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Laboratoire de Physique des Océans, IFREMER/CNRS/UBO/IRD, Plouzané, France
(Manuscript received 30 July 2010, in final form 14 January 2011)
ABSTRACT
Using numerical simulations forced by a uniform realistic wind time series, the authors show that the presence
of a mesoscale eddy field at midlatitudes accelerates the vertical propagation of the wind-forced near-inertial
waves (NIW) and produces the emergence of a maximum of vertical velocity into the deep ocean (around
2500 m) characterized by a mean amplitude of 25 m day21, a dominant 2f frequency, and scales as small as
O(30 km). These results differ from previous studies that reported a smaller depth and larger scales. The authors show that the larger depth observed in the present study (2500 m instead of 1700 m) is due to the wind
forcing duration that allows the first five baroclinic modes to disperse and to impact the deep NIW maximum
(instead of the first two modes as reported before). The smaller scales (30 km instead of 90 km) are explained by
a resonance mechanism (described in previous studies) that affects the high NIW baroclinic modes, but only
when small-scale relative vorticity structures (related to the mesoscale eddy field) have an amplitude that is large
enough. These results, which point out the importance of the wind forcing duration and the resolution, indicate
that the emergence of a deep NIW maximum with a 2f frequency reported before is a robust feature that is
enhanced with more realistic conditions. Such 2f frequency in the deep interior raises the question of the
mechanisms, still unresolved, that may ultimately transfer this superinertial energy into mixing at these depths.

1. Introduction
Strong near-inertial waves (NIWs) (with frequency close
to the Coriolis frequency f ) are observed in all realistic
global or basin-scale ocean models forced by winds that
possess energy in the f band. These models further reveal—
particularly at midlatitudes where mesoscale oceanic
eddies are ubiquitous—a maximum of near-inertial vertical
velocity below 2000 m with O(100 km) scales, a frequency
peak at f, and a secondary 2f frequency peak (Furuichi et al.

Corresponding author address: P. Klein, LPO, IFREMER, BP
70, 29280 Plouzané, France.
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2008; Hecht and Hasumi 2008; Komori et al. 2008). At
these latitudes, atmospheric storms have large scales
(1000–3000 km). However, mechanisms such as refraction by the relative vorticity associated with mesoscale
eddies cause the scales of the wind-forced NIWs to quickly
decrease (D’Asaro 1995; Klein et al. 2004b; Kunze 1985;
Young and Ben Jelloul 1997; Zhai et al. 2009, 2005), which
accelerates their vertical propagation (Gill 1982). The
question of the ultimate impact of these wind-forced NIWs
at depth on the large-scale circulation appears to be increasingly important (Ferrari and Wunsch 2009) since
they are believed to be efficient sources for small-scale
mixing in the deep interior (Hibiya et al. 1998; MacKinnon
and Winters 2005).
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Danioux et al. (2008, hereafter DKR), using the normal mode framework of Gill (1984), analyzed the
emergence of a deep NIW maximum at midlatitudes in
presence of oceanic mesoscale eddies shortly (four inertial periods) after the NIW generation by a uniform
wind pulse. They reported a vertical velocity maximum
associated with NIWs at 1700 m resulting from the dispersion of only the first and second baroclinic NIW
modes (higher modes not having enough time to disperse
and therefore having no impact on this maximum).
Characteristics of this maximum (frequency close to 2f
and scales close to 100 km) were explained by Danioux
and Klein (2008, hereafter DK) as the result of a resonant
mechanism that, in DKR, principally affects the first
baroclinic mode (the second mode being much less affected). Such characteristics at depth, particularly the 2f
frequency peak, are interesting as they may suggest
a possible route to mixing (see DKR and DK for further
references). These results however raise the question of
the potential impact of baroclinic modes, higher than the
first two, on the deep NIW maximum. Indeed, Klein et al.
(2004b) showed that high NIW modes require more time
to disperse than low modes. Such impact of the NIW
higher modes should be nonnegligible in the global or
basin-scale ocean simulations mentioned before since
they are forced by long realistic wind time series. Within
this context, the purpose of the present study is to complement the DKR and DK results and, in particular, to
address the following questions. Do baroclinic modes
higher than the first two ones impact the characteristics
of the deep NIW maximum when they have time to disperse? Are these higher modes also affected by the DK
resonance mechanism when using a high resolution such
that small-scale relative vorticity structures with a large
enough amplitude are present (which points out the impact of the resolution)? Are the resulting characteristics
(scales and frequencies) changed relatively to those reported in DKR?
To address these questions, we analyze results from two
numerical simulations using a 20-day realistic wind time
series (see Klein et al. 2004a). The first one is close to that
of DKR (involving a quite similar mesoscale eddy field
with the same 6-km resolution) but is analyzed after
a period of wind forcing of 15 days. The second simulation
is identical to the first except that the resolution used is
three times higher (2 km), which allows one to explicitly
represent small-scale relative vorticity structures that may
trigger the DK resonance mechanism for the higher NIW
modes. Results from the 6-km simulation should highlight the impact of a long wind forcing period on the higher
mode contribution to the deep NIW maximum. Then
the differences between the 6-km and 2-km simulations
should reveal whether the presence of small-scale relative
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vorticity structures activates the resonance mechanism
for the higher modes and what the consequences on the
NIW deep maximum characteristics are. The next section
describes the simulation setups and their main characteristics. Sections 3 and 4 analyze the results of the 6-km and
2-km simulations. One important property—the selective
emergence of small (large) scales in the deep interior
(upper ocean) regardless of the wind forcing—is analyzed
in section 5. Such explanation further highlights the importance, for the mixing in the deep ocean, of the mechanisms that produce these small scales. Conclusions are
offered in the last section.

