Ann. Geophys., 24, 2862875 2006 ~ "*
www.ann-geophys.net/24/2863/2006/ G Ann_ales
© European Geosciences Union 2006 Geophysicae

Inertia gravity waves in the upper troposphere during the
MaCWAVE winter campaign — Part |l: Radar investigations and
modelling studies

A. Serafimovicht, Ch. Zilickel, P. Hoffmannt, D. Peterd, P. Dalin?, and W. Singer*

1L eibniz-Institut fir Atmosplarenphysik, Kihlungsborn, Germany
2Swedish Institute of Space Physics, Kiruna, Sweden

Received: 6 March 2006 — Revised: 16 September 2006 — Accepted: 18 October 2006 — Published: 21 November 2006

Abstract. We present an experimental and modelling study1l Introduction
of a strong gravity wave event in the upper troposphere/lower
stratosphere near the Scandinavian mountain ridge. ContinuGravity waves are an essential part of the dynamics of the
ous VHF radar measurements during the MaCWAVE rocketatmosphere on a wide band of meteorological scales. Propa-
and ground-based measurement campaign were performeghting to higher altitudes, the gravity wave amplitude gener-
at the Norwegian Andoya Rocket Range (ARR) near An-ally increases due to the exponential decrease in atmospheric
denes (69.3N, 16°E) in January 2003. Detailed gravity density with height, until the waves encounter their break-
wave investigations based on PSU/NCAR Fifth-Generationing level. Here, the amplitude is so large that entailed atmo-
Mesoscale Model (MM5) data have been used for comparspheric changes become irreversible and the waves deposit
ison with experimentally obtained results. The model dataenergy and momentum into the mean fldvingizen 1981,
show the presence of a mountain wave and of an inertia gravHolton, 1982. Over the last decades, a multitude of experi-
ity wave generated by a jet streak near the tropopause remental observations, theoretical and modelling studies have
gion. Temporal and spatial dependencies of jet induced inconsiderably improved our understanding of gravity waves
ertia gravity waves with dominant observed periods of aboutand their effects on the atmosphere (&gtts, 1984 1989
13 h and vertical wavelengths 6f4.5-5km are investigated Fritts and Alexander2003. It is generally accepted that the
with wavelet transform applied on radar measurements anenain gravity wave sources in the lower and middle atmo-
model data. The jet induced wave packet is observed tGphere are orographic forcin@Réttger, 2000, jet streams
move upstream and downward in the upper troposphere. Thi the tropopause regiorPlougonven et a1.2003 Ziilicke
model data agree with the experimentally obtained resultsand Peter2006, deep convection processéastrom et al.
fairly well. Possible reasons for the observed differences,199Q Alexander and Holtor2004), wave-wave interactions
e.g. in the time of maximum of the wave activity, are dis- (Ruster 1994, thunderstormsGhimonas and Nappd987).
cussed. Finally, the vertical fluxes of horizontal momentum Orographically generated gravity waves with upward propa-
are estimated with different methods and provide similar am-gation can be expected in the presence of strong winds in the
plitudes. We found indications that the derived positive ver-lower troposphere. However, such a meteorological situation
tical flux of the horizontal momentum corresponds to the ob-is often coupled with strong winds in the tropopause level,
tained parameters of the jet-induced inertia gravity wave, butwhich can also be associated with sub-inertial waves gener-
only at the periods and heights of the strongest wave activityated from a jet in the tropopause region. This generation pro-
cess has previously been shown to produces both upward and
downward propagating waveB€ters et a]2003. Hence, it
Keywords. Meteorology and atmospheric dynamics is an important task to detect and quantify both mountain and
(Mesoscale meteorology; Middle atmosphere dynamicsjet generated inertia gravity waves.
Waves and tides) Detailed reports on VHF radar observations of jet-induced
gravity waves have been given Bjiomas et al(1999 and
Pavelin and Whiteway2002. Buss et al(2004 report on
model analyses of jet stream induced gravity waves associ-
Correspondence td?. Hoffmann ated with polar stratospheric clouds. Receritlgrtzog et al.
(hoffmann@iap-kborn.de) (2002 compared in situ observations of gravity waves using
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long-duration balloons with numerical simulations on grav- and vertical winds, Doppler beam radars open the possibil-
ity waves during the SAGE Il — Ozone Loss and Validation ity to make estimates of the momentum fluxes straightfor-
Experiment and Third European Stratospheric Experimentvard using two tilted radial beam¥ificent and Reid1983.
on Ozone 2000 (SOLVE/THESEOQ) campaign and showedHere, the available data will be used for an intercomparison
a generation of gravity waves by a flow across the Norwe-of these methods.
gian mountains. According to their work, the mesoscale The paper is organized as follows. In Se2tthe data
model simulations reproduce most of the observed gravhbase used in this case study is presented. The meteorolog-
ity wave characteristics fairly well, whereas the fluctuationsical background for the generation of mountain and inertia
were significantly underestimated by the European Centegravity waves is described in Se8t.Sectiond is devoted to
