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Abstract. Mid-latitude mesospheric summer echoes (MSEs)
appear in radar observations during summer months. The
geophysical factors controlling the formation of MSEs in-
clude solar and energetic particle ionisation, neutral tempera-
ture, turbulence, and meridional transport. A total of 12 years
of summer months observations with the OSWIN (Ostsee-
Wind) radar in Kiihlungsborn, Germany, have been analysed
to detect MSE events and to analyse statistical connections
to these controlling factors. A more sensitive and consistent
method for deriving signal-to-noise ratio has been utilised.
Daily and monthly composite analysis demonstrates strong
daytime preference and early summer seasonal preference
for MSEs. The statistical results are not entirely conclusive
due to the low-occurrence rates of MSEs. Nevertheless, it is
demonstrated that the meridional transport from colder high-
latitude summer mesosphere is the important controlling fac-
tor, while no clear connection to geomagnetic and solar ac-
tivity is found.

1 Introduction

Mesospheric echoes are strong radar echoes observed by
very high frequency (VHF) radars within the ionospheric
D region at the altitudes of 80-90km. While mesospheric
echoes are observed at various latitudes from polar regions
to the Equator, this study specifically focuses on the summer
observations over the northern mid-latitude region; thus the
term MSE refers here to the mid-latitude mesospheric sum-
mer echoes only. When observed at polar latitudes, the sum-
mer mesospheric echoes are typically referred as polar meso-
spheric summer echoes (PMSEs). The first observations of
mid-latitude mesospheric summer echoes have been reported

near Gottingen, Germany (Czechowsky et al., 1979; Reid
et al., 1989). Since that, comprehensive studies of (P)MSEs
were conducted using various radar systems (Ecklund and
Balsley, 1981; Thomas et al., 1992; Bremer et al., 2006; Mor-
ris et al., 2007; Latteck and Bremer, 2017). Simultaneous ob-
servations of (P)MSEs with radars, and noctilucent clouds
(NLCs) with lidars (Nussbaumer et al., 1996; Thomas et al.,
1996; Gerding et al., 2018) revealed that (PYMSEs and NLCs
are closely related phenomena linked to ice particles formed
in the cold summer mesosphere. The current understanding
of physical mechanisms leading to the formation of (P)MSEs
is summarised in the review by Rapp and Liibken (2004).
Under sufficiently low temperatures, when ice particles
are formed, enhanced levels of ionisation are needed to pro-
duce (P)MSEs. Consequently, (P)MSEs appear during sum-
mer months in the cold upper mesosphere, and primarily
under daylight conditions. D-region ionisation could be en-
hanced by geomagnetic activity and resulting particle precip-
itation, suggesting connections to geomagnetic indices and
solar energy flux. Meridional transport could bring colder air
from the polar mesosphere to the mid-latitudes, as well as to
advect the existing PMSEs to mid-latitudes, suggesting con-
nections to meridional mean winds and/or planetary waves.
Long-term VHF radar observations of PMSEs at polar lat-
itudes in Andgya, Norway (Bremer et al., 2009; Latteck and
Bremer, 2017), indicated dependence on geomagnetic activ-
ity, showing a pronounced positive correlation between the
planetary activity index (Ap) and the occurrence of PMSEs.
A weaker correlation between the solar radiation flux and
the occurrence of PMSEs was also reported (Latteck and
Bremer, 2017). VHF radar observations of MSEs at mid-
latitudes in Kiihlungsborn, Germany (Latteck et al., 1999;
Zecha et al., 2003; Zeller and Bremer, 2009; Zeller et al.,
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2009), demonstrated similar summertime and daytime pref-
erences for mesospheric echoes. Similarly to PMSE, a de-
pendence on global geomagnetic activity (Ap index) was
found, as well as a weaker dependence on solar energy flux.
However, the occurrence rates of MSEs appear substantially
lower compared to PMSEs, with maximum occurrence rates
in summer months reaching ~ 90% and 30 % for PMSEs
and MSEs, respectively. It has to be noted that earlier sta-
tistical studies of MSEs used relatively short datasets (less
than one 11-year solar cycle), which in combination with
low-occurrence rate of MSEs results in poor statistics.

