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Abstract. Long-term variability of the mesosphere/lower and to define breakpoints, when parameters of linear trend
thermosphere (lower E region ionosphere) since 1970 hamodels are changing.

been analyzed using wind data series obtained at Collm Time series of middle atmosphere parameters have
(52°N, 15°E) using the LF drift method and at Obninsk been proposed to be useful for climate trend detection
(55° N, 37 E) applying VHF meteor radar. Applying piece- (e.g. Thomas, 1996) due to comparatively large signals, and
wise linear trend analysis with a priori unknown number andowing to the fact that the middle and upper atmosphere
positions of breakpoints shows that trend models with breakis coupled with the troposphere (e.g., Kazimirovsky et al.,
points are generally to be preferred against straight lines2003). Of particular interest in this connection have been
There is a strong indication for a change of trends in wind pa-radar measurements of the mesosphere/lower thermosphere
rameters around 1975-1980. Similar changes are also foun@ILT) horizontal wind, essentially because these data are,
in the lower atmosphere, e.g., in tropospheric temperaturedor a few selected stations, available for several decades
This indicates a coupling between atmospheric layers at tim@ow. The earliest continuous measurements have started in
scales of decades. 1953 over UK (Greenhow and Neufeld, 1961). Very long
records are available from measurements ahlngsborn
and Collm, Germany (Bremer et al., 1997) dating back to
the 1950s and at Obninsk, Russia (Portnyagin et al., 2006;
Merzlyakov et al., 2009) beginning in 1964. Long-term mea-
A general question discussed in the atmospheric commusurements over Arctic and Antarctic sites_ dating back to the
nity is, to which degree the global climate is changing, and1960s have been presented by Portnyagin et al. (1993a, b).
whether there are long-term trends present in different cli- Analyses of possible linear long-term trends in MLT time
mate parameters. While it is widely accepted that anthro-S€ries have been performed, e.g., by Bremer et al. (1997).

pogenic greenhouse warming of the atmosphere is increas-[h_‘? gen(_aral results were that the_meridional and zonal pre-
ing, additional variability, e.g. due to the interplay of at- va|I|r.1g. wmds_were decreasmg until the early 1990s, and the
mospheric circulation patterns, may give rise to periods ofsemidiurnal t!dal (SDT) amplitudes were.decreasmg as well.
stronger or smaller temperature increase superposed to tHedter, Jacobi et al. (2005) reported a linear trend in SDT
general trend (Swanson and Tsonis, 2009). Even in a geneRhases also. The question, whether these trends are really
ally warming climate, there may be periods of several yeardinéar, has been discussed as well. Jacobi et al. (1997) found
with no temperature increase (Easterling and Wehner, 2009)1at linear trends in Collm wind time series are changing with
due to natural climate variability, which can be confused with ime. Later, applying piecewise linear trend fitting, Portnya-

a change in secular trends. It is therefore of general interes§in €tal. (2006) found trend breaks in the Obninsk and Colim
to analyse climate time series not only with respect to lin-wind time series around the late 1970s and the early 1990s.
ear trends, but also to possible changes of trend parameters, Portnyagin et al. (2006) and later Merzlyakov et al. (2009)
have used seasonal mean winds and tidal parameters to de-
tect possible structural changes in long-term trends. Since

Correspondence toC. Jacobi the wind field, especially during the equinoxes, may vary
BY (jacobi@uni-leipzig.de) rapidly, in this paper we will make an attempt to analyze
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Fig. 1. January mean zonal prevailing winds (positive eastward) over Collm (left panel) and Obninsk (right panel). Results for the primary
solution (solid line and symbols) and secondary solution (dashed line and open symbol) according to BIC of piecewise trend analyses are
added.

long-term trends based on monthly mean winds over Collm The virtual reflection heights have been estimated since
and Obninsk. The measurements are shortly described ifate 1982 using measured travel time differences between the
Sect. 2. In Sect. 3 the method for piecewise linear trend fit-separately received ionospherically reflected sky wave and
ting is outlined. Results are presented in Sect. 4, and Sect. the ground wave (Krschner et al., 1987). This information
concludes the paper. is not used here, in order to avoid possible artifacts due to dif-
ferent analysis procedures before and after 1982. Data mea-
sured before 1968 have not been used, since before that date
2 Measurements measurements have only been taken during evening hours,
which do not allow an accurate discrimination between the
Two of the longest lower ionospheric wind time series semidiurnal tide and the mean wind. Other major changes in
presently available are used, namely winds measured ahe measurements include a switch from manual data evalua-
Collm (52 N, 15 E) during 1968-2008 and at Obninsk tion to automatic measurements in 1972 and the averaging of
(55°N, 37 E) during 1964-2007. Both stations are located the results over three measuring paths since late 1978. Both
at similar middle Northern Hemisphere latitudes, at a dis-of these changes are connected with a decrease of the statis-
tance of only approximately 1620 km. The wind measure-tical uncertainty, such that short-period variations are likely
ments were carried out by meteor radar without height find-to be affected. However, the long-term mean wind analysis
ing at Obninsk and by the LF closely spaced receiver methodhould not be affected. The Collm wind data set represents an

