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Abstract

This is the last of a suite of three papers about the tramsitiat occurs in numerical simula-
tions for an idealized equilibrium, subtropical, eastboundary, upwelling current system sim-
ilar to the California Current. The transition is mainly ésined by the emergence of ubiquitous
submesoscale density fronts and ageostrophic circuRabout them in the weakly stratified
surface boundary layer. Here the high-resolution simaregiare further analyzed from the per-
spective of the kinetic energy (KE) spectrum shape and spestergy fluxes in the mesoscale-
to-submesoscale range in the upper ocean. For wavenumiateigthan the mesoscale energy
peak, there is a submesoscale power-law regime in the speetith an exponent close to -2.
In the KE balance an important conversion from potentialiteeic energy takes place at all
wavenumbers in both the mesoscale and submesoscale rémgesinversion is the energetic
counterpart of the vertical restratification flux and fragenesis discussed in the earlier papers.
A significant forward cascade of KE occurs in the submeses@aigeen route to dissipation
at even smaller scales. This is contrary to the inverse greagcade of geostrophic turbulence,
and we demonstrate that it is fundamentally associated twghhorizontally divergenti .,
ageostrophic) velocity component. The submesoscale dgaaprocesses of frontogenesis,
frontal instability, and breakdown of diagnostic forcedrate are all essential elements of the

energy cycle of potential energy conversion and forward K&cade.



1. Introduction

Wind-driven currents exhibit mesoscale instabilitiesd dhe resulting mesoscale eddies are
typically the flow type with the largest kinetic energy (KB)the ocean (besides the tides). The
prevailing dynamical paradigm for the oceanic generalutatton encompasses these large- and
mesoscale currents together with mixing and dissipatiangmily caused by microscale flows
(e.g., turbulent boundary layers and breaking internal waves)hiknpaper and its companions
(Capet et al. 2007a and Capet et al. 2007b; here designaRattdsand Part 1), we investigate
the near-surface submesoscale currents at an intermaedeltie— approximately defined by a
horizontal scale 0©(10) km, less than the first baroclinic deformation radius; aiealtscale

of O(10) m, thinner than the main pycnocline; and a time scal®¢f) d, comparable to a
lateral advection time for submesoscale feature by a makogelocity — as another potentially
important element of the oceanic general circulation. Quppses are to understand the origins
of submesoscale fluctuations, their flow structure and dycsmand their time-averaged eddy
fluxes both spatially and in wavenumber-space as a possibte to energy dissipation at the

microscales (Muller et al. 2005).

In Parts | and Il a set of computational simulations for aralted subtropical, eastern-
boundary, upwelling current system is analyzed for the ger@rsubmesoscale flows and un-
derlying processes that spontaneously arise once theoméaizgrid resolution becomes fine
enough. The simulations are integrated to statisticalléguim for a range of horizontal grid
resolutions fromixz = 12 down to0.75 km (i.e., cases ICC12 to ICCO; Part I) in an inner domain
of size (720 kmj embedded within a much larger eastern-boundary currenaéoim equilib-
rium with steady wind stress and buoyancy flux and open-otsdaral boundary fields. The
mean alongshore and upwelling currents are unstable aretaervigorous mesoscale eddies.
In turn the horizontal strain-rate field from the mesoscaldies energizes the submesoscale
mainly in the surface boundary layer by initiating frontogsis. This leads to submesoscale
frontal instabilities, secondary frontogenesis in thexted meanders, and coherent vortices. The

horizontal wavenumber spectrum shape seems to convergedewk 2 power laws for both
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velocity and tracers in the submesoscale range. The sulsgaeaurrents have larger Rossby
number values than the mesoscale eddies, and they shoWicgighdepartures from diagnostic
force-balance relations. They are highly intermittentwdng tails in the Probability Density
Functions for buoyancy gradient, vertical vorticity, arettical velocity, and they exhibit signif-
icant skewness in favor of stronger cyclonic vorticity ammvthward velocity, as typically arises
during surface frontogenesis. Submesoscale eddies gravigean vertical buoyancy fluke,
conversion of available potential energy into KE) that aotsestratify the upper ocean as also

more generally expected in the presence of frontogenesis.

In this companion paper we analyze the KE spectrum (Secs2ye# as the spectral KE
balance and flux through the submesoscale wavenumber r&esgs.(3-4); demonstrate the
central importance of ageostrophic currents in the forwEdcascade from mesoscale eddies
to dissipation at smaller scales (Sec. 4b); interpret thengsoscale energetics (Sec. 5); and in
summary present a conceptual model for the flow structurdsignamical processes involved
in the submesoscale transition (Sec. 6). The focus of themps on the KE balance, with
inferences about the associated available potential grimtance (Sec. 5¢) pending further

clarification of its analysis methodology (Molemaker andwWlilliams 2008).

2. Kinetic Energy Spectrum

A defining characteristic of the submesoscale transitidhesshallowing of the slope for hor-
izontal wavenumber spectra in the upper ocean in the wavbaumange greater than the
mesoscale spectral peak when the grid resolution becomastfianO(10) km (Sec. 4 of
Part 1). One-dimensional (1D) spectra for spatial flucwagiin7’, p, andu, (with the sub-
script h denoting a horizontal vector) seem to converge tdsva power-law regimec k2
that extends as far as the dissipation range at high waveensmiear the grid scale (Fig. 6 of
Part I). To set the context for the energy analyses of thipadpg. 1 shows two-dimensional
(2D) KE spectra as a function of the horizontal wavenumbegmitade,t = |k,|, after az-

