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Abstract. Atmospheric gravity waves have been a subject of intense research activity in
recent years because of their myriad effects and their major contributions to atmospheric
circulation, structure, and variability. Apart from occasionally strong lower-atmospheric
effects, the major wave influences occur in the middle atmosphere, between ~ 10 and 110
km altitudes, because of decreasing density and increasing wave amplitudes with altitude.
Theoretical, numerical, and observational studies have advanced our understanding of
gravity waves on many fronts since the review by Fritts [1984a]; the present review
will focus on these more recent contributions. Progress includes a better appreciation
of gravity wave sources and characteristics, the evolution of the gravity wave spectrum
with altitude and with variations of wind and stability, the character and implications of
observed climatologies, and the wave interaction and instability processes that constrain
wave amplitudes and spectral shape. Recent studies have also expanded dramatically our
understanding of gravity wave influences on the large-scale circulation and the thermal and
constituent structures of the middle atmosphere. These advances have led to a number of
parameterizations of gravity wave effects which are enabling ever more realistic descriptions
of gravity wave forcing in large-scale models. There remain, nevertheless, a number of
areas in which further progress is needed in refining our understanding of and our ability to
describe and predict gravity wave influences in the middle atmosphere. Our view of these
unknowns and needs is also offered.

1. Introduction

Considerable progress has occurred in our under-
standing of middle atmosphere gravity waves in the
four decades since the pioneering study by Hines [1960].
Indeed, interest in the field continues to expand as
the many effects of gravity waves become better un-
derstood. Early results were reviewed extensively by
Fritts [1984a], while subsequent reviews addressed spe-
cific aspects of gravity wave instability [Fritts and Ras-
togi, 1985], saturation [Dunkerton, 1989; Fritts, 1989,
or climatologies and effects [Vincent, 1984a; Schoeberl,
1987; Hamilton, 1996; McLandress, 1998]. Arguably
the greatest quantitative advances in our understand-
ing have been the most recent, and have accompanied
equally dramatic advances in observational and compu-
tational techniques and capabilities. This review will
span middle atmosphere gravity wave dynamics and ef-
fects, but will emphasize results subsequent to the re-
view by Fritts [1984a).

In retrospect, our understanding of middle atmo-
sphere gravity waves in 1984 was quite limited. We
had recognized the role of gravity waves in transport-
ing energy and momentum, in contributing turbulence
and mixing, and in influencing the mean circulation and



thermal structure of the middle atmosphere, based on
limited theoretical, numerical, and observational stud-
ies [Lindzen, 1981; Holton, 1982, 1983; Vincent and
Reid, 1983]. However, we had little or no understand-
ing of the characteristics of the gravity wave spectrum
and of its behavior with altitude, of the variability im-
posed by sources and variable mean and low-frequency
motions, of the global climatology of gravity waves and
their effects, or of the processes and interactions that
constrain wave amplitudes, effect spectral energy trans-
fers, and account for turbulence, fluxes, and mixing. We
also had explored only the most rudimentary schemes
for describing gravity wave effects in large-scale models
[Lindzen, 1981; Holton, 1982; Matsuno, 1982; Dunker-
ton, 1982a] and had no appreciation for the rich range of
behaviors accompanying gravity waves throughout the
middle atmosphere.

More recent studies have yielded a more detailed
understanding of middle atmosphere gravity waves on
many fronts. In situ, ground-based, and space-based
observational studies have contributed greatly to our
knowledge of gravity wave scales, amplitudes, fluxes,
and spectra. They have also addressed instability dy-
namics, vertical propagation, variations with altitude,
and seasonal and geographic variability. Recent the-
oretical and numerical studies have addressed source
characteristics and scales, spectral character, evolution,
and energy transfers, instability dynamics, wave—wave
and wave—mean flow interactions, and the implications
of various parameterizations for atmospheric circulation
and structure.

Our purpose here is to review the contributions since
1984 that have led to our more advanced understand-
ing of middle atmosphere gravity waves and their ef-
fects. In doing so, it will be impossible to cite all of the
work that has been published. Instead, we will restrict
ourselves to what we consider to be the more signifi-
cant contributions in each area. We also will note, on
occasion, where errors in interpretation have occurred
and where debate over observational or theoretical im-
plications continues, to allow the reader to steer clear
of mistakes and identify topics of current interest.

We begin by reviewing the linear inviscid theory of
gravity wave propagation, as well as departures due to
nonlinearity, dissipation via wave breaking, transience,
localization, and variable environments, in section 2.
Sources, propagation, and scales relevant to the mid-
dle atmosphere will be addressed in section 3. Spec-
tral character and evolution, including evidence for and
against universality, are reviewed in section 4. Section 5
summarizes what is known of gravity wave climatologies



and their implications for sources and effects. Grav-
ity wave interactions, instability dynamics, and wave-
breaking or saturation processes are examined in sec-
tion 6. Sections 7 and 8 describe efforts to parameterize
gravity wave effects to date and their implementation
and effects on the large-scale circulation and structure
of the middle atmosphere. Our summary and recom-
mendations are presented in section 9.

2. Equations of Motion

Atmospheric gravity waves can frequently be described
with a simple linear theory that treats them as small de-
partures from a stably stratified background state vary-
ing only in the vertical. The restoring force for gravity
wave oscillations is the buoyancy that results from the
adiabatic displacements of air parcels characteristic of
these disturbances. Here we outline a general gravity
wave solution to the linearized forms of the fundamen-
tal conservation equations. We then discuss the simpler
forms of the dispersion and polarization relations that
result when limited portions of the possible gravity wave
spectrum are considered.

2.1. Linear Theory

We begin with the fundamental fluid equations in
Cartesian coordinates (z,y, z) that follow from conser-

vation of momentum, mass, and energy [e.g. Holton,
1992]:
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where d/dt represents a total, or advective, derivative,
(u,v,w) is the fluid velocity vector, and the terms X,
Y, and @ represent unspecified forcings that could in-
clude wave-driven forces and diffusive mixing effects ac-
companying wave dissipation. The remaining symbols
have the usual meanings: p is pressure, p is density
(p = poexp|—(z — z0)/H] with py = p(zp) the den-
sity at reference level zg and H the scale height), and
f = 2Qsin ¢ is the Coriolis parameter (where Q is the



earth rotation rate and ¢ is latitude). These five equa-
tions plus the definition of potential temperature 6,
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define a complete set describing inviscid fluid motions.
Here pg = p(z0), R is the ideal gas constant, and x =
¢p/cy 1s the ratio of specific heats at constant pressure
and constant volume. 6 represents the temperature a
parcel of air would have if lowered adiabatically from p
to po.

The unforced forms of (1) to (6) linearized about a
horizontally uniform hydrostatic basic state with back-
ground wind (%, v, 0), potential temperature , pressure
P, and density p varying only in z are
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Here the derivative D /Dt is the linearized form of the
time derivative,
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primed quantities are perturbations to the background
state, and N = (gdlnf/9z)'/? is the buoyancy fre-
quency.

We now neglect the background shear terms in (7)
and (8) by assuming (@,7) and N vary only slowly over
a wave cycle in the vertical (the WKB approximation,
e.g. Gill [1982]). We also assume the gravity wave
solutions have the form
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These describe a monochromatic wave perturbation with
wavenumber components (k,l,m) and ground-relative
(Eulerian) frequency w. Substitution into (7) to (12)
yields a set of six algebraic equations for (@, 0, W, 0, p, p):
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where @ = w — ku — [? is called the intrinsic frequency,
i.e., the frequency that would be observed in a frame
of reference moving with the background wind (4, v).
The above equations can be combined to form a sin-
gle equation for the perturbation vertical velocity am-
plitude. Demanding the imaginary coefficients of this
equation go to zero gives,
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and the same for the real coefficients gives

1 (A2 f2)
~2 2,12 2 w

(22)
This equation is 4th-order in @ and supports both
acoustic and gravity waves. By letting the sound speed
cs — 00 we retain the compressibility term related to
the background density gradient and obtain the gravity
wave dispersion relation,
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The dispersion relation relates the wave frequency to
the wave’s spatial characteristics (wavenumbers) and
to the background atmosphere properties N and (@, v).
The gravity wave solutions above admit waves with a
broad range of properties. For vertically propagating
waves, (k,l,m) are real and the intrinsic frequency is
confined to the range N > @ > |f|. All parts of this
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spectrum can be important to middle atmosphere dy-
namics. Because of this wide range of properties and
because the intrinsic frequency and vertical wavenum-
ber can vary strongly as a wave propagates vertically
through background shear and stability gradients, mod-
els describing their propagation across a wide range of
conditions may need to retain all terms in (23) in their
analysis. Simpler forms representing waves in certain
limited regions of this spectral space, however, provide
considerable insight and will be summarized below.

The wave group velocity describes energy transport
and wave packet propagation and is written as
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Our sign convention here assumes that @ is positive defi-
nite. The vector (k,1) defines the direction of horizontal
propagation. m is then negative for upward group ve-
locity and positive for downward. Thus, for eastward
(k > 0) and upward (m < 0) energy propagation rel-
ative to the wind, intrinsic phase speeds are eastward
(éz = @/k) and downward (é, = &/m) relative to the
wind. Note that the phase speed is not a vector quan-
tity, although wave phase propagation has a direction
given by the vector (k,l,m).
Polarization relations relating perturbation ampli-
tudes of the different variables to one another can also
be derived from (15) to (20). Some useful examples are,

u,v,0)+

( ) = Ow dw dw = (
Coz: Coy> C92) = ok’ ol dm )

ok — f1
i = (W)v (26)

_ @2 _ f2 ~ a)2 _ f2 ~
P= (a)kﬂfz)“_ (dzl—z’fk:)v’ 27)
m— 5 )w
o - G2 @
and (18).

2.1.1. High-frequency waves: @ >> f. The
dispersion relation (23) is derived by neglecting acous-
tic wave solutions, but the terms proportional to 1/4H?
retain one of the larger compressibility effects associ-
ated with gravity wave motions. These arise when the
vertical wavenumber m becomes small so that 1/2H
is a nonnegligible factor. With H ~7 km in the mid-
dle atmosphere, this term becomes significant for waves
with vertical wavelengths of ~30 km or longer where
the change in background density becomes significant
over the vertical wavelength of the wave. This com-
pressibility effect is important in the interpretation of
airglow images of gravity wave perturbations near the



mesopause [e.g. Swenson et al., 2000]. As the verti-
cal wavelength grows very large, and m — 0, the wave
will undergo total internal reflection where the vertical
group velocity can change sign (called a turning level).
Above this level, the wave is evanscent. If turning lev-
els occur both above and below, the wave is said to be
ducted. Observational and modeling studies associated
with these effects will be described further in section
3.2.2.

Neglecting rotation effects, but retaining the scale-
height compressibility term and setting m = 0 in (23)
yields an equation describing the maximum horizontal
intrinsic phase speed ¢pax prior to total internal reflec-
tion as a function of horizontal wavelength:
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This gives a useful approximation to the fully compress-
ible solution [Marks and Eckermann, 1995]. Figure 1
compares solutions for ¢;,,x and the corresponding max-
imum intrinsic frequency wpyax versus horizontal wave-
length for the fully compressible, incompressible, and
approximate (29) solutions.

Figure la shows that short horizontal wavelengths
are much more easily reflected and will likely remain
trapped at lower altitudes. Thus only waves with hor-
izontal wavelengths > 10 km are generally considered
important to middle atmosphere dynamics. Although
the vertical wavelength theoretically goes to infinity
at the turning level (and therefore the WKB approx-
imation should be violated), the theory embodied in
(29) appears to provide a good approximation even for
waves observed near this theoretical limit [Swenson et
al., 2000].

For high-frequency waves for which the Coriolis force
can be neglected and for which m? >> 1/4H?, the dis-
persion relation simplifies to
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where « is the angle between lines of constant phase
and the vertical. These are simple plane waves with
zero velocity perturbations perpendicular to the plane
of propagation. Group velocity simplifies to
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where ¢y, is the horizontal component of group velocity,
up, the horizontal wind in the direction of propagation,
and k, = Vk2 + (2 the horizontal wavenumber. Note



that phase propagation is downward (m < 0) for up-
ward group velocity. In this form it can be seen that
group velocity is parallel to lines of constant phase and
perpendicular to phase propagation.

High intrinsic frequency waves are observed not only
in mesopause airglow image data [Swenson, et al., 1995;
Taylor and Garcia, 1995; Gardner et al., 1996; Tay-
lor et al., 1997; Isler et al., 1997; Hickey et al., 1998;
Haque and Swenson, 1999], but also in sublimb view-
ing infrared and microwave satellite observations in the
stratosphere [Wu and Waters, 1996a, b; Alexander,
1998; Dewan et al., 1998; Picard et al., 1998; McLan-
dress et al., 2000] and in middle atmosphere radar data
[Reid et al., 1988; Fritts et al., 1990a, 1992; Fritts and
Wang, 1991; Hoppe and Fritts, 1995; Mitchell and How-
ells, 1998].

2.1.2. Medium-frequency waves: N >> © >>
f. For gravity waves with midrange intrinsic frequen-
cies, very simplified relationships emerge that lend valu-
able insight into gravity wave properties and the effects
due to changes in the background wind and stability.
Letting c¢j, represent the horizontal phase speed and
kn, = Vk2 + 12, the dispersion relation then simplifies
to
kp,
m

&= N|2, (32)

and the vertical wavenumber can now be very simply
related to the background wind and stability:
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Note that kj, > 0 for ¢, = (¢, —up) > 0, and kj, < 0 for
¢én, < 0. Equations (32) and (33) demonstrate that ver-
tical wavelength and intrinsic frequency are both pro-
portional to the intrinsic phase speed ¢, = ¢ —up. The
level where ¢;, = up(z) is a critical level for the wave
where vertical wavelength shrinks to zero. This the-
oretical limit is never achieved in the real atmosphere
because a host of instability and dissipation mechanisms
become more likely as the wave approaches it.

The group velocity for medium-frequency gravity waves
becomes

emer) =m0+ (£ 22) )
and has the same magnitude as the phase propagation
but opposite sign in the vertical. Note that the time-
dependent ray equations [Lighthill, 1978] show that
m — oo would take an infinite time to reach a criti-
cal level, so the wave energy can never actually reach
this level and even at low amplitude radiative damping



or wave instability would dissipate the wave somewhere
below. Note, however, that wave transience and time
dependence of the background flow can allow different
interactions near the critical level. Departures from lin-
ear theory due to transience and nonlinearity are dis-
cussed in section 6.
The polarization relations under the medium-frequency

approximation take simple forms:
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Note that group velocity, vertical wavelength, and in-
trinsic frequency increase as a wave propagates “up-
shear,” defined as an altitude region where the intrinsic
phase speed |é;| is increasing. These simplified forms
demonstrate that vertical velocity will grow proportion-
ately larger than the horizontal velocity perturbations
in these conditions, and pressure perturbations become
increasingly important. The opposite is true for waves
propagating “downshear” such as those approaching a
critical level ( |én| — 0). In fact it is the tendency for
@/|éx| to increase as the wave approaches a critical level
that drives the tendency for instability and turbulence
generation.

These approximations for waves with midrange fre-
quencies are inappropriate for most detailed analyses,
but the set of very simple relationships that result pro-
vide an extremely valuable intuitive view of gravity
wave properties and their relationship to background
winds and stability.

2.1.3. Low-frequency waves: w ~ f. Low-frequency
gravity waves, or inertia-gravity waves, are those for
which the rotation of the earth has an important in-
fluence. These wave perturbations have an interesting
three-dimensional helical structure. Velocity perturba-
tions in the direction perpendicular to the direction of
propagation are no longer zero, but grow proportion-
ately larger as intrinsic frequency decreases towards f.
For a zonally propagating wave, the meridional velocity
amplitude v is

I
U

0= —i=G. (37)

An approximation to the dispersion relation appropri-
ate for both low- and medium-frequency gravity waves
is
k2
@ = N2 4 f2, (38)
m
Any wave nearing a critical level (where the background
wind speed approaches the horizontal phase speed and

m — o00) will move toward lower intrinsic frequency



where rotation effects become important. The true crit-
ical level is therefore where @ — f, somewhere below
the critical level described for medium-frequency waves
(ch = up).

Because the ratio of vertical to horizontal group ve-
locity,
kn
m
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becomes quite small for inertia-gravity waves relative to
their higher-frequency counterparts, they can be found
at large horizontal distances from their sources [Dunker-
ton, 1984; Eckermann, 1992]. They are very commonly
seen in lower stratosphere observations.

A number of observational techniques are sensitive to
inertia-gravity waves. Balloon-borne measurements of
horizontal wind profiles in the lower stratosphere an-
alyze inertia-gravity waves via hodograph and rotary
spectral analyses [Kitamura and Hirota, 1989; Barat
and Cot, 1992; Tsuda et al., 1994a; Ogino et al., 1995,
Hamilton and Vincent, 1995; de la Torre et al., 1996;
Sato et al., 1994; Sato and Dunkerton, 1997; Shimizu
and Tsuda, 1997; Vincent and Alexander, 2000]. Limb
viewing satellite measurements can also be sensitive to
inertia-gravity waves [Fetzer and Gille, 1994; 1996; Eck-
ermann and Preusse, 1999; Tsuda et al., 2000], and they
are prominent signals in stratospheric radar and lidar
observations [Sato, 1994; Mitchell et al., 1994; Sato et
al., 1997; Riggin et al., 1997] and middle atmosphere
rocket sounding data [Hirota and Niki, 1985; Hamilton,
1991; Tsuda et al., 1992; Eckermann et al., 1995; Fritts
et al., 1997a].

2.2. Conservative Propagation and Departures

Gravity waves conserve wave pseudomomentum flux
if they propagate without dissipation through a back-
ground atmosphere that varies only in the vertical. The
vertical flux of horizontal pseudomomentum

E
(Fan FPy) = ﬁcgzg(ku l) (40)

is related to the Reynolds stress and vertical flux of
horizontal momentum under these assumptions as

(Fpa, Fpy) = p(1 — f2/0%)(u'w’, v'w). (41)

Dissipation results from processes such as radiative damp-
ing [Fels, 1984; Zhu, 1994], wave-wave and wave—mean
flow interactions [Broutman and Grimshaw, 1988; Suther-
land, 2000; 2001], and wave breaking and instability
processes (see section 6 below). We note here only that
nonlinearity and time dependence usually prevent the



attainment of amplitudes anticipated by linear, inviscid,
steady wave theory.

Viscosity and molecular diffusion are generally not
important dissipation mechanisms except in the ther-
mosphere where the exponentially decreasing density
and growth of kinematic viscosity with altitude ulti-
mately allow these to dominate over other dissipation
processes.! This growth of kinematic viscosity with al-
titude accounts for the turbopause at an altitude typi-
cally ~ 110 km.

The negative of the zonal mean pseudomomentum
flux is the gravity wave contribution to the more general
Eliassen—Palm flux (EP flux) that is commonly used
to describe planetary-scale wave effects [Edmon et al.,
1980; Miyahara et al., 1986]. The divergence of the EP
flux is proportional to the force exerted on the mean
flow. In the case of gravity waves, the zonal average
is replaced by an average over some smaller, but still
large, area such as a GCM grid scale, and the force on
the background wind on that scale becomes

(X,)Y) = —Eg(pr,pr). (42)
This is the wave driving (or wave-induced force) [An-
drews and McIntyre, 1976] that would be used for
studying wind evolution in the momentum conservation
equation for the background flow as in (1) and (2). The
force is a vector quantity such that the direction and
sign of the force are always the direction and sign of
the horizontal phase propagation in the frame of refer-
ence moving with the wind (i.e. the horizontal intrinsic
phase speed of the wave).

The factor € has been called an efficiency [Holton,
1982] or intermittency [Alexander and Dunkerton, 1999
factor, and it can be thought of as describing the frac-
tional coverage of the wave dissipation event within the
larger scale space- and/or time-averaging interval. The
intermittency factor is a necessary ingredient in gravity
wave parameterization estimates of (X,Y) when the in-
put parameters are describing mean gravity wave prop-
erties. We note, however, that for observational esti-
mates of (Fpy, Fp,) and (X,Y), such as derived from
time-averaged radar data, the e factor is already in-
cluded.

1We note here that the “viscosity waves” proposed by Hocking
et al. [1991] are, in reality, the viscous solutions of the Orr-
Sommerfeld equation [e.g. Fritts and Geller, 1976]. They do
not propagate, and they do not have a dispersion relation. Thus,
their role is to eliminate, not create, the artificial singularities that
occur in the linear inviscid equations, and they cannot play the
role proposed by Hocking et al. [1991] accounting for enhanced
radar backscatter.
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Gravity waves also have an associated energy flux,
so departures from conservative propagation will lead
to energy dissipation and local heating of the atmo-
sphere. If wave dissipation involves turbulence genera-
tion, then mixing and turbulent heat, momentum, and
constituent transport will also occur. Direct heating
has been neglected in most GCMs that parameterize
gravity wave effects. Models of the middle atmosphere,
however, generally require parameterized vertical mix-
ing that is commonly called eddy diffusion. Such mixing
could, for example, result from convective overturning
of material surfaces and subsequent turbulence follow-
ing gravity wave breaking (see section 6.2.1).

A momentum eddy diffusion coefficient associated
with gravity wave dissipation may be approximated for
a single wave [Lindzen, 1981; Holton, 1982] as
_ XY
= =Nz
This coefficient is related to the thermal eddy diffusion
coefficient via the Prandtl number. The value of the
Prandtl number associated with gravity wave breaking
is poorly defined at present and may vary with height.
It is expected to be large and highly variable based
on numerical and theoretical models of gravity wave
convective instability [Chao and Schoeberl, 1984; Fritts
and Dunkerton, 1985; Coy and Fritts, 1988; Mclntyre,
1989]. Assessments of turbulent thermal diffusion re-
quired to account for observed atmospheric structure
in global models likewise imply large turbulent Prandtl
numbers and smaller thermal diffusion coeflicient than
the momentum diffusion coefficient predicted by (43)
[Strobel et al., 1985, 1987; Holton and Schoeberl, 1988;
Smith and Brasseur, 1991; Huang and Smith, 1991].
While (43) with an arbitrary scaling factor is very com-
monly applied, this relation remains to be confirmed
and extended to multiple waves by direct numerical sim-
ulation.

Departures from linear theory also occur because of
the time dependence of the background flow and the
spatial and temporal variations in wave activity (i.e.
wave packets). In the case of a gravity wave packet
that is localized in space and/or time, the result is a
spread of horizontal and/or vertical wavenumbers and
a corresponding spread of intrinsic frequencies. A grav-
ity wave packet in a shear flow may achieve large am-
plitudes, but it never attains a singular critical level
solution. Spatial localization of a wave packet is also
now understood to have some surprising effects. Grav-
ity waves due to local topography comprise a continuous
spectrum of wavenumbers and propagation directions.
When such a spectrum of gravity waves is incident on a

Dy : (43)
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veering wind, the result is a monotonic decrease in mo-
mentum flux and a turning of the direction of wave drag
with altitude as successive portions of the spectrum are
removed by critical levels [Hines, 1988a; Shutts, 1995;
1998; Broad, 1995; 1999]. At larger wave amplitudes,
localization of a wave packet in the vertical can re-
sult in its penetration via nonlinear “self-acceleration”
beyond its linear critical level [Fritts and Dunkerton,
1984], while localization horizontally and vertically can
enable penetration through a turning level [Sutherland,
2000] (see section 6.2.3 below).

Time dependence of the flow in which a gravity wave
propagates also influences wave characteristics, enabling
the formation of caustics, inducing wavenumber trans-
port, and either accelerating or retarding the approach
toward unstable local wave amplitudes [Broutman and
Young, 1986; Bruhwiler and Kaper, 1995; Eckermann,
1997; Buckley et al., 1999; Walterscheid, 2000]. Given
the importance of (or lack of) these processes in the
spectral evolution of gravity waves in the middle atmo-
sphere, and the current debate within the community
over these issues, this topic will be reviewed more fully
in section 6.

3. Sources and Propagation
3.1. Gravity Wave Sources

A complete survey of the gravity wave sources impor-
tant for the middle atmosphere is beyond the scope of
this paper. Indeed, such a survey is beyond our cur-
rent state of knowledge based on the extensive theo-
retical, modeling, and observational efforts to date. In-
stead, the purpose of this section is to identify the domi-
nant sources, their spatial and temporal variability, and
the general characteristics of gravity waves arising from
them as we understand them at present. The most ob-
vious sources include topography, convection, and wind
shear, though other sources may also be significant at
preferred sites or in association with specific larger-scale
dynamics. Examples of other sources that are likely to
be important statistically include adjustment of unbal-
anced flows in the vicinity of jet streams and frontal
systems, body forcing accompanying localized wave dis-
sipation, and wave—wave interactions. Less significant
sources which may, nevertheless, be important at higher
altitudes include auroral heating and eclipse cooling.

3.1.1. Topographic generation. Mountain waves
have been studied extensively over the past three decades
using theoretical, numerical, and observational meth-
ods. As a result, idealized two-dimensional (2D) re-
sponses to 2D topography are reasonably well under-
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stood in terms of nonlinear wave dynamics and hy-
draulic theory [Long, 1955; Smith, 1985; Durran and
Klemp, 1987; Nance and Durran, 1998; Lott, 1998;
Farmer and Armi, 1999]. Responses to three-dimensional
(3D) topography have also been quantified increasingly
in a number of measurement programs and numeri-
cal studies, yielding estimates of mountain wave scales,
amplitudes, and momentum fluxes. Horizontal wave-
lengths for vertically propagating waves are typically
tens to hundreds of km, while amplitudes vary from
small to breaking [Lilly and Kennedy, 1973; Nastrom
and Fritts, 1992; Chan et al., 1993; Dornbrack et al.,
1999; Leutbecher and Volkert, 2000]. Horizontal and
vertical cross sections of a wave structure anticipated
over northern Scandinavia in a 3D mesoscale simula-
tion by Dérnbrack et al. [1999] are shown in Figure 2
and exhibit the large-scale thermal structure (areas of
low temperature in the figure) believed to trigger polar
stratospheric clouds (PSC) and ozone depletion. Such
simulations, however, do not yet capture the responses
often observed over smaller-scale topography [Nastrom
and Fritts, 1992].

