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Abstract. The role played by wind-forced anticyclones in turning circulation and turbulent motions. Turbulence in
the vertical transport and mixing at the ocean mesoscale ithe ocean encompasses many dynamical scales, but at the
investigated with a primitive-equation numerical model in an mesoscale, between 10 and 500 km, the motion is quasi two-
idealized configuration. The focus of this work is to deter- dimensional and characterized by the presence of coherent
mine how the stratification impacts such transport. vortices. They permeate many oceanic regions and form

The flows, forced only at the surface by an idealized windprimarily by internal instability of the flow field along the
forcing, are predominantly horizontal and, on average, quasibaroclinically-unstable meanders of boundary currents and
geostrophic. Inside vortex cores and intense filaments, howjets, locally through the interaction of the flow with the to-
ever, the dynamics is strongly ageostrophic. pography, or as a response to the atmospheric forcing that

Mesoscale anticyclones appear as “islands” of increase@cts as eddy kinetic energy source in oceanic regions far from
penetration of wind energy into the ocean interior and theystrong currents§tammey1997 Bracco and Pedloskg003
represent the maxima of available potential energy. TheSpall et al, 2007 Wunsch and Ferrgr2004).

amount of available potential energy is directly correlated Eddies are crucial to the local dynamics and have impor-
with the degree of stratification. tant consequences on tracer dispersion, ocean stirring and
The wind energy injected at the surface is transferred ainixing processesRasquero et g12007. Their role on the
depth through the generation and subsequent straining ehorizontal motion has been studied extensively in the frame-
fect of Vortex Rossby Waves (VRWSs), and through near-work of 2d-barotropic, quasigeostrophic, and shallow water
inertial internal oscillations trapped inside anticyclonic vor- turbulence (e.g.McWilliams and Weiss1994 Provenzalg
tices. Both these mechanisms are affected by stratification1999 Bracco et al.2004 Pasquero et al2004). The verti-
Stronger transfer but larger confinement close to the surfaceal structure of mesoscale vortices and the associated mixing,
is found when the stratification is stronger. For weaker strathowever, had long been viewed and parameterized in a sim-
ification, vertical mixing close to the surface is less intenseplified manner Gent and McWilliams1995 Griffies, 2000
but below about 150 m attains substantially higher values dueintil recent findings have highlighted their role in transfer-
to an increased contribution of both VRWSs, whose time scalering wind-forced near-inertial oscillations into the ocean in-
is on the order of few days, and of near-inertial motions, withterior (Kunze 1985 Klein et al, 2004 Danioux et al.2008.
a time scale of few hours. In this respect eddies constitute a different pathway by which
inertial energy can reach the ocean interior and their con-
tribution to vertical mixing may be fundamental in main-
taining the meridional overturning circulation. In particu-
lar, cyclonic and anticyclonic eddies expel or trap, respec-

The ocean circulation is characterized by a surface windiVely, inertial oscillations as shown bigunze (1989 for
driven component, a stable stratification below the first fewduasigeostrophic flows and further investigateddanioux

hundred meters of the water column, a meridional over-€t al-(2008 in a primitive-equation setup. Following these
works, Koszalka et al(2009 have shown that in a strongly

stratified ocean the vertical circulation associated with wind-
Correspondence td: Koszalka forced anticyclones is one order of magnitude more intense
BY (inga.koszalka@geo.uio.no) than predicted by the quasigeostrophic omega equation and

1 Introduction
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Fig. 1. Domain-averaged profiles in the two configurations WS and SS, time-averaged over 100 days. From left to right: tempgrature (
salinity (S), Brunt-Vaisala frequencyN/f), and kinetic energy (ke).

