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Abstract

The mesosphere and lower thermosphere constitute a dynamic and complex system
characterized by strong winds and varying temperatures due to a combination of
solar radiation, Earth’s geodesic shape, composition, and rotation. The middle and
lower part of the atmosphere serves as the source, medium for propagation, and
sink for multiple waves. In the course of the year, the winds in the mesosphere
and lower thermosphere undergo drastic changes from winter to summer resulting
in the filtering of different waves. The winter season is particularly active due to
strong polar vortex and wave activity. In contrast, the summer season is relatively
calmer due to the lesser contribution of the solar tides and wave filtering by the
stratosphere. Significant changes are also observed from year to year due to the
influences of multiyear oscillation phenomena as a result of coupling from lower
layers, and the solar radiation. Moreover, anthropogenic activity has an impact on the
atmosphere. In the pursuit of investigating the long-term wind dynamics, the focus is
set on the summer season. By combining specular meteor radars and partial reflection
radars at middle and high latitudes, it is possible to obtain wind measurements from
60 to 110 km altitude and a time series length of 17-33 years, depending on the
instrument.

Comparing the two definitions of the summer length, the one defined by the first wind
reversal from eastward to westward (in March-April), depicted more variability and
significant trends than the definition of wind reversal from westward to eastward that
occurs at higher altitudes and later in the year (April-May). Both definitions showed
that the variability is mostly coming from the winter and the ending of the summer re-
mains within a week with no significant changes over the years. The significant trends
obtained from the former definition of summer length indicate longer summers due
to an earlier onset of the summer by approximately half a day per year (2004-2020).
At middle latitudes, with an extended time series, the summer length definition re-
vealed a breakpoint in the trends (1990-2008, and 2008-2020), which could be the
evidence of decadal oscillations or even the consequence of anthropogenic changes.

Motivated by the observed summer length trends, the summer wind intensity over
the years was investigated. Considering only the monthly maxima, the lower thermo-
spheric eastward wind, the mesopause southward wind, and the mesospheric west-
ward wind were investigated at middle and high latitudes. This study revealed a
significant trend indicating the weakening of lower thermospheric eastward wind in
July at high latitudes (2004-2022) of approximately -0.5 m/s per year. While at
middle latitudes, the mesospheric westward wind is increasing approximately by 0.4-
0.6 m/s/year (1990-2022) while the mesopause southward wind is decreasing by
about 0.2-0.3 m/s/year (2004-2022). Moreover, the time series revealed oscillations
that could be connected to external forcing such as the solar cycle, the quasi-biennial
oscillation, and El Nifio-southern oscillation. Additionally, the influence of the geo-
magnetic activity on the winds and the possible impact on the trends was studied.






Zusammenfassung

Die Mesosphidre und die untere Thermosphére stellen als Teil der mittleren Atmo-
sphére ein dynamisches und komplexes System dar, welches durch starke Winde
und variierende Temperaturen aufgrund einer Kombination aus Sonnenstrahlung,
der Gestalt und Form der Erde, ihrer Zusammensetzung und Rotation gekennzeich-
net ist. Die mittlere und untere Atmosphére dienen somit als Quelle, Medium fiir
die Ausbreitung und Senke verschiedener Wellen. Im Laufe des Jahres unterliegen
die Winde in der Mesosphére und unteren Thermosphére drastischen Verdnderungen
von Winter bis Sommer, was zur Filterung verschiedener Wellen fithrt. Die Winter-
saison ist aufgrund des starken Polarwirbels und der Wellenaktivitiat besonders aktiv,
wiahrend die Sommersaison durch den geringeren Beitrag solarer Gezeiten und der
Wellenfilterung durch die Stratosphére relativ ruhig ist. Auch von Jahr zu Jahr wer-
den signifikante Verdnderungen beobachtet, die auf den Einfluss von mehrjahrigen
Oszillationsphdnomenen als Folge der Kopplung aus unteren Schichten und der Son-
nenstrahlung zuriickzufiihren sind. Dariiber hinaus hat die anthropogene Aktivitét
einen Einfluss auf die Atmosphire. Bei der Untersuchung der langzeitlichen Wind-
dynamik liegt der Fokus auf der Sommersaison. Durch die Kombination von speku-
laren Meteor- und partiellen Reflexionsradaren in mittleren und hohen Breiten ist es
moglich, Windmessungen in 60 bis 110 km Hohe mit einer Gesamtldnge von 17-33
Jahren, je nach Instrument, zu erhalten. Sie werden verwendet, um die langfristige
Sommerldnge und die Windmaxima sowie deren Variabilitdten zu untersuchen.

Beim Vergleich der beiden Definitionen der Sommerlédnge zeigt die erste Windumkehr
(ostwérts nach westwarts im Marz-April) eine grofdere Variabilitat und signifikantere
Trends als die zweite Definition zur spiteren Friihjahrswindumkehr (April-Mai) von
westwarts nach ostwarts in grolderen Hohen. Beide Definitionen zeigen, dass die
Variabilitdt grof3tenteils aus dem Winter stammt und das Ende des Sommers zwis-
chen hohen und mittleren Breiten innerhalb einer Woche auftritt, ohne signifikante
Verdnderungen im Laufe der Jahre. Die signifikanten Trends der ersten Definition der
Sommerldnge deuten auf langere Sommer hin, bedingt durch einen friiheren Beginn
des Sommers von etwa einem halben Tag pro Jahr (2004-2020). In mittleren Breiten,
mit einer erweiterten Zeitreihe, zeigte die Definition der Sommerldnge einen Knick
in den Trends (1990-2008 und 2008-2020), was auf dekadische Oszillationen oder
sogar auf die Folgen anthropogener Verdnderungen hinweisen konnte.

Angeregt durch die beobachteten Sommerldngentrends wurden die Intensitdt der
Sommerwindmaxima in der Mesosphdre und unteren Themosphére fiir mittlere und
hohe Breiten néher untersucht. Diese Studie zeigte riicklaufige signifikante Trends
im ostwartigen Wind in der unteren Thermosphére im Juli in hohen Breiten (2004-
2022) von etwa -0,5 m/s pro Jahr. Wahrend in mittleren Breiten der westwartige
Wind in der Sommermesosphére etwa 0,4-0,6 m/s/Jahr (1990-2022) zunimmt und
der siidwértige Wind in der Sommermesopause die Geschwindigkeit um etwa 0,2-
0,3 m/s/Jahr (2004-2022) reduziert. Dariiber hinaus zeigten die Zeitreihen Oszil-
lationen, die mit externen Einfliissen wie dem Sonnenzyklus, der stratosphéarischen
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quasi-biennalen Oszillation und El Nifio-Southern Oscillation verbunden sein kon-
nten. Zusatzlich wurde der Einfluss der geomagnetischen Aktivitat auf die Winde
und die moglichen Auswirkungen auf die Trends untersucht.
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Chapter 1

Introduction

The atmosphere of Earth is a dynamic system driven by many complex processes. The
region of Earth’s atmosphere between 50 and 110 km is known as the Mesosphere
and Lower Thermosphere (MLT), defined by its temperature profile, where the neu-
tral and ionized atmosphere coexist. In the thermosphere, the absorption of solar
extreme ultraviolet radiation causes ionization (i.e., ionosphere), while in the lower
region of the thermosphere, along with the mesosphere, winds and wave interac-
tions strongly dominate. The dynamical activity in the neutral atmosphere produces
chemical mixing and temperature changes. Whereas, the Ultraviolet (UV) radiation
is absorbed in the stratosphere, which is located below the mesosphere.

Historically the ozone layer has been of great importance since it marked a start-
ing point in the relevance of the human activity footprint in the atmosphere. With
it, the beginning of the long-term and trends studies became highly important, not
only for science but also for society. In 1984, researchers discovered that the atmo-
sphere was evidencing a depletion of ozone in spring, especially in the Antarctic re-
gion (Farman et al., 1985). The study led to the conclusion that halocarbons (CFCl3
and CF»Cly) were responsible for this effect. Nowadays gases like Carbon dioxide
(CO3), Methane (CH,), Nitrous Oxide (N2O), Chlorofluorocarbons (CFCs), Hydroflu-
orocarbons (HFCs), Sulphuric Hexafluoride (SF,), and water vapor (H;O) are also
considered Greenhouse gases due to the global effect of retaining the heat in the at-
mosphere and not allowing it to escape (Ohara, 2022). An extreme situation of these
effects is present in Venus, with a dense atmosphere that retains the high tempera-
tures of a highly active volcanic surface plus the radiation from the Sun. The rise of
greenhouse gases in the Earth’s atmosphere can lead to an increase in the global tem-
perature (e.g. Lindsey and Dahlman, 2020), with extreme weather conditions that
can disrupt normal human life. Human activity like fossil fuel burning, agriculture,
usage of propellants and aerosols for various applications, etc. can lead to an increase
in the concentration of greenhouse gases in the atmosphere. Consequently, in 1987
the Montreal Protocol was signed to stop the emission of ozone-depleting substances.
Subsequent studies show a positive shift in the stratospheric ozone trends in 1995 at
equatorial latitudes and in 2000 at high latitudes (e.g., Weber et al., 2022). Due to
the necessity to understand the changes in the atmosphere and the human impact on
the environment, scientists have been studying the long-term compositions, temper-
ature changes, and the dynamics of middle atmosphere for several decades (Bremer
and Berger, 2002; Bremer and Peters, 2008; Yue et al., 2015; Peters and Entzian,
2015; Qian et al., 2017; Peters et al., 2017; Karagodin-Doyennel et al., 2021, etc.).

The middle atmospheric dynamics are governed by the interaction of waves of many
different scales namely, from planetary waves to Gravity Waves (GWs). The mean
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winds are crucial for wave propagation and over the year the mesospheric winds de-
pict an annual behavior. In winter, the zonal winds are eastward, reversing to west-
ward in summer. The middle atmospheric wind changes facilitate different scenarios
for wave propagation, tides, and changes in temperatures. The MLT is also affected
by other external processes like the Quasi-Biennial Oscillation (QBO) which alters
the direction of the equatorial stratospheric zonal winds over 26-28 months, and
equatorial ocean-atmospheric warming (and cooling) that occurs during the north-
ern hemisphere winter season. This is known as El Nifio Southern Oscillation (ENSO)
whose periods are not precisely defined but are thought to span around three to six
years (Baldwin et al., 2001; Jacobi and Kiirschner, 2002; Wang and Picaut, 2004;
Espy et al., 2011; Offermann et al., 2015; French et al., 2020). Not only from below,
but also from above the MLT is sensitive to external forcing. As mentioned before,
the thermosphere is directly affected by solar radiation, characterized by an 11-year
periodicity of sunspot activity, coronal mass ejection, and solar wind. The latter is
responsible for transporting particles that, upon reaching Earth, can precipitate and
may interact with the atmosphere, significantly altering its ionization state and chem-

istry.

It is possible to observe the MLT winds with satellites and ground-based instruments,
such as lidars and radars. While satellites, though constrained to their orbit, are good
for monitoring global parameters, lidars, on the other hand, have good resolution but
depend on the weather conditions of their location to obtain measurements. Radars
have the advantage of being able to measure independently of the weather condi-
tions. The radars used in this study are sensitive to atmospheric irregularities with
scales of 3 to 30 meters and these irregularities serve as tracers within the observing
volumes. For Partial Reflection Radars (PRRs), the observing volumes in MLT regions
are around a few kilometers while for Specular Meteor Radars (SMRs), a few hun-
dred kilometers. Consequently, it is possible to build homogeneous time series for
long-term studies. Their limitation relies on the length of their measurements (i.e.
when they were built) and the continuity of these measurements. The length of the
instrument’s measurements is one of the most challenging aspects, among many that
the long-term community faces (e.g., LaStovicka and Jelinek, 2019).

The objective of this thesis is to investigate the long-term dynamics of the MLT at
middle and high latitudes, especially the long-term variability of the neutral winds.
The focus is set on the northern hemisphere summer due to the comparably low wave
activity from the troposphere and stratosphere, in order to establish proxies and study
in a non-traditional way (e.g., a traditional method is a multiple regression analysis)
the long-term behavior. Additionally, with collaborative projects, the wind trends
over all the seasons, the ionospheric F, E and Sporadic E (Es) layers residual trends
are investigated at middle latitudes, and the D-region high latitude electron density
climatology is explored.

This dissertation is organized as follows. Chapter 2 provides a brief introduction
to middle and upper atmospheric terminologies used in the articles and the wind
dynamics of the MLT. The instruments and methods used are explained in Chapter
3. The published papers on summer length and summer winds are introduced in
Chapters 4 and 5, respectively. The collaboration papers are introduced in Chapter 6.
Finally, Chapter 7 contains the conclusions and open question related to this topic.



Chapter 2

Middle and Upper Atmosphere

The Earth’s atmosphere is dynamically active throughout the year with the Sun as
its main source of energy. This energy interacts with the atmosphere in several
regions due to absorption, reflection, ionization, convection, conduction, radiative
cooling, etc. Depending on the composition, temperature, and ionization level, the
atmosphere is divided into different layers. Figure 2.1 shows the temperature pro-
file for summer and winter for two different years. Traveling from the lowermost
region of the Earth’s atmosphere which is the troposphere where the daily weather
pattern directly affects human life, through the stratosphere where the maximum
ozone concentration is localized (i.e. 18-35 km), we reach the MLT at an altitude of
50 km. Around 60 km, the concentration of electrons begins to increase in a region
still predominantly influenced by waves and neutral winds, extending up to approxi-
mately 90 km, known as the ionospheric D-layer (Hargreaves, 1992). The mesopause
which marks a transition between two distinct atmospheric regions, varies between
84-90 km depending on the season and is characterized by the increasing significance
of molecular diffusion which provides a medium for the breaking and dissipation of
waves. One of the limiting regions is strongly dominated by neutral winds, neutral
species, and wave activity (i.e., the mesosphere), while the other region is known
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FIGURE 2.1: Structure of the atmosphere at middle latitudes (54°N, 13°E) with

summer and winter temperature profiles for 2000 and 2020 from the NRLMSISE-

2.0 model. Daytime layers of the ionosphere and ozone layer are indicated in the
figure.
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FIGURE 2.2: Scheme of wave sources affecting the MLT (Figure from McCormack
et al., 2021).

as the lower thermosphere, which includes the ionospheric E layer. In this region,
under special circumstances, the Es layer is formed due to the combination of wind
shears and the conversion of material deposited by sporadic meteors (e.g., White-
head, 1989; Mathews, 1998). The lower thermosphere has more ionized species and
electrons, with decreasing density and increasing temperature with height while the
F-layer, which is above 120 km, is divided into two layers, F1 and F2, depending on
the day and under direct solar radiation (Hargreaves, 1992).

The MLT temperature profiles depict an important difference between the solstices
(see Fig. 2.1). The temperature changes drastically in the mesopause and in summer
due to adiabatic cooling its altitude reduces (e.g., Smith, 2012). The nature of the
coldest place on Earth (i.e. summer mesopause) is due to MLT dynamics. To under-
stand the whole system, a short explanation of the types of waves (Section 2.1), the
MLT dynamics with the one definition of the residual mean meridional circulation
(Section 2.2), and different effects that contribute to the complexity of this system
are described in this chapter.

2.1 Waves

There are several sources of wave activity in the atmosphere. The main wave compo-
nents that contribute to the MLT are depicted in Figure 2.2. The waves mentioned in
this cumulative dissertation are described below.

Gravity (Buoyancy) Waves: GWs are short periods (from minutes to a few hours)
oscillations, with a restorative property due to buoyancy. Generated by oro-
graphic forcing, convection, wind shear, or wave interactions (e.g secondary
gravity waves), most gravity waves originate in the troposphere and propagate
upward and horizontally, increasing their amplitude with decreasing density
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until they reach critical levels, where they break, dissipate and dump the en-
ergy into the background wind (Fritts and Alexander, 2003).

Tides: The atmospheric thermal tides are global-scale daily oscillations, primarily
forced by the solar UV absorption by atmospheric water vapor and ozone.
These waves have components that can propagate vertically and reach the ther-
mosphere (Chapman and Lindzen, 1969). The tides can be divided into non-
migrating and migrating tides, the latter moves following the direction of the
Sun’s apparent movement. The migrating tides are divided into 24 h (diurnal),
12 h (semidiurnal), 8 h (terdiurnal), etc, depending on their periods. How-
ever, tides with periods less than 12 h have smaller amplitudes and are not
extensively studied as the diurnal and semidiurnal tides. While at low (equa-
torial) latitudes, the predominant tidal amplitude is the diurnal tide, at middle
and high latitudes the semidiurnal tide is more relevant (Holton, 2004; Smith,
2011).

Planetary (Rossby) Waves: These waves are large-scale oscillations with periods
above 2 days. Their restoring force is the conservation of angular momentum.
Planetary waves play an important role in the winter MLT dynamics, however,
in summer their activity is limited by the background wind conditions (An-
drews et al., 1987; Smith, 2011; Smith, 2012). The quasi-two-day wave is the
only planetary wave that maximizes in the summer mesosphere (Salby, 1981;
Pancheva et al., 2018; limura et al., 2021).

2.2 Dynamics

The dynamics of the atmosphere are describe by equations of fluid motions. The most
effective theoretical framework is the Navier-Stokes equations:

p (?; + (u- V)u) = -Vp+uV*u+F 2.1)
where u is the velocity vector field of the fluid, p is the density, p is the pressure,
w is the dynamic viscosity, and ¢ is time. The term F represents any external forces
acting on the fluid, such as gravity, or electromagnetic forces. The left term of the eq.
2.1 represents the convective acceleration of the velocity change rate with respect to
time, describing the changes in the fluid velocity in time and space. The first term on
the right represents the pressure gradient force and describes the changes in pressure
spatially and the induction of motion from high to low-pressure regions. The second
term describes the viscous forces and changes in the velocity field due to internal
friction.

Numerical approximations and parameterizations are necessary to apply to Navier-
Stokes equation in order to study large-scale atmospheric dynamics. This process
allows arriving at a set of primitive equations that describe: 1) horizontal and vertical
momentum, 2) mass continuity, and 3) thermodynamic equation, which describes the
energy conservation. From these sets of equations and assuming large-scale motion in
fluids, is possible to arrive at the Transformed Eulerian Mean (TEM) equations. These
equations consider the division of variables into mean and disturbed parts, which
provide an easy understanding of the zonal mean flow response to the change in the
physical properties (Andrews et al., 1987; Holton, 2004). This way, any quantity can
be described as: a (total) = a (Eulerian mean) + « (deviation, eddy). Following this
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approach, the residual mean meridional circulation is defined as (v*, @*), where:
v R 0 [pv'T . R O (VT
v v — = , @ — ==\ -5 |

poH 02\ N? Hoy\ N2

and the TEM equations:

Il
€l

Zonal-mean momentum % — fov* = plav o F+X =G (2.2)
Mass continuity 85;: plogz(pow*) =0 (2.3)
Thermodynamic eq. (Z + N;H * ;1 (2.4
Thermal wind eq. fc% + flgz; =0 (2.5)

where

T dT
N Brunt-Viisild (buoyancy) frequency N? = £ <FC + )

H\ H dz
u  Zonal velocity 0] Latitude
v Meridional velocity g Acceleration due to gravity
w Vertical velocity T Temperature
z  Altitude t Time
2 Angular velocity of Earth fe Coriolis parameter = 22 sin ¢
H Constant scale height Po Basic state of density oc e/
R Universal gas constant Cp Specific heat capacity (p=cte)
x  Specific heat ratio = R/c, =~ 2/7

In this context, J is the zonal-mean diabatic heating rate per unit mass, and X is the
zonal force due to small-scale eddies or GW drag. F represents the Eliassen-Palm (EP)
flux, a vector in the meridional plane (F = j’Fy + kF.), which for large-scale quasi-
geostrophic (i.e. equilibrium between the pressure gradient force and the Coriolis
force) eddies, has the components,

_ pofcR —

= N2g T,

Fy = —Po u/vl7 FZ

The resultant of these components is the total zonal force per unit mass G.

Particularly with this set of equations, it is possible to identify the energy sources in
the wind circulation and the restorative motions for equilibrium. Some results from
the TEM equations explain the meridional circulation and mass transport in connec-
tion with the upwelling in the summer and downwelling in the winter hemisphere
with maxima during the solstice. Figure 2.3 depicts the meridional mass stream func-
tion obtained with TEM equation for the summer solstice at the northern hemisphere
(adapted from Garcia et al., 1984).

The downwelling in winter and upwelling in summer is the result of the approxi-
mation of G = —f.v*. It is expected that v* is directed from the summer to win-
ter hemisphere at the mesopause altitudes, then the mass continuity requires that:
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FIGURE 2.3: Representation of the meridional mass stream function for the northern
hemisphere summer solstice, demonstrating the Brewer-Dobson circulation. Units
are in kgm~'s™!, adapted from Garcia et al. (1984).

(pow™), > 0 in winter and (p,w*), < 0 in summer. The last requirement is that w*
does not vary rapidly over pressure scale-height or alternatively that * = 0 (Andrews
et al., 1987).

The mean winds over the seasons were thought to be symmetrical over the hemi-
spheres (Andrews et al., 1987). However, ocean-land distribution and orography
that differentiates the two hemispheres contribute to global differences in the wind
pattern. Figure 2.4 shows latitudinal mean-zonal winds for January, April, July, and
October by pressure height and geometric height (adapted from Fleming et al., 1990).
The red colored areas depict the eastward wind and the blue the westward winds.
The difference between the equinoxes (April and October), and the solstice (January
and July) are clearly evident. During the solstices, the westward winds extend from
the extratropical stratosphere to the mesopause in summer, while in winter, eastward
winds prevail.

Historically it was thought that the temperatures in the middle atmosphere were due
to pure geostrophic balance, but the wind reversal in the summer mesopause would
not occur under these conditions. GWs provide the main part of the necessary forcing
(G, from Eq. 2.2) in the upper mesosphere. They grow in amplitude as they prop-
agate from tropospheric and lower stratosphere sources up into the rarefied meso-
sphere, where they break and deposit their momentum which leads to turbulence,
small-scale mixing, and dissipation. Under the GWs linear theory, the net contribu-
tion to the forcing G associated with GWs tends to drag the mean flow towards the
horizontal phase speed of the waves. Since GWs are absorbed at or near critical lev-
els, where the local horizontal wind speed equals their horizontal-phase speed, only
the GWs reaching the mesosphere from below are expected to have phase speeds
outside the range of horizontal wind speed. When the winter eastward winds are
present in the stratosphere, the GWs within a range of westward phase speeds will
exist in the mesosphere and break there. Above the mesospheric eastward jet, the
GW contribution to G is negative. On the other hand, when the summer westward
winds are present in the stratosphere, GWs with eastward phase speeds would be
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FIGURE 2.4: Latitudinal monthly mean zonal wind during the solstice (left column)
and equinoxes (right column) by pressure height and geometric height (Fleming et
al., 1990).

expected to propagate, reaching the mesosphere and break in the region where the
contribution to G is positive, above the peak of the mesospheric westward jet.

Some studies have shown that above the region of strong wind jets, the GW spectrum
has significant anisotropies (e.g., Ern et al., 2011). These regions are sources of GW
breaking and transferring energy to the mean flow (Yigit and Medvedev, 2017). This
highlights the limitations of the linear theory and the atmospheric dynamic complex-

ity.
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FIGURE 2.5: Solar activity: sunspot numbers (1956-2024). Obtained from the Royal
Observatory of Belgium.

2.3 External Sources of Forcing

The dynamics of the Earth’s atmosphere vary through seasons and years. To study
the MLT and their long-term variations, it is necessary to consider this region as
a coupled system along with the lower atmosphere (stratosphere and troposphere),
which absorbs most of the solar radiation, and the upper thermosphere along with the
geomagnetic field, which serves as the first filter from solar radiation. Strong climate
phenomena, multi-year oscillations, and the Sun are some external sources of forcing
considered in this thesis. A brief overview of them is provided in this section.

2.3.1 Solar Cycle and Lyman «

The Sun’s magnetic rotation period is 22 years (also known as the Hale cycle), during
which the internal magnetic dynamo polarization changes (Mursula et al., 2002).
Throughout this period, the Sun experiences alternating phases of low and high
activity, as evidenced by the appearance of sunspots, which are quantified using
the sunspot number. This number is directly correlated with solar activity. Figure
2.5 shows the monthly mean sunspot number (blue) and the 13-month smoothed
monthly sunspot number (red) from 1956 until 2024.

Under periods of higher sunspot numbers, the probability of solar activity affect-
ing the Earth is higher. One way of measuring the solar activity directly at around
90 km is the Lyman « line. This line belongs to the UV region of the electromag-
netic spectrum and depicts the energy jump between level 2 to 1 of the Hydrogen,
121.56 nanometres after being excited by solar radiation (Machol et al., 2019).

The solar activity is one of the most utilized factors modulating long-term studies.
The complex dynamics that are in play depend on the altitudes and latitudes. How-
ever, their effects on the MLT temperatures and winds have been investigated with
contradicting results (e.g., Jacobi, 1998; Singer et al., 2013; Li et al., 2021; Gan et al.,
2017; Wilhelm et al., 2019; Noble et al., 2024). Several studies show an anticorrela-
tion between solar activity and wind speed (highly dependent on season and height)
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until the new millennium. With the change of the millennium, this anticorrelation
has disappeared or been obscured with low statistical significance. The reason for
this change remains open.

2.3.2 Geomagnetic Activity

The geomagnetic activity represents the Earth’s magnetic field’s response to extrater-
restrial forcing, with the Sun being its primary source. Several indices provide infor-
mation on the status of the geomagnetic field. The one relevant to this dissertation
is the daily Ap index, calculated as the Earth’s planetary index from a network of
magnetic observatories. The Ap index varies between 0 and 400 and is the product
of a conversion of the daily average of the 3 h mean Kp index (Matzka et al., 2021).

Several studies have shown changes in the neutral winds during geomagnetic storms.
Liet al. (2019) and Li et al. (2023) studied the response of the MLT during a geomag-
netic storm with the Thermosphere Ionosphere Mesosphere Electrodynamic General
Circulation Model (TIMEGCM) at middle and high latitudes, respectively. During the
initial phase of a geomagnetic storm, the upper thermosphere winds at middle lat-
itudes undergo greater changes and occur earlier than in the MLT. These changes
generate downward vertical winds that, due to adiabatic heating and heat advection
generate a temperature increase in the MLT. Consequently the pressure gradient and
the Coriolis force, due to the temperature changes, drive changes in the meridional
wind. As the temperature is increased, it produces upward vertical winds that lead
to a reduction of temperatures (Li et al., 2019). Sun et al. (2022) compared the
simulation with TIMEGCM and Sounding of the Atmosphere using Broadband Emis-
sion Radiometry (SABER) and found that the storm effects penetrate down to 80 km,
and the model agrees with the observation but overestimates increase and underes-
timates decrease in temperatures at high and middle latitudes. Jacobi et al. (2021)
found significant eastward wind changes at middle latitudes comparing 5 years of
measurements divided into low and high geomagnetic activity. In the study it was
also found that the meridional wind component becomes disturbed during high geo-
magnetic conditions.

2.3.3 Stratospheric Quasi-Biennial Oscillation

The QBO is an atmospheric phenomenon that occurs in the tropical stratosphere.
The distinct characteristic is the quasi-periodic horizontal wind reversal of approxi-
mately 28 to 29 months on average. Figure 2.6 shows the stratospheric zonal wind
at equatorial latitudes between 1987 and 2022. The oscillation between these pe-
riods changes the zonal wind between eastward and westward. This oscillation is
contained between 15 to 30 km, however, the troposphere can have downstream
effects on the weather patterns and climate variability like tropical cyclone activity
(e.g. Collimore et al., 2003; Jaramillo et al., 2021). Extensive research have shown
that QBO affects the MLT (e.g. Baldwin et al., 2001). Espy et al. (2011) showed
QBO modulation on the summer mesospheric Hydroxyl (OH) temperatures at 60°N.
Ford et al. (2009) demonstrated a dynamical link between QBO and mesospheric
zonal wind over Antarctica. The QBO mechanism is not fully understood, however,
the main drivers are inertia-gravity waves and planetary waves acting in the tropical
stratosphere.
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FIGURE 2.6: Equatorial zonal stratospheric wind and the Quasi-Biennial Oscillation
(QBO) from 1987 to 2022. Winds obtained from the Freie Universitit Berlin.

2.3.4 El Niilo - Southern Oscillation

ENSO is a climate phenomenon characterized by the periodic warming (El Nifio) and
cooling (La Nifia) of sea surface temperatures in the tropical eastern Pacific Ocean.
With the temperature changes, a variation in winds is associated. The period oscil-
lated between 2 to 7 years and it is characterized by these two phases (i.e., El Nifio
and La Nifia). Figure 2.7 depicts the normal conditions and the two extreme phases
of ENSO. The normal conditions (Fig. 2.7 middle) is a convective circulation from
east to west in the tropical Pacific Ocean, winds, and tropical precipitations. The
extreme condition where there is a cooling (below the —0.5°C in the Oceanic Nifio
Index (ONI) is La Nifia phase. The warming phase (temperature above +0.5°C in the
ONI) is when the circulation weakens or reverses, leading to an ocean-warm water
band that approaches the South American coast. The warm water and atmospheric
convection move eastward. In the ocean, the upwelling of cold water is reduced (lim-
ited by the thermocline or thermal layer, which delimits the well-mixed layer from the
calm deep water below). These extreme conditions generate an increase in rainfall
and flooding in the eastern Pacific region during El Nifio phase, or the opposite condi-
tions, droughts, during La Nifia phase, with increased rainfall over the western Pacific
region.