Momentum fluxes likewise vary greatly, but are typ-
ically in the range of ~ 0.1 to a few m2s~2 (per unit
mass, or ~0.01 to 0.5 Pa) in the upper troposphere and
lower stratosphere, based on in situ aircraft and radar
measurements and large-scale cross-mountain pressure
distributions [Lilly and Kennedy, 1973; Lilly and Lester,
1974; Smith, 1978; Kennedy and Shapiro, 1979; Shutts
et al., 1988; Fritts et al., 1990b; Sato, 1994]. Mo-
mentum fluxes are also preferentially associated with
the smaller horizontal scale waves that are vertically
propagating because of their larger vertical velocities.
Maximum (generally negative in the figure) momentum
fluxes were inferred at horizontal wavelengths between
~ 10 and 100 km by Nastrom and Fritts [1992] (see
Figure 3).

The GASP (Global Atmospheric Sampling Program)
and more recent aircraft observations also enabled as-
sessments of the statistical importance of mountain
waves over rough and smooth terrain and relative to
other significant sources. These showed horizontal ve-
locity and temperature variances to be ~ 2 to 3 times
higher over significant topography compared to plains
and oceans, independent of other sources [Nastrom et
al., 1987; Jasperson et al., 1990; Bacmeister et al.,
1990a], and ~ 5 times higher than regions having no ob-
vious meteorological sources [Fritts and Nastrom, 1992].
Because of the importance of such waves for mean circu-
lations, a number of authors have attempted to param-
eterize their specific effects in large-scale models (see



section 7). The importance of mountain waves relative
to other significant sources is discussed further in sec-
tion 5.

Of relevance to the middle atmosphere, then, moun-
tain waves have dominant scales (in terms of momentum
fluxes) of ~ 10 to 100 km, phase speeds near zero, and
vertical wavelengths dictated by the local static stabil-
ity and mean wind in the plane of wave propagation
[Bacmeister et al., 1990b]. Indeed, Bacmeister [1993]
has argued that mountain waves likely account for a
large fraction of zonally-averaged wave-induced force
(wave drag) in the mesosphere, though this result is
based on predictions of Lindzen-type parameterizations
(see section 7) and remains to be demonstrated obser-
vationally.

3.1.2. Convective generation. Although it has
been known for decades that convection can excite grav-
ity waves, it is only in more recent years that observa-
tions and models have begun to characterize the waves
generated by this source and the mechanisms within
convection responsible for their generation. In fact,
there is at the time of this review still considerable con-
troversy and ongoing research aimed at understanding
this wave generation mechanism.

One of the difficulties in characterizing this source
is its inherent intermittency. Observations of high-
frequency waves in the stratosphere have shown a close
correspondence with deep convective clouds (see Fig-
ure 4) [Sato, 1992; 1993; Alexander and Pfister, 1995;
Sato et al., 1995; Dewan et al., 1998; McLandress et al.,
2000; Alexander et al., 2000]. Observational estimates
of momentum flux are fewer, but show significant vari-
ability. Local magnitudes range up to ~ 0.03 to 0.2 Pa
[Sato, 1993; Alexander and Pfister, 1995; Alexander et
al., 2000], and longer-term averages peak at ~ 1 to 5
%1073 Pa [Sato and Dunkerton, 1997; Sato et al., 1997;
Vincent and Alexander, 2000].

Waves generated by convection are not characterized
by a single prominent phase speed or frequency as is
the case for topographic waves. Instead, convection
can generate waves throughout the full range of phase
speeds, wave frequencies and vertical and horizontal
scales. The low-frequency waves in particular may be
observed in the middle atmosphere at large horizontal
distances from the convective source, making correla-
tion with clouds or other indicators of convection more
difficult. In the tropics, however, far from topography
and regions of baroclinic instability, the occurrence of
inertia-gravity waves has been linked to convection as
the source [Pfister et al., 1986; Tsuda et al., 1994a;
Karoly et al., 1996; Shimizu and Tsuda, 1997; Wada et
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al., 1999; Vincent and Alexander, 2000].

Model studies of waves generated by convection (Fig-
ure 5) have greatly enhanced our understanding of these
phenomena. Convection involves a time-varying ther-
mal forcing associated with latent heat release that can
interact with overlying stable layers and shear in com-
plex ways that are not fully understood. Three simpli-
fied mechanisms have been proposed to describe con-
vective generation: 1) pure thermal forcing, 2) an “ob-
stacle” or “transient mountain” effect, and 3) a “me-
chanical oscillator” effect.

For pure thermal forcing in the absence of strong
shear, the heating depth and the vertical wavelength
of the gravity waves generated are surprisingly approxi-
mately equal [Alexander et al., 1995; Piani et al., 2000].
This relationship (demonstrated by Salby and Garcia
[1987] for larger-scale waves) arises because the heat-
ing projects most strongly onto a wave with vertical
wavelength twice the depth of the heating, but the
wave is then refracted to half that vertical wavelength
as it propagates across the two-fold increase in buoy-
ancy frequency at the tropopause (see (33)). Bergman
and Salby [1994] used global cloud imagery at tropi-
cal latitudes to estimate the planetary-scale and long-
wavelength, low-frequency gravity wave responses with
this model, and the far-field effects of the waves gen-
erated have been extended through the mesosphere by
Garcia and Sassi [1999]. The linear mechanism used in
these studies has been validated for tropical planetary-
scale waves, but the amplitudes are generally larger
than those in corresponding nonlinear models [Manzini
and Hamilton, 1993]. The gravity wave momentum
fluxes derived from these cloud data sets are still highly
uncertain. Pandya and Alexander [1999] further de-
scribe how the local mesoscale environment surround-
ing the storm can modify the smaller-scale gravity wave
response in the stratosphere from a latent heat source.
Observational evidence for the thermal forcing mech-
anism of gravity wave generation appears in McLan-
dress et al. [2000] (Figure 6), although its importance
relative to other mechanisms could not be quantified.
Pure thermal forcing would be expected to generate an
isotropic wave field, with anisotropies occurring primar-
ily via background wind filtering effects.

The “obstacle effect” was descibed by Clark et al.
[1986] for short horizontal wavelength waves in the
troposphere generated by boundary layer convection
[Kuettner et al., 1987], but the ideas developed in their
study have also contributed to understanding the larger
horizontal scale waves in the middle atmosphere gener-
ated by convection. The obstacle effect can be thought
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of as analogous to topographic wave generation where
the convective heating modifies the shape of isentropes
at the bottom of a stable layer which is moving relative
to the convective obstacle. Clark et al. found that both
the pure thermal forcing and the obstacle effect pro-
duced gravity waves in the overlying stable layer, but
that the obstacle effect generated much larger ampli-
tude waves. Pfister et al. [1993a, b] explicitly modeled a
linear version of this mechanism and found evidence for
it in stratospheric aircraft observations over convection.
Pfister et al. [1993b] also described how the time depen-
dence of the obstacle (or “transient mountain”) affects
the phase speed spectrum of the waves that are gener-
ated. Observational evidence for the obstacle effect has
appeared in radiosonde analyses of low-frequency waves
[Vincent and Alexander, 2000; Alexander and Vincent,
2000]. This mechanism is associated with an anisotropic
wave spectrum with a preference for generating waves
propagating opposite to the mean wind relative to the
obstacle.

Fovell et al. [1992] described the “mechanical oscil-
lator” mechanism as a periodic and localized momen-
tum source term that generates waves with a frequency
equal to the oscillation frequency. This mechanism is
not distinct from the time-varying thermal source when
that source oscillates with a regular period [Clark et
al., 1986; Alexander et al., 1995; Pandya and Alexan-
der, 1999]. Lane et al. [2001] describe a similar mecha-
nism acting in their three-dimensional model that had
little or no shear in the forcing region, with some added
constraints. In their conceptual model, the parcel oscil-
lates about its level of neutral buoyancy at the local tro-
pospheric buoyancy frequency which limits this mech-
anism to generating only very high frequency gravity
waves in the upper troposphere at altitudes above any
lower minima that occur in the N profile. For the me-
chanical oscillator mechanism, anisotropies in the wave
spectrum can result from background wind effects in a
manner similar to the obstacle effect [Fovell et al., 1992].

In summary, the three simplified excitation mecha-
nisms that have been proposed may all be important,
depending strongly upon the local shear and the vertical
profile and time dependence of the latent heating. In
reality, the three mechanisms are not distinct, but cou-
pled. However, one mechanism or another may serve to
largely explain a set of observations with certain wind
shear conditions or may serve to explain the generation
of a certain class of waves, such as long vertical wave-
length wave generation associated with deep convective
heating.
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3.1.3. Shear generation. The excitation of grav-
ity waves by unstable shears has been studied for many
years but remains one of the least quantified sources of
gravity wave activity. A major challenge in these ef-
forts was to account for the emergence of gravity waves
that are propagating away from the shear layer on a
time scale competitive with the most rapidly growing
Kelvin—Helmholtz (KH) instability. This proved diffi-
cult for linear modes of instability, for which the growth
rate depends on the horizontal wavenumber. The sub-
harmonic interaction, or pairing, of KH modes was pro-
posed by Davis and Peltier [1979] to provide such ex-
citation, but Fritts [1984b] showed pairing not to be
an efficient mechanism when the exterior flow is stably
stratified. By invoking a nonlinear interaction between
KH and propagating modes, however, Fritts [1984b] and
Chimonas and Grant [1984] were able to account for
rapid excitation of propagating gravity waves. This
“envelope” radiation is essentially excitation of a grav-
ity wave by the packet-scale motions accompanying a
packet of coherent KH billows evolving together in an
unstable shear layer of finite horizontal extent. Two
aspects of this mechanism have been assessed more re-
cently in greater detail. Biihler et al. [1999] and Biihler
and McIntyre [1999] examined wave radiation from the
collapse of a mixed region due to KH billows of finite
extent and concluded that this source could not be ne-
glected in the momentum budget at greater altitudes.
The mechanism envisioned by Biihler et al. [1999] is
represented schematically in Figure 7. Scinocca and
Ford [2000] re-examined the nonlinear radiation from
spatially-localized KH billows and concluded, like Fritts
[1984Db], that envelope radiation is a viable mechanism
for gravity wave generation and likely an important con-
tributor to the mesospheric momentum budget.

Assuming envelope radiation to be the predominant
shear excitation mechanism, we can infer characteristic
horizontal scales of tens to ~ 100 KH wavelengths, or
a few to tens of km, with horizontal phase speeds com-
parable to the mean wind at the unstable shear layer.
There is, nevertheless, some observational evidence sug-
gesting that certain linear modes of shear instability
can be excited [Mastrantonio et al., 1976; Lalas and
Einaudi, 1976]. Under such circumstances, the grav-
ity wave scales are determined by the character of the
shear flow and tend to be considerably larger than KH
wavelengths.

3.1.4. Geostrophic adjustment. Most evidence
for gravity wave excitation accompanying the restora-
tion of balanced flow, commonly termed geostrophic ad-

justment, even though the balance need not be geostrophic,
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comes from theoretical or numerical treatments of ad-
justment processes. In such a process, an initial or
evolving unbalanced flow relaxes to a new balanced
state via both a redistribution of mean momentum, en-
ergy, and potential vorticity and a radiation of excess
energy away as inertia-gravity waves. Such unbalanced
initial flows can arise, for example, where cross-stream
pressure gradients are varying along the fluid motion
(requiring an acceleration or deceleration of the mo-
tion), accompanying frontal evolution and baroclinic in-
stability, or in response to local body forces due to grav-
ity wave dissipation and momentum flux divergence.
The first of these was modeled in 2D and 3D by Fritts
and Luo [1992] and Luo and Fritts [1993] as adjustments
to unbalanced initial conditions and was found to lead
to both new balanced 2D or 3D flows and a spectrum
of inertia-gravity waves that owe their character to the
geometry of the source perturbation. Observations of
inertia-gravity wave activity by Hirota and Niki [1985]
and Thomas et al. [1992] exhibiting downward phase
progression above the jet stream and upward phase pro-
gression below the jet stream appear to provide some
support for this conceptual model. Further support
comes from the more recent study by Guest et al. [2000]
who found both a high correlation of inertia-gravity
wave observations with a synoptic pattern having a jet
stream nearby and a tendency for reverse ray tracing to
suggest the jet stream as the wave source. Our under-
standing of such adjustment processes is nevertheless
poor at this time and will benefit from further research
efforts.

Frontogenesis and baroclinic instability were found by
O’Sullivan and Dunkerton [1995], Griffiths and Reeder
[1996], and Reeder and Griffiths [1996] to yield simi-
lar results, with both adjusted mean and waves scales
largely defined by the character of the unbalanced flow.
An example of the inertia-gravity waves emitted ac-
companying adjustment of an evolving baroclinic flow
is shown in Figure 8 [O’Sullivan and Dunkerton, 1995].
As discussed above, gravity waves are seen to arise pref-
erentially in regions of strong flow deceleration.

Gravity waves arising from local body forces due to
dissipating gravity waves were considered theoretically
by Zhu and Holton [1987] and more recently by Vadas
and Fritts [2001]. In all cases, the response is a combi-
nation of an adjusted mean (with redistributed momen-
tum or potential vorticity), an altered mean thermal
structure, and radiated inertia-gravity waves ensuring
energy conservation in the absence of dissipation. The
study by Vadas and Fritts [2001] considered a tempo-
rally evolving body force and showed 1) that the ad-
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justed mean state depends on the momentum impulse
and forcing geometry, but not on the forcing duration,
and 2) that the radiated inertia-gravity waves are con-
strained by both the geometry and the temporal struc-
ture of the body forcing. Thus, while both long- and
short-duration forcing (having the same geometry and
momentum impulse) induce the same balanced mean
flow, their gravity wave responses are quite different,
with long-duration forcing strongly suppressing gravity
waves having periods shorter than the forcing duration.
The adjustment processes discussed here are also closely
analogous to the radiation of gravity waves by a col-
lapsing mixed layer due to shear instability examined
by Biihler et al. [1999] and discussed above, though the
source here is due to an addition, rather than a redis-
tribution, of momentum.

Scales of inertia-gravity waves arising from adjust-
ment or body forcing processes are imposed by the
source spatial scales and further constrained by the
source time scales. Typical vertical scales are a few km
or more, with horizontal scales along the direction of
propagation of ~ 10 to 100 times larger. Wave periods
likely vary from an hour or so out to the inertial period.
In cases where the source is elongated in one direction
horizontally, the predominant direction of propagation
of the excited inertia-gravity waves is normal to the
source axis.

A comparison of gravity wave velocity and tempera-
ture variances associated with various sources computed
using GASP data near the tropopause is shown in Fig-
ure 9 [Fritts and Nastrom, 1992]. These variances, for
64- and 256-km flight segments, suggest that topogra-
phy, jet stream shears, and convective and frontal ac-
tivity all contribute substantially to gravity wave exci-
tation where these sources are prevalent.

3.1.5. Wave—wave interactions. Nonlinear wave—
wave interactions are arguably one of the more impor-
tant mechanisms in energy exchanges, amplitude con-
straints, and spectral evolution for gravity waves in the
middle atmosphere. Their roles and importance are not
universally acknowledged, however, and there remains
much to be done in quantifying their dynamics and ef-
fects.

As a source of gravity waves, the atmospheric com-
munity has taken guidance from oceanographers and at-
tributed energy transfers to resonant and non-resonant
interactions of various forms. There has been a long
debate over the efficiency of such interactions and the
validity of the various approaches in the oceanographic
and atmospheric communities. Yet, laboratory exper-
iments and direct numerical simulations demonstrate
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that specific interactions, e.g. the parametric sub-
harmonic instability (or PSI, see section 6.1 below),
can be efficient and robust under a variety of circum-
stances [McEwan, 1971; McEwan and Robinson, 1975;
Mied, 1976; Dunkerton, 1987; Thorpe, 1994; Vanneste,
1995; Staquet and Sommeria, 1996]. Indeed, Kloster-
meyer [1984, 1990] has argued for evidence of PSI in
radar measurements of the middle atmosphere. Thus,
wave—-wave interactions are likely an important source
of waves at a range of scales not directly linked to the
scales of sources at lower altitudes. Because of their
roles in spectral energy transfers and amplitude con-
straints, a more complete discussion of wave—wave in-
teractions is deferred until section 6.1.

3.2. Propagation Issues

Gravity wave propagation and inferences of gravity
wave effects are complicated by a number of factors in
the middle atmosphere. Spatially variable wind and
stability profiles cause wave refraction, reflection, focus-
ing, and ducting, while temporally variable winds alter
wave phase speeds. Instability processes contribute to
the generation of turbulence which may interact with
or act as a source for additional wave activity. Gravity
wave—vortical mode interactions may also exchange en-
ergy among these components of the motion spectrum.
Our purpose in this section is to identify areas where
these dynamics may confuse or obscure the inference of
gravity waves and their effects from observational anal-
yses.

3.2.1. Upward and downward propagation. It
is useful for many purposes to distinguish what frac-
tions of the gravity wave spectrum are propagating up-
ward and downward. Two approaches, among others,
have usually been used to do this. One employs 2D
frequency—vertical wavenumber spectra or direct mea-
surements of phase progression for individual waves to
make the distinction, while a second employs a rotary
spectral analysis of individual profiles. Each method is
hampered by certain assumptions, but yields insightful,
if not precise, results.

The 2D spectral approach employed by Fukao et al.
[1985], Fritts and Cho [1987], and Wilson et al. [1991a]
assumes that observed and intrinsic frequencies are the
same, thus confusing vertical directionality for motions
having intrinsic phase speeds comparable to and op-
posed to mean winds and erring in the assignment of
wave frequency. These are not generally serious errors
when mean winds are not extreme because the total
wave variance at small intrinsic phase speeds (hence
small vertical scales and amplitudes) is not large. The
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forms of the observed frequency spectra of horizontal ve-
locity and temperature (slopes typically near -5/3) do
not change dramatically for mean winds smaller than
the intrinsic phase speeds of the most energetic waves
[Fritts and VanZandt, 1987], however, while there is rel-
atively less variance for m ~ N/, for which Doppler-
shifting effects are larger. These and other observations
suggest that the fraction of upward propagating grav-
ity wave energy is much greater than 1/2, and that the
upward propagating fraction is likely an underestimate
because of uncertainties over wave frequencies [Vincent,
1984b; Fukao et al., 1985; Fritts and Chou, 1987; Wilson
et al., 1991a; Lintelman and Gardner, 1994; Gavrilov et
al., 1996; de la Torre et al., 1999].

The second method, rotary spectral analysis, was first
employed by Vincent [1984b] and is related to Stokes
analysis used to assess the degree of polarization of the
motion field [Vincent and Fritts, 1987; Eckermann and
Vincent, 1989; Eckermann and Hocking, 1989; Barat
and Cot, 1992; Nakamura et al., 1993a; de la Torre
et al.; 1999; Zink and Vincent, 2001a]. Rotary spec-
tral analysis decomposes all oscillatory motions in the
vertical into a superposition of upward- and downward-
propagating motions assumed to be circularly polarized.
This assumption causes a single upward-propagating
inertia-gravity wave with amplitude A and intrinsic fre-
quency @ > f (having elliptical polarization) to be
misidentified as a sum of an upward-propagating wave
of amplitude A, = (1 + f/®)A/2 and a downward-
propagating wave of amplitude Ay = (1 — f/®)A/2.
As @ — f, this yields A, — 1 and A; — 0, be-
cause the dynamics are then consistent with the as-
sumptions. But for & > f, the inferred (and errant)
downward-propagating fraction of the total variance of
1/2 — f&/(&? + f?) approaches 1/2 as f/& — 0 (or as
@ — N) and is entirely errant [Eckermann and Vin-
cent, 1989]. Thus, the rotary spectral analysis like-
wise leads to a conservative estimate of the upward-
propagating fraction of gravity wave energy. Effects of
wave superposition, while not always significant, may
also influence the results of a Stokes analysis and con-
tribute to a lack of precision in partitioning of wave en-
ergy between upward- and downward-propagating com-
ponents [Eckermann and Hocking, 1989]. Studies that
use the technique of ellipse fitting to hodographs [Tsuda
et al., 1994a; Hamilton and Vincent, 1995; Shimizu
and Tsuda, 1997] yeild unambiguous estimates of the
upward and downward propagating fractions, at least
when a single dominant inertia-gravity wave is present
in the profiles.
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3.2.2. Vertical propagation versus ducting. An-

other issue that has arisen recently because of its impli-
cations both for estimates of gravity wave fluxes of heat
and momentum and for the parameterization of gravity
wave effects in large-scale models is the occurrence of
gravity wave ducting. Waves that propagate vertically
(with m? > 0), but having reflection (or turning) lev-
els above and below, are trapped or ducted. From the
dispersion relation, (24) or (33), we see that variations
in the thermal structure, as measured by the buoyancy
frequency N, influence waves having any direction of
propagation in the same manner, whereas the wind pro-
file affects waves having different propagation directions
very differently. In general, wind maxima in a partic-
ular direction favor ducting at that level (and in that
direction) because of the relative maxima they imply in
m?, while maxima of N? favor ducting at this level for
all propagation directions [Chimonas and Hines, 1986;
Fritts and Yuan, 1989a]. Observational evidence of
wind and thermal (N?) ducts was obtained by Isler et
al. [1997] and Walterscheid et al. [1999], while Taylor
et al. [1995] and Mitchell and Howells [1998] inferred
ducting from limited vertical wave extent. In all these
cases, gravity waves having horizontal wavelengths of
~ 20 km or less were judged to have a high probability
of being ducted by the wind and/or thermal structures
of the atmosphere. The probability of ducting remains
finite but decreases as horizontal wavelengths increase
[Swenson et al., 2000].

Gravity wave structure within a duct typically ex-
hibits very little vertical phase variation across the duct,
and is evanescent on either side, though more complex
wave structures are also possible. Thus, typical mo-
tions are largely in phase and vertical, have intrinsic
frequencies near N, may have only a gradual decay of
wave amplitude away from the duct, and have little or
no associated momentum flux. Yet, because of their
structure, such motions may make large contributions
to vertical velocity, temperature, and airglow intensity
variances.

Despite our appreciation of the implications of grav-
ity wave ducting, there have been several efforts to as-
sociate airglow intensity and/or temperature variances
with gravity wave momentum fluxes (to which ducted
waves contribute nothing, according to linear theory).
These efforts by Swenson et al. [1999] and Gardner
et al. [1999a] have been critiqued by Fritts [2000] and
are flawed because of their neglect of ducting. Swenson
et al. [2000] likewise recognized the lack of sensitivity
to ducting behavior in the earlier formulations and dis-
cussed the implications of the more complete dispersion
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relation, reaching similar conclusions to those of Isler
et al. [1997] and Walterscheid et al. [1999] regarding
susceptible horizontal wavelengths. The implications of
these studies are that turning levels and ducting are im-
portant processes that are likely to impact gravity wave
structure and inferred effects where wind and thermal
variations are significant, particularly for shorter hori-
zontal wavelengths.

3.2.3. Gravity waves versus two-dimensional

turbulence. While quasi-2D turbulence (hereafter 2D T,

also called geostrophic or stratified turbulence under
related assumptions) clearly makes contributions to at-
mospheric dynamics and velocity variances at some al-
titudes, the role it plays in the middle atmosphere ap-
pears to be small, at least for scales well below synoptic
and planetary scales (~ 500 km) [Nastrom and Gage,
1985]. Gage [1979] and Lilly [1983] have advocated 2DT
as an explanation for the -5/3 power law in lower strato-
spheric horizontal wavenumber spectra, and Lilly [1983]
has suggested that deep convection may be a viable
source for 2DT. But subsequent assessments using radar
and balloon data by Smith et al. [1985], Vincent and
Eckermann [1990], and Eckermann and Vincent [1993]
suggested that only a small fraction of horizontal veloc-
ity variance could not be attributed to gravity waves.
Increasing energy and momentum fluxes (per unit mass)
and energy dissipation rates with altitude appear, at
first sight, to imply a reduced role at greater altitudes.
Without a more complete understanding of middle at-
mosphere turbulence dynamics and energetics, however,
it would be a mistake to assume that no strong middle
atmosphere sources of 2DT are present. This is par-
ticularly true given the potential role of gravity wave—
vortical mode interactions as wave amplitudes increase
[Dong and Yeh, 1988; Yeh and Dong, 1989], the depar-
tures of ratios of kinetic to potential energy from those
predicted by gravity wave theories [Tsuda et al., 1991;
Nastrom et al., 1997; de la Torre et al., 1999], and the
increasing scales and energies of turbulence with alti-
tude (see section 4 below). We must be careful in at-
tributing kinetic to potential energy ratios as evidence
against a purely gravity wave interpretation, however,
because such departures from theory can also arise from
excess gravity wave energy near the inertial frequency
[Thompson, 1978; Sato et al., 1999].

4. Spectral Character and Evolution

Models of the gravity wave spectrum have evolved
with time as we have identified spectral characteristics
and constraints more precisely. As described in section
6, various theories constrain the gravity wave spectrum
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to behave in a particular manner over some range of
wavenumbers and/or frequencies. These observational
and theoretical constraints have led to a canonical grav-
ity wave spectrum that offers insights into mean proper-
ties of the gravity wave field and its variations with alti-
tude. We emphasize, however, that this canonical spec-
trum cannot capture the true complexity of the gravity
wave field or its evolution in altitude. There are, in ad-
dition, many reasons to expect that the spectrum will
also exhibit considerable variability spatially and tem-
porally due to various sources, filtering environments,
quasi-discrete waves, and gravity wave interactions with
larger scales of motion. We first review in this section
the form and implications of the canonical mean spec-
trum. We then discuss some of the causes of departures
from the canonical spectral forms.