exhibits a complex spatial pattern, akin to the one reporte® Numerical model
for frontal regions. At local scales, the strong and complex

vertical mixing associated with the eddies may help interpret-, this study we use the Regional Ocean Modelling System
ing recent observations of biological field3gnitez-Nelson (ROMS). ROMS is an incompressible, free-surface, hydro-
etal, 2007 McGillicuddy et al, 2007). static, primitive-equations, circulation modesHchepetkin
Here we use the idealized set-upkafszalka et al(2009  and Mcwilliams 2005 with a generalized vertical, terrain-
and h_|gh vertical feSO|UU0_”_t0 Investigate with a primitive following, coordinate system (s-coordinate). The idealized
equation model how stratification impacts the representagonfiguration implemented is similar to the one described in
tion of vertical transport and mixing with a wind-driven kgszalka et al(2009. The domain is doubly periodic, with
mesoscale eddy field. The horizontal and vertical extensionzonstant depttif = 1000 m and lateral sizé = 256 km. The
of oceanic eddies is affected by the local stratificat®mih  resolution isAx=1km in the horizontal and 80 layers in the

and Vallis 2001, 2002 Arbic et al, 2007). However, while it yertical, 23 of which confined in the upper 100 m of the water
has been shown that the ambient stratification does not affetolumn. The Coriolis frequency i = 10-4s-1.

the horizontal transport and mixing properties of mesoscale
vortices Bracco et al.2004), its influence in setting the ver-
tical ones has not been investigated in details.

In light of the recent findings on wind-forced near-inertial

In the ocean, the degree of stratification is described by the
buoyancy frequencyy (z) = (— f—) z—‘;), wherez is a local ver-
tical coordinate ang is potential density. In most oceanic re-

ilati h h f . tion that gionsN/f,which measures the relative importance of strat-
oscriiations, we have chosen a flow configuration that INSUr€S¢. iy and rotation, is greater than 1, and is typically of

a predominance of anticyclones. Dominance of ant|cyclone%rder 10 or more, with larger values attained near the surface

has been found in a number of numerical and theoretical Sofhan at depth.

lutions of the geostrophic turbulence that are representative ) ) . .
of the ocean interiorRolvani et al, 1994 Arai and Yam- Here we consider two vertical stratifications, as shown in
agata 1994 Cho and Polvanil99§ Yavneh et al. 1997). Flg_. 1 We do not apply a r_elaxatlon t(_) initially imposed
Here we consider two different vertical stratification profiles salinity and temperature profiles, and this allows us to study

and we analyze the eddy population that emerges in an idet_he effect of the presence of the vortices on the stratifica-

alized, wind-forced portion of the open ocean. We study thetion. Figurel refers to the mean state calculated over a 100-

transfer of the wind energy into the underlying flow and its day period on which we focus the analysis, and the departure

redistribution in the fluid column, focusing on the vertical oM it is briefly discussed in Sec3.1(see Fig:sc). In the
transport properties of the mesoscale vortices. following we refer to the strongest stratified case as SS and

to the weaker one as WS. The SS profile is similar to the one
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in Koszalka et al(2009 but for the absence of the mixed ity, Brunt-Vaisala frequency and kinetic energy are shown in

layer, and is representative of extratropical open ocean wakFig. 1. The dynamics is surface-intensified in both cases due
ters. As discussed iKoszalka et al(2009 a mixed layer to the chosen forcing. The stratification influences depth and
would slightly reduce the vertical velocities below the sur- strength of the energy transfers and this results in the near-
face, limiting the transfer of momentum to deeper waters,surface flow in SS being twice as strong as in WS case and

but it does not modify the general structure of the vertical
velocity field. The first internal Rossby radius of deforma-
tion, given byL, = —V<Af’>H (Vallis, 2009 is LS~ 15km
andL VS~ 11 kmt. The (barotropic) Rossby radius of defor-
mation isL, = /g H /f ~ 1000 km in both configurations.
Biharmonic horizontal diffusion acts with coefficient
Ay =10°m?*s™1 on all fields and runs, and the non-
dimensional quadratic bottom drag parameterid@-4. A
non-local K-Profile Parameterization (KPP) scherarge
et al, 19949 is used to parameterize vertical mixing. The

scheme modifies the background value of vertical mixing co-

efficient, K veoet= 108 mZs~1 in both runs, in the surface
boundary layer by employing the Monin-Obukhov similarity
theory, and in the interior by accounting for contributions due
to shear instability as function of the local Richardson num-
ber and to internal wave breaking assumed to be inversel
proportional toN. The vertical dissipation is thus function
of the system state and will vary between the configurations
The fluid is initially at rest and it is constantly forced by a
spatially-variable, narrow-band sinusoidal wind stress of am
plitude Q1N m~2, centered on the wavenumber= k, = 3,

i.e. with a radial wavenumbe = ,/k§+k§ ~ 4 and length
scaleL; ~ 64 km. This idealized forcing is used as an artifice

Y

slightly weaker at mid-depth.