at Collm. extended dataset which has been used in Jacobi et al. (2009),
_ o however, there focus was laid on January through May means
2.1 Collm LF lower ionospheric drifts in order to compare with ozone variability. Here, we present

results based on monthly mean values.
At Collm Observatory, MLT winds have been obtained by

D1 LF radio wind measurements from 1959-2008, using the2.2 Obninsk meteor radar winds

ionospherically reflected sky wave of three commercial ra-

dio transmitters. The data are combined to half-hourly zonaWind measurements over Obninsk using the meteor radar
and meridional mean wind values. A multiple regressiontechnique have been carried out since 1964. Frequency used
analysis is used to determine the daily prevailing wind andis 33.3 MHz. The radar transmitting system consists of four
the semidiurnal tidal wind from the half-hourly wind com- antennas pointing in the directions N, E, S and W. For the
ponents assuming clockwise circularly polarized tidal wind present investigation focusing on monthly means and large-
components (Kirschner, 1991). The same method is appliedscale circulation patterns the mean values of the two respec-
to calculated monthly wind parameters using monthly me-tive beams are considered to improve the statistical signif-
dian half-hourly winds (Jacobi andii{schner, 2006). The icance. The wind values are combined to hourly means.
data are attributed to the mean reflection height at abouHeight determination is not available and the wind values are
90 km. ascribed to a height of 90 km. The monthly mean values of
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Fig. 2. As in Fig. 1, but for the June meridional prevailing winds (positive northward).

304 Collm 30+ Obninsk
@ 251 @ 25]
£ ; £
(] (0]
S 20 3 20
é_ =
£ 15 g 15
® ©
< £
5 10 5 10
] ]
5 s 5
» ] B 21
]
0""I""I""I""I""I 0""|""|""|""|""|
1960 1970 1980 1990 2000 2010 1960 1970 1980 1990 2000 2010

Year Year

Fig. 3. As in Fig. 1, but for the January SDT amplitude.

the prevailing winds and tidal parameters are obtained fronof old wind data have been added and several monthly means
the hourly mean winds by applying a least square fitting withhave been re-evaluated. Some gaps in seasonal mean data
harmonics of 48 h, 24 h, 12 h, and 8 h. The root mean squardave thus been filled.
errors of these means are about 1-2 m/s except for the first
four years, when they are about 3—4 m/s.
3 Piecewise trend analysis of time series

A modification of the radar in 1968 led to a significant in-
crease of the number of meteor echoes. In 1973 the data prdn this study piecewise linear trends with a priori unknown
cessing procedure was modified. In addition, instrumentatioryears of breakpoints were estimated. The practical algo-
and software modifications were made in the first half of therithm used is partly based on T@wand Miranda (2004). The
1980s and in 1999. Each time the measurements were modanalysis was performed for different numbers of breakpoints
ified, parallel measurements using the old and the modifiequp to 2, and including a linear trend model as a possibil-
techniques were carried out for several months to ensure thaty as well) by minimizing the sum of squared residuals. To
there was no artificial shift in the data. The Obninsk wind avoid edge effects, breakpoints are only considered if they
dataset is the same as has been presented in Merzlyakov ate located at least 4 points from the beginning/end of the
al. (2009) and Jacobi et al. (2009), but differs in part from time series. Then each of the three basic trend assessments
that one analyzed by Portnyagin et al. (2006). Some monthsvere augmented with first- and second-order autoregressive
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Fig. 4. As in Fig. 1, but for the November zonal SDT phase (time of maximum eastward wind in LT).