4.1. Spectral Shape in k, m, and w

Frequency spectra of horizontal velocity and tem-
perature typically vary as F(w) ~ w™P and exhibit
slopes varying from p ~ 1 to 2 for frequencies between
f and N, with most slopes falling close to p = 5/3
[see, e.g., VanZandt, 1982; Balsley and Carter, 1982;
Nakamura et al., 1993b; Collins et al., 1994]. Because
horizontal wind and temperature variances tend to be
concentrated near inertial frequencies, Doppler effects
are small and the intrinsic and Doppler-shifted (i.e.
ground-based) frequency spectra are expected to have
nearly the same forms [Scheffler and Liu, 1986; Fritts
and VanZandt, 1987]. This expectation is supported by
the limited Lagrangian measurements that are available
[Quinn and Holzworth, 1987; Hertzog and Vial, 2001].
Ground-based frequency spectra of vertical velocity, on
the other hand, exhibit considerable variability with al-
titude, primarily because these spectra are highly sen-
sitive to Doppler-shifting effects (see below).

Vertical wavenumber spectra of velocities, temper-
atures, and various species concentrations have been
measured with many instrument types. These spec-
tra typically exhibit a distinct peak at the most en-
ergetic scales, with smaller power at lower and higher
wavenumbers. As noted above, a limited altitude range
in observational data may result in a lack of sensitiv-
ity to motions with larger vertical scales. This causes
those waves having larger vertical group velocities, thus
potentially large energy and momentum fluxes, to be
systematically underrepresented in such data sets. At
the other extreme, resolution and measurement accu-
racy limits constrain the range of vertical scales that
can be reliably measured. This suggests caution in as-
sessments of characteristic scales, spectral slopes, and
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spectral amplitudes at large m. Nevertheless, multiple
data sets suggest characteristic vertical wavenumbers,
m, (i.e. the vertical wavenumber of the most energetic
gravity waves), corresponding to vertical wavelengths
of ~ 2 to 5 km in the lower stratosphere increasing to
~ 10 to 30 km near the mesopause.

Spectral slope estimates at high m (m > m.) also
vary, but typical values range from -2.5 to -3 [Dewan et
al., 1984; Tsuda et al., 1989, 1991]. Importantly, while
there are departures from universal amplitudes and
slopes (see below), particularly under strongly sheared
conditions [Eckermann, 1995a], there is surprising con-
formity of spectral amplitudes and slopes at high m
with the expectations of the various saturation theo-
ries over a broad range of altitudes [Dewan and Good,
1986; Fritts and Chou, 1987; Smith et al., 1987; Fritts
et al., 1988a; Sidi et al., 1988; T'suda et al., 1989, 1990a;
Wu and Widdel, 1989, 1990, 1991; Wilson et al., 1991a;
Kuo et al.; 1992; Collins et al., 1994; de la Torre et al.,
1994; Allen and Vincent, 1995; Mitchell et al., 1996].
An example of the vertical wavenumber spectra of ra-
dial velocities exhibiting both the decrease of m, from
the troposphere and stratosphere to the mesosphere and
conformity to the spectral slopes expected for a sat-
urated gravity wave spectrum is shown in Figure 10
[Tsuda et al., 1989].

Saturated or nonlinear gravity waves are not the only
explanation offered for the observed spectral character,
however; a recurring alternative is buoyancy-range tur-
bulence [Weinstock, 1985; Sidi et al., 1988], which likely
plays some role at the outer scales of turbulence accom-
panying initial instability processes. There is evidence,
for example, that the ratio of kinetic to potential energy
in the wave spectrum often exceeds that value predicted
by the spectral model to be described below [Tsuda et
al., 1991; Nastrom et al., 1997; de la Torre et al., 1999],
perhaps suggesting other quasi-2D turbulence or quasi-
inertial components of the motion field not included in
the gravity wave spectral formulation (see sections 4.2
and 4.3 below). Spectral amplitudes also exhibit, on
occasion, departures from canonical values which can-
not be attributed to the measurement technique. These
departures, and some of the reasons for them, are dis-
cussed at greater length below.

Horizontal wavenumber spectra are more challeng-
ing to measure unambiguously, as they mix spatial
and temporal sampling. But assuming that the speed
of the measurement platform (typically an aircraft) is
large compared to wave horizontal phase speeds (this is
not always true for the larger vertical scales), horizon-
tal wavenumber spectra are obtained which are again
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in reasonable agreement with theory and other spec-
tral measurements [VanZandt, 1982; Fritts et al., 1989,
1993a; Gardner et al., 1993; Bacmeister et al., 1996;
Manson et al., 1998a]. Horizontal wavelengths range
from ~ 10 to 1000’s of km, typical slopes are ~ — 5/3,
and different dynamics appear to account for the spec-
tral slope at larger horizontal scales [Nastrom and Gage,
1985; Nastrom et al., 1987; Jasperson et al., 1990].

A spectral description that captures much of the ob-
served character of the gravity wave field is assumed
(largely for convenience) to be separable in intrinsic fre-
quency and vertical wavenumber and is given by [Fritts
and VanZandt, 1993]

E(p,w,¢) = Eg A1) B(w)®(9) (44)
where F is the total gravity wave energy,

S

Al = Ao (45)
B(w) = Bow™?, (46)

®(¢) expresses the azimuthal distribution of wave prop-
agation directions, u = m/m.,, and the coefficients are

chosen such that [ A(u)dp = 1, ffN Bw)dw = 1,

and [7" ®(¢)d¢ = 1 [Fritts and VanZandt, 1993]. Typi-
cal values of the spectral slopes are (s,t,p) = (1,3,5/3).
The above form of the vertical wavenumber spectrum is
more strongly peaked than was believed to be the case
initially, while the requirement for a positive slope at
small vertical wavenumbers is imposed by the require-
ment for finite vertical energy fluxes (alternatively, one
could impose a small-m cutoff to achieve a finite en-
ergy flux). Of these parameters, the slope at small
m is perhaps the least well defined observationally or
theoretically. The corresponding horizontal wavenum-
ber spectrum can be derived from the above forms and
the gravity wave dispersion relation, (23); however, the
overall spectrum in (k,w) is then not separable. We
also note that the spectrum given by (44) is specifically
not separable in the presence of large-scale shears where
vertical propagation implies differing evolutions for the
m spectrum at different azimuths [Fritts and Lu, 1993].

The gravity wave spectrum is assumed to be con-
strained in amplitude at m > m, by saturation pro-
cesses, with all of the various saturation theories (see
below) yielding limits for kinetic and potential energy
within a factor of 2 or so of

pN? N?

Ex(m >>m,) ~ 103 = B (47)
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and
N2

Ey(m >>my) >~ Tk
Variations of total wave energy density, E(m), with
variations in altitude and N are described approxi-
mately as [VanZandt and Fritts, 1989]

(48)

E(m) = E(u)dp/dm = EoA(p)/m. ~ (N/No)*/?e*/ = A(p) fm.,

(49)
where

My ~ (N/No)*/ A=/ H- (50)

for N increasing with height. Here, Hg ~ 2.3H is a
value consistent with observations and recent linear,
full-spectral propagation simulations by Warner and
MclIntyre [1996]. Corresponding values of H, and Ey
are H, ~ 2Hp and Ey = N2/10m2. Equations (49)
and (50) are also appropriate for N decreasing with
height and for variable @(z), provided that the ampli-
tude decreases implied by these effects are compensated
by amplitude increases resulting from the effects of de-
creasing density.

The corresponding energy flux by the wave field, as-
suming that all motions propagate upward, is

_ NE
~ 18m.

The factor N/18m, ~ (1/m)w is appropriate at mid-
latitudes (with f/N ~ 1/200) and may be interpreted
as an effective vertical group velocity ¢,. [Fritts and
VanZandt, 1993]. Then m, ~ 3 rad km~! near the
tropopause and ~ 1/3 rad km~! near the mesopause,
with corresponding ¢,, ~ 0.5 and 5 m s™!, respec-
tively, and model variances are consistent with numer-
ous radar measurements [Vincent, 1984a; Fritts, 1984a,
1989; Balsley and Garello, 1985; Meek et al., 1985].
With Eg ~ 10 and 10% m? s~2, this implies Fg ~ 5 and
5 x 10% m? s73, respectively, near the tropopause and
mesopause.

With the above variations in E(m) and m,, and as-
suming for simplicity a constant N and that all energy
flux divergence leads to turbulence, the corresponding
turbulent energy dissipation rate may be written [Van-
Zandt and Fritts, 1989] as

NEy (1 3
~ — — 52
‘ 18m*<H 2HE>’ (52)
with a corresponding dissipation time scale [Fritts and
Werne, 2000] of

-1
18m, [ 1 3

Ty~ Ey/e ~ — 2

i~ Bofer~ =5 (H QHE) (53)

Fi (51)
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There are, of course, uncertainties in Fy, m,, and the
fraction of wave energy that is directly dissipated as
a result of wave interaction and instability processes.
There are also variations that accompany changes of N,
Hp, etc. with altitude. Nevertheless, these expressions
provide useful guidance and/or limits for gravity influ-
ences throughout the middle atmosphere. The decreas-
ing time scale for wave energy dissipation with increas-
ing altitude, Ty ~ Eo_l/2 ~ e #/2HE g of relevance to
the discussion of instability processes in section 6 below.
The decrease with altitude implies a transition from a
tendency for local dynamical (KH) instabilities in the
lower stratosphere to a tendency for local convective
instabilities in the mesosphere and lower thermosphere
[Fritts and Werne, 2000] (also see section 6 below).

4.2. Spectral Universality, Separability, and
Departures

Despite the apparent role of various saturation pro-
cesses in constraining wave amplitudes at large m, de-
partures from the slopes and amplitudes predicted by
the various saturation theories are common. In the tro-
posphere, amplitudes are often larger by factors of ~ 2
to 3 [Smith et al., 1987; Tsuda et al., 1989, 1991; Allen
and Vincent, 1995]. In the stratosphere, amplitudes
vary from those expected from saturation theory due
to wave filtering in mean shears [Eckermann, 1995a],
enhanced saturation due to increasing N with altitude
[VanZandt and Fritts, 1989], or other effects not yet
quantified [Cot and Barat, 1990; Senft and Garduer,
1991; Marsh et al., 1991; Tsuda et al., 1991]. Spectral
amplitudes may also exceed saturation values at any al-
titude (but especially in the mesosphere and lower ther-
mosphere) where large vertical group velocities impose
wave amplitude growth that is more rapid than the fi-
nite time required for instability dynamics to impose
wave amplitude constraints (see section 6 below).

Though departures from canonical frequency spectra
of horizontal velocities or temperature occur in many,
if not most, observations, the degree of uniformity in
frequency spectra of horizontal velocity and tempera-
ture is initially surprising. The relative lack of vari-
ability of these spectra is due in part to the occurrence
of the majority of the variance at (intrinsic and ob-
served) frequencies near f and vertical wavenumbers
near or less than m,. Large variances near f imply ver-
tical scales near m, (to enable large wave amplitudes)
and corresponding large intrinsic phase speeds. This is
especially the case in the mesosphere and lower ther-
mosphere where m, is small, vertical scales are large,
and intrinsic phase speeds are often comparable to or
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exceed mean winds. In this case, observed frequencies
cannot be Doppler shifted more than a factor of 2 or so
away from their intrinsic frequency, and intrinsic and
observed spectra bear a close resemblance [Scheffler and
Liu, 1986; Fritts and VanZandt, 1987]. Even in the
stratosphere, where vertical scales and intrinsic phase
speeds are smaller, the variance is still largely domi-
nated by waves with large intrinsic phase speeds and
low frequencies, therefore Doppler shifting is not severe.
In contrast, variances occurring at intrinsic frequencies
near N are much smaller and may be Doppler-spread
more widely without significantly changing the shape of
observed frequency spectra.

The situation is quite different for frequency spec-
tra of vertical velocity. For a frequency spectrum of
horizontal gravity wave motions as described above, we
expect from (23) an intrinsic frequency spectrum of ver-
tical velocities to have a slope of approximately 2 — p
and a sharp peak (in variance-content, W E,,(&)) at fre-
quencies just below N. Here, large variances at high fre-
quencies are associated primarily with (nonhydrostatic)
wave motions having large k/m (see (30)) and vertical
velocities comparable to or larger than horizontal ve-
locities. Hence, mean winds are often much larger than
intrinsic phase speeds, Doppler-shifting effects may be
large, and frequency spectra of vertical velocity exhibit
significant variability and dependence on mean winds
[Fritts et al., 1990a; Fritts and Wang, 1991; VanZandt
et al., 1991]. Indeed, several studies using vertical veloc-
ity frequency spectra have shown a tendency for waves
to be propagating preferentially against the local mean
flow [Fritts and Wang, 1991; VanZandt et al., 1991], in
agreement with inferences from momentum flux mea-
surements (see above).

Apart from theories which couple wavenumber and
frequency spectra increasingly at higher altitudes [De-
wan, 1994, 1997|, there are no known reasons why
frequency spectra of horizontal gravity wave motions
should be universal. Indeed, specific sources impart
to the wave field their own spectral attributes (see
above). The tendency towards a canonical frequency
spectrum as altitude increases more likely reflects a
combination of 1) averaging over many wave sources
and wave field realizations, 2) the variations of intrin-
sic frequency accompanying wave propagation in wind
shear, and 3) systematic nonlinear interactions among
spectral components which increase in importance with
altitude.

There is no reason to suppose that the gravity wave
spectrum is separable among any two variables on theo-
retical grounds. Nor is separability fundamental to any
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saturation theory, despite claims to the contrary [Gard-
ner et al., 1999b]. Separability simply provides a con-
venient means of describing the dependence of gravity
wave spectra on observed frequency, vertical wavenum-
ber, and/or azimuth of propagation having some ex-
perimental justification [Smith et al., 1987; Fritts and
Chou, 1987; Fritts and VanZandt, 1987; VanZandt and
Fritts, 1989; Sidi et al., 1988].

Finally, we note that estimates of gravity wave spec-
tral parameters depend to some extent on the tech-
nique employed, as each technique has its own mea-
surement biases and limitations. Thus, care must be
taken in interpreting and, in particular, intercompar-
ing these estimates. Limited altitude coverage, limited
temporal extent, spatial and temporal averaging, and
windowing and linear trend removal additionally cause
underestimates of spectral variance at lower wavenum-
bers and frequencies [Lefrere and Sidi, 1990]. Geophys-
ical variations of the mean wind and stability profiles
with altitude likewise introduce biases in spectral am-
plitudes and slopes [VanZandt and Fritts, 1989; Ecker-
mann, 1990, 1995a].

4.3. Broad Spectrum or Discrete Waves?

Spectral characterization of the gravity wave field al-
most always gives the impression that the wave field is
composed of many components at various scales. This is
true even for spectra formed from a single time series or
vertical profile [Dewan, 1979; Reid et al., 1988; Fritts
et al., 1988a; Wu and Widdel, 1989, 1991; Allen and
Vincent, 1995; Sato and Yamada, 1994]. There is am-
ple evidence, however, that spectra are often composed
of only a few waves of significant amplitude, lending
support to the arguments advanced by Hines [2002a]
(see section 6.1 below). Most vertical profiles of veloc-
ity or temperature exhibit in any altitude range a sin-
gle dominant wave structure; the corresponding vertical
wavenumber spectrum typically has ~ 70% of the vari-
ance within a factor of 2 of the characteristic vertical
wavenumber, m.,. (see (49) above).

Additional evidence for a discrete or “narrow spec-
tral”, rather than a “broad spectral”, description of the
local wave field comes from many studies. Airglow ob-
servations more often than not exhibit a single or very
few wave structures extending over a few to many wave-
lengths [Taylor et al., 1991, 1995, 1998; Hecht et al.,
1997; Nakamura et al., 1998; Swenson et al., 1999; Ya-
mada et al., 2001].

Airglow and noctilucent cloud (NLC) observations
have also yielded evidence of gravity wave instability
processes accompanying single or a few large-amplitude

31



wave motions at specific spatial scales [Fritts et al.,
1993b; Swenson and Mende, 1994; Hecht et al., 1997;
Yamada et al., 2001]. Balloon, lidar, and rocket data
provide evidence of large-scale overturning of appar-
ently individual waves, or superpositions of a few, large-
amplitude waves [Shutts et al., 1988; Hecht et al., 1997;
Goldberg et al., 1997; Williams et al., 2002]. Radar
and optical estimates of gravity wave momentum fluxes
provide enticing evidence of discrete, large-amplitude
events [Riggin et al., 1997; Fritts et al., 2002b] and sug-
gest that such events may comprise a significant part
of the mean forcing. Finally, Sato and Yamada [1994]
found that a single wave approaching a critical level can
yield a vertical wavenumber spectrum having a -3 slope,
while Eckermann [1999] showed that such a spectrum
can arise from as few as four discrete sets of wave scales.
Thus, we must be cautious of claims that the spectral
character of the gravity wave field implies a broad mix
of waves occupying a common volume, as this often ap-
pears not to be the case.

5. Climatologies of Gravity Wave
Activity

Because global model studies are increasingly recog-
nizing the need to describe gravity wave effects via pa-
rameterization, efforts to observe and understand the
climatology of gravity waves is an area of active re-
search. Climatology in this context refers to the ge-
ographical and temporal variations in gravity wave ac-
tivity (specifically, momentum fluxes) and variations in
gravity wave characteristics (wavelengths, phase speeds,
etc.). If the mechanisms for gravity wave generation
were completely understood, and if their sources were
fully characterized, we could in theory perfectly de-
scribe the temporal and geographical variations in grav-
ity wave occurrence along with the specific wave char-
acteristics for a given set of meteorological conditions.
The largest obstacle to accurate parameterization of
gravity wave effects in the middle atmosphere would
then be overcome. Unfortunately, we instead have a
disjointed set of observations that sometimes agree with
one another and other times do not. We also have ide-
alized model studies of gravity wave sources which are
often poorly constrained by observations. Where such
constraints do exist, models and observations do not
always agree. Progress is being made, but the global
characterization of the climatology of gravity wave oc-
currence remains a daunting observational challenge.

In the last 15 years there have been a number of com-
pilations of observations of small-scale temperature and
horizontal wind structure in the middle atmosphere,
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with these structures interpreted as gravity wave per-
turbations. These compilations include long-term ob-
servations at single sites from which seasonal and inter-
annual variations can be observed, global observations
over some more limited period of time, and regional
observations showing both temporal and geographical
variations. The reasonably constant appearance of ver-
tical wavelength and ground-based frequency spectra
described in section 4 can be deceptive because of
the logarithmic axes plotted. In fact, the gravity wave
climatology information that has appeared in the lit-
erature shows substantial variations with time, with
height, as well as with geography.

Part of the difficulty in inferring a climatology of
gravity waves from the existing set of observations is
related to the fact that gravity waves are phenomena
that occur with a broad and multi-dimensional spec-
trum of characteristics. Each observation technique
tends to be sensitive only to some portion of that spec-
trum while being almost totally insensitive to other por-
tions. These observational limitations can themselves
be responsible for the climatological patterns observed
in the data because the vertical wavelengths, intrinsic
frequencies, and phase speeds of gravity waves can be
dramatically altered by variations in the background at-
mosphere [Alexander, 1998]. These variations in grav-
ity waves due to background atmosphere effects must
then be separated from variations associated with grav-
ity wave sources before we can achieve accurate inter-
pretations of gravity wave climatological observations.

Our understanding of the nature of gravity wave
sources was summarized in section 3.1. In this section
we summarize global patterns and seasonal variations
of gravity wave variances and fluxes that have been
reported using different observational techniques. We
then review the theoretical studies that have helped to
explain some of these observed variations and separate
background atmosphere effects from source variations.
Inferences thus gained about global variations in gravity
wave sources are then summarized.

5.1. Observations

5.1.1. Remote sensing measurements from space.

Observations from satellite platforms hold great promise
for providing the kind of global coverage at frequent
time intervals that is needed to understand gravity wave
variability. However, gravity waves can have quite small
vertical and horizontal scales and short periods. They
can therefore be challenging to observe remotely from
space. New techniques have emerged, yet each has been
capable of observing only some fraction of the gravity
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wave spectrum that may be present in the atmosphere,
while missing other portions of the spectrum.

Infrared limb-viewing profiles like the Limb Infrared
Monitor of the Stratosphere (LIMS) instrument [Gille
and Russell, 1984] retrieve temperature profiles from
15 to 60 km at high vertical resolution (~1.5 km).
However, line-of-sight (LOS) integration effects and the
spacing between profiles, limit these data to observa-
tion of only longer horizontal wavelengths. Fetzer and
Gille [1994] retrieved global fields of gravity wave tem-
perature perturbations by subtracting Kalman-filtered
temperature fields from unfiltered temperature profiles.
The Kalman-filtered data included planetary waves with
zonal wavenumber < 6. The difference field, assumed
to be gravity wave perturbations, included information
on waves with vertical wavelengths of ~6 to 50 km and
horizontal wavelengths longer than ~200 km. (Note
that aliasing from shorter unresolved horizontal wave-
lengths was evident, but these represented a small frac-
tion of the total gravity wave variance observed [Fet-
zer and Gille, 1994].) Fetzer and Gille [1994] noted
that the temperature variances derived from these data
are likely dominated by low-frequency inertia-gravity
waves. Maps of the LIMS gravity wave temperature
variance (Figure 1la) as a function of latitude and
height showed a peak near the equator in the lower
stratosphere below 20 km, and a peak in the winter
stratospheric jet above 20 km. Seasonal variation above
40 km at the equator related to the semiannual oscilla-
tion (SAO) was also evident in the gravity wave vari-
ance.

Maps of gravity wave temperature variance have been
similarly derived from Cryogenic Infrared Spectrome-
ters and Telescopes for the Atmosphere (CRISTA) data
[Preusse et al., 1999]. These data give temperature pro-
files at finer horizontal resolution and slightly better
vertical resolution than LIMS. CRISTA’s altitude range
varies with observational mode but can extend from
~20 to 80 km. The CRISTA data were used to infer
that topography was the source for waves observed in
the stratosphere from space [Eckermann and Preusse,
1999; Preusse et al., 2002]. Global maps of the grav-
ity wave temperature variance show similar features as
those from LIMS (Figure 11b).

Tsuda et al. [2000] derived global maps of gravity
wave potential energy derived from GPS occultation
data temperature profiles [Rocken et al., 1997]. These
observations include gravity waves with vertical wave-
lengths of ~2 to 10 km in the 15 to 40 km altitude
range. The LOS integration pathlength is also ~200
km, so the observed wave characteristics are similar to
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LIMS and CRISTA. The gravity wave energy shows a
similar equatorial maximum below ~ 25 km and mid-
latitude winter maxima at higher altitudes. At the low
latitudes (< 30°), the gravity wave energy was partic-
ularly enhanced over regions of active convection. At
midlatitudes, gravity wave energy was observed to be
larger over continents than over oceans.

Observations from the Microwave Limb Sounder (MLS)
have been used to derive global maps of gravity wave
temperature variance in the stratosphere and meso-
sphere [Wu and Waters, 1996a, b]. These data in-
clude only gravity waves with long vertical wavelengths
A, >12 km because of the deeper weighting functions
associated with microwave profilers compared to in-
frared profilers. One observation mode (the scanning
mode) reportedly included gravity waves with horizon-
tal wavelengths of ~60 to 150 km [Wu and Waters,
1996a], while another (the tracking mode) included
gravity waves with horizontal wavelengths up to 1000
km. McLandress et al. [2000] noted that the integrated
variance observed by the two modes is similar, suggest-
ing that aliasing effects may be extending the range of
wavelengths contributing to the variance in data from
the scanning mode. Wu and Waters [1997] note that
most of the observed waves propagate opposite to the
direction of the wind. This, together with the long ver-
tical wavelength restrictions, suggests these waves have
much higher intrinsic frequencies than those observed
via the other space-based observations described above.
The global maps show peaks in variance at middle to
high latitudes in winter, with a minor peak at subtropi-
cal latitudes in summer. Variances at the equator were
indistinguishable from noise [McLandress et al., 2000].
Longitudinal variations suggest deep convection as a
source of the waves observed in the summertime, and
topography as the source for waves at southern mid-
latitudes in winter [McLandress et al., 2000]. (See also
Figure 6.)

5.1.2. Radiosonde profiles. Observations of tem-
perature and horizontal wind profiles from radiosondes
have provided information on short vertical wavelength
gravity waves in the lower stratosphere below ~25 km.
Several studies have inferred latitudinal, seasonal, and
interannual variations in gravity wave activity in these
data. The frequency of radiosonde launches rarely ex-
ceeds twice per day, so gravity wave perturbations are
generally obtained by subtracting a low-order polyno-
mial fit to the profiles and assuming the perturbations
as a function of height are caused by gravity waves. In
studies near the equator, however, where the inertial
period is very long, radiosonde data have also been an-
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alyzed in the time domain for information on 1 to 3 day
period oscillations as inertia-gravity waves [Sato et al.,
1994; Sato and Dunkerton, 1997].

Radiosonde profiles of horizontal wind plotted as
hodographs generally show rotation indicative of up-
ward propagating inertia-gravity waves [Ogino et al.,
1995; Vincent and Alexander, 2000]. In fact, there is
abundant evidence from analyses of radiosonde horizon-
tal wind and temperature profiles that the perturba-
tions in these vertical profiles are dominated by very
low intrinsic frequency inertia-gravity waves, specifi-
cally those with frequencies between ~1 to 3f [Vincent
et al.; 1997; Vincent and Alexander, 2000; Zink and
Vincent, 2001a].

Seasonal variations at northern midlatitudes and high
latitudes show a maximum in gravity wave activity in
winter and minimum in summer [Yoshiki and Sato,
2000; Kitamura and Hirota, 1989]. At very high north-
ern latitudes significant gravity wave variances were
observed only in the absence of mountain wave criti-
cal levels [Bacmeister et al., 1990b; Worthington and
Thomas, 1996; Whiteway and Duck, 1996; Whiteway
et al., 1997]. At midlatitudes in the southern hemi-
sphere, observations also show peak wave activity in
winter [Allen and Vincent, 1995; Zink and Vincent,
2001a]. At Antarctic latitudes, a maximum in spring
has instead been observed [Allen and Vincent, 1995;
Yoshiki and Sato, 2000].

