
HAL Id: hal-00295598
https://hal.science/hal-00295598

Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Investigation of inertia-gravity waves in the upper
troposphere/lower stratosphere over Northern Germany

observed with collocated VHF/UHF radars
A. Serafimovich, P. Hoffmann, D. Peters, V. Lehmann

To cite this version:
A. Serafimovich, P. Hoffmann, D. Peters, V. Lehmann. Investigation of inertia-gravity waves in the
upper troposphere/lower stratosphere over Northern Germany observed with collocated VHF/UHF
radars. Atmospheric Chemistry and Physics, 2005, 5 (2), pp.295-310. �hal-00295598�

https://hal.science/hal-00295598
https://hal.archives-ouvertes.fr


Atmos. Chem. Phys., 5, 295–310, 2005
www.atmos-chem-phys.org/acp/5/295/
SRef-ID: 1680-7324/acp/2005-5-295
European Geosciences Union

Atmospheric
Chemistry

and Physics

Investigation of inertia-gravity waves in the upper troposphere/
lower stratosphere over Northern Germany observed with
collocated VHF/UHF radars

A. Serafimovich1, P. Hoffmann1, D. Peters1, and V. Lehmann2

1Institute of Atmospheric Physics, K̈uhlungsborn, Germany
2Meteorological Observatory, Lindenberg, Germany

Received: 6 July 2004 – Published in Atmos. Chem. Phys. Discuss.: 5 August 2004
Revised: 18 November 2004 – Accepted: 31 January 2005 – Published: 4 February 2005

Abstract. A case study to investigate the properties of
inertia-gravity waves in the upper troposphere/lower strato-
sphere has been carried out over Northern Germany du-
ring the occurrence of an upper tropospheric jet in connec-
tion with a poleward Rossby wave breaking event from 17–
19 December 1999. The investigations are based on the
evaluation of continuous radar measurements with the OS-
WIN VHF radar at K̈uhlungsborn (54.1◦ N, 11.8◦ E) and
the 482 MHz UHF wind profiler at Lindenberg (52.2◦ N,
14.1◦ E). Both radars are separated by about 265 km. Based
on wavelet transformations of both data sets, the dominant
vertical wavelengths of about 2–4 km for fixed times as well
as the dominant observed periods of about 11 h and weaker
oscillations with periods of 6 h for the altitude range between
5 and 8 km are comparable. Gravity wave parameters have
been estimated at both locations separately and by a com-
plex cross-spectral analysis of the data of both radars. The
results show the appearance of dominating inertia-gravity
waves with characteristic horizontal wavelengths of 300 km
moving in the opposite direction than the mean background
wind and a secondary less pronounced wave with a horizon-
tal wavelength in the order of about 200 km moving with
the wind. Temporal and spatial differences of the observed
waves are discussed.

1 Introduction

The upper troposphere and lower stratosphere are character-
ized by the appearance of gravity waves with different scales.
It is widely accepted that jet streams in the tropopause region
itself are one of the main sources for these waves. Due to
the exponential decrease of the density with the altitude, the
upward propagation of the gravity waves is associated with
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an increase of their amplitudes till they are breaking. Asso-
ciated with the wave breaking and the accompanying depo-
sition of momentum and energy in the background flow, the
dynamical and thermal structures above the source region up
to mesospheric heights as well as downward at tropospheric
heights are essentially influenced. However, the quantitative
aspects of the propagation of the waves, their interactions
with the mean winds and other waves as well as their gener-
ation are poorly understood at present. For a review on the
current knowledge on gravity waves we refer toFritts and
Alexander(2003).

Particularly in the lower stratosphere, transport and mix-
ing processes due to inertia-gravity waves (IGW) with fre-
quencies close to the Coriolis frequency are expected to be
important, as shown byPlougonven et al.(2003). Here we
are focusing on the investigation of these waves which can
be characterized by periods of several hours and horizontal
wavelengths of more than hundred kilometers. As reported
by Sato et al.(1997), Thomas et al.(1999), Röttger(2000),
inertia-gravity waves are observed in various regions of the
Earth. The gravity waves are connected with a number of
different forcing mechanisms, such as ageostrophic adjust-
ment, orographic forcing, frontal activity, deep convection
or jet instability (Pavelin and Whiteway, 2002). These waves
can alter the mean stratospheric temperature locally with am-
plitudes up to 10 K, which supports for instance at polar lati-
tudes the generation of Polar Stratospheric Clouds during the
winter months as investigated byDörnbrack et al.(2002) and
Buss et al.(2004).

A first case study to investigate the appearance of long pe-
riod inertia-gravity waves in connection with a jet stream in
the upper troposphere during a Rossby wave breaking event
has been carried out at Kühlungsborn from 17–19 Decem-
ber 1999 in the frame of the LEWIZ campaign (Peters et al.
(2003), hereafter P2003). The results were based on a series
of 17 radiosondes released every 3 h supported by VHF radar
observations at the same location. It has been found that the
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Fig. 1. Wind vectors and geopotential height derived from ECMWF
analyses for the 300 hPa level at 18 December 1999, 12:00 UT.
Vectors are plotted only for wind speeds larger than 20ms−1.

source of the dominating inertia-gravity wave with a period
of about 12 h is placed in the region of the zonal wind jet just
below the tropopause.

In extension of P2003, the main objectives of this study
are to get more insight into the structure of gravity waves
with shorter periods in the upper troposphere which cannot
be resolved by 3-hourly radiosondes. These investigations
are done with detailed analyses of the data of two VHF/UHF
radars over Northern Germany at Kühlungsborn and Linden-
berg, separated by about 265 km, to examine the main char-
acteristics of inertia-gravity waves. Here we will consider
both radars as “collocated” due to the long horizontal wave-
lengths of the inertia-gravity waves investigated. Further-
more, for the estimation of gravity wave parameters differ-
ent methods such as wavelet transforms, hodograph analy-
ses, rotary spectra and the Stokes-parameter technique have
been tested and applied on the wind data at each radar loca-
tion, available with a resolution of 30 min. In this way the
influence of possible vertical shear in the background wind,
introduced byHines(1989), will be take into account. These
results are then compared with cross-spectral analyses of the
data from both radars to identify common wave events and
to discuss temporal and spatial differences of the observed
waves in connection with the findings of P2003.

The paper is organized as follows. In Sect.2 the meteo-
rological background for inertia-gravity waves events is dis-
cussed and the parameters of the radars are briefly described.
Then we summarise in Sect.3 the techniques used for data
processing and the methods to estimate gravity wave param-
eters applied to the radar measurements at each location sup-
plemented by the cross-spectral analyses of collocated radar
measurements. Section4 is devoted to the final estimation of
inertia-gravity wave characteristics and the discussion of the
results. In Sect.5, we summarize our main results and give
some concluding remarks.