imuthal integration in wavenumber-space since the fluzinatare approximately isotropic in
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x5, (Part I). The domain used for this spectral analysis (andegbent ones unless otherwise
stated) is (576 kni)(e.g., 76& grid points in the solution designated ICCO that has a gradesc
of dx = 0.75 km; Sec. 2 of Part I). It excludes the “sponge’e( open-boundary damping)
and coastal (within 50 km of the shore) regions. The velokglds have been multiplied by
the 2D Hanning window (Jenkins and Watts 1968) prior to aipglyhe Fourier transform. The
resulting spectra are then adjusted to compensate for tienea reduction (by a factor 4) due
to windowing. 360 instantaneous fields at daily intervaks grocessed to obtain an average
spectrum. This procedure is applied throughout the pamduding the cross-spectra in Sec. 3.
Spectral analyses of non -periodic fields are unavoidalbgctdd by the artificial periodization
procedure. The reduced distortion with the Hanning windod the scale separation between
the submesoscale range of interest and the domain sizeeaediability of the computed spec-
tra. Spectral stabilityis a visdomain size was checked by dividing the diagnostic domam in
4™ sub-pieces (with n=1,2 for ICCO, n=1 for ICC1), computing@sfpa over each sub-domain

and averaging them.

The different simulations converge toward an approxinyatel” shape by increasing the
energy in the submesoscale range as the resolution insteasgyreement with the 1D spectra
shown in Part I. Conversely, the KE spectral level in the meal® range remains roughly
constant with resolution. Our main focus in the remaindethefpaper is on the interpretation
of these spectra in dynamical terms. This includes a ralimatéon of the resolution sensitivity
observed over the submesoscale range. We will concentnatieeosimulation ICCO with the
highest resolution and widest £~2 kinetic-energy spectral range. ICC1 and ICC3 will also
be used to investigate resolution sensitivity. In the nextisn we analyze the spectral energy
balance in the submesoscalaange to show how it departs from the simple conception of
an inertial-cascade range in either KE or potential enstyqpe., geostrophic turbulence with

spectral slopes of -5/3 or -3, respectively; Charney 1971).



3. Kinetic Energy Balance

3a. Balance Equation

Consider a point-wise KE balance for the primitive equadion

1 1
5 atlli = —uy- (uh 'Vh)uh —uy, - wou, — — Uy - Vp+uy, - Dy +uy, - az(’fazuh) , (1)

o

where the subscript “h” denotes a horizontal vector, andorsavithout a subscript are three-
dimensional (3D). The right-side terms, respectively, lawazontal and vertical advective en-
ergy flux divergences, horizontal pressure work, horizbmiaing implying energy dissipation

(left unspecified for now), and vertical mixing that comtsmvend work and energy dissipation.

We manipulate this balance by spectrally decomposing it reispect to horizontal wavenum-
ber and averaging it with time and also vertically betweeanlével: = 2, and the free surface

elevation¢. This yields

— -

T = / Re [—u};-(uh-V)uh —uwow, — —up-Vpp + up-Dy, + up-0.:0,uy, | dz

C_ZO 20
= Ap + A + B+ R+ V,

o

where the left-side time-tenden@yis defined by

1 ¢ e~ ty
T = 2= =1 /ZO Re [uj uy | § dz . 3)

The symbols in the second line of (2) denote the differentrdauting terms in the spectral

energy balance, and they are aligned under their definingtgyuaEach of the terms in (2) is a
real-valued function of the horizontal wavenumber, and wkanalyze them by azimuthally in-
tegrating ink shells. The overbar denotes a time average over the diagimistvalt, < ¢ < ;.
The caret is a horizontal Fourier transform after removimgareal mean and employing a Han-
ning window functionH,, that has the effect of suppressing the advective horizdaahdary
fluxes. The symbdRe denotes the operator that selects the real part. Chooegiofithe order

of the boundary layer depth (we usg = —45 m) in (2) a priori sets an adequate framework

(2)



to study upper ocean KE transfers. However, there are dediffreulties (other than the win-
dowing distortion; Sec. 2) in implementing and interprgtthe diagnosed balance, and these

are discussed in the remainder of this section.

The KE changes due to horizontal and vertical momentum adwvem A, and A,, re-
spectively, are not explicitly computed by ROMS whose 3Deation operator is in flux form.
Furthermore, horizontal dissipatiboccurs as part of the discrete, upstream-biased operator

(Shchepetkin and McWilliams 1998). Therefore, we have
Ay + Ay =FY - R+ F, =F, @)

WhereF,E“) and F, represent the co-spectrum af with the horizontal and vertical advection
components estimated from the flux-form advection schefeand A, are diagnosed using
centered, second-order, non-dissipative discretizafioran be estimated @ — F," — F\“",

cen)

where F), is analogous toF,E“) but with the advective term computed using a centered,
second-order, non-dissipative, flux-form scheme. We detiad sum of the conservative, ad-
vective, spectral-energy fluxes ly. We verify below that our numerical implementation ap-

proximately satisfies (4).

Ay, and A, account for both spectral energy transfer within the donaaid also the energy
flux through the 3D boundaries. With a tapering window thagégto zero at the lateral edges
of the domain, the horizontal energy flux artificially varestbut the windowing interferes with
incompressibility. We judge this effeca posteriori to be secondary to the wavenumber transfer
in A, (Sec. 4a). The results fot, are somewhat sensitive tg in the range x 10~* rad nr!
< k <7 x 107*rad n! where vertical advection yields a significant input of kinetnergy
but only in the lower portion of the boundary layer and thelB)meters below it (Fig. 2). By
choosing, deep enough we ensure that the vertical flux throughz, is not a dominant effect

and thatA, is primarily another means of spectral energy transfer agneavenumbers. Most

1n the general case this islevel dissipation in ROMS, but our configuration here hasaglibttom, hence
horizontalo-levels.