The purpose of this paper is to investigate long-term
(12 years) observations of MSEs by OSWIN (Ostsee Wind
radar) located in Kiihlungsborn, Germany (54° N, 12°E), in
order to study statistical dependencies of geomagnetic and
solar activity, seasonal and diurnal variabilities of MSEs,
and dependencies on meridional transport. Since the OSWIN
radar has undergone substantial hardware modifications dur-
ing the observation period, a new method of absolute cal-
ibration, based on the cosmic noise intensity, has been ap-
plied throughout the OSWIN radar dataset. In addition to the
global geomagnetic index, we also considered dependencies
on the auroral electrojet index and solar wind speed, which
arguably provide better proxies for auroral and relativistic
particle precipitation, respectively. In order to study the de-
pendence on meridional transport, wind data from a specular
meteor radar are used. We investigate which factors, besides
solar irradiance, play significant roles in controlling the oc-
currence of MSEs.

2 Radar description and data analysis

OSWIN is the phased array VHF (53.5 MHz) radar in Kiih-
lungsborn operated during summer months primarily to
study MSEs. The dataset analysed here covers years 2004—
2013 (with year 2009 missing) and years 2015-2017. In year
2014, the radar was not operational and the antenna array
was substantially reconfigured. The technical specifications
of both original and reconfigured OSWIN systems are given
in Gerding et al. (2018). For the purposes of the current anal-
ysis only the vertical radar beam (of 6° beam width) has been
used. OSWIN runs in synchronised operation with the nearby
meteor radar receive-only station in Kiithlungsborn.

The OSWIN raw data were processed by fitting a truncated
Gaussian function to each spectrum obtained from the mea-
sured raw voltages (Kudeki et al., 1999; Sheth et al., 2006;
Chau and Kudeki, 2006; Stober et al., 2018). Before the data
fitting, 32 coherent and 8 incoherent integrations were used.
The resulting spectra contained 256 points. Similar to Stober
et al. (2018), we also removed potential meteor detections
including specular meteors, as well as head echoes.

The MSE detection is based on a global sky noise estimate
derived from all range gates between 50 and 120 km altitude
where the truncated Gaussian fitting resulted in a signal-to-
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noise ratio (SNR) < —8dB for each record. The global sky
noise estimate allows the definition of a new SNR value for
each record, which is then used further on to detect potential
MSE events.

The available dataset has been processed to obtain hourly
values of SNR only for summer months (June—August). The
detection of MSE is defined when the observed hourly value
of SNR exceeds the SNR threshold. Note that the definition
of SNR used in this study differs from the definition of SNR
used in Gerding et al. (2018) and in earlier MSE studies with
OSWIN (Bremer et al., 2006; Zeller et al., 2009). In the cur-
rent analysis, once the hourly SNR value exceeds the thresh-
old, the maximum SNR value in a vertical column between
altitudes of 75 and 93 km is considered as the SNR of the
detected MSE. The altitude of the maximum SNR value is
considered as the height of the detected echo.

OSWIN radar does not provide continuous wind mea-
surements. Meridional wind data for this study have been
obtained from the VHF meteor radar located in Juliusruh,
Germany (54° N, 13° E). While the meteor radar is not co-
located with OSWIN, the zonal distance of 120 km is within
the field of view of the meteor radar. The meteor radar pro-
vides hourly averaged wind values in the range of altitude
between about 75 and 110 km using backscatter from meteor
ionisation trails (e.g. Stober et al., 2017). For the statistical
study, the meridional wind values are taken at the altitude
closest to the height of the detected MSE. The statistical un-
certainties in the meridional winds range from 1 to Sms™!
(Stober et al., 2017), with the largest uncertainties at the up-
per and lower edges of the meteor layer.

To analyse the effects of geomagnetic activity, the plane-
tary 3 h range index (Kp) is used to characterise the global
geomagnetic activity, and the auroral electrojet (AE) index
is used to characterise the geomagnetic substorm-related ac-
tivity such as auroral particle precipitation and ionospheric
Joule heating. The solar wind speed (Vgy), measured in situ
on a spacecraft upstream from the Earth’s magnetosphere
(King and Papitashvili, 2005), is used as a proxy for the en-
ergetic electron precipitation from the Earth’s outer radiation
belts. The solar activity is characterised by the solar radio
flux at 10.7 cm wavelength (F10.7). For each hour of OS-
WIN observations, the values of AE, Kp, Vs, and F10.7 are
assigned using the NASA’s OMNIWeb database. To avoid a
contamination of the statistics by very small counts during
extreme events, a threshold of > 5 MSE detections is used
here.

