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For Today: Small-scales affect Climate

, A) T Change caused by Category B) T cha nge .
by unforced Q;,, |

o Key Ocean Climate Questions

o Large Eddy Simulation Closures 2

e Smagorinsky, Leith, QG Leith

Qs = RSW + OLR - ISW

o
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o Effects on Global Kinetic Energy fategory ) T

change caused by

o Submesoscale affects Mixed Layer unforced Qgyy,

o Wave-Driven Turbulence affects Mixed Layer

o Regional Mixed Layer Depth affects
Climate Sensitivity



Key Ocean Climate Questions

Sea Level Rise a) Global Energy Inventory
. Ocean (0-700m)
Ocean Anthropogenic Heat Uptake | Ocean (700-2000m)
f, Ocean (>2000m)
o Earth’s Energy Balance [ 500 o

Bl Atmosphere

-
o
o

Ocean Anthropogenic Carbon Uptake

o
o

o Earth’s Carbon Balance

o QOcean Acidification

Energy Change (Z))

N
-
o

- Will Currents & Stratification Change?

Component sum 1971-2018

o Affects the above & ecosystems...

1980 1990 2000 2010
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Components of ocean, cryosphere and sea level assessed in this chapter. (a) Schematic of processes (MCOW=modified Circumpolar Deep
Water, GIA=Glacial Isostatic Adjustment). White arrows indicate ocean circulation. Pinning points indicate where the grounding line is most

stable and ice sheet retreat will slow.



SIXTH ASSESSMENT REPORT

Working Group I - The Physical Science Basis

Heating of the climate system has caused global mean sea level
rise through ice loss on land and thermal expansion from ocean
warming (high confidence)

a) Global Energy Inventory b) Global Sea-Level Budget
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Global Energy Flows W m? %

Reflected Solar Incoming 239 |/ Outgoing [in] )

Radiation Solar Longwave
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Reflected by
Clouds and : ,
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Atmosphere
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Surface
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Fig. |. The global annual mean Earth’s energy budget for the Mar 2000 to
May 2004 period (W m™). The broad arrows indicate the schematic flow of

energy in proportion to their importance. Image: Trenberth et al. 2009

Simple: Planetary dT

Energy Balance & dt — Rincoming (T) sy Routgoing(T)
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GMST: Surface Energy Budget=Ocean Heat Content Budget =

Category A) T change caused by Category B) T change caused
forced Qg by unforced Q;,

43 E

OLR

Top of Atmosphere
Imbalancell

[ Qion=RSW +OLR - ISW Space
ey 341.3-101.9-238.5=0.9
This equals net absorbed
Atmosphere
_ \" A
dT _ Qnet _ —Qr0AtUBML|
at Cm - Cm Mixed Layer
clBML
Deep Ocean

Slide: Brown et al., 2014

@ 3.4m of ocean has heat capacity of whole atmosphere
@ Ocean Mixed Layer is about 100m deep.



Video: ZEKE HAUSFATHER, Carbon Brief, 2017
www.carbonbrief.org/analysis-how-well-have-climate-models-projected-global-warming
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Evaluating the Performance
of Past Climate Model
Projections
Z. Hausfather, H.F. Drake,T.

Abbott, G.A. Schmidt, 2019
https://doi.org/10.1029/2019GL085378
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Temperature change relative to 1586-2005 [K]

Sources of uncertainty in projected global mean temperature

o

= Observations (3 datasets)
4.51 I Internal variability
4} Il Mode! spread

Bl RCP scenario spread
3.5 ] Historical model spread

3

o
o

O -
O M - ;N

1960

1980 2000 2020 2040 2060 2080 2100

Year

IPCC AR5, 2013

Indeed, Hausfather et al. 2019

show that the early climate
projections often went wrong
because they assumed the
wrong human emissions profile,
not the wrong climate response.




Sources of uncertainty in projected global mean temperature
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Handling the partially-
resolved mesoscale...

» In effect, the mesoscale in (highest-resolution)

climate models is a Large Eddy Simulation for
these modes.