2An alternative approach consists in periodizing the fie$é analyzed by two mirror symmetries; this
amounts to performing a Discrete Cosine Transform (DCT;iBet al. (2002)). However, a DCT also alters
the incompressibility properties in two of the quadrantsagied by symmetry.
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importantly, the general conclusion about a forward spééux of KE (Sec. 4) holds at any
depth in the upper ocean, hence is insensitive to the chbieg dhe location of that forward
flux in k£ is also not very sensitive tg, becaused,, is only weakly sensitive ta, and tends to

dominate over,,.

The horizontal pressure work, can be decomposed into 3D pressure warl &nd con-
version of potential to kinetic energ¢’§ using

1, — 1 -
——u, ‘Vpp = ——ua"-Vp + wb (5)

o Po
Only the sumP, = P + C appears in (2), but to distinguish P from C we separatelyutaie
C by

¢— 2o

If the integral were from top to bottom? would be identically zero. With our upper-ocean

C = ! /CRe[@*Z] dz . (6)

integration interval P amounts to an energy transfer through the surfaee z, by pressure
work being done on the fluid at this lower bounding surfaceaiAg, was chosen so that the
pressure flux out of the control volume could be safely nagkkat least in the submesoscale
range (Fig. 2). Note however that this term plays an impantale to redistribute KE within

the upper ocean. In contrast(k) is a KE source whose wavenumber integral is unrelated to a

boundary flux.

Finally, V' is the combination of energy dissipation by parameterizedical boundary-
layer turbulence, vertical diffusive flux through= z, (which is small since: nearly vanishes
below the boundary layer, Fig. 2), and generation/disspdty wind work. Wind work occurs
at scales even larger than the mesoscale since the stresis fsteéady in time and smooth in

space. Thusy is expected to act as dissipation within the submesoscadgera

3b. Balance Results

The spectral energy balance (2) is plotted twice in Fig. 3HerlCCO simulation in the subme-

soscale wavenumber rangésy> 6 x 10~° rad nt! (top) andk > 3 x 10~* rad nT! (bottom), in
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order to be able to use different ordinate scales. The bal@sidualice., res= F+ P,+R+V)

is also shown. The time tenden@yis negligible and unable to explain the residual over the
submesoscale range. By storing on-line all terms entehegmomentum budget over a re-
duced period of one month, we were able to relate the residutile momentum discrepancy
associated with barotropic mode-splitting in the time gnétion of ROMS (Shchepetkin and
McWilliams 2005), which is not employed in our discrete diagtic analysis of (2); in prac-

tice, this discrepancy is small enough to be neglected.

We now assess the sampling accuracy of these spectral ebal@yce estimates. As al-
ready discussed (Sec. 4 of Part 1), the mesoscale compoheut simulations has only a few
realizations over the one-year analysis period, so it isfulbt representative of the range of
equilibrium behavior. The submesoscale energy spectruiritarbalance terms are therefore

likely to vary in quasi-equilibrium with varying mesoscdields.

To assess the degree of uncertainty in the spectral balaticea¢e , Fig. 4 shows'(k), +
its root-mean-square (RMS) fluctuation amplitude (comiplarto /" itself for k < 3 x 10~ rad

m~1), together with the sampling uncertainty defined as

+ RMS(k) (k) _ " RMS(k)

tf_tz’ \/]{ZUo(tf—ti)’

wherer (k) is the correlation time at wavenumberWe further consider that(k) is a function

of k itself and of an advection velocity, associated with the larger-scale flove,, we suppose
that submesoscale activity is intimately tied to its meatesenvironment and therefore evolves
on a time scale associated with mesoscale advection. Withieat valuel/; = 0.1 m s'! the
sampling uncertainty is larger than or comparablétdor £ < 6 x 10~° rad nT* (i.e,, near the
lower-k edge of the submesoscale range). We therefore have exdhidddw-k range from

Fig. 3 and its discussion. If instead we use a local eddyettgntime forr (&),
icp(k) = KUK = K2 KBR)]™ ~ k12, ©

leads to a somewhat less stringent wavenumber range testritNote finally that, within the

analyzed submesoscale wavenumber range, the spectrgydraance is not very sensitive to
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the Hanning window function, but the diagnostic energy bedeat larger scales does exhibit an
important sensitivity 1f.b., Hanning-window effects are further discussed in Sec. 4usTkve

conclude that the submesoscale spectral energy balanag i® i credibly estimated.

At all scales a dominant term is the conversion from potémsikinetic energyC. C'is
robustly positive and should be thought of as the conseguehgrincipally frontogenesis,
both as induced by mesoscale straining (Sec. 2 of Part Ilparidrther enhanced by baroclinic
frontal fluctuations (Sec. 4 of Part 1l). The lower-bound#inx P is a weak sink of KE in the
submesoscale range whereas it is a source of KE at mesogcalets as a sink at smallér
and a source at largés, consistent with a forward transfer of KE from larger scatesmaller
ones within this submesoscale range. The decompositiortorizontal and vertical advection
componentsd, and A, (Fig. 5) shows important differences between thénresembles most
closely A, indicating its dominance ovet,. In particular, the wavenumber range whetg
and I’ acts as a source is much narrower than that4gr In the middle of the submesoscale
conservative dynamical regimé (= 2 x 10~* rad nt!), C' > 0 is balanced primarily by a
depletion of energy at thdtthroughA; < 0 and also by the vertical dissipation tefim< 0;
I.e., the main balance is

C~ —A,—V. (8)

The possibility of a KE inertial range is rejected since ituMbbe characterized by’ ~ 0.
Dynamical time scales.g., eddy-turnover times) are about five days in this regime @ab!