2. Simulation setups
a. The mesoscale eddy field
The mesoscale eddy field considered in this study is
produced by the instability of a large-scale baroclinic
westerly flow in a zonal b-plane channel centered at
458N. The parameter settings of the flow are described
in Klein et al. (2008) and very close to those used by
Rivière et al. (2004) and DKR. Salinity is taken as constant so that temperature anomalies are proportional
to density anomalies. The domain size is 1000 km 3
2000 km and its depth 4000 m. The initial vertical profile
of the mean Brunt–Väisälä frequency represents a main
thermocline located at a depth ;600 m and corresponds
to a first Rossby radius of deformation of 26 km. The
initial state consists of a large-scale meridional density
gradient in thermal wind balance, which leads to the
unstable large-scale baroclinic westerly flow mentioned
before. The mesoscale eddy turbulence is permanently
forced by using a relaxation of the zonally averaged
velocity and density fields to a basic state, corresponding
to the initial state, with a relaxation time of 50 days.
The model used is based on the primitive equations
code ROMS [Regional Oceanic Modeling System, see
Shchepetkin and McWilliams (2009)], a s-coordinate
model with free-slip boundary conditions at northern
and southern walls. Vertical diffusion in the interior uses
the KPP parameterization.1 Two simulations have been
performed: one with a resolution similar to that used in
DKR, 6 km 3 6 km in the horizontal and 33 levels on
the vertical (with vertical grid spacing ranging from 5 m
near the surface to 500 m near the bottom), and the other
with a higher resolution of 2 km 3 2 km in the horizontal
and 100 levels on the vertical (with vertical grid spacing

1
KPP scheme of Large et al. (1994) includes a parameterization
of the mixed layer dynamics. It also includes a parameterization of
the vertical mixing in the ocean interior using a critical Richardson
number.

Unauthenticated | Downloaded 01/09/23 09:31 AM UTC

JULY 2011

1299

DANIOUX ET AL.

FIG. 1. Snapshots of (a),(c) the surface eddy relative vorticity field normalized by f and (b),(d) the w field (m day21)
at 2500 m in the (a),(b) 6-km and (c),(d) 2-km simulations. Color scale in (a),(c) is made symmetric to equally display
cyclonic and anticyclonic structures. However, relative vorticity values range between 20.6f and 0.7f in the 6-km
simulation and between 2f and 3f in the 2-km simulation.

