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ABSTRACT

The excitation and propagation of inertia—gravity waves (IGWs) generated by an unstable baroclinic wave
was examined with a high-resolution 3D nonlinear numerical model. IGWs arose spontaneously as the tropo-
spheric jetstream was distorted by baroclinic instability and strong parcel accelerations took place, primarily in
the jetstream exit region of the upper troposphere. Subsequent propagation of IGWs occurred in regions of strong
windspeed—in the tropospheric and stratospheric jets, and in a cutoff low formed during the baroclinic lifecycle.
IGWs on the flanks of these jets were rotated inward by differential advection and subsequently absorbed by the
model’s hyperdiffusion. Although absorption of IGWs at the sidewalls of the jet is an artifact of the model, IGW
propagation was for the most part confined to regions with an intrinsic period shorter than the local inertial
period. Only a few IGWs were able to penetrate the middle stratosphere, due to weak winds or an unfavorable
alignment of wavevector with respect to the mean flow.

IGWs are important both as a synoptic signal in the jetstream, which may influence subsequent tropospheric
developments, and as a source of isentropic or cross-isentropic mixing in the lower stratosphere. The authors’
results demonstrated for the first time numerically a significant isentropic displacement of potential vorticity
isopleths due to IGWs above the tropopause. Since conditions for IGW propagation are favorable within a jet,
a region of strong isentropic potential vorticity gradient, it is likely that inertia—gravity waves affect the per-
meability of the lower stratospheric vortex and may in some instances lead to stratosphere—troposphere exchange.
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Generation of Inertia—Gravity Waves in a Simulated Life Cycle of Baroclinic Instability

1. Introduction

Inertia—gravity waves (IGWs) are ubiquitous
within the atmosphere, especially the upper tropo-
sphere and lower stratosphere. These motions are
characterized by short vertical wavelengths (~1-5
km) and small intrinsic frequencies & near the Cor-
iolis frequency f(Barat 1983; Yamanaka and Tanaka
1984; Thomas et al. 1992; Sato 1994). Their hori-
zontal scale, which is usually estimated rather than
measured, is thought to be large (~200-1000 km)
compared to mesoscale gravity waves. While mo-
mentum transport is ascribed to mesoscale waves
(Fritts 1984), it is the role of IGWs in constituent
mixing, and not momentum transport, that is proba-
bly more relevant. IGW mixing may be isentropic
(Pierce and Fairlie 1993; Ledwell et al. 1993), like
that of synoptic-scale baroclinic waves, or cross is-
entropic due to instabilities arising within the wave
field (Dunkerton 1984; Fritts and Rastogi 1985).
Notwithstanding the importance of IGW propaga-
tion, breaking, and absorption, one would also like
to know something about the excitation of these
waves and whether their geographical and climato-
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logical variability can be understood in terms of the
postulated forcing mechanisms.

The origin of inertia—gravity waves is ambiguous
because regions of strong mean flow are a favored locus
of IGW excitation and propagation (Dunkerton 1984 ).
IGWs observed within or above the tropospheric jet-
stream were not necessarily excited there: due to their
slow propagation, the source may have been as far
away as the Tropics (Ushimaru and Tanaka 1990).
Case studies often suggest a connection between IGWs
and nearby synoptic weather systems (Sato 1989, 1993,
1994; Chan et al. 1991; Thomas et al. 1992; Eckermann
and Vincent 1993). Therefore it is likely that extra-
tropical sources dominate. That gravity wave variance
increases above oceanic frontal systems and jetstreams
(Fritts and Nastrom 1992) indicates that sources other
than topography are important—an essential observa-
tion for understanding gravity wave transport in the
Southern Hemisphere and Tropics. Part of the increase
is undoubtedly due to high-frequency waves launched
by moist convection or shear instabilities within frontal
zones. (It was primarily mesoscale variance that was
observed by Fritts and Nastrom.) However, one also
expects a low-frequency IGW component due to the
unstable baroclinic wave that would exist in the ab-
sence of convection, arising from the transiency of tro-
pospheric flow as it relaxes to a balanced state. In-a
rotating fluid this process is referred to as geostrophic
adjustment (Blumen 1972; Luo and Fritts 1993, and
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references therein). During the adjustment, gravita-
tional oscillations emanate and disperse away from the
source. Geostrophic adjustment was interpreted by Val-
lis (1992) as a process that minimizes the energy for a
fixed distribution of potential vorticity (PV). This in-
terpretation assumes that the adjustment is rapid com-
pared to the evolution of PV. General methods for find-
ing energy extrema that allow rearrangements of PV ag
a materially conserved quantity were discussed by Val-
lis et al. (1989) and Shepherd (1990).

