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Abstract. We analyse 43 years of mesosphere/lower thermo-
sphere (MLT) horizontal winds obtained from a joint analy-
sis of low frequency (LF) spaced receiver lower ionospheric
drift measurements from late 1978 through 2008 and VHF
meteor radar wind observations since summer 2004 at Collm
(51.3°N, 13.0° E). Due to limitations of the earlier LF mea-
surements, we restrict ourselves to the analysis of monthly
mean winds near 90 km, which represents the meteor peak
height as well as mean LF reflection heights in the MLT.
We observe mainly positive trends of the zonal prevailing
wind throughout the year, while the meridional winds tend to
decrease in magnitude in both summer and winter. Further-
more, there is a change in long-term trends around the late
1990s, which is most clearly visible in summer MLT winds.
We compare these measurements with long-term partial re-
flection radar observations of winds at 81-85 km over Julius-
ruh (54.6° N, 13.4° E) since 1990, and find general qualita-
tive agreement of trends except for summer. The latter can
be explained by the different altitudes considered, and by the
latitude dependence of the summer mesospheric jet.

1 Introduction

It is well known that anthropogenic influences have a cool-
ing effect on the middle atmosphere, including the meso-
sphere/lower thermosphere (MLT) which has been shown
by observations (She et al., 2019) and modelling (Akmaev,
2002; Bremer and Berger, 2002; Qian et al., 2019; Liu
et al,, 2020), and which is associated with a shrinking
of atmospheric layers from the stratosphere (Pisoft et al.,
2021) and mesosphere (Taubenheim et al., 1997; Bremer
and Berger, 2002; Peters et al., 2017) to the thermosphere

(Emmert et al., 2008; Emmert, 2015). Thermospheric cli-
mate change also manifests itself in changes and a decrease
in ionospheric layer heights and long-term variability of
their plasma parameters (Bremer, 2008; Mielich and Bre-
mer, 2013; Jakowski et al., 2017; Liu et al., 2021). This has
been summarized several times (e.g., Beig et al., 2003; Las-
tovicka et al., 2006, 2008; Beig, 2011). The effect of anthro-
pogenic atmospheric composition change on the MLT wind
is less clear. From earlier radar observations there is an indi-
cation that, at least during the last decades, the zonal winds
change towards more westerly ones both in summer and win-
ter, and that the meridional winds show a decrease in mag-
nitude (Bremer et al., 1997; Jacobi et al., 1997, 2015; Hoft-
mann et al., 2011). However, winds in the MLT are strongly
forced by gravity wave breaking, and the gravity waves are
in turn filtered by the middle atmosphere mean winds. This
means, that the MLT winds are influenced mainly by middle
atmospheric mean wind changes. Possible changes in grav-
ity wave sources and the interaction between mean winds
and waves play a minor role as has been shown by Smith
et al. (2010). Still, besides further modelling effort, analysis
of long wind time series are required.

Apart from the long-term cooling and a decrease in layer
heights, changes in trends of various middle and upper at-
mosphere parameters have been reported. One mechanism
possibly responsible for trend changes is the ozone reversal
after 1995, and decreasing cooling or even recent warming of
the middle atmosphere had been attributed to that (Liibken
et al., 2013). Trends of other parameters, such as planetary
waves or ozone laminae (Jacobi et al., 2008, 2009b) also had
breakpoints near the ozone turnaround date, and MLT wind
changes were thought to be connected with that. It is, how-
ever, also possible that MLT wind trend changes are con-
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nected with long-term trends in the lower atmosphere, e.g.
increased temperature trends at high latitudes after the 1990s
(Wendisch et al., 2023).

Two of the longest MLT radar wind time series are avail-
able in Germany, namely at Collm (51.3° N, 13.0° E; Jacobi
et al., 1997; Jacobi and Kiirschner, 2006; Jacobi et al., 2015)
and Juliusruh (54.6° N, 13.4°E; Keuer et al., 2007; Hoff-
mann et al., 2011; Jaen et al., 2022). Owing to their different
observation methods, they refer to slightly different heights
in the MLT, and although long-term trends at the individual
sites have been determined several times, a direct compari-
son of long-term changes at these two sites is still missing.
Therefore, in this paper, we compare long-term changes of
MLT zonal and meridional winds over Collm and Juliusruh
based on observations from 1990 to 2021 in order to check
whether the derived trends are consistent. The Collm time
series extends further back in time, and these data will be
presented also.

