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Abstract :

The instability of a shelf front, with the characteristicktbe Ushant front (steep density gradient and narrow
jet), is investigated on the f-plane within the frameworkadfvo-layer shallow-water model. Linear stability
analysis and nonlinear numerical simulations show thatolstinic waves, with 20 and 40 km wavelengths, are
the most unstable ones, with growth rates on the ordéi @fy) !, which is comparable to what is observed on
SST images. The analysis of growing perturbations in a awyel primitive equation model (MICOM) shows that
the latter are vertically shifted, which corroborates thhe governing mechanism for the generation asymmetric
meanders and eddies in our simulations, is baroclinic ibsitg. Then, in order to take into account tidal effects,
we add a time-periodic barotropic mean flow. Although we sadmbserving some characteristics of parametric
resonance (frequency selection, stepwise growth), biaiodhstability remains the main mechanism to explain
the growth of meanders.
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1 Introduction

The baroclinic instability of coastal jets, and in parteubf frontal currents (defined here as
currents associated with density fronts), has been thesubf recent studies (e.g. Bost al
(1996)). This instability leads to the growth of waves wigmdth comparable tdr times the
internal radius of deformation. If the lower layer outcrgighe front, instability also occurs on
a separate band of shorter waves ; this mechanism was rétetieel interaction of Rossby and
Kelvin modes (Sakai (1989)). If the mean velocity of the j@ti®s periodically with time (due
to a variation of transport, for instance), parametricaidity can also occur ; several studies
in a idealized framework evidenced its predominance neactinve of marginal baroclinic in-
stability (Pavec and Carton (2004), Pavetal. (2005), Pavecet al. (2006)).

An interesting example of coastal jet which can a priori depdoth baroclinic and parametric
instability is the Ushant front. This density front sepasathermally stratified water masses
west of 5°20'TV from tidally-mixed, homogeneous water masses east of ¢mgitude. Ob-
servations, both from satellite and in-situ, provide imfation on this flow : the temperature
difference at the surface i5— 3°C over 5km distance (the frontal jet width), the associated
currents are on average 0.2-0.3m/s, the internal defoomasidius near in the stratified zone is
close to 6km, and this front undergoes a semi-diurnal tidkainhg with velocities that can reach
2m/s. Meanders with about 40km wavelength and filamentsathut 20km cross-section are
observed on this front (see figure 1 (left)).

The objective of the present work is to determine if a simple-tayer shallow-water model,
initialized with a slightly perturbed narrow jet, can repte the observed characteristics of
the instability and if the interaction of the perturbatioftiwa periodic barotropic mean flow
(mimicking the tidal forcing) can lead to parametric resoce
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Figure 1: (left) SST in the Irish Sea on July 24, 2006 ; (right) averagsitestructure of the front

2 Baroclinic instability of the frontal flow

A two-layer shallow-water model is chosen to allow strongpigcnal deviations (see figure
1 (right)). For this preliminary study, a f-plane hypotres chosen in reason of the small
latitudinal extent of the flow. The dynamical equations are

Oy + (T - Vug) — fo; = —0,P; (1)
8tvj + (u_j . ?’Uj) + fon = —8ij (2)
Ohy + 7 - Vhy + V@, = 0 3)

with j = 1, 2 the upper, lower layer index. A consequence of these equsitsidthe conservation
of potential vorticityq;, = (0,v; — d,u; + fo)/h;. The mean flow is purely baroclinic, (y) =
—Us(y), zonal (rotated by 90 degrees with respect to the ocean)regeldstrophic balance.

= =z 4
Uy T dy fdy(h1+h2) (4)
_ldp, g d Ap
Uy = Ty fdy<h1+h2+ph2 )
leading to upper and lower layer thicknesggsndh,, in the steady state, defined by
1 Ah Y
huo = Hi= 1— Ap/Qp?tanh (E) ©
1
he = Hy+ ~Ah tanh (2> )
2 o

To be consistent with the characteristics of the Ushanttfrai@ chooseH; = 50m, Hy, =
50m, Ah = 80m. Furthermore,Ap = apAT, with a = 1.79 10~* K~1. In the refer-
ence caseAp/p = 7 107* ando = 5km. The domain is a zonally periodic square basin
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of 100kmx 100km.

In the linear analysis, equations (1-2-3) are linearizediad the mean flow (4-5) with a normal
mode perturbation of the forrtu), v/, pl,, b)) = (), vlo, o, Pio) (y)e™ =~ and boundaries
conditions for the perturbation are no normal flow at the Ivm and southern boundaries. The
resulting matrix problem is solved with a generalized eigdue-eigenvector method.

The nonlinear equations are solved numerically with the MMC@odel (Bleck and Boudra
(1981), Bleck and Boudra (1986), Herbette et al. (2004)g;hbrizontal grid size is 1km and

we set the Smagorinski coefficient of the biharmonic horiabdissipation operator to 0.1.