Many studies examined geostrophic adjustment in an
idealized way, as linear relaxation from an initial im-
balance of mass or momentum, with simplified (Car-
tesian or axisymmetric) geometry. In real life the ad-
justment involves complicated, three-dimensional mo-
tion with short vertical and (ultimately) horizontal
scales. The need for consistent vertical resolution in
primitive equation models was stressed by Lindzen and
Fox-Rabinovitz (1989), and their comments pertain
equally well to geostrophic adjustment. Only within the
last few years have computational resources become
available to make a realistic modeling study of cyclo-
strophic or geostrophic adjustment practical (e.g., Le-
long and McWilliams 1993). One rather fundamental
point that has not been extensively addressed is the
mechanism by which an initially balanced fiow evolves
into an unbalanced state, followed by geostrophic ad-
justment (Van Tuyl and Young 1982; Duffy 1990). It
is expected that inertia—gravity waves arise spontane-
ously in primitive equation models (Warn and Menard
1986). Since IGWs are problematic to weather predic-
tion, the emphasis has been mainly on how to eliminate
them, rather than explicit modeling of IGW propaga-
tion and absorption. This omission is surprising in view
of the large body of literature on ageostrophic circu-
lations within synoptic weather systems (e.g., Cammas
and Ramond 1989; Keyser et al. 1989, and references
therein) and their role in frontogenesis, tropopause
folding, and stratosphere —troposphere exchange (Sha-
piro 1980; Keyser and Shapiro 1986; Shapiro and Key-
ser 1990). By analogy to tidal theory, the ageostrophic
motion contains a ‘‘forced’’ evanescent component
(the meridional circulation) and a ‘‘free’” radiating
component (the inertia—gravity waves).

Recently the authors performed numerical simula-
tions to examine the evolution of IGWs in a lifecycle
of midlatitude baroclinic instability. Patterned after the
classic experiments of Simmons and Hoskins (1978,
1980), our simulations described the nonlinear lifecy-
cle of an unstable baroclinic wave assuming wavenum-
ber 6 symmetry on the sphere but incorporated much
higher vertical resolution and a domain extending into
the lower stratosphere in order to explicitly model the
evolving inertia—gravity waves and their radiation into
the middle atmosphere. This work was complementary
to several other studies (beginning with Ley and Peltier
1978; see also Uccelini and Koch 1987; Gall et al.
1988; Garner 1989; Benard et al. 1992a,b; Blumen
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1992; Snyder et al. 1993 ) concerned with gravity wave
excitation in relation to frontogenesis. We attempted to
simulate inertia—gravity waves excited in the upper tro-
posphere by an evolving baroclinic instability, consid-
ering their vertical as well as horizontal propagation.
Numerical results demonstrated the role of baroclinic
instability in exciting inertia—gravity waves, due to
rapid deformation of upper-tropospheric flow and
strong parcel accelerations.