2 Observations

At Collm, MLT winds had been measured from December
1978 to 2008 by the low frequency (LF) spaced receiver (D1)
method using the sky wave of three commercial radio trans-
mitters. Monthly median half-hourly winds have been used
to calculate monthly mean zonal and meridional prevailing
winds using a regression analysis including mean winds and
the semidiurnal tide (Jacobi and Kiirschner, 2006). Since the
reflection height itself has been measured only after late 1982
(Kiirschner and Schminder, 1986; Kiirschner et al., 1987),
the data are attributed to the mean nighttime LF reflection
height of about 90 km (Jacobi et al., 2009a). LF observations
at Collm had started even earlier than 1978 (e.g., Sprenger
and Schminder, 1967; Jacobi et al., 1997), but these measure-
ments had been performed on single frequencies and they are
not used here.

Since 2004 to date, VHF meteor radar observations have
been performed at Collm on 36.2 MHz (Jacobi et al., 2007).
An upgrade of the radar has been made in 2015/2016, in-
cluding antenna configuration and peak power increase. De-
tails of the radar configuration can be found, e.g., in Stober
et al. (2021). The radar delivers wind observations in the ap-
proximate height range of 75 to 105 km, and the height infor-
mation is provided by an interferometer. Mean height-time
cross-sections of zonal and meridional VHF radar winds for
the years 2005-2021 are shown in Fig. 1. In winter, zonal
winds are westerly and meridional winds are poleward. In
summer, zonal winds are easterly in the upper mesosphere,
but westerly in the lower thermosphere, while the meridional
winds are southward. The year-to-year variability of mean
winds is larger in winter than in summer, due to the action of
planetary waves and especially sudden stratospheric warm-
ings especially in January and February (e.g., Charlton and
Polvani, 2007), which may strongly affect the mesospheric
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and thermospheric circulation (e.g., Hoffmann et al., 2007;
Miyoshi et al., 2015; Shepherd et al., 2020). Meridional
winds, which are driven mainly by gravity wave mean flow
interaction in the mesosphere, are considerably weaker than
the zonal winds. Similar seasonal cycles of MLT winds have
been already shown by earlier observations at Collm and at
other midlatitude sites (e.g., Manson and Meek, 1984, 1991;
Kashcheyev and Oleynikov, 1994; Schminder et al., 1997).
In the following analysis, we do not include the height infor-
mation that is available from the interferometer, and use the
VHF winds without the height information. Monthly mean
prevailing winds are calculated by a least squares fit of one
month of half-hourly mean winds on model winds including
the mean (prevailing) wind and the semidiurnal and diurnal
tide (Jacobi et al., 2015).

Meteor peak heights are close to 90km (e.g., Liu et al.,
2017) and thus are comparable to the mean LF nighttime re-
flection heights. Therefore, the LF and VHF wind time series
have been combined using a LF D1 speed bias correction and
a virtual height correction based on the joint LF/VHF obser-
vations from mid 2004 to 2008. The virtual height correction
takes into account the group retardation of LF radio waves
in the ionospheric D region that leads to too high (virtual)
heights. The correction was performed using phase compar-
isons of the semidiurnal tide (Jacobi, 2011) and resulted in
mean nighttime LF real height estimates that are very close
to meteor peak heights. The zonal LF and VHF winds dur-
ing the joint measurements were close to each other (Jacobi
et al., 2015). The meridional LF and VHF winds differed,
which was partly due to a spaced receiver speed bias par-
ticularly strong in meridional winds (Jacobi et al., 2009a).
Furthermore, a correction of the bias due to nighttime LF ob-
servation gaps was applied to take into account that neglect-
ing the diurnal tide in the LF analysis leads to errors in mean
meridional winds especially in summer due to the diurnal
tide phase position then. Therefore, a mean meridional wind
bias for each month of the year separately was determined
and used to correct the LF meridional winds. The analysis
method is described by Jacobi et al. (2015). Note that meteor
heights tend to decrease with time due to the shrinking of the
middle atmosphere (Stober et al., 2014; Lima et al., 2015),
but the same is true for the LF nighttime reflection heights
(Kiirschner and Jacobi, 2003) so that no change in trends will
arise from this decrease. Here, we use combined LF/VHF
data from December 1978 through May 2022 for a long-
term trend annalysis, while a presentation of the seasonal
cycle (see section 4 below) is based on data from January
1990 to December 2021. A long-term linear trend compari-
son between WACCM-X predictions and the Collm dataset
for the shorter period of 1980-2014 has also been performed
by Qian et al. (2019). They modeled long-term trends and so-
lar cycle variability of mesospheric temperatures and winds.
Their simulated wind trends varied greatly with season and
location.
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Figure 1. Color coding: 2005-2021 mean monthly mean zonal (a) and meridional (b) winds over Collm measured by VHF meteor radar.
The respective zero lines are given as solid white curves. Contour lines: standard deviations based on the monthly means of each year.