ranging from 3 m near the surface to 200 m near the
bottom). Horizontal mixing uses a bi-Laplacian on the
horizontal K=4 (with K 5 1.6 3 108 m4 s22 and K 5 2 3
106 m4 s22 for the 6- and 2-km simulations, respectively).
For each simulation the total eddy kinetic energy (integrated over the whole domain) has saturated and is in
statistical equilibrium after a spinup of 350 days. Figures
1a–c show snapshots of the relative vorticity fields at
475 days. The relative vorticity field in the 2-km simulation
displays a much stronger variability with much larger
values than in the 6-km simulation, consisting of numerous
small-scale vortices as well as thin filaments (with a width
as small as 8–20 km) where the vorticity magnitude is close
to f. The root-mean-square (rms) value of the relative
vorticity is twice larger in the 2-km than in the 6-km simulation. The kinetic energy spectrum associated with the
mesoscale eddy field is characterized by a maximum at
250 km in both simulations and a spectral slope in k23
(k the horizontal wavenumber) for the 6-km simulation

and k22 for the 2-km simulation. Such a k22 spectrum
slope implies that small-scale vorticity values are as large
as larger-scale values.

b. The wind-forced mixed layer
A mixed layer is built up after 450 days, that is, when
the mesoscale eddy field is in a statistical equilibrium.
As in Lévy et al. (2001) and DKR, the procedure first
consists of applying uniform atmospheric forcings over
the whole domain that comprises a zero wind forcing
and surface heat fluxes, including a constant penetrative
solar radiation of 250 W m22 and a radiative cooling
such that the net surface heat flux is zero. This surface
heat forcing applied during 10 days leads to an equilibrated mixed layer depth (;80 m) in the absence of
horizontal and vertical advection. This mixed layer caps
a seasonal thermocline of thickness ;40 m. Then a nonzero wind forcing, also uniform over the whole domain
but varying in amplitude and direction, is applied during
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where t is the time and x, y, and z are the horizontal
(zonal and meridional) and vertical
Ð 0 coordinates, respectively; Hn(z) is given by Hn (z) 5 z Fn (z9) dz9 with Fn the
eigenfunctions of the classical Sturm–Liouville problem
(Flierl 1978), LFn 5 2Fn /rn2 in which L is the differential
operator, defined as
"
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FIG. 2. Vertical profiles of the rms value of the vertical velocity in
the 6-km (dashed line) and 2-km (solid line) simulations.

20 days using a realistic wind time series. This time series
comes from meteorological data sampled every 3 h at
Weather Station Kilo, located in the North Atlantic [for
a description of these data and their impact on the NIW
generation, see Klein et al. (2004a)]. The methodology
choice of using uniform wind forcing over the mesoscale
eddy field allows us to isolate the NIW dispersion effects
due to the mesoscale eddies from those due to the wind
spatial variability. The NIW field forced by this realistic
wind time series is analyzed after 15 days of wind forcing.

c. The near-inertial vertical kinetic energy
Figure 2 shows the rms value of the vertical velocity
(wrms 5 hw2i1/2, where h. . .i is the average operator over
the whole horizontal domain) as a function of depth.
The deep core located between 1500 and 3000 m (with
a maximum around 2500 m instead of 1700 m as in
DKR) displays similar magnitude in both simulations
and is entirely explained by NIWs since it disappears
when motions are averaged over an inertial period.
Vertical motions in the upper layers are also dominated
by NIWs, as wrms decreases by a factor of 3 when motions
are averaged over an inertial period. This allows one to
consider the w field, particularly at depth, as principally
associated with NIWs. Figures 1b,d show the vertical
velocity field at 2500 m. Scales of this field are smaller in
the 2-km simulation, but in both simulations the vertical
velocity patterns appear to be aligned with those of the
relative vorticity in the upper layers (Figs. 1a,c). The
alignment between the two fields is, however, much more
emphasized in the 2-km simulation (Figs. 1c,d).
As in DKR, we use the vertical normal mode framework detailed in Gill (1984) to further understand the
NIW time evolution. Expansion of w in vertical normal
modes leads to

