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Ancient Worries of Ocean 
Modeling

Accurate and Stable Numerics--many known fixes

Flux Adjustments--no longer needed (ca 1995)

Veronis Effect--fixed with isoneutral schemes:  
Redi & Gent-McWilliams 

Inertial runaway--not really a problem with 
vorticity sinks (Fox-Kemper & Pedlosky, 04)

Visualization--graphics, movies!



Recent Worries of Ocean 
Modeling

Mesoscale eddies and boundary currents--
resolving the deformation radius?

Tropical biases--upwelling, double ITCZ, poor 
ENSO, etc.

Boundary conditions for ocean-only runs--      
Flux or restoring?

Depth, isopycnal, or sigma coordinates--         
the right vertical discretization?

Sparse data for comparison--especially 
subsurface and repeat observations (also double-
filtering problems)
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Still missing physics:  Multiscale interactions

Focus on upper ocean: links to Climate and 
Biogeochemically active

Energetic and Conservation consistency 
(enstrophy, too?)

Internal waves and mixing

Data assimilation and forecasting/hindcasting

My Future Worries for 
Ocean Modeling

This talk

Another day



Unfamiliar communities (at least to global 
modelers) of observationalists and theorists 
have knowledge and skills needed

‘Climate sensitivity’ of new physics--unknown

Results will outlast a few generations of 
computer advances (mesoscale rich IPCC-class, perhaps 
5yr away, submesoscale rich IPCC-class more than 50yr away)

Will be fun!

Future Opportunities in 
Ocean Modeling



Two Examples

Submesoscale Eddies--with Ferrari, Hallberg, 
Boccaletti, Flierl, CPT team.

Langmuir Mixing--with Adrean Webb, Large, 
Peacock, Chini, Julien, Knobloch



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

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

• Submesoscale variability (100 m - 10 km) => ignored

• Turbulent mixing (10 cm - 100 m) => parameterized

Boundary 
Layer

Models

Mesoscale 
resolving
models

Climate models

Submesoscale 
variability
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• Turbulent mixing (10 cm - 100 m) => parameterized
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Coupling? Coupling?



Upper Ocean: Mixed Layer

The mixed layer is not TOTALLY mixed.
Fronts are common.

This weakly-stratified, fairly rapidly mixed region is 
active at the submesoscale...
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Figure 1: Potential density along a straight section between (32.5N, 122W) and (35N, 132W),
i.e. between the California Current and the middle of the Subtropical Gyre, as measured by a

sawtooth SeaSoar tow. Data are averaged in bins 3 km in the horizontal by 8 m in the vertical

before contouring. Data are contoured in bins of 0.2 kg m−3. A ML of weak stratification is

evident in the upper 100 m. The ML base is marked by a region of enhanced stratification above

the permanent thermocline. The ML is characterized by lateral density gradients. The data were

collected as part of a an upper ocean study of the North Pacific (Ferrari and Rudnick 2000).

Pot’l Density measured 
by a Seasoar along a 
straight section from 
(32.5N, 122W) to (35N, 

132W)
between the CA 

current 
and the subtropical 

gyre.
(as in Ferrari & Rudnick, 2000)

Ocean Interior

Mixed Layer



Submesoscale Features
Ro=O(1), Ri=O(1) (Post-geostrophic adjustment 
of fronts). Multiscale-multiphysics.

Frontogenesis: McWilliams et al., Klein et al.

Wind, Front Effects (Nonlin. Ekman, Wind-driven 
Overturn): Thomas et al.

Eddies and Instabilities? Fox-Kemper et al., 
Molemaker et al.