Although our integrations were designed to yield
well-resolved inertia—gravity waves independent of
model resolution, only the excitation and initial prop-
agation of IGWs could be realistically simulated. Their
asymptotic propagation and breakdown requires verti-
cal and horizontal resolution well beyond that used here
(e.g., Dunkerton and Robins 1992). Resolved patterns
of horizontal velocity divergence were nonetheless
quite complex, containing an assortment of gravity
waves and IGWs due to surface frontogenesis as well
as parcel accelerations in the upper-level jet. This paper
emphasizes geostrophic adjustment as the numerically
best resolved, and probably most fundamental, mech-
anism of IGW excitation. Section 2 describes the nu-
merical model. Section 3 discusses the baroclinic life-
cycle and the resulting IGWs, examining IGW wave
parameters and Lagrangian parcel accelerations. Some
IGW-related issues are discussed briefly in section 4.

2. Model description

Simulations were performed with a slightly modified
version of the 3D, global, hydrostatic primitive equa-
tion model of Young and Villere (1985). This is a
spectral transform model with finite differencing in the
vertical. There is no topography or moisture. Subgrid-
scale processes are represented by sixth-order horizon-
tal hyperdiffusion vsV§; acting on the vorticity, diver-
gence, and temperature fields. The spectral truncation
in runs described here, unless stated otherwise, was tri-
angular at total horizontal wavenumber 126 (denoted
T126) —approximately equivalent to 1° of horizontal
grid spacing. Hyperdiffusion is needed to prevent non-
physical behavior as sharp horizontal gradients are gen-
erated at the smallest resolvable scales. In practice, v
corresponding to an e-folding time (7) of 1 h or less
for the smallest scale is sufficient for stable integra-
tions. At T126, v = 1.36 X 10> mSs~' was used,
corresponding to a damping time of about 20 min for
the smallest resolved scale.

The vertical coordinate was uniformly spaced in log
pressure with Az = 700 m, unless stated otherwise, and
the domain extended vertically from z = 0-35 km (51
levels). Boundary conditions assumed zero geometric
vertical velocity at the lowest level, while log pressure
vertical velocity was zero at the uppermost level. There
was no surface friction.

As discussed in section 3d, comparison simulations
were performed at various combinations of horizontal
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N? = 3.5 X 10™*s7? in the stratosphere), a sloping
tropopause, a stratospheric polar night jet, and wind-
speed minimum between stratospheric and tropo-
spheric jetstreams. The initial state, with its strong jet
displaced north of the climatological jetstream, might
represent a cross section through midoceanic (Pacific
or Atlantic) storm tracks during winter. It was dis-
turbed by a small wavenumber 6 perturbation, which
subsequently grew via baroclinic instability to finite
amplitude. After 7 days of linear growth the baroclinic
wave appeared as undulations on the westerly current.

Discussion of the baroclinic wave and accompany-
ing IGWs begins on day 9 of the model run, by which
time the baroclinic wave at upper levels attained finite
amplitude. At midtropospheric levels an amplifying
ridge, and deepening trough and low pressure center,
show that the wave is still in its growth phase. Days 10
and 11 may be considered the wave’s mature stage as
growth ceases and the elongated SW-trailing trough
sheds a cutoff low near 30°N (Fig. 2a). After formation
of the cutoff low, the lifecycle enters its decay stage
with the main westerly jetstream shifting northward on
day 12 to 50°-60°N and becoming more zonally sym-
metric and intense (Fig. 2b). At this time the baroclin-
icity has been largely removed from midlatitudes where
areas of weak horizontal temperature gradient predom-
inate, flanked to the north and south by frontal zones.

At low levels the characteristic poleward heat flux
of baroclinic instability is seen as the cold air, is ad-
vected southward and the warm air northward (Figs.
2c,d). Cyclogenesis and frontogenesis proceed rapidly
with a surface low and warm/cold fronts well formed
by day 9. By this time, the surface fronts have sharp-
ened to the point that their width is limited by the mod-
el’s small-scale hyperdiffusion.

