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Abstract. At Collm (51.3° N, 13.0° E) mesosphere/lower
thermosphere (MLT) zonal and meridional winds have been
measured for more than four decades using low-frequency
spaced receiver measurements on 177, 225, and 270 kHz, and
very high frequency meteor radar observations on 36.2 MHz.
We analyse the combined time series of monthly mean hor-
izontal winds at 90 km height from 1979 to 2024 with re-
spect to long-term changes, and in particular to the effect of
the 11-year solar cycle (SC). In the 1980s and 1990s there
is a negative correlation with solar extreme ultraviolet prox-
ies in spring and early summer, with a weaker jet in the
lower thermosphere during solar maximum. This correspon-
dence weakens after the year 2000. In winter, there is a weak
positive effect towards stronger westerly winds during so-
lar maximum. Together, the results suggest that solar forc-
ing remains an important, season-dependent driver of mid-
latitude MLT dynamics, but its expression is modulated by
the recently weakened SCs 24–25, or modified by chang-
ing trends of forcing from below. These results are largely in
agreement with partial reflection radar observations of meso-
spheric winds over Juliusruh (54.6° N, 13.4° E) at 3.18 MHz.
We also compare them with decadal variations of gravity
wave proxies, but these results are partly inconclusive.

1 Introduction

Long-term changes of mesosphere/lower thermosphere
(MLT) winds have frequently been analysed in the past,
mainly based on radar observations (Noble et al., 2024;
Ramesh et al., 2024; Jacobi et al., 2023) or modelling (Qian

et al., 2019; Kumar et al., 2025). However, when consider-
ing long-term trends it must be kept in mind that there ex-
ist periodicities at decadal or very long timescales. One of
them is the 11-year solar cycle (SC). Its influence on the
MLT dynamics was investigated in the past, among others,
by Sprenger and Schminder (1969a), Greisiger et al. (1987),
Bremer et al. (1997), Middleton et al. (2002), and Jacobi and
Kürschner (2006).

The SC studies, however, were partly contradictory. From
low-frequency (LF), closely spaced receiver (D1) measure-
ments in northern and eastern Germany, Sprenger and Sch-
minder (1969a) found a strong positive correlation of both
zonal (positive eastward) and meridional (positive north-
ward) prevailing wind in winter, which was confirmed by
Portnyagin et al. (1977) using additional D1 data and also
meteor radar (MR) data from Obninsk, Russia (55° N). An-
other study was carried out by Dartt et al. (1983), who, us-
ing data from different stations at northern middle latitudes,
qualitatively confirmed the findings of Sprenger and Schmin-
der (1969a), and also reported a positive SC effect during
summer. However, in contrast to the earlier results Greisiger
et al. (1987) found negative correlation of solar flux and
zonal prevailing wind in winter as well as in summer. Bre-
mer et al. (1997) analysed more than 30 years of mesopause
region wind data, and reported positive correlation of the
zonal as well as of the meridional mean wind with the so-
lar flux in winter, and negative correlation in summer, al-
though their results were not statistically significant. Jacobi
et al. (1997) and Jacobi and Kürschner (2006) confirmed
the negative summer mean wind correlation and a weaker
positive correlation in winter. Using partial reflection (PR)
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measurements over Juliusruh, Germany, Keuer et al. (2007)
also found the positive/negative SC effect in winter/summer,
which in winter was particularly strong near the mesospheric
wind jet, but weaker near the mesopause, which confirmed
the results from LF and MR observations. Observations over
Castle Eaton, UK (52° N), however, revealed contrasting re-
sults (Middleton et al., 2002).

Using the extended UK Meteorological Office
stratosphere mesosphere model, Arnold and Robinson
(1998, 2000) reported enhanced high-latitude zonal winds
during solar maximum winters. This was partly due to
a latitudinal shift of the zonal wind jet, and the effect
decreased above the mesosphere, which is supported by
observations (Keuer et al., 2007). Arnold and Robinson
(2001) also reported enhancement of the winter zonal
middle atmosphere winds after geomagnetic activity. Since
the latter is connected with the SC, this effect may also lead
to stronger westerly winter winds in the middle atmosphere
during high solar activity.

Already earlier observations until the 1990s showed that a
possible SC effect is not necessarily stable with time. Anal-
yses of the Obninsk long-term MR measurements were also
presented by D’yachenko et al. (1986), who pointed out that
oscillations with a period of 11 years were present in the time
series of the prevailing wind. However, they also reported a
long-term change at the bidecadal-year time scale they at-
tributed to a possible effect of the 22-year solar Hale cycle.
Jacobi et al. (1997) also reported a change of solar influence,
but mainly seen in the semidiurnal tidal amplitude and not in
the zonal prevailing wind.

