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ABSTRACT

Small-scale gravity waves are common features in atmospheric temperature observations. In satellite
observations, these waves have been traditionally difficult to resolve because the footprint or resolution of
the measurements precluded their detection or clear identification. Recent advances in satellite instrument
resolution coupled to innovative analysis techniques have led in the last decade to some new global datasets
describing the temperature variance associated with these waves. Such satellite observations have been
considered the best hope for quantifying the global properties of gravity waves needed to constrain pa-
rameterizations of their effects for global models. Although global maps of averaged gravity wave tem-
perature variance have now been published from a variety of different instruments on Earth-orbiting
platforms these maps have not provided the needed constraints. The present paper first summarizes what
has been learned from traditional temporally and spatially averaged analyses of satellite gravity wave
observations and why new analysis methods are needed. Then an alternative is offered to these traditional
analyses that recognizes the fact that the waves occur in large-amplitude events, or wave packets, that can
be analyzed individually and in a statistical sense with probability density functions. For this purpose the
authors present some examples of the occurrence of short-horizontal-scale waves appearing in Atmospheric
Infrared Sounder (AIRS) radiance measurements and present statistics on the wave properties compiled

over 1 month of data for a geographic region over Patagonia, South America.

1. Introduction

Atmospheric gravity waves are common oscillations
that appear in measurements of wind and temperature
at all altitudes in the atmosphere. They fill a broad
spectrum of wave frequencies and horizontal and ver-
tical wavenumbers, including short scales and short pe-
riods, that make them difficult to resolve in global
datasets. Our understanding of the global-scale effects
of these relatively small-scale waves has grown in re-
cent years. Gravity wave forcing of the winter midlati-
tude circulation has been treated in weather forecasting
and climate models for decades via parameterization of
topographic wave drag (Lindzen 1981; Holton 1983;
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Palmer et al. 1986; McFarlane 1987). Gravity waves are
now known to also influence the stratospheric circula-
tion in the spring and summer seasons (Alexander and
Rosenlof 1996; Scaife et al. 2002) and in the tropical
lower stratosphere (Dunkerton 1997; Giorgetta et al.
2002). Gravity waves also affect ice cloud formation
with subsequent impacts on stratospheric dehydration
(Jensen et al. 2001) and polar ozone loss (Carslaw et al.
1998; Dornbrack et al. 2002; Fueglistaler et al. 2003).
Parameterization of gravity wave-mean-flow forcing
effects remains one of the primary means for tuning the
stratospheric circulations in chemistry climate models
used for studies of ozone loss and recovery (Pawson et
al. 2000; Austin et al. 2003). Meanwhile, constraints for
these parameterizations are sorely lacking.

The parameterization of gravity wave mean-flow
forcing effects in global models varies widely in com-
plexity. The simplest is Rayleigh friction, while the
most complex parameterization schemes describe indi-
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vidual gravity wave source events and assign wave
properties to the sources in order to estimate the wave
forcing effects on the atmosphere at higher altitudes.
Topographic wave drag parameterizations and Ray-
leigh friction both slow wind speeds toward zero. Pa-
rameterization of nonorographic waves with nonzero
phase speeds can also accelerate the winds. A broad
spectrum of gravity wave phase speeds is needed to
generate a realistic quasi-biennial oscillation in global
models. Most models that treat these nonorographic
waves describe their sources with a globally uniform
distribution or with a smoothly varying function of lati-
tude. A few models describe nonorographic waves
emanating from specific sources (Rind et al. 1988; Shin-
dell et al. 2001; see also Kim et al. 2003), including
weather fronts (Charron and Manzini 2002) and con-
vection (Chun et al. 2004; Beres 2004). By coupling the
gravity wave sources to specific tropospheric events,
these latter models link tropospheric and stratospheric
climate processes with a realistic mechanism; however,
our current understanding of these wave sources leaves
these parameterizations with few constraints to assess
the realism of the resulting effects. To test and validate
the realism of these source parameterizations, detailed
case studies can compare observations and source mod-
els to the parameterization predictions (Alexander et
al. 2006).

