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Abstract. During the MaCWAVE campaign, combined Keywords. Meteorology and atmospheric dynamics
rocket, radiosonde and ground-based measurements hay®lesoscale meteorology; Middle atmosphere dynamics;
been performed at the Norwegian Andgya Rocket RangéVaves and tides)

(ARR) near Andenes and the Swedish Rocket Range (ES-
RANGE) near Kiruna in January 2003 to study gravity waves
in the vicinity of the Scandinavian mountain ridge. The in- )
vestigations presented here are mainly based on the evald- Introduction

ation of continuous radar measurements with the ALWIN

VHF radar in the upper troposphere/ lower stratosphere affo understand the structure and dynamics of the atmosphere
Andenes (69.3N, 16.0 E) and the ESRAD VHF radar near @nd its variability, it is important to know the coupling
Kiruna (67.9 N, 21.9 E). Both radars are separated by about Processes between different atmospheric regions from the
260 km. Based on wavelet transformations of both data setdfoposphere up to the thermosphere. The dynamical cou-
the strongest activity of inertia gravity waves in the upper tro- pling mainly includes the generation of different atmospheric
posphere has been detected during the first period from 24Waves (gravity waves, tides, planetary waves), their propaga-
26 January 2003 with dominant vertical wavelengths of aboution through the atmosphere, the interaction between differ-
4-5km as well as with dominant observed periods of aboutent waves and their impact upon the mean circulation. Today
13-14 h for the altitude range between 5 and 8 km under thdl is recognized that gravity waves are an essential part of the
additional influence of mountain waves. The results show thedynamics of the upper atmosphere. The theory to describe
appearance of dominating inertia gravity waves with characthese waves has been essentially stimulated by the pioneering
teristic horizontal wavelengths 6f200 km moving in the op- work of Hines (1960). Over the last decades, a multitude of
posite direction than the mean background wind. The result§Xperimental observations, theoretical and modelling stud-
show the appearance of dominating inertia gravity waved€s have considerably improved our understanding of grav-
with intrinsic periods in the order o£5 h and with horizon- ity waves and their role in the atmospheric circulation (e.g.,
tal wavelengths of 200 km, moving in the opposite direction Fritts, 1984, 1989; Fritts and Alexander, 2003).

than the mean background wind. From the derived down- To study the dynamical coupling processes, a highly
ward energy propagation it is supposed, that these waves agoordinated rocket and ground-based program MaCWAVE
likely generated by a jet streak in the upper troposphere. ThéMountainand Convective Waves AscendingVErtically)
parameters of the jet-induced gravity waves have been estwas performed at the Norwegian Andgya Rocket Range
mated at both sites separately. The identified gravity wave§ARR) near Andenes (69}, 16°E) and the Swedish
are coherent at both locations and show higher amplitudes offocket Range (ESRANGE) near Kiruna 6719 21.1 E),

the east-side of the Scandinavian mountain ridge, as expectedf first during summer conditions in July 2002 and contin-

by the influence of mountains. ued with a winter campaign in January 2003. The cam-
paigns were designed to investigate gravity waves linked to

Correspondence to: P. Hoffmann the Scandinavian mountain ridge, to track these waves using

(hoffmann@iap-kborn.de) different instruments such as radar/rocket/lidar/radiosondes
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Table 1. Parameters of the VHF radar (ALWIN) at Andenes and the Esrange MST radar (ESRAD) at Kiruna.

ALWIN VHF Radar

Esrange MST Radar

Geographical location 69N, 16.CE 67.9N,21.9E
Operating frequency 53.5MHz 52.5 MHz
Peak power/duty cycle 36 kKW/5 % 72 kW/ 10%
Transmitting antenna 144 Yagi array 144 Yagi array
Antenna aperture (area)  1908m 2025n?
Half-power beam width  ® 5°

