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Abstract. Wind energy input to oceanic near-inertial motions (estimated be-

tween 0.5 TeraWatt (TW) and 0.9 TW) is comparable to the work done by the

steady large-scale winds on the general circulation of the ocean (estimated to

be 1 TW). This energy input is the largest principally in the regions of atmo-

spheric storm tracks. It is one of the main kinetic energy sources that may sus-

tain the small-scale mixing at depth that is necessary to maintain the deep ocean

stratification and therefore to close the total kinetic energy budget. But how much

of this wind-driven near-inertial energy penetrates into the deep ocean interior,

and where, is still a puzzle. In other words, what is the routeto mixing from

the surface to the deep interior followed by these motions? In this review we

present different pathways by which near-inertial energy ultimately can reach

the deep interior and be available for mixing. The dominant pathway appears

to be through the oceanic turbulent eddy fields at mid-latitudes. It makes a non-

negligeable part of the near-inertial energy to penetrate into the deep interior with

conspicuous maxima at depths as large as2500−3000 m. However, we still lack

a precise quantification of the contribution of the different pathways and in par-

ticular of the part of near-inertial energy used for mixing the upper layers rel-

atively to that used for mixing the deeper layers. Eddy-resolving models at a

basin scale (with adequate spatial resolution) forced by high-frequency winds

should be able in the close future to explicitly represent the 3-D propagation of

the near-inertial waves down to 5000 m. A few process studiesare still needed

to parameterize mixing generated by these waves and in particular of those in

the deep interior.
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1. Wind ringing of the ocean at the near-inertial frequency

The ocean is a stratified rotating fluid and, as such, supportsseveral classes of high-frequency

waves from the Coriolis frequency (f ) to the Brunt-Väisälä frequency. At mid-latitude, these

frequencies range from10−4s−1 for the Coriolis frequency to3.10−3s−1 for the Brunt-Väisälä

frequency. A classical dispersion relation for these waves(in the shallow water framework) is

ω2 = f 2(1 + k2r2

d) (1)

with ω the wave frequency,k their horizontal wave number andrd a Rossby radius of

deformation1 that characterizes the oceanic stratification. Atmospheric wind stress can force

these different classes of waves if wind energy is present inthis large frequency band. However,

high-frequency winds are characterized by wave number spectra that exhibit energetic horizon-

tal scales of the order ofO(500−1000 km), i.e. much larger than the oceanic internal Rossby

radii of deformation (< 50 km). This means that, for oceanic motions forced by such a wind

stress,krd is much smaller than1, which explains that the frequency of the resulting wind-

driven waves is close to the Coriolis frequency. These near-inertial waves are trapped within

the surface mixed-layer (50−100 m deep) and therefore the mixed-layer can be considered as

an oscillator with the frequencyf .

Winds are strongly intermittent in time with periods ranging from 3−6 hours to much larger

time scales. If the wind stress possesses some energy in the inertial frequency band and rotates in

the same direction as the near-inertial motions, a systematic increase of the near-inertial kinetic

energy and mixing will occur within the mixed-layer. Such a resonance mechanism has been

well explained by several studies [e.g.Klein and Coantic, 1981;Large and Crawford, 1995;

Skyllinstad et al., 2000].
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Figure 1 (fromKlein et al. [2004a]) can help to explain the impact of the high-frequency

winds and the associated resonance mechanism. It shows the time evolution of the wind inten-

sity (in terms ofu∗3) (upper panel), the wind energy flux (middle panel) (i.e.τ · u, with τ

the wind stress vector andu the surface velocity vector) and the integrated near-inertial energy

(lower panel), obtained by using three hourly meteorological data sampled on the weathership

”KILO” located in the North-Atlantic. Comparison of the upper and middle panels indicates

that not all strong wind events produce a positive wind energy flux and therefore increase the

kinetic energy. Actually a non-negligeable number of strong wind events decreases the kinetic

energy, which illustrates the importance of the phase relationship between the wind stress direc-

tion and the surface velocity vector. A particular and conspicuous signature of this resonance

mechanism is highlighted in tropical hurricane studies (seePrice[1981] andPrice et al.[1994]).

They reveal that in the North Hemisphere this mechanism induces greater cooling on the right

side of the hurricane trajectory (where, at a given point, winds rotate clockwise as the hurricane

moves across) compared to the left side (where winds rotate anti-clockwise).

One interesting feature is that the evolution of the total kinetic energy (shown on the lower

panel of Figure 1) is characterized by periods of persistinglarge amplitude (that last between 10

and 20 days) followed by periods of small amplitude. As foundby previous studies [e.g.Large

and Crawford, 1995;Skyllinstad et al., 2000;Klein et al., 2004a], not only the frequency (with

respect to the Coriolis frequency) but also the rotation of the wind fluctuations is important

for the resonance mechanism. Thus another experiment identical to the first one but with the

Coriolis parameter having the opposite sign has revealed that although the magnitude of the

kinetic energy averaged over 540 days is about the same, its time evolution (not shown) displays

strong differences.
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To better quantify the impact of the high-frequency wind fluctuations on the ocean ringing,

the experiment reported in Figure 1 has been compared with others identical to this one but that

use the wind stress averaged over 6, 12, and 24 hours. This impact is clearly revealed by Table 1:

when the wind stress is averaged over 6, 12, and 24 hours, the total kinetic energy is decreased,

respectively, by 1.5, 3, and 7! The resonance mechanism mentioned before also explains the

near-inertial oscillations with large amplitude that are present in the in situ observations [e.g.