Wave Effects? McWilliams, Sullivan, Fox-Kemper

Climate Significance:  The Ocean and 
Atmosphere ‘Talk’ through the Mixed Layer, 
and Phytoplankton live there



Typical Stratification Permits 
Two Types of Baroclinic Instability:

 
Mesoscale and SubMesoscale Eddies (Boccaletti et al., 2006)
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Figure 2: Buoyancy frequency N2 =−g!z/!0 and vertical shearUz = g!x/ f!0 estimated from the
133-130◦ W SeaSoar section shown in Fig. 1. The vertical gradients are computed across 8 m,

while the horizontal gradients are computed across 10 km. The profiles are extended to the ocean

bottom by matching the SeaSoar estimates in the upper 320 m with estimates based on Levitus

climatology for the rest of the water column. Details of the calculation are given in Appendix A.
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Figure 2: Buoyancy frequency N2 =−g!z/!0 and vertical shearUz = g!x/ f!0 estimated from the
133-130◦ W SeaSoar section shown in Fig. 1. The vertical gradients are computed across 8 m,

while the horizontal gradients are computed across 10 km. The profiles are extended to the ocean

bottom by matching the SeaSoar estimates in the upper 320 m with estimates based on Levitus

climatology for the rest of the water column. Details of the calculation are given in Appendix A.
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Figure 3: Stability analysis of the mean shear shown in Fig. 2.The instability is dominated by

two distinct modes: an interior instability with wavelength close to the internal deformation radius

(approx60 km) and a mixed-layer instability (MLI) peaking at wavelength close to the ML defor-

mation radius (≈ 2 km). The interior instability has a spatial structure (upper left panel) spanning
the whole thermocline depth and represents the mesoscale restratification due to quasigeostrophic

baroclinic instability (Eady, 1949). TheMLI (upper left panel) is confined to the ML and represents

restratification due to ageostrophic instability within the ML (Stone, 1971).
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Figure 2: Buoyancy frequency N2 =−g!z/!0 and vertical shearUz = g!x/ f!0 estimated from the
133-130◦ W SeaSoar section shown in Fig. 1. The vertical gradients are computed across 8 m,

while the horizontal gradients are computed across 10 km. The profiles are extended to the ocean

bottom by matching the SeaSoar estimates in the upper 320 m with estimates based on Levitus

climatology for the rest of the water column. Details of the calculation are given in Appendix A.
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Figure 3: Stability analysis of the mean shear shown in Fig. 2.The instability is dominated by

two distinct modes: an interior instability with wavelength close to the internal deformation radius

(approx60 km) and a mixed-layer instability (MLI) peaking at wavelength close to the ML defor-

mation radius (≈ 2 km). The interior instability has a spatial structure (upper left panel) spanning
the whole thermocline depth and represents the mesoscale restratification due to quasigeostrophic

baroclinic instability (Eady, 1949). TheMLI (upper left panel) is confined to the ML and represents

restratification due to ageostrophic instability within the ML (Stone, 1971).
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two distinct modes: an interior instability with wavelength close to the internal deformation radius

(approx60 km) and a mixed-layer instability (MLI) peaking at wavelength close to the ML defor-

mation radius (≈ 2 km). The interior instability has a spatial structure (upper left panel) spanning
the whole thermocline depth and represents the mesoscale restratification due to quasigeostrophic

baroclinic instability (Eady, 1949). TheMLI (upper left panel) is confined to the ML and represents

restratification due to ageostrophic instability within the ML (Stone, 1971).

Mesoscale
Eddies



Typical Stratification Permits 
Two Types of Baroclinic Instability:

 
Mesoscale and SubMesoscale Eddies (Boccaletti et al., 2006)
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Figure 2: Buoyancy frequency N2 =−g!z/!0 and vertical shearUz = g!x/ f!0 estimated from the
133-130◦ W SeaSoar section shown in Fig. 1. The vertical gradients are computed across 8 m,

while the horizontal gradients are computed across 10 km. The profiles are extended to the ocean

bottom by matching the SeaSoar estimates in the upper 320 m with estimates based on Levitus

climatology for the rest of the water column. Details of the calculation are given in Appendix A.
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Figure 3: Stability analysis of the mean shear shown in Fig. 2.The instability is dominated by

two distinct modes: an interior instability with wavelength close to the internal deformation radius

