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Summary

Mesosphere/lower thermosphere (MLT) winds over Garyras measured with a low-
frequency spaced receiver system at Collm 1984-2(#¥2 been analysed with re-
spect to variations at the time scales of graviéves. Background winds are also reg-
istered to analyse gravity-mean flow interactiomsdacadal and interdecadal time
scales. In both winter and summer an increasingsm®ric zonal wind jet with time
Is registered, which is connected with increasingvily wave variances. At greater
altitudes in summer, the mean wind jet trend reagerand negative trends of gravity
wave variances are found. This connection betweawity waves and mean wind is
also observed on a quasi-decadal scale: during s@aimum stronger mesospheric
zonal wind jets as well as larger gravity wave atages are observed. This results in
a solar cycle modulation of gravity waves with Ergmplitudes during solar maxi-
mum. The connection between gravity waves and meaal wind may be explained
by wave filtering within linear wave theory, suchat stronger mesospheric zonal
winds are connected with larger gravity wave amghs.

Zusammenfassung

Horizontalwinde, gemessen 1984-2007 mit einem Laatigw-Windprofilersystem in
Collm wurden im Hinblick auf Langzeitvariationenrkperiodischer Schwankungen,
die als Signatur von Schwerewellen interpretiertrdea konnen, ausgewertet. Der
Grundwind wurde ebenfalls bestimmt, um Welle-Grurais-Wechselwirkungen auf
der dekadischen und interdekadischen Zeitskalantersuchen. Sowohl im Sommer
als auch im Winter wurde ein mit der Zeit zunehne¥nohesospharischer Jet be-
obachtet, der mit zunehmenden Schwerewellenamplitwerbunden ist. In gré3eren
Hohen dreht sich der Trend im Sommer um, verbunaénnegativem Trend der
Schwerewellenaktivitdt. Dieser Zusammenhang las$t durch Schwerwellenfilte-
rung im Rahmen linearer Theorie erklaren. Der Zusanhang zwischen Grundstrom
und Schwerewellenaktivitat ist auch auf der delddis Zeitskala zu sehen: im sola-
ren Maximum sind die mesospharischen Jets stamerdie Schwerewellenamplitu-
den groler.

1. Introduction
Gravity waves (GWs) play a crucial role in maintaghthe dynamics of the meso-
sphere/lower thermosphere (MLT) region. Their sesrare mainly located in the tro-

posphere, and they transport energy and momentutimetoniddle atmosphere, thus
leading to a coupling between atmospheric layetsanges of GW parameters and
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amplitudes are thus connected with changes in gineok coupling, and the analysis
of long-term trends of GW may give insight into ngas of the atmosphere as a
whole. Acceleration of the mean flow through GWsinhaoccurs in the meso-
sphere/lower thermosphere (MLT). This region israbterised by the wind reversal,
i.e. the change of the mesospheric summer/wintstedg/westerly jets to the lower
thermosphere westerly/easterly jets through GW nmbome deposition.

The MLT region is accessible to radar wind measer&s) although standard methods
only deliver limited temporal and thus spectraloteBon of GW. On the other hand,
however, radar measurements are cost effectivaple)] and independent of weather
and thus may provide long-term datasets of backgtqarevailing wind and GW in-
formation. Consequently, some effort has been uakien to analyse GW changes in
the MLT also in connection with background windodlai et al., 2006; Hoffmann et
al., 2011). GWs are filtered in the mesosphereutdnothe zonal wind jets. East-
ward/westward travelling GWs usually encountericaltlines in the winter/summer
mesosphere, where the phase speed equals the peed.sTherefore, essentially
westward/eastward travelling GWs remain in the uppesosphere. According to lin-
ear theory, in the case of wave saturation the Gwlitudes equal the intrinsic phase
speed, so that in summer stronger mesosphericrlestehould be connected with
larger GW amplitudes, while in winter stronger nssteric westerlies lead to larger
GW amplitudes.

