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The Ocean Mixed Layer

Stommel’s Demon: ocean properties at depth set by 
deepest wintertime mixed layer & its properties

From Argo float data courtesy C. de Boyer-Montegut



We Will Examine the Effects 
of Surface Waves on:

Boundary Layer Turbulence     
(wave-driven or Langmuir Turbulence) 

Climate through Langmuir Turbulence 
(via MLD changes) 

Submesoscale Fronts & Instabilities 
within the Mixed Layer          
(Stokes forces and Langmuir coupling)



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


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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3 Wave Effects, 3: Stokes Shear Force 

and the CL2 mechanism for Langmuir circulations

Flow directed along Stokes shear=downward force

Stokes
Drift

“wavy hydrostatic” if


hydrostatic

Lagrangian flow velocity

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



Near-surface

Langmuir Cells & Langmuir Turb.

Ro>>1

Ri<1: Nonhydro

1-100m (H=L)

10s to 1hr

w, u=O(10cm/s)

Stokes drift

Eqtns: Wave-Averaged

Params:  McWilliams & Sullivan, 
2000, Van Roekel et al. 2011

Resolved routinely in 2170

The Character of Langmuir Turbulence

Image: NPR.org, 
Deep Water 
Horizon Spill



Zoom: Submeso-Langmuir 
Interaction!
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What’s plotted are 
surfaces of large 

vert. velocity, 
colored by 
temperature

Wind
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Large Eddy Simulations, Observations, Constrain 
Langmuir Turbulence Parameterizations

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. JPO, 44(9):2249-2272, 2014.
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Typical effect: Downward 
Force for down-Flow Stokes

“wavy hydrostatic” if


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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1) Observations 
obey a particular 
scaling for <w2>!


E. A. D'Asaro, J. Thomson, A. Y. 
Shcherbina, R. R. Harcourt, M. F. Cronin, 
M. A. Hemer, and BFK. Quantifying upper 

ocean turbulence driven by surface 
waves. Geophysical Research Letters, 

41(1):102-107, January 2014. wavywindy



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.

Langmuir Mixing in Climate: Boundary layer Depth Improved

% Summer Change % Winter Change

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.
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Table 3: Root mean square errors (RMSE, m) of summer and winter mean mixed layer depth in comparison

with observation (de Boyer Montégut et al. (2004), updated to include the ARGO data to 2012).

Case Summer Winter

Global South of 30�S 30�S-30�N Global South of 30�S 30�S-30�N

CTRL 10.62±0.27a 17.24±0.48 5.38±0.14 43.85±0.38 57.19±0.76 12.57±0.28

(13.40±0.19)b (21.73±0.32) (6.71±0.09) (45.50±0.40) (56.53±0.59) (16.16±0.29)

MS2K 15.37 15.47 17.03 119.91 171.92 40.31

SS02 36.79 63.83 7.54 99.32 164.34 17.39

VR12-AL 9.06 13.47 6.49 40.45 50.33 14.52

VR12-MA 8.73±0.30 12.65±0.47 6.61±0.22 40.99±0.37 51.78±0.65 14.23±0.30

(11.83±0.29) (18.13±0.62) (7.52±0.16) (42.02±0.39) (50.78±0.67) (15.67±0.35)

VR12-EN 8.95 10.52 8.91 41.94 52.98 19.58

a Numbers with ± sign give the 90% confidence interval, estimated from the RMSEs of nb = 1000 bootstrap

estimates of the 48-year (for Wave-Ocean only experiments) and 20-year (for fully coupled experiments) mean

mixed layer depth.
b Numbers shown in the parentheses are for the fully coupled experiments.
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Global

Northern Hem.

Southern Hem.

Equatorial
(improves despite
worse mean BLD)

Stommel Demon, Subsurface Temperature (also CFCs, S, etc.): 

Improved vs. Observations with Langmuir

DASHED = LANGMUIR
SOLID = NO LANGMUIR

Root-Mean-Squared Error=
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.