(approx60 km) and a mixed-layer instability (MLI) peaking at wavelength close to the ML defor-

mation radius (≈ 2 km). The interior instability has a spatial structure (upper left panel) spanning
the whole thermocline depth and represents the mesoscale restratification due to quasigeostrophic

baroclinic instability (Eady, 1949). TheMLI (upper left panel) is confined to the ML and represents

restratification due to ageostrophic instability within the ML (Stone, 1971).
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the whole thermocline depth and represents the mesoscale restratification due to quasigeostrophic
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Figure 2: Buoyancy frequency N2 =−g!z/!0 and vertical shearUz = g!x/ f!0 estimated from the
133-130◦ W SeaSoar section shown in Fig. 1. The vertical gradients are computed across 8 m,

while the horizontal gradients are computed across 10 km. The profiles are extended to the ocean

bottom by matching the SeaSoar estimates in the upper 320 m with estimates based on Levitus

climatology for the rest of the water column. Details of the calculation are given in Appendix A.
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Figure 3: Stability analysis of the mean shear shown in Fig. 2.The instability is dominated by

two distinct modes: an interior instability with wavelength close to the internal deformation radius

(approx60 km) and a mixed-layer instability (MLI) peaking at wavelength close to the ML defor-

mation radius (≈ 2 km). The interior instability has a spatial structure (upper left panel) spanning
the whole thermocline depth and represents the mesoscale restratification due to quasigeostrophic

baroclinic instability (Eady, 1949). TheMLI (upper left panel) is confined to the ML and represents

restratification due to ageostrophic instability within the ML (Stone, 1971).
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Mesoscale and 
SubMesoscale 

are
Coupled 
Together:

ML Fronts are 
formed by 
Mesoscale 
Straining.

Submesoscale 
eddies remove 
PE from those 

fronts.



Observed:
Strongest Surface Eddies=

Spirals on the Sea?
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Figure 12: Probability density function of relative vorticity divided by Coriolis parameter. (a)

Results from the numerical simulation of a slumping horizontal density front. (z > 100 only to

exclude bottom Ekman layer.) The PDF is estimated using surface velocity measurements at day

25 (see also Fig. 11). A positive skewness appears as soon as the baroclinic instability enters in

the nonlinear stage, and it continues to grow. Note that the peak at !/ f = 0 is due to the model’s

initial resting condition; that fluid has not yet been contacted by the MLI. (b) Results from ADCP

measurements in the North Pacific. The PDF is calculated in bins of width 0.02.



Vertical fluxes are Submesoscale
and tend to restratify

Horizontal fluxes are Mesoscale
and tend to stir

4 submitted: JOURNAL OF PHYSICAL OCEANOGRAPHY 23 October 2006

Figure 1: Contours of temperature at the a) surface and b) below the mixed layer base in a simulation with both
mesoscale eddies and MLEs (0.2◦C contour intervals). Shading indicates the value at the depth where w′b′ (upper
panel) and |u′

Hb′| (lower panel) take the largest magnitude.

is simulated by a horizontal density gradient in a
flat-bottom reentrant channel 300m deep. The ini-
tial vertical stratification has a mixed layer (50 or
200m deep) with small stratification (0 < N < 16f),
which rests on a more strongly stratified interior
(N = 16f or 64f). The initial velocity may be ei-
ther resting (hereafter unbalanced) or in thermal
wind balance with the density gradient (balanced).
Many other parameters vary across the simulations,
and resolution is varied accordingly to ensure the
linear instability scales are well-resolved (details are
given in Appendix C).

If an unbalanced initial condition is used, the
mixed layer front first slumps and oscillates iner-
tially about the Rossby adjusted state (Tandon and
Garrett, 1995, hereafter TG). The oscillating state
after the initial Rossby adjustment is unstable to
MLIs, which appear at first as wavelike disturbances
along the front (Fig. 2a, 2d). Initially balanced sim-
ulations do not require Rossby adjustment, but are
similarly unstable to MLIs. The MLIs enlarge and
energize and become MLEs Fig. 2b-f. The MLIs take
about 5 days to develop to finite amplitude, but only
because the initial conditions were chosen artificially

with infinitesimal along-front perturbations. In the
real world, much larger initial perturbations would
arrive at finite amplitude quickly. The initial con-
ditions supply the only energy, and the MLEs grow
by extracting this energy–the extraction of potential
energy amounts to further slumping the front.