Stockwell et al., 2004]. All these results illustrate the necessity to use atleast a 3-hourly wind

time series to force the ringing of the ocean, i.e. to correctly estimate the wind energy flux to

the ocean in the inertial frequency band.

2. High-frequency wind energy flux and the global oceanic circulation

Alford [2001], Watanabe and Hibiya[2002], andAlford [2003] indicate that the wind ki-

netic energy input to oceanic near-inertial motions is the largest principally in the regions of

atmospheric storm tracks located at mid-latitudes, i.e. where the high-frequency winds are

the strongest. These high-frequency winds are essentiallylinked to the extratropical cyclone

frequency and intensity and their associated fast travelling atmospheric fronts. Plate 1a (from

Alford [2003]) illustrates these results during the Northern Hemisphere winter: the excited near-

inertial energy is the largest north of 30◦ latitude. During the Southern Hemisphere winter the

largest energy input regions are south of 30◦ latitude. The seasonal variation of this wind energy

input is much stronger in the Northern Hemisphere than in theSouthern Hemisphere. These

studies used data re-analysis from Meteorological National Centers (with usually a two-degree

spatial resolution and a time interval of 6 hours). However,Watanabe and Hibiya[2002] and

Alford [2003] have applied correction factors in order to get a better estimation of the wind-

driven near-inertial motions when using such 6-hourly winddata. The ocean part is represented
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only by a slab mixed-layer model and a Rayleigh damping is used to mimic the radiation of the

near-inertial energy from the mixed-layer to the deeper ocean. There is no large or mesoscale

oceanic circulation.

Contribution of this wind kinetic energy input to the globaloceanic energy budget is discussed

by Wunsch and Ferrari[2004]. UsingAlford [2003]’s results, they found that the global energy

input due to high-frequency winds (estimated between 0.5 TWand 0.9 TW) is comparable to

the work done by the steady large-scale winds on the general circulation (estimated to be 1

TW). These numbers are probably underestimated because of the low spatial resolution of the

meteorological data used (see section 6). However the importance, for the dynamics of the

general oceanic circulation, of this large amount of energyinput to the near-inertial waves is

clearly invoked byMunk and Wunsch[1998] andWunsch and Ferrari[2004]. They suggest that

the resulting wind-driven near-inertial energy could sustain the small-scale mixing in the deep

interior that is necessary to resupply the available potential energy removed by mesoscale eddy

generation and the Meridional Overtuning Circulation (MOC). Thus high-frequency winds may

provide enough energy to maintain the deep ocean stratification, in particular at mid-latitudes.

Alford [2003] notes that the total high-frequency wind energy input has increased by 28%

since 1948. So assuming that these wind-forced near-inertial motions are a potential source

of mechanical energy available for mixing in the deep ocean,then, usingMunk and Wunsch

[1998] andWunsch and Ferrari[2004] arguments, a secular increase in extratropical atmo-

spheric cyclone frequency and intensity would be accompanied by a strengthened MOC and/or

an intensified eddy kinetic energy at mid-latitudes. The consequence of this comment is that

the impact of the resulting mixing in the oceanic circulation cannot be parameterized as just
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a constant global diffusion coefficient. This impact may be considered as a component of the

coupled atmosphere-ocean system.

However, how much of this wind-driven near-inertial energypenetrates into the deep ocean

interior, and where, is still a real puzzle. We need to betterunderstand the mechanisms through

which the near-inertial energy produced at the surface propagates downward. In other words,

the question is, what is the detailed route to mixing from thesurface to the deep interior followed

by these motions? Some clues and suggestions for answering this question are offered in the

next sections.

3. Downward and equatorward propagation of near-inertial energy due to theβ-effect

Near-inertial motions may spread both horizontally and vertically into the interior, but only

when their horizontal scale is small enough [e.g.Gill , 1984], in fact much smaller than the wind

scales. This requires mechanisms to significantly reduce the initially large scales of these wind-

driven motions. This is the first condition for the existenceof a route to mixing from the surface

to the deep interior.

Within this context, one of the promising directions to consider is theβ-effect [e.g.D’Asaro,

1989]. It makes the near-inertial motions generated at mid-latitudes have much smaller hori-

zontal scales than the wind scales, which can be illustratedfrom the following example. Using

f = f0 + βy, the near-inertial motions are written as

u(y, t) = uo sin(ft) = uo sin(f0t − ly); (2)

with uo a constant andl = −βt [e.g.Kunze, 1985]. t is the time. Thus near-inertial waves are

characterized by a meridional wave numberl that grows with time, which make them reach a

length scale of 100 km within at least a month. Such length scale reduction subsequently allows
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them to propagate vertically in the interior [e.g.Gill , 1984]. Furthermore, since this meridional

wave number is negative, these waves also freely propagate equatorward [e.g.D’Asaro, 1989;

Garrett, 2001].