Pulse length 4us 4us

N of transmitter/receiver 6 6

Code Single pulse Single pulse
Coherent integration 256 256

Vertical resolution 300m 300m
Altitude range 2-16km 2-16 km
Time resolution ~2min ~2min
Methods DBS, SA(FCA) SA(FCA)

data from troposphere up to the mesosphere, and to de- The paper is organized as follows. After a short descrip-
tect energy dissipation in the upper atmosphere produced btion of the used radars in Se@, the meteorological back-
wave breaking. For more details on both campaigns we reground for the inertia gravity wave generation is discussed
fer the reader to Goldberg et al. (2004, 2006). During thein Sect. 3. Section 4 is devoted to the estimation of iner-
first MaCWAVE summer campaign, investigations of gravity tia gravity wave characteristics for each radar location sepa-
waves in the troposphere and stratosphere have been carrieately and by a complex cross-spectral analysis of the data of
out using combined radar and lidar data (&dhet al., 2004).  both radars during the period from 24—-26 January 2003 with
Here we report on measurements of upper tropospheri¢he strongest gravity wave activity. The main results are dis-
and lower stratospheric gravity waves at two different lo- cussed in Sect. 5 and we give concluding remarks in Sect. 6.
cations near the Scandinavian mountain ridge obtained with
continuous VHF radar observations during the MaCWAVE
winter campaign in January 2003. The use of two collocated2 ALOMAR VHF radar (ALWIN) and Esrange MST
radars allows us to identify common wave events and to dis- radar (ESRAD)
cuss temporal and spatial differences of the observed waves.
This a continuative paper to our investigations of the proper-The investigations presented here are based on observations
ties of inertia gravity waves in the upper troposphere/lowermainly made by collocated radars at high latitudes in the
stratosphere over Northern Germany where the influence oficinity of the Scandinavian mountain ridge. We processed
orographically excited waves are weak and an upper tropoeata from the ALOMAR VHF radar (ALWIN) in Andenes
spheric jet occurred in connection with a poleward Rossbyand Esrange MST radar (ESRAD) in Kiruna. Details of
wave breaking event in December 1999 (Peters et al., 2003he radar parameters used are summarized in Table 1. Both
Serafimovich et al., 2005). radars, the ALWIN radar in Andenes and ESRAD radar in
In this paper we are mainly focussing on the investiga-Kiruna are separated by about 260 km and have comparable
tion of inertia gravity waves (IGW) induced by a jet streak characteristics. They are using the same antenna size and
in the upper troposphere under the presence of strong orgiearly the same operation frequency 53.5 and 52.0 MHz.
graphically induced waves. For this purpose the inertia grav- The ESRAD radar (Chilson et al., 1999) as well as the
ity waves at both sides of the Scandinavian mountain ridgeALWIN radar (Latteck et al., 1999) are measuring wind com-
have been filtered out from the background winds and mounponents in the Stratospheric-Tropospheric (ST) mode at the
tain waves. In a companion paper (Part Il, Serafimovichheight range of 2—-16 km with a resolution in height of 300 m
et al., 2006), comparisons of inertia gravity wave propertiesand in time of 2min. The transmitter and the data acquisi-
diagnosed from observations with the ALWIN radar at An- tion system were built by ATRAD (Atmospheric Radar Sys-
denes and mesoscale MM5 model data are presented, resutems Pty. Ltd, Thebarton, S.A., Australia). Wind measure-
ing in a fairly well agreement, and the capabilities of both ments are carried out in the Spaced Antenna (SA) mode using
methods for the analysis of such processes are proved. the Full Correlation Analysis (FCA) method and additionally
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for the ALWIN radar by the Doppler-Beam-Swinging (DBS) Wind vectors [m/s]
method. For further investigations in this work the data aver-
aging over 30 min intervals is sufficient to estimate parameter
of inertia gravity waves. In order to avoid missing values in

the time series caused by low signal-to-noise ratios of the
backscattered radar signals, only height channels up to about

14 km have been evaluated. £°
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3 Meteorological background

The MaCWAVE winter campaign were performed at An-

denes and Kiruna at two periods from 24-26 January and Wi vontors ]
from 28-29 January 2003 (Goldberg et al., 2006). Figure 1 =
shows the zonal winds derived from ECMWF (European o
Center for Medium-Range Weather Forecast) analysis for the
500 hPa level corresponding to a height of about 6 km for 7
both periods. On 24 January 2003 during the first part of the
campaign (Fig. 1, upper panel), an north-eastward directedz®
jet stream occurs across the Scandinavian mountains with &
centre south of the Andgya-Esrange region in Northern Scan-" =
dinavia. During the second part of the MaCWAVE winter
campaign from 28-29 January 2003 (Fig. 1, lower panel) <
the centre of the jet stream is placed over Central Europe
and the horizontal winds over Northern Scandinavia turned =
to weaker northwesterlies.
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mean winter behaviour, Fig. 2 represents the ECMWF ZonaF.ig- 1. Zonal wind and wind vectors derived from ECMWF analy-
winds at (69 N, 16° E) near Andenes during both periods of SiS for the 500 hPa level at 24 January 2003, 12:00 UT (upper panel)