for Medium-Range Weather Forecast (ECMWF) model. the estimation of jet induced inertia gravity wave character-
In this paper we study jet generated inertia gravity istics including their horizontal momentum fluxes. In Séct.
waves under the presence of orographically induced waveswye discuss our main results and give concluding remarks in
These investigations have been done in the frame of theSect.6.
MaCWAVE-project (Mountain and Convective Waves As-
cending Vertically) to study the vertical propagation of the
gravity waves up to the mesosphere and lower thermospherg Data base
region Goldberg et al.2004 2006, using radars and lidars,
supplemented by meteorological rockets and radiosondes. 2.1 VHF radar ALWIN
In a companion paper (Partioffmann et al. 2006 we
present experimental results of gravity waves in the uppeMe analysed data from the 53.5MHz ALOMAR Wind
troposphere/lower stratosphere at both sides of the Scand{ALWIN) VHF Radar in Andenesl(atteck et al.1999. The
navian mountain ridge using continuous VHF radar mea-radar is situated at high latitudes in the vicinity of western
surements near Andenes (69\8 16° E) and near Kiruna side of the Scandinavian mountain ridge (602 16° E) and
(67.2 N, 21.YE). For the period with strongest gravity measures wind parameters in the stratospheric-tropospheric
wave activity, here we selected one case study to compar¢ST) mode with a resolution of 300 m in height and 2 min in
experimentally obtained results with detailed gravity wavetime in the height range of 2-16 km, where the upper limit
analyses based on PSU/NCAR Fifth-Generation Mesoscalelepends on the signal-to-noise ratio of the backscattered sig-
Model (MM5) calculations. The application of mesoscale nal. For further investigations in this work, the data are
circulation models to the generation of mountain and jet gen-averaged over 30 min intervals. The full description of the
erated inertia gravity waves has been proven as useful foALWIN radar is given in a companion article (PartHpff-
the interpretation of observations due to the large amouninann et al.2006).
of consistent simulated data. Especially the detection and
interpretation of mountain waves which are generated by2.2 Mesoscale model MM5
a steady background flow and therefore appear as station-
ary relative to a fixed ground based measurement, will beThe MM5 model is used to examine the results de-
mainly supported by model simulations. Conversely, theirrived from the radar measurements during 24-26 January
degree of reality can be characterized from a validation with2003. It is a limited-area, nonhydrostatic, terrain-following
observations. This two-fold approach will be used in this sigma-coordinate model designed to simulate mesoscale and
study. Therefore, the main aim of this study is concentratedregional-scale atmospheric circulatidbudhig 1993 Grell
to check, how the mesoscale model simulations and the radast al, 1994). The simulation was centered at Andenes
measurements fit together and complement each other. and covered an area of 2880 kri2880 km with a horizon-
Gravity waves strongly affect atmospheric circulation tal resolution of 24km and a vertical resolution of 250 m.
and structure by transferring momentum and energy fromSuch a configuration allows a simulation of waves with hor-
their sources Holton, 1982 Fritts and VanZandt1993 izontal and vertical wavelengths larger thar170 km and
Gauvrilov et al, 1996. Measurements of the vertical trans- ~1.4 km, respectivelyZilicke and Peter2006. The com-
port of horizontal momentum are possible with aircraft- plex physics run was set up with a radiative upper bound-
mounted systemd {lly and Kennedy 1973, superpressure ary condition Zhang 2004, Grell cumulus parametrization
balloons Hertzog and Vial2001), mesosphere-stratosphere- (Grell, 1993 and the Dudhia scheme for microphysibBaifl-
troposphere (MST) radaF(kao et al.1988. From the ob-  hia, 1993 together with the Hong-Pan planetary boundary
servational point of view, it is difficult to measure the verti- layer module KHong and Pan199§. The USGS (United
cal velocity component with a sufficient accuracy. Although States Geological Survey) terrain data were used with spa-
radars in principle measure this quantity, the wave-attributedial resolution of 10 The initial and boundary conditions
variations are often superimposed with noise. Additionally were constructed from the ECMWF analyses. The model
to the direct computation of vertical fluxes using the covari- run was started at 00:00 UT 23 January 2003. The resulting
ances between perturbations of the zonal, meridional windsgata fields have been recorded for each hour.
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Fig. 1. Wind vectors and geopotential height derived from
ECMWEF analysis for the 300hPa level at 24 January 2003,
12:00 UT.
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3 General meteorological situation

Fig. 2. Mean zonal and meridional winds at Andenes measured by
In order to describe the meteorological background, Eig. the radara, b), derived from the MM5 mode(c, d) and from the
shows wind vectors and geopotential heights derived fromECMWF analysige, f) from 24-26 January 2003.
the ECMWF analyses at 12:00 UT on 24 January 2003 for
the 300 hPa level corresponding to a height-@&fkm.

