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Abstract

The 2009 solar minimum 23/24 has been charactetiyedn anomalous strong de-
crease in thermospheric density. We analyze anesali mesosphere/lower thermo-
sphere parameters possibly connected with thistefighttime mean low-frequency
reflection heights measured at Collm, Germany, slaowery strong decrease after
2005, indicating a density decrease. This decré&asdso visible in mean meteor
heights measured with a VHF meteor radar at Coltnis accompanied by an in-
crease/decrease of gravity wave (GW) amplitudeshe upper mesosphere/lower
thermosphere. On the decadal scale, GWs are nelyaterrelated with the back-
ground zonal wind, but this correlation is modullaie the course of the solar cycle,
indicating the combined effect of GW filtering adensity decrease.

Zusammenfassung

Das solare Minimum des Jahres 2009 war durch arcddartich starken Rickgang
thermospharischer Dichte charakterisiert. Hier war@arameter der Mesosphére und
unteren Thermosphare untersucht, deren Variabéi@ntuell mit diesem Effekt zu-
sammenhangt. Im Einzelnen war ein starker RuckgadegReflexionshéhe von Lang-
wellen zu verzeichnen, der sich auch in Meteorhdeegt. Dieser Riickgang, verur-
sacht durch geringere Dichte, war mit einer ZundAimeahme atmospharischer
Schwerewellen in der Mesosphéare/unteren Thermospleibunden. Atmospharische
Schwerewellen in der Mesosphéare werden durch demdsnind gesteuert; der Zu-
sammenhang variiert jedoch im Verlauf des Sonnekdéliezyklus.

1 I ntroduction

It is widely known that solar variability influensghe atmosphere (e.g., Gray et al.,
2010), e.g. the dynamics of the middle and upp®moaphere. In particular, search for
an effect of the 11-year solar Schwabe cycle ha&n hendertaken, for example, to
partly explain the observed variability of the mgseere and lower thermosphere
(MLT), which can be studied, e.g., by radars. Imtjeedication for a solar effect has
been found in MLT radar wind time series over Calriiurope (Jacobi and Kirschner,
2006; Keuer et al., 2007).

Solar cycles are different from one to another. eggly, the recent solar
minimum 23/24 has been extremely extended and@xiirarily deep. Consequently,
it led to extreme upper atmosphere reactions, rhgodar a decrease in thermospheric
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density (Emmert et al., 2010; Solomon et al., 20&8)ch exceeds the expectations
that would have been based on conventional sothces like the sunspot number or
the F10.7 radio flux.

Lower ionospheric electron density reacts on seldreme ultraviolet (EUV)
variations, which leads to a quasi 11-year moduhatif radio wave reflection heights.
These have been observed, e.g., by Kirschner aotiJ2003) who found that low-
frequency (LF) radio wave ionospheric reflectionighés measured at Collm
(177 kHz, distance to transmitter about 160 km) aveut 2 km lower during solar
maximum than during solar minimum. This is owinghe increased ionisation during
solar maximum, however, this effect is superposgthbrmal shrinking of the meso-
sphere during solar minimum, since the middle aphese has a solar cycle signal of
about 2 K difference between maximum and minimunowelver, this thermal
shrinking is usually overcompensated by increasmdsation. We are interested,
whether the recent extreme solar minimum has leghtamalous signatures either in
MLT wind or density. We focus on the summer MLT,igtis not that much influ-
enced by stratospheric planetary wave activity.

2 M easur ements
21 Collm LF lower ionospheric drifts, reflection heights, and GW estimates

At Collm Observatory (51.3°N, 13°E), MLT winds halieen obtained by D1 LF ra-
dio wind measurements from 1959-2008, using thevekye of three commercial ra-
dio transmitters. The data are combined to halfdyoronal (1) and meridional \()
mean wind values. The virtual reflection heightséhaeen estimated since late 1982
using measured travel time differences betweersdiparately received sky wave and
the ground wave (Kurschner et al., 1987) of onedsimdtter (Zehlendorf near Berlin,
frequency 177 kHz, reflection point at 52.1°N, T&EPR More details of the Collm LF
system are given in Jacobi (2011).