The flow is dominated by the presence of coherent vor-
tices, predominantly anticyclonic, as shown by the verti-
cal component of the relative vorticity, = d,v — dyu, in
Fig. 2a—b. The vortices are long-lived (up to several months)
and undergo complex evolution involving perturbations un-
der the straining field due to wind forcing, instabilities in the
vortex cores and merging events.

The asymmetry in the vortex population in stratified flows
with small L, and finite Ro has been discussed Kosza-

Ika et al.(2009 and is linked to the straining field exerted
by vortex Rossby Waves (VRWS), which are evident in the
sub-surface vertical velocityu() field (Fig. 2c—d; the w

field is described at more length in Se8t3). As shown

by Graves et al(2006 with a weakly-nonlinear shallow-
water model, in the vortex relaxation process VRWSs lead to
a substantial weakening of cyclones and a strengthening and
re-axisymmetrization of perturbed anticyclones. The asym-
metry, quantified by the skewness of vorticity distributions
(Fig. 3a), is most pronounced at depth, and is compensated

by the presence of strong cyclonic filaments close to the sur-
face. The depth of maximum asymmetry is linked to the pen-
etration of the vortex cores, in turn determined by the strati-
fication, and is approximatel 200 m and 300 m in SS and

to maintain the mesoscale turbulence in the homogeneoug/S respectively (Figee—f), consistent with the vertical dis-

domain in lieu of the inclusion of inhomogeneous mean-flow
instability processes. It was verifiedioszalka et al(2009

tribution of kinetic energy (see Fid).
The average Rossby numbgRo) = LL| is~ 0.2 for both

that the evolution and transport properties of the simulatedcconfigurations, independent on stratification as the difference

flow do not depend critically on the detail of the forcing field
for a given radial wavenumber. The wind forcing is identi-
cal in all configurations. Radiative forcing is not included in
these idealized runs.

3 Results
3.1 Wind-forced vortices

Within the time scale of the inertial period, the wind forcing
sets up a circulation in the Ekman layer with depth approxi-
mately given bydg = k# (Vallis, 2006, where< Kv >

is the surface-averaged vertical mixing coefficient for mo-
mentum in the KPP scheme. In all ruisis about 6 m.

tionary state, on which we focus our analysis.
responding domain-averaged profiles of temperature, sali

Iwe follow Vallis (2006 and use the definition without inclu-
sion of the factor ofr. The estimates given by the normal mode
analysis (dynmodes.m of J. Klinck) give slightly higher values,
L3S ~20km andL}VS~ 15 km.

www.nonlin-processes-geophys.net/17/37/2010/

in the intensity of the flow measured Byis compensated by
the difference irL;. The local value oRq estimated by /£,
however, exceeds 2 in the vortex cores and filaments.

The r.m.s. (root mean square) horizontal velocity exceeds
the r.m.s. of the vertical velocity by at least three orders of
magnitude, and the horizontal divergenges d,u +9,v, is
at least one order of magnitude smaller than relative vorticity
throughout the fluid column (not shown). We can therefore
conclude that the motion is primarily horizontal and, on av-
erage, quasigeostrophic.

Vertical profiles of area-averaged ratio of the baroclinic
(depth-dependent) component of the horizontal kinetic en-
ergy, UsrcL, to the barotropic (depth-independent) one,
Ugar, are shown in Fig3b. At the surface the baroclinic
contribution overcomes the barotropic one by 1.7 times in the

s run, while it is of comparable importance in the WS case.

rr}'_l'he baroclinic contribution decreases with depth, reaching

its minimum in correspondence of the average penetration
depth of the vortex cores. Below the vortices the two con-
tributions remain constant, at a value slightly higher in the
SS case. Qualitatively analogous curves are obtained select-
ing only regions of the flow within and around the vortices

Nonlin. Processes Geophys. 4177 28710
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Fig. 2. Instantaneous snapshots of relative vorticity at surface (10-m depth) scaled by the Coriolis patahédefa) SS andb) WS case.
Instantenous vertical velocity field (m day 1) at 80 m depth ir(c) SS and(d) WS runs. Instantaneous vertical sectionswofm day 1)
through vortices ife) SS andf) WS, respectively.

and in the strongest filaments, with ratiod@frcL/ Usar Of

(not shown).

hibit slopes significantly steeper than? for ky <k <4km,

cascade is inhibited in our runs featuring finitg regime,
being the internal Rossby radilis smaller than the forcing ment with the results presented here.

