Ageostrophic instabilities of a front in a stratified rotating fl uid
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Introduction

Motivation : Some fundamental aspects of meso-scale dynamics of atmospheric fronts peoidy understood, especially the generation of gravity
waves and front destabilisation leading to secondary cyclogenesis.

Context: In addition to the classical baroclinic instability, other instal@ktiof the front such as symmetric, Kelvin-Helmholtz &aksby-Kelvin
Instabilities may appear.

Aims of the study:

1. Linear stability analysis first carried out foRalayer rotating shallow water modelusing thecollocation methodto extend known results [3].
2. Linear and nonlinear analysis foontinuously stratified flowsusing idealized simulations withraesoscale meteorological model (WRF)

Linear stability analysis of the frontal configuration in the two-layer fluid

Fig. 2. and 3. shows as an example the growth rates of unstable modds
for a non-symmetric configuratiorHp, = H1/0.7):

Overview of the model
e Two-layer rotating shallow water model on tlieplane with a vertical
shear flow (Fig. 1).

e The domain is a vertically bounded channel of widij,,,,. and height
Hy. The lateral boundary conditions arg£Yy42) = 0.

e Linearized equations for the perturbation in non-dimensional form:

e For smallRo andk, one finds baroclinic instability.
e For a stronger sheafip ~ 0.6), Kelvin-Helmoltz instability occurs.

e For intermediate values of the Rossby number, one finds two region:
of instabllity (Ro ~ 0.4 and Ro = 0.5) which correspond to Rossby-

) Kelvin instability extending results of [3].
atu]' + Roé’xu] — U = —6;[;71']' :
O + Rodyvj + uj = —yOym; (1)

These modes exist due to the interaction of a Rossby wave in one laydr
and a Kelvin wave in the other as shown in Fig. 4.
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whereRo = Uy /(fR,) is the Rossby numbeR; = (g’Hl/Q)%/f IS
the Rossby deformation radius and= R;/Yqz-
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Fig. 1. Schematic diagram of the flow in the 2-layer shallow watedel.
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Instabilities and growth rates Fig. 3. Dispersion diagram (upper panel) and growth rate (lowanel) of the modes

along the sectionRo = k/5. Red segments on the upper panel correspond to the

= unstables modes.
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Fig. 4. Pressure and velocity fields of the Rossby-Kelvirabibty in the upper layer
and the lower layer at the maximum growth rate fés = H,/0.7. Left: £k = 1.8 and
Ro = 0.4 and right: £ = 2.4 and Ro = 0.5, as shown by the red points in Fig. 3.

Fig. 2. Growth rate of most unstables modes kv, k)-space forH, = H,/0.7. Con-
tours displazed are 0.01, 0.02 and further interval 0.02.
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Stabllity analysis in a continuously stratified fluid

Model setup

e Meteorological mesoscale model: Weather Research and&sirt@VRF).

e Periodic channel on thé-plane bounded by lateral walls i with a
flat bottom without a boundary layer.

e The basic state is defined by including a stantard straiificand a
potential temperature jump along the front (Fig. 5):

Zju

2r(y) = 20+ 8y, 0= 00+ Oz + 5 (1 + tanh(z_zfr)) (2)

where zj Is the average height of the front, the slope,d;, the po-
tential temperature jump,;,, the thickness of the frontal zone, aéd
describes the basic stratification.
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Fig. 5. Initial distribution of potential temperature (Lt¢nd corresponding geostroph-
ically balanced zonal wind (Right) for (z,y) in km.

Unstable modes

Breeding cycles were carried out for the identification aftést growing
unstable mode, if any. The different modes of instability maproduced,
with growth rates that are very close to those obtained vinéha-layer
model. In particular, the Rossby-Kelvin instability is@lsresent in the
continously stratified case (Fig. 6):

Fig. 6. Pressure and velocity field vertically averaged kelind above the front for a
Rossby-Kelvin instability{o = 0.5 andk = 2.4).

As for the 2-layer model (Fig. 4), a Rossby wave (geostropviid
around pressure extrema) is identified clearly below thatfrand a
Kelvin wave (wind parallel to the boundaries, pressureesrfr at the
lateral boundaries) is identified above the front.

Growth rate of the unstable modes

The growth rate was evaluated from the evolution of the kinetergy
of the perturbation (Fig. 8) along the linfgo = k£/5. Non-dimensiona
growth rates (Fig. 7) are remarkably close to those foundHertwo-
layer model for the casé|{ = H> In [3].
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Fig. 7. Growth rates of the different instabllities of a ftan the continuously stratifiec
fluid along the lineRo = k/5. The peak at low: corresponds to classical baroclini
instability. The peak for largek corresponds to Rossby-Kelvin instability.

Nonlinear evolution of the instability

The instablility shown in Fig. 6 grows for about 5 days (Fig., @en
saturates. The nonlinear effect of the instablility on theazanean flo
IS shown In Fig. 9 (broadening of the frontal zone and modifcaof
the flow in the upper layer near the boundary).
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Fig. 8. Logarithm of the Kinetic energy for the Rossby-Kelastability (Ro = 0.5 and
k= 2.4).

60

z (km)

20

O LI L L L L L L L L L B BB UNLENLIN LI L L LU B L L L BRI LU L L L L L LY I L) L
0 4 8 12 16 20 24 28 0 4 8 1&¢ 16 20 24 28 0 4 8 12 16 20 24 28

y (km) y (km) y (km)

Fig. 9. Zonal mean flow deviation during the growing of the Russby-Kelvin insta
bility for days4, 5 and6 (from left to right).

Discussion

The linear stability of a front in a rotating stratified fluidf been investigated both for a 2-layer fluid and a continyatsatified fluid. Rossby-Kelvi
modes occur in both cases, with quite similar structuresow@r rates are also quite comparable, in spite of import#ferdnces between the twp
models (background stratification, compressibility, ugpaundary condition).

This work confirmsexistence of the Rossby-Kelvin instability in a frontal regon of continuously stratified fluid. The simulations also allo
Investigation of thesaturation of this mode, showing the modification of the frontal zone. Further staélthe nonlinear behaviour of the instability s

INn progress.