When these near-inertial waves propagating equatorward attain a critical latitude (defined as

the latitude where their frequencies are twice the local Coriolis frequency), then a large part

of their energy may be transferred down to small dissipationscales. Such processes occur

through the well-known parametric subharmonic instability (PSI) [e.g.Staquet and Sommeria,

2002] that transfers energy across the local internal wave spectrum by nonlinear interactions

amongst internal waves. A large amount of the near-inertialenergy generated at mid-latitudes

by high-frequency winds is then expected to be available fordiapycnal mixing at these low

latitudes (lower than30◦N). Numerical experiments indicate that PSI is a much more effective

mechanism than previously thought (involving a time scale of days instead of weeks or months)

for transferring high-frequency energy (inertial and alsotidal) to small dissipation scales [e.g.

Hibiya et al., 1998, 1999;Nagasawa et al., 2000;MacKinnon and Winters, 2005].

Such a direction of investigation that involves the planetary vorticity gradient is appropriate

for the global circulation models that do not resolve the mesoscales. However, it should be

modified and eventually extended when higher numerical resolutions are considered, such as in

eddy-resolving models.

4. Downward propagation of near-inertial energy in mesoscale eddies

SinceWeller [1982], it has been recognized that mesoscale eddies (with adiameter between

50 km and200 km) can distort the near-inertial motions and quickly decrease their length scales

down to values smaller than 50 km within a few days [e.g.Kunze, 1985;Van Meurs, 1998].

Kunze[1985] argued that near-inertial waves propagating in geostrophic shear are subject not
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only to the planetary vorticity gradient but principally tothe absolute vorticity gradient, i.e.

the gradient including the eddy vorticity effects. The eddyvorticity amplitude at mid-latitude

can reach root-mean-square (rms) values as large as0.3 f and may involve scales as small

as5−20 km [e.g.Capet et al., 2007a;Klein et al., 2007b]. This means that relative vorticity

gradients associated with mesoscale eddies can be larger thanβ and therefore be a much more

efficient mechanism to generate small scales. Another majordifference with theβ-effect is that

near-inertial motions distorted by mesoscale eddies do notpropagate equatorward. Instead they

are ”polarized” by eddies and more specifically, are expelled from cyclonic eddies and trapped

within anti-cyclonic ones [e.g.Kunze, 1985;D’Asaro, 1995;Young and Ben Jelloul, 1997;Klein

et al., 2004b].

All these characteristics can be explained by considering the simple situation of Figure 2 that

involves a meridional geostrophic jet. Inertial motions feel the rotation of the Earth but also feel

the rotation of the mesoscale structures even when the latter is one order of magnitude smaller

than the former. Hence, using a first-order Taylor series expansion for the mesoscale vorticity

Z (i.e. Z = Zo + ∇Z · x + ...), near-inertial velocity can be written as

u(x, t) ≈ uo sin(ft +
Z

2
t) ≈ uo sin(ft +

Zo

2
t − k · x); (3)

with k = − t
2
∇Z, a wave number increasing with time [e.g.Kunze, 1985].∇ is the horizontal

gradient operator andx = [x, y] with x andy respectively the zonal and meridional coordi-

nates. Thus, asβ, mesoscale vorticity gradients reduce the horizontal scales of the near-inertial

motions. When|∇Z| >> β, this reduction may occur within a scale of a few days instead

of months. Furthermore, these motions subsequently propagate but, as illustrated in Figure 2,

the sign ofk is such that they are expelled from cyclonic structures and are trapped within anti-

cyclonic ones. Consequence of the near-inertial motion distortion by the eddy vorticity and their
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subsequent horizontal propagation (proportional to the group velocityCg = fr2

dk/
√

1 + r2

dk
2

obtained using equation (1)) is that these motions are first trapped within structures of the eddy

Laplacian vorticity, i.e.∇2Z, (this is what Figure 2 shows), and then they overshoot this region

to spread out within the larger eddy stream function structures. These two limits have been

analyzed inKlein and Tŕeguier[1995]; Young and Ben Jelloul[1997]; Balmforth et al.[1998]

and are identified as the weak dispersion limit and the strongdispersion limit.