At the tropical latitudes of northern Australia, In-
donesia, and the Indian Ocean, a seasonal cycle in wave
activity has been observed with a maximum in Decem-
ber to February [Allen and Vincent, 1995; Vincent and
Alexander, 2000]. This is a period of intense deep con-
vection in this part of the world. Waves observed in
radiosonde data from this area also often tend to have
long horizontal wavelengths, ~ 1000 km [Tsuda et al.,
1994a; Shimizu and Tsuda, 1997; Vincent and Alexan-
der, 2000]. Propagation directions of gravity waves ob-
served in radiosonde data at low latitudes are influenced
by the winds of the quasibiennial oscillation (QBO). An
excess of eastward propagating waves has been observed
most prominently during periods with strong westward
winds in the lower stratosphere and eastward shear aloft
[Murayama et al., 1994; Tsuda et al., 1994a; Shimizu
and Tsuda, 1997; Sato and Dunkerton, 1997; Vincent
and Alexander, 2000]. Cadet and Teitelbaum [1979] ob-
served the analogous situation in the opposite phase of
the QBO: westward propagating gravity waves in west-
ward QBO wind shear.

Latitudinal variations are also apparent in gravity
waves observed in radiosonde profiles. The data show
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a trend toward increasing wave energy equatorward of
~ 30° [Kitamura and Hirota, 1989; Allen and Vincent,
1995; Ogino et al., 1995]. Note that a similar equa-
torial maximum was observed in the GPS and IR limb
sounding satellite observations in the lower stratosphere
described above.

5.1.3. Rocket soundings. Rocket soundings of
temperature and horizontal wind have been used to in-
fer seasonal and latitudinal variations in gravity wave
activity in the stratosphere below ~60 km at ~1-km
resolution. Rocket profiles from launches in the 1970s
and 1980s at sites in the northern hemisphere and in
the tropics have provided information on the seasonal
and latitudinal variations in gravity wave activity in
the stratosphere [Hirota, 1984; Hirota and Niki, 1985;
Hamilton, 1991; Eckermann et al., 1995].

The analysis method has varied between different
studies, but the most common procedure is to subtract
a background profile from the data, and to assume that
smaller-scale perturbations are gravity waves. In gen-
eral, the rocket sounding analyses have shown a sea-
sonal cycle in wave activity at high latitudes (~40 to
80°N) with a maximum in winter, similar to results
of radiosonde analyses. Hodograph or rotary spectral
analyses of rocket profiles have also shown a dominance
of upward propagation, again similar to the radioson-
des. At low latitudes, different analyses gave different
seasonal cycles in wave activity, suggesting a sensitivity
of this result to the vertical scales of waves considered.
Mean kinetic and potential energies in the 20 to 40 km
altitude range both showed increases at equatorial lati-
tudes < 30° [Eckermann et al., 1995]. A preference for
eastward propagation at sites within 10° of the equator
has been noted as a possible indication that the wave ac-
tivity at these sites is dominated by equatorial Kelvin
waves [Hamilton, 1991; Eckermann, 1995b; Holton et
al., 2001].

5.1.4. Lidar. Lidar observations of middle atmo-
sphere gravity waves have been restricted to a few spe-
cific sites. Among these only a few have operated for
long enough periods to provide information on seasonal
variations in gravity wave activity [Wilson et al., 1991b;
Marsh et al., 1991; Mitchell et al., 1991; Whiteway and
Carswell, 1995]. These are all Rayleigh lidar studies of
gravity wave temperature or density perturbations at
midlatitude sites. The data include gravity waves with
vertical wavelengths as short as 1 km at altitudes in
the upper stratosphere and lower mesosphere. The data
have been analyzed both for vertical variations as well
as in the time domain, though these observations are
limited to nighttime only. The dominant pattern that
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has appeared in monthly-mean averages of these data is
a seasonal cycle with maximum in winter and minimum
in summer — the same annual cycle that is observed in
radiosonde and rocket sounding data at midlatitudes.

5.1.5. Radar. Radar observations of gravity wave
wind perturbations can be made in the lower strato-
sphere and in the mesosphere and lower thermosphere.
Many of these observations have been made at a limited
number of sites and on a short-term campaign basis. We
focus here on studies that have compiled observations
over long enough time periods to study seasonal varia-
tions. These long-term studies have to date all been at
midlatitude sites.

Analyses of gravity wave observations in the meso-
sphere in the ~65 to 90 km region are generally reported
for different ground-relative frequency bands for waves
with periods ranging from 5 min to 24 hr. Gravity wave

kinetic energy as well as variances (u/ 2 0w 2) in each
of the three component wind directions have shown a
semiannual variation at these altitudes with maxima in
summer and winter and minima in spring and fall [Meek
et al., 1985; Vincent and Fritts, 1987; Tsuda et al.,
1990a; Manson and Meek, 1993; Nakamura et al., 1996].
These analyses included observations at both northern
and southern hemisphere sites, and the results show
similar gravity wave activity in the two hemispheres.
A seasonal asymmetry in the occurrence of polar meso-
sphere summer echos (PMSE), and the ice particles that
cause them, has been observed. Specifically there is an
absence of PMSE in the southern hemisphere that may
be a result of warmer temperatures in the south due to
a weaker mean-meridional circulation and correspond-
ing weaker gravity wave forcing [Balsley et al., 1995;
Woodman et al., 1999]. Some mesopause temperature
measurements support support this idea [Huaman and
Balsley, 1999] while others apparently conflict [Liibken
et al., 1999]. A recent chemical-dynamical model study
[Siskind et al., 2002] supports the idea of hemispheric
asymmetries in gravity wave forcing and an asymmet-
ric narrow warm layer at the mesopause that may be
difficult to resolve with some measurement techniques.

Observations of horizontal and vertical wind covari-
ance u/w’ (momentum flux per unit density) in the
mesosphere have shown an annual cycle, positive (i.e.
eastward) in summer and negative (i.e. westward) in
winter, so the flux tends to have the opposite sign as the
winds at these altitudes [Tsuda et al., 1990b; Manson
and Meek, 1993; Nakamura et al., 1993c; 1996]. The an-
ticorrelation between flux direction and the background
wind direction is a condition observed even more gen-
erally in shorter-term data records [Vincent and Reid,
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1983; Reid and Vincent, 1987; Fritts and Vincent, 1987;
Reid et al., 1988; Fritts and Yuan, 1989b; Meyer et al.,
1989; Wang and Fritts, 1990; Nakamura et al., 1993c].
The peak magnitudes of monthly mean fluxes (per unit
mass) at mesospheric heights have been reported at
~ 1 —4 m?s72. Reports of meridional fluxes v’w’ have
been variable, so no repeatable seasonal cycle is known,
but reported magnitudes are often comparable to or
slightly larger than the zonal fluxes.

Reports of seasonal changes in the anisotropy of wave
propagation directions have varied among different stud-
ies [Manson and Meek, 1988; Nakamura et al., 1993d].
Maekawa et al. [1987] and Fan et al. [1991] inferred
critical level wind filtering as the mechanism responsi-
ble for anisotropies observed in the summer mesosphere
wind field using the SOUSY and Arecibo VHF radars,
respectively. Inferred propagation directions also de-
pend greatly on the characteristics of gravity waves be-
ing observed. Vincent and Fritts [1987] and Nakamura
et al. [1993b] observed a preference for meridional prop-
agation of the dominant wave motions under winter
conditions. Nakamura et al. [1993b] noted a tendency
for propagation of the dominant motions toward either
the NE or SW under summer conditions. Taylor et al.
[1998] and Nakamura et al. [1998] observed propagation
preferentially toward the NE for waves of shorter hori-
zontal scales under summer conditions. Finally, Naka-
mura et al. [1993a] observed similar character in prop-
agation directions at Adelaide and the MU radar at
Kyoto in summer, but with more isotropic propagation
at Adelaide and more zonal propagation at Kyoto in
winter.

Observations in the stratosphere of the seasonal cycle
of gravity wave activity measured by radar have been
reported only for the MU radar near Kyoto in Japan
for altitudes below 24 km [Tsuda et al., 1994b; Mu-
rayama et al., 1994; Sato, 1994]. These have shown

an annual cycle in gravity wave variances (u’ 2 v? w'?)
in all three wind components with minima in summer
and maxima in winter to early spring. Sato [1994] and
Murayama et al. [1994] also reported zonal and merid-
ional momentum fluxes. The zonal component showed
a clear annual cycle with large negative values ~ —0.1
m?s~2 in winter and near zero in summer. The merid-
ional component also tended to be negative, but with
smaller magnitudes and no clear annual cycle. The ob-
served wave characteristics at this site have been gen-
erally consistent with topographic gravity wave gener-
ation. Specific campaigns have, however, also observed
waves associated with convection (see section 3.1).
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5.1.6. Aircraft. Measurements of wind and tem-
perature fluctuations by aircraft flying in the strato-
sphere have yielded information on the horizontal wave-
length spectrum of gravity waves [Nastrom et al., 1987;
Bacmeister et al., 1996] (see section 4.1). Some aircraft
studies have related gravity wave characteristics in the
stratosphere to the wave sources below, including moun-
tains [Gary, 1989; Bacmeister et al., 1990a, b; Nastrom
and Fritts, 1992; Leutbecher and Volkert, 2000] and
convection and frontal systems [Fritts and Nastrom,
1992; Pfister et al., 1993a, b; Alexander and Pfister,
1995; Alexander et al., 2000]. Several of these stud-
ies have provided in situ determination of gravity wave
momentum fluxes. However, aircraft observations have
been too limited in their duration to provide much in-
formation about the gravity wave climatology directly.
Instead they have contributed to our understanding of
gravity wave variability by providing important quan-
titative constraints for theoretical and model studies of
gravity wave sources (see section 3.1).

5.2. Theoretical Studies of the Global Patterns
Observed in Gravity Waves

At middle to high latitudes throughout the strato-
sphere, the long-term measurements of gravity wave
variances cited above have shown an annual cycle with
maximum in winter and minimum in summer. Eck-
ermann [1995b] described a simple linear theoretical
model that explained the annual cycle in both lidar
and rocket sounding observations without any seasonal
variation in gravity wave sources. This linear theory
describes the change in amplitude of a gravity wave
propagating vertically without dissipation from a source
level zg where amplitudes are presumed constant to the
observation level z. The theory predicts a simple pro-
portionality for horizontal wind variance,

w? oc (N/No)(po/p), (54)

and for temperature variance,

(T"/T)? o< (N*/No)(po/ p), (55)

that fit the observed annual cycles in variance quite well
(Figure 12) despite the fact that shear effects are ne-
glected. The theory yields larger variances in winter be-
cause the colder winter stratosphere (with correspond-
ingly smaller scale height and faster decrease in density)
leads to faster amplitude growth with height. Note that
the factor depending on stability N is more important
for explaining temperature variance (< N?) than wind
variance (x N). Equations (54) and (55) may also be
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important for explaining the seasonal variations seen in
radar and GPS observations. Note that in (54) and
(55), z is the geometric altitude. For observations re-
ported on pressure altitude levels z, = H In(py/p), such
as radiosonde data, the density factor will be unimpor-
tant, and the effect greatly reduced.

Seasonal and latitudinal variations observed in MLS
gravity wave temperature variance were largely explained
without variations in gravity wave sources by Alexan-
der [1998]. Background wind effects were shown to have
a controlling influence on the patterns in MLS gravity
wave activity. Alexander [1998] showed how the MLS
observation method essentially applies a low-pass fil-
ter to the vertical wavenumber spectrum of waves in
the atmosphere that tends to allow the MLS to observe
waves only at those places in the atmosphere where the
background winds are very strong. In the stratosphere,
these places are in the winter polar jet and in the sum-
mer subtropical jet. McLandress et al. [2000] further
found that the waves seen by MLS in the winter hemi-
sphere jet have on average smaller intrinsic phase speeds
(~20 m st or less) while those in the summer hemi-
sphere subtropics tend to have larger intrinsic phase
speeds (~50 m s~! or less). This result is consistent
with topographic sources being more important at high
latitudes and deep convective sources being more im-
portant at low latitudes. Alexander [1998] also showed
that seasonal changes in background winds can give rise
to the late-summer peak in variance that was observed
in rocket sounding observations at low latitudes [Eck-
ermann et al., 1995] without any seasonal changes in
sources.

The December to February peak in wave activity ob-
served in low latitude radiosonde observations [Vincent
and Alexander, 2000] was explained without any pro-
nounced seasonal variation in wave sources in a compan-
ion model study [Alexander and Vincent, 2000]. How-
ever, the spectrum of waves input into their model re-
quired certain characteristics. The waves input needed
to have slow phase speeds, < 5 m s~! relative to the
ground, and the source level had to be high in the up-
per troposphere or at the tropopause. This is consistent
with the spectrum of waves that would be generated
if the source were slow-moving deep convective com-
plexes that generated waves via the obstacle effect near
the tropopause analogous to topographic wave forcing
[Clark et al., 1986; Pfister et al., 1993b]. There is also
a weak annual cycle in cloud top height near Cocos
Island [Vincent and Alexander, 2000] that may imply
some contribution to the gravity wave annual cycle due
to source variations.
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GPS, CRISTA, radiosonde, and rocket sounding data
have all shown a latitudinal variation in gravity wave
energy in the lower stratosphere with increasing vari-
ance equatorward of ~ 30°. Alexander et al. [2002]
proposed this peak is associated with the latitudinal
variation in the Coriolis parameter f which defines the
lowest gravity wave intrinsic frequency as a function of
latitude. Each of these four observational techniques is
sensitive to these low-frequency waves. The linear the-
ory they applied to explain the peak accounts for the
dependence of gravity wave vertical group velocity on
intrinsic frequency (see (39)). If there is intermittency
in the forcing of waves in the equatorial region (such
as would be expected of waves generated by convec-
tion), then the slow vertical group velocities of the low-
frequency waves make them the most probable waves to
be observed. The theory then accounts for the nearly
ubiquitous presence of low intrinsic frequency waves at
low latitudes, and also accounts for the low-latitude
peak seen in long-term averages of gravity wave energy
cited above. The results of Alexander et al. [2002]
further imply that although higher frequency waves ap-
pear relatively unimportant in the monthly-mean zonal
averaged gravity wave energy, they may dominate the
gravity wave momentum flux spectrum.

Seasonal variations in zonal momentum flux w/w’ ob-
served by radar in the midlatitude mesosphere, showing
the mean flux opposes the background wind (positive
in summer and negative in winter), are qualitatively
consistent with our understanding of how the back-
ground winds would filter the gravity wave spectrum
[e.g. Maekawa et al., 1987; Fan et al., 1991]: Summer
westward winds would prevent most of the westward-
propagating waves from reaching the mesosphere leav-
ing primarily eastward-propagating waves with positive
momentum flux, and the reverse would be true in win-
ter. Fluxes were observed to be small at equinoxes, but
this is probably not due to averaging of large negative
and positive fluxes together. Rather, the small equinoc-
tal fluxes and kinetic energies, taken together, suggest
that wave amplitudes are simply smaller at equinoxes.
The equinoctal minima may be directly associated with
the weak mesospheric winds at these times rather than
any seasonal variation in sources. In weak wind con-
ditions, waves are not Doppler shifted to high intrinsic
phase speeds, and this results in smaller amplitude lim-
its inferred from linear instability theory (see section
6).

42



5.3. Summary: Global Characteristics of
Gravity Waves and their Sources and
Variability

5.3.1. Sources. There is convincing evidence for
mountain waves in the stratosphere with fair quantita-
tive agreement between high-resolution model studies
and observations. Parameterized mountain waves, how-
ever, have a large effect in global models, and improved
constraints on their properties and intermittency in oc-
currence are still needed. There is convincing evidence
for convectively generated gravity waves in the strato-
sphere with qualitatively good agreement between ob-
servations and models. Observations that include both
detailed information about the storm characteristics
and about the waves that are generated are hard to
find, but are needed to make our understanding of con-
vectively generated gravity waves more quantitative.
There is evidence for low-frequency waves emanating
from frontal zones in the jet stream and high-resolution
model studies describing inertia-gravity wave genera-
tion under these conditions. Observational evidence de-
tailed enough for a quantitative understanding of this
wave source is lacking. A detailed understanding of the
generation mechanisms and the resulting wave charac-
teristics is needed for accurate description of gravity
wave effects in global models.

5.3.2. Variability. Observations of short vertical
wavelength gravity waves in the lower stratosphere show
increases in variance at latitudes < 30°. This has been
interpreted as evidence for very low intrinsic frequency
waves at low latitudes that are excluded from higher
latitudes by the variation in f and that have inter-
mittent sources in time, such as would be expected
from convection. Very close to the equator, at latitudes
< 10°, these measurements could also include contribu-
tions from short vertical wavelength Kelvin waves. Also
in the tropics, there is evidence for geographical vari-
ations in long vertical wavelength gravity waves with
high intrinsic phase speeds that are closely tied to deep
convection. These observations support model studies
that show how deep heat sources generate long vertical
wavelength waves.

The evidence for global variations in gravity wave
sources from climatologies of gravity wave activity is
currently weak because many of the most prominent
variations observed can be explained by background at-
mosphere effects without any seasonal or geographical
variations in sources. Yet we have clear evidence for the
importance of topography, convection, and frontal gen-
eration of gravity waves, and these sources must clearly
vary seasonally and geographically. The existing gravity
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wave climatologies that describe monthly-mean gravity
wave kinetic and potential energy have largely served
their purpose. They have allowed us to test the linear
theory of gravity waves and their interaction with the
background atmosphere.

Observational gravity wave studies in the future must
begin to define the deviations in gravity wave activity
from these climatological patterns. Observations and
modeling tools must be used together to separate these
variations due to the background atmosphere and obser-
vational biases from variations due to sources. Quanti-
tative measures of the intermittency in the wave activity
are needed along with any monthly mean quantity since
it is important to define whether a monthly mean value
represents intermittent large bursts of wave activity or
more constant, smaller amplitude wave activity.

Satellite observations hold the most promise for pro-
viding the kind of geographical and temporal coverage
needed to understand gravity wave variability. How-
ever, inherent observational limitations mean that con-
tinued in situ measurements from aircraft and high-
resolution ground-based profiling instruments will still
be needed to understand the full spectrum of gravity
waves present in the atmosphere.

6. Interactions, Instability, and
Saturation

Nonlinearity is a ubiquitous aspect of gravity wave
dynamics. At smaller wave amplitudes, nonlinearity
leads to slow energy transfers via three-wave interac-
tions satisfying resonance conditions for wave frequen-
cies and wavenumber vectors. At larger amplitudes,
multiple-wave, non-resonant, and wave—vortical mode
interactions become possible, culminating in the local
instability of the wave via generalized wave breaking or
shear instability processes as amplitudes increase fur-
ther. Wave-mean flow interactions may also play im-
portant roles at larger wave amplitudes, altering wave
propagation, inducing instability, and/or leading to ex-
citation of additional waves. Thus, nonlinearity has per-
vasive influences and is always poised to intercede more
vigorously when linear dynamics imply excessive wave
amplitudes. A number of reviews of the earlier devel-
opments in these areas are available; several relevant
to gravity wave instability processes include Fritts and
Rastogi [1985], Miiller et al. [1986], Thorpe [1987], and
Dunkerton [1989)].

More recent theoretical, numerical, and laboratory
studies have expanded our understanding of gravity
wave instability processes considerably. Several studies
have begun to clarify the diversity of instability charac-
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ter with wave amplitude and propagation angle, includ-
ing identifying links between the resonant interactions
arising at small wave amplitudes and the local instabili-
ties accompanying wave breaking and turbulence gener-
ation at large amplitudes [Klostermeyer, 1991; Lombard
and Riley, 1996; Sonmor and Klaassen, 1997; Dunker-
ton, 1997a]. Other efforts have demonstrated the role of
wave-wave interactions at small and large wave ampli-
tudes [Dunkerton, 1987; Klostermeyer, 1991; Thorpe,
1994; Vanneste, 1995] and defined the dynamics of the
transition to turbulence for gravity waves that are lo-
cally convectively or dynamically unstable [Winters and
D’Asaro, 1994; Andreassen et al., 1994, 1998; Fritts et
al., 1994, 1996a, 1998; Fritts and Werne, 2000]. Fur-
ther studies have addressed the processes accounting
for more general spectral energy transfers, effects of
finite amplitude and wave-mean flow interactions on
wave propagation, dispersion, and instability, and the
competition among, and finite-amplitude responses to,
initial instabilities of varying amplitudes. Our purpose
in this section is to review the more recent work in these
areas.

6.1. Wave-Wave Interactions

Wave—wave interactions as a source of middle atmo-
sphere gravity waves were discussed briefly in section
3. The purpose here is to review their expected influ-
ences on the shape and evolution of the gravity wave
spectrum more broadly. A number of authors have ad-
dressed wave—wave interactions and spectral evolution
from a statistical perspective; others have approached
the problem deterministically. There remain, however,
substantial uncertainties and disagreements over the
roles these interactions play in spectral evolution and
wave amplitude constraints.

Early studies of wave—wave interactions in the at-
mosphere identified the dominant interactions previ-
ously recognized in oceanic applications [McComas and
Bretherton, 1977; Yeh and Liu, 1981; Miiller et al.,
1986]. Three-wave (second-order) resonant interactions
require a match of wavenumbers and frequencies among
the participating waves satisfying

k =k +ko (56)

and
W= w1 + wo, (57)

where subscripts denote the secondary wave quantities,
and include 1) elastic scattering, 2) induced diffusion,
and 3) parametric subharmonic instability (PSI). Elas-
tic scattering refers to the backscattering of an upward
propagating wave into a downward propagating wave
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(or vice versa) of comparable vertical wavenumber by a
low-frequency motion (or mean flow) having twice the
vertical wavenumber (Bragg scattering). Induced diffu-
sion refers to the transfer of energy from one wave to
another having a nearly identical wavenumber through
interaction with a low-frequency (or mean) structure at
a much smaller vertical wavenumber. Alternatively, in-
duced diffusion may be regarded as the evolution of a
wave packet in a large-scale shear flow. The third in-
teraction, and arguably the most important in terms
of spectral broadening or wave amplitude constraints,
is PSI. In its most studied form, PSI represents an ex-
change of energy from a dominant motion of interme-
diate frequency to two motions having approximately
half the parent frequency and large and nearly opposite
wavenumber vectors, though other wavenumber com-
binations exhibit preferred growth in certain circum-
stances, such as the presence of a mean shear.

More recent efforts have identified other possibilities
for energy exchange and further modes of interaction
likely to occur among atmospheric waves and other mo-
tions. Broutman and Young [1986] and Broutman et al.
[1997], for example, noted that an energetic resonant-
triad member can result in an irreversible transfer of
energy to small wavenumbers not anticipated by Mec-
Comas and Bretherton [1977]. Dong and Yeh [1988]
relaxed the assumptions of Yeh and Liu [1981] and con-
sidered wave—wave interactions not confined to a verti-
cal plane or a resonance surface (non-resonant interac-
tions were also discussed by Miiller et al. [1986]). Fur-
ther efforts revealed a potential for non-resonant gravity
wave-vortical mode interactions for which the thresh-
old amplitude is reduced or removed in the presence of
rotation [Yeh and Dong, 1989]. As wave amplitudes in-
crease, additional interactions become energetically vi-
able. Dunkerton [1987] performed numerical studies to
assess the impact of wave—wave interactions on wave
momentum transport, with and without mean shear.
He found a rapid energy transfer on the time scale of
the forced waves following attainment of large ampli-
tudes, followed by a nonlinear cascade toward increasing
complexity as additional interactions became possible.
When critical levels were present for the forced waves,
Dunkerton [1987] found weaker resonant wave—wave in-
teractions, the occurrence of additional non-resonant in-
teractions, and the excitation of a wave having higher
intrinsic frequency than the forced waves corresponding
to a different branch of the PSI.

Klostermeyer [1991] likewise found that larger pri-
mary wave amplitudes enable a cascade of interac-
tions that quickly populate the spectrum, while waves
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that approach or exceed a convectively unstable ampli-
tude support various modes of instability [Hines, 1971,
1988b; Lombard and Riley, 1996; Sonmor and Klaassen,
1997; Dunkerton, 1997a; also see below]. Vanneste
[1995] performed both analytic and numerical studies
of wave—wave interactions localized in space and noted
good agreement between the two methods. In particu-
lar, Vanneste [1995] found that spatially-localized inter-
actions transferred significant energy on a time scale of
~ 10 primary wave periods for a primary wave ampli-
tude of a = u'/c ~ 0.25. Vanneste [1995] also noted
that mean shear suppresses the dominant unsheared
wave—wave interaction, but enables a “difference insta-
bility” which occurs near the primary wave critical level,
has a secondary wave frequency larger than that of the
primary wave (like Dunkerton [1987]), downward sec-
ondary wave propagation, and a growth rate that in-
creases with shear strength. Such interactions are nec-
essarily only resonant at specific locations, but never-
theless enable rapid energy transfers under certain con-
ditions [Grimshaw, 1988].

An example of resonant excitation via the PSI in
the laboratory study by Thorpe [1994] is shown in Fig-
ure 13. Here a primary wave with phase aligned along
the mean tilt of the tank transfers energy to a lower-
frequency wave that becomes the predominant wave
at later times. The wave—wave interaction proceeds
quickly because of the large forcing wave amplitude and
the secondary wave achieves local convective instability.
A numerical wave-wave interaction study performed by
Vanneste [1995] is displayed in Figure 14 and exhibits
the decay of a primary wave at higher frequency (panel
b) into two motions having lower frequencies (panels
¢ and d). The mean flow also experiences significant
modifications in the presence of strong wave-wave in-
teractions and can result in critical-level interactions
and convective instability of the wavefield [Sutherland,
2001, see below]. Hence, wave-wave and wave-mean
flow interactions should be expected to play increasing
roles in spectral evolution and energy and momentum
fluxes as wave amplitudes increase with altitude.