Between 1990 and 2003 a partial reflection (PR) radar
was in operation in Juliusruh working with the FMCW
(Frequency Modulated Continuous Waves) method at a fre-
quency of 3.18 MHz (e.g., Keuer et al., 2007). This radar
has been replaced in spring 2003 by a new modular trans-
mission 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
to date. Other technical parameters are: 27 us pulse width,
18°-wide 3 dB beam width, height resolution of 4 km, and
sampling resolution of 1km. We use means from observa-
tions obtained between 81 and 85 km using the Full Correla-
tion Analysis wind method.

The following analysis is based on measurements from
December 1979 to May 2022 for Collm data, and January
1990 to December 2021 for a comparison of Juliusruh and
Collm long-term changes. For Juliusruh, we use monthly
means calculated from daily data. For Collm, we use regres-
sion analyses based on one month of half-hourly mean zonal
and meridional winds each. Seasonal mean winds are calcu-
lated as averages over three monthly mean winds. Note that
the Juliusruh winds refer to the upper mesosphere through-
out the year. Collm observations in winter also show meso-
spheric winds, but in summer the lower thermospheric jet is
visible.

3 Long-term trends over Collm and their changes,
based on LF/VHF measurements

In Fig. 2 are shown 3-monthly mean zonal and meridional
winds over Collm at about 90km for winter (December—
February, DJF), spring (March—-May, MAM), summer (June—
August, JJA), and autumn (September—November, SON).
Linear fits without and with one possible trend breakpoint
are also added. Breakpoints have been determined through a
piecewise linear fitting. This method selects the most prob-
able piecewise fit model with a priori unknown number of
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breakpoints (up to five) and autoregressive model of order
0, 1, or 2 by minimizing the Bayesian Information Criterion
(BIC). The standard deviation of the breakpoint year is deter-
mined using a Monte Carlo method. Details of the breakpoint
model are given in Liu et al. (2010). We allow a minimum
distance of 5 years between individual breakpoints. Trend
breaks are given as solid symbols in Fig. 2, if they are in-
dicated as the most probable solution by the minimum BIC,
otherwise they are half-filled. Also shown in Fig. 2 are stan-
dard deviations of breakpoints. Uncertainty in determining
the breakpoints arises from interannual wind variability in
relation to the change of linear trend. For MAM zonal winds,
the minimum BIC refers to a fit curve with three breakpoints
(black line in Fig. 2), which is also added. However, the re-
lated BIC is not so much different from the one for a curve
with only one breakpoint. If no solid breakpoint symbol is
shown, the most probable fit is a straight line. The linear
trend coefficients and years of possible trend breaks are also
shown in Table 1, together with the respective BIC and order
of the autoregression model in brackets and the linear trend
values before and after the respective breakpoint. The linear
trends differ somewhat from those presented by Qian et al.
(2019). They used only data until 2015, and trends have been
derived from a multiple linear regression including trend and
solar cycle. The zonal wind trends by Qian et al. (2019) are
somewhat stronger than those reported here, which can be
explained by either a solar cycle influence or the effect of the
recent years, where in Fig. 2 one can see an tendency oppo-
site to the linear long-term trend in all seasons.

