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Abstract

Global gravity wave (GW) distributions are retrieved from infrared emission limb soundings taken by the CRISTA

instrument in August 1997 and by the SABER instrument in August 2003. The investigated altitudes cover the whole

middle atmosphere from the tropopause to the mesopause. The data agree semi-quantitatively in their salient features and

only small deviations due to the different meteorological conditions in the two years are observed. Of particular interest is

the decrease of GW activity at the top of the southern polar vortex and an accompanying shift of GW activity towards the

subtropics in the mesosphere. We emulate this feature by two conceptionally different models, the Warner and McIntyre

spectral parameterization scheme and the GROGRAT GW ray tracer. Both models indicate that saturation limits and GW

breaking are the governing processes in creating this structure. Also, both models can well reproduce the global

distributions except for two important points: (1) convectively generated GWs in the northern subtropics are largely

underestimated; (2) northern hemisphere high latitude activity is grossly overestimated. These points indicate that GW

distribution in general circulation models are not fully realistic. Refined measurements are required to constrain more

realistic GW source distributions.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Ever since the first publications of gravity wave
(GW) climatologies from satellites (Fetzer and
Gille, 1994; Wu and Waters, 1996; Preusse et al.,
2000) the question arose which physical processes
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were involved when GW variances decreased with
altitude (e.g. Wu, 2001). In general, we expect GW
amplitudes to grow with altitude as the background
density decreases and particularly large activity is
observed in regions of strong background winds.
Correlations between wind fields and GW activity
were discussed, for instance, by Alexander (1998)
and Preusse et al. (2002, 2004). On top of such wind
jets, however, the GW activity stalls or decreases.
Processes involved can be wave breaking, wave
reflection, wave dissipation by turbulent and radia-
tive damping, slant wave propagation and visibility
effects due to the different sensitivity of the
observing instrument for GWs of different vertical
wavelengths. For the momentum balance, of course,
it makes a large difference which of these effects is
governing.

An example of such a GW activity maximum is
observed in zonal mean data of the CRISTA-2 flight
and in SABER data taken in August 1997 and
August 2003, respectively (cf. Section 2). Very high
GW activity is correlated with high wind speeds
of a stratospheric jet at �60�S associated with the
winter polar vortex. This activity reaches up to
about 60 km. At higher altitudes we find high wind
speeds and high wave activity in a mid-latitude/
subtropical ð�40�SÞ mesospheric jet. Apparently the
waves follow the wind maxima from high to
mid-latitudes when they propagate upwards.
We use two different models, the Warner and
McIntyre spectral parameterization scheme (War-
ner and McIntyre, 1999, 2001) and the GROGRAT
GW ray tracer (Marks and Eckermann, 1995;
Eckermann and Marks, 1997) to discern the
influence of the aforementioned processes on the
observed GW distribution. In particular, we
aim at a representative composite of spectral wave
components to describe the whole middle atmo-
sphere GW global distribution during CRISTA-2
and the corresponding period of the SABER
mission on the basis of a homogeneous and
isotropic source.

Section 2 introduces the measurements. In Sec-
tion 3 we summarize a number of previous
investigations on which we base the choice of
wave components used for a comprehensive
GROGRAT simulation which is described in
Section 4. Section 5 introduces results from the
Warner and McIntyre spectral model and compares
them to the measurements and the GROGRAT
results. Finally, the results are summarized and
discussed in Section 6.

2. Measurements

The analysis of GWs from thermal infrared
emission limb soundings is a well-characterized
technique, most analyses focusing on the strato-
sphere. However, two instruments provide high-
quality, high spatial resolution temperature mea-
surements also covering the entire mesosphere: the
Cryogenic Infrared Spectrometers and Telescopes
for the Atmosphere (CRISTA) (Offermann et al.,
1999; Riese et al., 1999), a free-flyer from the Space
Shuttle, and the Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER)
(Mlynczak, 1997; Russell, 1999; Yee et al., 2003)
instrument on board the Thermosphere–Ionosphere–
Mesosphere Energetics and Dynamics (TIMED)
satellite.

2.1. Instruments and data analysis technique

We consider temperatures retrieved from infrared
thermal limb emissions taken by the CRISTA
instrument in August 1997 and by the SABER
instrument in August 2003. The mesospheric
CRISTA data presented in this paper are retrieved
from a 13:9mm CO2 band. During the second
CRISTA flight this spectral feature was measured
by all of CRISTA’s three telescopes. In the altitude
range of 35–80 km a high precision of 0.5–1.0K is
obtained. The stratospheric analyses are based on
the 12:6mm CO2 emission used for previous studies
(Preusse et al., 2002; Ern et al., 2004). CRISTA flew
on a 57� inclination orbit and by continuous yaw
maneuvers a latitude range of 72�S to 72�N was
covered (Grossmann et al., 2002). For a general
description of the CRISTA data processing see
Riese et al. (1999). The SABER temperatures are
retrieved from the main CO2 n2 emission at 15mm.
A new coupled retrieval algorithm evaluates CO2

densities and temperatures simultaneously from 4:3
and 15mm emissions and takes non-local thermo-
dynamic equilibrium (NLTE) effects into account
(Mertens et al., 2004). NLTE effects start to exert an
influence above �70 km altitude and become
increasingly important in the mesopause and lower
thermosphere region.

The retrieved temperature data were analyzed
using the algorithms described by Preusse et al.
(2002). The data were first detrended by a wave-
number 0–6 Kalman filter. In order to detrend also
from tides, ascending and descending orbit nodes
were treated separately to avoid mixing of different
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local times (cf. Preusse et al., 2001a). The resulting
altitude profiles of temperature residuals were
analyzed by a combination of the maximum entropy
method (MEM) and harmonic analysis (sinusoidal
fit). Finally, we obtain altitude profiles of the two
leading wave components. The amplitudes, corre-
sponding vertical wavelengths and phases on the
same altitude grid as the original temperature data
are obtained (Preusse et al., 2002).

2.2. Global distributions

So inferred GW squared temperature amplitudes
from the leading wave component are presented in
Fig. 1. Shown are world maps at 25, 40 and 60 km

altitude on a 2� latitude and 4� longitude grid. The
maps were created using a triangular weight with
1500 km radius, i.e. a point is weighted 1, if it
coincides with a grid point, zero, if it is at a distance
of 1500 km or larger, and the weight decreases
linearly with distance in-between. The grid of the
maps is hence an oversampling to the width of the
triangular weight. At each altitude the color scale is
the same for the two instruments. There are slight
differences, but the two episodes indicate the same
salient features. The maximum GW variances are
found around 60�S and coincide with the high wind
speeds in the stratospheric jet associated with the
polar winter vortex (Preusse et al., 2003a, 2004; Ern
et al., 2004). In particular, at 25 km altitude there is
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Fig. 1. Comparison of CRISTA and SABER data in world maps of GW-squared temperature amplitudes in dB (reference 1K2). At

individual altitudes the same color scale is used for CRISTA and SABER data. The scaling ranges from 2 to 14 dB at 25 km altitude and

increases to 8–24 dB at 60 km altitude.