the MacWAVE winter campaign on 24—26 January and 28-2nd 28 January 2003, 12:00 UT (lower panel).
29 January 2003, respectively, in comparison to the clima-

tologically zonal winds of the mean winter months Decem-

ber, January and February from 1991-2001. The zonal wind Data analyses

shows two significant peaks at about 9 and 30 km during the . :

first period (Fig. 2, left part). On 28-29 January during the 4.1 Detection of gravity waves

second part of the winter campaign (Fig. 2, right part), the
tropospheric jet in the zonal wind disappeared.

The calculation of gravity wave parameters is based on wind
perturbations, which have been estimated from the wind

In Fig. 3 the mean winds derived for both radar locations measurements after linear interpolations to substitute miss-
on the east and west side of the Scandinavian mountain rujg@lQ values following by an appropriate broad band-pass fil-
are presented. The temporal development of the zonal wingering in height and time to remove the background winds.
(Fig. 3a) is characterized by an oscillation with a period of g pnose, that the perturbations are described by variations

about 1-2 days with maxima-40 ms 1) of the zonal wind of amplitudesu(x, y, z, ) of the wind components
on 24 January at both locations, whereas the maxima in the

meridional wind (30 ms™!) (Fig. 3b) occur approximately a(x,y, z,1) = ag - expli(kx + Ly + mz — wept)),
12 h later. Note that the zonal winds are larger at Kiruna by

1)

~10ms ! (Figs. 3c and d) as expected due to the amplifica-wherea can be perturbations of zonal or meridionalv’
tion by mountain waves (Queney, 1948; Smith, 1979). How-winds, temperaturd” or pressurep’ with a timer. The

ever, further investigations are required to understand thesgonal, meridional and vertical wave numbers are denoted by

processes in more detail. During the second part of the wink, [ andm in x-, y-, z-directions, respectively, and, is

ter MaCWAVE campaign on 28-29 January 2003, the windthe wave frequency observed at a fixed location. With the

variations occur markedly weaker at both radar locations inDoppler relation
comparison to the period from 24—26 January 2003, consis-
tent with the ECMWF results shown in Fig. 1. wep = ® + uky,

www.ann-geophys.net/24/2851/2006/
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Fig. 2. Mean climatologic zonal winds derived from ECMWF data (red) af (8916° E) near Andenes in comparison to the winds during
both periods of the MaCWAVE winter campaign (blue) on 24-26 January 2003 (left) and 28-29 January 2003 (right). The variances are
represented by the dashed lines.
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Fig. 3. Mean zonal and meridional winds measured at Andéagk) and Kiruna(c, d) from 23-29 January 2003. The data are smoothed
using a low-pass filter with cut-off frequencies corresponding to 4 h in time and 600 m in altitude.

wop depends on the intrinsic frequendy, the horizontal  priate filter parameters, a wavelet transform has been applied
wave numbertk,=+k%+1? and the mean background hori- (Torrence and Compo, 1998; Zink and Vincent, 2001). This
zontal wind componeni given in the same direction as the technique is becoming a common tool for analysing local-
horizontal wave numbel;,. Corresponding to Zink and Vin- ized variations due to their possibilities to resolve the waves
cent (2001), we adopt here the convention of a positive intrin-in frequency domain as well as in the time or height. Details
sic frequencyw and define a negative vertical wave number of the methods used here are presented in Serafimovich et al.
m for waves propagating energy upwards. (2005).

The perturbations are characterized by a superposition of In order to examine the height-time distribution of the
atmospheric waves with different frequencies. In order towind perturbations over the whole period of the MaCWAVE
estimate inertia gravity wave parameters, individual waveswinter campaign, the background winds have been removed
have to be separated or isolated by the application of reasorwith a band-pass filtering with bandwidths of 2—40h in time
able band-pass filtering methods. To detect the presence @nd 0.8—6km in height. Then we used the summarized
a wave in the data and to avoid arbitrary choices of inappro-scaled-averaged wavelet power as proposed by Torrence and

Ann. Geophys., 24, 2851-2862, 2006 www.ann-geophys.net/24/2851/2006/
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Fig. 4. Sum of variances of zonal and meridional winds for periods 4—40 h (upper part) and 2—8 h (lower part), derived from ALWIN VHF
radar measurements at Andenes.