The global coverage afforded by satellite observation
offers the promise of global-scale constraints for gravity
wave parameterization. Recent advances in satellite in-
strument resolution coupled to innovative analysis
techniques have led in the last decade to some new
global datasets describing the temperature variance as-
sociated with these waves (Fetzer and Gille 1994; Wu
and Waters 1996a; Eckermann and Preusse 1999; Tsuda
et al. 2000; Wu 2004). Such satellite observations have
been considered the best hope for quantifying the glob-
al properties of gravity waves needed to constrain pa-
rameterizations of their effects for global models, but
for several reasons, described in the next section, these
maps have not provided the needed constraints.

In the present manuscript, we will first summarize
what has been learned from traditional temporally and
spatially averaged analyses of satellite gravity wave ob-
servations and describe why new analysis methods are
needed. We then offer an alternative to these tradi-
tional analyses that recognizes the fact that the waves
occur in large-amplitude events, or wave packets, that
can be analyzed individually and in a statistical sense
with probability density functions. For this purpose we
present some examples of the occurrence of short-
horizontal-scale waves appearing in Atmospheric Infra-
red Sounder (AIRS) radiance measurements (Aumann
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and Pagano 1994) and present statistics on the wave
properties compiled over 1 month of observations over
a geographic region near Patagonia, South America.

2. Brief history of satellite gravity wave analyses

Gravity waves have been observed from space via the
temperature perturbations they cause in the middle at-
mosphere or via associated radiance perturbations in
temperature-sensitive emissions. Analyses of satellite
temperature measurements for gravity waves first re-
quire the subtraction of a “background,” which is de-
fined differently for every dataset. The remaining per-
turbations are then assumed to be waves. From these
anomalies, global maps of temperature variance have
been computed (Fetzer and Gille 1994; Wu and Waters
1996a,b; Tsuda et al. 2000; Wu 2004). Instrument noise
is separately assessed and may be subtracted or evalu-
ated in comparison to the wave signals. Two examples
of such analyses in the lower stratosphere are shown in
Fig. 1. In the top panel, Tsuda et al. (2000) isolated
short-vertical-scale perturbations in temperature pro-
files derived from global positioning system (GPS)
beam refraction. In the bottom panel, Wu and Waters
(1996a) isolated short-horizontal-scale perturbations in
the Upper Atmosphere Research Satellite (UARS) Mi-
crowave Limb Sounder (MLS) radiances from a tem-
perature-sensing channel.

Note that the GPS map shows peak gravity wave
variances at the equator. Conversely, the UARS MLS
map shows a minimum at the equator with instead a
pronounced maximum in the winter jet. Subsequent re-
search has shown that the differences in these patterns
are due to the fact that the GPS analysis method in-
cluded only short vertical wavelength waves, which we
refer to as “slow waves,” while the MLS included only
very long vertical wavelength waves, or “fast waves.”
We describe these terms further in section 2a.

Satellite observations such as these initially offered
hope that global distributions of gravity wave proper-
ties and gravity wave momentum fluxes could be de-
rived and used to constrain gravity wave parameteriza-
tions in global models. Observations of a nearly “uni-
versal gravity wave spectrum” along with untested
assumptions that the gravity wave spectrum would be
“separable” (i.e., it would have the same shape in ver-
tical wavenumber m at single intrinsic frequency & or
horizontal wavenumber k) would allow conversion of a
temperature variance spectrum to a momentum flux
spectrum. However, analyses of global-averaged tem-
perature variance, such as the two examples above and
others like them, do not provide the needed constraints
for several reasons: 1) Since the wave spectrum is not
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FiG. 1. (top) Average potential energy derived from short-
vertical-scale gravity wave temperature variance in GPS profiles
for the Nov-Feb season at 20-30-km altitude (Tsuda et al. 2000).
(bottom) Short-horizontal-scale gravity wave variance (K> col-
ored in a log,, scale) derived from MLS radiances in a tempera-
ture sensing channel for the Dec-Feb season at 33-km altitude
(Wu and Waters 1996b).