P. Preusse et al. / Journal of Atmospheric and Solar-Terrestrial Physics 68 (2006) 1730–17511732



pronounced activity in the tropics (20�S–20�N). In
addition, centers of high wave activity are found in
the northern hemisphere (NH) subtropics. The
CRISTA data in Fig. 1c,e indicate forcing due to
convection above the warm water regions of the
Gulf of Mexico and the Kuro-Shio stream (Preusse
et al., 2001b; Preusse and Ern, 2005). This feature is
less pronounced in the SABER data (Fig. 1d,f).
Finally, the high latitudes of the northern (i.e.
summer) hemisphere are very quiet. These are all
well-known features which are discussed in more
detail in Section 3. A peculiarity of the CRISTA-2
data is the strong planetary wave-1/wave-2 activity
at high southern latitudes (Riese et al., 2002). These
planetary waves map into the GW activity particu-
larly at 60 km altitude. For instance, the GW
activity in the longitude interval from 90�W to
90�E is much stronger than the activity in the
longitude interval from 90�E to 90�W (or 270�E). It
should be emphasized that this is a real enhance-
ment of GW activity and not a problem of the scale
separation, i.e. a GW process is required to map the
structures of the background wind into the GW
variances. At lower altitudes the mapping of the
planetary waves is primarily visible by the north-
ward extent of the southern hemisphere (SH) high
latitude region of high GW activity. In contrast to
CRISTA data, the SABER measurements exhibit
very weak longitudinal dependence.

Latitude/altitude cross sections of zonal mean
GW squared amplitudes are shown in Fig. 2. In
addition, we show CIRA86 (Chandra et al., 1990)
zonal mean winds for comparison. The step-like
change at 45 km altitude in the CRISTA data
indicates the switch-over from the stratospheric
data based on the 12:6mm CO2 emission to the
mesospheric data based on the 13:9mm emission.
The change is emphasized, since both CRISTA data
sets were plotted separately and no smoothing
algorithm has been applied. For both CRISTA
and SABER, the NH subtropical convective belt is
visible in GW activity at low altitudes. A general
resemblance of the wind fields is observed in the
GW squared amplitudes. This phenomenon of a
high correlation between wind velocities and GW
activity is well known (Alexander, 1998; Preusse
et al., 2004) and further discussed in Section 3 and
the modeling discussions in Sections 4 and 5. Of
particular interest is the altitude region around
60 km. Here, the amplitude growth in the polar
vortex ceases and the waves appear to follow the
wind speed maximum and turn towards the

subtropics. This feature will be discussed in depth
in the modeling Sections 4 and 5.

3. Previous work and its relation to the current

modeling approach

In this paper we discuss some selected CRISTA and
SABER data and we make an attempt to understand
these data in terms of GW modeling by using the
Warner–McIntyre parametrization and the GRO-
GRAT ray-tracing approach. In particular, for the
ray tracing approach there are so many degrees of
freedom that one has to rely on an educated guess to
compose a suitable distribution of GWs launched at
the source level. This educated guess is based on a
number of previous studies (our own ones as well as
those of other authors and employing a variety of
instruments) which are briefly summarized here in
order to motivate the assumed launch distributions of
the GROGRAT ray tracing studies.

3.1. Visibility filtering

A given instrument or measurement technique is
sensitive only to a certain part of the wave spectrum
of GWs. There are a number of limiting processes
which define the wavelength boundaries, horizontal
as well as vertical, of the part of the spectrum visible
to a certain instrument. For passive remote sensing
techniques the integration along the line of sight and
the field of view of the instrument as well as
sampling issues are the most important limitations
(e.g.; Preusse et al., 2002; Lange and Jacobi, 2003;
Jiang et al., 2004a). In addition, GW analyses rely
on scale separation, i.e. one has to detrend the data
from the background state of the atmosphere
including synoptic scale waves. This detrending
sometimes also removes a part of the GW spectrum.
This imposes for instance a strong vertical visibility
filter on radio sonde analyses though the instrument
itself is sensitive to waves of all scales. Visibility
filtering can control the global distributions ob-
served by an instrument (Alexander, 1998) and even
the salient features of the global distribution may
change when considered at different wavelengths
(Preusse et al., 2000). Visibility filtering is of direct
relevance to one of the main features observed in
Fig. 2, i.e. the decrease of GW activity on top of the
southern polar vortex and the shift to subtropical
latitudes. This can be illustrated by a thought
experiment. The vertical wavelength lz of a
GW is given by (mid-frequency approximation,
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cf. Section 2.1.2 of Fritts and Alexander, 2003)

lz ¼ 2p
c� u

N
, (1)

with N being the buoyancy frequency, c the
horizontal phase speed of the wave, and u the wind
velocity in direction of the wave vector. If a GW
propagates opposite to the wind, the vertical
wavelength becomes larger when the wind speed is
higher. Now assume that the main part of the GW
variance is found at a low phase speed and that the
vertical wavelength of these waves is, without
background wind, below the lower limit of the
visibility range of the instrument. If these waves
now propagate into a wind jet from below, they are
refracted to longer vertical wavelengths and become
visible, and if they leave the jet at higher altitudes,
they become invisible again. In the thought experi-
ment the instrument therefore observes strong
activity only in the jet though the real GW activity
in the atmosphere has not changed. (See Alexander,
1998, for a more detailed discussion.) To which
degree visibility filtering really contributes to the
shape of the global distributions presented in Fig. 2
is discussed in Sections 4 and 5.

3.2. Inference of vertical and horizontal wavelength

The vertical wavelength is one of the direct results
of the GW analysis algorithm used in this paper

(cf. Section 2 and Preusse et al., 2002). Differences
in global GW distributions when considered at
different vertical wavelengths were analyzed
(see previous subsection and Preusse et al., 2000,
2002). However, there is much less known about the
dependence on the horizontal wavelength. Horizon-
tal wavelength spectra were inferred from high
flying airplanes (Pfister et al., 1993; Bacmeister et
al., 1996; Alexander et al., 2000) for specific regions
in the lowermost stratosphere covered by aircraft
campaigns. At higher altitudes GW spectra were
inferred from satellite radiance data (Picard et al.,
1998; Eidmann et al., 2001; Wu, 2001). A power law
of between �5=3 and �2, consistent with theoretical
predictions (see Dewan, 1997, and references there-
in), was found in all these studies though slopes may
vary with latitude (Wu, 2001). Due to the flight path
or orbit geometry in all these data latitudinal
variations mix with spectral characteristics of GWs
and a scale separation approach is made to isolate
the GW signal. Eidmann et al. (2001) made an
attempt to discuss scales longer than 1000 km.
However, also in this study the longer scales were
judged to be uncertain because of detrending
reasons. Hence we have nearly no information on
the very long horizontal wavelength GWs and the
shape of the spectrum at these scales.