How accurate do we need the waves 
to be?

Q. Li, B. Fox-
Kemper, O. 
Breivik, and 

A. Webb, 
2016: 

Statistical 
modeling of 

global 
Langmuir 
mixing. 
Ocean 

Modelling. In 
press. 

Langmuir Turbulence Parameterizations are robust to large 
approximations in wave modeling, e.g., 


replacing wave models with climatology, theoretical scalings

Using A Full-Physics

Prognostic Wave Model


(WaveWatch-III)



How accurate do we need the waves 
to be?

Langmuir Turbulence Parameterizations are robust to large 
approximations in wave modeling, e.g., 


replacing wave models with climatology, theoretical scalings

Using a Climatology of 
Langmuir Enhancement 

instead of a wave 
model


(Data Waves)

Q. Li, B. Fox-
Kemper, O. 
Breivik, and 

A. Webb, 
2016: 

Statistical 
modeling of 

global 
Langmuir 
mixing. 
Ocean 

Modelling. In 
press. 



How accurate do we need the waves 
to be?

Langmuir Turbulence Parameterizations are robust to large 
approximations in wave modeling, e.g., 


replacing wave models with climatology, theoretical scalings

Using an empirical/
theoretical Stokes drift 
profile, with rules of 

thumb and one tunable 
parameters 


(Theory Waves)

Q. Li, B. Fox-
Kemper, O. 
Breivik, and 

A. Webb, 
2016: 

Statistical 
modeling of 

global 
Langmuir 
mixing. 
Ocean 

Modelling. In 
press. 



Do Details of 
Turbulence Matter Much?

Our parameterization of Langmuir 
Turbulence comes in 2 parts: 

Enhanced mixing within the boundary 
layer (based on Stokes parameters) 

Enhanced entrainment (recasting the 
predicted boundary layer depth in terms 
of Stokes-dependent unresolved shear)

Q. Li, B. Fox-Kemper, 2017: Assessing the effects of Langmuir turbulence on the entrainment buoyancy flux 
in the ocean surface boundary layer. JPO. In Preparation. 

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.

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.
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Something that happens often with waves: 
Tricky: Misaligned Wind & Waves

Vertical Velocity (m/s)

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.

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

(Langmuir Number)


Projection of u*,  us into Langmuir 
Direction

<w2>

rescaled <w2>

de
pt

h
de

pt
h

A scaling for LC strength & direction!

Enough for climate model application

rescaling by 
projection 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.

Also, benefit from Harcourt & D’Asaro (2008) to 
use a Surface Layer Average, rather than surface 
La to be robust to wind waves vs. monochromatic



Do Details of Turbulence Matter Much?

S. E. Belcher, A. A. L. M. Grant, K. E. Hanley, B. Fox-Kemper, L. Van Roekel, P. P. Sullivan, 
W. G. Large, A. Brown, A. Hines, D. Calvert, A. Rutgersson, H. Petterson, J. Bidlot, P. A. E. 

M. Janssen, and J. A. Polton, 2012: A global perspective on Langmuir turbulence in the 
ocean surface boundary layer. Geophysical Research Letters, 39(18):L18605  

Dissipation Rate Regimes of S. Ocean



Do Details of Turbulence Matter Much?

Q. Li, B. Fox-Kemper, 2017: Assessing the effects of Langmuir turbulence on the 
entrainment buoyancy flux in the ocean surface boundary layer. JPO. In preparation. 

Dissipation Rate Evaluation using LES



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.

Langmuir Mixing in Climate: Boundary layer Depth Improved

% Summer Change % Winter Change

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.
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Table 3: Root mean square errors (RMSE, m) of summer and winter mean mixed layer depth in comparison

with observation (de Boyer Montégut et al. (2004), updated to include the ARGO data to 2012).

