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Abstract. The recent solar minimum has been characterizecchanges, and consequently decreases with altitude (Keuer et
by an anomalous strong decrease of thermospheric densitgl., 2007).
since 2005. Here we analyze anomalies of mesosphere/lower The |ower thermosphere wind reversal is owing to mo-

thermosphere parameters possibly connected with this effeCtyentum deposition of gravity waves (GWSs) in the upper
In particular, nighttime mean LF reflection heights measuredmesosphere. According to linear theory, GWs with wind
at Collm, Germany, show a very strong decrease after 2005peed amplitudes exceeding the intrinsic phase speed, i.e.,
indicating a density decrease. This decrease is also visiblge gifference between phase speed and mean wind speed,
in mean meteor heights measured with VHF meteor radar agyeak and transfer part of their momentum to the back-
Collm. This density decrease is accompanied by an increasground flow. This means that a GW amplitude remains at the
of gravity wave (GW) amplitudes in the upper mesospherepeaking level, equaling the intrinsic phase speed, which is
and a decrease in the lower thermosphere. On the decadghjied a saturated GW. During summer/winter, strong meso-
scale, GWs are negatively correlated with the backgroundspneric easterlies/westerlies prevent westward/eastward trav-
zonal wind, but this correlation is modulated in the course Ofelling GWs from propagating to the upper mesosphere, be-
the solar cycle, indicating the combined effect of GW filter- cayse their intrinsic phase speeds become small or even zero
ing and density decrease. (a so called critical line). This means that in summer/winter
only eastward/westward travelling GWs remain in the MLT
region. Since these waves are still saturated, during sum-
mer/winter a stronger mesospheric easterly/westerly jetis ex-
pected to be connected with larger GW amplitudes. Conse-
It is widely known that solar variability influences the atmo- quently, in the upper mesosph.ere a posmve correfation _be-
sphere (Gray et al., 2010), e.g., the dynamics of the middIetWeen solar flux and GW amplitudes is gxpect_ed. Jacobi et

. I. (2006) have reported such a connection using GW proxy
and upper atmosphere. In particular, search for an effect Oﬁom Collm E-region drift measurements
the 11-year solar Schwabe cycle has been undertaken, for _ ] )
example, to explain part of the observed variability of meso-  Solar cycles can differ from one to another. Especially, the
sphere and lower thermosphere (MLT), which can be stud/€cent solar minimum has been extremely extended and ex-
ied by radars. Indeed, indication for a solar effect has beeriraordinarily deep. Consequently, it led to extreme upper at-
found in MLT radar wind time series over Central Europe Mosphere reactions, in particular a decrease of thermospheric
(Jacobi and Kirschner, 2006; Keuer et al., 2007). This ef- density (Emmert et al., 2010; Solomon et al., 2010) which
fect is more pronounced in summer than in winter owing to €xceeds the expectations that would have been based on con-
the more disturbed middle atmosphere during Winter’ and esyentlonal solar indices like the SUnSpOt number or F10.7.
sentially consists in a stronger mesospheric jet during solar Lower ionospheric electron density reacts on the solar cy-
maximum. In the summer lower thermosphere, above thecle, which leads to an 11-year modulation of radio wave
mean wind reversal, this results in weaker westerly windsreflection heights (e.g., Bremer and Berger, 2002; Bremer,
during solar maximum, i.e. a negative correlation between2005). These have been observed, e.g., ilssshner and Ja-
mean wind and solar flux. This effect is mainly caused by cobi (2003) who found that the Collm LF reflection heights
the reaction of the stratosphere and mesosphere on solar flut 77 kHz, distance to transmitter about 160 km) are about
2km lower during solar maximum than during solar mini-
mum. This result has confirmed earlier findings (Entzian,