To quantify how mesoscale vortices and submesoscale
The wavenumber spectra of the baroclinic component inflaments affect vertical transport in the ocean we first

scale Larichev and McWilliams1991).

SS and WS (Figdb) have slopes slightly steeper thiar? for

turbulence in the direct enstrophy casca@akiano and
Provenzale 2007 Smith and Vallis 2002. Note that the
higher amount of surface baroclinic energy found in the SS (e.g.Wunsch and FerrarR004 Brown and Fedorov2008.

In both runs the mean wind power per unit area WW'’ is

Nonlin. Processes Geophys., 17, 872010

case (Fig3b) appears to be concentrated at scales larger than
2.0 and 1.3 at the surface for SS and WS runs, respectivelyhe forcing; theW S configuration is characterized by smaller
L, and thus stronger inhibition of the transfers in the inverse
The wavenumber spectra of the barotropic and baroclinicenergy cascade range.
components of the horizontal kinetic energy are separately RecentlyArbic et al.(2007) considered a two-layer quasi-
shown in Fig.4a—b. Both barotropic energy spectra ex- geostrophic model to investigate the dynamics of Ekman-
damped, turbulent oceanic flows with surface-intensified
i.e. in the direct energy cascade range (below 4 km horizontastratification, and found that the baroclinic energy is spatially
diffusion dominates the spectral slopes). The inverse energjocalized at horizontal scales near while the barotropic
energy dominates the spatial average, in qualitatively agree-

analyze the conversion of energy injected at the surface by
k > k¢ in the upper few hundred meters, consistent with thethe idealized wind. The transfer of wind energy into the
behaviour of 2-D turbulence and stratified quasigeostrophicocean can be quantified by the wind power, i.e. the mean
rate of the wind work, given by the mean product of the
wind stress and the surface velocity, WW [ (tu)dxdy

www.nonlin-processes-geophys.net/17/37/2010/
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Fig. 3. Surface-averaged vertical profilgs) skewness of the ver- 00001} o
tical component of the relative vorticity, (b) ratio of baroclinic _
(depth-dependent) to barotropic component of the horizontal kinetic ‘o
. . . . (5]
energy. All statistical measures are averaged over a time period of I3
100days. =
W 1e-08
approximately 0.001 W/# as an identical wind stress forces nggg%
the circulation (Fig.5a). Such a value is representative of WS(10m)
vast regions of the oceaBfown and Fedorov2008. Due 1e12 Ws(ioom) .
to stronger surface circulation in the SS case, however, the 10 10

1
standard deviation of the two time series differs quite signif- Klrad m™]

icantly (7x10-3W/m? for SS and 4103 W/m? for WS).
The low frequency variability in the time series is associatedFig. 4. Top: horizontal wavenumber spectra of the horizon-
with the development of the large vortices that dominate thef@! kinetic energy, time-averaged over 100 days) barotropic
overall dynamics (Fig7b). (depth-averaged) com_pc_ment. The black line indicates the forcing
Only a portion of the energy introduced by the wind is dy- wavenumber(b) baroclinic (depth-dependent) component.
namically active and can be transformed in kinetic energy via
baroclinic instability. This is the available potential energy of
the system (in Joules), defined as:
2006. The vortices correspond to local maxima in vertically-
APE= 1/2///(ﬁ2/yz)dxdydz, (1)  integrated APE (not shown). They cover onhb% of the
domain area in both SS and WS runs, but they account for
where y2 = |(1/g)(dp*/dz)|, p*(z) represents the density about 65% of the total vertically-integrated APE in both
profile averaged over the 100-day period and over the horeases. Thus, given the different levels of APE, the role of
izontal domain ands(x,y,z,t) is the deviation fromp* vortices in the energy conversion increases with increasing
(Oort et al, 1989 Brown and Fedorov2008. The domain-  strength of the stratification resulting in higher levels of the
integrated APE differs quite significantly between the two baroclinic energy in the near-surface layer (FBb). A ver-
runs, being in the SS case twice as strong as in WS castcal section of the integrand of the APE through an eddy is
(16x10°J vs. 8.5¢10°J, respectively). The vertical struc- shown in Fig.5d. The surface input of APE coincides with
ture of the integrand averaged over the 100 days is shown ithe position of the vortex, where both the wind energy in-
Fig. 5b, and is reminiscent of the eddy APE structure found put and the deviation for the average density are strongest.
in Oort et al.(1989. It decreases rapidly in the subsurface The depletion in APE associated with conversion to the ki-
within the depth of the eddy penetration (F8g). This sub-  netic energy occurs in the subsurface “inside” this mesoscale
surface reduction in APE occurs when the dynamics act tacoherent structuré.
flatten the isopycnals (Fi&c), as during conversion of APE
into kinetic energy in baroclinic instability process#al(is, 2To quantify the area covered by the vortices we used the