The meteorological situation was determined by the oc-whereu andv are the zonal and meridional components of
currence of a poleward downstream breaking Rossby wavéhe vector wind fieldv along the horizontal axes and y,
(classified as P2 accordirieeters and Waugli996. This respectively.
event leads to a strong eastward directed jet near the The pattern of the horizontal divergence derived for 24
tropopause towards the Northern Scandinavian mountamganuary 2003 at 04:00 UT from MM5 model simulations are
mostly south of Andenes. shown as horizontal map at about 16 km height in Bitp-

3.1 ALWIN, ECMWF and MMS5 local winds gether Wlth the wind speed and geopqtentlal height at_abo.ut
8km and indicates strong wave activity above Scandinavia
Jwith apparent horizontal wavelengths of about 200 km. The

measured by the ALWIN radar (Fig, upper panel), the out- r_ed linein Fig.3_mar_ks th_e location of the vertical Cross sec-
put of the MM5 model (Fig2, middle panel) and results de- tion presented in Figd with the bold dot at the position of
rived from the ECMWF analysis (Fig, lower panel). MM5 Andenes.

model and ALWIN radar show good agreement in both loca- With reference to the vertical profile of the MM5 model
tion and timing of the background winds. However, in com- (Fig. 4) we see in the divergence pattern clear signals of a
parison with the ECMWF data, the advantage to investigateStationary mountain wave with a vertical wavelength of 8-
smaller-scale phenomena with mesoscale models is evidedtO km which is practically dominant abovel2 km height.

due to their higher temporal and vertical resolution suitableThey appear as upstream upwards inclined structures corre-
for the reproduction of winds and their variations measuredsponding to upward propagating energy which also confirms

Figure2 presents the zonal and meridional winds at Andene

by radar observations. the character of a mountain wave. The observed changes
of their phase angles abovel7 km height can be caused
3.2 Wave diagnostics by changes of the background windsifts and Alexander

_ 2003 or by variations of the wavenumbers.

The MM5 model captures the mesoscale structure quite well. -t g cture is slightly deformed at the tropopause level
Inertia graylty waves are associated with QeV|at|on§ from theat about~9km height. Above and below the jet, flatter
geostrophlc eqwhpnum. Thereforg the horlzqntal dlviergencewaves are also evident in Fig. They are clearly seen down-
is used as an_lnd|cator_ for a gravity wave field. Itis cOM- gream the mountains and weakly upstream. These waves
monly written in Cartesian coordinates have vertical wavelengths in the order of 3km. According

du v to Peters et al(2003, there are propagating away from the
Vi v = 9 +5-#0 (1) jet. The inspection of the temporal development of the wave

www.ann-geophys.net/24/2863/2006/ Ann. Geophys., 24, 2B555-2006
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Fig. 3. Horizontal map with wind speed (dotted green) and geopotential height of 356-h®&r) combined with divergence (blue/red)

at 100 hPa+ 16 km) derived for 24 January 2003 at 04:00 UT from MMS5 simulations. The red line marks the location of the vertical cross
section presented in Fig.with the bold dot at the position of Andenes. The upper and right axis show latitude and longitude, while left and
lower axis show the number of meridional and zonal model grid points (horizontal resolution = 24 km).

patterns (not shown here) revealed wave packets propagapaign byHoffmann et al(2006. In Sect.4.2we will apply
ing upwards in the stratosphere and downwards in the trothis method in more detail to investigate the jet generated
posphere. Hence, the energy source of such inertia gravityvaves. But at first, we describe the vertical structure influ-
waves is the tropospheric jet streak. Therefore, these wavesnced by both types of waves, generated by the mountains
are termed “jet generated wave&dgters et al2003. and by the upper tropospheric jet. Therefore, the rotary spec-
The rotary spectrum is an appropriate method to describdra have been created for the ALWIN radar data from 1.5—
the presence of atmospheric gravity waves, their verticall2.3km (Fig.5a) and for the model data from 0.9-18.9km
wavelengths and to get hints on their energies and vertica(Fig. 5b) without any filtering in the vertical direction, but
propagation directiondihompson1978 Guest et a].2000). only filtered in time for periods between 8-18 h in order to
This method has been used®gters et a(2003 to diagnose  reduce the influence of the jet observed with periods of about
an inertia gravity wave generated by a tropospheric jet dur24-36 h (Fig.2). The band pass-filter has been realized by
ing a Rossby wave breaking event. The application on radagpplication of the Fourier transformation technique.
measurements has been described in detaBdmafimovich The results from 24 January 2003 indicate the presence
et al.(2005 and in the frame of the MaCWAVE winter cam- of two waves. Unfortunately, the radar profile did not reach