N is the Brunt–Väisälä frequency, and rn the Rossby
radius of deformation of mode n. Values of rn for the
first five modes in our study are 26 km, 10.5 km, 7.5 km,
6 km, and 5 km, respectively. The functions Hn constitute
an
basis for the scalar product (Hn Hm ) 5
Ð 0 orthogonal
2
2H N Hn Hm dz (see DKR). We have found that the
contribution of the first five modes using (1) explain more
than 95% of the vertical velocity variance in both simulations. Furthermore the correlation between the w field estimated using only the first five modes and the total w field
is equal to or larger than 0.98 in both simulations. This indicates good convergence and allows us to focus principally
on these modes in the next sections.
As explained in Kunze (1985), Young and Ben Jelloul
(1997), and Klein et al. (2004b), uniform NIWs embedded
in a mesoscale eddy field quickly become spatially heterogeneous: the eddy relative vorticity field similarly shifts the
phase of all NIW baroclinic modes that quickly compare to
this field. Then the horizontal dispersion mechanisms cause
the NIWs to be expelled from cyclonic structures and
trapped in anticyclonic ones (Kunze 1985; Young and Ben
Jelloul 1997). For one NIW mode, dispersion mechanisms
are proportional to the Rossby radius of deformation of
the mode. Consequently, lower modes disperse faster than
higher modes. This causes the lower NIW modes to decorrelate first, leading to the emergence of vertical motions
in the deep ocean (Gill 1984). After some time, higher
modes should significantly disperse in turn and contribute to
the vertical motions in the deep ocean. Again, contribution
of these higher modes was negligible in DKR because of the
short period considered. Impact of these higher modes is
examined in the next section using a longer wind period.
Another question is related to the effects of the DK resonance mechanism on these higher modes. Using shallowwater equations (involving a single baroclinic mode), DK
show that nonlinear wave–wave interactions excite, through
a resonance mechanism, motions with a 2f frequency and
specific length scale. In a more general situation involving several baroclinic modes, this resonance is found to
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FIG. 3. (a),(b) Horizontal wavenumber spectrum of w (log scale) as a function of depth and (c),(d) frequency spectrum
of w (linear scale) as a function of depth in the (a),(c) 6-km and
2-km simulations. The black vertical lines in Figs.
pﬃﬃ(b),(d)
ﬃ
4a,b correspond to the first five resonant wavenumbers (krn 5 3/rn , n 5 1. . . 5, with rn the Rossby radius of deformation
of baroclinic mode n). They correspond to wavelengths of 92 km, 37 km, 25 km, 19 km, and 15 km, respectively.

be reinforced and more efficient for lower than higher
modes. More precisely, DK show that this resonance
involves a triad interaction [transferring f energy from
the largest scales (k ’ 0) and a specific wavenumber krn
into 2f energy at this wavenumber krn]. These charac) are constrained by the dispersion reteristics (krn, 2f
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
lation [vn /f 5 1 1 (rn k)2 in which
pﬃﬃv
ﬃ n is the frequency of
mode n], which leads to krn 5 3/rn . These resonance
wavenumbers correspond in our study to wavelengths of
92 km, 37 km, 25 km, 19 km, and 15 km, respectively.
However, the DK resonance efficiency strongly depends
on both the presence and magnitude of the eddy relative
vorticity structures at these wavenumbers krn. As noted in
section 2a, this condition is satisfied in the 2-km simulation (but not so well in the 6-km resolution): eddy relative
vorticity structures have a significant magnitude, at least
at scales that correspond to the first five resonant wavenumbers (see also Fig. 1c). Such effects of the DK resonance on higher modes (which point out the impact of the
resolution) are therefore examined in section 4 by contrasting the results from the 6- and 2-km simulations.

3. Impact of a realistic wind forcing on the deep
NIW maximum
The wavenumber and frequency spectrum as a function
of depth (Figs. 3a,c) highlight the main characteristics of