Fig. 3 shows the increase in balanced Richard-
son number in three simulations.1 Until day 5, the
unbalanced simulations oscillate about Rib ≈ 1 as
described by TG, but this modest increase in Rib
is overwhelmed by the restratification that occurs
once MLEs are active. The balanced simulation is
seemingly inactive initially, as the MLIs have un-
realistically tiny initial amplitude. The MLE re-
stratification rate is largely insensitive to the pres-
ence of inertial oscillations, as the three simulations
track closely regardless of the balance of initial con-
ditions. Apparently, the gravity waves only weakly
affect the MLEs (see Dewar and Killworth, 1995;
Reznick et al., 2001).

1The balanced Richardson number captures the
geostrophically balanced part of the the standard defi-

nition: Rib = N2| ∂ūg

∂z |−2 = N2f2

M4 . Typically, N2 changes

more than M2, as the initial front is wide compared to the



without diurnal cycle is less than with cycle (ML)not
The vertical buoyancy flux in the ML (<w’b’>)

Remixing the Mixed Layer Counts!
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Overturning Schematic



Prototype: Mixed Layer 
Front Adjustment

Simple Spindown Plus, Diurnal Cycle
and KPP

Note: initial geostrophic adjustment overwhelmed by eddy restratification



Overturning Schematic
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As in Branscome ’83...



The Parameterization:
Ψ =

CeH
2µ(z)
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∇b̄ × ẑ
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The horizontal fluxes are downgradient:

Vertical fluxes always upward to restratify with correct 
extraction rate of potential energy:



It works for Prototype Sims:

Circles: Balanced Initial Cond.
Squares: Unbalanced Initial Cond.

>2 orders of
magnitude!

Red: No Diurnal Blue: With Diurnal
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The Global Parameterization:
Ψ =

CeH
2µ(z)

|f |
∇b̄ × ẑ

µ(z) =

[

1 −

(

2z

H
+ 1

)2
] [

1 +
5

21

(
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)2
]

Account for equator by going 
to subinertial ML approx (Young 94)

Account for coarse res.

Obs. reveal (Hosegood et al., 2006):
                  

Eb(k) ∼ k−2 → Ψ =
[

Lf

∆x

]
CeH2µ(z)√

f2 + τ−2
∇b× ẑLf ∼ Rd

1

Eb(k) ∼ k−2 → Ψ =
[
∆x

Lf

]
CeH2µ(z)√

f2 + τ−2
∇b× ẑ

Ψ =
CeH2µ(z)√

f2 + τ−2
∇b× ẑ



Improves Restratification after Deep Convection
Note: param. reproduces Haine&Marshall (98) and Jones&Marshall (93,97)
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Bias Reduction in POP/CCSM
Mixed Layer Depth

RMS error:
16m

reduced to
8m

Skewness:
2.4

reduced to
0.6



Submeso Eddy Conclusion:
Submesoscale features, and mixed layer eddies in particular, 
exhibit large vertical fluxes of buoyancy and tracer that 
until recently were ignored in climate models.

A parameterization of mixed layer eddy fluxes as an 
overturning streamfunction is proposed.  The magnitude 
comes from extraction rate of potential energy, and the 
vertical structure resembles the Eady solution.

Many observations are consistent, and model biases are 
reduced.  Biogeochemical effects are likely, as vertical 
fluxes and mixed layer depth are changed.

In HIM, CCSM, MITgcm, and MOM.

4 Papers so far...  fox-kemper.com/research



Langmuir Circulations in CCSM
With  A. Webb, W. Large, S. Peacock, G. Chini, K. Julien, E. Knobloch

2 Fox-Kemper et al.: Windrows 12 March 2008

January 31, 2008 3:55 Geophysical and Astrophysical Fluid Dynamics cjkLC

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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Langmuir, do we care?