Also, only the MLS-based study (Wu, 2001)
made a climatological survey of the geographical
dependence of spectral intensity and slope varying
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Fig. 2. Comparison of CRISTA and SABER data in zonal means of GW-squared temperature amplitudes (left and middle), as well as

with CIRA wind climatology (right). No visibility correction (cf. Preusse et al., 2002) was applied to the SABER data.
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with geographical location. These were averages
over three month periods and 20�-wide latitudinal
bands. For the interpretation of these results it is
important to know that MLS is most sensitive to
those waves whose wave fronts are co-aligned with
that part of the limb ray where the radiance
saturates (McLandress et al., 2000; Jiang et al.,
2004a). The sensitivity of MLS to waves of different
vertical and horizontal wavelengths (cf. Fig. 12b of
McLandress et al., 2000) therefore displays a half-
cigar shaped, tilted maximum and the considered
horizontal spectra bear an inherent vertical wave-
length dependence. In addition MLS is sensitive to
comparatively long horizontal wavelength of
lz410 km. Changes in the slope might therefore
be influenced by changes in the vertical wavelength
spectrum. One interesting result is that spectra of
different altitudes or different latitudes do not
cross each other. This means that zonal mean cross
sections considered at a specific horizontal
wavelength would largely resemble cross sections
of a different wavelength. It should be noted,
however, that this could be different for specific
wave sources.

Some recent information on the average horizon-
tal wavelength of GWs was inferred by Ern et al.
(2004) from analyzing the GW phase differences in
pairs of adjacent CRISTA profiles. First, profile
pairs are selected where the vertical wavelength
differs by less than 6 km. This is done in order to
remove pairs, that are unlikely to stem from the
same wave event. Second, the horizontal wavenum-
ber k is inferred by

k ¼
Df
Dx

, (2)

where Dx is the distance between the two CRISTA
measurements and Df is the difference between the
two wave phases at a considered altitude. These
horizontal wavenumbers are averaged (e.g. in zonal
means) and afterwards converted into horizontal
wavelengths in order to have a more intuitive
number (Ern et al., 2004). In Fig. 3 we show zonal
mean horizontal wavenumbers given as horizontal
wavelengths for different altitudes as inferred from
CRISTA-2 data. The error bars indicate the
statistical error of the mean as calculated from the
scatter of the wavenumbers. The main uncertainty
in the CRISTA data, however, is induced by the
sparse horizontal sampling. As shown by Preusse
et al. (2002) (cf. brief summary in Section 3.1) waves
of horizontal wavelengths longer than lh4100 km

are visible to an infrared limb sounder (200 km
along the line of sight, shorter at favorable viewing
directions). The profile separation during CRISTA-
2 in the stratospheric measuring mode is �240 km
implying a Nyquist wavelength of 480 km. As
shown by Ern et al. (2004) the shortest wavelength
resulting from an ensemble average is twice the
Nyquist wavelength, i.e. 960 km in the CRISTA-2
case (dashed horizontal line in Fig. 3). In addition,
the selection of profile pairs favors waves covering a
larger area and hence likely biases the average
distribution to larger wavelength. The horizontal
wavelength distributions reach their maximum at
the equator and drop at high latitudes towards the
limit caused by the Nyquist wavelength. This
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distribution is strongly connected to the equatorial
maximum observed in climatologies of short vertical
wavelength GWs (Fetzer and Gille, 1994; Tsuda
et al., 2000; Preusse et al., 2000).

3.3. The equatorial maximum

The variance maximum observed in short vertical
wavelength climatologies of remote sensing (Fetzer
and Gille, 1994; Tsuda et al., 2000; Preusse et al.,
2000) as well as in situ measurements (Allen and
Vincent, 1995) is directly related to the frequency
spectrum of GWs as discussed by Alexander et al.
(2002). It is generally assumed (Warner and
McIntyre, 2001) and also supported by spectral
analyses of long duration balloon flights (Hertzog
et al., 2002) as well as spectral analyses of horizontal
fluctuations (e.g. Bacmeister et al., 1996; Eidmann
et al., 2001; Wu, 2001) that the frequency spectrum
of GW energy obeys a power law with an exponent
of approximately �5=3 to �2, i.e. increases at low
frequencies. According to the dispersion relation,
the minimum frequency (maximum period) of
GWs is limited by the Coriolis parameter f. It is,
however, most likely that the spectrum does not
peak at the limiting lower-bound frequency f,
but that the maximum is reached at a frequency
slightly larger than f. Assuming that the frequency
of this peak is reached at a fixed multiple of f,
i.e. that o=f is constant, and using the average
vertical wavelength of the considered waves, we can
calculate a maximum or limiting horizontal
wavelength by the dispersion relation. Horizontal
wavelengths corresponding to o=f ¼ 1:4 (upper
thin black curve) and o=f ¼ 1:8 (lower curve)
are shown in Fig. 3. The o=f ¼ 1:8 curve limits
the shoulders of the measured distributions, except
for a dip at 30�N, which we discuss below.
This indicates that the Coriolis force limits the
horizontal wavelength spectrum. Due to the in-
crease of wave energy at low frequencies an
equatorial maximum in wave variance is formed
by low-frequency, long horizontal wavelength
waves which can only exist at the equator (Alex-
ander et al., 2002). When composing a representa-
tive GW spectral distribution for a GROGRAT
experiment, we hence have to include waves of very
large horizontal wavelengths (several thousand km)
and we can launch them homogeneously over the
whole globe, since the Coriolis force will do the
filtering that is required to produce the equatorial
maximum.

3.4. Previous results of spectral GW modeling

In general circulation models (GCMs) spectral
parameterization schemes are used to take into
account the non-orographic GW drag. Together
with orographic GW parameterizations (McFar-
lane, 1987) they are expected to represent the full
wind accelerations imposed by GWs. In August the
general background wind conditions filter most of
the mountain waves, before these can reach the
stratosphere. Only at the southern tip of South-
America and at the Antarctic Peninsula do we find
both orography and favorable winds allowing
mountain waves to propagate into the stratosphere.
Distributions measured in August are hence an ideal
test case, since the spectral schemes involving only
homogeneous isotropic source distributions
should describe almost the complete global distribu-
tion. In previous studies (Ern et al., 2004, 2005)
we compared modeling results of the Warner
and McIntyre spectral parameterization scheme
(Warner and McIntyre, 1999, 2001) with momen-
tum flux estimates from CRISTA-2 data at 25 km
altitude and obtained a very good agreement. The
comparison included visibility filtering. The scheme
launches GWs isotropically and with a simple
latitude dependence (Warner and McIntyre, 2001;
Ern et al., 2004), the frequency part of the spectrum
is pre-integrated and not considered in the upward
propagation. The Warner and McIntyre scheme has
several tunable parameters, including the launch
level, from which the GW spectrum propagates
upward, the vertical wavenumber of maximum
momentum at the launch level ðm%Þ and the spectral
slope at long vertical wavelengths (small wavenum-
bers m). Ern et al. (2004) found strong indication for
a low launch level at �225 km altitude. The other
tunable parameters were chosen as in the original
setup (Warner and McIntyre, 2001; Ern et al.,
2004). In a most recent study (Ern et al., 2006) the
complete altitude range, for which we can estimate
momentum flux, was used to constrain also these
tunable parameters. The resulting values are less
sharp than for the launch level, but indication was
found that the original choice of m% ¼ 2p=ð2 kmÞ
and a slope of þ1 results in a good agreement.
Larger deviations from these values are incompa-
tible with the CRISTA data. Hence, we use in the
current study (Section 5) the original choice of
parameters and a launch level of �2:5 km.