components (AR(1) and AR(2), e.g. Seidel and Lanzante4 Results
2004). Correspondingly, the goodness of fit of the resid-
uals to a Gaussian distribution was assessed by using thka this section we present examples of time series including
Anderson-Darling (e.g. Romeu, 2003) statistic to test the nullbreakpoint analyses to provide an impression of how break-
hypothesis of normally distributed residuals. This was donepoints are distributed. The selection of the months presented
with removal of the AR(1) and AR(2) behavior and with the is arbitrary. Note that there are many combinations of month
model that does not include autoregressive behavior in thef year and wind parameter, where no breakpoint is found ac-
residuals (AR(0)). Any model for which the null hypothesis cording to minimum BIC. In total, only about 10% of all time
is rejected at the 10% significance level (Stephens, 1974) waseries under consideration contain breakpoints. This fact is
eliminated from further consideration. The mean value andabove all owing to the relatively large variability from year
the standard lag-one and -two autocorrelations of each ado year, which is present in monthly mean time series. Anal-
cepted normally distributed residual series were calculated tyses of seasonal means (Portnyagin et al., 2006) reveal more
check whether the residuals can be regarded as a realizatigiable results.
of white noise. Finally, to obtain the best model, the standard In Fig. 1 January zonal mean winds over Collm and Ob-
form of the Schwarz-Bayesian Information Criterion (BIC, ninsk are shown. Some similarities are visible, e.g. the de-
e.g. Ng and Perron, 2005; Portnyagin et al., 2006) was emereasing trend in the early years of the measurements, which
ployed by minimizing the BIC, provided that the residuals has also been reported by Bremer et al. (1997), and an in-
are accepted as one-dimensional normally distributed whitereasing trend after 1990. Differences between the two time
noise. The uncertainty of trend parameters was estimated useries in Fig. 1, however, are also visible, e.g. the stronger
ing the Monte-Carlo simulation approach. zonal winds seen in the Obninsk January time series approx-
Note that our restriction to a maximum of 2 breakpoints is imately between 1980 and 1990 are visible in the Collm time
arbitrary. In the case that more breakpoints are allowed, theeries, too, but they are much weaker expressed there. Re-
model tends to analyze the effect of possible decadal varisults for the primary and secondary solutions according to
ations, including the 11-year solar cycle effect (e.g. JacobiBIC of piecewise trend analyses are added in Fig. 1. The sec-
and Kurschner, 2006), which is not the topic of this analysis. ondary solution for Collm is one with the same breakpoints
The use of piecewise linear trends does not allow to consideas the primary one, but different autoregression of the resid-
structural changes in general (as, for example, in Merzlyakowals, so that only one trend curve is shown. Breakpoints for
et al., 2009), but this approach is a natural extension of theCollm are found in 1975 and 2003, while for Obninsk only
linear regression model and can be readily performed. Wex secondary breakpoint is found in 1992. However, if one
present results with minimum BIC and secondary solutionswould allow solutions with three breakpoints (not shown),
with second smallest BIC. Note that ranking the possible sothe primary solution for Collm would include a third break-
lutions according to BIC is only a statistical procedure. Otherpoint in 1987, with error bars that overlap with the ones for
solutions may be physical as well, and the primary solutionsthe Obninsk secondary solution.
by BIC may be non-physical, e.g. in the presence of artifacts. Examples for the meridional prevailing wind are shown
Therefore, the interpretation of the results has to be madén Fig. 2. Generally the year-to-year variability over Collm
with special care. is larger than over Obninsk. This may be owing to larger
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Fig. 5. Summary of breakpoints analyzed in Collm prevailing zonal Fig. 6. As in Fig. 5, but for Obninsk winds.
(Voz) and meridional V,,,) prevailing winds and tidal amplitudes
(Vo,) and phaseslp,). Symbols show year and month of the re-
spective breakpoints. In the upper panel, the sum of breakpoints, fojority of breakpoints is found in or after 1975. There is also
all the 4 parameters analyzed together is shown for each year. Og larger number of breakpoints for Collm in 1973, however,
Fhe _right hand panel the total number of breakpoints for each monthig year is very close to the change in data analysis at Collm,
IS given. and may be owing to that. This idea is corroborated by the
fact that in 1973 there is only one breakpoint for Obninsk.
On the other hand, the 1970 breakpoints for Obninsk may
uncertainty of Collm monthly means due to the long daily pe gwing to artifacts in connection with the radar modifica-
data gaps in summer. However, the long-term tendencies fofion in 1968. These artifacts can be evaluated if one would
both time series are similar. These include increase of thgske into account changes in the data variance. This might
southward wind in the early years (note that the winds areeaq to a possible removal of these breakpoints. This would
generally negative, i.e. southward directed), a long-term depe 5 subsequent extension of the trend model. There is also
crease after-1975, and again an increase after 1995. Thegome |ess clear clustering of breakpoints around 1995 (Ob-
latter, however, is not so clearly expressed over Collm in re-pinsk only) and after 2000 (Collm only). The former possi-
lation to the overall variance, so that it is not among the firstp) e breakpoint coincides with a change in middle atmosphere
two solutions selected according to minimum BIC. ozone, ozone laminae, and possibly temperature trend (Rein-
The SDT phases, given as the time of eastward zonal wingel et al., 2005; Kéan and Latovicka, 2005; Bremer and
maximum, generally show an increasing trend (towards latePeters, 2008). The latter breakpoint would be in correspon-
phases), which has already been noted, e.g., by Jacobi elence with indications that the global climate has recently
al. (2005) and Jacobi andiischner (2006). As an exam- shifted (Swanson and Tsonis, 2009).
ple, the November mean phases are given in Fig. 4. Note that Only about 10% of the curves contain breakpoints accord-
there is a mean difference of mean phases, which is presemg to the piecewise analysis. Taking into account that the
during the whole winter (Jacobi et al., 2005) and which may analyses of seasonal means result in breakpoints in the ma-
indicate that the November SDT is not only due to the mi- jority of cases (Portnyagin et al., 2006; Merzlyakov et al.,
grating (westward traveling with wavenumber 2) STD, but 2009), this gives rise to the conclusion, that the interannual
other SDT components may be present. In the case of theariability of monthly means is large, and only the strongest
November phases there is one secondary breakpoint in thgnd most robust breakpoints are found. In this case, we may
Collm time series. conclude that there is one primary breakpoint in the time se-
A summary of breakpoints seen in the Collm data seriesries around 1975-1980. This appears at the same time as a
is presented in Fig. 5, while the corresponding results formajor change in global temperatures (e.g. Swanson and Tso-
Obninsk are presented in Fig. 6. A symbol is plotted in nis, 2009).
the figure each time, when a breakpoint appears in any of For most months, large interannual variability is present,
the time series of the zonal prevailing wind, meridional pre- which in most cases lead to a linear (or no) trend as the best
vailing wind, SDT amplitude or SDT phase. The choice of solution in the framework of piecewise linear trends. There-
parameters used is arbitrary, and, in order not to cram thdore, breakpoints which have been identified in earlier analy-
figure with too many lines, we did not present error bars asses (Portnyagin et al., 2006; Merzlyakov et al, 2009) are not
was done in Figs. 1-4. Therefore the information that cannecessarily visible here. This is particularly the case with
be taken from these summaries is qualitative only. The mabreakpoints around 1990, which are not visible in analyses
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using monthly data. We may conclude that owing to theKrizan, P. and Lstovicka, J.: Trends in positive and negative ozone
strong variability of the MLT wind field, the use of seasonal laminae in the Northern Hemisphere, J. Geophys. Res., 110,
means or more sophisticated trend models may be superior to D10107, doi:10.1029/2004JD005477, 2005.