www.nonlin-processes-geophys.net/17/37/2010/ Nonlin. Processes Geophys. 4177 2870
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Fig. 5. (a) Time series of the mean wind power per unit area WW’
in (Wm~—2). (b) Vertical profile of the integrand of the mean APE,
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tical profile of the area-averaged difference in stratificatioN=
N(t100) — N(t,) over the 100-day period upon which the analysis
is focused, scaled with the Coriolis paramefer(d) A snapshot of
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The presence of vortices and filaments may further affect
the vertical transport in two ways: by modifying the vertical
mixing coefficient used in the KPP parameterization scheme,
and by inducing a vertical circulation. These two mecha-
nisms are separately investigated below.

3.2 Vertical mixing due to the presence of the vortices

The vertical profiles of the horizontally averaged effective
vertical mixing termKv determined by the KPP scheme
(Large et al. 1994 are shown in Figéa. The mean value of
Kv does not vary significantly with stratification, being mod-
estly weaker between 100 and 200 m in the SS case, and fea-
tures a similar vertical structure in the SS and WS cases. The
constant background value f&fucoefis magnified in the sur-
face boundary layer which is estimated by the KPP scheme to
bed, ~30 m andd;, ~40 m for SS and WS runs, respectively.
Figure 6b shows a horizontal slice kv at 30 m for the

SS run. Near the surface, due to locally strong vertical shear
and reduced stratification, the anticyclonic vortices act like
“islands” of enhanced vertical mixing, and thus enhanced
transfer of momentum into deeper layers. The valu& of

that is inversely proportional to the ambient valueNgfin-
creases again below 300 m, wheveis small (Fig.1) and
conditions are favorable to internal-wave breaking phenom-
ena that the scheme aims at parameteriziceyde et al.
1999.

3.3 \Vertical circulation

A snapshot of the instantaneous vertical velocity field at 80 m
is shown in Fig.2c—d for the SS and WS cases, respec-
tively. Vertical velocities are the most intense in the vicin-
ity of the vortices and reveal a complex small scale struc-
ture. The vertical velocity variance profiles (averaged over
100 days, Fig7a) reveal that the maximum af increases
with the magnitude of the stratification. The SS case exhibits
the strongest vertical velocities close to the surface with a
maximum at about 60 m. This is related to an enhancement
of the momentum transfer within the vortex cores that are
constrained in the first few hundred meters, as inferred from
the horizontal kinetic energy spectra. Few vortices can pen-
etrate deeper and induce high vertical velocities as deep as
600 m. For weaker stratification we find smaller vertical ve-
locities close to the surface and a shift of the maximum to
deeper layers, due to the increased energy transfer in the ver-
tical. Below this maximum, however, the WS case displays
higher velocities than SS through the remaining of the wa-
ter column, with a core of high values localized between 100

Okubo-Weiss parameter OV§2— ¢2, whereS? is squared strain,
and¢ is vorticity (Weiss 1981). OW< —oow identifies vortex cores

the vertical section of the integrand in Eq. (1) (APE) for the SS caseand OW- oow characterizes the cyclonic rings around the vortices

encompassing the section through the vortex shown inZaig.