What kind of LES closure will work?
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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

Eddies strain to
produce Fronts

Q © @ @ e

Longitude

FiG. 16. Sea surface temperature measured at 1832 UTC 3 Jun 2006 off Point Conception in the .
California Current from CoastWatch (http://coastwatch.pfeg.noaa.gov). The fronts between recently @ l I l' l ' lon s
upwelled water (i.e.. 15°-16°C) and offshore water (=17°C) show submesoscale instabilities with wave-

lengths around 30 km (right front) or 15 km (left front). Images for 1 day earlier and 4 days later show
persistence of the instability events.

Eddy processes mainly baroclinic &
barotropic instability. Parameterizations of

baroclinic instability (GM, Visbeck...).
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30D Turbulence Cascade i i
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orcing range
E(k) 5
Spectral 1 : 1al r
Dpe(r;?itg i Re*<] inertial range Su,,i; &Qb LQ
(e : . For
E : dissipation range NOV\DE‘;C&QSE&Eiﬁ
Boussinesq;
' ' Wave-averaged

I/, Kr

1963: Smagorinsky Viscosity Scaling,
So the Energy Cascade is Preserved,
but order-1 gridscale Reynolds #: Re™ = UL /v,




Smagorinsky Viscosity (Cited by 17445) in 2 min

k « k «
d(E,
<dt ) _ —Fg % — / VK2E (k)dk + / Sk (k,t)dk.
0 0

Make k= g = T81/4V*_3/4,

Kolmogorov Scale

ks« k
All flux at k- gy A (k) _|_/ szE(k)dk = / v*sz(k)dk
0 0

"viscous”

If the viscous term 1s evaluated in real space rather than
wavenumber space, then

ks
2 B ko
/O V. k E(k) dk = <V*S* S*zk> , (20)

Finally, because the turbulence 1s assumed to be homoge-
neous, the domain-averaged friction 1s replaced with a local
value, and the result for v, follows.

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.


https://scholar.google.com/scholar?cites=13107624081140840962&as_sdt=4005&sciodt=0,6&hl=en

20D Turbulence Differs
4

E(k)

Spectral
Density
of
Kinetic
Energy

k

-5/3

Energy
Cascade

forcing

Enstrophy
Cascade

1996: Leith Devises Viscosity Scaling, R Kraichnan 1967 IFM

C.E. Leith, 1996 Physica D

So that the Enstrophy (vorticity?) Cascade is Preserved

w —

(

T

)

Barotropic or
stacked layers

PPN

i m
Suiktable
~or
2D Oceains,

£.q., Stommel
£ Munl Gvres

Best of: Graham &
Ringler (2013)
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Mesoscale Turbulence Like 2D cascade, but a little divergent
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dissipation

F-K & Menemenlis Revise Leith Viscosity Scaling,
So that diverging, vorticity-free, modes are also damped

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.




QGLeith: Pot'l Enstrophg cascade (efficient versions

E(k)~k™"
Z(k) - k—ll/3

Energy or Potential Enstrophy

Provides lateral viscosity, diffusivity, and GM

coefficient without overdamping resolved eddies

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.

B. Pearson, BFK, S. D. Bachman, and . O. Bryan, 2017: Evaluation of scale-aware subgrid

Inverse
Energy
Cascade

Forcing

'

Potential
Enstrophy
Cascade

Re, =0(1)

E(k)~k™
Z(k)~k™

mesoscale eddy models in a global eddy-rich model. Ocean Modelling, 115:42-58.

ready for Hydrostatic Boussinesq at 10km and fine 4™
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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.




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.



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.



Where does ocean energy go?
Spectrally speaking
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Where does ocean energy go?
Spectrally speaking

Just Right
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Viscosity (m2 s")
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.
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Mesoscale Qceann LES: QGrleilbh

LES for Pobl
Ems&rayhv

Channel:

J
Smag._.