2 Observations during a case study over Northern Ger-
many from 17–19 December 1999

The investigations are based on observations made with two
collocated radars, the OSWIN-53.5 MHz-VHF radar located
at Kühlungsborn, and the 482 MHz-wind profiler at Linden-
berg. Details of the radar parameters used are summarized in
Table1.

The OSWIN VHF radar has been operating at
Kühlungsborn since autumn 1999. The radar system
was designed for continuous measurements and is running
either in the spaced antenna (SA) or in the Doppler Beam
Swinging mode (DBS). The antenna array consists of
144 four-element Yagis resulting in a transmitting half-
power beam width of 6◦. The beam is steerable in the
vertical direction and towards the North, East, South, and
West with an off-zenith angle of 7◦. For the investigations
presented here, we used 1024 point complex time series
sampled with 0.05 s. The radar resolves a height region
from 1 to 18 km. Data are averaged over 30 min for further
investigations.

The 482 MHz wind profiler belongs to the Meteorolog-
ical Observatory Lindenberg of the German Weather Ser-
vice (DWD). The wind profiler is a fully coherent Doppler
radar system with an additional RASS component to esti-
mate sound virtual temperatures (Gurvich et al., 1987). It has
been in operation since August 1996 as a prototype system
for an operational DWD profiler network (Lehmann et al.,
2003). Wind measurements are carried out in the DBS mode
using the vertical and four oblique beam directions with an
off-zenith angle of 15◦(Hogg et al., 1983). In contrast to the
data processing technique used with the OSWIN VHF radar
a statistical method for the incoherent integration of 17 indi-
vidual spectra has been applied to reduce the noise variance
and to suppress intermittent clutter contamination (Merritt,
1995).

The results have been obtained during a field campaign
carried out from 17 to 19 December 1999. The planning
of the measuring campaign was based on forecasts from the
German Weather Service.

Fig. 1 shows wind vectors larger than 20ms−1 and geopo-
tential heights derived from the ECMWF data at 12:00 UT
on 18 December 1999 for the 300 hPa level corresponding to
a height of approx. 9 km. The meteorological situation was
connected with a poleward breaking Rossby wave, classified
as a P2 event (Peters and Waugh, 1996), and leading to a
strong eastward directed jet near the tropopause over North-
ern Germany. For a more detailed description of this event
we refer the reader to P2003 and Zülicke and Peters (20041).

In Fig. 2 height-time cross-sections of the smoothed zonal
and meridional wind are presented for both locations. The
eastward directed zonal wind over Kühlungsborn (Fig.2a)

1Zülicke, Ch. and Peters, D.: Inertia-gravity waves driven by a
poleward breaking Rossby wave, J. Atmos. Sci., submitted, 2004.
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Table 1. Parameters of the VHF radar OSWIN at Kühlungsborn and the UHF wind profiler at Lindenberg.

OSWIN VHF radar UHF wind profiler

Geographical location 54.1◦ N, 11.8◦ E 52.2◦ N, 14.1◦ E
Operating frequency 53.5 MHz 482 MHz
Peak power/duty cycle ∼90 kW/5% 16 kW/ 10 %
Transmitting antenna 144 Yagi array Phased array (CoCo)
Antenna aperture (area) 1900 m2 140 m2

Half-power beam width 6◦ 3◦

Pulse length 4 µs 3.3 µs
N of transmitter/receiver 6 1
Code Single pulse 8-bit-Complementary code
Coherent integration 128 30
Vertical resolution 300 m 250 m
Altitude range 1–18 km 2.7–16.0 km
Time resolution ∼1 min ∼33 sec
Methods DBS, (SA) DBS
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Fig. 2. Mean zonal and meridional winds measured at Kühlungsborn (a, b) [after Peters et al.(2003)] and Lindenberg (c, d) from 17–19
December 1999. The data are smoothed using a low-pass filter with cut off frequencies corresponding to 4 h in time and 600 m in altitude.

increases until 19 December, 00:00 UT and then decreases.
The maximum jet stream reaches values of more than
50 ms−1 at heights between 6 and 10 km. The meridional
component (Fig.2b) shows southward directed winds with
maxima of more than 20 ms−1 at 18 December (12:00–
18:00 UT). With the onset of the jet, the winds rotate to east-
ward directed during the jet maximum and turn back with the
decreasing jet.

The observations with the wind profiler at Linden-
berg (Fig. 2c, d) separated by about 265 km from the

Kühlungsborn VHF radar, show the occurrence of the east-
ward and southward directed jets at nearly the same times
and altitudes, whereas e.g. the reversal of the meridional
winds to northward directed winds on 19 December seems
to be slightly stronger at Lindenberg. Detailed comparisons
with the radiosondes (see P2003) and the 6 hourly – ECMWF
analyses winds (not shown here) result in good qualitative
agreement but the radar measurements resolve a higher vari-
ability due to the better time resolution. In the next section
we will describe the data analysis techniques to derive wind

www.atmos-chem-phys.org/acp/5/295/ Atmos. Chem. Phys., 5, 295–310, 2005



298 A. Serafimovich et al.: Investigation of inertia-gravity waves with collocated radars

perturbations necessary for the estimation of the gravity wave
parameters.

3 Inertia gravity wave parameters estimation

3.1 Data processing to separate wind perturbations

The calculation of gravity wave parameters is based on wind
perturbations, which have been estimated from the wind
measurements after linear interpolations to substitute miss-
ing values. In general the perturbations can be described by
variations of amplitudesa(x, y, z, t) of the wind components

a(x, y, z, t) = a0 · exp(i(kx + ly + mz − ωobt)), (1)

wherea can be perturbations of zonalu′ or meridionalv′

winds, temperatureT ′ or pressurep′ with a time t . The
zonal, meridional and vertical wave numbers are denoted by
k, l andm in x-, y-, z-directions, respectively,i=

√
−1, and

ωob is the wave frequency, observed at a fixed location. With
the Doppler relation

ωob = ωin + Ukh, (2)

ωob depends on the intrinsic frequencyωin, the horizontal
wave numberkh=

√
k2 + l2 and the mean background hor-

izontal wind componentU given in the same direction as
the horizontal wave numberkh. Corresponding toZink and
Vincent (2001), we adopt here the convention of a positive
intrinsic frequencyωin and define a negative vertical wave
numberm for waves propagating energy upwards.

Normally, the perturbations are characterized by a super-
position of atmospheric waves with different frequencies. In
order to estimate inertia-gravity wave parameters individual
waves have to be separated or isolated by the application of
reasonable band-pass filtering methods. To detect the pre-
sence of a wave in the data and to avoid arbitrary choices
of inappropriate filter parameters a wavelet transform has
been applied (Torrence and Compo, 1998; Zink and Vin-
cent, 2001). This technique is becoming a common tool for
analyzing localized variations due to their possibilities to re-
solve the waves in frequency domain as well as in the time
or height.