Nonlin. Processes Geophys., 17, 872010

and the strongest filaments. For a discussion on the use of OW in
QG and PE flows sed’gtersen et 3l2008 Koszalka et al.2009.

www.nonlin-processes-geophys.net/17/37/2010/
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a) near-inertial oscillations by the eddy relative vorticity that

‘ 2% shifts the phase of the oscillations by ¢/2. Such a shift,

in turn, affects the dispersion properties of the waves and
induces a growth of their amplitude (“trapping”) within anti-
cyclonic eddies, and a decrease in cyclonic regithmge
1985 Danioux et al. 2008. The reduction of the horizontal
scales of the waves due to their dispersion leads also to in-
creased energy dissipation via scale-selective horizontal mix-
ing.

Anticyclonic vortices are also associated with an increased
vertical transfer of momentum to deeper layers, and with the
emergence of a maximum i, at depth, in agreement with
4 the analytical and numerical investigation of this “chimney
%8001 0001 o001 effect of eddies” byDanioux et al(2008. In their study, fo-

Kv (m?/s?) cused on an unstable jet forced by time-varying but spatially-
uniform winds, the deep maximum was captured by the low-
est vertical normal modes. They find that the signature of
near inertial motions related to the first mode is a peak in the
frequency spectra close to twice the inertial frequengy. 2
This is consistent with our results for both SS and WS inte-
grations, but for broader peaks due to the dispersion of the
waves. The emergence of this scale has been explained ana-
Iytically using a shallow-water model iDanioux and Klein
(2008 as a local resonance in the wavenumber space that
follows the excitation by the eddy relative vorticity and in-
volves the nonlinear terma, , whereh is the free-surface.

In our fully 3-D primitive-equation model, this translates into
(udyw,vdyw) terms in the momentum equation and corre-
sponds to the “tilting term” in Eq.2) below.

Near the surface the vertical velocity is dominated by
0 50 100 km150 200 250 low(er) frequency motions. Vortices at different scale set

the spectral slope and the overall behavior of the vertical
velocities. Their contribution is modulated by the presence

for momentum for the two simulations, averaged over 100 dgys. of vortex Rossby Waves that imprint their signature at sub-

A snapshot of the vertical mixing coefficient at 30-m depth for the mema] time scalgs Wlth. a broaq peak centt_argdeétday..
SS case in fs—2. This time scale is consistent with the prediction obtained

from the dispersion relation used Koszalka et al(2009
for L} ~11-15km as in our simulations. The contribution of
the frequencies in the VRW-range is higher in the WS run
compared to theS'S run as the importance of VRWSs in the
evolution of vortices increases with decreasihg(Graves
and 500 m of depth. The overall structure of the velocity field et al, 2006 Koszalka et a].2009, leading to larger degree
variance displays significant differences in the two cases, deef cyclone-anticyclone asymmetry (Fign).
spite a relatively small change in stratification. At 200m and 600m depth the contributions of near-

The overall vertical structure of the vertical velocity field, inertial motions and VRWSs are significantly more important
including the exact positions of the depth maxima, featuresin the WS case, suggesting that mixing below the surface
a low-frequency variability strongly linked to the dynamics is strongly enhanced for reduced stratification through those
of the anticyclonic vortices dominating the flow, as indicated two mechanisms. Near-inertial waves trapped within anti-
by the Hovndller diagrams of velocity variance and relative cyclones remain stronger in the WS case at all depths (see
vorticity anomalies, shown for the SS case in Fig. Fig. 2e—f).

The frequency spectra af (Fig. 7c) reveal the presence The physical processes contributing to the vertical veloc-
of near-inertial internal waves in the deeper layers, broadly inity field, VRWs close to the surface, and near-inertial waves
correspondence to the position of the vertical velocity max-below the first 100 m, can be also identified considering the
ima in Fig.7a. The near-inertial peak is shifted towards su- w diagnostic equation derived Koszalka et al(2009 and
perinertial frequencies. This results from the polarization of
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Fig. 6. (a)Area-averaged profiles of the vertical mixing coefficent
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here repeated (see their Appendix for full derivation):