As k increases the KE sink associated with lateral momentunnmiXiprogressively becomes
comparable to that associated with vertical mixifg.( For & > 1073 rad nT!, both A;, and

A, are positive and become comparabletoThe energy balance here is between conversion
and advection as sources and dissipatiBn{ V') as the only sink. In this highk-range the

approximate spectral energy balance is
C+A~ —-R -1V, 9)

with C; A > 0 andR, V < 0. The associated dynamical time scales decrease strontyly wi

k(eg., atk = 4 x 10~* and8 x 10~* rad nT! in Table 1), reflecting the shape of the energy
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spectrum (Fig. 1) a& increase$ The eddy turnover timerk (k) in (7), also has values of a

fraction of a day at hight, similar to the other dynamical time scales.

These short submesoscale time scales can be comparedngtbftéays for the mesoscale
regime. Their shortness is consistent with achieving gagqasilibrium submesoscale energy
balance (Fig. 4) even in the presence of slowly varying mesedields. The shortness is also
a considerable practical obstacle to detecting submelsofgzdures from measurements made

in the presence of inertia-gravity waves with comparabtestscales.

4. Spectral Energy Flux

4a. Estimation Procedure

Further insight into the KE transfer is gained by computing KE spectral fluxi(e., energy
transfer rate ink space). This is done by integrating the advective enerdgriba terms irk

and assuming that the flux vanishes at the highest wavenumher
kmaa:
T(k) = / (An+ A, Vdk. (10)
k

The spectral fluxI is shown in Fig. 6 over the wholg range for several simulations with
different horizontal resolution. Due to the open boundarsme net energy input or output is

possible, and we formally split the flux as
H — Ht _'_ Hb7

wherell, represents energy transfers inside the domainlanenergy flux through the bound-
aries. The shapes dff, andA, in Fig. 3 imply thatll > 0 in the high% range. This positivél at
high k is probably a conservative estimate of a genuine forwardggneascadel, > 0 within
the submesoscale range, based on the following considesatiFirst, if anything, the open

boundaries should be a sink of highKE because the submesoscale activity is non-existent in

3An exception isr4 (k) going from4 x 10~* to 8 x 10~* rad nT! in Table 1 because the latter value happens
to coincide with the zero crossing (k).
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the lateral boundary conditions, and it is much weaker bigntee boundary layer (Sec. 4 of
Part 1); this effect would makél, < 0 andIl; > II > 0. The excluded coastal upwelling
zone could be both a location of importdiit > 0 as well as a source of submesoscale energy
for the lateral interiori(e., contributing toll, > 0 for our analysis domain). To check this we
performed a spectral analysis for ICCO within an even mostrieed 512 domain that is well
separated (by 200 km) from the coast with respect to a typidaéctive velocity and lifetime
of submesoscale structures. The resulting advectivellliras a similar k dependence as the
one represented in Fig. 6 but with a magnitude reducee:[50%. This is at least partly be-
cause the submesoscale activity level weakens somewhatlistance from the codstSo we
conclude thatl; > 0 is not overly based on the behavior in the near-coastal negtanally,

to assess the degree to which our results depend on windpthim@nalysis domain for ICCO
was evenly subdivided into four and sixteen sub-domainsaanadvective flux was computed
by averaging the fluxes obtained over each sub-domain (ctadpa a way analogous to that
for the full domain, including Hanning windowing). The sil#lg of II vis a vis domain size

(Fig. 6) indicates the absence of spurious tapering effect.

Independent of resolutiod] changes sign at an intermediate wavenunigewithin the
submesoscale range sindg becomes negative at largemithin the submesoscale range. No-
tice thatk; changes only slightly with resolution from ICC3 to ICC1 arat hetween ICC1 and
ICCO (krr ~ 2 x 10~*rad nT!), although the magnitude @f does increase significantly with
increasing resolution (Fig. 6). The range with< 0 extends into the mesoscaleaange, and
it indicates an inverse KE cascade toward larger scalesjstent with geostrophic turbulence.
Because of the large sampling uncertainty and the likelihmica significantll, component at
larger scales (distorted by the windowing), we hesitatereavdany strong conclusions about
the efficacy of a mesoscale inverse KE cascade in our sofytadthough our results indicate it
does occur to some degree (in agreement with the more relegtimate by Klein et al. (2008)

for a periodic domain).

4The same is true for the mesoscale activity both in our sitiaria and more generally in eastern-boundary
currents (Marchesiello et al. 2003).

12



4b. Ageostrophic Velocity and KE Flux

We now assess the degree to which balanced and unbalantedfgae flow (Sec. 5 of Part I1)
contribute to the submesoscale forward kinetic energyadesc For this purpose we make a
Helmholtz decomposition of the horizontal velocity into @rizontally non-divergent part and

its divergent residual:

u = w +wz = uy, + (ug + wz),

Vh-uhT:(J and 2~Vh><uhd:O. (11)

The geostrophic velocity is

so its velocity is horizontally non-divergent. Hence it ickided from being part ofi,; and
must be entirely contained withu,,.. However, a higher-order diagnostic force balaneg.(

gradient-wind balance) can be partwjf; as well asuy,.

KE spectra associated with this decomposition are plotteig. 7. It is clear that the
largest contribution is frona,., hence possibly fromy,,, even extending to high wavenumbers.
In contrast, the contribution from,,, even when added to the ageostrophic vertical velocity
contribution, is relatively small. This holds even thouglere are important local breakdown
events for diagnostic force balance (Figs. 18-20 of PartTlhe ageostrophic fraction is rela-

tively smaller in the mesoscale range, but it is still smallhe submesoscale range.