Ann. Geophys., 24, 2862875 2006 www.ann-geophys.net/24/2863/2006/
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Fig. 4. \ertical cross section of the horizontal divergence (negative blue, positive red) and the wind speed (dotted green contours each
10 ms™1) along the line through Andenes (see red line in Bjgderived for 24 January 2003 at 04:00 UT from MM5 simulations.

high enough to sample the strong mountain wave appearing Jet generated inertia gravity waves
most clearly above 12 km. The flatter wave with a vertical

wavelength of 4km appears with its downward componentyomally, the wind perturbations are analyzed as superpo-
and corresponds to the model results (Figandsb), while  gjion of atmospheric waves with different frequencies. In

the upward component (above the jet) was not sampled by, ey 1 estimate inertia gravity wave parameters, individual

the radar. . . _ . waves have to be separated with objective statistical methods.
Corresponding to Fig4, the higher negative peaks in the

model data (Fig5b) with a vertical wavelength of about
~10 km describe the dominating upward propagating moun
tain wave. Additionally, the peaks with a vertical wavelength
of about~5km indicate the presence of an inertia gravity In order to detect the presence of a wave in the data, a
wave. The intensity of these peaks is not very different, prob-wavelet transform has been applietb{rence and Compo
ably caused by the contribution of both, upward and down-1998 Zink and Vincent 2001). This technique is becom-
ward propagation of these waves above and below the jeing a common tool for analyzing localized variations due to
maxima. In the next section we will investigate these wavestheir possibilities to resolve the waves in frequency domain
in more detalil. as well as in time or height.

4.1 Wavelet analysis

www.ann-geophys.net/24/2863/2006/ Ann. Geophys., 24, 2B555-2006
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Fig. 5. Results of rotary spectra derived from vertical profiles of horizontal winds at Andenes from ALWIN radar data in the height range
1.5-12.3km (left) and MM5 model data in the height range 0.9-18.9 km (right). The spectra are averaged for 12 h starting from 00:00 UT,
24 January 2003. The band-pass filtering has been used only in the time domain for periods from 8-18 h.

Wavelet transforms have been applied on time series off.2 Rotary spectrum
the zonal and meridional winds for constant height ranges as
well as on wind profiles versus height for fixed time intervals. As already discussed in Se@t2 the calculation of the ro-
The significance of the results depends on the mother waveld@ry spectrum allows directly to estimate the vertical direc-
and the sample length, which is reduced at the boundaries dfon of energy propagation. To identify a possible source of
the time and height intervals, respectively. To minimize suchthe gravity wave, Figz shows the rotary spectra derived from
border effects, we decided to apply the Paul wavelet on thevertical profiles of horizontal winds from ALWIN radar (left)
wind profiles due to their short record lengths. This waveletand MM5 model (right) data. In contrast to Fig. a two-
leads to a better height localization of the dominant verticaldimensional band-pass filtering was applied to the data with
wavelengths and smaller influences of the border effects, ag bandwidth of 8-18h in time and 2-8km in height to ex-
shown byTorrence and Comp@.998. For the wavelettrans- ~ clude the influence of the dominating mountain wave. The
forms of time series for constant heights the Morlet waveletrotary spectra of the radar data in the height range 3-9km
has been applied resulting in a better frequency localizatiorre shown in the left part of Figi. The dominance of the
of the dominant observed periods. With the Morlet waveletnegative parts in the spectra indicates a downward energy
the influence of limited data on the borders are larger in com{Propagation in the troposphere. Unfortunately, the radar pro-
parison with the Paul wavelet, but there are no problems tdile did not reach high enough to describe the propagation
extend the time series. Details of the choice of the waveleof the gravity wave above the jet. Figure(right) repre-
function can be found ifforrence and Comp(.998. More sents the rotary spectra derived from the model simulations,
information on the methods used here are givesémafi- ~ again in the height range 3-9 km (solid line) and, additional,
movich et al(2005. From the averaged wavelet power spec- from 9-15km (dashed line). The difference in the negative
tra of the zonal and meridional winds of both, experimentaland positive parts of the spectra indicates a downward energy
and model data, we estimated the dominant observed period@opagation in the troposphere and an upward energy propa-
and vertical wavelengths. The wavelet transform of the radagation in the lower stratosphere. This gives us the evidence
data measured at Andenes (Fégleft panel) shows a signifi-  Of the gravity wave generation by the jet streak in the upper
cant wave with an observed period of about 10-13h @ay.  troposphere.
and a vertical wavelength of 4-5 km (Figh). Similar struc-
tures have been found in the averaged wavelet power speét3 Stokes analyses
tra of the zonal and meridional winds obtained by the model . . -
(Figs.6c, d). The wavelet spectrum of time series averagedinln ordgr to provide a more statistical descrlptlpn of _the
height (Fig.6c) shows a significant wave event during 00:00— wave f'eld'_ we use the Stokes-param_eter technique, intro-
12:00 UT at 25 January 2003 with an observed period Ofduced byVmce_nt and Fntts(l%p and 'T“pm"ed byECk-
~13 h, whereas the wavelet spectrum applied to vertical pro-ermarm and y|ncen¢;989. T.h's techmqu_e assumes.that
files of horizontal winds (Figed) averaged in time detects a an/y glve/n vertical p_roflle of hqnzontal V?IOC'ty pertgrba’uons,
significant vertical wavelength o5 km. Consequently, this (4 (2): v'(2)), contains a partially polarized wave field. The