Maybe:

Maybe Not:

*REPORTS

Role of Langmuir Circulation in the Deepening water, h is the depth of the mixed layer, andAb is the buoyancy jump at the base of the
of the Ocean Surface Mixed Layer layer. Using model results for Wdfn/U*, this

means that Langmuir circulation will deep-
Ming Li,* Konstantin Zahariev, Chris Garrett en the mixed layer until

Helical motions, known as Langmuir circulation, are a key physical process in the upper Ab = cu*/h (2)
ocean but have not yet been incorporated into ocean models. Here, surface mixed layer where c = 0.72SJ(v1); values for v were
deepening by Langmuir circulation was added to that due to convection or velocity adjusted to match vertical velocities be-
shear; Langmuir circulation is more important than shear if the velocity difference tween the model results and observations
across the mixed-layer base is less than about 1 percent of the wind speed. In an upper (9-12). We estimate that c 50 for fully
ocean data set, evidence was found for the deepening of the mixed layer by both developed seas, although it may be signifi-
mechanisms. Thus, Langmuir circulation influences upper ocean diurnal and seasonal cantly smaller in developing seas (1 1). Equa-
changes in stratification. tion 2 is similar to that of an entrainment

model based on u* (13), but our formula is
based on process modeling of Langmuir cir-
culation (which was not present in the lab-

It has been over 50 years since Langmuir perature. Here, we attempt to establish the oratory experiments), and the coefficient c
described wind-induced vortices in the sur- role of Langmuir circulation in the deep- gives an explicit dependence on the sea state
face waters of oceans and lakes, known as ening of the mixed layer, using observa- and turbulence parameterization.
Langmuir circulation (1). In this, the coun- tions to examine a new buoyancy jump Enhanced shear instability may occur in
terrotating vortices are aligned with the criterion derived from a numerical model a horizontally confined region beneath
wind and have surface convergence zones (9). downwelling jets to cause further deepening
that are often marked by narrow bands of Wind-driven shear current and surface (9), but further work is required to learn
foam and flotsam. After a series of inge- waves are currently accepted as necessary how this should be parameterized. For the
nious experiments, Langmuir concluded mechanisms for the generation of Langmuir moment, we assume that it is implicitly
that this phenomenon constitutes the es- circulation (1O). The mean particle (Stokes) included in the bulk Richardson number
sential mechanism generating the surface drift of surface waves tilts the vertical (Rb) criterion used in the Price, Weller,
mixed layer. This layer is the link between vortex lines of a near-surface downwind and Pinkel (PWP) model (6). This criterion
the atmosphere and the deep ocean and jet to produce streamwise vorticity with states that further deepening will not occur
directly affects the air-sea fluxes of momen- surface convergence at the jet maximum; if
tum, heat, and gases (2). It is also of great the jet is then reinforced by continued Ab 2 0.65 AU12/h (3)importance for biological productivity and acceleration, by the wind stress, of the
marine pollution (3). converging surface flow. where Au is the velocity difference across