Since the LF reference height changes in the confrdke day, a continuous
time series is not available and consequently G¥¢ttsp cannot be calculated. How-
ever, using the method presented by Gavrilov e(28l01), horizontal wind fluctua-
tionsu” andv” in the period range 0.7-3 h can be estimated fiteenwind measure-
ments on 177 kHz, which may be taken as GW proagoli et al. (2006) has used
this method to analyze Collm wind fluctuations fra®84—2003. They found an 11-
year solar cycle with larger GW amplitudes durimgas maximum, but their dataset
did not include the recent solar minimum.

2.2 Collm meteor radar

A SKIYMET meteor radar (MR) is operated at Collms@bvatory on 36.2 MHz to

measure horizontal winds, meteor rates and he{gkight range approx. 80-100 km),
and further meteor parameters since August 200d.radar and the hourly wind de-
tection are described in Jacobi (2011). Monthly meand parameters are obtained
from half-hourly mean winds applying a multiple regsion analysis including the
mean wind, and tidal components. Based upon 2-fiaudans, GW variances and
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fluxes are obtained by fitting the 2-hourly mean @uUxes to the radial drift variances
according to Hocking (2005). Details can be foum®lacke et al. (2010).

2.3 GW potential energy from TIMED/SABER temperature profiles

The SABER instrument onboard the TIMED satelliteigBell et al., 1999; Mertens et
al., 2001) scans the atmosphere from about 52herhemisphere to 83° on the other
one. This latitude range is reversed by a yaw mameeevery 60-days. Due to the
sun-synchronous orbital geometry the spacecrafigsathe equator always at the same
local time (12LT) on the day side. Each single terapure profile, having a vertical
resolution of 0.5 km, is high-pass filtered to azalwaves with vertical wavelength of
up to 6 km. From these filtered data, the vertstaicture of GW amplitudes and their
specific potential energy is obtained. This methad frequently been applied to GPS
radio occultations (e.g., Frohlich et al., 2007/MeTotal energy integrated over a slid-
ing vertical column (10 km) is used to study GWstd\that limb scanning of the at-
mosphere as is made by SABER only reveals certits pf the GW spectrum due to
the integration along the line of sight (Preussal.e2006). Another limitation is made
by the chosen vertical filter, which allows only GWf short wavelengths to be stud-
ied.

3 GW proxy decadal variability

Jacobi et al. (2006) had shown that there is a sgiele influence on GW activity as
measured by LF over Collm. Figure 1 presents tmenser (JJA) mean time series of
GW variance*? = u‘? + v*?at 100 km virtual height, which represents apprataty
91 km real height (Jacobi, 2011). The data arepalate from Jacobi et al. (2006). The
so-called13-monthly mean (which is actually a 12athty mean but centered at the
respective month) sunspot number is added. Cledmdye is a solar cycle in the GW
variance, and from visual inspection a decreasamg-term trend is also visible. We
thus added, as a red solid line, a least squdretdilinear trend (intercepta) super-
posed by a solar cycle (coefficiant

¢%=a+bt+cR, (1)

with t as the time in years aiitlas the 13-monthly mean relative sunspot number. We
are only interested in long-term and qualitativenreections, so employing other
widely used solar proxies as F10.7 are not sup&riose ofR here. As can be seen in
the lower part of the figure, the residuals are matmally distributed, and generally
the model is not valid during the 1996 as welllesriecent solar minimum. Using the
same model, but including only data until 1995 éblme) reveals that the time inter-
val until the early 2000s is well represented bagt ttmodel, and after 2004 there is a
drastic change. We therefore conclude that theaeclsange in dynamical regime since
about 2004.