The preceding discussion applies to the horizontal heterogeneity of near-inertial motions as-

sociated with one vertical mode. The vertical propagation of these motions within an eddy field

can be understood when they involve several vertical normalmodes [e.g.Gill , 1984]. Indeed,

if lower and higher baroclinic modes have the same spatial variability and are initially in phase

such that they add up within the mixed-layer and cancel out below (with the result of no motion

there), then the vertical propagation of the near-inertialmotions simply results from the phase

decoupling of the different baroclinic modes. Let us introduce the time scaletdn (following Gill

[1984]) for a180◦ phase difference to develop for moden (using equation (1)),

tdn =
π

ωn − f
≈

2π

fk2r2

dn

, (4)

with ωn andrdn respectively the frequency of the near-inertial motions and the Rossby radius

of deformation, both associated with the moden. Then from equation (4), the lower modes

(with largerdn) first become out-of-phase with the higher ones (with smallrdn), and then the

intermediate modes in turn become out-of-phase. The consequence of this phase decoupling

is the emergence of non-zero motions at depth. This dynamic of the vertical modes strongly

emphasizes the importance of the mechanisms described before (that reduce the length scale of

the near-inertial motions) for the propagation of the near-inertial energy into the ocean interior

[e.g.Gill , 1984].
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Most of the related studies have considered isolated geostrophic eddies or jets characterized

by only one specific length scale. In this case, a Wentzel-Kramer-Brillouin (WKB) analysis

can help to understand the 3-D propagation of the near-inertial motions in the ocean. How-

ever, dispersion properties are quite different for a fullyturbulent eddy field (involving strongly

interacting eddies characterized by a continuous velocityspectrum). Such properties can be

retrieved by using the methodology proposed byYoung and Ben Jelloul[1997] that discards the

WKB approximation and therefore allows any eddy structure,either large or small, to affect the

distortion of the near-inertial motions. Extending the results of Young and Ben Jelloul[1997],

Klein et al. [2004b] show that considering a fully turbulent eddy field leads to very different

consequences for the behavior of the vertical modes: lower modes are trapped within structures

with relatively large scales whereas higher modes are trapped within anti-cyclonic structures

with much smaller scales. As a result of these differences inthe spatial heterogeneity, the lower

modes decouple more quickly from the higher ones and the resulting vertical propagation is

therefore much faster and deeper.

5. Which pathway prevails?

We may wonder which dynamics principally drive the 3-D propagation, in the global ocean,

of the large amount of near-inertial energy produced by the high-frequency winds.

We have mentioned before that atmospheric storm tracks at mid-latitudes are the regions

where the wind energy input to the ocean at near-inertial frequencies is the strongest [e.g.Alford,

2001;Watanabe and Hibiya, 2002;Alford, 2003]. In global oceanic models, when mesoscale

eddies are not fully resolved, near-inertial waves are usually produced near the surface at mid-

latitudes and subsequently propagate equatorward and downward [Komori, 2007;Sasaki, 2007].
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In these simulations theβ-effect is the main mechanism that governs the 3-D propagation of

these waves toward the Equator [e.g.Nagasawa et al., 2000;Garrett, 2001].

However, as noticed byZhai et al.[2005], the regions of high-frequency wind energy input

are also those where the mesoscale eddy activity is the most energetic. This feature is illustrated

by Plate 1, which shows that regions in the North Hemisphere of strong high-frequency wind

energy fluxes (Plate 1a) coincide well with the locations of the Gulf Stream and the Kuroshio

(Plate 1b). In the Southern Hemisphere, the high-frequencywind energy fluxes during the win-

ter are principally at the same latitude as the Antarctic Circumpolar Current. Such remarkable

coincidence indicates that much of the near-inertial energy produced by the high-frequency

winds would be trapped within the oceanic mesoscale eddies.The polarization of near-inertial

energy by mesoscale eddies should strongly compete with that induced by theβ-effect.

One question is: Do these energetic eddy regions mostly concern isolated eddies or a fully

turbulent eddy field. Considering eddies as just an ensembleof isolated structures was pertinent

when observational data indicated a wave number velocity spectrum with a slope equal or even

steeper thank−4 (although they may weakly interact [e.g.Klein, 1990]). However studies of

the last seven years significantly strengthen the vision of an upper ocean crowded with a large

number of strongly interacting eddies. Numerical experiments ofHurlburt and Hogan[2000]

andSiegel et al.[2001] in the North Atlantic basin show that using a horizontal resolution of

1/64◦ leads to an explosion of eddies and to an eddy kinetic energy increase by a factor of 10

compared with classical “eddy-resolving models” (with a 1/6◦ resolution). Furthermore, they

reveal that such fully turbulent eddy fields are not only present in well-known “eddy regions”

such as the Gulf Stream or the Antarctic Circumpolar Current, but also in a large number of other

regions. This corroborates the visual picture provided by the high-resolution satellite images as
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well as some in situ data [e.g.Stammer, 1997;Wunsch, 1998;Rudnick, 2001;Assenbaum and

Reverdin, 2005;LeCann et al., 2005].

These comments strongly suggest that turbulent eddy fields at mid-latitudes are the prevailing

pathways for the 3-D propagation of near-inertial waves. But we still lack a precise quantifica-

tion of the contribution of these different pathways at a basin scale.