In the late 1990s and after the turn of the millenium, more
long-term observations became available using meteor radars
at different latitudes. While Ramesh et al. (2024) essentially
showed a positive SC effect on the winter mean wind at a
high northern hemisphere (NH) latitude (Esrange, 68° N),
Noble et al. (2024) reported a negative zonal wind effect
of the SC over Rothera (68° S), and confirmed this with
WACCM-X global circulation model results. On the other
hand, their SC effect in summer was positive, while Wilhelm
et al. (2019) and Ramesh et al. (2024) found effects chang-
ing with height. At midlatitudes, Wilhelm et al. (2019) re-
ported a SC effect of the zonal wind during winter and sum-
mer, but at different altitudes for Europe and North America.
Also satellite observations have been analysed with respect
to a SC effect (Liu et al., 2023), revealing mostly positive
SC dependence of balanced zonal winds at low and middle
latitudes. WACCM-X model results by Qian et al. (2019) at
about 90 km showed mainly a positive SC effect in both NH
and southern hemisphere (SH) higher latitudes.

Generally, the results of SC analyses of winds observed
since the 2000s are partly inconclusive and not always agree
with those from earlier observations. This may again be in-
terpreted as a possible influence of changes or periodicities
at the interdecadal time scale. Actually, linear trends in the
MLT have been found to change with time (Portnyagin et al.,

2006; Merzlyakov et al., 2009; Jacobi et al., 2015). Recently,
Kumar et al. (2025) reported a change in winter MLT zonal
mean wind trend similar as in Jacobi et al. (2023), con-
nected with a change of the Northern Annular Mode trend
and planetary wave propagation trends in the NH winter. Fi-
nally, trends may even have a different sign across longitudes
(Jacobi et al., 2012), which may also affect a possible SC sig-
nature (Wilhelm et al., 2019).

To conclude, it is not clear whether there is a real SC effect
on MLT winds, and if so, whether and how this changes with
time. To contribute to the database regarding a possible SC
effect on the MLT, we here present observations from two
radar sites in Germany, namely Collm (51.3° N, 13.0° E, Ja-
cobi and Kürschner, 2006; Jacobi et al., 2015) and Juliusruh
(54.6° N, 13.4° E, Keuer et al., 2007; Jaen et al., 2022). Ow-
ing to the different observation methods in Collm and Julius-
ruh, their data refer to slightly different heights around the
MLT. We analyse long-term changes, with a focus on the pos-
sible influence of the 11-year cycle. A possible effect of the
11-year SC has also been found in gravity wave (GW) prox-
ies (e.g., Jacobi, 2014; Perminov et al., 2024), so we also
compare the SC effect in winds with GW activity in the fol-
lowing.

2 Observations

At Collm, MLT winds had been measured from 1979 to 2008
by the LF D1 method using the sky wave of three commercial
radio transmitters (Schminder and Kürschner, 1994) with
frequencies of 177, 225, and 270 kHz. The total reflection of
the LF radio wave in the lower E region has been used by this
method. Therefore, the reference height was changing dur-
ing the day, i.e. strongly decreasing/increasing in the morn-
ing/evening, so that mean wind values over more than half
an hour could not be obtained. Therefore, monthly median
half-hourly winds have been calculated by combining the
three respective wind measurements in each direction using
weighting factors based on the “chaotic velocity” (Sprenger
and Schminder, 1969b). Note that LF wind observations at
Collm have started earlier (Sprenger and Schminder, 1967),
but using single LF transmitters only, so that data from 1979
are more reliable. The half-hourly means have already been
used to calculate monthly mean zonal and meridional pre-
vailing winds and tidal parameters (Jacobi and Kürschner,
2006). The data are attributed to the mean nighttime reflec-
tion height of LF radio waves of about 90 km (Jacobi et al.,
2025). LF reflection heights have been observed since 1983
(with half-hourly resolution since 1984) until 2007 by phase
comparisons of the ground wave and the sky wave in a mod-
ulation frequency band near 1.8 kHz (Kürschner et al., 1987).
Due to group retardation the estimated virtual heights are
too large, and have been corrected here using an empirical
height-dependent reduction factor based on phase compar-
isons of the solar semidiurnal tide derived from LF and very
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high frequency (VHF) MR observations (Jacobi, 2011). Note
that the reflection heights are changing during the day, so
that observations at higher altitudes around 90 km were only
possible during nighttime. During daylight hours, the reflec-
tion height decreases to about 82 km, however, due to LF ra-
dio wave absorption in the ionospheric D region particularly
in the summer mesosphere, the daytime measurements were
only possible during winter.

Since 2004, VHF MR observations have been performed
at Collm on 36.2 MHz (Jacobi et al., 2015, 2023). An up-
grade of the radar was made in 2015/2016, including the re-
placement of the Yagi antennas by crossed Yagi antennas and
peak power increase, which resulted in a more regular az-
imuth distribution of registered meteors, an extended height
range, and a higher meteor count rate. The observations are
now also synchronized with other systems in northern Ger-
many, which allows multistatic observations (Stober et al.,
2018; Charuvil et al., 2022). Details of the radar configura-
tion can be found, e.g., in Stober et al. (2021). The radar now
delivers wind observations in the approximate height range
of 75–105 km. Meteor heights are provided by an interfer-
ometer (Jacobi et al., 2015). 21-year mean monthly mean
winds in the height range 82–97 km are shown in Fig. 1. The
data used for Fig. 1 is based on monthly means calculated in
3 km height gates, except for the upper height gate, which is
5 km wide (Jacobi, 2012). Therefore, the actual height range
covered is 80.5–100.5 km. At very high and low altitudes,
data gaps appear especially during the late afternoon hours
due to low meteor rates then, in particular, before the up-
grade. Therefore, and since in the following we analyse wind
mainly around 90 km, in Fig. 1 we only show winds in the
height range where considerably large count rates were ob-
tained.