In the case of saturated GWSs, linear theory prediatplitudes proportional to
the intrinsic phase speed. Consequently, since B¥&g speeds must be positive
(eastward) in the summer MLT owing to the filteriaffect of the stratospheric and
mesospheric easterlies, a negative correlationxpeated between the background
wind and the GW amplitudes. In Figure 2 we pre€&wt variance together with the
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background mean zonal wind at 100 km virtual heibjate that the background wind
is simply the mean of the zonal wind averaged dvese times when GW amplitudes
have been calculated, and thus may deviate fronptieailing wind. There is an

overall anticorrelation between GW variances andakevinds, as expected from li-
near theory.
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Figure 1: JJA mean LF GW proxy, and fit includimgelar trend and a solar cycle ac-
cording to Eg. (1) at 100 km virtual height (appr&l km real height). The fit was
performed both using the complete dataset 1984-Z0€1¥ curve) and using part of
the dataset until 1995 (blue curve). In the lowartfithe respective residuals are given
as dashed lines. The sunspot number is also adslgdean line.
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Figure 2: JJA mean LF GW proxy (black) and zonaameind (blue) at 100 km vir-
tual height. In the lower part of the figure, rungicorrelation coefficients between
GW proxy and mean wind are added. The sunspot nmusbadded as green line.
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However, during solar minimum the correlation reses. The running correlation
(Kodera, 1993) between GW proxy and mean zonal waratided in the lower part of
Figure 2. Due to the shortness of the time seodrly, 5 data points are used for each
calculation. A clear solar cycle modulation is Blsl The running correlation time se-
ries is modulated by the sunspot number cycle wittorrelation coefficient of r = -
0.80. It is also remarkable that this modulatidtetaplace during each solar minimum
since 1986. Note also that that GW variances iseré@a 2005, when solar flux already
decreases and thus decreasing GW variances aretexpé&his pattern has its coun-
terpart in a GW variance peak in 1993. We may aaiekhat there is obviously a dif-
ferent regime of mean wind-GW coupling during satanimum, which is, however,
more emphasized during the recent minimum.

LF height measurements at Collm have been terndreiter 2007, so that the
solar minimum is not covered by them. To analyzedsiand waves during the mini-
mum, in Figure 3 MR summer mean zonal prevailingdsiat 6 height gates are pre-
sented. Clearly, interannual variability of windasthe upper and lower height gates is
opposite. This is explained by GW acceleration fteting in the mesosphere. In the
case of strong/weak mesospheric easterlies, GW itaicg are large/small, which
then lead to strong/weak vertical wind shear. FagBralso shows that above 91 km
winds are decreasing until 2007, which is qualr&ii consistent with the decrease of
the LF winds during 2005-2007. After 2007, winds arcreasing again. This agrees
with the zonal LF wind decrease after 1994 (FigRlyreThis zonal wind decrease is
accompanied by GW proxy amplitude decrease. MR G4lyaes of the recent mini-
mum (Figure 4) again show this effect qualitativelize same is the case for SABER
potential energy (Figure 5), although here only @& amplitudes above ~100 km
decrease with time. This may be due to the fadtvileapresent zonal mean potential
energy, while Figures 1-4 represent point measun&rend non-zonal structures are
likely to exist in the MLT. Note that the above rtiened trends are only valid for
heights above 90 km, while for the lower heightegathe winds and GW amplitudes
behave in an opposite manner.
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Figure 3: Collm June-August mean zonal prevailingds measured by meteor radar.
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5 L F virtual heights and mean meteor altitudes

The solar modulation of correlation between zonaldrnand GW amplitudes suggests
that the decrease of reference height of wind systeay play a role. Collm LF vir-
tual nighttime (22-2LT) reflection heights are shoim Figure 6. A multiple linear fit
after Eq. (1), but analyzing virtual height insteafdvariance is added as red line, as
well as the residuals (red dashed line). The sunspmber is added as green line.
Note that real heights and height differences anelmsmaller than virtual height dif-
ferences. Thus, the strong decrease of LF heidteis2005, for example, represents a
real height decrease of 2 km only. From the re$sdwmaFigure 6 one can see that the
recent minimum is outstanding. Generally, therangonization driven solar cycle of
reflection heights such that these are lower dusolgr maximum than during solar
minimum. Thus, the strong decrease after 2005 expected. However, a similar va-
riability has already been observed after 1993ndutihe last solar minimum, although
with much smaller amplitudes, LF reflection heigldriability is influenced by
changes in ionization and mesospheric shrinkingcofading to Figure 6 this would
mean that during the recent solar minimum therrhainking has overcompensated
the ionization effect.