3 Statistical results and discussion
3.1 Daily and monthly occurrences of MSEs
Superposed epoch analysis of the entire OSWIN dataset for

each day throughout the summer months has been done with
respect to 00:00 UTC time. The total occurrence of MSEs
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Figure 1. The 24 h composites of MSE occurrences (with respect to
00:00 UTC time) for all days of summer (a), and the days of June,
July, and August (b, ¢, and d, respectively).

within each UTC hour, computed in percentage with respect
to the total hours of observations, is shown in panel (a) of
Fig. 1. Panels (b), (c), and (d) of Fig. 1 show occurrences
of MSEs during the months of June, July, and August, re-
spectively. As expected, there is a clear daytime preference
for MSEs, though there are noticeable occurrences of MSEs
during night hours as well.

In terms of monthly distribution, the maximum MSE oc-
currence is observed during June, with the occurrence di-
minishing in August. Such a strong MSE preference for
early summer, also noticed but unexplained by Bremer et al.
(2006), is not seen in long-term observations of PMSEs at
polar latitudes (Bremer et al., 2006; Latteck and Bremer,
2017). In addition to the summer solstice conditions, the
early summer preference could be attributed, at least in part,
to the meridional wind climatology. Figure 2 shows the 10-
year climatology of mean meridional winds observed by the
Juliusruh meteor radar (extracted using the procedure de-
scribed by Stober et al., 2017) and indicates that the south-
ward (negative) winds at the relevant altitudes (~ 85 km) are
strongest in late June to early July (see further discussion in
Sect. 3.3). The occurrences of MSEs, as a function of height
and UTC, are shown in Fig. 3. The predominant altitude of
MSEs of ~ 85km is consistent with the earlier statistical
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Figure 2. Climatology of meridional mean winds obtained
from Juliusruh meteor radar observations over years 2007-2016.
Panel (a) shows climatology for the entire year; panel (b) shows
climatology for summer months only.
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Figure 3. The 24 h composites of MSE occurrences as function of
UTC time and the height of detected echoes.

analysis based on 3 years of OSWIN observations (Zecha
et al., 2003).

Average occurrences of MSEs during each summer month
of observations are shown in Fig. 4 for all 12 years of OS-
WIN observations. While the MSE occurrences are always
highest in June, there is noticeable variability from year to
year, with some years (especially 2006) having smaller dif-
ferences in occurrences between June and July. The reason
for this variability is not clear, as it could be due to solar
cycle effects, year-to-year variability in atmospheric circu-
lation, and/or variable planetary wave activity. It has been
suggested earlier that the increased planetary wave activity
could play a role in the formation of MSEs by affecting the
meridional transport (e.g. Zeller et al., 2009). However, an
investigation of this possible connection is beyond the scope
of this paper, as it would require a rigorous analysis using
global atmospheric circulation models.

3.2 Dependence on geomagnetic and solar activity

Dependencies of MSEs on geomagnetic and solar activity
(AE, Kp, Vsw, and F10.7) for the entire OSWIN dataset are
illustrated in Fig. 5. In panels (a)—(d) of Fig. 5, the number of
counts of MSE observations in a specific bin is shown by red
bars, as well as the number of total observation hours divided
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Figure 4. Occurrences of MSEs during each month of OSWIN observations. Blue bars show occurrences during June, July, and August of

each year, with the maximum occurrence always in June. Red vertical dashed lines indicate the two missing years (2009 and 2014).

by a factor of 5 (blue bars). It is clear that the distribution
of counts with detected MSEs resembles the distribution of
total counts, indicating only weak or no dependence on ge-
omagnetic and solar conditions. The corresponding Pearson
correlation coefficients (R?) between MSE occurrences and
the values of AE, Kp, Viw, and F10.7 are 0.11, 0.17, 0.06,
and 0.02, respectively. A distribution of MSE occurrences is
shown in panels (e)—(h) of Fig. 5. No clear dependence on
the solar radio flux is seen, though there is a weak correlation
with Kp values (masked by low-count threshold, as discussed
below), which is generally consistent with earlier studies
(Bremer et al., 2006; Zeller and Bremer, 2009). The rele-
vance of the planetary Kp index for the formation of (P)MSE,
suggested in earlier studies (e.g. Bremer et al., 2006), is not
obvious as the ionisation of the ionospheric D layer requires
high energy of precipitating particles; for example, electrons
with energies above 50keV would be needed to produce
substantial ionisation at altitude of ~ 85 km (Turunen et al.,
2009). While strong geomagnetic storms could produce these
energies of precipitation at polar latitudes and sometimes at
mid-latitudes, such events are rare and have spring and au-
tumn seasonal preference (e.g. Gonzalez et al., 1994) and
thus should have only a marginal impact on the MSE statis-
tics. In this study, the effects of strong storms are manifested
by higher occurrences of MSEs at Kp > 7, but they do not
appear in Fig. 5 due to the low-event count (< 5 events). En-
ergetic precipitation (100keV and above) from the Earth’s
outer radiation belts is known to be correlated with high-
speed solar wind intervals (Mathie and Mann, 2001; Mered-
ith et al., 2011), which are frequent recurring phenomena
and not necessarily manifested by high Kp (Tsurutani et al.,
2006). Thus, the solar wind speed (Vsyw) is expected to be a
better proxy for the high-energy precipitation effects. In ad-
dition, the auroral electrojet index (AE) could be a good in-
dicator for auroral precipitation (at least at high latitudes), as
well as for high-speed solar stream related effects manifested
by high-AE intervals (Tsurutani et al., 2006).