However, in the following, we do not use the height infor-
mation to analyse the mean winds at the mean height of the
LF measurements. The LF and VHF winds have been com-
bined using a seasonally dependent correction for the merid-
ional winds as described in Jacobi et al. (2015). Comparison
of overlapping observations during 2004–2006 presented in
Jacobi et al. (2015) had shown that, when neglecting height
finding, zonal winds observed by LF and MR agree, while
meridional winds observed by the spaced receiver method
usually underestimate the real winds. The seasonal cycle of
meridional winds therefore led to a difference that depends
on season. The combined dataset has been used in Qian et al.
(2019) and Jacobi et al. (2023). Here we present an updated
dataset of monthly mean zonal and meridional winds.

From 1990 to 2003 a PR radar was in operation in Julius-
ruh working with the FMCW (Frequency Modulated Con-
tinuous Waves) method at 3.18 MHz (Keuer et al., 2007).
This radar has been replaced in spring 2003 by a new mod-
ular transmission and reception system (Hoffmann et al.,
2010) with distributed power and a new so-called Mills-
Cross-Antenna. Now the radar is working with a peak pulse
power of 64 kW. Other technical parameters are: 27 µs pulse

width, single pulse or 4 bit complementary code, 18° 3 dB
beam width, and sampling resolution 1 km. Here we use ob-
servations obtained at 84 km in a 2 km height window. We
analyse monthly winds from 1990 to 2024, with missing data
in the year 2000 as well as in May 2005 and January/Febru-
ary 2027. Medium Frequency/PR radar observations above
85 km tend to be affected by group velocity retardation. This
is why heights there are generally called virtual heights like
in the case of ionosondes. One would need to know the ac-
tual electron density profile, which is not available, to cor-
rectly calculate the offset. Therefore, 84 km is regarded the
height level closest to the Collm reference height that can be
considered real.

3 Results: Long-term trends and solar cycle variability
of mean winds

The following analysis is based on observations from 1979 to
2024 for Collm data, and 1990 to 2024 for Juliusruh winds
for comparison. We use monthly means calculated from the
daily PR data for Juliusruh. For Collm LF D1 observations,
we calculated monthly median winds for each half-hourly
time interval of a day. These, but excluding daytime LF
winds to avoid effects of the low reflection heights during
daylight hours, were used in a regression analysis. This re-
gression included the mean wind and the circularly polarised
component of the semidiurnal tide (Jacobi et al., 2015), to
account for the quasi-regular daytime data gaps of the LF
observations (e.g., Jacobi, 1998):

u= u0+ a1 · sin(ωt)+ a2 · cos(ωt)+ ε,

v = v0+ a1 · cos(ωt)− a2 · sin(ωt)+ ε, (1)

where u,v represent the zonal and meridional half-hourly
winds, respectively, u0 and v0 are the mean horizontal winds,
ω is the angular frequency of the semidiurnal tide, t is time in
hours, and a1 and a2 are coefficients describing the tidal am-
plitude and phase, which are not used here. u0, v0, a1 and a2
are determined by minimizing ε. The diurnal tide is not con-
sidered in this analysis, because the regular daily data gaps
would lead to large errors.

Since our MR observations do not suffer from regular
daily data gaps, assuming circular polarisation is not neces-
sary for analysing the data, and also the diurnal tide can be
taken into account (e.g., Jacobi et al., 2005, their Eqs. 1 and
2):

u= u0+

2∑
i=1

(
a1,u,i · sin(ωi t)+ a2,u,i · cos(ωi t)

)
+ ε,

v = v0+

2∑
i=1

(
a1,v,i · sin(ωi t)+ a2,v,i · cos(ωi t)

)
+ ε, (2)

with ω1 and ω2 now as the angular frequencies of the semid-
iurnal and diurnal tide, respectively.
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Figure 1. August 2004 through July 2025 monthly mean zonal (left panel) and meridional (right panel) winds over Collm observed by VHF
radar (color coding). The respective zero wind lines are added as solid white contours. Black contours show standard deviations based on
individual monthly means (updated from Jacobi et al., 2023).

In the Collm time series a few short data gaps of up to a
few days appear, but no monthly means are missing. So these
gaps do not affect the analysis of trends in the time series.