The low-level cyclogenesis and frontogenesis
strongly resemble the observed development of syn-
optic systems as discussed, for example, by Shapiro
and Keyser (1990). The near-surface temperature on
day 9 or 10 shows the so-called T-bone frontal stage
of the baroclinic lifecycle, a sharp front at 60°—-65°N
extending back into the low pressure center, while the
cold front, advancing eastward of the low, forms the
vertical stem of the T. A pocket of warm air has been
secluded behind the cold front near 55°N, 15°W on day
9 and 10, as has been observed over oceans when cy-
clones reach the mature stage of their lifecycle (appar-
ently because of the lower surface friction there).

The baroclinic lifecycle also resembles that of Sim-
mons and Hoskins (1980) and Thorncroft and Hoskins
(1990), even showing the secondary frontal develop-
ment discussed by the latter authors. This occurs on
days 11 and 12 as the upper-level circulation associated
with the cutoff low drifts over the surface cold front,
initiating a small-scale frontal wave near 40°N, 20°W
(Fig. 2d) —an example of Peterssen’s ‘“Type B”’ cy-
clogenesis.
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-In the tropopause region the evolution is like that
described for the midtroposphere. The jetstream is sim-
ilarly distorted as the baroclinic wave radiates upward.
After a period of linear growth, the wave saturates and
a cutoff low forms by day 11. This is a period of rapid
geostrophic adjustment throughout the troposphere,
especially at upper levels where the jetstream is
strongest. »

We next examine evidence of gravity wave activity
associated with surface frontogenesis and geostrophic
adjustment in the upper troposphere. The field of hor-
izontal velocity divergence is useful for isolating grav-
ity waves from the large-scale quasigeostrophic flow
because of the divergent nature of such waves. (By
contrast, the signature of IGWs in geopotential is
hardly visible.) The horizontal divergence field in-
cludes forced ageostrophic circulations accompanying
the varying jetstream. As shown next, waves located
away from this apparent source region show a radiating
pattern of divergence distinct from that associated with
the forced circulations.

b. IGW generation during lifecycle

The divergent component of tropospheric flow
evolves quickly and in a complicated manner during
the baroclinic lifecycle. Analysis of horizontal velocity
divergence (hereafter V- v;) shows gravity wave ac-
tivity associated with the surface fronts and cross-fron-
tal ageostrophic circulations. These surface-related fea-
tures weaken with increasing height because fronto-
genesis is strongest at ground level, and the radiating
waves are dissipated as the mean flow turns with
height. At the tropopause level and above (10-25 km),
gravity wave activity increases dramatically during the
lifecycle’s mature stage. Figures 3a—d show V- v, at
130 mb (near 14-km height) on days 9—12. The geo-
potential field (Figs. 4a—~d) shows the location of the
jetstream at this level. The first appearance of signifi-
cant gravity wave activity in the upper troposphere oc-
curs on day 9. Over the next day this activity quickly
increases as a gravity wavepacket reaches 130 mb. The
wavepacket is strongest on day 11, having advanced
eastward with a secondary wave train splitting and
propagating southward around the west side of the cut-
off low. By day 12, the main packet has advanced rap-
idly eastward due to acceleration of the jet. A third
wave train appears on the east side of the cutoff low,
unrelated to the first packet. Over subsequent days,
fragments of V- vy become more widely. spread and
less coherent (not shown).

Figures 3 and 4 show that the upper-level gravity
waves tend to be confined to the vicinity of the jet-
stream, propagating with wavevector parallel to the jet
axis at midstream but at an angle to the jet along its
flanks. This is also observed on the east and west sides
of the cutoff low. Interestingly, at late times the rem-
nants of IGWs in the cutoff low are carried back into
the jet as the low itself is absorbed (not shown).



1 NOvEMBER 1995 O’SULLIVAN AND DUNKERTON 3699

FIG. 2. (a, b) Geopotential at 503 mb, and (c, d) temperature at 964 mb.
on days 10 (a, ¢) and 12 (b, d) of the T126 model simulation. In this and

following figures, two identical 60° sectors are displayed side by side.
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