Despite Langmuir's pioneering work, Using the Craik-Leibovich model, Li the base of the mixed layer. Comparison of
the role of Langmuir circulation in form- and Garrett examined the interaction be- Eqs. 2 and 3 suggests that engulfment by
ing the mixed layer and in distributing tween Langmuir circulation and preexisting Langmuir circulation dominates the deep-
heat and momentum within it has not yet stratification (9). The wind stress is esti- ening if
been determined (4). Most models of the mated from the wind speed U, through a lAul 9u. = 0.01U, (4)
mixed layer are one-dimensional. In so- drag coefficient with the water friction ve-
called "bulk" models (5, 6), changes in locity u* 1.3 x 10-3 U . The Stokes drift that is, if the velocity difference across the
the depth and average velocity and densi- current u= 2SO exp (21z) is assumed to base of the mixed layer is no greater than
ty of the mixed layer are specified in terms decrease exponentially with depth z, as for a about 1% of the wind speed, and less in
of the surface buoyancy flux and some monochromatic wave of wave number 13; developing seas.
combination of the wind stress and the for fully developed seas, the surface drift The PWP model can be modified to
difference of the velocity and density be- velocity 2SO 0.015UW and the Stokes allow for the mixed layer to deepen if
tween the layer and the water below it. drift current e-folding depth 1/(21) b m 2 0 AU12These bulk models, as well as models that 0.12U2jg, where g is the gravitational ac- Ab < max(50u*/h, 0.65 1h) (5)
treat turbulence in more detail (7), suffer celeration (11). Effects of turbulence are Instead, we directly examined this buoy-
from not explicitly incorporating the key parameterized by constant eddy viscosity v ancy jump criterion using measurements of
physical processes, such as Langmuir cir- and eddy diffusivity K. the ocean mixed layer. We used the data
culation, that are responsible for mixed Numerical modeling shows that counter- from the Long-Term Upper Ocean Study
layer deepening, and it is not at all clear rotating Langmuir cells are generated and (LOTUS) (14). The 2-year-long experi-
that their parameterization implicitly may erode the stratified fluid through en- ment-from May 1982 to May 1984-had
models these processes correctly. Even af- gulfment and mixing. Langmuir circulation four periods within which simultaneous
ter careful calibration of empirical coeffi- generates vertical velocities in the fluid, but temperature and current profile data were
cients, the mixed layer models often over- vertical penetration is inhibited by stratifi- available for periods of 68, 50, 8, and 11
predict the sea-surface temperature in the cation. The cells stop penetrating into the days. The first period was chosen for our
summer and underpredict it in the fall (8), stratified water if the Froude number analysis as it had the best vertical resolu-
although these discrepancies may also tion. The data, obtained from a buoy lo-
arise from errors in surface fluxes or from w,ncated at 34°N and 70°W, 300 km from the
advection of water with a different tem- Fr (hAb)"12 (1) mean path of the Gulf Stream in the_________________________________________ ~~~Sargasso Sea, consisted of readings of tem-
Centre for Earth and Ocean Research, University of Vic- reaches a critical value of 0.9 (9). Here, wdln perature and ocean currents (eastward andtoria, Victoria, British Columbia, V8W 2Y2, Canada. is the maximum downwelling velocity gen- northward) at depths of 5, 10, 15, 20, 25,
*To whom correspondence should be addressed. crated by Langmuir cells in homogeneous 35, 50, 65, 75, and 100 m, available at
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Langmuir circulation within the oceanic mixed layer 
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Abstract--The three-dimensional flow in the mixed layer associated with Langmuir circulation 
was studied with a new instrument capable of directly measuring the three components of 
velocity. Regions of convergent surface flow were located with surface drifters. In these regions 
the downward vertical and downwind horizontal components of the flow were comparable in size 
and, at times, in excess of 20 cm s -1. This downwind, downwelling flow was jet-like in structure, 
with the maximum velocity located below the surface. Away from the downwelling regions and in 
the lower half of the mixed layer below the convergence zones, the flow associated with the 
Langmuir cells was an order of magnitude smaller and not well resolved in these experiments. On 
some occasions, when Langmuir cells appeared suddenly, they were able to mix the weak near- 
surface stratification that had formed in reponse to diurnal heating. They could also maintain 
large shears in the well-mixed fluid near the surface. They did not, however, penetrate with 
strength to the base of relict mixed layers observed during summer-like conditions or to the base 
of deeper, more isothermal, mixed layers observed during stormy conditions. 

1. I N T R O D U C T I O N  

LANGMUIR (1938) observed long, narrow rows of seaweed on the sea surface aligned 
nearly parallel to the wind in the open Atlantic. Intrigued by the notion that the pattern 
of the seaweed indicated the presence of organized, three-dimensional flow within the 

near-surface layer of the ocean, LANGMUIR (1938) carried out a series of flow visualiza- 
tion experiments in Lake George. These experiments confirmed the presence of counter- 
rotating vortices whose axes were aligned nearly parallel to the wind; flotsam and surface 
films formed rows when swept into the convergent regions between adjacent vortices. 

These vortices are now called Langmuir cells, and the flow associated with these 
somewhat regularly spaced cells is called Langmuir circulation. 