3.1 Mean winds at Collm

Monthly zonal and meridional mean winds at approx. 90 km
over Collm are shown in Fig. 2. During the first half of the
observations, until about the late 1990s, from visual inspec-
tion and earlier analyses (Jacobi et al., 2015, 2023) a positive
linear trend towards more eastward/less westward winds is
visible in the zonal winds in most of the year. The merid-
ional winds show a possible decreasing trend in magnitude,
so that their linear trend in summer is positive, while it is neg-
ative in winter. After the 1990s, there is no clear trend visible
any more and there are indications for a breakpoint of lin-
ear trends around 1990–2000 (see Jacobi et al., 2015, 2023).
A possible 11-year solar signature is also visible in the first
half of the time series, e.g., showing strong negative zonal
and meridional winds in spring during the maxima of SCs 21
and 22 around 1980 and 1990/1992. After the turn of the mil-
lenium, the SC amplitudes in Collm winds seem to decrease
strongly.

To investigate the possible SC effect in the presence of
long-term changes, the monthly mean winds for each month
of the year have been analysed using a multiple linear regres-
sion analysis:

V = a+ b× t + c×F10.7+ ε, (3)

where V represents the zonal or meridional mean wind, re-
spectively, a is a constant offset, t is time in years, and
F10.7 is the solar EUV proxy given in solar flux units (sfu).
Minimizing ε delivers the linear trend b and the SC ef-
fect c for each month. Furthermore, we use the Lindeman–
Merenda–Gold measure (LMG; Lindemann et al., 1980) as
in Karagodin-Doyennel et al. (2021) to decompose R2 (coef-
ficient of determination) and to determine explained variance

by the trend and SC for the zonal and meridional wind over
Collm (Fig. A2 in Appendix A).

The linear trends in Collm winds are shown in Fig. 3
for the full time series 1979–2024, and for the earlier (until
2001) and later (from 2002) part of it. The individual trends
have been calculated from separate linear fits here, so that
the overall trend, e.g., of the zonal winds in January, April,
or September, does not necessarily have to lie between the
individual ones, in particular if the trends are weak and/or in-
significant. Note that Jacobi and Kürschner (2006) used the
LF winds from 1979 to 2004 for their analysis, so that their
results are very similar to those obtained here for the first part
of the time series.

The positive trends of the zonal wind that are visible dur-
ing most of the year when analysing the whole time interval
(left panel of Fig. 3, black symbols) are mainly due to those
changes during the first half of the time interval (blue sym-
bols), while the trend is inconclusive and not significant for
the years after 2002 (open red symbols). Similarly, the pos-
itive/negative meridional wind trends in summer/winter are
owing to partly significant trends obtained from the time in-
terval 1979–2001 (blue symbols), but after 2002 there is no
significant trend visible any more (open red symbols). This
indicates a change in MLT dynamics after the 1990s that has
already been described by Jacobi et al. (2015, 2023).

One possible reason for this change in linear trend is the
ozone turnaround (Jacobi et al., 2015). In addition, Kumar
et al. (2025) found a trend towards a weakened stratospheric
polar vortex from 1980 until the early 2000s using Mod-
ern Era Retrospective Research analysis for Research and
Application-2 (MERRA-2) reanalysis data, but a strength-
ening trend after the 2000s, which they attributed to Arc-
tic surface changes. The corresponding change in North-
ern Annular Mode (NAM) trend was also accompanied by
a change in winter northern midlatitude mesosphere zonal
wind trends from positive to weakly negative as simulated by
the Specified Dynamics Whole Atmosphere Community Cli-
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Figure 2. Monthly zonal (upper panel) and meridional (middle
panel) mean winds at about 90 km height over Collm. The Decem-
ber values refer to the previous year. Zero wind winds are indicated
as solid white lines. Note the different colour scaling of the panels.
Solid black lines indicate the change from LF to VHF observations.
In the lower panel, the monthly F10.7 solar EUV proxies, given in
solar flux units (sfu) are shown.

mate Model with thermosphere-ionosphere eXtension (SD-
WACCM-X). Their findings qualitatively agree with our re-
sults in the left panel of Fig. 3.

The solar effect coefficients c (in m s−1 sfu−1) of the
Collm zonal and meridional winds at about 90 km are shown
in Fig. 4. Again, as in Fig. 3 we show the analysis using
the complete time series (black), and the earlier (blue) and
later years (red). In the first part of the time series there is

a negative SC effect during spring and a positive one in au-
tumn/early winter (blue solid symbols), which has also been
shown by Jacobi and Kürschner (2006) who analysed the
Collm LF time series for 1979–2004. This SC effect is con-
sistent with a stronger mesospheric easterly/westerly jet in
summer/winter (see Keuer et al., 2007). This is partly seen
in model results. Extended UK Meteorological Office strato-
sphere mesosphere model results by Arnold and Robinson
(1998, 2000) showed stronger zonal wind in the high-latitude
winter mesosphere for increased solar flux. Also, WACCM-
X model results by Qian et al. (2019) show stronger zonal
winds during solar maximum in winter. However, the nega-
tive connection between zonal wind and F10.7 in NH midlat-
itudes in spring and summer is not reproduced by WACCM-
X at 90 km. A possible reason for this discrepancy is that the
used model version predicted a too low winter wind reversal
at higher midlatitudes.