Theories of middle atmosphere spectral evolution em-
ploying statistical wave—wave interactions have also bor-
rowed from the oceanic literature. The Lagrangian ar-
guments by Allen and Joseph [1989] were employed in
the Doppler-spread theory by Hines [1991, 1993] to ac-
count for the form of the saturated “tail” spectrum.
Hines [1996] extended these arguments and used the
apparent success of this model to argue against the rel-
evance of other existing saturation theories, most specif-
ically “linear” saturation theory [Dewan and Good,
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1986; Smith et al., 1987] and the “nonlinear diffusion”
theory by Weinstock [1976, 1982, 1984, 1990]. The
Hines theory attributes the large majority of spectral
energy transfers to Doppler spreading by a “broad”
spectrum of waves, with wave amplitudes and inter-
actions increasing with altitude. The theory presumes
that dissipation generally does not occur except at small
scales having vertical wavenumbers m > mjas, where
mps 1s the maximum vertical wavenumber for which
spectral character is determined largely by Doppler
spreading, and infers a spectral shape approaching the
m~3 value most often cited by other saturation theories
and various observations cited above. Advantages of the
Hines theory include a recognition of the increasing sta-
tistical importance of nonlinear wave—wave interactions
with increasing wave amplitudes and a natural transi-
tion from “linear” source spectra at lower altitudes to
a nonlinear “saturated” spectrum at higher altitudes.

There has been considerable confusion over the Allen
and Joseph [1989] results and their implications for
Doppler-spread theory over time. Hines [1999] noted
an error in the Allen and Joseph analysis overlooked
in his earlier papers and suggested a corrected high-m
spectral form of m~! rather than m~=3. More recently,
Hines [2001] and Chunchuzov [2002] argued for the re-
moval of the m ™! term arising from the error correction
to again infer a high-m spectrum of the form m™3, but
with an amplitude ~ 2 to 3 times smaller than typically
observed.

The Hines Doppler-spread theory has its detractors,
however. Several authors have performed numerical
studies which appear to seriously undermine the as-
sumptions of Doppler spread theory [Zhong et al., 1995;
Bruhwiler and Kaper, 1995; Broutman et al., 1997; Eck-
ermann, 1997; Buckley et al., 1999; Walterscheid, 2000].
Essentially, these studies show that when time depen-
dence and vertical motions of the underlying wave field
are accounted for, the tendency for transfer of spectral
energy to ever smaller vertical scales is substantially re-
duced (or reversed). Zhong et al. [1995] employed ray-
tracing techniques to examine tidal modulation of wave
propagation and noted that time dependence caused
critical levels to become transient. Bruhwiler and Kaper
[1995] formulated the problem from a Hamiltonian per-
spective and showed that the theory was in good agree-
ment with ray-tracing results for a spectrum of waves
with various background wave amplitudes. They found,
in particular, a tendency for low-m waves to remain at
low m and for high-m waves to move preferentially to
lower m, representing a sharp departure from expecta-
tions based on Doppler-spread arguments.
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Broutman et al. [1997] performed both ray-tracing
and full numerical simulations, demonstrating the equiv-
alence of the two approaches and the various influences
of spatial and temporal variability on short-wave prop-
agation. These results are illustrated in Figure 15.
In particular, they exhibit a scattering of short-wave
(large-m) energy to both smaller and larger wavenum-
bers, consistent with previous assessments based only
on ray tracing [Broutman, 1986; Broutman and Young,
1986; Bruhwiler and Kaper, 1995], and a spectral form
close to m ™3 that is consistent with the results of Ecker-
mann [1999]. Eckermann [1997] and Walterscheid [2000]
also considered single waves in backgrounds having var-
ious character. Eckermann [1997] addressed specifically
the various assumptions underlying the Doppler-spread
theory by Hines [1991, 1993, 1996], concluding that
wave field transience significantly reduces the tendency
to transfer wave energy to smaller vertical scales and
eliminates a cutoff in unspread vertical wavenumbers
near my,, itself a key element of Doppler-spread theory.
Walterscheid [2000] obtained similar results, empha-
sizing both the mitigating effects of time dependence
on Doppler spreading and the role of vertical veloci-
ties in allowing wave packets to penetrate anticipated
critical levels. Hines [1999] raised strong objections
to the analysis by Eckermann [1997], arguing that the
multiple-wave background offset the results of a single-
wave background to a significant degree.

Buckley et al. [1999] and Sonmor and Klaassen [2000]
extended the analyses by Eckermann, Broutman et al.,
and Walterscheid by considering the effects of a spec-
trum of background waves, isolated wave packets, and a
mean shear. Both studies suggest a weaker tendency for
refraction toward large m than with the steady assump-
tions underlying Doppler-spread theory. Sonmor and
Klaassen [2000] also found that multiple waves induce
caustics under more general conditions than supported
for single-wave environments, while both studies found
that mean shears have significant cumulative refraction
effects over time scales of a few inertial periods.

Doppler-spread theory, as it is presently developed,
precludes competitive instability processes (i.e. linear
saturation theory) from contributing to the shape of the
vertical wavenumber spectrum except, to quote from
Hines [1996], at wavenumbers “a little less than my;
but, arising as they almost certainly do in small-scale
‘white-cap’ regions, their effect is unlikely to extend
very far”. However, an increasing number of numerical
and observational studies are providing evidence that
local wave instability, via convective or shear instability,
at large vertical scales is more the rule than the excep-
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tion (see section 6.2.1 below), despite the clear potential
for wave—wave interactions to contribute importantly
to energy transfers as wave amplitudes increase. Ad-
ditional observations suggesting that the atmospheric
wave spectrum is often not broad, but is composed of
a single or a few dominant motions, further undermine
the ability of Doppler spreading among multiple waves
to provide large enough spectral transfers and to repro-
duce the observed amplitude limits.

Clearly, the jury is still out on these issues. There
is clear evidence, as noted above, of discrete, large-
amplitude events or superpositions of a few waves which
yield canonical spectral shapes in an Eulerian frame,
but which suggest a simpler Lagrangian viewpoint. In-
deed, Hines [2001] stated “that the occurrence of the
large-wavenumber Eulerian tail has nothing whatever
to do with any physical process .... If one insists on
defining ‘waves’ according to their Eulerian linear de-
scription, then one is forced to admit to the existence
of ‘nonlinear wave-wave interactions’..., but these are
mere mathematical artifacts and have no physical im-
port.” But while transformation to a Lagrangian co-
ordinate does remove the advective nonlinearity in the
Navier-Stokes equations, it does not remove the cou-
pling of wave scales that nonlinearity implies. For ex-
ample, claims of Lagrangian linearity cannot explain the
nonlinear coupling of scales observed in nonlinear simu-
lations or laboratory studies revealing significant wave—
wave interactions [McEwan, 1971; Klostermeyer, 1991;
Thorpe, 1994; Vanneste, 1995]. Likewise, shears due
to mean winds and large-scale waves imply critical lev-
els, small vertical scales, and instability processes that
are demonstrably not mathematical artifacts. The im-
portant issue is not whether nonlinear wave—wave (and
wave-mean flow) interactions are important, as they
surely are, but whether they are the dominant mecha-
nism in constraining wave amplitudes and shaping the
spectrum for m < myy, as argued by Hines [2001] and
Chunchuzov [2002], or whether they are one of sev-
eral key processes acting in this fashion, which seems a
more defensible perspective, given the various evidence
available to date. The identified links between wave in-
stabilities at small and large amplitudes [Sonmor and
Klaassen, 1997], however, may render such distinctions
obsolete.

The Weinstock [1976, 1982, 1985] theory was dis-
cussed in previous reviews and has itself served as the
basis for additional saturation theories by Zhu [1994]
and Medvedev and Klaassen [1995] having various at-
tributes. All of these theories view nonlinearity as spec-
tral diffusion of one form or another. There is no clearly
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defined link, however, with the predictions of wave—
wave interaction theory or direct numerical studies [e.g.
Dunkerton, 1987; Klostermeyer, 1991; Vanneste, 1995],
so testing of the physical basis for the theory has proved
challenging. Recently, Hines [2002b] has raised serious
objections to assumptions in the original work by We-
instock, and its successors by association. But while
Weinstock’s theory is clearly an approximation to a
class of nonlinear effects, like Doppler-spread theory,
it calls attention to the importance of nonlinear inter-
actions in shaping the wave spectrum with increasing
altitude. Indeed, Hines’s criticism has itself been re-
cently challenged [Klaassen and Medvedev, 2000, per-
sonal communication]. In summary, nonlinear wave—
wave interactions must be regarded, at present, as a vi-
able means of exchanging energy among gravity waves
at various scales and frequencies throughout the mid-
dle atmosphere. Evidence suggests, however, that they
cannot account, by themselves, for the general shape
or amplitude of the gravity wave spectrum. Rather,
they represent one of several nonlinear processes that
act jointly to define gravity wave spectral character
and evolution with altitude. Wave-wave interactions
likewise do not contribute directly to energy dissipa-
tion, except through their links to specific instabilities
at larger wave amplitudes [McEwan, 1971].

6.2. Instability and Turbulence Dynamics

Theoretical, numerical, and observational studies have
made substantial contributions to our understanding
of instability and turbulence dynamics accompanying
gravity waves in recent years. Perhaps the greatest ad-
vances were made possible by the continuing evolution
of high-performance computers, which are now capa-
ble of direct numerical simulations (DNS) of stratified
and sheared flows having resolutions of ~ 1000% and
above. Such simulations are capable of describing both
the transition to turbulence in a geophysical flow and
the vorticity dynamics driving the turbulence cascade.
Observational capabilities have also progressed signifi-
cantly over the last decade or so and have yielded high-
resolution in situ and ground-based measurements of
wave and turbulence structures. Other numerical and
laboratory studies have contributed to our understand-
ing of general turbulence dynamics in applications not
specific to atmospheric gravity waves.

Turbulence is generally believed to arise locally within
a gravity wave (or a field of superposed waves) when
the flow is either convectively or dynamically unstable
and the time scale for instability growth is sufficiently
shorter than that describing the evolution of the wave
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field. More recent analyses have shown, however, that a
wide spectrum of instabilities are possible, with specific
instability character depending on wave amplitude and
intrinsic frequency, mean shear and stability profiles,
and the form and amplitude of perturbations triggering
flow instability. In particular, local instability can occur
at wave amplitudes below that often considered neces-
sary for convective instability in many instances [McE-
wan, 1971; Hines, 1988b; Lombard and Riley, 1996;
Sonmor and Klaassen, 1997]. It is also believed, based
on simple stability arguments, that dynamical instabil-
ity should predominate for intrinsic frequencies @ ~ f
and that convective instabilities should predominate for
intrinsic frequencies @ >> f [Dunkerton, 1984; Fritts
and Rastogi, 1985] because of the very different relative
amplitude thresholds in each case. These expectations
are supported by the numerical simulations performed
to date [Andreassen et al., 1994, 1998; Fritts et al., 1994,
1998, 2002b; LeLong and Dunkerton, 1998a, b].

Because local instabilities at wave amplitudes below
that normally identified as the “convective” instability
limit,

a=u'/(c—u)=1.0, (58)

generally exhibit slow growth, however [Lombard and
Riley, 1996; C. Bizon, 2001, personal communication],
we assume for our discussion that the nominal threshold
amplitudes for dynamical and convective instability are
those which yield Ri < 1/4 and Ri < 0, respectively,
with the Richardson number, Ri, defined to be
2
Ri = %, (59)
uz + vz

where %, and v, are the local mean zonal and meridional
wind shears and N is the local buoyancy frequency. For
most intrinsic frequencies, the two threshold amplitudes
are nearly identical [Dunkerton, 1984; Fritts and Ras-
togi, 1985], departing significantly only for © ~ f.

With the high-resolution simulations now possible on
current supercomputers, DNS studies of gravity wave
breaking at sufficiently high intrinsic frequencies (i.e.
more nearly comparable, rather than disparate, hori-
zontal and vertical wavelengths) can capture both grav-
ity wave scales and a broad range of turbulence scales
simultaneously. On the other hand, the large dispar-
ity between inertia-gravity wave and turbulence scales
(~ 10° or more) prevents simulations that span this
range of scales. Instead, relevant simulations have ad-
dressed separately the KH instability of inertia-gravity
waves and the turbulence arising from the KH instabil-
ity alone.
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6.2.1. Gravity wave breaking. A number of nu-
merical studies addressed gravity wave breaking and the
accompanying wave amplitude limits in 2D for lack of
adequate computational resources to perform full 3D
studies. Because the instability processes are inher-
ently 3D, however, 2D studies are either limited in their
utility (e.g. in quantifying wave amplitude limits and
momentum flux divergence) or complete misrepresenta-
tions of the relevant dynamics (e.g. in modeling wave
breaking and turbulence dynamics) [Andreassen et al.,
1994]. Thus, we will review here only those studies
addressing the 3D character of wave instability or the
occurrence and scales of such events in the atmosphere.

The first 3D numerical studies of gravity wave in-
stability dynamics in the atmosphere were performed
by Andreassen et al. [1994], Fritts et al. [1994], and
Isler et al. [1994]. A parallel study examining simi-
lar dynamics in an oceanic context was performed by
Winters and D’Asaro [1994]. These studies addressed
gravity wave breaking via convective instability, which
appears to be the preferred instability for gravity waves
at relatively high intrinsic frequencies [Dunkerton, 1984;
Fritts and Rastogi, 1985]. These simulations succeeded
in describing the character of the primary wave instabil-
ity process; this comprises counter-rotating streamwise
(along the flow) convective rolls or vortices (with span-
wise, or normal, wavenumber). These convective rolls
occupy the full depth of the convectively unstable re-
gion within the gravity wave, derive their eddy energy
(or vorticity) from baroclinic and shear sources within
the 2D flow, and trigger a turbulence cascade via mu-
tual vortex interactions as they interact with adjacent
shear layers (or vortex sheets). Indeed, the initial study
of gravity wave breaking in 3D provided a plausible ex-
planation for apparent streamwise instability structures
observed in NLC near the summer mesopause [Fritts et
al., 1993b, see Figure 16]. Additional observational evi-
dence of such instabilities has come from recent analyses
of airglow imaging data and correlative wind measure-
ments [Swenson and Mende, 1994; Hecht et al., 1997,
2000].

Subsequent numerical studies at higher resolution ad-
dressed wave breaking in streamwise and transverse
shear flows [Fritts et al., 1996a], with superposed low-
and high-frequency motions [Fritts et al., 1997b], and
the vorticity dynamics driving the turbulence cascade
[Andreassen et al., 1998; Fritts et al., 1998]. The lat-
ter studies addressed in detail the vorticity dynamics
of the initial shear-aligned instabilities as well as their
subsequent interactions with adjacent vorticity sheets
(the mean and 2D gravity wave shears having spanwise
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vorticity).

The vorticity field arising due to convective instabil-
ity of the gravity wave, the subsequent transition to
turbulence, and the dynamics within the turbulent flow
are illustrated in Figure 17 at various times throughout
the simulation described by Andreassen et al. [1998]
and Fritts et al. [1998, 1999]. The simulation was
performed for a gravity wave of horizontal wavelength
~ 30 km and intrinsic frequency at the level of wave
breaking of ~ N/6. A mean shear was imposed to con-
fine the breaking to the region below the initial critical
level for the wave. Times shown are in nondimensional
units, and a buoyancy period corresponds to 14 units.
Thus, the entire transition from a 2D overturning grav-
ity wave to quasi-isotropic turbulence occupies approx-
imately a buoyancy period in this simulation. Vortex
structures are displayed using a quantity representing
the rotational or “tube-like” character of the motion
field analogous to the minimum pressures within the
flow (see Jeong and Hussain [1995] and Andreassen et
al. [1998] for further details). The volumes are viewed
from below, with the streamwise direction to the right.

The transition from 2D laminar flow to 3D quasi-
isotropic turbulence accompanying wave breaking in-
volves several distinct phases: 1) the initial shear-aligned
convective instability within the gravity wave (top two
images in Figure 17), 2) a second phase in which di-
vergent spanwise motions below adjacent streamwise
vortices stretch and thin the adjacent spanwise vor-
tex sheets, causing them to become locally dynami-
cally unstable, 3) the formation of secondary, spanwise-
localized KH billows on the intensified vortex sheets
and their linkage to the overlying streamwise vortices
to form series of intertwined vortex loops (next two im-
ages in Figure 17), and 4) the subsequent interactions
of neighboring vortices, the excitation of twist waves
on the various vortices, and the unraveling, fragmen-
tation, and breakup of the vortices that comprises the
cascade to smaller scales of motion (last four images
in Figure 17). Indeed, the various stages in the tran-
sition to turbulence often occur nearly simultaneously
in different (or the same) portions of the flow. Similar
simulations having a spanwise mean shear component,
and more recent higher-resolution simulations having
no mean shear, confirm the general nature of the tran-
sition and turbulence dynamics described above [Fritts
et al., 1996a, 2002a].

Various stages in the turbulence evolution noted above
also parallel in important respects vortex dynamics ob-
served in other turbulent flows. Intertwined vortex
loops, or similar “hairpin” or “horseshoe” vortices, are
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seen to arise in sheared boundary layers [Gerz et al.,
1994; Adrian et al., 2000]; twist waves, so easily excited
in the wave breaking simulations, were also observed,
but not recognized as such, in laboratory studies of vor-
tex dynamics [Cadot et al., 1995]. Finally, the sequence
of vortex dynamics seen in gravity wave breaking ex-
hibits striking parallels to that observed in the transi-
tion to turbulence accompanying the KH instability to
be discussed below (see also Arendt et al. [1997, 1998]
and Fritts et al. [1999]).

The scales at which gravity wave breaking occurs are
becoming better known based on both direct and in-
direct measurements. Such observations also address
the current debate over the mechanisms constraining
wave amplitudes and imposing saturation of the grav-
ity wave spectrum (see sections 6.1 and 6.3 above and
below). Direct measurements of density or tempera-
ture (via lidar and balloon- or rocket-borne instrumen-
tation) reveal frequent occurrences of near-adiabatic or
super-adiabatic lapse rates, with occurrence frequency
and vertical scale increasing with altitude. Recent ex-
amples include balloon and Rayleigh lidar measure-
ments of large-amplitude wave motions at lower alti-
tudes [Hauchecorne et al., 1987; Shutts et al., 1988;
Wilson et al., 1991a; Whiteway and Carswell, 1995;
Hoppe et al., 1999] and sodium resonance lidar measure-
ments at greater altitudes [Hecht et al., 1997; Williams
et al., 2002]. Rocket measurements employ various tech-
niques, including falling spheres [Fritts et al., 1988b],
chaff [Wu and Widdel, 1991], ionization gauges [Liibken,
1997], and Rayleigh lidars [Hoppe et al., 1999]. These
observations reveal unstable or nearly unstable layers
typically up to a few km in depth, suggesting con-
vectively unstable gravity waves having vertical wave-
lengths of ~ 3 to 10 km or more, with the larger
scales more prevalent near the mesopause. The recent
sodium lidar measurements by Williams et al. [2002]
represent a particularly striking example, with multi-
ple super-adiabatic layers a few km in depth within a
near-adiabatic layer extending more than 10 km and
persisting for more than 4 hours (see Figure 18). As
noted above, these observations suggest, at least in this
instance, wave saturation via local convective instabil-
ity, though wave superposition or wave—wave interac-
tions, specifically the PSI displayed in Figure 13, may
play a role in the vertical fine structure within the over-
turning wave field. While this event is exceptional, the
frequency of observation of such features suggests that
they are far from the infrequent or pathological cases
implied by Hines [1996]. Indirect inferences of convec-
tive overturning scales are provided by NLC and airglow
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measurements of horizontal instability scales [Fritts et
al., 1993b; Swenson and Mende, 1994; Hecht et al.,
1997, 2000], where the observed roll spacing is sug-
gested to be comparable to the unstable layer depth
in numerical simulations. Additional inferences of grav-
ity wave amplitudes and instability depths are obtained
from radar wind measurements via the gravity wave dis-
persion relation [Muraoka et al., 1988].

6.2.2. Kelvin—Helmholtz instability. KH insta-
bility is among the most common sources of turbulence
in the atmosphere. In many instances it owes its exis-
tence, in part at least, to wind shears due to inertia-
gravity waves, because such motions contribute pref-
erentially to wind shears throughout the atmosphere.
Earlier evidence of KH instability due to inertia-gravity
waves was reviewed by Fritts and Rastogi [1985]. More
recent stability analyses have identified the preferred
modes of instability of inertia-gravity waves with and
without mean shears [Fritts and Yuan, 1989¢; Yuan and
Fritts, 1989; Dunkerton, 1997a]. Numerical simulations
of unstable inertia-gravity waves revealed the charac-
ter of the KH instability and its preferred orientation
within the wave field [LeLong and Dunkerton, 1998a,
b]. The numerical studies showed a preferred direction
consistent with the stability analysis by Fritts and Yuan
[1989c¢], but with an increasing degree of isotropy as
w — f. These simulations were also used to assess the
theoretical prediction of the wave amplitude required
for onset of shear instability by Dunkerton [1984] and
Fritts and Rastogi [1985]. Results are displayed in Fig-
ure 19 and reveal that time dependence of the wave field
increases the wave amplitude required to initiate insta-
bility, as anticipated by Lombard and Riley [1996] and
Sutherland [2001] at higher intrinsic frequencies.

Other evidence of the importance of KH instability
and its relation to inertia-gravity waves comes from ob-
servations of wind and temperature profiles in the lower
and middle stratosphere. Radar measurements at sev-
eral sites have revealed persistent layers of enhanced
radar reflectivity with spacings of a few km, often ex-
hibiting slow vertical motions and inferred unstable
wave amplitudes [Sato and Woodman, 1982; Yamamoto
et al., 1987]. Likewise, high-resolution balloon measure-
ments have revealed multiple layers yielding signatures
of local turbulent mixing, with near-adiabatic layers
sandwiched between sharp temperature inversions [Cot
and Barat, 1986; Coulman et al., 1995]. Examples of
the latter, with profiles of the corresponding Richard-
son number, are displayed in the upper panels of Figure
20. Note, in particular, that the observations suggest a
minimum Richardson number of ~ 1/4 following insta-
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bility and mixing, well below what was often assumed
to accompany restratification in the past. It will be seen
below that these measurements are in good agreement
with recent high-resolution DNS studies of KH instabil-
ity.

While observations help define the scales at which
KH instability and mixing occur and the consequences
of mixing for the temperature and wind fields, they can-
not identify the dynamics of the turbulence transition
or the evolution of the shear layer as KH breakdown
and mixing occur. The only means of understanding
these aspects of inertia-gravity wave instability is via
DNS studies spanning KH growth, breakdown, and re-
stratification.

There have been many numerical studies of KH in-
stability in the past. Only recently, however, have
computational capabilities permitted 3D studies of high
enough resolution to confirm the predictions and labora-
tory observations of secondary instability [Klaassen and
Peltier, 1985; Thorpe, 1987; Palmer et al., 1994, 1996;
Caulfield and Peltier, 1994; Fritts et al., 1996b; Smyth,
1999]. Early 3D KH simulations were not adequate to
describe the transition to turbulence, the structure and
anisotropy within the inertial-range of turbulence, and
the implications for dissipation and mixing. However,
recent simulations are now adequate to investigate these
turbulence effects [Werne and Fritts, 1999, 2001; Smyth
and Moum, 2001]. The vorticity dynamics accompany-
ing this evolution, and its relation to the vorticity dy-
namics of wave breaking, were described by Fritts and
Werne [2000].

The KH simulations performed by Werne and Fritts
[1999, 2001] have illustrated the dynamics of the transi-
tion to turbulence, the expansion of turbulence through-
out the KH billow and the shear layer, and the tur-
bulence statistics, dissipation, anisotropy, and decay.
Most striking, perhaps, is the great degree of similarity
of the turbulence dynamics to those observed in previ-
ous simulations of gravity wave breaking. Common fea-
tures include 1) the initial streamwise, or shear-aligned,
convective instability within the outer regions of the
KH billow, 2) the stretching and wrapping of spanwise
vortex sheets around the streamwise vortices, 3) the dy-
namical instability and rollup of the localized and inten-
sified vortex sheets, and 4) the subsequent vortex inter-
actions and twist wave excitation driving the cascade to
smaller scales of motion [Fritts and Werne, 2000]. Ma-
jor differences in the turbulence transitions accompa-
nying wave breaking and shear instability are the time
scale and the character of mixing. As noted above, the
transition due to high-frequency wave breaking requires
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approximately one buoyancy period for the wave pa-
rameters simulated. The transition is somewhat longer
due to KH instability, however, because turbulence re-
quires time to expand from the initial site of instabil-
ity throughout the KH billow and the full depth of the
evolving shear layer. Implications for mixing are proba-
bly very different as well, since KH instability mixes the
shear layer thoroughly prior to restratification, whereas
turbulence due to wave breaking is quickly advected
out of the unstable phase of the wave motion, allowing
vigorous turbulence to act within the stably stratified
portions of the wave field.

The vorticity dynamics and impact on the thermal
field of KH turbulence are illustrated in Figure 21
at four times throughout the simulation described by
Werne and Fritts [1999]. In this simulation, a buoy-
ancy period corresponds to 28 time units. Note here the
gradual penetration of turbulence throughout the KH
billow, the rapid obliteration of thermal gradients by
turbulence shortly after it occurs, the homogenization
of the expanded shear layer, the very sharp thermal gra-
dients that evolve as a result of efficient mixing within
the shear layer, and the continuing small-scale dynam-
ics and mixing within the edge regions of the mixed
layer at later times. Profiles obtained in the KH DNS
at ¢ = 165 are displayed in the bottom panel of Fig-
ure 20 and exhibit good agreement with those observed
by Coulman et al. [1995] (top two panels), despite the
markedly different Reynolds numbers of the two flows.

The implications for inertia-gravity waves include
1) instability, turbulence, and mixing on time scales
short compared to wave periods, hence confined to the
unstable phase of the wave, 2) reduced shears and wave
amplitudes due to mixing, and 3) alternating layers of
low and high static stability that may influence subse-
quent instability and mixing processes.

6.2.3. Synthesis and other instability and large-
amplitude processes. Studies cited above have ex-
panded greatly our understanding of gravity wave in-
stability processes over the last decade. Importantly,
these studies have also suggested links between spe-
cific modes of instability of small- and large-amplitude
gravity waves. Klostermeyer [1991] found the PSI to
be related to a 2D parametric instability at finite am-
plitude and suggested, based on his analysis, that res-
onance may underlie all gravity wave instability pro-
cesses. Klostermeyer [1991] and Lombard and Riley
[1996] also identified transverse modes of instability at
finite amplitudes below those required for local convec-
tive or dynamical instability.