Correspondence taCh. Jacobi 1967). Owing to the increased ionisation during solar maxi-
BY (jacobi@uni-leipzig.de) mum, however, this effect is superposed by thermal shrinking
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of the mesosphere during solar minimum, since the mid-nents. Based upon 2-hourly means, GW variances and fluxes
dle atmosphere has a solar cycle signal of about 2K dif-are obtained according to Hocking (2005) by projecting the
ference between maximum and minimum (Keckhut et al.,2-hourly mean GW fluxes in a 3km height gate to the ra-
1995). This thermal shrinking is usually overcompensateddial direction of the respective meteor, and minimizing the
by increased ionisation. We are interested, whether the recemlifference between projected and measured meteor trail drift
extreme solar minimum has led to anomalous signatures eivariances. Details can be found in Placke et al. (2011). The
ther in MLT wind or density. We focus on the summer MLT, data are averaged to obtain 3-monthly means for each height
which is not that much influenced by stratospheric planetarygate under consideration.
wave activity.

2.3 GW potential energy from SABER

2 Measurements The SABER instrument on the TIMED satellites (Russell et
) o ) al., 1999; Mertens et al., 2001, 2004) scans the atmosphere
2.1 Collm LF lower ionospheric drifts, reflection from about 52 of one hemisphere to 83f the other. This
heights, and GW estimates latitude range is reversed by a yaw manoeuvre every 60 days.

Due to the sun-synchronous orbital geometry the spacecraft

At Collm Observatory, MLT winds have been obtained by : )
' asses the equator always at the same local time (12:00 LT
D1 LF radio wind measurements from 1959-2008, using thep g y ( )

. . ) .on the day side. Each single temperature profile, having a
ionospherically reflected sky wave of three commercial radio ertical resolution of 0.5 km, is high-pass filtered to analyze
transmitters. The data are combined to half-hourly zonal ami//vaves with vertical Wavelen’gth of up to 6 km. These filtered
meridional mean wind values. The virtual reflection heightsd ta represent deviatiorf& of temperature from the back-
have been estimated since late 1982 using measured trav: found. Their average specific potential energy in a 10 km
time differences between the separately received ionospheréertiCaI window is obtained through
cally reflected sky wave and the ground wavei(gchner et
al., 1987). More details of the Collm LF system are given in 1,g\2(T 2
Jacobi (2011). Ep= E(N) (:> , 1)
Since the LF reference height changes in the course of r
the day, a continuous time series at some fixed height isyith the bar denoting averaging over the respective 10 km
not available and consequently GW spectra cannot be calcuyindow, andN andg being the buoyancy frequency and the
lated. However, using the method presented by Gavrilov ecceleration due to gravity, respectively. The vertical profile
al. (20014, b), horizontal wind fluctuations can be obtainedof GW activity is obtained through shifting the data window
which may serve as GW proxy. In brief, the method usespy 1 km step and repeating the procedure. We use seasonal
differences between two consecutive half—hourly means Ofmeans at 45N of Zona”y a\/eraged potentia| energy here.
the horizontal wind, if the mean reflection height does notThe method of potential energy determination has frequently
change more than 1km between these time intervals. Calpeen applied to GPS radio occultations (e.ghfich et al.,
culation of such differences combined with previous half- 2007). Note that limb scanning of the atmosphere by SABER
hourly averaging of the data is equivalent to a numerical filteronly reveals certain parts of the GW spectrum due to the inte-
passing harmonics with periods of 0.7-3 h with a maximumgration along the line of sight (Preusse et al., 2006). Another
atabout 1 h (Gavrilov et al., 2001a). Then the squared differ{imitation is made by the chosen vertical filter, which allows

ences are averaged for 10 km height ranges during the timgmy GWs of short wavelengths to be studied.
interval under consideration. Jacobi et al. (2006) has used

this method to analyze the Collm dataset from 1984—2003.
They found an 11-year solar cycle with larger GW ampli- 3 GW proxy decadal variability
tudes during solar maximum, but their dataset did not include

the recent solar minimum. Jacobi et al. (2006) had shown that there is a solar cycle influ-
ence on GW activity as measured by LF over Collm. Figure 1
2.2 Collm meteor radar presents the summer (JJA) mean time series of GW variance