the results from the 6-km simulation. Figure 3a clearly
reveals a deep maximum (between 1000 and 2500 m)
dominated by scales smaller than in the first 300 m: the
spectral maximum is located between 100 and 200 km in
the upper layers and at 80 km at 2500 m (as better revealed by the solid line in Fig. 4c). This last scale is close
to the resonance wavenumber of the first mode (left solid
vertical line in Figs. 3a, 4c). Figure 4a shows the wavenumber spectrum of the first five vertical modes with the
solid vertical lines related to the resonance wavenumber
of the different modes. The first mode has a maximum
close to its resonant wavenumber. Maxima of the next
three modes are located at wavenumbers smaller than, or
close to, that of the first mode maximum and therefore at
wavenumbers much smaller than their respective resonant wavenumbers. We may wonder which modes contribute to the w wavenumber spectrum at 2500 m (solid
line in Fig. 4c). When this spectrum is estimated using (1)
with only the first two modes (dashed line in Fig. 4c), it
significantly differs from the full spectrum (solid line in
Fig. 4c) with an overestimation (underestimation) of the
large (small) scales and a maximum shifted from 80 to
200 km: that is, close to the spectral maximum of the
second mode (Fig. 4a). These differences therefore indicate a significant impact of the higher modes (especially
modes 3 to 5) that minimizes the contribution of the large
scales and favors the emergence of small scales (these
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FIG. 4. Horizontal wavenumber spectrum (a),(b) of the first five modes (wn, n 5 1–5) and (c),(d) of w at 2500 m
(solid curves) in the (a),(c) 6-km and (b),(d) 2-km simulations. Black vertical lines refer to the first five resonant
wavenumbers krn. The dashed curves in (c),(d) correspond to the w spectrum estimated using (1) with only the first
two modes.

conspicuous features are further analyzed in section 5).
As such, these results depart from the DKR results for
which the deep maximum was mostly captured by the first
two modes. These differences also suggest that the maximum located at 80 km in the full spectrum at 2500 m is
due to not only the first two modes but also modes 3–5.
Confirmation requires one to examine the frequency spectrum at this depth.
The frequency spectrum as a function of depth (Fig.
3c) reveals a maximum at the f frequency in the upper
layers and close to f in the deeper layers. There is
a secondary peak with weak amplitude around the 2f
frequency at depths between 1000 and 2500 m. Figure 5a
shows the frequency spectrum for each of the first five
modes. Only the first mode displays a dominant peak at
2f. This is consistent with the spectral maximum at the
resonant wavenumber observed for this mode (Fig. 4a).
The next two modes have a maximum at the f frequency
and one at 2f with an amplitude at least two times
smaller than at f. Higher modes have a maximum at f
and display a much weaker amplitude at 2f. The w frequency spectrum at 2500 m (solid line in Fig. 5c) displays two significant peaks: a dominant one at f and
another one at 2f with an amplitude almost two times
smaller. This confirms that the first mode does not
dominate the w field at this depth. When only the

contribution of the first two modes is taken into account
using (1), the spectrum (dashed line in Fig. 5c) displays
two similar peaks at f and 2f with the f peak explained by
the second mode and the 2f peak by the first mode.
However, despite the similarity between the two curves
in Fig. 5c, the significant differences revealed by those in
Fig. 4c (which highlight the significant contribution of
modes 3–5 relative to that from the first two modes)
strongly suggest that, when all modes are taken into
account, the f peak at 2500 m is now explained by the
higher modes, and no more by the second mode.
Thus, using a realistic wind forcing for 15 days produces a NIW maximum deeper than in DKR (2500 m
instead of 1700 m) with a dominant f frequency (instead
of a 2f frequency as in DKR). The spectral analysis of
the different baroclinic modes highlights that these
differences are due to the significant contribution of
modes higher than two. The DK resonance mechanism
appears to significantly affect the first mode, but its
impact on other modes is quite limited. This explains
why the deep NIW maximum is dominated by the f
frequency (instead the 2f frequency in DKR). As such,
however, these characteristics appear to be close to
those observed in global or basin-scale realistic simulations (Furuichi et al. 2008; Hecht and Hasumi 2008;
Komori et al. 2008).
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FIG. 5. Frequency spectrum (a),(b) of the first five modes (wn, n 5 1–5) and (c),(d) of w at 2500 m (solid curves) in
the (a),(c) 6-km and (b),(d) 2-km simulations. The dashed curves in (c),(d) correspond to the w spectrum estimated
using (1) with only the first two modes.

