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SPECTRAL ELEMENT METHOD PART 2: NUMERICAL SIMULATIONS
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ABSTRACT

Breaking Rossby waves on the polar night vor-
tex are numerically simulated by solving the 3D
spherical primitive equations with the Spectral
Element Atmospheric Model described in Part
1. A balanced axisymmetric-vortex is initialized
with a step-function-like absolute-vorticity profile.
Steadily-increasing, zonal-wavenumber-one surface-
geopotential forcing is used to instigate upwardly
propagating Rossby waves. Spurious reflection is
prevented by a sponge layer near the model top.

Isosurfaces of scaled potential vorticity exhibit com-
plex dynamical features, e.g., a primary PV tongue,
and a secondary instability causing roll-up into a
ring of five smaller sub-vortices. These are shown
in Figs. 3 and 4. These features converge, and
PV gradients steepen, as resolution is increased.
The PV-tongue-tip position, number of sub-vortices,
zonal velocity profile and other quantitative mea-
sures are presented as specific modeling-accuracy
results. SEAM produces solutions up to approxi-
mately T181 (approximately 70 km horizontal res-
olution) with 200 levels, much more efficiently than
the Community-Climate-Model-2 dynamical core;
but the latter verifies the lower-resolution (up to T85
on 48 levels) SEAM results.

INTRODUCTION

The stratospheric polar vortex is bounded by strong
potential-vorticity gradients which isolate polar air
from lower latitudes. A phenomenon of major
atmospheric-research importance is the eventual
mixing of these air masses, when the vortex is dis-
torted by breaking planetary-scale Rossby waves.
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This is the focus of the numerical simulation de-
scribed here, as well as providing a test of “dynamical
core” simulation (i.e., stripped of physical processes
and parameterizations of a full general circulation
model, other than those described by the primitive
equations and below).

NUMERICAL METHOD

Initialization

Following Polvani and Saravanan [1], our initial
model-state consists of a gradient-flow balanced
axisymmetric-vortex: at time ¢t = 0, as a function
of latitude ¢ and pressure p, let the zonal wind
u = aQui(p,p), the meridional wind v = 0, the
isobaric velocity dp/dt = w = 0, the tempera-
ture T = Ty — Ry'a’Q? gli"p and the geopotential
® = gozinp + a2Q2®;(p,p), where a, Q and go are
the earth’s radius, angular frequency and gravity,
To = 239.14K is the isotherm for a scale height of
7 km, Rq is the gas constant and zin p, is log-pressure
height. The nonlinear gradient-flow balance is
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where p = sin, so the complete initial state only
depends on u;. We assign the vortex-edge latitude
¢y = 60° and impose u;(p,,p) = 0 for ¢, = 37°
and all p. Moving equatorward from ¢ = 7/2, we
assume the initial absolute vorticity
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is positive, almost constant until ¢,, where it de-
creases rapidly over a zone of width around Ay = 6°,



then again nearly constant until the “surf-zone” edge
ps = 35°, followed by cubic decrease to zero at the
equator, and solid-body rotation for ¢ < 0:
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where the hyperbolic ramp function
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and the coefficients ¢, (p) must be determined as fol-
lows. From (2,3) follow
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Since @y > @, > 5 it follows immediately that

ea(p) = Th (12) M (phv, P) — 70 (v ) M (12, P)
rh(p2) (1 = pv) = o (o) (1 = pz)
c1(p) = ra(uy) " Hea(1 = pv) = M(py, p)],

while ensuring continuity of (2,4) leads to
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It only remains to define u;(0,p) = —20m s~ and
ui(py,p) = [1 + D7 210 pJui(0,p), where D is the
model height, for then (4) yields u;(¢,p), as shown
in Fig. 1. The initial scaled-potential-vorticity (II)
profile is shown in Fig. 2. II = PT(n)/PTo(29),
where PT'(n) = —gona%Q(T) approximates the po-
tential vorticity in isobaric coordinates and 8(T) =
T(10°Pa/p)fa/e» is the potential temperature.

ca(p) =

?

1

Forcing

The model is forced by setting ® at the surface for
all time equal to ®, cos ) (sin %(]5)2 (1—e7t/7) for
40° < ¢ < 80°, and zero otherwise (A = longitude),
with decay time 7 = 3d and amplitude ¢, = 800m.
The forcing peaks at ¢ = 60° = ¢, and increases
monotonically in time. The effect is to instigate
upward-propagating Rossby waves. Spurious reflec-
tion is prevented by a sponge layer near the model
top, including Rayleigh damping of eddy velocity
and Newton damping of 7.
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Figure 1: Initial zonal-wind isotachs (m s~1) vs ¢
(°, abscissa) and zin, (km, ordinate).
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Figure 2: Isopleths of initial scaled potential vortic-
ity, as in Fig. 1.