Note that the LF reference height changes showigare 6 do not correspond
to the variations of a line of constant pressureemnsity. A better proxy is the mean
height of meteors because these, constant metemmpters as mean mass and veloc-
ity assumed, burn at a height that is determinedhbydensity distribution. Figure 7
shows June-August mean meteor heights from 2008;3fldétted against the so-called
EUV-TEC index (Unglaub et al., 2011), which essahtidescribes the variability of
the normalized solar EUV flux and is based on TIMBEBEE (Woods et al., 2000,
2005) satellite measurements. As expected, theambtghts increase with solar ac-
tivity. Note, however, that the mean meteor heightsng 2008 and 2010, at the same
level of solar EUV flux, are different. This is plgrdue to the fact that the decrease is
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Figure 4: Horizontal wind variance calculated withR-hr intervals using Collm
MR horizontal wind measurements for 4 height gates.
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superposed by the long-term changes of mesospldensity. Bremer and Peters
(2008) found a long-term decrease of -30 m/yr friofreflection heights (and ex-
cluding the solar cycle). Subtracting this from theasured meteor heights in Figure 7
(red line) shows that then the 2008 and 2010 hgjgtitthe same solar EUV flux, have
exactly the same values when long-term coolinghef middle atmosphere is taken
into account.
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Figure 5: JJA mean potential energy at 45°N fronBER temperature profiles. Data
are averages over a 10 km vertical window, and reeaer all longitudes.
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Figure 6: Collm LF virtual nighttime (22-2LT) reftdon heights. A linear fit accord-
ing to EqQ. (1) is added as red line, as well asrégmduals (red dashed line). The sun-
spot number is added as green line.
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Figure 7: JJA mean meteor heights over Collm vsVHEC Index. The dashed curve
represents meteor heights after removing a lineamd of -30 m/yr.

There remains some hysteresis, so that the denesibyers one year later than the so-
lar EUV does. A delay of one year of noctilucerdutl occurrence and solar activity
has been reported by DeLand et al. (2006) and Bremal. (2009). Ortiz de Adler
and Elias (2008) showed a similar hysteresis irospheric foF2 data. Jacobi et al.
(2008) showed that MLT planetary wave activity léigs solar cycle by 1-3 years.

6 Discussion and conclusions

Linear theory predicts that GW amplitudes are probpoal to the intrinsic phase speed
and thus, in the case of a given GW with specipbdse speed, determined by the
zonal wind itself. Since only GWs with positive glkaspeeds propagate to the MLT,
stronger/weaker mean winds mean smaller/largeingitr phase speed. The positive
correlation between GW amplitudes and zonal windsnd solar minimum is thus
unexpected at first glance, but may be explainecalownward shift of the GW
maximum owing to thermal shrinking of the MLT wisgstems. In such a case, GWs
already maximize in the upper mesosphere. Themgiweak mesospheric easterlies,
which are connected with weak/strong lower therrhesig westerlies, are connected
with large/small GW amplitudes, large/small GW deagl consequently strong/weak
westerly winds at greater altitudes. This may expthe positive correlation during
solar minimum, while there is a negative correlatduring the other years, then
simply in accordance with linear theory.

Whether or not the above mentioned coupling prasessally work requires
more detailed analyses, including more satelli@yaes, further radars, and numerical
modeling. However, the observations of MLT GWs, maainds, and reference
heights already suggest that there is a height gdharing solar minimum, which may
influence vertical coupling between mesosphere lanér thermosphere. The recent
solar minimum represents an extreme case, bututdamental variability, as shown
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by the LF measurements, was not qualitatively ¢aitfh quantitatively) different from
the last solar minimum, at least as far as the eBsurements at Collm are concerned.
In the thermosphere, however, density decreasagltine recent minimum was ex-
treme. Thus, there are still open questions coimugisolar variability and its effect on
the MLT.
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