La Nifia Conditions Normal Conditions El Nifio Conditions

Thermocline

FIGURE 2.7: ENSO phases: La Nifla, normal and El Nifio conditions. Tropo-
sphere and ocean changes in temperature and the circulation patterns (source:
NOAA/PMEL/TAO Project Office, 2023).
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Even when ENSO is a tropospheric-ocean phenomenon at equatorial latitudes, the
effects are observed globally. In the MLT, several studies have shown the effects of
ENSO. Garcia-Herrera et al. (2006) found a delay of a few months between ENSO
extreme phase and the temperature response in the stratosphere at high latitudes.
Jacobi and Kiirschner (2002) found a negative correlation of about one month delay
between ENSO and the middle latitudes summer zonal winds (1983-1998). Later on,
Jacobi et al. (2017) reported that ENSO had a negative correlation in summer with
the winds, which remained until 1990. Afterwards, the correlation decreased and
reversed. Sundararajan (2020) found strong correlation with ENSO extremes and
tides, temperatures and MLT winds with satellite data (2002-2018). Other studies
identified oscillations of 3—-4 years in OH and oxygen airglow at 96 and 87 km at
35°S, and OH temperatures at 56°N, 2000-2016 (Reid et al., 2014; Perminov et al.,
2018).

2.3.5 Major Sudden Stratospheric Warming

A Sudden Stratospheric Warming (SSW) is a dramatic winter event that occurs in the
Earth’s polar stratosphere. It is characterized by a rapid and significant increase in
temperatures, accompanied by deceleration or reversal from eastward to westward
wind (Butler et al., 2015; Butler et al., 2017; Ziilicke et al., 2018). During a Major
Sudden Stratospheric Warming (MSSW) event, the polar vortex can be disrupted
or weakened suddenly, which leads to a split or displacement of the polar vortex.
Figure 2.8 shows a 3D temperature representation of the polar vortex in its normal
conditions, with a displacement and split scenario. The split of the polar vortex can
create multiple smaller vortices leading to a more chaotic stratospheric circulation.
The displacement of the polar vortex is a shift of position, from the typical location
over the pole, moving toward another polar region or lower latitudes. Particularly the
events characterized by a complete reversal of the zonal-mean winds are categorized
as MSSWs, while a minor warming is the consequence of a deceleration of the zonal
mean wind, without the wind reversal (e.g., Charlton and Polvani, 2007).

No SSW Displacement Split

Altitude (km)
Altitude (km)

170 190 210 230 2'50 270 290 310
MERRA-2 Temperature

FIGURE 2.8: Arctic polar vortex representation: normal conditions, displacement
and split. The 3D representation is generated with MERRA-2 temperatures (source:
Goncharenko et al., 2021).
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FIGURE 2.9: Strong polar-night jet oscillations: comparison with non-PJOs and no
MSSW. (source: Conte et al., 2019).

2.3.6 Strong Polar-night Jet Oscillations

Strong Polar-night Jet Oscillations (sPJO) is described as the anomalous warmer
stratospheric condition, that can persist for long periods of time after certain MSSWs.
During this event, warmer temperatures propagate downward and can reach the tro-
posphere altering the normal conditions (e.g., Kuroda and Kodera, 2004). Particu-
larly the sPJO are those events where the events exceed three standard deviations
(see Peters et al., 2018; Conte et al., 2019). Figure 2.9 depicts the zonal mean zonal
winds and the Northern Annular Mode (NAM) index central day (CD), indicating the
NAM index exceeds a threshold value of -2.3 at 10 hPa (Peters et al., 2018; Conte
et al., 2019).
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Chapter 3

Instruments and Methods

This Chapter provides a brief overview of the instruments utilized in this thesis, along-
side the analytical methods employed for data analysis.

3.1 Instruments

The MLT is monitored by several instruments such as radars, lidars, rockets, cameras,
imagers, and satellites, each with its advantages and disadvantages. While satellites
have a large coverage, the timespan between transit over the same region makes it
difficult to observe events of shorter timescales. Furthermore, long-term studies bring
an extra complication as measurements of more than one decade are necessary to in-
vestigate the underlying dynamical processes. Even though satellites could orbit the
planet for several years, maintaining them is difficult (due to their designed lifetime
and unforeseen failures or damages to the onboard instruments, etc.) and hence
their replacement is necessary. Moreover, for long-term observations, an overlap of
satellites for a certain duration is essential for a consistent time series measurement
(Weatherhead et al., 2017), which is difficult to achieve due to planning, projects,
and funding. Insitu measurements of temperature, density, winds, and composition
of gases are accomplished by instrumented rockets. However, they are sporadically
launched and are highly dependent on campaigns (Liibken, 1999). Airglow imagers
have a wide field of view coverage and measure chemical species emission, namely
O(1S), O,, and OH emissions between 87-97 km (Garcia and Sassi, 1999). On the
other hand, Rayleigh, Sodium (Na), Potassium (K), and Iron (Fe) lidars cover the
altitude range between 50-90 km (Rayleigh), 80-110 km (Na and K), and 80-150 km
(Fe). From these instruments, it is possible to obtain temperature and wind measure-
ments. However, the disadvantage of these instruments is that they require clear-sky
conditions (e.g., Measures, 1984; She et al., 2021). On the other hand, radars and
satellites are not dependent on weather conditions and thus can be operated at all
times. Furthermore, ground-based radar installations are easy to maintain as well.

This thesis focuses on the measurements from specular meteor radars and partial
reflection radars and complemented by the Microwave Limb Sounder (MLS) - Aura
satellite and ionosonde.

3.1.1 Specular Meteor Radars

SMRs detect the plasma trails created by the meteors entering the atmosphere be-
tween 75 and 110 km. The typical operation of the system is such that the radio
wave from the radar is reflected at the meteor plasma trail and received back at the
interferometer on the ground. Figure 3.1 shows a schematic of this signal interaction
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FIGURE 3.1: Schematic diagram of a specular meteor radar (not scaled). The mete-
ors are sufficiently distant to allow for the consideration of parallel vectors between
received signals.

between the transmission antenna (Tx) and the receiver antennas (Rx). The me-
teor trail is displaced by the background wind (%) which measures the corresponding
Doppler shift (f;) or the radial velocity component (v,..4). From the difference be-
tween incident and scattering wave vectors, we can obtain the Bragg vector (kBi),

o7 fai = i - ki + €i, (3.1

where ¢; are the uncertainties. The mean winds are estimated with the Doppler
frequencies in a grid of time and height by least-square fitting. To perform this calcu-
lation is necessary to assume horizontal homogeneity over the observed area.

To determine the horizontal winds, a sufficient number of meteors spread across al-
titude and time intervals is required. By knowing the position and radial velocity of
each meteor, the mean zonal and meridional wind within the specified window can be
calculated (Hocking et al., 2001). To construct a homogeneous time series, we have
adopted a comprehensive methodology that amalgamates detections originating from
two closely located SMRs. This methodology works by clustering quasi-simultaneous
detections, emulating the approach employed in a singular radar mode’s data col-
lection strategy (Chau et al., 2017). This combination of measured volumes aims to
mitigate observation gaps, which is highly valuable for long-term studies.

For middle latitudes, the network is composed of two SMRs in Germany at Juliusruh
and Collm. At high latitudes, the SMRs are located in northern Norway at Andenes
and Tromsg. Andenes and Juliusruh SMRs were upgraded in 2021 to operate in a
coded continuous wave and multiple-input multiple-output mode (e.g., Huyghebaert
et al., 2022; Poblet et al., 2023). However, for this thesis, measurements from one

SMR Latitude and longitude Frequency (MHz) Peak power (kW)

Andenes 69.3°N, 16.0°E 32.55 12
Tromsg 69.6°N, 19.2°E 30.25 7.5
Juliusruh 54.6°N, 13.4°E 32.55 12

Collm 51.3°N, 13.0°E 36.2 6

TABLE 3.1: Specular meteor radar system parameters.
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FIGURE 3.2: Schematic diagram of Saura PRR antenna array. Marked antennas are
connected to individual receiver channels used for interferometry. Figure taken from
Renkwitz et al. (2023), Fig. 1.

receiving station located close to each transmitter are used. Table 3.1 contains the
main parameters of the radar systems used in this thesis’ manuscripts.

3.1.2 Partial Reflection Radars

PRRs use the mechanism of partial reflection at gradients in the electron density
profile through the ionized component in the lower ionosphere as a tracer for the
neutral motions in the MLT between 50 and 90 km (Singer et al., 2005; Renkwitz
and Latteck, 2017). Table 3.2 lists the system’s location and parameters.

The Saura PRR is located in Northern Norway, 14 km south of the Andenes SMR,
and has been in operation since 2004 (e.g. Singer et al., 2005; Renkwitz and Latteck,
2017). Figure 3.2 shows a sketch of the antenna distribution with the connected
antennas and positions marked for individually sampled antennas lately used for in-
terferometry (see e.g. Fukao and Hamazu, 2014; Reid, 2015).

The Juliusruh PRR is located in Juliusruh, Germany, co-located with the SMR and
has been in operation since 2004. (Hoffmann et al., 2010). The predecessor system,
with a different configuration and measurement technique, was in place from 1990
to 2003, which complements the time series (Keuer et al., 2007).

PRR Latitude and longitude Frequency (MHz) Peak power (kW)
Saura 69.1°N, 16.0°E 3.17 116
Juliusruh 54.6°N, 13.4°E 3.18 64

TABLE 3.2: Partial reflection radar system parameters.

3.1.3 Ionosondes

The ionosonde is an ionospheric sounder that sweeps frequencies between 0.5 MHz to
30 MHz, which correspond to the High-Frequency (HF) band in the radio spectrum.
The ionosonde emits a radio wave signal at a given frequency, which penetrates the
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FIGURE 3.3: Ionosonde frequency diagram: the transmitter (T) emits a signal, re-

flected by the ionosphere and it is captured by the receiver (R). The F, E, and D

denote the ionospheric layers, with different reflection indexes (Zolesi and Cander,
2014).

neutral atmosphere and is reflected back by the ionospheric layers. This process
repeats until the signal reaches the F2 layer, at which point, upon reaching the critical
frequency, the wave refracts and eventually exits the ionosphere. This is where the
maximum electron density is found. Although the density at higher altitudes from
this point decreases, the sounder cannot measure this decrease because the frequency
required for measurement should be lower than what has been achieved to determine
the upper part of the density profile. Thus, it remains masked by the lower layers.
Consequently, the sounder can only provide information about the electron density
profile in the lower part of the density profile. Figure 3.3 shows a diagram of the
ionosonde, where the transmitter (T) emits a signal in a determined frequency that
is reflected by the ionospheric layer and it is captured by the receiver (R). Every layer
obtained from the ionosonde is the critical plasma frequencies (f,), which represent
the maximum frequency for total wave reflection for each layer, along with their
corresponding heights. In particular, Juliusruh ionosonde is one of the oldest from
Europe, with a data records since July 1957 and one of the most continuos around
the globe.

3.1.4 AURA Satellite

The Aura EOS satellite flies in a Sun-synchronous, near polar (98.2 degrees incli-
nation) orbit at 705 km above the Earth’s surface with a 16-day repeat cycle and
233 revolutions per cycle. It was launched in 2004 and carries a passive microwave
limb-sounding radiometer and spectrometer that measures thermal emission from
the atmospheric limb. The MLS instrument operates by pointing its sensors toward
the limb of the Earth, which allows it to capture the spectrum of microwave radiation
emitted by the atmosphere. By analyzing this radiation, it is possible to determine the
concentration of different gases and temperatures from the troposphere up to 90 km
(e.g. Waters et al., 2006; Livesey et al.,, 2015). From the temperature measure-
ments, it is possible to calculate geostrophic zonal winds from geopotential height
profiles (Riifenacht et al., 2018). It is important to point out that geostrophic balance
is considered here, and when comparing the geometrical heights and winds at the
mesopause with the geostrophic winds, the errors remain under 2%. The zonal mean
geostrophic zonal wind represents an average across longitudes, and it is comparable
to the mean zonal winds obtained in a specific location from radars.
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3.2 Methods

This cumulative dissertation uses mainly statistical analysis and Principal Component
Analysis (PCA). The following sections explain the implementation of the PCA and
the statistical Student-t test under the adaptation from Behrens-Fisher.

3.2.1 Principal Component Analysis

The PCA is a technique that transforms high-dimension data into lower-dimension
while retaining as much information as possible (Jolliffe and Jackson, 1993; Jolliffe,
2002). The main points of the method are:

1. Calculate the mean (A) over the n-dimensional matrix A.
2. Subtract the mean matrix from the matrix A.

3. Calculate the covariance matrix (cov(X,Y’)), where X and Y are two elements
of the matrix A.

4. Calculate the eigenvectors and corresponding eigenvalues.

5. Sorting the eigenvectors by decreasing eigenvalues and keeping m eigenvectors
with the largest eigenvalues. This results in a matrix of n x m dimension.

Finally, the expression obtained is:
A=UDV (3.2)

where U are the eigenvectors of (4 x AT), V are the eigenvectors of (A” x A), and D
are the eigenvalues of the square root of (A7 x A)(A x AT).

In Jaen et al. (2022), the time series is built from the first Day Of the Year (DOY) of
the first year until the last day of the last year as one dimension, altitude as a second
dimension and the wind velocity as the third dimension. Then it is smoothed with
a 16-day window, concluding with the matrix A. The smoothing technique mitigates
transient oscillations, arising from factors such as gravity waves, tides, and instru-
mental impacts. The mean over altitude (A) is subtracted from the matrix A and then
divided into years and using the DOY between 100-280, the covariance, eigenvec-
tors, and eigenvalues are calculated. As a result, the initial two principal components
capture a significant proportion, ranging from 97.6 to 99.5%, of the overall variance.

Figure 3.4 depicts an example with the calculation for one year for easy compari-
son of each component and reconstruction. The first row shows the one year after
smoothing (Fig. 3.4a), the matrix reconstructed with the first and second eigenvalues
(Fig. 3.4b), and the reconstruction with the first three eigenvalues. The second row
shows the independent eigenvalues (Fig. 3.4d, e, f). The last row depicts the variabil-
ity over the DOY for the first three eigenvalues (Fig. 3.4g), their altitude variability
(Fig. 3.4h), and the variances for all the eigenvalues (Fig. 3.4i).

3.2.2 Statistical Student-t Test

The field of long-term studies is based on assuming mostly linear trends. To calcu-
late linear trends and correctly assume that there is a significant tendency or trend,
there are several statistical tests. In this thesis, the Student-t test is implemented to
investigate the significance of the linear tendencies. A linear function can be fitted by
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FIGURE 3.4: PCA eigenvalues and reconstructions of the zonal-mean winds of An-

denes SMR, year 2015. Figures (a)-(f) are DOY, height (km) and the colorbar is

velocity (m/s). Figures (g)-(i) are the variabilities of DOY, heigh (km) and compo-
nent, respectively.

least-squares, for example, v = m - yr + b, where v is our target measurement (e.g.,
velocity, summer length), m is the slope, yr is the year and b is the v-intercept.

The significance of the slope is tested by the Student’s t-test, which is used to reject
the null hypothesis: H, : m = 0, which means the assumption of no trends.

Then, the statistical ¢ is defined as,

df >n—2 (3.3)

s/ -0

where n is the number of data points in the time series, df is the degree of freedom
of the t-distribution associated with the case of study, v represents mean value of the
measurements, s, corresponds to the residual standard error (s, = /SSE/(n —2))
and SSFE is the sum of squared errors, determined as the sum of the squared dif-
ferences between the measurements (v) and the predicted values (0 = m - yr + b),
SSE =>""  (vi — 9;). The confidence interval for the slope parameter is:

<m . Tosy, - se + Ty59% - Se )7 (3.4)
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where Tysq, is the statistical T value at 95% of significance for the Student distribution
(Storch and Zwiers, 1984). By comparing the T value at the corresponding degrees
of freedom with the calculated statistical ¢ for the problem, the null hypothesis is
rejected (¢t > Tys9) in the case of significant trends.

The student-t test assumes three conditions: 1) Sampling: every realization x (or
y) occurs independently of all other realizations. 2) Distribution: the distribution
that generates the realization x (or y) is the same for each observation sampled. 3)
Normal distribution with equal variances. In Jaen et al. (2023), when testing for
the geomagnetic wind differences, the last hypothesis is not fulfilled. The Behrens-
Fisher Student-t test circumvents this problem by adjusting the degrees of freedom
by comparing the first and second moments of the distribution to the chi-squared
distribution. The result is calculating the degrees of freedom as,

(S2/ng + 82 /n,)?
V= S jmy (5T (3.5)
Nx—1 ny,1

where S is the sampled variance (Robinson, 1976; Storch and Zwiers, 1984).
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Chapter 4

Long-term Changes in the MLT
Summer Lengths

Summary of:

Jaen, J., Renkwitz, T., Chau, J. L., He, M., Hoffmann, P., Yamazaki, Y., Jacobi,
C., Tsutsumi, M., Matthias, V., and Hall, C.: Long-term studies of mesosphere and
lower-thermosphere summer length definitions based on mean zonal wind features
observed for more than one solar cycle at middle and high latitudes in the North-
ern Hemisphere, Ann. Geophys., 40, 23-35, https://doi.org/10.5194/angeo-40-23-
2022, 2022.

Throughout the year the MLT changes over seasons drastically. Dynamics during
the equinoxes are completely different from the solstice seasons, leading to opposite
conditions during winter and summer (see Chapter 2). Temperature studies in the
mesopause showed that over the years the summer duration has been extended. One
of them is Offermann et al. (2010), which shows a tendency of longer summers with
a rate of 1.21 day/year between 1988 and 2008 at 87 km, obtained with OH at
middle latitudes. Kalicinsky et al. (2016) extended the study between 1988 and 2015
identifying a breakpoint in 2008 (+ 1.7 years) with negative temperature trends
of -0.24 (£ 0.07 K/yr) and 0.64 (+ 0.33 K/yr) before and after the breakpoint.
Anthropogenic changes or the ozone recovery are proposed as possible explanations
for this breakpoint. Considering only the wind reversal, Jaen et al. (2022) proposed
two definitions to investigate the long-term behavior and variability over the years at
high and middle latitudes. The combination of SMRs at Andenes (69.3°N, 16.0°E) and
Tromsg (69.6°N, 19.2°E), complemented by the Saura PRR (69.1°N, 16.0°E) at high
latitudes, is also used for comparison with MLS satellite geostrophic winds at 70°N.
Similarly, the Juliusruh (54.6°N, 13.4°E) and Collm (51.3°N, 13.0°E) SMRs, along
with the PRR located at Juliusruh (54.6°N, 13.4°E) and MLS satellite geostrophic
winds at 55°N, serve as instruments representing the middle latitude. The length of
the time series varies between 2004/2005 and 2020, depending on the instruments.
Additionally, a 31-year time series from 1990 to 2020, obtained from Juliusruh PRR,
is also investigated.

The spring transition of the MLT wind occurs slowly over several days due to the
active winter wave activity. Facing this long reversal time set, a sixteen-day sliding
window and a principal component analysis were used to identify the two primary
eigenvectors to rebuild the winds and identify the reversal day. The definitions are
established with the main conditions; i) the wind changes from one direction to the
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Mean zonal wind reversal comparison
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FIGURE 4.1: Summer length definitions in the MLT wind reversal. Each color line

represents the zero wind line by instrument. SMRs, PRRs and Aura satellite (MLS) at

each latitude are marked with color and line styles. The arrows denote the altitude

where the day of the wind reversal is taken for the summer length definition. Figure
taken from Jaen et al. (2022), Fig. 2.

opposite, ii) the wind reversal must occur at several kilometers in a short time, ide-
ally, the same day. This selection is constrained by altitude and latitude, due to the
latitudinal differences in the dynamics. Figure 4.1 depicts the climatological zero
wind line (i.e. zero wind velocity) at middle and high latitudes, with the different
instruments differentiated by colors. The arrows indicate the chosen height for the
summer beginning and summer end at both latitudes.

The two definitions are as follows:

Mesospheric and Lower Thermospheric Summer Length (MLT-SL) is defined by
the second wind reversal after the spring equinox at a fixed altitude. The sum-
mer beginning DOY is the day when the westward wind reverses to eastward at
96 km. The summer end is analogous, but with an altitude change, at 82 and
74 km for high and middle latitudes, respectively.

Mesospheric Summer Length (M-SL) is defined by the first and second wind re-
versal after the spring equinox at the same height. The summer beginning day
of the year is the day when the eastward wind reverses to westward at 82 and
74 km for high and middle latitudes, respectively. The summer end is consid-
ered at the same altitude as the summer beginning when the westward wind
reverses to eastward around the fall equinox.

Figures 4.2 and 4.3 depict the time series of the summer beginning, end, and
length in the first three rows, for both definitions, at high and middle latitudes, re-
spectively. The time series include their respective error-bar, the linear regression in
a solid line and in dashed lines the slope variation (only when there was a signifi-
cant slope for the time series). The fourth row is a composite of different indexes
that could contribute as an external forcing agent to the wind reversal date. These
indexes are listed below and explained in Section 2.3.
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FIGURE 4.2: Summer beginning(a, e), summer end (b, f), summer length (c, g) at
high latitudes. The last row (d, h) show different proxies for external processes.
Figure taken from Jaen et al. (2022), Fig. 3.

sPJO Represents the strong polar-night jet oscillations.

MSSW Major sudden stratospheric warmings that ends in a split () or a displace-
ment (D) of the polar vortex.

Extreme positive values of the ONI (i.e. ONI > 1°C).
La Nifia Extreme negative values of the ONI (i.e. ONI < -1°C).
QBOw Quasi-biennial oscillation westward phase at 30 hpa.
QBOe Quasi-biennial oscillation eastward phase at 30 hpa.

Lyman-« Irradiance of the UV emission line of the hydrogen atom resulting from the
transition from the second to the first energy level (1215.67 A), measured at an
altitude of 90 km.

The interaction of all these phenomena are quite complex and the simple correla-
tions are insignificant. Nevertheless, for the year 2016, the earlier summer beginning
is explained by an earlier final warming reported by Yamazaki and Matthias (2019)
and the earlier summer beginning observed in 2013 is explained by a late strong
planetary wave activity (Fiedler et al., 2015)

At middle latitudes, the PRR located in Juliusruh provided with an extended
time series of 31 years. Figure 4.4 shows the mesospheric summer length and the
periodograms for the summer length and summer end. Particularly this time series
depict a breakpoint around 2008 + 2 years.

From this study, the main findings are summarized below.

* The summer beginning is the most variable, transferring the variability to the
summer length. This is the case for both summer definitions. However, the
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FIGURE 4.3: Same as Fig. 4.2 at middle latitudes. Figure taken from Jaen et al.
(2022), Fig. 4.

length depends on the chosen latitude and altitude, having the highest vari-
ability at high latitudes. The summer end occurs for all latitudes in the same
week, before the autumn equinox and presents no significant linear trend across
latitudes.

* In the MLT-SL definition, summer starts around 7 May at high latitudes (SL=136

days) and approximately 29 April at mid-latitudes (SL=141 days), indicating
a shorter duration of summer at higher latitudes. This definition exhibits no
significant trends, and the compared events (MSSW, strong polar-night jet os-
cillations, ENSO, QBO, and Lyman-a) do not show a consistent impact on the
summer length. However, there is strong evidence of abnormal behaviour in the
years 2004, 2012 and 2013, also observed by Hall and Tsutsumi (2020). During

Juliusruh PRR at mid latitudes
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FIGURE 4.4: Mesospheric summer length at middle latitudes (a). The panel (b,
¢) depict the periodograms in years for the summer end and mesospheric summer
length, respectively. Figure taken from Jaen et al. (2022), Fig. 5.
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the winter of 2013, as reported by Fiedler et al. (2015), a heightened planetary
wave activity occurring later than usual induced an earlier mean zonal wind
reversal.

* The M-SL definition is the most variable definitions due to it being more suscep-
tible to winter conditions. The summer starts between the end of March and the
beginning of April for high-latitudes and one week later for mid-latitudes. This
definition presents significant trends indicating longer summer of around 0.55
days per year. The years 2012 and 2016 displayed extreme values. However, in
the latter, the earlier summer beginning was a consequence of a final warming
(Yamazaki and Matthias, 2019).

* A comparison with the length of the plants’ growing season shows a difference
of around 10 days with respect to M-SL at middle latitudes.

* The periodograms of the 31-year time series show periods of approximately
2.21-2.58 and 2.82-3.87 years, which could be attributed to QBO and ENSO,
respectively (e.g., Offermann et al., 2015).
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Chapter 5

Long-Term Changes of the MLT
Summer Wind Velocity Maxima

Summary of

Jaen, J., Renkwitz, T., Liu, H., Jacobi, C., Wing, R., Kuchaf, A., Tsutsumi, M.,
Gulbrandsen, N., and Chau, J. L.: Long-term studies of the summer wind in the
mesosphere and lower thermosphere at middle and high latitudes over Europe, At-
mos. Chem. Phys., 23, 14871-14887, https://doi.org/10.5194/acp-23-14871-2023,
2023.

The winds over the years exhibit a distinct characteristic pattern with seasons.
During the equinoxes, the winds change direction and there is an enhancement of
semidiurnal tides, which are stronger away from the tropics. The winter is a partic-
ular high activity season for the diurnal tide and planetary waves. The extratropical
summer displays a weak secondary maximum of the diurnal tides, a minimum of the
semidiurnal tides and strong winds that filter gravity waves reaching the MLT. These
gravity waves break at the mesopause dumping their energy, which slows down the
winds contributing to a wind reversal in lower thermosphere, above ~86 km. Part
of the dumped energy contributes to a change in wind direction due to the Corio-
lis torque inducing the meridional equatorward wind, contributing to the residual
meridional circulation (e.g., Andrews et al., 1987; Holton, 2004). Under these
conditions, the MLT summer horizontal winds display three main components: 1)
the lower thermospheric eastward wind, 2) the mesospheric westward wind, and
3) the mesopause southward (equatorward) wind. Considering only the maxima of
the wind in each month, independently from the altitude, Jaen et al. (2023) investi-
gated the long-term intensity of the winds at high and middle latitudes over Europe
with a selection of radars. At high latitudes the combination of SMRs at Andenes
(69.3°N, 16.0°E) and Tromsg (69.6°N, 19.2°E), complemented by Saura PRR (69.1°N,
16.0°E), were used to investigate the eastward, westward and southward wind com-
ponents. Similarly, at middle latitudes the combination of Juliusruh (54.6°N, 13.4°E)
and Collm (51.3°N, 13.0°E) SMRs, along with the PRR located at Juliusruh (54.6°N,
13.4°E), was employed. The latter with an extended time series of 33 years (1990 -
2022) and the remaining instruments provided 19 years (2004 - 2022) of measure-
ments.

Figure 5.1 depicts the horizontal wind climatologies calculated for both latitudes.
In these figures, the wind components are represented as the mean over the years af-
ter being smoothed with a 16-day sliding window. In the summer, the wind maxima
occurs during June, July and August. By calculating the monthly median per year
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FIGURE 5.1: Middle and high latitudes horizontal winds climatologies. Sub-figures
(a) and (b) show the zonal wind climatology were the red represents the eastward
wind and the blue is the westward component for middle and high latitudes, re-
spectively. The horizontal grey dotted line marks the change on the instruments,
above are obtained from SMR and below PRRs. The (c¢) and (d) sub-figures depict
the meridional wind over the years obtained from SMRs. The meridional wind with
northward (poleward) is shown in red and the southward (equatorward) in blue.
Figure taken from Jaen et al. (2023), Fig. 1.

and selecting the highest value in the altitude range for each wind component, the
resultant time series are depicted in Figure 5.2. The time series are displayed with the
difference between the third and first quartiles in a lighter color, along with their lin-
ear fit. The slopes with significant tendencies are shown in dashed line (i.e. > 95%),
while the dotted lines depict the non significant trends. From this figure, the signif-
icant results shows a decreasing lower thermospheric eastward wind speed at high
latitudes in July. Another significant result comes from the middle latitudes, where
significant increase of the mesospheric wind speed is accompanied with a significant
decrease of the mesopause southward wind speed. The strengthening of the west-
ward component tied to the weakening of the southward wind, could be an indicator
of the wind circulation being affected.

Even that several studies have shown evidence of the MLT shrinking due to dia-
batic cooling (e.g., Peters et al., 2017; Yuan et al., 2019), the heights from the wind
maxima show yearly variability with no significant long-term change. Figure 5.3 de-
pict the height for the wind component at middle and high latitudes, respectively. In
the middle latitudes, the westward wind component (33-year time series) depict an
altitude jump between 2002 and 2004. The reason for this change in the heights is
due to a replacement of the system; therefore, the height before the 2004 are consid-
ered to be non-reliable.

Investigating the variability of the time series, the periodograms show significant
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FIGURE 5.2: MLT wind maxima time series at middle (a, ¢, ) and high (b, d, f) lat-
itudes. The eastward (a, b), westward (c, d), and southward (e, f) velocity maxima
calculated yearly from a monthly median with their respective quartile difference
(i.e., 75th and 25th quartiles). June (blue stars), July (red dots), and August (green
triangles) with the linear fit where m represents the slope. The dashed lines depict
the trends with 95 % significance. Figufe taken from Jaen et al. (2023), Fig. 2.
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FIGURE 5.3: Altitude of the summer wind maxima over the years at middle (left)
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maxima for June, July and August, respectively. Red colors represent the height of

the lower thermospheric eastward wind maxima. Blue/green colors are the altitude
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over the years of the mesosphere westward maxima. [Figure not published in the
manuscript]
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FIGURE 5.4: Differences between mean velocity profiles for low and high geomag-
netic activity for middle (left) and high (right) latitudes. The differences for the
zonal component are shown in blue, while the meridional differences are depicted
in red. Stars represent significant differences, while circles depict nonsignificant dif-
ferences. The figures are taken from Jaen et al. (2023), Fig. 6 and 5, respectively.

oscillation of 2-3, 4-6 and 10-1102 years. However, these oscillation are not consistent
across the months for the same wind component.

