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ABSTRACT

Longitudinally asymmetric features of gravity wave propagation in a sudden warming are examined theo-
retically, using observed geostrophic wind fields in the stratosphere for three days of winter 1979. It is shown
that the wind patterns accompanying a sudden warming act to reduce, but not eliminate, quasi-stationary
gravity wave propagation to the mesosphere. The onset of large-amplitude planetary waves leads to the formation
of propagating zones and forbidden zones for gravity waves of intermediate horizontal scale (50-200 km).
Lateral ray movement and horizontal refraction are secondary but observable effects for these waves.

To the extent that these waves are excited isotropically in the troposphere, it is possible to evaluate the
direction and magnitude of the average wavevector reaching the mesosphere as follows. Stationary waves with
wavevector orthogonal to the local mean flow are selectively absorbed in the stratosphere, implying that for
these waves the average wavevector transmitted to the mesosphere is antiparallel to the average of the mean

flow orientation extrema in the underlying stratosphere.

1. Introduction

Vertically propagating internal gravity waves are
thought to transport momentum from the lower to
upper atmosphere, accelerating the upper level mean
flow regions of wavebreaking (Lindzen, 1981; Holton,
1982), dissipation (Matsuno, 1982) and critical layer
absorption (Dunkerton, 1982a,b). Such accelerations
appear to be required in the winter mesosphere to
balance Coriolis torques due to the mean meridional
circulation (Leovy, 1964; Schoeber! and Strobel, 1978;
Holton and Wehrbein, 1980; Lindzen, 1981; Holton,
1982). Radar observations now suggest that gravity
waves are able to retard the mean flow in this manner
(Vincent and Reid, 1983).

As Lindzen (1981) and Matsuno (1982) have elu-
cidated, the concept of selective transmission is crucial
to the behavior of vertically propagating internal gravity
waves. For quasi-stationary waves with phase speed
much less than the mean flow speed, wavevectors that
become aligned orthogonal to the local or phase-av-
eraged mean flow are selectively absorbed and cannot
propagate vertically through the critical level (Breth-
erton, 1966). This suggests, for example, that quasi-
stationary waves of zonal orientation are trapped by
critical levels in the transition region from tropospheric
westerlies to summer stratospheric easterlies, and can-
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not reach the mesosphere in this season. In winter, on
the other hand, such waves are free to propagate ver-
tically in westerly winds; this appears to explain why
gravity wave activity is more pronounced in the winter
mesosphere (Lindzen, 1981).

Vertical propagation of quasi-stationary gravity
waves is believed to diminish, however, during a sudden
stratospheric warming. In the Northern Hemisphere,
the zonal mean flow is westerly in winter during quies-
cent periods, but reverts to easterly at high latitudes
in a major warming. Recognizing this, Lindzen (1981)
and Holton (1983) have suggested that the appearance
of easterlies will inhibit propagation of quasi-stationary
gravity waves to the mesosphere. Their conclusion is
correct insofar as a sudden warming will reduce the
horizontal extent of the propagating regions. However,
the situation is complicated by the presence of planetary
waves. In winter, there may temporarily exist regions
of local easterlies, here and there, where vertical prop-
agation of zonal quasi-stationary waves is inhibited.
During a sudden warming, on the other hand, there
will certainly exist regions of local westerlies in which
such propagation is allowed. In both cases, the selective
transmission of gravity waves will become a function
of longitude whenever and wherever planetary wave
winds are comparable in amplitude to the zonal mean
flow (Dunkerton, 1982b; Schoeberl and Strobel, 1983).

The presence of planetary waves implies, moreover,
a significant meridional component of the local mean
flow. This component will affect the transmission of
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gravity waves, determining which wavevector orien-
tations encounter critical levels. The results can differ
greatly from those of a zonally symmetric zonal flow;
note, for example, that stationary waves of meridional
orientation, which might be excited by an east-west
mountain range, are allowed to propagate vertically
in the presence of planetary waves.