information has been used to construct appropriate filter forjoqr Stokes p“z_;lrameter? are d_efmed as to'FaI vana_lnamal
the estimation of wind perturbations. anisotropyD, “in-phase” covarianc® associated with linear

polarization, and “in quadrature” covariang associated

Ann. Geophys., 24, 2862875 2006 www.ann-geophys.net/24/2863/2006/
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Fig. 6. The wavelet spectra of horizontal winds from ALWIN radar measuremants) and MM5 model outpufc, d). The upper panel (a,

c¢) shows the Morlet wavelet transform of the time series averaged over the altitude ranges 6—7 km. The lower panel (b, d) shows the averagec
in time Paul wavelet transforms of vertical profiles of horizontal winds. The bold green line outlines the region with 95% significance level,
the red shaded area indicates the zones where boundary effects appear.
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Fig. 7. Rotary spectra derived from vertical profiles of horizontal winds in the height range 3-9 km (solid line) and 9-15 km (dashed line)
at Andenes. The spectra are averaged for 9 h starting from 15:00 UT, 25 January 2003. The ALWIN radar data (left) and MM5 model data
(right) have been used after band-pass filtering with bandwidth of 8-18 h in time and 2—8 km in height.

with the circular polarization of the gravity wave. Based According to the results of the wavelet analyses (Fy.

on the Stokes parameters of the wave field, the phase diffefhere the Stokes parameters are calculated for vertical wave-
ences between zonal and meridional wind perturbations, thelengths between 3.2-9.6 km for the model data, whereas ver-
major axis orientatior®, and the averaged ellipse axial ra- tical wavelengths between 3.8-6.4 km have been used for the
tio R are estimated from the radar measurements and MM53adar measurements.

model output for the altitude range from 3—-9 km (Tah)e

www.ann-geophys.net/24/2863/2006/ Ann. Geophys., 24, 2B555-2006
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Table 1. Stokes parameters derived from MM5 model output and Fig. 7) we found a downward energy propagation in the

radar measurements for the altitude range from 3-9 km at AndenefOPOSphere, hence: is positive. From the Hoviller-

on 25 January 2003 after band pass-filtering with bandwidths of 8-diagram (not shown here) we deduce an observed frequency
18 h in time and 2-8 km in height. wep=21/(13h), consistent to the wavelet spectra (F&).

The analysis of Eq.4) reveals two solutions: a down-
stream wave in slow windsk{>0, U~—10ms!) and an

Stokes parameters MM5 model  ALWIN radar . . pl

upstream wave in fast windg,(<0, U~20ms1). Due to
Degree of polarizationdn ,,m, 0.77 095 the dominating westerly winds of about25 ms2, the lat-
Major axis orientation©,,,m, 142 168 ter solution is adopted, also in agreement with the already
Phase difference,, m, _126.7 —104.4 in Sect.3.2 discussed wave propagation away from the jet
Ellipse axial ratio Ry m, 0.49 054 (Peters et a).2003. The wave orientation is slightly dis-

torted by 38 with respect to the dominating flow in the
zonal direction. The component projected onto the wave is

__ _ 1 . . .
From the total variancé (not shown here), we found the U=25 €0S38°)=20ms *, and this is the number retrieved

maximum energy in the model data at 15:00-16:00 UT on 25form the Doppler _equation. Hence, the modelled inertia grav-
January, whereas the radar data showed the peak of the wally wave packet in the upper troposphere moves upstream
activity on 25 January 6 h earlier. downward. _ .