6. The route to mixing through eddy fields: some results

Several numerical studies have described the horizontal and vertical propagation of the near-

inertial motions through interacting mesoscale eddies. Ina low resolution (1/3◦) Southern

ocean model,Zhai et al.[2005] show that the leakage of the near-inertial energy outof the50

m deep mixed-layer is strongly enhanced by the presence of eddies. Their results point out a

maximum of the horizontal near-inertial energy at a depth of500 m. They also support the

findings ofLee and Niiler[1998] indicating that anti-cyclonic eddies act as a conduit draining

near-inertial energy to the deeper ocean (the “chimney effect”). Using a fully turbulent eddy

field and a resolution of1/15◦, Danioux et al.[2007] obtain a shallower penetration of the

horizontal near-inertial energy, probably because of the different N2-profile used. They did

not find a clear selective trapping of near-inertial energy within anti-cyclonic eddies, which is

explained by the competition between lower and higher modeswhen the latter are resolved

(see section 4). However, anti-cyclonic structures still act as a conduit for draining near-inertial

energy. As illustrated by Figure 3 the horizontal near-inertial energy penetrates deeper in anti-

cyclonic structures than in cyclonic ones. The horizontal scales involved can be as small as

20 km. More interestingly, their results reveal a conspicuousdeeper penetration of the vertical

velocity variance associated with the near-inertial motions: the vertical profile of this variance

displays a maximum at a depth of1700 m!
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The competition between the high-frequency wind energy fluxthrough the ocean surface

and the near-inertial energy flux leaving the mixed-layer tothe deeper ocean has strong con-

sequences on the mixing in the surface layers. Indeed if all the near-inertial energy is trapped

within the mixed-layer, the excitation of the mixed-layer oscillator by winds with frequencies

close tof would force resonance and lead to a significant mixed-layer deepening (as illustrated

by the academic results of Figure 4). However, the eddy effects on the near-inertial motion

propagation govern the corresponding energy flux at the mixed-layer base, which much reduces

the mixed-layer deepening. The decaying time scale of the mixed-layer near-inertial energy, due

to its propagation into the deeper layers, is estimated to beon the order of3−8 days [D’Asaro,

1995;Van Meurs, 1998]. However, we still lack however a precise quantification of this flux at

the mixed-layer base, as argued byZhai et al.[2005], and therefore of how much near-inertial

energy is used for mixing the upper layers and how much for thedeeper layers.

As found byDanioux et al.[2007], one important imprint of the high-frequency wind signal

in presence of mesoscale eddies is on the vertical velocity field. To our knowledge very few

studies have so far examined this characteristic.Klein et al. [2007a] also analyze the vertical

velocity field in realistic numerical simulations of the North Atlantic Ocean with the Parallel

Ocean Program (POP) model at 1/10◦ and40 vertical levels [e.g.Smith et al., 2000;Malone

et al., 2003]. The oceanic field is forced by, either 6-hourly or daily averaged, winds from

Qscat scatterometer (QSCAT) blended with winds from the National Center for Environmental

Prediction (NCEP). The vorticity field associated with mesoscale eddies is shown in Plate 2.

The signature of the Gulf Stream is clearly visible, but thisplate mostly shows that the eddy

field is also fully turbulent outside the Gulf Stream. Plate 3shows the wind energy flux at the

ocean surface with the 6-hourly QSCAT/NCEP blended winds (which was the best frequency
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available). At this time two significant large-scale atmospheric storms are present in the North

Atlantic. But this plate also reveals, superimposed on the signature of the atmospheric storms,

much smaller-scale features principally associated with the small-scale structures of the eddy

field. The vertical velocity fields in two simulations, one with the 6-hourly QSCAT/NCEP

blended winds and the other one with the same winds but daily averaged, have been examined.

With daily winds, the vertical velocity field (blue curve on Plate 4) is relatively weak. There

is an increase near the bottom principally due to the topographic effects. With 6-hourly winds,

the vertical velocity field (red curve on Plate 4) is totally different. It displays much larger

amplitudes, a very large depth extension, as well as a conspicuous maximum at 2700 m, i.e.

well away from the topographic effects. At that depth, the vertical velocity field reaches rms

amplitudes on the order of25 m per day at2700 m and involves small-scale patterns (on the

order of40−50 km).

A similar experiment has been repeated using a simulation (performed on the Earth Simulator

with the Regional Ocean Modeling System (ROMS) model) of a turbulent eddy field (described

in Klein et al. [2007b]) that results from the baroclinic instability of a large-scale jet in aβ-

plane channel with no topography. The resolution is much higher (2 km in the horizontal and

100 vertical levels). The ocean is forced by the same wind stresstime series as that displayed in