Clearly, then, planetary waves must be taken into
account if we are to assess how sudden warmings and
other mean flow variations will affect the vertical prop-
agation of internal gravity waves in the winter strato-
sphere. The purpose of this paper is to attempt such
an assessment, based on actual observations of geo-
strophic winds in the Northern Hemisphere winter.
This will be done by solving the ray tracing equations
for internal gravity waves for three days of winter 1979:
a “normal” day (17 January), a “minor” wave 1
warming (26 January), and a major wave 2 warming
(22 February). Satellite-derived geostrophic wind fields
are then used in a numerical model to assess changes
in gravity wave propagation brought about by these
two sudden warmings. In this paper, attention will be
restricted to gravity waves of the “intermediate” range
(50-200 km) for which nonhydrostatic and Coriolis
effects are small. The importance of these waves in
the mesospheric momentum budget has been estab-
lished by the radar observations of Vincent and Reid
(1983). Because their radar technique is biased towards
these smaller scales, it would be premature to exclude
larger-scale inertia~gravity waves from the momentum
budget. Such waves are observed in the mesosphere
(Smith and Fritts, 1983), but their importance cannot
yet be assessed. As part of an ongoing project, we are
now beginning to examine these larger-scale waves
theoretically (Dunkerton, 1984). In the meantime, it
is of interest to examine the behavior of the inter-
mediate-scale waves, for which the greatest degree of
simplification is possible. These waves move rapidly
in the vertical, and experience rather small lateral dis-
placement and refraction (Jones, 1969).

Based on the results of this study, it will become
apparent that 1) longitudinal asymmetries in gravity
wave transmission exist throughout the Northern
Hemisphere winter, but especially during a sudden
warming; 2) zones of significant quasi-stationary gravity
wave propagation exist even in a major warming; and
3) the average transmitted wavevector for these waves
lies within the range of orientations permitted by the
fower-level flow, implying that for an isotropic initial
distribution and a conservative flow away from critical
levels, the average transmitted wavevector is antipar-
allel to the average of the mean flow orientation ex-
trema in the underlying stratosphere.

These results are attributable to the principle of se-
lective transmission and the approximately equivalent
barotropic character of the sudden warming. Stationary
waves having a nonzero wavevector component an-
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tiparallel® to the local mean flow survive and propagate
vertically, while orthogonal waves are selectively ab-
sorbed in the stratosphere (Matsuno, 1982).

To illustrate these previously unrecognized features
of selective transmission in a sudden warming, it will
be assumed, following Matsuno (1982), that gravity
waves of all orientations are excited isotropically in
the troposphere. The results to be presented here will
then represent an upper limit on the amount of quasi-
stationary gravity wave action that can be transmitted
through the longitudinally asymmetric stratosphere.
In Section 2, the ray tracing equations are discussed,
together with the numerical model used to solve them.
Sections 3 and 4 present geostrophic wind fields and
ray tracing results, respectively, for three days of winter
1979. Finally, Section 5 describes a simplified approach
valid when lateral movement and horizontal refraction
can be ignored. This method yields an economical
estimate of the distribution of gravity waves reaching
the stratopause, which confirms the overall patterns
obtained by ray tracing in the small horizontal wave-
length limit. '

2. The ray tracing problem .
a. Gravity waves in the “intermediate” range
Waves in the intermediate range satisfy
f<|&| <N, 2.1

where fis the Coriolis parameter (10™*s™'), & is intrin-
sic frequency, and N is the static stability (0.02 s™%).
For various horizontal scales A, (2.1) requires that

0.16 ms' <] <32ms™! (A, = 10 km)
1.6ms’ <|d <320ms™! (A= 100 km) R

16ms' <|d <3200ms™! (A= 1000 km)

2.2)
where ¢ is the intrinsic phase speed. For typical strato-
spheric values lying in the range 0 < |d] < 100 m s™},
the short waves will not be hydrostatic, and may be
evanescent in the polar night jet, whereas the long
waves will be affected by rotation. Jones (1967) has
argued that under conservative conditions gravity
waves are always affected by rotation before encoun-
tering their critical level (¢ = 0). We prefer to adopt
the view that rotation will become important in this

- limit only if wavebreaking or dissipation have not yet

become important as ¢ — 0. The importance of rotation
will be suppressed by the turbulent cascade to higher
wavenumbers in the case of wavebreaking, while dis-

2 The orientation of a gravity wave is defined by its wavevector,
orthogonal to wave crests. It is strictly a matter of convention whether
waves are labeled “parallel” or “antiparallel” relative to the mean
flow; all possible horizontal orientations lie within a semi-circle
(Matsuno, 1982).
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sipated waves will not survive long enough for rotation
to be of any consequence (sce Appendix to Jones,
1967). In a conservative linear shear flow, it can be
shown that direct convective wavebreaking will occur
long before [@| — |f| if

f3
2NK?’

where B, is the momentum flux and K is total hori-
zontal wavenumber. It will be assumed that (2.3) is
implicitly satisfied, although the ray tracing calculations
to be presented here make no reference to wave am-
plitude.