¢?=u'2+4+v'? at 100 km virtual height, which represents ap-
At Collm Observatory (51.3N, 13’ E), a SKIYMET meteor  proximately 91 km real height (Jacobi, 2011). The data are
radar (MR) is operated on 36.2MHz to measure horizon-an update from Jacobi et al. (2006). The 13-monthly mean
tal winds in the 80-100km height range, meteor rates andsunspot number is added. Clearly, there is a solar cycle in the
heights, and further meteor parameters since August 20045w variance, and from visual inspection a decreasing long-
The radar and the hourly wind detection are described in Jaterm trend is also visible. We thus added, as a red solid line,

cobi (2011). Monthly mean wind parameters are obtaineda least squares fit of a linear trend superposed by a solar cycle
from one month of half-hourly winds applying a multiple re-

gression analysis including the mean wind and tidal compoﬂg“/2 =a+bxyr+cxR, 2)
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Fig. 1. JJA mean LF GW proxy, and fit including linear trend g 5 334 mean LF GW proxy (black) and zonal mean wind (blue)
and a solar cycle according to Eg. (2) at 100 km virtual height (ap-5 700 km virtual height. In the lower part of the figure, running cor-

prox. 91km real height). The fit was performed both using the com- ¢ aion coefficients between GW proxy and mean wind are added.
plete dataset 1984—2007 (red curve) and using part of the dataset ugy, sunspot number is added as green line.

til 1995 (blue curve). In the lower part the respective residuals are

given as dashed lines. The sunspot number is also added as green

line. 40
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with R being the 13-monthly smoothed relative sunspot num- “
ber. We are only interested in long-term and qualitative con-
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F10.7 are not superior to use ffhere. As can be seen in

the lower part of the figure, the residuals are not normally
distributed, and generally the model is not valid during the
1996 as well as the recent solar minimum. Using the same

model, but including only data until 1995 (blue line) reveals 10_5 A—/
that the time interval until the early 2000s is well represented ]

by that model, and after 2004 there is a drastic change. We 51
therefore conclude that there is a possible change in dynam
ical regime since about 2004.

In the case of saturated GWSs, linear theory predicts am+ig. 3. Collm June—August mean zonal prevailing winds measured
plitudes proportional to the intrinsic phase speed. Conseby meteor radar.
quently, since GW phase speeds must be positive (eastward)
in the summer MLT owing to the filtering effect of the strato-
spheric and mesospheric easterlies, a negative correlation Bunspot number time series with a correlation coefficient of
expected between the background wind and the GW amplix = —0.80. It is also remarkable that this modulation takes
tudes. In Fig. 2 we present GW variance together with theplace during each solar minimum since 1986. Note also that
background mean zonal wind at 100 km virtual height. Notethe increase of GW variances in 2005, when solar flux al-
that the background wind is simply the mean of the zonalready decreases and decreasing GW variances are expected,
wind averaged over those times when GW amplitudes havéias its counterpart in a peak in 1993. We may conclude that
been calculated, and thus may deviate from the prevailinghere is obviously a different regime of mean wind-GW cou-
wind. There is an overall anticorrelation between GW vari- pling during each solar minimum, which is, however, more
ances and zonal winds, as expected from linear theory. Howemphasized during the recent minimum.
ever, during solar minimum the correlation reverses. The LF height measurements at Collm have been terminated in
running correlation (Kodera, 1993) between GW proxy andlate 2007, so that the solar minimum is not completely cov-
mean zonal wind is added in the lower part of Fig. 2. Dueered by them. To analyze winds and waves during the min-
to the shortness of the time series, only 5 data points arémum, in Fig. 3 MR summer mean zonal prevailing winds
used for each calculation. A clear solar cycle modulationat 6 height gates are presented. Clearly, interannual variabil-
is visible. The running correlation is correlated with the ity of winds in the upper and lower height gates is opposite.
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Fig. 4. Horizontal wind variance calculated within 2-h intervals
using Collm MR wind measurements for 4 height gates. Fig. 6. Collm LF virtual nighttime (22:00-02:00LT) reflection
heights. A linear fit according to Eq. (2) is added as red line, as well

