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Upper Ocean in Climate Models
• Large-scale ocean circulation (100 - 10,000 km, yrs->centuries) => resolved

• Mesoscale variability (10 - 100 km, mo -> yrs) => resolved or parameterized

• Submesoscale variability (100 m - 10 km, d -> mo) => ignored until recently

• Internal waves & Langmuir circulations (10-100m, hr -> day) => crudely param.

• Turbulent mixing (10 cm - 100 m, s -> hr) => parameterized
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A Global Parameterization of 
Mixed Layer Eddy Restratification
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Which parameterizes eddy-induced velocity and buoyancy fluxes



Better than the Competition:
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Better than the Competition:

And Agrees with Deep Convection Studies:
Jones & Marshall (93,97), Haine & Marshall (98)
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Improves Restratification after Deep Convection

& generally shallower boundary layers

Note: param. reproduces Haine&Marshall (98) and Jones&Marshall (93,97)

GFDL CM2.1/GOLD GFDL CM2.1/MOM

NCAR CCSM/POPNCAR Normal Year/POP

MLE-Control:Climatologies at end of > 100yr simulation
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MOC 10% greater with MLEAvg. Ideal Age 4 yrs older
at 500m with MLE (up to 30%)

Changes other variables we care about... CCSM

(as big as coarse vs 
10km, Frank)

MLE-Control:Climatologies at end of > 100yr simulation



Coupled MOM Shows

Submeso increases MOC 
stability



Langmuir Parameterization

2 Fox-Kemper et al.: Windrows 12 March 2008
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2 Reduced Model of Langmuir Turbulence

Figure 1. Images of Langmuir circulation windrows: (a) a photograph of Rodeo Lagoon in CA (Szeri 1996), (b) an infrared image of
the surface of Tampa Bay (courtesy of G. Marmorino, NRL, D.C.), and (c) the evolution of surface tracers in a LES of Langmuir

turbulence (McWilliams et al. 1997).

1 Introduction

Langmuir circulation (LC) is a wind and surface-wave driven convective flow that commonly occurs in
the upper layers of lakes, rivers and oceans (Leibovich 1983, Thorpe 2004). When the winds exceed a
few meters per second, LC exhibits a range of length and times scales, from centimetres to hundreds of
meters and seconds to hours. The emergence of a broad spectrum of scales prompted McWilliams et al.
(1997) to dub this phenomenon “Langmuir turbulence,” both to emphasize that LC is properly viewed as
part of the upper ocean turbulence and to distinguish it from wall-bounded shear flow turbulence. Even
under uncontrolled, strongly supercritical environmental conditions, however, LC is dominated by energetic
counter-rotating streamwise vortical structures. These structures are elongated in the wind direction when
the wind-driven shear and surface-wave Stokes drift are themselves aligned with the wind or to the right
of the wind direction when Coriolis effects are significant. In view of this evident anisotropy, the aim of the
present study is to derive a coarse-grained, quasi-three-dimensional description of Langmuir turbulence.

Figure 1 shows several illustrations of the hallmark surface signature of LC: a series of roughly parallel,
wind-aligned streaks. These “windrows” are evident visually (figure 1(a)), in infrared and acoustic imagery
(figure 1(b)), and in full three-dimensional (3D) direct numerical and large-eddy simulations (DNS and
LES, respectively – figure 1(c)). To date, the vast majority of numerical simulations of LC have employed
the Craik–Leibovich (CL) equations, a surface-wave filtered version of the Navier–Stokes (NS) equations;
see Craik and Leibovich (1976), Craik (1977) and Leibovich (1977). The CL equations are formally identical
to the instantaneous NS equations apart from the occurrence of a vortex-force term given by the cross
product of the Stokes (or Lagrangian mass) drift velocity, associated with the high-frequency waves, and
the filtered vorticity vector in the water column. The CL vortex force captures the rectified effects of
the filtered waves on the time-averaged dynamics. Numerous investigators, inspired by the appearance of
the locally parallel windrows, have carried out theoretical studies and numerical simulations of the 2D
(generally downwind invariant) CL equations; see e.g. Leibovich (1985), Leibovich et al. (1989), Cox et al.
(1992a), Cox et al. (1992b), Cox and Leibovich (1994), Chini and Leibovich (2003), Chini and Leibovich
(2005), Li and Garrett (1993), Gnanadesikan and Weller (1995) and Li and Garrett (1997). With the
exception of the secondary stability analysis of Tandon and Leibovich (1995), however, investigations of
the stability of 2D roll solutions of the CL equations to 3D disturbances have been restricted to weakly
supercritical forcing conditions, where weakly nonlinear or small wavenumber (i.e. large cell aspect-ratio)
approximations can be utilized (Cox and Leibovich 1997, Bhaskaran and Leibovich 2002).