Linear trends of zonal winds are positive throughout the
year, although in spring they are not significant at the 95 %
level according to a t-test. The positive trends indicate a
strengthening of the westerly mesospheric jet in winter, and a
strengthening of the lower thermospheric jet above the MLT
wind reversal in summer as well. The meridional winds de-
crease in magnitude with time during all seasons, which re-
sults in a positive trend in summer. This behaviour is mostly
similar to the one reported earlier from shorter intervals of
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Figure 2. Seasonal mean zonal (red) and meridional (blue) winds over Collm at about 90 km for (a) DJF, (b) MAM, (c) JJA, and (d) SON.
Linear fits are added with their 95 % confidence intervals. Linear fits with a trend break are also added as purple (zonal wind) and royal blue
(meridional wind) curves. Trend breaks are given as solid symbols, if they are indicated by the minimum BIC, otherwise they are half-filled.
For MAM zonal winds, the minimum BIC refers to a curve with three breakpoints, which is also added. If no solid breakpoint symbol is
given, the minimum BIC curve is the straight linear fit line.

Table 1. Linear trend coefficients (in ms™! yr_l) and their standard errors of horizontal winds over Collm December 1978-May 2022.
Significant trends at the 95 % level according to a ¢-test are given in bold. Also added are years of trend breaks with their standard deviation.
Trend break years are given in bold if the fit results in minimum BIC. The respective BIC and order of the autoregression model are given
in brackets. For MAM, the break year and BIC are also given for the solution with one breakpoint. The rightmost column shows the linear
trends (in ms™! yrfl) before and after the respective breakpoint.

season  component linear trend break year  trends before/
after break

DJF zonal 0.19 +0.03 (91.4/0) 2001 £ 8.4 (93.8/0) 0.32/0.05
meridonal ~ -0.09 £0.03 (73.4/0) 2005+ 10.9 (79.5/0)  —0.14/—0.01

MAM  zonal 0.07+£0.04 (112.2/1) 1985 +1.1 (108.5/0) 1.61/-1.72
1990 +1.3 —1.72/1.77

1995+2.3 1.77/-0.14

1999 +£2.3 (112.5/0) 0.33/-0.10

meridional 0.03+0.02 (41.1/0) 1999 + 8.4 (43.4/0) 0.11/-0.05

JJA zonal 0.19 +0.04 (95.2/1) 1998 + 4.4 (89.7/0) 0.50/—0.04
meridional 0.06 £ 0.02 (53.2/0) 1999 £ 6.5 (52.7/0) 0.19/—-0.04

SON zonal 0.12 £ 0.02 (58.7/0) 2012 +3.8 (51.0/0) 0.18/—-0.37
meridional  -0.04 £0.02 (38.0/0) 1985+£10.8 (42.2/1)  —0.34/—0.02
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Collm data (Jacobi et al., 2015; Qian et al., 2019). Note that
Qian et al. (2019) used November—January means for winter,
and had performed multiple regression analyses including a
solar cycle effect, so that their linear trends differ, especially
in winter, where the sign of the trend is different than re-
ported here.

Note that in spring there is large variability in the first half
of the observation period. This results in additional break-
points. This may as well be considered as the signature of
a quasi-decadal variation. Actually, during the 1980s and
1990s, the spring zonal winds over Collm are in anticor-
relation with solar activity (Jacobi et al., 1997; Jacobi and
Kiirschner, 2006), but this possible solar cycle effect is not
obviously visible in later years, and actually even seems to
change its phase, so that there are maximum easterly winds
around 1980 and 1990 (solar maximum), but weak easterly
winds during the maximum of solar cycle 24 (2014). A quasi-
decadal variation is most strongly expressed during May (see
Fig. 5 below), but also visible in other seasons, especially in
autumn.