The links between instabilities at small and large
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wave amplitudes were further clarified and generalized
by Sonmor and Klaassen [1997] to include all instabil-
ity types and all wave amplitudes and intrinsic frequen-
cies (or phase propagation angles) assuming no rota-
tion. Specifically, they found a link between the PSIT and
the “slantwise static instability” (SSI) of Hines [1971,
1988b] at small wave amplitudes and with convective
instability and high-wavenumber parametric instabil-
ity at amplitudes with @ > 1 (see (58)). Sonmor and
Klaassen [1997] further linked the “branch-C” instabil-
ity of Yeh and Liu [1981] to the resonant elastic scatter-
ing and induced diffusion interactions originally iden-
tified by McComas and Bretherton [1977], but noted
quite different growth rates than inferred in the ear-
lier study. The “shear-aligned instability” (SA, having
spanwise wavenumber, as noted in the wave breaking
simulations discussed above) is itself linked to higher-
order resonant instabilities at smaller wave amplitudes,
and exhibits an amplitude threshold near the convec-
tive limit for waves at high intrinsic frequencies [Win-
ters and Riley, 1992; Sonmor and Klaassen, 1997]. A
2D dual-mode instability represents a generalization of
the KH instability within an inertia-gravity wave and
competes favorably with SA or convective instability at
large amplitudes [Sonmor and Klaassen, 1997], but is
itself stabilized by weak environmental shear [Thorpe,
1994]. Dunkerton [1997a] examined the relative roles of
these instabilities in the presence of rotation, employ-
ing a steady, plane-parallel approximation to the wave
structure, and obtained similar results concerning the
dominant instabilities at large wave amplitudes.

A further class of instability, “oblique instabilities”
(having nonzero streamwise and spanwise wavenum-
bers), was found by Lombard and Riley [1996] and Son-
mor and Klaassen [1996, 1997] to represent the most
rapidly growing instability for an important physical
range of wave amplitudes at high intrinsic frequencies.
Sonmor and Klaassen [1996, 1997] argue that oblique in-
stabilities connect smoothly to SA instabilities at larger
frequencies and wave amplitudes, but are the preferred
form when shear is the primary source of instability en-
ergy, whereas SA instabilities are preferred when buoy-
ancy is the dominant source. The parameter ranges in
which these various instabilities predominate are dis-
played in Figure 22. Here the dash-dotted line denotes
an overturning amplitude and high intrinsic frequen-
cies have large phase elevation angles. We note, how-
ever, that recent DNS studies [Fritts et al., 2002a] reveal
SA instabilities to predominate over 2D dual-mode and
oblique instabilities at finite amplitude for a wide range
of the wave parameters displayed in Figure 22. This
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may be due either to the Sonmor and Klaassen analysis
being inviscid (while the DNS studies are viscous) or to
the selection of a finite-amplitude response in the DNS
from among a variety of initial instabilities at infinites-
imal amplitude.

Other types of instabilities are enabled as a result
of wave packet localization or by the induced mean
flows accompanying waves of finite amplitude. Suther-
land [2001] demonstrated numerically the modulational
instability (and stability) of a localized wave packet
anticipated by Whitham [1965, 1974], but noted that
this instability does not necessarily imply wave break-
ing. Sutherland also argued that self-acceleration of a
vertically-localized wave packet can lead to local convec-
tive instability at sufficiently large amplitudes and high
intrinsic frequencies, providing a means by which wave
localization can contribute to instability. The mecha-
nism by which instability occurs is the differential tilt-
ing of surfaces of potential temperature by the wave-
induced mean flow. Similar effects accompany local-
ized wave packets incident on a turning level, and may
lead to wave instability via either self-acceleration (as
above) or as a result of enhanced wave amplitude due
to incident and reflected wave superposition [Suther-
land, 2000]. Interesting additional consequences of wave
packet localization and finite amplitude include tenden-
cies 1) for wave packets that are vertically localized and
of large amplitude to yield permanent momentum flux
divergence near a turning level and 2) for wave pack-
ets that are both horizontally and vertically localized to
penetrate substantial distances beyond a turning level
based on linear theory [Sutherland, 1999, 2000]. In-
deed, both of these mechanisms may have important,
but as yet unquantified, implications for gravity wave
momentum transport and redistribution in the middle
atmosphere. The tendency for spatially-localized, large-
amplitude packets to penetrate turning levels may be
particularly relevant for middle atmosphere momentum
transport, where such packets may be more the rule
than the exception. A demonstration of the tendency
for penetration of a turning level as wave amplitude in-
creases is shown in Figure 23. In these cases, total and
partial reflection occur for small and intermediate wave
amplitudes, while wave packet propagation appears to
be increasingly unaffected by mean shear (and increas-
ing intrinsic phase speed and frequency) as wave ampli-
tude increases. Wave packet transmission and reflection
for the largest wave amplitude are displayed at several
stages throughout the event in Figure 24. Note, in par-
ticular, the phase distortions at the leading edge of the
wave packet above the turning level which exhibit the
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self-acceleration effects discussed by Fritts and Dunker-
ton [1984] and Sutherland [1999, 2000].

A final topic relevant to our understanding of insta-
bility dynamics in gravity waves is the optimal pertur-
bation theory pioneered by Farrell and Ioannou [1996a,
and references therein|. This theory has provided con-
siderable insights into the occurrence of, or competition
among, various instability modes in Couette, Poiseuille,
and other time-independent shear flows known to be
asymptotically stable below a threshold (or for any)
Reynolds number. However, the theory also can be ap-
plied to time-dependent flows and to more general strat-
ified problems including secondary KH and gravity wave
instabilities for which the equations of motion are non-
self-adjoint [Farrell and Ioannou, 1996b]. In such flows,
particular superpositions of linear modes, termed ‘opti-
mal perturbations’, may exhibit rapid transient growth
exceeding the growth rates of all eigenfunctions of the
linear system. If this growth achieves a sufficient am-
plitude to have nonlinear consequences, either among
the perturbations or for the mean flow, then it will
be the optimal perturbation which dictates the finite-
amplitude behavior of the nonlinear system. In appli-
cations to the KH instability problem, the optimal per-
turbation methodology has shown that the structures
of both the initial 2D instability and the secondary 3D
instabilities depend sensitively on the form and ampli-
tude of the initial perturbations [J. Werne, 2001, private
communication|. Optimal perturbation theory also re-
veals why the details of the turbulence transition and
cascade discussed above depend so sensitively on the ini-
tial noise spectrum [Werne and Fritts, 1999; Fritts and
Werne, 2000]. In the atmosphere, then, we anticipate
that instability structures accompanying wave break-
ing or shear instability may often be dictated more by
other finite-amplitude perturbations than by the exact
form of the most rapidly growing linear eigenmode of
the unstable flow. While initial perturbations dictate
the details of the transition to turbulence, they appear
not to alter the statistical effects of turbulence on the
larger-scale flow [Fritts and Werne, 2000].

6.3. Saturation Theories

The dynamics underlying gravity wave saturation in
the atmosphere, i.e. instability and wave—wave interac-
tion processes, appear to impose a near-universal spec-
tral form far from the dominant sources at lower alti-
tudes (but subject to all of the caveats about departures
from universality noted above). Our purpose in this sec-
tion is to review the various theories for the shape and
evolution of the wave spectrum and to identify how they
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are linked to the instability dynamics discussed above.

The earliest wave amplitude limits attributed to in-
stability dynamics were proposed by Hodges [1967] and
involved the convective instability of a gravity wave
due to its exponential growth with height. Subsequent
studies by many authors considered the implications of
such dissipation for momentum transports, turbulence,
and mixing (see Fritts [1984a] for a review). Moti-
vated by VanZandt’s [1982] suggestion of a universal
gravity wave spectrum and their own observations of
near universality in stratospheric wind spectra [Dewan
et al., 1984], Dewan and Good [1986] proposed the first
theory of a saturated spectrum employing saturation
(via local convective or shear instability) separately at
each vertical wavenumber. Their dimensional analy-
sis yielded a saturated range for gravity waves varying
as CN?/m3 with C dependent on spectral bandwidth
(and a bandwidth dm ~ m). The study by Smith et
al. [1987] extended this theory to account for attain-
ment of saturated wave amplitudes by the wave spec-
trum as a whole, yielding a saturation spectrum ampli-
tude of N2 /6m? for velocities and a natural explanation
for the evolution of the dominant vertical wavenumber,
m., toward smaller m with increasing altitude. Further
refinements of this theory yielded a corresponding sat-
urated amplitude for gravity wave temperature spectra
of N*/10g?>m? and implications for enhanced saturation
and dissipation where N increases with altitude [Fritts
et al., 1988a; VanZandt and Fritts, 1989]. Attributes
of this “linear saturation theory” include a simple con-
ceptual mechanism for amplitude limits for superposed
waves of various scales and frequencies, general agree-
ment of the predicted spectral form and amplitude and
variations of wave energy density with altitude with ob-
servations throughout the atmosphere [Allen and Vin-
cent, 1995], and a natural explanation for the increase
in the dominant vertical wavelength with increasing al-
titude [Tsuda et al., 1989]. Failings of the theory in-
clude an inability of the spectral description to account
for specific wave sources having character quite differ-
ent from the canonical spectral form, an inability to
account for amplitudes in the stratosphere below the
saturation limit due to wind shear effects on vertical
wavelengths [Eckermann, 1995a; Alexander, 1996], rel-
ative amplitudes of velocity and temperature spectra
that depart from predictions [Tsuda et al., 1991; Nas-
trom et al., 1997; de la Torre et al., 1999], and the ne-
glect of wave—wave interactions that are known to cause
spectral energy transfers.

An alternative explanation of the evolution of grav-
ity wave spectral characteristics with increasing altitude
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was provided by Weinstock [1982, 1985, 1990] based
on “nonlinear damping”. Weinstock argued that this
mechanism could both constrain wave amplitudes and
account for spectral broadening with increasing alti-
tude. Accounting for nonlinear influences within the
wave spectrum, even without accounting explicitly for
resonant interactions, was an appealing approach and
spawned a number of extensions to the theory by Zhu
[1994], Gardner [1994], and Medvedev and Klaassen
[1995]. As with linear saturation theory, however, the
various extensions to Weinstock’s theory have their de-
tractors (see section 6.1 above), and clarification of the
mechanisms controlling spectral amplitude and shape
remains a high priority. Appealing aspects of the non-
linear damping theories include a recognition of the
central role of nonlinearity in shaping the wave spec-
trum and approximate agreement with observed spec-
tral shape and evolution with altitude. Liabilities in-
clude an inability to account explicitly for local wave
field instability and turbulence and concerns by Hines
[2002b] over the legitimacy of the underlying assump-
tions.

A further approach to gravity wave saturation and
spectral evolution was taken by Hines [1991, 1993, 1996],

who modeled wave—wave interactions by “Doppler spread-

ing” of any one member of the spectrum by all of the
remaining members. The Hines theory relies on the La-
grangian description of wave—wave interactions by Allen
and Joseph [1989] and shares the attributes and lia-
bilities of this formalism discussed at length in section
6.1 above. This approach accounts qualitatively for in-
creasing interactions and effects with increasing altitude
and yields predictions of a tail spectrum that is also
in approximate agreement with observations, subject
to correction of the earlier estimates of spectral slope
[Hines, 2001; Chunchuzov, 2002]. The theory has also
led to the development of a gravity wave parameteri-
zation that has experienced a number of successes (see
section 7 below), but has been criticized (see section 6.1
above) for simplifications in the underlying assumptions
that are inconsistent with the claimed cascade toward
smaller vertical scales. Perhaps its major contribution
has been a focussing of attention and renewed research
activity on the role of wave—wave interactions in gravity
wave spectral evolution in the atmosphere.

A final approach to describing gravity wave spectral
shape and evolution in the atmosphere is the “saturated-
cascade similitude” theory by Dewan [1991, 1994, 1997].
The theory, as it has developed, embodies both the lin-
ear saturation ideas of Dewan and Good [1986] and
Smith et al. [1987] as amplitude constraints and the
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notion that wave—wave interactions drive a cascade of
wave energy from larger to smaller scales analogous to
that observed in inertial-range turbulence. As in tur-
bulence theory, spectral amplitudes are controlled by
the energy dissipation rate, €, which represents both
energy input at large scales via vertical wave propaga-
tion and energy dissipation at sufficiently small scales.
The theory is appealing in its simplicity and its depen-
dence on scaling arguments, and it makes a number of
predictions of 1D spectra that are either in reasonable
agreement with observations or pose observational tests
of the theory. The suggestion that saturation and cas-
cade dynamics are jointly at work in shaping the grav-
ity wave spectrum is more realistic than theories rely-
ing largely on one or the other. Dewan’s theory is also
more in line with recent results by Sonmor and Klaassen
[1997] and others (described above) indicating that lo-
cal wave field instability and spectral energy transfers
via wave—wave interactions are manifestations of related
dynamics at different wave amplitudes. As such, fur-
ther advances merging or generalizing saturation and
cascade processes and effects may help to unify the di-
vergent views of wave saturation and spectral evolution
prevailing at present. There are, however, a number of
shortcomings or uncertainties in the present formula-
tion, hence motivation for further improvements to the
theory. It is unclear, but likely not the case, that wave
energy is transferred from large to small scales without
dissipation, while the direction and/or efficiency of the
cascade are uncertain, based on the discussion above.
Finally, the current theory does not predict 2D spectra,
though these would be valuable in assessing the inter-
action and cascade dynamics, and the prediction of the
vertical wavenumber spectrum of vertical velocities has
a slope of +1 which differs significantly from the various
observations to date of order -1 to -3 [Kuo et al., 1985;
Larsen et al., 1986; Wu and Widdel, 1990; Fritts and
Hoppe, 1995].

7. Gravity Wave Parameterizations

The effects of gravity waves on the larger-scale circu-
lation must be parameterized in global models because
the spatial resolution required to model them directly
is prohibitively fine. The waves important to the cir-
culation in the atmosphere have horizontal wavelengths
ranging from ~ tens to thousands of km. The largest of
these can be resolved in some global models, however,
the vertical wavelength of a gravity wave will vary sub-
stantially with height due to the effects of wind shear.
Vertical wavelengths as small as 1 to 2 km are impor-
tant to resolve in the lower stratosphere. Gravity waves
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with periods as short as ~ 10 minutes can carry signifi-
cant momentum flux vertically. Further, the sources of
these waves include processes that are also parameter-
ized and/or poorly resolved, namely convective heating,
fine-scale topography, localized shear zones, and frontal
structures. The parameterizations for convection for ex-
ample are designed for purposes other than generating a
realistic wave spectrum [Ricciardulli and Garcia, 2000].
Direct modeling of a realistic gravity wave spectrum in
global models is therefore still not feasible at the present
time nor in the near future. Two effects of gravity wave
dissipation that are currently believed to be necessary
in global models are a body force on the background
flow (important at the tropopause and throughout the
middle atmosphere) and mixing effects on temperature
and trace constituent distributions (important in the
upper stratosphere and above).

The essential ingredients of gravity wave parameter-
izations include specification of input parameters de-
scribing the gravity wave sources and estimation of the
wave dissipation as a function of height. Observational
constraints on parameterization inputs are, however,
still lacking in necessary detail. There is also no cur-
rent consensus on how to compute the dissipation with
height. Therefore, middle atmosphere models currently
have an uncomfortably large degree of freedom in the
parameterization of gravity wave effects.

There are currently at least eight parameterization
schemes proposed or in various stages of implementa-
tion in global models [Lindzen, 1981; Holton, 1982;
Palmer et al., 1986; McFarlane, 1987; Fritts and Lu,
1993; Medvedev and Klaasen, 1995; Hines, 1997a;b;
Lott and Miller, 1997; Alexander and Dunkerton, 1999;
Scinocca and McFarlane, 2000; Warner and Mclntyre,
2001]. McLandress [1998] reviews the approach and ba-
sic mathematics for four of these. Here, we will not
embark on detailed descriptions of each parameteriza-
tion. We will instead discuss the basic components of
a gravity wave parameterization and describe some of
the commonalities and differences among the various
approaches in that context. The basic components are
1) specification of the characteristics of the waves at
the source level, 2) wave propagation and/or spectral
evolution as a function of height, and 3) wave dissipa-
tion and calculation of the effects on the background
atmosphere.

7.1. Parameterization of Gravity Wave Sources

Parameterizations of gravity wave effects all require
input of the amplitudes and propagation properties of
the waves at some altitude in the troposphere or at
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the model lower boundary. These would ideally be re-
lated to specific gravity wave sources as in Rind et al.
[1988], but this approach is insufficiently constrained by
present observations. Stationary gravity waves (¢=0)
generated by flow over topography are presently param-
eterized in many global models [e.g. Palmer et al., 1986;
McFarlane, 1987; Miller et al. 1989], however, the prop-
erties of other nonstationary gravity waves (c¢£0) and
their sources are too poorly constrained to be included
in this way. Instead nonstationary waves, when they are
included at all, are input with globally uniform proper-
ties or with properties that vary only as a function of
latitude [Garcia and Solomon, 1985; Holton and Schoe-
berl, 1988; Smith and Brasseur, 1991; McLandress and
Ward, 1994; Roble and Ridley, 1994; Mayr et al., 1997a;
Norton and Thuburn, 1996; Manzini and McFarlane,
1998; Medvedev et al., 1998; Scaife et al., 2000].

Linear gravity wave theory tells us that the required
information about gravity wave sources includes their
phase speeds, horizontal wavelengths, propagation di-
rections, and momentum fluxes. (Note, horizontal wave-
length or phase speed could be replaced with vertical
wavelength or frequency using the dispersion relation
(23).) A factor describing gravity wave spatial and/or
temporal intermittency must also be considered, be-
cause the waves with the specified properties will not
generally be occurring throughout the model area at all
times.

Palmer et al. [1986] and McFarlane [1987] defined pa-
rameterizations for topographic wave sources. Momen-
tum fluxes are related to the subgrid-scale orographic
variance, atmospheric stability, and surface wind. The
waves are launched propagating opposite to the surface
wind with phase speed relative to the ground ¢ = 0.
Bacmeister [1993] further considered the alignment of
mountain ridges perpendicular to the surface wind. An
efficiency factor is generally included because only a
fraction of the surface stress will be carried by verti-
cally propagating waves [Schar and Durran, 1997; Lott,
1998]. Horizontal wavelength is a free parameter, gen-
erally chosen to be ~ 100 km or considered to be a
tunable parameter.

Kershaw [1995] describes a parameterization for mo-
mentum flux due to convectively generated gravity waves
by assuming a mechanism analogous to topographic
waves, but the waves are assigned a phase speed equal
to the wind speed at the center of the convective layer.
Chun and Baik [1998] describe a convective heat source
parameterization that models convective heating as a
steady process that similarly generates only waves that
are stationary relative to the heat source. The hori-
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zontal wavelength spectrum that results is also highly
dependent on a set of assumed properties of the con-
vective heating that are currently poorly constrained.
By contrast, other model studies [e.g. Piani et al., 2000
(and see Figure 5)] instead suggest that in the absence
of strong shear, convection may generate a very differ-
ent spectrum of gravity waves with much larger phase
speeds (see section 3.1).

For nonstationary gravity waves (¢ # 0) there is no
consensus on the value of momentum flux at the source
level, so it is yet another free parameter. Many model
studies have not reported the value that has been as-
sumed, making comparisons difficult. The best con-
straints on the momentum flux are indirect and are
derived from estimates of the zonal mean wave-driven
force that must be present to explain global tempera-
ture, wind, and trace constituent patterns. These con-
strain the gravity wave momentum flux crossing the
tropopause and are described in section 8.1. A wide
variety of gravity wave parameterizations are currently
in use in global models. Intercomparison of these stud-
ies will begin to be possible when distributions of the
cross-tropopause gravity wave flux with latitude are re-
ported, as Manzini and McFarlane [1998] have done.

Other properties of the spectrum of nonstationary
waves input to parameterizations currently vary widely,
and these differences may be of fundamental importance
in explaining the differences among the results obtained.
Some input an isotropic energy spectrum that is sepa-
rable in @ and m with power law dependencies on these
variables that resemble observations in the troposphere
and stratosphere (see section 4) [Fritts and VanZandt,
1993; Fritts and Lu, 1993; Hines, 1997a, b; Medvedev
et al., 1998; Medvedev and Klaassen, 2000; Warner and
MclIntyre, 2001]. Hines [1997a] argues that the funda-
mental difficulty with this approach is that the low m
portion of the spectrum is very poorly constrained by
observations, yet it is this portion that has the largest
effect in the mesosphere. The assumption of isotropy is
also poorly constrained and probably wrong. Alexan-
der and Dunkerton [1999] proposed a parameterization
that can employ arbitrary source spectra shapes and
anisotropies that are input as momentum flux versus
phase speed. This approach suffers similar uncertainty
in the input spectrum, particularly at high phase speeds
(corresponding to low m), although model studies and
observations of high phase speed waves generated by
deep convection are beginning to constrain the phase
speed spectrum of this source (see section 3.1.2).

For nonstationary wave sources like convection, the
intermittency may be a small number, ¢ << 1, yet
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there are few observational constraints for this parame-
ter. Alexander [1996] derived estimates of intermittency
as a function of frequency and horizontal wavelength for
high-frequency waves above deep convection in a cloud-
resolving model, and Zink and Vincent [2001b] esti-
mated intermittency for low-frequency waves in midlat-
itude radiosonde observations. The values will depend
on the bandwidths of the wave properties considered
(e.g. ¢, w, etc.) [Alexander and Dunkerton, 1999].

7.2. Treatment of Wave Propagation and
Dissipation

7.2.1. Commonalities and differences. All pa-
rameterizations assume a set of gravity wave properties,
specified either as a continuous wave spectrum or as a
collection of discrete waves at some source altitude. The
spectral properties of the sources may vary considerably
among the different parameterizations, and except for
topographic waves (input at the ground), the source
altitude for nonstationary waves will additionally vary
even among different applications of the same param-
eterization. Differences in the specification of gravity
wave sources among parameterizations may be respon-
sible for some large part of the differences in their effects
seen in models. However, no controlled comparisons
have yet been made that address this issue.

All parameterizations are one-dimensional in that
they assume the waves considered propagate only verti-
cally and that only vertical variations in the background
atmosphere influence wave propagation. All parameter-
izations use linear theory in the absence of dissipation
and use the mid-range frequency approximation to the
linear dispersion relation (32) for at least some portion
of the calculation. Total internal reflection is included
via (30) in one [Alexander and Dunkerton, 1999], but
this is generally only important for gravity waves with
horizontal wavelengths shorter than ~50 km.

Aside from gravity wave source specification, the
main differences among parameterizations reside in their
treatment of nonlinearity and mechanisms of wave dis-
sipation. These differences result in different vertical
variations in gravity wave effects.

7.2.2. Treatment of nonlinearity and wave dis-
sipation. Most global model studies that have in-
cluded gravity wave effects parameterized nonlinear ef-
fects using a scheme related to that proposed by Lindzen
[1981] and formalized by Holton [1982]. These “Lindzen-
type” parameterizations specify some discrete set of
wave properties at a source level, use the mid-range
frequency approximation to calculate wave propagation
with height, then use the linear convective instability
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threshold to determine where wave dissipation will oc-
cur. Wave dissipation continues above the unstable
level via a saturation condition (see Fritts [1984a] for
a review). This basic formula is the basis of the widely
used mountain wave parameterizations by Palmer et al.
[1986] and McFarlane [1987], who added a Froude num-
ber condition for finding the altitude regions where wave
saturation would occur. There are also nonstationary
wave analogs to these mountain wave parameterizations
[e.g. Kiehl et al., 1996; Norton and Thuburn, 1999].

Alexander and Dunkerton [1999] used Lindzen’s con-
vective instability criterion but assumed total wave
breakdown at that level rather than employing the
wave saturation assumption. This simplification re-
duced computation time allowing a treatment of a de-
tailed spectrum of waves rather than the typical small
set of 5 to 10 waves employed in Lindzen-type schemes.
They also made explicit the separation of the param-
eters describing local wave momentum flux magnitude
(which determines breaking levels) and net wave mo-
mentum flux (which is generally smaller if there is in-
termittency in the wave occurrence). The parameter-
ization in Norton and Thuburn [1999] instead locked
these two parameters together so that smaller fluxes
gave higher breaking levels and vice versa. This is
appropriate for mountain waves where amplitude and
net flux are naturally linked because the intermittency
in the source is modeled directly via topography and
surface wind variations, but is inappropriate for non-
stationary wave sources with globally averaged input
properties.

Warner and McIntyre [2001] used the mid-range fre-
quency approximation to the linear dispersion relation
and a saturation condition to limit wave amplitudes
to a “quasi-saturation” spectrum. They developed a
spectral analogue to the Lindzen [1981] saturation cri-
terion, and simplified the computation with a three-part
spectrum approximation. Short horizontal wavelength
waves in their source spectrum [Warner and McIntyre,
1996] carry significant momentum flux, so their neglect
of wave reflection is a potentially serious problem. Fritts
and VanZandt [1993] and Fritts and Lu [1993] used sat-
uration theory and empirical constraints on the gravity
wave spectrum to describe the spectrally-integrated en-
ergy density and momentum flux as functions of height.

Hines [1991; 1997a; b] used linear theory and the mid-
range frequency approximation to describe wave prop-
agation with height but treated dissipation as result-
ing from wave—wave interactions which cause Doppler-
shifting and refraction of portions of the wave spectrum
to vertical wavelengths shorter than a prescribed cut-
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off wavenumber where dissipation is assumed to occur.
Medvedev and Klaassen [1995; 2000] instead treated
dissipation via the nonlinear diffusion ideas of Wein-
stock [1982; 1990]. Both of these mechanisms have,
however, been questioned in the recent literature (see
section 6.1).