The term wavelets refers to a family of small waves gene-
rated from a single function, the so-called mother wavelet, by
a series of dilations and translations. To be called a “wavelet”
a function should be admissible. This means for an inte-
grable function that its average should be zero (Farge, 1992).
Wavelets are well localized in time and frequency spaces.

The wavelet transform itself denotes the correlation be-
tween the original functiona(z, t), wherea(z, t) represents
the perturbations (Eq.1) observed at a fixed location, either
for a constant height or time, and the version of the mother
waveletg( t−b

s
), which is scaled with a factors and translated

by a dilationb. The choice of the mother wavelet is an im-
portant point in the wavelet transform. Since the horizontal

wind perturbations of the gravity waves can be considered as
amplitude-modulated sine waves, the selection of the Morlet
wavelet seems to be reasonable, because the Morlet wavelet
is nothing else than the plane wave modulated by a Gaussian.
Its representations in time,g(t), and Fourier space,G(ω), are
given by

gmorlet(t) = π−1/4eiω0te−t2/2 (3)

Gmorlet(sω) = π−1/4H(ω)e−(sω−ω0)
2/2, (4)

whereω0 is the nondimensional frequency, later also called
and used as the order of the wavelet,H(ω) is Heaviside step
function, which is equal to 1 ifω>0 andH(ω)=0 otherwise,
ands is wavelet scale.

By the convolution theorem, the wavelet transform
W(t, s) was carried out in the Fourier domain and has been
calculated by the inverse Fourier transformF−1 of the prod-
uct:

W(t, s) = F−1 (
G∗(sω)F (ω)

)
, (5)

where F(ω) is the Fourier transform of the signal, and
G∗(sω) is the conjugated Fourier transform of the scaled
wavelet.

Wavelet transforms have been applied on time series of
the zonal and meridional winds for constant height ranges as
well as on wind profiles versus height for fixed time intervals.
The significance of the results depends on the mother wavelet
and the sample length, which is reduced at the boundaries of
the time and height intervals, respectively. To minimize such
border effects, we decided to apply the Paul wavelet on the
wind profiles due to their short record lengths:

gpaul(t) =
2ninn!

√
π(2n)!

(1 − it)−(n+1) (6)

Gpaul(sω) =
2n

√
n(2n − 1)!

H(ω)(sω)ne−sω, (7)

wheren is the order taken to be 4 to make the wavelet “ad-
missible”. This wavelet leads to a better height localiza-
tion of the dominant vertical wavelengths and smaller influ-
ences of the border effects, as shown byTorrence and Compo
(1998). For the wavelet transforms of time series for constant
heights the Morlet wavelet (with the order ofω0=6 due to the
admissibility condition) has been applied resulting in a bet-
ter frequency localization of the dominant observed periods.
With the Morlet wavelet the influence of limited data on the
borders are larger in comparison with the Paul wavelet, but
there are no problems to extend the time series. Details of
the choice of the wavelet function can be found inTorrence
and Compo(1998).

Because the wavelet functions are mostly complex, the
wavelet transformW(t, s) is also complex, therefore one can
define the wavelet power spectrum as|W(t, s)|2. It should

Atmos. Chem. Phys., 5, 295–310, 2005 www.atmos-chem-phys.org/acp/5/295/
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Fig. 3. Averaged sum of wavelet power spectra of the zonal and meridional winds measured at Kühlungsborn (a, b) and Lindenberg (c, d),
in the upper panel (a, c) as Morlet wavelet transforms of the time series averaged over the altitude ranges (a) 5.45–5.75 km or (c) 5.25 – 5.75
km; in the lower panel (b, d) as Paul wavelet transforms of the vertical wind profiles averaged with a time, respectively.

be remarked that the wavelet scales does not directly cor-
respond to a Fourier periodλ. The relationship between the
Fourier period and the equivalent wavelet scale can analyt-
ically be derived by substituting a cosine wave of a known
frequency into Eq. (5) and calculating at which scales the
wavelet power spectrum has a maximum. For the Morlet
wavelet withω0=6, this leads to a value ofλ=1.03s and
for the Paul wavelet of the order 4 this leads to a value of
λ=1.39s (Torrence and Compo, 1998). Using Eq. (5) one
can calculate the continuous wavelet transform for different
scaless at all time points simultaneously to estimate effi-
ciently the dependence of dominant periods on the time.

The results of the wavelet analysis are presented by the
sum of wavelet power spectra of the zonal and meridional
wind components in Fig.3 measured at K̈uhlungsborn (a, b)
and Lindenberg (c, d). The bold green line outlines the re-
gion with 95% significance level. The red net covers the area
where boundary effects appear. From the wavelet transform
of the wind time series averaged in height from 5.45 km to
5.75 km at K̈uhlungsborn and from 5.25 km to 5.75 km at
Lindenberg, shown in the upper panel (a and c) of Fig.3,
we detect suitable similarities at both locations with signif-
icant periods between 4–7 h and 9–14 h including a domi-
nant observed period of about 12 h and a less pronounced
period of about 6 h on 17 December. We note, that in con-

trast to the observed dominant wave with a period of 9–14 h,
the shorter waves didn’t show up in the two stations at the
same time. Here we can only speculate that the sources of
these 6 h-waves could be connected with frontal activities or
deep convection in the boundary layer, as also discussed at
the end of Sect.4. Furthermore, we find significant vertical
wavelengths in the order of 2–4 km near the tropopause re-
gion from the wavelet transforms of vertical wind profiles (b
and d) averaged in time from 16:00 UT to 18:00 UT on 17
December, for K̈uhlungsborn as well as for Lindenberg.

Evaluating this information from the wavelet transforms,
suitable filter parameters can be defined for different time
and height ranges to identify the waves with distinct peri-
ods. Band-pass filtering has been carried out using the Fast
Fourier transform to extract the signals with dominant fre-
quencies. We divided our analysis in two parts in order to
investigate both frequency bands with periods of about 12 h
and about 6 h, respectively. For the study of the waves with
dominant observed periods of about 12 h the filter was con-
structed (case a) with a bandwidth of 8–18 h in the time and
2–4.5 km in the height, whereas in case (b) a filter with a
bandwidth of 2–8 h in the time and 2–4.5 km in the height
has been applied to study waves with periods of about 6 h.

In the first case (a), the resulting perturbations of the zonal
and meridional winds at K̈uhlungsborn and at Lindenberg are

www.atmos-chem-phys.org/acp/5/295/ Atmos. Chem. Phys., 5, 295–310, 2005
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Fig. 4. Zonal (a,c) and meridional(b,d) wind perturbations at K̈uhlungsborn(a,b) and Lindenberg(c,d) for 17 December 1999 after band
pass filtering with bandwidths of 8–18 h in time and 2–4.5 km in height.

shown in Fig.4. From Eq. (1) for a fixed locationx, y, the
dashed lines indicate possible lines of constant phases of the
dominant wind perturbations

mz − ωobt = const. (8)

indicating preferred downward phase propagations with the
clearest signatures in the perturbations of the zonal winds.
The vertical and temporal distances between the phase lines
correspond to vertical wavelengths of∼3.3 km and observed
main periods of∼12 h, respectively.