Navenumber k (m™")

Global, POP, realistic forcing
10km (hominal) global
4-2 vertical levels
(most U 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.
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Energy Extraction Rate (TW)

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.
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A fun &

meaningful
result!

(Credit conversations with
Royce in Dresden)

A (weak)
dissipation of energy
with pot’l enstrophy
cascade

th.at’s
lognormally distributed
(super-Yaglom '66)

?0% of KE dissipation
in 10% of ocean

B. Pearson and BFK. Log-normal turbulence

dissipation in global ocean models.
Physical Review Letters, 120(9):094501,
March 2018.
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Character of the Submesoscale
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Tif 3l near-surface

i (H=100m)

; o 1-10km, days
o W/H~U/L

s hydrostatic

o Globally resolved in
2070-2100

Eddy processes often
baroclinic instabilitu

BFK, R. Ferrari, and R. W. Hallberg. Parameterization of

mixed layer eddies. Part I: Theory and diagnosis. Journal of
Physical Oceanography, 38(06):1145-1165, 2008

BFK, G. Danabasogluy, 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. I11I: Implementation

and impact in global ocean climate simulations. Ocean
Modelling, 39:61-78, 2011.
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Character of the Submesoscale
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layer eddies. Part I: Theory
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GMST: Surface Energy Budget=Ocean Heat Content Budget =

Category A) T change caused by Category B) T change caused
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Top of Atmosphere
Imbalancell

[ Qion=RSW +OLR - ISW Space
ey 341.3-101.9-238.5=0.9
This equals net absorbed
Atmosphere
_ \" A
dT _ Qnet _ —Qr0AtUBML|
at Cm - Cm Mixed Layer
clBML
Deep Ocean

Slide: Brown et al., 2014

@ 3.4m of ocean has heat capacity of whole atmosphere
@ Ocean Mixed Layer is about 100m deep.
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The Ocean Mixed Layer is
home to submesoscales & Langmuir

Mixed Layer Depth (A density=0.001) in month 1
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Mixed layer depth in (a-d) winter and (e-h) summer. (a, e) Observed climatological mean mixed layer depth (based on density threshold)
from the Argo Mixed Layer Depth (Holte et al., 2017) from observations 2000-2019. (b, f) Bias between the observation-based estimate
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What does it look like?

7d01h from 2d parameterization 7d01h from 3d MITgcm (smoothed)
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Figure 10: Wintertime sea ice sensitivity to introduction of MLE parameterization
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Physical Sensitivity of Ocean Climate to

Improves CFC uptake (water masses)
So, affects ocean heat & carbon uptake, too!
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Parameterization Bias w/o MLE

1 1 & " .
2 W'E JMUE 20°e 3°E 310°E

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

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



Langmuir, and Climate

L. Cavaleri, BFK, and M. Hemer. Wind waves in the coupled climate system. Bulletin of the
American Meteorological"Societuz 93(11):1651-1661, 2012.
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Diverse types of interaction: Stronger Langmuir (small) Turbulence,
Fronts vary from place to place, one orientation is stronger?

P. €. 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. September 2014,
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What Pays the Bills:

Parameterizing Turbulence to Improve
Climate and Weather Models

o These turbulent phenomena aren't only pretty—
they accumulate into sizable effects onto global
properties, especially boundary layer depth.

o The boundary layer in turn filters the exchange of
energy, carbon, momentum, etc., between the
changing atmosphere and the ocean reservoir.

o Langmuir Turbulence is an excellent recent
example, which energizes the boundary layer
turbulence, so entrainment and mixing are faster.

Q. Li, B. G. Reichl, BFK, A. J. Adcroft, S. Belcher, G. Danabasoglu, A. Grant, S. M. Griffies, R. W. Hallberg, T. Hara, R. Harcourt, T. Kukulka, W. G.
Large, J. C. McWilliams, B. Pearson, P. Sullivan, L. V. Roekel, P. Wang, and Z. Zheng. Comparing ocean boundary vertical mixing schemes including
Langmuir turbulence. Journal of Advances in Modeling Earth Systems (JAMES), 11(11):3545-3592, 2019.