Similar to the linear trend, there is a change in the 2nd half
of the time interval. The change of wind regime with respect
to solar influence is also shown in running correlations in Ap-
pendix A (Fig. A1). They show a relatively stable SC effect
until about year 2000, but after the turn of the millenium, ex-
cept for early winter, the relationship changes with time and
is insignificant for most months.

The strong SC signal in spring especially in the zonal wind
component is not visible any more after the year 2002. Bal-
anced winds calculated from SABER observations (Liu et al.,
2023) show, from a multiple linear regression, positive co-
efficients of zonal winds to F10.7 near the mesopause (80–
90 km altitude) at 50° N during most of the year. This cor-
relation is significant in late autumn, which is also seen in
Collm winds after 2002 (Fig. 4, left panel). In the merid-
ional and zonal winds over Collm, after 2002 a positive sig-
nal remains in some months of autumn/early winter. Wilhelm
et al. (2019) showed that the possible SC signature for ob-
servations starting 2002 strongly varies with altitude in the
80–100 km height range. Also from this, a significant sig-
nal at 90 km over Collm is not expected. The high-latitude
results by Ramesh et al. (2024) of the zonal wind SC ef-
fect over Esrange differ from those obtained from the Collm
observations. Ramesh et al. (2024), from observations dur-
ing 1999–2022, found a negative correspondence of zonal
winds and solar flux during autumn at 90 km, in contrast
to Fig. 4, left panel. However, their positive SC coefficients
for the meridional wind in early winter broadly agree with
Collm results, although these are not significant. It has to
be taken into account, however, that midlatitude and high-
latitude wind changes may differ and comparisons have to
be made with caution. During other months, there is no sig-
nificant SC effect visible for Collm winds after 2002. The SH
results by Noble et al. (2024) show different seasonal distri-
butions than the ones over Esrange and Collm. This may hint
to hemispheric differences of the solar influence on the MLT
dynamics.
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Figure 3. Linear trend coefficients b from Eq. (3) in m s−1 yr−1 of the zonal (left panel) and meridional (right panel) mean winds at about
90 km height over Collm. Solid symbols indicate significant trends at the 95 % level according to a t-test considering autocorrelation, while
open symbols show insignificant trends. The data refer to the full time series (1979–2024, black), as well as the first part (1979–2001, blue)
and the second part (2002–2024, red).

Figure 4. As in Fig. 3, but for the SC effect (coefficients c from Eq. (3) in m s−1 sfu−1).

The change of trend and SC effect in the second half of the
time series is also visible in their explained variance, shown
in Fig. A2 in Appendix A. The linear trend and SC effect
together explain up to 60 % of the variance in some months
during the first half of the observations, but with few excep-
tions it is much lower for the data after the year 2001. In
some autumn months, however, the total explained variance
remains considerably large, for example, for the meridional
wind in November or the zonal wind in October.

Earlier analyses of the SC effect using only part of the LF
D1 observations (Jacobi, 1998) but including height finding
indicated that the relatively strong zonal wind response in
summer decreased with height, possibly through GW mean
wind interaction. Also Keuer et al. (2007) showed a maxi-
mum SC effect at 85 km, but decreasing above. Therefore, it
appears possible that in a shrinking middle atmosphere the
SC effect only extends to lower altitudes due to a potential
decrease in the height of wind systems.

Actually both the LF reflection heights and the mean
meteor heights decrease with time due to the shrinking of

the middle atmosphere (e.g., Kürschner and Jacobi, 2003;
Dawkins et al., 2023). Therefore, when not using the height
observations, we refer to a height that is slowly decreas-
ing with time. This is, to a certain degree, equivalent to an
analysis on constant pressure levels, with the wind systems
also decreasing with height (e.g., Vincent et al., 2019, their
Fig. 5). Compared to an analysis at fixed altitudes, this would
give different trends in the case of vertical wind gradients in
the MLT. In particular, in summer the positive mean zonal
wind shear will potentially lead to a positive trend at a fixed
level. Similarly, one may speculate that the lower mean LF
reflection heights connected with stronger ionospheric D and
lower E region ionisation during solar maximum (Kürschner
and Jacobi, 2003) might lead to an apparent negative SC ef-
fect of zonal winds in summer. Both the positive trend and
the negative SC effect are visible in the Collm winds before
2021. However, analyses of Collm winds with height find-
ing at a fixed altitude showed similar trends and also qual-
itative correspondence with Saskatoon (52° N) PR observa-
tions (Jacobi et al., 2001). We may conclude that reference
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height changes of Collm winds may indeed lead to an appar-
ent wind trend, but this does not lead to a qualitative differ-
ence to winds at fixed altitudes.