Another important aspect that has been shown to change the MLT wind speed
is the geomagnetic activity. Jacobi et al. (2021) identified significant wind changes
in the lower thermospheric eastward wind (2015-2020) dividing the days with the
Ap index. As a result of the study, the authors found that the zonal wind becomes
weaker during disturbed geomagnetic conditions. These results raise the question of
whether geomagnetic activity could be involved in the identified significant trends. By
dividing the summer days into low (Ap < 5) and high geomagnetic activity (Ap > 20,
15 at middle and high latitudes, respectively), Figure 5.4 depicts these summer mean
differences, with significance indicated by different symbols based on the Behrens-
Fisher Student’s ¢ test. Red depicts the zonal wind differences, while blue represents
the meridional wind differences for middle (left) and high (right) latitudes. Stars
indicate significant differences, whereas circles denote nonsignificant ones. From this
figure, it becomes evident that geomagnetic activity weakens the MLT winds, except
at high latitudes for the lower thermospheric eastward component, which becomes
stronger. The reason for these changes in the wind speed are explained by Li et al.
(2019) and Li et al. (2023). The authors found that while Joule heating warms the
thermosphere, its effect is small compared to air movement (vertical heat advection)
and temperature changes (adiabatic heating/cooling) in the MLT. The storm causes
temperature changes and wind shifts, with these wind changes influencing pressure
gradients.

Given that geomagnetic activity demonstrates appreciable effects on the wind,
the next step is to investigate their potential impact on trends. Figure 5.5 shows a
histogram with the distribution of days of high (purple) and low (green) geomagnetic
activity across all years, overlaid is the Lyman « (red), which serves as a proxy for
the solar activity. A clear difference is observed between the first and second half
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FIGURE 5.5: Low (green) and high (purple) geomagnetic activity summer days over
the years. In red is depicted the Lyman « with a summer mean. Figure taken from
Jaen et al. (2023), Fig. 7.

of the time series (i.e. 1990-2005 and 2006-2022). High solar activity typically
correlates with more days of high geomagnetic activity. Despite covering more than
one cycle, solar cycle 24 is weaker than its predecessor (i.e., solar cycle 23), resulting
in fewer days of high geomagnetic activity in the second half of the time series. The
observed difference may influence wind speed and trends. Specifically, the trends in
the mesospheric westward winds might be partially due to recent geomagnetically
quiet period. However, upon analysis of 1(gmly the quiet periods, the summer mean
wind trend remains significant, suggesting the influence of other factors on wind
changes.

The main findings of Jaen et al. (2023) are summarized as follows:

* In July at high latitudes, the lower thermospheric eastward summer maximum
exhibits a significant decreasing trend of 0.45+0.18 m/s per year. The wind
maxima occurs between June and August, ranging from 25 to 32 m/s at an
altitude of 98-99 km.

* At middle latitudes, the mesospheric westward summer maximum has intensi-
fied over the past 33 years (1990-2022), exhibiting a significant trend of 0.64
+ 0.10 m/s per year (July). This trend is independent of geomagnetic activity.

* The mesopause southward wind maxima at middle latitudes, exhibits a sig-
nificant weakening across the three studied months over the years. The most
substantial decrease is in June and July, reaching negative slopes of 0.33 + 0.12
and 0.26 + 0.12 m/s per year, respectively.

* Among the analyzed components, only the mesospheric summer westward max-
ima exhibits signatures of the solar cycle (8.6-11.3 years) during the three
months. The remaining time series show additional oscillations around 2.3-
2.8 years and 3.2-4.4 years, potentially linked to modulations from the QBO,
ENSO, or the quasi-quadrennial oscillation.

* Geomagnetic activity weakens the horizontal winds except at high latitudes,
where it strengthens the lower thermospheric eastward winds above 94 km.

* The meridional wind component, under high geomagnetic activity, exhibits a
disturbed pattern with reduced velocities below 84 km at high latitudes and
below 78 km at middle latitudes.
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Chapter 6

Collaborative Papers

In parallel to my own research during my PhD, I collaborated with colleagues which
led to the following publications.

* Jacobi, C., Kuchar, A., Renkwitz, T., and Jaen. J.: Long-term trends of midlati-
tude horizontal mesosphere/lower thermosphere winds over four decades, Adv.
Radio Sci., 21, 1-11, https://doi.org/10.5194/ars-21-111-2023, 2023.

¢ Sivakandan, M., Mielich, J., Renkwitz, T., Chau, J. L., Jaen, J., & Lastovicka, J.:
Long-term variations and residual trends in the E, F, and sporadic E (Es) layer
over Juliusruh, Europe, J. Geophys. Res. Space Phys., 128, e2022JA031097,
https://doi.org/10.1029/2022JA031097, 2023.

* Renkwitz, T., Sivakandan, M., Jaen, J., and Singer, W.: Ground-based noontime
D-region electron density climatology over northern Norway, Atmos. Chem.
Phys., 23, 10823-10834, https://doi.org/10.5194/acp-23-10823-2023, 2023.

Engaging in these investigations has immensely enriched my research focus and
has played an important role in the evolution of my doctoral journey. Below, I present
concise summaries of these studies.

6.1 Long-Term Trends of Midlatitude MLT Winds over Four
Decades

This paper combines low frequency measurements from 1978 to 2008, and the very
high frequency meteor radar winds from 2004 to 2021 from Collm at 90 km, which
are compared with Juliusruh partial reflection radar mean winds at 81-85 km from
1990-2021. These MLT wind time series obtained are among the longest globally,
offering insight into potential climate change effects on the MLT. In this study, long-
term trends and trend changes over Collm are presented, and a comparison of long-
term linear trends over both sites is conducted. Due to variations in observation
methods, the considered altitudes differ by several kilometers, leading to differences
in summer climatological mean zonal winds between Juliusruh and Collm. Despite
these variations, long-term trends over Collm and Juliusruh generally agree qualita-
tively, particularly in September-October-November (SON) and December-January-
February (DJF), although differences emerge in March-April-May (MAM). Particu-
larly, Collm winds show indications of a potential trend change in the 1990s, espe-
cially prominent in June-July-August (JJA) with zonal trend values of 0.50 m s~ !yr—!
before 1998 + 4.4 yr and after -0.04 m s~ 'yr—!. This change could be connected to
the ozone turnaround after 1995 or lower atmosphere climate change (Jacobi et al.,
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2015). The comparison between Collm and Juliusruh winds shows considerable vari-
ability at timescales of a few years, possibly influenced by lower/middle atmosphere
circulation patterns like QBO, North Atlantic Oscillation (NAO), and ENSO. These
patterns may impact middle atmosphere winds up to the mesosphere, but their ef-
fects decrease or reverse near the mesopause region. The height difference of the
wind time series analyzed here may contribute to the observed variability at these
timescales. A significant difference is observable in May for both sites, nevertheless,
a correlation coefficient of r = 0.7 indicates variability at both sites is consistent even
with the altitude differences and latitude sets of the wind reversal already studied in
Jaen et al. (2022).

6.2 Long-Term Variations and Residual Trends in the E, F,
and Es Layers at Middle Latitudes

Sivakandan et al. (2023) investigates the long-term variations and linear residual
trends in the ionospheric E, Es, and F2 and corresponding altitudes of the layers
over Juliusruh, Germany. The study combines traditional regression analysis with a
new method to estimate trends. In addition, the study uses Lomb-Scargle analysis to
identify predominant oscillations in the ionospheric parameters, demonstrating the
significant influence of annual and solar cycle oscillations on the F2 layer’s critical
plasma frequencies and altitudes. The 11-year solar cycle oscillation is more sig-
nificant than the annual oscillation in daytime foF2 and nighttime hmF2, while the
opposite relation is observed in the daytime foE and foEs. The height (hmF2) exhibits
a negative trend (-413 + 47 m yr—! daytime and -574 4+ 75 m yr—! nighttime), sug-
gesting a hydrostatic contraction in the ionospheric peak altitudes, possibly caused
by the greenhouse cooling effects. The corresponding critical frequency depicts neg-
ative trends (-4.44 + 1.78 kHz yr~! daytime and -4.30 + 1.63 kHz yr—! nighttime)
that once divided before and after 1996, the significant trend from before 1996,
becomes positive, but insignificant in the second period (i.e., 1997-2019). In the
E-region, the foE has no significant trend. However, the foEs depict negative trends
(-2.00 & 0.61 kHz yr—!), with a similar behavior to the foF2, where the divided time
series showed weak trends after 1997.

6.3 D-Region Noontime Electron Density Climatology at High
Latitudes

This study presents local noontime climatologies of electron density in the middle
atmosphere at high latitudes during periods of quiet and geomagnetic active peri-
ods. The data is collected using the high-frequency Saura radar experiment applying
dedicated signal processing and interferometry techniques to localize the scattering
structures. Furthermore, the Faraday-International Reference Ionosoheric model is
also used to remove the outliers in the data. The electron density climatologies show
an unexplained asymmetry between spring and fall, which is not related to the solar
zenith angle, as well as a significant decrease in electron densities around the au-
tumn equinox. The electron density pattern of spring-fall asymmetry and the October
decrease is found for all analyzed nine years (2004-2022). A possible explanation
is proposed that the meridional circulation during fall and winter, along with the
transport of Nitric Oxide (NO) from the lower thermosphere, could be responsible
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for enhanced electron density. In contrast, increased meridional winds and tidal ac-
tivity at lower altitudes might explain a sudden reduction in electron density in early
October. Observed changes in temperature and tidal activity could also contribute to
electron density variations.
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Chapter 7

Conclusions and Outlook

This cumulative dissertation aimed to investigate the long-term dynamics of the sum-
mer MLT at middle and high latitudes, with the main objective being the study of the
long-term variability of the neutral winds. The MLT is the region where the neutral
and ionized atmosphere coexist, contributing to the complexity of the system. Fur-
thermore, it is a significant portion of Earth’s atmosphere, which makes it essential
for understanding the full system and its evolution.

The dynamics that drive the middle atmosphere are due to motion, mixing, heat-
ing, and propagation of waves. The Earth’s geodesic shape and the ocean-land distri-
bution produce asymmetries over the two hemispheres (e.g. Shepherd, 2008). These
differences are observed in the winds, temperatures, and composition. Ozone, one
of the main absorbers of solar radiation, shows these asymmetries when depleting
at polar latitudes in spring and has a higher concentration in the Northern than the
Southern polar summer hemisphere. Venkateswara Rao et al. (2015) found a signifi-
cant correlation between the Southern hemisphere ozone gradients in spring with the
stratospheric wind and a significant anticorrelation with mesospheric wind residuals.
The authors also explained that due to strong winter conditions and strong eastward
wind persisting into late spring in the stratosphere, as a consequence of an increase
in stratospheric ozone gradients, a poleward residual circulation is expected in the
upper mesosphere extending the winter time. The opposite effect is observed in the
polar mesospheric summer echo occurrence, as was shown by Latteck et al. (2021). In
their study, the authors found significant trends of longer polar mesospheric summer
echoes of half a day per year in the past two decades in the Northern Hemisphere.
This result agrees with the studied trends in this thesis. At high latitudes, the summer
length, defined by the mesospheric eastward to westward wind reversal, depicted a
significant trend of earlier summer onset of about half a day per year.

Between many limitations faced by the long-term community in this field of study
(see Lastovicka and Jelinek, 2019; Lastovicka, 2023), the length of the measurements
represents one of the more important aspects. Phenomena like the multi-year oscil-
lations and its underlying mechanism, as well as the potentially multi-decadal oscil-
lations, are not fully understood (e.g., Offermann et al., 2021). Evidence of these
phenomena arises when breakpoints appear in the time series (Lauter and Entzian,
1983; Offermann et al., 2006; Liu et al., 2010; Jacobi et al., 2015; Hall and Tsut-
sumi, 2020). The middle latitudes’ summer length of 31-year time series, studied
in this thesis, evidenced one of these breakpoints. Moreover, the significant trends
in the zonal and meridional components for different seasons studied in Jacobi et al.
(2023), also evidenced breakpoints in the 40 years of measurements. Portnyagin et al.
(2006) tested more than one degree polynomial to fit the trends, concluding that the
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MLT winds have non-uniform trends. To understand the breakpoints, it is necessary
to study atmospheric dynamics as a whole system and identify where these changes
originate. Possible sources of the change in the atmospheric parameters could be due
to external causes, such as the ozone depletion recovery (Weber et al., 2022) or even
major volcanic eruptions (Savigny et al., 2020; Wallis et al., 2023).

The contribution of advanced global circulation models is key to understanding
the underlying physics occurring in the atmosphere. Particularly, accurate model-
ing of the MLT region is challenging due to the importance of GWs in the summer
mesopause and especially the GW drag occurring in the lower thermospheric spring.
The westward wind pattern observed at lower thermospheric altitudes in spring, a
product of GW drag, is not reproduced by most models (e.g., Stober et al., 2021).
One exception is the KMCM (K"uhlungsborn Mechanistic General Circulation Model),
which successfully accomplished the spring wind reversal through GWs parameteri-
zations (Hoffmann et al., 2010).

GWs have a crucial role in the global MLT dynamics and have the characteristic of
traveling long distances away from their sources, and introducing forcing in the mid-
dle atmosphere which affects the global winds. Ern et al. (2011) suggested that GWs
produced by deep convection in the subtropical monsoon regions could contribute to
the mesospheric wind reversal at middle and high latitudes. Additionally, they indi-
cated that there could be an anticorrelation between solar flux and GW momentum
flux. With increasing GW activity, it is possible to expect higher energy deposition in
the mesopause and an increase in the southward winds due to the residual meridional
mean circulation. However, this contradicts the results from the wind maxima stud-
ied in this thesis. While at high latitudes, the southward wind showed non-significant
trends, at middle latitudes this wind component showed a weakening trend. On the
other hand, the zonal mesospheric wind depicted a significant strengthening over the
past 33 years, which could indicate that the breaking of GWs is occurring below the
mesopause giving energy to the mean zonal winds. Hoffmann et al. (2011), Liu et al.
(2017) and Luo et al. (2021) are some of the studies that have shown significant
increasing GW trends that could contribute to this explanation. Another explanation
could arise from investigating atmospheric tidal waves. The semidiurnal tides, which
are maximized in extratropical regions and during the equinoxes, have less proba-
bility of contributing to the summer wind trends. On the other hand, the diurnal
tide, which maximizes during the solstices and at low latitudes, could contribute to
the wind trends. However, McLandress (2002) showed that with strong wind shears,
there is a weakening of the tides and an amplification of the quasi-two-day waves,
which still need to be investigated as a possible source for the trends.

Shifting the focus from the neutral aspect of the MLT region to the ionized one, in
this thesis a significant influence of the solar activity on the neutral wind maxima was
observed. As a part of this thesis, the electron density climatology for both quiet and
disturbed periods was studied (Renkwitz et al., 2023). This investigation revealed
asymmetries between the periods around the equinoxes, which agree with the dif-
ferent processes mentioned in this thesis (i.e. residual mean meridional circulation,
tides, and temperature changes). However, their mechanism and changes over the
years remain to be investigated.

The advantage of looking into the long-term parameters of the ionosphere is the
access to longer time series. This is the case for 56-year datasets of the F2 critical fre-
quency measurements studied here. The trends obtained by Sivakandan et al. (2023)
also revealed a breakpoint in 1996. Additionally, the ionospheric F-region proved to



Chapter 7. Conclusions and Outlook 41

have a strong positive correlation with the solar cycle (sunspot number in this study)
and the E-region showed a positive correlation until the 23rd solar cycle and a weak
correlation afterward, which has already been reported before by the ionospheric
community (e.g., Danilov, 2021; Lastovicka, 2023). The disappearing anticorrelation
with the solar cycle is also observed in the MLT winds (Portnyagin et al., 2006; Fiedler
et al., 2011; DeLand and Thomas, 2015). The mesospheric westward wind maxima
showed oscillation between 10.2 to 11.3 years that could be associated with the solar
cycle. However, a direct correlation with Lyman « showed it to be non-significant
considering the 33-year time series. On the other hand, by dividing the time series
into two periods (1990-2004 and 2004-2022), the same analysis shows significant
anticorrelation (p = 0.69) for the first period. The second period remains with non-
significant correlations between the mesospheric westward wind maxima and Lyman
a. These changes are evidence on the evolution over the years of the MLT which stills
needs to be investigated. A possible explanation was recently provided by Vellalassery
et al. (2023), who studied the water vapor response to Lyman « variability for the
periods 1992 to 2018 and found that the amplitude of Lyman « variation decreased
by about 40% after 2005.

In contemporary times, models specializing in replicating the middle atmosphere
are imperative for comprehending the physics, composition, coupling, and dynamics.
Essentially, the models provide information on how the atmosphere changes, whether
due to intrinsic natural factors or anthropogenic contributions. Consequently, long-
term studies employing models contribute to understanding how the changes im-
pact the atmosphere, predicting its future evolution. However, they still fall short
of faithfully reproducing the observed atmosphere. Instrumental measurements, on
the other hand, provide evidence of the atmospheric evolution from past to present.
Simultaneously, prolonged investigations utilizing consistent and extended measure-
ments facilitate the study and monitoring of atmospheric evolution, which makes it
imperative to maintain instruments for long-term studies. Through the implementa-
tion of theories in models, a more profound comprehension of observed phenomena
becomes possible. Both facets, modeling studies, and extended empirical analyses,
collaboratively enhance our comprehension of the characteristics of the atmosphere.
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Abstract. Specular meteor radars (SMRs) and partial re-
flection radars (PRRs) have been observing mesospheric
winds for more than a solar cycle over Germany (~ 54° N)
and northern Norway (~69°N). This work investigates
the mesospheric mean zonal wind and the zonal mean
geostrophic zonal wind from the Microwave Limb Sounder
(MLS) over these two regions between 2004 and 2020. Our
study focuses on the summer when strong planetary waves
are absent and the stratospheric and tropospheric conditions
are relatively stable. We establish two definitions of the sum-
mer length according to the zonal wind reversals: (1) the
mesosphere and lower-thermosphere summer length (MLT-
SL) using SMR and PRR winds and (2) the mesosphere
summer length (M-SL) using the PRR and MLS. Under
both definitions, the summer begins around April and ends
around middle September. The largest year-to-year variabil-
ity is found in the summer beginning in both definitions, par-
ticularly at high latitudes, possibly due to the influence of the
polar vortex. At high latitudes, the year 2004 has a longer
summer length compared to the mean value for MLT-SL as
well as 2012 for both definitions. The M-SL exhibits an in-
creasing trend over the years, while MLT-SL does not have a

well-defined trend. We explore a possible influence of solar
activity as well as large-scale atmospheric influences (e.g.,
quasi-biennial oscillation (QBO), El Nifio—Southern Oscilla-
tion (ENSO), major sudden stratospheric warming events).
We complement our work with an extended time series of
31 years at middle latitudes using only PRR winds. In this
case, the summer length shows a breakpoint, suggesting a
non-uniform trend, and periods similar to those known for
ENSO and QBO.

1 Introduction

As Earth orbits around the Sun, the duration of the four
seasons is well defined at ground level at middle latitudes.
Higher up between 50 and 100 km in the mesosphere and
lower thermosphere (MLT), the separation is not well de-
fined. Earth’s atmosphere is a complex system governed by
several processes that are continuously evolving (e.g., radia-
tive heating, coupling, mixing processes). The dynamics of
the MLT are forced mainly by solar radiation and the wave
activities arising in the lower atmosphere, such as planetary

Published by Copernicus Publications on behalf of the European Geosciences Union.



56

24 J. Jaen et al.: Long-term studies of MLT summer length defined by the mean zonal wind reversal

waves, gravity waves, and tides (e.g., Yigit et al., 2016). Cir-
culation patterns such as the stratospheric quasi-biennial os-
cillation (QBO, Baldwin et al., 2001) and El Nifio—Southern
Oscillation (ENSO, Wang and Picaut, 2004) also influence
the MLT dynamics at middle latitudes. During winter condi-
tions strong planetary wave activity is present and, later on,
in the transition from winter to summer, a reduction of the
planetary activity occurs (Lauter and Entzian, 1983; Hoff-
mann et al., 2002). With the transition, every year the zonal
wind circulation in the MLT displays the final reversal of the
wind direction from eastward to westward, in part produced
by the wave dissipation generated by gravity wave activity
(see Hoffmann et al., 2010; Laskar et al., 2017). In connec-
tion with this wind reversal, the mesopause experiences a de-
crease in temperature resulting in the appearance of ice par-
ticles, due to the water vapor present in the atmosphere. The
presence of charged ice particles is observed through radar
echoes known as polar mesospheric summer echoes (PMSE;
see, e.g., Rapp et al., 2003). Between 80 and 90 km and on
nanometer scales, a congregation of ice particles is called
noctilucent clouds or polar mesospheric clouds (e.g., Hervig
et al., 2001; Baumgarten et al., 2008; Fiedler et al., 2015).

The above-mentioned summer characteristics exhibit in-
terannual variabilities and interactions with adjacent layers,
highlighting the importance of studying this season as well
as its long-term behavior. Previous works, like Lauter and
Entzian (1983), used the mean zonal wind reversal at around
25km altitude to study long-term behavior between 1958
and 1982, obtaining an increase in the summer duration of
0.52 days per year (dyr~!). Nevertheless, the authors sug-
gested a possible change in the trends after 1980 and re-
ported a connection between the QBO and the wind rever-
sal dates during 1958-1967 and again after 1977. Under the
name of equivalent summer duration, defined by a threshold
of 198 K at 87 km at middle latitudes, the temperature vari-
ations during summer were investigated by Offermann et al.
(2010). This study covered the years 1988 to 2008, obtain-
ing a change rate of 1.21 dyr~!. The authors also compared
the obtained values with the zonal wind reversal in the strato-
sphere (20 hPa) that showed a decrease in the summer dura-
tion of 0.99d yr_l. Later on, French et al. (2020) studied the
hydroxyl nightglow rotational temperatures in the Antarctic
region and compared them with satellite winds and tempera-
tures at 86 km. The authors found a correlation between tem-
perature and meridional winds but no significant correlation
with the mean zonal winds. Offermann et al. (2005) char-
acterized the summer duration, referring to the stratospheric
zonal wind reversal in broad ranges of latitude and altitude
between 1948 and 2003. They found a dependency on lati-
tude and altitude, with longer summer duration at higher alti-
tudes and high latitudes for the Northern Hemisphere. How-
ever, in all the cases they detected a breakpoint around 1978—
1980, obtaining an increase in summer duration before the
breakpoint and negative trends after 1978/1980.

Ann. Geophys., 40, 23-35, 2022

For several years, long-term studies aimed to investigate
the anthropogenic influence in the atmosphere. Having in
mind the atmosphere as a whole and considering that the tem-
perature changes affect life at ground level, we can compare
the summer length with the vegetation growing season. The
normalized difference vegetation index (NDVI) is obtained
from CO; satellite measurements (e.g., Zhou et al., 2001).
During the vegetation growing season there is an exchange
of CO; between the plants and the soil due to the process
of photosynthesis and decomposition (Fung et al., 1987). In
these studies the summer season starts around April/May and
ends in September/October at middle latitudes, which ap-
pears to be comparable with the time interval for the mean
zonal wind reversal investigated in this paper.

The middle-atmosphere studies, mentioned above, were
made before 2010. Since the beginning of the 21st century,
new radar systems have been deployed in Germany and Nor-
way. After more than one solar cycle of system operations,
we are able to look into the long-term trends. In this study,
we aim to analyze the long-term variability of the mean zonal
wind reversal, which occurs around March and in September
by implementing two different definitions of summer length.
Both definitions applied to radar wind measurements are re-
lated to different processes and regions in MLT and incorpo-
rate altitude and latitude features. With these definitions we
search for possible correlations with known forcing events
from above or below the MLT, like, e.g., solar activity mea-
sured by the Lyman « line, major sudden stratospheric warm-
ing (MSSW, Butler et al., 2015), and strong polar-night jet
oscillations (sPJO, Peters et al., 2018; Conte et al., 2019).
The Lyman « line is a good representation of the solar activ-
ity in the MLT, as a consequence of the hydrogen absorption
that occurred by the Sun’s ultraviolet light, maximizing at
around 90 km (Machol et al., 2019).

To study the MLT summer length, we combine MLT winds
from specular meteor radars (SMRs) and mesospheric winds
from partial reflection radars (PRR, Wilhelm et al., 2017;
Hoffmann et al., 2010). These systems are located in Ger-
many and northern Norway. Our ground-based observations
are complemented with similar years of satellite observa-
tions, specifically from the Microwave Limb Sounder (MLS)
on board the Earth Observing System Aura satellite (e.g.,
Waters et al., 2006; Wu et al., 2008).

The paper is organized as follows. Section 2 contains the
description of the database and instruments used as well as
a brief description of the applied data-processing methods
for the individual systems. Section 3 gives a description of
the climatology and the applied summer length definitions.
The final time series and a brief description of the results are
given in Sect. 4. This is followed by the discussion for the
individual latitudes and a comparison between the definitions
in Sect. 5 and, finally, a summary and conclusions are found
in Sect. 6.

https://doi.org/10.5194/angeo-40-23-2022



57

J. Jaen et al.: Long-term studies of MLT summer length defined by the mean zonal wind reversal 25

2 Database

Considering the difficulties in obtaining a homogeneous data
set, which are well known in long-term studies (e.g., Las-
tovicka and Jelinek, 2019), we used a combination of closely
located SMRs at two selected latitudes. This combination al-
lows us to reduce the number of data gaps and provides a
highly reliable wind estimation for the regions under inves-
tigation. To study the mean zonal wind reversal at lower al-
titudes, namely below 80km, we have included data from
PRRs and the MLS on board the Aura Earth Observing Sys-
tem (Aura EOS). Both types of radars, SMRs and PRRs, have
a good agreement between 80 and 90 km (e.g., Hoffmann
et al., 2010; Wilhelm et al., 2017). In the next subsections
we briefly describe each of these systems and the methodol-
ogy of the processed radar data.

2.1 Specular meteor radars

SMRs detect meteor trails between mostly 75 and 110km
altitude, measuring their position in space and radial ve-
locity to derive the mean background winds (e.g., Hock-
ing et al., 2001). To generate a homogeneous time series
without gaps, we use a combination of detections from two
closely located SMRs, using quasi-simultaneous detections
binned in the same way as a single radar mode does to ob-
tain the hourly winds (for details, see Chau et al., 2017).
This combination helps us to reduce the observation gaps for
the high- and middle-latitude regions we have selected. At
middle latitudes we combine two SMRs located in Germany,
specifically Juliusruh (54.6° N, 13.4° E) and Collm (51.3° N,
13.0°E) (e.g., Hoffmann et al., 2010; Jacobi et al., 2015).
At high latitudes we use two SMRs in northern Norway: An-
denes (69.3° N, 16.0° E) and Tromsg (69.6° N, 19.2°E) (e.g.,
Singer et al., 2004; Hall et al., 2005). The covered years at
middle and high latitudes are 2005-2020 and 2004-2020, re-
spectively.

Given the inherent variability within the radar measure-
ments, the wind data set of 1 h resolution was first smoothed
by a 16 d-width sliding window. The smoothing suppresses
short-term fluctuations, which are caused by, e.g., gravity
waves and tides as well as instrumental effects, which are
not within the focus of this study. For this long-term study
dealing with a length of up to 31 years, the principal com-
ponent analysis (PCA, Jolliffe and Jackson, 1993; Jolliffe,
2002) proved to be a useful tool to compress the data. At each
station and for each year, the zonal wind between DOY 100-
280 and 82-98 km in the time—altitude depiction is arranged
into a two-dimensional matrix and decomposed as a linear
combination of principal components. The first two princi-
pal components capture 97.6 %—99.5 % of the total variance
and are used to reconstruct the two-dimensional matrix used
for this study and effectively reduce its short-term variabil-
ity. The principal components representing the data set are
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planned to be investigated in more detail with respect to their
temporal evolution in a subsequent study.

2.2 Partial reflection radars

PRRs use the mechanism of partial reflection through the
ionized component in the atmosphere as a tracer for the neu-
tral motions in the MLT between 50 and 100km altitude,
depending on the instrument configuration and by means
of the solar and geomagnetic conditions (see, e.g., Fukao
and Hamazu, 2014; Reid, 2015). The Saura PRR, located in
Andgya (69.1° N, 16.0° E), has been in operation since 2004
(e.g., Singer et al., 2005; Renkwitz and Latteck, 2017). For
the middle latitudes, we use measurements from Juliusruh
PRR (54.6° N, 13.4° E) that were obtained between 2004 and
2020 with a comparable system and method (e.g., Hoffmann
et al., 2010). To complement our work, we also include data
from the Juliusruh PRR predecessor system, using a different
configuration and technique between 1990 and 2003. More
details on this data set can be found in Keuer et al. (2007).

Equivalently to the descriptions given for the SMR data,
we implemented a 16d sliding window and the principal
component analysis capturing 98.2 %-99.3 % of the total
variance with the first two principal components. The time
window implemented in the principal component analysis is
DOY 50-280 and 70-95 km.

2.3 Microwave Limb Sounder

On board the Aura EOS satellite is the MLS instrument,
sensing atmospheric temperatures from the troposphere up
to 90km (e.g., Waters et al., 2006; Livesey et al., 2015).
From these measurements one can calculate the zonal mean
geostrophic zonal winds and geopotential heights (e.g., Ya-
mazaki and Matthias, 2019). In this work, we use MLS zonal
mean zonal winds at middle and high latitudes between 2005
and 2020. It is important to consider that the zonal mean
geostrophic zonal wind is a longitude average, while the
radars are located at a specific longitude. These time series
are extracted with a 16d sliding window at 74 km (55° N)
and at 82 km (70° N).