Compo (1998). This method is very efficient and comparablein Figs. 4 and 5. An appropriate method to check the pres-
to the variances estimated after a classical Butterworth bandence of waves in the atmosphere consists in the evaluation
pass filtering. Here the variances have been estimated frorof the rotary spectra (Thompson, 1978). The calculation of
the zonal and zonal and meridional winds at different heightsthe rotary spectrum by the Fourier transform of the complex
at Andenes and Kiruna for periods between 4-40h and bevelocity vectoru’(z)+iv’(z) leads to an asymmetrical func-
tween 2-8 h, respectively (Figs. 4 and 5). For periods betion. The dominance of clockwise (counterclockwise) rotat-
tween 4-40 h at Andenes (Fig. 4, upper panel), the strongeshg waves are associated with negative (positive) frequencies
values of the summarized variances of zonal and meridionain the rotary power spectrum and allows directly to estimate
winds occur at heights between 6—10 km during the first parthe vertical direction of energy propagation (Guest et al.,
of the winter MaCWAVE campaign on 24-26 January. The 2000). This method has been used by Peters et al. (2003)
variances for periods between 4-40h at Kiruna from 24—and Serafimovich et al. (2005) to diagnose an inertia gravity
26 January (Fig. 5, upper panel) are stronger than the comwave generated by a tropospheric jet during a Rossby wave
responding Andenes values, also at heights above 10 km asreaking event.
expected due to additional orographic effects. Considering
the variances between 2-8 h with weaker values on 25-26 Figure 6 shows the rotary spectra for Andenes and for
January at Andenes (Fig. 4, lower panel) and from 24-26kjruna derived from wind perturbations from 1.5-12.4 km
January at Kiruna (Fig. 5, lower panel) we conclude, that theonly filtered in time for periods between 8-18h, but here
largest part of the observed variances results from the gravityyithout any filtering in the vertical direction in order to de-
waves with periods larger than 8 h. During the second part okcribe the vertical structure. At Andenes (Fig. 6a) the pres-
the campaign from 28-29 January 2003 no strong wave acence of two waves is clearly indicated: one dominating wave
tivity has been observed in the upper troposphere at Andenegith a vertical wavelength of about10km and a second
(Fig. 4) and Kiruna (Fig. 5). wave with a vertical wavelength of about 4-5 km. At Kiruna
Note that mountain waves generated by a steady backen the lee side of the Scandinavian mountain ridge (Fig. 6b),
ground flow are regarded as stationary relative to the groundhe amplitudes of a dominating wave with a vertical wave-
(Vosper and Worthington, 2002). Therefore the presence ofength of about 7-8 km are larger in comparison to the An-
mountain waves cannot be detected with the method usedenes results.

www.ann-geophys.net/24/2851/2006/ Ann. Geophys., 24, 2851-2862, 2006
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Fig. 5. As Fig. 4, but derived from ESRAD VHF radar measurements at Kiruna.
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Fig. 6. Results of rotary spectra averaged for 12 h starting on 24 January 2003, 00:00 UT applied on Radar measurements é)Andenes
and at Kirungb) after band-pass filtering only in the time domain for periods from 8-18 h.

From the dominance of the negative parts of the spectrgd1989) and has been compared with models by Vosper and
of the wave with the vertical wavelength of about 10 km at Worthington (2002). As indicated in the mean profile of the
Andenes and about 7-8 km at Kiruna, we conclude that thesgertical winds (Fig. 7, left) and by the horizontal lines in the
waves show upward directed energy propagations. Followtight part of Fig. 7, we detect a vertical distance of about 5 km
ing Queney (1948) and taking into account, that the mearbetween maxima and minima of the vertical winds on 24-25
flow is directed perpendicular to the Scandinavian mountainJanuary 2003, consistent with the estimated vertical wave-
ridge, we suppose, that these waves represent orographicallgngth of ~10km derived from the rotary spectra (Fig. 6).
generated mountain waves. This is also supported by the velNote that the height-time plot of the vertical velocity shows
tical velocities measured with the ALWIN VHF radar in DBS a phase change during 24 and 25 January, in correspondence
mode (Fig.7). The method to use vertical winds measured byto the changing mean horizontal winds (Fig. 3). Such a be-
VHF radars as indications of mountain waves has been prohaviour is characteristic for transient mountain waves as de-
posed, e.g., by Ecklund et al. (1981), or Balsley and Carterscribed by Vosper and Worthington (2002). From Figs. 6 and

