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Summary 

Gravity wave amplitudes and momentum fluxes derived from SABER temperature 

measurements are analysed together with Collm meteor radar zonal winds. The mo-

mentum flux (MF) divergence derived from the SABER temperatures shows a maxi-

mum that is found at greater altitudes during solar minimum than during solar maxi-

mum. Therefore, the zonal mean wind and wind shear profiles are shifted upwards 

then, leading to a modulation of the otherwise negative correlation between solar cycle 

and mesosphere/lower thermosphere winds. 

Zusammenfassung 

Amplituden von Schwerewellen und zugehörigen Impulsflüsse werden zusammen mit 

Windmessungen des Meteorradars Collm analysiert. Die Impulsflussdivergenz, abge-

leitet aus SABER-Temperaturprofilen, hat ein Maximum welches im solaren Mini-

mum nach oben verschoben ist. Dadurch werden auch die Vertikalprofile des Zonal-

windes und der Windscherung nach oben verschoben, wodurch die ansonsten negative 

Sonnenfleckenzyklusabhängigkeit des zonalen Windes in der Mesosphäre/unteren 

Thermosphäre im solaren Minimum umgekehrt wird. 

 

1 Introduction 

The mesosphere-lower thermosphere (MLT) region is characterised by the interaction 

between gravity waves (GW) and the mean wind. During recent years, there has been 

considerable interest in the interannual and long-term variability of both mean winds 

and GW (e.g., Hoffmann et al., 2011; Jacobi et al., 2006, 2011, 2012) in order to detect 

long-term trends and a possible decadal (solar cycle) variation and to investigate cou-

pling processes between mean winds and GW. While Hoffmann et al. (2011) essen-

tially detected a positive long-term trend in MLT GW, Jacobi et al. (2006, 2011) found 

a strong solar cycle variation in summer GW proxies and mean winds. However, they 

also found a more complicated behaviour, so that during solar minimum the otherwise 

negative solar cycle effect on the mean wind is reversed. 

Jacobi et al. (2011, 2012) had used LF winds measured at Collm (reference point is 

52°N, 15°E near 90 km). The dataset and analysis procedure is described in Jacobi et 

al. (2012) for the prevailing wind and in Jacobi et al. (2006) for the GW proxies. Fig. 1 

presents a height-time cross-section of GW proxies, being defined here as the squared 

difference between consecutive half-hourly mean LF winds provided that the reference 

height between these values does not change. Maximum GW variances are found in 

summer in the upper mesosphere. The known winter maximum is not visible, which 

may be due to the short periods (about 1 hr) the LF GW proxy is representative for. 
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Figure 1: 1984-2007 mean GW variance proxy, calculated from the sum of differences 

between consecutive half-hourly mean zonal and meridional winds measured by the 

LF D1 method at Collm. 

 

Generally, the summer circulation is more stable than the winter one, and the interan-

nual variability in summer is smaller than in winter, when planetary waves and strato-

spheric warmings may lead to significant effects in the MLT circulation on a monthly 

time scale. During summer, day-to-day variability may be caused by the quasi 2-day 

wave (e.g., Muller and Nelson, 1978) and a QBO effect on the MLT mean wind. How-

ever, while the former should cancel out if longer time intervals of one month or a full 

season are considered, the latter has been found to be insignificant during summer 

(Jacobi et al., 1996). Therefore, the analysis of the summer circulation is recom-

mended if primarily GW effects on the MLT mean circulation are to be analysed. 

Time series of summer (June–August, hereafter JJA) mean zonal prevailing winds at 

about 90 km and GW proxies (again, the sum of the squared zonal (U’
2
) and 

meridional (V’
2
) half-hourly mean wind deviations are used) at the same altitude are 

presented in Fig. 2, together with the F10.7 index, i.e. the solar radio flux at 2800 MHz 

given in sfu (1 sfu = 10
-22

 Wm
-2

Hz
-1

), as a solar activity proxy. Note that the height of 

90 km for the winds and GW proxy has been calculated from the measured virtual LF 

reflection heights using an empirical formula that has been derived from winter 

vertical tidal phase profiles (Jacobi, 2011), so that there is a possible (and to a certain 

degree unknown) uncertainty of this value. Fig. 2 is very similar to another one 

presented by Jacobi et al. (2011, their Fig. 2), but there mean winds not decomposed 

into prevailing winds and tides have been shown and the sunspot number was 

presented instead of F10.7. However, the results are similar: there is a clear tendency 

for increasing GW activity during solar maximum, while the solar cycle effect of the 

prevailing wind is negative, i.e. there is a tendency for stronger eastward winds in the 
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Figure 2: Time series of June-August mean zonal prevailing winds (open stars, 

Jacobi et al., 2012) and GW variance (solid circles) over Collm at approximately 

90 km altitude, as derived from LF wind measurements. F10.7 is added as open 

circles. 

