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The goal of the CPT-EMILIE is develop parameterizations of unresolved 
processes for models of the ocean mixed layer, a region key for coupled 
climate models

• mesoscale turbulence (10 km - 100 km)
• submesoscale turbulence (100 m - 10 km)
• small-scale turbulent mixing (10 cm - 100 m)
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Interior ocean turbulence
• Traditional paradigm of ocean turbulence

• mesoscale eddies dominate along-isopycnal transport
• submesoscale eddies are subdominant
• small-scale mixing dominates cross-isopycnal transport

b̄t + ūuu · ∇b̄ = − ∇b · uuu′
bb′

︸ ︷︷ ︸
mesoscale

+ ∂zκ b̄z︸ ︷︷ ︸
turbulent mixing

(1)

b̄t + ūuu · ∇b̄ = − ∇H · uuu′
Hb′

︸ ︷︷ ︸
mesoscale

(2)

− ∂zw′b′
︸ ︷︷ ︸

submesoscale

(3)

+ ∂zκ b̄z︸ ︷︷ ︸
boundary layer

(4)

Heat Flux(z) = −λ (T −Tatm) (5)
−Surface cooling (6)
+Penetrative heating(z) (7)

〈w′b′〉 (8)
〈w′q′〉 (9)

f−1H2|∇Hb̄|2 (10)
f−1∇Hb̄ · τ (11)

(12)

w′b′ = CeH2 f−1|∇Hb|2 (13)
(14)
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• Paradigm of mixed layer turbulence
• mesoscale eddies dominate horizontal transport

➡ small Ro, large Ri and scales close to deformation radius

• submesoscale eddies and small-scale mixing dominate vertical transport
➡ large Ro and small Ri and scales close to mixed layer deformation radius

Vorticity

Mixed layer turbulence



Outline of presentation

• Mesoscale and submesoscale turbulence in the mixed layer
• effect of surface on ocean eddies

• submesoscale frontogenesis
• effect of weak mixed layer stratification on ocean eddies

• submesoscale frontal instabilities

• Parameterization of submesoscale turbulence
• scaling of vertical buoyancy fluxes



Horizontal SeaSoar section Horizontal spectra

Ferrari and Rudnick, 2000

Part I. Effect of surface on mesoscale 
turbulence: frontogenesis



Mesoscale turbulence in the upper ocean

Spectra at surface
(z=-2 m)

Surface Ocean Dynamics 5
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FIG. 3. (a) Vertical profi le at t=500day of (a) the kinetic energy, (b) the RMS value of the relative vorticity normalized by f and (c) the
vertical velocity variance.
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FIG. 4. Velocity spectra estimated from u and v (red curve) at z= -2m (a), -150 m (b), -400 m (c) and -800 m (d). The black curve in (a)
and (b) is the velocity spectrum estimated from the SSH. The blue one in (c) and (d) is the velocity spectrum estimated from the barotropic

velocity. The green curve in each panel is the density spectrum. Surface density spectrum is scaled by a factor 7.1 to match the surface
velocity spectrum (see text). Other density spectra are scaled to match the velocity spectra at k = 15.

the first baroclinic modes. This latter characteristics agrees

with Charney’s theory of geostrophic turbulence (Charney

1971).

A general picture begins to emerge from this simulation.

On one hand, there is a strong difference between the sur-

face layers dynamics and interior dynamics that is reminis-

cent of results for flows with low Rossby number of Lapeyre

and Klein (2006). As mentioned in the introduction, these

authors have shown that one can decompose the flow at any

depth as the sum of a surfacemode (SQGmode forced by the

surface density field) and an interior mode (QG mode forced

by the interior PV field), with a dominance of the former

in the upper layers and of the latter in the interior. On the

other hand, this simulation with large Rossby number also

displays a strong ageostrophic character of the upper lay-

ers due to the presence of energetic sub-mesoscale surface

Potential density
Kinetic energy

Potential density
Kinetic energy

Shallow spectra at 
surface (z=-2 m)

Steep spectra in 
thermocline (z=-400 m)