Such relatively large, organized, three-dimensional flows should play a significant role 
in the transport of heat, momentum and other properties down from the air-sea interface 
into the interior. They also should affect the distribution of plants and animals, both in 
the near-surface region (Summv, 1983) and on the surface (FALLER and AUER, 1987), 
and the air-sea exchange of gases (FALLER and PERINI, 1983) and other matter. In 
addition, they probably complicate attempts to sample mean properties of the surface 
layer with Lagrangian drifters. 

A number of investigations, including theoretical, laboratory and field studies, have 
tried to determine the role of Langmuir circulation in various upper ocean processes; 
LEmOVICH (1983) and POLLARD (1977) provide good reviews of the efforts completed 
prior to 1983. However, in spite of these studies it had remained unclear whether or not 
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Waves+Wind != Wind 
Langmuir is ‘in’ KPP, but only based on wind

Really Langmuir depends on both u* and us

Is there data?  Altimeters do both 
simultaneously

Radar Altimetry Tutorial 

3.1.1. Basic Principle

 
The principle of altimetry 

(Credits CNES/D. Ducros) 

Satellite-to-surface distance: Range

Radar altimeters on board the satellite transmit signals at high frequencies (over 1,700 pulses per second) to 

Earth, and receive the echo from the surface (the "waveform"). (the 'waveform'). This is analysed to derive a 

precise measurement of the time taken to make the round trip between the satellite and the surface. This time 

measurement, scaled to the speed of light (the speed at which electromagnetic waves travel), yields a range 

R measurement (see From radar pulse to altimetry measurements for Further details).

However, as electromagnetic waves travel through the atmosphere, they can be decelerated by water vapour 

or ionisation. Once these phenomena have been corrected for, the final range can be estimated with great 

accuracy (see data processing).

The ultimate aim is to measure surface height relative to a terrestrial reference frame. This requires 

independent measurements of the satellite's orbital trajectory, i.e. exact latitude, longitude and altitude 

coordinates.

Satellite Altitude

The critical orbital parameters for satellite altimeter missions are altitude, inclination and period. The altitude 

of a satellite depends upon a number of constraints (e.g. inclination, atmospheric drag, gravity forces acting 

on the satellite, area of the world to be mapped, etc). The period, or 'repeat orbit' is the time needed for the 

satellite to pass over the same position on the ground, uniformly sampling the Earth's surface. Inclination 

gives the highest latitude at which the satellite can take measurements. 

Radar Altimetry Tutorial 

3.1.2.2. Altimetric measurements over the ocean

The basic schematic outlines of a return echo over the ocean are as follows::

 

Over an ocean surface, the echo waveform has a characteristic shape that can be described analytically (the 

Brown model). From this shape, six parameters can be deduced, by comparing the real (averaged) waveform 

with the theoretical curve:

!     epoch at mid-height: this gives the time delay of the expected return of the radar pulse (estimated by the 

tracker algorithm) and thus the time the radar pulse took to travel the satellite-surface distance (or 

'range') and back again.

!     P: the amplitude of the useful signal. This amplitude with respect to the emission amplitude gives the 

backscatter coefficient, sigma0.

!     Po: thermal noise

!     leading edge slope: this can be related to the significant wave height (SWH)

!     skewness: the leading edge curvature

!     trailing edge slope: this is linked to any mispointing of the radar antenna (i.e. any deviation from nadir of 

the radar pointing).

 
The radar altimeter receives the reflected wave (or echo), which varies in intensity over time. Where the sea surface is 

flat (a), the reflected wave's amplitude increases sharply from the moment the leading edge of the radar signal strikes 

the surface. However, in sea swell or rough seas (b), the wave strikes the crest of one wave and then a series of other 

crests which cause the reflected wave's amplitude to increase more gradually. We can derive ocean wave height from 

the information in this reflected wave, since the slope of the curve representing its amplitude over time is proportional to 

Leading Slope->Swell

Inverse Area->Capillaries
Thus, Local wind



Waves+Wind != Wind 
With wave period assumed to produce a peak at 
fully-developed waves (uniform period for now...)

u∗ ≡
√

τ/ρ us ≈
π3H2

s

gT 3
s

La ≡
√

u∗/us



Wave Model--agree with Obs, 
plus frequency and direction

Provides wave 
period & 
direction:

for better Stokes Drift



Satellite versus WW3 Model

Aviso Merged Satellite Dataset, 11/12/05-05/27/08
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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



Wave Model--agree with Obs, 
plus frequency and direction



Assuming for a moment 
that we already know 

how Langmuir 
Circulations scale, then...