 

mesosphere during solar maximum. The latter can be explained by stronger mean 

circulation forcing of the middle atmosphere during solar maximum, leading to a 

stronger mesospheric wind jet then. This in turn may influence the filter characteristics 

of the wind jet, leading to larger GW amplitudes if the mean wind is stronger. The 

described tendencies can also be seen in the Juliusruh, Rügen, medium frequency radar 

wind data presented by Keuer et al. (2007) and also in Hoffman et al. (2011), but there 

the focus was laid on long-term trends. 

There are, however, deviations from this simple picture, in particular an increase of 

GW amplitudes shortly after the solar maximum (in 1993 and, less pronounced, in 

2005 in Fig. 2), and above all a reversal of the solar cycle–mean wind connection 

during solar minimum, so that in 1986, 1995/96 and after 2005 the prevailing winds 

decrease again. To get more insight into this behaviour, data from the extreme solar 

minimum 2008/2009 are required, as well as winds and GW analyses at different alti-

tudes.  

Since the LF measurements have been terminated after 2007, and since their vertical 

resolution is limited, in this study we apply the Collm VHF meteor radar winds since 

2005 together with GW analyses from SABER temperature measurements, and 

analyse the interannual variability of zonal mean wind and GW amplitudes and 

momentum fluxes (MF). 
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2 Measurements and data analysis 

Collm meteor radar zonal winds 

The SKiYMET meteor radar located at Collm, Germany (51.3°N, 13°E) has been in 

operation nearly continuously since July 2004, and JJA means of the years 2005-2012 

are used here. The radar measurements are described in Jacobi (2011, and references 

therein). The height interval is divided into six non-overlapping height gates, centred 

at about 82, 85, 88, 91, 94 and 97 km. Zonal prevailing winds are calculated applying 

least-squares fitting of mean winds and tidal variations on one month of half-hourly 

horizontal winds.  

GW variances and momentum fluxes can also be derived from fitting 2-hourly mean 

of these data to the individual radial winds (Hocking, 2005; Placke et al., 2011). 

However, there is a considerable amount of uncertainty in these analyses, and the 

height resolution is limited, so that they are only briefly presented here to substantiate 

the results. 

SABER GW analyses 

GW amplitudes are calculated from SABER temperature profiles. Before, planetary 

waves have been removed from the profiles as described in Ern et al. (2011), while 

tides have been analysed as stationary planetary-scale structure for ascending and de-

scending nodes. Subtracting these average local background temperatures T from the 

measurements we obtain altitude profiles of residual temperatures that are dominated 

by GWs. Squared temperature amplitudes T̂  have been calculated from the residual 

temperatures in a 10 km sliding vertical window at 1 km step, and using the data 

within a window of 10° in latitude (centred at 45°N) and 30° in longitude (centred at 

10°E). 

Following Ern et al. (2004), GW momentum fluxes MF (i.e. without information on 

the direction) are calculated via:  

22
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where  is the density of the background atmosphere, g is the acceleration due to 

gravity, N is the buoyancy frequency, k the horizontal and m the vertical wavenumber 

of the GW. The horizontal wavenumber has been obtained from profile pairs along the 

measurement track (Ern et al., 2004; 2011). 

 

3 Results 

In Figs. 3-5 prevailing winds as measured by the Collm radar are presented. JJA mean 

zonal prevailing winds at different altitudes are shown in Fig. 3 (left panel). The data 

are updated from Jacobi et al. (2011). In the lower part of the figure, F10.7 solar radio 

fluxes are added. One can see that, at least for lower altitudes considered, the earlier 

LF results are reproduced: if the years 2008 and 2009 are disregarded, a negative cor-

relation with the solar flux is indicated, i.e. the mesospheric easterlies are stronger 
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during solar maximum. Keuer et al. (2007) also reported a negative solar cycle de-

pendence of summer zonal winds. However, in Fig. 3 during the deep solar minimum 

this behaviour reverses. The interannual variability also confirms measurements pre-

sented by Hoffmann et al. (2011, their Fig. 3) at 80-84 km. They also found maximum 

winds in 2007, weaker winds in 2008/2009, and again stronger ones in 2010. 

The mean winds at lower and upper heights are anticorrelated, i.e. if the mean wind is 

weaker (westward) at 82 km the lower thermosphere maximum is weaker (eastward), 

too (Figure 4, left panel). This is also seen if the mean winds are compared with the 

vertical shear of zonal wind (Figure 3, right panel). During years with weaker winds, 

especially in 2007, the wind shear values at most heights are smaller, too.  
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Figure 3: Time series of June-August (JJA) mean zonal prevailing wind (left panel) 

and vertical shear of zonal wind (right panel) as measured by the Collm meteor radar. 