Case Summer Winter

Global South of 30�S 30�S-30�N Global South of 30�S 30�S-30�N

CTRL 10.62±0.27a 17.24±0.48 5.38±0.14 43.85±0.38 57.19±0.76 12.57±0.28

(13.40±0.19)b (21.73±0.32) (6.71±0.09) (45.50±0.40) (56.53±0.59) (16.16±0.29)

MS2K 15.37 15.47 17.03 119.91 171.92 40.31

SS02 36.79 63.83 7.54 99.32 164.34 17.39

VR12-AL 9.06 13.47 6.49 40.45 50.33 14.52

VR12-MA 8.73±0.30 12.65±0.47 6.61±0.22 40.99±0.37 51.78±0.65 14.23±0.30

(11.83±0.29) (18.13±0.62) (7.52±0.16) (42.02±0.39) (50.78±0.67) (15.67±0.35)

VR12-EN 8.95 10.52 8.91 41.94 52.98 19.58

a Numbers with ± sign give the 90% confidence interval, estimated from the RMSEs of nb = 1000 bootstrap

estimates of the 48-year (for Wave-Ocean only experiments) and 20-year (for fully coupled experiments) mean

mixed layer depth.
b Numbers shown in the parentheses are for the fully coupled experiments.
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Do Details of Turbulence Matter Much?

Q. Li, B. Fox-Kemper, 2017: Assessing the effects of Langmuir turbulence on the 
entrainment buoyancy flux in the ocean surface boundary layer. JPO. In preparation. 

Entrainment Rate Evaluation using LES



Obs.

No  
Lang.

Early 
Entrain 
Guess.

Mixing 
& 

Refined 
Entrain.

Mixing 
w/o 

Entrain 
Eval.



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.

Langmuir Mixing in Climate: Boundary layer Depth Improved

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.

New Scheme

3 versions of 
Van Roekel et 

al 

Control

TABLE 3. RMS errors (m) of summer and winter mean mixed layer depth in comparison with observation (de

Boyer Montégut et al. 2004, updated to include the ARGO data up through 2012). Numbers with ± sign give

the 90% confidence interval, estimated from the RMS errors of 1000 bootstrap estimates of the 50-year mean.

827

828

829

Summer Winter

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

CTRL 10.28±0.29 16.00±0.48 6.57±0.23 50.24±1.42 52.52±0.54 15.89±0.33

VR12-MA 9.31±0.28 10.64±0.49 9.60±0.33 47.65±1.15 48.47±0.49 22.98±0.42

VR12-EN 11.65±0.29 11.91±0.83 12.79±0.39 56.85±0.93 61.30±1.21 33.60±0.55

LF17 8.48±0.24 8.92±0.39 9.15±0.30 47.78±1.08 49.98±0.77 22.43±0.43

44

No Lang. Mixing w/o Entrain Eval.
Mixing & Refined Entrainment

Q. Li, B. Fox-Kemper, 2017: Assessing the effects of Langmuir turbulence on the entrainment buoyancy flux in the 
ocean surface boundary layer. JPO. In preparation. 



Conclusions:       
Waves on Turbulence & Climate

The inclusion of Langmuir (wave-driven) mixing is 
justified by obs., LES, and reduction of climate model 
bias. 

Generally, these schemes make mixed layer deeper—
affecting air-sea, CFCs, carbon exchange, etc. 

The Data Waves and Theory Waves versions of our scheme 
are available through CVmix—no wave model required! 

Improvement of scalings vs. LES has worked very well to 
date, but as nearly all present schemes agree well with 
LES—returns are diminishing.



LES of Langmuir turbulence with a 
submesoscale temperature front 

Use NCAR LES model to solve Wave-
Averaged Eqtns.  

2 Versions:  1 With Waves & Winds 
1 With only Winds 

Computational parameters: 
 Domain size: 20km x 20km x -160m 

 Grid points: 4096 x 4096 x 128  
 Resolution: 5m x 5m x -1.25m 

Do Stokes forces affect 
(sub)Meso-Scales?

Movie: P. Hamlington

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, September 2014.