MSE counts and occurrences shown in Fig. 5, panels (c)
and (g) respectively, suggest that there is no clear dependence
on the AE index. The dependence on the solar wind speed
(Fig. 5d and h) is more clear, with higher occurrences of
MSEs at Vi, > 500kms~!, i.e. under the solar wind regime
dominated by fast solar wind (Bothmer and Daglis, 2007).
However, the low values of correlation coefficients indicate
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overall insignificant dependencies. A weak connection to
the geomagnetic activity is likely to be related to (a) low-
occurrence rates of MSEs leading to poor statistics, not well
representing geomagnetically disturbed periods, and (b) mid-
latitudes being too remote to be directly affected by geomag-
netic activity, with an exception of energetic particle precipi-
tation from the outer radiation belts (which may also explain
relatively stronger correlation with Vg, ). Taking (a) and (b)
into account, it is advisable to conduct a statistical study us-
ing radar observations of PMSEs at high latitudes, following
the methodology described here, instead of using only the
Kp index as in earlier studies (e.g. Bremer et al., 2006; Lat-
teck and Bremer, 2017).

It needs to be mentioned that the connections between
radar-observed mesospheric echoes and D-region electron
density enhancements during geomagnetic disturbances re-
main controversial. While it is generally accepted that
(P)MSEs require enhanced levels of ionisation (Rapp and
Liibken, 2004), observations during the July 2000 major so-
lar flare event with different radars at polar latitudes (Rapp
et al., 2002; Barabash et al., 2004) surprisingly show anti-
correlations between the PMSE strength and the D-region
electron densities. To explain the controversy, Chau et al.
(2014) suggested that an interplay between the Faraday ro-
tation and the D-layer absorption effects could diminish a
correlation between the geomagnetic activity and the PMSE
strength observed by VHF radars. Clearly this topic requires
further studies with different radar systems at polar latitudes,
which are beyond the scope of this article.

3.3 Dependence on meridional transport

Dependencies on meridional wind values are illustrated in
Fig. 6. The values of meridional winds observed at the alti-
tudes of detected MSEs are binned in the range of £80 ms~!
(with negative winds directed equatorward). In panels (a)—
(d) of Fig. 6, the number of counts of MSE observations in a
specific velocity bin is shown (red bars), as well as the num-
ber of total observation hours divided by a factor of 5 (blue
bars). In panels (e)—(h) of Fig. 6, the occurrences of MSEs
are shown in each velocity bin. Assuming possible merid-
ional advection times of 12-24h, the observed meridional
winds averaged over the previous 6, 12, and 24 h are shown
in panels (b), (c), and (d) of Fig. 6, respectively. The narrow-
ing of the wind distribution, as the wind averaging interval
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Figure 5. Dependencies of MSEs on solar and geomagnetic activity, manifested by 10.7 cm solar radio flux F10.7 in solar flux units (a, e),
planetary 3 h range index Kp (b, f), auroral electrojet index AE (¢, g), and solar wind speed Viw (d, h). In the top row (a—d), the total counts
of OSWIN observation hours are shown by blue bars, and the counts of hours with MSEs detected are shown by red bars (note that the
number of total counts is divided by a factor of 5). In the bottom row (e=h), the occurrences of MSEs in each bin of the solar or geomagnetic
indices are shown by blue bars, and the red lines indicate the number of counts with MSEs detected. Correlation coefficients between the
occurrence of MSEs and solar or geomagnetic indices are shown by blue numbers.

increases from 6 to 24 h, is likely due to the temporal filtering
off of terdiurnal and semidiurnal tidal components. It is clear
that the distribution of counts with detected MSEs is shifted
towards the negative wind values by 10-15ms™!, and the
occurrence of MSEs is maximal at strongly negative wind
values (~ —30ms~!). This indicates the importance of the
meridional transport for the formation of MSEs. The corre-
sponding Pearson correlation coefficients between MSE oc-
currences and the values of meridional winds averaged over
previous 1, 6, 12, and 24 h are 0.46, 0.93, 0.93, and 0.95,
respectively. It has to be noted that the mean winds are gen-
erally southward during summer months, with climatological
values of ~ —15ms~! (see Fig. 2).