Ann. Geophys., 24, 2851-2862, 2006 www.ann-geophys.net/24/2851/2006/
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7 we concllude that at Andenes an unsteady mountain WaVeaple 2. Stokes parameters derived from radar measurements on
with a vertical wavelength of about 10km appeared which 5 january 2003 for 1h starting from 09:00 UT and averaged in
has a shorter wavelength on the easterly side of the Scandigavelengths from 3.8 km to 6.4 km.

navian mountains.

In the following we are focussing on the investigation Stokes parameters Andenes  Kiruna
of the inertia gravity waves with vertical wavelengths of
about 5km and their relation to the observed jet in the up- Degree of polarizationdy m, 0.95 096
per troposphere, however under the influence of the moun- Major axis orientation®, ,,m, —12° —22°
tain waves. To separate and identify these waves and con-  Phase differencé, m, —104 125
sider their height and time dependence at both radar loca- Ellipse axial ratio,Ry, m, 0.54 042

tions, 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 inter- S
vals. Figure 8 (upper panel) shows the wavelet transform ofV€ assume that these waves are generated by the jet in the
the time series averaged over the altitude ranges 6—7 km foyPPEr troposphere. . _ )
Andenes (Fig. 8a) and for Kiruna (Fig. 8c). Enhanced wave The hodograph analysis has been introduced by Gill

activity has been observed on 24—26 January 2003 in the up(1982) in connection with a rotating fluid _anq applied first to
per troposphere with dominant periods of about 12—-14 h, thd GWs by Cot and Barat (1986). The application of the hodo-

amplitudes and their significance are higher at Kiruna. Fig-9raph analysis on the radar measurements at Andenes and

ure 8 (lower panel) represents the wavelet transforms of verKiruna is shown in Fig. 10 for upper tropospheric heights.
tical profiles of horizontal winds averaged over 2 h during pe-!n Poth cases, the ellipses have an anticlockwise rotational
riods with enhanced wave activity for Andenes (Fig. 8b) andS€nse which in the northern hemisphere is related to a down-
for Kiruna (Fig. 8d) showing dominant vertical wavelengths ward energy propggatmn. The ratios O_f the major t_o the mi-
of ~4-5km, again with larger amplitudes at Kiruna. The NOT 8xes of the ellipses, correspond without any wind shear
significance levels and values influenced by boundary effect§T€Ct t0 an intrinsic period of 5.2h at Andenes and 6.4 h at

are indicated. For details we refer the reader to Torrence an§iruna, respectively. The horizontal propagation of these in-
Compo (1998) and Serafimovich et al. (2005). ertia gravity waves can be derived from the orientation of

the ellipses with an uncertainty of 18Without additional
knowledge of temperature or vertical wind perturbations, re-
sulting here to—12° at Andenes and-42° at Kiruna. This
difference may be appear as too large, however, we have to
To investigate the characteristics of these gravity waves in degonsider that the hodograph is only a snapshot and applicable
tail, we used the information of the wavelet spectra (Fig. 8),for monochromatic waves.
and applied a band-pass filtering with bandwidths 8-18 hand |, 4qdition, Vincent and Fritts (1987) and Eckermann and
2-6km 'Fo estimate and separate wind perturbations from th&;ncent (1989) presented a Stokes-parameter method which
mean winds. results in a set of gravity wave parameters comparable to
With the derived zonal and meridional wind perturbations, those of the hodograph analysis, but with the possibility to
we use the hodograph technique and the rotary spectra to eaverage over the duration of the wave and selected verti-
timate the parameter of the inertia gravity waves and theircal wave number bands e [m1, m»]. We applied here
relation to the observed jet in the upper troposphere. Boththis method on both radar measurements at Andenes and
methods have been described in detail by Serafimovich et aKiruna during the period with strongest wave activity for
(2005). The rotary spectrum has already been applied on thgertical wave numbers1, m corresponding to wavelengths
wind perturbations without any height filtering (Fig. 6) indi- between 3.8-6.4km, respectively. Mean results using the
cating the presence of two waves. Stokes-parameter analysis are presented in Table 2. Note
Figure 9 represents the rotary spectra applied on wind perthat again the derived parameters as the degree of polariza-
turbations after a band-pass filtering with bandwidths fortion, d, ..,, the major axis orientation, describing the wave
waves with periods of 8-18 h and vertical wavelengths be-propagation directiom®,,, ., for Andenes and Kiruna with
tween 2 and 6 km. The differences between the positive analues of—12° and—22°, respectively, as well as the ellipse
negative parts of the spectra are significant by more than 95%xial ratioR,,, », are comparable at both locations and to the
as labeled by the circles, triangles and diamonds. This resuindependent hodograph analyses.
clearly indicates the presence of inertia gravity waves with These results are in a sufficient agreement with the hodo-
a vertical wavelength of about 5 km at Andenes and Kiruna.graph of the wind fluctuations derived from a high-resolution
From the dominance of the positive parts of the spectra aballoon sounding (Fig. 11) launched at Andenes in the
both locations, we conclude that these waves show downframe of the MaC-WAVE campaign. Following Guest et al.
ward directed energy propagations in the troposphere, so thgR000) and Peters et al. (2003), the wind fluctuations were