Jacobi et al. (2006) has found a positive cormetabf solar activity and GW proxies
derived from Collm wind measurements. They attelduthis correlation to the possi-
ble effect of a solar cycle variation of the meswspr jet, which is stronger during
solar maximum both in winter and in summer. Hoffmaat al. (2011), analysing 22
years of medium frequency radar wind data oveugdulin, Germany, showed a long-
term increase of the mesospheric wind jet and cpresgly an increase of GW kinetic
energy in summer. Both of these findings can béagx@d by linear theory.

Here, a 24 year dataset of gravity wave proxieenalysed with respect to long-term
changes as well as decadal variability, the lattainly driven by the 11-year solar cy-
cle. The dataset represents an update of the @tk hysJacobi et al. (2006). In the
following section 2 the method of GW proxy analysisriefly described. Section 3
presents results of long-term mean prevailing wisag gravity wave proxies. In sec-
tion 4, analysis of trends and solar cycle depeceles performed using linear least-
squares fitting. In section 4 the results are dised in the light of linear GW theory.
Section 6 concludes the paper.

2. LF wind measurements and gravity wave proxy analysis

From 1959-2007, MLT winds have been measured almCdbermany, using the
spaced receiver method in the low-frequency (LIRgeaat oblique incidence. Com-
mercial transmitters have been used, one of theatdd at Zehlendorf near Berlin
(frequency 177 kHz), at a distance to Collm of abb®s km. Thus, the reflection
point of the sky wave registered at Collm is lodas# 52.1°N, 13.2°E. Horizontal
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winds have been analysed using the similar faddvodeat 3 receivers at 300 m dis-
tance. The applied method makes use of the facttnmeesponding maxima or minima
of similar fadings of the sky wave are registeretha different receivers with a time
delay with respect to each other, which is propaodl to the drift velocity of electron

density fluctuation patterns at the LF reflectiogight near 90 km. The method has
been described in detail, e.g., by Schminder andsdfiner (1995), and references
therein.

The reflection height has been measured from 1882 1o 2007 on 177 kHz through
comparison of the phase of the ground wave andiskye on a side-band frequency
near 1.8 kHz (Kurschner et al., 1987). Since tlmigrvelocity of radio waves in the

lower ionosphere is lower than the speed of lighg, resulting altitudes represent vir-
tual heights, and these exceed the real heightselgral kilometres. A correction,

based on the comparison of semidiurnal tidal pipasgtions at corresponding heights
using meteor radar (Jacobi, 2011) has been appliedthly median reflection heights

range between 80 and 95 km (Figure 1).

The reflection heights change in a regular manméhé course of one day, since they
broadly represent the altitude of a fixed elecwensity, which equals the critical fre-
quency at oblique incidence. In addition, aboverafiummer regular data gaps appear
during daylight hours (Figure 1, right panel). Téfere, estimates of daily height pro-
files of winds are not available. Monthly prevaginvinds have thus been calculated
from one month of half-hourly mean zonal and mendi winds and reflection
heights. A least-squares fitting of the prevailwgd and the semidiurnal tide has
been applied to these data. There, a second oetnitidependence of the regression
coefficient has been assumed. The method has lesenilted, e.g., in Schminder and
Kirschner (1988) and Jacobi (2011). Right-handuércpolarization of the horizontal
tidal components has been assumed (Kurschner,.1991)
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Fig. 1: 1983-2007 median reflection heights in Jaryu(left panel) and July (right
panel). Upper and lower quartiles are indicatedtbg shaded area.
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Proxies of gravity wave variance in the period eifig7-3 h (Gavrilov et al., 2001)
have been calculated from the squared differenéesulosequent half-hourly mean
zonal or meridional winds, provided that the heidiffierence of these means does not
exceed 1 km. Note that this means that GW proxiegfa@rent altitudes preferably re-
fer to different times of the day (see Figure I)e Tonthly mean variances have been
calculated using data from one month of data withkm vertical windows each. The
procedure is described in Gavrilov et al. (20019l dacobi et al. (2006), but there
10 km height windows and virtual heights have bessd.