The results also motivate us to make an attempt
to reproduce the measured distribution by a
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GROGRAT experiment based on a homogeneous
and isotropic launch distribution. Since we need to
investigate the spectral shape and since GROGRAT
is computationally much more expensive than the
Warner and McIntyre scheme, we launch the
GROGRAT waves at 2 km altitude and do not
vary this launch altitude (cf. Section 4).

3.5. Convective sources

The Warner andMcIntyre modeling of CRISTA-2
data (Ern et al., 2004) underestimates the momen-
tum flux in the NH subtropics. This is likely due to
strong GW excitation by convection above the
warm water regions of the Kuro-Shio and the Gulf
of Mexico as well as convection in the Indian
monsoon. A direct link of GW activity to the
tropopause altitude and cloudiness was found by
Preusse et al. (2001b) in CRISTA data and by
Jiang et al. (2004b) in MLS data. A correlation of
GW activity with the high sea surface temperature
(SST) in the Kuro-Shio and the Gulf of Mexico was
found in a one year time series of CLAES data
(Preusse and Ern, 2005). In addition, convective
forcing is indicated in a narrow equatorial band
centered at about 10� latitude in the summer
hemisphere (Jiang et al., 2004b; Preusse and Ern,
2005).

These studies of satellite data (Preusse et al.,
2001b; Jiang et al., 2004b; Preusse and Ern, 2005)
also give hint to properties of these waves. The
convectively forced waves have horizontal wave-
lengths in the range of less than 100 km (Jiang et al.,
2004b) to a few 100 km (Preusse et al., 2001b) and
they have substantial amplitudes of several K. This
is the reason for the dip at NH subtropics in the
average horizontal wavelength shown in Fig. 3. The
ground-based phase speeds peak around 30ms�1

and extend to much faster waves also (Preusse et al.,
2001b). This spectral composition is corroborated
by an apparent northward shift of the convective
GW activity centers with altitude observed by MLS
(Jiang et al., 2004b), which is only conceivable when
visibility filtering of high amplitude, high phase
speed waves takes place.

First modeling attempts to parameterize this
convective wave forcing on a global scale for
incorporation into GCMs exist (Chun et al., 2004;
Beres et al., 2005). The approaches reproduce the
equatorial band and the locations of the subtropical
forcing (Beres et al., 2005). In this paper we do not
include explicit convective wave forcing but the

existence of such waves is information required for
the interpretation of the results.

4. GROGRAT experiments

In the current study we have the primary goal to
understand the reason for the decrease of wave
activity at the top of stratospheric and mesospheric
jets observed in CRISTA-2 and SABER data.
Possible reasons for the decrease and equatorward
shift of wave activity include instrument visibility,
wave breaking and slant wave propagation. In
addition, we also aim at constructing a composite
launch spectrum, i.e. a composite of a few discrete
wave components, which is able to mimic the
measured global distributions at all altitudes. It is
an interesting goal in itself to test whether the whole
GW field can be described by a homogeneous and
isotropic launch distribution. Furthermore, only
when we understand the whole distribution can we
gain confidence that a specific result is valid for the
processes in nature and is not an artifact caused by
using an unrealistic model setup. Since we have
more information from previous investigations on
the background atmosphere (Oberheide et al., 2002)
as well as the GW distributions (Ern et al., 2004,
2005) for the period of the CRISTA flight than for
the SABER August 2003 period, we will focus in
our modeling approach on the time period of the
CRISTA flight.

The Gravity wave Regional Or Global RAy
Tracer (GROGRAT) (Marks and Eckermann,
1995; Eckermann and Marks, 1997) is a tool ideally
suited for this study, since it is sufficiently fast to
enable global simulations, and since it includes
much more aspects of GW physics than the spectral
model. The ray tracer follows the trajectory of an
upward propagating wave and is hence suited to
study slant wave propagation. It is fully rotational
and contains also refraction due to the Coriolis
force, which is important when considering the
equatorial maximum. Finally, it contains wave
saturation as well as radiative and dissipative wave
damping as well as the possibility to switch off these
mechanisms for process studies. For this represen-
tation of physical processes we have to pay the price
that GROGRAT is an individual-wave model, i.e.
that we have no clear concept of the spectral
composition of the launch distribution and that
we always will undersample this spectral launch
distribution. Also, we need to generate our own
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procedure to average the individual wave compo-
nents at a considered location.

4.1. Background winds

Except for the GW properties, the main input to
any GW model is the background atmosphere and,
in particular, the wind fields. Our attempt to
reproduce the observed GW distributions therefore
mainly depends on as realistic as possible wind
fields. At low altitudes we can rely on ECMWF
reanalyses (Coy and Swinbank, 1997). For the
CRISTA time period these were limited to 30 km
altitude. Newer reanalyses and UKMO data reach
up to the stratopause and higher, but since the
number of data fed into the assimilation system
strongly decreases above 30 km the reliability is
much lower than for the troposphere and lower
stratosphere. We hence create a composite wind
field from ECMWF reanalyses in the troposphere
and lower stratosphere (0–28 km), geostrophic wind
fields calculated from CRISTA temperatures and
pressures (Oberheide et al., 2002) for the strato-
sphere and mesosphere (20–85 km), and CIRA
climatological data Chandra et al. (1990) for
the mesopause and the lower thermosphere
(70–110 km). At the overlapping altitudes, a smooth
transition by a weighted mean was enforced. These
data were used for the GROGRAT as well as the
Warner and McIntyre modeling experiments. The
model results shown extend to 90 km altitude in case
of GROGRAT and to 110 km altitude in case of the
Warner and McIntyre model. It should hence be
kept in mind that at the highest altitudes in the
upper mesosphere and the lower thermosphere the
winds are based on a climatology with no meridio-
nal component and no planetary scale waves
included and that tides are neglected. Tidal ampli-
tudes are frequently larger than the background
winds at these altitudes (cf. the results of Oberheide
et al. (2000) on tidal modeling with the background
wind fields (Oberheide et al., 2002; Chandra et al.,
1990)). A second limitation of the wind fields is the
latitude coverage. We have made no attempt to
horizontally expand the CRISTA data and hence
the composite winds are restricted by the latitude
range of the CRISTA data from 70�S to 70�N.