Visual inspection of Fig. 2 and the analysis of breakpoints
and linear trends before and after them (Table 1) also show
that there is a tendency for a decrease in the long-term trend
with time, i.e. a change to weaker or even reversed trends.
The linear fits including breakpoints show that such a change
is significant especially in summer and appears in the late
1990s. During winter, a change of trends is also visible near
these dates, taking into account the uncertainty of the break-
point detection, which is large due to the interannual vari-
ability of mean winds partly caused by stratospheric sudden
warmings. However, for DJF the fit with one breakpoint is
not the most probable solution according to BIC, but this
would be a straight line in winter. Similar tendencies are visi-
ble for the meridional wind in spring, where a possible break-
point is seen around the year 1999, but a pure linear trend is
more probable. The long-term tendencies in autumn behave
differently; there are indications for decreasing zonal winds
in the 2nd decade of the 2000s together with strong westerly
winds before 2015, which are also observed over Juliusruh
(see Fig. 4d below). The reason for this interannual variabil-
ity is currently not clear. This resulted in minimum BIC for
the shown fit model, however, there are also model solutions
which show changes in the late 1990s and not in the 2010s
(not shown here) that, according to BIC, are even more prob-
ably than the pure linear fit. During all other seasons, zonal
wind trends after 2000 are small and partly negative.

4 Comparison of Collm LF/VHF and Juliusruh PR
winds and their changes

In this section, Collm and Juliusruh long-term wind changes
are compared. However, owing to the different observations
by LF/VHF and PR, the reference heights used here differ.
Therefore, a direct comparison of winds is not performed

https://doi.org/10.5194/ars-21-111-2023

115

here, but only winds at 90 and 83 km during 1990-2021 are
presented and analysed with respect to their linear trends.

4.1 Seasonal cycles over Collm and Julisuruh

A comparison of the long-term mean seasonal cycle of hor-
izontal winds over Collm and Juliusruh is given in Fig. 3.
Here we present data of the years 1990-2021. As in Fig. 1 the
zonal winds (left panel) are westerly during winter over both
sites. The winter winds very closely agree with each other,
which is due to the small vertical wind gradient then (see
Fig. 1). In summer, the Juliusruh winds are easterly. Con-
nected with the very strong positive zonal wind shear (Fig.1),
however, westerly (positive) zonal winds are visible at 90 km
over Collm. The slight latitudinal difference also contributes
to this feature, because the easterly summer wind jet extends
to greater heights at higher latitudes (e.g., Jaen et al., 2022).
The meridional winds are weaker than the zonal ones.
Over Collm, a clear seasonal cycle is visible, with equa-
torward (southward) winds in summer, and weak poleward
(northward) winds in winter. But over Juliusruh, at lower alti-
tudes, the meridional winds do not show such a clear seasonal
cycle. An equatorward maximum is visible in June/July but it
is weaker than over Collm at higher altitudes. Again, in win-
ter the winds over Collm and Juliusruh differ less strongly
than in summer, but still the winter meridional wind magni-
tudes over Juliusruh are smaller than those over Collm. The
differences are clearly an effect of the different altitudes con-
sidered since meridional winds are owing to gravity wave
mean flow interaction, which is strongly height dependent
(e.g., Yigit and Medvedev, 2015; Lilienthal et al., 2020).

4.2 Comparison of trends over Collm and Julisuruh

Figure 4 shows zonal and meridional wind time series at
Collm and Juliusruh, respectively, for four seasons. Linear
fits are added based on the data from 1990-2021. The trend
coefficients, their standard errors and their confidence inter-
vals (in brackets) are given in Table 2. The Collm winds, re-
spectively, represent part of the dataset that has been shown
in Fig. 2. Comparing the Collm trends derived from the full
dataset in Table 1 with those after 1990 (Table 2), it is clear
that the trends become weaker and mostly insignificant. Af-
ter the breakpoint, wind trends either become very weak, or
reverse (Fig. 2 and Table 1). Thus, the 43 year trends over
Collm are mainly caused by the very strong trends in the first
half of the dataset and become smaller when one decade of
observations in this first half is disregarded. We do not show
linear trends with possible breakpoints as the analysis is only
performed for the time after 1990, so that breakpoints, if any,
would be expected close to the beginning of the time series.
In DJF the zonal wind trends are positive, i.e. towards
stronger westerly winds over both sites. Due to the small
vertical (see Fig. 1) and meridional gradients (Jacobi et al.,
2019) during DJF, the mean values are very close to each
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Figure 4. Seasonal mean zonal and meridional winds over Collm at about 90 km and Juliusruh at 81-85 km for (a) DJF, (b) MAM, (c) JJA,

and (d) SON.