In the secondary case (b) to investigate those waves with
periods of about 6 h, the results after the filter application on
the zonal and meridional winds measured at Kühlungsborn
and Lindenberg are shown in Fig.5 leading to downward
phase propagating perturbations with observed periods of
about 6 h and vertical wavelengths of about 3 km.

The results confirm over an extended height-time-range
the main findings from wavelet analyses applied to both wind
components for selected time/height ranges at both locations,
shown in Fig.3. This is not obvious in every case, since the
wind perturbations shown in Figs.4 and5 are characterized
by superpositions of atmospheric waves with different fre-
quencies in the selected frequency band and their height/time
dependence. The presented wave signatures in Fig.4 are
much more clear than in Fig.5 as expected after the wavelet
analysis with the stronger amplitudes at periods of about
12 h.

The observed downward phase propagations for both
waves indicate upward energy propagations, if both fre-
quenciesωob and ωin, connected by the Doppler relation
(Eq. 2), have the same signs. However, as shown later in
Sect.3.2.1and3.2.2, in agreement with previous investiga-
tions in P2003, the hodograph and rotary spectra analyses for
the waves with observed periods of∼12 h lead to downward
energy propagation, which is possible if the Doppler-shift is
strong enough to turn the phase lines.

The evaluation of the phase propagation derived for each
wind component to estimate gravity wave characteristics is
only possible if there exist only one dominant wave in a con-
stant mean background wind. The analyses of all gravity
wave parameters as shown in the next section are based on
the use of zonal as well as meridional winds derived from
both filtered data sets.

3.2 Rotary spectra, hodograph- and Stokes analyses

For extracting IGW parameters three methods have com-
monly been used. Each method has its own advantages and
disadvantages. The first one is the rotary spectrum, which
was first applied to atmospheric IGWs byThompson(1978).
The calculation of the rotary spectrum allows directly to es-
timate the vertical direction of energy propagation. The sec-
ond method, the hodograph analysis, is a standard tool in
meteorology, described by (Gill , 1982) in connection with

Atmos. Chem. Phys., 5, 295–310, 2005 www.atmos-chem-phys.org/acp/5/295/
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Fig. 5. Zonal (a,c) and meridional(b,d) wind perturbations at K̈uhlungsborn(a,b) and Lindenberg(c,d) for 17 December 1999 after band
pass filtering with bandwidths of 2–8 h in time and 2–4.5 km in height.

a rotating fluid and applied first to IGWs byCot and Barat
(1986). The hodograph technique gives wave description in
more detail. But this method is only a snapshot and applica-
ble for monochromatic waves. In addition,Vincent and Fritts
(1987) presented a Stokes-parameter method which results
in a set of gravity wave parameters comparable to the hodo-
graph analysis, but with the possibility to average over time
and desired wavenumbers bands, partially polarized waves
can be described.

All methods listed above were applied to estimate IGW
parameters for both radar measurements carried out at
Kühlungsborn and Lindenberg during this case study and are
discussed in the next subsections.

3.2.1 Rotary spectra

The rotary spectrum technique quantifies how energy is
partitioned between upward- and downward-propagating
inertia-gravity waves. The rotary spectrum is calculated
by the Fourier transform of the complex velocity vector
u′(z)+iv′(z) and leads to an asymmetrical function. Fol-
lowing Guest et al.(2000), this method allows to detect the
rotation direction of the horizontal wind perturbations with
height using the difference of the negative and positive parts
of the spectrum which indicates the presence of an inertia-
gravity wave in the measurements. The clockwise (counter-

clockwise) rotating waves are associated with negative (pos-
itive) frequencies in the rotary power spectrum.

The spectraF(UV (z)) of the wind perturbations filtered
with a bandwidth of 8–18 h in time and 2–4.5 km in height
are presented in Fig.6. They show in their negative parts
the weaker clockwise rotational power corresponding in the
northern hemisphere to an upward energy propagation and
in their positive parts the larger counterclockwise rotational
power corresponding to a dominating downward directed en-
ergy propagation, respectively. These results at both loca-
tions are in agreement with the findings in P2003 and Figs. 6
and 10 therein, where they have shown, that the main source
of these waves is the placed in the region of the zonal wind
jet just below the tropopause. The spectra maximum occur at
vertical wavelengths of about 3.3 km. Unfortunately the re-
stricted stratospheric altitude range from the UHF wind pro-
filer data does not permit a significant estimation of rotary
spectra above the tropopause.

In contrast to these results, the rotary spectra of the wind
variations filtered with a bandwidth of 2–8 h in the time and
2–4.5 km in the heights (Fig.7) show a dominating upward
energy propagation. We will discuss these results in context
with the estimated wave numbers at the end of Sect.4.

www.atmos-chem-phys.org/acp/5/295/ Atmos. Chem. Phys., 5, 295–310, 2005
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Fig. 6. Results of the rotary spectra averaged for 5 h at 17 December 1999 starting from 10:00 UT for Kühlungsborn(a) and 19:00 UT for
Lindenberg(b) after band pass filtering with bandwidths of 8–18 h in time and 2–4.5 km in height.
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Fig. 7. Results of the rotary spectra averaged for 5 h at 17 December 1999 starting from 07:00 UT for Kühlungsborn(a) and 09:30 UT for
Lindenberg(b) after band pass filtering with bandwidths of 2–8 h in time and 2–4.5 km in height.

3.2.2 Hodograph analysis

The idea of hodograph analysis is to trace the course of
the deviation of the horizontal wind vector with respect to
height. If enough points are taken to span one wavelength
of an inertia-gravity wave, then an ellipse can be fitted. For
inertia-gravity waves, linear theory without any wind shear
effects (Gill , 1982) predicts

v′(z) = −i · u′(z) ·
f

ωin
, (9)

whereu′ andv′ are the zonal and meridional components of
the horizontal perturbation wind profiles,f is the Coriolis
frequency andωin is the intrinsic frequency of the wave.

By the application of the hodograph one can extract the
following parameters: the vertical sense of inertia-gravity
wave propagation from the rotational sense; the direction of
the horizontal wave propagation that is parallel to the major
axis of the ellipse and, following Eq. (9), the intrinsic fre-
quency,ωin, from the ratio of the major to the minor axis of
the ellipse. We have to note, that the horizontal wave prop-
agation is uncertain by 180◦ without additional temperature
information or vertical wind from radars.