Seasonal mean F10.7 values are added in the lower part of the respective panels. 
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Figure 4: June-August mean zonal prevailing wind (left panel) and vertical shear of 

zonal wind (right panel) at the uppermost level vs. the respective parameters at the 

lowermost level as measured by the Collm meteor radar 2005-2012.  
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Figure 5: Profiles of June-August mean zonal prevailing wind (left panel) and vertical 

shear of zonal wind (right panel) as measured by the Collm meteor radar 2005-2012. 

The years 2008 and 2009 are highlighted. 

 

However, the interannual variability of the wind shear also changes with height, so 

that wind shear variability at lower and higher altitudes is mainly anticorrelated (Fig-

ure 4, right panel). E.g., in 2006 the wind shear in the mesosphere (at 83.5 km) is com-

paratively strong. If we assume that the shear is due to GW MF divergence this would 

mean that at greater altitudes MF may have a tendency towards smaller values, which 

also implies smaller possible MF divergence there. On the contrary, in 2009 the wind 

shear at lower MLT heights is small, which may be explained by weaker MF diver-

gence. Then at greater altitudes the stronger MF fluxes and MF divergence will lead to 

stronger wind shear then. 

In Figure 5, vertical profiles of zonal mean wind and wind shear are shown. The pro-

files for the years 2008 and 2009, taken during the extreme solar minimum, are high-

lighted. They show a tendency of being shifted upward w.r.t. to the other years both in 

the mean wind and the wind shear profile. 

The SABER squared temperature amplitudes at several heights are presented in Fig. 6. 

The LF variances 2002-2007 are added as solid circles/solid line to show that their in-

terannual variability reasonably well qualitatively reproduces the temperature ampli-

tude variability at about 90-95 km. For comparison, also JJA mean GW wind vari-

ances at 91 km as measured by the Collm radar are added (solid circles, dashed line). 

They also show a similar interannual variability. The SABER amplitudes at 90-100 km 

show a similar tendency to what has been described for the LF GW proxies already: 
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Figure 6: SABER 10°E squared temperature amplitudes 2002-2010(solid squares, 

open circles, up and down open triangles) at different altitudes. LF variances at 

approx. 90 km from Fig. 2 (solid circles, solid lines) and GW variances from the 

Collm meteor radar (taken from Jacobi et al., 2011, updated from Placke et al., 2011) 

are added. A fixed value of 150 m
2
s

-2
 has been subtracted from the meteor radar GW 

variances. 

 

after the solar maximum GW amplitudes tend to decrease, but during the descending 

phase of the solar cycle they increase again, before they minimise during the solar 

minimum. 

Vertical profiles of SABER temperature amplitudes and their vertical gradients are 

shown in Fig. 7. Again, the years 2008 and 2009 are highlighted. It can be seen that 

above 90 km the amplitudes are small during solar minimum while between 80 and 85 

km they are comparable with the other years, or even larger. This is reflected in the 

small vertical gradients above 85-95 km. These indicate stronger GW forcing of the 

mean flow, and connected with that stronger wind shear at these heights and stronger 

westerly winds in the lower thermosphere, as can be seen in Figure 3. This connection 

is illustrated in Fig. 8, where the vertical shear of zonal wind at about 90 km is plotted 

vs. the squared SABER temperature amplitude gradient at 90 km. Note, however, that 

in 2007 the mesospheric easterly winds were particularly weak, connected with small 

wind shear values. These are, however, connected with only moderately large GW 

amplitude increase with altitude. 
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Figure 7: SABER 10°E squared temperature amplitudes (left panel) and vertical am-

plitude gradient (right panel). 

 

 

Temperature amplitudes as shown in Figs 6-8 are useful because they can be compared 

with the LF or meteor radar wind variances in order to qualitatively validate the con-

clusions drawn from the latter. A more direct parameter to investigate GW-mean flow 

interaction, however, is the GW MF. Fig. 9 shows SABER MF time series at different 

altitudes. At mesospheric heights MF is broadly connected with the solar cycle, and 

decreases after the solar maximum, with the exception of the described increase during 

the descending part of the solar cycle. At greater altitudes, this behaviour partly re-

verses, so that there are large MF values especially in 2009. However, the interannual 

variability in general is more complicated and cannot easily be interpreted.  

An even more suitable parameter is the MF divergence, which is shown in Fig. 10. MF 

divergence is usually weak in the mesosphere and thermosphere, and maximises at an 

altitude of 82-84 km. The peak height decreases with solar activity, so that the MF di-

vergence, and therefore the main region where GW interact with the mean flow, is 

about 2 km higher during solar minimum than during solar maximum. This results in 

an anticorrelation of MF divergence taken slightly below and above the peak (Figure 

11). The upward shift of the MF divergence profile during solar minimum may explain 

the upward shift of wind and wind shear profiles shown in Fig.5. 
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Figure 8: SABER squared temperature amplitude gradient at 90 km vs. vertical shear 

of zonal wind.  