Klein et al., 2007



Quasi-geostrophic model of mesoscale 
turbulence

b̄t + ūuu · ∇b̄ =−∇H · uuu′Hb′︸ ︷︷ ︸
mesoscale

− ∂zw′b′︸ ︷︷ ︸
submesoscale

(1)

Heat Flux(z) = −λ (T −Tatm) (2)
−Surface cooling (3)
+Penetrative heating(z) (4)

〈w′b′〉 (5)
〈w′q′〉 (6)

f−1H2|∇Hb̄|2 (7)
f−1∇Hb̄ · τ (8)

(9)

w′b′ (10)
|∇Hb| (11)

(12)

τ (13)

D
Dt

∇hρ =− (∇Huuu)T ∇Hρ︸ ︷︷ ︸
Frontogenetic

− ∇Hw ∂zρ︸ ︷︷ ︸
Frontolytic

(14)

Ro =
U
f0L

% 1 L ≈ NH
f0

(15)

bT
t + J(ψT ,bT ) = 0, f0∂zψT = bT (16)

qt + J(ψ,q) = 0, ∇2ψ +∂z

(
f 2
0

N2 ∂zψ
)

= q (17)

bB
t + J(ψB,bB) = 0, f0∂zψB = bB (18)
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• Quasi-geostrophic approximation describes rotating stratified fluids with

• small Rossby number,

• motions with horizontal scales close to the deformation radius,

• vertical stratification function of depth only,



• Interior dynamics (quasi-geostrophy; Charney 1971)

• Surface dynamics (surface quasi-geostrophy; Blumen 1978)

• Bottom dynamics (surface quasi-geostrophy; Blumen 1978)

Separating surface from boundary dynamics
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Horizontal spectra

Ferrari and Rudnick, 2000

Ratio of kinetic and potential energies in 
the surface mixed layer

• Surface modes (Held surface QG theory)
• equipartition between kinetic and 
potential energy at all scales
• kinetic and potential energy spectra roll 
off as k-5/3

• Interior modes (Charney QG theory)
• kinetic energy spectra roll off as k-3

• potential energy spectra roll off as k-5

KE =
1
2
〈u2 + v2〉 ∼ k−5/3e−2Nkz/ f (1)

PE =
1
2
〈 b2

N2 〉 ∼ k−5/3e−2Nkz/ f (2)

(3)

Wtide =
∫∫∫

ρuuu · ∇Φtide dV
︸ ︷︷ ︸

3.5 TW

(4)

ε =
∫∫∫

ρν |∇uuu|2dV = 0.1−0.2 TW (5)

ε =
∫∫

ρCd |uuu|3dS = 0.2−0.8 TW (6)

b̄t + ūuu · ∇b̄ = − ∇H · uuu′Hb′︸ ︷︷ ︸
mesoscale

(7)

− ∂zw′b′︸ ︷︷ ︸
submesoscale

(8)

+ ∂zκ b̄z︸ ︷︷ ︸
boundary layer

(9)

Heat Flux(z) = −λ (T −Tatm) (10)
−Surface cooling (11)
+Penetrative heating(z) (12)

f 2ψzz +N2ψyy = −2vyby (13)

ψ (14)

1



Mesoscale turbulence and surface 
frontogenesis
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b̄t + ūuu · ∇b̄ = − ∇H · uuu′
Hb′

︸ ︷︷ ︸
mesoscale

− ∂zw′b′
︸ ︷︷ ︸

submesoscale

+ ∂zκ b̄z︸ ︷︷ ︸
boundary layer

(2)
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b̄t + ūuu · ∇b̄ = − ∇H · uuu′
Hb′

︸ ︷︷ ︸
mesoscale

(3)

− ∂zw′b′
︸ ︷︷ ︸

submesoscale

(4)

+ ∂zκ b̄z︸ ︷︷ ︸
boundary layer

(5)

Heat Flux(z) = −λ (T −Tatm) (6)
−Surface cooling (7)
+Penetrative heating(z) (8)

f 2ψzz +N2ψyy = −2vyby (9)

ψ (10)

v (11)

〈w′b′〉 (12)
〈w′q′〉 (13)

f−1H2|∇Hb̄|2 (14)
f−1∇Hb̄ · τ (15)

(16)

1

RESTRATIFICATION DUE TO FRONTOGENESIS 3

included in the QG+1 model compared to the standard QG

model.