Figure 1. The two curves in Plate 5 show the profile of the vertical velocity variance obtained

either with the instantaneous wind forcing (red curve) or with the same wind forcing but daily

average (blue curve). Again the presence of the high-frequency winds leads to a strong increase

of the vertical velocity and the emergence of a significant maximum in the deep interior (at a

depth of2500 m with a rms value of45 m per day!). On the other hand, when the wind is daily

averaged, the vertical velocity is very much weaker with no clear maximum in the deep interior.
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The appearance of the deep maximum of the vertical velocity is fully explained byDanioux

et al. [2007]. It is principally due to the interacting mesoscale eddies that trigger a quick phase

decoupling between the lower baroclinic modes of the near-inertial energy and the higher baro-

clinic modes. As a result the upper maximum on the red curve ofPlate 5 is captured by the

higher baroclinic modes whereas the deeper maximum is captured by the lower modes. The

similitude of the deep maximum locations in Plates 4 and 5 is acoincidence since characteris-

tics of the corresponding experiments are somewhat different. The depth of the maximum in

the interior is actually sensitive to the representation ofthe higher modes and to the existence

of vorticity structures at small-scale. Indeed the same experiment as that leading to the results

shown on Plate 5 but with a lower resolution (6 km in the horizontal and50 vertical levels) has

produced a maximum at a depth of only1700 m. Existence of this deep maximum is strong

evidence that the presence of mesoscale eddies and sub-mesoscale structures opens an efficient

pathway for the wind energy to go deep into the ocean interiorwhere it could be available for

mixing.

Another comment on these results is that in such turbulent eddy fields, the vorticity gradients

have a rms value as large as10−10-10−9 m−1s−1, i.e. one to two orders of magnitude larger than

theβ-value (≈ 1.6 ∗ 10−11 m−1s−1 at mid-latitudes). This means that the dynamic related to the

turbulent eddy field strongly dominates that due to theβ-effect. Therefore near-inertial motions

appear to be mostly trapped in the turbulent eddy field and canweakly propagate equatorward.

One question still to be adressed is: can these near-inertial motions efficiently cascade through

the local wave number spectrum down to small dissipation scales? Usually PSI is the mecha-

nism invoked for such a cascade, but it can only transfer energy from low-vertical mode double-

inertial motions to small-scale inertial waves where dissipation occurs [e.g.Hibiya et al., 1998;
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Staquet and Sommeria, 2002]. This means that only near-inertial waves (with frequency very

close tof ) generated at mid-latitudes that propagate equatorward can cascade down through

PSI at latitudes not larger than≈ 30◦ where the local Coriolis frequency is half that at mid-

latitudes. However, it was found recently and confirmed in high-resolution simulations that the

dominant frequency of the wind-driven vertical motions present in the deep ocean interior at

mid-latitudes (Plates 4 and 5 ) is not close tof but is close to (and even over)2f , i.e. twice the

Coriolis frequency (see Plate 6). The emergence of such supra-inertial motions (also reported

in some observations such as those ofMori et al. [2005]) is due to a resonance mechanism

described inDanioux and Klein[2007]. It therefore makes PSI a likely mechanism to convert

vertical kinetic energy into mixing in the deep interior at these mid-latitudes. It is premature to

produce any estimation of the corresponding mixing since PSI cannot be efficiently activated

in a primitive-equation model. But this result indicates the existence of a significant source

of low-vertical-mode internal waves with frequency equal or over2f at mid-latitudes. Such a

result emphasizes the strong potentiality of wind-driven near-inertial motions to significantly

contribute to the mixing in the deep ocean interior.

7. Eddy-resolving models and high-frequency winds: what resolution is needed?

Our hypothesis is that eddy-resolving models at a basin scale can be very helpful to ad-

dress the questions still unanswered about the precise contribution of the different pathways by

which near-inertial motions propagate. The eddy-resolving models should allow a particular

understanding of how much of the large amount of energy provided by high-frequency winds is

available for mixing in both the upper layers and the deep interior and at which latitudes. The

prerequisite is to have access to realistic high-frequencywinds and to use numerical models at

a basin scale with adequate spatial resolution.
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High-frequency intermittent winds are usually linked withfast travelling atmospheric fronts

associated with storms. Atmospheric fronts are narrow (with a width ofO(100 km)) and elon-

gated on a long distance (more than 1000 km). The atmosphericfronts have a strong signature

on the relative vorticity, which explains the strong and rapid variation of both the wind ampli-

tude and direction when they pass over the ocean surface at a given location. NCEP or European

Center for Medium Range Weather Forecasting (ECMWF) data cannot represent such features

because of their spatial resolution (involving spatial grid equal or larger than100 km).

However when these data are blended with data from satellitescatterometers, such as QS-

CAT and ADEOS-II scatterometers, time variation of the amplitude and rotation of the high-

frequency winds are much better represented (e.g. http://www.cora.nwra.com/morzel/). This

is illustrated in Plate 7, which shows the atmospheric vorticity field near the surface estimated

from only the NCEP data (upper panel) and from blended winds generated with only QSCAT

(middle panel) and with both QSCAT and ADEOS-II data (lower panel). Results show that

fronts and storms are very much better resolved when NCEP data are blended with scatterom-

eter data. The propagation of fronts and storms, and therefore the intermittency of the winds,

are better represented when using two scatterometers instead of one (compare the three panels

in Plate 7). With two scatterometers the blending window canbe reduced from 12 hr to 7.5 hr;

i.e. every 6-hourly NCEP global field is blended with 7.5 hr each of QSCAT and ADEOS-II

data. Such data, when they are available, strongly improve the spatial and time intermittency of

the high-frequency winds [e.g.Milliff et al., 2004;Chelton et al., 2004], which highlights the

strong value and potentiality of high-resolution scatterometers.