For a given value of intrinsic phase speed, the con-
cept of an “intermediate” range refers to both fre-
quency and horizontal scale. In this paper, quasi-sta-
tionary waves of horizontal scale 50-200 km will be
considered to lie within this range. Eq. (2.1) is satisfied
by waves having intrinsic periods much greater than
6 min and much less than 18 h.

[Bol > (2.3)

b. Ray tracing equations

An elegant introduction to ray tracing appears in
Lighthill (1978). For waves satisfying a dispersion re-
lation of the form

w = w(k,-, .xi), (2'4)

where w, x; and k; are frequency, position and wave-
vector, respectively, the ray tracing equations assume
the general form

dx;/dt = +dw/dk;, (2.5a)
dk,'/dt = —awlax,-. (25b)

The time derivative is taken along a ray, which by
(2.52) moves with the group velocity. Eq. (2.5b) de-
scribes the refraction of the wavevector along a ray
due to inhomogeneities in the basic state. Notably,

dw/dt = 0, (2.5¢)

since the basic state is assumed steady.

The hydrostatic limit of Bretherton’s (1966) dis-
persion relation is
NK
m b

w=w—k-u==+ (2.6)
where—as throughout our paper—k and u denote the
horizontal component of wavevector and mean flow
(whence K = |k|). The vertical wavenumber m is as-

sumed to satisfy a local Boussinesq approximation, -

ie.,

m* > O(—l——) , 2.7

4H?

where H is the density scale height.
Substitution of (2.6) in (2.5a,b) implies
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dxjdt =u, = i+ k*, (k*=KkK™"), (2.8a)
dz/dt = wy = K&}N, (¢=a&k™),  (2.8b)
dkj/dt = —k0w/ox;,,  (i=1,2),  (2.80)

where x and z are horizontal and vertical position, u,
is the horizontal component of the group velocity, and
W, is the vertical group velocity, assumed positive. The
basic state is assumed temporally constant, and N is
taken to be spatially constant as well. Steadiness of
the basic state is appropriate for waves of the inter-
mediate range, but is likely to be less accurate for
inertia~-gravity waves in the period leading up to a
sudden warming. Comparison of (2.8a, b) indicates
that the vertical-to-horizontal slope of a ray is pro-
portional to the total horizontal wavenumber. There-
fore lateral ray movement will tend to increase with
increasing horizontal wavelength. This implies that re-
fraction will have more time to operate at the longer
scales.

In this paper the ray tracing calculations have been
done on a spherical earth. Effects of the spherical co-
ordinate system are usually negligible for the inter-
mediate-scale waves except very close to the pole. To
deal with the artificial geometrical refraction of waves
near the pole, the local components of k were time-
stepped with the necessary terms added to the right-
hand side of (2.8¢) to insure great circle propagation
in a resting basic state (Gossard and Hooke, 1975).

¢. Stationary waves

The dispersion relation for upward-propagating sta-
tionary wave packets is

N
k¥.u =—. .
u " (2.9)
For these waves,
u, = u — k¥*k*-u), (2.10a)
K _
W, = ﬁ(k* )2 (2.10b)
Alternately, if
k*-u = |u] cosa,,
then
lug| = |ullsina,], (2.11a)
_ Kluf?* cos?a,
We = N . (2.11b)
For stationary waves, a, = *7/2 is a critical level,
where
m= oo, w,=0, (2.12a, b)
k*u=0, w=au (2.12¢, d)

At this point wavebreaking and dissipation become
important (e.g., Dunkerton and Fritts, 1984). By
(2.12c), one can refer to the stationary wave critical
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FIG. 1. Geopotential contours (dam) for 17 January 1979:
(a) 100 mb, (b) 10 mb, (¢) 1 mb.
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FiG. 1. (Continued)

level as a “point of orthogonality.” More generally,
whenever the groundbased phase speed is much less
than [ul, the critical level is approximately a point of
orthogonality.