3 MLT mean zonal wind climatologies and summer
length definitions

A mean zonal wind climatology for both latitudes and com-
binations of stations is shown in Fig. 1. The high-latitude
climatology (Fig. 1a) is generated from the combination of
Andenes and Tromsg SMRs above 81 km and below from
the Saura PRR. An equivalent approach is used for the mid-
dle latitudes (Fig. 1b), where between 81 and 100 km obser-
vations from Juliusruh and Collm SMRs are used and, for
altitudes below 81 km, from the Juliusruh PRR wind clima-
tology (years 2004-2020). During summer months, the mean
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zonal wind over these sites is expected to be equivalent to the
zonal mean zonal wind (e.g., Hoffmann et al., 2010).

Both climatologies depict a reversal of the wind (grey line)
around March—April, when the wind reverses from eastward
(red) to westward (blue) at all altitudes. Between April and
May at high altitudes, the wind changes from westward to
eastward (grey line), and the temporal evolution of this rever-
sal occurs rapidly from 100 km down to around 90 km (86 km
for middle latitudes). From early June, the mean zonal wind
reverses slowly with decreasing altitude until 85 km (78 km
at middle latitudes) until middle September. Later on, the
wind direction reverses rapidly from westward to eastward
from these altitudes downwards, indicating the end of the
summer in the MLT in middle September, around 1 week be-
fore the autumnal equinox. The dynamics of the mean zonal
wind displays a clear dependence of altitude with respect to
latitude (e.g., Laskar et al., 2017; Conte et al., 2018; Wilhelm
etal., 2019). Given this latitudinal dependence, we adjust the
selected altitudes in the summer length definitions (described
below) accordingly.

Figure 2 displays a climatological mean of the mean zonal
wind reversal for all data sets. We are indicating the altitudes
used in this work for the different summer definitions (see
below). At 69° N, the mean zonal wind reversal from the
combination of SMRs is depicted in purple and from PRR
in orange lines, while for 54° N the combination of SMRs is
shown in red and the PRR in green lines. The climatological
zonal mean geostrophic zonal wind value is also represented
at 82km for 70° N (solid blue lines) and at 74 km height for
55° N (dash-dotted blue lines).

3.1 Mesosphere and lower-thermosphere summer
length

The MLT-SL definition is established by the mean zonal
wind reversal from westward to eastward at both the up-
per and lower altitudes. The altitudes depend primarily on
the temporal evolution of the mean zonal wind reversal and
in consequence on the latitude. These altitudes are chosen
where the mean zonal wind reversal occurs rapidly and si-
multaneously for several kilometers. Considering these char-
acteristics, at high latitudes the MLT summer beginning (SB)
is chosen at 96 km height and the MLT summer end (SE) at
82km (Fig. 2, purple line). At middle latitudes, the MLT-
SB altitude is the same as at high latitudes (i.e., 96 km), but
the MLT-SE was chosen at 74 km, using PRR data (see the
combination of the red and green lines in Fig. 2). In both
definitions, the summer length is the difference between the
summer end and summer beginning.

3.2 Mesosphere summer length
The M-SL is selected at the same altitude, varying only by

latitude. The summer beginning and summer ending are con-
sidered when the final mean zonal wind reversal occurs from
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eastward to westward and later from westward to eastward,
for high latitudes at 82 km and for middle latitudes at 74 km
(see Fig. 2, orange and green lines, respectively). The same
altitudes are taken for the MLS (see Fig. 2 blue lines, solid
lines at high latitudes and dash-dotted lines at middle lati-
tudes). M-SL has been selected to allow a direct comparison
between the MLS and radar observations and other defini-
tions. Moreover, this definition can also be compared with
models since most of them are able to reproduce the ob-
served wind field below 90 km during April and May (e.g.,
Hoffmann et al., 2010; Conte et al., 2018; Pokhotelov et al.,
2018).

4 Results

Here we briefly describe how the radar data have been pro-
cessed and the results are obtained. We first calculate the
daily mean of hourly winds for each altitude and site. Then
the mean is smoothed by a 16 d running window, shifted by
1d. In order to compress the data and to further reduce its
variability and to be able to focus on the long-term changes,
we implemented a principal component analysis (see details
in Sect. 2). With the first two components of principal com-
ponent analysis, we are able to reconstruct the mean zonal
winds year by year and, considering only the altitudes of in-
terest, we extract the day of the year (DOY) on which the
reversal occurs. Following this analysis, we obtain three dif-
ferent time series for each latitude and definition (summer
beginning, summer end, and summer length). Each time se-
ries is treated with a default standard deviation error from the
size of the smoothing window plus an extra consideration for
the years where the mean zonal wind reversal is particularly
difficult to assess due to an unclear transition. In these cases,
the sum of days during the unclear reversal period is divided
by 2 and manually implemented as an error for the particular
value.

Figure 3 presents the detected wind reversal dates at high
latitudes, i.e., MLT-SL (left column, purple lines) and M-SL
(right column) for the previously introduced altitude defini-
tions. Note that for M-SL, both MLS (blue lines) and PRR
(red lines) results are included. The first three panels for both
definitions (Fig. 3a, b, ¢ and e, f, g) depict the DOY (ordi-
nate) when the mean zonal wind reversal occurs for every
year (abscissa) for summer beginning, summer end, and sum-
mer length, respectively.

To explore the long-term behavior, we fit a linear func-
tion and apply the Student’s ¢ test (with null hypothesis be-
ing the slope equal to zero) to investigate whether there is
a significant slope incorporating the standard deviation error
propagation (e.g., Santer et al., 2000). The linear regression
(solid line in the same color) is only shown for the summer
beginning and summer length (first and third panels, respec-
tively), and enclosed in dashed lines (same color) is shown
the expected variability. In the case of summer end for both
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Figure 1. Combined mean zonal wind climatologies at (a) high and (b) middle latitudes. High-latitude values above 81-100km depict
the combination of SMRs at Andenes and Tromsg, while below (i.e., 70-80 km) the climatology comes from the Saura PRR. The middle-
latitude values are divided in the same altitude range with SMRs at Juliusruh and Collm (81-100 km) and Juliusruh PRR for lower altitudes

(70-80 km). The grey line shows the zero wind line.
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Figure 2. Mean zonal wind reversal comparison and summer length
definitions (MLT-SL and M-SL) at high and middle latitudes. The
mean zonal wind reversal (Omsfl) extracted from the climatolo-
gies from SMRs (purple) and PRR (orange) at 69° N and SMRs
(red) and PRR (green) at 54° N. In addition, the specific geopoten-
tial heights with the zero zonal mean geostrophic zonal wind values
from the MLS (blue) are shown at 70° N (solid line) and at 55° N
(dash-dotted line). The black arrows indicate the altitude taken for
the mean zonal wind reversal used in the individual definitions.

definitions, the linear regression is not shown since we were
not able to reject the null hypothesis.

The M-SL (Fig. 3g) for the high latitudes is found to be
170+ 11 d long using PRR measurements (173 412 d for the
MLS) with a tendency of 0.46 +0.52dyr™! (1.23+0.62d
for the MLS). Most of the variability and trend is intro-
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duced by the summer beginning (Fig. 3a) occurring at DOY
93 4+10d for PRR (3 April) and DOY 88 + 12 d for the MLS
(29 March), with a tendency to start earlier, —0.62+0.48 and
—1.26 +0.62 d, respectively. For the MLT-SL (Fig. 3c) we
found 136 + 8 d but with no significant trend starting around
7 May (see Table 1 for more details).

The last row for both definitions (Fig. 3d, h) represents
proxies of possible forcing in the MLT region that occurred
during the corresponding previous winter (for MSSW and
strong polar-night jet oscillations) or centered in the mean
value for the summer beginning (March, April, and May) for
Lyman « line (black line), QBO and ENSO. ENSO is rep-
resented by the Oceanic Nifio Index (ONI), where the values
over 1 °C are considered an El Nifio phase (orange) and under
—1°C aLa Nifa (green) (see, e.g., Pedatella and Liu, 2012).
The QBO is represented by the winds at 10 hPa from Singa-
pore (scaled by 10ms~1). QBO eastward (QBOe) is shown
in red, and QBO westward (QBOw) is blue. The MSSWs are
represented (in purple) as follows: when a displacement of
the polar vortex occurred is indicated by a “D”, and in case
of a split it is indicated by the bow tide symbol. The pink
“sPJO” shows the year when strong polar-night jet oscilla-
tions occurred.

The middle-latitude results are shown in Fig. 4 in a sim-
ilar format. The main difference is that the altitude for the
summer end in both definitions is 74 km. There, the M-SL
(Fig. 4g) is found to be 162 £ 7d long using PRR measure-
ments (160 £ 6 d for the MLS), with an almost identical ten-
dency of 0.5540.3dyr™! for the PRR and MLS. Equiva-
lently to the high latitudes, this mostly corresponds to the
summer beginning (Fig. 4a) occurring at DOY 95 +5d for
PRR and DOY 97 47 d for the MLS (between 5 and 7 April)
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Figure 3. Summer length at high latitudes: on the left is shown MLT-SL and M-SL on the right: panel (a) represents the summer beginning
at 96 km (MLT-SB) and panel (e) 82 km (M-SB) for each year (abscissa) and the DOY when the mean zonal wind reversal occurs (ordinate).
The summer end is measured at 82 km for both (b) MLT-SE and (f) M-SE. Panels (c) and (g) depict the summer length as the difference
between summer end and summer beginning, i.e., MLT-SL and M-SL, respectively. For each time series a linear fit is shown in the same
color with the standard deviation of the slope in the same color with dashed lines. The panels in the last row (d, h) show proxies of lower and
extraterrestrial atmospheric forcing (see text for details).

Table 1. Summary of the mean values and their standard deviations for each time series with the corresponding values of the slope from the
linear fit and confidence values (cv) divided into three categories: less than 80 % without a star, greater than 90 % with one star and greater
than 95 % with two stars.

Def. Lat. (°N) Alt. (SB, SE)  System SL SB SE SL-Slope SB-Slope
(km)
MLT High (69) (96,82) SMR 136 £8 1274+8 263+3 —-0.33£042 0.19+0.38
Middle (54) (96,74) SMR, PRR 1414+4 119+£4 259+ 3 0.08 £0.25 -0.26 +0.21
M High (70) (82,82) MLS 173412 88412 260+1 1.23+0.62** —1.264+0.62**
High (69) (82,82) PRR 170£11 93+10 26343 0.46+£0.52*  —0.62+0.48**
Middle (55) (74,74) MLS 160£6 95+5 255+1 0.55+0.28% —0.49+0.25"
Middle (54) (74,74) PRR 16247 97+7 25943 0.554+0.33*%*  —0.724+0.32**

Confidence value: **cv > 95 %, *cv > 90 %.

with tendencies of —0.49£0.25 and —0.72+£0.32d, respec- the summer beginning and summer length with their standard
tively. For the MLT-SL (Fig. 4c) we found 141+£4 d, but again deviations. The slopes are classified from the result of the

with no significant trend, starting on 29 April. Student’s ¢-test, as follows. The slopes with less than 80 %
The mean values, with the standard deviations from Figs. 3 of confidence have no stars, more than 90 % have one star,
and 4, are summarized in Table 1, as well as the slopes for and more than 95 % have two stars.
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As mentioned previously, in the case of middle latitudes
one can extend the study of the M-SL using the Juliusruh
PRR to 31 years by combining zonal winds obtained at the
same place but with different partial reflection radar systems
and measuring techniques. Figure 5 depicts the M-SL values
from this combined data set covering the period 1990-2020.
In this case, we show a linear function for the entire time se-
ries in black. Due to an apparent breakpoint around 2008, we
include two linear regressions according to this breakpoint,
i.e., 1990-2008 in dashed red line and 2008-2020 in dashed
blue line. The breakpoint was obtained by a second-degree
polynomial fitted by the least square method.

5 Discussion

In this section we discuss the obtained result. Noteworthy,
for both latitudes and definitions, is that the variability of the
summer lengths is dominated by the summer beginning and,
thus, by the winter conditions. Since our results display a lat-
itudinal dependency, we also divided our discussion by lati-
tude. In addition, we discuss the results of our summer defini-
tions with respect to other definitions used in earlier studies.
The long-term behavior of our results, including the 31-year
analysis, is discussed separately.

5.1 High latitudes

As both definitions represent different processes from the
different altitudes (in the summer beginning) and therefore
times in the year, there is also a significant difference ob-
served in the variability. The observed variability is higher in
M-SB due to the proximity to the winter conditions, which
is modulated by the planetary wave activity, final warm-
ings, etc. (Lauter and Entzian, 1983; Hoffmann et al., 2002;
Savenkova et al., 2012).

The MLT-SL shows peculiar values for the years 2004,
2012 and 2013, with an earlier MLT-SB. The 2013 winter-
to-summer transition was reported by Fiedler et al. (2015) as
an uncommon year with extreme conditions showing lower
temperatures (~ 6 K below the mean) and a higher concen-
tration of water vapor at 83 km. In their study, they found
strongly enhanced planetary wave activity uncommon for the
time of the year (see Fiedler et al., 2015, Fig. 5).

A similar period was recently studied at the MLT North-
ern Hemisphere high latitudes by Hall and Tsutsumi (2020).
The authors reported on temperatures at 90 km over Sval-
bard (78°N), calculating monthly mean values and fitting
trends using December as a representation of winter trends.
The authors found lower temperature values in the winters
2003/2004 and 2012/2013 and reported 2012 as a change
point detected by their algorithm (see Hall and Tsutsumi,
2020, Fig. 3). Even though both data sets are different (De-
cember monthly mean temperature at 78° N and mean zonal
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wind reversal in May at 69° N), these data “outliers” appear
to be connected.

In the case of M-SL the years 2012 and 2016 strongly
deviate from the mean behavior of the M-SL. In 2012 the
satellite data show an early M-SB (DOY 74), while the radar
(DOY 89) depicts a value not far from the mean (DOY 92).
At high latitudes, in the Northern Hemisphere the winter is
dominated by the behavior of the polar vortex and its tem-
poral dependence on the position. Considering the satellite
zonal mean geostrophic zonal winds are an average in longi-
tude and the radar only shows the mean zonal wind at a fixed
longitude, it is reasonable to find differences between these
individual observations. Thus, here we can see the complex-
ity of understanding the winter time in a localized position
(radar site) compared with the average in longitude (obtained
from satellite). In contrast to this example, 2016 has an ear-
lier M-SB for both instruments (DOY 61 PRR and DOY 57
MLS) as a consequence of the event categorized as a final
warming (Yamazaki and Matthias, 2019). In contrast to this
categorization, Manney and Lawrence (2016) described 2016
as a major final sudden stratospheric warming.

In the time series we were not able to find a relation to
Lyman «. In the case of ENSO and QBO, we also do not find
a clear connection with the mean zonal wind reversal dates. A
similar result is obtained analyzing the MSSW, strong polar-
night jet oscillation years and the summer beginning time
series. We can only find two particular clear cases where the
summer beginning is affected by a final warming.

5.2 Middle latitudes

As we move far away from the polar vortex and approach the
middle latitudes, the summer beginning displays less vari-
ability than at high latitudes, and there is a clear time—latitude
difference in the time series (also indicated in Fig. 2). The
mean zonal wind reversal occurs earlier at high latitudes and
later on at middle latitudes. Towards the end of the sum-
mer, the westward wind velocity decreases and finally re-
verses again to the eastward direction at middle latitudes and
later on at higher latitudes. Thus, the summer length differ-
ence is dependent on the latitude as a consequence of the
residual mesospheric wind circulation (e.g., Andrews et al.,
1987; Hoffmann et al., 2002). The mean zonal wind rever-
sals for both latitudes exhibit a comparable profile, while the
mean zonal wind reversal at high latitudes occurs at about
5km higher altitudes (see Figs. 1 and 2). Thus, for the use
of the same upper altitude (96 km), the mean zonal wind re-
versal occurs earlier at middle latitudes. Furthermore, small
differences in the profile steepness are visible; i.e., the wind
reversal does not occur simultaneously at several altitudes.
However, near and especially above 100 km altitude, the me-
teor count rates decrease substantially, introducing larger un-
certainties, which restrain us from selecting a higher altitude
(e.g., Younger et al., 2009), where we exactly want to observe
the mean zonal wind reversal and MLT-SB.
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Looking into the unusual years seen at high latitudes, the
reversal during 2012 (Fig. 4a) occurs on DOY = 116, repre-
senting an earlier start but within the variability. However, the
reversal occurs on the same day at both latitudes, raising the
question of what kind of event might produce a reversal of the
wind on the same day at 15° latitude difference. 2013 shows
adeviation of 8 d apart (DOY 111) from the mean behavior in
the MLT-SB but well outside of the mean standard deviation
of 4d. This difference shows again evidence of latitudinal
difference and the earlier starts, which once more could be
representing an unusually strong planetary wave activity for
this time of the year (Fiedler et al., 2015). The M-SB (Fig. 4e)
depicts a higher variability than MLT-SB, but the only year
with a slight deviation from the mean behavior is 2012 with
a late final warming. In addition, this late final warming and
the difference between the satellite and the radar could be
indicating the displaced polar vortex near the radar site.

Once more, similarly to high latitudes, the mean zonal
wind reversal dates do not depict a connection to the solar
activity or the other events (i.e., ENSO, QBO, strong polar-
night jet oscillation or MSSW).

5.3 Comparisons with other definitions

Comparing the definitions proposed in this work with the one
made by Offermann et al. (2004), we can find a big difference
for the summer end. While Offermann et al. (2010) showed
opposite sign slopes retrieved from a threshold in tempera-
ture in the beginning and end, we have found a variability
dependence on the summer beginning. This difference is at-
tributed to the rapid wind changes in September; meanwhile,
the temperature appears to change with a weaker gradient.
The summer duration obtained in their works is comparable
with the values obtained for M-SL at middle latitudes, with a
difference of around 10d.

Inspired by the comparison between the summer duration
in the MLT and that at ground level made by Offermann et al.
(2004), we investigate the summer length through the vege-
tation growing season length. A recent study on the topic was
performed by Hurdebise et al. (2019) with the tree Fagus syl-
vatica in eastern Belgium between the years 1997 and 2014,
obtaining a “leafed period length” (or growing season length)
of 165+7d and a slope of —0.62dyr~! with high signifi-
cance (statistical p-value < 0.05). Chen et al. (2019) studied
three different species of trees (among them the Fagus sylvat-
ica, presenting less change rate between the studied species)
common in central Europe (47-55° N) between 1950 and
2013. They found that since 2000 the length of the grow-
ing season has not increased, and their mean value is around
174 d. These studies show a connection between the temper-
atures and the leaf unfolding and folding periods at ground
level for middle latitudes. The Zhou et al. (2001) extrapo-
lated value gives us a mean of the vegetation growing season
length of 160 &4 d (maintaining their own standard error),
comparable with M-SL at middle latitudes (160-162 + 7 d).
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In the case of Hurdebise et al. (2019) the resulting length of
the vegetation growing season is 16947 d, and for Chen et al.
(2019) it is 174 with an apparent variability of around 3 d. In
these cases, the M-SL is more similar to the length obtained
at high latitudes (170-173 £ 12 d), even though their studies
were performed for middle latitudes.

5.4 Long-term analysis

A linear regression was implemented for all the time series
and the result proven with a Student’s ¢-test. Since in all the
summer ending times series we were not able to reject the
null hypothesis, we only show the significance levels for the
summer beginnings and summer lengths. However, the MLT-
SL definition shows no significant linear change over the
years and, thus, we consider this definition to be not sensible
to a possible long-term change. On the other hand, the M-SL
and M-SB show linear tendencies with confidences greater
than 95 % in most of the cases. The only exception is in M-
SL at high latitudes (Saura PRR), where the slope shows a
confidence greater than 90 % (see Table 1). In none of the
time series did we apply a correction by QBO or solar activ-
ity as they were used in other works (e.g., Offermann et al.,
2010; Keuer et al., 2007). In the case of QBO, the influence is
not clear or seen in the mean zonal wind reversal dates, prob-
ably due to the short time series. Pursuing this concept, we
extended M-SL at middle latitudes with the available data,
obtaining a 31-year time series (see Fig. 5a). The summer be-
ginning revealed periods of 2.21-2.58 years and the summer
end periods of 2.82-3.87 years. Due to the low amplitude in
the summer end, the summer length only reveals those found
in the summer beginning (see Fig. 5b and c). These periods
are associated with QBO and ENSO, 2.2-2.4 and 3.5 years,
respectively (e.g., Offermann et al., 2015).

The slope of the 31-year linear regression (negative) shows
an opposite direction (positive) to the shorter version (17-
year time series, Fig. 4g), which made us speculate about
a non-uniform trend. An inflection point is detected around
2008 £2 years, and the high variability occurs mostly be-
cause of the higher uncertainties in the earlier years of the
data set, where the radar experienced several changes (see
Sect. 2). These uncertainties may influence the determina-
tion of the breakpoint year, and we might be in the presence
of another breakpoint around 1992-1995. Moreover, the re-
sults from the spectra of the individual time series (i.e., 1990—
2007 and 2008-2020) are similar to the ones in Fig. 5b and c.
Particularly in the 2008-2020 time series, we identify peri-
ods around 2.25-2.57 years for the summer end, while in the
summer beginning 3-year and 4.5-year periodicities are iden-
tified. Nevertheless, the 4.5-year amplitude is not as relevant
as the 3-year one, but it could be associated with a quasi-
quadrennial oscillation (French et al., 2020).

Evidence of breakpoints in the long-term studies has been
reported by several authors. Lauter and Entzian (1983) spec-
ulated a period of 10-20 years after finding a breakpoint
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in 1980. The same year was identified by Offermann et al.
(2004, 2005), and Offermann et al. (2006) reported an ad-
ditional one in 2001/2002. Studying the amplitudes of the
mean zonal winds during different seasons, Liu et al. (2010)
and Jacobi et al. (2015) described a breakpoint in the summer
months around 1995-2000 in Collm observations. Later on,
Hall and Tsutsumi (2020) detected a breakpoint in 2012 &
1 year. Portnyagin et al. (2006) found a breakpoint in 1980
and adjusted two different linear functions and parabolas,
concluding that at middle latitudes, the MLT winds have non-
uniform trends. With our initial time series (2004-2020), we
cannot see a clear indication of a breakpoint. Nevertheless,
it is detected within 31 years of measurements. Considering
the numerous studies and our findings, we can only assume
that a more robust trend analysis might require a longer time
series.

6 Summary and conclusions

Smoothed mean zonal winds between 2004/2005 and 2020
from different radars located at high and middle latitudes
(Andenes SMR-Tromsg SMR, Saura PRR, Juliusruh SMR—
Collm SMR and Juliusruh PRR), as well as MLS measure-
ments, are used to study two different summer length defi-
nitions (see Sect. 3). The MLT-SL definition is taken when
the last wind reversal occurred from westward to eastward
at 96 km (MLT-SB) and 82km at high latitudes (74 km for
middle latitudes) as MLT-SE. On the other hand, the M-SL
definition is taken at the same altitude (M-SB and M-SE) but
depending on the latitude (82 km at high latitudes and 74 km
at middle latitudes), when the mean zonal wind reverses from
eastward to westward (M-SB) and, again, from westward to
eastward (M-SE).

With the obtained time series, we analyzed the summer
length and studied the variability and the linear tendency. We
looked into the dates and the different events occurring in the
upper and lower atmosphere to understand the events mod-
ifying the summer length. Furthermore, we compared the
summer length to the growing season length. The results are
summarized as follows.

— The summer length is determined by the mean zonal
wind reversal, which depends on the actual latitude and
altitude. High latitudes showed more variability than
middle latitudes for both definitions. The summer be-
ginning presents most of the variability that is trans-
ferred to the summer length. The summer end occurs
for all latitudes in the same week before the autumn
equinox and presents no significant linear trend.

— MLT-SL definition: the summer starts around 7 May at
high latitudes (SL = 136 d) and around 29 April at mid-
dle latitudes (SL =141d), showing a shorter summer
length at high latitudes. This definition presents no sig-
nificant trends, and the events studied (MSSW, strong
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polar-night jet oscillations, ENSO, QBO and Lyman «)
do not seem to affect the duration of the summer. Never-
theless, we have found strong evidence of abnormal be-
havior in the years 2004, 2012 and 2013, also observed
by Hall and Tsutsumi (2020). Particularly the year 2013
has been reported by Fiedler et al. (2015) as presenting
high planetary wave activity later than the usual time,
producing an earlier mean zonal wind reversal.

— M-SL definition: this is more variable than the MLT-SL
due to the higher variability in the summer beginning,
which is more prone to the winter conditions. The sum-
mer starts between the end of March and the beginning
of April for high latitudes and 1 week later at middle
latitudes (see Table 1). In this case, linear trends were
found for summer beginning and summer length with
90 % or more confidence. The years 2012 and 2016 dis-
played extreme values. However, in the latter, the earlier
summer beginning was a consequence of a final warm-
ing (Yamazaki and Matthias, 2019).

— At middle latitudes, the length of the growing season
at ground level is similar or has around 10d difference
(depending on the author) to the M-SL.

— After analyzing the time series and trying to relate it to
other events (solar activity, QBO, ENSO, strong polar-
night jet oscillations, and MSSW), we were not able to
find a direct influence on the summer length or summer
beginning. Only for the M-SL did we find 1 year (with
a strong MSSW and 2016 final warming) being directly
affected. The 17-year time series are short for studying
the period related to QBO or ENSO. On the other hand,
with the 31-year time series (see Fig. 5), we detected
periodicities of around 2.21-2.58 and 2.82-3.87 years
that we could attribute to QBO and ENSO, respectively
(e.g., Offermann et al., 2015).

Data availability. The data to produce the figures are avail-
able in HDF5 format at https://doi.org/10.22000/513 (Jaen et al.,
2022). The QBO winds were obtained from the Free Univer-
sity of Berlin repository (https://www.geo.fu-berlin.de/en/met/ag/
strat/produkte/qbo/index.html, Free University of Berlin, 2021;
Naujokat, 1986). The ENSO index (ONI) was acquired from
the NOAA/National Weather Service (https://origin.cpc.ncep.noaa.
gov/products/analysis_monitoring/ensostuff/ONI_v5.php, Climate
Prediction Center, 2021; Huang et al., 2017). Lyman-o¢ values
were retrieved from NASA (https://omniweb.gsfc.nasa.gov/form/
dx1.html, NASA, 2021).
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Abstract. Continuous wind measurements using partial-reflection radars and specular meteor radars have been
carried out for nearly 2 decades (2004—2022) at middle and high latitudes over Germany (~ 54° N) and northern
Norway (~ 69°N), respectively. They provide crucial data for understanding the long-term behavior of winds
in the mesosphere and lower thermosphere. Our investigation focuses on the summer season, characterized by
the low energy contribution from tides and relatively stable stratospheric conditions. This work presents the
long-term behavior, variability, and trends of the maximum velocity of the summer eastward, westward, and
southward winds. In addition, the geomagnetic influence on the summer zonal and meridional wind is explored
at middle and high latitudes. The results show a mesospheric westward summer maximum located around 75 km
with velocities of 35-54 ms~!, while the lower-thermospheric eastward wind maximum is observed at ~ 97 km
with wind speeds of 25-40ms~!. A weaker southward wind peak is found around 86 km, ranging from 9 to
16ms~!. The findings indicate significant trends at middle latitudes in the westward summer maxima with
increasing winds over the past decades, while the southward winds show a decreasing trend. On the other hand,
only the eastward wind in July has a decreasing trend at high latitudes. Evidence of oscillations around 2-3,
4, and 6 years modulate the maximum velocity of the summer winds. In particular, a periodicity between 10.2
and 11.3 years found in the westward component is more significant at middle latitudes than at high latitudes,
possibly due to solar radiation. Furthermore, stronger geomagnetic activity at high latitudes causes an increase in
eastward wind velocity, whereas the opposite effect is observed in zonal jets at middle latitudes. The meridional
component appears to be disturbed during high geomagnetic activity, with a notable decrease in the northward
wind strength below approximately 80 km at both latitudes.
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1 Introduction

The Earth’s atmosphere constitutes a complex and dynamic
system. The mesosphere and lower thermosphere (MLT)
spanning between 50 and 110km is a region where the neu-
tral and ionized atmosphere coexist. The ionization process
due to the absorption of solar irradiance governs the thermo-
sphere, whereas the neutral atmosphere is subjected to active
winds and wave interactions, leading to chemical mixing and
temperature regulation. The stratosphere, which is located
below the mesosphere, is the region where ozone mainly ab-
sorbs the ultraviolet (UV) radiation from the Sun.

In the 1980s, the ozone hole was discovered, which led
to the awareness of health problems due to UV radiation.
In 1987, the Montreal Protocol was implemented to stop the
emission of ozone-depleting substances, and studies show a
positive shift in the trends of stratospheric ozone in 1995 at
equatorial latitudes and in 2000 at high latitudes (e.g., We-
ber et al., 2022). Since then, researchers have been studying
long-term compositions, temperatures, and dynamics to un-
derstand the behavior of the atmosphere and the human foot-
print on the environment. Greenhouse gases, including CHy,
H,0, O3, and CO,, are studied as tracers to monitor the evo-
lution of the atmosphere (Bremer and Berger, 2002; Bremer
and Peters, 2008; Yue et al., 2015; Peters and Entzian, 2015;
Qian et al., 2017; Peters et al., 2017; Karagodin-Doyennel
et al., 2021, etc.). At an altitude of 96 km, atomic oxygen
is formed through the photo-dissociation of O, and Osz in
the mesopause. The atomic oxygen then interacts with CO»
through collisions, resulting in a radiative cooling effect that
leads to hydrostatic contraction of the atmosphere (Gu et
al., 2022; Akmaev, 2002; Li et al., 2021; Pisoft et al., 2021;
Dawkins et al., 2023, etc.). As a consequence, carbon dioxide
serves as a reliable indicator of cooling in the middle atmo-
sphere, even during periods of disturbed geomagnetic activ-
ity (e.g., Liu et al., 2020).

