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More wave effects
to come!
All papers at

fox-kemper.com
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Wind-wave dependent processes in the coupled climate system
Towards coupled wind-wave-AOGCM models
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L. Cavaleri, BFK, and M. Hemer. Wind waves in the coupled climate system. Bulletin of the American Meteorological Society,
93(11):1651-1661, 2012.


http://fox-kemper.com

Surface Waves are...

wave phase :t/T=0.000

Fast, small, irrotational
solutions of the
Boussinesq Equations

Have a Stokes drift
depending on sea state
(wave age, winds)

A. Webb and B. Fox-Kemper. Wave spectral moments and
Stokes drift estimation. Ocean Modelling, 40(3-4):273-288,
2011.

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




Wave-Averaged Equations
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Coupling Depends on Stokes drift—WAVE effects in YELLOW
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J. C. McWilliams and BFK. Oceanic wave-balanced surface fronts and filaments. Journal of Fluid Mechanics, 730:464-490, 2013.
N. Suzuki and BFK. Understanding Stokes forces in the wave-averaged equations. JGR-Oceans, December 2015. Submitted.



3 Wave Effects, 1: Lagrangian Advection:

Particles, tracers, momentum flow with Lagrangian, not
Eulerian flow

Z\/IRO Ro
5 L
Ri WV;,z + €izjV; = —MPpom i + Evz’,jj
2
—WW | = —T,+b—ev;v;, + ——w
BoRi . = S RelRi 7

wave phase :t/T=0.000

Adding a Stokes advection
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total to Lagrangian advection
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N. Suzuki and BFK. Understanding Stokes forces in the wave-averaged equafioné. JGR-Oceans, 'December 2015. Submitted.



3 Wave Effects, 2: Lagrangian Coriolis:
Particles, tracers, momentum flow with Lagrangian, not
Eulerian flow—Experience Coriolis force during this motion
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N. Suzuki and BFK. Understanding Stokes forces in the wave-averaged equafioné. JGR-Oceans, 'December 2015. Submitted.

wave phase :t/T=0.000




3 Wave Effects, 3: Stokes Shear Force
and the CL2 mechanism for Langmuir circulations
Flow directed along Stokes shear=downward force
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N. Suzuki and BFK. Understanding Stokes forces in the wave-averaged equations. JGR-Oceans, December 2015. Submitted.



Stokes force directly affects larger scales?
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J. C. McWilliams and BFK. Oceanic wave-balanced surface fronts and filaments. Journal of Fluid Mechanics, 730:464-490, 2013.



The Character of Langmuir Turbulence
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. SUZUKI AND FOX-KEMPER: UNDERSTANDING STOKES FORCES
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N. Suzuki and BFK. Understanding Stokes forces in the wave-averaged equations. JGR-Oceans, December 2015. Submitted.




To quam&&{j Langmuir Turb.
effects on climate: 3 WAYS

o 1) From OBSERVATIONS, estimate wave effects on key o
parameters («w?>, sources of energy) using scalings
from Larqge Eddy Simulations. MODEL INDEPENDENT

o 2) OFFLINE 1d mixing with waves parameterized,
mixing into observed Argo profiles, reanalysis winds,
waves, cooling. ROBUST TO MODEL ERKOKS

o 3) In a climate model, xadd in a wave forecast model
as a hew component tn addition to abmosphere, ocean,
ice, etc.x, use this to drive parameterizations of wave
mixing i ocean component. FEEDBACKS PRESENT

No Rebtuning! ALl coefficents from LES
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5200 Auth Road
Camp Springs, MD 20746

Technical Note

User manual and system documentation of

WAVEWATCH III ™ version 3.14 |

Hendrik L. Tolman *

Environmental Modeling Center
Marine Modeling and Analysis Branch

Q. Li, A. Webb, BFK, A. Craig, G. Danabasoglu, W. G. Large, and M. Vertenstein. Langmuir mixing
effects on global climate: WAVEWATCH Il in CESM. Ocean Modelling, August 2015. in press.
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Langmuir Mixing in KPP for use in CESM1.2 S

Q. Li, A. Webb, B. Fox-Kemper, A. Craig, G. Danabasoglu, W. G. Large, and M. Vertenstein. Langmuir mixing effects on
global climate: WAVEWATCH IIl in CESM. Ocean Modelling, 2015. In press.