separable in m, &, and k, the temperature variance is
only related to wave momentum flux if simultaneous
measures of wave vertical and horizontal wavelength
are also determined for each measurement (Ern et al.
2004). 2) By averaging variances, we average larger-
amplitude wave events with weak events and low vari-
ance noise, diluting the true wave signal. 3) Each mea-
surement technique can only see a limited portion of
the true spectrum of waves that may be present because
of resolution, footprint, and/or sampling limitations
(see section 2b). This will be referred to here as the
observational filtering effect (Alexander 1998).
Another hope has been that gravity wave satellite
measurements might provide information on the loca-
tions and strengths of different gravity wave sources
and help to quantify the relative importance of waves
generated by topography, convection, jet instability,
etc. Geographical information on convectively gener-
ated waves (McLandress et al. 2000) and topographic
waves (Eckermann and Preusse 1999; Tsuda et al. 2000;
Jiang et al. 2004) has been deduced from satellite tem-
perature variance maps. These studies first considered
the effects of the observational filter that gave rise to
the very obvious large-scale variations in latitude and
served to convincingly identify convective and topo-
graphic wave sources. However, wave amplitude infor-
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mation is blurred in the averaging process because the
waves observed are intermittent in nature, so average
variance maps fall short of providing the needed con-
straints for parameterizations of gravity waves in global
models. We explain this with quantitative examples in
the next section.

Recently, some space-based observations are being
analyzed in innovative ways to try to isolate the prop-
erties of individual wave events (Dewan et al. 1998;
Eckermann and Preusse 1999) and correct for the ob-
servational filter effect (Ern et al. 2004). In section 3 we
describe an analysis method that determines statistical
properties of wave packet events and then discuss how
such wave event analyses can move us forward in con-
straining gravity wave parameterizations for global
models.

a. Fast versus slow waves

The fast waves we refer to have fast vertical group
speeds (cg,). Using the midfrequency approximation,
linear gravity wave theory gives

-& —Ck
Co ~— ~
& m m
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where @ is intrinsic frequency, m is vertical wavenum-
ber, k is horizontal wavenumber, and ¢, is horizontal
phase speed relative to the wind. Our fast waves will
therefore also tend to have 1) high intrinsic frequency,
2) long vertical wavelength, 3) short horizontal wave-
length, and 4) high intrinsic phase speed. Slow waves
will tend to have the opposite of these properties. The
GPS observations shown in the top panel in Fig. 1 rep-
resent an average of the slow waves, while the MLS
observations in the bottom panel represent an average
of the fast waves. Fast waves will be underrepresented
in long-term averages relative to their slow counter-
parts because the slow waves will have a higher prob-
ability of observation. The probability of observation
should be inversely proportional to the vertical group
speed ¢, (Alexander et al. 2002).

We can convert the units in the two examples in Fig.
1 to average temperature amplitude to illustrate this
effect of intermittency. The GPS results in the top panel
show potential energy E,» with peak values of 10 J kg™ ".
From Tsuda et al. (2000),

Ep= V(LY 2

P 2\ N T s ( )
where g = 9.8 m* s~ is the gravitational acceleration, N
is buoyancy frequency, 7" is the average wave tempera-

ture perturbation, and 7 is the mean temperature.
Choosing values characteristic of the lower strato-
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Fi1G. 2. Illustration of source intermittency effects on the prob-
ability of observation. Green represents a low-frequency, slow
vertical group speed wave packet, while blue represents a higher-
frequency fast wave packet. The red oval is an unspecified source
that is no longer active after time ¢,. The wave packets travel at
the group velocity over sequential times ¢, — t,. For observations
limited to the light blue height range, the slow wave would have
much larger time-averaged variance than the fast wave even if
their instantaneous amplitudes were equal and the fast wave car-
ried higher momentum flux.

/ Group velocity vectors
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sphere (N = 0.02, T = 200 K) gives peak average wave
amplitudes of ~2 K for the slow waves in the top panel
of Fig. 1. This is a typical temperature amplitude ob-
served for low-frequency waves in individual tropical
radiosonde profiles (Wang and Geller 2003), suggesting
that such waves are nearly always present in tropical
GPS profiles. The fast waves in the bottom panel instead
show peak-averaged amplitudes 7' = (10~'* K?)'? ~
0.2 K. One could either conclude that the amplitudes of
these fast waves are 10 times smaller than the slow
waves or that their occurrence is relatively intermittent
and their probability of observation is low. The desired
separate information on the strength of the wave events
and on the intermittency in their occurrence is irretriev-
ably blended in these time-averaged maps.