The hodograph analysis applied to the wind perturba-
tions of 17 December 1999 to investigate the gravity waves
with the observed periods of about 12 h and therefore fil-
tered with a bandwidth of 8–18 h in time and 2–4.5 km in
height (Fig.8), shows a downward energy propagation in
the troposphere from the anticlockwise rotational sense at
Kühlungsborn and Lindenberg. We derived vertical wave-
lengths of about 3 km and intrinsic periods in the order of
∼7 and∼12 h from the ratios of the major to the minor axis
of the fitted ellipses at both locations, respectively. The dif-
ferences between the hodographs for Kühlungsborn and Lin-
denberg can be caused by the spatial dependence of the wave
characteristics. The variability of the background winds, oro-
graphical influences or possible interactions with other waves
can lead to the wave changes with propagation from station
to station.

Using the wind perturbations filtered with a bandwidth
of 2–8 h in the time and 2–4.5 km in the heights to inves-
tigate the waves with observed periods of about 6 h, the
hodographs presented in Fig.9 show intrinsic frequencies
with corresponding periods between 6 and 8 h and upward
energy propagations at both locations in agreement with the
rotary spectra in Fig.7. To demonstrate the stability of the
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wave propagation over a larger height range we have added
in the right part (b) of the hodograph in Fig.9 the wind
perturbations from 4.25–7.7 km and from 11.0–14.25 km,
showing the same vertical sense corresponding to upward
directed energy propagation with increasing amplitudes at
larger heights.

However, the hodograph method represents an instanta-
neous status and the estimation of gravity wave parameter is
only valid for monochromatic waves. Usually a hodograph
gives variable results due to the superposition of different
waves in the wind profiles. One possibility to determine pa-
rameters of IGWs for a given wave number band averaged in
time and height will be shown in the next section.

3.2.3 Stokes-parameter spectra

The hodograph method is an accurate technique when a
large-amplitude monochromatic wave is present in a region
of minimal background wind shear. However, hodographs
are usually irregular and variable requiring some sorting and
classification of large number of profiles to yield a statistical
picture of the wave field (Hall et al., 1995). To receive a more
statistical description of the gravity wave field the Stokes-
parameter spectra (Eckermann and Vincent, 1989) can be ap-
plied, which is in principle a spectral analogue of the Stokes-
parameter analysis (Vincent and Fritts, 1987). This method
arises from the analogy between partially polarized gravity
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waves and partially polarized electromagnetic waves (Kraus,
1966). To decompose the generally polychromatic wave
field, the Stokes parameters are calculated in the Fourier do-
main (Eckermann and Vincent, 1989). A Fourier transform
U(m) andV (m) of the given vertical profilesu′(z) andv′(z)

over their full height ranges yields the following Fourier rep-
resentations of the profiles:

U(m) = UR(m) + iUI (m) (10)

V (m) = VR(m) + iVI (m), (11)

wherem is the vertical wave number,UR, VR are real parts
of the spectra andUI , VI are imaginary parts of the spec-
tra. From here,Eckermann and Vincent(1989) derived the
following power spectral densities for the four Stokes param-
eters, based on the definitions:

I = A
[
U2

R(m) + U2
I (m) + V 2

R(m) + V 2
I (m)

]
(12)

D = A
[
U2

R(m) + U2
I (m) − V 2

R(m) − V 2
I (m)

]
(13)

P = 2A
[
UR(m)VR(m) + UI (m)VI (m)

]
(14)

Q = 2A
[
UR(m)VI (m) − UI (m)VR(m)

]
. (15)

Overbars denote time averages andA is a constant. The pa-
rameterP is the “in-phase” covariance associated with linear
polarization, andQ is the “in quadrature” covariance asso-
ciated with circular wave polarization, whileI clearly quanti-
fies the total variance andD defines its axial anisotropy. Con-
sequently, any Stokes parameterX={I, D, P, Q} can now
be evaluated over the full range of heights within any wave
number band.

Xm1,m2 =

∫ m2

m1

X(m) dm. (16)

Then the phase differenceδ between zonal and meridional
wind perturbations, the major axis orientation2, the averag-
ed ellipse axial ratioR and the degreed of the wave polar-
ization are given by

δm1,m2 = arctan

(
Qm1,m2

Pm1,m2

)
(17)

2m1,m2 =
1

2
arctan

(
Pm1,m2

Dm1,m2

)
(18)

dm1,m2 =

√
D2

m1,m2
+ P 2

m1,m2
+ Q2

m1,m2

Im1,m2

(19)

Rm1,m2 = tan(ξ), (20)

where

ξ =
1

2
arcsin

(
Qm1,m2

dm1,m2.Im1,m2

)
. (21)

The phase differenceδ describes the elipticity of the wave:
δ=0◦ or δ=180◦ indicates linear polarization (Q = 0),

δ=90◦ or δ=270◦ indicates circular polarization (P = 0),
and anything in between indicates elliptical polarization.
These parameters correspond to the hodographs in form of
a line, circle or ellipse, respectively. The degree of polar-
ization d quantifies the contribution of the coherent wave
motion to the total velocity variance and varies from 0 to
1. The most attractive feature of these parameters is that any
partially polarized wave motion can be described completely
and uniquely in terms of its Stokes parameters due to the av-
eraging in time and wavenumber bands.

The Stokes parameters calculated for the data from 17
December 1999 are presented in Table2 for both filtered
datasets to investigate the gravity waves with periods at about
12 h and 6 h. As already mentioned in Sect.3.2.2, the hor-
izontal wave propagation determined by the major axis ori-
entation2 is uncertain by 180◦without additional tempera-
ture information or vertical wind from radars. Comparing
the mean results derived for intervals of 5 h, we obtained at
both locations similar parameters as e.g. the wave propaga-
tion directions represented by2m1,m2. Note that the aver-
aging times have been selected on the base of the times of
maxima of the total variances described by the Stokes pa-
rameterI , which characterize the mean kinetic energy for
the investigated interval and vertical wave number band.

In Sect.4 the values obtained are used for the final estima-
tion of gravity wave characteristics at each radar location. To
identify common wave events over a distance of∼265 km,
we will at first apply a simple cross-spectral analysis of the
data of both radars.

3.3 Cross-spectral analysis

The cross-spectral analysis applied on the measurements of
both radars can be used to identify common wave events and
to investigate the characteristics of their horizontal propaga-
tion (e.g. wavelength or phase velocity) using the phase dif-
ferences in the wind fluctuations between radars, provided
that the wavelength can be resolved by the distance between
both stations. After the detection of the appearance of do-
minating waves in both data sets with wavelet transform as
shown in Fig.3 the cross spectrum (Eq.22) can be calculated

SU1U2(ω) =
< U1(ω)U∗

2 (ω) >

< |U1(ω)|2 >
1
2 < |U2(ω)|2 >

1
2

, (22)

whereU1 andU2 are Fourier transforms of zonal wind time
series measured by radar 1 and radar 2,ω is an indepen-
dent variable in the frequency domain, and brackets denote
the averaging in height range defined later. The magnitude
of SU1U2 is a coherence function, which varies from 0 to 1.
This gives a measure of the correlation between signals from
both stations in a given spectral bin. Note that the ensem-
ble averaging in height denoted by the brackets means that
the cross spectrum is smoothed, because if no smoothing is
carried out, the coherence, regardless of the nature of the pro-
cesses, is equal to one. The phase value1ϕ of corresponding
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Table 2. Stokes parameters derived from radar measurements at 17 December 1999 for Kühlungsborn (KB1, KB2) and for Lindenberg
(LB1, LB2).