The dynamics of the MLT are governed by the interac-
tion of mean winds and waves, from large-scale planetary
waves to small-scale gravity waves. The latter are driven by
gravity and buoyancy in the atmosphere and are generated
by orographic forcing, convection, wind shear, or wave in-
teractions (Fritts and Alexander, 2003). Most gravity waves
are generated in the troposphere and propagate upward and
horizontally, breaking already in the troposphere and lower
stratosphere. During winter, the zonal-mean zonal wind in
the stratosphere and mesosphere is eastward and reverses in
summer to be westward. The mean wind flow is crucial for
the propagation of gravity waves. The linearized theory ex-
plains that gravity waves with an eastward velocity phase fil-
tered by the westward wind reach the mesopause, where they
break and deposit the momentum that decelerates the mean
flow. This deceleration causes a wind reversal from westward
to eastward in the summer lower thermosphere. As a conse-
quence of the injection of energy from the breaking of the
gravity waves and under the Coriolis force, a mean merid-
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ional circulation is induced from the summer hemisphere to
the winter hemisphere, generating an upwelling in summer
and a downwelling in winter. This circulation is the cause of
the cold (warm) summer (winter) mesopause (Andrews et al.,
1987; Holton and Alexander, 2000; Holton, 2004). In a non-
linear regime, the contribution of anisotropic gravity waves
has been proven to deposit a significant amount of momen-
tum to the mean flow at lower altitudes (Medvedev et al.,
1998). Furthermore, regions characterized by intense wind
jets exhibit significant anisotropy, particularly in the upper
area of a strong wind jet (Warner et al., 2005; Gong et al.,
2008), which is a characteristic of the summer MLT. Addi-
tionally, the MLT exhibits sensitivity to external phenomena
such as the stratospheric quasi-biennial oscillation (QBO),
which alters the direction of the zonal winds over a span of
2628 months, and the equatorial ocean—atmospheric warm-
ing (and cooling) that occurs during the Northern Hemi-
sphere’s winter season. This phenomenon, referred to as the
El Nifio—Southern Oscillation (ENSO), has periods that are
not precisely defined but generally span around 3 to 6 years
(Baldwin et al., 2001; Jacobi and Kiirschner, 2002; Wang
and Picaut, 2004; Espy et al., 2011; Offermann et al., 2015;
French et al., 2020; Jaen et al., 2022).

Sprenger and Schminder (1969) studied the wind at 95 km
during winter at middle latitudes and identified changes in
the wind due to solar activity. The eastward component
would reach 30-40ms~! during solar maximum but around
23ms~! during low solar activity. On the other hand, the
meridional component shifted from 0 to 15ms~! in the
southward direction during solar maximum and minimum,
respectively. Later on, Bremer et al. (1997) identified weakly
negative correlations with solar activity during most months
(1964-1994) in the zonal component but with low signifi-
cance, although the authors identified significant non-solar
trends. Jacobi (1998) identified weaker eastward winds dur-
ing solar maximum between 1972 and 1996. Portnyagin et al.
(2006) studied the annual winds at middle latitudes between
1964 and 2004 and reported that zonal winds exhibited a de-
creasing trend, while meridional winds increased until 1980.
However, after this time period, no significant trends were
observed. The authors also identified different trends for the
summer winds, specifically an increase in the summer zonal
component in the 90s, as well as in the summer meridional
component in the 70s, and concluded that these trends are
non-uniform. Keuer et al. (2007) also found a correlation be-
tween solar activity and the MLT winds during summer, and
the trend shows an increase in the zonal wind and a decrease
in the meridional component during 1990-2005. Later on,
Jacobi et al. (2015) reported an increase with weaker tenden-
cies in the eastward winds, with a decrease in the southward
component (1979-2014).

Hoffmann et al. (2010) compared 1 year of measurements
from radars with the Kiihlungsborn Mechanistic General Cir-
culation Model (KMCM), showing the role of gravity wave
drag in the summer MLT and the differences between middle
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and high latitudes and the interaction with waves between 12
and 72 h. Later on, Hoffmann et al. (2011) studied the long-
term behavior of the winds and gravity wave activity from
kinetic energy over Germany and Norway and showed dif-
ferences between the intensity of these two. Particularly, they
found trends in the westward wind increasing around 75 km
and a corresponding increase in gravity wave activity of 3—
6h above 80km (1990-2010) at middle latitudes, while this
was not the behavior observed at high latitudes by Hibbins
et al. (2007). Offermann et al. (2011) also identified trends
in the eastward wind due to an increase in gravity waves at
87 km with hydroxyl (OH) measurements.

Considering all the mentioned studies, the MLT exhibits
varying trends over time, with distinct behavior during winter
and summer due to differences in the seasonal wind dynam-
ics inherent to the wind field properties. Additionally, many
studies have focused solely on wind velocities at fixed alti-
tudes. However, as mentioned before, research suggests that
the MLT height has been decreasing over the past decades
(e.g., Peters et al., 2017; Vincent et al., 2019; Yuan et al.,
2019; Dawkins et al., 2023). In light of this, the present study
examines the maximum velocity of the horizontal winds in-
dependent of their altitude, their variability, and their trends
over 19 years at high and middle latitudes over Europe dur-
ing summer. In addition, the mesospheric time series at mid-
dle latitudes is extended to 33 years. Therefore, an introduc-
tion to the radar system and analysis methods implemented
to extract the time series and analyze the trends is in Sect. 2.
Section 3 describes the results obtained, while Sects. 4 and 5
provide the discussion and concluding remarks, respectively.

2 Instruments and methods

2.1 Radar observations

The observational data used in this work are entirely from
two types of radars: partial-reflection radars (PRRs, also
called MF radars) and specular meteor radars (SMRs). The
PRR typically covers between 60 and 90 km altitude. Saura
(69.14° N, 16.02°E) is located on Andgya, Norway, and has
been in operation since 2004. This particular system operates
with a peak power of 116 kW at a frequency of 3.17 MHz,
having a Mills cross array that is composed of 29 crossed
half-wave dipoles and thus offers a narrow beam for mea-
surements (more information in Singer et al., 2005; Renkwitz
and Latteck, 2017). A slightly smaller system which also
has a Mills cross shape is located in Juliusruh (54.63°N
13.37° E), Germany, having an altitude coverage between 60
and 90km. It has only 13 antennas and operates at a fre-
quency of 3.18 MHz with a peak power of 64 kW. Starting
as a frequency-modulated continuous wave radar in 1990, it
was modernized into a modular pulsed system (more details
on the Juliusruh PRR systems can be found in Keuer et al.,
2007; Singer et al., 1992).
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The SMRs use the plasma trails left by meteors disinte-
grating in the atmosphere to retrieve the MLT winds by mea-
suring their position and Doppler shift (e.g., Hocking et al.,
2001). These systems are capable of measuring winds be-
tween 70 and 110km (depending on the number of meteor
detections). Particularly for this work, we have combined de-
tections from two closely located SMRs. This combination
allows us to estimate the MLT mean winds, reducing data
gaps and improving the precision and continuity of the time
series. The latter is especially useful for long-term studies
(e.g., Jaen et al., 2022).

At high latitudes, the Andenes SMR (69.27° N, 16.04° E)
and Tromsg SMR (69.58°N, 19.22°E) are combined for
measurements between 2004 and 2022, with a 4 km—4 h res-
olution to derive winds from 70 up to 110 km. In the case of
middle latitudes, winds with 1 km-1h resolution have been
obtained by combining meteor detections from Collm SMR
(51.3°N, 13.0°E) and Juliusruh SMR (54.63° N, 13.37°E),
both operating in a pulsed mode. Note that both Andenes and
Juliusruh SMR systems were upgraded in 2021 to operate in
a coded continuous wave (CW) and multiple-input—multiple-
output mode (e.g., Huyghebaert et al., 2022; Poblet et al.,
2023, for details of the upgrades in Andenes and Juliusruh).
In this work, measurements from only one receiving station
located close to each coded-CW transmitter are used.

The SMR systems cover a volume spanning from a 250 km
radius around a single system to 500 km or more, depending
on the number of systems in the network. The winds used
in the study are representative of the entire volume covered
by the systems. While the SMR winds measure a larger vol-
ume than the PRR winds, the mean zonal wind is not affected
by this difference in volume. However, the meridional wind
presents a relatively larger latitudinal and longitudinal depen-
dence, and these differences are more important. It has been
studied and debated that PRRs underestimate the wind veloc-
ity above 80 km (Hall et al., 2005; Reid et al., 2018; Nozawa
et al., 2002; Jacobi et al., 2009). Particularly for Saura PRR,
the winds are corrected based on the angle of arrival statistics
and compared to mesospheric very high frequency (VHF)
wind measurements (Renkwitz et al., 2018).

2.2 Data analysis

In this study, most of the measurements have a length
of 19 years (2004-2022), except for Juliusruh PRR with
33 years (1990-2022) at middle latitudes, from which we
studied the mesospheric westward jet. To study the long-term
behavior of the summer winds and their variability, we focus
on the maximum median velocity per month as a proxy of the
MLT dynamics. The different altitude ranges in the zonal and
meridional data used for the climatologies aim to capture the
maximum wind velocity. The zonal component is built with
the combination of two datasets from different instruments,
while the meridional component is only from SMRs since
it captures the maximum wind velocity during summer. To
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obtain the time series, we calculated monthly median values
and extracted the maximum velocity between a range of alti-
tudes corresponding to the peak and latitude (i.e., westward
jet: 65-96 km, southward wind: 75-95 km, and eastward jet:
80-106 km). With the maximum wind velocity per month
v, we implemented a linear function to fit by least squares,
v = m-yr+b, where m is the slope, yr is the year, and b is the
v intercept. To test the slope of the linear fit, we implemented
Student’s 7 test to reject the null hypothesis (H, : m = 0) and
calculated the confidence interval with 95 % confidence for
the slope.

In order to study the variability of the time series, we im-
plemented a generalized Lomb-Scargle (LS) periodogram
analysis, with the difference between the 75 % and 25 %
quartiles (third minus first) being an indication of the vari-
ability (since this is bigger than the measurements uncer-
tainties), taken as the signal error (Czesla et al., 2019). The
periodograms give the periods in years and the normalized
power provided by PyAstronomy (Zechmeister and Kiirster,
2009). With this implementation, it is possible to obtain the
false-alarm probability (FAP) that responds to the question of
what the probability is that a signal with no periodic compo-
nent would lead to a peak of this magnitude over the highest
peak, but it does not give information on the remaining peaks
(VanderPlas, 2018). Even though the data are evenly spaced,
one of the time series has a missing year (2000 in the Julis-
usruh PRR), which presents a complication in implement-
ing the classical Fourier transform. In addition, Mossad et al.
(2023) compared the Fourier transform to LS and found that
LS is slightly more accurate for estimating the amplitude of
a single frequency in the presence of minor gaps. The only
disadvantage is the computation time, which, in this study, is
not of importance given the number of data points.

It is widely known that there are many indices to cate-
gorize the atmosphere’s external or internal forcing. In this
case, we use the daily Ap index calculated from a network
of magnetic observatories around the world. The Ap index
varies between 0 and 400 and is the product of a conversion
of the daily average of the 3h mean Kp index (Matzka et al.,
2021). Following the study at middle latitudes by Jacobi et
al. (2021), we extend the work to 33 years below 82km at
middle latitudes and to high latitudes with the 19-year time
series and investigate the response to disturbed and undis-
turbed geomagnetic conditions during summer. We divided
the days of the years with low geomagnetic activity, Ap <5,
and high geomagnetic activity, Ap > 20, for middle latitudes
and Ap > 15 for high latitudes. The reason for the distinc-
tion comes from the nature of the behavior of the geomag-
netic field with the change in latitudes. Juliusruh is located
at 52° N geomagnetic latitude, while Andenes is located at
67° N. Renkwitz and Latteck (2017) showed that the major-
ity of the particle precipitation events already occur at Kp =3
(Ap > 15), which allows us to have a more robust time series
considering the low geomagnetic activity in the last 19 years.
In the case of middle latitudes, we use the limits already es-
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tablished by Jacobi et al. (2021). The time period used for
the summer mean is 2004-2022, except for the zonal ver-
tical profile (below 82km) and the meridional profile (be-
low 80km) at middle latitudes, where the time period used
is 1990-2022. Considering this selection, the total number
of days between 2004 and 2022 is 888, 171, and 115 for
Ap <5, Ap> 15, and Ap > 20, respectively. In the case of
1990-2022, it is 1228 (Ap < 5) and 355d (Ap > 20)

The summer mean vertical wind profile is determined by
utilizing the time series from the selected Ap index. The dif-
ference between high and low geomagnetic activity in the
summer winds is computed, and then a Behrens—Fisher Stu-
dent’s ¢ test is calculated since the variance hypothesis is not
satisfied (i.e., the variances of the samples are not assumed
to be equal), and a combined degree of freedom is calculated
for this objective (Robinson, 1976).

3 Results

3.1 Seasonal variations of winds

Figure 1a and b depict the climatologies of the mean zonal
winds between 60 and 110 km at middle and high latitudes,
respectively. The climatologies are the mean of all the years
(2004-2021) after a 16 d smoothing window shifted by 1 d.
The horizontal lines at 79.5km at middle latitudes and at
85.5km at high latitudes indicate the transition between the
SMR and PRR measurements. Colors represent wind direc-
tion and intensity, while contour lines indicate wind veloc-
ity levels. Between January and March, the mean winds re-
main eastward until the springtime when the wind reversal
occurs and the summertime begins (Jaen et al., 2022). During
the summer months, the vertical wind profile (60—100 km)
depicts the formation of the summer wind jets, with an in-
crease in the wind velocity in May and reaching the maxi-
mum velocities between June and August (see Fig. 1a and b
in blue). As a result of the eastward wind in the lower ther-
mosphere and the westward wind in the mesosphere, a strong
wind shear around 83-86 km at middle latitudes (87-90 km
at high latitudes) is located at the mesopause. The intensity of
the wind jets differs quantitatively: at middle latitudes, they
are stronger than at high latitudes due to the mesospheric
wind circulation. Below the zonal wind shear height and
between 72 and 76 km (75 and 78 km), the westward wind
velocity maxima reach a mean of approximately 54 ms™!
(45ms~!). Above the strong wind shear and in the range
of 93-98 km (97-100 km), the eastward jet mean is approxi-
mately 40ms~" (32ms~!). As August progresses, the max-
imum velocity of the wind reduces, and by the end of the
summer (middle of September), the wind reversal occurs be-
low 85 km (88 km), leaving eastward wind during the winter
in the MLT (Jaen et al., 2022).

In terms of the meridional wind climatologies, Fig. 1c
and d were obtained similarly to the zonal component, with
the difference of using only the SMRs since the maximum

https://doi.org/10.5194/acp-23-14871-2023



J. Jaen et al.: Long-term trends of the summer MLT winds

(a) Middle latitudes (~ 54°N): zonal wind
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(b) High latitudes (~ 69°N): zonal wind
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Figure 1. Horizontal wind height—time cross-section of the annual variation at middle (a, ¢) and high (b, d) latitudes. The upper row depicts
the zonal (a, b) component with eastward (red) and westward (blue) wind velocity (m s_l) by means of the color bar and the contour lines.
The horizontal gray lines mark the change in the instrument. Similarly, the bottom row depicts the meridional component (¢, d) with the
northward (red) and southward (blue) wind velocity. Note that the meridional wind climatologies are only from SMR.

summer wind altitude range is well captured by these radars.
The meridional wind is less intense than the zonal wind. The
velocity is quite variable in the observed range of 75-100 km.
The velocity during the winter remains in the range of —5 to
5ms~!. The time period between June and July depicts the
strongest southward wind throughout the year and is located
between 82 and 86 km at middle latitudes (85-89 km at high
latitudes), with a median of 16 ms~! (13 ms™1).

3.2 Trend in the horizontal winds

Figure 2 shows the time series peak velocity of the wind.
Figure 2a and b are the eastward lower-thermospheric jets
per year for June, July, and August (blue stars, red dots, and
green triangles) at middle and high latitudes, respectively.
For each time series, the shaded area represents the inter-
val between the first and the third quartiles (25th and 75th
empirical quartiles), and the linear fit is displayed in the cor-
responding color. Through the implementation of Student’s
t test and rejecting the null hypothesis (i.e., null slope, as dis-
cussed in Sect. 2.2), we obtain a statistical p value. The color
lines are the possible trends where m is the slope, wherein a
dashed colored line indicates a significance level exceeding
95 %. Conversely, a dotted line suggests that Student’s ¢ test
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did not reject the null hypothesis, implying that the slope
could potentially be zero and thus that no significant trend
exists. As a summary, the median height, the median veloc-
ity of the wind maxima, the slopes, and the 95 % confidence
interval for the individual fit are listed in Table 1. In addition,
the slopes with more than 95 % significance are highlighted
in bold.

The eastward jets at middle latitudes (Fig. 2a) show no
significant trends. However, at high latitudes, July depicts a
significant trend with more than 98 % (see Fig. 2b), indicat-
ing weaker eastward winds over the years. In the case of the
mesospheric westward jet at high latitudes, Student’s 7 test
does not reject the null-slope hypothesis, but the westward jet
at middle latitudes depicts significant trends with more than
99.9 % for all the months, indicating a tendency for stronger
westward winds since 1990 (Fig. 2c).

Figure 2e and f depict the southward winds at middle and
high latitudes, respectively. In both cases, the jets are stronger
during June and July than during August. While the south-
ward maximum wind velocity remains approximately con-
stant at high latitudes, at middle latitudes a significant trend
(more than 95 % confidence) is visible, indicating a weaken-
ing of the meridional wind component over the years.

Atmos. Chem. Phys., 23, 14871-14887, 2023
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¢, e) and high-latitude (b, d, f) zonal and meridional wind maxima for every year. The eastward (a, b),

westward (¢, d), and southward (e, f) velocity maxima. Each wind component has the yearly velocity maxima obtained with a monthly
median and their respective quartile difference (i.e., 75th and 25th quartiles). June (blue stars), July (red dots), and August (green triangles)
with the linear fit where m represents the slope. The dashed lines depict the trends with 95 % significance.

The altitude of the wind maxima fluctuates from year to
year while consistently maintaining its mean height (see Ta-
ble 1) without any significant trends between 2004 and 2022.

3.3 Interannual variability of winds

The time series in Fig. 2 reveals year-to-year variability,
which motivated us to investigate the interannual variabil-
ity of the time series through periodogram analyses. Figure 3
depicts the Lomb—Scargle periodograms of winds for each
summer month. The upper row corresponds to middle lat-
itudes, while the bottom row refers to high latitudes. The

Atmos. Chem. Phys., 23, 14871-14887, 2023

columns from left to right represent the lower-thermospheric
eastward, mesospheric westward, and mesopause southward
winds, respectively

Table 2 summarizes the corresponding periods. At high
latitudes, the eastward wind exhibits significant (over 90 %
confidence level) periodicities of 2-3 years in June and Au-
gust and of 12 years in July. At middle latitudes, significant
periodicities are seen in the eastward wind around 6 years
in June, in the westward wind around 10-11 years in June
and August, and 2—4 years in the southward wind in July and
August.

https://doi.org/10.5194/acp-23-14871-2023
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Table 1. Summary of the wind maxima characteristics with the respective latitude, the range of years, median height, median velocity,
monthly slope with standard deviation, and the 95 % confidence interval. Highlighted in bold are the significant trends with more than 95 %

confidence.

Wind proxy Latitude (°N), years Month  Height (km)  Velocity (m sfl) Slope (m g1 yrfl) 95 % confidence interval
Eastward High (69) June 9942 25+£2 —0.12+£0.21 (—0.54,0.30)
2004-2022 July 98 +£2 30£3 —0.45+0.18 (—0.81,-0.09)
August 9+£2 32+3 —-0.28+£0.19 (—0.68,0.11)
Middle (53) June 97+1 39+2 —0.25£0.17 (—0.66,0.16)
2004-2022 July 95+£1 40+1 0.15+0.12 (—=0.27,0.56)
August 94+1 38+2 —0.02+£0.12 (—0.45,0.40)
Westward High (69) June 76+£2 —37+2 0.02+0.16 (—0.40,0.44)
2004-2022 July 77+1 —45+2 —0.08 £0.21 (—0.50,0.34)
August 77+£3 -39+2 0.06 £0.15 (—0.36,0.48)
Middle (54) June 74£1 —43+4 —-0.39+0.10 (—0.64, -0.14)
1990-2022 July 74+£2 —54+6 —0.64£0.10 (—0.84,-0.44)
August 74+1 -35+6 —0.41£0.09 (—0.64, -0.17)
Southward ~ High (69) June 88+2 —12+2 0.05+0.09 (—0.36,0.47)
2004-2022 July 87+2 —13+1 —0.06 £0.08 (—0.48,0.35)
August 862 —-9+1 —0.02£0.06 (—0.44,0.40)
Middle (53) June 84+2 —16+2 0.33+0.12 (—0.03,0.70)
2004-2022 July 82+1 —16+2 0.26 +£0.12 (—0.13,0.65)
August 85+1 —7x2 0.23+0.10 (—0.13,0.60)
(a) ML LS periods eastward [2004 - 2022] (b) ML LS periods westward [1990 - 2022] (c) ML LS periods southward [2004 - 2022]
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Figure 3. Middle-latitude (a, b, ¢) and high-latitude (d, e, f) periodograms calculated with Lomb—Scargle. The left column represents the
periodograms from the time series of the eastward maxima (a, d), the middle are the westward maxima (b, €), and the right column is the
southward wind maxima (c, f).
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Table 2. Summary of the periods obtained from LS analysis of monthly time series. The periods in bold are the ones that passed the
false-alarm probability of 90 %, and the ones with a star are the ones that passed the false-alarm probability of 95 %.

Periods (years)

Latitude (°N)  Wind (mean height) June July August
High (~69) Eastward (99 km) 3.2* 6.7,12.0 25,38
Westward (76 km) 43,11.3 3.3,4.6,8.6 3.1,9.0
Southward (87 km) 3.9 2.2,3.6 2.8,4.7
Middle (~54) Eastward (95 km) 2.3,3.1,6.3 3.8,9.0 25,3.1,9.0
Westward (74 km) 11.3* 11.3 10.2*
Southward (84 km) 3.8 2.3,4.4 2.3% 4.1

3.4 Wind response to geomagnetic activity

Figure 4 shows the summer wind at high latitudes under quiet
and disturbed geomagnetic conditions over the years. Fig-
ure 4a and b depict the yearly median summer zonal wind
at low (Ap < 5) and high (Ap > 15) geomagnetic activity, re-
spectively. On a simple visual examination, an enhancement
in the eastward jet (red) under high geomagnetic activity is
evident, while the westward jet (blue) remains in the same
velocity range. The meridional component under disturbed
geomagnetic conditions (Fig. 4d) displays a more variable
velocity than at low geomagnetic activity (Fig. 4c). Note that,
for high geomagnetic activity (Fig. 4b and d), the year 2020
depicts significant differences compared to the rest of the
years due to the reduced number of days (2) with Ap > 15.

In order to quantify the possible differences, a summer
mean with its standard deviation is calculated. The altitude
velocity profiles for the summer mean at high latitudes are
shown in Fig. 5 with low (green) and high (purple) geo-
magnetic activity for the zonal component (Fig. 5a) and the
meridional component (Fig. 5b). They show stronger east-
ward winds under high geomagnetic activity above 92 km,
while the rest of the profile does not exhibit a distinct differ-
ence between high and low geomagnetic activity.

In the case of the meridional component (Fig. 5b), con-
siderable differences appear below 85km, with a stronger
northward wind under quiet geomagnetic conditions. Fig-
ure 5c shows the difference between low and high geomag-
netic activity for the zonal (red) and meridional (blue) sum-
mer wind components. Significant mean differences beyond
95 % according to the Behrens—Fisher test are denoted by
stars, while circles indicate differences where the hypothe-
sis of equal means was not rejected by the test. The sum-
mer eastward wind is significantly affected by geomagnetic
activity, with 2-6ms~! stronger eastward wind velocities
above 94km and 1-3.5ms~! weaker northward winds be-
low 83 km for strong geomagnetic activity.

A similar analysis is done for mid-latitudes, with the re-
sults shown in Fig. 6. Note that the zonal wind between 70
and 82 km and the meridional wind at 70—80 km are obtained
between 1990 and 2022, while the winds above are obtained

Atmos. Chem. Phys., 23, 14871-14887, 2023

Table 3. Wind maxima slopes obtained with the linear fit with days
of low geomagnetic activity. Highlighted in bold are the significant
trends with more than 95 % confidence.

Latitude ~ Wind proxy Slope (m s1 y_l)
~69°N  July eastward (99 km) —0.44£0.15
~53°N  Summer westward (74 km) —0.41+0.08

from 2004-2022 due to the use of different systems (see
Sect. 2). The selection of the different range of altitudes or
systems over the wind components is to avoid the instrument
shift over the wind maxima, which is the focus of our study.

As shown in Fig. 6c¢, higher geomagnetic activity has a
significant impact on the middle-latitude zonal wind, decel-
erating both the eastward jet (by up to —10ms~!) above
95 km altitude and the westward jet below 80km (by up to
8ms~!). Its impact on the meridional wind is mainly seen
below 78 km altitude, decelerating the northward wind by
up to —3ms~!. Note that there are differences between the
meridional winds from Figs. 1d and 4c, d, which are a conse-
quence of different instruments (see Sect. 2.1). Table 3 con-
tains the trends calculated for July eastward and the sum-
mer westward maximum at high and middle latitudes, re-
spectively, with only the days of low geomagnetic activity
to compare with the significant trends in the zonal wind.

4 Discussion

In this work, we have explored the long-term variability of
MLT summer wind using the maximum wind velocity as
a proxy. The resulting time series were fitted with linear
functions, and the slopes were tested in search of significant
trends. In addition, we calculated the periodograms of the
time series and explored the response of the wind under dis-
turbed and non-disturbed geomagnetic conditions at high and
middle latitudes.

https://doi.org/10.5194/acp-23-14871-2023
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Figure 4. Summer zonal winds at high latitudes over the years with low (a) and high (b) geomagnetic activity. In the same way, the bottom
row depicts the summer meridional mean winds with low (¢) and high (d) geomagnetic activity; this is also the case for high latitudes.
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Figure 5. Mean velocity profiles at high latitudes for low (green, Ap < 5) and high (purple, Ap > 15) geomagnetic activity for the summer
zonal (a) and meridional (b) winds. The difference between both profiles under high and low geomagnetic activity (c) for the zonal (red) and
the meridional (blue) wind component. The stars depict the values with more than 95 % significance, tested with the Behrens—Fisher test,
and the circles the values with no significant difference between the means.

4.1 Seasonal wind variations and trends

The wind climatologies are in agreement with previous stud-
ies at similar latitudes, considering the differences in height
and investigated time lengths (Wilhelm et al., 2019; Hoff-

https://doi.org/10.5194/acp-23-14871-2023

mann et al., 2010; Jaen et al., 2022; Schminder et al., 1997;
Manson et al., 2004, etc.). However, a comparison with mod-
els shows that, in the summer season, WACCM-X(SD) and
UA-ICON exhibit a good agreement with radars, while win-
ter is better represented by GAIA (Ground-to-topside model

Atmos. Chem. Phys., 23, 14871-14887, 2023



80

14880 J. Jaen et al.: Long-term trends of the summer MLT winds
(a) Zonal wind (b) Meridional wind (c) Differences
110 110 110
105/ 105 105
~
o~ —
o o~
(\Il o~
g 100 8, 100 100 ‘\ ° °
o < [+]
o~ o o
= g °
E 95 = 95 95 o o
< € 3 %
b= = 90 ®ho
(=] 1 -
g% £ 90 A %
g < °
1 < 85 @
85 85 _53 (g
82 ] °
T 80 o
_82 80
580 —~
g. N 80 75
75 c
a 75!
&) E 70
=70 =
§ g.70
ges —— Ap=5 Zesl i apss 65| —— AZW (p value < 0.05)
g —— Ap=20 ) —— Ap=20 —— AMW (p va‘lue =0.05)
[7)
6060 —20 —20 0 20 40 60 T 60 o5 30 N1z -8 -4 4 8

—30 -20 -10 O

0
Velocity (m/s) Velocity (m/s) Velocity (m/s)
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of Atmosphere and Ionosphere for Aeronomy; Stober et al.,
2021). Zhou et al. (2022) compared a network of meteor
radars located at different latitudes (from middle to low lati-
tudes) with WACCM-X(SD), finding similar results.

The wind trends observed in July for the lower-
thermospheric eastward maxima at high latitudes and the
southward maxima at middle latitudes are consistent with the
study done by Wilhelm et al. (2019). In their work, the au-
thors studied the trends at high latitudes and middle latitudes
from 2002 to 2018 with specular meteor radars, and with this
limitation, the westward wind maxima are not captured in
their study, although a significant westward wind trend is
visible below 85km during the summer months. Hall and
Tsutsumi (2013) made a similar study comparing two SMRs
at latitudes of 70 and 78° N between 2001 and 2012. The
authors identified a strengthening of the summer westward
jet, contradicting our results. However, considering the time
period during which their results overlap with those of our
study (i.e., 2004-2012), it is visible in Fig. 2d that a possi-
ble significant trend could be found. On the other hand, Ja-
cobi et al. (2023) analyzed 43 years of the winds near 90
and 81-85km over Collm and Juliusruh, respectively, ob-
taining significant trends at Juliusruh for the summer-month
eastward wind that do not agree with our findings. The dif-
ferences can be attributed to the varying heights that were
studied, which do not capture the proxies from this study.
Hoffmann et al. (2011) studied the trends in the zonal wind
for July at middle latitudes and found significant trends at

Atmos. Chem. Phys., 23, 14871-14887, 2023

72 and 76 km, where the lower and upper limits of the west-
ward jet are located. These trends showed stronger westward
winds of 1.1 and 0.643 ms~! yr~!, respectively, over the pe-
riod of 1990-2010. Vincent et al. (2019) studied the trends
in the meridional wind over the Antarctic (~ 69°S) between
1994 and 2018 during the austral summer. While the study
shows a descent in the height of the maximum wind velocity
by 1.5 km, the strengths of the wind maxima did not change,
which agrees with our findings in the Northern Hemisphere.