4. Impact of the resolution on the deep NIW
maximum
The impact of resolution is now analyzed by contrasting
the results from the 6- and 2-km simulations. This allows
us to examine whether the DK resonance impacts the
higher modes when small-scale relative vorticity structures with large enough amplitude are present. Fig. 3d
again reveals smaller scales in the deep interior than in the
upper layers, but scales in the deep interior are smaller in
the 2-km than in the 6-km simulation: from Fig. 4d (solid
line), the spectral maximum at 2500 m is at 30 km instead
of 80 km in the 6-km simulation (solid line in Fig. 4c).
Figure 4b shows the wavenumber spectrum of the first five
modes with the vertical lines referring again to their resonant wavenumbers. The first mode still shows a maximum at its resonant wavenumber and higher modes
at scales still larger than their resonant wavenumbers.
However, these higher modes display a secondary maximum (for the second mode) or a plateau (for the next two
modes) close to their resonant wavenumbers much more
pronounced than in the 6-km simulation (Fig. 4a). The
ratio between the energy amplitudes at the resonant
wavenumbers and at the dominant peaks in the 2-km
simulation is respectively 0.64, 0.29, 0.18, and 0.22 for
modes 2–5 (the maximum for mode 1 being at its resonance wavenumber) instead of 0.11, 0.06, 0.085, and 0.1 in
the 6-km simulation. The contribution of modes 3 to 5 is

again determinant in the deep interior, particularly in the
small-scale range: at 2500 m when only the first two
modes are taken into account (dashed line in Fig. 4d), the
small-scale part of the spectrum is strongly underestimated compared with the full spectrum (solid line in
Fig. 4d) and the spectral maximum is shifted to a value
close to the maximum of the second mode (close to
150 km instead of 30 km). Furthermore, the correlation
between the w field estimated using only modes 1 and 2
and the total w field is equal to 0.58 instead of 0.98 when
using five modes. These differences emphasize the strong
contribution of modes 3–5 to the NIW small scales in the
deep interior (modes higher than 5 have a negligible
contribution; see section 3).
The frequency spectrum as a function of depth displays more conspicuous differences between the 6-km
and 2-km simulations (Figs. 3c,d). The main difference is
the emergence in the 2-km simulation of a dominant 2f
maximum in the deep interior (Figs. 3d, 5d) instead of
a maximum close to f in the 6-km simulation (Figs. 3c,
5c). Figure 5b shows the frequency spectrum for the first
five modes. Again, the first mode displays a maximum at
2f. However, the spectrum of the second mode now
displays two maxima with almost the same amplitude at
f and 2f. Third and fourth modes display a maximum at
f and a well-defined plateau at 2f. The ratio between the
energy amplitudes at 2f and f in the 2-km simulation is
respectively 0.95, 0.53, 0.44, and 0.36 for modes 2–5 (the
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FIG. 6. Vertical kinetic energyqin
the frequency–wavenumber
plane for the first four modes. The solid lines show
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
2
the dispersion relation
pﬃﬃﬃ [vn /f 5 1 1 (rn k) , vn the frequency of mode n]. The dashed lines show the resonance
wavenumber kn 5 3/rn .

maximum for mode 1 being at 2f ) instead of 0.3, 0.23,
0.21, and 0.1 in the 6-km simulation. These ratio increases, which highlight the relative energy increase at
2f in the 2-km simulation, are consistent with those related
to the wavenumber spectra and therefore emphasize the
energy increase at the resonant wavenumbers. Further
evidence of the emergence of vertical kinetic energy at
the resonant wavenumbers and frequency 2f is revealed
by Figs. 6a–d, which display this energy in the frequency–
wavenumber plane. The solid lines in these figures show
the dispersion relation for the inertia-gravity waves. All
of the kinetic energy concentrated around the dispersion
relation can be attributed to NIWs since no-wind simulations display much weaker energy in this region. The
presence of such significant energy over a large spectral
band of frequencies and wavenumbers again illustrates
the impact of the eddy relative vorticity [which quickly
reduces the NIW scales, Klein et al. (2004b)], of the dispersion mechanisms, and of the nonlinear interactions.
However, for modes 1–3 (and much less for mode 4), the
plots in Fig. 6 show a distinct secondary maximum in
regions centered at frequency 2f and wavenumber krn.
Except for mode 1, such distinct maxima are quite
smaller, or missing, in the 6-km simulation (not shown).
These secondary maxima indicate an energy source at
these specific points. These characteristics correspond
to those of the DK resonance mechanism whose