4.2 Estimation of gravity wave parameter

www.ann-geophys.net/24/2851/2006/ Ann. Geophys., 24, 2851-2862, 2006
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Fig. 7. Vertical winds derived from DBS measurements with the ALWIN VHF radar at Andenes. Left part: Mean profile averaged over 2 h
on 25 January 2003. Right part: Variations of the vertical winds during the period from 23-25 January 2003. The horizontal lines indicate
the distance between maxima and minima of the vertical winds.
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Fig. 8. Sum of the wavelet spectra applied to the zonal and meridional winds. The uppe(aas)edhows the Morlet wavelet transform

of the time series averaged over the altitude ranges 6—7 km. The lower(padgkhows the averaged in time Paul wavelet transforms of
vertical profiles of horizontal winds. Wind measurements at Andenes (a, b) and Kiruna (c, d) have been used. Bold green lines indicate
regions with 95 % significance level, shaded areas mark zones where boundary effects appear.

determined by the differences between the measured values
and a polynomial fit of 4th order for each component applied
on tropospheric heights. From the ratio of the major to thep _
minor axis of the ellipse, we estimate an intrinsic period of
4.2 h. The ellipse with an orientation of abet83° shows an

anticlockwise rotational sense corresponding to a downward"er_e the vertical win_d kil effect_ in_the background wind,
directed energy propagation. as introduced by Hines (1989), is included by the term

dv/9z, wherev denotes the mean horizontal wind compo-

nent perpendicular to the wave propagation. The dispersion
To estimate the intrinsic frequency and the horizontal  relationship is given by

wave numbek; of a gravity wave, we use the polarization,
dispersion and Doppler equations. The polarization reIationA2 ) Nzk,f 2fky 00

CISpe! _ g2 N0 2SR OV 4
is defined as o= fC+ P P 4)

fo k0w
O mbdazl|

©)
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Fig. 9. Results of rotary spectra,(A, ¢ — significance levels) applied to radar wind perturbations after a band-pass filtering with bandwidths
of 8-18 h in time and 2—-6 km in height. The spectra are averaged for 12 h starting on 24 January 2003, 12:00 UT af@ralethes 24
January 2003, 16:00 UT at Kirurfb).
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Fig. 10. Results of hodograph analysis (solid line — measured profiles, dashed line — fitted llipssarting point of the hodograph)
applied to radar measurements at Andeg@@en 24 January 2003, 15:00 UT and at Kiryiba on 24 January 2003, 17:00 UT.

The Doppler relationship is given by Eq. (2). The Coriolis Based on the wavelet transform of the radar measurements

frequency f. depends on the geographical latitude and hasat Andenes and Kiruna (Fig. 8a, ¢) we found a common wave

been calculated for both radar locations. The Bruatsfa  at both locations on 24 January with a period of about 13 h.

frequencyN (z) can be estimated from radiosonde or lidar Note that the high variability of the background winds shows

temperature soundings. In the absence of temperature imearly no impact on the obtained wavelet spectra. Further-

formation in the case of pure radar investigation, the mearmore, the direction of the wave propagation at Andenes is

Brunt-Vaisala frequency is selected here with a typical value nearly the same as at Kiruna (Table 2). It gives us a good

of 0.013s1 for the troposphere. ability to apply the cross-spectral analysis as detailed de-
Using the results of the Stokes-parameter analysis appliedcribed in Serafimovich et al. (2005). The cross spectrum of

to the case study presented here (Table 2), the solution ahe zonal winds measured at Andenes and Kiruna is shown

Egs. (3) and (4) leads to the final gravity parameter given inin Fig. 12.