Figure 2 schematically illustrates the probability of
observation effect. The slow vertical propagation
speeds of the slow waves emphasized in the GPS tem-
perature profile analysis from Tsuda et al. (2000) mean
they reside in the lower stratosphere for long times,
making them prominent in averaged temperature vari-
ance. These slow waves will be most prominent near the
equator where the Coriolis frequency approaches zero,
allowing the propagation of gravity waves with very low
intrinsic frequencies and very low vertical group
speeds. Further evidence suggests there is no corre-
sponding peak in equatorial momentum flux (Ern et al.
2004; Wang and Geller 2003).

The fast waves emphasized in the UARS MLS tem-
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perature variance analysis from Wu and Waters
(1996b) are instead prominent where the background
winds are strong, because refraction of waves propagat-
ing upstream gives them long enough vertical wave-
lengths to become visible to the MLS (Alexander
1998). In the lower stratosphere, the strongest winds
occur in the winter polar jet and a secondary maximum
occurs in the summer subtropical jet. The UARS MLS
temperature variance map therefore shows peaks in
these regions because the probability of observation of
long vertical wavelength waves is maximum there.

b. Observational limitations for AIRS and other
satellite measurements

Figure 3 summarizes observational limitations for
AIRS and other space-based gravity wave observation
techniques. Schematic weighting function cross sections
(ovals) are superimposed on a model field of gravity
wave temperature perturbations (color background).
The white contour in the lower center of the image
represents a convective cloud, which was the source for
the waves in the model (Holton and Alexander 1999).
The four ovals on the right half of the field represent
weighting function cross sections for limb sounding
measurements in order of increasing vertical resolution:
Limb Infrared Monitor of the Stratosphere (LIMS;
Fetzer and Gille 1994), Cryogenic Infrared Spectrom-
eters and Telescopes for the Atmosphere (CRISTA;
Preusse et al. 2000), High Resolution Dynamics Limb
Sounder (HIRDLS; Gille et al. 1994), and GPS (Tsuda
et al. 2000). Each of these limb-viewing techniques has
a long, thin weighting function, which essentially inte-
grates along a horizontal path roughly 200 km long. In
the plane perpendicular to the page, these limb sound-
ers all have very narrow weighting function widths. The
four ovals on the left half of the field represent weight-
ing functions for gravity wave measurements from sub-
limb and nadir viewing techniques. Although the
UARS MLS is a limb sounder, the methods employed
by Wu and Waters (1996a,b) to detect gravity waves
used only data subsets when the instrument view was
sub-limb. Waves were detected in these measurements
via horizontal scans orthogonal to the line of sight
(LOS). The LOS in this case would extend ~200 km
into the page similar to the limb sounders (see McLan-
dress et al. 2000). The Midcourse Space Experiment
(MSX) technique (Dewan et al. 1998) used a similar
sub-limb view with a microwave radiometer and detec-
tor array that resolved horizontal wavelengths. Picard
et al. (2002) show latitudinal variations of MSX “wave
occurrence” that are similar to the latitudinal variations
in UARS MLS variance. The Advanced Microwave
Sounding Unit (AMSU; Wu 2004) and AIRS both ob-
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FiG. 3. Illustration of historical space-based observations of gravity waves. Background colors show
temperature perturbations of modeled gravity waves (Holton and Alexander 1999) and ovals schemati-
cally representing the weighting function cross sections for different observation techniques. Note that
although UARS MLS looks similar to AMSU and AIRS in this plane of the wave perturbations, AMSU
and AIRS weighting functions are roughly isotropic in rotation about a vertical axis, while the MLS is
elongated 200 km into the plane perpendicular to the page with a downward tilting axis. (See text for
additional description of the weighting function dimensions in the plane perpendicular to the page.)
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serve in the nadir and near-nadir sub-limb. Both instru-
ments have temperature channels with vertical weight-
ing function depths similar to UARS MLS but have
small-horizontal-scale footprints (50 km for AMSU and
13.5 km for AIRS in their nadir views). Both resolve
gravity waves in the two-dimensional horizontal plane
(unlike MLS), and both are restricted to observing long
vertical wavelength waves similar in scale to MLS.