efficiency at these points (2f, krn), again, depends on the
amplitude of the relative vorticity structures with a size
corresponding to krn (see DK).
Impact of modes 3 to 5 is determinant for the frequency spectrum at 2500 m: when only the first two
modes are taken into account, the frequency spectrum
(dashed line in Fig. 5d) is strongly underestimated. It
displays two distinct peaks at f and 2f (Fig. 5d). The one
at 2f is slightly larger than that at f and is now explained
by the contribution of both first and second modes.
However, when all modes are taken into account (solid
line in Fig. 5d), the spectrum is more energetic at all
frequencies, smoother, and displays a maximum at 2f.
Thus, increasing the resolution leads to an increase of
the energy of the small scales of the NIW modes relative
to the larger ones. However, as noted before, comparison of Figs. 4a with 4b and Figs. 5a with 5b indicates that
this increase concerns, at least for modes 2–4, the spectral region centered at the resonant wavenumbers krn
and frequency 2f, which is compatible with the DK
resonance. Consequently, the strong contribution of
modes 3–5, the selective emergence of small scales at
depth (which occurs in both simulations; see also next
section), and the energy increase in the spectral regions
corresponding to the DK resonance explain the emergence of a dominant 2f frequency associated with small
horizontal scales at depth in the 2-km simulation.
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terms are nonzero when modes have not yet dispersed
(which leads to the solid curve in Fig. 7). However, when all
modes have dispersed after some time, they become decorrelated (since mode dispersion depends on their Rossby
radius of deformation); consequently, the cross terms become negligible. The resulting hw2i profile only involves the
square terms in (2), which leads to the dashed line in Fig. 7
that displays a maximum in the deep interior. Thus, as
stated by Gill (1984) and DKR, the emergence of a deep
maximum results from the mode dispersion (each mode
dispersion depending on its Rossby radius of deformation).
The arguments used by Gill (1984) and DKR do not
take into account any selective impact of the horizontal
scales on the mode dispersion. However, such impact is
known to exist (Klein et al. 2004a,b) and may affect the
cross term in (2). Moving to the spectral space, (2) can
also be written for each wavenumber as



FIG. 7. Vertical profiles of the square of the vertical velocity
when all modes are correlated (solid line) and of the sum of the
vertical modes (dashed line). The contribution of the cross term is
the difference between these two lines.

5. Emergence of small scales at depth
One conspicuous result displayed in Fig. 3a, which
persists when the resolution is increased (Fig. 3b), is the
emergence of a NIW vertical velocity deep maximum
with scales significantly smaller than in the upper layers,
although all NIW modes display a spectral maximum at
larger scales (Figs. 4a,b). We examine the mechanisms
that make these small scales to preferentially dominate at
depth and not in the upper layers since this causes the DK
resonance effects (which mostly concern small scales) to
be more significant at depth. For that, we revisit the Gill’s
(1984) explanation for the emergence of NIWs in the
ocean interior, which was also used by DKR. The DKR’s
demonstration (see their section 5b) starts with a stepwise
linear vertical velocity rms profile with a maximum at the
basis of the mixed layer (solid line in Fig. 7). This corresponds to the hw2i profile obtained when all modes have
felt the eddy relative vorticity but none has dispersed yet
and, therefore, are phase-locked and correlated (see
DKR). The expression of hw2i using (1),
2
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‘

å wn Hn

2 

n51

5
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reveals that hw2i involves square terms and cross terms
related to the correlation between modes. These cross