The main representative characteristics of gravity waves 1€ derived gravity waves parameters are presented in Ta-
are their intrinsic frequency, horizontalk, and verticaln ble2. ] ] ) )
wavenumbers, phass, and groupr, velocities. The estima- The analysis of the grgwty wave with an observgd period
tion of these values is based on the solution of the three equalor Of ~13h and a vertical wavelength of4.8km in the
tions, polarization, dispersion and Doppler equation (Pgs. mode_l data leads to an intrinsic periggl of about 4.1 h gnd
4) using the polarization ellipse rati@, the horizontal ori- & horizontal wavenumber of B<10->m~*, corresponding
entation of wave propagatio® estimated by the Stokes- 0 & horizontal wavelength of 171 km.
parameter ana'ysis as well as the observed frequemgy The analySiS of radar measurements giVeS an intrinsic pe-
and the Vertica' Wavenumbezr_ Corresponding td|nk and riOd of graVity wave in the Order of 5.6 h, a horizontal wave-
Vincent (2001), we adopt here the convention of a positive length of 231km, and a vertical wavelength o#.6 km.

intrinsic frequency{l\)_ The p0|arization relation (EqZ) in- The horizontal and Vertical Wavenumbel’s are negative and
cluding the wind shear terrdV /dz can be used to find an positive, respectively, reflecting the discussed upstream and
expression for the axis rati® downward prOpagation of the wave paCket.

The wave characteristics derived from radar measurements
2) and model output are in a good agreement. Both, observa-
’ tions and simulations indicate a wave propagation to north-

. . ) .. west and differ by only 26
where f. is the Coriolis frequency. Here the vertical wind

shear effect in the background wind, as introducedHines
(2989, is included by the tern?;,—‘z’, whereV denotes the
mean horizontal wind component perpendicular to the wave4.4.1  Direct approach, symmetric-beam and hybrid meth-
propagation. ods

The dispersion relationship is given by

N%k2  2fk, 0V

fo  kp oV

R = ~
w mo 0z

4.4 Momentum flux due to gravity waves

Gravity waves transport momentum from energy sources.

o2 = fCZ -, () These processes are characterized by the momentum fluxes
m m. 9z which can be measured by ground based radars with

whereN is Brunt-Vaisala frequency here selected with a typ- symmetric-beam and hybrid methods or with the direct ap-

ical value of 00135~ for tropospheric heights. proach method. The separation of noise and wave related

While the Stokes analysis reveals the wave orienta#ion  variation presents a special problem for the following anal-
the direction of the horizontal wave vector still must be spec-ysis. Too high noise levels prevented the analysis of strato-
ified. The Doppler relationship connecting the observed fre-spheric data. Therefore, we are focussing here on the influ-
guencyw,, and the intrinsic frequenay of the gravity wave  ence of the jet induced inertia gravity waves (Tablen the
is given by momentum fluxes and restricted our analysis to the height
o = kT +6 ) range 4-10km. Further, the momentum fluxe§ are suscep-

ob = Th ’ tible to the effects of outliers, which can easily dominate
whereU is the mean background horizontal wind compo- the derived results. Following the suggestiorDufita et al.
nent given in the same orientation as horizontal wavenum{20053 the outliers have been removed by analysis of 1-h
berk;,. From the analysis of the rotary spectrum (Sdc2, mean wind sections with rejection of values exceeding 1.7
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Table 2. Gravity waves parameters derived from the results of the Stokes-parameter analysis as showrlifomageMM5 model output

and radar measurements at Andenes.

IGW parameters MM5 model ALWIN radar
Intrinsic period, Z /@, h 4.1 5.6
Observed period,2/w,p, h 12.8 12.8
Vertical wavenumbew;z, m—1 1.3x103  1.4x10°3
Vertical wavelength, 2/|m|, km 4.8 4.6
Horizontal wavenumbety,, m—1 —3.7x107° _—2.7x10°°
Horizontal wavelength,2/|k; |, km 171 231
Horizontal phase velocity, ,;, ms™ -11.6 -11.5
Vertical phase velocity, -, ms1 0.3 0.2
Horizontal group velocityg,, ms1 -8.8 —-9.6
Vertical group velocitycg, ms1 -0.27 -0.17
Wind shear componendV /dz, st 2.7x103  1.7x1073

times the standard deviation. The linear interpolation has4.4.2 Flux estimates

been used to fill up the data gaps in height profiles of mea-

sured winds. Similar t&orthington and Thomag1996, From the winds measured by the ALWIN radar at Andenes

we have reduced the influence of the mean winds and of thave calculated vertical fluxes of horizontal momenta. Figire

mountain waves by a Lanczos-low-pass filter which passepresents the time development of vertical fluxes of zonal (up-

periods smaller than 36 h and vertical wavelengths less thafer panel) and meridional (lower panel) momenta derived by

7 km to separate the estimated inertia gravity waves with verdirect approach (black), symmetric-beam (red) and hybrid

tical wavelengths of about 4-5 km in order to derive the wind (blue) methods at altitudes between 4—-10 km corresponding

perturbations:’, v/, w’. In the direct method, the vertical the appearance of the strongest wave activity, as e.g. demon-

fluxes of zonal and meridional momentum are estimated bystrated with the wavelet spectra (F&).