Let’s try it in a model!



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



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



Remaining Problems in
Langmuir...

Demonstrated potential sensitivity and impact, 
so accuracy  needed.  It will require:

Prognostic Wave Model coupled to CCSM

Better Parameterization of Langmuir 
Circulation mixing

Better understanding of regimes of 
Langmuir scalings



Other Effects of 
Wind+Waves != Wind

Different
Drag

Same
Wind



Conclusions
The focus of physics for ocean modeling is 
moving again to smaller scales, pushing ahead 
of resolution

From submesoscale to finescale, new significant 
couplings are being found

While these processes and couplings are poorly 
understood, their affect on air-sea exchanges 
is estimable

Progress on parameterizations will be fun, and 
should involve interaction with new 
observationalists, so speak up folks!



Extensions: Forward Cascade?



Changes To Mixing Layer Depth in
Eddy-Resolving Southern Ocean ModelBulk Mixed Layer New Mixed Layer Model 



Bulk Mixed Layer New Mixed Layer Model 
Changes To Mixing Layer Depth in

Eddy-Resolving Southern Ocean Model



The Scaling of MLIs
Mixed Layer Eddies (MLEs) begin as ageostrophic 

baroclinic instability of a front in the Mixed Layer:
the Mixed Layer Instability (MLI)

See Boccaletti et al 07,
Fox-Kemper et al 08
& Hosegood et al 06

MLI=infinitesimal
MLE=finite amplitude

(Fastest growing modes of Stone 66, 70, 72)

τs =
√

54
5

√
1 + Ri

|f | ≈ 4.6
|f |

Ls =
2πU

|f |

√
1 + Ri

5/2
≈ 5.6

NH

|f |



The Scaling of MLEs

MLEs form from MLIs, 
but scale differently 
due to an inverse 

cascade.

See Fox-Kemper et al 08



Extensions:  e.g., Hurricane Wake Recovery



Param vs. unforced model



Param. Applies to Other Scenarios:
e.g., Deep Convection (versus Jones & Marshall)

Jones & Marshall 97Param gives same scaling, but...

OCTOBER 1997 2279J O N E S A N D M A R S H A L L

FIG. 3. Numerical illustration of the baroclinic instability of a cylinder of dense fluid, of depth 1500 m and
radius 50 km in an ambient fluid in which N/f ! 5. This is run 4 of Table 1. The plan view panels on the left
chart the development of a passive tracer toward the base of the cylinder at a depth of 1400 m after 5, 10, 35,
and 50 days. On the right we show a hydrographic section of density through the center of the cylinder at the
same times. By day 50 the convected fluid has been spread by eddies over the entire (doubly periodic) domain.
The black line in the third panel down on the left indicates the position of the tracer section shown in Fig. 9.
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Param. Applies to Other Scenarios:
e.g., Deep Convection (versus Jones & Marshall)OCTOBER 1997 2279J O N E S A N D M A R S H A L L

FIG. 3. Numerical illustration of the baroclinic instability of a cylinder of dense fluid, of depth 1500 m and
radius 50 km in an ambient fluid in which N/f ! 5. This is run 4 of Table 1. The plan view panels on the left
chart the development of a passive tracer toward the base of the cylinder at a depth of 1400 m after 5, 10, 35,
and 50 days. On the right we show a hydrographic section of density through the center of the cylinder at the
same times. By day 50 the convected fluid has been spread by eddies over the entire (doubly periodic) domain.
The black line in the third panel down on the left indicates the position of the tracer section shown in Fig. 9.

Jones & Marshall 97Vertical structure is different...
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