4.2. Setting up individual spectral components

A GROGRAT ray is initialized by defining the
horizontal wave vector, the frequency, the ampli-

tude and the launch position in terms of longitude,
latitude and altitude. In this paper we define a single
spectral component experiment (SCE) in such a
manner that it is nearly a global launch distribution.
Rays are launched between 60�S and 60�N at every
5� latitude and between 0� and 360� longitude at
every 20� longitude. Rays may leave the 0� to 360�

longitude range and are continued cyclically. How-
ever, rays are stopped when they cross the
latitudinal boundaries of 70�S and 70�N given by
the limits of the wind field. At each geographic
position rays are launched in eight directions spaced
every 45� in azimuth starting from 0�. Motivated by
the results of the Warner and McIntyre modeling
(Ern et al., 2004, 2005) we launch the rays of all
SCEs at 2 km altitude and we use a homogeneous
and isotropic launch distribution, i.e. all rays in a
specific SCE have the same launch amplitude, which
however is changed for other SCEs. An SCE hence
consists of 3600 individual rays. The characteristic
launch variables of an SCE are the horizontal
ground-based phase speed c, the horizontal wave-
length lh and the amplitude A. We choose to
characterize the SCEs rather by phase speed than by
frequency, since for waves in the mid-frequency
range (f5o5N) the propagation characteristics
are determined mainly by the phase speed.

A further free parameter, external to GRO-
GRAT, but important when we consider global
distributions e.g. in terms of zonal means, is wave
intermittency. Whenever we consider maps showing
the amplitudes of the individual profiles (Preusse
et al., 1999, 2002; Eckermann and Preusse, 1999) or
scatter diagrams giving individual values (Preusse
et al., 2003a) we often find large differences between
adjacent profiles. This is the result of the inter-
mittency of GWs caused by the limited spatial
extent and limited lifetime of wave sources. For
instance, particularly enhanced GW amplitudes are
found directly above the ridge of the Andes and
contrast strongly with a low-amplitude background
over the ocean (Eckermann and Preusse, 1999).
Convective towers initiating mesoscale GWs are
estimated to live one to a few hours (Pfister et al.,
1993). On the other hand, the satellite always
performs a certain number of measurements and,
if only a few waves are present, the instrument
measures some background wave activity level.
When we evaluate an SCE, we therefore need to
introduce a background in the simulation which
mimics the intermittency of GWs in nature. The
probability of waves reaching a certain altitude can
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be as important for the shape of a global distribu-
tion as the wave amplitudes.

One example is the generation of the equatorial
maximum. As described in Section 3.3, very long
horizontal wavelength GWs produce this maximum.
We therefore run a c ¼ 30ms�1, lh ¼ 3000 km SCE.
Many rays of this SCE launched at high latitudes
are eliminated directly at the launch level for being
unphysical. This is shown in the zonal mean
altitude–latitude cross sections in Fig. 4. Panel a
shows the total number of rays in 5� latitude bands,
panel b shows the zonal mean-squared temperature
amplitudes, and panel c shows the zonal mean-
squared amplitude after introducing a background.
At low altitudes the waves are confined to low
latitudes. At higher altitudes those waves which
propagate opposite to the wind are refracted to
higher intrinsic frequencies and can penetrate into
higher latitudes, too. In the number of rays we find
indication of an equatorial maximum. The squared-
amplitude zonal means in panel b show only weak
latitudinal dependence and no indication of an
equatorial maximum. That there are only few rays
at higher latitudes of course has no influence on the
amplitudes. To mimic the observed equatorial
maximum we therefore add a constant background
of 0.5K temperature amplitudes (i.e. 0:25K2

squared temperature amplitudes). This background
is kept the same for all altitudes and has the same
number of events as the GROGRAT launch
distribution. In order to create smoother maps, the
multiple events at one location due to the 8 ray
directions are redistributed to a finer latitude
longitude grid of 2:5� � 5�. After introducing the
background we find indication of a low latitude
maximum of GW-squared amplitudes in Fig. 4c.

4.3. The importance of saturation for the shape of

global distributions

One of the difficulties in generating a suitable
launch distribution is that we have to choose a
suitable amplitude at the launch level to match the
observed amplitudes at much higher altitudes. The
amplitude is easily defined when we can assume all
waves in an SCE to be saturated already at the
launch level or in the troposphere. In this case we
can just choose a very large amplitude and
GROGRAT will cut down the amplitude in the
first propagation step. Then the whole distribution
depends only on propagation and saturation rules.
The other extreme would be to use a very low
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Fig. 4. Total number of rays in a latitude interval (panel a) and

zonal mean-squared temperature amplitudes (panels b and c) for

a c ¼ 30ms�1, lh ¼ 3000km spectral component experiment

(SCE). Panels a and b show the result of the propagated rays

only, panel c includes also a background. For details see text.
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launch amplitude so that even at the highest
altitudes amplitude growth is insufficient to reach
saturation. In this case the whole distribution is
simply proportional to the launch amplitude. For
many spectral components a realistic representation
is between these two extremal cases. The two
extremal cases can be covered in one run to save
computation time. In parallel to the saturated
amplitudes, GROGRAT further propagates the
unsaturated amplitudes, i.e. propagates an ampli-
tude as if no saturation would exist. These
unsaturated amplitudes can be considered when
we are just interested in the shape of the global
distribution caused by non-saturated rays.

In Fig. 5 we compare global maps of saturated
and unsaturated temperature squared amplitudes
for c ¼ 3 and 10ms�1 at 25 km altitude and c ¼

30ms�1 at 60 km altitude. The first two runs were
launched with a very high amplitude and saturated
directly in the first propagation step, the third SCE
was launched with 1:0ms�1 wind velocity amplitude
and saturates at �50 km altitude. At both altitudes
only the saturated amplitudes map the planetary
wave structure of the background winds into the
GW distribution as we have observed in the
CRISTA data. At 60 km we also compare lh ¼
200 km with lh ¼ 500 km runs. The 500 km waves
can propagate a bit further from the launch position
and they hence result in somewhat smoother
patterns but there is no difference in the major
structures. This is mainly due to the fact that in the
maps the upstream propagating waves dominate.
These steepen up and reach the high altitudes very
fast (Gerrard et al., 2004) in contrast to downstream
propagating waves which sometimes can propagate
nearly 360� longitude before reaching the upper
mesosphere.