Note that although many of the spectral gravity
wave parameterization schemes [Fritts and Lu, 1993;
Medvedev and Klaasen, 1995; 2000; Hines, 1997; Warner
and McIntyre, 1996; 2001] have been constrained to re-
produce the “universal” m~3 gravity wave energy spec-
trum observed at high m (section 4), these parameteri-
zations can produce very different results. (See section
8.4.) This leads to the natural conclusion that the shape
and magnitude of the spectrum at high m alone do not
sufficiently constrain parameterizations of gravity wave
effects in the middle atmosphere.

For a parameterization to be effective at both forc-
ing the stratospheric quasibiennial oscillation (QBO)
winds and driving the mesopause wind reversals, dis-
sipation of nonstationary waves must occur for increas-
ingly large intrinsic phase speeds and increasingly long
vertical wavelengths at increasing altitudes. In other
words, waves may dissipate fairly close to their critical
levels in shear zones in the lower stratosphere, but must
dissipate far from their critical levels in the upper meso-
sphere. Intrinsic phase speed and vertical wavelength
are related via (33). The result is that for nonstationary
waves, the force will tend to accelerate the mean wind
(the force will have the same sign as the wind) in the
lower stratosphere but decelerate the mean wind (the
force will have opposite sign as the wind) in the upper
mesosphere. (Note that this trend should not hold for
the large amplitude mountain waves with phase speeds
¢ ~ 0 that have been observed. Such waves can break
and cause decelerations at all levels.) The potential for
gravity waves to accelerate the mean wind is one reason
to avoid the term “gravity wave drag” since this is an
example of “gravity wave push”.

The vertical variation in wave dissipation described
above is a natural consequence of linear instability the-
ory for small amplitude waves propagating through ex-
ponentially decaying atmospheric density and the ob-
served zonal mean middle atmosphere winds [Alexan-
der and Rosenlof, 1996] (see also section 4). It can
thus occur using any of the parameterizations above
based on convective instability for some range of source
spectrum properties. That includes the Lindzen-type,
Warner and Mclntyre [1996; 2001], and Alexander and
Dunkerton [1999] parameterizations. It can also arise
naturally in the Hines [1997a; b] parameterization for
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wave dissipation because the amplitudes of the waves
that drive the dissipation in this mechanism grow with
altitude. They can thus shift waves with larger and
larger intrinsic phase speeds (and vertical scales) to the
prescribed dissipation scale as a function of height. The
Hines dissipation scale is further allowed to vary with
height adding another means of tuning this effect.

Vertical gradients of gravity wave energy and momen-
tum fluxes give rise to important terms in the energy
and momentum conservation equations in global models
(see section 8). All of the parameterizations will drive
the deceleration of the winds in the mesosphere, but
only a few have been shown effective at driving QBO
circulations in global models. In addition to mean flow
forcing effects of parameterized gravity waves, vertical
mixing effects in the thermal energy and constituent
transport equations are also important in the meso-
sphere of global models. Global model studies of both
these effects are described in the next section.

8. Influences on Atmospheric
Circulation and Structure

8.1. Mean Flow Forcing Effects

Around twenty years ago, gravity wave effects on the
zonal mean winds in the mesosphere and lower thermo-
sphere were widely appreciated. There gravity wave
zonal-mean forces cause reversals of the zonal mean
jets and drive a mean meridional transport circulation
that leads to a warm winter mesopause, a cold summer
mesopause, and a reversal of the latitudinal temper-
ature gradient expected in the absence of wave driv-
ing [Lindzen, 1981; Holton, 1982; 1983; Garcia and
Solomon, 1985]. Gravity wave effects at slightly lower
altitudes such as driving the mesopause semiannual os-
cillation (SAO) [Dunkerton, 1982b] and quasibiennial
oscillation (QBO) [Lindzen and Holton, 1968] had been
proposed, but were not generally accepted. Since that
time, gravity wave effects at even lower altitudes, such
as mountain wave drag effects on the circulation in the
troposphere, have become widely accepted and are now
included via parameterization in most global models to
provide a drag force on the jet stream at upper lev-
els [Palmer et al., 1986; McFarlane, 1987; Miller et
al., 1989]. Most recently, direct gravity wave effects
in the stratosphere are indicated. These effects include
contributions to driving the tropical QBO [Gray and
Pyle, 1989; Takahashi and Holton, 1991; Takahashi and
Boville, 1992; Alexander and Holton, 1997; Dunkerton,
1997b; Scaife et al., 2000; Baldwin et al., 2001] and SAO
(both in the stratosphere and mesosphere) [Hitchman
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and Leovy, 1988; Hitchman et al., 1992; Sassi and Gar-
cia, 1994; 1997; Ray et al., 1998 Garcia and Sassi, 1999],
driving the summer hemisphere equator to pole merid-
ional transport circulation [Rosenlof, 1996; Alexander
and Rosenlof, 1996], and effects on the winter polar vor-
tex [Hitchman et al., 1989; O’Sullivan and Dunkerton,
1994; Kinnersley, 1996; Garcia and Boville, 1994]. Fig-
ure 25 illustrates these mean-flow forcing effects. The
role of waves in the middle atmosphere transport circu-
lation is reviewed by Holton and Alexander [2000]. The
theory behind wave driving of the transport circulation
is embodied in the downward control principle [Haynes
et al., 1991].

In general, in the lower stratosphere, the gravity wave
mean flow force will have the same sign as the local
shear (and may or may not have the same sign as the
local wind). Examples include the westward drag force
of mountain waves at levels above the tropospheric jet
peak winds, and the QBO forcing which will be east-
ward in eastward shear and westward in westward shear.
In the mesosphere, the force in general opposes the
background winds. Wave amplitudes can grow large
enough in the mesosphere that waves with large intrin-
sic phase speeds can break, while in the stratosphere,
where wave amplitudes are smaller, breaking or dissi-
pation will tend to occur only as waves approach their
critical levels (see e.g. (58)) unless the amplitudes are
rather large.

Several studies have estimated forces due to gravity
waves in the stratosphere and mesosphere. Three basic
techniques have been used: 1) Estimates of the zonal-
mean wave driving in the middle atmosphere, not ex-
plained by the observed planetary-scale wave driving,
are presumed due to gravity waves. 2) Radar observa-
tions of zonal and meridional gravity wave momentum
flux gradients employed in (42) give an estimate of grav-
ity wave driving. 3) Atmospheric model studies with
parameterized wave driving are constrained by obser-
vations to infer the contribution due to gravity waves.

8.1.1. Zonal mean momentum balance stud-
ies. The first method estimates the gravity wave con-
tribution to the wave driving through examination of
the zonal mean momentum balance. The difference be-
tween the total momentum forcing and the resolved EP-
flux divergence contribution is presumed to be due to
gravity wave driving. The total force is calculated us-
ing global satellite observations of temperature and the
important radiatively-active gases (O3, HoO, etc.) in-
put to a radiative transfer model to estimate the zonal-
mean radiative heating rate. This total force is what
drives the zonal mean residual circulation (or transport
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circulation) in the middle atmosphere. Satellite tem-
perature observations are then also used to compute
global winds with a balance model, and the tempera-
ture and wind fields together are then used to define
the planetary-scale wave fluxes and EP-flux divergence.
Examples of this method are described by Hamilton
[1983], Smith and Lyjak [1985], Hitchman et al. [1989],
Shine [1989], Marks [1989], Rosenlof [1995; 1996], and
Fetzer and Gille [1996]. These studies have improved
in accuracy over the years due partly to improvements
in the temperature and constituent measurements, and
partly through improvements in the models used to cal-
culate the wind fields.

Calculations of EP-flux divergence give inherently
noisy fields, so it is not surprising that most studies
looking for the residual gravity wave term have focused
on high altitudes near the stratopause and above where
the gravity wave forcing becomes large [Hamilton, 1983;
Smith and Lyjak, 1985; Shine, 1989; Marks, 1989; Fet-
zer and Gille, 1996]. At lower altitudes in the win-
ter stratosphere, the calculations of the residual gravity
wave forcing have been highly variable, which could re-
sult both from errors in the calculations and true vari-
ability.

Rosenlof [1996] and Alexander and Rosenlof [1996]
focused on the summer stratosphere where resolved EP-
flux divergence is small and gravity wave driving is be-
lieved to dominate. A simple model of gravity wave
propagation and dissipation was found to generate grav-
ity wave driving in the summer stratosphere that resem-
bled the observational constraints. The model used a
constant spectrum of nonstationary gravity waves in-
put in the troposphere. Ray et al. [1998] applied the
same methods in the equatorial stratophere and inferred
that gravity wave driving is important to the eastward
phase of the stratopause SAQO. The gravity wave driv-
ing in the summer stratosphere is westward, and below
~1 hPa has an estimated magnitude of order ~1 m
s~! day~!. Similar westward forcing magnitudes have
also been estimated near the tropopause in both sum-
mer and winter. The gravity wave driving at the onset
of the stratopause SAO eastward phases (at equinoxes)
has been estimated at ~1 to 3 m s~! day~!.

Calculations of this type in the mesosphere extend-
ing up to ~ 80 km altitude show the annual cycle in
extratropical gravity wave driving of the summer-to-
winter pole-to-pole zonal mean circulation. The wave
driving is westward in winter and eastward in summer
[Shine, 1989; Marks, 1989; Fetzer and Gille, 1996]. Two
of these studies suggested that the mesopheric gravity
wave driving in the southern hemisphere winter is sig-
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nificantly larger than that in the northern hemisphere
winter. These estimates of the mesosphere force peak
at magnitudes ~30 to 60 m s~! day~! at solstice sea-
sons. This hemispheric asymmetry seems opposite to
that suggested by PMSE and temperature observations
described in section 5. The differences could suggest a
high degree of variability or could be due to errors in
the estimates.

8.1.2. Radar observations of momentum flux
convergence. Radar observations of gravity wave mo-
mentum fluxes at a number of sites have been used to es-
timate the body force due to gravity waves in the lower
stratosphere and in the mesosphere and lower thermo-
sphere. Mean momentum fluxes in the lower strato-
sphere over the MU radar (at 35°N latitude) were ~ 0.1
to 0.3 m?s~2, with peak values of ~ 1 m?s~2 and im-
plied mean flow forcing of ~ 1 m s~! day~! [Fritts et
al., 1990b]. Momentum fluxes in the mesosphere and
lower thermosphere have been measured more widely.
At extratropical sites, mean values of ~ 1 to 10 m2s—2
have been measured with mean flow forcing in the range
~ 10 to 70 m s~ day~! that generally oppose the
mean winds. [Reid and Vincent, 1987; Fritts and Yuan,
1989b; Tsuda et al., 1990b; Nakamura et al., 1993c].
At the tropical Jicamarca radar (12°S) [Hitchman et
al., 1992] fluxes of 1 to 4 x10~% Pa (~ 2 to 8 m? s72)
were observed with mean flow forcing ~ 10 to 60 m s~*
day~!. Measurements at 35° northern and southern
latitudes have been compared [Nakamura et al., 1996],
and, like the residual force calculations, these suggest
larger gravity wave driving in the southern hemisphere
winter than in the northern hemisphere winter. Mo-
mentum fluxes observed in the mesosphere and lower
thermosphere are highly variable, with peak values of
~ 30 to 60 m?s~2 greatly exceeding the mean values.
These imply correspondingly larger and possibly local-
ized mean flow forcing, and have been correlated with
larger-scale motions [Fritts and Vincent, 1987; Fritts et
al., 1992; Murphy and Vincent, 1998].

8.1.3. Model studies of zonal mean wave driv-
ing. A third method for estimating the gravity wave
mean-flow driving uses models of the middle atmo-
sphere with parameterized radiative transfer and wave
driving. The model results are then constrained by
observations so that inferences about the gravity wave
driving can be made. Holton [1982; 1983], Garcia and
Solomon [1985], Holton and Schoeberl [1988], Hitchman
et al. [1989], Huang and Smith [1991, 1995] examined
gravity wave driving at extratropical latitudes in the
mesosphere. The gravity wave mean-flow force in these
models peaked at midlatitudes at solstice seasons with
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values ranging ~30 to 120 m s~! day~!, with more re-

cent work tending to report smaller values.

Other global and mechanistic model studies have fo-
cused specifically on the magnitude of the zonal mean
transport circulation required to account for the sum-
mer mesopause thermal structure [Garcia, 1989; McIn-
tyre, 1989; Fritts and Luo, 1995, Zhu et al., 1997].

These have suggested vertical velocities near the mesopause

of ~ 5 cm s~! and meridional motions of ~ 20 to 30 m
s~1; values that are comparable to radar and satellite
measurements of mean meridional winds near the polar
summer mesopause. The observed meridional winds dif-
fer somewhat in their latitudinal distribution with peak
magnitudes observed at higher and lower latitudes [Nas-
trom et al., 1992; Lieberman et al., 1998] than the model
studies’ inferred meridional transport circulation winds.
Variability in wave driving can also account for abrupt
temperature transitions that have been observed at the
summer mesopause [Luo et al., 1995; Liibken, 1999].

Dunkerton [1997b] modeled the QBO and SAO, and
inferred that gravity waves likely contribute at least half
of the wave momentum flux needed to drive the QBO.
His estimates of the cross-tropopause momentum flux
carried by gravity waves with phase speeds in the range
of QBO wind speeds were ~ 2 to 3x1072 Pa.

8.2. Gravity Wave—Tidal-Planetary Wave
Interactions

As discussed above and further below (see sections 2
and 8.4), gravity waves play a central role in control-
ling the mean circulation and thermal structure through
wave momentum transport, wave filtering, and the body
forces arising from wave dissipation and momentum flux
divergence. Such filtering and effects arise in response
to mean shears as well as lower-frequency gravity waves
(see section 6.1) and larger-scale tidal and planetary-
wave motions. The first studies along these lines were
theoretical and addressed feedbacks on tidal structures
due to selective gravity wave filtering near critical lev-
els [Walterscheid, 1981], excitation of planetary waves
at altitudes of asymmetric gravity wave body forcing
imposed by variable source strengths [Holton, 1984],
and damping of planetary waves in response to modula-
tion of gravity wave filtering processes [Miyahara, 1985;
Miyahara et al., 1986]. More recent model assessments
of such interactions have revealed a number of poten-
tial influences on tidal and planetary-wave structures
and variability. Various studies suggest either tidal am-
plitude reductions [Forbes et al., 1991; Miyahara and
Forbes, 1991; Lu and Fritts, 1993; Meyer, 1999a] or in-
creases [Mayr et al., 1998], depending on which gravity
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wave parameterization scheme is used. However, Ak-
maev [2001] has argued that the Miyahara and Forbes
[1991] results are due to an incorrect implementation of
the Lindzen parameterization, while McLandress [2002]
argues that gravity wave driving and induced diffu-
sion are much less important in controlling tidal am-
plitudes than other nonlinear interaction and advection
processes.

Several studies considered the implications of tidal
modulation of gravity wave-induced diffusion and/or
momentum deposition, arguing that these may be im-
portant in minor species chemistry and the creation of
temperature inversions [Forbes et al., 1991; Liu et al.,
2000], in altering mean momentum deposition [Lu and
Fritts, 1993; McLandress and Ward, 1994], and in en-
hancing planetary-wave excitation in the mesosphere in

response to spatially-localized orographic sources [McLan-

dress and Ward, 1994]. Other studies suggested that
seasonal variations in mean winds enable a gravity wave
modulation of tidal amplitudes that accounts for the ob-
served semi-annual variations [Mayr et al., 1998; Meyer,
1999a] and that filtering of gravity waves by planetary
waves at lower altitudes imposes a periodic forcing near
the mesopause which enables 2-day and 16-day wave in-
fluences to penetrate well into the thermosphere [Meyer,
1999b; Norton and Thuburn, 1997].

All of the above studies exhibited complex coupling
between the imposed spectrum of gravity waves and
the larger-scale motions accounting for wave filtering.
In particular, tidal amplitude changes accompanying
gravity wave-tidal interactions were found to be sen-
sitive not only to geophysical parameters, but also to
the specific gravity wave parameterization employed.
This is because tidal amplitudes (as well as any other
variable wind field accounting for gravity wave filter-
ing, i.e. mean winds, planetary waves, or the semian-
nual and quasi-biennial oscillations) respond to grav-
ity wave filtering and momentum flux divergence dif-
ferently depending on the phase of the gravity wave
forcing relative to the phase of the filtering wind field,
which can differ between parameterizations. If parame-
terized gravity waves are dissipated near and below the
wind maxima (in the direction of gravity wave propa-
gation), then the result is a wind acceleration and an
induced downward phase motion (as discussed in 7.2.2).
If, on the other hand, parameterized gravity waves dissi-
pate by breaking (due to amplitude growth with height
where the winds are a minimum or where intrinsic phase
speeds are large), then gravity wave forcing reduces
wind amplitudes and the induced phase motion depends
on where forcing occurs relative to the wind maxima.

76



For these reasons, comparisons with observations may
pose important constraints on the gravity wave param-
eterizations underlying such interactions in numerical
models.

Observational studies were slower to yield insights
into gravity wave interactions with tidal and planetary-
wave motions. Nevertheless, several studies have shed
light on the degree of modulation of gravity wave am-
plitudes and fluxes and their potential influences on the
structures responsible for wave filtering. Evidence of
gravity wave—tidal and gravity wave—planetary wave in-
teractions has come primarily from various radars span-
ning equatorial to high latitudes. Measurements of
gravity wave momentum fluxes and tidal amplitudes at
Adelaide, Australia and Poker Flat, Alaska revealed a
tendency for an out-of-phase relationship between fluxes
and tidal winds [Fritts and Vincent, 1987; Wang and
Fritts, 1991], a potential for very large momentum flux
modulations correlated with large tidal amplitudes and
shears (as large as ~ 40 m?s~2), and a reduction of
tidal amplitudes accompanying strong gravity wave fil-
tering [Fritts and Vincent, 1987]. An example of the
modulation of gravity wave momentum fluxes by the
diurnal tide for three days during which the tide was
strong is shown in Figure 26. In this example, the flux
estimates are 8-hr averages, the modulation increases
with altitude, and the peak values are ~ 10 times as
large as the mean momentum flux [Fritts and Vincent,
1987]. A similar modulation of momentum fluxes by the
2-day wave was suggested by the observations of Mur-
phy and Vincent [1998], while Thayaparan et al. [1995],
Isler and Fritts [1996], and Manson et al. [1998b] noted
significant peaks in gravity wave variances at the dom-
inant tidal and planetary-wave periods, suggestive of
strong mutual interactions. Finally, indirect evidence of
gravity wave filtering by planetary waves and of gravity
wave influences on tidal structures has also been ob-
tained. Smith [1996] inferred gravity wave filtering by
and forcing of planetary waves from out-of-phase zonal
wind anomolies at stratospheric and mesospheric alti-
tudes, respectively, while Nakamura et al. [1997] in-
ferred gravity wave—tidal interactions from tidal struc-
ture and variability at multiple equatorial and subtrop-
ical radar sites. There is insufficient data at this stage,
however, to be able to distinguish between, or guide the
development of more quantitative, gravity wave param-
eterizations.

8.3. Turbulent Mixing and Transport

The impact of turbulence arising from gravity wave
instability processes is one of the least quantified as-
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pects of gravity wave forcing of the middle atmosphere
at present. In fact, there are two separate issues. One
is the energy dissipation rate e accompanying gravity
wave instability and its spatial and temporal variabil-
ity; a second is the efficiency of mixing that occurs for
a fixed energy dissipation rate. The former is becoming
better known, as measurements and theoretical infer-
ences are beginning to converge. In the stratosphere,
both € and turbulent mixing and transport are relatively
small and have minor impact on the large-scale thermal
and constituent structures. Because, however, gravity
wave energy flux and energy dissipation rate increase
rapidly with altitude (see (51) and (52)), their influ-
ences are greater in the mesosphere and lower thermo-
sphere. Early estimates of € at higher altitudes based on
radar spectral width and rocket-trail diffusion measure-
ments tended to be very high, but more recent estimates
are typically ~ 10 to 300 mW kg~! at altitudes from
~ 80 to 110 km [CIRA, 1986; Hocking, 1990]. More re-
cent in situ measurements have refined these estimates
even further, lowering mean € estimates at high lati-
tudes in winter below previous values and suggesting a
sharp peak in € at the high-latitude summer mesopause
[Blix et al., 1990; Liibken et al., 1993; Liibken, 1997].
Peak values in these estimates are ~ 200 mW kg~! and
are in reasonable agreement with earlier CIRA 86 es-
timates. Peak values are also in reasonable agreement
with recent theoretical estimates based on mean grav-
ity wave energy densities [Fritts and VanZandt, 1993;
Hall and Hoppe, 1998] and with estimates based on the
gravity wave forcing required to account for the summer
mesopause thermal structure [Fritts and Luo, 1995].
Comparable estimates have arisen from in situ measure-
ments at equatorial latitudes [Goldberg et al., 1997],
while Fuller-Rowell [1994] attributed observed latitudi-
nal variations in nitric oxide to a latitudinally-varying
turbulent transport with a maximum at midlatitudes.
As noted earlier, several studies have anticipated
more efficient turbulent transport of momentum than
of heat and constituents based on localization of turbu-
lence within the wave field [Fritts and Dunkerton, 1985;
Coy and Fritts, 1988; Mclntyre, 1989; Gavrilov and
Yudin, 1992] and assessments of the turbulent trans-
port required to account for observed thermal and con-
stituent profiles [Strobel et al., 1985, 1987; Holton and
Schoeberl, 1988; Smith and Brasseur, 1991]. More ef-
ficient turbulent transport of momentum than of heat
implies a turbulent Prandtl number significantly larger
than unity, with expected values in the range Pr ~ 3
to 10. The implication of a large Pr is a significantly
reduced turbulent diffusivity, K., relative to that an-
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ticipated from energy dissipation rates inferred from
either discrete-wave or spectral descriptions of gravity
wave dissipation [Lindzen, 1981; Fritts and VanZandt,
1993]. These gravity wave dissipation studies together
with more recent numerical modeling of wave breaking
and turbulence dynamics [Fritts et al., 2002a], suggest
that the turbulent Prandtl number will depend on wave
amplitude and intrinsic frequency, with more efficient
mixing accompanying larger wave amplitudes and more
vigorous turbulence. We also anticipate that turbulent
mixing accompanying KH instability of the wave field
may imply smaller Pr, since in this case strong mixing
occurs in a sheared and stratified environment. Our
understanding of the details of turbulence generation
and mixing is insufficient, however, to be able to quan-
tify middle atmosphere effects more completely at this
time.

8.4. General Circulation Model (GCM) Studies

Several studies have used high-resolution GCMs to
examine the properties of gravity waves resolved in
these models and to examine their effects on the middle
atmosphere circulation. Experiments with the SKYHI
GCM [Hamilton, 1995; 1996; Jones et al., 1997] have
shown a tendency towards better simulation of the mid-

dle atmosphere circulation with increasing latitude xlongitude

resolution from 3° x 3.6° to 0.6° x 0.72°. The spec-
trum of wave momentum flux versus zonal wavenumber
in these simulations is rather flat suggesting that even
wavenumbers beyond 140 would need to be resolved to
capture the wave fluxes important to the middle atmo-
sphere circulation. The conclusion of these studies is
that gravity wave effects in middle atmosphere GCMs
must be included via parameterization at least for the
foreseeable future.

A number of studies have applied parameterizations
of gravity wave effects in GCMs in order to study the
role of gravity waves in various phenomena important
to middle atmosphere dynamics. The results of such ex-
periments are often difficult to interpret because they
are complex in that they include many parameterized
processes and modes of interaction. Insights gained
from such experiments are described in this section.

8.4.1. Mesospheric circulation. Every gravity
wave parameterization in use has been designed to give
the summer eastward and winter westward momentum
forcing in the mesosphere that drives the pole-to-pole
residual circulation (section 8.1). This role for gravity
waves in the mesosphere was an idea developed decades
ago [Lindzen, 1973; 1981; Holton, 1982] that has more
recently been validated by full GCM studies [Roble and
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Ridley, 1994; Norton and Thuburn, 1996; Hamilton,
1997; Manzini and McFarlane, 1998].

Two recent studies considered the effects of asymme-
tries in the eastward and westward gravity wave mo-
mentum fluxes input via parameterization, but came
to opposite conclusions. Manzini and McFarlane [1998]
launched an isotropic spectrum of waves at two different
source levels (at the ground and near the tropopause) in
the MA/ECHAM4 model using the Hines [1997a; b] pa-
rameterization. Launching the waves at the ground lead
to smaller eastward and larger westward momentum
flux crossing the tropopause at midlatitudes because of
filtering of eastward waves by the tropospheric jets (Fig-
ure 27). The larger westward fluxes in turn produced
more realistic middle atmosphere zonal-mean winds.
Medvedev and Klaassen [1998] applied their gravity
wave parameterization [Medvedev and Klaassen, 1995]
in the CMAM model. They compared results with
an isotropic tropopause launch spectrum, with phase
speeds ranging 0 < ¢ < 60 m s~! in 4 azimuths, to
results with only the eastward propagating waves with
larger fluxes. The results with eastward waves alone
showed weaker and more realistic zonal mean winds in
both summer and winter (Figure 28). This is an ap-
parently paradoxical result since the westward forcing
needed to decrease the winter jet strength would be
expected to decrease in the anisotropic case given the
physics embodied in (42).

Norton and Thuburn [1996; 1997] applied a Lindzen-
type parameterization of gravity wave forcing in the
UGAMP GCM. They found the model with gravity
wave forcing developed a realistic 2-day wave while
none developed in the model with only Rayleigh fric-
tion. They conclude that gravity wave forcing in their
model was essential to maintaining the unstable zonal-
mean state that lead to the 2-day wave generation.

Several studies have employed mechanistic versions
of GCMs to study the effects of various gravity wave
parameterization schemes in the mesosphere. A com-
parison of the effects of the Hines [1997a; b] and Fritts
and Lu [1993] parameterizations on the diurnal tidal
structure suggested that the Hines scheme tended to
amplify tidal amplitudes while the Fritts and Lu scheme
caused excessive dissipation of the tides [McLandress,
1998]. Other mechanistic and simplified GCMs have
been used to test gravity wave parameterization effects
in the mesosphere [Hamilton, 1997].