By analogy with (10), we define the spectral KE flilx,. associated with only the horizon-
tally non-divergent velocityi(e., based on calculated,, in (2) with u,, replaced by,.). 11,
I1, and their differenceife., the energy flux involving the vertical and horizontally digent
part of the flow) are plotted in Fig. 81,, almost entirely lacks the forward energy cascade at
high k£ that occurs iffll > 0, although it does account for the greater part oflthe 0 behavior
at low k. Thus, the divergent, ageostrophic flow component is esddat the submesoscale

forward KE cascade, even though it represents only a sna&lliém of the velocity variance.
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5. Discussion of Submesoscale Ener getics

5a. Resolution Dependence

As already mentioned in Sec. 2, the KE spectra for our diffesmlutions strongly suggest
convergence with resolution for KE (also Fig. 7 of Part | ahd telated discussion). This
is in apparent contradiction with the fact that the totalgmial energy conversion|, C' dk,
significantly increases with resolutiond, a 30% increase from ICC1 to ICCO and nearly a
doubling from ICC3 to ICCO; Fig. 9), because of additionatirioutions toC' in the expanding
wavenumber range where frontogenesis is occurring. Theneation is because a conver-
gence ofl” + C' occurs even a§” andC' each continues to increase withx. This is shown in
Fig. 10, where the vertical dissipatidn balances the extra energy source from converéion
This compensation is reminiscent of that for the heat baawithin the boundary layer where
increased advective vertical heat flux divergence withltggm is balanced by an increase in
vertical mixing (Sec. 7 of Part I). The limiting magnitude 6f+ C' is probably dependent on
our parameterized vertical mixing scheme (KPP), althoughpgresence of an advective KE
forward flux seems robusiis a vis boundary layer parameterization (Molemaker et al. 2007;

Klein et al. 2008).

Figure 9 (top) shows that the total amount of horizontaligestson has also approximately
converged byAz = 0.750 km, since the smalt values of— [, Rdk are nearly the same for
simulations ICC1 and ICCO. However, the horizontal dissgrarange is displaced toward
higher k when resolution increases. At the finest resoluti@net conversior(;’ + V' in Figs.

9 (bottom panel) and 10, still overlapskrwith the horizontal dissipation range to some extent,

but R is compensated there almost entirely by the advectivefltiXThis means that our sim-

5In Molemaker et al. (2007) and Molemaker and McWilliams (@0Ghe high horizontal resolution allows
for a lateral shear instability that limits the frontogenetcale. At even larger, C' ~ 0, and a forward energy-
cascade inertial range develops with KE and available piadeznergy spectra- k=°/3. This differs from our
simulations where the frontal scale has not converged \eiblution, and the dominant frontal instability type is
baroclinic (Sec. 4 of Part I1). In Klein et al. (2008) a bain@ally-unstable, upper-ocean jet yields an advective,
forward KE flux within the submesoscale range in the absehagmospheric forcing or a boundary-layer mixing
parameterization.

5The mismatch between thié and R curves in ICCO fork > 103 rad nT! arises because the pressure flux
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ulations are approaching a scale-separation between th€mjection by potential-energy
conversion and the lateral dissipation. Therefore, it sesrasonable to conclude that the am-
plitude of the forward KE cascade (the maximum valudlof> 0 in Fig. 9 (top) has nearly
converged and that a plateau fowill emerge with a further resolution increase. If so, thea t
spectrum slope should shallow towards and energy inedise shapey £~>/2. Solutions at

even finer resolution would be needed to verify these points.

5b. KE Spectral Sope

The KE spectrum for ICCO (Sec. 2) s k=2 across the resolution range for our simulations,
although the energy balance discussion in Sec. 5a suggasthis wavenumber range may be
nearing its end at our highest resolution. Whether or nat iththe case, the spectral balance
analysis demonstrates that classical inertial range iledeveloped for homogeneous 3D or
2D and geostrophic turbulence do not apply within our suloseale range. Most importantly,
the spectral budget (Sec. 3) shows that KE injection ocotegsawidek range. Following Klein

et al. (2008) and keeping in mind that ageostrophic velogigance is small (Sec. 4b), the
surface KE spectral shape may be seen in the light of surfaagigeostrophy theory (SQG). In
SQG surface KE does not have an inertial range (Capet et@8) 20ut it nevertheless does have
a~ k% spectral shape. This is because the surface buoyancy deeaminertial range, and
its power spectrum is by definition identical to that for sicé KE. An alternative interpretation
compatible with a~ k=2 shape would emphasize the presence of horizontal veloeigy-n
discontinuities in relation with frontogenesis near theart surface (Boyd 1992). Instances of

such discontinuities associated with the density frordéssaen in Fig. 15 of Part II.

P is also increasingly effective at transferring energy belbe boundary layer. This mismatch disappears if one
integrates deepeg,g., takingzo = 60 m.
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5c. Total Energy Budget

A remaining issue is the identification of the larger-scalergy source that is tapped into by
the increasingly effective submesoscale-driven disgipan the upper ocean. Eastern boundary
systems such as our ICC have a leading order energy balatwedrewind forcing (a source)
and outward boundary flux (a sink) (Marchesiello et al. 2003ad et al. 1991) which makes it
difficult to track down the effects of comparatively smalbciges in dissipation. Therefore we

limit ourselves to a qualitative discussion.

Computing the wind work in a way that is consistent with ouecpal-balance estimates,
we find values around x 107 m? s73, i.e,, a depth-integrated energy input of arouid =
1.8 x 10~" m? s~ into the upper layer abovg. The changes ifii’ with resolution are below
6% of W, i.e, they are most likely within the estimation uncertainty. Mimsportantly we find
Wicco < Wices < Wicer. This and the fact that the wind-work is confined to the lowest
wavenumbers (because the wind field is quite smooth) inglitadt the wind work does not

directly influence the KE balance at the submesoscale.