KB1 LB1 KB2 LB2
Kühlungsborn Lindenberg K̈uhlungsborn Lindenberg

Filter band (time; height) 8–18 h; 2–4.5 km 2–8 h; 2–4.5 km
Averaged time 00:00–05:00 UT 10:00–15:00 UT 00:00–05:00 UT 07:00–12:00 UT

Stokes parameters

Degree of polarization,dm1,m2 0.88 0.79 0.55 0.62
Major axis orientation,2m1,m2 50.5◦ 58.6◦ 77.8◦ 88.1◦

Phase difference,δm1,m2 67.5◦ 63.4◦ 79.9◦ 93.9◦

Ellipse axial ratio,Rm1,m2 0.66 0.58 0.66 0.40

cross-spectrum maximum gives the time delayτ between the
appearance of the wave maxima at both locations

1ϕ ∼ 360◦

τ ∼ Tob
H⇒ τ = Tob

1ϕ

360◦
, (23)

whereTob is the observed wave period. Here particular
attention must be directed to avoid changes of the phases due
to the application of any filtering procedures.

Usually to investigate the spatial characteristics of a wave
one need at least three points forming a triangle. Such a
method to analyse gravity waves moving across an array of
surface-based meteorological atmospheric pressure sensors
has been described byNappo(2002). We applied here the
cross-spectral analysis only for a pair of the radars, how-
ever using additional information for the wave propagation
directionα in relation to the connecting line between radar 1
and radar 2 (Fig.10). Following the ideas ofNappo(2002),
we consider a wave perturbation of some variable,9, ob-
served at each station. If we imagine a wave with constant
amplitude and horizontal wave vectorkh observed at both
stations (solid and dashed blue lines on the block-scheme),
then the crests or any other phase point of the wave observed
at radar 1 (x1, y1, z1) at the timet and at radar 2 (x2, y2, z2)
at the timet+τ (Fig. 10) correspond to

91 (kx1 + ly1 + mz1 − ωobt) = (24)

92 (kx2 + ly2 + mz2 − ωob(t + τ)),

wherek, l, andm are the wave numbers in thex-, y-, and
z-directions, respectively. It is assumed that the wave does
not change its main characteristics propagating from radar to
radar, therefore we can write

k x1 + ly1 + mz1 − ωobt = (25)

k x2 + ly2 + mz2 − ωob(t + τ),

which reduces to

k(x2 − x1) + l(y2 − y1) = ωobτ − m(z2 − z1). (26)

Fig. 10. Block-scheme of IGW propagation.

The left-hand side of the Eq. (26) can be written in vector
form as a scalar multiplication of the vectorskh·S or as a
multiplication of the vector absolute values with cosα

|kh||S| cosα = ωobτ − m(z2 − z1), (27)

whereS is the distance vector between both radars and
α is the angle betweenS and the horizontal wave propa-
gation vectorkh determined by the propagation direction
2. Substitutingωob=2π/Tob, the horizontal and vertical
wave numberskh and m by their wavelengthsLh=2π/kh

andLz=2π/m in Eq. (26) we can write

Lh =
|S| cosα

τ/Tob − (z2 − z1)/Lz

. (28)

Finally, using the distance between both radars|S| and the
time delayτ between gravity wave events, the ground-based
horizontal phase velocityυob

ph of the wave propagation can be
estimated by

υob
ph =

|S| cosα

τ − (z2 − z1)Tob/Lz

=
ωob

kh

. (29)
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Fig. 11. Cross-power spectrum between radar measurements at Kühlungsborn and Lindenberg for the time from 17 December 1999,
00:00 UT to 18 December 1999, 00:00 UT, averaged over the height range from 5.25 km to 7.75 km. Left part: Amplitude (black) and
phase difference (red). Right part: Coherency spectra.

The cross-correlation spectrum of the zonal winds mea-
sured at K̈uhlungsborn and Lindenberg, presented in the left
part of Fig. 11, has been averaged over the altitude range
between 5.25 and 7.75 km. The amplitude of the cross spec-
trum shows a dominating common wave with an observed
period of about 11.4 h which is in good agreement with the
dominating period estimated by the wavelet transforms of the
time series at both locations as shown in Fig.3a, c. The sig-
nificance of this wave is proved by the coherency spectrum
shown in the right part of Fig.11. Due to the slopes of the
phase lines in Fig.4 and the downward energy propagation
with a vertical wavelength of about 3.3 km shown by the ro-
tary spectra (Fig.6) and hodograph analyses (Fig.8), the ob-
served period of 11.4 h is negative (Eq.8). The phase differ-
ence (red line in Fig.11) of about±40◦ or ∓320◦ between
the maxima of this wave at both locations corresponds to an
amount of a time delayτ of about 1.3 h or 10.1 h, respec-
tively, where the sign depends on the sign of the observed
frequency itself.

To check the reliability of this method, we have applied
Eqs. (28) and (29) using the radar coordinates and the ob-
served period 2π/ωob of −11.4 h. With the detected time
delay of−1.3 h and +10.1 h, we found consistent values for
the horizontal wave numberskh and ground based horizon-
tal phase velocitiesυob

ph directly estimated from the cross-
spectral analysis. In Table3 the results are shown derived
with different assumed wave directions2 or the correspond-
ing angleα. Based on mean vertical phase velocities with
an amount of about 0.06–0.10 ms−1 we have added different
height shiftsz2−z1 in order to study the variability of the de-
rived wave parameter. We define here and in the following
that a wavelength will be negative if the corresponding wave
numberk or m are negative.

We started at first with a time delay of 10.1 h (case A) with
the assumption that the wave is moving in the same direction
as the jet-maximum at about 9 km, which differs from the
zonal direction (case B) by only 6◦. In both examples, the
estimated horizontal wavelengths of about−634 km (case
A) or −557 km (case B) for a height shift of about 2 km
are in same order with the horizontal wavelength in the zonal
direction estimated in P2003.