Eddy-resolving models at a basin scale should have adequatehorizontal and vertical resolu-

tion in order to be able to represent the 3-D propagation of the wind-driven near-inertial energy.
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This means a horizontal resolution involving a horizontal space grid equal to or less than 3 km

and a vertical resolution with at least 100 levels. Two reasons advocate for the use of such

spatial resolution.

First, as noted before, the vertical propagation of near-inertial waves down to4000 m depth

results from the phase decoupling of the lower and higher baroclinic modes. Higher baroclinic

modes have a Rossby radius of deformation on the order of a fewkilometers. This requires

a space grid not larger than3 km and a vertical resolution involving at least100 levels on the

vertical in order to resolve these Rossby radii (multipliedby 2π) and to correctly represent the

rapid variation with depth of these vertical modes.

The second reason is that the surface dynamics driven by the mesoscale eddy turbulence in-

volves quite small spatial scales or sub-mesoscale structures, with scales as small as5 km, that

need to be explicitly resolved. The energetic character of these sub-mesoscale structures is em-

phasized by high-resolution simulations of such eddy turbulence [e.g.McWilliams et al., 2004;

Capet et al., 2007a, b, c;Klein et al., 2007b] that exhibit ak−2 velocity spectrum in the surface

layers. Frontogenesis underlies the physics involved and explains the small-scale structures in

Plate 8 with large relative vorticity values. Dynamics of these sub-mesoscale structures are

documented inMahadevan[2006],Mahadevan and Tandon[2006], andThomas et al.[2007].

As mentioned before, these sub-mesoscale structures have asignificant impact on the 3-D

propagation of the near-inertial energy (and therefore on the depth of the maximum in the in-

terior), but also on the resulting mixing in both the upper layers and the deep interior. Indeed,

they drive a strong restratification in the upper layers, compensated for by a destratification in

the ocean interior [e.g.Lapeyre et al., 2006;Klein et al., 2007b]. Such restratification com-

petes with the mixed-layer dynamics [e.g.McWilliams, 2007]. On the other hand, the wind
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forcing itself can affect these sub-mesoscale structures as explicitly shown byThomas[2005],

Thomas and Lee[2005], Giordani and Caniaux[2006], Boccaletti et al.[2007] andThomas

et al. [2007]. All these mechanisms should have a non-negligeableimpact on the resulting

mixing by both the near-inertial waves and the sub-mesoscale structures in the upper oceanic

layers. At last they have a significant effect on the phase decoupling between lower and higher

modes of the near-inertial motions, and therefore on the vertical propagation of these motions,

since the higher modes dispersion is strongly sensitive to the presence and amplitude of these

sub-mesoscale structures [e.g.Klein et al., 2004b].

Characteristics of the deep maximum of vertical velocity variance observed at2500−3000

m, as found byDanioux et al.[2007] and other studies, make the PSI a likely mechanism to

convert the vertical kinetic energy into vertical turbulent diffusion [e.g.Staquet and Sommeria,

2002;Koudella and Staquet, 2006]. As such the deep maximum of high-frequency motions can

potentially participate to the vertical mixing in this region. A very rough scaling analysis (using

Kz ≈ < w2 >/f ) indicates that, even if only10% of the near-inertial vertical kinetic energy is

converted into energy available for mixing through PSI, thecorresponding value (10−4 m2s−1)

would be much larger than the10−6 m2s−1 molecular value and should be close to that necessary

for mixing in the deep interior [e.g.Wunsch and Ferrari, 2004]. This comment calls for further

studies on these mechanisms to fully evaluate the efficiencyof PSI for the characteristics of the

supra-inertial energy present in the deep interior. These studies could lead to development of an

appropriate parameterization to convert this near-inertial energy at depth into mixing.

Within a climate change scenario these mechanisms that opena route to mixing from the sur-

face to the deep ocean interior, suggest that the atmosphere, through the high-frequency winds,

may affect the stratification and the MOC, i.e. the large-scale oceanic circulation. Recent re-
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views [Schiermeier, 2007] and studies [Sriver and Huber, 2007;Emmanuel, 2001] have already

pointed out that tropical cyclones (or hurricanes) mix the upper ocean so well that they are re-

sponsible for a staggering amount of heat transfer on a global scale. This means that within an

extreme climate scenario, an increase of tropical cyclone power and frequency (due to future

changes in tropical sea surface temperature) may accelerate the MOC. This might feed back on

climate by redistributing heat poleward and therefore raising global mean temperature [Sriver

and Huber, 2007]. On the other hand, the mechanisms reviewed in this paper suggest in the