On the other hand, the wind (or some other form of sustainedggnnput) is essential to
the maintenance of submesoscale activityin fact the changes in the KE balance with res-
olution due to increasing potential energy conversion yraosd accompanying change in the
potential energy balance where the conversion is an energyBhis sink has to be accommo-
dated somehow by an increased source. Without gettinghetdetails of the potential energy
balance here, the boundary-layer heat balance (Sec. 7t Panvides a useful guide to what
this source must be. As resolution increases the increagstratifying vertical heat and buoy-
ancy fluxes associated with submesoscale frontogenesmirgeracted by increased vertical
turbulent flux acting to diminish the upper-ocean strattf@a with the net result being only a
moderate increase in stratification of the mean state. Tinamced mixing within the boundary

layer is an added source of potential energy.

7If wind stress is shut off in our solutions, rapid depletionsabmesoscale variance and restratification of
the previously mixed surface layer occur over a period ofsgahereas mesoscale variability persists over many
months. A similar result is shown in Molemaker et al. (20G)the spin-down of a vertically-sheared flow.
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Because the integrated energy input by surface buoyancgsldges not change apprecia-
bly with resolution in our solutions these do not provide ppraciable source of energy for the
submesoscale. This may not be the case in solutions forcathigspheric fluxes with synop-
tic variability, because then the restratification tengemesociated with submesoscale activity

would translate into SST and air-sea heat flux changes wsthiugon.

Finally the increased, larger-scale energy source mayaste from increased boundary
fluxes on the scale of the regional circulation. Indeed thenpygline structure for the incoming
flow is approximately that of the ICC12 simulation withr = 12 km, i.e.,, somewhat less
stratified and with higher potential energy in comparisothwvtine horizontal interior region in

the ICCO simulation withlz = 0.75 km (Sec. 7 of Part I).

This indicates that the potential energy sink by submes$escaversion in the upper ocean
is balanced by a combination of lateral boundary flux andearimixing. We expect the former
source to be associated with smialbecause of the smooth boundary data. The latter is also
acting at smalk, as we have verified by computing - az/n&\zp (it is intuitively consistent with
a large scale increase of upper-ocean stratification duketaiibmesoscale transition). This

would imply a forward potential energy cascade to connedhésubmesoscale conversion

sinié.

5d. Large-Scale Energy Depletion by Submesoscale Activity

We can compute several estimates that illustrate the stgnife of the submesoscale energy flux
cascade for the larger-scale dynamics. First, the wind warkbe compared to the increment
in KE dissipation associated with submesoscale activgy,e,., = — f [ (V 4+ R)icco —

(V 4+ R)rces | dk, the added dissipation when going from 3 to 0.750 km in regmiu The

8Available potential energy is the dynamically relevant gament of potential energy, and its balance is closely
related to the buoyancy variance balance (Winters et al519%e have verified that the advective analoglah

the latter balance,
_ kmaa 1 S a1
II(k) = — b* V)b | dz » dk
(k) /k C—Zo/zoRe[ (uhV)} z ,

does robustly show a forward spectral flux in our simulations
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ratio e, /W is about 0.05. Although small this number suggests that wimetgy dissipation

associated with frontal activity is probably not unimpaittéor the surface-layer energetics.

Second, a decay time scdlg for the mesoscale depletion is defined by the ratio of the

total energy associated with the surface mesoscale veleeitay,2 x [ KE dk ~ 102

10-5
m? s~2, where the factor of two accounts for available potentiargy, assuming approximate
energy equipartition (Charney 1971) — by the energy disgpaassociated with the subme-
soscale, say = — [, ,—s(R+ V) dk ~ 1.2 x 10~ m* s~ (for ICCO). It yieldsT, ~ 11 days,
which is comparable to or even shorter than a typical meseschly-turnover time. However,
this estimate is based on upper-ocean quantities, andighsignificant mesoscale energy be-
neathz = z, but not much submesoscale-induced dissipatan, (Fig. 2 and Sec. 4 of Part I).
This suggests that submesoscale-induced dissipatiordvemtlllike a top-boundary frictional
process and require a mesoscale vertical energy #uy, Oy pressure work) to redistribute
mesoscale energy. Taking into account that submesoscalestly confined within a 30-40

m layer whereas mesoscale energy spreads at least withupger 200 m yields a somewhat

longer mesoscale energy depletion time s@gle- 80 days.

Third, an “effective eddy viscosity” provided by the submssale energy flux acting on
the mesoscale reservoir can be estimated in two differegs Wi one assumes the flux arises

primarily from mesoscale horizontal shear, a natural seatamate is

el _ €
h < (Vu')? >

where the prime indicates a low-pass filtering that seldssiesoscale fluctuations (Sec. 6 of
Part 1) anck is the dissipation of energy occurring in submesoscaleweglefined above. This
yields y,(ff D ~ 80 m? s~! for ICCO. An alternative is an effective vertical eddy visty based

on the mesoscale vertical shear,

pleff) — ¢ '
v < (0.u')? >

Because mesoscale currents are approximately in thermaldalance, the denominator can

be replaced by /(po f) < (Vp')? >. The result ig ") ~ 10-2 m? s~L. (For the coarser-grid
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simulation ICC3, analogous eddy diffusivity estimates seller by a factor of about two.)
Both these diffusivity values are much smaller than theisaseale counterparts, which are the
effective horizontal and vertical eddy viscosities cop@sding to the mesoscale effect on the
mean flow, whose approximate magnitudes dreand 10~ m? s7!, respectively (Gent et al.
1995). Thus, although the direct effect of the submesoscatbe mean currents is smaller than
the mesoscale effect, the submesoscale effect is likele tonportant for mesoscale currents

(with their much larger shears than the mean currents’).

5e. Observational Comparisons

It is becoming increasingly evident that the upper-oceansigéctrum derived from satellite
measurements is much shallower than expected from gebstrapbulence theory. Le Traon
et al. (2008) finc~ k—°/3 for the velocity spectrum in three regions with energeticsoseale
activity. Although this has appreciable estimation uraiety and is only shown for scales down
to 15 km, it does tend to support the presence of energetit-smeaoscale and submesoscale

activity in the upper ocean.