3 Effects Dominate open ocean

“Wave-Averaged Equations™
(Craik, Leibovich, McWilliams et al. 1997)
All rely only on Stokes drift of waves

1: Stokes Advection: parcels, tracers,
momentum move with Lagrangian, not
Eulerian flow

2: Stokes Coriolis: water parcels experience
Coriolis force during this motion

wave phase :t/T= 0.000

3: Stokes Shear force

N. Suzuki and BFK. Understanding Stokes forces in

the wave-averaged equations. Journal of Geophysical
Research-Oceans, 121:1-18, 2016.
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Figure 1 Sketch showing the pattern of mean flow in 1dealized Langmuir circulation. The
windrows may be 2 m to 300 m apart, and the cell form 1s roughly square (as shown). In
practice the flow 1s turbulent, especially near the water surface, and the windrows (Figure 2)
amalgamate and meander 1n space and time. Bands of bubbles or buovant algae may form
within the downward-going (or downwelling) flow (see Figure 3).
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S_uzuki and BFK. Understanding Stokes forces in the wave-averaged equations. Journal of
Geophysical Research-Oceans, 121:1-18, 20106.
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N S_uzuki and BFK. Understanding Stokes forces in the wave-averaged equations. Journal of
Geophysical Research-Oceans, 121:1-18, 2016.




Typical effect: Downward Force for
down-flow Stokes
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N S_uzuki and BFK. Understanding Stokes forces in the wave-averaged equations. Journal of
Geophysical Research-Oceans, 121:1-18, 2016.




Typical effect: Downward Force for
down-flow Stokes
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Langmuir Mixing in Climate: Boundary Layer Depth Improved (RMS error tabulated)

Summer Winter

Case Global South of 30°S 30°S-30°N Global South of 30°S 30°S-30°N

Control
: CTRL 10.28 £0.29 16.00 +0.48 6.57+0.23 50.24+1.42 52.521+0.54 15.89+0.33
Old Scheme
Mixing VRI12-MA 9.31 +0.28 10.64 +0.49 9.60+0.33 47.65+1.15 48.47 +0.49 22.981+0.42
Bad Entrain. VRI12-EN 11.65+0.29 11.91+0.83 12.794+0.39 56.85+0.93 61.30+1.21 33.60+0.55

New Entrain. LF17 8.48 +0.24 8.9240.39 9.1540.30 47.78 £1.08 49.98 =0.77 22.43+0.43
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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.

Q. Li, A. Webb, BFK, A. Craig, G. Danabasoglu, W. G. Large, and M. Vertenstein. Langmuir mixing effects on global
climate: WAVEWATCH III in CESM. Ocean Modelling, 103:145-160, July 2016.

Q. Li & BFK. Assessing the effects of Langmuir turbulence on the entrainment buoyancy flux in the ocean surface
boundary layer. Journal of Physical Oceanography, 47:2863-2886, December 2017.

Q. Li and B. Fox-Kemper. Anisotropy of Langmuir turbulence and the Langmuir-enhanced mixed layer entrainment. Physical Review Fluids, 5:0138073, January 2020.

Xing w/o Entrain Eval. Mixing & Refined Entrainment
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GMST: Surface Energy Budget=Ocean Heat Content Budget =&

Category A) T change caused by Category B) T change caused
forced Qg by unforced Q;,
A
‘.4 OLR
o - RSW
Y o - 4
| Q;m = RSW + OLR - ISW Space
Atmosphere
dT _ Qnet _ —Qr0AtUBML|
at Cm - Cm Mixed Layer
clBML
Deep Ocean

Slide: Brown et al., 2014

@ 3.4m of ocean has heat capacity of whole atmosphere
@ Ocean Mixed Layer is about 100m deep.