3.2 Comparison of Collm LF/MR and Juliusruh
Partial Reflection radar winds

The best and most reliable coverage of PR radars is in the
mesosphere. Therefore, given the limitations of LF obser-
vations below 85 km and of PR height determination above
84 km we compare Collm and Juliusruh SC signals at slightly
different altitudes, namely about 90 km at Collm and 84 km
at Juliusruh. This means that especially in late spring/early
summer the observations refer to different wind systems,
namely the mesospheric easterlies and the lower thermo-
spheric westerly jet (see Fig. 1). From this, on the one hand
some differences in long-term behaviour are expected, but
since the mesosphere and lower thermosphere are dynami-
cally coupled, at least qualitative correspondence is possi-
ble. The horizontal distance between the two sites amounts
to about 400 km, so that, although individual hourly winds
may differ by more than 20 m s−1 due to GWs and tides, only
small latitudinal mean wind differences of less than 3 m s−1

at heights below 90 km are expected (Jacobi et al., 2019). The
respective SC coefficients c (in m s−1 sfu−1) of the Collm
and Juliusruh zonal and meridional wind are shown in Fig. 5.
The analysed time interval is 1990–2024, so that the Collm
results differ quantitatively from those shown in Fig. 4. The
seasonal cycle of the Collm zonal wind solar effect (see the
black symbols in the left panel of Fig. 4) is still visible, de-
spite the shorter time interval analysed. The Juliusruh results,
although from lower altitudes, show similar tendencies in
most months, although they are not significant in nearly each
month of the year. The SC effect seen in meridional winds,
although qualitatively still similar to the black curve in Fig. 4,
right panel, is insignificant except for autumn/early winter
over Collm. However, the seasonal distribution of the SC co-
efficients is qualitatively similar for Collm and Juliusruh, in-
dicating similar tendencies at the two different altitudes.

From MR observations at Juliusruh 2002–2018, Wilhelm
et al. (2019) reported no significant SC effect on meridional
winds at 84 km altitude, similar to our results from the PR
winds 1990–2024 in Fig. 5 or the Collm MR winds 2002–
2024 in Fig. 4. However, they reported significant zonal wind
amplitudes at the solar cycle time scale in winter and partly
summer, which were not seen in the Juliusruh PR winds
1990–2024 in Fig. 5. This disagreement may be a result of
the different periods analysed.

4 Solar cycle in gravity wave proxies

The mesosphere and lower thermosphere are dynamically
coupled through GWs that are filtered in the mesospheric
jet and force the zonal mean wind reversal above. Therefore,

modulations of the mesospheric zonal wind jet, e.g. through
the 11 year SC, potentially modulate GW amplitudes at the
same time scales and also modulate the GW drag in the lower
thermosphere. It is therefore of interest to analyse a possible
SC effect in GW records that could give hints to the forcing
mechanisms of the SC effect in the MLT.

To estimate GW proxies from Collm wind observations
with height finding since 1984, deviations u′, v′ of the
LF half-hourly means have been determined according to
Gavrilov et al. (2001, 2002) and Jacobi et al. (2025). These
deviations have been calculated as the differences of subse-
quent half-hourly mean winds, and variances u′2+ v′2 have
been analysed. Using half-hourly means is equivalent to a
filter passing periods of about 0.7–2 h with a maximum near
1 h. The wind differences are not included in the further anal-
ysis, if the height changes by more than1h= 2 km from one
half-hourly mean to another. For the VHF observations since
2004, the same method was applied using meteors from a
3 km height gate centered at 88 km.

3-monthly mean gravity wave proxies u′2+v′2 over Collm
at an altitude of 88 km for summer (June–August, JJA, red)
and winter (December–February, DJF, blue), taken from Ja-
cobi et al. (2025), are shown in Fig. A3 in Appendix A. Ja-
cobi (2014) has reported a strong quasi-decadal variation of
GW proxies from LF observations until 2007, and this is also
visible in the first part of the time series shown in Fig. A3.
Later, as with the background wind, this signature disap-
pears. Analysing the SC effect c according to Eq. (3) in Fig. 6
shows significant positive values for the full dataset (1984–
2024), except for December, February and March when the
effect is still positive, but insignificant. But this is only ow-
ing to the first part of the time series. After 2002, there is no
significant SC effect visible any more (mostly open red sym-
bols in Fig. 6), except for November. Thus, as for the mean
winds, this indicates a possible change after the 1990s. The
seasonal cycle of the c coefficients for GW proxies in the
time interval 2002–2024 is qualitatively similar to the one of
the meridional mean wind (red curve in Fig. 4), but the GW
values are not statistically significant.

Perminov et al. (2024) analysed hydroxyl nightglow emis-
sions over Zvenigorod (55.7° N, 36.8° E) during 2002–2024
and found a strong positive SC for temperature oscillations
with the same period range as used here. Thus, given that GW
kinetic and potential energy is connected, their results are
qualitatively similar to our ones for 1984–2001, however, we
cannot confirm their results for the observations after the turn
of the millenium. Hydroxyl emissions are observed without
height finding. Often, their height and full width at half max-
imum are given as 87 and 8 km, respectively, but they may
change due to dynamics (e.g., Wüst et al., 2023). Thus, it is
possible that the nightglow GW analyses are contaminated
by a SC in background dynamics. On the other hand, our LF
height observations may also be affected by a possibly more
variable lower E region ionosphere during solar maximum
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Figure 5. SC effect (coefficients c from Eq. 3) in m s−1 sfu−1 of the zonal (left panel) and meridional (right panel) mean winds over
Collm (black) and Juliusruh (magenta). Solid symbols indicate significant SC effects at the 95 % level according to a t-test. Time interval is
1990–2024.