Interestingly the vertical integration of (5) gives another

constraint (see Appendix A) that shows that a particular vec-

tor involving the horizontal PV flux must be non divergent.

We will not investigate the implication of this result in this

paper.

b. Link to frontogenesis

To better understand the meaning of (8), we propose to

examine separately the two terms on its right hand side

(r.h.s). Concerning the term ∂t〈ρζ〉, we start from

D(ρζ)

Dt
= ρ

Dζ

Dt
= ρf0∂zw +ρζ∂zw +ρ (k×∂zu) ·∇Hw .

The last term on the r.h.s of this equation can be rewritten

following the identity

∇H · (w k × ∂zu) = (k × ∂zu) ·∇Hw − w∂zζ,

which gives

D(ρ ζ)

Dt
= ρf0 ∂zw + ρ∇H · (w k × ∂zu) + ρ ∂z(wζ) .

Using the definition of Lagrangian derivative

D(ρ ζ)

Dt
= ∂t(ρζ) + ∇H · (uρζ) + ∂z(wρζ) ,

one has

∂t(ρζ) =∇H · (−ρζu + 〈ρ〉w k × ∂zu − 〈ρ〉f0u)

− wζ∂zρ + ρ′f0∂zw + ρ′∇H · (w k × ∂zu)
(9)

where ρ′ = ρ − 〈ρ〉 is the density anomaly. Now, we hori-
zontally average this equation, so that the first term vanishes

because it is equal to a flux across the borders of the domain

and the horizontal velocity vanishes there. Also, we have for

the same reason 〈ρζ〉 = 〈ρ′ζ〉 and we see that we have to
examine the time evolution of the correlation of the density

anomaly with relative vorticity. We finally obtain

∂t〈ρ
′ζ〉 = −〈wζ∂zρ〉+f0〈ρ

′∂zw〉+〈ρ′∇H ·(w k×∂zu)〉 .
(10)

The first term is the opposite of the vertical flux of the po-

tential vorticity associated with vertical vorticity. The sec-

ond term is related to the correlation of the density anomaly

with the horizontal velocity divergence. The last term should

be smaller than the other ones because it arrives at a greater

order in a Rossby number expansion.

The term f0〈ρ′∂zw〉 will be the leading term in the

r.h.s. of (10) and is actually linked to surface frontogene-

sis/frontolysis as recognized by Hakim et al. (2002). Fron-

togenesis (respectively frontolysis) is the process that leads

to the formation (resp. destruction) of horizontal density gra-

dient. Its evolution follows the equation

D ∇Hρ

Dt
= −(∇Hu)" ∇Hρ − ∂zρ∇Hw , (11)
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FIG. 1. A sketch of the ageostrophic circulation that develops in

response to the strengthening of an horizontal density front. The

figure corresponds to a vertical cross section through a subme-

soscale front. Thin lines are isopycnals. The arrows correspond

to the ageostrophic circulation. Light fluid is on the right of the

figure and dense fluid on the left.

where (∇Hu)" is the transposed velocity gradient tensor.

The first term on the r.h.s. of (11) is the straining of the den-

sity field by the horizontal velocity field whereas the second

term is the flattening (or the steepening) of the isopycnals

by the vertical velocity that develops in response. Since w
vanishes at the ocean surface, there is an irreversible cas-

cade of surface density variance to small scales, which ex-

plains the appearance of small-scale density gradients with

large amplitude there. This process is general and is related

to the effect of mesoscale eddies that stir, fold and stretch

any tracer that is conserved in a Lagrangian sense (see e.g.