The proposed mechanism for the influence of meridional
winds involves colder summer mesospheric air being ad-
vected southward from polar latitudes, bringing the local
temperatures below the freezing point and allowing ice crys-
tals to be formed or sustained, which is necessary for MSEs
(Rapp and Liibken, 2004). The formation of MSEs is ex-
pected to happen in the course of this advection, with rele-
vant transport times of ~ 24 h as illustrated by the analysis
of NLC transport (Kiliani et al., 2013). Satellite observations
of the mesospheric temperatures, water vapour, and NLCs
(Hervig et al., 2016), combined with ground observations in
Kiihlungsborn, also suggest the temperature and the merid-
ional transport to be the key factors in controlling the NLC
occurrence at mid-latitudes. Thus it is reasonable to assume
that the meridional advection plays the key role in the forma-
tion of MSEs, also contributing to the observed early summer
preference for the MSEs.

www.atmos-chem-phys.net/19/5251/2019/

4 Summary

Twelve years of summertime observations of MSEs with the
OSWIN VHF radar have been analysed to study the physi-
cal mechanisms responsible for the formation of mesospheric
echoes. With the MSE detection procedure based on a global
sky noise estimate we were able to analyse the entire dataset
with the same sensitivity threshold, though the OSWIN radar
has been substantially reconfigured over the time period. The
dataset is examined statistically to establish the main factors
controlling the MSE occurrence, including time of a day, pe-
riod of summer, geomagnetic and solar activity, and merid-
ional wind regime. The main conclusions can be summarised
as follows:

— In agreement with earlier studies, the occurrence of
MSE:s is substantially lower relative to the occurrence
of PMSEs reported at polar latitudes. The occurrence
of MSEs shows strong daylight preference, though a
finite number of MSE events also appears under dark
conditions. A more sensitive detection method used in
this study facilitates the detections of these night-time
echoes. Monthly composite analysis indicates strong
preferences of MSEs for early summer months, espe-
cially for June, which can be explained by a com-
bination of the summer solstice conditions and the
most favourable conditions for the southward merid-
ional transport.

— No clear connection between the occurrence of MSEs,
and solar and geomagnetic indices has been found. In
addition to the dependencies on the planetary Kp index,
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Figure 6. Dependencies of MSEs on meridional transport, quantified by the hourly meridional winds obtained by the Juliusruh meteor
radar. In the top row (a—d), the total counts of OSWIN observation hours (divided by a factor of 5) are shown by blue bars for each bin of
meridional wind speed, and the counts of hours with MSEs detected are shown by red bars. In the bottom row (e=h), the occurrences of MSEs
vs. meridional wind are shown by blue bars, and the red lines indicate the number of counts with MSEs detected. Correlation coefficients
between the occurrence of MSEs and meridional winds are shown by blue numbers.

investigated earlier, we investigated the dependence on
the auroral electrojet index and solar wind speed. The
observed correlations with solar and geomagnetic con-
ditions appear weak and insignificant. The connection
to geomagnetic activity remains controversial, and it
needs to be investigated further using PMSE observa-
tions with different radars at polar latitudes where the
occurrences of mesospheric echoes are higher.

— Clear MSE preferences for stronger southward merid-
ional winds are indicated and are especially pronounced
when the meridional winds are averaged over the pre-
vious 12-24h interval, i.e. when the contribution of
terdiurnal and semidiurnal (dominant) tides averages
out. The suggested explanation is that the colder sum-
mer mesospheric air from higher latitudes is effectively
transported southwards, with MSEs forming in the pro-
cess. This interpretation appears consistent with satellite
observations of NLC clouds and their environment, and
with the previous results of the numerical modelling of
NLC cloud transport.

Data availability. The OSWIN radar data and the Juliusruh me-
teor radar wind data are available upon request from Gunter Sto-
ber (stober @iap-kborn.de). Geomagnetic indices, F10.7 solar flux,
and solar wind data were obtained from the NASA’s OMNIWeb
database (http://omniweb.gsfc.nasa.gov, NASA, 2019).
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