as the residuals (red dashed line). The sunspot number is added as

130__ —8—380 km —8— 90 km ——100km —@—110km green line.
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o] w energy, while Figs. 1-4 represent point measurements and

904 non-zonal structures are likely to exist in the MLT. Note that
the above mentioned trends are only valid for heights above

70 - o, 90 km, while for the lower height gates the winds and GW

60 amplitudes behave in an opposite manner.
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4 LF virtual heights and mean meteor altitudes

2002 2003 2004 2005 2006 2007 2008 2009 The solar modulation of correlation between zonal wind
Year and GW amplitudes suggests that the decrease of reference
heights during solar minimum of wind systems may play a
Fig. 5. JJA mean potential energy at4s from SABER tempera-  role. Collm LF virtual nighttime (22:00-02:00LT) reflec-
ture profiles. Data are averages over a 10 km vertical window, andjon heights are shown in Fig. 6. A multiple linear fit after
means over all longitudes. Eq. (2), but analyzing virtual height instead of variance, is
added as red line, as well as the residuals (red dashed line).
The sunspot number is added as green line. Note that real
This is explained by GW acceleration and filtering in the heights and height differences are much smaller than virtual
mesosphere. In the case of strong/weak mesospheric easieight differences. Thus, the strong decrease of LF heights
erlies, GW amplitudes are large/small, which then lead toafter 2005, for example, represents a real height decrease of
strong/weak vertical wind shear. Figure 3 shows that aboveabout 2 km only. From the residuals in Fig. 6 one can see
91 km winds are decreasing until 2007, which is qualitatively that the recent minimum is outstanding. Generally, there is
consistent with the decrease of the LF winds during 2005-an ionization driven solar cycle of reflection heights such that
2007. This also agrees with the zonal LF wind decrease aftethese are lower during solar maximum than during solar min-
1994 (Fig. 2). Note that after 2007, MR winds in the up- imum. Thus, the strong decrease after 2005 is unexpected.
permost height gats are increasing again, which would beHowever, a similar variability has already been observed af-
consistent with the increasing LF winds after 1996 in Fig. 2. ter 1993 during the last solar minimum, although with much
The LF zonal wind decrease during the first part of the smaller amplitudes, LF reflection height variability is influ-
solar minimum is accompanied by GW proxy amplitude de-enced by changes in ionization and mesospheric shrinking.
crease. MR GW analyses of the recent minimum (Fig. 4)According to Fig. 6 this would mean that during the recent
again show this effect qualitatively. The same is the casesolar minimum thermal shrinking has overcompensated the
for SABER potential energy (Fig. 5), although here only the ionization effect.
GW amplitudes above-100 km decrease with time. This Note that the reference height changes shown in Fig. 6 do
may be due to the fact that we present zonal mean potentiaiot show the real variations of a line of constant density,
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89.5 mum. During solar maximum, mesospheric eastward winds
] are stronger, leading to a negative correlation between solar
flux and mean wind there (e.g., Keuer et al., 2007). However,
stronger winds and consequently larger GW amplitudes lead
to a stronger GW drag, stronger wind shear, and therefore a
decreasing solar cycle effect on the mean wind with height,
which reverses at some altitude. Such a tendency is visible
in the data shown by Keuer et al. (2007) and leads to the re-
versed interannual variability of the mean winds at lower and
] upper MR height gates seen in Fig. 3.
9.0 4 R4 —e—original The positive correlation between GW amplitudes and
] —®— trend removed (-0.03 km/yr) zonal winds during solar minimum is unexpected at first
88.9 ——F 11— glance, but may be explained by a downward shift of the
&0 6 o A Z:;an Fmio(sfu) 8 %0 % wind systems owing to thermal shrinking of the mesosphere.
' In such a case, at fixed geometric altitude the reference alti-