The AIRS radiances we analyze here can resolve
gravity waves with horizontal scales >40 km but cannot
detect waves with vertical wavelengths shorter than the
full width at half maximum (FWHM) depth of the
weighting functions.

3. Local analysis of AIRS radiance perturbations

AIRS acquires images by scanning with 90 samples
ranging *+49° from nadir continuously along an orbit
track, creating an image swath ~1600 km wide. The
data are filed in “granules” of 135 along-track samples.
Each measurement includes 2378 infrared channels.
Gravity wave temperature perturbations appear as ra-
diance perturbations in channels within the CO, 15-
and 4.3-um emission bands.

a. Vertical wavelength limitations

We will examine wave perturbations in the atmo-
spheric CO, 15-um emission band, specifically here at

wavenumber 667.77 cm™'. Figure 4 shows the kernel
function

1 9B, dT,
B, dT az°

K(2) = 3)
where B, is the Planck function at frequency v, T is
temperature, and d7,/dz is the weighting function at
frequency v. The kernel function K, (z) relates a tem-
perature perturbation A7 to an observed radiance per-
turbation AR, in the linearized radiance transfer equa-
tion:

AR, -
_ f K (DAT() dz. @
v z=0

The kernel function for the 667.77 cm ™! channel peaks
near a pressure of 3 hPa (~40 km) in the middle strato-
sphere. The FWHM depth of this function is ~12 km,
which limits the waves detectable in these data to ver-
tical wavelengths longer than 12 km. Vertical wave-
lengths close to this limit will be highly attenuated,
while those significantly longer will be virtually unat-
tenuated. The right panel of Fig. 4 shows the theoreti-
cally measurable response to a wave of a given vertical
wavelength with an amplitude of 1 K. This is computed
from the normalized convolution of the wave perturba-
tion with the kernel function and is the measurable
fraction of the true wave amplitude as a function of
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F1G. 4. (left) Kernel function (or weighting function) for the
667.77 cm~! AIRS channel. (right) Response in this channel to a
wave of amplitude unity as a function of vertical wavelength.

vertical wavelength. Note that the stated vertical reso-
lution of AIRS of 3 km (Aumann et al. 2003) is much
shorter than the minimum vertical wavelength visible to
AIRS. The 3-km resolution is attainable only for dis-
continuities in temperature by utilizing the fine spectral
resolution of the AIRS radiances. However, an oscilla-
tion in temperature caused by a wave with wavelength
less than ~12 km will be invisible in single-channel
measurements and cannot be recovered from the mul-
tichannel retrieval method.

We can estimate the temperature perturbation asso-
ciated with the radiance perturbations by assuming the
atmosphere emits as a graybody in the CO, channels;
then differentiating the Planck function with respect to
temperature and dividing by the background tempera-

ture gives
R" T' (hcv 5
R T \kT) )

where R'/R is the fractional radiance perturbation, 4 is
Planck’s constant, c is the speed of light, v is the wave-
number 667.8 cm ™!, k is the Boltzmann constant, 7" is
the temperature perturbation, and 7 is the background
temperature.

b. Data selection

A region near the Patagonian Andes of South
America and northernmost Antarctic Peninsula during
late winter/early spring is a known location where fre-
quent large-amplitude gravity waves with long vertical
wavelengths occur in the stratosphere (Bacmeister et
al. 1990; Eckermann and Preusse 1999; McLandress et
al. 2000; Wu and Jiang 2002; Wu 2004). In this region,
we can thus compile some meaningful statistics on grav-
ity waves in the AIRS data from 1 month of observa-
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FIG. 5. Outlines of the 40 selected granules (gray boxes) pro-
jected on a map of South America and the Antarctic Peninsula.
The dark gray diamond symbols trace the locations of the high
point along the mountain ridges as a function of latitude. The
thick dashed line, which mostly overlays these diamonds, shows
our approximate definition of the mountain ridge as a function of
latitude.

tions. In this section we describe our AIRS image
analysis method, which gives gravity wave amplitudes,
horizontal wavelengths, and propagation directions as a
function of geographic location, and we present statis-
tics on these waves for the month of September 2003.
This includes analysis of 40 “granules.” A granule is a
patch of data with 90 pixels across the orbit path and
135 pixels along the orbit path. The selected granules
all overlap the region bounded by 36°-56°S latitude and
76°-56°W longitude. Figure 5 shows the locations of the
40 granules projected on a map of South America and
the Antarctic Peninsula.