2.1 Reference case

The values of the parameters given here-above lead to alimacoeelocity on the order of

0.275m/s, quite compatible with measurements performeasadhe Ushant front (Mariette
(1983)), and fall in the range of baroclinic instability agygested by linear stability analysis.
Numerical simulations, in which we initially add a small diyle white-noise disturbance
to the mean flow, show growing meanders and formation of sd@ee lower layer potential
vorticity maps from day 11 to day 14 in figure 2). The growth cdanders and the wrapping
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Figure 2: Potential vorticity maps in the lower layer from day 11 to day 14

up of their tip leads to eddy formation. Though initially, avelength close to 30km seems
to dominate, the front becomes irregular after a few daydicating the presence of other
wavelengths. Indeed, a spectral analysis of the pertaatizonal modes indicates that mode
2 grows nearly as fast as mode 3, but to a smaller amplitudetraat mode 1 becomes large
once the vortices have formed (see figure 3). The baroclatere of the instability is confirmed
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by the vertical phase shift between the layer perturbatdpetential vorticity (shown in Pavec
(2007)).
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Figure 3: Spectral analysis of potential vorticity (PV) in the referensecahe log of the meridionally
averaged PV of each mode is plotted with respect to time (in days)

2.2 Sensitivity study

This part shows how sensitive are the growth rates of modas ie both the width of the front

o and the density jump\p. If Ap is kept constant and increases, growth rates decrease (fig-
ures shown in Pavec (2007)) . Conversely, growth rates isergm both cases, the baroclinic
velocity varies. Now if the baroclinic velocity is kept caast and equal to about 0.275 m/s),

is proportional toAp in a good approximation. Figure 4 shows that the growth rdezsease
with increasingr in this case, and thus the width of the front is the dominarampeter in this
evolution.

A series of nonlinear simulations (for a front width varyibgtween 2 and 20km) shows that
too narrow a front leads to a very regular spacing of mean@éth a dominant mode 3 of per-
turbation) while too wide a front leads to too slow a growtliledse meanders. A front width of
5km leads to results closer to observations, in particmardominant modes with 30 and 50km
wavelengths, comparable to the observed 20 and 40km spaiomganders and filaments. Our
simulations also indicate that, as the front is less marktesl wavelength increases, a feature
indeed observed on the Ushant front in spring.

3 Parametric resonance

Since tidal flow influences the Ushant front, we study hereitifi@ence of an oscillatory,
barotropic mean flow on the stability of our idealized baimcl current. Three different am-
plitudes, 0.02, 0.2 and 2m/s, and seven periods, rangimg €r¢o 12 hours, are tested for this
oscillating barotropic mean flow. Theory (e.g. Pavetal. (2005), Pavecet al. (2006)) indi-
cates that parametric instability of coastal currents isnedfective near the curve of marginal
baroclinic instability. The resonant period is then giventle pulsation of the marginal baro-
clinic wave.
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Figure 4: Growth rates (in secormd9 with respect to the width of the front for a baroclinic mean velocity
set equal to 0.275 m/s

Here, for a realistic choice of flow parameters, nonlinearations lead to the following re-
sults : whatever the choice of oscillatory flow amplitudes growth rates previously obtained
for baroclinic instability are not considerably alterede\Nrtheless, for a finite range of periods
of oscillatory flow, the growth of the perturbation has a &tepevolution with time (see modes
k =1,3,4 onfigure 5) ; this effect is most marked for the 9h period wher@ear calculations
suggest a peak of resonance at the 7h period. Frequenciicelaad steplike growth are char-
acteristic of parametric resonance. But the influence cdipatric resonance remains moderate
here because for realistic flow conditions, baroclinicaigity is dominant.

4 Conclusions

The objective of this study was to analyze possible mechanleading to the growth of short
waves on a shelf front in an idealized model, with applicatio the Ushant front. In fact, for
the latter, satellite observations of SST, show meandaddilaments at 20 to 40 km spacing.
Numerical simulations, with a two-layer shallow-water rabdof the evolution of a narrow
shelf jet in geostrophic balance, was able to reproducenhety of meanders and eddies with
similar sizes as those that are observed for the Ushant fidré width of the front appears to
be the key parameter that governs its evolution. The argbfsihe vertical phase shift of the
growing perturbations confirmed that the governing medramwas baroclinic and frontal insta-
bility. Within the range of realistic parameters valueg gresence of an oscillatory barotropic
mean flow was not able to trigger another type of instabiétyd baroclinic instability always
remained the dominant process. Nevertheless, we couldvabseme signs of parametric res-
onance: frequency selection and step like growth.

A first step towards more realism after this study should w®rsa meridional mean flow on
the beta-plane; indeed, the beta-effect would then fawetmal growth of perturbations. In a
second step, realistic stratification, bathymetry andifgrehould also be included.
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Figure 5. Growth of the first four modes (k=1,2,3,4) with respect to time (ysjl&or a barotropic
oscillatory flow of 2m/s with periods of 6, 7, 9 and 12 hours ; as in figure @ ntledal amplitude is the
logarithm of meridionally averaged PV.
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