using monthly means and piecewise linear trends, if Weake}(Urschner D.: Ein Beitrag zur statistischen Analyse hochatmo-
breakpoints like the one around 1990 are sought. On the spharischer Winddaten aus bodengebundenen Messungen, Z.
other hand, especially for the equinoxes, seasonal means ake_MeteorOI" 41, 262-266, 1991. .

not always meaningful, as they consist of averages over very urSChE.er‘ D., S\’fh;mk?der’ R"R S:.nger’ W"b ard Bque”;ler‘
different circulation patterns. This means, breakpoints that in neues Verianren zur Realsierung apsoluter Reflex-

e i > k “* lonstbhenmessungen an Raumwellen amplitudenmodulierter
are visible in monthly means notwithstanding the large vari- grundfunksender bei Schgeinfall im Langwellenbereich als

ability of these datasets, can be considered as robust. Hilfsmittel zur Ableitung von Windprofilen in der oberen
The analysis shows that the majority of breakpoints are Mesopausenregion, Z. Meteorol., 37, 322—332, 1987.

found roughly between 1975 and 1980. This is time inter-Merzlyakov, E. G., Jacobi, C., Portnyagin, Y. ., and Solovjova, T.

val, when a major atmospheric structural change has been V.. Structural changes in trend parameters of the MLT winds

observed, which is, for example, clearly visible in global based on wind measurements at Obninsk® (8537 E) and

temperature records. This suggests that this global change €ollm (52°N, 15°E), J. Atmos. Solar-Terr. Phys., 71, 1547—

influences the dynamics of the middle atmosphere. 1557, 2009. - _
Ng, S. and Perron, P.: Practitioners’ corner: a note on the selection
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