Wind, 
Waves



P.	E.	Hamlington,	L.	P.	Van	Roekel,	BFK,	K.	Julien,	and	G.	P.	Chini.	Langmuir-submesoscale	interacBons:	DescripBve	
analysis	of	mulBscale	frontal	spin-down	simulaBons.	Journal	of	Physical	Oceanography,	44(9):2249-2272,	September	

2014.

Diverse	types	of	interacBon:	Stronger	Langmuir	(small)	Turbulence	
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m
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0 20
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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, September 2014.
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analysis	of	mulBscale	frontal	spin-down	simulaBons.	Journal	of	Physical	Oceanography,	44(9):2249-2272,	September	

2014. �30
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seasonal cycle of alongshore wind stress, suggesting that the frontal activities are closely related to the sea-
sonal wind forcing. Although there is a substantial freshwater supply from the Pearl River, the CTD results
indicate that temperature gradients dominate the density stratification and PV, unlike in the Northern Gulf

Figure 7. Vertical slices of the PV (q ) and its baroclinic (q hg) component (31029 s23), the log of Richardson number (Ri) and the log of the magnitude of horizontal buoyancy gradient
(s22) in the representative cross-shelf transect D03. (a–d) The observed results in winter and (e–h) the observed results in summer. The thin black lines in each frame represent isopycnals
with a spacing of 0.5 kg m23. The heavy black lines represent the isopycnal surfaces (rh524 and rh523) as a reference for the thermocline in winter and summer, respectively. The white
contours in Figure 7a denote the critical value of zero for PV. The green contours in Figures 7c and 7g show the critical value of 1/4 for Richardson number (Ri).

Figure 8. Seasonal probabilities of front occurrence at the sea surface in (a) winter, (b) spring, (c) summer, and (d) autumn. The probabil-
ities are calculated from satellite-derived daily SST data of 2006–2014, with a threshold value of front intensity of 0.038C/km.
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In summer, the winds became favorable for upwelling over the shelf, leading to the first appearance of sur-
face cooling along the east coast of Hainan Island and the Guangdong Coast (Figure 4f) due to the offshore
Ekman transport forced by prevailing southwesterly winds. The persistent upwelling of cold water from the
deep layers tends to develop thermal fronts along the upwelling boundaries. As a result, the vigorous SbTFs
of more than 0.158C/km were observed over the shelf (Figure 4c). They follow the 50–100 m isobaths and
occupy the offshore water !150 km from the coast. In addition, there is dramatic subsurface cooling of
more than 68C along the east coast of Hainan Island, which is significantly larger than the value detected
from satellite measurements at the sea surface (< 28C) (Figure 4f).

It is interesting to note that the shelf fronts associated with monsoon forcing in this region are largely
accompanied by down-front winds in both winter and summer [Thomas and Lee, 2005]. This occurs even
though the winds are in opposing directions in these seasons.

3.3. Cross-Shelf Vertical Thermal Structures in Winter, Spring, and Summer
The vertical thermal structures and their seasonal differences are illustrated with the same cross-shelf trans-
ects conducted during the three seasons (Figure 5). The downward tilting of the thermoclines in these typi-
cal transects show the widespread occurrence of downwelling over the shelf during winter and spring
(Figure 5). The downward displacements of the tilted thermoclines toward the coast are generally more
than 20 m due to the subduction of coastal water along the shelf slope. Driven by the downwelling-
favorable winds in winter and spring, the upper warm water over the outer shelf accumulates shoreward,
which induces the development of thermal fronts in the inner shelf as the warm water and cold coastal

Figure 5. Vertical structures of in situ temperature (8C) in the representative cross-shelf transects (a–c) D01, (d–f) D03, and (g–i) D06 from
three field campaigns in winter, spring, and summer. Estimated from the satellite-derived winds, the Ekman layer depths in the observatio-
nal area are about 120, 55, and 65 m during the winter, spring, and summer of 2006–2007, respectively.
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Do Stokes force directly affect larger scales?