¢ WaveWatch-Ill (Stokes drift) <-> POP2 (U, T, HgL)

* COREZ2 interannual forcing (Large and Yeager,2009), or fully coupled

* 4 |AF cycles; average over last 50 years for climatology (over 200 years total) / ,
* Orfully coupled climate model—active atmosphere.
Z
° MS2K R VR12-MA
T & = /1+0.08La; " oy Le
5| 2 |us|cos(a)
8 st E=1+/1+(3.1Lay)~2 + (5.4La;)~* 1 LO’SL proj —
= VR12-AL ! [(us)sr|cos(0 — )
g 4
3 u
_E:% 3r La% o —l * | 1 u*
S | [us(0)] Misaligned wind and waves
] —
0 . . . . . . VR12-EN
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 S
La sz — d [b"" b(d)]

[{ur) = (u(d))? + UF +|us(0)|"

Enhancement factor to vertical velocity scale W

Aligned wind and waves also Including Stokes shear in mixing depth

McWilliams and Sullivan, 2000; 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.



Langnuir Mixing in Climate: Boundary lavyer Deyp
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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 llI
in CESM. Ocean Modelling, August 2015. in press.




Enhancing ocean ventilation

Ocean Uptake:

Chlorofluorocarbons
(manmade pollutant,

280 0 Fig. 3. Impact on the zonal
240 s mean pCFC-11 (patm) in the
200 3 Southern Hemisphere.

160 10 (a) Observation!®)

@ Mo (GLODAP): detectable & known

P 2 (b) Biases in the control test Sour‘ce)

b 4o without Langmuir mixing;

;[;g o (c) - (¢) Biases in tests with Improved VsS.
Langmuir mixing. Observations with

Q. Li, A. Webb, BFK, A. Craig, G.
Danabasoglu, W. G. Large, and M.
Vertenstein. Langmuir mixing effects on
global climate: WAVEWATCH IIl in
CESM. Ocean Modelling, August 2015.
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Case GClobal Southern Hemisphere
CTRL 23.90 20.20
MS2ZK 29.89 30.99
S502 34.16 41.90

VRI2-AL 22.14 18.53

VRI2-MA 23.23 18.90
VRI12-EN 20.67 16.44




Subsurface Temperature:
Improved vs. Observations with Lan
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Q. Li, A. Webb, BFK, A. Craig, G. Danabasoglu, W. G. Large, and M. Vertenstein. Langmuir mixing effects on global climate: WAVEWATCH ll|
in CESM. Ocean Modelling, August 2015. in press.




So, we'll uam&»fj Langmuir
effects on climate

o 1) From OBSERVATIONS, estimate wave effects on key o
parameters («w?>, sources of energy) using scalings
from Large Eddy Simulations. MODEL INDEPENDENT

o 2) OFFLINE 1d mixing with waves parameterized, Lo
important

mixing into observed Argo profiles, reanalysis winds,
waves, cooling, ROBUST TO MODEL ERROKS \/

o 3) In a climate model, xadd in a wave forecast model
Langmuir
as a hew component tn addition to abtmosphere, ocean, important
ice, etc.x, use this to drive parameterizations of wave

mixing i ocean component. FEEDBACKS PRESENT

No Rebtuning! ALl coefficents from LES



Micimwaj Conclusions

Stokes forces may accelerate upper ocean mixing,
leading to a wind-wave-convective turbulence driven
partly bj Stolkes forces: Langmuir turbulence

Three effects of Stokes drift are important: Stokes
Advection, Stokes Coriolis, and Stokes Shear Force

The Skolkkes Shear Force enhances dowhward and
u,pwo\rd velocikies baumdarj L&jer turbulence.