other. The trend is slightly weaker over Juliusruh, so it is not
statistically significant. Interannual variability is in the same
order of magnitude over both sites, however, maximums
and minimums do not always correspond to each other. The
meridional winds decrease over both sites, although the lin-
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ear trend for Juliusruh is weaker and not statistically signifi-
cant at the 95 % level.

During spring (MAM) there is considerable interannual
variability of zonal winds over both sites. Moreover, while
during March and April the long-term mean zonal winds are
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Table 2. Linear trends and their standard errors of seasonal mean horizontal winds over Collm and Juliusruh. For spring, the March/April

mean and May winds are given separatly as well. 95 % confidence intervals are given in brackets. Values are given in ms™

trends at the 95 % level according to a ¢-test are given in bold.

1 yr_1 . Significant

Season Site zonal wind meridional wind
DIJF Collm 0.14 £0.05 (0.03:0.25) —0.09 £0.04 (—0.18:—0.01)
Juliusruh 0.09 £0.07 (—0.04:0.22) —0.06 £0.04 (—0.14:0.03)
MAM Collm 0.02+£0.07 (—0.11:0.16) —0.00£0.03 (—0.06:0.06)
Juliusruh  —0.16 £0.06 (—0.28 : —0.05) —0.05+0.04 (—=0.12:0.03)
March/April ~ Collm 0.01 £0.06 (—0.11:0.13) +0.00£0.03 (—0.06:0.06)
Juliusruh  =0.32£0.06 (—0.44: —0.21) —0.03+£0.04 (—0.11:0.06)
May Collm 0.034+0.11 (-0.20:0.26) —0.01+£ 0.04 (—0.09:0.06)
Juliusruh 0.18+£0.14 (—0.12:0.47) —0.08 £0.06 (—0.20:0.05)
JJA Collm 0.08 £0.06 (—0.04:0.19) —0.00£0.03 (—0.07:0.06)
Juliusruh 0.36 £ 0.15 (0.06: 0.66) 0.02+£0.05 (—0.08:0.12)
SON Collm 0.06+0.04 (—0.02:0.13) —0.03+£0.02 (—0.08:0.01)
Juliusruh 0.06 £0.04 (—0.03:0.14) -0.12+0.03 (—0.19:—0.06)
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Figure 5. Bimonthly and monthly mean (a) zonal and (b) meridional winds over Collm at about 90 km and Juliusruh at 81-85km for

March/April and May.

similar over both sites, this is not the case for May with its
summer onset (see Fig. 3). Consequently, there are also dif-
ferent long-term trends over the two sites for the zonal wind.
We show March/April and May mean winds separately in
Fig. 5 with the trend coefficients are also shown in Table 2.
Over Juliusruh, the zonal wind trend is negative, while it is
negligible over Collm. Note that the latter is due to strongly
negative wind values over Collm in the early 1990s and the
breakpoint in 1995 (see Table 1), and if the linear trend is cal-
culated from 1995-2021 it becomes negative with the trend
at Collm becoming comparable to the Juliusruh one. The
Collm zonal wind trends during March/April and May are
similar (Fig. 5) however, the May winds are more variable
than the March/April ones so that the strong quasi-decadal
variability in MAM zonal winds is mainly due to May wind
variability, and not owing to winter final stratospheric warm-
ing variations. During May, the transition from spring to
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summer takes place, with the lower thermosphere change to
westerlies owing to gravity wave action. There is a strong
acceleration of the zonal wind on the order of 20ms~! per
month (see Fig. 1) in May, and a delay in summer beginning
(SB) would already have large impact on the May winds.
Jaen et al. (2022) shows that the SB may vary by a period on
the order of 10d, which, given the seasonal cycle, lead to a
change of 5-10ms~! for mean May zonal winds. Note that
the large decadal/interdecadal variability over both sites at
both heights is similar, and the May zonal winds over Collm
and Juliusruh are positively correlated with a correlation co-
efficient of r = 0.7.