The actual role of this activity in terms of energy transtedifficult to assess from obser-
vations. For several regions of the South Pacific, a forwaktgy cascade range is shown by
Scott and Wang (2005). However it arises from altimetry meaments of sea level, hence sur-
face geostrophic velocity. Furthermore thHir> 0 range extends to much lower wavenumbers
of k ~ 5 x 1075 rad nT! compared to our lower-limiting value &f ~ 3 x 10~* rad nT*, and
the magnitude ofl > 0 is at a level of about a quarter of the magnitude oflthe 0 values at
larger scales. Thus, it is unclear if the forward cascadegnkin these observations occurs for

the same reasons than in our simulations.
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5f. Summary of Submesoscal e Energetics

The KE in the submesoscale range is generated primarily bsnfial energy conversio@'.
The cause of the potential energy conversion is transfoomaif mesoscale energy into the
submesoscale regime through frontogenesis initially cediuoy mesoscale straining (Secs. 2-
3 of Part Il) and reinforced by frontal instabilities domiad by baroclinic energy conversion
(Sec. 4 of Part Il). The associated KE input occurs mostliiwithe submesoscakerange, and
part of it is further transferred to smaller scales by adweect’ in a forward energy cascade
(i.e, IT > 0) that fundamentally involves the ageostrophic flow. At l@ghresolution KE

is dissipated primarily by vertical sub-grid scale eddyfudifon V. At smaller wavenumbers
abutting the mesoscale range, the KE spectral flux is in trexse sense.g., I[1 < 0), consistent
with the expectations of surface quasigeostrophic turimdgCapet et al. 2008), and there may
also be an increase due to mesoscale KE flux through the opedanes. This energy balance

maintains the relatively shallow submesoscale KE spestiabex k2.

In the available potential energy balance, we infer thatrtbeease o’ with finer resolution
(aloss) is balanced by an increase in vertical mixing wottkesurface boundary layer (a gain),
as well as probably an increase in the lateral boundary fluketegional scale. A forward
advective flux of available potential energy must be coringdhe sources at low and the

sink C' at highk, and a similar spectral balance occurs for buoyancy vagianc

6. Discussion of Submesoscale Structure and Dynamics

In this suite of three papers we analyze the submesoscalgttoee in numerical simulations
of an idealized subtropical, eastern-boundary, upweltungent system with increasingly finer
horizontal grid resolution. In addition to the mesoscaldieslthat arise from a primary instabil-
ity of the alongshore, wind-driven currents, significaneéey is transferred into submesoscale
fronts and vortices in the upper ocean. The submesoscalentsirarise through surface (pri-

mary) frontogenesis growing off upwelled cold filamentstthee pulled offshore and strained
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in between the mesoscale eddy centers. In turn some subcaés@rents become unstable, and
a secondary stage of frontogenesis takes place in the tyi@hthe developing submesoscale
meanders. Such instabilities ultimately lead to the foramedf small scale filaments and roll-up
vortices, or they stabilize at finite amplitude probably enthe influence of mesoscale strain.
Submesoscale motions have much larger vertical vortieggtjcal velocity, and horizontal den-
sity gradients than their parent mesoscale, and these éghibit substantial intermittency and
skewness (favoring cyclonic vorticity and downward vetgri The submesoscale horizontal
currents approximately satisfy geostrophic balance, bgtons with strong vorticity have a
significant cyclostrophic force, and even the more gendegjribstic force balance fails near
strong fronts and during episodes of vigorous frontal ingity. Both primary frontogenesis
and frontal instability (through secondary frontogengsigolve a strong vertical eddy buoy-
ancy flux that acts to restratify the upper ocean and conegetrpial energy to KE. This in turn

leads to a forward KE cascade toward microscale dissipation

On the basis of our simulations, we presently understanglhee of the submesoscale
regime transition in the general circulation as depicte#igm 11. In a broad sweep the sub-
mesoscale receives energy from the mesoscale and transioitsven finer scales where the
influences of rotation and stratification weaken and theuterice approaches the classical 3D
isotropic regimeen route to dissipation. More precisely, the principal mode of egdrgnsfer
into the submesoscale in our simulations involves a dowadta of available potential en-
ergy that feeds the conversion process from potential grier&E. Frontogenesis — initiated
by mesoscale straining and reinforced by submesoscashihit in the upper ocean — is con-
sistent with this energy pathway. The present simulatiomsa limited in resolution to directly
characterize the anticipated 3D isotropization proces®bth frontogenesis and submesoscale

instability should provide a route to dissipation.

The integrated potential energy conversignC' dk, will continue to increase with model
resolution as long as frontogenesis continues toward smsdiales and the dominant frontal

instability type hasvb > 0 (as in our simulations; Sec. 4 of Part Il). In our highesitagon
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case (ICCO withAz = 750 m), the frontogeneti€’ is about four times bigger than the frontal
instability C' (Fig. 14 of Part 1), and the vigor of the frontal instabilitgpidly increases as the
resolution is enhanced (Fig. 4 of Part I). The ageostropticsiiectrum can be extrapolated
in k to intersect the extrapolated geostrophic spectrum (Fjgata scale of—! ~ 250 m.
This suggests that the cross-frontal scale will be arresté2( 100) m by sufficiently vigorous
submesoscale instabilities, including both horizontalgandering ones fed by potential energy
conversion withP K. « wb > 0 (i.e,, baroclinic and anticyclonic-ageostrophic instability
types; Sec. 4 of Part Il) or, more likely, some other types Wil prevent further increase af’:
centrifugal instability fed by the negative potential voity generated near down-wind fronts
(Sec. 3 of Part Il); Kelvin-Helmholtz instability fed by ettg submesoscale vertical shear at the