Lapeyre et al. 1999, 2001). But an increase of the density

gradient requires an acceleration of the jet associated with

the front in order to keep the thermal wind balance (Hoskins

et al. 1978). Near the surface this is done by the horizontal

ageostrophic velocity. The divergence of the latter on each

side of the jet explains the large values of ∂zw observed near
the surface (see Fig. 1) whose effect is to increase the mag-

nitude of relative vorticity (Spall 1995; Nurser and Zhang

2000). The ageostrophic circulation that develops on each

side of the density front has a systematic bias that favors

light fluid to upwell and dense fluid to downwell (see Lévy

et al. (2001) and Hakim et al. (2002)) to release the poten-

tial energy associated with the front. As shown in Fig. 1,

we expect a positive correlation between ρ′ and ∂zw at the

surface and a negative correlation at depth. This argument is

not only valid at the scale of the large-scale front but, more

importantly, at the scale of the submesoscale density gradi-

ents that are present in large number in the spatial field. It

is primarily these small-scale fronts that will control the ef-

ficiency of the restratification.

One may argue that Fig. 1 illustrates the general mech-

anism of baroclinic instability. However, it is demonstrated

b̄t + ūuu · ∇b̄ = − ∇b · uuu′
bb′

︸ ︷︷ ︸
mesoscale

+ ∂zκ b̄z︸ ︷︷ ︸
turbulent mixing

(1)

b̄t + ūuu · ∇b̄ = − ∇H · uuu′
Hb′

︸ ︷︷ ︸
mesoscale

− ∂zw′b′
︸ ︷︷ ︸

submesoscale

+ ∂zκ b̄z︸ ︷︷ ︸
boundary layer

(2)

b̄t + ūuu · ∇b̄ = − ∇H · uuu′
Hb′

︸ ︷︷ ︸
mesoscale

(3)

− ∂zw′b′
︸ ︷︷ ︸

submesoscale

(4)

+ ∂zκ b̄z︸ ︷︷ ︸
boundary layer

(5)

Heat Flux(z) = −λ (T −Tatm) (6)
−Surface cooling (7)
+Penetrative heating(z) (8)

f 2ψzz +N2ψyy = −2vyby (9)

ψ (10)

〈w′b′〉 (11)
〈w′q′〉 (12)

f−1H2|∇Hb̄|2 (13)
f−1∇Hb̄ · τ (14)

(15)

w′b′ = CeH2 f−1|∇Hb|2 (16)
(17)

1

• Surface: submesoscales set rate of upwelling and restratification

• Interior: mesoscales set rate of upwelling and restratification



• The mixed layer has weak vertical 
stratification (boundary layer mixing) 
and strong lateral gradients 
(frontogenesis)

• The ocean interior is has strong 
vertical stratification and weak 
lateral gradients
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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).

Ocean Interior

Mixed Layer

Part II. Effect of reduced stratification on 
mesoscale turbulence: frontal instabilities
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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 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 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).

Mesoscale Submesoscale

O(100 km)
O(1 month) O(1 km)

O(1 day)

• Two types of 
baroclinic instability



Surface quasi-geostrophic model with a 
mixed layer

• Two layers with uniform potential vorticity
• upper layer with weak stratification represents mixed layer
• lower layer with stronger stratification represents upper ocean
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wP + 〈ẑ ×∇b · F − (f + ζ)

∂B
∂z

〉

f
∂〈b〉
∂t

= −∂〈ζb〉
∂t

(6)
−〈wP 〉 (7)

(8)

−
〈
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Surface quasi-geostrophic model with a 
mixed layer

• Model configuration
• prescribed meridional buoyancy gradients in thermal wind balance
• linear bottom drag and hyperviscosity
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Bottom Ekman drag



Surface QG model with ML:
frontogenesis and submesoscale intabilities
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Surface QG model without ML:
mesoscale frontogenesis
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Vertical buoyancy flux at the ML base 
• Vertical buoyancy flux is positive => restratification
• Submesoscale instabilites at surface dominate the bouyancy flux

SQG model with ML 
(meso and submesoscale eddies)

SQG model without ML 
(mesoscale eddies)



Energetics of surface QG with a ML
• Forward flux at the mesoscale
• Forward flux at the submesoscale only with the ML



Part III. Scaling laws for submesoscale 
vertical fluxes

Fox-Kemper and Ferrari, 2007

b̄t + ūuu · ∇b̄ = −∇H · uuu′
Hb′

︸ ︷︷ ︸
mesoscale

− ∂zw′b′
︸ ︷︷ ︸

submesoscale

(1)

Heat Flux(z) = −λ (T −Tatm) (2)
−Surface cooling (3)
+Penetrative heating(z) (4)

〈w′b′〉 (5)
〈w′q′〉 (6)

f−1H2|∇Hb̄|2 (7)
f−1∇Hb̄ · τ (8)

(9)

1

b̄ t
+
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Restratification by free 
frontal instabilities



..... .. .....