same way that an increase of the strength and intensity of theextra-tropical atmospheric storms

may be accompanied by a strengthened MOC and/or an intensified eddy kinetic energy at mid-

latitudes with the same climate consequences. However, these effects at mid-latitudes would

be efficient on a larger depth than those due to tropical cyclones. All these features, which still

have to be quantified, emphasize the need to explicitly take into account the small scales of the

atmospheric and oceanic dynamics in order to understand thecoupled atmosphere-ocean system

at larger scales.
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Notes
1. Any motion can be decomposed into vertical normal modes that are solutions of a Sturm-Liouville problem [e.g.Gill , 1984], which only

requires the knowledge of the vertical stratification. Eachmode is associated with a Rossby radius of deformation whosevalue at mid-

latitudes ranges from≈ 50 km for the lower modes to≈ 2−3 km for the higher modes. So equation (1) can be seen as the dispersion

relation associated with one vertical mode.
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Table 1. Statistics over 540 days of the near-inertial energy integrated over the water column

(in m3s−2) obtained with the 1-D model (fromKlein et al.[2004a]).

Simulations 3-hourly winds 6-hourly winds 12-hourly winds 24-hourly winds

Near-inertial energy

Mean value 2.03 1.65 0.62 0.28

RMS value 1.70 1.38 0.56 0.28
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Figure 1. Results (fromKlein et al. [2004a]) of a 3-hourly simulation using a Mellor and Yamada

model and a real wind time series. (upper panel)u∗3 = |τ |
3

2 (in m3 s−3×1.5 ·105), (middle panel) wind

energy flux ([τ · u](in m3 s−3×104)), (lower panel) inertial energy integrated over the watercolumn

(in m3 s−2). Abscissa units are days.

D R A F T January 5, 2008, 10:17am D R A F T



P. KLEIN: HIGH-FREQUENCY WINDS AND EDDY RESOLVING MODELS X - 31

Plate 1. (a) Near-inertial energy input at the ocean surface in the winter season (fromAlford [2003])

and (b) Mesoscale eddy kinetic energy in the upper oceanic layers (fromStammer and Wunsch[1999]).

Reproduced fromZhai et al.[2005].
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Figure 2. Schematic representation of the propagation of near inertial waves induced by a one dimen-

sional jet V(x). The velocity V(x) and the vorticityZ = ∂V
∂x

are shown. The wave numbersk = −∂Z
∂x

t
2

are represented by black arrows.
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Figure 3. Vertical profiles of the horizontal near-inertial energy (a) averaged over the whole domain,

(b) averaged over negative vorticity areas (correspondingto Z < −2.10−5s−1), and (c) averaged over

positive vorticity areas (corresponding toZ > 2.10−5s−1). FromDanioux et al.[2007].
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Figure 4. Mixed-layer depth after a 4-day academic simulation in terms of the time period T (in hours)

of the wind forcing (fromKlein and Coantic[1981]). Coriolis frequency isf = 10−4s−1 ( [18h]−1).

Plate 2. Surface vorticity field in the North Atlantic in January 2002. This field has been obtained

from a simulation with the POP model at 1/10◦ [e.g.Smith et al., 2000].
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Plate 3. Wind energy input ([τ · u]) to the North Atlantic Ocean in January 2002 (simulated withthe

POP model (see Plate 2)) using 6-hourly QSCAT/NCEP blended wind data. FromKlein et al.[2007a].
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Plate 4. Vertical profiles of the vertical velocity variance in the POP simulation, using a wind forcing

with 6-hourly QSCAT/NCEP blended wind data (red curve) and when the wind forcing is averaged

over 24 hours (blue curve). FromKlein et al.[2007a].
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Plate 5. Vertical profiles of the vertical velocity variance in a simulation performed on the Earth

Simulator [Klein et al., 2007b], using the real 3-hourly wind time series ofKlein et al. [2004a] (red

curve) and when this wind time series is averaged over 24 hours (blue curve).

Plate 6. Frequency spectra of the vertical velocity variance at different depths from the Earth Simulator

simulation [Klein et al., 2007b], using a real 3-hourly wind time series. Frequencies on the horizontal

axis are non-dimensionalized byf . The dominant frequency at150 m is f , but it is2f at 2455 m and

2980 m.
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Plate 7. The 6-hourly time sequence of the wind stress curl (at40◦−60◦S, 75◦−135◦E)

estimated from only the NCEP data (upper panel), from blended winds generated with QS-

CAT only (middle panel) and with both QSCAT and ADEOS-II data(lower panel). See

http://www.cora.nwra.com/ morzel/blendedwinds.qscat.swsa2.html. The dual-blended wind data agree

very well with the location in NCEP, whereas the single-blended winds are already6 hr ahead, placing

the curl front too far to the East [e.g.Milliff et al., 2004;Chelton et al., 2004].
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Plate 8. Snapshot of the surface relative vorticity field in a high resolution simulation (fromKlein

et al. [2007b]).
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