RESULTS

CCM2 Dynamical Core

The polar-vortex simulation was first carried out
with the Community-Climate-Model-2 (CCM2) dy-
namical core with resolutions T42 and T85, on 48
levels. Since there is no analytical solution and
higher-resolution CCM2 runs were expensive at the
time, we verified all of the results presented here
using a relatively new dynamical core, the Spectral
Element Atmospheric Model [2—4]. The more effi-
cient numerical algorithm made ~T180 runs on 200
levels easily doable. We computed 5.4 x 10* time
steps on 2.2 x 107 collocation points in 2.5 days on
64 HP Exemplar processors. From the latter exper-
iment, the II isosurfaces in Figs. 3 and 4 indicate
complex dynamical features: a primary II “tongue,”
succumbing to a secondary instability, leading to a



roll-up into a ring of five smaller sub-vortices. These
features converge, and II-gradients increase, as res-
olution increases.

Proposed modeling-accuracy test-case goals

The first quantity to reproduce in this simulation
should be the profile of zonal-average zonal wind
(u)x at @y, e.g., at day 20, as shown in Fig. 5.

A particular test of dynamical accuracy would be
the isentropic II-tongue-tip position r(t,6). This

may be quantified as the point of minimum radius-
of-curvature of the II = 4/5 contour. Fig. 3 shows
this point’s longitude change AAn decreasing with
time and altitude, independently. This corresponds
to the long curves of constant A which slope down
relatively smoothly in Fig. 6, displaying a structure
which should be reproduced. The more random-
looking features in Fig. 6 are due to the numerous
IT = 4/5 contours which proliferate at larger times
and altitudes where the vortex is breaking up.

The area Ap(6,t) of the II = 4/5 contours evolves
with a qualitatively similar pattern, as shown in Fig.
7 for the low-resolution CCM2 simulation. This is
a good measure of vortex erosion, as discussed in
further detail in refs. 1,5. However, it should be
noted that higher-resolution simulation of the vortex
filaments can lead to temporary vortex-area increase
during the breakup, as in the SEAM simulation (not
shown). We estimated Ap(6,t) by summing over
points (A, ) with II(A, ,0,t) > 4/5, weighted such
that a constant field would give 47 sr.

Finally, it is important to obtain the correct number,
five, of smaller vortices emerging from the break-up
of the larger, initial vortex. The zonal-wavenumber-
five character of the secondary instability is evident
in the bottom panel of Fig. 4. To automatically
extract the number of sub-vortices from the model
data, we first removed all 2D wavenumbers above 12
(to eliminate very small vortices), then regridded the
6 = 1.5 x 10K surface over the plane (to eliminate
cutting of contours at |A\| = 7) and automatically
counted the number of II = 1 contours. A typical
contour evolution is shown in Fig. 8.

DISCUSSION

The existing dynamical-core test cases [6-8] are im-
portant, but mainly of a relatively low-order, statis-
tical nature. We offer this polar-vortex simulation
to fill the need for a complex yet predictable fore-

Figure 3: Isosurfaces of scaled potential vorticity, 3
snapshots, oblique view.
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Figure 5: (u), profiles (abscissa), as a function of

Figure 4: As in Fig. 3, view from above the North (d, color) and 2, (km, ordinate). The diamond
Pole, starting at second snapshot. markers indicate # = 20d.



M-tongue-tip longitude. Vortex area.
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Figure 6: Isopleths of PV-tongue-tip longitude- Figure 7: Horizontal vortex-area Ar(6,t) (sr), as in
change, AAn = A\n(6,t) — A\n(6,1d) (°, color), as Fig. 6.
a function of ¢ (d, abscissa) and 6 (K, ordinate).



Evolution of M=1 contour on 6=1.5e+03K,
Resolution N=1734 L=200
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Figure 8: Evolution of the II = 1 contour over the
plane (m/2 — ¢)(cos A,sin A), as a function of ¢ (d,
vertical axis and color).

cast test case for 3D primitive equations. The di-
agnostics, namely, (u)x, AAm, An and the number
of sub-vortices after breakdown, were essentially re-
produced by the CCM2 dynamical core at T42 and
T85, and by SEAM at ~T180. See ref. 5 for details.
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