 

4 Discussion 

As can be seen from Figs 2 and 6, GW amplitudes are modulated with the solar cycle 

so that large amplitudes are found during solar maximum. This behaviour changes and 

partly reverses during the descending phase of the solar cycle. The corresponding MF 

time series in Figure 9 clearly show this for the upper mesosphere. Concerning GW 

mean flow interaction, there is, at least during the time interval 2002-2010, a possible 

solar cycle modulation of the height of the peak MF divergence (Fig. 10). During solar 

maximum, when mesospheric MF are largest, they tend to decrease at lower altitudes 

(MF divergence peak already at 82 km) than during solar minimum (at about 84 km). 
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Figure 9: Time series of SABER MF at 10°E and at different altitudes. 

 

 

Figure 10: SABER MF divergence at 10°E. 
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Figure 11: SABER MF divergence at 10°E at 90 km altitude vs. the respective values 

at 80 km.  

 

A possible general picture thus is that the mesospheric zonal wind jet tends to be 

stronger during solar maximum (e.g., Schmidt at al., 2006). This may, assuming that 

GW are saturated and therefore the amplitudes are proportional to the intrinsic phase 

speed, lead to larger GW amplitudes then. However, GW seem to break earlier (at 

lower altitudes, as seen in Fig. 10) during solar maximum than during solar minimum. 

Therefore, the measured GW amplitude variability observed in the MLT probably re-

sults from a mixture of at least two processes. The first one is due to the larger/smaller 

GW amplitudes in the mesosphere during solar maximum/minimum. The second is the 

weaker MF divergence in the mesosphere during solar minimum, which in the MLT 

may counteract the first effect. A superposition of both may explain that MLT GW 

amplitudes are strong during solar maximum (due to the first effect) and during years 

of moderately low solar flux, when the second effect may be more effective, before 

during solar minimum the first effect again may take over. 

The interannual variation of the MF divergence may explain part of the observed be-

haviour of winds. Comparing Figs. 3 and 10 we see that (except for the year 2007) 

there is a tendency for a decrease of both MF divergence and vertical shear of zonal 

wind at 83.5 km (the lowermost level where we have radar wind shear) until 2009, and 

then again an increase. At greater altitudes, we have the opposite behaviour in both pa-

rameters.  
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The year 2007 is, regarding the radar winds in Figs. 3-5, different from other ones. In 

the upper mesosphere the zonal wind values were weak. This was connected with a 

weak mesospheric jet, which also has been found by Hoffmann et al. (2011, their Fig. 

3). However, this behaviour different from other years is not reflected in a similarly 

strong change of GW amplitudes or MF, and the reason is unclear. Obviously, there 

are other possible sources of MLT wind and GW variability than a pure solar cycle 

modulation, e.g. changes of GW sources and other variations of the mesospheric 

circulation.  

 

5 Conclusions 

We have analysed summer zonal mean MLT winds over Collm together with GW 

analyses from SABER from 2002-2010 to get more insight into the sources of interan-

nual wind variability. MLT GW MF are stronger during solar maximum than during 

solar minimum, and there is a secondary maximum during the descending phase of the 

solar cycle. This confirms earlier results from LF measurements, and a comparison of 

LF wind variances with SABER squared temperature amplitudes show very good 

qualitative agreement. 

The variability of GW in the course of a solar cycle may be partly explained by a su-

perposition of a solar cycle in the mesospheric wind jet that leads to larger GW am-

plitudes during solar maximum, and an upward shift of the region of maximum GW-

mean flow interaction during solar minimum. This upward shift may be explained by 

the fact that small-amplitude GW generally tend to break at lower altitudes than large-

amplitude GW. This upward shift may also explain the upward shift of the observed 

wind and wind shear profiles during solar minimum, leading to a reversal of the (oth-

erwise negative) solar cycle effect in zonal winds then. 

The effects outlined here are clearly not the only sources of variability in MLT GW 

and winds. Examples are the large MF values in 2006, probably due to a strong meso-

spheric jet, or the very weak winds, both mesospheric eastward and lower thermos-

pheric westward, in 2007. In a further study we shall analyse mesospheric winds de-

rived from SABER temperatures as well.  

 The results presented here are based on local radar data and satellite data from a 

30°10° longitude/latitude window. An interesting question is also, whether the solar 

cycle effect is as well visible in zonal mean data, or whether the effects are of local na-

ture. Radar MLT mean winds taken at different longitudes (Canada, Central Europe, 

and Eastern Europe) partly showed strong differences at the decadal time scale (Jacobi 

et al., 2012). This should also be addressed in a future study. 
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