Ro =
U

fL
J. C. McWilliams and BFK. Oceanic wave-balanced surface fronts and filaments. Journal of Fluid Mechanics, 730:464-490, 2013. 

“wavy hydrostatic” if
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analysis	of	mulBscale	frontal	spin-down	simulaBons.	Journal	of	Physical	Oceanography,	44(9):2249-2272,	September	

2014.
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Are Fronts and Filaments different with Stokes shear force?

J. C. McWilliams and BFK. Oceanic wave-balanced surface fronts and filaments. Journal of Fluid Mechanics, 730:464-490, 2013. 

Wind&Waves: 
Down-Stokes  

Fronts Enhanced!
Winds Only: 

Fronts Isotropic

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. E. Hamlington, and L. P. Van Roekel. Surface waves affect frontogenesis. Journal of Geophysical Research-Oceans, 121:1-28, 2016.
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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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Do (wavy hydrostatic) Stokes Forces Matter? 
Yes! At Leading Order (in LES)

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.

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



Conclusions
Langmuir mixing scalings consistent with LES & 
observations, reduce climate model biases in 
MLD, T, CFCs vs. observations by 5-25%. 

Stokes forces, as treated here, can be included 
in hydrostatic models like GCMs (wavy hydrostatic) 

Stokes forces affect Langmuir turbulence, but 
also (sub)mesoscale fronts  (more energy, 
anisotropy) and submesoscale instabilities.   
Need to assess climate & environmental impact! 

All papers at:  fox-kemper.com/pubs

http://fox-kemper.com/pubs
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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, 2015.



Instability allowed if:

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

Analytic	&	Numerical	Wavy	Submesoscale	Stability:  
Geostrophic	Instabilities

Charney, Stern, Pedlosky criteria (appropriately generalized) apply:

Streamfunctions
with and w/o Stokes



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

Haney et al extend Hoskins’ analysis to flows in Lagrangian 
thermal wind balance in the special case that the Stokes shear is 
constant. 

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. Julien, and A. Webb. Symmetric and geostrophic instabilities in the wave-forced ocean mixed layer. JPO 45:3033-3056, 2015.

Analytic	&	Numerical	Wavy	Submesoscale	Stability:  
Symmetric	Instabilities
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Becomes Lagrangian Thermal Wind Balance

Now the temperature gradients govern the 
Lagrangian flow, not the not the Eulerian!

f ⇥ @

@z
(v + vs) = f ⇥ @vL

@z
= �rb

J. C. McWilliams and BFK. Oceanic wave-balanced surface fronts and filaments. Journal of Fluid Mechanics, 730:464-490, 2013. 

f ⇥ �v
�z

= �⇤b

The Eulerian response to Stokes is often to cancel it out! 
(Anti-Stokes flow, Lab: Monismith et al., Obs: Lentz et al.)

Do Stokes forces affect 
Larger Scales?



With Waves Without Waves

So, if fQ<0 indicates likely regions of 
symmetric instability—Surface Waves 

STRONGLY affect SI!
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, September 2014



Lagrangian Thermal Wind        
Linear Stability

S. Haney, BFK, K. Julien, and A. Webb. Symmetric and 
geostrophic instabilities in the wave-forced ocean mixed 

layer. JPO 45:3033-3056, 2015.

Like Eady, but 
with Lagrangian 
Thermal Wind 
Background 

State



For typical conditions, the Stokes effect 
amounts to a small change in geostrophic 
instability (mixed layer eddy) growth rates.

�  When%the%Stokes%drift%and%geostrophic%flow%are%aligned,%the%
anti7Stokes%flow%yields%reduced%Eulerian%shear.%
�  Less%Eulerian%shear%near%the%surface%results%in%lower%growth%
rates%and%wavenumbers%for%GI.%

Geostrophic%Instabilities%
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Do (wavy hydrostatic) Stokes Forces Matter? 
Yes! At Leading Order (in LES)

N. Suzuki, B. Fox-Kemper, 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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