Re-Destratification by wind-driven 
frontal instabilities
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Conclusions

• Mesoscale eddies drive surface frontogenesis

• Submesoscale instabilities develop along surface fronts that
• act to restratify the ocean surface mixed layers
• drive strong upwelling/downwelling of tracers 

• Scaling laws have been derived 
• for the combination of frontogenesis and submesoscale 
instabilities
• for the effect of winds blowing over the surface fronts
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Frontogenesis and frontal instabilities in 
the ocean mixed layer



Submesoscale instabilities and ML 
restratification

Submesoscale vertical fluxes 
• co-located with fronts
• mostly positive => restratification
• largest at wiggly fronts
• increase with resolution
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Submesoscale vertical fluxes 
• co-located with fronts
• mostly positive => restratification
• largest at wiggly fronts
• increase with resolution

wb versus horizontal wavenumber

6 km

1.5 km

750 m

Submesoscale instabilities and ML 
restratification



Submesoscale instabilities and ML 
restratification



Submesoscale instabilities and ML 
restratification



Surface quasi-geostrophic model with a 
mixed layer

• Two layers with uniform potential vorticity
• boundary condition of no vertical velocity at top and bottom 
• matching conditions at the interface
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Surface quasi-geostrophic model with a 
mixed layer

• Two layers with uniform potential vorticity
• boundary condition of no vertical velocity at top and bottom 
• matching conditions at the interface
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Submesoscale heat fluxes



Observations of submesoscale instabilities
• Spirals in the sea (Munk ‘01)
• Frontal instabilities in the California Current System (Flament et al., ‘85) 

Gavdhopoúla

STS 41G-35-86

Gávdhos

    0                    6                      12

km N Munk, 01
Enhanced AVHRR image showing submesoscale 
features in the California Current system related 
to an upwelling filament. 

Flament, 85



Surface QG model with ML



Surface QG model with ML: 
development of submesoscale instabilities
• Are submesoscale baroclinic instabilities suppressed by mesoscale strain 
(Bishop,  1993)?

• mesoscale strain generates fronts at the surface, (u,v)=(ax,-ay)
• submesoscale waves are stretched by strain (k,l)=(k0 e-at,l0 eat)  
• instabilities are modulated not suppressed by mesoscale strain



Surface QG model without ML:
only mesoscale instabilities



Surface QG model with ML and  no deep 
shear: only submesoscale instabilities



Typical Ocean Stratification Permits 
Two Types of Baroclinic Instability

 
Mesoscale and Submesoscale (Boccaletti et al., 2007)42
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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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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
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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).
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To what extent can uncertainties in model projections due to climate system 
feedbacks be reduced? (Climate Change Science Program)
•Imperfect or missing parameterizations of unresolved processes are a 
major source of model error and uncertainty

CPT Framework

Process model 
research

Climate model 
development

Field 

Climate Process Team on 
Eddy-MIxed Layer IntEractions

• Focus 
• upper ocean dynamics 

• Goal
• develop parameterizations for key 
subgrid--scale processes

• Team members
• PI: Raffaele Ferrari
• Process modelers and theoreticians:  
Flierl, Fox-Kemper, Marshall, 
McWilliams, Tandon, Thomas, Vallis
• Observationalists: Rudnick, Speer
• Modeling centers: GFDL and NCAR 



Upper ocean dynamics in climate models

Small-
scale
mixing

Mesoscale
eddies

Submesoscale 
eddies

Subgrid-scale processes in 
ocean climate models

Large-scale circulation

• Large-scale ocean circulation
• Mesoscale turbulence (10 km - 100 km)
• Submesoscale turbulence (100 m - 10 km)
• Small-scale turbulent mixing (10 cm - 100 m)