It is essential to highlight that, while the zonal wind shows
a good representation of the global zonal wind behavior, the
meridional component has a higher dependence on the region
where it is observed, as a consequence of the gravity wave
input at the mesopause (e.g., Jacobi et al., 2001). This could
also explain the variations in trends across different latitudes
and longitudes, as well as the limitations of global models,
which often rely on parameterizations. Moreover, different
lengths of the time series, their locations, and their param-
eters may show different trends due to the complex dynam-
ics. Lastovicka and Jelinek (2019) listed the main difficulties
when studying trends.

4.2 Interannual oscillations

From the periodograms, several periods are identified
(Fig. 3). Those periods of around 2-3 years could be as-
sociated with modulations from the stratospheric QBO,
also called mesospheric QBO (MQBO). Espy et al. (2011)

https://doi.org/10.5194/acp-23-14871-2023
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showed QBO modulation on the summer mesospheric OH
temperatures at 60° N. The mesopause southward winds are
a result of the eastward-phase gravity waves that reach the
mesopause where they break and deposit momentum. Cou-
pled with the Coriolis force, the meridional component of
these winds drives the summer-to-winter pole circulation
(e.g., Andrews et al., 1987; Holton, 2004). These gravity
waves are previously filtered by the stratospheric flow, which
is predominantly influenced by QBO (e.g., Baldwin et al.,
2001; Lindzen and Holton, 1968). As such, these filtered
gravity waves may be the underlying cause of the observed
wind oscillations in the mesopause.

The periods between 3 and 4 years have been associated
with modulation from ENSO. Reid et al. (2014) obtained os-
cillations of 3—4 years in OH and O (1 s) airglow at 96 and
87 km at 35°S. Perminov et al. (2018) obtained similar os-
cillations in OH temperatures at 56° N (2000-2016). Garcia-
Herrera et al. (2006) found a lag of a few months between
ENSO and the temperature response in the stratosphere at
high latitudes. Considering that ENSO’s main phase occurs
in December and the fact that it is an ocean—atmospheric
event at equatorial latitudes, a signal’s attenuation with time
and space would be expected. While these findings are a re-
sult of mesospheric temperature observations, they are in-
trinsically linked to the mesospheric dynamics as expressed
in the thermal-wind equation. Jacobi and Kiirschner (2002)
identified a possible signature of ENSO with Collm zonal
winds in the 1980s and 1990s, and later on, Jacobi et al.
(2017) found that this signal changes between the meso-
sphere and lower thermosphere. However, having common
periodicity does not necessarily mean causality, and dedi-
cated work needs to be done to connect these oscillations to
QBO and ENSO phenomena.

4.3 Solar cycle dependence

The summer wind also shows a significant periodicity around
6 and 10-12 years, which could be a signature of the so-
lar cycle and its harmonic (see Table 2). Previous works
have shown connections between the solar cycle and the
winds (e.g., Jacobi and Kiirschner, 2006), while other au-
thors have shown that these signatures have disappeared in
past solar cycles (Portnyagin et al., 2006; Fiedler et al., 2011;
DeLand and Thomas, 2015). For our data, a simple Pear-
son correlation between the Lyman « and the June west-
ward wind maximum at middle latitudes gives p = —0.11,
with a p value of 0.56, which indicates a non-significant
anti-correlation. When considering the periods of 1990-2004
and 2004-2022 separately, we find two different correlations
of p=—0.69 (p value=0.01) and p = —0.17 (p value=
0.51), respectively. The first one shows a significant (> 95 %)
anti-correlation between the westward wind maximum and
Lyman o during the time length of 1990 to 2004, while the
latter is not significant. Recently, Vellalassery et al. (2023)
showed how the attenuation of the solar cycle response with
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Lyman « is correlated with the increase in water vapor in the
mesosphere at polar latitudes.

4.4 Impact of geomagnetic activity on trends

Our results reveal an impact of geomagnetic activity on MLT
winds in summer (Figs. 5 and 6), with higher geomagnetic
activity weakening the winds at both middle and high lati-
tudes, except for the eastward wind at high latitudes, which
strengthens under disturbed conditions. The results at middle
latitudes agree with those of Jacobi et al. (2021), who found
weaker winds at a higher geomagnetic activity at two mid-
latitude stations, Collm and Kazan, during the summers of
2016-2020.

Li et al. (2023, 2019) studied the response of the
MLT during a geomagnetic storm with the thermosphere—
ionosphere—mesosphere—electrodynamic general circulation
model (TIMEGCM) at high and middle latitudes, respec-
tively. While the effects of Joule heating penetrate up to
~95 km at 70° N, the temperature contribution is minor com-
pared to vertical heat advection and the adiabatic processes.
Above 100km, the Joule heating becomes significant and
comparable to the other two processes. In the MLT, the ma-
jor heating contributions are due to adiabatic heating and
cooling and vertical heat advection associated with vertical
winds. During a storm, the temperature increases and de-
creases with the vertical wind advection, and the horizon-
tal advection also contributes to the total heating rate (Li et
al., 2023). The meridional winds showed a shift in the direc-
tion, from southward to northward, similarly to the decrease
in the winds observed below 79 km (Figs. 5b and 6b). These
changes are a consequence of the temperature changes lead-
ing to downward or upward vertical winds which, together
with the Coriolis force, produce a change in the pressure gra-
dient (Li et al., 2019). However, Sun et al. (2022) compared
the simulation with TIMEGCM and SABER (Sounding of
the Atmosphere using Broadband Emission Radiometry) and
found that the storm effects penetrate down to ~ 80 km, and
the model agrees with the observation but overestimates the
temperature increase and underestimates the temperature de-
crease at high and middle latitudes.

The geomagnetic activity could significantly affect long-
term trend studies, as demonstrated by Liu et al. (2021).
Given the significant geomagnetic activity effect on the
mesospheric wind, the long-term variation of the geomag-
netic activity could potentially contribute to the wind trend
we obtained in Fig. 2. The histogram in Fig. 7 shows the
count of days from 1990 to 2022 with Ap <5 (green) and
Ap > 20 (purple). The right axis shows the scaled Lyman o
(red line) to illustrate the solar activity over the investigated
time period.

Comparatively, the first half of the time series has more
days with high geomagnetic activity than the second half.
This could imply that the negative trend in the westward
jet can partially be due to more quiet days in the recent

Atmos. Chem. Phys., 23, 14871-14887, 2023
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Figure 7. Histogram with the counts of days for Ap <5 (green) and Ap > 20 (purple). On the right axis is the Lyman « (red) scale with

yearly summer mean values.

2 decades. To test this, we calculated the summer mean
(June—August averaged) maximum velocity from the yearly
summer winds under only quiet conditions. At high lati-
tudes, the eastward jet shows a significant summer trend
of —0.23+0.13ms™'yr~! and a July eastward trend of
—0.44+£0.08ms~!yr~!, in agreement with the complete
time series (see Table 1). At middle latitudes, the westward
jet also shows a significant trend of —0.4140.08 ms~' yr~!,
which is similar to the summer mean with the complete time
series (—0.4940.13ms~! yr~1). This result suggests that the
winds are getting stronger due to different causes.

As to the cause of the long-term trends in the winds ob-
served here, it could be related to changes in various atmo-
spheric waves, such as planetary waves, tides, and gravity
waves, as discussed by Lastovicka et al. (2012). However,
during summer, the contribution of tides is filtered at lower
altitudes in the stratosphere, leaving less of a contribution in
the mesosphere (Conte et al., 2017; Wilhelm et al., 2019; Pe-
datella et al., 2021). Ern et al. (2011) and Alexandre et al.
(2021) found evidence of the fact that gravity waves gener-
ated in the lower latitudes of the summer hemisphere con-
tribute to the momentum budget of the mesospheric jet in
the middle and high latitudes. Hoffmann et al. (2011) found
a significant trend of increasing gravity waves above 80 km.
Liu et al. (2017) studied the gravity wave potential energy
derived from satellite-observed temperatures and also found
a positive trend below 80km during July at 50° N. Further-
more, Luo et al. (2021) found a decreasing gravity wave
trend in the stratosphere between 2007 and 2020, derived
from temperature observations of GNSS radio occultation. A
likely scenario could be a decrease in the stratospheric filter-
ing of gravity waves, allowing them to reach higher altitudes
and to deposit momentum flux in the mean westward flow
(Medvedeyv et al., 1998; Yigit and Medvedev, 2017; Conte et
al., 2023). In a similar way, the southward wind is decreas-
ing, and this could be a consequence of less energy reaching
the mesopause due to the intense westward flow. In the fu-
ture, we want to explore this possibility to identify the origin
of this long-term trend.
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5 Concluding remarks

The current paper examines long-term variations by analyz-
ing the median maximum wind velocity in June, July, and
August as an indicator of wind dynamics over the years. Lin-
ear functions were fitted to the time series, and the slope was
tested using Student’s ¢ test; in addition, Lomb—Scargle pe-
riodograms were calculated. This study also investigates the
relationship between wind patterns and geomagnetic activity
by using the Ap index and tests its influence on the identified
trends. The results are summarized as follows:

— The lower-thermospheric eastward summer maximum
in July shows a significant trend from 2004 to 2022 at
high latitudes, with a decrease of (0.4540.18)msyr~!,
exceeding 95 % statistical significance. The wind veloc-
ity reaches its peak between June and August, ranging
from 25 to 32ms™! at an altitude of 98-99 km.

— The mesospheric westward summer maximum has
strengthened over the past 33 years (1990-2022) at mid-
dle latitudes. The highest velocity occurs in July, where
it exhibits a significant trend of 0.64 +0.10ms~!. The
summer mesospheric westward trends are independent
of the geomagnetic activity.

— The mesopause southward wind velocity experiences a
significant decline during the 3 studied months at mid-
dle latitudes between 2004 and 2022, with the most sub-
stantial decrease occurring in June and July with slopes
of 0.33+0.12 and 0.26 +0.12m s yr—!, respectively.

— The summer mesospheric westward wind maxima ex-
hibit an oscillation related to the solar cycle (8.6—
11.3 years). This oscillation is significant for the months
of June, July, and August during the period from 1990
to 2022. Additionally, other oscillations with periods of
2.3-2.8 and 3.2—4.4 years are present in most of the time
series and could be associated with modulation from the
QBO or ENSO.
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— Geomagnetic  activity induces  higher lower-
thermospheric eastward winds above 94km at high
latitudes and weaker zonal winds at middle latitudes
above 95 km and below 79 km.

— The mesopause southward wind displays a disturbed
pattern under high geomagnetic activity, reducing the
wind velocity below 84 km at high latitudes and below
78 km at middle latitudes.

As the Earth’s atmosphere continues evolving, the pur-
suit of long-term studies becomes increasingly challenging,
yielding changing results over the years. Therefore, the ac-
quisition of longer time series becomes imperative in order
to truly comprehend the dynamics of the MLT. Although
models have made notable improvements in their results,
they still encounter certain limitations that need to be ad-
dressed. While measurements provide localized insights and
show specific latitudinal characteristics, they inherently lack
a comprehensive view of the entire system. Additionally, un-
derstanding the complexities of gravity waves in the middle
atmosphere is crucial as they emerge as a significant energy
source in the MLT dynamics.
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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; Hoff-
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 90 km (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.

https://doi.org/10.5194/ars-21-1-2023
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Figure 1. Color coding: 20052021 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 1 km. 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

https://doi.org/10.5194/ars-21-1-2023

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

Adv. Radio Sci., 21, 1-11, 2023
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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 z-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 m N

yr— 1y 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 4 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
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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 Medvedeyv, 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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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 m 51 yr_] . Significant

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

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) —0.054+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 0.03+£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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Long-Term Variations and Residual Trends in the E, F, and
Sporadic E (Es) Layer Over Juliusruh, Europe

M. Sivakandan! (2, J. Mielich! (), T. Renkwitz!, J. L. Chau! (2, J. Jaen! {2, and J. Lastovicka?

'Leibniz Institute of Atmospheric Physics at the University of Rostock (IAP), Kiihlungsborn, Germany, *Institute of
Atmospheric Physics Czech Academy of Sciences, Praha, Czechia, Germany

Abstract Using 63 and 56 yr of continuous observations, we investigate the long-term oscillations and
residual linear trends, respectively, in the E- and F-region ionosonde measured parameters of frequencies and
height over Juliusruh, Europe. Using the Lomb-Scargle periodogram (LSP) long-term variations are estimated
before the trend calculation. We found that the amplitude of the annual oscillation is higher than the 11-yr
solar cycle variation in the critical frequencies of the daytime E (foE) and Es (foEs) layers. In the F-region,
except for daytime hmF2, and nighttime foF2, the amplitude of the 11-yr solar cycle variation is higher than
the annual oscillation. The combination of the LSP estimated periods and their corresponding amplitudes and
traditional regression analysis are used to construct a model for E- and F-region ionospheric parameters. The
modeled estimates are in good agreement with the observations. The trend calculation is derived by applying
a least-squares fit analysis to the residuals, subtracting the model from the observation. In the F-region, both
day (nighttime) foF2 and hmF2 show negative trends of —4.44 + 1.78 (—4.30 + 1.63) kHz/yr and —413 + 47
(=574 = 75) m/yr, respectively. The Piecewise linear trend of foF2 provides negative and positive trends in
1964-1996 and 1997-2019, respectively. In the E-region, foEs show a negative trend of —2.00 + 0.61 kHz/yr.
The present investigation suggests that the greenhouse cooling effect and negative trend in the atomic oxygen
(O) as well as wind shear variability could be the main drivers for the observed negative trends in the hmF2,
foF2, and foEs, respectively.

Plain Language Summary Studies on long-term changes are essential for understanding and
quantifying the climate change impact on the Earth's ionosphere if it exists. In this investigation, we used

56 yr of ionosonde-measured E- and F-region parameters like frequencies and altitude of maximum electron
concentration for trend estimation. We found a negative trend in the F-region ionospheric peak critical
frequency (foF2), and its associated peak altitude (hmF2). More importantly, the nighttime hmF?2 trend is
slightly higher than the daytime. The foF2 trend is negative from 1964 to 1996 and positive during 1997-2019.
The present study suggests that the anthropogenic forcing originated negative trends in the atomic oxygen,

and the greenhouse cooling effect could be the driver for the F-region ionospheric trends. In the E-region, foE
shows a weak and statistically insignificant positive trend. For the first time, we also report a negative trend in
the foEs that could be caused by the wind shear variabilities.

1. Introduction

Long-term changes are one of the challenging and debatable research topics because of the estimation method
and the social relevance in the climate change scenario. Studies on the long-term changes in the upper atmosphere
yield more attention after Roble and Dickinson (1989). Using a model simulation, they reported that due to the
doubling of the carbon dioxide (CO,) and methane (CH,) mixing ratios in the mesosphere and thermosphere,
temperatures of these regions will cool about 10 K and 50 K, respectively. Motivated by the above investiga-
tion Rishbeth (1990) predicted that the greenhouse effect in the ionosphere under the composition changes and
cooling mentioned by Roble and Dickinson (1989), the E- and F-region peak heights lower by about 2 km, and
20 km, respectively, however, changes in the electron number density is very small. That study also postulated
that a decrease in atmospheric pressure due to the cooling of the stratosphere, mesosphere, and thermosphere
caused by the greenhouse effect is responsible for the descent in the ionospheric peak altitudes. At the same time,
compensation of effects due to atmospheric composition and temperature changes could inhibit the changes in
the plasma density. Using more than 30 yr of ionosonde data, Bremer (1992) studied the ionospheric trends in the
mid-latitudes, and his results were qualitatively in good agreement with Rishbeth (1990). Since then, there have
been many investigations that looked into the seasonal, latitudinal, and longitudinal variation of trends in the E-
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and F-region ionosphere (Bremer, 2008; Bremer et al., 2004; Bremer & Peters, 2008; Danilov, 2008, 2009, 2015;
Danilov & Konstantinova, 2020; Lastovicka, 2017, 2022; Lastovicka et al., 2008, 2012; Mielich & Bremer, 2013;
Mikhailov, 2006; Mikhailov & de la Morena, 2003; Mikhailov & Marin, 2001; Prasad et al., 2012). The outcome
of these investigations shows that the long-term changes in the foF2 and hmF2 is not uniform, for example, in
some of these locations the trend is positive and some other stations show a negative trend (Bremer et al., 2004;
Mielich & Bremer, 2013). Most of these studies have postulated that the greenhouse effect (LaStovicka, Solomon
et al., 2012) and stratospheric ozone distribution changes are prime causes of the observed trends (Bremer &
Peters, 2008). In contradiction, Mikhailov and Marin (2001) suggest that the observed trends associated with
the geomagnetic activity variations that is, are of natural origin. However, lately using whole atmosphere model
simulations Qian et al. (2021) found that trends in the thermosphere were predominantly driven by greenhouse
gases, whereas in the F-region critical frequency (foF2), peak altitude (hmF2), and electron temperature (7,) the
role of greenhouse gases and of the secular change of the geomagnetic field were comparable in some regions.
However, globally the role of magnetic field change is negligible because locally it is both positive and negative.

Recently, Cnossen (2020) studied the trend in the upper atmospheric neutral temperature, neutral density at
400 km altitude, and hmF2, peak electron density (NmF2) as well as total electron content using the Whole
Atmosphere Community Climate Model eXtension (WACCM-X) simulation data from 1950 to 2015. The author
found a negative trend in all these parameters and argued that CO, is probably the main driver of trends in the
thermosphere. However, for high (magnetic) latitudes, the effects of changes in the Earth's magnetic field also
appear to be important. Main magnetic field changes are likely responsible for a long-term decrease in Joule heat-
ing, which is especially important at low/equatorial latitudes of the American sector. Her simulation also showed
that trends associated with main magnetic field changes can be either positive or negative, depending on the
location. Patches of negative trends are considerably stronger and larger than patches of positive trends because
main magnetic field changes push global mean trends to be more negative than they would be due to the increase
in CO, concentration alone. In a nutshell, several factors may contribute to the long-term changes or trends in
the upper atmosphere Lastovicka et al. (2012), namely stratospheric ozone depletion, long-term changes in solar
and geomagnetic activity, secular changes in the Earth's magnetic field, long-term changes of atmospheric circu-
lation and atmospheric wave activity, and of mesospheric water vapor concentration. However, one of the prime
factors of long-term changes and trends in the foF2 is CO, increase in the lower atmosphere and linked global
warming (LaStovicka, 2022).

Most of the earlier investigations mainly studied the trends in the F and/or E region critical frequencies, and peak
altitudes (Bremer & Peters, 2008; Mikhailov, 2006). In the case of sporadic E layers, most of the earlier studies
focused on the occurrence characteristics, and seasonal and solar activity dependency, but very few reports are
available on the trends in foEs (Abdu et al., 1996; Pezzopane et al., 2015). In the present investigation, we used
63 yr of continuous ionosonde data to estimate the long-term variations in the daytime E region parameters, that
is, foE, foEs, and day and nighttime F-region parameters that is, hmF2, and foF2, and 56 yr of data for the trends
estimation of the above parameters over Juliusruh, Germany. Instrumentation and methodology are provided in
Section 2, and results and discussion are given in Sections 3 and 4, respectively. Finally, Section 5 describes the
concluding remarks.

2. Instrumentation and Method

We study the long-term variations and trends in the E- and F-region using ionosonde observations at Juliusruh
(54.6°N, 13.4°E) representing a high-mid latitude transition region in northern Germany. Long-period oscil-
lations and trends are investigated using Lomb-Scargle periodogram (LSP), and least-square fitting analysis,
respectively. A detailed description of the ionosonde and the methodology are given below.

2.1. Ionosonde

The ionosonde Juliusruh (Mecklenburg Vorpommern) provides one of the longest, and most continuous observa-
tions around the globe, and the data are available since July 1957. Thus, in total 63 yr of data are available as of
2020, which are used for the estimation of long-term variations. However, to avoid any artificial negative slope
due to the starting year 1957 (solar maximum) and the end year 2020 (solar minimum), only 56 yr of data (five
solar cycles) are used to investigate the long-term trends. Therefore, we consider only the years between 1964
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and 2019 (both are the solar-minimum years) for the trend estimation. At first, we estimate the hourly median
of E- and F-region ionospheric parameters such as h'F, h'Es, foE, foEs, h'F, foF2, hmF1, and hmF2. Then, the
monthly median of hourly data is calculated, followed by the daytime and nighttime mean values are estimated
by averaging the data during the time interval of 08—-14 UT and 21-01 UT, respectively (centered around 11 and
23 UT). Note here that the virtual height h'F is directly observed from the ionograms. However, hmF1 and hmF2
are the real heights that are estimated using Shimazaki's formula as described by Mielich and Bremer (2013).
The following technical issues influence the monthly median data and have to be noticed to understand a possible
exclusion of some periods or characteristics from the analyzed data set:

1. Until 1990 a high-power ionosonde with a starting frequency of ~500 kHz was in operation. This allowed
a recording of nighttime E layer critical frequencies but led to the scaling of relatively high virtual E layer
heights.

2. Between 1990 and 1994, a polish ionosonde of type KOS was in operation.

3. The high and not all the time stable output power of the first Juliusruh ionosondes influenced signal
power-sensitive characteristics, like the lowest frequency at which echo traces are observed on the ionogram
(fmin) and the blanketing frequency of Es layer (fbEs).

4. Since 1994, so-called Digisondes are in operation. From April-August 1998, during the upgrade from
Digisonde portable model (DPS) DPS-1 to DPS-4, a frequency-modulated carrier wave Barry Research Chirp
Sounder was the replacement. With ~3 km distance, the co-located Chirp Sounder receiver was too close
to the transmitter to identify the ionospheric reflection in the presence of the ground wave in the ionogram.
Daytime frequencies below ~5 MHz, particularly h'E, foE, h'Es, foEs, and fbEs were affected.

5. The formerly more intensely used commercial medium frequency radio band up to 1.6 MHz led to partly
strong interference and/or gaps in the ionograms, which made the scaling more difficult or impossible. In the
modern Digisondes, the automatic Radio Frequency Interference Mitigation (RFIM) algorithm may lead to
gaps in the ionogram trace in that frequency range.

6. Former ionosondes were not able to distinguish between near vertical and oblique echoes and showed not only
vertical but also some partly strong oblique echoes, which were scaled as vertical ones with relatively high
virtual heights and with artificially higher values of foEs (Lastovi¢ka, Boska et al., 2012). Generally, oblique
echoes are mainly the problem for Es due to their cloudy horizontal structure.

7. Modern national and international frequency regulations do not allow continuous transmission over the whole
frequency band. A specified restricted frequency list leads to several gaps of some 50 kHz, which affects
characteristics close to these restricted frequency bands.

8. Until 1992, different human scalers did the manual scaling of Juliusruh ionograms. After 1993, only one
scaler was involved in that task until today. Even, when the manual scaling is done according to the official
ionogram scaling rules, each human scaler tends to scale a bit to higher or lower values.

9. Juliusruh monthly medians are processed including the so-called qualitative and descriptive letters. Qualita-
tive letters give information about the uncertainty of the value of up to 20%. In the long-term analysis of this
paper, these letters remain unused.

While analyzing the data, we carefully removed the instrumental biases in the data set. For example, to avoid
errors in the trend estimation due to the instrumental capability we consider the foE only above 1 MHz because
before the 1980s the measurable lower frequency of ionosonde is 0.5 MHz after that it is changed to 1 MHz. It
is worth mentioning here that among historical ionosonde data from Europe, the Juliusruh data are those of the
best quality (Buresova, 1997).

2.2. Lomb Scargle Periodogram and Trend Analysis

It is essential to remove the short and long-period oscillations before the estimation of the linear trend
(Bremer, 1992; Lastovicka et al., 2006; LaStovicka & Jelinek, 2019). In literature, various solar proxies are used
to remove the solar and geomagnetic influences on trend estimation. For example, sunspot number, F10.7, E10.7,
Lyman Alpha, and so on. Recently, Lastovicka (2019) and Lastovicka (2021) showed that the optimum solar prox-
ies are different for different ionospheric parameters. Thus, we used the traditional regression analysis method (as
shown in Equation 1) to estimate the trend. However, this method is not suitable to remove the semi-annual, and
annual oscillations. Therefore, in addition to the traditional method, we use an additional approach to remove the
annual and semi-annual variations on the long-term trend estimation. As a first step, we use the LSP analysis to
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Table 1
Linear Residual Trends in E- and F-Region Parameters Using Both Traditional and New Methods

Linear residual trend (kHz/yr) Correlation coefficient (r)

Daytime Nighttime Daytime Nighttime

Parameters Traditional New Traditional New Traditional New  Traditional New

foE 0.22 + 0.30 0.08 + 0.42 Nil Nil 0.976 0.966 Nil Nil
foEs -1.64 £0.50 —2.00+0.61 Nil Nil 0.972 0.902 Nil Nil
foF2 —-440+178 —444+178 -330+138 —430+1.63 0.991 0.991 0.971 0.972
hmF2* —387 £ 45 —413 £ 47 —557 £ 76 =574+ 75 0.949 0.950 0.929 0.930

“Linear trend unit is in m/yr.

identify the predominant oscillations (VanderPlas, 2018). In the second step, by combining the period and ampli-
tude of the long-period oscillations, and the traditional regression analysis (Bremer, 1992), a model ionosonde
parameters X, are constructed as shown in Equation 2.

X, =a+ b.Solar proxy (€))

X,,,=X,(t)+A,--sin<%>t+Bi~cos<2Fﬂ>t ?2)

i i

Lt =X — Xnm (3)

In the above equations, X, X,,, and X , are regression, modeled, and observed ionosonde parameters, respectively.
In Equation 1, a, and b are regression coefficients. We used F10.7 as a solar proxy in the trend analysis. In Equa-
tion 2, A, B;, and P, are the amplitude and period of the ith oscillations (e.g., semi-annual and annual oscillation),
respectively, and 7 is the time series of the data. In general, a part of the above approach in Equation 2 has been
used to estimate the trends in the middle and lower atmosphere (Holmen et al., 2016). Since the solar cycle with
its period of ~9—14 yr is one of the predominant oscillations in the data, we used the traditional regression method
for better model data construction. The residual values are calculated by subtracting the model values from the
observations using Equation 3, followed by the least-square fit analysis used to estimate the slope of the residual
values or linear trend for the ionosonde parameters, namely foE, foEs, hmF2, and foF2 with 95% confidence
interval. We also compared the new method's estimated residual trends with the traditional one. The residual
trend estimated from both these methods is in good agreement (as shown in Table 1).

3. Observations
3.1. Seasonal and Diurnal Variability of E- and F-Region Ionosonde Parameters

To understand the seasonal and diurnal behavior, a climatology with 63 yr of hourly parameter values of the E
region (i.e., foEs, foE, h'Es, h'E), is shown in Figures 1a—1d. The critical frequencies foEs and foE show a diurnal
variation of maxima and minima during the day and nighttime, respectively. They also exhibit seasonal variations
with a maximum in local summer and a minimum during winter. The magnitude of foEs shows a wide/broad
maximum peaking around local noon and increasing again toward ~15:00 UT (see Figure 1a). The foE peaks
around local noon all the month. Please note that official local time over Juliusruh is universal time+2 (UT+2)
and UT+1 hr during summer and winter, respectively. The diurnal variation of h'Es displays two prominent peaks
viz., early morning and evening hours from March to September and only around noon from October to February.
The semi-diurnal and diurnal tides could be a controlling factor of the observed two peaks in the h'Es (Pignalberi
et al., 2014). The h'E shows two peaks viz., morning and in the evening hours along the year. Moreover, the h'E
also shows seasonal variation; summer and winter peaks occur at quite different times (see Figure 1d).

We also studied the seasonal and diurnal behavior, climatology with 63 yr of hourly parameter values of the
F-regions (i.e., h'F, foF2, hmF1, and hmF2) are shown in Figures le—1h. As expected, the virtual and real heights
(h'F and hmF2) are generally lower during the daytime, (especially for h'F) than in the nighttime. The hmF1
is only present in the daytime, particularly during the equinox and summer months. Most frequently, hmF2 is
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Figure 1. Diurnal and seasonal variability of the composite mean of 63 yr of hourly median E (a—d), and F (e-h) region ionosonde parameters.

located around 350 km during nighttime, and the lowest altitudes of the hmF?2 are observed in the winter daytime
(~250 km). On the other hand, the foF2 is higher in the winter than in the summer, which coincides with occur-
ring at lower altitudes. The foF2 show two peaks during summer, one is before noon, and the other is at around
20 UT. The seasonal variability of foF2 and hmF2 are consistence with earlier observations (Rao et al., 2014) at
mid-latitudes.
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Figure 2. Diurnal variation of the monthly median of hourly E (a—d), and F (e-h) region ionosonde parameters.

3.2. Intra and Inter-Annual Variability of the E- and F-Region Ionosonde Parameters

Figure 2 shows the monthly median of hourly median E- and F-region ionosonde parameters, namely h'E, h'Es,
foE, and foEs, from July 1957 to December 2020. The h'E data is available only during the daytime as described
in the previous section and does not show any diurnal variation. The distribution of h'Es shows morning and
evening time enhancements in all the years, irrespective of height variations before and after 1990. Both the
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Figure 3. (a) Comparison of an annual mean of foF2 and sunspot number, (b) hmF2 and h'F and sunspot number, and (c)
foEs and foE and sunspot number.

h'E and h'Es did not show any solar cycle variation. An important point to be noted here is the high differences
in h'E, and h'Es altitudes before and after 1990 (see Figures 2a and 2b). These differences are implications of a
high-power ionosonde with a starting frequency of ~500 kHz, which was in operation until 1990. This character-
istic allowed a recording of nighttime E layer critical frequencies but led to the scaling of relatively high virtual
E layer heights (as mentioned in Section 2.1). Due to these differences, the trend analysis was not performed
from these parameters. The magnitude of the foE and foEs show an annual and solar cycle variation as shown in
Figures 2c and 2d, and are higher during high solar activity than during lower solar activity years, as it is depicted
in Figure 3c. Eventually, during the nighttime echoes from the E region altitudes are not observed for the used
frequency range of above 1 MHz.