In this investigation, we develop a strongly nonlinear quasi-3D approach that relaxes the assumptions
of strict downwind invariance and weak supercriticality yet exploits the slow downwind variability of the
appropriately coarse-grained flow. Specifically, we obtain a reduced description of Langmuir turbulence

Figure 1: Images of Langmuir circulation windrows: (a) a photograph of Rodeo Lagoon in CA (from Szeri, 1996),
(b) an infrared image of the surface of Tampa Bay (courtesy of G. Marmorino, NRL, D.C.), and (c) the evolution of
surface tracers in a LES of Langmuir turbulence (McWilliams et al., 1997). Reproduced from Chini et al. (2008).

by the co-investigators (Chini, 2008; Chini et al.,
2008). However, before spending time on a com-
plex model it is important to determine the likely
magnitude of climate impact. The research plan is:

• Formulate an algebraic, equilibrated approxi-
mation of the Langmuir circulation due to Chini
(2008). This parameterization will include the
mixed layer deepening scaling of Li and Gar-
rett (1997) and be consistent with Langmuir
turbulence simulations (e.g., McWilliams et al.,
1997).

• Implement this approximate parameterization
into the NCAR Community Climate System
Model.

• Perform a sensitivity test in a low-resolution,
ocean-only, configuration with simplified wave
forcing.

• Continue sensitivity testing including higher-
resolution, realistic wave forcing, and coupled
models as necessary based on early results.

It should be possible to complete this project within
a short time frame, with preliminary results by the
end of summer, 2008.

3. Summary

An estimation of the effects of Langmuir circula-
tion on global climate is proposed. If sensitivity is
found in regions of climatic importance, it will sup-
port continuation of a highly interdisciplinary col-
laboration (four specialities are represented by the
investigators), and bring developments at the cut-
ting edge of applied mathematics into practical use
in the world of global climate modeling. A novel cli-
mate sensitivity with potentially substantial impact

will be documented, and the groundwork for imple-
mentation of a full parameterization will be laid.

4. Budget

Prof. Fox-Kemper requests 1.5 months of summer
salary for himself and 1.5 months of support for one
pre-comps applied math graduate student at 50%
(approximately $18k total including fringe benefits
but not indirect costs).
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A Simple Scaling for Langmuir 
Depth/Entrainment:

(Li & Garrett, 1997)

Use Fr to determine H

Large came up with clever choices for N, H that 
lead to a robust implementation in KPP

If H is deeper than KPP Boundary Layer depth, use H

With these choices, H and BLD converge over time.

CAM

related to 
CAM u* by 

WW3
Climatology

The Algorithm



CCSM3.5 Impact:
MLD

With reasonable 
parameters, can produce 
deeper mixed layers

This often reduces bias 
in some regions, e.g., 
ACC



With reasonable 
parameters, can 
affect CFCs

This reduces 
bias in some 
regions, e.g., ACC 
versus WOCE

Potentially Large 
impact, change 
as large as bias

CCSM3.5 Impact:
CFCs



Other Effects of 
Wind+Waves != Wind

Different
Drag

Same
Wind



Conclusions
Submeso generally accepted.  Reduces bias, 
improves MOC stability, reduces spurious deep 
convection

Langmuir turbulence important in mixed layer 
mixing and deepening, may reduce SO bias

Langmuir scaling requires wind & waves: 
coupling prognostic wave model in planning 
phase, some discrepancies with satellite obs.

Once we’ve got the wave model, it will be 
useful for other things!
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MLE Param. is now in 
testing in:

CCSM/POP

CM/MOM

CM/GOLD

MITgcm

NEMO

Norway

ECMWF?

Results
Reduced ML Depth

Reduced MLD Bias

Modest CFC changes, 
some bias reduction

Reasonable changes 
to circulation

Stable, Minimal Cost

Models



Nuance--CCSM3.5 and CCSM4.0
CCSM4.0 did not 

have the same initial 
improvement!

S & T particularly bad

Interactions with 
submeso?



Nuance--CCSM3.5 and CCSM4.0

Sensitive 
to detail