Figure 6. SC effect (coefficients c from Eq. 3) of the total variance
u′

2
+ v′

2 as a GW proxy over Collm for the time intervals 1984–
2024 (black) and 2002–2024 (red). Solid symbols indicate signifi-
cant SC effects at the 95 % level according to a t-test.

and the large SC effect observed by LF might not be exclu-
sively due to neutral wind dynamics.

For comparison, we also analysed TIMED/SABER GW
potential energy per volume (Epot,V, Ern et al., 2018). Since
GWs are strongly intermittent, a sufficient number of data
points is needed for obtaining robust averages (see also Ern
et al., 2022). Therefore, we averaged over 30° longitude and
12° latitude over the Collm area (see Jacobi et al., 2025) for
years 2002–2022. However, the seasonal distribution of SC
coefficients is different from the one for Collm GW prox-
ies, or meridional mean winds (see Fig. B1 in Appendix B).
Earlier analyses Jacobi et al. (2025) have shown qualita-
tively similar long-term linear trends of Epot,V and Collm
variances, but this correspondence obviously only holds for
the long-term linear trend and is not visible at decadal time
scales. Differences may be due to (i) the different parameters

analysed; (ii) the different wavelength ranges seen by radar
and satellite (Wright et al., 2016); (iii) the spatial averaging
of the satellite observations, so that regional effects are pos-
sible. One explanation for the insignificant SABER response
could be that SABER is more sensitive to longer intrinsic
wave periods, i.e., slower intrinsic phase speeds (Alexander
et al., 2010, their Fig. 8b). This means that SABER GW ac-
tivity should be more susceptible to short-term variability
of the atmospheric background by global-scale waves which
could mask longer-term variations. Such short-term variabil-
ity has been found, for example, for planetary waves at mid
and high latitudes (e.g., Matthias and Ern, 2018), or for tides
at low latitudes (e.g., Ern et al., 2021; Forbes et al., 2022).

5 Conclusions

Analyses of more than four decades (1979–2024) of Collm
MLT wind measurements show long-term trends and SC ef-
fects. Similar tendencies of the seasonal distribution of the
MLT wind response to solar EUV changes are visible in
most months from Juliusruh PR observations 1990–2024.
Together, the results suggest that solar forcing remains an
important, season-dependent driver of mid-latitude MLT dy-
namics. After the 1990s, linear trends and the SC effect
changed and strongly weakened. A possible SC effect after
the year 2000 remains only in early winter, which is also seen
in satellite balanced winds (Liu et al., 2023). The overall so-
lar signal after the year 2000 seems to be weak and partly
inconclusive. This indicates a change of MLT dynamics af-
ter the 1990s, possibly due to changes in trends of the NH
circulation (Kumar et al., 2025), the ozone turnaround in the
stratosphere, or the recently weakened SCs 24 and 25. Since
the SC effect, particularly in summer, decreases with alti-
tude in the MLT (Jacobi, 1998) it is possible that the change
in mean wind and consequently in the height of GW mean
wind interaction modulates the height up to which the SC ef-
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fect is visible. Thejll et al. (2003) showed varying influence
of the SC on stratospheric dynamics which they attributed
to varying SC strength. However, one has to take into ac-
count a long-term decrease in measuring height as well (e.g.,
Kürschner and Jacobi, 2003; Dawkins et al., 2023). It is also
possible that simply the weaker recent SCs are not strong
enough any more to produce a significant effect. And finally,
we cannot rule out artefacts because the LF reflection heights
decrease with increasing solar flux due to the strengthening
of the ionospheric D and E layers (Kürschner and Jacobi,
2003).

GW proxies from the Collm winds show a SC variability
until the end of the 1990s, but this strongly decreases in the
following decades, in most months, except for autumn. GW
proxies in the 21st century still show a possible correspon-
dence of the GW SC effect with mean wind variations in au-
tumn, however, GW proxies from SABER potential energy
do not show a clear correspondence of the SC effect with
the one seen in winds. The latter may be due to the different
parameters analysed, the spatial averaging of satellite obser-
vations, or the different and hardly overlapping observational
filters of VHF radar and SABER observations.