4.4. A survey of different phase speeds

We now make a systematic survey of single SCEs
by showing zonal mean cross sections of tempera-
ture-squared amplitudes for various phase speeds
and launch amplitudes. Since there is not much
difference in the temperature variances of lh ¼ 200
and 500 km runs, only results from the lh ¼ 200 km
runs are shown in Fig. 6. All results are filtered for
instrument visibility by applying a lz ¼ ½5; 25 km�
vertical wavelength filter and a lh4100 km cut-off.
(Note that GROGRAT also alters the horizontal
wavelength according to the ray-trace equations,
Marks and Eckermann, 1995.) A representative

launch distribution consists of several mesoscale
horizontal wavelength components to be selected
from Fig. 6 and needs to be completed by some very
long wavelength components to match the equator-
ial maximum observed in climatologies. The launch
amplitudes of the respective mesoscale runs are
given in Table 1. As discussed above, the amplitudes
of the saturated SCEs are very large, and the precise
values are irrelevant.

The comparison of CRISTA measurements and
Warner and McIntyre spectral modeling (cf.
Section 3.4) confirms the original choice of
tunable parameters. These are (Ern et al., 2004)
a peak vertical wavelength of l�z ¼ 2 km at the
launch level, and an approximately linear increase
of momentum flux at low wavenumbers (i.e.
inversely proportional to the wavelength). We
can use these findings to guide the choice of
launch amplitudes for GROGRAT. Using a
tropospheric buoyancy period of roughly 10min
and zero background wind, Eq. (1) shows that
l�z ¼ 2 km corresponds to a phase speed slightly
larger than c ¼ 3ms�1. The c ¼ 3ms�1 SCE
should therefore be launched saturated and,
following this guidance, all higher phase speed
SCEs should be non-saturated and launched with
smaller amplitudes. However, comparing the
values at 60�S in Fig. 6 with the measurements
(Fig. 2), the c ¼ 3ms�1 component is too strongly
governed by the wind, i.e. the increase from 20 to
50 km altitude is too steep compared to the
measurements. The saturated temperature ampli-
tudes at c ¼ 10ms�1 shown in Fig. 6c are max-
imum around 30 km and the increase between 20
and 30 km is weak. Not too much weight should
be given to the absolute amplitude agreement,
since there are two unknown variables, the launch
amplitude as well as the intermittency. Since
already the GW-squared amplitudes of the c ¼

3ms�1 component are larger than the measured
values, intermittency will be required for compen-
sation. To optimize for the shape at high southern
latitudes and low altitudes, a low intermittency
c ¼ 10ms�1 component is used in the composite
experiment (CPE) (Section 4.6).

All shown SCEs with exception of the c ¼

50ms�1 run are saturated in the entire mesosphere,
i.e. at altitudes above 50 km. They all exhibit
the northward shift of the GW maximum at the
top of the stratospheric wind jet at �60�S. This
means we can investigate the phenomenon in the
leading SCE. Since the saturation amplitude T̂ sat is
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Fig. 5. Comparison of global distributions consisting of saturated (left) and unsaturated (right) GWs for 25 km (panels a–d) and 60 km

(panels e–h) altitude. The third and fourth rows differ in the horizontal wavelength, which is lh ¼ 200 and 500km, respectively, at the

launch level. For the unsaturated case only the shape of the distribution is meaningful. For saturated waves the amplitudes are limited by

the saturation process and hence do not depend on the launch value. The color scale has been shifted by �10 dB for panel d.
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proportional to the vertical wavelength (Eckermann
and Preusse, 1999)

T̂ sat ¼
T̄

g
N2 lz

2p
(3)

the leading component at the top of the vortex is the
c ¼ 30ms�1 SCE.

4.5. Saturation versus visibility at the top of the jet

Fig. 7 shows the c ¼ 30ms�1, lh ¼ 200 km SCE.
Compared are results from saturated and unsatu-
rated amplitudes as well as visibility filtered and
unfiltered distributions. Visibility filtering intro-
duces only a slight low bias, whereas saturation
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Fig. 6. Zonal mean GW-squared amplitudes from GROGRAT single component experiments of different phase speeds. The values are

visibility filtered. For details see text.
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completely alters the distribution. All important
structures seen in the observations are found only in
the saturated amplitudes. This is evidence that wave
breaking is the dominating process in the activity
decrease at the top of the stratospheric jet. The same
experiment with lh ¼ 500 km (not shown) results in
very similar distributions, an indication that slant

wave propagation plays only a minor role in
explaining this feature, too.

4.6. Concocting a composed GROGRAT launch

distribution

The composition of a comprehensive GW launch
distribution for GROGRAT can be motivated by
the results of this section as well as previous studies
(cf. Section 3), but the result will only be straight-
forward to a certain degree and the solution cannot
be proven to be unique. We know that we have to
include a c ¼ 3ms�1 saturated SCE and likely an
c ¼ 10ms�1 saturated SCE of mesoscale waves (lh
of the order of a few 100 km). We know from
CRISTA spectral investigations (Preusse et al.,
2001b) that high phase speeds, e.g. c ¼ 50ms�1,
are also part of the spectrum and that the
amplitudes should decrease towards higher phase
speeds. We see that the c ¼ 50ms�1 component is
required to maintain some variance at the highest
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Table 1

Phase speeds and amplitudes for the individual SCEs shown in

Fig. 6

Panel Phase speed Launch ampl.

ðms�1Þ ðms�1Þ

(a) 3 6.0

(b) 10 1.0

(c) 10 20.0

(d) 20 1.4

(e) 30 1.0

(f) 50 0.2

Fig. 7. SCE with c ¼ 30ms�1 and lh ¼ 200km. Comparison of results from saturated and unsaturated amplitudes, visibility filtered and

unfiltered. Visibility filtering induces only a minor offset whereas saturation shapes the global distributions.
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altitudes above 75 km, which would otherwise be
underestimated. Also, the higher phase speeds are
less likely to occur, i.e. they have a low inter-
mittency. Including in a CPE a saturated (at launch
level) c ¼ 30ms�1 component would result in a
large overestimation of the observed amplitudes.
We also can follow the suggestion from the spectral
models that the decrease at longer vertical wave-
lengths, i.e. higher phase speeds, is approximately
proportional to the vertical wavenumber. All these
arguments together give us an idea of the mesoscale
components. In addition, we have some very long
horizontal wavelength components.

From this guidance we construct two composites
which differ in the horizontal wavelength of the
mesoscale components. The details are specified in
Table 2. The resulting distributions are shown in
Fig. 8. As indicated in Table 2, we must maintain a
large background component to represent intermit-
tency. This is in agreement with the observations
(cf. Preusse et al., 2003a). A substantial reduction of
the background would result in unreasonably high
variances and momentum flux values. The back-
ground values for the squared amplitudes
(Fig. 8a–d) are 0:52 K2, the background momentum
flux values are 10�9 Pa (Fig. 8g and h). Since there is
no information at all about the wavelength dis-
tribution of a background, we present in Fig. 8e and
f the wavelength distribution generated by the
actual GROGRAT rays only.