The diurnal and monthly variations of the h'F are shown in Figure 2e. The h'F is below and above 250 km during
the day and nighttime in all the months, respectively. The h'F is very low that is, below 200 km in the daytime of
the solar minima years of the last three solar cycles. During the day and nighttime, h'F shows a clear solar cycle
variation with higher altitudes during the high solar activity years. Figure 2f shows the diurnal and monthly varia-
tions of critical plasma frequency of the F2 (foF2). The foF2 is much higher during the daytime than at nighttime,
and the highest frequencies are observed around the local noon. Similarly, the foF2 is higher during the solar
maxima years of the solar cycles 19, 21, 22, and 23 than the weaker solar cycles 20 and 24. Diurnal and monthly
variations of the hmF1 and hmF2 are shown in Figures 2g and 2h, respectively. The hmF1 altitude is below and
above 225 km during solar minima and maxima, respectively, and the echoes from the hmF1 layer are absent
during the nighttime irrespective of the solar condition. In the case of hmF2, most often it is below 350 km during
the daytime and above 350 km at nighttime. The hmF2 maximum altitudes are located above 400 km during the
nighttime of the solar maxima years of the solar cycles 19, 21, and 22.

The annual mean of the E- and F-region parameters viz. foF2 h'F, hmF2, foE, and foEs are shown in Figures 3a—3c
to understand the year-to-year and solar cycle variations. In the F-region, foF2 and hmF2 show a strong positive
correlation with sunspot number. However, in h'F, the solar cycle dependency is positive but rather feeble. In the
E region, foE and foEs display a strong positive correlation till the 23rd solar cycle but weak during the 24th
solar cycle. In particular, foEs at the solar minimum year 2008 are higher than at the solar maximum year 2014
(see Figure 3c).

4. Results
4.1. Long-Term Variability and Residual Trends

For the residual trend analysis, we need to perform the LSP analysis to identify the predominant long-period
oscillations and their amplitudes for each ionospheric parameter. Using these periods and amplitude of the
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estimated oscillations model data are constructed using Equation 1. Obtained long-term variations and trends in
the ionosonde parameters are detailed in the following subsections.

4.1.1. Long-Term Variability and Residual Trends in Daytime foE and foEs

Daytime averaged monthly median of foE and foEs and their corresponding LSP are shown in Figures 4a—4d.
The overall, daytime mean of foE and foEs is 3.0 + 0.5 MHz and 3.2 + 0.6 MHz, respectively. The analysis
shows that both of these parameters' annual oscillation is predominant in the E-region followed by the 11 yr solar
cycle variation also contributing to the long-term variations. Since the 11 yr of the solar cycle shows a broader
range of 9—13 yr, the traditional regression method is used to fit the solar variability. Combining the traditional
method, and LSP estimated period and amplitude of the other oscillation (e.g., annual oscillation), a model data
is constructed using Equation 1 (detailed in Section 2). A similar analysis is carried out in all other parameters,
which are detailed in the following subsections. A comparison of the observation and model estimated foE and
foEs from 1958 to 2020 and shown in Figures 4e and 4g, it is obvious from the correlation coefficients (0.966
for foE and 0.902 for foEs) that both are in good agreement with each other. Furthermore, the model values are
subtracted from the observational values to deduce the residual variations. By applying the least-square fit on
the residual variation the linear slope is estimated and shown in Figures 4f and 4h. As mentioned in Section 2, to
avoid the extremes of solar activity at the rim of the time series, the high (the year 1958) and minimum (the year
2019) solar activity effect in the linear slope estimation, we considered only the years from 1964 to 2019 as both
these years fall under the low solar activity condition. The foE does not show any significant trend. However, the
foEs show a weak negative slope of —2.04 + 0.61 kHz/yr (+0.61 represents 95% confidence interval). The magni-
tude of the linear slopes is above the 95% confidence interval. Thus, it is reasonable to assume that the obtained
negative trend in the foEs is an outcome of geophysical variation rather than an error or artifact.

4.1.2. Long-Term Variability and Residual Trends in the Day and Nighttime foF2

The monthly medians of day and nighttime averaged foF2 are shown in Figures 5a and Sc, and their correspond-
ing LSP analysis are shown in Figures 5b and 5d, respectively. The 63 yr mean of a day and nighttime foF2 is
~7 + 2 MHz and ~4 + 1 MHz, respectively. From Figures 5b and 5d, a distinct feature is observed that during
the daytime the amplitude of the 11-yr solar cycle variation is more predominant than the annual oscillation. In
contrast, the amplitude of the annual oscillation is comparable to or larger than the 11-yr solar cycle variation
at nighttime. Figures 5e and 5g display the comparison of observed and modeled foF2 values, the model and
observed foF2 show a good correlation of 0.991 and, 0.972, during the day and nighttime respectively. The
residual values are estimated by subtracting the model values from the observation, which is shown in Figures 5f
and 5h (black curve), in these figures the slope of the least-squares fit is also shown (red dotted line). Interest-
ingly, the day and nighttime foF2 show weak negative slopes of —4.44 + 1.78 kHz/yr, and —4.30 + 1.63 kHz/yr.
Moreover, the magnitude of the negative trends in the day and nighttime foF?2 is statistically significant.

4.1.3. Long-Term Variability and Residual Trends in the Day and Nighttime hmF2

Figures 6a—6d shows the day and nighttime averaged monthly median of hmF2 and their corresponding LSP anal-
ysis. The mean altitude of the day and nighttime hmF2 is found at 303 + 43 km and 363 + 41 km, respectively.
The hmF2 shows the nighttime F2 peak altitude is higher than the daytime. Another interesting observation is
that the annual oscillation is more predominant than the 11-yr solar cycle variation during the daytime, whereas
for the nighttime hmF?2 basically only the 11 yr solar cycle is visible. The observation and model hmF2 values
are remarkably in agreement with each other the correlation coefficient is shown in Figures 6e and 6g. The linear
residual slope is negative for both day and nighttime with the magnitude of —413 + 47 m/yr and —574 + 75 m/yr,
however, for both day and nighttime, the estimated slope is well above the 95% confidence interval. From these
results, it is clear that the ionospheric peak height shows a descending tendency. Moreover, the rate of descending
is nearly the same during the day and nighttime. Overall, day and nighttime E- and F-region linear residual trends
estimated in the present study are given in Table 1.

4.2. Trend Estimation Before and After the Year 1996

To investigate if there is any secular trend in different time intervals, we have divided the data into two parts
viz 1964-1996 and 1997-2019. This period has been selected for two reasons: (a) We are carrying out the trend
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Figure 4. (a & c) Daytime averaged monthly median of foE and foEs and their Lomb-Scargle periodogram (LSP) analysis (b & d), respectively. (e & g) Comparison of

observation and model foE and foEs, (f & h) residual (black curve) of the foE and foEs and their linear trends (red dotted line).

analysis of solar minimum and minimum, and (b) To investigate if there are any drastic changes in the last two
solar cycles. The estimated trend for foE, foEs, foF2, and hmF?2 is listed in Table 2. Since the new and traditional
methods' estimated trends are in good agreement, we have shown only the figures for the new method. Figures
using the traditional method are attached as Figures S6 and S7 in the Supporting Information S1.
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Figure 5. Same as Figure 4 but for day and nighttime foF2.

Long-term variations of daytime foE and foEs (left panel) and their corresponding residual trends (right panel)
are shown in Figures 7a—7h for the years before (Figures 7a—7d) and after (Figures 7e—7h) 1996. For both the foE
and foEs the residual trend is negative before and after the year 1996. However, for foE magnitude of the slope is
below the significant level. The split time series foEs trend is slightly higher than for the whole period.
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Daytime gveraged monthly median of hmF2: 1958-2020
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Figure 6. Same as Figure 4 but for day and nighttime hmF2.

Figure 8 denotes the long-term variation of day and nighttime foF2 and their residual trend before (Figures 8a—8d)
and after (Figures 8e—8h) the year 1996. Interestingly, the foF2 trend is significantly higher between 1964 and
1996 than in 1997-2019. Moreover, foF2 shows a positive slope during the interval of 1997-2019, however
magnitude of the trend is below the significant level. This shows that critical frequency in the F-region has a
secular trend and/or piecewise linear trend.
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Table 2
Linear Residual Trends in E- and F-Region Parameters Using the New Method During 1964—1995 and 1996-2019

Linear residual trend (kHz/yr)

Daytime Nighttime

Parameters 1964-1996 1997-2019 1964-1996 1997-2019

foE —0.45 + 1.00
foEs -3.79 £ 1.49
foF2 —14.75 £ 3.93
hmF2* =74 + 98

—0.77 £ 1.43 Nil Nil

—3.54 + 1.89 Nil Nil
4.60 +5.42 —12.98 +3.71 0.49 +4.78
—87+ 114 —455 + 152 —488 + 311

“Linear trend unit is in m/yr.

The long-term variation of day and nighttime hmF2 and their residual trends are shown in Figures 9a—9h, for the
years before (Figures 9a—9d) and after (Figures 9¢e—9h) 1996. The residual trend is negative for both the day and
nighttime of hmF?2 as well as before and after the year 1996. Furthermore, the daytime negative slope is weaker
than the nighttime for both the interval of 1964-1996 and 1997-2019. Moreover, the magnitude of the daytime
slope is below the significant level for both time intervals. The magnitude of the nighttime trend is nearly the
same before and after the year 1996. This shows that the residual trend in the hmF2 is a linear decrease from
1964 to 2019.

5. Discussion

In the present study, we used a new approach by combining the traditional method with a new method to estimate
the long-term variations and linear residual trends, which will help to better understand their behavior in the E-
and F-region over Juliusruh, Germany. From the new approach, we found the following advantages (a) the new
method confirms trends from the traditional method, (b) the traditional method shows poor performance to repro-
duce the semi-annual and annual variations, however, the new approach shows better performance for nighttime
foF2, daytime hmF2, foE and foEs (Figures S4 and S5 with a correlation coefficient of model and observation is
attached in the Supporting Information S1 and Table S2). During our data analysis, we also found that the magni-
tude of the linear trend estimation is highly affected by the long-period oscillations (e.g., solar cycle) more than
the short-period ones (e.g., semi-annual and annual oscillations). Moreover, the short-period oscillations only
affect the significance level. Therefore, it is essential to remove both short and long-period oscillations from the
time series data for better trend estimation.

In the F-region, it is expected that the 11-yr solar cycle variation is the prime driver for long-term oscillation.
However, the day and nighttime show a different picture, for example, for daytime hmF2 and nighttime foF2,
the peak amplitude of the annual oscillation is comparable to or higher than the 11-yr solar cycle. This suggests
that while using the foF2 and hmF2 monthly median data for the long-term trend estimations, in addition to the
solar cycle variation annual oscillation is also to be removed. The present study day and nighttime foF2 shows a
similar negative trend of —4.44 + 1.78 and —4.33 + 1.62 kHz/yr, respectively. The magnitude of the estimated
trends is in good agreement with earlier investigations (Danilov, 2015; Mielich & Bremer, 2013). There are
two main parameters that could cause a trend in the foF2 namely, temperature (7,) and/or atomic Oxygen (O)
concentration. Rishbeth (1990) postulated that the global cooling may not have any significant impact on daytime
critical frequency foF2, because the cooling will increase the O/N2 which will cause an increase in the plasma
density. On the other hand, the loss coefficient also will increase which causes to decrease in the plasma density, a
combination of these two effects will cancel out each other. However, using three ionosonde stations over Europe
(including Juliusruh), Danilov (2015) reported a negative trend with a maximum during the daytime and a mini-
mum at nighttime. Furthermore, the earlier investigations also showed that the negative trend is stronger during
the winter than in the summer. The magnitude of the negative trend obtained from the present study is nearly
equal to the summer daytime trend reported by (Danilov, 2015). According to Mikhailov (2000), the electron
density concentration maximum of the F2 layer (N, F,) at a fixed pressure level/height is

NuF> o ([01°® /(T,)**) x ([01/[N2])*® )
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Long-term variation of daytime averaged foE: 1964-1996
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Figure 7. Daytime foE and foEs residual trends before (a—d) and after (e-h) the year 1996.

The F2 layer floats at a constant pressure level (Rishbeth & Edwards, 1989), due to which the second term of
the equation mostly would not change. At the same time, changes in the first term can affect the electron density
maximum and so in foF2. In fact, a decrease in temperature due to the CO, cooling in the upper atmosphere
should slightly increase the NmF2, as a result, there should be a positive trend. Instead, the present results indicate
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Figure 8. Same as Figure 7 but for day and nighttime foF2.
a weak negative trend in the foF2, This suggests that the noted negative trend may be associated with a decrease in
the atomic Oxygen concentration than the neutral temperature. Using mass spectrometer data from 1966 to 1992,
Pokhunkov et al. (2009) reported a negative trend in the atomic oxygen concentration at the altitude range of
100-160 km in the northern hemisphere. Furthermore, they also concluded that 15%—20% changes in the negative
trend could be caused by the solar forcing and the remaining contribution may be due to anthropogenic changes
SIVAKANDAN ET AL. 14 of 19
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Long-term variation of daytime averaged hmF2: 1964-1996

. Long-term residual trend in daytime hmF2: 1964-1996

500 1 50
a) = Observed hmF2 b) = Daytime residual hmF2
=== Model hmF2 Slope of residual daytime hmF2= -73.95+-97.88 m/year
E 4001 - T
E:, E:, VLN vA/V/\\./"\ MW
£ £ of\J R AR WaY
£ 300+ £
200 T T T T T T -50 4+ T T T T T T
1965 1970 1975 1980 1985 1990 1995 1965 1970 1975 1980 1985 1990 1995
Year Year
500 Long-term yariation of nighttime averaged hmF2; 1964-1996 50 Long-term residua) trend in pighttime hmF2: 1964-1996,
C) = Observed hmF2 d) = Nighttime residual hmF2
=== Model hmE2 Slope of residual nighttime hmF2= -455.20+152.00 m/yejar
E 400 T
3 =3
L4 L4
= =
2 2
£ 3001 - £
200 - T T T T T T -50 4+ T T r T T T
1965 1970 1975 1980 1985 1990 1995 1965 1970 1975 1980 1985 1990 1995
Year Year
500 Long-term variation of daytime averaged hmF2: 1997-2019 50 Long-term residual trend in daytime hmF2: 1997-2019
e) = Observed hmF2 f) = Daytime residual hmF2
=== Model hmF2 Slope of residual daytime hmF2= -87.62+-114.17 m/year
E 400 - T
= =
£ e e e |
3 g *IM\‘M\/\V-AWW
T 300 1 T
200 T T T T -50 T T T T
2000 2005 2010 2015 2000 2005 2010 2015
Year Year
500 Long-term variation of nighttime averaged hmF2: 1997-2019 50 Long-term residual rend in nightfime hmF2: 1997-2019
g) =———Observed hmF2 h) = Nighttime residual hmF2
—==Model hmF2 Slope of residual nighttime hmF2= -488.16+-311.31 m/yefar
E 400 T
= =
= o
= =
2 2
£ 3001 £
200 T T T T -50 T T T T
2000 2005 2010 2015 2000 2005 2010 2015
Year Year

Figure 9. Same as Figure 7 but for day and nighttime hmF2.

originating from the lower atmosphere. This further supports the idea that the changes in the composition are a
primary factor for the observed negative trends in the foF2. In addition to the composition, dynamical factors such
as neutral meridional wind also could have some role in the trend. For example, using model simulations Qian
et al. (2009) also showed a negative and positive trend in the day, and nighttime foF2 respectively, for which they
argued the greenhouse effect is the prime driver, and meridional neutral wind dynamics also have a significant
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role. In order to investigate the secular trend (if any), we split the whole data into two-time series viz. 1964—-1996
and 1997-2019. Interestingly, the negative trend is three times larger than the overall trend during the interval of
1964-1996. The negative trend in atomic oxygen could be the main cause for the negative trend in foF2 during
1964-1996. The magnitude of the residual trend is positive during the interval of 1997-2019, however, they are
below the 95% significance level. This positive signature in the residual slope suggests that, unlike the previous
interval in the last two decades, the cooling effect could be more dominant than the changes in the compositions.

The residual of day and nighttime hmF2 also shows a decreasing trend of —413 + 47 and —574 + 75 m/yr, respec-
tively, during the period of 1964-2019. The magnitude of the present trend during daytime is in good agreement
with an earlier investigation by Mielich and Bremer (2013) over Juliusruh. In addition, the present study also indi-
cates that the nighttime trend is slightly higher than the daytime. At daytime, due to the interaction of chemical
loss, plasma diffusion, and neutral winds, the height of the E- and F-layer peaks corresponds to a fixed pressure
level in the neutral atmosphere. Whereas at nighttime, the E-layer is weak and not observable by ionosonde, and
the dynamical processes such as neutral winds and electric fields drive the F2-layer (Rishbeth & Edwards, 1989).
Under the steady-state assumption, a ~50 K decrease in temperature could lower the ionospheric peak altitude
(hmF2) by 15 and 20 km at noon and midnight, respectively (Rishbeth, 1990). In the last 56 yr, the hmF2 altitude
decreased by 23 and 32 km during the day and nighttime, respectively. The magnitude of the daytime trend is in
good agreement with the estimation of Rishbeth (1990), and the nighttime trend is even higher than the expected
values. These results suggest that the contraction in the upper atmosphere by the greenhouse effect cooling could
be a primary factor for the decreasing trend in the hmF2. Furthermore, we also suggest that during the daytime
the insolation might try to compensate for the cooling effect, which could be one of the reasons for the observed
difference between the magnitude of daytime and nighttime trend.

The present study shows that the nighttime hmF2 trend is nearly the same in two different intervals of 1964—-1996
and 1997-2019. However, the magnitude of the daytime trend decreased significantly and it is below the signif-
icance level for both these intervals. This suggests that the cooling of the upper atmosphere is persisting for
the last half-century. Overall, these results evidence that the hmF?2 trend is linear in nature during the period of
1964-2019.

In addition to the CO, cooling, secular changes in the geomagnetic activity are also proposed as a driver for the
long-term trend in the F2 layer. During the period of 1965-2020, according to the International Geomagnetic
Reference Field model the geomagnetic latitude changed from 54.31°N in 1965 to 54.14°N in 2020, implicating
negligible effect in Juliusruh. However, the geomagnetic variations are highly regional dependent that could not
explain the noted day and nighttime differences. This arises the question of why the decreasing trend or iono-
spheric response to the cooling effect during the day and nighttime is different.

In the E-region, the critical frequencies namely, foE and foEs depict robust annual and weak 11-yr solar cycle
oscillations. These oscillations could be caused by seasonal and long-term variations of solar heating. Since
the nighttime E-layer is weak and not observable by ionosonde, we estimate only the daytime linear residual
trend in the foE and foEs. Earlier, Mikhailov (2006) reported a positive trend in foE, and similarly, Bremer and
Peters (2008) also showed a positive trend in foE from 1957 to 2002, over Juliusruh. Similarly, the present result
also shows a very weak positive trend in both the new and traditional methods, however, the magnitude of the
trend is statistically insignificant. Two potential drivers are proposed for the E region plasma density trends
in literature, namely (a) decrease of NO in the E region heights (Mikhailov, 2006) and changes in the strato-
spheric ozone (Bremer & Peters, 2008). In addition, Mikhailov and de la Morena (2003) found foE trends to be
geomagnetically controlled before about 1970. Followed by Lastovicka (2005) reported that the role of solar and
geomagnetic activity decreased from the beginning to the end of the twentieth century. According to Bremer and
Peters (2008), the foE trend is in anti-correlation with the O,. Overall, the E-region parameter trends are very
weak and, therefore, very sensitive to various influences.

The daytime foEs show a statistically significant weak negative trend of 2.00 + 0.61 kHz/yr. In general,
the wind shear theory is a well-recognized mechanism for the formation of the Es layer in the mid-latitudes
(Mathews, 1998). According to the wind shear theory, ions with significant lifetimes against recombina-
tion are accumulated by the westward neutral winds above and eastward or weak westward wind below in
the E-region. Studies also have suggested that in the mid-latitudes, the Es-layer occurrence rate strongly
depends on the combination of negative wind shears and sporadic meteor deposition in the upper atmosphere
(Haldoupis et al., 2007). Furthermore, the wind shear in the mesosphere lower thermosphere is primarily
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driven by the tides, particularly diurnal, semidiurnal, terdiurnal, and quarterdiurnal tides in the mid-latitudes,
thus the Es layer occurrence also shows a semi-diurnal tidal pattern (Arras et al., 2009; Jacobi & Arras, 2019).
A recent study using meteor radar wind observations shows a tendency of stronger eastward and southward
directed winds during the last decade (Jacobi et al., 2015) for the mid-latitudes. Thus, we suggest that the
weakening of the westward wind in the E-region altitude could suppress the ion accumulations as a conse-
quence the wind shear could be a reason for the obtained negative trend in foEs. Besides, meteor deposi-
tion and tidal variability's role in the foEs negative trend is also worth investigating in the future. We also
observed that the foEs trend is negative during the period of 1964-1996 and 1997-2019 with magnitudes of
—3.79 + 1.49 and —3.54 + 1.89, respectively. This suggests that the decreasing trend in the daytime foEs is
also linear in nature.

6. Concluding Remarks

The present study investigates the long-term variations and linear residual trends using 63 yr of the E- and
F-region ionosonde parameters: foE, foEs, foF2, and hmF2 from Juliusruh. The obtained results and their causes
are listed below:

1. Using the LSP analysis the predominant oscillations in the E- and F-region ionosonde parameters are
identified.

2. The present analysis exhibit that the annual and solar cycle oscillation has a significant role in the long-term
variation in the critical plasma frequencies and altitudes of the F2 layer. The amplitude of the 11-yr solar cycle
oscillation is more dominant than the annual oscillation in the daytime foF2, and nighttime hmF2, and the
peak amplitude of the annual oscillation is higher than the solar cycle in nighttime foF2 and daytime hmF2.
On the other hand, the annual oscillation presides over the 11-yr solar cycle oscillation in the daytime foE
and foEs.

3. Using the period and amplitude of the predominant semi-annual and annual oscillations in combination with
traditional regression analysis model values of foE and foEs, hmF2, and foF2 are constructed, and these model
estimates are comparable with the observation. The residual values are estimated by subtracting the model
values from the observation. Then, by applying the least-squares fit analysis long-term trends in the above
parameters are calculated. The results obtained from the new method are well consistent with the traditional
method.

4. In the F-region, overall the day and nighttime median foF2 shows a weak negative trend of 4.44 + 1.78 and
4.30 + 1.63 kHz/yr, respectively. Furthermore, the foF2 also shows a secular trend pattern of a large negative
during 1964-1996, and a statistically insignificant but positive slope in the period of 1997-2019, respectively.
Thus, we postulate that decreasing trend in the atomic oxygen could be a driver for the observed negative
trend, and the large decline in the neutral temperature in the last two decades could be a cause for the noted
weak positive trend in the foF2 over Juliusruh.

5. Overall, the day and nighttime median hmF2 show a negative trend of 413 + 47 and 574 + 75 m/yr, respec-
tively. Thus, the nighttime hmF2 trend is stronger than in the daytime. Our investigation suggests that the
contraction of the upper atmosphere due to the greenhouse effect cooling is the prime driver for the decreasing
trend in the hmF2.

6. In the E-region, we found a weak positive slope in the daytime foE, however, its magnitude is below the 95%
significance level. On the other hand, the daytime foEs show a negative trend of —2.00 + 0.61 kHz/yr. We
speculate that changes in the neutral wind shear might be a driving mechanism for the noted negative trends
in foEs.

Data Availability Statement

The ionosonde data used in this study are openly available at https://www.sws.bom.gov.au/World_Data_
Centre/1/3. The sunspot number and daily mean F10.7 data are available at https://lasp.colorado.edu/lisird/data/
american_relative_sunspot_number_daily/ and https://lasp.colorado.edu/lisird/data/noaa_radio_flux/.
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Abstract. The bottom part of the Earth’s ionosphere is the so-called D region, which is typically less dense
than the upper regions. Despite the comparably lower electron density, the ionization state of the D region has a
significant influence on signal absorption for propagating lower to medium radio frequencies. We present local
noon climatologies of electron densities in the upper middle atmosphere (50-90 km) at high latitudes as observed
by an active radar experiment. The radar measurements cover 9 years (2014-2022) from the solar maximum of
cycle 24 to the beginning of cycle 25. Reliable electron densities are derived by employing signal processing, ap-
plying interferometry methods, and applying the Faraday-International Reference Ionosphere (FIRI) model. For
all years a consistent spring—fall asymmetry of the electron density pattern with a gradual increase during sum-
mer as well as a sharp decrease at the beginning of October was found. These findings are consistent with very
low frequency (VLF) studies showing equivalent signatures for nearby propagation paths. It is suggested that the
meridional circulation associated with downwelling in winter could cause enhanced electron densities through

NO transport. However, this mechanism can not explain the reduction in electron density in early October.

1 Introduction

The lower part of the ionosphere is called the D region and
generally refers to altitudes below 100km (Mitra, 1968).
The ionization of nitric oxide (NO) and meta-stable oxy-
gen molecules (O7) in this region’s electron concentration
is mainly controlled by the Lyman-alpha line and UV radi-
ation, respectively. It is also a region where cluster ions are
prevalent. The D region also co-exists with the mesosphere,
which is the most dynamic region of the Earth’s atmosphere,
where temperature decreases with altitude and most of the
wave breaking occurs. Diurnal variation in the D-region elec-
tron density is primarily controlled by the changes in the
solar zenith angle. Unlike in the E and F regions, ions and
electron motion in the D region is mainly driven by the neu-
tral winds because the collision frequency is higher than the
gyro-frequency (< 80km). Therefore, the variability in the
D region is not only driven by solar radiation but also sig-

nificantly affected by neutral atmospheric dynamics. For ex-
ample, the so-called D-region winter anomaly (i.e., enhance-
ment in the electron density during winter) is proposed to
be caused by the atmosphere—ionosphere coupling process
through the planetary wave, temperature, and composition
changes by vertical and meridional transport. Changes in
the D-region electron concentration impede the long-distance
propagation of high-frequency (HF) radio waves through ab-
sorption. Thus, understanding and quantification of the D-
region electron density variability and its causative mecha-
nisms are essential.

Continuous observation of the D region is very chal-
lenging because of the low electron abundance. There are
very few direct observational techniques such as sounding
rockets (Mechtly, 1974), incoherent scatter radar (Chau and
Woodman, 2005; Baumann et al., 2022), very low frequency
(VLF) methods (Worthington and Cohen, 2021), and partial-
reflection radars or medium-frequency (MF) radars (Belrose,
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1970; Igarashi et al., 2000; Singer et al., 2008) that are ef-
fectively used to measure the D-region electron density (see.
e.g., Friedrich and Rapp, 2009, for a review). Among them,
the rocketborne in situ measurements (Faraday experiment)
are highly accurate (capable of detecting even low elec-
tron density), but the data availability is comparably sparse
because the launching costs are high. Using the available
EISCAT radar data and rocket measurements, Friedrich et al.
(2004) present the quiet auroral ionosphere and its neutral
background. Particularly for the representation of the D re-
gion only a limited number of rocket measurements could
be used.

In addition to the direct measurements, indirect informa-
tion on the middle atmosphere ionization state can be ob-
tained by proxies such as riometer absorption, which mea-
sures the reduction in incident galactic radio noise relative
to a quiet-day curve (Friedrich et al., 2002). The quiet-day
curve is typically derived from the previous interference-free
days (see, e.g., Moro et al., 2012; Renkwitz et al., 2011). The
observed absorption is an integrative parameter attributed to
the electron density at altitudes between 80-90km due to
collisions between free electrons and neutrals. During polar
cap absorption, the 55-ion Sodankyld model was applied in
the inversion of the raw densities measured by the ultra-high-
frequency (UHF) EISCAT radar, and that provided some re-
alistic estimates of the actual electron density in the D re-
gion (del Pozo et al., 1999). Recently, long-distance sub-
ionospheric VLF radio wave observation was also used as an
indirect method to investigate the long-term climate change
in the D region (Clilverd et al., 2017).

Apart from observations, based on the available data sets
and Chapman’s theory, there are some statistical (McNa-
mara, 1979), empirical (Friedrich and Torkar, 1992; McK-
innell and Friedrich, 2007; Friedrich et al., 2018a), semi-
empirical (Friedrich and Torkar, 2001), physical, chem-
ical, and theoretical models (Burns et al., 1991; Verro-
nen et al., 2016; Zhu et al.,, 2023) that also exist in
the literature, and they can reasonably well reproduce
the quiet-time lower ionosphere. For example, incorporat-
ing several hundred rocket profiles, Friedrich and Torkar
(2001) and Friedrich et al. (2018a) developed an empiri-
cal model called the Faraday-International Reference Iono-
sphere (FIRI) model. IMAZ is a neural-network-based em-
pirical model for the lower ionosphere in the auroral zone
(McKinnell and Friedrich, 2007) developed for the Interna-
tional Reference Ionosphere (IRI) global model community.
Combining two chemical models, namely the Mitra—Rowe
simplified 6-ion model and a 35-ion model developed at the
Sodankyld Geophysical Observatory, Burns et al. (1991) de-
veloped a D- and E-region chemical model called Sodankyld
Ton and neutral Chemistry (SIC) model. Later on, Verronen
et al. (2005) pointed out that the SIC model could correctly
estimate the ionization and electron densities during solar
proton events (SPEs) in October—November 2003. A com-
parative study of electron densities observed from the VLF
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and rocket measurement with the OASIS (Originally Aus-
trian Study of the IonoSphere) model showed that below 68—
70 km the model data agree well with observations. However,
above 68—70 km the OASIS model fails to reproduce the ob-
servation (Siskind et al., 2018). Overall, the models can be
used as a climatological mean representative of the D region;
when it comes to the observational dynamical changes, their
reliability is questionable at least below 80 km because of the
limited availability of the D-region observational data.