averaging of the produat'w’ andv'w’ over a defined time The symmetric-beam, the hybrid methods and the direct

interval. method provide similar amplitudes of the momentum fluxes.
In the Symmetric-beam method ofincent and Reid The time dependence of the vertical flux of zonal momen-

(1983 the momentum flux in a vertical plane is obtained tum shows an increase of flux magnitude on 25 January from

using two radial radar beams pointing at symmetric zenith12:00-24:00 UT between 6 and 8 km. During this period, the
angles+6 and—o: strongest inertia gravity wave activity has been used to derive

the wave parameters (Tal#lpas described in Seet.3. Note

V2 — 2 that the amplitudes are smaller in comparison to the results

u'w'|sym = ﬁ (5)  of gravity wave momentum fluxes recently derivedibytta
et al.(2005h), probably caused by the used filter routine.
3 3 Following Fritts and Alexande(2003 and relations (40),

V0 |sym = Un —Ys 6)  (41)therein, the vertical flux of horizontal momentum is pro-

2sind portional to the vertical group velocity and horizontal wave

. . ... number
wherevy ,vs,vg,vw represent radial perturbations velocities
in the north, south, east and west directions, respectively. W, VW) ~ ¢ E(k ) )
Another approach, the hybrid method, was proposed by o

Worthington and Thomagl99§ and is based on measure- \yere £ denotes the energy of the gravity wave. This relation
ments of the vertical wind perturbations directly and the hor-is ysed here for a discussion of the orientation of the waves
izontal winds using a pair of radial beams: and related fluxes. From our analyses (Tableve found on

- 25 January a negative horizontal wave number and negative
w(VE — uw)

W |y = _ , @) vertical group velocity corresponding to a downward energy
2sinf propagation result, so that we can explain the derived positive

vertical flux of the horizontal momentum in the zonal direc-
w(uy — vs) ®) tion on 25 January from 12:00-24:00 UT between 6 and 8 km

v'w'[pyp

2sing with the obtained wave parameters. To separate the influence
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Fig. 8. Vertical fluxes of zonal (upper panel)and meridional (lower panel) momenta derived from the radar measurements at Andenes in
January 2003 using direct approach (black), symmetric-beam (red) and hybrid (blue) methods.

of both observed mountain and jet induced gravity waves orwith U=20ms 1. Waves with the detected shorter vertical
the total flux, future investigations are still necessary. wavelength of 5 km) are related to the upper tropospheric

For comparisons between vertical fluxes of horizontal mo-jet due to their upward propagation in the stratosphere and
menta derived from ALWIN radar measurements and thetheir downward propagation in the troposphere. Note, that
MM5 model data, the direct approach method has been apthe Scandinavian mountain ridge is oriented to the north-east
plied on the model simulations due to missing off-zenith ra- and mountain waves would align perpendicular to the ridge.
dial wind perturbations in the model data. Here the same re- A detailed study of jet generated waves revealed their ma-
moval of the running averages over 36 h has been used to gtr propagation was to north-west. Furthermore, the momen-
wind perturbations:’, v, w’. However, the averaged abso- tum flux was in nearly the same direction and transported
lute amplitudes of vertical fluxes of the horizontal momentamomentum in flow direction away from the jet. The waves
from MM5 model data are approximately half the amplitudes did not propagate straight upstream but slightly distorted.
of fluxes derived from ALWIN radar measurements. This Such a distortion has also been observed in analyses of jet
confirms the smaller peaks in the rotary spectrum from MM5generated waves over Northern Germany in December 1999
model data (Fig7). (zulicke and Peters2006. A possible explanation would
be the regulation of the angular momentum of the curved jet
streak by inertia gravity waves. Hence, this question requires
further investigation.

In this study we compared radar observations and model
simulations at the position of Andenes. The occurrence

Detailed analysis of the rotary spectra from the ALWIN radar ©f Poth mountain and jet-induced inertia gravity waves, as
measurements and MM5 simulations (Fyindicate the ap- proved in Sect4.2 offers a possibility for a study of both
pearance of both mountain and jet generated waves. The upv@ve types. The rotary spectra of the MMS data (FHp.
ward propagating wave with a vertical wavelength-dokm  Sudgest that the energy of' the mountain waves is f!ve times
could be attributed to a nearly stationary mountain wave satligher than the energy of jet generated waves. This results

5 Discussion

5.1 Mountain and jet generated waves

isfying the relevant condition, e.gStnith, 1989 is different to a study of inertia gravity waves in the German
. ' lowlands gilicke and Peter2006, where orographically
2 /lm| ~2rU/N ~ 10km (10) generated waves had similar energy as jet induced waves.
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Insofar, the position of Andenes was clearly dominated by5.3 Model simulations

mountain waves with additional contributions from jet gen-

erated waves. The joint analysis with observations at Kirunalhe inertia gravity waves simulated with the MM5 model
at the downstream side of the Scandinavian ridge (see thehowed reasonable agreement with radar observations. This
companion paper Partioffmann et al.2006 Fig. 8) shows  confirms that a vertical resolution of 250 m is sufficient to
the pregnant modification of the wave properties. The analfesolve mountain and jet generated gravity waves.