The squared temperature amplitudes (Fig. 8a–d)
for the two CPEs are nearly equal. They match the
measured distributions well, with two exceptions: at
middle and high northern latitudes there is only a
slight decrease. (Please note that due to the wind
field boundaries at 70� latitude and the launch grid

of an SCE the highest latitudes have only a strongly
decreased number of ray events and that therefore
at all latitudes higher than 60� the GROGRAT
mean values are not fully reliable and under-
estimated.) A flat distribution towards high lati-
tudes is in disagreement with the satellite
measurements in Fig. 2 which show very narrow
contour spacing, i.e. a huge gradient of the GW
activity towards the pole. We will come back to this
point when we have further evidence from the
Warner and McIntyre modeling in Section 5. The
second exception is the underestimate of wave
activity in the northern subtropics above 50 km
altitude. It is evident from Fig. 6 that only a fast
phase speed (cf. panel f, c ¼ 50ms�1) can fill in the
missing wave activity, since all other components
are saturated and decrease above 50 km. (There is
already a slight overestimate of wave activity in the
tropics/NH subtropics at �40 km, which, however,
cannot propagate upward.)

The horizontal wavelength distribution is a
further test of how realistic the composite modeling
experiment is. Though we have already included a
lh ¼ 6000 km launch wavelength SCE with en-
hanced intermittency, the average horizontal wave-
length (Fig. 8f) is still smaller than in the
experimental data (Fig. 3). The distribution agrees
with the data in the smooth decrease of wave
activity at higher latitudes, however, the observed
dip of horizontal wavelength in the northern
subtropics is not reproduced.

The momentum flux values of the longer hor-
izontal wavelength lh ¼ 500 km CPE (Fig. 8h)
are in good agreement with the values published
by Preusse et al. (2003b) and Ern et al. (2004).
Approximate values in the lower stratosphere are:
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Table 2

Components of a representative GW launch spectrum composed from several single SCEs

Horizontal wavel. Phase speed Amplitude Intermittency factor Remark

ðkmÞ ðms�1Þ ðms�1Þ

– – 0.5 5.0 Background

200/500 3 6.0 1.0 Saturated

200/500 10 20.0 0.4 Saturated

200/500 30 1.0 1.0

200/500 50 0.2 0.5

2000 30 1.0 1.0

3000 30 6.0 1.0 Large area

6000 30 30.0 2.0 Saturated

Mesoscale horizontal wavelength can be either lh ¼ 200 or 500 km.
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in the polar vortex �� 12 dB, in the tropics
(20�S–10�S) �26 dB, in the NH subtropics �23 dB
and at 60�N, the highest latitude with reliable

values, �30 dB, corresponding to approximately 63,
2.5, 5 and 1.0mPa, respectively. Note that the
reference level for the momentum flux is 1 Pa.
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Fig. 8. Squared GW temperature amplitudes (a–d), average horizontal wavelengths (e,f) and momentum flux (g,h) for two composed GW

launch distributions. The two composed experiments differ in the horizontal wavelength of the mesoscale components. The reference level

for converting the momentum flux into dB is 1 Pa.
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This is roughly a factor of 2 higher than the
CRISTA values of 20, 1.5, 3 and 2mPa (cf. Fig. 7 of
Preusse et al., 2003b and Fig. 3 of Ern et al., 2004).

The overestimation likely indicates that the
c ¼ 10ms�1 saturated component is too strong.
The momentum flux of a saturated SCE is very
sensitive to the vertical wavelength and hence the
phase speed of the fastest saturated component.
Both the momentum flux of a given GW and the
saturation amplitude are proportional to the ver-
tical wavelength. Calculating the momentum flux
Fph of a saturated wave we find

Fph�
lz

lh
T̂2

sat�l
3
z . (4)

The momentum flux of a saturated SCE is
therefore proportional to the third power of the
vertical wavelength of the waves. Thus, one could
likely find a better agreement by either reducing the
intermittency weight on the c ¼ 10ms�1 SCE or
replacing the saturated c ¼ 10ms�1 SCE by a
saturated SCE of a phase speed between 3 and
10ms�1.

The values in Fig. 8g stemming from the lh ¼
200 km CPE are about 4 dB higher than those of the
lh ¼ 500 km CPE (Fig. 8h), because momentum
flux is inversely proportional to the horizontal
wavelength. This means the horizontal wavelength
is an additional tuning parameter to fit the
momentum flux. It appears therefore unwise to do
more fine tuning before further experimental facts
provide a more detailed guidance.

Indications for more fundamental problems are
found in the NH. The missing dip in the horizontal
wavelength and the need for more high phase speed
waves at mesospheric altitudes indicate that the NH
subtropical band of convectively generated GWs
needs to be explicitly included in the launch
distribution. On the other hand, we have too much
forcing at the high summer latitudes. Both are
points which cannot be solved by a small tuning of
the homogeneous source distribution but require
the introduction of source non-homogeneity.

5. Warner and McIntyre modeling

The Warner and McIntyre (WM) spectral model
approach is much more straightforward than the
GROGRAT approach. First, because the model
provides a clear spectral concept and second,
because we can rely on previous studies which
largely confine the range of tunable parameters.

The experiment discussed here uses a launch level of
2 km, a critical wavelength of l�z ¼ 2 km and a slope
of the non-saturated part of þ1. The resulting
momentum flux values, with and without visibility
filtering, as well as the resulting wind accelerations
are shown in Fig. 9. Plots are generated for two
different ways of displaying the momentum flux.
The upper row gives the momentum flux in Pa or
kgm�1 s�2, the lower row the mass-free momentum
flux (momentum flux divided by density) in m2 s�2.
The structures of the first row are dominated by the
mass decrease with altitude, the structures of the
second row are closer to the behavior of the squared
temperature amplitudes. The momentum flux values
(in Pa) have the same scale as the GROGRAT
momentum flux values given in Fig. 8. It is evident
that visibility filtering strongly influences the struc-
ture of the observed stratospheric values but
introduces only a small offset in the mesosphere.
In particular, the depletion of wave momentum in
the NH substantially increases the correlation
between measurements and modeling (Ern et al.,
2005).

The WMmodeling results reproduce the observed
northward shift at the top of the stratospheric wind
jet. Though the absolute values are different, the
shape is very similar in visibility filtered and
unfiltered results. This corroborates our findings
from GROGRAT that primarily wave breaking is
responsible for the amplitude decrease at the top of
the jet. The WM model then enables us to calculate
also wind accelerations. The wind acceleration
shows a pronounced maximum at the top of the
jet, just at the position of maximum wave-activity
decrease.