The meridional wind trends over Collm and Juliusruh
are both negative, but insignificant in MAM, and the trend
at Collm is extremely weak. This is also the case for
March/April and May regarded separately (Fig. 5) .
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Summer zonal wind trends are positive at both sites
(Fig. 4c and Table 2), which means a weakening of the east-
erly mesospheric jet but a strengthening of the lower thermo-
spheric westerlies. The meridional wind trends are small at
both sites. The positive linear trend over Collm seen in Fig. 2
is due to strong changes in the 1980s and early 1990s, but not
to trends in later years.

Autumn (SON) long-term changes qualitatively agree with
winter ones. Thus, zonal wind trends are positive, while
meridional wind trends are negative. This is true for both
Collm and Juliusruh. There is a considerable interannual
variability, so linear trends are not significant except for the
meridional winds over Juliusruh.

5 Conclusions

The radar MLT wind time series obtained at Juliusruh and
Collm range among the longest ones worldwide, so the anal-
ysis of their interannual and long-term variability may pro-
vide insight into possible effects of climate change on the
MLT. Here, we show long-term trends and possible changes
in trends over Collm, and compare the long-term linear
trends over both sites. Owing to the different observation
methods the considered heights differ by several kilome-
tres. Consequently, the summer climatological mean zonal
winds are different: while the Juliusruh observations at about
83 km show the upper part of the mesospheric easterlies, the
Collm LF/VHF measurements fall into the lower thermo-
spheric westerly jet. During winter, the vertical zonal wind
gradient is smaller, and the differences between the two sites
are smaller, too.

Long-term trends over Collm and Juliusruh agree quali-
tatively (in terms of sign), in particular in SON and DJF, but
also for JJA, notwithstanding the climatological difference in
mean winds. Differences in trends are found for MAM. This
may be partly due to a possible trend change in the 1990s,
and the strong wind shear in the summer half year, which at
least includes May also.

Based on Collm winds, there are indications for a trend
change in the late 1990s, which is especially prominent in
summer. During winter, although the most probable solution
for linear fits is a straight line then, a possible trend change
is also visible. Such a change, possibly connected with the
ozone turnaround after 1995 or lower atmosphere climate
change, has been reported earlier (Jacobi et al., 2015). The
update of the Collm time series presented here shows that
the wind tendencies after the late 1990s, which mainly show
a decrease or even a reversal of the trends before that time,
continued during the recent years.

The comparison of Collm and Juliusruh winds in Fig. 4
also shows a considerable variability at time scales of a few
years, although the year-to-year variability at the two sites is
partly different. Possible mechanisms for such kind of vari-
ability may be the influence of lower/middle atmosphere cir-
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culation patterns like QBO, NAO, and ENSO. These pat-
terns have been shown to possibly influence the middle atmo-
sphere winds up to the mesosphere (Jacobi and Beckmann,
1999; Sridharan et al., 2010; Ermakova et al., 2019; Koval
et al., 2022), but their effect decreases or reverses, respec-
tively, near the mesopause region. The height difference of
the wind time series analysed here therefore may be a reason
for the different variability at these time scales. The effect
of lower atmosphere variability on the MLT therefore should
be analysed in more detail in the future, including numerical
modelling.

In the literature, a possible solar cycle effect on mean MLT
winds has frequently been proposed (Sprenger and Schmin-
der, 1967; Jacobi et al., 1997; Qian et al., 2019). Such a
solar cycle may influence trend analyses, if not adequately
taken into account (LaStovicka et al., 2012; Lastovicka and
Jelinek, 2019). There are indications that there is a quasi-
decadal variability of winds present in the MLT, but on the
other hand it seems that this effect is not stable and changes
with time. However, given that a solar effect on winds may be
quite variable with location and season, and taking into ac-
count that at least some of the linear trend estimates change
when including solar activity, further analyses are required
to carefully analyse the solar activity effect on MLT winds,
including its possible modulation with time.
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