8.4.2. High latitude stratosphere. Through the
concept of “downward control” of the mean-meridional
circulation by wave-induced mean zonal forces [Haynes
et al., 1991], Garcia and Boville [1994] stress that the
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winter mesospheric gravity wave forcing can have ef-
fects down to ~ 30 km in the high latitude stratosphere
that can help to alleviate the “cold pole” problem that
plagues GCM studies of the winter stratosphere. Hamil-
ton [1997], however, also suggests that gravity wave
forcing at stratospheric altitudes, although smaller in
magnitude, is also important to the winter circulation.

The role of gravity wave forcing in sudden strato-
sphere warming (SSW) events has been examined in
several global model studies. Lawrence [1997] compared
effects of Hines and Fritts and Lu parameterization on
the winter stratosphere. Both parameterizations gener-
ated reasonable zonal-mean mesosphere winds, but the
Fritts and Lu parameterization was found to inhibit the
occurrence of SSW events while Hines did not. Paw-
son [1997] found that topographic gravity wave drag
in the lower stratosphere influenced the onset of SSW
events, but found little or no sensitivity to mesospheric
drag parameterized as Rayleigh friction. Rind et al.
[1988] found that gravity wave forcing experiments, de-
signed to describe waves generated by different sources,
affected both the character and existence of SSW events
in the GISS GCM.

8.4.3. Equatorial oscillations. At the equator,
where the Coriolis force vanishes, the atmospheric re-
sponse to a zonal force is simply zonal acceleration.
Dissipation of zonally propagating waves at tropical
latitudes provides the forcing that drives or helps to
drive the three dominant equatorial oscillations: 1) the
QBO in the lower stratosphere, 2) the stratopause SAQO,
and 3) the mesopause SAO. Both gravity waves and
planetary-scale waves likely participate in driving all
three of these oscillations to differing degrees. What
remains to be quantified is the spectrum of wave mo-
mentum flux in the tropics. Global model studies are
therefore free to include adjustable parameterized grav-
ity waves without adequate constraints on the gravity
wave fluxes nor on the resolved planetary-scale wave
fluxes. Mayr et al. [1997] demonstrated the potential
of the gravity-wave-driving mechanism for all three of
these equatorial oscillations in a simplified global model
with parameterized gravity wave fluxes.

The QBO in the lower stratosphere zonal winds is a
wave-driven phenomenon believed to be predominantly
driven by dissipation of planetary-scale waves [Baldwin
et al., 2001]. However, dissipation of the momentum
flux carried by gravity waves is likely to contribute sig-
nificantly, with recent estimates suggesting they may
transport roughly half of the flux [Dunkerton, 1997; Pi-
ani et al., 2001]. Until very recently, obtaining a QBO in
GCM studies had proved difficult. Recent GCM studies
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with increased horizontal and vertical resolution and de-
creased numerical diffusion have since developed QBO-
like oscillations [Takahashi, 1996; 1999; Horinouchi and
Yoden, 1998; Hamilton et al., 1999]. These successes
are believed to be due to the increase in tropical wave
fluxes allowed by the finer resolution and reduced nu-
merical dissipation [Boville and Randel, 1992; Nissen et
al., 2000]. Scaife et al. [2000] instead modeled a QBO in
a GCM by including parameterized small-scale gravity
wave fluxes.

The SAO at the stratopause is driven in part by the
meridional advection of summer hemisphere westward
(easterly) winds across the equator, and in part due to
zonal wave driving particularly important during the
eastward (westerly) wind phases of the SAO [Sassi et
al., 1993; Hamilton et al., 1995; Muller et al., 1997;
Garcia, 2000]. Rind et al. [1988], Jackson and Gray
[1994], and Medvedev and Klaasen [2001] modeled re-
alistic SAOs by including parameterized gravity wave
fluxes, the latter with a model deep enough to include
an SAO at the mesopause.

9. Summary, Needs, and
Recommendations

Our intent in this review was to provide a broad
overview of the current understanding of gravity wave
dynamics and effects in the middle atmosphere. Con-
siderable research activity in this area over the past two
decades made this a daunting undertaking. In choosing
to be comprehensive in scope, we have necessarily pro-
vided less discussion and fewer references in many areas
than we would have preferred, emphasizing the more
significant contributions and directing readers, where
appropriate, to related reviews having more limited foci.

We began our review with a derivation of the dis-
persion and polarization relations using linear theory
and with a discussion of the simplifications and dynam-
ics appropriate for various ranges of intrinsic frequency.
These offer, in most cases, significant insights into wave
structure and effects at a small cost in accuracy. Also
noted were departures from the expectations of linear
theory accompanying wave transience, spatial localiza-
tion, or finite-amplitude effects that may have impor-
tant implications for the middle atmosphere. Particu-
larly relevant here are self-acceleration effects that en-
able wave packets to penetrate beyond the turning and
critical levels anticipated by linear theory, with corre-
sponding implications for wave dissipation and momen-
tum transport. The impact of such effects in the mid-
dle atmosphere is not yet known, but studies addressing
these effects are underway.
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We then summarized what is known of the more im-
portant sources of gravity waves, dominant wave scales,
and factors influencing wave propagation in variable en-
vironments. Theoretical, modeling, and observational
studies have yielded considerable advances in quantify-
ing the mechanisms of, and responses to, wave forcing
due to topography, convection, wind shear, geostrophic
adjustment, body forcing, and wave—wave interaction
sources, among others. Mountain waves occur on scales
dictated by the topography, may propagate to high al-
titudes, and have peak momentum fluxes at horizontal
scales of ~ 10 to 100 km. Convection excites grav-
ity waves having a wide range of spatial scales and
phase speeds via several mechanisms that are depen-
dent on the cloud environment and which exhibit signif-
icant temporal variability. Wind shear appears to sup-
port envelope radiation of gravity waves on the scale of
patches of Kelvin—Helmholtz instability with attributes
that favor their penetration to greater altitudes, while
geostrophic adjustment favors inertia-gravity wave radi-
ation due to the slow time scale and large spatial scale of
the adjustment process. Body forcing due to local grav-
ity wave dissipation and momentum flux divergence, in
contrast, may occur on fast or slow time scales and on
many spatial scales, resulting in a spectrum of radi-
ated waves that mirror the source characteristics. Fi-
nally, wave—wave interactions are operative throughout
the atmosphere, with interaction rates increasing with
wave amplitude and energy transfers toward both larger
and smaller scales. Dominant scales, amplitudes, and
phase speeds are dictated largely by the various grav-
ity wave sources at lower altitudes, but are increasingly
determined by propagation effects, filtering, and wave—
wave interactions at greater altitudes. As altitude in-
creases, so do the dominant vertical scales because wave
amplitudes at smaller vertical scales are constrained by
saturation processes whereas amplitudes at larger ver-
tical scales are not. Despite significant advances, there
remain many aspects of gravity wave sources and prop-
agation that require further quantification. These are
delineated below.

Broad consistency in spectral shape and evolution
with altitude led naturally to a spectral description of
gravity wave motions. While far from the universal
spectrum advocated initially, the frequency and vertical
wavenumber spectra of horizontal velocity and temper-
ature have near-universal forms throughout the middle
atmosphere. Such descriptions constrain wave ampli-
tudes, fluxes, and parameterizations and offer insights
arising from spectral character and variability (or lack
thereof). We also noted, however, that spectra of-
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ten conceal, rather than reveal, the dynamics under-
lying spectral shape, and pointed out where caution
is warranted. Present unknowns include the degree to
which adherence to, or departures from, specific spec-
tral shapes are indicative of specific dynamics (e.g. sat-
uration processes) or whether other spectral descrip-
tions (e.g. wavelet spectra) might be more enlighten-
ing, given the localized nature of gravity waves in space
and time that is often observed.

Climatologies of gravity wave velocity and tempera-
ture perturbations have been compiled; however, these
do not yet adequately constrain the inputs to grav-
ity wave parameterizations for global models. What is
needed are descriptions of gravity wave sources and the
detailed properties of the waves generated. The grav-
ity wave climatologies instead have primarily served to
partially validate the use of linear models for describ-
ing gravity wave propagation through the middle atmo-
sphere and interaction with the background atmosphere
with height. Departures from linear theory have been
treated in these models with dissipation that is tied
to linear instability or saturation of wave amplitudes.
These treatments, of course, have serious limitations
that are underscored by the more detailed studies of
wave instability and mean flow interactions summarized
below. The linear theory, however, remains a valuable
research tool and is the starting point for most gravity
wave parameterization approaches.

Patterns observed in gravity wave climatologies are
also influenced by the range of gravity wave properties
each observation method is capable of detecting. The
climatology of gravity waves that is ultimately needed
will have to be constructed from a variety of measure-
ment techniques, with modeling tools employed to aid
in the interpretation of the observations.

We next surveyed recent work addressing wave—wave
interaction, wave instability, and wave saturation pro-
cesses. These studies have yielded dramatic advances
in our understanding of the myriad types of instabil-
ities to which gravity waves are susceptible. Notable
findings include the identification of wave—wave inter-
actions that are facilitated by mean shear, the occur-
rence of wave-wave interactions (at large wave ampli-
tudes) on a time scale competitive with local wave field
instability, and characterization of the spectral energy
transfers due to wave—wave interactions. Other studies
identified links between instabilities occurring at small
and large wave amplitudes, instability processes due to
finite-amplitude wave packets via wave—mean flow in-
teractions, and definition of the instability dynamics
leading to, and occurring within, a turbulence cascade.
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Despite these advances, the competition between wave—
wave interactions and local instability dynamics, and
their respective control over spectral shape and ampli-
tude, remain major unknowns.

The last two decades also saw the development of
several classes of saturation theories and a number of
attempts to distinguish the most relevant dynamics.
The major contenders are linear saturation theory (with
amplitude constraints due to local instability), various
nonlinear diffusion theories (relying on wave-wave in-
teractions for spectral transfers and wave amplitude
limits), Doppler-spread theory (describing nonlinear in-
teractions as advection by other spectral members, as-
suming they all occupy a common volume in physical
space), and saturated-cascade theory (employing ele-
ments of local instability and wave—wave interactions).
Deciding which theories are most realistic has proven
difficult, however, because all yield estimates of spec-
tral amplitude and shape that are arguably consistent
with the various measurements available. Perhaps more
importantly, all of these theories are at present incom-
plete because they all fail to incorporate quantitatively
the two nonlinear effects known to occur, i.e. wave—
wave interactions and local wave field instability. As
such, it is likely more valuable to recognize the insights
we have gained from each rather than attempt to iden-
tify the “most correct” among deficient or incomplete
alternatives. The result is a recognition of the dual
role of nonlinearity, via both wave—wave interactions
and local instability, in causing wave saturation and in
determining the spectral shapes that arise from these
dynamics. Thus, a complete saturation theory will al-
most assuredly not be analytic, but will rely instead on
numerical studies of the competition among, or merging
effects of, dynamics that are now believed to be linked
theoretically.

Parameterizations of middle atmosphere gravity wave
effects presently suffer acutely from the lack of con-
straints on their inputs and tunable parameters. Global
modelers can use these poorly constrained parameteri-
zations, given the wide range of free parameters avail-
able, to get almost any answer they require. Until
the needed constraints on parameterization inputs are
forthcoming, the differences between different methods
of parameterizing gravity wave dissipation and interac-
tion effects will be difficult or impossible to quantify.
The process of tuning gravity wave parameterizations
in global models to attempt to infer the properties of
the gravity wave input parameters is unwise at present
because the range of parameters is too broad, and the
solutions are not unique. As a result, GCMs tuned
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for one result (and at one resolution) using a gravity
wave parameterization cannot be confidently used in
any prognostic way.

There has been significant progress in quantifying
gravity wave—mean flow effects over the last two decades.
The important mechanisms of wave dissipation are,
however, still being debated and likely vary with al-
titude through the middle atmosphere. In the case of
wave breaking, the mixing effects appear to be highly
sensitive to the detailed properties of the wave at the
point of breakdown. Tidal and planetary wave inter-
actions likewise prove to be highly sensitive to details
of the gravity wave field that are not known. To pa-
rameterize these effects therefore requires much more
extensive knowledge of the properties of gravity waves
in the middle atmosphere and of their sources than was
imagined twenty years ago.

Gravity waves almost certainly play a role in driving
the prominent QBO and SAO equatorial wind oscilla-
tions. Quantifying that role remains illusive, however,
until more complete knowledge is attained of the mo-
mentum flux spectrum of tropical wave motions rang-
ing from planetary-scale to small-scale gravity waves.
Similar lack of quantification of gravity wave fluxes and
other gravity wave properties at high latitudes also hin-
ders our ability to quantify their role in extratropical
processes such as sudden stratospheric warmings and
the wave-driven transport circulation.

Gravity wave interactions with larger-scale waves are
strong and have been studied numerically and obser-
vationally. However, the details of the interactions ap-
pear to be highly sensitive to the relative phase of the
gravity wave dissipation and the larger-scale wind vari-
ations with height. These remain poorly understood,
as is evident from the fact that different gravity wave
parameterizations yield very different results.

Our field has experienced dramatic advances in un-
derstanding the dynamics and effects of middle atmo-
sphere gravity waves over the last two decades. It is also
clear that we require further advances in a number of ar-
eas before we can claim a comprehensive understanding
of gravity wave dynamics and an ability to account for
these dynamics statistically in large-scale operational or
research models. We offer here our view of the further
advances that are most needed to achieve these goals.

e Observations and modeling studies that charac-
terize and quantify the dominant gravity wave
sources, especially scales, phase speeds, and mo-
mentum fluxes, as functions of meteorological con-
ditions are a high priority, as this information un-
derlies any attempt to quantify gravity wave in-
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fluences at greater altitudes. More detailed obser-
vations and numerical studies are also required to
quantify wave intermittency imposed by variable
sources, propagation conditions, etc., as intermit-
tency has major implications for wave effects at
greater altitudes, including instability processes,
wave-wave and wave—mean flow interactions, and
radiation of secondary waves.

e Further studies are also required to define the in-
terplay of, and competition among, the nonlin-
ear processes controlling spectral evolution with
altitude in various environments, as these control
gravity wave propagation, dissipation, and forcing
at greater altitudes. These advances are likely to
require numerical studies, as current and antic-
ipated observational capabilities are unlikely to
permit complete specification of the motion fields
and their evolution in three dimensions. For the
same reasons, numerical studies are required to
characterize fully the mixing dynamics and trans-
port accompanying the various wave instability
processes leading to turbulence, including the sta-
tistical effects of multiple waves and events.

e Finally, the accurate parameterization of gravity
wave effects remains a critical need, as these may
not ever be adequately described directly in large-
scale models. New parameterizations will need to
describe gravity wave sources, propagation and fil-
tering, wave-wave (including tidal and planetary
wave) interactions, spectral evolution, mean and
variable climatologies, and instability and mix-
ing far more quantitatively than present schemes.
It seems unlikely, in fact, that any single scheme
will satisfy all of these needs, and that different
schemes will be required to characterize different
dynamics. Importantly, advanced parameteriza-
tions will rely to a large degree on the needed ob-
servational, numerical, and theoretical advances
noted above and will advance together with suc-
cesses in these areas.

Recent theoretical and numerical activities have clar-
ified key concepts, defined important dynamics and ef-
fects, and highlighted unresolved issues. Atmospheric
and laboratory measurements have yielded similar ad-
vances in quantitative measurement techniques and def-
inition of gravity wave sources, propagation characteris-
tics, climatologies, instability processes and dissipation,
mean and large-scale wave forcing, and variability. On-
going and future research promises additional advances
and further quantification of gravity wave dynamics and
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effects. Of the major needs identified above, there are
none that seem insurmountable, given a continuation
of our successes to date and the increasing awareness
of the importance of the field, and we look forward to
vigorous and stimulating interactions in achieving our
collective objectives in the future.
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Figure Captions

Figure 1. Analytical solutions derived from linear the-
ory for the (a) maximum intrinsic phase speed (cprax)
and (b) maximum intrinsic frequency (wprax) at the
point of total internal reflection, also known as the turn-
ing level. The dashed and solid lines are the incompress-
ible and fully compressible solutions respectively. The
dotted line shows the approximation given by equation
(29).

Figure 2. Horizontal (top) and vertical (middle) cross
sections of temperature and horizontal wind in a 3D
mesoscale simulation of flow over northern Scandinavia
(after Dornbrack et al. [1999], reprinted with permis-
sion of Tellus). The lower panel shows the terrain height
beneath the vertical cross section.

Figure 3. Spectra of momentum flux in standard
(top) and variance-content (bottom) forms computed
for four flights over the central Rockies (after Nastrom
and Fritts [1992], reprinted with permission of J. At-
mos. Sci.). Note that the dominant fluxes in each case
are largely at horizontal scales between 10 and 100 km.

Figure 4. Images of infrared emissions from the strato-
sphere observed by the SPIRIT III radiometer from the
MSX satellite. Circular phase fronts of waves with hor-
izontal wavelength ~25 km can be seen in these images
that were centered around a deep convective cloud be-
low in the troposphere. (After Dewan et al. [1998],
reprinted with permission of Geophys. Res. Lett.).
(their Figure 1)

Figure 5. Three-dimensional study of gravity waves
generated by convection in a mesoscale model with pa-
rameterized microphysics. (a) vertical velocity patterns
in a cross section in the vertical (z) and zonal (z) plane
at y=250 km. (b) z —y cross section of vertical velocity
at z=40 km. Also shown in (b) are the surface gust front
(arc-shaped solid line) and regions of strong latent heat-
ing in the troposphere (small closed contours). Wind
shear in the stratosphere in this model was westward
causing dissipation of most of the westward-propagating
gravity waves below 30 km. (their Figure 4) (after Pi-
ani et al. [2000], reprinted with permission of J. Atmos.
Sci.).
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Figure 6. (a) Observations of gravity wave tempera-
ture variance as a function of longitude at 15°N from
the Microwave Limb Sounder (MLS) instrument on the
UARS satellite, averaged over the Jun-Jul-Aug season.
(b) Observations of Outgoing Longwave Radiation for
the same season and locations plotted on an inverse
scale. The two plots show a close correspondence be-
tween gravity wave variance and infrared emission from
deep, cold convective clouds. The gravity waves were
also noted to have large horizontal phase speeds and
very long vertical wavelengths. The close correspon-
dence between (a) and (b) provided observational ev-
idence that long vertical wavelength gravity waves are
preferentially excited by deep latent heating. (their Fig-
ure 8) (after McLandress et al. [2000], reprinted with
permission of J. Geophys. Res.).

Figure 7. Schematic of the consequences of collapse of
a train of KH billows which trigger radiation of grav-
ity waves at larger scales (after Biihler et al. [1999],
reprinted with permission of J. Atmos. Sci.).

Figure 8. 500 hPA geopotential height and winds (top)
and 130 hPA horizontal divergence (bottom) displaying
the excitation of inertia-gravity waves by geostrophic
adjustment processes. (after O’Sullivan and Dunkerton
[1995], reprinted with permission of J. Atmos. Sci.).

Figure 9. Zonal velocity (top), meridional velocity
(middle), and temperature (bottom) variances in 64-
(left) and 256-km (right) data segments associated with
various gravity wave sources (after Fritts and Nastrom
[1992], reprinted with permission of J. Atmos. Sci.).

Figure 10. Radial velocity spectra assumed to rep-
resent largely horizontal velocities in the troposphere,
stratosphere, and mesosphere (labeled T, S, and M)
together with theoretical curves having amplitudes of
N?/6m3 (after Tsuda et al. [1989], reprinted with per-
mission of J. Atmos. Sci.).

Figure 11. Comparison of zonal-mean gravity wave
temperature variance in November from (a) LIMS [Fet-
zer and Gille, 1994], and (b) CRISTA filtered to reflect
the same vertical resolution as LIMS. (after Preusse et
al. [2000], reprinted with permission of Geophys. Res.
Lett.).

Figure 12. Seasonal variations observed in grav-
ity wave horizontal wind variance in rocket soundings
(dashed lines) and theoretical variations given by (54).
The dotted line represents the seasonal variation that
would be predicted if the wave amplitudes were satu-
rated. (after Eckermann [1995b], reprinted with per-
mission of J. Atmos. Terr. Phys.).
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Figure 13. Dyed isopycnal surfaces in a rocked in-
clined tube showing the development and instability of a
wave excited by the PSI (after Thorpe [1994], reprinted
with permission of J. Fluid Mech.). Note that the pri-
mary wave (with uniform structure along the tube) con-
tributes largely at early times, whereas the subharmonic
wave dominates the instability at later stages.

Figure 14. Numerical simulation of PSI in an un-
sheared atmosphere with a scale height of 7 km. Shown
are the total (top), primary wave (second panel), and
two secondary wave (lower two panels) vertical veloci-
ties at altitudes of 10.7 (solid) and 17.75 km (dashed)
(after Vanneste [1995], reprinted with permission of
Ann. Geophys.). Note that both secondary waves grow
to amplitudes exceeding that of the primary wave as
the interaction proceeds.

Figure 15. Perturbation density illustrating the en-
counter of a small-scale wave packet with an inertia-
gravity wave of much larger scale. In this case, the
small-scale wave has a horizontal phase speed 0.2 of
the maximum of the inertia-gravity wave motion, no
critical level trapping occurs, and both the vertical
wavelength and horizontal phase speed of the small-
scale wave increase dramatically (after Broutman et
al. [1997], reprinted with permission of Geophys. Res.
Lett.).

Figure 16. Observed (top) and simulated (bottom)
gravity wave and instability structures in NLC (after
Fritts et al. [1993], reprinted with permission of Geo-
phys. Res. Lett.). Photo taken at Turku, Finland
on July 21/22; 1989, courtesy of Pekka Parvianien.
Streamwise-aligned instability structures are believed to
have accounted for the smaller-scale bright bands ori-
ented approximately normal to the gravity wave phase
fronts in the upper image.

Figure 17. Vorticity structures in a breaking grav-
ity wave viewed from below with the direction of wave
propagation to the right. The images display vor-
tex structures from left to right and top to bottom,
spanning one buoyancy period following attainment of
convective instability of the wave field (after Fritts et
al. [1999], reprinted with permission of Earth Planets
Space). See text for details.

Figure 18. Contours of potential temperature su-
perimposed on sodium abundance (top) and sequen-
tial 15-min average temperature profiles (bottom) ob-
tained with the Fort Collins sodium lidar on day 307 UT
1997. Segments highlighted in red in the lower panel
are regions in which the profile is superadiabatic (af-
ter Williams et al. [2002], reprinted with permission of
Geophys. Res. Lett.).
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Figure 19. Threshold amplitude, a, for shear (KH)
instability of inertia-gravity waves as a function of
R = f/@ in the absence of mean shear based on the-
ory for a time-independent flow (solid line) and DNS
simulations (heavy line with data points) (after LeLong
and Dunkerton [1998a], reprinted with permission of J.
Atmos. Sci.).

Figure 20. Profiles of C%, 6, and Ri obtained by high-
resolution balloon measurements (top and middle) and
DNS (bottom) showing the aftermath of KH instability
and mixing events. Note that the magnitude of CZ and
the gradient of # maximize at the edges of the mixed
region and that Ri = 1/4 throughout the mixed region
(after Coulman et al. [1995], reprinted with permission
of Appl. Optics, and Fritts et al, 2002a, reprinted with
permission of J. Geophys. Res.).

Figure 21. 2D streamwise-vertical cross sections of
3D vorticity (left) and temperature (right) fields at four
times throughout the turbulence transition and restrat-
ification of a KH billow (after Werne and Fritts [2001]).
See text for details.

Figure 22. Fastest growing linear instabilities as a
function of wave amplitude and phase elevation an-
gle. The dash-dotted line corresponds to the amplitude
of overturning (¢ = 1, in our terminology), and the
dashed line represents the transition from oblique to
shear-aligned instability and from shear to buoyancy as
the dominant source of eddy energy (after Sonmor and
Klaassen [1997], reprinted with permission of J. Atmos.
Sci.).

Figure 23. Time series of wave momentum flux for
wave amplitudes of various vertical velocities incident
on a turning level (after Sutherland [2000], reprinted
with permission of Quart. J. Roy. Met. Soc.). The
turning level anticipated by linear theory is shown by
the horizontal line in each panel.

Figure 24. As in Figure 23, but showing vertical dis-
placements at four times throughout the turning level
encounter for the wave packet of largest amplitude
(after Sutherland [2000], reprinted with permission of
Quart. J. Roy. Met. Soc.).
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Figure 25. Schematic diagram illustrating gravity
wave driving of the middle atmosphere transport cir-
culation, and effects on the zonal-mean extratropical
winds and temperatures. The thin contours denote
zonal mean wind at intervals of 10 m s~! (dotted con-
tours for westward winds). The transport circulation is
illustrated with thick arrows, and the gravity wave driv-
ing with hatched areas with minus signs denote west-
ward forcing and a plus sign denotes eastward forcing.

Figure 26. Zonal gravity wave momentum fluxes for
8-hr data segments during three days of large diurnal
tidal winds over Adelaide, Australia (after Fritts and
Vincent [1987], reprinted with permission of J. Atmos.
Sci.). Note that peak momentum fluxes are ~ 10 times
mean values.

Figure 27. July zonal-mean winds resulting from the
ECHAM4 GCM with (a) approximately isotropic grav-
ity wave fluxes input at the tropopause, (b) anisotropic
gravity wave fluxes at the tropopause with smaller east-
ward gravity wave fluxes at midlatitudes. (¢) The clima-~
tology from CIRA [Fleming et al., 1988]. (after Manzini
and McFarlane [1998], reprinted with permission of J.
Geophys. Res.)

Figure 28. July zonal-mean winds resulting from the
CMAM GCM with (a) isotropic gravity wave sources
input near the tropopause, (b) anisotropic gravity wave
sources at the tropopause with larger eastward fluxes at
all latitudes. (c¢) The climatology from CIRA [Fleming
et al., 1988]. (after Medvedev et al. [1998], reprinted
with permission of Geophys. Res. Lett.)

124