FREE SURFACE

D
w(x,y,z) =Pt
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n e 9 981 91
_fz al[w+ug+vw+w¥i|d2
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— (M| 382 4,382 | 382 ile]
fz a2|: ot tu x +v dy +w 9z dz
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n n
— [ aa[x2t1)dz— [ a2 x1t2]dz
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n Jw v n Jw du
= [ o[ 57 57 dzt [ oo 5 57 ]dz
WIND STRESS
nag| _ 0 dzc
+ z Po[ dy az:|dz
HORIZONTAL MIXING
n 3t 8%
+Zi:l,2fz Oll'AH(W‘{ + ﬁ)dz
VERTICAL MIXING
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+L Y135 32 (K”&)dz fz O‘Zay 9z (K” Bz)dz’

@)

where¢y = 0v/0dx, (o =—0u/dy, x1=0u/dx, x2=0v/dy,
a1=(f+¢) tandez=(f+¢2) "L

In both runs the nonlinear advective (or ageostrophic) and
stretching terms dominate. These two terms appear in the
form of azimuthal wavenumbéin = 4 disturbances around
the vortex cores, are strongly anticorrelated and largely can-
cel each other (seoszalka et al(2009 and their Fig. 4).
As a result, the tilting term dominates the overall pattern
of w near the vortex cores in the upper 150 m. The ampli-
tude of the vertical velocity field, however, is dominated by
the regions where the nonlinear advective (or ageostrophic)
and stretching terms do not cancel out. These three dom-
inant contributions when averaged over the inertial period
bear clearly expression of the VRWSs, characterized by a sub-
inertial time scales of 3-5 day&(aves et a] 2006 Koszalka
et al, 2009. In the upper 100 m the contribution of the ver-
tical mixing term is also significant and reaches 10 m/s, with
a spatial variability clearly related to the presence of the vor-
tices Koszalka et a].2009.

The vertical profiles of the four largest contributions in
Eqg. (2) are shown in FigBa for the SS case and for the up-

area-averaged profiles of the vertical velocity (top) and deviationP€" 500 m of the water column. Results are similar for the
from the mean r.m.s of relative vorticity (bottom) for the SS case WS integration. The vertical mixing and tilting terms, related

(dr=1day). (c) Frequency spectra of the vertical velocity at 20 m, to wave motions, are at least one magnitude lower than the
200 m, and 600 m, with vertical lines marking the inertial frequency advection and stretching terms related to the evolution of the

(fp) and twice the inertial frequency (3).
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vertical component of the relative vorticity and determined
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gies. Afraction of this input feeds into the large-scale general

a)
or— e 2 ] 0 circulation, partly removed by baroclinic instability whereby
_50} tilt ! _50} the mesoscale flow structures arise. However the pathways
T ! of its further transmission to increasingly small scales in the
-100¢ ! ~1oor ocean interior, and the role of mesoscale circulation in this
-150f i -150f transmission, are still uncertailMunsch and FerrarR004
00l ." _a00l Brown aqd Fedorq_vzoo& Near inertial mptions are the
= , most obvious candidate for small-scale mixing in the ocean,
% -250t “rbeqd —2s0f with various possible generation mechanisms.
3 _s00l : 300l Recent works point to mesoscale vortices as responsible
. for transferring wind energy into the ocean interior through
-350¢ . -3501 near inertial oscillationsunze 1985 Klein et al, 2004
400k :' _a00l Dan.ioux et al. 2008_. He.re, with a primif[ive—equation nu-
, merical model in an idealized set-up, we investigated the role
—450¢ ' -4501 8 of wind-forced anticyclones in the vertical mixing and the
_500— T _500Lai ST dependence of the (modeled) mesoscale ocean circulation on
0.0001 0.010.1 1 10 100 02 05 1 510 50 stratification, considering two different stratification profiles.