The footprint dimensions of pixels in a granule vary
with scan angle 6 across the orbit path (Ax). We ap-
proximate the geometry as

Ar =0 ©6)
cos0
and along the orbit path (Ay) as
Ay = D ; ™)
cos(1.40)

where 8, = 13.5 km, the footprint size at nadir.

c. A local analysis method

The first step in investigating the small-scale struc-
ture involves removing the “background variations.”
Raw radiances exhibit a limb-brightening effect in the
cross-track direction that must be removed prior to
studying smaller-scale wave perturbations. A fourth-
order polynomial fit in scan angle (cross-track direc-
tion) at each along-track position was determined to be
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F1G. 6. Example S-transform cosine (solid) and sine (dashed)
wavelet pair with scale 10Ax.

sufficient to remove the limb-brightening effect. Al-
though this is a traditional method for removing the
background (Wu 2004), a fourth-order polynomial fit
will sometimes also remove some larger-scale wave per-
turbations. Thus for the present analysis we are limited
to studying horizontal wavelengths less than ~500 km.

Because maps of average temperature variance con-
ceal information about wave sources and local ampli-
tudes, we have developed a wave event analysis tech-
nique using wavelet analysis tools. The results shown
here utilize the S-transform wavelet (Fig. 6). The S-
transform (Stockwell et al. 1996) basis functions are
formed as the products of the sine (or cosine) of the
wavelet scale (~wavelength) and a Gaussian envelope
where FWHM = 1 wavelength. The sine and cosine
functions remain fixed at the origin (at the left edge of
the field in this case), while the Gaussian function slides
in position to give the wavelet translation.

For each cross-track row (x) of AIRS data, we first
interpolate constant resolution equal to the average
cross-track resolution (18.9 km) then compute the S-
transform of each row and the covariance spectrum be-
tween adjacent rows. The covariance spectrum gives
the cross-track wavenumber k,, amplitude, and phase
change between adjacent rows. To find the dominant
wave features in each granule, we compute the average
cross-track covariance spectrum for all adjacent pairs of
rows in the AIRS granule then find up to five different
wavelength peaks occurring in this average spectrum.
We then compute the amplitude and phase for these
dominant features at each location in the granule from
the covariances between individual rows. The phase
shift between covarying signals in adjacent rows (A¢ ) is
proportional to the along-track wavenumber k, of the
features using the formula (Ern et al. 2004)
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k, = Ad/Ay. ®)

From the wavelet analysis amplitudes, k,, k,, and the
geographic orientation of the granule, we can then
compute the amplitude-weighted horizontal wavenum-
ber k = (k; + k;)"”* and wave propagation direction
relative to the local latitude and longitude coordinate
system. Figure 7 illustrates these results for granule 44
from 10 September 2003. Note that the propagation
direction has a 180° ambiguity, which is broken by as-
suming the component in the direction of the horizontal
wind is always upstream. This assumption is very likely
valid because the wave vertical wavelengths must be
long (=12 km) to be visible through the AIRS vertical
weighting function, and the waves propagating up-
stream will be refracted to long vertical wavelengths
while those propagating downstream will be refracted
to short vertical wavelengths. The validity of this as-
sumption will become clear from the results shown in
section 4.

On any given day’s worth of AIRS measurements,
only a small fraction of granules show gravity waves.
Most of the radiance perturbations globally are white
noise. The September Patagonia region we have chosen
for this study is unusual because instead a large fraction
of the granules show wave perturbations. The reasons
for this locus of activity are partly because of the to-
pography in this region, which is a wave source, but
partly due to observational limitations of AIRS, and we
will explain this latter aspect further later in the paper.