base of the boundary layer; or a stronger lateral shearaiitya

In our solutions a conversion increase with resolution matyhave a major impact on the
submesoscale forward advective KE flibgiven the compensation betwe€mandV” (vertical
dissipation) demonstrated in Sec. 5a. Whether or not thisesase, we expeti to become
approximately independent &f(i.e., A will be zero) for a resolution somewhere between that
of ICCO and~ 100 m (when [ C dk will cease to increase, as explained above). In this concep-
tual picture there is no obvious generation of, nor couptmgnertia-gravity waves, although
unlike the ocean our simulations lack an independent sdarcaich waves and so may under-
represent their importance. Sorting out the energetictfaning of the system at higher resolu-
tion, and exploring its sensitivityis a vis vertical dissipation parameterization and presence of
synoptic scales in the forcing (as a source of inertial tetadns, inertia-gravity waves but also
as a way to let frontal processes produce net restratifitatipen important follow-ups to this

study.

Our simulations indicate several important roles for subnseale currents that need to be
parameterized in more coarsely resolved models. Thesada@n enhanced vertical restratifi-
cation flux in the upper ocean (with the consequence of redutie turbulent boundary layer

thickness; Sec. 7 of Part I) and an enhanced route to digsipirough potential energy con-
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version and forward KE cascade. A prototype parameteandtas recently been proposed by
Fox-Kemper et al. (2007) that attempts to include the fornrddthough the underlying prin-
ciples are quite generic, its calibration relies so far om shmple case of a mixed layer front
that restratifies as it develops submesoscale instabili@er simulations could provide a more
complete testbed for such parameterization ideas, butfipgtter sense is needed of whether
the submesoscale transition is widespread in the oceame &he limited observations that sug-
gest it is so, especially in the upper ocean (Sec. 8 of Pdfulther measurements are needed,
of course, and further modeling studies can be useful. Amgka of the latter is an investiga-
tion of the turbulent equilibrium dynamics of Eady’s flow tvé&a much deeper vertical structure,
absence of well-mixed vertical boundary layers, and haoii@chomogeneity (Molemaker et al.
2007). In these simulations an unambiguous demonstrasionade of a total (kinetic plus

potential) energy forward cascade as the final stepoute to dissipation.
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Figure 1. KE spectra for the horizontal velocity, fluctuations at 10m depth as a function of
horizontal wavenumber magnitude,= |k,|; i.e., the 2D spectrum is azimuthally integrated
in k& shells. The five solid lines correspond to spectra for theediht simulations with the
wavenumber range increasing from ICC12 to ICC8.(horizontal grid scale decreasing from
12 t0 0.75 km; Sec. 2 of Part I, Sec. 2). For comparison thegstréines indicate -5/3 (dotted),
-2 (dashed), and -3 (dot-dash) spectrum slopes. The spmetrame averaged. The ICCO

spectrum multiplied by:? is plotted in the inset with a linear ordinate scale over tididated

intermediate: range.
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by + symbols and should ideally coincide withaccording to (4).
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Figure 6: KE transfer functionlI(k) [m? s~%]. Results are shown for simulations ICC3 with
dx = 3 km (dot-dashed line), ICC1 witltz = 1.5 km (dashed line), and ICCO withe = 0.75
km (solid line) using a Hanning window. Also included are tesiimates ofl(%) (dotted line)
for ICCO obtained by evenly dividing the diagnostic domaitoi4 and 16 sub-domains of sizes

384 and 192 grid points and averaging the resulting spectral fluxes.

34



KE [m®/s?]

-4 Y
Y

107 ]
.

107 10 107
k [rad/m]

Figure 7: KE spectra at 10 m depth for the total horizontal veloaity (solid black line),
its non-divergent component,, (dashed black line, almost indistinguishable from thedsoli
line) and the sum of the spectra for the divergent compongnplusw (dot-dash black line).

These spectra are calculated in the same way as in Fig. 1. d3teed gray line isc k2 for

comparison.
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Figure 8: Spectral energy flux corresponding to the total horizongddeity u, (II; solid line),
horizontally non-divergent velocity,,. (I1,,; dashed line), and their difference (dot-dash line).

I, is represented for ICCO (black) and ICC1 and ICC3 (gray; #mge wherédl,, > 0 moves

toward higher wavenumbers as resolution increases).
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Figure 9: Top: KE transfer functiorlI(k) in the range where it is positive (gray) and the
negative of the integrated horizontal dissipatienjkk’”” R(k) dk (black). Bottom: Inte-
grated potential energy conversioﬁf”” C'(k) dk (gray) and the negative of vertical dissi-
pation — f,f’”‘” V (k) dk (black). Results are shown for simulations ICC3 with = 3 km

(dot-dashed line), ICC1 witdx = 1.5 km (dashed), and ICCO witllx = 0.75 km (solid).

Units are [nt s73].
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Figure 10: Spectral KE balance terngs + V' as a function ok = |k;| for ICCO (solid line),

ICC1 (dashed), and ICC3 (dotted-dashed).
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Figure 11. Schematic diagram for the important dynamical regimes ates(hottom row)

and their connecting total-energy transformation proeg$sp row) in an equilibrium oceanic

circulation.
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Table 1. Dynamical time scales [days] characterizing KE transfai,(dissipation {5), and

replenishments(-) for severalk values [rad m']. The time scale is calculated by dividing the

KE spectrum (Fig. 1) by eithet,, + A,, R + V, or C at a giverk.

E|2x107%|4x107*|8x107* | 1.6 x 1073
TA 8 5.6 6 0.4
™D 4.3 1.4 0.5 0.2
TC 3.3 1.0 0.3 0.3
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