—

b

’1

[ @

So, we've improved
the mixed layer,
shouldn’t it improve

the climate
projections
somehow?
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@ Modeling of variability

A stochastic, predictable persistence model:
Frankignoul & Hasselmann (77)

Temp Change Random Atmosphere

dT f
AT

“  Decadal power varies by
“ 2 orders of magnitude
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Even Simpler: 2-Layer Homogeneous Energy Balance Model (Gregory, 2000)



Even Simpler: 2-Layer Homogeneous EBM (Gregory, 2000; ¢ Haiiand Brk. Regional mixed layer depth
Winton et al. 2010; Geoffroy et al. 2013) et GRL 2000 At .

The 2-layer model parameters are estimated ; = F — MAT — ey(AT — ATp),
from 25 CMIPG model timeseries— ’
None of the parameters are observable
9 further CMIPG models are used as out-of-sample validation

= (AT — ATp);

(a) Timescale diagram (b) Example EBM-¢ fit: CESM2
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Correlation r
-09 -06 -0.3 0.0 0.3 0.6 0.9

We can use the < e

mixed lqger depth GS o (a) Correlation between h!, and A8 . (:ii:gﬂelation between h),, and y
An EMERGENT CONSTRAINT § 101 Jrof T8 o>
% 2.0 - NE 0.8 e ? <
; g 3.0 E 0. ’A& ®
That is, an observable that correlates .
or constrains the other properties useful for e - o e S S R
. X latitude [deg] h,im [m]
PrOJeCtIOnS' (c) Correlation between h}, and A8 (d) Correlation between h}, and £
El.m ‘ 1:::: 521%2033 -
CMIPG GCMs give MLD & 2-Layer Model Properties [ ’ .‘:’ ; W
S 3.0+ = “ 1,254
G. Hall and BFK. Regional mixed layer depth as a climate diagnostic and emergent gm S O y
constraint. GRL, 2021. Submitted. ® o o
None of the parameters are observable T e o
d AT (e) Correlation between h;, and A8 (f) Correlation between hl, and S
0s®T P AAT - ey(AT - AT) Sh e o SR
dAT £ 20- -
C’D At = - ’)"(AT - Af[’D); % 304 §4«
But MLD is, simplify into regions L H
.
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SIXTH ASSESSMENT REPORT

Working Group | — The Physical Science Basis

INTERGOVERNMENTAL PANEL oN ClimaTe change

Galen Hall: Physics Honors Thesis, May 2020

Regional mixed layer depth as a climate diagnostic and emergent constraint

Correlation r
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F — AAT — ey(AT - ATp),

Y(AT - ATp);

Hall & Fox-Kemper, Submitted to GRL, 2021

“Using these correlations and
observations from the Argo float
network, we revise the ensemble mean
and narrow the 66% range of
equilibrium climate sensitivity (ECS) for
the particular CMIP6 model collection
from 4.51 (3.13-5.71) °C, to 4.66
(3.88-5.43) °C, amounting to a 40%
reduction in the span of the uncertainty
range.”
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Regional mixed layer depth as a climate diagnostic and emergent constraint

EBM-£ estimates

124 (a)

5o

66%C  ~40% reduction in S range

abrupt-4xCO2

GSAT change [K]
o

-

1pctCO2 ~20% reduction in TCR range

Approximately halving the uncertainty range for [transient climate response] has a net
present value of about $10.3 trillion (year 2005 USS9) if accomplished in time for

emissions to be adjusted in 2020, falling to $9.7 trillion if accomplished by 2030.
-C. Hope, 2015, Phil. Trans. A., https://doi.ora/10.1098/rsta.2014.0429

PANG=0

CMIPG6 data via pangeo.io
Hall & Fox-Kemper, Submitted to GRL, 2021 Code at repository.library.brown.edu
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For Today: Small-scales affect Climate

, A) T Change caused by Category B) T cha nge .
by unforced Q;,, |

o Key Ocean Climate Questions

o Large Eddy Simulation Closures 2

e Smagorinsky, Leith, QG Leith

Qs = RSW + OLR - ISW

o
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> %
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o Effects on Global Kinetic Energy fategory ) T

change caused by

o Submesoscale affects Mixed Layer unforced Qgyy,

o Wave-Driven Turbulence affects Mixed Layer

o Regional Mixed Layer Depth affects
Climate Sensitivity
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Surface Energy Budget