As mentioned earlier, the diurnal and seasonal variation
in the D-region electron density is primarily caused by the
variable solar zenith angle; the Lyman-alpha radiation; and
by minor species, notably NO. In addition, D-region elec-
tron density also shows an asymmetrical behavior that can
not be explained by the solar variation. For example, recently
Baumann et al. (2022) reported the electron density is higher
during sunset than sunrise. They postulate that the change
in the recombination rates is a plausible reason for this ob-
served asymmetry. Similarly, earlier investigations showed
enhancement in the D-region electron density during winter
(winter anomaly; Offermann, 1979a, b). In winter’s absence
of sunlight or a reduction in solar radiation, solar EPP (ener-
getic particle precipitation) could be a primary cause of the
observed winter anomaly. However, the winter anomaly is
also observed in the absence of EPP, so-called “meteorolog-
ical types” of winter anomaly (Offermann, 1980). There are
several mechanisms proposed for the formation of the mete-
orological types of winter anomaly: changes in the NO due to
the transport process associated with atmospheric planetary
waves and sudden stratospheric warming events (Kawahira,
1985). Though there are several case studies and periodic
campaigns carried out to explore the D-region electron den-
sity variations and their causative mechanisms, we are still
unable to address the seasonal variation in D-region studies
by continuous observations.

A recent study by Macotela et al. (2021) reported that dur-
ing the fall equinox, there is an increase in the noontime
mean amplitude of VLF radio waves in high and middle lat-
itudes not relate to the solar zenith angle (SZA; see Fig. 3);
they called this a fall effect. They showed that during that
time a decrease in the background temperature and an in-
crease in the semi-diurnal tide (S2) amplitude are observed.
Thus, they postulate that the changes in the collision fre-
quency associated with the background temperature could
be a prime reason for the observed increase in the noon-
time VLF amplitude. It is well known that the VLF radio
waves are drastically affected by the D-region electron den-
sity; however, Macotela et al. (2021) did not consider the
electron density role (if any) in the fall effect. Therefore,
this study focuses on exploring the altitudinal and seasonal
variation in noontime electron density using partial-reflection
radar observations from 2014 to 2022 at a high-latitude loca-
tion.

In the following sections, we will introduce the instrument
used in this study, followed by a brief description of the ex-

https://doi.org/10.5194/acp-23-10823-2023
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periment and methods to derive electron densities in Sect. 2.
This includes the advances we recently made in the process-
ing and outlier removal by, e.g., applying the FIRI model as
a quiet reference. It also includes the detection of EPP and
splits the radar data into quiet and solar, geomagnetically ac-
tive periods. In Sect. 3 the results, namely the annual noon-
time electron density profiles including the 9-year climatol-
ogy, are presented. Furthermore, we discuss the specific fea-
tures found and the probable connections to other phenom-
ena. Finally, we conclude our findings in Sect. 4.

1.1 The Saura radar

The Saura radar is a modular partial-reflection radar built in
2002 on the island of Andgya (69° N, 16° E). The radar oper-
ates at 3.17 MHz, and due to the proximity to the medium fre-
quencies, it is often referred to as an MF radar. The specialty
of this instrument is the comparably large Mills Cross an-
tenna array spreading over roughly 1x 1 km (see Fig. 1). Each
dipole antenna forming the sketched crossed dipoles is con-
nected to an individual phase-controlled transceiver module
capable of 2kW peak power. This configuration allows for
the emission of circularly polarized pulsed radio waves and
beamforming for different pointing directions, which makes
it unique for this frequency range.

One major scientific target of this instrument is the mea-
surement of winds in the lower ionosphere, namely the D re-
gion. Such measurements are widely performed by a Doppler
beam swinging (DBS) experiment, measuring the radial ve-
locity components for distinct vertical and four oblique
beam-pointing directions. The horizontal resolution for DBS
is typically less than 10 km at 80 km altitude.

Alternatively, full correlation analysis (FCA; e.g., Briggs,
1984) can be applied and is especially advantageous for
higher-altitude imaging Doppler interferometry (IDI; e.g.,
Palmer et al., 1995; Roper and Brosnahan, 1997); see
Renkwitz et al. (2018) for more details and its application
with the Saura radar. For the last few years the Saura radar
wind measurements have been performed with a resolution
of at best 4 min, and the same cadence is applicable for elec-
tron density measurements. However, larger windows of up
to 12 min are often used to reduce the uncertainty.

The latest upgrades to the radar included the introduc-
tion of pulse code capability and the addition of three digi-
tal receiver channels to improve the signal-to-noise ratio and
strengthen interferometric methods.

2 Electron density experiment description

Two methods may be used with sufficiently large MF radars
to deduce electron densities in the D region, making use
of observing the wave absorption and Faraday rotation.
They are normally referred as differential phase experiments
(DPEs) and differential amplitude experiments (DAEs), ana-
lyzing the radar echoes from alternating transmission of both
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Figure 1. Sketch of the Saura radar antenna array; marked antennas
are connected to individual receiver channels used for interferome-

try.

magneto-ionic modes. These techniques were described by,
e.g., Sen and Wyller (1960), Belrose (1970), Budden (1983),
and more recently Vuthaluru (2003) and were also applied
by, e.g., Grant et al. (2004), Osepian et al. (2008), or Liu
et al. (2020) and Zhu et al. (2023) to the MAI and Kunming
radar systems.

Equation (1) describes the relation of the amplitude ratio
Ay /A, to the ratio of reflection coefficients R, /R, for the
height interval Ak for DAEs, in which &, and k, are the ab-
sorption indices and are related to the imaginary part of the
complex refractive indices by a factor w/c for both magneto-
ionic modes. For DPEs the differential phases of the two
modes and the reflection coefficients are compared and nor-
malized by the real part of the refractive indices, p, and w,,
per height interval (Eq. 2):

A(nRy/R,) — A(ln Ay /A,
Npae(n) = 200 2/(k )_k)(A"h [A0), (1)

A Rx— Ro —A Ax_ AO
Nppg(h) = @ 2(?“ )—M )(ih ¢ )~ )

For this study, we restrict where we apply the high-latitude
approximation of the Sen—Wyller refractive index to DPEs
after Flood (1980). For the Saura radar, equivalent exper-
iments have been carried out not only by Singer et al.
(2008, 2011) and Renkwitz et al. (2021) but also, e.g., with
the Buckland Park radar by Holdsworth et al. (2002). The
pressure and temperature profiles are taken from CIRA-86

Atmos. Chem. Phys., 23, 10823—-10834, 2023



130
10826

Table 1. Saura experiment parameters.

vert-ox sd-070x-4c
Beam directions 6 =0°¢=0° 6=0°¢=0°
0=6.7°, ¢ =56.2,
146.2, 236.2, 326.2°
Code single pulse 4 bit complementary
Range resolution 1000 m 1000 m
Pulse repetition 75/30Hz 100/30 Hz
Runtime 215s 235s

for consistency because, e.g., rocketborne falling-sphere ex-
periments did not cover the winter period. Liibken (1999)
found the deviations from CIRA-86 to be within about £5 %
for altitudes below 80 km. We tend to rely on CIRA-86 as we
also work on comparable experiments for the middle-latitude
station Juliusruh (54.6° N, 13.4°E) for which no rocket-
borne data exist. For the magnetic field, 51 800 x 1072 T after
IGRF-13 (International Geomagnetic Reference Field; Alken
et al., 2021) and 6 = 11.9° are used for the radar location.

Electron densities have been derived from two different
experiments that have probed the atmosphere with alternat-
ing circular polarization, matching both magneto-ionic com-
ponents (ordinary, extraordinary). The vert-ox experiment is
an uncoded vertical-only experiment, whereas the sd-070x-
4c experiment is a 4 bit complementary-code Doppler beam
swinging (DBS) experiment probing five different directions
primarily intended for wind measurements (see Table 1 for
more experiment details). The experiments have durations of
215 and 235 for the vertical-only and DBS experiments,
respectively, which cover multiples of the typical correla-
tion time of the observed structures. The shorter runtime
of the vertical experiment is chosen to allow a short high-
range monitor experiment, which is not used here. Thus
for most of the measurements, almost continuous sampling
is maintained without larger gaps. The pulse repetition fre-
quency is adapted for day and night measurements in or-
der to prevent clutter from multiple ionosphere—ground re-
flections. The lower number of data points in the DBS ex-
periment per beam-pointing direction is partly compensated
for by the 4 bit complementary code. This pulse coding im-
proves the signal-to-noise ratio as the averaged transmitted
power increases, and received power from random noise and
interference is reduced as it does not match the code. Af-
ter decoding the multi-beam DBS experiment, we only an-
alyze the vertical measurements for electron density esti-
mations. Equivalent-electron-density measurements with the
Saura radar have lately also been used to investigate, e.g., so-
called polar mesosphere winter echoes (PMWEs) and study
their occurrence (Renkwitz et al., 2021). Furthermore, Saura
electron density profiles have been partly validated by rock-
etborne in situ measurements during a PMWE campaign
(Strelnikov et al., 2021; Staszak et al., 2021).
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Figure 2. Example of derived angle-of-arrival (AOA) positions for
O and X mode, depicted in blue and green, respectively. (a) Original
resolution. (b) With 1s integration time. The orange circle marks
the selected 10° area of interest.

2.1 Amendment of the electron density estimates

The typically observed rather large variability in electron
density profiles gives rise to multiple potential sources within
the probed volume. Assuming a 6° wide transmit beam, the
illuminated area corresponds to a diameter of ~ 8.5km at
80km altitude, neglecting side lobes. The horizontal vari-
ability in gradients in the electron density for this size is
likely caused by the presence and superposition of propa-
gating small-scale waves. Since the earlier electron density
measurements with the Saura radar (Singer et al., 2011), the
fundamental technique has been combined with additional
signal processing methods and interferometry.

First, we split the complex times series into four blocks;
then the correlation length of the detected echoes for each
block and range is derived. The correlation length is used to
apply a sufficient amount of coherent integration to reduce
the variability in the raw data in order to stabilize the angle-
of-arrival (AOA) estimates.

To improve the individual electron density estimates for
each experiment run, we remove radar echoes that are re-
ceived most likely through the side lobes of the antenna ar-
ray. Given the sparse character of the Mills Cross-like an-
tenna layout, imperfections in the radiation pattern, namely
side lobes along the axes of the antenna array, exist. For sit-
uations when much larger electron density gradients exist in
the orientation of these side lobes rather than in the nominal
main beam-pointing direction, echoes from these unwanted
directions are received and will impair the results.

Therefore, we apply interferometric methods to discrimi-
nate the location of the scattering structures. For localizing
the scattering structures, we generally make use of four in-
dividual antennas, marked in Fig. 1 as receiver channels 3—
6. With this arrangement, six individual and non-redundant
baselines can be used for AOA estimates, covering up to
25° given its shortest baselines of 1.48A (= 140 m) (see, e.g.,
Renkwitz et al., 2018; Renkwitz and Latteck, 2019). The
same arrangement and basic methodology were already ap-
plied using IDI to make use of the ionospheric inhomogene-
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ity for Saura wind measurements (see Renkwitz et al., 2018).
The required phase information of the receiving channels is
estimated based on AOA statistics for all beam positions for
the course of months.

An example of derived instantaneous AOA positions for a
single vertical sounding experiment of less than 4 min run-
time is shown in Fig. 2 for a range of 89 km from the radar.
Two scenarios are shown, the native resolution and after ap-
plying an integration of Is before solving for AOA. From
that plot, it is obvious that many positions are still outside
the marked 10° area of interest. Furthermore, as the radar
echoes are measured in range gates, basically a position on
the spherical shell, it will result in vertical smearing without
proper conversion and selection. For each of the four time
series blocks, the AOA positions are used to potentially dis-
card the derived differential phase between the ordinary and
extraordinary wave for the same chunks.

Another important point is a suitable unwrapping of the
differential phases. Even though a progressively increasing
radial phase difference is expected with increasing electron
density over altitude, we also allow for minor negative esti-
mated phases to cope with measurement errors. Larger nega-
tive phases, however, are interpreted as positive phase wraps.
Note that a reduction in electron density may occur for elec-
tron bite-out situations during the charging of ice particles
in the summer mesosphere (Rapp et al., 2003; Rapp and
Liibken, 2004; Friedrich et al., 2011). Note that these sce-
narios should not affect the altitudes below 80km that are
mostly investigated.

The first cleaning of the data is done by removing isolated
data points, like potential erroneous data at the lowermost
captured altitudes. Additionally, outliers based on the typi-
cally observed variability in values adjacent in time and alti-
tude are flagged.

In the next step, we aim to reject suspicious electron den-
sity profiles that show excessively small or large values. For
this, we use FIRI (Friedrich et al., 2018b) profiles that are
selected for the nearest latitude (60°) as well as solar flux
and then interpolated for the day of year (DOY) and solar
zenith angle (SZA; see Fig. 3). The interpolated FIRI lo-
cal noontime electron densities for low-solar-flux conditions
(sfu=90) are depicted in Fig. 4. We are aware FIRI is not
explicitly meant to be representative of polar latitudes, but
we apply the profiles as a coarse reference for geomagnetic
quiet times.

For the evaluation of the Saura electron density profiles
for quiet conditions, we allow for deviations between 1/10
of and 4 times the reference profile. The same methodology
is used for geomagnetically disturbed times, but we allow for
much larger densities (100 times the FIRI profile). For the
main target of this study, namely deriving daily noon aver-
ages, we average the remaining profiles for both scenarios
between 09:00-13:00 UT.
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Figure 3. (a) Daily noon solar zenith angle for the Saura location.
(b) Detected mean VLF amplitude perturbations for the transmitter
Cutler (USA, NAA) and receiver Sodankyléd (Finland, SOD), after
Macotela et al. (2021).
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Figure 4. Electron densities as derived from FIRI for 60° N dur-
ing low-solar-flux conditions (sfu=90), interpolated for the SZA
at noontime for each DOY. The color bar represents densities as
logjo(ne) m 3.

2.2 Discrimination between quiet and disturbed
conditions

As already mentioned, enhanced solar and geomagnetic ac-
tivity will alter the current state of the lowermost ionospheric
layer until it settles down and recombination is completed.
For our purpose of deriving climatologies for not only quiet
but also disturbed conditions, these different conditions need
to be separated. One obvious and frequently used way to
evaluate the geomagnetic conditions is to use proxies de-
rived from, e.g., magnetometer data like K or Hpo indices
or riometer data. Often, these parameters are then analyzed
in combination for multiple locations. Depending on the dis-
tribution of these locations, the proxies might be more rele-
vant for mid-latitudes and as planetary indices. Additionally
to this and solar radiation like F10.7 and F30 flux, solar wind
parameters are useful to describe the current influx. Particle
detectors on board GOES and POES satellites and compara-
ble instrumentations may also discriminate between certain
energy bands of precipitating particles.
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Fortunately, the Saura radar itself is very sensitive to elec-
tron density enhancements occurring in the radar’s field of
view; see Renkwitz and Latteck (2017). Significantly en-
hanced electron densities, e.g., caused by EPP, form virtually
isolated layers in the echo power profiles as the radar signal
is strongly absorbed for the altitudes above. The first obser-
vations of such virtual layers have been reported and named
ILME:s (isolated lower mesospheric echoes; Hall et al., 2006)
and have been widely attributed to events of precipitating
protons during solar flares. The time series of such isolated
layers for the years 2003 to 2022 as detected by Saura (ex-
tended data set by Renkwitz and Latteck, 2017) is used in the
following to flag disturbed conditions and treat the electron
density data for both scenarios separately.

Based on the ILME detections using the Saura radar, pe-
riods of EPP events are flagged and thus excluded from fur-
ther processing of the quiet periods’ profiles. To prevent con-
tamination from undetected events and to cover the recom-
bination time, we use a window of +1 h around the individ-
ual EPP detections. In the next step, the daily noon medians
for all data and quiet times only are calculated for each alti-
tude from all valid measurements during the period of 09:00—
13:00 UT, and they are stored for the corresponding DOY.

An example of a successful differentiation for both dis-
turbed and quiet ionospheric conditions and corresponding
annual noon electron densities is shown for the year 2019
in Fig. 5. In the upper panel, all valid data including active
periods (e.g., EPP and SPEs) are shown, where enhanced
electron densities are clearly visible around March—April
and September—October for altitudes of 60—70 km. Such en-
hancements near the equinoxes are commonly related to the
Russell-McPherron cycle (Russell and McPherron, 1973).
The visible vertically aligned gaps are caused by the rejection
of long-lasting EPP events rather than observational gaps.
The bottom panel depicts the quiet-time (excluding EPP and
SPEs) D-region electron densities during the year 2019. In-
terestingly, even after removing the geomagnetic-disturbance
effect, the enhancement in the electron density during the
spring and fall equinox is prominent; the probable cause and
effect of these enhancements will be discussed in the follow-
ing.

3 Analysis and discussion

The composite means of 9 years (2014-2022) of electron
densities during geomagnetically disturbed and quiet condi-
tions are provided in Fig. 6, top and bottom panels, respec-
tively. The general picture of the electron densities in the
lower ionosphere is governed by the dominating incident so-
lar radiation. As an indicator of incident radiation, not only
the flux of UV (Lyman-alpha line and X-rays in the case of
solar flares) but also the solar zenith angle (SZA) are used.
Assuming a rather constant flux and a symmetrical SZA for
spring and fall (see Fig. 3), a symmetric electron density is
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Figure 5. Observed Saura electron densities during 2019, for all
conditions (a) and excluding active periods (b).

also expected, neglecting other contributing factors like dy-
namics. This assumed symmetry of spring and fall electron
densities is not observed in our data, but increasing D-region
electron densities below 75 km altitude from spring towards
fall are shown for 2019 in Fig. 5.

It has to be noted that 2019 was characterized by gener-
ally extremely low solar and geomagnetic activity and might
therefore represent an extreme case. Therefore we also ap-
plied the same methods to years of enhanced solar activity,
from 2014 (the maximum of solar cycle 24) until the end of
2022 (onset of solar cycle 25). The analysis covers a total of
9 consecutive years since the last major radar upgrade, span-
ning a rather poor solar maximum to extreme solar-minimum
conditions, represented by monthly smoothed solar sunspot
numbers of 130 down to 0 and a corresponding 10.7 cm solar
flux of 150 to 67 sfu (see NOAA, 2023).

For all data of each year, the 2-hourly solar flux is used
to derive FIRI profiles that are then employed to reject ob-
vious outliers from the radar measurements. For a climato-
logical picture, we calculated median electron densities for
each DOY over all years, which is shown for both, all and
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Figure 6. Climatology of electron density including (a) and exclud-
ing (b) particle precipitation events for the years 2014-2022.

quiet, conditions in Fig. 6. Even though we are averaging
over fairly different solar and geomagnetic conditions, the
general asymmetry which was already found for the year
2019 prevails also for this climatology. For a constant num-
ber electron density of 100 electrons cm™3, an almost linear
slope from the beginning of April to the end of September
is visible for 72 to 66 km, respectively. Such a slope was al-
ready visible for the 2019 data shown in Fig. 5.

Noteworthily, in February and March as well as in Septem-
ber and November, enhanced electron densities are visi-
ble below 65km altitude. One plausible cause for these
enhancements might be undetected EPP events creating a
bias in the medians shown. However, enhancements are also
seen in the FIRI output for altitudes as low as 55 km from
April to November (see Fig. 4). Furthermore, there might be
dynamics-driven causes for the observed variability as it is in
a rather unstable period with its proximity to sudden strato-
spheric warmings (SSWs) during winter.

Note that the abrupt changes at the end of January and
November appear artificial and are likely caused by the FIRI
reference applied to reject too large values of the measure-
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Figure 7. Linear ratio of observed median electron densities after
30d smoothing to FIRI. Bottom: median ratio for the altitude bins
65-69 km and 71-75 km.

ments. The mentioned period actually describes the time of
lowest SZA, when the sun is basically below the horizon the
whole day, and represents the most challenging scenario to
derive reliable electron densities. One obvious reason for this
is the generally very low ionization and steep gradient near
85 km altitude (cf. Fig. 4) that does not allow for much range
for radar measurements, keeping in mind a minimum range
resolution of 1 km. The upper panel of Fig. 6 depicts the me-
dian of all valid data including EPP events. Enhancements
around the equinoxes are visible, especially during the winter
period. Even though the frequency of strong and long-lasting
events is rather low in wintertime, their contribution may still
be significant as they typically occur near noontime.

The ratio of observed quiet-time median electron densities
smoothed with a 30d window to the very SZA-symmetric
FIRI is shown in Fig. 7. Data covered by less than 4 years of
quiet-time observations are blanked as they may not be repre-
sentative (see EPP around the equinoxes). For altitudes above
75km, the pattern appears symmetric to the SZA. Specif-
ically interesting are the altitudes near 70 km, which show
enhanced densities from June to mid-September.

As we initially highlighted, the focus of this study is on
the asymmetry between spring and fall as previous studies
indicated such behavior in the detected VLF amplitudes of
long-distance transmissions (Macotela et al., 2021; see bot-
tom panel of Fig. 3). This asymmetry of spring and fall is
also clearly visible in the electron density measurements as
depicted in the bottom panel of Fig. 7.

Generally, the period from the end of summer and middle
of fall is a rather dynamical time of the year, for which we
will introduce some presumably related observations. Ma-
cotela et al. (2021) argued that changes in the temperature
and semi-diurnal tidal amplitude (see Conte et al., 2018)
could be a cause for the fall effect. However, their study did
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not include electron density’s role in the observed fall ef-
fect (if any). It should be noted that the VLF amplitude is
highly influenced by the electron density gradient in the D-
region ionosphere (Silber and Price, 2017). Thus, the present
results suggest that in addition to the dynamical effects, en-
hancement in the electron density could also contribute to
the observed fall effect in the VLF amplitude. limura et al.
(2021) investigated the quasi-2 d wave (Q2DW) structure for
multiple latitudes using ground-based and satellite measure-
ments. Notably, they found enhanced Q2DW activity dur-
ing summertime between 75-95 km altitude for 60° N. This
enhancement fades towards the zonal wind reversal (DOY
260), which is also coincident with the decrease in the semi-
diurnal tides. Another interesting result also noted in our
electron density profiles is that, at the beginning of Octo-
ber, a rather sharp and sudden decrease in electron densi-
ties is visible, which can be related to the so-called Octo-
ber effect (Pancheva and Mukhtarov, 1996). A challenging
aspect of the present result is what could be the source of
these electron density enhancements (reduction) during the
fall (October) conditions. One of our current understandings
and hypotheses is that, during the late summer and fall pe-
riod, downwelling occurs at mesospheric altitudes as part of
mean meridional circulations. Such downwelling will trans-
port more NO from the lower thermosphere to the observed
altitudes, and planetary wave circulations transport NO-rich
air equatorward to mid-latitudes, where it is ionized to pro-
duce high electron densities through ionization (Garcia et al.,
1987). The meridional wind climatology of the radar’s posi-
tion for the same years is shown in Fig. 8, including a 16d
smoothing window and rejecting sparse data. For the period
of observed electron density enhancements (April to Septem-
ber), the meridional wind magnitude is continuously very
small. However, from October to April, intensified northward
winds dominate below 75 km altitude. If the meridional cir-
culation associated with downwelling is the cause of the en-
hanced electron densities, then one should observe the high
electron densities in October as well. Thus, it gives an indi-
cation that there could be some other process also involved
in the noted changes in the electron densities during the
fall conditions. Coincidentally, Conte et al. (2018) reported
a decrease in the S2 amplitude during October for middle
and high latitudes. During this period, a very pronounced
and consistent feature occurs in the mesosphere, namely the
zonal wind reversal (see, e.g., Keuer et al., 2007; Hoffmann
et al., 2010; Jaen et al., 2022). This raises the questions of
whether the changes in the S2 amplitude and zonal wind re-
versal have any impact on the D-region electron density and,
if so, how?

For a better interannual analysis, the median electron den-
sities for 65—69 km and 71-75 km over DOY are shown sep-
arately for each year in Fig. 9 after smoothing with a 30d
window. The annual asymmetry is seen for both altitude bins
but is very pronounced for the lower altitudes, where an in-
crease by a factor of at least 3 is seen from day 100 to 250.
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Figure 8. Climatology of Saura meridional winds (2014-2022)
showing low magnitudes below 80 km during summer months.

838 —2014
. i - 2015

q’E 71-75km L .,.;—'7%-;"_—' :\ —2016

86+ ’ 7 =Ry
: TN o
o 84l ‘ . S ) 2019
g LA RN —2020
- PRy,
2z r 07 3 2021
G 82 N \\\ —2022
% / ‘Z‘ /\ \\
I e i N
3 7/ « R RN ARS
g s 65-69 km P Jute oW
S 7.8 ~,7/"‘~’ \f‘ v
g N A \
5 7T Ny R
3 76| ’( \\ s ‘ \
> £ - ee ‘

741 SNy

.

L L
50 100 150 200 250 300 350

Figure 9. Averaged electron densities for the altitude bins 65—
69km and 71-75km including a 30d smoothing. The gaps each
year correspond to periods of enhanced geomagnetic activity which
are excluded, equivalent to Fig. 5.

The sudden decrease in electron density occurs around day
265 but differs by about 10 d between the higher- and lower-
altitude bins. The exact timing of both the increase around
day 110 and the decrease around day 250 shows comparably
little variability throughout the years for the higher-altitude
window, whereas it seems less stable for the lower altitudes,
with spreads of 20d, giving rise to potentially larger sensi-
tivity to other phenomena like dynamics. An important point
here is that the fall effect is present in all the years with minor
year-to-year variations in the onset time, irrespective of solar
activity.

Despite the general increase for the lower altitudes from
DOY 100 to 250 for most of the years, especially for 2018,
an early rampant behavior until DOY 170 and a rather con-
tinuous noon electron density level until DOY 270 are seen.
A similar peculiarity is prominent for the upper-altitude bin.
Given 2018 was a year with extremely low solar activity, the
annual development of electron densities found seems rather
surprising. Basically, the opposite is seen for 2014, near the
solar maximum of cycle 24, where low electron densities in
spring and a steady increase until DOY 250 are observed.
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The tendency for somewhat larger electron densities below
70km altitude during low solar flux, 70 sfu for the solar min-
imum and 150 sfu for the 2014 solar maximum, is also vis-
ible in FIRI, while the contrary is found for the altitudes
above. In the previous study of Macotela et al. (2021), the
majority of the year 2018 did not show any significant de-
viation from other years. However, slightly enhanced VLF
amplitudes were seen for the second week of October. Note-
worthily, these detected amplitudes are derived for the prop-
agation path between the most northeastern part of the USA
(Cutler, ME) and northern Finland (Sodankyld). Thus, the
electron density profiles of the entire path need to be taken
into consideration, and the local Saura profile might have
only little influence. Thus, more local phenomena could have
caused the observed higher electron densities in 2018. How-
ever, these need further investigation to explore the exact rea-
son.

4 Conclusions and outlook

In this study, we present local noontime climatologies of
electron density in the middle atmosphere at high latitudes
not only for solar and geomagnetically quiet periods but also
including disturbed periods. The data were derived by ac-
tive high-frequency radar experiments exploiting the phase
information of radar echoes that correspond to Faraday rota-
tion caused by electron density in the Earth’s magnetic field.
To improve the long-established methods, we applied further
signal processing as well as interferometry techniques. The
latter is used to reject radar echoes from far off the beam-
pointing direction. We furthermore involved the FIRI model
output to exclude obvious outliers from further processing,
which proved to be very useful for SZA below 90°. Geomag-
netically active periods including EPP events as well as SPEs
were detected with the radar, and these periods were treated
separately from the quiet times. Finally, local noontime elec-
tron density profiles were derived for both situations.

We found a clear asymmetry between spring and fall,
which is not explainable by the SZA, nor is it visible in the
ionospheric models. However, recent VLF experiments have
shown a comparable asymmetry in detected VLF amplitudes.
Furthermore, we found a consistent and steep decrease in
electron densities around DOY 265.

Our current understanding is that downwelling is associ-
ated with the meridional circulation during the fall and winter
seasons and could be responsible for the enhanced electron
density through the transport of NO from the lower thermo-
sphere, while the enhanced meridional winds and tidal activ-
ity at the lower altitudes might explain the sudden reduction
in the electron density during the first week of October. Dur-
ing the late summer and fall periods, a temperature reduction
and an increase in semi-diurnal tide could also play a signif-
icant role in the observed electron density changes.
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The pattern of asymmetric spring—fall and a steep decrease
in October was found for all 9 years of data analyzed in this
study, while the interannual variability is restricted to a few
days, which might be surveyed in more detail at a later point.

We plan to investigate the peculiarities found, like the
enhanced densities of 2018, in more depth in a successive
study, where we aim to incorporate both methods, absorption
and phase rotation measurements, and incorporate additional
modeling efforts. Furthermore, we plan to extend the mea-
surements to the technologically rather similar, but smaller,
radar system in Juliusruh at middle latitudes, which in the
past has mostly been used for the study of dynamics (see,
e.g., Hoffmann et al., 2010; Jaen et al., 2022).

Data availability. The data needed to reproduce the electron
density figures including the observations are shared through
https://doi.org/10.22000/993 (Renkwitz, 2023).
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