Further a time delay of−1.3 h was used. In case (C), we
have used the major axis orientation of the wave direction
2≈54◦ estimated by the Stokes-parameter analysis applied
for the dominating waves with periods of about 12 h and
filtered with bandwidths between 8 and 18 h (see Table2).
Note that in this case the directions of the wave propagation
at both locations differ by only 8◦ so that there are no ambi-
guities to estimateα and to apply the cross-spectral analysis.
This time delay with a mean vertical phase velocity of about
0.10 ms−1 leads to a realistic height shift in the order of about
−500 m. Using these values we obtained a horizontal wave-
length of about−300 km and an observed horizontal phase
speed of 7.3 ms−1(case C). We will discuss these results in
the next Sect.4 together with the results separately estimated
at each radar location. To check the sensibility on the final
results, we have added in case (C) a 10% change to the re-
alistic height shift, leading to variations of about 10% in the
horizontal wavelength, and of about 5% in the observed hor-
izontal phase speed, respectively.

4 Gravity wave characteristics and discussion

To estimate the gravity waves characteristics such as intrin-
sic frequencyωin and horizontal wavenumberkh, the phase
and group velocities for each radar location separately, the
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Table 3. Horizontal wavelengths and ground-based phase speeds as derived from the cross-spectral analysis in dependence on the wave
direction and the vertical height shift for an observed period 2π/ωob of −11.4 h and a distance|S| between both radars of 265 km.

Case Time delay Major axis orientation Angle betweenkh andS Vertical shift Horizontal wavelength Observed horizontal phase speed
τ, h 2,◦ α,◦(Fig. 10) 1z, km 2π/k, km υob

ph, ms−1

(A) 10.1 −6 48 0 −200 4.9
−1.0 −304 7.4
−2.0 −634 15.4

(B) 10.1 0 54 0 −176 4.3
−1.0 −267 6.5
−2.0 −557 13.6

(C) −1.3 54 108 0 −714 17.4
−0.5 (−0.45;−0.55) −307 (−325;−290) 7.3 (7.8;6.9)

−1.0 −195 4.8

following three relations will be used. The polarization rela-
tion is given by

R =

∣∣∣∣∣ f

ωin
−

kh

mωin

∂V

∂z

∣∣∣∣∣ , (30)

whereR is the averaged axial ellipse ratio, andz is the alti-
tude. In contrast to Eq. (9) here the vertical wind shear effect
in the background wind, as introduced byHines(1989), is

included by the term∂V
∂z

, whereV denotes the mean horizon-
tal wind component perpendicular to the wave propagation.
This is important if the wave vector is nearly perpendicular to
the up-stream direction. The dispersion relationship is given
by

ω2
in = f 2

+
N2k2

h

m2
−

2f kh

m

∂V

∂z
, (31)

whereN is the angular Brunt-V̈ais̈alä frequency. Finally, the
Doppler relation is given by Eq. (2).

For a given location, the Coriolis frequency has been cal-
culated by

f = 2 · 7.292· 10−5s−1
· sinφ, (32)

whereφ is geographical latitude. The Brunt-Väis̈alä fre-
quencyN(z) can be estimated from radiosonde temperature
soundings, but here we are using mean values of 0.013 s−1

for the troposphere and of 0.021 s−1 for the stratosphere, re-
spectively.

The mean background horizontal wind componentU in
the direction of the wave propagation and the horizontal wind
componentV perpendicular to the wave propagation are es-
timated by

U = Ux cos2 + Vy sin2

V = −Ux sin2 + Vy cos2, (33)

where Ux and Vy are the observed zonal and meridional
winds, and2 is the direction of the wave propagation cal-
culated with Stokes-parameter analysis. Finally the vertical
wind shear term∂V /∂z has been estimated.

The intrinsic horizontal and vertical phase velocities are(
υph, υpz

)
=

(
ωin

kh

,
ωin

m

)
. (34)

The intrinsic horizontal and vertical components of the group
velocity are given by

cgh =
∂ωin

∂kh

=
N2kh

ωinm2
−

f

ωinm

∂V

∂z
(35)

cgz =
∂ωin

∂m
= −

N2k2
h

ωinm3
+

f kh

ωinm2

∂V

∂z
. (36)

The ground-based horizontal group velocity relative to ob-
server is then given by

cob
gh =

∂ωob

∂kh

= cgh + U. (37)

The observed frequencyωob and the vertical wave numberm

can be derived e.g. by wavelet transforms or spectral analyses
of the wind measurements.

We have used two ways to solve Eqs. (30), (31) and (2).
If the ellipse ratioR andωob are given then the intrinsic fre-
quencyωin, the horizontal wavenumberkh and the vertical
wavenumberm can be estimated by solving the polarization
relation Eq. (30), the dispersion relation Eq. (31) and the
Doppler relation Eq. (2). In the second way, the ellipse ratio
R and the vertical wavenumberm are given by the evalua-
tion of the spectra with respect to height. Then the Eqs. (30)
and (31) have to be solved to estimate the intrinsic frequency
ωin and the horizontal wavenumberkh.

To investigate the gravity waves with observed periods of
about 12 h, we follow the first way to solve the Eqs. (30),
(31) and (2) using the Stokes parameter shown in the left part
of Table2 and the mean windsU , V estimated with Eq. (33)
from the dominating jet stream at the height of about 9 km
(see e.g. Fig.2). To resolve the ambiguities in the polariza-
tion relation Eq. (30) and in the quadratic dispersion rela-
tion Eq. (31) and to determine the signs of the wave numbers
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Table 4. Gravity waves parameters at about 9 km (KB1, LB1) and 6 km (KB2, LB2) derived from the results of the Stokes-parameter
analysis as shown in Table2 for the radar measurements at Kühlungsbon (KB1, KB2) and Lindenberg (LB1, LB2).

KB1 LB1 KB2 LB2
Kühlungsborn Lindenberg K̈uhlungsborn Lindenberg

Filter band (time; height) 8–18 h; 2–4.5 km 2–8 h; 2–4.5 km

IGW parameters

Mean horizontal wind,U , ms−1 17 18 2.9 −1.3
(in the wave propagation direction)
Wind shear component,∂V /∂z, s−1 2.8×10−3

−0.5×10−3
−1.7×10−3 1.4×10−3

Observed period, 2π/ωob, h −11.4 −11.4 6.4 6.4
Intrinsic period, 2π/ωin, h 7.7 8.3 8.3 6.0
Horizontal wavelength, 2π/kh, km −281 −313 225 158
Vertical wavelength, 2π/m, km 3.3 3.6 −3.2 −3.2
Horizontal phase velocity,υph, ms−1

−10.1 −10.3 7.5 7.3
Vertical phase velocity,υpz, ms−1 0.11 0.12 −0.1 −0.15
Horizontal group velocity,cgh, ms−1

−6.6 −7.3 5.6 6.2
Vertical group velocity,cgz, ms−1

−0.08 −0.08 0.08 0.12

we used in addition the slopes of the constant phase lines
Eq. (8) in the wind perturbations (Fig.4) in comparison with
the downward energy propagation as estimated by the rotary
spectra (Fig.6).