Including Langmuir mixing in climate models improves
the climabte model MLD, T, and uptalee of CFCs.

ALl papers at: fox-kemper.com/pubs
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The Character of =
the Submesoscale

(Capet et al., 2008)

Fronts
Eddies

Ro=0(1)
Ri=0O(1)

near-surface
GEele]),

Q 0 0 0 o

G. Boccaletti, R. Ferrari, and BFK. Mixed layer

fle‘;’:pm;”um o day1‘7.3?5 S S I—IOkm’ days instabilities and restratification. Journal of Physical

Oceanography, 37(9):2228-2250, 2007

S s BFK, R. Ferrari, and R. W. Hallberg. Parameterizatior
' = Eddy processes often of mixed layer eddies. Part |: Theory and diagnosis.
Journal of Physical Oceanography, 38(6):1145-1165,

baroclinic instability 2008,

BFK, G. Danabasoglu, R. Ferrari, S. M. Griffies, R. W.

parameferlzahons 3 Hallberg, M. M. Holland, M. E. Maltrud, S. Peacock,
BFK et al (08_11) and B. L. Samuels. Parameterization of mixed layer
eddies. Ill: Implementation and impact in global ocear

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




LES (:,}ﬂf LQV\SMMLV“?TOME Movie: 7. Hamlington

Interactions?

LES of Langmuir turbulence with a
submesoscale temperature front

Use NCAR LES model ko solve Wave-
Averaged Eq&v\s.

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

Compu&a&&ovmt Farame&ersz
Domain size: 20km x 20km X —~160m
Grid points: 4096 x 4096 x 12¥
Resolubion: Sm x Sm x -1.28m

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.



Diverse types of interaction

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.



What’s plotted are
surfaces of larqge
vert. velocily,

colored bfj

tewmw para&mre

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.



As we've seen, waves can drive turbulence that
affect larger scales indirectly. This is expected.

What about direct effects of waves on larger scales?

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

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

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



Unstable
w’> 0 andb’> 0
>0
Buoyancy Surfaces

Momentum Surfaces /)
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FIG. 1. A schematic of the (a) downfront and (b) upfront Stokes drift scenarios. The blue lines show isopycnals,
with darker blue indicating denser water. The red lines show surfaces of constant downfront absolute Eulerian
momentum, with darker red indicating greater momentum. The perturbation equations are written from the per-
spective of the lower of the two parcels. A change of all signs would be from the perspective of the upper parcel and
have the same stability. For example, in (b) the lower parcel moves to the right (v' > 0) along an isopycnal and brings
with it lower downfront momentum than its surroundings («' < 0). This exerts an acceleration in the cross-front v/

direction due to the Coriolis force that further enhances the initial perturbation (v > 0). In both cases, Ri = 0.5. Lines
of constant buoyancy and absolute momentum are only parallel when Ri = 1.

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:
Geostrophlc Instabllltles

“) AMMY

NS P S UNTUN 5

o Ims&abataﬁj if and only if:
1) QL changes sign in the interior of the domain;
2) Qy is the opposite sign as U~ at z = 0;

3) QY is the same sign as U- at z = —H;
4) Ur has the same sign at z = —H and z = 0.

| U+U*=-¥), suchthat U=-V¥,
Streamfunctions y
with and w/o Stokes

V+VS=vl=0.

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

anti-Stokes flow yields reduced Eulerian s

—

* Less Eulerian shear near the surface results in lower growth
rates and wavenumbers for Gl.
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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. 19



Analytic Wavy Stability Criterion:

_‘

* 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 shearis constant.