Table 3, where the Doppler relation (2) is used to solve the In this case study over Northern Scandinavia we obtained

sign ambiguity of the horizontal wave numbegr. Note, that  a peak in the cross power spectrum at a pefigdof ~13h

due to the high variability of the background winds during (Fig. 12a). This peak is significant as shown by the coherency

the MaCWAVE winter campaign, a direct evaluation of the spectrum (Fig. 12b). Thus we conclude, that the presented

Doppler relation between observed and intrinsic frequencyresults for both locations are linked to the same wave.

is unreasonable. Characteristic parameters like the horizon-

tal wavelengths, the phase and group velocities as well as

the orientation of the horizontal propagation show reason5 Discussion

able agreements for the wave events with observed periods

of about 13 h, identified and filtered out at both locations be-In the frame of the MaCWAVE winter campaign in January

fore and behind the Scandinavian mountain ridge. 2003 we show that collocated VHF radar measurements can

www.ann-geophys.net/24/2851/2006/ Ann. Geophys., 24, 2851-2862, 2006
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Table 3. Gravity waves parameters derived from the results of the Stokes-parameter analysis as shown in Table 2 for the radar measurement
at Andenes and Kiruna.

IGW parameters Andenes Kiruna
Intrinsic period, Z/®,h 5.6 4.3
Observed period,2/w,p,h 12.8 12.8
Vertical wavenumber;,m—1 1.37x103  1.31x10°3
Vertical wavelength, 2/|m|,km 4.6 4.8
Horizontal wavenumbety,,m—1 —2.72x107° —3.61x10°°
Horizontal wavelength,2/|k;|,km 231 174
Horizontal phase velocity; ,;,,ms™* —115 ~11.2
Vertical phase velocityy,;,ms™t 0.23 0.31
Horizontal group velocity(;gh,ms*l -8.8 -9.6
Vertical group velocitycgz,ms_l —0.175 —0.265
Wind shear componentp/dz,s~1 1.7x10°3 1.2x10°3
5 ward directed energy propagation having a vertical wave-
7 24:3“_5223?&“ length of ~5km. Furthermore, a mountain wave with an
4 o upward directed energy propagation was found which shows
3 ] a vertical wavelength of-10 km at Andenes, but larger am-
i plitudes with a shorter vertical wavelengttv’{ km) on the
2 — lee side of the Scandinavian mountain ridge at Kiruna. Pos-
. sible explanations for these observed shorter vertical wave-
_ T lengths at Kiruna could be related to differences of the back-
é 0 ] ground winds at both locations and to stronger lee waves at
s i Kiruna leading to changed superpositions of all waves. How-
A — ever, such studies remain a topic for future mesoscale model
. simulations. Additionally, the height-time plot of the verti-
2 cal winds at Andenes (Fig. 7) indicates transient mountain
] waves as shown by the phase changes during periods with
3 — ) ) . . .
i changing horizontal winds (Fig. 3). Such an evolution due
4 — to a varying mean flow towards the mountains has been dis-
. cussed by Vosper and Worthington (2002) in more details.
5 I L L L B Y However, the influence of the mountain waves on the inertia
5 4 3 0 1 PR gravity waves as well as possible interactions remain a topic
U' [m/s] of a future study.
Fig. 11. Hodograph of tropospheric wind fluctuations derived ~ Focussing on the inertia gravity waves with shorter ver-