Under such circumstances, and for strong geo-
strophic flow, (2.12c) implies that quasi-stationary
waves are selectively absorbed when their horizontal
wavevectors become approximately orthogonal to the
local geopotential contours.

d. Critical damping concept

The ray tracing results of the following section make
no reference to wave amplitude or wavebreaking, al-
though we suppose that this could be done in a more
ambitious treatment using wave action conservation.
To simplify the parameter space, wave amplitude is
assumed small, but subject to (2.3).

For intermediate-scale waves, stratospheric dissi-
pation is negligible except in regions of very small
intrinsic phase speed. Calculating ray positions in such
regions consumes unnecessary computer time, how-
ever, since the ray time will be infinite approaching a
horizontally homogeneous critical level. The numerical
code has therefore been economized by disposing of
what are thought to be highly dissipated rays when
the spatial divergence of rays is ignored, i.e., rays for
which

(2.13)

(Dunkerton, 1979). Here, a4 is the wavenumber-de-
pendent radiative damping rate of Fels (1982). In Fels’
m'/? regime this implies a critical vertical wavenumber
at which point the ray calculation is terminated:

= (e

where my = 1 km™".

W, H ! < ar(m)

(2.14)

e. Numerical model

Briefly, the numerical code employs forward dif-
ferencing and a | min time step to advance (2.8a—c)
beginning from an initial configuration of 180 rays
equally spaced on each of six latitude circles (30-80°N)
at 10 km. Each ray is assigned the same parameter
values, including the same initial wavevector orien-
tation aq relative to the local latitude circle. Geopo-
tential data from the Stratospheric Sounding Unit
(SSU) analyses were used to calculate geostrophic
winds, and linear interpolation was performed in lat-
itude and height to determine # along a ray. In lon-
gitude, the lowest three planetary waves were retained
from the original data, since these planetary waves
contain most of the wind variance in the stratosphere;
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FIG. 2. As in Fig. 1, but for 26 January 1979.
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FiG. 2. (Continued)

3
u(), 4, z) = ue(8, z) + Re > u,(0, z) expinh,

n=1

(2.15)

where \ and 6 are longitude and latitude, respectively.
This method is sufficient to obtain the planetary-scale
patterns of gravity wave propagation, but it should be
mentioned that smaller scale motions, including those
due to nearby inertia~gravity waves not detected by
satellite, will have local effects on ray propagation.

Ray positions were advanced until z = 1 mb, or
m = m,, or 48 h had elapsed. In the vicinity of the
polar night jet, intermediate-scale waves traverse the
entire stratosphere in a matter of one to a few hours.
Ray times may exceed 24 h, however, in regions of
weak winds. To monitor such waves, the model was
integrated into a second day, if necessary, but using
wind fields from the first day.

3. Geostrophic wind fields
a. A “normal” day

Early in this investigation it became apparent that
day-to-day variations in the flow at the lowest levels
of the model would have significant effects on gravity
wave propagation. As a result, there is probably no
such thing as a truly normal day against which gravity
wave propagation in the Northern Hemisphere winter

can be compared. Indeed, tropospheric flow conditions
will determine the excitation of gravity waves in the
first place.

Having made note of this caveat, Fig. 1 displays
geopotential contours at 100, 10 and | mb for 17
January 1979 obtained from SSU analyses. This day
was fairly undisturbed as far as the upper stratospheric
flow was concerned. The polar night jet was distorted
by planetary waves, predominantly wave 1 at 1 mb
and a mixture of waves 1 and 2 at 100 mb. A deep
low over Hudson Bay extended well into the strato-
sphere, distorting the jet into a highly curved config-
uration. A shallower low was present over Siberia. Very
weak geostrophic winds were observed at 100 mb over
Europe, and in an “Aleutian” high from 20 to 5 mb.

b. A “minor” wave 1 warming

On 26 January 1979 a rather simple, and predom-
inantly zonal, flow existed at 100 mb (Fig. 2). But at
higher levels the Aleutian high had grown significantly
in amplitude, now centered over the Bering Strait. On
the opposite side of the hemisphere an unusually strong
vortex was centered over northern Scandinavia. This
vortex was approximately equivalent barotropic above
20 mb, exhibiting a more significant phase tilt with
height only in the lower stratosphere.