Apart from a solar influence, there are other (potential)
drivers of NH MLT wind variability such as the equatorial
Quasi-Biennial Oscillation (QBO), El Niño-Southern Oscil-
lation (ENSO), or North Atlantic Oscillation (NAO). These
drivers generally show a clear dynamical signature in the
winter NH stratosphere. Their possible contribution to MLT
dynamics has been analysed, e.g., by Ramesh et al. (2024)
or Noble et al. (2024). While Ramesh et al. (2024) found a
positive response of the QBO at 30 hPa on NH high-latitude
zonal winds in the upper mesosphere, the effect in the SH
as observed by Noble et al. (2024) was strongest in summer.
In both cases the QBO and ENSO influence decreases with
height. However, reanalyses and model results showed that
the QBO effect on mesospheric winds changes between mid-
dle and high latitudes, and in parts of the higher midlatitudes
it is therefore weak (Koval et al., 2022). Furthermore, the
QBO effect changes sign with altitude. For example, Jaen
et al. (2022) did not find a conclusive QBO effect on MLT
summer wind analyses at European mid and high latitudes,
and only some indications for oscillations at QBO and ENSO
periods in midlatitude mesospheric winds. Earlier analyses
of Collm winds (Jacobi et al., 1996) only showed a weak
QBO effect on MLT winds observed by LF at about 90 km in
winter. Similarly, only weak signatures of ENSO (Jacobi and
Kürschner, 2002) in Collm LF winds at 90 km were found
and later analyses using height resolved MR observations re-
vealed that the possible ENSO effect on the MLT is strongly
height dependent, changes sign with height, and is actually
weak at 90 km, which was also reproduced by numerical
modelling (Jacobi et al., 2017; Ermakova et al., 2019). Also,
earlier analyses of LF Collm winds have shown a positive
NAO signature in zonal winds 1979–1996 (Jacobi and Beck-

mann, 1999), but this connection was not stable when includ-
ing later years into the analysis.

We conclude that, since the signature of QBO, ENSO and
NAO is strong in the stratosphere but changes sign in the
upper middle atmosphere, observations at 90 km are not well
suited to capture their dynamical effects in the MLT. Further
analyses of winds below and above that height might help
to more clearly identify the influence of QBO, ENSO and
NAO on the MLT, and may also show whether these potential
influences change with time as the solar forcing does.

Here, we only analysed monthly mean winds and included
the effect of tides in Eqs. (1) and (2) only to avoid biases
due to daily data gaps. Earlier publications (Greisiger et al.,
1987; Bremer et al., 1997; Jacobi et al., 1997) from observa-
tions and tidal amplitude analyses since the 1960s relied of
analyses of time series obtained by one method. They show
decreasing tidal amplitude trends, but these trends were not
uniform, and decadal and interdecadal variations are visible
in the time series. Analyses of a possible SC effect revealed
results that change with time (Jacobi et al., 1997). Moreover,
at different locations the semidiurnal tidal trends differ sub-
stantially (Jacobi et al., 2012), which suggests the rather re-
gional character of these trends, possibly due to the influence
of nonmigrating tides. In principle, trend analyses of tidal
amplitudes from a combination of Collm LF D1 and MR ob-
servations would be of interest. But comparison of LF D1 and
MR wind analyses has shown that LF spaced receiver mea-
surements strongly underestimate tidal amplitudes (Jacobi,
2011). Therefore, so far we have not yet tried to combine the
LF D1 and MR tide observations into one time series.
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Appendix A: Additional figures

Figure A1. Running correlation coefficients of F10.7 with Collm zonal wind (left panel) and meridional wind (right panel), each based of
23 years of monthly mean data. Years on the abscissa indicate the center of the respective time interval. Significant correlations according to
a t-test considering autocorrelation (Eq. A4 in Metz, 1991) are hatched.

Figure A2. DecomposedR2 (coefficient of determination) by the trend and SC effect for the zonal (upper panel) and meridional (lower panel)
wind over Collm for each month, according to Lindemann et al. (1980, LMG). The data refer to the full time series (1979–2024, black/grey),
the first part (1979–2001, blue) and the second part (2002–2024, red). The numbers over the bars show the total explained variance.
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Figure A3. 3-monthly mean gravity wave proxies u′2+v′2 for sum-
mer (JJA, red) and winter (DJF, blue). These data have already been
shown in Jacobi et al. (2025, their Fig. 4).

Appendix B: Gravity wave estimates from SABER
observations

We use SABER GW potential energy per volume (Epot,V)
given in J m−3. If a considered GW does not dissipate and
GW wavelengths do not change, Epot,V should be a con-
served quantity like GW momentum flux (Strelnikova et al.,
2021). The TIMED satellite performs yaw manoeuvres ev-
ery about 60 d, and the SABER latitude coverage changes
accordingly. For northward-viewing periods the SABER lat-
itude coverage is about 50° S–82° N, and 82° S–50° N for
southward-viewing periods. The time interval analysed is
2002–2022, and linear trends compared with Collm GW
proxies have already been presented by Jacobi et al. (2025).

SC coefficients of Collm and SABER GW proxies are
shown in Fig. B1. To be able to compare the observations, we
show analyses based only on observations from 2002 through
2022. We also added the coefficients for the meridional mean
wind over Collm at approx. 90 km. The seasonal distribution
of the Collm coefficients (black symbols) shows some corre-
spondence with the effect in the meridional wind; in partic-
ular, there is a positive correspondence in early winter (see
Fig. 4). The SC effect coefficients of theEpot,V from SABER
in Fig. 6 do not show a correspondence with the Collm ones.

Figure B1. SC effect (coefficients c from Eq. 3) based on 2002–
2022 data at 88 km of the total variance over Collm (black) and
SABER GW potential energy per volume (Epot,V, green). Collm
meridional mean wind coefficients are added in blue color. Solid
symbols indicate significant SC effects at the 95 % level according
to a t-test.
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