U=uz
g = Q=N -M*- fIM*US<0
* In the absence of Stokes drift, this gives the familiar criteria on Rié.
f* N
M
14

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

1

S = Ri‘’=
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FIG. 1. A schematic of the (a) downfront and (b) upfront Stokes drift scenarios. The blue lines show isopycnals,
with darker blue indicating denser water. The red lines show surfaces of constant downfront absolute Eulerian
momentum, with darker red indicating greater momentum. The perturbation equations are written from the per-
spective of the lower of the two parcels. A change of all signs would be from the perspective of the upper parcel and
have the same stability. For example, in (b) the lower parcel moves to the right (v' > 0) along an isopycnal and brings
with it lower downfront momentum than its surroundings («' < 0). This exerts an acceleration in the cross-front v/

direction due to the Coriolis force that further enhances the initial perturbation (v > 0). In both cases, Ri = 0.5. Lines
of constant buoyancy and absolute momentum are only parallel when Ri = 1.

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

So, f £9<0 indicates likely regions of
symmetric instabiliby—Surface Waves
STRONGLY affect ST

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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Figure 17. Vertical profiles of the x — y averaged pseudo-production, defined as the product
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z = —60m. Profiles are shown approximately 8 hours after the start of the simulations for the

SE region (solid line) and the LO region (dashed line).



Are Fronts ana Filaments aifferent with Stolkkes shear force?
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N. Suzuki, BFK, P. E. Hamlington, and L. P. Van Roekel. Surface waves affect frontogenesis. JGR-Oceans, December 2015. Submitted.
J. C. McWilliams and BFK. Oceanic wave-balanced surface fronts and filaments. Journal of Fluid Mechanics, 730:464-490, 2013.

P. E. Hamlington, L. P. Van Roekel, B. Fox-Kemper, 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



velocity in the x-direction - the horizontal mean (ms'1) at z=-11.25m
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buoyancy - the horizontal mean (ms'2) at z=-11.25m
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vertical velocity (ms'1) at z=-11.
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Stolkees Shear Force
Budqgets for Overturning

o 2nd Largest Source i Ang. Momentum
(26% of buoyancy)

o 3rd Largest Source in Overturning KE
(24% of buoyaney)

o 2nd Largest Source of Overturiing Vorticity
(44% of buoyaney)

9 ; /'
— |w +viw ; + == 0 FEN U+ W jj
R ' J Tl R RS ' e ReRi 7’




Stokes Shear Force Affecks Fronts and Filaments

&-: Stokes-shear force  Q): water parcel
& turbulent velocity

J. C. MCWi”iamS and BFK. OCeaniC ........................................
wave-balanced surface fronts and

filaments. Journal of Fluid Mechanics,
730:464-490, 2013.

N. Suzuki and BFK. Understanding Enhances Frownks afor Dowhn~Front Stolkes

Stokes Forces in the Wave-Averaged
Equations, submitted, 2015.

Opposes Fronts for Up-Front Stokes
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Cawn ik be observed?
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Conclusions

In the upper ocean, horizontal scales as big as basins,
and as small as meters contribute non-negligibly to
the air-sea exchange and climate

Interesting transition occurs on the Submeso to
Langmuir scale boundary, as nonhydro. & ageostrophic
effects begin ko dominate

Langmuir mixing scalings consistent with LES & obs,,
reduce climate model blases in MLD, T, CFCs vs.
observations bv §-285%.

The 25-48% forcing effects of the Stokes Shear force
on submesoscale c&vmamws are umd&r*o\?gream&ed‘

ALl papers at: fox-kemper.com/pubs



http://fox-kemper.com/pubs

How well do we how Skolkees
Drift? <s0% discrepancy

100°E 160°W
((') <1).'$.H'HT¢ - 3‘2I)'.’.t-:n..\)r/(l):i.n‘uu>(:.‘r (%) (t) (I):i.u'u:« - 32I)'.!.'n)1'>'1‘/(I):i.\s'\tts>(;.'l' (('< )

RMS error inh measures of surface Stokes drift,
2 wave models (left), model vs. altimeter (right)

Year 2000 data & models

A. Webb and B. Fox-Kemper. Wave spectral moments and Stokes drift estimation. Ocean Modelling, 40(3-4):273-288, 2011.
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Figure 17. Temporal and zonal median and interquartile
range of La, and La,.., for a realistic simulation of 1994-
2002 using Wave Watch IIL
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Figure 1 Sketch showing the pattern of mean flow in idealized Langmuir circulation. The
windrows may be 2 m to 300 m apart, and the cell form is roughly square (as shown). In
practice the flow is turbulent, especially near the water surface, and the windrows (Figure 2)
amalgamate and meander in space and time. Bands of bubbles or buoyant algae may form
within the downward-going (or downwelling) flow (see Figure 3).