Category A) T change caused by Category B) T change caused
forced Q;op by unforced Q;,,
A
“( OLR
-« - RSW
b - 4
QIQE = RSW + OLR - ISW Space
f . / Atmosphere
dT _ Qnet _ —QT0At0BML
at Cm - Cm Mixed Layer
clBML
Deep Ocean

Slide: Brown et al., 2014

@ O(2W/m?2) change to QsmL as important as GHG
@ Slight oversimplification—sensitivity + budget
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@ Modeling of variability

A stochastic, predictable persistence model:
Frankignoul & Hasselmann (77)

Temp Change Random Atmosphere

dT f
AT

“  Decadal power varies by
“ 2 orders of magnitude
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Even Simpler: 2-Layer Homogeneous Energy Balance Model (Gregory, 2000)



Even Simpler: 2-Layer Homogeneous EBM (Gregory, 2000; ¢ Haiiand Brk. Regional mixed layer depth
Winton et al. 2010; Geoffroy et al. 2013) et GRL 2000 At .

The 2-layer model parameters are estimated ; = F — MAT — ey(AT — ATp),
from 25 CMIPG model timeseries— ’
None of the parameters are observable
9 further CMIPG models are used as out-of-sample validation

= (AT — ATp);

(a) Timescale diagram (b) Example EBM-¢ fit: CESM2
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Zoom: Submeso-Langmuir Interaction!

What's plotted are
surfaces of large vert.
velocity, colored by
temperature

P. €. Hamlington, L. P. Van Roekel, BFK, K. Julien, and G. P. Chini. Langmuir-submesoscale interactions:
Descriptive analysis of multiscale frontal spin-down simulations. JPO, 44(9):2249-2272, 2014,
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Figure 1 Sketch showing the pattern of mean flow in 1dealized Langmuir circulation. The
windrows may be 2 m to 300 m apart, and the cell form 1s roughly square (as shown). In
practice the flow 1s turbulent, especially near the water surface, and the windrows (Figure 2)
amalgamate and meander 1n space and time. Bands of bubbles or buovant algae may form
within the downward-going (or downwelling) flow (see Figure 3).
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S_uzuki and BFK. Understanding Stokes forces in the wave-averaged equations. Journal of
Geophysical Research-Oceans, 121:1-18, 20106.
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N S_uzuki and BFK. Understanding Stokes forces in the wave-averaged equations. Journal of
Geophysical Research-Oceans, 121:1-18, 2016.




Typical effect: Downward Force for
down-flow Stokes
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N S_uzuki and BFK. Understanding Stokes forces in the wave-averaged equations. Journal of
Geophysical Research-Oceans, 121:1-18, 2016.




Typical effect: Downward Force for
down-flow Stokes
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Stronger Langmuir (small)

Diverse types of interaction

Turbulence

P. €. Hamlington, L. P. Van Roekel, BFK, K. Julien, and G. P. Chini. Langmuir-submesoscale interactions:
44(9):-2249-2777 September 2014.

Descriptive analysis of multiscale frontal spin-down simulations. Journal of Physical Oceanography,
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Diverse types of interaction

Turbulence

P. €. Hamlington, L. P. Van Roekel, BFK, K. Julien, and G. P. Chini. Langmuir-submesoscale interactions:
44(9):-2249-2777 September 2014.

Descriptive analysis of multiscale frontal spin-down simulations. Journal of Physical Oceanography,



A front that's not aligned with winds & waves is weaker
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N. Suzuki, BFK, P. E. Hamlington, and L. P. Van Roekel. Surface waves affect
frontogenesis. Journal of Geophysical Research-Oceans, 121:1-28, May 2016.
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Do Stokes force directly affect larger scales?