Momentum flux values shown in Figs. 8 and 9
can be compared to estimates from airglow imaging
measurements (Espy et al., 2006). It should be noted
that the airglow imager is sensitive to short
horizontal wavelengths o150 km. At 90 km altitude
the momentum flux values shown in Fig. 8
correspond to 2 and 5m2 s�2 for the lx ¼ 500 and
200 km CPE, respectively. The unfiltered WM
modeling results are �3m2 s�2. This is of the same
size as the data taken at Halley (76�S, 27�W), but is
an order of magnitude smaller than the values from
Rothera (67�S, 68�W) on the Antarctic Peninsula.
This indicates that additional, localized sources are
required to fully describe the global distributions.

Considering the NH both models agree in
that they grossly overestimate the summer high
latitude activity. The WM modeling indicates nearly
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hemispheric symmetry, i.e. summer (NH) and
winter (SH) values are very similar. This is in
contradiction to the CRISTA and SABER measure-
ments, where we observe a steep decrease at high
latitudes of the summer hemisphere. It is also in
contradiction to mesospheric lidar measurements
from Kühlungsborn ð�54NÞ and ALOMAR
ð�70NÞ (Lübken personal communication; Rauthe
et al., 2004, 2006). At the mid-latitude station only a
moderate summer to winter difference is observed

(a factor 2–3), at higher latitudes the summer to
winter difference is about a factor of 5 or larger. The
large summer to winter difference at high latitudes is
also observed in mesospheric rocket climatologies
(Lübken and von Zahn, 1991) (please note that the
RMS values in Lübken and von Zahn (1991) also
include a height-independent offset, which is likely
not due to GWs). The corroboration by in situ and
lidar measurements is particularly interesting, since
there is no limit to the horizontal wavelength by
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Fig. 9. Absolute values of momentum flux and zonal wind accelerations as modeled by the Warner and McIntyre spectral

parameterization scheme. Momentum flux is shown with (left) and without (right) visibility filter applied. When given in Pa (first row) the

altitude structure is dominated by the density decrease, while when given in m2 s�2 the distribution is closer to that of the squared

temperature amplitudes.
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these techniques, which, however, is implied by the
visibility filter of the satellite data.

Since we observe the excess in modeled high
latitude GW activity in the summer hemisphere in
both studies, performed with two conceptually
different models and since we start at a low launch
level, this is evidence that wind filtering cannot serve
in sufficiently reducing the wave activity in the high
altitude, high latitude summer hemisphere. Instead,
a non-homogeneous GW source is required, which
is substantially smaller at high summer latitudes and
which is larger in the northern subtropics above
convection.

6. Summary and conclusion

We present and compare global distributions of
gravity wave (GW) activity measured by two
different infrared emission limb sounders, the
CRISTA and the SABER instrument, in August
1997 and August 2003, respectively. Though some
differences exist, the data agree in their salient
features: very strong activity at the edge of the
stratospheric southern polar winter vortex, a quiet
Northern summer hemisphere, a tropical maximum,
which is particularly pronounced at lower altitudes,
pronounced GW maxima above convection regions
in the northern (summer) subtropics, and indica-
tions of mountain waves above the Southern-tip of
South America and the Antarctic Peninsula. One
major difference between the two data sets is the
presence of strong planetary waves during the
CRISTA period which are imaged in the GW
distribution. Of particular interest in this paper is
the decrease of GW variance at the top of the
stratospheric winter polar vortex and the shift of
GW activity towards a subtropical mesospheric jet,
which is common to both measurements.

In order to understand this and other salient
features we have employed GW modeling relying on
two conceptually different models, the Warner and
McIntyre spectral parameterization scheme, which
is designed for operating within GCMs, and the
GROGRAT GW ray tracer, which is designed for
case studies like the present one. Both models were
run in a composite wind field of meteorological
reanalysis, CRISTA geostrophic winds, and CIRA
climatological data. This composite was created to
provide wind fields as realistic as possible from the
ground to the lower thermosphere.

For both models we launched isotropic GW
distributions at 2 km altitude. The launch distribu-

tion of GROGRAT is homogeneous, while the
launch distribution of the WM scheme has a simple
latitude dependence, which results from the pre-
integration of the horizontal wavelength spectrum.
The optimum launch parameters for the WM
scheme were adopted from comparisons to strato-
spheric GW momentum flux estimates (Ern et al.,
2004, 2005, 2006). The GROGRAT model enables
us to study the influence of different spectral
components separately. This conceptional advan-
tage becomes a difficulty when generating a
representative spectrum, since the solution is not
unique.

Both models are successful in capturing most of
the salient features observed in the data. Exceptions
are the regions of distinctive sources, i.e. the
mountain waves downstream of the Andes and the
NH subtropical convection. These were expected.
Unexpected, however, is a gross overestimate of
wave activity at high northern (summer) latitudes.
This low activity at high latitudes is corroborated by
LIDAR and in situ measurements, i.e. completely
different measurement techniques. Both models,
which are completely different in their conception
of wave propagation, produce this overestimate.
This is a hint that a uniform source distribution
might be generally unable to reproduce even major
structures of the real GW distribution and the
resulting wind accelerations. The models are very
successful in explaining the decrease of GW activity
at the top of the southern polar vortex and the shift
of activity towards the subtropics. The phenomenon
is due to favorable propagation conditions in the
strong winds of the jets and due to enhanced wave
breaking on top of these jets, due to Doppler shift to
lower vertical wavelengths and resulting smaller
instability amplitude limits. Visibility filtering and
slant wave propagation are minor effects in
explaining this feature. The phenomenon can be
reproduced by waves in a wide range of phase
speeds and horizontal wavelengths.

Some important puzzles remain unsolved. The
constraints imposed by the data are insufficient to
find a unique solution in terms of the horizontal
wavelength distribution and the balance between
amplitude and intermittency; with large conse-
quences for the carried momentum flux. Also, we
can attribute a large part of the observed GW global
distribution to a homogeneous source distribution.
The nature of this source remains as obscure as
before. However, the failure to describe the north-
ern high latitudes shows that a better understanding
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of the sources is imperative. Global measurements
of high spatial resolution 3D temperature fields
could enable us to better constrain the horizontal
wavelengths and to understand the nature of the
sources in case studies. First steps could be made by
a reprogramming of the SABER measurement
modes in order to achieve a substantially shorter
along- track distance between the profiles, which
would provide at least high resolution 2D pictures.
Current technique provides the potential to obtain

high 3D spatial resolution by limb imaging (Riese
et al., 2005; Friedl-Vallon et al., 2006).
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Appendix

Many of the values in this paper are given in dB,
which is defined by

dB ¼ 10 � log10ðvalueÞ. (5)

For a quick conversion, however, a graph might be
preferable, which is provided in Fig. 10.
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Analyse von Schwerewellen. Proceedings DACH 2004, CD,

081_RaGeBe.pdf.

Rauthe, M., Gerding, M., Höffner, J., Lübken, F.-J. 2006. Lidar
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