The wavelet covariance technique clearly identifies
three granules in our study as containing pure noise
with no gravity wave signals. The noise granules are
identifiable by their low-amplitude and very short hori-
zontal wavelength with random propagation direction.
We computed the standard deviation o, of the noise
covariance amplitude using the results of the wavelet
analysis of these noise granules. All of the results
shown below have been filtered to eliminate signals
with covariance less than 3o,. Using (4) and T = 200 K
gives an estimate of our noise cutoff for the 667.8 cm ™!
channel as 0.39 K, which is slightly larger than the noise
equivalent AT for this channel of ~0.3 K (Aumann et
al. 2000).

4. Results

We next examine the statistics of the wave properties
using probability density functions (PDFs) for either
individual granules or collections of granules. Figure 8
shows PDFs of radiance amplitude versus horizontal
wavelength and wave propagation angle from the hori-
zontal wind vector, including all 40 granules in this
study. Weak wave events peak at short horizontal
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FiG. 7. Example granule wavelet analysis results: (a) radiance perturbations (mW m~2 cm sr™ ') after removal of
the background limb brightening, (b) wave amplitude, (c) horizontal wavelength, and (d) propagation angle from
the background wind direction (180° = upstream propagation). A radiance perturbation of =4 is roughly equiva-

lent to an apparent temperature amplitude of +3 K.
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Fig. 8 but for a single granule from 1 Sep 2003.

wavelengths ~80 km, while strong events peak at
slightly longer wavelengths ~120 km, and a broad dis-
tribution of wavelengths is observed up to 500 km.
Wave amplitudes tend to peak at a propagation direc-
tion angle near 180° relative to the direction of the
background horizontal wind. This most favorable angle
exists because waves propagating upstream against the
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wind will be refracted to long vertical wavelengths and
be most readily visible to (least attenuated by) the mea-
surement technique.

a. Sensitivity to background winds

Weak events occurring far from 180° in Fig. 8 are
likely stronger events with short vertical wavelengths
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F1G. 10. (left) PDF of wave amplitudes (mW m~? cm sr™ ') and speed of the background
horizontal wind. (right) Average wave amplitude as a function of background horizontal wind
and wave propagation angle relative to the wind. These plots include data from all 40 granules.
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FiG. 11. Geographic projection of an example mountain wave event occurring 1 Sep 2003
over Patagonia. The dashed line represents the seam between the AIRS data granule shown
in Fig. 9 and the adjacent granule to the north. Color background shows radiance perturba-
tions superimposed on a coastline map of South America and the Antarctic Peninsula. The
lower portion of the radiance image also appears in Fig. 9, which includes a color scale for
reference. Pink arrows represent stratospheric wind vectors (speeds ranging 28-93 ms™!) and
blue arrows show surface wind vectors (speeds ranging 0-22 ms™!).

that are highly attenuated by the measurement. Analy-
sis of individual granules sometimes shows that the
wave perturbations disappear wherever background
winds are weak. Figure 9 shows an example of this. The
winds shown here and in the following figures are Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWF) analysis 4-times-daily fields with half-
degree resolution at a 40-km altitude interpolated to
the AIRS measurement locations and times.

Figure 10 shows that wave amplitudes increase dra-
matically with increasing horizontal wind speed above
40 ms~!'. A mountain wave propagating upstream
against horizontal winds of 40 m s~ ! will be refracted to
a vertical wavelength just longer than 12 km, which is
the approximate visibility limit due to the AIRS kernel
function. The increase in wave amplitudes versus back-
ground wind above 40 m s~ ' is therefore an indication
that the waves in our study are primarily forced by
topography, and it serves to validate our assumption
that the waves propagate primarily upstream.

