonate chemistry. Geophysical Research Letters, March 2018. Submitted.



If
\Q

D
\

g
?

ele
B

Nesting/Overlapping

@ Simulate global down to 3D LES in 4-5 single-scale
nestings, each 1 teragrid (10!2 space+time units)

® Subgrid schemes for these scales are optimized—
avoiding grey zones. We have developed scale-
aware versions across these scales (ILES is a start)

® If a simulation spans more than one scale, the
simulations are much more expensive (but more

meaningful, O(10-1000 teragrids)).



Realistic Forcing Helps
Find Right Stuff...

@ Examples of what we didnt see coming...

@ But occurred naturally when considering
realistic forcing.



Discovered a new regime for LES, when trying

A. Webb and BFK. Impacts
of wave spreading and
multidirectional waves on
estimating Stokes drift.
Ocean Modelling, 96(1):
49-64, December 2015.

Waves
(Stokes Drift)

£

L. P. Van Roekel, BFK, P. P.
Sullivan, P. E. Hamlington,
and S. R. Haney. The form
and orientation of Langmuir
cells for misaligned winds
and waves. Journal of
Geophysical Research-

Oceans, 117:C05001, 22pp,

May 2012.

to couple LES results into climate models:

Misaligned Wind & Waves
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Waves
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Tricky: Misaligned Wind & Waves

Vertical
w7 1 /{ 7 .

”

Waves
(Stokes Drift)
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Generalized Turbulent Parameter
(Langmuir Number)
Projection of u*, u, into Langmuir

Direction

ux| cos(arow )

us| cos(fww — arow)

A scaling for LC strength & direction!
Enough for climate model application

depth

lon collapses
LES results!

L. P. Van Roekel, BFK, P. P. Sullivan, P. E. Hamlington, and S. R. Haney. The form
and orientation of Langmuir cells for misaligned winds and waves. Journal of
Geophysical Research-Oceans, 117:C05001, 22pp, 2012.




Discovery Territory...

@ Examples of what we didnt see coming...

® But dominate in multi scale simulations.



Boundary Layer-Submeso Interactions, without parameterizing revealed nontrivial/
countergradient/novel interactions PLUS wave effects directly on submesoscale

x (km)

QO

P. E. Hamlington, L. P. Van Roekel, BFK, K. Julien, and G. P. Chini. Langmuir-submesoscale interactions:
Descriptive analysis of multiscale frontal spin-down simulations. Journal of Physical Oceanography, 44(9):
2249-2272. Sentember 2014.
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Ocean Model Resolution (km equivalent)

Climate Model Resolution: an issue for centuries to come!

-
o
L

-
(-

ro

-3

1(%980

Resolution of Ocean Component of Coupled IPCC models

I | |

AR4

ARG6?
ARS e

First Rossby radius range

submesoscals-resolving | e

R . .
Mocres Law Y- fit to finest res.

~

N -
\\ ~

Langmuir-resolving

2000 2020 2040 2060 2080 2100

Year

Here are the
collection of IPCC
models...

If we can't resolve

a process, we need
to develop a
parameterization

or subgrid model of
its effect



Where does ocean energy go?
Spectrally speaking
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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.
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Where does ocean energy go?
Spectrally speaking
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Smagorinsky
(3D):
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.
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Where does ocean energy go?
Spectrally speaking X
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QGLeith:
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A QGLleith global model! ;.;'“
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Lognormally Aiskribubted—AND
kiows where the Gulf Skream is!
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Observations—check the
statistics carefully!

@ Ocean observations are hard & expensive

@ We rarely have enough info to make
inferences without intervening or
sophisticated models



Observing Surface Energy Budget?

Category A) T change caused by Category B) T change caused
forced Qqq, by unforced Q4

‘ 4 OLR
- - RSW
» - 4
Q54 = RSW + OLR - ISW Space
ﬂ Atmosphere
NV
dT _ Qnet __ —Qr0A*T0BML
dt Cm Cm i Mixed Layer
clBML
Deep Ocean

Slide: Brown et al., 2014

@ O(2W/m2) change to QamL as important as GHG
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Global Total OHC, All-Time Mean Subtracted Global Observed OHC Anomaly
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Sophisticated analysis reqd to overcome Ship & Argo
sampling problems—inherent uncertainty, 0(0.2W/m?2),
on interannual timescales in global average.

O(10W/m2) without sophisticated interpolation analysis.

Nelson, A. D., Weiss, J., BFK, B., Zia, R. K. P, and Galillard, F.: An Ensemble Observing System Simulation Experiment of
Global Ocean Heat Content Variability, Ocean Sci. Discuss., http://sci-hub.tw/10.5194/0s-2016-105.
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Thoughts
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Nesting/Refining is a powerful tool, but...
Understanding & flexibility needed:
We think we've got everything, but

@ Submesoscale unexpected—important globally
@ Langmuir observed, but not implemented—important globally

Its still hard to discover automatically

@ Wave-front interaction unexpected—potentially important
@ Mesoscale lognormality unexpected—affects parameterizations,
observations, energy budgets at leading order

Realistic forcing helps point out oversights

@ Submesoscale-boundary interaction misunderstood & hard to model
@ Wave-wind misalignment unexpected—important globally

Direct inference from observations probably not
ready in subsurface oceans—sampling too sparse
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The climate also depends on atmosphere, cryosphere,
biosphere, pedosphere, lithosphere & coupled modes!—

We need models to integrate and explore.

D. B. Haidvogel, E. N. Curchitser, S. Danilov, and BFK. Numerical modelling in a multi-scale ocean (invited). In The
Sea: The Science of Ocean Prediction, special issue. Journal of Marine Research, December 2017. In press.
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Useful Unik:
a Teragrid (1012)
o 1024-4; 10243 3D spa&iat & 1024 &E;memsﬁeps
o 400 years of a 350km paleo model
@ 5§ years of a 100km climate model
o 32 days of a 10km ocean model

o 2 hours of a submesoscale & Langmuir LES

Direck Numerical Sinmulation ot aboub 1038