3. Long-term mean prevailing winds and gravity wave proxies

Long-term mean prevailing winds are presented gufe 2a for the zonal and in Fig-

ure 2b for the meridional component. The resulessamilar to those that have been
presented, e.g., by Jacobi (2011), but with a diffetime interval under consideration
and the height correction applied. Note that thightecorrection proposed by Jacobi
(2011) relies on winter tidal phases only, sincerdusummer the semidiurnal tidal

wind gradient is small and thus the respective @hasnnot be attributed to a defined
altitude. This means that there is an additionaledainty in the heights attributed to
the summer winds.

The zonal prevailing winds show the upward extamsib the mesospheric westerly
and easterly jets in winter and summer, respegtividhie zonal winds are decreasing
with altitude, and eventually reversing, however adong-term average the zero wind
line in winter lies above the region covered byreasurements. The meridional wind
(Figure 2b) is mainly southward (negative), butthaard in winter below about 83

km. These jets are connected with gravity waveifgrof the zonal mean wind and
residual circulation. The long-term means presembe#figure 2 qualitatively agree

with results from other measurements (e.g., Hofimeinal., 2011), but the amplitudes
are biased towards smaller values compared withp@opnethods (e.g. Jacobi et al.,
2009).

Long-term mean GW variances are presented in Figutgenerally, there are maxi-
mum amplitudes found in the summer upper mesospherck decreasing amplitudes
with height. In the upper height gates, there isralency for increasing zonal ampli-
tudes in winter. Comparing Figure 2 and Figure tBaye is a tendency for (i) the
southward meridional prevailing wind to maximisetive region of maximum zonal
wind shear and (ii) the summer zonal GW varianc&imizing at regions of maxi-
mum zonal prevailing easterly (negative) wind. TWwisuld be consistent with linear
GW theory, which predicts that, provided the GW saturated, the GW amplitudes
are proportional to the intrinsic phase speed and tecrease with altitude when the
zonal winds decrease or reverse.
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Fig. 2: Height-time cross-sections of the zonalgayl meridional (b) prevailing wind
over Collm. The data are 1984-2006 means basecdegression analyses with quad-
ratic height dependence of the coefficients antitsigand circularly polarized tidal
components assumed.
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Fig. 3: 10/1983-9/2007 mean zonal (a) and meridlqibd variances over Collm, cal-
culated from half-hourly wind differences (see Jaa al., 2006).

4. Long-term trend and solar cycle analysis

Jacobi et al. (2006) have already pointed outttiexe is an apparent solar cycle effect
visible in both zonal and meridional variances o@wollm. Regarding long-term
changes, Hoffmann et al. (2011) presented long-i@2nyears) trends of GW vari-
ances over Juliusruh, Germany, and found that sun@¥¢ variances have increased
during that time interval, connected with an inseeaf the mesospheric wind jet.
Therefore, here the GW variance time series aré/sath with respect to a possible
long-term change and a solar cycle by:

o=a+b-yr+cF10.7 (1)

with ¢® as the sum of the zonal and meridional varianceFd®.7 as the 10.7 cm ra-
dio flux given in solar flux units (sfu, 1 sfu = #Wm™?Hz"). The results, i.e. the coef-
ficientsb andc, are presented in Figure 4. For comparison, theedand of analysis
has been applied to the zonal prevailing winds and the resulting regression coeffi-
cients are presented in Figure 5.
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Fig. 4: Linear trend b (fs%yr?) (a) and solar effect ¢ Fs2sfu?) (b) of GW variance
according to a regression analyst§ = a + b-yr + ¢-F10.7 based on 1984-2007 3-
monthly means over Collm. Significant values at36&6 level according to a t-test
are hatched.
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Fig. 5: Linear trend b (m&r?) (a) and solar effect ¢ (ritsfu') (b) of the zonal pre-

vailing wind according to a regression analysig,= a + b-yr + ¢c-F10.7 based on
1984-2007 3-monthly means over Collm. Significahies at the 95% level according
to a t-test are hatched.