A geographic projection of the wave event in Fig. 9 is
shown in Fig. 11. The proximity and orientation of this
wave event clearly indicates its source as an Andean
mountain wave. Because Fig. 9 shows that the wave
perturbations disappear where the background winds
fall to speeds less than 40 m s~ !, the true extent of this

wave event (the wave packet dimensions) may be larger
than is apparent in these measurements. We also ap-
parently miss some portion of the wave packet east of
the edge of the measurement swath. This example high-
lights some limitations of these data that must be taken
into account in future comparisons to other measure-
ments or models of atmospheric waves.

b. Investigation of wave sources

Some of the wave events we study here occur over
open ocean and far from topography, making them un-
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FIG. 12. Average wave amplitude as a function of distance from
the mountain ridge and propagation angle from east to west.
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Fi1G. 15. Geographic projection of a wave event in the Southern Ocean on 8 Sep 2003.

likely to be mountain waves. To identify these anoma-
lous wave events, we show the average properties of all
wave events as a function of horizontal distance from
the mountain ridge and propagation direction in Fig.
12. For this analysis, the mountain ridge was crudely
defined as the thick dashed line in Fig. 5, which runs
roughly parallel to and along the maximum altitudes of
the Andes ridge within the Patagonian region in this
study. The largest average amplitudes appear near 0 km
distance and propagation angle 0°-20°. This peak iden-
tifies the very commonly occurring Andean mountain
wave events. Isolated smaller peaks occurring near (400
km, —50°), (500 km, 80°), and (2100 km, 0°) identify
several wave events over open ocean that we highlight
here with two examples that illustrate the potential of
this dataset for gravity wave studies.

The region of enhanced amplitudes near (500 km,
80°) in Fig. 12 is associated with two wave events off the
northern tip of the Antarctic Peninsula. Figure 13
shows one of these and Fig. 14 shows the analysis of this
case, which includes both a weak wave event over
southernmost South America as well as a wave event
off the Antarctic Peninsula that includes very short
horizontal-scale structure over the ocean near 60°S lati-
tude. ECMWF winds (top right panel of Fig. 14) also
show a large-amplitude wave at the same location and
time but with a much longer horizontal wavelength.
The wave occurs near a distortion in the jet suggesting
the possibility that this wave could either be a mountain
wave associated with island topography or generated by
a jet instability mechanism. Investigation of the source

mechanism for this and similar events will be the sub-
ject of future work.

A second example is responsible for the region of
enhanced amplitudes at (2100 km, 0°) in Fig. 12. This
case is shown in Fig. 15. No wave feature appears in the
ECMWEF winds in this case. This is a very strong wave
event in the AIRS data and its absence in the ECMWF
wind fields is surprising and also suggests further inves-
tigation with other wave source model tools.

5. Conclusions

The intermittent nature of gravity wave sources and
gravity wave occurrence in the lower stratosphere
means that time-averaged measures of their amplitudes
and other properties will average large-amplitude wave
events with weak events and noise and do not provide
the constraints needed for gravity wave parameteriza-
tions used in global models. New analysis methods are
needed to separately identify the properties of the wave
events and their intermittency.

AIRS observes waves with fast vertical group speeds.
Individual wave events display wave amplitudes of 3 K
or higher. Time-averaged maps of variance of these fast
waves indicate averaged wave amplitudes do not ex-
ceed 0.2 K. The difference is due to intermittency in the
occurrence of these fast waves.

The two AIRS examples presented in section 4b il-
lustrate the potential value of AIRS data for improving
our understanding of gravity wave sources and provid-
ing constraints for detailed wave source case studies
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with high-resolution models. The mountain waves that
make up the bulk of the wave events in our study can
also be used to constrain mountain wave source mod-
els (e.g., Bacmeister et al. 1994; Eckermann et al. 2006).
Specifically, the AIRS data can constrain horizontal
wavelengths, propagation directions, amplitudes, and
the intermittency of mountain wave events. However,
to provide these constraints, the limitations of the
measurements (Fig. 4) must be carefully considered be-
fore comparing the AIRS data to any wave source mod-
els.

Observations, such as those from AIRS, can be used
to validate the long vertical wavelength waves in gravity
wave source models. Other datasets with smaller verti-
cal footprints (e.g., HIRDLS, GPS) may be used to
validate the shorter vertical wavelength waves gener-
ated in these source models. Once we trust these mod-
els, they can be used to develop and improve param-
eterizations for different gravity wave sources. This is
the most likely path toward improved parameterization
of gravity wave effects in global models.
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