Fig. 7. JJA mean meteor heights over Collm vs. F10.7 solar flux. tude with respect to the wind system is shifted upward, and

The red curve represents meteor heights after removing a lineatherefore the increasing mean wind with decreasing solar flux
trend of—30 myr 1. (which is typical for the mesosphere) changes to a decreas-

ing mean wind with decreasing solar flux, which is typical
for the lower thermosphere. This may explain the positive
for example. A better proxy is the mean height of meteorscorrelation during solar minimum, while there is a negative
because these, constant meteor parameters as mass and @errelation during the other years, then simply in accordance
locity assumed, burn at a height that is determined by thewith linear theory.
density distribution. Figure 7 shows June—August mean me- The outlined connection for solar minimum cannot be
teor heights from 20052010, plotted against the solar fluxexplained by linear theory, at least for the lower thermo-
As expected, the meteor heights increase with solar activitysphere, because this would, in the case of saturated GWs,
Note, however, that the mean meteor heights during 200&lways predict negative correlation between GW amplitudes
and 2010, at the same level of solar flux, are different. Thisand mean wind at any height. The outlined process also
is partly due to the fact that the decrease is superposed by th#oes not explain the change of mean wind tendencies after
long-term changes of mesospheric density. Bremer and Pe2007. Comparison of Figs. 4 and 5 shows that after 2007 de-
ters (2008) found a long-term decrease-&0 myr—! from creasing/increasing mean winds are connected with increas-
LF reflection heights (and excluding the solar cycle). Sub-ing/decreasing GW amplitudes at lower/upper height gates,
tracting this from the measured meteor heights in Fig. 7 (redas expected by linear theory. Thus, there is probably both an
line) shows that then the 2008 and 2010 heights, at the sameffect of GW-mean wind interaction and thermal shrinking,
solar flux, have exactly the same values when long-term coolleading to different effects on the mean wind, but for specific
ing of the middle atmosphere is taken into account. years one cannot conclusively predict which one is dominat-
There remains some sort of hysteresis, so that the densiting.
increases about one year later than the solar flux does. Sim- Whether or not the above mentioned coupling processes
ilar delay has been found in other parameters, too. A delayeally work requires more detailed analyses, including more
of one year of noctilucent cloud occurrence and solar activ-satellite analyses, further radars, and numerical modeling.
ity has been reported by DeLand et al. (2006) and Bremer eHowever, the observations of MLT GWs, mean winds, and
al. (2009). Ortiz de Adler and Elias (2008) showed a simi- reference heights already suggest that there is a height shift
lar hysteresis in ionospheric foF2 data. Jacobi et al. (2008yluring solar minimum which may influence vertical coupling
showed that MLT planetary wave activity lags the solar cycle between mesosphere and lower thermosphere. The recent so-
by 1-3 years. lar minimum represents an extreme case, but the fundamental
variability, as shown by the LF measurements, was not quali-
tatively (although quantitatively) different from the last solar
5 Discussion and conclusions minimum, at least as far as the LF measurements at Collm are
concerned. In the thermosphere, however, density decrease
Linear theory predicts that GW amplitudes are proportionalduring the recent minimum was extreme. Thus, there are still
to the intrinsic phase speed and thus, in the case of a givenpen questions concerning solar variability and its effect on
GW with specified phase speed, by the zonal wind itself.the MLT.
Therefore a general negative correlation between mean wind
and GW amplitudes is expected in the upper mesosphere.
Figure 2 indeed shows such a connection for solar maxi-

89.4
89.3

89.2

89.1

JJA mean meteor height (km)
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