2

ån wcn(k)Hn (z) 5 ån jc
wn (k)j2 Hn2 (z)
1

å wcn (k)wcm*(k)Hn (z)Hm (z),

n6¼m

(3)
with b: indicating the horizontal spectral transform. As
noted before, Klein et al. (2004b) point out that all scales
associated with the eddy relative vorticity field first impact the phase of all NIW modes, which are initially
uniform, resulting in the phase of these modes matching
the relative vorticity field. Then, for each mode, dispersion mechanisms (proportional to the wavenumber
and the Rossby radius of deformation) first impact small
scales (large k), which causes a decorrelation with other
modes (because of their different Rossby radius of deformation) at these scales. On the other hand, large
scales (small k) disperse much more slowly and the
different modes remain almost in phase at these scales
(and therefore correlated). These processes still hold
with a realistic wind forcing (Klein et al. 2004a). So,
the decorrelation between modes, due to the dispersion
mechanisms, preferentially works for small scales of
the NIW and not so much for the large scales. This result
is well confirmed in our simulation. As highlighted by
Fig. 8, which shows the correlation between modes 2 and
3 [C23(k)], this correlation is almost zero for small scales
and larger than 0.7 for large scales. Examination of other
cross terms (not shown) reveals the same result.
The consequence is that the impact of mode dispersion on the cross terms is scale dependent and preferentially affects small scales (leading to zero cross terms
at these scales) but not the large scales as much (leading
to cross terms significantly different from zero at these
scales). Then, when modes have dispersed after some time,
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c2 and w
c3 , C23 (k) 5
FIG. 8. Spectral correlation between w
c*(k))/jc
w2 (k)jjc
w3 (k)j, in the 2-km simulation. Vertical
Re(c
w2 (k)w
3
lines show kr2 and kr3.

the large-scale part of the hw2i profile should resemble
the solid curve in Fig. 7 and the small-scale part the dashed
curve in Fig. 7, which would lead to a deep maximum
dominated by small scales.
This argument has been tested in the 2-km simulation
by truncating the vertical velocity so as to retain only the
small-scale part (thick solid line in the left panel of Fig. 9)
and the large-scale part (thick solid line in the right panel).
Results clearly indicate that the deep maximum is mostly
explained by the contribution of the small scales, whereas
large scales mostly contribute to the upper maximum.
More precisely Fig. 9 reveals that, in the deep interior,
contribution of the cross terms (thin dashed line) is almost zero for the small-scale part, whereas they almost
cancel out the contribution of the square terms (thick
dashed lines in Fig. 9) for the large-scale part. Thus, the
deep NIW maximum emerges because of the decorrelation between the vertical modes. However, since this decorrelation mostly applies to small scales, this maximum is
dominated by small scales.

6. Conclusions
The numerical results analyzed in this study have
allowed us to address the questions—listed in the
introduction—related to the characteristics of the deep
NIW maximum that emerges when a mesoscale eddy
field is forced by a realistic wind time series. When the
wind period forcing is long enough (15 days in the
present study) and the resolution similar to that used in
DKR, this deep maximum is explained by the contribution of the first five NIW baroclinic modes. This
complements the DKR’s study, which analyzed the NIW

FIG. 9. Thick solid line showing the (left) small-scale and (right)
large-scale part (k . ks and k , ks, respectively, with ks 5 1.3 3
1024 m21) of the total vertical velocity variance (thin solid line).
Contributions of the square terms in (3) are the thick dashed lines
and of the cross terms in (3) the thin dashed lines.

field shortly (four inertial periods) after their generation
by a wind pulse, where the deep NIW maximum was
captured by the first two modes only. As a consequence,
the NIW maximum is deeper (around 2500 m instead of
1700 m as in DKR) but is now dominated by the f frequency (instead of the 2f frequency in DKR). The impact
of the resolution on the characteristics of this deep NIW
maximum was then examined. With a high resolution, the
deep NIW maximum is still located around 2500 m with
a magnitude almost similar to that obtained with a lower
resolution and is still captured by the first five baroclinic
modes. However, it is dominated by much smaller scales
(30 km instead of 80 km) and 2f frequency (instead of
the f frequency). Impact of the nonlinear interactions
(which are better resolved) on the NIW dispersion is significant, as revealed by the frequency–wavenumber plots.
However, the spectral analysis clearly reveals an energy
concentration in spectral regions centered at wavenumbers
krn and frequency 2f. Such characteristics correspond to
those of the DK resonance that affects the first five modes
much more efficiently since the small-scale vorticity structures are better resolved. This points out the impact of
the resolution.
The next issue is what to do with these 2f internal
waves. They are, indeed, believed to be efficient sources
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for small-scale mixing in the deep ocean (Hibiya et al.
1998; MacKinnon and Winters 2005). The vertical velocity magnitude associated with these waves and their
characteristics indicate that this issue is worth addressing (D’Asaro and Lien 2000; Staquet and Sommeria
2002). In this context, besides dedicated observational
studies, numerical studies such as that of MacKinnon
and Winters (2005) using very high-resolution nonhydrostatic models should help to solve this problem.
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