The flows are forced by an identical wind forcing and

Fig. 8. (a)Variance of one-day averaged contributions in Eqf _the resulting circulation is predomlnantly horlzoqtal, bear-
the four largest terms in the SS case in nft.WS over SS ratios ~ INg Strong resemblance to that of quasigeostrophic turbulent
of Brunt-Vaisala frequencyX), of the magnitude of vertical shear flows. The circulation is indeed quasigeostrophic on average

V@:1)2+ (3.v)2 (s), of the magnitude of the horizontal gradient in both runs, featuring smak Ro >, negligible contribu-
tion of divergence and predominance of horizontal kinetic

of w, \/(3xw)2+ (dyw)?2 (gw), and of vertical mixing (vmix) and X
I energy component over the vertical one. In the vortex cores
tilting (tilt) terms. O i L
and inside intense filaments, however, dynamics is locally
ageostrophic and the strength of the ageostrophic component
increases with the strength of the stratification.
Wunsch and Ferrari (2004) suggest that the wind driven

mainly by the horizontal dynamiésTo further illustrate the  near-inertial energy could sustain the small-scale mixing in
physical processes responsible for the differences in the vetthe deep interior, needed to resupply the available poten-
tical mixing and tilting contributions at mid-depth in the two tial energy removed by the overturning and mesoscale eddy
runs, we plot the ratio of the vertical mixing and tilting terms generation. Theoretical considerations as well as modelling
obtained for WS and SS, together with ratios of the Brunt-studies suggest that mesoscale flows could be responsible for
Vaisala frequency, and of the relative magnitude of the verti-transferring wind energy into the ocean interior through po-
cal shear and of the horizontal gradientw{Fig. 8b). The larization of near inertial oscillationsK(inzg 1985 Klein
vertical mixing term is up to 5times larger in the WS case in et al, 2004 Danioux et al.2008. Here we have shown that

a depth range of 100-300 m, due to the differences in bothmesoscale anticyclones are “islands” of increased penetra-
the profile ofKv (Fig. 6a) and in stratification. The magni- tion of wind energy into the ocean interior, representing the
tude of the tilting term, on the other hand, appears to be conmaxima of available potential energy. The APE, in turn, is
trolled by the horizontal gradients af that are expression a function of stratification and increases with it. Moreover,
of small-scale internal oscillations and are more energetic irve have demonstrated how flows dominated by mesoscale

the WS case as seen in the frequency spectra TE)g. anticyclonic vortices, through trapping and interactions with
the internal wave field, can transmit the wind energy to the

) ) _ deeper layers and increase the mixing at depth. We have also
4 Discussion and conclusions found that not only near-inertial oscillations, but also subin-
. . . . ._ertial vortex Rossby Waves contribute to the eddy “chimney
The maintenance of the ocean circulation requires energy in- ” .
B . 97 "effect” (Lee and Niiler 1998.
put_from the atmosphe_rlc V\_/"_]d field, and the wind forcing is In our simulations these physical mechanisms appear to be
gglle¥edf to b?hthe malnbdrlwr;g fge for thleggness\?czle eOI'significantly affected by stratification. We find that the verti-
|e;_s ar r?rl;n N oce?n oun da“ da(immte,r 7)'. n fs t cal transfer of wind momentum is more pronounced close to
acting on the sea surface produce direct conversion otalMoy,q, o, tace when the stratification is stronger and that pene-
spheric kinetic energy into oceanic kinetic and potential EN€lration below the first hundred meters is limited to sporadic
3The contribution of horizontal advection in the ADVECTIVE events. Differences linked to stratification are apparent when
term in Eq. (2) is at least one order of magnitude larger than theevaluating the vertical velocities and the associated mixing.
contribution of vertical advection throughout the fluid column. For the strongly stratified case, the vortex Rosshy Waves and
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their interactions with the Ekman circulation induce a more providing for spatial variability in the mixing, have any rel-
vigorous and spatially-complex field near the ocean sur- evance to the study of the ocean circulation under different
face that drives a vertical transfer of momentum and tracersglimates.
but VRWSs are weaker and contain less energy than WS be-
low the first 150 m. For weaker stratification, vertical mixing Acknowledgementsie thank Debbie Thomas who inspired
close to the surface is less intense but bete®50 m higher this W_ork while visiting Georgia Tech. Wg also wish Fo thank
values than SS due to a largely increased contribution of bot{'2udia Pasquero and an anonymous reviewer for their valuable
VRWSs, whose time scale is on the order of few days, and Ofcomments and suggestions that helped improving the manuscript.
) . . . AB is supported by NSF OCE-0928495.

near-inertial motions, on a time scale of few hours.
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