The Oceann Mixed Lajer

Mixed Layer Depth (A density=0.001) in month 1
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Stommel’s Demon: ocean properties at depth set by

deepest wintertime mixed layer & its properties
From Argo float data courtesy C. de Boyer-Montegut



The State of the Art:
Observations vs. Mixed Layers in CESM1.2

Q. Li, A. Webb, BFK, A. Craig, G. Danabasoglu, W. G. Large, and M. Vertenstein. Langmuir mixing effects on global climate:
WAVEWATCH IIl in CESM. Ocean Modelling, August 2015. in press.

May partly account for large annual cycle errors.

S. C. Bates, BFK, S. R. Jayne, W. G. Large, S. Stevenson, and S. G. Yeager. Mean biases, variability, and trends in air-sea
fluxes and SST in the CCSM4.Journal of Climate, 25(22):7781-7801, 2012.



To quam&&{j Langmuir Turb.
effects on climate: 3 WAYS

o 1) From OBSERVATIONS, estimate wave effects on key
parameters («w?>, sources of energy) using scalings
from Larqge Eddy Simulations. MODEL INDEPENDENT

o 2) OFFLINE 1d mixing with waves parameterized,
mixing into observed Argo profiles, reanalysis winds,
waves, cooling. ROBUST TO MODEL ERKOKS

o 3) In a climabte model, xadd in a wave forecast model
as a hew component tn addition to abmosphere, ocean,
ice, etc.x, use this to drive parameterizations of wave
mixing i ocean component. FEEDBACKS PRESENT

No Rebtuning! ALl coefficents from LES
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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.

1) Observations
obey a particular
scaling for <w?>!
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So, waves are
likely to drive
mixing via Stokes
drift (combines :
with cooling & diss X h /u:jm‘ Turbulent Langmuir number = sqrt(wind/waves)

winds) from LES
Scalings 10°L
10

S. E. Belcher, A. A. L. M. Grant, K. E. Hanley, BFK, 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. A global perspective on Langmuir turbulence in the
ocean surface boundary layer. Geophysical Research Letters, 39(18):L.18605, 9pp, 2012.



Including
Stokes-driven
Mixing should

deepen the
Mixed Layer!

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.

As estimabked with:
Arqgo-observed
stratification,
modeled waves,

an LES-validaked
mixing
po\ro\me&&@rim&mw
and observed winds,
solar, Llatent, etc,
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Something that happens often with waves:
Tricky: Misaligned Wind & Waves

Vertical

A. Webb and BI_:K. Impacts —
of wave spreading and - o -
multidirectional waves on — - ' - 4-/
estimating Stokes drift. : . -

Ocean Modelling, 96(1):
49-64, December 2015.
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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- 200
Oceans, 117:C05001,

22pp, May 2012. Distance (m)




Tricky: Misaligned Wind & Waves

Vertical Velocity
7 72 |

Waves
(Stokes Drift)
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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- 120
Oceans, 117:C05001,

22pp, May 2012. Distance (m)

Distance (m)




Tricky: Misaligned Wind & Waves

Ver’rlcal Velocﬂr (m/s)

Waves
(Stokes Drift)
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and S. R. Haney. The form
and orientation of Langmuir
cells for misaligned winds
and waves. Journal of

Geophysical Research- 40 1 20 200 280
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Tricky: Misaligned Wind & Waves
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cells for misaligned winds
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<wW2>

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

Langmuir Direction

ux| cos(arLow)

us| cos(fuww — arow)’

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

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.