J. C. McWilliams and BFK. Oceanic wave-balanced surface fronts and filaments. Journal of Fluid Mechanics, 730:464-490, 2013.
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J. C. McWilliams and BFK. Oceanic wave-balanced surface fronts and filaments. Journal of Fluid Mechanics, 730:464-490, 2013.
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buoyancy - the horizontal mean (ms'z) at z=-11.25m
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Initially every surface node has 1 drifter,
so there are 851796 drifters in the picture
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Do (wavy hydrostatic) Stokes Forces Matter?
Yes! At | eading Order (in LES

Table 3. Integrated Budget for Overtuming Vorticity®

Responsible Force Relative Value

Relative Tendency of Overturning Circulation along the Cell Boundary
Net tendency 11 £8%

Sources
Buoyancy anomaly
Stokes shear force anomaly
Interaction with v
Frontal anomaly in pressure gradient

Nonlinear interaction with v*:

Sinks
Frontal turbulence anomaly
(mostly, imbalance in wavy Ekman relation) —82 % 11%
Coriolis on along-front jet —66 * 2%
Lagrangian advection of (v¥, w*) —36 + 7%

N. Suzuki and BFK. Understanding Stokes forces in the wave-averaged equations. Journal
of Geophysical Research-Oceans, 121:1-18, 2016.

N. Suzuki, BFK, P. €. Hamlington, and L. P. Van Roekel. Surface waves affect frontogenesis.
Journal of Geophysical Research-Oceans, 121:1-28, 2016.



Analytic & Numerical Wavy Submesoscale Stability:
Symmetric Instabilities

o Hoskins (1974) showed that if a front in thermal wind balance is
symmetrically unstable, the PV must be anticyclonic.

o Haney et al (2015) extend Hoskins’ analysis to flows in Lagrangian
thermal wind balance in the special case of constant Stokes shear.

Vert. Horiz.
Density Density
Gradient Gradient

Anti-Stokes
Shear

fO=fN"-M - MU  <O.

w V
geostrophic fQ Stokes-modified fQ

o In the absence of Stokes drift, this is equivalent to the familiar
criteria on Richardson Number, with Stokes drift is distinct.

S. Haney, BFK, K. Jdulien, and A. Webb. Symmetric and geostrophic instabilities in the wave-forced ocean mixed layer. JPO 45:3033-3056, 2015.



Wavy Submesoscale
Instability Different:

% Symmetric Instability »
R' T 05 Cross front Ri = 2
Wavy Stokes velocity for the Wavy Stokes
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S. Haney, BFK, K.
Julien, and A. Webb.
Symmetric and
geostrophic
instabilities in the
wave-forced ocean

mixed layer. JPO
45:3033-3056,
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Frontal Consequences:

Observing Energy Flux from Global to Dissipative Scales

o Energy flows from the global winds & tides to mm-
scale dissipation by viscosity

o Fronts are a key concentration effect of energy,
aiding in the transfer

o However, the presence of fronts also complicates
observations of the enerqgy flow

o Observations by drifters, etc. must handle the strong
heterogeneity due to the presence of fronts

N. Suzuki, BFK, P. €. Hamlington, and L. P. Van Roekel. Surface waves affect frontogenesis. Journal of Geophysical Research-Oceans,
121:1-28, 2016.
J. C. McWilliams and BFK. Oceanic wave-balanced surface fronts and filaments. Journal of Fluid Mechanics, 730:464-490, 2013.



Gridded Semi-Lagrangian and Eulerian
Second Order Structure Functions

Launch Locations
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J. Pearson, B. Fox-Kemper, R. Barkan, J. Choi, A. Bracco, and J. C. S. D. Bachman, B. Fox-Kemper, and B. Pearson, 2017: A

McWilliams. Impacts of convergence on Lagrangian statistics in the Gulf of  gc31e-aware subgrid model for quasi-geostrophic turbulence.
Mexico. Journal of Physical Oceacnography, February 2018. Submitted. Journal of Geophysical Research—Oceans, 122:1529—-1554.
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Second Order Structure Functions
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