ysis of the relevant processes in the synoptic situation of a A detailed analysis of timing and location of the wave
poleward breaking Rossby wave is matter of future studies. event showed that it appeared over Andenes 6 h later than
observed. This might be attributed to the internal dynamics
of the model, which is forced with 6 hourly ECMWF analy-
ses at the lateral boundaries 1440 km away from the domain
center. Hence, a realistic background could well be slightly
Due to its ability to measure continuously 3-D winds using deformed at such a distance.

height and time resolutions adapted to gravity wave param- another finding is that the amplitudes of model-derived
eters, ALWIN VHF radar has been used to identify gravity fjyxes are approximately half the amplitudes of fluxes de-
waves, to consider their height and time dependencies, anged from ALWIN radar measurements. This difference
to separate simultaneously existing waves. The main charaGsz, pe attributed to damping by the model internal diffu-
teristics of jet induced gravity waves have been determinedsig, a5 analyzed bgilicke and Peter$2006. Hence, a
using rotary and Stokes-parameter spectra and evaluating th§yther increase of model resolutions could reveal more real-
dispersion and polarization equations. As results, an intringtic wind amplitudes. The diagnosed difference in wave di-
sic period of gravity wave in the order of 5.6 h, a horizontal ection could be attributed to the different background wind
wavelength of 231 km, and a vertical wavelengthod.6km  (see Fig2). During the time window (00:00-24:00 UT at 24
have been determined. The horizontal and vertical wavenumyanyary 2003) the wind direction changed abruptly. Further,
bers are negative and positive, respectively, reflecting the disge timing of the strongest wind and associated wave activity

cussed upstream and downward propagation of the jet iny s gifferent by 6 h. Hence, a perfect agreement of the time
duced wave packet. The obtained wave propagation direCzeries can not be expected.

tions away from the jet are similar to those obtained in pre-
vious studies byPeters et al{2003 and Serafimovich et al.
(2009 based on observations in Northern Germany. 6 Conclusions

Furthermore, the radar measurements have been used to
estimate the vertical fluxes of the horizontal momenta. Thrednertia gravity waves were found in the upper tropo-
methods have been applied to derive the momentum flux. Alisphere/lower stratosphere during the winter MaCWAVE
they revealed similar results. The estimation of variancescampaign. Significant portions of waves could be attributed
from averaged time series revealed detailed information ort0 mountains and the tropospheric jet. Hence, both types of
the height dependence of fluxes. In order to investigate thavaves are present in situations with strong westerly winds
impact of the jet induced inertia gravity waves (TaB)eon in troposphere and lower stratosphere and require considera-
the momentum fluxes, we restricted our analysis to the heightion.
range 4-10 km and reduced possible influences of the back- Inertia gravity wave properties such as wavelength, ampli-
ground winds and of the mountain waves by filtering meth-tudes, propagation and associated momentum flux could be
ods. As noted in Sec#.3, the parameters of the inertia grav- coherently diagnosed in ALWIN radar and the MM5 model
ity wave with a vertical wavelength of 4-5km (Talflghave  data. Consequently, both observation and modelling have
been derived from the radar data during the period of theproved their capability for the analysis of such processes.
strongest wave activity on 25 January, resulting in a down- Another question is how the wave spectrum looks down-
ward energy propagation. The derived positive vertical fluxstream the mountain ridge and how the mountain and jet
of the horizontal momentum in the zonal direction on 25 Jan-generated waves contribute to the vertical flux of horizontal
uary from 12:00-24:00 UT between 6 and 8 km correspondsnomentum. VHF radar measurements give a good opportu-
to the obtained wave parameters so that we found indicationgity to investigate gravity waves due to the used high tem-
that the derived vertical fluxes of horizontal momentum is poral and vertical resolutions, whereas the model analyses
mainly determined by the jet induced inertia gravity waves. support these studies to get more insight in the atmospheric
However, the results are relatively weak and concentrategprocesses.
only to restricted altitudes and periods, probably caused by The shown consistency of the results derived from both,
the additional influence of convection and frontal passagesthe mesoscale model simulations and the radar measure-
The separation of the influence of mountain waves and ofments, allows to combine their advantages in future detailed
jet-induced gravity waves on the total flux, remains matter ofinvestigations, e.g. to separate pure standing mountain waves
future studies. identified by the analysis of vertical winds and to investigate

5.2 Radar observation
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