One may see from Figures 4b and 5b that the stebrsgdar cycle signal of the zonal
prevailing wind is found in late spring/early summa@d early winter. Analysed long-
term trends are weaker and mostly insignificantyéwer, again the strongest signal is
seen in late autumn/early winter. Therefore, tasiilate the long-term variability of the
mean wind and GW parameters, in Figures 6 and & sienies of 3-monthly meaof
andv,,, are presented for May-July and October-Decembansiat different alti-
tudes. Linear trends, although not always beingisaant (see Figures 4 and 5) are
added.
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Fig. 6: May-July mean time series of variang®ga) and zonal prevailing wind,a, (b)
over Collm. Variances at 85/87/89 km have beeneshby -10/-20/-30 fs?.
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Fig. 7: October-December mean time series of vaxéafa) and zonal prevailing wind
(b) over Collm. Variances at 85/87/89 km altitudésve been shifted by
-10/-20/-30ms%. Mean winds at 85/87/89 km have been shifted 540515 ms.

5. Discussion

Hoffmann et al. (2011) have presented negative sempmevailing wind trends, which
indicate that the mesospheric summer easterly yahtéecomes stronger with time.
This trend decreases with altitude and reverséseitower thermosphere. One can see
from Figure 5a that this behaviour is reproducethenCollm data, although the trends
are weaker and insignificant. Note that the negatiind trends in the lower layers
cannot be seen in Figure 6a because this is mdsked strong solar cycle effect.
During winter, the zonal wind trends are positivel @ecreasing with altitude as well.
In both cases this means that the mesospheric jeiadhave increased during the last
2-3 decades, but this effect decreases or evenses/with altitude.

Stronger mesospheric wind jets in the presenceatidiration means larger GW
amplitudes. Consequently, positive GW variancedsesre expected in both summer
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and winter, which is indeed visible in Figure 4a éxception is found in July, but one
may assume that the zero trend line is simply esthifo an altitude just below 83 km.
The decreasing zonal mean wind trends lead to dsioig GW intrinsic phase speed
trends and thus decreasing variance trends as Beting summer, the trends are
mostly negative as expected from the positive pliegawind trends. The decreasing
or reversing zonal wind trends with altitude canumelerstood as an effect of GW
momentum transfer. Stronger mesospheric jets eérger GW amplitudes, stronger
wave drag and thus decreasing tendencies for tie tnends.

The solar cycle effect is stronger than the lomghteend in both prevailing wind and
GW variances. Figure 5b shows that the effect issisbent with a stronger
mesospheric jet during solar maximum both for sumined for winter. In both
seasons the effect decreases with height and panbrses. Note that the effect is
strongest for early summer and early winter. Fonrser, this may be explained by the
decrease of the zero wind line with time. In midwimthe wind field is dominated by
stratospheric warmings and strong year-to-yeamatdity, so that significant decadal
effects are expected only in early winter.

Stronger mesospheric jets during solar maximum Ishagcording to linear theory, be
connected with larger GW variances in both summenainter. This is indeed visible
in Figure 4b. One may also note the decreasing GMf gycle effect with altitude,

which is due to the decreasing zonal wind trendh Wweight.

6. Conclusions

It could be shown from 24 years of zonal wind and/ @roxy analyses, that GW

variances and mean winds exhibit trends which agditqtively consistent with each

other and may be explained by linear theory anttengthening of the mesospheric
wind jet during the last decades. Note, howevat the long-term trend coefficients
presented are in most cases not significant, soaahe one hand the conclusions
drawn must be considered as preliminary. On therdtland, however, the results for
summer are consistent with medium frequency radatyaes by Hoffmann et al.

(2011) so that the overall picture of long-terrmtte drawn here may be qualitatively
correct.

During both summer and winter the mesospheric ijtsease with solar activity.
These increased jets are connected with increa¥é@@plitudes. Thus, as is the case
with the long-term trends, solar cycle effects dWGnay be explained by linear
theory.

Still, however, the time series to be analysed smert. Long-term trends can only
gualitatively be analysed from slightly more thasd®ar cycles of data. Unfortunately,
the Collm LF time series have been terminated a?@07. Although the wind
measurements are continued by meteor radar measnt®dacobi, 2011) it is not yet
clear whether trend analyses can be performed ubege two datasets without the
risk of artefacts leading to possible inhomogeneitthe combined time series.
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