The derived gravity wave characteristics are given in Ta-
ble4, resulting in consistent parameters at both locations like
the horizontal wavelengths as well as the group and phase ve-
locities. The dispersion relation leads here to vertical wave-
lengths between 3.3 and 3.6 km, which are in the order of
the results of the wavelet analyses (see Fig.3) or the rotary
spectra (Fig.6). Note, that the relation

υph =
ωin

kh

=
ωob

kh

− U (38)

between the intrinsic and the ground-based horizontal phase
speed is only fulfilled if the intrinsic phase speedυph and
hence the horizontal wavenumberkh are negative.

Then the intrinsic phase velocitiesυphc
estimated from

the cross-spectral analysis, (υob
ph=7.3 ms−1, see Table3 and

case C therein) for the wave direction against the background
wind U and using the mean winds at both locations (Table4)
parallel to the wave direction

υphc
= υob

ph − U (39)

yields values of−9.5 ms−1 and−10.5 ms−1, which agree
very well with the resultsυph separately estimated for
Kühlungsborn (−10.1 ms−1) and Lindenberg (−10.3 ms−1,
see Table4), respectively.

Thus, the results estimated for each radar location and
leading to negative wave numberskh and horizontal wave-
lengths of about 300 km confirm the results derived directly
from the cross-spectral analysis, using the mean wave direc-
tions estimated from the Stokes-parameter analysis and a re-

alistic height shift of−500 m corresponding to a mean ver-
tical phase velocityυpz of about 0.1 ms−1 for the time delay
of −1.3 h.

We have to note for the case investigated here, that the
estimations of the horizontal wavelengths depend primarily
on changes in the component of the mean background wind
parallel to the wave direction as used in the Doppler relation
Eq. (2), whereas the influence of the vertical wind shears ef-
fects used in Eqs. (30) and (31) leads to changes in the intrin-
sic period of 1.6 h and in the horizontal wavelength of about
40 km.

For the waves with observed periods of about 6 h the sign
of ωob must be positive due to the slopes of the phase lines
in Fig. 5 and the upward energy propagation (Fig.7) (see
Eq.8). In this case we found self-contained solutions apply-
ing the second way based on a given ellipse ratioR and the
vertical wavenumberm, estimated by the evaluation of the
spectra with respect to height and using the Stokes-parameter
shown in the right part of Table2. The solution of Eqs. (30)
and (31) leads to the estimation of the intrinsic frequency
ωin and the horizontal wavenumberkh for a height of about
6 km as in Table4. Note that in this case the sign of the
wavenumberkh must be positive to fulfill Eq. (38). There-
fore we conclude that these less pronounced waves with hor-
izontal wavelengths in the order of about 200 km are moving
with the wind. Due to their upward directed energy propaga-
tion (Fig.7) we can only speculate that a possible source for
these waves could be connected with frontal activity or deep
convection in the boundary layer. This also could be the rea-
son why these waves didn’t show up in the two stations at the
same time, as already shown by the wavelet analyses (Fig3a,
c).
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We can summarize, that we found two wave classes with
different energy propagation directions during this case study
at both radar sites. Both wave classes show downward phase
propagations. Connected with a jet stream in the upper tropo-
sphere and due to the shift in the frequency by the Doppler-
effect, the dominating wave with an observed period−11.4 h
shows a downward energy propagation in the troposphere.
The analysis also shows that the direction of the wave prop-
agation is upstream, and the intrinsic period is∼8 h. Hori-
zontal wave numbers for this wave are negative and vertical
wave numbers are positive at both locations with correspond-
ing wavelengths between−281 and−313 km as well as be-
tween 3.3 and 3.5 km, respectively, and are in the same order
as the results derived directly from the cross-spectral analysis
(see Sect.3.3and case C in Table3).

Additionally to this wave class, we detected another one
with shorter horizontal wavelengths and a smaller observed
period of 6.4 h, which has an upward directed energy propa-
gation. The horizontal and vertical wavelengths of this wave
are∼200 km and−3.2 km, respectively.

5 Conclusions

In the frame of a case study to investigate the properties of
inertia-gravity waves over Northern Germany in connection
with a jet stream in the upper troposphere during a Rossby
wave breaking event (see P2003) we used continuous radar
measurements with the OSWIN VHF radar at Kühlungsborn
and the UHF Wind Profiler at Lindenberg. Both sites are
separated by about 265 km. Wavelet analysis have been de-
scribed and applied to consider the height and time depen-
dence of the wave packages, to identify comparable inertia-
gravity wave events at the two locations. Based on the
estimated vertical wavelengths of about 2–4 km near the
tropopause region from the wavelet transforms of the verti-
cal wind profiles averaged in time, and the detected dominant
observed periods of about 11–12 h together with a less pro-
nounced period of about 6 h derived from the wavelet trans-
form of the wind time series, suitable filter parameters have
been specified to determine the wind perturbations applying
the Fourier technique as filtering routine. We found for both
periods dominating downward phase propagating perturba-
tions. The rotary spectra as well as the hodographs indicate
a downward directed energy propagation for the dominating
period of about 12 h which is in agreement with the results
in P2003, whereas the detected waves with periods of about
6 h show an upward directed energy propagation.

The Stokes-parameter analysis is the most reliable method
to estimate gravity wave parameters. The solution of the
equations based on the linear theory led to the identifica-
tion of dominant gravity waves with characteristic horizon-
tal wavelengths of about 300 km moving against the back-
ground wind. Further, the occurrence of a secondary less
pronounced wave with a horizontal wavelength in the order

of about 200 km moving with the wind has been found using
the Stokes analysis and solving the dispersion and polariza-
tion relation.

The independent analyses of the radar measurements at
both locations lead to consistent results. The cross-spectral
analysis between the data of both radars have been used to
prove the coherence of a common wave event over the dis-
tance of about 265 km taking into account its vertical prop-
agation and to estimate directly the horizontal wavelengths
of −300 km for wave moving against the jet stream as well
as the corresponding phase velocities, which are in a good
agreement with the results estimated separately at each lo-
cation. In contrast to the way to solve the Eqs. (30), (31)
and (2) as described in Sect.4, this very simple method uses
only the geometry, the phase differences of coherent waves
at both locations and the mean direction of the wave propa-
gation vector which should not differ significantly between
the two radar stations. To avoid this latter condition and to
get more statistical reliability, data from more radar stations
should be used. The DWD-UHF wind profiler at Ziegen-
dorf (Lehmann et al., 2003), in operation since January 2004
and forming a triangle with Lindenberg and Kühlungsborn
over Northern Germany, improve investigations of the spa-
tial gravity wave characteristics in future. Further investiga-
tions will be directed at comparing the obtained results with
the output of the mesoscale MM5 model, applied for the de-
scription of the dynamics for the selected events, and orga-
nized for neighboring locations with a sufficient resolution in
time and height.
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