from high-resolution balloon sounding launched near Andenes atical wavelengths, a wavelet transform has been applied to
~22:30 UT on 24 January 2003 at Andenes. The data are averageseparate these waves from the mountain waves and to inves-
over 300 m. The dashed line shows the fitted ellipse, the red crosfigate the height and time dependencies of the inertia gravity
marks the starting point. waves at both radar locations. Figure 8 shows dominant ver-
tical wavelengths of about 4-5km and dominant observed
periods of about 13—-14 h in the altitude range between 5 and
be used to identify and to investigate inertia gravity waves ing km with higher amplitudes on the lee side of the Scan-
the troposphere/lower stratosphere. During the first part ofdinavian mountain ridge at Kiruna, probably caused by an
the campaign, we detected an enhanced activity of differenamplification due to the mountain waves. From the identi-
gravity waves with observed periods larger than 8 h (Figs. 4fied downward energy propagation (Fi§s.10, and 11) we
and 5) in connection with an eastward directed jet streanfound that the waves are likely generated by the jet streak
towards the Scandinavian mountains (Fig. 1). in the upper troposphere. This assumption is supported by
The evaluation of the rotary spectra (Figs. 6 and 9) resultdnvestigations of Zlicke and Peters (2006) using model sim-
in the detection of an inertia gravity wave packet with down- ulations of inertia gravity waves mainly generated through
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Fig. 12. Cross-power spectrum between radar measurements at Andenes and Kiruna for the time from 24 January 2003, 00:00 UT to 26
January 2003, 24:00 UT, averaged over the height range from 4 km to 8 km. Left part: Amplitude (black) and phase difference (red). Right
part: Coherency spectra.

spontaneous radiation in the exit region of the upper tropo- Gravity wave parameters estimated by the analysis of radar
spheric jet. measurements at Andenes and Kiruna separately are in qual-
The parameter of these inertia gravity waves were estiitatively good agreement. During the first period, wavelet
mated by the Stokes analysis of the radar measurements ttansformations reflect similar wave structures in the upper
Andenes and Kiruna separately (Table 3), and are in a qualtroposphere at both locations. Under the influence of a tran-
itatively good agreement, what we expect if the radars de-sient mountain wave, the results show the appearance of co-
tect the same wave packet. The results show the appeaherent dominating inertia gravity waves moving in the oppo-
ance of coherent dominating inertia gravity waves with ver- site direction than the mean background wind. Both meth-
tical wavelengths of-5 km and intrinsic periods in the order ods, the rotary spectra and the hodograph technique, yield to
of ~5h. These waves with characteristic horizontal wave-downward energy propagations, so that the identified gravity
lengths of 200 km are moving in the opposite direction thanwave packet is likely generated by the jet streak in the upper
the mean background wind. troposphere. On the east-side of the Scandinavian mountain
Furthermore, the data during the first part of the winter ridge the inertia gravity waves show higher amplitudes as an
MaCWAVE campaign have been used in a companion paindication of the influence of mountain waves.
per (Part I, Serafimovich et al., 2006) for estimations of the In a companion paper (Part I, Serafimovich et al., 2006),
gravity wave induced vertical fluxes of horizontal momentum gravity wave induced vertical fluxes of horizontal momentum
and for comparisons between observations and mesoscabee estimated and comparisons are presented between obser-
MM5 model simulations of inertia gravity waves. vations and mesoscale MM5 model results. The model data
During the second part of the campaign on 28-29 Januarggree with the experimentally obtained results fairly well and
2003 nearly no wave activity has been observed in the upthe capabilities of both methods, the VHF radar observa-
per troposphere at Andenes (Fig. 4) and Kiruna (Fig. 5) adions with their high temporal and vertical resolutions and
expected by the weaker stream directed more parallel to théhe model analyses to get more insight in the atmospheric
Scandinavian mountains. processes, have been proved.
Further analyses of unsteady mountain waves generated
in that region and investigations of their interactions with
6 Conclusion the identified jet induced inertia gravity waves are necessary.
Combined model analysis in connection with observations
We presented here an experimental study of inertia gravwill contribute to understand such processes.
ity waves in the upper troposphere near the Scandinavian
mquntaln Rldge In_the frame of the MaCWAVE er_1ter cam- Acknowledgements. The authors thank their colleagues for the sup-
paign. Using continuous radar measurements W'th the AL'port to operate the VHF radars, additionally supported by an “Ac-
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found, that the strongest gravity wave activity in the tropo- 506208 of the European Community. The data supply from
sphere occurred during the first part of the winter MaCWAVE ECMWF via the German Meteorological Service “Deutscher Wet-
campaign on 24-26 January, whereas during the second pa#rdienst” (DWD) is acknowledged.
of the campaign on 28—-29 January 2003 nearly no wave ac- Topical Editor U.-P. Hoppe thanks P. Chilson and another ref-
tivity has been observed. eree for their help in evaluating this paper.
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